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Justifications:

Justification 1:

Nearly half of the nation’s assessed surface waters remain incapable of maintaining water

quality adequate for supporting one or more designated uses, such as recreational

swimming, fishing, or drinking water supply. National biennial water quality surveys

consistently indicate waters are impaired by bacterial indicators, nutrients, sediments, and

assorted toxic chemical loadings. A leading cause of this impairment is non-point source

stormwater runoff from agricultural and urban areas. Stormwater runoff is commonly treated

by stormwater control measures (SCMs), which include wet ponds, wetlands, bioretention

areas, dry detention basins, permeable pavements, rain gardens, and proprietary devices.

Permeable pavement is an infiltration system where the stormwater runoff infiltrates through

a permeable layer of pavement or other stabilized surface, reducing the need for runoff

drainage and treatment offsite. This research was conducted to evaluate the performance

of permeable pavement in removing indicator organisms such as fecal coliform,

enterococci, and E. coli from infiltrating stormwater runoff. The results from this research

are intended to assist U.S. EPA program and regional offices to implement Clean Water Act

(CWA) and Safe Drinking Water Act (SDWA) requirements; to help states and tribes meet

their programmatic requirements; and to assist utilities to more effectively implement

comprehensive management of stormwater runoff.

Justification 2A:

N/A

Justification 2B:

N/A

Justification 2C:

N/A

Justification 2D:

N/A
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Justification 2E:

N/A

Justification 3A:

This paper addresses the performance of permeable pavements in reducing
the concentration of microorganisms in stormwater runoff. Three types of
permeable pavements were monitored at the Edison Environmental Center
in Edison, New Jersey, for indicator organisms such as fecal coliform,
enterococci, and Escherichia coli. Results showed that porous asphalt had a
much lower concentration in monitored infiltrate compared to pervious
concrete and permeable interlocking concrete pavers; concentrations of
monitored organisms in infiltrate from porous asphalt were consistently
below the bathing water quality standard. Concentration reductions greater
than 90% were observed for all three indicator organisms for porous asphalt
and fecal coliform and E. coli for pervious concrete when compared to runoff
values, while permeable interlocking concrete pavers only had a modest
(39%) observable reduction for E. coli only. This information is very useful to
municipalities and developers in selecting the type of pavement for their
intended purpose. This article was read by many people with interest and
was among the journal’s top cited papers for 2018-2019 as tracked by
publisher John Wiley. This article was cited 5 times since January 2018.

Justification 3B:

There were several levels of peer-review associated with the publication of the nominated

article. The article was internally reviewed by EPA staff, branch chief and division director

including an internal QA review and cleared for publication. In addition, Journal of Water

Environment Research utilizes three peer reviewers and a Managing Editor from the Board

of Editorial Review to decide whether or not a paper is accepted. The process is highly

competitive.
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Organism Detection in Permeable
Pavement Parking Lot Infiltrates at
the Edison Environmental Center,

New Jersey
Ariamalar Selvakumar1*, Thomas P. O’Connor2

ABSTRACT: Three types of permeable pavements were

monitored at the Edison Environmental Center in Edison,

New Jersey, for indicator organisms such as fecal coliform,

enterococci, and Escherichia coli. Results showed that porous

asphalt had a much lower concentration in monitored infiltrate

compared to pervious concrete and permeable interlocking

concrete pavers; concentrations of monitored organisms in

infiltrate from porous asphalt were consistently below the

bathing water quality standard and actually had limited

detection. Fecal coliform and enterococci exceeded bathing

water quality standards more than 72 and 34% of the time for

permeable interlocking concrete pavers and pervious concrete,

respectively. Concentration reductions greater than 90% were

observed for all three indicator organisms for porous asphalt

and fecal coliform and E. coli for pervious concrete when

compared to runoff values, while permeable interlocking

concrete pavers only had a modest (39%) observable reduction

for E. coli only. The near absence of indicator organisms

observed in the porous asphalt infiltrate may be due to the high

pH potentially due to asphalt processing. Neither rain intensity

nor temperature was demonstrated to have an observable effect

in both concentrations of organisms and performance of

permeable pavement; but this may due to the limitations of the

dataset consisting of 16 events over an 8-month period. Water

Environ. Res., 90, 21 (2018).

KEYWORDS: permeable pavement, indicator organisms,

bathing water quality standard, infiltrate, stormwater runoff.

doi:10.2175/106143017X14902968254575

Introduction
Since the inception of the Clean Water Act in 1972, the United

States has made great efforts in restoring and preserving the

physical, chemical, and biological integrity of the nation’s

waters. However, nearly half of the nation’s assessed surface

waters remain incapable of maintaining water quality adequate

for supporting one or more designated uses, such as recreational

swimming, fishing, or drinking water supply (U.S. EPA, 2007).

National biennial water quality surveys consistently indicate

waters are impaired by bacterial indicators, nutrients, sediments,

and assorted toxic chemical loadings. A leading cause of this

impairment is non-point source stormwater runoff from

agricultural and urban areas affecting an estimated 46% of

impaired rivers and streams, 22% of impaired lake areas, and

22% of impaired estuaries (U.S. EPA, 2009). More river and

stream miles were affected by pathogenic indicator microor-

ganisms than any other pollutant (U.S. EPA, 2009).

Stormwater discharges release pathogenic bacteria, protozo-

an, and viruses to receiving waters (Pandey et al., 2014). Tata-

Maharaj and Scholz (2010) reported typical concentrations in

urban runoff as Escherichia coli (E. coli) (102 to 107 colony

forming unit [CFU/100 mL]), fecal streptococci (102 to 106 CFU/

100 mL) and fecal coliforms (103 to 107 CFU/100 mL).

Selvakumar and Borst (2006) reported concentration ranges for

fecal coliforms (5.63 103 to 2.23 104 CFU/100 mL), enterococci

(1.03103 to 6.63103 CFU/100 mL), and E. coli (1.53 103 to 8.5

3 103 CFU/100 mL) in urban stormwater runoff. Pitt (2011)

reported similar nationwide median concentrations for fecal

coliform and E. coli using data from a number of National

Pollutant Discharge Elimination System (NPDES) Municipal

Separate Storm Sewer System (MS4) stormwater permit holders.

Fecal indicator microorganisms are found in feces from both

human sources (e.g., sewer discharges, and failing septic

systems) and domestic and wild animals (Whitlock, et al., 2002).

Burton and Pitt (2002) also note potential sources to paved areas

from atmospheric deposition and erosion of previously con-

taminated soils. Indicator microorganisms tested by public

health agencies include total coliform, fecal coliform, fecal

1* National Risk Management Research Laboratory, Office of
Research and Development, U.S. Environmental Protection Agency,
2890 Woodbridge Avenue, Edison, NJ 08837; e-mail: selvakumar.
ariamalar@epa.gov

2 National Risk Management Research Laboratory, Office of
Research and Development, U.S. Environmental Protection Agency,
Edison, New Jersey
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streptococci, E. coli, and enterococci. The concentrations of

these indicators are used to determine the potential for fecal

contamination and to compare to public health-based thresh-

olds. These species may not be harmful to humans themselves;

however, their presence can indicate fecal contamination.

Indicator microorganisms are used to test surface waters. They

serve as a proxy because it is difficult to measure the actual

pathogens.

In 1976, the U.S. Environmental Protection Agency’s (U.S.

EPA) recommended that states adopt a bathing water quality

standard (BWQS) of fecal coliforms not to exceed 200

organisms/100 mL (U.S. EPA, 1976). In 1986, based on statistical

analysis, U.S. EPA recommended that states revise the

recreational water quality microbial criteria to use enterococci

for marine waters and E. coli or enterococci for freshwaters as E.

coli and enterococci are more representative of warm-blooded

animal fecal contamination in water than total or fecal

coliforms. Suggested criteria are 35 enterococci per 100 mL for

marine waters and 33 enterococci per 100 mL and 126 E. coli per

100 mL for freshwaters (U.S. EPA, 1986).

Stormwater runoff is commonly treated by stormwater

control measures (SCMs), which include wet ponds, wetlands,

bioretention areas, dry detention basins, permeable pavements,

rain gardens, and proprietary devices. Increasingly, SCMs are

being incorporated on-site as low impact development (LID) or

as green infrastructure (GI) in the municipal right of way. A

combination of factors (e.g., predation, sedimentation, sorption,

filtration, light, pH, biological oxygen demand, and dissolved

oxygen) can contribute significantly to the inactivation of

indicator bacteria in SCMs (Struck et al., 2008). Permeable

pavement, an alternative to conventional pavement, is a LID/GI

infiltration system where the stormwater runoff infiltrates

through a permeable layer of pavement or other stabilized

surface, reducing the need for runoff drainage and treatment

offsite (Field and Sullivan, 2003). Permeable pavement systems

can enhance stormwater quality after infiltrating through the

system (Clausen and Gilbert, 2003; Ellis, et al., 2004; Gilbert and

Clausen, 2006; James and Thompson, 1997; Rushton, 2001).

There are a variety of permeable pavements and each has unique

characteristics that lend themselves to application in specific

environments. Permeable pavement usually diverts stormwater

runoff into an underground stone reservoir before gradually

exfiltrating out of the stone reservoir into the subsoil (Field and

Sullivan, 2003) though there are also systems that have a limited

storage reservoir for various reasons (e.g., high groundwater,

significant underground infrastructure) that discharge to the

nearest conveyance system or surface water.

Although many SCMs have been studied for removal of

microorganisms, there are limited studies on the effectiveness of

porous pavements (Hathaway and Hunt, 2012; Hathaway et al.,

2009). Tata-Maharaj and Scholz (2010) found that permeable

pavement was effective in removing microorganisms such as

total coliforms, E. coli, and fecal streptococci by 98 to 99%.

Similarly, few studies have assessed the effectiveness of SCMs on

the seasonal removal of microorganisms (Hathaway and Hunt,

2012). Li and Davis (2009) observed the highest E. coli and fecal

coliform concentrations in the runoff during the summer;

however, SCM removal efficiency remained same and was not

correlated to the temperature. Tata-Maharaj and Scholz (2010)

found that the rates of microbiological degradation remained

constant and were not negatively affected by temperature

variations due to seasonal changes.

The objectives of this study were to: 1) evaluate the

performance of permeable pavement in removing indicator

organisms such as fecal coliform, enterococci, and E. coli from

infiltrating stormwater runoff; and 2) evaluate potential

seasonal effects and rainfall intensity on infiltrate concentrations

of indicator organisms.

Methods
U.S. EPA’s Office of Research and Development operates the

Urban Watershed Research Facility (UWRF) at the Edison

Environmental Center (EEC) in Edison, New Jersey. The UWRF

serves as a location to perform both laboratory-scale and field-

scale studies to test monitoring methods and performance of

SCMs. The UWRF allows U.S. EPA to better understand SCM

performance and monitoring methods with a high level of

control over external factors. The EEC is a 200-acre campus that

has been shown to have representative runoff comparable to

literature values (e.g., Brown and Borst, 2015, specifically relate

for nutrients and total organic carbon) and is subject to many of

the same potential suburban fecal inputs of wild animals to

storm systems, namely deer, geese, pigeons, and seagulls.

At the EEC in 2009, U.S. EPA constructed a functional, 0.4 ha,

110-space parking lot that is surfaced with three different

permeable pavement types: permeable interlocking concrete

pavers (PICP), pervious concrete (PC), and porous asphalt (PA).

The site, depicted in Figure 1, was opened for use in October

2009 and it is used daily by EEC staff and visitors.

The three head-to-head parking rows with permeable

pavement systems are 11.58 m wide by 42.67 m long while the

7.62 m wide travel lanes are paved with traditional impervious

hot mix asphalt. There is a 1.6% surface slope so that each

permeable surface receives runoff from the adjacent travel lanes

to the north. All surfaces were constructed over an open-graded

subbase reservoir of recycled concrete aggregate (RCA) crushed

on site to the size of American Association of State Highway and

Transportation Officials (AASHTO) No. 2 size aggregate. Five

sections of each permeable pavement system allow water to

infiltrate the underlying soil while four of the sections have an

impermeable liner 40 cm below each permeable surface, which

allows infiltrate to be collected for measurement and sampling.

The thickness of each permeable surface varies depending on

structural needs for that particular application. The PA is 8 cm

thick and PC is 15 cm thick. The individual pavers are 9 cm

thick and were placed on a 5-cm layer of AASHTO No. 8

aggregate, which also filled spaces between pavers; an additional

10-cm layer of AASHTO No. 57 aggregate separated the

AASHTO No. 8 and common RCA aggregate for PICP. The

infiltration capacity of all three surfaces is very large; the

infiltration rate of PC was approximately twice that of PICP.

Permeable interlocking concrete pavers and PC had infiltration

Selvakumar and O’Connor
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rates that were more than one order of magnitude larger than

PA. Although the surface infiltration rates vary by more than an

order of magnitude, each is much larger than the reasonably

expected rain event (Brown and Borst, 2014; U.S.EPA, 2010). A

more detailed description of the liners, permeable surfaces and

drainage piping is provided in Brown and Borst (2014).

Flow-weighted samples were collected using programmable

automatic samplers. Samples were collected from the drainage

pipes for collection tanks for permeable surfaces 1 and 3 (see

Figure 1) for each permeable surface. Surface runoff samples

were also collected at two curb cuts (CC) (4 and 5 rain gardens)

at the south end of the parking lot that collects runoff from

impermeable asphalt surface. The automatic sampler collected

discrete samples in up to 24 1-l HDPE bottles. The sampling

interval was set using the forecast duration from the National

Weather Service.

Sixteen sampling events were conducted between July 2015

and February 2016. Collected samples were transported to the

UWRF laboratory and analyses were initiated within the

standard holding time of 6 hours. Samples were analyzed for

Figure 1—Plan view of parking lot.

Table 1—Summary statistics of fecal coliform for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 88 94 100 6

Geometric mean (MPN/100 mL) 412a 601a 60 NA

Arithmetic mean (MPN/100 mL) 5054a 1911a 177 NA

Median (MPN/100 mL) 2254 1065 58 NA

Maximum (MPN/100 mL) 24 196 8665 692 331

Minimum (MPN/100 mL) 0 0 3 0

Standard deviation (MPN/100 mL) 8118 2289 232 NA

a Mean concentration exceeds BWQS (bolded).

NA: cannot be calculated as it was detected only once.

Selvakumar and O’Connor
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indicator microorganisms such as fecal coliform, enterococci,

and E. coli. Fecal coliform and E. coli were enumerated using

Colilert incubating at 35 and 44.5 8C for 24 hours, respectively

and enterococci was enumerated using Enterolert incubating at

41 8C for 24 hours (IDEXX Laboratories, Inc., Westbrook,

Maine). Colilert and Enterolert are commercially available

enzyme-substrate liquid-broth mediums (IDEXX Laboratories,

Inc., Westbrook, Maine). All enumerations were performed

using Quanti-tray 2000 trays, which use a most probable

number (MPN)-based protocol with a quantitation range from

less than 1 colony forming unit (CFU)/100 mL to 2419.6 CFU/

100 mL without sample dilution. Each sample was analyzed with

and without dilution; infiltrate was analyzed at 10 times dilution

(observable range of 10 to 24 196 CFU/100 mL) and runoff

samples were analyzed at 20 times dilution (observable range 20

to 48 392 CFU/100 mL). Results were reported as the average of

the undiluted and diluted analysis. When there were no observed

concentrations for both the undiluted and diluted analysis, the

sample concentration was zero as no organisms were present.

Rainfall was measured using a 0.1-mm tipping bucket rain

gauge and recorded with a Campbell Scientific CR1000 data

logger (Logan, Utah) set to record at 10-minute intervals. The

tipping bucket rain gauge is located in the field adjacent to the

collection tanks to the east of the parking lot. All storms had at

least 2.54 mm (0.1 in.) of rainfall as per NPDES guidance (U.S.

EPA, 1992). Air temperature was measured at the UWRF

weather station.

Statistical analysis was conducted to evaluate the performance

of permeable pavement parking lots in treating stormwater

infiltrate except for fecal coliform and E. coli in the PA infiltrate

which were detected at a frequency , 10%, which effectively

restricts statistical analysis (U.S. EPA, 2000). For all other

infiltrate and runoff concentration, detection frequency was

50% or greater. Summary statistics, that is, geometric and

arithmetic means, medians, standard deviations, were performed

in Excel. To calculate the geometric means, a substitution was

required for non-detects (0) and unity (1) was used (UWRRC,

2014). Atchison’s Method (U.S. EPA, 2000), a conservative

method, was used to calculate arithmetic mean and standard

deviation. Atchison’s method adjusts the arithmetic mean and

standard deviation by assuming that non-detects are actually

zero, which is the case in this study as described above.

Normality of data sets were tested by the Shapiro-Wilk W test

using Satistica 10 (StatSoft, 2011). A nonparametric Wilcoxon

Matched Pair Test (StatSoft, 2011) was used to determine

concentration differences between and within permeable sur-

faces; nonparametric methods can reduce the influence of

outliers such as non-detects and values greater than maximum

reporting limit. A statistical significance value of p � 0.05 was

used for all statistical analysis. Box and whisker plots were

created to display the data with median as the center point and

25 and 75% as quartiles.

Probability plots were developed in Excel spreadsheets

(Microsoft, 2013) to evaluate the performance of different

permeable surfaces. Probability was calculated using the

following equation (Burton and Pitt, 2002):

p ¼
i� 0:5

n
ð1Þ

where, p is probability of given observation; i is rank of

observation within group n; and n is total number of

observations within a given data set. These probability values

Table 2—Summary statistics of enterococci for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 100 100 100 87.5

Geometric mean (MPN/100 mL) 66a 115a 25 3

Arithmetic mean (MPN/100 mL) 1070a 212a 72a 9

Median (MPN/100 mL) 37 171 30 3

Maximum (MPN/100 mL) 12 243 578 338 39

Minimum (MPN/100 mL) 2 5 1 0

Standard deviation (MPN/100 mL) 3076 191 96 12

a Mean concentration exceeds BWQS (bolded).

Table 3—Summary statistics of E. coli for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 75 81 50 0

Geometric mean (MPN/100 mL) 13 8 2 NA

Arithmetic mean (MPN/100 mL) 1315a 49 2 NA

Median (MPN/100 mL) 6 8 1 NA

Maximum (MPN/100 mL) 12 141 344 7 0

Minimum (MPN/100 mL) 0 0 0 0

Standard deviation (MPN/100 mL) 3604 104 3 NA

a Mean concentration exceeds BWQS (bolded).

NA: cannot be calculated as it was not detected.

Selvakumar and O’Connor
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(ordinate) were then plotted against organism concentrations

(abscissa) and compared against a vertical straight line

representing the BWQS (freshwater criteria, if applicable) for

respective microorganisms to demonstrate exceedance occur-

rences.

Treatment by infiltration through the pavement surfaces was

determined by calculating percent removal of infiltrate concen-

tration of each surface in comparison to common driving lane

surface runoff values collected at the CCs. Geometric mean

concentrations were used for the calculation. A nonparametric

Wilcoxon Matched Pair Test (StatSoft, 2011) was used to

determine statistical significance of the differences between

driving lane surface runoff and permeable surface infiltrate

concentrations.

A least squares log normal regression analysis was performed

on rainfall and temperature in comparison to microbial

indicator organism concentrations.

Results and Discussion
Summary statistics for the sampling events are presented in

Tables 1 to 3 and Box and Whisker plots are shown in Figure 2.

Fecal coliform was detected in infiltrates from both PICP and

PC; it was only detected once in PA. The geometric mean fecal

coliform concentration in the runoff (represented by CC for curb

Figure 2—Box and whisker plots for permeable surface infiltrate concentrations.

Table 4—Indicator organism concentration differences within surfaces.

Pavement types

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP-1 vs. PICP-3 0.0007 Yes 0.121 No 0.15 No

PC-1 vs. PC-3 0.007 Yes 0.078 No 1.0 No

Selvakumar and O’Connor
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cuts in Figure 2) was 412 MPN/100 mL. The geometric mean

fecal coliform concentrations in infiltrates from PICP and PC

were 601 and 60 MPN/100 mL, respectively; the geometric mean

for PICP infiltrate exceeded the BWQS of 200 MPN/100 mL.

Geometric mean for PA infiltrate was not calculated as it was

detected only once.

The geometric mean of fecal coliform concentration in PICP

infiltrate was greater than the concentration in the runoff.

However, the arithmetic mean concentrations in the infiltrates

are less than the concentration in the runoff. The concentrations

of PICP and PC infiltrate were log normally distributed over the

16 events. Concentrations of fecal coliform in the infiltrate of

PICP were always higher than that of PC and PA.

The geometric mean enterococci concentration in the runoff

was 66 MPN/100 mL. The enterococci were detected 100% of

the time for PICP and PC and was the most observed

microorganism in PA infiltrate at 87.5% of events, even though

the PA MPN were very low in comparison to PICP and PC. The

geometric mean enterococci concentration in infiltrates from

PICP, PC, and PA were 115, 25, and 3 MPN/100 mL,

respectively, with only PICP mean exceeding BWQS of 33 MPN/

100 mL.

E. coli was detected in PICP during 81% of the events. It was

detected in only 50% of the events in PC and at concentrations

lower than the PICP. The geometric mean E. coli concentrations

in infiltrates from PICP and PC were 8 and 2 MPN/100 mL,

respectively, while E. coli was not detected in PA. The geometric

mean concentration in the runoff was 13 MPN/100 mL.

Wilcoxon Matched Pair Test (StatSoft, 2011) indicated there

was a statistically significant difference within surfaces for PICP

and PC for fecal coliform as shown in Table 4. There was no

statistically significant difference within surfaces for enterococci

and E. coli (Table 4). There is statistically significant difference

Table 5—Indicator organism concentration differences between surfaces

Pavement types

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP vs. PC 0.0027 Yes 0.0007 Yes 0.0047 Yes

PICP vs. PA 0.0007 Yes 0.0004 Yes 0.0015 Yes

PC vs. PA 0.0004 Yes 0.0024 Yes 0.0117 Yes

Figure 3—Cumulative probability plots of indicator

organisms.

Table 6—Percent ind icator organism
concentrations reductions for permeable
pavement infiltrates based on difference of
geometric means to runoff.

Organism Surface type Concentration reduction (%)

Fecal Coliform PICP 0a

PC 93

PA 94b

Enterococci PICP 0a

PC 62

PA 100

E. coli PICP 39

PC 100

PA 100

a Concentration in PICP infiltrate was greater than concentration in

runoff.
b Based on 6% detection frequency.

Selvakumar and O’Connor
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between all three surfaces (p , 0.05) (Table 5) for all three

microorganisms.

Exceedance of Bathing Water Quality Standards.

Probability of exceedance of U.S. EPA BWQS are shown in

Figure 3 with the vertical line representing the respective BWQS

for each microorganism. The probability of exceedance is where

the curve crossed the BWQS. The BWQS of 200 MPN/100 mL

for fecal coliform was exceeded 72 and 34% of the time for PICP

and PC, respectively. The BWQS of 33 MPN/100 mL for

enterococci was exceeded 78 and 47% of times for PICP and PC,

respectively. The BWQS of 126 MPN/100 mL for E. coli was

exceeded only 9% of times for PICP.

Potential Reduction in Concentration of Indicator

Organisms. Estimated concentration reductions of microor-

ganisms based on geometric means for each permeable pavement

type in comparison to the common driving lane surface runoff

collected at the rain garden CCs is documented in Table 6.

Permeable interlocking concrete pavers reduced concentrations

for only 1 of the three organisms studied, E. coli at 55%.

Concentration reductions of greater than 90% were observed for

PC infiltrate for fecal coliform and E. coli, while enterococci had

a 62% reduction. The highest reductions were observed in PA

infiltrate for all three organisms.

Results of Wilcoxon Matched Pair Test are shown in Table 7.

Porous asphalt significantly reduced the concentration of all

three organisms (p � 0.05), whereas PC reduced fecal coliform

and E. coli. Permeable interlocking concrete pavers did not

significantly reduce any of the organisms. Statistical analyses

agreed with the concentration reductions listed in Table 6.

The large reductions from runoff by and near complete

absence of observed organisms in the PA system is most likely

due to the high pH of the PA infiltrate. The high pH of the

infiltrate systems was previously presented in Brown and Borst

(2015), though their paper focused on the initial 13 storm events

sampled from October 2010 until September 2011. These high

pH observations have continued through 2015 (O’Connor and

Borst, 2017), which coincides with the time period of this current

study. The infiltrate from PC and PICP was observed to be

around 9; however, pH of infiltrate from PA was consistently as

high as 11 (O’Connor and Borst, 2017), which may explain why

microorganism concentrations in the infiltrate from PA are low

or non-existent compared to the other two surfaces. The cause

of this high pH in the PA infiltrate is suspected to be asphalt

emulsions, which are used in the asphalt processing. Specifica-

tions called for asphalt mix between 4.0 and 4.5% asphalt and

liquid anti-stripping agent. Anionic emulsions have a high pH

(e.g., pH 10 to 12) (Transportation Research Board, 2006),

which is in the range of the pH observations for the PA

infiltrate. Alternatively, asphalt emulsions can be cationic as

well with correspondingly acidic pH (e.g., pH 1 to 4)

(Transportation Research Board, 2006).

Effects of Weather. Between July 2015 and February 2016,

16 sampling events were conducted, which equates to two events

per month. Rain depth ranged from 3.4 to 39.4 mm with the

mean size of 18.6 mm and median size of 19.7 mm. Rain depth is

normally distributed as shown in Figure 4. Least-square log

normal regression analysis of rain depth and indicator organism

concentrations for all the surfaces had low coefficient of

determination (R2 � 0.33), which agrees with findings by other

researchers (Hathaway et al., 2010; McCarthy et al., 2007).

Event temperatures ranged from –1.1 8C to 26.4 8C with a

mean of 15 8C and median of 13.58 8C (Figure 5). Least-squares

log normal regression analysis of temperature and indicator

organism concentrations for all three surfaces had low

coefficient of determinations (R2 � 0.20).

Conclusion
Porous pavements function as infiltration SCMs, with

stormwater runoff passing through the permeable surface where

pollutants are removed and stored in the storage gallery. This

study’s research suggests that, of the three pavement types

tested, PA consistently had the lowest concentration of indicator

microorganisms’ load and the concentrations of organisms in

the infiltrate water were below the bathing water quality

standards. There was a statistically significant difference

between all three surfaces for all three organisms with PICP

having the highest observed concentrations and frequency of

detection.

As expected, impervious driving lane runoff mean concen-

trations exceed BWQS for all microbial indicators. Results of

the probability plots (Figure 3), estimated percent removals

(Table 6), and Wilcoxon Matched Pair Test (Table 7) show

consistently that permeable asphalt had large reductions of

indicator microorganism concentrations. No reduction in

concentrations of fecal coliform and enterococci were observed

in PICP infiltrate as the geometric concentrations in the infiltrate

were greater than the concentrations in the runoff. Concentra-

tion reductions of greater than 90% were observed with the

exception of enterococci (62%) in PC infiltrate. PICP was most

prone to not to reduce concentrations significantly and to have

mean concentrations exceeding BWQS for fecal coliform and

enterococci.

Despite PA having the shortest profile of 8 cm above the

common gallery of RCA, it had the lowest observed concen-

Table 7—Results of Wilcoxon Matched Pair Test.

Surface type

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP 0.3066 No 0.4228 No 0.9770 No

PC 0.0151 Yes 0.5180 No 0.0063 Yes

PA 0.0009 Yes 0.0110 Yes 0.0022 Yes
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tration of indicator bacteria, while PICP with a total profile

depth of 24 cm above the RCA had the highest concentrations.

The large pore space of the PICP would appear to let the

bacteria through with the infiltrate water while the PA

reductions of indicator bacteria may have been assisted by the

high observed pH in the infiltrate. The PC with 15-cm profile

depth had removal performance between these two extremes.

The observed highly basic infiltrate of the PA potentially

resulted from processing of the asphalt itself, which appears to

be manufactured in this case with alkaline asphalt emulsion. In

general, anionic or cationic asphalt emulsion may potentially

affect the pH of the infiltrate of permeable asphalt systems. The

high pH observed in the permeable pavement infiltrate,

particularly for PA, which even exceeded the expected high pH

of the concrete permeable systems, was previously presented in

Brown and Borst (2015) and continued through the period of

this study (O’Connor and Borst, 2016).

Rain depth and temperature did not appear to have any effect

on either concentration of organisms or the performance of

permeable pavement in this small data set; this observation

should be confirmed with a larger data set.
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Organism Detection in Permeable
Pavement Parking Lot Infiltrates at
the Edison Environmental Center,

New Jersey
Ariamalar Selvakumar1*, Thomas P. O’Connor2

ABSTRACT: Three types of permeable pavements were

monitored at the Edison Environmental Center in Edison,

New Jersey, for indicator organisms such as fecal coliform,

enterococci, and Escherichia coli. Results showed that porous

asphalt had a much lower concentration in monitored infiltrate

compared to pervious concrete and permeable interlocking

concrete pavers; concentrations of monitored organisms in

infiltrate from porous asphalt were consistently below the

bathing water quality standard and actually had limited

detection. Fecal coliform and enterococci exceeded bathing

water quality standards more than 72 and 34% of the time for

permeable interlocking concrete pavers and pervious concrete,

respectively. Concentration reductions greater than 90% were

observed for all three indicator organisms for porous asphalt

and fecal coliform and E. coli for pervious concrete when

compared to runoff values, while permeable interlocking

concrete pavers only had a modest (39%) observable reduction

for E. coli only. The near absence of indicator organisms

observed in the porous asphalt infiltrate may be due to the high

pH potentially due to asphalt processing. Neither rain intensity

nor temperature was demonstrated to have an observable effect

in both concentrations of organisms and performance of

permeable pavement; but this may due to the limitations of the

dataset consisting of 16 events over an 8-month period. Water

Environ. Res., 90, 21 (2018).

KEYWORDS: permeable pavement, indicator organisms,

bathing water quality standard, infiltrate, stormwater runoff.
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Introduction
Since the inception of the Clean Water Act in 1972, the United

States has made great efforts in restoring and preserving the

physical, chemical, and biological integrity of the nation’s

waters. However, nearly half of the nation’s assessed surface

waters remain incapable of maintaining water quality adequate

for supporting one or more designated uses, such as recreational

swimming, fishing, or drinking water supply (U.S. EPA, 2007).

National biennial water quality surveys consistently indicate

waters are impaired by bacterial indicators, nutrients, sediments,

and assorted toxic chemical loadings. A leading cause of this

impairment is non-point source stormwater runoff from

agricultural and urban areas affecting an estimated 46% of

impaired rivers and streams, 22% of impaired lake areas, and

22% of impaired estuaries (U.S. EPA, 2009). More river and

stream miles were affected by pathogenic indicator microor-

ganisms than any other pollutant (U.S. EPA, 2009).

Stormwater discharges release pathogenic bacteria, protozo-

an, and viruses to receiving waters (Pandey et al., 2014). Tata-

Maharaj and Scholz (2010) reported typical concentrations in

urban runoff as Escherichia coli (E. coli) (102 to 107 colony

forming unit [CFU/100 mL]), fecal streptococci (102 to 106 CFU/

100 mL) and fecal coliforms (103 to 107 CFU/100 mL).

Selvakumar and Borst (2006) reported concentration ranges for

fecal coliforms (5.63 103 to 2.23 104 CFU/100 mL), enterococci

(1.03103 to 6.63103 CFU/100 mL), and E. coli (1.53 103 to 8.5

3 103 CFU/100 mL) in urban stormwater runoff. Pitt (2011)

reported similar nationwide median concentrations for fecal

coliform and E. coli using data from a number of National

Pollutant Discharge Elimination System (NPDES) Municipal

Separate Storm Sewer System (MS4) stormwater permit holders.

Fecal indicator microorganisms are found in feces from both

human sources (e.g., sewer discharges, and failing septic

systems) and domestic and wild animals (Whitlock, et al., 2002).

Burton and Pitt (2002) also note potential sources to paved areas

from atmospheric deposition and erosion of previously con-

taminated soils. Indicator microorganisms tested by public

health agencies include total coliform, fecal coliform, fecal

1* National Risk Management Research Laboratory, Office of
Research and Development, U.S. Environmental Protection Agency,
2890 Woodbridge Avenue, Edison, NJ 08837; e-mail: selvakumar.
ariamalar@epa.gov

2 National Risk Management Research Laboratory, Office of
Research and Development, U.S. Environmental Protection Agency,
Edison, New Jersey
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streptococci, E. coli, and enterococci. The concentrations of

these indicators are used to determine the potential for fecal

contamination and to compare to public health-based thresh-

olds. These species may not be harmful to humans themselves;

however, their presence can indicate fecal contamination.

Indicator microorganisms are used to test surface waters. They

serve as a proxy because it is difficult to measure the actual

pathogens.

In 1976, the U.S. Environmental Protection Agency’s (U.S.

EPA) recommended that states adopt a bathing water quality

standard (BWQS) of fecal coliforms not to exceed 200

organisms/100 mL (U.S. EPA, 1976). In 1986, based on statistical

analysis, U.S. EPA recommended that states revise the

recreational water quality microbial criteria to use enterococci

for marine waters and E. coli or enterococci for freshwaters as E.

coli and enterococci are more representative of warm-blooded

animal fecal contamination in water than total or fecal

coliforms. Suggested criteria are 35 enterococci per 100 mL for

marine waters and 33 enterococci per 100 mL and 126 E. coli per

100 mL for freshwaters (U.S. EPA, 1986).

Stormwater runoff is commonly treated by stormwater

control measures (SCMs), which include wet ponds, wetlands,

bioretention areas, dry detention basins, permeable pavements,

rain gardens, and proprietary devices. Increasingly, SCMs are

being incorporated on-site as low impact development (LID) or

as green infrastructure (GI) in the municipal right of way. A

combination of factors (e.g., predation, sedimentation, sorption,

filtration, light, pH, biological oxygen demand, and dissolved

oxygen) can contribute significantly to the inactivation of

indicator bacteria in SCMs (Struck et al., 2008). Permeable

pavement, an alternative to conventional pavement, is a LID/GI

infiltration system where the stormwater runoff infiltrates

through a permeable layer of pavement or other stabilized

surface, reducing the need for runoff drainage and treatment

offsite (Field and Sullivan, 2003). Permeable pavement systems

can enhance stormwater quality after infiltrating through the

system (Clausen and Gilbert, 2003; Ellis, et al., 2004; Gilbert and

Clausen, 2006; James and Thompson, 1997; Rushton, 2001).

There are a variety of permeable pavements and each has unique

characteristics that lend themselves to application in specific

environments. Permeable pavement usually diverts stormwater

runoff into an underground stone reservoir before gradually

exfiltrating out of the stone reservoir into the subsoil (Field and

Sullivan, 2003) though there are also systems that have a limited

storage reservoir for various reasons (e.g., high groundwater,

significant underground infrastructure) that discharge to the

nearest conveyance system or surface water.

Although many SCMs have been studied for removal of

microorganisms, there are limited studies on the effectiveness of

porous pavements (Hathaway and Hunt, 2012; Hathaway et al.,

2009). Tata-Maharaj and Scholz (2010) found that permeable

pavement was effective in removing microorganisms such as

total coliforms, E. coli, and fecal streptococci by 98 to 99%.

Similarly, few studies have assessed the effectiveness of SCMs on

the seasonal removal of microorganisms (Hathaway and Hunt,

2012). Li and Davis (2009) observed the highest E. coli and fecal

coliform concentrations in the runoff during the summer;

however, SCM removal efficiency remained same and was not

correlated to the temperature. Tata-Maharaj and Scholz (2010)

found that the rates of microbiological degradation remained

constant and were not negatively affected by temperature

variations due to seasonal changes.

The objectives of this study were to: 1) evaluate the

performance of permeable pavement in removing indicator

organisms such as fecal coliform, enterococci, and E. coli from

infiltrating stormwater runoff; and 2) evaluate potential

seasonal effects and rainfall intensity on infiltrate concentrations

of indicator organisms.

Methods
U.S. EPA’s Office of Research and Development operates the

Urban Watershed Research Facility (UWRF) at the Edison

Environmental Center (EEC) in Edison, New Jersey. The UWRF

serves as a location to perform both laboratory-scale and field-

scale studies to test monitoring methods and performance of

SCMs. The UWRF allows U.S. EPA to better understand SCM

performance and monitoring methods with a high level of

control over external factors. The EEC is a 200-acre campus that

has been shown to have representative runoff comparable to

literature values (e.g., Brown and Borst, 2015, specifically relate

for nutrients and total organic carbon) and is subject to many of

the same potential suburban fecal inputs of wild animals to

storm systems, namely deer, geese, pigeons, and seagulls.

At the EEC in 2009, U.S. EPA constructed a functional, 0.4 ha,

110-space parking lot that is surfaced with three different

permeable pavement types: permeable interlocking concrete

pavers (PICP), pervious concrete (PC), and porous asphalt (PA).

The site, depicted in Figure 1, was opened for use in October

2009 and it is used daily by EEC staff and visitors.

The three head-to-head parking rows with permeable

pavement systems are 11.58 m wide by 42.67 m long while the

7.62 m wide travel lanes are paved with traditional impervious

hot mix asphalt. There is a 1.6% surface slope so that each

permeable surface receives runoff from the adjacent travel lanes

to the north. All surfaces were constructed over an open-graded

subbase reservoir of recycled concrete aggregate (RCA) crushed

on site to the size of American Association of State Highway and

Transportation Officials (AASHTO) No. 2 size aggregate. Five

sections of each permeable pavement system allow water to

infiltrate the underlying soil while four of the sections have an

impermeable liner 40 cm below each permeable surface, which

allows infiltrate to be collected for measurement and sampling.

The thickness of each permeable surface varies depending on

structural needs for that particular application. The PA is 8 cm

thick and PC is 15 cm thick. The individual pavers are 9 cm

thick and were placed on a 5-cm layer of AASHTO No. 8

aggregate, which also filled spaces between pavers; an additional

10-cm layer of AASHTO No. 57 aggregate separated the

AASHTO No. 8 and common RCA aggregate for PICP. The

infiltration capacity of all three surfaces is very large; the

infiltration rate of PC was approximately twice that of PICP.

Permeable interlocking concrete pavers and PC had infiltration
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rates that were more than one order of magnitude larger than

PA. Although the surface infiltration rates vary by more than an

order of magnitude, each is much larger than the reasonably

expected rain event (Brown and Borst, 2014; U.S.EPA, 2010). A

more detailed description of the liners, permeable surfaces and

drainage piping is provided in Brown and Borst (2014).

Flow-weighted samples were collected using programmable

automatic samplers. Samples were collected from the drainage

pipes for collection tanks for permeable surfaces 1 and 3 (see

Figure 1) for each permeable surface. Surface runoff samples

were also collected at two curb cuts (CC) (4 and 5 rain gardens)

at the south end of the parking lot that collects runoff from

impermeable asphalt surface. The automatic sampler collected

discrete samples in up to 24 1-l HDPE bottles. The sampling

interval was set using the forecast duration from the National

Weather Service.

Sixteen sampling events were conducted between July 2015

and February 2016. Collected samples were transported to the

UWRF laboratory and analyses were initiated within the

standard holding time of 6 hours. Samples were analyzed for

Figure 1—Plan view of parking lot.

Table 1—Summary statistics of fecal coliform for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 88 94 100 6

Geometric mean (MPN/100 mL) 412a 601a 60 NA

Arithmetic mean (MPN/100 mL) 5054a 1911a 177 NA

Median (MPN/100 mL) 2254 1065 58 NA

Maximum (MPN/100 mL) 24 196 8665 692 331

Minimum (MPN/100 mL) 0 0 3 0

Standard deviation (MPN/100 mL) 8118 2289 232 NA

a Mean concentration exceeds BWQS (bolded).

NA: cannot be calculated as it was detected only once.
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indicator microorganisms such as fecal coliform, enterococci,

and E. coli. Fecal coliform and E. coli were enumerated using

Colilert incubating at 35 and 44.5 8C for 24 hours, respectively

and enterococci was enumerated using Enterolert incubating at

41 8C for 24 hours (IDEXX Laboratories, Inc., Westbrook,

Maine). Colilert and Enterolert are commercially available

enzyme-substrate liquid-broth mediums (IDEXX Laboratories,

Inc., Westbrook, Maine). All enumerations were performed

using Quanti-tray 2000 trays, which use a most probable

number (MPN)-based protocol with a quantitation range from

less than 1 colony forming unit (CFU)/100 mL to 2419.6 CFU/

100 mL without sample dilution. Each sample was analyzed with

and without dilution; infiltrate was analyzed at 10 times dilution

(observable range of 10 to 24 196 CFU/100 mL) and runoff

samples were analyzed at 20 times dilution (observable range 20

to 48 392 CFU/100 mL). Results were reported as the average of

the undiluted and diluted analysis. When there were no observed

concentrations for both the undiluted and diluted analysis, the

sample concentration was zero as no organisms were present.

Rainfall was measured using a 0.1-mm tipping bucket rain

gauge and recorded with a Campbell Scientific CR1000 data

logger (Logan, Utah) set to record at 10-minute intervals. The

tipping bucket rain gauge is located in the field adjacent to the

collection tanks to the east of the parking lot. All storms had at

least 2.54 mm (0.1 in.) of rainfall as per NPDES guidance (U.S.

EPA, 1992). Air temperature was measured at the UWRF

weather station.

Statistical analysis was conducted to evaluate the performance

of permeable pavement parking lots in treating stormwater

infiltrate except for fecal coliform and E. coli in the PA infiltrate

which were detected at a frequency , 10%, which effectively

restricts statistical analysis (U.S. EPA, 2000). For all other

infiltrate and runoff concentration, detection frequency was

50% or greater. Summary statistics, that is, geometric and

arithmetic means, medians, standard deviations, were performed

in Excel. To calculate the geometric means, a substitution was

required for non-detects (0) and unity (1) was used (UWRRC,

2014). Atchison’s Method (U.S. EPA, 2000), a conservative

method, was used to calculate arithmetic mean and standard

deviation. Atchison’s method adjusts the arithmetic mean and

standard deviation by assuming that non-detects are actually

zero, which is the case in this study as described above.

Normality of data sets were tested by the Shapiro-Wilk W test

using Satistica 10 (StatSoft, 2011). A nonparametric Wilcoxon

Matched Pair Test (StatSoft, 2011) was used to determine

concentration differences between and within permeable sur-

faces; nonparametric methods can reduce the influence of

outliers such as non-detects and values greater than maximum

reporting limit. A statistical significance value of p � 0.05 was

used for all statistical analysis. Box and whisker plots were

created to display the data with median as the center point and

25 and 75% as quartiles.

Probability plots were developed in Excel spreadsheets

(Microsoft, 2013) to evaluate the performance of different

permeable surfaces. Probability was calculated using the

following equation (Burton and Pitt, 2002):

p ¼
i� 0:5

n
ð1Þ

where, p is probability of given observation; i is rank of

observation within group n; and n is total number of

observations within a given data set. These probability values

Table 2—Summary statistics of enterococci for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 100 100 100 87.5

Geometric mean (MPN/100 mL) 66a 115a 25 3

Arithmetic mean (MPN/100 mL) 1070a 212a 72a 9

Median (MPN/100 mL) 37 171 30 3

Maximum (MPN/100 mL) 12 243 578 338 39

Minimum (MPN/100 mL) 2 5 1 0

Standard deviation (MPN/100 mL) 3076 191 96 12

a Mean concentration exceeds BWQS (bolded).

Table 3—Summary statistics of E. coli for monitored storm events.

Statistics

Driving lane surface

runoff (CC)

Permeable interlocking

concrete pavers (PICP) Porous concrete (PC) Porous asphalt (PA)

Detection frequency (%) 75 81 50 0

Geometric mean (MPN/100 mL) 13 8 2 NA

Arithmetic mean (MPN/100 mL) 1315a 49 2 NA

Median (MPN/100 mL) 6 8 1 NA

Maximum (MPN/100 mL) 12 141 344 7 0

Minimum (MPN/100 mL) 0 0 0 0

Standard deviation (MPN/100 mL) 3604 104 3 NA

a Mean concentration exceeds BWQS (bolded).

NA: cannot be calculated as it was not detected.
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(ordinate) were then plotted against organism concentrations

(abscissa) and compared against a vertical straight line

representing the BWQS (freshwater criteria, if applicable) for

respective microorganisms to demonstrate exceedance occur-

rences.

Treatment by infiltration through the pavement surfaces was

determined by calculating percent removal of infiltrate concen-

tration of each surface in comparison to common driving lane

surface runoff values collected at the CCs. Geometric mean

concentrations were used for the calculation. A nonparametric

Wilcoxon Matched Pair Test (StatSoft, 2011) was used to

determine statistical significance of the differences between

driving lane surface runoff and permeable surface infiltrate

concentrations.

A least squares log normal regression analysis was performed

on rainfall and temperature in comparison to microbial

indicator organism concentrations.

Results and Discussion
Summary statistics for the sampling events are presented in

Tables 1 to 3 and Box and Whisker plots are shown in Figure 2.

Fecal coliform was detected in infiltrates from both PICP and

PC; it was only detected once in PA. The geometric mean fecal

coliform concentration in the runoff (represented by CC for curb

Figure 2—Box and whisker plots for permeable surface infiltrate concentrations.

Table 4—Indicator organism concentration differences within surfaces.

Pavement types

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP-1 vs. PICP-3 0.0007 Yes 0.121 No 0.15 No

PC-1 vs. PC-3 0.007 Yes 0.078 No 1.0 No
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cuts in Figure 2) was 412 MPN/100 mL. The geometric mean

fecal coliform concentrations in infiltrates from PICP and PC

were 601 and 60 MPN/100 mL, respectively; the geometric mean

for PICP infiltrate exceeded the BWQS of 200 MPN/100 mL.

Geometric mean for PA infiltrate was not calculated as it was

detected only once.

The geometric mean of fecal coliform concentration in PICP

infiltrate was greater than the concentration in the runoff.

However, the arithmetic mean concentrations in the infiltrates

are less than the concentration in the runoff. The concentrations

of PICP and PC infiltrate were log normally distributed over the

16 events. Concentrations of fecal coliform in the infiltrate of

PICP were always higher than that of PC and PA.

The geometric mean enterococci concentration in the runoff

was 66 MPN/100 mL. The enterococci were detected 100% of

the time for PICP and PC and was the most observed

microorganism in PA infiltrate at 87.5% of events, even though

the PA MPN were very low in comparison to PICP and PC. The

geometric mean enterococci concentration in infiltrates from

PICP, PC, and PA were 115, 25, and 3 MPN/100 mL,

respectively, with only PICP mean exceeding BWQS of 33 MPN/

100 mL.

E. coli was detected in PICP during 81% of the events. It was

detected in only 50% of the events in PC and at concentrations

lower than the PICP. The geometric mean E. coli concentrations

in infiltrates from PICP and PC were 8 and 2 MPN/100 mL,

respectively, while E. coli was not detected in PA. The geometric

mean concentration in the runoff was 13 MPN/100 mL.

Wilcoxon Matched Pair Test (StatSoft, 2011) indicated there

was a statistically significant difference within surfaces for PICP

and PC for fecal coliform as shown in Table 4. There was no

statistically significant difference within surfaces for enterococci

and E. coli (Table 4). There is statistically significant difference

Table 5—Indicator organism concentration differences between surfaces

Pavement types

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP vs. PC 0.0027 Yes 0.0007 Yes 0.0047 Yes

PICP vs. PA 0.0007 Yes 0.0004 Yes 0.0015 Yes

PC vs. PA 0.0004 Yes 0.0024 Yes 0.0117 Yes

Figure 3—Cumulative probability plots of indicator

organisms.

Table 6—Percent ind icator organism
concentrations reductions for permeable
pavement infiltrates based on difference of
geometric means to runoff.

Organism Surface type Concentration reduction (%)

Fecal Coliform PICP 0a

PC 93

PA 94b

Enterococci PICP 0a

PC 62

PA 100

E. coli PICP 39

PC 100

PA 100

a Concentration in PICP infiltrate was greater than concentration in

runoff.
b Based on 6% detection frequency.
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between all three surfaces (p , 0.05) (Table 5) for all three

microorganisms.

Exceedance of Bathing Water Quality Standards.

Probability of exceedance of U.S. EPA BWQS are shown in

Figure 3 with the vertical line representing the respective BWQS

for each microorganism. The probability of exceedance is where

the curve crossed the BWQS. The BWQS of 200 MPN/100 mL

for fecal coliform was exceeded 72 and 34% of the time for PICP

and PC, respectively. The BWQS of 33 MPN/100 mL for

enterococci was exceeded 78 and 47% of times for PICP and PC,

respectively. The BWQS of 126 MPN/100 mL for E. coli was

exceeded only 9% of times for PICP.

Potential Reduction in Concentration of Indicator

Organisms. Estimated concentration reductions of microor-

ganisms based on geometric means for each permeable pavement

type in comparison to the common driving lane surface runoff

collected at the rain garden CCs is documented in Table 6.

Permeable interlocking concrete pavers reduced concentrations

for only 1 of the three organisms studied, E. coli at 55%.

Concentration reductions of greater than 90% were observed for

PC infiltrate for fecal coliform and E. coli, while enterococci had

a 62% reduction. The highest reductions were observed in PA

infiltrate for all three organisms.

Results of Wilcoxon Matched Pair Test are shown in Table 7.

Porous asphalt significantly reduced the concentration of all

three organisms (p � 0.05), whereas PC reduced fecal coliform

and E. coli. Permeable interlocking concrete pavers did not

significantly reduce any of the organisms. Statistical analyses

agreed with the concentration reductions listed in Table 6.

The large reductions from runoff by and near complete

absence of observed organisms in the PA system is most likely

due to the high pH of the PA infiltrate. The high pH of the

infiltrate systems was previously presented in Brown and Borst

(2015), though their paper focused on the initial 13 storm events

sampled from October 2010 until September 2011. These high

pH observations have continued through 2015 (O’Connor and

Borst, 2017), which coincides with the time period of this current

study. The infiltrate from PC and PICP was observed to be

around 9; however, pH of infiltrate from PA was consistently as

high as 11 (O’Connor and Borst, 2017), which may explain why

microorganism concentrations in the infiltrate from PA are low

or non-existent compared to the other two surfaces. The cause

of this high pH in the PA infiltrate is suspected to be asphalt

emulsions, which are used in the asphalt processing. Specifica-

tions called for asphalt mix between 4.0 and 4.5% asphalt and

liquid anti-stripping agent. Anionic emulsions have a high pH

(e.g., pH 10 to 12) (Transportation Research Board, 2006),

which is in the range of the pH observations for the PA

infiltrate. Alternatively, asphalt emulsions can be cationic as

well with correspondingly acidic pH (e.g., pH 1 to 4)

(Transportation Research Board, 2006).

Effects of Weather. Between July 2015 and February 2016,

16 sampling events were conducted, which equates to two events

per month. Rain depth ranged from 3.4 to 39.4 mm with the

mean size of 18.6 mm and median size of 19.7 mm. Rain depth is

normally distributed as shown in Figure 4. Least-square log

normal regression analysis of rain depth and indicator organism

concentrations for all the surfaces had low coefficient of

determination (R2 � 0.33), which agrees with findings by other

researchers (Hathaway et al., 2010; McCarthy et al., 2007).

Event temperatures ranged from –1.1 8C to 26.4 8C with a

mean of 15 8C and median of 13.58 8C (Figure 5). Least-squares

log normal regression analysis of temperature and indicator

organism concentrations for all three surfaces had low

coefficient of determinations (R2 � 0.20).

Conclusion
Porous pavements function as infiltration SCMs, with

stormwater runoff passing through the permeable surface where

pollutants are removed and stored in the storage gallery. This

study’s research suggests that, of the three pavement types

tested, PA consistently had the lowest concentration of indicator

microorganisms’ load and the concentrations of organisms in

the infiltrate water were below the bathing water quality

standards. There was a statistically significant difference

between all three surfaces for all three organisms with PICP

having the highest observed concentrations and frequency of

detection.

As expected, impervious driving lane runoff mean concen-

trations exceed BWQS for all microbial indicators. Results of

the probability plots (Figure 3), estimated percent removals

(Table 6), and Wilcoxon Matched Pair Test (Table 7) show

consistently that permeable asphalt had large reductions of

indicator microorganism concentrations. No reduction in

concentrations of fecal coliform and enterococci were observed

in PICP infiltrate as the geometric concentrations in the infiltrate

were greater than the concentrations in the runoff. Concentra-

tion reductions of greater than 90% were observed with the

exception of enterococci (62%) in PC infiltrate. PICP was most

prone to not to reduce concentrations significantly and to have

mean concentrations exceeding BWQS for fecal coliform and

enterococci.

Despite PA having the shortest profile of 8 cm above the

common gallery of RCA, it had the lowest observed concen-

Table 7—Results of Wilcoxon Matched Pair Test.

Surface type

Fecal coliform Enterococci E. coli

p-value Statistical significance p-value Statistical significance p-value Statistical significance

PICP 0.3066 No 0.4228 No 0.9770 No

PC 0.0151 Yes 0.5180 No 0.0063 Yes

PA 0.0009 Yes 0.0110 Yes 0.0022 Yes
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tration of indicator bacteria, while PICP with a total profile

depth of 24 cm above the RCA had the highest concentrations.

The large pore space of the PICP would appear to let the

bacteria through with the infiltrate water while the PA

reductions of indicator bacteria may have been assisted by the

high observed pH in the infiltrate. The PC with 15-cm profile

depth had removal performance between these two extremes.

The observed highly basic infiltrate of the PA potentially

resulted from processing of the asphalt itself, which appears to

be manufactured in this case with alkaline asphalt emulsion. In

general, anionic or cationic asphalt emulsion may potentially

affect the pH of the infiltrate of permeable asphalt systems. The

high pH observed in the permeable pavement infiltrate,

particularly for PA, which even exceeded the expected high pH

of the concrete permeable systems, was previously presented in

Brown and Borst (2015) and continued through the period of

this study (O’Connor and Borst, 2016).

Rain depth and temperature did not appear to have any effect

on either concentration of organisms or the performance of

permeable pavement in this small data set; this observation

should be confirmed with a larger data set.
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Justifications:

Justification 1:

The nominated research furthers the science and engineering related to
decontamination of materials contaminated with biological agents and thus
assists the US EPA to prepare for a large-scale release of a biological
agent. Preparing for events of national significance, such as a biological
agent release, is an EPA responsibility as described under Goal 1 (A
Cleaner, Healthier Environment) of the EPA’s Strategic Plan (Supplemental
Item 1). According to the Strategic Plan, “EPA homeland security research
fills critical scientific and technological gaps, enhancing the Agency’s ability
to carry out its mandated national preparedness and emergency response
and recovery obligations, and informing disaster response and guidance.”
The nominated research was performed under the Homeland Security
Research Program (the most recent Homeland Security Strategic Research
Action Plan [StRAP] is listed as Supplemental Item 2). The nominated
research falls under Research Topic Two of the HS StRAP, specifically in
the Wide-Area Decontamination sub-topic. The nominated research also fulfills

Goal 3 of the National Biodefense Strategy (Supplemental Item 3), to “Ensure

Biodefense Enterprise Preparedness to Reduce the Impacts of Bioincidents”, and

in particular, enhance preparedness to support decontamination. 

In summary, the research and development of techniques to decontaminate
and remediate areas contaminated with anthrax spores and other biological
agents clearly supports and is relevant to EPA’s mission. Specifically, the
technique described in the nominated manuscript increases our nation’s
capacity and ability to recover and reduce the time to recover from a
wide-area, intentional release of Bacillus anthracis spores.

The nominated research is innovative in that it describes a simple, practical
technique that can be used to generate low concentration hydrogen
peroxide vapor (LCHPV), which can then be used to inactivate biological
agents such as Bacillus anthracis spores at conditions determined through
the nominated research. The LCHPV is generated through inexpensive yet
practical means such as off-the-shelf humidifiers along with using
off-the-shelf 3 or 8% aqueous solutions of hydrogen peroxide as described
in the nominated publication. This “low-tech” approach would be
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advantageous where specialized equipment and financial resources are
limited. In addition, because of this low cost, simple approach and its wide
availability, it could be implemented on a large-scale and utilized in the
event of a wide release of B. anthracis spores. The nominated work outlines
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in detail the decontamination operational and environmental conditions
necessary to obtain effective inactivation of B. anthracis spores using
LCHPV.

Hydrogen peroxide vapor delivered at relatively higher concentrations is
used for decontamination of healthcare, pharmaceutical, animal and food
industry facilities. The generating equipment used in these facilities can cost
upwards of $100,000. In contrast, the approach described in this published
paper can generate LCHPV from off the shelf supplies for only a few
hundred dollars. Most laboratory efficacy testing (for bioagents such as B.
anthracis spores) of HPV has been focused on high concentrations (>200
ppm) as well. While this approach may be appropriate for routine
decontamination of facilities in regular use, implementation on a large scale
and in a field-setting would be problematic due to a limited number of these
expensive generators. It is also difficult to attain and maintain high
concentrations of hydrogen peroxide vapor in a building without large
generating equipment. The isolation of the high concentration fumigant also
poses a safety challenge. In contrast, the use of LCHPV generated through
off the shelf equipment, as discussed in the nominated publication, could be
implemented on a large scale by lay personnel in the event of a large area
release of a biological agent. This would potentially reduce the time for
recovery.

The nominated research is highly influential in that it has led to a large body
of additional EPA research that has been conducted or is currently
underway. This additional research is summarized as follows:

·       A study was conducted to demonstrate the use of humidifiers to generate
LCHPV at full-scale in a test house, to effectively inactivate B. anthracis
spore surrogates (Supplemental Item 4)

·       A laboratory study was conducted following the nominated work to
further elucidate some of the factors affecting efficacy of LCHPV against 
Bacillus anthracis Ames and Vollum spores. (Supplemental Item 5).



Page 5 of 14

·       A study was recently conducted and published evaluating the use of
LCHPV for the inactivation of Ebola virus surrogates Phi6 and Ms2
bacteriophages. (Supplemental Item 6).

·       Although not yet published, a study was conducted evaluating the use of
LCHPV disseminated using humidifiers to decontaminate a light duty
vehicle. This work was presented at the recent US EPA decontamination
conference; (Supplemental Item 7).

·       A study was recently conducted to evaluate the material compatibility
aspects of using LCHPV. The report is being drafted as of the writing of this
STAA nomination form. The results showed that LCHPV had minimal
impacts on equipment and electronics.

·       A field test was recently conducted to demonstrate the use of LCHPV to
decontaminate a Coast Guard vessel. This work was funded by the
Department of Homeland Security. 

·       Research is currently underway to examine the use of LCHPV to
neutralize chemical warfare agents. A poster for this work was presented at
the recent EPA decontamination conference; (Supplemental Item 8).

·       LCHPV is currently being used for decontaminating some our own EPA
laboratory facilities, to prevent cross-contamination. Tests have been
conducted in one of our decontamination labs as well as our aerosol wind
tunnel. (Supplemental Item 9)

·       Lab experiments are currently underway (during the writing of this STAA
nomination form) to investigate the use of LCHPV to inactivate the SARS
CoV2 virus. The LCHPV conditions found to inactivate the Phi6 and MS2
viruses (50 ppm-hr dose) would presumably be effective as well for the
SARS-CoV2 virus, since this dose inactivated the MS2 phage, a
non-enveloped virus. The current research is looking at what conditions this
dose could be achieved using off the shelf equipment such as humidifiers,
foggers, and natural evaporation, to generate and disseminate the
LCHPV. The goal of this work is to apply for a crisis exemption under
Section 18 of the Federal Insecticide, Fungicide, and Rodenticide Act, to
allow use of this approach to inactivate the SARS CoV2 virus.
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·       Research plans have been made to investigate the use of LCHPV to
neutralize ricin toxin.  

Justification 2A:

N/A

Justification 2B:

Joseph Wood

2018 (July) US EPA STAA Honorable Mention - Demonstration of methyl
bromide as an effective decontamination technique for inactivation of
Bacillus anthracis spores

Leroy Mickelsen

2018 (July) US EPA STAA Honorable Mention - Demonstration of methyl
bromide as an effective decontamination technique for inactivation of
Bacillus anthracis spores

Worth Calfee

2018 (July) US EPA STAA Honorable Mention - Demonstration of methyl
bromide as an effective decontamination technique for inactivation of
Bacillus anthracis spores

2018 (July) US EPA STAA Honorable Mention - Research to Increase our
Nation’s Capabilities in Responding to Biological Contamination Incidents

2015 (October) EPA STAA Level III – Development and Application of Test
Methods to Evaluate Biological-Terror-Agent Surface Sampling

Shawn Ryan

2015 (October) EPA STAA Level III – Development and Application of Test
Methods to Evaluate Biological-Terror-Agent Surface Sampling
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Justification 2C:

The previous nomination entitled “2018 (July) US EPA STAA Honorable
Mention - Demonstration of methyl bromide as an effective decontamination
technique for inactivation of Bacillus anthracis spores” is different from the
current nomination in that it deals with a different chemical decontaminant
and is applied differently. The current nomination relates to the use of
hydrogen peroxide vapor, while the previous nomination dealt with methyl
bromide gas. Additionally, the current nomination’s main technical
advancement is how the hydrogen peroxide vapor is generated (i.e., through
the use of off the shelf humidifiers), whereas the former is already a gas. 

The previous nomination entitled “2015 (October) EPA STAA Level III –
Development and Application of Test Methods to Evaluate
Biological-Terror-Agent Surface Sampling” dealt with surface sampling for B.
anthracis, while the current nomination is about decontamination and
inactivation of B. anthracis.

The previous nomination entitled “2018 (July) US EPA STAA Honorable
Mention - Research to Increase our Nation’s Capabilities in Responding to
Biological Contamination Incidents” dealt with evaluating liquid spray
disinfectants for the inactivation of Burkholderia pseudomallei, whereas the
present nomination is for a novel technique to generate HPV to inactivate B.
anthracis spores.  

Justification 2D:

N/A

Justification 2E:
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N/A

Justification 3A:

The primary author was invited to present the nominated research at the 8th

Singapore International Symposium on Protection Against Toxic Substances
(SISPAT), in March 2017. Refer to Supplemental Item 10.

Funding provided by Department of Homeland Security for a research
program to develop restoration plans for US Coast Guard facilities following
a biological agent attack, was used to demonstrate the nominated research
in the decontamination of a Coast Guard vessel.

The nominated research was featured in EPA’s Science Newsletter Sept
2017.

An “On the Spot” award was received in 2017 for the nominated research
(as well as other research).

Receipt of an S award in 2019 for nominated research (as well as other
research).

Per Google Scholar, the nominated article has been cited 11 times.

Justification 3B:

The nominated journal article underwent extensive internal EPA review, followed by

the peer review process for the journal. The Journal of Applied Microbiology

typically enlists three peer reviewers with appropriate expertise to provide

substantive comments, and then these reviewers make a recommendation to the

editor for acceptance or not. The nominated paper received comments from two

reviewers on the initial submission to the journal, and then the paper was revised

based upon the comments received. The article was then resubmitted to the journal

and then accepted for publication, following an editorial review to ensure comments

were addressed adequately.  
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Συππορτινγ Ινφορmατιον 

 

Ταβλε Σ1 Βιολογιχαλ Ινδιχατορ Τεστ Ρεσυλτσ 

Τεστ ΙD Γ.σ. ΒΙ ρεσυλτσ (# 

εξηιβιτινγ γροωτη/# 

τεστεδ) 

Τεστ Χ1 0/3 
Τεστ Χ2 0/9 
Τεστ Χ3 0/9 
Τεστ Χ4 0/9 
Τεστ Χ5 0/9 

Τεστ Χ6 0/9 

Τεστ Χ7 1/6 
Τεστ Χ8 1/9 
Τεστ Χ9 0/9 

Τεστ Χ10 0/9 

 

ξ Αλλ τεστσ υσεδ Γ. στεαροτηερmοπηιλυσ (ϖαρ. 12980) ΒΙσ, νοmιναλλψ 106 ΧΦΥ περ σταινλεσσ 

στεελ χαρριερ.  Εαχη δισχ ωασ ενχλοσεδ ιν α Τψϖεκ πουχη. 

ξ Τηε ΒΙσ ωερε προδυχεδ φροm Μεσα Λαβσ, Βοζεmαν ΜΤ, ΥΣΑ, ανδ χυλτυρεδ/αναλψζεδ περ 

mανυφαχτυρερ ινστρυχτιονσ, ινχυβατεδ 7 δαψσ ατ 55−60 °Χ. 

ξ Αλλ ΧΟΜΜΑΝDΕΡ τεστσ υτιλιζεδ 3 ΒΙσ φορ εαχη οφ τηε 3 τεστ χηαmβερ λοχατιονσ (ν=9) − 

χο−λοχατεδ ωιτη χουπονσ − εξχεπτ ασ νοτεδ ιν ταβλε. 

ξ Τηερε ωερε ονλψ 2 ΒΙσ σηοωινγ γροωτη (ινχοmπλετε ιναχτιϖατιον οφ χαρριερ) ουτ οφ α τοταλ 

οφ 81 τεστεδ. 

 

 

  



Φιγυρε Σ1 Πηοτοσ οφ ηυmιδιφιερσ υσεδ ιν τεστινγ 

 

 

Σπονγε/Εϖαπορατιϖε τψπε ηυmιδιφιερ 

 

 

Υλτρασονιχ ηυmιδιφιερ 

 



 

Ηεατεδ ϖαποριζερ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ταβλε Σ2 Dεχονταmινατιον εφφιχαχψ ρεσυλτσ, αϖεραγε ± ΣD λογ ρεδυχτιον ϖαλυεσ, βψ τεστ 

#/mατεριαλ/χηαmβερ λοχατιον 

 

Τεστ # 

Αβοϖε 

Χειλινγ 

Ον 

Dεσκ 

Υνδερ 

Dεσκ 

 

αϖγ  σδ 

Χ1       

Χαρπετ 5.63 7.72 7.75 

 

7.04 1.21 

Χειλινγ Τιλε 5.84 6.77 6.77 

 

6.46 0.54 

Χονχρετε 0.64 2.65 2.42 

 

1.90 1.10 

Γλασσ 4.39 7.48 7.48 

 

6.45 1.78 

Dρψωαλλ 5.15 6.56 5.98 

 

5.90 0.71 

Λαmινατε 5.35 7.56 7.55 

 

6.82 1.27 

       Χ2 

    

  

Χαρπετ 7.61 7.61 7.61 

 

7.61 0.00 

Χειλινγ Τιλε 6.77 6.77 6.77 

 

6.77 0.00 

Γαλϖανιζεδ 

Στεελ 7.46 7.46 7.46 

 

7.46 0.00 

Γλασσ 7.17 7.18 7.17 

 

7.17 0.00 

Dρψωαλλ 7.45 7.45 7.45 

 

7.45 0.00 

Λαmινατε 7.54 7.54 7.55 

 

7.54 0.01 

Wοοδ 7.90 7.89 7.86 

 

7.88 0.02 

       Χ3 
    

  

Χαρπετ 7.60 7.59 7.60 

 

7.60 0.01 

Χειλινγ Τιλε 6.66 6.66 6.66 

 

6.66 0.00 

Γαλϖανιζεδ 

Στεελ 7.36 7.35 7.35 

 

7.35 0.01 

Γλασσ 7.33 7.33 7.21 

 

7.29 0.07 

Dρψωαλλ 7.67 7.55 7.68 

 

7.63 0.07 

Λαmινατε 7.80 7.79 7.80 

 

7.80 0.01 

Wοοδ 7.78 7.77 7.78 

 

7.78 0.00 

       Χ4 

      Χαρπετ 7.50 7.50 7.49 

 

7.50 0.01 

Χειλινγ Τιλε 6.56 6.56 6.56 

 

6.56 0.00 

Γαλϖανιζεδ 

Στεελ 7.43 7.43 7.44 

 

7.43 0.00 

Γλασσ 7.39 7.52 7.52 

 

7.48 0.07 

Dρψωαλλ 7.36 7.36 7.35 

 

7.36 0.01 

Λαmινατε 7.47 7.46 7.46 

 

7.46 0.00 

Wοοδ 7.73 7.78 7.77 

 

7.76 0.03 



       

Τεστ # 

Αβοϖε 

Χειλινγ 

Ον 

Dεσκ 

Υνδερ 

Dεσκ 

 

αϖγ  σδ 

 

   

   Χ5 
    

  

Χαρπετ 7.39 6.98 7.39 

 

7.25 0.24 

Χειλινγ Τιλε 6.62 6.62 6.62 

 

6.62 0.00 

Γαλϖανιζεδ 

Στεελ 7.48 7.46 7.46 

 

7.47 0.01 

Γλασσ 7.19 7.34 7.33 

 

7.28 0.08 

Dρψωαλλ 7.19 7.20 7.18 

 

7.19 0.01 

Λαmινατε 7.54 7.54 7.54 

 

7.54 0.00 

Wοοδ 7.00 7.53 7.54 

 

7.36 0.31 

       Χ6 

      Χαρπετ 6.24 7.59 6.83 

 

6.89 0.68 

Χειλινγ Τιλε 4.67 5.32 4.57 

 

4.85 0.41 

Γαλϖανιζεδ 

στεελ 7.47 7.48 4.90 

 

6.62 1.48 

Γλασσ 7.75 7.74 7.74 

 

7.74 0.00 

Dρψωαλλ 7.58 7.46 7.46 

 

7.50 0.07 

Λαmινατε 6.92 7.56 6.92 

 

7.13 0.37 

Wοοδ 7.89 7.88 7.89 

 

7.89 0.01 

       Χ7 

      Χαρπετ 5.68 4.88 6.91 

 

5.83 1.02 

Χειλινγ Τιλε 5.07 5.29 6.77 

 

5.71 0.92 

Γαλϖανιζεδ 

στεελ 2.80 6.68 2.65 

 

4.04 2.29 

Γλασσ 5.79 7.38 6.93 

 

6.70 0.82 

Dρψωαλλ 3.97 6.00 6.63 

 

5.53 1.39 

Λαmινατε 7.30 6.16 7.60 

 

7.02 0.76 

Wοοδ 7.78 7.77 7.30 

 

7.62 0.27 

       Χ8 

      Χαρπετ 7.50 7.81 7.80 

 

7.70 0.17 

Χειλινγ Τιλε 5.80 6.62 6.62 

 

6.35 0.48 

Γαλϖανιζεδ 

στεελ 7.29 7.42 5.66 

 

6.79 0.98 

Γλασσ 7.15 7.27 7.15 

 

7.19 0.07 

Dρψωαλλ 7.29 5.96 7.42 

 

6.89 0.81 

Λαmινατε 7.55 7.55 7.55 

 

7.55 0.00 

Wοοδ 7.69 7.55 7.71 

 

7.65 0.09 



       

Τεστ # 

Αβοϖε 

Χειλινγ 

Ον 

Dεσκ 

Υνδερ 

Dεσκ 

 

αϖγ  σδ 

 

   

   Χ9 

    

  

Χαρπετ 3.65 7.63 6.98 

 

6.08 2.13 

Χειλινγ Τιλε 6.56 6.68 6.68 

 

6.64 0.07 

Γαλϖανιζεδ 

στεελ 4.59 6.88 6.88 

 

6.12 1.32 

Γλασσ 6.40 7.22 4.87 

 

6.16 1.19 

Dρψωαλλ 6.99 5.44 7.34 

 

6.59 1.01 

Λαmινατε 7.30 7.30 7.29 

 

7.30 0.00 

Wοοδ 7.34 7.35 7.24 

 

7.31 0.06 

       

       Χ10 

      Χαρπετ 7.75 7.75 7.74 

 

7.75 0.00 

Χειλινγ Τιλε 6.23 6.66 6.66 

 

6.52 0.25 

Γαλϖανιζεδ 

στεελ 3.41 5.79 7.41 

 

5.54 2.02 

Γλασσ 6.47 6.23 7.59 

 

6.76 0.73 

Dρψωαλλ 5.75 7.41 6.28 

 

6.48 0.85 

Λαmινατε 7.63 7.62 7.63 

 

7.63 0.00 

Wοοδ 7.63 7.66 7.63 

 

7.64 0.02 

ΛΡ ϖαλυεσ ιν ρεδ σιγνιφψ χοmπλετε ιναχτιϖατιον οφ σπορεσ φορ τηε 3 ρεπλιχατεσ ατ α παρτιχυλαρ 

χηαmβερ λοχατιον 





1999; Krause et al. 2001; Johnston et al. 2005; Barbut

et al. 2009). Effective decontamination using HPV has

been demonstrated against a wide range of micro-organ-

isms, including vegetative bacteria (French et al. 2004;

Kahnert et al. 2005; Rogers et al. 2008), viruses (Heckert

et al. 1997), and bacterial spores (Johnston et al. 2005;

Rogers et al. 2005; Rastogi et al. 2009; Lawley et al. 2010;

Malik et al. 2013). HPV has also been shown to inacti-

vate prions (Fichet et al. 2007).

Laboratory testing of HPV as a sterilant has typically

focused on exposure of relatively short durations (2–4 h)

at high concentration (>200 ppm) using specialized

equipment and concentrated liquid feedstock, for exam-

ple, 35% concentration of H2O2 in aqueous solution.

While this approach may be appropriate for routine

decontamination of facilities in regular use, implementa-

tion on a large scale and in a field setting would be prob-

lematic. It is also difficult to attain and maintain high

concentrations of HPV in a building without large gener-

ating equipment (this is actually a problem for any fumi-

gant), and isolation of the fumigant poses a safety

challenge. In addition, high concentrations were found to

pose a risk of material incompatibility and resulted in

off-gassing of HPV for extended periods in lined ventila-

tion duct (Meyer et al. 2014). These results, and reports

of other HPV outgassing research (Baron et al. 2007), led

to the present study, which investigated the sporicidal

effects of relatively long durations of low concentration

HPV generated with simple, readily available commercial

off-the-shelf (COTS) humidifiers.

Decontamination tests were conducted at EPA’s

Research Triangle Park (NC) laboratories using Bacillus

atrophaeus spores, with the HPV disseminated using

COTS humidifiers in a pilot-scale chamber. Laboratory

(bench-scale) tests were also conducted at the Edgewood

Chemical and Biological Center (ECBC) facility in Edge-

wood, MD, with spores of both B. anthracis Ames and

B. atrophaeus. Tests were conducted to assess the effect of

operational variables such as the type of humidifier;

quantity and concentration of the aqueous H2O2 solu-

tion; and contact time, on decontamination efficacy. In

addition, the tests in the pilot-scale chamber allowed us

to assess the effect of location within the chamber on

decontamination efficacy, while the bench-scale tests

allowed us to compare the degree of inactivation between

the two species.

Materials and methods

Test organisms and inoculation procedures

Dried spores of B. atrophaeus (ATCC 9372; formerly

Bacillus subtilis var. niger and Bacillus globigii) were

obtained from the US Army Dugway Proving Ground

Life Science Division, and were prepared as described

previously (Brown et al. 2007). Briefly, B. atrophaeus was

cultivated, then allowed to sporulate, centrifuged, then

spray dried. This spore product was then blended with

silicon dioxide particles. Refer to Brown et al. (2007) for

further details. The surfaces of the materials were inocu-

lated with B. atrophaeus spores via a metered dose inhaler

(MDI) according to the aerosol deposition-based inocula-

tion methods described previously (Lee et al. 2011),

yielding approx. 1 9 107 spores over a 18 mm diameter

coupon surface. Each inoculation event consisted of one

actuation from the MDI.

The B. anthracis Ames spores were prepared as detailed

in Rastogi et al. (2009). Briefly, an overnight tryptic soy

broth culture was seeded on Lab Lemko agar plates and

incubated at 37 � 2°C. The plates were daily monitored

microscopically for sporulation progression for a period

of 7–9 days. When the sporulation reached ≥95%, the

spores were harvested from the plates using cold sterile

water. The suspension was washed three times in cold

sterile water by repeated centrifugations (9 300 g for

30 min) to remove cell debris and media co-contami-

nants. The spore suspension was heat-treated at 65°C for

30 min before use. The master stock was enumerated and

diluted to a working stock of 2 9 108 CFU ml�1 in ster-

ile distilled water containing 0�1% Tween-80 and stored

at 4°C until use, within 1 month.

The B. anthracis Ames spores were inoculated onto test

coupons the afternoon before each experiment as follows.

Test coupons were placed flat in a biological safety cabi-

net (BSC) and inoculated at approx. 107 CFU per cou-

pon. A 50 ll aliquot of the well-mixed stock suspension

of spores was dispensed with a micropipette via five dro-

plets across the surface of the test coupon. This approach

provided more uniform distribution of spores across the

coupon surface, as opposed to application of a single

drop of the suspension. After inoculation, the test cou-

pons remained undisturbed for an hour in the BSC to

initially dry under ambient conditions. The coupons, in

Petri plates, were covered and then moved to an incuba-

tor at room temperature to finish drying overnight.

Test material coupons

All materials used for decontamination testing were fabri-

cated into circular coupons 18 mm in diameter (Fig. 1)

as follows. Oak wood coupons were 8-mm-thick plugs

(part SPO750; Woodworks Ltd, Haltom City, TX), while

the borosilicate glass coupons were 3�3-mm-thick plugs

(Prism Research Glass, Inc., Research Triangle Park, NC).

The 18 mm discs were cut from 26-gauge galvanized steel

(East Coast Metal, Durham, NC), carpet (Multiplicity

Published 2016. This article is a U.S. Government work and is in the public domain in the USA.2
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54594; Shaw Industries Group, Dalton, GA), laminate

flooring (Pergo Estate Oak Laminate Flooring from

Home Depot, Atlanta, GA; SKU 257063 – no longer

available) and ceiling tile (Armstrong, Lancaster, PA; P/N

949, Lowes SKU 40684). Concrete coupons were cast

from sand and cement mix (Quikrete Model 110360,

Atlanta, GA). The front facing of the wallboard (Gold-

Bond, Mooresville, NC; P/N GB00090800, Lowes SKU

34137) was primed (Kilz, Masterchem Industries, Imper-

ial, MO; 2-gal, P/N 20005; Home Depot SKU 317390)

and painted (Behr Premium Plus Flat White Latex,

Atlanta, GA, P/N 105001, Home Depot SKU 923827).

The paper was then removed from the gypsum before 18-

mm discs were cut from the paper. All aforementioned

materials were then mounted to 18 mm aluminium stubs

(P/N 16119; Ted Pella, Inc., Redding, CA) using double-

sided adhesive tape (P/N 16073-2; Ted Pella, Inc.) and

placed in holder trays. To prevent contamination and

bias of results due to nontarget organisms, all coupons

and stubs were sterilized prior to tests by exposure to

ethylene oxide per procedures specified by manufacturer

(Anderson EOGas AN333 Sterilization System, Haw

River, NC).

Pilot-scale decontamination chamber and mock office

test environment

Decontamination tests using only B. atrophaeus spores

were conducted in a pilot-scale stainless steel-lined cham-

ber built specifically for decontamination testing, with

internal dimensions of approx. 3�4-m wide by 2�5-m deep

by 2�8-m high. We have named this chamber the Conse-

quence Management and Decontamination Evaluation

Room, or COMMANDER. Refer to Wood et al. (2013)

for additional details on the overall design and operation

of COMMANDER. Briefly, at the entrance to the inner

chamber is an airlock compartment, and enclosing the

chamber and airlock is an exterior steel shell. All three

components of COMMANDER are kept under slight cas-

cading negative pressure (most negative within the inner-

most compartment) with the use of separate air streams,

with valve controls on the inlet and outlet of each to

minimize leakage of hazardous materials to occupational

areas in proximity to the chamber. Air entering the

decontamination chamber passes through a high effi-

ciency particulate air (HEPA) filter, and exhaust air from

the decontamination chamber is ducted to an activated

carbon bed and HEPA filter prior to release to the facility

exhaust system. Within the chamber, temperature and

RH data are continuously monitored and logged using a

supervisory control and data acquisition (SCADA) sys-

tem. Other operational parameters of the chamber sys-

tem, such as air pressures, flow rate, and air duct valves

are controlled and/or their data logged via the SCADA

system. Valves in the ducts at the inlet and outlet of the

inner chamber were shut to prevent air flow during tests,

except when air exchange was used (discussed later). The

HPV levels within the chamber were measured continu-

ously with an electrochemical sensor (Model B12; Analyt-

ical Technology Inc., Collegeville, PA), which was

connected to the SCADA system. This HPV sensor had a

range of 0–1000 ppm, and was calibrated prior to each

test using ambient air as zero and the head space equilib-

rium concentration (varied between 250 and 300 ppm

depending on ambient temperature) of an aqueous H2O2

solution. In the first test (Test C1), we used a similar sen-

sor with a range of 0–10 ppm tied into a feedback loop

set at 5 ppm, such that the humidifier would be shut off

Figure 1 Photograph of 18 mm diameter coupons of materials mounted on stubs and placed in holder trays.
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when the HPV concentration rose above the set point.

Temperature and RH within the decontamination cham-

ber were measured with a Vaisala Model 333 sensor and

transmitter. This instrument was calibrated prior to each

test by comparing its RH data with known RH values

generated in the sealed headspace above individual satu-

rated solutions of various salt compounds (Vaisala

HMK15, Helsinki Finland).

The stainless steel surfaces of the decontamination cham-

ber were covered by materials typical of an indoor office set-

ting. The mock office arrangement allows for a realistic

setting to conduct the tests, and in particular, the materials

in the office may absorb or react with the HPV, thus creating

a demand or challenge to maintaining desired concentration.

The floor was covered with plywood and then carpet, the

walls were finished with painted wallboard, and a drop ceil-

ing was installed with acoustic ceiling tiles. The ‘office’ itself

was furnished with equipment consisting of a laminated

desk, an office chair, a file cabinet, pin cushion screen,

books/catalogues and a computer with monitor and key-

board. A small oscillating fan was also included in the office

to assist with distribution of the HPV. Refer to US EPA

(2014) for further details on the mock office. For the pilot-

scale tests, a set of four coupons (three test coupons, and

one negative coupon) of each material was inserted at each

testing location immediately before the start of the experi-

ment. Coupon locations within the mock office were on the

desk, on the floor beneath the desk, and in the plenum above

the drop ceiling (with one ceiling tile panel removed). The

humidifier was placed on the floor in the centre of the cham-

ber. Positive controls (coupons of each material inoculated

with the target organism but not exposed to the HPV) were

kept undisturbed in a sealed container adjacent to but out-

side of the decontamination chamber.

Small chamber test environment

The chamber used for the ECBC tests using B. anthracis

Ames is described in Rastogi et al. (2009). Briefly, the

custom made 0�23 m3 volume chamber is constructed

with 316L stainless steel with four sanitary ports and a

sampling port. Temperature, RH and HPV concentration

were measured and recorded using similar methods and

equipment as described for the mock office tests. A small

fan was installed in the chamber to facilitate air and HPV

circulation. After the desired contact time, the coupons

were withdrawn from the chamber and aerated in a BSL-

2 hood before processing.

Test conditions

The test matrix for the pilot-scale experiments is shown

in Table 1. All tests were conducted at the laboratory T
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ambient temperature of approx. 21°C. Three types of

humidifiers were used to disperse the aqueous H2O2 feed-

stock into the air: an ultrasonic (Vicks P/N V5100NS;

The Procter and Gamble Company, Cincinnati, OH),

heated vaporizer (P/N 975CVS; CVS Corporation, Woon-

socket, RI) and sponge evaporation (P/N HCM-6009;

Honeywell, Morristown, NJ). These humidifiers have a

capacity of approx. 4–6 l, and varying quantities of the

aqueous H2O2 solution were disseminated into the mock

office as an experimental variable. In Table 1, the amount

of solution disseminated in each test is normalized by the

chamber volume (24�4 m3) to allow for extrapolation/

comparison of results from other tests. The amount of

solution ranged from 128 to 224 ml m�3 for the pilot-

scale tests. Two feedstocks of aqueous H2O2 solution

were used in the study: 3% H2O2 (CVS, Woonsocket, RI)

and 8% H2O2 (Family Health News, Miami Shores, FL).

Both concentrations can be shipped without hazardous

labelling, but 3% is more readily available. The contact

time for all of the pilot-scale tests was 1 week, that is, the

test coupons were recovered from the chamber 1 week

after the humidifier was turned on. With the exception of

the first test (C1) and Test C7, the humidifiers ran

uncontrolled until the aqueous H2O2 feedstock solution

was disseminated. In Test C1, the HPV level was held to

5 ppm by turning on and off the humidifier automati-

cally as needed via a feedback loop controlled by the

SCADA. The 5 ppm HPV level was selected in light of

previous research, for example, Meyer et al. (2014), as

well as observations of low HPV levels following facility

reset operations. In Test C7, the humidifier was turned

on and off every 30 min until the aqueous solution was

vaporized. Finally, in a majority of the tests, the chamber

was sealed and allowed for no air flow. However, in a

few of the tests, air ducts at the inlet and outlet of the

chamber were left slightly open, which allowed for some

air flow. This is noted in Table 1 as air exchange, which

is defined as the fraction of the volume of the chamber

replaced each hour.

For the bench-scale tests (using spores of both B. at-

rophaeus and B. anthracis Ames), the HPV was produced

by sparging air through a glass tube fritted at the end

(Prism Research Glass, RTP, NC) and immersed in a 1 l

Pyrex beaker containing an 8% aqueous solution of

H2O2. A small pump was used to bubble air through the

sparger (Aquaculture MX-1504). Similar to Test C1

described above, all tests at bench-scale used a target

HPV concentration of either 5 or 10 ppm, which was

maintained by turning on and off the air pump to the

sparger via a feedback loop controlled by a SCADA sys-

tem. Temperature, RH and HPV concentration data were

logged continuously via the SCADA system. Although all

of the pilot-scale tests used a week contact time (to focus

on experimental variables other than contact time), the

contact time was an experimental variable for the bench-

scale test programme, and ranged from 8 h to 7 days.

Table 2 summarizes of the bench-scale experimental

matrix.

Recovery of bacterial spores from coupons

At the end of each decontamination test (either pilot-

scale or bench-scale), the 18-mm test, procedural blank,

and positive control coupons were recovered from the

test chambers and sealed containers (for positive con-

trols) and transferred aseptically into empty 50-ml sterile

tubes. Bacterial spores were recovered from the coupons

according to the methods described by Meyer et al.

(2014). Briefly, the coupons in the sample vials were

extracted in 10 ml of sterile Phosphate Buffered Saline

plus Tween� 20 (PBST; Part number 3563; Sigma

Aldrich, St. Louis, MO). The samples were then sonicated

for 10 min using an 8510 Branson (Danbury, CT) ultra-

sonic cleaner at 44 kHz and 250 Watts. The sonication

step was immediately followed by two continuous min-

utes of vortexing to further dislodge any viable spores

from the coupons. Each vial was briefly re-vortexed

immediately before any solution was withdrawn for anal-

ysis. The suspension was then subjected to a five-stage,

10-fold serial dilution. Each dilution (0�1 ml) was plated

in triplicate on tryptic soy agar (TSA), spread using ster-

ile cell spreaders (Model COPTS-01; Hardy Diagnostics,

Santa Maria, CA) and incubated at 35 � 2°C for 18–

24 h. Plates with 30–300 CFU were enumerated manually

or using an automated colony counter (Spiral Biotech Q-

Count; Advanced Instruments, Norwood, MA). Any sam-

ples below enumerable criteria (30 CFU) on the primary

dilution plates were filtered. The filters (0�2 lm; Nalgene

Analytical, Thermo Scientific P/N 130-4020, Waltham,

MA) were plated onto TSA and incubated at 35 � 2°C

for 18–24 h prior to manual enumeration. The number

of CFU ml�1 was then determined by multiplying the

average number of colonies per plate by the reciprocal of

the dilution.

Table 2 Bench-scale test conditions

Test

run

HPV set

point (ppm)

Average

actual HPV

(ppm)

Contact

time (days)

HPV

dose

(ppm h)

Average

RH (%)

1 5 5�87 7 986 41�7

2 5 5�6 4 538 47�3

3 5 6�18 1 148 44�9

4 10 8�46 1 203 56�7

5 10 11�32 0�33 91 49�4

HPV, hydrogen peroxide vapour; RH, relative humidity.

All tests conducted with air temperatures at 26 � 1°C
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Recovery and decontamination efficacy calculations

Decontamination efficacy for a particular material was

determined by comparing the number of recovered

spores from positive control coupons (n = 3 for pilot-

scale tests; n = 5 for bench-scale tests) and test coupons

(n = 3 for pilot-scale tests; n = 5 for bench-scale tests).

That is, efficacy was expressed as log10 reduction (LR)

per Eqn (1):

Efficacy ¼ ðlog10 CFUcÞ � ðlog10 CFUtÞ ð1Þ

where CFUc is the number of CFU recovered from the

positive control coupons and CFUt is the number of

CFU recovered from the test coupons. When filter plates

had no CFU detected, a value of 1 CFU was inputted,

resulting in a log value of 0. Many of the decontamina-

tion efficacy results are presented or discussed in terms

of whether a 6 LR of the micro-organism population

was obtained for a particular material and test condi-

tion. The 6 LR benchmark is used since a decontami-

nant that achieves a LR of 6 or greater (when a 6–7 log

challenge is used) for a particular material is considered

an effective sporicidal decontaminant (US EPA 2007).

We caution, however, that effective decontamination in

the laboratory setting may not always transfer to similar

efficacy in a field- or full-scale, more realistic setting.

Further, a 6 LR still might not be safe for a highly con-

taminated area. For example, a 6 LR of spores against a

spore loading of 8 or 9 log CFU would leave significant

remaining viable spores and could potentially present a

health hazard.

Statistical analyses

Statistical analyses were performed with SAS 9.4 for Win-

dows (SAS Institute Inc., Cary, NC). The null hypothe-

sis testing was conducted at the 5% level of significance.

Decontamination efficacies associated with study param-

eters were compared using one-way analysis of variance

(ANOVA) and the Least-Squares Means (LS Means) multi-

ple comparison test. Diffograms were constructed to

visualize pair-wise LS means differences. Linear mixed

models were considered for assessing fixed and random

effects of experimental variables. Interaction effects were

as well analysed. The Wilcoxon rank-sum/Exact test and

Kruskal–Wallis test were applied for statistical compar-

isons of groups of non-normal data. The P-value from

two-sided (nondirectional) tests were used to test

hypotheses. Correlations (Pearson product-moment cor-

relation coefficient, r) were analysed using MS Excel,

and only include materials that were common to all

tests: carpet, ceiling tile, glass, painted wallboard and

laminate.

Results

Pilot-scale tests with Bacillus atrophaeus spores

The results for the fumigation parameter measurements

for the 10 decontamination tests conducted in COM-

MANDER are summarized in Table 1. Five of the tests

were conducted using an 8% aqueous solution of H2O2,

and the other five tests used a 3% aqueous solution. The

average concentration of HPV for each test ranged from

2 to 11 ppm, with the highest HPV levels associated with

the 8% aqueous solution (C2–C5). For a given aqueous

H2O2 concentration, HPV levels generally increased with

greater quantities of solution disseminated. For example,

Test C2, which used 164 ml m�3 of 8% solution, resulted

in the highest maximum HPV level of 78 ppm. In Test

C9, 224 ml m�3 of the 3% aqueous solution was used,

resulting in the highest HPV levels for the tests using the

3% solution (e.g. 24 ppm). The use of air exchange or

increase in air exchange reduced HPV levels in COM-

MANDER when compared to similar tests without it, for

example, compare C2 to C4; compare C9 to C10. How-

ever, in comparing Tests C8 and C9, the use of air

exchange is accompanied by a higher HPV level. This

unexpected result may be explained in part by an increase

in H2O2 solution that was disseminated (In Test C9, we

disseminated an additional 24 ml m�3 of solution com-

pared to C8.), or may be due to erroneous measurement

of an experimental parameter such as air flow.

Figure 2 shows the HPV concentration profiles follow-

ing dispersion of 8% H2O2 solution with the three

humidifier types, from tests C2, C3 and C5. The general

shape of these concentration profiles was typical of all the

tests except C1 and C7. In C1, the HPV level was held to

a constant level of 5 ppm for the entire week, and in Test

C7, the HPV level fluctuated as the humidifier was

turned on and off every 30 min. As illustrated in Fig. 2,

the HPV concentration increased to its maximum level

(data shown in Table 1) within approx. 12 h, and then

gradually decayed back to nondetectable levels of HPV

within the week’s contact time. The HPV dose (ppm

HPV h) results reported in Table 1 were calculated by

integrating the area under these HPV concentration pro-

file curves. Of the three concentration profiles shown in

Fig. 2, the ultrasonic humidifier produced the highest

HPV dose (Test C2; 1900 ppm h), followed by the

sponge evaporator, and then the heated vaporizer.

Similar to the rise in HPV levels, with the start of the

humidifiers, the RH levels in the decontamination cham-

ber increased from ambient levels of between 40 and 50%

to the maximum levels ranging between 81 and 94%. Air

temperatures within the decontamination chamber were

consistent throughout the study and averaged 21 � 2°C.
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Overall results and effect of material on efficacy

In Table 3 we present a summary of the decontamination

efficacy results for the pilot-scale tests conducted in COM-

MANDER. The results are summarized by the average LR

for each material for each test. At the bottom of Table 3

are the average LR values for each material for all of the

pilot-scale tests. Because the concrete material was poorly

decontaminated (1�90 average LR), we discontinued this

material from further testing. In the place of concrete, we

added wood and galvanized metal materials to the test

matrix. With the exception of concrete (used only in the

first test), all of the materials were decontaminated on

average above 6 LR for the COMMANDER tests. The LR

results shown in bold in Table 3 indicate that all test cou-

pons for that particular material (3 replicates 9 3 chamber

locations = 9 total) were completely decontaminated, that

is, there were no detectable spores following treatment.

The laminate material had the greatest number of tests in

which all of its coupons were completely decontaminated

(7), while carpet had the fewest number of tests (only 3) in

which all of its coupons were completely decontaminated.

With the exception of concrete, ceiling tile had the lowest

overall average LR (6�31) for the pilot test programme.

Biological indicators (BIs) comprised of Geobacillus

stearothermophilus on steel discs were also used in the

COMMANDER tests as another tool to assess the efficacy

of HPV generated via the humidifiers. Only two out of

the 81 BIs used in the overall study exhibited growth fol-

lowing HPV exposure. Further information and detailed

results for this additional assay are presented in the Sup-

porting Information.

Effect of HPV levels and quantity of solution

disseminated on efficacy

The average LR values across all materials that were com-

mon for each test (carpet, ceiling tile, glass, painted wall-

board and laminate) are shown in the last column in

Table 3, and were all greater than 6�0 for every test (We

note that some materials within a particular test may have

been decontaminated at an average level <6 LR, while the

overall average for all the materials in a test was >6 LR. In
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Figure 2 Hydrogen peroxide vapour concentration profiles of the dif-

ferent humidifier types. Data are from Tests C2, C3 and C5. Ultra-

sonic = blue triangles; sponge evaporation = black squares;

heated = red circles.

Table 3 Summary of pilot-scale decontamination efficacy results for Bacillus atrophaeus spores

Test ID Carpet Ceiling tile

Unpainted

concrete† Glass

Painted

wallboard Laminate Wood

Galvanized

metal Avg by test*

Test C1 7�04 � 1�21 6�46 � 0�54 1�90 � 1�10 6�45 � 1�78 5�90 � 0�71 6�82 � 1�27 6�53 � 0�43

Test C2 7�61 � 0�00 6�77 � 0�00 7�17 � 0�00 7�45 � 0�00 7�54 � 0�01 7�88 � 0�02 7�46 � 0�00 7�31 � .34

Test C3 7�61 � 0�00 6�66 � 0 7�29 � 0�07 7�63 � 0�07 7�80 � 0�01 7�78 � 0�00 7�35 � 0�00 7�40 � .45

Test C4 7�50 � 0�01 6�56 � 0 7�48 � 0�07 7�36 � 0 7�46 � 0 7�76 � 0�02 7�43 � 0 7�27 � .4

Test C5 7�25 � 0�23 6�62 � 0 7�28 � 0�08 7�19 � 0�01 7�54 � 0 7�36 � 0�31 7�47 � 0 7�18 � .34

Test C6 6�89 � 0�68 4�85 � 0�41 7�74 � 0 7�50 � 0�07 7�13 � 0�37 7�89 � 0�01 6�62 � 1�48 6�82 � 1�15

Test C7 5�83 � 1�02 5�71 � 0�92 6�70 � 0�82 5�53 � 1�39 7�02 � 0�76 7�62 � 0�27 4�04 � 2�29 6�16 � .66

Test C8 7�70 � 0�17 6�35 � 0�48 7�19 � 0�07 6�89 � 0�81 7�55 � 0 7�65 � 0�09 6�79 � 0�98 7�14 � .54

Test C9 6�08 � 2�13 6�64 � 0�07 6�16 � 1�19 6�59 � 1�01 7�30 � 0 7�31 � 0�06 6�12 � 1�32 6�55 � .49

Test C10 7�75 � 0 6�52 � 0�25 6�76 � 0�73 6�48 � 0�85 7�63 � 0 7�64 � 0�02 5�54 � 2�02 7�03 � .62

Avg by

material

7�13 � 0�62 6�31 � 0�68 1�09 � 1�63 7�02 � 0�50 6�85 � 0�71 7�38 � 0�30 7�65 � 0�19 6�45 � 1�12

Results are average of log reductions � SD on coupons for each of the three locations where coupons were placed: above ceiling tile, on desk

and below desk. Log reduction results in bold indicate all test coupons (n = 9; 3 replicates at each location) for that material were completely

decontaminated.

*Average LR by test calculated using materials common for all tests (carpet, ceiling tile, glass, painted wallboard and laminate).

†Unpainted concrete was only included in first test.
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addition, replicates of a material placed at a particular loca-

tion within the chamber may have been decontaminated at

a level <6 LR while the overall average for that material

may be >6 LR. Indeed, coupons placed at the ceiling loca-

tion tended to be decontaminated to a lesser degree than

the two other locations, and this is discussed in more detail

below. Summary data for the average LR values for each

material/test/chamber location are provided in Supporting

Information.) Tests C1, C6 and C7 each had at least one

material which was decontaminated at an average LR level

less than 6�0. From this result, we observe that approx.

160 ml m�3 was the minimum amount of 8% solution

needed for effective decontamination (>6 LR) for all mate-

rials used in our study; similarly, 200 ml m�3 was the min-

imum amount of the 3% solution needed to effectively

decontaminate the materials included in our study. In

terms of HPV dose, Test C1 had the highest dose

(889 ppm h) in which not all of the materials were decon-

taminated with a LR >6�0, suggesting that a dose higher

than this would be needed for effective decontamination

across a range of materials. Test C2 was the only test in

which every test coupon for every material was completely

decontaminated, and this test also had the highest HPV

values (in terms of average and maximum concentration,

as well as dose). The average LR value for a test correlated

with HPV dose (r = 0�63), but was lesser correlated with

maximum HPV (r = 0�48) and average HPV (r = 0�41).

The average LR for each test was minimally but negatively

correlated with average RH (r = �0�24).

Effect of humidifier type on efficacy

Comparison of the LR results for Tests C2, C3 and C5

could potentially allow one to interpret the effect of

humidifier type on decontamination efficacy, since a dif-

ferent humidifier type was used in each of these three

tests, all three tests used an 8% solution with similar

quantity of the H2O2 solution disseminated (154–

164 ml m�3), with no air exchange. While many of the

materials from these three tests were completely decon-

taminated, and all of the materials were effectively decon-

taminated, significance testing found that the

decontamination efficacy of the heated vaporizer (irre-

spective of material) was statistically lower than the other

two types of humidifiers. (As mentioned previously, the

heated vaporizer (Test C5) also resulted in the lowest

HPV dose of the three tests being compared.) We do

acknowledge, however, that the maximum difference in

efficacy between the humidifier types was less than 0�5

LR, and that the heated vaporizer was only tested once.

No other significant differences in decontamination effi-

ciency by type of humidifier were found. For this reason,

in all of the subsequent tests using the 3% solution, we

used the sponge evaporator humidifier, which had a

higher reservoir capacity and thus allowed us to dissemi-

nate greater amounts of the aqueous solution.

Effect of test coupon location on efficacy

In Table 4, we show decontamination efficacy results as a

function of the test coupon location in the COMMAN-

DER test chamber. The results are shown in terms of the

fraction (per cent) of the number of samples in which no

viable spores were detected, as well as fraction of

instances when the LR <6�0. Coupons located on the desk

were easiest to decontaminate, as indicated by having the

highest percentage (75%) of samples with no detectable

spores. Coupons located above the ceiling tiles were the

most difficult to decontaminate, exemplified by having

the lowest percentage of occurrences in which a material

had no detectable spores (52%), as well as by having the

most number of occurrences in which the decontamina-

tion efficacy was not effective (LR <6�0). Statistical analy-

sis confirmed that the overall efficacy for the coupons

located above the ceiling tiles is statistically lower

(a = 0�05) than the other two locations.

Small chamber results using spores of Bacillus anthracis

Ames and Bacillus atrophaeus

The decontamination efficacy results for the laboratory-

scale tests using both B. anthracis Ames and B. at-

rophaeus spores are summarized in Table 5. Five tests

were conducted with both species, with average actual

HPV levels ranging from approx. 5 to 11 ppm; contact

times ranged from 8 h to 1 week, and actual RH levels

ranged from 45 to 57%; refer to Table 2 for actual fumi-

gation conditions.

In the first three tests, we used a target HPV concen-

tration of 5 ppm, but varied the contact time to assess

the effect of this parameter. In Test 1, with a 1-week con-

tact time, nearly every material, for both species, was

completely decontaminated. After reducing the contact

Table 4 Effect of location of decontamination efficacy in COMMAN-

DER

Above

ceiling On desk

Under

desk

Per cent of occurrences in

which all three replicates

for a material in a given

test had no detectable spores

52 75 72

Per cent of occurrences in

which the average LR for a

material in a given test was <6�0

32 23 17
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time to 4 days (Test 2), efficacy remained high, with

greater than 6 LR for both species and material. In Test

3, using a target concentration of 5 ppm HPV and 1 day

contact time, B. anthracis spores were inactivated at a LR

>6�0 for three of the six materials. But maintaining the 1-

day contact time and raising the target HPV level to

10 ppm (Test 4), decontamination efficacy was signifi-

cantly improved compared to Test 3, for all materials for

both species. In particular, with an actual average HPV

concentration of 8�5 ppm held for 24 h, we were able to

achieve over 6 LR in B. anthracis spores on all materials

except carpet (average LR for this material was 4�89).

With Test 5, the actual HPV level was 11�32 ppm, and

with a contact time of 8 h, this resulted in the lowest

HPV dose of the bench-scale tests, at approx. 91 ppm h.

Correspondingly, the LR results for Test 5 were generally

the lowest for the bench-scale tests, with the majority of

LR values less than 5�0.

Excluding tests in which one or both species were

completely inactivated on all replicates for a particular

material (e.g. this occurred for every material in Test 1

except laminate), the LR values were all higher for B. an-

thracis compared to B. atrophaeus with the exception of

the carpet material in Test 4. Comparing the decontami-

nation efficacy results for the two species for the two tests

in which the kill was incomplete (Tests 3 and 5) allows

us to more readily analyse statistical differences. In these

two tests, statistical analyses showed that the LR values

for the materials inoculated with B. atrophaeus spores

were significantly less than for B. anthracis Ames spores.

In the tests where there was sufficient HPV dosing (Tests

1, 2 and 4), that is, the HPV treatment was effective in

most cases, there was no significant difference in efficacy

between the two species.

Statistical comparisons of the effect of material on effi-

cacy were also conducted for Tests 3 and 5, in which

fractionated kill was observed. With respect to the Ames

strain, decontamination efficacy was significantly lower

for carpet compared to the rest of the materials. Wall-

board was the next most difficult material to decontami-

nate for B. anthracis Ames: the painted wallboard LR

values were not significantly different compared to ceiling

tile, but were significantly lower than the rest of the

materials. With respect to B. atrophaeus, carpet, ceiling

tile and wood, were significantly more difficult to decon-

taminate compared to glass, laminate, and wallboard.

Comparing B. atrophaeus efficacy results for Test 1 of the

bench-scale tests and Test C1 for the pilot-scale tests allows

us to confirm any differences that may have arisen due to

differences in test venue or scale, since both tests were con-

ducted at constant 5 ppm HPV for 1 week. The materials

in common for both these tests were carpet, ceiling tile,

glass, painted wallboard and laminate. In Test 1 of theT
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bench-scale tests, four of the five materials (carpet, ceiling

tile, glass and wallboard) were completely decontaminated

of B. atrophaeus, while none of the materials in pilot-scale

Test C1 were completely decontaminated. Nevertheless, sta-

tistical comparisons provide evidence to suggest that both

test environments were equally effective for all materials,

with the exception that ceiling tile and painted wallboard

were significantly more difficult to decontaminate at the

pilot-scale. That said, these minor differences in efficacy

between test venues may be due to differences in the venues’

HPV dissemination techniques, or due to differences in

temperature. For example, the average temperature for test-

ing at the bench-scale was 26°C, while the average tempera-

ture of the pilot-scale tests was 21°C.

Discussion

Several studies have demonstrated the use of HPV for

inactivating virulent bacterial spores from species such as

B. anthracis and Clostridium difficile (Johnston et al.

2005; Rogers et al. 2005; Rastogi et al. 2009; Lawley et al.

2010). However, these studies and the actual use of HPV

in practice typically require sophisticated and expensive

equipment to generate the HPV, and usually at relatively

high levels (200–500 ppm). In contrast, our study

demonstrated that generating relatively low levels of HPV

with easy to use equipment and readily available H2O2

solutions is an effective and inexpensive technique for

inactivating B. anthracis spores on a number of materials.

Average HPV levels of 5–10 ppm, coupled with contact

times between 4 and 7 days, were shown to be effective

in inactivating B. anthracis and B. atrophaeus spores at

levels greater than 6 LR for all of the materials tested

except for concrete. Studies by Meyer et al. (2014) and

Baron et al. (2007) provided initial evidence suggesting

that desorption of HPV from materials results in the pro-

duction of low levels of HPV over extended time periods,

and leads to inactivation of spores. Our robust test pro-

gramme and research, through the use of several materi-

als and other experimental variables, builds on and

corroborates these studies. We are not aware of any other

peer reviewed scientific literature reporting the use of

such low levels of HPV for bacterial spore inactivation.

We have also demonstrated in pilot-scale experiments

that simply disseminating aqueous solutions of H2O2 via

COTS humidifiers, without control of the HPV concen-

tration, is an effective decontamination technique. This

approach is effective provided that a sufficient quantity of

solution is disseminated as vapour and/or a high enough

dose of HPV is obtained, coupled with sufficient contact

time. For example, 200 ml m�3 was the minimum

amount of 3% H2O2 solution found to be effective (>6

LR) on the all materials tested, while a minimum of

approx. 160 ml m�3 of 8% solution was effective on all

materials – with both tests using a 7-day contact time.

While we did not vary contact time for the pilot-scale

tests using humidifiers (all tests were conducted with a 7-

day contact time), most likely similar decontamination

efficacy results would have been obtained had we used a

shorter contact time such as 4 days, consistent with the

small chamber tests. In addition, Fig. 2 shows that 99%

of the HPV dose is obtained within 4 days, further indi-

cation that a full week contact time may not have been

needed. Relative to the HPV dose, the results suggest that

a dose of at least 1000 ppm h HPV would be effective

for a range of materials, under the conditions tested in

our experiments.

We also found that the three types of COTS humidi-

fiers we tested (ultrasonic, heated vaporizer, and sponge

evaporation) were generally similarly effective in decon-

tamination at the conditions we tested them, for example,

using an 8% aqueous solution. We do note, however,

that when we compare the results for Tests C2, C3 and

C5, in which the three different types of humidifiers were

used with similar amounts of 8% solution, the heated

vaporizer was slightly (but statistically significant) less

efficacious. In comparing these same three tests, the HPV

concentration (in terms of average, maximum and dose)

for the ultrasonic type (Test C2) was the highest among

the three tests, while the heated vaporizer resulted in the

lowest HPV concentrations. Although we do not have

enough data to definitively conclude that the ultrasonic

device is more effective in producing the HPV, further

research may be warranted to investigate this matter.

Additional experiments at less than ideal conditions may

also produce additional data to better characterize or elu-

cidate differences in efficacy by the type of humidifier.

With the exception of unpainted concrete, low levels of

HPV were predominantly effective on all the materials we

tested. While there was some variation in decontamina-

tion efficacy among some of the materials, as would be

expected, the variation was relatively minor. For example,

ceiling tile and galvanized metal were slightly more diffi-

cult to decontaminate in pilot test experiments, a result

consistent with Rogers et al. (2005). Inactivation of B. at-

rophaeus on ceiling tile, carpet and wood was slightly but

significantly more difficult compared to the other materi-

als in the laboratory-scale tests.

With respect to unpainted concrete being the most dif-

ficult to decontaminate, this result is consistent with Ras-

togi et al. (2009), who found that the LR on concrete via

HPV was less than 1�0 under variable spore loadings.

Rogers et al. (2005) did achieve effective inactivation of

B. anthracis spores on concrete using HPV, but the con-

crete was painted. The low efficacy of HPV on unpainted

concrete may be due to the high demand this material
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places on HPV concentration (US EPA, 2010). Although

it is conceivable that HPV would be efficacious on con-

crete provided a sufficiently high enough concentration

and contact time is allowed, finding these required condi-

tions was beyond the scope of this study.

While most materials were effectively decontaminated,

decontamination of the materials placed above the ceiling

tile panels was not as effective as those placed at other loca-

tions. This is most likely due to insufficient mixing of the

heavier-than-air HPV. Full removal of the ceiling panels, as

well as raising the humidifier outlet, may be warranted to

facilitate exposure at all elevations within a room.

One purpose of this study was to compare the small-

scale decontamination results between the virulent B. an-

thracis (Ames) and B. atrophaeus, to confirm the latter

micro-organism as an appropriate surrogate in the pilot-

scale COMMANDER experiments, as well as future

decontamination studies. For spore inactivation studies,

the nonpathogenic substitute organism should possess

resistance to the decontamination treatment equivalent to

or greater than the virulent species (Wood et al. 2011).

Our results show that B. atrophaeus may be a suitable

surrogate for B. anthracis Ames in HPV decontamination

studies. In this study, there was only one case (material/

test combination) in which B. atrophaeus was inactivated

to a significantly greater degree than B. anthracis. We

acknowledge that each species was inoculated on coupons

using a different technique, and that this difference in

spore inoculation method may confound comparison of

efficacy between the two species. The B. anthracis spores

were deposited onto coupons using a liquid inoculation

method, while B. atrophaeus spores were deposited onto

coupons as an aerosol via the use of an MDI. Ryan et al.

(2014) found that the spore inoculation method did

affect decontamination efficacy results, but the effect var-

ied by material and decontaminant. Nevertheless, our

B. anthracis Ames and B. atrophaeus decontamination

efficacy results agree well with Rogers et al. (2005), who

showed that with the exception of just a few instances,

B. subtilis was inactivated to a lesser degree than B. an-

thracis Ames when exposed to HPV on a number of

materials. While we were unable to find any study in the

literature specifically comparing the resistance of B. an-

thracis Ames to B. atrophaeus (aka B. subtilis var Niger)

upon exposure to HPV, B. atrophaeus is phenotypically

similar to B. subtilis except for the production of pigment

(Sella et al. 2014).

From the bench-scale experiments in which contact

time was varied, we found that 4 days was the minimum

contact time needed for effective decontamination with

HPV at an average level of 5 ppm. Based on this result

and the fact that all but one material was effectively

decontaminated at 10 ppm HPV with 1-day exposure,

this would suggest that a contact time of between 2 and

3 days should be sufficient for effective decontamination

at 10 ppm HPV at the bench-scale.

In summary, the use of relatively low levels of HPV

coupled with extended contact times (e.g. 4–7 days) rep-

resents a new, straightforward methodology for the

decontamination of many types of surfaces contaminated

with B. anthracis spores. The approach can be imple-

mented by holding HPV levels constant at 5–10 ppm, or

by simply disseminating the vapour with COTS humidi-

fiers using readily available (e.g. 3–8% concentration)

aqueous solutions of H2O2. This is a practical, safe and

economical decontamination technique useful for when

financial resources may be limited, and when the volume

being decontaminated is not overly large and can be left

undisturbed for a few days. We also foresee this easy to

use decontamination method applied to the inactivation

of other pathogenic micro-organisms that have already

been demonstrated to be susceptible to HPV, although

further research is needed to confirm required contact

times for the different types of materials and biological

agents. In conclusion, we caution that effective decon-

tamination in the laboratory setting may not always

transfer to similar efficacy in a field- or full-scale, more

realistic setting. Therefore, further testing of this low-level

HPV decontamination approach, using a larger, more

realistic test bed, is recommended.
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Φροm: Τουατι, Αβδερραηmανε

Το: Wοοδ, ϑοε

Χχ: Wιντερροωδ, Χηρισ; Βριξεψ, Λαυριε

Συβϕεχτ: Ρε: [ΕΞΤΕΡΝΑΛ] Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Αβδερραηmανε (Dαηmαν) Τουατι − φορ ΣΤΑΑ αωαρδ

Dατε: Μονδαψ, Απριλ 13, 2020 8:10:11 ΠΜ

Ι χονχυρ
Dαηmαν Τουατι
Σεντ φροm mψ ιΠηονε

Ον Απρ 13, 2020, ατ 5:55 ΠΜ, Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> ωροτε:

|

Χο−αυτηορ Dαηmαν Τουατι, ΥΣ ΕΠΑ, ϑαχοβσ Τεχηνολογψ (ατ τιmε οφ ρεσεαρχη)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε

ϖαπουρ φορ Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον

 

Dαηmαν, Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 10% τοωαρδ τηε στυδψ/πυβλιχατιον. 

Πλεασε ρεπλψ βαχκ τηατ ψου χονχυρ ωιτη τηισ αmουντ.

 

Τηανκ ψου.

 

ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη

 

 

ΝΟΤΙΧΕ − Τηισ χοmmυνιχατιον mαψ χονταιν χονφιδεντιαλ ανδ πριϖιλεγεδ ινφορmατιον τηατ ισ φορ τηε σολε υσε οφ τηε

ιντενδεδ ρεχιπιεντ. Ανψ ϖιεωινγ, χοπψινγ ορ διστριβυτιον οφ, ορ ρελιανχε ον τηισ mεσσαγε βψ υνιντενδεδ ρεχιπιεντσ ισ

στριχτλψ προηιβιτεδ. Ιφ ψου ηαϖε ρεχειϖεδ τηισ mεσσαγε ιν ερρορ, πλεασε νοτιφψ υσ ιmmεδιατελψ βψ ρεπλψινγ το τηε mεσσαγε

ανδ δελετινγ ιτ φροm ψουρ χοmπυτερ. 



Φροm: Ραστογι, ςιπιν Κ ΧΙς ΥΣΑΡΜΨ ΧΧDΧ ΧΒΧ (ΥΣΑ)

Το: Wοοδ, ϑοε

Συβϕεχτ: Ρε: [Νον−DοD Σουρχε] Ρεχορδ οφ Περχενταγε Αγρεεmεντ: ςιπιν Ραστογι − φορ ΣΤΑΑ αωαρδ

Dατε: Μονδαψ, Απριλ 13, 2020 7:58:19 ΠΜ

ϑοε,

Ι χονχυρ ωιτη τηε λεϖελ οφ mψ χοντριβυτιον το τηε σαιδ πυβλισηεδ παπερ λ. 

Τηανκσ. 

ςιπιν

Σεντ φροm mψ ιΠηονε

Ον Απρ 13, 2020, ατ 6:46 ΠΜ, Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> ωροτε:

|Αλλ αχτιϖε λινκσ χονταινεδ ιν τηισ εmαιλ ωερε δισαβλεδ. Πλεασε ϖεριφψ τηε ιδεντιτψ οφ
τηε σενδερ, ανδ χονφιρm τηε αυτηεντιχιτψ οφ αλλ λινκσ χονταινεδ ωιτηιν τηε mεσσαγε
πριορ το χοπψινγ ανδ παστινγ τηε αδδρεσσ το α Wεβ βροωσερ. 

Χο−αυτηορ ςιπιν Ραστογι, ΥΣ Αρmψ Εδγεωοοδ Χηεmιχαλ ανδ Βιολογιχαλ Χεντερ

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε

ϖαπουρ φορ Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον

 

ςιπιν, Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 15% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε

ρεπλψ βαχκ τηατ ψου χονχυρ ωιτη τηισ αmουντ.

 

Τηανκ ψου.

 

ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

Χαυτιον−ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη < Χαυτιον−

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη > 



 

 



Φροm: Μιχκελσεν, Λεροψ

Το: Wοοδ, ϑοε

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Λεροψ Μιχκελσεν − φορ ΣΤΑΑ αωαρδ

Dατε: Μονδαψ, Απριλ 13, 2020 6:05:45 ΠΜ

Χονχυρ

Σεντ φροm mψ ιΠηονε

Ον Απρ 13, 2020, ατ 5:47 ΠΜ, Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> ωροτε:

|

Χο−αυτηορ Λεροψ Μιχκελσεν, ΥΣ ΕΠΑ, Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ, Νατιοναλ

Ηοmελανδ Σεχυριτψ Ρεσεαρχη Χεντερ (ατ τιmε οφ ρεσεαρχη)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε

ϖαπουρ φορ Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον

 

Λεροψ, Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 10% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε

ρεπλψ βαχκ τηατ ψου χονχυρ ωιτη τηισ αmουντ.

 

Τηανκ ψου.

 

ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη

 

 



Φροm: Σmιτη, ΛισαΣ

Το: Wοοδ, ϑοε

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Λισα Σmιτη − φορ ΣΤΑΑ αωαρδ

Dατε: Τυεσδαψ, Απριλ 14, 2020 8:43:50 ΑΜ

Ηι ϑοε!  Ψεσ τηατ περχενταγε ισ φινε.  Γοοδ λυχκ!

 

Τηανκσ,

Λισα

 

Φροm: Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 13, 2020 6:14 ΠΜ

Το: Σmιτη, ΛισαΣ <σmιτη.λισασ≅επα.γοϖ>

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Λισα Σmιτη − φορ ΣΤΑΑ αωαρδ

 

Λισα, Ι ηοπε ψου αρε δοινγ ωελλ ιν τηε τιmε οφ ΧΟςΙD19, ασ βεστ ασ χαν βε εξπεχτεδ.

 

Ι αm πυττινγ ιν ουρ πυβλιχατιον φορ αν ΕΠΑ Σχιενχε ανδ Τεχηνολογψ Αχηιεϖεmεντ Αωαρδ.  Παρτ οφ τηε

αππλιχατιον προχεσσ ισ το γετ χονφιρmατιον φροm χο−αυτηορσ ον τηειρ περχενταγε χοντριβυτιον. 

 

Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 10% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε ρεπλψ βαχκ τηατ ψου

χονχυρ ωιτη τηισ αmουντ. Ιφ νοτ, πλεασε λετ mε κνοω ωηατ περχενταγε ψου�δ βε οκ ωιτη.

 

Τακε χαρε, Λισα.

 

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

Χο−αυτηορ Λισα Σmιτη, ΥΣ Αρmψ Εδγεωοοδ Χηεmιχαλ ανδ Βιολογιχαλ Χεντερ, Ινχ. (Ατ τιmε οφ

πυβλιχατιον)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε ϖαπουρ φορ

Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον

 

 

Τηανκ ψου.

 

ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη



 

 



Φροm: Χαλφεε, Wορτη

Το: Wοοδ, ϑοε

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Μ. Wορτη Χαλφεε − φορ ΣΤΑΑ αωαρδ

Dατε: Μονδαψ, Απριλ 13, 2020 9:23:20 ΑΜ

Χονχυρ

 

Μ. Wορτη Χαλφεε, Πη.D.

Μιχροβιολογιστ

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖισιον

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ

Ο: 919.541.7600

Μ: 919.423.3837

 

Φροm: Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 13, 2020 9:22 ΑΜ

Το: Χαλφεε, Wορτη <Χαλφεε.Wορτη≅επα.γοϖ>

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Μ. Wορτη Χαλφεε − φορ ΣΤΑΑ αωαρδ

 

Χο−αυτηορ Wορτη Χαλφεε, ΥΣ ΕΠΑ, Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ, Νατιοναλ Ηοmελανδ Σεχυριτψ

Ρεσεαρχη Χεντερ (ατ τιmε οφ ρεσεαρχη)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε ϖαπουρ φορ

Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον

 

Wορτη, Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 15% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε ρεπλψ βαχκ

τηατ ψου χονχυρ ωιτη τηισ αmουντ.

 

Τηανκ ψου.

 

ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη

 

 



Φροm: ωιλδσχαλλιονσφαρm≅ψαηοο.χοm

Το: Wοοδ, ϑοε

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Ματτ Χλαψτον − φορ ΣΤΑΑ αωαρδ

Dατε: Τυεσδαψ, Απριλ 14, 2020 8:33:53 ΑΜ

Ηι ϑοε,

Ψεσ, ωε αρε δοινγ οκαψ ιν ΧΟςΙD 19 τιmεσ. Λιϖινγ ουτδοορσ, πλαντινγ φοοδ, σεθυεστερινγ χαρβον, λιφε γοεσ

ον.

Οφ χουρσε, ιν mψ ηεαρτ, Ι ωιλλ νεϖερ φοργετ ηοω mυχη Ι ηαδ το φιγητ ψου ανδ εϖερψονε το ινϖεστιγατε τηισ.

Τηισ ισ 100% mινε.

Ι αγρεε ωιτη 5%.

Βε ωελλ,

Ματτ

Ον Μονδαψ, Απριλ 13, 2020, 06:05:05 ΠΜ ΕDΤ, Wοοδ, ϑοε <ωοοδ.ϕοε≅επα.γοϖ> ωροτε:

Ματτ, Ι ηοπε ψου αρε δοινγ ωελλ ιν τηε τιmε οφ ΧΟςΙD19, ασ βεστ ασ χαν βε εξπεχτεδ.

 

Ι αm πυττινγ ιν ουρ πυβλιχατιον φορ αν ΕΠΑ Σχιενχε ανδ Τεχηνολογψ Αχηιεϖεmεντ Αωαρδ.  Παρτ οφ τηε

αππλιχατιον προχεσσ ισ το γετ χονφιρmατιον φροm χο−αυτηορσ ον τηειρ περχενταγε χοντριβυτιον. 

 

Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 5% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε ρεπλψ βαχκ τηατ ψου

χονχυρ ωιτη τηισ αmουντ. Ιφ νοτ, πλεασε λετ mε κνοω ωηατ περχενταγε ψου�δ βε οκ ωιτη.

 

Τακε χαρε, Ματτ.

 

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

Χο−αυτηορ Ματτ Χλαψτον, ΥΣ ΕΠΑ, Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ, Νατιοναλ Ηοmελανδ Σεχυριτψ

Ρεσεαρχη Χεντερ (ατ τιmε οφ ρεσεαρχη)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε ϖαπουρ φορ Βαχιλλυσ

αντηραχισ σπορε ιναχτιϖατιον

 

 

Τηανκ ψου.

 



ϑοσεπη Wοοδ, Μ.Σ., Π.Ε.

Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ  27711

Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη

 

 



Φροm: Νιχολε Γατχηαλιαν

Το: Wοοδ, ϑοε

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Νιχολε Γριφφιν−Γατχηαλιαν − φορ ΣΤΑΑ αωαρδ

Dατε: Μονδαψ, Απριλ 13, 2020 6:20:36 ΠΜ

Ηι ϑοε, 

Ι ηοπε ψου αρε δοινγ ωελλ, σταψινγ σαφε ανδ ηεαλτηψ.
Wονδερφυλ νεωσ ον αππλψινγ φορ τηε ΣΤΑΑ.  Ι αm φινε ωιτη α 5% χοντριβυτιον.
Πλεασε λετ mε κνοω τηε ουτχοmε οφ τηε συβmισσιον.

Αλλ τηε βεστ,
Νιχολε

Ον Μον, Απρ 13, 2020 ατ 6:09 ΠΜ Wοοδ, ϑοε <Wοοδ.ϑοε≅επα.γοϖ> ωροτε:

Νιχολε, Ι ηοπε ψου αρε δοινγ ωελλ ιν τηε τιmε οφ ΧΟςΙD19, ασ βεστ ασ χαν βε εξπεχτεδ.

 

Ι αm πυττινγ ιν ουρ πυβλιχατιον φορ αν ΕΠΑ Σχιενχε ανδ Τεχηνολογψ Αχηιεϖεmεντ Αωαρδ. 
Παρτ οφ τηε αππλιχατιον προχεσσ ισ το γετ χονφιρmατιον φροm χο−αυτηορσ ον τηειρ περχενταγε
χοντριβυτιον. 

 

Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 5% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε ρεπλψ βαχκ
τηατ ψου χονχυρ ωιτη τηισ αmουντ. Ιφ νοτ, πλεασε λετ mε κνοω ωηατ περχενταγε ψου�δ βε οκ
ωιτη.

 

Τακε χαρε, Νιχολε.

 

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

Χο−αυτηορ Νιχολε Γριφφιν−Γατχηαλιαν, Αρχαδισ, Ινχ. (Ατ τιmε οφ πυβλιχατιον)

 

Νοmινεε ναmε: ϑοσεπη Wοοδ

 

Νοmινατεδ πυβλιχατιον: Α σιmπλε δεχονταmινατιον αππροαχη υσινγ ηψδρογεν περοξιδε
ϖαπουρ φορ Βαχιλλυσ αντηραχισ σπορε ιναχτιϖατιον
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Dιρεχτορ, Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖισιον 

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ (ΜD−Ε343−06)

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ
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Σηαων, Ι ηαϖε δεσιγνατεδ ψου ασ χοντριβυτινγ 5% τοωαρδ τηε στυδψ/πυβλιχατιον.  Πλεασε

ρεπλψ βαχκ τηατ ψου χονχυρ ωιτη τηισ αmουντ.
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Σενιορ Ρεσεαρχη Ενγινεερ

ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ
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Ηοmελανδ Σεχυριτψ ανδ Ματεριαλσ Μαναγεmεντ Dιϖ.
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Μαιλ Χοδε Ε343−06

mοβιλε πηονε: 919 482−3996

ηττπ://ωωω2.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη
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Γοαλ 1
Α Χλεανερ, Ηεαλτηιερ 
Ενϖιρονmεντ: 

Dελιϖερ α χλεανερ, σαφερ, ανδ 
ηεαλτηιερ ενϖιρονmεντ φορ αλλ 
Αmεριχανσ ανδ φυτυρε  
γενερατιονσ βψ χαρρψινγ ουτ 
τηε Αγενχψ�σ χορε mισσιον.

Προτεχτ Ηυmαν Ηεαλτη ανδ τηε Ενϖιρονmεντ

ΕΠΑ�σ Μισσιον

Γοαλ 3
Γρεατερ Χερταιντψ, 
Χοmπλιανχε, ανδ  
Εφφεχτιϖενεσσ: 

Ινχρεασε χερταιντψ, χοmπλιανχε, 
ανδ εφφεχτιϖενεσσ βψ αππλψινγ 
τηε ρυλε οφ λαω το αχηιεϖε mορε 
εφφιχιεντ ανδ εφφεχτιϖε αγενχψ 
οπερατιονσ, σερϖιχε δελιϖερψ, ανδ 
ρεγυλατορψ ρελιεφ.

Γοαλ 2
Μορε Εφφεχτιϖε Παρτνερσηιπσ: 

Προϖιδε χερταιντψ το στατεσ, 
λοχαλιτιεσ, τριβαλ νατιονσ, ανδ 
τηε ρεγυλατεδ χοmmυνιτψ ιν 
χαρρψινγ ουτ σηαρεδ ρεσπον−
σιβιλιτιεσ ανδ χοmmυνιχατινγ 
ρεσυλτσ το αλλ Αmεριχανσ.  
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χονσιδερ τηε ϖιεωσ ανδ συγγεστιονσ οφ τηοσε εντιτιεσ λικελψ το βε ιντερεστεδ ιν ορ ποτεντιαλλψ αφφεχτεδ βψ α στρατεγιχ πλαν. Χονσυλτατιον ωιτη ΕΠΑ�σ φεδεραλ, στατε, τριβαλ,  
ανδ λοχαλ γοϖερνmεντ παρτνερσ ανδ ιτσ mανψ στακεηολδερσ ισ ιντεγραλ το τηε Αγενχψ�σ στρατεγιχ πλαννινγ προχεσσ. Ιν δεϖελοπινγ τηε ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν,  
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αϖαιλαβιλιτψ οφ τηε δραφτ Πλαν το λεαδερσ οφ τηε Αγενχψ�σ Χονγρεσσιοναλ αυτηοριζινγ, αππροπριατιονσ, ανδ οϖερσιγητ χοmmιττεεσ, ανδ νοτιφιεδ αλλ φεδεραλλψ−ρεχογνιζεδ Ινδιαν 
τριβεσ οφ τηε οππορτυνιτψ φορ χονσυλτατιον ανδ χοορδινατιον. Τηεσε ουτρεαχη εφφορτσ ρεσυλτεδ ιν υνιθυε συβmισσιονσ φροm αππροξιmατελψ 5,000 οργανιζατιονσ ανδ ινδιϖιδυαλσ.
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Τηε Υ.Σ. Ενϖιρονmενταλ Προτεχτιον  

Αγενχψ�σ ΦΨ 2018�ΦΨ 2022 Στρατεγιχ 

Πλαν, εmπηασιζεσ τηε ΕΠΑ�σ �Βαχκ−το− 

Βασιχσ� αγενδα. Τηε αγενδα σετ ουτ ιν 

τηισ πλαν ηασ τηρεε οϖερ−αρχηινγ γοαλσ∗: 

(1) Dελιϖερ α χλεανερ, σαφερ, ανδ ηεαλτηιερ

ενϖιρονmεντ φορ αλλ Αmεριχανσ ανδ φυτυρε

γενερατιονσ βψ χαρρψινγ ουτ τηε Αγενχψ�σ

χορε mισσιον; (2) Προϖιδε χερταιντψ το

στατεσ, λοχαλιτιεσ, τριβαλ νατιονσ, ανδ τηε

ρεγυλατεδ χοmmυνιτψ ιν χαρρψινγ ουτ

σηαρεδ ρεσπονσιβιλιτιεσ ανδ χοmmυνι−

χατινγ ρεσυλτσ το αλλ Αmεριχανσ; ανδ (3)

Ινχρεασε χερταιντψ, χοmπλιανχε, ανδ

εφφεχτιϖενεσσ βψ αππλψινγ τηε ρυλε οφ λαω

το αχηιεϖε mορε εφφιχιεντ ανδ εφφεχτιϖε

αγενχψ οπερατιονσ, σερϖιχε δελιϖερψ, ανδ

ρεγυλατορψ ρελιεφ. Τηε αγενχψ�σ mισσιον οφ

προτεχτινγ ηυmαν ηεαλτη ανδ τηε ενϖι−

ρονmεντ ρεσονατεσ ωιτη αλλ Αmεριχανσ;

ωε αλλ χαν αγρεε τηατ ωε ωαντ ουρ φυτυρε

γενερατιονσ το ινηεριτ α χλεανερ, ηεαλτηιερ

ενϖιρονmεντ τηατ συππορτσ α τηριϖινγ

εχονοmψ.

Ουρ νατιον ηασ mαδε γρεατ προγρεσσ ιν 

mακινγ ριϖερσ ανδ λακεσ σαφερ φορ σωιm−

mινγ ανδ βοατινγ, ρεδυχινγ τηε σmογ τηατ 

χλουδεδ χιτψ σκιεσ, χλεανινγ υπ λανδσ τηατ 

ωερε ονχε υσεδ ασ ηιδδεν χηεmιχαλ δυmπσ 

ανδ προϖιδινγ Αmεριχανσ γρεατερ αχχεσσ το 

ινφορmατιον ον χηεmιχαλ σαφετψ. Ηοωεϖερ, 

ωε στιλλ ηαϖε ιmπορταντ ωορκ το δο.

Wε mυστ χρεατε α σενσε οφ σηαρεδ 

αχχουνταβιλιτψ βετωεεν στατεσ, τριβεσ 

ανδ τηε φεδεραλ γοϖερνmεντ το αχηιεϖε 

ποσιτιϖε ενϖιρονmενταλ ρεσυλτσ. Αλονγ 

ωιτη φαιτηφυλλψ αππλψινγ τηε ρυλε οφ λαω, 

ιmπροϖινγ τηε προχεσσεσ βψ ωηιχη τηε 

ΕΠΑ ηασ οπερατεδ ισ χρυχιαλ ιν αδϖανχινγ 

τηε αγενχψ�σ mισσιον.

Μεσσαγε φροm ΕΠΑ
 Αιρ

Οϖερ τηε νεξτ φιϖε ψεαρσ, τηε ΕΠΑ ωιλλ 

πριοριτιζε κεψ αχτιϖιτιεσ το συππορτ ατταιν−

mεντ οφ τηε νατιοναλ αmβιεντ αιρ θυαλιτψ 

στανδαρδσ (ΝΑΑΘΣ) ανδ ιmπλεmεντατιον 

οφ στατιοναρψ σουρχε ρεγυλατιονσ.

Wε ωιλλ ωορκ ωιτη ουρ στατε ανδ τριβαλ 

παρτνερσ το ραπιδλψ αππροϖε τηειρ ιmπλε−

mεντατιον πλανσ φορ ατταινινγ αιρ θυαλιτψ 

στανδαρδσ το ρεδυχε χονταmιναντσ τηατ 

χαυσε ορ εξαχερβατε ηεαλτη ισσυεσ.

 Wατερ

Wε ωιλλ mοδερνιζε ανδ υπδατε αγινγ 

δρινκινγ ωατερ, ωαστεωατερ ανδ στορm−

ωατερ ινφραστρυχτυρε ωηιχη τηε Αmεριχαν 

πυβλιχ δεπενδσ ον.

Τηε αγενχψ ωιλλ χοντινυε το λεϖεραγε τηε 

Στατε Ρεϖολϖινγ Φυνδσ (ΣΡΦσ) ανδ Wατερ 

Ινφραστρυχτυρε Φινανχε ανδ Ιννοϖατιον 

Αχτ (WΙΦΙΑ) το ασσιστ στατεσ, τριβεσ, mυ−

νιχιπαλιτιεσ ανδ πριϖατε εντιτιεσ το φινανχε 

ηιγη−πριοριτψ ινφραστρυχτυρε ινϖεστmεντσ 

τηατ προτεχτ ηυmαν ηεαλτη ανδ τηε 

ενϖιρονmεντ.

 Λανδ

Τηε Αδmινιστρατιον ισ πλαχινγ παρτιχυλαρ 

εmπηασισ ον τηε τοπ πριοριτψ λιστ οφ  

Συπερφυνδ σιτεσ ανδ ωιλλ ιmπλεmεντ  

Συπερφυνδ Τασκ Φορχε ρεχοmmενδατιονσ 

το αχχελερατε τηε παχε οφ χλεανυπσ ανδ 

προmοτε σιτε ρευσε, ωηιλε αδδρεσσινγ ρισκσ 

το ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. 

Τηε αγενχψ ωιλλ αχχελερατε χλεανυπ βψ 

ρε−πριοριτιζινγ σοmε ρεσουρχεσ το φοχυσ 

ον ρεmεδιαλ αχτιονσ, χονστρυχτιον χοm−

πλετιονσ, ρεαδψ−φορ−ρευσε δετερmινατιονσ 

ανδ Νατιοναλ Πριοριτιεσ Λιστ σιτε δελετιονσ. 

 Χηεmιχαλσ

Wε ωιλλ πριοριτιζε τηε σαφετψ οφ χηεmιχαλσ 

ιν τηε mαρκετπλαχε ιν τηε ιmπλεmεντατιον 

οφ τηε νεω Φρανκ Ρ. Λαυτενβεργ Χηεm−

ιχαλ Σαφετψ φορ τηε 21στ Χεντυρψ Αχτ, 

ωηιχη mοδερνιζεσ τηε Τοξιχ Συβστανχεσ 

ανδ Χοντρολ Αχτ (ΤΣΧΑ).

Το αχηιεϖε τηισ, τηε ΕΠΑ ωιλλ φοχυσ ον 

mεετινγ ιτσ στατυτορψ ρεθυιρεmεντσ 

ανδ mανδατορψ δεαδλινεσ οφ ΤΣΧΑ ανδ 

ενσυρε ουρ ρεϖιεωσ αρε εφφιχιεντ, εφφεχτιϖε 

ανδ τρανσπαρεντ το στακεηολδερσ. 

Μορε τηαν 45 ψεαρσ αφτερ τηε χρεατιον 

οφ τηε ΕΠΑ mοστ στατεσ, ανδ το α λεσσερ 

εξτεντ τερριτοριεσ ανδ τριβεσ, αρε αυτηο−

ριζεδ το ιmπλεmεντ δελεγατεδ φεδεραλ 

ενϖιρονmενταλ προγραmσ ωιτηιν τηειρ 

ϕυρισδιχτιονσ. Ρεχογνιζινγ τηε χονγρεσ−

σιοναλλψ ιντενδεδ ρεσπονσιβιλιτιεσ οφ ουρ 

στατε, λοχαλ ανδ τριβαλ παρτνερσ, ωε mυστ 

αδαπτ ανδ mοδερνιζε ουρ πραχτιχεσ το 

ρεδυχε δυπλιχατιον οφ εφφορτ ανδ ταιλορ 

οϖερσιγητ οφ δελεγατεδ προγραmσ. 
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Φορ εξαmπλε, τηε ΕΠΑ ωιλλ εξπανδ ιτσ 

χοmπλιανχε ασσιστανχε ωορκ βψ χοντινυ−

ινγ το παρτνερ ωιτη τηιρδ−παρτψ οργανι−

ζατιονσ ανδ φεδεραλ αγενχιεσ το συππορτ 

εξιστινγ ωεβ−βασεδ, σεχτορ−σπεχιφ ιχ  

χοmπλιανχε ασσιστανχε χεντερσ ανδ σεεκ 

το δεϖελοπ νεω χεντερσ. ΕΠΑ ωιλλ ασσεσσ 

ουρ σηαρεδ γοϖερνανχε το χλαριφψ τηε 

αγενχψ�σ στατυτορψ ρολεσ ανδ ρεσπον−

σιβιλιτιεσ ανδ ταιλορ στατε οϖερσιγητ το 

mαξιmιζε ουρ ρετυρν ον ινϖεστmεντ ανδ 

ρεδυχε βυρδεν ον στατεσ.

Οϖερ τηε νεξτ φιϖε ψεαρσ, τηε ΕΠΑ  

ωιλλ ινχρεασε χερταιντψ, χοmπλιανχε, ανδ 

εφφεχτιϖενεσσ βψ αππλψινγ τηε ρυλε οφ λαω 

το αχηιεϖε mορε εφφιχιεντ ανδ εφφεχτιϖε 

αγενχψ οπερατιονσ, σερϖιχε δελιϖερψ, ανδ 

ρεγυλατορψ ρελιεφ.

Φεδεραλ αγενχιεσ εξιστ το αδmινιστερ 

λαωσ πασσεδ βψ Χονγρεσσ, ιν αχχορδανχε 

ωιτη τηε ωιλλ οφ τηισ βοδψ. Τηε ΕΠΑ 

ωιλλ ενσυρε χοmπλιανχε ωιτη τηε λαω βψ 

προϖιδινγ χονσιστενχψ ανδ χερταιντψ φορ 

τηε ρεγυλατεδ χοmmυνιτψ ανδ χλαριφψ τηε 

ιmπαχτ οφ προποσεδ αχτιονσ ον ηυmαν 

ηεαλτη, τηε ενϖιρονmεντ ανδ τηε εχονο−

mψ το προϖιδε α χλεαρ πατη ανδ τιmελινε 

φορ εντιτιεσ το αχηιεϖε χοmπλιανχε.

Φυρτηερ, ωε ωιλλ ρεφορm ουρ αππροαχη 

το ρεγυλατορψ δεϖελοπmεντ ανδ πριοριτιζε 

mεετινγ ουρ στατυτορψ δεαδλινεσ το εν−

συρε τηατ εξπεχτατιονσ φορ τηε ρεγυλατεδ 

χοmmυνιτψ ανδ τηε πυβλιχ αρε χλεαρ ανδ 

χοmπρεηενσιϖε. Τηε ΕΠΑ ωιλλ αλσο εmπλοψ 

βυσινεσσ προχεσσ ιmπροϖεmεντ στρατεγιεσ, 

συχη ασ Λεαν, το ιmπροϖε εφφιχιενχιεσ ιν αλλ 

περmιττινγ προχεσσεσ, ωορκινγ αλονγ−

σιδε στατεσ το στρεαmλινε τηε ρεϖιεω οφ 

στατε−ισσυεδ περmιτσ ανδ το ιmπροϖε ουρ 

ιντερναλ βυσινεσσ προχεσσεσ.

ΕΠΑ χαν αχχοmπλιση τηε ενϖιρονmενταλ 

ανδ ηυmαν ηεαλτη ουτχοmεσ ουτλινεδ ιν τηισ 

Στρατεγιχ Πλαν βψ ινχρεασινγ χολλαβορατιον 

ωιτη οτηερ εξτερναλ παρτνερσ ανδ στριϖινγ 

το αχηιεϖε ιmπροϖεδ χονσιστενχψ ανδ 

χερταιντψ φορ τηε ρεγυλατεδ χοmmυνιτψ. 

∗Ιν Σεπτεmβερ 2019, ΕΠΑ υπδατεδ λανγυαγε ιν τηισ Πλαν το βεττερ ρεφλεχτ τηε Αγενχψ�σ ενϖιρονmενταλ ανδ πολιχψ γοαλσ. Wηιλε τηε υπδατε

δοεσ νοτ χηανγε τηε Αγενχψ�σ Στρατεγιχ Οβϕεχτιϖεσ ορ Λονγ−Τερm Περφορmανχε Γοαλσ, ρε−φραmινγ ΕΠΑ�σ οϖεραρχηινγ στρατεγιχ γοαλσ ωιλλ ηελπ

χοmmυνιχατε τηε Αγενχψ�σ πριοριτψ το δελιϖερ τανγιβλε ρεσυλτσ το φυρτηερ τηε Αγενχψ�σ mισσιον το προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ.

Τηε χηανγεσ αρε ασ φολλοωσ:

453"5&(*$�
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ΓΟΑΛ 1
Χορε Μισσιον: Dελιϖερ ρεαλ ρεσυλτσ το 
προϖιδε Αmεριχανσ ωιτη χλεαν αιρ, λανδ, ανδ 
ωατερ, ανδ ενσυρε χηεmιχαλ σαφετψ.

Α Χλεανερ, Ηεαλτηιερ Ενϖιρονmεντ: Dελιϖερ α χλεανερ, σαφερ, ανδ 
ηεαλτηιερ ενϖιρονmεντ φορ αλλ Αmεριχανσ ανδ φυτυρε γενερατιονσ βψ 
χαρρψινγ ουτ τηε Αγενχψ�σ χορε mισσιον.

ΓΟΑΛ 2

Χοοπερατιϖε Φεδεραλισm: Ρεβαλανχε τηε 
ποωερ βετωεεν Wασηινγτον ανδ τηε στατεσ 
το χρεατε τανγιβλε ενϖιρονmενταλ ρεσυλτσ φορ 
τηε Αmεριχαν πεοπλε.

Μορε Εφφεχτιϖε Παρτνερσηιπσ: Προϖιδε χερταιντψ το στατεσ, λοχαλιτιεσ,
τριβαλ νατιονσ, ανδ τηε ρεγυλατεδ χοmmυνιτψ ιν χαρρψινγ ουτ σηαρεδ 
ρεσπονσιβιλιτιεσ ανδ χοmmυνιχατινγ ρεσυλτσ το αλλ Αmεριχανσ.

 

ΓΟΑΛ 3
Ρυλε οφ Λαω ανδ Προχεσσ: Αδmινιστερ τηε λαω 
ασ Χονγρεσσ ιντενδεδ, το ρεφοχυσ τηε Αγενχψ 
ον ιτσ στατυτορψ οβλιγατιονσ υνδερ τηε λαω.

Γρεατερ Χερταιντψ, Χοmπλιανχε, ανδ Εφφεχτιϖενεσσ: Ινχρεασε 
χερταιντψ, χοmπλιανχε, ανδ εφφεχτιϖενεσσ βψ αππλψινγ τηε ρυλε οφ λαω 
το αχηιεϖε mορε εφφιχιεντ ανδ εφφεχτιϖε αγενχψ οπερατιονσ, σερϖιχε 
δελιϖερψ, ανδ ρεγυλατορψ ρελιεφ.
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Ιντροδυχτιον

Γοαλ 1
Α Χλεανερ, Ηεαλτηιερ Ενϖιρονmεντ: 

Dελιϖερ α χλεανερ, σαφερ, ανδ ηεαλτηιερ 

ενϖιρονmεντ φορ αλλ Αmεριχανσ ανδ 

φυτυρε γενερατιονσ βψ χαρρψινγ ουτ 

τηε Αγενχψ�σ χορε mισσιον.

Γοαλ 2
Μορε Εφφεχτιϖε Παρτνερσηιπσ: 

Προϖιδε χερταιντψ το στατεσ, λοχαλιτιεσ, 

τριβαλ νατιονσ, ανδ τηε ρεγυλατεδ 

χοmmυνιτψ ιν χαρρψινγ ουτ σηαρεδ 

ρεσπονσιβιλιτιεσ ανδ χοmmυνιχατινγ 

ρεσυλτσ το αλλ Αmεριχανσ. 

Γοαλ 3
Γρεατερ Χερταιντψ, Χοmπλιανχε,  

ανδ Εφφεχτιϖενεσσ:  

Ινχρεασε χερταιντψ, χοmπλιανχε, ανδ 

εφφεχτιϖενεσσ βψ αππλψινγ τηε ρυλε οφ 

λαω το αχηιεϖε mορε εφφιχιεντ ανδ 

εφφεχτιϖε αγενχψ οπερατιονσ, σερϖιχε 

δελιϖερψ, ανδ ρεγυλατορψ ρελιεφ.

Τηε Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ (ΕΠΑ) δεϖελοπεδ τηισ ΦΨ 2018−2022 ΕΠΑ 

Στρατεγιχ Πλαν (τηε Πλαν) το: (1) δελιϖερ α χλεανερ, σαφερ, ανδ ηεαλτηιερ ενϖιρονmεντ φορ 

αλλ Αmεριχανσ ανδ φυτυρε γενερατιονσ βψ χαρρψινγ ουτ τηε Αγενχψ�σ χορε mισσιον; (2) 

προϖιδε χερταιντψ το στατεσ, λοχαλιτιεσ, τριβαλ νατιονσ, ανδ τηε ρεγυλατεδ χοmmυνιτψ 

ιν χαρρψινγ ουτ σηαρεδ ρεσπονσιβιλιτιεσ ανδ χοmmυνιχατινγ ρεσυλτσ το αλλ Αmεριχανσ; 

ανδ (3) ινχρεασε χερταιντψ, χοmπλιανχε, ανδ εφφεχτιϖενεσσ βψ αππλψινγ τηε ρυλε οφ 

λαω το αχηιεϖε mορε εφφιχιεντ ανδ εφφεχτιϖε αγενχψ οπερατιονσ, σερϖιχε δελιϖερψ, ανδ 

ρεγυλατορψ ρελιεφ. Τηε Πλαν συππορτσ στατεσ, λοχαλιτιεσ, ανδ φεδεραλλψ−ρεχογνιζεδ Ινδιαν 

τριβεσ1 βψ στρεαmλινινγ προγραmσ ανδ προχεσσεσ, ρεδυχινγ δυπλιχατιον οφ εφφορτ, 

προϖιδινγ γρεατερ τρανσπαρενχψ ανδ λιστενινγ οππορτυνιτιεσ, ανδ εναβλινγ τηε Αγενχψ 

το φοχυσ ον ιτσ χορε mισσιον.

ΕΠΑ�σ σενιορ mαναγερσ ωιλλ υσε τηισ Πλαν ρουτινελψ ασ α mαναγεmεντ τοολ το γυιδε 

τηε Αγενχψ�σ πατη φορωαρδ, τραχκινγ προγρεσσ ανδ ασσεσσινγ ανδ αδδρεσσινγ ρισκσ 

ανδ χηαλλενγεσ τηατ χουλδ ποτεντιαλλψ ιντερφερε ωιτη ΕΠΑ�σ αβιλιτψ το αχχοmπλιση ιτσ 

γοαλσ. Τηε τηρεε στρατεγιχ γοαλσ εσταβλισηεδ ιν τηε Πλαν αρε συππορτεδ βψ στρατεγιχ 

οβϕεχτιϖεσ ανδ λονγ−τερm περφορmανχε γοαλσ2 φοχυσεδ ον αδϖανχινγ ηυmαν ηεαλτη ανδ 

ενϖιρονmενταλ ρεσυλτσ οϖερ τηε νεξτ φιϖε ψεαρσ. Τηεσε λονγ−τερm περφορmανχε γοαλσ 

αρε συππορτεδ βψ αννυαλ περφορmανχε γοαλσ ινχλυδεδ ιν τηε αννυαλ περφορmανχε πλανσ 

ανδ βυδγετσ τηατ ΕΠΑ συβmιτσ το Χονγρεσσ. Τηε στρατεγιεσ ανδ λονγ−τερm περφορmανχε 

γοαλσ ιν τηισ Πλαν ηιγηλιγητ κεψ αρεασ ιν ωηιχη τηε Αγενχψ ωιλλ mακε τηε mοστ δραmατιχ 

χηανγεσ οϖερ τηε νεξτ φιϖε ψεαρσ ανδ αρε νοτ ιντενδεδ το αδδρεσσ αλλ ονγοινγ 

προγραmσ. Τηε αννυαλ περφορmανχε πλανσ ανδ βυδγετσ, ανδ συππορτινγ αννυαλ ανδ 

οπερατιοναλ mεασυρεσ, αδδρεσσ α βροαδερ ρανγε οφ τηε Αγενχψ�σ ωορκ. Ιν αδδιτιον, τηε 

Αγενχψ ωιλλ ηολδ θυαρτερλψ ανδ mοντηλψ mεετινγσ το ασσεσσ προγρεσσ τοωαρδ αννυαλ 

ανδ λονγ−τερm περφορmανχε γοαλσ. 

Τηε ΕΠΑ Αδmινιστρατορ εσταβλισηεδ τωο−ψεαρ αγενχψ πριοριτψ γοαλσ (ΑΠΓσ) φορ 

αχχελερατινγ προγρεσσ ον ΕΠΑ πριοριτιεσ. ΑΠΓσ ρεφλεχτ αγενχψ λεαδερσηιπ�σ τοπ νεαρ−τερm 

πριοριτιεσ φορ ιmπλεmεντινγ περφορmανχε ιmπροϖεmεντ. ΕΠΑ�σ ΑΠΓσ ωερε σελεχτεδ φροm 

αmονγ τηε συιτε οφ λονγ−τερm περφορmανχε γοαλσ. ΕΠΑ ωιλλ συππορτ τηεσε πριοριτψ γοαλσ 

βψ δεϖελοπινγ τωο−ψεαρ ιmπλεmεντατιον πλανσ ανδ ρεπορτινγ θυαρτερλψ προγρεσσ.

Τηε ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν ισ συππορτεδ βψ οτηερ, mορε δεταιλεδ Αγενχψ 

πλανσ ιν σπεχιφιχ αρεασ. Φορ εξαmπλε, ΕΠΑ�σ Ηυmαν Χαπιταλ Οπερατινγ Πλαν δεταιλσ τηε 

1 Τριβεσ ινχλυδε αλλ φεδεραλλψ−ρεχογνιζεδ τριβεσ, ινχλυδινγ Αλασκα Νατιϖε ςιλλαγεσ (ασ ισσυεδ βψ τηε Σεχρεταρψ 
οφ τηε Ιντεριορ).

2 Λονγ−τερm περφορmανχε γοαλσ αρε τηε mεασυραβλε ρεσυλτσ τηε Αγενχψ ισ ωορκινγ το αχηιεϖε οϖερ τηε 
λιφε οφ τηε Πλαν ανδ αρε συππορτεδ βψ δατα θυαλιτψ ρεχορδσ (DΘΡσ), ωηιχη προϖιδε δεταιλσ συχη ασ τηε 
mετηοδσ οφ mεασυρεmεντ ανδ οτηερ ιmπορταντ χοντεξτυαλ ινφορmατιον συχη ασ βασελινεσ. DΘΡσ χαν βε 
φουνδ ατ ηττπσ://ωωω.επα.γοϖ/πλανανδβυδγετ/ρεσυλτσ.
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ΦΨ 2018−2019 Αγενχψ Πριοριτψ Γοαλσ
ΑΠΓ−1: Ιmπροϖε αιρ θυαλιτψ βψ ιmπλεmεντινγ πολλυτιον χοντρολ mεασυρεσ το ρεδυχε τηε νυmβερ οφ νονατταινmεντ αρεασ. Βψ Σεπτεmβερ 

30, 2019, ΕΠΑ, ιν χλοσε χολλαβορατιον ωιτη στατεσ, ωιλλ ρεδυχε τηε νυmβερ οφ νονατταινmεντ αρεασ το 138 φροm α βασελινε οφ 166.

ΑΠΓ−2: Εmποωερ χοmmυνιτιεσ το λεϖεραγε ΕΠΑ ωατερ ινφραστρυχτυρε ινϖεστmεντσ. Βψ Σεπτεmβερ 30, 2019, ΕΠΑ ωιλλ ινχρεασε 

βψ ∃16 βιλλιον τηε νον−φεδεραλ δολλαρσ λεϖεραγεδ βψ ΕΠΑ ωατερ ινφραστρυχτυρε φινανχε προγραmσ (Χλεαν Wατερ ανδ Dρινκινγ 

Wατερ Στατε Ρεϖολϖινγ Φυνδσ ανδ τηε Wατερ Ινφραστρυχτυρε Φινανχε ανδ Ιννοϖατιον Αχτ). 

ΑΠΓ−3: Αχχελερατε τηε παχε οφ χλεανυπσ ανδ ρετυρν σιτεσ το βενεφιχιαλ υσε ιν τηειρ χοmmυνιτιεσ. Βψ Σεπτεmβερ 30, 2019, ΕΠΑ 

ωιλλ mακε αν αδδιτιοναλ 102 Συπερφυνδ σιτεσ ανδ 1,368 βροωνφιελδσ σιτεσ ρεαδψ φορ αντιχιπατεδ υσε (ΡΑΥ).

ΑΠΓ−4: Μεετ νεω στατυτορψ ρεθυιρεmεντσ το ιmπροϖε τηε σαφετψ οφ χηεmιχαλσ ιν χοmmερχε. Βψ Σεπτεmβερ 30, 2019, ΕΠΑ ωιλλ 

χοmπλετε ιν αχχορδανχε ωιτη στατυτορψ τιmελινεσ (εξχλυδινγ στατυτοριλψ−αλλοωαβλε εξτενσιονσ): 100% οφ ρεθυιρεδ ΕΠΑ−ινιτιατεδ 

Τοξιχ Συβστανχεσ Χοντρολ Αχτ (ΤΣΧΑ) ρισκ εϖαλυατιονσ φορ εξιστινγ χηεmιχαλσ; 100% οφ ρεθυιρεδ ΤΣΧΑ ρισκ mαναγεmεντ 

αχτιονσ φορ εξιστινγ χηεmιχαλσ; ανδ 80% οφ ΤΣΧΑ πρε−mανυφαχτυρε νοτιχε φιναλ δετερmινατιονσ.

ΑΠΓ−5: Ινχρεασε ενϖιρονmενταλ λαω χοmπλιανχε ρατε. Τηρουγη Σεπτεmβερ 30, 2019, ΕΠΑ ωιλλ ινχρεασε χοmπλιανχε βψ ρεδυχινγ 

τηε περχενταγε οφ Χλεαν Wατερ Αχτ (ΧWΑ) Νατιοναλ Πολλυταντ Dισχηαργε Ελιmινατιον Σψστεm (ΝΠDΕΣ) περmιττεεσ ιν 

σιγνιφιχαντ νονχοmπλιανχε ωιτη τηειρ περmιτ λιmιτσ το 21% φροm α βασελινε οφ 24%.

ΑΠΓ−6: Αχχελερατε περmιττινγ−ρελατεδ δεχισιονσ. Βψ Σεπτεmβερ 30, 2019, ΕΠΑ ωιλλ ρεδυχε βψ 50% τηε νυmβερ οφ περmιττινγ−

ρελατεδ δεχισιονσ τηατ εξχεεδ σιξ mοντησ.

αχτιονσ τηε Αγενχψ ωιλλ εξεχυτε το αχηιεϖε ιτσ οϖεραρχηινγ ηυmαν χαπιταλ γοαλσ, ανδ ΕΠΑ�σ Ινφορmατιον Τεχηνολογψ/Ινφορmατιον 

Μαναγεmεντ Στρατεγιχ Πλαν ωιλλ γυιδε εφφορτσ το συππορτ ανδ mοδερνιζε τηε Αγενχψ�σ τεχηνολογψ ανδ δατα ινφραστρυχτυρε. Τηε 

ΕΠΑ�σ ωορκφορχε ανδ ρεφορm εφφορτσ ωιλλ συππορτ στρεαmλινινγ εφφορτσ το ωορκ mορε εφφιχιεντλψ ανδ εφφεχτιϖελψ ιν τηε φυτυρε. Τηε 

mανψ αχτιϖιτιεσ δεσχριβεδ ιν τηεσε πλανσ αλιγν ωιτη ανδ ηελπ ποσιτιον τηε Αγενχψ το αχηιεϖε τηε στρατεγιχ γοαλσ ανδ οβϕεχτιϖεσ 

πρεσεντεδ ιν τηισ Πλαν.

ΕΠΑ ισ αλσο ιν τηε προχεσσ οφ δεπλοψινγ α Λεαν mαναγεmεντ σψστεm σπεχιφιχαλλψ δεσιγνεδ το δελιϖερ mεασυραβλε ρεσυλτσ τηατ αλιγν 

ωιτη τηισ Πλαν. Λεαν ισ α σετ οφ πρινχιπλεσ ανδ τοολσ δεσιγνεδ το ιδεντιφψ ανδ ελιmινατε ωαστε φροm προχεσσεσ ωηιλε mαξιmιζινγ 

χυστοmερ ϖαλυε ανδ ρετυρν ον ταξπαψερ ινϖεστmεντ. ΕΠΑ ωιλλ στανδαρδιζε ανδ στρεαmλινε προχεσσεσ το στρενγτηεν εφφιχιενχψ ανδ 

θυαλιτψ το βεττερ mεετ mισσιον γοαλσ ανδ οβϕεχτιϖεσ. Υνδερ τηε Αδmινιστρατορ�σ λεαδερσηιπ, ΕΠΑ ωιλλ βεχοmε α Λεαν οργανιζατιον.

Στρατεγιεσ το αχηιεϖε ΕΠΑ�σ γοαλσ ανδ οβϕεχτιϖεσ αρε αλσο ινφορmεδ βψ γατηερινγ εϖιδενχε ρελατεδ το ενϖιρονmενταλ προβλεmσ ανδ 

εϖαλυατινγ τηε εφφεχτιϖενεσσ οφ τηε στρατεγιεσ τηατ τηε προγραmσ υσε το αδδρεσσ τηεm. Εξαmπλεσ οφ ρεχεντ εϖιδενχε ανδ εϖαλυατιον 

εφφορτσ υσεδ το δεϖελοπ τηισ ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν ανδ α πρελιmιναρψ λιστ οφ φυτυρε πλαννεδ εφφορτσ χαν βε φουνδ ατ 

ηττπσ://ωωω.επα.γοϖ/πλανανδβυδγετ/στρατεγιχπλαν.



Α Χλεανερ, Ηεαλτηιερ 
Ενϖιρονmεντ

1



Dελιϖερ α χλεανερ, σαφερ, ανδ ηεαλτηιερ ενϖιρονmεντ 
φορ αλλ Αmεριχανσ ανδ φυτυρε γενερατιονσ βψ χαρρψινγ 
ουτ τηε Αγενχψ�σ χορε mισσιον.

ΕΠΑ ηασ εσταβλισηεδ πριοριτιεσ φορ 

αδϖανχινγ προγρεσσ οϖερ τηε νεξτ φιϖε 

ψεαρσ ιν εαχη οφ ιτσ χορε mισσιον αρεασ�

λανδ, αιρ, ωατερ�ασ ωελλ ασ χηεmιχαλσ. 

Τηε Αγενχψ ωιλλ φοχυσ ον σπεεδινγ τηε 

χλεανυπ οφ Συπερφυνδ ανδ βροωνφιελδσ 

σιτεσ, ανδ ωιλλ υσε α λιστ οφ τοπ πριοριτψ 

σιτεσ το αδϖανχε προγρεσσ ον Συπερφυνδ 

σιτεσ οφ παρτιχυλαρ χονχερν. Wε ωιλλ 

ωορκ ωιτη στατεσ ανδ τριβεσ το mορε 

ραπιδλψ αππροϖε τηειρ ιmπλεmεντατιον 

πλανσ φορ ατταινινγ αιρ θυαλιτψ στανδαρδσ, 

ρεδυχινγ χονταmιναντσ τηατ χαν χαυσε 

ορ εξαχερβατε ηεαλτη ισσυεσ. Wε ωιλλ 

ωορκ ωιτη ουρ στατε ανδ τριβαλ παρτνερσ 

το προϖιδε φορ χλεαν ανδ σαφε ωατερ βψ 

υπδατινγ αγινγ ινφραστρυχτυρε, βοτη φορ 

δρινκινγ ωατερ ανδ ωαστεωατερ σψστεmσ. 

ΕΠΑ�σ τοπ πριοριτψ φορ ενσυρινγ τηε 

σαφετψ οφ χηεmιχαλσ ιν τηε mαρκετπλαχε 

ισ τηε ιmπλεmεντατιον οφ τηε νεω Φρανκ 

Ρ. Λαυτενβεργ Χηεmιχαλ Σαφετψ φορ τηε 

21στ Χεντυρψ Αχτ, ωηιχη mοδερνιζεσ 

τηε Τοξιχ Συβστανχεσ ανδ Χοντρολ Αχτ 

(ΤΣΧΑ) βψ χρεατινγ νεω στανδαρδσ 

ανδ προχεσσεσ φορ ασσεσσινγ χηεmιχαλ 

σαφετψ ωιτηιν σπεχιφιχ δεαδλινεσ. Τηεσε 

εφφορτσ ωιλλ βε συππορτεδ βψ στρονγ 

χοmπλιανχε ασσυρανχε ανδ ενφορχεmεντ 

ιν χολλαβορατιον ωιτη ουρ στατε ανδ τριβαλ 

παρτνερσ, υπ−το−δατε τραινινγ φορ παρτνερσ, 

ανδ υσε οφ τηε βεστ αϖαιλαβλε σχιενχε ανδ 

ρεσεαρχη το αδδρεσσ χυρρεντ ανδ φυτυρε 

ενϖιρονmενταλ ηαζαρδσ, δεϖελοπ νεω 

αππροαχηεσ, ανδ ιmπροϖε τηε φουνδατιον 

φορ δεχισιον mακινγ. 

Τηε Αγενχψ ωιλλ χολλαβορατε mορε 

εφφιχιεντλψ ανδ εφφεχτιϖελψ ωιτη οτηερ 

φεδεραλ αγενχιεσ, στατεσ, τριβεσ, λοχαλ 

γοϖερνmεντσ, χοmmυνιτιεσ, ανδ οτηερ 

παρτνερσ ανδ στακεηολδερσ το αδδρεσσ 

εξιστινγ πολλυτιον ανδ πρεϖεντ φυτυρε 

προβλεmσ. ΕΠΑ ωιλλ διρεχτλψ ιmπλεmεντ 

φεδεραλ ενϖιρονmενταλ λαωσ ιν Ινδιαν 

χουντρψ ωηερε ελιγιβλε τριβεσ ηαϖε νοτ 

τακεν ον προγραm ρεσπονσιβιλιτψ.

Wιτη ουρ παρτνερσ, ωε ωιλλ παψ παρτιχυλαρ 

αττεντιον το ϖυλνεραβλε ποπυλατιονσ. 

Χηιλδρεν ανδ τηε ελδερλψ, φορ εξαmπλε, 

mαψ βε ατ σιγνιφιχαντλψ γρεατερ ρισκ 

φροm ελεϖατεδ εξποσυρε ορ ινχρεασεδ 

συσχεπτιβιλιτψ το τηε ηαρmφυλ εφφεχτσ οφ 

ενϖιρονmενταλ χονταmιναντσ. Σοmε λοω−

ινχοmε ανδ mινοριτψ χοmmυνιτιεσ mαψ 

φαχε γρεατερ ρισκσ βεχαυσε οφ προξιmιτψ 

το χονταmινατεδ σιτεσ ορ βεχαυσε 

φεωερ ρεσουρχεσ αρε αϖαιλαβλε το αϖοιδ 

εξποσυρε το πολλυταντσ. Τριβαλ ωαψσ οφ λιφε 

συχη ασ τραδιτιοναλ συβσιστενχε ηυντινγ, 

φισηινγ, ανδ γατηερινγ αλσο mαψ ινχρεασε 

εξποσυρε το χονταmιναντσ ανδ ινχρεασε 

ρισκσ. Μυχη ωορκ ρεmαινσ ανδ, τογετηερ 

ωιτη ουρ παρτνερσ, ωε ωιλλ χοντινυε 

mακινγ προγρεσσ ιν προτεχτινγ ηυmαν 

ηεαλτη ανδ τηε ενϖιρονmεντ.

Πολλυτιον χοmεσ ιν mανψ φορmσ ωιτη 

mψριαδ ιmπαχτσ ον ηυmαν ηεαλτη ανδ 

τηε ενϖιρονmεντ. Wιτη τηε γοαλ οφ 

χλεαν ανδ σαφε αιρ, ωατερ, ανδ λανδ φορ αλλ 

Αmεριχανσ, Χονγρεσσ εναχτεδ α ρανγε 

οφ ενϖιρονmενταλ στατυτεσ τηατ σπελλ ουτ 

ΕΠΑ�σ χορε ρεσπονσιβιλιτιεσ. Ουρ νατιον 

ηασ χοmε α λονγ ωαψ σινχε ΕΠΑ ωασ 

εσταβλισηεδ ιν 1970. Wε ηαϖε mαδε γρεατ 

προγρεσσ ιν mακινγ ριϖερσ ανδ λακεσ σαφε 

φορ σωιmmινγ ανδ βοατινγ, ρεδυχινγ τηε 

σmογ τηατ χλουδεδ χιτψ σκιεσ, χλεανινγ 

υπ λανδσ τηατ ωερε ονχε υσεδ ασ 

ηιδδεν χηεmιχαλ δυmπσ, ανδ προϖιδινγ 

Αmεριχανσ γρεατερ αχχεσσ το ινφορmατιον 

ον τηε σαφετψ οφ τηε χηεmιχαλσ αλλ 

αρουνδ υσ. Τοδαψ ωε χαν σεε ενορmουσ 

προγρεσσ�ψετ ωε στιλλ ηαϖε ιmπορταντ 

ωορκ το δο. 
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Οβϕεχτιϖε 1.1 
Ιmπροϖε Αιρ Θυαλιτψ
Wορκ ωιτη στατεσ ανδ τριβεσ το αχχυρατελψ mεασυρε αιρ 
θυαλιτψ ανδ ενσυρε τηατ mορε Αmεριχανσ αρε λιϖινγ ανδ 
ωορκινγ ιν αρεασ τηατ mεετ ηιγη αιρ θυαλιτψ στανδαρδσ. 

Ιντροδυχτιον
Ασ παρτ οφ ιτσ mισσιον το προτεχτ ηυmαν 

ηεαλτη ανδ τηε ενϖιρονmεντ, ΕΠΑ ισ 

δεδιχατεδ το ιmπροϖινγ τηε θυαλιτψ οφ 

τηε νατιον�σ αιρ. Φροm 1970 το 2016, 

αγγρεγατε νατιοναλ εmισσιονσ οφ τηε σιξ 

χριτερια αιρ πολλυταντσ3 ωερε ρεδυχεδ 

οϖερ 70 περχεντ, ωηιλε γροσσ δοmεστιχ 

προδυχτ γρεω βψ οϖερ 253 περχεντ. 

Dεσπιτε τηισ προγρεσσ, ιν 2016, mορε 

τηαν 120 mιλλιον πεοπλε λιϖεδ ιν χουντιεσ 

ωιτη mονιτορεδ αιρ θυαλιτψ τηατ διδ 

νοτ mεετ στανδαρδσ φορ ατ λεαστ ονε 

χριτερια πολλυταντ. ΕΠΑ�σ ωορκ το χοντρολ 

εmισσιονσ οφ αιρ πολλυταντσ ισ χριτιχαλ το 

χοντινυεδ προγρεσσ ιν ρεδυχινγ πυβλιχ 

ηεαλτη ρισκσ ανδ ιmπροϖινγ τηε θυαλιτψ 

οφ τηε ενϖιρονmεντ. Οϖερ τηε νεξτ φιϖε 

ψεαρσ, ΕΠΑ ωιλλ χονδυχτ α ωιδε ρανγε οφ 

αχτιϖιτιεσ τηατ χοντριβυτε το ιmπροϖινγ αιρ 

θυαλιτψ ανδ προτεχτινγ ηυmαν ηεαλτη ανδ 

τηε ενϖιρονmεντ. 

Λονγ−Τερm Περφορmανχε Γοαλ
ΛΤΠΓ−1.1.1 Βψ Σεπτεmβερ 30, 2022, ρεδυχε τηε νυmβερ οφ νονατταινmεντ αρεασ το 101.4

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

ΕΠΑ ωορκσ ιν χοοπερατιον ωιτη στατεσ, τριβεσ, ανδ λοχαλ γοϖερνmεντσ το δεσιγν ανδ ιmπλεmεντ αιρ θυαλιτψ στανδαρδσ ανδ προγραmσ. 

ΕΠΑ ρελιεσ ον οτηερ φεδεραλ αγενχιεσ, αχαδεmια, ρεσεαρχηερσ, ινδυστρψ, οτηερ οργανιζατιονσ, ανδ τηε πυβλιχ. Τηεσε παρτνερσηιπσ αρε 

χριτιχαλ το αχηιεϖινγ ιmπροϖεmεντσ ιν αιρ θυαλιτψ ανδ ρεδυχινγ πυβλιχ ηεαλτη ρισκσ. 

 

ΕΠΑ ωιλλ πριοριτιζε κεψ αχτιϖιτιεσ το συππορτ ατταινmεντ οφ τηε νατιοναλ αmβιεντ αιρ θυαλιτψ στανδαρδσ (ΝΑΑΘΣ) ανδ ιmπλεmεντατιον 

οφ στατιοναρψ σουρχε ρεγυλατιονσ. Τηε Αγενχψ ωιλλ αδδρεσσ ιτσ Χλεαν Αιρ Αχτ (ΧΑΑ) ρεσπονσιβιλιτιεσ βψ χολλαβορατινγ ωιτη ανδ 

προϖιδινγ τεχηνιχαλ ασσιστανχε το στατεσ ανδ τριβεσ το δεϖελοπ πλανσ ανδ ιmπλεmεντ δεχισιονσ τηατ αδmινιστερ τηε ΝΑΑΘΣ ανδ 
3 Τηε Χλεαν Αιρ Αχτ (ΧΑΑ) ρεθυιρεσ ΕΠΑ το σετ Νατιοναλ Αmβιεντ Αιρ Θυαλιτψ Στανδαρδσ (ΝΑΑΘΣ) φορ σιξ χοmmον αιρ πολλυταντσ ινχλυδινγ χαρβον mονοξιδε, 

λεαδ, γρουνδ−λεϖελ οζονε, νιτρογεν διοξιδε, παρτιχυλατε mαττερ, ανδ συλφυρ διοξιδε.

4 Τηε βασελινε ισ 166 νονατταινmεντ αρεασ ασ οφ 10/1/2017.
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ϖισιβιλιτψ προγραmσ; τακινγ φεδεραλ οϖερσιγητ αχτιονσ συχη ασ αππροϖινγ στατε ιmπλεmεντατιον πλαν/τριβαλ ιmπλεmεντατιον πλαν (ΣΙΠ/

ΤΙΠ) συβmιτταλσ χονσιστεντ ωιτη στατυτορψ οβλιγατιονσ; δεϖελοπινγ ρεγυλατιονσ ανδ γυιδανχε το ιmπλεmεντ στανδαρδσ; ανδ αδδρεσσινγ 

τρανσπορτεδ αιρ πολλυτιον. ΕΠΑ ωιλλ φοχυσ ον ωαψσ το ιmπροϖε τηε εφφιχιενχψ ανδ εφφεχτιϖενεσσ οφ τηε ΣΙΠ/ΤΙΠ προχεσσ, ινχλυδινγ τηε 

Αγενχψ�σ οων ρεϖιεω προχεσσ, ωιτη α γοαλ οφ mαξιmιζινγ τιmελψ προχεσσινγ οφ στατε/τριβαλ−ρεθυεστεδ ιmπλεmεντατιον πλαν αχτιονσ το 

ηελπ mοϖε mορε θυιχκλψ το ατταινmεντ. 

ΕΠΑ ωιλλ οπερατε εφφεχτιϖε νατιονωιδε ανδ mυλτι−στατε προγραmσ, συχη ασ τηε αχιδ ραιν προγραm ανδ τηε χροσσ−στατε αιρ πολλυτιον ρυλε, 

ωηιχη αδδρεσσ γλοβαλ, νατιοναλ, ανδ ρεγιοναλ αιρ πολλυταντσ φροm τηε ποωερ σεχτορ ανδ οτηερ λαργε στατιοναρψ σουρχεσ. Τηε Αγενχψ 

αλσο ωιλλ δεϖελοπ ανδ προϖιδε δατα, αναλψσισ, ανδ τεχηνιχαλ τοολσ ανδ ασσιστανχε το ινδυστριεσ, στατεσ, τριβεσ, ανδ χοmmυνιτιεσ το mεετ 

ΧΑΑ οβλιγατιονσ ανδ οτηερ στατυτορψ ρεθυιρεmεντσ. 

ΕΠΑ αλσο δεϖελοπσ, ιmπλεmεντσ, ανδ ενσυρεσ χοmπλιανχε ωιτη νατιοναλ εmισσιον στανδαρδσ το ρεδυχε mοβιλε σουρχε−ρελατεδ αιρ 

πολλυτιον φροm λιγητ−δυτψ χαρσ ανδ τρυχκσ, ηεαϖψ−δυτψ τρυχκσ ανδ βυσεσ, νονροαδ ενγινεσ ανδ ϖεηιχλεσ, ανδ τηειρ φυελσ�α πριοριτψ 

φορ τηε Αγενχψ το ενσυρε τηατ ινδυστρψ ηασ τηε χερταιντψ ιτ νεεδσ ωηιλε προτεχτινγ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ ανδ το 

συππορτ ιmπροϖεmεντσ ιν αιρ θυαλιτψ ανδ mοϖινγ αρεασ ιντο ατταινmεντ. Τηε Αγενχψ εϖαλυατεσ νεω εmισσιον χοντρολ τεχηνολογιεσ 

ανδ προϖιδεσ ινφορmατιον το στατε, τριβαλ, ανδ λοχαλ αιρ θυαλιτψ mαναγερσ ον α ϖαριετψ οφ τρανσπορτατιον προγραmσ. ΕΠΑ ωιλλ ρεϖιεω 

ανδ αππροϖε ϖεηιχλε ανδ ενγινε εmισσιονσ χερτιφιχατιον αππλιχατιονσ ανδ περφορm ιτσ χοmπλιανχε οϖερσιγητ φυνχτιονσ ον πριοριτψ 

mαττερσ ωηερε τηερε ισ εϖιδενχε το συγγεστ νονχοmπλιανχε. Τηε Αγενχψ ωιλλ αλσο χονδυχτ πρε−χερτιφιχατιον χονφιρmατορψ τεστινγ φορ 

εmισσιονσ ανδ φυελ εχονοmψ φορ πασσενγερ χαρσ.  

ΕΠΑ δεϖελοπσ ανδ ιmπλεmεντσ νατιοναλ εmισσιον στανδαρδσ φορ στατιοναρψ ανδ mοβιλε σουρχεσ ανδ ωορκσ ωιτη στατε, τριβαλ, ανδ λοχαλ αιρ 

αγενχιεσ το αδδρεσσ αιρ τοξιχσ προβλεmσ ιν χοmmυνιτιεσ. Φορ στατιοναρψ σουρχεσ, πυρσυαντ το τηε ΧΑΑ, ΕΠΑ δεϖελοπσ ινιτιαλ αιρ τοξιχσ 

εmισσιονσ στανδαρδσ φορ χατεγοριεσ οφ ινδυστριαλ σουρχεσ ανδ ρεϖιεωσ τηεσε στανδαρδσ� ρισκ ρεδυχτιον ανδ τεχηνολογιχαλ χυρρενχψ αχχορδινγ 

το τιmεφραmεσ σετ βψ τηε Αχτ. ΕΠΑ ωιλλ χονδυχτ τηεσε ρεϖιεωσ το mεετ ΧΑΑ ρεθυιρεmεντσ ανδ το ενσυρε τηατ τηε αιρ τοξιχσ ρυλεσ 

αππροπριατελψ προτεχτ πυβλιχ ηεαλτη. 

Το συππορτ ουρ παρτνερσ ιν mεετινγ τηειρ ΧΑΑ οβλιγατιονσ, ΕΠΑ ωιλλ προϖιδε γραντσ ανδ τεχηνιχαλ ασσιστανχε το στατε, τριβαλ, ανδ 

λοχαλ αιρ πολλυτιον χοντρολ αγενχιεσ το mαναγε ανδ ιmπλεmεντ τηειρ ινδιϖιδυαλ αιρ θυαλιτψ προγραmσ, ινχλυδινγ φυνδινγ φορ αιρ θυαλιτψ 

mονιτορινγ. Στατε ανδ τριβαλ αιρ θυαλιτψ mονιτορινγ, ωηιχη προϖιδεσ χριτιχαλ ινφορmατιον φορ δεϖελοπινγ χλεαν αιρ πλανσ, φορ ρεσεαρχη, 

ανδ φορ πυβλιχ αωαρενεσσ, ωιλλ βε α φοχυσ οφ τηε Αδmινιστρατιον. 

ΕΠΑ ωιλλ πριοριτιζε εφφορτσ το ρεδυχε τηε προδυχτιον, ιmπορτ, ανδ υσε οφ οζονε δεπλετινγ συβστανχεσ (ΟDΣ), ινχλυδινγ ρεϖιεωινγ ανδ λιστινγ 

αλτερνατιϖεσ τηατ αρε σαφερ φορ τηε στρατοσπηεριχ οζονε λαψερ τηρουγη ιmπλεmεντατιον οφ Τιτλε ςΙ οφ τηε ΧΑΑ ανδ τηε Μοντρεαλ Προτοχολ. 
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ΕΠΑ αλσο ισ ρεσπονσιβλε φορ mεασυρινγ ανδ mονιτορινγ αmβιεντ ραδιατιον ανδ ραδιοαχτιϖε mατεριαλσ ανδ ασσεσσινγ ραδιοαχτιϖε 

χονταmινατιον ιν τηε ενϖιρονmεντ. Τηε Αγενχψ συππορτσ φεδεραλ ραδιολογιχαλ εmεργενχψ ρεσπονσε ανδ ρεχοϖερψ οπερατιονσ υνδερ 

τηε Νατιοναλ Ρεσπονσε Φραmεωορκ ανδ τηε Νατιοναλ Οιλ ανδ Ηαζαρδουσ Συβστανχεσ Πολλυτιον Χοντινγενχψ Πλαν ανδ ωιλλ ασσιστ 

στατεσ, τριβεσ, ανδ οτηερ παρτνερσ, ασ αππροπριατε. ΕΠΑ ωιλλ δεσιγν εσσεντιαλ τραινινγ ανδ χονδυχτ εξερχισεσ το ιmπροϖε ουρ νατιον�σ 

ραδιατιον ρεσπονσε πρεπαρεδνεσσ. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

Εmεργινγ mεασυρεmεντ ανδ ινφορmατιον τεχηνολογιεσ αρε σηιφτινγ τηε παραδιγm φορ αιρ θυαλιτψ δατα. Τραδιτιοναλλψ, στατε, τριβαλ, 

ανδ λοχαλ αιρ προγραmσ, αλονγ ωιτη ΕΠΑ, ηαϖε βεεν τηε πριmαρψ ρεσουρχε φορ χολλεχτινγ, στορινγ, σηαρινγ, ανδ χοmmυνιχατινγ αιρ 

δατα. Ινχρεασινγλψ, αιρ θυαλιτψ ινφορmατιον ισ αλσο αϖαιλαβλε φροm νοντραδιτιοναλ σουρχεσ, συχη ασ σατελλιτεσ ορ σενσορσ. Αδδιτιοναλλψ, 

βιγ δατα χοmπανιεσ αρε βεχοmινγ ινϖολϖεδ ιν στορινγ, αναλψζινγ, ανδ πρεσεντινγ πυβλιχλψ αϖαιλαβλε αιρ θυαλιτψ δατα αλονγσιδε οτηερ 

δατα σετσ. Τηεσε δεϖελοπmεντσ αρε εξπεχτεδ το ηαϖε προφουνδ ινφλυενχε ον υνδερστανδινγ αιρ θυαλιτψ, ασ ωελλ ασ δετερmινινγ 

τηε mοστ χοστ−εφφεχτιϖε ωαψσ το ιmπροϖε αιρ θυαλιτψ. ΕΠΑ παρτνερσ ωιτη στατεσ ανδ τριβεσ τηρουγη εφφορτσ συχη ασ Ε−Εντερπρισε, 

ανδ ωιτη οτηερ εντιτιεσ ιν α ϖαριετψ οφ ωαψσ το ενσυρε τηατ τηε Αγενχψ αδϖανχεσ αππροπριατε τεχηνολογιεσ ανδ σταψσ αβρεαστ οφ 

εmεργινγ τεχηνολογιεσ.

ΕΠΑ ενγαγεσ ιν βοτη δοmεστιχ ανδ ιντερνατιοναλ φορυmσ το αδδρεσσ τηε δεπλετιον οφ τηε στρατοσπηεριχ οζονε λαψερ, α γλοβαλ προβλεm τηατ 

χαννοτ βε σολϖεδ βψ δοmεστιχ αχτιον αλονε. Συχχεσσ ρελιεσ ον ϕοιντ αχτιον. 

Λαστλψ, τηερε αρε σεϖεραλ εmεργινγ ισσυεσ ανδ εξτερναλ φαχτορσ τηατ ωιλλ αφφεχτ ηοω ΕΠΑ προτεχτσ τηε πυβλιχ φροm υννεχεσσαρψ 

εξποσυρε το ραδιατιον, ινχλυδινγ εϖολϖινγ πολιχιεσ ον ραδιοαχτιϖε ωαστε mαναγεmεντ, υρανιυm εξτραχτιον ανδ προχεσσινγ 

τεχηνολογιεσ, α δεχρεασε ιν αϖαιλαβλε ραδιατιον εξπερτισε, ανδ νεω σχιενχε ον ραδιατιον ηεαλτη εφφεχτσ. Τηε Αγενχψ ωιλλ φοχυσ ον 

εδυχατιον, ινχλυδινγ φορmαλ ανδ ινφορmαλ τραινινγ ιν τηε αρεασ οφ ηεαλτη πηψσιχσ, ραδιατιον σχιενχε, ραδιατιον ρισκ χοmmυνιχατιονσ, 

ανδ εmεργενχψ ρεσπονσε το φιλλ εξιστινγ ανδ εmεργινγ γαπσ.
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Οβϕεχτιϖε 1.2
Προϖιδε φορ Χλεαν ανδ Σαφε Wατερ
Ενσυρε ωατερσ αρε χλεαν τηρουγη ιmπροϖεδ ωατερ 
ινφραστρυχτυρε ανδ, ιν παρτνερσηιπ ωιτη στατεσ ανδ τριβεσ, 
συσταιναβλψ mαναγε προγραmσ το συππορτ δρινκινγ ωατερ, 
αθυατιχ εχοσψστεmσ, ανδ ρεχρεατιοναλ, εχονοmιχ, ανδ 
συβσιστενχε αχτιϖιτιεσ.

Ιντροδυχτιον
Τηε νατιον�σ ωατερ ρεσουρχεσ αρε τηε 

λιφεβλοοδ οφ ουρ χοmmυνιτιεσ, συππορτινγ 

ουρ εχονοmψ ανδ ωαψ οφ λιφε. Αχροσσ 

τηε χουντρψ ωε δεπενδ υπον ρελιαβλε 

σουρχεσ οφ χλεαν ανδ σαφε ωατερ. ϑυστ α 

φεω δεχαδεσ αγο, mανψ οφ τηε νατιον�σ 

ριϖερσ, λακεσ, ανδ εστυαριεσ ωερε γροσσλψ 

πολλυτεδ, ωαστεωατερ σουρχεσ ρεχειϖεδ 

λιττλε ορ νο τρεατmεντ, ανδ δρινκινγ ωατερ 

σψστεmσ προϖιδεδ ϖερψ λιmιτεδ τρεατmεντ 

το ωατερ χοmινγ τηρουγη τηε ταπ. Νοω 

οϖερ 90 περχεντ οφ τηε ποπυλατιον 

ρεχειϖεσ σαφε δρινκινγ ωατερ φροm 

χοmmυνιτψ ωατερ σψστεmσ ρεγυλατεδ βψ 

ΕΠΑ ορ δελεγατεδ στατεσ ανδ τριβεσ, ανδ 

mανψ φορmερλψ ιmπαιρεδ ωατερσ ηαϖε 

βεεν ρεστορεδ ανδ συππορτ ρεχρεατιοναλ 

ανδ πυβλιχ ηεαλτη υσεσ τηατ χοντριβυτε το 

ηεαλτηψ εχονοmιεσ.

Wε ηαϖε mαδε σιγνιφιχαντ προγρεσσ 

σινχε εναχτmεντ οφ τηε Χλεαν Wατερ 

Αχτ (ΧWΑ); Σαφε Dρινκινγ Wατερ 

Αχτ; ανδ Μαρινε Προτεχτιον, Ρεσεαρχη, 

ανδ Σανχτυαριεσ Αχτ. Ηοωεϖερ, 

σεριουσ ωατερ ρεσουρχε ανδ ωατερ 

ινφραστρυχτυρε χηαλλενγεσ ρεmαιν. 

Μανψ χοmmυνιτιεσ νεεδ το ιmπροϖε 

ανδ mαινταιν βοτη δρινκινγ ωατερ 

ανδ ωαστεωατερ ινφραστρυχτυρε ανδ 

δεϖελοπ τηε χαπαχιτψ το χοmπλψ ωιτη 

νεω ανδ εξιστινγ στανδαρδσ. Τενσ οφ 

τηουσανδσ οφ ηοmεσ, πριmαριλψ ιν τριβαλ 

ανδ δισαδϖανταγεδ χοmmυνιτιεσ ανδ 

τηε τερριτοριεσ, λαχκ αχχεσσ το βασιχ 

σανιτατιον ανδ δρινκινγ ωατερ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ ωορκ 

ωιτη στατεσ, τριβεσ, τερριτοριεσ, ανδ λοχαλ 

χοmmυνιτιεσ το βεττερ σαφεγυαρδ ηυmαν 

ηεαλτη; mαινταιν, ρεστορε, ανδ ιmπροϖε 

ωατερ θυαλιτψ; ανδ mακε Αmεριχα�σ 

ωατερ σψστεmσ συσταιναβλε ανδ σεχυρε, 

συππορτινγ νεω τεχηνολογψ ανδ 

ιννοϖατιον ωηερεϖερ ποσσιβλε.
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Λονγ−Τερm Περφορmανχε Γοαλσ 
ΛΤΠΓ−1.2.1 Βψ Σεπτεmβερ 30, 2022, ρεδυχε τηε νυmβερ οφ χοmmυνιτψ ωατερ σψστεmσ ουτ οφ 
χοmπλιανχε ωιτη ηεαλτη−βασεδ στανδαρδσ το 2,700.5

ΛΤΠΓ−1.2.2 Βψ Σεπτεmβερ 30, 2022, ινχρεασε βψ ∃40 βιλλιον τηε νον−φεδεραλ δολλαρσ λεϖεραγεδ βψ 
ΕΠΑ ωατερ ινφραστρυχτυρε φινανχε προγραmσ (ΧWΣΡΦ, DWΣΡΦ, ανδ WΙΦΙΑ).6

ΛΤΠΓ−1.2.3 Βψ Σεπτεmβερ 30, 2022, ρεδυχε τηε νυmβερ οφ σθυαρε mιλεσ οφ ωατερσηεδ ωιτη 
συρφαχε ωατερ νοτ mεετινγ στανδαρδσ βψ 37,000 σθυαρε mιλεσ.7

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Ινϖεστ ιν Ινφραστρυχτυρε το Σπυρ Ενϖιρονmενταλ Βενεφιτσ ανδ Εχονοmιχ Γροωτη

Συππορτινγ στατε, τριβαλ, ανδ λοχαλ εφφορτσ το mοδερνιζε τηε ουτδατεδ δρινκινγ ωατερ, ωαστεωατερ, ανδ στορmωατερ ινφραστρυχτυρε ον 

ωηιχη τηε Αmεριχαν πυβλιχ δεπενδσ ισ α τοπ πριοριτψ φορ ΕΠΑ. Τηε Αγενχψ ωιλλ προmοτε χονστρυχτιον οφ ινφραστρυχτυρε ιν τριβαλ ανδ, 

σmαλλ, ρυραλ, ανδ δισαδϖανταγεδ χοmmυνιτιεσ. ΕΠΑ�σ στατε ρεϖολϖινγ φυνδ (ΣΡΦ) ανδ Wατερ Ινφραστρυχτυρε Φινανχε ανδ Ιννοϖατιον Αχτ 

(WΙΦΙΑ) προγραmσ ωιλλ αλλοω τηε Αγενχψ, στατεσ, τριβεσ, mυνιχιπαλιτιεσ, ανδ πριϖατε εντιτιεσ το φινανχε ηιγη−πριοριτψ ινφραστρυχτυρε 

ινϖεστmεντσ τηατ προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. Τηε ρεϖολϖινγ νατυρε οφ τηε ΣΡΦσ ανδ τηε λεϖεραγινγ χαπαχιτψ οφ 

WΙΦΙΑ γρεατλψ mυλτιπλψ τηε φεδεραλ ινϖεστmεντ. Φορ τηε χλεαν ωατερ ΣΡΦ, ΕΠΑ εστιmατεσ τηατ εϖερψ φεδεραλ δολλαρ χοντριβυτεδ τηυσ 

φαρ ηασ ρεσυλτεδ ιν χλοσε το τηρεε δολλαρσ οφ ινϖεστmεντ ιν ωατερ ινφραστρυχτυρε. Φορ τηε δρινκινγ ωατερ ΣΡΦ, φορ εϖερψ ονε δολλαρ τηε 

φεδεραλ γοϖερνmεντ ηασ ινϖεστεδ, τηε στατεσ, ιν τοταλ, δελιϖερεδ ∃1.80 ιν ασσιστανχε το δρινκινγ ωατερ σψστεmσ. Φορ WΙΦΙΑ, φορ εϖερψ 

∃1 mιλλιον ιν χρεδιτ συβσιδψ αππροπριατιονσ, ΕΠΑ χουλδ ποτεντιαλλψ προϖιδε αππροξιmατελψ ∃100 mιλλιον ιν διρεχτ χρεδιτ ασσιστανχε, 

ρεσυλτινγ ιν αν εστιmατεδ ∃200 mιλλιον ιν τοταλ ινφραστρυχτυρε ινϖεστmεντ. 

5 Βασελινε ισ 3,508 χοmmυνιτψ ωατερ σψστεmσ ουτ οφ χοmπλιανχε ωιτη ηεαλτη−βασεδ στανδαρδσ ασ οφ ΦΨ 2017. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν 
πυβλισηεδ Φεβρυαρψ 12, 2018.)

6 Τηε βασελινε ισ ∃32 βιλλιον ιν νον−φεδεραλ δολλαρσ λεϖεραγεδ φροm τηε ΧWΣΡΦ ανδ DWΣΡΦ βετωεεν ΦΨ 2013 ανδ ΦΨ 2017 (ι.ε., λοανσ mαδε φροm ρεχψχλεδ λοαν 
ρεπαψmεντσ, βονδ προχεεδσ, στατε mατχη, ανδ ιντερεστ εαρνινγσ). Τηε βασελινε δοεσ νοτ ινχλυδε WΙΦΙΑ λεϖεραγεδ δολλαρσ βεχαυσε νο λοανσ ωερε χλοσεδ  πριορ 
το ΦΨ 2018. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)

7 Dραφτ βασελινε ισ 464,020 σθυαρε mιλεσ οφ ιmπαιρεδ ωατερσ ασ οφ Σεπτεmβερ 2017, το βε υπδατεδ ιν ΦΨ 2019. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατε−
γιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
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Προτεχτ Ηυmαν Ηεαλτη

Συσταινινγ τηε θυαλιτψ οφ ουρ ωατερ ρεσουρχεσ ισ εσσεντιαλ το σαφεγυαρδινγ ηυmαν ηεαλτη. Μορε τηαν 300 mιλλιον πεοπλε λιϖινγ ιν 

τηε Υνιτεδ Στατεσ ρελψ ον τηε σαφετψ οφ ταπ ωατερ προϖιδεδ βψ πυβλιχ ωατερ σψστεmσ τηατ αρε συβϕεχτ το νατιοναλ δρινκινγ ωατερ 

στανδαρδσ. ΕΠΑ ωιλλ ηελπ προτεχτ ηυmαν ηεαλτη ανδ mακε Αmεριχα�σ ωατερ σψστεmσ σεχυρε βψ: 

ξ�Προϖιδινγ φινανχιαλ ασσιστανχε το στατεσ, τριβεσ, ανδ τερριτοριεσ το ασσιστ πυβλιχ ωατερ σψστεmσ ιν προτεχτινγ ανδ mαινταινινγ 
δρινκινγ ωατερ θυαλιτψ;

ξ�Στρενγτηενινγ χοmπλιανχε ωιτη δρινκινγ ωατερ στανδαρδσ το ενσυρε προτεχτιον οφ πυβλιχ ηεαλτη βψ ενηανχινγ τηε τεχηνιχαλ, 
mαναγεριαλ, ανδ φινανχιαλ χαπαβιλιτψ οφ τηοσε σψστεmσ;

ξ�Χοντινυινγ το προτεχτ ανδ ρεστορε ωατερ ρεσουρχεσ, ινχλυδινγ σουρχεσ οφ δρινκινγ ωατερ, φροm χονταmινατιον;

ξ�Τακινγ αχτιονσ το αδδρεσσ κνοων ανδ εmεργινγ χονταmιναντσ τηατ ενδανγερ ηυmαν ηεαλτη; 

ξ�Συππορτινγ στατεσ, τριβεσ, τερριτοριεσ, ανδ λοχαλ χοmmυνιτιεσ ιν ιmπλεmεντινγ ωατερ προγραmσ βψ προϖιδινγ γυιδανχε, τραινινγ, 
ανδ ινφορmατιον;

ξ�Ενσυρινγ τηε σεχυριτψ ανδ πρεπαρεδνεσσ οφ τηε νατιον�σ δρινκινγ ωατερ συππλιεσ βψ ιmπλεmεντινγ ΕΠΑ�σ νατιοναλ σεχυριτψ 
ρεσπονσιβιλιτιεσ φορ τηε ωατερ σεχτορ; ανδ

ξ�Προτεχτινγ υνδεργρουνδ σουρχεσ οφ δρινκινγ ωατερ βψ προϖιδινγ φορ τηε σαφε ινϕεχτιον οφ φλυιδσ υνδεργρουνδ φορ στοραγε, 

δισποσαλ, ενηανχεδ ρεχοϖερψ οφ οιλ ανδ γασ, ορ mινεραλσ ρεχοϖερψ.

Ρεχεντ χηαλλενγεσ ιν Φλιντ, Μιχηιγαν ανδ ελσεωηερε ηιγηλιγητεδ τηε νεεδ το στρενγτηεν ΕΠΑ�σ ιmπλεmεντατιον οφ τηε Σαφε Dρινκινγ 

Wατερ Αχτ το ενσυρε ωε προτεχτ ανδ βυιλδ υπον τηε ενορmουσ πυβλιχ ηεαλτη βενεφιτσ αχηιεϖεδ τηρουγη τηε προϖισιον οφ σαφε 

δρινκινγ ωατερ τηρουγηουτ τηε χουντρψ. Τηε Αγενχψ�σ ηιγηεστ πριοριτιεσ ινχλυδε ρεδυχινγ εξποσυρε το λεαδ ιν τηε νατιον�σ δρινκινγ 

ωατερ σψστεmσ, ενσυρινγ χοντινυουσ χοmπλιανχε ωιτη χονταmιναντ λιmιτσ, ρεσπονδινγ θυιχκλψ το εmεργινγ χονχερνσ, ανδ ιmπροϖινγ 

τηε νατιον�σ αγινγ ανδ ινσυφφιχιεντ δρινκινγ ωατερ ινφραστρυχτυρε το αδδρεσσ σιγνιφιχαντ νεεδσ. ΕΠΑ ισ αλσο χολλαβορατινγ ωιτη στατεσ 

ανδ τριβεσ το σηαρε mορε χοmπλετε δατα φροm mονιτορινγ ατ πυβλιχ ωατερ σψστεmσ τηρουγη τηε Σαφε Dρινκινγ Wατερ Ινφορmατιον 

Σψστεm (ΣDWΙΣ). Τηισ ωιλλ αλλοω φορ βεττερ ταργετινγ οφ φυνδινγ ανδ τεχηνιχαλ ασσιστανχε ρεσουρχεσ, ανδ ιmπροϖε δατα θυαλιτψ ωηιλε 

ινχρεασινγ πυβλιχ αχχεσσ το δρινκινγ ωατερ δατα.

Ηυmαν ηεαλτη ανδ ρεχρεατιοναλ χριτερια αρε τηε φουνδατιον φορ στατε, τριβαλ, ανδ τερριτοριαλ τοολσ το σαφεγυαρδ ηυmαν ηεαλτη. Οϖερ 

τηε νεξτ φιϖε ψεαρσ ωε ωιλλ ιmπροϖε ουρ υνδερστανδινγ οφ εmεργινγ ποτεντιαλ ωατερβορνε τηρεατσ το ηυmαν ηεαλτη; προϖιδε 

τεχηνιχαλ ασσιστανχε ανδ ρεσουρχεσ το ηελπ τηε στατεσ, τριβεσ, ανδ τερριτοριεσ mονιτορ ανδ πρεϖεντ ηαρmφυλ εξποσυρεσ; ανδ δεϖελοπ 

νεω ορ ρεϖισεδ χριτερια ασ νεεδεδ.

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ 

Wατερ θυαλιτψ προγραmσ φαχε χηαλλενγεσ συχη ασ ινχρεασεσ ιν νυτριεντ λοαδινγσ, νονποιντ σουρχε8 ανδ στορmωατερ ρυνοφφ, ανδ αγινγ 

ινφραστρυχτυρε. ΕΠΑ ισ χαρεφυλλψ εξαmινινγ τηε ποτεντιαλ ιmπαχτσ οφ ανδ σολυτιονσ το τηεσε ισσυεσ. Μανψ ιmπορταντ ωατερ θυαλιτψ 

προβλεmσ ηαϖε χοmπλεξ χαυσεσ τηατ χαν ονλψ βε αδδρεσσεδ τηρουγη στρατεγιχ υσε οφ φεδεραλ, στατε, τριβαλ, ανδ λοχαλ αυτηοριτιεσ. ΕΠΑ 

ωιλλ ωορκ χλοσελψ ωιτη ιτσ παρτνερσ το ενσυρε τηατ τηεσε ισσυεσ αρε αδδρεσσεδ ιν α χοορδινατεδ ανδ εφφεχτιϖε mαννερ, παρτιχυλαρλψ 

8  Ρεαδ mορε αβουτ νονποιντ σουρχε πολλυτιον: ηττπσ://ωωω.επα.γοϖ/νπσ
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ωηερε ωατερ θυαλιτψ ισσυεσ χροσσ ϕυρισδιχτιοναλ λινεσ. Τηε Αγενχψ ωιλλ ιmπλεmεντ τηε Νατιοναλ Αθυατιχ Ρεσουρχε Συρϖεψσ το συππορτ 

χολλεχτιον οφ νατιοναλλψ−χονσιστεντ δατα το συππορτ τηεσε εφφορτσ. 

ΕΠΑ ισ ωορκινγ ωιτη εξτερναλ παρτνερσ ανδ στακεηολδερσ το αδδρεσσ τηε βαρριερσ το ανδ ινχεντιϖεσ φορ ωαψσ τηατ τεχηνολογψ ανδ 

ιννοϖατιον χαν αχχελερατε ιmπροϖεmεντσ ιν ωατερ ινφραστρυχτυρε ανδ προτεχτιον ανδ ρεστορατιον οφ ωατερσ. Σοmε κεψ mαρκετ 

οππορτυνιτιεσ φορ ιννοϖατιϖε πραχτιχεσ ανδ τεχηνολογψ το ηελπ αδδρεσσ χυρρεντ ανδ εmεργινγ ωατερ ρεσουρχε ισσυεσ αρε ιδεντιφιεδ ιν 

ΕΠΑ�σ Βλυεπριντ φορ Ιντεγρατινγ Τεχηνολογψ Ιννοϖατιον ιντο τηε Νατιοναλ Wατερ Προγραm.9 

Προτεχτ ανδ Ρεστορε Wατερ Θυαλιτψ 

Προτεχτινγ τηε νατιον�σ ωατερσ ρελιεσ ον χοοπερατιον αmονγ ΕΠΑ, στατεσ, τριβεσ, τερριτοριεσ, ανδ λοχαλ χοmmυνιτιεσ ανδ ινϖολϖεσ α 

συιτε οφ προγραmσ το προτεχτ ανδ ιmπροϖε ωατερ θυαλιτψ ιν τηε χουντρψ�σ ριϖερσ, λακεσ, ωετλανδσ, ανδ στρεαmσ, ασ ωελλ ασ ιν εστυαρινε, 

χοασταλ, ανδ οχεαν ωατερσ. ΕΠΑ ωιλλ φοστερ στρονγ παρτνερσηιπσ ωιτη οτηερ φεδεραλ αγενχιεσ, στατεσ, τριβεσ, λοχαλ γοϖερνmεντσ, ανδ 

οτηερ οργανιζατιονσ τηατ φαχιλιτατε αχηιεϖινγ ωατερ θυαλιτψ γοαλσ ωηιλε συππορτινγ ροβυστ εχονοmιχ γροωτη. Ιν παρτνερσηιπ ωιτη 

στατεσ, τριβεσ, τερριτοριεσ, ανδ λοχαλ γοϖερνmεντσ, ΕΠΑ χορε ωατερ προγραmσ ωιλλ: 

ξ�Dεϖελοπ ρεχοmmενδεδ ωατερ θυαλιτψ χριτερια φορ προτεχτινγ δεσιγνατεδ υσεσ οφ ωατερ;

ξ�Ασσιστ στατεσ, αυτηοριζεδ τριβεσ, ανδ τερριτοριεσ ιν αδοπτινγ ωατερ θυαλιτψ στανδαρδσ τηατ συππορτ δεσιγνατεδ υσεσ;

ξ�Εσταβλιση πολλυτιον ρεδυχτιον ταργετσ φορ ιmπαιρεδ ωατερσ; 

ξ� Ιmπροϖε ωατερ θυαλιτψ βψ φινανχινγ τραδιτιοναλ ανδ νατυρε−βασεδ ωαστεωατερ τρεατmεντ ινφραστρυχτυρε;

ξ�Dεϖελοπ νατιοναλ εφφλυεντ γυιδελινεσ τηατ σετ α τεχηνολογψ−βασεδ φλοορ;

ξ�Wορκ ωιτη παρτνερσ το προτεχτ ανδ ρεστορε ωετλανδσ ανδ χοασταλ ανδ οχεαν ωατερ ρεσουρχεσ;

ξ� Ιν χοοπερατιον ωιτη τηε Αρmψ Χορπσ οφ Ενγινεερσ, ωορκ ωιτη στατεσ ανδ τριβεσ ιντερεστεδ ιν ασσυmινγ τηε Χλεαν Wατερ 
Αχτ Σεχτιον 404 προγραm;

ξ�Πρεϖεντ ορ ρεδυχε τηε δισχηαργε οφ πολλυταντσ; 

ξ�Υπδατε αναλψτιχαλ mετηοδσ τηατ εναβλε πρεχισε αναλψσισ; ανδ

ξ�Χονδυχτ mονιτορινγ ανδ ασσεσσmεντ σο ωε κνοω τηε στατυσ οφ τηε νατιον�σ ωατερσ.

ΕΠΑ ωιλλ παρτνερ ωιτη στατεσ ανδ τριβεσ το ιmπλεmεντ τηε Νατιοναλ Αθυατιχ Ρεσουρχε Συρϖεψσ (ΝΑΡΣ)10 το προϖιδε νατιοναλλψ−χονσιστεντ 

ανδ σχιεντιφιχαλλψ−δεφενσιβλε ασσεσσmεντσ οφ Αmεριχα�σ ωατερσ. Τηεσε συρϖεψσ ωιλλ συππορτ ΕΠΑ ανδ ιτσ παρτνερσ ιν ιδεντιφψινγ αχτιονσ το 

προτεχτ ανδ ρεστορε ωατερ θυαλιτψ ανδ ιν ασσεσσινγ ωηετηερ τηεσε εφφορτσ αρε ιmπροϖινγ ωατερ θυαλιτψ οϖερ τιmε.

9 Ρεαδ mορε αβουτ τηε τεχηνολογψ βλυεπριντ: ηττπσ://ωωω.επα.γοϖ/ιννοϖατιον/ωατερ−τεχηνολογψ−ιννοϖατιον−βλυεπριντσ

10  Ρεαδ mορε ον ΝΑΡΣ: ηττπσ://ωωω.επα.γοϖ/νατιοναλ−αθυατιχ−ρεσουρχε−συρϖεψσ
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Οβϕεχτιϖε 1.3  
Ρεϖιταλιζε Λανδ ανδ Πρεϖεντ 
Χονταmινατιον
Προϖιδε βεττερ λεαδερσηιπ ανδ mαναγεmεντ το προπερλψ 
χλεαν υπ χονταmινατεδ σιτεσ το ρεϖιταλιζε ανδ ρετυρν τηε 
λανδ βαχκ το χοmmυνιτιεσ. 

Ιντροδυχτιον

11 Πλεασε σεε τηε Συπερφυνδ Τασκ Φορχε Ρεχοmmενδατιονσ ατ ηττπσ://ωωω.επα.γοϖ/σιτεσ/προδυχτιον/φιλεσ/2017−07/δοχυmεντσ/συπερφυνδ_τασκ_φορχε_ρεπορτ.πδφ

ΕΠΑ ωορκσ το ιmπροϖε τηε ηεαλτη ανδ 

λιϖελιηοοδ οφ αλλ Αmεριχανσ βψ χλεανινγ 

υπ ανδ ρετυρνινγ λανδ το προδυχτιϖε 

υσε, πρεϖεντινγ χονταmινατιον, ανδ 

ρεσπονδινγ το εmεργενχιεσ. Χηαλλενγινγ 

ανδ χοmπλεξ ενϖιρονmενταλ προβλεmσ 

περσιστ ατ mανψ χονταmινατεδ προπερτιεσ, 

ινχλυδινγ χονταmινατεδ σοιλ, σεδιmεντ, 

συρφαχε ωατερ, ανδ γρουνδωατερ τηατ χαν 

χαυσε ηυmαν ηεαλτη χονχερνσ. 

Ονε οφ ΕΠΑ�σ τοπ πριοριτιεσ ισ 

αχχελερατινγ προγρεσσ ον Συπερφυνδ 

σιτεσ. ΕΠΑ ρεχεντλψ χονϖενεδ α 

Συπερφυνδ Τασκ Φορχε τηατ ιδεντιφιεδ 

42 ρεχοmmενδατιονσ το στρεαmλινε 

ανδ ιmπροϖε τηε Συπερφυνδ προχεσσ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, τηεσε 

ρεχοmmενδατιονσ ανδ οτηερ ιννοϖατιϖε 

ιδεασ ωιλλ βε χονσιδερεδ ανδ αππλιεδ το 

Συπερφυνδ σιτεσ ωιτη πριοριτψ γιϖεν το 

αδδρεσσινγ Νατιοναλ Πριοριτψ Λιστ  

(ΝΠΛ) σιτεσ.11

ΕΠΑ χολλαβορατεσ ωιτη οτηερ φεδεραλ 

αγενχιεσ, ινδυστρψ, στατεσ, τριβεσ, ανδ λοχαλ 

χοmmυνιτιεσ το ενηανχε τηε λιϖαβιλιτψ ανδ 

εχονοmιχ ϖιταλιτψ οφ νειγηβορηοοδσ. Τηε 

Αγενχψ ωορκσ ωιτη ιντερνατιοναλ, στατε, 

τριβαλ, ανδ λοχαλ γοϖερνmεντσ, ανδ οτηερ 

φεδεραλ αγενχιεσ το αχηιεϖε γοαλσ ανδ ηελπ 

χοmmυνιτιεσ υνδερστανδ ανδ αδδρεσσ 

ρισκσ ποσεδ βψ ρελεασεσ οφ ηαζαρδουσ 

συβστανχεσ ιντο τηε ενϖιρονmεντ. ΕΠΑ�σ 

εφφορτσ αρε γυιδεδ βψ σχιεντιφιχ δατα, 

τοολσ, ανδ ρεσεαρχη τηατ ινφορm δεχισιονσ 

ον αδδρεσσινγ χονταmινατεδ προπερτιεσ 

ανδ πρεπαρινγ φορ ανδ αδδρεσσινγ 

εmεργινγ χονταmιναντσ. 
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Λονγ−Τερm Περφορmανχε Γοαλσ 
ΛΤΠΓ 1.3.1 Βψ Σεπτεmβερ 30, 2022, mακε 255 αδδιτιοναλ Συπερφυνδ σιτεσ ρεαδψ φορ αντιχιπατεδ 
υσε (ΡΑΥ) σιτε−ωιδε.12

ΛΤΠΓ 1.3.2  Βψ Σεπτεmβερ 30, 2022, mακε 3,420 αδδιτιοναλ βροωνφιελδσ σιτεσ ΡΑΥ.13

ΛΤΠΓ 1.3.3  Βψ Σεπτεmβερ 30, 2022, mακε 536 αδδιτιοναλ Ρεσουρχε Χονσερϖατιον ανδ  
Ρεχοϖερψ Αχτ (ΡΧΡΑ) χορρεχτιϖε αχτιον φαχιλιτιεσ ΡΑΥ.14 

ΛΤΠΓ 1.3.4  Βψ Σεπτεmβερ 30, 2022, χοmπλετε 56,000 αδδιτιοναλ λεακινγ υνδεργρουνδ στοραγε τανκ 
(ΛΥΣΤ) χλεανυπσ τηατ mεετ ρισκ−βασεδ στανδαρδσ φορ ηυmαν εξποσυρε ανδ γρουνδωατερ mιγρατιον.15

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Χλεανινγ Υπ Χονταmινατεδ Σιτεσ 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ φοχυσ σπεχιαλ αττεντιον ον τηε Αδmινιστρατορ�σ τοπ πριοριτψ Συπερφυνδ σιτεσ ανδ ωιλλ ιmπλεmεντ 

Συπερφυνδ Τασκ Φορχε ρεχοmmενδατιονσ το αχχελερατε τηε παχε οφ χλεανυπσ ανδ προmοτε ρευσε, ωηιλε αδδρεσσινγ ρισκσ το 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. Χλεανυπ αχτιονσ χαν τακε φροm α φεω mοντησ φορ ρελατιϖελψ στραιγητ−φορωαρδ σοιλ εξχαϖατιον 

ορ χαππινγ ρεmεδιεσ το σεϖεραλ δεχαδεσ φορ χοmπλεξ, λαργε, αρεα−ωιδε γρουνδωατερ, σεδιmεντ, ορ mινινγ ρεmεδιεσ. ΝΠΛ σιτεσ 

ιν τηε ινϖεστιγατιον σταγεσ ωιλλ βε εξπεδιτεδ βψ δεϖελοπινγ στρατεγιεσ τηατ αππλψ νεω τεχηνολογιεσ ανδ ιννοϖατιϖε αππροαχηεσ. 

ΝΠΛ σιτεσ ατ ωηιχη ρεmεδιεσ αλρεαδψ ηαϖε βεεν σελεχτεδ ωιλλ βε πριοριτιζεδ φορ φαστερ χοmπλετιον ανδ δελετιον φροm τηε ΝΠΛ, 

ασ ωιλλ σιτεσ τηατ ηαϖε βεεν ον τηε ΝΠΛ φορ φιϖε ψεαρσ ορ λονγερ ωιτηουτ σιγνιφιχαντ προγρεσσ. Φιναλλψ, τηε Αγενχψ ωιλλ αιm το 

αχχελερατε χλεανυπ βψ ρε−πριοριτιζινγ σοmε ρεσουρχεσ το φοχυσ ον ρεmεδιαλ αχτιονσ, χονστρυχτιον χοmπλετιονσ, ρεαδψ−φορ−ρευσε 

δετερmινατιονσ, ανδ ΝΠΛ σιτε δελετιονσ. 

12  Βψ τηε ενδ οφ ΦΨ 2017, 836 Συπερφυνδ σιτεσ ηαδ βεεν mαδε ΡΑΥ σιτε−ωιδε.

13  Φροm ΦΨ 2006 τηρουγη τηε ενδ οφ ΦΨ 2017, 5,993 βροωνφιελδ προπερτιεσ/σιτεσ ηαδ βεεν mαδε ΡΑΥ. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ 
Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)

14   Φροm ΦΨ 1987 τηρουγη ΦΨ 2017, 1,232 οφ τηε υνιϖερσε οφ 3,779 ηιγη πριοριτψ ΡΧΡΑ χορρεχτιϖε αχτιον φαχιλιτιεσ ηαδ βεεν mαδε ΡΑΥ σιτε−ωιδε. (Φοοτνοτε 
υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)

15 Βψ τηε ενδ οφ ΦΨ 2017, 469,898 ΛΥΣΤ χλεανυπσ ηαδ βεεν χοmπλετεδ.
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Ιν αδδιτιον, ΕΠΑ ωιλλ ωορκ ωιτη χοmmυνιτιεσ το ρεϖιταλιζε τηειρ βροωνφιελδ σιτεσ ανδ ρετυρν τηεm το προδυχτιϖε υσε, αδϖανχινγ 

ενϖιρονmενταλ ανδ ηυmαν ηεαλτη προτεχτιον ωηιλε στιmυλατινγ εχονοmιχ δεϖελοπmεντ ανδ ϕοβ χρεατιον. ΕΠΑ ωιλλ αωαρδ χοmπετιτιϖε 

γραντσ το χοmmυνιτιεσ, στατεσ, ανδ τριβεσ το ασσεσσ, χλεαν υπ, ανδ πλαν ρευσε οφ βροωνφιελδ προπερτιεσ τηατ αρε χονταmινατεδ 

ορ περχειϖεδ το βε χονταmινατεδ. Το ρεδυχε ρισκσ φροm εξποσυρε το ωαστε, χονσιστεντ ωιτη ΡΧΡΑ, ΕΠΑ ορ αυτηοριζεδ στατεσ 

ωιλλ οϖερσεε ανδ mαναγε χλεανυπσ βψ τηε οωνερσ ορ οπερατορσ. Τηερε αρε χυρρεντλψ 3,779 φαχιλιτιεσ συβϕεχτ το ΡΧΡΑ χορρεχτιϖε 

αχτιον. ΕΠΑ ωιλλ συππορτ, αλονγ ωιτη ιτσ στατε ανδ τριβαλ παρτνερσ, τηε χλεανυπ οφ ΛΥΣΤ σιτεσ ανδ ωορκ το ρεϖιταλιζε αβανδονεδ 

φαχιλιτιεσ. Τηεσε χλεανυπσ προτεχτ πεοπλε φροm εξποσυρε το χονταmιναντσ, ανδ χαν ιmπροϖε προπερτψ ϖαλυεσ16 ανδ προϖιδε 

ρεδεϖελοπmεντ οππορτυνιτιεσ. 

Πρεπαρεδνεσσ ανδ Ρεσπονσε

ΕΠΑ πρεπαρεσ φορ τηε ποσσιβιλιτψ οφ νατιοναλλψ−σιγνιφιχαντ ινχιδεντσ ανδ προϖιδεσ γυιδανχε ανδ τεχηνιχαλ ασσιστανχε το στατε, τριβαλ, ανδ 

λοχαλ πλαννινγ ανδ ρεσπονσε οργανιζατιονσ το στρενγτηεν τηειρ πρεπαρεδνεσσ. Dυρινγ αν ινχιδεντ, ΕΠΑ ωορκσ το πρεϖεντ, mιτιγατε, ορ 

χονταιν τηε ρελεασε οφ χηεmιχαλ, οιλ, ραδιολογιχαλ, βιολογιχαλ, ορ ηαζαρδουσ mατεριαλσ. Τηε Αγενχψ ωιλλ ωορκ ωιτη ινδυστρψ, στατεσ, τριβεσ, 

ανδ λοχαλ χοmmυνιτιεσ το ενσυρε νατιοναλ σαφετψ ανδ σεχυριτψ φορ ρεσπονσεσ. ΕΠΑ ηοmελανδ σεχυριτψ ρεσεαρχη φιλλσ χριτιχαλ σχιεντιφιχ ανδ 

τεχηνολογιχαλ γαπσ, ενηανχινγ τηε Αγενχψ�σ αβιλιτψ το χαρρψ ουτ ιτσ mανδατεδ νατιοναλ πρεπαρεδνεσσ ανδ εmεργενχψ ρεσπονσε ανδ 

ρεχοϖερψ οβλιγατιονσ, ανδ ινφορmινγ δισαστερ ρεσπονσε ανδ γυιδανχε. ΕΠΑ δεϖελοπσ τηε τοολσ, mετηοδσ, ανδ δατα νεεδεδ το ιmπλεmεντ 

ουρ ενϖιρονmενταλ στατυτεσ εφφεχτιϖελψ ανδ συππορτ ΕΠΑ ανδ λοχαλ εmεργενχψ ρεσπονδερσ ιν χηαραχτεριζινγ χηεmιχαλ, βιολογιχαλ, 

ορ ραδιολογιχαλ (ΧΒΡ) χονταmινατιον; ασσεσσινγ εξποσυρε ανδ ρισκσ το ηυmαν ηεαλτη; χλεανινγ υπ ιmπαχτεδ αρεασ; ανδ ιmπροϖινγ 

χοmmυνιτψ ρεσιλιενχε. 

Πρεϖεντινγ Χονταmινατιον

Wιτη ιτσ στατε ανδ τριβαλ παρτνερσ, ΕΠΑ ωορκσ το πρεϖεντ ρελεασεσ οφ χονταmινατιον, αλλοωινγ τηε προδυχτιϖε υσε οφ φαχιλιτιεσ 

ανδ λανδ ανδ χοντριβυτινγ το χοmmυνιτιεσ� εχονοmιχ ϖιταλιτψ.17 Ιν παρτνερσηιπ ωιτη τριβεσ, τηε Αγενχψ διρεχτλψ προϖιδεσ τραινινγ, 

χοmπλιανχε ασσιστανχε, ανδ ινσπεχτιον συππορτ το ιmπλεmεντ τηε υπδατεδ υνδεργρουνδ στοραγε τανκ (ΥΣΤ) ρεγυλατιονσ ιν Ινδιαν 

χουντρψ. ΕΠΑ αλσο ηελπσ το πρεϖεντ χηεmιχαλ ρελεασεσ βψ ρεϖιεωινγ αππροξιmατελψ 12,500 ρισκ mαναγεmεντ πλανσ (ΡΜΠσ) ανδ 

δελιϖερινγ ΡΜΠ ινσπεχτορ τραινινγ φορ φεδεραλ ανδ στατε ινσπεχτορσ. ΕΠΑ σεεκσ το πρεϖεντ ανδ πρεπαρε φορ αχχιδενταλ ρελεασεσ φροm 

χηεmιχαλ φαχιλιτιεσ τηατ στορε ηαζαρδουσ χηεmιχαλσ βψ ρεθυιρινγ χηεmιχαλ φαχιλιτιεσ τηατ στορε α χερταιν αmουντ οφ ηαζαρδουσ χηεmιχαλσ 

το αναλψζε τηε ποτεντιαλ φορ αχχιδενταλ ρελεασεσ ανδ ποσσιβλε χονσεθυενχεσ, δεϖελοπ αν αχχιδεντ πρεϖεντιον προγραm,  

ανδ χοορδινατε ωιτη χοmmυνιτιεσ το ενσυρε τηατ αλλ αρε πρεπαρεδ το ρεσπονδ το α ρελεασε. 

ΕΠΑ ωιλλ υπδατε ανδ ιmπροϖε τηε εφφιχιενχψ οφ τηε ΡΧΡΑ ηαζαρδουσ ωαστε ρεγυλατιονσ το mεετ τηε νεεδσ οφ τοδαψ�σ βυσινεσσ 

ανδ ινδυστρψ το ενσυρε προτεχτιϖε στανδαρδσ φορ mαναγινγ ηαζαρδουσ ωαστε. Το πρεϖεντ φυτυρε ενϖιρονmενταλ χονταmινατιον 

ανδ το προτεχτ τηε ηεαλτη οφ τηε εστιmατεδ 20 mιλλιον πεοπλε λιϖινγ ωιτηιν α mιλε οφ α ηαζαρδουσ ωαστε mαναγεmεντ φαχιλιτψ,18 

ΕΠΑ ωιλλ συππορτ στατεσ το ισσυε, υπδατε, ορ mαινταιν ΡΧΡΑ περmιτσ φορ τηε αππροξιmατελψ 20,000 ηαζαρδουσ ωαστε υνιτσ (συχη 

ασ ινχινερατορσ ανδ λανδφιλλσ) ατ τηεσε φαχιλιτιεσ. ΕΠΑ αλσο ωιλλ ισσυε πολψχηλορινατεδ βιπηενψλ (ΠΧΒ) χλεανυπ, στοραγε, ανδ δισποσαλ 

αππροϖαλσ, σινχε τηισ ωορκ χαννοτ βε δελεγατεδ το στατεσ ορ τριβεσ. 

16 Α 2016 στυδψ φουνδ τηατ ηιγη προφιλε ΥΣΤ ρελεασεσ δεχρεασε νεαρβψ προπερτψ ϖαλυεσ βψ 4% − 6%. Ονχε χλεανυπ ισ χοmπλετεδ, νεαρβψ προπερτψ ϖαλυεσ ρεβουνδ 
βψ α σιmιλαρ mαργιν. (Γυιγνετ, Dεννισ, Ροβιν ϑενκινσ, Ματτηεω Ρανσον, ανδ Πατριχκ Wαλση (2016), �Dο Ηουσινγ ςαλυεσ Ρεσπονδ το Υνδεργρουνδ Στοραγε Τανκ 
Ρελεασεσ? Εϖιδενχε φροm Ηιγη−Προφιλε Χασεσ αχροσσ τηε Υνιτεδ Στατεσ,� Υ.Σ. ΕΠΑ Νατιοναλ Χεντερ φορ Ενϖιρονmενταλ Εχονοmιχσ Wορκινγ Παπερ, 2016−01,  
Wασηινγτον, DΧ, Μαρχη.) Αϖαιλαβλε ατ: ηττπσ://ωωω.επα.γοϖ/σιτεσ/προδυχτιον/φιλεσ/2016−05/δοχυmεντσ/2016−01.πδφ 

17 Τηισ ωορκ ωιλλ βε δονε χονσιστεντ ωιτη τηε γοϖερνmεντ−ωιδε Νατιοναλ Ρεσπονσε Φραmεωορκ ανδ τηε Νατιοναλ Dισαστερ Ρεχοϖερψ Φραmεωορκ.
18 Υ.Σ. ΕΠΑ, Οφφιχε οφ Λανδ ανδ Εmεργενχψ Μαναγεmεντ Εστιmατε. 2014. Dατα χολλεχτεδ ινχλυδεσ: (1) σιτε ινφορmατιον ασ οφ τηε ενδ οφ ΦΨ 2011 φροm ΡΧΡΑΙνφο, 

ανδ (2) χενσυσ δατα φροm τηε 2007−2011 Αmεριχαν Χοmmυνιτψ Συρϖεψ.
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ΕΠΑ ωιλλ ιmπροϖε ανδ mοδερνιζε ηαζαρδουσ ωαστε τρανσπορτατιον ανδ τραχκινγ βψ ιmπλεmεντινγ τηε Ηαζαρδουσ Wαστε Ελεχτρονιχ 

Μανιφεστ Εσταβλισηmεντ Αχτ, εναχτεδ ον Οχτοβερ 5, 2012. Τηε φεε−βασεδ ε−Μανιφεστ σψστεm ωιλλ προϖιδε βεττερ κνοωλεδγε οφ ωαστε 

γενερατιον ανδ φιναλ δισποσιτιον, ενηανχεδ αχχεσσ το mανιφεστ ινφορmατιον, ανδ γρεατερ τρανσπαρενχψ φορ τηε πυβλιχ αβουτ ηαζαρδουσ 

ωαστε σηιπmεντσ. Ιτ ωιλλ αλσο ρεδυχε τηε βυρδεν ασσοχιατεδ ωιτη παπερ mανιφεστσ βψ βετωεεν 300,000 ανδ 700,000 ηουρσ.19

Ασ αυτηοριζεδ ιν τηε Wατερ Ινφραστρυχτυρε Ιmπροϖεmεντσ φορ τηε Νατιον Αχτ οφ 2016, ΕΠΑ ωιλλ ηελπ στατεσ δεϖελοπ πλανσ, ωορκ 

το αππροϖε στατε περmιτ προγραmσ φορ χοαλ αση δισποσαλ, χοορδινατε χλοσελψ ωιτη τηε στατεσ ον γυιδανχε φορ εϖαλυατινγ στατε περmιτ 

προγραmσ, ανδ ιmπλεmεντ α χοαλ αση περmιτ προγραm ιν Ινδιαν χουντρψ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ προϖιδε τεχηνιχαλ ασσιστανχε, ασσετσ, ανδ ουτρεαχη το ινδυστρψ, στατεσ, τριβεσ, ανδ λοχαλ 

χοmmυνιτιεσ ασ παρτ οφ ιτσ εφφορτ το ενσυρε νατιοναλ σαφετψ ανδ σεχυριτψ φορ ινλανδ οιλ ινχιδεντσ. Τηερε αρε αππροξιmατελψ 580,000 

σπιλλ πρεϖεντιον, χοντρολ, ανδ χουντερmεασυρε φαχιλιτιεσ, ινχλυδινγ α ηιγη−ρισκ συβσετ οφ 4,600 φαχιλιτψ ρεσπονσε πλαν φαχιλιτιεσ ρεθυιρεδ 

το ενσυρε τηατ ρεσουρχεσ ωιλλ βε αϖαιλαβλε το ρεσπονδ ιν τηε εϖεντ οφ α δισχηαργε. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ 

Α νυmβερ οφ φαχτορσ mαψ δελαψ χλεανυπ τιmελινεσ. Φορ εξαmπλε, νεω σχιεντιφιχ ινφορmατιον (συχη ασ νεω τοξιχιτψ ινφορmατιον ορ α 

νεω αναλψτιχαλ mετηοδ) χαν χαλλ πρεϖιουσ δετερmινατιονσ ιντο θυεστιον. Ιν γενεραλ, χλεανυπ στανδαρδσ ηαϖε βεχοmε mορε στρινγεντ 

οϖερ τηε ψεαρσ, ανδ δισχοϖερψ οφ νεω πατηωαψσ ανδ εmεργινγ χονταmιναντσ (συχη ασ ϖαπορ ιντρυσιον ανδ περ− ανδ πολψφλυοροαλκψλ 

συβστανχεσ [ΠΦΑΣ]) ηαϖε mαδε ρεmεδιατιον οφ ρεmαινινγ Συπερφυνδ σιτεσ mορε χηαλλενγινγ. Μανψ οφ τηε Συπερφυνδ σιτεσ ρεmαινινγ 

ον τηε Νατιοναλ Πριοριτιεσ Λιστ�ινχλυδινγ σεδιmεντ, mινινγ, ανδ λαργε γρουνδωατερ σιτεσ�αρε λαργε, χονταιν mυλτιπλε αρεασ οφ 

χονταmινατιον, ανδ ρεθυιρε mορε χοmπλεξ ρεmεδιατιον εφφορτσ. Dισχοϖερψ οφ νεω σιτεσ, νεωλψ δετεχτεδ χονταmινατιον, ορ εmεργινγ 

χονταmιναντσ χαν αλσο ιmπαχτ χλεανυπ σχηεδυλεσ.

Σεϖεραλ εξτερναλ φαχτορσ ανδ εmεργινγ ισσυεσ mαψ αφφεχτ τηε οϖεραλλ συχχεσσ οφ ΕΠΑ�σ ωαστε mαναγεmεντ ανδ χηεmιχαλ φαχιλιτψ ρισκ 

προγραmσ. Ραπιδλψ χηανγινγ τεχηνολογψ, εmεργινγ νεω ωαστε στρεαmσ, ανδ αγινγ ινφραστρυχτυρε πρεσεντ χηαλλενγεσ, ασ δοεσ τηε 

χοmπλεξιτψ οφ ισσυεσ ανδ χονσιδερατιον οφ σπεχιφιχ σολυτιονσ φορ ϖαρψινγ ωαστε στρεαmσ ανδ σιτυατιονσ. 

Τηε Αγενχψ ρεχογνιζεσ τηατ ουρ στατε, τριβαλ, λοχαλ, ανδ ρεγιοναλ γοϖερνmεντ παρτνερσ φαχε χηαλλενγεσ ιν φυλλψ χηαραχτεριζινγ 

ενϖιρονmενταλ ουτχοmεσ ασσοχιατεδ ωιτη λανδ. Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ εmπηασιζε τηε ιmπορτανχε οφ ενγαγινγ 

στακεηολδερσ ατ αλλ λεϖελσ ανδ φροm αλλ περσπεχτιϖεσ ιν mακινγ χλεανυπ ανδ λανδ ρεϖιταλιζατιον δεχισιονσ.

19 Φροm α 2009 προγραmmατιχ εστιmατε, χιτεδ ιν Ηαζαρδουσ Wαστε Μαναγεmεντ Σψστεm; Μοδιφιχατιον οφ τηε Ηαζαρδουσ Wαστε Μανιφεστ Σψστεm; Ελεχτρονιχ 
Μανιφεστσ; Φιναλ Ρυλε. 40 ΧΦΡ ♣ 260, 262, 263, 264, 265, ανδ 271.
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Οβϕεχτιϖε 1.4
Ενσυρε Σαφετψ οφ Χηεmιχαλσ ιν τηε 
Μαρκετπλαχε

Εφφεχτιϖελψ ιmπλεmεντ τηε Τοξιχ Συβστανχεσ Χοντρολ Αχτ, 
ανδ τηε Φεδεραλ Ινσεχτιχιδε, Φυνγιχιδε, ανδ Ροδεντιχιδε Αχτ, 
το ενσυρε νεω ανδ εξιστινγ χηεmιχαλσ ανδ πεστιχιδεσ αρε 
ρεϖιεωεδ φορ τηειρ ποτεντιαλ ρισκσ το ηυmαν ηεαλτη ανδ τηε 
ενϖιρονmεντ ανδ αχτιονσ αρε τακεν ωηεν νεχεσσαρψ.

Ιντροδυχτιον
Χηεmιχαλσ ανδ πεστιχιδεσ ρελεασεδ ιντο 

τηε ενϖιρονmεντ ασ α ρεσυλτ οφ τηειρ 

mανυφαχτυρε, προχεσσινγ, υσε, ορ δισποσαλ 

χαν τηρεατεν ηυmαν ηεαλτη ανδ τηε 

ενϖιρονmεντ. ΕΠΑ γατηερσ ανδ ασσεσσεσ 

ινφορmατιον αβουτ τηε ρισκσ ασσοχιατεδ 

ωιτη χηεmιχαλσ ανδ πεστιχιδεσ ανδ 

ιmπλεmεντσ ρισκ mαναγεmεντ στρατεγιεσ 

ωηεν νεεδεδ. ΕΠΑ�σ ρεσεαρχη εφφορτσ ωιλλ 

ηελπ αδϖανχε τηε Αγενχψ�σ αβιλιτψ το ασσεσσ 

χηεmιχαλσ mορε ραπιδλψ ανδ αχχυρατελψ. 

Ιν 2016, ΤΣΧΑ ωασ αmενδεδ βψ τηε Φρανκ 

Ρ. Λαυτενβεργ Χηεmιχαλ Σαφετψ φορ τηε 

21στ Χεντυρψ Αχτ. Τηε αmενδmεντσ γιϖε 

ΕΠΑ σιγνιφιχαντ νεω, ασ ωελλ ασ χοντινυινγ, 

ρεσπονσιβιλιτιεσ φορ ρεϖιεωινγ χηεmιχαλσ 

ιν ορ εντερινγ χοmmερχε το πρεϖεντ 

υνρεασοναβλε ρισκσ το ηυmαν ηεαλτη ανδ 

τηε ενϖιρονmεντ, ινχλυδινγ υνρεασοναβλε 

ρισκσ το ποτεντιαλλψ εξποσεδ ορ συσχεπτιβλε 

συβποπυλατιονσ. Προπερ ιmπλεmεντατιον, 

ασ Χονγρεσσ ιντενδεδ, οφ τηε ΤΣΧΑ 

αmενδmεντσ ισ ονε οφ ΕΠΑ�σ τοπ πριοριτιεσ.

Τηε Φεδεραλ Ινσεχτιχιδε, Φυνγιχιδε, ανδ 

Ροδεντιχιδε Αχτ (ΦΙΦΡΑ) ισ τηε πριmαρψ 

φεδεραλ λαω γοϖερνινγ οϖερσιγητ οφ 

πεστιχιδε mανυφαχτυρε, διστριβυτιον, 

ανδ υσε ιν τηε Υνιτεδ Στατεσ. ΦΙΦΡΑ 

ρεθυιρεσ ΕΠΑ το ρεγιστερ πεστιχιδεσ βασεδ 

ον α φινδινγ τηατ τηεψ ωιλλ νοτ χαυσε 

υνρεασοναβλε αδϖερσε εφφεχτσ ον πεοπλε 

ανδ τηε ενϖιρονmεντ, τακινγ ιντο αχχουντ 

τηε εχονοmιχ, σοχιαλ, ανδ ενϖιρονmενταλ 

χοστσ ανδ βενεφιτσ οφ τηε υσε οφ τηε 

πεστιχιδε. Εαχη τιmε τηε λαω ωασ αmενδεδ, 

Χονγρεσσ στρενγτηενεδ ΦΙΦΡΑ�σ σαφετψ 

στανδαρδσ ωηιλε χοντινυινγ το ρεθυιρε 

χονσιδερατιον οφ πεστιχιδε βενεφιτσ. 

Ιν αδδιτιον το ΦΙΦΡΑ, τηε Φεδεραλ Φοοδ, 

Dρυγ, ανδ Χοσmετιχ Αχτ (ΦΦDΧΑ) 

γοϖερνσ τηε mαξιmυm αλλοωαβλε λεϖελ 

οφ πεστιχιδεσ ιν ανδ ον φοοδ γροων ανδ 

σολδ ιν τηε Υνιτεδ Στατεσ. Τηε λεγαλ 

λεϖελ οφ α πεστιχιδε ρεσιδυε ον α φοοδ ορ 

φοοδ ιτεm ισ ρεφερρεδ το ασ α τολερανχε. 

ΦΦDΧΑ ρεθυιρεσ τηατ τηε εσταβλισηmεντ, 

mοδιφιχατιον, ορ ρεϖοχατιον οφ τολερανχεσ 

βε βασεδ ον α φινδινγ οφ α �ρεασοναβλε 

χερταιντψ οφ νο ηαρm.� Wηεν εϖαλυατινγ 

τηε εσταβλισηmεντ, mοδιφιχατιον, ορ 

ρεϖοχατιον οφ α τολερανχε, ΕΠΑ τριεσ 

το ηαρmονιζε τηε τολερανχε ωιτη τηε 

mαξιmυm ρεσιδυε λεϖελσ (ΜΡΛσ) σετ βψ 

οτηερ χουντριεσ το ενηανχε τηε τραδε οφ 

αγριχυλτυραλ χοmmοδιτιεσ.
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Λονγ−Τερm Περφορmανχε Γοαλσ
ΛΤΠΓ 1.4.1 Βψ Σεπτεmβερ 30, 2022, χοmπλετε αλλ ΕΠΑ−ινιτιατεδ ΤΣΧΑ ρισκ εϖαλυατιονσ 
φορ εξιστινγ χηεmιχαλσ ιν αχχορδανχε ωιτη στατυτορψ τιmελινεσ.20

ΛΤΠΓ 1.4.2 Βψ Σεπτεmβερ 30, 2022, χοmπλετε αλλ ΤΣΧΑ ρισκ mαναγεmεντ αχτιονσ φορ 
εξιστινγ χηεmιχαλσ ιν αχχορδανχε ωιτη στατυτορψ τιmελινεσ.21

ΛΤΠΓ 1.4.3 Βψ Σεπτεmβερ 30, 2022, χοmπλετε αλλ ΤΣΧΑ πρε−mανυφαχτυρε νοτιχε φιναλ 
δετερmινατιονσ ιν αχχορδανχε ωιτη στατυτορψ τιmελινεσ.22 

ΛΤΠΓ 1.4.4 Βψ Σεπτεmβερ 30, 2022, χοmπλετε αλλ χασεσ οφ Φεδεραλ Ινσεχτιχιδε, 
Φυνγιχιδε, ανδ Ροδεντιχιδε Αχτ (ΦΙΦΡΑ)−mανδατεδ δεχισιονσ φορ τηε πεστιχιδεσ 
ρεγιστρατιον ρεϖιεω προγραm.23

ΛΤΠΓ 1.4.5 Βψ Σεπτεmβερ 30, 2022, ρεδυχε τηε Πεστιχιδε Ρεγιστρατιον Ιmπροϖεmεντ 
Αχτ (ΠΡΙΑ) ρεγιστρατιον δεχισιον τιmεφραmε βψ αν αϖεραγε οφ 60 δαψσ.24

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε 

Χηεmιχαλσ

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ φοχυσ ον mεετινγ τηε στατυτορψ ρεθυιρεmεντσ ανδ mανδατορψ δεαδλινεσ οφ τηε αmενδεδ ΤΣΧΑ 

ανδ ενσυρινγ τηατ τηε ρεϖιεωσ αρε εφφιχιεντ, εφφεχτιϖε, ανδ τρανσπαρεντ το ΕΠΑ�σ στακεηολδερσ. ΕΠΑ ωιλλ ενσυρε τηατ δεχισιονσ αρε 

βασεδ ον σχιενχε, αρε τρανσπαρεντ, υσε mετηοδσ ανδ τοολσ τηατ αρε βασεδ ον τηε ωειγητ οφ σχιεντιφιχ εϖιδενχε, αρε χονσιστεντ ωιτη 

τηε βεστ αϖαιλαβλε σχιεντιφιχ ινφορmατιον, ανδ αρε ρεασοναβλε ανδ χονσιστεντ ωιτη τηε ιντενδεδ υσε οφ τηε ινφορmατιον.

Υνδερ τηε χηεmιχαλ δατα ρεπορτινγ (ΧDΡ) ρυλε, ΕΠΑ χολλεχτσ βασιχ εξποσυρε−ρελατεδ ινφορmατιον φροm mανυφαχτυρερσ (ινχλυδινγ 

ιmπορτερσ) ον τηε τψπεσ, θυαντιτιεσ, ανδ υσεσ οφ χηεmιχαλ συβστανχεσ προδυχεδ δοmεστιχαλλψ ορ ιmπορτεδ ιντο τηε Υνιτεδ Στατεσ. 

Σινχε τηε εναχτmεντ οφ ΤΣΧΑ ιν 1976, mανψ νεω χηεmιχαλσ ηαϖε εντερεδ χοmmερχε φολλοωινγ ρεϖιεω βψ ΕΠΑ υνδερ τηε ΤΣΧΑ 

νεω χηεmιχαλσ προγραm. Ονχε ιν χοmmερχε, τηεσε χηεmιχαλσ αρε χονσιδερεδ εξιστινγ χηεmιχαλσ ιν χοmmερχε. Τηε αmενδεδ 

20 Τηερε ισ νο βασελινε φορ τηισ mεασυρε, ασ τηε προγραm ισ οπερατινγ υνδερ νεω στατυτορψ αυτηοριτψ.
21 Τηερε ισ νο βασελινε φορ τηισ mεασυρε, ασ τηε προγραm ισ οπερατινγ υνδερ νεω στατυτορψ αυτηοριτψ.
22 Βασελινε ισ 58.4% οφ  δετερmινατιονσ mαδε ωιτηιν 90 δαψσ ιν ΦΨ 2018. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
23 Βασελινε ισ 239 δεχισιονσ χοmπλετεδ βψ τηε χλοσε οφ ΦΨ 2017 ουτ οφ τηε κνοων υνιϖερσε οφ 725. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν 

πυβλισηεδ Φεβρυαρψ 12, 2018.)
24 Βασελινε ισ αν αϖεραγε τιmεφραmε οφ 655 δαψσ (ρανγε: 93−2,086 δαψσ) φορ ΠΡΙΑ δεχισιονσ φορ 68 νεω αχτιϖε ινγρεδιεντσ χοmπλετεδ ιν ΦΨ 2015−2017.
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ΕΠΑ ωορκσ χλοσελψ ωιτη πυβλιχ ηεαλτη οφφιχιαλσ, ρεσεαρχηερσ, ανδ 
αγριχυλτυραλ εξπερτσ το ιδεντιφψ εmεργινγ πεστσ; ανδ, ωιτη ινδυστρψ, 
το εξπεδιτιουσλψ ρεγιστερ πεστιχιδεσ τηατ αδδρεσσ ισσυεσ ωηιλε 
ενσυρινγ πεστιχιδε σαφετψ. 
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ΤΣΧΑ προϖιδεσ α φραmεωορκ φορ mακινγ προγρεσσ ιν υνδερστανδινγ ανδ mαναγινγ τηε ρισκσ ασσοχιατεδ ωιτη εξιστινγ χηεmιχαλσ 

το πρεϖεντ υνρεασοναβλε ρισκ ποσεδ βψ τηειρ mανυφαχτυρινγ, προχεσσινγ, διστριβυτιον, υσε ορ δισποσαλ. Τηε Αχτ ρεθυιρεσ ΕΠΑ το 

ιδεντιφψ ηιγη− ανδ λοω−πριοριτψ εξιστινγ χηεmιχαλσ ανδ εϖαλυατε ηιγη−πριοριτψ χηεmιχαλσ αγαινστ α νεω ρισκ−βασεδ σαφετψ στανδαρδ. 

Βψ Dεχεmβερ 2019, ΕΠΑ mυστ χοmπλετε ρισκ εϖαλυατιονσ φορ τηε φιρστ τεν ηιγη−πριοριτψ χηεmιχαλσ, ραmπ υπ τηε ρισκ εϖαλυατιον 

προχεσσ σο τηατ 20 ηιγη−πριοριτψ χηεmιχαλσ αρε υνδερ εϖαλυατιον ατ αλλ τιmεσ, ανδ ιδεντιφψ 20 λοω−πριοριτψ χηεmιχαλσ ωηιχη ωιλλ 

νοτ υνδεργο φυρτηερ εϖαλυατιον ατ τηισ τιmε. Χηεmιχαλ ρισκ εϖαλυατιονσ οφ εξιστινγ χηεmιχαλσ mυστ βε χοmπλετεδ ωιτηιν τηρεε 

ψεαρσ. Τρανσπαρενχψ ανδ στακεηολδερ ενγαγεmεντ αρε ϖιταλ παρτσ οφ τηε προχεσσ, ασ τηεψ ηελπ ινφορm ΕΠΑ�σ πριοριτιζατιον ανδ ρισκ 

εϖαλυατιον οφ εξιστινγ χηεmιχαλσ. 

Τηε Αγενχψ ηασ τωο ψεαρσ το αδδρεσσ υνρεασοναβλε ρισκσ ιδεντιφιεδ ασ ωαρραντεδ φορ αχτιον βψ τηε φινδινγσ οφ τηε χηεmιχαλ ρισκ 

εϖαλυατιονσ.25 Ρισκ mαναγεmεντ αχτιονσ mαψ ινχλυδε προηιβιτινγ, ρεστριχτινγ, ορ mοδιφψινγ τηε mανυφαχτυρε, προχεσσινγ, διστριβυτιον 

ιν χοmmερχε ορ χοmmερχιαλ υσε, mοδιφψινγ τηε λαβελινγ, ρεχορδκεεπινγ, ανδ οτηερ ρεστριχτιονσ. 

Φορ νεω χηεmιχαλσ, ΕΠΑ ρεϖιεωσ ανδ τακεσ αχτιον ον αππροξιmατελψ 1,000 νεω χηεmιχαλ νοτιχεσ −−ινχλυδινγ εξεmπτιον νοτιχεσ�

συβmιττεδ βψ ινδυστρψ αννυαλλψ, ινχλυδινγ πρε−mανυφαχτυρε νοτιχεσ (ΠΜΝσ), το ενσυρε τηατ τηε χηεmιχαλσ αρε νοτ λικελψ το ποσε 

υνρεασοναβλε ρισκ βεφορε βεινγ αλλοωεδ το χοmmερχιαλιζε. Το πρεϖεντ συχη ρισκ, ΕΠΑ mαψ εσταβλιση ρισκ ρεδυχτιον/mαναγεmεντ 

ρεθυιρεmεντσ τηρουγη τηε νεω χηεmιχαλ ρεϖιεω προχεσσ το προτεχτ ωορκερσ, χονσυmερσ ορ τηε ενϖιρονmεντ. Τηε 2016 ΤΣΧΑ 

αmενδmεντσ χρεατεδ αδδιτιοναλ νεω ρεθυιρεmεντσ φορ ποσιτιϖε δετερmινατιονσ οφ χηεmιχαλ σαφετψ, ωηιχη ηαϖε ρεσυλτεδ ιν χηανγεσ 

το ΕΠΑ�σ ασσεσσmεντ προχεσσ φορ νεω χηεmιχαλσ. Ιν παρτιχυλαρ, φορ εαχη νεω χηεmιχαλ νοτιχε, ΕΠΑ νοω ηασ 90 δαψσ το mακε αν 

αφφιρmατιϖε δετερmινατιον οφ σαφετψ βασεδ ον ωηετηερ τηε χηεmιχαλ συβστανχε ωιλλ πρεσεντ, mαψ πρεσεντ, ορ ισ νοτ λικελψ το πρεσεντ 

αν υνρεασοναβλε ρισκ το ηυmαν ηεαλτη ορ τηε ενϖιρονmεντ, ορ τηατ τηε αϖαιλαβλε ινφορmατιον ισ ινσυφφιχιεντ το εναβλε τηε Αγενχψ το 

mακε ανψ οφ τηε αβοϖε δετερmινατιονσ. Αλλ φουρ οφ τηεσε ουτχοmεσ χονστιτυτε φιναλ δετερmινατιονσ ον πρε−mανυφαχτυρε νοτιχεσ ανδ 

τηυσ χουντ τοωαρδ ΕΠΑ�σ στρατεγιχ ταργετ οφ χοmπλετινγ 100% οφ συχη δετερmινατιονσ ωιτηιν στατυτορψ τιmελινεσ. Υνδερ τηε ΤΣΧΑ 

αmενδmεντσ, ιφ ΕΠΑ mακεσ αν �ινσυφφιχιεντ ινφορmατιον� δετερmινατιον, τηε Αγενχψ ωιλλ ωορκ ωιτη τηε συβmιττερ το χονδυχτ τεστινγ 

νεεδεδ το mακε α δετερmινατιον ορ ωιλλ ιmποσε ρεστριχτιονσ ον τηε συβστανχε τηατ πρεϖεντ εξποσυρε φροm οχχυρρινγ. 

ΕΠΑ ωιλλ προτεχτ λεγιτιmατε χλαιmσ οφ χονφιδεντιαλιτψ οφ τηε ιδεντιτψ οφ χηεmιχαλσ. Wιτη λιmιτεδ εξχεπτιονσ προϖιδεδ βψ στατυτε, τηε 

Αγενχψ ωιλλ ρεϖιεω ωιτηιν 90 δαψσ αλλ χηεmιχαλ ιδεντιτψ χονφιδεντιαλ βυσινεσσ ινφορmατιον (ΧΒΙ) χλαιmσ ρεθυιρινγ συβσταντιατιον υνδερ 

ΤΣΧΑ Σεχτιον 14(χ)(3) ανδ α ρεπρεσεντατιϖε συβσετ, χοmπρισινγ ατ λεαστ 25 περχεντ, οφ αλλ οτηερ ΧΒΙ χλαιmσ. Τιmελψ ρεϖιεω οφ ΧΒΙ 

χλαιmσ ωιλλ ηελπ το ινχρεασε τρανσπαρενχψ οφ χηεmιχαλ δατα. Αδδιτιοναλλψ, ΕΠΑ ισ δεϖελοπινγ γυιδανχε ρεθυιρεδ βψ ΤΣΧΑ, ασ αmενδεδ, 

το αδδρεσσ ηοω στατεσ, τριβεσ, ανδ mεδιχαλ προφεσσιοναλσ ιν αν εmεργενχψ σιτυατιον mαψ γαιν αχχεσσ το ΧΒΙ ινφορmατιον.

Τηε Αγενχψ υσεσ α ϖαριετψ οφ τοολσ ανδ αππροαχηεσ το ασσεσσ, πρεϖεντ, ανδ ρεδυχε χηεmιχαλ ρελεασεσ ανδ εξποσυρεσ, ανδ εmποωερσ 

στακεηολδερσ βψ ενσυρινγ αχχεσσ το χηεmιχαλ δατα ανδ οτηερ ινφορmατιον ανδ εξπερτισε. ΕΠΑ αννυαλλψ πυβλισηεσ τηε Τοξιχσ Ρελεασε 

Ινϖεντορψ (ΤΡΙ), α πυβλιχ δαταβασε τηατ χονταινσ ρελεασε ανδ οτηερ ωαστε mαναγεmεντ ινφορmατιον (ε.γ., ρεχψχλινγ) ανδ πολλυτιον 

πρεϖεντιον δατα ον οϖερ 650 τοξιχ χηεmιχαλσ φροm αππροξιmατελψ 20,000 ινδυστριαλ ανδ φεδεραλ φαχιλιτιεσ.  

25 ΤΣΧΑ σεχτιον 6(χ)(1) ρεθυιρεσ φιναλ ρεγυλατορψ αχτιον ωιτηιν 2 ψεαρσ οφ πυβλιχατιον οφ τηε φιναλ ρισκ εϖαλυατιον βυτ αλλοωσ φορ αν εξτενσιον το τηισ δεαδλινε �φορ 
νοτ mορε τηαν 2 ψεαρσ.�
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ΓΟΑΛ 1: Α ΧΛΕΑΝΕΡ, ΗΕΑΛΤΗΙΕΡ ΕΝςΙΡΟΝΜΕΝΤ

Πεστιχιδεσ

ΕΠΑ ισ ρεσπονσιβλε φορ λιχενσινγ (ρεγιστερινγ) ανδ περιοδιχαλλψ ρεεϖαλυατινγ (ρεγιστρατιον ρεϖιεω) πεστιχιδεσ το προτεχτ χονσυmερσ, 

πεστιχιδε υσερσ, ωορκερσ ωηο mαψ βε εξποσεδ το πεστιχιδεσ, χηιλδρεν, ανδ οτηερ σενσιτιϖε ποπυλατιονσ, ωηιλε χονσιδερινγ τηε 

βενεφιτσ ασσοχιατεδ ωιτη τηε υσε οφ τηε πεστιχιδε. ΕΠΑ σεεκσ πυβλιχ ινπυτ ον αλλ πεστιχιδε ρεεϖαλυατιονσ; αλλ νεω αχτιϖε ινγρεδιεντσ; 

φιρστ φοοδ υσεσ; ανδ τηε εσταβλισηmεντ, mοδιφιχατιον, ορ ρεϖοχατιον οφ τολερανχεσ. Φορ εξαmπλε, τηε ρυλεσ γοϖερνινγ τηε 

ρεγιστρατιον ρεϖιεω προγραm26 τψπιχαλλψ προϖιδε φορ τηρεε διστινχτ χοmmεντ περιοδσ ατ ϖαριουσ σταγεσ οφ τηε ρεϖιεω προχεσσ. Ιν 

mακινγ πεστιχιδε δεχισιονσ, τηε Αγενχψ οφτεν σεεκσ ινπυτ φροm στακεηολδερσ το αδδρεσσ σπεχιφιχ ινφορmατιον, συχη ασ ρεαλ−ωορλδ 

υσε παττερνσ ανδ βενεφιτσ το τηε υσερ χοmmυνιτψ. 

ΕΠΑ ωορκσ ωιτη οτηερ φεδεραλ, στατε, ανδ τριβαλ αγενχιεσ, τραδε οργανιζατιονσ, ινδυστρψ, ανδ νον−γοϖερνmενταλ οργανιζατιονσ το 

ενσυρε τηε εφφεχτιϖε ανδ σαφε υσε οφ πεστιχιδεσ. ΕΠΑ αλσο ηασ λονγ προϖιδεδ φινανχιαλ συππορτ ανδ εξπερτισε το στατεσ ανδ τριβεσ σο 

τηατ τηεψ χαν προϖιδε τραινινγ, εδυχατιον, ανδ ουτρεαχη το πεστιχιδε αππλιχατορσ αβουτ τηε σαφε, προπερ, ανδ λεγαλ υσε οφ πεστιχιδεσ. 

Στατεσ ανδ τριβεσ ωορκ ωιτη φαρmερσ, βυσινεσσεσ, ανδ πυβλιχ αγενχιεσ το προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ ανδ σερϖε ασ α 

χριτιχαλ παρτ οφ ϕοβ τραινινγ ανδ βυσινεσσ γροωτη ιν ρυραλ αρεασ. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ 

Τηε αmενδεδ ΤΣΧΑ προϖιδεσ ΕΠΑ τηε αυτηοριτψ το χολλεχτ υσερ φεεσ δεσιγνεδ το δεφραψ 25 περχεντ οφ τηε Αγενχψ�σ χοστσ το 

αδmινιστερ ΤΣΧΑ Σεχτιονσ 4, 5, 6, ανδ 14. Wηιλε ΕΠΑ ισ διρεχτεδ βψ τηε στατυτε το δεσιγν τηε φεεσ το χολλεχτ 25 περχεντ οφ τηε 

χοστσ οφ αδmινιστερινγ τηεσε σεχτιονσ, ιτ ηασ νο χοντρολ οϖερ εξαχτλψ ηοω mυχη ρεϖενυε τηε φεεσ ωιλλ γενερατε. Τηατ ωιλλ βε 

δετερmινεδ ιν λαργε παρτ βψ ηοω τηε φεε−παψινγ χοmmυνιτψ ρεσπονδσ το τηε νεω φεεσ ιν τερmσ οφ τηειρ νυmβερ οφ φεε−ρελατεδ 

συβmισσιονσ ορ ρεθυεστσ. 

Νεω πεστσ ανδ δισεασε ϖεχτορσ χαρριεδ βψ πεστσ χρεατε χηαλλενγεσ φορ mαναγινγ πεστιχιδεσ. ΕΠΑ ωορκσ χλοσελψ ωιτη πυβλιχ ηεαλτη 

οφφιχιαλσ, ρεσεαρχηερσ, ανδ αγριχυλτυραλ εξπερτσ το ιδεντιφψ εmεργινγ πεστσ; ανδ, ωιτη ινδυστρψ, το εξπεδιτιουσλψ ρεγιστερ πεστιχιδεσ 

τηατ αδδρεσσ ισσυεσ ωηιλε ενσυρινγ πεστιχιδε σαφετψ. Ασσεσσινγ ανδ αππροπριατελψ αδδρεσσινγ ρισκσ ισ χοmπλεξ. Τηε Αγενχψ mυστ 

δετερmινε σαφε, εφφεχτιϖε mετηοδσ οφ πεστιχιδε υσε, ωειγηινγ διφφερινγ ρισκσ φορ ηυmανσ ανδ εχοσψστεmσ. Φορ εξαmπλε, ονε 

πεστιχιδε mαψ ηαϖε λοωερ ρισκσ φορ ηυmανσ τηαν δο οτηερ πεστιχιδεσ, βυτ ηαϖε ινχρεασεδ ρισκσ φορ πολλινατορσ ορ ενδανγερεδ 

σπεχιεσ. Σιmιλαρλψ, α πεστιχιδε mαψ ηαϖε ρισκσ φορ ηυmανσ, βυτ mαψ βε αππροπριατε το φιγητ mοσθυιτοσ τηατ χαρρψ δισεασεσ τηατ αλσο 

ποσε ρισκσ το ηυmανσ. 

ΕΠΑ χοντινυεσ το χονδυχτ εδυχατιον ανδ ουτρεαχη ωιτη τριβεσ. Ονε χηαλλενγε ισ ενσυρινγ τηατ τηε φλοω οφ ινφορmατιον ον τηε σαφε 

υσε οφ πεστιχιδεσ ρεαχηεσ αλλ φεδεραλλψ−ρεχογνιζεδ τριβεσ αχροσσ τηε χουντρψ, ανδ χοmεσ ιν φορmσ τηατ ρεσυλτ ιν προτεχτιϖε αχτιονσ 

ον τηε γρουνδ.

26 40 ΧΦΡ 155 � Ρεγιστρατιον Στανδαρδσ ανδ Ρεγιστρατιον Ρεϖιεω





Προϖιδε χερταιντψ το στατεσ, λοχαλιτιεσ, τριβαλ νατιονσ, 
ανδ τηε ρεγυλατεδ χοmmυνιτψ ιν χαρρψινγ ουτ σηαρεδ 
ρεσπονσιβιλιτιεσ ανδ χοmmυνιχατινγ ρεσυλτσ το αλλ 
Αmεριχανσ.
Τηε ιδεα τηατ ενϖιρονmενταλ προτεχτιον 

ισ α σηαρεδ ρεσπονσιβιλιτψ βετωεεν 

τηε στατεσ, τριβεσ, ανδ τηε φεδεραλ 

γοϖερνmεντ ισ εmβεδδεδ ιν ουρ 

ενϖιρονmενταλ λαωσ, ωηιχη ιν mανψ 

χασεσ προϖιδε στατεσ ανδ τριβεσ τηε 

οππορτυνιτψ ανδ ρεσπονσιβιλιτψ φορ 

ιmπλεmεντινγ ενϖιρονmενταλ προτεχτιον 

προγραmσ. Μορε τηαν 45 ψεαρσ αφτερ 

τηε χρεατιον οφ ΕΠΑ ανδ τηε εναχτmεντ 

οφ α βροαδ σετ οφ φεδεραλ ενϖιρονmενταλ 

προτεχτιον λαωσ, mοστ στατεσ, ανδ 

το α λεσσερ εξτεντ τερριτοριεσ ανδ 

τριβεσ, αρε αυτηοριζεδ το ιmπλεmεντ 

ενϖιρονmενταλ προγραmσ ωιτηιν τηειρ 

ϕυρισδιχτιονσ ιν λιευ οφ ΕΠΑ−αδmινιστερεδ 

φεδεραλ προγραmσ. Σπεχιφιχαλλψ, στατεσ 

ηαϖε ασσυmεδ mορε τηαν 96 περχεντ 

οφ τηε δελεγαβλε αυτηοριτιεσ υνδερ 

φεδεραλ λαω.27 ΕΠΑ ρεταινσ ρεσπονσιβιλιτψ 

φορ διρεχτλψ ιmπλεmεντινγ φεδεραλ 

ενϖιρονmενταλ προγραmσ ιν mυχη οφ 

Ινδιαν χουντρψ ωηερε ελιγιβλε τριβεσ 

ηαϖε νοτ ρεχειϖεδ δελεγαβλε αυτηοριτιεσ. 

Τηερε αρε αλσο προγραmσ τηατ βψ στατυτε 

mαψ νοτ βε δελεγατεδ το τηε στατεσ 

ορ τριβεσ. Ρεχογνιζινγ τηεσε εϖολϖινγ 

27 Ενϖιρονmενταλ Χουνχιλ οφ τηε Στατεσ (ΕΧΟΣ) 
Παπερ, �Χοοπερατιϖε Φεδεραλισm 2.0,� ϑυνε 2017

ρεσπονσιβιλιτιεσ, ΕΠΑ ηεαδθυαρτερσ 

ανδ ρεγιονσ ωιλλ φαχιλιτατε χονστρυχτιϖε 

διαλογυε ωιτη στατεσ ανδ τριβεσ το ενσυρε 

mαξιmυm υτιλιζατιον οφ ρεσουρχεσ. 

ΕΠΑ ωιλλ αδαπτ ιτσ πραχτιχεσ το ρεδυχε 

δυπλιχατιον οφ εφφορτ ωιτη αυτηοριζεδ 

στατεσ ανδ τριβεσ, ανδ ταιλορ ιτσ οϖερσιγητ 

οφ δελεγατεδ προγραmσ.

Αν εφφεχτιϖε παρτνερσηιπ (ορ χοοπερατιϖε 

φεδεραλισm) βετωεεν στατεσ, τριβεσ 

ανδ ΕΠΑ�ισ νοτ ϕυστ αβουτ ωηο mακεσ 

δεχισιονσ, βυτ αβουτ ηοω δεχισιονσ 

αρε mαδε ανδ α σενσε οφ σηαρεδ 

αχχουνταβιλιτψ το προϖιδε ποσιτιϖε 

ενϖιρονmενταλ ρεσυλτσ. ΕΠΑ υνδερστανδσ 

τηατ ιmπροϖεmεντσ το προτεχτινγ ηυmαν 

ηεαλτη ανδ τηε ενϖιρονmεντ χαννοτ 

βε αχηιεϖεδ βψ ανψ αχτορ οπερατινγ 

αλονε, βυτ ονλψ ωηεν τηε στατεσ, τριβεσ, 

ανδ ΕΠΑ, ιν χονϕυνχτιον ωιτη αφφεχτεδ 

χοmmυνιτιεσ, ωορκ τογετηερ ιν α σπιριτ 

οφ τρυστ, χολλαβορατιον, ανδ παρτνερσηιπ. 

Εφφεχτιϖε ενϖιρονmενταλ προτεχτιον ισ βεστ 

αχηιεϖεδ ωηεν ΕΠΑ ανδ ιτσ στατε ανδ 

τριβαλ παρτνερσ ωορκ φροm α φουνδατιον 

οφ τρανσπαρενχψ, εαρλψ χολλαβορατιον 

�ινχλυδινγ πυβλιχ παρτιχιπατιον�ανδ 

α σπιριτ οφ σηαρεδ αχχουνταβιλιτψ φορ 

τηε ουτχοmεσ οφ τηισ ϕοιντ ωορκ. Τηισ 

φουνδατιον ινϖολϖεσ αχτιϖε πλατφορmσ φορ 

πυβλιχ παρτιχιπατιον, ινχλυδινγ βυιλδινγ 

τηε χαπαχιτψ οφ τηε mοστ ϖυλνεραβλε 

χοmmυνιτψ στακεηολδερσ το προϖιδε 

ινπυτ. Wιτη τηεσε πυβλιχ παρτιχιπατιον 

οππορτυνιτιεσ, τηε βενεφιχιαριεσ οφ 

ενϖιρονmενταλ προτεχτιον�τηε Αmεριχαν 

πεοπλε�ωιλλ βε αβλε το mορε mεανινγφυλλψ 

ενγαγε τηρουγη τηειρ χοmmυνιτιεσ, 

τηειρ λοχαλ γοϖερνmεντσ, ανδ τηειρ στατε 

ανδ τριβαλ γοϖερνmεντσ. Ινχλυδινγ τηε 

πυβλιχ�σ ϖοιχε, παρτιχυλαρλψ τηε ϖοιχεσ οφ 

τηε mοστ ϖυλνεραβλε το ενϖιρονmενταλ 

ανδ πυβλιχ ηεαλτη χηαλλενγεσ αmονγ υσ, ιν 

ΕΠΑ�σ πολιχψ, ρεγυλατορψ, ανδ ασσιστανχε 

ωορκ ισ εσσεντιαλ το mεετινγ τηειρ νεεδσ 

ασ τηε Αγενχψ ιmπλεmεντσ ιτσ στατυτορψ 

ρεσπονσιβιλιτιεσ.

ΕΠΑ αλσο ρεχογνιζεσ τηατ mεετινγ 

τηε νεεδσ οφ στατεσ, τριβεσ, λοχαλ 

γοϖερνmεντσ, ανδ χοmmυνιτιεσ, ανδ 

αχηιεϖινγ ενϖιρονmενταλ ιmπροϖεmεντσ 

χαννοτ βε δονε ιν ισολατιον φροm 

εχονοmιχ γροωτη. Οππορτυνιτιεσ φορ 

προσπερουσ εχονοmιχ γροωτη ανδ χλεαν 

αιρ, ωατερ, ανδ λανδ αρε λοστ ωιτηουτ 

εφφεχτιϖε ινφραστρυχτυρε ινϖεστmεντσ 

τηατ αλιγν ωιτη χοmmυνιτψ νεεδσ. Τηισ 

ισ εσπεχιαλλψ τρυε φορ ινφραστρυχτυρε 

ινϖεστmεντσ τηατ ρεπαιρ εξιστινγ 

σψστεmσ, συππορτ ρεϖιταλιζατιον οφ 

εξιστινγ χοmmυνιτιεσ ανδ βυιλδινγσ, 

τακε αδϖανταγε οφ εξιστινγ ροαδσ, ανδ 

λεαδ το τηε χλεανυπ ανδ ρεδεϖελοπmεντ 

οφ πρεϖιουσλψ−υσεδ σιτεσ ανδ βυιλδινγσ. 

Χυρρεντλψ, τηερε ισ α νεεδ φορ σιγνιφιχαντ 

ινφραστρυχτυρε ινϖεστmεντσ. ΕΠΑ ωιλλ 

πλαψ α ρολε ιν mεετινγ τηισ νεεδ βψ 

αλιγνινγ ιτσ ρελεϖαντ προγραmσ το χαταλψζε 

οτηερ ρεσουρχεσ, συππορτινγ βενεφιχιαλ 

ινφραστρυχτυρε ινϖεστmεντσ, ανδ mεετινγ 

χοmmυνιτψ νεεδσ φορ τηριϖινγ εχονοmιεσ 

ανδ ιmπροϖεδ ενϖιρονmενταλ ανδ ηυmαν 

ηεαλτη ουτχοmεσ.
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Οβϕεχτιϖε 2.1
Ενηανχε Σηαρεδ Αχχουνταβιλιτψ

Ιmπροϖε ενϖιρονmενταλ προτεχτιον τηρουγη σηαρεδ 
γοϖερνανχε ανδ ενηανχεδ χολλαβορατιον ωιτη στατε, 
τριβαλ, λοχαλ, ανδ φεδεραλ παρτνερσ υσινγ τηε φυλλ ρανγε οφ 
χοmπλιανχε ασσυρανχε τοολσ.

Ιντροδυχτιον 
Ιν τηε σπιριτ οφ χοοπερατιϖε φεδεραλισm, 

ΕΠΑ ανδ ιτσ παρτνερσ ηαϖε mαδε 

ενορmουσ προγρεσσ ιν προτεχτινγ 

αιρ, ωατερ, ανδ λανδ ρεσουρχεσ. ΕΠΑ 

ρεχογνιζεσ τηατ στατεσ ανδ τριβεσ ϖαρψ 

ιν τηε ενϖιρονmενταλ χηαλλενγεσ τηατ 

τηεψ φαχε δυε το ϖαριατιονσ ιν γεογραπηψ, 

ποπυλατιον δενσιτψ, ανδ οτηερ φαχτορσ. ΕΠΑ 

ωιλλ mαξιmιζε τηε φλεξιβιλιτιεσ προϖιδεδ βψ 

λαω το τακε εαχη στατε�σ υνιθυε σιτυατιον 

ιντο αχχουντ ωηεν mακινγ ρεγυλατορψ 

ανδ πολιχψ δεχισιονσ. ΕΠΑ διρεχτλψ 

ιmπλεmεντσ τηε mαϕοριτψ οφ φεδεραλ 

ενϖιρονmενταλ προγραmσ ιν Ινδιαν χουντρψ. 

Τηε Αγενχψ αχτιϖελψ ωορκσ ωιτη τριβεσ 

το δεϖελοπ τηειρ χαπαχιτψ το αδmινιστερ 

ενϖιρονmενταλ προγραmσ ανδ το εναβλε 

τριβεσ τηατ χηοοσε το ιmπλεmεντ φεδεραλ 

ενϖιρονmενταλ λαωσ ανδ προγραmσ φορ 

τηειρ λανδσ. Τηε υνιθυε ρελατιονσηιπ αmονγ 

ΕΠΑ ανδ ιτσ χο−ρεγυλατορσ ισ τηε φουνδατιον 

οφ τηε νατιον�σ ενϖιρονmενταλ προτεχτιον 

σψστεm; εαχη οργανιζατιον φυλφιλλσ α χριτιχαλ 

ρολε βασεδ ον ιτσ εξπερτισε, αβιλιτιεσ, ανδ 

ρεσπονσιβιλιτιεσ ιν προτεχτινγ ανδ ιmπροϖινγ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. 

 

ΕΠΑ ρεχογνιζεσ τηε αδϖανχεσ στατεσ 

ανδ τριβεσ ηαϖε mαδε ιν ιmπλεmεντινγ 

ενϖιρονmενταλ λαωσ ανδ προγραmσ. Τηισ 

Αδmινιστρατιον ωιλλ υνδερτακε α σεριεσ οφ 

ινιτιατιϖεσ το ρετηινκ ανδ ασσεσσ ωηερε ωε 

αρε ανδ ωηερε ωε ωαντ το βε ωιτη ρεσπεχτ 

το σηαρεδ γοϖερνανχε. Τηεσε ινιτιατιϖεσ 

ωιλλ χλαριφψ τηε Αγενχψ�σ στατυτορψ ρολεσ 

ανδ ρεσπονσιβιλιτιεσ ανδ ταιλορ στατε ανδ 

τριβαλ οϖερσιγητ το mαξιmιζε ουρ ρετυρν 

ον ινϖεστmεντ ανδ ρεδυχε βυρδεν ον 

στατεσ ανδ τριβεσ, ωηιλε ενσυρινγ χοντινυεδ 

προγρεσσ ιν mεετινγ ενϖιρονmενταλ λαωσ.

Ιν αδδιτιον, ΕΠΑ, ωιτη ιτσ στατε, τριβαλ, ανδ 

λοχαλ παρτνερσ, ενσυρεσ χονσιστεντ ανδ φαιρ 

ενφορχεmεντ οφ φεδεραλ ενϖιρονmενταλ 

λαωσ ανδ ρεγυλατιονσ. Τηε Αγενχψ ωορκσ 

ϕοιντλψ ωιτη ιτσ χο−ρεγυλατορσ το προτεχτ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, 

υσινγ α φυλλ σετ οφ χοmπλιανχε ασσυρανχε 

τοολσ, συχη ασ χοmπλιανχε ασσιστανχε ανδ 

mονιτορινγ; ελεχτρονιχ ρεπορτινγ; τραδιτιοναλ 

ενφορχεmεντ; γραντσ το στατεσ ανδ τριβεσ; 

ανδ τριβαλ χαπαχιτψ βυιλδινγ. ΕΠΑ ισ βυιλδινγ 

ον προγρεσσ mαδε υσινγ Ε−Εντερπρισε 

φορ τηε Ενϖιρονmεντ, α πλατφορm φορ 

τρανσφορmατιϖε χηανγε τηατ οπερατιοναλιζεσ 

χοοπερατιϖε φεδεραλισm πρινχιπλεσ. ΕΠΑ�σ 

Ε−Εντερπρισε παρτνερσηιπ ωιτη στατεσ ανδ 

τριβεσ mοδερνιζεσ τηε ωαψ ωε δο τηε 

βυσινεσσ οφ ενϖιρονmενταλ προτεχτιον.
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Λονγ−Τερm Περφορmανχε Γοαλσ 
ΛΤΠΓ 2.1.1 Βψ Σεπτεmβερ 30, 2022, ινχρεασε τηε νυmβερ οφ γραντ χοmmιτmεντσ αχηιεϖεδ βψ 
στατεσ, τριβεσ, ανδ λοχαλ χοmmυνιτιεσ.28

ΛΤΠΓ 2.1.2 Βψ Σεπτεmβερ 30, 2022, ινχρεασε τηε υσε οφ αλτερνατιϖε σηαρεδ γοϖερνανχε αππροαχηεσ 
το αδδρεσσ στατε, τριβαλ, ανδ λοχαλ χοmmυνιτψ ρεϖιεωσ.29 

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Σηαρεδ Γοϖερνανχε

Το δεϖελοπ α φυτυρε mοδελ οφ σηαρεδ γοϖερνανχε τηατ τακεσ ιντο αχχουντ τηε προγρεσσ στατεσ ανδ τριβεσ ηαϖε mαδε ιν προτεχτινγ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, τηε Αγενχψ ωιλλ υνδερτακε αν αναλψσισ οφ ΕΠΑ�σ στατυτορψ ρολεσ ανδ ρεσπονσιβιλιτιεσ το 

δετερmινε ωηατ ωε ηαϖε το δο ανδ ασσεσσ ωηατ ωε ωαντ το δο ιν λιγητ οφ πριοριτιεσ. Τηε Αγενχψ ωιλλ ωορκ ωιτη στατεσ ανδ 

τριβεσ το φινδ αλτερνατιϖε αππροαχηεσ το σηαρεδ γοϖερνανχε, σεεκινγ το προϖιδε φλεξιβιλιτψ ανδ στρεαmλινε οϖερσιγητ οφ στατε ανδ 

τριβαλ προγραmσ. Ασ παρτ οφ τηισ προχεσσ, τηε Αγενχψ ωιλλ σεεκ το υνδερστανδ ωηιχη αππροαχηεσ χυρρεντλψ αρε ωορκινγ ωελλ 

φορ στατε, τριβαλ ανδ λοχαλ χο−ρεγυλατορσ. ΕΠΑ ωιλλ πιλοτ νεω αππροαχηεσ το οϖερσιγητ (ε.γ., περmιτ ρεϖιεωσ) ωηερε ωε ηαϖε τηε 

λεγαλ φλεξιβιλιτψ το δο σο ανδ στρεαmλινε τηοσε προχεσσεσ βψ ωηιχη ΕΠΑ ρεϖιεωσ ανδ αππροϖεσ στατε ανδ τριβαλ αχτιονσ. ΕΠΑ ωιλλ 

χοντινυε το ωορκ ωιτη στατεσ ανδ τριβεσ τηρουγη Ε−Εντερπρισε, φοχυσεδ ον ηοω ωε ωορκ ανδ πλαν τογετηερ, αγρεε ον πριοριτιεσ, 

ανδ αλλοχατε ρολεσ ανδ ρεσπονσιβιλιτιεσ το υπδατε προχεσσεσ ανδ προγραmσ. Τηρουγη σηαρεδ γοϖερνανχε�ενγαγινγ εαρλψ ανδ 

mεανινγφυλλψ ωιτη στατεσ ανδ τριβεσ�τηε Αγενχψ ωιλλ υσε Ε−Εντερπρισε το δελιϖερ στρεαmλινεδ προχεσσεσ ασ ωελλ ασ αχχεσσιβλε, 

ρελιαβλε ινφορmατιον ανδ δατα τηατ βενεφιτ χο−ρεγυλατορσ ανδ τηε ρεγυλατεδ χοmmυνιτψ.

Τηε Νατιοναλ Ενϖιρονmενταλ Περφορmανχε Παρτνερσηιπ Σψστεm (ΝΕΠΠΣ) ηασ λονγ σερϖεδ ασ α mοδελ φορ αδϖανχινγ χοοπερατιϖε 

φεδεραλισm βψ προϖιδινγ τηε φλεξιβιλιτψ νεεδεδ το αδδρεσσ τηε υνιθυε νεεδσ οφ ινδιϖιδυαλ στατεσ ανδ τριβεσ το αχηιεϖε τηε 

βεστ ενϖιρονmενταλ ρεσυλτσ. ΝΕΠΠΣ ισ α περφορmανχε−βασεδ αππροαχη φορ οργανιζινγ ωορκινγ ρελατιονσηιπσ ωιτη στατεσ ανδ 

mανψ τριβεσ, προϖιδινγ σπεχιφιχ βενεφιτσ, συχη ασ γρεατερ φλεξιβιλιτψ το ασσεσσ ενϖιρονmενταλ χονδιτιονσ, σηαρεδ πριοριτιεσ, ανδ 

στρατεγιχαλλψ λεϖεραγεδ ρεσουρχεσ, τηυσ ιmπροϖινγ χοοπερατιϖε φεδεραλισm, σηαρεδ γοϖερνανχε, ανδ σηαρεδ αχχουνταβιλιτψ. ΕΠΑ 

ωιλλ ωορκ ωιτη στατεσ ανδ τριβεσ το στρενγτηεν χοοπερατιϖε φεδεραλισm πρινχιπλεσ τηρουγη ΝΕΠΠΣ, ανδ ιντενδσ το mακε ΝΕΠΠΣ 

τραινινγ αϖαιλαβλε φορ στατε ανδ τριβαλ στακεηολδερσ.

ΕΠΑ ωιλλ ωορκ χλοσελψ ωιτη στατεσ ανδ τριβεσ ον ΝΕΠΠΣ, Περφορmανχε Παρτνερσηιπ Γραντσ (ΠΠΓσ), ανδ ρελατεδ πολιχιεσ. ΠΠΓσ αρε 

α φινανχιαλ τοολ τηατ αλλοωσ στατεσ ανδ τριβεσ το χοmβινε σεπαρατε �στρεαmσ� οφ χατεγοριχαλ γραντ φυνδινγ, φροm αχροσσ 20 ελιγιβλε 

χατεγοριχαλ γραντσ, ιντο ονε mυλτι−προγραm γραντ ωιτη α σινγλε βυδγετ. Τηε γοαλ οφ τηε ρεϖιεω ισ το υνδερστανδ ΠΠΓ υτιλιζατιον 

ανδ ουτλινε α χουρσε οφ αχτιον αδδρεσσινγ τηε χηαλλενγεσ, λεϖεραγινγ λεσσονσ λεαρνεδ ανδ προγρεσσ αχηιεϖεδ οϖερ τηε λαστ 22 ψεαρσ.     

28  Υνιϖερσε (νυmβερ οφ χοmmιτmεντσ χονταινεδ ιν Περφορmανχε Παρτνερσηιπ Γραντσ) ανδ ΦΨ 2020 ταργετ ωιλλ βε δετερmινεδ ιν ΦΨ 2019. (Φοοτνοτε υπδατεδ 
φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.) 

29  Τηερε ισ νο βασελινε φορ τηισ mεασυρε. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
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Τηε ιντεντ ισ το προϖιδε στατεσ ανδ τριβεσ τηε φλεξιβιλιτψ το mαξιmιζε ηυmαν ηεαλτη ανδ ενϖιρονmενταλ προτεχτιον αχηιεϖεδ βψ τηε 

φυνδσ; φυρτηερ ενηανχε τηε φεδεραλ, στατε, ανδ/ορ τριβαλ παρτνερσηιπ; ανδ προmοτε τηε γοαλσ οφ ΝΕΠΠΣ.

ΕΠΑ ωιλλ ρεσπεχτ τηε ιmπορταντ ρολε γοϖερνορσ πλαψ ιν χοοπερατιϖε φεδεραλισm ανδ ωιλλ σεεκ τηειρ ϖιεωσ ανδ περσπεχτιϖεσ ον 

χοmπλιανχε ασσιστανχε ανδ οτηερ οππορτυνιτιεσ το ιmπροϖε ΕΠΑ−στατε παρτνερσηιπσ. Ιν αδδιτιον, τηε Αγενχψ ωιλλ ωορκ το στρενγτηεν 

ιντεργοϖερνmενταλ χονσυλτατιον mετηοδσ το ενγαγε στακεηολδερσ ανδ ηεαρ διϖερσε ϖιεωσ ον τηε ιmπαχτσ οφ προσπεχτιϖε ρεγυλατιονσ.

Λοχαλ γοϖερνmεντσ αλσο ηαϖε α υνιθυε ρελατιονσηιπ ωιτη ΕΠΑ ασ παρτνερσ ανδ οφτεν ασ ιννοϖατιϖε προβλεm σολϖερσ. ΕΠΑ ωορκσ ωιτη 

λοχαλ γοϖερνmεντσ το βυιλδ στρονγερ ανδ mορε ροβυστ παρτνερσηιπσ ανδ βρινγ λοχαλ χονχερνσ φορωαρδ ιντο Αγενχψ δεχισιον mακινγ. Ασ 

παρτ οφ τηεσε εφφορτσ, ΕΠΑ σεεκσ αδϖιχε φροm τηε Λοχαλ Γοϖερνmεντ Αδϖισορψ Χοmmιττεε (ΛΓΑΧ), α χηαρτερεδ πολιχψ χοmmιττεε 

χοmπρισινγ ελεχτεδ ανδ απποιντεδ λοχαλ οφφιχιαλσ, ον τηε ιmπαχτσ οφ τηε Αγενχψ�σ ρεγυλατιονσ ανδ πολιχιεσ ον λοχαλ γοϖερνmεντσ.

Χονσιστεντ ωιτη τηε 1984 Ινδιαν Πολιχψ ανδ ΕΠΑ Πολιχιεσ ον χονσυλτατιον ανδ τρεατψ ριγητσ,30 ΕΠΑ ωιλλ ωορκ ον α γοϖερνmεντ−

το−γοϖερνmεντ βασισ το βυιλδ τριβαλ χαπαχιτψ το ιmπλεmεντ φεδεραλ προγραmσ τηρουγη δελεγατιονσ, αυτηοριζατιονσ, ανδ πριmαχψ 

δεσιγνατιονσ το εναβλε τριβεσ το mεανινγφυλλψ παρτιχιπατε ιν τηε Αγενχψ�σ πολιχψ mακινγ, στανδαρδ σεττινγ, ανδ διρεχτ ιmπλεmεντατιον 

αχτιϖιτιεσ υνδερ φεδεραλ ενϖιρονmενταλ στατυτεσ.31 ΕΠΑ ωιλλ ωορκ ωιτη ινδιϖιδυαλ τριβεσ το δεϖελοπ ανδ ιmπλεmεντ αν ΕΠΑ−Τριβαλ 

Ενϖιρονmενταλ Πλαν (ΕΤΕΠ), α ϕοιντ πλαννινγ δοχυmεντ φορ αχηιεϖινγ στρονγερ ενϖιρονmενταλ ανδ ηυmαν ηεαλτη προτεχτιον ιν Ινδιαν 

χουντρψ. ΕΤΕΠσ ιδεντιφψ τριβαλ, ΕΠΑ, ανδ σηαρεδ πριοριτιεσ, ανδ τηε ρολεσ ανδ ρεσπονσιβιλιτιεσ φορ αδδρεσσινγ τηοσε πριοριτιεσ.

ΕΠΑ ωιλλ φοχυσ ιτσ διρεχτ ιmπλεmεντατιον εφφορτσ ον αρεασ οφ ηιγη νεεδ φορ ηυmαν ηεαλτη ορ ενϖιρονmενταλ προτεχτιον, ινχλυδινγ 

προγραmσ ιδεντιφιεδ ιν τηε ΕΤΕΠ φορ ωηιχη τριβεσ αρε νοτ ελιγιβλε, ασ ωελλ ασ τηοσε φορ ωηιχη τριβεσ δο νοτ χυρρεντλψ αντιχιπατε 

σεεκινγ δελεγατιον, αυτηοριζατιον, ορ πριmαχψ. Ιν χαρρψινγ ουτ ιτσ διρεχτ ιmπλεmεντατιον αχτιϖιτιεσ, ΕΠΑ ωιλλ ωορκ χλοσελψ ωιτη τριβεσ 

το δεϖελοπ τριβαλ χαπαχιτψ φορ προγραmσ φορ ωηιχη τηεψ δο νοτ αντιχιπατε σεεκινγ δελεγατιον, αυτηοριζατιον, ορ πριmαχψ. ΕΠΑ ωιλλ 

αλσο ενχουραγε τριβεσ το παρτιχιπατε ιν πολιχψ mακινγ ανδ το ασσυmε αππροπριατε παρτιαλ ρολεσ ιν τηε ιmπλεmεντατιον οφ προγραmσ, 

ινχλυδινγ τηρουγη τηε υσε οφ Dιρεχτ Ιmπλεmεντατιον Τριβαλ Χοοπερατιϖε Αγρεεmεντσ (DΙΤΧΑσ) ορ οτηερ αγρεεmεντσ, ασ αϖαιλαβλε.

Χοmπλιανχε Ασσυρανχε

Οϖερ τηε νεξτ φιϖε ψεαρσ, τηε Αγενχψ ωιλλ λοοκ φορ χοστ−εφφεχτιϖε ωαψσ το ενηανχε τηε χοmπλιανχε ασσυρανχε τοολ βοξ ιν 

χολλαβορατιον ωιτη ιτσ στατε, τριβαλ, λοχαλ, φεδεραλ, ανδ ινδυστρψ παρτνερσ. Φορ εξαmπλε, τηε Ε−Εντερπρισε Wεβ Πορταλ οφφερσ α πλατφορm 

ορ γατεωαψ φορ mακινγ σηαρεδ σερϖιχεσ αϖαιλαβλε το στατεσ, τριβεσ, ανδ ΕΠΑ το τρανσαχτ βυσινεσσ (ε.γ., ε−περmιττινγ ανδ ρεπορτινγ). Ιτ 

αλσο προϖιδεσ ινφορmατιον φορ τηε ρεγυλατεδ χοmmυνιτψ (ε.γ., χοmπλιανχε ασσιστανχε ινφορmατιον). Τοολσ ανδ σερϖιχεσ αρε δεσιγνεδ 

το ενηανχε εφφιχιενχψ, ρεδυχε βυρδεν ον τηε ρεγυλατεδ χοmmυνιτψ, ανδ ιmπροϖε ενϖιρονmενταλ ουτχοmεσ. ΕΠΑ ωιλλ εξπανδ ιτσ 

χοmπλιανχε ασσιστανχε ωορκ βψ χοντινυινγ το παρτνερ ωιτη τηιρδ−παρτψ οργανιζατιονσ ανδ φεδεραλ αγενχιεσ το συππορτ τηε 17 εξιστινγ 

ωεβ−βασεδ, σεχτορ−σπεχιφιχ χοmπλιανχε ασσιστανχε χεντερσ32 ανδ δεϖελοπινγ νεω χεντερσ. Ιν γενεραλ, αν εξπανδεδ ανδ mοδερνιζεδ 

χοmπλιανχε ασσυρανχε τοολ βοξ ωιλλ ενηανχε ΕΠΑ�σ αβιλιτψ το ταιλορ χοmπλιανχε ασσυρανχε αππροαχηεσ το τηε διφφερινγ νεεδσ ανδ 

χηαλλενγεσ αmονγ στατεσ ανδ ρεγυλατεδ εντιτιεσ. ΕΠΑ ισ αλσο ωορκινγ χλοσελψ ωιτη στατεσ ανδ τριβεσ το δεϖελοπ νεω χοmπλιανχε τοολσ 

ανδ αππροαχηεσ το mακε προγραmσ mορε εφφεχτιϖε ανδ εφφιχιεντ ιν προmοτινγ χοmπλιανχε ανδ ρεmεδψινγ ϖιολατιονσ. Σοmε οφ τηε 

30 Τηερε ισ νο βασελινε φορ τηισ mεασυρε. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
31 Τηε Τριβαλ Χονσυλτατιον Οππορτυνιτιεσ Τραχκινγ Σψστεm (ΤΧΟΤΣ) πυβλιχιζεσ υπχοmινγ ανδ χυρρεντ ΕΠΑ χονσυλτατιον οππορτυνιτιεσ φορ τριβαλ γοϖερνmεντσ 

ανδ χαν βε λοχατεδ ηερε: ηττπσ://ΤΧΟΤΣ.επα.γοϖ.
32  Φορ mορε ινφορmατιον ον χοmπλιανχε ασσιστανχε χεντερσ, σεε ηττπσ://ωωω.επα.γοϖ/χοmπλιανχε/χοmπλιανχε−ασσιστανχε−χεντερσ.
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Αγενχψ�σ ονγοινγ χολλαβορατιϖε εφφορτσ ωιτη τηε Ενϖιρονmενταλ Χουνχιλ οφ τηε Στατεσ (ΕΧΟΣ) ινχλυδε33 προδυχινγ ωεβιναρσ το ηελπ 

ιδεντιφψ νεω χοmπλιανχε αππροαχηεσ τηατ ΕΠΑ χουλδ πιλοτ ανδ εϖαλυατε, ινχρεασινγ αϖαιλαβιλιτψ οφ τραινινγ, ανδ πρεπαρινγ φορ αδϖανχεσ 

ιν πολλυτιον mονιτορινγ τεχηνολογψ.34 

Α κεψ χοmπονεντ οφ ΕΠΑ�σ οϖεραλλ χοmπλιανχε ασσυρανχε προγραm ισ χοmπλιανχε mονιτορινγ. Χοmπλιανχε mονιτορινγ αλλοωσ τηε 

ρεγυλατορψ αγενχιεσ το δετεχτ νονχοmπλιανχε ανδ προmοτε χοmπλιανχε ωιτη τηε νατιον�σ ενϖιρονmενταλ λαωσ. Εφφεχτιϖε ταργετινγ οφ 

χοmπλιανχε mονιτορινγ πλαψσ α χεντραλ ρολε ιν αχηιεϖινγ τηε γοαλσ ΕΠΑ ηασ σετ φορ προτεχτινγ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. 

ΕΠΑ, στατε, ανδ τριβαλ ινσπεχτορσ οφτεν προϖιδε ρεγυλατεδ εντιτιεσ ωιτη χοmπλιανχε ασσιστανχε δυρινγ τηε ινσπεχτιον προχεσσ. Ον 

α νατιοναλ λεϖελ, ΕΠΑ ωορκσ χλοσελψ ωιτη ινδιϖιδυαλ στατεσ, τριβεσ, ανδ στατε ανδ τριβαλ ασσοχιατιονσ το δεϖελοπ, mοδερνιζε, ανδ 

ιmπλεmεντ νατιοναλ χοmπλιανχε mονιτορινγ στρατεγιεσ το ενσυρε α λεϖελ πλαψινγ φιελδ φορ ρεγυλατεδ εντιτιεσ αχροσσ τηε χουντρψ. ΕΠΑ 

πρινχιπαλλψ φοχυσεσ χοmπλιανχε mονιτορινγ αχτιϖιτιεσ, συχη ασ φιελδ ινσπεχτιονσ, ελεχτρονιχ ρεπορτινγ, ανδ δατα αναλψσισ τοολσ, φορ 

τηοσε προγραmσ τηατ αρε νοτ δελεγατεδ το στατεσ ανδ τριβεσ. Τηε Αγενχψ προϖιδεσ mονιτορινγ, προγραm εϖαλυατιονσ, ανδ χαπαχιτψ 

βυιλδινγ το συππορτ ανδ χοmπλεmεντ αυτηοριζεδ στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντ προγραmσ. Τηε Αγενχψ ωιλλ ωορκ ωιτη ιτσ στατε 

ανδ τριβαλ παρτνερσ το ενηανχε χοmπλιανχε mονιτορινγ τοολσ ανδ ινχρεασε τηε υσε οφ Λεαν πραχτιχεσ. Τηρουγη Ε−Εντερπρισε φορ τηε 

Ενϖιρονmεντ, ΕΠΑ, στατεσ, τριβεσ, ανδ τερριτοριεσ ωιλλ χολλαβορατε το δεϖελοπ σmαρτ mοβιλε τοολσ το ενηανχε τηε εφφεχτιϖενεσσ ανδ 

εφφιχιενχψ οφ στατε, τριβαλ, ανδ ΕΠΑ ινσπεχτορσ, ανδ συππορτ αδϖανχεδ mονιτορινγ τεχηνολογψ.

Ιντερνατιοναλ Παρτνερσηιπσ

Το αχηιεϖε τηε Αγενχψ�σ δοmεστιχ ενϖιρονmενταλ ανδ ηυmαν ηεαλτη οβϕεχτιϖεσ, τηε ΕΠΑ ωιλλ ωορκ ωιτη ιντερνατιοναλ παρτνερσ το 

αδδρεσσ ιντερνατιοναλ σουρχεσ οφ πολλυτιον, ασ ωελλ ασ τηε ιmπαχτσ οφ πολλυτιον φροm τηε Υνιτεδ Στατεσ ον οτηερ χουντριεσ ανδ τηε 

γλοβαλ ενϖιρονmεντ. Πολλυτιον ιmπαχτσ αιρ, ωατερ, φοοδ χροπσ, ανδ φοοδ χηαινσ, ανδ χαν αχχυmυλατε ιν φοοδσ συχη ασ φιση. ΕΠΑ εφφορτσ 

ωιλλ ινχλυδε ωορκινγ ωιτη ιντερνατιοναλ παρτνερσ το στρενγτηεν ενϖιρονmενταλ λαωσ ανδ γοϖερνανχε το mορε χλοσελψ αλιγν ωιτη Υ.Σ. 

στανδαρδσ ανδ πραχτιχεσ ανδ το ηελπ λεϖελ τηε πλαψινγ φιελδ φορ Υ.Σ. ινδυστρψ.

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ 
Αδϖανχεσ ιν τηε φιελδ οφ ινφορmατιον τεχηνολογψ ανδ σοχιαλ σχιενχε ρεσεαρχη mαψ οφφερ ιννοϖατιϖε ωαψσ το προmοτε χοmπλιανχε. ΕΠΑ ισ 

παρτνερινγ ωιτη στατεσ το ηελπ πρεπαρε φορ ανδ υσε τηεσε τεχηνολογιεσ ανδ ρεσεαρχη το χαρρψ ουτ ουρ στατυτορψ οβλιγατιονσ. Τηε Αγενχψ 

αλσο ισ ωορκινγ ωιτη τηε αχαδεmιχ χοmmυνιτψ ον αδδιτιοναλ ρεσεαρχη το δεϖελοπ ιννοϖατιον ιν προmοτινγ χοmπλιανχε. ΕΠΑ αλσο ωιλλ 

ωορκ χλοσελψ ωιτη ΕΧΟΣ; τηε Νατιοναλ Τριβαλ Χαυχυσ; στατε ανδ τριβαλ προγραm ασσοχιατιονσ; ανδ ινδιϖιδυαλ στατεσ, τριβεσ, ανδ τερριτοριεσ 

το ιmπλεmεντ τηε Αδmινιστρατορ�σ ϖισιον φορ χοοπερατιϖε φεδεραλισm. Ιν παρτνερσηιπ ωιτη ΕΧΟΣ, ΕΠΑ πλανσ το δεϖελοπ πρινχιπλεσ ανδ 

βεστ πραχτιχεσ φορ ενηανχινγ χολλαβορατιον αmονγ ΕΠΑ ανδ στατεσ ον χοmπλιανχε ασσυρανχε ωορκ. Ιν αδδιτιον, ΕΠΑ ωιλλ χοντινυε το 

ωορκ ωιτη ΕΧΟΣ, τηε Ασσοχιατιον οφ Στατε ανδ Τερριτοριαλ Σολιδ Wαστε Μαναγεmεντ Οφφιχιαλσ (ΑΣΤΣWΜΟ), ανδ ινδιϖιδυαλ στατεσ το 

δεϖελοπ αν ιντεγρατεδ ηαρδωαρε/σοφτωαρε σολυτιον τηατ συππορτσ δοχυmεντινγ ανδ χονδυχτινγ ινσπεχτιονσ.

33 Φορ mορε ινφορmατιον ον ΟΕΧΑ�σ χολλαβορατιον ωιτη ΕΧΟΣ ϖια Ε−Εντερπρισε, σεε Αρτιχλε: Αδϖανχεδ Μονιτορινγ Τεχηνολογψ: Οππορτυνιτιεσ ανδ Χηαλλενγεσ.  
Α Πατη Φορωαρδ φορ ΕΠΑ, Στατεσ, ανδ Τριβεσ. 

34 Φορ mορε ινφορmατιον ον α βροαδερ ρανγε οφ χολλαβορατιονσ βετωεεν ΟΕΧΑ ανδ ΕΧΟΣ, σεε Χοmπενδια οφ Νεξτ Γενερατιον Χοmπλιανχε Εξαmπλεσ ιν Wατερ, 
Αιρ, Wαστε, ανδ Χλεανυπ Προγραmσ.
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Οβϕεχτιϖε 2.2
Ινχρεασε Τρανσπαρενχψ ανδ Πυβλιχ 
Παρτιχιπατιον
Λιστεν το ανδ χολλαβορατε ωιτη ιmπαχτεδ στακεηολδερσ ανδ 
προϖιδε εφφεχτιϖε πλατφορmσ φορ πυβλιχ παρτιχιπατιον ανδ 
mεανινγφυλ ενγαγεmεντ.

Ιντροδυχτιον
ΕΠΑ ωιλλ στρενγτηεν ιτσ χοmmυνιτψ−

δριϖεν αππροαχη, ωηιχη εmπηασιζεσ 

πυβλιχ παρτιχιπατιον το βεττερ παρτνερ 

ωιτη στατεσ, τριβεσ, ανδ χοmmυνιτιεσ 

ανδ το mαξιmιζε τηε συππορτ ανδ 

ρεσουρχεσ οφ τηε εντιρε Αγενχψ το 

χρεατε τανγιβλε ενϖιρονmενταλ ρεσυλτσ. 

Τηε Αγενχψ ωιλλ δεπλοψ ιτσ χολλεχτιϖε 

ρεσουρχεσ ανδ εξπερτισε το χολλαβορατε 

ωιτη στατεσ, τριβεσ, ανδ χοmmυνιτιεσ ανδ 

συππορτ λοχαλλψ−λεδ, χοmmυνιτψ−δριϖεν 

σολυτιονσ το ιmπροϖεδ ενϖιρονmενταλ 

προτεχτιον ανδ εχονοmιχ γροωτη. ΕΠΑ 

ωιλλ ινχρεασε τρανσπαρενχψ ωιτη ινδυστρψ, 

ενϖιρονmενταλ γρουπσ, ανδ οτηερ 

στακεηολδερσ, ανδ ωιλλ φαχιλιτατε πυβλιχ 

παρτιχιπατιον, εmπηασιζινγ χοοπερατιον 

ανδ χολλαβορατιον, εσπεχιαλλψ ατ τηε 

εαρλψ σταγεσ οφ Αγενχψ αχτιονσ. Τηισ 

ωιλλ προϖιδε α mορε χοmπρεηενσιϖε 

υνδερστανδινγ οφ χοmmυνιτψ νεεδσ. 

Τηε Αγενχψ αλσο ωιλλ χοορδινατε βεττερ 

αχροσσ ιτσ προγραmσ ανδ ωιτη φεδεραλ 

παρτνερσ το ενσυρε mυτυαλ εφφορτσ αρε 

αλιγνεδ. ΕΠΑ ωιλλ ινχλυδε χονσιδερατιον 

οφ ϖυλνεραβλε γρουπσ ανδ χοmmυνιτιεσ 

ιν δεχισιονσ, ανδ ωιλλ ρεφλεχτ χοmmυνιτψ 

νεεδσ ιν ιτσ αχτιονσ ανδ ινϖεστmεντσ, 

ρεχογνιζινγ τηατ τηε νεεδσ οφ ρυραλ 

χοmmυνιτιεσ mαψ νοτ βε τηε σαmε ασ 

υρβαν αρεασ. Ινχρεασινγ τρανσπαρενχψ 

ανδ πυβλιχ παρτιχιπατιον ιν ΕΠΑ�σ ωορκ 

ωιτη οτηερ αγενχιεσ ωιλλ ενηανχε τηε 

Αγενχψ�σ αβιλιτψ το παρτνερ ωιτη στατεσ, 

τριβεσ, ανδ λοχαλ γοϖερνmεντσ ανδ 

ινχρεασε ρεσπονσιϖενεσσ το τηε νεεδσ οφ 

τηειρ mοστ ϖυλνεραβλε χοmmυνιτιεσ. ΕΠΑ 

ωιλλ σερϖε ασ α χονϖενερ ανδ λεϖεραγε 

ρεσουρχεσ ωιτη νεω ανδ εξιστινγ παρτνερσ 

το δελιϖερ σερϖιχεσ mορε εφφιχιεντλψ ανδ 

εφφεχτιϖελψ. Τηε Αγενχψ αλσο ωιλλ ενγαγε 

ωιτη ρεγυλατεδ εντιτιεσ το ιδεντιφψ ρεφορmσ 

το mορε εφφιχιεντλψ ανδ εφφεχτιϖελψ mεετ 

τηε νατιον�σ ενϖιρονmενταλ γοαλσ.
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Λονγ−Τερm Περφορmανχε Γοαλ
ΛΤΠΓ 2.2.1 Βψ Σεπτεmβερ 30, 2022, ελιmινατε τηε βαχκλογ ανδ mεετ στατυτορψ δεαδλινεσ φορ 
ρεσπονδινγ το Φρεεδοm οφ Ινφορmατιον Αχτ (ΦΟΙΑ) ρεθυεστσ.35

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ mεετ χοmmυνιτψ νεεδσ τηρουγη πυβλιχ παρτιχιπατιον ανδ ωιλλ βυιλδ χοmmυνιτψ χαπαχιτψ τηρουγη 

γραντσ, τεχηνιχαλ ασσιστανχε, παρτνερινγ, ανδ mεανινγφυλ ενγαγεmεντ. Τηε Αγενχψ ωιλλ λεϖεραγε ρεχοmmενδατιονσ προϖιδεδ βψ 

φεδεραλ αδϖισορψ χοmmιττεεσ, συχη ασ τηε Νατιοναλ Ενϖιρονmενταλ ϑυστιχε Αδϖισορψ Χουνχιλ (ΝΕϑΑΧ), ΛΓΑΧ, ανδ Χηιλδρεν�σ Ηεαλτη 

Προτεχτιον Αδϖισορψ Χοmmιττεε (ΧΗΠΑΧ), ανδ φοχυσ ον παρτνερσηιπσ ρεπρεσεντινγ ϖυλνεραβλε ποπυλατιονσ, συχη ασ ψουτη, τηε 

ελδερλψ, ανδ λοω−ινχοmε χοmmυνιτιεσ. Σπεχιφιχαλλψ, τηε Αγενχψ ωιλλ ενγαγε ωιτη τηε φοχυσ χοmmυνιτιεσ ιδεντιφιεδ βψ ΕΠΑ ρεγιονσ το 

υνδερστανδ εαχη χοmmυνιτψ�σ γοαλσ ανδ ιδεντιφψ ιτσ ενϖιρονmενταλ πριοριτιεσ ανδ νεεδσ, ρεχογνιζινγ τηατ ρυραλ χοmmυνιτιεσ ανδ 

mορε υρβαν αρεασ mαψ ηαϖε διφφερεντ πριοριτιεσ.

ΕΠΑ ωιλλ χοντινυε το προϖιδε λοανσ ανδ γραντσ το στατεσ ανδ τριβεσ το ιmπροϖε ινφραστρυχτυρε. Γιϖεν τηατ ινϖεστmεντ ιν 

ινφραστρυχτυρε ισ νεχεσσαρψ φορ εχονοmιχ γροωτη ανδ ενϖιρονmενταλ προτεχτιον ανδ τηατ ΕΠΑ ινϖεστmεντσ αρε χαταλψτιχ το βοτη, 

τηε Αγενχψ�σ εφφορτσ ωιλλ βε υσεδ το συππορτ πριϖατε ανδ πυβλιχ ινϖεστmεντ ιν εχονοmιχ ρεϖιταλιζατιον ανδ ιmπροϖεδ ενϖιρονmενταλ 

ουτχοmεσ αχροσσ τηε χουντρψ. Τηισ ρεθυιρεσ τηατ ΕΠΑ στρενγτηεν ιτσ ινφραστρυχτυρε ανδ χοmmυνιτψ ασσιστανχε προγραmσ (ε.γ., 

τηε χλεαν ωατερ ΣΡΦ, δρινκινγ ωατερ ΣΡΦ, Wατερ Ινφραστρυχτυρε Φινανχε ανδ Ιννοϖατιον Αχτ, ενϖιρονmενταλ ϕυστιχε, χοmmυνιτψ 

ρεϖιταλιζατιον, ανδ βροωνφιελδσ αρεα−ωιδε πλαννινγ γραντ προγραmσ) το βεττερ αλιγν ΕΠΑ ινϖεστmεντσ ωιτη εαχη οτηερ ανδ ωιτη οτηερ 

φεδεραλ ινϖεστmεντσ ιν πυρσυιτ οφ εχονοmιχ ρεϖιταλιζατιον ανδ ιmπροϖεδ ενϖιρονmενταλ ουτχοmεσ. Ατ τηε σαmε τιmε, ΕΠΑ ωιλλ ενσυρε 

τηατ ιτ ισ σερϖινγ δισαδϖανταγεδ χοmmυνιτιεσ, λεϖεραγινγ πριϖατε ινϖεστmεντ το ιmπροϖε τηε εχονοmψ, ανδ προτεχτινγ ηυmαν ηεαλτη 

ανδ τηε ενϖιρονmεντ.

ΕΠΑ ωιλλ ωορκ ιν α φοχυσεδ mαννερ το mακε ινφραστρυχτυρε ανδ πυβλιχ ηεαλτη προτεχτιον ινϖεστmεντσ ιν χοmmυνιτιεσ ωιτη ανδ 

τηρουγη παρτνερσ συχη ασ στατεσ ανδ τριβεσ. Το φυρτηερ ιντεγρατε ανδ ιmπλεmεντ χοmmυνιτψ ενϖιρονmενταλ χονσιδερατιονσ ωιτηιν 

ΕΠΑ προγραmσ, τηε Αγενχψ ωιλλ χρεατε τοολσ το φαχιλιτατε ινχορπορατιον οφ χοmmυνιτψ υνδερστανδινγ, νεεδσ, ανδ χονχερνσ αχροσσ 

προγραm αχτιϖιτιεσ, ανδ αδϖανχε mορε σψστεmατιχ ινχορπορατιον οφ εξιστινγ τοολσ ανδ νεεδσ, συχη ασ υσε οφ τηε Ενϖιρονmενταλ 

ϑυστιχε Σχρεενινγ ανδ Μαππινγ Τοολ (ΕϑΣΧΡΕΕΝ) ανδ ΕνϖιροΑτλασ. ΕΠΑ ωιλλ δεϖελοπ α χροσσ−Αγενχψ χοmmυνιτιεσ τεαm το λεαδ 

ρεγιοναλ ινϖολϖεmεντ ιν ανδ ρεσουρχινγ οφ χοmmυνιτψ−βασεδ ενϖιρονmενταλ ωορκ τηρουγη α φυλλψ−ιντεγρατεδ ρεσουρχε πλατφορm.

Τηε Αγενχψ ωιλλ χοορδινατε αχροσσ τηε φεδεραλ γοϖερνmεντ�ΕΠΑ ρεγιονσ παρτνερινγ ωιτη φεδεραλ αγενχιεσ ιν φοχυσ χοmmυνιτιεσ 

�το δελιϖερ σερϖιχεσ mορε εφφιχιεντλψ ανδ εφφεχτιϖελψ. ΕΠΑ ωιλλ υτιλιζε συχη παρτνερσηιπσ το λεϖεραγε ρεσουρχεσ ανδ εξπερτισε φροm 

αχροσσ ΕΠΑ ανδ α ρανγε οφ ουτσιδε παρτνερσ το αδϖανχε εχονοmιχ ρεϖιταλιζατιον τηρουγη τηε ενϖιρονmενταλ ανδ ηεαλτη γοαλσ οφ 

χοmmυνιτιεσ. ΕΠΑ ωιλλ λοοκ φορ οππορτυνιτιεσ φορ εαρλψ ενγαγεmεντ ωιτη στατε, λοχαλ, ανδ τριβαλ χο−ρεγυλατορσ τηρουγη εξιστινγ 

αδϖισορψ χοmmιττεεσ ανδ οτηερ φορυmσ. Τηε Αγενχψ ωιλλ αλσο χοντινυε λεαδερσηιπ οφ ανδ ινϖολϖεmεντ ιν τηε Οφφιχε οφ Μαναγεmεντ 

ανδ Βυδγετ (ΟΜΒ) Χοmmυνιτψ Σολυτιονσ Τασκφορχε το βεττερ αχχεσσ ανδ λεϖεραγε ρεσουρχεσ φροm αχροσσ φεδεραλ αγενχιεσ, ανδ 

ωιλλ στρενγτηεν χοορδινατιον ωιτη τηε Ιντεραγενχψ Wορκινγ Γρουπ ον Ενϖιρονmενταλ ϑυστιχε το βεττερ ιντεγρατε ΕΠΑ πριοριτιεσ 

ανδ συππορτ ανδ ενγαγε χοmmυνιτιεσ. Ιν αδδιτιον, ΕΠΑ ωιλλ συππορτ ανδ αλιγν ιτσ ωορκ ωιτη τηε αχτιϖιτιεσ ανδ πριοριτιεσ οφ τηε 

Πρεσιδεντ�σ Τασκ Φορχε ον Ενϖιρονmενταλ Ηεαλτη Ρισκσ ανδ Σαφετψ Ρισκσ το Χηιλδρεν.

35 Ασ οφ Απριλ 2018, τηερε ωερε 2,537 οϖερδυε ΦΟΙΑ ρεθυεστσ ιν τηε βαχκλογ. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 
2018.)
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Τηε Αγενχψ ωιλλ σεεκ το ινχρεασε τηε νυmβερ ανδ τψπε οφ πυβλιχ 
παρτιχιπατιον πλατφορmσ ιτ ηασ το ενσυρε τηατ τηε πυβλιχ χαν 
mεανινγφυλλψ παρτιχιπατε ιν αλλ οφ ΕΠΑ�σ ωορκ�ινχλυδινγ πολιχψ 
mακινγ, ρεγυλατορψ δεϖελοπmεντ, ουτρεαχη, εδυχατιον, ανδ 
χοmmυνιτψ ενγαγεmεντ.
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ΕΠΑ ωιλλ ωορκ ον τηε Ε−Εντερπρισε Wεβ Πορταλ�σ Ασσιστανχε Γατεωαψ, ωηιχη προϖιδεσ τοολσ ανδ ρεσουρχεσ φορ χοmmυνιτιεσ το 

φαχιλιτατε τωο−ωαψ χοmmυνιχατιον βετωεεν τηε πυβλιχ ανδ ενϖιρονmενταλ αγενχιεσ. Τηε Αγενχψ ωιλλ δετερmινε ηοω ΕΠΑ, στατεσ, 

ανδ τριβεσ χαν mοστ εφφεχτιϖελψ ηαρνεσσ ανδ βενεφιτ φροm τηε ρεχεντ, ραπιδ δεϖελοπmεντ οφ ενϖιρονmενταλ mονιτορινγ τεχηνολογιεσ 

τηατ αρε σmαλλερ, mορε πορταβλε, ανδ λεσσ εξπενσιϖε τηαν τραδιτιοναλ mετηοδσ. ΕΠΑ ωιλλ πυρσυε ιννοϖατιϖε τεχηνολογιεσ ωιτηουτ 

χοmπροmισινγ τηε αχχυραχψ οφ τηε ινφορmατιον χολλεχτεδ. Ιν χονσυλτατιον ωιτη στατε, τριβαλ, ανδ λοχαλ παρτνερσ, ΕΠΑ ωιλλ mακε 

mονιτορινγ δατα πυβλιχλψ αϖαιλαβλε, προϖιδινγ χοντεξτ ανδ ρελεϖανχψ. ΕΠΑ ωιλλ συππορτ τηε Ε−Εντερπρισε Ασσιστανχε Γατεωαψ τηατ 

ωιλλ ενηανχε χολλαβορατιον ανδ χοmmυνιχατιον ωιτη χοmmυνιτιεσ. Τηε Αγενχψ ωιλλ σεεκ το ινχρεασε τηε νυmβερ ανδ τψπε οφ πυβλιχ 

παρτιχιπατιον πλατφορmσ ιτ ηασ το ενσυρε τηατ τηε πυβλιχ χαν mεανινγφυλλψ παρτιχιπατε ιν αλλ οφ ΕΠΑ�σ ωορκ�ινχλυδινγ πολιχψ mακινγ, 

ρεγυλατορψ δεϖελοπmεντ, ουτρεαχη, εδυχατιον, ανδ χοmmυνιτψ ενγαγεmεντ.

ΕΠΑ ωιλλ αλσο φοχυσ ον ρεδυχινγ τηε ΦΟΙΑ βαχκλογ τηε Αγενχψ ηασ βυιλτ υπ οϖερ τηε ψεαρσ, ανδ ενηανχινγ τηε ΦΟΙΑ προχεσσ. Τηε 

χοmπλεξιτψ ανδ ϖολυmε οφ ελεχτρονιχ δοχυmεντσ ρεθυιρεδ το βε σεαρχηεδ, χολλεχτεδ, ανδ ρεϖιεωεδ ηασ ινχρεασεδ οϖερ τιmε. Τηε 

Αγενχψ ωιλλ ενσυρε τηατ ιτ χαν συππορτ τηε τιmελψ σεαρχηινγ ανδ χολλεχτιον οφ ελεχτρονιχαλλψ−στορεδ ινφορmατιον φορ πυρποσεσ οφ 

ρεσπονδινγ το ΦΟΙΑ ρεθυεστσ ανδ οτηερ ινφορmατιον νεεδσ ιν α χοστ−εφφεχτιϖε, συσταιναβλε mαννερ. Τηισ σηουλδ νοτ ονλψ ηελπ τηε 

Αγενχψ προϖιδε τηε πυβλιχ ινφορmατιον ρεθυεστεδ, βυτ αλσο ρεδυχε τηε φεεσ ανδ λαωσυιτσ τηε Αγενχψ ινχυρσ φροm mισσινγ ΦΟΙΑ 

ρεσπονσε δεαδλινεσ.

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

Ρεσουρχεσ αρε χριτιχαλ το τηε εξπανσιον οφ τεχηνιχαλ ασσιστανχε διρεχτεδ ατ χοmmυνιτιεσ ανδ στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντ 

παρτνερσ τηατ συππορτ χοmmυνιτψ−φοχυσεδ ενγαγεmεντ ανδ χολλαβορατιον. Σταφφ mυστ βε αϖαιλαβλε φορ α ωιδε ϖαριετψ οφ 

ιmπλεmεντατιον αχτιϖιτιεσ συχη ασ διρεχτ χοmmυνιτψ ενγαγεmεντ ανδ συππορτ, ιντρα− ανδ ιντερ−αγενχψ χοορδινατιον, ανδ 

παρτνερινγ εφφεχτιϖελψ ωιτη στατεσ ανδ τριβεσ.

Ιν αδδιτιον, τηε χηαλλενγεσ οφ χοορδινατινγ αχροσσ οφφιχεσ ωιτηιν ΕΠΑ ανδ ωιτη οτηερ φεδεραλ αγενχιεσ χαν ινηιβιτ τηε ιδεντιφιχατιον 

ανδ δελιϖερψ οφ χρεατιϖε σολυτιονσ ανδ σερϖιχεσ τηατ χαν λεαδ το τανγιβλε ρεσυλτσ φορ χοmmυνιτιεσ ανδ α mορε εφφεχτιϖε λεϖεραγινγ οφ 

γοϖερνmεντ ρεσουρχεσ. ΕΠΑ ρεχογνιζεσ τηε νεεδ το χοmmυνιχατε συχχεσσεσ ανδ αχηιεϖεmεντσ ρελατεδ το τηισ ωορκ, βοτη το mαρκετ 

ιτσ εφφεχτιϖενεσσ ανδ το τεαχη νεω παρτνερσ ανδ πραχτιτιονερσ ηοω το ρεπλιχατε συχχεσσφυλ mοδελσ ανδ αππροαχηεσ.





Ινχρεασε χερταιντψ, χοmπλιανχε, ανδ εφφεχτιϖενεσσ βψ 
αππλψινγ τηε ρυλε οφ λαω το αχηιεϖε mορε εφφιχιεντ 
ανδ εφφεχτιϖε αγενχψ οπερατιονσ, σερϖιχε δελιϖερψ, ανδ 
ρεγυλατορψ ρελιεφ.

ΕΠΑ ωιλλ σεεκ το ινχρεασε χερταιντψ, 

χοmπλιανχε, ανδ εφφεχτιϖενεσσ. Το 

αχχοmπλιση τηισ, ΕΠΑ ωιλλ ωορκ 

χοοπερατιϖελψ ωιτη στατεσ ανδ τριβεσ 

το ενσυρε χοmπλιανχε ωιτη τηε λαω, 

ασ ωελλ ασ το χρεατε χονσιστενχψ ανδ 

χερταιντψ φορ τηε ρεγυλατεδ χοmmυνιτψ. 

Οφ χουρσε, ΕΠΑ ωιλλ τακε χιϖιλ ορ χριmιναλ 

ενφορχεmεντ αχτιον αγαινστ ϖιολατορσ οφ 

ενϖιρονmενταλ λαωσ.

Α ροβυστ ενφορχεmεντ προγραm ισ 

χριτιχαλλψ ιmπορταντ φορ αδδρεσσινγ 

ϖιολατιονσ ανδ προmοτινγ δετερρενχε, 

ανδ συππορτσ τηε Αγενχψ�σ mισσιον 

οφ προτεχτινγ ηυmαν ηεαλτη ανδ τηε 

ενϖιρονmεντ. Ενσυρινγ χοmπλιανχε ωιτη 

τηε λαω αλσο ενσυρεσ χονσιστενχψ ανδ 

χερταιντψ φορ τηε ρεγυλατεδ χοmmυνιτψ 

σο ιτ ηασ α χοmπλετε υνδερστανδινγ 

οφ τηε ιmπαχτ οφ προποσεδ αχτιονσ ον 

ηυmαν ηεαλτη, τηε ενϖιρονmεντ, ανδ τηε 

εχονοmψ, ανδ α χλεαρ πατη ανδ τιmελινε 

το αχηιεϖε τηατ χοmπλιανχε. ΕΠΑ�σ πολιχιεσ 

ανδ ρυλεσ ωιλλ ρεφλεχτ χοmmον σενσε, 

χονσιστεντ ωιτη τηε Αγενχψ�σ στατυτορψ 

αυτηοριτιεσ, ανδ προϖιδε γρεατερ 

ρεγυλατορψ ανδ εχονοmιχ χερταιντψ φορ 

τηε πυβλιχ. ΕΠΑ ωιλλ ενφορχε τηε ρυλε οφ 

λαω ιν α τιmελψ mαννερ ανδ τακε αχτιον 

αγαινστ τηοσε τηατ ϖιολατε ενϖιρονmενταλ 

λαωσ το τηε δετριmεντ οφ ηυmαν ηεαλτη ορ 

τηε ενϖιρονmεντ. 

Ονε οφ ΕΠΑ�σ ηιγηεστ πριοριτιεσ mυστ βε 

το χρεατε χονσιστενχψ ανδ χερταιντψ φορ 

τηε ρεγυλατεδ χοmmυνιτψ. Χονσιστενχψ 

ιν ηοω τηε λαωσ ανδ ρεγυλατιονσ αρε 

αππλιεδ αχροσσ τηε χουντρψ ισ παρτ οφ τηατ 

προχεσσ. ΕΠΑ ωιλλ υνδερτακε α ϖαριετψ 

οφ εφφορτσ το ενσυρε τηατ χονσιστενχψ 

ιν αππλιχατιον οφ λαωσ ανδ ρεγυλατιονσ 

ισ εϖαλυατεδ ανδ αδδρεσσεδ, ωηιλε 

ρεσπεχτινγ τηε υνιθυε χιρχυmστανχεσ οφ 

εαχη στατε ανδ τριβε. 

 

ΕΠΑ ρεχογνιζεσ τηε ιmπορτανχε οφ 

αππλψινγ ρυλεσ ανδ πολιχιεσ χονσιστεντλψ 

ασ ωελλ ασ χρεατινγ χερταιντψ βψ mεετινγ 

τηε στατυτορψ δεαδλινεσ τηατ αρε ρεθυιρεδ 

φορ ΕΠΑ�σ αχτιονσ. Τηε ρυλε οφ λαω mυστ 

αλσο βε βυιλτ ον τηε αππλιχατιον οφ ροβυστ 

σχιενχε τηατ ισ χονδυχτεδ το ηελπ τηε 

Αγενχψ mεετ ιτσ mισσιον ανδ συππορτ 

τηε στατεσ ανδ τριβεσ ιν αχηιεϖινγ 

τηειρ ενϖιρονmενταλ γοαλσ. Ρεσεαρχη, 

ιν χονϕυνχτιον ωιτη υσερ−φριενδλψ 

αππλιχατιονσ νεεδεδ το αππλψ τηε σχιενχε 

το ρεαλ−ωορλδ προβλεmσ, ωιλλ ηελπ mοϖε 

ΕΠΑ ανδ τηε στατεσ φορωαρδ ιν mακινγ 

τιmελψ δεχισιονσ βασεδ ον σχιενχε.

Χαρρψινγ ουτ τηισ γοαλ ρεθυιρεσ τηατ 

ΕΠΑ ιmπροϖε τηε εφφιχιενχψ οφ ιτσ 

ιντερναλ βυσινεσσ ανδ αδmινιστρατιϖε 

οπερατιονσ. Φιρστ, ΕΠΑ�σ βυσινεσσ 

οπερατιονσ, σπεχιφιχαλλψ τηε ϖαστ 

περmιττινγ προχεσσεσ εσταβλισηεδ βψ 

τηε διφφερεντ ενϖιρονmενταλ στατυτεσ, 

αρε κεψ το ενσυρινγ εχονοmιχ γροωτη 

ανδ ηυmαν ηεαλτη ανδ ενϖιρονmενταλ 

προτεχτιον. Οϖερ τηε νεξτ φιϖε ψεαρσ, 

ΕΠΑ ωιλλ mοδερνιζε ιτσ περmιττινγ 

πραχτιχεσ το ινχρεασε τηε τιmελινεσσ οφ 

ρεϖιεωσ ανδ δεχισιονσ, ωηιλε ωορκινγ 

mορε χολλαβορατιϖελψ, τρανσπαρεντλψ, ανδ 

χοστ εφφεχτιϖελψ το αχηιεϖε τηε Αγενχψ�σ 

mισσιον. Τηε σεχονδ παρτ οφ ιmπροϖινγ 

ιντερναλ οπερατιονσ ινχλυδεσ ρεδυχινγ 

ΕΠΑ�σ οϖερηεαδ ανδ χρεατινγ mορε 

εφφιχιεντ ανδ εφφεχτιϖε αδmινιστρατιϖε 

προχεσσεσ (ε.γ., αχθυισιτιον) τηατ αλλοω 

ΕΠΑ το αχχοmπλιση ιτσ χορε mισσιον ωορκ. 
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Οβϕεχτιϖε 3.1 
Χοmπλιανχε ωιτη τηε Λαω
Τιmελψ ενφορχε ενϖιρονmενταλ λαωσ το ινχρεασε 
χοmπλιανχε ρατεσ ανδ προmοτε χλεανυπ οφ χονταmινατεδ 
σιτεσ τηρουγη τηε υσε οφ αλλ οφ ΕΠΑ�σ χοmπλιανχε ασσυρανχε 
τοολσ, εσπεχιαλλψ ενφορχεmεντ αχτιονσ το αδδρεσσ 
ενϖιρονmενταλ ϖιολατιονσ.

Ιντροδυχτιον 

36 Σεε ε.γ., ΕΧΟΣ Ρεσολυτιον 98−9, Υ.Σ. ΕΠΑ Ενφορχεmεντ ιν Dελεγατεδ Στατεσ (ρεϖισεδ Σεπτεmβερ 28, 2016), δεσχριβινγ τηε ΕΠΑ ανδ στατε ρολεσ ιν ενφορχεmεντ 
ιν αυτηοριζεδ στατεσ: �WΗΕΡΕΑΣ, Υ.Σ. ΕΠΑ ανδ τηε Στατεσ ηαϖε βιλατεραλλψ δεϖελοπεδ πολιχψ αγρεεmεντσ ωηιχη ρεφλεχτ τηοσε ρολεσ ανδ ωηιχη ρεχογνιζε τηε 
πριmαρψ ρεσπονσιβιλιτψ φορ ενφορχεmεντ αχτιον ρεσιδεσ ωιτη τηε Στατεσ, ωιτη Υ.Σ. ΕΠΑ τακινγ ενφορχεmεντ αχτιον πρινχιπαλλψ ωηερε τηε Στατε ρεθυεστσ ασσιστανχε, 
ισ υνωιλλινγ ορ υναβλε το τακε τιmελψ ανδ αππροπριατε ενφορχεmεντ αχτιονσ, ορ ιν αχτιονσ οφ νατιοναλ ιντερεστ, ορ ιν αχτιονσ ινϖολϖινγ mυλτιπλε στατε ϕυρισδιχτιονσ.�

Φορ δεχαδεσ, τηε προτεχτιονσ mανδατεδ 

βψ φεδεραλ ενϖιρονmενταλ λαωσ ηαϖε βεεν 

εσσεντιαλ το τηε γροωτη οφ Αmεριχαν 

προσπεριτψ. Νονχοmπλιανχε ωιτη τηοσε 

λαωσ διmινισηεσ σηαρεδ προσπεριτψ 

ανδ υνφαιρλψ τιλτσ τηε φιελδ οφ εχονοmιχ 

χοmπετιτιον ιν φαϖορ οφ τηοσε τηατ σκιρτ 

τηε λαω. Το χαρρψ ουτ ιτσ mισσιον το προτεχτ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, ΕΠΑ, 

ιν χολλαβορατιον ωιτη στατε ανδ τριβαλ 

παρτνερσ, ρελιεσ ον α στρονγ νατιοναλ 

χοmπλιανχε ασσυρανχε ανδ χλεανυπ 

ενφορχεmεντ προγραm. Αν εφφεχτιϖε 

ενφορχεmεντ προγραm ισ κεψ το ενσυρινγ 

τηατ τηε αmβιτιουσ γοαλσ οφ τηε νατιον�σ 

ενϖιρονmενταλ στατυτεσ αρε ρεαλιζεδ.

ΕΠΑ�σ ενφορχεmεντ πριοριτιεσ ρεmαιν 

φοχυσεδ ον χλεανινγ υπ ηαζαρδουσ 

ωαστε σιτεσ ανδ αδδρεσσινγ τηε mοστ 

σιγνιφιχαντ ϖιολατιονσ χονσιστεντ ωιτη 

ΕΠΑ�σ στατυτορψ αυτηοριτιεσ. ΕΠΑ 

τακεσ τηε οϖερωηελmινγ mαϕοριτψ οφ 

ιτσ ενφορχεmεντ αχτιονσ ιν προγραmσ 

τηατ αρε: (1) νοτ δελεγαβλε το α στατε 

ορ τριβε; (2) ιν στατεσ ορ τριβεσ τηατ 

ηαϖε νοτ σουγητ αυτηοριζατιον το 

ιmπλεmεντ α δελεγαβλε προγραm; ορ (3) 

ιν στατεσ ορ τριβεσ τηατ δο νοτ ηαϖε τηε 

ρεσουρχεσ ορ εξπερτισε, ορ τηατ σεεκ 

ασσιστανχε φροm τηε Αγενχψ�ανδ τηεσε 

αχτιονσ αρε τακεν ιν χοορδινατιον ωιτη 

τηε στατεσ ανδ τριβεσ. Φορ στατεσ ανδ 

τριβεσ ωιτη αυτηοριζεδ προγραmσ, ΕΠΑ, 

στατεσ, ανδ τριβεσ σηαρε ενφορχεmεντ 

ρεσπονσιβιλιτψ, ωιτη πριmαρψ ενφορχεmεντ 

ρεσπονσιβιλιτψ ρεσιδινγ ωιτη τηε στατε36 

ορ τριβε. Φυρτηερ, ΕΠΑ ισ ρεσπονσιβλε 

φορ αδδρεσσινγ ϖιολατιονσ τηατ οχχυρ 

ιν Ινδιαν χουντρψ ιν τηε αβσενχε οφ αν 

αππροϖεδ προγραm.

Εϖεν ιν στατεσ ορ τριβεσ αυτηοριζεδ 

το ιmπλεmεντ α προγραm, ΕΠΑ σερϖεσ 

α χριτιχαλ ρολε ιν αδδρεσσινγ σεριουσ 

νατιοναλ νονχοmπλιανχε προβλεmσ, συχη 

ασ τηοσε αφφεχτινγ mυλτιπλε στατεσ ορ 

τριβεσ, ανδ ιν σερϖινγ ασ α βαχκστοπ φορ 

ινστανχεσ ωηεν α στατε ορ τριβε δοεσ 

νοτ τιmελψ ορ αππροπριατελψ αδδρεσσ 

σεριουσ νονχοmπλιανχε. ΕΠΑ αλσο mαψ 

ασσιστ α στατε ορ τριβε ιν ρεmεδψινγ 

νονχοmπλιανχε προβλεmσ ωηεν τηε 

στατε ορ τριβε ισ υναβλε το αδδρεσσ τηε 

προβλεm βεχαυσε ιτ λαχκσ τηε χαπαβιλιτψ 

ορ ρεσουρχεσ, συχη ασ ιν αχτιονσ αγαινστ 

οτηερ φεδεραλ ορ στατε αγενχιεσ. Φορ 

σοmε σεριουσ ϖιολατιονσ, τηε Αγενχψ 

ανδ στατεσ ορ τριβεσ mαψ δεχιδε τηατ 

τηε βεστ αππροαχη ισ α ϕοιντ ενφορχεmεντ 

αχτιον. Φυρτηερ, ΕΠΑ ωιλλ τακε ιmmεδιατε 

αχτιον ωηεν τηερε ισ αν ενϖιρονmενταλ 

εmεργενχψ, συχη ασ αν οιλ σπιλλ ορ χηεmιχαλ 
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αχχιδεντ. Τηρουγη τηε Στατε Ρεϖιεω 

Φραmεωορκ (ΣΡΦ), ΕΠΑ περιοδιχαλλψ 

ρεϖιεωσ αυτηοριζεδ στατε χοmπλιανχε 

mονιτορινγ ανδ ενφορχεmεντ προγραmσ, 

υσινγ χριτερια αγρεεδ υπον βψ στατεσ, το 

εϖαλυατε περφορmανχε αγαινστ νατιοναλ 

χοmπλιανχε mονιτορινγ ορ ενφορχεmεντ 

προγραm στανδαρδσ. Wηεν στατεσ δο 

νοτ αχηιεϖε στανδαρδσ, τηε Αγενχψ 

ωορκσ ωιτη τηεm το mακε προγρεσσ. 

Ηοωεϖερ, ΕΠΑ mαψ αλσο τακε α λεαδ 

ιmπλεmεντατιον ρολε ωηεν αυτηοριζεδ 

στατεσ ηαϖε α δοχυmεντεδ ηιστορψ οφ 

φαιλυρε το mακε προγρεσσ τοωαρδ mεετινγ 

νατιοναλ στανδαρδσ. Ιν αλλ οφ ιτσ ωορκ, 

ΕΠΑ�σ ενφορχεmεντ προγραm στριϖεσ το 

αδδρεσσ νονχοmπλιανχε ιν αν εφφιχιεντ 

ανδ τιmελψ mαννερ, αππλψινγ α βροαδ 

ρανγε οφ ενφορχεmεντ ανδ χοmπλιανχε 

τοολσ το αχηιεϖε τηε γοαλ οφ ρεδυχινγ 

νονχοmπλιανχε.

Λονγ−Τερm Περφορmανχε Γοαλσ
ΛΤΠΓ 3.1.1 Βψ Σεπτεmβερ 30, 2022, ρεδυχε τηε αϖεραγε τιmε φροm ϖιολατιον ιδεντιφιχατιον το 
χορρεχτιον.37

ΛΤΠΓ 3.1.2 Βψ Σεπτεmβερ 30, 2022, ινχρεασε τηε ενϖιρονmενταλ λαω χοmπλιανχε ρατε.38     

37 Βασελινε ωιλλ βε δετερmινεδ ιν ΦΨ 2018. 

38 Τηισ χονχεπτ ωιλλ βε πιλοτεδ βψ φοχυσινγ ινιτιαλλψ ον δεχρεασινγ τηε περχενταγε οφ Χλεαν Wατερ Αχτ (ΧWΑ) Νατιοναλ Πολλυταντ Dισχηαργε Ελιmινατιον Σψστεm 
(ΝΠDΕΣ) περmιττεεσ ιν σιγνιφιχαντ νονχοmπλιανχε ωιτη τηειρ περmιτ λιmιτσ. Τηε βασελινε ανδ ταργετσ ωιλλ βε δετερmινεδ ιν ΦΨ 2019. Οτηερ προγραm αρεασ 
mαψ βε ινχλυδεδ ιν τηισ λονγ−τερm περφορmανχε γοαλ δυρινγ τηε ΦΨ 2018−2022 τιmεφραmε. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ 
Φεβρυαρψ 12, 2018.)

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Χιϖιλ Ενφορχεmεντ

Τηε οϖεραλλ γοαλ οφ ΕΠΑ�σ χιϖιλ ενφορχεmεντ προγραm ισ το mαξιmιζε χοmπλιανχε ωιτη τηε νατιον�σ ενϖιρονmενταλ λαωσ ανδ ρεγυλατιονσ το 

προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. Τηε Αγενχψ ωορκσ χλοσελψ ωιτη τηε Υ.Σ. Dεπαρτmεντ οφ ϑυστιχε, στατεσ, τριβεσ, τερριτοριεσ, 

ανδ λοχαλ αγενχιεσ το ενσυρε χονσιστεντ ανδ φαιρ ενφορχεmεντ οφ αλλ mαϕορ ενϖιρονmενταλ στατυτεσ. ΕΠΑ ωιλλ σεεκ το στρενγτηεν 

ενϖιρονmενταλ παρτνερσηιπσ ωιτη ιτσ στατε ανδ τριβαλ παρτνερσ, ενχουραγε ρεγυλατεδ εντιτιεσ το χορρεχτ ϖιολατιονσ ραπιδλψ, ενσυρε τηατ 

ϖιολατορσ δο νοτ ρεαλιζε αν εχονοmιχ βενεφιτ φροm νονχοmπλιανχε, ανδ πυρσυε ενφορχεmεντ το δετερ φυτυρε ϖιολατιονσ.

ΕΠΑ ρεχογνιζεσ τηατ σιγνιφιχαντ ενϖιρονmενταλ προγρεσσ ηασ βεεν mαδε οϖερ τηε ψεαρσ, mυχη οφ ιτ δυε το ενφορχεmεντ εφφορτσ 

βψ ΕΠΑ, στατεσ, τριβεσ, ανδ λοχαλ χοmmυνιτιεσ. Το mαξιmιζε χοmπλιανχε οϖερ τηε νεξτ φιϖε ψεαρσ, τηε Αγενχψ ωιλλ ρεφοχυσ εφφορτσ 

τοωαρδ αρεασ ωιτη σιγνιφιχαντ νονχοmπλιανχε ισσυεσ ανδ ωηερε ενφορχεmεντ χαν αδδρεσσ τηε mοστ συβσταντιαλ ιmπαχτσ το ηυmαν 

ηεαλτη ανδ τηε ενϖιρονmεντ. ΕΠΑ αλσο ρεχογνιζεσ τηε ρολε οφ στατεσ ανδ τριβεσ ασ τηε πριmαρψ ιmπλεmεντερσ, ωηερε αυτηοριζεδ βψ 

ΕΠΑ το ιmπλεmεντ τηε φεδεραλ στατυτεσ, ανδ ωιλλ φοχυσ χοmπλιανχε ασσυρανχε ανδ ενφορχεmεντ ρεσουρχεσ ον διρεχτ ιmπλεmεντατιον 

ρεσπονσιβιλιτιεσ, αδδρεσσινγ τηε mοστ σιγνιφιχαντ ϖιολατιονσ, ανδ ασσιστινγ αυτηοριζεδ στατεσ ανδ τριβεσ ιν mεετινγ νατιοναλ στανδαρδσ. Φορ 

εξαmπλε, τηε Αγενχψ ωιλλ προϖιδε εξπερτισε ανδ ιmπλεmεντ χοmπλιανχε mονιτορινγ στρατεγιεσ τηατ ωιλλ ενσυρε α λεϖελ πλαψινγ φιελδ. ΕΠΑ 

ισ ρεσπονσιβλε φορ διρεχτ ιmπλεmεντατιον φορ προγραmσ τηατ αρε νοτ δελεγαβλε ορ ωηερε α στατε ορ τριβε ηασ νοτ σουγητ ορ οβταινεδ 



38
ΓΟΑΛ 3:  ΓΡΕΑΤΕΡ ΧΕΡΤΑΙΝΤΨ, ΧΟΜΠΛΙΑΝΧΕ, ΑΝD ΕΦΦΕΧΤΙςΕΝΕΣΣ

τηε αυτηοριτψ το ιmπλεmεντ α παρτιχυλαρ προγραm (ορ προγραm χοmπονεντ). Εξαmπλεσ οφ νον−δελεγαβλε προγραmσ ινχλυδε τηε ΧΑΑ 

mοβιλε σουρχε προγραm, πεστιχιδε λαβελινγ ανδ ρεγιστρατιον υνδερ ΦΙΦΡΑ, ϖιρτυαλλψ αλλ χοmπλιανχε ασσυρανχε ανδ ενφορχεmεντ ιν Ινδιαν 

χουντρψ, ενφορχεmεντ οφ τηε φεδεραλ Συπερφυνδ χλεανυπ προγραm, ανδ ενφορχεmεντ οφ νον−δελεγατεδ πορτιονσ οφ ϖαριουσ οτηερ λαωσ, 

ινχλυδινγ ΡΧΡΑ, τηε ΧWΑ, ανδ στρατοσπηεριχ οζονε υνδερ τηε ΧΑΑ. ΕΠΑ αλσο ωιλλ πυρσυε ενφορχεmεντ αχτιονσ ατ φεδεραλ φαχιλιτιεσ 

ωηερε σιγνιφιχαντ ϖιολατιονσ αρε δισχοϖερεδ, ωιλλ ενσυρε τηατ φεδεραλ φαχιλιτιεσ αρε ηελδ το τηε σαmε στανδαρδσ ασ τηε πριϖατε σεχτορ, ανδ 

ωιλλ προϖιδε τεχηνιχαλ ανδ σχιεντιφιχ συππορτ το στατεσ ανδ τριβεσ ωιτη αυτηοριζεδ προγραmσ. 

Χριmιναλ Ενφορχεmεντ

ΕΠΑ�σ Χριmιναλ Ενφορχεmεντ προγραm ενφορχεσ τηε νατιον�σ ενϖιρονmενταλ λαωσ τηρουγη ταργετεδ ινϖεστιγατιον οφ χριmιναλ χονδυχτ 

χοmmιττεδ βψ ινδιϖιδυαλ ανδ χορπορατε δεφενδαντσ τηατ τηρεατεν πυβλιχ ηεαλτη ανδ τηε ενϖιρονmεντ. Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ 

ωιλλ χολλαβορατε ανδ χοορδινατε ωιτη τηε Υ.Σ. Dεπαρτmεντ οφ ϑυστιχε ανδ στατε, τριβαλ, ανδ λοχαλ λαω ενφορχεmεντ χουντερπαρτσ το 

ενσυρε τηατ τηε Αγενχψ ρεσπονδσ το ϖιολατιονσ ασ θυιχκλψ ανδ εφφεχτιϖελψ ασ ποσσιβλε. ΕΠΑ ενφορχεσ τηε νατιον�σ ενϖιρονmενταλ λαωσ 

τηρουγη ταργετεδ ινϖεστιγατιον οφ χριmιναλ χονδυχτ χοmmιττεδ βψ ινδιϖιδυαλ ανδ χορπορατε δεφενδαντσ τηατ τηρεατενσ ηυmαν ηεαλτη 

ανδ τηε ενϖιρονmεντ. Τηε Αγενχψ πλαψσ α χριτιχαλ ρολε αχροσσ τηε χουντρψ σινχε στατεσ ανδ τριβεσ ηαϖε λιmιτεδ χαπαχιτψ το προσεχυτε 

ενϖιρονmενταλ χριmεσ. Τηε Αγενχψ ωιλλ φοχυσ ρεσουρχεσ ον τηε mοστ εγρεγιουσ ενϖιρονmενταλ χασεσ (ι.ε., τηοσε πρεσεντινγ 

σιγνιφιχαντ ηυmαν ηεαλτη ανδ ενϖιρονmενταλ ιmπαχτσ).  

Χλεανυπ Ενφορχεmεντ

Τηρουγη τηε Χοmπρεηενσιϖε Ενϖιρονmενταλ Ρεσπονσε, Χοmπενσατιον, ανδ Λιαβιλιτψ Αχτ (ΧΕΡΧΛΑ, ορ Συπερφυνδ), ΕΠΑ ωιλλ 

φαχιλιτατε προmπτ σιτε χλεανυπ ανδ υσε αν �ενφορχεmεντ φιρστ� αππροαχη τηατ mαξιmιζεσ τηε παρτιχιπατιον οφ λιαβλε ανδ ϖιαβλε παρτιεσ 

ιν περφορmινγ ανδ παψινγ φορ χλεανυπσ. Τηε Αγενχψ ωιλλ προτεχτ χοmmυνιτιεσ βψ ενσυρινγ τηατ ποτεντιαλλψ ρεσπονσιβλε παρτιεσ (ΠΡΠσ) 

χονδυχτ χλεανυπσ ατ Συπερφυνδ σιτεσ, πρεσερϖινγ φεδεραλ ταξπαψερ δολλαρσ φορ σιτεσ ωηερε τηερε αρε νο ϖιαβλε χοντριβυτινγ παρτιεσ, 

ανδ βψ ρεχοϖερινγ χοστσ ιφ τηε ΕΠΑ εξπενδσ Συπερφυνδ−αππροπριατεδ δολλαρσ το χλεαν υπ σιτεσ. ΕΠΑ αλσο ωιλλ αδδρεσσ λιαβιλιτψ χονχερνσ 

τηατ χαν βε α βαρριερ το ποτεντιαλ ρευσε. Αδδρεσσινγ τηε ρισκσ ποσεδ βψ Συπερφυνδ σιτεσ ανδ ρετυρνινγ τηεm το προδυχτιϖε υσε 

στρενγτηενσ τηε εχονοmψ ανδ σπυρσ εχονοmιχ γροωτη. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ φοχυσ ιτσ ρεσουρχεσ ον τηε ηιγηεστ πριοριτψ σιτεσ, παρτιχυλαρλψ τηοσε τηατ mαψ πρεσεντ αν 

ιmmεδιατε ρισκ το ηυmαν ηεαλτη ορ τηε ενϖιρονmεντ. Ιν αχχορδανχε ωιτη τηε Συπερφυνδ Τασκ Φορχε Ρεπορτ, τηε Αγενχψ ωιλλ 

ιmπροϖε ανδ ρεϖιταλιζε τηε Συπερφυνδ προγραm το ενσυρε τηατ χονταmινατεδ σιτεσ αχροσσ τηε χουντρψ αρε ρεmεδιατεδ το προτεχτ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, ανδ ρετυρνεδ το βενεφιχιαλ ρευσε ασ εξπεδιτιουσλψ ασ ποσσιβλε. Ατ φεδεραλλψ−οωνεδ σιτεσ, ΕΠΑ ωιλλ 

αλσο φοχυσ ον ρεσολϖινγ φορmαλ δισπυτεσ υνδερ τηε φεδεραλ φαχιλιτψ αγρεεmεντσ. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ 

Αδϖανχεδ mονιτορινγ τεχηνολογψ ανδ ινφορmατιον τεχηνολογψ αρε ραπιδλψ εϖολϖινγ, ανδ αδϖανχεσ ιν τηεσε φιελδσ οφφερ γρεατ 

οππορτυνιτιεσ φορ ιmπροϖινγ τηε αβιλιτψ οφ ΕΠΑ, στατεσ, ανδ τριβεσ το ενσυρε χοmπλιανχε. ΕΠΑ, στατεσ, ανδ τριβεσ δο, ηοωεϖερ, φαχε 

χηαλλενγεσ ιν κεεπινγ υπ ωιτη τηε ραπιδ παχε οφ χηανγε ιν τηεσε τεχηνολογιεσ. Ιν αδδιτιον, σοχιαλ σχιενχε ρεσεαρχη ανδ κνοωλεδγε 

mαψ οφφερ ιννοϖατιϖε ωαψσ το προmοτε χοmπλιανχε. ΕΠΑ ισ παρτνερινγ ωιτη στατεσ ανδ τριβεσ το ηελπ πρεπαρε φορ ανδ υσε τηεσε 

αδϖανχεδ mονιτορινγ τεχηνολογιεσ, χονσιστεντ ωιτη στατυτορψ ανδ ρεγυλατορψ οβλιγατιονσ. Τηε Αγενχψ ωιλλ χολλαβορατε ωιτη ΕΧΟΣ 

ανδ στατε ασσοχιατιονσ το mαξιmιζε τηε υσε οφ τηεσε τεχηνολογιεσ ανδ mοδερνιζε προγραmσ. ΕΠΑ, ιν χολλαβορατιον ωιτη στατεσ, 

ισ ωορκινγ ωιτη τηε αχαδεmιχ χοmmυνιτψ το ιδεντιφψ νεω ωαψσ το ιmπροϖε χοmπλιανχε. Φορ εξαmπλε, ΕΠΑ ωιλλ ωορκ ωιτη στατεσ 

ανδ αχαδεmιχσ το πιλοτ ανδ εϖαλυατε ιννοϖατιϖε χοmπλιανχε mετηοδσ.39 ΕΠΑ ωιλλ ωορκ ωιτη στατεσ το ιντεγρατε αδϖανχεδ πολλυτιον 

mονιτορινγ ανδ ινφορmατιον τεχηνολογψ ιντο Αγενχψ ωορκ. 

39 ΕΧΟΣ Ρεσολυτιον 17−2: Ον τηε ςαλυε οφ Dιϖερσε ανδ Ιννοϖατιϖε Αππροαχηεσ το Αδϖανχε Χοmπλιανχε (2017)
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Οβϕεχτιϖε 3.2
Χρεατε Χονσιστενχψ ανδ Χερταιντψ
Ουτλινε εξαχτλψ ωηατ ισ εξπεχτεδ οφ τηε ρεγυλατεδ 
χοmmυνιτψ το ενσυρε γοοδ στεωαρδσηιπ ανδ ποσιτιϖε 
ενϖιρονmενταλ ουτχοmεσ. 

Ιντροδυχτιον
Τηε ρεγυλατορψ φραmεωορκ ισ ινηερεντλψ 

δψναmιχ. Ασ παρτ οφ ιτσ στατυτορψ 

οβλιγατιονσ, ΕΠΑ ισ ρεθυιρεδ το πυβλιση 

mανψ ρεγυλατιονσ ωιτηιν α σετ τιmεφραmε 

εαχη ψεαρ τηατ ιmπλεmεντ ενϖιρονmενταλ 

προγραmσ ανδ ασσιστ τηε Αγενχψ 

ιν mεετινγ ιτσ χορε mισσιον. Τηεσε 

ρεγυλατιονσ αδδρεσσ νεωλψ mανδατεδ 

ρεσπονσιβιλιτιεσ ασ ωελλ ασ υπδατεσ ανδ 

ρεϖισιονσ το εξιστινγ ρεγυλατιονσ. Ασ 

ΕΠΑ mεετσ ιτσ οβλιγατιονσ το προτεχτ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ 

τηρουγη ρεγυλατορψ αχτιον, ιτ mυστ 

αλσο mεετ ανοτηερ κεψ ρεσπονσιβιλιτψ 

� mινιmιζινγ �ρεγυλατορψ υνχερταιντψ� 

τηατ υννεχεσσαριλψ χαυσεσ βυσινεσσεσ 

ανδ χοmmυνιτιεσ το φαχε δελαψσ, 

πλαννινγ ινεφφιχιενχιεσ, ανδ χοmπλιανχε 

χοmπλεξιτιεσ τηατ ιmπεδε ενϖιρονmενταλ 

προτεχτιον, εχονοmιχ γροωτη, ανδ 

δεϖελοπmεντ. ΕΠΑ ωιλλ εmπλοψ α σετ 

οφ στρατεγιεσ το ρεδυχε ρεγυλατορψ 

υνχερταιντψ ωηιλε χοντινυινγ το ιmπροϖε 

ηυmαν ηεαλτη ανδ ενϖιρονmενταλ 

ουτχοmεσ χονσιστεντ ωιτη τηε Αγενχψ�σ 

αυτηοριτιεσ ασ εσταβλισηεδ βψ Χονγρεσσ 

ανδ ωηιλε χονσιδερινγ υνιθυε στατε, τριβαλ, 

ανδ λοχαλ χιρχυmστανχεσ. Τηεσε στρατεγιεσ, 

ωηιχη ρεφλεχτ ΕΠΑ�σ χοmmιτmεντ το 

χοοπερατιϖε φεδεραλισm ανδ χοmmιτmεντ 

το τηε ρυλε οφ λαω, ωιλλ αλσο ηελπ αδϖανχε 

Αγενχψ γοαλσ φορ στρεαmλινινγ ανδ 

mοδερνιζινγ περmιττινγ ανδ ενηανχινγ 

σηαρεδ αχχουνταβιλιτψ.

Λονγ−Τερm Περφορmανχε Γοαλσ 

ΛΤΠΓ 3.2.1 Βψ Σεπτεmβερ 30, 2022, mεετ 100% οφ λεγαλ δεαδλινεσ ιmποσεδ ον ΕΠΑ.40

ΛΤΠΓ 3.2.2 Βψ Σεπτεmβερ 30, 2022, ελιmινατε υννεχεσσαρψ ορ δυπλιχατιϖε ρεπορτινγ βυρδενσ το τηε 
ρεγυλατεδ χοmmυνιτψ βψ 10,000,000 ηουρσ.41

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Ασ ΕΠΑ ισσυεσ νεω ορ ρεϖισεδ ρεγυλατιονσ, βυσινεσσεσ ανδ ινδιϖιδυαλσ χαν φινδ ιτ χηαλλενγινγ το κνοω ωηιχη ρυλεσ αππλψ το τηεm ανδ 

το αδϕυστ τηειρ χοmπλιανχε στρατεγιεσ. Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ ρεινϖιγορατε ιτσ αππροαχη το ρεγυλατορψ δεϖελοπmεντ ανδ 

40 Βασελινε ωιλλ βε δετερmινεδ ιν ΦΨ 2019. (Νο φοοτνοτε ιν ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.) 
41 Βασελινε ισ εστιmατεδ ατ 173,849,665 ινφορmατιον χολλεχτιον ανδ ρεπορτινγ ηουρσ.
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πριοριτιζε mεετινγ ιτσ στατυτορψ δεαδλινεσ το ενσυρε τηατ εξπεχτατιονσ φορ τηε ρεγυλατεδ χοmmυνιτψ ανδ τηε πυβλιχ αρε χλεαρ ανδ 

χοmπρεηενσιϖε ανδ τηατ Αγενχψ αχτιονσ αρε δεφενσιβλε ανδ χονσιστεντ ωιτη ιτσ αυτηοριτιεσ. Τηε Αγενχψ ωιλλ υσε νεω αππροαχηεσ 

ανδ φλεξιβλε τοολσ το mινιmιζε ρεγυλατορψ υνχερταιντψ ανδ ωιλλ χοmmυνιχατε mορε χοmπρεηενσιϖελψ το ρεαλιζε mορε χονσιστεντ 

ανδ βεττερ ενϖιρονmενταλ ουτχοmεσ, ωηιλε χεντερινγ ωορκ ον στατυτορψ ανδ ρεγυλατορψ οβλιγατιονσ. ΕΠΑ ωιλλ στρενγτηεν ωορκινγ 

ρελατιονσηιπσ ωιτη ινδυστρψ σεχτορσ το βεττερ υνδερστανδ τηειρ νεεδσ ανδ χηαλλενγεσ ιν ιmπλεmεντινγ Αγενχψ ρεθυιρεmεντσ ανδ ωιτη 

χοmmυνιτιεσ το υνδερστανδ τηειρ χονχερνσ. Τηισ κνοωλεδγε ωιλλ εναβλε τηε Αγενχψ το δεϖελοπ βεττερ πολιχιεσ ανδ ρεγυλατιονσ το 

προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ ιν λινε ωιτη τηε αυτηοριτιεσ γιϖεν το ΕΠΑ βψ Χονγρεσσ.

Ον αϖεραγε, τηε ΕΠΑ φαχεσ αππροξιmατελψ 20 λεγαλ χηαλλενγεσ υνδερ τηε ϖαριουσ ενϖιρονmενταλ στατυτεσ εαχη ψεαρ τηατ ασσερτ τηατ 

τηε Αγενχψ mισσεδ α στατυτορψ ορ ρεγυλατορψ δεαδλινε φορ τακινγ αν αχτιον ορ υνρεασοναβλψ δελαψεδ τακινγ αν αχτιον. Ιν αδδιτιον, 

τηε Αγενχψ φαχεσ νεαρλψ τηε σαmε νυmβερ οφ λεγαλ χηαλλενγεσ υνδερ ΦΟΙΑ φορ φαιλυρε το χοmπλψ ωιτη τηε δεαδλινεσ ιν τηατ λαω. 

Ρεσπονδινγ το τηεσε χηαλλενγεσ οφτεν διϖερτσ σιγνιφιχαντ ΕΠΑ ρεσουρχεσ αωαψ φροm πριοριτψ αχτιϖιτιεσ, ανδ χουλδ ιmπαχτ τηε Αγενχψ�σ 

αβιλιτψ το φυλφιλλ ιτσ χοmmιτmεντσ. Ιν ορδερ το φαχιλιτατε αχηιεϖεmεντ οφ τηισ γοαλ, ΕΠΑ ωιλλ υνδερτακε α σψστεmατιχ mαππινγ οφ τηε 

προχεσσεσ ασσοχιατεδ ωιτη τηεσε οβλιγατιονσ ανδ ιmπλεmεντ ιmπροϖεmεντσ ωηερε νεεδεδ.

Ιν αδδιτιον, ΕΠΑ ωιλλ δεϖελοπ ανδ ενγαγε στακεηολδερσ ιν ρεϖιεωινγ α δραφτ βασε χαταλογ οφ ρεσπονσιβιλιτιεσ τηατ στατυτεσ ρεθυιρε 

ΕΠΑ το περφορm ιν προγραmσ δελεγατεδ το στατεσ ανδ τριβεσ. Τηε βασε χαταλογ, το βε χοmπλετε βψ 2019 ανδ συβσεθυεντλψ υπδατεδ 

ασ νεχεσσαρψ, ωιλλ προϖιδε ΕΠΑ α φουνδατιον το mακε δεχισιονσ τηατ ρεδυχε χοντραδιχτορψ πολιχψ δετερmινατιονσ ατ ηεαδθυαρτερσ 

ανδ αχροσσ ρεγιονσ. Ιτ ωιλλ αλσο συππορτ ΕΠΑ χοοπερατιϖε φεδεραλισm χοmmιτmεντσ αιmεδ ατ mινιmιζινγ δυπλιχατιον ανδ οϖερλαπ 

αmονγ ρεγιονσ, ηεαδθυαρτερσ, στατεσ, ανδ τριβεσ. Τηισ εφφορτ αλσο λεϖεραγεσ τηε χοmmιτmεντ τηατ ΕΠΑ ισ mακινγ υνδερ χοοπερατιϖε 

φεδεραλισm το ιδεντιφψ, φορ αλλ ενϖιρονmενταλ mεδια, αν ινϖεντορψ ανδ τιmελινε φορ στατε−λεδ περmιτσ τηατ ΕΠΑ ρεϖιεωσ. 

 

Τηε Αγενχψ ωιλλ ενσυρε χονσιστεντ ιmπλεmεντατιον οφ πολιχιεσ αχροσσ αλλ ρεγιονσ. ΕΠΑ ωιλλ αλσο ωορκ τοωαρδσ mορε χοοπερατιϖε 

δεχισιον mακινγ βετωεεν ΕΠΑ�σ ρεγιονσ ανδ ηεαδθυαρτερσ, ωηεν νεχεσσαρψ. ΕΠΑ ωιλλ ρεϖιεω ρεγυλατορψ γυιδανχε δοχυmεντσ το 
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ιδεντιφψ κεψ οππορτυνιτιεσ ανδ ωιλλ χλαριφψ ανδ ρεαλιγν Αγενχψ αππροαχηεσ το ιmπροϖε χονσιστενχψ ανδ χλαριτψ. ΕΠΑ ωιλλ στρενγτηεν 

ωορκινγ ρελατιονσηιπσ ωιτη στατεσ, τριβεσ, ανδ λοχαλ χοmmυνιτιεσ το τρανσφερ κνοωλεδγε, λεϖεραγινγ ιτσ χοmmιτmεντσ υνδερ 

χοοπερατιϖε φεδεραλισm, συχη ασ χολλαβορατιον υνδερ Ε−Εντερπρισε φορ τηε Ενϖιρονmεντ. ΕΠΑ ωιλλ mακε αϖαιλαβλε το στατεσ ανδ τριβεσ 

τοολσ ορ σερϖιχεσ δεσιγνεδ βψ οτηερ φεδεραλ αγενχιεσ, στατεσ, τριβεσ, ορ λοχαλ χοmmυνιτιεσ τηατ ενηανχε εφφιχιενχψ ανδ ρεδυχε βυρδεν 

ον τηε ρεγυλατεδ χοmmυνιτψ ωηιλε ενσυρινγ προτεχτιον οφ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ.

ΕΠΑ ωιλλ ωορκ ωιτη στατεσ ανδ τριβεσ το αχηιεϖε τηισ οβϕεχτιϖε ωιτηουτ οϖερβυρδενινγ τηοσε εντιτιεσ ωιτη χοστλψ υννεχεσσαρψ 

ρεπορτινγ σψστεmσ ανδ τεχηνολογψ. Βυιλδινγ ον εφφορτσ το δατε, συχη ασ υνδερ Ε−Εντερπρισε, ΕΠΑ ωιλλ χολλαβορατε ωιτη ιτσ παρτνερσ ον 

σψστεmσ ανδ σερϖιχεσ, ινχλυδινγ βυτ νοτ λιmιτεδ το:

ξ� Ε−ρεπορτινγ: Α σψστεmατιχ διγιταλ αππροαχη τηατ εναβλεσ στατεσ, τριβεσ, ανδ τηε ρεγυλατεδ χοmmυνιτψ το mοϖε φροm παπερ−βασεδ 

το ελεχτρονιχ ρεπορτινγ.

ξ� Τηε Ενϖιρονmενταλ Ινφορmατιον Εξχηανγε Νετωορκ: Μαναγεδ υνδερ τηε χολλαβορατιϖε λεαδερσηιπ οφ ΕΠΑ, στατεσ, τερριτοριεσ, 

ανδ τριβεσ, α χοmmυνιχατιον, δατα, ανδ σερϖιχεσ πλατφορm φορ συβmιττινγ ανδ σηαρινγ ενϖιρονmενταλ ινφορmατιον αmονγ 

παρτνερσ το φοστερ ινφορmεδ δεχισιον mακινγ. 

ξ� ΣΠεΧΣ φορ ΣΙΠσ (Στατε Πλαν Ελεχτρονιχ Χολλεχτιον Σψστεm φορ Στατε Ιmπλεmεντατιον Πλανσ): Α ωεβ−βασεδ σψστεm φορ αυτηοριζεδ 

στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντσ το συβmιτ ανδ mαναγε ΣΙΠσ υνδερ τηε Χλεαν Αιρ Αχτ.

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

Α νυmβερ οφ φαχτορσ ανδ εmεργινγ ισσυεσ mαψ ιmπεδε τηε Αγενχψ�σ αβιλιτψ το mεετ τηισ στρατεγιχ οβϕεχτιϖε. Συσταιναβλε ρεσουρχε λεϖελσ 

ανδ α στρονγ ωορκφορχε αρε χριτιχαλ το συχχεσσ. Προποσινγ ανδ φιναλιζινγ ρεγυλατιονσ ισ οφτεν α mυλτι−ψεαρ προχεσσ, ωηιχη χαν βε χηαλλενγεδ 

βψ λαωσυιτσ χαυσινγ φυρτηερ δελαψσ. Φορ εξαmπλε, τεχηνιχαλ χοmπλεξιτψ αλσο χρεατεσ χηαλλενγεσ ιν mεετινγ αγγρεσσιϖε δεαδλινεσ.
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Οβϕεχτιϖε 3.3
Πριοριτιζε Ροβυστ Σχιενχε
Ρεφοχυσ τηε ΕΠΑ�σ ροβυστ ρεσεαρχη ανδ σχιεντιφιχ αναλψσισ  
το ινφορm πολιχψ mακινγ.

Ιντροδυχτιον

42 ΕΠΑ ρεσεαρχη υνδερ Ηοmελανδ Σεχυριτψ συππορτσ εφφορτσ ουτλινεδ ιν Α Χλεανερ, Ηεαλτηιερ Ενϖιρονmεντ  (Γοαλ 1) οβϕεχτιϖεσ.
43 Φορ mορε ινφορmατιον ον τηε Ιντερστατε Τεχηνολογψ ανδ Ρεγυλατορψ Χουνχιλ, γο το ηττπ://ωωω.ιτρχωεβ.οργ/.

ΕΠΑ ωιλλ ιδεντιφψ, ασσεσσ, χονδυχτ, ανδ 

αππλψ τηε βεστ αϖαιλαβλε σχιενχε το αδδρεσσ 

χυρρεντ ανδ φυτυρε ενϖιρονmενταλ ηαζαρδσ, 

δεϖελοπ νεω αππροαχηεσ, ανδ ιmπροϖε 

τηε σχιεντιφιχ φουνδατιον φορ ενϖιρονmενταλ 

προτεχτιον δεχισιονσ. ΕΠΑ χονδυχτσ 

προβλεm−δριϖεν, ιντερδισχιπλιναρψ ρεσεαρχη 

το αδδρεσσ σπεχιφιχ ενϖιρονmενταλ ρισκσ, 

ανδ ισ χοmmιττεδ το υσινγ σχιενχε ανδ 

ιννοϖατιον το ρεδυχε ρισκσ το ηυmαν 

ηεαλτη ανδ τηε ενϖιρονmεντ, βασεδ ον 

νεεδσ ιδεντιφιεδ βψ ΕΠΑ�σ προγραm ανδ 

ρεγιοναλ οφφιχεσ ανδ ασ ωελλ ασ στατε ανδ 

τριβαλ παρτνερσ. Σπεχιφιχαλλψ, οϖερ τηε νεξτ 

φιϖε ψεαρσ, τηε Αγενχψ ωιλλ στρενγτηεν 

αλιγνmεντ οφ ιτσ ρεσεαρχη το συππορτ ΕΠΑ 

προγραmσ, ρεγιονσ, στατεσ, ανδ τριβεσ ιν 

αχχοmπλισηινγ τηειρ τοπ ηυmαν ηεαλτη 

ανδ ενϖιρονmενταλ προτεχτιον πριοριτιεσ 

φορ ιmπροϖεδ αιρ θυαλιτψ, χλεαν ανδ σαφε 

ωατερ, ρεϖιταλιζεδ λανδ, ανδ χηεmιχαλ 

σαφετψ.42 Wορκινγ χλοσελψ ωιτη ΕΧΟΣ 

ανδ ιτσ συβσιδιαρψ, τηε Ενϖιρονmενταλ 

Ρεσεαρχη Ινστιτυτε οφ τηε Στατεσ (ΕΡΙΣ), 

τηε Αγενχψ ωιλλ στριϖε το χοννεχτ στατε 

ρεσεαρχη νεεδσ ωιτη Αγενχψ πριοριτιεσ, 

ανδ ωορκ το ιmπροϖε χοmmυνιχατιον 

οφ ρεσεαρχη ρεσυλτσ. Τηρουγη τηε πυβλιχ−

πριϖατε χοαλιτιον Ιντερστατε Τεχηνολογψ 

ανδ Ρεγυλατορψ Χουνχιλ,43 ΕΠΑ ωιλλ 

ενχουραγε τηε αδοπτιον οφ ιννοϖατιϖε 

τεχηνολογιεσ ανδ σολυτιονσ. Τηε Αγενχψ 

ωιλλ αλσο εmπηασιζε τηε τρανσλατιον οφ ιτσ 

ωορκ προδυχτσ φορ ενδ υσερ αππλιχατιον 

ανδ φεεδβαχκ.

ΕΠΑ ρεσεαρχη ωιλλ βε ρεϖιεωεδ βψ 

ϖαριουσ σχιεντιφιχ αδϖισορψ βοαρδσ (ε.γ., 

Βοαρδ οφ Σχιεντιφιχ Χουνσελορσ) τηατ 

αρε mαδε υπ οφ ρεχογνιζεδ εξπερτσ 

ιν ϖαριουσ σχιεντιφιχ, ενγινεερινγ, ανδ 

σοχιαλ σχιενχε φιελδσ ανδ mαψ βε φροm 

ινδυστρψ; βυσινεσσ; πυβλιχ ανδ πριϖατε 

ρεσεαρχη ινστιτυτεσ ορ οργανιζατιονσ; 

αχαδεmια; φεδεραλ, στατε, τριβαλ, ανδ 

λοχαλ γοϖερνmεντσ; νονγοϖερνmενταλ 

οργανιζατιονσ; ανδ οτηερ ρελεϖαντ 

ιντερεστ αρεασ. 
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Λονγ−Τερm Περφορmανχε Γοαλ
ΛΤΠΓ 3.3.1 Βψ Σεπτεmβερ 30, 2022, ινχρεασε τηε περχενταγε οφ ρεσεαρχη προδυχτσ mεετινγ χυστοmερ 
νεεδσ.44

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

Αιρ Θυαλιτψ

ΕΠΑ�σ ρεσεαρχη ωιλλ αδϖανχε τηε σχιενχε ανδ προϖιδε τηε ινφορmατιον χριτιχαλ το ιmπροϖε αιρ θυαλιτψ ανδ το ινφορm στατιοναρψ 

σουρχε ρεγυλατιονσ; ϖεηιχλε ανδ φυελ στανδαρδσ ανδ χερτιφιχατιον; εmισσιον ινϖεντοριεσ; αιρ θυαλιτψ ασσεσσmεντσ; ανδ δοmεστιχ οζονε 

αχτιονσ. Τηε ρεσυλτσ οφ Αγενχψ ρεσεαρχη το συππορτ αιρ θυαλιτψ προγραm πριοριτιεσ ωιλλ ινφορm ΕΠΑ προγραmσ; στατε, τριβαλ, ανδ λοχαλ 

αιρ προγραmσ; χοmmυνιτιεσ; ανδ ινδιϖιδυαλσ αβουτ mεασυρεσ ανδ στρατεγιεσ το ρεδυχε αιρ πολλυτιον. Ρεσεαρχηερσ ωιλλ πυβλιση πεερ−

ρεϖιεωεδ σχιεντιφιχ ϕουρναλ αρτιχλεσ το δισσεmινατε ρεσεαρχη φινδινγσ ασ αππροπριατε ανδ χονσιστεντ ωιτη ρεσουρχε ανδ προγραm νεεδσ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, τηε Αγενχψ ωιλλ:

ξ� Dελιϖερ στατε−οφ−τηε−αρτ τοολσ φορ στατεσ ανδ τριβεσ το υσε ιν ιδεντιφψινγ εφφεχτιϖε εmισσιον ρεδυχτιον στρατεγιεσ το mεετ 

νατιοναλ αmβιεντ αιρ θυαλιτψ στανδαρδσ ανδ ενηανχε αιρ θυαλιτψ mεασυρεmεντ mετηοδσ υσεδ το ασχερταιν χοmπλιανχε 

ωιτη ΝΑΑΘΣ.

ξ� Ασσεσσ ηυmαν ανδ εχοσψστεm εξποσυρεσ ανδ εφφεχτσ ασσοχιατεδ ωιτη αιρ πολλυταντσ ον ινδιϖιδυαλ, χοmmυνιτψ, ρεγιοναλ, ανδ 

γλοβαλ σχαλεσ.

ξ� Dεϖελοπ ανδ εϖαλυατε αππροαχηεσ το πρεϖεντ ανδ ρεδυχε πολλυτιον, παρτιχυλαρλψ συσταιναβλε, χοστ−εφφεχτιϖε, ανδ ιννοϖατιϖε 

mυλτι−πολλυταντ ανδ σεχτορ−βασεδ αππροαχηεσ.

ξ� Προϖιδε ηυmαν εξποσυρε ανδ ενϖιρονmενταλ mοδελινγ, mονιτορινγ, mετριχσ, ανδ ινφορmατιον νεεδεδ το ινφορm αιρ θυαλιτψ 

δεχισιον mακινγ ατ τηε στατε, τριβαλ, ανδ λοχαλ λεϖελ.

Σαφε ανδ Συσταιναβλε Wατερ Ρεσουρχεσ

ΕΠΑ ωιλλ δεϖελοπ ιννοϖατιϖε, χοστ−εφφεχτιϖε σολυτιονσ το χυρρεντ, εmεργινγ, ανδ λονγ−τερm ωατερ ρεσουρχε χηαλλενγεσ φορ χοmπλεξ 

χηεmιχαλ ανδ βιολογιχαλ χονταmιναντσ. Υσινγ α σψστεmσ αππροαχη το δεϖελοπ σχιεντιφιχ ανδ τεχηνολογιχαλ σολυτιονσ φορ προτεχτινγ 

ηυmαν ηεαλτη ανδ αθυατιχ εχοσψστεmσ, ΕΠΑ ρεσεαρχηερσ παρτνερ ωιτη προγραm εξπερτσ; φεδεραλ ανδ στατε αγενχιεσ; τριβεσ; λοχαλ 

χοmmυνιτιεσ; αχαδεmια; νονγοϖερνmενταλ οργανιζατιονσ; ανδ πριϖατε στακεηολδερσ. 

44 Μεασυρε τεξτ υπδατεδ φροm �Βψ Σεπτεmβερ 30, 2022, ινχρεασε τηε νυmβερ οφ ρεσεαρχη προδυχτσ mεετινγ χυστοmερ νεεδσ.� Βασεδ ον α πιλοτ συρϖεψ, 77% οφ 
προδυχτσ ωερε δελιϖερεδ ιν ΦΨ 2018 τηατ mετ χυστοmερ νεεδσ. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
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Οϖερ τηε νεξτ φιϖε ψεαρσ, τηε Αγενχψ ωιλλ:

ξ� Συππορτ σαφε δρινκινγ ωατερ βψ φοχυσινγ ρεσεαρχη ον ασσεσσινγ τηε διστριβυτιον, χοmποσιτιον, ρεmεδιατιον, ανδ ηεαλτη ιmπαχτσ 

οφ κνοων ανδ εmεργινγ χηεmιχαλ ανδ βιολογιχαλ χονταmιναντσ.

ξ� Ιmπροϖε mετηοδσ φορ φαστ ανδ εφφιχιεντ ωατερβορνε πατηογεν mονιτορινγ ιν ρεχρεατιοναλ ωατερσ. 

ξ� Ινϖεστιγατε ηεαλτη ιmπαχτσ φροm εξποσυρε το ηαρmφυλ αλγαλ/χψανοβαχτερια τοξινσ, ανδ δεϖελοπ ιννοϖατιϖε mετηοδσ το mονιτορ, 

χηαραχτεριζε, ανδ πρεδιχτ βλοοmσ φορ εαρλψ αχτιον.

ξ� Συππορτ στατεσ ανδ τριβεσ ιν mεετινγ τηειρ πριοριτιεσ ανδ σεττινγ ωατερ θυαλιτψ ανδ αθυατιχ λιφε τηρεσηολδσ.

ξ� Ασσιστ στατεσ, τριβεσ, χοmmυνιτιεσ, ανδ υτιλιτιεσ ιν αδδρεσσινγ στορmωατερ ανδ ωαστεωατερ ινφραστρυχτυρε νεεδσ τηρουγη αππλιεδ 

mοδελινγ, τεχηνιχαλ ασσιστανχε, ανδ χαπτυρε−ανδ−ρευσε ρισκ ασσεσσmεντσ. 

ξ� Προϖιδε ωατερ ρευσε ρεσεαρχη συππορτ ον ποταβλε ανδ νον−ποταβλε υσε γυιδανχε φορ στατεσ ανδ τριβεσ.

Συσταιναβλε ανδ Ηεαλτηψ Χοmmυνιτιεσ

ΕΠΑ ωιλλ χονδυχτ ρεσεαρχη το συππορτ ρεγυλατορψ αχτιϖιτιεσ ανδ προτοχολ δεϖελοπmεντ φορ τηε Νατιοναλ Οιλ ανδ Ηαζαρδουσ 

Συβστανχεσ Πολλυτιον Χοντινγενχψ Πλαν ανδ προϖιδε ον−δεmανδ τεχηνιχαλ συππορτ ατ χλεανυπ σιτεσ mαναγεδ βψ φεδεραλ, στατε 

ορ τριβαλ γοϖερνmεντσ, ασ ωελλ ασ ασσιστανχε δυρινγ εmεργενχιεσ. Τηε Αγενχψ χονδυχτσ ηεαλτη, ενϖιρονmενταλ ενγινεερινγ, ανδ 

εχολογιχαλ ρεσεαρχη ανδ πρεπαρεσ πλαννινγ ανδ αναλψσισ τοολσ φορ λοχαλιτιεσ νατιονωιδε το υσε ιν φαχιλιτατινγ ρεγυλατορψ χοmπλιανχε 

ανδ ιmπροϖινγ ενϖιρονmενταλ ανδ ηεαλτη ουτχοmεσ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ:
 

ξ� Προϖιδε τεχηνιχαλ συππορτ το τηε στατεσ ανδ τριβεσ τηρουγη τεχηνιχαλ συππορτ χεντερσ φορ ρεmεδιατινγ ΧΕΡΧΛΑ−δεσιγνατεδ 

χονταmινατεδ σιτεσ ανδ ρετυρνινγ τηεm το προδυχτιϖε υσε.

ξ� Ασσιστ ρεγιοναλ, στατε, τριβαλ, ανδ λοχαλ λεαδερσ ιν ρεδυχινγ χοστσ ανδ σεττινγ σχιενχε−βασεδ χλεανυπ λεϖελσ ιν αρεασ δεσιγνατεδ 

υνδερ ΧΕΡΧΛΑ.

ξ� Χηαραχτεριζε σιτεσ ανδ χονταmιναντσ ρελεασεδ φροm λεακινγ υνδεργρουνδ στοραγε τανκσ ιδεντιφιεδ υνδερ τηε ΛΥΣΤ Τρυστ Φυνδ.

ξ� Wορκ ωιτη τηε ΕΧΟΣ/ΕΡΙΣ το εϖαλυατε τηε χαυσαλ ρελατιονσηιπσ βετωεεν εχοσψστεm γοοδσ ανδ σερϖιχεσ ανδ ηυmαν ηεαλτη, 

ανδ το δοχυmεντ τηεσε ρελατιονσηιπσ υσινγ ΕνϖιροΑτλασ.

ξ� Ασσεσσ τηε ιmπαχτ οφ πολλυτιον (ε.γ., ηεαλτη ιmπαχτ ασσεσσmεντσ) ον συχη ϖυλνεραβλε γρουπσ ασ χηιλδρεν, τριβεσ, ενϖιρονmενταλ 

ϕυστιχε χοmmυνιτιεσ, ανδ οτηερ συσχεπτιβλε ποπυλατιονσ.

Χηεmιχαλ Σαφετψ

ΕΠΑ ωιλλ εϖαλυατε ανδ πρεδιχτ ιmπαχτσ φροm χηεmιχαλ υσε ανδ δισποσαλ, ανδ προϖιδε στατεσ ανδ τριβεσ ωιτη ινφορmατιον, τοολσ, ανδ 

mετηοδσ το mακε βεττερ ινφορmεδ, mορε τιmελψ δεχισιονσ αβουτ τηε τηουσανδσ οφ χηεmιχαλσ ιν τηε Υνιτεδ Στατεσ. Τηε Αγενχψ ωιλλ 

προδυχε ιννοϖατιϖε τοολσ τηατ αχχελερατε τηε παχε οφ δατα−δριϖεν εϖαλυατιονσ, εναβλε κνοωλεδγε−βασεδ δεχισιονσ τηατ προτεχτ ηυmαν 

ηεαλτη, ανδ αδϖανχε τηε σχιενχε ρεθυιρεδ το αντιχιπατε ανδ σολϖε προβλεmσ. 
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Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ:

ξ� Προϖιδε τοολσ το mορε εφφιχιεντλψ ανδ χοστ−εφφεχτιϖελψ εϖαλυατε τηε βιολογιχαλ αχτιϖιτψ ανδ ηεαλτη ρισκσ οφ χηεmιχαλσ ανδ ρεδυχε τηε 

υσε οφ τοξιχιτψ τεστσ το ανιmαλσ.

ξ� Υσε ΤοξΧαστ/Τοξ21 δατα το δεϖελοπ ηιγη−τηρουγηπυτ ρισκ ασσεσσmεντσ, παρτιχυλαρλψ φορ χηεmιχαλσ φορ ωηιχη αδεθυατε ρισκ 

ασσεσσmεντ ινφορmατιον ηασ βεεν ηιστοριχαλλψ υναϖαιλαβλε. 

ξ� Dεϖελοπ ονλινε σοφτωαρε τοολσ το προϖιδε ινφορmατιον ον τηουσανδσ οφ χηεmιχαλσ ανδ ιντεγρατε ηεαλτη, ενϖιρονmενταλ, ανδ 

εξποσυρε δατα το συππορτ ρεγυλατορψ ανδ πριοριτιζατιον δεχισιονσ. 

ξ� Εξπλορε ηοω ηιγη−τηρουγηπυτ εξποσυρε ανδ ηαζαρδ ινφορmατιον χαν βε χοmβινεδ το πρεδιχτ τηε ποτεντιαλ φορ εξποσυρε ανδ ρισκ 

το συσχεπτιβλε συβποπυλατιονσ.

ξ� Χονδυχτ νανοπαρτιχλε ρεσεαρχη βψ υσινγ λιφε−χψχλε αναλψσεσ, εϖαλυατινγ ιmπαχτσ ον εχοσψστεm ηεαλτη, ανδ συππορτινγ τηε 

δεϖελοπmεντ οφ σαφερ νανοmατεριαλσ ιν πριϖατε ινδυστρψ.

Ηυmαν Ηεαλτη Ρισκ Ασσεσσmεντ

ΕΠΑ αλσο ωιλλ φοχυσ ον τηε σχιενχε οφ ασσεσσmεντσ τηατ ινφορm Αγενχψ, στατε, ανδ τριβαλ δεχισιονσ ανδ πολιχιεσ. Τηεσε ρισκ ασσεσσmεντσ 

προϖιδε τηε ρεσεαρχη ανδ τεχηνιχαλ συππορτ νεεδεδ το ενσυρε σαφετψ οφ χηεmιχαλσ ιν τηε mαρκετπλαχε, ρεϖιταλιζε ανδ ρετυρν λανδ το 

χοmmυνιτιεσ, προϖιδε χλεαν ανδ σαφε ωατερ, ανδ ωορκ ωιτη στατεσ ανδ τριβεσ το ιmπροϖε αιρ θυαλιτψ. 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ:

ξ� Dεϖελοπ α πορτφολιο οφ χηεmιχαλ εϖαλυατιον προδυχτσ τηατ υσε τηε βεστ αϖαιλαβλε σχιενχε φορ υσε βψ ΕΠΑ, στατεσ, τριβεσ, ανδ οτηερ 

φεδεραλ αγενχιεσ.

ξ� Προϖιδε ρεσεαρχη ανδ σχιεντιφιχ συππορτ φορ προπερ ΤΣΧΑ ιmπλεmεντατιον, ασ Χονγρεσσ ιντενδεδ.

ξ� Dεϖελοπ ασσεσσmεντ προδυχτσ, πεερ−ρεϖιεωεδ τοξιχιτψ ϖαλυεσ, ανδ αδϖανχεδ εξποσυρε ασσεσσmεντ τοολσ το ηελπ ινφορm 

Συπερφυνδ ανδ ηαζαρδουσ ωαστε χλεανυπσ ασ ρεθυιρεδ βψ ΡΧΡΑ ανδ ΧΕΡΧΛΑ. 

ξ� Προϖιδε σχιεντιφιχ συππορτ το τηε ρισκ ανδ τεχηνολογψ ρεϖιεωσ χονδυχτεδ υνδερ τηε ΧΑΑ.

ξ� Προϖιδε ιντεγρατεδ σχιενχε ασσεσσmεντσ (ΙΣΑσ) το συππορτ δεχισιονσ το ρεταιν ορ ρεϖισε τηε νατιοναλ αmβιεντ αιρ θυαλιτψ 

στανδαρδσ. ΙΣΑσ αλσο ινφορm βενεφιτ−χοστ ανδ οτηερ αναλψσεσ χονδυχτεδ βψ στατε, τριβαλ, ανδ λοχαλ οφφιχιαλσ το συππορτ 

ιmπλεmεντατιον οφ αιρ θυαλιτψ mαναγεmεντ προγραmσ.

ξ� Προϖιδε ρεσεαρχη ανδ τεχηνιχαλ συππορτ το δελιϖερ σαφε δρινκινγ ωατερ βψ εϖαλυατινγ εξποσυρεσ το ανδ ηεαλτη ιmπαχτσ οφ κνοων 

ανδ εmεργινγ χηεmιχαλ ανδ βιολογιχαλ χονταmιναντσ. 

ξ� Wορκ ωιτη στατεσ ανδ τριβεσ ον ρεσεαρχη ανδ δεϖελοπmεντ οφ νεω ασσεσσmεντ τεχηνολογιεσ. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

ΕΠΑ φαχεσ α νυmβερ οφ χηαλλενγεσ ιν ιτσ χοmmιτmεντ το χονδυχτινγ ροβυστ σχιενχε. Φορ εξαmπλε, αγινγ ινφορmατιον τεχηνολογψ 

ινφραστρυχτυρε πρεσεντσ α ρισκ το ινφορmατιον σεχυριτψ ανδ λιmιτσ τηε χαπαχιτψ φορ ινφορmατιον mαναγεmεντ. Ρεχρυιτινγ ανδ 

mαινταινινγ α στρονγ ωορκφορχε ωιτη αππροπριατε σχιεντιφιχ ανδ τεχηνιχαλ σκιλλσετσ αρε αλσο χριτιχαλ το ΕΠΑ�σ ρεσεαρχη εφφορτσ.
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Οβϕεχτιϖε 3.4
Στρεαmλινε ανδ Μοδερνιζε
Ισσυε περmιτσ mορε θυιχκλψ ανδ mοδερνιζε ουρ περmιττινγ 
ανδ ρεπορτινγ σψστεmσ. 

Ιντροδυχτιον
ΕΠΑ ιmπλεmεντσ α ηοστ οφ ενϖιρονmενταλ 

στατυτεσ τηατ αφφεχτ τηε ρεγυλατεδ 

χοmmυνιτψ. Περmιττινγ ρεθυιρεmεντσ 

υνδερ τηεσε στατυτεσ χαν ιmποσε α 

ϖαριετψ οφ χοστσ, ινχλυδινγ διρεχτ χοστσ 

ανδ οππορτυνιτψ χοστσ ρελατεδ το 

υνχερταιντψ, δελαψ, ανδ χανχελλατιον. 

Dελαψσ ιν τηε αππροϖαλ οφ περmιτσ ανδ 

mοδιφιχατιονσ βψ φεδεραλ, στατε, ορ τριβαλ 

περmιττινγ αυτηοριτιεσ χαν ποστπονε ορ 

πρεϖεντ mανυφαχτυρερσ φροm βυιλδινγ, 

εξπανδινγ, ορ βεγιννινγ οπερατιονσ, εϖεν 

ιφ τηε αφφεχτεδ οπερατιονσ υλτιmατελψ mαψ 

βε δεεmεδ συιταβλε ασ προποσεδ. Dελαψσ 

χαν αλσο ιmπαχτ χονστρυχτιον οφ mαϕορ 

ινφραστρυχτυρε προϕεχτσ. ΕΠΑ ισ χοmmιττεδ 

το σπεεδινγ υπ τηε προχεσσινγ οφ περmιτσ 

ανδ mοδιφιχατιονσ το χρεατε χερταιντψ φορ 

τηε βυσινεσσ χοmmυνιτψ, λεαδινγ το mορε 

ϕοβσ, ινχρεασεδ εχονοmιχ προσπεριτψ, 

ανδ στρεαmλινεδ περmιτ ρενεωαλσ, ωηιχη 

ινχορπορατε υπ−το−δατε ινφορmατιον ανδ 

ρεθυιρεmεντσ mορε θυιχκλψ, τηερεβψ 

ιmπροϖινγ ενϖιρονmενταλ προτεχτιον. 

Φυρτηερ, ΕΠΑ ωιλλ χοντινυε το χονϖερτ 

περmιτ αππλιχατιονσ ανδ ρεπορτσ τηατ 

ρελψ ον παπερ συβmισσιονσ το ελεχτρονιχ 

προχεσσινγ ιν ορδερ το ρεδυχε 

βυρδεν, σηορτεν τηε ωαιτ φορ αππροϖαλ 

δεχισιονσ, ανδ ινχρεασε τηε οππορτυνιτψ 

φορ πυβλιχ τρανσπαρενχψ.

Λονγ−Τερm Περφορmανχε Γοαλ
ΛΤΠΓ 3.4.1 Βψ Σεπτεmβερ 30, 2022, ρεαχη αλλ περmιττινγ−ρελατεδ δεχισιονσ ωιτηιν σιξ mοντησ.45

Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε 

Οϖερ τηε νεξτ φιϖε ψεαρσ, ΕΠΑ ωιλλ σψστεmατιχαλλψ χολλεχτ ανδ ρεπορτ περmιττινγ δατα φορ εαχη οφ ιτσ περmιττινγ προγραmσ. Τηε 

Αγενχψ ωιλλ εmπλοψ βυσινεσσ προχεσσ ιmπροϖεmεντ στρατεγιεσ, συχη ασ Λεαν, το ινχρεασε εφφιχιενχιεσ ιν αλλ περmιττινγ προχεσσεσ ανδ 

mεετ ουρ χοmmιτmεντσ. Τηε Αγενχψ ωιλλ αλσο ωορκ ωιτη στατεσ ανδ υσε Λεαν τεχηνιθυεσ το στρεαmλινε τηε ρεϖιεω οφ στατε−ισσυεδ 

περmιτσ. Σολυτιονσ mαψ ινχλυδε χονδυχτινγ εαρλιερ τριαγε ανδ χοmmυνιχατιονσ, χονδυχτινγ Αγενχψ ρεϖιεωσ ιν παραλλελ ωιτη πυβλιχ 

ρεϖιεωσ, ανδ/ορ φοχυσινγ ρεϖιεωσ ωηερε τηεψ αδδ τηε mοστ ϖαλυε.

ΕΠΑ ωιλλ χονσιδερ ωηερε πολιχψ χηανγεσ χαν ιmπροϖε περmιττινγ εφφιχιενχψ ωιτηουτ σαχριφιχινγ ενϖιρονmενταλ ρεσυλτσ. Εξαmπλεσ 

ινχλυδε εξπανδινγ τηε σχοπε οφ mινορ περmιτ mοδιφιχατιονσ το ρεδυχε τηε νυmβερ οφ περmιτ ρεϖιεωσ ρεθυιρεδ, ρεινϖιγορατινγ 

τηε υσε οφ πλαντ−ωιδε αππλιχαβιλιτψ λιmιτσ (ΠΑΛσ) το ρεδυχε υννεχεσσαρψ περmιττινγ τρανσαχτιονσ, ανδ ινχρεασινγ στατεσ� αβιλιτψ το 

ινχορπορατε φεδεραλ ρεγυλατιονσ βψ ρεφερενχε, εναβλινγ τηεm το αδϕυστ θυιχκλψ ανδ εφφιχιεντλψ το νεω ρεγυλατορψ προϖισιονσ.

45 Βασελινε ανδ ΦΨ 2020 ταργετ ωιλλ βε δετερmινεδ ιν ΦΨ 2019. (Νο φοοτνοτε ιν ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ Φεβρυαρψ 12, 2018.)
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ΕΠΑ ωιλλ mοδερνιζε περmιττινγ ανδ ρεπορτινγ προχεσσεσ τηρουγη εφφορτσ συχη ασ Ε−Εντερπρισε φορ τηε Ενϖιρονmεντ, α σηαρεδ 

γοϖερνανχε mοδελ ωιτη ΕΠΑ, στατεσ, ανδ τριβεσ. ΕΠΑ ωιλλ ωορκ ωιτη στατεσ ανδ τριβεσ το αχηιεϖε τηισ οβϕεχτιϖε ωιτηουτ 

οϖερβυρδενινγ τηοσε εντιτιεσ ωιτη χοστλψ υννεχεσσαρψ ρεπορτινγ σψστεmσ ανδ τεχηνολογψ. Βυιλδινγ ον εφφορτσ το δατε, ΕΠΑ ωιλλ 

χολλαβορατε ωιτη ιτσ παρτνερσ ον τηε φολλοωινγ σψστεmατιχ προχεσσ ιmπροϖεmεντσ:

ξ� Ε−Εντερπρισε Wεβ Πορταλ: Α ωεβ πορταλ τηατ αλλοωσ τηε στατεσ, τριβεσ, ρεγυλατεδ χοmmυνιτψ, ανδ ΕΠΑ το τρανσαχτ βυσινεσσ, συχη 

ασ περmιττινγ ανδ ρεπορτινγ, ανδ προϖιδεσ εασψ αχχεσσ το νεεδεδ ινφορmατιον.

ξ� Ε−περmιττινγ: Αν ονλινε σψστεm το ενσυρε τηε αβιλιτψ το αππλψ φορ, τραχκ τηε στατυσ οφ, ανδ ρεχειϖε α περmιτ ελεχτρονιχαλλψ.

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

Συσταιναβλε ρεσουρχε λεϖελσ φορ στατεσ, τριβεσ, ανδ ΕΠΑ αρε χριτιχαλ το εφφορτσ το στρεαmλινε ανδ mοδερνιζε περmιττινγ προχεσσεσ. 

Συππορτ φροm στατεσ ανδ τριβεσ, ινχλυδινγ στατε ανδ τριβαλ χαπαχιτψ φορ mαινταινινγ ανδ ινχρεασινγ δελεγατιον, ισ αλσο χριτιχαλ το 

στρεαmλινινγ ανδ mοδερνιζινγ περmιττινγ προχεσσεσ. Τηε γλοβαλ σηιφτ το διγιταλ σερϖιχεσ φορ χοmmυνιχατιον ανδ τρανσαχτιον ραισεσ 

εξπεχτατιονσ οφ ΕΠΑ στακεηολδερσ ανδ προϖιδεσ mορε ροβυστ αππροαχηεσ ανδ τεχηνολογιεσ φορ δεϖελοπινγ ελεχτρονιχ σερϖιχεσ.

ΕΠΑ ωιλλ mοδερνιζε περmιττινγ ανδ ρεπορτινγ προχεσσεσ τηρουγη 
εφφορτσ συχη ασ Ε−Εντερπρισε φορ τηε Ενϖιρονmεντ, α σηαρεδ 
γοϖερνανχε mοδελ ωιτη ΕΠΑ, στατεσ, ανδ τριβεσ. 
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Οβϕεχτιϖε 3.5
Ιmπροϖε Εφφιχιενχψ ανδ Εφφεχτιϖενεσσ
Προϖιδε προπερ λεαδερσηιπ ανδ ιντερναλ οπερατιονσ 
mαναγεmεντ το ενσυρε τηατ τηε Αγενχψ ισ φυλφ ιλλινγ  
ιτσ mισσιον. 

Ιντροδυχτιον
Το συππορτ ιτσ mισσιον το προτεχτ 

ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, 

ΕΠΑ ωιλλ ιmπροϖε τηε εφφιχιενχψ ανδ 

εφφεχτιϖενεσσ οφ ιτσ βυσινεσσ προχεσσεσ. 

Φοχυσ αρεασ ωιλλ ινχλυδε φινανχιαλ, φαχιλιτψ, 

ηυmαν ρεσουρχε, χοντραχτ, γραντ, ανδ 

ινφορmατιον τεχηνολογψ/ινφορmατιον 

mαναγεmεντ. ΕΠΑ ωιλλ ιmπροϖε ιτσ φυτυρε 

ωορκφορχε, mοδερνιζε ανδ στρεαmλινε ιτσ 

βυσινεσσ πραχτιχεσ, ανδ τακε αδϖανταγε 

οφ νεω χολλαβορατιϖε ανδ χοστ−εφφεχτιϖε 

τοολσ ανδ τεχηνολογιεσ. Τηε Αγενχψ 

ωιλλ βυιλδ α mοδερν ανδ σεχυρε ωορκ 

ενϖιρονmεντ τηατ ωιλλ προτεχτ χριτιχαλ 

ινφορmατιον ανδ συππορτ ιτσ εφφορτσ το 

αδδρεσσ τηε ενϖιρονmενταλ προβλεmσ 

οφ τηε 21στ χεντυρψ. ΕΠΑ ωιλλ ωορκ το 

αλλεϖιατε χηαλλενγεσ ασσοχιατεδ ωιτη 

ουτδατεδ ορ νον−εξιστεντ πολιχιεσ, τενσιον 

βετωεεν χεντραλιζεδ ανδ δεχεντραλιζεδ 

αππροαχηεσ, mψριαδ φεδεραλ αχθυισιτιον 

ανδ γραντσ ρεθυιρεmεντσ, χοmπλεξ 

προχεσσεσ, ανδ φλυχτυατινγ λεϖελσ οφ 

εξπερτισε αχροσσ Αγενχψ προγραmσ. 

Λονγ−Τερm Περφορmανχε Γοαλσ
ΛΤΠΓ 3.5.1 Βψ Σεπτεmβερ 30, 2022, ρεδυχε υνυσεδ οφφιχε ανδ ωαρεηουσε σπαχε βψ 850,641 σθ. φεετ.46

ΛΤΠΓ 3.5.2 Βψ Σεπτεmβερ 30, 2022, ρεδυχε προχυρεmεντ προχεσσινγ τιmεσ βψ αχηιεϖινγ 100% οφ 
προχυρεmεντ αχτιον λεαδ τιmεσ (ΠΑΛΤ).47

ΛΤΠΓ 3.5.3 Βψ Σεπτεmβερ 30, 2022, ιmπροϖε 250 οπερατιοναλ προχεσσεσ.  

ΛΤΠΓ 3.5.4 Βψ Σεπτεmβερ 30, 2022, ινχρεασε εντερπρισε αδοπτιον οφ σηαρεδ σερϖιχεσ βψ φουρ.48

46 Βασελινε ισ 5,264,846 σθυαρε φεετ ασ οφ ΦΨ 2017.
47 Βασελινε, ασ οφ Σεπτεmβερ 30, 2018 ισ 77% φορ αλλ χοντραχτ αχτιονσ αωαρδεδ ωιτηιν ΠΑΛΤ. (Φοοτνοτε υπδατεδ φροm ΦΨ 2018−2022 ΕΠΑ Στρατεγιχ Πλαν πυβλισηεδ 

Φεβρυαρψ 12, 2018.)
48 Βασελινε ισ 5 αδmινιστρατιϖε σψστεmσ/οπερατιονσ σηαρεδ σερϖιχεσ ιν ΦΨ 2017.
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Στρατεγιεσ φορ Αχηιεϖινγ τηε Οβϕεχτιϖε

ΕΠΑ ωιλλ mοδερνιζε ανδ ιmπροϖε βυσινεσσ προχεσσεσ ανδ οπερατιονσ το προmοτε τρανσπαρενχψ, εφφιχιενχψ, ανδ εφφεχτιϖενεσσ; 

ενηανχε χολλαβορατιϖε, ρεσυλτσ−δριϖεν παρτνερσηιπσ ωιτη ιντερναλ ανδ εξτερναλ βυσινεσσ παρτνερσ; ρεχρυιτ, δεϖελοπ, ανδ mαινταιν α 

ηιγηλψ−σκιλλεδ, διϖερσε, ανδ ενγαγεδ ωορκφορχε; ανδ ιmπροϖε τηε χαπαβιλιτιεσ ανδ χοστ−εφφεχτιϖενεσσ οφ ιτσ ινφορmατιον τεχηνολογψ (ΙΤ) 

ανδ ινφορmατιον mαναγεmεντ (ΙΜ) σψστεmσ. 

ΕΠΑ ωιλλ αππλψ Λεαν πρινχιπλεσ ανδ ωιλλ λεϖεραγε ινπυτ φροm χυστοmερ−φοχυσεδ χουνχιλσ, αδϖισορψ γρουπσ, συρϖεψσ, ωορκγρουπσ, 

αχθυισιτιον παρτνερσηιπ ινιτιατιϖεσ, τεχηνιχαλ υσερ γρουπσ, πορτφολιο ρεϖιεωσ, ανδ φεδεραλ αδϖισορψ χοmmιττεεσ το ιδεντιφψ βυσινεσσ 

προχεσσ στρεαmλινινγ οππορτυνιτιεσ. Το ιmπροϖε τηε εφφιχιενχψ ανδ χοστ εφφεχτιϖενεσσ οφ ιτσ οπερατιονσ, ΕΠΑ ωιλλ στανδαρδιζε ανδ 

στρεαmλινε ιντερναλ βυσινεσσ προχεσσεσ ιν ιτσ αχθυισιτιον ανδ γραντσ προχεσσεσ ανδ σψστεmσ, ανδ υσε αδδιτιοναλ φεδεραλ ανδ/ορ 

ιντερναλ σηαρεδ σερϖιχεσ ωηεν συππορτεδ βψ βυσινεσσ χασε αναλψσισ. 

ΕΠΑ ωιλλ ενσυρε ιτσ ωορκφορχε ισ ποσιτιονεδ το αχχοmπλιση τηε Αγενχψ�σ mισσιον εφφεχτιϖελψ βψ προϖιδινγ αχχεσσ το θυαλιτψ τραινινγ 

ανδ δεϖελοπmεντ οππορτυνιτιεσ τηατ ωιλλ ιmπροϖε σταφφ�σ ανδ mαναγερσ� σκιλλσ, κνοωλεδγε, ανδ περφορmανχε, ανδ πρεπαρε τηεm το 

χαπιταλιζε ον οππορτυνιτιεσ τηατ αδϖανχε προγρεσσ. ΕΠΑ ωιλλ ιmπροϖε ιτσ ωορκφορχε πλαννινγ ανδ mαναγεmεντ, στρενγτηεν ιτσ Σενιορ 

Εξεχυτιϖε Σερϖιχε, ανδ φοχυσ ον δεϖελοπινγ ανδ mαινταινινγ α ηιγηλψ−σκιλλεδ τεχηνιχαλ ωορκφορχε.

ΕΠΑ αλσο ωιλλ τρανσφορm ανδ mοδερνιζε ιτσ ινφορmατιον σψστεmσ, τοολσ, ανδ προχεσσεσ το ιmπροϖε ηοω τηε Αγενχψ χολλαβορατεσ 

βοτη ιντερναλλψ ανδ ωιτη εξτερναλ στακεηολδερσ. ΕΠΑ ωιλλ ενηανχε τηε ποωερ οφ ινφορmατιον βψ δελιϖερινγ ον−δεmανδ δατα το τηε 

ριγητ πεοπλε ατ τηε ριγητ τιmε. Το εναβλε τηε Αγενχψ, ιτσ παρτνερσ, ανδ τηε πυβλιχ εφφεχτιϖελψ το αχθυιρε, γενερατε, mαναγε, υσε, 

ανδ σηαρε ινφορmατιον�α χριτιχαλ ρεσουρχε ιν προτεχτινγ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ�ΕΠΑ ωιλλ ιmπροϖε ιτσ ΙΤ/ΙΜ χαπαβιλιτιεσ 

ανδ χυστοmερ εξπεριενχεσ. ΕΠΑ ωιλλ εmπλοψ εντερπρισε ρισκ mαναγεmεντ ανδ φινανχιαλ δατα αναλψτιχσ το συππορτ δατα mαναγεmεντ 

δεχισιον mακινγ, υσινγ τηε εντερπρισε ρισκ mαναγεmεντ φραmεωορκ mανδατεδ βψ ΟΜΒ Χιρχυλαρ Α−123.

Το ενσυρε τηατ χριτιχαλ ενϖιρονmενταλ ανδ ηυmαν ηεαλτη ινφορmατιον ισ αδεθυατελψ προτεχτεδ, ΕΠΑ ωιλλ στρενγτηεν ιτσ χψβερσεχυριτψ 

ποστυρε. Τηε Αγενχψ ωιλλ φοχυσ ον ιmπλεmεντινγ τωο κεψ χψβερσεχυριτψ πριοριτιεσ�τηε mανδατεδ φεδεραλ−γοϖερνmεντ−ωιδε 

Χοντινυουσ Dιαγνοστιχσ ανδ Μιτιγατιον (ΧDΜ) εφφορτ, ανδ τηε χοmπλεmενταρψ ΕΠΑ−σπεχιφιχ Χψβερ Ρισκ Μιτιγατιον Προϕεχτσ 

(ΧΡΜΠσ). Τηεσε τωο πριοριτιεσ ιντροδυχε ορ ιmπροϖε υπον δοζενσ οφ χψβερσεχυριτψ χαπαβιλιτιεσ, ενηανχε τηε Αγενχψ�σ αβιλιτψ το 

ρεσπονδ το τηρεατσ, ανδ ιmπροϖε ΕΠΑ�σ πριϖαχψ ποστυρε ϖια τηε Πριϖαχψ Αχτ οφ 1974. ΕΠΑ ωιλλ ωορκ χλοσελψ ωιτη τηε Dεπαρτmεντ οφ 

Ηοmελανδ Σεχυριτψ ανδ οτηερ παρτνερσ ιν ιmπλεmεντινγ ΧDΜ χαπαβιλιτιεσ.
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Το βεττερ υνδερστανδ χοmπλεξ ιντεραχτιονσ βετωεεν πολλυταντσ ανδ τηε ενϖιρονmεντ ανδ αδδρεσσ τηε ενϖιρονmενταλ προβλεmσ οφ 

τηε 21στ χεντυρψ εφφεχτιϖελψ ανδ εφφιχιεντλψ, ΕΠΑ ανδ ιτσ παρτνερσ αναλψζε λαργε ϖολυmεσ οφ δατα. ΕΠΑ ωιλλ δεϖελοπ α χοmπρεηενσιϖε 

δατα mαναγεmεντ στρατεγψ τηατ αδδρεσσεσ τηε χολλεχτιον, mαναγεmεντ, ανδ υσε οφ δατα γενερατεδ βοτη ιντερναλλψ ανδ φροm 

εξτερναλ παρτνερσ ινχλυδινγ στατεσ, τριβεσ, γραντεεσ, τηε ρεγυλατεδ χοmmυνιτψ, ανδ χιτιζεν σχιενχε. Τηε Αγενχψ ωιλλ δεπλοψ νεω δατα 

αναλψσισ, δατα ϖισυαλιζατιον, ανδ γεοσπατιαλ τοολσ ιν α Χλουδ−βασεδ φραmεωορκ το εναβλε αναλψσισ ανδ προϖιδε τηε βασισ φορ ινφορmεδ 

δεχισιον mακινγ. 

Ενϖιρονmενταλ δεχισιον mακινγ αχροσσ mεδια προγραmσ ρεθυιρεσ αχχεσσ το ηιγη−θυαλιτψ δατα ανδ αναλψτιχσ. ΕΠΑ ωιλλ βυιλδ σηαρεδ 

ΙΤ σερϖιχεσ, mαξιmιζινγ τηε βενεφιτσ οφ ουρ ινϖεστmεντσ ανδ ενσυρινγ χονσιστενχψ ανδ σχαλαβιλιτψ ιν τοολσ ανδ σερϖιχεσ. Οϖερ τηε 

νεξτ φιϖε ψεαρσ, ΕΠΑ προγραmσ τηατ ρεχειϖε συβmισσιονσ φροm ουτσιδε τηε Αγενχψ, ωηετηερ φροm τηε ρεπορτινγ χοmmυνιτψ, στατεσ, 

τριβεσ, ορ λοχαλ γοϖερνmεντσ, ωιλλ ρελψ ινχρεασινγλψ ον χεντραλλψ−δεϖελοπεδ ανδ mαινταινεδ ινφορmατιον σερϖιχεσ, δεχρεασινγ τηε 

ϖολυmε οφ χοmπυτερ χοδε εαχη προγραm mυστ δεϖελοπ ανδ mαινταιν. Σηαρεδ σερϖιχεσ ωιλλ ρεδυχε ρεπορτινγ βυρδεν φορ συβmιττινγ 

εντιτιεσ ανδ ιmπροϖε δατα θυαλιτψ φορ ΕΠΑ. ΕΠΑ προγραmσ, στατεσ, ανδ τριβεσ mυστ εσταβλιση α χοmmον χαταλογ οφ σηαρεδ σερϖιχεσ 

ανδ αγρεε το α mινιmυm σετ οφ χοmmον στανδαρδσ ανδ πραχτιχεσ.  

Τηε Αγενχψ ωιλλ ενηανχε ιτσ εξτενσιϖε ινφορmατιον ρεσουρχεσ βψ δεσιγνινγ αν εντερπρισε−ωιδε ινφορmατιον αρχηιτεχτυρε τηατ ωιλλ 

φαχιλιτατε τηε ελεχτρονιχ mαναγεmεντ οφ δατα ανδ ινφορmατιον, ασ ωελλ ασ mυλτιmοδαλ αχχεσσ, εφφεχτιϖε σεαρχηινγ, ανδ εασε οφ υσε. 

Τηε Αγενχψ�σ φυτυρε ινφορmατιον mαναγεmεντ αρχηιτεχτυρε ωιλλ συππορτ οφφιχιαλ ρεχορδκεεπινγ ρεθυιρεmεντσ, ασ ωελλ ασ δαιλψ 

δοχυmεντ mαναγεmεντ, βυσινεσσ προχεσσεσ, ινφορmατιον αχχεσσ, ανδ λεγαλ νεεδσ οφ ΕΠΑ εmπλοψεεσ ανδ οργανιζατιονσ, ωηιλε 

αλσο βεινγ φλεξιβλε, σχαλαβλε, ανδ χοστ εφφεχτιϖε. 

Εξτερναλ Φαχτορσ ανδ Εmεργινγ Ισσυεσ

ΕΠΑ φαχεσ α νυmβερ οφ φαχτορσ τηατ mαψ ιmπεδε ιτσ αβιλιτψ το προmοτε εφφεχτιϖε ανδ εφφιχιεντ ιντερναλ οπερατιονσ. Τηε Αγενχψ�σ 

αβιλιτψ το αττραχτ ανδ ρεταιν σταφφ σκιλλεδ ιν ηυmαν ρεσουρχεσ, ΙΤ/ΙΜ, χψβερσεχυριτψ, ανδ αχθυισιτιον mαναγεmεντ ανδ σταφφ ωιτη 

σχιεντιφιχ ανδ τεχηνιχαλ εξπερτισε ισ α χοντινυινγ χηαλλενγε ιν ιmπροϖινγ Αγενχψ οπερατιονσ. Α λαχκ οφ χατεγορψ−φοχυσεδ σκιλλσ ανδ 

βυσινεσσ αχυmεν χαν νεγατιϖελψ αφφεχτ στρατεγιχ σουρχινγ δεχισιονσ. Μψριαδ φεδεραλ αχθυισιτιον ανδ γραντ ρεθυιρεmεντσ, χοmπλεξ 

προχεσσεσ, ανδ ϖαρψινγ λεϖελσ οφ εξπερτισε αχροσσ Αγενχψ προγραmσ οφτεν πρεϖεντ τηε τιmελψ αωαρδινγ οφ χοντραχτ ανδ γραντ 

ϖεηιχλεσ το mεετ Αγενχψ δεmανδσ. ΕΠΑ mυστ ινχρεασε ιτσ χοmπετενχιεσ ιν τηεσε αρεασ τηρουγη α ροβυστ τραινινγ προγραm φορ 

σταφφ ανδ mαναγερσ. 

Wιτηουτ στανδαρδ βυσινεσσ προχεσσεσ, ΕΠΑ χαννοτ αχηιεϖε ιτσ οβϕεχτιϖεσ. Φορ εξαmπλε, τενσιον βετωεεν λοχαλ νεεδσ ανδ Αγενχψ−

ωιδε στρατεγιεσ mαψ ρεσυλτ ιν mισσεδ οππορτυνιτιεσ το mακε εφφεχτιϖε στρατεγιχ σουρχινγ δεχισιονσ. Τηισ νοτ ονλψ ιmπεδεσ Αγενχψ 

εφφορτσ το mοδερνιζε βυσινεσσ προχεσσεσ ανδ στρεαmλινε ΙΤ ινφραστρυχτυρε, βυτ αλσο αφφεχτσ τηε αβιλιτψ οφ γοϖερνmεντ σηαρεδ 

σερϖιχε προϖιδερσ το σερϖε αδδιτιοναλ χυστοmερσ ανδ υσε στανδαρδ σοφτωαρε το αχηιεϖε εφφιχιενχιεσ ανδ χοστ σαϖινγσ. Φυρτηερmορε, 

χοντινυαλλψ χηανγινγ ΙΤ/ΙΜ ανδ σεχυριτψ ρεθυιρεmεντσ ανδ ϖαριατιον αmονγ στατεσ ανδ τριβεσ ρεθυιρε δεϖελοπmεντ οφ α ηολιστιχ 

�Εντερπρισε−Λεϖελ ςισιον ανδ Dατα Στρατεγψ� τηατ οπτιmιζεσ βοτη βυσινεσσ προχεσσεσ ανδ σολυτιονσ; αλιγνσ αλλ δατα προγραmσ, 

ρεσουρχεσ, ανδ βυδγετσ; ανδ στρενγτηενσ τηε Αγενχψ�σ εντερπρισε ρισκ στρατεγιεσ. Dεmανδσ φορ ΙΤ/ΙΜ σερϖιχεσ ωιλλ χοντινυε το 

γροω, δυε το τηε ινχρεασινγ ϖολυmε οφ ενϖιρονmενταλ δατα ανδ ινχρεασεδ εξπεχτατιονσ οφ οτηερ αγενχιεσ, ρεγυλατεδ εντιτιεσ, τηε 

πυβλιχ, ανδ ΕΠΑ σταφφ. Ασ χψβερσεχυριτψ ρισκσ εϖολϖε, προτεχτινγ ΕΠΑ�σ ινφορmατιον ασσετσ ωιλλ χοντινυε το βε α πριοριτψ.
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ΓΟΑΛ 3:  ΓΡΕΑΤΕΡ ΧΕΡΤΑΙΝΤΨ, ΧΟΜΠΛΙΑΝΧΕ, ΑΝD ΕΦΦΕΧΤΙςΕΝΕΣΣ

Τηε Αγενχψ ωιλλ βυιλδ α mοδερν ανδ σεχυρε 
ωορκ ενϖιρονmεντ τηατ ωιλλ προτεχτ χριτιχαλ 
ινφορmατιον ανδ συππορτ ιτσ εφφορτσ 
το αδδρεσσ τηε ενϖιρονmενταλ 
προβλεmσ οφ τηε 21στ χεντυρψ.
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Εξεχυτιϖε Συmmαρψ 
Χαυσεδ νατυραλλψ ορ βψ ηυmανσ, ενϖιρονmενταλ εmεργενχιεσ χοντινυε το χηαλλενγε ουρ νατιον. Τηε υσε 

οφ χηεmιχαλ τηρεατσ ιν Σψρια ανδ τηε Υνιτεδ Κινγδοm, τηε οπιοιδ επιδεmιχ, ανδ σεϖεραλ ρεχεντ ωατερ 

σψστεm χονταmινατιον ινχιδεντσ τηατ αφφεχτεδ ηυνδρεδσ οφ τηουσανδσ οφ πεοπλε, ρεmινδ υσ οφ τηε ιmπαχτ 

τηατ χηεmιχαλ χονταmιναντσ χαν ηαϖε ον πυβλιχ ηεαλτη. Φυρτηερ, τηε ραδιολογιχαλ χονταmινατιον φολλοωινγ 

τηε Φυκυσηιmα Dαιιχηι νυχλεαρ δισαστερ ιν 2011 δεmονστρατεδ τηε σιγνιφιχαντ ιmπαχτ ανδ χηαλλενγε οφ 

χλεανινγ υπ λαργε−σχαλε χονταmινατιον ινχιδεντσ. Σmαλλερ−σχαλε ινχιδεντσ, συχη ασ τηε αττεmπτεδ ριχιν 

ποισονινγσ ιν σεϖεραλ χοmmυνιτιεσ αρουνδ τηε χουντρψ, αλσο ηιγηλιγητ τηε εϖερ−πρεσεντ τηρεατ οφ 

τερρορισm ποστ 2001. 

Τηε Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ (ΕΠΑ) ισ ρεσπονσιβλε φορ ηελπινγ χοmmυνιτιεσ πρεπαρε φορ ανδ 

ρεχοϖερ φροm δισαστερσ τηατ ρεσυλτ ιν τηρεατσ το πυβλιχ ηεαλτη ανδ τηε ενϖιρονmεντ. Τηε Οφφιχε οφ 

Ρεσεαρχη ανδ Dεϖελοπmεντ�σ (ΟΡD) Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm (ΗΣΡΠ) αιmσ το ινχρεασε τηε 

Υνιτεδ Στατεσ� χαπαβιλιτιεσ το πρεπαρε φορ ανδ ρεσπονδ το ρελεασεσ οφ οιλ ανδ ηαζαρδουσ συβστανχεσ ιντο 

τηε ενϖιρονmεντ, ασ mανδατεδ βψ Χονγρεσσ. Τηε ηαζαρδουσ συβστανχεσ ινϖολϖεδ χαν ινχλυδε χηεmιχαλ, 

ραδιολογιχαλ, νυχλεαρ, ανδ βιολογιχαλ mατεριαλσ. Τηερε αρε χονσιδεραβλε γαπσ ιν ουρ χαπαβιλιτιεσ το αδδρεσσ 

τηεσε ρισκσ, ινχλυδινγ υνδερστανδινγ τηε βεηαϖιορ οφ χονταmιναντσ ωηεν ρελεασεδ ιντο τηε ενϖιρονmεντ, 

ποτεντιαλ πυβλιχ εξποσυρεσ, δετερmινινγ ωηερε χονταmινατιον ισ πρεσεντ τηατ mαψ ποσε αν εξποσυρε ρισκ, 

ανδ χλεανινγ υπ χονταmινατεδ αρεασ ανδ ινφραστρυχτυρε. Ενηανχινγ χαπαβιλιτιεσ φορ ρεσπονσε ανδ 

ρεmεδιατιον οφ χονταmινατεδ αρεασ ανδ προτεχτινγ ωατερ σψστεmσ ωιλλ ιmπροϖε ουρ νατιον�σ ρεσιλιενχε το 

ενϖιρονmενταλ χαταστροπηεσ. 

Τηε Ηοmελανδ Σεχυριτψ Στρατεγιχ Ρεσεαρχη Αχτιον Πλαν (ΣτΡΑΠ), 2019−2022, ισ α φουρ−ψεαρ ρεσεαρχη 

στρατεγψ δεσιγνεδ το αχηιεϖε τηε φολλοωινγ οβϕεχτιϖεσ: αδϖανχε ΕΠΑ�σ χαπαβιλιτιεσ ανδ τηοσε οφ ουρ στατε, 

τριβαλ, ανδ λοχαλ παρτνερσ το ρεσπονδ το ανδ ρεχοϖερ φροm ωιδε−αρεα χονταmινατιον ινχιδεντσ; ανδ, 

ιmπροϖε τηε αβιλιτψ οφ ωατερ υτιλιτιεσ το πρεϖεντ, πρεπαρε φορ, ρεσπονδ το, ανδ ρεχοϖερ φροm ωατερ 

χονταmινατιον ινχιδεντσ τηατ τηρεατεν πυβλιχ ηεαλτη. 

ΕΠΑ�σ ΗΣΡΠ ισ οργανιζεδ ιντο τηρεε τοπιχσ συππορτινγ τηεσε οβϕεχτιϖεσ: (1) χονταmιναντ χηαραχτεριζατιον 

ανδ χονσεθυενχε ασσεσσmεντ; (2) ενϖιρονmενταλ χλεανυπ ανδ ινφραστρυχτυρε ρεmεδιατιον; ανδ (3) 

σψστεmσ αππροαχηεσ το πρεπαρεδνεσσ ανδ ρεσπονσε. Σηορτ− ανδ λονγ−τερm γοαλσ αχχοmπλισηεδ τηρουγη 

ρεσεαρχη αρεασ ωιτηιν τηεσε τοπιχσ ουτλινε α στρατεγψ φορ αδδρεσσινγ τηε οβϕεχτιϖεσ. 

ΗΣΡΠ περφορmσ αππλιεδ ρεσεαρχη τηατ δελιϖερσ ρελεϖαντ ανδ τιmελψ mετηοδσ, τοολσ, δατα, τεχηνολογιεσ, 

ανδ τεχηνιχαλ εξπερτισε ιν συππορτ οφ φεδεραλ, ρεγιοναλ, στατε, τριβαλ, ωατερ σψστεm, ανδ λοχαλ χοmmυνιτψ 

ρεσιλιενχε. ΗΣΡΠ ενγαγεσ παρτνερσ τηρουγηουτ τηε ρεσεαρχη λιφε−χψχλε το ενσυρε τηειρ νεεδσ αρε βεινγ mετ 

� φροm ιδεντιφψινγ σχιεντιφιχ χαπαβιλιτψ γαπσ, το περφορmινγ ρεσεαρχη το αδδρεσσ τηοσε γαπσ, το 

φορmυλατινγ ανδ δελιϖερινγ τιmελψ ανδ ρελιαβλε προδυχτσ τηατ φιλλ τηοσε γαπσ, το τρανσιτιονινγ ανδ 

ιmπλεmεντινγ τηε προδυχτσ ϖια χολλαβορατιϖε φιελδ στυδιεσ ανδ εξερχισεσ. ΗΣΡΠ προδυχτσ προϖιδε σψστεmσ−

βασεδ αππροαχηεσ το σιτε χηαραχτεριζατιον, ρισκ ασσεσσmεντ, ανδ ρεmεδιατιον (ωηιχη ινχλυδεσ ωαστε 

mαναγεmεντ) το αδδρεσσ λαργε−σχαλε χονταmινατεδ αρεασ ανδ ωατερ σψστεmσ. Φεδεραλ, στατε, τριβαλ, ανδ 

λοχαλ δεχισιον mακερσ ωιλλ ηαϖε αχχεσσ το τηε ινφορmατιον ανδ τοολσ τηεψ νεεδ το πρεπαρε φορ ανδ ρεχοϖερ 

φροm χαταστροπηεσ ινϖολϖινγ ενϖιρονmενταλ χονταmινατιον ινχιδεντσ τηατ τηρεατεν πυβλιχ ηεαλτη. 
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Ιντροδυχτιον 
Τηε Ηοmελανδ Σεχυριτψ Στρατεγιχ Ρεσεαρχη Αχτιον Πλαν (ΣτΡΑΠ) φορ 2019−2022 ισ α φουρ−ψεαρ στρατεγψ το 

δελιϖερ ρεσεαρχη νεχεσσαρψ το συππορτ τηε Ενϖιρονmενταλ Προτεχτιον Αγενχψ�σ (ΕΠΑ) οϖεραλλ mισσιον το 

προτεχτ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ, φυλφιλλ τηε ΕΠΑ�σ λεγισλατιϖε mανδατεσ, ανδ αδϖανχε χροσσ−

αγενχψ πριοριτιεσ ιδεντιφιεδ ιν τηε ΦΨ2018−ΦΨ2022 ΕΠΑ Στρατεγιχ Πλαν (Υ.Σ. ΕΠΑ, 2018α). Τηισ ΣτΡΑΠ 

ουτλινεσ ηοω ΕΠΑ�σ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ�σ (ΟΡD) Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm 

(ΗΣΡΠ) αιmσ το mεετ τηε ηοmελανδ σεχυριτψ σχιενχε νεεδσ οφ τηε ΕΠΑ παρτνερσ ανδ στακεηολδερσ. ΕΠΑ 

παρτνερσ ινχλυδε ΕΠΑ προγραm ανδ ρεγιοναλ οφφιχεσ, φεδεραλ αγενχιεσ, ανδ στατε ανδ τριβαλ γοϖερνmεντσ 

συππορτινγ τηε προτεχτιον οφ ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ; στακεηολδερσ ινχλυδε λοχαλ 

γοϖερνmεντσ, νον−γοϖερνmενταλ οργανιζατιονσ, πριϖατε ινδυστριεσ, αχαδεmιχ ινστιτυτιονσ, ανδ οτηερσ 

ωιτη αν ιντερεστ ορ ινϖεστmεντ ιν πυβλιχ ανδ ενϖιρονmενταλ ηεαλτη. 

Τηε Ηοmελανδ Σεχυριτψ ΣτΡΑΠ ισ ονε οφ σιξ ρεσεαρχη πλανσ, ονε φορ εαχη οφ ΕΠΑ�σ νατιοναλ ρεσεαρχη 

προγραmσ ιν ΟΡD. Τηε σιξ ρεσεαρχη προγραmσ αρε: 

ξ Αιρ ανδ Ενεργψ (Α−Ε) 

ξ Χηεmιχαλ Σαφετψ φορ Συσταιναβιλιτψ (ΧΣΣ) 

ξ Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm (ΗΣΡΠ) 

ξ Ηεαλτη ανδ Ενϖιρονmενταλ Ρισκ Ασσεσσmεντ (ΗΕΡΑ) 

ξ Σαφε ανδ Συσταιναβλε Wατερ Ρεσουρχεσ (ΣΣWΡ) 

ξ Συσταιναβλε ανδ Ηεαλτηψ Χοmmυνιτιεσ (ΣΗΧ) 

ΕΠΑ�σ σιξ στρατεγιχ ρεσεαρχη αχτιον πλανσ λαψ τηε φουνδατιον φορ ΕΠΑ�σ ρεσεαρχη προγραmσ το προϖιδε 

φοχυσεδ ρεσεαρχη τηατ mεετσ τηε Αγενχψ�σ λεγισλατιϖε mανδατεσ ανδ τηε γοαλσ ουτλινεδ ιν τηε ΕΠΑ ανδ 

ΟΡD Στρατεγιχ Πλανσ (Υ.Σ. ΕΠΑ, 2018α, 2018χ). Τηε ΣτΡΑΠσ αρε δεσιγνεδ το γυιδε αν αmβιτιουσ ρεσεαρχη 

πορτφολιο τηατ δελιϖερσ τηε σχιενχε ανδ ενγινεερινγ σολυτιονσ ΕΠΑ νεεδσ το mεετ ιτσ γοαλσ νοω ανδ ιντο 

τηε φυτυρε, ωηιλε αλσο χυλτιϖατινγ αν εφφιχιεντ, ιννοϖατιϖε, ανδ ρεσπονσιϖε ρεσεαρχη εντερπρισε. 

ΗΣΡΠ αδδρεσσεσ σχιενχε γαπσ ρελατεδ το ρεmεδιατιον οφ ενϖιρονmενταλ χονταmινατιον τηατ τηρεατενσ 

πυβλιχ ηεαλτη ανδ ωελφαρε, ασ ωελλ ασ σχιενχε γαπσ ρελατεδ το ενϖιρονmενταλ θυαλιτψ βεφορε, δυρινγ, ανδ 

αφτερ α δισαστερ. ΗΣΡΠ ηελπσ ΕΠΑ χαρρψ ουτ ιτσ ηοmελανδ σεχυριτψ ανδ εmεργενχψ ρεσπονσε mισσιον βψ 

ωορκινγ χλοσελψ ωιτη ιτσ παρτνερσ το υνδερστανδ τηε ποτεντιαλ τηρεατσ ανδ χονσεθυενχεσ οφ ηαζαρδουσ 

συβστανχε ρελεασε. ΗΣΡΠ ωορκσ ιν χοορδινατιον ωιτη ιτσ παρτνερσ ανδ στακεηολδερσ το χονδυχτ ρεσεαρχη 

τηατ γιϖεσ δεχισιον mακερσ τηε ινφορmατιον τηεψ νεεδ φορ τηειρ χοmmυνιτιεσ ανδ ενϖιρονmεντσ το ραπιδλψ 

ρεχοϖερ αφτερ α δισαστερ. 

ΗΣΡΠ�σ γενεραλ ρεσεαρχη αππροαχη ισ το αδαπτ συιταβλε mετηοδολογιεσ τηατ ηαϖε προϖεν εφφεχτιϖενεσσ ιν 

α λαβορατορψ σεττινγ φορ συχχεσσ ιν ρεαλ−ωορλδ σεττινγσ. Ρεαλ−ωορλδ σεττινγσ χαν βε χηαλλενγινγ βεχαυσε 

αφφεχτεδ ενϖιρονmεντσ αρε νοτ πριστινε; γριmε ανδ βιοφιλmσ χοmπλιχατε τηε βεηαϖιορσ οφ σαmπλινγ ανδ 

χλεανυπ τεχηνολογιεσ, τηερεβψ αφφεχτινγ ρεσπονδερσ� αβιλιτψ το σαmπλε ανδ ρεmεδιατε σιτεσ. Φυρτηερmορε, 

σοmε ρεσπονσε αχτιϖιτιεσ ανδ δεχισιονσ mαψ οχχυρ ιν σεθυενχε ωηερε συχη αχτιϖιτιεσ αρε χουπλεδ το, ορ 

αρε δεπενδεντ ον, οτηερ ρεσπονσε αχτιϖιτιεσ ανδ δεχισιονσ. Ηυmαν βεηαϖιορ ισ νοτ αλωαψσ πρεδιχταβλε, 

στακεηολδερ ρελατιονσηιπσ mυστ βε νεγοτιατεδ, ανδ ρισκσ χαν βε διφφιχυλτ το χοmmυνιχατε. ΗΣΡΠ δεϖελοπσ 

ινφορmατιον ανδ τοολσ φορ χλεανυπ, ωαστε mαναγεmεντ, χηαραχτεριζατιον ανδ ασσεσσmεντ οφ ηαζαρδσ, ανδ 

αππλιχατιον οφ τηε λατεστ ινφορmατιον ιν δεχισιον−mακινγ. 
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Ρεσεαρχη το Συππορτ τηε ΕΠΑ Στρατεγιχ Πλαν 

Τηε ΦΨ2018−ΦΨ2022 ΕΠΑ Στρατεγιχ Πλαν ισ δεσιγνεδ το ιmπλεmεντ τηε Αδmινιστρατορ�σ πριοριτιεσ φορ τηε 

νεξτ φιϖε ψεαρσ. Τηισ Στρατεγιχ Πλαν ιδεντιφιεσ τηρεε οϖεραρχηινγ στρατεγιχ γοαλσ: 1) Α Χλεανερ, Ηεαλτηιερ 

Ενϖιρονmεντ, 2) Μορε Εφφεχτιϖε Παρτνερσηιπσ, ανδ 3) Γρεατερ Χερταιντψ, Χοmπλιανχε, ανδ Εφφεχτιϖενεσσ. 

ΕΠΑ�σ ρεσεαρχη προγραmσ αρε αλιγνεδ το τηε Στρατεγιχ Πλαν ανδ δεσιγνεδ το ενσυρε τηατ τηε Αγενχψ 

συχχεσσφυλλψ mεετσ τηε γοαλσ ανδ οβϕεχτιϖεσ αρτιχυλατεδ ιν τηε Στρατεγιχ Πλαν. 

Τηε φιρστ γοαλ εmπηασιζεσ ΕΠΑ�σ mισσιον οφ προϖιδινγ α Χλεανερ, Ηεαλτηιερ Ενϖιρονmεντ βψ ιmπροϖινγ αιρ 

θυαλιτψ, προϖιδινγ χλεαν ανδ σαφε ωατερ, ρεϖιταλιζινγ λανδ ανδ πρεϖεντινγ χονταmινατιον, ανδ ενσυρινγ 

χηεmιχαλ σαφετψ. ΗΣΡΠ διρεχτλψ συππορτσ τηισ mισσιον τηρουγη ιτσ αππλιεδ ρεσεαρχη ιν ρεσπονσε ανδ 

ρεmεδιατιον, α χριτιχαλ χοmπονεντ οφ βυιλδινγ ρεσιλιενχε. 

Τηε σεχονδ γοαλ οφ ΕΠΑ�σ Στρατεγιχ Πλαν ισ Μορε Εφφεχτιϖε Παρτνερσηιπσ, ωηιχη ενηανχεσ σηαρεδ 

αχχουνταβιλιτψ ανδ ινχρεασεσ τρανσπαρενχψ ανδ πυβλιχ παρτιχιπατιον φορ στατεσ ανδ τριβεσ. 

ΗΣΡΠ ωορκσ ωιτη ΕΠΑ ρεγιοναλ οφφιχεσ το συππορτ στατε ανδ τριβαλ νεεδσ ανδ χοντινυεσ το στρενγτηεν ιτσ 

διρεχτ ρελατιονσηιπ ωιτη στατεσ ανδ τριβεσ τηρουγη παρτνερσηιπσ ωιτη νατιοναλ ασσοχιατιονσ συχη ασ τηε 

Ενϖιρονmενταλ Χουνχιλ οφ τηε Στατεσ (ΕΧΟΣ) ανδ τηε Ενϖιρονmενταλ Ρεσεαρχη Ινστιτυτε οφ τηε Στατεσ 

(ΕΡΙΣ), Νατιοναλ Ενϖιρονmενταλ Ηεαλτη Ασσοχιατιον (ΝΕΗΑ) ανδ τηε Ασσοχιατιον οφ Στατε ανδ Τερριτοριαλ 

Ηεαλτη Οφφιχιαλσ (ΑΣΤΗΟ), τηε Ασσοχιατιον οφ Στατε ανδ Τερριτοριαλ Wαστε Μαναγεmεντ Οφφιχιαλσ 

(ΑΣΤWΜΟ) ανδ τηε Νατιοναλ Εmεργενχψ Μαναγεmεντ Ασσοχιατιον (ΝΕΜΑ). 

Γρεατερ Χερταιντψ, Χοmπλιανχε, ανδ Εφφεχτιϖενεσσ ισ τηε φιναλ γοαλ οφ ΕΠΑ�σ Στρατεγιχ Πλαν. Τηισ γοαλ 

ινχλυδεσ τηε σπεχιφιχ οβϕεχτιϖε το πριοριτιζε ροβυστ σχιενχε. ΗΣΡΠ ηελπσ αχηιεϖε τηισ βψ χονδυχτινγ 

ρεσεαρχη ανδ προϖιδινγ ΕΠΑ προγραmσ ανδ ρεγιονσ ωιτη τηε σχιεντιφιχ συππορτ τηεψ νεεδ το δεϖελοπ 

ιννοϖατιϖε σολυτιονσ το ενϖιρονmενταλ χηαλλενγεσ. 

Στατυτορψ ανδ Πολιχψ Χοντεξτ 

Σινχε τηε ατταχκσ οφ Σεπτεmβερ 11, 2001 ον τηε Υνιτεδ Στατεσ, τηε νατιον�σ ηοmελανδ σεχυριτψ εντερπρισε 

ωασ ρεχονστρυχτεδ, υλτιmατελψ λεαδινγ το βεττερ νατιοναλ προτεχτιον φροm βοτη νατυραλ ανδ 

αντηροπογενιχ δισαστερσ. Σεϖεραλ στατυτεσ γιϖε ΕΠΑ τηε αυτηοριτψ ανδ οβλιγατιον το ρεσπονδ το 

εmεργενχιεσ, συχη ασ οιλ σπιλλσ, ανδ το δεϖελοπ ρεσεαρχη τηατ ωουλδ ιmπροϖε ηαζαρδουσ mατεριαλ ρεmοϖαλ 

αχτιονσ πριmαριλψ τηρουγη τηε Χοmπρεηενσιϖε Ενϖιρονmενταλ Ρεσπονσε, Χοmπενσατιον, ανδ Λιαβιλιτψ Αχτ 

(ΧΕΡΧΛΑ), Χλεαν Wατερ Αχτ (ΧWΑ), ανδ Σαφε Dρινκινγ Wατερ Αχτ (ΣDWΑ). Τηε Πυβλιχ Ηεαλτη Σεχυριτψ ανδ 

Βιοτερρορισm Πρεπαρεδνεσσ ανδ Ρεσπονσε Αχτ ρεθυιρεδ ΕΠΑ ανδ ιτσ παρτνερσ το ηελπ ωατερ υτιλιτιεσ 

χονδυχτ ϖυλνεραβιλιτψ ασσεσσmεντσ ανδ δεϖελοπ εmεργενχψ ρεσπονσε πλανσ (Υ.Σ. ΕΠΑ, 2018δ). 

Ιν αδδιτιον το στατυτορψ αυτηοριτιεσ, τηε φεδεραλ γοϖερνmεντ ηασ εσταβλισηεδ mανψ πολιχιεσ τηρουγη 

Πρεσιδεντιαλ Dιρεχτιϖεσ ανδ Νατιοναλ Φραmεωορκσ τηατ ουτλινε ΕΠΑ�σ ρεσπονσιβιλιτιεσ ωιτη ρεσπεχτ το 

εmεργενχιεσ ινχλυδινγ αχτσ οφ τερρορισm. Φορ εξαmπλε, Ηοmελανδ Πρεσιδεντιαλ Dιρεχτιϖε (ΗΣΠD) 71 ηελπεδ 

δεφινε φεδεραλ γοϖερνmεντ ρολεσ ανδ ρεσπονσιβιλιτιεσ ωιτηιν τηε ηοmελανδ σεχυριτψ εντερπρισε φορ Υ.Σ. 

χριτιχαλ ινφραστρυχτυρε, δεσιγνατινγ ΕΠΑ ασ τηε λεαδ φορ δρινκινγ ωατερ ανδ ωατερ τρεατmεντ σψστεmσ. Τηε 

Νατιοναλ Ρεσπονσε Φραmεωορκ (ΝΡΦ) ασσιγνσ ΕΠΑ ασ τηε λεαδ αγενχψ το τακε �αππροπριατε αχτιονσ το 

πρεπαρε φορ ανδ ρεσπονδ το α τηρεατ το πυβλιχ ηεαλτη, ωελφαρε, ορ τηε ενϖιρονmεντ χαυσεδ βψ αχτυαλ ορ 

1 ΗΣΠD 7 ωασ ρεϖοκεδ βψ Πρεσιδεντιαλ Πολιχψ Dιρεχτιϖε (ΠΠD) 21, ωηιχη στατεσ αλλ πλανσ δεϖελοπεδ πυρσυαντ το ΗΣΠD 

7 ρεmαιν ιν εφφεχτ υντιλ σπεχιφιχαλλψ ρεϖοκεδ ορ συπερσεδεδ. 
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ποτεντιαλ οιλ ανδ ηαζαρδουσ mατεριαλσ ινχιδεντσ� [ινχλυδινγ τηοσε ινϖολϖινγ] � χηεmιχαλ, βιολογιχαλ, 

ραδιολογιχαλ, ανδ νυχλεαρ συβστανχεσ, ωηετηερ αχχιδενταλλψ ορ ιντεντιοναλλψ ρελεασεδ.� 

Αν εξτενσιϖε λιστινγ οφ στατυτεσ ανδ πολιχιεσ τηατ ινφλυενχε ΕΠΑ�σ ηοmελανδ σεχυριτψ ρεσεαρχη ισ προϖιδεδ 

ιν Αππενδιξ 2. 

Ενϖιρονmενταλ Προβλεmσ ανδ Προγραm Πυρποσε 
Ιν 2001, α φεω γραmσ οφ Βαχιλλυσ αντηραχισ (Β. αντηραχισ) σπορεσ (τηε χαυσατιϖε αγεντ φορ τηε βαχτεριαλ 

δισεασε αντηραξ) mαιλεδ τηρουγη τηε Υ.Σ. Ποσταλ Σερϖιχε ρεσυλτεδ ιν τηε χονταmινατιον οφ σεϖεραλ ποσταλ 

φαχιλιτιεσ ανδ πυβλιχ ανδ πριϖατε βυιλδινγσ. ΕΠΑ ωασ τασκεδ το συππορτ τηε χλεανυπ οφ νυmερουσ φαχιλιτιεσ, 

φαχινγ mανψ χηαλλενγεσ. Ατ τηε τιmε, τηερε ωερε νο mετηοδσ το δετερmινε ωηιχη φαχιλιτιεσ ωερε 

χονταmινατεδ, νο χαπαβιλιτιεσ φορ χλεανινγ υπ χονταmινατεδ αρεασ, νο mεανσ το mαναγε ωαστε 

γενερατεδ φροm χλεανυπ αχτιϖιτιεσ, ανδ τηε γοϖερνmεντ διδ νοτ φυλλψ υνδερστανδ τηε ρισκ το ωορκερσ ανδ 

τηε πυβλιχ. Τηε υλτιmατε δεϖελοπmεντ ανδ αδαπτατιον οφ mετηοδσ φορ σαmπλινγ, αναλψσισ, χλεανυπ, ωαστε 

mαναγεmεντ, ανδ ρισκ ασσεσσmεντ ωερε χρεατεδ ον α σιτε−βψ−σιτε βασισ ανδ ρεσυλτεδ ιν χλεανυπ εφφορτσ 

τακινγ ψεαρσ ανδ χοστινγ ταξπαψερσ ηυνδρεδσ οφ mιλλιονσ οφ δολλαρσ. 

Τηε ρεσυλτινγ εξποσυρε οφ ωορκερσ ανδ τηε πυβλιχ, ινχλυδινγ φιϖε δεατησ αττριβυτεδ το ινηαλατιον οφ Β. 

αντηραχισ σπορεσ, mαδε βιοτερρορισm α ρεαλιτψ ιν τηε Υνιτεδ Στατεσ. Τηε ρεαλιτψ οφ βιοτερρορισm αλσο 

ηιγηλιγητεδ τηε ποσσιβιλιτψ οφ αν εϖερ−γροωινγ λιστ οφ οτηερ ποτεντιαλ τηρεατσ (ινχλυδινγ βιολογιχαλ, 

χηεmιχαλ, ανδ ραδιολογιχαλ χονταmιναντσ) βεινγ ρελεασεδ ιν υρβαν/συβυρβαν ενϖιρονmεντσ ανδ τηε 

ιντεντιοναλ χονταmινατιον οφ ωατερ σψστεmσ. 

ΕΠΑ ανδ οτηερ φεδεραλ αγενχιεσ ηαϖε ινϖεστεδ χονσιδεραβλε εφφορτ σινχε τηε ινχιδεντσ ιν 2001 το βυιλδ τηε 

νατιον�σ χαπαβιλιτιεσ. Ινχρεmενταλ αδϖανχεσ ηαϖε βεεν mαδε ανδ στανδαρδιζεδ ιν: (1) εαρλψ ωαρνινγ φορ 

βιολογιχαλ τηρεατ ρελεασε; (2) σαmπλινγ ανδ αναλψσισ mετηοδσ φορ ινδοορ αρεασ; (3) χλεανυπ mετηοδσ φορ 

φαχιλιτιεσ; (4) ωαστε mαναγεmεντ αππροαχηεσ; ανδ (5) βιολογιχαλ ρισκ ασσεσσmεντ mετηοδολογιεσ. 

Ηοωεϖερ, τηε Υνιτεδ Στατεσ χοντινυεσ το λαχκ τηε φυλλ χαπαβιλιτψ ανδ χαπαχιτψ το εφφεχτιϖελψ αδδρεσσ λαργε, 

ωιδε−σπρεαδ χονταmινατιον ινχιδεντσ τηε σιζε οφ, φορ εξαmπλε, λοωερ Μανηατταν, ορ Wασηινγτον D.Χ.�σ 

δρινκινγ ωατερ διστριβυτιον σψστεm. 

Τηε σχεναριοσ τηατ χηαλλενγε ουρ χυρρεντ χαπαβιλιτιεσ αρε ρεαλ τηρεατσ. Τηε 2011 Φυκυσηιmα νυχλεαρ 

ποωερ πλαντ δισαστερ ρεσυλτεδ ιν ιmmενσε ιmπαχτσ το τηε πυβλιχ, ενϖιρονmεντ, ανδ τηε εχονοmψ οφ 

ϑαπαν, φυρτηερ εξαχερβατεδ βψ τηε λαχκ οφ τοολσ ανδ τεχηνολογιεσ το αδδρεσσ τηε χηαλλενγε οφ λαργε ανδ 

χοmπλεξ ενϖιρονmενταλ χλεανυπ ιν αν αρεα τηε σιζε οφ Μαρψλανδ. Τηε ιντερνατιοναλ Εβολα ουτβρεακ ιν 

2014 δεmονστρατεδ τηε χηαλλενγεσ οφ ενϖιρονmενταλ δεχονταmινατιον το στοπ τηε σπρεαδ οφ δισεασε ανδ 

mαναγε ϖολυmινουσ βιολογιχαλ ωαστεσ ρεσυλτινγ φροm χλεανυπ αχτιονσ ανδ ηεαλτη χαρε δελιϖερψ. Τηε φεω 

Εβολα χασεσ ιν τηε Υνιτεδ Στατεσ ωερε ενουγη το σποτλιγητ τηε χηαλλενγεσ τηατ ωουλδ βε φαχεδ ιν α ωιδε−

σπρεαδ βιολογιχαλ ινχιδεντ. Α ρελατιϖελψ mιλδ αχχιδεντ λικε τηε βαχκφλοω οφ α διλυτε ινδυστριαλ χηεmιχαλ ιντο 

Χορπυσ Χηριστι�σ διστριβυτιον σψστεm ιν 2017 χαυσεδ α βαν ον ωατερ υσε φορ mυχη οφ τηε χιτψ�σ 300,000 

ρεσιδεντσ φορ αππροξιmατελψ 4 δαψσ, χαυσινγ mασσ δισρυπτιον το δαιλψ λιφε ανδ ηυγε εχονοmιχ χοστσ. Α 

mαϕορ ινχιδεντ, συχη ασ α ηιγηλψ τοξιχ χηεmιχαλ ωαρφαρε αγεντ ατταχκ ον α ωατερ σψστεm, ωουλδ λικελψ 

ρεσυλτ ιν mυχη γρεατερ ιmπαχτσ. Χηεmιχαλ ωαρφαρε αγεντσ ηαϖε βεεν υσεδ mυλτιπλε τιmεσ ρεχεντλψ ιν τηε 

Σψριαν χιϖιλ ωαρ ανδ ιν τηε Υνιτεδ Κινγδοm, ηιγηλιγητινγ τηε τηρεατ ανδ ιmπαχτ ιφ υσεδ ιν τηε Υνιτεδ 

Στατεσ. Νατυραλ τηρεατσ αλσο χοντινυε, συχη ασ Ηυρριχανε Μαρια δαmαγινγ mυχη οφ Πυερτο Ριχο�σ δρινκινγ 

ωατερ σψστεmσ, λεαδινγ το α λαχκ οφ σαφε ωατερ ανδ ινχρεασεδ ωατερβορνε δισεασε ινχιδεντσ.  
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Α δισαστερ τηατ ρεσυλτσ ιν ωιδε−σπρεαδ χηεmιχαλ, βιολογιχαλ, ραδιολογιχαλ, ανδ νυχλεαρ (ΧΒΡΝ) 

χονταmινατιον οϖερ α λαργε ουτδοορ αρεα, ορ τηρουγηουτ α ωατερ ανδ ωαστεωατερ σψστεm, πρεσεντσ α 

δαυντινγ χηαλλενγε το ΕΠΑ, στατε, τριβαλ ανδ λοχαλ ρεσπονδερσ ιν χαρρψινγ ουτ τηειρ ρεσπονσιβιλιτιεσ. Ονχε 

ρελεασεδ ιντο τηε ενϖιρονmεντ, χονταmιναντσ χαν σπρεαδ ϖια νατυραλ φορχεσ ανδ ηυmαν αχτιϖιτιεσ. Τηε 

ποτεντιαλ φορ χροσσ−mεδια σπρεαδ οφ χονταmινατιον ισ δεπιχτεδ ιν Φιγυρε 1 ανδ ρεπρεσεντσ α σαmπλε οφ τηε 

χοmπλεξ σχεναριο τηατ λαργε−σχαλε χονταmινατιον ινχιδεντσ πρεσεντ το χοmmυνιτιεσ. 

Φιγυρε 1: Σχηεmατιχ Οϖερϖιεω οφ α Wιδε−Αρεα ανδ Wατερ−Σψστεm Χονταmινατιον Ινχιδεντ φορ Σχεναριο−

Βασεδ Ρεσιλιενχε Πλαννινγ 

Dρινκινγ ωατερ σψστεmσ χαν βεχοmε χονταmινατεδ βψ σεϖεραλ mεχηανισmσ χαυσινγ διρεχτ τηρεατσ το 

πυβλιχ ηεαλτη. Dιστριβυτιον σψστεmσ χαν βεχοmε χονταmινατεδ ωηεν σουρχε ωατερ βεχοmεσ πολλυτεδ το 

συχη αν εξτεντ τηατ τρεατmεντ πλαντσ χαννοτ ρεmοϖε τηε χονταmιατνιον. Συχη σουρχε ωατερ 

χονταmινατιον χαν ρεσυλτ φροm ρελεασεσ βψ ινδυστριαλ σουρχεσ χαυσεδ βψ αχχιδεντσ ορ νατυραλ δισαστερσ. 

Dιστρυβτιον σψστεmσ χαν βε διρεχτλψ χονταmινατεδ βψ ινδυστιραλ αχχιδεντσ, πιπε βρεακσ, ορ ιντεντιοναλλψ. 

Τηερε ισ αλσο χονσιδεραβλε υνχερταινψ ιν τηε εφφεχτιϖενεσσ οφ σαmπλινγ mετηοδσ ανδ στρατεγιεσ το 

χηαραχτεριζε ωιδε−σπρεαδ χονταmινατιον, ιν δεχονταmινατιον mετηοδσ το ρεδυχε ορ ελιmινατε 

χονταmινατιον ιν χοmπλεξ υρβαν ενϖιρονmεντσ, ανδ ιν τηε αβιλιτψ το mαναγε τηε ϖαστ αmουντ οφ ωαστε 

τηατ χουλδ βε γενερατεδ. Χυρρεντ mετηοδσ υσεδ ιν πρεϖιουσ, σmαλλερ−σχαλε ΧΒΡΝ ινχιδεντσ αρε νοτ ρεαδιλψ 

συιταβλε φορ δεπλοψmεντ οϖερ λαργε αρεασ. Τηε δψναmιχ νατυρε οφ τηε χονταmιναντ ωιτηιν τηε 

ενϖιρονmεντ, χουπλεδ ωιτη τηε λαχκ οφ ρεαδιλψ−αϖαιλαβλε τοολσ, λεαδ το χονσιδεραβλε χηαλλενγεσ ιν ενσυρινγ 

χοmmυνιτιεσ αρε ρεσιλιεντ το δισαστερσ. Τηε Υνιτεδ Στατεσ νεεδσ ρεmεδιατιον mετηοδσ τηατ αρε ραπιδλψ 

δεπλοψαβλε ανδ σχαλαβλε, ωιτη δοχυmεντεδ εφφεχτιϖενεσσ. Wιτη ρεαδιλψ−αϖαιλαβλε αππροαχηεσ ρεπυρποσεδ 
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φροm οτηερ σεχτορσ, ρεσπονδερσ χαν αδαπτ mετηοδσ το αδδρεσσ διφφερεντ−σιζεδ ινχιδεντσ ανδ 

υναντιχιπατεδ χηαλλενγεσ ωιτηιν φινιτε βυδγετ ανδ τιmε χοντραιντσ. 

Ασ α ρεαλ−ωορλδ εξαmπλε, χονσιδερ τηε ρελεασε οφ ασβεστοσ−χονταινινγ αση φροm α ωαρεηουσε φιρε ιν 2017 

τηατ χαυσεδ ωιδε−αρεα ασβεστοσ χονταmινατιον οφ Νορτη Πορτλανδ, Ορεγον. Ασβεστοσ−χονταινινγ δεβρισ 

ωασ τηουγητ το ηαϖε σπρεαδ ασ φαρ ασ τωο mιλεσ ον εαχη σιδε οφ τηε Wιλλαmεττε Ριϖερ. ΕΠΑ προϖιδεδ 

συππορτ το τηε Ορεγον Dεπαρτmεντ οφ Ενϖιρονmενταλ Θυαλιτψ το χλεαν υπ δεβρισ ανδ ασσεσσ τηε ποτεντιαλ 

φορ πυβλιχ εξποσυρε. Τηισ ινχιδεντ πρεσεντεδ τηε χηαλλενγε οφ δετερmινινγ ωηερε ασβεστοσ φιβερσ mιγητ 

ηαϖε σεττλεδ οϖερ α 13−σθυαρε mιλε αρεα ανδ ραισεδ χονχερνσ φορ συσπενδεδ παρτιχλε (δυστ) τρανσφερ οφ 

ασβεστοσ ιντο ρεσιδενχεσ. Ρεσεαρχηερσ ανδ ρεσπονδερσ ηαδ το αδδρεσσ mανψ θυεστιονσ, συχη ασ ηοω το 

δετερmινε ωηιχη αρεασ ωερε χονταmινατεδ (βοτη ινδοορσ ανδ ουτδοορσ); ωηατ τψπε οφ σαmπλινγ ωασ 

βοτη εφφεχτιϖε ανδ τεχηνιχαλλψ φεασιβλε οϖερ τηε ποτεντιαλλψ χονταmινατεδ, λαργε αρεα; ανδ τηε ιmπαχτ οφ 

ωινδ, ραιν, ανδ ηυmαν αχτιϖιτψ ον τηε ρεδιστριβυτιον οφ ασβεστοσ ανδ, ηενχε, τηε ϖαλυε οφ σαmπλινγ 

ρεσυλτσ φροm α πρεϖιουσ δαψ. Τηισ ινχιδεντ προϖιδεδ α ϖιϖιδ εξαmπλε οφ τηε χηαλλενγεσ τηατ ωουλδ βε φαχεδ 

ιφ ΧΒΡΝ χονταmιναντσ ωερε σπρεαδ οϖερ αν υρβαν αρεα. 

Σχιενχε το συππορτ ρεσπονσε δεχισιονσ πριορ το ανδ δυρινγ α δισαστερ σηουλδ χονσιδερ λονγ−τερm ρεχοϖερψ. 

Τηε δεχισιονσ ανδ πριοριτιεσ σετ βψ αν ιmπαχτεδ χοmmυνιτψ πριορ το α δισαστερ (πρεϖεντιον ανδ 

προτεχτιον πιλλαρσ ιν τηε Νατιοναλ Dισαστερ Ρεχοϖερψ Φραmεωορκ (ΝDΡΦ)) ανδ δυρινγ τηε mιτιγατιον ανδ 

ρεσπονσε πηασε οφ α δισαστερ ηαϖε α χασχαδινγ εφφεχτ ον τηε οϖεραλλ ρεχοϖερψ (Υ.Σ. DΗΣ, 2016). Τηε 

ιmπορτανχε οφ χοmmυνιτψ ενγαγεmεντ ηιγηλιγητσ τηε νεεδ το υνδερστανδ τηε σοχιαλ−ενϖιρονmενταλ 

σψστεm ιντεραχτιονσ ασ σχιενιτιφιχ σολυτιονσ το mιτιγατιον ανδ ρεσπονσε αρε δεϖελοπεδ. Χονταmιναντ 

mοϖεmεντ, εξποσυρε, ανδ ηυmαν συσχεπτιβιλιτψ αρε αφφεχτεδ βψ σοχιαλ, ασ ωελλ ασ ενϖιρονmενταλ σψστεmσ. 

Σο τοο αρε δεχονταmινατιον αχτιονσ ανδ ουτχοmεσ. 

Χονσιδερινγ τηε γενεραλ ωιδεσπρεαδ χονταmινατιον σχεναριο δισχυσσεδ αβοϖε, ΗΣΡΠ φοχυσεσ ον 

συππορτινγ χοmmυνιτψ ρεσιλιενχε το δισαστερσ βψ συππορτινγ δεχισιον mακερσ ιν αδδρεσσινγ θυεστιονσ 

συχη ασ: 

ξ Wηατ τοολσ ανδ στρατεγιεσ αρε αϖαιλαβλε φορ σαmπλινγ ωιδε αρεασ ορ ωατερ σψστεmσ το δετερmινε 

τηε εξτεντ οφ τηε χονταmινατιον? 

ξ Ηοω χαν mοϖεmεντ οφ χονταmιναντσ ιν τηε ενϖιρονmεντ βε πρεδιχτεδ, mονιτορεδ, ορ 

συππρεσσεδ ιν συππορτ οφ σαmπλινγ, χλεανυπ, ανδ πυβλιχ ηεαλτη δεχισιονσ? 

ξ Ηοω χαν δετεχτιον, συρϖεψινγ, mονιτορινγ, ανδ σαmπλινγ ινφορmατιον βε υσεδ το γυιδε πυβλιχ 

ηεαλτη δεχισιονσ, ινχλυδινγ mιτιγατινγ ηυmαν εξποσυρε ποτεντιαλ? 

ξ Ηοω χαν ωιδε αρεασ ανδ ωατερ σψστεmσ βε ραπιδλψ ανδ σαφελψ χλεανεδ υπ ανδ ρετυρνεδ το 

νορmαλχψ? 

ξ Ηοω χαν ωατερ σψστεmσ βε προτεχτεδ αγαινστ χονταmινατιον ινχιδεντσ? 

Τηισ ΣτΡΑΠ ουτλινεσ πριοριτψ ρεσεαρχη εφφορτσ φορ 2019−2022 ιντενδεδ το αδδρεσσ τηε χυρρεντ ηιγηεστ 

πριοριτψ νεεδσ ωιτη ρεσπεχτ το ΕΠΑ�σ Ηοmελανδ Σεχυριτψ ρεσπονσιβιλιτιεσ. ΗΣΡΠ αλσο υνδερτακεσ α 

σψστεmατιχ εξαmινατιον οφ ποτεντιαλ τηρεατσ ανδ οππορτυνιτιεσ (ι.ε., ηοριζον σχαννινγ) το ιδεντιφψ 

σχιεντιφιχ χηαλλενγεσ τηατ mαψ ρισε ιν ιmπορτανχε φροm εmεργινγ τεχηνολογιεσ. Φορ εξαmπλε, ρεχεντλψ−

δεϖελοπεδ γενοmε εδιτινγ τεχηνολογιεσ αρε ποισεδ το ρεϖολυτιονιζε τηε υσε οφ βιοτεχηνολογψ το βενεφιτ 

mανκινδ. Ψετ, τηεσε τεχηνολογιεσ χουλδ αλσο ρεσυλτ ιν υνιντενδεδ χονσεθυενχεσ φορ πυβλιχ ηεαλτη ανδ τηε 

ενϖιρονmεντ ορ βε υσεδ το δεϖελοπ νοϖελ τηρεατ αγεντσ. Dεmονστρατεδ βψ τηε ρεχεντ ουτβρεακσ οφ τηε 

Εβολα, Ζικα, ανδ αϖιαν φλυ ϖιρυσεσ, ωε σηουλδ εξπεχτ υναντιχιπατεδ δισεασε ουτβρεακσ το χοντινυε το 
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χηαλλενγε πυβλιχ ανδ ανιmαλ ηεαλτη ανδ τηε ενϖιρονmεντ. Τηε ινχρεασινγ χαπαβιλιτψ οφ χοmπυτατιοναλ 

αππροαχηεσ ωιλλ ρεϖολυτιονιζε τηε πρεδιχτιον οφ σχιεντιφιχ προπερτιεσ (ε.γ., χηεmιστρψ, τοξιχολογψ), 

ενηανχε δεχισιον−συππορτ τοολσ, ανδ ηελπ mαναγε ενϖιρονmενταλ σψστεmσ (ε.γ., mονιτορ ωηολε 

ωατερσηεδσ, ινχλυδινγ ωατερ διστριβυτιον σψστεmσ). Ηοωεϖερ, ασ συχη αδϖανχεσ βεχοmε mορε 

αφφορδαβλε/αχχεσσιβλε, τηεψ χουλδ ηαϖε υνιντενδεδ χονσεθυενχεσ, αχχεντυατινγ τηε ιmπορτανχε οφ 

υνδερστανδινγ ηοω συχη εφφεχτσ χουλδ βε δετεχτεδ ανδ mινιmιζεδ. Φιναλλψ, ρεχεντ υσεσ οφ χηεmιχαλ 

ωαρφαρε αγεντσ ιν Σψρια ανδ τηε Υνιτεδ Κινγδοm ωαρν οφ αν ινχρεασεδ υσε οφ τηεσε αγεντσ τηατ χαν ηαϖε 

ιmπαχτ βεψονδ τηε ιντενδεδ ταργετσ. 

ΗΣΡΠ σερϖεσ ασ α φουνδατιον φορ αντιχιπατινγ ανδ χοmmυνιχατινγ σχιεντιφιχ ισσυεσ οφ ωηιχη ΕΠΑ ανδ οτηερ 

στακεηολδερσ mυστ βε αωαρε, ανδ φορ ενσυρινγ τηατ τηε ρεσεαρχη δεσιγνεδ το αδδρεσσ ηιγη πριοριτψ νεεδσ 

ρελατεδ το εξιστινγ τηρεατσ χαν αλσο συππορτ ρεσπονσε το αλλ ηαζαρδσ (αντιχιπατεδ ανδ υνφορεσεεν). 

Προβλεm Στατεmεντ 

Dισαστερσ οφτεν ρεσυλτ ιν χονταmινατιον τηατ χαν τηρεατεν πυβλιχ ηεαλτη ανδ τηε ενϖιρονmεντ. Τηε Υνιτεδ 

Στατεσ ισ ρεγυλαρλψ αφφεχτεδ βψ νατυραλ δισαστερσ, ινδυστριαλ αχχιδεντσ, ανδ ηασ βεεν τηε ταργετ οφ 

ιντεντιοναλ χονταmινατιον ινχιδεντσ ωιτη α γροωινγ λιστ οφ χηεmιχαλ, βιολογιχαλ, ανδ ραδιολογιχαλ αγεντσ. 

Wηεν σχιεντιφιχαλλψ−σουνδ ινφορmατιον ισ νοτ ρεαδιλψ αϖαιλαβλε φορ τηε ποτεντιαλ αρραψ οφ λοω−προβαβιλιτψ, 

ηιγη−χονσεθυενχε τηρεατσ, χοmmυνιτιεσ χαννοτ βε ρεσιλιεντ το τηεσε αχυτε, ενϖιρονmενταλ χαταστροπηεσ. 

Προγραm ςισιον 

Φεδεραλ, στατε, τριβαλ, ανδ λοχαλ δεχισιον mακερσ ηαϖε τιmελψ αχχεσσ το ινφορmατιον ανδ τηε τοολσ τηεψ 

νεεδ το ενσυρε χοmmυνιτψ ρεσιλιενχε το χαταστροπηεσ ινϖολϖινγ ενϖιρονmενταλ χονταmινατιον τηατ 

τηρεατενσ πυβλιχ ηεαλτη ανδ ωελφαρε. 

Προγραm Οβϕεχτιϖεσ 

Τηε ΗΣΡΠ ΣτΡΑΠ ισ φοχυσεδ ον αδδρεσσινγ τωο πριmαρψ ρεσεαρχη οβϕεχτιϖεσ. Ονε πριmαρψ ρεσεαρχη 

οβϕεχτιϖε ισ το αδϖανχε ΕΠΑ χαπαβιλιτιεσ το ρεσπονδ το ωιδε−αρεα χονταmινατιον ινχιδεντσ. Τερροριστ−

ρελατεδ ινχιδεντσ ορ νατυραλ δισαστερσ χαν ρεσυλτ ιν ωιδε−αρεα χονταmινατιον ωιτη ηαζαρδουσ mατεριαλσ, 

ινχλυδινγ οιλ σπιλλσ ορ ΧΒΡΝ αγεντσ ορ mατεριαλσ. Wιδε−αρεα χονταmινατιον ινχλυδεσ χονταmινατιον οφ τηε 

βυιλτ ενϖιρονmεντ (βοτη ινσιδε ανδ ουτσιδε οφ βυιλδινγσ ανδ σεmι−ενχλοσεδ ινφραστρυχτυρεσ συχη ασ 

συβωαψσ ορ αρενασ) ανδ τηε νατυραλ ενϖιρονmεντ. ΕΠΑ νεεδσ εφφεχτιϖε ανδ αφφορδαβλε χλεανυπ στρατεγιεσ 

ανδ mετηοδσ σο τηατ αφφεχτεδ χοmmυνιτιεσ χαν συχχεσσφυλλψ ανδ ραπιδλψ ρεχοϖερ. 

Τηε σεχονδ οβϕεχτιϖε ισ το ιmπροϖε τηε αβιλιτψ οφ ωατερ υτιλιτιεσ το πρεϖεντ, πρεπαρε φορ, ανδ ρεσπονδ το 

ωατερ χονταmινατιον τηατ τηρεατενσ πυβλιχ ηεαλτη. Dισαστερσ, αντηροπογενιχ ορ νατυραλλψ οχχυρρινγ, χαν 

ιmπαχτ τηε αβιλιτψ οφ ωατερ ανδ ωαστεωατερ υτιλιτιεσ το φυνχτιον, ινχλυδινγ τηε ποτεντιαλ δισρυπτιον οφ 

δρινκινγ ωατερ συππλιεσ το mυνιχιπαλιτιεσ. Το συππορτ δισαστερ πρεπαρεδνεσσ, ΗΣΡΠ δεϖελοπσ mοδελινγ 

τοολσ τηατ αιδ τηε δεσιγν ανδ οπερατιον οφ ωατερ ανδ ωαστεωατερ σψστεmσ ιν α ωαψ τηατ δεχρεασεσ τηειρ 

ϖυλνεραβιλιτψ το δισαστερσ. ΗΣΡΠ ηασ δεϖελοπεδ τοολσ, τεχηνολογιεσ, ανδ δατα το συππορτ ποστ−ινχιδεντ 

ρεσπονσεσ. 

Ρεσεαρχη Τοπιχσ 
Τηε ρεσεαρχη το αδδρεσσ ΗΣΡΠ παρτνερ νεεδσ ισ οργανιζεδ ιντο σεϖεν ρεσεαρχη αρεασ τηατ αρε χατεγοριχαλλψ 

υνδερ τηρεε ρεσεαρχη τοπιχ αρεασ (σεε Ταβλε 1). Τηε ρεσεαρχη τοπιχσ δεπιχτ τηε ρεσεαρχη προγραm δεσιγν 

ατ ηιγηερ λεϖελ οφ οργανιζατιον. Τηε ρεσεαρχη αρεασ αρε mορε δεσχριπτιϖε οφ τηε προγραm; τηε ρεσεαρχη 

αρεασ αλιγν ωιτη ΕΠΑ�σ ρεσπονσε δεχισιονσ συππορτινγ ρεχοϖερψ υνδερ τηε ΝΡΦ, σπεχιφιχαλλψ ωιτη ρεσπεχτ το 
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ΕΠΑ�σ λεαδ ρολε υνδερ Εmεργενχψ Συππορτ Φυνχτιον #10 − Οιλ ανδ Ηαζαρδουσ Ματεριαλσ Ρεσπονσε Αννεξ 

(ΕΣΦ−10). Τηισ γενεραλ mαππινγ οφ τηε ΕΣΦ−10 ρεσπονσε δεχισιονσ (ορ πλαννινγ χατεγοριεσ) ισ αλσο σηοων ιν 

Ταβλε 1 αλονγσιδε τηε χορρεσπονδινγ ρεσεαρχη τοπιχσ ανδ ρεσεαρχη αρεασ. Ιτ ισ ρεχογνιζεδ τηατ τηεσε 

ρεσπονσε δεχισιονσ αρε ηιγηλψ ιντερδεπενδεντ, ονε δεχισιον ιmπαχτινγ οτηερ δεχισιονσ. Τηυσ, τηε 

ρεσεαρχη αρεασ αρε δεσιγνεδ το ρεφλεχτ ανδ συππορτ τηισ ιντερδεπενδεντ σψστεm οφ αχτιϖιτιεσ τηρουγη 

χοορδινατιον αχροσσ τηε προγραm ιν συππορτ οφ τηε ΗΣΡΠ�σ τωο πριmαρψ οβϕεχτιϖεσ. 

Ταβλε 1: Λιστ οφ Τοπιχσ ανδ Ρεσεαρχη Αρεασ ιν ΗΣΡΠ 

ΗΣΡΠ Ρεσεαρχη Τοπιχσ ανδ Αρεα ΕΣΦ−10 Ρεσπονσε/Πλαννινγ Χατεγοριεσ 
Ρεσεαρχη 

Τοπιχ 1 

Χονταmιναντ χηαραχτεριζατιον ανδ 

χονσεθυενχε ασσεσσmεντ 

ξ Μιτιγατιον οφ Dρινκινγ Wατερ ανδ 

Wαστε Wατερ Τρεατmεντ Πλαντ 

Οπερατιον 

ξ Μιτιγατιον οφ Χριτιχαλ Ινφραστρυχτυρε 

Οπερατιον 

ξ Σαmπλινγ, Μονιτορινγ, ανδ 

Μεασυρεmεντσ 

Ρεσεαρχη 

Αρεασ 

Χονταmιναντ Φατε, Τρανσπορτ, ανδ 

Εξποσυρε 

Χονταmιναντ Dετεχτιον/Ενϖιρονmενταλ 

Σαmπλινγ ανδ Αναλψσισ 

Ρεσεαρχη 

Τοπιχ 2 

Ενϖιρονmενταλ χλεανυπ ανδ 

ινφραστρυχτυρε ρεmεδιατιον 
ξ Ενϖιρονmενταλ Χλεανυπ 

ξ Τρεατmεντ οφ Dεχονταmινατιον Wατερ 

ανδ Χονταmινατεδ Wατερ 

ξ Wαστε Μαναγεmεντ 

Ρεσεαρχη 

Αρεασ 

Wιδε−Αρεα Dεχονταmινατιον 

Wατερ Τρεατmεντ ανδ Ινφραστρυχτυρε 

Dεχονταmινατιον 

Οιλ Σπιλλ Ρεσπονσε 

Wαστε Μαναγεmεντ 

Ρεσεαρχη 

Τοπιχ 3 

Σψστεm αππροαχηεσ το πρεπαρεδνεσσ 

ανδ ρεσπονσε 
ξ Ενϖιρονmενταλ Χλεανυπ Σεθυενχινγ 

ξ ΕΣΦ−10 Οπερατιονσ 

ξ Χοστ Χονσιδερατιονσ 
Ρεσεαρχη 

Αρεασ 

Τοολσ το Συππορτ Σψστεmσ−βασεδ 

Dεχισιον−Μακινγ 

Τοπιχ 1: Χονταmιναντ Χηαραχτεριζατιον ανδ Χονσεθυενχε Ασσεσσmεντ 

Εφφεχτιϖε χονταmιναντ χηαραχτεριζατιον προϖιδεσ φορ υνδερστανδινγ τηε εξτεντ ανδ νατυρε οφ τηε 

ενϖιρονmενταλ χονταmινατιον. Ινφορmατιον ον χονταmιναντ χηαραχτεριζατιον χουπλεδ ωιτη αν 

υνδερστανδινγ οφ εξποσυρε ποτεντιαλ χαν βε υσεδ το ινφορm τηε ποτεντιαλ χονσεθυενχεσ οφ τηε 

χονταmινατιον ον πυβλιχ ηεαλτη. Φολλοωινγ α ΧΒΡΝ ινχιδεντ ορ οιλ σπιλλ, ΕΠΑ mαψ συππορτ ορ λεαδ σιτε 

χηαραχτεριζατιον ανδ ρεmεδιατιον οφ χονταmινατεδ ωατερ σψστεmσ ανδ ωιδε αρεασ. Αδδιτιοναλ 

χηαραχτεριζατιον οφ τηε σιτε mαψ βε ρεθυιρεδ δυρινγ χλεανυπ οπερατιονσ το ασσεσσ προγρεσσ ανδ δετερmινε 

ωαστε στρεαmσ, ανδ το ινφορm σιτε ρε−οχχυπανχψ ανδ ρευσε δεχισιονσ (σοmετιmεσ ρεφερρεδ το ασ χλεαρανχε 

δεχισιονσ). ΕΠΑ�σ Οφφιχε οφ Λανδ ανδ Εmεργενχψ Μαναγεmεντ (ΟΛΕΜ) φουνδεδ τηε ΕΠΑ Ενϖιρονmενταλ 

Ρεσπονσε Λαβορατορψ Νετωορκ (ΕΡΛΝ)2, ινχλυδινγ τηε Wατερ Λαβορατορψ Αλλιανχε (WΛΑ)3, το εσταβλιση τηε 

χαπαβιλιτψ ανδ χαπαχιτψ φορ αναλψζινγ ενϖιρονmενταλ σαmπλεσ φορ σιτε χηαραχτεριζατιον, χλεαρανχε 

σαmπλινγ, ανδ ρεmεδιατιον αφτερ νατιοναλ−σχαλε ινχιδεντσ. 

Ρεmεδιατιον δεχισιονσ αρε mαδε το ρεδυχε τηε ρισκ ρελατεδ το εξποσυρε το ενϖιρονmενταλ χονταmινατιον. 

Ηοωεϖερ, υσινγ ενϖιρονmενταλ χηαραχτεριζατιον δατα ιν α ρισκ ασσεσσmεντ ισ νοτ στραιγητφορωαρδ, 

2 ηττπσ://ωωω.επα.γοϖ/εmεργενχψ−ρεσπονσε/ενϖιρονmενταλ−ρεσπονσε−λαβορατορψ−νετωορκ 
3 ηττπσ://ωωω.επα.γοϖ/ωατερλαβνετωορκ 
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παρτιχυλαρλψ φορ mιχροβιαλ χονταmινατιον, δυε το τηε υνχερταιντψ ανδ ϖαριαβιλιτψ ιν τηε φιελδ δατα ασ ωελλ ασ 

υνχερταιντψ ιν ηοω το εστιmατε εξποσυρε το τηε χονταmιναντ ιν τηε ενϖιρονmεντ. Φορ εφφεχτιϖε ρεσπονσε 

ανδ ρεmεδιατιον, δεχισιον mακερσ mυστ ηαϖε χαπαβιλιτιεσ το ραπιδλψ δετεχτ χονταmινατιον, το δετερmινε 

τηε εξτεντ οφ τηε χονταmινατιον, το υνδερστανδ τηε βεηαϖιορ οφ τηε χονταmιναντ ιν τηε ενϖιρονmεντ, 

ανδ το ασσεσσ τηε ιmπαχτ οφ τηε χονταmινατεδ ενϖιρονmεντ ον πυβλιχ ηεαλτη. Μανψ δεχισιονσ mακερσ 

mαψ νοτ ηαϖε ρεαδψ αχχεσσ το συχη χαπαβιλιτιεσ. 

Τηε ρεσεαρχη υνδερ τηισ τοπιχ ισ πλαννεδ ανδ εξεχυτεδ υνδερ τωο ρεσεαρχη αρεασ. Τηε φιρστ ρεσεαρχη αρεα 

αδδρεσσεσ ηοω χονταmιναντσ βεηαϖε ιν ωατερ σψστεmσ ανδ τηε βυιλτ ανδ νατυραλ ενϖιρονmεντ, ινχλυδινγ 

τηε δεϖελοπmεντ οφ χαπαβιλιτιεσ το συππορτ δεχισιον mακερσ ιν τηειρ ασσεσσmεντ οφ τηε τηρεατ τηατ τηε 

χονταmινατιον ποσεσ το πυβλιχ ηεαλτη. Τηε σεχονδ ρεσεαρχη αρεα ισ φοχυσεδ ον δεϖελοπινγ χονταmιναντ 

δετεχτιον, ενϖιρονmενταλ σαmπλινγ, ανδ αναλψτιχαλ χαπαβιλιτιεσ. Χοmβινεδ, τηεσε τωο ρεσεαρχη αρεασ 

προϖιδε εσσεντιαλ ινφορmατιον το συππορτ ενϖιρονmενταλ ρεσπονσε ανδ ρεmεδιατιον δεχισιον−mακινγ το 

προτεχτ πυβλιχ ηεαλτη ανδ τηε ενϖιρονmεντ. 

Ρεσεαρχη Αρεα 1: Χονταmιναντ Φατε, Τρανσπορτ, ανδ Εξποσυρε 

Κνοωλεδγε οφ τηε περσιστενχε, mοϖεmεντ, ανδ ασσοχιατεδ πηενοmενα ισ χλοσελψ λινκεδ το υνδερστανδινγ 

τηε ρισκ οφ εξποσυρε ανδ ινφορmινγ τηε δεϖελοπmεντ οφ σαmπλινγ, δεχονταmινατιον, ανδ ωαστε 

mαναγεmεντ στρατεγιεσ. Dυρινγ τηε Γοτηαm Σηιελδ4 εξερχισε, ιmπαχτεδ στατε ανδ λοχαλ δεχισιον mακερσ 

σουγητ ινφορmατιον φροm ΕΠΑ ον τηε ιmπαχτ οφ ιmπενδινγ ραιν ον τηειρ ρεσπονσε αχτιονσ. 

Εξποσυρε ασσεσσmεντ ινφορmατιον ανδ mοδελσ, ινχλυδινγ υνδερστανδινγ τηε αβιλιτψ οφ α χονταmιναντ 

ρελεασεδ ιντο τηε ενϖιρονmεντ το χοντινυε το ποσε αν εξποσυρε τηρεατ, χαν ινφορm πυβλιχ ηεαλτη ανδ 

χλεανυπ δεχισιονσ. Τηε περσιστενχε οφ α χηεmιχαλ ορ βιολογιχαλ αγεντ δεπενδσ ον ενϖιρονmενταλ 

χονδιτιονσ (ε.γ., τεmπερατυρε, ρελατιϖε ηυmιδιτψ, συνλιγητ, ετχ.) ανδ τηε mατεριαλ ιν ορ ον ωηιχη τηε 

χηεmιχαλ ορ βιολογιχαλ αγεντ ισ βουνδ. Φορ σοmε χονταmιναντσ, νατυραλ αττενυατιον (ωηερε νατυραλλψ−

οχχυρρινγ δεγραδατιον προχεσσεσ αρε υσεδ το ρεδυχε τηε χονχεντρατιον ανδ συβσεθυεντ εξποσυρε) ισ α 

ϖιαβλε χλεανυπ οπτιον υνδερ σοmε χιρχυmστανχεσ. Τηε ιmπαχτσ οφ ωινδ ανδ πρεχιπιτατιον εϖεντσ, ανδ 

τηειρ αβιλιτψ το mοϖε χονταmιναντσ ωιτηιν αν ουτδοορ αρεα, mαψ ηαϖε α προφουνδ ιmπαχτ ον συβσεθυεντ 

πυβλιχ ηεαλτη ρισκ ανδ τηε αβιλιτψ οφ ρεσπονδερσ το χονταιν ανδ mιτιγατε τηε χονταmινατιον. Τηεσε 

ινχιδεντσ χαν αλσο σπρεαδ χονταmινατιον ιντο ϖενυεσ τηατ ωερε πρεϖιουσλψ υνχονταmινατεδ, ινχλυδινγ 

στορm ανδ σεωερ χολλεχτιον σψστεmσ, ασ ωελλ ασ δρινκινγ ωατερ σουρχεσ. 

Τηε υνιντεντιοναλ ορ ιντεντιοναλ ιντροδυχτιον οφ ηαρmφυλ χονταmιναντσ ιντο δρινκινγ ωατερ διστριβυτιον 

σψστεmσ χαν αφφεχτ α ρελατιϖελψ λαργε αρεα, ανδ χαν ιmπαχτ τηε στοραγε τανκσ, πιπεσ, ανδ πυmπσ υσεδ ιν 

ωατερ διστριβυτιον σψστεmσ, σερϖιχε χοννεχτιονσ το βυιλδινγσ, ανδ ωατερ−χονσυmινγ αππλιανχεσ συχη ασ 

ωατερ ηεατερσ. Φατε ανδ τρανσπορτ ινφορmατιον ινφορmσ αχτιονσ συχη ασ δεχονταmινατιον οφ ωατερ 

ινφραστρυχτυρε, αλλοωινγ ρευσε οφ τηε σψστεm. Αδδιτιοναλλψ, το ινφορm ωηερε πηψσιχαλ σεχυριτψ ορ οτηερ 

mεασυρεσ αρε νεεδεδ το ρεδυχε ϖυλνεραβιλιτψ οφ ωατερ σψστεmσ, ινφορmατιον ανδ mοδελσ χαν ηελπ ασσεσσ 

τηε χονσεθυενχεσ ρεσυλτινγ φροm εξποσυρεσ το ΧΒΡΝ χονταmιναντσ. 

4 Οπερατιον Γοτηαm Σηιελδ ωασ αν εξερχισε χονδυχτεδ βψ ΦΕΜΑ ιν 2017 τεστινγ χιϖιλ ρεσπονσε χαπαβιλιτιεσ το α 

νυχλεαρ ωεαπονσ ατταχκ ιν τηε Νεω Ψορκ Χιτψ αρεα. 
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Τηισ ρεσεαρχη αρεα φοχυσεσ ον ιδεντιφψινγ ανδ θυαντιφψινγ ισσυεσ ρελατεδ το mοϖεmεντ ανδ περσιστενχε οφ 

χονταmιναντσ οϖερ ωιδε αρεασ ανδ ιν ωατερ ανδ ωαστεωατερ σψστεmσ. Ρεσεαρχη ισ χονδυχτεδ ατ τηε 

βενχη− ανδ πιλοτ−σχαλε το υνδερστανδ φατε ανδ τρανσπορτ, ωηιχη ωιλλ ινφορm δεχισιονσ ρεγαρδινγ σαmπλινγ, 

δεχονταmινατιον, ωαστε mαναγεmεντ, ανδ οπερατιοναλ χουντερmεασυρεσ. Τηισ ρεσεαρχη αρεα αλσο 

φοχυσεσ ον ασσεσσινγ εξποσυρε το χονταmιναντσ, φορ εξαmπλε, τηρουγη υνδερστανδινγ τηε ιmπλιχατιονσ οφ 

τηε σαmπλινγ ρεσυλτσ. 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Τηε νεεδσ ανδ χορρεσπονδινγ ρεσεαρχη γενεραλλψ φαλλ ιντο τηε φολλοωινγ χατεγοριεσ: 

ξ Περσιστενχε οφ χονταmιναντσ ιν ανδ ον διφφερεντ τψπεσ οφ ινφραστρυχτυρε 

ξ Μοϖεmεντ οφ χονταmιναντσ ωιτηιν ανδ βετωεεν διφφερεντ τψπεσ οφ ινφραστρυχτυρε 

ξ Υνδερστανδινγ ηοω mοϖεmεντ ανδ περσιστενχε οφ χονταmιναντσ χαν αφφεχτ σαmπλινγ 

στρατεγιεσ, δεχονταmινατιον, ανδ ρισκ ασσεσσmεντ 

Αν εξαmπλε οφ αν ουτπυτ υνδερ τηισ ρεσεαρχη αρεα ισ α σψντηεσισ οφ ινφορmατιον ον τηε φατε ανδ 

περσιστενχε οφ ραδιολογιχαλ αγεντσ ον συρφαχεσ, ωηιχη ωιλλ ινφορm σαmπλινγ ανδ ρεmεδιατιον δεχισιονσ 

(Αππενδιξ 1, Ουτπυτ ΗΣ.1.5056). Ρεσεαρχη ιν τηισ αρεα, συχη ασ υνδερστανδινγ τηε τρανσπορτ οφ Β. 

αντηραχισ σπορεσ ωιλλ φεεδ ιντο ουτπυτσ δεϖελοπεδ υνδερ οτηερ ρεσεαρχη αρεασ (ε.γ., ινφορmινγ ϖεηιχλε 

δεχονταmινατιον βψ υνδερστανδινγ φατε οφ χονταmιναντσ ωιτηιν ϖεηιχλεσ πασσινγ τηρουγη χονταmινατεδ 

αρεασ) (Αππενδιξ 1, Ουτπυτ ΗΣ.3.5002). Φιγυρε 2 σηοωσ αν εξαmπλε οφ ρεσεαρχη ιν τηε αεροσολ ωινδ 

τυννελ ιν ΕΠΑ�σ φαχιλιτψ ιν Ρεσεαρχη Τριανγλε Παρκ, ΝΧ το ασσεσσ τηε ρε−αεροσολιζατιον ανδ σπρεαδ οφ Β. 

αντηραχισ συρρογατε σπορεσ δυε το ηυmαν αχτιϖιτψ, ινχλυδινγ ρεσπονδερσ� αχτιϖιτιεσ. 

Φορ ωατερ σψστεmσ, ιτ�σ χριτιχαλ το υνδερστανδ ηοω χονταmιναντσ mαψ αδηερε το χορροσιον προδυχτσ ορ 

βιοφιλmσ ον πιπε ωαλλσ, ωηιχη χουλδ προλονγ χονταmινατιον βψ δεσορπτιον, λεαχηινγ, ορ οτηερωισε 

δεταχηινγ φροm τηε πιπε συρφαχε ανδ ιντο τηε ωατερ οϖερ τιmε. Χονταmινατιον χουλδ αλσο ιmπαχτ δρινκινγ 

ωατερ τρεατmεντ πλαντσ, ωαστεωατερ τρεατmεντ φαχιλιτιεσ, ανδ στορm ανδ σεωερ χολλεχτιον σψστεmσ. Το 

βεττερ υνδερστανδ τηε βεηαϖιορ οφ χονταmιναντσ ιν ωατερ ινφραστρυχτυρε, τηισ ρεσεαρχη αρεα δεϖελοπσ 

ιννοϖατιϖε προχεσσεσ φορ πρεδιχτιον οφ τηε φατε ανδ τρανσπορτ. Ρεσεαρχηερσ εξαmινε τηε φατε ανδ 

τρανσπορτ οφ χονταmιναντσ ιν δρινκινγ ωατερ ανδ ωαστεωατερ σψστεmσ ατ βενχη, πιλοτ, ανδ φυλλ−σχαλε. Dατα 

ον δεχονταmινατιον ανδ χονταmιναντ περσιστενχε ιν δρινκινγ ωατερ ανδ ωαστεωατερ ινφραστρυχτυρε ωιλλ 

βε ινχλυδεδ ιν τηε Wατερ Χονταmιναντ Ινφορmατιον Τοολ (WΧΙΤ)5. ΗΣΡΠ ρεσεαρχηερσ αρε δεϖελοπινγ 

ιννοϖατιϖε mετηοδσ φορ mοδελινγ χονταmιναντ φατε ανδ τρανσπορτ το ενηανχε ωατερ υτιλιτιεσ� αβιλιτψ το 

mαναγε χονταmινατεδ σουρχε ωατερ (ε.γ., ωατερ ιν ριϖερσ τηατ ισ τρεατεδ φορ δρινκινγ ωατερ) ανδ 

χονταmινατεδ οϖερλανδ φλοω. Ρεσεαρχηερσ ωιλλ δεϖελοπ α τοολ τηατ πρεδιχτσ τηε φατε ανδ τρανσπορτ οφ 

βιολογιχαλ χονταmινατιον ιν στορmωατερ ιν α ωιδε−αρεα υρβαν σεττινγ (Αππενδιξ 1, Ουτπυτ ΗΣ.1.5050). 

Το συππορτ ρισκ−βασεδ σιτε−σπεχιφιχ δεχισιονσ δυρινγ ρεσπονσε ινχιδεντσ, δεχισιον mακερσ mυστ ηαϖε 

mετηοδσ το ασσεσσ εξποσυρε πατηωαψσ ανδ εξποσυρε mοδελσ φορ ΧΒΡΝ χονταmιναντσ. Εξποσυρε−βασεδ 

mοδελινγ ισ α mατυρε φιελδ φορ τραδιτιοναλ χηεmιχαλ χονταmιναντσ λικε χονϖεντιοναλ πεστιχιδεσ, βυτ 

mοδελινγ εφφορτσ φορ εξποσυρε το βιολογιχαλ αγεντσ αρε λιmιτεδ. Ρεσεαρχη χονδυχτεδ υνδερ τηισ αρεα 

5 ηττπσ://ωωω.επα.γοϖ/ωατερδατα/ωατερ−χονταmιναντ−ινφορmατιον−τοολ−ωχιτ 
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δεϖελοπσ ορ mοδιφιεσ εξιστινγ εξποσυρε mοδελσ. Φορ εξαmπλε, mοδελσ φορ ωατερ−βασεδ εξποσυρεσ αρε 

βεινγ δεϖελοπεδ ανδ ινχορπορατεδ ιντο α τοολ τηατ εστιmατεσ χονσεθυενχεσ φορ εντιρε ωατερ σψστεmσ 

(Αππενδιξ 1, Ουτπυτ ΗΣ.1.5050). Ανοτηερ σετ οφ εξαmπλε ουτπυτσ αρε Προϖισιοναλ Αδϖισορψ Λεϖελσ (ΠΑΛσ). 

ΠΑΛσ αρε θυαντιτατιϖε ρισκ ϖαλυεσ φορ σηορτ δυρατιον εξποσυρεσ τηατ εξχεεδ σαφε λεϖελσ, υσεδ το ινφορm 

εmεργενχψ αχτιονσ λικε εϖαχυατιον ανδ χεσσατιον οφ ωατερ σερϖιχε (Αππενδιξ 1, Ουτπυτ ΗΣ.1.4424).  

Φιγυρε 2: Ασσεσσmεντ οφ ρεαεροσολιζατιον οφ Β. αντηραχισ συρρογατε σπορεσ δυε το τψπιχαλ ανδ ρεσπονσε−

ρελατεδ ηυmαν αχτιϖιτψ (Αεροσολ Wινδ Τυννελ ατ ΕΠΑ∋σ Φαχιλιτψ ιν Ρεσεαρχη Τριανγλε Παρκ, ΝΧ) 

Ρεσεαρχη Αρεα 2: Χονταmιναντ Dετεχτιον/Ενϖιρονmενταλ Σαmπλινγ ανδ Αναλψσισ 

Dεχισιονσ ρεγαρδινγ ρεmεδιατιον αρε βασεδ λαργελψ ον τηε ρεσυλτσ οφ ινφραστρυχτυρε ορ σιτε 

χηαραχτεριζατιον σαmπλινγ (το εσταβλιση τηε εξτεντ οφ χονταmινατιον) ανδ ον χλεαρανχε σαmπλινγ (το 

εϖαλυατε τηε εφφιχαχψ οφ τηε χλεανυπ). Τηε ρεχοϖερψ οφ χονταmινατεδ αρεασ ανδ ινφραστρυχτυρε ωιλλ βε 

ηινδερεδ βψ α λαχκ οφ χονσενσυσ ον χονταmιναντ δετεχτιον χαπαβιλιτιεσ, σαmπλινγ στρατεγιεσ, σαmπλε 

χολλεχτιον προχεδυρεσ, ανδ σαmπλε αναλψσισ mετηοδολογιεσ. 

ΗΣΡΠ, ωορκινγ ωιτη ιτσ παρτνερσ, ωιλλ αδδρεσσ χριτιχαλ γαπσ ρελατεδ το τηισ ρεσεαρχη αρεα βψ εϖαλυατινγ 

χυρρεντ δετεχτιον χαπαβιλιτιεσ, δεϖελοπινγ ανδ/ορ ρεφινινγ σαmπλινγ στρατεγιεσ, δεϖελοπινγ ιννοϖατιϖε 

σαmπλε χολλεχτιον τεχηνιθυεσ, ανδ προϖιδινγ σαmπλε προχεσσινγ ανδ αναλψσισ mετηοδολογιεσ. Τηε γοαλ οφ 

τηισ ρεσεαρχη ισ το δεϖελοπ, σψντηεσιζε, ανδ χοmπιλε τηε προτοχολσ ιντο υσερ−φριενδλψ ανδ ρεαδιλψ−αϖαιλαβλε 

τοολσ φορ τηε ΕΠΑ ρεσπονσε χοmmυνιτψ ανδ ηοmελανδ σεχυριτψ παρτνερσ ανδ στακεηολδερσ. Οϖεραλλ, ΗΣΡΠ 

προϖιδεσ τηε σχιενχε νεεδεδ το εσταβλιση δετεχτιον ανδ σαmπλινγ στρατεγιεσ φορ ωιδε αρεασ ανδ ωατερ 

σψστεmσ. Τηισ ωορκ ωιλλ προϖιδε τηε mαξιmυm αmουντ οφ ινφορmατιον ρεγαρδινγ τηε εξτεντ οφ 

χονταmινατιον ωηιλε mινιmιζινγ τηε σαmπλινγ ανδ λαβορατορψ ρεσουρχεσ ρεθυιρεδ. 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Αδϖανχεσ ηαϖε βεεν mαδε ιν ενϖιρονmενταλ χονταmιναντ δετεχτιον, σαmπλινγ στρατεγιεσ, σαmπλε 

χολλεχτιον, ανδ σαmπλε αναλψσισ. Ηοωεϖερ, mαϕορ γαπσ ρεmαιν ιν τηεσε αρεασ, εσπεχιαλλψ ασ τηεψ αππλψ το 

ωιδε−αρεα βιολογιχαλ ρελεασεσ. Τηε χυρρεντλψ−αχχεπτεδ συρφαχε σαmπλινγ mετηοδσ αρε νοτ πραχτιχαλ φορ 
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ωιδε−αρεα ρεσπονσεσ βεχαυσε τηεψ αρε ϖερψ τιmε χονσυmινγ, λαβορ ιντενσιϖε, ανδ ρεθυιρε mανψ σαmπλεσ. 

Στρατεγιεσ τηατ σιγνιφιχαντλψ ρεδυχε τηε χοστ ανδ τιmε ασσοχιατεδ ωιτη σιτε χηαραχτεριζατιον ανδ χλεαρανχε 

σαmπλινγ αρε νεεδεδ το εφφεχτιϖελψ ρεσπονδ το α ωιδε−αρεα ινχιδεντ. Συρφαχε σαmπλινγ αππροαχηεσ τηατ 

εξπανδ χολλεχτιον αρεασ ορ ποολ σαmπλεσ χολλεχτεδ υσινγ ηιστοριχ mετηοδσ ηαϖε δεmονστρατεδ τηε 

ποτεντιαλ το αχηιεϖε εφφεχτιϖε σαmπλινγ χοϖεραγε οφ λαργε αρεασ ωηιλε ρεδυχινγ τηε ρεσουρχεσ ρεθυιρεδ. 

Τηεσε �χοmποσιτε σαmπλινγ� mετηοδσ ηαϖε χονσιδεραβλε αδϖανταγεσ οϖερ ηιστοριχαλ σαmπλινγ mετηοδσ 

τηατ χοϖερεδ mορε δισχρετε σαmπλε σιζεσ. 

Νεω σαmπλινγ mετηοδσ ωιλλ, τηερεφορε, βε φυρτηερ δεϖελοπεδ το συππορτ δεχισιον mακερσ δυρινγ 

χηαραχτεριζατιον οφ ωιδε−αρεα ινχιδεντσ. Τηισ ωιλλ βε αχχοmπλισηεδ τηρουγη ρεσεαρχη το ρεφινε ηιστοριχαλ 

mετηοδσ ανδ δεϖελοπ νεω ανδ ιννοϖατιϖε αππροαχηεσ. Τηε φοχυσ ωιλλ βε ον ινχρεασινγ τηε χαπαβιλιτψ το 

σαmπλε ανδ αναλψζε χοmπλεξ ενϖιρονmενταλ mατριχεσ, συχη ασ υνδεργρουνδ τρανσιτ σψστεmσ ανδ ουτδοορ 

υρβαν αρεασ. Εξαmπλεσ οφ τηε ρεσεαρχη ινχλυδε δεϖελοπινγ φιελδ−δεπλοψαβλε προτοχολσ υσινγ νοϖελ 

τεχηνιθυεσ τηατ ινχλυδε πατηογεν χονχεντρατιον τεχηνιθυεσ, χοmmερχιαλλψ αϖαιλαβλε ροβοτιχ χλεανερσ, 

ωετ ϖαχυυm−σαmπλινγ δεϖιχεσ, νατιϖε αιρ φιλτερσ (ε.γ., ηεατινγ, ϖεντιλατιον ανδ αιρ χονδιτιονινγ φιλτερσ), 

ανδ αχτιϖιτψ−βασεδ αιρ σαmπλινγ. ΗΣΡΠ ωιλλ δεϖελοπ ουτπυτσ τηατ δεσχριβε σαmπλε χολλεχτιον mετηοδσ φορ 

διφφερεντ ενϖιρονmενταλ mεδια (ουτδοορ χονστρυχτιον συρφαχεσ, σοιλ ανδ ϖεγετατιον, αιρ). Τηισ ωιλλ βε 

ρεπορτεδ ιν αν οϖεραλλ χολλεχτιον mετηοδ συmmαρψ (Αππενδιξ 1, Ουτπυτσ ΗΣ.2.5030, ανδ ΗΣ.2.3347) ανδ 

αδδεδ το τηε ονλινε σαmπλε χολλεχτιον ινφορmατιον δοχυmεντ τηατ ισ παρτ οφ τηε Ενϖιρονmενταλ Σαmπλινγ 

ανδ Αναλψτιχαλ Μετηοδσ (ΕΣΑΜ) ονλινε τοολ (Αππενδιξ 1, Ουτπυτ ΗΣ.2.2269). 

Τηε ΕΣΑΜ προγραm6 χοντινυεσ το βε α mαϕορ φοχυσ φορ ΗΣΡΠ. ΕΣΑΜ ισ α ωεβσιτε τηατ συππορτσ τηε εντιρε 

ενϖιρονmενταλ χηαραχτεριζατιον προχεσσ. ΕΣΑΜ ινχλυδεσ σεαρχηαβλε mετηοδ θυεριεσ ανδ δοωνλοαδαβλε 

δοχυmεντσ φορ υσε βψ ρεσπονδερσ ανδ τηε πυβλιχ. Dυρινγ αν ενϖιρονmενταλ ρεσπονσε, ΕΣΑΜ προϖιδεσ 

ρεσπονδερσ ανδ λαβορατοριεσ ωιτη τηε σινγλε βεστ αϖαιλαβλε σαmπλε χολλεχτιον ανδ αναλψσισ mετηοδ. Wηεν 

υσινγ ΕΣΑΜ, δεχισιον mακερσ ηαϖε χονφιδενχε ιν τηε ιντεγριτψ οφ τηε δατα, χαν θυιχκλψ ιντερπρετ τηε δατα, 

ανδ χαν ρεαδιλψ χοmmυνιχατε ιτσ mεανινγ το τηε πυβλιχ. ΗΣΡΠ ενσυρεσ τηατ ΕΣΑΜ ινχλυδεσ mετηοδσ φορ 

τηε ηιγηεστ πριοριτψ χονταmιναντσ ανδ ισ χοντινυαλλψ υπδατεδ ωιτη τηε mοστ ρεχεντ mετηοδσ. Ιν αδδιτιον 

το ΕΣΑΜ, ΗΣΡΠ ωιλλ ιδεντιφψ ανδ δεϖελοπ ινδοορ mαππινγ τεχηνολογιεσ ανδ δατα mαναγεmεντ τοολσ το 

ενηανχε σιτε χηαραχτεριζατιον χαπαβιλιτιεσ. Χολλεχτιϖελψ, τηε ΗΣΡΠ τοολσ φορ χηαραχτεριζατιον, mαππινγ, 

ανδ δατα mαναγεmεντ ωιλλ ηελπ λοχαλ, στατε, τριβαλ, ανδ φεδεραλ εmεργενχψ ρεσπονσε φιελδ περσοννελ ανδ 

τηειρ συππορτινγ λαβορατοριεσ mορε εφφιχιεντλψ ρεσπονδ το ινχιδεντσ, εναβλινγ σmοοτη τρανσιτιονσ οφ 

σαmπλεσ ανδ δατα φροm τηε φιελδ το τηε λαβορατορψ το τηε δεχισιον mακερσ (Αππενδιξ 1, Ουτπυτσ 

ΗΣ.2.2269, ΗΣ.2.3346, ανδ ΗΣ.2.4486). 

ΗΣΡΠ ισ αλσο λοοκινγ το αδδρεσσ σαmπλινγ ανδ αναλψσισ οφ βιο−χονταmινατεδ σολιδ ωαστε ανδ ωαστεωατερ 

(ινχλυδινγ ωατερ φροm τηε δεχονταmινατιον προχεσσεσ) ιν χοορδινατιον ωιτη ΟΛΕΜ�σ Οφφιχε οφ Ρεσουρχε 

Χονσερϖατιον ανδ Ρεχοϖερψ (ΟΡΧΡ) ανδ τηε Οφφιχε οφ Wατερ�σ (ΟW) Οφφιχε οφ Wαστε Μαναγεmεντ 

(ΟWΜ). Σαmπλινγ ανδ αναλψσισ οφ σολιδ ανδ λιθυιδ ωαστε γενερατεδ δυρινγ ρεmεδιατιον ωιλλ βε νεεδεδ το 

δετερmινε ιφ τηε ωαστε ρεθυιρεσ τρεατmεντ ορ ηασ βεεν αδεθυατελψ τρεατεδ το αλλοω φορ τρανσπορτατιον ασ 

χονϖεντιοναλ σολιδ ορ λιθυιδ ωαστε. Χυρρεντλψ, τηερε ισ νο φεδεραλ ρεγυλατορψ φραmεωορκ φορ mαναγεmεντ 

οφ βιο−χονταmινατεδ ωαστε, τηερεφορε εαχη στατε ρεγυλατεσ τηε ρεθυιρεmεντσ σεπαρατελψ. Ρεγαρδλεσσ οφ 

ωηετηερ ρεγυλατιονσ σπεχιφψ σαmπλινγ ρεθυιρεmεντσ, ρεσπονσε περσοννελ ωιλλ νεεδ εφφεχτιϖε ανδ φεασιβλε 

ωαστε σαmπλινγ στρατεγιεσ ανδ mετηοδσ σο τηατ ωαστε τρεατmεντ/δισποσαλ φαχιλιτιεσ χαν σαφελψ αχχεπτ 

τρεατεδ ωαστε. ΗΣΡΠ ωιλλ mοδιφψ εξιστινγ mετηοδσ ορ χρεατε νεω ονεσ, ασ νεεδεδ, το χηαραχτεριζε βιο−

χονταmινατεδ σολιδ ωαστε ανδ ωαστεωατερ. Σαmπλινγ προτοχολσ φορ τηεσε mετηοδσ ωιλλ βε ινχλυδεδ ιν 

6 ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη/σαm 
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ΕΣΑΜ (Αππενδιξ 1, Ουτπυτ ΗΣ.2.2269) ανδ σαmπλινγ στρατεγιεσ φορ ωατερ διστριβυτιον σψστεmσ ωιλλ βε 

συmmαριζεδ ιν α σεπαρατε ουτπυτ (Αππενδιξ 1, Ουτπυτ ΗΣ.2.2268). 

ΗΣΡΠ ρεσεαρχηερσ αρε αλσο δεϖελοπινγ σαmπλινγ ανδ αναλψσισ mετηοδσ το αδδρεσσ εmεργινγ χηεmιχαλ 

τηρεατσ, ινχλυδινγ νατιον στατε−συππορτεδ τηρεατσ ανδ ιλλεγαλ δρυγ mανυφαχτυρε φυελινγ τηε οπιοιδ (ε.γ., 

φεντανψλ) χρισισ ιν στατεσ ανδ τριβεσ. Λοχαλ, τριβαλ, στατε, ανδ φεδεραλ παρτνερσ ηαϖε εξπρεσσεδ σιγνιφιχαντ 

νεεδσ ρεγαρδινγ χηαραχτεριζατιον, χλεανυπ, ανδ ωαστε mαναγεmεντ αλτερνατιϖεσ φορ τηεσε εmεργινγ 

τηρεατσ, νοταβλψ τηε ρισκσ ποσεδ βψ αβανδονεδ ιλλεγαλ δρυγ mανυφαχτυρε σιτεσ ορ τηε εϖολυτιον οφ 

χηεmιχαλ αγεντσ τηατ δο νοτ λενδ τηεmσελϖεσ το χυρρεντ ραπιδ δετεχτιον mετηοδολογιεσ. Wιτηουτ 

σαmπλινγ ανδ αναλψσισ mετηοδσ, ρεσπονσε περσοννελ αρε ϖερψ λιmιτεδ ιν mακινγ ινφορmεδ δεχισιονσ ον 

τηε εξτεντ οφ χονταmινατιον, εφφιχαχψ οφ χλεανυπ, ανδ προπερ ωαστε δισποσαλ οπτιονσ. Τηε χηεmιχαλ 

χολλεχτιον ανδ σαmπλε αναλψσισ mετηοδσ ωιλλ βε ινχλυδεδ ιν τηε ΕΣΑΜ. Ιν αδδιτιον, ΗΣΡΠ ωιλλ δεϖελοπ αν 

ουτπυτ τηατ συmmαριζεσ χηεmιχαλ σαmπλινγ στρατεγιεσ φορ ενϖιρονmενταλ mεδια (Αππενδιξ 1, Ουτπυτ 

ΗΣ.2.5030). Εξιστινγ mοδελινγ ανδ mαππινγ χαπαβιλιτιεσ φορ σαmπλινγ στρατεγιεσ ωιλλ βε ιδεντιφιεδ ανδ 

δεϖελοπεδ το υτιλιζε οπτιmαλ λοχατιονσ ανδ mετηοδσ (Αππενδιξ 1, Ουτπυτσ ΗΣ.2.5030 ανδ ΗΣ.2.3346). 

Τοπιχ 2: Ενϖιρονmενταλ Χλεανυπ ανδ Ινφραστρυχτυρε Ρεmεδιατιον 

Αφτερ υνδερστανδινγ τηε εξτεντ οφ τηε χονταmινατιον ανδ ασσεσσινγ ιτσ ποτεντιαλ ιmπαχτ ον πυβλιχ ηεαλτη, 

ΕΠΑ mαψ τηεν βε ρεσπονσιβλε φορ συππορτινγ τηε χλεανυπ οφ οιλ ορ ηαζαρδουσ χονταmιναντσ ανδ mιτιγατινγ 

τηειρ ιmπαχτ ον ηυmαν ηεαλτη ανδ τηε ενϖιρονmεντ. ΕΠΑ ηασ α λονγ ηιστορψ ανδ εξτενσιϖε εξπερτισε ιν 

χλεανινγ υπ χονταmινατιον ασσοχιατεδ ωιτη αχχιδενταλ σπιλλσ ανδ ινδυστριαλ αχχιδεντσ. Ηοωεϖερ, 

ρεmεδιατινγ ΧΒΡΝ χονταmινατιον ρελεασεδ οϖερ ωιδε αρεασ, συχη ασ ουτδοορ υρβαν χεντερσ ορ ιmπαχτεδ 

ωατερ σψστεmσ, ισ α ρεσπονσιβιλιτψ φορ ωηιχη ΕΠΑ λαχκσ συβσταντιαλ οπερατιοναλ εξπεριενχε. Συχη α ρελεασε, 

ινχλυδινγ οιλ σπιλλσ, χαν ποσε α χοντινυαλ χηαλλενγε ωιτη λονγ−στανδινγ χονσεθυενχεσ. 

Χλεανυπ ινχλυδεσ ηαϖινγ τηε χαπαβιλιτψ το αδδρεσσ χονταmιναντσ ιν αλλ mεδια ωιτηιν τηε βυιλτ ανδ νατυραλ 

ενϖιρονmεντ. Dεπαρτmεντ οφ Dεφενσε (DΟD) ηασ εξπερτισε ιν τηε ταχτιχαλ δεχονταmινατιον οφ περσοννελ 

ανδ εθυιπmεντ, βυτ τηισ εξπερτισε ισ νοτ διρεχτλψ αππλιχαβλε το τηε δεχονταmινατιον οφ πυβλιχ φαχιλιτιεσ 

ανδ ουτδοορ αρεασ. Τηεσε αρεασ ηαϖε α ϖαριετψ οφ πορουσ συρφαχεσ ανδ mιγητ ρεθυιρε mορε στρινγεντ 

χλεανυπ γοαλσ φορ πυβλιχ ρε−οχχυπατιον. Φυρτηερmορε, ωατερ σψστεmσ ποσε χονσιδεραβλε αδδιτιοναλ 

χηαλλενγεσ. 

ΗΣΡΠ αχτιϖιτιεσ ιν τηισ τοπιχ αιm το φιλλ τηε mοστ χριτιχαλ σχιεντιφιχ γαπσ ιν τηε χαπαβιλιτιεσ οφ ΕΠΑ�σ ρεσπονσε 

χοmmυνιτψ (ιδεντιφιεδ βψ ΗΣΡΠ�σ προγραm οφφιχε ανδ ρεγιοναλ παρτνερσ) σο τηατ ωηεν νεεδεδ, ΕΠΑ χαν 

mακε τηε mοστ ινφορmεδ mιτιγατιον ανδ ρεmεδιατιον δεχισιονσ. Υνδερστανδινγ σοχιαλ, χυλτυραλ, 

βεηαϖιοραλ, ανδ εχονοmιχ φαχτορσ ισ αλσο ιmπορταντ το ινφορm εφφεχτιϖε ρεσπονσε δεχισιονσ τηατ ωιλλ 

υλτιmατελψ λεαδ το ηεαλτηψ χοmmυνιτψ ρεχοϖερψ. ΕΠΑ�σ τοολσ, mετηοδσ, ανδ τεχηνολογιεσ φορ δισαστερ 

πρεπαρεδνεσσ ανδ ρεσπονσε αρε δεσιγνεδ το ιmπροϖε τηε αβιλιτψ οφ ουρ χοmmυνιτιεσ, ινχλυδινγ ωατερ 

υτιλιτιεσ, το ραπιδλψ ρεχοϖερ φροm α δισαστερ (ορ χονταmινατιον ινχιδεντ). Το συππορτ ρεσεαρχη νεεδσ 

ρελατεδ το χλεανυπ, ΗΣΡΠ ηασ φουρ ρεσεαρχη αρεασ υνδερ τηισ τοπιχ. Τηε φιρστ, ωιδε−αρεα δεχονταmινατιον 

ρεσεαρχη αρεα, δεϖελοπσ χαπαβιλιτιεσ φορ αδδρεσσινγ ηαζαρδουσ χονταmιναντσ ιν τηε ενϖιρονmεντ, 

ινχλυδινγ ινδοορ ανδ ουτδοορ αρεασ. Τηε σεχονδ ρεσεαρχη αρεα φοχυσεσ ον αδδρεσσινγ νεεδσ ρελατεδ 

σπεχιφιχαλλψ το ωατερ τρεατmεντ ανδ δεχονταmινατιον οφ ωατερ σψστεmσ. Ρεσεαρχη το συππορτ ρεσπονσε το 

οιλ σπιλλσ ισ αδδρεσσεδ υνδερ τηε τηιρδ ρεσεαρχη αρεα. Τηε φουρτη ρεσεαρχη αρεα αδδρεσσεσ χαπαβιλιτιεσ 

ασσοχιατεδ ωιτη ωαστε mαναγεmεντ ασ παρτ οφ τηε ρεσπονσε ανδ ρεmεδιατιον εφφορτσ. 
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Ρεσεαρχη ωιλλ χοντινυε το εϖολϖε το φοχυσ ον σχαλαβιλιτψ οφ χλεανυπ mετηοδσ ανδ αππλιχατιον οφ τηε 

ρεσεαρχη το αδδιτιοναλ ηαζαρδσ ινσιδε ανδ ουτσιδε οφ τηε τραδιτιοναλ ΧΒΡΝ παραδιγm (ασ νεεδσ ανδ 

τηρεατσ εmεργε). Ρελατεδ το ωατερ σψστεmσ, τηε φοχυσ ωιλλ χοντινυε το mοϖε τοωαρδσ mορε φιελδ−σχαλε 

ασσεσσmεντσ ανδ ιmπροϖινγ τηε οϖεραλλ ρεσιλιενχε οφ ωατερ σψστεmσ το δισαστερσ. 

Ρεσεαρχη Αρεα 3: Wιδε−Αρεα Dεχονταmινατιον 

Wιδε−αρεα χονταmινατιον ρεθυιρεσ χοmπρεηενσιϖε ρεmεδιατιον χαπαβιλιτιεσ το ηελπ ιmπαχτεδ 

χοmmυνιτιεσ ρεχοϖερ ραπιδλψ ανδ σαφελψ. Dεχισιον mακερσ δεϖελοπινγ α ρεmεδιατιον στρατεγψ σεεκ το 

ιδεντιφψ ανδ σεχυρε τηε mοστ αππλιχαβλε δεχονταmινατιον mετηοδσ ανδ ρεσουρχεσ (ε.γ., ωορκερσ, 

εθυιπmεντ, mατεριαλσ, ετχ.) το εξεχυτε τηε ιδεντιφιεδ mετηοδσ. 

Φορ εξαmπλε, χριτιχαλ ινφραστρυχτυρε (ε.γ., γοϖερνmεντ, ηεαλτη χαρε, σχηοολσ, τρανσπορτατιον, ενεργψ, 

χοmmυνιχατιον) ιν τηε χονταmινατεδ αρεα mυστ βε ρεστορεδ θυιχκλψ το mινιmιζε βοτη διρεχτ ανδ ινδιρεχτ 

ιmπαχτσ. Wιδε−αρεα χονταmινατιον mαψ ποσε α διρεχτ ιmπαχτ ον τηε λοχαλ χοmmυνιτψ δυε το ηεαλτη 

ιmπαχτσ ανδ δισρυπτιον οφ σερϖιχεσ, ινχλυδινγ ποσσιβλε ρελοχατιον. Συρρουνδινγ χοmmυνιτιεσ mαψ αλσο βε 

(σεχονδαριλψ) ιmπαχτεδ, συχη ασ τηρουγη πεοπλε βεινγ υναβλε το χοmmυτε το ωορκ ορ δισρυπτιον οφ 

σερϖιχεσ φροm τηε διρεχτλψ ιmπαχτεδ αρεα. 

ΗΣΡΠ�σ δεχονταmινατιον ρεσεαρχη ουτπυτσ χαν βε υσεδ το συππορτ δεχισιον mακερσ ιν σελεχτινγ 

δεχονταmινατιον οπτιονσ ωιτη χονσιδερατιον φορ σαφετψ, ρεσουρχε δεmανδ, λογιστιχσ, τραινινγ, αϖαιλαβιλιτψ, 

ανδ τεχηνολογψ νεχεσσαρψ το ρεmεδιατε α ωιδε−αρεα ινχιδεντ. Ρεσεαρχηερσ ωιλλ δεϖελοπ mετηοδσ ανδ 

χριτιχαλ ινφορmατιον φορ ρεσπονσε στρατεγψ δεϖελοπmεντ ανδ το ινφορm τηε δεχισιον−mακινγ προχεσσ. 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Φολλοωινγ α ωιδε−αρεα ινχιδεντ, λοχαλ ρεσπονσε αυτηοριτιεσ νεεδ αχχεσσ το δεχονταmινατιον mετηοδσ τηατ 

αρε εφφεχτιϖε, φεασιβλε, ανδ ϖερσατιλε φορ ϖαριουσ χονταmινατιον σιτυατιονσ. Σινχε τηερε ισ νο υνιϖερσαλ 

δεχονταmινατιον mετηοδ τηατ ισ αππλιχαβλε φορ αλλ χοmβινατιονσ οφ ενϖιρονmεντσ ανδ χονταmιναντσ, 

δεχισιον mακερσ σεεκ ινφορmατιον το ηελπ τηεm δεχιδε ον τηε mοστ αππροπριατε σιτε−σπεχιφιχ αππροαχηεσ. 

Ινφορmατιον το ασσιστ δεχισιον mακερσ ινχλυδεσ υνδερστανδινγ τηε εφφεχτιϖενεσσ ανδ ιmπαχτ οφ ϖαριουσ 

δεχονταmινατιον αππροαχηεσ φορ χονταmινατεδ αρεασ δεπενδινγ ον χονδιτιονσ ανδ πριοριτιεσ (ε.γ., 

υργενχψ, χονταmινατιον λεϖελ, συρφαχε/mεδια τψπεσ, ετχ.) φορ ρεmεδιατιον. 

Dεχονταmινατιον οφ πυβλιχ ανδ ρεσιδεντιαλ αρεασ ισ χηαλλενγινγ δυε το τηε χοmπλεξιτψ οφ τηε mατεριαλ 

τψπεσ ανδ τηειρ διφφερεντ υσεσ ωιτηιν χοmmυνιτιεσ. Χοmmον ουτδοορ συρφαχεσ συχη ασ σοιλ, χονχρετε, 

βριχκ, ανδ ασπηαλτ ποσε σιγνιφιχαντ δεχονταmινατιον χηαλλενγεσ δυε το τηειρ πορουσ ανδ ρεαχτιϖε νατυρε. 

Το mεετ τηε χαπαβιλιτψ γαπ ποσεδ βψ ουτδοορ συρφαχεσ, ΗΣΡΠ ωιλλ χοντινυε το εϖαλυατε ανδ δεϖελοπ 

δεχονταmινατιον mετηοδσ τηατ αρε εφφεχτιϖε φορ ουτδοορ συρφαχεσ υνδερ ϖαριουσ ενϖιρονmενταλ 

χονδιτιονσ. Ρεσυλτσ ωιλλ βε συmmαριζεδ ιν συmmαρψ ουτπυτσ (Αππενδιξ 1, Ουτπυτσ ΗΣ.3.5002, ΗΣ.3.5064, 

ΗΣ.3.641, ανδ ΗΣ.3.5006), ανδ ωιλλ βε υσεδ το ινφορm τηε δεϖελοπmεντ οφ τραδε−οφφ ανδ στρατεγιχ−

χονσιδερατιον δεχισιον−συππορτ τοολσ (Αππενδιξ 1, Ουτπυτ ΗΣ.7.5039). 

Ραπιδ δεχονταmινατιον mετηοδσ αρε νεεδεδ το χλεαν υπ χριτιχαλ ινφραστρυχτυρε ανδ εναβλε χοντινυουσ 

οπερατιον. Εξαmπλεσ οφ χριτιχαλ ινφραστρυχτυρε ινχλυδε ωατερ ανδ ωαστεωατερ υτιλιτιεσ (δισχυσσεδ ιν τηε 

νεξτ ρεσεαρχη αρεα), ηοσπιταλσ, ελεχτριχαλ ποωερ υτιλιτιεσ, ανδ τρανσπορτατιον σψστεmσ. Σοmε χριτιχαλ 

ινφραστρυχτυρε χονταινσ σενσιτιϖε ανδ ϖαλυαβλε ινστρυmεντσ/εθυιπmεντ; τηερεφορε, τηε δεχονταmινατιον 

προχεσσ mυστ βε δεσιγνεδ το προτεχτ τηισ εθυιπmεντ φροm δαmαγε σο τηατ τηε ινφραστρυχτυρε χαν βε 

προmπτλψ ρετυρνεδ το σερϖιχε. Ιν αδδιτιον το τηε συmmαρψ ουτπυτσ συππορτινγ βιολογιχαλ ανδ χηεmιχαλ 
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τηρεατ ρεσπονσε, ΗΣΡΠ ωιλλ προδυχε σπεχιφιχ ουτπυτσ τηατ δεσχριβε δεχονταmινατιον mετηοδσ φορ τηεσε 

τηρεατσ τηατ αρε χοmπατιβλε ωιτη σενσιτιϖε ανδ ϖαλυαβλε ιτεmσ (Αππενδιξ 1, Ουτπυτσ ΗΣ.3.5060 ανδ 

ΗΣ.3.1165). 

Ρεσπονσε το χονταmινατιον ινχιδεντσ αφφεχτινγ ρεσιδεντιαλ ανδ χοmmερχιαλ αρεασ mαψ βε δελαψεδ υντιλ 

ρεσουρχεσ αρε αϖαιλαβλε, ασ φεδεραλ, στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντ ρεσουρχεσ αρε δεϖοτεδ το χριτιχαλ 

ινφραστρυχτυρε. Ρεσεαρχη ισ νεεδεδ το δεϖελοπ φεασιβλε δεχονταmινατιον mετηοδσ φορ ρεσιδεντιαλ ανδ 

χοmmερχιαλ αρεασ τηατ αρε ωιδελψ αϖαιλαβλε, υσερ−φριενδλψ, εχονοmιχαλ, ανδ σαφε. Το mεετ τηισ νεεδ, ΗΣΡΠ 

ωιλλ ιδεντιφψ ωιδελψ−αππλιχαβλε δεχονταmινατιον mετηοδσ βψ συρϖεψινγ: (1) ΧΒΡΝ δεχονταmινατιον 

mετηοδσ πρεϖιουσλψ υσεδ βψ νατιοναλ ανδ ιντερνατιοναλ αγενχιεσ; (2) εθυιπmεντ χοmmονλψ αϖαιλαβλε ιν 

mυνιχιπαλιτιεσ (ε.γ., στρεετ σωεεπερσ, ορχηαρδ σπραψερσ, σανιτατιον τρυχκσ, ανδ σνοω πλοωσ) τηατ χουλδ βε 

ρεπυρποσεδ το συππορτ ρεmεδιατιον; ανδ (3) ηουσεηολδ mαιντενανχε αχτιϖιτιεσ φορ ινδοορ ανδ ουτδοορ 

δεχονταmινατιον (ινχλυδινγ σοχιαλ, χυλτυραλ, βεηαϖιοραλ, ανδ εχονοmιχ φαχτορσ). 

Τηε mετηοδσ ιδεντιφιεδ ωιλλ βε δεϖελοπεδ ασ φιελδ−υσαβλε δεχονταmινατιον οπτιονσ ϖια λαβορατορψ ανδ 

φιελδ στυδιεσ. Φιγυρε 3 σηοωσ ονε εξαmπλε οφ τηισ, δεπιχτινγ αν ορχηαρδ σπραψερ τηατ χουλδ βε υσεδ το 

ραπιδλψ σπραψ λιθυιδ δεχονταmιναντσ οϖερ λαργε αρεασ. Dεχονταmινατιον mετηοδσ υσινγ χοmmον 

mυνιχιπαλ ορ χοmmερχιαλ εθυιπmεντ ανδ ηουσεηολδ mαιντενανχε αχτιϖιτιεσ αρε ιννοϖατιϖε αππροαχηεσ 

τηατ ωιλλ ρεδυχε χονταmινατιον εξποσυρε το τηε πυβλιχ ανδ δεχρεασε τηε νεεδ φορ δεχονταmινατιον 

ρεσουρχεσ τηατ mαψ βε νεεδεδ ελσεωηερε. ΗΣΡΠ ωιλλ αλσο χονδυχτ ρεσεαρχη το δεϖελοπ γροσσ 

δεχονταmινατιον mετηοδσ τηατ χαν βε σαφελψ ανδ ραπιδλψ δεπλοψαβλε φορ ρεmεδιατιον. Wηιλε τηεσε 

mετηοδσ mαψ νοτ υλτιmατελψ αχηιεϖε α χλεανυπ γοαλ, τηεψ χαν ηελπ το ρεδυχε εξποσυρε ποτεντιαλ υντιλ 

αδδιτιοναλ δεχονταmινατιον mετηοδσ χαν βε δεπλοψεδ ασ νεχεσσαρψ. Αν εξαmπλε ουτπυτ φροm τηισ 

ρεσεαρχη ισ λιστεδ ιν Αππενδιξ 1 ασ Ουτπυτ ΗΣ.3.5006, προϖιδινγ δεχισιον mακερσ ινφορmατιον ον ωιδελψ−

αϖαιλαβλε ανδ υσερ−φριενδλψ δεχονταmινατιον οπτιονσ φορ ωιδε−αρεα ραδιολογιχαλ ινχιδεντ ρεσπονσε. 

Ρεmεδιατιον οφ α ΧΒΡΝ ωιδε−αρεα ινχιδεντ ρεθυιρεσ αν εξτενσιϖε νυmβερ οφ δεχισιονσ τηατ σπαν 

νυmερουσ αρεασ οφ εξπερτισε. Τηεσε δεχισιον ποιντσ, ανδ τηε τοολσ ανδ mοδελσ τηατ συππορτ τηεm, αρε 

τιγητλψ ιντερτωινεδ ανδ σηουλδ εmπλοψ α ηολιστιχ σολυτιον. ΗΣΡΠ ωιλλ προδυχε υσερ−φριενδλψ τοολσ το ασσεσσ 

νυmερουσ φαχτορσ (ε.γ., εφφιχαχψ, αϖαιλαβιλιτψ, λογιστιχσ, ωορκερ τραινινγ, διmινισηινγ ρετυρνσ) τηατ χαν βε 

χονσιδερεδ ωηεν σελεχτινγ τηε mοστ αππροπριατε δεχονταmινατιον οπτιονσ φολλοωινγ α ωιδε−αρεα 

ινχιδεντ. Ινφορmατιον ρεγαρδινγ αν αρραψ οφ δεχονταmινατιον mετηοδσ ωιλλ βε ινχορπορατεδ ιντο τηεσε 

δεχισιον−συππορτ τοολσ (Αππενδιξ 1, Ουτπυτ ΗΣ.7.5039). Το ενσυρε τηε τοολσ αρε ρελεϖαντ ανδ εασψ το υσε, 

ΗΣΡΠ ωιλλ ρεθυεστ ινπυτ φροm λοχαλ, στατε, τριβαλ, ανδ φεδεραλ γοϖερνmεντσ ασ παρτ οφ τηε ουτπυτ 

δεϖελοπmεντ προχεσσ. 
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Φιγυρε 3: Dεmονστρατιον οφ τηε υσε οφ αν ορχηαρδ αιρ βλαστ σπραψερ φορ τηε δεχονταmινατιον οφ α 

συβωαψ στατιον δυρινγ αν οπερατιοναλ τεχηνολογψ δεmονστρατιον 

Ρεσεαρχη Αρεα 4: Wατερ Τρεατmεντ ανδ Ινφραστρυχτυρε Dεχονταmινατιον 

Ρεσιλιεντ ωατερ ινφραστρυχτυρε σψστεmσ χαν φαχιλιτατε θυιχκ ανδ εφφεχτιϖε δεχισιον−mακινγ δυρινγ 

εmεργενχψ σιτυατιονσ το ενσυρε αχχεσσ το αδεθυατε ωατερ χαπαχιτψ ανδ θυαλιτψ. Dεχονταmινατιον οφ 

δρινκινγ ωατερ σψστεmσ φολλοωινγ ιντεντιοναλ χονταmινατιον, ορ αφτερ α νατυραλ δισαστερ (ε.γ., πιπε βρεακσ, 

στορmσ, εαρτηθυακεσ) ισ χριτιχαλ φορ εφφεχτιϖελψ ρεσυmινγ οπερατιον ανδ ρεστορινγ ωατερ διστριβυτιον φορ 

δρινκινγ πυρποσεσ, ασ ωελλ ασ οτηερ αππλιχατιονσ συχη ασ φιρε προτεχτιον, ηοσπιταλ, ανδ ινδυστριαλ υσε. Φορ 

εξαmπλε, ΕΠΑ Ρεγιον 6 ιν Τεξασ ρεθυεστεδ ασσιστανχε το αδδρεσσ χονταmινατιον φροm αν ασπηαλτ 

εmυλσιφψινγ αγεντ, Ινδυλιν ΑΑ−86, τηατ ηαδ χονταmινατεδ Χορπυσ Χηριστι�σ ωατερ συππλψ λεαδινγ το α 

τεmποραρψ συσπενσιον οφ υσε. ΟΡD σχιεντιστσ προϖιδεδ δατα ον φλυσηινγ χηεmιχαλ χονταmιναντσ το ηελπ 

ωιτη τηε χλεανυπ. ΟΡD αλσο ηελπεδ τηε ρεγιον εϖαλυατε τηε τοξιχιτψ ανδ ποσσιβλε ρισκσ ασσοχιατεδ ωιτη 

ινγεστινγ ωατερ χονταmινατεδ ωιτη Ινδυλιν ΑΑ−86 ανδ τηε ωατερ−σολυβλε σαλτ φροm τηε προδυχτ. Τηε 

ρεσεαρχηερσ εσταβλισηεδ α ηεαλτη−βασεδ αχτιον λεϖελ φορ τηε χονταmιναντ ιν συππορτ οφ αν ιmmεδιατε 

νεεδ βψ τηε ρεγιον, στατε, ανδ τηε χιτψ το προτεχτ πυβλιχ ηεαλτη. 

Dρινκινγ ωατερ διστριβυτιον σψστεmσ, ηουσεηολδ πλυmβινγ, ανδ αππλιανχεσ αρε ινχρεασινγλψ ϖυλνεραβλε το 

ιντερρυπτιον ιν σερϖιχε φροm α τερροριστ ατταχκ, ινδυστριαλ αχχιδεντ, ορ εξτρεmε ωεατηερ εϖεντσ. Wατερ 

σψστεmσ χαν αλσο βε ιmπαχτεδ σιγνιφιχαντλψ ιφ τηειρ σουρχε ωατερ ισ αφφεχτεδ βψ νατυραλ δισαστερσ ανδ/ορ 

σπιλλσ οφ ινδυστριαλ χηεmιχαλσ ανδ οιλσ. Τηισ ϖυλνεραβιλιτψ πρεσεντσ οπερατιοναλ χηαλλενγεσ ιν mαινταινινγ 

γοοδ ωατερ θυαλιτψ το προτεχτ ηυmαν ηεαλτη ανδ ενσυρε ωατερ αϖαιλαβιλιτψ φορ φιρε προτεχτιον ανδ οτηερ 

ϖιταλ υσεσ. Νατυραλ ανδ mαν−mαδε ινχιδεντσ φυρτηερ εξαχερβατε τηε δεχλινινγ ιντεγριτψ οφ ουρ αγινγ ωατερ 

ινφραστρυχτυρε. Ρεγαρδλεσσ οφ τηε σουρχε οφ χονταmινατιον, τηε αβιλιτψ το ρελιαβλψ ανδ χοστ εφφεχτιϖελψ 

δεχονταmινατε mιλεσ οφ διστριβυτιον σψστεm πιπεσ ανδ πλυmβινγ ισ χριτιχαλ το ραπιδλψ ρετυρνινγ τηε σψστεm 
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το σερϖιχε. Μακινγ σωιφτ ανδ εφφεχτιϖε δεχισιονσ ωιλλ ηελπ mινιmιζε ιmπαχτσ το παρτνερσ, τηε τιmε το 

ρετυρν το σερϖιχε, ανδ ασσοχιατεδ χοστσ. 

Wαστεωατερ ινφραστρυχτυρε ισ αλσο ϖυλνεραβλε το χονταmινατιον ινχιδεντσ. Dεπενδινγ ον τηε 

χονταmιναντ, τηε ινχιδεντ mαψ ιmπαχτ τηε οπερατιον οφ ωαστεωατερ τρεατmεντ (ε.γ., ωορκερ σαφετψ, 

σλυδγε, αερατιον), ωηιχη ιν τυρν χαν δισρυπτ ωαστεωατερ χολλεχτιον ορ ρεσυλτ ιν τηε δισχηαργε οφ υντρεατεδ 

ωαστε το ρεχειϖινγ ωατερσ. Χονταmιναντσ ιν τηε ωαστεωατερ τρεατmεντ προχεσσ mαψ ενδ υπ ιν τηε 

βιοσολιδσ, ωηιχη ιν τυρν mαψ ιmπαχτ ρευσε (ε.γ., λανδ αππλιχατιον). 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Το αδδρεσσ τηε χηαλλενγεσ mεντιονεδ αβοϖε, αν ΗΣΡΠ πριοριτψ ισ το προϖιδε τοολσ ανδ mετηοδολογιεσ το 

ινφορm δεχονταmινατιον οφ ωατερ ινφραστρυχτυρε, mαναγεmεντ οφ τηε χονταmινατεδ ωατερ, ανδ 

ρεσυmπτιον οφ οπερατιονσ. Dισχυσσιονσ ωιτη τηε δρινκινγ ωατερ mαναγεmεντ χοmmυνιτψ ανδ 

ρεχοmmενδατιονσ φροm Wατερ Χριτιχαλ Ινφραστρυχτυρε Προτεχτιον Αδϖισορψ Χοmmιττεε (ΧΙΠΑΧ) εmπηασιζε 

τηε ιmπορτανχε οφ ωατερ ινφραστρυχτυρε δεχονταmινατιον ανδ τεστινγ οφ mετηοδσ ανδ τεχηνολογιεσ ον α 

λαργε−σχαλε σψστεm, ρεπρεσεντατιϖε οφ α ρεαλ δρινκινγ ωατερ διστριβυτιον σψστεm. Το αδδρεσσ τηισ νεεδ, 

ΗΣΡΠ χονστρυχτεδ τηε Wατερ Σεχυριτψ Τεστ Βεδ (WΣΤΒ)7 ιν ατ Ιδαηο Νατιοναλ Λαβορατορψ το χονδυχτ ωατερ 

ινφραστρυχτυρε ρεσεαρχη ατ τηε φυλλ−σχαλε (σεε Φιγυρε 4). Τηρουγη οπερατιοναλ τεχηνολογψ δεmονστρατιονσ 

ανδ εξερχισεσ (ε.γ., ταβλετοπσ, φυλλ−σχαλε εξερχισεσ), WΣΤΒ ρεσεαρχη χαν βε υσεδ βψ εmεργενχψ ρεσπονσε 

ανδ ωατερ−σεχτορ χοmmυνιτιεσ το φυλλψ υνδερστανδ τηε οπερατιον, αππλιχατιον, ανδ περφορmανχε οφ τηεσε 

τοολσ ανδ τεχηνιθυεσ. Ιν χονσυλτατιον ωιτη στακεηολδερσ, ΗΣΡΠ πλανσ το εξπανδ χυρρεντ ρεσεαρχη το 

ινχλυδε αδδιτιοναλ χονταmιναντσ, mατεριαλσ, ανδ σχεναριοσ, συχη ασ: 

ξ Dεχονταmινατιον mετηοδολογιεσ (ινχλυδινγ αυτοmατιχ φλυσηινγ) φορ ϖαριουσ χονταmιναντσ 

ξ Χονσεθυενχεσ οφ α χψβερατταχκ ον ωατερ διστριβυτιον σψστεmσ 

ξ Εφφεχτιϖενεσσ οφ ιν−λινε χονταmιναντ δετεχτορσ 

ξ Πιπε mατεριαλσ ιν ωατερ διστριβυτιον σψστεmσ (ε.γ., ιρον, χονχρετε, ΠςΧ, ΠΕΞ, ετχ.) 

ξ Wαση−ωατερ τρεατmεντ mετηοδολογιεσ 

ξ Wατερ σψστεm mοδελινγ τοολσ 

Εξαmπλε ουτπυτσ φροm τηισ ωορκ ινχλυδε συmmαριζινγ δεχονταmινατιον αππροαχηεσ ανδ ινχιδεντ 

δετεχτιον mετηοδσ φορ ωατερ ινφραστρυχτυρε (Αππενδιξ 1, Ουτπυτσ ΗΣ.4.470, ΗΣ.4.663, ανδ ΗΣ.4.662), 

ινχλυδινγ mετηοδσ το εξτραπολατε τηε ρεσεαρχη φορ χονταmιναντσ νοτ διρεχτλψ αδδρεσσεδ ανδ mετηοδσ το 

συππορτ δισινφεχτιον φορ Λεγιονελλα πνευmοπηιλα. 

ΕΠΑ αλσο συππορτσ ωαστεωατερ υτιλιτιεσ βψ προϖιδινγ τοολσ ανδ δατα τηατ ηελπ τηεm ρεσπονδ το ανδ 

ρεχοϖερ φροm χονταmινατιον ινχιδεντσ ανδ οτηερ δισαστερσ. Dατα φροm ΗΣΡΠ�σ ωατερ ινφραστρυχτυρε ανδ 

δεχονταmινατιον ρεσεαρχη ωιλλ βε υσεδ ιν τοολσ δεϖελοπεδ βψ ΟW ανδ τηε ρεσπονσε χοmmυνιτψ, 

ινχλυδινγ στατε, τριβαλ, ανδ λοχαλ ρεσπονδερσ. Χονταmινατιον οφ σουρχε ωατερσ ωιλλ βε αδδρεσσεδ τηρουγη 

τηε Dρινκινγ Wατερ Σουρχε ςυλνεραβιλιτψ ανδ Εmεργενχψ Μαναγεmεντ Τοολ, ωηιχη ιδεντιφιεσ υπστρεαm 

ηαζαρδσ υσινγ γεογραπηιχ ινφορmατιον σψστεm (ΓΙΣ) δαταβασεσ ανδ mοδελσ το δετερmινε τραϖελ τιmε το 

δοωνστρεαm δρινκινγ ωατερ ιντακεσ, ασ ωελλ ασ λεαδινγ εδγε, πεακ, ανδ τραιλινγ εδγε χονταmιναντ λεϖελσ. 

Τηε τεχηνιχαλ βασισ φορ α ωατερ/ωαστεωατερ δεχονταmινατιον ανδ τρεατmεντ τεχηνολογψ τοολ ωιλλ βε 

δεϖελοπεδ φορ ιντεγρατιον ιντο ΕΠΑ Wατερ Σεχυριτψ Dιϖισιον�σ (WΣD) Dεχονταmινατιον Πρεπαρεδνεσσ ανδ 

Ασσεσσmεντ Στρατεγψ (DΠΑΣ). 

7 ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη/ωατερ−σεχυριτψ−τεστ−βεδ 
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Τηε ενηανχεδ χαπαβιλιτψ οφ ωατερ σψστεmσ το πρεδιχτ φυτυρε σψστεm βεηαϖιορ ανδ εϖαλυατε τηε 

ιmπλιχατιονσ οφ ρεσπονσε δεχισιονσ ωιλλ ιmπροϖε εmεργενχψ ρεσπονσε ανδ σηορτεν τηε τιmε νεεδεδ το 

ρεσυmε οπερατιονσ. Ασ συχη, ρεαλ−τιmε mοδελινγ τοολσ χαν συππορτ αχχυρατε ηψδραυλιχ ανδ ωατερ θυαλιτψ 

πρεδιχτιονσ. Μοδελινγ τοολσ χαν αλσο εναβλε ραπιδ ανδ εφφεχτιϖε δεχισιονσ. ΗΣΡΠ ηασ δεϖελοπεδ τοολσ ανδ 

τεχηνολογιεσ8 το ασσιστ ωατερ ινφραστρυχτυρε σψστεmσ ιν ιδεντιφψινγ, εϖαλυατινγ, ανδ ιmπροϖινγ τηειρ 

ρεσιλιενχε το mαν−mαδε ορ νατυραλ δισαστερσ, ωηετηερ βψ χηανγινγ οπερατιονσ ορ βψ ρεδεσιγνινγ ανδ 

ρετροφιττινγ τηε ινφραστρυχτυρε. Τηεσε σψστεm−σπεχιφιχ τοολσ νεεδ το βε τεστεδ ανδ αδαπτεδ το βε 

αππλιχαβλε φορ ωαστεωατερ, στορmωατερ, σουρχε ωατερ, ανδ ωατερ ρευσε αππλιχατιονσ. Ιν αδδιτιον, α 

χοmπλετε ωατερσηεδ σψστεm αππροαχη νεεδσ το βε εξπλορεδ το εξαmινε τηε εφφεχτσ οφ ονε σψστεm�σ 

περτυρβατιον ον ανοτηερ. 

Ινιτιαλ ΗΣΡΠ ρεσεαρχη εφφορτσ ηαϖε φοχυσεδ ον δεϖελοπινγ προτοτψπε δεχισιον−συππορτ τοολσ φορ δρινκινγ 

ωατερ σψστεmσ. ΗΣΡΠ ωιλλ φοχυσ ον εξπανδινγ τηεσε τοολσ το �αλλ ηαζαρδσ�, ϖαλιδατινγ τηειρ ρεσυλτσ ωιτη 

ρεαλ−ωορλδ δατα, ανδ υσινγ τηε τοολσ ιν χασε στυδψ αππλιχατιονσ ωιτη παρτνερ δρινκινγ ωατερ υτιλιτιεσ. 

Φιγυρε 4: Αεριαλ ϖιεω οφ τηε Wατερ Σεχυριτψ Τεστ Βεδ 

Ρεσεαρχη Αρεα 5: Οιλ Σπιλλ Ρεσπονσε Συππορτ 

ΕΠΑ ισ ρεσπονσιβλε φορ ρεσπονδινγ το ανδ ασσεσσινγ ενϖιρονmενταλ ρελεασεσ οφ οιλ τηατ οχχυρ οϖερ λανδ, ον 

ινλανδ ωατερσ, ανδ ιν τηε οχεαν (ιν χονϕυνχτιον ωιτη τηε Υ.Σ. Χοαστ Γυαρδ). Οιλ σπιλλσ χαν αφφεχτ ηυmαν 

ανδ εχολογιχαλ ηεαλτη, ασ ωελλ ασ τηε εχονοmψ, βψ ιmπαχτινγ ωατερ (ινχλυδινγ δρινκινγ ωατερ συππλιεσ), αιρ 

θυαλιτψ, εχοσψστεm ηεαλτη, ορ βψ διρεχτλψ εξποσινγ ηυmανσ ανδ εχολογιχαλ λιφε το τοξιχ χονστιτυεντσ. 

Ατψπιχαλ οιλ σπιλλσ (ε.γ., δεεπ σεα ανδ προλονγεδ ρελεασεσ, συχη ασ τηε 2010 Dεεπωατερ Ηοριζον σπιλλ) ηαϖε 

ηιγηλιγητεδ τηε χαπαβιλιτιεσ ανδ λιmιτατιονσ οφ χυρρεντ σπιλλ ρεσπονσε mετηοδσ ανδ οφ τηε εχολογιχαλ ανδ 

8 Ινφορmατιον ον εξιστινγ ΕΠΑ τοολσ δεϖελοπεδ βψ ΗΣΡΠ χαν βε φουνδ ατ ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−

ρεσεαρχη. 
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ηυmαν ηεαλτη χονχερνσ ασσοχιατεδ ωιτη χερταιν σπιλλ mιτιγατιον τεχηνολογιεσ. Φεδεραλ, στατε, τριβαλ, ανδ 

λοχαλ γοϖερνmεντσ, εσπεχιαλλψ τηοσε ωηο ρελψ ον αθυατιχ ρεσουρχεσ, αρε χονχερνεδ ρεγαρδινγ τηε τοξιχιτψ 

οφ οιλ− ανδ σπιλλ−τρεατινγ αγεντσ ον αθυατιχ φλορα ανδ φαυνα, τηειρ φατε ιν τηε ενϖιρονmεντ, ανδ τηε εφφεχτσ 

ον ιmπαχτεδ σηορελινεσ ανδ ωετλανδσ. 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Τηε Νατιοναλ Χοντινγενχψ Πλαν (ΝΧΠ) ινχλυδεσ α Προδυχτ Σχηεδυλε (ΝΧΠΠΣ) φορ χοmmερχιαλλψ αϖαιλαβλε 

σπιλλ−τρεατινγ αγεντσ (ε.γ., δισπερσαντσ, συρφαχε ωασηινγ αγεντσ, ηερδερσ, σολιδιφιερσ) (Υ.Σ. ΕΠΑ, 2018β). 

Τηε ΧWΑ ανδ τηε Οιλ Πολλυτιον Αχτ (ΟΠΑ) γιϖε αυτηοριτψ το ΕΠΑ το πρεπαρε ανδ mαινταιν τηισ σχηεδυλε. 

Τηε ΝΧΠ αλσο ρεθυιρεσ τηατ ΕΠΑ mαινταιν ρεφερενχε οιλσ φορ προδυχτ τεστινγ. ΗΣΡΠ δεϖελοπσ ανδ ρεφινεσ 

τηε προτοχολσ φορ προδυχτ εφφεχτιϖενεσσ ανδ τοξιχιτψ τηατ αρε υσεδ το ινφορm ρεγυλατορψ αχτιονσ. Τηισ 

ρεσεαρχη αλσο προϖιδεσ γυιδανχε φορ εmεργενχψ ρεσπονδερσ ον προδυχτ περφορmανχε ανδ τραδε−οφφσ το 

ποτεντιαλλψ ιmπαχτεδ χοmmυνιτιεσ ανδ εχοσψστεmσ. Ρεσεαρχη ιν συππορτ οφ τηισ γυιδανχε ισ δεδιχατεδ το: 

ξ ΝΧΠΠΣ εφφιχαχψ προτοχολ δεϖελοπmεντ: Χυρρεντλψ, τηε φοχυσ ινχλυδεσ δεϖελοπινγ εφφιχαχψ τεστσ φορ 

συρφαχε ωασηινγ αγεντσ, σολιδιφιερσ, ανδ χηεmιχαλ ηερδερσ, ανδ εϖαλυατινγ προδυχτ περφορmανχε 

ιν φρεση ανδ σαλτ ωατερσ (Αππενδιξ 1, Ουτπυτ ΗΣ.5.5048). 

ξ Τοξιχιτψ οφ οιλσ ανδ οιλ σπιλλ−τρεατινγ αγεντσ: Dεϖελοπινγ τοξιχιτψ προχεδυρεσ ανδ τηρεσηολδ 

δετερmινατιονσ φορ ρεγυλατορψ λιστινγ ανδ εσταβλισηινγ ΛΧ50 ϖαλυεσ (ι.ε., τηε λετηαλ χονχεντρατιον 

ρεθυιρεδ το κιλλ 50% οφ τηε σπεχιεσ ποπυλατιον τεστεδ) φορ α ρανγε οφ χρυδε οιλσ (Αππενδιξ 1, 

Ουτπυτ ΗΣ.5.5047). 

ξ ΝΧΠ ρεφερενχε οιλ εϖαλυατιον: Εϖαλυατινγ ποτεντιαλ ρεφερενχε οιλσ φορ δισπερσαντ εφφεχτιϖενεσσ, 

χηεmιχαλ χηαραχτεριζατιον, ανδ τοξιχιτψ το εναβλε ΕΠΑ�σ Οφφιχε οφ Εmεργενχψ Μαναγεmεντ (ΟΕΜ) 

το σελεχτ νεω ρεφερενχε οιλσ (Αππενδιξ 1, Ουτπυτ ΗΣ.5.5047). 

Ιν αδδιτιον, εφφιχιεντ οιλ σπιλλ ρεσπονσε ρεθυιρεσ τηε αβιλιτψ το ραπιδλψ χηαραχτεριζε τηε βεηαϖιορ, τρανσπορτ, 

φατε, ανδ εφφεχτσ οφ ϖαριουσ οιλσ ανδ σπιλλ αγεντσ, ινχλυδινγ διλυτεδ βιτυmεν, ωηιχη ισ παρτιχυλαρλψ διφφιχυλτ 

το ρεmεδιατε ανδ εξηιβιτσ υνιθυε χηεmιχαλ ανδ πηψσιχαλ βεηαϖιορ. Το προτεχτ χοmmυνιτιεσ ανδ 

εχοσψστεmσ, φυρτηερ ρεσεαρχη ισ νεεδεδ ον τηε χηεmιχαλ χηαραχτεριζατιον, βιοδεγραδατιον, ωεατηερινγ, 

ανδ τοξιχιτψ οφ α ρανγε οφ οιλσ ανδ σπιλλ αγεντσ. Στυδιεσ ατ τηε βενχη−, λαβορατορψ−, ανδ φιελδ−σχαλε ιmπροϖε 

ουρ αβιλιτψ το mινιmιζε ενϖιρονmενταλ ανδ ηυmαν ιmπαχτσ φροm σπιλλσ ανδ σερϖε το χαλιβρατε νυmεριχαλ 

mοδελσ οφ οιλ τραχκινγ. Υνδερστανδινγ ενϖιρονmενταλ βεηαϖιορ ινφορmσ πρεδιχτιονσ οφ οιλ φατε ανδ 

τρανσπορτ ανδ ηελπσ εσταβλιση αππροπριατε ρεσπονσε, ρεmεδιατιον, ανδ ρεστορατιον mετηοδσ, ινχλυδινγ 

Νετ Ενϖιρονmενταλ Βενεφιτ Αναλψσισ (ΝΕΒΑ) Νατυραλ Ρεσουρχε Dαmαγε Ασσεσσmεντ (ΝΡDΑ).9 Ρεσεαρχη 

συππορτινγ τηεσε νεεδσ ινχλυδεσ: 

ξ Dεγραδατιον οφ οιλ− ανδ σπιλλ− τρεατινγ αγεντσ: Χηαραχτεριζινγ φατε προχεσσεσ (ε.γ., βιοδεγραδατιον) 

ανδ τοξιχιτψ οφ οιλ εξποσεδ το ΝΧΠΠΣ αγεντσ τηατ αρε νοτ ιντενδεδ το βε ρεχοϖερεδ φροm τηε 

ενϖιρονmεντ ανδ εϖαλυατινγ δεγραδατιον οφ οιλ ενχαπσυλατεδ ιν ιχε ορ υνδερ σεδιmεντσ 

(Αππενδιξ 1, Ουτπυτ ΗΣ.5.5047). 

ξ Οιλ τοξιχιτψ ανδ εξποσυρε πατηωαψσ: Εϖαλυατινγ υνχονϖεντιοναλ οιλσ, ινχλυδινγ διλυτεδ βιτυmεν, 

το δετερmινε τηε φατε ανδ τρανσπορτ ωηεν δισχηαργεδ το τηε αθυατιχ εχοσψστεm, ανδ εϖαλυατινγ 

9 ΝΕΒΑ ισ υσεδ το βαλανχε τραδε−οφφσ δυρινγ οιλ σπιλλ ρεσπονσε φορ χονσιδερινγ τηε mοστ αππροπριατε οπτιονσ το 

mινιmιζε τηε ιmπαχτ οφ τηε σπιλλ. Αδδιτιοναλ ινφορmατιον ον ΝΕΒΑ χαν βε φουνδ ατ 

ηττπ://ωωω.οιλσπιλλπρεϖεντιον.οργ/οιλ−σπιλλ−χλεανυπ/οιλ−σπιλλ−χλεανυπ−τοολκιτ/νετ−ενϖιρονmενταλ−βενεφιτ−αναλψσισ−

νεβα (λαστ αχχεσσεδ ϑυλψ 24, 2018). 

19 



αδδιτιοναλ νεω σπεχιεσ φορ τοξιχιτψ τεστινγ βεψονδ χυρρεντ τεστ σπεχιεσ φορ οιλ−αγεντ mιξτυρεσ 

(Αππενδιξ 1, Ουτπυτ ΗΣ.5.5048). 

ξ Βεηαϖιορ οφ οιλ ανδ σπιλλ−τρεατινγ αγεντσ ατ λαβορατορψ−, τανκ−, ανδ φιελδ−σχαλε: Περφορmινγ 

χοmπαρατιϖε αναλψσεσ οφ σπιλλ δετεχτιον σενσορσ, δετερmινινγ οιλ βεηαϖιορ φορ ϖαλιδατιον οφ 

συβσεα βλοωουτ mοδελσ, εϖαλυατινγ αγεντ εφφεχτιϖενεσσ ασ α φυνχτιον οφ οιλ ωεατηερινγ ανδ 

ενϖιρονmενταλ χονδιτιονσ, ανδ ασσεσσινγ ιν σιτυ βυρν εφφιχιενχιεσ. 

Α πορτιον οφ ΟΡD οιλ σπιλλ ρεσεαρχη ισ ρεσερϖεδ φορ εmεργενχψ ρεσπονσε τεχηνιχαλ συππορτ, σπιλλ εξερχισεσ 

ανδ αρεα πλαννινγ, ιντεραγενχψ ωορκινγ γρουπσ, ανδ εmεργινγ ισσυεσ (ε.γ., Αρχτιχ σπιλλ πλαννινγ ανδ 

ινχρεασεδ σηιπmεντ οφ διλυτεδ βιτυmεν ϖια ραιλ, βαργε, ανδ πιπελινε). Φοχυσ τοπιχσ αρε εϖερ−εϖολϖινγ βυτ 

χυρρεντ ρεσεαρχη ισ δεδιχατεδ βυτ νοτ λιmιτεδ το: 

ξ Οιλ τραχκινγ τοολσ ανδ εmεργενχψ ρεσπονσε τεχηνιχαλ συππορτ: Εϖαλυατινγ οιλ σπιλλ δετεχτιον ασσαψσ 

ανδ εσταβλισηινγ χυττινγ−εδγε τεχηνολογιεσ φορ οιλ σλιχκ τηιχκνεσσ εστιmατεσ φορ δεχισιον−mακινγ 

ιν σκιmmινγ ανδ βυρνινγ (Αππενδιξ 1, Ουτπυτ ΗΣ.5.5049). 

ξ Σπιλλ πλαννινγ ανδ γυιδανχε φορmυλατιον: Χοορδινατινγ ιντεραγενχψ αχτιϖιτιεσ, ινχλυδινγ ρεσεαρχη 

ον Ιντερνατιοναλ Μαριτιmε Οργανιζατιον (ΙΜΟ) δισπερσαντ γυιδελινεσ, υπδατεσ το τηε Νατιοναλ 

Ρεσπονσε Τεαm (ΝΡΤ) σχιενχε ανδ τεχηνολογψ φαχτσηεετ, ανδ φορmυλατιον οφ τηε σιξ−ψεαρ 

Ιντεραγενχψ Χοορδινατινγ Χοmmιττεε φορ Οιλ Πολλυτιον Ρεσεαρχη (ΙΧΧΟΠΡ) πλαν. 

ΟΡD οιλ σπιλλ ρεσεαρχη ινχλυδεσ εξπεριmεντσ οϖερ λαργε σχαλεσ, συχη ασ σπιλλ σιmυλατιονσ υσινγ ωαϖε τανκ 

φαχιλιτιεσ, λικε Οηmσεττ ατ τηε Ναϖαλ Wεαπονσ Στατιον Εαρλε ιν Νεω ϑερσεψ (Φιγυρε 5, λεφτ πανελ), ανδ ατ 

σmαλλ σχαλεσ φορ εϖαλυατινγ τηε περφορmανχε οφ σπιλλ−τρεατινγ αγεντσ ον τηε ΝΧΠ Προδυχτ Σχηεδυλε (Φιγυρε 

5, ριγητ πανελ). 

Φιγυρε 5: Πηοτο οφ σπιλλ σιmυλατιονσ υσινγ τηε Οηmσεττ ωαϖε τανκ φαχιλιτψ ατ τηε Ναϖαλ Wεαπονσ Στατιον 

Εαρλε ιν Νεω ϑερσεψ (λεφτ πανελ) ανδ λαβορατορψ εϖαλυατιον οφ τηε περφορmανχε οφ σπιλλ−τρεατινγ αγεντσ 

(ριγητ πανελ). 

Ρεσεαρχη Αρεα 6: Wαστε Μαναγεmεντ 

Wαστε mαναγεmεντ πρεσεντσ χονσιδεραβλε χηαλλενγεσ δυρινγ ανψ λαργε−σχαλε δισαστερ; αδδιτιοναλ 

χηαλλενγεσ ωιλλ εξιστ δυρινγ α ωιδε−αρεα ΧΒΡΝ ινχιδεντ. Φορ εξαmπλε, τηερε ισ χυρρεντλψ νο φεδεραλ 

ρεγυλατορψ φραmεωορκ φορ βιο−χονταmινατεδ ωαστε. Τηε εξιστινγ δισποσαλ χαπαχιτψ φορ ραδιολογιχαλλψ−

χονταmινατεδ ωαστε ισ λικελψ ονλψ α φραχτιον οφ ωηατ ωουλδ βε νεεδεδ ιν α λαργε−σχαλε ραδιολογιχαλ ορ 
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νυχλεαρ ινχιδεντ. Ενϖιρονmενταλ ρεmεδιατιον αφτερ τηε Φυκυσηιmα Dαιιχηι αχχιδεντ ισ εστιmατεδ το ηαϖε 

γενερατεδ οϖερ 37 mιλλιον τονσ οφ ωαστε, mυχη οφ ιτ σοιλ.10 Wαστε σταγινγ ανδ ον−σιτε ωαστε mινιmιζατιον 

ανδ τρεατmεντ ωιλλ βε χριτιχαλ το αλλοω ρεmεδιατιον εφφορτσ το προχεεδ. Τηε ωαστε στρεαmσ ινχλυδε 

mατεριαλσ ιmπαχτεδ βψ τηε χονταmινατιον ινχιδεντ, ασ ωελλ ασ ωαστε γενερατεδ τηρουγη τηε 

δεχονταmινατιον προχεσσ. Ασ α mαρκερ οφ ηοω χηαλλενγινγ ωαστε mαναγεmεντ χαν βε φορ ηιγηλψ 

πατηογενιχ ορ τοξιχ χονταmιναντσ, τηε σινγλε Εβολα πατιεντ ιν Νεω Ψορκ Χιτψ γενερατεδ 352 δρυmσ οφ 

ωαστε (335 δρυmσ φροm πατιεντ τρεατmεντ, 17 δρυmσ φροm απαρτmεντ χλεανυπ) ανδ τηε τοταλ χοστ φορ 

δισποσαλ ωασ ∃1,120,000.11 

Ιν αδδιτιον το σολιδ ωαστε, λαργε ϖολυmεσ οφ χονταmινατεδ ωατερ mαψ βε γενερατεδ δυρινγ φλυσηινγ οφ 

χονταmινατεδ ινφραστρυχτυρε ορ δεχονταmινατιον οπερατιονσ. Wιτη τηε χυρρεντ γοαλ οφ χονταινινγ ανδ 

τρεατινγ mυχη οφ τηε ωαστε ον−σιτε (βψ δισχηαργινγ το συρφαχε ωατερ, α ωαστεωατερ τρεατmεντ πλαντ, 

στορmωατερ, ορ χοmβινεδ σψστεmσ), τηεσε ωαστε στρεαmσ mαψ βε διφφιχυλτ το mαναγε12. 

Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Dεχισιον mακερσ νεεδ σουνδ σχιενχε ανδ τοολσ το ασσιστ ιν πλαννινγ φορ ανδ χονδυχτινγ ωαστε 

mαναγεmεντ αχτιϖιτιεσ εφφεχτιϖελψ. Ινφορmατιον ισ νεεδεδ το: 

ξ Συππορτ εφφεχτιϖε σταγινγ οφ ωαστε ανδ ωαστε mινιmιζατιον ανδ τρεατmεντ, 

ανδ ασσεσσ τηε φατε ανδ τρανσπορτ οφ χονταmιναντσ ιν δισποσαλ φαχιλιτιεσ. 

ξ Προϖε τηε αβιλιτψ οφ εξιστινγ τρεατmεντ τεχηνολογιεσ (ε.γ., ινχινερατιον) το δεστροψ αχυτελψ τοξιχ 

χηεmιχαλσ ωηεν τηεψ αρε ασσοχιατεδ ωιτη βυιλδινγ mατεριαλσ ανδ οτηερ mατεριαλσ τηατ mαψ βε 

χονταmινατεδ αφτερ αν ινχιδεντ. 

ξ Τεστ ανδ φυρτηερ δεϖελοπ σχαλαβλε ωατερ τρεατmεντ ανδ χονταινmεντ mετηοδσ (ποτεντιαλλψ 

ρεχψχλινγ τηε ωατερ φορ φυρτηερ υσε) το συππορτ εφφεχτιϖε mαναγεmεντ οφ χονταmινατεδ ωατερ. 

ξ Πρεδιχτ τηε εφφεχτιϖενεσσ οφ τρεατmεντ mετηοδσ φορ χονταmιναντσ τηατ λαχκ τρεατmεντ δατα ιν 

πρεπαρατιον φορ υνκνοων ωατερ σψστεm χονταmινατιον τηρεατσ. 

Το συππορτ τηεσε νεεδσ, ΗΣΡΠ ωιλλ δεϖελοπ αν αλλ ηαζαρδσ τοολ ον ΕΠΑ�σ Γεοπλατφορm13 τηατ αναλψζεσ ΓΙΣ 

λαψερσ το δετερmινε οπτιmαλ ωαστε σταγινγ λοχατιονσ; εστιmατε τηε χοστ, τιmε, ανδ λογιστιχαλ ρεθυιρεmεντσ 

ασσοχιατεδ ωιτη τρανσπορτινγ λαργε ϖολυmεσ οφ ωαστε; ανδ ασσιστ στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντσ ιν 

δετερmινινγ οπτιmαλ ωαστε τρανσπορτ οπτιονσ ανδ ρουτεσ. ΗΣΡΠ ωιλλ αλσο χοντινυε το δεϖελοπ τοολσ το 

συππορτ εστιmατιονσ οφ ωαστε ϖολυmεσ τηατ αρε νεεδεδ το δεϖελοπ ωαστε mαναγεmεντ πλανσ, ινχλυδινγ 

εϖαλυατιον οφ αδϖανχεδ τεχηνολογιεσ (ε.γ., αεριαλ πηοτογραπηψ, ρεmοτε σενσινγ) φορ ωαστε εστιmατιον 

ποστ−ινχιδεντ. Υλτιmατελψ, ΗΣΡΠ ωιλλ δεϖελοπ σψντηεσισ δοχυmεντσ τηατ ωιλλ βε ινχορπορατεδ ιντο 

δεχισιον−συππορτ τοολσ τηατ ασσιστ στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντσ ιν δεϖελοπινγ ανδ εξεχυτινγ τηειρ 

10 Τηισ εστιmατε ωασ δεριϖεδ φροm mατεριαλσ πρεσεντεδ βψ τηε Γοϖερνmεντ οφ ϑαπαν, Μινιστρψ οφ τηε Ενϖιρονmεντ. 

Τηε πρεσεντατιον ισ τιτλεδ �Ενϖιρονmενταλ Ρεmεδιατιον ιν ϑαπαν�, δατεδ Μαρχη 2018, ανδ αχχεσσεδ ατ 

ηττπ://ϕοσεν.ενϖ.γο.ϕπ/εν/πδφ/προγρεσσσεετ_προγρεσσ_ον_χλεανυπ_εφφορτσ.πδφ (λαστ αχχεσσεδ ϑυλψ 24, 2018). 
11 Τηισ ινφορmατιον ωασ προϖιδεδ βψ ΕΠΑ Ρεγιον 2 ιν α πρεσεντατιον τηατ χαν βε αχχεσσεδ ατ 

ηττπσ://ωωω.νρτ.οργ/σιτε/δοωνλοαδ.ασηξ?χουντερ=3098 (λαστ αχχεσσεδ ϑυλψ 24, 2018). 
12 Dισχηαργινγ το Ηαζαρδουσ Ματεριαλ Wατερ Τρεατmεντ Φαχιλιτιεσ ισ αλσο αν οπτιον ιν σοmε αρεασ οφ τηε χουντρψ. 
13 ηττπσ://επα.mαπσ.αρχγισ.χοm/ 
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ωαστε mαναγεmεντ πλανσ, πρε− ανδ/ορ ποστ−ινχιδεντ14. Σπεχιφιχαλλψ, τηε προγραm ωιλλ ιντεγρατε ιτσ τοολσ 

ιντο ΕΠΑ�σ φορτηχοmινγ πρε−πλαννινγ ωαστε mαναγεmεντ ανδ ρεσπονσε τοολ (Αππενδιξ 1, Ουτπυτ 

ΗΣ.6.5008). 

ΗΣΡΠ ωιλλ χοντινυε το δεϖελοπ ανδ τεστ mετηοδσ φορ τηε mινιmιζατιον ανδ τρεατmεντ οφ ΧΒΡΝ−

χονταmινατεδ ωαστε (Αππενδιξ 1, Ουτπυτ ΗΣ.6.5009). Εφφορτσ ρανγε φροm δεϖελοπινγ φιελδ−υσαβλε 

τρεατmεντ τεχηνολογιεσ φορ πατηογεν−χονταmινατεδ ωαστε (Αππενδιξ 1, Ουτπυτ ΗΣ.6.5010)�α κεψ γαπ 

ιδεντιφιεδ δυρινγ τηε ρεχεντ Υνδεργρουνδ Τρανσιτ Ρεστορατιον Οπερατιοναλ Τεχηνολογψ Dεmονστρατιον15 

(σεε Φιγυρε 6)�το δεϖελοπινγ τρεατmεντ τεχηνολογιεσ φορ χηεmιχαλ τηρεατ−χονταmινατεδ βυιλδινγ ανδ 

ουτδοορ mατεριαλσ. ΗΣΡΠ ωιλλ αλσο δεϖελοπ ιννοϖατιϖε αππροαχηεσ το mαναγε νιχηε ωαστε στρεαmσ, λικε 

ϖεηιχλεσ, το οϖερχοmε τηε λιmιτατιον ορ προηιβιτιονσ οφ υσινγ εξιστινγ προχεσσεσ φορ ρεχψχλινγ ανδ σαλϖαγε. 

Χηεmιχαλ χονταmιναντσ, βιολογιχαλ αγεντσ, ανδ ραδιολογιχαλ αγεντσ ενδινγ υπ ιν ωατερ ανδ οτηερ χοmπλεξ 

mατριχεσ (ε.γ., ωαστεωατερ χολλεχτιον σψστεmσ) δυρινγ εmεργενχψ σιτυατιονσ ποσε σιγνιφιχαντ, ανδ οφτεν 

υνιθυε, τρεατmεντ χηαλλενγεσ. Σοmε οφ τηεσε χονταmιναντσ (ε.γ., ΠΦΑΣ ιν φιρεφιγητινγ φοαm) χαν βε 

γενερατεδ δυρινγ ινιτιαλ ρεσπονσε αχτιϖιτιεσ. ΗΣΡΠ ισ εϖαλυατινγ ον−σιτε ωατερ τρεατmεντ τεχηνολογιεσ το 

αδδρεσσ τηε νεεδ φορ τρεατινγ χηεmιχαλλψ−χονταmινατεδ ωατερ ον−σιτε ορ ατ τηε χονταmινατιον σουρχε 

(Αππενδιξ 1, Ουτπυτ ΗΣ.6.5010). Τηισ ρεσεαρχη ωιλλ ινφορm α ωατερ τρεατmεντ σελεχτιον φραmεωορκ ωιτηιν 

τηε ΟW�σ DΠΑΣ τοολ. 

Dεχισιον mακερσ ανδ ωαστε τρεατmεντ οπερατορσ νεεδ ινφορmατιον το φαχιλιτατε τηειρ αχχεπτανχε οφ ωαστε 

φορ τρεατmεντ ορ δισποσαλ. ΗΣΡΠ ωιλλ εξαmινε τηε ιmπαχτ οφ χονταmινατεδ ωατερ ον ωαστεωατερ 

ινφραστρυχτυρε ανδ συππορτ τηε δεϖελοπmεντ οφ mαναγεmεντ οπτιονσ, συχη ασ τηοσε νεεδεδ φορ 

mαναγεmεντ οφ χονταmινατεδ βιοσολιδσ ανδ mεmβρανεσ. ΗΣΡΠ ωιλλ αλσο ωορκ το υνδερστανδ τηε 

χηαραχτεριστιχσ οφ τηε τρεατεδ ωατερ ανδ ηοω ιτ mιγητ ιmπαχτ ωαστεωατερ, στορmωατερ, ορ χοmβινεδ 

σεωερ σψστεmσ (Αππενδιξ 1, Ουτπυτ ΗΣ.6.5010). ΗΣΡΠ ωιλλ σηαρε ινφορmατιον ον διφφιχυλτ−το−τρεατ 

περφλυοροοχτανεσυλφονιχ αχιδ (ΠΦΟΣ) ανδ σηορτερ χηαιν περφλυοροαλκψλ συλφονιχ αχιδσ ιν χολλεχτεδ ωαση 

ωατερ ωιτη ΟΡD�σ ΣΣWΡ προγραm, ρεχογνιζινγ τηε χροσσ−προγραm ιντερεστ, αλονγ ωιτη λεϖεραγινγ οτηερ 

ρεσεαρχη οφ mυτυαλ ιντερεστ. 

14 ΕΠΑ ηασ δεϖελοπεδ γυιδανχε ον ηοω το χονστρυχτ πρε−ινχιδεντ ωαστε mαναγεmεντ πλανσ ανδ προϖιδεδ ρεσουρχεσ 

το συππορτ τηειρ δεϖελοπmεντ. Πλεασε σεε: ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−ωαστε/ωαστε−mαναγεmεντ−

βενεφιτσ−πλαννινγ−ανδ−mιτιγατιον−αχτιϖιτιεσ−ηοmελανδ#πρεινχιδεντ 
15 Τηε Υνδεργρουνδ Τρανσπορτ Ρεστορατιον Προϕεχτ ωασ α χολλαβορατιϖε εφφορτ βετωεεν Υ.Σ. DΗΣ, Υ.Σ. ΕΠΑ, ανδ λοχαλ 

στακεηολδερσ δεσιγνεδ το δεϖελοπ χαπαβιλιτιεσ φορ τηε ραπιδ ρετυρν το σερϖιχε οφ υνδεργρουνδ τρανσπορτατιον 

σψστεmσ αφτερ α βιολογιχαλ ινχιδεντ. 
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Φιγυρε 6: Τεστινγ οφ ον−σιτε σολιδ ωαστε τρεατmεντ αππροαχηεσ. 

Τοπιχ 3: Σψστεmσ Αππροαχηεσ το Πρεπαρεδνεσσ ανδ Ρεσπονσε 

Τρανσιτιονινγ τηε ρεσεαρχη ιντο φιελδαβλε χαπαβιλιτιεσ ινϖολϖεσ ενσυρινγ τηατ δεχισιον mακερσ ανδ 

ρεσπονδερσ ηαϖε κνοωλεδγε οφ ανδ αχχεσσ το τηε λατεστ ινφορmατιον. Dεχισιον mακερσ νεεδ αχχεσσ το 

τοολσ ανδ ινφορmατιον βυιλτ φροm α σψστεmσ αππροαχη ωηερε εαχη οφ τηε ρεσεαρχη αρεασ αρε βρουγητ 

τογετηερ τηρουγη τηειρ ιντερδεπενδενχιεσ ανδ ρελατιϖε ιmπαχτσ. Τηισ τοπιχ αρεα αδδρεσσεσ τηε 

δεϖελοπmεντ οφ σψστεmσ−βασεδ τοολσ βψ πυλλινγ τογετηερ τηε χοννεχτεδ ελεmεντσ οφ τηε πρεϖιουσ τωο 

ρεσεαρχη τοπιχσ (χονταmιναντ χηαραχτεριζατιον ανδ χονσεθυενχε ασσεσσmεντ, ενϖιρονmενταλ χλεανυπ 

ανδ ινφραστρυχτυρε ρεmεδιατιον) το προϖιδε τεχηνιχαλ συππορτ ανδ δεχισιον−συππορτ τοολσ. Τηισ τοπιχ 

φοχυσεσ ον ενσυρινγ τηατ ινφορmατιον ισ ρεαδιλψ ανδ εασιλψ αχχεσσιβλε δυρινγ αν εmεργενχψ. 

Ρεσεαρχη Αρεα 7: Τοολσ το Συππορτ Σψστεmσ−βασεδ Dεχισιον Μακινγ 

Dυρινγ α ωιδε−αρεα ινχιδεντ, τηε ρεσπονσε χοmmυνιτψ νεεδσ τοολσ το ραπιδλψ ασσεσσ τηε ινχιδεντ, 

ινχλυδινγ αχχεσσ το εmεργινγ τεχηνολογιεσ χαπαβλε οφ συρϖεψινγ, δετεχτινγ, ανδ mονιτορινγ τηε εϖεντ. 

ΗΣΡΠ mοδελσ ανδ τοολσ ενηανχε τηε τιmελινεσσ οφ δισαστερ ρεχοϖερψ βψ προϖιδινγ mετριχσ ανδ δεχισιον 

συππορτ, ενσυρινγ δεχισιον mακερσ ηαϖε αχχεσσ το ινφορmατιον ον τεχηνολογιεσ φορ χηαραχτεριζινγ ορ 

ρεmεδιατινγ ενϖιρονmεντσ αφτερ ϖαριουσ ΧΒΡΝ αγεντ−ρελατεδ ινχιδεντσ. Τηε ρεσπονσε χοmmυνιτψ αλσο 

νεεδσ τοολσ τηατ χονσιδερ τιmεφραmεσ ανδ χοστσ το εϖαλυατινγ ϖιαβλε οπτιονσ φροm εχονοmιχ ορ σοχιαλ 

στανδποιντσ, ασ ωελλ ασ τοολσ τηατ ρεταιν φλεξιβιλιτψ ιν ρεmεδιατιον αχτιϖιτιεσ δυε το τηε χοmπλεξιτψ, 

υνχερταιντψ, ανδ δψναmιχ νατυρε οφ α ωιδε−αρεα ινχιδεντ. ΗΣΡΠ ρεχογνιζεσ τηε νεεδ το δεϖελοπ α 

βασελινε mοδελ ανδ σιmυλατιον τοολσ φορ χοmπαρινγ ορ mεασυρινγ δεχισιονσ αγαινστ τηε τρυε ρεσιλιενχψ οφ 

α χοmmυνιτψ. 
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Προγραm, ρεγιοναλ, στατε, ανδ/ορ τριβαλ νεεδσ 

Α γρεατ νυmβερ οφ δεχισιον−συππορτ τοολσ ηαϖε αλρεαδψ βεεν δεϖελοπεδ υνδερ ΗΣΡΠ, χοϖερινγ α ωιδε 

ρανγε οφ ηαζαρδσ. Τηεσε συππορτ τοολσ ινδιϖιδυαλλψ χονσυmε σεπαρατε σουρχεσ οφ δατα, mακινγ τηεm 

συσχεπτιβλε το βεχοmινγ οβσολετε ανδ χοστλψ το υπδατε. Τηε ρεσπονσε χοmmυνιτψ ηασ σουγητ ΕΠΑ�σ 

ασσιστανχε ιν δεϖελοπινγ α χεντραλιζεδ ανδ ρουτινελψ−mαινταινεδ δαταβασε φορ mονιτορινγ ανδ συρϖεψινγ 

τηε λατεστ δεχονταmινατιον, mιτιγατιον, ανδ ωαστε τρεατmεντ τεχηνολογιεσ/mετηοδσ (Αππενδιξ 1, 

Ουτπυτ ΗΣ.7.5039). Α δαταβασε χουλδ στορε υπ−το−δατε δατα δεριϖεδ φροm ΗΣΡΠ λιτερατυρε ρεϖιεωσ, 

στυδιεσ, ανδ τοολσ ιν α ωεβ−βασεδ σεαρχηαβλε πλατφορm, γρεατλψ ενηανχινγ ρεσπονσε, πλαννινγ, ανδ 

πρεπαρεδνεσσ χαπαβιλιτιεσ ανδ εφφιχιενχιεσ. ΗΣΡΠ ωιλλ αλσο δεϖελοπ ανδ ιντεγρατε α χοστ mοδελ φορ 

πρεδιχτινγ τηε εχονοmιχ ανδ σοχιαλ συρϖιϖαβιλιτψ οφ υρβαν αρεασ αχχορδινγ το α ρανγε οφ γεογραπηιχαλλψ−

σπεχιφιχ χριτερια (Αππενδιξ 1, Ουτπυτ ΗΣ.7.5039). Τηε mοδελ χουλδ τηεν χοννεχτ το οτηερ ΗΣΡΠ τοολσ 

(συχη ασ τηε Wαστε Εστιmατιον Συππορτ Τοολ16) το προϖιδε ενδ−υσερσ ωιτη α τοολ το ασσεσσ χοmmυνιτψ 

ϖιαβιλιτψ βασεδ ον σελεχτεδ τεχηνολογιεσ. 

Ιν αδδιτιον το σελεχτινγ τηε αππροπριατε τεχηνολογιεσ ανδ χονσιδερινγ ρεσουρχε νεεδσ, τηε χονσεθυενχεσ 

οφ ρεmεδιατιον αχτιϖιτιεσ ανδ τηε ιmπαχτ το τηε φολλοω−ον αχτιϖιτιεσ mυστ βε χαρεφυλλψ χονσιδερεδ. Τηε 

εφφεχτιϖενεσσ οφ ρεmεδιατιον αχτιϖιτιεσ ισ διφφιχυλτ το πρεδιχτ δυε το τηε χοmπλεξιτψ, υνχερταιντψ, ανδ 

δψναmιχ νατυρε οφ α ωιδε−αρεα ινχιδεντ. ΗΣΡΠ πλανσ το δεϖελοπ α τοολ τηατ χαν σιmυλατε τηε ρεmεδιατιον 

εφφεχτιϖενεσσ οφ ϖαριουσ ρεσπονσε αχτιϖιτιεσ τηατ ωιλλ βε ηελπφυλ φορ α ωιδε−αρεα ρεσπονσε (Αππενδιξ 1, 

Ουτπυτ ΗΣ.7.5039). Τηισ ωορκ ωιλλ βυιλδ ον εξιστινγ συππορτ τοολσ ανδ ωιλλ προϖιδε θυαντιτατιϖε 

εστιmατιονσ φορ τηε φολλοωινγ ιτεmσ: 

ξ Τηε ιmπαχτ οφ σελεχτινγ χερταιν mετηοδσ (δεχονταmινατιον, σαmπλινγ, ανδ ωαστε τρεατmεντ) ον 

τηε οϖεραλλ ρεmεδιατιον 

ξ Βοττλενεχκσ ιν τηε ρεmεδιατιον αχτιϖιτιεσ 

ξ Ρεσουρχε αϖαιλαβιλιτψ ανδ δεmανδ φορ ρεmεδιατιον 

ξ Τεστινγ οφ φυτυρε δεχισιον−συππορτ−τοολ φεασιβιλιτψ βεφορε δεϖελοπmεντ/δεπλοψmεντ 

ξ Τεστινγ οφ φυτυρε mετηοδσ/τεχηνολογιεσ βεφορε ινϖεστmεντ. 

Ανοτηερ σιγνιφιχαντ γαπ φορ α ωιδε−αρεα ινχιδεντ ισ τηε νεεδ το χολλεχτ ανδ χοmmυνιχατε δατα εφφεχτιϖελψ. 

Ινεφφιχιενχιεσ ιν τηισ προχεσσ χαν ηαmπερ ρεχοϖερψ εφφορτσ ανδ ποτεντιαλλψ πυτ λιϖεσ ανδ τηε ενϖιρονmεντ 

ατ ρισκ. Τηερε ισ α νεεδ το δεϖελοπ α φραmεωορκ ανδ ιδεντιφψ ποτεντιαλ τεχηνολογιεσ φορ χολλεχτινγ ανδ 

σψντηεσιζινγ ινφορmατιον το βεττερ ινφορm σιτυατιοναλ αωαρενεσσ, δεχισιον−mακινγ, ανδ mαναγεmεντ οφ 

δατα δυρινγ α ρεσπονσε. Τηισ ινχλυδεσ χοmmυνιχατιον οφ ινφορmατιον το δεχισιον mακερσ, υλτιmατελψ το 

ινφορm τηε πυβλιχ ρεγαρδινγ εξποσυρε ρισκσ, ρισκ mαναγεmεντ, ανδ ρεσπονσε αχτιϖιτιεσ ατ τηε φεδεραλ, 

στατε, τριβαλ, ανδ λοχαλ λεϖελ. ΗΣΡΠ ωιλλ αδδρεσσ τηισ γαπ βψ δεϖελοπινγ τοολσ φορ χοmmυνιτψ στακεηολδερσ 

το χονδυχτ σελφ−ασσεσσmεντσ οφ τηειρ χοmmυνιτψ ενϖιρονmενταλ ρεσιλιενχε το δισαστερσ (Αππενδιξ 1, 

Ουτπυτ ΗΣ.7.5041). 

Προγραm Dεσιγν 
Τηε ΟΡD ΣτΡΑΠσ αρε γυιδεδ βψ ΕΠΑ�σ Στρατεγιχ Πλαν ανδ τηε ΟΡD Στρατεγιχ Πλαν. Τηε ΣτΡΑΠσ ποσιτιον ΟΡD 

το χοντριβυτε το ΕΠΑ mεετινγ ιτσ στρατεγιχ mεασυρεσ. Τηε ΗΣΡΠ ΣτΡΑΠ προϖιδεσ α ϖισιον ανδ βλυεπριντ φορ 

αδϖανχινγ ηοmελανδ σεχυριτψ ρεσεαρχη ιν ωαψσ τηατ mεετ λεγισλατιϖε ανδ πολιχψ mανδατεσ ανδ αδδρεσσ 

τηε ηιγηεστ πριοριτψ παρτνερ νεεδσ. ΗΣΡΠ συππορτσ ΕΠΑ�σ ρεσπονσιβιλιτιεσ το πρεπαρε φορ ανδ ρεσπονδ το 

16 ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη/ωαστε−εστιmατιον−συππορτ−τοολ 
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αχυτε δισαστερσ βψ χονδυχτινγ σηορτ−τερm, αππλιεδ σχιεντιφιχ ρεσεαρχη. Τηε φουνδατιον οφ τηε προγραm 

φοχυσεσ ον ΧΒΡΝ χονταmινατιον ρεσυλτινγ φροm ιντεντιοναλ ορ υνιντεντιοναλ ινχιδεντσ. 

Προγραm Χοmπονεντσ 

ΗΣΡΠ ρεσεαρχη ωιλλ χοντινυε το βε χονδυχτεδ ατ ΕΠΑ φαχιλιτιεσ (ιντραmυραλ) ανδ οφφ−σιτε (εξτραmυραλ) ατ 

γραντεε ορ χοντραχτορ λαβορατοριεσ. Εξτραmυραλ ρεσεαρχη, φυνδεδ τηρουγη ιντεραγενχψ αγρεεmεντσ, 

γραντσ, ανδ χοντραχτσ, χοmπλεmεντσ ανδ εξπανδσ τηε ιντραmυραλ ρεσεαρχη προγραm βψ ενγαγινγ τηε 

Αγενχψ ωιτη τηε νατιον�σ λεαδινγ σχιεντιστσ ανδ ενγινεερσ. Τηισ βροαδ ενγαγεmεντ ισ παρτιχυλαρλψ 

ϖαλυαβλε ωηερε αδδιτιοναλ εξπερτισε ανδ χαπαβιλιτιεσ αρε νεεδεδ φροm τηε σχιεντιφιχ χοmmυνιτψ το 

προϖιδε αν εξπανδεδ στρατεγιχ ρεσπονσε το αν ενϖιρονmενταλ χηαλλενγε ανδ το αδδρεσσ ιmπορταντ γαπσ ιν 

σχιεντιφιχ εξπερτισε. ΕΠΑ αλσο παρτιχιπατεσ ιν σιmιλαρλψ φοχυσεδ Σmαλλ Βυσινεσσ Ιννοϖατιον Ρεσεαρχη (ΣΒΙΡ)17 

εφφορτσ εσταβλισηεδ βψ τηε Σmαλλ Βυσινεσσ Ιννοϖατιον Dεϖελοπmεντ Αχτ οφ 1982. 

ΟΡD ρεχογνιζεσ τηατ ΕΠΑ προγραm ανδ ρεγιοναλ, στατε, ανδ τριβαλ παρτνερσ mυστ ρεσπονδ το εmεργινγ, 

υνφορεσεεν νεεδσ τηατ χαν βενεφιτ φροm ΟΡD ρεσεαρχη ανδ τεχηνιχαλ εξπερτισε. ΟΡD ωορκσ ωιτη παρτνερσ 

το βαλανχε τηε ρελατιϖε ιmπορτανχε οφ τηεσε εmεργινγ νεεδσ ωιτη οτηερ ρεσεαρχη αχτιϖιτιεσ ανδ το ενσυρε 

αγρεεmεντ ιν ανψ χηανγεσ ιν ρεσεαρχη διρεχτιον ωιτη ρεσπεχτ το αϖαιλαβλε ρεσουρχεσ. ΗΣΡΠ προmοτεσ τηε 

δεϖελοπmεντ οφ ιννοϖατιϖε χοmmερχιαλ τεχηνολογιεσ το αδδρεσσ ενϖιρονmενταλ χηαλλενγεσ. ΗΣΡΠ δοεσ 

τηισ τηρουγη ϖεηιχλεσ ινχλυδινγ ΣΒΙΡ, ιννοϖατιϖε ινχεντιϖε προγραmσ (ε.γ., χιτιζεν πριζεσ/αωαρδσ το δριϖε 

χροωδ σουρχινγ οφ ινϖεντιϖε αππροαχηεσ), ανδ ΟΡD ιντερναλ ιννοϖατιϖε χηαλλενγεσ (ε.γ., Πατηφινδερ 

Ιννοϖατιϖε Προϕεχτσ). 

ΗΣΡΠ χολλαβορατεσ ωιτη οτηερ ΟΡD ρεσεαρχη προγραmσ ανδ ωιτη οτηερ φεδεραλ δεπαρτmεντσ/αγενχιεσ το 

αδδρεσσ τηε mοστ πρεσσινγ νεεδσ ρελατεδ το αν �αλλ ηαζαρδσ� αππροαχη το δισαστερσ. ΗΣΡΠ αλσο φινδσ 

mυλτιπλε υσεσ οφ ιτσ ρεσεαρχη βψ αππλψινγ, ωηεν αππροπριατε, ιτσ προδυχτσ το ΕΠΑ�σ νεεδσ τηατ αρε νοτ 

οτηερωισε mετ. Ονε εξαmπλε ισ τηε Εβολα Ουτβρεακ ιν 2014; αλτηουγη τηισ ωασ α νατυραλ ουτβρεακ ωιτη 

mαϕορ ρεσπονσε εφφορτσ λεδ βψ τηε Χεντερσ φορ Dισεασε Χοντρολ (ΧDΧ), ΕΠΑ�σ εξπερτισε ωασ ρεθυεστεδ 

ρελατεδ το ενϖιρονmενταλ χλεανυπ ανδ ωαστε τρεατmεντ ανδ δισποσαλ. ΗΣΡΠ προϖιδεδ νεχεσσαρψ εξπερτισε 

ον ενϖιρονmενταλ δεχονταmινατιον, περσοναλ προτεχτιϖε εθυιπmεντ δεχονταmινατιον, ανδ σολιδ ωαστε 

ανδ ωαστεωατερ mαναγεmεντ τηρουγη αδαπτατιον οφ ιτσ ωορκ ωιτη οτηερ βιολογιχαλ αγεντσ. Αν εσσεντιαλ 

χοmπονεντ οφ ΗΣΡΠ ισ τηε αβιλιτψ το αδαπτ ανδ αππλψ ιτσ ρεσεαρχη το mεετ υνφορεσεεν χηαλλενγεσ ιν α 

τιmελψ mαννερ. 

Dεϖελοπινγ ρεσιλιενχε ατ τηε χοmmυνιτψ λεϖελ ισ α χριτιχαλ ασπεχτ οφ βυιλδινγ συσταιναβιλιτψ, εσπεχιαλλψ φορ 

χοmmυνιτιεσ τηατ ηαϖε γρεατερ εξποσυρε το δισαστερσ ανδ αρε mορε ϖυλνεραβλε το τηειρ ιmπαχτσ. 

Χοmmυνιτιεσ τηατ �πρεπαρε φορ, αβσορβ ανδ ρεχοϖερ� (Νατιοναλ Ρεσεαρχη Χουνχιλ, 2012) φροm δισαστερσ 

ωιλλ, ιν τυρν, ηαϖε mορε συσταιναβλε εχονοmιχ, ενϖιρονmενταλ, ανδ σοχιαλ σψστεmσ. Βψ δεϖελοπινγ ανδ 

τρανσιτιονινγ εφφεχτιϖε τοολσ ανδ γυιδανχε το χοmmυνιτψ δεχισιον mακερσ, ινχλυδινγ εmεργενχψ 

mαναγεmεντ οφφιχιαλσ ανδ ωατερ ανδ ωαστεωατερ υτιλιτψ οωνερσ ανδ οπερατορσ, ΗΣΡΠ ισ ηελπινγ 

χοmmυνιτιεσ το πρεπαρε φορ ανδ mορε ραπιδλψ ρεχοϖερ φροm τηεσε ινχιδεντσ. 

Α σιγνιφιχαντ ανδ χριτιχαλ χοmπονεντ οφ τηε ΗΣΡΠ ισ προϖιδινγ τεχηνιχαλ συππορτ το ουρ παρτνερσ ανδ 

στακεηολδερσ. Τεχηνιχαλ συππορτ ισ προϖιδεδ το αιδ ιν τηε δεϖελοπmεντ οφ γυιδανχε (φορ εξαmπλε, 

συππορτινγ δεϖελοπmεντ οφ τηρεατ αγεντ θυιχκ ρεφερενχε γυιδεσ βψ τηε Νατιοναλ Ρεσπονσε Τεαm), 

τεαχηινγ ενδ−υσερσ ηοω το δεπλοψ ΗΣΡΠ−δεϖελοπεδ προδυχτσ, ανδ συππορτινγ δεχισιον mακερσ δυρινγ 

ινχιδεντ ρεσπονσε. Α σιγνιφιχαντ πορτιον οφ σταφφ τιmε ισ δεϖοτεδ το προϖιδινγ συχη τεχηνιχαλ συππορτ, 

σερϖινγ το εφφεχτιϖελψ τρανσιτιον τηε ρεσεαρχη το δεϖελοπεδ σολυτιονσ ανδ χαπαβιλιτιεσ. 

17 ηττπσ://ωωω.επα.γοϖ/σβιρ 
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Σολυτιονσ−Dριϖεν Ρεσεαρχη 

ΟΡD ισ ρενεωινγ ανδ εξπανδινγ ιτσ χοmmιτmεντ το προδυχινγ ρεσεαρχη τηατ αδδρεσσεσ ρεαλ−ωορλδ 

προβλεmσ ανδ ηελπσ ΕΠΑ προγραm ανδ ρεγιοναλ οφφιχεσ, στατε ανδ λοχαλ αγενχιεσ, ασ ωελλ ασ τριβαλ 

οργανιζατιονσ, το mακε τιmελψ δεχισιονσ βασεδ ον σχιενχε. Τηισ χοmmιτmεντ ινχλυδεσ εξπλορινγ ωαψσ το 

ιmπροϖε ρεσεαρχη προχεσσεσ τηρουγη τηε αππλιχατιον οφ α σολυτιονσ−δριϖεν ρεσεαρχη φραmεωορκ. 

Τηισ ρεσεαρχη φραmεωορκ εmπηασιζεσ: 

1) Πλαννεδ παρτνερ ανδ στακεηολδερ ενγαγεmεντ τηρουγηουτ τηε ρεσεαρχη προχεσσ, σταρτινγ ωιτη 

προβλεm φορmυλατιον ανδ ινφορmινγ αλλ ελεmεντσ οφ ρεσεαρχη πλαννινγ, ιmπλεmεντατιον, 

δισσεmινατιον, τρανσιτιον, ανδ εϖαλυατιον 

2) Α φοχυσ ον ρεσεαρχη ουτπυτσ ιδεντιφιεδ ιν χολλαβορατιον ωιτη παρτνερσ ανδ στακεηολδερσ 

3) Χοορδινατιον, χοmmυνιχατιον, ανδ χολλαβορατιον βοτη αmονγ ΟΡD ρεσεαρχηερσ ανδ βετωεεν 

ρεσεαρχηερσ ανδ παρτνερσ το δεϖελοπ ιντεγρατεδ ρεσεαρχη τηατ mυλτιπλιεσ ϖαλυε το παρτνερσ ανδ 

στακεηολδερσ 

4) Αππλιχατιον οφ ρεσεαρχη ουτπυτσ ιν χοοπερατιον ωιτη παρτνερσ ανδ στακεηολδερσ το σολϖε χοmπλεξ 

ενϖιρονmενταλ προβλεmσ, ανδ το τεστ τηε φεασιβιλιτψ, αππροπριατενεσσ, mεανινγφυλνεσσ, ανδ 

εφφεχτιϖενεσσ οφ τηε σολυτιονσ. 

Ρισκ χοmmυνιχατιον ισ α χεντραλ φαχτορ ιν τηισ φραmεωορκ, αλλοωινγ πεοπλε το υνδερστανδ τηειρ ρισκσ ανδ 

αδοπτ προτεχτιϖε βεηαϖιορσ, ασ ωελλ ασ ινφορmινγ ρισκ mαναγεmεντ δεχισιονσ. ΟΡD ωιλλ εmπηασιζε 

αδϖανχεσ ιν τηε σχιενχε οφ ρισκ χοmmυνιχατιον ανδ αππλψ βεστ πραχτιχεσ φορ χοmmυνιχατινγ ρισκ το 

διφφερεντ αυδιενχεσ αχροσσ ΗΣΡΠ ανδ τηε οτηερ νατιοναλ ρεσεαρχη προγραmσ. 

ΕΠΑ Παρτνερ ανδ Στακεηολδερ Ινϖολϖεmεντ 

Ιν λινε ωιτη ΟΡD�σ στρατεγιχ mεασυρε το ινχρεασε τηε περχενταγε οφ ρεσεαρχη προδυχτσ τηατ mεετ 

χυστοmερ νεεδσ, τηε ΗΣΡΠ ΣτΡΑΠ ΦΨ19−22 γυιδεσ ΟΡD ρεσεαρχη το αδδρεσσ τηε ηιγη−πριοριτψ νεεδσ οφ τηε 

Αγενχψ ανδ ιτσ παρτνερσ ανδ στακεηολδερσ. Νυmερουσ ΕΠΑ προγραm οφφιχεσ ανδ ρεγιονσ ιmπλεmεντ ΕΠΑ�σ 

ηοmελανδ σεχυριτψ ρεσπονσιβιλιτιεσ. ΕΠΑ�σ Οφφιχε οφ Ηοmελανδ Σεχυριτψ, ωιτηιν τηε Αδmινιστρατορ�σ Οφφιχε, 

χοορδινατεσ αλλ ΕΠΑ αχτιϖιτιεσ ρελατινγ το ηοmελανδ σεχυριτψ. ΗΣΡΠ�σ πριmαρψ παρτνερσ ινχλυδε ΕΠΑ�σ ΟW, 

ΟΛΕΜ, ανδ εαχη οφ τηε Αγενχψ�σ τεν ρεγιοναλ οφφιχεσ. Αδδιτιοναλ ΕΠΑ παρτνερσ ινχλυδε Τηε Οφφιχε οφ 

Χηεmιχαλ Σαφετψ ανδ Πολλυτιον Πρεϖεντιον (ΟΧΣΠΠ), τηε Οφφιχε οφ Αιρ ανδ Ραδιατιον (ΟΑΡ), τηε Οφφιχε οφ 

Ενφορχεmεντ ανδ Χοmπλιανχε Ασσυρανχε (ΟΕΧΑ), ανδ τηε Οφφιχε οφ Πολιχψ�σ Οφφιχε οφ Συσταιναβλε 

Χοmmυνιτιεσ. 

Μυχη οφ τηε ιmπλεmεντατιον ανδ ενφορχεmεντ οφ ηοmελανδ σεχυριτψ ρεσπονσεσ ισ οπερατιοναλιζεδ ατ 

λοχαλ, στατε, ανδ τριβαλ λεϖελσ. ΕΠΑ σερϖεσ mοστλψ ιν α τεχηνιχαλ συππορτ ρολε το τηεσε δεχισιον mακερσ ανδ 

φιρστ ρεσπονδερσ, ασ ωελλ ασ το ωατερ ανδ ωαστεωατερ υτιλιτιεσ. Ινπυτ φροm τηεσε παρτνερσ ισ ρελαψεδ το τηε 

ΕΠΑ ρεγιοναλ ανδ προγραm οφφιχεσ, ωηο τηεν ινχορπορατε τηισ ινφορmατιον ιντο τηε προγραmmατιχ νεεδσ 

τηατ αρε τρανσmιττεδ το ΗΣΡΠ. Τηε ΗΣΡΠ ενγαγεσ διρεχτλψ ωιτη τηε Ασσοχιατιον οφ Στατε Dρινκινγ Wατερ 

Αδmινιστρατορσ18 ανδ τηε Ασσοχιατιον οφ Χλεαν Wατερ Ασσοχιατιονσ19; τηεσε στακεηολδερσ αρε ον τηε φροντ 

λινεσ συππορτινγ ωατερ ανδ ωαστεωατερ σψστεmσ ιν ρεσπονδινγ το οπερατιοναλ ανδ εmεργενχψ ρεσπονσε 

χηαλλενγεσ. ΟΡD ωιλλ αλσο σεεκ αδδιτιοναλ στατε, τριβαλ, ανδ λοχαλ ινπυτ mορε διρεχτλψ δυρινγ τηε 

18 ηττπσ://ωωω.ασδωα.οργ/ 
19 ηττπσ://ωωω.αχωα−υσ.οργ/ 
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ιmπλεmεντατιον οφ τηε 2019−2022 ΣτΡΑΠ. Ενγαγεmεντσ ωιτη ΕΧΟΣ ανδ ΕΡΙΣ, ασ δισχυσσεδ πρεϖιουσλψ, αρε 

χοορδινατεδ αχροσσ αλλ σιξ ΕΠΑ Νατιοναλ Ρεσεαρχη Προγραmσ, ασ τηειρ νεεδσ αρε βροαδ ανδ ινφλυενχε εαχη 

προγραm. Τηε ΗΣΡΠ σπεχιφιχαλλψ ενγαγεσ ωιτη ΑΣΤΗΟ, ΑΣΤWΜΟ, ανδ ΝΕΜΑ, χοορδινατινγ αχροσσ 

προγραmσ ασ αππροπριατε; τηεσε ασσοχιατιονσ ηαϖε α mορε σπεχιφιχαλλψ φοχυσεδ ρελεϖανχε ωιτη ρεσπεχτ το 

τηε mισσιον οφ τηε ΗΣΡΠ. 

ΗΣΡΠ�σ ιννοϖατιϖε οιλ σπιλλ ρεσεαρχη συππορτσ ΟΕΜ, ΟW, ανδ τεχηνιχαλ συππορτ το τηε ρεγιονσ, στατεσ, 

τριβεσ, ανδ οτηερ ρεγυλατορψ αυτηοριτιεσ. Τηισ ρεσεαρχη ηασ φοστερεδ στρονγ χολλαβορατιον ωιτη τηε 

Νατιοναλ Οχεανιχ ανδ Ατmοσπηεριχ Αδmινιστρατιον (ΝΟΑΑ), τηε Υ.Σ. Χοαστ Γυαρδ, Dεπαρτmεντ οφ 

Ιντεριορ�σ Βυρεαυ οφ Σαφετψ ανδ Ενϖιρονmενταλ Ενφορχεmεντ, ανδ τηε Υ.Σ. Γεολογιχαλ Συρϖεψ (ΥΣΓΣ). 

Αδδιτιοναλλψ, τηισ ρεσεαρχη εφφορτ ισ ιν χολλαβορατιον ωιτη Χαναδα�σ Dεπαρτmεντ οφ Φισηεριεσ ανδ Οχεανσ, 

τηε Αmεριχαν Πετρολευm Ινστιτυτε, ανδ οτηερ ινδυστρψ mεmβερσ. Νεεδσ ρελατεδ το τηισ ρεσεαρχη αρεα αρε 

δεϖελοπεδ ιν χοορδινατιον ωιτη ΕΠΑ ανδ φεδεραλ παρτνερσ. ΕΠΑ παρτιχιπατεσ ον τηε Ιντεραγενχψ 

Χοορδινατινγ Χοmmιττεε ον Οιλ Πολλυτιον Ρεσεαρχη (ΙΧΧΟΠΡ)20 ωιτη φιφτεεν φεδεραλ αγενχιεσ. Τηε 

χοmmιττεε φοχυσεσ ον προϖιδινγ υπδατεσ ον οιλ ρεσεαρχη, δισχυσσινγ χολλαβορατιον πλανσ, ανδ δεϖελοπινγ 

ωαψσ φορ ρεσεαρχη το τρανσλατε το ρεσπονσε εφφορτσ. 

Ασ ινδιχατεδ ιν τηε Σολυτιονσ−Dριϖεν Ρεσεαρχη σεχτιον αβοϖε, ενδ−υσερσ οφ ΗΣΡΠ ρεσεαρχη ωιλλ φινδ 

σχιεντιφιχ προδυχτσ mοστ υσεφυλ ιφ τηεψ αρε χλοσελψ ινϖολϖεδ ωιτη τηε ρεσεαρχη προγραm φροm τηε ουτσετ. 

ΗΣΡΠ αδδρεσσεσ πριοριτιζεδ νεεδσ βασεδ ον σπεχιφιχ προβλεmσ ιδεντιφιεδ τηρουγη δεφινεδ ιντεραχτιονσ 

ωιτη ΗΣΡΠ�σ παρτνερσ. Τηε προχεσσ οφ υνδερστανδινγ ανδ πριοριτιζινγ τηε νεεδσ οφ ΗΣΡΠ�σ παρτνερσ ισ 

χολλαβορατιϖε ανδ ινϖολϖεσ δισχυσσιον οφ χυρρεντ χαπαβιλιτιεσ ανδ δεσιρεδ ενδ στατεσ ανδ ισ ινφορmεδ βψ 

DΗΣ−λεδ τηρεατ ασσεσσmεντσ. ΕΠΑ�σ mισσιον ανδ στρατεγιχ διρεχτιον φυρτηερ ινφορmσ πριοριτιζατιον οφ 

νεεδσ. Ιν αδδιτιον, ωατερ υτιλιτιεσ χονϖεψ τηειρ νεεδσ τηρουγη τηε ωατερ σεχτορ�σ Χριτιχαλ Ινφραστρυχτυρε 

Προτεχτιον Αδϖισορψ Χοmmιττεε (ΧΙΠΑΧ) (Υ.Σ. DΗΣ, 2018), mαναγεδ ουτ οφ DΗΣ ανδ χο−λεδ βψ ΕΠΑ�σ ΟW. 

Τηισ γρουπ περιοδιχαλλψ ρελεασεσ ρεσεαρχη πριοριτιεσ, συχη ασ τηε Ροαδmαπ το α Σεχυρε ανδ Ρεσιλιεντ Wατερ 

ανδ Wαστεωατερ Σεχτορ (Wατερ ανδ Wαστεωατερ Σεχτορ Στρατεγιχ Ροαδmαπ Wορκ Γρουπ, 2017), ανδ 

τηεσε πριοριτιεσ ινφορm ΗΣΡΠ ρεσεαρχη ον τηισ τοπιχ. Φορ οιλ σπιλλ−σπεχιφιχ νεεδσ, ΗΣΡΠ χοορδινατεσ ωιτη 

ΕΠΑ παρτνερσ ανδ οτηερ φεδεραλ αγενχιεσ, ινχλυδινγ ΝΟΑΑ, τηε Υ.Σ. Χοαστ Γυαρδ, ανδ τηε Νατιοναλ 

Ρεσπονσε Τεαm (ΝΡΤ). 

ΗΣΡΠ χολλαβορατεσ εξτενσιϖελψ ωιτη οτηερ φεδεραλ αγενχιεσ ωηοσε mισσιονσ συππορτ ενϖιρονmενταλ 

δισαστερ ρεσπονσε, παρτιχυλαρλψ τηοσε ωηερε τηερε ισ οϖερλαππινγ ορ χοmπλεmενταρψ mισσιον σπαχε ωιτη 

ΕΠΑ. ΗΣΡΠ ωορκσ χλοσελψ ωιτη τηε DΗΣ, DΟD, Dεπαρτmεντ οφ Ηεαλτη ανδ Ηυmαν Σερϖιχεσ (ΗΗΣ), ΥΣDΑ, 

ανδ οτηερσ το λεϖεραγε τηειρ ηοmελανδ σεχυριτψ/ενϖιρονmενταλ δισαστερ σχιενχε εφφορτσ. Τηεσε 

ιντεραχτιονσ ρανγε φροm ηιγη−λεϖελ στρατεγιχ πλαννινγ ανδ χοορδινατιον mαναγεδ βψ τηε Wηιτε Ηουσε�σ 

Νατιοναλ Σχιενχε ανδ Τεχηνολογψ Χουνχιλ21 το σταφφ χολλαβορατιον ον ινδιϖιδυαλ ρεσεαρχη εφφορτσ. 

20 ηττπσ://ωωω.δχο.υσχγ.mιλ/ΙΧΧΟΠΡ/Μεmβερσ/ 
21 ΟΡD ΗΣΡΠ παρτιχιπατεσ ον τηε Νατιοναλ Σχιενχε ανδ Τεχηνολογψ Χουνχιλ�σ (ΝΣΤΧ) Χοmmιττεε ον Ενϖιρονmεντ ανδ 

τηε Χοmmιττεε ον Ηοmελανδ ανδ Νατιοναλ Σεχυριτψ. 
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Αντιχιπατεδ Ρεσεαρχη Αχχοmπλισηmεντσ ανδ Προϕεχτεδ Ιmπαχτσ 
Σοmε οφ τηε αντιχιπατεδ ρεσεαρχη αχχοmπλισηmεντσ φροm αχροσσ ΗΣΡΠ ανδ τηειρ ιντενδεδ ιmπαχτσ ορ 

ουτχοmεσ αρε ηιγηλιγητεδ βελοω. 

Αδϖανχινγ Ρεσουρχεσ φορ Χηαραχτεριζατιον αφτερ α Wιδε−Αρεα Χονταmινατιον Ινχιδεντ 

ΗΣΡΠ ισ δεϖελοπινγ ΕΣΑΜ22 ασ α χοmπρεηενσιϖε ονλινε σουρχε φορ αλλ ινφορmατιον νεεδεδ το χονδυχτ 

χηαραχτεριζατιον αχτιϖιτιεσ αφτερ α ΧΒΡΝ ινχιδεντ. Dυρινγ α λαργε ενϖιρονmενταλ ρεσπονσε, ΕΣΑΜ προϖιδεσ 

ρεσπονδερσ ανδ λαβορατοριεσ ωιτη τηε σινγλε βεστ αϖαιλαβλε σαmπλε χολλεχτιον ανδ αναλψσισ mετηοδ. Wηεν 

α σινγλε mετηοδ ισ υσεδ, δεχισιον mακερσ χαν φεελ χονφιδεντ αβουτ δατα ιντεγριτψ ανδ χαν mορε εασιλψ 

ιντερπρετ ανδ χοmmυνιχατε τηε ινφορmατιον. Οϖερ τηε περιοδ οφ τηε ΣτΡΑΠ, τηε αναλψτιχαλ mετηοδσ ανδ 

σαmπλε χολλεχτιον ινφορmατιον χονταινεδ ιν ΕΣΑΜ ωιλλ βε υπδατεδ. Σαmπλινγ προχεδυρεσ ανδ ινφορmατιον 

ωιλλ βε αδδεδ το συππορτ τηε δεϖελοπmεντ οφ σαmπλινγ στρατεγιεσ. Νεω mετηοδσ φορ σαmπλε χολλεχτιον 

ωιλλ βε δεϖελοπεδ ανδ αδδεδ φορ πριοριτψ βιολογιχαλ αγεντσ ον υρβαν ανδ ουτδοορ συρφαχεσ ανδ ιν αιρ, σολιδ 

ωαστε, ανδ ωαστεωατερ. Σαmπλε χολλεχτιον mετηοδσ φορ χηεmιχαλ τηρεατσ ιν ωατερ ανδ ον συρφαχεσ ωιλλ βε 

δεϖελοπεδ φορ ινχλυσιον ιν ΕΣΑΜ. 

Dεϖελοπινγ α Dεχονταmινατιον ανδ Wατερ Τρεατmεντ Τεχηνολογψ Σελεχτιον Τοολ 

Wατερ χονταmινατιον ινχιδεντσ χοντινυε το τηρεατεν τηε δελιϖερψ οφ χλεαν ωατερ. Το αδδρεσσ τηισ 

χονχερν, ΗΣΡΠ ωιλλ χοντινυε το χονδυχτ πιλοτ το φιελδ−σχαλε τεχηνολογψ τεστινγ φορ ωατερ ινφραστρυχτυρε 

δεχονταmινατιον ανδ ωατερ τρεατmεντ. Φινδινγσ φροm τηισ ρεσεαρχη, ασ ωελλ ασ πρεϖιουσλψ χοmπλετεδ 

ρεσεαρχη, ωιλλ βε υσεδ το χονστρυχτ α τοολ το ασσιστ ωατερ υτιλιτιεσ ιν σελεχτινγ δεχονταmινατιον ανδ ωατερ 

τρεατmεντ τεχηνολογιεσ. Τηε τοολ ωιλλ χονσιδερ τεχηνολογψ εφφιχαχψ ανδ οπερατιοναλ χονσιδερατιονσ ωηεν 

προϖιδινγ τηε ενδ−υσερ οπτιονσ φορ τηε σελεχτιον οφ αν αππροπριατε τεχηνολογψ. Τηε τοολ ωιλλ βε 

δεϖελοπεδ ιν χολλαβορατιον ωιτη τεχηνολογψ ενδ−υσερσ ανδ ινχορπορατεδ ιντο ΟW�σ DΠΑΣ, α τοολ υσεδ 

διρεχτλψ βψ ωατερ υτιλιτιεσ το πρεπαρε φορ ανδ ρεσπονδ το ωατερ χονταmινατιον ινχιδεντσ. 

Ιmπροϖινγ Αππροαχηεσ φορ Ρεσπονσε το Εmεργινγ Χηεmιχαλ Τηρεατσ 

Φεντανψλ ανδ ιτσ αναλογσ (ε.γ., χαρφεντανιλ ανδ 3−mετηψλ φεντανψλ) αρε χοmπουνδσ οφ ινχρεασινγ χονχερν 

το στατεσ, τριβεσ, ανδ λοχαλ πυβλιχ ηεαλτη ανδ ενϖιρονmενταλ αγενχιεσ δυε το τηειρ ινχρεασεδ αϖαιλαβιλιτψ, 

εξτρεmε τοξιχιτψ, ανδ ινχρεασινγ mισυσε. ΗΣΡΠ ωιλλ χοντινυε το αδδρεσσ στατε, τριβαλ, ανδ λοχαλ νεεδσ 

ρελατεδ το φεντανψλ ανδ ιτσ αναλογσ βψ δεϖελοπινγ σαmπλινγ ανδ αναλψσισ mετηοδσ ανδ προϖεν 

δεχονταmινατιον οπτιονσ ιν ενϖιρονmενταλ mατριχεσ (σπεχιφιχαλλψ, συρφαχεσ ανδ ωατερ). Το ασσιστ ιν 

ιντερπρετινγ τηεσε δατα ανδ ινφορmινγ εmεργενχψ ρεσπονσε αχτιϖιτιεσ, ΗΣΡΠ ωιλλ δεϖελοπ εξποσυρε ϖαλυεσ 

τηατ δεσχριβε ηεαλτη εφφεχτσ βασεδ ον δοσαγε. Τηε αβιλιτψ οφ δεχονταmινατιον τεχηνιθυεσ το χλεαν υπ 

φεντανψλ ανδ ιτσ αναλογσ ον διφφερεντ τψπεσ οφ συρφαχεσ (πορουσ ανδ νον−πορουσ) ωιλλ βε ασσεσσεδ ινιτιαλλψ 

ατ τηε λαβ−σχαλε, πριορ το τεστινγ mετηοδσ ιν τηε φιελδ φορ τρανσιτιον το ρεσπονδερσ. Τηε δεϖελοπmεντ οφ 

σαmπλινγ, αναλψσισ, ανδ δεχονταmινατιον mετηοδσ ωιλλ προϖιδε αν υπδατε το τηε ρεχεντλψ ρελεασεδ 

φεντανψλ φαχτ σηεετ φορ ρεσπονδερσ, φιλλινγ γαπσ ιν κνοωλεδγε ανδ χαπαβιλιτιεσ τηατ ωερε ρεχογνιζεδ δυρινγ 

τηε δεϖελοπmεντ οφ τηε φαχτ σηεετ. Φιελδ δεmονστρατιονσ ανδ υπδατεσ το τηε φαχτ σηεετ ωιλλ προϖιδε αν 

οππορτυνιτψ το τρανσιτιον τηε mοστ εφφεχτιϖε σαmπλινγ ανδ δεχονταmινατιον mετηοδσ το ενδ−υσερσ. Τηισ 

22 ηττπσ://ωωω.επα.γοϖ/ηοmελανδ−σεχυριτψ−ρεσεαρχη/ενϖιρονmενταλ−σαmπλινγ−αναλψτιχαλ−mετηοδσ−εσαm−προγραm−

ηοmε 
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ρεσεαρχη ωιλλ αλλοω ΕΠΑ το mακε χλεανυπ ρεχοmmενδατιονσ ανδ οφφερ σολυτιονσ το φιρστ ρεσπονδερσ αχροσσ 

τηε χουντρψ. 

Σχαλαβλε Αππροαχηεσ φορ Ρεmεδιατιον αφτερ α Wιδε−Αρεα Ραδιολογιχαλ Ινχιδεντ 

Φεδεραλ γοϖερνmεντ χλεανυπ ρεσουρχεσ ωιλλ βε εξτρεmελψ στρετχηεδ αφτερ α ωιδε−αρεα ραδιολογιχαλ 

ινχιδεντ, λικε τηε Φυκυσηιmα Dαιιχηι Νυχλεαρ Ποωερ Πλαντ αχχιδεντ. Ιννοϖατιϖε δεχονταmινατιον 

αππροαχηεσ τηατ χαν βε σαφελψ εmπλοψεδ βψ τηε πυβλιχ ανδ στατε, τριβαλ, ανδ λοχαλ γοϖερνmεντ ωιλλ βε 

νεεδεδ. ΗΣΡΠ ισ δεϖελοπινγ τηε τεχηνιχαλ ινφορmατιον ρεθυιρεδ φορ στατε, τριβαλ, ανδ λοχαλ αγενχιεσ το 

δεϖελοπ σελφ−ηελπ δεχονταmινατιον ινστρυχτιονσ φορ οωνερ/οχχυπαντσ ορ τηειρ χοντραχτορσ. ΗΣΡΠ ισ αλσο 

δεϖελοπινγ ραδιολογιχαλ ανδ νυχλεαρ ρεσπονσε−σπεχιφιχ ∀ηοω−το∀ δοχυmεντσ φορ οπερατορσ ον τηε υσε οφ 

mυνιχιπαλ, χονστρυχτιον, φαρm, ανδ χριτιχαλ−ινφραστρυχτυρε−σπεχιφιχ εθυιπmεντ. Τηεσε ρεσουρχεσ ωιλλ 

γρεατλψ ινχρεασε λοχαλ χοmmυνιτιεσ� σελφ−συφφιχιενχψ αφτερ α ωιδε−αρεα ραδιολογιχαλ ορ νυχλεαρ ινχιδεντ ανδ 

δεχρεασε τηε τιmε νεεδεδ το ρεχοϖερ. 

Φιελδ−σχαλε Ασσεσσmεντ ανδ Dεmονστρατιον οφ Wιδε−Αρεα Βιολογιχαλ Ρεσπονσε Χαπαβιλιτιεσ 

ΗΣΡΠ παρτνερσ οφτεν εξπρεσσ τηε ηιγη πριοριτψ νεεδ φορ χαπαβιλιτιεσ ανδ ινφορmατιον το συππορτ ρεσπονσε 

το α ωιδε−αρεα βιολογιχαλ ινχιδεντ, σπεχιφιχαλλψ ρεσπονσε το α λαργε υρβαν αρεα ιντεντιοναλλψ χονταmινατεδ 

ωιτη Β. αντηραχισ σπορεσ. Οϖερ τηε χουρσε οφ τηισ 4−ψεαρ ΣτΡΑΠ, ΗΣΡΠ, ιν χοορδινατιον ωιτη ΟΛΕΜ, ανδ ιν 

χλοσε χολλαβορατιον ωιτη οτηερ ΕΠΑ παρτνερσ ανδ στακεηολδερσ, ινχλυδινγ στατεσ, ρεγιονσ, ανδ οτηερ 

φεδεραλ αγενχιεσ, πλανσ το ωορκ ωιτη τηε DΗΣ Σχιενχε ανδ Τεχηνολογψ Dιρεχτορατε ανδ τηε Υ.Σ. Χοαστ 

Γυαρδ το δεϖελοπ ωιδε−αρεα βιολογιχαλ ρεσπονσε χαπαβιλιτιεσ ανδ τεστ τηεm ιν τηε λαβορατορψ ανδ ιν τηε 

φιελδ, ρεσυλτινγ ιν γενεριχ γυιδανχε ανδ τοολσ το συππορτ α ωιδε−αρεα βιολογιχαλ ινχιδεντ ρεσπονσε. Τηεσε 

εφφορτσ ωιλλ τηεν χυλmινατε ιν α φιελδ−σχαλε (οπερατιοναλ) ωιδε−αρεα βιολογιχαλ ρεσπονσε δεmονστρατιον το 

ασσεσσ ανδ ιmπροϖε δεϖελοπεδ χαπαβιλιτιεσ. 

Χονχλυσιον 
ΗΣΡΠ ωορκσ ωιτη ΕΠΑ προγραm ανδ ρεγιοναλ, φεδεραλ, στατε, τριβαλ, ανδ λοχαλ παρτνερσ, ανδ οτηερ 

στακεηολδερσ, το ιmπροϖε τηε νατιον�σ ρεσιλιενχε το �αλλ ηαζαρδσ�. ΗΣΡΠ ωορκσ χλοσελψ ωιτη τηεσε παρτνερσ 

ανδ στακεηολδερσ το υνδερστανδ τηε χηαλλενγεσ ποσεδ βψ ΧΒΡΝ τηρεατσ, ινχλυδινγ οιλ σπιλλσ, ρεγαρδλεσσ οφ 

τηε χαυσε οφ τηε χονταmιναντ/τηρεατ ρελεασε ανδ το δεϖελοπ χαπαβιλιτιεσ το αιδ ιν ραπιδ ρεσπονσε. Τηισ 

ρεσπονσε ινχλυδεσ χαπαβιλιτιεσ το συππορτ πρε−ινχιδεντ πλαννινγ, δετεχτιον οφ χονταmινατιον, 

χηαραχτεριζατιον οφ τηε ενϖιρονmεντ το δετερmινε τηε εξτεντ οφ χονταmινατιον ανδ ιτσ ποτεντιαλ τηρεατ 

το πυβλιχ ηεαλτη, ηαζαρδ mιτιγατιον, χλεανυπ οφ τηε χονταmινατεδ ενϖιρονmεντ ινχλυδινγ βυιλτ 

ινφραστρυχτυρε, ανδ εφφεχτιϖε ωαστε mαναγεmεντ. 

Αν υνδερλψινγ πρινχιπλε οφ τηε προγραm ισ το υνδερστανδ τηε χαπαβιλιτιεσ οφ χοmmυνιτιεσ ανδ ρεσιδεντσ ασ 

τηεψ αδδρεσσ ηιστοριχαλ ανδ εmεργινγ τηρεατσ ανδ ηοω τηισ εξπεριενχε φαχτορσ ιντο τηε χυρρεντ ανδ φυτυρε 

στατε οφ χοmmυνιτψ ενϖιρονmενταλ ρεσιλιενχε. Τηε προγραm φοχυσεσ ον τηε mανψ χηαλλενγεσ ασσοχιατεδ 

ωιτη ωιδε−αρεα χονταmινατιον, ινχλυδινγ ιmπροϖινγ τηε νατιον�σ ωατερ ινφραστρυχτυρε προτεχτιον ανδ 

ρεσιλιενχε. Προϖεν χηαραχτεριζατιον, ρισκ ασσεσσmεντ, ανδ χλεανυπ αππροαχηεσ προϖιδε α δετερρενχε το 

τερροριστ αχτιϖιτιεσ βεχαυσε τιmελψ ανδ εφφεχτιϖε ρεσπονσεσ σερϖε το mινιmιζε τηε οϖεραλλ ιmπαχτ οφ αν 

ινχιδεντ (Παϖελ, 2012). 
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Αππενδιχεσ 

Αππενδιξ 1: Συmmαρψ Ταβλε οφ Προποσεδ Ουτπυτσ φορ Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm (ΦΨ2019 −2022) 

Τηε φολλοωινγ ταβλε λιστσ τηε εξπεχτεδ Ουτπυτσ φροm τηε Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm, οργανιζεδ βψ τοπιχ. Ιτ σηουλδ βε νοτεδ τηατ τηε 

Ουτπυτσ mαψ χηανγε ασ νεω σχιεντιφιχ φινδινγσ εmεργε. Ουτπυτσ αρε αλσο χοντινγεντ ον βυδγετ αππροπριατιονσ. Τηε Ρεσεαρχη Νεεδ τηατ τηε 

Ουτπυτ ισ αδδρεσσινγ ισ προϖιδεδ ιν τηε ταβλε; τηεσε νεεδσ ωερε δεφινεδ τηρουγη τηε ΗΣΡΠ�σ παρτνερ ινϖολϖεmεντ προχεσσ. Σπεχιφιχ ρεσεαρχη 

Προδυχτσ το αδδρεσσ τηεσε Ουτπυτσ ωιλλ βε ιδεντιφιεδ ανδ ιmπλεmεντεδ τηρουγη χοντινυεδ ενγαγεmεντ ωιτη παρτνερσ. 

Ρεσεαρχη Αρεα Προγραm, Ρεγιοναλ, Στατε ανδ/ορ Τριβαλ Νεεδ Ουτπυτ Τιτλε 

Τοπιχ 1: Χονταmιναντ Χηαραχτεριζατιον ανδ Χονσεθυενχε Ασσεσσmεντ 

1. Χονταmιναντ 

Φατε, Τρανσπορτ, 

ανδ Εξποσυρε 

Φατε οφ ραδιολογιχαλ χονταmιναντσ ιν τηε ενϖιρονmεντ αφτερ α ωιδε−

αρεα ρελεασε 

ΗΣ.1.5056) ΦΨ22 − Φατε, τρανσπορτ, ανδ χονταινmεντ 

οφ ραδ χονταmιναντσ ιν υρβαν ενϖιρονmεντσ 

Α προχεσσ το δετερmινε α χλεανυπ γοαλ φορ χηεmιχαλ ωαρφαρε αγεντσ 

ανδ τηειρ δεγραδατεσ 

Υνδερστανδινγ ανδ αππλψινγ φατε ανδ τρανσπορτ οφ χηεmιχαλ, 

βιολογιχαλ, ανδ ραδιολογιχαλ χονταmιναντσ ρεσυλτινγ φροm ωατερ 

ινφραστρυχτυρε χονταmινατιον το ιmπροϖε ρισκ mαναγεmεντ 

δεχισιονσ 

Dεϖελοπ ανδ εϖαλυατε τοολσ ανδ mετηοδολογιεσ το ινφορm 

δεχονταmινατιον οφ ωατερ ινφραστρυχτυρε (δρινκινγ ωατερ, πρεmισε 

πλυmβινγ, ωαστεωατερ, στορmωατερ, σουρχε ωατερ, ανδ ρευσε), 

mαναγεmεντ οφ τηε χονταmινατεδ ωατερ, ανδ ρετυρν το σερϖιχε 

ΗΣ.1.5050) ΦΨ22 − Ποτεντιαλ εξποσυρε πατηωαψ 

ασσεσσmεντ το χονταmιναντσ ιν ωατερ ανδ 

ωαστεωατερ σψστεmσ 

Ρεϖιεω, Χλεαρανχε, ανδ Dισσεmινατιον οφ Προϖισιοναλ Αδϖισορψ Λεϖελσ 

(ΠΑΛσ) φορ ηιγη πριοριτψ χηεmιχαλ χονταmιναντσ 

ΗΣ.1.4424) ΦΨ22 − ΠΑΛσ φορ ηαζαρδουσ χηεmιχαλσ 

ανδ ΠΑΛσ Υσερ Γυιδε 

2. Χονταmιναντ 

Dετεχτιον/ 

Ενϖιρονmενταλ 

Σαmπλινγ ανδ 

Αναλψσισ 

Νεεδ φορ χοντινυανχε οφ σψστεmατιχ δεϖελοπmεντ οφ σαmπλινγ ανδ 

αναλψτιχαλ mετηοδσ φορ αναλψσισ οφ πριοριτψ χηεmιχαλ αγεντσ (φορ 

εξαmπλε ΧWΑσ, πρεχυρσορσ, δεγραδατεσ, ΤΙΧσ) ανδ τηειρ δεγραδατιον 

προδυχτσ φορ αλλ ενϖιρονmενταλ mατριχεσ (τηισ ινχλυδεσ ωαστε 

mατριχεσ). 

ΗΣ.2.5030) ΦΨ22 − Σαmπλινγ στρατεγιεσ φορ χηεmιχαλ 

ινχιδεντσ 

Σαmπλινγ mετηοδσ ανδ στρατεγιεσ αρε νεεδεδ φορ ουτδοορ υρβαν 

συρφαχεσ 

ΗΣ.2.3347) ΦΨ21 − Σαmπλινγ στρατεγιεσ φορ ωιδε−αρεα 

βιολογιχαλ ινχιδεντσ 
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Ρεσεαρχη Αρεα Προγραm, Ρεγιοναλ, Στατε ανδ/ορ Τριβαλ Νεεδ Ουτπυτ Τιτλε 

Στρατεγιεσ φορ σαmπλε χολλεχτιον, προχεσσινγ, ανδ αναλψσισ mετηοδσ 

φορ περσιστεντ βιολογιχαλ αγεντσ ορ βιοτοξινσ ιν σολιδ ωαστεσ, 

ινχλυδινγ δεχονταmινατεδ ωαστεσ 

Dεϖελοπmεντ οφ σαmπλε χολλεχτιον ανδ αναλψσισ mετηοδσ φορ 

δρινκινγ ωατερ χονταmιναντσ οφ ιντερεστ. (ΧΒΡ χονταmιναντσ ανδ 

βιοτοξινσ) 

Νεεδ φορ χοντινυανχε οφ σψστεmατιχ δεϖελοπmεντ οφ σαmπλινγ ανδ 

αναλψτιχαλ mετηοδσ φορ αναλψσισ οφ πριοριτψ χηεmιχαλ αγεντσ (φορ 

εξαmπλε ΧWΑσ, πρεχυρσορσ, δεγραδατεσ, ΤΙΧσ) ανδ τηειρ δεγραδατιον 

προδυχτσ φορ αλλ ενϖιρονmενταλ mατριχεσ (τηισ ινχλυδεσ ωαστε 

mατριχεσ) 

Dεϖελοπmεντ οφ Ραπιδ ανδ Ηιγη−Τηρουγηπυτ Μετηοδσ φορ Αναλψσισ 

οφ Πατηογενσ ιν Χηαραχτεριζατιον ανδ Ποστ−Dεχονταmινατιον 

Σαmπλεσ 

ΗΣ.2.2269) ΦΨ22 − Ενϖιρονmενταλ Σαmπλινγ ανδ 

Αναλψτιχαλ Μετηοδσ (ΕΣΑΜ) Τοολ 

Dεϖελοπmεντ οφ mετηοδσ ανδ τοολσ το ιδεντιφψ σαmπλινγ λοχατιονσ 

ανδ στρατεγιεσ ωιτηιν ωατερ ινφραστρυχτυρε 

ΗΣ.2.2268) ΦΨ21 − Σαmπλινγ στρατεγιεσ φορ ωατερ 

διστριβυτιον σψστεmσ 

Ασσεσσmεντ οφ εmεργινγ τεχηνολογιεσ το ενηανχε 

συρϖεψινγ/δετεχτιον/mονιτορινγ χαπαβιλιτιεσ φορ ωιδε−αρεα ινχιδεντ 

ρεσπονσε αππλιχατιον 

ΗΣ.2.3346) ΦΨ21 − Ινδοορ mαππινγ τεχηνολογιεσ το 

συππορτ ρεmεδιατιον δεχισιον mακινγ 

Νεεδ φορ αν αδαπτιϖε φραmεωορκ τηατ ενχοmπασσεσ α σεριεσ οφ τοολσ 

ανδ σψστεmσ φορ αχθυιρινγ, στορινγ, χοmmυνιχατινγ, ανδ ϖισυαλιζινγ 

δατα, ανδ στανδαρδιζεσ α προχεσσ φορ εϖαλυατινγ νεω δατα 

mαναγεmεντ τεχηνολογιεσ 

ΗΣ.2.4486) ΦΨ22 − Dατα mαναγεmεντ τοολσ φορ ωιδε−

αρεα βιολογιχαλ ινχιδεντσ 

Τοπιχ 2: Ενϖιρονmενταλ Χλεανυπ ανδ Ινφραστρυχτυρε Ρεmεδιατιον 

3. Wιδε−Αρεα 

Dεχονταmινατιον 

Νεεδ δατα ον ωιδε−αρεα, ουτδοορ δεχονταmινατιον εφφιχαχψ ανδ 

αππλιχατιον παραmετερσ φορ Β. αντηραχισ, ινχλυδινγ τηε εφφεχτιϖενεσσ 

οφ ϖαριουσ τψπεσ οφ ωασηδοων ανδ ραιν ιν ρεδυχινγ σπορε 

χονχεντρατιονσ ον συρφαχεσ, ϖεγετατιον, ανδ σοιλ, ανδ ρεσεαρχη 

συππορτινγ στρατεγιεσ φορ ρεmεδιατινγ υρβαν ενϖιρονmεντσ ινχλυδινγ 

τηε εξτεριορ οφ ηιγη−ρισε βυιλδινγσ 

ΗΣ.3.5002) ΦΨ22 − Β. αντηραχισ δεχονταmινατιον 

αππροαχηεσ φορ ωιδε−αρεα ινχιδεντσ 
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Περσιστενχε, φατε ανδ τρανσπορτ, ανδ mετηοδσ το πρεϖεντ τηε 

τρανσπορτ οφ σπορε−φορmινγ βιολογιχαλ αγεντσ ιν νατυραλ 

ενϖιρονmεντσ (ινχλυδινγ ωατερωαψσ) ανδ ιν/ον βυιλτ ινφραστρυχτυρε 

Σελφ−ηελπ ανδ λοω−τεχη αππροαχηεσ αππλιχαβλε φορ ινδοορ ανδ 

ουτδοορ αρεασ, συππορτινγ ρεmεδιατιον οφ mυλτιπλε φαχιλιτιεσ 

Dεχονταmινατιον mετηοδσ συιταβλε φορ χριτιχαλ ινφραστρυχτυρε 

Dεχονταmινατιον mετηοδσ φορ συρφαχεσ χονταmινατεδ ωιτη 

βιοτοξινσ (ε.γ. ριχιν ανδ αβριν), ινχλυδινγ ιmπαχτσ ον 

δεχονταmινατιον οφ σενσιτιϖε εθυιπmεντ 

ΗΣ.3.2284) ΦΨ22 − Συmmαρψ οφ δεχονταmινατιον 

mετηοδσ φορ βιοτοξινσ 

Νεεδ δατα ον ωιδε−αρεα, ουτδοορ δεχονταmινατιον εφφιχαχψ ανδ 

αππλιχατιον παραmετερσ φορ νον−αντηραξ βιολογιχαλ αγεντσ, ινχλυδινγ 

τηε εφφεχτιϖενεσσ οφ ϖαριουσ τψπεσ οφ ωασηδοων ανδ ραιν ιν ρεδυχινγ 

χονχεντρατιονσ ον συρφαχεσ, ϖεγετατιον, ανδ σοιλ, ανδ ρεσεαρχη 

συππορτινγ στρατεγιεσ φορ ρεmεδιατινγ υρβαν ενϖιρονmεντσ ινχλυδινγ 

τηε εξτεριορ οφ ηιγη−ρισε βυιλδινγσ 

ΗΣ.3.5064) ΦΨ22 − Συmmαρψ οφ mετηοδσ ανδ 

χονσιδερατιονσ φορ ωιδε−αρεα ουτδοορ ρεmεδιατιον 

ινϖολϖινγ νον−σπορε−φορmινγ αγεντ ινχιδεντσ 

ΗΣ.3.5060) ΦΨ22 − Dεχονταmινατιον mετηοδσ φορ 

σενσιτιϖε εθυιπmεντ ανδ mατεριαλσ χονταmινατεδ 

ωιτη βιολογιχαλ αγεντσ 

Dεχονταmινατιον ανδ Wαστε ςολυmε Ρεδυχτιον Μετηοδσ φορ Wιδε−

Αρεα Ρεmεδιατιον 

Σελφ−Ηελπ Dεχονταmινατιον ανδ/ορ Ρισκ Ρεδυχτιον 

Μεασυρεσ/Τοολσ/Πραχτιχεσ 

ΗΣ.3.641) ΦΨ20 − Χοmπενδιυm οφ ραδιολογιχαλ 

δεχονταmινατιον mετηοδσ φορ συρφαχεσ ανδ 

ενϖιρονmενταλ mεδια 

ΗΣ.3.5006) ΦΨ22 − Βεστ πραχτιχεσ φορ γροσσ 

δεχονταmινατιον ανδ χονταινmεντ δυρινγ 

ραδιολογιχαλ ανδ νυχλεαρ ινχιδεντ ρεσπονσε 

Εφφεχτιϖε δεχονταmινατιον mετηοδσ φορ πορουσ ορ περmεαβλε 

mατεριαλσ φορ ΧWΑ ανδ οτηερ ΗΣ χηεmιχαλσ οφ χονχερν. 

Νονδεστρυχτιϖε ανδ οπερατιοναλ δεχονταmινατιον mετηοδσ φορ 

ΧWΑσ ανδ ΤΙΧσ ον σενσιτιϖε εθυιπmεντ, ρολλινγ στοχκ, ϖαλυαβλε 

ιτεmσ, ανδ ρεχορδσ 

ΗΣ.3.5004) ΦΨ22 − Dεχονταmινατιον τεχηνολογιεσ 

φορ ινδοορ περmεαβλε συρφαχεσ χονταmινατεδ ωιτη 

περσιστεντ χηεmιχαλσ 

ΗΣ.3.1165) ΦΨ22 − Ιν−σιτυ δεχονταmινατιον οπτιονσ 

φορ περσιστεντ χηεmιχαλσ ον σενσιτιϖε ανδ ϖαλυαβλε 

συρφαχεσ 
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4. Wατερ 

Τρεατmεντ ανδ 

Ινφραστρυχτυρε 

Dεχονταmινατιον 

Dεϖελοπ ανδ εϖαλυατε τοολσ ανδ mετηοδολογιεσ το ινφορm 

δεχονταmινατιον οφ ωατερ ινφραστρυχτυρε (δρινκινγ ωατερ, πρεmισε 

πλυmβινγ, ωαστεωατερ, στορmωατερ, σουρχε ωατερ, ανδ ρευσε), 

mαναγεmεντ οφ τηε χονταmινατεδ ωατερ, ανδ ρετυρν το σερϖιχε 

Τρεατmεντ ανδ δισποσαλ οπτιονσ φορ λαργε ϖολυmεσ οφ χηεmιχαλ 

αγεντ−χονταmινατεδ δρινκινγ ωατερ ανδ ωαστεωατερ � τηισ ινχλυδεσ 

δεχονταmινατιον οφ ωαση ωατερ 

Wατερ ινφραστρυχτυρε σψστεmσ (δρινκινγ ωατερ, ωαστεωατερ, 

στορmωατερ, σουρχε ωατερ, ανδ ωατερ ρευσε) νεεδ το βε ρεσιλιεντ το 

mαν−mαδε ανδ νατυραλ δισαστερσ, ωιτη τηε αβιλιτψ φορ ραπιδ ρεσπονσε 

ΗΣ.4.470) ΦΨ22 − Χοmπενδιυm οφ ωατερ 

ινφραστρυχτυρε δεχονταmινατιον ρεσεαρχη 

Αππλιχατιον οφ τοολσ ανδ τεχηνιθυεσ ιν οπερατιοναλ τεχηνολογψ 

δεmονστρατιονσ ανδ εξερχισεσ 

ΗΣ.4.663) ΦΨ21 − Τηε εφφεχτιϖενεσσ οφ αυτοmατεδ 

ανδ ιντελλιγεντ ωατερ mετερσ, ϖαλϖεσ, ανδ φιρε 

ηψδραντσ το φλυση χονταmιναντσ 

Dεϖελοπmεντ οφ mετηοδσ ανδ τοολσ φορ ινχιδεντ δετεχτιον (ινχλυδινγ 

εϖαλυατιον οφ ον−λινε mονιτορινγ σενσορσ, σενσορ πλαχεmεντ ανδ 

εϖεντ δετεχτιον) φορ ωατερ ινφραστρυχτυρε (δρινκινγ ωατερ, 

ωαστεωατερ, στορm ωατερ ανδ σουρχε ωατερ) 

ΗΣ.4.662) ΦΨ21 − Υπδατε οφ σενσορσ ηανδβοοκ φορ 

ωατερ σεχυριτψ 

5. Οιλ Σπιλλ 

Ρεσπονσε 

Συππορτ 

Εmεργενχψ Ρεσπονσε το Οιλ Σπιλλσ: Σοmε προδυχτσ ον τηε ΝΧΠΠΣ αρε 

νοτ ιντενδεδ το βε ρεχοϖερεδ φροm τηε ενϖιρονmεντ (ε.γ., 

δισπερσαντσ, ηερδινγ αγεντσ). Ηοωεϖερ, λιττλε ινφορmατιον εξιστσ ον 

χερταιν φατε προχεσσεσ (ε.γ., βιοδεγραδατιον) 

Εmεργενχψ Ρεσπονσε το Οιλ Σπιλλσ: Εϖαλυατε αδδιτιοναλ νεω σπεχιεσ 

φορ τοξιχιτψ τεστινγ βεψονδ Μ. βερψλλινα ανδ Α. βαηια φορ δισπερσαντσ 

ανδ δισπερσαντσ mιξεδ ωιτη οιλ 

ΗΣ.5.5048) ΦΨ22 − Βεηαϖιορ, φατε ανδ εφφεχτσ οφ οιλ 

ανδ σπιλλ−τρεατινγ αγεντσ 

Dεϖελοπ εφφιχαχψ τεστ προτοχολ φορ συρφαχε ωασηινγ αγεντσ, 

σολιδιφιερσ, ανδ οιλ ηερδινγ αγεντσ, ασ ωελλ ασ δετερmινε φατε οφ τηεσε 

αγεντσ ιν σαλτ ανδ φρεση ωατερσ 

ΗΣ.5.5047) ΦΨ22 − Νατιοναλ Χοντινγενχψ Πλαν 

ρεγυλατορψ συππορτ 
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Συβπαρτ ϑ Ρεγυλατορψ Συππορτ: Εϖαλυατε νεω ρεφερενχε οιλσ τεστινγ 

φορ Dισπερσαντ Εφφεχτιϖενεσσ, Χηεmιχαλ Χηαραχτεριζατιον, ανδ 

Τοξιχιτψ 

Συβπαρτ ϑ Ρεγυλατορψ Συππορτ:  Νεεδ ΛΧ50σ φορ χρυδε οιλσ. 

Ιmπροϖινγ οιλ σλιχκ τηιχκνεσσ εστιmατεσ φορ δεχισιον mακινγ ον 

σκιmmινγ ανδ βυρνινγ. 

Εmεργενχψ Ρεσπονσε το Οιλ Σπιλλσ: Εϖαλυατιον οφ οιλ σπιλλ δετεχτιον 

ασσετσ 

ΗΣ.5.5049) ΦΨ22 − Οιλ Σπιλλ πλαννινγ, ρεσπονσε ανδ 

τεχηνιχαλ συππορτ 

6. Wαστε 

Μαναγεmεντ 

Τρεατmεντ ανδ δισποσαλ οπτιονσ φορ λαργε ϖολυmεσ οφ βιολογιχαλ 

αγεντ−χονταmινατεδ ωατερ 

Τρεατmεντ ανδ δισποσαλ οπτιονσ φορ λαργε ϖολυmεσ οφ χηεmιχαλ 

αγεντ−χονταmινατεδ δρινκινγ ωατερ ανδ ωαστεωατερ� τηισ ινχλυδεσ 

δεχονταmινατιον ωαση ωατερ 

Dεϖελοπ ανδ εϖαλυατε τοολσ ανδ mετηοδολογιεσ το ινφορm 

δεχονταmινατιον οφ ωατερ ινφραστρυχτυρε (δρινκινγ ωατερ, πρεmισε 

πλυmβινγ, ωαστεωατερ, στορmωατερ, σουρχε ωατερ, ανδ ρευσε), 

mαναγεmεντ οφ τηε χονταmινατεδ ωατερ, ανδ ρετυρν το σερϖιχε 

ΗΣ.6.5009) ΦΨ21 − Μαναγεmεντ οφ χονταmινατεδ 

ωατερ ανδ ασσοχιατεδ ωαστε στρεαmσ 

ΗΣ.6.5010) ΦΨ22 − Ον−σιτε ανδ πορταβλε τρεατmεντ 

mετηοδσ φορ χηεmιχαλ ανδ βιολογιχαλ ωαστε στρεαmσ 

Βεστ mαναγεmεντ πραχτιχεσ φορ σταγινγ, σεγρεγατινγ, ανδ 

τρανσπορτινγ ωαστε χονταmινατεδ ωιτη βιολογιχαλ αγεντσ 

Χοmπρεηενσιϖε ρεσουρχε ωηιχη εναβλεσ εφφιχιεντ, φαστ, ανδ αχχυρατε 

δεχισιον mακινγ ρεγαρδινγ συσταιναβλε ωαστε ανδ δεβρισ 

mαναγεmεντ 

ΗΣ.6.5008) ΦΨ21 − Dεχισιον mακινγ τοολσ το συππορτ 

ωαστε mαναγεmεντ οφ χηεmιχαλ, βιολογιχαλ, 

ραδιολογιχαλ χονταmινατεδ ωαστε 
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Ρεσεαρχη Αρεα Προγραm, Ρεγιοναλ, Στατε ανδ/ορ Τριβαλ Νεεδ Ουτπυτ Τιτλε 

Τοπιχ 3: Σψστεm Αππροαχηεσ το Πρεπαρεδνεσσ ανδ Ρεσπονσε 

7. Τοολσ το 

Συππορτ Σψστεmσ−

βασεδ Dεχισιον 

Μακινγ 

Χεντραλιζεδ ανδ ρουτινελψ mαινταινεδ δαταβασε φορ mονιτορινγ, 

συρϖεψινγ, δεχονταmινατιον, mιτιγατιον, ανδ ωαστε τρεατmεντ 

τεχηνολογιεσ/mετηοδσ 

Ασσεσσmεντ οφ εmεργινγ τεχηνολογιεσ το ενηανχε 

συρϖεψινγ/δετεχτιον/mονιτορινγ χαπαβιλιτιεσ φορ ωιδε−αρεα ινχιδεντ 

ρεσπονσε αππλιχατιον 

Νεεδ φορ α υσερ−φριενδλψ δεχισιον−συππορτ τοολ τηατ ασσιστσ ιν τηε 

πριοριτιζατιον οφ ρεmεδιατιον αχτιϖιτιεσ 

Wατερ ινφραστρυχτυρε σψστεmσ (δρινκινγ ωατερ, ωαστεωατερ, 

στορmωατερ, σουρχε ωατερ ανδ ωατερ ρευσε) νεεδ το βε ρεσιλιεντ το 

mαν−mαδε ανδ νατυραλ δισαστερσ ωιτη τηε αβιλιτψ το ρεσπονδ ραπιδλψ 

ΗΣ.7.5039) ΦΨ22 − ΗΣΡΠ ιντεγρατεδ δεχισιον−συππορτ 

τοολσ το ενηανχε ρεσιλιενχψ, ρεσπονσε ανδ ρεχοϖερψ 

Σψστεmσ mεασυρεσ φορ χοmmυνιτιεσ το ασσεσσ ρεσιλιενχε ασ παρτ οφ 

πρε−ινχιδεντ πλαννινγ ορ ποστ−ινχιδεντ ρεχοϖερψ 

ΗΣ.7.5041) ΦΨ22 − Τοολσ ανδ τραινινγ το ασσεσσ 

χοmmυνιτψ ρεσιλιενχε ανδ το υνδερστανδ σοχιαλ 

ασπεχτσ οφ ρεmεδιατιον 
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Αππενδιξ 2: Ηοmελανδ Σεχυριτψ Ρεσεαρχη Προγραm Συππορτσ Dεχισιονσ Μανδατεδ βψ Λεγισλατιον ανδ 

Εξεχυτιϖε Αχτιονσ 

Λεγισλατιον Αχρονψm Wεβσιτε 

Χλεαν Αιρ Αχτ (1970) ΧΑΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

84/ΣΤΑΤΥΤΕ−84−Πγ1676 

Χλεαν Wατερ Αχτ (1972) ΧWΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

86/ΣΤΑΤΥΤΕ−86−Πγ816 

Σαφε Dρινκινγ Wατερ Αχτ (1974) ΣDWΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

88/ΣΤΑΤΥΤΕ−88−Πγ1660−2 

Ρεσουρχε Χονσερϖατιον ανδ Ρεχοϖερψ Αχτ 

(1976) 

ΡΧΡΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

90/ΣΤΑΤΥΤΕ−90−Πγ2795 

Χοmπρεηενσιϖε Ενϖιρονmενταλ Ρεσπονσε, 

Χοmπενσατιον ανδ Λιαβιλιτψ Αχτ (1980) 

ΧΕΡΧΛΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

94/ΣΤΑΤΥΤΕ−94−Πγ2767 

Εmεργενχψ Πλαννινγ ανδ Χοmmυνιτψ 

Ριγητ−το−Κνοω Αχτ (1986) 

ΕΠΧΡΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

100/ΣΤΑΤΥΤΕ−100−Πγ1613 

Ροβερτ Τ. Σταφφορδ Dισαστερ Ρελιεφ ανδ 

Εmεργενχψ Ασσιστανχε Αχτ (1988) 

ηττπσ://ωωω.γοϖινφο.γοϖ/χοντεντ/πκγ/ΥΣΧΟDΕ−

2015−τιτλε42/πδφ/ΥΣΧΟDΕ−2015−τιτλε42−

χηαπ68.πδφ 

Οιλ Πολλυτιον Αχτ (1990) ΟΠΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

104/ΣΤΑΤΥΤΕ−104−Πγ484 

Φεδεραλ Ινσεχτιχιδε, Φυνγιχιδε, ανδ 

Ροδεντιχιδε Αχτ (1996) 

ΦΙΦΡΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

110/ΣΤΑΤΥΤΕ−110−Πγ1489 

Ηοmελανδ Σεχυριτψ Αχτ (2002) ΗΣΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΠΛΑW−

107πυβλ296 

Πυβλιχ Ηεαλτη Σεχυριτψ ανδ Βιοτερρορισm 

Πρεπαρεδνεσσ ανδ Ρεσπονσε Αχτ (2002) 

ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΣΤΑΤΥΤΕ−

116/ΣΤΑΤΥΤΕ−116−Πγ594 

Ποστ−Κατρινα Εmεργενχψ Μαναγεmεντ 

Ρεφορm Αχτ (2006) 

ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΠΛΑW−

109πυβλ295 

Φοοδ Σαφετψ Μοδερνιζατιον Αχτ (2011) ΦΣΜΑ ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΠΛΑW−

111πυβλ353 

Εξεχυτιϖε Αχτιον Αχρονψm Wεβσιτε 

Ηοmελανδ Σεχυριτψ Πρεσιδεντιαλ Dιρεχτιϖε−

4 Νατιοναλ Στρατεγψ το Χοmβατ Wεαπονσ 

οφ Μασσ Dεστρυχτιον (2002) 

ΗΣΠD−4 ηττπσ://ωωω.ησδλ.οργ/?αβστραχτ&διδ=860 

Ηοmελανδ Σεχυριτψ Πρεσιδεντιαλ Dιρεχτιϖε−

5 Μαναγεmεντ οφ Dοmεστιχ Ινχιδεντσ 

(2003) 

ΗΣΠD−5 ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΠΠΠ−

2003−βοοκ1/ΠΠΠ−2003−βοοκ1−δοχ−πγ229 

Ηοmελανδ Σεχυριτψ Πρεσιδεντιαλ Dιρεχτιϖε−

9 Dεφενσε οφ Υνιτεδ Στατεσ Αγριχυλτυρε ανδ 

Φοοδ (2004) 

ΗΣΠD−9 ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/ΠΠΠ−

2004−βοοκ1/ΠΠΠ−2004−βοοκ1−δοχ−πγ173 

Ηοmελανδ Σεχυριτψ Πρεσιδεντιαλ Dιρεχτιϖε−

18 Μεδιχαλ Χουντερmεασυρεσ Αγαινστ 

Wεαπονσ οφ Μασσ Dεστρυχτιον (2017) 

ΗΣΠD−18 ηττπσ://ωωω.ησδλ.οργ/?αβστραχτ&διδ=456436 

Πρεσιδεντιαλ Πολιχψ Dιρεχτιϖε−22 Dοmεστιχ 

Χηεmιχαλ Dεφενσε 

ΗΣΠD−22 Χλασσιφιεδ 

37 



Πρεσιδεντιαλ Πολιχψ Dιρεχτιϖε−8 Νατιοναλ 

Πρεπαρεδνεσσ (2011) 

ΠΠD−8 ηττπσ://ωωω.ησδλ.οργ/?αβστραχτ&διδ=7423 

Πρεσιδεντιαλ Πολιχψ Dιρεχτιϖε−21 Χριτιχαλ 

Ινφραστρυχτυρε Σεχυριτψ ανδ Ρεσιλιενχε 

(2013) 

ΠΠD−21 ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/DΧΠD−

201300092 

Νατιοναλ Σεχυριτψ Πρεσιδεντιαλ 

Μεmορανδυm−14 Συππορτ φορ Νατιοναλ 

Βιοδεφενσε (2018) 

ΝΣΠΜ−14 ηττπσ://ωωω.ωηιτεηουσε.γοϖ/πρεσιδεντιαλ−

αχτιονσ/πρεσιδεντιαλ−mεmορανδυm−συππορτ−

νατιοναλ−βιοδεφενσε/ 

Εξεχυτιϖε Ορδερ−13636 Ιmπροϖινγ Χριτιχαλ 

Ινφραστρυχτυρε Χψβερσεχυριτψ (2013) 

ΕΟ−13636 ηττπσ://ωωω.γοϖινφο.γοϖ/αππ/δεταιλσ/DΧΠD−

201300091 
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THE NATIONAL BIODEFENSE STRATEGY 

 

i  

 
 

FOREWORD 

 

It is a vital interest of the United States to manage the risk of biological incidents.  

,Θ� WΡΓD∴∂ς� ΛΘWΗΥΦΡΘΘΗΦWΗΓ� ΖΡΥΟΓ�� ΕΛΡΟΡϑΛΦDΟ� ΛΘΦΛΓΗΘWς� ΚDΨΗ� WΚΗ� ΣΡWΗΘWΛDΟ� WΡ� ΦΡςW�

thousands of American lives, cause significant anxiety, and greatly impact travel 

and trade. 
 

Biological threats″whether naturally occurring, 

accidental, or deliberate in origin″are among the 

most serious threats facing the United States and 

the international community.  Outbreaks of 

disease can cause catastrophic harm to the United 

States.  They can cause death, sicken, and disable 

on a massive scale, and they can also inflict 

psychological trauma and economic and social 

disruption.  Natural or accidental outbreaks, as 

well as deliberate attacks, can originate in one 

country and spread to many others, with 

potentially far-reaching international 

consequences.  Advances in science promise 

better and faster cures, economic advances, a 

cleaner environment, and improved quality of life, 

but they also bring new security risks.  In this 

rapidly changing landscape, the United States 

must be prepared to manage the risks posed by 

natural outbreaks of disease, accidents with high 

consequence pathogens, or adversaries who wish 

to do harm with biological agents.  

 

Health security means taking care of the 

American people in the face of biological threats 

to our homeland and to our interests abroad.  The 

significant infectious disease outbreaks of recent 

decades, including Severe Acute Respiratory 

Syndrome (SARS), pandemic influenza, Ebola 

virus disease, and Zika virus disease, have 

revealed the extent to which individual countries 

and international communities need to improve 

their preparedness and biosurveillance systems to 

detect and respond to the next health crisis.  The 

health of the American people depends on our 

ability to stem infectious disease outbreaks at 

their source, wherever and however they occur.  

∃ΠΗΥΛΦD∂ς� ΕΛΡΓΗΙΗΘςΗ� ΗΘWΗΥΣΥΛςΗ� ΘΗΗΓς� WΡ� ΕΗ�

nimble enough to address emerging infectious 

disease threats, the risks associated with the 

accelerating pace of biotechnology, and threats 

posed by terrorist groups or adversaries seeking to 

use biological weapons.   

 

The National Biodefense Strategy is aligned with 

the 2018 National Security Strategy of the United 

States.  Pillar One of the 2018 National Security 

Strategy Η[ΣΟΛΦΛWΟ∴� ΦDΟΟς� ΙΡΥ� ΣΥΡWΗΦWΛΘϑ� ≥WΚΗ�

American people, the homeland, and the 

∃ΠΗΥΛΦDΘ�ΖD∴�ΡΙ� ΟΛΙΗ�×� �2ΘΗ� ΦΡΠΣΡΘΗΘW�ΡΙ� WΚΛς�

goal is achieved by detecting and containing 

biothreats at their source, supporting and 

promoting the responsible conduct of biomedical 

innovation, and improving emergency response.  

3ΛΟΟDΥ� 7ΖΡ� ΦDΟΟς� ΙΡΥ� ≥ΣΥΡΠΡW>ΛΘϑ≅� ∃ΠΗΥΛΦDΘ�

ΣΥΡςΣΗΥΛW∴�×�ΖΚΛΦΚ�ΛΘΦΥΗDςΛΘϑΟ∴�ΖΛΟΟ�ΓΗΣΗΘΓ�ΡΘ�D�

vibrant life sciences and biotechnology enterprise.   

 

This National Biodefense Strategy highlights the 

PrΗςΛΓΗΘW∂ς�ΦΡΠΠΛWΠΗΘW�WΡ�ΣΥΡWΗΦW�WΚΗ�∃ΠΗΥΛΦDΘ�

people and our way of life, laying out a clear 

pathway and set of objectives to effectively 

counter threats from naturally occurring, 

accidental, and deliberate biological events.  It is 

broader than a Federal Government strategy.  It is 

a call to action for state, local, territorial, and 

tribal (SLTT) entities, other governments, 

practitioners, physicians, scientists, educators, 

and industry.  
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THE NATIONAL BIODEFENSE STRATEGY 

 

1  

 

VISION 
 

The United States actively and effectively prevents, prepares for, responds to, 

recovers from, and mitigates risk from natural, accidental, or deliberate biological 

threats.  

 

PURPOSE 
 

This National Biodefense Strategy brings together and puts in place for the first 

time, a single coordinated effort to orchestrate the full range of activity that is carried 

out across the United States Government to protect the American people from 

biological threats.  With National Security Presidential Memorandum (NSPM)-14, 

this strategy explains how the United States Government will manage its activities 

more effectively to assess, prevent, detect, prepare for, respond to, and recover from 

biological threats, coordinating its biodefense efforts with those of international 

partners, industry, academia, non-governmental entities, and the private sector.  
 

The mission of the Federal Government during a 

biological incident is to save lives, reduce human 

suffering, protect property and the environment, 

control the spread of disease, and support 

community efforts to overcome the physical, 

emotional, environmental, and economic impacts.  

This federal mission is contingent upon the 

coordination with and the success of the 

community response.  This strategy describes the 

goals and objectives that will guide the United 

States in assessing, preventing, detecting, 

preparing for, responding to, and recovering from 

a biological incident, consistent with its  

international obligations, including those 

ΛΓΗΘWΛΙΛΗΓ� ΛΘ� WΚΗ� :ΡΥΟΓ� +ΗDΟWΚ� 2ΥϑDΘΛ]DWΛΡΘ∂ς�

International Health Regulations (2005). 

 

 

 

 

 

 

 

 

 

 

 

Enhancing the national biodefense enterprise will 

help protect the United States and its partners 

abroad from biological incidents, whether 

deliberate, naturally occurring, or accidental in 

origin.  It will simultaneously build the U.S. 

innovation base for cutting edge medical 

countermeasures (MCMs), biosensors and 

diagnostics, and biosurveillance information 

technologies, and advance the biomedical 

industry. 
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THREATS AND CONSEQUENCES 
 

Naturally Occurring Biological Threats.  Infectious disease threats do not respect borders.  

Urbanization, habitat encroachment, and increased and faster travel, coupled with weak health systems, 

increase the ability of infectious diseases to spread rapidly across the globe.  Antimicrobial resistance, novel 

infectious diseases, and the resurgence and spread of once geographically limited infectious diseases can 

overwhelm response capacities and make outbreaks harder to control.  An infectious disease outbreak″even 

in the most remote places of the world″could spread rapidly across oceans and continents, directly impacting 

the U.S. population and its health, security, and prosperity.    

 

Deliberate and Accidental Biological Threats.  The use of biological weapons or their 

proliferation by state or non-state actors presents a significant challenge to our national security, our 

population, our agriculture, and the environment.  Multiple nations have pursued clandestine biological 

weapons programs and a number of terrorist groups have sought to acquire biological weapons.  In many 

countries around the world, pathogens are stored in laboratories that lack appropriate biosecurity measures 

where they could be diverted by actors who wish to do harm.  Similarly, some laboratories do not have 

appropriate biocontainment or biosafety protocols, which could lead to an outbreak through a laboratory 

acquired infection or if a pathogen is accidentally released into the environment.  Biological material is 

ubiquitous and can self-propagate; pathogens are found all over the world″in the environment, animal 

reservoirs, humans, and laboratories.  A natural outbreak can lead quickly to not only a public health crisis, 

but also a biosecurity vulnerability due to the thousands of clinical samples that are generated during an 

epidemic, which, if handled without appropriate biosecurity measures, could facilitate the development of a 

biological weapon. 

 

BIOLOGICAL RISK MANAGEMENT 
 

Biological risk management requires understanding and assessing biological risks, 

and taking steps to prepare for, prevent, and respond to them, regardless of whether 

they originate in the United States or abroad.  It also requires shared international 

recognition that the risk is global to empower effective, collective mitigation.  In 

our interconnected world, it is not if, but when, the next biological incident will 

occur.  

 
As the biological threat continues to evolve, so 

must our biodefense capabilities.  If all countries 

could prevent, detect, and respond to infectious 

disease outbreaks at the local level, we can 

minimize the risk of global health emergencies, 

saving both lives and resources.  Preventing 

acquisition of dangerous pathogens, equipment, 

and expertise for nefarious purposes, and 

maintaining the capability to rapidly control 

outbreaks in the event of a biological attack, are 

strategic interests of the United States.  These 

must be strategic interests for partners around the 

world as well.  The United States cannot carry the 

burden alone.  Finally, as we reap the benefits 

from biotechnologies, we must also understand 

and consider the risks they may pose.  The United 

States will pursue an efficient and coordinated 

biodefense enterprise to protect the American 

people.  

 

Domestic action alone is insufficient to protect 

∃ΠΗΥΛΦD∂ς� ΚΗDΟWΚ� DΘΓ� ςΗΦΞΥΛW∴�� � 7ΚΗ� ΥDΣΛΓ�

globalization of science and technology and the 

interconnectedness of travel and trade necessitate 
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a strong biodefense enterprise that has global 

reach to effectively prevent, detect, and respond 

to biological incidents.  The United States 

Government works at home and abroad to ensure 

that the United States and its partners are 

protected from natural, accidental, or deliberate 

biological threats.  While the desired outcomes at 

home and abroad are the same, the conditions and 

avenues available to achieve these outcomes can 

be very different.  Internationally, our efforts to 

protect the United States and our partners include 

direct investment in sustainable, context-

appropriate capacity building that leads to self-

reliance.  We will work with multilateral 

organizations, partner nations, private donors, and 

civil society to control disease outbreaks at their 

source by supporting the development and 

implementation of biodefense and health security 

capabilities, policies, and standards. 

 

The United States has long been an innovation 

leader.  Whether augmenting our ability to 

provide health care and protect the environment, 

or expanding our capacity for energy and 

agricultural production towards global 

sustainability, continued research and 

development in life sciences is essential for a 

brighter future for the American people.  To 

ensure that the United States is poised to meet the 

evolving biological risk landscape, at a time when 

unparalleled advancement and innovation in the 

life sciences globally continue to transform our 

way of life, we are committed to promoting 

innovation throughout the national biodefense 

enterprise.  We will promote innovative 

technologies and systems; encourage innovative 

technology communities and industry leaders to 

meet our targeted biodefense and health capacity 

needs; link stakeholders with new ideas, tools, 

and products; and pursue innovative approaches 

and partnerships to achieve, at home and abroad, 

the desired goals articulated in this National 

Biodefense Strategy.    

 

Through the National Biodefense Strategy, the 

United States will use all appropriate means to 

assess, understand, prevent, prepare for, respond 

to, and recover from biological incidents″

whatever their origin″that threaten national or 

economic security.  The National Biodefense 

Strategy recognizes that a collaborative, multi-

sectoral, and trans-disciplinary approach to the 

national biodefense enterprise is necessary to 

counter biological threats effectively and 

efficiently.  

 

 

 

ASSUMPTIONS 
 

The evolving biological threat landscape requires a comprehensive approach, and 

the United States recognizes the following principles:  

   

ξ Biological Threats are Persistent.  Pathogens have emerged and spread throughout history, and 

as new naturally occurring threats develop, the risk from them grows more acute as the world becomes 

more urbanized, travel increases, and habitats change.  Separately, nation-states and terrorist groups have 

found value in pursuing biological weapons, and there can be no confidence that will change in the 

future.  Advances in the life sciences will both reduce the technological hurdles to such weapons and 

expand the number of individuals with relevant skills to effectuate threats.   

 

ξ Biological Threats Originate from Multiple Sources.  The United States will include, 

within the scope of biodefense, not just countering deliberate biological threats, but also the threats that 

stem from naturally occurring and accidental outbreaks.  This approach will allow the United States 

Government to fully utilize, integrate, and coordinate the biodefense enterprise and ensure the most 

efficient use of all biodefense assets.  
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ξ Infectious Diseases Do Not Respect Borders.  An interconnected world increases the 

opportunity for pathogens to emerge and spread so that a disease threat anywhere is a disease threat 

everywhere.  Infectious diseases travel without visas and cross borders indiscriminately; infected 

travelers may not manifest any symptoms.  The United States Government will mitigate biological 

incidents both here in the United States and work with partners abroad because the United States cannot 

counter biological threats nationally without addressing them internationally.  We will also seek to 

improve our ability to prevent the spread of infectious diseases to the United States through inbound 

travelers and goods.  The Ebola outbreaks of 2014 and 2018 demonstrated that the United States 

Government must be prepared to act swiftly, and unilaterally if necessary, to respond to public health 

emergencies abroad if multilateral institutions and partners are not prepared to do so.   

 

ξ Multi-sectoral Cooperation is Critical for Prevention and Response.  This strategy 

calls for engagement and cooperation across all levels of government, to include SLTT governments, as 

well as internationally.  It involves partnership with multiple sectors, including the medical; public, 

animal, and plant health; emergency response; scientific and technical; law enforcement; industrial; 

academic; diplomatic; defense and security; intelligence; and nonproliferation and counterproliferation 

sectors, among others.  Engagement with non-governmental organizations (NGOs) and the private sector 

is critical to prevent the spread of disease and respond to the next outbreak before it becomes an 

epidemic.   

 

ξ A Multidisciplinary Approach Will Help Prevent Disease Emergence.  The health of 

people, animals, plants, and the environment are linked, and diseases affecting one component can soon 

affect others.  At least 75 percent of infectious disease threats to human health are of animal origin.  

Threats to animals and plants can cause economic disruption and physical harm to health and well-

being.  A coordinated, multidisciplinary approach, representing the collaborative efforts across local, 

national, and global jurisdictions, is a best practice for understanding, communicating, and mitigating 

biological threats swiftly and efficiently.  Such an approach is necessary to prevent and detect early inter-

species cross-over of infectious diseases. 

 

ξ Science and Technology Will Continue to Advance Globally.  The ongoing revolution 

in the life sciences and biotechnology will continue at an ever-increasing rate, offering solutions to many 

of the challenges of ensuring the health, prosperity, and security of a growing global population.  These 

technologies, no longer confined to sophisticated research laboratories, are being developed and utilized 

all over the world and the necessary expertise, materials, and equipment are available widely.  Advances 

in science and technology bring revolutionary cures and progress, but they also have the potential to 

facilitate intentional misuse.  The United States has a responsibility to ensure our technology, 

development, and assistance programs do not exacerbate this risk unintentionally. 
 

GOVERNANCE 
 

The NSPM that accompanies the issuance of this National Biodefense Strategy 

creates a dedicated mechanism, housed within the U.S. Department of Health and 

Human Services, to coordinate federal biodefense activities and assess the 

effectiveness with which the National Biodefense Strategy∂ς goals and objectives 

are being met.  Led by the President of the United States and coordinated by the 

National Security Council staff in the Executive Office of the President, with day-
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to-day coordination and execution by the Secretary of Health and Human Services, 

this mechanism will continually assess how effectively the objectives of the 

National Biodefense Strategy are being met.   

 
The Assistant to the President for National 

Security Affairs will, in acting through the 

process described in NSPM-4, Organization of 

the National Security Council, the Homeland 

Security Council, and Subcommittees, serve as the 

lead for policy coordination and review, 

providing strategic input and policy oversight for 

federal biodefense efforts.   

 

The Biodefense Steering Committee, chaired by 

the Secretary of Health and Human Services, and 

comprising the Secretary of State, the Secretary of 

Defense, the Attorney General, the Secretary of 

Agriculture, the Secretary of Veterans Affairs, the 

Secretary of Homeland Security, and the 

Administrator of the Environmental Protection 

Agency, will be responsible for overseeing and 

coordinating the execution of the strategy and its 

implementation plan, and ensuring federal 

coordination with domestic and international 

government and non-governmental partners.  The 

Chair of the Biodefense Steering Committee, the 

Secretary of Health and Human Services, will 

serve as the federal lead for implementation of the 

strategy.  The heads of other agencies with 

responsibilities or capabilities pertaining to 

biodefense shall participate in the Biodefense 

Steering Committee, as appropriate.  This 

coordination and oversight mechanism also has a 

mandate to reach beyond the Federal Government 

to engage with SLTT, non-federal, and non-

governmental stakeholders.  Further, the 

recommendations and feedback stemming from 

this governance mechanism will be 

communicated back to departments and agencies 

in synchronization with the annual budget cycle.  

Recognizing that threats, actors, and biodefense-

related science and technology are constantly 

evolving, the governance mechanisms will be 

adaptive, reviewing and recommending changes, 

as appropriate, in the National Biodefense 

Strategy and its implementation plan. 
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GOALS AND OBJECTIVES 
 

The National Biodefense Strategy has five goals with associated objectives for 

strengthening the biodefense enterprise, establishing a layered risk management 

approach to countering biological threats and incidents. 

 

GOAL 1:  ENABLE RISK AWARENESS TO INFORM DECISION-MAKING ACROSS THE BIODEFENSE ENTERPRISE.  

The United States will build risk awareness at the strategic level, through analyses and research efforts 

to characterize deliberate, accidental, and natural biological risks; and at the operational level, through 

surveillance and detection activities to detect and identify biological threats and anticipate biological 

incidents. 

 

OBJECTIVES: 
1.1:  Ensure decision-making is informed by 

intelligence, forecasting, and risk assessment. 

 

1.2:  Ensure that domestic and international 

biosurveillance and information-sharing systems are 

coordinated and are capable of timely bioincident 

prevention, detection, assessment, response, and 

recovery. 

 

GOAL 2:  ENSURE BIODEFENSE ENTERPRISE CAPABILITIES TO PREVENT BIOINCIDENTS.  The United States will 

work to prevent the outbreak and spread of naturally occurring disease, and minimize the chances of 

laboratory accidents.  The United States will also strengthen biosecurity to prevent hostile actors from 

obtaining or using biological material, equipment, and expertise for nefarious purposes, consistent with the 

8ΘΛWΗΓ�6WDWΗς�∗ΡΨΗΥΠΗΘΗΘW∂ς�DΣΣΥΡDΦΚ�WΡ�ΦΡΞΘWΗΥΛΘϑ�weapons of mass destruction (WMD) terrorism.  Goal 

2 will ensure we have the capabilities necessary to disrupt plots, degrade technical capabilities, and deter 

support for terrorists seeking to use WMD.  This goal also recognizes the "dual use" natures of the life 

sciences and biotechnology, in which the same science and technology base that improves health, promotes 

innovation, and protects the environment, can also be misused to facilitate a biological attack.  The United 

States seeks to prevent the misuse of science and technology while promoting and enhancing legitimate use 

and innovation. 

 

OBJECTIVES:  
2.1:  Promote measures to prevent or reduce the spread of 

naturally occurring infectious diseases. 

 

2.3:  Deter, detect, degrade, disrupt, deny, or otherwise 

prevent nation-state and non-ςWDWΗ�DΦWΡΥς∂�DWWΗΠΣWς�WΡ�

pursue, acquire, or use biological weapons, related 

materials, or their means of delivery. 

2.2:  Strengthen global health security capacities to 

prevent local bioincidents from becoming epidemics. 

2.4:  Strengthen biosafety and biosecurity practices and 

oversight to mitigate risks of bioincidents. 
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GOAL 3:  ENSURE BIODEFENSE ENTERPRISE PREPAREDNESS TO REDUCE THE IMPACTS OF BIOINCIDENTS.  The 

United States will take measures to reduce the impacts of bioincidents, including maintaining a vibrant 

national science and technology base to support biodefense; ensuring a strong public health infrastructure; 

developing, updating, and exercising response capabilities; establishing risk communications; developing 

and effectively distributing and dispensing medical countermeasures; and preparing to collaborate across the 

country and internationally to support biodefense. 

 

OBJECTIVES:  
3.1:  Ensure a vibrant and innovative national science and 

technology base to support biodefense. 

3.6:  Enhance preparedness to limit the spread of disease 

through Community Mitigation Measures (CMMs). 

3.2:  Ensure a strong public and veterinary health 

infrastructure. 

3.7:  Enhance preparedness to support decontamination. 

3.3:  Develop, exercise, and update prevention, response, 

and recovery plans and capabilities. 

3.8:  Strengthen preparedness to operate and collaborate 

across the United States, including the U.S. territories. 

3.4:  Develop, exercise, and update risk communication 

plans and promote consistent messaging to inform key 

audiences, expedite desired response actions, and address 

public uncertainty and fear. 

3.9:  Strengthen international preparedness to support 

international response and recovery capabilities. 

3.5:  Enhance preparedness to save lives through MCMs.  

 

GOAL 4:  RAPIDLY RESPOND TO LIMIT THE IMPACTS OF BIOINCIDENTS.  The United States will respond rapidly 

to limit the impacts of bioincidents through information-sharing and networking; coordinated response 

operations and investigations; and effective public messaging. 

 

OBJECTIVES: 
4.1:  Compile and share biothreat and bioincident 

information to enable appropriate decision-making and 

response operations across all levels of government and 

with non-governmental, private sector, and international 

entities, as appropriate. 

4.3:  Conduct operations and investigations, and use all 

available tools to hold perpetrators accountable. 

4.2:  Conduct federal response operations and activities in 

coordination with relevant non-federal actors to contain, 

control, and rapidly mitigate impacts of biothreats or 

bioincidents. 

4.4:  Execute risk-informed, accurate, timely, and 

actionable public messaging. 

 

GOAL 5:  FACILITATE RECOVERY TO RESTORE THE COMMUNITY, THE ECONOMY, AND THE ENVIRONMENT AFTER A 

BIOINCIDENT.  The United States will take actions to restore critical infrastructure services and capability; 

coordinate recovery activities; provide recovery support and long-term mitigation; and minimize cascading 

effects elsewhere in the world. 
 

OBJECTIVES:  
5.1:  Promote restoration of critical infrastructure 

capability and capacity to enable the resumption of vital 

U.S. activities. 

5.3:  Provide recovery support and conduct long-term 

mitigation actions to promote resilience. 

 

5.2:  Ensure coordination of recovery activities across 

federal and SLTT governments and, as appropriate, 

international, non-governmental, and private sector 

partners to enable effective and efficient recovery 

operations. 

5.4:  Reduce the cascading effects of international 

biological incidents on the global economy, health, and 

security. 
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CONCLUSION 
 

The risks from biological threats cannot be reduced to zero ± but they can and must 

be managed.  Wide-ranging threats require a comprehensive approach to 

minimizing the risks.  Through this National Biodefense Strategy, the United States 

Government will optimize its own efforts, and harness the work of essential 

partners″inside government and outside, domestically and internationally″to 

understand, prevent, prepare for, respond to, and recover from the full range of 

biological threats that can harm the American people and our partners. 
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ANNEX I 
NATIONAL BIODEFENSE STRATEGY IMPLEMENTATION PLAN 

 

GOAL 1: 
ENABLE RISK AWARENESS TO INFORM DECISION-MAKING ACROSS THE 

BIODEFENSE ENTERPRISE. 
 

1.1 Ensure decision-making is informed by intelligence, forecasting, and risk 

assessment. 
 

1.1.1 Enhance Intelligence and Analysis Activities. 

ξ Provide timely intelligence analysis and information that identifies and assesses current and 

future biological threats posed by nation-state and non-state actors. 

ξ Provide strategic warning for, and assess the potential impacts of, diseases with the potential 

to affect U.S. national security or interests abroad, including assessments of the potential 

cascading effects (e.g., economic, societal, and governmental impacts). 

ξ Incorporate forecasting and modeling into intelligence products and processes, as 

appropriate. 

ξ Routinely evaluate developments and advances in the life sciences, biotechnology, and 

related fields to identify emerging hazards and mitigation options. 

 

1.1.2 Conduct Research and Modeling Activities. 

ξ Conduct research to characterize biological hazards, production methods, and dissemination 

methods that could be used in deliberate threats, when: 

ο The results of that research are critical to informing risk assessments and plans to prevent 

or respond to deliberate bioincidents; and 

ο The responsible department or agency utilizes a process to ensure that the research 

complies with treaties, laws, and policies and follows applicable nationally recognized 

guidance for best practices. 

ξ Improve the ability to model and forecast the likelihood and impact of bioincidents, including 

accidental releases. 

 

1.1.3 Assess Risks and Capabilities. 

ξ Conduct periodic national bioincident risk assessments to evaluate the risks, including 

relative risks, of deliberate, accidental, and naturally occurring bioincidents. 

ξ Assess the security risks posed by the deliberate misuse of biotechnologies and life sciences 

research and training with dual-use potential. 

ξ Assess the risks posed by research, such as with potential pandemic pathogens, where 

biosafety lapses could have very high consequences. 

ξ Provide all levels of government with a common basis for understanding biological risks to 

support operational planning and preparedness actions. 

ξ Develop risk-informed planning scenarios to facilitate capability and capacity assessments 

and identify gaps. 
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ξ Assess the potential impacts of bioincidents on critical infrastructure and supply chains, and 

how disruption of these systems might affect the ability to respond to bioincidents. 

 

1.2 Ensure that domestic and international biosurveillance and information-

sharing systems are coordinated and are capable of timely bioincident 

prevention, detection, assessment, response, and recovery. 
 

1.2.1 Enhance the Integration and Evaluation of Biosurveillance Systems. 

ξ Improve development, interoperability, integration, and evaluation processes for domestic 

biosurveillance systems, including opportunities to better-leverage multi-sectoral 

information. 

 

1.2.2 Improve Information-sharing and Reporting. 

ξ Using a multi-sectoral approach, promote timely sharing of biosurveillance information 

among federal and SLTT biosurveillance programs and other federal programs designed to 

investigate biothreats and bioincidents. 

ξ Coordinate and exchange relevant information between environmental biological detection 

systems and biosurveillance networks. 

ξ 6WΥΗΘϑWΚΗΘ� ΙΡΥΗΛϑΘ� ϑΡΨΗΥΘΠΗΘWς∂� DΘΓ� ΛΘWΗΥΘDWΛΡΘDΟ� ΕΡΓΛΗς∂� ΦDΣDΕΛΟΛW∴� DΘΓ� ΦΡΠΠΛWΠΗΘW� WΡ�

identify, characterize, and report biothreats and bioincidents rapidly and transparently. 

ξ Integrate international disease reporting data with domestic biosurveillance systems to enable 

early action that limits potential impact. 

ξ Create biosurveillance and situational awareness reports tailored to inform decision-makers, 

the public, partner nations, and other audiences routinely and during a bioincident response. 

ξ Ensure that the Federal Government, SLTT governments, partner nations, and the private 

sector have appropriate access to relevant information and analysis. 

ξ As appropriate, ensure rapid downgrade of classified or otherwise sensitive intelligence 

information and write intelligence products for release, as appropriate, to enable sharing with 

those who need to act on it.  

 

1.2.3 Develop and Deploy Enhanced Biosurveillance and Bioincident Characterization Capabilities. 

ξ Maintain and enhance public health, medical, animal, and plant surveillance systems for 

disease outbreaks that pose a risk to national security. 

ξ Promote the sustainable development, maintenance, and improvement of SLTT, private 

sector, federal, regional, and international (United States Government and other national) 

surveillance systems and networks with reliable access to trained workforces and essential 

infrastructure for human, animal, and plant diseases. 

ξ Identify and incorporate new technologies, data sources, analytic methods, and partnerships 

that include public, private sector, and non-traditional sources of data. 

ξ Maintain and enhance biosurveillance capabilities for the identification of emerging 

biothreats, and monitor and assess short- and long-term post-bioincident health effects using 

traditional and non-traditional methods. 

ξ Enhance capability to characterize bioincidents rapidly with respect to biohazards involved, 

populations and areas affected, and consequences (e.g., health, economic, societal, and 

environmental). 

 

1.2.4 Develop and Deploy Enhanced Environmental Detection Systems, as Appropriate. 

ξ Monitor and evaluate the capability and effectiveness of systems for the environmental 

identification and detection of human, animal, and plant biohazards, and disease vectors. 
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ξ Develop improved environmental identification and detection systems, ensuring that they: 

ο Are aligned with assessments of evolving and emerging biothreats; and 

ο Can provide information that is timely, accurate, and relevant for response decisions. 

ξ Assess options to ensure the effectiveness of environmental biodetection systems deployed 

by governmental or non-governmental entities. 

 

1.2.5 Enhance Biosurveillance Laboratory Operations. 

ξ Promote the sustainable development, maintenance, and improvement of SLTT, private 

sector, federal, regional, and international (United States Government and partner nation) 

laboratory networks, with reliable access to trained workforces and essential infrastructure, 

for human, animal, and plant diseases. 

ξ Promote interoperability of laboratory reporting systems at all levels of government. 

ξ Strengthen capabilities and address appropriate needs for sharing″under both routine and 

crisis conditions″timely information (e.g., data and results), samples, and reagents among 

sectors including research; human, animal, and plant health; emergency services; and law 

enforcement.   

ξ Address impediments to the timely sharing of information, samples, and reagents among 

countries and international organizations under both routine and crisis conditions. 
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GOAL 2:   

ENSURE BIODEFENSE ENTERPRISE CAPABILITIES TO PREVENT 

BIOINCIDENTS. 
 

2.1 Promote measures to prevent or reduce the spread of naturally occurring 

infectious diseases. 
 

2.1.1 Strengthen Infection Prevention Measures Domestically and Internationally. 

ξ Using a multidisciplinary approach, strengthen medical, public health, animal health, and 

plant health capacities to improve infection prevention and control. 

ξ Strengthen vaccination and other health intervention activities. 

 

2.1.2 Reduce the Emergence and Spread of Antimicrobial-resistant Pathogens Domestically and 

Internationally. 

ξ Strengthen awareness of drug-resistant pathogens and their associated diseases, and improve 

stewardship of medically important drugs. 

ξ Strengthen understanding of the drivers of drug resistance and improve the development and 

adoption of effective mitigation measures. 

ξ Promote the use of preventive and therapeutic options other than antimicrobial drugs. 

ξ Accelerate basic and applied research and development of new antimicrobials, novel 

preventatives and therapeutics, vaccines, and diagnostic tests. 

 

2.1.3 Strengthen Multidisciplinary Efforts to Control Vector-borne Disease Domestically and 

Internationally. 

ξ Identify the risk of the vectors transmitting disease to humans, animals, and plants. 

ξ Develop and disseminate, as appropriate, measures that will safely limit the exposure of 

humans, animals, and plants to disease vectors and the ability of vectors to transmit disease 

to humans and animals. 

ξ Address resistance of vectors to vector control or mitigation measures. 

 

2.1.4 Limit Trans-border Introductions and Domestic Spread of Biohazards, Including Those 

Responsible for Food-borne Illness. 

ξ Identify, locate, and destroy or contain contaminated/infected plant, animal, and food prior 

to entry into the United States, and within the United States, that: 

ο Contain biohazards that could give rise to bioincidents, including food-borne illness; or  

ο Harbor economically and environmentally significant pests. 

ξ Improve capabilities and protocols for screening, isolation, and quarantine of humans, plants, 

and animals to reduce disease spread. 

ξ Develop programs and policies to encourage plant and animal producers to report suspected 

or actual biohazards and encourage full compliance with response guidance to limit the 

spread of plant or animal diseases and reduce their impact on the overall industry. 

 

2.1.5 Strengthen Animal Disease Detection and Prevention Capacity. 

ξ Strengthen capacity to detect and prevent the spread of animal and zoonotic diseases. 

ξ Support the development and deployment of diagnostics and countermeasures for use in 

animals as well as the development of disease-resistant animals. 
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ξ Strengthen international partnerships regarding awareness, detection and control, and 

eradication of animal diseases before they reach the United States. 

 

2.1.6 Strengthen Plant Disease Prevention Capacity. 

ξ Strengthen the capacity to prevent establishment and spread of plant pests. 

ξ Support the development and deployment of new disease-resistant crops. 

ξ Strengthen international partnerships regarding detection and management of plant diseases 

before they reach the United States. 

 

2.1.7 Strengthen the Resilience of the Water Sector to Prevent or Contain Water-borne Disease 

Outbreaks. 

ξ Identify water system vulnerabilities that increase the risk of drinking water contamination, 

and promote the development of engineering controls and best practices to reduce the risk. 

ξ Develop plans and procedures to reduce the spread of contaminants in a compromised water 

system and reduce public exposure to contaminated water. 

ξ Improve the ability to detect biohazardous agents in source and finished drinking water. 

 

2.2 Strengthen global health security capacities to prevent local bioincidents 

from becoming epidemics. 
 

2.2.1 Promote Global Health Security. 

ξ Promote the development and implementation of national legal frameworks adequate to 

support aΘΓ� ΗΘDΕΟΗ� WΚΗ� ΛΠΣΟΗΠΗΘWDWΛΡΘ� ΡΙ� WΚΗ�:ΡΥΟΓ�+ΗDΟWΚ� 2ΥϑDΘΛ]DWΛΡΘ∂ς� ,ΘWΗΥΘDWΛΡΘDΟ�

Health Regulations (2005) and the World Organisation for Animal Health reporting 

requirements.  

ξ Promote transparent, independent, and objective assessments of country capacity to prevent, 

detect, and respond to bioincidents.  

ξ Strengthen timely surveillance and monitoring for core syndromes and confirmed reportable 

infections as outlined by international bodies to ensure quick identification and reporting of 

bioincidents.  

 

2.2.2 Strengthen Country Capacity to Prevent, Detect, and Respond to Bioincidents. 

ξ Promote a prepared public health and animal health workforce appropriate for the population.  

ξ Strengthen capacity and promote policies and best practices to minimize transmission of 

disease between humans and animals. 

ξ Promote incident management systems capable of activating an emergency operations system 

in response to public health emergencies.  

ξ Promote the development of a system for specimen referral and effective diagnostics to 

ensure timely testing of biological specimens, and work to remove barriers to the sharing of 

samples among countries and international organizations.  

ξ Promote national laboratory systems capable of timely receipt and testing of biological 

specimens from all jurisdictions in a country. 

 

2.3 Deter, detect, degrade, disrupt, deny, or otherwise prevent nation-state 

and non-ςWDWΗ� DΦWΡΥς∂� DWWΗΠΣWς� WΡ� ΣΞΥςΞΗ�� DΦΤΞΛΥΗ�� ΡΥ� ΞςΗ� ΕΛΡΟΡϑΛΦDΟ�

weapons, related materials, or their means of delivery. 
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2.3.1 Deter Nation-state and Non-state Actors. 

ξ Ensure accountability by increasing and communicating the political, economic, and other 

consequences for actors that develop, acquire, produce, or use biological weapons, or assist 

in such efforts. 

ξ Ensure domestic and international capabilities to identify, investigate, and attribute 

development or use of biological weapons in order to hold accountable those who are 

responsible. 

ξ Demonstrate reduced vulnerability through enhanced U.S. and partner-nation capacity to 

prevent, respond to, and recover from bioincidents. 

ξ Reinforce the obligations in the Convention on the Prohibition of the Development, 

Production, and Stockpiling of Bacteriological and Toxin Weapons and on their Destruction 

(BWC) (1975) and United Nations (U.N.) Security Council Resolution 1540, as well as other 

standards and norms against nation-state or non-state development, acquisition, or use of 

biological weapons, related materials, or means of delivery. 

 

2.3.2 Detect, Degrade, or Deny Acquisition, Development, or Transfer of Biological Weapons. 

ξ 6WΥΗΘϑWΚΗΘ� ΘDWΛΡΘς∂� ΦΡΠΠΛWΠΗΘW� DΘΓ� ςΞΣΣΡΥW� WΚΗΛΥ� ΗΙΙΡΥWς� WΡ� ΛΠΣΟΗΠΗΘW� WΚΗΛΥ� ΡΕΟΛϑDWΛΡΘς�

under the BWC and U.N. Security Council Resolution 1540 to establish and enforce 

appropriate and effective laws prohibiting and preventing the acquisition, development, or 

transfer of biological weapon-related materials, equipment, and means of delivery for 

purposes proscribed by these instruments. 

ξ Strengthen domestic and international capabilities to identify, deny, and disrupt biological 

weapon-related transfers, and to identify and disrupt adversary proliferation networks. 

ξ Deny the acquisition of pathogenic material, equipment, knowledge, or expertise for illicit 

purposes, and promote appropriate measures to impede misuse of life sciences and 

biotechnology, while facilitating legitimate use and innovation. 

 

2.3.3 Prevent, Disrupt, Degrade, or Deny Use of Biological Weapons. 

ξ Identify and locate threat actors and proliferation networks, and preempt or disrupt deliberate 

biothreats and bioincidents. 

ξ Ensure robust capabilities to interdict, disable, destroy, render safe, and attribute 

responsibility for biological weapons and weapons-related equipment, material, means of 

delivery, and facilities. 

ξ Strengthen the engagement of the law enforcement and security communities with other 

stakeholders to facilitate recognition and mitigation of situations involving deliberate 

biothreats and bioincidents. 

 

2.3.4 Develop, Exercise, and Update Prevention and Disruption Plans and Capabilities. 

ξ Ensure prevention and disruption capabilities and plans are developed, routinely exercised, 

evaluated, and updated, as appropriate. 

 

2.4 Strengthen biosafety and biosecurity practices and oversight to mitigate 

risks of bioincidents. 
 

2.4.1 Strengthen Biosafety and Biosecurity. 

ξ Maintain and continuously improve biosafety, biosecurity, and oversight programs and 

practices for laboratories and other facilities, and for the end-to-end management of samples 

and specimens (e.g., collection, transport, inactivation, disposal, and waste management). 
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ξ Promote appropriate national and facility-specific biosafety, biosecurity (including 

cybersecurity), and oversight programs, policies, practices, and legislation in partner nations 

while facilitating legitimate research and innovation. 

ξ Coordinate and conduct basic and applied biosafety and biosecurity research to provide an 

evidence base for improving safety and security practices. 

ξ Encourage facilities working with biohazards to engage in pre-incident response planning, 

training, and exercises, including with local responders, to minimize impacts from accidental 

releases. 

 

2.4.2 Support and Promote the Responsible Conduct of the Life Science and Biotechnology Enterprise. 

ξ Support and promote a culture of global biosafety, biosecurity, ethical, and responsible 

conduct in the life sciences. 

ξ Promote effective global oversight of: 

ο Dual-use research, to prevent misuse; and  

ο Research for which biosafety lapses could have very high consequences, such as with 

potential pandemic pathogens. 

ξ Encourage engagement among the health, scientific, biotechnology, enthusiast, and security 

communities in the United States, and with international partners, to reduce the risk of 

misuse. 

ξ Promote the development and implementation of relevant national and international policies, 

guidance, training, and other resources across the health, scientific, biotechnology, 

enthusiast, and security communities to reduce the risk of misuse. 
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GOAL 3:   
ENSURE BIODEFENSE ENTERPRISE PREPAREDNESS TO REDUCE THE 

IMPACTS OF BIOINCIDENTS. 
 

3.1 Ensure a vibrant and innovative national science and technology base to 

support biodefense. 
 

3.1.1 Enable U.S.-led Innovation for Biodefense Through Robust Scientific, Technical, and Industrial 

Bases.  

ξ Support investments and U.S. leadership in emerging technologies. 

ξ Maintain laboratory capabilities required for biodefense preparedness and response, 

including: 

ο Assured United States Government access to laboratory infrastructure, including a 

trained workforce capable of supporting United States Government biodefense programs 

and decision-making; and 

ο A secure and dedicated United States Government laboratory capability for conducting 

forensic analysis of biological agents and traditional forensic examinations of 

contaminated evidence up to the highest biosafety levels.  

ξ Strengthen U.S. processes to prevent industrial espionage and other actions that would 

weaken the U.S. biodefense enterprise. 

 

3.1.2 Integrate Research and Development (R&D) into Federal Planning. 

ξ Identify and facilitate sharing of tools, practices, policies, and incentives across interagency 

response R&D efforts. 

ξ Establish capabilities to conduct rapid-response, real-time R&D during bioincidents to 

inform ongoing response measures and to understand phenomena that only occur during 

bioincidents. 

ξ Establish procedures for prioritizing, funding, and coordinating R&D efforts during 

bioincidents. 

 

3.2 Ensure a strong public and veterinary health infrastructure. 
 

3.2.1 Ensure Public and Veterinary Health Critical Capacities. 

ξ Establish capability to provide surge staffing, resources, and supplies to SLTT public and 

veterinary health departments.  

ξ Advance and sustain a highly-skilled public and veterinary health workforce.  

 

3.2.2 Modernize Public and Veterinary Health Laboratories.  

ξ Ensure core public and veterinary health laboratories have access to modern and updated 

diagnostic tests, methods, equipment, and technologies. 

 

3.3 Develop, exercise, and update prevention, response, and recovery plans 

and capabilities.   
 

3.3.1 Develop and Exercise Policies, Plans, Guidelines, and Recommendations to Support Prevention, 

Response, and Recovery Activities. 

ξ Establish policies, plans, guidelines, and recommendations with multi-sectoral input (and 
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international stakeholder input, as appropriate) to inform appropriate and timely federal and 

SLTT response actions to biothreats and bioincidents. 

ξ Develop plans that implement or support surge capabilities across response sectors in 

coordination with SLTT entities, health care coalitions, foreign governments, international 

organizations, NGOs, and private sector partners, to include the following:  

ο Medical surge response, including to augment specialized clinical care, behavioral and 

mental health care, transition to crisis standards of care, and provision of mass care and 

mass fatality management; 

ο Clinical guidance to assist with appropriate triage and medical management of illnesses;  

ο Transport and reception system and capabilities for crossing borders and U.S. 

jurisdictions with highly infectious disease patients and materials related to incident 

response  

ο Augmenting provision of human services, including shelters, housing, and commodity 

distribution; 

ο Implementing enhanced surveillance and public health measures for disease control; 

ο Clinical, environmental, food testing, and forensic surge laboratory operations;  

ο Controlling, responding to, and recovering from animal and plant disease; 

ο Engineering response for managing water, land, waste, and air systems; and 

ο Routinely conducting and evaluating biothreat and bioincident response exercises for all 

incident management phases of the response at the federal and SLTT levels.   

 

3.3.2 Ensure that Emergency Funding Mechanisms Exist to Support Urgent Responses to Bioincidents. 

ξ Establish, as appropriate, dedicated funding processes and mechanisms to respond to an 

actual or imminent bioincident.  

ξ Establish processes to access funds in a timely manner.  

 

3.3.3 Support the Effective Deployment of the MCM Stockpiles. 

ξ Conduct pre-incident planning for distribution and dispensing of the MCM stockpiles to 

ensure such activities can be accomplished in a timely manner, are informed by appropriate 

guidance, and can be supported operationally by federal and SLTT agencies during a 

bioincident.  

ξ Ensure plans consider the provision of MCMs to personnel performing mission-essential 

functions to help ensure that mission-essential functions continue to be performed after a 

bioincident.   

ξ Ensure the safety, security (including cybersecurity), and reliability of supply chains to 

provide necessary MCMs and other materiel support during bioincidents. 

ξ Ensure the capability to monitor the safety and effectiveness of deployed MCMs. 

ξ Integrate the access and functional needs of at-risk individuals in planning for MCM 

distribution and dispensing.  

ξ Ensure that operational plans, clinical guidance, regulatory mechanisms, and operational 

capacity are in place to administer stockpiled MCMs effectively. 

 

3.3.4 Support the Provision of Health Care and the Conduct of Clinical Research During Bioincidents. 

ξ Establish procedures and guidelines for the use of MCMs, including personal protective 

equipment (PPE), and infection control strategies. 

ξ Ensure plans address the needs of all populations, including at-risk individuals.  

ξ Establish and identify medical centers capable of providing specialized care, including at the 

initial stages of bioincidents.  

ξ 6WΥΗΘϑWΚΗΘ� ΚΗDΟWΚΦDΥΗ� ς∴ςWΗΠ� ΣΥΗΣDΥΗΓΘΗςς� WΡ� ΗΘΚDΘΦΗ� ΚΡςΣΛWDΟ� DΘΓ� ΚΗDΟWΚ� ΦDΥΗ� ΙDΦΛΟΛWΛΗς∂�

ability to maintain health care operations and provide necessary care during bioincidents. 
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ξ Identify existing mechanisms to protect health care workers from financial liability during 

federally-led responses.  

ξ Establish capabilities to conduct clinical research at the onset of a bioincident to inform 

optimal clinical care strategies for current and future bioincidents and to support MCM 

development.   

ξ Establish and pre-position protocols for the conduct of ethical, efficient, and interpretable 

clinical trials to test promising investigational MCMs during domestic or international 

bioincidents.  

ξ Establish mechanisms for the collection and sharing of clinical samples to support 

development of diagnostic tests. 

ξ Establish a regional aid system that will improve national healthcare readiness and medical 

surge for bioincidents. 

 

3.3.5 Support the Continuity of Operations. 

ξ Further refine, exercise, and evaluate Continuity of Operations plans (including the 

mitigation of impacts on critical infrastructure located within and outside the United States) 

to ensure continuation of National Essential Functions during and after bioincidents.   

 

3.3.6 Support Provision of Essential Services and Long-term Recovery. 

ξ Protect the continuity of critical infrastructure, and restore infrastructure and services 

disrupted by the bioincident. 

ξ Restore critical infrastructure to minimize cascading effects. 

ξ Provide an environment in which essential businesses can continue to operate. 

ξ Support or restore transportation pathways and infrastructure to facilitate supply chains and 

movement of people. 

ξ Facilitate movement/delivery of supplies critical to response and recovery. 

 

3.4 Develop, exercise, and update risk communication plans and promote 

consistent messaging to inform key audiences, expedite desired response 

actions, and address public uncertainty and fear. 
 

3.4.1 Improve Federal Messaging Coordination for Biothreats and Bioincidents. 

ξ Develop a government-wide strategy that institutionalizes the use of risk communication 

principles to provide clear, consistent, and coordinated information.   

ξ Train spokespersons for federal departments and agencies on risk communications.  

ξ Clarify roles of lead agencies for risk communication messaging to key sectors (e.g., public 

health, medical, animal, plant, and the environment).  

 

3.4.2 Develop and Exercise Communications Plans. 

ξ Develop and test messaging strategies, platforms, and materials for all sectors and 

stakeholders to synchronize messaging, address public fear and uncertainty, encourage 

appropriate response actions, and empower the public during biothreats and bioincidents. 

ξ Develop messaging for non-English speaking populations and in formats that accommodate 

the access and functional needs of all individuals. 

ξ (ςWDΕΟΛςΚ� D� ΘDWΛΡΘDΟ� ≥ΕΥDΘΓ×� ΖΚΗΥΗ� ςWDΝΗΚΡΟΓΗΥς� ΠD∴� ΥΡΞWΛΘΗΟ∴� seek information on 

biodefense activities and response actions.  

ξ Routinely exercise communication strategies during pre-incident planning to prepare for real-

time biothreat and bioincident response communications.   
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3.4.3 Enhance Messaging Partnerships. 

ξ Identify a cadre of academic and private sector experts who would be encouraged to interact 

with traditional and social media and provide accurate information on biothreats and 

bioincidents. 

ξ Strengthen pre-incident relationships between government communication specialists and the 

media who specialize in bioincidents and related topics. 

ξ Strengthen pre-incident relationships with private sector social media and other non-

traditional media partners capable of broadly disseminating information. 

 

3.5 Enhance preparedness to save lives through MCMs.  
 

3.5.1 Improve Diagnostic Capabilities.  

ξ Advance diagnostic capabilities, including for plants and animal diseases, to enable timely 

and accurate biohazard and disease detection.  

ξ Maintain a core capability to develop, produce, and refine diagnostic tests rapidly to meet 

outbreak response needs.  

ξ Develop instructions for public health and medical stakeholders regarding the use of Food 

and Drug Administration (FDA)-authorized or -cleared diagnostic tests, if available.  

ξ Enhance capability to rapidly characterize bioincidents to help inform ongoing or future 

response to biothreats and bioincidents.  

ξ Establish standardized Material Transfer Agreements for sample sharing. 

 

3.5.2 Enhance MCM Development, Sustainment, and Availability.  

ξ Use risk and intelligence assessments, epidemiologic analysis, and anticipated operational 

capacities to inform the life cycle of research, development, evaluation, manufacturing, 

acquisition, stockpiling, and sustainment of MCMs for humans and animals.  

ξ Support and strengthen mechanisms to comprehensively evaluate and make changes, as 

needed, across the portfolio of MCMs.  

ξ Prioritize the development and procurement of MCMs with the highest potential to reduce 

severe morbidity and mortality. 

ξ Prioritize the development of modular platform and innovative technologies to support timely 

development, production, and availability of MCMs for bioincidents. 

ξ Identify additional incentive mechanisms to engage MCM developers and stimulate private 

sector investment and innovation across the range of the MCM technology base.  

ξ Improve or develop affordable, flexible, and multi-functional PPE for responders, health 

professionals, and the general population. 

ξ Establish manufacturing surge capacity for MCMs, including diagnostic tests and PPE. 

 

3.6 Enhance preparedness to limit the spread of disease through CMMs. 
 

3.6.1 Enhance Development of and Capabilities for Implementing CMMs. 

ξ Develop and assess the effectiveness of CMMs to mitigate the impact of bioincidents. 

ξ Establish and promote best practices for implementing CMMs during bioincidents. 

 

3.7 Enhance preparedness to support decontamination. 
 

3.7.1 Conduct Research and Develop Verified Technologies. 

ξ Conduct research to understand the persistence and potential for secondary transmission of 

biological contaminants in a variety of environments and the ability of various disinfection 
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technologies to inactivate or remove biological contaminants. 

ξ Develop and verify technologies for all phases of environmental cleanup that address various 

types of infrastructure, equipment, and environments.  

ξ Develop readily available and scalable technologies and software tools to support water and 

wastewater infrastructure decontamination and the treatment of contaminated water.   

 

3.7.2 Develop and Exercise Decontamination Plans. 

ξ Develop and verify plans for all phases of environmental cleanup for facilities, equipment, 

and the environment through drills and exercises that incorporate relevant partners and 

stakeholders.    

ξ Establish pre-incident decontamination and waste management recommendations for: 

ο Impacted community members, patients, and response personnel;  

ο Contaminated drinking water;  

ο Waste collection, handling, and packaging methods suitable for waste transport 

(including interstate transport), temporary storage, off-site treatment, and disposal; 

ο Handling and disposition of human remains;  

ο Disposition of animal remains; and 

ο Environmental decontamination practices, as warranted. 

 

3.8 Strengthen preparedness to operate and collaborate across the United 

States, including U.S. territories. 
 

3.8.1 Establish Collaborative and Resource Sharing Policies and Operational Frameworks. 

ξ Establish mechanisms to facilitate rapid deployment of federal and SLTT response personnel 

and response resources across jurisdictional boundaries.   

ξ Establish and augment mechanisms by which the Federal Government can use assistance 

from non-federal and foreign sources with medical products, qualified public health, medical, 

or other personnel, or other resources during a bioincident.  

ξ Establish protocols for timely sharing of samples, specimens, and related clinical information 

among federal departments and agencies and across public health, animal health, and 

environmental jurisdictions in the United States and U.S. territories.   

 

3.9 Strengthen international preparedness to support international response and 

recovery capabilities. 
 

3.9.1 Strengthen Foreign GovernΠΗΘWς�DΘΓ�,ΘWΗΥΘDWΛΡΘDΟ�2ΥϑDΘΛ]DWΛΡΘς∂�&ΡΠΠΛWΠΗΘW�WΡ��3ΥΗΣDΥΗΓΘΗςς�

for, and Capacity to Respond to Bioincidents. 

ξ Promote global health security as a leadership priority and a national responsibility to 

accelerate bioincident detection, response, and recovery capacity-building.  

ξ Support health emergency response teams of qualified personnel to respond rapidly to 

international health emergencies.  

ξ Support workforce preparedness in emergency management principles, exercised on an 

Emergency Operation Center platform. 

ξ Promote multi-sectoral and trans-disciplinary collaboration across diverse stakeholders to 

facilitate rapid and comprehensive response to bioincidents. 

ξ Improve international access to and promote use of:  best practices, model procedures, 

reporting templates, and training materials to facilitate rapid identification and notification 

of, and response to, potential biothreats or bioincidents.  

ξ Promote and enhance mechanisms for sharing specimens, samples, and information. 
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ξ Ensure that international mechanisms are prepared fully for the unique challenges of 

responding to deliberate biothreats and bioincidents. 

ξ Support transparent, independent, and objective assessments of the international 

ΦΡΠΠΞΘΛW∴∂ς�ΦDΣDΦΛW∴�WΡ�ΥΗςΣΡΘΓ�WΡ�ΕΛΡΛΘΦΛΓΗΘWς�� 

ξ Coordinate with partner countries to develop and implement multi-sectoral plans to address 

identified gaps in health security and ensure adherence to standards outlined in the 

International Health Regulations (2005) and by the World Organisation for Animal Health.  

ξ Support country and regional development and sustainment of public and veterinary core 

capacities and standards.  

 

3.9.2 Enhance International Preparedness through MCMs.  

ξ Promote increased global capacities for research, development, evaluation, manufacturing, 

acquisition, stockpiling, deployment, and distribution of MCMs, including through 

collaborative arrangements. 

ξ Address legal, regulatory, administrative, and financing barriers for international sharing of 

MCMs, other medical products, and qualified personnel. 

ξ Ensure that international coordination and planning for bioincidents include consideration of 

the constraints to the ability of the United States to provide MCMs to other countries to 

address international bioincidents. 

ξ Expand the international deployment and utilization of FDA-authorized or -cleared 

diagnostic tests.  

ξ Develop appropriate plans and agreements to facilitate the rapid international deployment 

and distribution of MCMs under the appropriate regulatory mechanisms, or for the rapid 

development, including clinical trials, of investigational MCMs during a crisis.   

ξ Strengthen international protocols for the conduct of clinical trials in a crisis. 

 

3.9.3 Enhance International Preparedness Through CMMs. 

ξ Promote the implementation of CMMs that can prevent transmission of communicable 

disease (e.g., voluntary isolation, hand washing with soap, covering mouth when coughing 

or sneezing, voluntary home quarantine). 

ξ Support international partners in developing the authority to invoke and the capacity to 

implement threat-appropriate travel and border health measures, such as travel warnings and 

restrictions. 

ξ Enhance engagement with community leaders to promote understanding of CMMs.  

ξ Strengthen whole of society approaches through promoting multi-sectoral civil society, 

government, and private sector partnerships to improve incident reporting, and early action 

and response, and to mitigate the impact within communities by expanding coordination and 

response networks. 

 

3.9.4 Further Develop, Exercise, and Update United States Government Plans for Responding to and 

Recovering from International Bioincidents.  

ξ Develop bioincident response plans for response and recovery at the international level with 

key international stakeholders as well as key SLTT, non-governmental, and private sector 

partners.  

ξ Ensure that international coordination and planning for bioincidents consider the constraints 

to the ability of the United States to provide response capabilities to address international 

bioincidents. 

ξ Prepare and exercise plans for repatriation of personnel and materiel during a bioincident.
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GOAL 4:   

RAPIDLY RESPOND TO LIMIT THE IMPACTS OF BIOINCIDENTS. 
 

4.1 Compile and share biothreat and bioincident information to enable 

appropriate decision-making and response operations across all levels of 

government and with non-governmental, private sector, and international 

entities, as appropriate. 
 

4.1.1 Ensure Access to Timely, Accurate, and Useful Information. 

ξ Coordinate and exchange biothreat and bioincident information and analysis across multi-

sectoral stakeholders nationally and internationally. 

 

4.1.2 Coordinate Federal Decision-making to Augment and Support Response Operations. 

ξ Coordinate and communicate decision-making during biothreat and bioincident prevention, 

response, and recovery operations.  

ξ Rapidly identify and resolve at the federal level any resource and policy issues related to on-

going response and recovery activities, both nationally and internationally. 

ξ Utilize intelligence, biosurveillance, diplomacy, healthcare capacity and capability data, and 

modeling capabilities to maintain situational awareness and support decision-making across 

sectors and between local, national, and international organizations and partners throughout 

the response.  

ξ Notify, share information, and coordinate with international organizations and partners in 

accordance with the International Health Regulations (2005) and World Organization for 

Animal Health reporting requirements, and relevant frameworks throughout the bioincident 

response. 

 

4.1.3 Enhance Situational Awareness Through Real-time, Incident Information Sharing. 

ξ Rapidly share modeling, detection, healthcare capacity and capability data, and diagnostic 

information with appropriate stakeholders to monitor the bioincident continually and support 

multi-sectoral decision-making throughout the response. 

ξ Utilize all sources of data, as appropriate, including social media and intelligence feeds, 

electronic medical records/health information exchanges, and new data analytic technologies, 

such as artificial intelligence, to further support incident awareness. 

ξ Provide timely information to domestic and international stakeholders regarding utilization 

of border measures, prioritization of MCM dispensing, epidemiological control measures, 

and re-occupation of decontaminated areas. 

 

4.2 Conduct federal response operations and activities in coordination with 

relevant non-federal actors to contain, control, and to rapidly mitigate 

impacts of biothreats or bioincidents. 
 

4.2.1 Ensure Appropriate Oversight and Coordination. 

ξ Identify a lead federal department or agency to provide overall coordination for the United 

States Government response to a national or international bioincident and to ensure 

coordination of response at the national/international interface level. 
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ξ Provide federal bioincident coordination to improve incident management across sectors and 

with all key stakeholders. 

ξ Coordinate support to international bioincident response operations through the Department 

of State, including Chiefs of Mission, to prevent the spread of bioincidents. 

ξ Identify mechanisms for access to budgetary resources to support the rapid response to a 

large-scale bioincident. 

ξ When necessary, integrate coordinated federal activities into SLTT response efforts. 

ξ Coordinate domestic assistance from international entities and from the private sector. 

ξ Plan to use the Defense Production Act of 1950, as amended (2009) (50 U.S.C.  2061-2071) 

to obtain and facilitate distribution of resources that are urgently needed to respond to 

biological threats and incidents.  

 

4.2.2 Deploy MCMs and Implement CMMs. 

ξ Rapidly identify potentially exposed populations to begin triage, preventive healthcare 

activities, and treatment. 

ξ Ensure that access and functional needs of at-risk individuals are integrated into rapid 

deployment. 

ξ Implement CMMs and other multidisciplinary bioincident control measures, to include 

addressing service animal and wildlife concerns, animal vaccination, and agricultural 

depopulation. 

ξ Deploy MCMs and support SLTT and medical supply distribution systems in the dispensing 

of MCMs, PPE, and medical equipment, under the appropriate regulatory mechanisms. 

ξ Monitor the safety and effectiveness of deployed MCMs. 

ξ Supplement, as necessary, the capabilities of affected jurisdictions to rapidly deploy MCMs 

following a bioincident, via a rapid response capability. 

ξ Ensure provision of MCMs, as appropriate, to personnel performing or supporting mission-

essential functions following a bioincident. 

ξ Ensure resources to maintain or develop clinical guidance and utilization policies to prepare 

for MCM deployment in crisis situations. 

ξ Assess deficiencies in the health care system in the United States and U.S. territories to 

address these threats and coordinate in extremis.  

 

4.2.3 Conduct Real-time Research. 

ξ Conduct real-time research during response to characterize emerging biothreat agents and 

develop response tools in order to improve response and recovery capacity, capability, and 

future preparedness.  

ξ Rapidly identify and disseminate guidelines and clinical approaches during a bioincident for 

the purpose of decreasing transmission, morbidity, and mortality; and rapidly identify and 

disseminate analogous approaches for animals and plants.  

ξ Conduct real-time clinical research to evaluate promising investigational MCMs, and identify 

potential novel diagnostics, treatments, and vaccines. 

ξ Establish processes to accelerate protocol development, clinical sites identification, and 

institutional review board and regulatory review.  
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4.2.4 Implement or Support Response Operations. 

ξ Deliver and distribute response equipment and supplies, including healthcare resources and 

trained personnel, and provide for the availability of security capabilities to support response 

operations domestically and internationally. 

ξ Facilitate implementation of crisis standards of care as needed and return to conventional 

care, as appropriate. 

ξ Provide available federal medical, public health, and veterinary surge capacity and 

capabilities in a timely, coordinated manner to implement or support public and animal 

health, behavioral, and medical and veterinary services, including by augmenting SLTT 

capabilities. 

ξ Provide mass fatality management including mortuary affairs, as appropriate. 

ξ Augment transportation and reception systems and provide capabilities to support movement 

of highly infectious disease patients and response-generated materiels across borders and 

U.S. jurisdictions.  

ξ Provide oversight and assistance for carcass management services, as appropriate.  

ξ Conduct decontamination operations and the management of waste and contaminated 

materials in a manner that is protective of human, animal, and plant health, the environment, 

and the economy. 

ξ Ensure the health and safety of federal, SLTT, private sector, and NGO responders involved 

in response operations. 

 

4.2.5 Preserve the Continuity of Operations. 

ξ Maintain comprehensive and effective continuity of operations, including appropriate 

ΓΗΨΡΟΞWΛΡΘ��WΡ�ΗΘςΞΥΗ�WΚΗ�ΣΥΗςΗΥΨDWΛΡΘ�ΡΙ�WΚΗ�8ΘΛWΗΓ�6WDWΗς�∗ΡΨΗΥΘΠΗΘW∂ς�ςWΥΞΦWΞΥΗ�ΞΘΓΗΥ�WΚΗ�

U.S. Constitution and the continuing performance of National Essential Functions under all 

conditions. 

ξ Secure, protect, and restore, as needed, critical infrastructure assets that have the potential to 

impact or be impacted by the spread of the bioincident. 

ξ Secure and protect critical information and communications systems necessary for 

biodefense. 

 

4.3 Conduct operations and investigations, and use all available tools to hold 

perpetrators accountable. 
 

4.3.1 Conduct Incident Operations and Investigations. 

ξ Utilize secure advanced communications capabilities between specialized response assets, 

technical experts, and senior decision-makers. 

ξ Strengthen federal and SLTT law enforcement, medical, public health, animal, and plant 

health stakeholder capacity and capabilities to conduct joint criminal-epidemiologic 

investigations for suspect and confirmed intentional biothreats or bioincidents. 

ξ Rapidly assess interdicted biological materials contained within a weapon or dispersal device, 

disable it, and contain the materials to prevent further dissemination. 

ξ Transport biological weapons, materials, and means of delivery to an appropriate location for 

further characterization. 

ξ Draw from national and international tools, including applicable laws and agreements, where 

appropriate and consistent with prosecutorial discretion, to hold perpetrators of intentional 

bioincidents accountable. 



 

25  

4.3.2 Forensics and Attribution.  

ξ Utilize forensic tools and investigation capabilities to conduct forensic examinations to 

support attribution of a biothreat or a bioincident.  

ξ Use applicable protocols and memoranda of agreement to facilitate transport of potentially 

bio-contaminated evidence and classified materials to appropriate, predesignated facilities 

for analysis. 

 

4.3.3 Support International Investigations. 

ξ Provide appropriate technical and logistical support to investigations of alleged biological 

weapons, materials, and means of delivery under international auspices. 

 

4.4 Execute risk-informed, accurate, timely, and actionable public messaging.  
 

4.4.1 Deliver Public Messaging to Facilitate Public Understanding and Decision-making During a 

Bioincident. 

ξ Provide timely, regular, coordinated, and consistent risk communication, including 

information on response and recovery procedures and personal protective measures, across a 

range of media for the public. 

ξ Provide mechanisms for stakeholders and members of the public to ask questions and provide 

comments and feedback. 

ξ Use accessible communication strategies to maximize participation in appropriate response 

measures that address the needs for messaging in multiple formats and languages to 

accommodate the access and functional needs of the entire population. 

ξ Identify and combat misinformation, including information regarding movement restrictions 

and re-entry of health workers and other incident responders.  
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GOAL 5:   

FACILITATE RECOVERY TO RESTORE THE COMMUNITY, THE ECONOMY, 

AND THE ENVIRONMENT AFTER A BIOINCIDENT. 
 

5.1 Promote restoration of critical infrastructure capability and capacity to 

enable the resumption of vital U.S. activities. 
 

5.1.1 Restore Capability and Capacity. 

ξ Ensure that safety measures are in place to enable and help restore health, social, and economic 

activity. 

ξ Address the loss of critical infrastructure capability and capacity as quickly as possible to limit 

cascading effects by working with owners and operators, SLTT entities, and international 

partners, as appropriate. 

ξ Support restoration of critical infrastructure in addition to continued performance of National 

Essential Functions through recovery of the federal, military, local first responders, and other 

critical workforces.  

ξ Facilitate health monitoring and surveillance for emergency responders, health care providers, 

federal personnel, and the public, including through the provision of post-exposure evaluations 

and medical monitoring.  

 

5.2 Ensure coordination of recovery activities across federal and SLTT 

governments and, as appropriate, international, non-governmental, and 

private sector partners to enable effective and efficient recovery 

operations. 
 

5.2.1 Coordinate and Oversee. 

ξ Coordinate recovery planning and information-sharing among federal, SLTT, non-

government, and health care coalition partners. 

ξ Support SLTT officials in decision-making and implementation of services such as 

relocation, alternative housing, and re-occupancy strategies, and access to health and social 

services. 

ξ Support SLTT officials in decision-making regarding re-habitation and re-introduction of 

wildlife, livestock, service animals, and pets in the environment, homes, or commercial 

market. 

ξ Conduct impact assessments, develop recovery strategies, and implement operational 

capabilities. 

ξ Restore public confidence in community and environmental safety through frequent strategic 

communications via various media and other messaging partners. 

 

5.3 Provide recovery support and conduct long-term mitigation actions to 

promote resilience. 
 

5.3.1 Conduct Recovery and Mitigation Activities. 

ξ Support SLTT officials in decision-making about long-term recovery operations, including 

remediation of remaining contaminated areas, long-term environmental monitoring, and 

assessing and communicating the appropriateness for re-occupancy of impacted areas. 
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ξ Support provision of long-term medical and behavioral health services to affected 

populations, including for emergency responders. 

ξ Support effective and timely risk communication to promote public awareness of recovery 

operations.  

ξ Provide necessary support and augmentation of SLTT civilian capabilities to maintain and 

sustain public safety protection assurances. 

ξ Assist recovery of private entities that cannot operate because of a bioincident, as funding 

and authorities permit. 

ξ Support partner countries in decision-making about long-term recovery operations. 

ξ Support SLTT officials and private-sector responders involved in determining how to 

integrate mitigation considerations into long-term recovery operations. 

ξ Coordinate the activities of the Federal Government in support of SLTT officials to assess, 

restore, and initiate necessary interventions to re-establish critical capabilities in health and 

social services. 

 

5.4 Reduce the cascading effects of international biological incidents on the 

global economy, health, and security. 
 

5.4.1 Reduce International Economic, Health, and Security Impact. 

ξ Promote the provision of recovery support and related activities to mitigate the second order 

impacts of a bioincident.  

ξ Assess impacts″such as severe disruptions of health services, economic and social activity 

and the decline of essential governmental services″caused by an international bioincident. 

ξ 6ΞΣΣΡΥW�DΦWΛΨΛWΛΗς�WΡ�ςWΥΗΘϑWΚΗΘ�ΚΡςW�ϑΡΨΗΥΘΠΗΘWς∂�DΕΛΟΛW∴�WΡ�ΓΗΟΛΨΗΥ�ΦΥΛWΛΦDΟΟ∴�ΘΗΗΓΗΓ�ςΗΥΨΛΦΗς�

and to retain democracy and governance. 

ξ Support households, communities, and agriculture markets to recover from the food safety 

impacts of the bioincident. 
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ANNEX II 
DEFINITIONS 

 

The terminology used throughout the strategy is consistent with the following 

definitions: 
 

Biodefense:  Actions to counter biological 

threats, reduce risks, and prepare for, respond to, 

and recover from bioincidents. 

 

Biodefense enterprise:  Stakeholders with a role 

in the prevention, preparedness for, detection, 

response, and recovery from bioincidents (e.g., 

federal and SLTT governments, non-

governmental and private sector entities, and 

international partners). 

 

Biological hazard (biohazard):  A biological 

agent or biologically active substance″excluding 

toxic chemical substances that are considered 

solely as chemical weapons agents, regardless of 

origin (e.g., naturally occurring or 

bioengineered)″that represents an actual or 

potential danger to humans, animals, plants, or the 

environment.  

 

Biological incident (bioincident): 

ξ Any act of biological warfare or terrorism; 

ξ A crime involving a biohazard consistent 

with the scope of this strategy; or 

ξ Any natural or accidental occurrence in 

which a biohazard harms humans, animals, 

plants, or the environment consistent with 

the scope of this strategy. 

 

Biological threat (biothreat):  An entity 

involved with, or a situation involving, a 

biohazard that can potentially cause a bioincident. 

 

Biosurveillance:  The process of gathering, 

integrating, interpreting, and communicating 

essential information and indications related to 

all-hazard threats or disease activity affecting 

human, animal, plant, and environmental health to 

achieve early detection and provide early 

warning, contribute to overall situational 

awareness of the health aspects of the incident, 

and to enable better decision-making at all levels. 

 

Bioweapons-related:  Materials, equipment, 

information, or technology covered by relevant 

multilateral treaties and arrangements, or included 

on national or international control lists, which 

could be misused for the design, development, 

production, or use of biological weapons and their 

means of delivery. 

 

Clinical Guidance:  Recommendations that 

define prevention, triage, and medical 

management of individuals who are at-risk or 

affected by biothreats. 

 

Community Mitigation Measures (CMMs):  

Behaviors or actions that people and communities 

can take to help slow the spread of a biological 

hazard, to include threat-appropriate travel and 

border health measures.  

 

Delivery system:  Any apparatus, equipment, 

device, or means of delivery used or intended to 

be used to deliver or disseminate biological 

material.  

 

Dual±use:  Intended for legitimate purposes but 

having the potential for both benevolent and 

malevolent applications. 

 

Healthcare coalition:  A collaborative network 

of healthcare organizations and their respective 

public and private sector emergency response 

partners, including, but not limited to, hospitals, 

emergency medical services, and emergency 

management and public health agencies, that 

serves as a multiagency coordinating group to 

assist with preparedness, detection, response, 

recovery, and mitigation activities related to 

healthcare service delivery during bioincidents. 

 

Medical Countermeasures (MCMs):  

Pharmaceutical products, such as vaccines, 

antimicrobials, and antitoxins, and non-

pharmaceutical products, such as ventilators, 

diagnostic tests, PPE, and patient 

decontamination materials, that may be used to 

prevent, mitigate, or treat the adverse health 

effects from a bioincident. 
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ANNEX III 
SCOPE, STATUTORY REQUIREMENTS, AND AGENCIES 

 

SCOPE 
 

The National Biodefense Strategy addresses biothreats and bioincidents that have 

the potential to cause significant harm (as measured by injury or death, or damage 

to property, the environment, or the economy) to the United States or to U.S. 

interests; or that otherwise affect U.S. national security. 

 
The National Biodefense Strategy is intended to 

inform the policy development process and is not 

a budget document.  The commitment of federal 

resources to support activities associated with this 

document will be determined through the annual 

budget process, which will be informed by this 

strategy. 

 

STATUTORY REQUIREMENTS 
 

Section 1086 of the National Defense Authorization Act for Fiscal Year 2017 (Pub. 

L. No. 114-328; enacted December 23, 2016), codified at 6 U.S.C. 104, provides: 
 

SEC. 1086.  NATIONAL BIODEFENSE 

STRATEGY. 

 

(a) STRATEGY AND IMPLEMENTATION 

PLAN REQUIRED.″The Secretary of 

Defense, the Secretary of Health and Human 

Services, the Secretary of Homeland Security, 

and the Secretary of Agriculture shall jointly 

develop a national biodefense strategy and 

associated implementation plan, which shall 

include a review and assessment of biodefense 

policies, practices, programs and initiatives.  

Such Secretaries shall review and, as 

appropriate, revise the strategy biennially. 

 

(b) ELEMENTS.  The strategy and associated 

implementation plan required under subsection 

(a) shall include each of the following: 

 

(1) An inventory and assessment of all 

existing strategies, plans, policies, laws, and 

interagency agreements related to 

biodefense, including prevention, deterrence, 

preparedness, detection, response, 

attribution, recovery, and mitigation. 

 

(2) A description of the biological threats, 

including biological warfare, bioterrorism, 

naturally occurring infectious diseases, and 

accidental exposures. 

 

(3) A description of the current programs, 

efforts, or activities of the United States 

Government with respect to preventing the 

acquisition, proliferation, and use of a 

biological weapon, preventing an accidental 

or naturally occurring biological outbreak, 

and mitigating the effects of a biological 

epidemic. 

 

(4) A description of the roles and 

responsibilities of the Executive Agencies, 

including internal and external coordination 

procedures, in identifying and sharing 

information related to, warning of, and 

protection against, acts of terrorism using 

biological agents and weapons and accidental 

or naturally occurring biological outbreaks. 

 

(5) An articulation of related or required 

interagency capabilities and whole-of-

Government activities required to support the 

national biodefense strategy. 

 

(6) Recommendations for strengthening and 

improving the current biodefense 



 

30  

capabilities, authorities, and command 

structures of the United States Government. 

 

(7) Recommendations for improving and 

formalizing interagency coordination and 

support mechanisms with respect to 

providing a robust national biodefense. 

 

(8) Any other matters the Secretary of 

Defense, the Secretary of Health and Human 

Services, the Secretary of Homeland 

Security, and the Secretary of Agriculture 

determine necessary. 

 

(c) SUBMITTAL TO CONGRESS.″Not later 

than 275 days after the date of the enactment of 

this Act, the Secretary of Defense, the Secretary 

of Health and Human Services, the Secretary of 

Homeland Security, and the Secretary of 

Agriculture shall submit to the appropriate 

congressional committees the strategy and 

associated implementation plan required by 

subsection (a).  The strategy and 

implementation plan shall be submitted in 

unclassified form, but may include a classified 

annex. 

 

(d) BRIEFINGS.  Not later than March 1, 2017, 

and annually thereof ter until March 1, 2019, 

the Secretary of Defense, the Secretary of 

Health and Human Services, the Secretary of 

Homeland Security, and the Secretary of 

Agriculture shall provide to the Committee on 

Armed Services of the House of 

Representatives, the Committee on Energy and 

Commerce of the House of Representatives, the 

Committee on Homeland Security of the House 

of Representatives, and the Committee on 

Agriculture of the House of Representatives a 

joint briefing on the strategy developed under 

subsection (a) and the status of the 

implementation of such strategy. 

 

(e) GAO REVIEW.″Not later than 180 days 

after the date of the submittal of the strategy and 

implementation plan under subsection (c), the 

Comptroller General of the United States shall 

conduct a review of the strategy and 

implementation plan to analyze gaps and 

resources mapped against the requirements of 

the National Biodefense Strategy and existing 

United States biodefense policy documents. 

 

(f) APPROPRIATE CONGRESSIONAL 

COMMITTEES DEFINED.  In this section, the 

WΗΥΠ� ≥DΣΣΥΡΣΥΛDWΗ� ΦΡΘϑΥΗςςΛΡΘDΟ� ΦΡΠΠΛWWΗΗς×�

means the following: 

 

(1) The congressional defense committees. 

 

(2) The Committee on Energy and 

Commerce of the House of Representatives 

and the Committee on Health, Education, 

Labor, and Pensions of the Senate. 

 

(3) The Committee on Homeland Security of 

the House of Representatives and the 

Committee on Homeland Security and 

Governmental Affairs of the Senate. 

 

(4) The Committee on Agriculture of the 

House of Representatives and the Committee 

on Agriculture, Nutrition, and Forestry of the 

Senate. 
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Abstract

Remediation and recovery efforts after a release of Bacillus anthracis (anthrax) spores

may be difficult and costly. In addition, response and recovery technologies may be

focused on critical resources, leaving the small business or homeowner without

remediation options. This study evaluates the efficacy of relatively low levels of

hydrogen peroxide vapor (HPV) delivered from off‐the‐shelf equipment for the

inactivation of Bacillus spores within an indoor environment. Decontamination

evaluations were conducted in a house using both Bacillus atrophaeus var. globigii (Bg;

as surrogates for B. anthracis) inoculated on the carpet and galvanized metal as coupons

and Geobacillus stearothermophilus (Gs) as biological indicators on steel. The total

decontamination time ranged from 4 to 7 days. Using the longer exposure times, low

concentrations of HPV (average levels below 20 parts per million) effectively inactivated

Bg and Gs spores on the materials tested. The HPV was generated with commercial

humidifiers and household‐strength hydrogen peroxide solutions. The presence of home

furnishings did not have a significant impact on HPV efficacy. This simple, inexpensive,

and effective decontamination method could have significant utility for remediation

following a B. anthracis spore release, such as following a terrorist attack.

K E YWORD S

Bacillus anthracis, commercial off‐the‐shelf, decontamination, hydrogen peroxide vapor, sporicide

1 | INTRODUCTION

The impact of a Bacillus anthracis release into the environment, the

efficacy of low concentration hydrogen peroxide vapor (HPV) in the

laboratory, and the applicability of surrogates for B. anthracis were

described previously (Wood et al., 2016). Summarizing, numerous

structures were intentionally contaminated with B. anthracis (Ames

strain) spores through letters processed by the U.S. Postal Service

in the fall of 2001. Several decontamination approaches, including

HPV, were used on affected structures (Canter, 2005). Typically,

HPV has been tested as a sterilant using high concentrations, 250

parts per million by volume (ppmv), 90 minutes (min) for nonporous

hard surfaces (U.S. Environmental Protection Agency [US EPA],

2019), specialized equipment, and liquid HP at concentrations over

30%. High HPV concentrations pose an immediate threat to life and

health and after aeration may result in off‐gassing of HPV for

extended periods from some materials (Baron, Estill, Beard, Hein, &

Larsen, 2007; Meyer et al., 2014). In addition, the high HPV

concentrations obtained in the laboratory have been difficult to

attain in the field (US EPA, 2013). These results led to the

laboratory investigation of the sporicidal effects of long‐duration,

low‐concentration HPV. Results showed that laboratory experi-

ments conducted with 4 to 7‐day exposures to low levels of HPV

(average levels as low as 5 ppm) effectively inactivated B. anthracis

spores on several different materials (Wood et al., 2016). This

present study extends those laboratory findings to a field‐level

evaluation using commercial off‐the‐shelf (COTS) humidifiers and

3% liquid HP.



2 | MATERIALS AND METHODS

2.1 | Test organisms and inoculation procedures

Dried spores of B. atrophaeus var. globigii (Bg) were prepared as

described previously (Brown et al., 2007). Using an aerosol deposition

method (Lee, Ryan, & Snyder, 2011), spores blended with silicon dioxide

particles were inoculated onto 18‐millimeter (mm) diameter material

surfaces (coupon) resulting in approximately 1 × 107 spores per coupon.

The commercial biological indicators (BIs) used for this study were

purchased from Mesa Laboratories Inc. (Lakewood, CO; P/N HMV‐091).

Each BI was made of a 9‐mm diameter by 0.2‐mm‐thick stainless steel

(Grade 304) disc inoculated with a nominal 1 × 106 Geobacillus

stearothermophilus (Gs) spores and placed in a Tyvek envelope.

2.2 | Test material coupons

Discs with an 18‐mm diameter were cut to make coupons from carpet

(Multiplicity 54594; Shaw Industries Group, Dalton, GA) and galvanized

metal (26‐gauge stock metal; East Coast Metal, Durham, NC), materials

which were purposely selected because they were the materials that

were the most difficult (excluding concrete) to completely decontami-

nate using HPV (Wood et al., 2016). All materials were mounted on 18‐

mm diameter aluminum stubs (P/N 16119; Ted Pella, Inc., Redding, CA)

using double‐sided adhesive tape (P/N 16073‐2; Ted Pella, Inc.). All

coupons with their stubs were sterilized before inoculation by exposure

to ethylene oxide (Anderson EOGas AN333 Sterilization System, Haw

River, NC). Coupon sterilization was performed to eliminate background

contamination that could confound analysis and results.

2.3 | Field‐scale test environment

The structure used in the test was a three‐bedroom, ranch‐style house

with a crawl space; a natural gas, a central forced‐air heating system;

and an electric air‐conditioning system (HVAC). The structure’s total

floor area was 110m2, and the total living‐space volume was

approximately 270m3. The structure was considered relatively airtight

with an average air exchange rate between 0.3 and 0.4 air changes per

hour for the ambient conditions experienced during testing.

Whole‐house COTS humidifiers, Figure 1 (Model HCN‐6009;

Honeywell, Morris Plains, NJ) were charged with 3% HP solution.

This type of humidifier uses a small fan to push air through a sponge

that absorbs liquid from the reservoir. Humidifiers had a 12.9 L

capacity. The location and number of humidifiers were varied across

tests. The HVAC system maintained indoor temperatures at 21°C, and

the circulation fan was set to run continuously. A real‐time relative

humidity (RH) and temperature meter (Model HMD53; Vaisala,

Helsinki, Finland) was used to monitor indoor RH and temperature.

The HP (Part No. 512021‐1; Hi‐Valley Chemical, Inc., Centerville, UT)

was diluted to a concentration of 3% using deionized water.

Three ranges of electrochemical HP sensors were used during

fumigation: one HP sensor capable of detecting 0–10 ppm HP (Model

B12–34‐1–0010‐1, Analytical Technology Inc. [ATI], Collegeville, PA)

for low concentrations and safety monitoring, one HP sensor capable

of detecting 0–25 ppm HP (Model B12–34‐5–0025‐1; ATI), and five

HP sensors capable of detecting 0–100 ppm HP (Model B120100‐1;

ATI). Sensors were connected to a data acquisition system and

variable outputs were both stored and monitored in real‐time. The

HP sensor capable of detecting 0–25 ppm HP was placed in the

center of the house during fumigation, along with one real‐time RH

and temperature probe (Model HMD53; Vaisala, Helsinki, Finland).

The five 0‐ to 100‐ppm sensors were distributed throughout the

house and the 0‐ to 10‐ppm sensor was placed in the garage where

monitoring equipment and field personnel resided during testing.

Sets of coupons, BIs, and a temperature and RH monitor were

placed in eight locations within the house (Figure 2). Each set of

coupons consisted of three inoculated carpet coupons, three

inoculated galvanized metal coupons, one uninoculated carpet

coupon, one uninoculated galvanized metal coupon, and one BI.

The inoculated coupons served as the test coupons for determination

of log reduction (LR; as effectiveness) due to exposure to the test

conditions. The uninoculated coupons served as controls for

indicating any cross‐contamination during coupon handling. Two

additional BIs were placed near (in the same room) each coupon set

but in more secluded locations, such as in a closet or taped to an

exterior wall. In addition, RH and temperature sensors (HOBO® RH/

T Onset Data Logger [Model U12]; Onset Computers, Bourne, MA)

F IGURE 1 Whole‐house humidifier in the kitchen location.

Coupons can be seen in the oven [Color figure can be viewed at

wileyonlinelibrary.com]
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were placed with each set of coupons. Oscillating fans were also used

to help circulate the air. During some of the tests, extra BIs were

placed in strategic locations to gauge penetration and decontamina-

tion efficacy in those locations (Figure 3). Positive control coupons

(inoculated, but unexposed to HPV) and blanks (uninoculated and

unexposed to HPV) were covered with a lid and placed in the garage.

The humidifiers were filled with the prescribed amount of HP

liquid and turned on (in one case humidifiers were refilled), the

house was secured (locked), signage was posted, and parameters

F IGURE 2 House floor plan with location of equipment, test coupons, and biological indicators for Test 1. BI, biological indicator; HP,

hydrogen peroxide; HVAC, heating, ventilation, and air conditioning. [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Biological indicators placed in buttoned pants pocket

for testing, Test 4 [Color figure can be viewed at

wileyonlinelibrary.com]

F IGURE 4 Test 1 hydrogen peroxide vapor concentration as a

function of time at different locations in the house [Color figure can

be viewed at wileyonlinelibrary.com]
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were monitored throughout the fumigation process. The HPV

concentration at the five different locations as a function of time

is shown in Figure 4 for Test 1 as an example. The oscillating

peaks observed between 14 and 24 hour (hr) in Figure 4 are the

HPV sensor reaction to the heat system cycling on and off in

response to the lower ambient temperature. These short‐

duration peak values were not included in the maximum HPV

concentration determination.

Following the decontamination process, a sampling team verified

that the HPV concentration was below 1 ppm using Dräger HP tubes

(Dräger™ Short‐Term Detector Tubes—Hydrogen Peroxide; Cat. No

8101041; Dräger, Inc., Houston, TX), and then entered the house to

collect coupon sets and BIs. The one set of positive control and blank

coupons that remained outside of the living space (in the garage)

were collected at the same time.

Coupons were placed aseptically into sterile 50‐milliliters (ml)

conical tubes and transported to the laboratory. To each 50‐ml

conical tube, 20‐ml sterile phosphate‐buffered saline with 0.05%

Tween® 20 (PBST) was added. The tubes were sonicated for 10min

and subsequently vortexed continuously for 2 min. Aliquots were

plated in triplicate using a spiral plater (Autoplate 5000; Advanced

Instruments Inc., Norwood, MA). Plates were incubated at 35 ± 2°C

for 16–19 hr. The colonies on each plate were enumerated using a

QCount® colony counter (Advanced Instruments Inc.). Low count

samples were related using a vacuum filtering system (Pall Corpora-

tion, Port Washington, NY) to improve the detection limit.

BI discs containing Gs were aseptically transferred to 15‐ml

polypropylene culture tubes (P/N 169897; USA Scientific Inc., Ocala,

FL) containing 10ml of tryptic soy broth (TSB). The tubes were

statically incubated at 55 ± 2°C. After 7 days, the medium in each tube

was visually inspected for turbidity, indicating growth. A 0.1‐ml aliquot

was plated to confirm that the colony morphology was consistent with

that of the target organism. All sample tubes with no turbidity also were

plated (0.1ml) to confirm that there was no target organism growth.

2.4 | Test conditions

The test matrix for the field‐scale experiments is shown in Table 1.

To establish a baseline with humidity only, Test 0 was conducted

with the seven humidifiers filled with water only. Humidifiers were

placed in the living room (two), kitchen (one), den (one), and in each

of the three bedrooms (one each). For Test 1 the same locations

were used but each humidifier was filled with 7.6 liters (L) of 3% HP.

Furniture was added for Test 2 and to increase HP vapor

concentrations in the hall bathroom, one of the living room

humidifiers was moved to the hallway near the hall bathroom. In

addition, several coupons and BIs were added and placed in

strategic locations. For Test 3 only two humidifiers were used.

TABLE 1 Test matrix

Test # Number of humidifiers

Amount of HP (L)

DescriptionLoaded Used

0 7 0 0 Water only, 53 L used

1 7 53 51.3 7.6 L 3% liquid HP each humidifier

2 7 53 51.8 Same as Test 1 plus furniture and clothing

3 2 26 25.1 Same as Test 2 two humidifiers, half the HP

4 2 46 43.8 Same as Test 3 two humidifiers with refill

Abbreviation: HP, hydrogen peroxide.

F IGURE 5 Test 0 spore recoveries on the carpet and galvanized metal coupons by location
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Both were placed in the hallway under the house ventilation system

return air duct and both were filled to capacity, 12.9 L of 3% HP.

One of those humidifiers was set to turn on 24‐hr after the other

had been started. Test 4 was a repeat of Test 3 with the addition of

refilling the two humidifiers with 3% HP, one with 12.1 L and one

with 7.6 L. The humidifier start times were staggered by 24 hr

during this run. The volume of liquid 3% HP shown in the matrix is

the amount charged into the humidifiers. Humidifiers ran until they

automatically shut off when the reservoir was nearly empty. There

were 27–37 ml of HP liquid remaining in each humidifier at the end

of Tests 1–3 and almost 300ml in each of the two humidifiers after

Test 4. In addition, there were varying amounts 31–542ml) of HP

liquid remaining in the humidifier sponge. Loaded and used HP

liquid amounts are shown in Table 1.

3 | RESULTS

For Test 0, water only was used in humidifiers. The RH went from

54% to 85% within an hour of turning on the humidifiers. After 2

days the RH started to decline slowly for the rest of the week‐long

experiment, ending at a low of 55%. The temperature was stable at

21°C (±2) throughout the house, over time, and between all tests;

thus, temperature data are not reported beyond this result. Growth

was observed for all BIs in all Test 0 locations. Recoveries for the test

coupons are shown in Figure 5. The use of water only in the

humidifiers had no significant effect on spore survivability for

galvanized metal coupons (t test, metal: p = .37) as compared to the

positive control coupons. And although the effect of humidity on the

carpet coupons was statistically significant (t test, carpet: p = .0027),

the average 25% reduction was less than one‐LR and was of no

practical significance.

Table 2 shows the fumigation conditions throughout the

house for Test 1, including maximum HPV concentration,

integrated HPV concentration, and average and maximum RH.

The integrated HPV concentration multiplied by time (CT) has

units of ppm‐hours and is a cumulative measure of fumigation

dose. The CT calculations are for the full week (168 hr) of

exposure time. With two humidifiers in the living room, the

maximum HPV concentration (55 ppm) approaches the immedi-

ately dangerous to life and health (IDLH) level for HPV (75 ppm;

National Institute for Occupational Safety & Health, 2007). The

HPV concentrations and CT in the hall bathroom were very low.

Note that these HPV concentrations are values recorded at one

location in each of the monitored rooms and do not represent

every location within that room, especially where there are

closets or other obstructions to vapor penetration.

TABLE 2 Test 1—Fumigation and relative humidity conditions by

location

Location

HPV max

(ppm)

CT (ppm‐

hour)

RH average

(%)

RH max

(%)

Master bedroom 38 1,300 72 86

Master

bathroom

Not measured 74 85

Hall bathroom 7.5 270 72 86

Center of den 33 1,300 72 86

Corner bedroom Not measured 69 85

Middle bedroom Not measured 72 88

Kitchen Not measured 69 86

Living room 55 2,000 71 88

Air return 28 1,100 65 82

Abbreviations: CT, concentration multiplied by time; HPV, hydrogen

peroxide vapor; RH, relative humidity.

F IGURE 6 Test 1 LR in spore recoveries on the carpet and galvanized metal coupons by location. All samples were nondetect except where

numbers in parentheses indicate the mean number of detectable spores in CFUs post decontamination. The average inoculated spore recovered

(CFUs) from positive controls were 3.0 × 107 for carpet (SD = 0) and 1.5 × 107 for GM (SD = 1.3 × 107). CFU, colony forming unit; LR, log

reduction; GM, galvanized metal; SD, standard deviation
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Test 1 efficacy results are shown in Figure 6. The LR is calculated

by taking the average of the logs of the three positive control

coupons and subtracting the average of the logs of the three test

coupons for each material. Of the 54 coupons deployed, eight had

detectible spores. Both materials averaged over a six‐LR even though

some spores remained on some coupons after fumigation. Of the 27

BIs exposed to HPV for 7 days in the living area, four were positive

after fumigation: two on the master bathroom floor, one on the

bathroom sink, and one in the kitchen.

With furniture in the house, Table 3 shows the maximum HPV

concentration, the CT and the RH for Test 2. The HPV concentration

in the hall bathroom was more than double that of Test 1. This is

most likely a result of moving one humidifier from the living room to

the hall near the bathroom. One humidifier remained in the living

room, yet the maximum HPV concentration (65 ppm) in the living

room increased from Test 1 and was nearer to the IDLH for HPV of

75 ppm.

Test 2 efficacy results are shown in Figure 7. Additional coupons

and BIs were added to four rooms and designated by placing (b)

after the location name. These additional coupons and BIs were

removed from the house and processed after 3 days of exposure to

the fumigant. The other coupons and BIs remained in the house for

the full week. Of the 78 coupons deployed, nine had detectable

spores. Of the 27 BIs exposed to HPV for 7 days in the living area,

two were positive after fumigation: one on the corner bedroom

floor and one on the living room floor. And of the 31 BIs placed in

hard‐to‐reach places, just over half were positive for growth as

shown in Table 4.

With furniture remaining in the house and a reduced amount of

liquid HP delivered from only two humidifiers, Table 5 shows the

maximum HPV concentration as well as the integrated concentration

over the duration of Test 3. The highest maximum concentration was

at the return duct, immediately over the humidifiers.

Test 3 efficacy results are shown in Figure 8. The LRs were

much lower than previous runs most likely due to the reduced

amount of liquid HP used for this test. Of the 72 coupons

deployed, 68 had detectable spores. Of the 27 BIs exposed for 7

days in the living area, only four were positive after fumigation:

one in the bathroom sink, one in the middle bedroom floor, one in

the kitchen floor, and one in the living room floor. The number of

no growth BIs was unexpected given the lower LR results for the

coupons located in the living area. But the number of growth BIs

located in hard‐to‐reach places increased in comparison to Test 2,

as shown in Table 6.

With furniture in the house, using only two humidifiers and

refilling those two humidifiers after 3 days, Table 7 shows the

maximum HPV concentration, CT, and RH for Test 4. Note that the

maximum concentrations were not much different from Test 3,

TABLE 3 Test 2 fumigation conditions with furniture in the house

Location

HPV max

(ppm)

CT (ppm‐

hour)

RH average

(%)

RH max

(%)

Master bedroom 38 1,500 60 86

Master

bathroom

Not measured 61 83

Hallway

bathroom

14 660 55 81

Center of den 25 1,100 62 85

Corner bedroom Not measured 59 85

Middle bedroom Not measured 59 83

Kitchen Not measured 61 89

Living room 65 2,800 58 84

Air return 30 1,200 50 78

Abbreviations: CT, concentration multiplied by time; HPV, hydrogen

peroxide vapor; RH, relative humidity.

F IGURE 7 Test 2 LR in spore recoveries on the carpet and galvanized metal coupons by location, (b) location coupons were collected after 3

days of HPV exposure and all other locations after 7 days. All samples were nondetect except where numbers in parentheses indicate mean

number of detectable spores in CFUs. CFUs were 2.8 × 107 for carpet (SD = 4.4 × 106) and 9.2 × 106 for GM (SD = 2.5 × 106). CFU, colony

forming unit; LR, log reduction; GM, galvanized metal; SD, standard deviation
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however, the integrated CT was significantly higher due to the

refilling of the humidifiers after 3 days.

Test 4 efficacy results are shown in Figure 9. Of the 78 coupons

deployed, 28 had detectable spores. Of the 27 BIs exposed for 7 days

in the living area, one placed on the living room

Floor was positive after fumigation. Of those placed in challen-

ging locations, about half of the 63 BIs resulted in growth, as shown

in Table 8.

Table 9 shows a summary of results, which includes the amount

of 3% HP liquid used, CT (dose) calculated, number of coupons

(carpet and galvanized metal) with >6‐LR, number of coupons with no

detection of spores, and number of negative BIs used in the house

(not inside furniture, under rugs, etc.). The CT data are correlated

with the number of coupons sets >6‐LR (0.95) and a number of

coupons without detectable spores (0.96), but to a lesser degree with

a number of negative BIs (0.38). The coupons correlate better with

CT and may give a better indication of decontamination efficacy than

the BIs.

4 | DISCUSSION AND CONCLUSIONS

This study shows that the efficacy of low‐concentration HP, as seen

in the laboratory (Wood et al., 2016), is transferable to the field

scale. Results from the 165 carpet coupons, 165 galvanized metal

coupons, and 250 BIs used in these test runs to support the

conclusion that, at the conditions tested, 20 L of 3% HP liquid

evenly dispersed within every 100 m3 of indoor volume would be

efficacious for inactivating Bacillus spores on most non‐occluded

surfaces. The noted exception may be for concrete surfaces.

Previously, HPV was not efficacious against Bacillus spores on

concrete (Rastogi, Wallace, Smith, Ryan, & Martin, 2009), but that

condition was not specifically assessed in the current field‐scale

study.

A direct impact of adding furniture cannot be made using Test 1

and Test 2 data because one living room humidifier was moved to the

hall before running Test 2. However, there was not a significant

change in HP concentration or efficacy between those two tests. In

fact, for the locations where measurements were taken, the CT was

TABLE 4 Test 2 postdecontamination recoveries on BI discs

placed in challenging locations

Location Growth No growth

Between couch cushions 7 3

Under rug 10

Under one piece of paper 3

Under five pieces of paper 3

In bathroom drawer 5

TABLE 5 Test 3 fumigation conditions

Location

HPV max

(ppm)

CT (ppm‐

hour)

RH average

(%)

RH max

(%)

Master bedroom 17 788 41 58

Master

bathroom

Not measured 40 55

Hallway

bathroom

12 525 31 46

Center of den 10 432 47 55

Corner bedroom Not measured 38 50

Middle bedroom Not measured 47 61

Kitchen Not measured 43 56

Living room 15 873 45 55

Air return 34 1,320 44 55

Abbreviations: CT, concentration multiplied by time; HPV, hydrogen

peroxide vapor; RH, relative humidity.

F IGURE 8 Test 3 LR in spore recoveries on the carpet and galvanized metal coupons by location, (b) location coupons were collected after 3

days of HPV exposure and all other locations after 7 days. CFUs were 3.8 × 107 for carpet (SD = 8.9 × 106) and 1.8 × 107 for GM (SD = 7.8 × 106).

CFU, colony forming unit; LR, log reduction; GM, galvanized metal; SD, standard deviation
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higher for Test 2 than Test 1. A reduction in efficacy did accompany

the reduction of the total amount of HP delivered, comparing Test 2

and 3. Conducting the HPV fumigation with only two COTS

humidifiers was effective when the two humidifiers were refilled at

day three, Test 4. Staggering the two humidifiers to run sequentially

rather than concurrently kept the maximum air concentration of

hydrogen peroxide below 33 ppm but still achieved 1,370 ppm‐hours

CT. The carpet and galvanized metal coupons responded to

fumigation with a better correlation with CT than the BIs. Material

coupons may be a better predictor of decontamination efficacy than

the BIs.

TABLE 6 Test 3 postdecontamination recoveries on BI discs

placed in challenging locations

Location Growth No growth

Inside closed book 3

Pants pocket 2 1

Coat pocket 3

Behind light switch plate 6

Window sill 1 2

Door jams 6

TABLE 7 Test 4 fumigation conditions

Location

HPV max

(ppm)

CT (ppm‐

hour)

RH average

(%)

RH max

(%)

Master bedroom 14 1,217 49 57

Master

bathroom

Not measured 51 60

Hallway

bathroom

8 767 52 61

Center of den 21 1,239 52 63

Corner bedroom Not measured 49 57

Middle bedroom Not measured 45 60

Kitchen Not measured 52 63

Living room 33 2,274 50 61

Air return 27 2,053 51 64

Abbreviations: CT, concentration multiplied by time; HPV, hydrogen

peroxide vapor; RH, relative humidity.

F IGURE 9 Test 4 LR in spore recoveries on the carpet and galvanized metal coupons by location, (b) location coupons were collected after 3

days of HPV exposure and all other locations after 7 days. Numbers in parentheses indicate the mean number of detectable spores in CFUs.

CFUs were 3.4 × 107 for carpet (SD = 5.5 × 106) and 1.2 × 107 for GM (SD = 4.0 × 106). CFU, colony forming unit; LR, log reduction;

GM, galvanized metal; SD, standard deviation

TABLE 8 Test 4 postdecontamination recoveries on biological

indicator discs in challenging locations

Location Growth No growth

Between couch cushions 3

Under carpet or floor mat 6

Under one piece of paper 3

Under five pieces of paper 3

Under ten pieces of paper 3

Door jams 6

Pants pocket 3

Coat pocket 3

Inside book 3

Inside light switch plates 6

Inside pillowcase 3

Between bed sheets 3

Under bed comforter 3

Inside light fixture 3

Inside closed hall closet 3

Inside closed drawer 3

In open drawer 3

Window sill 3

Totals 33 30
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An intriguing and critical aspect of this study was seen by the

placement of BIs into difficult‐to‐reach locations, into and beneath

objects. These results illustrate the penetrating potential of HPV.

This method of fumigating with HPV was efficacious when BIs were

placed under one or five pieces of paper, in pants pocket that was

hanging in an open closet, under bedsheets, and under a comforter, in

a light fixture, in a closed closet, in an open drawer, and on a window

sill. However, this method of fumigating with HPV was not

efficacious for BIs placed between couch cushions, under carpets

or floor mats, under 10 pieces of paper, inside a winter coat pocket

hanging in an open closet, inside a book, inside a light‐switch box with

the plate attached, in a closed drawer, and near leaky door weather

stripping. Considering all these BI results gives a good indication of

the HPV penetration potential. With respect to penetration into and

through materials, it would be interesting to compare this low‐

concentration approach to the typical HPV fumigation parameters as

well as comparing the difference in off‐gassing of HP from materials

after fumigation. Neither was performed in this current test.

The use of the method shown in this study has the potential to

significantly reduce spore concentration along with the potential

exposures and the health risks associated with those exposures.

The current cleanup criteria with respect to a B. anthracis release

is, “no detection of viable spores” as measured by current sampling

methods (Center for Disease Control and US EPA, 2012). The

scarcity of response and recovery resources including sampling

will play a major role in a response strategy. The appropriate

strategy for applying this method, along with many other

remediation and sampling methods, to a wide‐area release was

not in the scope of this study; however, this method may increase

our capacity to respond and positively impact future response

strategies.

The threshold limit value (American Conference of Govern-

mental Industrial Hygienists) and the permissible exposure limit

(Occupational Safety and Health Administration) for HPV are both

designated as 1 ppm, indicating that healthy workers may be

exposed up to that level during typical work hours without

expecting adverse health outcomes. When the humidifiers were

dispensing HPV the resulting concentrations were lower than

typical fumigations; however, the concentrations throughout the

house were above this 1 ppm level. Thus, entering the house

during that time would require appropriate respiratory protection.

When entering the house after this fumigation cycle was complete

the concentration of HPV was always below 1 ppm without the

need for additional aeration at the end of the fumigation cycle. A

closer look at the kinetics of desorption of HP from household

materials and the concentration of HPV near those materials after

fumigation may be warranted before the widespread application of

this method.

The utility of using this method of decontaminating structures

after a wide‐area incident may be profound in that it would greatly

increase the current response capacity. Allowing individuals to

decontaminate their own properties without specialized equipment

or workforce could have a significant impact on recovery times and

costs. Effectively relaying this information, how to carry out the low‐

concentration fumigation with an understanding of potential health

risks, to the general public for their personal use would have to be

carried out in a thoughtful manner.
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Executive Summary 

The U.S. Environmental Protection Agency’s (EPA’s) Homeland Security Research Program 

(HSRP) is helping protect human health and the environment from adverse impacts resulting 

from the release of chemical, biological, or radiological agents. With an emphasis on 

decontamination and consequence management, water infrastructure protection, and threat and 

consequence assessment, the HSRP is working to develop technology and information that will 

help detect the intentional introduction of chemical, biological, or radiological contaminants in 

buildings or water systems; contain these contaminants; decontaminate buildings, water systems, 

other infrastructure and the outdoor environment; and facilitate the treatment and disposal of 

material resulting from restoration activities. 

In the decontamination of buildings contaminated with Bacillus anthracis (Ba) spores using 

fumigation techniques, it may be challenging to reach the desired gas concentration without 

specialized equipment, modifications, or expertise. Thus, fumigating at relatively low levels may 

allow for contractors to provide decontamination services with less specialized equipment. This 

advantage may be critical to increasing the nation’s decontamination capacity in the event of a 

wide area release of Ba spores.  

In this study, the decontamination efficacy of low concentrations of hydrogen peroxide vapor 

(HPV) was evaluated on common building materials (glass, bare pine wood, carpet, painted 

wallboard paper, unpainted concrete, and ceiling tile) contaminated with Ba spores. All testing 

was conducted using both Ba Ames and Vollum strains concurrently to allow for direct 

comparison of the two strains. Decontamination efficacy was quantified based on the log10 

reduction (LR) in viable spores, calculated from difference in spores recovered from positive 

controls and test materials.  

Summary of Major Findings  

Low concentrations (or levels) of HPV (e.g., 10-50 parts per million (ppm)) were effective in 

decontaminating all materials tested in the study except for unpainted concrete. Moreover, the 

glass, ceiling tile and painted wallboard paper materials were more amenable to decontamination 

by low concentrations of HPV compared to unpainted concrete, carpet, and wood. Even with 

using extended contact times (and hence higher dosages of HPV), the number of occurrences in 

which unpainted concrete, carpet, and wood were successfully decontaminated (complete 

inactivation ΡΙ�ςΣΡΥΗ�ΣΡΣΞΟDWΛΡΘ�ΡΥ����ΟΡϑ�ΥΗΓΞΦWΛΡΘ��in the study was much less than the glass, 

ceiling tile, and painted wallboard materials. Although there were still several instances in which 

the carpet and wood materials were successfully decontaminated. 

The results of the study may be summarized in terms of the minimum contact times needed to 

achieve effective decontamination of each material, for each experimental condition; refer to 

Tables ES-1 and ES-2. Contact times needed for effective decontamination generally decreased 

with increased HPV concentration. For example, at the higher concentration of 222 ppm (Test 1), 

only 15 minutes were required to decontaminate glass effectively; in contrast, at the 10-ppm 

level, 4-12 hours were required for effective decontamination of glass, depending on the strain 

and relative humidity (RH) level. With the Vollum strain of Ba on glass, ceiling tile, and painted 

wallboard paper, successful decontamination occurred in 2-16 hours for the 10-50 ppm HPV 

concentrations evaluated. In some experiments, however, effective decontamination may not 

have occurred for a material.   



 

  iv 

In terms of the HPV dosage requirements to achieve effective decontamination, again the results 

varied by material. For example, no more than 100-200 ppm*hours were required for effective 

decontamination in most of the tests for glass, painted wallboard, and ceiling tile. In some tests, 

the wood and carpet materials were successfully decontaminated with doses as low as 120-200 

ppm*hours. However, there were a few tests in which successful decontamination was not 

achieved for wood and carpet when using the highest dose of 1200 ppm*hours.  

While elevated RH has been shown to improve Ba spore inactivation with nearly all sporicidal 

fumigants, some debate still exists whether elevated RH is needed for HPV decontamination. 

From the statistical analysis of the study results, when assessed as a main effect, the RH level 

appeared to be a non-significant factor. However, when comparing the effect of RH by strain, 

significant differences were observed and varied by material type. As an example, for a given 

HPV concentration and strain, we found that the number of occurrences of successful 

decontamination always increased with increasing RH. In addition, the effect of increasing RH 

appears to have had more of an impact on the Ames strain.  

Lastly, the data generated from this evaluation suggest that the resistance to inactivation by HPV 

is not significantly different for the two Ba strains that were used in the investigation.  
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Table ES-1. Minimum Time (Hours) Demonstrating Effective Decontamination for Ames 

Strain  

 Test 

1 

Test 

2 

Test 

3 

Test 

4 

Test 

5 

Test 

9 

Test 

6 

Test 

7 

Test 

8 
Average HPV 

ppm 222 9-10 25-26 44-50 

average % RH 38 58 76 33 62 92 26 60 77 

 Time (hours) 

Glass 0.25 12 8 8 4 6 6 1 2 

PW* Paper 0.5 >20 8 >12 >12 2 >12 1 2 

Ceiling Tile 2 12 8 >12 4 6 2 4 4 

Pine Wood 3 12 >20 >24 >24 >48 >24 16 24 

Carpet 0.25 >20 >20 >24 16 20 >24 20 8 

Concrete >3 >20 >20 >24 >24 >48 >24 >24 >24 
*Painted wallboard.  

A “>” denotes that effective decontamination was not achieved at any time point, with the longest contact time listed  

 

 

Table ES-2. Minimum Time (Hours) Demonstrating Effective Decontamination for Vollum 

Strain  

 Test 

1 

Test 

2 

Test 

3 

Test 

4 

Test 

5 

Test 

9 

Test 

6 

Test 

7 

Test 

8 
Average HPV 

ppm 222 9-10 25-26 44-50 

average % RH 38 58 76 33 62 92 26 60 77 

 Time (hours) 

Glass 0.25 8 4 8 4 2 4 4 2 

PW Paper 1 16 8 6 4 6 6 4 4 

Ceiling Tile 1 8 8 8 6 6 2 4 4 

Pine Wood 2 >20 >20 >24 >24 >48 24 16 24 

Carpet >3 >20 20 >24 24 20 24 20 12 

Concrete >3 >20 >20 >24 >24 >48 >24 >24 >24 
A “>” denotes that effective decontamination was not achieved at any time point, with the longest contact time listed 
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1.0 Introduction 

The U.S. Environmental Protection Agency’s (EPA’s) Homeland Security Research Program 

(HSRP) is helping protect human health and the environment from adverse impacts resulting 

from the release of chemical, biological, or radiological agents. With an emphasis on 

decontamination and consequence management, water infrastructure protection, and threat and 

consequence assessment, the HSRP is working to develop technology and information that will 

help detect and contain these contaminants; decontaminate buildings, water systems, or other 

infrastructure and outdoor environments; and facilitate the disposal of material resulting from 

said restoration activities. 

In the decontamination of buildings contaminated with Bacillus anthracis (Ba) spores using 

fumigation techniques, it may be challenging to reach the desired gas concentration, temperature, 

or relative humidity (RH) targets without special equipment, modifications, and/or expertise. 

Thus, fumigating at or near ambient temperatures and RH levels, and the use of lower fumigant 

concentrations (or levels), may allow for less experienced personnel to provide decontamination 

services and with less specialized equipment. This advantage may be critical in increasing 

decontamination capacity in the event of a large release of Ba spores.  

In this investigation, the decontamination efficacy of hydrogen peroxide vapor (HPV) was 

evaluated using common building materials: glass, bare pine wood, carpet, painted wallboard 

paper, unpainted concrete, and ceiling tile. While the first experiment in the study was conducted 

at a more typical HPV concentration (250 parts per million [ppm]) to allow for some comparison 

to previous literature (Rogers et al. 2005; Rastogi et al. 2009; US EPA 2010; US EPA 2011), the 

remainder of the nine experiments utilized relatively low concentrations of HPV (10-50 ppm). 

The present study builds on previous research (Wood et al. 2016) that initially demonstrated low 

concentrations of HPV were effective for Ba spore inactivation, with the present study focusing 

on the additional experimental elements described below.   

Testing was conducted with spores of Ba, using both Ames and Vollum strains. All testing was 

conducted with both strains concurrently (inoculated separately on coupon materials, however) 

to allow for direct comparison. While there is a large body of research and data for the 

decontamination of materials contaminated with the Ames strain, few efficacy data are available 

for the Vollum strain. One of the objectives of this study was to fill that data gap and assess the 

importance of strain variation.   

In addition to HPV concentration, building material type, and Ba spore strain, other test variables 

that were examined as part of this study included contact time and RH. Each experiment 

consisted of exposing inoculated coupons to a constant HPV concentration, with coupons 

withdrawn from the test chamber at five pre-determined time points. Having five contact times in 

each experiment allowed for determining the minimum contact time needed for effective 

decontamination for a given HPV concentration and RH level. In addition, as testing proceeded, 

it became clear that the glass, painted wallboard, and ceiling tile materials were being effectively 

decontaminated at shorter contact times compared to the unpainted concrete, wood, and carpet 

materials. Because of this difference, beginning with the fourth experiment, we segregated these 

materials into two groups, with each group having its own set of five contact times. 

Further, while elevated RH has been shown to improve Ba spore inactivation with nearly all 

sporicidal fumigants, some debate still exists whether elevated RH is needed for HPV 
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decontamination. Thus, another objective of this study was to evaluate the effect of different RH 

levels on HPV decontamination efficacy.    

Decontamination efficacy was determined based on the log10 reduction (LR) in viable spores 

recovered from the inoculated samples, with and without exposure to HPV. A decontaminant or 

fumigant technology is effective via AOAC 966.04 if a 6 LR or greater is achieved on the 

materials tested for a given set of fumigation conditions (fumigant concentration, temperature, 

contact time, and RH (US EPA, 2010). 

2.0 Procedures 

This section provides an overview of the procedures used for the bench-scale evaluation of low 

concentration HPV to inactivate Ba Ames and Vollum on six material types.  

2.1 Test Matrix 

The test matrix for the decontamination tests is shown in Table 2-1. Each test was performed 

using six material types inoculated with Ba Ames and another set of the same six material types 

inoculated with Ba Vollum. Testing was conducted at ambient temperature and low (26-38%) 

medium (59-62%), or high (76-92%) average RH levels. Note in each the first three tests, all 

materials shared the same contact times.  After that, the materials that were harder to 

decontaminate (wood, carpet, unpainted concrete) were exposed to longer contact times. 

(Specifically, one of the aims was to see if we could achieve effective decontamination for 

unpainted concrete by extending the contact time.) Lastly, various equipment was used to 

generate the HPV; this is further discussed in Section 2.5.  

The first test was meant to be conducted at a vendor’s EPA antimicrobial label requirements for 

use as a sterilant for both porous and nonporous materials (US EPA, 2012), to tie back to 

previous testing. Following Test 1, all tests thereafter used a target HPV concentration of either 

10, 25, or 50 ppm, paired with different RH levels.   

Table 2-1 Decontamination Test Matrix 

Test 

Number 
Equipment 

Target 

HPV 

Level 

(ppm) 

Temp 

(°C) 
RH 

Easy1 Material 

Contact Times 

(h) 

Difficult2 Material 

Contact Times (h) 
Materials 

1 Generator 250 23 Low 0.25,0.50,1,2,3 
Glass, 

Painted 

Wallboard 

Paper, 

Ceiling 

Tile, Pine 

Wood, 

Carpet, 

Unpainted 

Concrete 

2 Bubbler 10 23 Medium 4, 8, 12, 16, 20 

3 Bubbler 10 23 High 4, 8, 12, 16, 20 

4 Generator  25 23 Low 2,4,6,8,12 8,12,16,20,24 

5 Generator 25 23 Medium 2,4,6,8,12 8,12,16,20,24 

6 Generator 50 23 Low 2,4,6,8,12 8,12,16,20,24 

7 Generator 50 23 Medium 1,2,4,5,6 8,12,16,20,24 

8 Generator  50 23 High 1,2,4,5,6 8,12,16,20,24 

9 Bubbler 25 23 High 1,2,6,8,12 8,12,20,24, 48 

1 Glass, Painted Wallboard Paper and Ceiling Tile 
2 Pine Wood, Carpet, Unpainted Concrete 
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2.2 Biological Agents 

The virulent Ba Ames (Ames-Lot B21) and Vollum (Vollum-Lot BAV-1) spores used for this 

testing were prepared from qualified stocks at the Battelle Biomedical Research Center (BBRC, , 

West Jefferson, OH) using a BioFlo 3000 fermenter (New Brunswick Scientific Co., Inc., 

Edison, NJ). The spore lot was subjected to a stringent characterization and qualification process 

required by the Battelle standard operating procedure for spore production. Specifically, the 

spore lots were characterized prior to use by observation of colony morphology, direct 

microscopic observation of spore morphology, and size and determination of percent refractivity 

and percent encapsulation. In addition, the number of viable spores was determined by colony 

count and expressed as colony forming units per milliliter (CFU/mL). Theoretically, once plated 

onto bacterial growth media, each viable spore germinates and can yield one CFU. Variations in 

the expected colony phenotypes were recorded. Endotoxin concentration of each spore 

preparation was determined by the Limulus Amebocyte Lysate (LAL) assay to assess whether 

contamination from gram-negative bacteria occurred during the propagation and purification 

process of the spores. Genomic deoxyribonucleic acid (DNA) was extracted from the spores and 

DNA fingerprinting by polymerase chain reaction (PCR) was done to confirm the genotype. This 

work was confirmed by an independent third party. The virulence of the original spore lot was 

measured by challenging guinea pigs intradermally with a dilution series of spore suspensions, 

and virulence was expressed as the intradermal median lethal dose. In addition, testing of the 

original spore lot was conducted for robustness of the Ames strain spores via hydrochloric acid 

(HCl) resistance.  

The Ba Ames and Vollum stock spore suspensions were prepared in sterile filtered water (SFW) 

at an approximate concentration of 1 × 109 CFU/mL and stored at 2 to 8 degrees Celsius (°C). 

This suspension medium was chosen to be consistent with previous work conducted with the 

U.S. EPA. 

2.3 Test Materials 

Decontamination testing was conducted using common building materials (glass, bare pine 

wood, carpet, painted wallboard paper, unpainted concrete, and ceiling tile). Information on 

these materials is presented in Table 2-2, and a picture of each is presented in Figure 2-1. 

Material coupons were cut to uniform length and width (Table 2-2) from larger pieces of stock 

material. Materials were prepared for testing by either sterilization via electron beam (E-beam) 

irradiation at ~200 kilograys (kGy; E-beam Services Inc., Lebanon, OH) or autoclaved at 121 °C 

for 15 minutes (min). E-beam-irradiated material coupons were sealed in 6 mil (0.006 inch) 

Uline Poly Tubing (Cat. No. S-2940, Uline, Chicago, IL), and autoclaved coupons were sealed in 

sterilization pouches (Cat. No. 01-812-50, Fisher, Pittsburgh, PA) to preserve sterility until the 

coupons were ready for use. Sterilization was intended to eliminate contamination by 

endogenous microorganisms. 
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Figure 2-1. Coupon Types from Left to Right: Glass, Painted Wallboard Paper, Ceiling 

Tile, Bare Pine Wood, Unpainted Concrete, and Carpet 

 

Table 2-2. Test Materials 

Material 
Lot, Batch, or ASTM No., or 

Observation 

Manufacturer/ 

Supplier Name 

Location 

Approximate Coupon Size, 

Width x Length x Thickness 

Sterilization 

Technique 

Glass C1036 
Brooks Brothers, 

Columbus, OH 

1.9 centimeters (cm) x 7.6 cm x 

0.2 cm 
Autoclave 

Bare Pine 

Wood 
Generic Molding 

Commercial 

lumber retailer 
1.9 cm x 3.8 cm x 0.2 cm E-Beam 

Carpet 
Shaw Swizzle EcoWorx, Style: 

10401 Color: Jacks 

Shaw Industries, 

Dalton, GA 
1.9 cm x 3.8 cm x 0.2 cm E-Beam 

Painted 

Wallboard 

Paper 

Roller painted on one side 

using Martin Senour Paints. 

One primer (#71-1185) and two 

finish (flat, #70-1001) coats 

United States 

Gypsum 

Company, 

Chicago, IL 

1.9 cm x 3.8 cm x 0.2 cm E-Beam 

Unpainted 

Concrete 
ASTM C90 cinder block 

Wellnitz 

Columbus, OH 
1.9 cm x 7.6 cm x 0.2 cm E-Beam 

Ceiling 

Tile 

Armstrong® B513, classic fine 

textured 

Armstrong, 

Columbus, OH 
1.9 cm x 3.8 cm x 0.2 cm E-Beam 
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2.4 Inoculation of Coupons 

Test (exposed to HPV) and positive control (not exposed to HPV) coupons were placed on a flat 

surface within a Class II biological safety cabinet (BSC) and inoculated with approximately 1 × 

108 CFU of viable Ba Ames or Vollum spores per coupon. A 100 microliter (µL) aliquot of a 

stock suspension of approximately 1 × 109 CFU/mL was dispensed using a micropipette applied 

as 10 µL droplets across the coupon surface (see Figure 2-2). This approach provided a more 

uniform distribution of spores across the coupon surface than would be obtained through a single 

drop of the suspension. 

 

Figure 2-2. Liquid Inoculation of Coupon Using a Micropipette 

Although application of the inoculum onto each material was uniform, the behavior of the 

inoculum droplets was not. Droplets beaded on the surface of the glass (nonporous material) 

while they soaked into the other porous materials after producing a liquid bead for a short period 

of time. The difference in the behavior of the inoculum droplets on each material could lead to a 

variance in microorganism distribution across coupons; however, this effect was not studied in 

this evaluation. After inoculation, the coupons were transferred to a Class III BSC and left 

undisturbed overnight to dry under ambient conditions, approximately 22 °C and 40% RH. 

The number and type of replicate test coupons and positive controls used for each experiment, 

for each material and Ba strain is as follows: 

ξ Three test coupons per material, timepoint, and strain  

ξ Five positive controls for each material and strain (inoculated with Ba but not exposed to 

HPV)  

ξ One laboratory blank (not inoculated and not exposed to HPV) for each material 

ξ One procedural blank (not inoculated and exposed to HPV) for each material. 

On the day following inoculation, coupons intended for decontamination (including blanks) were 

transferred into the test chamber and exposed to the HPV using the apparatus and application 

conditions specified in Section 2.5. Control coupons remained in the BSC III chamber where 

they were dried and collected for processing after the last contact time.  
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generator began to be saturated, the RH began to rise again. Test runs lasting longer than 24 

hours were therefore run in a third configuration shown in Figure 2-7. In this approach, the HPV 

was supplied to the class III BSC but then it was exhausted through the facility heating, 

ventilation and air conditioning (HVAC) system. This approach allowed for laboratory air to be 

supplied to the STERIS generator so that the desiccant was not challenged by the high RH 

conditions.  

The method for achieving the target RH varied by HPV generation method. As stated previously, 

the commercial generator continuously dried the returning atmosphere from the test chamber to 

avoid high humidity levels (which would potentially result in condensation on chamber walls). 

Test runs that utilized the commercial generator resulting in high RH levels required the use of 

saturated salts during the run to re-humidify the test chamber. The bubbler method increased RH 

whenever the pump was active. Tests using this method with low RH target levels utilized 

Drierite to pre-dehumidify the test chamber prior to initiation of testing. This pre-

dehumidification step is also a standard procedure used by commercial generators. Tests were 

limited with this method in general to approximately 24 hours (h) before condensation would 

begin to form on the chamber walls. Once the condensation began to form, HPV concentrations 

decreased and caused the pump to run continuously. 

 

 

Figure 2-6. Representative Graph of Temperature, RH, and Fumigant Stability (Test 7) 
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2.7 Decontamination Efficacy 

The mean percent spore recovery from each coupon was calculated using results from positive 

control coupons (inoculated, not decontaminated), by means of the following equation: 

Mean % Recovery = [Mean CFUpc/CFUspike] × 100    (1) 

where Mean CFUpc is the mean number of CFU recovered from five replicate positive control 

coupons of a single material, and CFUspike is the number of CFU spiked onto each of those 

coupons. The value of CFUspike was known from enumeration of the stock spore suspension. One 

aliquot of the stock suspension was plated and enumerated on each day of testing to confirm 

CFUspike concentration. Spore recovery was calculated for Ba Ames or Vollum on each coupon, 

and the results are included in Section 4 and Appendix A. 

The performance or efficacy of the fumigant was assessed by determining the number of CFU 

remaining on each test coupon after decontamination. Those numbers were compared to the 

number of CFU extracted from the positive control coupons. 

The number of viable spores of Ba Ames or Vollum in extracts of test and positive control 

coupons was determined to calculate efficacy of the decontaminant. Efficacy (in terms of LR) is 

defined as the extent to which viable spores extracted from test coupons after decontamination 

were less numerous than the viable spores extracted from positive control coupons. The 

logarithm of the CFU abundance from each coupon extract was determined, and the mean of 

those logarithm values was then determined for each set of control and associated test coupons, 

respectively. Efficacy of a decontaminant for a test organism/test condition on the ith coupon 

material was calculated as the difference between those mean log values, i.e.: 

) (log - ) (log  )( 1010 ijij CFUtCFUcLREfficacy      (2) 

where log10 CFUcij refers to the j individual logarithm values obtained from the positive control 

coupons and log10 CFUtij refers to the j individual logarithm values obtained from the individual 

corresponding test coupons, and the overbar designates a mean value. In tests conducted under 

this plan, there were five positive controls (i.e., j = 5) and three corresponding test coupons for 

each coupon material. A decontaminant or fumigant technology is considered effective via 

AOAC 966.04 if a 6 LR or greater is achieved (US EPA 2016). 

In the case where no viable spores were found in the extracts of any of the three test coupon 

replicates after decontamination, a CFU abundance of 1 was assigned, resulting in a log10 CFU 

of 0 for that material. This situation occurred when the decontaminant was highly effective, and 

no viable spores were found on the decontaminated test coupons. In such cases, the final efficacy 

ΡΘ�WΚDW�ΠDWΗΥΛDΟ�ΖDς�ΥΗΣΡΥWΗΓ�Dς�ϑΥΗDWΗΥ�WΚDΘ�ΡΥ�ΗΤΞDΟ�WΡ�����WΚΗ�ΨDΟΞΗ�ΦDΟΦΞΟDWΗΓ�Ε∴�(ΤΞDWΛΡΘ���� 

The variances (i.e., the square of the SD) of the log10 CFUcij and log10 CFUtij values were also 

calculated for both the control and test coupons (i.e., S2cij and S2tij), and were used to calculate 

the pooled standard error (SE) for the efficacy value calculated in Equation 2, as follows:  

5∋ = ♣⊂.√∏

9
+

⊂.∏

7
     (3) 

where the number 5 again represents the number j of coupons in the control and 3 in the test data 

sets. Each efficacy result is reported as an LR value with an associated 95% confidence interval 

(CI), calculated as follows:  
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95 % CI = Efficacy (LR) ± (1.96 × SE)    (4) 

In some cases, the significance of differences in efficacy across different test conditions and Ba 

strain was assessed based on the 95% CI of each efficacy result. Differences in efficacy were 

judged to be significant if the 95% CIs of the two efficacy results did not overlap. This 

comparison is not applicable when the two efficacy results being compared are both reported 

ΖΛWΚ�/5ς�Dς���ςΡΠΗ�ΨDΟΞΗ (complete inactivation). 

2.8 Statistical Analysis 

A binary response based on LR in spores was the primary endpoint. For this endpoint, a trial was 

recorded as a success if either: 1) the LR was greater than or equal to 6, or 2) the log10 recovery 

was equal to or less than the average control recovery (complete inactivation). The proportion of 

tests that were successful and the 95 percent Clopper-Pearson confidence intervals (Clopper and 

Pearson, 1934) were computed by strain (Ames or Vollum), material, contact time, RH, and 

HPV concentration.  

A logistic regression model was fitted to the full data set to test whether the proportions of 

successes were significantly associated with any effects included in the model. The logistic 

regression model included main effects for strain (Ames or Vollum), material, dose (defined as 

contact time times HPV concentration, i.e., ppm*hours), and RH; the model also included all 

two-factor interactions and the three-factor interaction for dose, strain, and material. An implicit 

assumption in the analysis was that the effect of dose is the same for any concentration and time 

used to achieve it. 

For comparisons, results may be presented in terms of an odds ratio. The “odds ratio” is defined 

as the ratio of probability of ςΞΦΦΗςςΙΞΟ�ΓΗΦΡΘWDΠΛΘDWΛΡΘ������/5�ΡΥ�complete kill) to the 

probability of unsuccessful decontamination. When the odds ratio is greater than one, a higher 

odds ratio implies greater odds of successful decontamination for the level 1 of the factor 

compared to level 2. For odds ratios less than one, there are greater odds of successful 

decontamination for level 2 of the factor compared to level 1. An odds ratio equal to one 

indicates the odds of successful decontamination are approximately the same for both levels of 

the factor. All statistical analyses were performed using SAS (version 9.4; Cary, NC). All results 

are reported at the 0.05 level of significance. Further details on the statistical analysis methods 

and results are found in Appendix D. 

 

2.9 Surface Damage 

The physical effect of the HPV on the materials was qualitatively monitored during the 

evaluation. This approach provided a visual assessment of whether the test condition changed the 

appearance of the test materials compared to positive controls. The procedural blank was visually 

compared to a laboratory blank coupon when testing was completed.  
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3.0 Quality Assurance/Quality Control 

Quality assurance (QA)/quality control (QC) procedures were performed in accordance with the 

Testing and Evaluation (T&E II) Program Quality Management Plan (QMP), Version 1 and the 

TO14 quality assurance project plan. The QA/QC procedures and results are summarized below. 

3.1 Equipment Calibration 

All equipment (e.g., pipettes, incubators, biological safety cabinets) and monitoring devices (e.g., 

Vaisala thermometer/hygrometer and ATI HPV sensor) used at the time of the evaluation were 

verified as being certified, calibrated, or validated. 

3.2 QC Results 

QC efforts conducted during decontaminant testing included positive control samples, procedural 

blanks, laboratory blanks, and inoculation control samples.  

All positive control results were within the target recovery range of 5 to 120% of the inoculated 

CFU amount for the Ba Ames strain. The Ba Vollum strain exhibited relatively lower recovery 

for most materials, for most of the tests (75% of Vollum positive control recoveries were < 5% 

of the inoculated level), with recoveries ranging from 3.4 to 13% on glass, 4.3 to 47.4% on 

painted wallboard paper, 0.1 to 1.5% on ceiling tile, 0.5 to 5.3% on pine wood, 0.7 to 13.4% on 

industrial carpet, and 0.8 to 10.5% on unpainted concrete. The positive control recovery results 

are summarized in Table 3-1. 

While occasional low recoveries of bacterial spores from porous surfaces is not uncommon, the 

generally high percentage of low recoveries for Vollum was a new trend not seen before with the 

Ames strain. (Further research may be warranted to help explain this phenomenon.) Testing 

proceeded in these cases, with the implication that depending on the recovery, complete 

decontamination of a material ΠD∴�ΚDΨΗ�ΡΦΦΞΥΥΗΓ�ΖΛWΚΡΞW�DΦΚΛΗΨΛΘϑ�����/5��Finally, all 

procedural and laboratory blanks met the criterion of no observed CFU for both strains. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

13 

Table 3-1. Summary of Average Recovery (Percent) of Spores from Positive Controls  

Average ± SD Ames % Recovery 

 Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 

Glass 38±13 37±1 59±7 57±9 47±8 36±7 55±5 15±7 42±7 

PW Paper 84±4 83±7 79±9 72±25 63±12 63±8 66±13 41±16 64±9 

Ceiling Tile 43±11 30±12 31±4 38±7 37±6 26±6 40±5 25±12 14±2 

Wood 28±10 27±9 18±12 22±11 23±11 10±2 24±12 15±4 21±21 

Carpet 79±30 89±8 92±8 73±9 87±3 75±5 69±7 50±7 92±9 

Concrete 15±9 100±27 39±25 19±24 14±4 12±8 25±14 11±4 27±15 

Average ± SD Vollum % Recovery 

  Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 

Glass 13±5 6±3 8±2 4±1 4±2 3±0.1 9±1 9±3 6±3 

PW Paper 47±61 17±26 5±0.3 6±1 4±0.5 5±1 6±1 6±2 7±1 

Ceiling Tile 2±2 0.3±0.1 0.1±0.0 0.7±0.4 0.4±0.2 0.4±0.3 0.3±0 0.4±0.1 0.9±1 

Wood 5±2 2±1 0.5±0.1 4±2 4±3 4±0.4 1±1 5±1 3±2 

Carpet 13±1 6±0 8±1 4±1 0.9±1.0 4±1 5±2 10±2 5±1 

Concrete 2±3 0.8±1 10±5 2±1 0.01±0 1±0.8 2±2 3±3 6±4 

 

Inoculation control samples were taken from the spore suspension on the day of testing and 

serially diluted, plated, and counted to establish the spore density used to inoculate the samples. 

The spore density levels met the QA target criterion of 1 × 109 CFU/mL (±1 log) for all tests. 

 

3.3 Operational Parameters 

The temperature, RH, and HPV concentration during each test were monitored as described in 

Section 2.0. For some tests, the RH was passively controlled by using Drierite or saturated salt 

solutions as described in Section 2.5. This method allowed for consistent targeted starting 

conditions for RH but ultimately the RH varied somewhat during a test due to the dynamic 

nature of constantly adding moisture to the system through use of 35% HPV or the continuous 

drying effect of the generator. Readings were taken once every minute for the duration of the 

contact time. The actual fumigation parameters for each test are shown in Table 3-2 and reported 

as the average value ± SD. Due to commercial equipment issues in Tests 1 and 8, the HPV 

concentrations temporarily dropped below the target range. Test 1 had a target concentration of 

250 ppm but average actual measurement was 222 ppm due to a low flow alarm which caused 

the equipment to cease operation mid-testing. Upon finding this error, the system was reset and 

the run continued. Test 8 again used the commercial generator, but targeted high RH conditions. 

The target concentration was 50 ppm but an actual concentration of 44 ppm HPV resulted. As 

the desiccant in the commercial generator was approaching saturation level, the vaporization of 

HPV became less efficient causing the HPV concentrations to decrease. To remedy this issue, the 

generator return line was disconnected, which allowed for room air (lower RH) to be introduced 

into the system. Instead of returning to the generator, the excess HPV concentration was vented 

through the facility exhaust system to stabilize the HPV concentration in the Class III BSC and 

test chamber. 
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Table 3-2. Actual Fumigant Conditions for Tests 

Test 

Number 

Target 

HPV 

ppm 

Avg. HPV 

ppm* 

Temperature 

(°C) 

RH (%) 
Contact Time 

(hours)† 

Target Actual* 
Easy1 

Materials 

Hard2 

Materials 

1 250 221.6 ± 30.9 23.0 ± 0.0 Low 38.1 ± 4.3 0.25,0.50,1,2,3 

2 10 10.4 ± 0.6 23.6 ± 0.3 Medium 58.5 ± 9.1 4, 8, 12, 16, 20 

3 10 9.3 ± 1.0 27.4 ± 0.8 High 76.1 ± 5.4 4, 8, 12, 16, 20 

4 25 25.7 ± 1.4 22.9 ± 0.1 Low 32.6 ± 22.4 2,4,6,8,12 8,12,16,20,24 

5 25 25.5 ± 1.0 23.9 ± 0.1 Medium 62.4 ± 23.9 2,4,6,8,12 8,12,16,20,24 

6 50 50.3 ± 1.51 23.5 ± 0.3 Low 25.9 ± 1.9 2,4,6,8,12 8,12,16,20,24 

7 50 50.0 ± 1.1 23.8 ± 3.9 Medium 60.1 ± 3.9 1,2,4,5,6 8,12,16,20,24 

8 50 43.5 ± 12.6 23.0 ± 0.4 High 76.9 ± 5.5 1,2,4,5,6 8,12,16,20,24 

9 25 25.2 ± 1.6 23.8 ± 0.4 High 91.6 ± 6.3 1,2,6,8,12 8,12,20,24, 48 
1 Glass, Painted Wallboard Paper and Ceiling Tile 
2 Pine Wood, Carpet, Concrete 

* Data reported as average ± SD. 
† Contact time did not deviate from target during any test. 

3.4 Audits 

3.4.1 Performance Evaluation Audit 

Performance evaluation (PE) audits were conducted to assess the quality of the results obtained 

during these experiments. Table 3-3 summarizes the PE audits that were performed. 

No PE audits were performed for confirmation of the concentration and purity of Ba Ames or 

Vollum spores because quantitative standards do not exist for these organisms. The titer 

enumerations and the control and blank test coupons support the spore measurements.  

Table 3-3. Performance Evaluation Audits 

Measurement 
Audit 

Procedure 

Allowable 

Tolerance 

Actual 

Tolerance 

Volume of liquid from 

micropipettes 
Gravimetric evaluation ± 10% ± 0.04% to 2.33% 

Time Compared to independent clock ± 2 s/h 0 s/h 

Temperature Compared to independent calibrated thermometer ± 2 °C ± 0.42 to 0.52 °C 

Relative Humidity Compare to independent calibrated hygrometer ± 10% ± 0.42 to 0.99% 

3.4.2 Technical Systems Audit  

Observations and findings from the TSA were documented and submitted to the laboratory 

technical lead for response. TSAs were conducted on July 11, 2017, to ensure that tests were 

being conducted in accordance with the appropriate QAPP and QMP. As part of the audit, test 

procedures were compared to those specified in the QAPP, and data acquisition and handling 

procedures were reviewed. None of the findings of the TSA required corrective action.  

3.4.3 Data Quality Audit 
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At least 10 % of the data acquired during the evaluation were audited. Data were reviewed in 5 

separate batches from May 2017 through Feb 2018. A QA auditor traced the data from the initial 

acquisition, through reduction and statistical analysis, to final reporting to ensure the integrity of 

the reported results. All calculations performed on the data undergoing the audit were verified. 

Only minor issues were noted with the data, mostly data transcription errors that were corrected. 

3.5 QA/QC Reporting  

Each assessment and audit was documented in accordance with the QAPP and QMP. For these 

tests, findings were noted (none significant) in the data quality audit, and no follow-up corrective 

action was necessary. The findings were mostly minor data transcription errors requiring some 

recalculation of efficacy results, but none were gross errors in recording. QA/QC procedures 

were performed in accordance with the QAPP.  

3.6 Data Review 

Records and data generated in the evaluation received a QC/technical review before they were 

utilized in calculating or evaluating results and prior to incorporation in this report. 
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4.0 Results and Discussion 

The decontamination efficacy of HPV was assessed against virulent spores of Ba Ames and 

Vollum strains. A total of nine tests were conducted with contact times ranging from 0.25 to 48 

hours. Each test was performed using six material types inoculated with Ba Ames and an 

additional set of coupons of the same materials were inoculated with Ba Vollum. Testing was 

conducted at ambient temperature (~ 23 °C) and low (26-38%), medium (59-62%), and high (76-

92%) RH levels. The first test was conducted at an HPV-generation equipment vendor’s label 

requirement (target of 250 ppm for 90 minutes) to tie back to previous testing using more typical 

levels of HPV. Following Test 1, all tests proceeded with using target HPV concentrations of 

either 10, 25, or 50 ppm, paired with different RH levels. All nine tests utilized five contact 

times.  

Overall results of the study are summarized in Tables 4-1 and 4-2, which show the minimum 

contact times needed to achieve effective decontamination of each material for each 

experimental condition. Contact times for effective decontamination generally decreased with 

increased HPV concentration. For example, at the higher concentration of 222 ppm (Test 1), only 

15 minutes were required to effectively decontaminate glass; in contrast, at the 10-ppm level, 4-

12 hours were required for effective decontamination of glass, depending on the strain and RH 

level. With the Vollum strain on glass, ceiling tile, and painted wallboard paper, successful 

decontamination occurred in 2-16 hours for the 10-50 ppm HPV concentrations evaluated.  In 

some experiments, effective decontamination may not have occurred for a specific material(s) at 

the longest contact time evaluated; these results are displayed in Tables 4-1 and 4-2 as greater 

than the longest contact time tested.  

The results for each individual test are summarized via Tables 4-3 to 4-11. Additional detailed 

decontamination efficacy results, showing the average CFU recovery from each material for both 

positive controls and test coupons, for all tests, are found in Appendix A.  Further, Appendix B 

provides graphical representations of the decontamination efficacy results (LR) for each test. 

This chapter also discusses decontamination efficacy as a function of some of the variables that 

were tested in the study. Statistical results are also presented when applicable to indicate whether 

test variables significantly affected efficacy.  
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Table 4-1. Minimum Time (Hours) Demonstrating Effective Decontamination for Ames 

Strain  

 Test 

1 

Test 

2 

Test 

3 

Test 

4 

Test 

5 

Test 

9 

Test 

6 

Test 

7 

Test 

8 
Average HPV 

ppm 222 9-10 25-26 44-50 

Average % RH 38 58 76 33 62 92 26 60 77 

 Time (hours) 

Glass 0.25 12 8 8 4 6 6 1 2 

PW Paper 0.5 >20 8 >12 >12 2 >12 1 2 

Ceiling Tile 2 12 8 >12 4 6 2 4 4 

Pine Wood 3 12 >20 >24 >24 >48 >24 16 24 

Carpet 0.25 >20 >20 >24 16 20 >24 20 8 

Concrete >3 >20 >20 >24 >24 >48 >24 >24 >24 
A “>” denotes that effective decontamination was not achieved at any time point, with the longest contact time listed 

 

Table 4-2. Minimum Time (Hours) Demonstrating Effective Decontamination for Vollum 

Strain  

 Test 

1 

Test 

2 

Test 

3 

Test 

4 

Test 

5 

Test 

9 

Test 

6 

Test 

7 

Test 

8 
Average HPV 

ppm 222 9-10 25-26 44-50 

Average % RH 38 58 76 33 62 92 26 60 77 

 Time (hours) 

Glass 0.25 8 4 8 4 2 4 4 2 

PW Paper 1 16 8 6 4 6 6 4 4 

Ceiling Tile 1 8 8 8 6 6 2 4 4 

Pine Wood 2 >20 >20 >24 >24 >48 24 16 24 

Carpet >3 >20 20 >24 24 20 24 20 12 

Concrete >3 >20 >20 >24 >24 >48 >24 >24 >24 
A “>” denotes that effective decontamination was not achieved at any time point, with the longest contact time listed 

 

 

The efficacy results for Test 1 are shown in Table 4-3, in terms of the LR ± the 95% confidence 

interval (CI).  Note that the actual average HPV concentration of 222 ppm was below the 

vendor’s registered fumigation condition of 250 ppm, due to equipment malfunction. 

Nevertheless, for the glass, ceiling tile, and wallboard materials, effective decontamination 

occurred with contact times ~ 1-2 hours, in a range mostly consistent with the vendor’s 

registration requirement of a 90-minute contact time. However, for the wood, carpet, and 

unpainted concrete, effective decontamination occurred in only three instances (out of 30) under 
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the Test 1 conditions. These results are generally consistent with a previous EPA study (US 

EPA, 2010).  

 

 

 

Table 4-3. Summary of Efficacy Results (LR) for Test 1 (222 ppm HPV) and Low RH 

Against B. anthracis Ames and Vollum. 

Τεστ 1  

Material 

Contact 
Time 
(h) 

Ba Ames 
Efficacy 

95% 
CI 

 
Ba Vollum 
Efficacy 

 95%CI 

Glass 

0.25 7.02 1.20 6.52 1.02 

0.5 4.37 3.51 4.34 2.73 

1 6.74 1.75 7.03 0.21 

2 7.63 0.16 7.03 0.21 

3 7.63 0.16 5.36 1.68 

Wallboard 
Paper 

0.25 5.55 2.74 2.90 2.96 

0.5 8.00 0.02 2.55 0.71 

1 4.68 3.27 7.42 0.38 

2 8.00 0.02 7.42 0.38 

3 8.00 0.02 7.42 0.38 

Ceiling Tile 

0.25 1.84 0.39 5.44 1.07 

0.5 3.26 0.61 4.83 1.18 

1 6.99 1.39 5.95 0.40 

2 7.70 0.10 5.95 0.40 

3 7.70 0.10 5.95 0.40 

Pine Wood 

0.25 3.47 3.96 2.47 0.75 

0.5 2.05 0.29 3.05 0.99 

1 3.70 1.16 5.43 2.29 

2 4.40 1.69 6.08 1.02 

3 6.61 1.75 5.01 1.83 

Industrial 
Carpet 

0.25 7.23 1.40 1.02 0.18 

0.5 5.16 4.04 0.30 0.46 

1 4.03 3.85 2.32 0.07 

2 4.67 3.22 4.94 2.10 

3 4.74 3.14 4.55 0.27 

Unpainted 
Concrete 

0.25 0.32 0.59 1.06 1.07 

0.5 0.36 0.23 1.58 1.42 

1 0.35 0.43 2.92 0.65 

2 0.59 0.22 4.52 2.74 

3 0.58 0.26 2.59 0.68 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  Results 

highlighted in green represent complete inactivation.   
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Table 4-4. Summary of Efficacy Results (LR) at 10 ppm and Medium RH against B. 

anthracis Ames and Vollum. 

Τεστ 2  

Material 

Contact 
Time 
(h) 

Ba Ames 
Efficacy 95% CI 

Ba 
Vollum 
Efficacy 95% CI 

Glass 

4 2.68 0.43 3.47 3.85 

8 3.91 1.63 6.79 2.16 

12 7.62 0.01 6.79 0.19 

16 6.11 1.69 6.79 0.19 

20 7.62 0.01 6.79 0.19 

Wallboard 
Paper 

4 0.55 0.92 2.41 1.86 

8 2.89 1.46 5.83 1.25 

12 3.75 4.22 5.83 2.34 

16 5.91 4.02 7.00 0.42 

20 3.81 1.29 7.00 0.80 

Ceiling Tile 

4 0.86 0.23 2.38 0.47 

8 3.31 0.56 5.49 0.14 

12 6.89 1.56 5.49 0.14 

16 7.48 0.20 5.49 0.14 

20 7.48 0.20 5.49 0.14 

Pine Wood 

4 2.39 0.65 2.44 0.89 

8 4.32 3.07 3.69 2.58 

12 7.44 0.15 4.61 1.66 

16 7.44 0.15 5.56 1.22 

20 7.44 0.15 5.56 1.22 

Industrial 
Carpet 

4 0.04 0.05 0.23 0.07 

8 0.68 0.06 1.04 0.08 

12 1.65 0.24 4.06 0.64 

16 1.66 0.21 3.83 0.08 

20 2.09 0.16 5.51 1.39 

Unpainted 
Concrete 

4 1.18 0.25 0.95 0.80 

8 0.99 0.24 0.44 0.75 

12 1.26 0.49 1.36 0.63 

16 1.53 0.26 2.24 0.74 

20 1.49 0.13 1.29 0.73 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation. 
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Table 4-5. Summary of Efficacy Results (LR) at 10 ppm and High RH against B. 

anthracis Ames and Vollum. 

Τεστ 3  

Material 

Contact 
Time 
(h) 

Ba Ames 
Efficacy 95%CI 

Ba Vollum 
Efficacy 95%CI 

Glass 

4 7.17 1.19 6.83 0.11 

8 7.78 0.05 6.83 0.11 

12 7.78 0.05 6.83 0.11 

16 7.78 0.05 6.83 0.11 

20 7.78 0.05 6.83 0.11 

Wallboard 
Paper 

4 3.43 2.67 5.33 2.62 

8 6.90 1.97 6.67 0.02 

12 7.90 0.05 6.67 0.02 

16 7.90 0.05 6.67 0.02 

20 7.90 0.05 6.67 0.02 

Ceiling Tile 

4 3.84 0.22 2.58 0.37 

8 6.99 1.00 4.89 0.11 

12 7.50 0.05 4.89 0.11 

16 7.50 0.05 4.89 0.11 

20 7.50 0.05 4.89 0.11 

Pine Wood 

4 2.24 0.53 2.36 1.54 

8 3.23 1.06 2.83 0.20 

12 3.12 1.76 5.61 0.10 

16 3.55 0.77 5.10 1.00 

20 3.42 0.78 4.34 1.26 

Industrial 
Carpet 

4 0.24 0.03 0.90 0.15 

8 1.45 0.32 2.18 0.05 

12 1.00 0.16 3.59 0.08 

16 2.32 0.22 5.15 1.65 

20 2.67 0.69 6.83 0.03 

Unpainted 
Concrete 

4 -0.02 0.47 1.30 0.29 

8 1.36 1.38 4.26 2.68 

12 1.06 0.55 2.68 0.51 

16 1.35 0.71 2.78 0.86 

20 1.36 0.66 5.26 1.70 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation.   
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Table 4-6. Summary of Efficacy Results (LR) at 25 ppm and Low RH against B. anthracis 

Ames and Vollum. 

Τεστ 4 

Material 

Contact 
Time 
(h)  

Ba Ames 
Efficacy 

95% 
CI 

Ba Vollum 
Efficacy 

95% 
CI 

Glass 

2 1.82 0.63 5.85 1.39 

4 3.56 1.43 5.39 1.19 

6 4.64 1.09 5.82 1.46 

8 7.73 0.06 6.56 0.11 

12 5.58 2.31 6.56 0.11 

Wallboard 
Paper 

2 0.36 0.50 1.51 0.94 

4 0.86 0.27 4.90 1.74 

6 1.06 0.29 6.67 0.08 

8 2.20 0.57 6.67 0.08 

12 2.99 0.77 6.67 0.08 

Ceiling Tile 

2 1.94 0.15 2.32 0.33 

4 2.77 0.22 4.51 1.22 

6 2.63 0.10 5.17 1.04 

8 3.98 0.37 5.68 0.30 

12 3.94 0.09 5.68 0.30 

Pine Wood 

8 2.88 0.65 3.63 1.67 

12 3.03 0.45 4.26 0.82 

16 2.22 0.31 3.93 0.88 

20 2.98 0.71 5.38 1.19 

24 4.20 1.57 3.50 1.17 

Industrial 
Carpet 

8 1.21 0.12 2.02 0.61 

12 0.80 0.08 2.05 0.36 

16 2.11 0.26 2.60 0.18 

20 2.28 1.07 5.49 1.95 

24 2.34 1.07 4.94 1.62 

Unpainted 
Concrete 

8 0.47 0.57 2.01 0.56 

12 0.73 0.61 3.60 2.40 

16 1.10 1.58 2.22 0.80 

20 0.64 0.61 2.58 0.40 

24 0.57 0.45 2.30 0.28 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation. 
  



 

22 

 

 

Table 4-7. Summary of Efficacy Results (LR) at 25 ppm and Medium RH against B. 

anthracis Ames and Vollum. 

Τεστ 5 

Material 

Contact 
Time 
(h)  

Ba Ames 
Efficacy 95%CI 

Ba Vollum 
Efficacy 95%CI 

Glass 

2 4.34 3.20 5.56 1.81 

4 7.60 0.07 6.48 0.19 

6 7.60 0.07 6.48 0.19 

8 7.09 1.00 6.48 0.19 

12 7.60 0.07 6.48 0.19 

Wallboard 
Paper 

2 2.87 1.79 2.35 0.55 

4 4.05 2.11 6.58 0.04 

6 3.85 1.15 6.58 0.04 

8 3.80 1.35 6.58 0.04 

12 5.18 0.26 6.58 0.04 

Ceiling Tile 

2 4.16 2.05 2.22 0.69 

4 6.88 1.19 4.95 1.02 

6 6.14 1.34 5.46 0.25 

8 6.78 1.39 5.46 0.25 

12 7.49 0.06 5.46 0.25 

Pine Wood 

8 2.92 1.30 4.94 1.65 

12 4.94 2.34 5.54 1.71 

16 3.95 0.28 4.86 1.63 

20 4.66 2.59 5.18 2.40 

24 3.07 1.33 5.29 2.20 

Industrial 
Carpet 

8 5.70 4.25 0.89 0.43 

12 2.34 0.57 2.53 0.36 

16 6.22 3.23 3.26 0.76 

20 7.87 0.01 4.42 1.40 

24 7.87 0.01 5.71 0.35 

Unpainted 
Concrete 

8 0.50 0.16 1.91 0.68 

12 0.65 0.25 3.06 2.58 

16 0.55 0.37 2.19 0.41 

20 0.64 0.17 2.03 0.46 

24 0.55 0.17 1.74 0.36 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation.   
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Table 4-8. Summary of Efficacy Results (LR) at 50 ppm and Low RH against B. anthracis 

Ames and Vollum. 

Τεστ 6 

Material 
 Contact 
Time (h) 

Ba Ames 
Efficacy 95%CI 

Ba Vollum 
Efficacy 95%CI 

Glass 

2 5.57 2.17 5.96 0.99 

4 5.94 1.63 6.47 0.01 

6 7.61 0.07 6.47 0.01 

8 7.61 0.07 5.47 1.96 

12 7.61 0.07 6.47 0.01 

Wallboard 
Paper 

2 1.51 0.41 3.20 0.11 

4 1.86 1.13 4.65 0.61 

6 1.90 0.92 6.62 0.10 

8 2.44 0.54 6.62 0.10 

12 4.01 0.92 6.62 0.10 

Ceiling Tile 

2 6.94 1.00 5.49 0.22 

4 5.71 1.76 5.49 0.22 

6 6.17 1.33 5.49 0.22 

8 7.45 0.11 5.49 0.22 

12 7.45 0.11 5.49 0.22 

Pine Wood 

8 2.89 0.82 4.34 2.11 

12 3.15 1.10 5.70 1.55 

16 1.83 0.37 5.89 1.19 

20 3.57 1.28 5.89 1.19 

24 2.95 2.20 6.49 0.04 

Industrial 
Carpet 

8 0.48 0.05 1.06 0.09 

12 1.53 0.30 3.30 0.24 

16 1.91 0.39 5.17 1.46 

20 2.01 0.13 5.22 1.30 

24 2.99 0.24 6.53 0.07 

Unpainted 
Concrete 

8 0.18 0.21 1.90 0.35 

12 0.47 0.29 3.51 2.43 

16 0.79 0.43 2.06 0.36 

20 0.74 0.56 2.74 0.53 

24 0.87 0.44 2.86 0.37 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation.   
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Table 4-9. Summary of Efficacy Results (LR) at 50 ppm and Medium RH against B. 

anthracis Ames and Vollum. 

Τεστ 7 

Material 
 Contact 
Time (h) 

Ba Ames 
Efficacy 95%CI 

Ba Vollum 
Efficacy 95%CI 

Glass 

1 7.71 0.04 2.12 0.13 

2 7.71 0.04 5.39 0.31 

4 7.71 0.04 7.08 0.04 

5 7.71 0.04 7.08 0.04 

6 7.71 0.04 7.08 0.04 

Wallboard 
Paper 

1 7.79 0.08 1.80 0.13 

2 7.79 0.08 5.71 2.25 

4 5.05 3.21 6.35 1.00 

5 5.71 0.69 6.86 0.05 

6 4.32 1.15 6.86 0.05 

Ceiling Tile 

1 3.63 0.94 2.38 0.16 

2 5.42 0.66 3.79 0.05 

4 7.58 0.05 5.61 0.05 

5 7.58 0.05 5.61 0.05 

6 7.58 0.05 5.61 0.05 

Pine Wood 

8 2.17 0.53 2.43 0.52 

12 4.10 3.26 3.66 1.22 

16 6.22 2.17 6.14 0.21 

20 4.24 3.04 6.14 0.21 

24 7.32 0.18 5.63 1.02 

Industrial 
Carpet 

8 1.49 0.17 3.54 0.71 

12 2.51 0.27 3.95 0.68 

16 4.96 2.83 5.50 0.67 

20 6.08 1.84 6.04 0.79 

24 5.67 2.18 6.78 0.74 

Unpainted 
Concrete 

8 0.83 0.35 1.78 0.38 

12 0.83 0.42 2.07 0.64 

16 0.62 0.22 1.96 1.26 

20 1.04 0.27 2.57 1.46 

24 0.78 0.34 2.23 0.12 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation.   
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Table 4-10. Summary of Efficacy Results (LR) at 50 ppm and High RH against B. 

anthracis Ames and Vollum. 

Τεστ 8 

Material 

Contact 
Time 
(h)  

Ba Ames 
Efficacy 95% CI 

Ba Vollum 
Efficacy 95% CI 

Glass 

1 5.81 2.33 5.65 1.11 

2 7.00 0.16 6.77 0.13 

4 7.00 0.16 6.77 0.13 

5 7.00 0.16 6.77 0.13 

6 7.00 0.16 6.77 0.13 

Wallboard 
Paper 

1 2.65 1.90 1.14 0.35 

2 7.42 0.21 2.13 0.94 

4 6.55 1.73 6.59 0.10 

5 7.42 0.21 6.59 0.10 

6 7.42 0.21 6.59 0.10 

Ceiling Tile 

1 1.70 0.30 0.92 0.12 

2 4.98 2.22 1.83 0.12 

4 7.21 0.18 5.49 0.07 

5 7.21 0.18 5.49 0.07 

6 7.21 0.18 5.49 0.07 

Pine Wood 

8 2.81 0.44 5.96 1.19 

12 3.99 3.00 5.96 1.19 

16 3.64 1.81 4.31 0.72 

20 3.67 0.64 5.25 1.30 

24 7.00 0.11 6.57 0.08 

Industrial 
Carpet 

8 6.03 2.98 4.97 0.50 

12 7.55 0.05 6.83 0.66 

16 7.55 0.05 6.83 0.45 

20 7.55 0.05 6.83 0.49 

24 7.55 0.05 6.83 0.51 

Unpainted 
Concrete 

8 0.78 0.40 2.60 0.41 

12 0.77 0.20 2.58 0.08 

16 1.38 0.53 3.28 0.08 

20 0.85 0.25 2.90 0.08 

24 0.80 0.41 2.54 0.08 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation.   
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Table 4-11. Summary of Efficacy Results (LR) at 25 ppm and High RH against B. 

anthracis Ames and Vollum. 

Τεστ 9 

Material 

Contact 
Time 
(h) 

Ba Ames 
Efficacy 95%CI 

Ba Vollum 
Efficacy 95%CI 

Glass 

1 0.97 0.10 1.67 0.39 

2 1.88 0.49 6.19 1.21 

6 7.56 0.07 6.79 0.21 

8 7.56 0.07 6.79 0.21 

12 7.56 0.07 6.79 0.21 

Wallboard 
Paper 

1 1.72 0.19 1.10 0.14 

2 6.08 3.28 1.76 0.33 

6 7.75 0.05 6.91 0.04 

8 7.75 0.05 6.91 0.04 

12 7.75 0.05 6.91 0.04 

Ceiling Tile 

1 0.34 0.25 1.02 0.39 

2 1.07 0.24 1.88 0.40 

6 7.09 0.06 5.82 0.38 

8 5.92 2.31 5.82 0.38 

12 7.09 0.06 5.82 0.38 

Pine Wood 

8 2.35 0.95 4.20 0.42 

12 2.27 0.49 2.91 1.81 

20 2.22 0.33 3.53 0.91 

24 2.76 1.24 4.09 1.14 

48 4.86 2.30 4.08 2.37 

Industrial 
Carpet 

8 2.04 0.28 4.07 0.24 

12 2.00 0.46 4.59 0.23 

20 7.91 0.52 6.78 0.42 

24 7.91 0.34 6.78 1.00 

48 7.91 0.90 6.78 0.30 

Unpainted 
Concrete 

8 1.45 0.16 2.23 0.32 

12 0.87 0.12 2.77 0.48 

20 1.26 0.04 4.36 0.10 

24 1.71 0.04 3.42 0.10 

48 1.83 0.04 4.53 0.10 
 

Results highlighted in yellow represent effective decontamination but not complete inactivation.  

Results highlighted in green represent complete inactivation. 
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4.1 Comparing the effect of material and strain on decontamination efficacy 

 

Overall study results can also be summarized in terms of the number of instances (out of the five 

contact times) in which sΞΦΦΗςςΙΞΟ�ΓΗΦΡΘWDΠΛΘDWΛΡΘ��ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ�ΡΥ����/5� occurred 

for each experiment, material, and strain. These results are displayed in Tables 4-12 and 4-13. 

Decontamination results vary by material and strain, and so it is important to know which 

materials and strains are problematic to decontaminate or inactivate, respectively.  

As these tables show, the number of successful decontaminations was highest for the glass, 

ceiling tile, and painted wallboard paper materials for both Ames and Vollum strains. These 

materials were effectively decontaminated in 63, 55, and 46 out of a potential 90 instances (2 

strains X 5 contact times X 9 experiments), respectively. (Note that for ceiling tile, while there 

was routinely complete inactivation, the efficacy never exceeded 6.0 due to the lower recovery 

from positive controls.) After the first three tests, it was evident that the wood, carpet, and 

unpainted concrete materials were being decontaminated much less effectively. Therefore, these 

materials were exposed to the same HPV concentrations, but at longer contact times (compared 

with the other materials, in the same experiment) beginning with Test 4. Even with exposure to 

HPV at these longer contact times, the carpet, wood, and unpainted concrete were effectively 

decontaminated in only 28, 12, and 0 instances, respectively. The highest efficacy achieved for 

unpainted concrete during the study was 5.3 LR (Test 3 for Vollum). The results showing that 

unpainted concrete was difficult to decontaminate effectively is consistent with previous findings 

when testing peracetic acid and aqueous hydrogen peroxide fogging (Richter et al., 2018).  

Comparing the two strains, out of a total of 270 efficacy results for each strain (9 tests X 6 

materials X 5 contact times), there were 97 instances of successful decontamination for Ba Ames 

and 107 instances for the Vollum strain.  

 

Table 4-12. Number of Successful Decontamination Instances for Ba Ames by Test and 

Material 

 Test 1 Test 2 Test 3 Test 4 Test 5 Test 9 Test 6 Test 7 Test 8 Total 

           

Average 

HPV ppm 
222 10 9 26 26 25 50 50 44 

 

average % 

RH 
38 58 76 33 62 92 26 60 77 

 

 Number of Successful Decontamination Instances 

Glass 4 3 5  1 4 3 3 5 4 31 

PW Paper 3 0 4 0 0 4 0 2 4 17 

Ceiling Tile 3 3 4 0 4 2 3 3 3 26 

Pine Wood 1 3 0 0 0 0 3 2 1 7 

Carpet 1 0 0 0 3 3 0 1 5 16 

Concrete 0 0 0 0 0 0 0 0 0 0 

Total 12/30 9/30 13/30 1/30 11/30 12/30 9/30 13/30 17/30 97 

 

* Results shown are the number of effective decontamination instances (out of five time-points) for each test  
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Table 4-13. Number of Successful Decontamination Instances for Ba Vollum by Test and 

Material  

 Test 1 Test 2 Test 3 Test 4 Test 5 Test 9 Test 6 Test 7 Test 8 Total 

           

Average 

HPV ppm 
222 10 9 26 26 25 50 50 44 

 

average % 

RH 
38 58 76 33 62 92 26 60 77 

 

 Number of Successful Decontamination Instances 

Glass 3 3 5 2 4 4 3 3 4 32 

PW Paper 3 2 4 3 4 3 3 3 3 29 

Ceiling Tile 3 4 4 2 3 3 5 3 3 29 

Pine Wood 1 0 1 0 0 0 1 2 1 5 

Carpet 0 0 1 0 1 3 1 2 4 12 

Concrete 0 0 0 0 0 0 0 0 0 0 

Total 10/30 9/30 15/30 7/30 12/30 13/30 13/30 13/30 15/30 107 

 

 

 

As discussed in Section 2.8, statistical analysis was performed by converting all LR data into a 

binary response with the endpoint being a success if /5���6.0 or if complete inactivation 

occurred. Table 4-14 shows results from the logistic regression model which was fitted to the full 

data set to test whether the proportion of success was significantly associated with the Ba strain, 

material, dose (concentration x time), and RH. The Wald test statistic, the degrees of freedom 

(DF), and the p-value are shown in the table; the Wald statistic is the appropriate statistic when 

using a logistic model. The presence of a statistically significant three-factor interaction 

complicated interpretation of the results, as all results for one of the three factors must be 

interpreted with respect to the levels of the other two factors. While the main effects for strain, 

average RH, and dose were not statistically significant, the two factor interactions involving 

these factors are statistically significant: these factors do impact the probability of a successful 

decontamination, but the successful decontamination is dependent on the strain, the material, and 

the dose.  

Based on the parameters of the logistic model, the effect of material type was significant, but the 

significance varied compared against the other materials. With respect to the effect of strain, 

using the full logistical regression model, the results showed that Ba Ames and Vollum were not 

significantly different (p-value = 0.99) from each other relative to successful decontamination. 

When assessing the two-factor interactions of material and RH level, the odds ratio for Ames 

compared to Vollum showed significance and decreased with dose for all materials except glass 

(which increased) and concrete (slight increase). Refer to Appendix C for the full results of the 

statistical analyses.  
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Table 4-14. Significant Effects Based on Logistic Regression Model Fitted to Full Dataset 

Effect DF Wald Test Statistic p-value 

Strain 1 0.0001 0.9943 

Material 5 33.0119 <.0001* 

Avg. RH 2 0.4301 0.8065 

Strain*Material 5 22.6643 0.0004* 

Strain*Avg. RH 2 12.0131 0.0025* 

Material*Avg. RH 10 44.0611 <.0001* 

Dose*Material 5 88.5148 <.0001* 

Dose*Avg. RH 2 18.1219 0.0001* 

* Effect is statistically significant at or below the 0.05 level; DF = degrees of freedom
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4.2 Effect of HPV Dose on Efficacy 

 

The overall results of the study may also be summarized and interpreted in terms of the 

minimum dose of HPV (in ppm*hours) demonstrating effective decontamination. These results 

are summarized by material and Ba strain in Table 4-15.  More detailed individual dosage 

requirements for each test (per given HPV and RH level), material, and strain combination are 

found in Appendix C. The HPV dose was shown to have a significant effect on the odds of 

successful decontamination when material or RH was factored (refer to Table 4-14).  

For the glass, painted wallboard, and ceiling tile materials, dosages as low as 100-200 

ppm*hours were all that were needed for effective decontamination in most of the tests. In some 

tests, the wood and carpet materials were successfully decontaminated with doses as low as 120-

200 ppm*hours, although there were a few tests that required > 1200 ppm*hours for successful 

decontamination. In general, successful decontamination using lower dosages of HPV were 

associated with higher RH levels, as well as with the Vollum strain, although there were 

exceptions. In an actual decontamination scenario using HPV, these results may be helpful to 

officials in determining target dosage levels based on the presence of materials.  

 

Table 4-15. Minimum HPV Dose Required for Effective Decontamination  

 Range in Minimum Dose 

Demonstrating Effective 

Decontamination for 

Ames Strain 

(ppm*Hours) 

Range in Minimum Dose 

Demonstrating Effective 

Decontamination for 

Vollum Strain 

(ppm*Hours) 

Glass 50-200 40-200 

PW Paper 50 - >1200 80-300 

Ceiling Tile 80 - >600 80-222 

Pine Wood 120 - >1200 444- >1200 

Carpet >200 - >1200 200 - 1200 

Unpainted Concrete >200 - >1200 >200 - >1200 

 

 

4.3 Effects of Relative Humidity on Efficacy  

When assessed as a main effect by the statistical analyses, the RH level appeared to be a non-

significant factor. However, when comparing average RH by strain, significant differences were 

observed, and the differences varied by material type. These effects are illustrated in Table 4-16. 

As Table 4-16 shows, the number of successful decontaminations always increased with 

increasing RH (for a given HPV concentration and strain). This effect was most pronounced 

when comparing Tests 4 and 5 (25 ppm HPV, RH increased from 33% to 62%). The effect of 

increasing RH appears to have more of an impact on the Ames strain.   
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Table 4-16. Number of Successful Decontaminations by RH 

 Test 2 Test 3 Test 4 Test 5 Test 9 Test 6 Test 7 Test 8 

average HPV 

(ppm) 
10 25 50 

average RH % 58.5 76.1 32.6 62.4 91.6 25.9 60.1 76.9 

 Number of Successful Decontaminations 

Ames Total 9 12 1 11 12 10 13 17 

Vollum Total 9 14 7 12 13 13 14 15 
 

* Results shown are the number of successful decontamination results per test.  

 

4.4 Surface Damage to Materials 

At the end of each decontamination test, the procedural blanks were visually compared to the 

laboratory blanks, and test coupons were visually compared to positive controls to qualitatively 

assess any aesthetic impact the low-concentration HPV may have had on each material type. 

Based on the visual appearance of the decontaminated coupons, there were no apparent changes 

in the color, reflectivity, or roughness of the six material surfaces after being exposed to the low 

concentrations of the sporicidal fumigant.  

 

4.5 Summary 

This investigation focused on finding efficacious conditions (e.g., minimum contact times) for 

inactivating Ba Ames and Vollum strains on a variety of building materials when using relatively 

low concentrations of HPV. In addition to Ba strain and material, other test variables included 

were HPV concentration, contact time, and RH level. These independent variables were adjusted 

to assess their effect on decontamination efficacy.   

In general, fumigating at or near ambient temperatures and RH levels, with the use of lower 

fumigant concentrations, would allow for personnel and contractors to provide decontamination 

services with less specialized equipment. This advantage may be critical in increasing the 

decontamination capacity of the nation in the event of a large release of Ba spores, in which 

numerous buildings and other infrastructures may become contaminated. 

The data generated from this evaluation suggest that the resistance to inactivation by HPV is not 

significantly different for the two Ba strains that were used in the investigation. The side-by-side 
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data with both strains provide evidence indicating that the Ames data may be representative of 

the Vollum strain when using HPV for decontamination.   

Low concentrations of HPV (e.g., 10-50 ppm) were effective in decontaminating all materials 

tested in the study except for unpainted concrete. Moreover, the glass, ceiling tile and painted 

wallboard paper materials were more amenable to decontamination by low concentrations of 

HPV compared to unpainted concrete, carpet, and wood. Even using extended contact times (and 

hence higher dosages of HPV), the number of occurrences in which unpainted concrete, carpet, 

and wood were successfully decontaminated in the study was much less than the glass, ceiling 

tile, and painted wallboard materials. That said, there were in fact several instances when the 

carpet and wood materials were successfully decontaminated. 

Contact times required for effective decontamination generally decreased with increased HPV 

concentration. For example, at the highest HPV concentration tested (222 ppm), only 15 minutes 

were required to effectively decontaminate glass; in contrast, at 10 ppm, 4-12 hours were 

required for effective decontamination of glass, depending on the strain and RH level. In terms 

of HPV dosage requirements, only 100-200 ppm*hours were required for effective 

decontamination in most of the tests for the glass, painted wallboard, and ceiling tile. In some 

tests, the wood and carpet materials were successfully decontaminated with doses as low as 120-

200 ppm*hours, although there were a few tests that required > 1200 ppm*hours for successful 

decontamination of wood and carpet.  

While elevated RH has been shown to improve Ba spore inactivation with nearly all sporicidal 

fumigants, some debate still exists whether elevated RH is needed for HPV decontamination. 

From the statistical analysis of the study results, when assessed as a main effect, the RH level 

appeared to be a non-significant factor. However, when comparing the effect of RH by strain, 

significant differences were observed and varied by material type. For example, the effect of 

increasing RH appears to generally have had more of an impact on the Ames strain. In addition, 

for a given HPV concentration and strain, it was found that the number of occurrences of 

successful decontamination always increased with increasing RH.  
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Appendix A 

Detailed Test Results 

Efficacy results for low level HPV against Ba Ames and Vollum on six material types are shown in 

Tables A-1 through A-18. Zero CFU were observed on all laboratory and procedural blanks.  

Table A-1. Inactivation of B. anthracis Ames Spores using low level HPVa 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

1 250 
STERIS 

1000ED 

23.0 

± 

0.04 

38.1 

± 4.3 
1.19E+08 

0.25 

Glass 

4.55 ± 

1.61 x 

107 

2.29 ± 3.79 x 101 7.02 ± 1.20 

0.50 4.98 ± 8.59 x 105 4.37 ± 3.51 

1.00 1.56 ± 2.69 x 102 6.74 ± 1.75 

2.00 0.00 ± 0.00 Η7.63 ± 0.16 

3.00 0.00 ± 0.00 Η7.63 ± 0.16 

0.25 

Pine 

Wood 

3.34 ± 

1.14 x 

107 

7.53 ± 6.54 x105 3.47 ± 3.96 

0.50 3.04 ± 1.38 x 105 2.05 ± 0.29 

1.00 3.32 ± 5.46 x 104 3.70 ± 1.16 

2.00 1.09 ± 1.72 x 104 4.40 ± 1.69 

3.00 1.56 ± 2.69 x 102 6.61 ± 1.75 

0.25 

Carpet 

9.38 ± 

3.57 x 

107 

4.50 ± 7.62 x 101 7.23 ± 1.40 

0.50 2.06 ± 3.56 x 106 5.17 ± 4.04 

1.00 5.87 ± 6.99 x 105 4.03 ± 3.85 

2.00 5.76 ± 5.80 x 104 4.67 ± 3.22 

3.00 4.29 ± 4.04 x 104 4.74 ± 3.14 

0.25 

Painted 

Wallboard 

Paper 

1.00 ± 

0.05 x 

108 

2.29 ± 3.93 x 104 5.55 ± 2.74 

0.50 0.00 ± 0.00 ������������ 

1.00 7.19 ± 7.87 x 104 4.68 ± 3.30 

2.00 0.00 ± 0.00 ������������ 

3.00 0.00 ± 0.00 ������������ 

0.25 

Unpainted 

Concrete 

1.79 ± 

1.09 x 

107 

1.15 ± 1.28 x 107 0.32 ± 0.59 

0.50 6.92 ± 1.26 x 106 0.36 ± 0.23 

1.00 8.65 ± 7.15 x 106 0.35 ± 0.43 

2.00 4.11 ± 0.49 x 106 0.59 ± 0.22 

3.00 4.26 ± 1.18 x 106 0.58 ± 0.26 

0.25 

Ceiling 

Tile 

5.15 ± 

1.30 x 

107 

8.75 ± 6.57 x 105 1.84 ± 0.39 

0.50 3.93 ± 2.90 x 104 3.26 ± 0.61 

1.00 4.50 ± 7.62 x 101 6.99 ± 1.39 

2.00 0.00 ± 0.00 Η7.70 ± 0.10 

3.00 0.00 ± 0.00 Η7.70 ± 0.10 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ�� 
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Table A-2. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

2 10.42 ± 0.60 Bubbler 

23.6 

± 

0.26 

58.5 

± 

9.12 

1.10E+08 

0.25 

Glass 

4.14 ± 

0.13 x 

107 

1.06 ± 0.65 x 105 2.68 ± 0.43 

0.50 4.47 ± 7.22 x 104 3.91 ± 1.63 

1.00 0.00 ± 0.00 Η7.62 ± 0.01 

2.00 3.34 ± 5.49 x 102 6.11 ± 1.69 

3.00 0.00 ± 0.00 Η7.62 ± 0.01 

0.25 

Pine 

Wood 

2.93 ± 

0.94 x 

107 

1.74 ± 1.53 x 105 2.39 ± 0.65 

0.50 3.60 ± 3.93 x 104 4.32 ± 3.07 

1.00 0.00 ± 0.00 Η7.44 ± 0.15 

2.00 0.00 ± 0.00 Η7.44 ± 0.15 

3.00 0.00 ± 0.00 Η7.44 ± 0.15 

0.25 

Carpet 

9.77 ± 

0.87 x 

107 

8.89 ± 0.72 x 107 0.04 ± 0.05 

0.50 2.04 ± 0.20 x 107 0.68 ± 0.06 

1.00 2.34 ± 0.95 x 106 1.65 ± 0.24 

2.00 2.28 ± 0.99 x 106 1.66 ± 0.21 

3.00 8.18 ± 2.62 x 105 2.09 ± 0.16 

0.25 

Painted 

Wallboard 

Paper 

9.13 ± 

0.82 x 

107 

5.20 ± 4.58 x 107 0.55 ± 0.92 

0.50 1.02 ± 1.71 x 106 2.89 ± 1.46 

1.00 4.15 ± 6.89 x 106 3.75 ± 4.22 

2.00 4.67 ± 8.08 x 105 5.91 ± 4.01 

3.00 4.79 ± 5.55 x 104 3.81 ± 1.29 

0.25 

Unpainted 

Concrete 

1.10 ± 

0.29 x 

108 

7.74 ± 4.03 x 106 1.18 ± 0.25 

0.50 1.18 ± 0.46 x 107 0.99 ± 0.24 

1.00 7.65 ± 4.97 x 106 1.26 ± 0.49 

2.00 3.51 ± 1.92 x 106 1.53 ± 0.27 

3.00 3.52 ± 0.62 x 106 1.49 ± 0.13 

0.25 

Ceiling 

Tile 

3.33 ± 

1.31 x 

107 

4.26 ± 0.88 x 106 0.86 ± 0.23 

0.50 2.11 ± 2.01 x 104 3.31 ± 0.56 

1.00 7.83 ± 13.4 x 101 6.69 ± 1.56 

2.00 0.00 ± 0.00 Η7.48 ± 0.20 

3.00 0.00 ± 0.00 Η7.48 ± 0.20 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 
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Table A-3. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

3 9.29 ± 1.02 Bubbler 
27.4 ± 

0.84 

76.1 

± 

5.43 

1.02E+08 

4.00 

Glass 

6.06 ± 

0.74 x 

107 

2.29 ± 3.79 x 101 7.17 ± 1.19 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

4.00 

Pine 

Wood 

1.86 ± 

1.20 x 

107 

7.33 ± 2.51 x 104 2.24 ± 0.53 

8.00 1.66 ± 1.90 x 104 3.23 ± 1.06 

12.00 5.84 ± 7.87 x 104 3.12 ± 1.76 

16.00 5.03 ± 4.90 x 103 3.55 ± 0.77 

20.00 7.35 ± 7.81 x 103 3.42 ± 0.78 

4.00 

Carpet 

9.35 ± 

0.85 x 

107 

5.31 ± 0.03 x 107 0.24 ± 0.03 

8.00 3.85 ± 2.62 x 106 1.45 ± 0.32 

12.00 9.57 ± 2.78 x 106 1.00 ± 0.16 

16.00 4.70 ± 2.02 x 105 2.32 ± 0.22 

20.00 3.39 ± 3.41 x 105 2.67 ± 0.69 

4.00 

Painted 

Wallboard 

Paper 

8.04 ± 

0.97 x 

107 

4.60 ± 7.97 x 106 3.43 ± 2.67 

8.00 3.44 ± 5.94 x 102 6.90 ± 1.97 

12.00 0.00 ± 0.00 ������������ 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

4.00 

Unpainted 

Concrete 

3.94 ± 

2.56 x 

107 

4.13 ± 2.54 x 107 -0.02 ± 0.47 

8.00 4.74 ± 4.09 x 106 1.36 ± 1.38 

12.00 3.78 ± 2.57 x 106 1.06 ± 0.56 

16.00 2.77 ± 3.60 x 106 1.35 ± 0.71 

20.00 2.51 ± 3.13 x 106 1.36 ± 0.67 

4.00 

Ceiling 

Tile 

3.19 ± 

0.38 x 

107 

4.88 ± 2.28 x 103 3.84 ± 0.22 

8.00 1.18 ± 1.86 x 101 6.99 ± 1.00 

12.00 0.00 ± 0.00 
Η7.50 ± 

0.05 

16.00 0.00 ± 0.00 
��������

0.05 

20.00 0.00 ± 0.00 
��������

0.05 
a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 
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Table A-4. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

4 25.7 ± 1.41 
STERIS 

1000ED 

22.9 ± 

0.05 

32.6 

± 

22.4 

9.50E+07 

2.00 

Glass 

5.41 ± 

0.81 x 

106 

1.42 ± 1.72 x 106 1.82 ± 0.63 

4.00 1.41 ± 2.39 x 105 3.56 ± 1.43 

6.00 3.23 ± 3.49 x 103 4.64 ± 1.09 

8.00 0.00 ± 0.00 ������������ 

12.00 3.98 ± 6.69 x 103 5.58 ± 2.31 

8.00 

Pine 

Wood 

2.05 ± 

1.05 x 

107 

3.56 ± 2.60 x 104 2.88 ± 0.65 

12.00 2.10 ± 1.25 x 104 3.03 ± 0.45 

16.00 1.21 ± 0.63 x 104 2.22 ± 0.31 

20.00 3.01 ± 2.35 x 104 2.98 ± 0.71 

24.00 1.50 ± 2.57 x 104 4.20 ± 1.57 

8.00 

Carpet 

6.97 ± 

0.83 x 

107 

4.38 ± 1.00 x 106 1.21 ± 0.12 

12.00 1.12 ± 0.15 x 107 0.80 ± 0.08 

16.00 5.81 ± 2.51 x 105 2.11 ± 0.26 

20.00 8.79 ± 8.40 x 105 2.28 ± 1.07 

24.00 8.03 ± 8.37 x 105 2.34 ± 1.07 

2.00 

Painted 

Wallboard 

Paper 

6.81 ± 

2.34 x 

107 

3.73 ± 3.61 x 107 0.36 ± 0.50 

4.00 9.81 ± 3.33 x 106 0.86 ± 0.27 

6.00 5.92 ± 2.74 x 106 1.06 ± 0.29 

8.00 5.53 ± 4.33 x 105 2.20 ± 0.57 

12.00 1.24 ± 1.49 x 105 2.99 ± 0.77 

8.00 

Unpainted 

Concrete 

7.86 ± 

5.14 x 

107 

4.26 ± 3.26 x 106 0.27 ± 0.44 

12.00 2.51 ± 2.20 x 106 0.53 ± 0.49 

16.00 3.29 ± 2.83 x 106 0.90 ± 1.54 

20.00 2.91 ± 1.85 x 106 0.44 ± 0.48 

24.00 2.84 ± 0.34 x 106 0.37 ± 0.26 

2.00 

Ceiling 

Tile 

3.58 ± 

0.65 x 

107 

4.17 ± 1.14 x 105 1.94 ± 0.15 

4.00 6.35 ± 2.66 x 104 2.77 ± 0.22 

6.00 8.33 ± 1.17 x 104 2.63 ± 0.10 

8.00 4.48 ± 3.28 x 103 3.98 ± 0.37 

12.00 4.10 ± 0.46 x 102 3.94 ± 0.09 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-5 

Table A-5. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

5 25.5 ± 0.98 
STERIS 

1000ED 

23.9 ± 

0.05 

62.4 

± 

23.9 

8.50E+07 

2.00 

Glass 

4.01 ± 

0.65 x 

107 

5.38 ± 5.12 x 104 4.34 ± 3.20 

4.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 1.18 ± 1.86 x 101 7.09 ± 1.00 

12.00 0.00 ± 0.00 ������������ 

8.00 

Pine 

Wood 

1.99 ± 

0.95 x 

107 

1.48 ± 2.47 x 105 2.92 ± 1.30 

12.00 3.20 ± 4.65 x 103 4.94 ± 2.34 

16.00 2.20 ± 0.85 x 103 3.95 ± 0.28 

20.00 7.16 ± 9.40 x 103 4.66 ± 2.59 

24.00 1.04 ± 1.72 x 105 3.07 ± 1.33 

8.00 

Carpet 

7.36 ± 

2.14 x 

107 

1.07 ± 1.85 x 106 5.70 ± 4.25 

12.00 5.11 ± 5.36 x 105 2.34 ± 0.57 

16.00 2.94 ± 5.10 x 104 6.22 ± 3.23 

20.00 0.00 ± 0.00  Η7.87 ± 0.01 

24.00 0.00 ± 0.00  ������������ 

2.00 

Painted 

Wallboard 

Paper 

5.33 ± 

1.05 x 

107 

4.23 ± 4.50 x 105 2.87 ± 1.79 

4.00 3.70 ± 3.22 x 104 4.05 ± 2.11 

6.00 3.73 ± 6.12 x 104 3.85 ± 1.15 

8.00 5.31 ± 8.66 x 104 3.80 ± 1.35 

12.00 3.78 ± 1.68 x 102 5.18 ± 0.26 

8.00 

Unpainted 

Concrete 

1.17 ± 

0.38 x 

107 

3.56 ± 6.49 x 106 0.50 ± 0.16 

12.00 2.62 ± 0.99 x 106 0.65 ± 0.25 

16.00 3.57 ± 1.91 x 106 0.55 ± 0.37 

20.00 2.60 ± 0.53 x 106 0.64 ± 0.17 

24.00 3.20 ± 0.69 x 106 0.55 ± 0.17 

2.00 

Ceiling 

Tile 

3.11 ± 

0.49 x 

107 

4.77 ± 8.08 x 104 4.16 ± 2.05 

4.00 2.29 ± 3.79 x 101 6.88 ± 1.19 

6.00 7.82 ± 8.36 x 101 6.14 ± 1.34 

8.00 4.50 ± 7.62 x 101 6.78 ± 1.39 

12.00 0.00 ± 0.00 Η7.49 ± 0.06 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-6 

Table A-6. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

6 50.3 ± 1.51 
STERIS 

1000ED 

23.5 ± 

0.28 

25.9 

± 

1.93 

1.13E+08 

2.00 

Glass 

4.09 ± 

0.75 x 

107 

2.21 ± 3.66 x 103 5.57 ± 2.17 

4.00 2.12 ± 1.89 x 102 5.94 ± 1.63 

6.00 0.00 ± 0.00 ������������ 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

8.00 

Pine 

Wood 

1.10 ± 

0.22 x 

107 

3.30 ± 4.68 x 104 2.89 ± 0.82 

12.00 3.25 ± 5.21 x 104 3.15 ± 1.10 

16.00 1.95 ± 1.55 x 105 1.83 ± 0.37 

20.00 1.49 ± 2.35 x 104 3.57 ± 1.28 

24.00 3.41 ± 5.79 x 105 2.95 ± 2.20 

8.00 

Carpet 

8.46 ± 

0.58 x 

107 

2.81 ± 0.27 x 107 0.48 ± 0.05 

12.00 2.84 ± 1.89 x 106 1.53 ± 0.30 

16.00 1.24 ± 0.74 x 106 1.91 ± 0.39 

20.00 8.52 ± 2.33 x 105  2.01 ± 0.13 

24.00 9.31 ± 4.06 x 104  2.99 ± 0.24 

2.00 

Painted 

Wallboard 

Paper 

7.11 ± 

0.94 x 

107 

2.61 ± 1.56 x 106 1.51 ± 0.41 

4.00 3.98 ± 6.18 x 106 1.86 ± 1.13 

6.00 2.20 ± 2.86 x 106 1.90 ± 0.92 

8.00 3.88 ± 4.22 x 105 2.44 ± 0.54 

12.00 1.57 ± 1.84 x 104 4.01 ± 0.92 

8.00 

Unpainted 

Concrete 

1.40 ± 

0.91 x 

107 

8.27 ± 1.13 x 106 0.18 ± 0.21 

12.00 4.48 ± 2.08 x 106 0.47 ± 0.29 

16.00 2.51 ± 2.10 x 106 0.79 ± 0.43 

20.00 3.29 ± 3.51 x 106 0.74 ± 0.56 

24.00 2.06 ± 1.54 x 106 0.87 ± 0.44 

2.00 

Ceiling 

Tile 

2.89 ± 

0.71 x 

107 

1.18 ± 1.86 x 101 6.94 ± 1.00 

4.00 3.78 ± 5.17 x 102 5.71 ± 1.76 

6.00 7.81 ± 10.70 x 102 6.17 ± 1.33 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-7 

Table A-7. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

7 50.0 ± 1.10 
STERIS 

1000ED 

23.77 

± 

3.86 

60.07 

± 

3.86 

9.53E+07 

1.00 

Glass 

5.20 ± 

0.47 x 

107 

0.00 ± 0.00 ������������ 

2.00 0.00 ± 0.00 ������������ 

4.00 0.00 ± 0.00 ������������ 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 

Pine 

Wood 

2.31 ± 

1.14 x 

107 

2.09 ± 2.24 x 105 2.17 ± 0.53 

12.00 1.16 ± 1.88 x 105 4.10 ± 3.26 

16.00 0.67 ± 1.17 x 103 6.22 ± 2.17 

20.00 3.19 ± 3.56 x 104 4.24 ± 3.04 

24.00 0.00 ± 0.00 ������������ 

8.00 

Carpet 

6.59 ± 

0.70 x 

107 

2.19 ± 0.79 x 105 1.49 ± 0.17 

12.00 2.27 ± 1.31 x 105 2.51 ± 0.27 

16.00 1.66 ± 2.13 x 104 4.96 ± 2.83 

20.00 5.77 ± 9.13 x 102 6.08 ± 1.84 

24.00 1.95 ± 2.94 x 103 5.67 ± 2.18 

1.00 

Painted 

Wallboard 

Paper 

6.31 ± 

1.24 x 

107 

0.00 ± 0.00 ������������ 

2.00 0.00 ± 0.00 ������������ 

4.00 1.53 ± 2.65 x 105 5.05 ± 3.21 

5.00 2.22 ± 2.71 x 102 5.71 ± 0.69 

6.00 1.43 ± 2.33 x 104 4.32 ± 1.15 

8.00 

Unpainted 

Concrete 

2.35 ± 

1.32 x 

107 

3.38 ± 1.75 x 106 0.83 ± 0.35 

12.00 3.53 ± 1.47 x 106 0.83 ± 0.42 

16.00 4.96 ± 0.19 x 106 0.62 ± 0.22 

20.00 1.96 ± 0.67 x 106 1.04 ± 0.27 

24.00 3.78 ± 1.98 x 106 0.78 ± 0.34 

1.00 

Ceiling 

Tile 

3.83 ± 

0.51 x 

107 

2.56 ± 3.74 x 104 3.63 ± 0.94 

2.00 2.33 ± 2.19 x 102 5.42 ± 0.67 

4.00 0.00 ± 0.00 ������������ 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). ).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-8 

Table A-8. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

8 43.50 ± 12.61 
STERIS 

1000ED 

22.98 

± 

0.43 

76.91 

± 

5.45 

7.17E+07 

1.00 

Glass 

1.27 ± 

0.47 x 

107 

1.21 ± 2.10 x 103 5.81 ± 2.33 

2.00 0.00 ± 0.00 ������������ 

4.00 0.00 ± 0.00 ������������ 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 

Pine 

Wood 

1.04 ± 

0.30 x 

107 

2.04 ± 1.88 x 104 2.81 ± 0.44 

12.00 3.66 ± 5.41 x 104 3.99 ± 3.00 

16.00 1.35 ± 1.33 x 104 3.64 ± 1.81 

20.00 3.68 ± 4.32 x 103 3.67 ± 0.64 

24.00 0.00 ± 0.00 ������������ 

8.00 

Carpet 

3.61 ± 

0.50 x 

107 

1.21 ± 2.10 x 104 6.03 ± 2.98 

12.00 0.00 ± 0.00 7.55 ± 0.05 

16.00 0.00 ± 0.00 7.55 ± 0.05 

20.00 0.00 ± 0.00 7.55 ± 0.05 

24.00 0.00 ± 0.00 7.55 ± 0.05 

1.00 

Painted 

Wallboard 

Paper 

2.92 ± 

1.15 x 

107 

3.96 ± 4.26 x 105 2.65 ± 1.90 

2.00 0.00 ± 0.00 ������������ 

4.00 1.45 ± 2.49 x 102 6.55 ± 1.74 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

8.02 ± 

2.60 x 

106 

1.58 ± 1.32 x 106 0.78 ± 0.41 

12.00 1.34 ± 0.35 x 106 0.77 ± 0.20 

16.00 4.67 ± 5.05 x 106 1.38 ± 0.53 

20.00 1.14 ± 0.51 x 106 0.85 ± 0.25 

24.00 1.50 ± 1.24 x 106 0.80 ± 0.41 

1.00 

Ceiling 

Tile 

1.76 ± 

0.85 x 

107 

3.45 ± 1.46 x 105 1.70 ± 0.30 

2.00 1.90 ± 2.48 x 103 4.98 ± 2.22 

4.00 0.00 ± 0.00 ������������ 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-9 

Table A-9. Inactivation of B. anthracis Ames Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

9 25.22 ± 1.64 Bubbler 

23.77 

± 

0.40 

91.64 

± 

6.33 

8.80E+07 

1.00 

Glass 

3.67 ± 

0.61 x 

107 

3.95 ± 0.52 x 106 0.97 ± 0.10 

2.00 6.18 ± 4.24 x 105 1.88 ± 0.49 

6.00 0.00 ± 0.00 ����������07 

8.00 0.00 ± 0.00 �����������7 

12.00 0.00 ± 0.00 �����������7 

8.00 

Pine 

Wood 

1.84 ± 

1.82 x 

107 

1.42 ± 1.70 x 105 2.35 ± 0.95 

12.00 9.54 ± 6.01 x 104 2.25 ± 0.49 

16.00 8.68 ± 2.97 x 104 2.22 ± 0.33 

20.00 4.80 ± 7.97 x 104 3.23 ± 1.24 

24.00 2.66 ± 3.77 x 103 4.86 ± 2.30 

8.00 

Carpet 

8.07 ± 

0.81 x 

107 

7.67 ± 2.23 x 105 2.04 ± 0.16 

12.00 8.19 ± 2.03 x 105 2.00 ± 0.12 

16.00 0.00 ± 0.00 7.91 ± 0.04 

20.00 0.00 ± 0.00 7.91 ± 0.04 

24.00 0.00 ± 0.00 7.91 ± 0.04 

1.00 

Painted 

Wallboard 

Paper 

5.65 ± 

0.77 x 

107 

7.57 ± 3.07 x 105 1.89 ± 0.19 

2.00 3.50 ± 6.06 x 104 6.08 ± 3.28 

6.00 0.00 ± 0.00 �����������5 

8.00 0.00 ± 0.00 �����������5 

12.00 0.00 ± 0.00 �����������5 

8.00 

Unpainted 

Concrete 

2.36 ± 

1.36 x 

107 

7.85 ± 3.16 x 105 1.45 ± 0.28 

12.00 3.42 ± 2.19 x 106 0.87 ± 0.46 

16.00 1.59 ± 1.58 x 106 1.26 ± 0.52 

20.00 4.55 ± 2.71 x 105 1.71 ± 0.34 

24.00 5.94 ± 5.06 x 105 1.83 ± 0.90 

1.00 

Ceiling 

Tile 

1.26 ± 

0.22 x 

107 

6.07 ± 2.51 x 106 0.34 ± 0.25 

2.00 1.13 ± 0.46 x 105 1.07 ± 0.25 

6.00 0.00 ± 0.00 ������������ 

8.00 1.14 ± 1.98 x 103 5.92 ± 2.31 

12.00 0.00 ± 0.00 ������������ 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 

  



 

  A-10 

Table A-10. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

1 250 
STERIS 

1000ED 

23.0 

± 

0.04 

38.1 

± 4.3 
8.97E+07 

0.25 

Glass 

1.17 ± 

0.48 x 

107 

1.18 ± 1.86 x 101 6.52 ± 1.02 

0.50 1.54 ± 2.45 x 104 4.34 ± 2.73 

1.00 0.00 ± 0.00 Η7.03 ± 0.21 

2.00 0.00 ± 0.00 Η7.03 ± 0.21 

3.00 2.56 ± 3.09 x 102 5.36 ± 1.68 

0.25 

Pine 

Wood 

4.43 ± 

2.09 x 

106 

2.71 ± 3.69 x 104 2.47 ± 0.76 

0.50 1.04 ± 1.53 x 104 3.05 ± 0.99 

1.00 1.03 ± 1.79 x 103 5.43 ± 2.29 

2.00 1.18 ± 1.86 x 101 6.08 ± 1.02 

3.00 5.45 ± 9.14 x 102 5.01 ± 1.83 

0.25 

Carpet 

1.20 ± 

0.12 x 

107 

1.20 ± 0.40 x 106 1.02 ± 0.18 

0.50 7.69 ± 5.32 x 106 0.30 ± 0.46 

1.00 5.74 ± 0.62 x 104 2.32 ± 0.07 

2.00 1.09 ± 0.95 x 103 4.94 ± 2.10 

3.00 3.78 ± 2.22 x 102 4.55 ± 0.27 

0.25 

Painted 

Wallboard 

Paper 

4.25 ± 

5.44 x 

107 

7.18 ± 6.92 x 105 2.90 ± 2.96 

0.50 1.22 ± 1.48 x 105 2.55 ± 0.71 

1.00 0.00 ± 0.00 ������������ 

2.00 0.00 ± 0.00 ������������ 

3.00 0.00 ± 0.00 ������������ 

0.25 

Unpainted 

Concrete 

1.92 ± 

2.78 x 

106 

1.56 ± 2.07 x 105 1.06 ± 1.07 

0.50 1.33 ± 2.23 x 105 1.58 ± 1.42 

1.00 8.33 ± 2.67 x 102 2.97 ± 0.65 

2.00 4.00 ± 6.93 x 103 4.52 ± 2.74 

3.00 2.10 ± 1.15 x 103 2.59 ± 0.68 

0.25 

Ceiling 

Tile 

1.38 ± 

1.43 x 

106 

1.18 ± 1.86 x 101 5.44 ± 1.07 

0.50 3.37 ± 3.29 x 101 4.83 ± 1.18 

1.00 0.00 ± 0.00 Η5.95 ± 0.40 

2.00 0.00 ± 0.00 Η5.95 ± 0.40 

3.00 0.00 ± 0.00 Η5.95 ± 0.40 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE).  5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-11 

Table A-11. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

2 10.42 ± 0.60 Bubbler 

23.6 

± 

0.26 

58.5 

± 

9.12 

1.15E+08 

4.00 

Glass 

6.81 ± 

3.03 x 

106 

2.06 ± 3.56 x 106 3.47 ± 3.85 

8.00 0.67 ± 1.15 x 103 5.69 ± 2.17 

12.00 0.00 ± 0.00 Η6.79 ± 0.19 

16.00 0.00 ± 0.00 Η6.79 ± 0.19 

20.00 0.00 ± 0.00 Η6.79 ± 0.19 

4.00 

Pine 

Wood 

1.84 ± 

1.33 x 

106 

1.31 ± 1.84 x 104 2.44 ± 0.89 

8.00 0.97 ± 1.59 x 104 3.69 ± 2.58 

12.00 2.67 ± 4.05 x 102 4.61 ± 1.67 

16.00 2.29 ± 3.79 x 101 5.56 ± 1.22 

20.00 2.29 ± 3.79 x 101 5.56 ± 1.22 

4.00 

Carpet 

6.70 ± 

0.28 x 

106 

3.93 ± 0.55 x 106 0.23 ± 0.07 

8.00 6.10 ± 0.94 x 105 1.04 ± 0.08 

12.00 8.78 ± 6.70 x 102 4.06 ± 0.64 

16.00 9.98 ± 1.51 x 102 3.83 ± 0.08 

20.00 1.00 ± 1.45 x 102 5.51 ± 1.39 

4.00 

Painted 

Wallboard 

Paper 

1.95 ± 

2.99 x 

107 

0.93 ± 1.60 x 106 2.41 ± 1.86 

8.00 4.48 ± 5.01 x 101 5.83 ± 1.26 

12.00 1.11 ± 1.92 x 103 5.83 ± 2.34 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

4.00 

Unpainted 

Concrete 

0.90 ± 

1.47 x 

106 

4.62 ± 3.26 x 104 0.95 ± 0.80 

8.00 1.45 ± 1.20 x 105 0.44 ± 0.75 

12.00 1.39 ± 0.28 x 104 1.36 ± 0.63 

16.00 2.32 ± 2.06 x 103 2.24 ± 0.74 

20.00 1.91 ± 1.25 x 104 1.29 ± 0.73 

4.00 

Ceiling 

Tile 

3.25 ± 

1.23 x 

105 

1.62 ± 1.18 x 103 2.38 ± 0.47 

8.00 0.00 ± 0.00 Η5.49 ± 0.14 

12.00 0.00 ± 0.00 Η5.49 ± 0.14 

16.00 0.00 ± 0.00 Η5.49 ± 0.14 

20.00 0.00 ± 0.00 Η5.49 ± 0.14 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-12 

Table A-12. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

3 9.29 ± 1.02 Bubbler 
27.4 ± 

0.84 

76.1 

± 

5.43 

9.13E+07 

4.00 

Glass 

6.90 ± 

1.99 x 

106 

0.00 ± 0.00 Η6.83 ± 0.11 

8.00 0.00 ± 0.00 Η6.83 ± 0.11 

12.00 0.00 ± 0.00 Η6.83 ± 0.11 

16.00 0.00 ± 0.00 Η6.83 ± 0.11 

20.00 0.00 ± 0.00 Η6.83 ± 0.11 

4.00 

Pine 

Wood 

4.19 ± 

1.21 x 

105 

1.19 ± 1.83 x 104 2.36 ± 1.54 

8.00 6.33 ± 2.03 x 102 2.83 ± 0.20 

12.00 0.00 ± 0.00 Η5.61 ± 0.10 

16.00 1.18 ± 1.86 x 101 5.10 ± 1.00 

20.00 5.59 ± 5.04 x 101 4.34 ± 1.26 

4.00 

Carpet 

6.91 ± 

6.16 x 

106 

8.69 ± 2.55 x 105 0.91 ± 0.15 

8.00 4.51 ± 0.32 x 104 2.18 ± 0.05 

12.00 1.73 ± 0.24 x 102 3.60 ± 0.08 

16.00 2.22 ± 1.92 x 102 5.16 ± 1.65 

20.00 0.00 ± 0.00 Η6.84 ± 0.03 

4.00 

Painted 

Wallboard 

Paper 

4.71 ± 

0.31 x 

106 

3.47 ± 6.00 x 103 5.33 ± 2.63 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

4.00 

Unpainted 

Concrete 

9.57 ± 

4.80 x 

106 

4.39 ± 1.50 x 105 1.30 ± 0.29 

8.00 1.14 ± 1.70 x 104 4.26 ± 2.68 

12.00 2.39 ± 2.33 x 104 2.68 ± 0.51 

16.00 3.61 ± 5.33 x 104 2.78 ± 0.86 

20.00 2.89 ± 3.90 x 102 5.26 ± 1.70 

4.00 

Ceiling 

Tile 

8.02 ± 

2.16 x 

104 

2.44 ± 1.93 x 102 2.58 ± 0.37 

8.00 0.00 ± 0.00 Η4.89 ± 0.11 

12.00 0.00 ± 0.00 Η4.89 ± 0.11 

16.00 0.00 ± 0.00 Η4.89 ± 0.11 

20.00 0.00 ± 0.00 Η4.89 ± 0.11 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-13 

Table A-13. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

4 25.7 ± 1.41 
STERIS 

1000ED 

22.9 ± 

0.05 

32.6 

± 

22.4 

8.63E+07 

2.00 

Glass 

3.77 ± 

1.10 x 

106 

4.50 ± 7.62 x 101 5.85 ± 1.39 

4.00 4.48 ± 5.05 x 101 5.39 ± 1.19 

6.00 5.63 ± 9.58 x 101 5.82 ± 1.46 

8.00 0.00 ± 0.00 Η6.56 ± 0.11 

12.00 0.00 ± 0.00 Η6.56 ± 0.11 

8.00 

Pine 

Wood 

3.83 ± 

1.64 x 

106 

0.96 ± 1.60 x 104 3.63 ± 1.67 

12.00 3.78 ± 4.11 x 102 4.26 ± 0.82 

16.00 0.92 ± 1.13 x 103 3.93 ± 0.88 

20.00 4.48 ± 5.05 x 101 5.38 ± 1.19 

24.00 5.10 ± 8.06 x 103 3.50 ± 1.17 

8.00 

Carpet 

0.91 ± 

1.22 x 

107 

4.22 ± 3.34 x 104 2.22 ± 0.74 

12.00 3.15 ± 1.90 x 104 2.25 ± 0.55 

16.00 7.78 ± 1.78 x 103 2.80 ± 0.45 

20.00 3.12 ± 5.38 x 102 5.69 ± 1.99 

24.00 2.34 ± 3.47 x 102 5.14 ± 1.62 

2.00 

Painted 

Wallboard 

Paper 

4.80 ± 

0.95 x 

106 

4.64 ± 7.16 x 105 1.51 ± 0.94 

4.00 3.00 ± 2.60 x 102 4.90 ± 1.74 

6.00 0.00 ± 0.00 ������������ 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

1.28 ± 

0.75 x 

106 

1.50 ± 1.49 x 104 2.01 ± 0.56 

12.00 3.04 ± 2.80 x 103 3.60 ± 2.40 

16.00 1.45 ± 2.04 x 104 2.22 ± 0.80 

20.00 3.20 ± 1.58 x 103 2.58 ± 0.40 

24.00 5.50 ± 1.07 x 103 2.30 ± 0.28 

2.00 

Ceiling 

Tile 

5.84 ± 

3.32 x 

105 

2.32 ± 0.58 x 103 2.32 ± 0.33 

4.00 4.48 ± 5.05 x 101 4.51 ± 1.22 

6.00 1.18 ± 1.86 x 101 5.17 ± 1.04 

8.00 0.00 ± 0.00 Η5.68 ± 0.30 

12.00 0.00 ± 0.00 Η5.68 ± 0.30 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-14 

Table A-14. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

5 25.5 ± 0.98 
STERIS 

1000ED 

23.9 ± 

0.10 

62.4 

± 

23.9 

9.03E+07 

2.00 

Glass 

3.31 ± 

1.42 x 

106 

1.90 ± 3.27 x 102 5.56 ± 1.81 

4.00 0.00 ± 0.00 Η6.48 ± 0.19 

6.00 0.00 ± 0.00 Η6.48 ± 0.19 

8.00 0.00 ± 0.00 Η6.48 ± 0.19 

12.00 0.00 ± 0.00 Η6.48 ± 0.19 

8.00 

Pine 

Wood 

3.30 ± 

2.35 x 

106 

2.45 ± 3.95x 102 4.94 ± 1.65 

12.00 1.23 ± 2.11 x 102 5.54 ± 1.71 

16.00 2.23 ± 3.29 x 102 4.86 ± 1.63 

20.00 1.46 ± 2.52 x 103 5.18 ± 2.40 

24.00 0.71 ± 1.23 x 103 5.29 ± 2.20 

8.00 

Carpet 

0.80 ± 

1.02 x 

106 

7.18 ± 3.10 x 104 0.89 ± 0.43 

12.00 1.54 ± 0.20 x 103 2.53 ± 0.35 

16.00 5.32 ± 6.92 x 102 3.26 ± 0.76 

20.00 0.89 ± 1.26 x 102 4.42 ± 1.40 

24.00 0.00 ± 0.00 ������������ 

8.00 

Painted 

Wallboard 

Paper 

3.84 ± 

0.43 x 

106 

2.34 ± 1.71 x 104 2.35 ± 0.55 

12.00 0.00 ± 0.00 ������������ 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

24.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

6.00 ± 

4.40 x 

105 

7.77 ± 5.53 x 103 1.91 ± 0.68 

12.00 5.87 ± 6.59 x 103 3.06 ± 2.58 

16.00 3.10 ± 1.47 x 103 2.19 ± 0.41 

20.00 4.75 ± 2.79 x 103 2.03 ± 0.46 

24.00 8.35 ± 1.69 x 103 1.74 ± 0.36 

8.00 

Ceiling 

Tile 

3.35 ± 

1.85 x 

105 

3.18 ± 4.09 x 103 2.32 ± 0.33 

12.00 1.18 ± 1.86 x 101 4.65 ± 1.03 

16.00 0.00 ± 0.00 Η5.46 ± 0.25 

20.00 0.00 ± 0.00 Η5.46 ± 0.25 

24.00 0.00 ± 0.00 Η5.46 ± 0.25 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-15 

Table A-15. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

6 50.3 ± 1.51 
STERIS 

1000ED 

23.5 ± 

0.28 

25.9 

± 

1.93 

8.67E+07 

2.00 

Glass 

2.96 ± 

0.01 x 

106 

1.18 ± 1.86 x 101 5.96 ± 1.00 

4.00 0.00 ± 0.00 Η6.48 ± 0.01 

6.00 0.00 ± 0.00 Η6.48 ± 0.01 

8.00 3.34 ± 5.77 x 102 5.47 ± 1.96 

12.00 0.00 ± 0.00 Η6.48 ± 0.01 

8.00 

Pine 

Wood 

3.13 ± 

0.35 x 

106 

1.13 ± 1.00 x 103 4.34 ± 2.11 

12.00 0.78 ± 1.34 x 102 5.70 ± 1.55 

16.00 2.29 ± 3.79 x 101 5.89 ± 1.19 

20.00 2.29 ± 3.79 x 103 5.89 ± 1.19 

24.00 0.00 ± 0.00 ������������ 

8.00 

Carpet 

3.47 ± 

0.75 x 

106 

3.01 ± 0.29 x 104 1.06 ± 0.08 

12.00 1.84 ± 0.74 x 103 3.30 ± 0.24 

16.00 1.34 ± 2.03 x 102 5.17 ± 1.46 

20.00 6.69 ± 6.60 x 101 5.22 ± 1.30 

24.00 0.00 ± 0.00 ������������ 

8.00 

Painted 

Wallboard 

Paper 

4.28 ± 

1.13 x 

106 

2.62 ± 0.24 x 103 3.20 ± 0.11 

12.00 1.56 ± 1.84 x 102 4.65 ± 0.62 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

24.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

1.12 ± 

0.64 x 

106 

1.23 ± 0.50 x 104 1.90 ± 0.35 

12.00 3.29 ± 2.86 x 103 3.51 ± 2.43 

16.00 8.69 ± 3.41 x 103 2.06 ± 0.36 

20.00 2.12 ± 1.55x 103 2.74 ± 0.53 

24.00 1.37 ± 0.58 x 103 2.86 ± 0.37 

8.00 

Ceiling 

Tile 

3.59 ± 

2.28 x 

105 

0.00 ± 0.00 Η5.49 ± 0.22 

12.00 0.00 ± 0.00 Η5.49 ± 0.22 

16.00 0.00 ± 0.00 Η5.49 ± 0.22 

20.00 0.00 ± 0.00 Η5.49 ± 0.22 

24.00 0.00 ± 0.00 Η5.49 ± 0.22 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-16 

Table A-16. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

7 50.0 ± 1.10 
STERIS 

1000ED 

23.77 

± 

3.86 

60.07 

± 

3.86 

1.29E+08 

1.00 

Glass 

1.20 ± 

0.11 x 

107 

9.31 ± 2.22 x 104 2.12 ± 0.13 

2.00 5.55 ± 3.85 x 101 5.39 ± 0.31 

4.00 0.00 ± 0.00 Η7.08 ± 0.04 

5.00 0.00 ± 0.00 Η7.08 ± 0.04 

6.00 0.00 ± 0.00 Η7.08 ± 0.04 

8.00 

Pine 

Wood 

1.59 ± 

1.03 x 

106 

6.57 ± 4.30 x 103 2.43 ± 0.52 

12.00 1.48 ± 2.36 x 103 3.66 ± 1.22 

16.00 0.00 ± 0.00 Η6.14 ± 0.21 

20.00 0.00 ± 0.00 Η6.14 ± 0.21 

24.00 1.18 ± 1.86 x 101 5.63 ± 1.02 

8.00 

Carpet 

6.26 ± 

2.34 x 

106 

2.07 ± 1.51 x 103 3.54 ± 0.38 

12.00 1.02 ± 0.92 x 103 3.95 ± 0.64 

16.00 5.59 ± 5.04 x 101 5.50 ± 1.26 

20.00 5.63 ± 9.58 x 101 6.04 ± 1.46 

24.00 0.00 ± 0.00 ������������ 

1.00 

Painted 

Wallboard 

Paper 

7.29 ± 

1.03 x 

106 

1.18 ± 0.28 x 105 1.80 ± 0.13 

2.00 0.92 ± 1.60 x 103 5.71 ± 2.25 

4.00 1.18 ± 1.86 x 101 6.35 ± 1.00 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

2.35 ± 

2.74 x 

106 

1.59 ± 0.85 x 104 1.80 ± 0.71 

12.00 7.88 ± 2.32 x 103 2.07 ± 0.68 

16.00 1.02 ± 0.22 x 104 1.96 ± 0.67 

20.00 3.11 ± 2.56 x 103 2.57 ± 0.79 

24.00 5.96 ± 3.12 x 103 2.23 ± 0.74 

1.00 

Ceiling 

Tile 

4.14 ± 

0.52 x 

105 

1.76 ± 0.55 x 103 2.38 ± 0.16 

2.00 6.67± 0.00 x 101 3.79 ± 0.05 

4.00 0.00 ± 0.00 Η5.61 ± 0.05 

5.00 0.00 ± 0.00 Η5.61 ± 0.05 

6.00 0.00 ± 0.00 Η5.61 ± 0.05 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 

 



 

  A-17 

Table A-17. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

8 43.50 ± 12.61 
STERIS 

1000ED 

22.98 

± 

0.43 

76.91 

± 

5.45 

7.07E+07 

1.00 

Glass 

6.09 ± 

1.90 x 

106 

3.37 ± 3.29 x 101 5.65 ± 1.11 

2.00 0.00 ± 0.00 Η6.77 ± 0.13 

4.00 0.00 ± 0.00 Η6.77 ± 0.13 

5.00 0.00 ± 0.00 Η6.77 ± 0.13 

6.00 0.00 ± 0.00 Η6.77 ± 0.13 

8.00 

Pine 

Wood 

3.75 ± 

0.74 x 

106 

2.29 ± 3.79 x 101 5.96 ± 1.20 

12.00 2.29 ± 3.79 x 101 5.96 ± 1.20 

16.00 2.89 ± 2.22 x 102 4.31 ± 0.72 

20.00 6.69 ± 6.60 x 101 5.25 ± 1.30 

24.00 0.00 ± 0.00 Η6.57 ± 0.08 

8.00 

Carpet 

6.85 ± 

1.66 x 

106 

8.90 ± 6.96 x 101 4.97 ± 0.41 

12.00 0.00 ± 0.00 ������������ 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

24.00 0.00 ± 0.00 ������������ 

1.00 

Painted 

Wallboard 

Paper 

3.99 ± 

1.15 x 

106 

3.25 ± 1.97 x 105 1.14 ± 0.35 

2.00 5.87 ± 4.82 x 104 2.13 ± 0.94 

4.00 0.00 ± 0.00 ������������ 

5.00 0.00 ± 0.00 ������������ 

6.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

1.88 ± 

1.90 x 

106 

3.05 ± 1.37 x 103 2.60 ± 0.50 

12.00 4.27 ± 4.47 x 103 2.58 ± 0.66 

16.00 6.11 ± 1.07 x 102 3.28 ± 0.45 

20.00 1.52 ± 0.62 x 103 2.90 ± 0.49 

24.00 3.55 ± 1.56 x 103 2.54 ± 0.51 

1.00 

Ceiling 

Tile 

3.11 ± 

0.61 x 

105 

3.73 ± 0.75 x 104 0.92 ± 0.12 

2.00 4.54± 0.89 x 102 1.83 ± 0.12 

4.00 0.00 ± 0.00 Η5.49 ± 0.07 

5.00 0.00 ± 0.00 Η5.49 ± 0.07 

6.00 0.00 ± 0.00 Η5.49 ± 0.07 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 
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Table A-18. Inactivation of B. anthracis Vollum Spores using low level HPVa (Continued) 

Test 

Number 

Concentration 

(ppm) 
Equipment 

Temp 

(°C) 
%RH 

Inoculum 

(CFU/coupon) 

Contact 

Time  

(hours) 

Material 

Mean Recovered B. anthracis 

(CFU/coupon) Efficacy ± 

CId Positive 

Controlb 
Test Couponc 

9 25.22 ± 1.64 Bubbler 

23.77 

± 

0.40 

91.94 

± 

14.52 

1.24E+08 

1.00 

Glass 

7.01 ± 

3.80 x 

106 

1.54 ± 1.01 x 105 1.67 ± 0.39 

2.00 2.29 ± 3.79 x 101 6.19 ± 1.21 

6.00 0.00 ± 0.00 Η6.79 ± 0.21 

8.00 0.00 ± 0.00 Η6.79 ± 0.21 

12.00 0.00 ± 0.00 Η6.79 ± 0.21 

8.00 

Pine 

Wood 

3.69 ± 

2.31 x 

106 

2.22 ± 1.35 x 102 4.20 ± 0.42 

12.00 3.01 ± 4.37 x 104 2.91 ± 1.81 

16.00 1.90 ± 2.13 x 103 3.53 ± 0.91 

20.00 1.00 ± 1.56 x 103 4.09 ± 1.14 

24.00 2.82 ± 2.81 x 103 4.08 ± 2.38 

8.00 

Carpet 

6.23 ± 

1.59 x 

106 

5.78 ± 3.17 x 102 4.07 ± 0.32 

12.00 2.11 ± 1.95 x 102 4.59 ± 0.48 

16.00 0.00 ± 0.00 ������������ 

20.00 0.00 ± 0.00 ������������ 

24.00 0.00 ± 0.00 ������������ 

1.00 

Painted 

Wallboard 

Paper 

8.19 ± 

0.78 x 

106 

6.64 ± 1.98 x 105 1.10 ± 0.14 

2.00 1.64 ± 1.12 x 105 1.76 ± 0.33 

6.00 0.00 ± 0.00 ������������ 

8.00 0.00 ± 0.00 ������������ 

12.00 0.00 ± 0.00 ������������ 

8.00 

Unpainted 

Concrete 

7.78 ± 

4.42 x 

106 

4.04 ± 0.65 x 104 2.23 ± 0.24 

12.00 1.17 ± 0.15 x 104 2.77 ± 0.23 

16.00 3.56 ± 2.72 x 102 4.36 ± 0.42 

20.00 5.62 ± 4.90 x 103 3.42 ± 1.00 

24.00 2.11 ± 0.84 x 102 4.53 ± 0.30 

1.00 

Ceiling 

Tile 

1.09 ± 

1.48 x 

106 

6.33 ± 1.34 x 104 1.02 ± 0.39 

2.00 8.89 ± 2.31 x 103 1.88 ± 0.40 

6.00 0.00 ± 0.00 Η5.82 ± 0.38 

8.00 0.00 ± 0.00 Η5.82 ± 0.38 

12.00 0.00 ± 0.00 Η5.82 ± 0.38 

a Data expressed as the mean (± SD) of the logs of the number of spores (CFU) observed on individual samples and decontamination efficacy (log reduction).  
b Positive Controls = samples inoculated, not decontaminated.  
c Test Coupons = samples inoculated, decontaminated. 
d CI = confidence interval (± 1.96 × SE). 5ΗςΞΟWς�ΚΛϑΚΟΛϑΚWΗΓ�ΛΘ�∴ΗΟΟΡΖ�ςΛϑΘΛΙ∴�����/5��DΘΓ�ϑΥΗΗΘ�ςΛϑΘΛΙΛΗς�ΦΡΠΣΟΗWΗ�ΛΘDΦWΛΨDWΛΡΘ� 
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Appendix B 

Efficacy Results Figures  

 

 

 
Figure B-1. Summary of efficacy results at 200 ppm and Low RH against B. anthracis Ames and Vollum.  
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Figure B-2. Summary of efficacy results at 10 ppm and Medium RH against B. anthracis Ames and Vollum. 

 
Figure B-3. Summary of efficacy results at 10 ppm and High RH against B. anthracis Ames and Vollum.  
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Figure B-4. Summary of efficacy results at 25 ppm and Low RH against B. anthracis Ames and Vollum. 

 
Figure B-5. Summary of efficacy results at 25 ppm and Medium RH against B. anthracis Ames and Vollum. 
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Figure B-6. Summary of efficacy results at 50 ppm and Low RH against B. anthracis Ames and Vollum. 

 
Figure B-7. Summary of efficacy results at 50 ppm and Medium RH against B. anthracis Ames and Vollum. 
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Figure B-8. Summary of efficacy results at 50 ppm and High RH against B. anthracis Ames and Vollum. 

 
Figure B-9. Summary of efficacy results at 25 ppm and High RH against B. anthracis Ames and Vollum. 
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Appendix C 

HPV Dose Requirements for Effective Decontamination 

 

Table C-1. Minimum dose in ppm*hours demonstrating effective decontamination for 

Ames strain  

 Test 1 
Test 

2 

Test 

3 

Test 

4 

Test 

5 

Test 

9 

Test 

6 

Test 

7 

Test 

8 

Range 

Average 

HPV 

ppm 
222 9-10 25-26 44-50 

 

Average 

% RH 38 58 76 33 62 92 26 60 77  

 Minimum Dose in ppm*hours 

Glass 56 120 80 200 100 150 300 50 100 50-200 
PW 

Paper 111 >200 80 >600 >600 50 >1200 100 100 50 - >1200 

Ceiling 

Tile 444 120 80 >600 100 150 100 200 200 80 - >600 

Pine 

Wood 666 120 >200 >600 >600 >1200 >1200 800 1200 120 - >1200 

Carpet 56 
>200 >200 >600 

400 500 >1200 1000 400 
>200 - 

>1200 

Concrete >666 
>200 >200 >600 >600 >1200 >1200 >1200 >1200 >200 - 

>1200 

 

 

Table C-2. Minimum dose in ppm*hours demonstrating effective decontamination for 

Vollum strain 
 Test 1 Test 2 Test 3 Test 4 Test 5 Test 9 Test 6 Test 7 Test 8 Range 

Average 

HPV 

ppm 
222 9-10 25-26 44-50 

 

average 

% RH 38 58 76 33 62 92 26 60 77  

 Minimum Dose in ppm*hours 

Glass 56 80 40 200 100 50 200 200 100 40-200 
PW 

Paper 222 160 80 150 100 150 300 200 200 80-300 

Ceiling 

Tile 222 80 80 200 150 150 100 200 200 80-222 

Pine 

Wood 444 
>200 

>200 
>600 

>600 >1200 1200 800 1200 
444- 

>1200 

Carpet >666 
>200 

200 
>600 

600 500 1200 1000 600 
200 - 

1200 

Concrete >666 
>200 >200 >600 >600 >1200 >1200 >1200 >1200 >200 - 

>1200 
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Appendix D 

Detailed Statistical Analysis 

Introduction 

This report contains the statistical analysis of B. anthracis Ames (BaA) and B. anthracis Vollum 

(BaV) decontamination data for different decontamination conditions (contact time, HPV 

concentration, Average RH) on a variety of materials. The study design is presented in Text 

Table 1. Data were collected in support of EPA Task Order 14 study conducted at the Battelle 

Biomedical Research Center (BBRC). 

Text Table D1. Study Design 

Test 

Number 
Equipment 

Test 

Organism 

HPV 

ppm 

Temp 

(ºC) 

Average 

RH 

Easy1 

Material 

Contact 

Times 

(h) 

Difficult2 

Material 

Contact 

Time (h) 

Material  

1 STERIS 

(direct) 

Ba Ames 

and vollum 

200 23 Low 0.25,0.50,1,2,3 Glass, 

PW 

Paper, 

Ceiling 

Tile, 

Pine 

Wood, 

Carpet, 

Concrete 

2 Bubbler 10 23 Medium 4, 8, 12, 16, 20 

3 Bubbler 10 23 High 4, 8, 12, 16, 20 

4 STERIS 

(dual 

chamber) 

25 23 Low 2,4,6,8,12 8,12,16,20,24 

5 STERIS 

(dual 

chamber) 

25 23 Medium 2,4,6,8,12 8,12,16,20,24 

6 STERIS 

(dual 

chamber) 

50 23 Low 2,4,6,8,12 8,12,16,20,24 

7 STERIS 

(dual 

chamber) 

50 23 Medium 1,2,4,5,6 8,12,16,20,24 

8 STERIS 

(single 

pass) 

50 23 High 1,2,4,5,6 8,12,16,20,24 

9 Bubbler 25 23 High 1,2,6,8,12 8,12,20,24, 

48 
1 Glass, PW Paper and Ceiling Tile 
2 Pine Wood, Carpet, Concrete 

 

Statistical Methods 

A binary response based on log reduction in spores was the primary endpoint. For this endpoint, 

a trial was recorded as a success or pass if either: 1) the log10 reduction was greater than or 

equal to 6, or 2) the log10 recovery was equal to or less than the average control recovery 

(complete kill). The proportion of tests that pass and 95 percent Clopper-Pearson confidence 
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intervals were computed by strain (Ames or Vollum), material, contact time, relative humidity, 

and HPV concentration. 

A logistic regression model was fitted to the full data to test whether the proportions of successes 

are significantly associated with any effects included in the model. The logistic regression model 

included main effects for strain (Ames or Vollum), material, dose (defined as contact time times 

HPV concentration), and relative humidity; the model also included all two-factor interactions 

and the three-factor interactions for dose, strain, and material. An implicit assumption in the 

analysis is that the effect of dose is the same for any concentration and time used to achieve it.  

Results 

Text Table 2 contains the proportions of tests that pass for each strain, material, contact time, 

relative humidity, and HPV concentration with 95 percent Clopper-Pearson confidence intervals. 

 

The joint tests for all effects included in the logistic regression model are presented in Text Table 

3. A joint test for an effect of interest is a test that the values of the parameters associated with 

that effect are zero. As can be seen in Text Table 3, the main effect for material was statistically 

significant; the two-factor interactions for strain and material, strain and average RH, material 

and average RH, dose and material, and dose and average RH were also statistically significant 

as well as the three-factor interaction for dose, strain, and material. Odds ratios were calculated 

for each effect conditional on the values of the other effects. Figure D1 through Figure D20 

present plots of the odds ratios. In these figures, the lines extend to different doses based on the 

range of doses studied for a given condition; the lines are constrained so as not to extrapolate the 

odds ratio outside the studied ranges. 

 

Conclusions 

Presence of a statistically significant three-factor interaction complicates interpretation of the 

results, as all results for one of the three factors must be interpreted with respect to the levels of 

the other two factors. While the main effects for strain, average RH, and dose are not statistically 

significant, the two-factor interactions involving these factors are statistically significant. 

Therefore, these factors do impact the probability of a complete kill, but that impact is dependent 

on the level of another factor. For example, the effect of average RH is dependent on the strain, 

the material, and the dose. 

 

For all conclusions, a higher odds ratio greater than one is indicative of greater odds of a 

complete kill for level 1 of the factor compared to level 2. For odds ratios less than one, there are 

greater odds of a complete kill for level 2 of the factor compared to level 1. An odds ratio equal 

to one indicates the odds of a complete kill are approximately the same for both levels of the 

factor. The odds are defined as the ratio of probability of complete kill to the probability of an 

incomplete kill. 

 

From Figure D1, the odds ratio for bare pine wood is roughly constant at slightly less than one 

for all levels of dose; thus, the odds ratio does not depend on dose. For bare pine wood, the odds 
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of a complete kill are greater for Vollum than for Ames. The odds ratio for carpet decreases from 

approximately 10 to approximately 0.1, indicating that at low dose the odds of a complete kill are 

greater for Ames while at high dose the odds of a complete kill are greater for Vollum. The odds 

ratio for unpainted concrete is slightly increasing as dose increases but is always less than one, 

indicating for all levels of dose the odds of complete kill are greater for Vollum than for Ames. 

For ceiling tile and painted wallboard paper, the odds ratio is steeply decreasing from between 1 

and 10 to between 10-2 and 10-10, indicating that at low dose the odds of a complete kill are 

greater for Ames while at high dose the odds of a complete kill are greater for Vollum. The steep 

decrease indicates that the ratio between Ames and Vollum decreases as dose increases; the 

decreasing ratio results in increasing discrepancy between the two strains. Finally, for glass, the 

odds ratio increases from less than 1 to approximately 100. In this case, the odds of a complete 

kill are greater for Vollum at low dose but greater for Ames at high dose. The increasing slope 

indicates the ratio is greater at higher dose. For all materials, the odds ratio is greatest at the 

medium RH and least at the low RH. This ratio does not indicate that the probability of a 

complete kill is greatest for the medium RH, only that the ratio of the odds for Ames to Vollum 

is the greatest, showing the greatest discrepancy between the two odds. 

 

The odds ratios comparing the different materials vary (Figure D2 - Figure D16). For most 

comparisons, the odds ratio decreases with increasing dose; increasing odds ratios can be 

transformed to decreasing by reversing the order of the levels and taking the reciprocal of the 

odds ratio. Thus, the discrepancy between the two materials increases as dose increases. For a 

few cases, the odds ratio is flat with respect to dose: for Ames on bare pine wood compared to 

unpainted concrete, for Ames on carpet compared to unpainted concrete, and for Ames on ceiling 

tile compared to glass. For one case, the odds ratio is increasing with increasing dose: Ames on 

glass compared to painted wallboard paper. For cases where the odds ratios decrease with 

increasing dose, the rate of decrease varies between Ames and Vollum. In most cases, the rate of 

decrease is faster for Vollum than for Ames, indicating the discrepancy between the two 

materials gets larger faster for Vollum. 

 

The odds ratios for high RH compared to low RH (Figure D17), high RH compared to medium 

RH (Figure D18), and low RH compared to medium RH (Figure D19) increase with dose. Rate 

of increase is relatively constant for all strain and material combinations. For each material, the 

odds ratio is greater for Ames than it is for Vollum. For bare pine wood and unpainted concrete, 

the odds ratio for high RH to low RH increases from less than 1 to greater than 1 as dose 

increases, indicating that at low dose the odds of a complete kill are greater for low RH while at 

high dose the odds of a complete kill are greater for high RH. For all other materials, the odds 

ratio is always greater than 1, indicating greater odds of a complete kill at high RH compared to 

low RH. Again, comparing high RH to medium RH, for bare pine wood and unpainted concrete, 

the odds ratio increases from less than 1 to greater than 1; for all other materials, the odds ratio is 

always greater than 1. Comparing low RH to medium RH, the odds ratio decreases from greater 

than 1 to less than 1 for carpet and unpainted concrete. For these materials, the odds of a 

complete kill are greater for low RH at low dose and are greater for medium RH at high dose. 

The odds ratio is strictly less than 1 for all other materials, indicating greater odds of a complete 

kill at medium RH compared to low RH. 
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Figure D20 investigates the interactions between material, strain, and RH based on a fixed 

change in dose. The odds ratio for dose compared to a 100-unit increase is greater than 1 for all 

materials, strains, and RH levels. Thus, the odds of a complete kill are greater as dose increases. 

The largest odds ratios are observed for ceiling tile and painted wallboard paper, indicating the 

greatest effect of increasing dose on the odds of a complete kill for these materials. The odds 

ratio increases as average RH increases. 
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Text Table D2. Summary of Kill Proportions by Strain, Material, Contact Time, Average RH and HPV 

Concentration  

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Bare Pine Wood 0.25 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 12 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 12 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 12 h High 50 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 12 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 12 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Bare Pine Wood 12 h Medium 25 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 12 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 16 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 16 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 16 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 16 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Bare Pine Wood 16 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 16 h Medium 50 2/3 0.67 (0.09, 0.99) 

Ames Bare Pine Wood 1 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 20 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 20 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 20 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 20 h Low 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Bare Pine Wood 20 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Bare Pine Wood 20 h Medium 25 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 20 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 24 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 24 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Bare Pine Wood 24 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 24 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 24 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 24 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Bare Pine Wood 2 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 3 h Low 200 2/3 0.67 (0.09, 0.99) 

Ames Bare Pine Wood 48 h High 25 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 4 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Bare Pine Wood 8 h   Medium 10 1/3 0.33 (0.01, 0.91) 

Ames Bare Pine Wood 8 h Medium 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Bare Pine Wood 8 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 0.25 h Low 200 2/3 0.67 (0.09, 0.99) 

Ames Carpet 0.5 h Low 200 2/3 0.67 (0.09, 0.99) 

Ames Carpet 12 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Carpet 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 12 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 16 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 16 h   High 50 3/3 1.00 (0.29, 1.00) 

Ames Carpet 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 16 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 16 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 16 h Medium 25 2/3 0.67 (0.09, 0.99) 

Ames Carpet 16 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Carpet 1 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Carpet 20 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 20 h High 25 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Carpet 20 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 20 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 20 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 20 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Carpet 20 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Carpet 24 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Carpet 24 h               High 50 3/3 1.00 (0.29, 1.00) 

Ames Carpet 24                                                           

h 

Low 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 24 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Carpet 24 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Carpet 24 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Carpet 2 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Carpet 3 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Carpet 48 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Carpet 4 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 8 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 8 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 8 h High 50 2/3 0.67 (0.09, 0.99) 

Ames Carpet 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Carpet 8 h Low 50 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Carpet 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Carpet 8 h Medium 25 2/3 0.67 (0.09, 0.99) 

Ames Carpet 8 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 12 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 12 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 12 h Low 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 12 h Medium 10 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 12 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 16 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 16 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 1 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 1 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 1 h Low 200 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 1 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 20 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 2 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 2 h High 50 1/3 0.33 (0.01, 0.91) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Ceiling Tile 2 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 2 h Low 50 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 2 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 2 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 2 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Ceiling Tile 3 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 4 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 4 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 4 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 4 h Low 50 1/3 0.33 (0.01, 0.91) 

Ames Ceiling Tile 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 4 h Medium 25 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 4 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 5 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 5 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 6 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 6 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 6 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 6 h Low 50 1/3 0.33 (0.01, 0.91) 

Ames Ceiling Tile 6 h Medium 25 1/3 0.33 (0.01, 0.91) 

Ames Ceiling Tile 6 h Medium 50 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Ceiling Tile 8Hr High 10 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 8Hr High 25 2/3 0.67 (0.09, 0.99) 

Ames Ceiling Tile 8Hr Low 25 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 8Hr Low 50 3/3 1.00 (0.29, 1.00) 

Ames Ceiling Tile 8Hr Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Ceiling Tile 8Hr Medium 25 2/3 0.67 (0.09, 0.99) 

Ames Glass 0.25Hr Low 200 2/3 0.67 (0.09, 0.99) 

Ames Glass 0.5Hr Low 200 1/3 0.33 (0.01, 0.91) 

Ames Glass 12Hr High 10 3/3 1.00 (0.29, 1.00) 

Ames Glass 12Hr High 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 12Hr Low 25 1/3 0.33 (0.01, 0.91) 

Ames Glass 12Hr Low 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 12Hr Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Glass 12Hr Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 16Hr High 10 3/3 1.00 (0.29, 1.00) 

Ames Glass 16Hr Medium 10 2/3 0.67 (0.09, 0.99) 

Ames Glass 1Hr High 25 0/3 0.00 (0.00, 0.71) 

Ames Glass 1Hr High 50 2/3 0.67 (0.09, 0.99) 

Ames Glass 1Hr Low 200 2/3 0.67 (0.09, 0.99) 

Ames Glass 1Hr Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 20Hr High 10 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Glass 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Ames Glass 2 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Glass 2 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 2 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Glass 2 h Low 50 1/3 0.33 (0.01, 0.91) 

Ames Glass 2 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Glass 2 h Medium 25 1/3 0.33 (0.01, 0.91) 

Ames Glass 2 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 3 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Glass 4 h High 10 2/3 0.67 (0.09, 0.99) 

Ames Glass 4 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 4 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Glass 4 h Low 50 1/3 0.33 (0.01, 0.91) 

Ames Glass 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Glass 4 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 4 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 5Hr High 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 5Hr Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 6Hr High 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 6Hr High 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 6Hr Low 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Glass 6 h Low 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 6 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 6 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 8 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Glass 8 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 8 h Low 25 3/3 1.00 (0.29, 1.00) 

Ames Glass 8 h Low 50 3/3 1.00 (0.29, 1.00) 

Ames Glass 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Glass 8 h Medium 25 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 0.25 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Painted Wallboard Paper 0.5 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 12 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 12 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 12 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 12 h Medium 10 1/3 0.33 (0.01, 0.91) 

Ames Painted Wallboard Paper 12 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 16 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 16 h Medium 10 2/3 0.67 (0.09, 0.99) 

Ames Painted Wallboard Paper 1 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 1 h High 50 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Painted Wallboard Paper 1 h Low 200 1/3 0.33 (0.01, 0.91) 

Ames Painted Wallboard Paper 1 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 20 h High 10 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 20 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 2 h High 25 2/3 0.67 (0.09, 0.99) 

Ames Painted Wallboard Paper 2 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 2 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 2 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 2 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 2 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 2 h Medium 50 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 3 h Low 200 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 4 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 4 h High 50 2/3 0.67 (0.09, 0.99) 

Ames Painted Wallboard Paper 4 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 4 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 4 h Medium 25 1/3 0.33 (0.01, 0.91) 

Ames Painted Wallboard Paper 4 h Medium 50 1/3 0.33 (0.01, 0.91) 

Ames Painted Wallboard Paper 5 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 5 h Medium 50 1/3 0.33 (0.01, 0.91) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Painted Wallboard Paper 6 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 6 h High 50 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 6 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 6 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 6 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 6 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 8 h High 10 2/3 0.67 (0.09, 0.99) 

Ames Painted Wallboard Paper 8 h High 25 3/3 1.00 (0.29, 1.00) 

Ames Painted Wallboard Paper 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 8 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Painted Wallboard Paper 8 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 12 h Medium 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Unpainted Concrete 12 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 16 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 1 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 20 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 24 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 24 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 24 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 24 h Low 50 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Ames Unpainted Concrete 24 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 24 h Medium 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 2 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 3 h Low 200 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 48 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 4 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h High 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h High 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h High 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h Low 50 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h Medium 25 0/3 0.00 (0.00, 0.71) 

Ames Unpainted Concrete 8 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 12 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Bare Pine Wood 12 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 12 h High 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 12 h Low 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Bare Pine Wood 12 h Low 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 12 h Medium 10 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 12 h Medium 25 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 12 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 16 h High 10 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 16 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 16 h Low 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 16 h Medium 10 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 16 h Medium 25 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 16 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Bare Pine Wood 1 h Low 200 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 20 h High 10 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 20 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 20 h High 50 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 20 h Low 25 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 20 h Low 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 20 h Medium 10 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 20 h Medium 25 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 20 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Bare Pine Wood 24 h High 25 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Bare Pine Wood 24 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Bare Pine Wood 24 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 24 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Bare Pine Wood 24 h Medium 25 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 24 h Medium 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 2 h Low 200 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 3 h Low 200 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 48 h High 25 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 4 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 8 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 8 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 8 h High 50 2/3 0.67 (0.09, 0.99) 

Voll Bare Pine Wood 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Bare Pine Wood 8 h Low 50 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 8 h Medium 10 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 8 h Medium 25 1/3 0.33 (0.01, 0.91) 

Voll Bare Pine Wood 8 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Carpet 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Carpet 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h High 10 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Carpet 12 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 12 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 12 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Carpet 16 h High 10 1/3 0.33 (0.01, 0.91) 

Voll Carpet 16 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 16 h Low 50 1/3 0.33 (0.01, 0.91) 

Voll Carpet 16 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 16 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 16 h Medium 50 1/3 0.33 (0.01, 0.91) 

Voll Carpet 1 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Carpet 20 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Carpet 20 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Carpet 20 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 20 h Low 25 2/3 0.67 (0.09, 0.99) 

Voll Carpet 20 h Low 50 1/3 0.33 (0.01, 0.91) 

Voll Carpet 20 h Medium 10 1/3 0.33 (0.01, 0.91) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Carpet 20 h Medium 25 1/3 0.33 (0.01, 0.91) 

Voll Carpet 20 h Medium 50 2/3 0.67 (0.09, 0.99) 

Voll Carpet 24 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Carpet 24 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 24                                                                                                                           Low 25 1/3 0.33 (0.01, 0.91) 

Voll Carpet 24 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 24 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Carpet 24 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Carpet 2 h Low 200 1/3 0.33 (0.01, 0.91) 

Voll Carpet 3 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Carpet 48 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Carpet 4 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Carpet 8 h Medium 50 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Ceiling Tile 0.25 h Low 200 2/3 0.67 (0.09, 0.99) 

Voll Ceiling Tile 0.5 h Low 200 1/3 0.33 (0.01, 0.91) 

Voll Ceiling Tile 12 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 12 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 12 h Low 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 12 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 12 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 12 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 16 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 16 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 1 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 1 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 1 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 1 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 20 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 2 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 2 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 2 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 2 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 2 h Low 200 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Ceiling Tile 2 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 2 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 3 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 4 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 4 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 4 h Low 25 1/3 0.33 (0.01, 0.91) 

Voll Ceiling Tile 4 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Ceiling Tile 4 h Medium 25 2/3 0.67 (0.09, 0.99) 

Voll Ceiling Tile 4 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 5 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 5 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 6 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 6 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 6 h Low 25 2/3 0.67 (0.09, 0.99) 

Voll Ceiling Tile 6 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 6 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 6 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 8 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 8 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 8 h Low 25 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Ceiling Tile 8 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 8 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Ceiling Tile 8 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 0.25 h Low 200 2/3 0.67 (0.09, 0.99) 

Voll Glass 0.5 h Low 200 1/3 0.33 (0.01, 0.91) 

Voll Glass 12 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 12 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 12 h Low 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 12 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 12 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 12 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 16 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 16 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 1 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Glass 1 h High 50 1/3 0.33 (0.01, 0.91) 

Voll Glass 1 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Glass 1 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Glass 20 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 2 h High 25 2/3 0.67 (0.09, 0.99) 

Voll Glass 2 h High 50 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Glass 2 h Low 25 2/3 0.67 (0.09, 0.99) 

Voll Glass 2 h Low 50 2/3 0.67 (0.09, 0.99) 

Voll Glass 2 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Glass 2 h Medium 25 2/3 0.67 (0.09, 0.99) 

Voll Glass 2 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Glass 3 h Low 200 1/3 0.33 (0.01, 0.91) 

Voll Glass 4 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 4 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 4 h Low 25 1/3 0.33 (0.01, 0.91) 

Voll Glass 4 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 4 h Medium 10 1/3 0.33 (0.01, 0.91) 

Voll Glass 4 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 4 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 5 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 5 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 6 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 6 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 6 h Low 25 2/3 0.67 (0.09, 0.99) 

Voll Glass 6 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Glass 6 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 6 h Medium 50 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Glass 8 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Glass 8 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 8 h Low 25 3/3 1.00 (0.29, 1.00) 

Voll Glass 8 h Low 50 2/3 0.67 (0.09, 0.99) 

Voll Glass 8 h Medium 10 2/3 0.67 (0.09, 0.99) 

Voll Glass 8 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 12 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 12 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 12 h Low 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 12 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 12 h Medium 10 2/3 0.67 (0.09, 0.99) 

Voll Painted Wallboard Paper 12 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 16 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 16 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 1 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 1 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 1 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 1 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 20 h High 10 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Painted Wallboard Paper 20 h Medium 10 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 2 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 2 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 2 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 2 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 2 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 2 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 2 h Medium 50 2/3 0.67 (0.09, 0.99) 

Voll Painted Wallboard Paper 3 h Low 200 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 4 h High 10 2/3 0.67 (0.09, 0.99) 

Voll Painted Wallboard Paper 4 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 4 h Low 25 1/3 0.33 (0.01, 0.91) 

Voll Painted Wallboard Paper 4 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Painted Wallboard Paper 4 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 4 h Medium 50 2/3 0.67 (0.09, 0.99) 

Voll Painted Wallboard Paper 5 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 5 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 6 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 6 h High 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 6 h Low 25 3/3 1.00 (0.29, 1.00) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Painted Wallboard Paper 6 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 6 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 6 h Medium 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 8 h High 10 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 8 h High 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 8 h Low 25 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 8 h Low 50 3/3 1.00 (0.29, 1.00) 

Voll Painted Wallboard Paper 8 h Medium 10 1/3 0.33 (0.01, 0.91) 

Voll Painted Wallboard Paper 8 h Medium 25 3/3 1.00 (0.29, 1.00) 

Voll Unpainted Concrete 0.25 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 0.5 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 12 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 12 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 12 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 12 h Low 25 1/3 0.33 (0.01, 0.91) 

Voll Unpainted Concrete 12 h Low 50 1/3 0.33 (0.01, 0.91) 

Voll Unpainted Concrete 12 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 12 h Medium 25 1/3 0.33 (0.01, 0.91) 

Voll Unpainted Concrete 12 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h High 50 0/3 0.00 (0.00, 0.71) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Unpainted Concrete 16 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 16 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 1 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h High 10 1/3 0.33 (0.01, 0.91) 

Voll Unpainted Concrete 20 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 20 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 24 h Medium 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 2 h Low 200 2/3 0.67 (0.09, 0.99) 
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Text Table D2. Continued. 

Strain Material 

Contact 

Time 

Average 

RH 

HPV 

ppm 

Kills/ 

Trials 

Proportion of 

Kills 

(95 Percent 

Confidence 

Interval) 

Voll Unpainted Concrete 3 h Low 200 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 48 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 4 h High 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 4 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h High 10 1/3 0.33 (0.01, 0.91) 

Voll Unpainted Concrete 8 h High 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h High 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h Low 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h Low 50 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h Medium 10 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h Medium 25 0/3 0.00 (0.00, 0.71) 

Voll Unpainted Concrete 8 h Medium 50 0/3 0.00 (0.00, 0.71) 

 

 

 

Text Table D3. Joint Test for Logistic Regression Model Fit to Full Dataset   

Effect DF Wald Test Statistic p-value 

Strain 1 0.0002 0.9878 

Material 5 33.4403 <0.0001* 

Average RH 2 1.3788 0.5019 

Dose 1 0.0150 0.9025 

Strain*Material 5 23.7072 0.0002* 

Strain*Average RH 2 6.6379 0.0362* 

Dose*Strain 1 0.0021 0.9631 

Material*Average RH 10 55.1795 <0.0001* 

Dose*Material 5 98.4537 <0.0001* 

Dose*Average RH 2 18.6340 <0.0001* 

Dose*Strain*Material 5 37.1099 <0.0001* 

* Effect is statistically significant if the p-ΨDΟΞΗ�Λς�������; DF = degrees of freedom 
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ABSTRACT: Ebola virus (EBOV) disease outbreaks, as well as the ability of
EBOV to persist in the environment under certain conditions, highlight the need
to develop effective decontamination techniques against the virus. We evaluated
the efficacy of hydrogen peroxide vapor (HPV) to inactivate MS2 and Phi6
bacteriophages, the latter a recommended surrogate for EBOV. The phages were
inoculated onto six material types with and without the presence of whole human
blood. The inoculated materials were then exposed to either a high or low
concentration of HPV for various elapsed times. The phages were also recovered
from positive controls at these same elapsed times, to assess environmental
persistence and decontamination efficacy. Low concentration hydrogen peroxide
vapor (LCHP; 25 ppm) was effective against both phages on all materials without
the presence of blood at 2 h. LCHP was ineffective against the phages in the
presence of blood, on all materials, even with a 3-day contact time. Higher
concentrations of HPV (>400 ppm) with contact times of 24−32 h achieved approximately 2−6 log reduction of the phages in the
presence of blood.

■ INTRODUCTION

In the 2014−2016 Ebola virus (EBOV) disease outbreak in
West Africa, there were 28 600 cases and over 11 000
fatalities.1 The current EBOV disease outbreak in the
Democratic Republic of the Congo has a fatality rate of
approximately 67%2 and highlights the concern of using the
EBOV as a bioterrorism agent.3 (Viruses producing hemor-
rhagic fever, such as EBOV, are considered Category A
biological agents by the U.S. Centers for Disease Control and
Prevention [CDC].) Moreover, environmental transmission of
EBOV from fomites may be possible due to its persistence4

and low infectious dose (10 viral particles).5 EBOV may persist
outside host cells for several days6 or over a week,7 depending
on the environmental conditions and matrix (e.g., blood) with
which the virus is associated.
Ebola virus is a filamentous, enveloped virus of the

Filoviridae family.8 Since EBOV is classified as a Risk Group
4 and Biosafety Level 4 agent,9 relatively few laboratory
disinfection studies using the actual EBOV10−13 have been
conducted. In lieu of evaluating EBOV, surrogate viruses have
been proposed for disinfectant efficacy testing. In particular,
the bacteriophage Phi6 has been recommended as an
appropriate surrogate for EBOV for evaluating either environ-
mental persistence or disinfection, based on having a similar
viral structure (both EBOV and Phi6 are enveloped, RNA
viruses) and empirical evidence.8,14−19

The presence of a lipid envelope in viruses is known to
provide less resistance to disinfection compared to non-
enveloped viruses.9,20 Thus, as a precaution, the CDC
recommends that disinfectants registered with the U.S.
Environmental Protection Agency (EPA) for the more
resistant nonenveloped viruses be used in environments
where the enveloped EBOV may be present.21 Accordingly,
Sassi et al.22 utilized the nonenveloped bacteriophage MS2 as a
model virus for EBOV in their disinfection tests. In the present
study we used the Phi6 bacteriophage as a surrogate for EBOV
to evaluate disinfection via hydrogen peroxide vapor (HPV).
But we also included MS2 as a test virus in our study,
consistent with CDC recommendations and other research
that included both bacteriophages to model EBOV.23 Ideally, it
would be preferable to conduct these tests alongside an actual
EBOV strain to confirm the phage’s suitability as a surrogate
(to the best of our knowledge such tests have never been
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undertaken), and this is suggested as further research to close
this data gap.
While HPV has been demonstrated to be effective in the

inactivation of viruses (e.g., refs 24−26), only a few studies
evaluating HPV efficacy have included Phi6 or MS2,27,28 and
none with EBOV. Further, the present study focused on using
a relatively low concentration of hydrogen peroxide vapor
(LCHP; which, for the purpose of this study, we selected as
≤25 ppm [ppm]), based on previous research which was
shown to be effective against influenza viruses29 as well as for
inactivating Bacillus anthracis spores,30,31 provided sufficient
contact time. The benefit to using LCHP is that it may be
generated through inexpensive means such as off-the-shelf
humidifiers using off-the-shelf 3 or 8% aqueous solutions of
hydrogen peroxide, and be more compatible with materials.30

This “low-tech” approach would be advantageous where
specialized equipment and financial resources are limited. To
assess the decontamination efficacy of HPV, the phages were
recovered from positive controls (not exposed to HPV) at the
same elapsed times as the decontaminated coupons; these data
are also presented to provide an indication of the environ-
mental stability of the phages.

■ MATERIALS AND METHODS

Bacteriophage Propagation. In general, the methods
described here for inoculation and recovery of Phi6 and MS2
phage from material coupons are consistent with previous
related research investigating environmental disinfection and
persistence of viruses.14,15,19,32,33

The two bacteriophage viruses, MS2 (ATCC 15597-B1) and
Phi6 (The EPA water treatment laboratory, Cincinnati, OH)
were stored at −80 °C until testing. Working stocks of each
phage were prepared using a top agar overlay technique.15

Briefly, agar plates using Tryptic Soy Agar with Magnesium for
Phi6 (Hardy Diagnostics, Santa Clara, CA; Model G341) and
LB Agar (Hardy Diagnostics, G77) for MS2 were inoculated
with 100 μL (μL) of stock phage, 100 μL of bacterial culture
(Pseudomonas syringae LM2489 for Phi6 and Escherichia coli C-
3000 [ATCC 15597] for MS2), and 5 mL (mL) of molten top
agar (50 ± 5 °C) of the same media type. Following overnight
incubation, top agar layers from plates with visible clearing of
host bacteria were aseptically scraped into conical tubes
containing 5 mL SM buffer (Teknova Inc., Hollister, CA;
Model S0249) and centrifuged at 7000 rpm for 15 min. The
supernatant was removed and filtered through a 0.2-μm syringe
filter (Corning Inc., Corning, NY; model no. 431229).
Test Materials. Since decontamination efficacy is strongly

dependent on the material with which the microorganism is
associated,34,35 five common indoor surface materials were
used: glass (ASTM C1036, Brooks Brothers Glass & Mirror,
Columbus, OH), painted joint tape (PJT; United States
Gypsum Company, Chicago, IL; model no 382198), 304
stainless steel (SS; ASTM A240; McMaster Carr, Aurora,

OH), glazed ceramic tile (Lowes, Hilliard, OH model
PWHITW91L01), and bare pine wood (model 142−8PINE
Lowes, Hilliard, OH). These materials were selected to include
both porous and nonporous, organic and inorganic substrates,
to provide a wide range of challenge to HPV. Additionally, due
to its medical relevance, an N95 filter medium (used for
respiratory protection; 3M, St. Paul, MN; model 1860) was
included. Test coupons (1.9 × 7.5 cm2) were cut from a larger
piece of each representative material. The N95 filter medium
was heat sealed along the edges to bind the three layers
together, representative of the larger filtering facepiece
respirator. Prior to testing, glass, SS, and ceramic tile coupons
were sterilized by autoclaving at 121 °C for 15 min in
sterilization pouches (Fisher Cat. No. NC9241087, Pittsburgh,
PA). Painted joint tape, N95 filter media, and bare pine wood
were sterilized by γ-irradiation with a dose of approximately 40
kilogray.

Environmental Conditions and Test Matrix. Overall,
seven experiments were conducted in the study. Each
experiment included all six test materials exposed to one
HPV concentration, for up to four time points. While the focus
of the study was on the use of LCHP (target of 25 ppm of
HPV, based on an approximate average concentration that
could be obtained using a humidifier in a large test chamber),
we also conducted two experiments at a target of 400 ppmv
HPV, since the higher concentration is more typical of what is
used in medical or hospital environments,36 or for decontami-
nation of biocontainment laboratories.37 The study design
included the use of two bacteriophages (MS2 or Phi6), the
stock solutions of which were diluted (1 in 10) with either
phosphate buffered saline (PBS) or human whole blood, since
blood has been shown to diminish efficacy.12 When either
phage was used with just the PBS diluent, we evaluated only
the lower HPV concentration of 25 ppm, since the lower
concentration was efficacious within a reasonable time. See
Table 1, below, which provides an overview of the test matrix.
An adaptive experimental test approach was taken in some
cases, i.e., some time points were adjusted based on previous
interim results, to better assess improvement in efficacy.

Sample Processing. Each day of testing, a 1:10 dilution of
the stock solution of phage was prepared using either PBS
(HyClone Laboratories, Cat. No. SH302560.2, Logan, UT) or
human whole blood [BioIVT, Wesbury, NY; Cat. No.
HUMANWBK2UZN]), to achieve a target titer of 5 × 107

plaque forming units (PFU)/mL. The actual inoculum titer
was verified each day coupons were inoculated, using the
phage quantification techniques discussed below. Sterile
coupons were laid flat in a Class II Biological Safety Cabinet
(BSC) and inoculated with approximately 5 × 106 PFU per
coupon by dispensing 100 μL as 10 droplets (10 μL per
droplet) across the surface of the test coupons. For each
material type, three replicate coupons were used at each time
point during decontamination. The maximum number of time

Table 1. Study Test Matrix

virus test materials diluent target decontamination conditions time points assessed (h)

Phi6 glass, stainless steel, ceramic tile, N95 media, painted joint tape, wood blood 25 ppm, 75% RH 2, 4, 24, 72

PBS 25 ppm, 75% RH 2, 4, 6, 8

blood 400 ppm, 75% RH 4, 8, 24, 32

MS2 glass, stainless steel, ceramic tile, N95 media, painted joint tape, wood blood 25 ppm, 75% RH 2, 4, 8, 24, 32, 72

PBS 25 ppm, 75% RH 2, 4, 6, 8

blood 400 ppm, 75% RH 4, 8, 24, 32
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points that could be assessed in one experiment (test
condition) was four, to allow 72 coupons in the test chamber.
Three additional replicate coupons were used as positive
controls (inoculated, exposed to ambient conditions, no
exposure to HPV) for each time point and material. (The
positive controls used for each time point allowed us to
determine efficacy of the HPV treatment but also to assess
persistence of the phage as well.) Following inoculation, all
material coupons were dried for approximately 1 h in the BSC
under ambient environmental conditions, prior to commencing
exposure to HPV or the initial recovery of the phage at time
zero. Additionally, two coupons of each material were used as
blanks (not inoculated) and included for each time point
tested. The blank coupons controlled for potential cross-
contamination during testing as well as the sterility of the test
coupons.
Decontaminant Testing. Decontamination testing was

conducted inside a 498-L (L) acrylic glovebox (Plaslabs,
Lansing, MI) at ambient temperatures. Fixed humidity point
salts38 were used to adjust relative humidity (RH) to a target of
75% for each experiment. Temperature and RH inside the test
chamber were measured using a NIST-traceable temperature
and humidity data logger (Onset, Bourne, MA; MX1101).
Hydrogen peroxide vapor concentration was measured using a
calibrated ATI B12 2-wire gas transmitter (Analytical
Technology, Inc., Collegeville, PA) and was connected to a
CNI-822 process controller (Omega Engineering, Norwalk,
CT), which allowed for automatic control of HPV
concentration within the test chamber; HPV data were
recorded using the associated iLOG software (Omega
Engineering, Norwalk, CT).
Generation of the HPV was achieved using a commercial

generator (Bioquell Clarus C, Horsham, PA). Since
commercial generators are typically used to target higher
concentrations (>200 ppm), a two-chamber approach was
required to achieve the lower 25 ppm target. For this lower
target concentration, the generator supplied the HPV first to a
mixing chamber to achieve a concentration of approximately
350 ppm, which then fed the test chamber as needed to
maintain the target concentration of 25 ppm. Experiments
targeting 400 ppm exposure level were achieved by connecting
the HPV generator directly to the test chamber using a stock
solution of 35% aqueous hydrogen peroxide. Once target RH
and HPV were achieved and stable, the inoculated coupons
were placed into a sealed container and transferred to the test
chamber and opened, starting the exposure. With the direct
connection between the HPV generator and the test chamber
for the 400 ppm tests, the temperature within the test chamber
was somewhat higher than in the LCHP tests, due to the flash
evaporation of aqueous hydrogen peroxide. At the selected
time points, a set of coupons was removed by placing them
back into a sealed container and transferring them to a Class II
BSC. Once in the BSC, the coupons were transferred to the
extraction tubes.
Phage Recovery from Coupons and Quantification.

At each time point, test and positive control coupons were
collected and extracted for the phage by placing each
individual coupon in a conical tube that contained 10 mL
PBS. The tubes were agitated on their sides at room
temperature on an orbital shaker for 15 min at 200 rpm. A
series of 10-fold dilutions was prepared in PBS. An aliquot (0.1
mL) of the selected dilution and, when necessary, the
undiluted extracts were plated onto the appropriate agar plates

in triplicate by the overlay plaque assay method15 as previously
described. Each prepared tube of phage and host bacteria was
then poured on a single plate and allowed to solidify under
ambient conditions, then incubated at 26 ± 2 °C (Phi6) or 37
± 2 °C (MS2) for 18−24 h. After incubation, plates were
observed on light boxes, and visible plaques in the bacterial
lawns were counted manually. The number of PFU/coupon
was calculated by multiplying the mean number of plaques per
plate by the reciprocal of the dilution, and then multiplying by
100 (0.1 mL aliquot was plated from the 10 mL sample used
for each coupon extraction).

Decontamination Efficacy Calculations and D-values.
For each test (coupons exposed to HPV, noted with subscript
t) and positive control coupon (subscript pc), the number of
PFU recovered was transformed to its log10 value. Then, the
mean of the log10 values for each test coupon was subtracted
from the mean of the log10 values from each positive control,
for each time point assessed. This process is illustrated per the
following equation, with efficacy reported in terms of log10
reduction (LR):

= −efficacy (log PFUpc) (log PFUt) (1)

Test coupons in which there were no PFU recovered were
assigned a PFU count of 1, resulting in a log PFU of zero. In
such cases, the LR is reported as ≥ the value calculated by eq
1. For reference, we note that the US EPA requires that
disinfectants with viricidal claims demonstrate ≥3 LR of the
test virus on each surface.39

The LR results are reported with an associated 95%
confidence interval (CI), calculated as follows:

= ± ×95%CI efficacy (1.96 SE) (2)

The term SE is the pooled standard error, and was calculated
as follows:

= +
S S

SE
pc

3

t

3

2 2

(3)

where S is the standard deviation of the LR results for either
the three positive controls (pc) or three test coupons (t) for
each test condition.
In addition to calculating an LR value for each test condition

and time point, we have determined inactivation rates (as D-
values) for positive controls and the coupons exposed to HPV.
D-values are commonly used to quantify the rate of
inactivation of a microbial population, over several time points
and are expressed as the time in h to reach 1 LR from the
initially recovered PFU amount.40,41 For brevity, these
calculated D-values for each phage and test condition, as well
as further information on the statistical methods and their
detailed results, are found in the Supporting Information (SI).
The D-values were calculated as the ratio of the shorter of the
number of hours to achieve complete decontamination (i.e.,
when the phage was not detected) or the end of the
decontamination test period; divided by the difference
between the log recovery of the phage at the time point and
the log recovery at time zero. To determine central values (e.g.,
median) and spread (e.g., 95% confidence interval) for D-value
estimates at each condition, a resampling approach using R
statistical computing software version 3.5.3 (https://www.r-
project.org/) was used. From the distributions of D-values at
each condition, several statistical comparisons were made to
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determine the significance of variables, and these are discussed
along with efficacy results.

■ RESULTS AND DISCUSSION

Environmental Conditions. The measured air temper-
ature, RH, and HPV concentration within the test chamber for
each experiment of the study are summarized in Table 2. As
Table 2 shows, some experiments such as Test 1.2 or Test 6
utilized both phages or both phage diluents (blood or PBS)
concurrently in the test chamber. In Test 4, in which MS2 in
blood was evaluated at 25 ppm of HPV, two subtrials were
conducted because of the wide range in time points.
Air temperatures within the test chamber ranged between 22

and 28 °C, and average RH levels ranged from 63 to 76%.
When fumigating at the LCHP target of 25 ppm (all tests
except 2 and 5), actual concentrations were within 1 ppm of
the target. In the two tests where we targeted a higher HPV
concentration of 400 ppm, the actual average levels ranged

from 429 to 454 ppm. While these HPV levels were somewhat
higher (7−13%) than we had intended, the results are still
valid and informative. The positive controls, which were kept
outside the test chamber at ambient conditions, were exposed
to average air temperatures ranging from 21.1−21.7 °C and
average RH levels from 15−59%. A table summarizing these
environmental conditions for the controls in terms of average
± standard deviation is found in the SI.

Inoculum and Recovery Levels for MS2 and Phi6
Phages from Positive Controls. The results for the
inoculum titer quantification and the subsequent recoveries
of the Phi6 and MS2 phages from the positive controls,
presented as the average log PFU recovered from each material
at each elapsed time, are shown in Figures 1 and 2. (For a
more detailed listing of these results, including additional time
points, refer to the corresponding tables found in the SI.) The
positive control recoveries are aggregated in the figures as a
function of phage and diluent and varied by several orders of

Table 2. Experimental Test Conditions

test
number

test
bacteriophage

phage stock
solution diluent

actual average ± SD
concentration HPV ppm

actual average ± SD
temperature ° C

actual average ± SD
RH%

time
points (h)

1.1 Phi6 blood 24.4 ± 1.23 22.8 ± 0.24 74.7 ± 0.20 2, 4

1.2 Phi6 PBS 24.6 ± 1.38 23.3 ± 0.07 72.5 ± 0.63 2, 4

1.2 Phi6 blood 25.0 ± 0.36 22.6 ± 0.57 73.5 ± 2.19 24, 72

2 Phi6 blood 429 ± 43.0 28.1 ± 0.52 63.4 ± 2.47 4, 8, 24, 32

3 MS2 PBS 24.9 ± 0.34 22.3 ± 0.10 71.6 ± 1.32 2, 4, 6, 8

4.1 MS2 blood 24.9 ± 0.42 22.2 ± 0.13 64.6 ± 2.8 4, 8

4.2 MS2 blood 25.0 ± 0.68 22.4 ± 0.11 63.5 ± 4.3 24, 32

5 MS2 blood 454 ± 49.3 27.4 ± 0.35 74.6 ± 3.28 4, 8, 24, 32

6.1 Phi6 PBS 25.2 ± 0.6 22.0 ± 0.14 69.7 ± 1.11 6, 8

6.2 MS2 blood 25.3 ± 0.51 22.3 ± 0.3 75.8 ± 2.32 2, 72

Figure 1. Inoculum and recovery of phages (average log plaque forming units ± SD) diluted in phosphate buffered saline from positive control
materials, by elapsed time.
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magnitude. The inoculum levels of Phi6 averaged approx-
imately 7.0 log PFU/coupon, whereas the MS2 inoculum levels
averaged approximately a log lower, at 6.1 log PFU/coupon.
While the results for the phage recoveries from positive
controls are used primarily for the calculation of decontami-
nation efficacy, the recoveries also provide insight into how the
phages may persist over time outside their host cells on various
materials, with or without the presence of human blood. In
general, the loss in recovery or detection of a virus (or any
other microorganism) from an inoculated material at ambient
conditions may be due to the inability to physically extract the
virus particle from the material (e.g., because of material
porosity, adherence to the material) and/or that the virus was
inactivated to some degree (possibly due to desiccation,
chemical interaction with material).
In comparing the results for Figures 1 and 2, while the Phi6

phage was generally more persistent in blood than in PBS, the
Phi6 phage in PBS was still recovered in appreciable quantities
(>3.5 log PFU) from the nonporous glass, tile, and SS at the
longest time point tested (8 h). With Phi6 in blood (Figure 2
and Table S9), nearly 6 log PFU was recovered from all
materials at the longest time point tested of 72 h (Test 1.2),
and >6 log PFU recovered at 32 h (Test 2) on all materials.
The loss in recovery of the Phi6 phage in blood after 72 h was
only 0.7−1.3 LR. The effect of material on the recovery of Phi6
was masked by the presence of blood. That is, the recovery of
Phi6 in the PBS diluent (Figure 1, Table S8) from positive
controls varied more by material than it did in blood, with
generally poorer recoveries of the Phi6 phage occurring with
the porous materials (PJT, N95 mask material, and wood).
Further, in the PBS diluent, the Phi6 phage was not recovered
from PJT at the initial “zero” time point, and was not
recovered (not detected) from PJT or wood at the 2-h time
point. The Phi6 phage in PBS did, however, demonstrate more
stability on the nonporous materials (glass, SS, and tile), with
over 5.5 log PFU recovered from glass and tile at 8 h, the

longest time examined for the phages in PBS. That the Phi6
phage was generally more persistent (higher recoveries) in
blood compared to PBS is generally consistent with their
associated decay rates (refer to SI Table S4). Specifically, the
D-values for Phi6 positive controls in blood ranged from 57 to
331 h, while the D-values for Phi6 in PBS were more variable
(by material) and indeterminate, but generally lower.
In contrast to Phi6, the effect of diluent and material was not

as pronounced for the MS2 phage.. When comparing the
common 8-h time points for the two diluents, the range in
average recovery of the MS2 phage in blood was ∼2.5−4.0
(Figure 2) and the range in recovery of the MS2 phage in PBS
was 3.2−4.4 PFU. Further, the D-values for the MS2/blood
positive controls were not significantly different from the D-
values for the MS2/PBS positive controls, except for the N95
material (Table S4).
Thus, the presence of blood did not provide much additional

protection to the MS2 phage, whereas the presence of blood
does so for the enveloped Phi6 phage. This is an important
finding as it contradicts the general thinking behind the
disinfection hierarchy which indicates that the nonenveloped
viruses (such as MS2) should be more resistant than the
enveloped viruses. We were not able to locate data in the
literature assessing the effect of blood on the persistence of
MS2 or Phi6, to compare with our results. Research with
EBOV did show that the virus was more stable in the presence
of dried blood, although it depended on temperature and RH.
Specifically, Schuitt et al.7 showed that the decay rates of
EBOV diluted in cell culture media and dried on materials
were similar to the decay rates when EBOV was diluted in
blood at room temperature (22 °C, 41% RH). However, at 28
°C and 90% RH, EBOV did persist longer in the blood matrix
than in the cell culture media. Interestingly, for their 22 °C/
41% RH test condition, which is comparable to our
environmental condition for positive controls, Schuitt et al.7

recovered approximately 0.8−1.5 log PFU EBOV/Mak-C05 in

Figure 2. Inoculum and recovery of phages (average log plaque forming units ± SD) in blood diluent from positive control materials, by elapsed
time.
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dried blood from their four materials at 72 h (an approximately
2−3 LR). Under similar environmental conditions and elapsed
time, our recovery of MS2 (1.9−3.6 log PFU) in the blood
matrix was comparable to their EBOV recovery (the LR values
for both were similar as well), but our recovery of the Phi6
phage was much higher (5.8−5.9 log PFU recovered; ∼0.5
LR). In another study, EBOV showed greater persistence when
maintained in liquid blood compared to water.42

In comparing the persistence of the two phages, the loss in
recovery of MS2 in the presence of blood (Figure 2) was
generally greater than the loss in recovery of Phi6 in blood. For
example, at the common 72-h time point, only approximately
2−3 log PFU of MS2 in blood was recovered from the six

positive control materials (refer to Table S11), which contrasts
to the nearly 6 log PFU of the Phi6 in blood that was
recovered for the same elapsed time, for every material.
However, when comparing the two phages suspended in PBS
(Figure 1), MS2 was recovered on all positive control
materials, including PJT and wood, at 8 h, while the Phi6 in
PBS was less persistent, at least on the porous materials (wood,
PJT, N95). Thus, without the protection of the dried human
blood, the nonenveloped MS2 phage shows more environ-
mental persistence/stability on all materials than the enveloped
Phi6, which is consistent with the general thinking that
enveloped viruses are less resistant than nonenveloped viruses
to disinfectants.21,43 This finding is also consistent with a study

Figure 3. Decontamination efficacy results for Phi6 and MS2 diluted in blood, using low concentration hydrogen peroxide vapor (∼25 ppm), as
average log reduction ±95% confidence interval limits.

Figure 4. Decontamination efficacy results for Phi6 and MS2 diluted in blood, using hydrogen peroxide vapor >400 ppm, as average log reduction
±95% confidence interval limits. Bars with an asterisk indicate no phage were recovered from any test coupons, and thus efficacy results are
determined based on recovery from positive controls.
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examining the persistence of MS2 and Phi6 (as potential
surrogates for EBOV) in landfill leachate,15 which found the
enveloped Phi6 phage was much less stable than the MS2. In
another study, the MS2 phage was also more stable (retained
infectivity longer) than Phi6 when aerosolized and exposed to
various RH levels and temperatures.44

Overall, the MS2 phage was recovered on all positive control
materials at 8 h in the PBS diluent, and both phages were
recovered at 72 h on all positive control materials in the
presence of human blood. In the blood diluent, the persistence
of both phages was prolonged and generally masked the effect
of material, although this effect of blood was not as
pronounced in the recovery of the nonenveloped MS2
phage. Relatively little decrease in the recovery of the Phi6
phage occurred at the longest time point evaluated (72 h)
when dried in human whole blood, on all materials,
corresponding to D-values up to hundreds of hours for a 1 LR.
HPV Decontamination Efficacy Results for MS2 and

Phi6. The decontamination efficacy results for the study,
presented in terms of the average LR of PFU, are summarized
in Figures 3, 4, and 5. Select representative results are
displayed for each material in each experiment, as a function of
the HPV concentration (e.g., low or high level), diluent (PBS
or human blood), and contact time. (All detailed decontami-
nation efficacy results are also tabulated in the SI, Table S12.)
There was minimal inactivation efficacy against both the MS2
and Phi6 phages when the phages were diluted in blood, dried
onto various materials, and exposed to the LCHP of 25 ppm;
refer to Figure 3. Over 90% of these average efficacy results
from these test runs, for both phages, were <1 LR, while the
maximum efficacy achieved overall at this condition was 2.09
LR (for MS2), which occurred at the 72-h time point on tile
(Test 6.2). Although the decontamination efficacy of the
LCHP was relatively low for both phages diluted in blood,
statistical analysis (refer to SI) of the inactivation rates showed

that the D-values for MS2 were generally significantly lower
(approximately an order of magnitude) than for Phi6.
The presence of blood continued to preserve or shield both

phages at the higher HPV concentrations (429 and 454 ppm)
as well, albeit some inactivation (at least 3 to 4 LR) of both
Phi6 and MS2 became evident at 24-h; refer to Figure 4. For
example, at the 4- and 8-h time points for the tests >400 ppm
of HPV, the LR values for the six materials were all less than
1.0 for the Phi6 phage, while the LR values for the MS2 phage
were somewhat higher than the LR values for the Phi6 and
ranged from 1.2 to 2.3 at the 8-h time point. At 24 h, the >400
ppm of HPV did effectively inactivate the Phi6 phage on all
materials. For the MS2 phage at 24 h, none of the phage was
recovered on any of the materials except wood, making
decontamination efficacy values indeterminate but generally
≥2 LR. Overall, these efficacy values are still quite low
compared to efficacy values achievable with similarly high HPV
concentrations against other microorganisms, but without the
presence of blood. For example, >6 LR was achieved against
Bacillus anthracis spores on similar materials when using 290
ppm of HPV for 3 h.45

As expected, the LCHP decontamination approach (25
ppm) achieved higher efficacy with the phages inoculated in
PBS (Figure 5) compared to when they were inoculated in
blood. That is, without the presence of blood, the LCHP was
effective (≥3 LR) for both phages on all materials at 2 h, for
the materials in which phage were recovered/detected. In Test
3, with MS2/PBS at the 2-h time point, none of the materials
had recoverable phage except for glass, which showed a LR of
3.58. The MS2 phage was inactivated at >5.2 LR on glass at the
6-h time point. In Test 6.1 with Phi6/PBS, decontamination at
25 ppm of HPV for 6 h resulted in no recoverable phage from
all six materials. With the highest recovery of Phi6 on the
nonporous material controls, this resulted in having >5.58 LR
on glass, SS, and tile. The highest LR achieved against Phi6/

Figure 5. Decontamination efficacy results for Phi6 and MS2 diluted in phosphate buffered saline, using low concentration hydrogen peroxide
vapor (∼25 ppm), as average log reduction ±95% confidence interval limits. Bars with an asterisk indicate that no phages were recovered from any
test coupons, and thus efficacy results are determined based on recovery from positive controls.
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PBS was >6.06 on tile at 6 h. As also expected, the D-values for
the LCHP (25 ppm) for both phages in PBS were all ≤1 h and
were significantly lower than the D-values for the inactivation
of phages in blood.
These results demonstrating the deleterious effect of blood

on the efficacy of HPV are generally consistent with the
literature.46 For example, Heckert et al. showed minimal LR
against Classical Swine Fever (hog cholera) virus in the
presence of porcine whole blood.24 Pottage et al. showed that
increasing the blood diluent level from 10% to 50% decreased
the inactivation against the MS2 phage several orders of
magnitude when using HPV.27 The presence of blood also
diminishes the efficacy of other decontaminants against other
microorganisms, one example being the use of chlorine dioxide
gas for the inactivation of several species of bacteria.47 In the
evaluation of several liquid disinfectants (including chlorine
bleach) to assess their ability to inactivate EBOV in the
presence of blood, only 5% peracetic acid was effective.12 We
would agree with Smither et al.,12 who suggest two reasons
why the presence of blood diminishes inactivation of viruses
and microorganisms: that the blood may be providing a
physical barrier for the decontaminant to reach the virus; and/
or that the blood, an organic material, reacts with the oxidant-
based decontaminant and reduces its concentration prior to
reaching the virus. HPV, bleach, chlorine dioxide, and many
other decontaminants rely on oxidation as the mechanism for
microbial inactivation.
We were not able to locate any literature related to the use

of LCHP for the inactivation of MS2, Phi6, and/or EBOV,
with which to compare our results. The best comparison we
can make with the literature is a study evaluating LCHP for the
inactivation of another enveloped virus, i.e., several influenza
viruses,29 and which reported nearly 3.5 LR of the virus on
stainless steel, using a HPV concentration of 10 ppm for only
15 min.
Regarding the effect of material on decontamination efficacy

in the presence of blood, for both phages, the results indicate a
lack of difference in efficacy among the six materials, most
likely due to the blood overriding or masking any underlying
material effects. With the phages diluted in PBS, the majority
of the LCHP decontamination tests resulted in no recovery of
the phages, making it difficult to make valid comparisons
among the materials.
In summary, without the presence of human blood, the

LCHP was effective (≥3 LR) against both phages on all
materials at two h contact time, for the phages that were
recoverable from controls at that time. Additionally, both the
Phi6 and MS2 phages in the PBS diluent were completely
inactivated (none detected) by the LCHP on all materials by 6
h. But in the blood matrix, LCHP was ineffective against both
phages for all materials, even with a 3-day contact time. Thus,
extrapolating from these results for both an enveloped and
nonenveloped virus, we would expect LCHP would be a viable
decontamination option for EBOV for relatively clean surfaces.
Although we caveat that having data for an EBOV would be
preferred to that of a surrogate, the evidence we proffer here
and, as noted in the literature,10 suggest that the presence/
absence of a viral envelope, protective organic matrix such as
blood, and the material with which the microorganism is
associated may be more of a factor in decontamination efficacy
(as well as environmental persistence) than the actual virus
genome/biochemistry. In the presence of blood, high levels of
HPV (>400 ppm) were effective in inactivating the Phi6 phage

on all materials with 1 day contact time, but results were
indeterminant for MS2, due to the inability to recover the MS2
phage from positive control materials ≥3 log PFU at 24 h.
Further investigation of decontamination techniques that
would be effective in inactivating the EBOV in a blood matrix
is recommended.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.9b06034.

Inactivation/decay rates (as D-values) for phages, for
positive controls and those exposed to HPV; statistical
comparison of D-values; positive control recovery results
in visual format (figures) and detailed results in tables;
environmental conditions for positive controls; and
detailed decontamination efficacy results in table format
(PDF)

■ AUTHOR INFORMATION

Corresponding Author

Joseph P. Wood − U.S. Environmental Protection Agency, Office
of Research and Development, National Homeland Security
Research Center, Research Triangle Park, North Carolina
27711, United States; orcid.org/0000-0001-6316-9418;
Email: wood.joe@epa.gov

Authors

William Richter − Battelle Memorial Institute, Columbus, Ohio
43201, United States

Michelle Sunderman − Battelle Memorial Institute, Columbus,
Ohio 43201, United States

M. Worth Calfee − U.S. Environmental Protection Agency,
Office of Research and Development, National Homeland
Security Research Center, Research Triangle Park, North
Carolina 27711, United States

Shannon Serre − U.S. Environmental Protection Agency, Office
of Land and Emergency Management, Chemical, Biological,
Radiological, and Nuclear Consequence Management Advisory
Division, Research Triangle Park, North Carolina 27711,
United States

Leroy Mickelsen − U.S. Environmental Protection Agency,
Office of Land and Emergency Management, Chemical,
Biological, Radiological, and Nuclear Consequence Management
Advisory Division, Research Triangle Park, North Carolina
27711, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.9b06034

Funding

The EPA, through its Office of Research and Development,
funded and directed the research described herein under
contract EP-C-15-002-0019 with Battelle Memorial Institute. It
has been subjected to the Agency’s review and has been
approved for publication. Mention of trade names, products, or
services does not convey official EPA approval, endorsement,
or recommendation.

Notes

The authors declare no competing financial interest.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b06034
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

H



■ ACKNOWLEDGMENTS

We acknowledge Robert Krile and William White for statistical
analysis.

■ REFERENCES

(1) U.S. CDC. U.S. Centers for Disease Control and Prevention
2014−2016 Ebola Outbreak in West Africahttps://www.cdc.gov/vhf/
ebola/history/2014-2016-outbreak/index.html (Accessed 4/8/19).
(2) World Health Organization (WHO). World Health Organ-
ization Ebola Situation Reports: Democratic Republic of the Congo.
https://www.who.int/ebola/situation-reports/drc-2018/en/ (Ac-
cessed 9/16/19).
(3) Cenciarelli, O.; Gabbarini, V.; Pietropaoli, S.; Malizia, A.;
Tamburrini, A.; Ludovici, G. M.; Carestia, M.; Di Giovanni, D.;
Sassolini, A.; Palombi, L.; et al. Viral bioterrorism: Learning the lesson
of Ebola virus in West Africa 2013−2015. Virus Res. 2015, 210, 318−
326.
(4) Vetter, P.; Fischer, W. A., 2nd; Schibler, M.; Jacobs, M.; Bausch,
D. G.; Kaiser, L. Ebola Virus Shedding and Transmission: Review of
Current Evidence. J. Infect. Dis. 2016, 214, S177−S184.
(5) Osterholm, M. T.; Moore, K. A.; Kelley, N. S.; Brosseau, L. M.;
Wong, G.; Murphy, F. A.; Peters, C. J.; LeDuc, J. W.; Russell, P. K.;
Van Herp, M.; et al. Transmission of Ebola viruses: what we know
and what we do not know. mBio 2015, 6 (2), No. e00137-15.
(6) Nikiforuk, A. M.; Cutts, T. A.; Theriault, S. S.; Cook, B. W. M.
Challenge of Liquid Stressed Protective Materials and Environmental
Persistence of Ebola Virus. Sci. Rep. 2017, 7 (1), 4388.
(7) Schuit, M.; Miller, D. M.; Reddick-Elick, M. S.; Wlazlowski, C.
B.; Filone, C. M.; Herzog, A.; Colf, L. A.; Wahl-Jensen, V.; Hevey, M.;
Noah, J. W. Differences in the Comparative Stability of Ebola Virus
Makona-C05 and Yambuku-Mayinga in Blood. PLoS One 2016, 11
(2), No. e0148476.
(8) Gallandat, K.; Lantagne, D. Selection of a Biosafety Level 1
(BSL-1) surrogate to evaluate surface disinfection efficacy in Ebola
outbreaks: Comparison of four bacteriophages. PLoS One 2017, 12
(5), No. e0177943.
(9) U.S. Department of Health and Human Services. Biosafety in
Microbiological and Biomedical Laboratories, 5th ed.; CDC 21−1112,
2009.
(10) Cook, B. W.; Cutts, T. A.; Nikiforuk, A. M.; Poliquin, P. G.;
Court, D. A.; Strong, J. E.; Theriault, S. S. Evaluating environmental
persistence and disinfection of the Ebola virus Makona variant. Viruses
2015, 7 (4), 1975−86.
(11) Cutts, T.; Cook, B.; Poliquin, G.; Strong, J.; Theriault, S.
Inactivating Zaire Ebolavirus in Whole-Blood Thin Smears Used for
Malaria Diagnosis. J. Clin. Microbiol. 2016, 54 (4), 1157−9.
(12) Smither, S. J.; Eastaugh, L.; Filone, C. M.; Freeburger, D.;
Herzog, A.; Lever, M. S.; Miller, D. M.; Mitzel, D.; Noah, J. W.;
Reddick-Elick, M. S.; et al. Two-Center Evaluation of Disinfectant
Efficacy against Ebola Virus in Clinical and Laboratory Matrices.
Emerging Infect. Dis. 2018, 24 (1), 135−139.
(13) Cook, B. W.; Cutts, T. A.; Nikiforuk, A. M.; Leung, A.; Kobasa,
D.; Theriault, S. S. The Disinfection Characteristics of Ebola Virus
Outbreak Variants. Sci. Rep. 2016, 6 (1), 38293.
(14) Gallandat, K.; Wolfe, M. K.; Lantagne, D. Surface Cleaning and
Disinfection: Efficacy Assessment of Four Chlorine Types Using
Escherichia coli and the Ebola Surrogate Phi6. Environ. Sci. Technol.
2017, 51 (8), 4624−4631.
(15) U.S. Environmental Protection Agency. Viral Persistence in
Landfill Leachate; Washington, DC, 2018.
(16) Sassi, H. P.; Ikner, L. A.; Abd-Elmaksoud, S.; Gerba, C. P.;
Pepper, I. L. Comparative survival of viruses during thermophilic and
mesophilic anaerobic digestion. Sci. Total Environ. 2018, 615, 15−19.
(17) Bibby, K.; Casson, L. W.; Stachler, E.; Haas, C. N. Ebola virus
persistence in the environment: state of the knowledge and research
needs. Environ. Sci. Technol. Lett. 2015, 2 (1), 2−6.
(18) Wolfe, M. K.; Gallandat, K.; Daniels, K.; Desmarais, A. M.;
Scheinman, P.; Lantagne, D. Handwashing and Ebola virus disease

outbreaks: A randomized comparison of soap, hand sanitizer, and
0.05% chlorine solutions on the inactivation and removal of model
organisms Phi6 and E. coli from hands and persistence in rinse water.
PLoS One 2017, 12 (2), No. e0172734.
(19) Aquino de Carvalho, N.; Stachler, E. N.; Cimabue, N.; Bibby,
K. Evaluation of Phi6 persistence and suitability as an enveloped virus
surrogate. Environ. Sci. Technol. 2017, 51 (15), 8692−8700.
(20) McDonnell, G. E. Antisepsis, Disinfection, and Sterilization:
Types, Action, and Resistance, 2nd ed.. ASM Press: 2017.
(21) U.S. CDC. U.S. Centers for Disease Control and Prevention
Interim Guidance for Environmental Infection Control in Hospitals
for Ebola Virus. https://www.cdc.gov/vhf/ebola/clinicians/cleaning/
hospitals.html (Accessed 4/8/2019),.
(22) Sassi, H. P.; Reynolds, K. A.; Pepper, I. L.; Gerba, C. P.
Evaluation of hospital-grade disinfectants on viral deposition on
surfaces after toilet flushing. Am. J. Infect. Control 2018, 46 (5), 507−
511.
(23) Lin, K.; Marr, L. C. Aerosolization of Ebola virus surrogates in
wastewater systems. Environ. Sci. Technol. 2017, 51 (5), 2669−2675.
(24) Heckert, R.; Best, M.; Jordan, L.; Dulac, G.; Eddington, D.;
Sterritt, W. Efficacy of vaporized hydrogen peroxide against exotic
animal viruses. Appl. Environ. Microbiol. 1997, 63 (10), 3916−3918.
(25) Tuladhar, E.; Terpstra, P.; Koopmans, M.; Duizer, E. Virucidal
efficacy of hydrogen peroxide vapour disinfection. Journal of Hospital
Infection 2012, 80 (2), 110−115.
(26) Goyal, S. M.; Chander, Y.; Yezli, S.; Otter, J. Evaluating the
virucidal efficacy of hydrogen peroxide vapour. Journal of hospital
infection 2014, 86 (4), 255−259.
(27) Pottage, T.; Richardson, C.; Parks, S.; Walker, J. T.; Bennett, A.
M. Evaluation of hydrogen peroxide gaseous disinfection systems to
decontaminate viruses. J. Hosp Infect 2010, 74 (1), 55−61.
(28) Turgeon, N.; Michel, K.; Ha, T. L.; Robine, E.; Moineau, S.;
Duchaine, C. Resistance of Aerosolized Bacterial Viruses to Four
Germicidal Products. PLoS One 2016, 11 (12), No. e0168815.
(29) Rudnick, S. N.; McDevitt, J. J.; First, M. W.; Spengler, J. D.
Inactivating influenza viruses on surfaces using hydrogen peroxide or
triethylene glycol at low vapor concentrations. Am. J. Infect. Control
2009, 37 (10), 813−819.
(30) Wood, J. P.; Calfee, M. W.; Clayton, M.; Griffin-Gatchalian, N.;
Touati, A.; Ryan, S.; Mickelsen, L.; Smith, L.; Rastogi, V. A simple
decontamination approach using hydrogen peroxide vapour for
Bacillus anthracis spore inactivation. J. Appl. Microbiol. 2016, 121
(6), 1603−1615.
(31) U.S. Environmental Protection Agency. Decontamination of
Materials Contaminated with Spores of Bacillus anthracis Ames and
Vollum Strains Using Low Concentrations of Hydrogen Peroxide
Vapor; EPA/600/R-18/215; Washington, DC, 2018.
(32) Wood, J. P.; Choi, Y. W.; Chappie, D. J.; Rogers, J. V.; Kaye, J.
Z. Environmental persistence of a highly pathogenic avian influenza
(H5N1) virus. Environ. Sci. Technol. 2010, 44 (19), 7515−7520.
(33) Wyrzykowska-Ceradini, B.; Calfee, M.W.; Touati, A.; Wood, J.;
Mickelsen, R.L.; Miller, L.; Colby, M.; Slone, C.; Gatchalian, N.G.;
Pongur, S.G.; Aslett, D. The use of bacteriophage MS2 for the
development and application of a virucide decontamination test
method for porous and heavily soiled surfaces. J. Appl. Microbiol.
2019, 127 (5), 1315−1326.
(34) Calfee, M. W.; Wendling, M. Inactivation of vegetative bacterial
threat agents on environmental surfaces. Sci. Total Environ. 2013, 443,
387−396.
(35) Wood, J. P.; Adrion, A. C. Review of Decontamination
Techniques for the Inactivation of Bacillus anthracis and Other Spore-
Forming Bacteria Associated with Building or Outdoor Materials.
Environ. Sci. Technol. 2019, 53 (8), 4045−4062.
(36) U.S. Environmental Protection Agency.. Vaprox Hydrogen
Peroxide SterilantAmendment to Add Aseptic Food Processing
Use. EPA Pesticide Label Reg. 2012, 58779.
(37) Rogers, J. V.; Richter, W. R.; Shaw, M. Q.; Shesky, A. M. Large-
scale inactivation of Bacillus anthracis Ames, Vollum, and Sterne

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b06034
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

I



spores using vaporous hydrogen peroxide. Applied Biosafety 2009, 14
(3), 127−134.
(38) ASTM International. Standard practice for maintaining
constant relative humidity by means of aqueous solutions. West
Conshohocken, PA, 2007.
(39) U.S. Environmental Protection Agency. Product Performance
Test Guidelines, OCSPP 810.2200: Disinfectants for Use on
Environmental Surfaces, Guidance for Effiacy Testing; EPA 712-C-
17−004; Washington, DC, 2018.
(40) Wood, J. P.; Lemieux, P.; Betancourt, D.; Kariher, P.; Griffin,
N. Pilot-scale experimental and theoretical investigations into the
thermal destruction of a Bacillus anthracis surrogate embedded in
building decontamination residue bundles. Environ. Sci. Technol. 2008,
42 (15), 5712−5717.
(41) Richter, W.; Sunderman, M.; Wendling, M.; Serre, S.;
Mickelsen, L.; Rupert, R.; Wood, J.; Choi, Y.; Willenberg, Z.;
Calfee, M. Evaluation of Altered Environmental Conditions as a
Decontamination Approach for Non-Spore-Forming Biological
Agents. J. Appl. Microbiol. 2019 DOI: 10.1111/jam.14532.
(42) Fischer, R.; Judson, S.; Miazgowicz, K.; Bushmaker, T.;
Prescott, J.; Munster, V. J. Ebola virus stability on surfaces and in
fluids in simulated outbreak environments. Emerging Infect. Dis. 2015,
21 (7), 1243.
(43) Weber, D. J.; Rutala, W. A.; Fischer, W. A.; Kanamori, H.;
Sickbert-Bennett, E. E. Emerging infectious diseases: Focus on
infection control issues for novel coronaviruses (Severe Acute
Respiratory Syndrome-CoV and Middle East Respiratory Syndrome-
CoV), hemorrhagic fever viruses (Lassa and Ebola), and highly
pathogenic avian influenza viruses, A (H5N1) and A (H7N9). Am. J.
Infect. Control 2016, 44 (5), e91−e100.
(44) Verreault, D.; Marcoux-Voiselle, M.; Turgeon, N.; Moineau, S.;
Duchaine, C. Resistance of aerosolized bacterial viruses to relative
humidity and temperature. Appl. Environ. Microbiol. 2015, 81 (20),
7305−7311.
(45) Rastogi, V. K.; Wallace, L.; Smith, L. S.; Ryan, S. P.; Martin, B.
Quantitative method to determine sporicidal decontamination of
building surfaces by gaseous fumigants, and issues related to
laboratory-scale studies. Appl. Environ. Microbiol. 2009, 75 (11),
3688−3694.
(46) Krug, P. W.; Davis, T.; O’Brien, C.; LaRocco, M.; Rodriguez, L.
L. Disinfection of transboundary animal disease viruses on surfaces
used in pork packing plants. Vet. Microbiol. 2018, 219, 219−225.
(47) Lowe, J. J.; Hewlett, A. L.; Iwen, P. C.; Smith, P. W.; Gibbs, S.
G. Surrogate testing suggests that chlorine dioxide gas exposure would
not inactivate Ebola virus contained in environmental blood
contamination. J. Occup. Environ. Hyg. 2015, 12 (9), D211−D215.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b06034
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

















































Τηε ιmmινεντ τηρεατ οφ α χηεmιχαλ ωαρφαρε αγεντ (ΧWΑ) ρελεασε ιν α

βυιλδινγ ορ τρανσπορτατιον ηυβ ισ δριϖινγ Υ.Σ. ΕΠΑ�σ Ηοmελανδ Σεχυριτψ

Ρεσεαρχη Προγραm το σψστεmατιχαλλψ εϖαλυατε ποτεντιαλ δεχονταmινατιον

τεχηνολογιεσ φορ χηεmιχαλ αγεντσ. Τηε υσε οφ λοω−χονχεντρατιον ηψδρογεν

περοξιδε ϖαπορ (ΛΧΗΠς) φυmιγατιον ηασ γαινεδ αττεντιον ασ ηψδρογεν

περοξιδε ισ α ρεαδιλψ αϖαιλαβλε, εφφιχαχιουσ γρεεν τεχηνολογψ, ανδ ρελατιϖελψ

εασψ το ιmπλεmεντ ασ α δεχονταmινατιον αππροαχη υσινγ ρεαδιλψ αϖαιλαβλε

εθυιπmεντ (ε.γ., ηυmιδιφιερσ).

Τηε γοαλ οφ τηισ ρεσεαρχη ισ το δετερmινε χονδιτιονσ υνδερ ωηιχη ΛΧΗΠς

φυmιγατιον χαν βε υσεδ το δεχονταmινατε περmεαβλε ορ πορουσ ιντεριορ

στρυχτυραλ mατεριαλσ χονταmινατεδ ωιτη ΧWΑσ ορ σελεχτεδ πεστιχιδεσ τηατ

αρε ηαρδ το χλεαν υσινγ τραδιτιοναλ συρφαχε δεχονταmινατιον αππροαχηεσ.

Τηισ ποστερ δεσχριβεσ τηε ρεσεαρχη αππροαχη; τηε στυδψ ισ ονγοινγ.

Ιντροδυχτιον

Λοω Χονχεντρατιον Ηψδρογεν Περοξιδε ςαπορ (ΛΧΗΠς) φορ Ρεmεδιατιον 

οφ Ινδοορ Ενϖιρονmεντσ Χονταmινατεδ ωιτη Περσιστεντ Τοξιχ Χηεmιχαλσ
Βιλλ Wιλλιαmσον,   Αλβερτ Ζωιενερ,   Ψιργααλεm Αβρηα, Πη.D, Μιχηαελ Dαmmανν  − Σουτηωεστ Ρεσεαρχη Ινστιτυτε 

Συϕοψ Ροψ, Πη.D,  − Τετρα Τεχη, Ινχ.      Λυκασ Ουδεϕανσ, Πη.D,  − Υ.Σ. ΕΠΑ

Οβϕεχτιϖεσ

Ενϖιρονmενταλ Χηαmβερ

Πλαννεδ ΛΧΗΠς Εφφιχαχψ Στυδψ

Το ασσεσσ χονδιτιονσ υνδερ ωηιχη ΛΧΗΠς φυmιγατιον χαν βε υσεδ το

εφφεχτιϖελψ δεχονταmινατε ΧWΑσ φροm ιντεριορ στρυχτυρεσ

� Ιδεντιφψ ρεπρεσεντατιϖε mατεριαλ συρφαχεσ φορ φυmιγατιον τεστινγ

� Dεmονστρατε χοντρολ οφ χηαmβερ τεmπερατυρε ανδ σταβιλιτψ οφ ΛΧΗΠς

� Dεϖελοπ αναλψτιχαλ mετηοδ φορ ςΞ ανδ ΕΑ−2192 ρεσιδυαλ ον σελεχτεδ

συρφαχε mατεριαλσ

� Περφορm ΛΧΗΠς εφφιχαχψ στυδιεσ ον mατεριαλσ χονταmινατεδ ωιτη ςΞ

Σελεχτεδ Τεστ Συρφαχεσ

Χουπονσ ωερε αππροξιmατελψ 1.375� ξ 1.375�

� ςινψλ Τιλε (12�ξ12� Εξχελον ςΧΤ Φλοορινγ)

� Ρυββερ (Βλαχκ Ρυββερ ωαλλ χοϖε βασε)

� Παιντεδ ωοοδ (Dουγλασ Φιρ, Wηιτε Φλατ Ζερο 

ςΟΧ Ιντεριορ Παιντ)

� Σταινλεσσ στεελ (304 βαρ στοχκ)

Χηαmβερ Ρεθυιρεmεντσ:

� Χαπαχιτψ οϖερ 300 Λιτερσ ωιτη mινιmαλ αιρ εξχηανγε

� Οπερατιοναλ τεmπερατυρε ρανγε βετωεεν 15 ανδ 25 °Χ ωιτη τολερανχε 

οφ ±3 °Χ οφ σετ ποιντ

� Γενερατε ηψδρογεν περοξιδε χονχεντρατιον οφ 25 ± 5 ππmϖ

� Μονιτορ ανδ λογ χηαmβερ τεmπερατυρε, περχεντ ρελατιϖε ηυmιδιτψ (ΡΗ), 

ανδ ηψδρογεν περοξιδε χονχεντρατιον.

� Εξπεχτεδ τεστ δυρατιον ισ φιϖε δαψσ

Αναλψτιχαλ Μετηοδ

Μετηοδ Περφορmανχε: Περφορmανχε οφ εαχη αναλψτε ωασ δεmονστρατεδ ιν

σεπαρατε στυδιεσ υσινγ σεϖεν ρεπλιχατε σπικεσ ανδ ονε mετηοδ βλανκ (ΜΒ)

φορ εαχη mατεριαλ τψπε.

Ματεριαλ ςΞ Ρεσυλτσ ΕΑ−2192 Ρεσυλτσ

ΜΒ Ρεπλιχατε Σπικεσ ΜΒ Ρεπλιχατε Σπικεσ

Αϖγ. Ρεχ. %ΡΣD Αϖγ. Ρεχ. %ΡΣD

Σταινλεσσ Στεελ ΝD 75% 8% ΝD 57% 9%

Παιντεδ Wοοδ ΝD 100% 9% ΝD 31% 14%

Ρυββερ ΝD 101% 16% ΝD 46% 12%

ςινψλ Τιλε ΝD 91% 18% ΝD 11% 28%

ςΞ σπικε χονταχτ τιmε ωασ 5 mινυτεσ; ΕΑ−2192 σπικε χονταχτ τιmε ωασ 1 ηουρ.

# Αγεντ Φυmιγαντ Χονδιτιον1 Ματεριαλσ Χουπονσ περ Ματεριαλ περ Τιmε Ποιντ (ΤΠ) Τοταλ 

ΧουπονΤΠ−02 ΤΠ−13 ΤΠ−24 ΤΠ−34 ΤΠ−44

ς1 ςΞ Η2Ο2 #1 ΤΒD 4 Τψπεσ 3Χ5/1Β6 3Χ/1Β 3Χ/1Β 3Χ/1Β 3Χ/1Β 80

ς2 ςΞ Η2Ο2 #2 ΤΒD 4 Τψπεσ 3Χ/1Β 3Χ/1Β 3Χ/1Β 3Χ/1Β 3Χ/1Β 80

ς3 ςΞ Η2Ο2 #3 ΤΒD 4 Τψπεσ 3Χ/1Β 3Χ/1Β 3Χ/1Β 3Χ/1Β 3Χ/1Β 80

ς4 ςΞ Wατερ #1 ΤΒD 4 Τψπεσ 3Χ/1Β 3Χ/1Β 3Χ/1Β 48

ς5 ςΞ Νονε #1 ΤΒD 4 Τψπεσ 3Χ/1Β 3Χ/1Β 3Χ/1Β 48

1 Χονδιτιονσ ωιλλ βε δετερmινεδ βψ ΕΠΑ. Παραmετερσ ινχλυδε: Η2Ο2 χονχ., δυρατιον.
2ΤΠ−0 = Σπικε χοντρολσ υσεδ το ϖαλιδατε τηε αmουντ οφ αγεντ σπικεδ ανδ ρεχοϖερεδ φροm τηε χουπονσ.
3ΤΠ−1 = Χολλεχτεδ αφτερ 24 η ωεατηερινγ τιmε ανδ βεφορε σταρτ οφ φυmιγατιον.
4ΤΠ−2 τηρυ 4 = Χολλεχτεδ αφτερ 24 η ωεατηερινγ τιmε ανδ σπεχιφιεδ δυρατιον αφτερ σταρτ οφ φυmιγατιον. Dυρατιονσ

δετερmινεδ βψ ΕΠΑ
53Χ = τηρεε χουπονσ φορ εαχη mατεριαλ σπικεδ ωιτη 2∝Λ οφ χηεmιχαλ αγεντ.
6Β = 1 προχεδυραλ βλανκ χουπον φορ εαχη mατεριαλ νοτ χονταmινατεδ ωιτη χηεmιχαλ αγεντ.

Εξτραχτιον Μετηοδ: Τηε χουπον ωιλλ βε πλαχεδ ιντο 2οζ ωιδε mουτη ϕαρ

φιλλεδ ωιτη 20 mΛ οφ 10% αχετονε ιν mετηψλενε χηλοριδε, σωιρλεδ φορ 30

σεχονδσ, ανδ σονιχατεδ φορ 10 mινυτεσ. Τηε εξτραχτ ωιλλ βε ρεmοϖεδ,

χεντριφυγεδ, φιλτερεδ, ανδ στορεδ ιν α φρεεζερ.

Αναλψσισ: Θυαντιτατιϖε αναλψσισ ωιλλ βε περφορmεδ ον Λιθυιδ

Χηροmατογραπη τριπλε θυαδρυπολε mασσ σπεχτροmετερ (ΛΧ−θθθ) οπερατινγ ιν

mυλτιπλε ρεαχτιον mονιτορινγ (ΜΡΜ) mοδε.

Dισχλαιmερ: Τηε Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ (ΕΠΑ) τηρουγη ιτσ Οφφιχε οφ

Ρεσεαρχη ανδ Dεϖελοπmεντ (ΟΡD) φυνδεδ ανδ mαναγεδ τηε ρεσεαρχη δεσχριβεδ. Ιτ

ηασ βεεν συβϕεχτεδ το τηε Αγενχψ�σ ρεϖιεω ανδ ηασ βεεν αππροϖεδ φορ πυβλιχατιον ανδ

διστριβυτιον. Νοτε τηατ αππροϖαλ δοεσ νοτ σιγνιφψ τηατ τηε χοντεντσ νεχεσσαριλψ ρεφλεχτ

τηε ϖιεωσ οφ τηε Αγενχψ. Μεντιον οφ τραδε ναmεσ, προδυχτσ, ορ σερϖιχεσ δοεσ νοτ

χονϖεψ οφφιχιαλ ΕΠΑ αππροϖαλ, ενδορσεmεντ, ορ ρεχοmmενδατιον.

Φιγυρε 2: Χηαmβερ mονιτορινγ ρεσυλτσ οϖερ α 2−δαψ περιοδ

ΗΠς Ουτ

ΗΠς Ιν

ΡΗ Ουτ

ΡΗ Ιν
Τεmπερατυρε Ιν

Τεmπερατυρε Ουτ

ΕΑ−2192
Τρανσιτιον 240.1 m/ζ το 128.2 m/ζ

Τρανσιτιον 240.1 m/ζ το 86.1 m/ζ

ςΞ
Τρανσιτιον 268.2 m/ζ το 128.1 m/ζ (νοτ σηοων)

Τρανσιτιον 268.2 m/ζ το 86.2 m/ζ

Τρανσιτιον 268.2 m/ζ το 138.9 m/ζ

Τρανσιτιον 268.2 m/ζ το 167.1 m/ζ

Φιγυρε 3. ΛΧ−θθθ Χηροmατογραm οφ ςινψλ Τιλε Εξτραχτ

Αχθυισιτιον Τιmε (mιν)

Χ
ο

υ
ν

τσ
 (

α
β

ρ.
 υ

ν
ιτ
σ
)

Φιγυρε 1: Εξπεριmενταλ Χηαmβερ ωιτη γλοϖε πορτσ (νο γλοϖεσ πρεσεντ) ανδ σηελϖεσ









Οϖερϖιεω

Βαχκγρουνδ

ΕΠΑ λαβορατορψ στυδψ φουνδ: 

� Ηψδρογεν περοξιδε (ΗΠ) ϖαπορ ατ 5 ππm φορ φουρ το σεϖεν δαψσ ωασ 
εφφιχαχιουσ φορ βοτη Βαχιλλυσ αντηραχισ ανδ συρρογατε σπορεσ 

� Τηε �λοω−χονχεντρατιον� ΗΠ ϖαπορ χουλδ βε αχηιεϖεδ υσινγ 
χοmmερχιαλλψ αϖαιλαβλε ϖαποριζερσ ορ ηυmιδιφιερσ

Ηεαλτη Φραmε οφ Ρεφερενχε:

� ΗΠ Ιmmεδιατελψ Dανγερουσ το Λιφε ανδ Ηεαλτη (ΙDΛΗ) = 75 ππm

� ΗΠ Τηρεσηολδ Λιmιτ ςαλυε (ΤΛς→) = 1 ππm



Οϖερϖιεω (χοντινυεδ)

Οβϕεχτιϖε

� Το τεστ τηισ mετηοδολογψ ιν φυλλ−σχαλε λαβορατορψ σεττινγσ

Μετηοδολογψ

� Λοχατιον: ΕΠΑ ωινδ τυννελ & Ηιγη−βαψ λαβορατορψ 

� Εθυιπmεντ:  Χοmmερχιαλλψ−αϖαιλαβλε οφφ−τηε−σηελφ ηυmιδιφιερσ

� Dεχον Αγεντ:  Χοmmερχιαλλψ−αϖαιλαβλε λιθυιδ ΗΠ

� Εφφιχαχψ Εϖαλυατιον: Συρρογατε σπορεσ ον στρυχτυρεσ & 
χουπονσ









Εφφιχαχψ Τεστινγ

Ηιγη−Βαψ Λαβορατορψ

� Συρφαχε σαmπλινγ πρε− & ποστ−δεχον

� Χονχρετε τεστ χουπονσ ολδ ανδ νεω
� Βαχιλλυσ ατροπηαευσ: 

� τεν mιλλιον χολονψ−φορmινγ υνιτ 
(ΧΦΥ)/χουπον

� Σιξ βιολογιχαλ ινδιχατορσ (ΒΙσ)

� Γεοβαχιλλυσ στεαροτηερmοπηιλυσ: 

� Τωο mιλλιον ΧΦΥ/ΒΙ ον στεελ δισκσ

� Τεmπερατυρε & ηυmιδιτψ σενσορσ 
(ΗΟΒΟ)

Wινδ Τυννελ

� Συρφαχε σαmπλινγ πρε− & ποστ−δεχον

� Γλασσ, παιντεδ στεελ πλατε

� Παιντεδ πλψωοοδ, πολψετηψλενε τραπ

� Αλυmινυm πλατε, πολψπροπψλενε ταβλε

� ςινψλ φαβριχ χοϖερινγ ταβλε

� 21 βιολογιχαλ ινδιχατορσ (ΒΙσ)

� Γεοβαχιλλυσ στεαροτηερmοπηιλυσ: 

� Τωο mιλλιον ΧΦΥ/ΒΙ ον στεελ δισκσ

� Τεmπερατυρε & ηυmιδιτψ σενσορσ 
(ΗΟΒΟ)





Wινδ Τυννελ Συρφαχε Σαmπλε Ρεσυλτσ

Τεστ Χονδιτιον Πρε−Dεχονταmινατιον Ποστ−Dεχονταmινατιον

Σπορεσ Τψπεσ Βτκ Βγ Βτκ/Βγ

Ματεριαλ ΧΦΥ/φτ2
Λογ 

(ΧΦΥ/φτ2)
ΧΦΥ/φτ2

Λογ 

(ΧΦΥ/φτ2)
ΧΦΥ/ φτ2

Αλυmινυm 

Πλατε
Αϖεραγε 9.6 104 4.9 3.1 102 2.5

Νον−Dετεχταβλε 

Σπορεσ

Πολψπροπψλενε 

Φολδινγ Ταβλε
Αϖεραγε 6.4 107 7.4 1.9 102 2.3

Παιντεδ 

πλψωοοδ
Αϖεραγε 1.3 107 7.1 3.7 103 3.2

Πολψετηψλενε 

Ταρπ
Αϖεραγε 3.0 105 5.2 3.1 102 2.2

Παιντεδ Στεελ 

Πλατε
Αϖεραγε 7.3 105 5.5 9.9 102 2.9

ςινψλ Φαβριχ Αϖεραγε 4.6 105 5.7 1.9 102 2.1

Γλασσ Αϖεραγε 2.0 104 4.0 1.9 102 2.1

∗ ΒΙ Ρεσυλτσ:  19 οφ 21 νο γροωτη



Ηιγη Βαψ Λαβορατορψ Συρφαχε Σαmπλε Ρεσυλτσ

Λοχατιον Ματεριαλ
Πρε−δεχον Πρε−δεχον Ποστ −δεχον 

ΧΦΥ/φτ2 Λογ ΧΦΥ/φτ2

Χολυmν βασε φροντ Παιντεδ χονχρετε 2.65Ε+03 3.4

Ν
ο

ν
−D

ετ
εχ

τα
β

λε
 φ

ο
ρ 

Σ
π

ο
ρε

σ

Χολυmν βασε βαχκ Παιντεδ χονχρετε 3.30Ε+03 3.5

Φλοορ (φροντ) Παιντεδ χονχρετε 3.44Ε+03 3.5

Φλοορ (mιδ) Παιντεδ χονχρετε 2.79Ε+03 3.4

Φλοορ (βαχκ) Παιντεδ χονχρετε 8.73Ε+04 4.9

Ταβλε Πλαστιχ 1.49Ε+03 3.2

Χουντερ τοπ Σοαπστονε 9.41Ε+02 3.0

Χοmπυτερ mονιτορ ςιδεο σχρεεν 9.78Ε+01 2.0

Σmαλλ χηαmβερ φροντ Πλεξιγλασσ 1.16Ε+01 1.1

Σmαλλ χηαmβερ βαχκ Πλεξιγλασσ 5.88Ε+01 1.8

Ρεφριγερατορ τοπ mεταλ 9.50Ε+01 2.0

Ρεφριγερατορ κιχκ πλατε mεταλ 1.25Ε+04 4.1



Ηιγη Βαψ Λαβορατορψ Χονχρετε Χουπον Συρφαχε Σαmπλε Ρεσυλτσ

Ματεριαλ
Πρε−δεχον Ποστ −δεχον Εφφιχαχψ

ΧΦΥ/φτ2 Λογ ΧΦΥ/φτ2 Λογ ΛΡ

Φρεση χονχρετε 1 5.36Ε+04 4.7 4.87Ε+03 3.7 1.0

Φρεση χονχρετε 2 1.52Ε+05 5.2 3.01Ε+03 3.5 1.7

Φρεση χονχρετε 3 5.26Ε+04 4.7 9.79Ε+03 4.0 0.7

Αγεδ χονχρετε 1 9.61Ε+05 6.0 3.81Ε+05 5.6 0.4

Αγεδ χονχρετε 2 6.91Ε+06 6.8 5.16Ε+04 4.7 2.1

Αγεδ χονχρετε 3 2.73Ε+06 6.4 1.45Ε+04 4.2 2.3



















































                                                  

                            Table of Contents                                       
General_Authors_Publications..................................................2
LI−264291_LI−264291...........................................................16
LI−264296_LI−264296...........................................................27
LI−264298_LI−264298...........................................................33
Record_of_Agreement...........................................................48



Page 1 of 14

United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS
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Nomination ID/App ID: 20-072
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Methods (MM)

Laboratory/Office Name: ORD
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[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Marsha Morgan

Nominating Official Title: PHYSICAL SCIENTIST

Nominating OfficialEmail: morgan.marsha@epa.gov

STAA Coordinator Name: Marsha Morgan

STAA Coordinator Email: morgan.marsha@epa.gov
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Justifications:

Justification 1:

EPA/ORD's "Pilot Study to Estimate Human Exposure to Pyrethroids using An Exposure

Reconstruction Approach” (Ex-R study) was designed to collect critical exposure data and

exposure modeling inputs that were needed by the Agency and lacking in the literature for

pyrethroid insecticides and subsequently for bisphenol A (BPA). These critical exposure

data and modeling inputs were identified using a new exposure reconstruction framework

developed by our team of scientists in EPA/ORD's Chemical Safety for Sustainability

(CSS) research program under task 3.1.1 Biomarkers of Exposure. Briefly, the Ex-R study

was an observational exposure measurements study that concurrently collected

environmental samples (duplicate-diet solid food, drinking water, carpet dust, kitchen

surface floor wipes), biological samples (urine [first-morning, bedtime, and 24-h]), and

diary data (food, activity, and pesticide-use) from 50 adults over a six-week monitoring

period in North Carolina in 2009-2011. This was the first large-scale adult exposure/dose

study to use an exposure reconstruction approach. The included manuscripts show that sampling

all exposure sources in an exposure/dose measurement scheme is not necessary. These results

provide the Agency with an exposure/dose design template that simplifies and reduces the costs

of human studies. For this nomination, we are submitting the first three articles published in

peer-reviewed journals from the Ex-R study (2016-2018) -- which have greatly advanced

the field of exposure science by generating new, important data for adults on 1) the

temporal variability of pyrethroid insecticides, pyrethroid degradates, and BPA in

consumed diets, 2) temporal variability of BPA on household (kitchen) floor surfaces, 3)

temporal dietary intake estimates to pyrethroids and BPA, 4) temporal variability of urinary

pyrethroid metabolites and (total) BPA, and 5) longitudinal food, pesticide-use, and activity

pattern data. The innovative Ex-R study directly supported the CSS research program under

the Lifecycle and Human Exposure Modeling (LC-HEM) project by 1) providing Agency

scientists, modelers, and risk assessors (i.e., EPA's Office of Pesticide Programs) with new

published data on the cumulative and temporal adult exposures to pyrethroid insecticides

and BPA, 2) identifying the major sources and routes of pyrethroid and BPA exposures, and

3) providing temporal pesticide-use patterns indoors and outdoors at residences. In addition,

the Office of Pesticide Programs was provided these Ex-R pyrethroid data in 2018 to help

assist in the interpretation of exposure data for their upcoming re-registration eligibility

decisions (REDs) for several different pyrethroid insecticides. A brief description of the

three nominated articles from the Ex-R study are below:

 (Temporal variability of pyrethroid metabolite levels in bedtime, morning,Article 1

and 24-hr urine samples for 50 adults in North Carolina).



Page 3 of 14

Important Findings: Few studies exist on the temporal variability of urinary pyrethroid

metabolites in humans, globally. This is the first US study to report the temporal variability

(six-weeks) of several different pyrethroid metabolites in the urine samples of adults. The

results showed that 3-PBA, cis-DCCA, trans-DCCA (non-specific metabolites of several

pyrethroids) and MPA (specific metabolite of bifenthrin) were detected in 74%, 32%, 39%,

and 2% of the 2500 urine samples of 50 Ex-R adults, respectively. Scientific Impact: For

the frequently detected 3-PBA, the results indicated that a random spot urine sample did not

provide a reliable estimate of the average 3-PBA level for the Ex-R adults. This above

information questions the validity of using a single urinary 3-PBA measurement to

quantitatively characterize the daily exposure and potential health risks of adults to

non-specific pyrethroids (i.e., permethrin, cypermethrin) and can lead to exposure

misclassification (e.g., epidemiological studies). These data were provided to the Office of

Pesticide Programs to help assist in the interpretation of urinary biomonitoring data that are

submitted by registrants in their upcoming re-registration of several different pyrethroid

insecticides. 

 (Pyrethroid insecticides and their environmental degradates in repeatedArticle 2

duplicate-diet solid food samples of 50 adults).

Important Findings: Very limited published data are available on the co-occurrence of

pyrethroid insecticides and pyrethroid degradates in food samples. Concerns have been

raised about using these same pyrethroid degradates occurring in the diet as urinary

biomarkers of exposures in people. The Ex-R study is the first published article to

concurrently quantify the temporal levels of seven pyrethroids (bifenthrin, -cyhalothrin,

cyfluthrin, cypermethrin, cis-deltamethrin, esfenvalerate, and cis/trans-permethrin) and six

pyrethroid degradates (3-PBA, 4-F-3-PBA, cis-DBCA, cis-DCCA, and trans-DCCA) in

duplicate-diet solid food samples of adults. The results showed that the measured

pyrethroids (<22%) and pyrethroid degradates (<3%) were not frequently detected in the

782 food samples. Scientific Impact: This important information suggests that the

measured pyrethroid degradates were likely not present in sufficient concentrations in the

diet to substantially impact urinary biomarker concentrations in Ex-R adults. This research

supported the Agency’s mission (i.e., The Office of Pesticide Programs) as the results

indicate urinary-based biomarker estimates for pyrethroids are likely not confounded by the

presence of pyrethroid degradates in the diet.
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 (Distribution, variability, and predictors of urinary bisphenol A levels in 50Article 3

North Carolina adults over a six-week monitoring period).

Important Findings: Previous research has quantified the levels of bisphenol A (BPA)

mostly in food items purchased from grocery stores and supermarkets (i.e., Total Diet

Studies), worldwide. These studies have reported that adults are likely mainly exposed to

BPA (> 90%) through dietary ingestion. The Ex-R study was the first observational

exposure measurements study to concurrently measure BPA levels in several different

media (duplicate-diet solid food samples, drinking water, kitchen surface wipes, and urine

[first-morning, bedtime, and 24-h]) from 50 adults in North Carolina in 2009-2011. BPA

was detected in 4%, 38%, 99%, and 98% of the drinking water, duplicate-diet solid food,

surface wipe, and urine samples, respectively. BPA concentrations in the surface wipe,

drinking water, or solid food samples did not substantially contribute to the adults urinary

(total) BPA levels. Specifically, dietary ingestion of BPA (via solid food) only accounted

for ~20% of the total dietary intake dose of this chemical in Ex-R adults. Scientific Impact:

 This was the first study to quantify the levels of BPA in the actual consumed diets of adults

in their everyday lives, globally. Our results were important as they suggest that the Ex-R

adults were likely exposed to other major (unknown) non-dietary sources of BPA.

Justification 2A:

As part of the EPA/ORD’s Chemical Safety for Sustainability (CSS) research program (under

task 3.1.1. Biomarkers of Exposure), a team of ORD scientists developed a novel exposure

reconstruction framework that provided a new and systematic, trans-disciplinary way to identify

major data gaps and exposure modeling inputs that were likely needed to greatly improve the

aggregate or cumulative exposure estimates for non-persistent chemicals (e.g., pesticides and

phenols) using urinary biomarkers. Using this innovative framework, this team of scientists

systematically identified the critical exposure data gaps and exposure modeling inputs for the

Agency that would substantially improve pyrethroid insecticide and bisphenol A exposure

estimates for adults – a significant change on how past observational exposure measurements

studies were designed. Then, these scientists designed the novel “Pilot Study to Estimate

Human Exposure to Pyrethroids using An Exposure Reconstruction Approach” (Ex-R study) to

collect these specific needed exposure data and exposure modeling inputs for these chemicals

identified in this framework. Directly supporting this exposure reconstruction framework, these

three nominated articles have provided a wealth of new published data in peer-reviewed

journals on 1) the temporal variability of pyrethroid insecticides, pyrethroid degradates, and
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BPA in the diets of adults, 2) temporal variability of BPA on household (kitchen) surfaces, 3)

temporal dietary intake estimates to pyrethroids and BPA for adults, 4) temporal variability of

urinary pyrethroid metabolites and (total) BPA, and 5) longitudinal food, pesticide-use, and

activity pattern data.

Justification 2B:

n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

Articles 1, 2, and 3 (published between 2016-2018) have already been cited 26, 20, and 18 times

in Google Scholar, respectively (assessed on April 21, 2020). In addition, article 2 was awarded

the 2018 International Society of Exposure Science (ISES) Best Journal of Environmental

Science and Environmental Epidemiology (JESEE) paper titled “Pyrethroid insecticides and

their environmental degradates in repeated duplicate-diet solid food samples of 50 adults.” This

prestigious ISES award “recognizes innovative and creative exposure science research and

scholarship from the ISES membership published in the society’s journal (JESEE)” each year.

Justification 3B:

The final Ex-R study database was extensively reviewed by an EPA/ORD Quality Assurance

Officer and received final approval for publication. All EPA draft manuscripts were reviewed
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by internal experts in exposure science before they were submitted to journals for publication.

In addition, these EPA draft manuscripts were also rigorously peer-reviewed by external experts

that were selected by journal editors before they were accepted for publication.
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a b s t r a c t

Pyrethroid insecticides are widely used to control insects in both agricultural and residential settings

worldwide. Few data are available on the temporal variability of pyrethroid metabolites in the urine of

non-occupationally exposed adults. In this work, we describe the study design and sampling metho-

dology for the Pilot Study to Estimate Human Exposures to Pyrethroids using an Exposure Reconstruction

Approach (Ex-R study). Two major objectives were to quantify the concentrations of several pyrethroid

metabolites in bedtime, first morning void (FMV), and 24-h urine samples as concentration (wet weight),

specific-gravity (SG) corrected, creatinine (CR) corrected, and excretion rate values for 50 Ex-R adults

over a six-week monitoring period and to determine if these correction approaches for urine dilution

reduced the variability of the biomarker levels. The Ex-R study was conducted at the United States En-

vironmental Protection Agency’s Human Studies Facility in Chapel Hill, North Carolina USA and at par-

ticipants’ homes within a 40-mile radius of this facility. Recruitment of participants and field activities

occurred between October 2009 and May 2011. Participants, ages 19–50 years old, provided daily food,

activity, and pesticide-use diaries and collected their own urine samples (bedtime, FMV, and 24-h)

during weeks 1, 2, and 6 of a six-week monitoring period. A total of 2503 urine samples were collected

from the study participants. These samples were analyzed for the pyrethroid metabolites 3-phenox-

ybenzoic acid (3-PBA), cis/trans-3-(2,2-dichlorovinyl)-2,2-dimethyl-cyclopropane carboxylic acid (cis/

trans-DCCA), and 2-methyl-3-phenylbenzoic acid (MPA) using high performance liquid chromatography/

tandem mass spectrometry. Only 3-PBA was frequently detected (450%) in the adult urine samples.

Median urinary 3-PBA levels were 0.88 ng/mL, 0.96 ng/mL-SG, 1.04 ng/mg, and 1.04 ng/min for con-

centration, SG-corrected, CR-corrected, and excretion rate values, respectively, across all urine samples.

The results showed that median urinary 3-PBA concentrations were consistently the lowest in FMV

samples (0.77 ng/mL, 0.68 ng/mL-SG, 0.68 ng/mg, and 0.58 ng/min) and the highest in 24-h samples

(0.92 ng/mL, 1.06 ng/mL-SG, 1.18 ng/mg, and 1.19 ng/min) across all four methods. Intraclass correlation

coefficient (ICC) estimates for 3-PBA indicated poor reproducibility (o0.22) for all urine sample types

and methods over a day, week, and six weeks. Correcting for urine sample dilution, based on either SG,

CR or urine output, introduced additional measurement variability both between- and within-in-

dividuals. These results indicate that a single measure of urinary 3-PBA was not sufficient to characterize

average exposure regardless of sample type, correction method, and time frame of collection. In addition,

the study results can be used to inform the design of exposure characterization strategies in relevant

environmental epidemiology studies in the future.

Published by Elsevier Inc.

1. Introduction

Pyrethroids are a class of insecticides that are widely and globally

used to control a variety of insects at homes, on domestic pets, and on

agricultural crops (US EPA, 2013; Saillenfait et al., 2015). These lipo-

philic insecticides have replaced many of the previous residential and

some agricultural applications of the organophosphates because of
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their lower volatility and lower mammalian toxicity due to faster

enzymatic detoxification (Elliott, 1976; Barr et al., 2010). However,

recent research has raised concerns about potential adverse health

effects (i.e., developmental and male reproductive) occurring from

human exposure to pyrethroids at environmental levels (Saillenfait

et al., 2015).

In the United States (US), at least 20 different pyrethroids are

registered for commercial use in residential or agricultural settings

(US EPA, 2011). However, no published data are currently available

on the national retail sales or usage patterns of pyrethroid in-

secticides in these settings (Kuivila et al., 2012; Palmquist et al.,

2012; Xue et al., 2014). Several US studies have detected a number

of current-use pyrethroids (i.e., bifenthrin, cyfluthrin, cyperme-

thrin, cyhalothrin, deltamethrin, and esfenvalerate) in dust, food,

and/or wipes in residential environments (Morgan et al., 2007;

Julien et al., 2008; Starr et al., 2008; Stout et al., 2009; Tulve et al.,

2008; Chuang and Wilson, 2011; Trunnelle et al., 2014). Research

has suggested that dietary ingestion is likely the major route of

exposure to pyrethroids in the general US adult population (Rie-

derer et al., 2008; Barr et al., 2010).

After absorption into the body, pyrethroid insecticides are

metabolized rapidly and primarily excreted in urine with an

elimination half-life of less than 12-h (Leng et al., 1997; Kuhn et al.,

1999; Ratelle et al., 2015). Several cross-sectional studies have

reported measureable concentrations of pyrethroid metabolites,

including 3-phenoxybenzoic acid (3-PBA) and cis/trans-3-(2,2-di-

chlorovinyl)-2,2-dimethylcyclopropane-1-carboxylic acid (cis/

trans-DCCA), in the spot urine samples of adults recruited from the

general population (referred to subsequently as non-occupation-

ally exposed) in the US (Berkowitz et al., 2003; Barr et al., 2010;

McKelvey et al., 2013; Young et al., 2013; Trunnelle et al., 2014;

CDC, 2015; Morgan, 2015). In the US National Health and Nutri-

tional Examination Survey (NHANES, 2001–2002 cycle), which

was a population-based survey that included 1128 adults, ages 20–

59 years, 3-PBA, cis-DCCA, and trans-DCCA were detected in 76%,

33%, and 25% of the urine samples, respectively (Barr et al., 2010).

3-PBA is a nonspecific urinary biomarker of at least 18 different

pyrethroid insecticides including cyhalothrin, cypermethrin, del-

tamethrin, esfenvalerate, and permethrin (CDC, 2009; Barr et al.,

2010). The isomers, cis-DCCA and trans-DCCA, are also the non-

specific urinary biomarkers of cyfluthrin, cypermethrin, and per-

methrin (CDC, 2009).

For spot urine measurements, a major concern is that volume-

based concentrations (e.g., ng/mL) can be affected by variable ur-

ine dilutions in humans from factors such as fluid intake, per-

spiration, gender, age, and disease status (e.g., kidney and heart)

(Boeniger et al., 1993; Mage et al., 2004; Barr et al., 2005; Fortin

et al., 2008). To adjust for variable urine dilutions in spot samples,

correction methods involving specific gravity (SG) and creatinine

(CR) measurements or timed excretion rates (e.g., ng/min) have

been used to normalize pesticide biomarker measurements across

and within individuals (Hwang et al., 1997; Fortin et al., 2008;

Christensen et al., 2012). CR-correction of urine sample volumes is

the most widely used method in studies, and assumes that CR is

eliminated at a constant rate by the kidneys into urine in humans

(Hwang et al., 1997; Barr et al., 2005). But, this correction method

may also bias study results because CR excretion can also vary due

to many factors such as age, gender, dietary intake, muscle mass,

physical activity, and diurnal patterns (Boeniger et al., 1993;

Hwang et al., 1997; Mage et al., 2004). Further complicating in-

terpretation of these data, concentrations in spot samples likely

only reflect recent exposures because these chemicals have short

elimination half-lives (o12-h). Continual exposures to pyrethroid

insecticides would likely result in relatively constant urinary me-

tabolite levels over time (e.g., day, week or month) (NRC, 2006;

Wielgomas, 2013a). In contrast, episodic exposures to these

insecticides would probably cause significant fluctuations in ur-

inary biomarker levels over time (NRC, 2006). Little information,

however, is currently known on the temporal variability of pyre-

throid metabolites in non-occupationally exposed adults. Tem-

poral variability is useful for understanding the patterns and

magnitude of a person’s exposures to pyrethroid insecticides over

time using urinary biomonitoring. When relying on only one spot

urine measurement, this unknown variability in an individual’s

biomarker level could lead to exposure misclassification in epi-

demiological studies (Lassen et al., 2013). Wielgomas (2013a) re-

cently examined the temporal variability of 3-PBA concentrations

in the urine samples of seven, non-occupationally exposed adults

(ages 24–71 years old) over a week in an urban area of Poland in

2011. In this study, the intraclass correlation coefficient (ICC),

which quantifies reliability, were estimated for 3-PBA levels by

urine sample type (first morning void [FMV], spot, and 24-h) as

concentration, CR-corrected, and excretion rate values. The ICCs

were the highest for the CR-corrected spot urine samples

(ICC¼0.846). Based on this ICC of 0.846, a single spot sample ap-

peared representative of average exposure over a single week, and

that these adults were likely continually exposed to similar levels

of pyrethroids, likely from the same sources, in their urban en-

vironments (Wielgomas, 2013a).

The “Pilot Study to Estimate Human Exposures to Pyrethroids

using an Exposure Reconstruction Approach” (Ex-R study) in-

vestigated longitudinal exposures (over six weeks) of adults to

pyrethroid insecticides commonly found in residential settings.

The first study objective was to assess the variability of 3-PBA, cis-

DCCA, trans-DCCA, and 2-methyl-3-phenylbenzoic acid (MPA;

specific metabolite of bifenthrin) in the urine samples of 50 adults

at home over a six-week monitoring period. The second study

objective was to estimate the dietary and non-dietary exposures of

these adults to selected current-use pyrethroids and to their pre-

formed metabolites (e.g., 3-PBA) in media using an exposure re-

construction approach. Here we report the study design and

sampling methodology for the Ex-R study, and the study results

related to objective 1 above. Specifically for objective 1, we

quantified the distributions of 3-PBA, cis-DCCA, trans-DCCA, and

MPA by urine sample type (bedtime, FMV, and 24-h) as con-

centration, SG-corrected, CR-corrected, and excretion rate values

over a six-week monitoring period. We also determined if these

three correction approaches for urine dilution reduced the varia-

bility of the observed biomarker levels (3-PBA, only). In addition,

we calculated the number of urine samples needed to adequately

assess the exposures of Ex-R adults to pyrethroids insecticides

over a day, week, and six weeks.

2. Materials and methods

The design strategy, recruitment of participants, field sampling

procedures, and analytical methodology (urine, only) for the Ex-R

study are discussed below.

2.1. Study cohort

The Ex-R study investigated the longitudinal exposures of 50

adults to pyrethroid insecticides at their residences over a six-

week monitoring period. The study was conducted at the US En-

vironmental Protection Agency’s (EPA’s) Human Studies Facility

(HSF) in Chapel Hill, North Carolina (NC) and at participants’

homes within a 40-mile radius of the HSF. From October 2009 to

March 2011, adults were recruited by an on-site US EPA contractor

(WESTAT) at the HSF via their in-house database of volunteers or

by word of mouth (i.e., US EPA researchers or prior participants).

Interested individuals were asked several questions (e.g., “Are you
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exposed at work to products that contain pyrethroid insecticides

[yes or no]?)” over the phone by a WESTAT technician to de-

termine their eligibility to participate. To be eligible, a participant

had to be a healthy, non-pregnant adult (18–50 years old), had no

pre-existing medical conditions (e.g., kidney disease) affecting

urine output, was currently living in a residential home or apart-

ment, had no occupational exposures to pyrethroids, could provide

their own transportation to and from the HSF, and could speak,

read, and use English fluently. A total of 56 adults who contacted

WESTAT were eligible to participate in the study; only two of these

adults declined to provide consent to participate (e.g., work con-

flict). Before beginning the study, the adult participants were

trained individually (�2 h) by US EPA researchers at the HSF on

the procedures for filling out diaries (activity, food, and pesticide-

use), collecting their own samples (urine, solid food, drinking

water, surface wipes, and vacuum dust), and storing the samples in

portable thermoelectric coolers until collected by study personnel.

2.2. Human subjects protection

The study protocol and procedures to acquire informed consent

from the adult participants followed EPA policies and the guide-

lines set forth by the Scientific and Ethical Approaches for Ob-

servational Exposure Studies report (US EPA, 2008) and were re-

viewed and approved by the US EPA’s Human Subjects Research

Review Official and by the University of North Carolina’s Institu-

tional Review Board (study number 09-0741). Adult volunteers

read and signed informed consent documents prior to beginning

the study.

2.3. Field sampling

Field activities were performed between November 2009 and

May 2011. A total of 11 consecutive, six-week monitoring periods

were performed in this study. During each monitoring period, up

to six adult participants filled out diaries and collected their own

samples during weeks 1, 2 and 6. Fig. 1 presents the sampling

schedule that the participants followed for each sampling week.

Each sampling week began in the morning of day 1 (Sunday) and

ended in the morning of day 6 (Friday). There were two sampling

intervals, days 1–3 (Sunday to Tuesday) and days 4–6 (Wednesday

to Friday), per sampling week.

Fig. 1. Field sampling activities that the Ex-R adult participants performed during each sampling week (1, 2, or 6). aPeriod 1 (P1)¼4:00 am–11:00 am; Period 2 (P2)¼11:00

am–5:00 pm; Period 3 (P3)¼5:00 pm–4:00 am. bBedtime void (B), first morning void (M), and 24-h sample. cIndividual urine voids were collected over the 24-h period and

analyzed separately. dVacuum dust sample was collected only on day 4 of week 6. eDrinking water sample was collected only on day 3 of week 6. fStudy items were dropped

off at the HSF between 8:00 am–11:00 am.
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The participants used portable thermoelectric coolers (13.5″

Dx12″ Wx14.5″H Princess International or Vinotemps) to store

their samples and diaries (in an outside pocket) for each sampling

interval. Each cooler contained a notebook with sampling in-

structions, calendar and schedule, a notebook containing food,

activity, and/or pesticide-use diaries, sampling equipment and

containers, gloves, ballpoint pens, and an electric power adapter

(Koolatrons Model AC-15). Barcodes were attached to all diaries

and sampling containers. Temperature data recorders (Easy Log

EL-USB-LITE or EL-USB-1, Lascar Electronic, Ltd) were placed inside

each cooler to record internal temperatures. The participants kept

the coolers at reduced temperatures by plugging them into their

vehicle (using a car adapter) or an electric wall outlet at home or

other location (e.g., work).

The participants were provided with two coolers for the first

sampling interval (days 1–3) on the Friday before each sampling

week. These two coolers were returned by the participants to the

HSF between 8:00 am–11:00 am on day 3 of each sampling week.

After arriving at the HSF, US EPA researchers checked-in all study

items in the two coolers with each participant. Afterwards, the

participants were provided with two new coolers for the next

sampling interval (days 4–6) of each sampling week. These two

coolers were returned to the HSF between 8:00 am–11:00 am on

day 6 of each sampling week, and all study items were checked-in

by US EPA researchers. After each sampling interval, the used

coolers containing collected study items with blue ice were then

transported (�20 miles) by US EPA researchers in a van to the US

EPA laboratory in Research Triangle Park (RTP), NC. The partici-

pants came to the HSF a total of eight times, including the training

session, during the six-week monitoring period.

2.4. Collection of diaries

The participants filled out three different types of diaries (food,

activity, and pesticide-use) during sampling weeks 1, 2, and 6

(Fig. 1). For the food and activity diaries, information was collected

during three consecutive time periods on days 1–2 and days 4–5 of

each sampling week. These time periods were period 1 (4:00 am–

11:00 am), period 2 (11:00 am–5:00 pm), and period 3 (5:00 pm to

4:00 am). In the food diary, the participants recorded the types

and amount of foods and beverages they consumed during each

time period. In the activity diary, the participants recorded their

primary location (i.e., inside home, outside home, away from

home, or transit) and primary activity (i.e., sleeping, low activity

[e.g., sitting], medium activity [e.g., walking] or high activity [e.g.,

running]) in 30-minute time intervals for each time period. They

also recorded when they ate, drank, or urinated during these 30-

minute time intervals. For the pesticide-use diary, information was

collected on day 5 of each sampling week. In this diary, the par-

ticipants recorded the types of insecticides that were used at their

home over a period of 30 days prior to and during the six-week

monitoring period. They also recorded their pesticide usage pat-

terns including type, location, frequency, and day of insecticide

application during each sampling week.

2.5. Collection of environmental samples

Environmental samples including solid food, drinking water,

surface wipes, and vacuum dust were collected by the adult par-

ticipants at their residences during sampling weeks 1, 2, and/or 6

(Fig. 1). Detailed information on the collection of these media by

the participants can be found in the Supplemental Information

section.

2.6. Collection of urine samples

Spot urine voids (bedtime and FMV) and 24-h urine samples

were collected by the participants during each sampling week

(Fig. 1). Bedtime voids were collected before going to sleep on days

1 and 4 of each sampling week. FMV’s were collected after waking

up on days 2 and 5 of each sampling week. For the 24-h samples,

individual urine voids for a person were collected starting after the

FMV on day 2 or 5 until collection of the FMV the next day (e.g.,

day 3 or 6) (Fig. 1). Up to 11 individual voids were collected by a

participant over a 24-h sampling period.

All urine voids were collected by the participants in separate

1 L polypropylene containers. The entire amount of urine was

collected for each type of urine void. The time of sample collection

for each void was recorded on a label affixed to the lid of the

container. At the HSF, US EPA researchers recorded the volume of

each urine void using a transparent, graduated plastic cylinder

that was placed over the container. A total of 2503 urine voids

(includes bedtime, FMV, and 24-h) were collected by the partici-

pants during the study.

At the US EPA laboratory, up to eight, 8 mL aliquots of urine

from each void were placed into separate 10 mL cryogenic vials

with lids. All aliquots were stored in laboratory freezers (�80 °C)

until analysis.

2.7. Analysis of urine samples

In 2010–2011, US EPA laboratory technicians shipped 2503 ur-

ine aliquots (8 mL each) in coolers containing dry ice overnight by

UPS to Emory University’s Rollins School of Public Health labora-

tory in Atlanta, Georgia. The urine aliquots were stored in �80 °C

freezers until analyzed (2013–2014). For the 24-h urine samples,

each void was analyzed separately. All urine samples were ex-

tracted and levels of 3-PBA, cis-DCCA, trans-DCCA, and MPA were

measured using a slight modification of the method by Baker et al.

(2004). Briefly, 0.5-mL aliquot of urine from each sample was

hydrolyzed with β-glucuronidase/sulfatase for �16 h. Next, the

target analytes were extracted using solid phase extraction (3cc-

60 mg OASIS HLB cartridge) and then evaporated to dryness using

a TurboVap LV Evaporator set at 45 °C and 15 psi N2. Finally, the

extract was reconstituted with 100 mL of a 30% methanol/70%

deionized water solution prior to chemical analysis. The urine

extracts were quantified for the target pyrethroid metabolites

using a high performance liquid chromatography/tandem mass

spectrometer (Agilent Tech, Waldbronn, Germany) equipped with

a negative mode jet-stream electrospray chemical ionization in-

terface. Separation was performed using a Betasil C18,

100x2.1 mm–3 mm particle size, column (Thermo Scientific, Wal-

tham, MA, USA) with a gradient elution using 0.1% acetic acid in

deionized water and 0.1% acetic acid in methanol. The column

temperature was maintained at 45 °C, and the total run time was

seven minutes. The estimated limits of quantitation (LOQ) were

0.25 ng/mL for 3-PBA, cis-DCCA, and trans-DCCA and 0.5 ng/mL for

MPA.

All urine samples were also analyzed for SG and CR levels. At

the US EPA laboratory in 2012, another identical set of urine ali-

quots (8 mL each) was thawed overnight in a refrigerator (�4 °C).

Each aliquot of urine was vortex mixed (�5 s) and then trans-

ferred into a 50 mL vial and sonicated for 15 min. A 50 mL aliquot of

urine was removed from each 50 mL vial and analyzed for CR le-

vels using a spectrophotometer (Bioteks ELx800 or Elx808ui),

equipped with a 96-well plate at a wavelength at 490 nm using a

modified version of the Jaffé method (Andersen et al., 2014). SG

was also measured by dipping the tip of a hand-held refractometer

(Atagos model no. 3741) into each 50 mL vial of remaining urine

(�7.9 mL) using water as a calibrant.
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2.8. Quality assurance and quality control

A total of 150 field blanks and 150 field spikes were prepared

prior to the onset of sampling activities by laboratory technicians

at the Centers for Disease Control and Prevention (CDC) in Atlanta,

Georgia in 2009. These quality control (QC) samples consisted of

pooled urine samples that were collected from non-occupationally

exposed adult volunteers at CDC. The pooled urine samples were

prescreened for 3-PBA, cis-DCCA, and trans-DCCA and diluted,

when necessary, to reduce background levels. Each field blank or

field spike consisted of 8 mL of urine in a 10-mL polypropylene

cryovial. For the field spikes, 3-PBA, cis-DCCA, and trans-DCCA

standards (25 ng/mL) were individually added to each cryovial;

the MPA standard was not obtained until after preparation of the

field spikes at CDC. These QC samples were shipped in coolers on

dry ice overnight by Fed-Ex from the CDC laboratory to the US EPA

laboratory in 2009 and kept frozen in freezers (�80 °C) until field

sampling.

A single field blank and field spike were assigned to each study

participant during days 4–6 of each sampling week. These QC

samples were thawed overnight in an US EPA refrigerator and then

placed unopened in a (plugged-in) portable thermoelectric cooler

in a study room at the HSF. After each sampling interval, the field

blanks and field spikes were transported in separate coolers along

with study sample coolers to the US EPA laboratory and kept

frozen (�80 °C) in freezers.

In 2010–2011, 150 field blanks, 150 field spikes, and 150 du-

plicate urine samples were shipped in coolers on dry ice by UPS

from the US EPA laboratory to the Emory University laboratory in

Atlanta, GA. These QC samples were analyzed for the target pyr-

ethroid metabolites following the same analytical procedures de-

scribed in Section 2.7 above. For the field blanks and field spikes, a

value of LOQ / 2 was first imputed for all target analyte mea-

surements that were below the LOQ (Verbovsek, 2011). Precision

estimates, expressed as percent relative standard deviations

(RSDs), were then calculated for the field blanks and field spikes.

Measures of field blanks were all below the LOQ for cis-DCCA,

trans-DCCA, and MPA. However, all field blanks had low 3-PBA

background levels (likely stemming from true background levels in

the pooled urine samples, and not sample contamination), and

yielded an RSD estimate of 2.5%. For the field spikes, estimates of

percent relative standard deviation across the samples were be-

tween 6% and 7% for 3-PBA, cis-DCCA, and trans-DCCA. Precision

across duplicate urine samples was evaluated using relative per-

cent difference estimates at both the metabolite and sample levels.

Not including zero values (where the initial and replicate mea-

sures were identical – generally a consequence of single value

imputation for measurements oLOQ), median relative percent

differences across duplicate sample measures were estimated to

be 17% for 3-PBA (based on 129 samples), 26% for cis-DCCA (based

on 64 samples), 18% for trans-DCCA (based on 80 samples), and

41% for MPA (based on 4 samples).

In addition to field QCs, laboratory QC samples (�15% of the

samples tested) were used to evaluate the quality of each analytic

run. A minimum of eight calibrants, 2 QC materials, 2 blank

samples, and 1 replicate sample were analyzed concurrently with

30–40 unknown samples in each analytic run. QC samples had to

be within 20% of the spiked concentration for the run to be con-

sidered valid. Replicate samples were not used to determine run

validity but were rather used as a quality check. Replicate samples

were generally within 20% of their respective duplicate.

2.9. Statistical analysis

All statistical analyses were performed using SAS version 9.4

(SAS Institute, Cary, NC, USA). For each pyrethroid metabolite, all

urine data values below the LOQ were assigned the value of

LOQ / 2 (Verbovsek, 2011). Descriptive statistics including geo-

metric mean, range, and selected percentiles (25th, 50th, 75th, 95th,

and 99th) were calculated for the concentrations of 3-PBA, cis-

DCCA, and trans-DCCA by urine sample type (bedtime, FMV, 24-h,

and overall) as concentration (ng/mL), SG-corrected (ng/mL-SG),

CR-corrected (ng/mg), and excretion rate (ng/min) values. These

descriptive statistics were not calculated for MPA as it was detected

in only 2% of the urine samples. SG-corrected values were com-

puted using the following equation (Morgan et al., 2008): SG-cor-

rected value (ng/mL-SG)¼urine concentration (ng/mL)� (SGtarget�

1.000)/(SGurine sample�1.000), where SGtarget was selected to be the

median SG value (1.014) across all study measurements. SG values

ranged from 1.0018–1.0372 ng/mL-SG. CR-corrected values were

calculated using the following equation (Morgan et al., 2008): CR-

corrected values (ng/mg)¼100 mL/dL�urine concentration

(ng/mL)/CR concentration (mg/dL). CR concentration values ranged

from 7.0–442 mg/dL. The metabolite excretion rate was calculated

as follows: Excretion rate (ng/min)¼urine concentration (ng/mL)�

volume of urine void (mL)/time since previous urine void (min).

Urine void volumes ranged from 5 mL to 1000 mL (limited by

container size of 1 L).

Pairwise associations between urinary 3-PBA, cis-DCCA, and

trans-DCCA levels were evaluated using Spearman correlation

coefficients. Since repeated measures from individuals are not

independent, the results of these analyses were used only to

screen for general trends between the urinary metabolites.

Urinary 3-PBA was the only frequently detected analyte

(450%), and therefore the only analyte on which parametric

analyses were performed. Based on the Shapiro-Wilks normality

test, the distribution of urinary 3-PBA was found to be log-normal,

and therefore all urine values were log-transformed (ln) for fur-

ther statistical analyses. For the frequently detected 3-PBA, one-

way random effects models (Proc Mixed) were used to estimate

within- and between-person variance components for ln-trans-

formed 3-PBA. These estimates were then used to estimate ICCs

and 95% fold-ranges (R0.95) according to Rappaport and Kupper,

2008. The ICC represents the ratio of between-person variance to

total variance. ICC values can range from 0 to 1; values nearer to

0 signify low reliability, and values nearer to 1 signify high relia-

bility (Fleiss, 1985). ICCs values can be used to indicate poor re-

producibility (o0.4), good reproducibility (0.4 to 0.75) or ex-

cellent reproducibility (40.75) of a spot urine measurement

(Rosner, 2006). Traditionally, an ICC value of 0.80 or greater in-

dicates that a random spot urine measurement would accurately

represent the average biomarker value over a defined period of

time (Fleiss, 1985). The between-person fold-range (bR0.95) re-

presents the fold-range containing the middle 95% of individual-

specific mean biomarker levels. The within-person fold-range

(wR0.95) represents the fold-range containing the middle 95% of

biomarker levels for any individual. ICC and fold-range estimates

for ln(urinary 3-PBA levels) were calculated separately by urine

sample type as concentration, SG-corrected, CR-corrected, and

excretion rate measures corresponding to a day, week, and six-

weeks. Lastly, we estimated the number of random spot urine

voids per adult that would be required to provide a reliable bio-

marker estimate (ICC¼0.80) by sample type and method for each

time period using the following equation (Fleiss, 1985):

m¼(pr,m(1–pr)) / (pr(1–pr,m)). In this equation, m is the number of

random spot urine measurements per adult required to correctly

rank individuals within a cohort, pr,m is the specified reliability of

the mean (ICC¼0.80), and pr is the ICC value for each urine sample

type and method.
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3. Results

Table 1 presents the physical characteristics including gender,

age, weight, height, and race of the 50 adult participants in the Ex-

R study. There were a total of 30 females and 20 males, and their

ages ranged from 19–50 years old. All of the participants com-

pleted the six-week monitoring period, except for one female who

dropped out of the study due to a family emergency during the

last sampling interval (days 4–6) of week six (Fig. 1.). Four addi-

tional participants were dropped from the study before complet-

ing the six-week monitoring period because they did not properly

follow sampling procedures (e.g., missed collection of several solid

food and/or urine samples).

During sampling weeks 1, 2, and 6 a total of 12%, 14%, and 12%

of the participants, respectively, reported that a product contain-

ing a pyrethroid was applied to kill insect pests at their residences.

In addition, during non-sampling weeks, 10% of the participants

reported that pyrethroid products had been used for insect control

at their homes. Targeted

insects included ants, cockroaches, crickets, fleas, mosquitoes,

silverfish, spiders, and/or ticks. Pyrethroids contained in these

applied products at the homes were allethrin, bifenthrin, cyflu-

thrin, cyhalothrin, cypermethrin, cyphenothrin, deltamethrin, es-

fenvalerate, imiprothrin, metofluthrin, permethrin, phenothrin,

prallethrin and tralomethrin. Based on this information, at least

70% of the applied pyrethroid insecticides at the participants’

homes (within a month and during the six-week monitoring

period) can be metabolized to form 3-PBA, cis-DCCA, trans-DCCA,

and/or MPA in the body (Fig. 2).

The participants collected on average 8 urine voids (range¼3–

11) per sampling day. The pyrethroid metabolites, 3-PBA, cis-

DCCA, trans-DCCA, and MPA were detected in 74%, 32%, 39%, and

2% of the urine samples, respectively. Table 2 provides the de-

scriptive statistics for the urinary levels of 3-PBA, cis-DCCA, and

trans-DCCA by urine sample type and method. In all of the urine

samples at the 75th and 95th percentiles, urinary levels of 3-PBA

were consistently higher compared to urinary levels of cis-DCCA

and trans-DCCA for all methods. For 3-PBA (the only metabolite

with measurements 4LOQ at the 50th percentile), median ur-

inary levels were consistently the lowest in FMV samples

(0.77 ng/mL, 0.68 ng/mL-SG, 0.68 ng/mg, and 0.58 ng/min) and

the highest in 24-h samples (0.92 ng/mL, 1.06 ng/mL-SG, 1.18 ng/

mg, and 1.19 ng/min) across all four methods.

Based on Spearman correlation coefficients, cis-DCCA and

trans-DCCA levels (ng/mL) were highly correlated (r¼0.86,

po0.0001) with each other in the adult urine samples. In addi-

tion, levels of cis-DCCA (r¼0.64, po0.0001) and trans-DCCA

(r¼0.69, po0.0001) were strongly correlated with 3-PBA levels.

Table 3 presents ICC and fold-range estimates for repeated

3-PBA measurements by urine sample type and method for the

Ex-R adults over a day, week, and six weeks. ICCs indicated poor

reproducibility (o0.22) for all urine sample types and methods

over each time period. In general, ICCs for SG-corrected, CR-cor-

rected, and excretion rate values were only slightly higher than

those based on unadjusted concentration values (suggesting a

larger proportion of between-person variance to total variance).

All of the ICCs indicated a low level of reliability of repeated 3-PBA

measurements in spot urine samples for each method over a day,

week, or six weeks. The number of random spot urine samples

required to provide a reliable 3-PBA biomarker estimate for an

individual ranged from 15 to 800 samples depending on the

sample type and method used. CR-corrected FMV urine samples

had the lowest number of urine samples (n¼15) needed to pro-

vide a reliable 3-PBA biomarker estimate (over a week). Regardless

of the sample type and method, an unreasonably high number of

spot urine samples would be required to provide a reliable esti-

mate of the average 3-PBA concentration for the Ex-R participants

over a day or longer.

Between- and within-person fold-range estimates in Table 3

support ICC estimates and further indicate that 3-PBA measure-

ments were far more variable within individuals than between

individuals. In addition to producing the smallest ICC estimates,

3-PBA concentration values also produced the smallest between-

and within-person fold-ranges.

Results for 3-PBA concentrations suggest that the central 95% of

individual-specific mean levels were observed across a 1 to 4–fold

range, whereas the central 95% of individual measures for a given

person were observed across a 182 to 360-fold range, depending

on sample type and evaluation period. In contrast to the con-

centration values, 3-PBA excretion rate values had the highest

within-person fold ranges, and the second highest between-per-

son fold ranges. The highest between-person fold ranges were

observed for CR-corrected values. As shown in Table 3, the central

95% of mean CR-corrected levels were observed across a 2.8 to

13.9-fold range, and the central 95% of individual excretion rate

measures for a given person were observed across a 220 to 514–

fold range. These results in Table 3 indicate that correcting for

urine sample dilution, based on either SG, CR, or urine output,

actually introduced measurement variability, both between- and

within-individuals, when evaluating urinary 3-PBA levels.

4. Discussion

The Ex-R study was designed to be a participatory-based, ex-

posure measurements study that investigated the longitudinal

exposures of 50 adults to pyrethroid insecticides and to their

preformed metabolites in media at their homes in NC in 2009–

2011. We found that participatory-based sampling was quite an

effective way to engage and actively involve the adult volunteers

in the Ex-R study. The 50 participants filled out a total of 299 (99%)

food, 299 (99%) activity, and 149 (99%) pesticide-use diaries. They

also collected a total of 783 (99%) solid food, 50 (100%) drinking

water, 149 (99%) surface wipe, 48 (96%) vacuum dust, and 2502

(98%) urine samples during the study. The 100% and 98% com-

pleteness for the recruitment of 50 participants and field samples/

diaries surpassed our study completeness goals of 485% and

495%, respectively. In addition, despite the subject burden (�10-

h per person a week), participatory-based sampling resulted in

few problems in the field. The most frequently encountered

Table 1

Physical characteristics of the adult participants in the Ex-R study.

Characteristic All Females Males

Sex (number) 50 30 20

Age (years) 33.479.1 (19–

50)a
34.879.4 (21–

50)

31.378.5 (19–48)

Weight (kilogram) 82.2718.9

(48.1–130)

75.6717.9

(48.1–130)

92.0716.2 (57.6–

130)

Height (cm) 17078.5 (149–

191)

16575.8 (149–

191)

17875.3 (166–

188)

raceb

Non-Hispanic

White

25 (56%)c 14 (31%) 11 (25%)

Non-Hispanic

black

11 (25%) 9 (20%) 2 (4%)

Hispanic 6 (13%) 3 (7%) 3 (7%)

Asian 2 (4%) 1 (2%) 1 (2%)

Native american 1 (2%) 0 (0%) 1 (2%)

a Mean7standard deviation and range.
b Race data were collected � 4 months after the study was completed. These

data were collected from 45 out of 50 of the participants.
c Number and percentage of total.
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problems by study participants included malfunctioning tem-

perature data loggers due to low batteries, moisture occurring in

the temperature data loggers due to cooler condensation, loose

electric power adapter/cooler connections, broken cooler adapters,

and broken cooler zippers. We quickly corrected the temperature

data logger problems by purchasing a new model (EL-USB-1) that

had a longer battery life and by placing the new loggers into 10 mL

cryogenic vials with lids to eliminate condensation when inside

the coolers. The loose power adapter problem was easily fixed by

using an inexpensive ($5) Velco strap (Speedtech International

Inc., Racine, Wisconsin) that snuggly connected the power adapter

with the cooler plug.

We believe this is the first study in the literature to report the

urinary levels of MPA, the specific metabolite of bifenthrin, in non-

occupationally exposed adults in the US. Bifenthrin is currently

registered by the US EPA for use in both agricultural and re-

sidential settings (NPIC, 2011). In our study, conducted in 2009–

2011, MPA was detected in less than 3% of the Ex-R adult urine

samples (maximum¼8.9 ng/mL). This information suggests that

the majority of the participants were probably not exposed to

measureable levels of bifenthrin residues in food or residential

media during the six-week monitoring period in NC. These results

are supported by a recent study (Tao et al., 2013) showing that

MPA was not detected (o0.04 ng/mL) in the spot urine samples of

10 US children, ages 3–11 years old, in Massachusetts, USA.

Our biomonitoring results, however, did show that 3-PBA was

frequently detected (74%) in the Ex-R adult urine samples. This is

in agreement with other published US studies that have also found

3-PBA detected often (455%) in the urine of non-occupationally

exposed adults (Berkowitz et al., 2003; Barr et al., 2010; McKelvey

et al., 2013; Young et al., 2013; Trunnelle et al., 2014; Morgan,

2015). Interestingly, the geometric mean 3-PBA levels (0.96 ng/mL)

in Ex-R participants were twice as high compared to the geometric

mean 3-PBA levels (0.42 ng/mL) in 2009-2010 NHANES adults

(CDC, 2015). Trunnelle et al. (2014) also recently reported two

times higher median urinary 3-PBA concentrations (0.82 ng/mL) in

90 Californian adults in 2007–2009 in comparison to the 2009–

2010 NHANES adults (0.39 ng/mL). This information suggests that

Fig. 2. Urinary metabolites measured in Ex-R adults and their corresponding parent pyrethroid(s) used at study homes one month before and during the six-week mon-

itoring period. (3-phenoxybenzoic acid (3-PBA), cis/trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-1-carboxylic acid. (cis-DCCA), and 2-methyl-3-phenylbenzoic acid

(MPA)).
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there is probably geographical differences in US adult exposures to

pyrethroid insecticides that are metabolized to form 3-PBA in the

body. Studies conducted outside the contiguous US have also re-

ported 3-PBA being frequently detected (470%) in the urine of the

general adult population, except for one in Puerto Rico (46%)

(Table 4). In these

available studies, geometric mean urinary 3-PBA concentra-

tions were the lowest for Puerto Rico, Poland, and Japan

(o0.30 ng/mL) and the highest for China (0.97 ng/mL). Our study

results (GM¼0.96 ng/mL) were similar to the reported geometric

Table 2

Urinary 3-PBA, cis-DCCA, and trans-DCCA levels in 50 Ex-R adults over a six-week monitoring perioda,b.

Type of Urine sample Nc %d Unite GMh GSDi Percentiles

99th

Max.

25th 50th 75th 95th

Bedtime

3-PBA 291 77 ng/mL 0.96 4.02 0.35 0.82 2.15 16.3 37.6 101.9

288 ng/mL-SGf 0.88 4.33 0.31 0.81 2.38 14.9 31.2 43.9

288 ng/mgf 0.94 4.67 0.29 0.80 2.52 17.2 33.3 50.6

285 ng/ming 0.90 5.13 0.25 0.83 2.87 19.3 46.4 46.8

cis-DCCA 291 27 ng/mL –
j

– o o 0.38 3.25 11.4 17.0

288 ng/ml-SG – – o o 0.50 2.34 9.00 14.9

288 ng/mg – – o o 0.59 3.51 8.85 17.0

285 ng/min – – o o 0.59 3.47 13.7 22.8

trans-DCCA 290 33 ng/mL – – o o 0.74 5.90 26.7 36.6

287 ng/ml-SG – – o o 0.67 4.87 22.4 27.4

287 ng/mg – – o o 0.83 6.69 27.7 36.4

284 ng/min – – o o 0.84 7.33 28.9 31.9

FMV

3-PBA 296 70 ng/mL 0.83 3.99 o 0.77 2.34 7.54 92.3 180.6

295 ng/mL-SG 0.76 4.13 o 0.68 2.16 8.35 56.1 115.1

295 ng/mg 0.74 4.29 o 0.68 2.05 9.78 45.6 116.4

293 ng/min 0.62 4.25 o 0.58 1.64 7.69 54.8 134.6

cis-DCCA 298 32 ng/mL o o o o 0.50 2.56 15.3 39.4

297 ng/mL-SG o o o o 0.45 2.23 13.8 24.0

297 ng/mg o o o o 0.46 2.71 13.5 19.5

295 ng/min o o o o 0.37 2.09 12.4 23.4

trans-DCCA 297 38 ng/mL o o o o 0.99 5.62 17.8 67.1

296 ng/mL-SG o o o o 0.84 4.71 14.9 40.8

296 ng/mg o o o o 0.86 4.54 14.6 40.2

294 ng/min o o o o 0.62 4.24 15.3 39.8

24-h

3-PBA 1877 74 ng/mL 0.98 4.29 o 0.92 2.39 12.3 64.7 3154.9

1856 ng/mL-SG 1.17 4.80 o 1.06 3.24 18.7 80.4 1983.9

1856 ng/mg 1.30 5.28 o 1.18 3.75 24.3 115.5 1784.5

1864 ng/min 1.32 5.38 o 1.19 3.95 23.7 106.1 2035.4

cis-DCCA 1888 33 ng/mL o o o o 0.54 3.28 18.2 702.5

1866 ng/mL-SG o o o o 0.71 4.45 25.0 441.8

1866 ng/mg o o o o 0.90 5.62 30.3 397.3

1875 ng/min o o o o 0.95 5.33 35.0 453.2

trans-DCCA 1887 41 ng/mL o o o o 1.03 7.54 42.3 197.7

1865 ng/mL-SG o o o o 1.20 9.73 39.6 291.4

1865 ng/mg o o o o 1.40 12.3 48.2 516.1

1874 ng/min o o o o 1.53 12.3 62.5 563.8

All

3-PBA 2472 74 ng/mL 0.96 4.22 o 0.88 2.33 12.2 56.4 3154.9

2446 ng/mL-SG 1.07 4.70 o 0.96 2.88 16.5 72.6 1983.9

2446 ng/mg 1.17 5.13 o 1.04 3.30 20.6 93.2 1784.5

2449 ng/min 1.15 5.31 o 1.04 3.47 21.3 93.9 2035.4

cis-DCCA 2485 32 ng/mL o o o o 0.50 3.16 16.9 702.5

2458 ng/mL-SG o o o o 0.64 3.84 20.2 441.8

2458 ng/mg o o o o 0.81 4.85 24.9 397.3

2462 ng/min o o o o 0.84 4.61 30.7 453.2

trans-DCCA 2482 39 ng/mL o o o o 0.99 7.15 32.9 197.7

2455 ng/mL-SG o o o o 1.08 8.66 35.4 291.4

2455 ng/mg o o o o 1.19 10.3 43.2 516.1

2459 ng/min o o o o 1.29 9.64 52.3 563.8

kBelow the LOQ (o0.25 ng/mL) for a pyrethroid metabolite in the urine samples.
a 3-Phenoxybenzoic acid (3-PBA), cis-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane-1-carboxylic acid (cis-DCCA), and trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclo-

propane carboxylic acid (trans-DCCA).
b 2-methyl-3-phenylbenzoic acid (MPA) values are not reported because it was detected in 2% of the urine samples.
c Number of urine samples (note: not all 2503 samples could be analyzed due to limited sample volume).
d Percentage of urine samples at or above the limit of quantitation (LOQ).
e Data are provided as concentration (ng/mL), specific gravity-corrected (ng/mL-SG), creatinine-corrected (ng/mg), and excretion rate (ng/min) values.
f 26 urine samples were excluded because of missing creatinine and specific gravity data due to laboratory error.
g 17 urine samples were excluded due to missing or partial voids provided by the adult participants.
h Geometric mean.
i Geometric standard deviation (unitless).
j The geometric mean and geometric standard deviation are not reported for pyrethroid metabolites that were detected in less than 50% of the urine samples.
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mean 3-PBA levels of 0.97 ng/mL reported in 1149 women from

China in 2009–2010 (Qi et al., 2012). This likely reflects the in-

creased usage of pyrethroid insecticides in residential settings and

some agricultural settings in the US and China (Barr et al., 2010; Qi

et al., 2012).

We found that urinary cis-DCCA and trans-DCCA levels were

highly correlated with each other (r¼0.86, po0.0001) and with

urinary 3-PBA levels (cis-DCCA: r¼0.64, po0.0001; trans-DCCA:

r¼0.69, po0.0001) in the Ex-R adult urine samples. Similar re-

sults were observed by Barr et al. (2010) showing strong correla-

tions occurring between the concentrations of these two isomers

(r¼0.89, po0.001) and 3-PBA (r¼0.77, p¼0.02) in the urine

samples of 1999–2002 NHANES adults. Only the current-use pyr-

ethroids, permethrin and cypermethrin, are known to breakdown

to form both 3-PBA and DCCA in the body (Tao et al., 2013; CDC,

2009). The strong correlations occurring between these urinary

biomarkers suggest that the Ex-R adults were likely primarily

exposed to these two pyrethroids in their residential environ-

ments (Barr et al., 2010). This is in agreement with recent research

by Xue et al. (2014) indicating that permethrin and cypermethrin

likely contributed to about 80% of the observed urinary levels of

3-PBA and DCCA in the general US population.

Our ICC results indicate poor reproducibility (o0.22) of re-

peated 3-PBA measurements in the spot urine samples of the Ex-R

adults regardless of the sample type (bedtime, FMV, or 24-h) and

method (non-corrected or corrected) over a day, week, and six

weeks. This ICC information suggests that a random spot urine

sample did not provide a reliable estimate of the average 3-PBA

concentration for the adults in this study. In addition, we found

regardless of sample type or method used an unreasonably high

Table 3

Variance components and other related statistics for 3-PBA levels in adults by urine sample type and method over a day, week, and six-weeksa

Urine sample type ng/mL ng/mL-SG ng/mg ng/min

bR0.95
b

wR0.95
c ICCd me

bR0.95 wR0.95 ICC m bR0.95 wR0.95 ICC m bR0.95 wR0.95 ICC m

One Day

24-hf 2.1 182 0.02 204 4.9 243 0.08 47 9.6 325 0.13 26 7.9 341 0.11 32

One Week

Bedtime 1.0 360 0.00 –
h 1.0 441 0.00 – 2.8 500 0.03 144 6.8 514 0.09 43

FMVg 4.0 210 0.06 60 9.3 175 0.16 22 13.9 163 0.21 15 10.6 220 0.16 21

24-h 3.7 214 0.06 66 6.1 306 0.09 40 9.8 393 0.13 27 8.4 449 0.11 33

Six Weeks

Bedtime 1.5 232 0.01 800 3.6 271 0.05 77 5.9 322 0.09 42 6.5 460 0.09 43

FMV 3.0 204 0.04 95 5.9 196 0.10 35 7.1 212 0.12 30 5.2 228 0.08 43

24-h 2.7 278 0.03 128 7.6 333 0.11 33 12.5 412 0.15 23 9.6 490 0.12 30

a Urine data (log-transformed) are provided as concentration (ng/mL), specific gravity-corrected (ng/mL-SG), creatinine-corrected (ng/mg), and excretion rate (ng/min)

values.
b Between-person fold range.
c Within-person fold range.
d Intraclass correlation coefficient.
e Number of random spot urine samples per adult likely needed to have a reliable biomarker estimate (ICC¼0.80) (Fleiss, 1985).
f Results are limited to the first 24-h interval of week one as the completion rates were the highest for this interval (88%) compared to all intervals (6 total).
g First morning void.
h The between-person variance was zero resulting in an ICC of 0.00, therefore, no sample size could be estimated.

Table 4

Comparison of urinary 3-PBA levels in non-occupationally exposed adults worldwide.

Country Study year Na Age %b GMc 95th d Reference

ng/mL

Canada 2005 120 18–64 99 –
e 4.23 Fortin et al. (2008)

Caribbeanf 2008–2011 297 20–39 100 0.54 3.51 Dewailly et al. (2014)

China 2009–2010 1149 17–45 99 0.97 5.39 Qi et al. (2012)

Germany 2000g 46 17–61 70 – 0.67 Schettgen et al. (2002)

Japan 2005 448 39–85 98 0.29 1.96 Ueyama et al. (2009)

Poland 2010-2011 132 5–77g 80 0.26 1.15 Wielgomas et al. (2013b)

Puerto rico 2010–2012 54 18–40 46 0.20 2.30 Lewis et al. (2014)

USA (NHANES)h 2007–2008 1110 20–59 – 0.43 6.65 CDC (2015)

2009–2010 1296 20–59 – 0.42 6.95 CDC (2015)

This study 2009–2011 50 19–50 74 0.96 12.2 –

ng/mg

China 2009–2010 1149 17–45 99 1.53 8.11 Qi et al. (2012)

Japan 2005 448 39–85 98 0.40 2.33 Ueyama et al. (2009)

Poland 2010–2011 132 5–77 80 0.22 0.95 Wielgomas et al. (2013b)

USA (NHANES) 2007–2008 1110 20–59 – 0.44 6.29 CDC (2015)

2009–2010 1296 20–59 – 0.42 4.72 CDC (2015)

This study 2009–2011 50 19–50 74 1.17 20.6 –

a Number of study participants.
b Percentage of urine samples with detectable levels of 3-PBA.
c Geometric mean.
d Percentile.
e Not provided.
f Includes ten different countries.
g Eight of the participants were children below the age of 14 years old.
h NHANES adults between 20–59 years old, only.
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number of random spot urine samples (15–800) would likely be

required per person to provide a reliable biomarker estimate over

a day or longer–which is unrealistic for most exposure and epi-

demiological studies due to budget constraints and participant

burden. Our results also imply that the Ex-R adults were likely not

continually exposed to low levels of pyrethroid residues in con-

sumed foods and/or other residential media (i.e., dust and sur-

faces) over the six-week monitoring period. Our study results are

in contrast to Wielgomas (2013a) that reported much higher ICCs

for 3-PBA measurements in FMV, spot, and 24-h urine samples by

concentration, CR-corrected, and excretion rate values for seven

non-occupationally exposed adults over a week in an urban area of

Poland in 2011. In that study, the highest ICCs occurred in the CR-

corrected spot (ICC¼0.846) and the CR-corrected 24-h urine

samples (ICC¼0.796). Based on these ICCs, the authors concluded

that a random spot urine sample would adequately represent the

average 3-PBA biomarker concentration for an individual over a

week, and that the Polish adults were likely continually exposed to

similar levels of pyrethroid residues in their urban environments.

This above research suggests that the temporal usage patterns

and/or exposure patterns of adults to pyrethroids may be quite

different in Poland compared to the US and more research is

needed worldwide.

In our current study, we found that comparisons of biomarker

measurement variance and ICC estimates across concentration,

SG-corrected, CR-corrected, and excretion rate measures yielded

unexpected results. It is generally assumed that, for urinary bio-

markers eliminated via renal filtration, measurement error will

decrease after correcting for SG, CR, or urine output. However, the

opposite trend was observed in the Ex-R study. Specifically, mea-

surement variability was the lowest both between- and within-

individuals for concentration-based measures. Correcting for CR,

SG, and urine output increased fold-range estimates in most in-

stances. Furthermore, these correction approaches increased be-

tween-person measurement variability more so than within-per-

son measurement variability, leading to elevated ICC estimates for

corrected values. While higher ICCs are beneficial from the

standpoint of measurement reliability, they are meant to reflect

true exposure differences between individuals. In this study, it is

conceivable that the observed variability between subjects in urine

output, CR excretion, and SG levels, generally resulting from dif-

ferences in hydration status, diet, body mass, etc., are responsible

for the heightened ICCs. Given these sources of measurement

variation, (reflecting physiological and behavioral factors and not

pyrethroid exposure) researchers are urged to use caution when

selecting urinary biomarker-based exposure metrics for 3-PBA as

part of exposure and epidemiology studies in the future.

At the moment, it is unclear whether preformed metabolites of

pyrethroid insecticides (e.g., 3-PBA, cis-DCCA, and trans-DCCA) in

media are substantially contributing to the measured urinary

pesticide metabolite levels in humans. Few studies have measured

for the concurrent levels of pyrethroids and their preformed me-

tabolites in foods or other environmental media (Starr et al., 2008;

Chen et al., 2012; Trunnelle et al., 2014). Starr et al. (2008) showed

that permethrin, DCCA, and 3-PBA, were frequently detected

(467%) in 85 vacuum dust samples collected at homes and

childcare centers in NC and Ohio in 2000–2001. Chen et al. (2012)

also reported detectable levels of several different pyrethroids and

3-PBA in 23 different produce samples including blackberries,

blueberries, cherries, strawberries, and green onions in California

in 2010. More recently, Trunnelle et al. (2014) reported that per-

methrin and 3-PBA were both frequently detected (497%) in 79

kitchen floor wipe samples collected at homes in California in

2007–2009. This above research suggests that humans can be

exposed to measureable levels of preformed pyrethroid metabo-

lites in several different media (i.e., food, dust, and surface wipes)

at residences. Therefore, more research is necessary to determine

if preformed metabolites in media are overinflating measured

urinary pyrethroid biomarker levels in non-occupationally ex-

posed adults. Future work is planned to quantify the distributions

of the target pyrethroids and their preformed metabolites in solid

food, drinking water, vacuum dust, and surface wipe samples

collected at the participant’s residences in the Ex-R study.

5. Conclusions

Based on the urinary biomonitoring data, the majority of the

Ex-R adults were likely temporally exposed to one or more pyre-

throid insecticides at their homes during the six-week monitoring

period in NC in 2009–2011. For the frequently detected 3-PBA

(450%), there was poor reproducibility of repeated measure-

ments of this metabolite in the urine samples of Ex-R adults re-

gardless of sample type (bedtime, FMV, and 24-h) and method

(concentration, SG-corrected, CR-corrected, and excretion rate)

over a day, week, and six weeks. Correcting for urine sample di-

lution, based on either SG, CR, or urine output, was found to in-

crease measurement variability between- and within-individuals.

Given these findings, scientists should use caution when selecting

urinary biomarker-based exposure metrics for 3-PBA in their fu-

ture exposure and environmental epidemiology studies.
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Pyrethroid insecticides and their environmental degradates in

repeated duplicate-diet solid food samples of 50 adults
Marsha K. Morgan1, Denise K. MacMillan2, Dan Zehr2 and Jon R. Sobus1

Previous research has reported concurrent levels of pyrethroid insecticides and their environmental degradates in foods. These data

raise concerns about using these same pyrethroid degradates found in the diet as urinary biomarkers of exposures in humans. The

primary objective was to quantify levels of selected pyrethroids and their environmental degradates in duplicate-diet solid food

samples of 50 adults over a six-week monitoring period. The study was conducted at the US EPA’s Human Studies Facility in North

Carolina and at participants’ residences in 2009–2011. Participants collected duplicate-diet solid food samples on days 1 and 2

during weeks 1, 2, and 6 of the monitoring period. These samples were collected over three consecutive time periods each

sampling day. A total of 782 food samples were homogenized and analyzed by LC/MS/MS for seven pyrethroids (bifenthrin,

λ-cyhalothrin, cyfluthrin, cypermethrin, cis-deltamethrin, esfenvalerate, and cis/trans-permethrin) and six pyrethroid degradates.

Results showed that 49% and 2% of all the samples contained at least one target pyrethroid or pyrethroid degradate, respectively.

Cis/trans-permethrin (20%) and bifenthrin (20%) were the most frequently detected pyrethroids. The results suggest that the

pyrethroid degradates were likely not present in sufficient levels in the diet to substantially impact the adults’ urinary biomarker

concentrations.
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INTRODUCTION

Pyrethroids are a class of insecticides that are used for crop
protection worldwide.1,2 These lipophilic insecticides account for
more than 17% of the global agrochemical market.1 In the United
States (US), at least 18 different pyrethroid insecticides are
currently registered by the US Environmental Protection Agency
(EPA) for use on domestic crops for human consumption.3

However, no published data are currently available on the total
amount of pyrethroid insecticides that are applied on US
croplands, including residential gardens, each year.3

Research has shown that humans can be exposed to
pyrethroids through the inhalation, ingestion, and dermal
routes.2,4,5 However, dietary ingestion is likely the major exposure
route to these insecticides in the general US adult population.4–5

This is supported by several studies reporting measureable
residues of a number of different current-use pyrethroids in
duplicate-diet samples or in individual food items (e.g., lettuce,
blueberries, butter, and sour cream).6–14 In these studies,
pyrethroid insecticides were generally detected at much higher
levels in solid foods compared to liquid foods (e.g.
beverages).6,10,13,14 Current-use pyrethroids detected in these
solid food samples included bifenthrin, cyfluthrin, λ-cyhalothrin,
cypermethrin, cis-deltamethrin, esfenvalerate, and cis/trans-
permethrin.
Few published data are available on the concurrent levels of

these pyrethroid insecticides and their environmental degradates
in foods.7,11 In a recent study by Chen et al.,11 they reported

measureable levels of cypermethrin, λ-cyhalothrin, cis-deltame-
thrin, esfenvalerate, and/or permethrin, and their common
degradation product, 3-phenoxybenzoic acid (3-PBA), in eight
different produce samples, collected in California between 2010
and 2011. This information raises concerns about using
3-PBA and perhaps other pyrethroid degradates found in the diet
as urinary biomarkers of exposure in humans.
After oral ingestion, pyrethroids are metabolized quickly and are

mainly renally eliminated as polar metabolites (e.g., 3-PBA) in
humans with an urinary excretion half-life of less than 10h.15–17

For the pyrethroid degradates, no published (oral) toxicokinetic
data exist based on human exposure studies. Previous biomoni-
toring studies have found several different pyrethroid metabolites
(i.e., 3-PBA and cis/trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclo-
propane carboxylic acid (cis/trans-DCCA)) in the urine of the
general US adult population.5,18–21 It is currently unknown
whether pyrethroid degradates in the diet are substantially
contributing to pyrethroid metabolite levels in the urine of adults
in the general US population.
The Pilot Study to Estimate Human Exposures to Pyrethroids

using an Exposure Reconstruction Approach (Ex-R study) investi-
gated the temporal exposures (over 6 weeks) of 50 North Carolina
(NC) adults to selected pyrethroid insecticides and their environ-
mental degradates in several different media (e.g., food, drinking
water, dust, and floor wipes) at homes in 2009–2011.21 In this
current work, we quantified the levels of seven current-use
pyrethroids and six of their environmental degradates (Table 1) in
782 duplicate-diet solid food samples of 50 Ex-R adults over a six-
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week monitoring period. We also estimated the maximum daily
dietary intake doses of the adults to each target pyrethroid.

MATERIALS AND METHODS

Study Cohort

A detailed description of the Ex-R study design and sampling methodology
can be found in Morgan et al.21 Briefly, this study was performed at the US
EPA’s Human Subjects Facility (HSF) located in Chapel Hill, NC and at the
participants’ residences within a 40 mile radius of the HSF.21 Recruitment
of adult participants began in October 2009 and ended in March 2011.
Field sampling occurred at the participants’ residences from November
2009 to May 2011. The adults, ages 19–50 years old, collected their own
duplicate-diet solid food samples and completed daily food diaries over a
6-week monitoring period. All protocols and procedures for the Ex-R study
were approved by the University of North Carolina’s Institutional Review
Board (study number: 09-0741).21 In addition, the adults signed informed
consent forms before participating.

Collection of Duplicate-Diet Solid Food Samples

The duplicate-diet solid food samples consisted of duplicate amounts of all
the consumed solid foods (excluding beverages) that the participants’ ate
on day 1 (Sunday) and day 2 (Monday) during weeks 1, 2, and 6 of the six-
week monitoring period.21 These samples were collected by each
participant over three, consecutive time periods (period 1 = 4:00 am -
11:00 am; period 2 = 11:00 am - 5:00 pm; and period 3 = 5:00 pm - 4:00 am)
each sampling day. Up to 18 individual food samples (6 per sampling
week) were collected by each participant over the monitoring period. Solid
foods were defined as any edible items that were solid, semi-solid, or
contained solids (e.g., hamburger, salad, vegetable soup, smoothie, and ice
cream). Inedible parts of foods such as chicken bones, banana peels, and
apple cores as well as medicines/vitamins were excluded from these
samples. The participants also completed daily food diaries that listed the
specific food items that they consumed during each sampling time period.
For each food sample, the participants placed duplicate amounts of their

consumed solid food items into a re-sealable polyethylene bag
(31 × 31 cm; Uline Shipping Supply Specialists, Pleasant Prairie, WI) and
then into a larger re-sealable polyethylene bag (41 × 41 cm). The collection
date of each food sample was written with a pen on the provided label on
the outside polyethylene bag. The food samples were stored in portable
thermoelectric coolers (Princess International, Brooklyn, NY, USA or
Vinotemp, Irvine, CA, USA) until the participants returned the coolers to
the HSF on day 3 (Tuesday) between 8:00 am–11:00 am of each sampling

week.21 At the HSF, US EPA researchers weighed each food sample. These
researchers then transported the food samples in study coolers with blue
ice to an US EPA laboratory in Research Triangle Park (RTP), NC, USA.

Food Sample Preparation, Extraction, and Analysis

Food samples were homogenized (for up to 1 min) using a vertical cutter
mixer (Robot Coupe R4N-D or R10-Ultra) or a high-speed blender (Waring
MBB518 Professional Food/Beverage). The blender was only used for a few
types of food items (i.e., soups and purees). Samples containing a single
food item with a smooth texture (i.e., peanut butter and ice cream) were
not homogenized. Up to six replicates (12 g each) of each food sample
were then transferred into separate, pre-cleaned amber glass jars (30 ml)
with lids. All replicates were stored in US EPA laboratory freezers (⩽−20 °C)
until analysis.
The homogenized food samples were extracted using the QuEChERS

(quick, easy, cheap, effective, rugged, and safe) technique that was
modified for use in complex food mixtures.22,23 For each study sample, a
12 g replicate was thawed, and a 2 g aliquot was removed and transferred
to a vial. The 2 g aliquot was then spiked with internal standards (13C6-
cypermethrin, 13C6-λ-cyhalothrin,

13C6-cis-permethrin, 13C6-trans-
permethrin, 13C6-3-PBA,

13C6-4-fluoro-3-phenoxybenzoic acid (13C6-4-F-3-
PBA), and 13C6-d1-cis-DCCA [Cambridge Isotope Laboratories, Andover, MA,
USA]) and 2 ml of acetonitrile was added. The sample was mechanically
shaken for 1–2 min. to completely wet the contents, and then MgSO4

(800 mg) and NaCl (200 mg) were added. The sample was vortexed to fully
disperse the solids in the mixture, and then centrifuged at 4000 rpm
(3220×g) for 5 min. Next, an aliquot of the supernatant (1 ml) was added
to a clean-up tube containing 150 mg MgSO4/carbon black (Supelclean
ENVI-carb 120/400 (Supelco, Sigma-Aldrich, Bellefonte, PA, USA, 30:1; w/w)
and 300 mg bulk C-18 (Discovery DSC-C18, Supelco, Sigma-Aldrich). The
clean-up tube was vortexed for 30 s. and then centrifuged at 15,000 rpm
(26,000 g) for 10 min. An aliquot (300 μl) of the resulting extract was
diluted 1:1 with 0.1% formic acid, filtered through a PTFE filter (0.2 μm),
and stored at ~ 4 °C until analysis.
The extracts were analyzed to quantify levels of the target pyrethroids

and their environmental degradates (Table 1) using electrospray ionization
liquid chromatography/tandem mass spectrometry (LC/MS/MS) on a 4000
QTrap linear ion trap mass spectrometer (AB Sciex, Framingham, MA, USA)
in positive (pyrethroids) or negative (degradates) ion modes. All analytical
standards were purchased from Chem Services (West Chester, PA, USA)
with the exception of 4-F-3-PBA (Cambridge Isotope Laboratories,
Andover, MA, USA) and 2-methyl-3-phenylbenzoic acid (MPA) (FMC
Agricultural Products Group, Philadelphia, PA, USA). Instrument parameters
are given in Supplementary Table 1. Separation was performed using a
Hypersil Gold 50× 2.1 mm column (1.9 μ) (Thermo Fisher Scientific,
Waltham, MA, USA) with gradient elution (Supplementary Table 2). The
mobile phase used for the parent pyrethroids consisted of (A) 25:75 5 mM

ammonium acetate:methanol with 0.1% formic acid, and (B) 5 mM

ammonium acetate in methanol with 0.1% formic acid. For the pyrethroid
degradates, the mobile phases were the same as mentioned above, except
formic acid was not included. Multiple reaction monitoring with two
characteristic transitions per target analyte was used for definitive
identification (Supplementary Table 3). Quantitation was obtained by
internal calibration using isotope dilution and matrix-matched curves
made by spiking the control matrix with internal standards and target
analytes prior to extraction. The limits of quantitation (LOQs) for the target
analytes were set at the concentration of the lowest calibration standard.
Estimated limits of detection (LODs) were set at concentrations that gave a
signal-to-noise ratio of at least 3 and were ~ 2–5 times below LOQs. The
LODs and LOQs for the target analytes are provided in Table 2. Calibration
ranges were from the LOQ to 200 ng/g for all analytes. Curves were
constructed using quadratic equations with 1/x weighting. Additional
details of the method validation are included in the Supplementary
Information section.

Quality Assurance and Quality Control Procedures

Field and laboratory quality control samples were used to determine the
overall quality of food sample collection, processing, extraction, and
analysis. A control food mixture was prepared in-house to be used as the
medium for the field/laboratory blank and spike samples. Approximately
5 kg of the control food mixture (5% fat) was made using a slightly
modified method by Rosenblum et al.24 The food mixture contained
applesauce, bread, cake, cereal, cheese, fruit cocktail, lunchmeat,

Table 1. Target pyrethroid insecticides and their environmental

degradates measured in the duplicate-diet solid food samples.

Pyrethroid Environmental Degradate,a

3-PBA 4-F-3-
PBA

cis-DBCA cis-DCCA trans-
DCCA

MPA

Bifenthrin ○
b

Cyfluthrin ○ ● ●

λ-Cyhalothrin ●
c

Cypermethrin ● ● ●

cis-Deltamethrin ● ○

Esfenvalerate ●

cis-Permethrin ● ●

trans-Permethrin ● ●

Abbreviations: 3-PBA (3-phenoxybenzoic acid); 4-F-3-PBA (4-fluoro-3-

phenoxybenzoic acid); cis-DBCA (cis-3-(2,2-dibromovinyl)-2,2-dimethylcy-

clopropane carboxylic acid); cis-DCCA (cis-3-(2,2-dichlorovinyl)-2,2-

dimethylcyclopropane carboxylic acid); trans-DCCA (trans-3-(2,2-dichloro-

vinyl)-2,2-dimethylcyclo-propane carboxylic acid; MPA (2-methyl-3-

phenylbenzoic acid). aThe environmental degradates are also commonly

used as urinary biomarkers of exposure in humans. b
‘○’ equals specific

metabolite of one pyrethroid insecticide. c‘●’ equals nonspecific metabo-

lite of one or more pyrethroid insecticides.
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margarine, mayonnaise, pizza, potato chips, and vegetables that were
purchased from local grocery stores. Organic food items were used (when
available) to reduce background contamination of pyrethroid insecticides.
The control food mixture was homogenized in 1 kg batches using a vertical
cutter mixer (Robot Coupe R10-Ultra). Replicates of control food (12 g
each) were placed into pre-cleaned amber glass jars (30 ml) and stored in
⩽− 20 °C in freezers.
The field QC samples consisted of blanks and three spikes (low, medium,

and high levels) that were assigned to 10% of the study participants during
days 1–2 of each sampling week. A blank or spike sample contained 12 g
of the control food mixture (above) that was spiked with internal standards
by using 100 μl of a mixed standard (500 ng/ml in methanol) for a final
concentration of 4.2 ng/g. For the field spike samples only, they were also
spiked with 20, 100, or 200 μl of a solution (in methanol) of the target
pyrethroids for a final concentration of 0.9, 4.5, or 8.9 ng/g and the
pyrethroid degradates for a final concentration of 4.5, 22.5, or 45 ng/g,
respectively. The concentration of the mixed standard used for spiking the
field samples was 500 ng/ml for the pyrethroids and 2500 ng/ml for the
degradates. Each field blank or field spike was stirred thoroughly with a
spatula prior to being transferred into a re-sealable polyethylene bag
(8 × 13 cm) and then into another polyethylene bag (8 × 13 cm). These field
QC samples were placed into a portable thermoelectric cooler (plugged
into an electric wall outlet) in a study room at the HSF during each
sampling period (Sunday–Monday). The samples were stored in EPA
laboratory freezers (⩽−20 °C) until analysis. The field blanks (n= 18) were
below the LODs for all pyrethroids and their environmental degradates in
food, except for cis-permethrin and trans-permethrin that co-occurred in
two samples. For the medium and high field spike samples, mean percent
recoveries of the target analytes were within empirically determined
percent recovery acceptance limits, except for λ-cyhalothrin, cis-perme-
thrin, trans-permethrin, 3-PBA, and cis-DBCA (Supplementary Table 4). For
the low field spike samples, the recovery results were inconsistent and
highly variable for all analytes (data not shown) most likely due to the low
spiked volume (20 μl) which caused incomplete mixing of the samples. A
detailed discussion of the field spike results can be found in the
Supplementary Information section.
The laboratory (batch) QC samples consisted of laboratory blanks,

sample duplicates (duplicate extraction of a study sample), analytical
duplicates (duplicate analysis of a study sample extract), laboratory control
samples (LCS; spiked control mixture) and matrix spikes (MSS; spiked study
samples). The LCS and MSS were spiked at 10 ng/g. The laboratory blanks
(n=50) were all below the LODs for the target analytes in food, except for

cis-permethrin in one sample and trans-permethrin in three samples. Mean
values for the laboratory blanks were below the LOD for each isomer, so no
background correction was made. Mean relative percent differences
between sample duplicates or analytical duplicates for the parent
pyrethroids were less than 7% in the food samples. For the pyrethroid
degradates, mean relative percent differences between the sample
duplicates or analytical duplicates were less than 1%. Mean percent
recoveries for the LCS and MSS were within the empirically determined
percent recovery acceptance limits for all target analytes (Supplementary
Table 4). In addition, the mean percent recoveries of the target analytes for
the MSS were within 5% of the mean percent recoveries for the LCS,
except for bifenthrin. For this analyte, the mean percent recovery for the
MSS was 15% lower than the mean percent recovery for the LCS.

Statistical Analyses

For each target analyte, all data values below the LOD in the food samples
were replaced by the LOD=

ffiffiffi

2
p

as described in Verbovsek.25 Descriptive
statistics were calculated for the analytes in the food samples using JMP
version 12.1 (SAS Institute, Cary, NC, USA).
The estimated maximum daily dietary intake doses (ng/kg/day) of the

Ex-R adults to each target pyrethroid insecticide (D) was calculated using
the following equation:

D ¼

P

3

t¼1

Ft ´Mtð Þ

B

In this equation, Ft (concentration (ng/g) of each target pyrethroid in a
food sample) was multiplied by Mt (mass of the same food sample (g)). The
subscript t denotes whether the sample was the first, second, or third
sample on a given sampling day. Then, the amount of each target
pyrethroid in the participant’s food samples (up to three) was summed
over a sampling day (ng/d) and divided by B (body weight (kg)).

RESULTS

Table 3 provides the summary statistics for the target pyrethroids
and their environmental degradates measured in the duplicate-
diet solid food samples of 50 Ex-R participants over the six-week
monitoring period. For the pyrethroids, trans-permethrin (21%),

Table 2. Estimated limits of detection (LODs) and limits of

quantitation (LOQs) for the target analytes in the duplicate-diet solid

food samples.

Target analyte LOD (ng/g) LOQ (ng/g)

Pyrethroid insecticide
Bifenthrin 0.05 0.10
Cyfluthrin 1.0 2.5
λ-Cyhalothrin 0.30 1.0
Cypermethrin 0.30 1.0
cis-Deltamethrin 0.05 0.25
Esfenvalerate 0.30 1.0
cis-Permethrin 0.10 0.25
trans-Permethrin 0.10 0.25

Pyrethroid degradate
4-F-3-PBA 0.10 0.25
3-PBA 0.30 2.5
cis-DBCA 0.30 1.0
cis-DCCA 0.30 1.0
trans-DCCA 0.30 1.0
MPA 0.30 1.0

Abbreviations: 3-PBA (3-phenoxybenzoic acid); 4-F-3-PBA (4-fluoro-3-

phenoxybenzoic acid); cis-DBCA (cis-3-(2,2-dibromovinyl)-2,2-dimethylcy-

clopropane carboxylic acid); cis-DCCA (cis-3-(2,2-dichlorovinyl)-2,2-

dimethylcyclopropane carboxylic acid); trans-DCCA (trans-3-(2,2-dichloro-

vinyl)-2,2-dimethylcyclo-propane carboxylic acid; MPA (2-methyl-3-

phenylbenzoic acid).

Table 3. Levels of pyrethroid insecticides and their environmental

degradates (ng/g) in the duplicate-diet solid food samples.

Target analyte Na,b %c 90thd 95thd Maximum

Pyrethroid insecticide
Bifenthrin 774 20 0.63 1.8 13.9
Cyfluthrin 781 1 — — 103
λ-Cyhalothrin 781 2 — — 27.7
Cypermethrin 781 7 — 1.6 154
cis-Deltamethrin 778 17 0.82 1.9 16.3
Esfenvalerate 780 2 — — 358
cis-Permethrin 780 19 0.84 5.2 111
trans-Permethrin 774 21 0.90 5.4 172

Pyrethroid degradate
4-F-3-PBA 781 o1 — — 0.4
3-PBA 780 o1 — — 2.3
cis-DBCA 779 o1 — — 1.0
cis-DCCA 782 1 — — 8.3
trans-DCCA 782 2 — — 38.3
MPA 780 0 — — —

Abbreviations: 3-PBA (3-phenoxybenzoic acid); 4-F-3-PBA (4-fluoro-3-

phenoxybenzoic acid); cis-DBCA (cis-3-(2,2-dibromovinyl)-2,2-dimethylcy-

clopropane carboxylic acid); cis-DCCA (cis-3-(2,2-dichlorovinyl)-2,2-

dimethylcyclopropane carboxylic acid); trans-DCCA (trans-3-(2,2-dichloro-

vinyl)-2,2-dimethylcyclo-propane carboxylic acid; MPA (2-methyl-3-

phenylbenzoic acid). aNumber of samples (n= 782). bMissing data due to

laboratory error. cPercentage of analytes at or above the limit of detection

by analyte. dPercentile.
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bifenthrin (20%), cis-permethrin (19%), and cis-deltamethrin (17%)
were detected the most often in the food samples. At the 95th
percentile, the levels of cis-permethrin (5.2 ng/g) and trans-
permethrin (5.4 ng/g) were at least two times greater compared
to the levels of the other pyrethroids (⩽1.9 ng/g) in the samples.
The highest maximum concentration of the pyrethroids occurred
for esfenvalerate (358 ng/g) in one participant’s food sample. In
comparison to the parent pyrethroids, the degradates were not
frequently detected (o3%) in the food samples (Table 3). MPA
(bifenthrin degradate) was not detected in any of these samples.
The highest maximum levels of the degradates occurred for trans-
DCCA (38.3 ng/g) and cis-DCCA (8.3 ng/g) in the same food sample
of one participant.
Table 4 presents the summary statistics for the levels (⩾ LOD) of

the four most frequently detected pyrethroids (bifenthrin, cis-
deltamethrin, cis-permethrin, and trans-permethrin) in the food
samples. Mean levels of cis-permethrin (9.1 ±20.0 ng/g) and trans-
permethrin (8.9± 22.2 ng/g) were at least four time greater
compared to mean levels of bifenthrin (1.8± 2.8 ng/g) and cis-
deltamethrin (1.9± 2.4 ng/g) in the food samples. At the 95th
percentile, the levels of cis-permethrin (52.5 ng/g) and trans-
permethrin (48.6 ng/g) were at least five times higher than the
levels of the other two pyrethroids (⩽8.2 ng/g). Figure 1 presents
the levels of these four pyrethroids in the participant’s food samples
by sampling time period (1, 2, or 3). The results show that these four
pyrethroids were consistently detected the least often in the food

samples during period 1 (4:00 am - 11:00 am) compared with
period 2 (11:00 am - 5:00 pm) and period 3 (5:00 pm - 4.00 am).
These pyrethroids were found the most often in the participants’
food samples during period 3, except for cis-deltamethrin
(period 2).
The co-occurrence of the target pyrethroids in the food samples

of the Ex-R adults over the six-week monitoring period is
presented in Figure 2. In this figure, the results show that 49%
of all the food samples contained at least one or more target
pyrethroids. In particular, 32% of the participants’ food samples
contained one target pyrethroid. In addition, 13% of the adult
food samples contained at least two different target pyrethroids.
Only 3% and 1% of the food samples had three or four different
target pyrethroids, respectively.
Table 5 presents the estimated adults’maximum dietary exposures

(ng/day) and maximum dietary intake doses (ng/kg/day) to the target
pyrethroid insecticides and compares these estimates to available oral
reference doses (RfDs) in the US EPA’s Integrated Risk Information
System (IRIS).26 In IRIS, oral RfDs currently exist only for bifenthrin,
λ-cyhalothrin, cypermethrin, and permethrin. The participants’ max-
imum dietary intake doses were the highest for the combined
isomers of cis/trans-permethrin (2,115 ng/kg/day), followed by
esfenvalerate (1,784 ng/kg/day). The estimated adults’ maximum
dietary intake doses to bifenthrin, λ-cyhalothrin, cypermethrin, and
permethrin were all well below the established oral RfDs in IRIS.

Table 4. Levels of the four most frequently detected pyrethroids in the duplicate-diet solid food samples.a,b

Target analyte Nc %d Mean± SDe Min. 50th 75thf 90thf 95thf Max.

Bifenthrin 156 100 1.8±2.8 0.06 0.63 1.7 4.7 8.2 13.9
cis-Deltamethrin 129 100 1.9± 2.4 0.12 1.0 2.4 4.1 6.2 16.3
cis-Permethrin 145 100 9.1± 20.0 0.10 1.1 5.6 28.7 52.5 111
trans-Permethrin 164 100 8.9± 22.2 0.10 0.80 4.9 25.8 48.6 172

aIncludes pyrethroids that were detected in ⩾ 17% of the food samples (Table 3). For each analyte, only values at or above the LOD are presented in this table.
bUnits=ng/g. cNumber of samples. dPercentage of samples. eArithmetric mean and SD. fPercentile.

Figure 1. Percentage of duplicate-diet solid food samples with detectable levels of bifenthrin, cis-deltamethrin, cis-permethrin, and trans-
permethrin by sampling time period.a,b,c aIncludes the four most frequently detected (⩾17%) pyrethroids measured in the duplicate-diet solid
food samples. bData are shown for food samples that have detectable levels (⩾ LOD) of each pyrethroid by time period (period 1= 0400–
1100 hours, period 2= 1100–1700 hours, and period 3= 1700–0400 hours). cNumber of food samples: bifenthrin (n= 156), cis-deltamethrin
(n= 129), cis-permethrin (n= 145), and trans-permethrin (n= 164).
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DISCUSSION

Previous research has suggested that the diet is likely the major
source of exposure to pyrethroids insecticides in the general adult
population worldwide.4,5,27 Few data exist on the temporal levels
of current-use pyrethroid insecticides in the everyday diets of
adults.10,12 Our study results showed that the individual target
pyrethroids were not detected often (1–21%) in the duplicate-diet
solid food samples of 50 Ex-R adults over the 6-week monitoring
period. However on a cumulative basis, 49% of the participants’
food samples contained at least one of the target pyrethroids.
Based on these data, 100% of the Ex-R participants were
intermittently exposed to several different pyrethroids in their
normal diets during the six-week monitoring period. Our study
results are similar to Melnyk et al.12,28 that also showed low
detection frequencies (LOD range = 0.05–0.8 ng/g) for bifenthrin
(30%), cyfluthrin (4%), cypermethrin (11%), cis-deltamethrin (1%),
esfenvalerate (10%), and cis/trans-permethrin (33%) in 67 solid
food samples composited by eating event (breakfast, lunch,
dinner, and snack) over several days for nine Hispanic women in
Florida USA in 2008. In an earlier study conducted by Riederer
et al.,10 the authors reported higher detection frequencies (LOD
range= 0.4–0.8 ng/g) than our study for cyfluthrin (59%), cyper-
methrin (67%), cis-deltamethrin (28%), and cis/trans-permethrin
(43%) in duplicate diet samples (composited by food group) of 12

adults collected over eight sampling days in Georgia USA in 2005–
2006. Interestingly in that study, the authors reported that
measureable levels of these pyrethroid residues were found in
several different types of foods (i.e., fruits, vegetables, legumes,
grains, meats, and dairy).10 This information emphasize the
importance of collecting total diet samples (i.e., not just produce)
from adults to assess their daily dietary exposures to pyrethroids.
As data are limited, more research is necessary to determine the
cumulative and temporal dietary exposures of adults to current-
use pyrethroid insecticides.
Another important study finding was that the detectable levels

of the target pyrethroids substantially varied by sampling time
frame (period 1, 2, or 3) over a day. The most frequently detected
pyrethroids (bifenthrin, cis-deltamethrin, cis-permethrin, and trans-
permethrin) were found less often in food consumed during
period 1 compared to periods 2 and 3. In support of our study
results, Melnyk et al.12,28 also reported that the mean intake levels
of several different pyrethroids were substantially different by
type of adult meal sampled (breakfast, lunch, or dinner). In that
study, the authors found that the mean intake levels of
permethrin, cypermethrin, and esfenvalerate were the lowest in
the participants breakfast meals compared to their lunch/dinner
meals. This information suggests that people’s eating patterns are
likely an important factor influencing their dietary exposures to
pyrethroid insecticides over a day.
Few data are available on the estimated dietary intake doses to

single or multiple pyrethroid insecticides derived from the actual
consumed diets of adults, globally.10 Assuming 100% absorption,
our estimated adults’ maximum dietary intake doses to bifenthrin
(63.1 ng/kg/day), λ-cyhalothrin (69.7 ng/kg/day), cypermethrin
(393 ng/kg/day), and permethrin (2,115 ng/kg/day) were all well
below the corresponding oral RfDs listed in IRIS (Table 5).26 Since
oral RfDs are not currently available for cyfluthrin, cis-deltamethrin,
or esfenvalerate in IRIS,26 we could not determine if the estimated
adults’ dietary intake doses to these insecticides (Table 5) were
below a level of concern. Only one other smaller duplicate-diet
study was found by Reiderer et al.10 that reported estimated
dietary intake doses to cypermethrin (1400 ng/kg/day), cis-
deltamethrin (2700 ng/kg/day), and permethrin (1500 ng/kg/day)
for 12 adults in Georgia USA in 2005–2006.
Few published studies have measured the concurrent levels of

pyrethroids and their environmental degradates (commonly used
as urinary biomarkers) in individual food items (i.e., produce)7,11 and
none in duplicate-diet samples. Our study results showed that 3-
PBA, 4-F-3-PBA, cis-DBCA, cis-DCCA, trans-DCCA, and MPA were not
frequently detected (o3%) in the duplicate-diet solid food samples
of 50 Ex-R participants over the six-week monitoring period. This
information suggests that these pyrethroid degradates were
probably not present in sufficient levels in the diet to substantially
influence the Ex-R adults’ urinary pyrethroid biomarker concentra-
tions. Our results are in agreement with Li et al.7 that recently
reported measureable levels of several different pyrethroids in
samples of apples, grapes, and lettuce purchase from local grocery
stores in Durham NC, but only the pyrethroid degradates, cis-DCCA
and trans-DCCA, occurring in one lettuce sample.
Our study had some limitations. Because of participant burden

and budget constraints, the Ex-R study only collected duplicate-
diet solid food samples (which excluded beverages). Therefore, it
is possible that we may have underestimated the total daily
dietary exposures and intake doses of the Ex-R adults to these
individual pyrethroids. However, previous research has indicated
that beverages were a minor contributor to the dietary exposure
of adults to pyrethroid insecticides.6,9,29 Another study limitation
was that the Ex-R participants’ solid food samples were collected
over three, consecutive time frames each sampling day, so we
were unable to determine the specific food items that had
detectable levels of the pyrethroid residues.

Table 5. The estimated adults’ maximum dietary exposures and

intake doses to the target pyrethroid insecticides.a

Pyrethroid Maximum dietary
exposure (ng/day)

Maximum dietary
dose (ng/kg/day)

Oral RfDb

(ng/kg/day)

Bifenthrin 6206 63.1 15,000
Cyfluthrin 31,153c 265 —

d

λ-Cyhalothrin 7807 69.7 5000
Cypermethrin 46,207c 393 10,000
cis-Deltamethrin 205 2.93 —

Esfenvalerate 102,071 1784 —

Permethrine 121,000 2115 50,000

aEstimates using 24-h duplicate-diet solid food samples (excludes

beverages). bOral reference dose (RfD), US EPA’s Integrated Risk Information

System (IRIS), http://www.epa.gov/iris/. cMissing food mass data from same

study participant due to laboratory error; used average food mass data of

all study adults by time period. dNot available in IRIS. eCombined cis- and

trans-isomers.

Figure 2. Co-occurrence of the target pyrethroid insecticides in the
duplicate-diet solid food samples of Ex-R adults. acis-and trans-
permethrin were counted as one pyrethroid insecticide.
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CONCLUSIONS

On basis of the food sample data, our study results showed that
the Ex-R adults were likely intermittently exposed to several
different pyrethroid insecticides in their diets during the six-week
monitoring period in NC in 2009–2011. In addition, the results
suggests that the measured pyrethroid degradates (3-PBA, 4-F-3-
PBA, cis-DBCA, cis-DCCA, and trans-DCCA) were likely not present
in sufficient levels in the diet to substantially impact the adults’
urinary biomarker concentrations.30
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A B S T R A C T

Bisphenol A (BPA) is commonly manufactured to make polycarbonate plastics and epoxy resins for use in

consumer products and packaged goods. BPA has been found in several different types of environmental media

(e.g., food, dust, and air). Many cross-sectional studies have frequently detected BPA concentrations in adult

urine samples. However, limited data are available on the temporal variability and important predictors of

urinary BPA concentrations in adults. In this work, the major objectives were to: 1) quantify BPA levels in

duplicate-diet solid food, drinking water, hard floor surface wipe, and urine samples (first-morning void [FMV],

bedtime, and 24-h) collected from adults over a six-week monitoring period; 2) determine the temporal varia-

bility of urinary BPA levels using concentration, specific gravity (SG) adjusted, creatinine (CR) adjusted, and

excretion rate values, and; 3) examine associations between available study factors and urinary BPA con-

centrations. In 2009–2011, a convenience sample of 50 adults was recruited from residential settings in North

Carolina. The participants completed diaries and collected samples during weeks 1, 2, and/or 6 of a six-week

monitoring period. BPA was detected in 38%, 4%, and 99% of the solid food (n = 775), drinking water

(n = 50), and surface wipe samples (n = 138), respectively. Total BPA (free plus conjugated) was detected in

98% of the 2477 urine samples. Median urinary BPA levels were 2.07 ng/mL, 2.20 ng/mL-SG, 2.29 ng/mg, and

2.31 ng/min for concentration, SG-adjusted, CR-adjusted, and excretion rate values, respectively. The intraclass

correlation coefficient (ICC) estimates for BPA showed poor reproducibility (≤0.35) for all urine sample types

and methods over a day, week, and six weeks. CR-adjusted bedtime voids collected over six-weeks required the

fewest, realistic number of samples (n = 11) to obtain a reliable biomarker estimate (ICC = 0.80). Results of

linear mixed-effects models showed that sex, race, season, and CR-level were all significant predictors

(p < 0.05) of the adults' urinary BPA concentrations. BPA levels in the solid food and surface wipe samples did

not contribute significantly to the participants' urinary BPA concentrations. However, a significant positive re-

lationship was observed between solid food intake and urine-based estimates of BPA dose, when aggregated over

24-h periods. Ingestion of BPA via solid food explained only about 20% of the total dose (at the median of the

dose distribution), suggesting that these adults were likely exposed to other major unknown (non-dietary)

sources of BPA in their everyday environments.

1. Introduction

Bisphenol A (4,4′-dihydroxy-2,2-diphenylpropane, [BPA]), is a

synthetic chemical with over two billion pounds produced annually in

the United States (US) (Geens et al., 2012; Loganathan and Kannan,

2011). BPA is commonly used to create polycarbonate plastics and

epoxy resins for use in everyday consumer products and packaged

goods (ACC, 2015). Several studies have found measurable levels of
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BPA in many commonly used consumer items including food storage

containers, food cans (liners), tableware, paper receipts, electronic

equipment, magazines, paints, adhesives, shampoos, bar soaps, body

lotions, sunscreens, nail polishes, and recycled paper towels, napkins

and toilet papers (Dotson et al., 2012; Geens et al., 2012; Liao and

Kannan, 2011; Vandenberg et al., 2007).

Due to its widespread use, BPA has been found in several different

types of environmental media including foods, beverages, dust, surface

wipes, and air at residences in the US (Loganathan and Kannan, 2011;

Rudel et al., 2003; Schecter et al., 2010; Wilson et al., 2007). Although

adults can be exposed to BPA though multiple routes, research has in-

dicated that dietary ingestion is likely the dominant exposure route

(> 90%) (Geens et al., 2012; Morgan et al., 2011; Von Goetz et al.,

2017; Wang et al., 2015). Currently, the US Food and Drug Adminis-

tration does not regulate the amount of BPA that can be present in foods

or beverages for adult consumption (Schecter et al., 2010). Several

recent studies have raised concerns that exposures to BPA at environ-

mental concentrations may be adversely impacting human health (i.e.,

reproductive, developmental, and cardiovascular effects) (Rezg et al.,

2014; Rochester, 2013; Schug and Birnbaum, 2014).

Once ingested, BPA undergoes rapid metabolism in the liver and is

mainly excreted in the urine as conjugated BPA-glucuronide with an

elimination half-life of< 7 h in adults (Dekant and Volkel, 2008;

Thayer et al., 2015; Volkel et al., 2002). In recent cross-sectional studies

(2009–2014), total BPA was frequently detected (> 73%) in the urine

samples of adults recruited from the US general population (CDC, 2017;

Cox et al., 2016; LaKind and Naiman, 2015; Ye et al., 2015). In these

studies, median urinary BPA concentrations ranged from 0.36–2.4 ng/

mL.

A number of US studies have examined the short- or long-term

variability (1 week to 3 years) of total BPA concentrations in spot, first-

morning void (FMV), and/or 24-h urine samples in adults in non-oc-

cupational settings (Braun et al., 2011, 2012; Cox et al., 2016; Meeker

et al., 2013; Philippat et al., 2013; Pollack et al., 2016; Reeves et al.,

2014; Townsend et al., 2013; Ye et al., 2011). In some of these studies,

FMVs has been the preferred sample type collected based on the as-

sumption that they provide the best weighted-average biomarker level

over a day (Kissel et al., 2005). None of these prior studies have spe-

cifically examined the levels of BPA in bedtime voids. Across these

various studies, poor reproducibility (ICC < 0.30) of repeated mea-

surements of BPA occurred in adult urine samples regardless of urine

sample type and method of adjustment (unadjusted, specific gravity

[SG] adjusted, or creatinine [CR] adjusted). The observed high within-

individual variability reported in these studies suggests that a single

BPA urine measurement is probably not sufficient to characterize a

person's average exposure over a day or longer. However, information

is currently lacking on the actual type and number of urine samples that

are likely needed to obtain a reliable BPA biomarker estimate for adults

over a day or longer.

Several US studies of non-occupationally exposed adults have re-

ported significant (p < 0.05) associations occurring between urinary

BPA concentrations and various sociodemographic, lifestyle, and

dietary factors including age, gender, and race/ethnicity (LaKind and

Naiman, 2008, 2015), pre-pregnancy body mass index (BMI) (Meeker

et al., 2013), contact with paper receipts (Gerona et al., 2016), and

consumption frequency of canned vegetables (Braun et al., 2011),

hamburgers (Quiros-Alcala et al., 2013), and soda (LaKind and Naiman,

2008; Quiros-Alcala et al., 2013). Currently, we are not aware of any

published study that has quantitatively examined the association be-

tween measured BPA levels in the actual consumed diets of adults and

their urinary BPA levels.

In previous work from the Pilot Study to Estimate Human Exposures

to Pyrethroids using an Exposure Reconstruction Approach (Ex-R

study), we quantified the levels of several pyrethroid insecticides and

pyrethroid degradates in media (duplicate-diet solid food, drinking

water, hard floor surface wipes, and urine) for 50 adults in residential

settings over a six-week monitoring period in North Carolina (NC) in

2009–2011 (Clifton et al., 2015; Morgan et al., 2016a; Morgan et al.,

2016b; Starr et al., 2017). In this present work, we have now quantified

the concentrations of BPA in the same media (above) from the Ex-R

study. The major objectives were to: 1) quantify the BPA levels in the

duplicate-diet solid food, drinking water, hard floor surface wipe, and

urine samples (spot and 24-h) collected from 50 Ex-R adults over a six-

week monitoring period; 2) determine the temporal variability of BPA

levels in the FMV, bedtime, and 24-h urine samples as concentration,

SG-adjusted, CR-adjusted, and excretion rate values, and; 3) examine

associations between available study factors and urinary levels of BPA.

2. Materials and methods

2.1. Study cohort

The Ex-R study design and sampling methodology has been de-

scribed earlier in Morgan et al., 2016a. This study was designed to

assess the short-term (over six-weeks) exposures of adults to pyrethroid

insecticides and BPA in selected media at residences. Briefly, this ob-

servational exposure measurements study was conducted at the US

Environmental Protection Agency's (EPA's) Human Studies Facility

(HSF) in Chapel Hill, NC, and within a 40-mile radius of the HSF at the

adult participants' homes. A total of 50 adults between the ages of 19

and 50 years old were recruited into the study. The participants filled

out diaries (food and activity) and collected duplicate-diet solid food,

drinking water, hard floor surface wipe, and urine samples (spot and

24-h) during weeks 1, 2, and 6 of a six-week monitoring period from

November 2009 to May 2011 (Fig. 1). Each sampling week started on

Sunday (day 1) and ended on Friday (day 6). The University of North

Carolina's Institutional Review Board approved the Ex-R study protocol

and procedures (study number 09–0741) in 2008. All study adults re-

viewed and signed informed consent forms before participating.

2.2. Collection of diaries and physical information

The Ex-R participants filled out the food and activity diaries during

sampling weeks 1, 2, and 6 of the six-week monitoring period (Morgan

et al., 2016a). Food diaries were complete on days 1–2 and days 4–5 of

each sampling week. Each 24-h sampling day consisted of three con-

secutive time periods (period 1 = 4:00–11:00 am, period

2 = 11:00 am–5:00 pm, and period 3 = 5:00 pm–4:00 am). The food

diary was used to record all of the solid and liquid foods (including

estimated amounts) consumed by individual participants during each

sampling time period. Activity diaries were completed on days 1–2 and

days 4–5 of each sampling week. Each 24-h sampling day in this diary

consisted of three consecutive time periods (as described above). The

activity diary was used to record the participants' activity levels

(sleeping, low [e.g., sitting/standing], medium [e.g., walking], or high

[e.g., running]) in consecutive, 30-min time increments during each

sampling time period. In addition, an EPA technician recorded specific

physical information (weight, height, age, and sex) about each parti-

cipant at the HSF at the beginning of sampling week 1.

2.3. Collection of samples

The participants were trained to collect their own duplicate-diet

solid food, drinking water, hard floor surface wipe, and urine samples

during weeks 1, 2, and/or 6 of a six-week monitoring period (Morgan

et al., 2016a). Duplicate-diet liquid food samples (mainly beverages,

excluding drinking water) were not collected in the Ex-R study because

of participant burden and budget constraints. The adults collected du-

plicate amounts of all solid food samples (e.g., fruits, vegetables, meats,

pastas, soups, crackers, cheeses, breads, cookies, and ice creams) they

consumed on sampling days 1 and 2 during each sampling week. The

solid food samples were collected over three consecutive time periods

M.K. Morgan et al. (QYLURQPHQW�,QWHUQDWLRQDO��������������²��
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(1, 2, or 3) each sampling day (as mentioned above in Section 2.2). For

each period, the participants placed their solid food items into a (BPA-

free) re-sealable polyethylene bag (31 × 31 cm, Uline Shipping Supply

Specialist). A drinking water sample was obtained from the participants'

main source of water (i.e., municipal or well) on day 3 of the last

sampling week, only. Drinking water samples (> 500 mL) were placed

directly into a (BPA-free) 1 L polypropylene container (Government

Scientific Source). Hard floor surface wipe samples (pre-cleaned 100%

cotton pad wetted with 10 mL of isopropanol) were collected from two,

separate high traffic areas (929 cm2 each) of the participants' kitchens

(e.g., sink, stove, or entryway) on day 4 of each sampling week. After

sampling was completed, each cotton pad was put into a separate pre-

cleaned (60 mL) amber glass jar (Government Scientific Source). Lastly,

the participants collected several different types of urine samples (FMV,

bedtime, and 24-h). Bedtime voids were collected before the partici-

pants went to sleep on day 1 and day 4 of each sampling week. FMV's

were collected after the participants woke up on day 2 and day 5 of

each sampling week. For the 24-h samples, the participants collected up

to 11 consecutive, urine voids beginning after the FMV on day 2 or day

5 until the collection of the FMV the next morning (day 3 or day 6).

Each urine sample was collected directly into a 1 L polypropylene

container. All collected samples were immediately stored by the parti-

cipants in provided portable thermoelectric coolers (Vinotemp or

Princess International®).

The participants returned the coolers containing the study samples

to the HSF between 8:00–11:00 am on days 3 or 6 of each sampling

week. At the HSF, the mass (g) of each food sample was measured using

an electronic weight scale. The samples were then transported in the

portable coolers at reduced temperatures to the EPA laboratory in

Research Triangle Park, NC.

At the laboratory, an EPA technician made up to eight aliquots

(8 mL each) from each urine void; the individual urine aliquots were

stored in 10 mL (BPA-free) cryovials (Simport polypropylene T310-

10A). The urine samples, solid food, and surface wipes were all stored

in laboratory freezers (≤−20 °C) until analysis. The drinking water

samples were placed into a refrigerator (~4 °C) until chemical

extraction (within 1–2 days).

2.4. Sample analysis

The separate analytical methods used to quantify BPA levels in the

solid food, drinking water, surface wipe, and urine samples are de-

scribed below. All chemical analyses of the sampled media were per-

formed at the EPA laboratory in Research Triangle Park, NC, except for

the urine samples (Emory University's Rollins School of Public Health

environmental laboratory in Atlanta, Georgia). The quality assurance

and quality control procedures, including results, for each medium are

provided in Appendix A.

2.4.1. Duplicate-diet solid food

Each solid food sample (n = 775) was prepared using a modified

QuEChERS (quick, easy, cheap, effective, rugged, and safe) method

(Anastassiades et al., 2003; Clifton et al., 2015). Briefly, the samples

were homogenized and 2 g amounts placed into 50 mL polypropylene

centrifuge tubes. An internal standard solution and a ceramic homo-

genizer were added to each tube prior to vortex extraction with acet-

onitrile in combination with magnesium sulfate and sodium acetate

extraction salt. The tubes were centrifuged at 4000 RPM for 5 min, and

the acetonitrile extract was transferred to a 15-mL polypropylene tube

containing graphitized carbon black. The tubes were vortexed to fa-

cilitate dispersive solid phase extraction and then centrifuged at

4000 rpm for 5 min. The extract was transferred to a 50-mL tapered

glass centrifuge tube and evaporated just to dryness using a parallel

evaporator. The extracts were reconstituted with 1 mL of acetonitrile

and transferred to autosampler vials. Next, the extracts were silylated

by adding 100 μL of Sylon BFT and mixed and heated at 80 °C for

15 min. After cooling, the extracts (1 mL) were mixed again, and BPA

concentrations were determined using an Agilent 6890 gas chromato-

graph-mass selective detector (GC-MSD) equipped with an autosampler.

Separation was achieved using a Varian VF-XMS column

(20 m × 0.15 mm× 0.15 μm), with helium as the carrier gas. The in-

itial temperature was 75 °C for 2 min., raised to 217 °C at 10 °C/min.

Fig. 1. Sampling schedule for the Ex-R study field activities for each sampling week (1, 2, or 6).e
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and then to 223 °C at 1 °C/min., and the final temperature of 330 °C was

held for 5 min. The ions monitored for BPA were m/z 357 (quantifier)

and m/z 372 (qualifier). The internal standard used for BPA was BPA
13C12 with ions m/z 369 and 384 monitored. The estimated limit of

quantitation (LOQ) was 1.1 ng/g for BPA in solid food.

2.4.2. Drinking water

Drinking water samples (n = 50) in 1 L polypropylene containers

were removed from the refrigerator (within 1–2 days) and warmed to

room temperature. The water volume was measured, and the surrogate

recovery standard (fipronil des F3) added. After adjustment of the pH to

pH = 3, sufficient methanol was added so that the ratio of water: me-

thanol was 10:1 (v:v). BPA was extracted from the water/methanol

mixture using a 500 mg C18 cartridge that was in-line with an active

pump system. The samples were stirred continuously during this pro-

cess to minimize adherence of BPA to the surface of the containers.

After each sample was extracted, BPA was collected by flushing the

system (pump lines, SPE cartridge, and polypropylene sample con-

tainer) with methanol, followed by ethyl acetate, and then hexane. All

solvents were combined, and the volume was reduced to approximately

100 μL by evaporation. To this, 3 mL of pH 3 water and 3 mL hex-

ane:toluene 1:1 (v:v) were added. The extracts were partitioned, and

the organic layer was collected. The extracts were partitioned two ad-

ditional times, and each time fresh organic solvents were added, col-

lected, and combined. The internal standard, (13C12 Bisphenol A) and

200 μL of pH 3 water were added, and the volume was reduced under

nitrogen to 200 μL. Finally, 800 μL of methanol was added to the ex-

tracts, and the contents were transferred to autosampler vials. All ex-

tracts were stored in a freezer (−20 °C) until analysis. BPA con-

centrations were determined using a high-performance liquid

chromatograph coupled to a tandem mass spectrometer (LC-MS/MS).

The mobile phase was 5 mM ammonium acetate:methanol, (2:8) at a

flow rate of 400 μL/min, and the analytical column was C18 (3.0 × 150,

3.5 μm). The ions used for BPA were m/z 227 (Q1) and m/z 212 (Q3).

The internal standard used for BPA was BPA 13C12 using ions at m/z

239 (Q1) and 224 (Q3). The estimated LOQ for BPA was 0.032 ng/mL

in drinking water.

2.4.3. Hard floor surface wipe

The method for the extraction and analysis of the surface wipes has

been described in Starr et al., 2017. Briefly, for each participant, the

two collected surface wipes (from two different areas of the kitchen)

were combined into one sample per sampling week. BPA was extracted

from the paired wipe samples (n = 138) using pressurized liquid ex-

traction with hexane:acetone, 25:75 (v/v). The samples were cleaned

using a C18 cartridge, and the volume reduced to 200 μL under ni-

trogen. The internal standard, (13C12 Bisphenol A), was added, followed

by an additional amount of methanol and water such that the final

volume was 1 mL with a ratio of aqueous:organic of 6:4. The samples

were vortexed (~5 s.), transferred to autosampler vials and stored at

-20o C until analysis. The extracts were analyzed by LC-MS/MS using

the same settings, solvents, flow rate and column that was used for the

analysis of BPA in drinking water described above. The ions used for

BPA were m/z 227 (Q1) and m/z 212 (Q3). The internal standard used

for BPA was BPA 13C12 using ions at m/z 239 (Q1) and 224 (Q3). The

estimated LOQ for BPA was 0.027 ng/cm2 in the surface wipes.

2.4.4. Urine

One set of the participants' urine aliquots was shipped (8 mL each)

in coolers with dry ice overnight to Emory University in Atlanta,

Georgia (Morgan et al., 2016a). The urine aliquots were kept in la-

boratory freezers at ≤−20 °C until chemical analysis. For the 24-h

urine samples, each urine void (aliquot) was analyzed separately. The

urine aliquot was thawed overnight, then 1 mL was placed into a vial,

and a labeled standard (13C12 bisphenol A) was added. The sample was

hydrolyzed with a β- glucuronidase/sulfatase (Helix pomatia) mixture in

0.1 M acetate buffer for about 16-h at 37 °C. To each sample, 250 μL of

a 1 M ammonium acetate and 1 mL of 33% formic acid. Next, the

sample was subjected to solid phase extraction (3 cm3/60 mg OASIS

HLB cartridge), and eluted with 1.5 mL methanol (twice), then evapo-

rated to dryness under nitrogen. The dried extract was reconstituted

with 1 mL of dichloromethane. Then 0.5 mL of a 0.1 M tetra-

butylammonium hydrogen sulfate, 0.05 mL of a 0.2 M sodium hydro-

xide, and 20 μL of pentafluorobenzyl bromide were added to the vial,

and the mixture was vortexed (~ 5 s.). Next, the extract was incubated

to form the pentafluorobenzyl ether of BPA, centrifuged, and the di-

chloromethane (bottom) layer was transferred to another vial, and

evaporated to dryness. Finally, the extract was reconstituted with 50 μL

of isooctane and transferred to a GC vial. The 2501 urine extracts (1 μL)

were quantified for total BPA levels (free plus conjugated) using an

Agilent 5977 series GC-MSD using negative chemical ionization (me-

thane as the reagent gas) with a single quadrupole mass spectrometer

(MS), equipped with an autosampler. Chromatographic separation was

performed with a DB-5 capillary column (J&W Scientific, 30 m,

0.25 mm ID, 0.25 μ film thickness), and the carrier gas was helium. The

temperature was initially set at 60 °C, raised to 200 °C at a rate of 20 °C/

min, and then to 280 °C at a rate of 10 °C/min. The MS was run in the

selected ion-monitoring mode, and the masses selected were m/z 407

for BPA and m/z 419 for its labeled standard. As an adequate con-

firmation ion was unavailable, we used tight limits (± 1%) on the

relative retention time (BPA/labeled standard) for positive identifica-

tion of BPA. The estimated LOQ was 0.10 ng/mL for BPA in urine.

Quality control and assurance procedures were incorporated into the

analyses. Two positive and two negative (blanks) samples were ana-

lyzed concurrently with unknown samples and calibrants for each run.

Special care was take to avoid BPA contamination of reagents (e.g., use

of BPA free water for reagents). NIST SRMs 3672 (smoker urine) and

3673 (nonsmoker urine) were analyzed periodically alongside samples.

In general, one of each SRM was analyzed per 100 samples. Our

quantified levels of BPA in SRMs 3672 (N = 36) and 3673 (N = 36)

were 3.09 ± 0.17 and 1.94 ± 0.18 which were within the NIST tol-

erance ranges.

CR- and SG-levels were quantified in an identical set of the parti-

cipants' urine aliquots (8 mL each) at the EPA laboratory (Morgan et al.,

2016a). Individual urine aliquots were thawed overnight in a re-

frigerator (~4 °C). CR-levels were analyzed in each urine aliquot using

a modified Jaffé method (Andersen et al., 2014). SG-levels were mea-

sured in the urine aliquots using a hand-held refractometer (Atago®

model no. 3741) (Andersen et al., 2014).

2.5. Data and statistical analysis

For each type of matrix, sample data values below the LOQ for BPA

were replaced with the value of LOQ/ 2 (Verbovsek, 2011). De-

scriptive statistics were computed for BPA levels in the solid food,

drinking water, and surface wipe samples. Descriptive statistics were

also calculated for BPA by urine sample type (FMV, bedtime, 24-h and

total) as concentration (ng/mL), SG-adjusted (ng/mL-SG), CR-adjusted

(ng/mg), and excretion rate (ng/min) values. The volume of each urine

void ranged from 5 mL to 1000 mL (an upper bound based on the size of

the urine collection containers). The participants had an average of

eight urine voids per sampling day (range = 3 to 11 [an upper bound

based on the maximum number of provided collection containers]).

All data values were log-transformed (ln) prior to statistical ana-

lysis. Using a one-way random effects model, we estimated the within-

and between-person variance components for BPA concentrations by

each urine sample type and method (adjusted and unadjusted) over a

day, week, and six-weeks. These variance component estimates were

then used to calculate ICCs and 95% between and within-person fold-

ranges (bR0.95 and wR0.95) for each urine sample type and method over

each specified period of time (Morgan et al., 2016a; Rappaport and

Kupper, 2008). The ICC is defined as the ratio of the between-person
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variance to the total variance; ICCs values can range from 0 (low re-

liability) to 1 (high reliability). In exposure and epidemiology studies,

ICC's are commonly used to signify either poor reproducibility

(< 0.40), good reproducibility (0.40–0.75), or excellent reproducibility

(> 0.75) of a spot urinary biomarker measurement (Fleiss, 1985;

Rosner, 2006). Next, we calculated the number of random spot urine

samples per participant that would likely be needed to obtain a reliable

BPA concentration estimate (ICC = 0.80) by urine sample type and

method for each time period using the following equation by Fleiss

(1985):

= − −m ρ ρ ρ ρ( (1 ))/( (1 ))r m r r r m, , (1)

wherem is the estimated number of random spot BPA urine measure-

ments per participant needed to accurately rank participants in this

study cohort, ρr, m is the specified reliability of the mean (0.80), and ρr is

the ICC value by urine sample type and method for each specified time

period.

Prior to building linear mixed effects models, multicollinearity be-

tween predictors (BMI, age and the ln of urinary CR-concentration)

were measured using variance inflation factor (VIF). Our VIF values

were< 1.3 which indicated there was not significant collinearity

(Neter et al., 1996; Griffith and Amerhein, 1997).

SAS version 9.4 (SAS Institute, Cary NC, USA) was used for all linear

mixed effects modeling (Proc Mixed, SAS®). We first developed a

“urine” model to determine the effects of available (non-environmental

matrix) predictors on urinary BPA concentrations (Morgan et al.,

2016a). The 50 Ex-R participants were treated in the models as random

subjects. Correlation among successive measurements from each sub-

ject was accounted for using an autoregressive [AR(1)] variance-cov-

ariance structure. This approach enables correlation among residuals to

decay exponentially over distance/time. The likelihood ratio test was

used to evaluate the relative improvement in model fit when error

structure was added through the “repeated” statement (Proc Mixed,

SAS®). Nine predictor variables (age, sex, race, BMI, activity level,

season, urine sample type, sequence of the participant's voids over time,

and ln(CR-level)) were used in the “urine” mixed model. Here, we

treated the final urine samples on days 2 and 5 as bedtime voids, and

the first sample on days 3 and 6 as FMVs. Initially, all predictors were

regressed to ln(BPA) concentration. Manual backwards elimination of

individual predictors was used to eliminate non-explanatory variables,

and all predictors in the final model had a p < 0.05. All models con-

verged with< 10 iterations. The equation for our final model was:

= + + + + + +y γ β Gender β Race β Season β Creat µ rij j j j ij j ij00 1 2 3 4 0

(2)

The first five terms are fixed effects, γ00, β1, β2, β3, and β4 are fixed

coefficients, μ0j is random intercept representing deviations from po-

pulation intercept for each subject, and the residuals rij~N (0,σ2).

There were a limited number of food samples (n = 775) and surface

wipes samples (n = 138) that were collected over the six-week mon-

itoring period (in comparison to the urine samples n = 2501). As such,

separate mixed models were developed to focus on the relationship

between these environmental measures and urinary BPA values. For the

“food” model, the participants' corresponding urinary sample data were

averaged (arithmetic mean of natural-space values) over these same

sampling time periods. Three types of food models were set to match

the participants' ln(BPA food levels) with their ln(urinary BPA levels):

1) Food Model A = the same time period (e.g., BPA food level during

period 1 [4:00–11:00 am] compared to the average urinary BPA level

during period 1 [4:00–11:00 am]); 2) Food Model B = the next time

period (e.g., BPA food level in period 1 [4:00–11:00 am] compared with

the average urinary BPA level in period 2 [11:00 am–5:00 pm]); and, 3)

Food Model C = two time periods later (e.g., BPA food level in period 1

[4:00–11:00 am] compared with the average urinary BPA level in

period 3 [5:00 pm–4:00 am]). In each type of food model (A, B, and C),

we also included significant predictors as determined for the afore-

mentioned “urine” regression model. For the “surface wipe” model, the

participants' ln(BPA surface wipe) data (day 4) were matched to their

corresponding BPA bedtime urine data (day 4) by sampling week;

again, significant predictors from the “urine” model were also included

in this model. The goodness of model fit of each model was assessed by

visualizing the residual diagnostic plots.

The adults' estimated daily dietary intake doses of BPA were cal-

culated by sampling week and overall using the equation by Morgan

et al. (2016b):

=

∑ ×

×=D

F M

B
A

( )

F
t

t t
1

3

(3)

where DF is the estimated daily dose by food intake (ng/kg/day), Ft is

the level of BPA measured in the participant's solid food sample (ng/g),

Mt is the measured amount (g) of the solid food sample, A is the percent

absorption of BPA (100%) in the gut (Volkel et al., 2002), and B is the

participant's body weight (kg). The subscript t signifies whether the

food sample was collected during sampling periods 1, 2, or 3 each

sampling day.

Two reverse dosimetry approaches were also used to estimate body

weight-adjusted dose. The first approach utilized urine concentration

measures and urine void volumes, as described in Eq. (4). Here, DEM is

the estimated daily dose based on excreted mass (ng/kg/day), Cs is the

measured concentration of BPA (ng/mL) in sample s, Vs is the total void

volume (mL) of sample s, n is the total number of voids in a given 24-h

period, E is the percent of BPA dose that is assumed excreted in urine

(100%), and B is the participant's body weight (kg).

=

∑ ×

×
=D

C V

B E

( )

EM
s

n

s s
1

(4)

This approach (Eq. (4)) is likely not appropriate for calculating BPA

dose on sampling days when one or more urine voids were missed by a

participant. To overcome this challenge, a second approach (Eq. (5))

utilized the average BPA excretion rate over each 24-h sampling period.

This approach relies on the product of the average excretion rate (R in

ng/min) and the exact duration of the sampling window (T in min) for a

given participant-day, and produces the estimated daily dose (ng/kg/

day) based on BPA excretion rate (DER).

=
×

×
D

R T

B E
ER (5)

Estimates of DEM and DER were compared across complete and in-

complete collection days via scatterplots, Spearman's rank-order cor-

relations, the Wilcoxon rank-sum test, and the Wilcoxon signed-rank

test. Estimates of DF, DEM (for complete collection days, only) and DER

were compared using cumulative percentile plots and Spearman's rank-

order correlations.

3. Results

3.1. Demographic characteristics

Table 1 presents the demographics of the 50 Ex-R participants. The

ages ranged from 19 to 50 years old, and 60% of the participants were

female. The racial backgrounds of the participants were reported as

Hispanic (13%), non-Hispanic black (25%), non-Hispanic white (56%),

and other (6%). The BMI data indicated that 34%, 26%, and 40% of the

participants were underweight/normal, overweight, and obese, re-

spectively.

3.2. Environmental concentrations of BPA

BPA was detected in 38%, 4%, and 99% of all of the participants'
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duplicate-diet solid food, drinking water, and hard floor surface wipe

samples, respectively. The maximum BPA level in the drinking water

was 0.062 ng/mL. Table 2 presents the distributions of BPA con-

centrations in the solid food and surface wipe samples (by week and

total) over the six-week monitoring period. At the 75th percentile, BPA

levels in the solid food samples were 2.00 ng/g (week 1), 2.20 ng/g

(week 2), and 1.80 ng/g (week 6). The maximum BPA concentration

across all solid food samples was 138 ng/g. For the surface wipes col-

lected on the participants' kitchen floors, median concentrations of BPA

were 0.46 ng/cm2 (week 1), 0.56 ng/cm2 (week 2), and 0.46 ng/cm2

(week 6). The maximum BPA level across all surface wipe samples was

21.3 ng/cm2
– this maximum value was approximately two times

higher than the next highest measured value (11.4 ng/cm2).

3.3. Urinary concentrations of BPA

Table 3 presents the distributions of total BPA levels by urine

sample type (FMV, bedtime, 24-h, and total) as concentration, SG-

adjusted, CR-adjusted, and excretion rate values for 50 Ex-R adults over

a six-week monitoring period. BPA was detected in 98% of the total

urine samples. For all of the urine samples, median BPA levels were

2.07 ng/mL, 2.20 ng/mL-SG, 2.29 ng/mg, and 2.31 ng/min for con-

centration, SG-adjusted, CR-adjusted, and excretion rate values, re-

spectively. Results showed that median BPA concentrations were con-

sistently the lowest in FMV samples (1.75 ng/mL, 1.63 ng/mL-SG,

1.64 ng/mg-CR, and 1.38 ng/min) and the highest in 24-h samples

(2.12 ng/mL, 2.41 ng/mL-SG, 2.57 ng/mg-CR, and 2.67 ng/min) across

all four methods. Similarly, at the 95th percentile BPA levels were the

lowest in the FMV urine samples (9.30 ng/mL, 14.3 ng/mL-SG,

15.2 ng/mg-CR, and 12.6 ng/mL) and the greatest in the 24-h samples

(12.6 ng/mL, 24.8 ng/mL-SG, 31.3 ng/mg-CR, and 31.5 ng/mL).

3.4. ICC estimates for repeated urinary BPA measurements

Table 4 provides estimates of between and within-person fold

ranges and ICCs for repeated measurements of total BPA by urine

sample type and method for the 50 Ex-R adults over a day, week, and

six weeks. The results showed poor reproducibility (ICC < 0.40) for all

urine sample types and methods over all time periods. In general, the

ICC estimates for SG-adjusted, CR-adjusted, and excretion rate values

for BPA were slightly greater than the ICC estimates for unadjusted

values for BPA. Also in Table 4, the highest ICC value of 0.35 occurred

for CR-adjusted bedtime voids collected over a week. However, to ob-

tain a reliable average biomarker estimate (ICC = 0.80) for BPA, the

results indicated that a minimum of eight bedtime urine voids (an un-

attainable number) would be needed for each adult over a week. CR-

adjusted bedtime voids collected over six weeks required the fewest,

realistic number of samples (n = 11) to obtain a reliable biomarker

estimate.

3.5. Predictors of urinary BPA concentrations

The results of our final mixed-effects “urine” model are presented in

Table 5. Sex, race, season, and CR-level were all significant predictors

(p < 0.05) of the participants' urinary BPA concentrations. The levels

of urinary BPA were significantly higher (p = 0.007) in female parti-

cipants compared to male participants. The urinary BPA concentrations

were also significantly different (p = 0.007) among the races with the

highest concentrations observed in the Hispanic adults. In addition, the

participants' urinary BPA levels were significantly different

Table 1

Demographics of the Ex-R adult participants.

Characteristic Na %b

Age

19–29 22 44

30–39 14 28

40–50 14 28

Sex

Male 20 40

Female 30 60

Racec

Hispanic 6 13

Non-Hispanic black 11 25

Non-Hispanic white 25 56

Otherd 3 6

BMIe

Underweight/normal (< 25.0) 17 34

Overweight (25.0–29.9) 13 26

Obese (≥30) 20 40

a Number of adults.
b Percentage of adults.
c Race information was collected from 45 out of 50 of the participants (Morgan et al.,

2016a).
d Other race category included one Native American and two Asians.
e BMI (body mass index).

Table 2

BPA levels in collected environmental media over the six-week monitoring perioda.

Medium Nb %c GM (GSD)d Percentiles Maximum

25th 50th 75th 95th 99th

Duplicate-diet solid food (ng/g)

Week 1 251e 37 –
f < < 2.00 17.2 52.5 91.6

Week 2 263 38 – < < 2.20 22.3 104 138

Week 6 261 38 – < < 1.80 13.0 56.2 63.1

All 775 38 – < < 2.00 17.2 60.9 138

Hard floor surface wipes (ng/cm2)

Week 1 44g 100 0.54 (3.69) 0.23 0.46 1.23 4.68 21.3 21.3

Week 2 45h 100 0.60 (3.09) 0.24 0.56 1.49 4.14 8.19 8.19

Week 6 49i 98 0.51 (3.34) 0.22 0.46 1.26 3.67 11.4 11.4

All 138 99 0.55 (3.35) 0.22 0.54 1.28 4.14 11.4 21.3

a BPA was detected in 4% of the drinking water samples (maximum value = 0.062 ng/mL).
b Number of samples.
c Percentage of samples at or above the limit of quantitation (LOQ).
d Geometric mean and geometric standard deviation.
e Two samples were excluded due to participant collection error.
f Not reported because BPA was detected in< 50% of the solid food samples.
g Six samples were lost due to a laboratory equipment malfunction.
h Four samples were lost due to a laboratory equipment malfunction.
i One participant did not provide a surface wipe sample due to a family emergency on week 6.
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(p < 0.0001) across the four sampling seasons with the greatest levels

occurring in the winter season followed by the spring season. Also in

this model (Table 5), CR-concentration had a significant (p = 0.0002)

negative effect (β-coefficient = −0.131) on the participants' urinary

BPA concentrations. For the sake of comparison, we also re-ran the

above “urine” model substituting the variable urine output (mL/min)

for the variable CR-level. The final model had a similar outcome

showing that sex, race, season, and urine output were all significant

predictors (p < 0.05) of the adults' urinary levels of BPA (Appendix B).

However, the variable, ln(urine output), had a significant positive effect

(p = 0.011, β-coefficient = 0.080) on ln(urinary BPA concentrations) –

(we note that the correlation between ln(urine output) and ln(CR-level)

was 0.83). While significant effects of CR-level and urine output were

observed on urinary BPA concentrations, the effect sizes were generally

small. For example, considering the reference group, non-Hispanic

white males (in the summer), we estimate a BPA concentration of

0.74 ng/mL given a urine output of 0.1 mL/min, and a BPA con-

centration of 1.07 ng/mL given a urine output of 10 mL/min. So, a

100× change in urine output is expected to yield a < 2× change in

urinary BPA concentration. When using the same reference group, we

estimate a urinary BPA concentration of 1.2 ng/mL given a CR-con-

centration of 10 mg/dL, and a BPA concentration of 0.66 ng/mL given a

CR-concentration of 1000 mg/dL. Therefore, a 100× change in CR-

concentration is expected to yield a ~2× change in urinary BPA

concentration. These results underscore a somewhat limited sensitivity

of urinary BPA concentration to changing urine output and CR-level.

As mentioned previously, since the solid food and surface wipe

samples were collected on different sampling days, separate models

Table 3

Urinary concentrations of BPA in 50 Ex-R adults over a six-week monitoring perioda.

Sample typeb,c,d Nf GM (GSD)g Min. Percentiles Max.

5th 25th 50th 75th 95th 99th

FMVe

ng/mL 294 1.83 (3.17) < 0.22 0.98 1.75 3.88 9.30 44.0 81.5

ng/mL-SG 293 1.67 (3.40) < 0.18 0.86 1.63 3.29 14.3 48.1 141

ng/mg 293 1.63 (3.62) < 0.17 0.83 1.64 3.41 15.2 58.3 133

ng/min 291 1.35 (3.63) < 0.13 0.63 1.38 2.81 12.6 56.6 134

Bedtime void

ng/mL 289 1.79 (3.26) < 0.18 0.96 2.04 3.66 10.2 20.5 38.2

ng/mL-SG 287 1.67 (4.11) < 0.13 0.73 1.87 3.70 18.4 40.5 94.9

ng/mg 287 1.78 (4.53) < 0.12 0.77 1.89 4.24 23.6 63.9 162

ng/min 284 1.71 (4.44) < 0.12 0.73 1.72 4.53 19.4 75.3 96.7

24-h sample

ng/mL 1886 2.00 (3.41) < 0.23 1.00 2.12 4.20 12.6 35.9 1021

ng/mL-SG 1866 2.39 (4.06) < 0.24 1.03 2.41 5.21 24.8 88.6 2100

ng/mg 1866 2.65 (4.56) < 0.24 1.03 2.57 6.35 31.3 128 3262

ng/min 1875 2.70 (4.53) < 0.24 1.03 2.67 6.66 31.5 122 2832

All

ng/mL 2477 1.96 (3.36) < 0.22 0.99 2.07 4.12 12.2 34.7 1021

ng/mL-SG 2453 2.19 (4.01) < 0.21 0.99 2.20 4.73 23.3 73.6 2100

ng/mg 2453 2.38 (4.48) < 0.20 0.97 2.29 5.70 28.0 102 3262

ng/min 2457 2.36 (4.49) < 0.20 0.94 2.31 5.85 28.1 96.3 2832

a Urine data are presented as unadjusted (ng/mL) and as specific-gravity (ng/mL-SG), creatinine (ng/mg), and excretion rate (ng/min) adjusted values.
b BPA was detected in 98%, 97%, and 98% of the FMV, bedtime, and 24-h urine samples, respectively.
c 18 urine samples were excluded because they failed our quality control standards.
d 6 urine samples were not analyzed for BPA levels due to laboratory error.
e FMV (first-morning void).
f Number of urine samples.
g Geometric mean and geometric standard deviation.

Table 4

Components of variance and other associated statistics for BPA concentrations in Ex-R adults by urine sample type and method over a day, week, and six weeks.

Urine sample typea Unadjusted (ng/mL) SG-adjusted (ng/mL-SG) CR-adjusted (ng/mg) Excretion rate (ng/min)

bR0.95
b

WR0.95
c ICCd me

bR0.95 WR0.95 ICC m bR0.95 WR0.95 ICC m bR0.95 WR0.95 ICC m

One day

24-hf 7.8 89.6 0.17 20 17.4 161 0.24 13 28.8 216 0.28 11 21.0 223 0.24 13

One week

FMV 1.0 78.1 0.00 –
g 1.0 133 0.00 – 1.0 166 0.00 – 1.0 142 0.00 –

Bedtime 10.5 68.0 0.24 13 25.6 90.4 0.34 8 33.6 122 0.35 8 18.3 176 0.24 13

24-h 8.7 81.7 0.19 17 17.3 145 0.25 13 24.6 200 0.27 11 18.5 218 0.23 14

Six weeks

FMV 3.9 75.4 0.09 41 4.3 97.1 0.09 40 5.9 113 0.12 29 6.0 113 0.13 28

Bedtime 6.8 68.1 0.17 20 16.0 122 0.25 12 23.1 152 0.28 11 16.6 168 0.23 14

24-h 7.3 83.5 0.17 20 13.2 133 0.22 14 19.4 184 0.24 13 13.2 133 0.22 15

a Bedtime void, first morning void (FMV) or 24-h sample.
b Estimated between-person fold range.
c Estimated within-person fold range.
d Estimated ICC (intraclass correlation coefficient).
e Number of random spot urine samples per adult likely required to have a reliable biomarker estimate (ICC = 0.80) (Fleiss, 1985).
f Urine data values are limited to the first sampling period of week 1 as this interval had the highest participant completion rates over the six-week period.
g Between-person variance was zero resulting in an ICC of zero, so a sample size could not be determined.
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were developed to examine relationships between these measures and

urinary BPA levels. Three different types of food models (A, B and C)

were used to examine the temporal influence of measured BPA levels in

the solid food samples, and of other significant variables mentioned

above (sex, race, season, and CR-level), on the variability of the adults

urinary BPA concentrations (Appendix C). The results showed that BPA

levels in the solid food samples did not contribute significantly to ur-

inary BPA concentrations in all three models (p-values ranged from

0.458 to 0.841). Only the variable “CR-level” was a significant pre-

dictor (p < 0.05) of the adults' urinary BPA concentrations across all

three models. In a separate surface wipe model, we examined the col-

lective influence of the measured BPA levels in the surface wipes, along

with sex, race, season, and CR-level, on the variability of the adults'

urinary BPA concentrations (data not shown). The results showed that

surface wipes collected in the participants' kitchens were not sig-

nificantly associated with urinary BPA levels (p = 0.233); only season

(p = 0.012) and CR-level (p = 0.043) were significant predictors of the

adults' urinary BPA concentrations.

3.6. Forward and reverse dosimetry estimates for BPA

Table 6 provides the distributions of the estimated dietary intake

doses (ng/kg/day) of BPA for the Ex-R adults by sampling week and

overall. The participant's estimated median dietary intake doses of BPA

were similar across the three sampling weeks (week 1 = 10.7 ng/kg/

day, week 2 = 10.3 ng/kg/day (week 2), and week 6 = 10.0 ng/kg/

day). However, at the 95th percentile, the participants' estimated

dietary intake doses of BPA were at least two times higher for sampling

week 2 (306 ng/kg/day) compared to sampling week 1 (107 ng/kg/

day) and sampling week 6 (130 ng/kg/day).

In Appendix D, Fig. D.1(A) shows a scatterplot of DEM (estimated

dose based on excreted mass [ng/kg/day]) versus DER (estimated dose

based on excretion rate [ng/kg/day]), with a differentiation made for

complete and incomplete urine collection days. A strong linear re-

lationship exists across estimates, regardless of completion status

(Spearman's Rho = 0.948; p < 0.0001 for complete days, only). Yet,

an offset is also apparent for measures made on incomplete collection

days, indicating an underestimation of BPA dose based on excreted

mass. This effect of underestimation is shown more clearly in Appendix

D (Fig. D.1(B)), where the ratio of DEM to DER is plotted separately for

complete and incomplete collection days. Here, box-and-whiskers plots

show a small but significant (p < 0.0001; Wilcoxon signed-rank test)

underestimation of DER by DEM even on complete collection days

(median ratio = 0.86). The even spread of the interquartile range (25th

percentile = 0.72; 75th percentile = 1.00) and overall range

(minimum = 0.35; maximum= 2.09), however, suggest that DEM may

over- or underestimate DER to a similar degree, but often by no more

than a factor of 2 in either direction. The box-and-whiskers plot for

incomplete collection days (Fig. D.1(B)) shows a clear overall under-

estimation of DER by DEM (median ratio = 0.64). Ratios determined for

incomplete days were significantly lower than those determined for

complete days (p < 0.0001; Wilcoxon rank-sum test). Furthermore, as

indicated by the overall range (minimum = 0.17; maximum = 1.19),

the magnitude of underestimation can be far greater (> 5×) on in-

complete collection days when compared to complete collection days.

Based on these results, only values of DEM for complete collection days

are used for comparisons to DF. In contrast, all values of DER are used for

subsequent dose estimate comparisons. In Appendix E, Fig. E.1 shows a

scatterplot of DER versus DF (n = 119), and Fig. 2 (below) shows cu-

mulative percentile plots of DER (n = 119), DF (n = 119), and DEM

(n = 100). Measurements in each of these figures reflect only those

participant-days during which solid food and urine samples were col-

lected over a 24-h period. A significant positive correlation was ob-

served between DER and DF (Spearman's Rho = 0.25; p = 0.006). Yet,

DF levels across the cumulative percentile distribution were con-

siderably lower than DER and DEM. Whereas DER and DEM tracked rea-

sonably well across the distribution, DF levels were generally about five

times lower than either DER or DEM between the 25th and 75th per-

centiles. This indicates that BPA intake via ingestion of solid food

comprised only a portion of the total dose, as estimated by urinary BPA

measures (assuming 100% urinary excretion).

4. Discussion

Previous research has indicated that dietary ingestion of BPA is a

major route of exposure in non-occupationally exposed adults world-

wide (Geens et al., 2012; Von Goetz et al., 2017; Wang et al., 2015).

This is supported by several studies that have found measurable levels

of BPA in total diet samples (typical diet of a population) or in specific

food items (e.g., canned foods) purchased from grocery stores (Cao

Table 5

The final regression model of factors (excluding environmental media) influencing the

adults' urinary BPA levels.

Factor β-Coefficient Standard error p-Valuea

Intercept 0.484 0.204 0.019

Creatinine (mg/dL)b −0.131 0.035 0.0002

Sexc 0.007

Female 0.297 0.105

Male 0 –

Racec 0.007

Hispanic 0.526 0.163

Other 0.311 0.144

Non-Hispanic black 0.272 0.134

Non-Hispanic white 0 –

Seasonc < 0.0001

Winter 0.596 0.135

Spring 0.593 0.131

Fall 0.253 0.130

Summer 0 –

a Statistically significant at p < 0.05.
b Continuous variable (natural log-transformed).
c Discrete variable.

Table 6

The adults' estimated dietary intake doses of BPA (ng/kg/day) by sampling week and overall.

Sampling interval Na GMb SDc Min. Percentiles Max.

5th 25th 50th 75th 95th 99th

Week 1 42 13.2 2.94 1.20 1.70 6.90 10.7 21.7 107 267 267

Week 2 42 15.0 3.79 0.80 3.30 7.00 10.3 30.5 306 774 774

Week 6 42 13.2 3.86 0.10 3.10 6.10 10.0 24.7 130 447 447

All 42 13.7 3.52 0.10 2.90 6.80 10.3 27.7 167 409 774

a Number of subjects. Dietary intake doses could not be estimated for 8 out of the 50 participants because their daily mass of food (g) eaten was not recorded in this study. A total of 238

individual solid food samples (representing 42 adults with up to six samples per person) were used for the dose estimates.
b Geometric mean.
c Geometric standard deviation.
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et al., 2011; Mariscal-Arcas et al., 2009; Noonan et al., 2011; Sajiki

et al., 2007; Sakhi et al., 2014; Schecter et al., 2010). However, only a

few published studies have measured BPA concentrations in the actual

consumed diets (foods and beverages) of children (Wilson et al., 2001,

2003, 2007), and no studies have examined BPA in the consumed diets

of adults. In our study, conducted in 2009–2011, drinking water and

duplicate-diet solid food samples were collected from 50 adult parti-

cipants in residential environments over a six-week monitoring period

in NC (Table 2). BPA was not frequently detected (4%) in the drinking

water samples (n = 50); therefore, this source was considered a minor

contributor to the adults' total dietary intake of BPA. Our result agrees

with Arnold et al. (2013) who reported BPA levels were detected

in< 10% of the drinking water samples in 34 different studies con-

ducted in the US between 1990 and 2010. For the Ex-R duplicate-diet

solid food samples, BPA was detected (LOD = 1.1 ng/g) in 38% of the

775 samples. At the 95th percentile (Table 2), BPA levels in the solid

food samples were 17.2 ng/g, 22.3 ng/g, and 13.0 ng/g for weeks 1, 2,

and 6, respectively. The maximum BPA concentration of 138 ng/g oc-

curred in a female participant's solid food sample during one sampling

time period. This participant also had the highest maximum BPA level

(288 ng/g) in her solid food samples over a 24-h sampling day. Based

on this participant's 24-h solid food data, the Ex-R adults' maximum

dietary intake dose of BPA (assuming 100% absorption) was 0.77 μg/

kg/day. This maximum dietary intake dose was 65 times lower than the

established oral reference dose of 50 μg/kg/day by the US EPA's In-

tegrated Risk Information System (IRIS, 1988). However, the Ex-R

adults' maximum dietary intake dose of BPA was only 5 times lower

than the recently modified Tolerable Daily Intake of 4 μg/kg/day

(based on aggregate intake doses) by the European Food Safety Au-

thority (EFSA, 2015; LaKind and Naiman, 2015). Since duplicate-diet

liquid food samples were not collected in the Ex-R study, we could not

ascertain how much this source may have contributed to the partici-

pants' total dietary intake doses of BPA. As the most comparable study,

Wilson et al. (2007) did show that median levels of BPA were ap-

proximately eight times lower in 48-h duplicate-diet liquid food sam-

ples (~0.5 ng/g) compared to 48-h duplicate-diet solid food samples

(~4.0 ng/g) for 256 children in NC and Ohio in 2000–2001. As data are

scant, more research is necessary to quantify the temporal levels of BPA

in the actual consumed diets of adults.

Research has indicated that non-dietary ingestion of dust and/or

residues from residential flooring is likely a minor source of adult ex-

posures to BPA (Geens et al., 2012). Only two cross-sectional studies

were found in the literature that have measured BPA concentrations in

surface wipes collected from hard floors at homes (Clifton et al., 2013;

Wilson et al., 2007). Wilson et al. (2007) reported median BPA levels of

~0.05 ng/cm2 in surface wipes collected from various types of hard

floors at 49 homes in NC and OH in 2000–2001. More recently, Clifton

et al. (2013) showed slightly lower median BPA concentrations of

0.02 ng/cm2 in surface wipes collected from kitchen floors at 130 re-

sidences in California in 2007–2009. In comparison to the Ex-R study,

our median levels of BPA (0.54 ng/cm2) in 138 hard floor surface wipe

samples were an order of magnitude higher than median BPA levels

reported in the two prior studies. This is likely attributed to differences

in the amount of isopropanol used for the Ex-R wipes (10 mL each)

compared to the two previous study wipes (≤3 mL each). For our

study, using a one-way random effects mixed model, the estimated ICC

was 0.79, indicating that a single surface wipe measurement was likely

sufficient to characterize the average BPA level on kitchen floors at

homes.

Many studies in the US have frequently detected total BPA in the

urine of non-occupationally exposed adults in the last decade (Braun

et al., 2011; Cantonwine et al., 2015; CDC, 2017; Cox et al., 2016;

Philippat et al., 2013; Pollack et al., 2016; Quiros-Alcala et al., 2013; Ye

et al., 2015). Our study also frequently detected total BPA (98%) in the

urine of Ex-R adults, with a geometric mean (GM) level of 1.96 ng/mL.

In comparison to our study, the 2009–2010 National Health and Nu-

tritional Examination Survey (NHANES), a US population-based study,

reported slightly lower GM BPA concentrations of 1.79 ng/mL for

adults, 20 years of age or older (CDC, 2017). Recently, LaKind and

Naiman (2015) showed that GM levels of urinary BPA have sig-

nificantly decreased for NHANES adults over the past decade

(2003–2004 survey, GM = 2.6 ng/mL versus 2011–2012 survey,

GM = 1.5 ng/mL). Ye et al. (2015) also showed a significant decline in

GM urinary BPA concentrations in a convenience sample of 616 adults

in Georgia between 2010 (2.1 ng/mL) and 2014 (0.4 ng/mL). In other

studies (2007–2014), conducted outside the contiguous US including

Canada, China, Denmark, Germany, Israel, Korea, and Puerto Rico,

median urinary BPA levels have ranged from 1.0–3.0 ng/mL in adults

(Berman et al., 2014; Fisher et al., 2015; Huo et al., 2015; Kasper-

Sonnenberg et al., 2012; Lassen et al., 2013; Meeker et al., 2013; Park

et al., 2017). This information confirms there is still widespread ex-

posure of adults to BPA worldwide.

In the Ex-R study, our ICC estimates showed poor reproducibility

(< 0.40) of repeated measurements of BPA in the urine samples of

adults for all urine sample types (FMV, bedtime, or 24-h) and methods

(unadjusted and adjusted) over a day, week, and six weeks. Our results

agree with other published studies (Table 7) that have also reported low

ICC values for serial measurements of BPA in adults, globally. In the

Fig. 2. Cumulative percentile plots for adult BPA dose based on food

intake (DF; n = 119), urinary excretion rate (DER; n = 119), and ex-

creted mass in urine (DEM; n = 100).
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above studies, these low ICC estimates are likely attributed to the epi-

sodic exposures of adults to BPA (from various sources) and to its short

biological half-life (< 6 h) in the body (Meeker et al., 2013; Volkel

et al., 2002). In addition, these low ICC values provide substantial

evidence that a single measure of urinary BPA is probably not sufficient

to characterize the average short- or long-term exposures of adults in

non-occupational settings. In our study, depending on the urine sample

type and method used, the results (Table 4) indicated that between 8

and 41 samples would be necessary to obtain a reliable BPA biomarker

estimate for an adult over a day, week, or six weeks. CR-adjusted

bedtime voids collected over six weeks required the fewest, realistic

number of samples (n = 11) to obtain a reliable biomarker estimate.

This information suggests that bedtime voids may be the preferred

sample type to collect in future studies to adequately assess the BPA

exposures in adults.

At least three different mechanisms are believed to control renal

elimination of xenobiotic compounds – namely, passive diffusion, fil-

tration and active secretion (Boeniger et al., 1993). Research has in-

dicated that CR is mainly eliminated by renal filtration, and that the

rate of excretion (mass/time) is relatively constant (Boeniger et al.,

1993). For this type of mechanism, as urine output decreases, CR

concentration (mass/volume) increases. Similar elimination mechan-

isms are believed to govern renal removal of a number of organic

chemicals. In the current investigation, however, we found that BPA

excretion does not track with CR-excretion – that is, a positive asso-

ciation was not observed between urinary BPA and urinary CR-con-

centrations. Interestingly, it appears that BPA excretion is somewhat

dependent on urine output – meaning as urine output decreases, BPA

excretion decreases, or as urine output increases, BPA excretion in-

creases. The consequence of this physiological behavior is less within-

person variability in BPA concentration measures when compared to

SG- or CR-adjusted levels, or BPA excretion rate levels (as shown in

Table 4). By adding additional adjustments for CR, SG, or urine output,

it appears that we are introducing variability into the measurements –

variability that is likely independent of the actual BPA exposure in

question. This variability may help “separate” individuals (in terms of

biomarker “reliability”), but the separation is being driven by factors

other than BPA exposure. According to Table 4, we observed more

between- and within-person variability for urinary BPA when using SG-

adjusted, CR-adjusted, and excretion rate values compared to un-

adjusted concentration values. We also observed a disproportionate

increase in between-person variability, which causes larger ICC values

and lower “m” values. It is likely that the elevated between-person

variance in SG-adjusted, CR-adjusted, and excretion rate levels stems

from real between-person differences in CR-elimination (differences

based on diet, body mass, etc.) and/or urine output (differences based

on fluid intake, activity level, etc.). These biological phenomena are

independent of BPA exposure. Thus, inherent biases may exist when

using any of these “adjusted” values, despite the benefit of higher ICC

and lower “m” values. Therefore, fewer urine samples may be needed

when using CR-adjusted, SG-adjusted, or excretion rate measures, but

these measures may potentially yield less accurate information about

adult exposures to BPA when compared to concentration measures. This

information implies that CR-adjusted, SG-adjusted and excretion rate

values may be more “reliable”, but unadjusted BPA concentration

measures may be more accurate. Additional research is needed to un-

derstand the factors and processes that govern renal elimination of

environmental chemicals, including BPA, that are routinely monitored

in human urine.

Results of our final “urine” model (excluding non-environmental

matrices) showed that significant predictors (p < 0.05) of the Ex-R

adults' urinary BPA concentrations were sex, race, season, and CR-level

Table 7

Comparison of ICC estimates of urinary BPA concentrations in non-occupationally exposed adults worldwide.

Country Study year Gender Na Sampling methodology Sample type ICC Reference

ng/mL ng/mL-

SG

ng/mg

Belgium 2012 Men &

women

8 All voids over four (baseline) days Spot

24-h

0.15

0.15

–

–

0.26

0.28

Koch et al. (2014)

Canada 2009–2010 Women 80 Two spot & two 24-h samples during pregnancy & one

spot post-partum

Spot

24-hb
0.06

0.32

0.05

0.32

–

–

Fisher et al. (2015)

China 1997–2006 Men &

women

100 Three spot samples between 0 and 9 years apart Spot (M)c

Spot (F)

0.32

0.07

–

–

0.25

0.13

Engel et al. (2014)

Denmark 2008 Men 33 Two spot, three FMV, & three 24-h samples over three

months

FMV

Spot

24-h

0.10

0.42

0.26

–

–

–

–

–

0.26

Lassen et al. (2013)

Netherlands 2004–2006 Women 80 Three spot samples during pregnancy Spot 0.32 – 0.31 Jusko et al. (2014)

Norway 2007–2008 Women 30 Three spot samples during pregnancy Spot 0.36 – 0.13 Guidry et al. (2015)

Puerto Rico 2010–2012 Women 105 Three spot samples during pregnancy Spot 0.27 0.24 – Meeker et al. (2013)

United States 1996–2001 Women 80 Two FMVs between 1 and 3 yrs. apart FMV – – 0.15 Townsend et al.

(2013)

United States 2003–2006 Women 389 Two spot samples during pregnancy & one after birth Spot 0.25 – 0.10 Braun et al. (2011)

United States 2004–2009 Women 137 Two or more spot samples before and during pregnancy Spot – 0.23e – Braun et al. (2012)

United States 2005–2007 Women 143 Three to five spot samples over two months Spot 0.04 – 0.04 Pollack et al. (2016)

United States 2005–2008 Women 71 Three spot samples during pregnancy Spot 0.23 0.11 0.14 Philippat et al.

(2013)

United States 1992–2007d Women 90 Two to three FMVs 1 and 3 yrs. apart FMV 0.09 – –
f Reeves et al. (2014)

United States 2012 Men &

women

83 Seven FMVs for one week (males)

14–18 FMVs for two weeks (females)

FMV

FMV

0.15 – – Cox et al. (2016)

United Statesg 2009–2011 Men &

women

50 Six spots (FMVs and bedtime) & six 24-h samples over a

six-week period

FMV

Bedtime

24-h

0.09

0.17

0.17

0.09

0.25

0.22

0.12

0.28

0.24

This study

a Number of adults.
b Combined data for samples collected on both weekdays and weekends.
c Data for 50 males (M) and 50 female (F) reported separately.
d These data are from the Women Health Initiative conducted between 1992 and 2007. Data were taken on year 1 and 3 to compare urine data results.
e Before pregnancy samples, only.
f Authors reported similar ICCs estimates for creatinine-adjusted values as unadjusted values (ICC = 0.09) in this study, but actual data not provided.
g Data shown for only ICC estimates over six-weeks, only.
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(Table 5). Of these factors, season of collection was the strongest pre-

dictor (p < 0.0001) of urinary BPA levels in Ex-R adults. Interestingly,

the participant's urinary BPA levels were the highest in the winter

season and the lowest in the summer season, but the reason for this

remains unclear. Further research is therefore needed to determine the

reason(s) for the seasonality of urinary BPA levels. In addition, we

found that female participants had significantly higher urinary levels of

BPA than male participants in this study. LaKind and Naiman (2015)

also reported that sex was a strong predictor of urinary BPA levels in

NHANES participants (2003–2010 survey years). In our subsequent

regression models, we showed that BPA levels in solid food or surface

wipes were not significant predictors of the adults' individual urinary

BPA levels. However, when considering measures aggregated over 24-h

periods, a significant positive relationship was observed between solid

food intake and urine-based estimates of BPA dose. This association was

found to exist even though urine-based dose estimates were about five

times larger than food-based estimates. As such, BPA in consumed solid

food does appear to contribute to a portion of the aggregate urine

measures. Specifically, dose estimates based on food intake (DF med-

ian = 11.5 ng/kg/day) were about 20% of those based on urinary BPA

measures (DEM median = 55.4 and DER median = 61.8 ng/kg/day)

(Fig. 2). This is an important finding as dietary ingestion is currently

considered the dominant exposure route (> 90%) in adults (Geens

et al., 2012; Von Goetz et al., 2017; Wang et al., 2015). In support of

our finding, LaKind and Naiman (2015) recently reported, using urinary

biomonitoring data, a significant decline in the estimated median BPA

intakes of NHANES participants from the 2003–2004 survey (~50 ng/

kg/day) to the 2011–2012 survey (~25 ng/kg/day). It is suspected that

this observed decrease in the dietary intakes of BPA in US adults is

partly attributed to the removal of BPA from some food packaging (e.g.,

can linings) by some US companies starting in the late 2000s (GCCM,

2010; Ye et al., 2015).

5. Conclusion

Based on the urinary biomonitoring data, the results showed that all

the Ex-R adults were temporally exposed to BPA in residential settings

over a six-week monitoring period in NC 2009–2011. Poor reproduci-

bility (< 0.40) of repeated measurements of BPA occurred in the par-

ticipants' urine samples for all sample types, methods and time frames.

Specific factors (sex, race, season, and CR-level) were identified that

significantly impacted the participants urinary BPA concentrations. We

found that dietary ingestion of BPA via solid food only accounted for

~20% of the total intake dose of BPA (at the median of the dose dis-

tribution) in Ex-R adults. This above information suggests that these

adults were likely exposed to other major unidentified (non-diet)

sources of BPA.
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Appendix A

The quality assurance and quality control procedures (including results) used for the solid food, drinking water, surface wipe, and urine samples

are described below.

Duplicate-diet solid food

Matrix blank, matrix spike and recovery spike samples were prepared using a previously made homogenized control food mixture (5% fat) that

contained mainly organic food items to decrease background residues of the target pyrethroids (not BPA) (Rosenblum et al., 2001; Morgan et al.,

2016a). Replicates of this control food mixture (12 g each) were stored in individual 30 mL amber glass jars and kept in laboratory freezers (−20 °C)

until needed. The three types of quality control (QC) samples (above) were prepared using the same jar of control food mixture (12 g). The BPA

concentration in the spiked samples was determined by subtracting the background concentration found in the matrix blank. The matrix spikes in

food (added before extraction) had a mean percent recovery of 99.5 ± 5.5 (one of 49 samples were excluded due a matrix effect). The mean percent

recovery of the BPA spikes added after extraction- was 82.1 ± 6.8 (one of 50 samples were excluded because of an internal standard spiking error).

In addition to the matrix-based QC samples, a reagent blank was prepared to assess background levels occurring in lab ware or during sample

preparation procedures. Low background levels of BPA occurred in 21% of the reagent blank samples, so background correction in the field samples

was necessary. The mean relative percent difference was 9.0 ± 11.4 in duplicate food samples (aliquots of the same field sample). For analytical

duplicates (extracts of the same sample), the mean relative percent difference was 3.0 ± 4.1.

Drinking water

All field and laboratory blanks were below the LOQ for BPA. The field spikes had a mean percent recovery of 104 ± 3.8 for BPA (two of six

samples were excluded due to spiking errors). For the matrix spikes, the mean percent recovery for BPA was 102 ± 9.0. The SRS results were

variable with a mean percent recovery of 117 ± 32.0 (10 additional samples were excluded due to technician laboratory error).

Hard floor surface wipe

All field and laboratory blanks for BPA were below the LOQ. For the field spikes, the mean percent recovery for BPA was 114 ± 7.8 (one

additional sample was excluded because no spike was added). The mean percent recovery for the matrix spikes was 99.8 ± 6.7, and the mean

percent recovery for the SRS was 92.6 ± 16.3.
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Urine

Field and laboratory blanks consisted of pooled urine samples from adult volunteers (Morgan et al., 2016a). Low background levels of BPA

occurred in all field blanks (mean = 0.19 ± 0.05 ng/mL) and laboratory blanks (mean = 0.14 ± 0.08 ng/mL). This likely resulted from true

background levels of BPA occurring in the pooled urine samples (not sample contamination), therefore, background correction was not made. For the

field spikes, a percent relative standard deviation of 1% was observed for BPA. In addition, all reagent blanks were below the LOQ for BPA. For

duplicate samples (aliquots of the same urine sample), the mean relative percent difference was 19.6 ± 14.9 for BPA. Lastly, all QC samples had to

be within± 20 of the spiked level for each analytical run to be acceptable (Morgan et al., 2016a).

Appendix B

Table B.1

The final regression model of factors (excluding environmental media) influencing the adults' urinary BPA levels.

Factor β-Coefficient Standard error p-Valuea

Intercept −0.117 0.138 0.397

Urine output (mL/min)b 0.080 0.031 0.011

Sexc 0.004

Female 0.324 0.107

Male 0 –

Racec 0.017

Hispanic 0.481 0.164

Other 0.294 0.145

Non-Hispanic black 0.226 0.135

Non-Hispanic white 0 –

Seasonc < 0.0001

Winter 0.610 0.136

Spring 0.602 0.133

Fall 0.274 0.130

Summer 0 –

a Statistically significant at p < 0.05.
b Continuous variable (natural log-transformed).
c Discrete variable.

Appendix C

Table C.1

The final linear mixed-effects models examining the impact of BPA levels in solid food and other selected variables on urinary BPA levelsa.

Factors Food Model A Food Model B Food Model C

β-Coefficient Standard error p-Value β-Coefficient Standard error p-Value β-Coefficient Standard error p-Value

Intercept 1.877 0.538 0.0006c 1.623 0.614 0.009 2.002 0.717 0.006

Creatinine (mg/dL)b −0.370 0.107 0.0007 −0.302 0.121 0.013 −0.371 0.145 0.012

Solid foodb −0.044 0.060 0.458 −0.013 0.064 0.841 −0.054 0.080 0.499

Sexd 0.063 0.035 0.039

Female 0.294 0.157 0.375 0.173 0.455 0.213

Male 0 – 0 – 0 –

Raced 0.0008 0.179 0.090

Hispanic 0.927 0.252 0.169 0.283 0.875 0.348

Other 0.560 0.204 0.474 0.225 0.187 0.262

Non-Hispanic black 0.352 0.191 0.311 0.212 0.360 0.266

Non-Hispanic white 0 – 0 – 0 –

Seasond 0.020 0.219 0.004

Winter 0.452 0.193 0.293 0.225 0.352 0.259

Spring 0.6260.139 0.229 0.490 0.259 0.850 0.304

Fall 0.139 0.221 0.066 0.254 −0.362 0.309

Summer 0 – 0 – 0 –

a The types of food models (A–C) were set to relate the participant's BPA solid food levels with their urinary BPA levels over time: Food Model A = the same time period (e.g., BPA food

level during period 1 with average urinary BPA level during period 1); 2) ood odel B = the next time period (e.g., BPA food level in period 1 with urinary BPA level in period 2); and, ood

odel C = two time periods later (e.g., BPA food level in period 1 with urinary BPA level in period 3). Urine was log-transformed.
b Continuous variable (log-transformed).
c Statistically significant variables (p < 0.05) are in bold text.
d Discrete variable.
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Appendix D

Fig. D.1. Comparison of urinary BPA dose estimates by excreted mass versus excretion rate (A). BPA dose ratio for complete and incomplete 24-h voids (B).

Appendix E

Fig. E.1. Comparison of BPA dose estimates by food intake versus urine excretion rate. Spearman's Rho = 0.25; p = 0.0064.
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Justifications:

Justification 1:

This literature review was completed to assist toxicologists and ecologists in the Office of

Water and Office of Research and Development in interpreting their toxicological and biotic

data in support of EPA’s Strategic Goal 2: Protecting America’s Waters. Increased salinity

has become a widespread anthropogenic stressor in freshwater streams, rivers and lakes

worldwide. It had been assumed that increased salinity effects were largely the result of

osmotic effects, but standard toxicological studies have shown that the effects of salinity in

freshwater animals are not that simple and can depend, in part, on the mixture of additional

ions and the type of animal. Unlike xenobiotic chemicals, these major ions [i.e., hydrogen

(H+), sodium (Na+), potassium (K+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl),

bicarbonate (HCO3), and sulfate (SO4
2)] have natural metabolic roles and functions in

animals, and salinity is a natural gradient from freshwater to estuarine to marine

environments along which evolution has occurred. Physiologists have recognized that most

freshwater animals are hyper-regulators that maintain intercellular and blood or hemolymph

ion concentrations that are greater than those found in most natural freshwaters. In

addition, proteins called permeases help to maintain these internal concentrations by the

active or passive transport, exchange, or cotransport of specific ions across otherwise,

relatively impermeant or tight epithelial membranes, such as in the gills of fish, Crustacea or

Mollusca; the anal papillae, chloride epithelia or other external structures of aquatic insect

nymphs; intestinal systems or renal systems. Moreover, the mechanisms of other inorganic

constituent effects, such as low pH, the effect of pH on the toxicity of ammonia (NH3), and

the bioavailability of nitrite and metals, are related to the transport of hydrogen, ammonia,

chloride and calcium ions, respectively, by different ion transporters. However, as I

recognized from a comment made by a colleague, many toxicologists have little training in

physiology and less familiarity with the recent biochemical research on the identity and

function of these ion transporter proteins. Conversely, most physiological research in

ionoregulation is focused on single species and lacks the across taxa synthesis required for

a full understanding the effects of increased salinity on freshwater communities and

ecosystems. I conducted this literature survey to bring together the literature on

osmoregulation and ionoregulation in a single resource and do so from the perspective of

the four primary groups of freshwater animals, teleost fish, Crustacea, Mollusca and aquatic

insects, to inform toxicologists and ecologists, help them interpret their laboratory and field

data, and ultimately inform decisions on how to regulate increased salinity in freshwaters,

such as streams, rivers, and lakes. In addition, the literature survey identified a data gap

related to the transport of sulfate, which has been less studied by physiologists, but is an

elevated ion in some freshwaters, which we pursued in more recent research.
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Justification 2A:

n/a

Justification 2B:

2016 STAA:

Griffith, M.B. 2014. Natural variation and current reference for specific
conductivity and major

ions in wadeable streams of the conterminous USA. Freshwater Science 33(1):1-17.

Honorable Mention

Justification 2C:

While both papers are related to salinity and major ions in freshwaters, Griffith
(2014) was about the ranges of specific conductivity (i.e., a measure of salinity),
pH, and the concentrations of individual ions (i.e., listed in Justification 1) measured
in streams of different Level III ecoregions across the conterminous by EPA’s
biomonitoring surveys (i.e., the acid precipitation surveys through EMAP to the
national stream surveys). The intent was to synthesize the current patterns of
variation in salinity and specific ions in stream among the ecoregions and
summarize current background levels. Conversely, Griffith (2016), the current
review paper, synthesizes information on the physiology of osmoregulation and
ionoregulation of these major ions in four different freshwater animal groups to
support interpretation of laboratory data on specific ion toxicity.

Justification 2D:

I have attached a copy of Griffith (2014), which was previously nominated for a
STAA Award, not as a nominated paper but as supplemental information for the

presently nominated paper, "Toxicological perspective on the osmoregulation
and ionoregulation physiology of major ions by freshwater animals: Teleost
fish, Crustacea, aquatic insects and Mollusca", because the paper are
broadly related. However, the two papers address different aspects of major
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ions in freshwater ecosystems. The rather extensive supplemental tables
and figures for Griffith (2014) that present the data by ecoregion are not
included but are available.

Justification 2E:

n/a

Justification 3A:

I have not received any formal recognition for this paper, like an award, but I have
received some more informal recognition. I was asked by Dr. Ben Kefford, a
professor at the University of Canberra, Australia, whose laboratory works on the
effects of salinity and other contaminants on freshwater ecosystems to be an outside
reviewer for a student’s dissertation. I did this on my own time and without
renumeration.

At last count, this paper has been cited by 34 journal articles, 7 theses or

dissertations and 1 book-chapter. A list of these papers may be found in the file,

"Papers that Cite GriffithMB2017-EnvironToxicolChem.docx", that is appended to

this nomination. On Research Gate, the paper has had 183 reads.

Justification 3B:

I am not a physiologist by training. My undergraduate training was in biology and
included coursework in organismal physiology and cell biology. However, this
training preceded most of the recent research on the biochemistry and molecular
biology of the transporter proteins central to this literature review, and my other
training and experience are in freshwater ecology. As a result, I chose to ask an
established physiologist to review the manuscript prior to my submitting it to a
journal. The intent was in part to have him check whether I missed anything or
misunderstood the papers that I reviewed. Therefore, concurrent with the internal
review and clearance of the manuscript, I had it reviewed by Dr. Andrew Donini, an
associate professor at York University, Toronto, Canada, whose research is in
aquatic invertebrate ionoregulation physiology. I had become familiar with his
research during the literature review. He provided me with very positive comments.
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After revision of the manuscript in response to Dr. Donini’s and internal comments,
I submitted the manuscript to the journal, .Environmental Toxicology and Chemistry

There, the manuscript was reviewed and commented on by two anonymous peer
reviewers along with an associate editor. I responded to the peer review comments
and revised the manuscript accordingly. The manuscript was then accepted for
publication in this journal.
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Critical Review

TOXICOLOGICAL PERSPECTIVE ON THE OSMOREGULATION AND IONOREGULATION
PHYSIOLOGY OF MAJOR IONS BY FRESHWATER ANIMALS: TELEOST FISH, CRUSTACEA,

AQUATIC INSECTS, AND MOLLUSCA

MICHAEL B. GRIFFITH*
Office of Research and Development, National Center for Environmental Assessment, US Environmental Protection Agency, Cincinnati, Ohio, USA

(Submitted 21 January 2016; Returned for Revision 11 April 2016; Accepted 1 November 2016)

Abstract: Anthropogenic sources increase freshwater salinity and produce differences in constituent ions compared with natural waters.
Moreover, ions differ in physiological roles and concentrations in intracellular and extracellular fluids. Four freshwater taxa groups are
compared, to investigate similarities and differences in ion transport processes and what ion transport mechanisms suggest about
the toxicity of these or other ions in freshwater. Although differences exist, many ion transporters are functionally similar andmay belong
to evolutionarily conserved protein families. For example, the Naþ/Hþ-exchanger in teleost fish differs from the Hþ/2Naþ (or Ca2þ)-
exchanger in crustaceans. In osmoregulation, Naþ and Cl� predominate. Stenohaline freshwater animals hyperregulate until they are no
longer able to maintain hypertonic extracellular Naþ and Cl� concentrations with increasing salinity and become isotonic. Toxic effects
of Kþ are related to ionoregulation and volume regulation. The ionic balance between intracellular and extracellular fluids is maintained
byNaþ/Kþ-adenosine triphosphatase (ATPase), but details are lacking on apical Kþ transporters. ElevatedHþ affects themaintenance of
internal Naþ by Naþ/Hþ exchange; elevated HCO3

� inhibits Cl� uptake. The uptake of Mg2þ occurs by the gills or intestine, but details
are lacking on Mg2þ transporters. In unionid gills, SO4

2� is actively transported, but most epithelia are generally impermeant to SO4
2�.

Transporters of Ca2þ maintain homeostasis of dissolved Ca2þ. More integration of physiology with toxicology is needed to fully
understand freshwater ion effects. Environ Toxicol Chem 2017;36:576–600. # 2016 The Authors. Published 2016 Wiley Periodicals
Inc. on behalf of SETAC. This article is a US government work and, as such, is in the public domain in the United States of America.

Keywords: Ionoregulation Teleost fish Aquatic invertebrates Major ions Toxicity mechanisms Freshwater toxicity

INTRODUCTION

The salinity, ionic strength, or total concentration of mineral
ions in freshwater has increased in many regions from
anthropogenic sources such as road salt and effluents from
wastewater treatment plants (Table 1). Total ion concentrations
are easily measured by testing for specific conductivity or total
dissolved solids [1]. However, anthropogenic sources differ in
their constituent ions (Table 1). Thus, elevated concentrations
of some ions may not be the same as those in Naþ- and Cl�-
dominated marine waters or Ca2þ- and HCO3

�-dominated
freshwaters [2]. Moreover, ions have differing physiological
roles in freshwater organisms [3] and are required in different
concentrations within cells.

Salinity is a primary environmental gradient differentiating
freshwater, marine, or estuarine ecosystems. The evolution of the
many freshwater groups, such as fish, Crustacea, and most
Mollusca, involved invasion of freshwater simply by migration
from at least estuarine waters [4–6]. The dual role of gills in gas
exchange and ionoregulation in fish, Crustacea, and Mollusca
reflect this evolution. Although some fish and Crustacea
have diadromous life histories and ionoregulatory adaptations
that facilitate movement among the extremes of this salinity
gradient [7], many taxa have distinct lineages that are stenohaline
and limited to freshwater [8]. Conversely, the evolutionary

ancestors of insects and pulmonate gastropods migrated first to
terrestrial environments and secondarily to freshwaters [5,9–12].
Insects adapted to terrestrial life partly by adding a lipid layer to
their exoskeleton’s epicuticle to minimize water loss [13], and
this layer still makes the insect cuticle relatively impermeable.

Insect groups have migrated to freshwater multiple
times [9,14,15]. Some aquatic insects have evolved mechanisms
to continue to breathe air, including siphons, spiracles modified to
pierce the aerenchymaof aquatic plants, orways to carry air bubbles
that act as temporary physical or compressible gills. Other aquatic
insects use cutaneous respirationor tracheal gills to exchangeO2 and
CO2with the water [16]. Tracheal gills in aquatic insects are unlike
fish or crustacean gills because O2 and CO2 diffuse across a
membrane into the gas-filled tracheal system rather than to the
hemolymph [17,18]. Although ionocytes or chloride cells occur on
the tracheal gills or other respiratory surfaces, such as the anal organ
of dragonfly nymphs, ionocytes can occur on nonrespiratory body
surfaces or be clustered in specialized ion-absorption organs, such as
chloride epithelia and anal papillae [19,20].

Like the aquatic insects, fully aquatic Hygrophila (Gastro-
poda) include species that breathe air through a diffusional lung
in their mantle cavity. Others rely on cutaneous diffusion of O2

from the water [10]; some larger species in this group have
developed neomorphic gills.

Hypo-osmotic freshwaters are very different environments
in their ionoregulatory requirements from hyperosmotic marine
waters [21]. Freshwaters expose all organisms inhabiting
them to similar osmoregulatory and ionoregulatory require-
ments [21–23]. Most freshwater animals, including fish [21,23],
unionid mussels [24,25], crayfish and other Crustacea [3,7], and
aquatic insects [26,27], are hyperregulators that maintain
greater ion concentrations in their blood or hemolymph than

This article includes online-only Supplemental Data.
This is an open access article under the terms of the Creative Commons

Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.
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is found in freshwaters. Because the external medium is more
dilute than body fluids, these species deal with continuous
diffusional loss of salts and absorption of water across their
permeable membranes. Water balance is accomplished by
excretion of dilute waste fluids by their renal systems, whereas
salt concentrations are maintained by various proteins on gill or
renal-system membranes that actively transport ions against
concentration gradients [23,24,28]. Most freshwater species,
unlike saltwater species, drink little water, thereby limiting
water absorption through the gastrointestinal system and
dilution of the hemolymph or blood [28]. Even so, water
turnover is generally greater in freshwater animals [29].
Freshwater animals reabsorb ions from their urine to produce
urine that is more isotonic with the freshwater and reduce their
energy expenditure for osmoregulation by 80% to 90% [30].

Taxa differ in how osmoregulation changes if the water
salinity changes along a natural gradient from freshwater to
saltwater. In most fish and amphibians, the ion concentrations or
osmolality of intracellular (i.e., the cytosol or fluids within cells)
and extracellular (i.e., the fluids outside of cells, particularly
the blood or hemolymph) fluids remain relatively constant as
the water osmolality increases. Most invertebrates, including
unionid mussels [25] and freshwater Crustacea, are hyper-
regulators in freshwater and become isosmotic when placed in
brackish or salt waters [3,31,32]. Hemolymph ion concen-
trations in freshwater molluscs are lower than in either fish or
arthropods [24].

The present review assesses the current understanding of
the ionoregulatory and osmoregulatory physiology of selected
animal groups in freshwater ecosystems. The major ions
considered include the cations Hþ, Naþ, Kþ, Ca2þ, and Mg2þ

and the anions Cl�, HCO3
�, and SO4

2�. The review focuses
particularly on cellular membrane transport processes that
regulate the concentrations of these ions both in the cytosol
of epithelial cells and in the blood or hemolymph (i.e.,
ionoregulation). However, the review also touches on the
interaction between ionoregulation and processes that regulate
movement of water into and out of these compartments (i.e.,
osmoregulation). A comparative approach is taken to under-
stand how these processes may be similar or different among
freshwater fish and 2 major phyla of freshwater invertebrates,
the Mollusca and Arthropoda. Within the Mollusca, the focus is
on bivalves in the family Unionidae, but some data on the
Corbiculidae and Dreissenidae and on freshwater Gastropoda
is also included. Among the Arthropoda, the focus is on the
Crustacea, particularly the Decapoda and Cladocera, and
aquatic Insecta. Because of their dominance among the

Decapoda in inland North American freshwaters, the crayfish
(Astacidea) is the primary focus, but data are also included on
freshwater shrimp (Caridea) when similar studies have not been
done on crayfish. The ultimate intent is to use this physiological
literature to investigate 2 ecological questions. How are the
transport processes for specific major ions similar or different
among these freshwater animal taxa (fish, crustaceans, aquatic
insects, and molluscs)? What do the transport mechanisms for
each of these ions suggest about the potential of these or other
ions, such as metals, Br�, and NO2

�, to affect aquatic animal
assemblages in freshwater ecosystems, when concentrations are
greater than or less than concentrations normally occurring in
freshwater habitats? As a shorthand, square brackets ([]) are
used throughout the present review to indicate concentrations of
ions or compounds.

The present review is particularly intended to benefit aquatic
ecotoxicologists. An understanding of the mechanisms by
which aquatic animals ionoregulate and osmoregulate is
needed for ecotoxicologists to interpret the data from toxicity
studies and to place the major ions, which are components of
natural waters and of intracellular and extracellular fluids, into
an adverse outcome pathways conceptual framework [33].
However, the review also highlights current gaps in this
understanding—information that may be provided by environ-
mental physiologists.

GENERAL OSMOREGULATION

For freshwater animals, physiological homeostasis is
attained by limiting uptake of water and maintaining higher
concentrations of ions in intracellular and extracellular fluids.
Although ions, such as Hþ, Kþ, and HCO3

�, can contribute
to the osmolality of intracellular and extracellular fluids and
are also important in movement of solutes between these
compartments and the external environment, Naþ and Cl� are
generally the 2 most dominant ions in terms of maintaining
this hyperosmotic state in freshwater animals [21,22,34,35].
Because of their importance as primary osmolytes in
intracellular and extracellular fluids, elevated Naþ and Cl�

may not have adverse effects onmany freshwater animals unless
the water concentrations become hyperosmotic (Supplemental
Data, Table S1). Experiments with bivalves model the process
whereby many invertebrates shift from hyperregulation in
the low salinities characteristic of freshwaters to iso-osmolality
if exposed to higher salinities, such as those characteristic of
estuarine or marine waters. Whether the higher salinity
causes adverse effects, such as mortality, may depend on

Table 1. Dominant ions associated with different anthropogenic sources of salts

Source Dominant ions Reference

Use of salt to melt ice and snow Naþ, Cl�, Ca2þ, Mg2þ Forman and Alexander [326], Kaushal et al. [327],
Kelting et al. [328]

Weathering of concrete in urban drainage systems Kþ, Ca2þ, HCO3
� Davies et al. [329], [330]

Produced water from traditional oil and gas production Naþ, Cl�, SO4
2� Boelter et al. [331], Veil et al. [332]

Produced water from coalbed methane production Naþ, HCO3
�, Cl� Jackson and Reddy [333], Brinck et al. [334],

Dahm et al. [335]
Flowback and produced water from shale gas production
(i.e., hydraulic fracturing)

Naþ, Cl�, Mg2þ, Ca2þ, Br� Entrekin et al. [336], Haluszczak et al. [337]

Runoff and effluents from traditional coal mining SO4
2�, Naþ, Cl�, Ca2þ, Mg2þ, Kþ Kennedy et al. [338], Hopkins et al. [339]

Runoff from valley fills associated with mountaintop mining Ca2þ, Mg2þ, HCO3
�, SO4

2� Griffith et al. [322]
Coal combustion residue effluents Ca2þ, Mg2þ, Cl�, SO4

2� Ruhl et al. [340]
Irrigation runoff Naþ, Mg2þ, Cl�, F�, SO4

2� Leland et al. [341], Scanlon et al. [342]
Anthropogenic increases in geochemical weathering Ca2þ, HCO3

�, SO4
2� Raymond and Oh [343], Kaushal et al. [344]

Industrial sources Naþ, Cl� Echols et al. [345]
Wastewater treatment plants Naþ, Cl�, Kþ, SO4

2� Andersen et al. [346], Hur et al. [347]
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species-specific tolerance to higher salinities and the relative
concentrations of the various ions [36]. This tolerance to
increased or variable salinity can be very species specific,
varying among species within the same family or even genus
(Supplemental Data, Table S1).

Although there is evidence for paracellular pathways, or
mechanisms that allow diffusion (i.e., the random movement of
molecules because of their kinetic energy causing them to
intermingle and disperse from areas of higher concentrations in
solutions where there are no barriers to such movement) of
certain solutes through tight or septate junctions between
cells [37], ionoregulation generally occurs by transport through
the epithelial cells (i.e., transcellular pathways) using trans-
porters that will be described in the following sections with
water being transported along with the ions [38]. Infolding of
the cell membranes helps this process by increasing the surface
area across which transport occurs. Some channels across the
basolateral membrane of ionocytes, such as the Cl�-channel and
Kþ-channel (KC), are pathways out of the cell for water [39].
These channels are involved in volume regulation [40] because
they transport water along with the ions across the epithelial
basolateral membrane cells and into the blood or hemolymph.
The water is then transported to the renal system for excretion in
dilute urine. Aquaporins are another channel that increases the
permeability of membranes to water; limited available data
indicate that aquaporins are up-regulated in freshwater
animals [41,42], where the osmoregulatory problem is water
influx (Supplemental Data, Table S1).

Septate junctions can be compromised if solute concen-
trations in the aquatic medium exceed those of the
intracellular and extracellular fluids. This may be particularly
important for freshwater bivalves because these molluscs
maintain lower ion concentrations in intracellular and
extracellular fluids than either fish or arthropods [43]
(Supplemental Data, Table S1). Dreissena polymorpha, a
relatively recent immigrant to freshwater, appears to be
particularly susceptible to hyperosmotic effects of a sugar
solution because it maintains lower hemolymph osmolarity,
and its septate junctions have not been tightened to minimize
paracellular diffusion of solutes, a characteristic of most
freshwater hyperosmoregulators [44]. One strategy that is not
available to all animals is the accumulation of organic osmolytes
(Supplemental Data, Table S1).

Freshwater organisms balance a combination of ion uptake
with ion reabsorption that appears to minimize energy
expenditure for ionic regulation. Exposure of an organism to
a different salinity may increase energy expenditures as the
organism attempts to adjust to this stress (Supplemental Data,
Table S1). However, in Eurytemora affinis, an estuarine and salt
marsh copepod that has independently invaded freshwater
habitats multiple times in the last century, Lee et al. [45] found
that freshwater populations maintain greater hemolymph
osmolality than do saline populations. Such maintenance of
greater hemolymph osmolality seems to require greater energy
expenditure.

ION-TRANSPORTING EPITHELIAL MEMBRANES AND ION

TRANSPORT

Cell membranes contain transporter proteins that move
specific solutes across the membrane [46]. Some proteins are
permeases, which conserve energy by reducing the energy
required for movement of ions across the membrane
bilayer [47]. These proteins are similar to enzymes in that the

flux of ions through the transporter follows Michaelis–Menten
kinetics. Here, ion flux is related to the ion concentration by
variables, Vmax (i.e., maximal velocity) and Km (i.e., Michaelis
constant), which are the maximum flux rate when it is saturated
by the ion concentration and the ion concentration that is half
that at Vmax, respectively. The affinity of a transporter for an ion
increases as Km decreases, because the transporter can transport
the ion from a solution with a lower ambient ion concentration.
The capacity of a transporter for an ion increases as Vmax

increases, because the ion flux rate increases for a solution of a
particular ambient ion concentration. These proteins differ
between the apical plasma membranes in contact with the
external environment (or the lumen of organs that open to the
external environment, such as the renal or gastrointestinal
systems) and basolateral plasma membranes that interface
with the extracellular fluids. Ion transfers across epithelial
membranes are 2-step processes. During ion uptake, the ion is
transported first across the apical membrane into the intracellu-
lar fluids and then across the basolateral membrane into
extracellular fluids.

Often ion transport occurs against a gradient of electrical
charge (i.e., membrane potential), solute concentration, or
both (i.e., an electrochemical gradient) [47] and requires energy
(i.e., active transport). Exchangers trade 2 cations or 2 anions
across a membrane whereby movement of 1 ion down its
electrochemical gradient supplies energy to move the other ion
up its electrochemical gradient [47]. Cotransporters move
electroneutral combinations of cations and anions across a
membrane with movement of 1 ion along its electrochemical
gradient supplying energy for transport of the other ions.
Transmembrane ATPases use energy supplied by hydrolysis of
adenosine triphosphate to transport either single ions or
exchange different ions. The energy demand is enough that
glycogen-rich cells containing glycogen phosphorylase sur-
round ionocytes in tilapia (Oreochromis mossambicus)
gills [48]. Fish energy expenditure for ionoregulation and
osmoregulation increases as environmental salinity varies
from isotonicity, and more energy is required for up-regulation
of ion transporters [49,50]. In cutthroat trout (Oncorhynchus
clarkii), O2 consumption decreased in isolated gills treated with
0.5mM ouabain to inhibit Naþ/Kþ-adenosine triphosphatase
(ATPase; NKA) or 1mM bafilomycin A1 to inhibit vacuolar-
type Hþ-ATPase (VHA) [51]. Approximately 1.8% of resting
metabolic rate was used for Naþ transport by these 2
transporters. Also, O2 consumption of cutthroat trout gills in
freshwater was slightly greater than that in saltwater (3.9% vs
2.4% of resting metabolic rate, respectively).

Conversely, channels transport a single ion across a
membrane, usually down its electrochemical gradient. This is
a type of passive transport [47]. Because of their ion specificity,
channels often create a difference in electrical potential across
an epithelial membrane.

Although ion transporters are central to maintenance of
hypertonic extracellular ion concentrations in freshwater,
mechanisms that regulate ion loss from diffusive leakage
across the gill epithelia are also important. Most aquatic animal
epithelia, despite their permeability to water, gases, and some
ions, are resistant (or tight) to penetration by nonelectro-
lytes [37], and this tightness allows these animals to hyper-
regulate in freshwater. This tightness involves maintaining
septate junctions in invertebrates and tight junctions in
vertebrates [52,53]. These intercellular junctions, although
not homologous [54], are barriers to solute diffusion through the
spaces between adjoining epithelial cells.
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The tight junctions between fish gill epithelial cells are
characterized by a cross-linked complex of multiple proteins,
including transmembrane proteins, such as claudins and
occludins, along with zona occludens and cingulin, plaque
proteins that anchor the transmembrane proteins to the actin
cytoskeleton [55]. Claudins and occludin are integral compo-
nents of tight junctions between fish gill epithelial cells
(Supplemental Data, Table S2).

Cells involved in transport have limited distributions on the
epithelia of most organisms. Whereas cells in the gastrointesti-
nal system absorb nutrients and energy from food and those
in the renal system remove waste products and retain ions, the
gills are a particularly important interface for ionoregulation.
Because gill membranes are involved in gas exchange with
the external environment, they are by necessity very thin.
The membranes are also in direct contact with the surrounding
water, which is a source of ions for aquatic organisms. In larval
fish and some aquatic insects that lack gills, other epithelial
membranes on the body surface are involved in ion transport.

TRANSPORTERS AND PHYSIOLOGY OF INDIVIDUAL IONS

Sodium (Naþ)

The primary cation involved in osmoregulation in animals
is Naþ. Uptake of Naþ across the apical plasma membrane
is accomplished by exchange with Hþ, a product of metabo-
lism [56]. Research with fish and other freshwater organisms
supports a model in which Naþ is exchanged for Hþ across the
apical membrane by 1 or both of 2 molecular systems [57,58].
Because Naþ is exchanged for Hþ, Naþ also is involved in
acid–base regulation in these animals [15,59–61].

Teleost fish. In fish, an electroneutral Naþ/Hþ-exchanger
(NHE) transports 1Hþ across the apical membrane in exchange
for 1Naþ [62,63]. The second system involves 2 transporters: 1)
VHA transports Hþ out across the apical membrane [64,65],
creating an electrochemical gradient for 2) Naþ to diffuse across
the apical membrane through an amiloride-sensitive apical Naþ-
channel that may also be permeable toKþ [23,66,67].Molecular
research has been unable to identify messenger ribonucleic acid
(mRNA) or proteins associated with an epithelial Naþ-channel
(ENaC) as described in mammals [68] in gill ionocytes of tilapia
or zebrafish (Danio rerio) [69–71]. However, a related acid-
sensing ion channel (ASIC), specifically ASIC 4, was recently
identified on the ionocyte apical membranes of rainbow trout
(Oncorhynchus mykiss) and zebrafish that appears to act as an
Naþ-channel [72,73]. Parks et al. [74] questioned whether
both types of molecular systems could function in freshwater,
but their subsequent research has identified both systems
in freshwater fish [75,76] (Supplemental Data, Table S3).
Ionocytes have morphological characteristics that create
localized microenvironments with low [Naþ] or higher
[Hþ] that facilitate operation of NHE [63] (Supplemental
Data, Table S3). Carbonic anhydrase (CA) plays a role in Naþ

transport by catalyzing production of Hþ from the hydrolysis of
CO2 [77] (Figures 1 and 2 and Table 2).

Uptake of Naþ from food occurs in the gastrointestinal
system of freshwater fish. However, the relative importance of
this source of Naþ is not clear (Supplemental Data, Table S3).

The relative concentrations of Naþ and Kþ differ between
the intracellular and extracellular fluids of animal cells [47]:
intracellular fluids contain greater [Kþ] compared with
[Naþ] whereas the reverse occurs in extracellular fluids. The
difference can be as much as 10-fold. These opposing
concentration gradients are maintained by active transport

involvingNKAon the basolateral membrane [66] (Supplemental
Data, Table S3).

Fish gills have important roles in gas exchange, ionoregu-
lation, and acid–base regulation [61]. The 2 apical Naþ transport
systems have different roles in these functions and
are accordingly segregated among different ionocyte types
(Figures 1 and 2 and Supplemental Data, Table S3). An NHE
isoform, NHE3b, is expressed predominantly in the gills
and is relevant to Naþ uptake under low Naþ or acidic
conditions. Particularly under acidic conditions at least in larval
zebrafish, zNHE3b appears to be tied to a metabolon that
includes excretion of NH3 by the Rhesus protein Rhcg1 [78]
(Supplemental Data and Supplemental Data, Table S3).

Crustacea. Similar ion transporters (Figure 3 and Table 2)
that exchange Hþ for Naþ exist in crayfish [67,79], but while
the paired VHA and apical Naþ-channel are potentially
homologous to those in fish, Crustacea possess an electrogenic
Hþ/2Naþ- (or Ca2þ) exchanger [H2Na(Ca)E] [80–83] on gill

Figure 1. Current model for transporters on a-type and b-type ionocytes of
fish such as salmonids. In the a-type ionocyte, along the apical membrane
are vacuolar-type Hþ-adenosine triphosphatase (ATPase; VHA), apical
Naþ-channel, and Naþ/Hþ-exchanger (NHE), whereas along the basolateral
membrane are Naþ/Kþ-ATPase (NKA), Kþ-channel (KC), and Naþ/
HCO3

�-cotransporter (NBC). In the b-type ionocyte, along the apical
membrane are the epithelial Ca2þ-channel (ECaC), anion exchanger (AE),
and NHE, whereas along the basolateral membrane are plasma membrane
Ca2þ-ATPase (PMCA), NKA, KC, VHA, and Cl�-channel. The carbonic
anhydrase type 2 enzyme is CA2. Dashed arrows indicate diffusion, whereas
solid arrows indicate active transport. Arrows that split indicate reactions.
Modified from Dymowska et al. [303]. ATP¼ adenosine triphosphate;
ADP¼ adenosine diphosphate.
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epithelia apical membranes [84]. This exchanger also transports
Ca2þ, and elevated external [Ca2þ] can competitively inhibit
Naþ uptake [80,81,85]. However, an electroneutral, amiloride-
sensitive NHE was identified on the gill epithelium apical
membrane of Orconectes limosus opposite from NKA on the
basolateral membrane [86]. As in fish, Naþ movement across
the apical membrane of crayfish is facilitated by maintenance of

intracellular [Naþ] that are lower than hemolymph [Naþ] by
Naþ transport across the basolateral membrane by NKA.

Aquatic insects. In freshwater mosquito (Culicidae) or
midge (Chironomidae) larvae, 4 anal papillae on abdominal
segment 10 are the primary sites of Cl� and Naþ absorp-
tion [87–89]. Vacuolar-type Hþ-ATPase is found on the apical
membrane of anal papillae epithelial ionocytes, whereas P-type
NKA is found on the basolateral membrane [88] (Supplemental
Data, Table S3).

Export of Hþ across the apical membrane creates a negative
potential that favors counter, electrodiffusive movement of Naþ

possibly through an apical Naþ-channel [90] with NKA
maintaining a lower concentration gradient across the
apical membrane by transporting Naþ across the basolateral
membrane (Figure 4 and Table 2). Also present is NHE, but it
differs at least pharmacologically from mammalian NHE [91]
(Supplemental Data, Table S3).

In early experiments to elucidate interactions between
different anions and cations and Naþ influx in Chironomus

tentans, Wright [92] observed inhibition of Naþ uptake by
elevated [NO3

�], [SO4
2�], [Liþ], [Rbþ], [NH4

þ], or [Hþ] in
the external medium. Based on current models of Naþ transport,
elevated [NH4

þ] or [Hþ] affect the counter export of Hþ by
VHA required for Naþ influx by an apical Naþ-channel.
Substitution of Liþ for Naþ in the apical Naþ-channel [93]
appears to result in competitive inhibition of Naþ uptake,
whereas Rbþ substitution for Kþ may affect NKA, which
maintains the concentration gradients of Naþ across both
the apical and basolateral membranes. The effects of NO3

� and
SO4

2� are not readily explained, but Wright [94] suggested
that Naþ transport between the water and hemolymph is
coupled with independent Cl�-transport, such that a relatively
impermeant anion, such as SO4

2� or NO3
�, cannot substitute for

Cl�. Data on Naþ-transport in other aquatic insect classes are
more limited (Supplemental Data, Table S3).

Mollusca. In freshwater bivalves, Naþ uptake across the
apical epithelial membrane occurs by exchange for Hþ [35,95]
and at least includes an NHE (Figure 5 and Table 2). In unionid
mussels, maintenance of ionic homeostasis relies more on active
uptake of Naþ than uptake of Cl�. However, whether the NHE is
electroneutral, as in fish, or electrogenic, as in Crustacea, is
unknown. In freshwater, NKA activity is greater in the unionid
gills than in the gills of oligohaline bivalves [96], suggesting
that this transporter plays a role in maintaining a [Naþ] gradient
across the epithelial membrane [95,97], as in fish.

Other Naþ transporters. A Naþ/HCO3
�-cotransporter

(NBC) on the basolateral membrane of gill epithelia helps
maintain very low [Naþ] in the cytosol and also removes HCO3

�

from cells that primarily export Hþ in some fish [21,69,70,98,99].
The NBC occurs in rainbow trout, zebrafish, and Osorezan dace
(Tribolodon hakonensis) gill ionocytes [69,99] but not in
American eel (Anguilla rostrata) [100].

In some fish, there is a transporter for both Naþ and Cl� on
the apical membrane of specific epithelial cell types. This
electroneutral Naþ/Cl�-cotransporter (NCC) has been detected
in the apical membrane of type II ionocytes of tilapia embryos
reared in freshwater [69] and in NCC ionocytes of zebrafish
(Figure 2 and Table 2) [70,99,101].

In neonates of the crustacean Daphnia magna, an NCC has
been detected by inhibition of Naþ-uptake with either
bumetanide (NCC and Naþ/Kþ/Cl�-cotransporter [NKCC]
inhibitor) and thiazide (NCC inhibitor) [102]. There is an
ontogenic change between the neonates and adults, because
NKCC was detected in adult D. magna by the inhibition of

Figure 2. Current model for transporters on Hþ-adenosine triphosphatase
(ATPase)-rich (HR), Naþ/Kþ-ATPase-rich (NaR), and Naþ/Cl�-cotrans-
porter (NCC) ionocytes of fish, such as zebrafish. In the HR ionocyte along
the apical membrane are Naþ/Hþ-exchanger (NHE), apical Naþ-channel,
and vacuolar-type Hþ-ATPase (VHA), whereas along the basolateral
membrane are the anion exchanger (AE), Naþ/Kþ-ATPase (NKA) and
Kþ-channel (KC). In the NaR ionocyte, along the apical membrane are the
epithelial Ca2þ-channel (ECaC) and anion exchanger, whereas along the
basolateral membrane are VHA, Naþ/Ca2þ-exchanger (NCX), NKA, KC,
and plasma membrane Ca2þ-ATPase (PMCA). In the NCC ionocyte, along
the apical membrane are NCC and NHE, whereas along the basolateral
membrane are the Cl�-channel, Naþ/HCO3

�-cotransporter (NBC), NKA,
and KC. Dashed arrows indicate diffusion, whereas solid arrows indicate
active transport. Arrows that split indicate reactions. Modified from
Dymowska et al. [303]. CA2¼ carbonic anhydrase type 2 enzyme;
ATP¼ adenosine triphosphate; ADP¼ adenosine diphosphate.
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Naþ-uptake by bumetanide and not by thiazide. The function
of NKCC in these cladoceran adults (i.e., ion uptake) differs
from that in fish, where an NKCC is active in fish from more
saline habitats and is involved in ion excretion [69,103–105].

Effects on Naþ transport by other ions in the water. Low pH
inhibits influx of Naþ by increasing the [Hþ] gradient against
which the NHE or VHA act [106–108]. Low pH also increases
gill epithelial ion permeability, resulting in increased Naþ

efflux [109–112]. The result is a large decrease in blood [Naþ] in
fish, although sensitivity can vary significantly among species.

Table 2. List of ion transporters identified by the present review in the physiological literature on freshwater fish, Crustacea, aquatic insects, and Mollusca

Transporter Acronym Function Gene family

V-type Hþ-ATPase VHA Transports Hþ across apical or basolateral membranes ATPase Hþ-transporting subunits
Apical Naþ-channel — Transports Naþ across usually apical membranes ?
Acid sensing ion channel ASIC Possibly transports Naþ across usually apical membranes Acid sensing ion channel subunits
Naþ/Hþ-exchanger NHE Exchanges Naþ for Hþ across apical membranes Solute carrier family 9
P-type Naþ/Kþ-ATPase NKA Exchanges Naþ and Kþ across basolateral membranes ATPase Naþ/Kþ-transporting subunits
Kþ-channel KC Transports Kþ across basolateral membranes Kþ voltage-gated channel
Naþ/HCO3

─-cotransporter NBC Transports Naþ and HCO3
─ across basolateral membranes Solute carrier family 4

Cl─/HCO3
─-exchanger AE Exchanges Cl─ for HCO3

─ across apical membranes Solute carrier family 4
Epithelial Ca2þ-channel ECaC Transports Ca2þ across apical membranes Transient receptor potential cation channel
Ca2þ-ATPase PMCA Transports Ca2þ across basolateral membranes ATPase Ca2þ transporting
Cl─-channel — Transports Cl─ across basolateral membranes ?
Carbonic anhydrase CA Catalyzes the hydrolysis of CO2 to form Hþ and HCO3

─ Carbonic anhydrase
Naþ/Ca2þ-exchanger NCX Exchanges Naþ for Ca2þ across basolateral membranes Solute carrier family 8
Naþ/Cl─-cotransporter NCC Transports Naþ and Cl─ across apical membranes Solute carrier family 12
Naþ/Kþ/Cl─-cotransporter NKCC Transports Naþ, Kþ and Cl─ across apical membranes Solute carrier family 12
Hþ/2Naþ(or Ca2þ)-exchanger H2Na(Ca)E Exchanges 2Naþ or Ca2þ for Hþ across apical membranes Solute carrier family 9
Anion/SO4

2─-antiporter — Exchanges another anion for SO4
2–across apical membranes ?

ATPase¼ adenosinetriphosphatase; V-type¼ vacuolar-type; P-type¼Purkinje cells-type; ?¼ not sufficiently characterized to place in a gene family.

Figure 3. Generalized model for transporters on gill ionocytes of freshwater
Crustacea based on transporters identified by the present review. A single cell
is shown because no studies have identified different ionocyte types.
Along the apical membrane are vacuolar-type Hþ-adenosine triphosphatase
(ATPase; VHA), apical Naþ-channel, electrogenic Hþ/2Naþ (or Ca2þ)-
exchanger [H2Na(Ca)E], electroneutralNaþ/Hþ-exchanger (NHE),Naþ/Ca2þ-
exchanger (NCX), epithelial Ca2þ-channel (ECaC), electroneutralNCX (2Naþ/
Ca2þ), anion exchanger, and Naþ/Kþ/Cl�-cotransporter (NKCC; Daphnia
magna adults) or Naþ/Cl�-cotransporter (NCC; D. magna neonates). On the
basolateral membrane are the electroneutral NCX (2Naþ/Ca2þ), electrogenic
NCX (3Naþ/Ca2þ), plasma membrane Ca2þ-ATPase (PMCA), Naþ/Kþ-
ATPase (NKA), Kþ-channel (KC), and Cl�-channel. Plasmamembrane Ca2þ-
ATPase may also move Ca2þ into organelles within the cells. Dashed arrows
indicate diffusion, whereas solid arrows indicate active transport. Arrows
that split indicate reactions. CA2¼ carbonic anhydrase type 2 enzyme;
ATP¼ adenosine triphosphate; ADP¼ adenosine diphosphate.

Figure 4. Generalized model for transporters on epithelial ionocytes
of aquatic insects based on transporters identified by the present review.
A single cell is shown because no studies have identified different ionocyte
types, although research with mosquito larvae suggests that transporters for
at least Kþ and Ca2þ are not collocated with those for Naþ and Cl� on the
anal papillae. Also, the evidence suggests variation among aquatic insect
orders. Along the apical membrane are vacuolar-type Hþ-adenosine
triphosphatase (ATPase; VHA), apical Naþ-channel, Naþ/Hþ-exchanger
(NHE), epithelial Ca2þ-channel (ECaC), and anion exchanger (AE). On
the basolateral membrane are Naþ/Kþ-ATPase (NKA). Kþ-channel (KC),
Naþ/Ca2þ-exchanger (NCX), and plasma membrane Ca2þ-ATPase
(PMCA). Dashed arrows indicate diffusion, whereas solid arrows indicate
active transport. Arrows that split indicate reactions. CA2¼ carbonic
anhydrase type 2 enzyme; ATP¼ adenosine triphosphate; ADP¼
adenosine diphosphate.
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Similar loss of Naþ has been observed in crayfish, various
classes of aquatic insects, and unionid mussels (Supplemental
Data, Table S3).

Elevated Agþ and Cu2þ are also associated with reductions
in blood [Naþ] resulting from decreased Naþ in fish [113].
Research on metal uptake indicates that the ENaC is involved in
the uptake of Cu2þ and Agþ by fish, particularly in low
[Naþ] freshwaters. Interactions between Naþ and these 2 metals
suggest noncompetitive inhibition at the apical Naþ-channel,
through which these ions all can be transported [114,115]
(Supplemental Data, Table S3). Copper is transported by the
apical Naþ-channel, because the ion crosses as Cuþ rather than
Cu2þ [116,117]. Reduced Naþ uptake is because of inhibition of
NKA by Cu2þ or Agþ [118]. Also, acute Agþ exposure inhibits
CA activity, which limits the availability of Hþ for exchange
with Naþ. This is also observed in freshwater Crustacea and
Mollusca (Supplemental Data, Table S3), although Cu2þ may
also be transported through an electrogenic H2Na(Ca)
E [119–121]. Other divalent metals are known to reduce Naþ

uptake by inhibiting basolateral NKA or CA activity (Supple-
mental Data, Table S3). Chironomus spp. have demonstrated a
similar relationship between whole-body [Naþ] and NKA
inhibition by metals (Supplemental Data, Table S3), but Naþ

uptake by Maccaffertium pudicum (Ephemeroptera), several
Plecoptera, and another dipteran (Atherix sp.) showed variable
effects with exposure to Agþ or Cu2þ [122], suggesting some
differences in the Naþ transporters between these insects and
other freshwater animals.

Synthesis. Across both freshwater invertebrate and fish
species, evidence exists for exchange of Naþ for Hþ on the

apical membrane of ionocytes either on gill or other epithelia
involved in ion exchange between the organisms and water.
There is also significant evidence that increasing [Hþ] in the
water inhibits Naþ uptake, either by competition for external
attachment sites on the NHE between these 2 cations [123] or by
increasing the concentration gradient for export of Hþ. However,
there is much variability; 1 factor affecting species-specific
sensitivity to acidification may be the epithelial membrane’s
permeability to Naþ loss under low pH conditions [124]. This
leads to 1 hypothesis that the reasonEphemeroptera, in particular,
exhibit sensitivity to acidification, metals, and other ionoregu-
latory challenges is because of the high permeability of their
larval integument. Unlike other aquatic insects, the ionocytes of
Ephemeroptera are scattered as single cells or cell complexes not
just located on the tracheal gills but also over the rest of the
body integument [125]. Moreover, each ionocyte is separated
from the externalmedium by only a thin porous plate (�0.1mm).
Therefore, epithelial membrane permeability might be greater
than in other aquatic insects.

Among the species that have been studied, VHA and NKA
are functionally very similar and may be biochemically similar
enough to be classified in the samemolecular families [126,127].
However, there has been minimal research with the aquatic
insects, which because of their evolutionary history, could be
themost divergent. In the case of the NHE, at least the Crustacea
have evolved an electrogenic transporter that transports either
Naþ or Ca2þ owing to these animals’ requirements for Ca2þ in
their exoskeleton. However, there is uncertainty here because
newer molecular methods used to study vertebrates have not yet
been applied to invertebrates.

There have been no extensive comparisons even within
phyla, but there is evidence that the affinity and capacity of these
transporters as measured byKm and Vmax can be variable among
species and even populations within a species. This can result in
significant intraspecific variance in the tolerance of animals to
low [Naþ].

In research that tried to assess the relative toxicity of various
major ions for Ceriodaphnia dubia, D. magna, and fathead
minnows (Pimephales promelas), Naþ was not a significant
variable in the resulting regressions [128]. A number of recent
studies of the relationship between hardness and acute effects of
Naþ salts have found toxicity for a range of freshwater fish,
crustaceans, aquatic insects, and molluscs at relatively high
concentrations: 5.3mM to 147.1mM for Na2SO4 [129–133]
and 3.7mM to 170.1mM for NaCl [134,135]. As the primary
osmoregulatory cation in animals, Naþ is regulated by the apical
and basolateral membrane transporters and maintained at levels
in the extracellular and intracellular fluids that exceed ambient
[Naþ] of most natural freshwaters. In diadromous species that
migrate between freshwater and brackish or saltwater as part of
their life cycle, the arrangement andmolecular isoforms of these
transporters often change, in part to shift from hyper-regulation
and uptake of Naþ in hypotonic freshwaters to hyporegulation
or isoregulation and excretion of Naþ in hypertonic estuarine or
marine waters [136–138]. Many stenohaline freshwater species
are unable to make such changes and tolerate [Naþ] that is
hypoionic but begin to exhibit adverse effects as the ambient
[Naþ] approaches or exceeds that of intracellular fluids and
blood or hemolymph [139–144] and the directions of water
movement and ion diffusion change.

Potassium (Kþ)

Potassium is important in Naþ transport from the cytosol
across the basolateral membrane to extracellular fluids by NKA.

Figure 5. Generalized model for transporters on gill ionocytes of Unionidae
(Mollusca) based on transporters identified by the present review. A single
cell is shown because no studies have identified different ionocyte types.
Along the apical membrane are vacuolar-type Hþ-adenosine triphosphatase
(ATPase; VHA), apical Naþ-channel, electrogenic Hþ/2Naþ (or Ca2þ)-
exchanger [H2Na(Ca)E], anion/SO4

2�-exchanger, epithelial Ca2þ-channel
(ECaC), and anion exchanger. On the basolateral membrane are
plasma membrane Ca2þ-ATPase (PMCA), Naþ/Kþ-ATPase (NKA), and
Kþ-channel (KC). Dashed arrows indicate diffusion, whereas solid arrows
indicate active transport. Arrows that split indicate reactions. CA2¼
carbonic anhydrase type 2 enzyme; ATP¼ adenosine triphosphate; ADP
¼ adenosine diphosphate.
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Furthermore, the greater cytosol [Kþ] allows diffusion of Kþ

back across the basolateral membrane to the extracellular fluids
through a KC. The primary transporter for Naþ across the
basolateral membrane is Naþ/Kþ-ATPase [21,88].

The KC, which moves Kþ back across the basolateral
membrane to the extracellular fluids, is structured so that it is
also somewhat permeable to larger alkali metal ions, such as
Rbþ and Csþ, but relatively impermeable to Naþ and Liþ [145].
This channel limits its permeability to Kþ but also positions ions
attached to the transporter so that the repulsive force between
pairs of Kþ ions enhances their conduction through the
transporter [145].

Teleost fish. The flux of Kþ across the apical membrane of
gill epithelia in freshwater fish, such as rainbow trout, occurs by
active transport against a concentration gradient [146], which is
maintained, in part, by the exchange of Naþ for Kþ by NKA
across the basolateral membrane (Figure 1 and Table 2).
This has been shown in a few studies that have used either 42Kas
a radiotracer or 86Rb as an analog for K, although Rbþ

penetrated fish tissues much less than Kþ [146]. Some studies
have suggested that the amiloride-sensitive apical Naþ-channel
may also be permeable to Kþ [23,66,67,147], but no research
has conclusively identified an apical transporter involved in Kþ

uptake.
In zebrafish embryos, complementary deoxyribonucleic acid

was identified as kcnj1, an ortholog of Kir1.1b that encodes the
mammalian kidney Kþ-channel (ROMK) [148]. Although
expression of kcnj1 occurred in the duct midsegment of the
pronephros, the gene was also expressed in the ventrolateral
integument and in a cell population in the gill primordia
that also expressed the a1a.4 subunit isoform of NKA. Abbas
et al. [148] suggested that this cell population is a fourth
ionocyte type in which the encoded protein, kcnj1, is located on
the apical membrane and is involved in Kþ excretion, not
uptake. Similarly, a ROMK is expressed in gill ionocytes of
saltwater-acclimated tilapia, where it is also involved in Kþ

excretion [149]. However, bands for ROMK were not detected
by Western blot analysis in the gills of freshwater-acclimated
tilapia, suggesting that this transporter is not active in
freshwater. Because this evidence is equivocal for freshwater
fish, this potential transporter or the potential ionocyte is not
illustrated in Figure 2. Uptake of Kþ also occurs from food in the
gastrointestinal tract (Supplemental Data, Table S4).

Crustacea. As with Naþ, uptake of Kþ increases in crayfish
during the postmolt period to counteract the dilution of ion
hemolymph concentrations that result from absorption of water
to increase body volume following ecdysis [150,151]. However,
no research has identified a mechanism for apical Kþ uptake.

An NKCC has been detected in adult D. magna [102].
This transporter is involved in Naþ and presumably Kþ uptake.

Aquatic insects. Although influx of Naþ and Cl� and
efflux of Hþ from the anal papillae of Chironomus riparius

demonstrate that the papillae are a site of exchange for these
ions, Kþ

fluxes are near 0 [89,152], suggesting that the anal
papillae are not the location of Kþ uptake. Conversely, when the
anal papillae of Aedes aegypti larvae were removed there was
less uptake of Kþ when the larvae were placed in 1.7mM KCl
for 12 h to 14 h [153].

Pullikuth et al. [154] identified a Kþ/2Hþ-exchanger,
possibly energized by VHA [155], in the midgut of mosquito
larvae, and maximum absorption of Kþ occurred in the midgut
of the midge C. riparius [152]. A hypothesized relationship
between the Kþ/2Hþ-exchanger and VHA was tested by
inhibiting VHA with amiloride or increasing the luminal [Kþ],

but neither decreased the alkalization, suggesting that these
2 transporters are independent [156]. A similar Kþ/2Hþ-
exchanger has been studied extensively in terrestrial larvae of
Manduca sexta (Supplemental Data, Table S4).

The whole-animal [Na]:[K] ratio in A. aegypti larvae was
approximately 2.5:1, whereas the ratio in the hemolymph was
25:1 [153]. Moreover, larvae survived for 3 wk or more in
distilled water, suggesting that the tissues held a reserve of Kþ

for maintaining the low hemolymph concentrations. Other
information on Kþ-transport in aquatic insects is limited
(Supplemental Data, Table S4).

Mollusca. Freshwater mussels require a minimal [Kþ] but
also do not tolerate high concentrations [157,158]. Optimal
[Kþ] in artificial freshwater for D. polymorpha ranged
from 0.5mM to 1.0mM, and survival times decreased
when [Kþ] exceeded 1.5mM [36,159]. Peak survival of
D. polymorphawas observed when the [Kþ]:[Naþ] ratio ranged
from 0.01 to 0.02, and this bivalve tolerated artificial saltwater
with a [Kþ]:[Naþ] ratio in this range [36]. A similar [Kþ]:
[Naþ] ratio in the blood is found for Mollusca from
various salinities [160]. The requirement for Kþ is related to
its role in internal ion transport (Supplemental Data, Table S4),
particularly the transport of Naþ across the basolateral
membrane via the NKA (Figure 5 and Table 2) [95]. Potassium
also plays a role in cell volume regulation (Supplemental Data,
Table S4).

Effects on K
þ
transport by other ions in the water. In trout

exposed to water with some combination of low pH, low Ca2þ,
and Al, either whole-body [Kþ] decreased or net efflux of Kþ

increased. Similar increases in efflux or decreases in hemo-
lymph [Kþ] have been observed in crayfish exposed to low pH
(Supplemental Data, Table S4). If Kþ transport across the apical
epithelial membrane is by exchange with Hþ, as has been
suggested for some fish [23,147], inhibition of this transport
may explain these observations, although increased efflux
through more permeable epithelial tight junctions are also likely
involved.

Synthesis. Kþ is a dominant intracellular cation and plays a
well-studied role in transporting Naþ across the basolateral
membrane between the intracellular fluids and hemolymph or
blood by NKA. Nevertheless, few details are available on how
freshwater organisms obtain Kþ from the external environment,
other than a few conjectured pathways with little evidence that
NHE may transport Kþ and the presence of NKCC in adult
Daphnia. Of the major ions, Kþ generally has the lowest
ambient concentrations in freshwaters [161], so the concentra-
tion gradient across the gill epithelial apical membrane may
be relatively steep. For example, hemolymph [Kþ] in
D. polymorpha was 0.4� 0.0mMKþ compared with 0.05mM
Kþ in pond water [60], and intracellular [Kþ] is expected to be
greater. There is evidence for active transport of Kþ from
ambient freshwater for fish, crustaceans, and molluscs. The data
for active uptake, at least through the anal papillae of
freshwater Diptera, is mixed. However, there may be some
evidence for uptake through the gastrointestinal system in
aquatic insects.

Molluscs are sensitive to elevatedwater [Kþ] to the point that
Kþ is used as a molluscicide for D. polymorpha in water intake
structures [159,162]. The most toxic of the major ions for
C. dubia, D. magna, and fathead minnow was Kþ [128].
The available research withMollusca suggests that these effects
may be related to ionoregulatory disturbances associated with
the role of Kþ in Naþ transport and homeostasis and in volume
regulation.
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Calcium (Ca2þ)

In freshwater osmoregulators, extracellular free [Ca2þ] can
range from 0.25mM to 7.7mM [163], whereas intracellular
free [Ca2þ] is much lower, 0.1mM to 1mM [163,164].
Although more extracellular and intracellular Ca is present,
most is bound chemically to organic molecules, such as
proteins and phospholipids [164] because intracellular free
[Ca2þ] beyond these limits has adverse neural, muscular,
and cardiovascular effects [165]. Even low ionic strength
freshwaters generally have minimum [Ca2þ] of 2mM to
230mM and many exceed 2mM [161,163]. Therefore, the
normal gradient across the apical membrane in freshwaters is
down a concentration gradient, unlike most other ions.

Teleost fish. Because the electrochemical gradient across the
apical membrane favors Ca2þ entry, Ca2þ uptake across the gill
apical membrane can occur by diffusion through a selective
epithelial Ca2þ-channel (ECaC) [23,70,163,166,167]. Such a
channel has been identified on the gill apical membrane
ionocytes in rainbow trout (Figure 1 and Table 2) [168] and
zebrafish (Figure 2 and Table 2) [167,169]. The second step,
Ca2þ transport across the basolateral membrane, occurs against
an electrochemical gradient and requires active transport [163].
In freshwater fish, this occurs by the combined action of
a plasma membrane Ca2þ-ATPase (PMCA) and a Naþ/Ca2þ-
exchanger (NCX) [23,70,163,167,170]. The reverse concentra-
tion gradient for Naþ across the basolateral membrane used
by the NCX is in turn maintained by NKA, which is collocated
in the same ionocyte type [171–174].

At the low levels of free intracellular Ca2þ in freshwater fish
(0.1�1mM), PMCA may be more important than the NCX
because the PMCA activity exceeds that of NCX until the
[Ca2þ] approaches 1mM, but only by a factor of 1.8 at
0.1mM[175]. Increased cortisol, either as a result of exposure to
low Ca2þ waters or by injection, increases Ca2þ uptake,
primarily by increasing ionocytes with PMCA [176]. However,
the NCX alone can maintain relatively low intracellular
[Ca2þ] (Supplemental Data, Table S5).

Increased NKA can be an adaption to low [Ca2þ]. The ECaC
also can increase in response to low [Ca2þ]. In rainbow trout,
the transporters for Ca2þ are located on b-type ionocytes
(Supplemental Data, Table S5).

In addition to uptake through the gills, Ca2þ is absorbed from
food through epithelia of the fish gastrointestinal system. This
occurs by very similar transporters [177,178] (Supplemental
Data, Table S5).

Crustacea. Crayfish have been used frequently to study
Ca2þ ionoregulation [179–182]. Because Ca is lost with molted
exoskeletons, the Ca2þ requirement for Crustacea is substantial,
and its uptake occurs mainly during postmolt following
ecdysis [150,151,183–185]. During intermolt, crustacean
Ca2þ requirements are met by reabsorption of up to 95% of
the Ca2þ in the primary urine [186]. At ecdysis in Procambarus
clarkii, only 17% of Ca2þ was retained, mostly in gastroliths,
42% was shed with the exuviae, and 41% had been excreted
during the premolt stage [34]. Gastrolith Ca2þ was used to
harden essential body parts, such as mouthparts and gastric
ossicles for feeding and cactyles of the walking legs.

Because the movement is down a concentration gradient
across the apical membrane, Ca2þ uptake is by an ECaC, which
may be inhibited by verapamil [182]. However, this Ca2þ

uptake is supplemented by at least 1 of 2 other exchangers
(Figure 3 and Table 2). One is the amiloride-sensitive
electrogenic H2Na(Ca)E, which was also discussed in relation

to Naþ, where Ca2þ competes with Naþ for external binding
sites. This exchanger can transport either 2 Naþ or 1 Ca2þ

because it has 2 external binding sites, and because of
competition for these binding sites, these ions competitively
and reciprocally inhibit the other’s passage [80,81,182,183,187].
This shared electrogenic exchanger for Naþ and Ca2þ is also
affected by the interaction between pH and Naþ or Ca2þ [187].
As pH decreases in the external medium, the increased
[Hþ] gradient across the apical cell membrane inhibits export
of Hþ and reduces influx of Naþ or Ca2þ [188]. There is also
evidence that 1 Naþ can be exported by this exchanger in
exchange for 1 Ca2þ [34,183], but Hþ is the preferred
substrate [189].

There is also an electroneutral 2Naþ/Ca2þ-exchanger that
has a lower binding affinity for Ca2þ but a greater Vmax [183].
Unlike the electrogenic H2Na(Ca)E, Naþ is the favored antiport
substrate rather than Hþ, but this transporter can act as an
electroneutral 2Hþ/Ca2þ-exchanger, which is identifiable by the
insensitivity to amiloride [183]. Because of the differences in
the direction of movement of Ca2þ during different stages
of molt, these transporters can move Ca2þ both ways across
epithelial membranes [190].

On the basolateral or other internal membranes, Ca2þ-
ATPase generally maintains cytosolic Ca2þ at lower concen-
trations than found either in the water or in extracellular
fluids [47,183,191,192]. This active cation transporter system is
part of the family of P-type ATPases that also includes NKA.
Although PMCA appears adequate to meet the transport
requirements for Ca2þ during intermolt, the transport require-
ments are much greater during premolt and postmolt [182].
First, during premolt, Ca2þ is solubilized from the exoskeleton,
transported through the epithelium to the hemolymph, and
transferred for temporary storage. Then, during postmolt, the
Ca2þ is mobilized from temporary storage, transported back
across the epithelium, and deposited into the new exoskele-
ton [182]. Much of this increased transport across the
basolateral membrane is accomplished by either an electrogenic
3Naþ/Ca2þ-exchanger or an electroneutral 2Naþ/Ca2þ-
exchanger, both of which have greater transport capacities
than PMCA [182,183]. However, PMCA is also up-regulated
during the premolt and postmolt stages of P. clarkii, both in the
gill and particularly in the antennal gland [193]. The electro-
neutral 2Naþ/Ca2þ-exchanger, the electrogenic 3Naþ/Ca2þ-
exchanger, the amiloride-sensitive electrogenic H2Na(Ca)E,
and Ca2þ-ATPase, also occur in the labyrinth of the antennal
gland, where they reabsorb Ca2þ from the primary urinary
filtrate [186,189]. In P. clarkii during the postmolt period, a
portion of this Ca2þ is stored in the antennal gland, in part as a
source of Ca2þ to maintain extracellular and intracellular fluid
homeostasis [194].

Aquatic insects. Insect cuticle is not calcified and is mostly
chitin and proteins [15,195]. Therefore, the calcium require-
ments of aquatic insects are much less than either crustaceans or
molluscs, and aquatic insects may not require very high water
[Ca2þ]. Also, organic detritus, which is a common trophic
resource for aquatic insects, may be a significant source of Ca2þ

along with Mg2þ and Kþ [196].
Research with larvae of the mosquito A. aegypti found that

uptake of Ca2þ followed Michaelis–Menten kinetics and was
inhibited by Ruthenium red, a PMCA inhibitor, but unlike the
transporters for Naþ and Cl�, PMCA does not appear to occur in
cells of the anal papillae (Supplemental Data, Table S5).
Therefore, the location of divalent cation absorption is unclear.
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As in other animals, much of the Ca2þ in the hemolymph
appears to be bound to organic molecules, and there is relatively
little free Ca2þ [197].

Mollusca. The Ca2þ requirements for freshwater Mollusca
can be substantial. In addition to needing Ca2þ for their
shells, Unionidae form calcium concretions in their gills. These
calcium concretions provide calcium for the shells of the
glochidia, which develop from up to several hundred thousand
eggs in a brooding chamber formed in the female’s
gill [198–200].

Dreissena polymorpha maintained greater hemolymph
[Ca2þ] in pond water, which contained less Ca2þ, than in
artificial saltwater [60] (Supplemental Data, Table S5). The
same authors [60] suggested that increased hemolymph
[SO4

2�] could be affecting the solubility of Ca2þ (SO4
2� and

Ca2þ being the least soluble anion and cation, respectively).
Unionids also regulate ion concentrations in extrapallial

fluids separately from the hemolymph (Supplemental Data,
Table S5). In Amblema plicata, extrapallial fluid [Ca2þ] was
maintained at 3 to 4 times the water concentration.

Lymnaea stagnalis embryos have sufficient maternally
supplied Ca2þ in the perivitelline fluid and gelatinous matrix
surrounding the eggs for initial shell formation. However, after
metamorphosis, Ca2þ concentrations decrease to less than
ambient water concentrations. Embryos raised in Ca2þ-free
water exhibit reduced growth rates and longer times to
hatch [201], suggesting that an external source of Ca2þ is
needed for completion of embryonic development. Results with
pharmacological agents (Supplemental Data, Table S5) [202]
suggest that uptake of Ca2þ is accomplished both by an L-type
ECaC and by Ca2þexchange for Hþ, with the Hþ being supplied
by the action of CA.

Effects on Ca2þ transport by other ions in the water. Uptake
of Ca2þ is inhibited by other divalent metals, because
these divalent metals can also be transported by the ECaC
across the apical membrane [203–206] and interact with PMCA
on the basolateral membrane [207,208]. Competition between
Ca2þ and other divalent metals results in inhibition of Ca2þ

uptake by the divalent metals and vice versa [209–213]
(Supplemental Data, Table S5). Variability in the relative
affinity of PMCA for divalent metals versus Ca2þ among
species explains, in part, the variation in these metals’ toxicity.

The electrogenic H2Na(Ca)E also transports divalent ions,
such as Zn2þ and Cd2þ, in addition to Ca2þ across the apical
membrane [80] (Supplemental Data, Table S5). Therefore,
competition for the external binding sites with Ca2þ explains
the effect of water hardness on bioavailability and toxicity of
these metals and Cu2þ in crustaceans [214]. This exchanger on
vacuolar membranes is involved in metal sequestration into
phosphate or sulfate concretions, a detoxification mechanism in
crustaceans, and Ca2þ is sequestered into similar concretions
until needed during molting [80]. In Crustacea, as in fish, Cd2þ

and Ca2þ also compete for the ECaC (Supplemental Data,
Table S5).

Although the location of Ca2þ transporters on C. riparius

(midge) epithelia is unknown, Ca2þ uptake is inhibited by Cd2þ

as in fish and Crustacea (Supplemental Data, Table S5).
In Ephemeroptera and Trichoptera, which have tracheal
gills, uptake mechanisms for divalent metals involve Ca2þ

transporters associated with ionocytes (Supplemental Data,
Table S5). Differences in the effect of verapamil, an inhibitor of
ECaC, suggest differences in ECaC between these orders [215].
Also, differences in the relative affinity of the shared
transporters for Ca2þ and Cd2þ or Zn2þ in these insects suggest

that these transporters differ from those in Crustacea or fish
(Supplemental Data, Table S5).

As in other freshwater animals, inhibition of divalent metal
uptake by elevated ambient [Ca2þ] suggests the presence of
at least an ECaC on the gill apical epithelial membrane of
Mollusca (Figure 5 and Table 2). Divalent metal uptake
was inhibited by elevated Ca2þ in freshwater bivalves, and
Ca2þ uptake was inhibited by divalent metals in L. stagnalis

(Supplemental Data, Table S5). Elevated [Ca2þ] in the
hemolymph and extrapallial fluids occurs, because Cd2þ

inhibits PMCA [216] and CA [217], which assist in movement
of dissolved Ca2þ into the shell and into concretions in the soft
tissues (Supplemental Data, Table S5).

As with Naþ and Kþ, inhibition of exchange of Ca2þ for
Hþ may explain the observation that negative net Ca2þ flux
occurred in crayfish, such as Orconectes propinquus, exposed
to pH 4.0 [218]. However, the same authors [218] also suggest
that CaCO3 was demineralized from the crayfishes’ exoskel-
etons. Other crayfish can vary in their sensitivity to low pH
(Supplemental Data, Table S5).

Synthesis. It is clear that Ca2þ is required by aquatic
organisms, and most Ca2þ uptake is from ambient water by
epithelial ionocytes with a relatively common set of trans-
porters, particularly the ECaC on the apical membrane and
PMCA on the basolateral membrane. These similarities are
evident from the similarities in uptake and competitive
inhibition of Ca2þ uptake by a number of divalent metals.
However, as with the transporters for Naþ, some uncertainties
exist for the aquatic insects because there is less research on this
group (the transporter locations of the epithelial ionocytes have
not been identified).

Particularly, Crustacea, which harden their exoskeleton with
Ca2þ and then lose a significant proportion of that Ca2þ during
molting, have a number of both apical and basolateral
transporters that contribute to the uptake of Ca2þ, particularly
the potentially unique electrogenic H2Na(Ca)E, which has the
shared potential for both Ca2þ and Naþ uptake. Because of this
transporter’s role in Crustacea, there is potential for mutual
competitive inhibition of Ca2þ and Naþ uptake. This may
explain at least in part the observed relationship between
hardness (i.e., [Ca2þ]) and the toxicity of Naþ-salts, such as
NaCl and Na2SO4, in bioassays particularly with Crusta-
cea [129,131–135]. This also explains the inhibition of
Ca2þuptake by alterations in the concentration gradient for
Hþ, either by decreased ambient pH or inhibition of CA activity
in Crustacea [182,183,187,218]. Although freshwater Mollusca
also accumulate Ca2þ in their shells, the turnover is not as great
as in Crustacea, and the process appears to be more gradual and
involves formation of Ca concretions in their soft tissues.
However, research on the evolutionary relationships among
functionally similar ion transporters has not been conducted for
these invertebrate groups.

It is clear that Ca2þ contributes to the osmolarity of
freshwaters, and elevated dissolved Ca2þ in intracellular and
extracellular fluids can cause adverse effects. However, animals
have very efficient homeostatic mechanisms to move Ca2þ out
of the dissolved form and into other forms, such as organic
molecules or particulates, like CaCO3 or Ca3(PO4)2, which can
be stored in bone, concretions, shells, or exoskeleton. Most
toxicity associatedwith Ca salts in a study of 2 cladocerans and a
fish could be attributed to the salt’s associated anion; the Ca2þ

cation itself was relatively nontoxic [128]. Conversely, there
appears to be potential for the Michaelis–Menten uptake
variables Km and Vmax for Ca2þ uptake to vary significantly
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among families and species [219]. Such physiological variation
might underlie the differences in tolerance to low [Ca2þ] and the
resulting distribution of species along natural gradients, such as
between soft and hard waters [220].

Magnesium (Mg
2þ
)

In extracellular fluids, Ca2þ is predominant over Mg2þ,
while within the cells, [Mg2þ] is generally greater, often being at
least the third most abundant cation [221] and [Ca2þ] is
relatively low [222]. Magnesium is a cofactor for enzymes that
transfer phosphate groups, such as the ATPases, involved in
energizing the pumps for Hþ and Ca2þ and the exchanger for
Naþ and Kþ [221,223], and most cellular Mg2þ is associated
with ATP [224]. As a result, Mg2þ deficiency has been
implicated in imbalances of Ca2þ, Naþ, and Kþ, including shifts
in the [Kþ]:[Naþ] ratio in fish [225].

In its ionic geometry, Mg2þ is unusual among common
cations, because it has a high hydrated radius but low ionic
radius. Thus, Mg2þ requires a transporter protein with a large
binding site and a dehydration mechanism to fit the cation
through a relatively small pore [226]. In terrestrial vertebrate
plasma membranes, Mg2þ-channels in the solute carrier (SLC)
41 family have been identified and are homologous to an Mg2þ

transporter family identified from prokaryotes [227]. However,
no similar transporters have yet been identified in fish or aquatic
invertebrates.

Teleost fish. The freshwater fish absorb most required Mg2þ

from their diet across the intestinal epithelia [228] (Supplemental
Data, Table S6). Transport of Mg2þ across the apical membrane
of the intestinal epithelia is by electrodiffusive transport along
a negative potential gradient associated with Kþ across the
membrane, and transport can be inhibited by some divalent
metals, particularly Co2þ and Ni2þ [229]. Transport across
the basolateral membrane is by an anion/Mg2þ-cotransport
mechanism using membrane-permeable anions, such as Cl�,
SO4

2�, or NO3
� [230,231]. The amount of Mg2þ absorbed

through the gill epithelia directly from the water is variable
among fish species. Common carp (Cyprinus carpio), for
example, absorb at least 84% of Mg2þ from food through the
intestinal tract, and the remainder is absorbed through the gills
from the water [232]. Moreover, Mg2þ absorption by the gills
can be insufficient to meet the need for Mg2þ (Supplemental
Data, Table S6), particularly in quickly growing juvenile
fish [233]. Conversely, tilapia fed a low Mg diet continued to
grow (Supplemental Data, Table S6), which indicates that these
fish absorb sufficient Mg2þ from the water through their
gills [170]. Although 1.9mM Mg2þ in water was sufficient to
meet the requirements of juvenile rainbow trout fed a low Mg2þ

diet, exposure to high [Mg2þ] caused mortality (Supplemental
Data, Table S5). However, that study did not investigate a
mechanism for these adverse effects [234]. Loss of Mg2þ is
primarily by renal excretion [235], butMg2þ retention is efficient
because the element is reabsorbed by the renal epithelium [236].

Crustacea. In the freshwater prawn Macrobrachium rose-

nbergii hemolymph [Mg2þ] peaked at 1.56mM Mg2þ at 2 d to
3 d premolt and decreased postmolt to a minimum during
the intermolt period [237]. Similar patterns of variation inMg2þ

were observed in the exoskeleton, hepatopancreas, and
whole body. Premolt [Mg2þ] was similar to the water
[Mg2þ] (1.8mM), suggesting that the increase resulted from
movement of water and diffusion of Mg2þ across an
increasingly permeable epithelial membrane and was perhaps
associated with the role of Mg2þ as a cofactor in the ATPases
involved in ion transport during the molt [237].

Aquatic insects. In Aedes campestris, a mosquito that lives
in alkali ponds dominated by NaHCO3 and, particularly in
summer, Mg2þ, the larvae drank the water (as do most
animals living in hypertonic waters), and most of the ingested
Mg2þwas absorbed into the hemolymph from the midgut [238].
Hemolymph [Mg2þ] was maintained at <5mM compared with
a water [Mg2þ] of up to 100mM. This difference was because of
the Mg2þ being excreted by the Malpighian tubules and salt
gland [239]. Urine [Mg2þ] exceeded the water [Mg2þ] [238].

Mollusca. Bivalves, possibly because they are filter feeders
and are not as strong hyper-regulators in freshwaters, appear to
depend more on absorption of Mg2þ through the gill epithelia
from the water [240] (Supplemental Data, Table S6). When
D. polymorpha were placed in different salt solutions, solutions
lacking Mg2þ caused 100% mortality in less than 20 d, as did
solutions lackingNaþ or Cl�. However, unionids andCorbicula
appear to have ionoregulation mechanisms to avoid
this depletion of Mg2þ, because these bivalves have been
maintained in deionized water for much longer [240].

Effects on Mg
2þ

transport by other ions in the water.

Toxicity testing in support of a biotic ligand model for acute Cu
toxicity suggested that increased [Ca2þ], [Naþ], and [Mg2þ] all
increase the 48-h 50% effects concentration values for
Cu2þ [214]. Although both Naþ and Ca2þ may competitively
inhibit uptake of Cu2þ by the electrogenic H2Na(Ca)E, this
transporter is not known to transport Mg2þ, and the interaction
between Mg2þ and Cu2þ is unclear. Moreover, Ni2þ, which is
known tomove throughMg2þ transporters in prokaryotes [226],
reduced Mg2þ influx and whole-body [Mg2þ] in Daphnia spp.
exposed to 0.8mM to 59mM Ni2þ [241,242]. In L. stagnalis,
soft tissue [Mg2þ] decreased after acute and chronic exposures
to 8mM and 0.29mM Ni2þ, respectively [242,243]. These
observations suggest the presence of an Mg2þ transporter
similar to those found in prokaryotes.

Synthesis. Although the role ofMg2þ in cells, particularly as
a cofactor for ATPases, is clear, relatively little has been
published on the transepithelial transport of Mg2þ in aquatic
animals. Much of theMg2þ in juvenile and adult freshwater fish
appears to be obtained from food, but there is interspecific
variability. Studies of crustaceans suggest that transport of
Mg2þ from ambient water across the gill epithelium may be
down a concentration gradient, and some studies of Mollusca
agree. However, the study of D. polymorpha in dilute pond
water suggests a more active Mg2þ transport mechanism across
the gill epithelium [240]. Several studies suggest that Mg2þ can
cause mortality at greater concentrations [234], and the relative
toxicity of Mg2þ has been ranked as similar to HCO3

� but less
than Kþ [128].

Several toxicological papers have suggested that Mg2þ has a
role in the uptake and toxicity of metals, apparently based
mostly on the protective effect of water hardness on somemetals
and experiments conducted with Agþ and Cu2þ [214,244,245].
However, no effects on accumulation of Agþ measured as total
gill [Agþ] were found for water [MgSO4] of 0mM to 210mM
or water [CaSO4] of 0mM to 8.6mM in rainbow trout [244].
No relationship between [Ca2þ]:[Mg2þ] ratios and Cu2þ

toxicity was found for fathead minnowsC. dubia, orGammarus
spp. [245]. Other studies have shown that uptake of both Agþ

and Cu2þ occurs by anNaþ transporter and not the ECaC, unlike
other divalent metals, and Mg2þ should have little effect on
the uptake of these 2 metals, particularly if one assumes a
relationship with Ca2þ. However, there is no evidence that
Mg2þ is transported by a Ca2þ transporter. Moreover, it is
unclear why Cu2þ toxicity, as measured by an acute median
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lethal concentration (LC50), increases in fingerling rainbow
trout and decreases in D. magna with increasing [Mg2þ] [245].
More research is needed on Mg2þ transporters in freshwater
animals to better understand the ionoregulation of this ion.

Chloride (Cl
�
)

Similar to uptake of Naþ in exchange for Hþ, uptake
of Cl� is in exchange for an ion that is a product of
metabolism, HCO3

�. Both vertebrate and invertebrate apical
membranes possess a Cl�/HCO3

�-exchanger (or anion
exchanger) [3,23,75,166,246–249]. Although Cl� uptake is
clearly independent of the Naþ uptake [246], VHA activity
appears to enhance uptake of Cl� by the anion exchanger,
particularly when the [Cl�] is very low [250].

Teleost fish. Research on fish [251] first suggested that
HCO3

� was exchanged for Cl�. Moreover, inhibition of CA,
which catalyzes formation of HCO3

� and Hþ, decreased the
uptake of Cl� in rainbow trout gills [252]. The uptake affinity
and capacity for zebrafish of Cl– was more than 3 times greater
in soft water (43mM Cl�) than in hard water (1625mM
Cl�) [250], and uptake was inhibited by bafilomycin, a VHA
inhibitor. Inhibition of Cl� uptake by ethoxzolamide, a CA
inhibitor, in both hard and soft water, adds evidence that Cl�

uptake occurs by exchange for HCO3
�. Moreover, in soft water

this exchange appears to be inhibited by reduction of the
concentration gradient for HCO3

� across the apical mem-
brane [250]. Molecular analyses of zebrafish implicate anion
transporters of the SLC26 family as the anion exchanger most
involved in Cl� transport and located these transporters on the
apical membrane of base-excreting ionocytes (Figure 2 and
Table 2) [253] (Supplemental Data, Table S7). On the yolk-sac
membrane of tilapia larvae, the proportion of active ionocytes
(indicated by the presence of concanavalin-A), which also
stained for NKA, increased in larvae acclimated for 48 h to low
[Cl�] artificial freshwater (2�7mM) compared with larvae
in high Cl� artificial freshwater (7500�7900mM) [254].
These ionocytes were inactivated at high Cl� by being covered
by pavement cells. This interaction, which also involves
CA, occurs because of an ion-transport metabolon [255]
(Supplemental Data, Table S7). However, variation in anion
exchanger among fish species is suggested by pharmacological
differences between goldfish (Carassius auratus) and neon tetra
(Paracheirodon innesi) [256] (Supplemental Data, Table S7).
In addition to the anion exchanger, NCC, which is discussed in
relation to Naþ uptake (Sodium (Na+) - Other Na+ trans-

porters), uses the Naþ gradient created by combined action of
NKA and the NBC on the basolateral membrane to transport
Cl� against its concentration gradient across the apical
membrane between freshwater and the cytosol [99,101,166].

Some Cl� uptake can occur from food in the gastrointestinal
system. Rainbow trout absorbed approximately 80% of
the Cl� in a single experimental meal that supplied 2.65mmol
Cl� kg�1

fish body mass [257].
Cytosol [Cl�] in epithelial ionocytes is maintained at higher

levels than in extracellular fluids and allows Cl� transport
across the basolateral membrane by a Cl�-channel [3,166].
Limited research has been conducted to characterize such
basolateral channels in fish gill ionocytes, and 2 types of Cl�-
channels have been identified. One similar to the Cl� channel 3
has been identified in spotted green pufferfish (Tetraodon
nigroviridis) [258] and another is related to the cystic fibrosis
transmembrane regulator [166,259]. In rainbow trout, a maxi
Cl�-channel has been described in pavement cells that may
fulfill this function [260]. Although most research has been

conducted on terrestrial vertebrates, the SLC26 family includes
diverse anion exchangers that couple exchange of Cl� with
other anions, including HCO3

�. The family also includes
several transporters that can act as either an obligatory coupled
exchanger or as an ion channel [261].

Crustacea. As a major hemolymph osmolyte along with
Naþ, Cl� uptake increases (Jnet

Cl
¼ 250–800mmol kg�1 h�1)

during the postmolt period in crayfish, primarily to counteract
the dilution of hemolymph ion concentrations by water
absorption and the increase in body volume following
ecdysis [150,151]. Uptake occurs in exchange for HCO3

�

and is reduced by acetazolamide, which inhibits CA [79]. As
with Naþ, renal filtration and reabsorption of Cl� in the antennal
gland exceeds fluxes through the gills during intermolt because
recycling of these ions is more energy efficient [34]. In addition
to the anion exchanger, NCC and NKCC, which is discussed in
relation to Naþ uptake (Sodium (Na

þ
) - Other Na

þ
trans-

porters), have been detected pharmacologically in neonates and
adults, respectively, of the cladoceran D. magna [102].

In freshwater Decapoda, gas and ion exchange is separated
among different gill filaments and lamina on the bran-
chiae [262,263] (Supplemental Materials, Table S6). This
separation of functions between gill filaments and lamina also
separates the 2 functions of CA [264,265], shifting the
equilibrium toward HCO3

� for exchange of Cl� at the apical
membranes of the lamina ionocytes, while shifting the
equilibrium toward CO2 at the basolateral membranes of the
second filament type for excretion across the epithelia [266].
Most research with Decapoda indicates that inhibition of CA
affects Cl� uptakemore than Naþ uptake [267]. Similarly, in the
cladoceran D. magna, 2 types of gill epithelial cells, called
dark and light cells, are hypothesized to be involved in
ionoregulation and gas exchange, respectively [268].

Aquatic insects. Stobbart [269] provided evidence for
exchange of Cl� for HCO3

� during uptake of Cl� across
the anal papillae by larvae of A. aegypti via active
transport mechanisms [270]. Application of methazolamide
(CA inhibitor), 4-acetamido-40-isothiocyanatostilbene-2-20-
disulfonate (anion exchanger inhibitor), or 4,40-diisothiocyana-
tostilbene-2,20-disulfonic acid (DIDS; anion exchanger inhibi-
tor) to the anal papillae of A. aegypti reduced Cl� uptake by
79%, 80%, and 40%, respectively [271]. Bumetanide (NKCC)
had no effect on Cl� uptake, supporting the role of anion
exchanger but not an NKCC in Cl� uptake across the anal
papillae (Figure 4 and Table 2). In Anopheles albimanus, an
apical anion exchanger on dorsal anterior rectal cells in the
rectum uses HCO3

� produced by CA in either ventral anterior or
posterior rectal cells to exchange for Cl�, resorbing this ion
from the insect’s primary urine [272].

One factor in the sensitivity of freshwater-restricted
mosquitoes such as Culex quinquefasciatus to increased
NaCl salinity may lie in the permeability of their anal
papillae to influx of Cl� compared with euryhaline species
such as Culex tarsalis [273] (Supplemental Data, Table S7).
Similar variation in permeability was observed among
euryhaline and freshwater of caddisflies (Supplemental
Data, Table S7).

However, the Cl� uptake process is clearly independent from
that of Naþ. When A. aegypti larvae were transferred from
freshwater to 30% saltwater and back [90], the Km for Naþ

uptake was altered, whereas that for Cl� remained relatively
constant, and recovery of Vmax for Na

þ was much slower than
that for Cl� (20 h vs 5 h) when the larvae were returned to
freshwater.
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In Ephemeroptera, autoradiography and histochemical
precipitation showed active Cl� absorption across a steep
concentration gradient [274] by ionocytes on the tracheal
gill epithelia [275]. The Cl� uptake rate was directly related
to the water hypotonicity, showing that the cells were
involved in ionoregulation. Similar results were observed for
ionocytes in aquatic Hemiptera nymphs in Notonectidae and
Naucoridae [276].

As with Naþ, the anal papillae of the midge C. riparius are a
site of Cl� ion uptake [89]. The anal papillae of marsh beetle
larvae, Elodes minuta and Odeles marginata (Coleoptera,
Scirtidae), are also a site of active Cl� uptake [277]. However,
none of these authors measured HCO3

� and did not demonstrate
exchange of these anions. Similarly, chloride epithelia in the
rectal chamber of dragonfly nymphs (Uropetala carovei

and Aeshna cyanea) were involved in active uptake of Cl� in
addition to Naþ [278–281], although the mechanisms for Cl�

uptake were not elucidated.
Mollusca. Although unionids have anion exchangers [95],

these river mussels maintain approximately equal amounts of
Cl� and HCO3

� in their extracellular fluids, and pH mainte-
nance relies more on exchange of Naþ and Hþ [282] (Figure 5
and Table 2). Transport of Cl� in Ligumia subrostrata was
inhibited by DIDS (anion exchanger inhibitor) and thiocyanate
(Cl� transporter inhibitor), but not furosemide (NKCC) [283].
As with other freshwater groups, exchange of HCO3

� for Cl� is
independent of Naþ in freshwater mussels (Supplemental Data,
Table S7). Also, hemolymph [Cl�] increases and become
isoionic with increasing salinity (Supplemental Data, Table S7).
It was hypothesized that HCO3

�-dependent ATPase is involved
in this Cl�/HCO3

� exchange in 2 freshwater gastropods
(Architaenioglossa), Viviparus contectus and Pomacea

canaliculata [284], but reanalysis suggests the authors may
have misinterpreted the activity of VHA, which in fish and
decapods removes Hþ and maintains the supply of HCO3

�

from CA-catalyzed hydrolysis of CO2 to the anion
exchanger [250,285] (Supplemental Data, Table S7).

Effects on Cl� transport by other ions in the water. In fish
and crustaceans, exposure to pH of 4.0 to 4.3 causes net flux of
Cl� from the extracellular fluids along with decreased
[HCO3

�] and pH; PCO2 is unchanged or increased (Supplemen-
tal Data, Table S7). Current models suggest that inhibition of
HCO3

� production by decreased extracellular pH decreases the
availability of HCO3

� to exchange for Cl�. At the same time,
HCO3

� is retained to maintain extracellular acid–base balance.
Uptake of NO2

� can occur through the anion exchanger in
both fish and Crustacea. This transporter has an affinity for
several anions in addition to Cl�, including Br� but not SO4

2�

or PO4
3� [286,287]. It competitively inhibits uptake of Cl� and

reduces blood [Cl�] while blood [NO2
�] increases [288,289].

Conversely, elevated Cl� or Br� can inhibit uptake of
NO2

� [287]. In crayfish, increased hemolymph [HCO3
�] as a

result of induced hypercapnia increased NO2
� uptake because

HCO3
� is the counter ion for anion exchanger [286] (Supple-

mental Data, Table S7). In fish, NO2
� has an added effect on

respiration (Supplemental Data, Table S7).
In rainbow trout and several tetra species acutely exposed to

Agþ, Cl� uptake decreased, as did Naþ uptake [113,290]. There
was also a decrease in CA activity, which would limit the supply
of HCO3

� for exchange with Cl�.
Synthesis. The most important anion for osmoregulation in

freshwater animals is Cl�. Although its transport across gill
epithelial membranes is independent of Naþ transport, there are
a number of parallels because the transporters for Cl� and Naþ

exchange these ions for HCO3
� and Hþ, respectively. In turn,

HCO3
� and Hþ are produced by hydration of CO2 by CA and

have opposing roles in maintaining acid–base balance in
intracellular and extracellular fluids. In most freshwater
animals, an anion exchanger moves Cl� across the apical
epithelial membrane, while some type of Cl�-channel moves
Cl� across the basolateral epithelial membrane. As with Hþ and
the NHE or VHA, elevation of ambient water [HCO3

�] can
inhibit Cl� uptake by increasing the [HCO3

�] gradient across
the apical membrane.

Elevation of a number of other ions in the water has been
shown to inhibit uptake of Cl� by the anion exchanger: Hþ or
low pH inhibit Cl� uptake because they appear to inhibit VHA
by increasing the Hþ gradient across the apical epithelial
membrane. Also, removal of Hþ helps maintain the
[HCO3

�] gradient required for the anion exchanger [255].
Anions such as NO2

� and Br� inhibit uptake of Cl� by
competing for attachment sites on the exchanger.

Because of the importance of Cl� in osmoregulation, any
effects associated with elevated Cl� appear to be related to
osmotic imbalances. Particularly in stenohaline freshwater
animals, extracellular [Cl�] generally remains greater than that
in increasingly saline water until the water becomes isotonic
with the hemolymph. Then, at greater salinities, extracellular
[Cl�] either increases and remains approximately isotonic with
the water (as in invertebrates) or becomes hypotonic with the
water (as in fish). At this point mortality often becomes
significant [139,140]. As a result, Cl� ranks low in relative
toxicity [128].

Bicarbonate (HCO3
�)

As in all aerobic organisms, CO2 is produced by respiration
and eliminated from the bodies of freshwater animals. However,
because CO2 is more water soluble than O2, the greater
ventilation rates of gas-exchange surfaces in water-breathing
organisms render changes in PCO2 relatively ineffective at
controlling intracellular and extracellular pH [291]. Although a
significant proportion of molecular CO2 is still eliminated by
passive diffusion across the epithelia [291], CA in the cytosol
catalyzes the hydration of CO2 and shifts the equilibrium to Hþ

and HCO3
�, making these ions available for exchange across

the apical membrane and for regulation of the concentrations of
Naþ and Cl�, respectively, [292]. This exchange of acid–base
equivalents also regulates the acid–base balance of intracellular
and extracellular fluids [15,292,293].

Teleost fish. In a 2-substrate enzyme model, the rate of ion
transport is dependent on the availability of the internal
substrate, which in this case is Hþ or HCO3

�, as well as
the external substrates, Naþ and Cl�, respectively [294,295].
If metabolic acidosis occurs, [Hþ] increases while
[HCO3

�] decreases, which in turn increases exchange of Hþ

for Naþ and decreases exchange of HCO3
� for Cl�, thereby

increasing acid excretion and decreasing hemolymph
[Cl�] (Supplemental Data, Table S8). The decreased exchange
of HCO3

� for Cl� may occur because the anion exchanger on
ionocyte apical membranes (Figure 1 and Table 2) are
physically covered by adjacent pavement cells [296]. However,
the decrease in blood [Cl�] could result from a reversal of
HCO3

�(influx)/Cl�(efflux) exchange by the apical anion
exchanger based on observations that compensation for
decreased pH from hypercapnia occurred more quickly in
waters with greater [HCO3

�] (5.3mM) than in those with lower
[HCO3

�] (0.13mM) [297]. If metabolic alkalosis occurs, Hþ is
retained and HCO3

� is exchanged for Cl�, increasing base
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excretion [298]. Together, this negative feedback system
regulates acid–base balance [295]. Under balanced acid–base
status, uptakes of Naþ and Cl� are equal to maintain these
conditions [299].

However, at least among rainbow trout, American eel, and
brown bullhead (Ameiurus nebulosus), there is variation in
whether a decrease in pH (i.e., systemic acidosis) is countered
by decreased excretion of HCO3

� or increased Hþ excre-
tion [291,292,299,300], and interspecies differences occur
in the relative importance of Naþ/Hþ versus Cl�/HCO3

�

exchange to maintaining acid–base balance (Supplemental
Data, Table S8).

The transporters involved export of HCO3
� or Hþ across

the apical membrane and in acid–base regulation are also
segregated among different epithelial cell
types [21,66,70,71,249,255,292,301]. Depending on the fish
species, various ion transporters may be segregated among 2 to
4 cell types [71,301–303] (Figures 1 and 2). This segregation
allows these ions to be moved between the cytosol and
hemolymph for maintaining acid–base balance and for use in
transporters (e.g., NBC) on the basolateral membrane [99].
Moreover, this variation in the relative importance of Naþ/Hþ

versus Cl�/HCO3
� may explain the variation in response to

acidosis.
Although they did not investigate the physiological mecha-

nisms, Harper et al. [304] assessed the toxic effects of NaHCO3

as a major constituent of produced waters from coalbed natural
gas wells. The 96-h LC50 values for the larval stages (1�22 d
posthatch [dph]) of white sucker (Catostomus commersonii),
fathead minnow, walleye (Sander vitreus), rainbow trout, and
northern pike (Esox lucius), respectively, were estimated as
13.6mM, 38.5mM, 58.9mM, 93.4mM, and 131.1mM
NaHCO3. For fathead minnows, the chronic LC50 for survival
at 37 dph was 6.0mM NaHCO3, whereas a 7-d growth test that
began with 2-dph larval fish had a 20% effect concentration of
8.2mM NaHCO3 [305]. The lower toxicity values appear to
result from effects of HCO3

� rather than Naþ.
Crustacea. During premolt in crayfish, excretion of CO2

increases above intermolt rates. Immediately following ecdysis,
CO2 excretion decreases [306], probably reflecting accumula-
tion of HCO3

� with Ca2þ as CaCO3 in the exoskeleton [150].
When tissue and hemolymph acidosis (i.e., decrease of

0.1–0.5 pH units by 3 h) was induced by exposing Pacifastacus
leniusculus to hyperoxia (PO2¼ 67 kPa), this acidosis was
corrected by metabolic accumulation of HCO3

�
þCO3

2� by
48 h [59]. Consequent to this accumulation of HCO3

�
þCO3

2�

was a small net loss of Cl� (Supplemental Data, Table S8).

A number of studies have shown that HCO3
� can cause

adverse effects to Cladocera and freshwater shrimp (Table 3).
The effects for NaHCO3 occur at lower molar concentrations or
specific conductivity than those for NaCl, showing that there
were effects in excess of those resulting from Naþ or Cl�.

Aquatic insects. The role of HCO3
� and Hþ in maintaining

acid–base balance has not been directly investigated in aquatic
insects. However, logically these ions likely play a role similar
to that in other aquatic animals. One question that might be
important in the case of aquatic insects is whether the CO2 is
supplied by respiration in the individual ionocytes or whether
there is some other mechanism that moves CO2 to the ionocytes,
because gas exchange in most aquatic insects occurs separately
via the tracheal system.

Studies of the adverse effects of HCO3
� in water for aquatic

insects are few. A 96-h LC50 for Chironomus dilutus was
58.9mM NaHCO3 [304]. An analysis was conducted of
macroinvertebrates in streams of the central Appalachians,
where the most abundant elevated anions were HCO3

� and
SO4

2�, and showed a field-based species sensitivity distribution
of 95% extirpation concentration values for specific conductiv-
ity (a measure of the total ion concentration), which for aquatic
insects ranged from 150mS/cm to >11 000 mS/cm. The results
also showed a 5% hazardous concentration of 300mS/cm [307].

Mollusca. In the unionid Anodonta cygnea, CA catalyzed
hydration of CO2 supplies HCO3

� for transport of Cl� [95].
Short-circuit current across the outer mantle epithelium of
A. cygneawas inhibited by acetazolamide (CA inhibitor), DIDS
(anion exchanger inhibitor), and dinitrophenol (VHA inhibitor),
showing that the short-circuit current was affected by the
[CO2] and [HCO3

�] as well as [Hþ] in the shell-side solution
and that acid–base transport was inhibited [308]. Therefore,
acid–base balance across this outer mantle epithelium was
maintained by both anion exchanger and VHA (Figure 5 and
Table 2). However, inD. polymorpha, HCO3

�was not excreted
to counter an increase in pH (Supplemental Data, Table S8).

Comparing an estuarine osmoconformer, Rangia cuneata,
with 2 freshwater hyper-regulators, L. subrostrata and
Corbicula fluminea, CA activity in the gills increased among
these species to the extent that the animals’ hemolymph
[Naþ] and [Cl�] were regulated above the ambient water
concentrations. This reflected the increased Naþ/Hþ and Cl�/
HCO3

� exchange to maintain these gradients [309] (Supple-
mental Data, Table S8).

In molluscs, CA plays a role in exchange of Ca2þ between
the dissolved ion form and solid forms, such as in concretions
and the shell, by affecting the equilibrium between CO3

2� and

Table 3. Results of bioassays with Crustacea comparing NaHCO3 and NaCl

Species Endpoint Effect Concentration (mM) Salt Conductivity (mS cm�1) Reference

Ceriodaphnia dubia EC10 Reproduction 19.9� 1.5 NaHCO3 1900 Lopez Vera et al. [348]
C. dubia EC50 Reproduction 24.1� 0.3 NaHCO3

C. dubia EC10 Reproduction ND NaCl 2800
Daphnia magna 48-h LC50 Mortality 15.1� 2.2 NaHCO3 Hoke et al. [349]
D. magna 48-h LC50 Mortality 81.3� 6.2 NaCl
C. dubia 48-h LC50 Mortality 12.8� 1.5 NaHCO3

C. dubia 48-h LC50 Mortality 13.5� 2.2 NaCl
C. dubia 48-h LC50 Mortality 11.5 NaHCO3 Harper et al. [304]
C. dubia EC20 Reproduction 4.5 NaHCO3 Farag and Harper [305]
Paratya australiensis 10-d LC10 Mortality 10.1� 1.4 NaHCO3 Lopez Vera et al. [348]
P. australiensis 10-d LC50 Mortality 15.2� 2.5 NaHCO3

C10¼ 10% effects concentration; EC20¼ 20% effects concentration; LC10¼ 10% lethal concentration; LC50¼median lethal concentration; ND¼ not
determined.
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HCO3
�. Inhibition of CA increased [Ca2þ] in the hemolymph

and extrapallial fluids (Supplemental Data, Table S8).
A study of the effects of NaHCO3 as a constituent of

produced water from coalbed natural gas wells included the
unionid Lampsilis siliquoidea. Using absence of foot movement
during a 5-min observation as the indicator of mortality, the
96-h LC50 and 7-d LC50 for juveniles were 13.8mM and
12.6mM NaHCO3, respectively [304,305].

Synthesis. HCO3
� and Hþ play a primary role in acid–base

balance of extracellular and intracellular fluids in freshwater
animals. Because elevated [Hþ] in ambient waters inhibits
exchange of Hþ for Naþ by increasing the [Hþ] gradient
across the apical epithelial membrane, elevation of ambient
water [HCO3

�] can also inhibit exchange of HCO3
� for Cl�,

apparently in the same manner, by increasing the
[HCO3

�] gradient against which the anion exchanger is
excreting HCO3

�. Inhibition of HCO3
� excretion would have

at least 2 direct effects. First, it could cause metabolic alkalosis,
increasing hemolymph or blood pH. Second, it could, in
particular, cause decreased hemolymph or blood [Cl�]. Adverse
effects, including impaired reproduction and mortality, have
been identified in some fish, crustaceans, aquatic insects, and
molluscs. In terms of its acute relative toxicity to standard
bioassay species, HCO3

� ranked only behind Kþ [128].

Sulfate (SO4
2�)

Sulfate appears to be an impermeant anion to the gills of
freshwater fish [310,311], crustaceans [312,313], and unionid
molluscs [25]. However, some research has identified SO4

2�

transporters, particularly in ionocytes of the gastrointestinal and
renal systems.

Teleost fish. Although similar data are lacking for fish,
active transport of SO4

2� into Bufo bufo (European toad) has
been localized to ionocytes in the skin [314] (Supplemental
Data, Table S8). Larsen and Simonsen [314] suggested that
SO4

2� was transported in exchange for HCO3
� via an

exchanger similar to, if not the same as, the anion exchanger.
Also, the transported ion is monovalent (i.e., XSO4

�), and the
antiporter is energized by movement of HCO3

� down its
concentration gradient as in the anion exchanger.

Several SO4
2� transporters have been identified in the

SLC26 and SLC13 families of anion transporters [315].
Although most research on these transporter families has
been on terrestrial vertebrates [261], transporters that are
homologs of the human anion exchanger SLC26a1 have been
identified in the kidney of Japanese eel (Anguilla japonica) and
rainbow trout [316,317]. In rainbow trout that were infused with
solutions of MgSO4 or Na2SO4, most of the SO4

2� load was
excreted by the renal tubules [235].

In Japanese eels in freshwater, most regulation of SO4
2�

occurs by resorption in the kidney’s proximal tubule, the SO4
2�

possibly being derived from metabolism of sulfur-containing
compounds [316]. In these epithelial cells, 2 transporters are
involved in SO4

2� transport. First, a 3Naþ/SO4
2�-cotransporter

(SLC13s1) moves both Naþ and SO4
2� across the apical brush-

border membrane driven by the Naþ gradient produced by NKA
on the basolateral membrane. Then, the SO4

2� is moved across
the basolateral membrane by an SO4

2�/2HCO3
�-exchanger

(SLC26a1), which is energized by an SO4
2� gradient across the

basolateral membrane [316]. In Japanese eels, SO4
2�may play a

role in osmoregulation in freshwater because serum SO4
2� is

elevated in freshwater (�19mM vs �1mM in saltwater),
whereas Cl� is reduced compared with the Japanese eels in
saltwater or other fish in freshwater [316,318].

Crustacea. In a study of Naþ absorption from water by
Austropotamobius pallipes using various anion salts, including
Na2SO4 [312], there was no penetration of gill epithelial
membranes by SO4

2�. A review of a number of studies that used
H2SO4 to study the physiological effects of acidification [313]
found that, at most, SO4

2� permeates very slowly across gill
epithelial membranes.

Like a number of other ions, there was a negative net flux of
SO4

2� from the crayfishO. propinquus exposed to pH 4.0 [218].
In the absence of SO4

2� transporters on the gill epithelia,
increased efflux may be because of increased paracellular
permeability at low pH.

Aquatic insects. In A. campestris, a mosquito that lives in
hyperosmotic inland waters, including saline lakes dominated
by Mg2þ and SO4

2�, larvae maintained hemolymph [SO4
2�] at

approximately 2mM to 7mM, despite water [SO4
2�] that was

up to 80mM. Ingestion of this water resulted in absorption of the
SO4

2� through the midgut [319]. This balance resulted from the
excretion of fluids containing high [SO4

2�] (up to �95mM) by
the mosquito’s Malpighian tubules, where active transport of
SO4

2� occurs.
Mollusca. In unionid mussels, SO4

2� is accumulated rather
slowly (e.g., 0.04mmol g�1 drywt h�1) and is a relatively
impermeant anion [25]. It occurs in the range of 0.23mM to
0.30mM in hemolymph of unionid mussels and is metabolized
to form amino acids andmucopolysaccharides. The hemolymph
[SO4

2�] of 0.23mM, although relatively low for an anion, was
approximately 8 times the [SO4

2�] in pond water [25].
Using the radioisotope 35SO4 to measure transport of SO4

2�,
uptake of SO4

2� by the unionid Toxolasma texasiense from pond
water was inhibited by addition of DIDS, an anion exchanger
inhibitor [25]. Furthermore, clearance of 35SO4 injected into
T. texasiense individuals was 16% of a simultaneously injected
chemical, polyethylene glycol, used to measure renal filtration
rates, indicating that SO4

2� was reabsorbed by the kidney [25].
Similar results were obtained for pond water-acclimated
D. polymorpha (Supplemental Data, Table S9). Although the
transporter for SO4

2� is still unclear, the inhibition of the ion’s
uptake by DIDS, an anion exchanger inhibitor, suggests an anion
exchanger (Figure 5 and Table 2) [25,320].

Effects on SO4
2� transport by other ions in the water.

H�obe [321] observed net influx of SO4
2� in white sucker and

rainbow trout exposed to natural soft water acidified to pH 4.0
by addition of H2SO4 but not in controls (pH 6.8). Based on
current models, this influx appears to have resulted from passive
movement of SO4

2�down a concentration gradient created by
the addition of H2SO4 to the soft water ([SO4

2�] was 0.20mM to
0.40mM in acidified soft water and 0.07mM to 0.10mM in
control soft water) across tight junctions made more permeable
by the low pH and low Ca2þ conditions, rather than the action of
any transporter. As in other studies of acidic, soft waters, net
effluxes of Naþ, Kþ, Ca2þ, Mg2þ, and Cl� were also observed.

Synthesis. Data for various animals suggest that SO4
2�

transporters may not be present on the gill epithelia of most
freshwater animals because of the slow permeation of these
epithelia. However, in the European toad, there is evidence for
active transport of SO4

2� across the skin epithelia, which are at
least functionally equivalent to gill epithelia. There is also
evidence for active transport of SO4

2� from ambient water to the
hemolymph in freshwater mussels, but the location of a
transporter is not clear. In general, SO4

2� has not been well
studied in freshwater animals compared with other ions.

Soucek and Kennedy [133] and Soucek [132] attempted to
assess the relationships among hardness, Cl�, and acute effects
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associated with SO4
2� in bioassays with 2 crustaceans, although

the dose consisted of solutions of the salt Na2SO4. Physiological
research has generally suggested that gill epithelial membranes
are impermeant to SO4

2�, although SO4
2� transporters may

occur in the renal system. A possible mechanism is related to the
cation Naþ. In the electrogenic H2Na(Ca)E on the crustacean
gill, Ca2þ and Naþ can compete for attachment sites on this
transporter, which would result in the positive relationship
between hardness and the LC50 values for Hyalella azteca and
C. dubia.

It is clear, however, that SO4
2� transporters are present in

ionocytes of the renal system in fish where these transporters
resorb SO4

2�. The question remains whether there are SO4
2�

transporters in either the gill or gastrointestinal epithelia of
any freshwater animals that might be affected by elevated
[SO4

2�] as a result of anthropogenic sources, such as those
associated with mining [322]. Although elevated [SO4

2�] is
present in freshwaters associated with acidic precipitation or
acid mine drainage, the effects of low pH have been more
obvious and, consequently, well studied in both the physiologi-
cal and toxicological literatures. Thus, the potential for any
effects related directly to SO4

2� has been overlooked.

DISCUSSION

In general, there appears to be a significant level of
evolutionary conservatism in ion transporters among the 4
freshwater groups reviewed. Where there are physiological
data, transporters, such as VHA, anion exchanger, NKA,
PMCA, and NCX, appear to be functionally similar, and where
there are genomic data, these transporters usually belong to
identified protein families that occur in species across various
phyla. However, there are also differences (e.g., the electro-
neutral NHE in teleost fish compared with the electrogenic
H2Na(Ca)E in crustaceans that helps crustaceans to meet their
greater requirements for Ca2þ uptake during molting). Also,
when the apparent relative affinities of the Caþ-channels of the
groups are compared, it appears that the affinities for Cd2þ and
Zn2þ in fish, crustaceans, andmolluscs are greater than those for
Ca2þ, whereas in aquatic insects, the affinities for divalent
metals may be less than those for Ca2þ. There may also be
differences between some aquatic insects and these other animal
groups in the apical Naþ-channel that also transports metals like
Agþ and Cu2þ.

The most widespread difference of these transporters among
species, and 1 that is more subtle, is the affinity and capacity of
each transporter for its ion as measured byKm and Vmax. These 2
variables seem to have the potential to describe the variation in
the tolerance of different species particularly to low ion
concentrations. However, few studies have compared these
variables for an ion measured under the same conditions among
more than 1 species in the same freshwater group (e.g., goldfish,
zebrafish, and ayu [Plecoglossus altivelis]; [219]), and no
studies have done this among fish and various invertebrate
groups (e.g., rainbow trout with crayfish).

Among the individual major ions, Kþ appears to have the
most potential for causing toxic effects to freshwater animals if
water concentrations of this ion are elevated. The relative acute
toxicity of Kþ was ranked as the highest of the major ions
studied [128], and it has been used as amolluscicide. Survival of
D. polymorphawas greatest when the [Kþ]:[Naþ] ratio was very
low (0.01�0.02) [36]. The counter ion for NKA is Kþ, which is
important to maintaining the relative [Naþ] in intracellular
fluids and the blood or hemolymph, suggesting that this toxicity
is related to an ionoregulatory imbalance. Lack of data on the

identity of an apical membrane Kþ transporter makes the details
of such an imbalance unclear. However, Kþ usually has the
lowest concentrations in freshwaters of these major ions [161].

The toxic effects of Hþ have been well studied, particularly
in relation to the effects of acid precipitation on stream and lake
assemblages, but the mechanistic link to inhibition of Naþ

uptake by the NHE or VHA and apical Naþ-channel and
decreases in intracellular and extracellular [Naþ] has seldom
been mentioned in the toxicological literature. Similarly,
elevated ambient HCO3

� appears to inhibit uptake of Cl� by
the anion exchanger and decreases intracellular and extracellu-
lar [Cl�]. Elucidation of the details of this mechanism are
needed because HCO3

� ranked relatively high among the major
ions in terms of toxicity [128]. Moreover, HCO3

� is a primary
constituent of produced waters from coalbed natural gas
development and effluents from mountaintop mines and valley
fills [304,305,322].

Although the relative acute toxicity of Mg2þ was ranked as
similar to that of HCO3

� [128], much of the available literature
emphasizes the effects of a lack of Mg2þ in ambient waters or
diet, although at least 1 study found toxic effects from the
highest tested [Mg2þ]. The bulk of toxicological research
focuses on whether Mg2þ contributes to the ameliorative effects
of water hardness on metal toxicity. Some fish appear to need
Mg2þ in their diet, but there is also evidence for uptake of Mg2þ

by ionocytes on the gill or other epithelial membranes from
ambient waters. However, no studies have been found on the
identity or nature of Mg2þ transporters on these epithelia,
although there are some data on transporters in the epithelia of
the intestine or in the renal system. Therefore, additional
research is needed to understand the transport of Mg2þ in
freshwater animals and fully understand its role in ionoregu-
lation, especially in combination with other ions.

The literature is clear that Naþ and Cl� generally dominate
osmoregulation of freshwater animals and of most living
organisms in general, although all inorganic ions and organic
osmolytes contribute to intracellular and extracellular osmolar-
ity. Increasing water [Naþ] or [Cl�], such as occurs along the
gradient between freshwater and estuarine or marine waters, is
generally accompanied by increasing blood or hemolymph
[Naþ] or [Cl�] as the animals maintain the hypertonicity of their
extracellular fluids. Diadromous fish, such as salmon or eels,
adapt to the increasing salinity by inactivating ionocytes with
freshwater transporter arrangements designed for ion uptake
and activating ionocytes with saltwater transporter arrange-
ments designed for ion excretion [103,323]. Invertebrates
generally iono-conform, and most fish hyporegulate in greater
salinity waters. Many freshwater species often hyper-regulate
with increasing salinity until the animals are no longer able to
maintain blood or hemolymph [Naþ] or [Cl�] greater than in the
water, and the animals become isotonic to the water. It is then
that mortality occurs in stenohaline species, and this is why Naþ

and Cl� toxicity occurs at relatively greater concentrations
compared with some other major ions. However, because Naþ

and Cl� are exchanged for Hþ and HCO3
�, respectively, the

relative internal concentrations of these ions can reflect
alterations of acid�base balance, which is often quantified as
the difference between the equivalents of strongly disassociated
cations (i.e., Naþ, Kþ, Ca2þ, and Mg2þ) and of strongly
disassociated anions (i.e., Cl� and SO4

2�)—the strong ion
difference [60,295] that may be the result of increases in water
salinity.

There has been little research on the physiology of SO4
2� in

freshwater animals. Most available data suggest that SO4
2� is at
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most slowly permeable to gill epithelial ionocytes, and this
appears to explain the ion’s relatively low toxicity to daphnids
or fathead minnows [128]. However, SO4

2� transporters have
been identified in skin ionocytes of European toads and active
transport appears to occur in freshwater mussels. To fully
understand SO4

2� transport or the lack thereof in freshwater
animals, research is needed to establish whether SO4

2�

transporters are present in gills or other external epithelial
membranes or in the gastrointestinal system of these animals,
and if present, to elucidate the roles of these transporters.

A statistically significant adverse effect could not be
attributed to Ca2þ in toxicological studies of daphnids and
fathead minnows [128]. The physiological literature suggests
that the Ca2þ transporters help exert a strong homeostatic effect
on dissolved Ca2þ in both the extracellular and intracellular
fluids. Although there can be significant requirements for Ca2þ,
much of this ion is stored either bound to proteins or
phospholipids within cells or as inorganic salts in the endo-
or exoskeleton as well as in gastroliths in Crustacea and
concretions in Mollusca. As a result, intracellular free Ca2þ, the
Ca species with the most potential for adverse effects, is
maintained in the 0.1mM to 1mM range.

The availability of data on freshwater ionoregulation
physiology is very uneven across the 4 taxonomic groups.
The literature on teleost fish is the most extensive, and that for
Crustacea is the second most extensive. Research on freshwater
Mollusca and particularly bivalves is relatively limited; much of
it was published before 2000, and does not include the genomic
data that have become common in the fish literature.

The group most lacking in data is the aquatic insects,
particularly the Ephemeroptera, Plecoptera, and Trichoptera,
whose assemblages are important to the bioassessment of
streams and rivers. Because aquatic insects migrated from
terrestrial to freshwater environments, an unexplored potential
exists that themechanisms of ionoregulation differ from those in
other freshwater animals that migrated from estuarine or marine
to freshwater environments. Moreover, the separate migration
of different orders of insects to freshwater suggests that there
could be alternate evolutionary solutions to the problems of
ionoregulation in freshwaters. This has been shown to be true of
gas exchange in aquatic insects [16].

As evidenced by the literature reviewed, the 2 disciplines that
meet at the nexus of freshwater ionoregulation and osmoregu-
lation are physiology and toxicology. However, the questions
usually asked by these 2 disciplines can be very different. The
toxicologists want to know how much of an ion causes adverse
effects to individuals and how that may be related to effects at
higher levels of biological organization, such as populations and
often communities. The physiologists want to know the
mechanisms that allow maintenance of internal homeostasis
for these ions, which have various functions in cells and the
blood or hemolymph, particularly when these mechanisms are
related to natural ionic gradients, such as from freshwater to
saltwater or from soft to hard water. Both toxicologists and
physiologists investigate when maintenance of internal homeo-
stasis fails, such as inmetal toxicity, where adverse effects occur
after metal ions are inadvertently transported across apical
ionocyte membranes by the ECaC or apical Naþ-channel
because the specific metal ions have a similar charge and atomic
radius to Ca2þ and Naþ, respectively. This is part of the
physiological basis of the biotic ligand model, although this
often has not been made clear in the toxicological literature.

Given the differing questions of freshwater toxicology and
physiology, there are striking differences in the model

organisms used by the 2 disciplines. Until recently, many
common techniques in physiology either measured directly or
sampled and measured ion or radioisotope concentrations in
intracellular or extracellular fluids. A microprobe, cannula, or
hypodermic needle, for example, would have been placed into
the animal without disturbing normal functions. This often
required larger, often adult species, such as rainbow trout or
crayfish. In freshwater toxicology, there has been an advantage
to using species that can be cultured in significant numbers and
used when needed at a specific life stage (i.e., larval or neonate).
As a result, daphnids and fathead minnows dominate the
freshwater toxicological literature. The increasing use of
zebrafish represents a change that is tied to the use of genomic
data. The increasing use of molecular methods is slowly altering
these size and natural history limitations on species used in
toxicological studies.

Lack of understanding of ionoregulation in aquatic insects
occurs, in part, because they do not meet the requirements for
either physiology or toxicological studies. Aquatic insects are
usually smaller than even crayfish. They also have complex life
cycles in which the adult often does not live in water and is
short-lived. Moreover, other large life stages, such as the
penultimate and final instars, only persist for a short period
and the entire life cycle is usually univoltine, although there
are species with multivoltine life cycles that may persist for a
month at warmer temperatures. Use of different model species,
such as 1 of the Ephemeroptera, Plecoptera, or Trichoptera,
may be required to close some gaps in our knowledge. A species
of parthenogenic baetid mayfly, Neocloeon triangulifer,
is currently being investigated for use in aquatic
toxicology [324,325].

Finally, freshwater toxicology can gain a better understand-
ing of the toxic mechanisms of major ions that may be elevated
by anthropogenic sources from what is known about the
physiology of ion transport. Although there is some interaction
among those ions that share transporters, such as Hþ and Naþ or
HCO3

� and Cl�, it is not the type of interaction that has been
assumed based on the example of divalent metals and hardness.
For ions that have some biochemical or physiological role in
animals, including nutrient metals, such as Cu and Zn, there are
specific transporter proteins involved in their uptake across
apical and basolateral membranes of ionocytes on the gills or
other external epithelial surfaces or in the gastrointestinal
systems of freshwater animals at normal concentrations.
However, some ions have been incompletely studied, and we
currently do not know the identity and characteristics of some of
these transporters. This is particularly true of Mg2þ and SO4

2�

but is also true of an apical Kþ transporter. There are manymore
gaps in our knowledge of freshwater invertebrates, particularly
aquatic insects. Finally, even in comparative physiological
literature reviews, comparisons across phyla and classes of
freshwater animals similar to what have been made in the
present review do not exist.

CONCLUSIONS

Where there are physiological data to compare, there are
functional similarities among ion transport processes, particu-
larly for freshwater fish, crustaceans, and molluscs. The
similarities are at least partially the result of evolutionary
conservatism in ion transporter proteins. However, there are
differences, such as the electroneutral NHE in teleost fish, the
electrogenic H2Na(Ca)E in crustaceans, and a pharmacologi-
cally different NHE in aquatic insects. Also, there is some
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evidence that the relative affinity of the ECaC for Ca2þ or the
apical Naþ-channel for Naþ differs between aquatic insects and
fish, crustaceans, or molluscs compared with themetals that also
can be transported by these channels.

Increased concentrations of ions in the water most directly
affect ionoregulation or osmoregulation and cause adverse
effects when they change osmotic or electrochemical gradients
or otherwise interact with other ions. Increased external aqueous
[Hþ] or [HCO3

�] change the electrochemical gradients
across the apical epithelial membrane whereby the movement
of these ions down their electrochemical gradient energizes
uptake of Naþ and Cl�, respectively. Inhibition of CA also
affects this concentration gradient by reducing the [Hþ] and
[HCO3

�] within the cell. Anything affecting these 2 ion
transport processes also affects the excretion of Hþ or HCO3

�

required for acid�base regulation. Along with Kþ, Naþ and Cl�

appear to be particularly important for osmoregulation, with Kþ

being important in the movement of Naþ from intracellular
to extracellular fluids and for volume regulation. A large
enough increase in the water [Naþ] and [Cl�] or [total ions] can
change the osmotic gradients maintained by freshwater animals.
An ion that is not the primary ion transported, but that can pass
through the transporter, may compete for attachment sites on the
transporter and thereby inhibit uptake of the primary ion.
This occurs in the ECaC with metals and the anion exchanger
with NO2

�. As a result, research to address the effects of
increased salinity in freshwaters associated with different
sources and compositions of ions needs to consider the
interactions among individual ions along with the effect of
total ion concentrations on the movement of water or ions across
epithelial membranes.
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Natural variation and current reference for specific

conductivity and major ions in wadeable streams

of the conterminous USA

Michael B. Griffith1,2
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Abstract: Variation in specific conductivity and major ions in streams must be understood to assess the effects

of changes in ionic strength and salinity on stream biota. I compiled data for randomly selected sites from sur-

veys conducted from 1985 to 2009 by the US Environmental Protection Agency (EPA). I followed EPA methods

to estimate reference values for specific conductivity (60 ecoregions) and each major ion (34 ecoregions) as the

25th percentile of values in 1st- to 4th-order streams in Level III ecoregions with data from ≥25 sites (85 eco-

regions). The 25th percentiles of specific conductivity were <200 μS/cm for most eastern and western montane

ecoregions, except those dominated by limestone or calcareous till. Arid western ecoregions had higher specific

conductivities. Ca2+ was generally the most abundant cation followed by Mg2+, Na+, and K+. HCO3
– was gen-

erally the most abundant anion followed by SO4
2– and Cl–. Ecoregions where SO4

2– or Cl– concentrations were

greater than HCO3
– concentration have been affected by acidic precipitation or are influenced by marine air

masses, respectively, and have very low specific conductivities. Patterns of variation appear to be associated with

3 processes controlling total and relative concentrations of major ions in freshwaters. In many ecoregions, relative

ionic concentrations reflect underlying geology, but in arid ecoregions, relative ionic concentrations show con-

centration by evaporation. Relative ionic concentrations in coastal ecoregions and those affected by acidic pre-

cipitation reflect the ionic content of precipitation. Verification of these factors awaits better quantification of the

geological and climatic characteristics of each ecoregion.

Key words: specific conductivity, calcium, magnesium, sodium, potassium, bicarbonate, sulfate, chloride,

ecoregions, geographic variation, current reference, wadeable streams

The ionic strength, salinity, or the total concentration of
ions in freshwater ecosystems, such as streams, has in-
creased in many regions of the USA because of increasing
anthropogenic sources. Anthropogenic sources include rock
salt used to melt ice and snow on roads, walks, and parking
areas (Jackson and Jobbágy 2005, Kaushal et al. 2005, Kelly
et al. 2008); weathering of concrete infrastructure associ-
ated with suburban and urban areas (Rose 2007, Wright
et al. 2011); produced water and effluents from explora-
tion and production of crude oil or natural gas (Meyer
et al. 1985, Boelter et al. 1992, Veil et al. 2004) including
coal-bed methane (Jackson and Reddy 2007, Dahm et al.
2011) and shale gas (Entrekin et al. 2011, Gregory et al.
2011); runoff and effluents from coal mining and pro-
cessing (Zielinski et al. 2001, Kennedy et al. 2003, Kimmel
and Argent 2010), particularly mountaintop mines and
valley fills (Pond et al. 2008, Griffith et al. 2012); agricul-
tural irrigation return waters (El-Ashry et al. 1985, Dun-

can et al. 2008); and effluent from wastewater treatment
plants (Andersen et al. 2004) or industrial processes (Echols
et al. 2009). In a few cases, natural sources may include
inputs of saline water from deep groundwater (i.e., upper
Rio Grande basin; Phillips et al. 2003) or saline springs (i.e.,
Delores River, tributary to the Colorado River; Blackman
et al. 1973, Chafin 2003).

The natural range and variation of these ion concentra-
tions in the absence of anthropogenic sources, particularly
in wadeable streams, must be understood before we can
fully understand the effects of these elevated ion concen-
trations on steam biota and ecosystems. Gibbs (1970) and
others have described 3 general processes, or axes, that
control the total and relative concentrations of major ions
in surface waters: 1) the evaporation–crystallization or pre-
cipitation process (i.e., increasing ratio of evaporation to
precipitation [e.g., rainfall] with differential loss [e.g., min-
eral precipitation, degassing] of ions), 2) rock dominance
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(the mineral composition of the geological strata), and
3) atmospheric precipitation dominance (the ionic con-
tent of the original precipitation) (Feth 1971, Gibbs 1971,
Stallard and Edmond 1981, 1983, 1987, Kilham 1990).
These 3 processes are not independent and interact to pro-
duce the natural levels of specific conductivity and con-
centrations of the individual ions in fresh waters. Con-
centrations of ions in precipitation are generally low and
depend on the sources of aerosols, dusts, and other ma-
terials in the atmosphere (Gorham 1958, 1961). Contact to
soils and rock increases ion concentrations as a result of
weathering unless the geology is resistant to chemical
weathering. Evaporation can concentrate these ions, but
some ions may be lost by mineral precipitation or de-
gassing.

No investigator has sought to characterize systemati-
cally the natural range and variation of ions, measured as
total dissolved solids, salinity, or specific conductivity in
surface waters of streams in different regions of the con-
terminous USA. Moreover, no investigator has examined
the relative natural concentrations of the major constitu-
ent ions in these waters, including the cations: Ca2+, Mg2+,
Na+, and K+, and the anions: HCO3

−, SO4
2−, and Cl−. Spe-

cific conductivity is a simple way to measure total ion con-
centrations in fresh waters (Pawlowicz 2008), but the
concentration of individual ions and the relative concen-
trations of constituent ions may be more important for
understanding the adverse effects of elevated ion concen-
trations on aquatic assemblages (Mount et al. 1997, Tietge
et al. 1997). The mechanisms described by Gibbs (1971)
can lead to differing relative natural concentrations of con-
stituent ions, whereas anthropogenic sources contribute
differing ion mixtures to fresh waters (Andersen et al.
2004, Jackson and Reddy 2007, Duncan et al. 2008, Kelly
et al. 2008, Echols et al. 2009, Entrekin et al. 2011, Wright
et al. 2011, Griffith et al. 2012).

Many environmental factors, such as flow, nutrients,
ion concentrations, bedded or suspended sediments, dis-
solved O2, light, and heat, are natural parts of the physico-
chemical regimes that are fundamental to aquatic eco-
systems (Petts 2000, Poole et al. 2004). Each factor has a
natural range that is characteristic of particular streams but
varies among regions because of differences in geology, cli-
mate, and other large-scale factors (Omernik 1995, Nai-
man and Anderson 1997). Estimates of reference values
provide a baseline for assessing human alteration of ion
concentrations relative to the regime to which native flora
and fauna are adapted. The fauna are likely to be sensitive
to this alteration and not to the natural conditions they
typically encounter. Fresh waters are generally hypo-
osmotic, and organisms inhabiting them are exposed to
similar osmo- and iono-regulatory challenges (Perry et al.
2003, Evans 2008). Fish, unionid mussels, crayfish, and
aquatic insects are hyperregulators that maintain greater

internal ion concentrations than are found in fresh waters
(Dietz et al. 2000, Bradley 2008, Evans 2008, Charmantier
et al. 2009). They maintain ion balance by excreting dilute
waste fluids via their renal systems, and maintain salt con-
centrations with various ion-transporting proteins in epi-
thelial membranes, such as the gills, that allow active trans-
port of ions against concentration gradients (Evans 1980,
Burton 1983, Perry et al. 2003). Increased concentrations of
different major ions may cause osmotic, ionic, or acid–base
imbalances that can eliminate sensitive species from biotic
assemblages (USEPA 2011a). Therefore, water-quality bench-
marks or criteria are derived for the altered, nonback-
ground state (USEPA 2011a), and assessment of natural
variation of environmental factors among regions and ad-
justment of benchmarks or criteria for any regional varia-
tion is appropriate (USEPA 2000, Smith et al. 2003, Paul
andMacDonald 2006).

My goal was to answer the questions: 1) How do cur-
rent reference specific conductivities and concentrations
of major ions in streams vary among Level III ecoregions
(Omernik 1987, 1995, USEPA 2011b) in the USA? 2) How
do the relative concentrations of the major cations and
anions vary among ecoregions? I hypothesized that if the
25th percentiles (used to describe reference conditions for
criteria development) for specific conductivity and con-
centrations of major ions describe current reference con-
ditions in streams within ecoregions, their patterns of vari-
ation should be consistent with the 3 processes described
by Gibbs (1970).

METHODS
I approached these questions and estimated reference

specific conductivity and concentrations of individual ions
by compiling water-chemistry data from stream surveys in
which selected sites were sampled randomly (Herlihy et al.
2000) by the EPA and cooperating agencies since 1985
(Table 1, Fig. 1). In the National Acid Precipitation Assess-
ment Program (NAPAP) surveys, streams were sampled in
selected nascent ecoregions (Omernik 1987), mostly in the
eastern USA; in the Environmental Monitoring and As-
sessment Program (EMAP) and regional EMAP surveys,
streams were sampled in selected states, ecoregions, groups
of conterminous ecoregions, or river basins in different
parts of the USA; and in the National Wadeable Streams
Assessment (NWSA) and the National Rivers and Streams
Assessment (NRSA) surveys, streams were sampled across
the USA.

With the exception of the NRSA and some later EMAP
surveys, these surveys were focused primarily on wadeable
streams, and my analysis was limited to these streams, de-
fined here as 1st- to 4th-order streams (Strahler 1957) as
identified in the National Hydrography Dataset (USEPA
2005). Most sites were only visited once, but some sites
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were revisited either within 1 y or in consecutive years to
assess between-visit variability. I used data from the 1st visit
to a site.

I used Level III ecoregions (Omernik 1987, 1995, USEPA
2011b) to classify sites into groups with similar geology and
climate, which are 2 of the mechanisms discussed by Gibbs
(1970). Level III ecoregions, as defined by Omernik (1987,
1995), are generally similar to the classic physiographic prov-
inces used by geologists to classify regions with similar geol-
ogy and geomorphology (Fenneman 1928) but also are re-
lated to variations in climate (Carr et al. 2000). I used the

hierarchical 6-digit code for the Level III ecoregions (e.g.,
08.01.03) published by Wilken et al. (2011) because this
approach enabled me to group Level III ecoregions at hier-
archical Level II. I referenced the commonly used 2-digit
codes in Table S1. I included an ecoregion in the analyses if
data were available from ≥25 sites in the ecoregion. Individ-
ual ions were not analyzed in some surveys, particularly
regional EMAP studies. Dissolved inorganic C (DIC) was
not measured in the NRSA, in which only acid-neutralizing
capacity was measured. Therefore, data for individual ions,
particularly HCO3

−, were not available for all sites. I ana-

Figure 1. Map showing the sites in each survey and within each Level III ecoregion (outlines). The symbols and their colors

differentiate the 4 different surveys: Environmental Monitoring and Assessment Program (EMAP) and regional EMAP, National Acid

Precipitation Assessment Program (NAPAP), National Rivers and Streams Assessment (NRSA), and National Wadeable Streams

Assessment (NWSA). Sufficient data indicates those ecoregions with data from ≥25 sites that were used to characterize specific

conductivity and all the ions, Conductivity indicates those ecoregions with data from ≥25 sites at least for specific conductivity and

often a subset of ions that was used to characterize those variables, and Insufficient data indicates those ecoregions with data from

<25 sites that could not be used for analysis of either specific conductivity or ions.

Table 1. Survey data sets included in this study. Years indicates the period during which the survey was conducted, and n is the

number of unique sites included in the survey. Western Environmental Monitoring and Assessment Program (EMAP) survey sites

are included in the count of sites from the National Wadeable Streams Assessment (NWSA).

Survey Years Sample frame n

National Acid Precipitation

Assessment Program (NAPAP)

1985–1986 Blue-line headwater segments or segments

between confluences on 1 : 250,000-scale

US Geological Survey topographic maps

950

EMAP and Regional EMAP 1993–2003 River Reach File Version 3 (RF3) 2382

NWSA 2000–2004 River Reach File Version 3 (RF3) Alpha 1359

National Rivers and Streams

Assessment (NRSA)

2008–2009 National Hydrography Dataset Plus 949
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lyzed data for each ion only if observations were available
from ≥25 sites in an ecoregion. I selected the minimum of
25 sites as a compromise between characterizing as many
Level III ecoregions as possible and the uncertainty of char-
acterizing an ecoregion with few sites.

The Ridge and Valley ecoregion (08.03.01) is geologi-
cally heterogeneous (Pan et al. 1996, McCormick et al.
2000, Zheng et al. 2008), so I further subdivided the eco-
region into 2 subregions—the Limestone and Shale Valleys
and the Ridges—to investigate the effect of this heteroge-
neity on specific conductivity and ion concentrations. I as-
signed level IV subdivisions of the Ridge and Valley to
these 2 subregions based on descriptions by Woods et al.
(1999, 2007).

In most of the surveys, samples were collected at base-
flow during a spring (April) to summer (September) index
period. Over the entire data set, 10, 10, 12, 22, 23, and
12% of sites were sampled during April, May, June, July,
August, and September, respectively. Fewer sites were
sampled in March (7%), October (4%), November (0.4%),
and December (<0.1%). Preliminary analyses of data from
the Central Appalachians (08.04.02) and Western Allegheny
Plateau (08.04.03) in West Virginia showed seasonal varia-
tion in specific conductivity with higher levels during the
April-to-September index period (USEPA 2011a). There-
fore, sampling captured these higher levels of specific con-
ductivity and individual ions.

Measured water-chemistry variables included specific
conductivity (μS/cm) and the individual concentrations
(μeq/L) of 4 major cations (Ca2+, Mg2+, Na+, and K+) and
3 major anions (HCO3

−, SO4
2−, and Cl−). Collection and

chemical analysis of water samples in these studies fol-
lowed EPA procedural and quality-control protocols (Drousé
et al. 1986, USEPA 1987, Lazorchak et al. 1998, USEPA
2004a, b, c, 2009a, b, 2010). Water samples generally were
collected at midchannel at the lowermost transect of the
sampling reach, placed in 4-L cubitainers, and stored on ice
for transport to the laboratory. Water samples for analysis
of pH and DIC were collected without contact with the at-
mosphere in 60-mL syringes with Luer-Lok® valves to min-
imize CO2 exchange. The water samples for ions were
filtered, and samples for cations were acidified with nitric
acid (H2NO3) until analysis. The water samples for pH and
DICwere not filtered. In the laboratory, Cl− and SO4

2−were
analyzed with ion chromatography, and the cations were
analyzed with atomic absorption spectroscopy. pH was mea-
sured with a calibrated pHmeter with a glass electrode, and
DIC was measured with a C analyzer equipped with a high
sensitivity loop. Specific conductivity was measured with a
calibrated conductivity meter, which standardized the mea-
surement to 25°C or, in the case of 1 regional EMAP study
of the Southern Rockies ecoregion (06.02.14), was calcu-
lated from the measurements of ion concentrations (USEPA
1987). HCO3

− was calculated from the measurements of
pH and DIC. In most studies, specific conductivity also
was calculated from measurements of ion concentrations

and compared to the meter specific conductivity measure-
ments as part of quality assurance (USEPA 1987). No data
presented an analytical problem that could not be cor-
rected.

EPA (USEPA 2000) guidance has suggested 2 ap-
proaches to estimating reference concentrations from sur-
vey data. These studies produced probability-based data sets
but reference sites frequently were not identified. There-
fore, I estimated the upper limit of current reference-site
specific conductivity and the concentrations of individual
ions as the 25th percentile following EPA (USEPA 2000)
guidance. However, I also plotted the maximum, 75th per-
centile, median, and minimum values for specific conduc-
tivity and have presented these data and the mean for spe-
cific conductivity, pH, and the individual ions in Table S1.

I calculated Pearson correlations between the 25th per-
centiles for specific conductivity and the individual ions for
each ecoregion with sufficient data to assess the relation-
ships among the different ions. I also plotted the 25th per-
centile for specific conductivity against the percentile
ratio of Na+ to (Na+ + Ca2+) for each ecoregion with
sufficient data to compare them to the original model by
Gibbs (1970). This model describes variation in total dis-
solved ions and dominance by Ca2+ and HCO3

− vs Na+

and Cl− in relation to 3 processes affecting the ionic com-
position of fresh waters: evaporation–crystallization, rock
composition, and atmospheric precipitation composition. I
used principal components analysis (PCA) of the log10(x)-
transformed 25th-percentile concentrations of the indi-
vidual ions for each ecoregion followed by cluster analysis
of the ecoregion scores on the first 3 principal compo-
nent axes to assess the similarities among sites. I used
SAS® (SAS Institute, Cary, North Carolina) to manage
the data and the UNIVARIATE, CORR, PRINCOMP, and
FASTCLUS procedures for the analyses. The figures were
made following the linked micromaps concept of Carr
et al. (2000) in which geographically referenced data are
presented by combining graphs that display measures of
variation with maps (Symanzik and Carr 2008, Carr and
Pickle 2010).

RESULTS

Specific conductivity
Specific conductivities ranged from 1.6 to 12,290 μS/cm

(median = 132.7 μS/cm, mean = 312.4 μS/cm). Specific-
conductivity data were available from ≥25 sites in 60 of
85 Level III ecoregions (Fig. 1). Sufficient data were lack-
ing for all of the warm desert ecoregions in the south-
western USA (Omernik 1995). Among those ecoregions,
the 25th percentile for specific conductivity ranged from
16.2 to 563 μS/cm.

For most ecoregions in the eastern USA, the 25th per-
centiles of specific conductivity were <200 μS/cm, and of-
ten the median and 75th percentiles were less than this level
(Fig. 2). This level was used by the EPA to characterize
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ecoregions with low specific conductivity and its constit-
uent ions (USEPA 2011a). Ecoregions where the 25th per-
centile was >200 μS/cm included the Interior Plateau
(08.03.03), Interior River Valleys and Hills (08.03.02), Ozark
Highlands (08.04.05), Erie Drift Plain (08.01.10), Southern

Michigan/Northern Indiana Drift Plains (08.01.06), and
Driftless Area (08.01.05).

In the western USA, 25th percentiles of specific con-
ductivity were <200 μS/cm for most montane ecoregions,
such as those in the Rockies, the Pacific Northwest, and

Figure 2. Box-and-whisker plots showing the 90th, 75th, 50th, 25th, and 10th percentiles of specific conductivity (μS/cm) for Level III

ecoregions in the eastern conterminous USA and the Western Corn Belt Plains (09.02.03) with sufficient data. Dots represent sites

with specific conductivity values >90th percentile or <10th percentile. The vertical dashed line on the graph represents 200 μS/cm.

The maps show each plotted ecoregion. The color of the box in the graph (right) matches the color of the ecoregion in the map (left).

The abbreviations of the ecoregions include the direction (C = Central, M = Middle, N = Northern, NC = North Central, NE =

Northeastern, S = Southern, SC = South Central, SE = Southeastern, SW = Southwestern, W = Western), geographic name

(Highlds = Highlands, Int = Interior, Mts = Mountains, Pln/Plns = Plain/Plains), and state or province (IN = Indiana, ME = Maine,

MI = Michigan, NB = New Brunswick).
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the Upper Gila Mountains (i.e., Arizona/New Mexico
Mountains [13.01.01]; Fig. 3). However, for most of the
prairie ecoregions and some of the Great Basin or Cold
Desert (10.01) ecoregions, the 25th percentiles of specific
conductivity were >200 μS/cm. For the ecoregions com-
posing the more eastern Temperate Prairies (09.02, n = 3),
the 25th percentiles ranged from 309 to 563 μS/cm, whereas
those for the ecoregions composing theWest-Central Semi-

arid Prairies (09.03, n = 3) ranged from 160 to 490 μS/cm,
and the South-Central Semiarid Prairies (09.04, n = 4)
ranged from 291 to 594 μS/cm. The 25th percentiles in the
Cold Desert (10.01, n = 5) ecoregions ranged from 98.4 to
405 μS/cm. The Mediterranean California (11.01, n = 3)
ecoregions also had 25th percentiles that ranged from
90.3 to 249 μS/cm. I lacked sufficient data to characterize
the 25th percentiles of conductivities and ion concentra-

Figure 3. Box-and-whisker plots showing the 90th, 75th, 50th, 25th, and 10th percentiles of specific conductivity (μS/cm) for

Level III ecoregions in the western conterminous USA with sufficient data. Figure symbols and abbreviations are as in Fig. 2 except

for geographic names (Cstl = Coastal, Fthls = Foothills, Mts = Mountains, Plns = Plains), and states (AZ = Arizona, CA = California,

CO = Colorado, NE = Nebraska, NM = New Mexico, ID = Idaho).
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tions in streams in the Warm Desert (10.02) ecoregions,
but the 8 observations in the data set from these 3 eco-
regions ranged from 279 to 12,290 (median = 2622) μS/cm.
Within the Ridge and Valley (08.04.01) ecoregion, the
25th percentile for specific conductivity at sites in the Lime-
stone and Shale Valleys was generally greater than that in
the Ridges (Fig. 4A).

Concentrations of individual ions
Concentrations of individual cations ranged from 1.9

to 25,694 μeq/L for Ca2+, 2.6 to 44,444 μeq/L for Mg2+,
3.7 to 108,851 μeq/L for Na+, and 0 to 3406 μeq/L for K+.
Concentrations of individual anions ranged from 0.01 to
16,654 μeq/L for HCO3

−, 0 to 75,568 μeq/L for SO4
2−,

and 0 to 74,750 μeq/L for Cl−. I had sufficient data for all
ions from 34 of 85 ecoregions, and sufficient data for a
subset of ions from 24 more ecoregions (Fig. 1).

Among the cations, the 25th percentile concentration
of Ca2+ either alone or in combination with Mg2+ gener-
ally exceeded the concentration of Na+ (Figs 5B, S1–S4),
whereas in a few cases, the 25th percentile of Mg2+ ex-
ceeded that of Ca2+. Exceptions to this pattern included
several Eastern Coastal Plain ecoregions: Northeastern
Coastal Zone (08.01.07), Atlantic Coastal Pine Barrens
(08.05.04), and Southeastern Plains (08.03.05) (Figs 5B, S1,
Table S2). The 25th percentiles of Ca2+ and Na+ were simi-
lar in several other ecoregions, such as the Middle Atlan-
tic Coastal Plain (08.05.01; Fig. S1), Blue Ridge (08.04.04;
Fig. S2), and Coast Range (07.01.08; Fig. S4). In the Arkan-
sas Valley (08.04.07) and Ouachita Mountains (08.04.08)
(Figs 5B, S2), the 25th percentiles of Na+ were greater
than those of Ca2+ but were less than those of Mg2+. The
25th percentile concentration of K+ was generally much
less than each of the other 3 cations. The 25th percentile

concentration of Mg2+ relative to that of Na+ was more
variable. Within the Ridge and Valley (08.04.01) ecore-
gion, the 25th percentile for concentrations of both ca-
tions and anions at sites in the Limestone and Shale Val-
leys were generally greater than those in the Ridges (Fig. 4B).

The 25th percentiles of the concentrations for the
cations Ca2+, Mg2+, Na+, and K+ ranged from 37.8 to
3089 μeq/L, 29.8 to 1974 μeq/L, 28.3 to 1316 μeq/L, and
0.0 to 195 μeq/L, respectively. The correlations among
these cation concentrations were moderate (Table 2), and
r ranged from 0.67 to 0.87. The correlations of the 25th per-
centiles for each cation and specific conductivity were
moderate to strong (Table 2), and r ranged from 0.78 to
0.96.

Among the anions, the 25th percentile concentration
of HCO3

− exceeded the concentrations of either SO4
2− or

Cl−, often by at least an order of magnitude (Figs 5C, S1–
S4). Exceptions to this pattern occurred in the Southeast-
ern Plains (08.03.05), Southern Coastal Plain (08.05.03),
and Middle Atlantic Coastal Plain (08.05.01) (Fig. 5C,
Table S2), where Cl− concentration exceeded HCO3

− con-
centration; the Central Appalachians (08.04.02, Fig. 5C),
the ridges of the Ridge and Valley (08.04.01, Fig. 4), and
North Central Appalachians (05.03.03, Fig. 5C) where SO4

2−

concentration exceeded HCO3
− concentration; and Atlan-

tic Coastal Pine Barrens (08.05.04, Figs 5C, S1), where both
SO4

2− and Cl− concentrations exceeded HCO3
− concentra-

tion. These ecoregions had low conductivities (25th per-
centile = 25.0–103 μS/cm; Fig. 5A) and the lowest 25th per-
centiles for pH (3.96–6.57; Table S1). For many of these
ecoregions, the 25th percentile concentrations of Na+ and
Cl− were similar. Usually, the 25th percentile concentration
of SO4

− exceeded that of Cl−. However, the reverse oc-
curred in the Marine West Coast Forest (07.01, Fig. S4),
Southeastern USA Plains (08.03, Fig. S1), and Mississippi
Alluvial and Southeastern USACoastal Plains (08.05, Fig. S1)
ecoregions.

The 25th percentiles of the concentrations for HCO3
−,

SO4
2−, and Cl− ranged from 0.9 to 4010 μeq/L, 4.1 to

1487 μeq/L, and 5.1 to 441 μeq/L, respectively. The
correlation between HCO3

− and SO4
2− was moderate

(Table 2), whereas the correlations between these 2 an-
ions and Cl− were weaker (Table 2). The correlations of
the 25th percentiles for SO4

2− and HCO3
− with specific

conductivity were relatively strong, but the correlation be-
tween Cl− and specific conductivity was weaker (Table 2).
The correlations between HCO3− or SO4

2− and the 4 cat-
ions were moderate to strong, whereas the correlations
between Cl− and the 4 cations were weaker (Table 2).

When I plotted the ratio of the 25th percentile Na+

concentration to the summed 25th percentile concentra-
tions of Na+ and Ca2+ (i.e., Na+ : [Na+ + Ca2+]) against
the 25th percentile of specific conductivity for each eco-
region (similar to the method used by Gibbs 1970), sev-
eral ecoregions with high specific conductivities plotted
on the upper part of the graph (Fig. 6), and some ecore-

Figure 4. Box-and-whisker plots showing the 90th, 75th, 50th,

25th, and 10th percentiles of specific conductivity (A) and cation

and anion concentrations (B). Dots indicate sites that exceeded

the 90th and 10th percentiles in the Ridge (n = 222–225 de-

pending on variable) and the Limestone and Shale Valleys (n =

286–295 depending on variable) subregions of the Ridge and

Valley (08.04.01) ecoregion. The horizontal dashed line in panel

A represents 200 μS/cm.
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gions where Cl− was greater than HCO3
− plotted on the

lower right part of the graph. However, most sites plot-
ted toward the left center of the graph.

I did not include HCO3
− in the PCA because the 25th per-

centiles for HCO3
− were strongly correlated with those of

Ca2+ and Mg2+ (Table 2). This decision allowed me to in-

clude more ecoregions in the analysis. Axes 1, 2, and 3 ex-
plained 75, 10, and 7% of the variance in the ionic concen-
trations, respectively (Table 3). All 6 ions were positively
correlated with Axis 1 (Table 3, Fig. 7), whereas Cl− was
positively and Ca2+ and Mg2+ were inversely correlated with
Axis 2.

Figure 5. Maps showing the quartiles of the specific conductivity (Cond.) (A) reference values, cations with the greatest reference

values (B), and anions with the greatest reference values (C) for each Level III ecoregion. Ecoregions shown in color have data from

≥25 sites for specific conductivity in panel A, all major cations (Ca2+, Mg2+, Na+, K+) in panel B, or all major anions (HCO3
−, SO4

2−,

Cl−) in panel C. Ecoregions shown in gray lack sufficient data. The quartile range for each variable is the quartile of the range of all

reference values for that variable for ecoregions with sufficient data. See Table S2 for the Level III ecoregions in each group.
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I identified 7 groups of ecoregions in the cluster anal-
ysis (Fig. 7, Table S3). Cluster A included many of the
eastern montane ecoregions, including the Appalachians
and the Ozark–Ouachita Highlands, whereas cluster D,
which overlapped cluster A along the first 2 axes, included
several southeastern lowland ecoregions. Cluster B included
a number of Great Plains ecoregions and some more east-
ern ecoregions influenced by either calcareous bedrock
or tills. Cluster G included 7 western montane ecoregions,
whereas cluster E included some western montane and Great
Basin ecoregions, along with the Willamette (07.01.09) and
Central California (11.01.02) valleys and the more eastern
Northern Lakes and Forests (05.02.01). Cluster C included
3 eastern coastal or alluvial plain ecoregions, the adjacent
Northern Piedmont (08.03.01) and South Central Plains
(08.03.07) and the Northern Appalachian Plateau (08.01.03)
and North Central Hardwood Forests (08.01.03). Cluster F
included a mixture of ecoregions, including 3 eastern eco-
regions influenced by calcareous bedrock or tills, 2 Great
Plains ecoregions, and 2 basin and range ecoregions along
with theWestern Allegheny Plateau (08.04.03) and Central
California Foothills and Coastal Mountains (11.01.01).

DISCUSSION
Specific conductivity and the concentrations of major

ions characteristic of the natural factors originally de-
scribed by Gibbs (1970) varied in wadeable streams among
ecoregions. Such variation must be considered when set-
ting water-quality expectations during stream assessments
or when considering management options. Estimates of cur-
rent reference conditions also are a baseline for future as-
sessment of stream impairments associated with salinity

from anthropogenic sources. The observations by Gibbs
(1970) were made in larger rivers. However, within the more-
limited range of conditions in wadeable streams and ecore-
gions sampled during the surveys, I also observed examples
that exhibited ionic concentrations and compositions char-
acteristic of rock dominance, evaporation–crystallization,
and atmospheric precipitation dominance.

Most ecoregions (75%) appeared to be primarily rock
dominant, and the ion signature of the streams was domi-
nated by Ca2+, Mg2+, and HCO3

− (Gibbs 1970, Stallard
and Edmond 1987). In the eastern USA, specific conduc-
tivity is generally <200 μS/cm because precipitation is
moderate (average annual precipitation = 100–250 cm),
but some ecoregions with greater conductivities are gen-
erally characterized either by limestone karst (e.g., Interior
Plateau [08.03.03], Ozark Highlands [08.04.05], Driftless
Area [08.01.05]; Veni et al. 2001), or by calcareous tills
(e.g., Southern Michigan/Northern Indiana Drift Plains
[08.01.06], Erie Drift Plain [08.01.10]; Smeck and Wilding
1980, Szabo 2006).

The greater conductivities in ecoregions characterized
by limestone karst prompted me to investigate whether
specific conductivities in streams in the valleys of the Ridge
and Valley (08.04.01) ecoregion, which are also character-
ized by areas of limestone karst, were greater than those of
streams on the ridges. They were (Fig. 4), but the 25th per-
centile of specific conductivity for the limestone and shale
valleys was not >200 μS/cm. Moreover, the greater conduc-
tivities were associated with greater concentrations of Ca2+,
Mg2+, Cl−, and HCO3

−. Other investigators have recog-
nized the effects of this heterogeneity in geology (Pan et al.
1996, McCormick et al. 2000, Zheng et al. 2008), and these
differences are clearly related to the differences in the li-

Table 2. Pearson correlation (r and associated p-values) matrix of 25th-percentile concentrations of ions (μeq/L) and the 25th percen-

tiles for specific conductivity (μS/cm). n = 55 to 57, except for HCO3
−, where n = 34.

Ions Specific conductivity (μS/cm)

Ions

Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2−

Ca2+ 0.96

(p<0.001)

Mg2+ 0.90 0.86

(p<0.001) (p<0.001)

Na+ 0.81 0.67 0.67

(p<0.001) (p<0.001) (p<0.001)

K+ 0.78 0.68 0.71 0.87

(p<0.001) (p<0.001) (p<0.001) (p<0.001)

HCO3
− 0.97 0.96 0.93 0.80 0.69

(p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)

SO4
2− 0.86 0.76 0.80 0.83 0.87 0.75

(p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001) (p<0.001)

Cl− 0.59 0.59 0.49 0.46 0.43 0.23 0.43

(p<0.001) (p<0.001) (p<0.001) (p<0.001) (p=0.001) (p=0.18) (p<0.001)
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thology. Therefore, geological heterogeneity within other
ecoregions may affect variation of ambient specific conduc-
tivity and concentrations of individual ions. However, the
small size and geomorphologic relationship between these
Level IV ecoregions are such that many stream sites in the
valleys have their headwaters on the ridges, and this rela-
tionship may limit variation in specific conductivity and
ion concentrations. Level III ecoregions are generally much
larger than level IV ecoregions, and I limited the analyses
to wadeable streams (1st- to 4th-order). Thus, effects associ-
ated with stream sites with at least part of their headwaters
in a different ecoregion appear to be uncommon.

In the western USA, particularly outside the montane
ecoregions of the Rockies and the Pacific Northwest,
where the climate is semiarid, the 25th percentiles of spe-

cific conductivity were often >200 μS/cm and ranged up to
563 μS/cm. Yet, the anions were still dominated by HCO3

−,
and Ca2+ was the most abundant cation. Some of these
same ecoregions (Western Corn Belt Plains [09.02.03],
Northern Glaciated Plains [09.02.01], Central Great Plains
[09.04.02], Northwestern Great Plains [09.03.03], and
Northwestern Glaciated Plains [09.03.01]) occur in the up-
per part of the graph of specific conductivity vs the Na+ ∶

(Na+ + Ca2+) ratio (Fig. 6), results suggesting that these
increased ion concentrations reflected concentration of
the ions by the evaporation–crystallization process (Gibbs
1970).

The eastern ecoregions, where specific conductivities
were very low and either SO4

2− or Cl− were greater than
HCO3

−, are characteristic of dominance by atmospheric
precipitation. The North Central Appalachians (05.03.03)
and Central Appalachians (08.04.02) both have been af-
fected by acidic precipitation (Herlihy et al. 1991, Kauf-
mann et al. 1991), which is a source of SO4

2−. However,
both ecoregions also have histories of coal mining (Herlihy
et al. 1990), and coal-mine drainage is a source of SO4

2−.
The Atlantic Coastal Pine Barrens (08.05.04) receives pre-
cipitation both from continental air masses, which are a
source of SO4

2− as in the 2 Appalachian ecoregions, and
marine air masses, which are the source of Na+ and Cl−

(Raynor and Hayes 1982, Morgan and Good 1988). How-
ever, regulation of emissions from coal-fired power plants,
the ultimate source of the SO4

2−, has decreased atmo-
spheric deposition of SO4

2− in the northeastern USA (Stod-
dard et al. 2003).

Similar to the Atlantic Coastal Pine Barrens (08.05.04),
the Southern Coastal Plain (08.05.03), Southeastern Plains
(08.05.03), and Northeastern Coastal Zone (08.01.07) are
influenced by marine air masses (Beck et al. 1974, Richter
et al. 1983, Mattson et al. 1992), as is the Coast Range
(07.01.08) in the Pacific Northwest (Wigington et al. 1998).
Moreover, many of these marine-influenced ecoregions
plot in the lower right part of the graph of specific conduc-

Figure 6. Plot of specific conductivity vs the ratio of Na+ ∶ (Na+ +

Ca2+) (25th percentiles) for each Level III ecoregion with sufficient

data. Ecoregions that plot to the upper right (sites with

characteristics of the evaporation–crystallization process)

or lower right (sites with characteristics of atmospheric precip-

itation dominance) of the plot are labeled. The dashed lines

approximate the outline surrounding the plotted surface waters

in fig. 1 by Gibbs (1970). See Figs 2, 3 for abbreviations.

Table 3. Eigenvectors, eigenvalues, and cumulative proportion of

variance for the first 3 axes of the principal components analysis

for the 25th percentiles of Ca2+, Mg2+, Na+, K+, SO4
2−, and Cl−

concentrations for ecoregions with sufficient data (n = 55).

Ion Axis1 Axis2 Axis3

Ca2+ 0.477 −0.523 0.163

Mg2+ 0.445 −0.321 0.155

Na+ 0.334 0.032 0.408

K+ 0.308 0.059 −0.053

SO4
2− 0.487 0.179 −0.809

Cl− 0.361 0.766 0.353

Eigenvalue 1.137 0.157 0.108

Cumulative proportion of variance 0.75 0.85 0.92
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tivity vs the Na+ : (Na+ + Ca2+) ratio (Fig. 6), supporting the
model by Gibbs (1970) because specific conductivities are
low, whereas relative concentrations of Na+ are greater.

Over all the ecoregions, the 25th percentiles for specific
conductivity were most strongly correlated with those of
HCO3

− and Ca2+, which were generally the most common
anion and cation, respectively. The correlations of 25th per-
centiles of the other ions with that of specific conductivity
decreased in relation to their general abundance (Table 2).
All of these ions contribute to specific conductivity (Pawl-
owicz 2008), so this decrease is not necessarily surprising.
The 25th percentiles of the Ca2+ and Mg2+ were more
closely correlated with each other as were those of Na+

and K+, but the correlations between these 2 pairs of cat-
ions were less strong. Similarly, the correlation between
HCO3

− and SO4
2− was greater than the correlation of ei-

ther anion with Cl−. This result suggests the 3 processes
differ in their importance for control of different ion con-
centrations because Ca2+, Mg2+, and HCO3

− are associated
with rock dominance, whereas Na+, K+, and Cl− are associ-
ated with atmospheric precipitation (Gibbs 1970).

The PCA, followed by cluster analysis, identified many
of these patterns. The ions were all positively correlated
with the PCA axis 1, whereas the additional axes sepa-
rated differences among the ions. Ecoregions that are of-

ten grouped together in higher-level classifications, such
as those in the Appalachian and Ozark/Ouachita Moun-
tains, the Rocky Mountains, the Great Plains, and Great
Basin, were generally grouped by the cluster analysis, but
differences exist that are not necessarily explained by ge-
ography.

Tests of hypotheses about the variation in specific con-
ductivity and ions among ecoregions require further quan-
tification of climate, geology, and precipitation chemistry
for each ecoregion. Such data are not currently available for
the entire conterminous USA, but geographic information
system (GIS) modeling approaches do exist that could be
used to estimate the ratio of evaporation to precipitation at
the ecoregion scale (Vörösmarty et al. 1989) and variation
in rock chemical and physical properties across map units
(Smart et al. 2001). Olson and Hawkins (2012) used GIS
modeling of rock chemical and physical properties to pre-
dict natural baseflow stream water chemistry in the west-
ern USA. This pathway warrants further investigation.

The EPA (USEPA 2000) suggested using either the
25th percentile of randomly selected samples or the 75th per-
centile of identified reference sites as an estimate of refer-
ence values. I chose the 1st approach to make maximum
use of the data compiled from the various EPA surveys,
which in some cases, did not identify reference sites. Much

Figure 7. Biplot of principal components analysis (PCA) axes 1 and 2 for the ecoregions of the conterminous USA with data from

≥25 sites for the 25th percentiles of Ca2+, Mg2+, Na+, K+, SO4
2−, and Cl−. The scale in standard deviation units is −2 to 2 for the

ecoregion scores and −0.8 to 0.8 for the ion eigenvectors. The clusters, A–G, are the groups of ecoregions identified by cluster

analysis. The triangles are used to differentiate the ecoregions in cluster D where it overlaps with cluster A. The map shows the

ecoregions in each cluster. The colors on the map match the colored dot behind each cluster letter. See Table S3 for lists of

ecoregions in each cluster.
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discussion exists in the literature as to whether estimates
like mine are true estimates of background or at least cur-
rent reference conditions (Stoddard et al. 2006, Hawkins
et al. 2010), but much of this discussion has focused on
setting expectations for assessments when biotic assem-
blages are used to assess biotic integrity. Reference sites
should “be stream sites at which biota are exposed to the
lowest level of anthropogenic stressors” (Whittier et al.
2007, p. 370). However, professional judgment or the use
of objective criteria can be biased. In an analysis of a sur-
vey data set from the Western EMAP pilot study, Whittier
et al. (2007) found that ∼35% of their handpicked refer-
ence sites, selected using primarily GIS and other mapped
data, could be classified as in least-disturbed condition
(75% of reference sites are generally expected to be repre-
sentative of least-disturbed conditions) compared with
20% for their probability sites (25% of probability sites are
generally expected to be in least-disturbed condition). In
an analysis of the WSA data, Paulsen et al. (2008) estab-
lished a condition class as being good based on the 25th per-
centile of the reference-site distribution of a Multimetric
Index of Macroinvertebrate Integrity. This criterion means
that 75% of the reference sites were assumed to be repre-
sentative of least-disturbed conditions. When this thresh-
old was applied to all randomly selected sites sampled na-
tionally, 28% of the stream kilometers were classified as
being in good condition, and 18 to 45% of the stream
kilometers were classified as being in good condition in
the 3 subregions used in their assessment. In many re-
gions, minimally disturbed sites may not exist because of
extensive anthropogenic disturbances (Whittier et al. 2007),
and the 25th percentile would overestimate undisturbed
conditions.

Several investigators have used national survey data
for nutrients to compare these approaches (Herlihy and
Sifneos 2008, Dodds et al. 2009). In an analysis of WSA
data (Herlihy and Sifneos 2008), the 25th percentile of
population data was lower for both total P (TP) and total
N (TN) than the 75th percentile of reference sites for all
national nutrient ecoregions with sufficient probability
and reference sites for analysis. In an analysis of national
nutrient ecoregions, Dodds et al. (2009) found that 53 to
96% of a probability sample of rivers had higher TP and
69 to 100% had higher TN than the median ecoregion-
specific nutrient reference values. However, it seems un-
likely that elemental cycles of the major ions have been
altered to the extent to which P and N cycles have been
altered. Identifying sites that truly represent natural back-
ground conditions is prohibitively difficult, so the 25th per-
centile probably does provide a reasonable estimate of cur-
rent reference conditions.

The eastern ecoregions that have low specific conduc-
tivity, low total ion concentrations, and dominance by
SO4

2− have been affected by acidic deposition (Kaufmann
et al. 1991, Herlihy et al. 1991). Since 1995, amendments

to the Clean Air Act have reduced atmospheric deposi-
tion of acidity and SO4

2–, with resultant increases in stream
pH and decreases in SO4

2– in most of these ecoregions,
except the Blue Ridge (08.04.04), where accumulated SO4

2–

appears to be leaching more slowly from soils (Skjelkvåle
et al. 2005, Chen and Lin 2009). In these same ecoregions,
longer-term effects of acidic deposition may include de-
creased stream concentrations of some ions, like Ca2+, be-
cause of depletion of exchangeable ions in soils (Jeziorski
et al. 2008). Moreover, Likens et al. (1970) and others have
shown that land disturbances, such as forest cutting, agri-
culture, and urbanization, may increase mineralization and
export of many ions from catchments (Smart et al. 1985,
Morgan and Good 1988, Webster et al. 1992, Zampella
1994, Johnson et al. 1997, Herlihy et al. 1998), and Car-
penter et al. (2011) describe such landuse change as a per-
vasive driver of ongoing ecosystem change. Increases in
evapotranspiration rates, one of the factors described by
Gibbs (1970) that can increase ion concentrations, are
occurring as part of climate change (Carpenter et al. 2011).
All of these changes have occurred during the 25-y period
during which these surveys were conducted (i.e., 1985–
2009) and beyond (Drummond and Loveland 2010, Sleeter
et al. 2012). However, many ecoregions were not sampled
in all surveys, particularly in the earliest survey, NAPAP, in
1985–1986 (Fig. 1).

Based on the definitions proposed by Stoddard et al.
(2006), my estimates should be described as “best attain-
able.” They provide a reasonable estimate of current ref-
erence levels in these ecoregions in light of increasing
anthropogenic sources of salinity to streams and other
freshwater ecosystems. However, these estimates are not
benchmarks or criteria, which are generally based on ad-
verse effects to biota and would be greater than my es-
timates of best attainable conditions (USEPA 2011a).

Conclusions
The 25th percentiles of specific conductivity were

<200 μS/cm for most ecoregions in the eastern USA and
in montane ecoregions in the western USA. Exceptions
were some ecoregions dominated by limestone karst or
calcareous till. Greater 25th percentiles of conductivity
(e.g., 98.4–563 μS/cm) were observed in arid ecoregions
of the Great Plains, Great Basins and Ranges, and Medi-
terranean California. For most ecoregions, Ca2+ > Mg2+ >
Na+, and HCO3

− > SO4
2− > Cl−. Ecoregions with greater

SO4
2− are affected by acidic precipitation and coal mining,

whereas those with greater Cl− are influenced by marine
air masses, and streams in these ecoregions have very low
specific conductivities.

The patterns of variation appear to be associated with
the 3 general processes controlling total and relative con-
centrations of major ions in freshwaters described by
Gibbs (1970). However, better quantification of these re-

12 | Specific conductivity/ions in streams M. B. Griffith



lationships will require better quantification of the char-
acteristics of ecoregions relative to these processes. For
the 60 Level III ecoregions with sufficient data, the sup-
plementary material (Table S1) provides current refer-
ence levels for specific conductivity, and for many of
these ecoregions, current reference levels for individual
ions. Moreover, I continue to seek additional data from
randomly selected sites to characterize the ecoregions for
which insufficient data currently exist. In a monitoring
and assessment context, the levels are valuable because
they estimate the baseline conditions in streams to which
the native flora and fauna are adapted. These levels are
generally lower than benchmarks or criteria, which are
based on adverse effects to biota.
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Justifications:

Justification 1:

These two manuscripts advance greatly the Agency’s ability to: (1) understand the
size and distribution of the burden to health of wildland fires in the U.S.; (2)
describe the economic value of this burden; and (3) identify communities in the
U.S. who are most vulnerable to wildland fire smoke. Taken together, this research
provides further evidence that wildland fires represent a substantial burden to the
U.S. population—in terms both of the number and dollar value of adverse health
effects—and gives the EPA, state and local air agencies insight to who specifically
is at greatest risk and where these individuals live.

The first manuscript, published in Environmental Science and Technology (Rappold
et al. 2017) and authored by a multi-disciplinary team of biostatisticians, clinicians
and air quality modelers, developed a new Community Health-Vulnerability Index;
this identified the attributes and location of population subgroups at greatest risk of
fine particles (particulate matter sized 2.5 microns and smaller, or PM2.5)

originating from wildfire events. Performing a principle components analysis, the
team identified five population attributes that were the best predictors of
vulnerability, including economic depravation, age of population, chronic
pre-existing respiratory conditions, hypertension and pediatric asthma. The team
next simulated daily wildland fire-attributable PM2.5 concentrations for 2008 to

2012.

Synthesizing these data, the team identified approximately 10% of the U.S.
population was both highly exposed to wildland fire PM2.5 and also at greatest

baseline risk to PM2.5-related health impacts. Counties identified as most vulnerable

tended to be located in southeastern states including South Carolina, Georgia,
Alabama, Mississippi, Kentucky and Missouri. Such information may be used by
federal, state and local agencies when developing air quality management plans and
determining how best to manage prescribed burns as a forest management practice.
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In the second manuscript, published in Science of the Total Environment (Fann et al.
2018), a U.S.-Australian research team comprised of biostatisticians, clinicians,
public health officials, risk assessors and epidemiologists described the number and
economic value of wildland fire episodes in the Continental U.S. Using the same
time series of wildland fire-attributable PM2.5 concentrations modeled for the

period from 2008 to 2012, the team quantified the number and economic value of
PM2.5-attributable premature deaths and illnesses over this 5-year period.

This manuscript is unique for having both quantified the national burden of
wildland fires and the number and economic value of these impacts, finding that
tens of thousands of wildland PM2.5-related respiratory hospital admissions and

premature deaths occurred over this period, carrying an economic value of between
$76 and $120B (2010$). The team found that the greatest impacts occurred in the
northwestern and southeastern portions of the U.S. and that black populations
received relatively greater exposure than populations of other races. Finally, the
team reported the greatest estimated burden from wildland fires occuring in 2008.

Each of the manuscripts above directly support the Agency’s Strategic Plan. In
particular, by detailing the air quality and health impacts posed by wildland fire PM

2.5, these papers support Goal 1.1 (Improve Air Quality). The manuscripts also

support Goal 3.3 (Prioritize Robust Science) by informing policy decisions with
more detailed information regarding the scope and magnitude of the wildland fire
problem in the U.S.

Justification 2A:

These manuscripts use a common set of model parameters and demographic data to
address two dimensions of a critical science-policy question—namely, who is most
vulnerable to PM2.5 originating from wildland fires and what is the overall burden?

Rappold and co-authors applied CMAQ photochemical modeled concentrations
jointly with health and socioeconomic data to characterize population vulnerability.
Fann and co-authors employed these same CMAQ model predictions and many of
the same demographic data to describe the burden to health of wildfire episodes.
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Justification 2B:

George Pouliot

2017, EPA STAA award Honorable Mention, co-author of “Historical gaseous and
primary aerosol emissions in the United States from 1990 to 2010” Xing, J., J.
Pleim, R. Mathur, G. Pouliot, C. Hogrefe, C.-M. Gan, and C. Wei (2013), Historical
gaseous and primary aerosol emissions in the United States from 1990 to 2010, 

, (15), 7531-7549. 2016, EPA STAA awardAtmospheric Chemistry and Physics 13

Level 3, co-author of “WRF-CMAQ two-way coupled system with aerosol
feedback: software development and preliminary results” Wong, D., J. Pleim, R.

Mathur, F. Binkowski, T. Otte, R. Gilliam G. Pouliot, A. Xiu, J. Young, and D., 
Kang (2012), WRF-CMAQ two-way coupled system with aerosol feedback:
software development and preliminary results, , Geoscientific Model Development 5

(2), 299-312.

2016, EPA STAA award Level 3, co-author of “Predicting the effects of nano-scale
cerium additives in diesel fuel on regional-scale air quality” Erdakos, G. B., P. V.
Bhave, G. Pouliot, H. Simon, and R. Mathur (2014), Predicting the effects of
nanoscale cerium additives in diesel fuel on regional-scale air quality, 

, (21), 12775-12782.Environmental Science & Technology 48

Justification 2C:

This nomination is distinct from those proposed by Pouliot in 2016 and 2017.
Where those proposals demonstrated improved techniques for modeling air quality
concentrations, this nomination is focused instead on the air quality and health
impacts attributable to wildland fire smoke. 

Justification 2D:

N/A

Justification 2E:

Fann is included as a co-author on an STAA nomination for a 2015 paper
characterizing climate-related changes in ozone concentrations and subsequent
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health impacts. Where that project explored the relationship between changes in
future climate, air quality and health, the present work focuses on the air quality and
health impacts associated with recent wildfire activity. 

Justification 3A:

Rappold et al. (2017) has accumulated 33 citations in the peer reviewed literature in
the three years from which it was first published in Environmental Science and

This paper has informed manuscripts describing best practices forTechnology. 

adapting to the increased incidence of wildland fires (Schumann et al. 2020); those
improving the reliability of wildfire photochemical forecasting (Liu et al. 2019);
and, health impact assessments of wildfire effects in certain states (e.g. Stowell et
al. 2019). Researchers citing this work are affiliated with the U.S. Forest Service,
the U.S. Centers for Disease Control and Prevention and the Environment &
Climate Change Canada. This manuscript was part of the record supporting the
Agency's award of a Silver Medal in 2018 for Rappold (for prescient research on

wildfire smoke and for constructive tools used by public health officials, health care

).The journal providers, and the public to protect human health Environmental

 has a high impact factor (7.1) and a broad readershipScience and Technology

within the air quality and environmental health communities.

Fann et al. (2018) accumulated 62 citations in the peer reviewed literature in the two
years from which it was first published. This paper was featured in 11 news outlets
in three countries, including a Washington Post  titled “Smoke from Wildfiresarticle
may be Surprisingly Deadly, scientists report,” describing the adverse human health
effects attributable to wildfire events. Other publications including Wired.com, the
Herald Tribune and the Denver Post. The American Thoracic Society and Marron
Institute each cited this paper in an article proposing a lower, and the argued more
health protective, PM  air quality standard. This paper also supported a broader2.5

research effort led by the author team that was funded in part by a Department of
Interior-sponsored Joint Fire Science Program grant. Finally, elsewhere in the peer
reviewed literature, this paper has supported studies characterizing the distribution
of wildland fire PM  among non-white populations (Johnston Gautier et al. 2019);2.5

the influence of climate change on projected wildfire smoke impacts (Limaye et al.
2019); and, epidemiologic studies examining the cardiovascular effects of wildfire
smoke (DeFlorio-Barker et al. 2019). 

https://www.washingtonpost.com/news/energy-environment/wp/2017/12/15/smoke-from-wildfires-may-be-surprisingly-deadly-scientists-report/
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Justification 3B:

The article appearing in Environmental Science and Technology received critical
feedback from anonymous referees in December of 2016. The authors revised the
manuscript over a 5 month period. The journal accepted the manuscript for
publication in May of 2017.   

The article appearing in State of the Total Environment received critical feedback
from two anonymous referees in April of 2017. Each identified weaknesses in the
methodology—particularly the choice of epidemiologic study used to estimate risks
from wildland fire episodes and the role of the quantitative meta-analysis in
supporting the risk analysis. The co-authors addressed these weaknesses by more
rigorously assessing the suitability of the wildfire epidemiologic studies to
supporting a risk assessment and by clarifying the role of the quantitative
meta-analysis. After revising the manuscript over a three month period, the journal
accepted the article for publication in August of 2017.
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ABSTRACT: Identifying communities vulnerable to adverse health effects
from exposure to wildfire smoke may help prepare responses, increase the
resilience to smoke and improve public health outcomes during smoke days.
We developed a Community Health-Vulnerability Index (CHVI) based on
factors known to increase the risks of health effects from air pollution and
wildfire smoke exposures. These factors included county prevalence rates
for asthma in children and adults, chronic obstructive pulmonary disease,
hypertension, diabetes, obesity, percent of population 65 years of age and
older, and indicators of socioeconomic status including poverty, education,
income and unemployment. Using air quality simulated for the period
between 2008 and 2012 over the continental U.S. we also characterized the
population size at risk with respect to the level and duration of exposure to
fire-originated fine particulate matter (fire-PM2.5) and CHVI. We estimate
that 10% of the population (30.5 million) lived in the areas where the
contribution of fire-PM2.5 to annual average ambient PM2.5 was high (>1.5 μg/m3) and that 10.3 million individuals experienced
unhealthy air quality levels for more than 10 days due to smoke. Using CHVI we identified the most vulnerable counties and
determined that these communities experience more smoke exposures in comparison to less vulnerable communities.

■ INTRODUCTION

Exposure to wildfire smoke is a serious health risk which can
disproportionally impact sensitive groups. A number of studies
have shown an association between smoke exposure and
worsening of respiratory symptoms, increased rates of
cardiorespiratory emergency visits, hospitalizations, and even
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death.1−12 Identifying communities vulnerable to adverse health
outcomes during smoke days can provide valuable information
for local, state, and federal governments and nongovernmental
organizations to prioritize public health actions and improve
public health outcomes on fire-smoke days.
Among the pollutants found in smoke, fine particulate matter

(PM2.5) is of the highest concern to health. In the most recent
synthesis and evaluation of scientific literature on the health
effects of air pollution, the Integrated Science Assessment
(ISA), the U.S. Environmental Protection Agency13 concluded
that the weight of scientific evidence suggests a causal
relationship between short- and long-term exposures and
cardiovascular effects and mortality, and a likely causal
relationship with respiratory effects. ISA is a comprehensive
review of the health and ecological effects caused by air
pollutants, mandated by the Clean Air Act, and provides the
scientific basis for review of the National Ambient Air Quality
Standards (NAAQS). Multiple studies demonstrate that the
health impacts from PM2.5 exposures are disproportionately
shared by individuals in the sensitive groups.14,15 The most
sensitive groups include children, the aged, and pregnant
women, as well as those with a pre-existing cardiopulmonary
disease. Individuals and communities of lower socioeconomic
status, and those with other pre-existing chronic inflammatory
conditions are also considered at higher risk. Distribution of
sensitive populations defines the vulnerability to adverse health
effects across communities and reducing impacts among these
populations is likely to bring the greatest public health burden
benefit on smoke days.
Population vulnerability to various natural hazards has been

studied for decades, however population vulnerability to smoke
has not been well documented. Various aspects of population
vulnerability have been examined in the context of heat
waves,16 famine, seismic events, coastal and inland floods, sea
level rise, and drought.17−20 Recent assessments have also
focused on identifying communities vulnerable to environ-
mental hazards exacerbated by climate change.19,21,22 The
purpose of assessing population vulnerability is to determine
the population at greatest risk to environmental hazards,
understand how communities respond and adapt and inform
ways to mitigate the risk and negative impacts.23 The
communities that adapt to and recover after a disaster are
those that can better plan, prepare and respond to environ-
mental hazards. The alarming trends in the severity of wildland
fires and growth of populations in the communities adjacent to
wildlands call for an improved understanding of which
communities are the most vulnerable to health impacts in
order to improve public health response.
Here, we index community vulnerability to health effects of

air pollution and wildfire smoke, based on previously studied
clinical and social risk-factors that were found to modify the
association between air pollution and adverse health outcomes.
We then quantify population size at risk with respect to the
levels of the index and the level and duration of smoke
exposure in the recent past. To characterize smoke exposure in
the recent past we simulated fire-originating fine particulate
matter (PM2.5) over a five-year period (2008−2012) using a
chemical transport modeling system. The objective of this work
is to demonstrate that community health vulnerability can be
readily assessed using existing data and to provide motivation as
to why it may be necessary. Understanding where the most
vulnerable communities are found can be useful in developing
outreach and education material.

■ MATERIALS AND METHODS

Development of Community Health-Vulnerability
Index. To develop an index of community health-vulnerability
to the adverse health effects of smoke exposures, we obtained
specific socio-economic, demographic, and health outcome
measures previously determined in the literature to modify the
risk of air pollution related health outcomes.13,24,25 More
specifically, we obtained county prevalence for diabetes,
hypertension, adult and pediatric asthma, chronic obstructive
pulmonary disease (COPD); percent of population over 65
years of age, household income, education, rates of poverty, and
unemployment. In the PM2.5- Integrated Science Assessment,13

both intrinsic (disease status) and extrinsic factors (poverty)
are referred to as factors of susceptibility and vulnerability,
respectively. However, because all of the factors are aggregated
and not individual data, we use the term “vulnerability”
throughout to define increased risk of adverse health outcomes
related to exposure. In all cases we used county level indicators
available across the continental U.S. because mitigation and
adaptation plans are often planned and executed at the county
level. The list of variables used to profile vulnerability is not
intended to be exhaustive, but rather representative of the key
clinical and social conditions known to or suspected to increase
the risk of adverse health outcomes associated with fire- PM2.5.
Data sources and summary statistics are available in Supporting
Information (SI) Table S1.
Prevalence and incidence estimates of pediatric asthma (in

children <18 years of age), adult asthma (18+ years of age), and
adult COPD (30+) which includes chronic bronchitis and
emphysema, were obtained from the American Lung
Association.26 American Lung Association projected national
and state prevalence of chronic lung disease to county levels
using the Behavioral Risk Factor Surveillance System
(BRFSS)27 a phone based survey system that has been
collecting data continuously since 2004, and statistical methods
developed by the U.S. Census Bureau.
We used county level prevalence of hypertension to

approximate prevalence of cardiovascular disease. We used
sex specific and age adjusted hypertension prevalence data in
adults over 30 years of age reported in Olives et al.28 The study
characterized the relationship between self-reported and
physical measurements of hypertension reported in the
National Health Examination and Nutrition Survey and used
the relationship to adjust BRFSS 2009 self-reported responses
on hypertension prevalence (among all respondents, percent-
age of those who reported systolic BP of at least 140 mmHg
and/or self-reported taking medication) for self-reporting bias.
Prevalence for county-level age, race, and sex adjusted estimates
of diagnosed diabetes and obesity in adults (20 years of age and
older) were obtained from BRFSS 2012 from http://www.cdc.
gov/diabetes/atlas/countyrank/County_ListofIndicators.html.
Older adults and individuals of lower socio-economic status

have been shown to be of increased risk of cardiovascular and
respiratory effects in both short-term exposure studies and
long-term exposure studies of air pollution.13 Similarly, several
studies found that socio-economic factors also modified health
responses during the exposures to wildfire smoke.29,30 Socio-
economic and demographic profiles used in this study were
taken from 2010 U.S. Census including population size by age
group and gender, percent of individuals living in poverty,
percent of families living in poverty, medium household
income, and percent of unemployment.31
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We used principal components analysis and varimax rotation
to reduce the number of measures of vulnerability into a smaller
number of independent components. All measures of
vulnerability were standardized prior to analysis. The first five
components explained 84% of variance and were highly loaded
on (1) economic deprivation, (2) population of 65 years and
older, (3) chronic adult respiratory conditions (COPD and
asthma), (4) pre-existing conditions linked to hypertension,
obesity and diabetes, and (5) pediatric asthma (SI Table S2).
All five components were positively associated with primary
measures, with the exception of median household income that
was negatively loaded on the first component measuring
economic deprivation (SI Figure S11). The higher scores of all
five components described the more vulnerable state (more
poverty, more individuals 65 years and older, more chronic
respiratory and other conditions). The five components were
individually assigned quintile scores (1 (the least vulnerable) to
5 (the most vulnerable)). Quintile ranks for each component
were added together to create overall Community Health-

Vulnerability Index (CHVI) with higher values defining more
vulnerable states.

Air Quality Simulations. We simulated daily air quality
from 2008 to 2012 using the Community Multiscale Air
Quality (CMAQ) model with and without wildland and
prescribed fires. The calculated difference between the two
model runs represents the contribution of fire emissions to the
ambient PM2.5 levels (fire-PM2.5). Inputs to the model included
gridded meteorological fields, emissions data, and boundary
conditions. For a regional or continental CMAQ model
simulation, the meteorological fields were provided by annual
CONUS Weather Research and Forecasting model (WRF)
simulation that utilized 12 km horizontal grid spacing and 35
vertical layers of variable thickness extending up to 50 hPa, with
the top of the lowest model layer at approximately 20 m above
ground level. Initial and boundary conditions for WRF were
provided by the North American Mesoscale Model available
from the National Centers for Environmental Prediction. The
input emissions were based on a 12 km national U.S. domain
with speciation for the Carbon-Bond 05 chemical mechanism.32

Figure 1. (a) Annual average daily fire-PM2.5 footprint by counties of continental US and perimeters of area burned by large fires in black
(GeoMAC) between 2008 and 2012. (b) Number of days with fire-PM2.5 above 35 μg/m3 by counties of continental US and perimeters of area
burned by large fires in black (GeoMAC) between 2008 and 2012.
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The emission inventory and ancillary files were based on the
2008 emissions modeling platform for 2008, 2009, and 2010
and on the 2011 emission modeling platform for 2011 and
2012. The fire emissions were based on year-specific daily fire
estimates using the Hazard Mapping System fire detections and
Sonoma Technology SMARTFIRE system (version 2) (http://
www.getbluesky.org/smartfire/docs/Raffuse 2007.pdf). Plume
rise was calculated within the CMAQ model (in-line). Biogenic
emissions were processed in-line in CMAQ and are based on
the Biogenic Emissions Inventory System v3.14 (http://www.
cmascenter.org).
CMAQ hourly output was averaged to daily averages

(midnight to midnight and adjusted for time zone) for each
grid point. From the gridded output we calculated area
weighted averages for daily and annual fire-PM2.5 daily averages
for each county. We characterize smoke exposure impacts with
respect to the magnitude of exposure, frequency of days with
moderate air quality (15−35 μg/m3) and frequency of days
with unhealthy levels of fire-PM2.5 (>35 μg/m3) according to
2006 PM2.5 NAAQS. In terms of health risks, moderate air
quality days are interpreted as “Unhealthy for Unusually
Sensitive Groups”; while concentrations above 35.4 are
interpreted as unhealthy for a broader population. More
specifically, 35.5−55.4 μg/m3 is considered “Unhealthy for
Sensitive Individuals”, 55.5−150.4 μg/m3 is considered
“Unhealthy” for all individuals, 150.5−250.4 is “Very
Unhealthy”, and ≥250.5 is “Hazardous”.33 The two concen-
trations used in this analysis also correspond to the annual (15
μg/m3) and daily (35 μg/m3) 2006 PM2.5 NAAQS. Here we
used the 2006 standard because it was the standard of the time
period 2008 to 2012. In December, 2012 the NAAQS for PM2.5

was revised, and the annual standard was reduced to 12 μg/m3

while the daily standard 35 μg/m3 was retained. We note that
we use these thresholds to define moderate and unhealthy
smoke days and not to define compliance to air quality
regulations. Finally, to calculate population size at risk we used
age and gender specific population size from 2010 U.S. Census.
Wildfire perimeters for each year in this five-year period used

in the study were obtained from USGS Geospatial Multi-
Agency Coordination Group (GeoMAC) Wildland Fire
Support archives. The GeoMAC is an interactive mapping
application that displays maps of current fire locations and
perimeters in the 48 contiguous states plus Alaska. This tool
gathers fire data from daily incidence reports and defines

wildland fire perimeters based on incident intelligence sources,
GPS data, fixed wing aircraft sources, and satellite data. Fires
not reported to the incidence intelligence such as prescribed
and agricultural fires are not represented in the GeoMAC. The
shape files and metadata are available at http://rmgsc.cr.usgs.
gov/outgoing/GeoMAC/historic_fire_data/.

■ RESULTS

Fire-PM2.5 Patterns over the Continental U.S., 2008−
2012. In Figure 1, we mapped a geographic distribution of the
estimated fire-PM2.5 daily average with respect to (a) the
magnitude and (b) frequency of unhealthy smoke days. The
maps of fire-PM2.5 were also overlaid with the geocoded
perimeters of large wildfires from GeoMAC archives. In
combination with large fire parameters and with respect to
the magnitude of impact, two distinct and large spatial
footprints are observed for fire-PM2.5. The first footprint was
observed over the heavily forested, cold and temperate climates
of Northern California and Pacific Northwest, where high
concentrations were colocated with a dense distribution of fire
perimeters. The second fire-PM2.5 footprint was observed
across the Southeast where vegetation includes hardwood, pine
and southern mixed forests, and wetlands. According to the
National Emissions Inventory used in our CMAQ simulations,
a majority of the emissions in this region are attributed to
smaller and more localized wildland fires, which include
agricultural burning and prescribed burning, and a large
number of smaller fires. Prescribed burning is done on an
annual basis in early months of the year and with the exception
of drought years, the smoke footprint is consistently present
from year to year. Daily average fire-PM2.5 on smoke days was
substantially lower in the Southeast than in the Northwestern
states with the exception of days when large wildfires occurred
(wildfire impacts can be observed from hourly concentrations
which are not shown here). Maps for individual years are given
in the SI Figures S1−S10.
Figure 1 demonstrates a notable difference between the

Northwest and Southeast regions in frequency by which
estimated county-averaged fire-PM2.5 was above the level
considered “Unhealthy for Sensitive Individuals” (>35 μg/
m3). The largest impact was in the Northwest region where a
number of communities experienced 10 or more days of high
fire-PM2.5 levels. With the exception of Louisiana during winter
2008, the Southeast region had a significantly lower number of

Figure 2. National map of the Community health-vulnerability Index (CHVI). The break points 15, 17, 19, and 20 correspond to the 50th, 75th,
90th, and 95th percentile of CHVI scores, respectively.
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unhealthy fire-PM2.5 days. In summary, both footprints had a
large number of moderate air quality days due to fire-PM2.5,
while days with fire-PM2.5 exceeding the level considered
unhealthy for wider population were mostly in the Northwest
region.
Health-Vulnerability and Smoke Impacts. The CHVI

score ranged from 6 to 25, with a median score of 15, and 75th,
90th, and 95th percentile of 17, 19, and 20, respectively. The
highest vulnerability is observed in the counties along the
western slope of the Appalachian Mountains, parts of the
Midwest (Kentucky, Missouri, Oklahoma, and Kansas) and
parts of the South (Arkansas, Mississippi, Alabama, and
Georgia) (Figure 2). Although none of the five indices
dominated CHVI overall, the regions of the highest
vulnerability tend to have high index values on multiple factors,
particularly the prevalence of preexisting cardiovascular,
metabolic diseases, and childhood asthma as well as economic
deprivation.
Table 1 shows the estimated population size at risk by factors

of vulnerability. We estimate that 30.5 million (13%)
individuals, including 7.4 million children under 18, and 4
million persons over 65 years of age lived in communities
where the annual average of fire-PM2.5 was estimated to be
above 1.5 μg/m3 (annual average). Among these communities,
there were 7.4 million individuals over 30 years of age with
known hypertension, 2 million adults with asthma and 0.7
million children with asthma, 1.3 million people with COPD,
7.0 million obese individuals, and 2.4 million individuals with
diabetes. We note that population size at risk was calculated
separately for each county level factor of vulnerability; thus
individuals with comorbidities are counted for each health
outcome.
Table 2 shows the population size at risk by CHVI, annual

mean fire-PM2.5 levels, and frequency of moderate and

unhealthy fire-PM2.5 days. We estimate that 82.4 million
individuals lived in counties with moderate air quality due to
fire-PM2.5 (15−35 μg/m3) and 10.3 million individuals lived in
the counties with unhealthy air quality levels (>35 μg/m3) for
more than 10 days between 2008 and 2012. Among the
communities with the highest annual fire-PM2.5 means (>1.5
μg/m3), 8.1 million (26.6%) lived in counties with vulnerability
index below the median (CHVI 6−15) while 22.4 million lived
in the counties with vulnerability above the median (73.4%,
36.1 + 24.6 + 7.4 + 5.3; CHVI (15−24] combined) and 12.7%
lived in the counties with high vulnerability (7.4%+5.3%; CHVI
> 19). In contrast, across the nation approximately half of
population (51.4%) lived in counties where CHVI is below the
median and half (49.6%) lived in the counties where CHVI was
above the median.
Over the time period considered, areas with the highest

vulnerability were more likely to experience unhealthy levels of
fire-PM2.5 annual average ([1.5,4.58]) than less vulnerable
populations (1.6/6.5×100 = 25% for CVHI (20,24] compared
to 8.1/157.7×100 = 5% for CVHI [6,15]). Similar was true for
number of days with moderate fire-PM2.5 (15−35 μg/m3) for
10+ days and for number of days with fire-PM2.5 above 35 μg/
m3 for 5+ days (Table 2). More specifically, among the counties
with vulnerability index below the median, 25% (39.5/
157.5×100%) lived in places that experienced an excess of 10
days of moderate air quality due to fire while among the
counties with the highest vulnerability (CHVI 21−24), 41.5%
(2.7/6.5*100%) of population experienced an excess of 10 days
of moderate air quality due to fire. A substantially smaller
population size was impacted by a large number of days with
unhealthy air quality (>35 μg/m3); 10.7% of the population in
the counties with CHVI below the median and 15.2% of the
population in the most vulnerable counties experienced more
than 5 days of unhealthy air quality (>35 μg/m3). However,

Table 1. Population Size at Risk Summarized by Annual Average Fire-PM2.5 (2008−2012)
a

PM2.5 (μg/m3) adult asthma pediatric asthma COPD hyper- tensive diabetes obesity poverty under 18 65 and over total population

20.8 6.4 11.8 68.8 20.3 60.9 42.5 73.7 40.0 306.7

(0,0.15] 0.2 0.1 0.1 0.6 0.2 0.5 0.4 0.6 0.4 2.8

(0.15,0.75] 12.7 3.8 6.6 40.0 11.3 34.4 23.6 43.5 23.7 182.2

(0.75,1.5] 5.9 1.9 3.8 20.8 6.4 19.0 13.2 22.2 11.9 91.1

(1.5,4.58] 2.0 0.7 1.3 7.4 2.4 7.0 5.3 7.4 4.0 30.5
aWe used outcome specific prevalence by county. Population size is given in millions.

Table 2. Population Size at Risk by Community Health-Vulnerability Index, Annual Average Fire-PM2.5, and Frequency of
Unhealthy Fire-PM2.5 Days Between 2008 and 2012a

CHVI bins [6,15] (15,17] (17,19] (19,20] (20,24] total

annual mean (μg/m3) [0,0.15] 2 (72.3%)# 0.7 (25.2%) 0.1 (2.6%) 0 (0%) 0 (0%) 2.8 (0.9%)*

(0.15,0.75] 98.6 (54.1%) 61.4 (33.7%) 13.5 (7.4%) 5.6 (3.1%) 3.1 (1.7%) 182.2 (59.4%)

(0.75,1.5] 49 (53.8%) 25.4 (27.8%) 12.3 (13.5%) 2.7 (3%) 1.8 (2%) 91.2 (29.7%)

(1.5,4.58] 8.1 (26.6%) 11 (36.1%) 7.5 (24.6%) 2.3 (7.4%) 1.6 (5.3%) 30.5 (9.9%)

num. days with 15−35 μg/m3 [1,5) 69.6 (63.1%) 29.9 (27.1%) 8 (7.3%) 2.1 (1.9%) 0.7 (0.6%) 110.4 (36%)

[5,10) 16.6 (31.2%) 23.5 (44.2%) 8.8 (16.6%) 2.1 (4%) 2.1 (4%) 53.1 (17.3%)

[10,76] 39.5 (47.9%) 22.9 (27.8%) 13.6 (16.4%) 3.8 (4.6%) 2.7 (3.3%) 82.4 (26.9%)

num. days with >35 μg/m3 [1,5) 28.5 (49%) 14.4 (24.7%) 11 (18.9%) 2.8 (4.9%) 1.4 (2.5%) 58.2 (19%)

[5,10) 9.9 (51.6%) 5.4 (28.2%) 2.2 (11.7%) 0.8 (4%) 0.9 (4.5%) 19.1 (6.2%)

[10,55] 6.9 (67%) 2.8 (27.1%) 0.3 (2.9%) 0.2 (1.6%) 0.1 (1.3%) 10.3 (3.4%)

Total 157.7 (51.4%) 98.5 (32.1%) 33.4 (10.9%) 10.6 (3.5%) 6.5 (2.1%) 306.7 (100%)
aPopulation size is given in millions (# % expressed conditional on the population in the right margin, * expressed as % of the total population).
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4.4% of the least vulnerable communities and only 2.1% of the
most vulnerable communities were impacted by 10 or more
days of fire-PM2.5 above 35 μg/m3.

■ DISCUSSION

In this study we constructed an index of population
vulnerability to health impacts from smoke exposure based
on clinical and social factors known to modify the risk of
adverse health effects and estimated population size at risk with
respect to the frequency and magnitude of smoke exposure in a
recent period. The modeling methods used in the study
estimate that between 2008 and 2012 population exposure to
smoke in the continental U.S. was extensive; 29.7% of the
population lived in areas with moderate exposure (annual
average fire-PM2.5 between 0.75 and 1.5 μg/m3) and another
10% lived in areas where the contribution to annual ambient
PM2.5 was high (>1.5 μg/m3). We identified the most
vulnerable U.S. counties and determined that vulnerable
communities were more likely to experience high and frequent
smoke exposure in comparison to less vulnerable populations.
The findings described in the study have potential implications
for efficient and effective allocation of limited resources for
dissemination of public health messaging, and land and fuel
management to prevent large wildfires.
The constructed Community Health-Vulnerability Index

incorporates disease prevalence, age and socio-economic status
of individuals in the community. The specific factors were
chosen based on published literature that demonstrates their
role as risk factors for cardio-respiratory effects of particles or
wildfire smoke. Published research describes multiple biological
mechanisms by which air pollution causes cardio-respiratory
effects including oxidative stress, pulmonary and systemic
inflammation, activation of pulmonary nocioceptive receptors,
and modulation of the autonomic nervous system (Brook et al.
2010). Therefore, individuals having chronic health conditions
characterized in part by pro-inflammatory states (e.g., asthma,
COPD, diabetes, cardiovascular disease) are considered at
higher risk.34 Among the risk factors, preexisting cardiovascular
disease is one of the leading factors of increased health risks to
air pollution effects.35 We used hypertension to approximate
prevalence of cardiovascular disease because it is well
documented, the most prevalent cardiovascular condition, and
is responsible for one in six deaths among adults. Chronic
metabolic and inflammatory health conditions such as diabetes
and obesity have been shown to increase the risk to air
pollution impacts.36−38 Children are considered more sensitive
to impacts of air pollution because their lungs are smaller, and
their dose per body weight and lung surface areas exceed those
of the adult population.
The majority of evidence for wildfire smoke effects are based

on studies of exposure to ambient air pollution13 but there is
also a growing number of fire-PM2.5 studies that suggest
consistency between respiratory effects within fire specific
studies and in comparison to studies of urban air pollution.9,39

The effects of air pollution and wildfire smoke exposure on
adults with preexisting respiratory conditions such as asthma
and COPD are extensively documented in literature. These
effects have also been noted in both children with asthma and
children without asthma5,40 and have been noted to be stronger
than in adults.41 Additionally, older adults have been shown to
have an increased risk of cardiovascular and respiratory effects
in fire-PM2.5 exposure studies.3,7,42,43 Apart from the clinical
characteristics discussed, low socioeconomic status has also

been reported to modify the risk of respiratory outcomes in
response to large wildland fire smoke events.30 We have
previously shown that when considering external factors
influencing health (health behaviors, access and quality of
clinical care, social and economic factors, and the physical
environments) socio-economic factors are strong contributors
of differences in risk for asthma and congestive heart failure
resulting from exposure to wildfire smoke.29

In the development of the health-vulnerability index we
restrict our attention to the key clinical and social conditions
that have been identified by the Integrated Science Assessment
as populations sensitive to adverse health effects following air
pollution exposure. It is clear, however, that these are not the
only risk factors involved at the individual level. Evidence for a
role for genetics, epigenetics, diet, availability of green space
and behavior is emerging and it is likely that some of these will
ultimately prove to be strong predictors of PM2.5 associated
health outcomes. As new risk factors are identified the CHVI
can be adapted to incorporate the new information. Addition-
ally, a number of other extrinsic factors have been shown to
identify social vulnerability to environmental hazards such as
heat waves, including occupation, employment, housing, built
environment, neighborhood deprivation, poor English skills
and are likely to apply in wildfire smoke situations.44−47 When
constructing indicators at the regional, state or local levels, and
particularly when considering decision making, it may be
helpful and advantageous to incorporate determinants of social
vulnerability along with the indicators of health vulnerability
(e.g., built environment, landscape, social and physical
connectivity, existing air quality, etc.) and examine sensitivity
of the indicators.

Implications for Public Health Actions. Interventions
and health-promoting behaviors can improve public health
outcomes.48,49 Many of the recommended measures including
staying indoors during very unhealthy air quality days, running
air conditioning on recirculation mode, creating a clean room,
ensuring a supply of regular medication, etc. can reduce
personal exposure and decrease the health risks. However,
during wildfire episodes, individuals do not perceive risks to
their health and become aware of them once smoke exposure is
already occurring, when it may be too late to take many of the
recommended preventative measures. Smoke impacts in the
areas where wildfires are less common (e.g., Southeast) can be a
special concern exactly because they are less frequent and the
health risk awareness is not established at the individual or
community level. Prior knowledge about community health
vulnerability can help guide deliberate awareness building and
outreach among the most sensitive populations. However,
identifying communities at the greatest risk from wildfire smoke
is currently based solely on the predicted risk of fire and we do
not consider the composition of the communities. As such
public health messaging and actions may not be appropriately
scaled to communities with high numbers of sensitive
individuals.
Increased frequency of large wildland fires is anticipated to

continue and have effects on human health and environ-
ment.50−52 Fuel management activities, such as prescribed
burning, are a critically important component of the national
strategy to improve ecological diversity and decrease wildfires
harmful to human health and have been examined with respect
to changes in frequency and area burned.53−56 While such
information provides important insights for a broad risk-based
management system for wildfire, the framework does not
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consider the potential public health burden of smoke emissions
or disparities in sensitivity of the populations affected.
Projecting community health-vulnerability under different fire
mitigation strategies, climate change scenarios, and population
growth projections may offer further refinement of such risk-
based management approaches. In projecting community
health-vulnerability for a specific future scenario we recom-
mend using population-weighted exposures.
Limitations of the Study.We note some limitations to our

analysis. To estimate smoke exposure at the national level we
use CMAQ model simulated with and without fires and
attribute the difference in estimated ambient PM2.5 concen-
trations to large fires (mostly wild and prescribed). To assess
model performance, we matched CMAQ grid locations to the
locations of environmental monitors and compare predicted
and observed values. We found the model has a high bias at low
PM2.5 concentrations suggesting that (1) plumes are too
dispersive, and/or (2) small fires have too high emissions in the
simulation. The model also over predicts PM2.5 (mainly organic
and elemental carbon) during all seasons for fire events.
Another limitation is that only fire events that are part of the
emission inventory have been evaluated. Any misspecification
of emissions in the inventory is not included in our analysis. An
important limitation to our simulation of fire-PM2.5 that affects
air quality is that our modeling system does not simulate the
smoldering aspects of peat fires well which are common in the
Southeast and emit large quantities of particles and gases. We
note that as with all models CMAQ results should be
interpreted with caution because any combination of these
factors could lead to uncertainty and over or under prediction
of estimated exposures. While various aspects of CMAQ
performance have been published in the literature,57 additional
factors could play a role in the uncertainty specific to fire-PM2.5.
Another limitation is the assumption that PM2.5 from all

sources is equally harmful to health. The composition and
toxicity of these particles varies with respect to the type of fuel
burned, conditions of burning and the age of the particles.
Lower combustion efficiency yields more volatile and organic
compounds in both particles and gases (polynuclear aromatic
hydrocarbons, oxygenated organics, and various gases) which
are harmful to human health. Toxicological studies also indicate
that relative toxicity of particles varies when examined per unit
mass or total mass, and by chemical composition of the
particles. Fire-PM2.5 and fire-PM10 collected during a peat fire in
eastern North Carolina in 2008 had very different targets of
cellular toxicity that depended on the particle mass of the
smoke particles and the phase of the fire.58 Cardiovascular
toxicity was the dominant effect caused by ultrafine PM fraction
collected during the active smoldering phase of the fire while in
vitro pulmonary inflammatory responses were the dominant
effects of coarse fraction of PM. Smoldering fires, as seen in the
peat fires across Southeast U.S., Indonesia, and Boreal forest
have also been hypothesized to carry higher risk for
cardiovascular Emergency Department visits as well.11,43 This
could be due to lower combustion efficiency and vegetation
type that define chemical composition of particles, such as the
abundance polynuclear aromatic hydrocarbons which are
carcinogenic and particularly harmful to health.59 However, a
systematic review of published literature suggests that there is
no consistent relationship that identifies specific PM2.5

components that may be unequivocally related to health
outcomes.60

The most significant limitation to this assessment of human
vulnerability to health impacts of smoke is the lack of a good
measure of a community’s ability to adapt. While the factors
that define the vulnerability status certainly play a role, other
less quantifiable measures including awareness, previous
experience, outreach programs, engagement of public health,
and proximity to health care providers or facilities can define
human responses. Gaither et al. 2011 examined spatial
association between fire prone areas in the Southeast and
socially vulnerable “hot spots” using proximity to wildland fire
mitigation programs as a measure of community’s ability to
adopt. However, we did not find equivalent measures of
community responses specific to health responses.
Wildland fires have been an integral part of human history

with clear benefit to the management of fire hazards and to the
ecologic diversity of ecosystems. However, recent trends in very
large wildfires, termed mega fires, have brought attention to the
adverse health effects of smoke exposure, the high cost of
wildfire suppression and management, and the need to establish
community-based adaptation plans. Employing the same
methodology used to determine social vulnerability to environ-
mental hazards,23 we provide a concept of mapping the
vulnerability to health outcomes specific to smoke exposure.
Such maps can be helpful tools for public officials in
preparation of smoke adaptation plans for their communities
and prioritization of communities for allocation of resources by
the local, state and federal governments. In the U.S. there are
over 70 000 wildfires annually, impacting communities and
regional air quality with varying frequency and intensity and
thus representing a challenge to building community resilience
with respect to fire smoke and public health guidance.
Therefore, as a proof of concept, the Community Health-
Vulnerability Index offers a tool to help identify communities
that have the potential to benefit the most from mitigation
strategies to minimize smoke exposure for sensitive populations
and to decrease the health and economic burden imposed on
the population by fire-PM2.5 The next step could include
tailoring messages to community needs and development of
exposure mitigation strategies.
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• Wildland fires adversely affect air quali-
ty and health in the U.S.

• Between 2008 and 2012, fires increased
PM2.5 levels in the Northwest and
Southeast.

• We estimate thousands of premature
deaths and illnesses from these epi-
sodes.

• The economic value of these impacts is
in the tens to hundreds of billions of
US$.
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Introduction: Wildland fires degrade air quality and adversely affect human health. A growing body of epidemi-
ology literature reports increased rates of emergency departments, hospital admissions and premature deaths
from wildfire smoke exposure.
Objective: Our research aimed to characterize excess mortality and morbidity events, and the economic value of
these impacts, from wildland fire smoke exposure in the U.S. over a multi-year period; to date no other burden
assessment has done this.
Methods: We first completed a systematic review of the epidemiologic literature and then performed photo-
chemical air quality modeling for the years 2008 to 2012 in the continental U.S. Finally, we estimated the mor-
bidity, mortality, and economic burden of wildland fires.
Results: Our models suggest that areas including northern California, Oregon and Idaho in theWest, and Florida,
Louisiana and Georgia in the East were most affected bywildland fire events in the form of additional premature
deaths and respiratory hospital admissions. We estimated the economic value of these cases due to short term
exposures as being between $11 and $20B (2010$) per year, with a net present value of $63B (95% confidence
intervals $6–$170); we estimate the value of long-term exposures as being between $76 and $130B (2010$)
per year, with a net present value of $450B (95% confidence intervals $42–$1200).
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Conclusion: The public health burden of wildland fires—in terms of the number and economic value of deaths and
illnesses—is considerable.

Published by Elsevier B.V.

1. Introduction

The increasing frequency and intensity of largewildfires deteriorates
air quality and adversely affects human health (Crimmins et al., 2016;
Henderson et al., 2009; Liu et al., 2015, 2016; Westerling et al., 2006).
These events in turn both promote, and are exacerbated by, long-term
changes to the climate; current trends in these events are expected to
continue (Crimmins et al., 2016; Stavros et al., 2014). While the level
and type of pollutants emitted duringwildfires vary according to region
and fuel type, all fires release directly emitted particulate matter (PM)
as well as precursors to fine particles (PM2.5) and can contribute to
downwind formation of ozone (Knorr et al., 2012).

While risks to human health from exposure to PMare especiallywell
characterized in the epidemiological, toxicological and controlled
human exposure literature (US EPA, 2009), health impacts from PM
stemming from wildland fires have been less extensively studied,
though epidemiological literature has consistently observed adverse
human health impacts attributable to wildfire-related PM2.5 (Liu et al.,
2015). For example, Rappold et al. (2012, 2011) found that a peat fire
episode in eastern North Carolina was associated with increasing num-
bers of Emergency Department visits for cardiopulmonary and respira-
tory outcomes. Similarly, Delfino et al. (2009) observed increasing rates
of respiratory and cardiovascular hospital admissions resulting from a
month-long wildland fire episode in southern California. Epidemiologi-
cal studies conducted in other countries, including Australia, have ob-
served similar affects (Johnston et al., 2007; Morgan et al., 2010). A
systematic review of literature from the U.S., Australia and elsewhere
by Liu et al. (2014) found that wildland fire-related coarse particles
(PM10) were most consistently associated with respiratory outcomes.

Despite the growing body of epidemiological studies, there are a rel-
atively small number of air pollution risk assessments that attribute the
number of premature deaths and illnesses and the economic value of
health impacts to wildfire episodes. The risk assessments performed
thus far have been limited in their temporal scope, using a single
(2005) and projected (2016) year (Fann et al., 2013), or have been lim-
ited to examining onefire at a time (Jones et al., 2015; Kochi et al., 2012;
Rappold et al., 2014; Rittmaster et al., 2006). This paper builds upon this
literature to estimate the number and economic value of wildland fire
PM2.5-related premature deaths and illnesses in the contiguous United
States using chemical transport model predictions of PM2.5 from wild-
land fire episodes over a 5-year period beginning in 2008. Considering
a national scope allows us to more fully capture the impact that wild-
land fires may have on human health.

2. Materials and methods

In this study we characterized the overall magnitude and distribu-
tion of adverse health impacts by age and race that were associated
with exposure to fire-PM2.5 during wildfire smoke episodes. We used
health impact functions derived from epidemiological studies that
assessed the relationship between fire-PM2.5 and expected incidence
of health outcomes. We also performed a systematic literature review
and meta-analysis; however, using results from the meta-analysis in a
health impact functionwould have introduced considerable uncertainty
into the estimates, and thus were not used.

2.1. Health impact function

The risk assessment employs a health impact function to quantify
the number ofwildlandfire-attributable premature deaths and illnesses

in each of the five years we modeled. We estimated the number of
PM2.5-related deaths and hospital admissions (yij) during each year i (i
= 2008, 2009, 2010, 2011, 2012) among individuals in each county j

(j = 1,…,J where J is the total number of counties) as: yij = Σa yija

yija ¼ m0ija � eβ∙C ij−1
� �

� Pija;

where,β is the risk coefficient,m0ija is the baselinedeath rate or hospital
admission rate for the population in county j in year i among individuals
for 5-year age strata a, Cij is annual mean wildfire-attributable PM2.5

concentration in county j in year i, and Pija is the number of residents
in county j in year i for five-year age strata a.

To perform a health impact risk assessment we used baseline inci-
dence rates, population counts, and health impact functions included
in the environmental Benefits Mapping and Analysis
Program—Community Edition (BenMAP-CE, v1.1) (U.S. Environmental
Protection Agency, 2014) to estimate counts of PM2.5 attributable
deaths and respiratory hospital admissions in each of five years from
2008 to 2012. These inputs have previously been used to estimate
health and economic impacts in the national ambient air quality stan-
dards reviews, and the methods have been validated in previous publi-
cations (Berman et al., 2012; Fann et al., 2011; Office of Air Quality
Planning and Standards, 2011). Below we describe how we specify in-
puts and use the BenMAP-CE tool with the appropriate input data.

2.2. Air quality modeling predictions

We simulated daily air quality from 2008 to 2012 using the Commu-
nity Multiscale Air Quality version 5.1 (CMAQ v5.1) model with and
without emissions from wildland fires in the contiguous United States.
Wildland fires in our study included wildfires, prescribed fires, and
other significant fires but it excluded agricultural fires. The difference
between the two model runs represents the contribution of fire-PM2.5

and PM2.5 precursor emissions. Inputs to the model included gridded
meteorologicalfields, emissions data, and boundary conditions. Gridded
meteorological fields were provided by annual CONUS Weather Re-
search and Forecasting (WRF) model simulation. Meteorological fields
were defined on a 12 × 12 km horizontal grid with 35 vertical layers
of variable thickness extending up to 50 hPa. The lowest model layer,
which extended to approximately 20 m above ground was used to cal-
culate the annual mean concentration of PM2.5 (∆x) in the health im-
pact function.

The CMAQ input emissions were based on a 12 km national U.S. do-
main with speciation for the Carbon-Bond 05 chemical mechanism
(Yarwood et al., 2005). The emission inventory and ancillary files
were based on the 2008 emissions modeling platform for 2008, 2009,
and 2010 (EPA, 2012) and on the 2011 emission modeling platform
for 2011 and 2012 (US EPA, 2016). Since the focus of this study is wild-
land fires, any additional information about the non-fire emission
sources is noted in the references. The fire emissions were based on
year specific daily fire estimates using the Hazard Mapping System
fire detections and Sonoma Technology SMARTFIRE system version 2
(Sonoma Technology, 2007). Smartfire2 is a framework for producing
fire activity data and allows for the merging of multiple data sources.
Some of the fires included in the fire inventory come from satellite
based remote sensing sources which cannot distinguish large pre-
scribed or debris burning fires from wildfires with certainty. After mul-
tiple sources of fire information are reconciled to create fire activity
estimates, the fire emissions are estimated using fuel moistures (via
the USFS Wildland Fire Assessment System), consumption estimates
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from the Consume model (Ottmar, 2014; US Forest Service, 2015),
emission factors from the Fire Emission Production Simulator (Ottmar,
2014; US Forest Service, 2015), and fuel loading from the United
States Forest Service Fuel Characteristic Classification System (FCCS) da-
tabase (McKenzie et al., 2012). Plume rise for all point sources including
the wildland fires was calculated within the CMAQ model. Biogenic
emissionswere processed in CMAQand are based on the Biogenic Emis-
sions Inventory System v3.14 (Schwede et al., 2005; Carlton and Baker,
2011).

2.3. Effect coefficients

To identify PM2.5 effect coefficients suitable for the health burden
impact assessment, we consulted two sources of evidence. The first is
theU.S. EPA's 2009 Integrated Science Assessment for ParticulateMatter
(PM ISA), which classified human health endpoints as having a “causal”
or “likely to be causal” relationship with short-term and long-term ex-
posure to PM2.5. The PM ISA synthesizes the epidemiological, toxicolog-
ical and controlled human exposure studies published to that point, and
was peer reviewed by the independent Clean Air Scientific Advisory
Committee (US EPA, 2009). The PM ISA indicated thatmortality and car-
diovascular outcomes were causally related, and respiratory outcomes
were likely to be causally related, to short-term and long-term exposure
to fine particle levels (US EPA, 2009). The ISA did not differentiate these
effects by particle composition or source.

Next, we performed a systematic review and quantitative meta-
analysis. We included epidemiological studies that looked at associa-
tions between PM2.5 during smoke events and various health endpoints.
Studies identified were conducted in the U.S., Australia, South America,
and Asia, and were limited to health endpoints identified by the PM ISA
as being causally related to PM2.5 exposure. The systematic review
employed a machine learning technique to identify relevant literature.
We report detailed information regarding the search terms, our proce-
dure for identifying and screening eligible literature, and a Preferred
Reporting Items for Systematic Reviews and Meta-Analyses diagram
in the Supplemental materials. The machine learning literature review
identified a total of 276 epidemiological studies, of which we judged
21 to be suitable to be included in the quantitative meta-analysis (Sup-
plemental Fig. 1). These 21 studies reported a total of 902 relative risks
or odds ratios for respiratory (n = 455) or cardiovascular (n = 308)
hospital or emergency department visits, or all-cause or non-
accidental deaths (n = 139).

A subset of 4 studies reported risk estimates for respiratory hospital
admissions that reported effect coefficients for a common endpoint, PM
indicator (in this case, PM10), lag structure and population age strata
and so were suitable for pooling in a quantitative meta-analysis
(Henderson et al., 2015; Johnston et al., 2007; Morgan et al., 2010;
Tham et al., 2009). Using theMetafor library in the R statistical package,
we perform a random effects meta-analysis (R Core Team, 2016;
Viechtbauer, 2010). A forest plot illustrating the studies included in
themeta-analysis, a random-effects pooled estimate, and additional in-
formation regarding tests for funnel plot asymmetry can be found in the
Supplemental materials (Supplemental Figs. 2 and 3).

Ultimately, for the health impact assessment, we did not use this
pooled estimate because the exposure of interest for our nationwide
risk assessment was PM2.5, not PM10. Additionally, the risk coefficients
may not be generalizable because all 4 studies were based on wildland
fire events outside of the U.S. (Henderson et al., 2015; Johnston et al.,
2007;Morgan et al., 2010; Thamet al., 2009). Populations in other coun-
tries may respond differently to wildland fire episodes to those in the
U.S., have access to a different healthcare system, may be more or less
susceptible to wildland fire smoke, and may differ in other ways that
we cannot observe using the available data. For these reasons, we
used a risk coefficients drawn Delfino et al. (2009), which reported
risk estimates for both respiratory and cardiovascular hospital admis-
sions during the wildland fire episodes in Southern California.

We also selected PM2.5 epidemiological studies that reported short-
term and long-term PM2.5 effect coefficients that did not specifically re-
port effect estimates for exposures to wildland fire PM2.5. We used risk
estimates U.S. EPA previously employed to evaluate the health benefits
of alternative air quality standards (EPA, 2012), recognizing that these
studies do not consider PM2.5 particles originating from wildland fire
events specifically and they generally consider PM2.5 concentrations at
levels significantly below those observed during wildland fire episodes.
The short-term studies include Zanobetti et al. (2009), a multi-city
time-series study that reported hospital admissions for respiratory out-
comes, and Zanobetti and Schwartz (2009), a multi-city time series
study of PM2.5-related mortality. Because wildfire episodes can affect
long-term levels of PM2.5, we also employ effect coefficients from
long-term epidemiological studies; these include an extended analysis
of the American Cancer Society (Krewski et al., 2009) and an extended
analysis of the Harvard Six Cities cohort (Lepeule et al., 2012).

2.4. Baseline rates of death and hospital admissions

The epidemiological studies noted above report estimates of risk
that are expressed as being relative to a baseline rate. In this analysis
we used effect coefficients to quantify cases of hospital admissions
and premature deaths, and thus we applied baseline rates of all-cause
mortality and hospital admissions. We selected county-level age-
stratified all-cause death rates from the Centers for Disease Control
(WONDER) database for the year 2010 (Centers for Disease Control
and Prevention 2016). We selected hospital visit rates from the
Healthcare Cost and Utilization Program (HCUP); these are a mixture
of county, state and regional rates (see Supplemental Table 2).

2.5. Assigning PM2.5 concentrations to the population

We quantified changes in population-level exposure by assigning
the predicted PM2.5 concentrations to the population in each 12 km by
12 km model grid cell. The BenMAP-CE tool contains 2010 U.S. Census
reported population counts stratified by age, sex, race and ethnicity,
assigned to each air quality grid. We used the census-reported popula-
tion counts for the years 2010 and then projected these counts to the
years 2011 and 2012 using the Woods and Poole forecast (Woods and
Poole, 2012). Population data in each year are stratified by age, sex,
race, and ethnicity.

To calculate a national wildland fire PM2.5 concentrations for each of
thefive years thatwasweighted to the size of the population exposed to
wildland fire PM2.5 concentrations for all counties combined (Ci) in year
i as

Ci ¼
∑ jCij � Pij

Pi

where Cij is the wildfire-attributable annual mean PM2.5 concentration
in county j in year i, Pij is the population in county j in year i, and Pi is
the total population over all counties combined in year i.

2.6. Economic values

We estimated the value of avoided premature deaths using a Value
of Statistical Life (VSL) recommended by the U.S. EPA's Guidelines for
Preparing Economic Analyses (US EPA, 2010). FollowingU.S. EPA guide-
lines, we indexed this value to the inflation and income year of the anal-
ysis. Using a 2010 inflation year and assuming 2016 income levels, we
calculated a VSL of $10.1M. To value changes in respiratory hospital ad-
missions,we used a cost of illness estimateU.S. EPA employed in its Reg-
ulatory Impact Analysis for the PM2.5 National Ambient Air Quality
Standards (US EPA, 2012). This value of $36,000 reflects the directmed-
ical costs associated with the hospital visit as well as lost earnings.
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3. Results

3.1. Air quality

The median of the predicted annual mean wildland fire-attributable
PM2.5 concentrations across all model grid cells ranges from between
0.3 μg/m3, in 2009 and 0.8 μg/m3 in 2012, while the population-
weighted annual mean PM2.5 concentration ranges from between 0.6
μg/m3 in 2009 to 1.1 μg/m3 in 2008 (Table 1). In general, the distribution
of wildfire attributable PM2.5 concentrations are greatest in the year
2008 and lowest in the years 2009 and 2010 of the years included in
this analysis.

A small number of states are most greatly affected by wildland fire
events across the 5-year period (Fig. 1). In the western U.S., states in-
cluding California, Oregon, Idaho and Montana experience wildland
fires in each year. Among the Southeastern states, North Carolina,
South Carolina, Georgia, Louisiana, Arkansas, Florida and eastern Texas
are most impacted.

3.2. Estimated health impacts and economic values of wildland fire events

We estimate between 5200 and 8500 respiratory hospital admis-
sions per year (Table 2) (from 2008 to 2012) from wildland fires
when using the concentration-response relationship from the Delfino
et al. (2009) study. This range is within the same order of magnitude
as the values estimated using a concentration-response relationship
from the Zanobetti et al. (2009) multi-city study that did not explicitly
account for wildland fire episodes (3900 to 6300). Using an effect coef-
ficient from the Delfino et al. (2009) study, we also estimate between
1500 and 2500 cardiovascular hospital admissions. As noted above,
we could not identify a suitable wildland fire study that reported amor-
tality effect coefficient and so used a risk coefficient from a multi-city
time-series study (Zanobetti & Schwartz). We quantified between
1500 and 2500 wildland-attributable PM2.5-related deaths from short-
term changes in PM2.5 concentrations over the five-year period
(Table 2).We estimate the largest number of excess deaths and hospital
admissions for the year 2008, when wildland fire attributable PM2.5

concentrations are the greatest out of the years included here.
To provide context for the estimates above, in the secondary analysis

we also applied PM2.5 concentration-response relationships recently
employed in U.S. EPA health impact assessments, estimating thousands
of non-fatal heart attacks, thousands of respiratory and cardiovascular
hospital admissions, hundreds of thousands of cases of upper and
lower respiratory symptoms and millions of cases of acute respiratory
symptoms (Supplemental Table 4).

Summing the economic value of the short-term premature deaths
and hospital admissions we estimated a total dollar value of between
$11B and $20B per year (2010$) (Table 3). The present value of these
economic values across the 5-year time period is $63B (3% discount
rate, 2016$).We estimated the value of the long-termPM2.5 related pre-
mature deaths and hospital admissions to fall between $76B and $130B

per year (2010$). The present value of these economic values across the
5-year time period is $450B (3% discount rate, 2010$).

3.3. The distribution of wildland fire-attributable health impacts among

population subgroups

We next sought to better understand how the 5-year wildland fire
episodes that we modeled in CMAQ were affecting populations across
the U.S. For the 2008 to 2012 time period in which we modeled wild-
land fire episodeswemapped the cumulative CMAQpredictedwildland
fire PM2.5 concentrations as a distribution, and identified the upper
75th, 90th and 95th percentile. We then identified the portions of the
CMAQ modeling domain at or above this level across the continental
U.S. (Fig. 2).We next characterized the populations exposed to these el-
evated concentrations according to their race (Table 4).

When comparing the wildland fire-attributable PM2.5 concentra-
tions occurring among the highly affected and less affected areas, we
found that: (1) in locations of the U.S. that aremost affected bywildland
fires, black populations represent a larger share of the individuals ex-
posed to wildland fire PM2.5 and a smaller share in those locations of
the U.S. that are less affected by wildland fires; (2) by contrast, white
populations experience a smaller share of the population in the highly
affected areas and a larger share in the less affected areas (Table 4).

3.4. Sensitivity analysis

The estimated number of premature deaths and illnesses are sensi-
tive to the predicted daily change in wildfire related PM2.5 concentra-
tions. Smoke plume height has been repeatedly identified as one of
the critical sources of uncertainty in air quality modeling (Baker et al.,
2016).

This parameter in turn affects the range in which particles disperse
and therefore the predicted level of concentrations are most sensitive
at both very short and far distances from fires. Examiningmodel perfor-
mance indicated that themodel tends to over-predict at low concentra-
tions, possibly over representing small fires, as well as at very high
concentrations. Over-dispersion of particles in the model can yield an
excess number of low impact days that can have a cumulative impact
on the estimate of exposure.

To understand the sensitivity of our results to the high number of
days with low concentrations we quantified the number of wildland
fire-attributable deaths from daily changes in PM2.5 that were at least
1, 3 and 5 μg/m3 in size (Supplemental Table 3). We find that when
quantifying PM2.5-related deaths on days in which wildland PM2.5 con-
centrations are at or above 1 μg/m3, the estimated number of premature
deaths is on average 17% lower thanwhen we do not apply this thresh-
old; when estimating premature deaths occurring on days when PM2.5

levels at or above 5 μg/m3, there are about 44% fewer premature deaths.
These results suggest that our results were sensitive to low levels of
model-predicted wildland PM2.5 concentrations.

4. Discussion and conclusions

To our knowledge, this is the first manuscript to characterize the
PM2.5-related incidence and economic value of wildland fire impacts
in the continental United States across an extended time period. The
number of wildland fire-attributable PM2.5-related hospital admissions,
emergency department visits and other outcomes we estimated in this
analysis are comparable to those reported in Fann, Fulcher and Baker
(2013) for the year 2016. That analysis, like this one, employed photo-
chemical modeling surfaces and used a similar array of health impact
functions. However, Fann, Fulcher and Baker (2013) calibrated the air
quality modeling predictions to monitored air quality data, which
would affect the level and distribution of the wildland fire-attributable
PM2.5 concentrations. Here we do not calibrate model predictions with
observed data because it has been noted that high concentrations of

Table 1

Summary statistics of annual mean PM2.5 (μg/m
3) predictions across 12 km grid cells at-

tributable to wildfires (2008 to 2012).

Yeara

2008 2009 2010 2011 2012

10th %ile 0.26 0.14 0.14 0.26 0.33
25th %ile 0.37 0.18 0.23 0.40 0.52
50th %ile 0.61 0.33 0.43 0.60 0.81
Mean 1.1 0.56 0.70 0.80 0.92
75th %ile 1.4 0.79 0.96 1.1 1.2
90th %ile 2.3 1.3 1.7 1.7 1.6
Max 42 6.5 6.5 23 17
Population-weighted PM2.5 level 1.1 0.61 0.68 0.73 0.75

a Values rounded to two significant figures.
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particles during wildfires restrict air flow to the pumps, shutting the
monitors down and missing high concentration episodes, thus leading
to potentially biased observed values. We also recognize the potential
for CMAQ to overestimate wildland fire impacts (Baker et al., 2016).
More complex calibration and data fusion models specific to the

wildland fires are likely to become availablewith the increased usability
of remote sensing in this area of research as well as improved parame-
terizations based on results from field campaigns such as the Fire and
Smoke Model Evaluation Experiment (FASMEE) (http://www.fasmee.
net).

Fig. 1. Annual mean wildland fire-attributable PM2.5 concentrations (2008–2012).

Table 2

Premature deaths and illnesses attributable towildfire-related PM2.5 concentrations in each year calculated using alternative concentration-response functions (95% confidence intervals).

Endpoint Yeara

2008 2009 2010 2011 2012

Respiratory hospital admissions
Delfino et al. (2009) 8500 5200 6200 6300 6400

(4400–12,000) (2700–7700) (3200–9100) (3300–9300) (3300–9400)
Zanobetti et al. (2009) 6300 3900 4600 4700 4800

(3600–9000) (2300–5500) (2600–6500) (2700–6700) (2800–6800)

Cardiovascular hospital admissions
Delfino et al. (2009) 2800 1700 2100 2100 2100

(−500–6000) (−320–3700) (−380–4400) (−380–4500) (−390–4600)

Premature deaths from short-term exposure to PM2.5

Zanobetti and Schwartz (2009) 2500 1500 1700 1900 1800
(1900–3000) (1100–1800) (1300–2100) (1400–2200) (1400–2200)

Premature deaths from long-term exposure to PM2.5

Krewski et al. (2009) 14,000 8700 10,000 11,000 11,000
(9700–19,000) (5800–11,000) (6900–14,000) (7300–14,000) (7600–15,000)

Lepeule et al. (2012) 32,000 19,000 23,000 24,000 25,000
(16,000–48,000) (9800–29,000) (12,000–35,000) (12,000–36,000) (13,000–38,000)

a Values rounded to two significant figures; all functions estimated for populations ages 0–99.
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The epidemiological literature reporting risks from wildland fire-
related PM2.5 is sparse; this makes quantifying wildland-attributable
risks challenging. The epidemiology studies that the U.S. EPA and others
commonly use to quantify PM-relatedmortality andmorbidity impacts,
and reported in the Supplemental materials to this article, were not ex-
plicitly designed to characterize risks from this emission source. Howev-
er, it is reasonable to expect that many epidemiologic studies that did
not explicitly address wildland fire impacts will have at least partially
accounted for them, given that wildland fire particles tend to account
for large portion of PM in the atmosphere (Verma et al., 2014). The Na-
tional Emissions inventory of 2011 estimates that 41% of PM2.5 emis-
sions originate with wildland burning (U.S. EPA, 2011).

In light of this limitation, when we designed the health impact as-
sessment, we took two steps to ensure that we were using effect coeffi-
cients that were well matched to the unique characteristics of wildland
fire smoke events. First, we performed a random effects quantitative
meta-analysis of respiratory hospital admission epidemiological studies
of smoke events in the U.S. and elsewhere in the world. Second, we se-
lected concentration-response relationships from epidemiological stud-
ies that we believe would better account for the episodic nature of
smoke events and the corresponding elevated levels of particles
(Zanobetti et al., 2009; Zanobetti and Schwartz, 2009).

The overall economic value of wildland fire-attributable premature
deaths and respiratory hospital admissions is considerable. Depending
on whether we quantify short-term PM2.5-related premature deaths

or long-term PM2.5-realted deaths, the cumulative 5-year economic
value is in the tens to hundreds of billions of dollars.

Nearly all states in the U.S. experienced elevated fine particle con-
centrations from wildland fire events over the 5-year period, according
to our simulation of air quality. Certain states were affected by severe
wildland fire events occurring across two or more years, including Lou-
isiana (some of whichmay be due to debris burning after an active hur-
ricane season because remote sensing of fires cannot distinguish
between large debris burning from wildfires or prescribed fires), Cali-
fornia, Idaho, and Georgia. Within these states, certain population sub-
groups were affected disproportionately. In particular, black
populations, and to a lesser extent Asian populations, accounted for a
greater share of wildland fire-attributable health impacts. State and
local officials may wish to consider how best to communicate with sub-
groups that are most affected when deploying warning systems that
alert the public to the health risks of wildland fire smoke. State and
local officials deployingwarning systems to alert thepublic to thehealth
risks of wildland fire smoke may wish to consider how best to reach
these subgroups.

This analysis is subject to certain limitations and uncertainties that
shape the way in which the results may be interpreted. Considering
first the air quality inputs, we assessed the performance of the chemical
transport model by matching CMAQ grid locations to the locations of
environmentalmonitors and comparing predicted and observed values.
We found that the model is biased high when predicting low levels of

Table 3

Estimated economic value of wildfire-attributable PM2.5-related premature deaths and respiratory hospital admissions (2008 to 2012) (billions of 2010$, 95% confidence intervals).a

Health endpoints Year Present value

2008 2009 2010 2011 2012

Sum of mortality from short-term exposures and respiratory hospital admissionsa $20 $12 $14 $11 $12 $63
($2–$53) ($1–$31) ($1–$37) ($1–$30) ($1–$31) ($6–$170)

Sum of mortality from long-term exposures and respiratory hospital admissionsb $130 $76 $90 $96 $100 $450
($12–$340) ($7–$210) ($8–$250) ($9–$260) ($9–$270) ($42–$1000)

a Sum of Delfino et al. (2009) respiratory hospital admission estimates and Zanobetti and Schwartz (2009) mortality.
b Sum of Delfino et al. (2009) hospital admission estimates and Krewski et al. (2009) mortality.

Fig. 2. Locations of the U.S. experiencing elevated wildfire-related PM2.5 concentrations over a 5-year period.

807N. Fann et al. / Science of the Total Environment 610–611 (2018) 802–809



PM2.5 concentrations. The model also over predicts PM2.5 (mainly Or-
ganic Carbon and Elemental Carbon) during all seasons for fire events.
Baker et al. (2016) found the Flint Hills fire overestimated OC and EC
but theWallow fire did not overestimate to the same degree suggest-
ing there is a lot of complexity in terms of how different fires are
characterized in CMAQ. Another limitation is that only fire events
that are part of the emission inventory have been evaluated. Any
misspecification of emissions in the inventory fires is not included
in our analysis. Further scientific advances and research efforts
aimed to improve characterization of fire, fuel and emission invento-
ries, and to improve measure characterization of differential toxicity
of smoke emitted from different fuel types can potentially improve
future health risk assessments.

The health impacts quantified using concentration-response rela-
tionships described in this paper are also subject to uncertainties.
More specifically, questions remain regarding the extent to which cer-
tain species of fire-attributable PM may be more or less toxic than
others (Sullivan et al., 2008). Thus, using effect coefficients from the ep-
idemiological studies that did not specifically consider wildland fire ep-
isodes, may under- or over-estimate impacts. By contrast, the
quantitativemeta-analysis draws upon epidemiological studies of wild-
land fire events, but is limited to respiratory hospital admissions and
PM10. Several of these studieswere conducted outside of theU.S.; differ-
ences between the health care system, wildland fire particle composi-
tion, behavioral responses to smoke events and other factors may bias
the meta-analysis pooled risk coefficient. We also apply the effect coef-
ficients from the Delfino et al. (2009) study of wildfires in Southern Cal-
ifornia nationwide; this may bias our estimates of risk high or low
depending on the area that it is applied to. Finally, the present value cal-
culation assumes that the wildland fire-related premature deaths esti-
mated for each year are independent of those estimated in all other
years. For example, individuals modeled as dying prematurely from
wildland fire smoke exposure in year 1 cannot also die in year 2, but
the net present value calculation introduces the possibility that deaths
may have been counted more than once across years. However, given
that the fraction of total deaths accounted for by air pollution episodes
is relatively small (approximately 6% on a national basis), the potential
for this approach to bias-high the number of wildland-attributable
deaths is likely small (Fann et al., 2011).

Despite these uncertainties, this manuscript also exhibits a number
of strengths and unique features. First, this analysis is, to our knowledge,
the first to characterize the incidence and economic value of human
health impacts attributable to wildland fire-emitted fine particles in
the continental U.S. over a 5-year period. Second, while previous studies
have incorporated a systematic review of wildland fire studies, none to
our knowledge have performed a quantitative meta-analysis. Third, we
characterize both the size, and distribution, of wildland fire-related pre-
mature deaths and hospital admissions across population subgroups.
Taken together, the results in this analysis suggest that the number

and value of wildland fire events is considerable and that these impacts
are not shared equally across the U.S. population.
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• Wildland fires adversely affect air quali-
ty and health in the U.S.

• Between 2008 and 2012, fires increased
PM2.5 levels in the Northwest and
Southeast.

• We estimate thousands of premature
deaths and illnesses from these epi-
sodes.

• The economic value of these impacts is
in the tens to hundreds of billions of
US$.
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Introduction: Wildland fires degrade air quality and adversely affect human health. A growing body of epidemi-
ology literature reports increased rates of emergency departments, hospital admissions and premature deaths
from wildfire smoke exposure.
Objective: Our research aimed to characterize excess mortality and morbidity events, and the economic value of
these impacts, from wildland fire smoke exposure in the U.S. over a multi-year period; to date no other burden
assessment has done this.
Methods: We first completed a systematic review of the epidemiologic literature and then performed photo-
chemical air quality modeling for the years 2008 to 2012 in the continental U.S. Finally, we estimated the mor-
bidity, mortality, and economic burden of wildland fires.
Results: Our models suggest that areas including northern California, Oregon and Idaho in theWest, and Florida,
Louisiana and Georgia in the East were most affected bywildland fire events in the form of additional premature
deaths and respiratory hospital admissions. We estimated the economic value of these cases due to short term
exposures as being between $11 and $20B (2010$) per year, with a net present value of $63B (95% confidence
intervals $6–$170); we estimate the value of long-term exposures as being between $76 and $130B (2010$)
per year, with a net present value of $450B (95% confidence intervals $42–$1200).
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Conclusion: The public health burden of wildland fires—in terms of the number and economic value of deaths and
illnesses—is considerable.

Published by Elsevier B.V.

1. Introduction

The increasing frequency and intensity of largewildfires deteriorates
air quality and adversely affects human health (Crimmins et al., 2016;
Henderson et al., 2009; Liu et al., 2015, 2016; Westerling et al., 2006).
These events in turn both promote, and are exacerbated by, long-term
changes to the climate; current trends in these events are expected to
continue (Crimmins et al., 2016; Stavros et al., 2014). While the level
and type of pollutants emitted duringwildfires vary according to region
and fuel type, all fires release directly emitted particulate matter (PM)
as well as precursors to fine particles (PM2.5) and can contribute to
downwind formation of ozone (Knorr et al., 2012).

While risks to human health from exposure to PMare especiallywell
characterized in the epidemiological, toxicological and controlled
human exposure literature (US EPA, 2009), health impacts from PM
stemming from wildland fires have been less extensively studied,
though epidemiological literature has consistently observed adverse
human health impacts attributable to wildfire-related PM2.5 (Liu et al.,
2015). For example, Rappold et al. (2012, 2011) found that a peat fire
episode in eastern North Carolina was associated with increasing num-
bers of Emergency Department visits for cardiopulmonary and respira-
tory outcomes. Similarly, Delfino et al. (2009) observed increasing rates
of respiratory and cardiovascular hospital admissions resulting from a
month-long wildland fire episode in southern California. Epidemiologi-
cal studies conducted in other countries, including Australia, have ob-
served similar affects (Johnston et al., 2007; Morgan et al., 2010). A
systematic review of literature from the U.S., Australia and elsewhere
by Liu et al. (2014) found that wildland fire-related coarse particles
(PM10) were most consistently associated with respiratory outcomes.

Despite the growing body of epidemiological studies, there are a rel-
atively small number of air pollution risk assessments that attribute the
number of premature deaths and illnesses and the economic value of
health impacts to wildfire episodes. The risk assessments performed
thus far have been limited in their temporal scope, using a single
(2005) and projected (2016) year (Fann et al., 2013), or have been lim-
ited to examining onefire at a time (Jones et al., 2015; Kochi et al., 2012;
Rappold et al., 2014; Rittmaster et al., 2006). This paper builds upon this
literature to estimate the number and economic value of wildland fire
PM2.5-related premature deaths and illnesses in the contiguous United
States using chemical transport model predictions of PM2.5 from wild-
land fire episodes over a 5-year period beginning in 2008. Considering
a national scope allows us to more fully capture the impact that wild-
land fires may have on human health.

2. Materials and methods

In this study we characterized the overall magnitude and distribu-
tion of adverse health impacts by age and race that were associated
with exposure to fire-PM2.5 during wildfire smoke episodes. We used
health impact functions derived from epidemiological studies that
assessed the relationship between fire-PM2.5 and expected incidence
of health outcomes. We also performed a systematic literature review
and meta-analysis; however, using results from the meta-analysis in a
health impact functionwould have introduced considerable uncertainty
into the estimates, and thus were not used.

2.1. Health impact function

The risk assessment employs a health impact function to quantify
the number ofwildlandfire-attributable premature deaths and illnesses

in each of the five years we modeled. We estimated the number of
PM2.5-related deaths and hospital admissions (yij) during each year i (i
= 2008, 2009, 2010, 2011, 2012) among individuals in each county j

(j = 1,…,J where J is the total number of counties) as: yij = Σa yija

yija ¼ m0ija � eβ∙C ij−1
� �

� Pija;

where,β is the risk coefficient,m0ija is the baselinedeath rate or hospital
admission rate for the population in county j in year i among individuals
for 5-year age strata a, Cij is annual mean wildfire-attributable PM2.5

concentration in county j in year i, and Pija is the number of residents
in county j in year i for five-year age strata a.

To perform a health impact risk assessment we used baseline inci-
dence rates, population counts, and health impact functions included
in the environmental Benefits Mapping and Analysis
Program—Community Edition (BenMAP-CE, v1.1) (U.S. Environmental
Protection Agency, 2014) to estimate counts of PM2.5 attributable
deaths and respiratory hospital admissions in each of five years from
2008 to 2012. These inputs have previously been used to estimate
health and economic impacts in the national ambient air quality stan-
dards reviews, and the methods have been validated in previous publi-
cations (Berman et al., 2012; Fann et al., 2011; Office of Air Quality
Planning and Standards, 2011). Below we describe how we specify in-
puts and use the BenMAP-CE tool with the appropriate input data.

2.2. Air quality modeling predictions

We simulated daily air quality from 2008 to 2012 using the Commu-
nity Multiscale Air Quality version 5.1 (CMAQ v5.1) model with and
without emissions from wildland fires in the contiguous United States.
Wildland fires in our study included wildfires, prescribed fires, and
other significant fires but it excluded agricultural fires. The difference
between the two model runs represents the contribution of fire-PM2.5

and PM2.5 precursor emissions. Inputs to the model included gridded
meteorologicalfields, emissions data, and boundary conditions. Gridded
meteorological fields were provided by annual CONUS Weather Re-
search and Forecasting (WRF) model simulation. Meteorological fields
were defined on a 12 × 12 km horizontal grid with 35 vertical layers
of variable thickness extending up to 50 hPa. The lowest model layer,
which extended to approximately 20 m above ground was used to cal-
culate the annual mean concentration of PM2.5 (∆x) in the health im-
pact function.

The CMAQ input emissions were based on a 12 km national U.S. do-
main with speciation for the Carbon-Bond 05 chemical mechanism
(Yarwood et al., 2005). The emission inventory and ancillary files
were based on the 2008 emissions modeling platform for 2008, 2009,
and 2010 (EPA, 2012) and on the 2011 emission modeling platform
for 2011 and 2012 (US EPA, 2016). Since the focus of this study is wild-
land fires, any additional information about the non-fire emission
sources is noted in the references. The fire emissions were based on
year specific daily fire estimates using the Hazard Mapping System
fire detections and Sonoma Technology SMARTFIRE system version 2
(Sonoma Technology, 2007). Smartfire2 is a framework for producing
fire activity data and allows for the merging of multiple data sources.
Some of the fires included in the fire inventory come from satellite
based remote sensing sources which cannot distinguish large pre-
scribed or debris burning fires from wildfires with certainty. After mul-
tiple sources of fire information are reconciled to create fire activity
estimates, the fire emissions are estimated using fuel moistures (via
the USFS Wildland Fire Assessment System), consumption estimates
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from the Consume model (Ottmar, 2014; US Forest Service, 2015),
emission factors from the Fire Emission Production Simulator (Ottmar,
2014; US Forest Service, 2015), and fuel loading from the United
States Forest Service Fuel Characteristic Classification System (FCCS) da-
tabase (McKenzie et al., 2012). Plume rise for all point sources including
the wildland fires was calculated within the CMAQ model. Biogenic
emissionswere processed in CMAQand are based on the Biogenic Emis-
sions Inventory System v3.14 (Schwede et al., 2005; Carlton and Baker,
2011).

2.3. Effect coefficients

To identify PM2.5 effect coefficients suitable for the health burden
impact assessment, we consulted two sources of evidence. The first is
theU.S. EPA's 2009 Integrated Science Assessment for ParticulateMatter
(PM ISA), which classified human health endpoints as having a “causal”
or “likely to be causal” relationship with short-term and long-term ex-
posure to PM2.5. The PM ISA synthesizes the epidemiological, toxicolog-
ical and controlled human exposure studies published to that point, and
was peer reviewed by the independent Clean Air Scientific Advisory
Committee (US EPA, 2009). The PM ISA indicated thatmortality and car-
diovascular outcomes were causally related, and respiratory outcomes
were likely to be causally related, to short-term and long-term exposure
to fine particle levels (US EPA, 2009). The ISA did not differentiate these
effects by particle composition or source.

Next, we performed a systematic review and quantitative meta-
analysis. We included epidemiological studies that looked at associa-
tions between PM2.5 during smoke events and various health endpoints.
Studies identified were conducted in the U.S., Australia, South America,
and Asia, and were limited to health endpoints identified by the PM ISA
as being causally related to PM2.5 exposure. The systematic review
employed a machine learning technique to identify relevant literature.
We report detailed information regarding the search terms, our proce-
dure for identifying and screening eligible literature, and a Preferred
Reporting Items for Systematic Reviews and Meta-Analyses diagram
in the Supplemental materials. The machine learning literature review
identified a total of 276 epidemiological studies, of which we judged
21 to be suitable to be included in the quantitative meta-analysis (Sup-
plemental Fig. 1). These 21 studies reported a total of 902 relative risks
or odds ratios for respiratory (n = 455) or cardiovascular (n = 308)
hospital or emergency department visits, or all-cause or non-
accidental deaths (n = 139).

A subset of 4 studies reported risk estimates for respiratory hospital
admissions that reported effect coefficients for a common endpoint, PM
indicator (in this case, PM10), lag structure and population age strata
and so were suitable for pooling in a quantitative meta-analysis
(Henderson et al., 2015; Johnston et al., 2007; Morgan et al., 2010;
Tham et al., 2009). Using theMetafor library in the R statistical package,
we perform a random effects meta-analysis (R Core Team, 2016;
Viechtbauer, 2010). A forest plot illustrating the studies included in
themeta-analysis, a random-effects pooled estimate, and additional in-
formation regarding tests for funnel plot asymmetry can be found in the
Supplemental materials (Supplemental Figs. 2 and 3).

Ultimately, for the health impact assessment, we did not use this
pooled estimate because the exposure of interest for our nationwide
risk assessment was PM2.5, not PM10. Additionally, the risk coefficients
may not be generalizable because all 4 studies were based on wildland
fire events outside of the U.S. (Henderson et al., 2015; Johnston et al.,
2007;Morgan et al., 2010; Thamet al., 2009). Populations in other coun-
tries may respond differently to wildland fire episodes to those in the
U.S., have access to a different healthcare system, may be more or less
susceptible to wildland fire smoke, and may differ in other ways that
we cannot observe using the available data. For these reasons, we
used a risk coefficients drawn Delfino et al. (2009), which reported
risk estimates for both respiratory and cardiovascular hospital admis-
sions during the wildland fire episodes in Southern California.

We also selected PM2.5 epidemiological studies that reported short-
term and long-term PM2.5 effect coefficients that did not specifically re-
port effect estimates for exposures to wildland fire PM2.5. We used risk
estimates U.S. EPA previously employed to evaluate the health benefits
of alternative air quality standards (EPA, 2012), recognizing that these
studies do not consider PM2.5 particles originating from wildland fire
events specifically and they generally consider PM2.5 concentrations at
levels significantly below those observed during wildland fire episodes.
The short-term studies include Zanobetti et al. (2009), a multi-city
time-series study that reported hospital admissions for respiratory out-
comes, and Zanobetti and Schwartz (2009), a multi-city time series
study of PM2.5-related mortality. Because wildfire episodes can affect
long-term levels of PM2.5, we also employ effect coefficients from
long-term epidemiological studies; these include an extended analysis
of the American Cancer Society (Krewski et al., 2009) and an extended
analysis of the Harvard Six Cities cohort (Lepeule et al., 2012).

2.4. Baseline rates of death and hospital admissions

The epidemiological studies noted above report estimates of risk
that are expressed as being relative to a baseline rate. In this analysis
we used effect coefficients to quantify cases of hospital admissions
and premature deaths, and thus we applied baseline rates of all-cause
mortality and hospital admissions. We selected county-level age-
stratified all-cause death rates from the Centers for Disease Control
(WONDER) database for the year 2010 (Centers for Disease Control
and Prevention 2016). We selected hospital visit rates from the
Healthcare Cost and Utilization Program (HCUP); these are a mixture
of county, state and regional rates (see Supplemental Table 2).

2.5. Assigning PM2.5 concentrations to the population

We quantified changes in population-level exposure by assigning
the predicted PM2.5 concentrations to the population in each 12 km by
12 km model grid cell. The BenMAP-CE tool contains 2010 U.S. Census
reported population counts stratified by age, sex, race and ethnicity,
assigned to each air quality grid. We used the census-reported popula-
tion counts for the years 2010 and then projected these counts to the
years 2011 and 2012 using the Woods and Poole forecast (Woods and
Poole, 2012). Population data in each year are stratified by age, sex,
race, and ethnicity.

To calculate a national wildland fire PM2.5 concentrations for each of
thefive years thatwasweighted to the size of the population exposed to
wildland fire PM2.5 concentrations for all counties combined (Ci) in year
i as

Ci ¼
∑ jCij � Pij

Pi

where Cij is the wildfire-attributable annual mean PM2.5 concentration
in county j in year i, Pij is the population in county j in year i, and Pi is
the total population over all counties combined in year i.

2.6. Economic values

We estimated the value of avoided premature deaths using a Value
of Statistical Life (VSL) recommended by the U.S. EPA's Guidelines for
Preparing Economic Analyses (US EPA, 2010). FollowingU.S. EPA guide-
lines, we indexed this value to the inflation and income year of the anal-
ysis. Using a 2010 inflation year and assuming 2016 income levels, we
calculated a VSL of $10.1M. To value changes in respiratory hospital ad-
missions,we used a cost of illness estimateU.S. EPA employed in its Reg-
ulatory Impact Analysis for the PM2.5 National Ambient Air Quality
Standards (US EPA, 2012). This value of $36,000 reflects the directmed-
ical costs associated with the hospital visit as well as lost earnings.
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3. Results

3.1. Air quality

The median of the predicted annual mean wildland fire-attributable
PM2.5 concentrations across all model grid cells ranges from between
0.3 μg/m3, in 2009 and 0.8 μg/m3 in 2012, while the population-
weighted annual mean PM2.5 concentration ranges from between 0.6
μg/m3 in 2009 to 1.1 μg/m3 in 2008 (Table 1). In general, the distribution
of wildfire attributable PM2.5 concentrations are greatest in the year
2008 and lowest in the years 2009 and 2010 of the years included in
this analysis.

A small number of states are most greatly affected by wildland fire
events across the 5-year period (Fig. 1). In the western U.S., states in-
cluding California, Oregon, Idaho and Montana experience wildland
fires in each year. Among the Southeastern states, North Carolina,
South Carolina, Georgia, Louisiana, Arkansas, Florida and eastern Texas
are most impacted.

3.2. Estimated health impacts and economic values of wildland fire events

We estimate between 5200 and 8500 respiratory hospital admis-
sions per year (Table 2) (from 2008 to 2012) from wildland fires
when using the concentration-response relationship from the Delfino
et al. (2009) study. This range is within the same order of magnitude
as the values estimated using a concentration-response relationship
from the Zanobetti et al. (2009) multi-city study that did not explicitly
account for wildland fire episodes (3900 to 6300). Using an effect coef-
ficient from the Delfino et al. (2009) study, we also estimate between
1500 and 2500 cardiovascular hospital admissions. As noted above,
we could not identify a suitable wildland fire study that reported amor-
tality effect coefficient and so used a risk coefficient from a multi-city
time-series study (Zanobetti & Schwartz). We quantified between
1500 and 2500 wildland-attributable PM2.5-related deaths from short-
term changes in PM2.5 concentrations over the five-year period
(Table 2).We estimate the largest number of excess deaths and hospital
admissions for the year 2008, when wildland fire attributable PM2.5

concentrations are the greatest out of the years included here.
To provide context for the estimates above, in the secondary analysis

we also applied PM2.5 concentration-response relationships recently
employed in U.S. EPA health impact assessments, estimating thousands
of non-fatal heart attacks, thousands of respiratory and cardiovascular
hospital admissions, hundreds of thousands of cases of upper and
lower respiratory symptoms and millions of cases of acute respiratory
symptoms (Supplemental Table 4).

Summing the economic value of the short-term premature deaths
and hospital admissions we estimated a total dollar value of between
$11B and $20B per year (2010$) (Table 3). The present value of these
economic values across the 5-year time period is $63B (3% discount
rate, 2016$).We estimated the value of the long-termPM2.5 related pre-
mature deaths and hospital admissions to fall between $76B and $130B

per year (2010$). The present value of these economic values across the
5-year time period is $450B (3% discount rate, 2010$).

3.3. The distribution of wildland fire-attributable health impacts among

population subgroups

We next sought to better understand how the 5-year wildland fire
episodes that we modeled in CMAQ were affecting populations across
the U.S. For the 2008 to 2012 time period in which we modeled wild-
land fire episodeswemapped the cumulative CMAQpredictedwildland
fire PM2.5 concentrations as a distribution, and identified the upper
75th, 90th and 95th percentile. We then identified the portions of the
CMAQ modeling domain at or above this level across the continental
U.S. (Fig. 2).We next characterized the populations exposed to these el-
evated concentrations according to their race (Table 4).

When comparing the wildland fire-attributable PM2.5 concentra-
tions occurring among the highly affected and less affected areas, we
found that: (1) in locations of the U.S. that aremost affected bywildland
fires, black populations represent a larger share of the individuals ex-
posed to wildland fire PM2.5 and a smaller share in those locations of
the U.S. that are less affected by wildland fires; (2) by contrast, white
populations experience a smaller share of the population in the highly
affected areas and a larger share in the less affected areas (Table 4).

3.4. Sensitivity analysis

The estimated number of premature deaths and illnesses are sensi-
tive to the predicted daily change in wildfire related PM2.5 concentra-
tions. Smoke plume height has been repeatedly identified as one of
the critical sources of uncertainty in air quality modeling (Baker et al.,
2016).

This parameter in turn affects the range in which particles disperse
and therefore the predicted level of concentrations are most sensitive
at both very short and far distances from fires. Examiningmodel perfor-
mance indicated that themodel tends to over-predict at low concentra-
tions, possibly over representing small fires, as well as at very high
concentrations. Over-dispersion of particles in the model can yield an
excess number of low impact days that can have a cumulative impact
on the estimate of exposure.

To understand the sensitivity of our results to the high number of
days with low concentrations we quantified the number of wildland
fire-attributable deaths from daily changes in PM2.5 that were at least
1, 3 and 5 μg/m3 in size (Supplemental Table 3). We find that when
quantifying PM2.5-related deaths on days in which wildland PM2.5 con-
centrations are at or above 1 μg/m3, the estimated number of premature
deaths is on average 17% lower thanwhen we do not apply this thresh-
old; when estimating premature deaths occurring on days when PM2.5

levels at or above 5 μg/m3, there are about 44% fewer premature deaths.
These results suggest that our results were sensitive to low levels of
model-predicted wildland PM2.5 concentrations.

4. Discussion and conclusions

To our knowledge, this is the first manuscript to characterize the
PM2.5-related incidence and economic value of wildland fire impacts
in the continental United States across an extended time period. The
number of wildland fire-attributable PM2.5-related hospital admissions,
emergency department visits and other outcomes we estimated in this
analysis are comparable to those reported in Fann, Fulcher and Baker
(2013) for the year 2016. That analysis, like this one, employed photo-
chemical modeling surfaces and used a similar array of health impact
functions. However, Fann, Fulcher and Baker (2013) calibrated the air
quality modeling predictions to monitored air quality data, which
would affect the level and distribution of the wildland fire-attributable
PM2.5 concentrations. Here we do not calibrate model predictions with
observed data because it has been noted that high concentrations of

Table 1

Summary statistics of annual mean PM2.5 (μg/m
3) predictions across 12 km grid cells at-

tributable to wildfires (2008 to 2012).

Yeara

2008 2009 2010 2011 2012

10th %ile 0.26 0.14 0.14 0.26 0.33
25th %ile 0.37 0.18 0.23 0.40 0.52
50th %ile 0.61 0.33 0.43 0.60 0.81
Mean 1.1 0.56 0.70 0.80 0.92
75th %ile 1.4 0.79 0.96 1.1 1.2
90th %ile 2.3 1.3 1.7 1.7 1.6
Max 42 6.5 6.5 23 17
Population-weighted PM2.5 level 1.1 0.61 0.68 0.73 0.75

a Values rounded to two significant figures.
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particles during wildfires restrict air flow to the pumps, shutting the
monitors down and missing high concentration episodes, thus leading
to potentially biased observed values. We also recognize the potential
for CMAQ to overestimate wildland fire impacts (Baker et al., 2016).
More complex calibration and data fusion models specific to the

wildland fires are likely to become availablewith the increased usability
of remote sensing in this area of research as well as improved parame-
terizations based on results from field campaigns such as the Fire and
Smoke Model Evaluation Experiment (FASMEE) (http://www.fasmee.
net).

Fig. 1. Annual mean wildland fire-attributable PM2.5 concentrations (2008–2012).

Table 2

Premature deaths and illnesses attributable towildfire-related PM2.5 concentrations in each year calculated using alternative concentration-response functions (95% confidence intervals).

Endpoint Yeara

2008 2009 2010 2011 2012

Respiratory hospital admissions
Delfino et al. (2009) 8500 5200 6200 6300 6400

(4400–12,000) (2700–7700) (3200–9100) (3300–9300) (3300–9400)
Zanobetti et al. (2009) 6300 3900 4600 4700 4800

(3600–9000) (2300–5500) (2600–6500) (2700–6700) (2800–6800)

Cardiovascular hospital admissions
Delfino et al. (2009) 2800 1700 2100 2100 2100

(−500–6000) (−320–3700) (−380–4400) (−380–4500) (−390–4600)

Premature deaths from short-term exposure to PM2.5

Zanobetti and Schwartz (2009) 2500 1500 1700 1900 1800
(1900–3000) (1100–1800) (1300–2100) (1400–2200) (1400–2200)

Premature deaths from long-term exposure to PM2.5

Krewski et al. (2009) 14,000 8700 10,000 11,000 11,000
(9700–19,000) (5800–11,000) (6900–14,000) (7300–14,000) (7600–15,000)

Lepeule et al. (2012) 32,000 19,000 23,000 24,000 25,000
(16,000–48,000) (9800–29,000) (12,000–35,000) (12,000–36,000) (13,000–38,000)

a Values rounded to two significant figures; all functions estimated for populations ages 0–99.
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The epidemiological literature reporting risks from wildland fire-
related PM2.5 is sparse; this makes quantifying wildland-attributable
risks challenging. The epidemiology studies that the U.S. EPA and others
commonly use to quantify PM-relatedmortality andmorbidity impacts,
and reported in the Supplemental materials to this article, were not ex-
plicitly designed to characterize risks from this emission source. Howev-
er, it is reasonable to expect that many epidemiologic studies that did
not explicitly address wildland fire impacts will have at least partially
accounted for them, given that wildland fire particles tend to account
for large portion of PM in the atmosphere (Verma et al., 2014). The Na-
tional Emissions inventory of 2011 estimates that 41% of PM2.5 emis-
sions originate with wildland burning (U.S. EPA, 2011).

In light of this limitation, when we designed the health impact as-
sessment, we took two steps to ensure that we were using effect coeffi-
cients that were well matched to the unique characteristics of wildland
fire smoke events. First, we performed a random effects quantitative
meta-analysis of respiratory hospital admission epidemiological studies
of smoke events in the U.S. and elsewhere in the world. Second, we se-
lected concentration-response relationships from epidemiological stud-
ies that we believe would better account for the episodic nature of
smoke events and the corresponding elevated levels of particles
(Zanobetti et al., 2009; Zanobetti and Schwartz, 2009).

The overall economic value of wildland fire-attributable premature
deaths and respiratory hospital admissions is considerable. Depending
on whether we quantify short-term PM2.5-related premature deaths

or long-term PM2.5-realted deaths, the cumulative 5-year economic
value is in the tens to hundreds of billions of dollars.

Nearly all states in the U.S. experienced elevated fine particle con-
centrations from wildland fire events over the 5-year period, according
to our simulation of air quality. Certain states were affected by severe
wildland fire events occurring across two or more years, including Lou-
isiana (some of whichmay be due to debris burning after an active hur-
ricane season because remote sensing of fires cannot distinguish
between large debris burning from wildfires or prescribed fires), Cali-
fornia, Idaho, and Georgia. Within these states, certain population sub-
groups were affected disproportionately. In particular, black
populations, and to a lesser extent Asian populations, accounted for a
greater share of wildland fire-attributable health impacts. State and
local officials may wish to consider how best to communicate with sub-
groups that are most affected when deploying warning systems that
alert the public to the health risks of wildland fire smoke. State and
local officials deployingwarning systems to alert thepublic to thehealth
risks of wildland fire smoke may wish to consider how best to reach
these subgroups.

This analysis is subject to certain limitations and uncertainties that
shape the way in which the results may be interpreted. Considering
first the air quality inputs, we assessed the performance of the chemical
transport model by matching CMAQ grid locations to the locations of
environmentalmonitors and comparing predicted and observed values.
We found that the model is biased high when predicting low levels of

Table 3

Estimated economic value of wildfire-attributable PM2.5-related premature deaths and respiratory hospital admissions (2008 to 2012) (billions of 2010$, 95% confidence intervals).a

Health endpoints Year Present value

2008 2009 2010 2011 2012

Sum of mortality from short-term exposures and respiratory hospital admissionsa $20 $12 $14 $11 $12 $63
($2–$53) ($1–$31) ($1–$37) ($1–$30) ($1–$31) ($6–$170)

Sum of mortality from long-term exposures and respiratory hospital admissionsb $130 $76 $90 $96 $100 $450
($12–$340) ($7–$210) ($8–$250) ($9–$260) ($9–$270) ($42–$1000)

a Sum of Delfino et al. (2009) respiratory hospital admission estimates and Zanobetti and Schwartz (2009) mortality.
b Sum of Delfino et al. (2009) hospital admission estimates and Krewski et al. (2009) mortality.

Fig. 2. Locations of the U.S. experiencing elevated wildfire-related PM2.5 concentrations over a 5-year period.
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PM2.5 concentrations. The model also over predicts PM2.5 (mainly Or-
ganic Carbon and Elemental Carbon) during all seasons for fire events.
Baker et al. (2016) found the Flint Hills fire overestimated OC and EC
but theWallow fire did not overestimate to the same degree suggest-
ing there is a lot of complexity in terms of how different fires are
characterized in CMAQ. Another limitation is that only fire events
that are part of the emission inventory have been evaluated. Any
misspecification of emissions in the inventory fires is not included
in our analysis. Further scientific advances and research efforts
aimed to improve characterization of fire, fuel and emission invento-
ries, and to improve measure characterization of differential toxicity
of smoke emitted from different fuel types can potentially improve
future health risk assessments.

The health impacts quantified using concentration-response rela-
tionships described in this paper are also subject to uncertainties.
More specifically, questions remain regarding the extent to which cer-
tain species of fire-attributable PM may be more or less toxic than
others (Sullivan et al., 2008). Thus, using effect coefficients from the ep-
idemiological studies that did not specifically consider wildland fire ep-
isodes, may under- or over-estimate impacts. By contrast, the
quantitativemeta-analysis draws upon epidemiological studies of wild-
land fire events, but is limited to respiratory hospital admissions and
PM10. Several of these studieswere conducted outside of theU.S.; differ-
ences between the health care system, wildland fire particle composi-
tion, behavioral responses to smoke events and other factors may bias
the meta-analysis pooled risk coefficient. We also apply the effect coef-
ficients from the Delfino et al. (2009) study of wildfires in Southern Cal-
ifornia nationwide; this may bias our estimates of risk high or low
depending on the area that it is applied to. Finally, the present value cal-
culation assumes that the wildland fire-related premature deaths esti-
mated for each year are independent of those estimated in all other
years. For example, individuals modeled as dying prematurely from
wildland fire smoke exposure in year 1 cannot also die in year 2, but
the net present value calculation introduces the possibility that deaths
may have been counted more than once across years. However, given
that the fraction of total deaths accounted for by air pollution episodes
is relatively small (approximately 6% on a national basis), the potential
for this approach to bias-high the number of wildland-attributable
deaths is likely small (Fann et al., 2011).

Despite these uncertainties, this manuscript also exhibits a number
of strengths and unique features. First, this analysis is, to our knowledge,
the first to characterize the incidence and economic value of human
health impacts attributable to wildland fire-emitted fine particles in
the continental U.S. over a 5-year period. Second, while previous studies
have incorporated a systematic review of wildland fire studies, none to
our knowledge have performed a quantitative meta-analysis. Third, we
characterize both the size, and distribution, of wildland fire-related pre-
mature deaths and hospital admissions across population subgroups.
Taken together, the results in this analysis suggest that the number

and value of wildland fire events is considerable and that these impacts
are not shared equally across the U.S. population.
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ABSTRACT: Identifying communities vulnerable to adverse health effects
from exposure to wildfire smoke may help prepare responses, increase the
resilience to smoke and improve public health outcomes during smoke days.
We developed a Community Health-Vulnerability Index (CHVI) based on
factors known to increase the risks of health effects from air pollution and
wildfire smoke exposures. These factors included county prevalence rates
for asthma in children and adults, chronic obstructive pulmonary disease,
hypertension, diabetes, obesity, percent of population 65 years of age and
older, and indicators of socioeconomic status including poverty, education,
income and unemployment. Using air quality simulated for the period
between 2008 and 2012 over the continental U.S. we also characterized the
population size at risk with respect to the level and duration of exposure to
fire-originated fine particulate matter (fire-PM2.5) and CHVI. We estimate
that 10% of the population (30.5 million) lived in the areas where the
contribution of fire-PM2.5 to annual average ambient PM2.5 was high (>1.5 μg/m3) and that 10.3 million individuals experienced
unhealthy air quality levels for more than 10 days due to smoke. Using CHVI we identified the most vulnerable counties and
determined that these communities experience more smoke exposures in comparison to less vulnerable communities.

■ INTRODUCTION

Exposure to wildfire smoke is a serious health risk which can
disproportionally impact sensitive groups. A number of studies
have shown an association between smoke exposure and
worsening of respiratory symptoms, increased rates of
cardiorespiratory emergency visits, hospitalizations, and even
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death.1−12 Identifying communities vulnerable to adverse health
outcomes during smoke days can provide valuable information
for local, state, and federal governments and nongovernmental
organizations to prioritize public health actions and improve
public health outcomes on fire-smoke days.
Among the pollutants found in smoke, fine particulate matter

(PM2.5) is of the highest concern to health. In the most recent
synthesis and evaluation of scientific literature on the health
effects of air pollution, the Integrated Science Assessment
(ISA), the U.S. Environmental Protection Agency13 concluded
that the weight of scientific evidence suggests a causal
relationship between short- and long-term exposures and
cardiovascular effects and mortality, and a likely causal
relationship with respiratory effects. ISA is a comprehensive
review of the health and ecological effects caused by air
pollutants, mandated by the Clean Air Act, and provides the
scientific basis for review of the National Ambient Air Quality
Standards (NAAQS). Multiple studies demonstrate that the
health impacts from PM2.5 exposures are disproportionately
shared by individuals in the sensitive groups.14,15 The most
sensitive groups include children, the aged, and pregnant
women, as well as those with a pre-existing cardiopulmonary
disease. Individuals and communities of lower socioeconomic
status, and those with other pre-existing chronic inflammatory
conditions are also considered at higher risk. Distribution of
sensitive populations defines the vulnerability to adverse health
effects across communities and reducing impacts among these
populations is likely to bring the greatest public health burden
benefit on smoke days.
Population vulnerability to various natural hazards has been

studied for decades, however population vulnerability to smoke
has not been well documented. Various aspects of population
vulnerability have been examined in the context of heat
waves,16 famine, seismic events, coastal and inland floods, sea
level rise, and drought.17−20 Recent assessments have also
focused on identifying communities vulnerable to environ-
mental hazards exacerbated by climate change.19,21,22 The
purpose of assessing population vulnerability is to determine
the population at greatest risk to environmental hazards,
understand how communities respond and adapt and inform
ways to mitigate the risk and negative impacts.23 The
communities that adapt to and recover after a disaster are
those that can better plan, prepare and respond to environ-
mental hazards. The alarming trends in the severity of wildland
fires and growth of populations in the communities adjacent to
wildlands call for an improved understanding of which
communities are the most vulnerable to health impacts in
order to improve public health response.
Here, we index community vulnerability to health effects of

air pollution and wildfire smoke, based on previously studied
clinical and social risk-factors that were found to modify the
association between air pollution and adverse health outcomes.
We then quantify population size at risk with respect to the
levels of the index and the level and duration of smoke
exposure in the recent past. To characterize smoke exposure in
the recent past we simulated fire-originating fine particulate
matter (PM2.5) over a five-year period (2008−2012) using a
chemical transport modeling system. The objective of this work
is to demonstrate that community health vulnerability can be
readily assessed using existing data and to provide motivation as
to why it may be necessary. Understanding where the most
vulnerable communities are found can be useful in developing
outreach and education material.

■ MATERIALS AND METHODS

Development of Community Health-Vulnerability
Index. To develop an index of community health-vulnerability
to the adverse health effects of smoke exposures, we obtained
specific socio-economic, demographic, and health outcome
measures previously determined in the literature to modify the
risk of air pollution related health outcomes.13,24,25 More
specifically, we obtained county prevalence for diabetes,
hypertension, adult and pediatric asthma, chronic obstructive
pulmonary disease (COPD); percent of population over 65
years of age, household income, education, rates of poverty, and
unemployment. In the PM2.5- Integrated Science Assessment,13

both intrinsic (disease status) and extrinsic factors (poverty)
are referred to as factors of susceptibility and vulnerability,
respectively. However, because all of the factors are aggregated
and not individual data, we use the term “vulnerability”
throughout to define increased risk of adverse health outcomes
related to exposure. In all cases we used county level indicators
available across the continental U.S. because mitigation and
adaptation plans are often planned and executed at the county
level. The list of variables used to profile vulnerability is not
intended to be exhaustive, but rather representative of the key
clinical and social conditions known to or suspected to increase
the risk of adverse health outcomes associated with fire- PM2.5.
Data sources and summary statistics are available in Supporting
Information (SI) Table S1.
Prevalence and incidence estimates of pediatric asthma (in

children <18 years of age), adult asthma (18+ years of age), and
adult COPD (30+) which includes chronic bronchitis and
emphysema, were obtained from the American Lung
Association.26 American Lung Association projected national
and state prevalence of chronic lung disease to county levels
using the Behavioral Risk Factor Surveillance System
(BRFSS)27 a phone based survey system that has been
collecting data continuously since 2004, and statistical methods
developed by the U.S. Census Bureau.
We used county level prevalence of hypertension to

approximate prevalence of cardiovascular disease. We used
sex specific and age adjusted hypertension prevalence data in
adults over 30 years of age reported in Olives et al.28 The study
characterized the relationship between self-reported and
physical measurements of hypertension reported in the
National Health Examination and Nutrition Survey and used
the relationship to adjust BRFSS 2009 self-reported responses
on hypertension prevalence (among all respondents, percent-
age of those who reported systolic BP of at least 140 mmHg
and/or self-reported taking medication) for self-reporting bias.
Prevalence for county-level age, race, and sex adjusted estimates
of diagnosed diabetes and obesity in adults (20 years of age and
older) were obtained from BRFSS 2012 from http://www.cdc.
gov/diabetes/atlas/countyrank/County_ListofIndicators.html.
Older adults and individuals of lower socio-economic status

have been shown to be of increased risk of cardiovascular and
respiratory effects in both short-term exposure studies and
long-term exposure studies of air pollution.13 Similarly, several
studies found that socio-economic factors also modified health
responses during the exposures to wildfire smoke.29,30 Socio-
economic and demographic profiles used in this study were
taken from 2010 U.S. Census including population size by age
group and gender, percent of individuals living in poverty,
percent of families living in poverty, medium household
income, and percent of unemployment.31
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We used principal components analysis and varimax rotation
to reduce the number of measures of vulnerability into a smaller
number of independent components. All measures of
vulnerability were standardized prior to analysis. The first five
components explained 84% of variance and were highly loaded
on (1) economic deprivation, (2) population of 65 years and
older, (3) chronic adult respiratory conditions (COPD and
asthma), (4) pre-existing conditions linked to hypertension,
obesity and diabetes, and (5) pediatric asthma (SI Table S2).
All five components were positively associated with primary
measures, with the exception of median household income that
was negatively loaded on the first component measuring
economic deprivation (SI Figure S11). The higher scores of all
five components described the more vulnerable state (more
poverty, more individuals 65 years and older, more chronic
respiratory and other conditions). The five components were
individually assigned quintile scores (1 (the least vulnerable) to
5 (the most vulnerable)). Quintile ranks for each component
were added together to create overall Community Health-

Vulnerability Index (CHVI) with higher values defining more
vulnerable states.

Air Quality Simulations. We simulated daily air quality
from 2008 to 2012 using the Community Multiscale Air
Quality (CMAQ) model with and without wildland and
prescribed fires. The calculated difference between the two
model runs represents the contribution of fire emissions to the
ambient PM2.5 levels (fire-PM2.5). Inputs to the model included
gridded meteorological fields, emissions data, and boundary
conditions. For a regional or continental CMAQ model
simulation, the meteorological fields were provided by annual
CONUS Weather Research and Forecasting model (WRF)
simulation that utilized 12 km horizontal grid spacing and 35
vertical layers of variable thickness extending up to 50 hPa, with
the top of the lowest model layer at approximately 20 m above
ground level. Initial and boundary conditions for WRF were
provided by the North American Mesoscale Model available
from the National Centers for Environmental Prediction. The
input emissions were based on a 12 km national U.S. domain
with speciation for the Carbon-Bond 05 chemical mechanism.32

Figure 1. (a) Annual average daily fire-PM2.5 footprint by counties of continental US and perimeters of area burned by large fires in black
(GeoMAC) between 2008 and 2012. (b) Number of days with fire-PM2.5 above 35 μg/m3 by counties of continental US and perimeters of area
burned by large fires in black (GeoMAC) between 2008 and 2012.
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The emission inventory and ancillary files were based on the
2008 emissions modeling platform for 2008, 2009, and 2010
and on the 2011 emission modeling platform for 2011 and
2012. The fire emissions were based on year-specific daily fire
estimates using the Hazard Mapping System fire detections and
Sonoma Technology SMARTFIRE system (version 2) (http://
www.getbluesky.org/smartfire/docs/Raffuse 2007.pdf). Plume
rise was calculated within the CMAQ model (in-line). Biogenic
emissions were processed in-line in CMAQ and are based on
the Biogenic Emissions Inventory System v3.14 (http://www.
cmascenter.org).
CMAQ hourly output was averaged to daily averages

(midnight to midnight and adjusted for time zone) for each
grid point. From the gridded output we calculated area
weighted averages for daily and annual fire-PM2.5 daily averages
for each county. We characterize smoke exposure impacts with
respect to the magnitude of exposure, frequency of days with
moderate air quality (15−35 μg/m3) and frequency of days
with unhealthy levels of fire-PM2.5 (>35 μg/m3) according to
2006 PM2.5 NAAQS. In terms of health risks, moderate air
quality days are interpreted as “Unhealthy for Unusually
Sensitive Groups”; while concentrations above 35.4 are
interpreted as unhealthy for a broader population. More
specifically, 35.5−55.4 μg/m3 is considered “Unhealthy for
Sensitive Individuals”, 55.5−150.4 μg/m3 is considered
“Unhealthy” for all individuals, 150.5−250.4 is “Very
Unhealthy”, and ≥250.5 is “Hazardous”.33 The two concen-
trations used in this analysis also correspond to the annual (15
μg/m3) and daily (35 μg/m3) 2006 PM2.5 NAAQS. Here we
used the 2006 standard because it was the standard of the time
period 2008 to 2012. In December, 2012 the NAAQS for PM2.5

was revised, and the annual standard was reduced to 12 μg/m3

while the daily standard 35 μg/m3 was retained. We note that
we use these thresholds to define moderate and unhealthy
smoke days and not to define compliance to air quality
regulations. Finally, to calculate population size at risk we used
age and gender specific population size from 2010 U.S. Census.
Wildfire perimeters for each year in this five-year period used

in the study were obtained from USGS Geospatial Multi-
Agency Coordination Group (GeoMAC) Wildland Fire
Support archives. The GeoMAC is an interactive mapping
application that displays maps of current fire locations and
perimeters in the 48 contiguous states plus Alaska. This tool
gathers fire data from daily incidence reports and defines

wildland fire perimeters based on incident intelligence sources,
GPS data, fixed wing aircraft sources, and satellite data. Fires
not reported to the incidence intelligence such as prescribed
and agricultural fires are not represented in the GeoMAC. The
shape files and metadata are available at http://rmgsc.cr.usgs.
gov/outgoing/GeoMAC/historic_fire_data/.

■ RESULTS

Fire-PM2.5 Patterns over the Continental U.S., 2008−
2012. In Figure 1, we mapped a geographic distribution of the
estimated fire-PM2.5 daily average with respect to (a) the
magnitude and (b) frequency of unhealthy smoke days. The
maps of fire-PM2.5 were also overlaid with the geocoded
perimeters of large wildfires from GeoMAC archives. In
combination with large fire parameters and with respect to
the magnitude of impact, two distinct and large spatial
footprints are observed for fire-PM2.5. The first footprint was
observed over the heavily forested, cold and temperate climates
of Northern California and Pacific Northwest, where high
concentrations were colocated with a dense distribution of fire
perimeters. The second fire-PM2.5 footprint was observed
across the Southeast where vegetation includes hardwood, pine
and southern mixed forests, and wetlands. According to the
National Emissions Inventory used in our CMAQ simulations,
a majority of the emissions in this region are attributed to
smaller and more localized wildland fires, which include
agricultural burning and prescribed burning, and a large
number of smaller fires. Prescribed burning is done on an
annual basis in early months of the year and with the exception
of drought years, the smoke footprint is consistently present
from year to year. Daily average fire-PM2.5 on smoke days was
substantially lower in the Southeast than in the Northwestern
states with the exception of days when large wildfires occurred
(wildfire impacts can be observed from hourly concentrations
which are not shown here). Maps for individual years are given
in the SI Figures S1−S10.
Figure 1 demonstrates a notable difference between the

Northwest and Southeast regions in frequency by which
estimated county-averaged fire-PM2.5 was above the level
considered “Unhealthy for Sensitive Individuals” (>35 μg/
m3). The largest impact was in the Northwest region where a
number of communities experienced 10 or more days of high
fire-PM2.5 levels. With the exception of Louisiana during winter
2008, the Southeast region had a significantly lower number of

Figure 2. National map of the Community health-vulnerability Index (CHVI). The break points 15, 17, 19, and 20 correspond to the 50th, 75th,
90th, and 95th percentile of CHVI scores, respectively.
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unhealthy fire-PM2.5 days. In summary, both footprints had a
large number of moderate air quality days due to fire-PM2.5,
while days with fire-PM2.5 exceeding the level considered
unhealthy for wider population were mostly in the Northwest
region.
Health-Vulnerability and Smoke Impacts. The CHVI

score ranged from 6 to 25, with a median score of 15, and 75th,
90th, and 95th percentile of 17, 19, and 20, respectively. The
highest vulnerability is observed in the counties along the
western slope of the Appalachian Mountains, parts of the
Midwest (Kentucky, Missouri, Oklahoma, and Kansas) and
parts of the South (Arkansas, Mississippi, Alabama, and
Georgia) (Figure 2). Although none of the five indices
dominated CHVI overall, the regions of the highest
vulnerability tend to have high index values on multiple factors,
particularly the prevalence of preexisting cardiovascular,
metabolic diseases, and childhood asthma as well as economic
deprivation.
Table 1 shows the estimated population size at risk by factors

of vulnerability. We estimate that 30.5 million (13%)
individuals, including 7.4 million children under 18, and 4
million persons over 65 years of age lived in communities
where the annual average of fire-PM2.5 was estimated to be
above 1.5 μg/m3 (annual average). Among these communities,
there were 7.4 million individuals over 30 years of age with
known hypertension, 2 million adults with asthma and 0.7
million children with asthma, 1.3 million people with COPD,
7.0 million obese individuals, and 2.4 million individuals with
diabetes. We note that population size at risk was calculated
separately for each county level factor of vulnerability; thus
individuals with comorbidities are counted for each health
outcome.
Table 2 shows the population size at risk by CHVI, annual

mean fire-PM2.5 levels, and frequency of moderate and

unhealthy fire-PM2.5 days. We estimate that 82.4 million
individuals lived in counties with moderate air quality due to
fire-PM2.5 (15−35 μg/m3) and 10.3 million individuals lived in
the counties with unhealthy air quality levels (>35 μg/m3) for
more than 10 days between 2008 and 2012. Among the
communities with the highest annual fire-PM2.5 means (>1.5
μg/m3), 8.1 million (26.6%) lived in counties with vulnerability
index below the median (CHVI 6−15) while 22.4 million lived
in the counties with vulnerability above the median (73.4%,
36.1 + 24.6 + 7.4 + 5.3; CHVI (15−24] combined) and 12.7%
lived in the counties with high vulnerability (7.4%+5.3%; CHVI
> 19). In contrast, across the nation approximately half of
population (51.4%) lived in counties where CHVI is below the
median and half (49.6%) lived in the counties where CHVI was
above the median.
Over the time period considered, areas with the highest

vulnerability were more likely to experience unhealthy levels of
fire-PM2.5 annual average ([1.5,4.58]) than less vulnerable
populations (1.6/6.5×100 = 25% for CVHI (20,24] compared
to 8.1/157.7×100 = 5% for CVHI [6,15]). Similar was true for
number of days with moderate fire-PM2.5 (15−35 μg/m3) for
10+ days and for number of days with fire-PM2.5 above 35 μg/
m3 for 5+ days (Table 2). More specifically, among the counties
with vulnerability index below the median, 25% (39.5/
157.5×100%) lived in places that experienced an excess of 10
days of moderate air quality due to fire while among the
counties with the highest vulnerability (CHVI 21−24), 41.5%
(2.7/6.5*100%) of population experienced an excess of 10 days
of moderate air quality due to fire. A substantially smaller
population size was impacted by a large number of days with
unhealthy air quality (>35 μg/m3); 10.7% of the population in
the counties with CHVI below the median and 15.2% of the
population in the most vulnerable counties experienced more
than 5 days of unhealthy air quality (>35 μg/m3). However,

Table 1. Population Size at Risk Summarized by Annual Average Fire-PM2.5 (2008−2012)
a

PM2.5 (μg/m3) adult asthma pediatric asthma COPD hyper- tensive diabetes obesity poverty under 18 65 and over total population

20.8 6.4 11.8 68.8 20.3 60.9 42.5 73.7 40.0 306.7

(0,0.15] 0.2 0.1 0.1 0.6 0.2 0.5 0.4 0.6 0.4 2.8

(0.15,0.75] 12.7 3.8 6.6 40.0 11.3 34.4 23.6 43.5 23.7 182.2

(0.75,1.5] 5.9 1.9 3.8 20.8 6.4 19.0 13.2 22.2 11.9 91.1

(1.5,4.58] 2.0 0.7 1.3 7.4 2.4 7.0 5.3 7.4 4.0 30.5
aWe used outcome specific prevalence by county. Population size is given in millions.

Table 2. Population Size at Risk by Community Health-Vulnerability Index, Annual Average Fire-PM2.5, and Frequency of
Unhealthy Fire-PM2.5 Days Between 2008 and 2012a

CHVI bins [6,15] (15,17] (17,19] (19,20] (20,24] total

annual mean (μg/m3) [0,0.15] 2 (72.3%)# 0.7 (25.2%) 0.1 (2.6%) 0 (0%) 0 (0%) 2.8 (0.9%)*

(0.15,0.75] 98.6 (54.1%) 61.4 (33.7%) 13.5 (7.4%) 5.6 (3.1%) 3.1 (1.7%) 182.2 (59.4%)

(0.75,1.5] 49 (53.8%) 25.4 (27.8%) 12.3 (13.5%) 2.7 (3%) 1.8 (2%) 91.2 (29.7%)

(1.5,4.58] 8.1 (26.6%) 11 (36.1%) 7.5 (24.6%) 2.3 (7.4%) 1.6 (5.3%) 30.5 (9.9%)

num. days with 15−35 μg/m3 [1,5) 69.6 (63.1%) 29.9 (27.1%) 8 (7.3%) 2.1 (1.9%) 0.7 (0.6%) 110.4 (36%)

[5,10) 16.6 (31.2%) 23.5 (44.2%) 8.8 (16.6%) 2.1 (4%) 2.1 (4%) 53.1 (17.3%)

[10,76] 39.5 (47.9%) 22.9 (27.8%) 13.6 (16.4%) 3.8 (4.6%) 2.7 (3.3%) 82.4 (26.9%)

num. days with >35 μg/m3 [1,5) 28.5 (49%) 14.4 (24.7%) 11 (18.9%) 2.8 (4.9%) 1.4 (2.5%) 58.2 (19%)

[5,10) 9.9 (51.6%) 5.4 (28.2%) 2.2 (11.7%) 0.8 (4%) 0.9 (4.5%) 19.1 (6.2%)

[10,55] 6.9 (67%) 2.8 (27.1%) 0.3 (2.9%) 0.2 (1.6%) 0.1 (1.3%) 10.3 (3.4%)

Total 157.7 (51.4%) 98.5 (32.1%) 33.4 (10.9%) 10.6 (3.5%) 6.5 (2.1%) 306.7 (100%)
aPopulation size is given in millions (# % expressed conditional on the population in the right margin, * expressed as % of the total population).

Environmental Science & Technology Policy Analysis

DOI: 10.1021/acs.est.6b06200
Environ. Sci. Technol. 2017, 51, 6674−6682

6678



4.4% of the least vulnerable communities and only 2.1% of the
most vulnerable communities were impacted by 10 or more
days of fire-PM2.5 above 35 μg/m3.

■ DISCUSSION

In this study we constructed an index of population
vulnerability to health impacts from smoke exposure based
on clinical and social factors known to modify the risk of
adverse health effects and estimated population size at risk with
respect to the frequency and magnitude of smoke exposure in a
recent period. The modeling methods used in the study
estimate that between 2008 and 2012 population exposure to
smoke in the continental U.S. was extensive; 29.7% of the
population lived in areas with moderate exposure (annual
average fire-PM2.5 between 0.75 and 1.5 μg/m3) and another
10% lived in areas where the contribution to annual ambient
PM2.5 was high (>1.5 μg/m3). We identified the most
vulnerable U.S. counties and determined that vulnerable
communities were more likely to experience high and frequent
smoke exposure in comparison to less vulnerable populations.
The findings described in the study have potential implications
for efficient and effective allocation of limited resources for
dissemination of public health messaging, and land and fuel
management to prevent large wildfires.
The constructed Community Health-Vulnerability Index

incorporates disease prevalence, age and socio-economic status
of individuals in the community. The specific factors were
chosen based on published literature that demonstrates their
role as risk factors for cardio-respiratory effects of particles or
wildfire smoke. Published research describes multiple biological
mechanisms by which air pollution causes cardio-respiratory
effects including oxidative stress, pulmonary and systemic
inflammation, activation of pulmonary nocioceptive receptors,
and modulation of the autonomic nervous system (Brook et al.
2010). Therefore, individuals having chronic health conditions
characterized in part by pro-inflammatory states (e.g., asthma,
COPD, diabetes, cardiovascular disease) are considered at
higher risk.34 Among the risk factors, preexisting cardiovascular
disease is one of the leading factors of increased health risks to
air pollution effects.35 We used hypertension to approximate
prevalence of cardiovascular disease because it is well
documented, the most prevalent cardiovascular condition, and
is responsible for one in six deaths among adults. Chronic
metabolic and inflammatory health conditions such as diabetes
and obesity have been shown to increase the risk to air
pollution impacts.36−38 Children are considered more sensitive
to impacts of air pollution because their lungs are smaller, and
their dose per body weight and lung surface areas exceed those
of the adult population.
The majority of evidence for wildfire smoke effects are based

on studies of exposure to ambient air pollution13 but there is
also a growing number of fire-PM2.5 studies that suggest
consistency between respiratory effects within fire specific
studies and in comparison to studies of urban air pollution.9,39

The effects of air pollution and wildfire smoke exposure on
adults with preexisting respiratory conditions such as asthma
and COPD are extensively documented in literature. These
effects have also been noted in both children with asthma and
children without asthma5,40 and have been noted to be stronger
than in adults.41 Additionally, older adults have been shown to
have an increased risk of cardiovascular and respiratory effects
in fire-PM2.5 exposure studies.3,7,42,43 Apart from the clinical
characteristics discussed, low socioeconomic status has also

been reported to modify the risk of respiratory outcomes in
response to large wildland fire smoke events.30 We have
previously shown that when considering external factors
influencing health (health behaviors, access and quality of
clinical care, social and economic factors, and the physical
environments) socio-economic factors are strong contributors
of differences in risk for asthma and congestive heart failure
resulting from exposure to wildfire smoke.29

In the development of the health-vulnerability index we
restrict our attention to the key clinical and social conditions
that have been identified by the Integrated Science Assessment
as populations sensitive to adverse health effects following air
pollution exposure. It is clear, however, that these are not the
only risk factors involved at the individual level. Evidence for a
role for genetics, epigenetics, diet, availability of green space
and behavior is emerging and it is likely that some of these will
ultimately prove to be strong predictors of PM2.5 associated
health outcomes. As new risk factors are identified the CHVI
can be adapted to incorporate the new information. Addition-
ally, a number of other extrinsic factors have been shown to
identify social vulnerability to environmental hazards such as
heat waves, including occupation, employment, housing, built
environment, neighborhood deprivation, poor English skills
and are likely to apply in wildfire smoke situations.44−47 When
constructing indicators at the regional, state or local levels, and
particularly when considering decision making, it may be
helpful and advantageous to incorporate determinants of social
vulnerability along with the indicators of health vulnerability
(e.g., built environment, landscape, social and physical
connectivity, existing air quality, etc.) and examine sensitivity
of the indicators.

Implications for Public Health Actions. Interventions
and health-promoting behaviors can improve public health
outcomes.48,49 Many of the recommended measures including
staying indoors during very unhealthy air quality days, running
air conditioning on recirculation mode, creating a clean room,
ensuring a supply of regular medication, etc. can reduce
personal exposure and decrease the health risks. However,
during wildfire episodes, individuals do not perceive risks to
their health and become aware of them once smoke exposure is
already occurring, when it may be too late to take many of the
recommended preventative measures. Smoke impacts in the
areas where wildfires are less common (e.g., Southeast) can be a
special concern exactly because they are less frequent and the
health risk awareness is not established at the individual or
community level. Prior knowledge about community health
vulnerability can help guide deliberate awareness building and
outreach among the most sensitive populations. However,
identifying communities at the greatest risk from wildfire smoke
is currently based solely on the predicted risk of fire and we do
not consider the composition of the communities. As such
public health messaging and actions may not be appropriately
scaled to communities with high numbers of sensitive
individuals.
Increased frequency of large wildland fires is anticipated to

continue and have effects on human health and environ-
ment.50−52 Fuel management activities, such as prescribed
burning, are a critically important component of the national
strategy to improve ecological diversity and decrease wildfires
harmful to human health and have been examined with respect
to changes in frequency and area burned.53−56 While such
information provides important insights for a broad risk-based
management system for wildfire, the framework does not
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consider the potential public health burden of smoke emissions
or disparities in sensitivity of the populations affected.
Projecting community health-vulnerability under different fire
mitigation strategies, climate change scenarios, and population
growth projections may offer further refinement of such risk-
based management approaches. In projecting community
health-vulnerability for a specific future scenario we recom-
mend using population-weighted exposures.
Limitations of the Study.We note some limitations to our

analysis. To estimate smoke exposure at the national level we
use CMAQ model simulated with and without fires and
attribute the difference in estimated ambient PM2.5 concen-
trations to large fires (mostly wild and prescribed). To assess
model performance, we matched CMAQ grid locations to the
locations of environmental monitors and compare predicted
and observed values. We found the model has a high bias at low
PM2.5 concentrations suggesting that (1) plumes are too
dispersive, and/or (2) small fires have too high emissions in the
simulation. The model also over predicts PM2.5 (mainly organic
and elemental carbon) during all seasons for fire events.
Another limitation is that only fire events that are part of the
emission inventory have been evaluated. Any misspecification
of emissions in the inventory is not included in our analysis. An
important limitation to our simulation of fire-PM2.5 that affects
air quality is that our modeling system does not simulate the
smoldering aspects of peat fires well which are common in the
Southeast and emit large quantities of particles and gases. We
note that as with all models CMAQ results should be
interpreted with caution because any combination of these
factors could lead to uncertainty and over or under prediction
of estimated exposures. While various aspects of CMAQ
performance have been published in the literature,57 additional
factors could play a role in the uncertainty specific to fire-PM2.5.
Another limitation is the assumption that PM2.5 from all

sources is equally harmful to health. The composition and
toxicity of these particles varies with respect to the type of fuel
burned, conditions of burning and the age of the particles.
Lower combustion efficiency yields more volatile and organic
compounds in both particles and gases (polynuclear aromatic
hydrocarbons, oxygenated organics, and various gases) which
are harmful to human health. Toxicological studies also indicate
that relative toxicity of particles varies when examined per unit
mass or total mass, and by chemical composition of the
particles. Fire-PM2.5 and fire-PM10 collected during a peat fire in
eastern North Carolina in 2008 had very different targets of
cellular toxicity that depended on the particle mass of the
smoke particles and the phase of the fire.58 Cardiovascular
toxicity was the dominant effect caused by ultrafine PM fraction
collected during the active smoldering phase of the fire while in
vitro pulmonary inflammatory responses were the dominant
effects of coarse fraction of PM. Smoldering fires, as seen in the
peat fires across Southeast U.S., Indonesia, and Boreal forest
have also been hypothesized to carry higher risk for
cardiovascular Emergency Department visits as well.11,43 This
could be due to lower combustion efficiency and vegetation
type that define chemical composition of particles, such as the
abundance polynuclear aromatic hydrocarbons which are
carcinogenic and particularly harmful to health.59 However, a
systematic review of published literature suggests that there is
no consistent relationship that identifies specific PM2.5

components that may be unequivocally related to health
outcomes.60

The most significant limitation to this assessment of human
vulnerability to health impacts of smoke is the lack of a good
measure of a community’s ability to adapt. While the factors
that define the vulnerability status certainly play a role, other
less quantifiable measures including awareness, previous
experience, outreach programs, engagement of public health,
and proximity to health care providers or facilities can define
human responses. Gaither et al. 2011 examined spatial
association between fire prone areas in the Southeast and
socially vulnerable “hot spots” using proximity to wildland fire
mitigation programs as a measure of community’s ability to
adopt. However, we did not find equivalent measures of
community responses specific to health responses.
Wildland fires have been an integral part of human history

with clear benefit to the management of fire hazards and to the
ecologic diversity of ecosystems. However, recent trends in very
large wildfires, termed mega fires, have brought attention to the
adverse health effects of smoke exposure, the high cost of
wildfire suppression and management, and the need to establish
community-based adaptation plans. Employing the same
methodology used to determine social vulnerability to environ-
mental hazards,23 we provide a concept of mapping the
vulnerability to health outcomes specific to smoke exposure.
Such maps can be helpful tools for public officials in
preparation of smoke adaptation plans for their communities
and prioritization of communities for allocation of resources by
the local, state and federal governments. In the U.S. there are
over 70 000 wildfires annually, impacting communities and
regional air quality with varying frequency and intensity and
thus representing a challenge to building community resilience
with respect to fire smoke and public health guidance.
Therefore, as a proof of concept, the Community Health-
Vulnerability Index offers a tool to help identify communities
that have the potential to benefit the most from mitigation
strategies to minimize smoke exposure for sensitive populations
and to decrease the health and economic burden imposed on
the population by fire-PM2.5 The next step could include
tailoring messages to community needs and development of
exposure mitigation strategies.
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1

Ραππολδ, Ανα

Φροm: Αλmαν, Βρεαννα (ΑΤΣDΡ/DΤΗΗΣ/ΕΤΒ) <πχθ6≅χδχ.γοϖ>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:35 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ατταχηmεντσ: ΑΤΤ00001.τξτ

Ψεσ,�Ι�χονχυρ.�

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:17�ΑΜ�

Το:�Αλmαν,�Βρεαννα�(ΑΤΣDΡ/DΤΗΗΣ/ΕΤΒ)�<πχθ6≅χδχ.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

Dεαρ�Βρεαννα�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�10%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�
Τηε λινκεδ ιmαγε χαννοτ βε δισπλαψεδ.  Τηε φιλε mαψ ηαϖε βεεν mοϖεδ, ρεναmεδ, ορ δελετεδ. ςεριφψ τηατ τηε λινκ ποιντσ το τηε χορρεχτ φιλε ανδ λοχατιον.

�

�

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�

�

�



1

Ραππολδ, Ανα

Φροm: Ριχηαρδ Βροοmε <ριχηαρδβροοmε2002≅ψαηοο.χο.υκ>

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 4:51 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: Ρε: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ψεσ�

�

�

Ον�16�Απρ�2020,�ατ�1:15�αm,�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>�ωροτε:�

��

��

Dεαρ�Ριχηαρδ�

��

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�5%.�

Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

��

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ 

Φιρε Σmοκε Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200�

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε 
επισοδεσ ιν τηε Υ.Σ.: 2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. 

δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024�

 �
��

Ανα�

��

Σινχερελψ,�

��

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

<ιmαγε003.ϕπγ>�

��

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�

��

��



1

Ραππολδ, Ανα

Φροm: Χασχιο, Wαψνε

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:27 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ανα���Τηανκ�ψου�φορ�ψουρ�εmαιλ.��Ψεσ,�mψ�χοντριβυτιον�το�τηεσε�παπερσ�ισ�ασ�ψου�σαψ�<5%.��Wαψνε�

�

Wαψνε�Ε.�Χασχιο,�ΜD,�ΦΑΧΧ�|�Dιρεχτορ�|�Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�|�Οφφιχε�οφ�Ρεσεαρχη�ανδ�

Dεϖελοπmεντ�|�Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�|�Ρεσεαρχη�Τριανγλε�Παρκ,�ΝΧ�27711�|�Πηονε:�919.541.2508�|�Χελλ:�

919.627.3762|�

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:18�ΑΜ�

Το:�Χασχιο,�Wαψνε�<Χασχιο.Wαψνε≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

�

Dεαρ�Wαψνε�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�5%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

�

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�
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�

�



1

Ραππολδ, Ανα

Φροm: Dιαζ−Σανχηεζ, Dαϖιδ

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:33 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ι�χονχυρ.�

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:19�ΑΜ�

Το:�DιαζρΣανχηεζ,�Dαϖιδ�<DιαζρΣανχηεζ.Dαϖιδ≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

�

Dεαρ�Dαϖιδ�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�5%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

�

Υ.Σ.�ΕΠΑ��
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�

�



1

Ραππολδ, Ανα

Φροm: Φανν, Νεαλ

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:20 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ι χονχυρ 
 

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:20�ΑΜ�

Το:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

Dεαρ�Νεαλ�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�18%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�
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Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

�

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�

�

�



1

Ραππολδ, Ανα

Φροm: Φαψ ϑοηνστον <φαψ.ϕοηνστον≅υτασ.εδυ.αυ>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 1:47 ΠΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: Ρε: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ψεσ�

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>�

Σεντ:�Τηυρσδαψ,�Απριλ�16,�2020�1:13:35�ΑΜ�

Το:�Φαψ�ϑοηνστον�<φαψ.ϕοηνστον≅υτασ.εδυ.αυ>;�Φαψ�ϑοηνστον�<φαψ.ϕοηνστον≅υτασ.εδυ.αυ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε��

��

Dεαρ�Φαψ�

��

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�5%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

��

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200�

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024�

 �
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919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

��

Υ.Σ.�ΕΠΑ��
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��

��

�

�



2

Υνιϖερσιτψ�οφ�Τασmανια�Ελεχτρονιχ�Χοmmυνιχατιονσ�Πολιχψ�(Dεχεmβερ,�2014).��

Τηισ�εmαιλ�ισ�χονφιδεντιαλ,�ανδ�ισ�φορ�τηε�ιντενδεδ�ρεχιπιεντ�ονλψ.�Αχχεσσ,�δισχλοσυρε,�χοπψινγ,�διστριβυτιον,�ορ�ρελιανχε�ον�ανψ�οφ�ιτ�βψ�

ανψονε�ουτσιδε�τηε�ιντενδεδ�ρεχιπιεντ�οργανισατιον�ισ�προηιβιτεδ�ανδ�mαψ�βε�α�χριmιναλ�οφφενχε.�Πλεασε�δελετε�ιφ�οβταινεδ�ιν�ερρορ�

ανδ�εmαιλ�χονφιρmατιον�το�τηε�σενδερ.�Τηε�ϖιεωσ�εξπρεσσεδ�ιν�τηισ�εmαιλ�αρε�νοτ�νεχεσσαριλψ�τηε�ϖιεωσ�οφ�τηε�Υνιϖερσιτψ�οφ�Τασmανια,�

υνλεσσ�χλεαρλψ�ιντενδεδ�οτηερωισε.��



1

Ραππολδ, Ανα

Φροm: Γεοφφρεψ Μοργαν <γεοφφρεψ.mοργαν≅σψδνεψ.εδυ.αυ>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 6:27 ΠΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ατταχηmεντσ: ΑΤΤ00001.τξτ

Ηι�Ανα�

�

Τηανκσ�φορ�αλλ�ψουρ�ωορκ�πυλλινγ�τηε�ΜΛ�παπερ�τογετηερ�ανδ�γοοδ�λυχκ�ωιτη�τηε�ΣΤΑΑ�αωαρδ�νοmινατιον.��Ι�χονχυρ�ωιτη�

ψουρ�εστιmατεδ�οφ�παρτιχιπατιον�λεϖελ�ιν�τηε�παπερσ.�

�

Ρεγαρδσ�

Γεοφφ�

�

Φροm:�Ραππολδ,�Ανα�[mαιλτο:Ραππολδ.Ανα≅επα.γοϖ]��

Σεντ:�Τηυρσδαψ,�16�Απριλ�2020�1:14�ΑΜ�

Το:�Γεοφφρεψ�Μοργαν�<γεοφφρεψ.mοργαν≅σψδνεψ.εδυ.αυ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

�

Dεαρ�Γεοφφρεψ�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�5%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�
Τηε λινκεδ ιmαγε χαννοτ βε δισπλαψεδ.  Τηε φιλε mαψ ηαϖε βεεν mοϖεδ, ρεναmεδ, ορ δελετεδ. ςεριφψ τηατ τηε λινκ ποιντσ το τηε χορρεχτ φιλε ανδ λοχατιον.

�

�

Υ.Σ.�ΕΠΑ��
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Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�
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�
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1

Ραππολδ, Ανα

Φροm: Πουλιοτ, Γεοργε

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 3:12 ΠΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ι�χονχυρ�ωιτη�10%�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�νοτεδ�ηερε:�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

Γεοργε�Πουλιοτ�

�

�

Γεοργε Πουλιοτ 
Πηψσιχαλ Σχιεντιστ 

Εmισσιονσ�Σψστεmσ�Αναλψσισ�Βρανχη�(ΕΣΑΒ)�

Ατmοσπηεριχ�ανδ�Ενϖιρονmενταλ�Σψστεmσ�Μοδελινγ�Dιϖισιον�(ΑΕΣΜD)�

Χεντερ�φορ�Ενϖιρονmενταλ�Μεασυρεmεντ�ανδ�Μοδελινγ�(ΧΕΜΜ)�

ΥΣ�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�(ΥΣ�ΕΠΑ)�

Μαιλ Dροπ Ε243−04 
Ρεσεαρχη Τριανγλε Παρκ, Νορτη Χαρολινα 
ςΟΙΧΕ: (919) 541−5475  Τελεωορκ (919) 601−1827 
πουλιοτ.γεοργε≅επα.γοϖ 

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:19�ΑΜ�

Το:�Πουλιοτ,�Γεοργε�<Πουλιοτ.Γεοργε≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

�

�

Dεαρ�Γεοργε�

�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�10%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�
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�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

�

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�

�

�



1

Ραππολδ, Ανα

Φροm: Ραππολδ, Ανα

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:21 ΑΜ

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Ι�χονχυρ�

�

Φροm:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�11:20�ΑΜ�

Το:�Ραππολδ,�Ανα�<Ραππολδ.Ανα≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�Αωαρδ�Ηεαλτη�Βυρδεν�φροm�Wιλδφιρε�Σmοκε�Εξποσυρε�

�

Ανα�

Wε�εστιmατε�ψουρ�παρτιχιπατιον�λεϖελ�φορ�τηε�ΣΤΑΑ�αωαρδ�ρελατεδ�το�τωο�παπερσ�mεντιονεδ�βελοω�ασ�27%.�Πλεασε�ρεπλψ�το�

τηισ�εmαιλ�ωιτη�ψουρ�χονχυρρενχε.�

�

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ Wιλδλανδ Φιρε Σmοκε 

Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200 

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε επισοδεσ ιν τηε Υ.Σ.: 

2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611. δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024 

 
�

Ανα�

�

Σινχερελψ,�

�

Ανα�Γ.�Ραππολδ,�Πη.D.�

Στατιστιχιαν�

919�843�9504�

ϑοιν Σmοκε Σενσε τοδαψ�

�

�

Υ.Σ.�ΕΠΑ��

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Πυβλιχ�Ηεαλτη�ανδ�Ενϖιρονmενταλ�Ασσεσσmεντ�

Χλινιχαλ�Ρεσεαρχη�Βρανχη�

�

�



Φροm: Ρεψεσ, ϑεανεττε

Το: Ραππολδ, Ανα

Συβϕεχτ: ΡΕ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

Dατε: Wεδνεσδαψ, Απριλ 15, 2020 11:58:56 ΑΜ

Ατταχηmεντσ: ιmαγε001.ϕπγ

Ψεσ, Ι χονχυρ.

 

ϑεανεττε

 

Φροm: Ραππολδ, Ανα <Ραππολδ.Ανα≅επα.γοϖ> 

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 11:20 ΑΜ

Το: Ρεψεσ, ϑεανεττε <Ρεψεσ.ϑεανεττε≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ Αωαρδ Ηεαλτη Βυρδεν φροm Wιλδφιρε Σmοκε Εξποσυρε

 

 

Dεαρ ϑεανεττε

 

Wε εστιmατε ψουρ παρτιχιπατιον λεϖελ φορ τηε ΣΤΑΑ αωαρδ ρελατεδ το τωο παπερσ mεντιονεδ βελοω ασ

10%. Πλεασε ρεπλψ το τηισ εmαιλ ωιτη ψουρ χονχυρρενχε.

 

1. Ραππολδ ΑΓ, Ρεψεσ ϑ, Πουλιοτ Γ, ετ αλ. Χοmmυνιτψ ςυλνεραβιλιτψ το Ηεαλτη Ιmπαχτσ οφ
Wιλδλανδ Φιρε Σmοκε Εξποσυρε. 2017. δοι:10.1021/αχσ.εστ.6β06200

2. Φανν Ν, Αλmαν Β, Βροοmε ΡΑ, ετ αλ. Τηε ηεαλτη ιmπαχτσ ανδ εχονοmιχ ϖαλυε οφ ωιλδλανδ φιρε
επισοδεσ ιν τηε Υ.Σ.: 2008�2012. Σχι Τοταλ Ενϖιρον. 2018;610−611.
δοι:10.1016/ϕ.σχιτοτενϖ.2017.08.024

 
 

Ανα

 

Σινχερελψ,

 

Ανα Γ. Ραππολδ, Πη.D.

Στατιστιχιαν

919 843 9504

ϑοιν Σmοκε Σενσε τοδαψ
θρ−χοδε

 

Υ.Σ. ΕΠΑ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Χλινιχαλ Ρεσεαρχη Βρανχη
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-082

Research Category Primary: Ecological Research (ER)
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Justifications:

Justification
1:

The nominated papers take the emerging tools and data sets of 21st century chemical safety assessment and apply them to the challenge of evaluating the

hazards associated with complex mixtures of chemicals in the environment. In 2007, the U.S. National Research Council published its vision and strategy for

toxicity testing in the 21st century (Krewski et al. 2010). This vision advocated a shift away from the direct observation of final toxicity outcomes (e.g.,

mortality; impaired growth, development or reproduction; target organ pathologies) in animal toxicity tests. Instead it recommended increased use of batteries

of high throughput cell-based and cell-free assays that can detect the ability of chemicals to interact with biological targets (e.g., proteins, DNA, membranes)

and perturb biological pathways and functions in ways that can lead to negative effects on health and/or ecological fitness. Consistent with that vision, EPA

developed its ToxCast program and contributed to the interagency Tox21 consortium. These programs generated pathway-based high throughput screening

data for thousands of individual chemicals. While some of the initial focus was on well-studied chemicals for which the high throughput screening results

could be anchored to traditional toxicity test data, these programs also provided novel sources of dose-response data that could be used to both estimate

potencies and to infer potential biological hazards of chemicals whose toxicity had not been well studied previously.

Chemicals and mixtures of contaminants for which toxicity information and benchmark biological effect concentrations, derived from dose-response data, are

lacking have presented a long-standing challenge to environmental monitoring. With steady improvements in analytical instrumentation, environmental

chemists can detect an increasing number and diversity of chemical contaminants in a wide range of samples (e.g., extracts of water, sediment, tissue, soils,

dust, etc.). However, without toxicity data it is difficult to understand whether the contaminants detected, at the concentrations detected, are likely to be

problematic for ecological or human health and how best to focus limited resources for more in depth monitoring, hypothesis testing, and/or regulation or

mitigation. A major aim of the nominated papers was to show how data from the new approach methodologies being employed for chemical safety screening

could be used to aid the assessment of complex mixtures in the environment that include many chemicals whose toxicity has not been well characterized

using traditional animal testing.

The first nominated paper (Blackwell et al. 2017) focused on the use of existing ToxCast and Tox21 data for individual chemicals to identify priority

chemicals, sites, and/or biological effects of concern within six watersheds in the Laurentian Great Lakes basin. The approach is simple in concept, building

on the traditional approach of calculating a hazard quotient. However, in this case, rather than calculating the ratio of the exposure concentration measured in

the environment to a concentration at which no adverse effects are expected (hazard quotient), the concentration at which that chemical elicits significant

activity in a specific high throughput screening assay is substituted. The latter ratio is termed an Exposure-Activity ratio (EAR) where the greater the EAR

value, the greater potential for hazard mediated through that biological activity or pathway.

Although the calculation of EARs is simple in concept, implementation in the context of environmental monitoring studies is more challenging. First, the

ToxCast data sets had to be quality checked and curated to remove artifacts, that could lead to erroneous conclusions. Methods to address potential

“double-counting” or over-counting of chemicals evaluated in multiple assays focused on the same target/functional endpoint had to be developed. Third, the

appropriate effect concentration measurement from the ToxCast datasets (activity concentration at cut-off) needed to be selected from a number of options

(e.g., 50% activity concentration, area under the curve). Likewise, chemical abstract service (CAS) numbers and chemical names had to be harmonized

between the ToxCast database and the exposure datasets. Finally, although calculation of a single EAR is simple and can be done by hand, application to a

typical environmental monitoring dataset entails conducting the calculation for 10s to 100s of samples x 100s of relevant assays for thousands to tens of

thousands of calculations. Thus, novel computer code (R scripts) was developed to facilitate computation as well as summary and visualization of results.

The efforts that went into the technical implementation of this method for nominated paper 1 formed the backbone of the publicly accessible ToxEval software
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tool (see supporting software tool) that was developed as a collaboration between US EPA and US Geological Survey. The ToxEval software has already

been used in the development of over six peer-reviewed publications, including the supporting article by Corsi et al. 2019, and the list of users continues to

grow.

An important aspect of applying EARs is appropriate use and interpretation. Because the effect concentration, measured in vitro in a high throughput

screening assay, is not directly equivalent to a water concentration that aquatic wildlife would be exposed to (or exposure of wildlife or humans through other

sample media and/routes), the EAR does not provide a direct indication of risk. However, it does provide a risk-based screening approach that accounts for

both the relative concentrations of chemicals in the environmental samples being examined and the relative potencies of those chemicals to act on different

biological targets. This risk based-screening approach was used to identify chemicals of greater or lesser concern at Great Lakes sites based on their relative

likelihoods to perturb specific biological pathways. Importantly, because the high throughput screening assays are standardized and all chemicals active in a

given assay are acting on the same biological target (i.e., are evaluated for the same mode of action), EAR values for all the individual chemicals detected in

a mixture can be summed to estimate the integrated effect of those chemicals on the target. This summation approach is demonstrated in the nominated

paper and was used to both prioritize sites of concern among the watersheds evaluated and biological effects of interest. Given the anchoring to

pathway-specific biological potencies, the approach represents a significant leap forward compared to prioritization of chemicals based on their detected

concentrations or summed concentrations alone.

A limitation to the EAR-based approach developed as part of nominated paper 1 is that it only considers the fraction of chemicals in a sample that are both

detected analytically and have been previously evaluated in ToxCast. In the case of the two nominated papers, ToxCast data were available for 88%

(Blackwell et al. 2017) and 73% (Blackwell et al. 2019), of chemicals detected in the respective studies. Thus, coverage of commonly monitored

contaminants is fairly good. However, it is recognized that there are additional chemicals in the samples (e.g., degradates, biotransformation products,

compounds for which analytical standards are unavailable, etc.) that may go unmeasured, but nonetheless contribute to the overall biological potency of a

complex mixture. Consequently, nominated paper two (Blackwell et al. 2019) focused on a complementary approach that involved directly analyzing complex

mixtures using the same types of high throughput screening assays that the ToxCast program employs for the evaluation of individual chemicals. Specifically,

a pair of Attagene multi-Factorial assays were used to screen surface water extracts from a nationwide survey of organic contaminants in US streams.

Activity of the chemical mixtures against 69 different pathway-based endpoints were evaluated. Because each extracted mixture, including all of its known

and unknown components, is tested the method can evaluate the collective potency of the mixture for each endpoint. The study identified 10 prominent

activities (11 endpoints) that were observed with some frequency across the range of surface water samples surveyed. The adverse outcome pathway (AOP)

knowledgebase (aopwiki.org) was used to link those activities to established toxicological hazards in wildlife or humans, or where existing AOPs were

lacking, identify priorities for further study. Additionally, the nominated paper demonstrated how the direct analysis of environmental mixtures using ToxCast

assays can be coupled with EAR analyses to estimate how much the known chemical composition of the mixtures contributes to the overall measured

activity. For example, the known estrogenic chemicals detected in the samples could largely account for the total estrogen receptor-mediated activity

detected in the bioassay. In contrast, for at least four other endpoints, the measured chemicals did not explain the amount of activity induced by the mixtures,

suggesting that other bioactive contaminants are present in the samples.

Thus, in combination, nominated papers 1 and 2 demonstrate the complementary ways that both the assays and existing data associated with the ToxCast

and Tox21 programs can be applied to environmental monitoring of complex mixtures. This is of considerable interest to the Agency and its stakeholders.

Broadly, the methods contribute to EPA’s strategic goal of “A Cleaner, Healthier Environment” by providing tools that can help to discriminate chemicals in

the environment that are fairly innocuous at the concentrations detected from those that are demonstrably bioactive. Depending on the media or samples the

approaches are applied to, they can contribute to providing clean and safe water (Objective 1.2), revitalizing land (Objective 1.3), and/or ensuring the safety

of chemicals in the marketplace and already present in our environment (Objective 1.4). The work was responsive to Objectives 2 and 3 of the Chemical

Safety for Sustainability research program by developing and providing tools for chemical evaluation and promoting complex systems understanding.
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Beyond broad responsiveness to EPA’s strategic goals, the approaches detailed in the nominated papers have addressed specific needs of EPA

stakeholders. Development and application of the EAR approach and associated ToxEval tool were directly responsive to needs identified by the Great

Lakes National Program office in Action Plans I and II of the Great Lakes Restoration Initiative. Goal 5 within Focus Area 1 of the GLRI action plan was to

protect the health and integrity of wildlife populations and habitat from adverse chemical and biological effects associated with the presence of toxic

substances in the Great Lake Basin. The EAR and bioactivity surveillance approaches described in the nominated papers have been used to identify

significant sources and potential impacts of new toxics (contaminants of emerging concern) and are helping to inform identification of potential chemicals of

mutual concern under the binational agreement between the US and Canada. At another Great Lakes site, the bioactivity surveillance approach described in

nominated paper 2 is being used to aid evaluation of remedy effectiveness by characterizing the biological activity profile of complex mixtures detected at a

site before and after remediation. At wastewater impacted sites in Region 8, multi-Factorial bioactivity surveillance identified estrogen receptor, glucocorticoid

receptor, and peroxisome-proliferator activated receptor-mediated activities downstream of wastewater impacted sites. In collaboration with EPA, National

Park Service, and USGS personnel the surveillance data led to a multi-year targeted monitoring effort that assessed the impact of wastewater treatment

upgrades on loading of bioactive contaminants to surface waters and evaluated the potential impacts on aquatic biota in the receiving water. Similarly, the

EAR approaches have been employed not only for monitoring in the Great Lakes and a nation-wide stream survey, but also in reconnaissance of organic

contaminants in tapwaters (Bradley et al. 2018), US watersheds (Bradley et al. 2020), and in prioritizing contaminants for future research in bald eagle

populations (Elliott et al. 2019). Overall, the tools and concepts first described in the nominated papers provide a new range of tools and options for the

characterization of complex mixtures. As such, they are expected to have broad utility and significant impacts on a wide range of decision-making related to

potential impacts of organic contaminants in the environment.

Bradley, P.M., et al. (2018). "Reconnaissance of Mixed Organic and Inorganic Chemicals in Private and Public Supply Tapwaters at Selected Residential and

Workplace Sites in the United States." Environ Sci Technol 52(23): 13972-13985.

Bradley, P.M., et al. (2020). "Multi-region assessment of pharmaceutical exposures and predicted effects in USA wadeable urban-gradient streams." 

One 15(1): e0228214.

Elliott, S.M., et al. (2019). "Contaminants in bald eagles of the upper Midwestern U.S.: A framework for prioritizing future research based on in-vitro

bioassays." Environ Pollut 244: 861-870.

Krewski, D., et al. (2010). "Toxicity testing in the 21st century: a vision and a strategy." J Toxicol Environ Health B Crit Rev 13(2-4): 51-138.

Justification
2A:

The two nominated papers describe highly complementary approaches for employing the data and tools of high throughput chemical safety screening to the

evaluation of complex mixtures. Nominated paper 1 focused on the implementation and use of Exposure-Activity Ratios (EARs) calculated as the ratio of a

detected exposure concentration to its activity concentration at cut-off (ACC) in a pathway-based high throughput screening assay. The EAR approach can

be used to prioritize known contaminants for research and monitoring in a manner that considers not only their concentration in a sample but also their

relative potency to interact with specific biological targets and pathways. The approach explicitly recognizes that some chemicals may be relatively innocuous

to organisms, even at high concentration, while others can be highly toxic even at minute levels. In the absence of toxicity data from traditional testing, the

ability to consider potential pathway-based potency of various detected chemicals can mean the difference between wasting resources monitoring a high



Page 5 of 19

abundance chemical that proves to have little or no biological impact and strategic investment in reducing sources and exposure to a less prominent

chemical that is a primary driver of biological impact. Thus, the approach represents a significant leap forward for screening and prioritization even if it cannot

be directly applied for risk assessment.

As noted, the EAR approach provides a basis to consider the integrated effect of multiple contaminants in a mixture since EARs for chemicals that act on the

same biological target (high throughput screening assay endpoint) can be summed. However, what the EAR approach cannot do is account for unknown or

undetected chemicals in a sample. Nominated paper 2 addresses this gap. It takes advantage of the power of a multi-factorial assay, like the Attagene

assays employed by ToxCast, and directly analyzed complex mixtures extracted from environmental samples. As a result, the approach captures the

integrated potency of all components in the mixture, whether they are known/measured or not. Although in the case of nominated paper 2, the direct

bioactivity surveillance approach was applied to samples for which there was extensive analytical characterization, unlike the EAR approach the method can

be applied even if there a no chemical monitoring data available. It can still provide an integrated measure of biological potency and help to identify the

target(s)/pathway(s) impacted.

Given that each approach has limitations, they can best be used in a complementary fashion. Chemical monitoring can identify specific chemicals present in

a sample and their precise concentrations. Calculation of EARs using the ToxCast data can adjust those concentrations based on relative potency for

specific targets to estimate the collective biological impact of the known fraction of contaminants. Bioactivity surveillance applied to the mixture can determine

the integrated biological impact of the known and unknown components of a mixture. Finally, by comparing the observed biological activity of the mixture with

the anticipated or predicted activity (based on summed EARs) one can determine whether the known fraction reasonably explains the responses observed,

or whether investments should be made in identifying additional bioactive contaminants that may be of environmental concern.

The supporting paper by Corsi et al. (2019) and the supporting ToxEval tool further build on the concepts, principles, and examples presented in the

nominated papers. The ToxEval tool provides a user-friendly, publicly accessible implementation of the EAR calculation and visualization approaches

originally developed for nominated paper 1 (Blackwell et al. 2017). The effort that went into curation and quality assurance of the ToxCast data and

harmonization of chemical names and identifiers are implemented in the software in a way that eliminates the need for subsequent users to repeat that effort.

Likewise, the ability to link bioactivites identified via the EAR analysis to potential apical hazards, via the adverse outcome pathway (AOP) framework is

further elaborated in the Corsi et al. (2019) paper. The nominated papers discussed the results relative what was known and unknown concerning the

potential apical effects associated with the bioactivities associated with samples surveyed. The Corsi et al. (2019) paper takes that a step further by

extracting relevant AOP networks and demonstrating how those networks may be impacted by mixtures of different compositions that were prioritized by

EAR analysis. Overall, the two nominated papers, and additional collaborative work that has followed, continue to expand the technical sophistication,

diversity of applications, and demonstrated utility of the methods and approaches pioneered in the nominated papers.

Nominated citations:

1.    Blackwell BR, Ankley GT, Corsi SR, DeCicco LA, Houck KA, Judson RS, Li S, Martin MT, Murphy E, Schroeder AL, Smith ER, Swintek J, Villeneuve DL. 2017. An "EAR" on

Environmental Surveillance and Monitoring: A Case Study on the Use of Exposure-Activity Ratios (EARs) to Prioritize Sites, Chemicals, and Bioactivities of Concern in Great Lakes Waters 

Environ Sci Technol, 51, (15), 8713-8724. https://doi.org/10.1021/acs.est.7b01613

2.    Blackwell BR, Ankley GT, Bradley PM, Houck KA, Makarov S, Makarov A, Swintek J, Villeneuve DL. 2019. Potential toxicity of complex mixtures in surface waters from a nationwide

survey of United States streams: Identifying in vitro bioactivities and causative chemicals. Environ Sci Technol, 53, 2, 973-83. https://doi.org/10.1021/acs.est.8b05304

https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1021%2Facs.est.7b01613&data=02%7C01%7CBlackwell.Brett%40epa.gov%7C6670297d7556483f0ef708d7e64bc333%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637231085385064456&sdata=Apn1v9yjOWb21737m12ozE7d%2F6S%2F70jXDzLXi1fV350%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdoi.org%2F10.1021%2Facs.est.8b05304&data=02%7C01%7CBlackwell.Brett%40epa.gov%7C6670297d7556483f0ef708d7e64bc333%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637231085385074412&sdata=KueE6m5p2sMMcef0qSxbSkdA744slfyx5HQGjfs5vvg%3D&reserved=0
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Supporting Citations:

1. Corsi SR, DeCicco LA, Villeneuve DL, Blackwell BR, Fay KA, Ankley GT, Baldwin AK. Prioritizing chemicals of ecological concern in Great Lakes tributaries using high-throughput

screening data and adverse outcome pathways. Sci Tot Environ 2019, 686, 995-1009.

2. DeCicco LA, Corsi SR, Villeneuve DL, Blackwell BR, Ankley GT. toxEval: Evaluation of measured concentration data using the ToxCast high-throughput screening database or a

user-defined set of concentration benchmarks. 2018, R package version 1.1.0., https://code.usgs.gov/water/toxEval, doi:10.5066/P906UQ5I

Justification
2B:

Author(s) Citation Publication Title(s) Year

Ankley, Gerald;
Villeneuve, Daniel

Developing Biological Tools for Monitoring
Impacted Surface Waters in Support of the
Great Lakes Restoration Initiative

1. Field-Based Approach for Assessing the
Impacts of Treated Pulp and Paper Mill Effluent
on Endogenous Metabolites of Fathead Minnows
(Pimephales promelas). 2. Biological
Effects-Based Tools for Monitoring Impacted
Surface Waters in the Great Lakes: A Multiagency
Program in Support of the Great Lakes Restoration
Initiative. 3. An Inexpensive, Temporally
Integrated System for Monitoring Occurrence and
Biological Effects of Aquatic Contaminants in the
Field.

2015

Ankley, Gerald;
Villeneuve, Daniel

Development and Application of Innovative
Species Extrapolation Methodology to Focus
Toxicity Testing and Monitoring

1. Molecular Target Sequence Similarity as a Basis
for Species Extrapolation to Assess the Ecological
Risk of Chemicals with Known Modes of Action.
2. Cross-Species Sensitivity to a Novel Androgen
Receptor Agonist of Potential Environmental
Concern, Spironolactone. 3. Leveraging Existing
Data for Prioritization of the Ecological Risks of
Human and Veterinary Pharmaceuticals to Aquatic
Organisms

2015

Ankley, Gerald;
Villeneuve, Daniel

Development of Guidance for Practical Use
of the Fish Short Term Reproduction Assays
for Endocrine Disruptor Screening and

1. Cross-Species Conservation of Endocrine
Pathways: A Critical Analysis of Tier 1 Fish and
Rat Screening Assays with 12 Model Chemicals.
2. A Novel Framework for Interpretation of Data
from the Fish Short-Term Reproduction Assay

2015
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Testing (FSTRA) for the Detection of
Endocrine-Disrupting Chemicals

Ankley, Gerald;
Villeneuve, Daniel

Demonstrating the utility of the Seqapass tool
for addressing 21st century challenges in
species extrapolation

1. Addressing the Challenges of Species
Extrapolation Associated with 21st Century
Toxicology using the SeqAPASS Tool.
2. Demonstrating the utility of the SeqAPASS
Tool for Addressing 21st Century Challenges in
Species Extrapolation 

2017

Ankley, Gerald;
Blackwell, Brett;
Villeneuve, Daniel

Applying biological effects prediction,
surveillance, and monitoring approaches to
complex mixture assessments

1. Pathway-based approaches for assessment of
real-time exposure to an estrogenic wastewater
treatment plant effluent on fathead minnow
reproduction. 2. An integrated approach for
identifying priority contaminant in the Great Lakes
Basin -Investigations in the Lower Green Bay/Fox
River and Milwaukee Estuary areas of concern. 3.
Prior knowledge-based approach for associating
contaminants with biological effects: A case study
in the St. Croix river basin, MN, WI, USA.

2017

Ankley, Gerald;
Villeneuve, Daniel

Temporal Changes in Biological Responses
and Uncertainty in Assessing Risks of
Endocrine-Disrupting Chemicals

Temporal Changes in Biological Responses and
Uncertainty in Assessing Risks of
Endocrine-Disrupting Chemicals: Insights from
Intensive Time-Course Studies with Fish

2017

Houck, Keith;
Judson, Richard

Development and deployment of a
high-throughput assay to detect chemical
disruptors of thyroid hormone synthesis.

1. Tiered High-Throughput Screening Approach to
Identify Thyroperoxidase Inhibitors within the
ToxCast Phase I and II Chemical Libraries. 2.
Development of a Thyroperoxidase Inhibition
Assay for High-Throughput Screening.

2019

Houck, Keith;
Judson, Richard

A chemical and Cheminformatics foundation
for ToxCast & Tox21 research programs

The ToxCast chemical landscape: Paving the road
to 21st century toxicology. 

2019

Justification
2C:
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The focus on a risk-based prioritization using 21st century toxicology tools, including high throughput databases for rapid screening of environmental

monitoring data, and the use of high throughput assays to screen both known and unknown components of environmental mixtures distinguishes the current

nomination from previous. Of the previously submitted nominations, the 2015 Level III award for developing biological tools for monitoring impacted surface

waters in support of the Great Lakes Restoration Initiative, and the 2017 Level III award for applying biological effects prediction, surveillance, and monitoring

approaches to complex mixture assessments, addressed the challenges of complex mixture assessments. However, the 2015 nomination focused on

development and implementation of methods using targeted and “omics” endpoints in caged fish, cell-based bioassays, and composite water samples to

monitor contaminant-impacted surface waters. The 2017 STAA used associations of chemical and gene interactions to attempt to predict potential biological

effects, but a primary limitation of this approach was a lack of chemical potency to incorporate a risk-based prioritization, accounting for both observed

chemical concentration and potency. The current nomination continues to build on foundational pieces developed from these previous submissions, but the

novel focus and development of risk-based approaches incorporating novel data from high throughput toxicology programs (i.e. ToxCast). The current

nomination also includes the direct use of the same high throughput assays for screening of water sampes, allowing for direct assessment of complex

mixtures and methods for assessing the effects of the “unknown” fraction of environmental contaminants. These methods and focus were not part of the

previous nominations, and as such, do not overlap with previous nominations.

Justification
2D:

The listed supplemental information has not been previously submitted for STAA consideration.

Justification
2E:

Author name STAA publications Lead Author

Richard Judson

1) Rager JE, Strynar MJ, Liang S, McMahen RL, Richard AM, Grulke CM, Wambaugh JF,
Isaacs KK, Judson R, Williams AJ, Sobus JR. Linking high resolution mass spectrometry data
with exposure and toxicity forecasts to advance high-throughput environmental monitoring.
Environ Int. 2016 Mar;88:269-280. 2) Sobus JR, Wambaugh JF, Isaacs KK, Williams AJ,
McEachran AD, Richard AM, Grulke CM, Ulrich EM, Rager JE, Strynar MJ, Newton SR.
Integrating tools for non-targeted analysis research and chemical safety evaluations at the US
EPA. J Expo Sci Environ Epidemiol. 2018 Sep;28(5):411-426.

Jon Sobus

Daniel
Villeneuve,
Gerald Ankley

1) Wang RL, Biales AD, Garcia-Reyero N, Perkins EJ, Villeneuve DL, Ankley GT, Bencic
DC. Fish connectivity mapping: linking chemical stressors by their mechanisms of
action-driven transcriptomic profiles. BMC Genomics 2016, 17 (84),
ttps://doi.org/10.1186/s12864-016-2406-y. 2) Wang RL, Edwards SW, Ives C. Ontology-based
semantic mapping of chemical toxicities. Toxicology 2019, 412:89-100.

Rong-Lin
Wang
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Richard Judson is on another current nomination related to the use of high-resolution mass spectrometry to improve environmental monitoring and chemical

safety. While one publication does relate to environmental monitoring, it is focused on the identification of unknown chemicals, distinctly different from the

current nomination.

Daniel Villeneuve and Gerald Ankley are on another nomination related to chemical toxicity and transcriptomic responses, and further linking toxicities to

known ontologies. This nomination is related to chemical effects and rapid assessments of chemical toxicity, which is distinctly different than the current

nomination.

Justification
3A:

In addition to interest from EPA stakeholders, the nominated publications have gained external recognition from the broader scientific community. As of April

2020, the first (Blackwell et al. 2017) and second (Blackwell et al. 2019) nominated papers have been cited 19 and 10 times, respectively. Of these citations,

there is an increasing number of citations from groups external to EPA. The Exposure-Activity Ratio (EAR) concept from nominated publication one

(Blackwell et al. 2017) has been incorporated into environmental mixture analyses by other US government agencies including US Geological Survey (7

citations) and National Park Service (1 citation), and academics (2 citations) for screening of surface, tap, and ground waters across the US. Outside of the

US, the approach has been used by researchers in the Netherlands (2 citations) for screening and prioritizing contaminants in drinking waters and sediments.

The direct bioassay screening approach demonstrated by nominated paper 2 (Blackwell et al. 2019) has also gained acceptance as an important aspect of

environmental monitoring. Nearly half of citing papers are from European groups, recognizing acknowledgment of the importance of this approach to

environmental monitoring not only in the US, but worldwide. In a recent Science publication entitled “Tracking complex mixtures of chemicals in our changing

environment” (Escher et al. 2020), the nominated paper was identified as an example of the need to incorporate both analytical and bioanalytical approaches

to fully understand potential risks of environmental contaminant mixtures.

In addition to publications, multiple workshops have been held to teach the use of ToxEval, the publicly accessible tool that facilitates rapid EAR analysis.

The first ToxEval workshop was held at the 2019 National Monitoring Conference in Denver, CO. The workshop was attended by stakeholders from

academia, government, and private sectors. At the 2019 SETAC North America meeting, ToxEval was presented during the invited session “Publicly

Accessible Data Analytic Tools”. This was a new format session incorporating a short, introductory presentation followed by an opportunity for participants to

see a live demonstration of tool use. Lastly, a ToxEval workshop was held in December 2019 at the US Geological Survey Water Science Center in Madison,

WI drawing attendees from academia and state and local government stakeholders.

Escher, B. I., H. M. Stapleton and E. L. Schymanski (2020). "Tracking complex mixtures of chemicals in our changing environment." 

(6476): 388-392.367

Justification
3B:
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Both nominated publications went through a rigorous peer review process including internal EPA review, internal USGS review, and external peer review

through the publishing journal. Each paper went through ORD internal review by an ORD researcher prior to journal submission. Each paper included USGS

affiliated authors, requiring the papers to be reviewed by an internal USGS reviewer prior to submission to a journal. Nominated paper 2 (Blackwell et al.

2019) additionally went through ORD’s “Advanced Notification” process. Office of Water (OW) received the manuscript and reviewed it prior to journal

submission. Finally, both papers were submitted to Environmental Science and Technology (ES&T), a top journal in the field of environmental science.

Nominated papers were each reviewed by a panel of 3 anonymous reviewers prior to publication in the journal.

AUTHORS

Principal Author

Author Name: Brett R. Blackwell

Professional Title: Salutation: Dr.

Email: blackwell.brett@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 28

Contributing Author

Author Name: Matthew Martin

Professional Title: Salutation: Dr.

Email: martin.matt.184@gmail.com Organization:

Mailing Address:
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Contributing Author

Author Name: Gerald Ankley

Professional Title: Salutation: Dr.
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At time of research was: EPA Employee

Separation Date:

% of Effort: 12

Contributing Author
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ABSTRACT: While chemical analysis of contaminant mixtures remains an
essential component of environmental monitoring, bioactivity-based assessments
using in vitro systems increasingly are used in the detection of biological effects.
Historically, in vitro assessments focused on a few biological pathways, for
example, aryl hydrocarbon receptor (AhR) or estrogen receptor (ER) activities.
High-throughput screening (HTS) technologies have greatly increased the
number of biological targets and processes that can be rapidly assessed. Here we
screened extracts of surface waters from a nationwide survey of United States
streams for bioactivities associated with 69 different end points using two
multiplexed HTS assays. Bioactivity of extracts from 38 streams was evaluated
and compared with concentrations of over 700 analytes to identify chemicals
contributing to observed effects. Eleven primary biological end points were
detected. Pregnane X receptor (PXR) and AhR-mediated activities were the most
commonly detected. Measured chemicals did not completely account for AhR
and PXR responses. Surface waters with AhR and PXR effects were associated with low intensity, developed land cover.
Likewise, elevated bioactivities frequently associated with wastewater discharges included endocrine-related end points ER and
glucocorticoid receptor. These results underscore the value of bioassay-based monitoring of environmental mixtures for
detecting biological effects that could not be ascertained solely through chemical analyses.

■ INTRODUCTION

Increased usage of organic chemicals in agricultural, industrial,
and personal care applications has intensified concerns that
aquatic organisms may be exposed to potentially hazardous
mixtures of chemical contaminants. Compounds for which
ecological or human health hazards are generally not well
understood, which have recently been discovered in the
environment, or for which public attention has greatly
increased have been termed contaminants of emerging concern
(CECs) and include pharmaceuticals, personal care products,
natural and synthetic steroids, pesticide metabolites, persistent
organics (polybrominated and perfluoro compounds), flame
retardants, and plasticizers. Multiple studies since the early
2000s have demonstrated the complexity and near-ubiquitous
presence of CEC mixtures in surface waters.1−3 However, even
recent, dramatically expanded chemical assessments provide
only partial coverage of the presumptive surface water
contaminant space.4 Combined analytical chemistry methods

and in vitro bioassay approaches support improved character-
ization of pathway-specific bioactivities and the potential
hazard of complex mixtures of CECs to ecological
receptors.5−7 In vitro bioassays covering a range of processes
(genotoxicity,8,9 inflammation,9 mutagenicity,8,10 oxidative
stress,9−11 photosynthetic processes10) or individual receptor-
based bioactivities (reflecting androgen,9,12,13 aryl hydro-
carbon,8,9,14,15 estrogen,9,16−18 glucocorticoid,8,9,19 peroxi-
some-proliferator,8,9,14 pregnane X,14,15 progesterone,8,9,20

retinoic acid,9 retinoid X,9 and thyroid8,14 signaling pathways)
have been used, at least to some extent, to assess surface
waters.
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The Tox21 collaboration and the U.S. Environmental
Protection Agency (USEPA) ToxCast programs began in
2007−2008 with the aim of advancing toxicity testing through
use of in vitro high-throughput screening (HTS) assays that
can rapidly measure chemical effects on hundreds of different
biological pathways/processes.21 These programs generated
publicly available bioactivity data for over 9000 unique
substances, including many CECs.22,23 Recent approaches
have leveraged ToxCast data to screen for potential pathway-
specific effects of detected compounds in environmental
samples using hazard quotients based on bioactivity.9,24,25

Such computational approaches are readily applied to detected
environmental contaminants but are likewise constrained by
extant analytical chemistry techniques and poor understanding
of complex, interactive effects. Alternatively, HTS assays can be
applied directly to surface water samples or extracts to screen
for net effects of contaminant mixtures on targeted biological
end points.
The present study is among a growing number of studies to

apply a subset of ToxCast HTS assays to directly assess the
biological effects potential of environmental samples.9,14,26,27

Specifically, the U.S. Geological Survey (USGS) and USEPA
conducted a collaborative investigation of both chemical
occurrence and bioactivity in streams across the continental
U.S. and Puerto Rico.28 The target-chemical coverage included
over 700 unique organic analytes from many functional classes
(pesticides, wastewater indicators, steroid hormones, volatile
organics, pharmaceuticals, and halogenated organics).29 Initial
assessment of split-sample bioactivity targeted in vitro
transcriptional reporter assays for the estrogen receptor
(ER), androgen receptor (AR), and glucocorticoid receptor

(GR).30 Here, we expand the characterization of split-sample
bioactivity using two multiplexed HTS assays (Attagene cis-
Factorial and trans-Factorial assays)31,32 that encompass 69
biological end points. The selected HTS assays had been used
in the ToxCast program to screen over 3600 compounds,
providing a robust data set to compare against known chemical
composition of the samples.31 Bioactivity results were
compared with measured concentrations of compounds in
the samples using existing HTS data for the individual
chemicals to assess how well target-chemical analysis captured
compounds responsible for observed bioactivities. Additional
statistical analyses were then performed to identify potential
relationships between bioactivity measures and chemicals
detected in the test samples. Finally, ER, AR, and GR results
from the HTS assays and from the previously reported in vitro
assays30 were compared to assess the performance of the HTS
system for routine environmental monitoring. Results of this
work intended to identify the most prevalent bioactivities
(among the 69 end points monitored), important contaminant
and land-use drivers of bioactivity, and potential adverse
ecological effects of CECs in streams across the U.S.

■ MATERIALS AND METHODS

Sample Collection and Processing. Surface water
samples were collected from a total of 38 sites (4 low-impact
sites−those with minimal anthropogenic inputs; 34 impacted
sites−those with increased anthropogenic inputs)29 between
December 2012 and June 2014 (Figure 1; Supporting
Information (SI) Table S1). Sites were selected to cover a
range of land use including largely undeveloped, agricultural,
and heavily urban developed watersheds. Water from each site

Figure 1. Site location, classification, and number of active (AUC ≥ 1.5-fold above extract blank) bioassay end points for each site sampled from
2012 to 2014. Only end points tested across all 38 sites are included. See SI Table S1 for site details and SI Table S4 for bioassay response values.
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was collected into a Teflon churn prior to splitting between
prepared sample bottles according to established trace-level
sampling methods.29 Samples were shipped on ice to USGS
and USEPA laboratories for chemical or bioassay analysis.
Upon arrival at the USEPA-Duluth laboratory, samples in 1 L
amber glass bottles were logged and stored at 4 °C for no more
than 24 h prior to filtration and extraction.
Sample Preparation. All solvents were HPLC grade or

better and purchased from Fisher Scientific (Waltham, MA).
Dimethyl sulfoxide (DMSO) was >99.7% purity and purchased
from Sigma-Aldrich (St. Louis, MO). Water samples were
processed by solid-phase extraction (SPE) using Waters Oasis
HLB cartridges (200 mg sorbent, 5 mL glass cartridge;
Milford, MA). Field blanks were not received for this bioassay
analysis, but an extraction method blank (HPLC grade water)
was generated with each sample batch and used to assess
background activity in the method. Cartridges were precondi-
tioned sequentially using 5 mL each of ethyl acetate, 50:50
methanol (MeOH):dichloromethane (DCM), 100% MeOH,
and, finally, ultrapure water. Prior to SPE, approximately 1 L of
whole water was filtered through a baked 47 mm glass-fiber
filter (0.7 μm porosity). After filtration, 0.5 L of each sample
was loaded onto preconditioned cartridges. Cartridges were
aspirated for approximately 30 min to remove residual water
then eluted sequentially with 6 mL of MeOH followed by 6
mL of 50:50 MeOH:DCM. Extracts were evaporated to
dryness under a gentle stream of nitrogen at 30 °C. Samples
were reconstituted in 500 μL of DMSO for a final 1000-fold
relative enrichment factor (REF). Samples were extracted as
they were received and sent for analysis in three batches
ranging 8−18 samples per batch. Extracts were frozen at −20
°C and shipped overnight on ice for bioassay analysis.
HTS Bioassays. Sample extracts were tested by Attagene,

Inc. (Morrisville, NC) under contract to the USEPA, using the
cis-Factorial and trans-Factorial assays.31,32 Each assay uses
HepG2 cells to assess transcription factor activity (cis-
Factorial) or transfected nuclear receptor activity (trans-
Factorial). Together, these multiplexed assays comprise a
total of 69 target end points covering a range of biological
pathways including xenobiotic metabolism (e.g., aryl hydro-
carbon receptor [AhR], pregnane X receptor [PXR]), lipid
metabolism (peroxisome proliferator-activated receptor
[PPAR],) endocrine signaling (e.g., AR, ER, GR), and cellular
stress (e.g., antioxidant response element [NRF2]; SI Table
S2). Additionally, a subset of eight samples (the initial eight
samples screened through the assays) was analyzed using a
separate assay (trans-Factorial-2), which covers 24 additional
nuclear receptors beyond the 69 targets from the cis-Factorial
and trans-Factorial assays (SI Table S2). Sample extracts were
tested at six dilutions from a maximum REF of 10 followed by
five, 3-fold serial dilutions (i.e., 10, 3.3, 1.1, 0.37, 0.12, 0.04
REF). The highest REF was tested at 1% DMSO, while all
remaining dilutions were at 0.33% DMSO. Positive control
compounds for several of the targets (e.g., E2 for ER) were run
in triplicate at a single concentration with each batch (see SI
Table S2), and six replicates of DMSO solvent controls (both
1.0 and 0.33%) were run with each sample set. Positive
controls inducing responses >2 fold passed quality assurance
criteria
For the cis-Factorial assay, a set of cis-Factorial reporters as

well as PXR and ER-alpha expression vectors were transiently
transfected into HepG2 cells (12-well plates) using TransIT-
LT1 (Mirus Bio; Madison, WI) transfection reagent and

according to the manufacturer’s protocol. The next day, the
transfected cells were supplied with 1% charcoal-stripped
HyClone FBS (GE Healthcare Life Sciences; Marlborough,
MA) and incubated with sample extracts for 24 h. For the
trans-Factorial assay, each of the trans-Factorial reporter
GAL4-NR expression vector pairs were transiently transfected
into separate pools of HepG2 cells using TransIT-LT1
transfection reagent and according to the manufacturer’s
protocol. The next day, the transfected cells were mixed and
plated into 12-well plates for compound analysis. Twenty-four
h after plating, the transfected cells were supplied with 1%
charcoal-stripped HyClone FBS and incubated with evaluated
compounds for 24 h. For both assays, cell viability was
measured in parallel using XTT Cell Proliferation Assay Kit
(ATCC; Manassas, CT) with cell viability >70% required to
generate acceptable data quality. A standard set of six control
reporters were used to normalize response of the transfected
end points. To assess Factorial reporter activity, total RNA was
isolated using the PureLink RNA isolation kit (Invitrogen;
Carlsbad, CA). Total RNA from each well was reversely
transcribed into cDNA, and reporter cDNA was amplified in a
single PCR reaction using a pair of common primers. The PCR
products were labeled using a 6-Fam-labeled primer and
digested with HpaI. The resulting labeled DNA fragments were
separated using capillary electrophoresis (Genetic Analyzer
3130xl; Applied Biosystems; Waltham, MA). The relative
activities of end points were calculated from the electrophero-
gram peaks using proprietary software.29

Statistical Analysis. Bioassay responses were expressed as
fold-change relative to DMSO control by dividing expression
of treated cells by that of appropriate DMSO control. The use
of fold-change relative to DMSO controls does influence the
potential magnitude of response for each end point, so the
relative magnitude of response across different end points
should not be directly compared. Dose−response data were
plotted and response calculated as the area under the curve
(AUC) using GraphPad Prism (v5.02). Other metrics could
have been used, such as a more traditional EC50. However,
since many end points are lacking positive controls, AUC
allowed for consideration of the full dose−response relative to
extraction method blanks, which could be applied consistently
for all end points regardless of a positive control. To further
correct response across multiple assay batches, sample AUC
was divided by the mean extraction method blank (n = 1−3
per batch) AUC within each sample batch. A cutoff of 1.5-fold
response (50% increase) relative to the blank baseline was used
to identify end points clearly responding to environmental
extracts. Pearson correlation was used to assess relations
between blank-corrected AUC responses, exposure-activity
ratios (EARs),25 or land use metrics. A nonparametric analysis
of ranked, normalized AUC responses and bioanalytical
equivalent concentrations (i.e., 17β-estradiol equivalents
[E2eqs, ng L−1]), previously reported by Conley et al.,30 was
performed using Spearman Rank correlation.
Exposure-activity ratio (EAR) analysis25 was used to

estimate whether bioactivity would be expected based on the
measured concentrations of detected compounds29 and their
corresponding activity concentration at cutoff (ACC) values
for Attagene assays, where available (i.e., for compounds
previously tested in ToxCast).22 The ACC was chosen as a
metric of chemical potency as this value compares chemical
response with a defined baseline and is independent of
chemical efficacy, though other metrics of potency, such as the
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half-maximal activity concentration (AC50), could be used. An
EAR value was calculated for each site and assay by summing
EAR values of individual compounds (eq 1) detected in a given
mixture, thus assuming noninteractive concentration addition.
Theoretically, EAR values ≥1 indicate measured compounds
are at a concentration expected to produce bioactivity for a
given end point. Comparison of this predicted bioactivity with
that observed in the Attagene bioassay can be used to infer
whether the known composition of the sample likely accounts
for the activity observed, or whether unidentified compounds
may be contributing. Likewise, if observed bioactivity is less
than predicted, the results may suggest nonadditive inter-
actions are occurring between compounds present in the
mixture.

EAR
exposure (chemical concentration; M)

activity(ToxCastACC; M)
mixture

i 1

n
i

i

∑
μ

μ
=

=

(1)

To identify other potential associations between chemical
occurrence and bioassay responses, a sparse partial least-
squares (SPLS) analysis33 was performed to identify
correlations between measured chemicals and bioassay
response in order to identify potentially bioactive compounds.
The SPLS analysis is a partial least-squares analysis with the
addition of elastic net regulation, which allows for the removal
of variables.34 Analysis was performed using the SPLS

package35 in R version 3.3.3.36 After SPLS analysis was
performed, bootstrapped confidence intervals (also using the
SPLS package35) were estimated for each chemical-assay
combination, and those with intervals that contained zero were
removed.
Prior to SPLS analysis, the full chemical data set37 was

filtered to remove chemicals with no detections above the
reporting limit, chemicals with zero variance in concentration,
or chemicals not reported at three or more sites. Both chemical
concentration and assay AUC were then centered and scaled
across sites. For analytes with missing values at two or fewer
sites, Multiple Imputation by Chained Equations (MICE)38

was used to generate missing values for SPLS analysis using the
MICE R package.39 Finally, based on prior knowledge of
analyte loss during the evaporation step of extract preparation
(see SI for more information; Figure S1, Table S3), chemicals
with vapor pressure above 0.01 mmHg (as calculated using
EpiSuite v4.1140) were removed from the SPLS data set. These
more volatile compounds are lost during evaporation and
solvent exchange and are not expected to be present in the final
bioassay extract. A total of 386 analytes and 69 assay end
points were used for SPLS analysis.

■ RESULTS AND DISCUSSION

Bioactivity in Surface Water Extracts. Activity ≥1.5-fold
above baseline (hereafter referred to as “active”) was detected

Figure 2. An example radar plot of blank-normalized area under the curve (AUC) values of both cis_Factorial and trans_Factorial end points for
the South Platte River, CO site. Assay end point names correspond to those in Table S2 and are grouped in colors by general function. The radar
axis represents AUC values for each measured end point. The activity cutoff value of 1.5 is shown in bold, and activities at or above this value were
identified as active.
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in the cis-Factorial and trans-Factorial assays at two or more
sites for 11 end points (SI Table S4). The site with the greatest
number of active end points of any sampled site (South Platte
River, CO), is shown in Figure 2 while all remaining sites are
provided in the SI (Figures S2−S38). The 11 active end points
reflected nine different receptor-mediated pathways. In the
subset of eight samples that were analyzed using the trans-
Factorial-2 assay, three more end points (ERβ_TRANS2,
PR_TRANS2, MR_TRANS2) were active (SI Figure S39,
Table S4). Most active end points are associated with
regulation of metabolism of xenobiotic (e.g., AhR_CIS,
PXR_TRANS, PXRE_CIS) or endogenous compounds
(PPARγ_TRANS, RORE_CIS, RXRβ_TRANS, VDRE_CIS)
and one end point (NRF2_CIS) is indicative of oxidative
stress. The remaining end points (ERα_TRANS, ERE_CIS,
and GR_TRANS) and the end points active from the subset of
samples analyzed through the trans-Factorial-2 assay (ERβ_-
TRANS2, MR_TRANS2, PR_TRANS2) are associated with
different endocrine pathways.
Several of these receptor-based pathways have well-defined

ligands known to induce activity. For example, AhR ligands
include polycyclic and halogenated hydrocarbons including
many current use pesticides;41 AhR activity has previously
been observed in different studies with environmental samples
(often through induction of CYP1A1).9,10,42 PXR is a relatively
promiscuous receptor with a large, hydrophobic binding
pocket capable of interacting with a broad range of organic
compounds.43 PPARγ ligands include endogenous fatty acids,
prostaglandins, and thiazolidinedione pharmaceuticals (e.g.,
rosiglitazone, pioglitazone). Comparatively few ligands have
been identified for the retinoid X receptor (RXR), the RAR-
related orphan receptor (ROR), or vitamin-D receptor (VDR)
aside from the endogenous molecules such as retinoic acids or
vitamin-D3. NRF2 activity is associated with oxidative stress
and can be induced by a wide range of compounds, such as
reactive oxygen species and electrophilic chemicals. Activation
of NRF2 has been previously observed in environmental
samples, but specific compounds responsible for activity were
not identified.11 Progesterone receptor (PR), GR and ER
activation have previously been documented in environmental
samples26 and several known natural (e.g., estradiol, cortisol,
progesterone) and synthetic (e.g., 17α-ethinylestradiol, dexa-
methasone, levonorgestrel) ligands detected in surface waters.
Mineralocorticoid receptor (MR) activity, which was observed
at one of eight tested sites, has not been commonly reported in
surface waters. The MR is known to bind two endogenous
classes of corticosteroid ligands; the mineralocorticoid
aldosterone; and the glucocorticoids cortisol or corticosterone,
in the human or rat, respectively.44 The trans-Factorial-2 assay,
which contains the MR end point, is not available in the
ToxCast database;22 however, another assay NVS_NR_rMR,
which uses the rat MR, has been used to screen over 2700
chemicals. Twenty-one compounds were active, including 17
steroidal compounds. Those with the highest binding affinity
include three glucocorticoids (corticosterone, dexamethasone,
and 17α-hydroxyprogesterone), which are also active in GR-
related assays. The single site with elevated MR activity
induced the highest GR activity observed at any site,
suggesting that the observed MR activity reflects glucocorti-
coids present at this site.
Distribution of Activity Across U.S. Streams. Biological

activity varied widely across sites with the number of active end
points ranging from zero to 11 (Figure 1) and the magnitude

of response within individual active end points ranging from an
AUC of 1.55 to 10.3 (Figure 3). Activation of end points

associated with xenobiotic metabolism were the most
frequently induced. Elevated PXRE_CIS, AhRE_CIS, and
PXR_TRANS occurred at 36, 31, and 30 sites, respectively,
demonstrating near-ubiquitous activity across surface waters.
The remaining end points responded at fewer sites. For
example, ERE_CIS was active at 17 sites, ERα_TRANS and
PPARγ_TRANS at 10 sites, VDRE_CIS at eight sites,
GR_TRANS at seven sites, NRF2_CIS at six sites, and
RORE_CIS and RXRβ_TRANS at two sites. Among the eight
samples tested using the trans-Factorial-2 assay, ERβ_-
TRANS2 activity was detected at two sites, whereas
MR_TRANS2 and PR_TRANS2 activity were detected at
one (SI Figure S39).
Samples from two low-impact sites (West Clear Creek, AZ;

Swiftcurrent Creek, MT) did not elicit any responses above
baseline. Some responses associated with xenobiotic metabo-
lism or cell stress were detected at the two other low-impact
locations (PXRE_CIS at North Sylamore Creek, AR;
PXRE_CIS, AhRE_CIS, PXR_TRANS, and NRF2_CIS at

Figure 3. Hierarchical clustering of blank normalized area under the
curve (AUC) of site extracts for individual assay end points. Only end
points with AUC response ≥1.5 at one or more sites are included.
Sites noted with an asterisk (*) and in blue are low-impact sites, with
limited anthropogenic inputs compared to other sites. See SI Table S4
for bioassay response values.
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Penn Swamp Branch, NJ), but neither induced any endocrine-
related bioactivities, such as ER or GR (Figure 3). Penn
Swamp Branch, NJ is noted as unique compared to other low-
impact sites in that it drains a wetland area, is acidic (pH 4.18),
and contains high dissolved organic carbon (15.9 mg L−1; SI
Table S1).29 Natural humic acids, which would be expected to
be present at high concentrations in an acidic, wetland-drained
watershed, have been previously identified as activators of
AhR, though at concentrations several orders of magnitude
higher than TCDD, the prototypical ligand for AhR.45 Many
natural product ligands have been identified for PXR, a very
promiscuous xenobiotic-sensing nuclear receptor.46 Thus, the
presence of natural dissolved organic compounds at the low-
impact Penn Swamp Branch, NJ site (and possibly at other
“impacted” sites) may contribute to increased activity observed
in AhR and PXR related end points. If ubiquitous organic
compounds are indeed a primary driving force for these end
points, the utility of these end points for predicting potential
adverse effects will be reduced.
Overall, most of the impacted sites cluster closely with low-

impact sites and were characterized by low to moderate PXR
and AhR bioactivity and little to no ER or GR bioactivity
(Figure 3). Remaining sites show moderate to high ER and GR
activity and generally elevated PXR and AhR activity. The wide
occurrence of elevated PXR and AhR activity suggests
somewhat nonspecific effects associated with a wide variety
of natural and manmade ligands, which is consistent with a
biological role of xenobiotic sensing and induction of
metabolizing enzymes.47 Both AhR and PXR can interact
with a wide range of structurally diverse compounds, thus the
wide occurrence of both bioactivities is not surprising and
aligns with previous studies of environmental extracts.15,48 The
promiscuity of both receptors is also reflected in the ToxCast
database as AhRE_CIS and PXRE_CIS are active in 13.8% and
46.7%, respectively, of 3860 compounds tested in the cis-
Factorial assay. Elevated ER and GR activity can be due to a
variety of natural or synthetic steroidal compounds, and
elevated activity has been previously observed in water samples
associated with wastewater treatment plant (WWTP) dis-
charges.9,16,49 Activation of GR_TRANS was highly correlated
with ERE_CIS (p < 0.0001, r = 0.90; 95% CI [0.82, 0.95]) and
ERα_TRANS end points (p < 0.0001, r = 0.94; 95% CI [0.90,
0.97]), and ERE_CIS was significantly correlated with
PPARγ_TRANS (p < 0.0001, r = 0.74; 95% CI [0.54,
0.85]), consistent with a common point source of chemicals
contributing to ER, GR, and PPARγ bioactivities across
sampled streams (Figure 4). Because no individual detected
compound was identified in the ToxCast database22 as a strong
agonist of more than one of these receptors (data not shown),
the observed bioactivities may be due to a mixture of
compounds (as would be expected from WWTP effluents).
Anecdotally, the three sites showing the greatest ER, GR, and
PPARγ activity (South Platte River, CO; Blue River, MO;
Fourmile Creek, IA) are sites with documented WWTP
effluent sources.
Lastly, the inclusion of end points for the same pathway

across both Attagene assays allows for a comparison across
assays. Both ER- (ERE_CIS, ERα_TRANS) and PXR-related
(PXRE_CIS, PXR_TRANS) end points from the two separate
assays were well correlated, demonstrating a similar response
from each individual assay (Figure 4). These two sets of end
points are the only paired end points that showed consistent
activation across both assays. On the contrary, the PPAR- and

GR-related end points (PPRE_CIS, GRE_CIS) were not
active at any site, while their counterparts (PPARγ_TRANS,
GR_TRANS) were active at 10 and 7 sites, respectively. This
demonstrates that each end point may have differential
response across both assays.

Exposure-Activity Ratio Analysis. An EAR analysis was
performed to identify how well measured compounds
explained the observed bioactivity of surface waters. Of the
406 unique compounds analytically detected at one or more
sites,29 297 (73%) were tested in ToxCast, and 201 (49.5%)
were tested in the Attagene HTS assays used in the current
study. Where there were co-occurring chemical concentration
and ToxCast bioactivity data, EAR values were calculated for
each assay end point at each site (SI Table S5). An EAR value
could be calculated for a total of 53 end points (one or more
chemicals active for end point). Two end points, ERE_CIS
and ERα_TRANS, had EAR values above 0.1 and ERE_CIS
showed EAR values above 1.0. Four other end points
(AhR_CIS, NRF2_CIS, PXRE_CIS, Sox_CIS) had a max-
imum EAR > 0.01, while the remaining 47 end points had
maximum EARs < 0.006. For both ERα_TRANS and
ERE_CIS, over 50 compounds contributed to some degree
to the calculated EARs, but estrone, 17β-estradiol, bisphenol A,
and 4-nonylphenol account for much of the EAR. At sites
where it was detected above the reporting limit, estrone alone
explained 55−100% and 80−100% of the total EAR for the
ERα_TRANS and ERE_CIS assays, respectively. Observed
bioactivity and EARs for both ERα_TRANS (p < 0.0001, r =
0.83; 95% CI [0.70, 0.91]) and ERE_CIS (p < 0.0001, r =
0.68; 95% CI [0.46, 0.82]) were also significantly correlated,
indicating the measured chemicals largely account for observed
ER activity. The remaining four end points with EARs > 0.01
were not significantly correlated with observed bioactivity,
indicating that measured chemicals likely do not adequately
explain any other observed bioactivities.

Sparse Partial Least Squares Analysis. Sparse partial
least-squares (SPLS) analysis was performed to identify
possible relationships between detected chemicals and bioassay

Figure 4. Correlation matrix of 11 end points with AUC response
≥1.5. Cell color and area of shading represent the correlation
coefficient between end points.
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responses. Through this technique, it was possible to take more
chemicals into account (386 chemicals) compared to EAR
calculations (201 chemicals); however, results are inferred
from statistical (correlative) relationships, not empirical assay
data. Among the 386 chemicals in the data set, 48 unique
compounds were identified by SPLS as predictors of bioassay
responses (SI Table S6). Out of 70 total assay end points, 27
were related to observed chemical occurrence patterns. These
included 10 of the 11 end points activated by the tested water
samples (the exception was PXRE_CIS). Other than estrone,
17β-estradiol, and androstenedione, most of the compounds
identified through SPLS analysis are not known to directly
interact with receptors responsible for the commonly observed
bioactivities (AhR, ER, GR, PXR, etc.). Many identified
compounds are classified as pharmaceuticals or wastewater
indicators, both of which can be broad indicators of
anthropogenic waste. Two specific compounds, HHCB and
triclosan, were previously shown to have a positive relationship
between their concentrations and the total number of
compounds detected across these same 38 sites.29 Therefore,
we hypothesize, that most compounds identified by SPLS are
likely not causing observed bioactivities directly but rather
covary with other bioactive compounds present in these
systems. Regardless, the identification of multiple pharmaceut-
icals and other wastewater indicators as covariates of bioeffects
does provide a reduced set of targeted analytical methods to
monitor as a potential surrogate of effects.
Comparison of HTS and Targeted Reporter Assays.

An important attribute of the current study was the use of split
samples for all chemical and biological analyses, allowing for
direct comparison of data produced at different laboratories.
Conley et al. measured bioactivity in these same samples using
targeted transcriptional reporter assays with ER, GR, and AR,30

providing an opportunity to compare the performance of the
HTS assays. Three samples were lost during shipment and
were not analyzed by Conley et al.30 but comparisons could be
made for 35 of 38 sites presented in the current work.
Five samples analyzed by Conley et al. elicited AR-

dependent responses in the MDA-kb2 assay,30 but no samples
induced AR activity above baseline in the HTS assay. The
MDA-kb2 assay can detect both AR or GR agonists, although
the assay is ∼100-fold more sensitive to AR agonists.30 One
site (Blue River, MO), had detectable androgenic compounds
that potentially account for AR activity in the MDA-kb2 assay;
however, four of five sites inducing MDA-kb2 activity also
showed elevated GR activity in both the GR transcriptional
assay employed by Conley et al. and the HTS assays described
herein. Overall, while it appears that the HTS Attagene assay
may be less sensitive to AR agonists than the MDA-kb2
system, it remains unclear whether MDA-kb2 activity observed
at most sites was actually AR- or GR-dependent.
Elevated GR activity was identified at nine sites using CV-1

cells transduced with human GR.26 Using the HTS assays,
seven samples were identified as active, five of which were in
common with the CV-1 assay results. Conley et al. reported
relative GR-mediated potency in terms of an equivalent
concentration of dexamethasone (dexamethasone equivalents;
DexEq), a potent GR agonist, that produces the same
magnitude of bioassay response. Three sites with reported
Dexeq greater than 30 ng L−1 were active in the HTS assays. In
contrast, for samples estimated to contain 6.0−30 ng Dexeq
L−1, only three of six samples were active. Overall, the HTS
Attagene assays appear somewhat less sensitive to GR agonists

compared to the CV-1 reporter assay, but the sites inducing
the greatest activity were identified using both systems.
Measures of ER activity provide the most complete

comparison between the Attagene HTS system and a targeted
in vitro reporter assay. Using the T47D-KBluc assay,26 Conley
et al. detected elevated ER activity in 34 samples, whereas the
HTS end points ERE_CIS and ERα_TRANS identified 17 and
10 active samples, respectively. This again indicates a lower
sensitivity to ER agonists in the HTS assays compared to the
T47D-KBluc reporter gene assay. Dose-dependent responses
to a 17β-estradiol positive control in the T47D-KBluc assays
allowed the determination of equivalent concentration (E2Eq)
values for the test samples, but positive controls for the HTS
assays were not run in concentration−response, so E2eq could
not be calculated for the HTS results. However, the rank order
of E2eq concentration in the T47D-KBluc assay and
normalized AUC values for both ERE_CIS and ERα_TRANS
were significantly correlated (r = 0.73; r = 0.69, respectively; SI
Figure S40). Thirteen of 16 sites with >0.8 ng E2eq L−1 were
active for one or both ER end points, demonstrating the ability
of the HTS assay to identify sites with low ng L−1 E2eq
activity.
As with any in vitro system, there are strengths and

weaknesses of the presented approach using the Attagene assay
systems. The HTS assays utilized in the current study appear
to be less sensitive overall compared to the three individual
targeted in vitro assays. The NRF2 pathway, which provides a
measure of oxidative stress, has been commonly observed in
rivers in Europe, but was observed less frequently using the
multiplexed assays in the current study. This again may be
indicative of lower sensitivity in the multiplexed assay relative
to targeted in vitro assays. Nonetheless, sites with the greatest
GR and ER bioactivities were identified by both targeted and
multiplexed assay approaches. The multiplexed nature of the
Attagene systems may partially explain the differential
sensitivity between assay systems, but the multiplexed nature
of the assays (one of the greatest strengths of this approach)
does additionally provide for an integrated system response
accounting for potential interactions between transcriptional
pathways. Other disadvantages of the current approach include
a lack of positive control compounds for all end points and the
lack of dose−response data for positive controls. This
ultimately limits the ability to quantitatively compare extract
response to that of a reference compound. Finally, for this
specific study, screening was limited to a single replicate due to
cost constraints. While issues of positive controls and
replication could be overcome, it would come at additional
project costs. Taken together, we propose the use of these
multiplexed assays as a screening and prioritization tool in
environmental monitoring. Where warranted, further site-
specific follow-up employing the more sensitive targeted assays
could be performed at high priority sites to more quantitatively
assess relevant bioactivities.

Associating Bioactivity with Land Use Land Cover.
Another objective of the overall mixtures study was to identify
potential associations between chemical occurrence or bioassay
response and land use and land cover (LULC) attributes.29

The National Land Cover Database (NLCD) classification of
site watershed-scale LULC attributes (previously reported29)
were compared with AUC values for the 11 active end points
to better evaluate whether specific point sources or land use
patterns were related to bioactivity. Of 38 watershed-scale
LULC parameters evaluated, two showed weak but significant
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correlation with bioactivity. Percent of watershed area
classified as developed, low intensity (NLCD category 22)
was significantly correlated with AhRE_CIS (p = 0.016, r =
0.39, 95% CI [0.080, 0.63]), ERE_CIS (p = 0.037, r = 0.34,
95% CI [0.021, 0.59]), PPARγ_TRANS (p = 0.027, r = 0.36,
95% CI [0.044, 0.61]), PXR_TRANS (p = 0.016, r = 0.39,
95% CI [0.077, 0.63]), PXRE_CIS (p = 0.026, r = 0.36, 95%
CI [0.047, 0.61]), RORE_CIS (p = 0.009, r = 0.42, 95% CI
[0.12, 0.65]), and VDRE_CIS (p = 0.001, r = 0.51, 95% CI
[0.23, 0.71]). Additionally, the number of registered National
Pollution Discharge Elimination System (NPDES) facilities
was correlated with ERE_CIS (p = 0.020, r = 0.38, 95% CI
[0.066, 0.63]), ERα_TRANS (p = 0.016, r = 0.39, 95% CI
[0.078, 0.64]), GR_TRANS (p = 0.012, r = 0.41, 95% CI
[0.096, 0.65]), PPARγ_TRANS (p = 0.020, r = 0.38, 95% CI
[0.064, 0.63]), and RXRβ_TRANS (p = 0.048, r = 0.33, 95%
CI [0.0045, 0.59]). Correlation of mainly xenobiotic
metabolism related assays with low intensity development
suggests nonpoint sources of bioactivity. Increased chemical
burdens, either of natural organics (as seen at Penn Swamp
Branch, NJ) or anthropogenic-related contaminants, may be a
primary contributor to activity of xenobiotic-metabolism
related end points such as AhR and PXR. AhR activity in
surface water was previously identified at the highest levels in
urban streams in Southern California,27 suggesting anthro-
pogenic related contaminants are likely the primary contrib-
utors of elevated AhR activity. Correlation of more specific,
endocrine-related activity (ER and GR) with NPDES inputs
suggests wastewater as a source of bioactive contaminants.
While significant, no single LULC showed a strong

predictive relationship with bioactivity (R2 ranging 0.108−
0.262). Both significantly correlated features relate to urban
use and wastewater inputs, which does strengthen the case that
urban, anthropogenic inputs are the primary contributing
factors of observed bioactivity. To supplement the watershed-
scale analysis, catchment-scale LULC attributes were generated
for each site to determine if increased resolution would provide
better indicators of bioactivity, but similar relationships
between catchment-scale LULC and bioactivity were observed.
Catchment-scale medium and high intensity development were
additionally correlated with metabolism and endocrine-related
end points, further suggesting urban, anthropogenic inputs are
the primary drivers of observed effects.
Linking Observed Bioactivities to Adverse Effects.

The ultimate purpose of identifying pathway-based bioactivity
in samples is to gain insights into potential hazards of exposure
to contaminants present in surface waters. The adverse
outcome pathway (AOP) framework50 provides the means to
link pathway-based activity, such as data from in vitro
bioassays, with higher organismal responses and relevant
adverse outcomes. Some molecular targets, such as AhR and
ER, have been studied extensively and AOPs associated with
their activation are well-defined for aquatic vertebrates.51

However, clear and well supported associations with apical
hazards are still lacking for a number of the active HTS end
points identified in the present work. Efforts are being made to
link all ToxCast assay targets, which includes those used in the
current study, with existing AOP descriptions publicly available
through the AOP-Wiki,51 a repository for developed or in-
progress AOPs. Relevant AOPs in terms of species (e.g., fish)
and end points (growth, development, reproduction) are
available only for pathways associated with the AhR and ER
(SI Table S7).51 Potential apical hazards associated with

activation of those pathways include early life stage mortality
and reproductive dysfunction. A search of the AOP-Wiki also
identified existing AOPs for GR, NRF2, PPARγ, and PXR,
although these have been primarily demonstrated in
mammalian species and may not be applicable to aquatic
species of concern (SI Table S7). As such, these four pathways
represent targets for which AOP development should be
prioritized. However, as with all in vitro based monitoring, in
vitro bioactivity alone does not necessarily indicate adverse
effects will occur in the environment. Much research has
focused on establishing trigger values, or a value of bioactivity
at which there is reasonable concern of adverse effects in the
environment, for assays commonly used in environmental
monitoring (e.g., ER reporter assays).11,48 Additional charac-
terization of the Factorial assays is needed before similar
trigger values could be established.
No AOPs linking RXR, ROR, or VDR activation to apical

outcomes have been described to date on the AOP-Wiki.51

These three activities were not as frequently observed in the
environment relative to other targets, but they could be
prioritized for AOP development, particularly if they are
detected for a growing number of samples. It is notable that
VDR response element, which is monitored by the VDRE_CIS
end point, has been previously identified as a binding target of
PXR.52 VDRE_CIS is significantly correlated with PXRE_CIS
(p < 0.001, r = 0.77; 95% CI [0.60, 0.88]) and PXR_TRANS
activity (p < 0.001, r = 0.73; 95% CI [0.53, 0.85]). The
TRANS assay counterpart to VDRE_CIS, VDR_TRANS,
which measures direct VDR-mediated activity, is not active at
any site. This supports observed VDRE_CIS activity as an
indicator of PXR-mediated activity and not indicative of
specific VDR-mediated responses. As such, even if available,
VDR-related AOPs are likely not relevant.
With regard to AOPs, for complex mixtures multiple

relevant AOPs may be triggered simultaneously. Consequently,
it has been proposed that consideration of AOP networks may
be important for hazard prediction in these scenarios.53,54

Knapen et al.53 provided an example of how Attagene
bioactivity screening data for a complex environmental sample
could be linked to relevant AOPs, assembled into a relevant
AOP network, refined based on problem formulation, and used
to both identify potential hazards of concern and end points
that could be employed in effects-based monitoring. Based
upon activation of eight end points in the Attagene assays, all
of which were active in the current study, Knapen et al.
identified potential adverse outcomes of impaired reproduc-
tion, early life stage mortality, and cardiotoxicity.53 The utility
of this integrated approach will increase with continued linkage
of Attagene end points and improved tools for assembling,
filtering, and analyzing AOP networks.53

Finally, when considering in vitro assays in the context of
AOPs for ecologically relevant species, the conservation of
molecular targets must be considered. The Attagene assays
used in the current work use only human-based receptors,
which may or may not be representative of ecological species
of concern. The AhR, for example, is broadly conserved in
vertebrates, but AhR-mediated embryo toxicity can vary across
teleost fish species by multiple orders of magnitude (see review
by Doering et al.).55 Techniques now exist to help assess the
similarity of molecular targets across various taxa. The
SeqaPASS tool was recently used to compare all targets
present in the ToxCast database with currently known
sequences for nonhuman taxa.56 This data source could be
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used to compare the targets identified through the current
study with those of ecologically relevant species of concern and
predict if human-based assay results are representative of the
target species. Ultimately, as extrapolations move from the
molecular level, as measured through in vitro cell-based
techniques, to the apical-level, the information required to
make confident assessments of potential effects will continue to
grow.
The use of HTS assays to characterize bioactivity in U.S.

streams, along with parallel chemical characterization, identi-
fied multiple bioactivities of concern, potential chemicals of
concern, and sites with the greatest potential for adverse effects
to ecological receptors. Further, comparison with more
traditional, cell-based reporter assays aligned well with the
HTS assay results, providing evidence supporting the use of
these HTS assays for environmental surveillance efforts.
Though coverage of the chemical space (>700 compounds
monitored) and biological space (69 end points) was more
extensive than many studies, the majority of bioactivity could
not be explained by measured chemicals, and only estrogenic
activity could be reasonably predicted. The expanded end
point coverage of the HTS assays employed here revealed
additional biological pathways that may be commonly
impacted in the environment. Because these assays cover
vertebrate-centric (especially mammalian) end points, other
relevant targets (i.e., those pertaining to invertebrates and
plants) should be examined to more realistically evaluate
potential ecological effects of complex, environmental
mixtures.
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ABSTRACT: Current environmental monitoring approaches
focus primarily on chemical occurrence. However, based on
concentration alone, it can be difficult to identify which
compounds may be of toxicological concern and should be
prioritized for further monitoring, in-depth testing, or manage-
ment. This can be problematic because toxicological character-
ization is lacking for many emerging contaminants. New
sources of high-throughput screening (HTS) data, such as the
ToxCast database, which contains information for over 9000
compounds screened through up to 1100 bioassays, are now
available. Integrated analysis of chemical occurrence data with
HTS data offers new opportunities to prioritize chemicals, sites,
or biological effects for further investigation based on
concentrations detected in the environment linked to relative potencies in pathway-based bioassays. As a case study, chemical
occurrence data from a 2012 study in the Great Lakes Basin along with the ToxCast effects database were used to calculate
exposure−activity ratios (EARs) as a prioritization tool. Technical considerations of data processing and use of the ToxCast
database are presented and discussed. EAR prioritization identified multiple sites, biological pathways, and chemicals that warrant
further investigation. Prioritized bioactivities from the EAR analysis were linked to discrete adverse outcome pathways to identify
potential adverse outcomes and biomarkers for use in subsequent monitoring efforts.

■ INTRODUCTION

Environmental monitoring has traditionally relied heavily upon
analysis of different matrices (water, sediment, soil, etc.) for
potential contaminants through targeted analytical methods.
Advances in analytical instrumentation have increased the
sensitivity of targeted methods, with compounds routinely
measured in water at low part-per-trillion levels.1,2 Additionally,
the expansion of high-resolution instruments in environmental
monitoring has led to nontargeted analytical methods being
implemented, with hundreds to thousands of compounds

detected and dozens to hundreds of compounds tentatively

identified in some instances.3−6 Despite advances in the ability

to detect contaminants in the environment, understanding of

the biological implications from exposure to these compounds

has not kept pace. Thus, while chemicals can be identified and
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quantified in the environment, the potential biological effects of
hundreds to thousands of individual contaminants remain
poorly defined.7

Advances of high-throughput toxicology have led to the
development of biological effects data for a large number of
chemicals. For example, the Tox21 program8,9 and the
Environmental Protection Agency (EPA) ToxCast program10

together provide high-throughput screening (HTS) data for
over 9 000 unique substances, including many industrial and
environmentally relevant chemicals for which traditional human
health or ecological effects data are lacking. Chemicals are
prepared and screened in a standardized manner, and each
chemical is tested using a consistent dose−response design
across assays. This allows the derivation of point of departure
estimates, such as the chemical-specific half-maximal activity
concentration (AC50) or activity concentration at cutoff
(ACC) for each chemical−assay combination, and chemicals
can be subsequently ranked in terms of potency for a given
assay target. Together the programs utilize a number of in vitro
and in vivo HTS assays to identify a range of pathway-specific
and nonspecific biological interactions providing a final
database covering hundreds of specific biological pathways
and processes.
To effectively leverage the breadth of biological and chemical

space covered within these databases, new approaches and tools
are being developed. A method for exposure−activity profiling
using exposure−activity ratios (EARs) represents one approach
for screening and prioritizing chemicals using both chemical
occurrence and HTS data11 and has been previously high-
lighted with potential for application to environmental
monitoring.12,13 Exposure−activity ratios, similar in concept
to toxic units,14 incorporate both the dose (i.e., environmental
concentration) and the relative potency (i.e., point of departure
estimate) for a given chemical−assay pair, allowing for the
prioritization of chemicals or sites based on expected biological
activity. Assays identified as higher priority based on EARs can
be further linked through adverse outcome pathways (AOPs)
to identify hazards to organisms or ecosystems,15 and
measurable end points associated with the perturbation of
specific biological processes identified for the confirmation or
monitoring of predicted site-specific hazards.
The EAR approach utilizing the ToxCast database offers a

currently viable, standardized method of integrating chemical
occurrence and biological effects for the prioritization of
environmental monitoring data sets. The present work applies
this approach to a study focused on identifying and
characterizing emerging contaminants across tributaries and
areas of concern (AOCs) within the Great Lakes,1 specifically
demonstrating the use of EAR analysis as a rapid, screening-
level tool for the prioritization of existing chemical occurrence
data sets. This study was part of an ongoing, multi-agency effort
directed at effects-based tool development for application to
monitoring and surveillance of contaminants of emerging
concern and their potential impacts on resident biota and
ecosystems in the Great Lakes.16 The present case study
demonstrates how EARs can be used to prioritize environ-
mental sites, identify potential biological activity(ies) of
concern, and highlight chemicals likely contributing to the
biological activity. Furthermore, prioritized biological activities
are linked to existing AOPs to identify potential adverse effects
and strategies for monitoring predicted hazards in exposed
organisms. Issues that may commonly be faced when using
HTS databases for EAR calculations are detailed to focus on the

application of this approach for utility in environmental
monitoring.

■ EXPERIMENTAL SECTION

Study Locations and Sample Collection. Data presented
in this study were obtained from a publicly available U.S.
Geological Survey (USGS) report.1 In 2012, surface water
samples were collected at 66 sites across 6 watersheds in the
Great Lakes Basin, including the Saint Louis River and Duluth
Harbor, MN; Fox River and Green Bay, WI; Detroit River, MI;
Raisin River, MI; Maumee River, OH; and Irondequoit Bay,
NY. Sampling locations varied from those with low anticipated
anthropogenic impact to sites in close proximity to municipal
wastewater treatment plants (WWTPs). Samples were collected
from all watersheds in spring (April−May), and additional
samples were collected from the Maumee and Saint Louis
Rivers in summer (September). A total of 140 water samples
were collected for chemical analysis (excluding blanks and
duplicates). Samples were collected as either 1 L depth-
integrated grab samples or 96 h temporally integrated
samples.17 Site features including depth, flow, and water quality
parameters were recorded at the time of sample collection.1

Sample numbers varied across watersheds ranging from 3 to 76.
The most-intensive efforts were focused at the Saint Louis
River and Maumee River watersheds with collection of 76 and
37 samples, respectively. Full collection methods are detailed
elsewhere.1

Analytical Chemistry. Surface water samples (both grab
and composite) were submitted to the USGS National Water
Quality Laboratory (Denver, CO) and analyzed for three broad
suites of contaminants: wastewater indicators,18 pharmaceut-
icals,19 and steroids and sterols20 (see Table S1 for a complete
list of contaminants and methods). In total, 134 unique organic
compounds were measured using these three gas chromatog-
raphy−mass spectrometry (GC−MS)-based analytical meth-
ods. In the cases in which compounds were measured across
multiple analytical methods (3β-coprostanol, bisphenol A
[BPA], and cholesterol), only the result from the method
with the lowest laboratory reporting limit (LRL) was retained
for our analysis. Further details including complete analyte lists,
quality-control procedures, and concentrations of analytes were
reported previously.1

Chemical Concentration Data Set Processing. Ana-
lytical methods used in this study are reported by USGS as
information-rich methods,21 meaning additional qualifying
information is included alongside analyte quantification. As
such, reported concentrations of some compounds are below
the given LRL. All reported values, including those below LRLs,
were used for EAR calculations without adjustment. Non-
detections (reported as <LRL) were assigned a value of zero to
prevent highly bioactive compounds (i.e., from the HTS data
set) from skewing EAR results.

In Vitro Bioassays. A limited number of water samples
were further screened for total estrogenic activity using the
T47D-KBluc cell line, which is stably transfected with an ERα-
reporter gene construct.22 Samples were tested in triplicate,
independent wells. The full methodology for this bioassay is
available in the Supporting Information.

ToxCast Database. The ToxCast database23 (including
both ToxCast and Tox21 information) contains HTS data for
thousands of chemicals screened through multiple assay
platforms. The database currently includes 12 platforms
covering a variety of cell-based, cell-free, and whole-organism
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HTS assays, encompassing over 300 unique signaling pathways
(e.g., estrogen receptor [ER], aryl hydrocarbon receptor,
glucocorticoid receptor, etc.) and nonspecific end points
(oxidative stress, cytotoxicity, organelle conformation, etc.).
ToxCast assay sources and operating procedures are described
in detail elsewhere.24−41 All ToxCast data used for this study
were from the October 2015 data release and are publicly
available online through the ToxCast Web site.23

Exposure−Activity Ratios. To support screening and
prioritization, EARs comparing surface-water chemical concen-
tration to ACC estimates for all chemicals available in the
ToxCast database were calculated (eq 1). Assuming non-
interactive concentration addition within assays, a summed
EAR of environmental mixtures containing n number of
chemicals can be calculated (eq 2). While the AC50 has
previously been used as the point of departure estimate for
EAR calculations,11−13 we chose the ACC for the present
analysis. ACC estimates the chemical concentration at which a
defined threshold of response (the activity cutoff) is achieved
within an assay42 (see Figure S1). Unlike the AC50, in which
the concentration estimate may align with different magnitudes
of bioassay response for each chemical tested in an assay, the
activity cutoff threshold is uniform for all chemicals tested in
the same assay. Thus, the ACC is less prone to violating
assumptions underlying relative potency estimation.43 The
activity cutoff for each assay is based on a multiplier of the
baseline median absolute deviation (BMAD; 3×, 5×, 6×, or
10×), which is calculated as the median absolute deviation for
each assay end point using data points from the two lowest
tested concentrations of all chemicals within a given assay. The
multiple of the BMAD was generally selected specific to assay
platforms (sometimes individual assays) to account for the
baseline variability and signal window with a goal of achieving a
high sensitivity for true activity while minimizing false positives
due to baseline variability to the extent possible. The two
lowest concentrations were used for determining BMAD as
they are below bioactive concentrations for the great majority
of samples. The use of median over mean provides for
protection from extreme values from highly potent chemicals.
Also, the use of sample wells rather than solvent controls for
background activity measurement has an advantage of being
derived from wells treated identically to all other sample-treated
wells. For assays that are normalized to a positive control, a
cutoff threshold of 20% response may also be used to ensure
the response is in a reasonable range of the response of a
known, reference chemical to provide some test for biological
significance in addition to statistical significance. Assay specific
cutoff threshold criteria are given in Table S2.
While the EAR is a simple calculation conceptually,

processing of the extensive chemical data set (154 samples ×
134 chemicals) and even larger ToxCast database (1192 assays
× 9076 chemicals) was expedited by development of a custom,
R-based program to facilitate the processing, calculation, and
visualization of the EAR data set (see details in the Supporting
Information):

=
μ

μ
EAR

exposure (environmental concentration, M)

activity (ACC in M) (1)

∑=
μ

μ=
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exposure (environmental concentration in M)

activity (ACC in M)
i

n

mixture

1

(2)

Quality Assurance Considerations. During the process
of generating EARs, multiple issues with chemical occurrence
and ToxCast data sets were identified, which could lead to
artifacts and errors in interpretation and use of the EARs. The
first issue was the use of chemical salts for toxicity testing in
ToxCast assays. Chemical occurrence data are reported as free
compound (e.g., methadone, CAS no. 76-99-3), while some
compounds, especially pharmaceuticals, are tested in ToxCast
assays as ion pairs (e.g., methadone hydrochloride, CAS no.
1095-90-5). Compounds from the chemical occurrence data set
that were not identified in the ToxCast database through a
search for a matching CAS number were manually screened for
tested chemical alternatives. Among 27 analyzed compounds
initially identified as not present in the ToxCast database, a
total of 9 were actually present as chemical analogs. In these
cases, CAS numbers were updated to better align chemical
occurrence data with the ToxCast database for EAR generation
(Table S3). Additionally, within the ToxCast data, molecular
weights for these CAS numbers were updated to match the
measured compound and maintain correct μM calculations. For
the purposes of EAR generation, free and salt forms were
considered to be equipotent across the assays.
In the ToxCast database, assays are grouped by platform and

target (as defined by annotation fields from the database).23

Some of these assays were purposefully excluded from EAR
consideration. Specifically, because a goal of this case study was
to link EARs to potential adverse outcomes, most nonspecific
cell-based or cell-free assay end points were excluded. For
example, we excluded assays from the platforms Apredica
(APR) and Bioseek (BSK), which largely target nonspecific end
points44 such as cell cycle status, cell proliferation, organelle
conformation, DNA damage, and stress response and are
difficult to interpret though specific pathway-based toxicity
assessment. Assays categorized as “background measurement”,
“cell cycle”, and “cell morphology” (based on “intended_tar-
get_family” annotation field) also were excluded from EAR
calculations as these monitor baseline assay performance, not
specific effects. The “intended_target_family” annotation was
used for subsequent grouping of assay results, and several assays
designated “NA” were manually assigned to an existing category
(Table S2). For all zebrafish (Danio rerio)-related assays, a new
category, “ZF”, was included. Attagene (ATG) assays reporting
in the “loss” direction and Novascreen (NVS) assays reporting
in the “gain” direction (based on the “signal_direction”
annotation field) also were removed from the final EAR
results, as these platforms are not optimized or designed to
report for the given assay direction.23 Overall, 528 of 1192 assay
end points were considered for the final EAR calculations
(Table S2).
Chemical−assay pairs were further censored from the final

data set using ToxCast data quality flags. These flags, explicitly
noted in the ToxCast database, were implemented to identify
potential false positive and false negative results based on
dose−response irregularities.42 Chemical−assay pairs indicating
false positives were removed from the final results (specifically,
data with flag identifications 7, 10, 11, 15, and 17 (Table S4).
Employing these flags enabled the removal of the majority of
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false-positive chemical−assay pairs from the final EAR results. A
specific chemical−assay pair , fluoranthene in the
“Tox21_p53_BLA_p3_ratio” assay, was observed to result in
very high EAR values (>100). Upon closer examination, the
dose response curve was found to be flat and was identified as
an unflagged, false positive. This chemical−assay pair also was
removed from the final data set. Other unflagged, false-positive
chemical−assay pairs may be present in the data set, but no
other individual pairs exhibited the very high EAR values that
may greatly skew the final interpretation of results. No flagged,
potential false negatives were identified after evaluating actual
concentration−response curves, a typical finding given that the
“hit-calling” algorithm is designed to be conservative (i.e.,
favoring false positives) in the interest of identifying all
potential hazards.
A final observation was associated with generation of best-fit

dose−response curves and corresponding ACC values using the
automated ToxCast data analysis pipeline.42 For a number of
assays, ACCs of specific chemicals were reported below the
minimum concentration tested within the assay. Closer
examination of dose−response curves showed that the
minimum tested concentration for many strong agonists was
at or near saturation for receptor targets (e.g., 17β-estradiol and
ER-related assays); thus, full dose−response curves are
estimated from the upper “plateau” of the curve. For example,
the lowest concentration of 17β-estradiol tested in the
“ATG_ERE_CIS-up” assay (0.09 μM) induces approximately
98% of the maximum 17β-estradiol response, and an ACC
value of 3.1 × 10−5 μM is extrapolated from the model fit. For
compounds detected in the chemical occurrence data set, 85
chemical−assay pairs (composed of 14 chemicals and 34
assays) have ACCs below the minimum tested concentration
(Table S5). A total of 11 of the identified chemicals are steroids
or xenobiotics known to interact with nuclear receptors, and 27
of 38 assays are related to nuclear receptors. This suggests the
dose range generally screened in ToxCast is insufficient to fully
characterize strong agonists of some nuclear receptors.
Moreover, ACC estimates extrapolated over orders of
magnitude in concentration will inherently be less accurate or
unreliable compared with those estimated from a full dose−
response curve. No adjustments were made for these
chemical−assay pairs, and consequently, EARs for these
instances may be underestimated.

■ RESULTS AND DISCUSSION

Chemical Occurrence Summary. Of 134 contaminants
analyzed across the three analytical methods, 109 were reported
above LRLs in one or more surface water samples (Table S1).
Grouped by analytical method, 60 of 67 (90%) wastewater
contaminants, 39 of 48 (81%) pharmaceuticals, and 10 of 19
(53%) steroids and sterols were detected at one or more sites.
By watershed, the greatest number of wastewater contaminants,
pharmaceuticals, and steroids and sterols were detected within
the Saint Louis River, Maumee River, and Irondequoit Bay
watersheds, respectively (Figure 1). Of note, the Saint Louis
River and Maumee River watersheds had more intensive
sampling efforts centered on WWTPs, and as such, it could be
reasonably expected to observe a greater number of compounds
at these sites. Based on frequency and concentration alone,
several chemicals can be highlighted from within the data set.
Cholesterol, DEET, fluoranthene, and pyrene, which are all
within the wastewater indicators method, were detected most
frequently, in 98%, 93%, 71%, and 69% of all samples,

respectively. Cholesterol, 3β-coprostanol, β-sitosterol, and BPA,
again all within the wastewater indicators method, were
detected at the highest single concentrations, with maximum
concentrations of 120, 95.2, 64.4, and 60.5 μg/L, respectively.
This abbreviated list again demonstrates the need to consider
effects concentrations of compounds, as several chemicals
present at high concentrations (e.g., the naturally derived
sterols) would be expected to have limited biological effects.

ToxCast Coverage of Chemicals. Compounds in
ToxCast were screened in multiple phases, with different
batteries of assays used for some phases of the overall testing
program (for an overview, see ref 45); thus, the assay coverage
for all chemicals in ToxCast is not consistent. For chemicals
measured within the current study, 116 of 134 (86%) analyzed
chemicals and 96 of 109 (88%) detected chemicals had been
evaluated in one or more assays (Tables S1 and S6). Tox21 had
the greatest coverage of detected chemicals (87%), followed by
ATG and NVS (61%) and then BSK and CEETOX (51%)
(Figure 1). Considering assay coverage of detected chemicals,
48 (44%) have data in 10 or more batteries, 66 (61%) have data
in 3 or more batteries, and 30 chemicals (28%) have data only
for the Tox21 assay suite (Figure S2).

Exposure−Activity Ratio-Based Prioritization. Site
Prioritization. As an initial screen of the chemical occurrence
data set, EARmixture values (eq 2) were calculated for all sites
(Table S7). No active chemicals were detected for 299 of 528

Figure 1. (A) Number of detected chemicals within each analytical
method at each watershed reported in the chemical occurrence data
set. The value within each column represents the total number of
samples from a watershed. (B) Number of detected chemicals with
available data in each ToxCast assay platform. See Figure S2 for more-
detailed information on chemical coverage across assay platforms.
ACEA, ACEA Biosciences; APR, Apredica; ATG, Attagene; BSK,
BioSeek; CT, CeeTox; CLD, CellzDirect; NCCT, National Center for
Computational Toxicology; NZF, NHEERL zebrafish; NVS, No-
vaScreen; OT, Odyssey Thera; TZF, Tanguay Lab zebrafish; Tox21,
Tox21 Initiative.
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assays, leaving 229 total ToxCast assays with calculated EAR
values in one or more samples. Similarly, 3 of 140 water
samples had no detected compounds that were active in
ToxCast, leaving a total of 137 samples with calculated EAR
values. To better summarize the EAR data set by watershed and
individual sites, EARmixture values across all 229 assays were
summed for each site as a cumulative EARmixture. Because the
data matrix of chemicals and assays is consistent for all samples,
this provides a value of estimated activity at each site
irrespective of individual assay target. Through this approach,
the Saint Louis River watershed, which was most intensively
sampled, showed the highest values and had the largest range of
cumulative EARmixture of any watershed (Figure 2A). The

median EAR was highest at the Raisin River, followed by
Maumee River, Fox River, and Saint Louis River watersheds.
Focusing on the Saint Louis River (representing the watershed
with the maximum EAR values and greatest sample coverage),
three sites with the greatest potential impact, WLSSD-Proximal
(WLSSD-P), WLSSD-Distal (WLSSD-D), and SMTP were
identified (Figure 2B). These three sites all are notably in close
proximity to two WWTPs and reasonably could be
hypothesized as having a relatively greater potential for
biological effects. WLSSD-P and WLSSD-D are impacted by
a larger WWTP receiving both municipal and industrial waste,
with WLSSD-P nearest to the WWTP outflow and WLSSD-D
at a more distal location with a greater dilution of the effluent.17

SMTP is impacted by a separate, smaller WWTP receiving
exclusively municipal waste. Accordingly, the highest cumu-
lative EARs are observed at WLSSD-P, followed by WLSSD-D
and SMTP. Although details of specific chemicals and relevant
biological pathways are not captured at this level of site
prioritization, the ability to condense chemical occurrence and
biological activity data sets into a single output allowed for the
rapid comparison and prioritization of watersheds or individual
sites from the data set.
As an alternative strategy for site prioritization, exceptionally

high cumulative EARmixture values were identified across
watersheds to highlight unique sites or potential point sources
of contamination. Only four sites in total, located in the Saint
Louis River, Maumee River, and Irondequoit Bay watersheds,
had cumulative EARmixture values greater than 2 (Figure 2). As
noted above, both sites within the Saint Louis River (WLSSD-P
and WLSSD-D), as well as the single site in the Maumee River
watershed (MX-WWTP), are in close proximity to WWTPs,
which likely explains the elevated EARmixture values from these
sites. The single site in Irondequoit Bay (IB-06), however, has
no obvious point sources of contamination. This site is unique
in the composition of detected contaminants, with many
steroidal compounds observed only at this site. Several naturally
occurring androgenic and estrogenic steroids were detected, as
well as two synthetic estrogens, mestranol and diethylstilbes-
trol, all of which contribute heavily to the high EAR values
observed in this sample. The presence of many steroids in this
single sample likely indicates an unknown contamination
source upstream of the site. Mestranol is a component of
some oral contraceptives,46 indicating a possible human waste
source; conversely, the presence of 17α-estradiol is generally
associated with animal waste or animal production facilities.47,48

Also, although diethylstilbestrol is no longer used as a human
pharmaceutical, its environmental occurrence could be
associated with illicit use in livestock operations,49 again
suggesting that agricultural sources may be contributing to
the estrogenic signal. Further investigation would be required
to identify potential sources of the observed contamination.
Given the elevated EAR values and unique chemical signature
at IB-06, further monitoring at this site is warranted.

Biological Activity Prioritization. To prioritize molecular
targets and biological pathways most likely to be perturbed by
chemicals broadly observed in the Great Lakes samples and at
specific sites, mean EARmixture values were calculated within
each assay across all sites (Table S8). Assays were then grouped
according to the ToxCast database “intended_target_family”
annotation,23 resulting in 15 assays groups containing 1 to 75
individual assays (Figure 3A). Of categories containing two or
more assays, the greatest median mean EARmixture values were
observed for “transporter”, “nuclear receptor”, and “oxidor-
eductase” at 4.8 × 10−4, 2.1 × 10−4, and 1.8 × 10−4,
respectively. Maximum mean EARs of 0.50, 0.018, and 0.0097
were observed for the “nuclear receptor”, “DNA binding”, and
“oxidoreductase” assay groupings. Other end-points including
“cyp”, “esterase”, and “ZF” assay groupings are also elevated
(and likely not statistically different) from assay groupings
highlighted above, so these groupings could be further
investigated. Because the “intended_target_family” level of
assay organization does not inform as to specific molecular
targets of the detected chemicals, broad categories such as
“nuclear receptor” and “DNA binding” must be further
“dissected” to reveal relevant biological pathways. For example,
exploring “nuclear receptor” assays in more detail by using the

Figure 2. (A) Cumulative EARmixture (i.e., sum of EARmixture values
across all assays) values within each watershed. The value within each
row represents the total number of samples from a watershed. For
graphical purposes, sites with EARmixture equal to 0 (three samples; all
from the Saint Louis River) were removed. (B) Cumulative EARmixture

values for each site within the Saint Louis River watershed. The value
within each row represents the total number of samples from a site.
For graphical purposes, sites with EARmixture equal to 0 or with only
one sample are not shown. Site information is available from the
original data source.1
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“intended_target_gene_symbol” annotation field of the
ToxCast database reveals assay gene targets, which would be
most relevant for linking biological activity to adverse effects
through AOP constructs (Figure 3B). The primary targets
driving the high response in “nuclear receptor” assays are ER,
constitutive androstane receptor (NR1I3; CAR), and perox-
isome proliferator-activated receptor (PPAR) assays (Figure
3B). Elevated EARs observed in “oxidoreductase” and “DNA
binding” are driven by assays measuring thyroid peroxidase
(TPO) inhibition and increased SOX1 expression, respectively.
Because both TPO inhibition and SOX1 expression are

measured by only a single assay, it is not possible to evaluate
the veracity of this response across multiple test systems.
For targets measured by multiple assays, such as ER (which is

reflected in some manner in a total of 18 different assay end
points), the range of EARmixture values from individual assays
can be dissected further to compare individual assay end points.
For the ER-based assays, mean EARmixture values across all sites
ranged from 3.5 × 10−5 to 0.50 (Figure 3C). Aside from two
antagonist assays, the bulk of the mean EARmixture values for the
various ER assays fall between 0.001 and 0.1. However, slightly
greater EARs were detected for the Odyssey Thera (OT)
“OT_ERE_GFP” assays and the ATG ER assays. The range of

Figure 3. (A) Mean EARmixture values within each assay category as defined by the “intended_target_family” annotation field (see Table S2). The
number in each row is the number of assays in a category. (B) Mean EARmixture values within the “nuclear receptor” assay category as defined by the
“intended_target_gene_symbol” annotation field (see Table S2). The number in each row is the number of assays in a category. (C) Mean
EARmixture values for individual assays under the “ER” category.
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EARs observed in the ER assays reinforces that not all assays
are equivalent in performance and design. ER assay end points
are measured at different points along the signaling pathway,
including receptor binding (NVS), receptor dimer formation
(OT), receptor−DNA interaction (OT), mRNA transcription
(ATG), protein production (Tox21), and cell proliferation
(ACEA). Additionally, possible errors from extrapolating ACC
values below tested concentrations may be contributing to
interassay variability. The use of aggregate or average values
may eliminate much variability for targets with a rich assay
coverage (e.g., ER), but for targets with few or only a single
assay, caution should be exercised in establishing a predefined
EAR screening threshold without first considering the range of
responses observed in a data set.
Chemical Prioritization. Individual chemicals can also be

prioritized by EAR calculations. Here, chemicals were
prioritized based on EARs calculated using the maximum
concentrations reported in the Great Lakes data set. The full
matrix of chemical−assay pairs results in a total of 50 688
theoretically possible EARs (96 detected chemicals × 528
considered assays; Table S9). However, not all possible EARs
can be calculated due to chemicals not being tested in all assay
batteries or chemicals being inactive in tested assays. In total,
EARs could be calculated for 1245 (2.5%) chemical−assay
pairs, with values ranging from 3.5 × 10−8 to 44.9. It should be
again noted that chemicals in the ToxCast database have been
tested in multiple phases, using variable assay platforms across
phases; thus, chemicals present in the database are not
necessarily tested in all the same assays (see Figure S2 and
Tables S1 and S6). Of detected chemicals that were present in
the ToxCast database, 73 of 96 were active in one or more
assay(s). Focusing on EARs ≥ 0.01, representing approximately
the upper 10% of EARs, the chemical list can be narrowed to 20
compounds and 146 chemical−assay pairs (Table S9). BPA, at
a maximum detected concentration of 60.5 μg/L, had the
greatest number of nonzero EARs (89) and the greatest
number of EARs >1 (9). BPA is known to be an estrogen
receptor agonist,50 and 8 of 9 EARs >1 are from ER related
assays. Another assay yielding a high EAR for BPA is a CAR
antagonist assay. The CAR is involved in xenobiotic
metabolism and energy homeostasis and can increase
expression of cytochrome P450 (CYP) enzymes.51 In addition
to BPA, five other chemicals (17α-estradiol, 17β-estradiol,
diethylstilbestrol, estriol, and estrone) have EARs of >1; all are
natural or synthetic estrogens. A total of 14 additional
chemicals have one or more EARs of >0.01 (see Table S9),
including androgenic steroids (androstenedione and epitestos-
terone), pesticides (atrazine and metolachlor), and several
other common wastewater and urban contaminants (4-
nonylphenol, methadone, triclosan, and triphenyl phosphate).
Methadone shows the greatest activity in a NVS opiate receptor
binding assay, which is consistent with the therapeutic use of
methadone as an opiate pain reliever. Triphenyl phosphate
shows the greatest activity in a PPARγ receptor binding assay
and has been demonstrated to interact with the human PPARγ
receptor.52,53 The known androgen receptor (AR) agonist
androstenedione surprisingly has a higher EAR value in the
“ATG_ERa_trans_up” assay (EAR = 0.017) than in the AR
responsive assay end points (maximum EAR = 0.007). In this
case, ACC extrapolation error may explain the higher predicted
ER activity because the extrapolated ACC within the
“ATG_ERa_trans_up” is more than 50 times below the lowest
tested concentration. Another possible reason for this elevated

ER activity could relate to assay platform differences. A pair of
other ER-responsive assays, “TOX21_ERa_LUC_BG1_Agon-
ist” and “ACEA_T47D_80 h_Positive”, predict androstene-
dione to have much lower ER activity, with EARs of 3.0 × 10−4

and 5.3 × 10−7, respectively. Additionally, androstenedione is
not active in two NVS ER assays, which directly measure
competitive receptor-binding, suggesting that androstenedione
has a low affinity for direct binding to the ER. Androstenedione
is, however, a direct precursor to estrone, a potent ER agonist,
and can be converted to such by CYP-aromatase (CYP19A1).54

ATG assays use a modified HepG2 cell line,36 which plausibly
could be more metabolically active than other assay cell lines,
leading to an elevated ER signal from androstenedione through
direct formation of estrone. Taken together, this example
highlights the value of considering chemical response across
multiple assays (if available) when elevated EAR values are
observed for a chemical.
Recently, computational models have been developed to aid

in separating true positive and false positive chemicals for ER,
AR, and TPO assays within the ToxCast database.55−57

Development of such models requires multiple orthogonal
assays, which are not currently available for many assay targets.
Nevertheless, if chemicals for these select pathways are
identified through EAR analysis, the developed models could
be applied to confirm that compounds are predicted to be
active in the given biological pathway, further increasing
confidence in the EAR prioritization of select chemicals and
biological pathways.

Exposure−Activity Prioritization Validation. As part of the
development of methods for an effects-based monitoring
program,16 a set of 12 water samples from the Saint Louis
River watershed for which we had generated EAR values were
screened for estrogenic activity using the T47D-KBluc cell line
(Table S10; see the Supporting Information for methods
details). This provided an opportunity to directly compare
measured ER-mediated activity and EAR prioritization in these
samples. The samples were collected both in the spring and the
fall of 2012 along a wastewater gradient with the EriePr site
upstream, WLSSD-P at the WWTP outfall, WLSSD-D
downstream of the outfall, and RicesPt farthest downstream.
Derived 17α-ethinylestradiol equivalents (EEQs) from the
T47D-KBluc assay were compared to the range of EARs
generated from the 16 ER agonist assays present in the
ToxCast database (Figure 4). Derived EEQs were above
detection threshold at the two sites nearest the WWTP
(WLSSD-P and WLSSD-D) in all three samples and below the
detection threshold at the upstream and downstream site, aside
from one sample (RicesPt 9/6/2012 1015). If a median EAR
cutoff of 0.01 is applied to the data set, four samples are
excluded, three of which had EEQs below detection. The
remaining site (RicesPt 9/6/2012 1015) had no detection of
compounds active in the ToxCast ER assays but had 0.4 ng/L
EEQs. For the 8 sites with median EAR values above 0.01, 2
had estimated EEQs below detection. Overall, EAR prioritiza-
tion identified all sites with EEQs of >0.5 ng/L and all but one
site with detectable EEQs, demonstrating high sensitivity (0.86)
for predicting positive results and thereby supporting EARs as a
useful screening-level prioritization tool. Incidentally, the
concordance of ER results also suggests that the most
influential ER agonists are being captured by the targeted
analytical methods. We note, however, that ER is the most well
represented assay target in the ToxCast database and endocrine
active compounds are also well-represented in the suite of
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chemicals tested through the HTS assays. Biological targets
with less assay and chemical coverage will need to be further
investigated to verify the accuracy of other EAR estimates;
nevertheless, chemical and assay coverage will only increase in
the future.
Integrating EARs with Adverse Outcome Pathways. The

AOP framework provides a means to link molecular level data
(i.e., biological targets or pathways associated with high EARs
generated from this study) to apical end points of regulatory
concern (i.e., reproduction, growth, and survival). Assay targets
can reflect defined molecular initiating events (MIEs) or key
events (KEs) whose perturbation has been credibly linked to
adverse outcomes (AOs). Key events downstream of identified
assay targets can also serve as potential biomarkers for
subsequent monitoring efforts. Biological pathways prioritized
through EAR analysis, including ER, TPO, and PPARγ, are
associated with established AOPs and were further investigated
to explore potential AOs and to identify KEs, which could serve
as verification of hazard in impacted ecosystems.
Assays associated with ER activation consistently showed the

highest EARs across the data set. This is not unexpected for
sites in close proximity to WWTPs; for example, several
previous studies have demonstrated the estrogenic nature of
WWTP effluent within the Saint Louis River.17,58,59 An AOP
for estrogen receptor activation leading to altered reproduction
in adult fishes and subsequent declining population trajectory
has been detailed by Ankley et al.15 At the organismal level,
multiple AOs are identified, including reduced fecundity in
female fish, altered gamete ratio in spawning males, and
impaired spawning behavior in both male and female fishes.
Though data gaps exist in the full mechanistic linkage of ER
activation to some KEs in the AOP, biomarkers of effect are
identified and could be applied to follow-up monitoring efforts.
For example, production of the egg yolk precursor protein,
vitellogenin (VTG), is linked to ER activation, and measures of
VTG mRNA or plasma VTG have historically been used as a
biomarker of estrogenic activity in both laboratory and field
studies.59−61 In normal, unimpaired male fishes, VTG is not
present or present only at very low concentrations, making this

an ideal biomarker for identification of exposure to exogenous
ER agonists in male fishes. The development of intersex male
fish is another potential histological indicator of ER activation.
Intersex in fishes has been reported at wastewater impacted
sites and has previously been used as an indicator of
estrogenicity of effluents.62,63 Though the described ER
activation AOP is specific to fish, aspects of it likely are
applicable to other aquatic egg-laying animals as well (e.g.,
amphibian and avian species) because ER signaling pathways
are highly conserved across vertebrate classes.64 Conversely, a
functional ER has not been identified in invertebrates,
suggesting they would be of limited utility for biomonitoring
for the occurrence of estrogens in the field.
Another assay end point that was identified by elevated EARs

was TPO inhibition. TPO is an enzyme involved in the
synthesis of thyroid hormone from mono- and di-iodotyrosines,
so its inhibition leads directly to reduced thyroid hormone
production.65 TPO inhibition is a defined MIE in the publicly
available AOPWiki (https://aopwiki.org) and linked to two
ecologically relevant AOPs: TPO inhibition leading to reduced
young of year survival via anterior swim bladder inflation
(https://aopwiki.org/aops/159) and TPO inhibition leading to
altered amphibian metamorphosis (https://aopwiki.org/aops/
175). In both, the final AO from an ecosystem level would be
population decline, an end point of regulatory importance.
Thyroid hormone concentrations in the whole body66 or
specific tissues65,67 of fish and amphibians have been used for
verification of TPO inhibition in laboratory studies and could
serve as a biomarker for follow-up monitoring at specific sites in
wild populations68−70 or in situ exposed organisms. Aquatic
vertebrates would be considered the most susceptible class to
TPO inhibition because the thyroid axis is well conserved
across vertebrates.71 Thyroid hormones have also been
demonstrated to play a role in bivalves,71 indicating that
some invertebrate taxa could potentially be affected by TPO
inhibition. However, it is not currently known how well
invertebrate TPO orthologs relate to rat TPO, which is the
target for the TPO assay in the ToxCast database.
One final biological response prioritized through the EAR

analysis was PPARγ activation. At present, there is one AOP
related to PPARγ activation in the AOPWiki: PPARγ activation
leading to sarcomas in rodents (https://aopwiki.org/aops/
163). Cancer is not generally considered an ecologically
relevant end point, and other potential effects of PPARγ
agonists in aquatic vertebrates are not well-defined. However,
PPARγ is involved in energy metabolism, namely adipogenesis
(fatty acid storage), and glucose metabolism,72 so putative
AOPs relevant to aquatic species such as fish could be
proposed. Alterations to normal, homeostatic fatty acid storage
or metabolism in aquatic vertebrates may adversely result in
altered energy-resource storage or allocation, which could
plausibly impact individual fitness, leading to decreased
resources being available for survival or reproduction. For the
purposes of possible follow-up environmental monitoring, an
obvious, easily measured KE is not currently available for
PPARγ activation, so the development of AOPs (and associated
biomarkers) for PPAR activation is a research priority for our
team.
The three highlighted biological targets (ER, TPO, and

PPARγ) were prioritized because concentrations of one or
more chemicals detected in the environment were near
concentrations known to induce biological activity in vitro.
This suggests the potential for observed effects in wildlife at

Figure 4. Comparison of exposure−activity ratios (EARs) generated
from 16 estrogen receptor (ER)-related assays in the ToxCast database
and in 17α-ethinylestradiol equivalents (EEQs; ng/L, in red) derived
from in vitro screening with T47D-Kbluc cell line (mean ± SEM; n =
3). Samples are grouped by collection date and ordered (left to right)
from upstream to downstream along the wastewater gradient. For
graphical purposes, a site with no EAR calculated was assigned a value
of 0.0001, and EEQs below the detection threshold were assigned a
value of 0. Site information is available from the original data source.1
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impacted sites; however, the study reporting environmental
concentrations of compounds across the Great Lakes was
designed as a surveillance study, capturing contaminant data
from many locations but with little replication at most sites.1 As
such, it would be premature to interpret these results through
the lens of risk assessment. The results do provide potential
targeted end points that can be examined in more-detailed
follow-up monitoring to identify whether specific biological
activities are actually a concern in the prioritized sites. The EAR
approach will always be limited by both occurrence and effects
data; thus, the potential to underestimate the biological effects
of complex mixtures remains. Incorporating other effects-based
monitoring methods, such as targeted bioassays or “omics”
approaches, in a tiered approach can provide a secondary
means to confirm predicted effects or identify novel chemicals
or biological pathways of concern that may not be captured
through EAR analysis.12

To conclude, the presented case study highlights the
potential of using HTS effects databases as a tool for
environmental monitoring. Exposure−activity ratios provide a
rapid, efficient tool for screening existing chemical monitoring
data to prioritize sites, chemicals, and bioactivities of potential
concern by leveraging HTS data sets to cast a wide-reaching net
in terms of chemical availability and biological targets. While
currently presented as a screening level assessment, the
approach could be refined by including models to better
characterize exposure of ecological receptors to environmental
contaminants (e.g., bioaccumulation and metabolism) and to
better characterize the dosimetry of in vitro HTS test systems.
Further refinements, along with an expected increase in HTS
data sources, should only continue to increase the future utility
of EAR screening for environmental monitoring.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.7b01613.

Figures showing examples of point of departure estimates
and a chemical−assay coverage heatmap. Details on
T47D assay methods. (PDF)
Tables showing chemical occurrence and ACC values,
assay categorization and activity cutoff values, alignment
of CAS registry numbers, flag IDs and descriptions,
chemical−assay combinations, coverage of analyzed
chemicals, EARmixture matrices and cumulative values, an
EAR value matrix, and EEQs. (XLSX)
EAR calculation functions. (PDF)

■ AUTHOR INFORMATION

Corresponding Author

*Phone: (218)-529-5078; fax: (218)-529-5003; e-mail:
blackwell.brett@epa.gov.

ORCID

Brett R. Blackwell: 0000-0003-1296-4539
Gerald T. Ankley: 0000-0002-9937-615X
Daniel L. Villeneuve: 0000-0003-2801-0203

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank Jon Doering for providing valuable comments on a
previous draft of this paper. This research was performed as
part of the Chemical Safety for Sustainability (CSS) research
program of the U.S. Environmental Protection Agency (EPA)
Office of Research and Development (ORD). Research was
supported in part by the Great Lakes Restoration Initiative
(GLRI). This manuscript has been reviewed in accordance with
the requirements of EPA ORD. The views expressed in this
work are those of the authors and do not necessarily reflect the
views or policies of the U.S. EPA, nor does the mention of trade
names or commercial products constitute endorsement or
recommendation for use.

■ REFERENCES

(1) Lee, K. E.; Langer, S. K.; Menheer, M. A.; Hansen, D. S.;
Foreman, W. T.; Furlong, E. T.; Jorgenson, Z. G.; Choy, S. J.; Moore,
J. N.; Banda, J.; Gefell, D. J. Chemicals of emerging concern in water
and bottom sediment in the Great Lakes Basin, 2012Collection
methods, analytical methods, quality assurance, and study data. U.S.
Geological Survey Data Series 2015, 910, 14.
(2) Kolpin, D. W.; Furlong, E. T.; Meyer, M. T.; Thurman, E. M.;
Zaugg, S. D.; Barber, L. B.; Buxton, H. T. Pharmaceuticals, hormones,
and other organic wastewater contaminants in U.S. streams, 1999−
2000: a national reconnaissance. Environ. Sci. Technol. 2002, 36 (6),
1202−11.
(3) Hug, C.; Ulrich, N.; Schulze, T.; Brack, W.; Krauss, M.
Identification of novel micropollutants in wastewater by a combination
of suspect and nontarget screening. Environ. Pollut. 2014, 184, 25−32.
(4) Peng, H.; Chen, C.; Saunders, D. M.; Sun, J.; Tang, S.; Codling,
G.; Hecker, M.; Wiseman, S.; Jones, P. D.; Li, A.; Rockne, K. J.; Giesy,
J. P. Untargeted identification of organo-bromine compounds in lake
sediments by ultrahigh-resolution mass spectrometry with the data-
independent precursor isolation and characteristic fragment method.
Anal. Chem. 2015, 87 (20), 10237−46.
(5) Peng, H.; Chen, C.; Cantin, J.; Saunders, D. M.; Sun, J.; Tang, S.;
Codling, G.; Hecker, M.; Wiseman, S.; Jones, P. D.; Li, A.; Rockne, K.
J.; Sturchio, N. C.; Giesy, J. P. Untargeted screening and distribution of
organo-bromine compounds in sediments of Lake Michigan. Environ.
Sci. Technol. 2016, 50 (1), 321−30.
(6) Schymanski, E. L.; Singer, H. P.; Longree, P.; Loos, M.; Ruff, M.;
Stravs, M. A.; Ripolles Vidal, C.; Hollender, J. Strategies to characterize
polar organic contamination in wastewater: exploring the capability of
high resolution mass spectrometry. Environ. Sci. Technol. 2014, 48 (3),
1811−8.
(7) Judson, R.; Richard, A.; Dix, D. J.; Houck, K.; Martin, M.;
Kavlock, R.; Dellarco, V.; Henry, T.; Holderman, T.; Sayre, P.; Tan, S.;
Carpenter, T.; Smith, E. The toxicity data landscape for environmental
chemicals. Environ. Health Perspec.t 2009, 117 (5), 685−95.
(8) Attene-Ramos, M. S.; Miller, N.; Huang, R.; Michael, S.; Itkin,
M.; Kavlock, R. J.; Austin, C. P.; Shinn, P.; Simeonov, A.; Tice, R. R.;
Xia, M. The Tox21 robotic platform for the assessment of
environmental chemicals–from vision to reality. Drug Discovery
Today 2013, 18 (15−16), 716−23.
(9) Tice, R. R.; Austin, C. P.; Kavlock, R. J.; Bucher, J. R. Improving
the human hazard characterization of chemicals: a Tox21 update.
Environ. Health Perspect. 2013, 121 (7), 756−65.
(10) Dix, D. J.; Houck, K. A.; Martin, M. T.; Richard, A. M.; Setzer,
R. W.; Kavlock, R. J. The ToxCast program for prioritizing toxicity
testing of environmental chemicals. Toxicol. Sci. 2007, 95 (1), 5−12.
(11) Becker, R. A.; Friedman, K. P.; Simon, T. W.; Marty, M. S.;
Patlewicz, G.; Rowlands, J. C. An exposure:activity profiling method
for interpreting high-throughput screening data for estrogenic activity–
proof of concept. Regul. Toxicol. Pharmacol. 2015, 71 (3), 398−408.
(12) Schroeder, A. L.; Ankley, G. T.; Houck, K. A.; Villeneuve, D. L.
Environmental surveillance and monitoring-The next frontiers for

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b01613
Environ. Sci. Technol. 2017, 51, 8713−8724

8721



high-throughput toxicology. Environ. Toxicol. Chem. 2016, 35 (3),
513−25.
(13) Li, S.; Villeneuve, D. L.; Berninger, J. P.; Blackwell, B. R.;
Cavallin, J. E.; Hughes, M. N.; Jensen, K. M.; Jorgenson, Z.; Kahl, M.
D.; Schroeder, A. L.; Stevens, K. E.; Thomas, L. M.; Weberg, M. A.;
Ankley, G. T. An integrated approach for identifying priority
contaminant in the Great Lakes Basin - Investigations in the Lower
Green Bay/Fox River and Milwaukee Estuary areas of concern. Sci.
Total Environ. 2017, 579, 825−837.
(14) Sprague, J. B.; Ramsay, B. A. Lethal levels of mixed copper−zinc
solutions for juvenile salmon. J. Fish. Res. Board Can. 1965, 22 (2),
425−432.
(15) Ankley, G. T.; Bennett, R. S.; Erickson, R. J.; Hoff, D. J.;
Hornung, M. W.; Johnson, R. D.; Mount, D. R.; Nichols, J. W.;
Russom, C. L.; Schmieder, P. K.; Serrrano, J. A.; Tietge, J. E.;
Villeneuve, D. L. Adverse outcome pathways: a conceptual framework
to support ecotoxicology research and risk assessment. Environ.
Toxicol. Chem. 2010, 29 (3), 730−41.
(16) Ekman, D. R.; Ankley, G. T.; Blazer, V. S.; Collette, T. W.;
Garcia-Reyero, N.; Iwanowicz, L. R.; Jorgenson, Z. G.; Lee, K. E.;
Mazik, P. M.; Miller, D. H.; Perkins, E. J.; Smith, E. T.; Tietge, J. E.;
Villeneuve, D. L. Environmental reviews and case studies: Biological
effects−based tools for monitoring impacted surface waters in the
Great Lakes: A multiagency program in support of the Great Lakes
Restoration Initiative. Environ. Pract. 2013, 15 (04), 409−426.
(17) Kahl, M. D.; Villeneuve, D. L.; Stevens, K.; Schroeder, A.;
Makynen, E. A.; LaLone, C. A.; Jensen, K. M.; Hughes, M.; Holmen,
B. A.; Eid, E.; Durhan, E. J.; Cavallin, J. E.; Berninger, J.; Ankley, G. T.
An inexpensive, temporally integrated system for monitoring
occurrence and biological effects of aquatic contaminants in the
field. Environ. Toxicol. Chem. 2014, 33 (7), 1584−95.
(18) Zaugg, S. D.; Smith, S. G.; Schroeder, M. P. Determination of
wastewater compounds in whole water by continuous liquid−liquid
extraction and capillary-column gas chromatography/mass spectrom-
etry. U.S. Geological Survey Techniques and Methods 2006, 30.
(19) Zaugg, S. D.; Phillips, P. J.; Smith, S. G. Analysis of
pharmaceutical and other organic wastewater compounds in filtered
and unfiltered water samples by gas chromatography/mass spectrom-
etry. U.S. Geological Survey Open-File Report 2013−1297 2014, 24.
(20) Foreman, W. T.; Gray, J. L.; ReVello, R. C.; Lindley, C. E.;
Losche, S. A.; Barber, L. B. Determination of steroid hormones and
related compounds in filtered and unfiltered water by solid-phase
extraction, derivatization, and gas chromatography with tandem mass
spectrometry. U.S. Geological Survey Techniques and Methods 2012,
118.
(21) Childress, C.; Foreman, W.; Connor, B.; Maloney, T. New
reporting procedures based on long-term method detection levels and
some considerations for interpretations of water-quality data provided
by the U.S. Geological Survey National Water Quality Laboratory. U.S.
Geological Survey Open-File Report 1999−193 1999, 1.
(22) Wilson, V. S.; Bobseine, K.; Gray, L. E., Jr. Development and
characterization of a cell line that stably expresses an estrogen-
responsive luciferase reporter for the detection of estrogen receptor
agonist and antagonists. Toxicol. Sci. 2004, 81 (1), 69−77.
(23) US EPA. ToxCast & Tox21 Summary Files from invitrodb_v2.
https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-
data (accessed Jan 20, 2016).
(24) Attene-Ramos, M. S.; Huang, R.; Michael, S.; Witt, K. L.;
Richard, A.; Tice, R. R.; Simeonov, A.; Austin, C. P.; Xia, M. Profiling
of the Tox21 chemical collection for mitochondrial function to identify
compounds that acutely decrease mitochondrial membrane potential.
Environ. Health Perspect. 2014, 123 (1), 49−56.
(25) Giuliano, K. A.; Gough, A. H.; Taylor, D. L.; Vernetti, L. A.;
Johnston, P. A. Early safety assessment using cellular systems biology
yields insights into mechanisms of action. J. Biomol. Screening 2010, 15
(7), 783−97.
(26) Houck, K. A.; Dix, D. J.; Judson, R. S.; Kavlock, R. J.; Yang, J.;
Berg, E. L. Profiling bioactivity of the ToxCast chemical library using

BioMAP primary human cell systems. J. Biomol. Screening 2009, 14 (9),
1054−66.
(27) Huang, R.; Xia, M.; Cho, M. H.; Sakamuru, S.; Shinn, P.; Houck,
K. A.; Dix, D. J.; Judson, R. S.; Witt, K. L.; Kavlock, R. J.; Tice, R. R.;
Austin, C. P. Chemical genomics profiling of environmental chemical
modulation of human nuclear receptors. Environ. Health Perspect.
2011, 119 (8), 1142−8.
(28) Huang, R.; Sakamuru, S.; Martin, M. T.; Reif, D. M.; Judson, R.
S.; Houck, K. A.; Casey, W.; Hsieh, J. H.; Shockley, K. R.; Ceger, P.;
Fostel, J.; Witt, K. L.; Tong, W.; Rotroff, D. M.; Zhao, T.; Shinn, P.;
Simeonov, A.; Dix, D. J.; Austin, C. P.; Kavlock, R. J.; Tice, R. R.; Xia,
M. Profiling of the Tox21 10K compound library for agonists and
antagonists of the estrogen receptor alpha signaling pathway. Sci. Rep.
2015, 4, 5664.
(29) Karmaus, A. L.; Toole, C. M.; Filer, D. L.; Lewis, K. C.; Martin,
M. T. High-throughput screening of chemical effects on steroido-
genesis using H295R human adrenocortical carcinoma cells. Toxicol.
Sci. 2016, 150 (2), 323−32.
(30) Kleinstreuer, N. C.; Yang, J.; Berg, E. L.; Knudsen, T. B.;
Richard, A. M.; Martin, M. T.; Reif, D. M.; Judson, R. S.; Polokoff, M.;
Dix, D. J.; Kavlock, R. J.; Houck, K. A. Phenotypic screening of the
ToxCast chemical library to classify toxic and therapeutic mechanisms.
Nat. Biotechnol. 2014, 32 (6), 583−91.
(31) Knudsen, T. B.; Houck, K. A.; Sipes, N. S.; Singh, A. V.; Judson,
R. S.; Martin, M. T.; Weissman, A.; Kleinstreuer, N. C.; Mortensen, H.
M.; Reif, D. M.; Rabinowitz, J. R.; Setzer, R. W.; Richard, A. M.; Dix,
D. J.; Kavlock, R. J. Activity profiles of 309 ToxCast chemicals
evaluated across 292 biochemical targets. Toxicology 2011, 282 (1−2),
1−15.
(32) MacDonald, M. L.; Lamerdin, J.; Owens, S.; Keon, B. H.; Bilter,
G. K.; Shang, Z.; Huang, Z.; Yu, H.; Dias, J.; Minami, T.; Michnick, S.
W.; Westwick, J. K. Identifying off-target effects and hidden
phenotypes of drugs in human cells. Nat. Chem. Biol. 2006, 2 (6),
329−37.
(33) Martin, M. T.; Dix, D. J.; Judson, R. S.; Kavlock, R. J.; Reif, D.
M.; Richard, A. M.; Rotroff, D. M.; Romanov, S.; Medvedev, A.;
Poltoratskaya, N.; Gambarian, M.; Moeser, M.; Makarov, S. S.; Houck,
K. A. Impact of environmental chemicals on key transcription
regulators and correlation to toxicity end points within EPA’s ToxCast
program. Chem. Res. Toxicol. 2010, 23 (3), 578−90.
(34) Padilla, S.; Corum, D.; Padnos, B.; Hunter, D. L.; Beam, A.;
Houck, K. A.; Sipes, N.; Kleinstreuer, N.; Knudsen, T.; Dix, D. J.; Reif,
D. M. Zebrafish developmental screening of the ToxCast Phase I
chemical library. Reprod. Toxicol. 2012, 33 (2), 174−87.
(35) Paul, K. B.; Hedge, J. M.; Rotroff, D. M.; Hornung, M. W.;
Crofton, K. M.; Simmons, S. O. Development of a thyroperoxidase
inhibition assay for high-throughput screening. Chem. Res. Toxicol.
2014, 27 (3), 387−99.
(36) Romanov, S.; Medvedev, A.; Gambarian, M.; Poltoratskaya, N.;
Moeser, M.; Medvedeva, L.; Gambarian, M.; Diatchenko, L.; Makarov,
S. Homogeneous reporter system enables quantitative functional
assessment of multiple transcription factors. Nat. Methods 2008, 5 (3),
253−60.
(37) Rotroff, D. M.; Beam, A. L.; Dix, D. J.; Farmer, A.; Freeman, K.
M.; Houck, K. A.; Judson, R. S.; LeCluyse, E. L.; Martin, M. T.; Reif,
D. M.; Ferguson, S. S. Xenobiotic-metabolizing enzyme and
transporter gene expression in primary cultures of human hepatocytes
modulated by ToxCast chemicals. J. Toxicol. Environ. Health, Part B
2010, 13 (2−4), 329−46.
(38) Rotroff, D. M.; Dix, D. J.; Houck, K. A.; Kavlock, R. J.; Knudsen,
T. B.; Martin, M. T.; Reif, D. M.; Richard, A. M.; Sipes, N. S.; Abassi,
Y. A.; Jin, C.; Stampfl, M.; Judson, R. S. Real-time growth kinetics
measuring hormone mimicry for ToxCast chemicals in T-47D human
ductal carcinoma cells. Chem. Res. Toxicol. 2013, 26 (7), 1097−107.
(39) Sipes, N. S.; Martin, M. T.; Kothiya, P.; Reif, D. M.; Judson, R.
S.; Richard, A. M.; Houck, K. A.; Dix, D. J.; Kavlock, R. J.; Knudsen, T.
B. Profiling 976 ToxCast chemicals across 331 enzymatic and receptor
signaling assays. Chem. Res. Toxicol. 2013, 26 (6), 878−95.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b01613
Environ. Sci. Technol. 2017, 51, 8713−8724

8722



(40) Stossi, F.; Bolt, M. J.; Ashcroft, F. J.; Lamerdin, J. E.; Melnick, J.
S.; Powell, R. T.; Dandekar, R. D.; Mancini, M. G.; Walker, C. L.;
Westwick, J. K.; Mancini, M. A. Defining estrogenic mechanisms of
bisphenol A analogs through high throughput microscopy-based
contextual assays. Chem. Biol. 2014, 21 (6), 743−53.
(41) Truong, L.; Reif, D. M.; Mary, L., St; Geier, M. C.; Truong, H.
D.; Tanguay, R. L. Multidimensional in vivo hazard assessment using
zebrafish. Toxicol. Sci. 2014, 137 (1), 212−33.
(42) Filer, D. L.; Kothiya, P.; Setzer, R. W.; Judson, R. S.; Martin, M.
T. tcpl: The ToxCast pipeline for high-throughput screening data.
Bioinformatics 2016, 33 (4), 618−20.
(43) Putzrath, R. M.; DABT. Estimating relative potency for
receptor-mediated toxicity: reevaluating the toxicity equivalence factor
(TEF) model. Regul. Toxicol. Pharmacol. 1997, 25 (1), 68−78.
(44) Kavlock, R.; Chandler, K.; Houck, K.; Hunter, S.; Judson, R.;
Kleinstreuer, N.; Knudsen, T.; Martin, M.; Padilla, S.; Reif, D.;
Richard, A.; Rotroff, D.; Sipes, N.; Dix, D. Update on EPA’s ToxCast
program: providing high throughput decision support tools for
chemical risk management. Chem. Res. Toxicol. 2012, 25 (7), 1287−
302.
(45) Richard, A. M.; Judson, R. S.; Houck, K. A.; Grulke, C. M.;
Volarath, P.; Thillainadarajah, I.; Yang, C.; Rathman, J.; Martin, M. T.;
Wambaugh, J. F.; Knudsen, T. B.; Kancherla, J.; Mansouri, K.;
Patlewicz, G.; Williams, A. J.; Little, S. B.; Crofton, K. M.; Thomas, R.
S. ToxCast chemical landscape: Paving the road to 21st Century
toxicology. Chem. Res. Toxicol. 2016, 29 (8), 1225−51.
(46) Dickinson, J. H.; Smith, G. G. A new and practical oral
contraceptive agent: norethindrone with mestranol. Can. Medi. Assoc. J.
1963, 89, 242−5.
(47) Blackwell, B. R.; Brown, T. R.; Broadway, P. R.; Buser, M. D.;
Brooks, J. C.; Johnson, B. J.; Cobb, G. P.; Smith, P. N.
Characterization of trenbolone acetate and estradiol metabolite
excretion profiles in implanted steers. Environ. Toxicol. Chem. 2014,
33 (12), 2850−8.
(48) Hanselman, T. A.; Graetz, D. A.; Wilkie, A. C. Manure-borne
estrogens as potential environmental contaminants: A review. Environ.
Sci. Technol. 2003, 37 (24), 5471−5478.
(49) Raun, A. P.; Preston, R. L. History of diethylstilbestrol use in
cattle. J. Anim. Sci. 2002, 80, 1−7.
(50) Krishnan, A. V.; Stathis, P.; Permuth, S. F.; Tokes, L.; Feldman,
D. Bisphenol-A: an estrogenic substance is released from polycar-
bonate flasks during autoclaving. Endocrinology 1993, 132 (6), 2279−
86.
(51) Kachaylo, E. M.; Pustylnyak, V. O.; Lyakhovich, V. V.; Gulyaeva,
L. F. Constitutive androstane receptor (CAR) is a xenosensor and
target for therapy. Biochemistry (Moscow) 2011, 76 (10), 1087−97.
(52) Pillai, H. K.; Fang, M.; Beglov, D.; Kozakov, D.; Vajda, S.;
Stapleton, H. M.; Webster, T. F.; Schlezinger, J. J. Ligand binding and
activation of PPARgamma by Firemaster(R) 550: effects on
adipogenesis and osteogenesis in vitro. Environ. Health Perspect.
2014, 122 (11), 1225−32.
(53) Fang, M.; Webster, T. F.; Ferguson, P. L.; Stapleton, H. M.
Characterizing the peroxisome proliferator-activated receptor (PPAR-
gamma) ligand binding potential of several major flame retardants,
their metabolites, and chemical mixtures in house dust. Environ. Health
Perspect. 2014, 123 (2), 166−72.
(54) Miller, W. L. Molecular biology of steroid hormone synthesis.
Endocr. Rev. 1988, 9 (3), 295−318.
(55) Judson, R. S.; Magpantay, F. M.; Chickarmane, V.; Haskell, C.;
Tania, N.; Taylor, J.; Xia, M.; Huang, R.; Rotroff, D. M.; Filer, D. L.;
Houck, K. A.; Martin, M. T.; Sipes, N.; Richard, A. M.; Mansouri, K.;
Setzer, R. W.; Knudsen, T. B.; Crofton, K. M.; Thomas, R. S.
Integrated model of chemical perturbations of a biological pathway
using 18 in vitro high-throughput screening assays for the estrogen
receptor. Toxicol. Sci. 2015, 148 (1), 137−54.
(56) Kleinstreuer, N. C.; Ceger, P.; Watt, E. D.; Martin, M.; Houck,
K.; Browne, P.; Thomas, R. S.; Casey, W. M.; Dix, D. J.; Allen, D.;
Sakamuru, S.; Xia, M.; Huang, R.; Judson, R. Development and

validation of a computational model for androgen receptor activity.
Chem. Res. Toxicol. 2017, 30 (4), 946−64.
(57) Paul Friedman, K.; Watt, E. D.; Hornung, M. W.; Hedge, J. M.;
Judson, R. S.; Crofton, K. M.; Houck, K. A.; Simmons, S. O. Tiered
high-throughput screening approach to identify thyroperoxidase
inhibitors within the ToxCast Phase I and II chemical libraries.
Toxicol. Sci. 2016, 151 (1), 160−80.
(58) Davis, J. M.; Ekman, D. R.; Teng, Q.; Ankley, G. T.; Berninger,
J. P.; Cavallin, J. E.; Jensen, K. M.; Kahl, M. D.; Schroeder, A. L.;
Villeneuve, D. L.; Jorgenson, Z. G.; Lee, K. E.; Collette, T. W. Linking
field-based metabolomics and chemical analyses to prioritize
contaminants of emerging concern in the Great Lakes basin. Environ.
Toxicol. Chem. 2016, 35 (10), 2493−502.
(59) Cavallin, J. E.; Jensen, K. M.; Kahl, M. D.; Villeneuve, D. L.; Lee,
K. E.; Schroeder, A. L.; Mayasich, J.; Eid, E. P.; Nelson, K. R.; Milsk, R.
Y.; Blackwell, B. R.; Berninger, J. P.; LaLone, C. A.; Blanksma, C.;
Jicha, T.; Elonen, C.; Johnson, R.; Ankley, G. T. Pathway-based
approaches for assessment of real-time exposure to an estrogenic
wastewater treatment plant effluent on fathead minnow reproduction.
Environ. Toxicol. Chem. 2016, 35 (3), 702−16.
(60) Kramer, V. J.; Miles-Richardson, S.; Pierens, S. L.; Giesy, J. P.
Reproductive impairment and induction of alkaline-labile phosphate, a
biomarker of estrogen exposure, in fathead minnows (Pimephales
promelas) exposed to waterborne 17 beta-estradiol. Aquat. Toxicol.
1998, 40 (4), 335−360.
(61) Routledge, E. J.; Sheahan, D.; Desbrow, C.; Brighty, G. C.;
Waldock, M.; Sumpter, J. P. Identification of estrogenic chemicals in
STW effluent. 2. In vivo responses in trout and roach. Environ. Sci.
Technol. 1998, 32 (11), 1559−1565.
(62) Woodling, J. D.; Lopez, E. M.; Maldonado, T. A.; Norris, D. O.;
Vajda, A. M. Intersex and other reproductive disruption of fish in
wastewater effluent dominated Colorado streams. Comp. Biochem.
Physiol., Part C: Toxicol. Pharmacol. 2006, 144 (1), 10−5.
(63) Vajda, A. M.; Barber, L. B.; Gray, J. L.; Lopez, E. M.; Woodling,
J. D.; Norris, D. O. Reproductive disruption in fish downstream from
an estrogenic wastewater effluent. Environ. Sci. Technol. 2008, 42 (9),
3407−14.
(64) Eick, G. N.; Thornton, J. W. Evolution of steroid receptors from
an estrogen-sensitive ancestral receptor. Mol. Cell. Endocrinol. 2011,
334 (1−2), 31−8.
(65) Tietge, J. E.; Degitz, S. J.; Haselman, J. T.; Butterworth, B. C.;
Korte, J. J.; Kosian, P. A.; Lindberg-Livingston, A. J.; Burgess, E. M.;
Blackshear, P. E.; Hornung, M. W. Inhibition of the thyroid hormone
pathway in Xenopus laevis by 2-mercaptobenzothiazole. Aquat.
Toxicol. 2013, 126, 128−36.
(66) Nelson, K. R.; Schroeder, A. L.; Ankley, G. T.; Blackwell, B. R.;
Blanksma, C.; Degitz, S. J.; Flynn, K. M.; Jensen, K. M.; Johnson, R.
D.; Kahl, M. D.; Knapen, D.; Kosian, P. A.; Milsk, R. Y.; Randolph, E.
C.; Saari, T.; Stinckens, E.; Vergauwen, L.; Villeneuve, D. L. Impaired
anterior swim bladder inflation following exposure to the thyroid
peroxidase inhibitor 2-mercaptobenzothiazole part I: Fathead minnow.
Aquat. Toxicol. 2016, 173, 192−203.
(67) Hornung, M. W.; Kosian, P. A.; Haselman, J. T.; Korte, J. J.;
Challis, K.; Macherla, C.; Nevalainen, E.; Degitz, S. J. In Vitro, Ex Vivo,
and In Vivo determination of thyroid hormone modulating activity of
benzothiazoles. Toxicol. Sci. 2015, 146 (2), 254−64.
(68) Brar, N. K.; Waggoner, C.; Reyes, J. A.; Fairey, R.; Kelley, K. M.
Evidence for thyroid endocrine disruption in wild fish in San Francisco
Bay, California, USA. Relationships to contaminant exposures. Aquat.
Toxicol. 2010, 96 (3), 203−15.
(69) Simmons, D. B.; McMaster, M. E.; Reiner, E. J.; Hewitt, L. M.;
Parrott, J. L.; Park, B. J.; Brown, S. B.; Sherry, J. P. Wild fish from the
Bay of Quinte Area of Concern contain elevated tissue concentrations
of PCBs and exhibit evidence of endocrine-related health effects.
Environ. Int. 2014, 66, 124−37.
(70) Couderc, M.; Marchand, J.; Zalouk-Vergnoux, A.; Kamari, A.;
Moreau, B.; Blanchet-Letrouve, I.; Le Bizec, B.; Mouneyrac, C.;
Poirier, L. Thyroid endocrine status of wild European eels (Anguilla

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b01613
Environ. Sci. Technol. 2017, 51, 8713−8724

8723



anguilla) in the Loire (France). Relationships with organic
contaminant body burdens. Sci. Total Environ. 2016, 550, 391−405.
(71) Bonett, R. M. Analyzing endocrine system conservation and
evolution. Gen. Comp. Endocrinol. 2016, 234, 3−9.
(72) Kersten, S.; Desvergne, B.; Wahli, W. Roles of PPARs in health
and disease. Nature 2000, 405 (6785), 421−4.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b01613
Environ. Sci. Technol. 2017, 51, 8713−8724

8724



Prioritizing chemicals of ecological concern in Great Lakes tributaries
using high-throughput screening data and adverse outcome pathways

Steven R. Corsi a,⁎, Laura A. De Cicco a, Daniel L. Villeneuve b, Brett R. Blackwell b, Kellie A. Fay c,1,
Gerald T. Ankley b, Austin K. Baldwin d

a U.S. Geological Survey, Middleton, WI 53562, United States
b U.S. Environmental Protection Agency, Office of Research and Development, Duluth, MN 55804, United States
c General Dynamics Information Technology, Duluth, MN 55804, United States
d U.S. Geological Survey, Boise, ID 83702, United States

H I G H L I G H T S

• Potential for ecological impacts of 67 or-
ganic contaminants was evaluated.

• Use of ToxCast data increased the num-
ber for which bioeffects could be
assessed.

• Chemicals and sites with greatest po-
tential for adverse bioeffects were iden-
tified.

• Adverse outcome pathways linked
ToxCast responses to potential adverse
outcomes.

• Mixture effects were predicted using
ToxCast exposure-activity-ratios and
AOPs.
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Chemical monitoring data were collected in surface waters from 57 Great Lakes tributaries from 2010 to 13 to
identify chemicals of potential biological relevance and sites at which these chemicals occur. Traditional water-
quality benchmarks for aquatic life based on in vivo toxicity datawere available for 34 of 67 evaluated chemicals.
To expand evaluation of potential biological effects, measured chemical concentrations were compared to
chemical-specific biological activities determined in high-throughput (ToxCast) in vitro assays. Resulting
exposure-activity ratios (EARs) were used to prioritize the chemicals of greatest potential concern:
4 nonylphenol, bisphenol A, metolachlor, atrazine, DEET, caffeine, tris(2 butoxyethyl) phosphate, tributyl phos-
phate, triphenyl phosphate, benzo(a)pyrene, fluoranthene, and benzophenone. Water-quality benchmarks
were unavailable forfive of these chemicals, but for the remaining seven, EAR-based prioritizationwas consistent
with that based on toxicity quotients calculated from benchmarks. Water-quality benchmarks identified three
additional PAHs (anthracene, phenanthrene, and pyrene) not prioritized using EARs. Through this analysis, an
EAR of 10−3 was identified as a reasonable threshold above which a chemical might be of potential concern.
To better understand apical hazards potentially associated with biological activities captured in ToxCast assays,
in vitro bioactivity data were matched with available adverse outcome pathway (AOP) information. The 49
ToxCast assays prioritized via EAR analysis aligned with 23 potentially-relevant AOPs present in the AOP-Wiki.
Mixture effects at monitored sites were estimated by summation of EAR values for multiple chemicals by
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individual assay or individual AOP. Commonly predicted adverse outcomes included impacts on reproduction
and mitochondrial function. The EAR approach provided a screening-level assessment for evidence-based prior-
itization of chemicals and sites with potential for adverse biological effects. The approach aids prioritization of fu-
ture monitoring activities and provides testable hypotheses to help focus those efforts. This also expands the
fraction of detected chemicals for which biologically-based benchmark concentrations are available to help con-
textualize chemical monitoring results.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tributaries of the Great Lakes are influenced by a diverse set of
stressors that may cause adverse ecological effects. Consequently, de-
ciding how to most effectively allocate limited resources for manage-
ment and monitoring activities can be a challenge. When mixtures of
contaminants are detected, it can be difficult to determine which con-
taminants are of greatest concern and in turnwhat potential sourcemit-
igation or remediation strategies could most effectively lower risk. For
example, in addition to legacy contamination with compounds such as
polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
(DDT), Great Lakes tributary ecosystems are influenced by current-use
contaminants from sources such as urban and agricultural runoff,
treated and untreated wastewater, and atmospheric deposition
(Custer et al., 2016; Furdui et al., 2007; Guo et al., 2017a, 2017b; Lepak
et al., 2015). Contaminants from these sources include polycyclic aro-
matic hydrocarbons (PAHs), pesticides, pharmaceutical and personal
care products, flame retardants, plasticizers, detergents, and degrada-
tion products of these contaminants, among others (Baldwin et al.,
2016; Elliott et al., 2017, 2018a).

During 2010–13, 709 surface-water samples were collected in 57
Great Lakes tributaries and analyzed for 67 organic compounds that
represent 15 classes of chemicals based on their functional use or chem-
ical properties (Baldwin et al., 2016).Watersheds included in this effort
represent a broad range of urban, agricultural, forested, and water and
wetland land cover attributes (Table SI-1), and samples were collected
to capture spatial, seasonal, and hydrologic variability. Understanding
the potential significance of these contaminants on aquatic ecosystem
health can be a challenge. For example, a comprehensive search for US
andCanadianwater-quality benchmarks for acute and chronic exposure
to aquatic life for the 67 target analytes resulted in information for only
34 of them from 10 chemical classes (Baldwin et al., 2016). Considering
the limited number of traditional, in vivo-based water-quality bench-
marks available for the diverse range of contaminants, we aimed to ex-
pand the scope of our screening-level characterization of potential
biological significance by leveraging the growing database of
chemical-specific high throughput in vitro biological activity data gen-
erated via the ToxCast and Tox21 (hereafter referred to as ToxCast) pro-
grams (Dix et al., 2007; Kavlock et al., 2012; Tice et al., 2013).

The ToxCast database contains information on biological activities of
thousands of chemicals. The information comes from several hundred
high-throughput assays that cover a range of cell responses and approx-
imately 300 signaling pathways (Kavlock et al., 2012; Tice et al., 2013).
A number of other sources of potential chemical-biological interaction
data also exists, including PubChem (Kim et al., 2016), ChEMBL
(Gaulton et al., 2017), ToxNet (Fonger et al., 2000), TG-GATEs
(Igarashi et al., 2015), the Comparative Toxicogenomics Database
(Davis et al., 2013), and the Connectivity Map (Lamb et al., 2006;
Subramanian et al., 2017). However, most of these sources aggregate
chemical-biological interactions from the peer-reviewed literature
where the use of different experimental designs, assay systems, testing
conditions, and analytical/statistical approaches can confound quantita-
tive comparisons of potency. In contrast, ToxCast chemicals were tested
in a consistent and standardized set of assays and resultant data were
analyzedwith a uniform analysis pipeline (Filer et al., 2016). This allows
for more reliable comparison of the relative potency of the tested

chemicals thereby supporting the type of comparative prioritization
analysis that was the aim of the present study.

Using in vitro bioeffects data in this manner is consistent with the
long-range vision for toxicity-testing described in theNational Research
Council (NRC) report “Toxicity Testing in the 21st Century—a vision and
strategy” (Krewski et al., 2010). This NRC report envisioned more effi-
cient and effective strategies for toxicity-testing given advances in our
understanding of biology and the emergence ofmodern testing technol-
ogies. Considering the complexmixture of chemicals that often occur in
environmental waters impacted by multiple different sources and land
uses, evaluation of potential biological effects could benefit from this
21st century approach to toxicity evaluation. While information from
these techniques is commonly targeted at humanhealth impacts, recent
studies have explored it for use in evaluation of potential adverse im-
pacts in nonmammalian species as well including evaluation of poten-
tial impact on aquatic life (Blackwell et al., 2017, 2019; Heiger-
Bernays et al., 2018; Schroeder et al., 2016) and avian species (Elliott
et al., 2018b). For this type of prioritization, exposure-activity ratios
(EARs = sample concentration/bioactivity effect concentration) have
been identified as a valuable calculation (Blackwell et al., 2017; Elliott
et al., 2018b); however, it is currently unclear what EAR threshold to
consider as a level of concern and whether the threshold is relatively
constant or changes substantially as different chemicals are evaluated,
and an evaluation is needed to determine which ToxCast assays and re-
lated adverse outcome pathways are ecologically relevant.

The objectives of the current study were to couple the contaminant
surveillance data from 57 monitored Great Lakes tributaries with high-
throughput assay results from ToxCast to (1) assess whether the EAR
approach appears to be valuable in this context, (2) if so, determine
what EAR level(s) warrant concern based on comparison with evalua-
tions using traditional water quality benchmarks, (3) identify chemicals
of concern, (4) screen for potential adverse biological effects that may
be associated with those chemicals, through linking bioactivity data to
adverse outcome pathways (AOPs) for ecologically-relevant species,
and (5) prioritize tributaries with respect to potential biological effects.

2. Methods

2.1. Sampling design

The Great Lakes tributaries were sampled from September 2010
through September 2013 and included sites draining to each of the
five Great Lakes (Fig. SI-1, Table SI-1). A total of 709 water samples
were collected. The study was designed to provide a general indication
of contaminants in Great Lakes tributaries on spatial, temporal, and sea-
sonal scales. Thirty-eight of the sites were sampled only one or two
times to provide background information on a large spatial scale and
identify potential concern for future studies. These sites were thought
to be less likely to have large numbers of contaminants present than
sites sampled more frequently given their history and land use compo-
sition. The remaining 19 sites were sampledmore frequently with 7–64
samples that added to the spatial extent of the study and served to rep-
resent temporal and seasonal variability. Drainage areas ranged from
101 to 16,400 km2, with mean annual flows from 2.58 to 219 cubic me-
ters per second (October 2010–September 2013).Watershed land cover
varied from dominantly urban (up to 92% of watershed) to agricultural
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(up to 84%) to forest and wetland (up to 93%). Watershed population
densities ranged from 1.3 to 964 people/km2 with 0% to 47% mean an-
nual streamflow contributions from wastewater treatment plants. De-
tails of the site selection, sampling design, sampling protocols, and
quality assurance sample results have been previously published
(Baldwin et al., 2016).

Whole water samples were analyzed for 67 organic waste com-
pounds at the U.S. Geological Survey NationalWater Quality Laboratory
in Denver, CO. Compounds were extracted using continuous liquid-
liquid extraction and methylene chloride solvent, then determined by
capillary-column gas chromatography/mass spectrometry (Zaugg
et al., 2006). Four analytes were omitted from the final data set due to
contamination in blank sample results (phenol, bis(2 ethylhexyl)
phthalate (DEHP), acetophenone, and triethyl citrate). Analytes were
categorized into 15 chemical classes based on their functional use or
chemical properties (Table SI-2) and all analytical data have been previ-
ously published (Baldwin et al., 2016).

2.2. Screening values

2.2.1. ToxCast

Results from the ToxCast database (US EPA, 2015)were used to eval-
uate potential biological activities that may be associated with
chemicals detected in the water samples. The ToxCast program evalu-
ates individual chemicals for interactions with, or effects on, cells, pro-
teins, DNA, RNA, mitochondria, receptors, and enzymes, etc. (Judson
et al., 2016). For most of the ToxCast assays, annotations describing
the intended biological targets are available in the database download
(https://www.epa.gov/chemical-research/toxicity-forecaster-
toxcasttm-data) or the U.S. Environmental Protection Agency (US EPA)
CompTox dashboard (https://comptox.epa.gov/dashboard). The
ToxCast data analysis pipeline provides several summary metrics
modeled from chemical dose-assay response curves: the activity con-
centration at cutoff (ACC), the half maximal activity concentration
(AC50), and the top value (T), or efficacy (Filer et al., 2016). The ACC
is an assay-specific metric determined as a multiplier of the baseline
median absolute deviation of measured activity in the assay that pro-
vides an indication of the concentration at which the bioactivity mea-
sured first exceeds the baseline concentration. More thorough
descriptions of its derivation are provided elsewhere (Filer et al.,
2016; Judson et al., 2009). Because this metric is indexed to a standard
response threshold and is not dependent on chemical-specific activity,
its use has been favored in recent applications of the ToxCast data
over the other metrics (Blackwell et al., 2017; Fay et al., 2018). Thus,
the ACC (parameter name modl acc in the ToxCast database) was used
as the final endpoint for comparison with water quality data.

For this study, data from all assay platforms (Kavlock et al., 2012)
available in the ToxCast database were considered, with the exception
of BioSeek, which had several endpoint values that were anomalously
low compared to those from other sources. Considering the nature of
the assays and the associated reliability/quality for detecting gain or
loss of signal, Attagene “gain” endpoints and Novascreen “loss” end-
points were used, while Attagene “loss” endpoints and Novascreen
“gain” endpoints were removed because these assays were not opti-
mized or designed to report for the given assay direction (Blackwell
et al., 2017). Chemical/assay combinations that did not result in a signif-
icant test response (a “hit call”) were also removed from consideration.

Data quality remarks were included with the reported metrics for
the ToxCast test data. Results with the following data quality flags
were removed from consideration for the present study: “Borderline ac-
tive”, “Only highest conc above baseline, active”, “Gain AC50 b lowest
conc & loss AC50 b mean conc“, and “Biochemical assay with b50% effi-
cacy”. All results from in vivo zebrafish embryo assays
(NHEERL_PADILLA) matched at least one of these filtering criteria, and
so were removed. Dose-response curves for chemical-assay combina-
tions remaining after this selection process were also examined

manually. Eleven of these dose-response curves were found to be of
questionable quality based on anomalous values or lack of response
and removed from analysis: NVS_ENZ_hPTEN for nonylphenol,
NVS_ENZ_rMAOBP for Diethyl phthalate, TOX21_p53_BLA_p3_viability
for Cotinine, TOX21_p53_BLA_p5_ratio for Metolachlor, TOX21_p53_
BLA_p3_ratio for Carbazole, TOX21_p53_BLA_p3_ratio for Triphenyl
phosphate, TOX21_p53_BLA_p3_ratio for Tris(2 chloroethyl) phos-
phate, TOX21_p53_BLA_p3_ratio for Fluoranthene, NVS_NR_hPPARg
for Triphenyl phosphate, CLD_CYP1A1_6hr for bisphenol A (BPA),
CLD_CYP1A2_6hr for BPA. In addition, the Tanguay_ZF_120hpf_
ActivityScores were removed since this endpoint is an aggregation of
activity from other zebrafish assays that are all represented separately
in the ToxCast data set.With these various exclusions, 255 total ToxCast
assays were suitable for computations for the chemical data set in the
present study (Table SI-3).

Of the 65 chemicals detected from the tributary samples, 54 (83%)
were represented in ToxCast (i.e., tested in at least one ToxCast assay).
Among those 54, 48 had measurable effects (i.e., at least one active hit
call) within the range of concentrations tested. The number of active
hits per chemical ranged from 1 to 92 assays (Table SI-4).

2.3. Data analysis procedures

2.3.1. Screening for potential pathway-based effects

To screen the water chemistry data for potential bioactivity, chemi-
cal concentrations were compared to effect concentrations in ToxCast
assays by computing EAR values as the quotient of the measured con-
centration and the ACC for each assay-chemical combination. The EAR
is analogous to a hazard quotient, but rather than relying on a concen-
tration at which adverse health effects like impaired survival, growth,
or reproduction are detected, one instead uses the concentration re-
quired to elicit a response in a pathway-based assay. An EAR of 1 or
higher indicates that the measured concentration in a water sample
was greater than the ACC in the assaymedium. Extrapolating this infor-
mation for application to environmental concentrations is complex. For
example, current information does not include correction for chemical
partitioning in the assay system (e.g., free versus bound chemical in a
test well), so actual biological activity in vitro or in situ may differ
from this. However, it does provide a value that effectively normalizes
for relative concentration detected in the environment and relative po-
tency to elicit a specific biological effect. Thus, the EAR value is suitable
for relative ranking and prioritization. Still, it is recognized that not all
ToxCast assays used in this analysis are likely to be relevant to ecological
species even though many of them target biological activities that are
conserved among species. A complete evaluation of ToxCast assays for
ecological relevance is currently not available, so the EAR approach
used here is conservative in this respect. The AOP analysis described
below does include evaluation of ecological relevance but is not consid-
ered to be comprehensive, since AOP information is not yet defined for
all biological targets represented in ToxCast.

For chemical concentrations reported as below the level of detection,
EAR values were assumed to be zero for this analysis. To test the impact
of this, EAR values were computed as a ratio of the detection limit for
each compound and all available ACC values (Fig. SI-2). Results indi-
cated that there was potential for pathway-based bioactivity at the de-
tection limit for some chemical-assay pairs. EAR values from the
minimum ACC for each compound ranged from b10−4 (multiple com-
pounds) to 0.19 (assay = OT_ERa_EREGFP_0120 for 4 Nonylphenol,
Branched). This suggests that methods used in the current study could
result in underestimation of EAR values in cases where concentrations
below the analytical detection limits could still elicit a significant biolog-
ical effect (i.e., near the ACC). Hence, further evaluation may be needed
to determine whether these chemicals may be of concern.

Results were examined using several different EAR summations
(Table 1a), and different combinations of chemical occurrence and
EAR magnitudes (Table 1b). Each summation has value for addressing
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different questions. For example, the EAR-by-chemical (EARChem) is
useful for ranking and prioritizing among chemicals for a given sample
with regard to their potential to elicit a biological effect. The EAR-by-
assay endpoint (EARMixture) is used to estimate the potential cumulative
impact of a mixture of chemicals on a given assay response assuming
additivity. Yet another summation, the EARAOP is used to consider the
potential for a group of chemicals to contribute to a common adverse
pathway/outcome (detailed further below). The frequency of occur-
rence of chemicals and exceedance of EAR or TQ thresholds were then
used to help prioritize chemicals, ToxCast assays, and chemicalmixtures
to identify a manageable number of situations for which there is poten-
tial for adverse impacts (Table 1b). Similarly, identification of chemicals
of concern and EAR and TQ levels of concern are defined for usewith the
intention to compare among thedifferent chemicals, chemicalmixtures,
assays, and sites within the current study. Results are not intended for
regulatory actions, but for consideration by stakeholders for further in-
vestigation and validation at specific sites.

Where appropriate, these different EAR summationswere calculated
for each of the 709 individual samples. The number of samples collected
per site was variable, so the maximum EAR value per site was deter-
mined to provide a means to weight each site equally. This resulted in
three additional EAR variables that were ultimately used in the current
study: EARSiteChem, EARSiteMixture, EARSiteAOP (Tables 1a and 1b).

Computations and analyses were primarily carried out using func-
tionality of the R package toxEval (De Cicco et al., 2018) with additional

custom calculations and visualizations developed using the R packages
dplyr (Wickham et al., 2018), ggplot2 (Wickham, 2016), and base R
functionality (R Core Team, 2017). The toxEval package was developed
within the current study to facilitate analysis and visualization of EAR
and toxicity quotient (TQ) values for complex chemical concentration
data sets that represent multiple chemicals, sampling locations, and
samples per location. Version 2 of the ToxCast database was included
as the default set of benchmark concentrations within toxEval with
EAR values as the default evaluation parameters. Additionally, user-
selected chemical-biological interaction benchmark data, such as the
water quality benchmarks used in the current study, can be used for
computation and analysis of TQs within toxEval.

2.3.2. Water quality benchmarks

Water quality benchmarks for 27 of the measured chemicals were
reported by (Baldwin et al., 2016). For the present analysis, water qual-
ity benchmarks for an additional seven chemicalswere added to the list.
These include a broad range of toxicity benchmarks from regulatory and
non-regulatory entities that are not necessarily enforceable limits but
provide guidance on concentrations that represent a potential hazard
for aquatic organisms (Table SI-2). The benchmark values were used
to assess how the EAR-based approach compared withmore traditional
methods focused on apical adverse effects. Chemical-specific TQs were
computed as the ratio of themeasured concentration and the associated
water quality benchmark. The minimumwater quality benchmark and

Table 1a

Definition of several different EAR summations used for analysis and interpretation of results.

Summation Abbreviation Description

Exposure-activity ratio EAR

The quotient of the measured concentration of a chemical in a sample and the activity concentration
at cut-off (ACC) for a given assay-chemical combination.

EAR =
measured concentration in sample ðμMÞ

ACC for chemical−assay pair ðμMÞ

EAR by chemical
EARChem

EARSiteChem

The sum of EAR values from all assays for an individual chemical in a given sample. The number of
active assays and magnitude of individual assay-chemical EAR values combine to provide a means to
prioritize chemicals by potential for effect:
EARChem = ∑EAR[i], where i = assays relevant for each individual chemical.
Maximum EARChem for an individual site

EAR by assay endpoint
EARMixture

EARSiteMixture

The sum of EAR values for each individual assay endpoint across all chemicals for a given sample.
EARMixture provides an estimate of cumulative bioactivity for an individual assay from a mixture of
chemicals, assuming additivity of effects. This is consistent with previous use of EARMixture for
individual assays (Blackwell et al., 2017), and is analogous to a “toxic unit” approach for summing
adverse effects for similar-acting chemicals present in complex mixtures (Nirmalakhandan et al.,
1994).
EARMixture = ∑EAR[i], where i = chemicals associated with an individual assay endpoint.
Maximum EARMixture for an individual site

EAR by adverse outcome pathway (AOP) EARAOP

EARSiteAOP

The sum of EAR values for each assay—chemical combination associated with an individual AOP. Using
the subset of assays that are currently associated with AOPs, this summation accounts for the fact that
more than one ToxCast assay may align with key events along a specific AOP. If all relevant EARs for
each chemical were included, the effect of an individual chemical might essentially be “double
counted”. To avoid this, the summation considers only the maximum EAR for each individual
chemical that is associated with an AOP:
EARAOP = ∑max(EAR[i])[j], where i = chemical, j = an assay relevant to a given AOP.
Maximum EARAOP for an individual site

Toxicity quotient
TQ

TQmax

The quotient of the measured concentration of a chemical in a sample and the water quality
benchmark for a given chemical.

TQ =
measured concentration in sample ðμg=LÞ

Water quality benchmark for chemical ðμg=LÞ
Maximum TQ at a site for all water quality benchmarks available for a given chemical.
1

Table 1b

Description of methods used for prioritization of chemicals, ToxCast assays, and chemical mixtures using EAR and TQ values.

Type of
Prioritization

Parameter Description

Chemical prioritization TQMax Chemical occurrence at ten or more sites and TQmax N 10−3 for five or more sites
Chemical prioritization EARChemSite Chemical occurrence at ten or more sites and EARmax N 10−3 for five or more sites
ToxCast assay prioritization EARSiteMixture EARSiteMixture N 10−3 for ten or more sites

Chemical mixture prioritization EARSiteAOP
Samples that had chemical mixture combinations with EARSiteAOP N 10−3 and chemicals that contributed at
least 1% of EARSiteAOP in samples from 5 or more sites

998 S.R. Corsi et al. / Science of the Total Environment 686 (2019) 995–1009



the maximum concentration per sampling location were used to com-
pute the maximum toxicity quotient at each of the sampling locations
(TQmax).

In addition to traditional water quality benchmarks, 17β estradiol
equivalency quotients (EEQ) were determined to estimate potential
for estrogenic activity of the measured chemicals. The EEQs were ob-
tained by multiplying the measured concentrations of estrogenic com-
pounds by their respective estradiol equivalency factor (EEF) derived
from published intersex and vitellogenin induction values in fish
(Vajda et al., 2008). The EEQ values were then compared to EAR values
for chemicalswhere bothwere available to better understand howEARs
from ToxCast compare to amore traditional approach for evaluating es-
trogenic potential.

2.3.3. Linking to adverse effects

Most of molecular/biochemical responses associated with the
ToxCast assays do not directly translate to endpoints typically consid-
ered in ecological risk assessments (i.e., impacts on survival, growth, re-
production, etc.). However, the adverse outcome pathway framework
has been developed as a systematic and transparent means to describe
the plausible and empirically supported linkages between the molecu-
lar, biochemical, and/or cellular biological activities typically evaluated
in ToxCast assays and adverse outcomes that are more relevant to pro-
tection goals, management decisions, and risk assessment (Ankley et al.,
2010). To help interpret the significance of ToxCast endpoints with re-
gard to potential apical hazards, efforts have beenmade tomap ToxCast
assays to corresponding key events in AOPs described in the AOP-Wiki
(Fay et al., 2018; Pittman et al., 2018; Society for the Advancement of
Adverse Outcome Pathways, 2018). In the present study, cross-
mapping of ToxCast endpoints to key events in AOPs (Fay et al., 2018)
was updated here and used to help contextualize the significance of
the EAR-based analyses relative to potential ecologically-relevant
hazards.

Briefly, as of February 8, 2018 there were approximately 250 user-
defined AOPs in the AOP-Wiki. Key events (including molecular initiat-
ing events) in these AOPs were manually curated for relevance to re-
sponse from the ToxCast assays. Key event names were considered
foremost for mapping to assays, although additional text included on
the event pages alsowere considered. Some AOPkey events are notmo-
lecular in nature, but describe general or higher-level responses
(e.g., mitochondrial disruption, production of reactive oxygen species,

cytokine suppression), which also is the case for some ToxCast assays
which measure outcomes like cell proliferation, cell death, and mito-
chondrial dysfunction. In these cases, a panel of ToxCast assays relevant
to a generalized response was identified and corresponding AOP events
were mapped to each of the assays within the panel. Applicability of
ToxCast assays considered not only the intended target but also the di-
rection of measurement (e.g., agonism or antagonism of a given recep-
tor). Mappings were also informed by the AOP event ontology
annotations in the AOP wiki (Ives et al., 2017; Table SI-5).

Once the global mapping of ToxCast assays to key events and associ-
ated AOPswas developed, the subset of AOPs relevant to ToxCast assays
prioritized in the current analysis (n=49)were identified. Each assay—
AOP pair was further evaluated for relevance to taxa in the Great Lakes
ecosystem (Table SI-6). For example, AOPs establishing links to human
health outcomes/endpoints thatwould typically not be considered as an
assessment endpoint in ecological risk contexts (e.g., fatty liver disease)
were not considered. This resulted in identification of 23 ecologically
relevant AOPs associated with assays that were prioritized based on
the EAR analysis.

An EAR summation approach (EARAOP) that considered potential cu-
mulative impacts along specific AOPs was developed to aid interpreta-
tion of EAR results in an ecological hazard context (Tables 1a and 1b).
An important consideration in calculating this EAR summation is that
there can be more than one ToxCast assay that maps to a given key
event in an AOP. For example, there are multiple ToxCast assays that
measure estrogen receptor activation (Browne et al., 2015) even though
estrogen receptor activation is a single key event in an AOP. Likewise,
since AOPs are composed of multiple key events, ToxCast assays related
to multiple different biological targets may map to a single AOP
(e.g., assays 1 and 2 in Fig. 1 map to different key events along the
same AOP). Consequently, to control for the fact that multiple assays
and thus different numbers of EAR values may map to different AOPs,
EARAOP considers the maximum EAR for any chemical-assay pair rele-
vant to that AOP.

2.3.4. Chemical mixtures

EARs andAOP networks have each been recognized as tools for eval-
uating the potential significance and effects of chemical mixtures
(Blackwell et al., 2017; Knapen et al., 2018). Consequently, we explored
how these two approachesmight be combined to better understand po-
tential hazards associated with chemical mixtures detected in Great

Fig. 1. Diagram of chemical mixture analysis using exposure-activity ratios for chemical-ToxCast assay pairs, adverse outcome pathways, and adverse outcome pathway networks.
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Lakes tributaries. First, the number and identity of chemicals detected at
each individual site was determined to establish the nature of the mix-
tures present (Fig. 1.A). Next, summations of EAR values for individual
ToxCast assays (EARSiteMixture) were used to estimate potential cumula-
tive biological activity from multiple co-occurring chemicals at a given
site (Fig. 1.B). This allowed for prioritization of site-specific bioactivities,
providing information on potential biological functions that may be in-
fluenced by these chemical mixtures. Third, summations of EAR values
for AOPs (EARSiteAOP) that aligned with the biological activities detected
at various sites were calculated (Fig. 1.C). After EARSiteAOP values were
calculated, samples that exceeded a given EARSiteAOP threshold for
AOPs that were designated as possibly environmentally relevant were
identified. From this list of samples, chemicals that contributed at least
1% of the EAR at 5 or more sites were retained. From this list of
chemicals and samples, mixtures of 2–12 co-occurring chemicals were
identified.

Each AOP represents a unique sequence of biological events (key
events) that link a molecular initiating event to an adverse outcome.
However, AOPs employ a modular construct (Villeneuve et al., 2014).
That means any given key event may be part of more than one AOP.
This makes sense biologically. For example, the key event “agonism, es-
trogen receptor” (https://aopwiki.org/events/111) can have different
biological consequences depending on the life stage exposed: altered
larval development during an embryo-larval stage, impaired develop-
ment of reproductive organs during sexual differentiation, or altered re-
productive behaviors during adult life stages. Likewise, an apical
endpoint like reproductive failure, also a key event, can have a diversity
of causes. For this reason, inmost real-world situations (i.e., exposure to
multiple chemicals; chemicals having more than one biological activ-
ity), more than one AOP is likely to be triggered and because there are
shared biological nodes among those AOPs, interactions can be ex-
pected (Knapen et al., 2018; Villeneuve et al., 2014). Based on these
principles, AOP networks are defined as an assembly of two or more
AOPs that share one or more key events. By linking together any shared
key events, a group of individual AOPs can be assembled into an AOP
network (Fig. 1.D; (Knapen et al., 2018)).

To derive an AOP network relevant to the present study, the AOP-
Wiki was queried using the AOP identification number of each of the
23 ecologically-relevant AOPs of interest. Each AOP description page
contains a table (relationship table) that defines the sequence of key
events that make up a given AOP as a series of pairs: key event 1 leads
to key event 2; key event 2 leads to key event 3; and so on. Two of the
23 AOPs did not include complete key event relationship information,
and thus were not used in development of AOP networks (AOPs 52
and 53; Table SI-6). The relationship table was extracted from each of
the remaining 21 AOP pages, and each pairwise key event relationship
was parsed into a from-to matrix (Table SI-7). The from-to matrix was
then loaded into Cytoscape (v.3.5.1; www.cytoscape.org; (Shannon
et al., 2003)) to visualize the resulting network. The 21 AOPs yielded a
network of seven disconnected components. The network was manu-
ally arranged for easier visualization. Three mixtures were chosen that
represented different AOPs to highlight as examples, and the median
EARSiteAOP values for each of these three chemical mixtures was loaded
as edge attributes and used to visualize the paths through the overall
network that one would expect to be impacted by the mixture in
question.

3. Results

Computed EAR values for individual compounds were first aggre-
gated over the study sites for an overall assessment and examined in
three primary ways: (1) by individual chemical and chemical class,
(2) by monitoring location, and (3) by potential biological relevance.
This sequence of analyses provided information to screen for
pathway-based bioactivity and prioritize potential impacts by
chemicals, watersheds, and biological functions. A goal was to enable

future investigations of these tributaries to focus on a reduced set of in-
fluences at a limited number ofwatersheds andmore efficiently identify
and/or verify the potential impacts.

3.1. Prioritization of chemicals, EAR-versus TQ-based approaches

Exposure-activity ratios based on in vitro effect concentrations do
not necessarily translate directly to in vivo apical responses. This is be-
cause of toxicodynamic considerations (i.e., the endpoints measured
in ToxCast assays do not equate to definitive impacts on survival, devel-
opment and growth, or reproduction) and toxicokinetic considerations
(i.e., nominal concentrations in a testwell do not necessarily translate to
free chemical concentrations in plasma or environmental media). Con-
sequently, the magnitude of EAR that is environmentally relevant for
predicting adverse biological effects is not as easily defined as a TQ of
concern (i.e., TQ N 0.1). To gain insight into the question of what EAR
value would serve as a reasonable cut-off for prioritization purposes,
EARs were compared with more traditional prioritization methods
using water quality benchmarks and EEQ calculations (Fig. 2, B and D).
Recognizing that water quality benchmarks are largely based on
in vivo effects and EAR values are based on in vitro testing, this is not
a perfect comparison. Nonetheless, it provided an empirical basis to
start identifying what EAR levels may be of concern from a screening
and prioritization standpoint.

The comparison of TQs based on water-quality benchmarks to
EARSiteChem levels indicated that the relation is chemical-specific. Con-
sidering TQmax = 10−1 as the benchmark for this analysis, correspond-
ing EARSiteChem levels that correspond to TQ = 10−1 varied from
approximately 10−4 to 10−1 (Fig. 2). Consequently, for the sake of
screening and prioritizing the chemicals with the greatest potential for
pathway-based bioactivity from a spatial distribution perspective,
chemicals that were present at a minimum of 10 sites and had
EARSiteChem N 10−3 at a minimum of five sites were considered (Fig. SI-
3). These chemicals included 4 nonylphenol (a detergent degradate
and industrial chemical), BPA (used in plastics and epoxy resins),
metolachlor and atrazine (herbicides), DEET (insect repellant), caffeine,
tris(2 butoxyethyl) phosphate and tributyl phosphate (TBEP, TBP;flame
retardants), benzo(a)pyrene and fluoranthene (PAHs with multiple or-
igins), benzophenone (ultraviolet radiation protection in soaps, fra-
grances, plastics), and triphenyl phosphate (TPhP; plasticizer, flame
retardant) (Fig. 2).

For water quality benchmarks, considering the number of sites with
detections and the magnitude of the TQmax for each site (detected at a
minimum of 10 sites with TQmax ≥ 10−1 at a minimum of five sites),
the detected chemicals with the greatest potential for adverse impact
were 4-nonylphenol, BPA, metolachlor, atrazine, and several PAHs (an-
thracene, benzo (a) pyrene, fluoranthene, phenanthrene, pyrene).
Water quality benchmarks could not be identified for 23 of the detected
chemicals that were present in the ToxCast database (i.e., for which
EARs could be calculated); these included all chemicals within several
broad usage classes (human nonprescription drugs, flame retardants,
flavors and fragrances).

When endpoints for ToxCast and water quality benchmarks were
both available, all chemical classes identified as a concern were consis-
tent. Therewere differenceswhen considering individual chemicals. For
example, water quality benchmarks identified five PAHs as a potential
concern while the ToxCast assessment identified only two, and DEET
was identified as a potential concern using the EAR approach, but avail-
able water quality benchmarks for DEET did not indicate a substantial
concern. While different EARSiteChem levels of concern could be chosen
depending on the circumstances, the choice of EARSiteChem = 10−3 ap-
peared to provide a reasonable level for comparison with water quality
benchmarks.

Estradiol equivalency factors were available for eight compounds,
four of which were not represented in the ToxCast database, and two
that were not detected in samples (Fig. 2-C, D). For the compounds
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with EEFs that were in the ToxCast database, results indicated similar
priority rankings: 4 nonylphenol had the greatest potential effects and
1,4 dichlorobenzene had the least, with potential effects from
4 tert octylphenol between these two compounds. EAR values for BPA
were not as comparable to EEQ results, with EAR calculations indicating
greater potential effects relative to other compounds. This is because
EARSiteChem is computed using a summation of EAR values from all as-
says in which a given chemical is active. Bisphenol A is flagged not
only in multiple assays related to estrogen receptors, but in several
other ToxCast assays not related to estrogen signaling. Consequently,
it is reasonable that the predicted impacts of a chemical that effectsmul-
tiple types of biological activities, such as BPA, would deviate from a cal-
culation considering only estrogenic activity. Nonetheless, EAR = 10−3

appeared to be a reasonable threshold from a prioritization perspective.

3.2. Prioritization of sites, EAR-based

Sites for potential follow-up monitoring were prioritized based on
thenumber of chemicals detected at eachwith an associated EARSiteChem

N 10−3 (Fig. 3, Figs. SI-4 and SI-5 A-M). Sites with at least one chemical
exceeding the EARSiteChem N 10−3 value included four of nine Lake Supe-
rior tributaries monitored, 11 of 19 Lake Michigan tributaries, five of
seven Lake Huron tributaries, all 15 Lake Erie tributaries (including
the Detroit River and Lake St. Claire tributaries), and three of seven
Lake Ontario tributaries. Sampling locations that had N15 chemicals
with EARSiteChem N 10−3 included River Rouge, the Clinton River, and
the St. Louis River. These would be a high priority for future investiga-
tion. There were an additional eight sampling locations with at least
10 chemicals and 10 more sampling locations with at least five
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Fig. 2. Exposure activity ratios (EARs) using ToxCast endpoints for screening of potential pathway-based bioactivity from chemicals detected in water samples from 57 tributaries of the
Great Lakes, 2010–2013 (A and C), toxicity quotients comparing established water quality benchmarks to sample results (B), and 17 β estradiol equivalency quotients (ng/L) for
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chemicals with EARSiteChem N 10−3 (Fig. 3). Given that the number of
samples collected from each site was variable (one to 64 samples) and
that chemistry results varied temporally, the number of samples and
timing of collection likely influenced the number of chemicals detected
at each site. Nonetheless, the EARs provide an approach for differentiat-
ing sites with greater probability for biological effects from those with
lesser probability.

Several sites had elevated EARs formultiple chemicals and/or chem-
ical classes (Fig. SI-5 A-M). The EAR patterns throughout the study sites
typically reflected the nature of land use within the watershed. Sites
with urban influence most commonly had elevated EARs for PAHs and
nonprescription drugs (Fig. SI-5 B and D). Agricultural sites were most
likely to have higher EAR incidence of herbicides, primarily atrazine
and metolachlor (Fig. SI-5 A). One exception to this was the St. Louis
River where pentachlorophenol had an EARSiteChem N 0.3. The St. Louis
River does not have a high percentage of either urban or agricultural
land cover but does include wood and paper product industries that
sometimes use pentachlorophenol in preservation processes (Karn
et al., 2010). A mix of sites with differing dominant land covers had el-
evated EARSiteChem values for insecticides, flavors/fragrances (benzo-
phenone), plasticizers, flame retardants, antimicrobial disinfectants,
and detergent degradates (Fig. SI-5 E, G, J, K, L, and M).

3.3. Prioritization by biological relevance, assay endpoints and adverse

outcomes

A third approach to applying the EARs involves hypothesizing or in-
ferringpotential biological effects of concern at a given site, based on the
known composition of chemical mixtures present. In this case, ToxCast
assays were used to screen chemicals for biological activities (Fig. 1.A).
The biological activities from those assays were alignedwith key events
in AOPs described in the AOP-Wiki (Fig. 1.B). Exposure activity ratios
reflecting the potential effect of chemicals in a mixture on one or
more key events along an AOP help to relate the potential biological ac-
tivities to outcomes of concern (typically effects on survival, growth, re-
production; Fig. 1.C). In turn, recognizing that chemical-induced
biological activities in vivo are occurring concurrently and can interact
with one another in additive, antagonistic, and/or synergistic manners
(Knapen et al., 2018), the group of AOPs potentially impacted by com-
ponents of a mixture may in turn be considered in a network context
(Fig. 1.D; (Villeneuve et al., 2018)).

To identify and prioritize biological activities most likely to be mod-
ulated in organisms resident to the Great Lakes tributaries surveyed,
ToxCast assays with EARSiteMixture N 10−3 at 10 or more sites were iden-
tified, resulting in a list of 46 assays (Fig. 4). For individual assays, the
number of chemicals that contributed to the EARSiteMixture varied from

1 to 33, further supporting the hypothesis that mixtures of chemicals
are a necessary consideration for screening potential biological effects.
Twenty seven of these 46 assays have been associated with AOP key
events from the AOP Wiki (Fig. 4, Table SI-5; aopwiki.org). Some key
events may occur in more than one AOP, and in this case the 27 assays
were associated with a total of 49 AOPs (Fig. 5A and SI-6). Evaluation
of the potential for effects on individual AOPs from multiple co-
occurring chemicals was explored by computing summations of EAR
values from all assays associated with individual AOPs (EARSiteAOP;
Fig. 1; Tables 1a and 1b; Fig. 5A). For example, AOPs 52 and 53 are influ-
enced by 6 of the ToxCast assays displayed in Fig. 5B. To estimate the cu-
mulative EAR (EARSiteAOP) for these AOPs, the sum of EARs from all
related assay-chemical combinations was computed. For any given
AOP, the number of contributing assays varied from 1 to 35 (Table SI-
5). Considering the ToxCast assays prioritized in Fig. 4 (i.e., those for
which maximum EARSiteMixture N 10−3 was calculated for at least 10
sites), the number of contributing assays per AOP varied from 1 to 17
(Fig. 5B).

Up to this point in the analysis, all ToxCast assays and associated
AOPs potentially affected by chemicals measured in this study have
been considered. However, not all ToxCast assays or associated AOPs
are necessarily relevant in the context of ecological effects. Conse-
quently, relevance of the 49 associated AOPs (Fig. 4) was evaluated.
Based on this evaluation, 23 were classified as “relevant” or “potentially
relevant” to resident Great Lakes tributary species (Fig. 5A, Table SI-6).
Of these 23 AOPs, EARSiteAOP varied from b10−5 to 0.8.

To further understand the potential collective impacts of various
mixtures detected in the Great Lakes tributaries on organisms, 21 of
the 23 AOPs were assembled into an AOP network (Fig. 6). Two of the
AOPs did not include sufficient information to include. The network
was composed of 97 key event nodes (circles, squares, or diamonds in
Fig. 6) organized into seven disconnected components (subnetworks).
Overall, potential pathway-based bioactivity indicated by these AOPs
includes various influences on reproduction and energy metabolism,
specifically mitochondrial function (Table SI-6; Fig. 6). Detection of
chemicals known to bind to and activate the estrogen receptor, produce
excessive reactive oxygen species (ROS), activate peroxisome
proliferator-activated receptor, inhibit histone deacetylase, or inhibit
cyclooxygenase (molecular initiating events and/or “upstream” key
events in Fig. 6) suggested potential for effects on reproduction and/or
the reproductive system (adverse outcomes in Fig. 6). Additionally,
available AOPs suggest that chemicals impacting mitochondrial func-
tion in vitro have potential to cause mortality and potential
population-level impacts, including honeybee colony collapse (LaLone
et al., 2017). In this case, the ToxCast assay hits did not necessarily
align with the molecular initiating events of a corresponding AOP, but
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Fig. 3. Number of individual chemicals with at least one sample that resulted in a maximum exposure—activity ratio (EARSiteChem) N 10−3 for each site.
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rather the mitochondrial effects aligned with intermediate key events
along an AOP (not all labeled in Fig. 6).

To illustrate how the AOP networks, along with EAR summations,
can be used to hypothesize or infer potential effects of different mix-
tures, further consideration was given to chemical mixtures with high
EARSiteAOP values that occurred frequently. The list of detected
chemicals was first reduced to those that contributed at least 1% of
EARSiteAOP in samples with EARSiteAOP N 10−3. This identified twelve
chemicals (Table SI-8). Instances when 2–12-compound mixtures oc-
curred in samples were identified, resulting in1848 different combina-
tions of mixtures of 2–12 compounds that occurred at between 5 and
21 sites with EARSiteAOP N 0.001 (Table SI-8).

Three of these mixtures were chosen as examples to illustrate how
different mixture compositions (Fig. SI-7) may shift the patterns of bio-
logical responses across the network of 21 relevant AOPs (Fig. 6). To vi-
sualize this, the arrows depicting key event relationships along each
AOP were weighted by their relative EARSiteAOP values. Using this ap-
proach, one can see that at sites dominated by amixture of TBP and caf-
feine, toxicities associated with mitochondrial function, activation of
nicotinic acetylcholine receptors, activation of peroxisome proliferator
activated receptor (PPAR), or inhibition of vitamin K epoxide reductase
(VKOR) were predicted to be the most sensitive effects. Potential ad-
verse outcomes linked with estrogen receptor agonism are less proba-
ble (Fig. 6A). In contrast, for mixtures containing BPA and DEET,
estrogenic and anti-androgenic responses were predicted to be most

likely, with mitochondrial-related toxicity potentially exacerbating
some of the reproductive effects and potential impacts related with
PPAR activation or VKOR inhibition a lower priority (Fig. 6B). A combi-
nation of 4 nonylphenol, atrazine, and metolachlor was predicted to
have the most diverse range of potential effects on the overall network
of AOPs (Fig. 6C). In particular, a series of AOPs associated with inhibi-
tion of cyclooxygenase activity, not prioritized for the other mixtures,
are now identified as highly relevant, while potential estrogen receptor
agonism-mediated pathways appearing less relevant for this mixture.
While none of these examples are definitive, they illustrate how an
EAR-based approach may be combined with an AOP network analysis
(Knapen et al., 2018; Villeneuve et al., 2018) to infer potential biological
hazards at different sites, and guide a hypothesis-driven approach to
subsequent monitoring.

4. Discussion

A challenge for contaminantmonitoring studies is to place results in
the context of potential biological effects of concern to support resource
management decision making. In the present study, an EAR-based ap-
plication of high throughput screening data from ToxCast was explored
along with AOP knowledge to provide an evidence-based approach for
linking chemical occurrencewith potential effects. Thiswas donewithin
the context of meeting the primary study objectives to prioritize
chemicals and Great Lakes tributaries with the greatest likelihood for
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potential ecological effects. To fully understand the effectiveness of this
approach, there are several questions that need to be addressed, includ-
ing: (a) Can an EAR-based screening and prioritization approach pro-
vide results comparable to those obtained with traditional water
quality benchmarks?; (b) What magnitude of EAR warrants concern?;
(c) Are there specific chemical properties that may lead to poor repre-
sentation of some chemicals using high-throughput screening results?;
and (d) Are there ecologically-relevant adverse outcomes that might be
anticipated using these results? It was the aim of the current analysis to
examine these questions in detail.

4.1. Prioritization of chemicals

4.1.1. Individual chemicals

Among the 65 chemicals detected in the present study, traditional
in vivo water quality benchmarks were available for 34 compounds,
and ToxCast data were available for 54, substantially increasing the
number of compounds for which comparison with biological effects
data was feasible. Using a threshold of 10−3 as an EARSiteChem level of
concern, the EAR-based approach yielded a priority list of chemicals
similar to that obtained using available water quality benchmarks
using a TQ threshold of 10−1 (Fig. 2). Chemicalsflagged as contaminants
of potential concern by both approaches also have been identified in
previous studies: 4-nonylphenol (Careghini et al., 2015), BPA (Corrales
et al., 2015), metolachlor and atrazine (Busch et al., 2016; Graymore
et al., 2001; Love et al., 2011; Pérez et al., 2011), and PAHs (Ankley
et al., 1994; Logan, 2007; Ohe et al., 2004; Simcik and Offenberg,
2006). DEET was flagged by the EAR approach but was not identified
to be of concern using TQmax values from the available water quality
benchmark information. The list was expanded further using the EAR
approach to include several compounds for which water quality

benchmarkswere unavailable. These additional chemicals included caf-
feine, TBEP, TBP, benzophenone, and TPhP.

DEET is a commonly used insect repellant that is detected regularly
in environmental waters (Weeks et al., 2012). Most traditional in vivo
benchmarks for DEET (i.e., those related to mortality, growth, or repro-
duction) exceed 20mg/L (US EPA, 1996); https://cfpub.epa.gov/ecotox/
search.cfm).Themost sensitive reported in vivo effects of DEET include a
decline in hepatosomatic index and altered expression of several
endocrine-related genes in fathead minnows following exposure to
concentrations as low as 0.6 μg/L (Zenobio et al., 2014). Concentrations
in samples for the current study exceeded 0.6 μg/L and 0.06 μg/L (10-
fold safety factor) at three and 25 sites respectively. EAR analysis iden-
tified DEET as a potential concern because it was present in samples
from 47 of 57 sites and 17 of those sites had samples with EARSiteChem

N 10−3. The greatest EARSiteChem values for DEET corresponded to
ToxCast assay activity measuring increased transcription of cytochrome
P4502B6 (cyp2b6). Notably, previous studies have shown that cyp2b6 is
one of the predominant cytochrome P450s involved in DEET metabo-
lism (Usmani et al., 2002), so this chemical-biological interaction is
not unexpected. Since this activity is directly linked with the metabo-
lism of DEET, one cannot necessarily assume that induction of the pro-
tein would result in toxicity. In the case of DEET, the EAR approach
may be conservative relative to traditional ecotoxicological
benchmarks.

Caffeine is also detected regularly in environmental waters (Bradley
et al., 2017). EAR analysis identified caffeine as a potential concern be-
cause it was present in samples from 21 sites, all of which had
EARSiteChem N 10−3. The greatest EARs for caffeinewere due to its activa-
tion of Sox transcription factor (Sry-related highmobility group box) in
the Attagene Cis-Factorial assay (Medvedev et al., 2018). However,
given the diversity of genes regulated by this class of transcription
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factors, it is difficult to infer the potential toxicological significance of
the response. The second highest EARs for caffeine derive from its inter-
action with the human adenosine receptor a2a (assay ID
NVS_GPCR_hAdoRA2a). This activity is consistent with caffeine's well-
established activity as a non-selective blocker of adenosine receptors
(Rivera-Oliver and Díaz-Ríos, 2014) and plays a role in many of the bio-
logical effects that caffeine is known for, including influences on sleep,
cognition, heart rate, etc. However, these biological activities would

not necessarily be linked to adverse effects on survival, growth, or re-
production in non-target aquatic species.

Two in vivo studies on aquatic specieswith TBP resulted in apical ef-
fect endpoints at 600 μg/L for regeneration of flatworms (Yoshioka et al.,
1986) and between 1000 and 5000 μg/L for mortality of fathead min-
nows, Daphnia magna, and rainbow trout (Dave et al., 1979, 1981;
Mayer and Ellersieck, 1986). In a study with zebrafish, TBEP caused sig-
nificant early developmental toxicity by inhibiting the degradation and
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utilization of maternally-derived nutrients, thereby inducing apoptosis.
Effects were observed at a concentration as low as 150 μg TBEP/L (Han
et al., 2014). TPhPwas acutely toxic toD.magnawith a lethal concentra-
tion required to kill 50% of the population (LC50) of 89 μg/L (Lin, 2009),
and in zebrafish larvae, whole-body thyroid hormones and related gene
expression were influenced at 40 μg TPhP/L, the lowest concentration
tested (Kim et al., 2015). TBP and TPhP have been shown to display ad-
ditive effects during concurrent exposures (Lin, 2009). Compared to
concentrations measured in the current study, these effect concentra-
tions for TBP and TBEP are relatively high, and substantial adverse ef-
fects might not be expected. More detailed consideration of biological
responses associated with EARs N10−3 for TBP, TPhP, and TBEP suggest
relatively sensitive interactions with peripheral benzodiazepine recep-
tor (PBR; TBP; assay IDs NVS_MP_hPBR, NVS_MP_rPBR) or the
pregnane × receptor (PXR; TBP, TBEP; assay IDs ATG_PXRE_CIS_up,
NVS_NR_hPXR) as well as the estrogen receptor (TBEP; assay
ACEA_T47D_80hr_Positive). Activation of PXR is caused bymany differ-
ent types of chemicals, and generally is indicative of potential to induce
xenobiotic metabolism (Kliewer et al., 2002). The significance of the in-
teraction with PBR is less clear, but the estrogenic responses establish a
clear link to one ormore AOPs.While estrogenic activity would not nec-
essarily be expected to result in lethality in either short- or long-term
aquatic toxicity tests, potential effects on reproduction and/or develop-
ment in vertebrate species are possible (Ankley et al., 2016).

Collectively, these examples highlight some of the differences be-
tween the application of traditional in vivo toxicity benchmarks and
pathway-based activities thatmayflag a chemical as a potential priority.
While the high throughput screening assays are detecting “real” biolog-
ical activities, those activities are not necessarily directly translatable
into in vivo effects in aquatic species. At the level of EARSiteChem the ap-
proach serves as a practical first tier prioritization tool. A lack of EARs
exceeding the prioritization threshold is a reasonable, evidence-based
indicator of lower likelihood for biological effects. However, although
an EAR exceeding the threshold does suggest potential for biological ac-
tivity, it does not necessarily indicate that activity will result in toxicity.
This points to the potential value of further alignment of ToxCast end-
points with AOP knowledge as a potential means to refine the analysis
in a way that helps to better differentiate indicators of probable hazard
from indicators of potentially more benign effects like induction of he-
patic metabolism or of sublethal physiological effects.

Just as there are activities captured in the high throughput screening
battery that would not necessarily contribute to, or drive, conventional
in vivo benchmarks, there are also caseswhere in vivo toxicity testsmay
detect biological effects that would go undetected using in vitro sys-
tems. For example, even though PAHs were identified as a potential
concern using both EARSiteChem and TQmax values, results were notably
different between the twomethods (Fig. 2). EARSiteChem values indicated
less potential for pathway-based bioactivity than those from TQmax

values. This difference could be attributed to the different nature of in-
formation represented in high throughput assays as compared to that
used to determinewater quality benchmarks. PAHwater quality bench-
marks used in the present study included those published by US EPA as
well as the Canadian Council of Ministers of the Environment (Table SI-
2). These water quality benchmarks take into consideration multiple
forms of toxicity, including two that are not accounted for in ToxCast as-
says: metabolic- and photo-activation. Some PAHs are known to be
metabolically activated to more toxic forms (Incardona et al., 2006;
Stegeman and Lech, 1991), and it has been acknowledged that ToxCast
in vitro assays underestimate toxicity resulting from metabolic activa-
tion (DeGroot et al., 2018; Jacobs, 2013). The more stringent Canadian
water quality benchmarks for PAHs included mortality in assays from
post-test ultraviolet (UV) radiation (Canadian Council of Ministers of
the Environment, 2015). UV radiation exposure can induce photo-
activation of PAHs, thereby decreasing concentrations of concern by
several orders of magnitude over those without UV exposure (US EPA,
1996, 2003). Given that high-throughput assay results used in the

present study do not account for photo-activation, this could, at least
partially, explain the differences in EARmax and TQmax values for PAHs.

Overall, these results suggest that the EAR-based evaluation is in-
deed useful for hypothesis formulation to prioritize individual
chemicals of concern. An EAR threshold of 10−3 appeared to provide
conservative results tending toward inclusion of chemicals in question
except for PAHs where some mechanisms to influence biological activ-
ity (e.g., metabolic- or photo-activation) are notwell represented by the
current assays included in ToxCast. The parameters chosen for inclusion
of priority chemicals, however, are somewhat arbitrary, and may
change based on study objectives. In this case, chemicals that were de-
tected at 10 ormore siteswith EARSiteChem N 10−3were selected as a pri-
ority. Revising these parameters could result in a different list of
chemicals. For example, if the threshold for the number of sites detected
was reduced to five, bromacil, prometon, carbaryl, triclosan, and tris
(dichloroisopropyl) phosphate (TDCPP) would have been added to the
priority list using the EAR-based approach, while only carbaryl would
have been added using water quality benchmarks.

4.1.2. Chemical mixtures

The first approach employed in the present study compared de-
tected concentrations of individual chemicals in water samples to the
concentrations eliciting in vitro activity across the ToxCast suite of as-
says (EARChem). This type of information was useful for highlighting
chemicals and sites of concern where chemical concentrations may be
approaching those that elicit pathway-based biological activity
(in vitro). However, another significant advantage of the EAR approach
is the ability to sum the potential effects of chemicals acting on either
the same biological target/pathway captured by an individual ToxCast
assay (i.e., the EARMixture) or chemicals acting on the set of assays that
align with one or more key events along an AOP (EARAOP). In these in-
stances, additivity of EAR values is a reasonable conservative assump-
tion for estimation of cumulative effects. Specifically, it is plausible
that each individual chemical detected in a mixture may be present at
concentrations that would not, alone, exceed the EARChem threshold of
10−3 selected for this study; however, collectively, multiple chemicals
acting on the same target or AOP could yield an EARMixture or EARAOP

N10−3. This concept has been verified, for example, for estrogenic com-
pounds (Thrupp et al., 2018).

In the present study, there were two additional ToxCast assays iden-
tified when EARMixture was N10−3 at 10 or more sites as compared to
those identified from individual EARChem values. The AOPs identified
when EARAOP was N10−3 did not change from those when EARChem

was N10−3, but EARChem alone often underestimated the potential for
impact. The mean EARChem contribution from the individual chemical
with the greatest contribution to any given EARSiteMixture and EARAOPMix

was 69% and 31% respectively. In addition, there were 23 chemicals that
had EARChem N 10−3, but 29 different chemicals contributed at least 5%
to EARAOP values when EARAOP was N10−3. Thus, while some chemicals
acting alone may not warrant concern, when acting in concert with
other chemicals present in the mixtures, they may exacerbate the im-
pact of one of the individually prioritized compounds.

4.2. Prioritization of potential biological effects

A primary goal of this type of analysis is to link the contaminants de-
tected, in their relative concentrations, to apical adverse outcomes that
might be of greatest concern at a given site. Recognizing that thesemix-
tures of chemicals will interact with more than one biological pathway,
and as a result, likely trigger multiple AOPs, the consideration of AOP
networks is viewed as one approach to try to understand the possible
cumulative effects of the chemicals (Knapen et al., 2018). Examination
of an EAR-weighted network (e.g., Fig. 6) demonstrates how cumulative
EARs (EARSiteAOP) might be used to identify what key events and out-
comes may dominate at one site versus another. However, the analysis
of AOP networks is in its infancy (Knapen et al., 2018; Villeneuve et al.,
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2018) and it must be recognized that only a small fraction of potentially
relevant pathways is currently represented in the AOPWiki. Asmany as
47 sites had chemicals associated with individual assays for which the
target biological activity has not yet been linked with AOPs (Fig. 4).

As afirst evaluation of the adverse outcomes predicted in the current
study, comparison to previous research indicates that reproductive dys-
function has been documented in multiple field studies with fish. These
have included phenotypic alterations in sexual characteristics associ-
ated with exposure to substances present in wastewater discharge
(Jobling et al., 1998, 2002), reduced sperm abundance and motility in
resident fish from rivers receiving wastewater effluent (Blazer et al.,
2012), reduced fecundity in fish downstream from or directly exposed
to a wastewater effluent discharge (Cavallin et al., 2016; Prado et al.,
2014), and multiple effects on male and female reproductive organs of
fish exposed to wastewater effluent (Vajda et al., 2008) among others.
It is recognized that neither the EAR-based identification of priority
AOPs within an overall AOP network, nor previous field studies
reporting effects consistent with some of these AOPs, causally implicate
that concentrations of these contaminants detected in Great Lakes trib-
utaries are having ecological effects. However, they do provide evidence
to hypothesize that thismay be the casewhen considering furthermon-
itoring and evaluation.

4.3. Limitations of the EAR approach

There are some important limitations to the EAR screening approach
that need to be highlighted: (1) comparison of water chemistry results
to assay results for individual chemicals does not allow for true evalua-
tion of the integrated effect of mixtures. Assumptions (such as EAR ad-
ditivity) must be made to evaluate the full sample matrix; (2) this type
of evaluation is limited to those chemicals that are analyzed in samples
that intersectwith those chemicals that are currently represented in the
ToxCast database (i.e., not all chemicals have been tested); (3) ToxCast
data are limited to a specific set of assays–there are effects and some
major modes of action that are not represented, including effects that
are unique to non-mammalian species; (4) many of the assays lack
the ability to metabolize the parent compounds being tested, which
can under-and over-estimate the in vivo toxicity of some chemicals,
and (5) not all ToxCast assays are currently linked to AOPs. Even with
these limitations, high-throughput screening data can serve as a valu-
able tool for screening for potential adverse biological effects particu-
larly where traditional in vivo toxicity data required to calculate water
quality benchmarks are lacking. In addition, applying the ToxCast data
in this manner could further inform and improve the ToxCast data
curation and the AOP knowledgebase. For example, as hypotheses
emerging from such analyses are tested, anomalous activities in the
ToxCast data set can be identified and flagged, leading to more reliable
pathway-based prioritization in the future. Additionally, priorities for
AOP development may be identified.

4.4. Application of findings

Ultimately, the current study findings can be used to focus available
resources. For example, results can help identifywhich of themonitored
chemicals and chemical mixtures are a priority at each of the sites eval-
uated (Fig. SI-4, Table SI-8) and which AOPs are most likely to be rele-
vant for the identified chemicals and mixtures at any given site
(Fig. SI-6, Tables SI-8 and SI-9). Predicted bioactivities can then be con-
firmed through laboratory- or field-based investigation or through ob-
servations of resident organisms. However, for confirmation studies to
be representative of the greatest potential hazard from chemical expo-
sures, testing conditions must reflect the circumstances under which
these chemical mixtures are most likely to be present at any given
site. The contaminants present, the concentrations, and the exact mix-
tures vary spatially (urban vs agricultural, commercial vs residential,
crops vs pasture), seasonally, and hydrologically (base flow, snowmelt,

rainfall) (Baldwin et al., 2016). Well-chosen investigations that reflect
the setting for which the greatest potential hazard exists based on
these factors would provide substantial value and additional confidence
in verifying results. After confirmation of the hypothesized bioactivities,
reduction strategies for sources of these chemicals can then be investi-
gated and implemented.

5. Conclusions

When adequate data existed for a comparative analysis, chemicals of
greatest concern identified using the ToxCast database with an EAR
threshold of 10−3 were very similar to those identified using water
quality benchmarks with a TQ threshold of 10−1. However, the ability
to use the ToxCast database allowed for evaluation of twice as many
chemicals in terms of possible biological impacts, as compared to
water quality benchmarks. Several PAHs identified as a concern using
water quality benchmarks were not similarly flagged using the EAR ap-
proach, perhaps due to mechanisms that can enhance their in vivo tox-
icity but would not be captured using in vitro systems. Several
additional chemicals were identified as a potential concern through
evaluation of putative bioactivity from chemical mixtures. Results
from this work will enable resource managers to examine information
pertinent to individual sites and identify individual chemicals and
chemical mixtures of potential concern. Hypothesis-driven studies
may then be designed to verify results, and if confirmed, mitigation
strategies may be formulated and implemented.
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• Potential for ecological impacts of 67 or-
ganic contaminants was evaluated.

• Use of ToxCast data increased the num-
ber for which bioeffects could be
assessed.

• Chemicals and sites with greatest po-
tential for adverse bioeffects were iden-
tified.

• Adverse outcome pathways linked
ToxCast responses to potential adverse
outcomes.

• Mixture effects were predicted using
ToxCast exposure-activity-ratios and
AOPs.
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Chemical monitoring data were collected in surface waters from 57 Great Lakes tributaries from 2010 to 13 to
identify chemicals of potential biological relevance and sites at which these chemicals occur. Traditional water-
quality benchmarks for aquatic life based on in vivo toxicity datawere available for 34 of 67 evaluated chemicals.
To expand evaluation of potential biological effects, measured chemical concentrations were compared to
chemical-specific biological activities determined in high-throughput (ToxCast) in vitro assays. Resulting
exposure-activity ratios (EARs) were used to prioritize the chemicals of greatest potential concern:
4 nonylphenol, bisphenol A, metolachlor, atrazine, DEET, caffeine, tris(2 butoxyethyl) phosphate, tributyl phos-
phate, triphenyl phosphate, benzo(a)pyrene, fluoranthene, and benzophenone. Water-quality benchmarks
were unavailable forfive of these chemicals, but for the remaining seven, EAR-based prioritizationwas consistent
with that based on toxicity quotients calculated from benchmarks. Water-quality benchmarks identified three
additional PAHs (anthracene, phenanthrene, and pyrene) not prioritized using EARs. Through this analysis, an
EAR of 10−3 was identified as a reasonable threshold above which a chemical might be of potential concern.
To better understand apical hazards potentially associated with biological activities captured in ToxCast assays,
in vitro bioactivity data were matched with available adverse outcome pathway (AOP) information. The 49
ToxCast assays prioritized via EAR analysis aligned with 23 potentially-relevant AOPs present in the AOP-Wiki.
Mixture effects at monitored sites were estimated by summation of EAR values for multiple chemicals by
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individual assay or individual AOP. Commonly predicted adverse outcomes included impacts on reproduction
and mitochondrial function. The EAR approach provided a screening-level assessment for evidence-based prior-
itization of chemicals and sites with potential for adverse biological effects. The approach aids prioritization of fu-
ture monitoring activities and provides testable hypotheses to help focus those efforts. This also expands the
fraction of detected chemicals for which biologically-based benchmark concentrations are available to help con-
textualize chemical monitoring results.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tributaries of the Great Lakes are influenced by a diverse set of
stressors that may cause adverse ecological effects. Consequently, de-
ciding how to most effectively allocate limited resources for manage-
ment and monitoring activities can be a challenge. When mixtures of
contaminants are detected, it can be difficult to determine which con-
taminants are of greatest concern and in turnwhat potential sourcemit-
igation or remediation strategies could most effectively lower risk. For
example, in addition to legacy contamination with compounds such as
polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
(DDT), Great Lakes tributary ecosystems are influenced by current-use
contaminants from sources such as urban and agricultural runoff,
treated and untreated wastewater, and atmospheric deposition
(Custer et al., 2016; Furdui et al., 2007; Guo et al., 2017a, 2017b; Lepak
et al., 2015). Contaminants from these sources include polycyclic aro-
matic hydrocarbons (PAHs), pesticides, pharmaceutical and personal
care products, flame retardants, plasticizers, detergents, and degrada-
tion products of these contaminants, among others (Baldwin et al.,
2016; Elliott et al., 2017, 2018a).

During 2010–13, 709 surface-water samples were collected in 57
Great Lakes tributaries and analyzed for 67 organic compounds that
represent 15 classes of chemicals based on their functional use or chem-
ical properties (Baldwin et al., 2016).Watersheds included in this effort
represent a broad range of urban, agricultural, forested, and water and
wetland land cover attributes (Table SI-1), and samples were collected
to capture spatial, seasonal, and hydrologic variability. Understanding
the potential significance of these contaminants on aquatic ecosystem
health can be a challenge. For example, a comprehensive search for US
andCanadianwater-quality benchmarks for acute and chronic exposure
to aquatic life for the 67 target analytes resulted in information for only
34 of them from 10 chemical classes (Baldwin et al., 2016). Considering
the limited number of traditional, in vivo-based water-quality bench-
marks available for the diverse range of contaminants, we aimed to ex-
pand the scope of our screening-level characterization of potential
biological significance by leveraging the growing database of
chemical-specific high throughput in vitro biological activity data gen-
erated via the ToxCast and Tox21 (hereafter referred to as ToxCast) pro-
grams (Dix et al., 2007; Kavlock et al., 2012; Tice et al., 2013).

The ToxCast database contains information on biological activities of
thousands of chemicals. The information comes from several hundred
high-throughput assays that cover a range of cell responses and approx-
imately 300 signaling pathways (Kavlock et al., 2012; Tice et al., 2013).
A number of other sources of potential chemical-biological interaction
data also exists, including PubChem (Kim et al., 2016), ChEMBL
(Gaulton et al., 2017), ToxNet (Fonger et al., 2000), TG-GATEs
(Igarashi et al., 2015), the Comparative Toxicogenomics Database
(Davis et al., 2013), and the Connectivity Map (Lamb et al., 2006;
Subramanian et al., 2017). However, most of these sources aggregate
chemical-biological interactions from the peer-reviewed literature
where the use of different experimental designs, assay systems, testing
conditions, and analytical/statistical approaches can confound quantita-
tive comparisons of potency. In contrast, ToxCast chemicals were tested
in a consistent and standardized set of assays and resultant data were
analyzedwith a uniform analysis pipeline (Filer et al., 2016). This allows
for more reliable comparison of the relative potency of the tested

chemicals thereby supporting the type of comparative prioritization
analysis that was the aim of the present study.

Using in vitro bioeffects data in this manner is consistent with the
long-range vision for toxicity-testing described in theNational Research
Council (NRC) report “Toxicity Testing in the 21st Century—a vision and
strategy” (Krewski et al., 2010). This NRC report envisioned more effi-
cient and effective strategies for toxicity-testing given advances in our
understanding of biology and the emergence ofmodern testing technol-
ogies. Considering the complexmixture of chemicals that often occur in
environmental waters impacted by multiple different sources and land
uses, evaluation of potential biological effects could benefit from this
21st century approach to toxicity evaluation. While information from
these techniques is commonly targeted at humanhealth impacts, recent
studies have explored it for use in evaluation of potential adverse im-
pacts in nonmammalian species as well including evaluation of poten-
tial impact on aquatic life (Blackwell et al., 2017, 2019; Heiger-
Bernays et al., 2018; Schroeder et al., 2016) and avian species (Elliott
et al., 2018b). For this type of prioritization, exposure-activity ratios
(EARs = sample concentration/bioactivity effect concentration) have
been identified as a valuable calculation (Blackwell et al., 2017; Elliott
et al., 2018b); however, it is currently unclear what EAR threshold to
consider as a level of concern and whether the threshold is relatively
constant or changes substantially as different chemicals are evaluated,
and an evaluation is needed to determine which ToxCast assays and re-
lated adverse outcome pathways are ecologically relevant.

The objectives of the current study were to couple the contaminant
surveillance data from 57 monitored Great Lakes tributaries with high-
throughput assay results from ToxCast to (1) assess whether the EAR
approach appears to be valuable in this context, (2) if so, determine
what EAR level(s) warrant concern based on comparison with evalua-
tions using traditional water quality benchmarks, (3) identify chemicals
of concern, (4) screen for potential adverse biological effects that may
be associated with those chemicals, through linking bioactivity data to
adverse outcome pathways (AOPs) for ecologically-relevant species,
and (5) prioritize tributaries with respect to potential biological effects.

2. Methods

2.1. Sampling design

The Great Lakes tributaries were sampled from September 2010
through September 2013 and included sites draining to each of the
five Great Lakes (Fig. SI-1, Table SI-1). A total of 709 water samples
were collected. The study was designed to provide a general indication
of contaminants in Great Lakes tributaries on spatial, temporal, and sea-
sonal scales. Thirty-eight of the sites were sampled only one or two
times to provide background information on a large spatial scale and
identify potential concern for future studies. These sites were thought
to be less likely to have large numbers of contaminants present than
sites sampled more frequently given their history and land use compo-
sition. The remaining 19 sites were sampledmore frequently with 7–64
samples that added to the spatial extent of the study and served to rep-
resent temporal and seasonal variability. Drainage areas ranged from
101 to 16,400 km2, with mean annual flows from 2.58 to 219 cubic me-
ters per second (October 2010–September 2013).Watershed land cover
varied from dominantly urban (up to 92% of watershed) to agricultural
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(up to 84%) to forest and wetland (up to 93%). Watershed population
densities ranged from 1.3 to 964 people/km2 with 0% to 47% mean an-
nual streamflow contributions from wastewater treatment plants. De-
tails of the site selection, sampling design, sampling protocols, and
quality assurance sample results have been previously published
(Baldwin et al., 2016).

Whole water samples were analyzed for 67 organic waste com-
pounds at the U.S. Geological Survey NationalWater Quality Laboratory
in Denver, CO. Compounds were extracted using continuous liquid-
liquid extraction and methylene chloride solvent, then determined by
capillary-column gas chromatography/mass spectrometry (Zaugg
et al., 2006). Four analytes were omitted from the final data set due to
contamination in blank sample results (phenol, bis(2 ethylhexyl)
phthalate (DEHP), acetophenone, and triethyl citrate). Analytes were
categorized into 15 chemical classes based on their functional use or
chemical properties (Table SI-2) and all analytical data have been previ-
ously published (Baldwin et al., 2016).

2.2. Screening values

2.2.1. ToxCast

Results from the ToxCast database (US EPA, 2015)were used to eval-
uate potential biological activities that may be associated with
chemicals detected in the water samples. The ToxCast program evalu-
ates individual chemicals for interactions with, or effects on, cells, pro-
teins, DNA, RNA, mitochondria, receptors, and enzymes, etc. (Judson
et al., 2016). For most of the ToxCast assays, annotations describing
the intended biological targets are available in the database download
(https://www.epa.gov/chemical-research/toxicity-forecaster-
toxcasttm-data) or the U.S. Environmental Protection Agency (US EPA)
CompTox dashboard (https://comptox.epa.gov/dashboard). The
ToxCast data analysis pipeline provides several summary metrics
modeled from chemical dose-assay response curves: the activity con-
centration at cutoff (ACC), the half maximal activity concentration
(AC50), and the top value (T), or efficacy (Filer et al., 2016). The ACC
is an assay-specific metric determined as a multiplier of the baseline
median absolute deviation of measured activity in the assay that pro-
vides an indication of the concentration at which the bioactivity mea-
sured first exceeds the baseline concentration. More thorough
descriptions of its derivation are provided elsewhere (Filer et al.,
2016; Judson et al., 2009). Because this metric is indexed to a standard
response threshold and is not dependent on chemical-specific activity,
its use has been favored in recent applications of the ToxCast data
over the other metrics (Blackwell et al., 2017; Fay et al., 2018). Thus,
the ACC (parameter name modl acc in the ToxCast database) was used
as the final endpoint for comparison with water quality data.

For this study, data from all assay platforms (Kavlock et al., 2012)
available in the ToxCast database were considered, with the exception
of BioSeek, which had several endpoint values that were anomalously
low compared to those from other sources. Considering the nature of
the assays and the associated reliability/quality for detecting gain or
loss of signal, Attagene “gain” endpoints and Novascreen “loss” end-
points were used, while Attagene “loss” endpoints and Novascreen
“gain” endpoints were removed because these assays were not opti-
mized or designed to report for the given assay direction (Blackwell
et al., 2017). Chemical/assay combinations that did not result in a signif-
icant test response (a “hit call”) were also removed from consideration.

Data quality remarks were included with the reported metrics for
the ToxCast test data. Results with the following data quality flags
were removed from consideration for the present study: “Borderline ac-
tive”, “Only highest conc above baseline, active”, “Gain AC50 b lowest
conc & loss AC50 b mean conc“, and “Biochemical assay with b50% effi-
cacy”. All results from in vivo zebrafish embryo assays
(NHEERL_PADILLA) matched at least one of these filtering criteria, and
so were removed. Dose-response curves for chemical-assay combina-
tions remaining after this selection process were also examined

manually. Eleven of these dose-response curves were found to be of
questionable quality based on anomalous values or lack of response
and removed from analysis: NVS_ENZ_hPTEN for nonylphenol,
NVS_ENZ_rMAOBP for Diethyl phthalate, TOX21_p53_BLA_p3_viability
for Cotinine, TOX21_p53_BLA_p5_ratio for Metolachlor, TOX21_p53_
BLA_p3_ratio for Carbazole, TOX21_p53_BLA_p3_ratio for Triphenyl
phosphate, TOX21_p53_BLA_p3_ratio for Tris(2 chloroethyl) phos-
phate, TOX21_p53_BLA_p3_ratio for Fluoranthene, NVS_NR_hPPARg
for Triphenyl phosphate, CLD_CYP1A1_6hr for bisphenol A (BPA),
CLD_CYP1A2_6hr for BPA. In addition, the Tanguay_ZF_120hpf_
ActivityScores were removed since this endpoint is an aggregation of
activity from other zebrafish assays that are all represented separately
in the ToxCast data set.With these various exclusions, 255 total ToxCast
assays were suitable for computations for the chemical data set in the
present study (Table SI-3).

Of the 65 chemicals detected from the tributary samples, 54 (83%)
were represented in ToxCast (i.e., tested in at least one ToxCast assay).
Among those 54, 48 had measurable effects (i.e., at least one active hit
call) within the range of concentrations tested. The number of active
hits per chemical ranged from 1 to 92 assays (Table SI-4).

2.3. Data analysis procedures

2.3.1. Screening for potential pathway-based effects

To screen the water chemistry data for potential bioactivity, chemi-
cal concentrations were compared to effect concentrations in ToxCast
assays by computing EAR values as the quotient of the measured con-
centration and the ACC for each assay-chemical combination. The EAR
is analogous to a hazard quotient, but rather than relying on a concen-
tration at which adverse health effects like impaired survival, growth,
or reproduction are detected, one instead uses the concentration re-
quired to elicit a response in a pathway-based assay. An EAR of 1 or
higher indicates that the measured concentration in a water sample
was greater than the ACC in the assaymedium. Extrapolating this infor-
mation for application to environmental concentrations is complex. For
example, current information does not include correction for chemical
partitioning in the assay system (e.g., free versus bound chemical in a
test well), so actual biological activity in vitro or in situ may differ
from this. However, it does provide a value that effectively normalizes
for relative concentration detected in the environment and relative po-
tency to elicit a specific biological effect. Thus, the EAR value is suitable
for relative ranking and prioritization. Still, it is recognized that not all
ToxCast assays used in this analysis are likely to be relevant to ecological
species even though many of them target biological activities that are
conserved among species. A complete evaluation of ToxCast assays for
ecological relevance is currently not available, so the EAR approach
used here is conservative in this respect. The AOP analysis described
below does include evaluation of ecological relevance but is not consid-
ered to be comprehensive, since AOP information is not yet defined for
all biological targets represented in ToxCast.

For chemical concentrations reported as below the level of detection,
EAR values were assumed to be zero for this analysis. To test the impact
of this, EAR values were computed as a ratio of the detection limit for
each compound and all available ACC values (Fig. SI-2). Results indi-
cated that there was potential for pathway-based bioactivity at the de-
tection limit for some chemical-assay pairs. EAR values from the
minimum ACC for each compound ranged from b10−4 (multiple com-
pounds) to 0.19 (assay = OT_ERa_EREGFP_0120 for 4 Nonylphenol,
Branched). This suggests that methods used in the current study could
result in underestimation of EAR values in cases where concentrations
below the analytical detection limits could still elicit a significant biolog-
ical effect (i.e., near the ACC). Hence, further evaluation may be needed
to determine whether these chemicals may be of concern.

Results were examined using several different EAR summations
(Table 1a), and different combinations of chemical occurrence and
EAR magnitudes (Table 1b). Each summation has value for addressing
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different questions. For example, the EAR-by-chemical (EARChem) is
useful for ranking and prioritizing among chemicals for a given sample
with regard to their potential to elicit a biological effect. The EAR-by-
assay endpoint (EARMixture) is used to estimate the potential cumulative
impact of a mixture of chemicals on a given assay response assuming
additivity. Yet another summation, the EARAOP is used to consider the
potential for a group of chemicals to contribute to a common adverse
pathway/outcome (detailed further below). The frequency of occur-
rence of chemicals and exceedance of EAR or TQ thresholds were then
used to help prioritize chemicals, ToxCast assays, and chemicalmixtures
to identify a manageable number of situations for which there is poten-
tial for adverse impacts (Table 1b). Similarly, identification of chemicals
of concern and EAR and TQ levels of concern are defined for usewith the
intention to compare among thedifferent chemicals, chemicalmixtures,
assays, and sites within the current study. Results are not intended for
regulatory actions, but for consideration by stakeholders for further in-
vestigation and validation at specific sites.

Where appropriate, these different EAR summationswere calculated
for each of the 709 individual samples. The number of samples collected
per site was variable, so the maximum EAR value per site was deter-
mined to provide a means to weight each site equally. This resulted in
three additional EAR variables that were ultimately used in the current
study: EARSiteChem, EARSiteMixture, EARSiteAOP (Tables 1a and 1b).

Computations and analyses were primarily carried out using func-
tionality of the R package toxEval (De Cicco et al., 2018) with additional

custom calculations and visualizations developed using the R packages
dplyr (Wickham et al., 2018), ggplot2 (Wickham, 2016), and base R
functionality (R Core Team, 2017). The toxEval package was developed
within the current study to facilitate analysis and visualization of EAR
and toxicity quotient (TQ) values for complex chemical concentration
data sets that represent multiple chemicals, sampling locations, and
samples per location. Version 2 of the ToxCast database was included
as the default set of benchmark concentrations within toxEval with
EAR values as the default evaluation parameters. Additionally, user-
selected chemical-biological interaction benchmark data, such as the
water quality benchmarks used in the current study, can be used for
computation and analysis of TQs within toxEval.

2.3.2. Water quality benchmarks

Water quality benchmarks for 27 of the measured chemicals were
reported by (Baldwin et al., 2016). For the present analysis, water qual-
ity benchmarks for an additional seven chemicalswere added to the list.
These include a broad range of toxicity benchmarks from regulatory and
non-regulatory entities that are not necessarily enforceable limits but
provide guidance on concentrations that represent a potential hazard
for aquatic organisms (Table SI-2). The benchmark values were used
to assess how the EAR-based approach compared withmore traditional
methods focused on apical adverse effects. Chemical-specific TQs were
computed as the ratio of themeasured concentration and the associated
water quality benchmark. The minimumwater quality benchmark and

Table 1a

Definition of several different EAR summations used for analysis and interpretation of results.

Summation Abbreviation Description

Exposure-activity ratio EAR

The quotient of the measured concentration of a chemical in a sample and the activity concentration
at cut-off (ACC) for a given assay-chemical combination.

EAR =
measured concentration in sample ðμMÞ

ACC for chemical−assay pair ðμMÞ

EAR by chemical
EARChem

EARSiteChem

The sum of EAR values from all assays for an individual chemical in a given sample. The number of
active assays and magnitude of individual assay-chemical EAR values combine to provide a means to
prioritize chemicals by potential for effect:
EARChem = ∑EAR[i], where i = assays relevant for each individual chemical.
Maximum EARChem for an individual site

EAR by assay endpoint
EARMixture

EARSiteMixture

The sum of EAR values for each individual assay endpoint across all chemicals for a given sample.
EARMixture provides an estimate of cumulative bioactivity for an individual assay from a mixture of
chemicals, assuming additivity of effects. This is consistent with previous use of EARMixture for
individual assays (Blackwell et al., 2017), and is analogous to a “toxic unit” approach for summing
adverse effects for similar-acting chemicals present in complex mixtures (Nirmalakhandan et al.,
1994).
EARMixture = ∑EAR[i], where i = chemicals associated with an individual assay endpoint.
Maximum EARMixture for an individual site

EAR by adverse outcome pathway (AOP) EARAOP

EARSiteAOP

The sum of EAR values for each assay—chemical combination associated with an individual AOP. Using
the subset of assays that are currently associated with AOPs, this summation accounts for the fact that
more than one ToxCast assay may align with key events along a specific AOP. If all relevant EARs for
each chemical were included, the effect of an individual chemical might essentially be “double
counted”. To avoid this, the summation considers only the maximum EAR for each individual
chemical that is associated with an AOP:
EARAOP = ∑max(EAR[i])[j], where i = chemical, j = an assay relevant to a given AOP.
Maximum EARAOP for an individual site

Toxicity quotient
TQ

TQmax

The quotient of the measured concentration of a chemical in a sample and the water quality
benchmark for a given chemical.

TQ =
measured concentration in sample ðμg=LÞ

Water quality benchmark for chemical ðμg=LÞ
Maximum TQ at a site for all water quality benchmarks available for a given chemical.
1

Table 1b

Description of methods used for prioritization of chemicals, ToxCast assays, and chemical mixtures using EAR and TQ values.

Type of
Prioritization

Parameter Description

Chemical prioritization TQMax Chemical occurrence at ten or more sites and TQmax N 10−3 for five or more sites
Chemical prioritization EARChemSite Chemical occurrence at ten or more sites and EARmax N 10−3 for five or more sites
ToxCast assay prioritization EARSiteMixture EARSiteMixture N 10−3 for ten or more sites

Chemical mixture prioritization EARSiteAOP
Samples that had chemical mixture combinations with EARSiteAOP N 10−3 and chemicals that contributed at
least 1% of EARSiteAOP in samples from 5 or more sites
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the maximum concentration per sampling location were used to com-
pute the maximum toxicity quotient at each of the sampling locations
(TQmax).

In addition to traditional water quality benchmarks, 17β estradiol
equivalency quotients (EEQ) were determined to estimate potential
for estrogenic activity of the measured chemicals. The EEQs were ob-
tained by multiplying the measured concentrations of estrogenic com-
pounds by their respective estradiol equivalency factor (EEF) derived
from published intersex and vitellogenin induction values in fish
(Vajda et al., 2008). The EEQ values were then compared to EAR values
for chemicalswhere bothwere available to better understand howEARs
from ToxCast compare to amore traditional approach for evaluating es-
trogenic potential.

2.3.3. Linking to adverse effects

Most of molecular/biochemical responses associated with the
ToxCast assays do not directly translate to endpoints typically consid-
ered in ecological risk assessments (i.e., impacts on survival, growth, re-
production, etc.). However, the adverse outcome pathway framework
has been developed as a systematic and transparent means to describe
the plausible and empirically supported linkages between the molecu-
lar, biochemical, and/or cellular biological activities typically evaluated
in ToxCast assays and adverse outcomes that are more relevant to pro-
tection goals, management decisions, and risk assessment (Ankley et al.,
2010). To help interpret the significance of ToxCast endpoints with re-
gard to potential apical hazards, efforts have beenmade tomap ToxCast
assays to corresponding key events in AOPs described in the AOP-Wiki
(Fay et al., 2018; Pittman et al., 2018; Society for the Advancement of
Adverse Outcome Pathways, 2018). In the present study, cross-
mapping of ToxCast endpoints to key events in AOPs (Fay et al., 2018)
was updated here and used to help contextualize the significance of
the EAR-based analyses relative to potential ecologically-relevant
hazards.

Briefly, as of February 8, 2018 there were approximately 250 user-
defined AOPs in the AOP-Wiki. Key events (including molecular initiat-
ing events) in these AOPs were manually curated for relevance to re-
sponse from the ToxCast assays. Key event names were considered
foremost for mapping to assays, although additional text included on
the event pages alsowere considered. Some AOPkey events are notmo-
lecular in nature, but describe general or higher-level responses
(e.g., mitochondrial disruption, production of reactive oxygen species,

cytokine suppression), which also is the case for some ToxCast assays
which measure outcomes like cell proliferation, cell death, and mito-
chondrial dysfunction. In these cases, a panel of ToxCast assays relevant
to a generalized response was identified and corresponding AOP events
were mapped to each of the assays within the panel. Applicability of
ToxCast assays considered not only the intended target but also the di-
rection of measurement (e.g., agonism or antagonism of a given recep-
tor). Mappings were also informed by the AOP event ontology
annotations in the AOP wiki (Ives et al., 2017; Table SI-5).

Once the global mapping of ToxCast assays to key events and associ-
ated AOPswas developed, the subset of AOPs relevant to ToxCast assays
prioritized in the current analysis (n=49)were identified. Each assay—
AOP pair was further evaluated for relevance to taxa in the Great Lakes
ecosystem (Table SI-6). For example, AOPs establishing links to human
health outcomes/endpoints thatwould typically not be considered as an
assessment endpoint in ecological risk contexts (e.g., fatty liver disease)
were not considered. This resulted in identification of 23 ecologically
relevant AOPs associated with assays that were prioritized based on
the EAR analysis.

An EAR summation approach (EARAOP) that considered potential cu-
mulative impacts along specific AOPs was developed to aid interpreta-
tion of EAR results in an ecological hazard context (Tables 1a and 1b).
An important consideration in calculating this EAR summation is that
there can be more than one ToxCast assay that maps to a given key
event in an AOP. For example, there are multiple ToxCast assays that
measure estrogen receptor activation (Browne et al., 2015) even though
estrogen receptor activation is a single key event in an AOP. Likewise,
since AOPs are composed of multiple key events, ToxCast assays related
to multiple different biological targets may map to a single AOP
(e.g., assays 1 and 2 in Fig. 1 map to different key events along the
same AOP). Consequently, to control for the fact that multiple assays
and thus different numbers of EAR values may map to different AOPs,
EARAOP considers the maximum EAR for any chemical-assay pair rele-
vant to that AOP.

2.3.4. Chemical mixtures

EARs andAOP networks have each been recognized as tools for eval-
uating the potential significance and effects of chemical mixtures
(Blackwell et al., 2017; Knapen et al., 2018). Consequently, we explored
how these two approachesmight be combined to better understand po-
tential hazards associated with chemical mixtures detected in Great

Fig. 1. Diagram of chemical mixture analysis using exposure-activity ratios for chemical-ToxCast assay pairs, adverse outcome pathways, and adverse outcome pathway networks.
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Lakes tributaries. First, the number and identity of chemicals detected at
each individual site was determined to establish the nature of the mix-
tures present (Fig. 1.A). Next, summations of EAR values for individual
ToxCast assays (EARSiteMixture) were used to estimate potential cumula-
tive biological activity from multiple co-occurring chemicals at a given
site (Fig. 1.B). This allowed for prioritization of site-specific bioactivities,
providing information on potential biological functions that may be in-
fluenced by these chemical mixtures. Third, summations of EAR values
for AOPs (EARSiteAOP) that aligned with the biological activities detected
at various sites were calculated (Fig. 1.C). After EARSiteAOP values were
calculated, samples that exceeded a given EARSiteAOP threshold for
AOPs that were designated as possibly environmentally relevant were
identified. From this list of samples, chemicals that contributed at least
1% of the EAR at 5 or more sites were retained. From this list of
chemicals and samples, mixtures of 2–12 co-occurring chemicals were
identified.

Each AOP represents a unique sequence of biological events (key
events) that link a molecular initiating event to an adverse outcome.
However, AOPs employ a modular construct (Villeneuve et al., 2014).
That means any given key event may be part of more than one AOP.
This makes sense biologically. For example, the key event “agonism, es-
trogen receptor” (https://aopwiki.org/events/111) can have different
biological consequences depending on the life stage exposed: altered
larval development during an embryo-larval stage, impaired develop-
ment of reproductive organs during sexual differentiation, or altered re-
productive behaviors during adult life stages. Likewise, an apical
endpoint like reproductive failure, also a key event, can have a diversity
of causes. For this reason, inmost real-world situations (i.e., exposure to
multiple chemicals; chemicals having more than one biological activ-
ity), more than one AOP is likely to be triggered and because there are
shared biological nodes among those AOPs, interactions can be ex-
pected (Knapen et al., 2018; Villeneuve et al., 2014). Based on these
principles, AOP networks are defined as an assembly of two or more
AOPs that share one or more key events. By linking together any shared
key events, a group of individual AOPs can be assembled into an AOP
network (Fig. 1.D; (Knapen et al., 2018)).

To derive an AOP network relevant to the present study, the AOP-
Wiki was queried using the AOP identification number of each of the
23 ecologically-relevant AOPs of interest. Each AOP description page
contains a table (relationship table) that defines the sequence of key
events that make up a given AOP as a series of pairs: key event 1 leads
to key event 2; key event 2 leads to key event 3; and so on. Two of the
23 AOPs did not include complete key event relationship information,
and thus were not used in development of AOP networks (AOPs 52
and 53; Table SI-6). The relationship table was extracted from each of
the remaining 21 AOP pages, and each pairwise key event relationship
was parsed into a from-to matrix (Table SI-7). The from-to matrix was
then loaded into Cytoscape (v.3.5.1; www.cytoscape.org; (Shannon
et al., 2003)) to visualize the resulting network. The 21 AOPs yielded a
network of seven disconnected components. The network was manu-
ally arranged for easier visualization. Three mixtures were chosen that
represented different AOPs to highlight as examples, and the median
EARSiteAOP values for each of these three chemical mixtures was loaded
as edge attributes and used to visualize the paths through the overall
network that one would expect to be impacted by the mixture in
question.

3. Results

Computed EAR values for individual compounds were first aggre-
gated over the study sites for an overall assessment and examined in
three primary ways: (1) by individual chemical and chemical class,
(2) by monitoring location, and (3) by potential biological relevance.
This sequence of analyses provided information to screen for
pathway-based bioactivity and prioritize potential impacts by
chemicals, watersheds, and biological functions. A goal was to enable

future investigations of these tributaries to focus on a reduced set of in-
fluences at a limited number ofwatersheds andmore efficiently identify
and/or verify the potential impacts.

3.1. Prioritization of chemicals, EAR-versus TQ-based approaches

Exposure-activity ratios based on in vitro effect concentrations do
not necessarily translate directly to in vivo apical responses. This is be-
cause of toxicodynamic considerations (i.e., the endpoints measured
in ToxCast assays do not equate to definitive impacts on survival, devel-
opment and growth, or reproduction) and toxicokinetic considerations
(i.e., nominal concentrations in a testwell do not necessarily translate to
free chemical concentrations in plasma or environmental media). Con-
sequently, the magnitude of EAR that is environmentally relevant for
predicting adverse biological effects is not as easily defined as a TQ of
concern (i.e., TQ N 0.1). To gain insight into the question of what EAR
value would serve as a reasonable cut-off for prioritization purposes,
EARs were compared with more traditional prioritization methods
using water quality benchmarks and EEQ calculations (Fig. 2, B and D).
Recognizing that water quality benchmarks are largely based on
in vivo effects and EAR values are based on in vitro testing, this is not
a perfect comparison. Nonetheless, it provided an empirical basis to
start identifying what EAR levels may be of concern from a screening
and prioritization standpoint.

The comparison of TQs based on water-quality benchmarks to
EARSiteChem levels indicated that the relation is chemical-specific. Con-
sidering TQmax = 10−1 as the benchmark for this analysis, correspond-
ing EARSiteChem levels that correspond to TQ = 10−1 varied from
approximately 10−4 to 10−1 (Fig. 2). Consequently, for the sake of
screening and prioritizing the chemicals with the greatest potential for
pathway-based bioactivity from a spatial distribution perspective,
chemicals that were present at a minimum of 10 sites and had
EARSiteChem N 10−3 at a minimum of five sites were considered (Fig. SI-
3). These chemicals included 4 nonylphenol (a detergent degradate
and industrial chemical), BPA (used in plastics and epoxy resins),
metolachlor and atrazine (herbicides), DEET (insect repellant), caffeine,
tris(2 butoxyethyl) phosphate and tributyl phosphate (TBEP, TBP;flame
retardants), benzo(a)pyrene and fluoranthene (PAHs with multiple or-
igins), benzophenone (ultraviolet radiation protection in soaps, fra-
grances, plastics), and triphenyl phosphate (TPhP; plasticizer, flame
retardant) (Fig. 2).

For water quality benchmarks, considering the number of sites with
detections and the magnitude of the TQmax for each site (detected at a
minimum of 10 sites with TQmax ≥ 10−1 at a minimum of five sites),
the detected chemicals with the greatest potential for adverse impact
were 4-nonylphenol, BPA, metolachlor, atrazine, and several PAHs (an-
thracene, benzo (a) pyrene, fluoranthene, phenanthrene, pyrene).
Water quality benchmarks could not be identified for 23 of the detected
chemicals that were present in the ToxCast database (i.e., for which
EARs could be calculated); these included all chemicals within several
broad usage classes (human nonprescription drugs, flame retardants,
flavors and fragrances).

When endpoints for ToxCast and water quality benchmarks were
both available, all chemical classes identified as a concern were consis-
tent. Therewere differenceswhen considering individual chemicals. For
example, water quality benchmarks identified five PAHs as a potential
concern while the ToxCast assessment identified only two, and DEET
was identified as a potential concern using the EAR approach, but avail-
able water quality benchmarks for DEET did not indicate a substantial
concern. While different EARSiteChem levels of concern could be chosen
depending on the circumstances, the choice of EARSiteChem = 10−3 ap-
peared to provide a reasonable level for comparison with water quality
benchmarks.

Estradiol equivalency factors were available for eight compounds,
four of which were not represented in the ToxCast database, and two
that were not detected in samples (Fig. 2-C, D). For the compounds
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with EEFs that were in the ToxCast database, results indicated similar
priority rankings: 4 nonylphenol had the greatest potential effects and
1,4 dichlorobenzene had the least, with potential effects from
4 tert octylphenol between these two compounds. EAR values for BPA
were not as comparable to EEQ results, with EAR calculations indicating
greater potential effects relative to other compounds. This is because
EARSiteChem is computed using a summation of EAR values from all as-
says in which a given chemical is active. Bisphenol A is flagged not
only in multiple assays related to estrogen receptors, but in several
other ToxCast assays not related to estrogen signaling. Consequently,
it is reasonable that the predicted impacts of a chemical that effectsmul-
tiple types of biological activities, such as BPA, would deviate from a cal-
culation considering only estrogenic activity. Nonetheless, EAR = 10−3

appeared to be a reasonable threshold from a prioritization perspective.

3.2. Prioritization of sites, EAR-based

Sites for potential follow-up monitoring were prioritized based on
thenumber of chemicals detected at eachwith an associated EARSiteChem

N 10−3 (Fig. 3, Figs. SI-4 and SI-5 A-M). Sites with at least one chemical
exceeding the EARSiteChem N 10−3 value included four of nine Lake Supe-
rior tributaries monitored, 11 of 19 Lake Michigan tributaries, five of
seven Lake Huron tributaries, all 15 Lake Erie tributaries (including
the Detroit River and Lake St. Claire tributaries), and three of seven
Lake Ontario tributaries. Sampling locations that had N15 chemicals
with EARSiteChem N 10−3 included River Rouge, the Clinton River, and
the St. Louis River. These would be a high priority for future investiga-
tion. There were an additional eight sampling locations with at least
10 chemicals and 10 more sampling locations with at least five
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Tetrachloroethylene
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1,4−Dichlorobenzene
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D−Limonene
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chemicals with EARSiteChem N 10−3 (Fig. 3). Given that the number of
samples collected from each site was variable (one to 64 samples) and
that chemistry results varied temporally, the number of samples and
timing of collection likely influenced the number of chemicals detected
at each site. Nonetheless, the EARs provide an approach for differentiat-
ing sites with greater probability for biological effects from those with
lesser probability.

Several sites had elevated EARs formultiple chemicals and/or chem-
ical classes (Fig. SI-5 A-M). The EAR patterns throughout the study sites
typically reflected the nature of land use within the watershed. Sites
with urban influence most commonly had elevated EARs for PAHs and
nonprescription drugs (Fig. SI-5 B and D). Agricultural sites were most
likely to have higher EAR incidence of herbicides, primarily atrazine
and metolachlor (Fig. SI-5 A). One exception to this was the St. Louis
River where pentachlorophenol had an EARSiteChem N 0.3. The St. Louis
River does not have a high percentage of either urban or agricultural
land cover but does include wood and paper product industries that
sometimes use pentachlorophenol in preservation processes (Karn
et al., 2010). A mix of sites with differing dominant land covers had el-
evated EARSiteChem values for insecticides, flavors/fragrances (benzo-
phenone), plasticizers, flame retardants, antimicrobial disinfectants,
and detergent degradates (Fig. SI-5 E, G, J, K, L, and M).

3.3. Prioritization by biological relevance, assay endpoints and adverse

outcomes

A third approach to applying the EARs involves hypothesizing or in-
ferringpotential biological effects of concern at a given site, based on the
known composition of chemical mixtures present. In this case, ToxCast
assays were used to screen chemicals for biological activities (Fig. 1.A).
The biological activities from those assays were alignedwith key events
in AOPs described in the AOP-Wiki (Fig. 1.B). Exposure activity ratios
reflecting the potential effect of chemicals in a mixture on one or
more key events along an AOP help to relate the potential biological ac-
tivities to outcomes of concern (typically effects on survival, growth, re-
production; Fig. 1.C). In turn, recognizing that chemical-induced
biological activities in vivo are occurring concurrently and can interact
with one another in additive, antagonistic, and/or synergistic manners
(Knapen et al., 2018), the group of AOPs potentially impacted by com-
ponents of a mixture may in turn be considered in a network context
(Fig. 1.D; (Villeneuve et al., 2018)).

To identify and prioritize biological activities most likely to be mod-
ulated in organisms resident to the Great Lakes tributaries surveyed,
ToxCast assays with EARSiteMixture N 10−3 at 10 or more sites were iden-
tified, resulting in a list of 46 assays (Fig. 4). For individual assays, the
number of chemicals that contributed to the EARSiteMixture varied from

1 to 33, further supporting the hypothesis that mixtures of chemicals
are a necessary consideration for screening potential biological effects.
Twenty seven of these 46 assays have been associated with AOP key
events from the AOP Wiki (Fig. 4, Table SI-5; aopwiki.org). Some key
events may occur in more than one AOP, and in this case the 27 assays
were associated with a total of 49 AOPs (Fig. 5A and SI-6). Evaluation
of the potential for effects on individual AOPs from multiple co-
occurring chemicals was explored by computing summations of EAR
values from all assays associated with individual AOPs (EARSiteAOP;
Fig. 1; Tables 1a and 1b; Fig. 5A). For example, AOPs 52 and 53 are influ-
enced by 6 of the ToxCast assays displayed in Fig. 5B. To estimate the cu-
mulative EAR (EARSiteAOP) for these AOPs, the sum of EARs from all
related assay-chemical combinations was computed. For any given
AOP, the number of contributing assays varied from 1 to 35 (Table SI-
5). Considering the ToxCast assays prioritized in Fig. 4 (i.e., those for
which maximum EARSiteMixture N 10−3 was calculated for at least 10
sites), the number of contributing assays per AOP varied from 1 to 17
(Fig. 5B).

Up to this point in the analysis, all ToxCast assays and associated
AOPs potentially affected by chemicals measured in this study have
been considered. However, not all ToxCast assays or associated AOPs
are necessarily relevant in the context of ecological effects. Conse-
quently, relevance of the 49 associated AOPs (Fig. 4) was evaluated.
Based on this evaluation, 23 were classified as “relevant” or “potentially
relevant” to resident Great Lakes tributary species (Fig. 5A, Table SI-6).
Of these 23 AOPs, EARSiteAOP varied from b10−5 to 0.8.

To further understand the potential collective impacts of various
mixtures detected in the Great Lakes tributaries on organisms, 21 of
the 23 AOPs were assembled into an AOP network (Fig. 6). Two of the
AOPs did not include sufficient information to include. The network
was composed of 97 key event nodes (circles, squares, or diamonds in
Fig. 6) organized into seven disconnected components (subnetworks).
Overall, potential pathway-based bioactivity indicated by these AOPs
includes various influences on reproduction and energy metabolism,
specifically mitochondrial function (Table SI-6; Fig. 6). Detection of
chemicals known to bind to and activate the estrogen receptor, produce
excessive reactive oxygen species (ROS), activate peroxisome
proliferator-activated receptor, inhibit histone deacetylase, or inhibit
cyclooxygenase (molecular initiating events and/or “upstream” key
events in Fig. 6) suggested potential for effects on reproduction and/or
the reproductive system (adverse outcomes in Fig. 6). Additionally,
available AOPs suggest that chemicals impacting mitochondrial func-
tion in vitro have potential to cause mortality and potential
population-level impacts, including honeybee colony collapse (LaLone
et al., 2017). In this case, the ToxCast assay hits did not necessarily
align with the molecular initiating events of a corresponding AOP, but
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rather the mitochondrial effects aligned with intermediate key events
along an AOP (not all labeled in Fig. 6).

To illustrate how the AOP networks, along with EAR summations,
can be used to hypothesize or infer potential effects of different mix-
tures, further consideration was given to chemical mixtures with high
EARSiteAOP values that occurred frequently. The list of detected
chemicals was first reduced to those that contributed at least 1% of
EARSiteAOP in samples with EARSiteAOP N 10−3. This identified twelve
chemicals (Table SI-8). Instances when 2–12-compound mixtures oc-
curred in samples were identified, resulting in1848 different combina-
tions of mixtures of 2–12 compounds that occurred at between 5 and
21 sites with EARSiteAOP N 0.001 (Table SI-8).

Three of these mixtures were chosen as examples to illustrate how
different mixture compositions (Fig. SI-7) may shift the patterns of bio-
logical responses across the network of 21 relevant AOPs (Fig. 6). To vi-
sualize this, the arrows depicting key event relationships along each
AOP were weighted by their relative EARSiteAOP values. Using this ap-
proach, one can see that at sites dominated by amixture of TBP and caf-
feine, toxicities associated with mitochondrial function, activation of
nicotinic acetylcholine receptors, activation of peroxisome proliferator
activated receptor (PPAR), or inhibition of vitamin K epoxide reductase
(VKOR) were predicted to be the most sensitive effects. Potential ad-
verse outcomes linked with estrogen receptor agonism are less proba-
ble (Fig. 6A). In contrast, for mixtures containing BPA and DEET,
estrogenic and anti-androgenic responses were predicted to be most

likely, with mitochondrial-related toxicity potentially exacerbating
some of the reproductive effects and potential impacts related with
PPAR activation or VKOR inhibition a lower priority (Fig. 6B). A combi-
nation of 4 nonylphenol, atrazine, and metolachlor was predicted to
have the most diverse range of potential effects on the overall network
of AOPs (Fig. 6C). In particular, a series of AOPs associated with inhibi-
tion of cyclooxygenase activity, not prioritized for the other mixtures,
are now identified as highly relevant, while potential estrogen receptor
agonism-mediated pathways appearing less relevant for this mixture.
While none of these examples are definitive, they illustrate how an
EAR-based approach may be combined with an AOP network analysis
(Knapen et al., 2018; Villeneuve et al., 2018) to infer potential biological
hazards at different sites, and guide a hypothesis-driven approach to
subsequent monitoring.

4. Discussion

A challenge for contaminantmonitoring studies is to place results in
the context of potential biological effects of concern to support resource
management decision making. In the present study, an EAR-based ap-
plication of high throughput screening data from ToxCast was explored
along with AOP knowledge to provide an evidence-based approach for
linking chemical occurrencewith potential effects. Thiswas donewithin
the context of meeting the primary study objectives to prioritize
chemicals and Great Lakes tributaries with the greatest likelihood for
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potential ecological effects. To fully understand the effectiveness of this
approach, there are several questions that need to be addressed, includ-
ing: (a) Can an EAR-based screening and prioritization approach pro-
vide results comparable to those obtained with traditional water
quality benchmarks?; (b) What magnitude of EAR warrants concern?;
(c) Are there specific chemical properties that may lead to poor repre-
sentation of some chemicals using high-throughput screening results?;
and (d) Are there ecologically-relevant adverse outcomes that might be
anticipated using these results? It was the aim of the current analysis to
examine these questions in detail.

4.1. Prioritization of chemicals

4.1.1. Individual chemicals

Among the 65 chemicals detected in the present study, traditional
in vivo water quality benchmarks were available for 34 compounds,
and ToxCast data were available for 54, substantially increasing the
number of compounds for which comparison with biological effects
data was feasible. Using a threshold of 10−3 as an EARSiteChem level of
concern, the EAR-based approach yielded a priority list of chemicals
similar to that obtained using available water quality benchmarks
using a TQ threshold of 10−1 (Fig. 2). Chemicalsflagged as contaminants
of potential concern by both approaches also have been identified in
previous studies: 4-nonylphenol (Careghini et al., 2015), BPA (Corrales
et al., 2015), metolachlor and atrazine (Busch et al., 2016; Graymore
et al., 2001; Love et al., 2011; Pérez et al., 2011), and PAHs (Ankley
et al., 1994; Logan, 2007; Ohe et al., 2004; Simcik and Offenberg,
2006). DEET was flagged by the EAR approach but was not identified
to be of concern using TQmax values from the available water quality
benchmark information. The list was expanded further using the EAR
approach to include several compounds for which water quality

benchmarkswere unavailable. These additional chemicals included caf-
feine, TBEP, TBP, benzophenone, and TPhP.

DEET is a commonly used insect repellant that is detected regularly
in environmental waters (Weeks et al., 2012). Most traditional in vivo
benchmarks for DEET (i.e., those related to mortality, growth, or repro-
duction) exceed 20mg/L (US EPA, 1996); https://cfpub.epa.gov/ecotox/
search.cfm).Themost sensitive reported in vivo effects of DEET include a
decline in hepatosomatic index and altered expression of several
endocrine-related genes in fathead minnows following exposure to
concentrations as low as 0.6 μg/L (Zenobio et al., 2014). Concentrations
in samples for the current study exceeded 0.6 μg/L and 0.06 μg/L (10-
fold safety factor) at three and 25 sites respectively. EAR analysis iden-
tified DEET as a potential concern because it was present in samples
from 47 of 57 sites and 17 of those sites had samples with EARSiteChem

N 10−3. The greatest EARSiteChem values for DEET corresponded to
ToxCast assay activity measuring increased transcription of cytochrome
P4502B6 (cyp2b6). Notably, previous studies have shown that cyp2b6 is
one of the predominant cytochrome P450s involved in DEET metabo-
lism (Usmani et al., 2002), so this chemical-biological interaction is
not unexpected. Since this activity is directly linked with the metabo-
lism of DEET, one cannot necessarily assume that induction of the pro-
tein would result in toxicity. In the case of DEET, the EAR approach
may be conservative relative to traditional ecotoxicological
benchmarks.

Caffeine is also detected regularly in environmental waters (Bradley
et al., 2017). EAR analysis identified caffeine as a potential concern be-
cause it was present in samples from 21 sites, all of which had
EARSiteChem N 10−3. The greatest EARs for caffeinewere due to its activa-
tion of Sox transcription factor (Sry-related highmobility group box) in
the Attagene Cis-Factorial assay (Medvedev et al., 2018). However,
given the diversity of genes regulated by this class of transcription
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factors, it is difficult to infer the potential toxicological significance of
the response. The second highest EARs for caffeine derive from its inter-
action with the human adenosine receptor a2a (assay ID
NVS_GPCR_hAdoRA2a). This activity is consistent with caffeine's well-
established activity as a non-selective blocker of adenosine receptors
(Rivera-Oliver and Díaz-Ríos, 2014) and plays a role in many of the bio-
logical effects that caffeine is known for, including influences on sleep,
cognition, heart rate, etc. However, these biological activities would

not necessarily be linked to adverse effects on survival, growth, or re-
production in non-target aquatic species.

Two in vivo studies on aquatic specieswith TBP resulted in apical ef-
fect endpoints at 600 μg/L for regeneration of flatworms (Yoshioka et al.,
1986) and between 1000 and 5000 μg/L for mortality of fathead min-
nows, Daphnia magna, and rainbow trout (Dave et al., 1979, 1981;
Mayer and Ellersieck, 1986). In a study with zebrafish, TBEP caused sig-
nificant early developmental toxicity by inhibiting the degradation and
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Mixture 1: Tributyl phosphate,

Caffeine; 14 sites

Mixture 2: Bisphenol A,

DEET; 19 sites

Mixture 3: 4-Nonylphenol, branched;

Atrazine; Metolachlor; 5 sites

Fig. 6. Adverse outcome pathway network associated with 21 AOPs identified as relevant to the biological activities (assays) that had EARsiteMixture N 10−3. Panels represent potential
relative influence for three example mixtures on the network, where arrows (key event relationships) linking the key events along a given AOP are weighted based on median
EARsiteAOP for the mixture (thicker arrows indicate greater EARsiteAOP values). Biological key event nodes are represented as shapes: molecular initiating events as diamonds, adverse
outcomes as squares, and intermediate key events as circles.
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utilization of maternally-derived nutrients, thereby inducing apoptosis.
Effects were observed at a concentration as low as 150 μg TBEP/L (Han
et al., 2014). TPhPwas acutely toxic toD.magnawith a lethal concentra-
tion required to kill 50% of the population (LC50) of 89 μg/L (Lin, 2009),
and in zebrafish larvae, whole-body thyroid hormones and related gene
expression were influenced at 40 μg TPhP/L, the lowest concentration
tested (Kim et al., 2015). TBP and TPhP have been shown to display ad-
ditive effects during concurrent exposures (Lin, 2009). Compared to
concentrations measured in the current study, these effect concentra-
tions for TBP and TBEP are relatively high, and substantial adverse ef-
fects might not be expected. More detailed consideration of biological
responses associated with EARs N10−3 for TBP, TPhP, and TBEP suggest
relatively sensitive interactions with peripheral benzodiazepine recep-
tor (PBR; TBP; assay IDs NVS_MP_hPBR, NVS_MP_rPBR) or the
pregnane × receptor (PXR; TBP, TBEP; assay IDs ATG_PXRE_CIS_up,
NVS_NR_hPXR) as well as the estrogen receptor (TBEP; assay
ACEA_T47D_80hr_Positive). Activation of PXR is caused bymany differ-
ent types of chemicals, and generally is indicative of potential to induce
xenobiotic metabolism (Kliewer et al., 2002). The significance of the in-
teraction with PBR is less clear, but the estrogenic responses establish a
clear link to one ormore AOPs.While estrogenic activity would not nec-
essarily be expected to result in lethality in either short- or long-term
aquatic toxicity tests, potential effects on reproduction and/or develop-
ment in vertebrate species are possible (Ankley et al., 2016).

Collectively, these examples highlight some of the differences be-
tween the application of traditional in vivo toxicity benchmarks and
pathway-based activities thatmayflag a chemical as a potential priority.
While the high throughput screening assays are detecting “real” biolog-
ical activities, those activities are not necessarily directly translatable
into in vivo effects in aquatic species. At the level of EARSiteChem the ap-
proach serves as a practical first tier prioritization tool. A lack of EARs
exceeding the prioritization threshold is a reasonable, evidence-based
indicator of lower likelihood for biological effects. However, although
an EAR exceeding the threshold does suggest potential for biological ac-
tivity, it does not necessarily indicate that activity will result in toxicity.
This points to the potential value of further alignment of ToxCast end-
points with AOP knowledge as a potential means to refine the analysis
in a way that helps to better differentiate indicators of probable hazard
from indicators of potentially more benign effects like induction of he-
patic metabolism or of sublethal physiological effects.

Just as there are activities captured in the high throughput screening
battery that would not necessarily contribute to, or drive, conventional
in vivo benchmarks, there are also caseswhere in vivo toxicity testsmay
detect biological effects that would go undetected using in vitro sys-
tems. For example, even though PAHs were identified as a potential
concern using both EARSiteChem and TQmax values, results were notably
different between the twomethods (Fig. 2). EARSiteChem values indicated
less potential for pathway-based bioactivity than those from TQmax

values. This difference could be attributed to the different nature of in-
formation represented in high throughput assays as compared to that
used to determinewater quality benchmarks. PAHwater quality bench-
marks used in the present study included those published by US EPA as
well as the Canadian Council of Ministers of the Environment (Table SI-
2). These water quality benchmarks take into consideration multiple
forms of toxicity, including two that are not accounted for in ToxCast as-
says: metabolic- and photo-activation. Some PAHs are known to be
metabolically activated to more toxic forms (Incardona et al., 2006;
Stegeman and Lech, 1991), and it has been acknowledged that ToxCast
in vitro assays underestimate toxicity resulting from metabolic activa-
tion (DeGroot et al., 2018; Jacobs, 2013). The more stringent Canadian
water quality benchmarks for PAHs included mortality in assays from
post-test ultraviolet (UV) radiation (Canadian Council of Ministers of
the Environment, 2015). UV radiation exposure can induce photo-
activation of PAHs, thereby decreasing concentrations of concern by
several orders of magnitude over those without UV exposure (US EPA,
1996, 2003). Given that high-throughput assay results used in the

present study do not account for photo-activation, this could, at least
partially, explain the differences in EARmax and TQmax values for PAHs.

Overall, these results suggest that the EAR-based evaluation is in-
deed useful for hypothesis formulation to prioritize individual
chemicals of concern. An EAR threshold of 10−3 appeared to provide
conservative results tending toward inclusion of chemicals in question
except for PAHs where some mechanisms to influence biological activ-
ity (e.g., metabolic- or photo-activation) are notwell represented by the
current assays included in ToxCast. The parameters chosen for inclusion
of priority chemicals, however, are somewhat arbitrary, and may
change based on study objectives. In this case, chemicals that were de-
tected at 10 ormore siteswith EARSiteChem N 10−3were selected as a pri-
ority. Revising these parameters could result in a different list of
chemicals. For example, if the threshold for the number of sites detected
was reduced to five, bromacil, prometon, carbaryl, triclosan, and tris
(dichloroisopropyl) phosphate (TDCPP) would have been added to the
priority list using the EAR-based approach, while only carbaryl would
have been added using water quality benchmarks.

4.1.2. Chemical mixtures

The first approach employed in the present study compared de-
tected concentrations of individual chemicals in water samples to the
concentrations eliciting in vitro activity across the ToxCast suite of as-
says (EARChem). This type of information was useful for highlighting
chemicals and sites of concern where chemical concentrations may be
approaching those that elicit pathway-based biological activity
(in vitro). However, another significant advantage of the EAR approach
is the ability to sum the potential effects of chemicals acting on either
the same biological target/pathway captured by an individual ToxCast
assay (i.e., the EARMixture) or chemicals acting on the set of assays that
align with one or more key events along an AOP (EARAOP). In these in-
stances, additivity of EAR values is a reasonable conservative assump-
tion for estimation of cumulative effects. Specifically, it is plausible
that each individual chemical detected in a mixture may be present at
concentrations that would not, alone, exceed the EARChem threshold of
10−3 selected for this study; however, collectively, multiple chemicals
acting on the same target or AOP could yield an EARMixture or EARAOP

N10−3. This concept has been verified, for example, for estrogenic com-
pounds (Thrupp et al., 2018).

In the present study, there were two additional ToxCast assays iden-
tified when EARMixture was N10−3 at 10 or more sites as compared to
those identified from individual EARChem values. The AOPs identified
when EARAOP was N10−3 did not change from those when EARChem

was N10−3, but EARChem alone often underestimated the potential for
impact. The mean EARChem contribution from the individual chemical
with the greatest contribution to any given EARSiteMixture and EARAOPMix

was 69% and 31% respectively. In addition, there were 23 chemicals that
had EARChem N 10−3, but 29 different chemicals contributed at least 5%
to EARAOP values when EARAOP was N10−3. Thus, while some chemicals
acting alone may not warrant concern, when acting in concert with
other chemicals present in the mixtures, they may exacerbate the im-
pact of one of the individually prioritized compounds.

4.2. Prioritization of potential biological effects

A primary goal of this type of analysis is to link the contaminants de-
tected, in their relative concentrations, to apical adverse outcomes that
might be of greatest concern at a given site. Recognizing that thesemix-
tures of chemicals will interact with more than one biological pathway,
and as a result, likely trigger multiple AOPs, the consideration of AOP
networks is viewed as one approach to try to understand the possible
cumulative effects of the chemicals (Knapen et al., 2018). Examination
of an EAR-weighted network (e.g., Fig. 6) demonstrates how cumulative
EARs (EARSiteAOP) might be used to identify what key events and out-
comes may dominate at one site versus another. However, the analysis
of AOP networks is in its infancy (Knapen et al., 2018; Villeneuve et al.,

1006 S.R. Corsi et al. / Science of the Total Environment 686 (2019) 995–1009



2018) and it must be recognized that only a small fraction of potentially
relevant pathways is currently represented in the AOPWiki. Asmany as
47 sites had chemicals associated with individual assays for which the
target biological activity has not yet been linked with AOPs (Fig. 4).

As afirst evaluation of the adverse outcomes predicted in the current
study, comparison to previous research indicates that reproductive dys-
function has been documented in multiple field studies with fish. These
have included phenotypic alterations in sexual characteristics associ-
ated with exposure to substances present in wastewater discharge
(Jobling et al., 1998, 2002), reduced sperm abundance and motility in
resident fish from rivers receiving wastewater effluent (Blazer et al.,
2012), reduced fecundity in fish downstream from or directly exposed
to a wastewater effluent discharge (Cavallin et al., 2016; Prado et al.,
2014), and multiple effects on male and female reproductive organs of
fish exposed to wastewater effluent (Vajda et al., 2008) among others.
It is recognized that neither the EAR-based identification of priority
AOPs within an overall AOP network, nor previous field studies
reporting effects consistent with some of these AOPs, causally implicate
that concentrations of these contaminants detected in Great Lakes trib-
utaries are having ecological effects. However, they do provide evidence
to hypothesize that thismay be the casewhen considering furthermon-
itoring and evaluation.

4.3. Limitations of the EAR approach

There are some important limitations to the EAR screening approach
that need to be highlighted: (1) comparison of water chemistry results
to assay results for individual chemicals does not allow for true evalua-
tion of the integrated effect of mixtures. Assumptions (such as EAR ad-
ditivity) must be made to evaluate the full sample matrix; (2) this type
of evaluation is limited to those chemicals that are analyzed in samples
that intersectwith those chemicals that are currently represented in the
ToxCast database (i.e., not all chemicals have been tested); (3) ToxCast
data are limited to a specific set of assays–there are effects and some
major modes of action that are not represented, including effects that
are unique to non-mammalian species; (4) many of the assays lack
the ability to metabolize the parent compounds being tested, which
can under-and over-estimate the in vivo toxicity of some chemicals,
and (5) not all ToxCast assays are currently linked to AOPs. Even with
these limitations, high-throughput screening data can serve as a valu-
able tool for screening for potential adverse biological effects particu-
larly where traditional in vivo toxicity data required to calculate water
quality benchmarks are lacking. In addition, applying the ToxCast data
in this manner could further inform and improve the ToxCast data
curation and the AOP knowledgebase. For example, as hypotheses
emerging from such analyses are tested, anomalous activities in the
ToxCast data set can be identified and flagged, leading to more reliable
pathway-based prioritization in the future. Additionally, priorities for
AOP development may be identified.

4.4. Application of findings

Ultimately, the current study findings can be used to focus available
resources. For example, results can help identifywhich of themonitored
chemicals and chemical mixtures are a priority at each of the sites eval-
uated (Fig. SI-4, Table SI-8) and which AOPs are most likely to be rele-
vant for the identified chemicals and mixtures at any given site
(Fig. SI-6, Tables SI-8 and SI-9). Predicted bioactivities can then be con-
firmed through laboratory- or field-based investigation or through ob-
servations of resident organisms. However, for confirmation studies to
be representative of the greatest potential hazard from chemical expo-
sures, testing conditions must reflect the circumstances under which
these chemical mixtures are most likely to be present at any given
site. The contaminants present, the concentrations, and the exact mix-
tures vary spatially (urban vs agricultural, commercial vs residential,
crops vs pasture), seasonally, and hydrologically (base flow, snowmelt,

rainfall) (Baldwin et al., 2016). Well-chosen investigations that reflect
the setting for which the greatest potential hazard exists based on
these factors would provide substantial value and additional confidence
in verifying results. After confirmation of the hypothesized bioactivities,
reduction strategies for sources of these chemicals can then be investi-
gated and implemented.

5. Conclusions

When adequate data existed for a comparative analysis, chemicals of
greatest concern identified using the ToxCast database with an EAR
threshold of 10−3 were very similar to those identified using water
quality benchmarks with a TQ threshold of 10−1. However, the ability
to use the ToxCast database allowed for evaluation of twice as many
chemicals in terms of possible biological impacts, as compared to
water quality benchmarks. Several PAHs identified as a concern using
water quality benchmarks were not similarly flagged using the EAR ap-
proach, perhaps due to mechanisms that can enhance their in vivo tox-
icity but would not be captured using in vitro systems. Several
additional chemicals were identified as a potential concern through
evaluation of putative bioactivity from chemical mixtures. Results
from this work will enable resource managers to examine information
pertinent to individual sites and identify individual chemicals and
chemical mixtures of potential concern. Hypothesis-driven studies
may then be designed to verify results, and if confirmed, mitigation
strategies may be formulated and implemented.
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Justifications:

Justification 1:

The U.S. EPA’s Endocrine Disruptor Screening Program (EDSP) was established in
the late 1990’s as a result of the Federal Food, Drug and Cosmetic Act and an
amendment to the Safe Drinking Water Act which mandate EPA to use validated
methods to evaluate the endocrine disrupting potential of chemicals. The Endocrine
Disruptor Screening and Testing Advisory Committee (EDSTAC), chartered by
EPA in response to the legislation, provided guidance to the Agency on the design
and implementation of the EDSP. EDSTAC’s recommendations included
development of a tiered testing approach to evaluate a chemical’s potential to
interact with estrogen, androgen and thyroid endocrine systems in both humans and
wildlife. The EDSP would consist of tier 1 screening and prioritization to determine
a chemical’s potential to interact with endocrine systems and tier 2 testing to
characterize adverse organismal effects and define exposure levels at which those
effects occur.

The Office of Chemical Safety and Pollution Prevention (OCSPP) oversees the
battery of test guidelines including tier 1 (890.1000 series) and tier 2 (890.2300)
guidelines. The tier 1 battery is a series of short-term in vivo bioassays spanning
taxonomic classes representing rodents (mammalian model), birds, fish and
amphibians. More recently, in vitro assays for estrogen receptor binding and
steroidogenesis have been validated for inclusion in the tier 1 battery of assays. The
tier 2 battery of test guidelines consist of long-term in vivo bioassays in birds, fish
and amphibians and span multiple life-stages to better assess developmental
sensitivities to both endocrine disruption and generalized toxicity. Many of the tier
1 and tier 2 assays were designed by ORD scientists who also participated in
interlaboratory validation studies to establish standardized test protocols that would
not only be used by the U.S. EPA but also move forward for global harmonization
and adoption into the Organization for Economic Cooperation and Development’s
(OECD) Guidelines for the Testing of Chemicals.

The work nominated here involved the design, development, validation and global
harmonization of the tier 2 test guideline, OCSPP 890.2300 Larval Amphibian
Growth and Development Assay (LAGDA). The official test guideline is provided
as supporting material. Prior to the establishment of this test guideline, there was no
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existing standard for evaluating chronic chemical toxicity in an amphibian, let alone
a standard that includes evaluations of both endocrine disruption and
population-relevant endpoints important to ecological risk assessment such as
growth, somatic development and reproductive development. This test guideline
specifies recommended methods to generate data required by EPA for pesticide
registration, setting tolerances of pesticide residues and supporting decision making
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on regulation of industrial chemicals under various statutory authorities including
the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA), the FFDCA and
the Toxic Substances Control Act (TSCA).

Development and validation of the test guideline required expertise in amphibian
biology, endocrinology, toxicology, histopathology, statistics, analytical chemistry,
engineering, collegiality and perseverance. The first challenge was to build a
constant flow-through exposure system that could deliver consistent chemical
concentrations from an automated dilution system for more than five months (>20
weeks) per study. The system also needed to have integrated monitoring and control
so any failures or malfunctions occurring day or night that interrupted tank chemical
concentrations or environmental conditions could effectively be communicated to
appropriate staff for immediate response and correction. The exposure and
automated dilution systems built by our team for the development of this test
guideline remain to be some of the most sophisticated automated diluters in
existence and have been the subject of numerous visits by contract lab staff
outfitting their own facilities in preparation for running this test guideline. The
engineering and innovation that went into the exposure and automated dilution
systems capable of remaining stable and robust through a five-month long exposure
must be considered when realizing the full impact and innovation of this work
(images provided as supporting documents).

A key feature of this test guideline, which poses a unique challenge, is that the
exposure spans multiple amphibian life stages. Exposure is initiated during
embryonic development, continues post-hatch, through thyroid-mediated
metamorphosis and into the juvenile life stage when the reproductive organs are
fully differentiated and undergoing maturation. Experience with amphibian
developmental biology was required for the ability to identify and carefully handle
hundreds of fertilized, healthy and developmentally staged embryos to initiate
exposure. This is followed by the need for a keen eye to count miniscule hatched
larvae to evaluate hatching success and then rearing of the larvae through
metamorphosis. Normally, rearing  larvae is not an exceptional challenge;Xenopus

however, every individual in the test is evaluated for their metamorphic rate as one
indicator of thyroid axis function, so they are separated from one another within the
same tank when they reach a developmental milestone (metamorphic climax). Some
larvae were subsampled at metamorphic climax while others continued exposure.
Following the completion of metamorphosis, all remaining individuals were
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genetically tested to determine their gender and equal amounts of genotypic males
and females were identified per tank to continue exposure to the end of the test
whereas the rest were culled. These organism handling and accounting procedures
were logistically and technically complicated but resulted in extremely robust
evaluations of thyroid-mediated metamorphosis and reproductive development
through comparisons of genotypic versus phenotypic sex.

Chemical stock preparation, dilution and delivery, and analytical verification of
exposure concentrations were additional key components of this work. Some
chemicals required preparation of solid-liquid saturator columns whereas others
required carboy “shell-coating” in order to attain proper working stock
concentrations. These techniques represent innovations passed down from the
historical staff at the Great Lakes Toxicology and Ecology Division. Another
significant challenge that our team overcame was the degradation of test chemical
due to biofilm growth in the wetted components of the system – a challenge only
posed by bioassays generally running longer than three weeks. Weekly
comprehensive analytical verification of chemical concentrations was critical to
track this phenomenon. Implementation of periodic system sterilization during the
test was critical to maintaining stable chemical concentrations and “staying ahead”
of biological growth that was naturally selected for consuming the test chemical.
Performing system sterilization in situ without negatively impacting the developing
organisms was a highly technical, high stakes procedure that our team executed
routinely. This is the type of unforeseen phenomena that could incur extremely high
costs in future testing had this not been identified by our experience and articulated
within the test guidance.

Other efforts to provide comprehensive guidance included gathering of internal and
external experts in statistics and histopathology to participate in workshops aimed at
building consensus around recommended approaches. The LAGDA generates
apical-level data useful for ecological risk assessment, which includes
histopathology to evaluate morphological effects on endocrine glands/tissues that
indicate active compensation, intersex/sex reversal or dysmorphogenesis.
Development of many histological procedures resulted from the workshops
including tissue collection, processing, sectioning, section sampling, definition of
pathological diagnoses in various tissues and statistical analyses of incidence and
severity scores. These procedures described in the LAGDA guideline are the most
detailed and comprehensive histopathology methods for this commonly used model
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organism to date. A similar level of effort went into the recommended statistical
approaches for analyzing LAGDA data. 

Finally, although many other details of this work could be discussed with regard to
their scientific contribution and impact, a significant effort and Agency investment
worth considering was our contribution to the interlaboratory validation study. Our
team participated as the lead laboratory in the validation study which required a
substantial amount of collaboration and collegiality. Following our drafting of the
proposed guideline, we worked with a series of other groups including multiple U.S.
contract laboratories, the U.S. Army, the Japanese Ministry of the Environment and
a Japanese contract lab. In some cases, we were in weekly contact with labs to help
them troubleshoot issues from embryo screening to rearing larvae to analytical
chemistry to genetic testing. The overall coordination of this interlaboratory
validation study resulted in submission of participant data to our team for assembly
of an Integrated Summary Report to be used as the basis for a FIFRA Scientific
Advisory Panel review and determination on whether the guideline was sufficiently
validated. Following this exercise, the guideline went on to be globally harmonized
and adopted by the OECD.  

Justification 2A:

Haselman et al. (2016a) is the first presentation of the LAGDA study design in the
peer reviewed literature. This manuscript consists of two validation studies, one that
demonstrates the effects of a weak estrogenic compound, 4- -octylphenol, and thetert

other study demonstrates the effects of a potent androgen, 17-trenbolone. Although
these compounds had already been studied in the context of endocrine disruption
across species, these compounds were treated as reference chemicals for causing
specific modes of toxicity so the LAGDA endpoints could be evaluated. Aside from
the breadth of data generated, there were two notable findings that came out of these
studies. First, given the fact that organisms need to survive through embryonic
exposure in order to provide chronic effect data through the rest of the test, this life
stage becomes a driver of chemical concentration ranges. Effectively, this helps
determine whether the predominant driver of the risk assessment is either survival
or endocrine-related effects. In cases where a chemical may cause clear endocrine
effects at concentrations tolerated by a larva, juvenile or adult, these concentrations
may not be tolerated by an embryo undergoing gastrulation. The second notable
finding resulting from these studies is that  oviducts are the most sensitiveXenopus

tissue to alterations in estrogen and androgen signaling. The mechanisms by which
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the oviducts mature in females and resorb in males require estrogen and androgen
signaling, respectively. The agonism of these chemicals was clearly demonstrated
by the precocious maturation of oviducts in females and retention of oviducts in
males exposed to 4- -octylphenol while exposure to 17-trenbolone causedtert
complete resorption of oviducts in a portion of females, rendering them incapable of
reproduction. This finding provided precedent for oviduct histopathology being



Page 8 of 17

leveraged as an indicator of either estrogenic or androgenic modes of action when
the gonads themselves appear to be less sensitive to dysmorphogenesis in the same
exposure conditions.

Haselman et al. (2018) consisted of another LAGDA validation study that served
multiple purposes. In addition to providing validation data, this study included more
mechanistic endpoints to characterize effects of a chemical exhibiting an
antiandrogenic mode of toxicity, the fungicide prochloraz. Haselman et al. (2015) is
provided as a supporting publication which identifies a novel gene expression
biomarker of normal testis development via microarray analysis in Xenopus

 gonads. The relaxin family locus C type II ( ) gene in tropicalis rflcii Xenopus

 is orthologous to the human insulin-like 3 ( ) gene.  had beentropicalis INSL3 INSL3

shown to code for a Leydig cell specific protein and was being implemented as a
biomarker of Leydig cell function in humans and rodents. As part of the prochloraz
exposure, we implemented a gene expression measurement of the  ortholog,Xenopus

, to evaluate its utility as a biomarker of testis development and/orrflcii

dysmorphogenesis. This was a novel application of this biomarker in a toxicological
study using  and showed strong correlation with testis dysmorphogenesisXenopus

caused by prochloraz exposure. Further, this study corroborated the finding in the
previous LAGDA validation studies that oviducts are sensitive to hormonal
alterations during development.

The two primary publications nominated here embody a significant amount of effort
in the development and validation of the LAGDA guideline within our laboratory.
Haselman et al. (2016b) is provided as a supporting publication because this study
was run by a Japanese contract lab involved in the interlaboratory validation study
and was published by us as a collaboration in support of globally harmonizing the
test guideline. This study demonstrates the effectiveness of the LAGDA for
characterizing the effects of chronic exposure to benzophenone-2, a chemical with
multiple endocrine modes of action. The full extent of the LAGDA development
and validation cannot be fully understood without considering the global efforts and
collaborations highlighted by this publication.

Justification 2B:
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The following four authors were co-authors on the same nomination in 2016, which
included two publications in a single nomination that received Honorable Mention.

Jonathan Haselman; (1) In vitro, ex vivo, and in vivo determination of thyroid
hormone modulating activity of benzothiazoles, (2) Inhibition of the thyroid
hormone pathway in Xenopus laevis by 2-mercaptobenzothiazole; 2016; Honorable
Mention

Patricia Kosian; (1) In vitro, ex vivo, and in vivo determination of thyroid hormone
modulating activity of benzothiazoles, (2) Inhibition of the thyroid hormone
pathway in Xenopus laevis by 2-mercaptobenzothiazole; 2016; Honorable Mention

Joseph Korte; (1) In vitro, ex vivo, and in vivo determination of thyroid hormone
modulating activity of benzothiazoles, (2) Inhibition of the thyroid hormone
pathway in Xenopus laevis by 2-mercaptobenzothiazole; 2016; Honorable Mention

Sigmund Degitz; (1) In vitro, ex vivo, and in vivo determination of thyroid hormone
modulating activity of benzothiazoles, (2) Inhibition of the thyroid hormone
pathway in Xenopus laevis by 2-mercaptobenzothiazole; 2016; Honorable Mention

Justification 2C:

The current nomination represents a completely different research effort.
Specifically, this nomination encompasses the development and validation of a
standardized, globally harmonized chronic toxicity test guideline needed by OCSPP
for implementing policy. The 2016 nomination was focused on demonstrating a
molecular pathway-based evaluation of benzothiazole thyroid toxicity using a series
of experimental approaches including in vitro, ex vivo and short-term in vivo
assays.  
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Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

Recognition of this overall contribution from outside our division included Agency
awards, an invitation to lead a short course at the Society of Environmental
Toxicology and Chemistry national meeting, an invitation to write a book chapter
and invitations to numerous U.S.-Japan Bilateral meetings to collaborate on global
harmonization of endocrine disruptor testing methods. Additionally, we were
invited to participate in the OECD Validation Management Group’s review and
adoption of the test guideline. The evidence of these activities and awards are listed
below.

OECD (2015), Test No. 241: The Larval Amphibian Growth and Development
Assay (LAGDA), OECD Guidelines for the Testing of Chemicals, Section 2, OECD
Publishing, Paris, https://doi.org/10.1787/9789264242340-en.

U.S.-Japan Bilateral Collaboration on Ecotoxicity Assays for Endocrine Disruption
Meeting. Washington DC. October 2013.

Bronze Medal for Commendable Service (2013) Office of Chemical Safety and

Pollution Prevention. For significant accomplishments in development of Tier 2 test
supporting EPA’s science needs within the Endocrine Disruptor Screening Program
(EDSP).
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US-Japan Bilateral Collaboration on Ecotoxicity Assays for Endocrine Disruption 8

 Meeting March 2012, Washington DC, USA.th

Silver metal for Commendable Service (2011) Environmental Protection Agency. In
recognition of exceptional leadership and meritorious service demonstrated in
advancing the science of endocrine disruptors through translation and peer review
of key topics related to screening and testing the universe of EDSP chemicals.

US-Japan Bilateral Collaboration on Ecotoxicity Assays for Endocrine Disruption 6

 Meeting January 2010, Washington DC, USA.th

US-Japan Bilateral Collaboration on Ecotoxicity Assays for Endocrine Disruption 5

 Meeting. January 2009 Tokyo, Japan.th

Ankley, G.T., G. Cripe, S.J. Degitz, M.L. Haasch, K.M. Jensen, R.D. Johnson,
A.W. Olmstead, and J.E. Tietge. 2009. Chapter 4: Overview of USEPA tests with
aquatic vertebrates for detecting and assessing endocrine disrupting chemicals.
Endocrine Toxicology, Third Edition, Taylor & Francis, Boca Raton, FL, pp.
102-130.

US-Japan Bilateral Collaboration on Ecotoxicity Assays for Endocrine Disruption 4

 Meeting. December 2008, San Fancisco CA, USA.th

Short Course. Endocrine Disruption Chemicals Tier I and Tier II Testing Protocols

 SETAC North America 29  Annual Meeting,for Small Fish and Amphibians. th

November 16-17, 2008, Tampa, FL.



Page 12 of 17

Justification 3B:

The peer review process for the nominated publications included standard peer
review as directed by each of the journals. Each manuscript was reviewed by two
anonymous external reviewers solicited by the journal editorial staff and/or their
automated systems with the final decisions of acceptance made by either the
Managing Editor or Editor-in-Chief.

An initial draft of the OCSPP 890.2300 guideline and associated interlaboratory
validation studies were reviewed by a Scientific Advisory Panel (SAP) in June 2013
under the authority of the Federal Insecticide, Fungicide and Rodenticide Act. The
panel consisted of members invited by EPA from academia, other U.S.
governmental organizations and private industry. As part of the SAP review
process, the draft 890.2300 guideline and integrated summary report (ISR) of the
interlaboratory validation studies were posted on the public facing federal docket
for additional public comment. Among these validation studies included in the ISR
were the studies published and nominated here, so these studies have been uniquely
externally peer reviewed multiple times at multiple levels and were even opened to
the general public for review.

Toward the end of 2014 the test guideline was globally harmonized through further
review by the Validation Management Group for Ecotoxicity Testing within the
Organization for Economic Cooperation and Development (OECD). This process
acted as yet another external review of the interlaboratory studies conducted to
validate the test guideline. This review process resulted in the adoption of the test
guideline and inclusion in their Guidelines for the Testing of Chemicals, which is
described by the OECD as,

“a collection of about 150 of the most relevant internationally agreed testing

methods used by government, industry and independent laboratories to identify and

characterise potential hazards of chemicals. They are a set of tools for

professionals, used primarily in regulatory safety testing and subsequent chemical

and chemical product notification, chemical registration and in chemical

evaluation. They can also be used for the selection and ranking of candidate

chemicals during the development of new chemicals and products and in toxicology

”research. This group of tests covers effects on biotic systems.
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Development of the Larval Amphibian Growth
and Development Assay: effects of chronic
4-tert-octylphenol or 17β-trenbolone exposure
in Xenopus laevis from embryo to juvenile

Jonathan T. Haselmana*, Patricia A. Kosiana, Joseph J. Kortea,
Allen W. Olmsteada, Taisen Iguchib, Rodney D. Johnsona

and Sigmund J. Degitza

ABSTRACT: The Larval Amphibian Growth andDevelopment Assay (LAGDA) is a globally harmonized test guideline developed by
the U.S. Environmental ProtectionAgency in collaborationwith Japan’sMinistry of the Environment. The LAGDAwas designed to
evaluate apical effects of chronic chemical exposure on growth, thyroid-mediated amphibian metamorphosis and reproductive
development. During the validation phase, two well-characterized endocrine-disrupting chemicals were tested to evaluate the
performance of the initial assay design: xenoestrogen 4-tert-octylphenol (tOP) and xenoandrogen 17β-trenbolone (TB). Xenopus
laevis embryos were exposed, in flow-through conditions, to tOP (nominal concentrations: 0.0, 6.25, 12.5, 25 and 50μg l–1) or TB
(nominal concentrations: 0.0, 12.5, 25, 50 and 100ng l–1) until 8weeks post-metamorphosis, at which time growthmeasurements
were taken, and histopathology assessments were made of the gonads, reproductive ducts, liver and kidneys. There were no
effects on growth in either study and no signs of overt toxicity, sex reversal or gonad dysgenesis. Exposure to tOP caused a
treatment-related decrease in circulating thyroxine and an increase in thyroid follicular cell hypertrophy and hyperplasia (25
and 50μg l–1) during metamorphosis. Müllerian duct development was affected after exposure to both chemicals; tOP exposure
caused dose-dependent maturation of oviducts in both male and female frogs, whereas TB exposure caused accelerated
Müllerian duct regression in males and complete regression in >50% of the females in the 100ng l–1 treatment. Based on these
results, the LAGDA performed adequately to evaluate apical effects of chronic exposure to two endocrine-active compounds and
is the first standardized amphibianmultiple life stage toxicity test to date. Published 2016. This article is a U.S. Government work
and is in the public domain in the USA.

Additional supporting information may be found in the online version of this article at the publisher’s web-site.

Keywords: Xenopus laevis; 17β-trenbolone; 4-tert-octylphenol; OECD Test 241; OCSPP 890.2300; thyroid; reproductive development;
endocrine-disrupting chemicals

Introduction

The 1996 U.S. Food Quality Protection Act and an amendment to
the Safe Drinking Water Act mandate the U.S. EPA to develop a
screening program to determine whether certain substances have
the potential to interact with human endocrine systems causing
adverse hormonal effects. The EPA responded to this legislation
by chartering the Endocrine Disruptor Screening and Testing
Advisory Committee (EDSTAC) made up of representative
scientists who recommended a tiered approach to endocrine
disruptor testing that addresses effects in both humans and
wildlife. EDSTAC also recommended that screening and testing
should include estrogen-, androgen- and thyroid-related
processes. The U.S. EPA’s Endocrine Disruptor Screening Program
(EDSP) has been actively developing assays to identify
endocrine-disrupting chemicals (EDC) using the recommended
tiered approach (EDSP Website). Tier 1 screening assays are
designed to identify whether a chemical will interact with some
aspect of the endocrine system. Early in 2015, EPA released Tier 1
screening results for 52 pesticide chemicals, of which a subset
have been recommended for Tier 2 testing (US EPA, 2015a). Tier

2 tests are designed to assess Tier 1-active chemicals for
endocrine-related effects in vivo and generate concentration-
response information suitable for ecological risk assessment.
Japan’s Ministry of the Environment uses a similar approach to
chemical testing and risk assessment (MOE, 2010) and collabo-
rated with the U.S. EPA over the last decade to develop a standard-
ized multiple life stage toxicity test guideline for amphibians. The
Larval Amphibian Growth and Development Assay (LAGDA)
guideline has been globally harmonized and recently adopted
by the Organization for Economic Cooperation and Development

*Correspondence to: Jonathan T. Haselman, US EPA Mid-Continent Ecology

Division, 6201 Congdon Blvd, Duluth, MN, 55804, USA.

E-mail: haselman.jon@epa.gov

aUS EPA Mid-Continent Ecology Division, 6201 Congdon Blvd, Duluth, MN 55804,

USA

bOkazaki Institute for Integrative Bioscience, National Institute for Basic Biology,

National Institutes of Natural Sciences, 5-1 Higashiyama, Myodaiji, Okazaki, Aichi

444-8787, Japan

J. Appl. Toxicol. 2016; 36: 1639–1650 Published 2016. This article is a U.S. Government work and is in the public domain in the USA.

Research article

Received: 16 November 2015, Revised: 25 February 2016, Accepted: 14 March 2016 Published online in Wiley Online Library: 3 May 2016

(wileyonlinelibrary.com) DOI 10.1002/jat.3330

1639



(OECD, 2015) under Level 4 of their conceptual framework on
endocrine-disruptor testing and assessment (OECD, 2012). The
U.S. EPA has also published the test guideline under their EDSP
890 series of harmonized test guidelines (US EPA, 2015b). Thework
described herein contributed to the basis for the current assay
design and methodology.

The LAGDA is a chronic toxicity testing procedure with an
amphibian model that considers growth and development from
shortly after fertilization through the early juvenile period.
Specifically, the assay involves a water-borne exposure of early life
stage Xenopus laevis embryos with the continuation of exposure
until approximately 2months after completion of metamorphosis,
when the gonads are fully differentiated in control organisms. This
design enables the collection of hormone-regulated endpoint data
(e.g. metamorphosis, gonadal development) and information
concerning various aspects of the reproductive biology and life
stage viability. The suite of endpoints assessed throughout the
assay are intended to characterize adverse apical outcomes of
chronic exposure to endocrine disruptors or other types of
developmental and reproductive toxicants.

As metamorphosis is a thyroid hormone-mediated process,
developmental assessments at the pro-metamorphic Nieuwkoop
and Faber (NF; 1994) stage 62, including growth, circulating
thyroxine and thyroid gland histopathology, allow the assay to
identify perturbations to the hypothalamic–pituitary thyroid
(HPT) axis. Continuation of the assay post-metamorphosis allows
further evaluations of growth and reproductive organ
development to help identify a substance’s potential to cause
gonad dysgenesis or adverse effects on reproductive ducts.
Histopathological assessments of liver and kidney are also made
at test termination as measures of metabolic or overt toxicity. As
an initial step towards evaluating this test protocol, the assay
was performed using two well-characterized model chemicals
representing two different modes of action within the
hypothalamus–pituitary–gonadal (HPG) axis: 17β-trenbolone (TB),
an androgen receptor agonist and 4-tert-octylphenol (tOP), an
estrogen receptor agonist. The goal of this work was to test
well-characterized endocrine disruptors as a means to evaluate
the proposed assay’s effectiveness for characterizing adverse
apical outcomes after chronic exposure in an amphibian model.

Trenbolone acetate is a growth promoter used in cattle
production and the excreted metabolite, 17β-trenbolone, has
been measured in aquatic systems near concentrated
animal-feeding operations (CAFOs) (Durhan et al., 2006). The
effects of TB exposure in aquatic life have been studied with
respect to those physiological processes regulated via the HPG axis
including gonad differentiation and development in fish and
amphibian species (Orn et al., 2006; Holbech et al., 2006; Morthorst
et al., 2010; Olmstead et al., 2012). TB has been tested previously in
the closely related amphibian species X. tropicalis (Olmstead et al.,
2012). In that study, the authors characterized the effects of
aqueous exposure to TB during larval X. tropicalis development
using an exposure protocol similar to the one described herein.
Concentrations≥ 100ng l–1 resulted in a spectrum of androgenic
responses which included hypertrophy of the larynx resulting in
late larval mortality, development of nuptial pads, a mixed-sex
phenotype in the ovaries of females and hypertrophy of the
Wolffian ducts.

4-tert-Octylphenol is a degradation product of octylphenol
polyethoxylate which is used as a non-ionic surfactant in industrial
and household settings (Ahel et al., 1994; Ying et al., 2002) and has
been shown to interact with the estrogen receptor in reporter cell

lines, transactivation assays (Routledge and Sumpter, 1997; Kuiper
et al., 1998; Paris et al., 2002) and trout primary hepatocytes
(Jobling and Sumpter, 1993). Vitellogenin (Vtg), an
estrogen-responsive biomarker, has been shown to be elevated
in male zebrafish (Ortiz-Zarragoitia and Cajaraville, 2005), male
eelpout (Rasmussen et al., 2005), male and female medaka (Seki
et al., 2003) and in X. laevis primary cultured hepatocytes (Mitsui
et al., 2007) exposed to tOP. Additionally, exposure to tOP has been
shown to cause decreased sperm count and the presence of
testis-ova in medaka (Seki et al. 2003), decreased the
gonadosomatic index and increased testis-ova in eelpout
(Rasmussen et al., 2005), decreased spermatozoa and increased
testis anomalies in male sheepshead minnows (Karels et al.,
2003) and decreased percent of viable eggs in female sheepshead
minnows (Karels et al., 2003). Kloas et al. (1999) reported that expo-
sure of larval X. laevis to 4-octylphenol resulted in a significant shift
in the sex ratio towards females. However, when Porter et al. (2011)
exposed X. tropicalis to tOP, sex ratios were unaffected, but signif-
icant induction of Vtg and advanced oviduct development in adult
males were reported. Based on these previously published studies,
tOP was used as a representative environmental estrogen and TB
was used as a representative environmental androgen for
evaluating the utility of the initial test design.

Materials and methods

Experimental design

Xenopus laevis embryos (≤ NF stage 15) were exposed to four
different chemical concentrations and control water in each sepa-
rate study until 10weeks after the median time to NF stage 62 in
the control (See Nieuwkoop and Faber, 1994 for staging details).
For each study, there were five replicate tanks in each test
concentration with eight replicate tanks for the control (n=26
organisms/tank). Interim sub-samples (n=5 per replicate tank)
were collected at NF62 to assess growth, somatic development,
circulating thyroxine and thyroid histopathology. Other endpoints
evaluated during exposure included those indicative of
generalized and metabolic toxicity: mortality, abnormal behavior,
growth determinations (length and weight) and histopathology
of the juvenile liver and kidney at test termination. Also, endpoints
indicative of impacts on the HPG axis were evaluated including
juvenile plasma Vtg and histopathology of the gonads and
reproductive ducts. Genotypic/phenotypic sex ratios were also
evaluated.

Test concentrations

Test concentrations were chosen to perturb the endocrine system
and cause measurable effects on organ morphology and levels of
endocrine-mediated biochemical indicators. Given the observed
mortality in the studies of Olmstead et al. (2012), the highest target
test concentration for TB was set at 100 ng l–1 with a 0.5 dilution
factor resulting in nominal test concentrations of 100, 50, 25 and
12.5 ng l–1. In the case of tOP, test concentrations were set based
on earlier collaborative studies performed by Porter et al. (2011)
with X. tropicalis. From their short-term range-finding exposure, it
was found that concentrations above 60μg l–1 resulted in signifi-
cant mortality in embryos and early stage larvae (unpublished
data). Therefore, the high test concentration was set at 50μg l–1

with a 0.5 dilution factor resulting in nominal test concentrations
of 50, 25, 12.5 and 6.25μg l–1.
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Environmental conditions

Organisms were cultured in Lake Superior Water (LSW) initially
filtered through sand, UV sterilized and filtered again to 5μm
before entering the in-house culture or exposure aquaria. Larvae
were held at 21 °C throughout the duration of the exposure.
Dissolved oxygen, pH and conductivity were measured in
all-exposure tanks once per week throughout the duration of each
test whereas alkalinity and hardness were measured once per
month in one replicate tank per treatment (Table 1). There were
no treatment-related effects on any water quality parameters, so
Table 1 represents all measurements across all treatments and
control within each study. A 12:12 light:dark cycle was used with
fluorescent lighting at intensities between 600 and 2000 lux
(lumens/m2) at the water surface. Exposure tanks were randomly
assigned to positions within each exposure system.

Exposure systems

For the TB study, a flow-through electronically controlled dilution
system consisted of four metering pumps (Fluid Metering Inc.,
Syosset, NY, USA) that each pressurized a single manifold
equipped with 12 solenoid valves. Two manifolds were supplied
with LSW that had a subset of channels assigned to control tanks
whereas the other two manifolds were supplied with toxicant
concentrations of 100 and 25ng l–1 TB. Systematic pairing of
manifold channels and calibration of solenoid firing times allowed
real-time formulation of the 50 and 12.5 ng l–1 concentrations
upon delivery to the tanks. The flow rate of all treatments and
controls provided nine tank turnovers per day to 4-l tanks. Wetted
surfaces were strictly glass, Teflon® or stainless steel. All biomass,
flow rates and water quality were essentially the same across all
treatment and control tanks except the TB concentrations and
slight variation in the number of individuals per tank owing to
inherent hatch and mortality rates throughout the test period.

For the tOP study, a different exposure system was used
because of laboratory logistics. The dilution system consisted of a
series of single drive/dual head metering pumps (Fluid Metering
Inc., Syosset, NY, USA) through which both diluent and toxicant
flowed to make a single concentration in a stainless steel mixing
cell. Flow-through conditions were maintained by delivering
toxicant and control LSW solutions with multichannel peristaltic
pumps to achieve 9.5 tank turnovers per day in 6.5-l tanks. Wetted
surfaces were strictly glass, Teflon®, Pharmed® tubing, or stainless
steel. All biomass, flow rates and water quality were essentially
the same across all treatment and control tanks except the tOP
concentrations and slight variation in the number of individuals
per tank owing to inherent hatch and mortality rates throughout
the test period.

To reduce chemical degradation by biofilms on the wetted
surfaces of the test systems, prophylaxis treatments were
performed at least every 3weeks by sterilizing the wetted surfaces

with a 2% solution of Minncare® Cold Sterilant, which consists of
hydrogen peroxide and peroxyacetic acid (Mar Cor Purification,
Plymouth, MN, USA). Also, animals were transferred to clean tanks
on the same schedule to avoid biofilm overgrowth within the
tanks.

Chemical stock preparation

17β-Trenbolone

A 2.5mgml–1 super stock was prepared by adding the neat
material (Sigma-Aldrich, St. Louis, MO, USA, CAS 10161-33-8;
purity≥ 93%) to 100% ethanol. Aliquots of the super stock were
prepared in air-tight liquid chromatography vials and stored at –
20°C until stock preparation. To prepare the weekly stock, a 200-
μl aliquot of the super stock was allowed to warm to room temper-
ature and 114μl was added to approximately 5ml of high-purity
acetone. The solution was mixed and quantitatively transferred
to a 1-l glass bottle. The side walls of the bottle were rinsed with
acetone, and it was carefully tipped onto its side and placed on a
roller. Filtered and desiccated compressed air was gently blown
into the bottle as it was rolled to evaporate the acetone and ’shell
coat‘ the bottle with TB. Once the acetone was completely evapo-
rated, the bottle was filled with reverse osmosis (RO) water and
stirred overnight to dissolve. The concentrated 1-l stock was quan-
titatively transferred to a 19-l carboy and diluted with RO water to
15μg l–1.

4-tert-Octylphenol

As a result of the low solubility of tOP in water, saturator columns
were constructed according to methods described by Kahl et al.
(1999) to produce chemical stocks. Briefly, 1.2-m medium walled
glass tubing (Kimble 80400, 25mm o.d., 0.24 cm walls) was thor-
oughly cleaned and bent into a ’U‘ shape using a torch. Each leg
was packed firmly with Pyrex® 3950 glass wool using an unbreak-
able rod. The glass wool columns were cleaned by flushing three
pulses of 150ml high purity acetone using positive and negative
air pressure generated by a motorized pump. The clean columns
were allowed to dry completely overnight under vacuum. To load
chemical onto the columns, 5 g of tOP (CAS 140-66-9; purity 97%;
Sigma-Aldrich) was dissolved in 150ml of high purity acetone
and half was used to coat each leg of the column. Next, 75ml
was poured into one leg while a vacuum was applied to the other
leg. When the chemical solution interface reached the bottom of
the leg, the vacuum was switched to draw the solution back up
for even coating. After the acetone was evaporated, the other
leg was coated using the same technique. Coated columns were
then dried overnight under vacuum. Before columns were used
to generate stocks, they were flushed at 40mlmin–1 for 8–12h
with RO water. Stocks were generated at 4mlmin–1 using RO

Table 1. The mean (± SD) of all water quality measurements throughout the exposures

Study Temperature
(°C)

D.O.
(% sat.)

pH Alkalinity
(mg l–1 CaCO3)

Hardness
(mg l–1 CaCO3)

Conductivity
(μS)

17β-trenbolone 21.1± 0.4 63.0 ± 14.9 7.34±0.20 47.4± 0.9 44.6± 1.1 111±5
4-tert-octylphenol 21.1± 0.2 80.8 ± 4.8 7.64±0.09 47.4± 0.7 47.3± 0.7 107±1

The means and standard deviations include all replicate tanks throughout all treatments and control within each study.
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water and were measured to confirm concentrations of approxi-
mately 11mg l–1 before being delivered to the test system.

Test initiation

Adult in-house breeding pairs were induced to spawn by injection
of 750 IU human chorionic gonadotropin (hCG) (CAS 9002-61-3;
Sigma-Aldrich) into the dorsal lymph sac of each male and female
and were allowed to enter amplexus in static 10-l tanks filled with
6 l of culture water. Eggs were collected, and jelly coats were
removed by L-cysteine treatment approximately 14–16h after
pairing. A 2% L-cysteine solution was prepared and pH adjusted
to 8.1 with 1N NaOH. This 21 °C solution was added to a 500-ml
Erlenmeyer flask containing the eggs from a single spawn and
swirled gently for 1–2min and then rinsed thoroughly 6–8 times
with 21 °C culture water. The spawn was transferred to a crystalliz-
ing dish and determined to be> 70% viable with minimal abnor-
malities in embryos exhibiting cell division. Embryos were
carefully screened for any cellular or superficial abnormalities and
then NF stage 10 through NF stage 15 embryos were distributed
evenly into each of 28 glass beakers (250ml) containing approxi-
mately 20ml of culture water. Each beaker contained 26 embryos
to be added to each exposure tank. Initiation of exposure occurred
no later than NF stage 15. At test initiation, beakers containing the
embryos were carefully submerged in the exposure tank solution
and set on the bottom of the tank. This technique kept the
embryos localized within the beaker until they were able to swim
out into the tank on their own and allowed for simple observations
of embryonic development. The beakers were positioned directly
under the test solution delivery line to facilitate solution renewal
and flow through the beaker. When all of the organisms had left
the beakers, the beakers were removed from the exposure tanks.
Observations of arrested embryonic development were recorded
before hatch; mortality and abnormal behavior was recorded daily
throughout the duration of the exposures.

Feeding

Tadpoles were fed a liquid diet three times per day on weekdays
and once per day on weekends starting on day 4 post-fertilization.
The diet consisted of Silver Cup Trout Starter (Nelson and Sons,
Murray, UT, USA), Spirulina algae discs (Wardley, Secaucus, NJ,
USA) and TetraFin® flakes (Tetra Sales, Blacksburg, VA, USA)
blended in culture water. Tadpoles were also fed 24-h-old live
brine shrimp (Bio-Marine® Brand; Bio-Marine, Hawthorne, CA,
USA) twice daily on weekdays and once daily on the weekends
starting on day 8 post-fertilization. Feeding was increased weekly
until the majority of individuals in any given tank developed to
NF stage 62, at which time food was systematically decreased
based on a number of individuals still filter feeding (<NF62). When
individuals completed metamorphosis (NF66), the diet was
changed to 3/32” premium sinking frog food pellets (Xenopus
Express, Plant City, FL, USA) for the duration of the test.

Larval sub-sampling

Larval NF stage 62 sub-sampling was performed by dividing the
exposure tank and separating individuals that reached NF62 from
individuals<NF62 and recording the day on which each individ-
ual reached NF62. For measurements of weight, snout-to-vent
length, serum thyroxine levels and thyroid histopathology, one
out of each group of five consecutive individuals reaching NF62

in any given tank was randomly sampled (total sample: n=5).
For example, of the first five tadpoles in a particular replicate tank
to reach NF62, one was randomly chosen (a priori) to be sampled.
Blocking each consecutive five tadpoles reaching NF62 and ran-
domly choosing one for sampling (a priori) was repeated until all
individuals in the tank had reached NF62. The remaining larvae
that had all developed past NF62 remained in the tank for contin-
ued exposure.

Sub-sampled tadpoles were euthanized by submersion in
200mg l–1 tricaine methanesulfonate (MS-222; Argent Chemical
Laboratories, Redmond,WA, USA) bufferedwith 400mg l–1 sodium
bicarbonate. Blood was immediately collected by exposing the
heart, severing the aorta and allowing the pumping heart to fill a
25-μl non-heparinized capillary tube. Blood was allowed to clot
on ice for approximately 4h, centrifuged to separate the serum
from the clot, and the serum was transferred to individual vials
and stored at –80 °C until further analyses. After blood collection,
a transverse cut was made at the posterior margin of the arms
for decapitation, and the head was fixed in Davidson’s solution
for thyroid histopathology. Individuals not sampled were left in
the divided tank until all individuals had reached NF62 or test
day 70, at which time the tank dividers were removed, and any
larvae that had not reached NF62 were documented and
euthanized by immersion in MS-222.

Cull

Two to threeweeks after all individuals completedmetamorphosis
(NF66), a cull was performed to reduce the tank density and
resulted in five males and five females remaining in each tank until
test termination (tOP resulted in four males and four females). Toe
clips were taken from every individual in a manner where they
could be uniquely identified based on tank ID and toe clip scheme.
These toe clips were analyzed for the presence or absence of a W
chromosome-linked gene, DM-W, to determine genetic sex
(described in the section below). Equal numbers of males and
females were randomly selected to remain in each replicate tank,
and all other juveniles were euthanized by submersion in
500mg l–1 MS-222 buffered with sodium bicarbonate.

Juvenile sampling (test termination)

The studies were terminated 10weeks after the median time to
NF62 in controls (i.e. approximately 8weeks post-metamorphosis
in controls). Endpoints were collected on all juveniles immediately
after euthanasia by intraperitoneal injection of buffered MS-222.
Juveniles were weighed and measured for snout-to-vent length;
then the chest was opened to expose the heart for blood collec-
tion. The aorta was severed and blood was collected into a
heparinized capillary tube (~50μl). The heparinized blood was
expelled into a microcentrifuge tube coated with aprotinin and
placed on ice until centrifugation to separate the red blood cells
from the plasma. Plasma was transferred to a new vial and stored
at –80 °C until further analyses. After blood collection, the
abdomen was opened and the liver was carefully removed intact,
weighed, placed in a labeled cassette and transferred into
Davidson’s fixative. Subsequently, the remaining internal viscera
was removed and discardedwith care to leave the gonads, kidneys
and reproductive ducts undamaged and in situ for fixation. Gonad
phenotype was recorded, and a foot was removed and frozen for
genetic sex determination. The torsos containing gonads, kidneys
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and reproductive ducts were placed in individually labeled
cassettes and transferred to Davidson’s fixative.

Histological procedures

All tissues preserved for histological analyses were fixed in
Davidson’s fluid for 48h and then processed into paraffin for
H&E staining and sectioning. Histopathologic findings were scored
for severity according to the following grading system: NR=not
remarkable, Grade 1=minimal (less than 10% of tissue affected),
Grade 2=mild/slight (≥10% but less than 40% of tissue affected),
Grade 3=moderate (≥40% but less than 80% of tissue affected)
and Grade 4= severe (≥80% of tissue affected).

The larval thyroid glands were step sectioned transversely from
caudal to rostral at approximately 50-μm intervals. Two
step-sections containing bilateral gland tissue were obtained per
larval sample. Both left and right glands of the selected sections
were evaluated for pathology by brightfield microscopy according
to previously reported criteria (Grim et al., 2009).

The juvenile livers were embedded in their entirety, and 200-μm
step sections were taken until the largest possible cross-sectional
area was reached, at which time two sections were evaluated.

The juvenile gonad, kidney and reproductive ducts were left in
situ and were processed, sectioned and evaluated within the same
sections. Torsos were trimmed transversely first at the anterior and
posterior margins of the gonads, then the gonads were measured
on the anterior–posterior axis and bisected transversely in the
exact middle to yield two equally sized sections – one anterior
and one posterior. Each section was embedded in a separate mold
to efficiently obtain sections representative of the anterior, middle
and posterior regions of the gonad. One section from each region
was scored for pathologies and the most severe score from any of
the three sections was used for subsequent analyses. This was
done given the precedent that X. tropicalis gonads differentiate
and mature along an anterior–posterior gradient (El Jamil et al.,
2008) and that different regions could be affected differently by
chemical exposure during differentiation.

Genetic sexing

A hind limb was kept from each individual and frozen at –20 °C
until DNA could be isolated using DNeasy kits (Qiagen, Valencia,
CA, USA) according to manufacturer’s instructions. Testing for the
presence or absence of the X. laevis W-linked marker (DM-W) was
performed by PCR based on the method described by Yoshimoto
et al. (2008). DMRT1 was also amplified in duplexed PCR reactions
as a reference gene.

Serum thyroxine

Serum thyroxine (T4) was measured using the high-performance
liquid chromatography with inductively coupled plasma mass
spectrometry (HPLC/ICP-MS) method previously described by
Tietge et al. (2010). Equal amounts of serum from five larvae per
tank were pooled and diluted 1:10 with mobile phase before anal-
ysis. After HPLC/ICP-MS analysis, all remaining serum (from be-
tween 2 and 5 larvae) was pooled by replicate tank and another
more transferrable method, enzyme-linked immunosorbent assay
(ELISA), was used to evaluate the level of consistency between the
two methods despite the differing pooling techniques. Each
method analyzed slightly different numbers of sample pools per
treatment owing to serum availability (see Fig. 1 for details). A

commercially available ELISA kit designed for measuring T4 in hu-
man serum (MP Biomedicals, Santa Ana, CA, USA, Cat # 07BC1007)
was adapted for use in X. laevis. The kit instructions were followed
with three exceptions: (i) a stock T4 standard at 154μgml–1 was
prepared in 0.05M Na2CO3 and subsequently diluted to desired
concentrations (2.5 to 100ngml–1) in Tris-methanol buffer (0.1M
Tris-Cl, pH7.3, 1% methanol) and underwent the same extraction
process as the samples to avoid matrix effects; (ii) T4 was liberated
from binding proteins in samples using an ethanol extraction; and
(iii) samples/standards were combined with T4-HRP conjugate be-
fore loading onto the ELISA plate. For deproteination of T4, 180μl
of 95 % ethanol was added to 60μl of serum or serum diluted in
Tris-methanol buffer. This solution was mixed several times by
vortexing within a 10-min period then centrifuged for 10min at
20 000 g. The supernatant was transferred to a different tube,
and another 180μl of ethanol was added to the remaining pellet
for a second extraction. The second extraction was centrifuged
for 5min at 20 000 g and the supernatant was combined with
the first extraction supernatant. The combined extracts were
brought to dryness in a vacuum centrifuge concentrator, thor-
oughly resuspended in 60μl of Tris-methanol buffer and then cen-
trifuged for 10min at 20 000g. A 55-μl aliquot of the supernatant
was transferred to a new tube, and 220μl of diluted T4-conjugate
was added. From this, a 125μl aliquot was added to duplicate
wells of the ELISA plate.

Plasma Vtg ELISA

Plasma Vtg was measured in juveniles from the tOP study using a
competitive ELISA. The method was essentially the same as one
previously described for use in X. tropicalis (Olmstead et al.,
2009a), except that purified X. laevis Vtg was used as a standard
and for coating the plates. The purified Vtg was prepared from

Figure 1. The mean serum T4 concentrations in NF62 tadpoles after ex-
posure to xenoestrogen 4-tert-octylphenol (tOP) determined by high-
performance liquid chromatographywith inductively coupled plasmamass
spectrometry (HPLC/ICP-MS) or enzyme-linked immunosorbent assay
(ELISA) methods (error bars: ± 1 SD). Measurements and statistical results
were in agreement betweenmethods. Asterisks (*) indicate treatments that
were statistically different than the control at P< 0.05 ( Jonckheere–
Terpstra). Statistical tests were run on data from each method indepen-
dently. The corresponding number (n) of sample pools (by replicate tank in-
dependent of gender) are aligned across the top of the graph.
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plasma collected from adult frogs fed 17α-ethinyl estradiol-coated
food for approximately 2weeks. Using standard concentrations of
X. laevis Vtg from 12 760 to 50ngml–1, standard curves were
obtained that closely resembled the range of binding seen in the
X. tropicalis ELISA. Plasma samples were diluted 1:30 in assay buffer
before being assayed.

Exposure verification

17β-Trenbolone

Weekly water samples (50 to 110ml) were collected from the TB
exposure tanks (0, 12.5, 25, 50 and 100ng l–1), placed into clean
amber bottles and immediately processed through solid phase
extraction (SPE) columns using a Gilson GX-271 Liquid Handler
(Gilson Incorporated, Middleton, WI, USA). Briefly, 3 -ml (200mg)
Strata X C-18 SPE columns (Phenomenex, Torrance, CA, USA) were
pre-cleaned with 4ml of acetonitrile, activated with 10ml of
methanol and then equilibrated with 10ml of Burdick & Jackson
(B&J) HPLC grade water. Water samples (15, 25, 50 or 100ml) were
processed through the columns at 5mlmin–1. After sample
addition, the columns were rinsed with 2ml of water and then
dried using a 3-ml air push. TB was eluted from the columns with
4ml of methanol at 2.5mlmin–1. Residual methanol was removed
from the columns using a 3-ml air push. The eluates were collected
in clean glass culture tubes and then placed in the refrigerator
overnight. The next day the eluates were evaporated to dryness
using nitrogen and a heated water bath (40 °C). During the
evaporation process, the inside of the culture tubes were rinsed
with methanol. Upon reaching dryness the culture tubes were
immediately removed from the water bath and allowed to reach
room temperature. The residue was reconstituted to 1.0 or
1.25ml with 10%methanol and 90% B&J water and then vortexed
to mix. The reconstituted extracts were immediately analyzed for
TB concentrations. Quality assurance samples were conducted
with each SPE sample set and consisted of an LSW blank, duplicate
samples and matrix-spiked samples at each of the TB treatment
levels.

TB concentrations were determined by reverse phase liquid
chromatography-tandemmass spectrometry (LC-MS/MS). Aliquots
of the SPE reconstituted extracts were placed into amber HPLC
vials. An internal standard (allyl trenbolone, CAS 850-52-2) was
added to each vial. The samples were then analyzed using an
Agilent 1200 HPLC with a 6410 triple quadrupole mass spectrom-
eter (LC-MS/MS). Next, 50μl of sample was injected into an Agilent
Zorbax Extend C-18 column (3.5-μ particle, 2.1 × 100mm) that was
maintained at 30 °C. The column was eluted under isocratic
conditions (31%A:69%B) at a flow rate of 0.2mlmin–1. Mobile
phase A consisted of 2% ethanol:2% methanol:96% ammonium
acetate (2.5mM) containing 0.01% ammonium hydroxide. Mobile
phase B consisted of 2% ethanol:96% methanol:2% ammonium
acetate (2.5mM) containing 0.01% ammonium hydroxide. The
HPLC effluent was introduced into the mass spectrometer using
electrospray ionization (ESI) in the positive mode. Nitrogen was
used as nebulizing and collision gas and was obtained from a
nitrogen generator. The source parameters were set at 350 °C
( gas temperature), 10 lmin–1 ( gas flow), 30 psi (nebulizer pres-
sure) and 1700 V (capillary voltage). Multiple reaction monitor-
ing (MRM) was used during the MS/MS analysis of TB and the
internal standard allyl trenbolone. The optimized MRM param-
eters for TB were collision energy (20 V), fragmentor (150 V),
precursor ion (271m/z), quantifier ion (199m/z) and qualifier

ion (157m/z). The optimized MRM parameters for allyl
trenbolone were collision energy (22 V), fragmentor (150 V),
precursor ion (311m/z), quantifier ion (227m/z) and qualifier
ion (199m/z). Concentrations of TB were determined by the in-
ternal standard method of quantification using Agilent Mass
Hunter software.

For the exposure water samples, the mean±SD (n=40)
measured concentrations of the 12.5, 25, 50 and 100ng l–1 TB
treatments were 9.0± 2.8, 19.2± 5.8, 41.4± 9.7 and 79.9
± 24.1 ng l–1, respectively, over the duration of the experiment.
Among-tank variability was≤ 32% with the coefficient of variation
(averaged over the duration of the exposure) of 31.4, 29.9, 23.3 and
30.2%, respectively, for the 12.5, 25, 50 and 100ng l–1 treatments.
No TB was detected in the control water treatments. For quality
control samples, no TB was detected in the Lake Superior water
blanks (n= 16). The mean ± SD (n= 16) recoveries of spiked
samples were 64.5 ± 6.5%, 77.3 ± 6.1%, 81.4 ± 7.6% and 84.8
± 4.0% at the 12.5, 25, 50 and 100 ng l–1 spiked levels, respec-
tively. The mean± SD agreement among duplicate samples
were 98.7 ± 7.4% (n= 16), 101.7 ± 4.1% (n= 7), 102.4 ± 7%
(n= 8) and 98.8 ± 5% (n= 15) for the 12.5, 25, 50 and 100 ng l–1

treatments, respectively. The method limit of quantification
was 1.5 ng l–1.

4-tert-Octylphenol

Water samples (1ml) were collected weekly from the tOP
exposure tanks (0, 6.25, 12.5, 25 and 50 μg l–1) and placed into
amber sample vials. The water samples were amended with
0.25ml of acetonitrile, vortexed to mix and immediately
analyzed using an Agilent 1260 series high-performance
liquid chromatograph (HPLC) with diode array detection
(λ = 194 nm). An aliquot (75 μl) of sample was injected directly
into a Poroshell 120 EC-C18, 2.7 μm particle, 3 × 50mm column
(Agilent, Wilmington, DE, USA, PN# 699975-302) that was
maintained at 23 °C. tOP eluted from the column under
isocratic conditions with 20% Burdick & Jackson (B&J)
HPLC grade water and 80% acetonitrile at 0.5mlmin–1.
Concentrations of tOP were determined by the external stan-
dard method of quantification using linear regression. Calibra-
tion standards ranged from 2.54 to 101.7 μg l–1 and were
prepared in 75% B&J water and 25% acetonitrile.

For the exposure water samples, the mean±SD measured
concentrations of the 6.25, 12.5, 25 and 50μg l–1 tOP
treatments were 6.3± 0.5 (n=80), 12.6± 1.2 (n=73), 25.0± 2.0
(n=79) and 54.2± 4.6μg l–1 (n=65), respectively, over the
duration of the experiment. Among-tank variability was≤ 10%
with the coefficient of variation (averaged across the duration of
the experiment) of 8.3, 9.4, 8.1 and 8.5%, respectively, for the
6.25, 12.5, 25 and 50μg l–1 treatments. No tOP was detected in
the control water treatment. Quality control samples were
conducted with each sample set and included LSW blanks,
duplicate samples and matrix-spiked samples at each of the tOP
treatment levels. No tOP was detected in the LSW blanks (n=16).
The mean±SD (n=16) recoveries of spiked samples were 90.2
± 6.5%, 95.6± 3.9%, 95.3± 4.2% and 96.6± 3.2% at the 6.25, 12.5,
25 and 50μg l–1 spiked levels, respectively. The mean±SD
(n=16) agreement among duplicate samples was 102.2 ± 4.0%,
98.9 ± 3.7%, 100.2± 1.7% and 100.2± 5.0% for the 6.25, 12.5, 25
and 50μg l–1 treatments, respectively. The detection limit was
2.5μg l–1.
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Statistical analyses

All NF62 sub-sample data were analyzed independently of gender
whereas all juvenile data were analyzed separately according to ge-
netic sex. All quantitative data (weight, length, LSI, T4, mortality) was
verified to be monotonic by fitting it to an ANOVAmodel and com-
paring linear and quadratic contrasts of normalized rank statistics.
Treatment effects were determined using the Jonckheere–Terpstra
trend test. Transformations were not applied to any of the data ex-
cept for percent mortality, which was arcsine-square root trans-
formed before analysis. For all statistical approaches described in
this section, P< 0.05 was considered statistically significant.

Time-to-NF62 data were analyzed using a Cox mixed-effects
proportional hazard model (Therneau, 2015). This model
accounted for within tank and between tank variance in addition
to mortalities. Individuals that did not reach NF62 before test day
70, including mortalities, were right-censored.

Incidence rates and severity scores from histopathological
evaluations were analyzed using the Rao-Scott Cochran-Armitage
by slices (RSCABS) test (Green et al., 2014). This test accounts for
differential replication and takes the expected monotone
dose-response relationship into account. RSCABS not only tests
for differences between treatments and control but also tests for
significant differences at each represented severity level resulting
in outputs of significant treatments alongwith their corresponding
significant severity level(s). This method was also used to
determine the treatment effects on gonad and reproductive duct
development by considering developmental stages as equivalent
to ’severity‘ scores.

Results

Survival and growth

Mortality data were analyzed as the percent that either did not
hatch or died post-hatch in any particular replicate tank, not due
to a technical error, sampling or culling. All control tanks in both
studies had≤ 20% mortality and there were no treatment-related
effects on survival in either study. However, technical difficulties
(drain obstruction and tank overflow) late in the tOP study caused
one 12.5μg l–1 replicate and two 50μg l–1 replicates to be lost after
the post-NF stage 62 cull. There were no treatment-related effects
on growth (weight and snout-to-vent length) or larval develop-
ment (time to NF62) in either study and no effects on growth of
juveniles at test termination in either study (Supporting Informa-
tion Tables 1–3). Juvenile liver-somatic indices were also
unaffected by chemical treatment in both studies (Supporting
Information Tables 2, 3).

Larval serum T4 and thyroid histopathology

Two different methods were used to measure serum T4 from the
tOP study, as described in the methods section. There was a
treatment-related reduction in serum T4 concentrations in the 25
and 50μg l–1 tOP treatments (Fig. 1), which corresponds to
increased incidence and severity of thyroid follicular cell
hypertrophy observed in these two treatments and the increased
incidence of moderate thyroid follicular cell hyperplasia observed
in the 50μg l–1 treatment (Table 2). The measured serum T4 levels
were consistent between the two methods (Fig. 1). There were no
treatment-related effects on larval serum T4 concentrations or
thyroid histopathology in the TB study (data not shown).

Juvenile plasma Vtg

Overall, the majority of plasma Vtg levels were not quantifiable.
The few samples that were quantifiable were slightly above the
minimum detection limit of the ELISA method. Because Vtg was
not detected in most of the samples, statistical analyses were
deemed inappropriate, and the data are not presented.

Juvenile gonad histopathology

All of the individual genotypic sexes matched the corresponding
histological gonad phenotypes in both studies, so there was no
evidence of sex reversal or gonad dysgenesis in either study.
Moreover, the developmental rates of the gonads were not
affected by chemical treatment in either study. The only two
treatment-related findings in the testes of males exposed to TB
were increased spermatogonia (minimal) and germ cell
vacuolation (minimal to mild) in frogs of the 100ng l–1 treatment
(Table 3). Germ cell vacuolation was characterized by clear
cytoplasmic ballooning in small clusters of pachytene phase
spermatocytes. There were no effects on the pathology of the
juvenile testes in the tOP study (data not shown), nor were there
any apparent effects of TB exposure on the ovaries of juvenile
females (data not shown). In the tOP study, ovaries experienced
increased incidences and severity ofmononuclear cellular infiltrate
(minimal to mild) in the 12.5, 25 and 50μg l–1 treatments
(Supporting Information Table 4).

Juvenile reproductive duct histopathology

There were treatment-related effects on oviduct development in
both genders and in both studies. In the TB study, males exhibited
accelerated regression of oviducts in the 100ng l–1 treatment as
compared to the control whereas females experienced prodigious
oviduct regression in the 50 and 100ng l–1 treatments (Table 4).

Table 2. The prevalance (% of n) and severity of larval thyroid
gland histopathological observations after exposure to tOP

Nominal tOP concentration
(μg l�1)

0 6.25 12.5 25 50

Total n 39 24 25 25 24
Replicate tanks 8 5 5 5 5

Follicular Cell Hypertrophy
NR 3 0 0 0 4
Mild 46 21 36 16 4
Moderate 51 75 56 (68) (71)
Severe 0 4 (8) (16) (21)

Follicular Cell Hyperplasia
NR 74 58 56 76 58
Mild 26 42 44 24 33
Moderate 0 0 0 0 (8)
Severe 0 0 0 0 0

Decreased Colloid
NR 36 46 28 72 71
Mild 62 50 72 (28) (29)
Moderate 3 4 0 0 0
Severe 0 0 0 0 0

NR, not remarkable, numbers in parentheses are significantly
different from control based on RSCABS analysis.
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The opposite effect occurred in the tOP study; there were
significant delays in male oviduct regression (6.25, 12.5, 25 and
50μg l–1) and female oviduct maturation was significantly
advanced with tOP exposure (Table 4). Given the importance of
the oviduct as a female reproductive organ necessary for the appli-
cation of the jelly coat to the oocyte and release of the oocyte to the
external environment, effects observed as a result of TB exposure is
expected to have a considerable consequence on reproductive ca-
pacity (Fig. 2). There were no treatment-related effects on Wolffian
duct development or pathology in either gender in either study.

Juvenile kidney and liver histopathology

Two common findings in the juvenile kidneys of all individuals in
both studies were renal tubule mineralization/casts (minimal to

moderate) and renal tubule dilation (minimal to mild). Prevalence
and severity were comparable between treatments and control in
most cases; females showed a slight increase in incidences of mild
tubule dilation in the 50μg l–1 tOP treatment (data not shown). The
livers of most individuals in both studies also had common occur-
rence of granulomatous inflammation, which was comparable be-
tween treated and control frogs although the severity was
minimal. However, the prevalence of minimal cellular hypertrophy
of hepatocytes was increased in the 50 and 100ng l–1 TB
treatments (data not shown). No treatment-related effects were
present in any livers of the tOP-exposed frogs.

Discussion

Standardized toxicity tests utilizing the representative amphibian
model species X. laevis currently exist only for specific life stages
of development. The Frog Embryo Teratogenesis Assay-Xenopus
(ASTM Standard E1439, 2012) is intended to evaluate a chemical’s
teratogenic properties only during embryonic development. The
Amphibian Metamorphosis Assay is a Tier 1 assay utilized by
the U.S. EPA’s EDSP (US EPA, 2009) and has also been adopted
globally by the OECD (OECD, 2009). This assay is intended to eval-
uate a chemical’s impact on thyroid hormone-mediated meta-
morphosis; it begins just before pro-metamorphosis and ends
before completion of metamorphosis, encompassing only a win-
dow of larval development. The LAGDA is the first standardized
and globally harmonized test guideline that encompasses all of
embryonic, larval and juvenile development and is designed to
evaluate adverse apical effects that may manifest over multiple
life stages of chronic exposure. The assay endpoints were inten-
tionally designed to assess apical outcomes that could have
population-level implications, which is most useful to risk asses-
sors. Molecular markers were omitted from the test guideline be-
cause they do not provide risk assessors definitive information
regarding the true adverse outcomes at the tissue or organismal
level. However, independent of chemical testing for risk assess-
ment, the LAGDA serves as a foundation on which specific molec-
ular endpoints can easily be added to investigate other research
questions.

Table 4. Histological staging of juvenile oviducts after either 17β-trenbolone (TB) or 4-tert-octylphenol (tOP) exposure

Male Female

Nominal TB concentration (ng l–1) 0 12.5 25 50 100 0 12.5 25 50 100
Total n 39 21 20 25 25 38 25 29 24 25
Replicate tanks 8 5 5 5 5 8 5 5 5 5

Oviduct Stage
1 54 29 40 64 (100) 0 0 0 (8) (52)
2 46 71 60 36 0 100 100 100 92 48
3 0 0 0 0 0 0 0 0 0 0

Nominal tOP concentration (μg l–1) 0 6.25 12.5 25 50 0 6.25 12.5 25 50
Total n 32 20 16 16 9 30 20 16 21 12
Replicate tanks 8 5 4 5 3 8 5 4 5 3

Oviduct Stage
1 88 60 44 31 67 0 0 0 0 0
2 12 (40) (56) (69) (33) 87 80 75 67 25
3 0 0 0 0 0 13 20 25 33 (75)

Table values are percentages of n; numbers in parentheses are significantly different than control based on RSCABS analysis.

Table 3. The prevalence (%of n) and severity of juvenilemale
gonad histopathological observations after 17β-trenbolone
(TB) exposure

Nominal TB concentration (ng l–1) 0 12.5 25 50 100

Total n 39 21 20 25 25
Replicate tanks 8 5 5 5 5

Increased spermatogonia
NR 97 100 100 100 76
Minimal 3 0 0 0 (24)
Mild 0 0 0 0 0
Moderate 0 0 0 0 0
Severe 0 0 0 0 0

Germ cell vacuolation
NR 100 95 95 96 76
Minimal 0 5 5 4 (20)
Mild 0 0 0 0 4
Moderate 0 0 0 0 0
Severe 0 0 0 0 0

NR, not remarkable; numbers in parentheses are significantly
different than control based on RSCABS analysis.
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Initial considerations regarding the standardized assay design
required that it be (i) feasible and reasonable to perform success-
fully on a semi-routine basis, (ii) reproducible and (iii) transferable.
Early proposed assay designs and supporting work utilized X.

tropicalis owing to the shorter time to sexual maturity (Olmstead
et al., 2009a, 2009b, 2012; Porter et al., 2011), in addition to the
availability of genetic information for that species (i.e. fully
sequenced diploid genome). Unfortunately, the sex determination
strategy of X. tropicalis has been shown to be rather complex, with
the coexistence of Y, W and Z sex chromosomes within the labora-
tory population (Roco et al., 2015). The presence of three sex
chromosomes leads to a departure from the normal 50/50 sex ratio
in some instances requiring that all breeding animals be screened
to ensure only ZZ males are bred. Further, a sex-linked gene has
not been identified for X. tropicalis as has been identified for X.
laevis, which allows for simple and routine genetic sexing
(Yoshimoto et al., 2008). However, a sex-linked polymorphism
has been established in a sub-population of X. tropicalis, although
the source of the marker is a single female animal (Olmstead et al.,
2010). Populations derived from that particular female are very
limited, and efforts to increase the numbers have proven problem-
atic leading to a strain that lacks the necessary robustness to be
used for routine testing. Therefore, the assay design moved
forward with X. laevis as the model amphibian species.

Xenopus laevis does not reach sexual maturity until at least
1-year post-hatch. A test of that length would present logistical,
technical, and other challenges compromising reproducibility of
the results and/or transferability of the approach. Aside from

complications imposed by time to sexual maturity, classic repro-
ductive assessments (fertility and fecundity) are not possible to
make in X. laevis because they do not naturally mate in the labora-
tory, unlike other model species. Although mating behavior and
calling have been shown to be affected by EDCs (Behrends et al.,
2010), these assessments are also not feasible to include because
they would require the test to be carried out, at least, a full year,
presenting the same challenges mentioned above. Additionally,
mate calling behavior and fertility/fecundity evaluations in X. laevis

both require induction by hCG injections, which makes interpreta-
tion of results challenging in the context of environmental risk
assessment. Taken together, the most feasible, reproducible and
transferable assay design was determined to encompass embry-
onic, larval and juvenile development until the gonads are fully
differentiated in control organisms, which takes approximately
16weeks.
The studies presented here were conducted to evaluate the

initial assay design and to generate validation data from two
model EDCs targeting different points within the HPG axis.
Demonstration of different modes of endocrine disruption with
the LAGDA protocol would confirm its diagnostic capabilities and
demonstrate the assay’s utility for use within the U.S. EPA’s EDSP
and the OECD’s Endocrine Disruptor Testing and Assessment
framework. To that end, 4-tert-octylphenol was chosen as a model
xenoestrogen and 17β-trenbolone was chosen as a model
xenoandrogen, both of which have been well-characterized
endocrine-active chemicals in other species.
The high test concentrations in the current studies were set as

high as possible without causing embryo or larval lethality. This
was based on previous studies performed with closely related
amphibian species X. tropicalis using range-finder experiments
and long-term exposure protocols similar to the LAGDA (Porter
et al., 2011; Olmstead et al., 2012). Chronic exposure to tOP or TB
at concentrations used in the current studies did not affect survival
or growth. Liver and kidney histopathological evaluations for both
studies identified only a minimal treatment-related increase in
hepatocyte hypertrophy in the TB study (50, 100ng l–1 TB) with
no other treatment-related effects on these organs. These data
support the notion that the concentrations tested were not overtly
toxic and emphasizes the specificity of the endocrinemodes of ac-
tion observed.
Chronic exposure to higher levels of tOP appeared to negatively

impact thyroid homeostasis during larval development.
Amphibian metamorphosis is a thyroid hormone-mediated
process and NF stage 62 represents metamorphic climax, when
circulating thyroid hormone levels peak. The larval subsampling
takes place at NF stage 62 for this reason, as opposed to NF stage
66 when circulating thyroid hormone levels have decreased to-
ward adult baseline levels. NF stage 62 can also be easily identified
visually withoutmanipulation or handling of the organisms, similar
to NF stage 66, making it an equally suitable stage to sample in
that regard. As observed in the tOP study, the decrease in circulat-
ing T4, together with increased severity of thyroid follicular cell
hypertrophy and hyperplasia are indicative of thyroid axis disrup-
tion. Croteau et al. (2009) exposed Rana pipiens to tOP (0.01 and
10 nM) and reported developmental delays in larvae that they at-
tributed to disruptions in the thyroid axis. The authors suggest that
alterations in deiodinase enzyme concentrations in peripheral
tissues could be the mechanism through which tOP causes a
decrease in circulating T4 concentrations. While not providing
direct evidence for this mode of action, the effects seen in the
current tOP study do seem to corroborate the observations seen

A.

B.

50 µm

50 µm

Figure 2. (A) Stage 2 oviduct (arrow) observed in control females. (B)
Stage 1 oviduct (arrow) from a female exposed to 100 ng l–1 17β-
trenbolone (TB). Stage 1 oviducts, such as this, were not observed in any
control females. Scale bar: 50μm.
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in Rana pipiens, suggesting the potential for extrapolation of
LAGDA results to other amphibian species.

Vitellogenin levels were measured in juvenile plasma but
proved to be very low in the tOP study. Vtg is an egg yolk precursor
protein synthesized in the liver of oviparous vertebrates and is
positively regulated by estrogen receptor agonists. This relation-
ship is well characterized across species, and Vtg induction has
been utilized extensively as an in vivo and in vitro assessment of
xenoestrogen exposure. However, termination of the LAGDA study
takes place several months before the appearance of measurable
endogenous estradiol and Vtg in female X. laevis serum (Kelley,
1996). Although the liver is capable of producing Vtg after exoge-
nous estradiol stimulation at developmental stages≥NF62 (May
and Knowland, 1980), the levels of estradiol required to induce
Vtg are relatively high given the potency of estradiol concerning
the estrogen receptor. Additionally, Mitsui et al. (2003) demon-
strated that Vtg induction in smaller, more immature juveniles is
less sensitive to estradiol stimulation in both males and females
as compared to sexually mature animals. Taken together, this indi-
cates that tOP was too weak of a xenoestrogen to elicit a Vtg
response in juvenile frogs and brings into question whether this
endpoint is useful to include in this test guideline. Subsequent
experimentation will help define the utility of this endpoint as it
pertains to the LAGDA protocol, which may be strictly limited to
potent xenoestrogens.

Interestingly, there were no pronounced treatment-related
abnormalities observed in the gonads in either study. All
genotypes matched the histologically determined phenotypes
indicating no cases of gonad dysgenesis or sex reversal due to
exposure. Although this was expected in the tOP study based on
the results of Porter et al. (2011), ovary abnormalities were
generally expected in the high treatment of our TB study based
on the results reported by Olmstead et al. (2012), but did not occur.
This could be related to differential androgen sensitivity across the
closely related species tested (X. laevis vs. X. tropicalis) or that the
mean measured exposure concentration in our high treatment
was 80 ng l–1 as compared to the mean measured exposure
concentration of 104 ng l–1 reported by Olmstead et al. (2012).
Impaired gonadal development and function is a major focus in
the area of ecological EDC testing due to the potential for
population-level effects. However, most studies showing impair-
ment of gonad morphogenesis and/or reproductive function
generally initiate exposure during life stages that are better able
to survive high exposure levels. In the case of the LAGDA protocol,
survival through embryonic and larval development precludes
observing effects on gonadal development at those higher
concentrations, making embryo-larval survival the driver of test
concentration ranges in this chronic exposure paradigm. This, in
turn, emphasizes the specificity and significance of a chemical’s
endocrine disrupting potential as it pertains to chronic exposure
during amphibian early life stage growth and development.

While gonad differentiation and development was generally
unaffected in the current studies with X. laevis, oviduct develop-
ment turned out to be the most sensitive indicator of HPG axis
disruption by these two chemicals. Müllerian ducts are present in
both genders during larval development until they are thought
to be signaled either by an anti-Müllerian hormone in the males
to regress, or estradiol in the females to mature (Kelley, 1996;
Ogielska, 2009). The oviducts are one hallmark of secondary sexual
differentiation that are influenced directly by hormonal control
from the gonads. However, the true mechanisms and pathway
interactions influencing Xenopus oviduct fate are not well

understood. Consistent with this tOP study, Porter et al. (2011)
reported occurrences of adult X. tropicalis males having oviducts
following tOP exposure (1, 3.3, 11 and 36μg l–1) and a significant
increase in oviduct weight in males exposed to 36μg l–1 tOP. Con-
versely, when X. tropicalis were exposed to the anti-estrogen
fadrozole (aromatase inhibitor) at concentrations of 16 and
64μg l–1, all females in those treatments were sex reversed into
phenotypic males that did not have oviducts (Olmstead et al.,
2009b). Qin et al. (2007) demonstrated that polychlorinated biphe-
nyl exposure in X. laevis inhibitedMüllerian duct regression in juve-
nile males, likely resulting from observed decreases in serum
testosterone levels. Taken together, all of these studies appear to
support that estrogen is necessary, but not sufficient to cause ovi-
duct maturation in Xenopus, and androgen-mediated Müllerian
duct regression appears to trump endogenous estrogenic influ-
ence on the oviduct.

These mechanisms through which hormones and EDCs
influence the oviduct are important when considering molecular
initiating events that lead to adverse outcomes (Ankley et al.,
2010). The occurrence of oviducts in mature males is atypical but
is questionable as to whether or not this occurrence is adverse.
Males require alternative ducts, Wolffian ducts, for sperm to pass
from the testes to the external environment, which appeared to
be unaffected in the current studies. In contrast, females having
no oviducts leaves no question as to whether or not this effect is
adverse. Without oviducts, there is simply no way for the oocytes
to pass to the external environment for fertilization. This effect is
likely irreversible and renders these individuals incapable of repro-
duction, suggesting potential population-level impacts. This is a
good example of an apical outcome generated by the LAGDA that
would be given consideration in the risk assessment process for
this compound. To date, the LAGDA is the only validated test that
adequately evaluates amphibian reproductive duct and gonad
development following chronic chemical exposure. Although this
study design does not employ traditional apical reproductive
assessments (fertility and fecundity), the TB concentration showing
oviductal dysgenesis in females here is similar to the concentration
range showing significantly reduced fecundity in reproductively
competent fathead minnows exposed to TB for 21 days (Ankley
et al., 2003). Therefore, cross-species sensitivity to this androgenic
compound, with regard to reproductive dysfunction, appears to be
consistent. This supports that reproductive impairment can be
evaluated through observations of gross organmorphology, albeit
when profoundly impacted, rather thanmaking fertility and fecun-
dity assessments, of which are not feasible in this species or this
particular testing paradigm. This study also emphasizes the impor-
tance of androgenic effects on reproductive duct development in
amphibians and may also be a relevant mode of reproductive
impairment worth investigating in other oviparous vertebrate
species.

The LAGDA test guideline provides a foundation for standard-
ized amphibian chronic toxicity testing, which has not existed
thus far. There are many challenges associated with not only am-
phibian toxicity testing but also with chronic toxicity testing over
multiple life stages; these studies demonstrate a feasible ap-
proach to meet these challenges. These studies have also dem-
onstrated endocrine-specific effects at concentrations not
eliciting overt toxicity and serve to support the use of this assay
for its intended purpose. This assay has the potential to support
ecological risk assessments based on apical outcomes, in addi-
tion to providing a basis from which other specific endpoints
can be examined to support ongoing research efforts including
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elucidation of adverse outcome pathways and biological systems
modeling.
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Supporting information 

 
Table S1.  Λαρϖαλ γροωτη ανδ δεϖελοπmεντ φολλοωινγ εξποσυρε το ειτηερ ΤΒ ορ tΟΠ (mεαν ± ΣD).  Τιmε το ΝΦ62 

δατα αρε πρεσεντεδ ασ mεανσ οφ τανκ mεδιανσ ± ΣD. 

   
ΝΦ62 λαρϖαε 

Νοmιναλ χονχεντρατιον  n Wειγητ (γ) Λενγτη (mm) Τιmε το ΝΦ62 (δ) 

0 νγ/Λ  8 0.818 ± 0.140 18.7 ± 1.1 40 ± 1 

ΤΒ 12.5 νγ/Λ  5 0.835 ± 0.146 18.7 ± 1.0 40 ± 2 

ΤΒ 25 νγ/Λ  5 0.853 ± 0.154 18.8 ± 1.2 39 ± 1 

ΤΒ 50 νγ/Λ  5 0.913 ± 0.193 19.2 ± 1.3 39 ± 1 

ΤΒ 100 νγ/Λ  5 0.867 ± 0.166 18.8 ± 1.2 38 ± 1 

      
0 �γ/Λ  8 0.96 ± 0.15 19.2 ± 1.0 42 ± 2 

tΟΠ 6.25 �γ/Λ  5 1.05 ± 0.14 19.9 ± 0.9 41 ± 1 

tΟΠ 12.5 �γ/Λ  5 0.90 ± 0.15 19.0 ± 1.0 42 ± 1 

tΟΠ 25 �γ/Λ  5 1.00 ± 0.16 19.8 ± 1.1 42 ± 1 

tΟΠ 50 �γ/Λ   5 0.93 ± 0.19 18.9 ± 1.4 43 ± 1 

 

 

 

 
Table S2.  ϑυϖενιλε γροωτη ανδ λιϖερ−σοmατιχ ινδιχεσ φολλοωινγ ΤΒ εξποσυρε (mεαν ± ΣD). 

  n Wειγητ (γ) Λενγτη (mm) ΛΣΙ 

Νοmιναλ ΤΒ χονχεντρατιον   Φεmαλε 

0 νγ/Λ  8 12.9 ± 3.7 47.5 ± 5.1 0.059 ± 0.006 

12.5 νγ/Λ  5 13.3 ± 2.6 47.3 ± 3.3 0.058 ± 0.010 

25 νγ/Λ  5 12.5 ± 3.2 46.4 ± 4.4 0.061 ± 0.006 

50 νγ/Λ  5 12.3 ± 3.0 46.6 ± 4.7 0.058 ± 0.008 

100 νγ/Λ  5 13.7 ± 3.6 49.0 ± 4.8 0.058 ± 0.009 

      

   
Μαλε 

0 νγ/Λ  8 12.3 ± 3.3 46.2 ± 4.1 0.060 ± 0.010 

12.5 νγ/Λ  5 11.4 ± 2.4 45.4 ± 3.2 0.058 ± 0.009 

25 νγ/Λ  5 11.9 ± 2.7 46.3 ± 4.0 0.057 ± 0.006 

50 νγ/Λ  5 13.2 ± 2.6 47.6 ± 4.0 0.057 ± 0.008 

100 νγ/Λ   5 11.7 ± 2.7 46.4 ± 3.6 0.058 ± 0.007 

 

 

 

 

 

 
Table S3.  ϑυϖενιλε γροωτη ανδ λιϖερ−σοmατιχ ινδιχεσ φολλοωινγ tΟΠ εξποσυρε (mεαν ± ΣD). 

  n Wειγητ (γ) Λενγτη (mm) ΛΣΙ 

Νοmιναλ tΟΠ χονχεντρατιον   Φεmαλε 

0 �γ/Λ  8 12.0 ± 2.7 44.7 ± 4.0 0.059 ± 0.012 

6.25 �γ/Λ  5 12.4 ± 3.1 46.1 ± 3.7 0.059 ± 0.008 

12.5 �γ/Λ  4 11.7 ± 2.9 44.3 ± 4.0 0.058 ± 0.004 

25 �γ/Λ  5 12.1 ± 2.4 44.5 ± 3.2 0.061 ± 0.008 

50 �γ/Λ  3 11.6 ± 3.0 43.9 ± 4.3 0.062 ± 0.013 

      

   
Μαλε 

0 �γ/Λ  8 10.9 ± 2.7 43.1 ± 3.3 0.058 ± 0.008 

6.25 �γ/Λ  5 11.1 ± 2.0 44.1 ± 2.8 0.060 ± 0.010 

12.5 �γ/Λ  4 11.5 ± 3.0 43.1 ± 4.1 0.058 ± 0.007 

25 �γ/Λ  5 11.3 ± 3.0 43.5 ± 3.6 0.062 ± 0.010 

50 �γ/Λ   3 10.9 ± 1.5 43.3 ± 2.2 0.066 ± 0.011 
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Table S4.  Πρεϖαλενχε (% οφ n) ανδ σεϖεριτψ οφ ϕυϖενιλε γοναδ mονονυχλεαρ 

χελλυλαρ ινφιλτρατε φολλοωινγ εξποσυρε το tΟΠ (ΝΡ: νοτ ρεmαρκαβλε; νυmβερσ ιν 

παρεντηεσεσ αρε σιγνιφιχαντλψ διφφερεντ τηαν χοντρολ βασεδ ον ΡΣΧΑΒΣ 

αναλψσισ). 

 Φεmαλε 

Νοmιναλ tΟΠ χονχεντρατιον (∝γ/Λ) 0 6.25 12.5 25 50 

Τοταλ n 30 20 16 21 12 

Ρεπλιχατε τανκσ 8 5 4 5 3 

Μονονυχλεαρ Χελλυλαρ Ινφιλτρατε      

ΝΡ 63 40 25 38 42 

Μινιmαλ 33 60 (56) (57) (50) 

Μιλδ 3 0 19 5 8 

Μοδερατε 0 0 0 0 0 

Σεϖερε 0 0 0 0 0 
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A B S T R A C T

The Larval Amphibian Growth and Development Assay (LAGDA) is an internationally harmonized testing

guideline for evaluating effects of chronic chemical exposure in amphibians. In order to evaluate the effects of

chronic exposure to an antiandrogenic chemical in an amphibian model, prochloraz was tested using a variation

of the LAGDA design. Exposure was initiated with<1d post-fertilization embryos at nominal concentrations of

0, 6.7, 20, 60 and 180 μg/L (0, 18, 53, 159, 478 nM) and continued in flow-through conditions until two months

following the median time that controls completed metamorphosis. Growth, developmental rate, circulating

thyroid hormone and thyroid gland histopathology were evaluated in a subsample at completion of metamor-

phosis. There were no effects on growth or development at this stage, but circulating thyroid hormone was

elevated in the 20, 60 and 180 μg/L treatments and minimal to mild thyroid follicular cell hypertrophy was

observed histologically in the 180 μg/L treatment. Growth, overt toxicity, and reproductive development were

evaluated at test termination. There were no effects on growth in either gender, but livers and kidneys exhibited

treatment-related pathologies consistent with organ toxicity related to metabolism and presumably impaired

excretion of prochloraz metabolites. Histological assessments of female ovaries resulted in minimal pathologies

only in the 180 μg/L treatment while male testes exhibited numerous treatment-related pathologies that are

consistent with previously reported antiandrogenic effects of prochloraz in other species. The most severe testis

pathologies occurred in the 180 μg/L treatment; however, incidences of treatment-related pathologies occurred

in all prochloraz treatments. Müllerian duct regression in males was inhibited by prochloraz exposure while

Müllerian duct maturation in females was accelerated, characteristic of a feminizing effect. Gene expression

levels of potential biomarkers of testis function were also measured. Relative abundance of cyp17a1 transcripts

was generally unaffected by prochloraz exposure whereas the Insl3 orthologue, rflcii, was elevated by 3 and> 5-

fold in the 60 and 180 μg/L treatments, respectively, indicating impaired Leydig cell maturation and testosterone

signaling. Overall, prochloraz exposure caused effects characteristic of an antiandrogenic mode of action, which

is consistent with previously reported results in other species and supports the utility of the LAGDA design for

chemical testing.

1. Introduction

The Larval Amphibian Growth and Development Assay (LAGDA) is

a second tier, multiple life stage, chemical testing guideline that was

developed and globally harmonized under the Endocrine Disruptor

Screening Program of the U.S. Environmental Protection Agency

(https://www.epa.gov/endocrine-disruption) in collaboration with

members of the Organization for Economic Cooperation and

Development (OECD) to support ecological risk assessment (OECD,

2015; US EPA, 2015). The LAGDA is intended to be a definitive test that

identifies apical effects following chronic chemical exposure in the

model amphibian species Xenopus laevis and establishes a quantitative

relationship between exposure concentrations and any adverse effects.

During the development of the assay guideline, it was necessary to

validate the assay design using chemicals with known modes of action

within the endocrine system. Previous reports of LAGDA validation

studies include exposures to 4-tert-octylphenol and 17β-trenbolone, a

weak estrogen receptor agonist and potent androgen receptor agonist,
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respectively (Haselman et al., 2016a) and exposure to benzophenone-2,

a chemical having estrogenic and thyroid disrupting properties

(Haselman et al., 2016b). The objectives of the current study were to

test a model chemical with antiandrogenic properties in order to further

validate the diagnostic capabilities of the LAGDA design and to develop

gene expression markers that could provide mechanistic insight into the

antiandrogenic mode of action.

Prochloraz is an imidazole fungicide that disrupts ergosterol

synthesis by inhibiting cytochrome P450 (CYP) 14α-demethylase

(CYP51) through an interaction with iron in the heme cofactor, effec-

tively weakening fungal cell membranes (Henry and Sisler, 1984;

Bossche, 1985). Prochloraz has been implicated as an endocrine dis-

rupting compound because it is an antagonist of the androgen receptor

(Andersen et al., 2002; Ankley et al., 2005; Birkhøj et al., 2004; Kojima

et al., 2004; Noriega et al., 2005; Vinggaard et al., 2002, 2006) and also

inhibits steroidogenesis enzymes CYP19 aromatase (Andersen et al.,

2002; Ankley et al., 2005; Sanderson et al., 2002; Vinggaard et al.,

2000, 2006) and CYP 17α-hydroxylase/17,20-lyase (CYP17) (Blystone

et al., 2007a, 2007b; Laier et al., 2006). The timing and life stage of in

vivo prochloraz exposure likely influences the predominant toxic mode

of action as evidenced by a series of studies in rodents and fish. Ex-

posure to prochloraz in utero and in immature male rats caused re-

productive malformations in androgen-dependent tissues, whereas ef-

fects on female reproductive development were minimal (Noriega et al.,

2005; Laier et al., 2006; Vinggaard et al., 2002, 2005). Exposure to

prochloraz in reproductively active fathead minnows caused decreased

circulating estradiol in females with a corresponding decrease in cir-

culating vitellogenin (estrogen-regulated egg yolk protein) in addition

to oocyte atresia, while males exhibited decreased circulating testos-

terone and increased spermatogonia (Ankley et al., 2005). These studies

support a consistent series of mechanisms by which prochloraz elicits

antiandrogenic effects; however, the timing of exposure in relation to

the ontogeny of the endocrine targets during reproductive development

and maturation appears to have a substantial influence on the gender-

specific phenotypes following exposure. The LAGDA prescribes che-

mical exposure throughout embryonic, larval and juvenile develop-

ment, so it was expected that developmental effects in the current study

would occur more consistent with the rodent studies that resulted in

malformations of the male reproductive system. Following this hy-

pothesis, a parallel investigation was conducted to evaluate potential

gene expression biomarkers of chemical-induced testis dysfunction in

this amphibian model.

Insulin-like 3 protein (INSL3) is a Leydig cell-specific peptide hor-

mone necessary for testis descent and gubernacular development in

mammals and plays a role in follicle selection in the adult ovary

(Bathgate et al., 2013). Recently, INSL3 has been increasingly employed

as a biomarker of Leydig cell function in mammals (Roth et al., 2013;

Ivell et al., 2013). Relaxin family locus C type II (Rflcii) in Xenopus sp. is

orthologous to the mammalian INSL3 protein. Global gene expression

analysis in Xenopus tropicalis gonads during differentiation indicated

that rflcii was the transcript showing the highest normalized expression

level overall and was the most differentially expressed transcript be-

tween ovary and testis tissues (testis-enriched by ∼300-fold)

(Haselman et al., 2015). This profound difference in expression be-

tween tissues provided evidence of this gene’s importance in Xenopus

testis development and is consistent with mammalian testis Insl3 ex-

pression exclusively in Leydig cells (Adham et al., 1993). However, the

mechanistic function of INSL3 orthologues has not been well-char-

acterized across species, nor has its response to chemical perturbation

been investigated in amphibians. The results presented herein provide

precedent for rflcii being a testis-specific biomarker for impaired an-

drogen production and/or signaling in Xenopus laevis.

Another key protein closely associated with the androgen axis and

male reproductive development is CYP17. This enzyme is active within

the steroidogenesis pathway and is necessary for synthesis of testos-

terone and consequently affects downstream estradiol synthesis due to

the required aromatization of testosterone to produce estradiol. A

growing body of evidence supports that prochloraz inhibits CYP17

(Ankley et al., 2009; Blystone et al., 2007a, 2007b; Hecker et al., 2006;

Laier et al., 2006; Villeneuve et al., 2007) and other CYPs due to the

imidazole interaction with iron in the heme cofactor required by all

CYPs, which could be a major contribution to the antiandrogenic mode

of action of prochloraz. Cyp17 gene expression has been shown to be

upregulated in the testis of fathead minnows (Ankley et al., 2009) and

medaka (Zhang et al., 2008) exposed to prochloraz, while rodents ex-

posed to prochloraz upregulate CYP17 protein production in the testis

without upregulating gene transcription (Blystone et al., 2007b; Laier

et al., 2006). These CYP17-related responses to prochloraz exposure

across species appear to be adaptive responses to compensate for im-

paired androgen signaling. Altogether, the current study provided a

sensible means to evaluate gene expression of rflcii as a potential bio-

marker of testis dysfuntion and cyp17 as a bioindicator of compensation

due to chemical stress in an amphibian model.

2. Materials and methods

2.1. Experimental design

The experimental design of this study was similar to the previously

described studies contributing to the development of the LAGDA

(Haselman et al., 2016a) and the final published guidelines (OECD,

2015; US EPA, 2015). However, due to slight differences in execution of

this study during guideline development, much of the methods will be

described. Xenopus laevis embryos ( < 1d post-fertilization) were ex-

posed to four different chemical concentrations and control water until

two months after the median time to Nieuwkoop and Faber ([NF],

1994) stage 66 (completion of metamorphosis) in the control. There

were five replicate tanks in each test concentration with eight replicate

tanks for the control. Generalized toxicity was evaluated by mortality

rates, abnormal behavior and growth (weight and snout-vent length)

while toxicity affecting metabolism and excretion was evaluated via

histopathology of the juvenile liver and kidney at test termination.

Thyroid-specific toxicity was evaluated by rates of larval development

(time to NF stage 66) and NF stage 66 thyroid histopathology assess-

ments. Histopathology assessments of the juvenile gonads and re-

productive ducts at test termination were also performed to evaluate

effects on reproductive development. Additionally, gene expression of

rflcii and cyp17a1 in testis tissues was evaluated by randomly choosing

either the left or right testis from each male for gene expression while

the contralateral testis was left in situ for histopathology assessments.

Sex ratios and possible sex reversal were also determined by comparing

individual genotypes to phenotypes.

2.2. Test concentrations

The high test concentration was set based on range finding experi-

ments (data not shown). In those studies, conducted with Xenopus tro-

picalis, concentrations in excess of 200 μg/L resulted in mortality in

early larval organisms. Therefore, the high test concentration was set at

180 μg/L with a 0.33 dilution factor resulting in nominal test con-

centrations of 180, 60, 20 and 6.7 μg/L (478, 159, 53, 18 nM).

2.3. Environmental conditions

The source water used for the study was from Lake Superior (LSW),

which was initially filtered through sand, UV sterilized and filtered

again to 5 μm before entering the in-house culture or exposure aquaria.

The incoming culture water is tested on a yearly basis for contaminants

including copper, chlorine, chloramine, estrogenic or androgenic che-

micals, fluoride, perchlorate and chlorate as measurable levels of any of

these compounds could confound results of the bioassay. Flow-through

conditions were maintained by delivering toxicant solutions and control
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LSW to 6.5 L glass exposure tanks at a constant rate of 44ml/min,

achieving approximately 9.5 tank replacements per day. The pump-

driven dilution system was the same system as was used for the 4-tert-

octylphenol study described in Haselman et al. (2016a). Exposure tanks

were held at 21 °C throughout the duration of the exposure by con-

trolling the temperature of the delivery/dilution water and also by a

water bath in which the exposure tanks were partially submerged.

Water quality measurements including dissolved oxygen, pH and con-

ductivity were taken in all exposure tanks once per week throughout

the duration of the test (Supplemental Table 1). Alkalinity and hardness

were measured once per month in one replicate tank per treatment.

There were no treatment-related effects on water quality. A 12-h light

and 12-h dark cycle was used with fluorescent lighting at intensities

between 600 and 2000 lx (lumens/m2) at the water surface. Exposure

tanks were randomly assigned to positions within the exposure system

to reduce potential effects from systematic environmental differences in

temperature or light.

2.4. Chemical stock preparation

18mg/L prochloraz stock solutions were prepared by dissolving the

neat material (Sigma-Aldrich, St. Louis, MO, USA; CAS 67747-09-5,

purity: 99.1%) in 20ml of high purity acetone and quantitatively

transferring to a 19 L carboy. The side walls of the carboy were rinsed

with acetone and it was carefully tipped onto its side and placed on a

roller. Filtered and desiccated compressed air was gently blown into the

bottle as it was rolled to evaporate the acetone and shell-coat the

carboy with prochloraz. Once the acetone was completely evaporated,

the carboy was filled with reverse osmosis water and stirred overnight

to dissolve the prochloraz.

2.5. Test initiation and feeding

All animal care and use procedures for these experiments were re-

viewed and cleared by the Mid-Continent Ecology Division’s Animal

Care and Use Committee. Procedures for test initiation and feeding are

the same as described by Haselman et al. (2016a) except that embryos

were transferred to the test chambers at approximately NF stage 20 for

initiation of exposure.

2.6. Sub-sampling at completion of metamorphosis (NF stage 66)

Sub-sampling was performed by dividing the exposure tank and

separating individuals that completed metamorphosis (NF stage 66)

from actively metamorphosing larvae and recording the date on which

each individual reached NF stage 66. One out of each group of four

consecutive individuals completing metamorphosis in any given tank

was randomly sampled for growth metrics including weight and snout-

vent length, serum for circulating thyroid hormone and thyroid gland

histopathology. At any given time during metamorphosis, develop-

mental stages of organisms within an experimental unit are generally

normally distributed. This larval sub-sampling method was intended to

reduce bias toward sampling individuals on the leading or trailing

edges of development in a particular tank and ensure all individuals in a

tank had equal likelihood of being sampled upon reaching NF stage 66.

Sub-sampled individuals were euthanized by submersion in LSW with

200mg/L tricaine methanesulfonate ([MS-222], Argent Chemical

Laboratories, Redmond, WA, USA) buffered with 400mg/L sodium

bicarbonate. Following growth measurements, blood was collected di-

rectly from the aorta using a 25 μl capillary tube and then a transverse

cut was made at the posterior margin of the arms for decapitation; the

head was fixed in Davidson’s solution for thyroid histopathology.

Individuals not sampled were left in the divided tank until all in-

dividuals had reached NF stage 66, at which time the tank dividers were

removed.

2.7. Cull and test termination

Two to three weeks following the time at which all individuals

completed metamorphosis (NF stage 66), gender genotyping was con-

ducted and a cull was performed to reduce tank density to five males

and five females in each tank until test termination. The cull and as-

sociated genotyping were performed according to the procedures pre-

viously described by Haselman et al. (2016a). Briefly, non-invasive

unique toe clips were taken from each individual in each tank resulting

in both an identification scheme and DNA samples that were analyzed

by PCR for the presence/absence of a W chromosome-linked gene (DM-

W) that effectively identified genotypic females, a method previously

described by Yoshimoto et al. (2008). Juvenile sampling at test termi-

nation was also performed according to procedures previously de-

scribed by Haselman et al. (2016a). Briefly, following euthanasia by

injection of buffered MS-222, frogs were laid in dorsal recumbency,

chest cavities were opened and blood was collected by severing the

aorta. Next, livers were removed, weighed, transferred to individual

cassettes and fixed in Davidson’s solution for 48 h. Finally, internal

viscera were removed leaving the gonads, kidneys and Müllerian ducts

in situ except that one of the juvenile testes per male was randomly

chosen to be processed for total RNA purification and subsequent

quantitative PCR analyses. Removed testes were homogenized in lysis

buffer from an RNeasy Plus kit (Qiagen Inc., Valencia, CA, USA), and

immediately frozen on dry ice until samples could be moved to storage

at −80 °C. Abdomens containing the kidneys, Müllerian ducts and

gonad(s) were trimmed at the anterior and posterior margins of the

kidneys, transferred to individual cassettes and fixed in Davidson’s

fixative for 48 h. Tissue from the lower leg was kept for subsequent

DNA purification and genotypic sex determination.

2.8. Histological procedures

All tissues preserved for histological analyses were fixed, processed

and evaluated according to the procedures previously described by

Haselman et al. (2016a). Following fixation in Davidson’s fluid for 48 h

and subsequent storage in 10% neutral buffered formalin, liver, kidney,

gonad and reproductive duct tissues were shipped to Integrated La-

boratory Systems, Inc. ([ILS®], Research Triangle Park, NC, USA) where

they were processed, embedded, sectioned, mounted and stained with

H&E using typical histological procedures. Histopathologic findings

were scored for severity by an ILS® pathologist according to the grading

system previously described by Haselman et al. (2016a) for all tissues

except for thyroid. Thyroid tissues were shipped to Experimental Pa-

thology Laboratories, Inc. ([EPL], Sterling, VA, USA) where they were

processed as described above and histologic findings scored for severity

by a pathologist using the grading system for thyroid histopathology

developed and described by Grim et al. (2009).

2.9. Serum thyroid hormone

Following blood collection from NF stage 66 organisms, the capil-

lary tubes were placed on ice and allowed to clot over a period of 4 h.

They were subsequently spun at 13,700×g for 2min in a serological

centrifuge and serum was transferred to vials and stored at−80 °C until

they were pooled, diluted and analyzed. To quantify serum thyroxine

(T4) and triiodothyronine (T3) levels, serum samples were initially

pooled by combining equal volumes across individuals within a re-

plicate tank (n=4 or 5/pool), they were then diluted 1:8 in mobile

phase A (1% methanol with 25mM formic acid) and analyzed using

high performance liquid chromatography (HPLC) interfaced with an

inductively coupled plasma mass spectrometer (ICP-MS) as described

previously by Tietge et al. (2010, 2013).
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2.10. Plasma vitellogenin

Plasma vitellogenin concentrations were measured by ELISA using

samples taken from frogs at test termination. Blood samples were pro-

cessed and evaluated for vitellogenin concentrations according to

methods previously described by Haselman et al. (2016a).

2.11. Testis RNA processing

Total RNA was isolated from testis homogenates using RNeasy Plus

mini kits according to kit instructions. RNA concentrations were mea-

sured in three samples randomly chosen per tank using a fluorescence-

based RNA quantitation assay (Quant-iT™ Ribo-green®, Life

Technologies, Grand Island, NY, USA). One tank from the 20 μg/L

prochloraz treatment was excluded from subsequent analyses due to

extremely low yields from all testis samples. RNA quality was checked

on all chosen samples using a 2100 Bioanalyzer with an RNA 6000 pico

assay (Agilent, Santa Clara, CA, USA). If sample integrity was com-

promised based on the electropherogram generated by the Bioanalyzer,

a new sample was randomly chosen from that tank and its concentra-

tion and integrity were measured prior to pooling. The three samples

per tank were then diluted to between 0.5 and 1 ng/μl (depending on

the lowest concentration of the three samples to be pooled) and com-

bined in equal amounts to create one pool per tank (n=3 per pool; 1

pool/tank). A new total RNA concentration was determined for each

pool using the same fluorescence method previously described and then

divided into multiple aliquots to avoid freeze/thaw cycles. All sub-

sequent gene expression levels were normalized to the total RNA con-

centration in each respective pool (Control: n= 8; 6.7 μg/L: n=5;

20 μg/L: n=4; 60 μg/L: n= 5; 180 μg/L: n=5).

2.12. Quantitative PCR

Xenopus tropicalis accession numbers for rflcii and cyp17a1 were

aligned with the National Center for Biotechnology Information (NCBI)

Expressed Sequence Tag (EST) database for Xenopus laevis using the

nucleotide Basic Local Alignment Search Tool (http://blast.ncbi.nlm.

nih.gov/Blast.cgi). The highest scoring sequences were used to design

primers and probes for a quantitative real-time PCR (qPCR) assay using

a TaqMan® EZ RT-PCR assay (Applied Biosystems®, Foster City, CA,

USA) (Table 1). Primers and probes were designed using Primer Express

version 3.0 (Applied Biosystems®, Foster City, CA, USA). Standard RNA

templates were generated by first cloning the cDNA target sequence

using a total RNA sample extracted as described in Section 2.11 above

and specifically designed “outer” primers with a one-step reverse-

transcription PCR kit (Sigma-Aldrich, St. Louis, MO, USA; Enhanced

Avian HS RT-PCR kit). Next, target cDNA was amplified using separate

“middle” primers that flanked the “inner” qPCR primer sequences and

contained the T7 promoter region for subsequent in vitro transcription

using a MEGAScript kit (Ambion®|Thermo Fisher Scientific, USA) ac-

cording to kit instructions. The resulting transcribed RNA template was

purified using an RNeasy Plus mini kit according to kit instructions.

Purified RNA standard template concentrations were determined using

the mean of three measurements from a NanoDrop ND-1000 Spectro-

photometer (NanoDrop Technologies, Inc., http://www.nanodrop.

com); the mean concentration and calculated molecular mass was

used to derive estimated copy numbers. Standard RNA templates were

log10 serially diluted and each concentration was run in duplicate with

each sample set to serve as a standard curve. Additionally, no template

controls (NTC) were run in duplicate on each plate; no amplification

occurred in any NTC well. Pooled samples were also run in duplicate in

96-well plates according to TaqMan® kit instructions on an Agilent

Strategene Mx3005P qPCR instrument. Standard curves and data were

processed using MxPro −Mx3005P9® software version 4.10 Build 389,

Schema 85 (Stratagene, San Diego, CA, USA). Amplification efficiency

was 99% for rflcii (standard curve slope=−3.341; R2=0.998) and

97% for cyp17a1 (standard curve slope=−3.385; R2=1).

2.13. Exposure verification

Water samples (1ml) were collected weekly from the prochloraz

exposure tanks (0, 6.7, 20, 60 and 180 μg/L) and placed into amber

sample vials. The water samples were amended with 0.1ml methanol,

vortex mixed and immediately analyzed using an Agilent 1100 series

HPLC with diode array detection (λ=205 nm). An aliquot (150 μl) of

sample was injected directly into a Zorbax SB-C18, 2.1× 75mm

column (Agilent, Wilmington, DE, USA) that was maintained at 25 °C.

The auto sampler temperature was maintained at 5 °C. Prochloraz

eluted from the column under isocratic conditions with 22% Burdick &

Jackson (B&J) HPLC grade water and 78% methanol at 0.3ml/min.

Prochloraz concentrations were determined by the external standard

method of quantification using linear regression. Prochloraz standards

range from 5 to 200 μg/L and were prepared in 90% B&J water and

10% methanol. Quality assurance samples were conducted with each

sample set and included LSW blanks, duplicate samples and matrix

spiked samples at each of the prochloraz treatment levels. No pro-

chloraz was detected in the LSW blanks (n=15). Mean ± SD (n=15)

recoveries of spiked samples were 102.2 ± 3%, 99.5 ± 2.5%,

99.3 ± 2.5% and 100.7 ± 2.2% at the 6.5, 20, 60 and 180 μg/L

spiked levels, respectively. Mean ± SD (n=15) agreement among

duplicate samples were 99.8 ± 1.9%, 99.3 ± 3.3%, 99.4 ± 1.5% and

100.3 ± 1.5% for the 6.7, 20, 60 and 180 μg/L treatments, respec-

tively. The detection limit was 2.5 μg/L. Mean ± SD (n=75) mea-

sured concentrations of the 6.7, 20, 60 and 180 μg/L treatment tanks

were 6.10 ± 0.69, 18.11 ± 2.14, 52.83 ± 5.90 and

169.76 ± 14 μg/L, respectively, over the duration of the experiment.

Among-tank variability was≤ 12% with the coefficient of variation

(averaged across the duration of the experiment) of 11.4%, 11.8%,

11.2% and 8.2%, respectively for the 6.7, 20, 60 and 180 μg/L treat-

ments. No prochloraz was detected in the control water treatments.

2.14. Statistical analyses

Statistical analyses were performed according to methods pre-

viously described by Haselman et al. (2016a). All data from the NF

stage 66 subsample were analyzed independent of genetic sex while all

data from juveniles were analyzed separately according to genetic sex.

Continuous data (e.g., weight, length, liver-somatic index [LSI], mor-

tality, serum T4/T3, gene expression) were checked for monotonicity

by rank transforming the data, fitting to an ANOVA model and com-

paring linear and quadratic contrasts. All data was monotonic with the

exception of female weight at the final sample. A step-down

Table 1

Accession numbers, primer and probe sequences used for qPCR of selected gene transcripts.

Gene symbol X. tropicalis accession X. laevis accession Primers (5′ −> 3′) Probe (5′ −> 3′)

cyp17a1 NM_001127045.1 NM_001097071.2 For: CCACGTGCTGTGACAACAGATA ACATTGCTTTCGCCAACTACAGCCCA

Rev: GCACTACCTTGCGGTGAAACT

rflcii NM_001126835.1 CV081081.1 For: TGACACCATGGAACAGTTGCA TAGGTCAAGAACCACGGAGCACCAGC

Rev: CCGCACTCCTCCTCATCCT
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Jonckheere-Terpstra trend test was performed on replicate medians for

endpoints meeting the monotonicity assumptions whereas female

weight was analyzed using an ANOVA followed by Dunnett’s multiple

comparison procedure. Mortality data were analyzed for the time

period encompassing the full test and was expressed as percent that

died in any particular tank. Tadpoles that did not complete metamor-

phosis in the given time frame, those tadpoles that were randomly se-

lected for the larval sub-sample or that were culled, and any animal that

died due to experimenter error were censored within the mortality

analysis. Prior to any statistical analyses, mortality ratios were arcsine-

square root transformed and analyzed as described above. Time to NF

stage 66 data were analyzed using a mixed effects Cox proportional

hazard model (Therneau, 2015). Gene expression data were expressed

and analyzed as copies mRNA per ng of total RNA. Histopathology data

(both incidence and severity scores) were analyzed using the Rao-Scott

Cochran-Armitage by slices (RSCABS) test (Green et al., 2014) im-

plemented in R (R Core Team, 2017) using the StatCharrms package

(Swintek et al., 2017).

3. Results

3.1. Generalized toxicity

Prochloraz treatment did not affect survival (data not shown) or

growth in the larval phase (Supplemental Table 2) nor in either gender

in the juvenile phase (Table 2). Liver-somatic indices were significantly

lower in the 60 and 180 μg/L treatments in both genders at two months

post-metamorphosis (p < 0.05, Jonckheere-Terpstra; Table 2). Histo-

pathological evaluations identified a concentration-dependent increase

in incidence and severity of hepatocellular degeneration (Supplemental

Table 3; Fig. 1) and is consistent with the concentration-dependent

decrease in liver-somatic indices (Table 2). In kidneys of 30 (60%)

animals from the 180 μg/L treatment, large numbers of renal tubules

contained ∼12 μm, irregularly oval, amphophilic intracytoplasmic

bodies (inclusions) (Supplemental Table 4; Fig. 2C). Minimal (in-

frequent) accumulations of protein within the Bowman’s capsule were

observed in all study groups with a slightly higher percentage of ani-

mals affected in the 180 μg/L treatment (Supplemental Table 4;

Fig. 2D). The prevalence of liver and kidney pathologies was generally

not gender-specific.

3.2. Endocrine toxicity

3.2.1. Thyroid

The purpose of the NF stage 66 subsample was to evaluate thyroid-

related effects. Prochloraz exposure had no effect on thyroid-mediated

metamorphic rates as measured by days to NF stage 66 (Supplemental

Table 5). Thyroid histopathology evaluations showed a significant in-

crease in incidences and severity of follicular cell hypertrophy in the

180 μg/L treatment (p < 0.05, RSCABS), but there were no other

corresponding treatment-related pathologies observed (Supplemental

Table 5). Circulating T4 increased with increasing exposure

concentrations of prochloraz and was significantly different than con-

trol in the 20, 60 and 180 μg/L treatments (p < 0.05, Jonckheere-

Terpstra; Fig. 3A). Circulating T3 was unaffected by prochlroaz treat-

ment (Fig. 3B).

3.2.2. Gonad and Müllerian duct histopathology

Evaluations of gonad and Müllerian duct development were per-

formed on the final sampling at two months post-metamorphosis.

Prochloraz did not cause any incidences of sex reversal or gonadal in-

tersex, as assessed by comparing the individual histological gonad

phenotype to the genotype, which was determined by the presence/

absence of the sex-specific gene DM-W on the W chromosome.

Histopathological observations of female ovaries included increased

incidences of mononuclear cellular infiltrate, granulomatous in-

flammation and ovarian hypoplasia, all of minimal severity in only the

180 μg/L treatment (Supplemental Table 6). Testis histopathology

evaluations revealed a series of effects from prochloraz exposure mainly

in the 180 μg/L treatment (Table 3). Gonadal degeneration that pre-

sented as germinal epithelial thinning/loss without apoptosis or ne-

crosis was differentiated by the pathologist from gonadal degeneration

with evidence of apoptosis and necrosis. Although incidences of these

diagnoses occurred across all treatments and control, a higher percen-

tage of individuals were affected in the higher treatments (Table 3;

Fig. 4). During normal testis development, all germ cells associated

with a single spermatocyst mature at the same rate and the spermato-

cyst generally maintains a circular or ovoid shape. Prochloraz treatment

caused asynchronous development of germ cells within a spermatocyst

and caused some spermatocysts to become irregular in shape (Table 3;

Fig. 5); this occurred in a concentration-dependent manner. The

180 μg/L treatment experienced increased incidences of interstitial fi-

brosis, interstitial cell hypertrophy and hyperplasia, and mononuclear

cellular infiltrate indicating inflammatory and compensatory responses

from prochloraz insult in the testis.

By two months post-metamorphosis in Xenopus laevis, Müllerian

ducts are typically resorbed to a fibrous tag in males and are actively

maturing to become oviducts in females. Both male and female

Müllerian duct development were affected by prochloraz exposure.

Male Müllerian duct regression was generally inhibited in a con-

centration-dependent manner, and in some cases, the ducts partially

matured to be characteristic of early female oviducts (Table 4). Female

Müllerian ducts exhibited accelerated development with prochloraz

exposure. The majority (88–100% among treatments) of prochloraz-

exposed females had partially matured oviducts while only 56% of

control females had oviducts at this same stage of development.

3.2.3. Circulating vitellogenin

Overall, constitutive vitellogenin levels in the blood of Xenopus sp.

are very low to absent at two months post-metamorphosis (test termi-

nation) and are not significantly elevated unless exposed to potent es-

trogens (Haselman et al., 2016a, 2016b; Olmstead et al., 2009). In the

current study, there was a slight, but significant, concentration-de-

pendent increase in circulating vitellogenin in females exposed to 20,

Table 2

Mean ± SD for growth, LSI and plasma vitellogenin concentrations in control and prochloraz-exposed Xenopus laevis at two months post-metamorphosis. Asterisks

(*) represent measurements that are statistically different than control (p < 0.05; Jonckheere-Terpstra).

PZ conc. (μg/L) 0 6.7 20 60 180

Gender ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀

n 8 8 5 4 5 5 5 5 5 5

Weight (g) 13.2 ± 1.0 13.0 ± 0.6 12.5 ± 1.4 13.6 ± 1.3 11.8 ± 0.6 14.1 ± 0.6 12.5 ± 0.7 13.9 ± 0.4 12.5 ± 0.8 13.3 ± 1.4

Snout-to-vent

length (mm)

47.4 ± 1.5 47.3 ± 0.7 46.4 ± 1.9 47.9 ± 1.8 45.1 ± 0.9 47.9 ± 0.8 46.7 ± 1.0 47.9 ± 0.9 46.4 ± 1.6 48.1 ± 1.4

Liver-somatic index

(%)

5.9 ± 0.7 6.1 ± 0.3 5.6 ± 0.5 5.6 ± 1.0 5.6 ± 0.5 6.0 ± 0.4 5.1 ± 0.4* 5.2 ± 0.2* 5.0 ± 0.2* 5.2 ± 0.2*

Vitellogenin (ng/

ml)

0.03 ± 0.01 0.03 ± 0.02 0.05 ± 0.03 0.04 ± 0.01 0.05 ± 0.02 0.08 ± 0.06* 0.11 ± 0.06* 0.13 ± 0.03* 0.10 ± 0.05* 0.25 ± 0.17*
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Fig. 1. Histological sections of control and prochloraz-exposed liver tissue at two months post-metamorphosis. Normal control liver (A). Hepatic cords are two cells

thick (arrow) separated by bile canaliculus; hepatocyte cytoplasm is wispy and eosinophilic (arrowhead). Higher magnification of normal control liver (B). Note

wispy eosinophilic cytoplasm (arrowhead) and condensed (basophilic) cytoplasm adjacent to bile canaliculus (arrow). 180 μg/L treated liver exhibiting moderate

hepatocellular degeneration (C). Cytoplasmic inclusions are present within many hepatocytes (arrows); inclusion location is often pericanalicular (arrowheads).

Panel D is higher magnification of panel C. Degenerative hepatocytes are smaller and contain pericanalicular inclusions (arrows); note prominent bile canaliculus

(arrowhead). Another example of a 180 μg/L treated liver exhibiting moderate hepatocellular degeneration (E). Degenerative hepatocytes containing cytoplasmic

inclusions may be swollen (arrows); hepatic cords appear jumbled. Panel F is higher magnification of panel E. Inclusions often consist of punctate granular material

(arrow); note smudgy basophilic material at periphery of inclusion (arrowhead). Scale bars represent 100 μm in panels A, C and E; 25 μm for panels B, D and F.
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60, and 180 μg/L prochloraz with a maximum increase of approxi-

mately seven-fold above the control (p < 0.05, Jonckheere-Terpstra;

Table 2). Circulating vitellogenin was also significantly increased in

males exposed to 60 and 180 μg/L prochloraz with a maximum increase

of approximately three-fold above the control (p < 0.05, Jonckheere-

Terpstra; Table 2). Although the maximum increases were approxi-

mately seven- and three-fold above the control for females and males

respectively, these vitellogenin concentrations are sub-ng/ml whereas

mature female Xenopus sp. have circulating vitellogenin levels six to

seven orders of magnitude higher in the mg/ml range (Olmstead et al.,

2009), providing context for the lack of biological significance of these

increases due to prochloraz exposure.

3.2.4. Testis gene expression

Gene expression was measured in testis tissue of frogs at test ter-

mination. Rflcii gene expression in the testis exhibited a significant in-

crease in the 60 and 180 μg/L treatments (p < 0.05, Jonckheere-

Terpstra) and showed three and greater than five-fold increases re-

spectively (Fig. 6A). Cyp17a1 was constitutively expressed at fairly high

levels in all treatments and control in the testis at this stage of devel-

opment (Fig. 6B); however, the 180 μg/L treatment was slightly

increased as compared to the control (p < 0.05, Jonckheere-Terpstra).

Additionally, two control ovary samples were analyzed for each rflcii

and cyp17a1 expression levels in separate analyses. In these ovaries, the

mean normalized rflcii transcript level was less than one and the mean

cyp17a1 transcript level was approximately 54% of the mean control

testis level (Fig. 6A & B).

4. Discussion

Prochloraz exposure throughout Xenopus laevis late embryonic,

larval and juvenile development resulted in a range of toxicological

effects characteristic of multiple modes of toxicity. The observed he-

patocellular degeneration, together with measured decreases in liver-

somatic indices and intracytoplasmic inclusions in renal tubular cells

are all indicative of overt toxicity in the 60 and 180 μg/L treatments

(159 and 478 nM, respectively). The histologic appearance of the he-

patic inclusions is suggestive of excess protein and ribonucleic acid

aggregations, presumably related to metabolism of prochloraz and/or

impaired clearance of endogenous metabolites. A study by Needham

and Challis (1991) reported that one of the major prochloraz metabo-

lites in rats was a glucuronide conjugate and high concentrations of

Fig. 2. Histology sections of control and prochloraz-treated kidneys at two months post-metamorphosis. Control kidney (A) and higher magnification control kidney

(B). Profiles of the thick limb of the loop of Henle (a) fill the cortex; glomeruli (b) and collecting tubules (c) are largely confined to the cortex. Small clusters of

myeloid cells are present (d) and large numbers of red blood cells (e) fill the interstitium. Intracytoplasmic amphophilic inclusions in the 180 μg/L study group (C).

Renal tubular cells contain large, irregular, intracytoplasmic, amphophilic inclusions (arrows). 60 μg/L study group (D). The Bowman’s capsule of several glomeruli

contains small accumulations of pale, eosinophilic material (arrowheads) diagnosed as grade 1 glomerular protein. Scale bars represent 200, 100, 50 and 50 μm for

panels A, B, C and D, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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prochloraz metabolites were found in liver tissue. In the same study,

high concentrations of prochloraz metabolites were also found in kid-

neys. The similar appearance of hepatic and renal tubular cell inclu-

sions in the current study is suggestive of metabolism, aggregation and

excretion of prochloraz metabolites consistent with observations in rats

(Needham and Challis, 1991). Despite the treatment-related patholo-

gies in these organs, there were no measurable treatment-related effects

on growth or developmental rates.

Rates of metamorphic development through the larval phase can be

affected by thyroid disrupting chemicals. In the current study, thyroid-

related effects from prochloraz exposure included thyroid follicular cell

hypertrophy and increased circulating T4 levels at NF stage 66 (com-

pletion of metamorphosis). These effects occurred without concurrent

differences in metamorphic rates or circulating T3 across treatments.

One explanation for the concentration-dependent increase in circu-

lating T4 levels is that following NF stage 62 (metamorphic climax and

peak circulating TH levels), there is a rapid decrease in circulating TH

levels (Sternberg et al., 2011) that is mediated by enhanced metabolism

and excretion of TH. Given the compromised state of the liver and

kidneys due to prochloraz exposure, T4 clearance could have also been

compromised resulting in retention of higher blood concentrations at

NF stage 66. This impaired clearance could also explain the slight ele-

vation in plasma vitellogenin protein levels seen in juveniles of pri-

marily the 60 and 180 μg/L treatments (159 and 478 nM, respectively).

The difference between T4 and T3 profiles seen here is likely due to T3

having a much shorter half-life than T4 (hours vs. days) and being

tightly regulated at a fraction of the circulating T4 concentrations.

Another possibility for the increased T4 levels could be that prochloraz

caused TH resistance by impacting one or more processes necessary to

affirm negative feedback in the hypothalamus-pituitary (e.g., TH

membrane transport, deiodination and/or transcription). Taken to-

gether, these data suggest that the compensatory capacity of the thyroid

axis in X. laevis is sufficiently robust to have supported apparently

normal metamorphic development during prochloraz exposure.

Assessments of reproductive development took place at two months

post-metamorphosis when the gonads are fully differentiated and ac-

tively maturing. At this stage of development, Müllerian duct regression

in males is actively occurring and is mediated by testosterone and anti-

Müllerian hormone (Kelley, 1996; Piprek et al., 2014). In females,

Müllerian ducts are actively maturing to become oviducts, which is

estrogen-mediated (Kelley, 1996). Prochloraz exposure caused con-

centration-dependent effects in all of these tissues with the most re-

markable effects occurring in male reproductive organs. Histopatholo-

gical evaluations of testes revealed degeneration of the germinal

epithelium from the high test concentrations of prochloraz. Although

the severities of the degenerative effects were quite variable within the

high treatments, one individual exhibited such severe thinning of the

germinal epithelium that the tissue presented with many large voids

throughout the sections. Germinal epithelial thinning was generally

accompanied by several other testicular lesions (e.g., interstitial cell

hyperplasia, interstitial fibrosis, asynchronous spermatocyst

Fig. 3. Serum T4 (A) and T3 (B) levels from control and prochloraz-exposed NF

stage 66 X. laevis (n= 8, 5, 5, 5, 5 for the 0.0, 6.7, 20, 60, 180 μg/L treatments,

respectively). Horizontal lines represent medians, boxes represent the 25th-

75th percentile and whiskers represent minimum and maximum values.

Asterisks (*) indicate treatments that were statistically different than control

(p < 0.05; Jonckheere-Terpstra).

Table 3

Prevalence (%) and severity of juvenile male gonad histopathological ob-

servations showing significant treatment-related effects. Values in parentheses

are significantly different than control based on RSCABS analysis (p < 0.05).

NR=Not Remarkable.

PZ conc. (μg/L) 0 6.7 20 60 180

Replicate tanks 8 5 5 5 5

n 36 25 24 24 25

Testicular interstitial cell hyperplasia/hypertrophy

NR 83 68 96 50 16

Minimal 17 32 4 (46) (52)

Mild 0 0 0 4 (32)

Moderate 0 0 0 0 0

Increased spermatogonia

NR 94 96 92 88 76

Minimal 6 4 4 8 (12)

Mild 0 0 0 0 (8)

Moderate 0 0 4 4 4

Germinal epithelium, thinning

NR 92 84 92 54 12

Minimal 0 8 4 (38) (40)

Mild 6 4 4 8 (16)

Moderate 3 4 0 0 (28)

Severe 0 0 0 0 4

Gonadal degeneration (necrosis / apoptosis)

NR 92 64 96 83 32

Minimal 8 32 4 17 (64)

Mild 0 4 0 0 4

Moderate 0 0 0 0 0

Mononuclear cellular infiltrate

NR 92 92 79 88 56

Minimal 8 8 21 12 40

Mild 0 0 0 0 4

Moderate 0 0 0 0 0

Asynchronous development within cysts

NR 100 80 75 67 40

Minimal 0 (16) (17) (25) (44)

Mild 0 (4) (8) (8) (12)

Moderate 0 0 0 0 4

Interstitial fibrosis

NR 75 52 71 75 12

Minimal 19 40 29 21 (36)

Mild 6 8 0 0 (52)

Moderate 0 0 0 4 0

Intratubular eosoniphilic droplets

NR 94 96 100 96 76

Minimal 3 4 0 4 (24)

Mild 3 0 0 0 0

Moderate 0 0 0 0 0
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development) in the higher treatments. This was in contrast to the

lower treatments that, more often, presented with one or very few

different lesions of minimal to mild severity. These antiandrogenic

effects of prochloraz are consistent with what has been reported in

fathead minnows (Ankley et al., 2005) and rats (Blystone et al., 2007a,

2007b; Noriega et al., 2005). Interestingly, the appearance of the testis

Fig. 4. Histology sections of control and prochloraz-exposed testis tissues at two months post-metamorphosis. Control group male provided for reference (A). The

dashed boxes in panels A, C, and E are represented in higher magnification in corresponding panels B, D and F. 180 μg/L treatment group male showing mild gonadal

degeneration thinning/loss (C and D). The germinal epithelium lining of numerous spermatic tubules is thin to absent (black arrows) with occasional exposure of the

underlying basement membrane (arrowhead). 180 μg/L treatment group male exhibiting severe gonadal degeneration thinning/loss (E and F). Diffusely, the germinal

epithelium is missing or thin with frequent exposure of the underlying basement membranes (arrows). Scale bars represent 200 μm in panels A, C and E; 50 μm in

panels B, D and F.
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sections suggest that normal morphogenesis was not initially inhibited

by prochloraz, as the macrostructure was completely formed – overall

sizes of testes in the high prochloraz treatment were similar to control.

Also, testis cords and spermatocysts were formed and appeared to be

progressing through spermatogenesis, albeit atypically. The degen-

erative process caused by prohcloraz exposure appears to have occurred

either concurrently with unabated testicular growth and structural

formation, or was manifested following the completion of testis mor-

phogenesis. The most plausible cause for the appearance of these testis

pathologies was antagonism of the androgen-mediated phase of sper-

matogenesis that is initiated in the later stages of testis morphogenesis.

Our previous work indicates that the transcriptional activity in the

testis around completion of metamorphosis is primarily associated with

morphogenesis including organization of the seminiferous tubules,

differentiation of interstitial cells and production of connective tissue

(Haselman et al., 2015). Once testis cords are formed, pre-spermato-

genesis takes place during late larval development and the early juve-

nile period. In two species of Rana, pre-spermatogenesis has been

shown to occur at different points in the mating season independent of

hormonal activity in interstitial tissue (reviewed by Ogielska, 2009).

Androgens become essential for the second meiotic division of germ

cells, which convert secondary spermatocytes to spermatids. Control

testes in this study exhibited spermatocysts often containing spermatids

and in some cases containing spermatozoa, indicating androgen-medi-

ated spermatogenesis is taking place at two months post-metamor-

phosis. Therefore, critical levels of androgens are produced by ster-

oidogenesis enzymes in the Leydig cells beginning at some point

between the completion of metamorphosis and two months post-me-

tamorphosis, presumably mediated by gonadotropins released by the

pituitary. This late metamorphic climax period has been described as

the onset of the functional hypothalamus-pituitary-gonadal (HPG) axis,

before which larval gonad development occurs independent of gona-

dotropins from the pituitary (reviewed by Ogielska, 2009). We postu-

late that the point at which the testis becomes sensitive to the anti-

androgenic action of prochloraz is when androgens become necessary

to support spermatogenesis. In effect, prochloraz arrests meiosis and

results in degeneration of the already formed germinal epithelium.

Cyp17a1 gene expression levels in testes also support the notion that

steroidogenesis is active and prochloraz treatment may cause weak

compensatory induction of the enzyme’s transcript. This was not a

strong response and suggests that cyp17a1 gene expression may not be a

primary mode of compensation in this particular system when androgen

production and/or signaling is impaired. There appears to be reason-

ably high constitutive levels of the cyp17a1 transcript already present in

all treatments and control, which may act as an available reserve for

compensatory activation of translation and protein production. Reports

of cyp17 gene regulation following prochloraz exposure have been

varied. In a study by Ankley et al. (2009), male fathead minnows ex-

posed to 300 μg/L (796 nM) for eight days exhibited significantly re-

duced circulating testosterone levels with a corresponding significant

increase in testis cyp17 mRNA. Laier et al. (2006) exposed fetal rats

perinatally to 150mg/kg/day prochloraz and reported upregulation of

CYP17 protein by immunohistostaining whereas Cyp17 gene expression

was unchanged in gestational day 21 fetal testes. This provides pre-

cedent that compensatory action to increase testosterone levels in the

developing testis via CYP17 could be occurring more at the transla-

tional level. Although testosterone levels in the testis are not known in

this study, the weak cyp17a1 expression increase seen in the 180 μg/L

(478 nM) treatment could be an indication of a compensatory response

caused by decreased testosterone levels and/or impaired androgen re-

ceptor signaling, but generally lacks usefulness as a biomarker in this

Fig. 5. Histological section of asynchronous cyst development in testis tissue of

prochloraz-exposed male in the 180 μg/L study group. Asynchronous develop-

ment within cysts, Grade 3. The normal architecture is distorted by large, ir-

regular spermatocysts (outlined in black dashed lines) which contain cells of

asynchronous maturity. Spermatocytes are indicated by arrows, and spermatids

are shown by arrowheads. Scale bar represents 50 μm.

Table 4

Müllerian duct staging at two months post-metamorphosis following exposure

to prochloraz. Values are expressed as percentages of total n.

PZ conc. (μg/L) 0 6.7 20 60 180 0 6.7 20 60 180

Replicate tanks 8 5 5 5 5 8 5 5 5 5

Müllerian duct stage Male Female

n 37 25 24 26 25 43 26 22 24 25

Fibrous tag 84 88 50 31 4 0 0 0 0 0

Rudimentary 16 8 (42) (58) (92) 44 0 9 4 12

Partial oviduct 0 4 8 12 4 56 100 91 96 88

Fig. 6. Gene expression levels in testis tissue of two months post-metamor-

phosis control and prochloraz-exposed X. laevis (levels from control ovaries are

included for comparison; n= 2). Means ± SD (error bars) are expressed as

copies mRNA per ng total RNA (n= 8, 5, 4, 5, 5 for the 0.0, 6.7, 20, 60, 180 μg/

L treatments, respectively). Asterisks (*) indicate treatments statistically dif-

ferent than control (p < 0.05, Jonckheere-Terpstra). Ovary values were not

included in statistical analyses.
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particular system.

Transcript expression levels of rflcii in the testis showed a marked

increase in the 60 and 180 μg/L treatments (159 and 478 nM, respec-

tively) where the majority of treatment-related pathologies were ob-

served in testis tissues. Xenopus rflcii is orthologous to mammalian

INSL3 Leydig cell-specific growth factor peptide hormone. INSL3 has

been well-characterized in mammalian reproductive development;

however, this peptide has only recently been considered in teleosts and

is essentially uncharacterized in amphibians (Bathgate et al., 2013;

Good-Avila et al., 2009). The relaxin family of genes within and be-

tween species shares very little sequence similarity, but the resulting

peptides share structural similarity with insulin and confer similar

functionality (Wilkinson et al., 2005). INSL3 during early mammalian

reproductive development is highly expressed in fetal Leydig cells and

is responsible for testis decent by acting on the gubernaculum

(Zimmermann et al., 1999; Nef and Parada, 1999). Prevention of germ

cell apoptosis by paracrine signaling has also been a suggested role of

INSL3 in the adult rat testis (Anand-Ivell et al., 2006; Kawamura et al.,

2004). Unlike acute testosterone regulation by luteinizing hormone

(LH), INSL3 is not acutely regulated (Ivell et al., 2013). Instead, its

constitutive expression is correlated with Leydig cell number, function

and differentiation status, which is regulated by long-term stimulation

by LH from the pituitary. Previous studies in rat dams exposed to

prochloraz for several days have shown that Insl3 expression is un-

changed in fetal testes, supporting the lack of acute regulation (Wilson

et al., 2004). If the relationship between LH and Insl3 regulation is

conserved, chronic exposure to antiandrogen prochloraz in the current

study may have caused prolonged LH stimulation as evidenced by rflcii

expression levels. This would be indicative of a lack of either Leydig cell

competence or mature differentiation status, perhaps due to reduced

testosterone levels and/or impaired androgen signaling, either of which

would reduce negative feedback on the hypothalamus-pituitary causing

sustained LH release (from late metamorphic climax to two months

post-metamorphosis). Although we did not measure circulating LH,

sustained elevation of LH could be causing the elevated expression of

rflcii in the prochloraz-exposed testes, whereas control rflcii expression

levels are more representative of the mature status of Leydig cells and

fully functional status of the HPG axis. With regard to rflcii expression

in the testis of X. laevis, it appears to be an exceptional biomarker of

impaired testis development when evaluated in this chronic exposure

paradigm. However, further investigations are necessary to understand

the predictive utility of this biomarker in relation to apical reproductive

success.

Another notable antiandrogenic effect of prochloraz exposure oc-

curred in both male and female Müllerian ducts. Müllerian duct re-

gression was attenuated in prochloraz-treated males and Müllerian duct

maturation was accelerated in prochloraz-treated females. The effects

on the Müllerian ducts in both genders with prochloraz treatment is

indicative of a feminizing effect similar to the feminization of secondary

sex characteristics of male rats during perinatal prochloraz exposure

(Noriega et al., 2005; Vinggaard et al., 2005). In the testes of fetal male

rats, testosterone has been shown to increase post-translational pro-

cessing of anti-Müllerian hormone that results in cleavage of the full

length protein to N- and C-terminus peptides, of which the C-terminus

peptide is bioactive toward Müllerian duct regression (Kuroda et al.,

1991; Lee and Donahoe, 1993). If these processes are conserved across

rodents and anurans, the results from the current study suggest that

testosterone-mediated post-translational bioactivation of anti-Müllerian

hormone was impaired by prochloraz treatment via reduced testos-

terone availability and/or inhibition of androgen receptor signaling.

The acceleration of oviduct development in females could be viewed as

an estrogenic response resulting from prochloraz exposure. However,

anti-Müllerian hormone is present at some level in both testes and

ovaries during X. laevis development (Piprek et al., 2014), suggesting

that there may be competing biochemical pathways in both sexes that

results in a developmental trajectory of the Müllerian duct

characteristic of the predominant hormone action. In this case, we

suggest that females exposed to an antiandrogen experience no influ-

ence of the constitutive anti-Müllerian hormone due to the lack of

testosterone signaling and undergo unabated growth of the oviduct.

This study, in addition to our previous studies (Haselman et al., 2016a,

2016b; Porter et al., 2011), emphasize that Müllerian duct fate is highly

sensitive to xenobiotics that affect androgen and estrogen signaling.

5. Conclusion

Chronic prochloraz exposure throughout multiple life stages in

model amphibian species Xenopus laevis caused developmental and

apical effects characteristic of multiple modes of toxicity. Liver and

kidney pathologies suggested rate-limited metabolism and clearance of

prochloraz which may have impacted proper thyroid hormone home-

ostasis during the late stages of metamorphosis. Reproductive devel-

opment was also impacted by prochloraz exposure as evidenced by

testicular lesions including abnormal germ cell patterning and degen-

eration with corresponding effects on rflcii and cyp17a1 gene expression

suggestive of reduced testosterone production and/or androgen sig-

naling. The feminization of the Müllerian ducts in both juvenile males

and females is consistent with previous reports of feminized re-

productive development in rodents following perinatal exposure to

prochloraz. Overall, the effects on reproductive development caused by

prochloraz exposure are consistent with an antiandrogenic mode of

action and are in agreement with a number of studies implicating

prochloraz as an antiandrogenic endocrine disruptor. This study further

supports the diagnostic utility of the LAGDA for chemical testing in a

chronic exposure paradigm.
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YTYZ[ =TY\YT]̂ _�=]̀ Ŷ[a�Y]b\ca_�PTW	)����9
�
�)d�������)�����
�����������d���+��9
+��
������������e
�0��9����������6/�����������������
������f������
��/�3�
��g)�
���0��������
��
��
:)��2�00
�d�	����
��h�4�0���d�g��
�h�!����
d���6����h�1�77���d������h�2��
��d�g��
�����iQBRDCj�IkH l@XCj�GNkmGLN \VVCEE>QF�FRDACSj�b]_jHHHnkkJJJLHHHGLaQVRDCF?�YoUCj�\S?>VBC nJ%9
+��
���������+�
�������9
�
�)�
�+���+�6)�0���������9
+��
��7�6���
�:)��	���d�g
��
�h�p
�d������h�'
��0d�p��0h�p���d�,������0h�5��0d�2��06��0�������iQBRDCj�IJq l@XCj�NqmLH \VVCEE>QF�FRDACSj�b]_jHHHnJqLHqIHHHHJaQVRDCF?�YoUCj�\S?>VBC Gn-�������������
/��������������
�������������
����
��4�������
����
������r��+���������
���d��
�������
����+�����������:)��2����
��d�4�+��h�2����d�-��h�,����d�g��-�
�h�	�������d�2��
9h�r�
�����
��d�'��
�iQBRDCj�IJH l@XCj�ksmIHn \VVCEE>QF�FRDACSj�b]_jHHHnLkNLqNHHHIHaQVRDCF?�YoUCj�\S?>VBC GGg����������+���������
����
�������f���
�����
�������/6
�����
������������������e�������0��
���!���
�
���������
�e:)��1���d�r������h�g��������
d�t��
��h�	��6
��d�,�6��
��h�'
6������d�r
�����
h����
�
d�,��������������iQBRDCj�IJH l@XCj�ILGmIJq \VVCEE>QF�FRDACSj�b]_jHHHnLkNLqNHHHIJaQVRDCF?�YoUCj�cCu>Cv Isw
����9
+����������
����
�+�����9
+��
���xy!�+���0����+��%,/��
00���+��
������+�
�/��+
���+�������
�
��7�6���
���6�)�:)��w���d�&����0h����d�&
�h�w��d����0h�'��d�w���)
�0h����d�:�
9
��0iQBRDCj�IkH l@XCj�NLmJH \VVCEE>QF�FRDACSj�b]_jHHHnkkJJJLHHHHLaQVRDCF?�YoUCj�\S?>VBC Ik8���	����
����+����)�����
����+���������������d���42%,���������
��d�
�+������6�)���9
�
�)���+�+
��������+
���+����������
��7�6���
����6�)�:)��,�
d�r����
h�	�
d�"
��f
��h�4��d�p
���h�,���0d�y��h�,��d�,��
��������iQBRDCj�IkN l@XCj�LJmJN \VVCEE>QF�FRDACSj�b]_jHHHnskLNInHHHHkaQVRDCF?�YoUCj�\S?>VBC ILx
����)��+�
�
����
������-x	��
9������!����������
���
�
+�����6��
�:)��	�������
d�%�h�g���+����d�2�h�y����������d�1�h�%�
�����d���h�r��7
���d�g��������iQBRDCj�IkN l@XCj�sNmIHq \VVCEE>QF�FRDACSj�b]_jHHHnskLNInHHHIIaQVRDCF?�YoUCj�\S?>VBC IL

x�e����+�+�������������d�*�z3��z�!g��������������	
���
����������{|�����	���
�����!���)�
�}



��������� ��	
�����������	
���
���������

���������������
����������
��������������� !"#!$�$%&�	%'()��� ���*(�+
�
�� ,	�-(�
+ .�/�01�2��'%3454*�6'"7�8	'��9�:2*��.�/; 3��<

��	
�����������	
���
��������� 4�0��3�����<=>?@?>ABC�>B�DEFG�HDIFJFKLMLNO =MLPLMQRS�=QTRLOU�LQVPWUS�XMY!"#!$�	�$%&�	%'%Z[ ���	.-\%,4.-�- �*3,	�-]	-�%2�$.-�$%$!'�-]1��%]\-]$ ���-	%$%&�	%'%Z[�!]̂ �-]1��%]\-]$!'�,!2-$[ �_�-]1��%]\-]$!'�4%''#$�%] ��<-]1��%]\-]$!'�,	�-]	-�!]̂ �4%''#$�%]��-,-!�	. ��-]1��%]\-]$!'�,	�-]	-�(�$-	.]%'%Z[ 83-]1��%]\-]$!'�$%&�	%'%Z[�!]̂ �	.-\�,$�[ 3�\!��]-�-]1��%]\-]$!'��-,-!�	. __2�,.�(�,.-''2�,.��\\#]%'%Z[ _�

�̂̀ ����+�+�������������a�*�_3��_�!\��������������	
���
����������bc�����	���
�����!���)�
�d



��������� ��	
�����������	
���
���������

���������������
����������
��������������� !"#!$�$%&�	%'()��� ���*(�+
�
�� ,	�-(�
+ .�/�01�2��'%3454*�6'"7�8	'��9�:2*��.�/; 8��<

��	
�����������	
���
��������� 4�0��8�����<=>?@AB�CDED F@EGAHBI JBKGBLI M>NOGPBCQMR SETB@QSR UB@ABPEDVBQMWQMXSRRY?NOB@�GP�ZMJ�[BD@�\]̂_�QFR �38 � �8� � ���̀Y?NOB@�>a�JBaB@BPABI�QbR �8c��� 3*8 ��cd�* �< ���̀JDEG>�QbWFR 83�d ��8�3 88�8 �<��Z>?@PDH�I>?@AB�CDED�\]̂_

e�f����+�+�������������c�*�d3��d�!g��������������	
���
����������hi�����	���
�����!���)�
�j



��������� ��	
�����������	
���
���������

���������������
����������
��������������� !"#!$�$%&�	%'()��� ���*(�+
�
�� ,	�-(�
+ .�/�01�2��'%3454*�6'"7�8	'��9�:2*��.�/; ���<

��	
�����������	
���
��������� 4�0��������<=>?�@A>B

CDECF�FGHIJGKL�IMN�OPQRS
JTBUV>WX�=>?�YA>B$�������0��)�6�9������+��
�������+
��
6��
�������������2����������������������
����������0��)��$������
7�������
����������������������������6�9�
������3����������
���Z"�[��$������
7�������
�����������������6������
������3����������
���Z"\[��$������
7�������
��������
������������6�9�
�������+
����������2������������������0��)��.��
7�������
����6������+�6���]�����6�9̂������+�]�
_��̂������������9
������+��
�
�����������$�������]�
_���
������������������������]
�0��]���������������9
�����������2������Z�2[�"���2�̀�\�3Z"���2�/�"\��2[�$���6������]�
_���
��������0���������������]
�0��]��������������
�
�����������2������Z�2[����"���2�/�\�3Z"���2�/�"\��2[�:�9�4������������
+�+������������������	��)������������������������0��
��
��]�
���������������
�
�+�9�+�
JTBUV>WX�=>?�YA>Babcd

e�]����+�+�������������̂�*�\3��\�!f��������������	
���
����������Zg�����	���
�����!���)�
�[

hijklm�nklmop ���\�3
8�*
f!��q-�(�2�-,.5!$-��:�%'%rs hijklm�nklmop ���\�38�

*<��
$%&�	%'%rs



��������� ��	
�����������	
���
���������

���������������
����������
��������������� !"#!$�$%&�	%'()��� ���*(�+
�
�� ,	�-(�
+ .�/�01�2��'%3454*�6'"7�8	'��9�:2*��.�/; *��<

��	
�����������	
���
��������� 4�0��*�����<=>?@=>?@AB=�CDE>FG�H>FGIJAB=�KL>J MN=COP�Q�H=PRSTNUP=�VCWXWYK UWZCBWXWYK=>?@ [\>JG]̂L ACH�_LJFL?G]̂L =>?@ [\>JG]̂L ACH�_LJFL?G]̂L���* ����* "� <8��3< ���<̀ "� *���3*���� ����8 "� <8�8<* �*�<� "� *��̀*̀���8 �̀��3 "� <��8�< ���<� "� *<�8�����3 �̀��� "� <��3<8 ���<� "� *��88����� 3���̀ "� <3�8̀� �<�** "� �*�<�����̀ 8���̀ "� <��88� ���*� "� *���̀����� ����� "� <8�3�� �3�*3 "� *��<������ ��<� "� <8�̀<� ���*̀ "� *̀��̀3���� 8�<̀ "� <���*8 �<�*̀ "� ���������< 3�** "� <��**8 ����� "� �����*���* ��*� "� <3�<�� <��3 "� **�88����� �̀*8 "� <���<̀ ����̀ "� *��3�����8 ���< "� <*���� ����8 "� *��*8*���3 ���� "� <3��33 ����3 "� *8�������� 8��3 "� <��88� �*��3 "� �8�88����̀ *��� "� *<�*83 �8��� "� �<�*������ 3��̀ "� <̀�*̀8 �̀��8 "� *̀�33̀���� *��� "� *<��̀� �̀��* "� ����3����� 8��� "� <���3� �<��� "� �3�<���<<< ����� "� *̀�3�� �<��� "� �3�����<<* 8�8* "� <��<�� ����� "� *8�8���<<� ���8* "� *̀��** �*�8̀ "� ������

a�b����+�+�������������c�*�̀3��̀�!d��������������	
���
����������ef�����	���
�����!���)�
�g



��������� ��	
�����������	
���
���������

���������������
����������
��������������� !"#!$�$%&�	%'()��� ���*(�+
�
�� ,	�-(�
+ .�/�01�2��'%3454*�6'"7�8	'��9�:2*��.�/; <��<

��	
�����������	
���
��������� 4�0��<�����<=>?�@ABCD�EFBCBFAGHICGJ KEI�LMCN OPQR@�S�QR?TQP�>E?=RE=���* U3�*��/"����� U���<�/"����8 U����U/"����3 U3����/"����� U3��3�/"����U �U����/"�

V�W����+�+�������������X�*�U3��U�!Y��������������	
���
����������Z[�����	���
�����!���)�
�\
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Ηασελmαν, ϑον

Φροm: Αλλεν Ολmστεαδ <αλλεν.ολmστεαδ≅βασφ.χοm>

Σεντ: Φριδαψ, Απριλ 17, 2020 1:42 ΠΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Αλλεν Ολmστεαδ

Ηελλο ϑον, 
 
Ι αγρεε ωιτη τηε δεσιγνατεδ περχενταγε οφ χοντριβυτιονσ ιν τηε ταβλε φροm ψουρ εmαιλ βελοω. Ιφ ψου νεεδ ανψτηινγ ελσε φροm 
mε, ϕυστ λετ mε κνοω. 
 
Σινχερελψ, 
Αλλεν 
 

Αλλεν Ολmστεαδ 
Εχοτοξιχολογψ 
 
Πηονε: +1 919 5472644, Μοβιλε: +1 919 2706081, Εmαιλ: αλλεν.ολmστεαδ≅βασφ.χοm 
Ποσταλ Αδδρεσσ: ΒΑΣΦ Χορπορατιον − Αγριχυλτυραλ Σολυτιονσ, , 26 Dαϖισ Dριϖε, 27709−3528 Ρεσεαρχη Τριανγλε Παρκ, Υνιτεδ 
Στατεσ 

 
 

Φροm:�Ηασελmαν,�ϑον�<Ηασελmαν.ϑον≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�4:00�ΠΜ�

Το:�Αλλεν�Ολmστεαδ�<αλλεν.ολmστεαδ≅βασφ.χοm>�

Συβϕεχτ:�Ρεχορδ�οφ�Περχενταγε�Αγρεεmεντ�ρ�Αλλεν�Ολmστεαδ�

�

Ηι�Αλλεν,�

��

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�το�

τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

��

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�ψου�

αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�Φριδαψ,�

Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

��

��



2

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

��

��

Τηανκ�ψου,�

��

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�



1

Ηασελmαν, ϑον

Φροm: ϕκορτε≅χηαρτερ.νετ

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 10:27 ΑΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − ϑοσεπη Κορτε

�

Ηι�ϑον,�

�

Ψεσ,�Ι�αγρεε�ωιτη�τηε�περχενταγεσ.���

�

Ι�ηοπε�ψου�αρε�δοινγ�ωελλ.��Ι�ιmαγινε�τηισ�ισ�α�ϖερψ�διφφιχυλτ�τιmε�το�γετ�ανψ�ωορκ�δονε�ιν�τηε�λαβ.��Ηοπε�ιτ�δοεσν∋τ�λαστ�τοο�

λονγ.�

ϑοε�

ρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρρ�

Φροm:�∀Ηασελmαν,�ϑον∀��

Το:�∀ϕκορτε≅χηαρτερ.νετ∀�

Χχ:��

Σεντ:�Wεδνεσδαψ�Απριλ�15�2020�2:54:58ΠΜ�

Συβϕεχτ:�Ρεχορδ�οφ�Περχενταγε�Αγρεεmεντ�ρ�ϑοσεπη�Κορτε�

�

�

Ηι�ϑοε,�

��

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�το�

τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

��

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�ψου�

αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�Φριδαψ,�

Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

��

��

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�



2

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

��

��

Τηανκ�ψου,�

��

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�



1

Ηασελmαν, ϑον

Φροm: Πατριχια Κοσιαν <2πατριχιακοσιαν≅γmαιλ.χοm>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 3:16 ΠΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Πατριχια Κοσιαν

Ηι�ϑον�

Ι�αγρεε�ωιτη�mψ�δεσιγνατεδ�περχενταγε.��Γοοδ�το�ηεαρ�φροm�ψου.��Ηοπε�ψου�δοινγ�ωελλ�ανδ�σταψινγ�ηεαλτηψ!�

Πατ�

�

Πατ�

�

Ον�Wεδ,�Απρ�15,�2020�ατ�2:51�ΠΜ�Ηασελmαν,�ϑον�<Ηασελmαν.ϑον≅επα.γοϖ>�ωροτε:�

Ηι�Πατ,�

��

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�

το�τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

��

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�

ψου�αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�

Φριδαψ,�Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

��

��

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�



2

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

��

��

Τηανκ�ψου,�

��

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�

��



1

Ηασελmαν, ϑον

Φροm: Ροδνεψ ϑοηνσον <ϕυλνροδ≅γmαιλ.χοm>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 7:54 ΠΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Ροδνεψ ϑοηνσον

Ηι�ϑον,�

Τηανκσ�φορ�ινχλυδινγ�mε�ιν�τηισ�νοmινατιον.�Ι�φεελ�ηονορεδ!�Ανδ,�ψεσ�Ι�αγρεε�ωιτη�τηε�περχενταγε�ψου�ηαϖε�αλλοχατεδ�φορ�

mψ�χοντριβυτιον.�Τηανκσ�αγαιν,�Ροδνεψ.�

�

Ον�Wεδ,�Απρ�15,�2020,�2:56�ΠΜ�Ηασελmαν,�ϑον�<Ηασελmαν.ϑον≅επα.γοϖ>�ωροτε:�

Ηι�Ροδνεψ,�

��

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�

το�τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

��

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�

ψου�αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�

Φριδαψ,�Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

��

��

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�



2

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

��

��

Τηανκ�ψου,�

��

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�



1

Ηασελmαν, ϑον

Φροm: Dεγιτζ, Σιγmυνδ

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 2:59 ΠΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Σιγmυνδ Dεγιτζ

Ι�αγρεε.�

�

Φροm:�Ηασελmαν,�ϑον�<Ηασελmαν.ϑον≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�15,�2020�2:58�ΠΜ�

Το:�Dεγιτζ,�Σιγmυνδ�<Dεγιτζ.Σιγmυνδ≅επα.γοϖ>�

Συβϕεχτ:�Ρεχορδ�οφ�Περχενταγε�Αγρεεmεντ�ρ�Σιγmυνδ�Dεγιτζ�

�

Ηι�Σιγ,�

�

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

�

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

�

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�το�

τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

�

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�ψου�

αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�Φριδαψ,�

Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

�

�

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

�

�

Τηανκ�ψου,�

�

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�



2

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�



1

Ηασελmαν, ϑον

Φροm: Ιγυχηι Ταισεν <ταισενι≅ηοτmαιλ.χο.ϕπ>

Σεντ: Wεδνεσδαψ, Απριλ 15, 2020 7:24 ΠΜ

Το: Ηασελmαν, ϑον

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Ταισεν Ιγυχηι

∋ΗDΥ�−ΡΘ��

���,�ΚΡΣΗ�∴ΡΞ�DΘΓ�∴ΡΞΥ�DΟΟ�ΦΡΟΟΗDϑΞΗς�ΛΘ�WΚΗ�∋ΞΟΞWΚ�0ΛΓ�&ΡΘWΛΘΗΘW�(ΦΡΟΡϑ∴�∋ΛΨΛςΛΡΘ�DΥΗ�ςDΙΗ�ΙΥΡΠ�WΚΗ�&29,∋�����

,Θ�−DΣDΘ��DΟΟ�ΞΘΛΨΗΥςΛWΛΗς�DΘΓ�ςΦΚΡΡΟς�DΥΗ�ΦΟΡςΗΓ�ΞΘWΛΟ�0D∴����2ΞΥ�86�−DΣDΘ�ΠΗΠΕΗΥς�ΛΘΦΟΞΓΛΘϑ�<ΞWD�2ΘΛςΚΛ�DΘΓ�

7ΗWςΞΥΡΞ�2ΝDΠΞΥD�DW�,ΓΗD�&Ρ��DΥΗ�DΟΟ�ΙΛΘΗ��

����

���,�WΡWDΟΟ∴�DϑΥΗΗ�ΖΛWΚ�WΚΗ�ΣΗΥΦΗΘWDϑΗ�ΡΙ�Π∴�ΦΡΘWΥΛΕΞWΛΡΘ�WΡ�WΚΗ�ΖΡΥΝ���

∗ΡΡΓ�ΟΞΦΝ�ΙΡΥ�WΚΗ�∃ΖDΥΓ��

�

7DΛςΗΘ�,ϑΞΦΚΛ�

�

:ΛΘΓΡΖς����]ψ⇓�ς��

⊂

+∴���+DςΗΟΠDΘ��−ΡΘ�

√∈������ �Φ ��√������

∼���7DΛςΗΘ�

Γ⊂��5ΗΦΡΥΓ�ΡΙ�3ΗΥΦΗΘWDϑΗ�∃ϑΥΗΗΠΗΘW���7DΛςΗΘ�,ϑΞΦΚΛ�

⊂

Ηελλο�Ταισεν,�

��

Τηε�φολλοωινγ�παπερσ�ωιλλ�βε�νοmινατεδ�φορ�αν�ΕΠΑ�Σχιεντιφιχ�ανδ�Τεχηνιχαλ�Αχηιεϖεmεντ�Αωαρδ�τηισ�ψεαρ.��

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�Ιγυχηι,�Τ.,�ϑοηνσον,�Ρ.�D.,�&�Dεγιτζ,�Σ.�ϑ.�(2016).�Dεϖελοπmεντ�

οφ�τηε�Λαρϖαλ�Αmπηιβιαν�Γροωτη�ανδ�Dεϖελοπmεντ�Ασσαψ:�εφφεχτσ�οφ�χηρονιχ�4ρτερτροχτψλπηενολ�ορ�17τρτρενβολονε�

εξποσυρε�ιν�Ξενοπυσ�λαεϖισ�φροm�εmβρψο�το�ϕυϖενιλε.�ϑουρναλ�οφ�Αππλιεδ�Τοξιχολογψ,�36(12),�1639ρ1650.�

��

Ηασελmαν,�ϑ.�Τ.,�Κοσιαν,�Π.�Α.,�Κορτε,�ϑ.�ϑ.,�Ολmστεαδ,�Α.�W.,�&�Dεγιτζ,�Σ.�ϑ.�(2018).�Εφφεχτσ�οφ�mυλτιπλε�λιφε�σταγε�εξποσυρε�το�

τηε�φυνγιχιδε�προχηλοραζ�ιν�Ξενοπυσ�λαεϖισ:�Μανιφεστατιονσ�οφ�αντιανδρογενιχ�ανδ�οτηερ�mοδεσ�οφ�τοξιχιτψ.�Αθυατιχ�

Τοξιχολογψ,�199,�240ρ251.�

��

Ιν�ορδερ�το�νοmινατε�τηεσε�πυβλιχατιονσ,�τηε�δεσιγνατεδ�περχενταγε�χοντριβυτιον�το�τηε�ωορκ�ρεπρεσεντεδ�βψ�τηεσε�

mανυσχριπτσ�νεεδσ�το�βε�αγρεεδ�υπον�βψ�αλλ�αυτηορσ.�Πλεασε�ρεπλψ�το�τηισ�εmαιλ�ωιτη�α�βριεφ�στατεmεντ�ινδιχατινγ�τηατ�ψου�

αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�σηοων�ιν�τηε�ταβλε�βελοω.�Ιφ�ψου�δο�νοτ�αγρεε�ωιτη�τηισ�

δεσιγνατιον,�πλεασε�ρεπλψ�το�τηισ�εmαιλ�ΑΣΑΠ�ωιτη�ψουρ�χονχερνσ�ανδ�συγγεστιονσ.�Ψουρ�ρεπλψ�mυστ�βε�ρεχειϖεδ�βψ�Φριδαψ,�

Απριλ�24τη�φορ�τηισ�νοmινατιον�το�βε�συβmιττεδ�ον�τιmε.�

��

��

Αυτηορσηιπ� Ναmε� Οργανιζατιον� %�χοντριβυτιον�



2

Νοmινεε�(1στ�αυτηορ)� ϑονατηαν�Ηασελmαν� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Πατριχια�Κοσιαν� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� ϑοσεπη�Κορτε� ΕΠΑρΟΡD�(ρετιρεδ)� 12�

Χοραυτηορ� Ροδνεψ�ϑοηνσον� ΕΠΑρΟΡD�(ρετιρεδ)� 5�

Χοραυτηορ� Σιγmυνδ�Dεγιτζ� ΕΠΑρΟΡD� 22�

Χοραυτηορ� Αλλεν�Ολmστεαδ� ΝονρΕΠΑ� 22�

Χοραυτηορ� Ταισεν�Ιγυχηι� ΝονρΕΠΑ� 5�

��

��

Τηανκ�ψου,�

��

ϑον�Ηασελmαν�

Γρεατ�Λακεσ�Τοξιχολογψ�ανδ�Εχολογψ�Dιϖισιον�

Χεντερ�φορ�Χοmπυτατιοναλ�Τοξιχολογψ�&�Εξποσυρε�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Υ.Σ.�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

6201�Χονγδον�Βλϖδ.�

Dυλυτη,�ΜΝ�55804�

Τ:�218ρ529ρ5244�

Ε:�Ηασελmαν.ϕον≅επα.γοϖ�

�







Global gene expression during early differentiation of Xenopus (Silurana)
tropicalis gonad tissues

Jonathan T. Haselman ⇑, Allen W. Olmstead 1, Sigmund J. Degitz

US Environmental Protection Agency, Office of Research and Development, National Health and Environmental Effects Research Laboratory, Mid-Continent Ecology Division,

6201 Congdon Blvd., Duluth, MN 55804, USA

a r t i c l e i n f o

Article history:

Available online 21 June 2014

Keywords:

Xenopus tropicalis

Amphibian

Microarray

Gonad differentiation

Reproductive development

Gene expression

a b s t r a c t

African clawed frog Xenopus sp. is used extensively for developmental biology and toxicology research.

Amid concerns of environmental pollutants disrupting endocrine systems and causing altered reproduc-

tive development in wildlife, eco-toxicology research has led to a focus on linking molecular initiating

events to population-level effects. As such, efforts to better understand reproductive development at

the molecular level in these model species are warranted. To that end, transcriptomes were characterized

in differentiating Xenopus tropicalis gonad tissues at Nieuwkoop and Faber (NF) stage 58 (pro-metamor-

phosis), NF66 (completion of metamorphosis), 1 week post-metamorphosis (1WPM), and 2 weeks post-

metamorphosis (2WPM). Differential expression analysis between tissue types at each developmental

stage revealed a substantial divergence of ovary and testis transcriptomes starting between NF58 and

NF66; transcriptomes continued to diverge through 2WPM. Generally, testis-enriched transcripts were

expressed at relatively constant levels, while ovary-enriched transcripts were up-regulated within this

developmental period. Functional analyses of differentially expressed transcripts allowed linkages to

be made between their putative human orthologues and specific cellular processes associated with dif-

ferentiating gonad tissues. In ovary tissue, genetic programs direct germ cells through meiosis to the dip-

lotene stage when maternal mRNAs are transcribed and trafficked to oocytes for translation following

fertilization. In the testis, gene expression is consistent with connective tissue development, tubule for-

mation, and germ cell support (Leydig and Sertoli cells). This dataset exhibited remarkable consistency

with transcript profiles previously described in gonad tissues across species, and emphasizes the univer-

sal importance of certain transcripts for germ cell development and preparation of these tissues for

reproduction.

Published by Elsevier Inc.

1. Introduction

African clawed frog Xenopus sp. has been used extensively for

developmental biology and toxicology research. With mounting

concerns about wildlife exposure to environmental pollutants

and potential endocrine disrupting compounds (reviewed by

Kloas, 2002), efforts to better understand the mechanisms by

which xenobiotics cause reproductive harm are warranted. Many

studies have demonstrated the susceptibility of amphibians to

altered gonadal development due to xenobiotic or exogenous hor-

mone exposure resulting in sex reversal or altered sex ratios (Bögi

et al., 2002; Olmstead et al., 2009a; Ohtani et al., 2000; Pettersson

et al., 2006; Reeder et al., 1998; Villalpando and Merchant-Larios,

1990). The molecular processes of sex determination in amphibi-

ans vary by species, but many of the downstream molecular pro-

cesses driving differentiation (e.g., steroid hormones) are similar

even across taxa (reviewed by Hayes, 1998; reviewed by Ogielska

2009a,b,c; reviewed by Nakamura, 2010). Recent studies of gene

expression related to gonad differentiation in Xenopus sp. focus

on small subsets of genes in the gonad–mesonephric complex

and lack anchoring to a genotypic sex (Duarte-Guterman and

Trudeau, 2011; Flood and Langlois, 2014; Navarro-Martín et al.,

2012). We are now able to identify genotypic sex in individual

Xenopus larvae (Olmstead et al., 2010; Yoshimoto et al., 2008)

and have the ability to excise pure gonad tissue as early as Nieuw-

koop and Faber ([NF] 1994) stage 58. These advances allow clear

comparisons of gene expression profiles in ovary and testis tissues

for identification of gender-biased molecular networks specific to

each tissue. With the latest technological advances in global gene

expression analysis, it is now possible to characterize the genetic

http://dx.doi.org/10.1016/j.ygcen.2014.06.009
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programs responsible for active gonad differentiation. This founda-

tional information can then be utilized in subsequent toxicological

research to better understand how molecular perturbations in

gonad tissues cause abnormal phenotypes.

Three sequential events are operative in determining the sex of

most vertebrates: fusing of the gametes at conception (e.g., XX/XY

or ZZ/ZW sex chromosomes), sex determination by a molecular

switch during embryonic or larval development, andfinally, the cas-

cading molecular expression patterns initiated by the sex determi-

nation switch. Prior to sex determination in anurans, the

undifferentiated, bipotential gonad consists of a cortex andmedulla

(Merchant-Larios and Villalpando, 1981). In Xenopus tropicalis, the

first signs of testicular differentiation at the histological level occur

around NF stage 48, while the first evidence of ovarian differentia-

tion occurs aroundNF stage 51based ondifferences in laminin local-

ization patterns (El Jamil et al., 2008). The primordial germ cells

(PGC) reside in the cortex of the bipotential gonad and continue to

remain in the cortex of the female gonad while the medulla recedes

to an inner epithelial layer forming a lumen (Ogielska, 2009a). In the

testis, the PGCs migrate from the cortex to the medulla; the cortex

eventually disappears in lieu of the peritoneal epithelium. These

processes are initiated and orchestrated by genetic control, but the

exact mechanisms have not been elucidated in anuran species

(Hayes, 1998; Ogielska 2009a,b,c; Nakamura, 2010). By NF58, the

gonad is fully distinguishable histologically as either an ovary or a

testis based on the presence or absence of the cortex and medulla

(Fig. 1). Following NF58, many noticeable changes take place histo-

logically that indicate substantial up-regulation of differentiation

processes. In the ovary, primary oogonia are actively dividingmitot-

ically and form germ cell nests of secondary oogonia (Ogielska,

2009b). These germ cell nests are surrounded by somatic pre-follic-

ular cells that will eventually support development of the diplotene

oocytes. Bloodvessels andmesenchymecellsmigrate into the cortex

through the thin space between the cortex andwhatwas previously

themedulla. These blood vesselswill eventually deliver yolk precur-

sors to the oocytes from the liver where they are synthesized. Sec-

ondary oogonia become primary oocytes and proceed through

meiosis to the diplotene stage, when follicular cells proliferate and

envelop each oocyte to form follicles. Within each follicle, oocytes

begin to protrude microvilli that interlace with follicular cell mac-

rovilli, and gap junctions are formed between the oocyte and follic-

ular cell villi which allowmore surface area for passage of hormones

and signaling molecules between cells to direct oocyte meiosis and

maturation. The microvilli of the oocyte begin to branch out at their

tips, running parallel with the oocyte surface creating an envelope

(zona pellucida) where glycoproteins are localized to mediate the

acrosome reaction and resist polyspermy. An extensive network of

cytoskeletal components are assembled in the diplotene oocyte to

traffic molecules and prepare for resumption of meiosis when trig-

gered by progesterone much later in development. By 2 weeks fol-

lowing the completion of metamorphosis, the ovary contains pre-

meiotic germ cells andmeiocytes representing every stage of meio-

sis up to the arrested diplotene stage.

The histological hallmarks of testis differentiation throughout

this period of development are mainly cellular organization and

proliferation, as spermatogenesis does not commence until semi-

niferous tubules are fully developed closer to sexual maturity.

However, notable activities include invasion of blood vessels and

mesenchyme cells into the testis between the cortex and medulla

(as in the ovary), primary spermatocytes become encapsulated by

somatic cells and organize into primordial seminiferous cords that

eventually become tubules, and mesenchyme cells differentiate

into Leydig cells that will produce steroid hormones (Ogielska,

2009c). Overall, the ovary undergoes more activity in germ cell

development while the testis experiences more cellular movement

and organization for duct formation.

The objective of this study was to characterize the gene

expression patterns associated with X. tropicalis early gonad dif-

ferentiation and to identify candidate genes having robust asso-

ciations with gonad maturation during this period of

development. A secondary objective was to broaden the under-

standing of functional significance in a cross-species context by

comparing the candidate gene expression profiles to existing

knowledge of orthologous gene expression in other species dur-

ing gonadal development. To that end, temporal global expres-

sion profiles were measured in four different stages of

differentiating X. tropicalis ovary and testis tissues by microarray.

Resulting expression profiles were compared between tissues at

each developmental stage and enriched gene sets were analyzed

further for functional associations. As part of the analysis pro-

cess, human orthologues were identified for as many gene tran-

scripts as possible so the extensive mammalian molecular

T-2WPM

O-NF66 O-2WPM

T-NF66

O-NF58

T-NF58

C

M

L

Fig. 1. Histological sections of ovary (O) and testis (T) tissues at NF58, NF66, and 2 weeks post-metamorphosis (2WPM). Stained with H&E. C: cortex; M: medulla; L: lumen.
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interaction databases could be used for functional analyses and

discussion of cross-species comparisons.

2. Materials and methods

2.1. Animal care and culture

The in-house X. tropicalis breeders used to generate animals for

this study were of the ‘‘golden strain’’ and the female was con-

firmed to have the W-linked polymorphism identified by

Olmstead et al. (2010). This sex-linked marker and a reference

marker were used to determine the genetic sexes of the individual

offspring following sampling (described later). The animal care and

culture conditions were the same as described by Olmstead et al.

(2009b) and were as follows. Adult breeding pairs were maintained

on a 12:12 light:dark photoperiod at 25 �C in 7 L glass aquaria with

50 ml/min flow-through conditions and were fed 3/3200 premium

sinking frog food pellets (Xenopus Express, Plant City, FL, USA).

Water was from nearby Lake Superior (Duluth, MN, USA) and

was ozone treated and filtered prior to use. Mating of breeding

pairs was induced by injections of hCG (Sigma Aldrich, St. Louis,

MO, USA). An initial injection of 20 IU hCG followed by a second

injection of 100 IU hCG 5 h later were administered to both the

male and female breeder. Following mating, the adult breeders

were moved to another tank and embryos were allowed to hatch

in flow-through conditions. A single spawn was disbanded to a

density of 40/tank (12:12 photoperiod, 25 �C, 7 L tank, 25 ml/min

flow) and fed a diet consisting of homogenized cooked carrot and

spinach, Sera Micron (Sera North America, Toronto, Canada), and

brine shrimp three times daily until removed for sampling.

2.2. Experimental design

Four developmental time-points were considered for global

expression analysis: NF58 (pro-metamorphosis), NF66 (completion

of metamorphosis), 1 week post-metamorphosis (1WPM), and

2 weeks post-metamorphosis (2WPM). Gonad tissues were time-

matched and stage-matched, so collection occurred on a single

day for each developmental time-point and all animals used were

from the same spawn. For the 1WPM and 2WPM time-points, all

animals reached NF66 on the same day and were separated from

the rest of the spawn until sample collection 1 and 2 weeks later

respectively. On the day of tissue collection, animals were develop-

mentally staged (Nieuwkoop and Faber, 1994) and euthanized by

submersion in a lethal concentration of tricaine methanesulfonate

([MS-222], Argent Chemical Laboratories, Redmond, WA, USA) buf-

fered with sodium bicarbonate. Gonad tissues were then excised

independently of any other tissues (i.e. ‘‘pure’’ gonad tissue) and

transferred to a separate vial for each individual, homogenized in

lysis buffer from an RNeasy micro kit (Qiagen Inc., Valencia, CA,

USA), and immediately frozen on dry ice until samples could be

moved to �80 �C storage. Tail or toe tissue was also collected from

each individual for genetic sex determination using methods previ-

ously described by Olmstead et al. (2010). Once genetic sex was

determined for each individual, testes and ovaries were randomly

assigned to pools of four individuals (eight gonads per pool) to

make a total of five pools of testis tissue and five pools of ovary tis-

sue at each developmental time-point, with the exception of NF58

which had four pools of testis tissue and four pools of ovary tissue

(38 total sample pools).

2.3. Total RNA target preparation and hybridization

Homogenates corresponding to the four individuals to be

pooled were combined and then total RNA was extracted from

each pool according to RNeasy kit instructions (Qiagen Inc., Valen-

cia, CA, USA). RNA concentrations were measured on a NanoDrop

ND-1000 Spectrophotometer (NanoDrop Technologies, Inc.,

http://www.nanodrop.com) and quality was checked using a

2100 Bioanalyzer with an RNA 6000 pico assay (Agilent, Santa

Clara, CA, USA). Samples were then frozen at �80 �C and shipped

on dry ice to the US EPA Genomics Research Core in Research Tri-

angle Park, NC, where each RNA pool was amplified and labeled

using the 30 IVT Express kit (Affymetrix, Santa Clara, CA, USA)

according to kit instructions. Subsequent hybridizations, washes,

staining, and scanning of the 38 Affymetrix GeneChip� X. tropicalis

Genome Arrays (http://www.affymetrix.com/) were performed

according to the Expression Analysis instructions provided with

the chips. The probe results files (.CEL) containing feature intensi-

ties were generated using Affymetrix GeneChip� Command Con-

sole� software. These data files can be found in the Gene

Expression Omnibus repository (GEO: GSE58612).

2.4. Data analysis

2.4.1. Data summarization

The .CEL files were imported into GeneSpring GX 12.6 (Agilent)

software where they were summarized using the PLIER16 algo-

rithm including a baseline adjustment to the median of all sam-

ples. The PLIER16 algorithm assumes multiple-array analysis,

uses quantile normalization and a weighted approach to back-

ground correction using perfect match and mismatch probe pairs

(Hubbell, 2004, 2005). Quality control was performed on all arrays

using principle component analysis and hybridization control com-

parisons. The series of biotin-labeled hybridization control levels

for one sample replicate (NF58 testis) were indicative of faulty

hybridization (Supplemental Fig. 1). This sample was determined

to be compromised based on these hybridization controls and

was removed from subsequent analyses. As a result, the NF58 tes-

tis sample set consisted of three replicates while there were four

replicate NF58 ovary samples. The single NF58 testis sample was

the only sample showing faulty hybridization; all other hybridiza-

tions were successful based on the biotin-labeled hybridization

control levels and Pearson’s correlation coefficients. The correla-

tion plot including all chips compared to each other is also pro-

vided as evidence of this sample’s faulty hybridization, but

emphasizes the quality of the remaining biological replicates (Sup-

plemental Fig. 2).

2.4.2. Differential expression analysis and clustering

T-tests assuming unequal variance (Welch) were performed to

compare the testis versus ovary tissues at each of the developmen-

tal stages (Table 1). P-values were computed asymptotically and

the Benjamini–Hochberg FDR multiple testing correction was

applied (corrected p-value cutoff = 0.01). This analysis generated

a gene list for each developmental stage which exhibited P2-fold,

P5-fold, and P10-fold differential expression between tissues.

The 2WPM, P5-fold gene list was chosen for functional analyses

due to the 2WPM gonadal tissues being most differentiated and

Table 1

Numbers of transcripts differentially expressed between tissues at each develop-

mental stage (Welch’s t-test; Benjamini–Hochberg FDR corrected p < 0.01). Format of

each cell: Testis-enriched/Ovary-enriched.

Fold difference

Dev. Stage P2-fold P5-fold P10-fold

NF58 7/0 7/0 7/0

NF66 588/1079 88/91 27/19

1WPM 692/1626 95/196 41/54

2WPM 1487/2617 143/292 53/111
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exhibiting the most differentially expressed transcripts. Addition-

ally, using the P5-fold cutoff as opposed to the P2-fold cutoff

was meant to target transcripts with more robust differences, but

to also remain more inclusive than the P10-fold cutoff. Hierarchi-

cal clustering was performed on the 2WPM, P5-fold transcript list

using Euclidian similarity measure and Ward’s linkage rule. Simi-

larity was determined using the transcript profile across all eight

conditions (each gender and developmental stage) (Fig. 2).

2.4.3. Affymetrix GeneChip� Genome Arrays and approach to minimize

false discovery

Current Affymetrix GeneChip� Genome Arrays utilize multiple

oligonucleotide sequences from a single transcript in order to

determine an expression level (http://www.affymetrix.com). There

are approximately 11 perfect match oligonucleotide probes and 11

mismatch probes per probe set. These multiple perfect match and

mismatch probes together provide more accurate determinations

of true signal compared to background. Our approach to minimize

false discovery was several-fold. First, normalization of the array

intensities was performed using the PLIER algorithm. The PLIER

normalization algorithm (described earlier), as opposed to several

other commonly used normalization algorithms, has been shown

to be most conservative in terms of showing false positives (Seo

and Hoffman, 2006). A power analysis performed by Seo and Hoff-

man on various normalization algorithms suggested that PLIER

shows no false positives due to its lack of statistical power for

poorly performing probe sets. Next, the Benjamini–Hochberg FDR

correction was applied to the t-test results in addition to applying

a corrected p-value cutoff of 0.01 instead of the generally accepted

cutoff of p < 0.05. Finally, for functional analyses and biological

interpretation, only transcripts that were P5-fold different

between tissues (and statistically significant at corrected p-value

<0.01) were considered.

2.4.4. Enhanced annotation

In order to utilize Ingenuity Pathway Analysis (IPA) software

(Ingenuity Systems, Inc., Redwood City, CA, USA) developed for

mammalian gene network, pathway and functional analysis, puta-

tive human orthologs were identified for as many probe sets as

possible. This was performed by using Python programming lan-

guage (version 2.7) to search the UniGene database (National Cen-

ter for Biotechnology Information, http://www.ncbi.nlm.nih.gov/

unigene) with each UniGene ID provided in the X. tropicalis Gene-

Chip� annotation file. If a human alignment was present for a par-

ticular X. tropicalis UniGene ID, the human protein accession

number was appended to the annotation file for the associated

probe set ID. Some probe sets had multiple associated UniGene

clusters and therefore had multiple UniGene IDs. For cases where

multiple human orthologs were found for a single probe set, the

human ortholog with the highest alignment score was used for

any subsequent analyses. For details on UniGene cluster assign-

ments and protein similarity criterion, see UniGene FAQ (http://

www.ncbi.nlm.nih.gov/UniGene/help.cgi?item=FAQ). The updated

annotation file was then imported into GeneSpring so post-analy-

sis gene lists including human ortholog accession numbers for IPA

recognition could be exported.

2.4.5. Functional analyses

Five clades from the hierarchical dendrogram were chosen for

functional analyses based on the similarity of their expression pro-

files. The testis-enriched transcripts represented two clades while

the ovary-enriched transcripts represented three clades. Each of

these five clades were exported from GeneSpring as individual

gene lists including human orthologs and were then imported into

IPA separately for functional analyses. Transcripts not having a

human ortholog were filtered out during the import by default.

Also, not all of the recognized ortholog accessions were considered

for analyses because interaction data is not yet available for every

molecule in the IPA database. Therefore, the resulting number of

molecules considered in each analysis was always less than the

number of transcripts in the original lists.

3. Results

X. tropicalis ovary and testis transcriptomes were analyzed at

four different developmental stages during active tissue differenti-

ation using Affymetrix GeneChip� technology. Each of the arrays

contained 59,021 probe sets representing approximately 51,000

Ovary Testis

N
F

5
8

N
F

6
6

1
W

P
M

2
W

P
M

N
F

5
8

N
F

6
6

1
W

P
M

2
W

P
M

Ovary A

Ovary B

Ovary C

Testis A

Testis B

Normalized

expression level

-3.6 3.60
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unique transcripts. The objective of this study was not only to

identify transcripts differentially expressed between the two tissue

types, but to identify transcripts showing robust differences

between the tissues attributable to the genetic programs associ-

ated with gonad differentiation processes. Therefore, stringent cut-

offs were applied including a corrected p-value cutoff of 0.01

(Benjamini–Hochberg FDR) and fold difference cutoff of P5-fold

for functional analyses.

3.1. Differential expression and clustering

According to the corrected p-value cutoff of 0.01, there were

very few differentially expressed transcripts between tissue types

at NF58 and all were testis-enriched (i.e., elevated expression levels

in the NF58 testis as compared to the NF58 ovary) (Table 1).

Between NF58 and the completion of metamorphosis (NF66), there

was an appreciable increase in the number of differentially

expressed transcripts, with subsequent increases throughout the

remaining developmental stages. In most cases, aside from NF58,

the testis-enriched transcripts make up approximately 1/3 of the

total differentially expressed transcripts regardless of fold-

differences.

As explained in methods Section 2.4.2, a decision had to be

made regarding which transcript list to carry forward for func-

tional analysis in order to set limits on the scope of the analysis.

Gonad tissues at 2WPM are most differentiated histologically as

compared to the earlier developmental stages and the differential

expression data in Table 1 corroborates this fact. With regard to

the fold-change cutoff, use of transcripts P5-fold different

between tissues was intended to include only those transcripts

showing robust differences between tissues, but at the same time,

remain more inclusive than theP10-fold cutoff. Therefore, cluster-

ing and functional analyses were performed on the 2WPM, P5-

fold differentially expressed transcript list.

Hierarchical clustering revealed a distinct separation between

ovary and testis expression profiles (Fig. 2). For interpretation, a

coarse threshold was set to divide the dendrogram into five clus-

ters, which were each later analyzed for function using IPA soft-

ware. Generally, testis-enriched transcripts in both clades are

already being expressed at NF58 and continue to be highly

expressed throughout the developmental periods examined. Tran-

script profiles in the ovary, particularly clade A, indicate that

expression is initiated for many genes starting between NF58

and NF66 and levels of expression increase throughout this period

of development, whereas many other ovary-enriched genes, most

notably clade C, are induced sometime between 1 and 2 weeks

post-metamorphosis.

3.2. Functional analyses

3.2.1. Ovary clade A

Transcript expression profiles in this cluster are increasing sub-

stantially in the ovary throughout this period of development

starting sometime between NF58 and NF66 (Fig. 2 and Supplemen-

tal Table 2). Each of the three ovary clusters show different timing

of general transcript up-regulation. Ovary A generally shows up-

regulation following Ovary B and prior to Ovary C. Many tran-

scripts in the Ovary A cluster are functionally associated with

gonadogenesis, gametogenesis, meiosis, and fertility including

FIGLA, BRDT, TDRD5, PABPC1L, HORMAD1, TEX11, and MSH5. Inter-

estingly, BRDT, TDRD5, HORMAD1 and TEX11 are associated with

testis development in mammals and are being highly expressed

in differentiating ovary tissue of X. tropicalis. Several other tran-

scripts are functionally associated with ovary development and

oocyte maturation (LHX8, NPM2, GTSF1, CGA, ZGLP1). Additionally,

many transcripts are associated with DNA replication, recombina-

tion, and repair, of which some are also associated with cell cycle

and meiosis of germ cells (DMC1, HORMAD1, MSH5, BRDT, TEX11,

Cytoplasm

33%

Extracellular

Space

10%

Nucleus

40%

Plasma

Membrane

5%

unknown

13%

Ovary A (40)

Cytoplasm

28%

Extracellular

Space

29%

Nucleus

19%

Plasma

Membrane

24%

Unknown

0%

Ovary B (21)

Cytoplasm

37%

Extracellular

Space

16%

Nucleus

22%

Plasma

Membrane

19%

unknown

6%

Ovary C (63)

Cytoplasm

31%

Extracellular

Space

22%

Nucleus

16%

Plasma

Membrane

27%

unknown

4%

Testis A (51)

Cytoplasm

20%

Extracellular

Space

33%

Nucleus

7%

Plasma

Membrane

27%

unknown

13%

Testis B (15)

Fig. 3. Cellular distributions of gene products by cluster. Total numbers of unique gene products per cluster are in parentheses next to cluster ID. Cellular location information

was derived from IPA output.

J.T. Haselman et al. / General and Comparative Endocrinology 214 (2015) 103–113 107



NPM2, TBP, SASS6, BANF1, SYCE2). Another interesting result from

this cluster is that many transcripts are functionally associated

with cancer, but lack information about more specific functions

(see Supplemental Table 2). This is likely an artifact of the context

in which these genes have been studied and the metadata associ-

ated with them in the IPA database. Nonetheless, these genes are

likely associated with regulation of cell proliferation. The majority

of gene products in this cluster reside in the nucleus (40%) and

cytoplasm (32%) indicating an emphasis on intracellular processes

(Fig. 3).

3.2.2. Ovary clade B

This cluster shows the earliest differential expression of the

three ovary clusters starting at NF58 and remaining differentially

expressed throughout this period of development, with some pro-

files showing increasing expression throughout this period of

development (Fig. 2 and Supplemental Table 2). Transcripts in this

cluster are mainly associated with gonad morphology (CHST8,

EMX2, CYP26A1, GGT1, IRX5), cell proliferation (OLFML2A, LUM,

NPPC, ESRP1, CLDN6, CLDN7, TACSTD2) and primary sex determina-

tion (EMX2, CYP19A1). Several transcripts are also associated with

nervous system development (NTN1, KAL1, IRX5, A2M, IRX3). Inter-

estingly, several of the upstream regulators predicted to be con-

trolling expression in this cluster are being expressed in testis

tissue throughout this period of development (Testis Clade A:

FGF10, RARRES1, DAX-1). Other predicted upstream regulators of

genes in this cluster include b-estradiol, progesterone, and FSHb.

Gene products in this cluster primarily reside in the extracellular

space (29%) and plasma membrane (24%) indicating an emphasis

on intercellular signaling/activity (Fig. 3).

3.2.3. Ovary clade C

Transcripts in this cluster are substantially up-regulated

between 1WPM and 2WPM. Many of them have very similar tem-

poral expression profiles and similar magnitudes of up-regulation

at 2WPM. Functionally, these genes are associated with reproduc-

tive system development and gametogenesis (BMP15, CCNA1,

COMT, GJA4, H2AFX, NANOS2, OCA2, SOX2, ZP3), cell cycle and mei-

osis (BMP15, BTG3, BTG4, CCNA1, CCNB1, EIF4E, LGALS3, MAD1L1,

SOX2, WEE2), transcription (BMP15, BTG3, CAPRIN2, FOXH1, GSTP1,

GTF3A, H2AFX, MAD1L1, SALL4, SOX2, TDGF1, ZFP36, ZFP36L2, ZIC2,

ZP3), and RNA binding, stabilization and trafficking (CCNB1, EIF4E,

ZFP36, ZFP36L2). Possible upstream regulators of genes in this clus-

ter are NOBOX, MYBL2, SALL4 and FIGLA. FIGLA is present in the

Ovary A cluster and shows a substantial increase in expression

starting between NF66 and 1WPM, which precedes up-regulation

of many genes in this cluster making it a particularly strong candi-

date transcriptional regulator. Gene products in this cluster mainly

reside in the cytoplasm (37%) and nucleus (22%) indicating an

emphasis on intracellular processes and is consistent with cell

cycle regulation, transcription, and RNA binding, stabilization,

and trafficking occurring for developing meiotic oocytes (Fig. 3).

3.2.4. Testis clade A

Gene expression profiles in this cluster generally show less dif-

ferential expression between tissue types overall as compared to

the Testis B cluster (Supplemental Table 2). Additionally, most of

the transcripts in this cluster become more testis-biased between

NF66 and 2WPM. This is due in part to general decreases in ovary

transcript expression while testis expression remains constant

(upper half of cluster) and general increases in testis transcript

expression while ovary expression remains constant (lower half

of cluster) (Fig. 2). Many transcripts in this cluster are involved

in cardiovascular system development (TPM2, GAS6, CNN1, FBLN5,

KCNJ8, MYH11), vasculogenesis (FHL2, COL13A1, ENPP2, SEMA3B,

COL8A1, TGM2), and connective tissue development (INHA, INHBA,

DHH, NLK, COL9A1, FHL2, FGF10) (Supplemental Table 2). There

are also many transcripts involved in reproductive system devel-

opment and testis morphology (NKX3-1, SRD5A2, INHA, INHBA,

DHH, CYP26B1, FGF10, DAX-1, SNAI2). Some of the same genes asso-

ciated with testis morphology are also associated with sex deter-

mination (SRD5A2, INHA, DHH, DAX-1). In addition, there was

significant enrichment of transcripts associated with steroidogen-

esis and androgen biosynthesis in this cluster (AKR1C3, CYP17A1,

SRD5A2, DKK3, INHBA, KITLG). Upstream regulation analysis identi-

fied TGFb and androgen receptor as potential activators based on

enrichment of transcripts involved in those pathways. Gene prod-

ucts in this cluster show fairly even representation of possible cel-

lular locations with a slight majority occurring in the cytoplasm

(31%) (Fig. 3).

3.2.5. Testis clade B

Gene expression profiles in this cluster exhibit substantial

expression levels in the testis throughout this period of develop-

ment and are markedly higher than ovary expression levels, which

are ostensibly absent (Fig. 2 and Supplemental Table 2). Functional

analysis of this cluster indicates significant contributions to cardio-

vascular, connective tissue, and nervous system development as in

the Testis A cluster. Specifically, transcripts are associated with

blood vessel development (ACTA2, MYL4, AQP1, FGFBP3), angiogen-

esis (AQP1, GPC1, NPTX1), collagen development (BMP1), and cell

signaling and nervous system development (NPTX1, SLITRK4,

HTR2C, CLEC4M). Three transcripts in this cluster are functionally

associated with reproductive system development (INSL3, ASTL,

AQP1) with the first two being associated with fertility. Functional

analysis of this cluster also identified laminin as a potential

upstream regulator. Laminin is localized to the basal membrane

surrounding seminiferous tubules in X. tropicalis testis tissue (El

Jamil et al., 2008) and is known to influence cell migration, differ-

entiation, and tissue organization (Hadley et al., 1990; Sasaki et al.,

2004). The majority of gene products in this cluster are located in

the extracellular space (33%) and plasma membrane (27%) indicat-

ing an emphasis on intercellular signaling and tissue development.

4. Discussion

Gonad tissues are unique from other vertebrate tissues in that

the indifferent gonad is triggered, through genetic programs, to dif-

ferentiate into one of two morphologically distinct mature tissues

both supporting germ cells and reproduction. Gonad phenotype is

determined genetically in some vertebrate species and by environ-

mental triggers in others (e.g., temperature). However, the

sequence of events following sex determination and the molecular

factors responsible for developing these tissues are similarly

orchestrated in gonads across many vertebrate species, all in sup-

port of germ cells. Since gonad differentiation is susceptible to

chemical perturbations leading to infertility or sex reversal at the

individual level, efforts are necessary to understand the vulnerable

targets and pathways leading to aberrant gonad development

potentially causing adverse effects at the population level

(Ankley et al., 2010).

To contribute to the knowledge base at the molecular level, we

employed microarray technology to identify gender differences in

the genetic programs associated with gonadal development and

differentiation in model Anuran species X. tropicalis. To date, global

gene expression analysis has not been performed strictly on ovary

and testis tissues this early in Xenopus development, as they are

difficult to excise and close to impossible to differentiate visually.

Recent advances in Xenopus research allows for the genetic deter-

mination of gender in individual animals (Olmstead et al., 2010;

Yoshimoto et al., 2008) making it possible to extract ovary and tes-
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tis tissues from larvae prior to these tissues becoming visibly

dimorphic. By collecting tissues at four different time-points

through development, temporal profiles of gonad gene expression

specific to each sex were acquired.

Differentially expressed transcripts were clustered by their

temporal profiles, and bioinformatic analyses of gene function

and pathway enrichment were performed to associate transcripts

with tissue processes and to identify potential upstream regula-

tors. Performing these types of analyses with molecular interac-

tion, pathway, and functional annotations specific to Xenopus

proved to be both bioinformatically cumbersome and not easily

interpreted. In contrast, the mammalian-based Ingenuity Pathway

Analysis software provided a reasonably comprehensive analysis

that facilitated more meaningful interpretation of results. How-

ever, human orthologues had to be acquired from the NCBI Uni-

Gene database in an automated fashion using Python scripting

language. The assumption underlying our analysis is that ortholo-

gous genes play similar roles in frogs and humans. While it is rec-

ognized that there may be exceptions, the expression profiles of

well-characterized gender-biased genes in gonad tissue including

CYP19A1 and SRD5A2 provided confidence that this assumption

was generally valid.

4.1. Ovary

At larval somatic stage NF58, the ovary (stage IV according to

Ogielska and Kotusz’ (2004) staging criteria for Anuran ovary

development) exhibits a cortex containing germ cells and germ cell

nests separated by a layer of prefollicular cells. At this stage of

ovarian differentiation, the germ cells are dividing mitotically

while blood vessels and mesenchyme cells invade the cortex

(Ogielska, 2009b). The suite of genes being expressed at this time

are in Ovary Clade B which includes, most notably, those coding

for enzymes CYP19A1 (aromatase) and CYP26A1. Aromatase cata-

lyzes the production of 17b-estradiol, which has been studied

extensively for its role in sex determination and sexual differenti-

ation. It is no surprise aromatase is being expressed in the ovary as

it is widely accepted to be a determining factor for whether the

bipotential gonad becomes a testis or ovary; its expression profile

supports the quality of these results. CYP26A1 is primarily

involved in retinoic acid regulation and has been shown to be

estrogen-responsive in human endometrium (Deng et al., 2003).

Retinoic acid has also been identified as the key factor for initiating

sex-specific timing of germ cell entry into meiosis in mammals

(reviewed by Bowles and Koopman, 2007). Based on the timing

of expression of other meiosis-specific transcripts in this dataset,

it is highly plausible that retinoic acid, and regulator CYP26A1,

are responsible for initiating X. tropicalis oocyte meiosis in a similar

fashion.

Oocyte meiosis begins during ovary stage V which is approxi-

mately concomitant with the completion of metamorphosis

(NF66). Many transcripts in Ovary Clade A are associated with mei-

osis and are up-regulated around NF66 including HORMAD1,

SPDYA, MSH5, SYCE1, BRDT, TEX11, DMC1, TDRD5, and others. Inter-

estingly, HORMAD1, BRDT, TEX11, and TDRD5 have been primarily

associated with testis tissue in mammals and were found to be

playing roles in male germ cell meiosis (Chen et al., 2005;

Gaucher et al., 2012; Jones et al., 1997; Wang et al., 2001a;

Yabuta et al., 2011), but it is suggestive here that these genes also

play significant roles in X. tropicalis oocyte meiosis. Further inves-

tigation identified that HORMAD1, BRDT, and TEX11 have been

found to play roles in both spermatocyte and oocyte meiosis

(Houmard et al., 2009; Kogo et al., 2012; Paillisson et al., 2007).

In mouse spermatogonial cell lines TEX11 has been shown to mod-

ulate effects of estrogen receptor-b, and overexpression resulted in

enhanced transcription of an estrogen-responsive reporter gene

(Yu et al., 2012). Given the importance of estrogenic influence on

gonadal development, TEX11 could be a critical factor in Xenopus

ovary and germ cell development ultimately affecting fertility.

Prior to the appearance of diplotene oocytes, which occurs dur-

ing ovary stage VI, mRNAs coding for notable transcription factors

including TBP, LHX8, and FIGLA are ovary-enriched. During this

time, early folliculogenesis takes place and is orchestrated by sig-

naling between the oocyte and cumulous, or granulosa cells. FIGLA

has been shown to directly regulate transcription of a series of gly-

coproteins localized to the oocyte zona pellucida (Soyal et al.,

2000). Notably, ZP3 and ZP4 are up-regulated subsequent to the

up-regulation of FIGLA in the current dataset. A recent study by

Hirakawa et al. (2013), using an alternate microarray platform to

measure gene expression in juvenile Xenopus (Silurana) tropicalis

gonad tissues, also found that FIGLA, ZP4 and other transcripts rep-

resented by our current data set are highly ovary-biased. In mouse

oocytes FIGLA appears to repress expression of testis-associated

genes including CYP17A1, DKKL1, TDRD1, TDRD6, TDRD7, and oth-

ers, while activating factors associated with oocyte development

(Hu et al., 2010). Expression profiles of CYP17A1 and DKKL1 isoform

DKK3 in the present dataset are consistent with the findings of Hu

et al. (2010) whereas the tudor-domain isoform TDRD5 expression

profile is ovary-enriched. This difference could be species related,

temporally related, or isoform related, all of which would require

further investigation. However, FIGLA has been well-characterized

in mammalian reproductive development and plays a critical role

in ovary development and fertility. These data support the struc-

tural and functional conservation of this transcription factor and

its importance to ovary development across species.

Transcription factor LHX8 has also been implicated in mamma-

lian ovary development and fertility (Choi et al., 2008). Deficiencies

in LHX8 cause misexpression of GDF9, POU5F1, NOBOX, KIT, and

KITL. NOBOX and paralogue POU4F1 were both predicted upstream

regulators of ovary-enriched genes in clades B and C. NOBOX has

been shown to regulate germ-cell specific genes such as BMP15

and ZAR1 (Rajkovic et al., 2004), both of which are highly ovary-

enriched here at 2WPM. BMP15 and GDF9 are close homologues

in the TGF-b superfamily of growth factors and are both responsi-

ble for activation of primordial follicle development in the human

ovary in vitro (Kedem et al., 2011). Although GDF9 was not repre-

sented in Supplemental Table 2, it was ovary-enriched at 2WPM

by over 2-fold (corrected p < 0.01) supporting its role in follicle

development across species. In X. tropicalis, KITL message is contin-

ually increasing in testis tissue over this period of development.

While in the ovary, expression of this transcript continually

decreases. This appears inconsistent with what is reported in

mammalian primordial follicle development (Driancourt et al.,

2000), as KIT (receptor) together with KITL (ligand) control oocyte

growth and theca cell differentiation, and protects preantral folli-

cles from apoptosis. However, KITL has been well-characterized

as an essential factor for mammalian spermatogenesis and male

fertility (Vincent et al., 1998) consistent with expression levels in

X. tropicalis testis tissues here. Furthermore, this emphasizes the

potential importance of its proper expression and uninhibited

function for reproductive success in mammals and amphibians

alike.

In addition to transcription factor signaling during early follicu-

logenesis, maternal mRNAs begin to be transcribed in maternal

cells and are localized to the developing germ cells. In Xenopus lae-

vis embryos, maternal stores of TBP mRNA become translated lead-

ing up to the mid-blastula transition of embryogenesis and are

translationally masked by association with a repressive protein

prior to this event (Veenstra et al., 1999). This increase in TBP pro-

tein coincides with an increase in RNA polymerase I protein to

which TBP associates in order for active translation to take place

during embryogenesis (Bell and Scheer, 1999). TBP appears to be
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one of many maternal mRNAs that begin to be localized to the soon

diplotene oocytes. However, TBP expression is up-regulated here

around NF66, which is well before many of the other maternal

mRNAs are up-regulated indicating a possible role in translation

both in primordial follicle development and embryogenesis.

During ovary stage VI and around 2WPM, oocytes reach the dip-

lotene stage of meiosis, and oocyte maturation processes begin

including maternal RNA transport and localization within the

oocyte, arrangement of the cytoskeleton and microvilli in the

oocyte cortex, and incorporation of sperm receptor glycoproteins

in the zona pellucida (Ogielska, 2009b). Components of these pro-

cesses are evident in this data set, especially in Ovary Clade C, as

most of these gene profiles show substantial expression levels

starting at the 2WPM time-point. Notable maternal mRNAs in this

dataset previously identified as oocyte-specific are ZAR1, NANOS1,

FOXI2, H1FOO, and VEGT to name a few that play key roles in

embryogenesis following fertilization (Cha et al., 2012; Furuya

et al., 2007; Lai et al., 2012; Wu et al., 2003). Translational control

of mRNAs is evident by several regulators that are highly ovary-

enriched here (ZFP36, ZFP36L2, EIF4E, PABPCL1). These may play

roles in maternal mRNA translational regulation and/or regulate

translation of factors involved in follicle development, but in either

case show strong gender-biased expression profiles.

Oocyte meiosis is arrested at the diplotene stage and awaits

resumption of meiosis during the later stages of progesterone-

mediated oocyte maturation. CCNB1, CCNB2, and CCNA1 all show

robust expression around 2WPM when more oocytes are reaching

the diplotene stage. CCNB complexed with a serine/threonine

kinase (CDC2) mediates the G2/M transition when triggered

upstream by progesterone (Nebreda and Ferby, 2000). Other genes

involved in resumption of meiosis are MAPK and WEE1. Both of

these genes are represented in this data set by putative homo-

logues showing robust expression levels in the ovary starting

around 1WPM and 2WPM respectively (MAPK13 and WEE2). All

of these transcripts are presumably being localized within the dip-

lotene oocytes and inactivated prior to the events triggering

resumption of meiosis.

4.2. Testis

Stage IV of Ogielska and Kotusz (2004) staging criteria for

anuran gonad development is the point at which the undifferenti-

ated gonad becomes either an early ovary or early testis. Therefore,

similar to the ovary at somatic stage NF58, the testis is also at stage

IV. This stage of testis development exhibits migration of germ

cells and mesenchyme cells to the medullar space while the cortex

recedes and eventually disappears (Ogielska, 2009a). The mesen-

chyme cells subsequently differentiate to become connective tis-

sue and Leydig cells. Much uncertainty exists about what

factor(s) signal germ cell migration toward the medullar space in

anurans ultimately differentiating into spermatogonia. Experimen-

tation with parabiosis, transplanted gonad grafts, and steroid hor-

mone exposure brought about a theory that the anuran testis

produces substance(s) other than steroid hormones that induce

medullary development and is also capable of transforming ovaries

of genetic females into testes (reviewed by Hayes, 1998). Further-

more, the putative inducer substance(s) were later suggested to be

blood-bound. This theoretical substance, termed ‘‘medullarin’’ by

Chang and Witschi (1956), has not yet been identified nor has

the mechanism been elucidated. Interestingly, the gene showing

the greatest magnitude of differential expression in the entire data

set is a testis-biased relaxin family protein (rflcii) (Supplemental

Table 2). The putative human ortholog for this gene is INSL3, which

is a Leydig cell-specific insulin-like protein. Both of these proteins

belong to the relaxin family of peptide hormones. This family of

peptide hormones and their receptors have been implicated in var-

ious reproductive functions in humans and mice (Bathgate et al.,

2013), but their roles in other vertebrates have not been well-stud-

ied. We propose that this X. tropicalis relaxin peptide hormone is a

potential candidate for the unidentified ‘‘medullarin’’ substance

promoting anuran testis development; however, further experi-

mentation is necessary to support this suggestion.

Given that INSL3 is Leydig cell-specific in mammals, it is likely

that Leydig cells are present in the testis as early as NF58 despite

being in the pre-spermatogenesis phase. Although fetal Leydig cells

have been identified in 7-day-old rat testis tissues by immunohis-

tochemical analyses (Svechnikov et al., 2010), histological studies

in amphibians have not yet specifically identified how early Leydig

cells differentiate and become influential in testis development.

Our results now provide a precedent for ‘‘larval’’ Leydig cells being

the amphibian equivalent to mammalian fetal Leydig cells. Also

supporting the presence of Leydig cells at NF58 is the expression

of genes coding for androgen-producing enzymes including

CYP17A1 and SRD5A2. Expression of these genes becomes more tes-

tis-enriched throughout this period of development. Another nota-

ble testis-enriched transcript codes for the CYP26B1 enzyme. As

discussed in relation to ovary-enriched CYP26A1 during this period

of development, CYP26 enzymes are responsible for retinoic acid

regulation, which ultimately affects timing of germ cell meiosis

(reviewed by Bowles and Koopman, 2007). CYP26B1 expressed in

Sertoli cells has been found to delay retinoic acid-mediated germ

cell meiosis in mice testis tissue leading to development of sper-

matogonia later in reproductive maturation whereas Cyp26b1-

knockouts exhibited precocious meiosis of germ cells similar to

the timing of oocyte meiosis (Bowles et al., 2006). The observed

patterns of CYP26 expression in X. tropicalis are consistent with

what has been found in mammalian embryonic development

research, emphasizing the conserved critical role of retinoic acid-

mediated germ cell development.

In a general sense, the testis-enriched transcripts are expressed

at relatively constant levels as compared to the ovary-enriched

transcripts that show time-dependent increases in expression

throughout this period of differentiation. This can be attributed

to the cellular organization and tissue morphology processes initi-

ated prior to NF58, and continuing until sex cords and ductules of

rete testis are fully formed in the weeks and months following this

period of differentiation. Orchestration of the various morphologi-

cal changes in the differentiating testis involves signaling within

and between cells involving extracellular proteins and growth fac-

tors (FBLN5, DHH, FGFBP3, BMP1, ASTL, DKK3, NPTX1, FGF10, GAS6,

INHA, INHBA, KITLG), plasma membrane proteins (ADCYAP1,

COL13A1, RARRES1, INTGA2B), and transcription factors (DAX-1,

FHL2, OSR2, SNAI2).

Among the aggregation of primary spermatogonia into clusters

that eventually become sex cords, mesenchymal cells begin to

form connective tissue. Transcripts showing some of the highest

magnitude of differential expression between testis and ovary tis-

sue are BMP1 and a similar gene ASTL, which are both pro-collagen

metalloproteases (reviewed by Muir and Greenspan, 2011). Evi-

dence of collagen production is further supported by the expres-

sion of various collagen isoforms COL8A1, COL9A1, and COL13A1.

The recruitment of mesenchymal cells for the formation of connec-

tive tissue and Leydig cells involves the epithelial–mesenchymal

transition (EMT) (reviewed by Thiery and Sleeman, 2006). This pro-

cess has been shown to involve a complex network of signaling

involving a series of genes well-represented by this data set’s tes-

tis-enriched transcripts including a transcription repressor of E-

cadherin SNAI2, an integrin cell surface receptor INTGA2B, fibro-

blast growth factor FGF10, and its putative activator FGFBP3. One

component of the EMT is Wnt signaling, which is regulated in part

by three members of the Dickkopf gene family (Krupnik et al.,

1999). DKK3 is testis-enriched here but has been shown not to
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function like the other Wnt antagonist Dkk isoforms. Instead, DKK3

is related to a novel secreted protein SGY (DKKL1) that has been

shown to localize to the acrosome in mammalian spermatocytes

(Kohn et al., 2005). However, upon reviewing the original data,

DKK1 was testis-enriched by approximately 2-fold (corrected

p < 0.01), supporting antagonist action on the Wnt pathway allow-

ing the EMT to take place in the testis. During the EMT, mesenchy-

mal cells migrate and differentiate into the cells they are fated to

become. This cell migration requires cytoskeletal components

actin, myosin, and tropomyosin, which are all testis-enriched dur-

ing this period of development (MYH11, TPM2, ACTA2,MYL4). How-

ever, whether the cells differentiate into connective tissue or

support cells for spermatogenesis depends on other signaling

factors.

One essential signaling factor being expressed in the testis is

the desert hedgehog gene (DHH). This gene is expressed in Sertoli

cells and is required for proper formation of sex cords by inter-

acting with the peritubular myoid cells and inducing Leydig cell

differentiation (Clark et al., 2000; reviewed by Franco and Yao,

2012). In fetal mice, Leydig cell differentiation is suggested to

be triggered by Dhh-mediated steroidogenic factor 1 (SF1) up-

regulation in cells outside the sex cords (Yao et al., 2002). A lack

of Dhh protein in male Dhh-null mice has been shown to cause

sterility, while having no effect on reproduction in females

(Bitgood et al., 1996). This severity of response emphasizes the

importance of DHH and associated signaling pathway to testis

development; its expression pattern in X. tropicalis appears to

be consistent with what is observed in mammals. Further inves-

tigation into modulation of DHH expression in anurans is

necessary as inhibition of this pathway could have major implica-

tions on successful reproduction.

Other notable testis-enriched transcripts in X. tropicalis that

have been well-characterized in mammalian reproductive devel-

opment include inhibin subunits INHA and INHBA, and also DAX-

1 (NR0B1). Inhibins belong to the TGF-b protein superfamily and

are multifunctional hormones involved in control of FSH secretion

from the pituitary and also paracrine/autocrine signaling within

the human testis (Luisi et al., 2005). In the fetal human testis, INHA

is expressed in Sertoli cells and both INHA and INHBA are expressed

in Leydig cells. However, inhibin B is the subunit expressed later in

development that is used clinically as a diagnostic indicator of Ser-

toli cell function, spermatogenesis, and fertility (Pierik et al., 1998).

Therefore, it is clear INHA and INHBA are playing roles in early

gonadogenesis, presumably consistent with mammalian testis

development, but currently lack correlation with fertility.

Finally, DAX-1 is a multifunctional orphan nuclear receptor pro-

tein that, with duplication, is capable of causing male to female sex

reversal in mammals with a normal SRY gene (Lalli and Sassone-

Corsi, 2003). It has been shown to play many regulatory functions

within steroidogenic tissues through various mechanisms includ-

ing DNA binding to transcription activation sites, recruitment of

co-repressors, and interaction with the androgen receptor and

estrogen receptors a and b. DAX-1 has been shown to directly

interact with steroidogenic factor 1 (SF1) negatively regulating

transcription of steroidogenic enzymes including CYP17, CYP19,

and others (Gurates et al., 2002; Hanley et al., 2001; Wang et al.,

2001b). Inhibin a (INHA) discussed previously has also been shown

to be negatively regulated either directly or indirectly by DAX-1

(Achermann et al., 2001). Therefore, the expression pattern of

DAX-1 in X. tropicalis testis tissue during these stages of develop-

ment is very curious, as the sex determining gene has not been

found in this species (it is not known to have functional SRY) and

expression levels of CYP17 and inhibin a appear to be uninhibited.

However, CYP19 expression in the testis is low to absent suggesting

a plausible mechanism for maintaining a masculine tissue during

this period of development. The DAX-1 expression pattern in

X. tropicalis testis tissue is consistent with DAX-1 expression pat-

terns in Rana rugosa (Sugita et al., 2001) indicating the importance

of this transcript in frog testis development despite it being an

‘‘anti-testis’’ gene in mammals. This gene’s key activities and

diverse mechanisms, within and between species, make it a partic-

ularly interesting candidate for further investigations regarding

cross-species differences in reproductive development.

5. Conclusion

While we focused our analysis and discussion on transcripts

with greater than 5-fold (corrected p < 0.01) differential expression

between tissues, many other transcripts showing gender-biased

expression remain to be explored. Robust expression profiles of

key transcripts previously characterized in gonad development

and the comprehensive representation of the various well-known

developmental processes involved in gonad differentiation empha-

size the quality of this data set, which remains freely available

from the GEO repository for public investigations. This work has

generated numerous testable hypotheses and provides a founda-

tion for subsequent investigations of chemical-induced perturba-

tions of pathways proximal to molecular initiating events.

Linking these molecular initiating events to adverse effects on

the reproductive organs will identify vulnerable targets of environ-

mental pollutants, aid in elucidation of adverse outcome pathways,

and have potential for cross-species extrapolation and population

modeling.
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Development of the Larval Amphibian Growth
and Development Assay: Effects of
benzophenone-2 exposure in Xenopus laevis
from embryo to juvenile

Jonathan T. Haselmana*, Maki Sakuraib, Naoko Watanabeb, Yasushi Gotob,
Yuta Onishib, Yuki Itob, Yu Onodab, Patricia A. Kosiana, Joseph J. Kortea,
Rodney D. Johnsona, Taisen Iguchic and Sigmund J. Degitza

ABSTRACT: The Larval Amphibian Growth and Development Assay (LAGDA) is a globally harmonized chemical testing guideline
developed by the U.S. Environmental Protection Agency in collaboration with Japan’s Ministry of Environment to support risk
assessment. The assay is employed as a higher tiered approach to evaluate effects of chronic chemical exposure throughoutmul-
tiple life stages in a model amphibian species, Xenopus laevis. To evaluate the utility of the initial LAGDA design, the assay was
performed using amixedmode of action endocrine disrupting chemical, benzophenone-2 (BP-2). X. laevis embryoswere exposed
in flow-through conditions to 0, 1.5, 3.0 or 6.0 mg l–1 BP-2 until 2 months post-metamorphosis. Overt toxicity was evident
throughout the exposure period in the 6.0mg l–1 treatment due to elevatedmortality rates and observed liver and kidney pathol-
ogies. Concentration-dependent increases in severity of thyroid follicular cell hypertrophy and hyperplasia occurred in larval
tadpoles indicating BP-2-induced impacts on the thyroid axis. Additionally, gonads were impacted in all treatments with some
genetic males showing both testis and ovary tissues (1.5 mg l–1) and 100% of the genetic males in the 3.0 and 6.0 mg l�1 treat-
ments experiencing complete male-to-female sex reversal. Concentration-dependent vitellogenin induction occurred in both
genders with associated accumulations of protein in the livers, kidneys and gonads, which was likely vitellogenin and other
estrogen-responsive yolk proteins. This is the first study that demonstrates the endocrine effects of this mixed mode of action
chemical in an amphibian species and demonstrates the utility of the LAGDA design for supporting chemical risk assessment.
Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

The Ministry of the Environment (MOE), Government of Japan,
uses a tiered system for risk assessment of chemicals having endo-
crine activities (MOE, 2010). The U.S. Environmental Protection
Agency’s Endocrine Disruptor Screening Program (EDSP) uses a
similar tiered approach for prioritizing the testing of chemicals
for risk assessment (EDSP Website). Tier 1 screening consists of a
battery of in vitro and short-term in vivo tests to identify whether
a chemical has the potential to interact with some aspect of the
endocrine system. Over the last decade, Japan’s MOE collaborated
with the US EPA to develop Tier 2 in vivo tests that are longer-term
chronic exposures meant to evaluate chemical effects across a
range of exposure levels throughout multiple life stages in fish
and amphibians (Organization for Economic Cooperation and De-
velopment [OECD], 2015a,b; US EPA, 2015a,b).

The Larval Amphibian Growth and Development Assay (LAGDA)
is a multiple life-stage aqueous exposure beginning with embryos
and proceeding to the juvenile stage in model amphibian species,
Xenopus laevis. It was designed to evaluate adverse effects of
chronic chemical exposure on thyroid-mediated amphibian meta-
morphosis, reproductive development, generalized organ toxicity,
in addition to apical outcomes such as survival and growth. The

LAGDA guideline was recently reviewed and approved by the Val-
idation Management Group for Ecotoxicity Testing within the
OECD (2015b) setting the stage for this assay to be used globally
for generating data suitable for ecological risk assessment. The
US EPA has also published the LAGDA under the EDSP 890 series
of test guidelines (US EPA, 2015b). The work presented here was
performed to aid validation efforts for the initial assay design
and contribute to the refinement of the final test guideline. Two
other studies contributing to the validation effort are presented
in a companion paper (Haselman et al., 2016) along with results
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demonstrating the apical effects of exposure to either 4-tert-
octylphenol or 17β-trenbolone.

In this case, the utility of the LAGDA approach was evaluated by
testing an environmentally relevant suspected endocrine
disrupting compound, benzophenone-2 (BP-2). Benzophenones,
are used as ultraviolet (UV) filters in personal care products such
as cosmetics and sunscreens and in many other products for UV
protection. Benzophenones have been found in aquatic and ter-
restrial environments (Balmer et al., 2005; Jeon et al., 2006; Kim &
Choi, 2014, review [BP-3]; Schlenk et al., 2005) and drinking water
(Loraine & Pettigrove, 2006). BP-2 has been found to be estrogenic
(Kunz & Fent, 2006; Molina-Molina et al., 2008), androgenic and
anti-androgenic in vitro (Kunz & Fent, 2006) and estrogenic in fish
in vivo (Kunz et al., 2006). BP-2 is capable of impacting reproduc-
tion in fish by inhibiting germ cell development, inducing vitello-
genin (Vtg) production in both genders and feminizing
secondary sex characteristics inmales (Weisbrod et al., 2007). In ad-
dition to this documented estrogenic activity, BP-2 has been
shown to be a thyroid peroxidase (TPO) inhibitor (Paul et al.,
2014; Schmutzler et al., 2007), and exposure to BP-2 can result in
disruption of the thyroid axis in aquatic (Thienpont et al., 2011)
and mammalian species ( Jarry et al., 2004). Based on these puta-
tive modes of action, it was hypothesized that this chemical would
elicit multiple measurable endocrine-related effects in X. laevis and
provide significant value in terms of organism response and utility
of the approach. In addition, testing of BP-2 using the LAGDA pro-
vided a unique study of a mixed mode of action chemical that has
not been previously tested in amphibian species.

Materials and methods

Experimental design

The experimental design and other details of the LAGDA protocol
are presented in a companion paper (Haselman et al., 2016). The
current study was conducted by the Institute of Environmental
Ecology, Japan by following the LAGDA protocol with the excep-
tion of using three test concentrations and a control, each with
four replicates instead of running four test concentrations, each
with four replicates and a control with eight replicates. To describe
briefly the experimental details, X. laevis embryos (approximately
stage 8 Nieuwkoop & Faber [NF], 1994) were exposed to three dif-
ferent chemical concentrations and control water until 10 weeks
after the median time to NF stage 62 (NF62) in controls, at which
time the test was terminated and juvenile samples were collected
and evaluated. Interim subsamples were collected at larval NF62 to
assess growth, somatic development, circulating thyroxine and
thyroid gland histopathology. Endpoints evaluated in juveniles at

the end of the exposure included those indicative of generalized
andmetabolic toxicity: growth determinations (length andweight)
and histopathology of the liver and kidney. In addition, juvenile
endpoints specific to reproductive development were evaluated
including plasma Vtg and histopathology of the gonads and repro-
ductive ducts. Genotypic/phenotypic sex ratios were also
evaluated.

Environmental conditions

The range of environmental conditions is outlined in Table 1. The
differences in test tank temperatures were generally within 1 °C
for the duration of the exposure with the exception of 1 day. The
differences in pH across a single treatment were within 0.5 pH
units for the duration of the exposure, although there was a slight
increase in pH in the 6.0 mg l�1 BP-2 treatment compared to the
other treatments due to the pH of the stock solution.

Exposure system

A modified version of the continuous-flow mini-diluter exposure
system, as explained by Benoit et al. (1982), was used. The system
was composed of dilution water cells, mixing/flow-splitter cells
and metering pumps with wetted surfaces consisting of glass,
stainless steel and Teflon®. Glass tanks were used as test chambers
that could hold 7 liters of test solution or control water at a water
depth of 18 cm with flow rates of 25 ml min–1 throughout the ex-
posure. Stock solutions of test chemical were accurately injected
into the mixing cells with metering pumps (NP-KX-105; Nihon
Seimitsu Kagaku Co. Ltd., Tokyo, Japan) where they were diluted
with water to achieve the various test concentrations. The dilution
water came from a groundwater well, was filtered through acti-
vated charcoal and then supplemented with potassium iodide to
achieve an iodide (I–) concentration of 0.5 μg l–1.

Chemical stock preparation

A BP-2 reagent (i.e., 2,2′,4,4′-tetrahydroxybenzophenone; CAS: 131-
55-5; lot number: KWP4417; purity: ≥ 95%) was obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). To prepare
stock solutions, 16 g of BP-2 was dissolved in 160 ml of 1 M NaOH
( JIS Special Grade; Wako) and then 240 ml deionized (DI) water
was added before being quantitatively transferred to a 5 liter bot-
tle. The volumewas brought up to 3.5 liters with DI water and then,
while stirring constantly, the pH was slowly adjusted to 8.5–8.8
with 1 M HCl ( JIS Special Grade; Wako). The final volume was
brought up to 4 liters with DI water and resulted in a stock solution
of 4 g l–1. This stock was further diluted with DI water to prepare

Table 1. Measured ranges of water quality parameters and environmental conditions

Environmental condition Range Frequency tested Source water

Water temperature 20.0–21.9 °C Daily All tanks
pH 6.79–8.06 2 × per week All tanks
Dissolved oxygen 4.29–8.02 mg l–1 2 × per week All tanks
Alkalinity 40–55 mg CaCO3 l

–1 1 × per month Dilution water
Hardness 61–66 mg CaCO3 l

–1 1 × per month Dilution water
Conductivity 173–230 μS cm–1 1 × per month All tanks
Photoperiod 12 h/12 h (light/dark) N/A N/A
Light intensity at water surface 630–1020 lux 1 × per month All tanks
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stocks at 2 and 1 g l–1. The 4, 2 and 1 g l–1 stocks were delivered to
the test system mixing cells as previously described.

Test animals

Parental animals, adult X. laevis purchased from Hamamatsu
Seibutsu Kyozai (Shizuoka, Japan), were injected with human cho-
rionic gonadotropin (hCG; Sigma–Aldrich Co, St. Louis, MO, USA)
the day before test initiation. Males received a priming injection
of 400 IU of hCG in the dorsal lymph sac, followed by a boosting
injection of 400 IU hCG 10 h after the priming injection. Females
received a boosting injection of 1000 IU hCG. The following day,
eggs were collected, cysteine treated to remove the jelly coats
and transferred to crystallizing dishes to screen for viable embryos
and identify developmental stage.

Test initiation and procedures

The test was initiated by randomly distributing 30 NF8–9 embryos
to each tank. On day 4, the number of larvae in all tanks was
balanced based on the lowest number left in any particular tank
(29 larvae per tank). All test methods including feeding, NF62 larval
subsampling, larval blood thyroxine (T4) analyses, the post-
metamorphosis cull, juvenile sampling and somatic growth mea-
surements were performed as described by Haselman et al.
(2016); genetic sexing of juveniles was performed using methods
described by Yoshimoto et al. (2008). The goal in this study was
to randomly sample seven NF62 larvae per replicate to evaluate
growth and thyroid-related endpoints. Owing to excessive mortal-
ity in the 6.0 mg l�1 treatment, NF62 sample numbers averaged
four per replicate in that treatment, whereas NF62 sample num-
bers for the other treatments averaged seven per replicate. For
the juvenile sampling, the goal was to sample even numbers of ge-
netic males and females with amaximumof 10 individuals per rep-
licate following the post-metamorphosis cull. Owing to excessive
mortality in the 6.0 mg l�1 treatment, sample numbers ranged
from six to nine per replicate in that treatment with generally even
numbers of genetic males and females, whereas the other treat-
ments averaged 10 per replicate with even numbers of genetic
males and females per replicate.

Histological procedures

All tissues preserved for histological analyses were initially fixed in
Davidson’s fluid for 48 h and tissues were processed into paraffin
for hematoxylin and eosin staining and sectioning. Histopatho-
logic findings were scored for severity according to the following
grading system: NR = not remarkable; grade 1 = minimal (< 10%
of tissue affected); grade 2 = mild/slight (≥ 10% but < 40% of
tissue affected); grade 3 = moderate (≥ 40% but < 80% of tissue
affected); and grade 4 = severe (≥ 80% of tissue affected).

Of the seven NF62 larvae sampled per replicate, five were
randomly chosen to be evaluated for thyroid pathology, with the ex-
ception of the 6.0 mg l�1 treatment where all samples were evalu-
ated. The larval thyroid glands were step-sectioned transversely
fromcaudal to rostral at approximately 60 μm intervals. Two sections
containing bilateral gland tissue with approximately the largest
cross-sectional area were evaluated for pathology by light micros-
copy according to previously reported criteria (Grim et al., 2009).

The juvenile livers were embedded in paraffin and oriented to
produce the largest two-dimensional area of section. Two 4 μm
thick sections were acquired at 200 μm intervals and mounted

on a single slide per individual and evaluated by light microscopy
for pathology.
The juvenile gonad, kidney and reproductive ducts were proc-

essed, sectioned and evaluated within the same sections. Tissues
were step-sectioned transversely at 200 μm (testis) or 400 μm
(ovary) intervals and all serial sections were mounted on one or
more slides per individual. Sections representing anterior, middle
and posterior regions of the gonad were selected and examined
for pathology by lightmicroscopy. For a given pathology, themost
severe score among the three sections was used for subsequent
analyses.

Plasma vitellogenin enzyme-linked immunosorbent assay

Plasma Vtg was measured by a sandwich enzyme-linked immuno-
sorbent assay (ELISA) method previously developed by Mitsui et al.
(2003, 2007). The Vtg standard used by the ELISA was purified from
serum of an adult male X. laevis stimulated by estradiol. The puri-
fied Vtg was then used to produce the polyclonal antibodies used
in the ELISA.

Exposure verification

Analyses of BP-2 concentrations in the test chambers were con-
ducted weekly throughout the exposure period. Each week, water
samples from two of the four replicate tanks were collected and
subjected to chemical analysis for all BP-2 treatments and control
resulting in all four replicate tanks per treatment being analyzed
every 2 weeks. BP-2 concentrations were determined using liquid
chromatography (LC, ACQUITY UPLC; Waters Corporation, Milford,
MA, USA) tandem mass spectrometry (MS/MS, Micromass Quattro
Ultima; Waters Corporation). Water samples containing BP-2 were
diluted with acetonitrile (ACN) to final ACN concentrations of
99.50% (1.5 mg l–1), 99.75% (3 mg l–1) and 99.88% (6 mg l–1). Five
microliters of sample was injected into an LC-MS/MS containing
a BEH C18 column (2.1mm× 100mm, 1.7 μm;Waters Corporation)
maintained at 40 °C. Mobile phase A was 10 mM ammonium ace-
tate and mobile phase B was 100% ACN. The column was eluted
under the following gradient conditions at a flow rate of 0.3 ml
min–1: 5% B (0–1 min), 5% → 80% B (1–3 min), 80% B (3–6 min),
80% → 5% B (6–6.1 min), 5% B (6.1–10 min). The MS/MS was
equippedwith an electrospray ionization source andwas operated
in negative ionization mode. Multiple reaction monitoring was
used; the precursor to product ion transition was 245 m/z to 135
m/z (quantifier ion). The collision energy was 15 V and the collision
gas was nitrogen. BP-2 concentrations in the water samples were
calculated based on the peak area response of the quantifier ion.
For these measurement conditions, the detection limit of BP-2
was 0.5 ng ml–1. For the exposure water samples, the mean ± SD
(n = 36) measured concentrations were 1.6 ± 0.1, 3.5 ± 0.2 and
6.1 ± 0.1 mg l–1 over the duration of the experiment for the 1.5,
3.0 and 6.0 mg l–1 nominal BP-2 treatments, respectively. CVs (av-
eraged across the duration of the exposure) were 4, 6 and 1% for
the 1.5, 3.0 and 6.0 mg l–1 treatments, respectively. No BP-2 was
detected in control water.

Statistical analyses

Statistical procedures were followed as described by Haselman
et al. (2016). Briefly, continuous data were tested for monotonicity
by fitting to an ANOVAmodel and comparing linear and quadratic
contrasts of normalized rank statistics. If the data were monotonic,
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a Jonckheere–Terpstra test was used to determine significant
treatment effects. If the data were non-monotonic, significant
treatment effects were determined using a mixed-effects ANOVA
followed by Dunnett’s test. Time-to-NF62 data were analyzed
using a Cox mixed-effects proportional hazard model (http://
cran.r-project.org/web/packages/coxme/coxme.pdf). Ordinal data
(e.g., histopathology incidence rates and severity scores) were
analyzed using the Rao–Scott Cochran–Armitage by slices
test (RSCABS) (Green et al., 2014). For all statistical approaches,
P < 0.05 was considered statistically significant. When calculating
treatment means and SDs, the replicate tank was considered the
experimental unit, so there were four biological replicates per
treatment and control.

Results

Survival, growth and development

There appeared to be no effect on survival (Fig. 1), growth or devel-
opment (Table 2) in the 1.5 or 3.0 mg l–1 treatments. However, the
6.0 mg l–1 experienced significantly increased mortality rates
throughout the exposure period and also experienced a significant
delay in development with an associated significant increase in
growth at NF62 (Table 2). This increase in tadpole size is consistent
with previous reports following exposure to thyroid axis disruptors,
which produce a significant developmental delay (Degitz et al.,
2005; Tietge et al., 2005); delayed larval development allows more
time for organisms to feed and grow. Another potential contribu-
tor to increased growth in the 6 mg l–1 treatment could be the sig-
nificant mortality experienced in that treatment allowing the
survivors more access to food.

Juvenile growth rates were unaffected in the 1.5 mg l–1 treat-
ment, whereas juvenile growth was decreased by exposure to
3.0mg l–1 BP-2, although thiswas not statistically significant (Fig. 2).
The 6.0 mg l–1 treatment caused a significant decrease in juvenile
growth rates as compared to control. Juvenile liver-somatic index
showed a hormetic response in both genders (Fig. 2). In genetic fe-
males, the 1.5 mg l–1 treatment exhibited a moderate, but insignif-
icant, increase in the mean liver-somatic index compared to the
control while the 3 mg l–1 treatment was significantly higher than
the control and the 6.0 mg l–1 treatment was significantly lower
than the control. Genetic males showed the same trend but were
not statistically different than the control. This hormetic response

was likely due to the combination of increased Vtg production
and BP-2 clearance in the livers exposed to 1.5 and 3.0 mg l–1

BP-2, then overt toxicity in the 6.0 mg l–1 treatment caused a tran-
sitional decrease in this measure.

Larval plasma thyroxine and thyroid histopathology

There were significant concentration-dependent effects on thyroid
tissue due to BP-2 exposure. All treatments exhibited some level of
follicular cell hypertrophy, hyperplasia and glandular hypertrophy
(Fig. 3, Table 3). However, the 1.5 mg l–1 treatment presented with
mild cases of these pathologies while the 3.0 and 6.0 mg l–1 treat-
ments exhibited both increased incidences and severity of these
diagnoses. The 6.0 mg l–1 treatment was most severely impacted
with all three pathologies occurring in 100% of the surviving indi-
viduals. As noted above, there was also a significant delay in the
rate of metamorphosis of these individuals exposed to 6.0 mg l–1

BP-2 (Table 2). Attempts weremade tomeasure T4 levels in plasma
using both the optimized ELISA described in Haselman et al. (2016)
and the high-performance liquid chromatography/inductively
coupled plasma-MS method described in Tietge et al. (2010). Sig-
nificant interference by Vtg and other estrogen-responsive yolk
proteins was suspected as the cause of erratic and inconsistent
data that compromised the analyses (data not shown).

Juvenile plasma vitellogenin

There was a significant concentration-dependent induction of Vtg
in all treatments compared to the control and the response was
very consistent between genders (Fig. 2). The overall response
was a> 5000-fold induction in the 6.0mg l–1 treatment in both ge-
netic males and females compared to the control. This illustrates
the estrogenic properties of BP-2 and emphasizes the potential
magnitude of response of this endpoint.

Juvenile gonad histopathology

In the 1.5 mg l–1 treatment, genetic males experienced feminiza-
tion of the gonad resulting in both intersex gonads (e.g., presence
of testicular oocytes and partial ovarian cavity) and sex-reversed
gonads (Fig. 4, Table 4). Thinning of the germinal epithelium is spe-
cific to testis tissue, and significant increases in prevalence and se-
verity of this pathology were observed in the 1.5 mg l–1 treatment
(Table 4). In the 3.0 and 6.0 mg l–1 treatments, 100% of the genetic
males had been completely sex-reversed exhibiting only ovarian
tissue (i.e., phenotypic females). In genetic females, therewas a sig-
nificant treatment-related delay in ovary development based on
differences in developmental stages of ovaries in control versus
treated samples (Table 4). Similarly, there was a treatment-related
delay in ovary development in sex-reversed genetic males. Mono-
nuclear cellular infiltrate was observed in gonads of genetic males
and females across all treatments and the control, but prevalence
and severity were significantly attenuated in the 3.0 and 6.0 mg l–1

treatments for genetic females (Table 4). Prevalence and severity
of proteinaceous fluid infiltrate were significantly increased in both
genders in the 3.0 and 6.0 mg l–1 treatments (Table 4).

Juvenile reproductive duct histopathology

Müllerian ducts in control males at this stage of juvenile develop-
ment are actively regressing (stage 1; Fig. 5A), which is thought
to be induced by hormonal control from the gonad. In general,

Figure 1. Mean (error bars: SD; n = 4 reps/treatment) percentage mortal-
ity during larval development and in juveniles post-cull. *Treatments signif-
icantly different than control as determined by Jonckheere–Terpstra test (P
< 0.05). BP-2, benzophenone 2.
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effects of BP-2 exposure on this process in the majority of genetic
males were equivocal (Table 5). However, there were a few individ-
uals in the 1.5 and 3.0 mg l–1 treatments that exhibited oviducts
two stages more advanced than the majority of the other genetic
males (stage 4; Fig. 5C). In control juvenile females, Müllerian ducts
are maturing into oviducts (stage 2; Fig. 5B), which is a process
thought to be estrogen-mediated. Interestingly, BP-2 exposure
generally inhibited oviduct maturation in the majority of genetic
females across all treatments (Table 5), but there were a series of
individuals in the 1.5 and 3.0 mg l–1 treatments that were two
stages more advanced than the other genetic females in the same
treatment, a notable pattern similar to genetic males exposed to
1.5 or 3.0 mg l–1 BP-2. Wolffian duct development appeared to

Table 2. NF62 growth and development following BP-2 ex-
posure (mean ± SD; n = 4)

BP-2 conc.
(mg l–1)

Weight (g) Snout-vent
length (mm)

Time to NF62 (d)

0 1.18 ± 0.09 22.2 ± 0.5 37 ± 2
1.5 1.05 ± 0.08 21.5 ± 0.4 36 ± 1
3.0 1.18 ± 0.10 22.2 ± 0.8 37 ± 1
6.0 1.92 ± 0.15* 25.3 ± 0.8* 47 ± 1*

* Significantly different than control as determined by
Jonckheere–Terpstra test (P < 0.05).

Figure 2. Mean (error bars: SD; n = 4) juvenile growth, liver-somatic index and plasma Vtg titers following BP-2 exposure. Left-hand columnof graphs ( gray
bars) are data from genetic females; right-hand column of graphs (black bars) are data from genetic males. *Treatments statistically different than control as
determined by Jonckheere–Terpstra test (P < 0.05), with the exception of the juvenile female liver-somatic index endpoint, which was determined by a
mixed-effects ANOVA followed by Dunnett’s test (P < 0.05) due to the non-monotonic response. BP-2, benzophenone 2; Vtg, vitellogenin.
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be unaffected in the 1.5 mg l–1 treatment compared to control
whereas exposure to 3.0 and 6.0 mg l–1 BP-2 appeared to advance
Wolffian duct development in both genders (Table 5).

Juvenile liver and kidney histopathology

There were no treatment-related findings in livers of individuals
exposed to 1.5 mg l–1 BP-2, whereas all individuals (phenotypic
females) in the 3.0 and 6.0 mg l–1 treatments exhibited a number
of liver pathologies. These included concentration-dependent
increases in the prevalence and severity of basophilia, decreased
hepatocellular vacuolation, and intravascular proteinaceous fluid
(Table S1). Individuals of the 3.0 and 6.0 mg l–1 treatment groups

additionally had a higher prevalence of increased pigment as com-
pared to controls, which also tended to be concentration-
dependent. The few findings of individual hepatocyte necrosis
were restricted to individuals in the 3.0 and 6.0 mg l–1 treatment
groups and foci of hepatocellular alterations were only found in
the 6.0 mg l–1 treatment group. Overall, these liver changes are
likely related to estrogenic activity of BP-2 and significant upregu-
lation of Vtg synthesis (i.e., vitellogenesis).

In the kidneys of juvenile genetic females, 1.5 mg l–1 BP-2 expo-
sure caused minimal accumulation of protein in the glomerulus
and interstitial fluid (Table S2). This was not observed in genetic
males in the 1.5 mg l–1 treatment, nor were any other pathologies
observed in genetic males exposed to 1.5 mg l–1 BP-2. However,

Figure 3. Transverse sections of NF62 thyroid glands from control (A, a) and BP-2 treatments of 1.5 mg l–1 (B, b), 3.0 mg l–1 (C, c) and 6mg l–1 (D, d). Glands
from BP-2-treated larvae show a dose-dependent increase in severity of follicular cell hypertrophy and hyperplasia and glandular hypertrophy. Control gland
exhibits cuboidal follicular cells with evenly spaced nuclei. Increasing BP-2 exposure concentrations cause follicular cells to become progressively columnar
with crowding and piling up of nuclei, characteristic of cellular hyperplasia. Black boxes in the left-hand column of images demarcate the areas depicted in
the corresponding images to the right. (A–D) Scale bar = 250 μm; (a–d) scale bar = 25 μm. BP-2, benzophenone 2.
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exposure to BP-2 at 3.0 and 6.0 mg l–1 (100% female phenotypes)
caused a suite of kidney pathologies in both genetic males and
females (Table S2). Most notable is the accumulation of protein
in the glomerulus, interstitial fluid and tubules, which is likely Vtg
and other egg yolk proteins based on the observed accumulation
of protein in the liver where Vtg is synthesized, and the associated
high levels of circulating Vtg measured in plasma.

Discussion

Profound apical effects were observed in tissues specific to the
suspectedmodes of action of BP-2, i.e., putative TPO inhibition caus-
ing thyroid axis disruption and estrogen receptor agonism causing
Vtg induction and gonad dysgenesis. Further, this was the first study
to characterize the effects of chronic, multiple life-stage exposure to
BP-2 in amphibian model species, X. laevis, and supports the utility
of the LAGDA design and approach developed through the collab-
orative effort between the US EPA and Japan’s MOE.

Overt toxicity was evident in the 3.0 and 6.0 mg l–1 treatments
observed as increased larval and juvenile mortality, in addition to
the suite of observed liver and kidney pathologies. The profound
effects observed in the livers and kidneys are likely due to the ac-
cumulation of Vtg and other estrogen-responsive yolk precursor
proteins in these organs, which is consistent with estrogenic expo-
sure in fish (Folmar et al., 2001; Pawlowski et al., 2004; Weber et al.,
2003). Folmar et al. (2001) suggested that accumulation of Vtg and
other estrogen-responsive proteins in the kidney led to acute renal
failure in male summer flounder injected with 10 mg kg–1 17β-
estradiol. Although definitive identification of the accumulated
protein in the current study was not performed, the weight of ev-
idence suggests that renal failure was a likely cause of increased
mortality rates in the 3.0 and 6.0 mg l–1 BP-2 treatments.

The thyroid axis was clearly impacted by BP-2 exposure; signifi-
cant treatment-related effects on thyroid tissue included increased
prevalence and severity of follicular cell hypertrophy and hyperpla-
sia and gland hypertrophy. These pathologies are indicative of thy-
roid axis disruption as demonstrated previously when larval X.
laevis are exposed to various thyroid hormone synthesis inhibitors
(Degitz et al., 2005; Tietge et al., 2005, 2010, 2013). Although the in-
cidences and severity of these pathologies increased with increas-
ing concentrations of BP-2, the 1.5 and 3.0 mg l–1 treatments did
not exhibit an associatedmeasurable delay in development, which
would occur due to depleted circulating T4 levels. This emphasizes
the compensatory capacity of the thyroid axis to maintain critical
circulating T4 levels to support metamorphic development. Unfor-
tunately, blood T4 levels in NF62 larvae could not be confirmed
due to interference from high levels of serum protein, which were

Table 3. Prevalence (% of n) and severity of larval thyroid
gland histopathological observations in BP-2-exposed larvae

NF62 larvae

BP-2 conc. (mg l–1) 0 1.5 3.0 6.0

Total n 20 20 20 18
Replicate tanks 4 4 4 4
Thyroid gland, hypertrophy
NR 100 95 25 0
Mild 0 5 (75) (0)
Moderate 0 0 0 (67)
Severe 0 0 0 (33)

Follicular cells, hypertrophy
NR 50 30 5 0
Mild 50 70 (50) (0)
Moderate 0 0 (45) (33)
Severe 0 0 0 (67)

Follicular cells, hyperplasia
NR 80 50 15 0
Mild 20 (50) (65) (0)
Moderate 0 0 (20) (11)
Severe 0 0 0 (89)

NR, not remarkable.
Numbers in parentheses are significantly
different than control as determined by RSCABS analysis.

Figure 4. (A) Testis from control juvenile male exhibiting seminiferous tu-
bules containing multiple germ cell nests. Each nest contains a population
of synchronously-developing germ cells. Progressive stages of germ cell
spermatogenesis can be observed, along with spermatozoa in the tubule
lumen. (B) Intersex gonad of genetic male exposed to 1.5 mg l–1 BP-2 con-
sists primarily of testicular tissue exhibiting seminiferous tubules (outlined)
with germ cell nests, but also contains perinucleolar oocytes (*) occurring in
the medulla, in addition to several oocytes occurring in the cortex (top of
image). Arrow points to a putative epithelial-lined lumen characteristic of
an ovarian cavity. (C) Ovary from control juvenile female containing
perinucleolar oocytes. Scale bar = 50 μm.
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presumably estrogen-responsive yolk proteins, including Vtg. The
6 mg l–1 treatment did, however, experience a significant delay
in development and exhibited remarkable thyroid pathologies in
100% of the subjects, suggesting a point of departure where T4
homeostasis could no longer be maintained. It is acknowledged
that this observed delay in metamorphosis could have also been
due to overt toxicity. However, the thyroid histopathology assess-
ment confirmed substantial compensatory responses in that tis-
sue, suggesting thyroid-stimulating hormone stimulation was
occurring due to depleted blood T4 levels. Schmutzler et al.
(2007) has shown that BP-2 is a mammalian TPO inhibitor in vitro

and in vivo. When X. laevis larvae are exposed to known TPO inhib-
itors methimazole, propylthiouracil (Degitz et al., 2005; Tietge et al.,
2010) or mercaptobenzothiazole (Tietge et al., 2013), thyroid

glands exhibit the same severe pathologies observed in this study,
supporting that BP-2 is a TPO inhibitor in this species also.

With regard to thyroid-related outcomes from the LAGDA, it
must be acknowledged that an alteration in metamorphic devel-
opment is not the only adverse effect of hypothyroidism that
could have population-level implications. Typically, metamorphic
development, coupled with thyroid histopathology, has served
as a robust evaluation of a chemical’s potential to impact the
thyroid axis and/or overwhelm thyroid axis compensation
resulting in a clear adverse developmental outcome. Given the
regulatory context for which the LAGDA was developed, a clear
assessment of this thyroid-mediated apical effect was necessary
to include in the assay design. However, a drawback of this ap-
proach is that thyroid-related outcomes falling short of an apical

Table 4. Prevalence (% of n) and severity of juvenile gonad histopathological observations showing significant treatment-related ef-
fects following BP-2 exposure

Genetic male Genetic female

BP-2 conc. (mg l–1) 0 1.5 3.0 6.0 0 1.5 3.0 6.0

Total n 20 19 12 14 17 17 16 9
Replicate tanks 4 4 4 4 4 4 4 4
Gonad phenotype
1 (Testis) 100 37 0 0 0 0 0 0
2 0 (32) 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 (Ovary) 0 (32) (100) (100) 100 100 100 100

Gonad stage
1 0 0 0 0 0 6 6 0
2 5 5 0 0 0 6 0 0
3 0 16 42 100 0 12 44 89
4 45 58 (58) (0) 100 (76) (50) (11)
5 50 (21) (0) (0) 0 0 0 0

Testicular oocytes
NR 100 53 0 0 – – – –

Minimal 0 (11) 0 0 – – – –

Mild 0 5 0 0 – – – –

Moderate 0 0 0 0 – – – –

Severe 0 0 0 0 – – – –

Germinal epithelium, thinning
NR 100 47 0 0 – – – –

Minimal 0 (11) 0 0 – – – –

Mild 0 (5) 0 0 – – – –

Moderate 0 5 0 0 – – – –

Severe 0 0 0 0 – – – –

Mononuclear cellular infiltrate
NR 90 79 83 86 47 35 88 100
Minimal 10 21 17 14 41 35 (13) (0)
Mild 0 0 0 0 12 29 0 0
Moderate 0 0 0 0 0 0 0 0
Severe 0 0 0 0 0 0 0 0

Proteinaceous fluid Infiltrate
NR 100 100 8 0 100 94 0 0
Minimal 0 0 (67) (21) 0 6 (63) (33)
Mild 0 0 (25) (79) 0 0 (31) (44)
Moderate 0 0 0 0 0 0 6 (22)
Severe 0 0 0 0 0 0 0 0

NR, not remarkable.
Numbers in parentheses are significantly different than control based on RSCABS analysis.
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effect on development makes interpretation difficult and incon-
clusive, depending on one’s definition of adversity. As an exam-
ple of other hypothyroid-related adverse outcomes, recent
studies have shown that developmental exposure to
propylthiouracil in rats caused only minor reductions in circulat-
ing T4 and minor changes in thyroid morphology, but caused
permanent neurodevelopmental damage (Gilbert et al., 2016;
Johnstone et al., 2013). Given the state of the science during
the development of the LAGDA, evaluations of neurological ef-
fects were not pursued. However, much progress has been
made in recent years utilizing Xenopus as a model for studying
neurodevelopmental disorders by means of organismal swim-
ming behavior, whole brain immunostaining, Ca2+ imaging, neu-
ronal cell imaging and synapse electrophysiology (reviewed by
Pratt & Khakhalin, 2013). When these diagnostic techniques
prove to be predictive of adverse apical outcomes having
population-level implications in amphibians, definitive neurolog-
ical evaluations could be integrated into the LAGDA procedure.
However, as the LAGDA design currently stands, it is recom-
mended that subapical-level hypothyroid effects be interpreted

with caution; these effect levels warrant a weight-of-evidence
approach for environmental risk assessment.
Despite the thyroid-related effects observed in this study, most

individuals exposed to BP-2 successfully completed metamorpho-
sis and experienced further endocrine effects on reproductive de-
velopment. Every genetic male in the 3.0 and 6.0 mg l�1

treatments experienced sex reversal exhibiting generally normal
ovaries, albeit less mature compared to control ovaries. Typically,
interpretation of endocrine disruption is confounded by overt tox-
icity, but in this case, overt toxicity and endocrine disruption ap-
pear to have substantial overlap. This is also evidenced by the
concentration-dependent nature of gonad dysgenesis, as there
were examples of normal testes, intersexed gonads and sex-
reversed gonads all in the lowest BP-2 treatment of 1.5 mg l–1,
an exposure concentration that did not produce overt toxicity.
The occurrence of 100% sex reversal at concentrations exceeding
the 1.5 mg l–1 threshold cannot be discounted due to the co-
occurrence of overt toxicity. This study supports the notion that
endocrine-specific effects can indeed be evaluated in concert with
overt toxicity. Furthermore, the endocrine-related effect of Vtg in-
duction has the potential to be a main contributor to overt toxicity
as the organisms are unable to excrete this protein, resulting in
toxic accumulations. This would be a case where the endocrine ef-
fect actually causes the transition to overt toxicity and death.
In the current study, gonad development and induction of Vtg

were profoundly affected due to apparent estrogenicity of BP-2,
but impacts on oviducts in both males and females were erratic.
Advanced oviduct maturation in both genetic males and females
was induced by the weak estrogen 4-tert-octylphenol in our com-
panion study (Haselman et al., 2016), leading us to believe that the
estrogenic properties of BP-2 would induce similar effects on ovi-
duct development here. However, many genetic females showed
concentration-dependent delays in oviduct development while
some females in the 1.5 and 3.0 mg l–1 treatments presented with
oviducts that were two stages more advanced than themajority of
controls, appearing as a binary response. Genetic males showed a
similar pattern with a select few individuals in the 1.5 and 3.0 mg l–1

treatments also having stage 4 oviducts. While the effective con-
centrations of the two xenoestrogens differed by several orders
of magnitude, the differences in reproductive effects observed
in the two studies suggests that BP-2 acts through multiple
modes of action within the hypothalamic–pituitary–gonadal axis.
Oviduct regression in males is understood to be regulated by
anti-Müllerian hormone (Kelley, 1996) and oviduct regression
can be induced by the androgen 17β-trenbolone in X. laevis

(Haselman et al., 2016). BP-2 has been shown to have both estro-
genic and androgenic activity in vitro in recombinant yeast sys-
tems (Kunz & Fent, 2006), so it is possible that the delay in
oviduct maturation observed in genetic females in this study is
actually due to the androgenic properties of BP-2. The binary na-
ture of the BP-2-induced oviduct response suggests that interest-
ing toxicodynamics are at work in this concentration range that
cannot be explained by these data. In any case, proper oviduct
development is critical for successful reproduction and these
studies demonstrate that oviducts are sensitive to hormonal per-
turbations during reproductive development. Therefore, further
research would help to elucidate these mechanisms of oviduct
maturation and regression to better interpret the apical effects
and distinguish between classes of putative (anti-)estrogenic
and (anti-)androgenic endocrine disrupting chemicals.
BP-2 exposure, at the relatively high concentrations tested, had

profound effects on multiple facets of the X. laevis endocrine

Figure 5. (A) Müllerian duct from control juvenile male has regressed to a
fibrous tag (stage 1). (B) Immature oviduct from control juvenile female ex-
hibits an epithelial-lined lumen (stage 2). (C) Mature oviduct from a juvenile
genetic male/phenotypic female exposed to 3.0 mg l–1 benzophenone-2
with mature oviduct cells and a well-defined lumen (stage 4). (A,B) Scale
bar = 50 μm; (C) scale bar = 200 μm.
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system. Although it is not likely that these levels of BP-2 would be
encountered in the natural environment, this study successfully
demonstrated the potential for this chemical to impact multiple
endocrine targets and lead to adverse apical outcomes. These ad-
verse apical outcomes occurred at exposure concentrations that
also impair reproduction in fish (Weisbrod et al., 2007), supporting
the potential for cross-species susceptibility to similar reproductive
effects and highlighting the cross-species extrapolation potential
of LAGDA results. This study has not only demonstrated the utility
of the LAGDA approach to amphibian chronic toxicity testing, but
has also characterized apical effects of exposure to a UV filtering
compound that is common to everyday use.
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Table S1.  Prevalence (% of n) and severity of juvenile liver histopathological observations following BP-2 exposure (NR: 

not remarkable; numbers in parentheses are significantly different than control based on RSCABS analysis). 

 Genotypic Male  Genotypic Female 

Nominal BP2 concentration (mg/L) 0 1.5 3.0 6.0  0 1.5 3.0 6.0 

Total n 20 20 18 14  20 20 20 16 

Replicate tanks 4 4 4 4  4 4 4 4 

          

Basophilia          

NR 100 100 0 0  100 90 0 0 

Minimal 0 0 (28) (0)  0 10 (25) (0) 

Mild 0 0 (33) (0)  0 0 (45) (25) 

Moderate 0 0 (28) (86)  0 0 (30) (50) 

Severe 0 0 (11) (14)  0 0 0 (25) 

Decreased Hepatocellular Vacuolation          

NR 100 100 0 0  100 90 0 0 

Minimal 0 0 (28) (0)  0 10 (25) (0) 

Mild 0 0 (33) (0)  0 0 (45) (25) 

Moderate 0 0 (28) (86)  0 0 (30) (50) 

Severe 0 0 (11) (14)  0 0 0 (25) 

Proteinaceous Fluid Intravascular          

NR 100 100 6 0  100 100 5 6 

Minimal 0 0 (28) (0)  0 0 (30) (0) 

Mild 0 0 (22) (0)  0 0 (30) (19) 

Moderate 0 0 (28) (79)  0 0 (10) (69) 

Severe 0 0 (17) (21)  0 0 (25) (6) 

Individual Hepatocyte Necrosis / 

Apoptosis          

NR 100 100 94 93  100 100 100 88 

Minimal 0 0 6 7  0 0 0 (13) 

Mild 0 0 0 0  0 0 0 0 

Moderate 0 0 0 0  0 0 0 0 

Severe 0 0 0 0  0 0 0 0 

Increased Pigment          

NR 100 100 50 0  100 100 45 0 

Minimal 0 0 (50) (100)  0 0 (55) (100) 

Mild 0 0 0 0  0 0 0 0 

Moderate 0 0 0 0  0 0 0 0 

Severe 0 0 0 0  0 0 0 0 

Focus of Hepatocellular Alteration          

NR 100 100 100 79  100 100 100 88 

Minimal 0 0 0 (21)  0 0 0 (6) 

Mild 0 0 0 0  0 0 0 0 

Moderate 0 0 0 0  0 0 0 6 

Severe 0 0 0 0   0 0 0 0 
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Table S2.  Prevalence (% of n) and severity of juvenile kidney histopathological observations showing significant 

treatment-related effects following BP-2 exposure (NR: not remarkable; dash: not observed; numbers in parentheses 

are significantly different than control based on RSCABS analysis). 

 Genotypic Male  Genotypic Female 

Nominal BP2 concentration (mg/L) 0 1.5 3.0 6.0  0 1.5 3.0 6.0 

Total n 20 19 12 14  17 17 16 9 

Replicate tanks 4 4 4 4  4 4 4 4 

Glomerulomegaly          

NR 100 100 0 0  100 88 6 22 

Minimal 0 0 (42) (21)  0 12 (0) (0) 

Mild 0 0 (58) (79)  0 0 (6) (56) 

Moderate 0 0 0 0  0 0 (38) (22) 

Severe 0 0 0 0  0 0 (50) (0) 

Glomerular Protein          

NR 100 100 17 0  100 82 0 0 

Minimal 0 0 (50) (7)  0 (18) (0) (22) 

Mild 0 0 (33) (93)  0 0 (56) (22) 

Moderate 0 0 0 0  0 0 (31) (56) 

Severe 0 0 0 0  0 0 13 0 

Glomerulus, hypercellularity          

NR 100 100 8 100  100 94 0 56 

Minimal 0 0 (67) 0  0 6 (13) (33) 

Mild 0 0 25 0  0 0 (25) (11) 

Moderate 0 0 0 0  0 0 (56) (0) 

Severe 0 0 0 0  0 0 6 0 

Tubules, Protein          

NR 100 100 0 43  100 100 6 11 

Minimal 0 0 (8) (0)  0 0 (6) (22) 

Mild 0 0 (75) (36)  0 0 (75) (44) 

Moderate 0 0 (17) (21)  0 0 (13) (0) 

Severe 0 0 0 0  0 0 0 (22) 

Interstitial Fluid (Proteinaceous)          

NR 100 100 0 0  100 71 0 0 

Minimal 0 0 (8) (14)  0 (29) (13) (0) 

Mild 0 0 (92) (86)  0 0 (56) (44) 

Moderate 0 0 0 0  0 0 (19) (56) 

Severe 0 0 0 0  0 0 13 0 

Interstitial Fibrosis           

NR 100 100 8 100  100 100 25 89 

Minimal 0 0 (33) 0  0 0 (19) (11) 

Mild 0 0 50 0  0 0 (50) (0) 

Moderate 0 0 8 0  0 0 6 0 

Severe 0 0 0 0  0 0 0 0 

Regenerative blast cell hyperplasia          

NR - - - -  100 100 25 44 

Minimal - - - -  0 0 (31) (56) 

Mild - - - -  0 0 31 0 

Moderate - - - -  0 0 13 0 

Severe - - - -  0 0 0 0 

Tubules, Dilation          

NR 25 11 0 7  18 12 0 56 

Minimal 55 79 (0) (36)  71 47 13 22 

Mild 20 11 (92) (50)  12 (41) (50) (0) 

Moderate 0 0 8 7  0 0 (38) (22) 

Severe 0 0 0 0  0 0 0 0 

Tubules, Mineralization / Casts          

NR 5 0 58 64  6 24 13 100 

Minimal 30 42 (8) (29)  35 24 25 (0) 

Mild 65 53 33 (7)  59 53 63 (0) 

Moderate 0 5 0 0  0 0 0 0 

Severe 0 0 0 0   0 0 0 0 
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Justifications:

Justification 1:

As part of the Safe and Sustainable Water Research Program, it is ORD's goal to meet

clients' needs with regard to safe drinking water. The Office of Water (OW) requested

assistance with their evaluation of the health advisory for strontium in drinking water given

that some communities were experiencing levels that far exceeded the national average by

a significant amount, as measured during the third Unregulated Contaminant Monitoring

Rule (UCMR3) where around 60 mg/L of strontium was measured in water from the Great

Lakes region, the southwest, and in Florida. The adverse effect of strontium is to cause a

form of rickets in growing children with low calcium intakes. The study described in the

publication on transfer of strontium from water to different foods during preparation provides

data that informed the evaluation of exposure sources in the determination of the relative

source contribution. The results indicated that 40-66% of the strontium in the water

transferred to the varies foods tested which, in turn, provided a more accurate estimation of

potential intakes of strontium that originate from a local public water supply. This enabled

OW to evaluate total exposure from all exposure media compared to that of drinking water

at the 90th percentile intake level to determine if regulation or health advisories were

appropriate. This also assisted public water systems that identified high strontium levels

during UCMR3 when developing appropriate communication materials for customers to

reduce their exposure. The findings were used by OW for the Contaminant Candidate List

Preliminary Regulatory Determination, draft 4, notice and technical support documents

(https://www.epa.gov/ccl/regulatory-determination-4). Administrator Wheeler signed the

Preliminary Determinations on 2/24/20 which provided updates on strontium and will be

published in the Federal Registry.

Justification 2A:

NA

Justification 2B:

Maura Donohue

"Nationwide study on the prevalence and potential health effects of contaminants of

emerging concern in drinking water" 2019, Level II
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"Widespread Molecular Detection of Legionella pneumophila Serogroup 1 in Cold
Water Taps across the United States" and "Increased Frequency of Nontuberculous

Mycobacteria Detection at Potable Water Taps within the United States" 2016,

Level III

Joyce Donohue

"Nationwide study on the prevalence and potential health effects of contaminants of

emerging concern in drinking water" 2019, Level II

"Widespread Molecular Detection of Legionella pneumophila Serogroup 1 in Cold
Water Taps across the United States" and "Increased Frequency of Nontuberculous

Mycobacteria Detection at Potable Water Taps within the United States" 2016,

Level III

Justification 2C:

Previous nominations were different by subject matter (microorganisms) and
emphasis of the project (detection and prevalence of microorganisms). This
nomination presents a study on strontium in drinking water and measures the
amount of strontium that transfers from drinking water into various food items
during preparation. There are no similarities between recently submitted
nominations from any of the authors.

Justification 2D:

NA

Justification 2E:

NA

Justification 3A:
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On 2/24/20, Administrator Wheeler signed the Preliminary Determinations which
provided updates on strontium using the information published in the nominating
paper.

Justification 3B:

The Journal of Trace Elements in Medicine and Biology is an internationally
recognized publication that provides an independent external peer review process by
leaders in the field who served as reviewers and have published in this journal.
Internal review was conducted through the established clearance process consisting
of multiple supervisory reviews.
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Food chain

Absorption of strontium by foods prepared in drinking water

Lisa Jo Melnyka,
⁎

, Maura J. Donohuea, Maily Phamb, Joyce Donohuec

aNational Exposure Research Laboratory, Office of Research and Development, U.S., Environmental Protection Agency, 26 West Martin Luther King Drive, Cincinnati, OH,

45268, USA
bNational Risk Management Research Laboratory, Office of Research and Development, U.S. Environmental Protection Agency, 26 West Martin Luther King Drive,

Cincinnati, OH, 45268, USA
cOffice of Science and Technology, Office of Water, U.S. Environmental Protection Agency, 1200 Pennsylvania Avenue, Mail Code 4304T, Washington, DC, 20460, USA

A R T I C L E I N F O

Keywords:

Strontium

Transfer

Water

Foods

Relative source contribution

A B S T R A C T

Strontium (Sr) is a natural element, ubiquitous in the environment and known to occur in water, food, air, and

soils. Strontium is present in media as a salt or an ionized divalent cation. The Sr ion (dissociated) is tox-

icokinetically important because it is easily absorbed into systemic circulation when inhaled with particulates or

ingested with water or foods. Dietary exposure can be influenced by using tap water containing dissolved Sr in

food preparation. Research was conducted to determine the amount of Sr transferred from water to individual

foods during preparation. Strontium transferred to broccoli, lentils, and spaghetti at all levels tested (1.5, 10, and

50mg/L) as evidenced by the residual Sr in the pour-off water following food preparation (33–64%). The data

from the cooking study support the hypothesis that cooking of foods with water containing Sr adds to total

dietary exposure. This information can inform the determination of the relative source contribution (RSC) that is

typically used in developing drinking water advisory guidelines. These cooking study results indicate that food

prepared in water containing Sr should be considered as part of the food in a dietary exposure assessment.

1. Introduction

The natural element, Strontium (Sr), is ubiquitous in the environ-

ment and can be found in water, food, air, and soils. Strontium is

present in all relevant media as a salt or an ionized divalent cation.

Some Sr salts are more soluble than others. The Sr ion (dissociated) is

toxicokinetically important because it is easily absorbed into systemic

circulation when inhaled with air particulates or ingested with water or

foods.

Strontium is an element of potential toxicological concern, because

of its ability to substitute for calcium in bone, thereby possibly im-

pacting bone density [1]. The potential for strontium to have an adverse

effect on bone is strongly impacted by the calcium: strontium ratio [2].

The risk increases when the ratio decreases and is diminished when

calcium intakes increase. The likelihood for strontium to have a detri-

mental impact on bone is greatest during periods of active bone growth

in children and adolescents where it can contribute to a condition

sometimes referred to as strontium rickets [3,4]. An increased fracture

risk among children with low calcium intakes has been determined [5].

The risk can be increased through competition when high intakes of

strontium is combined with lower dietary calcium uptake. In addition

to strontium’s impact on bone, it also can substitute for calcium in teeth

during their formation causing permanent visible staining of the tooth

surface [6].

Strontium ions carry a 2+ charge and can bind to the biopolymers

(polysaccharides, proteins) in foods with areas of negative or partially

negative charge. Thus, cooking foods in the presence of water con-

taining Sr may increase the strontium content of the food as served for

meats (slow cooked with water), cooked grains (e.g. rice), vegetables

(e.g. broccoli), legumes (e.g. lentils), and fruits (e.g., applesauce).

Preparation of foods (handling, washing, and rinsing) can also influence

residue levels that become part of the diet [7–10]. This is more likely to

occur with dissolved minerals in water than volatile compounds, such

as alcohols that volatilize during cooking or baking [11].

Development of drinking water guidelines such as a Maximum

Contaminant Level Goal (MCLG) used to support a regulation or non-

https://doi.org/10.1016/j.jtemb.2019.01.001
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Abbreviations: ACS, American Chemical Standard; EPA–U.S, Environmental Protection Agency; FDA–U.S, Food and Drug Administration; ICP-AES, inductively

coupled plasma atomic emission spectroscopy; ICP-OES, inductively coupled plasma optical emission spectrometry; MCLG, maximum contaminant level goal; QC,

quality control; RSC, relative source contribution; Sr, strontium; TDS, total diet study; UCMR3, unregulated contaminant monitoring rule
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regulatory Drinking Water Health Advisory considers exposures from

ingestion of drinking water as it compares to other sources, such as,

diet, ambient air and incidental ingestion from soils and dusts when

developing a guideline value [12,13]. The latter are important con-

siderations for crawling infants and toddlers [7,8].

Identifying all routes of exposure to Sr can provide important in-

formation when determining the relative source contribution (RSC).

The dietary data for strontium collected by the U.S. Food and Drug

Administration as part of their Total Diet Study (TDS) program were

provided to the U.S. EPA to use in the RSC analysis. However, TDS

foods that require water for cooking or during preparation prior to

analysis are prepared with deionized water, so chemicals in the pre-

paration water will not be incorporated in the food prior to analysis

[14–16].

It is also important to realize that the Sr in the local tap water im-

pacts not only the foods prepared at home with water, but those com-

mercially prepared and packaged with water, e.g., products canned

with water or syrup when the local tap water without additional

treatment at the processing facility is used for preparation. However, in

most of those cases the chemicals added during commercial preparation

will be reflected in the TDS results. The exception would be foods

prepared at local food establishments that use the water directly from

the public water system (e.g. restaurants, school lunch programs, hos-

pitals).

The amount of Sr transferred from drinking water (in tap) to the

food items during preparation could be complete, none, or somewhere

in between. Research to determine the amount of Sr transferred from

water to individual foods during preparation was conducted. The re-

sults can provide a more complete estimation of potential intakes of Sr

that originate from a local public water supply.

2. Methods and materials

2.1. Reagents and solutions

All reagents were ACS reagent grade. All sample preparation solu-

tions were created with ultrapure water at 18.2 Ω obtained from a

Millipore water purification system (Milli Q Plus, Millipore, Bedford,

MA). The working solution was prepared by diluting 10,000mg/L

certified stock solution of Sr (GFS Chemicals, Columbus, OH) to the

desired concentrations to use as the Sr containing water for the ex-

periments.

2.2. Samples

Three food items were purchased at a local market to boil in ul-

trapure water containing three levels of Sr. The food items were a fresh

vegetable (broccoli), dried pasta (spaghetti), and dried lentils which

were chosen to represent a range of types of foods that are commonly

boiled during preparation. Three Sr concentrations were tested in

water; approximately 1.5 mg/L (reference level used in the Third

Unregulated Contaminant Monitoring Rule (UCMR3) as a value estab-

lished as protective for skeletal effects) [17], 10mg/L, and 50mg/L

(representing high concentrations found in the UCMR3 [17]). Exact

concentrations were determined by direct measurement (see Analysis

section below). Blanks were generated by boiling Sr containing water

with no foods and boiling food samples in ultrapure water containing

no Sr. Samples were generated in triplicate for each Sr concentration

level.

2.3. Preparation of samples

A measured amount of each food item was weighed (top-load bal-

ance, AND Electronic Balance, FX-4000, Denver, CO) to obtain the four

separate, 30–50 g weighed samples (depending on the amount that

would fit in the water) that were needed for each set of experiments. Six

beakers were weighed dry with 15 glass beads (to aid in boiling), re-

ceived approximately 250mL of water (either with or without Sr, as

needed), weighed again, then were set on hot plates (Corning, New

York, USA) and allowed to boil, separately (see Fig. 1). Two beakers

contained no food. The other four beakers contained the weighed

amount of food. Two beakers contained Sr free water; one with no food

(designated as no food blank), the other with food (designated as a

matrix blank). Four beakers contained Sr contaminated water at the

designated level; one had no food and was used to obtain the actual

concentration of Sr in the water, three beakers contained the weighed

food item to allow for replicate analysis.

After reaching a boiling state, the food item was placed into the

beaker, allowed to return to boiling, then boiled for at least 5 min. The

spaghetti required a longer boiling time of 8min to allow for complete

Fig. 1. Sample preparation Scheme.
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preparation. Following completion of the boiling, the beakers were

removed from the hot plates and allowed to cool for 2min. The water

containing food was separated into a new, clean, and weighed beaker

and allowed to cool completely. The final weight of water was returned

to the original, pre-boiled weight using ultrapure water.

Because of boiling the food items, the water contained particles of

food, starch, and lentil husks. To obtain a clear sample amenable to

analysis, the water was poured into centrifuge tubes (VWR.com,

Brooklyn, NY) and centrifuged (Sorvall Super T 21, Newtown, CT) at

10,000 rpm at 20 °C for 10min, filtered first through a 0.7 μm glass

fiber filter (Whatman, Maidstone, England), and then filtered through a

0.45 μm polypropylene nylon disc (Millipore, Darmstadt, Germany).

Water samples were stored at room temperature in labeled 60mL

plastic sampling containers (Thermo Scientific, Waltham, MA) and

acidified with concentrated nitric acid (0.15% v/v). Food samples were

placed into plastic tubes (FisherBrand, Waltham, MA) and frozen at

−80 °C until preparation for analysis.

2.4. Analysis of samples

a) Pour-off Water –

The pour-off waters were preserved with analytical grade ultrapure

nitric acid (0.15% v/v) and were analyzed for Sr on an Inductively

coupled plasma atomic emission spectroscopy (ICP-AES) (Thermo

Elemental model 7600 Duo, Waltham, MA) using U.S. EPA Method

200.7 [18]. A peristaltic pump delivers the sample into a nebulizer and

the sample is injected directly into the plasma. The sample collides with

electrons and charged ions in the plasma, breaking itself down into

charged ions. Samples are modified with a 1:1 matrix modifier (10%

HNO3/HCl) solution. Strontium is measured at wavelength 421.552 nm

with no interferences. Results were expressed as the concentration of Sr

recovered (mg/L).

• Boiled Food Samples –

The boiled food samples were dried at 60 °C in a drying oven. One

half of a gram of dried food item was microwave digested using a di-

gester (CEM MARS Xpress, Mathews, NC), following U.S. EPA Method

3051 A [19]. The samples were digested in nitric acid and hydrochloric

acid (9 mL: 3mL) under pressure of 12 atm. The contents were heated

to 175℃ within 5min and 30 s, held for 4min 30 s for a tray of samples

(24 samples in a tray). The moisture content of the food samples was

measured using Method CLC-MOI.03 from the U.S. Department of

Agriculture Food Safety and Inspection Service, Office of Public Health

Science [20]. Food sample digests were analyzed by inductively cou-

pled plasma optical emission spectrometry (ICP/OES) Optima 2100

(Perkin Elmer, Waltham, MA) for Sr and reported as mg Sr/kg food

using U.S. EPA Methods 200.7 and 6010C [18,19], as stated above.

Food results were converted to wet weight.

• Mass Balance Calculation

The concentrations determined from the analysis of the pour-off

water and the boiled foods were converted into milligram weights to

evaluate the mass balance. The concentration (mg/L or mg/kg) was

multiplied by the amount of water or food used (g) and divided by the

conversion factor (1 L/1000 g or 1 kg/1000 g) to reach the amount of Sr

in each sample for water or food item. The sum of the mass from the

pour-off water and food item should be equivalent to the initial amount

of Sr in the water. Differences between the total available Sr and the

amount in the pour-off water and food items could be attributed to

volatilization of the Sr that may occur during the boiling process.

2.5. Quality assurance

Quality control (QC) was strictly adhered to and all sample results

were within the appropriate specified criteria. For the pour-off water

samples, laboratory controls and blanks were analyzed simultaneously

with each analysis for each batch of samples. Laboratory reagent blanks

were analyzed every 10 samples, with QC limits of less than the method

detection limit and continuous calibration checks were within 90–110%

recovery. Fortified Sr water samples were all within an acceptable

percent recovery of 85–115% of the true value. This included both la-

boratory fortified blanks and laboratory fortified matrices. Analytical

water duplicates were also conducted with results within 10% of the

original samples.

For food samples, laboratory controls and blanks were analyzed

simultaneously with each analysis batch of 10 samples. All QC samples

fell within the specified criteria of +25% for fortified matrix, +15% for

fortified blanks, +10% for standard checks,< 20% difference for du-

plicates, and<0.025 ppm for reagent blanks. Several samples failed

the QC criteria when analyzing the broccoli samples, therefore, the

broccoli data are not used or reported.

3. Results and discussion

The results from the analysis of the pour-off water varied by food

item and initial Sr concentration (mg/L) in the water (Table 1). No food

type tested absorbed the entire amount of Sr from the water. The

concentration of Sr remaining in the pour-off water rose as the con-

centration increased. Broccoli and spaghetti had similar Sr absorption.

Unexpectedly, the replicate pour-off water from the cooking of lentils

consistently contained around 32%, regardless of the initial con-

centration.

The amount of Sr in the pour-off water from each food type was

statistically different from that of the other food types (p < 0.0001)

using the Student t-test [21], except for the broccoli and spaghetti

samples cooked in water with 50mg Sr/L. At the 50mg/L concentra-

tion, the p values for Sr left in the pour off water were the same

(p= 0.492) for the broccoli and spaghetti. The concentration of Sr in

each food type differed for each concentration level (p < 0.0028).

Based on the results of the pour off water, it appears that broccoli and

spaghetti reached a saturation point and could no longer absorb the Sr

from the water as the concentration increased. Lentils, on the other

hand, continued to absorb more Sr from the water as the concentration

Table 1

Residual Strontium in Pour-off Water following Food Preparation, mg/L+ standard deviation (percent recovery).

Theoretical water mg/L 1.5 2 10 50

Actual water mg/L 1.2 – 2.1 2.4 9.3 – 12 44 - 49

Blank 0.020 a 0.022 0.033

Broccoli 0.87+ 0.39 (41) a 5.8+ 0.36 (47) 28+ 1.2 (64)

Blank 0.021 0.020 0.026 0.020

Lentils 0.44+ 0.04 (36) 0.77+ 0.02 (32) 3.7+ 0.02 (38) 14+ 0.44 (32)

Blank 0.021 a 0.13 0.007

Spaghetti 0.62+ 0.08 (33) a 4.0+ 0.11 (44) 27+ 1.1 (56)

a Indicates no sample.
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increased, as evidenced by the sequentially lower recoveries in the

pour-off water. For broccoli and spaghetti, Sr absorption was dependent

on the initial concentration available, broccoli – r2=0.9993; spaghetti

– r2=0.8853 (Fig. 2), whereas, for lentils, Sr absorption was not de-

pendent on the initial concentration, r2=0.2019. Strontium was al-

ways absorbed at 57 ± 1%, resulting in a flat line across all con-

centrations (Fig. 2).

From the results of the analysis of the pour-off cooking water, Sr

appeared to be absorbed by the foods. To ensure that the Sr transferred

to the food items during cooking, the post preparation foods were

analyzed. Table 2 summarizes the analytical results for Sr in lentils and

spaghetti. As explained earlier issues arose with the broccoli samples

and the results did not meet the QC requirements. Broccoli data are not

reported.

Strontium did not volatilize as demonstrated by a mass balance

calculation. Taking into consideration the actual weight of the amount

of water used, amount of food used, and the analytical concentration,

the mass of Sr (mg) in the pour-off water and food items accounted for

most of the available Sr. The difference between the total amount of Sr

measured and the amount of Sr in the pour-off water and food item

combined falls well within the analytical error so would not be con-

sidered volatilized. These results are summarized in Table 3.

The strontium in the food items retained increasing amounts as the

concentration in the cooking water increased. The blanks did contain

some Sr, but the foods contained additional amounts indicating that the

Sr from the water was absorbed by the food items. It is clear that Sr in

the cooking water could become incorporated in the food as served

adding to the total intake from the diet because of the use of the local

tap water during cooking. This is a far greater concern when the water

contains> 50mg/L than it is for the 1.5 mg/L concentration of Sr, the

current health reference level [17].

4. Conclusions

The data from the cooking study support the hypothesis that

cooking of foods with water containing Sr that is poured off before

serving adds to the total dietary Sr. Food groups where this needs to be

considered include vegetables, grains, legumes and probably some

mixed foods (e.g., soups) that are cooked or prepared using tap water.

As shown in this study, intake through foods may be higher than what

would be predicted from analysis of FDA’s TDS data.

The RSC calculation uses the mean national concentration from

public water systems (if known), not the high-end concentrations. In

the case of Sr, the mean concentration observed during the monitoring

under UCMR3 was less than 1mg/L, while the concentrations at some

systems exceeded 50mg/L [17]. Accordingly, uptake of Sr from foods is

a greater concern for some locations than others, such as, the parts of

the country with elevated strontium concentrations including the states

that surround the Great Lakes, Texas, New Mexico, Arizona and Florida

[22]. Cooking studies, such as this one, assist toxicologists to quantify

the contribution of the local tap water to total exposure, especially in

cases where parts of the country receive concentrations in their tap

water that are considerably higher than the average. Under the 1996

amendments to the Safe Drinking Water Act, consideration of sensitive

populations during decision making is required [23]. Populations can

be classified as sensitive based on their exposure potential, age (e.g.

infants and children), life stage (e.g. women of childbearing age) and

health status (e.g. those with autoimmune diseases). Some drinking

water regulations require public notification for sensitive populations

because of exposure concerns, most notably copper (Wilson’s disease),

fluoride (dental fluorosis) [24], sodium (salt-sensitive hypertension)

[25,26]. Thus, when some populations that are highly exposed through

drinking water from their public system, public notification can be

considered as a regulatory option.
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Justifications:

Justification 1:

We as a society gradually realize the previous siloed water management approaches
cannot sustain quality water services at all fronts. The cities around the world are
facing enormous challenges in urban water systems. A paradigm shift based on
holistic management is absolutely needed to address these challenges. Sustainable
solutions to protect the environment, strengthen the communities and foster
long-term prosperity require scientifically based sustainability metrics to assess
environmental, economic, and social components of sustainability. It is important to
understand the historical background of current urban water systems, analyze their
various issues as components of a larger system, and lay out the argument for a
conceptual framework and potential tools for such comprehensive analysis. Our
manuscript not only lists the issues with existing centralized water systems and the
alternative approaches, but also present a design of urban water system for the
future of cities to emphasize how different water system services can be organized
in an organic whole. When the system dynamics and its underlying forces are better
understood, it would be possible to provide more insights on the tradeoffs and a
sustainable system design. Our intent is to catalyze and accelerate such paradigm
shift and encourage decision makers to start thinking more systematically based on
principles of sustainability when deal with issues unique to their cities or
communities.  
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This research is nominated in the category of Review Articles (RA). It includes not only critical

analyses of every major subsystem in the existing centralized water systems, providing potential

transformative alternatives, but also a conceptual holistic framework of One Water concept and

potential tools for such comprehensive analysis. Together, the research provides new insight

into sustainable integrated water system management.

A concurrent nomination is submitted in Integrated Risk Assessment (IR). The research focuses

on the metrics and tools used to quantify risk to the sustainability in urban water systems and

vulnerability of ecosystems from multiple stressors at multiple scales.    
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Justification 3B:

Sustainability is one of the most advanced forums for studies related to
sustainability and sustainable development in the world. The external peer
review process of Sustainability operates a rigorous peer-review process
and uses the criteria of quality, creativity, originality, accuracy and
contribution to the field to evaluate the scientific merit of the publication. In
most cases this is a single-blind assessment with at least two independent
reviewers, followed by a final acceptance/rejection decision by the
Editor-in-Chief, or another academic editor approved by the Editor-in-Chief.
The Editor-in-Chief is responsible for the academic quality of the publication
process, including acceptance decisions, approval of Guest Editors and
special issue topics, and new Editorial Board members.
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Αβστραχτ: Υρβαν ωατερ σψστεmσ αρε αν εξαmπλε οφ χοmπλεξ, δψναmιχ ηυmαν�ενϖιρονmεντ 

χουπλεδ σψστεmσ ωηιχη εξηιβιτ εmεργεντ βεηαϖιορσ τηατ τρανσχενδ ινδιϖιδυαλ σχιεντιφιχ 

δισχιπλινεσ. Wηιλε πρεϖιουσ σιλοεδ αππροαχηεσ το ωατερ σερϖιχεσ (ι.ε., ωατερ ρεσουρχεσ, 

δρινκινγ ωατερ, ωαστεωατερ, ανδ στορmωατερ) ηαϖε λεδ το γρεατ ιmπροϖεmεντσ ιν πυβλιχ ηεαλτη 

προτεχτιον, συσταιναβλε σολυτιονσ φορ α γροωινγ γλοβαλ ποπυλατιον φαχινγ ινχρεασεδ ρεσουρχε 

χονστραιντσ δεmανδ α παραδιγm σηιφτ βασεδ ον ηολιστιχ mαναγεmεντ το mαξιmιζε τηε υσε ανδ 

ρεχοϖερψ οφ ωατερ, ενεργψ, νυτριεντσ, ανδ mατεριαλσ. Τηε οβϕεχτιϖε οφ τηισ ρεϖιεω παπερ ισ το 

ηιγηλιγητ τηε ισσυεσ ιν τραδιτιοναλ ωατερ σψστεmσ ινχλυδινγ ωατερ δεmανδ ανδ υσε, χεντραλιζεδ 

χονφιγυρατιον, σεωερ χολλεχτιον σψστεmσ, χηαραχτεριστιχσ οφ mιξεδ ωαστεωατερ, ανδ το εξπλορε 

αλτερνατιϖε σολυτιονσ συχη ασ δεχεντραλιζεδ ωατερ σψστεmσ, φιτ φορ πυρποσε ανδ ωατερ ρευσε, 

ΟΠΕΝ ΑΧΧΕΣΣ
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νατυραλ/γρεεν ινφραστρυχτυρε, ϖαχυυm σεωερ χολλεχτιον σψστεmσ, ανδ νυτριεντ/ενεργψ ρεχοϖερψ. 

Τηισ ρεϖιεω αλσο εmπηασιζεσ α σψστεm τηινκινγ αππροαχη φορ εϖαλυατινγ αλτερνατιϖεσ τηατ 

σηουλδ ινχλυδε συσταιναβιλιτψ ινδιχατορσ ανδ mετριχσ συχη ασ εmεργψ το ασσεσσ γλοβαλ σψστεm 

εφφιχιενχψ. Αν εξαmπλε παραδιγm σηιφτ δεσιγν φορ υρβαν ωατερ σψστεm ισ πρεσεντεδ, νοτ ασ τηε 

ρεχοmmενδεδ σολυτιον φορ αλλ ενϖιρονmεντσ, βυτ το εmπηασιζε τηε φραmεωορκ οφ σψστεm−λεϖελ 

αναλψσισ ανδ τηε νεεδ το ϖισυαλιζε ωατερ σερϖιχεσ ασ αν οργανιχ ωηολε. Wηεν ωατερ σψστεmσ 

αρε δεσιγνεδ το mαξιmιζε τηε ρεσουρχεσ ανδ οπτιmυm εφφιχιενχψ, τηεψ αρε mορε πρεϖαιλινγ 

ανδ συσταιναβλε τηαν σιλοεδ mαναγεmεντ βεχαυσε α σψστεm ισ mορε τηαν τηε συm οφ ιτσ παρτσ. 

Κεψωορδσ: υρβαν ωατερ σψστεmσ; παραδιγm σηιφτ; σψστεm−βασεδ αναλψσισ; ρεσουρχε ρεχοϖερψ; 

ενεργψ ρεχοϖερψ; νυτριεντ ρεχοϖερψ; φιτ−φορ−πυρποσε; δυαλ ωατερ θυαλιτψ; σψστεm εφφιχιενχψ; 

εmεργψ σψντηεσισ 

 

1. Ιντροδυχτιον 

Ιν τηε ωορδσ οφ Εχολογιστ Ευγενε Οδυm: �Wατερ ισ mορε χριτιχαλ τηαν ενεργψ. Wε ηαϖε αλτερνατιϖε 

σουρχεσ οφ ενεργψ. Βυτ ωιτη ωατερ, τηερε ισ νο οτηερ χηοιχε.� [1]. Wατερ υσαγε ισ γροωινγ ατ τωιχε τηε 

ρατε οφ ποπυλατιον ινχρεασε ιν τηε λαστ χεντυρψ [2]. Τηε ραπιδλψ αχχελερατινγ πρεσσυρεσ ον τηισ ρεσουρχε 

αρισινγ φροm χονσταντ χηανγινγ θυαλιτψ ανδ αϖαιλαβιλιτψ οφ φρεσηωατερ εξποσεσ mανκινδ το σιγνιφιχαντ ρισκ 

εξπεχτεδ το ωορσεν ωιτη χλιmατε χηανγε−ινδυχεδ ιντενσιφιχατιον οφ τηε γλοβαλ ηψδρολογιχαλ χψχλε [3�6]. 

Τραδιτιοναλ ωατερ mαναγεmεντ αππροαχηεσ χατεγοριζε ωατερ ιντο φουρ τψπεσ: ωατερ ρεσουρχε (συρφαχε 

ωατερ/γρουνδωατερ), δρινκινγ ωατερ, ωαστεωατερ ανδ στορmωατερ. Dιφφερεντ ενγινεερινγ δεσιγνσ ανδ 

mαναγεmεντ ινστρυmεντσ αρε υσεδ το ταργετ σπεχιφιχ �ωατερ� ισσυεσ ωιτη αν οπεν−ενδεδ αππροαχη;  

φορ εξαmπλε, αλλ δοmεστιχ ωατερ υσεσ αρε τρεατεδ το δρινκινγ ωατερ στανδαρδσ ανδ ωατερ ισ υσεδ ονλψ ονχε 

ανδ τηεν δισποσεδ οφ. Τηε ωαστεωατερ ισ τρεατεδ ασ ωαστε το βε ελιmινατεδ ωιτη τηε ινϖεστmεντ οφ λαργε 

αmουντ οφ ενεργψ ανδ mατεριαλσ, ρεγαρδλεσσ οφ τηε ποτεντιαλ ϖαλυε οφ ωαστεωατερ χονστιτυεντσ. Φορ ινστανχε, 

εϖεν τηουγη πηοσπηορυσ φερτιλιζερ προδυχτιον φροm εασιλψ αχχεσσιβλε πηοσπηατε ροχκ χουλδ βε δεπλετεδ 

ιν 50�100 ψεαρσ ανδ χαυσε γλοβαλ φοοδ σεχυριτψ ισσυεσ [7,8], εξπενσιϖε τρεατmεντ τεχηνολογιεσ αρε υσεδ 

το ρεmοϖε πηοσπηορυσ ασ ωαστε φροm ωαστεωατερ το ρεδυχε ευτροπηιχατιον ιν ρεχειϖινγ ωατερ [9�13]. 

Εmεργινγ χηεmιχαλ ανδ βιολογιχαλ χονταmιναντσ φροm ωαστεωατερ ανδ εροδεδ σεδιmεντσ πενετρατε  

ιντο τηε σουρχε ωατερ, mακινγ τηε τρεατmεντ οφ δρινκινγ ωατερ mορε τεχηνιχαλλψ ανδ φινανχιαλλψ 

χηαλλενγινγ [14�16]. Τηεσε ϖιχιουσ χψχλεσ ωορσεν ωιτη τηε γροωτη οφ χιτιεσ, τηε χονχεντρατιον οφ 

αγριχυλτυραλ πραχτιχεσ, ανδ ιντενσιφψινγ mατεριαλ φλοωσ. Wατερ−ρελατεδ ινφραστρυχτυρε ιν σοmε χιτιεσ ισ ατ α 

βρεακινγ ποιντ, χοστινγ τριλλιονσ οφ δολλαρσ (ευροσ, ετχ.) ϕυστ το φιξ ιτ. Εϖεν σο υνδερ τηε χυρρεντ παραδιγm, 

τηε εχολογιχαλ γοαλσ οφ τηε Χλεαν Wατερ Αχτ ιν ΥΣ ωιλλ στιλλ νοτ βε mετ [17]. 

Μανψ χυρρεντ δεϖελοπmεντσ αρε στιλλ πιεχεmεαλ εφφορτσ ρατηερ τηαν αν ιντεγρατεδ εφφορτ οφ τηε εντιρε 

σψστεm ωηιχη χαν προϖιδε ιντερχοννεχτεδ φυνχτιονινγ εχοσψστεm ανδ ενγινεερινγ σερϖιχεσ το υρβαν 

ποπυλατιονσ [18,19]. Τηε χοmπλεξ ωατερ ισσυεσ αρε ιντερτωινεδ ανδ χαννοτ βε συσταιναβλψ σολϖεδ βψ τηε 

τραδιτιοναλ σιλοεδ ωατερ mαναγεmεντ αππροαχηεσ. Χηανγεσ ον τηε εδγε δο νοτ ρεαχη τηε χεντερ οφ τηε 

ισσυεσ. Ονλψ ωηεν αλλ οφ τηεσε πλαψερσ αρε εϖαλυατεδ ινχλυσιϖελψ ωιλλ τηε συσταιναβιλιτψ οφ ανψ ωηολε ωατερ 

σψστεm ωιτη βαλανχεδ εχονοmιχ αχτιϖιτιεσ ανδ εχολογιχαλ σερϖιχεσ βε ποσσιβλε. 
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Αλτηουγη τηε υλτιmατε γοαλσ αρε το ιντεγρατε τηε mονιτορινγ, mοδελινγ, ασσεσσmεντ ανδ mαναγεmεντ 

οφ ωατερ ρεσουρχεσ, δρινκινγ ωατερ, ωαστεωατερ, ανδ στορmωατερ υσινγ α σψστεmσ αππροαχη ανδ ωατερσηεδ 

περσπεχτιϖε, ασ αν ινιτιαλ εφφορτ, ιτ ισ ιmπορταντ το υνδερστανδ τηε ηιστοριχαλ βαχκγρουνδ οφ χυρρεντ υρβαν 

ωατερ σψστεmσ, αναλψζε τηειρ ϖαριουσ ισσυεσ ασ χοmπονεντσ οφ α λαργερ σψστεm, ανδ λαψ ουτ τηε αργυmεντ φορ α 

χονχεπτυαλ φραmεωορκ ανδ ποτεντιαλ τοολσ φορ συχη χοmπρεηενσιϖε αναλψσισ. Υρβαν ωατερ σψστεmσ ηαϖε 

βεεν στυδιεδ εξτενσιϖελψ ρεγαρδινγ σεπαρατε ισσυεσ συχη ασ πολλυτιον δεγραδατιον [20�22], νυτριεντ 

ρεmοϖαλ [23�25], δισινφεχτιον βψ−προδυχτ ανδ εmεργινγ χονταmιναντσ� δετεχτιον ανδ ρεmοϖαλ [26�28], 

mιχροβιαλ ρισκ [29�31], ωατερ σχαρχιτψ [32,33], στορmωατερ mαναγεmεντ [34,35], ανδ φινανχιαλ  

ισσυεσ [36�38] αmονγ οτηερσ. Ηοωεϖερ, ιτ ισ ωορτη ρε−εξαmινινγ τηεm ιν τηε χοντεξτ οφ ηολιστιχ αναλψσισ 

ανδ εξπλορε νεω ιντεγρατεδ σολυτιονσ τηατ βρεακ τηε τραδιτιοναλ βαρριερσ. Φορ προποσεδ φυτυρε σψστεmσ φορ τηε 

Χιτψ οφ Τοmορροω, mανψ τεχηνολογιχαλ χοmπονεντσ συχη ασ ρεσουρχε ρεχοϖερψ [39], γρεεν ινφραστρυχτυρε [40], 

ωετλανδσ [41], ανδ δυαλ−ωατερ [42] θυαλιτψ χονχεπτσ ηαϖε νοτ βεεν στυδιεδ ωιτη α σψστεm τηινκινγ 

αππροαχη ορ τηεψ αρε ιν τηειρ νασχεντ πηασεσ οφ αππλιχατιον. Wιτηουτ βεττερ υνδερστανδινγ οφ τηεσε 

αλτερνατιϖε τεχηνολογιεσ, ιτ ισ διφφιχυλτ το χονφιδεντλψ δεσιγν ανδ ασσεσσ εντιρε φυτυρε συσταιναβλε σψστεmσ. 

Τηερε αρε αλσο κνοωλεδγε γαπσ αβουτ αδϖανταγεσ, δισαδϖανταγεσ, ανδ οππορτυνιτιεσ το mαναγε 

χεντραλιζεδ (τραδιτιοναλ) ανδ δεχεντραλιζεδ (αλτερνατιϖε) ωατερ σψστεmσ ιν α συσταιναβιλιτψ χοντεξτ (ι.ε., 

ιντεγρατεσ σοχιαλ, εχονοmιχ, ανδ ενϖιρονmενταλ χοmπονεντσ). 

Ηερε, ωε ρεϖιεω τηε ηιστοριχαλ χοντεξτ οφ χυρρεντ υρβαν ωατερ σψστεmσ ανδ mαϕορ ισσυεσ συχη ασ, ωατερ 

θυαντιτψ, θυαλιτψ, ενεργψ υσε, ωαστεωατερ χονταmινατιον, σψστεm χονφιγυρατιον, χοστσ, ανδ σοmε χυλτυραλ 

ασπεχτσ. Φυρτηερ, ωε πρεσεντ α χονχεπτυαλ φραmεωορκ οφ τρανσφορmατιϖε αλτερνατιϖεσ, ασ ωελλ ασ α ποτεντιαλ 

τοολ υσεδ φορ α σψστεm αναλψσισ. Wηεν τηε σψστεm δψναmιχσ ανδ ιτσ υνδερλψινγ φορχεσ αρε βεττερ υνδερστοοδ, 

ιτ ωουλδ βε ποσσιβλε το προϖιδε mορε ινσιγητσ ον τηε τραδεοφφσ ανδ α συσταιναβλε σψστεm δεσιγν. 

2. Τραδιτιοναλ Wατερ Σψστεmσ 

2.1. Wατερ Dεmανδ ανδ Wατερ Υσε 

Τηε ισσυεσ ανδ χονχερνσ συρρουνδινγ τηε υρβαν ωατερ σψστεmσ λικε ωατερ θυαλιτψ, ενεργψ υσε, ωατερ 

σχαρχιτψ, ανδ ωαστεωατερ χονταmινατιον mαψ τραχε βαχκ το ινιτιαλ ωατερ δεmανδ ανδ ωατερ υσε βψ χυστοmερσ. 

Οφ τηε 3.4 ⋅ 1010 γαλλονσ οφ δρινκινγ ωατερ προδυχεδ αννυαλλψ βψ πυβλιχ ωατερ σψστεmσ ιν τηε ΥΣ, 

αππροξιmατελψ 63% ισ υσεδ φορ ρεσιδεντιαλ πυρποσεσ (ινδοορ ανδ ουτδοορ) [43]. Οφ τηατ, 42% οφ αννυαλ 

ρεσιδεντιαλ υσε ωασ φορ ινδοορ πυρποσεσ ανδ 58% φορ ουτδοορ πυρποσεσ (ωιτηουτ τακινγ ιντο αχχουντ 

φιρεφιγητινγ αλλοχατιον) βασεδ ον τηε εϖαλυατιον οφ 1188 ηοmεσ φροm 14 χιτιεσ αχροσσ σιξ ρεγιονσ οφ  

τηε ΥΣ. Οφ τηε ινδοορ υσε, 17% ισ φορ ηυmαν χονσυmπτιον ορ ρελατεδ υσε (φαυχετ υσε ανδ δισηωασηερ); 

19% ισ φορ ηυmαν χονταχτ (σηοωερ ανδ βατη); 64% ισ φορ νον−ηυmαν ινγεστιον ορ χονταχτ υσεσ (τοιλετ, 

χλοτηεσ ωασηερσ, λεακσ ανδ οτηερ) [43,44]. Αλτηουγη τηερε αρε ρεγιοναλ διφφερενχεσ, ονε φαχτ τηατ ρεmαινσ 

ισ τηατ ποταβλε ωατερ ισ ονλψ α mινορ πορτιον οφ τηε τοταλ δεmανδ.  

Αχτιϖιτιεσ οτηερ τηαν ηυmαν χονσυmπτιον ανδ χονταχτ συχη ασ ουτδοορ νον−ποταβλε λανδσχαπε 

ιρριγατιον ανδ φιρεφιγητινγ (58%) στιλλ ρεθυιρε τηε εντιρε ωατερ ινφραστρυχτυρε το προϖιδε ωατερ οφ α θυαλιτψ 

αχχεπταβλε φορ ηυmαν χονσυmπτιον [44] (Φιγυρε 1, Ταβλε 1). Τηε στανδβψ φιρε φλοω προϖισιον ρεθυιρεσ 

αδεθυατε χαπαχιτψ ανδ πρεσσυρε [44,45]. Τηε στανδαρδσ γοϖερνεδ βψ τηε Νατιοναλ Φιρε Προτεχτιον 

Ασσοχιατιον ρεθυιρε φιρε−φλοωσ το συσταιν φροm τηρεε το ειγητ ηουρσ [46]. Ιν ορδερ το σατισφψ τηισ νεεδ φορ 
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αδεθυατε στανδβψ χαπαχιτψ ανδ πρεσσυρε, mοστ διστριβυτιον σψστεmσ υσε στανδπιπεσ, ελεϖατεδ τανκσ, ανδ λαργε 

στοραγε ρεσερϖοιρσ. Γενεραλλψ, υπ το 75% οφ τηε χαπαχιτψ οφ α τψπιχαλ δρινκινγ ωατερ διστριβυτιον σψστεm 

ισ δεϖοτεδ το φιρεφιγητινγ [47] (Φιγυρε 1, Ταβλε 1). Τρεατινγ τηισ λαργε αmουντ οφ ωατερ ανδ mοϖινγ ιτ 

οϖερ λονγ διστανχεσ ισ ενεργψ− ανδ mατεριαλ−ιντενσιϖε, mοστλψ φοσσιλ φυελ−δριϖεν. Αδδιτιοναλλψ, τηερε ισ α 

γροωινγ χονχερν τηατ συχη δεσιγνσ ιν mοστ υρβαν αρεασ ρεσυλτ ιν ωατερ θυαλιτψ δεγραδατιον δυρινγ 

τρανσmισσιον δυε το λονγ ωατερ ρεσιδενχε τιmε ωηιχη προϖιδε οπτιmυm χονδιτιονσ φορ τηε φορmατιον οφ 

δισινφεχτιον βψ−προδυχτσ (DΒΠσ) ανδ τηε ρεγροωτη οφ mιχροοργανισmσ, α τραδε−οφφ βετωεεν πυβλιχ ηεαλτη 

ανδ πυβλιχ σαφετψ [48,49]. Τηε χυρρεντ φλυσηινγ προγραmσ αρε χοστλψ ανδ λαργελψ ινεφφεχτιϖε, ρεσυλτινγ ιν 

ωαστεδ τρεατεδ δρινκινγ ωατερ. 

Ταβλε 1. Τοταλ ρεσιδεντιαλ δρινκινγ ωατερ δεmανδ οφ στυδψ. 

Ασσυmπτιονσ: 

Ποπυλατιον (Π) 100,000 Ινηαβιταντσ 

 γαλ/ψεαρ φραχτιον 

Υ.Σ. Dρινκινγ ωατερ προϖισιον [44] 3.40 ⋅ 1010  

Ρεσιδεντιαλ 2.14 ⋅ 1010 1 

Ρεσιδεντιαλ ινδοορ υσε  0.42 

Ηυmαν χονσυmπτιον ορ ρελατεδ υσε (φαυχετ, δισηωασηερ)  0.07 

Ηυmαν χονταχτ (σηοωερ ανδ βατη)  0.08 

Νονηυmαν ινγεστιον ορ χονταχτ (τοιλετ, χλοτηεσ, λεακσ)  0.27 

Ρεσιδεντιαλ ουτδοορ υσε  0.58 

Wατερ δεmανδσ [50] γπχδ mιν γπχδ mαξ 

Ρεσιδεντιαλ 75 130 

Φιρεφιγητινγ δεmανδ βασεδ ον ποπυλατιον [50]   

Τηε Αmεριχαν Ινσυρανχε Ασσοχιατιον ρεχοmmενδσ: (Π ιν τηουσανδσ) 

�:���; Λ σρτρ�:σ Φ ρρσ�;   

Χαλχυλατεδ Θ = 9.68 ⋅ 103 θπm 

 13.93 mγδ 

Χαλχυλατιονσ: 

Τοταλ δρινκινγ ωατερ δεmανδ οφ στυδψ (αϖεραγε ρεσιδεντιαλ περ χαπιτα) 102.5 γπχδ 

 10.25 mγδ 

Αχχορδινγ Υ.Σ. δρινκινγ ωατερ προϖισιον φραχτιονσ:   

Χονσυmπτιον φορ 100,000 ινηαβιταντσ mγδ  

Ρεσιδεντιαλ ινδοορ υσε 4.31 18% 

Ηυmαν χονσυmπτιον ορ ρελατεδ υσε (φαυχετ, δισηωασηερ) 0.74 3% 

Ηυmαν χονταχτ (σηοωερ ανδ βατη) 0.80 3% 

Νονηυmαν ινγεστιον ορ χονταχτ (τοιλετ, χλοτηεσ, λεακσ) 2.77 11% 

Ρεσιδεντιαλ ουτδοορ υσε 5.95 25% 

Φιρεφιγητινγ δεmανδ 13.93 58% 

Τοταλ ρεσιδεντιαλ δεmανδ 24.18 100% 
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(α) (β) 

Φιγυρε 1. Τηε δεmονστρατιον οφ ωατερ δεmανδ ανδ ωατερ υσε ιν α χιτψ ωιτη α ποπυλατιον οφ 

100,000. (α) Χονϖεντιοναλ ωατερ σψστεm ωιτη χεντραλιζεδ ωατερ ανδ ωαστεωατερ φαχιλιτιεσ.  

Αλλ ωατερ δεmανδσ αρε σατισφιεδ βψ ποταβλε ωατερ; (β) Dυαλ ωατερ συππλψ σψστεmσ ωιτη ποταβλε 

φροm δρινκινγ ωατερ ανδ νον−ποταβλε φροm χλεαν ωατερ, ωηιχη αχχουντσ φορ 93% οφ τηε 

δεmανδ (σεε δεταιλ βελοω). 

2.2. Χεντραλιζεδ Wατερ Σψστεmσ 

Ανχιεντ Ροmε ρεπρεσεντσ αν εξαmπλε ιν τηε ηιστορψ οφ υρβαν φρεσηωατερ συππλψ, ηψγιενε ανδ σανιτατιον 

ον α λαργε σχαλε [51]. Ηοωεϖερ, ωιτη τηε ραπιδ υρβαν γροωτη οφ εαρλψ ινδυστριαλιζατιον, τηε σανιταρψ ανδ 

φρεσηωατερ−συππλψ χονδιτιον ωορσενεδ ιν τηε εαρλψ νινετεεντη χεντυρψ. Τηε mιδ−νινετεεντη χεντυρψ 

σανιταρψ χρισισ ωασ αν εαρλψ σιγν οφ αν ινηερεντ διλεmmα ιν τηε ινδυστριαλ mαρκετ εχονοmψ: ιτ ηαδ νο 

αυτοmατιχ, ιντερναλ mεχηανισm το ρεστορε α ηεαλτηψ εθυιλιβριυm το νατυραλ εχοσψστεmσ πολλυτεδ βψ τηε 

υνωαντεδ βψ−προδυχτσ οφ γροωτη, εϖεν τηουγη συχη ενϖιρονmενταλ συσταιναβιλιτψ ωασ α νεχεσσαρψ 

χονδιτιον οφ ιτσ χοντινυεδ προδυχτιϖε εξπανσιον. Τηε Γρεατ Στινκ ιν Ενγλανδ ιν 1858 ανδ τηε τωο χηολερα 

πανδεmιχσ ωιτη τηε δεατη οφ 25,000 Λονδονερσ ιν τηε πρεϖιουσ δεχαδε ωασ τηε φιναλ τριγγερ το τηε 

σανιτατιον ρεϖολυτιον. Α σοπηιστιχατεδ νετωορκ οφ ιντερχεπτινγ σεωερσ ωασ βυιλτ υνδερ Λονδον το ρερουτε 

τηε ωαστε φαρ δοωνστρεαm φροm χεντραλ Λονδον [51]. Τηε Σανιταρψ Αωακενινγ ανδ αχχεπτανχε οφ τηε 

γερm τηεορψ οφ δισεασε σπυρρεδ Ενγλανδ το τακε ιmπορταντ αχτιονσ το ενσυρε ωατερ συππλψ ωασ βοτη αmπλε 

ανδ χλεαν. Λονδον ωασ νεϖερ αγαιν αφφλιχτεδ ωιτη χηολερα. Ενγλανδ�σ σανιταρψ ρεϖολυτιον τριγγερεδ α 

ϖιρτυουσ χψχλε οφ χοmπετιτιον αmονγ ινδυστριαλ χουντριεσ το ιmπροϖε ωατερ συππλιεσ ανδ πυβλιχ ηεαλτη. 

Βψ 1920, ρεσιδεντσ οφ αλmοστ αλλ τηε ωορλδ�σ ριχη ινδυστριαλ χιτιεσ ιν Ευροπε ανδ Νορτη Αmεριχα ενϕοψεδ 

αβυνδαντ ανδ χλεαν φρεσηωατερ. Ατ τηε βεγιννινγ οφ τηε τωεντιετη χεντυρψ, mοστ οφ τηε λαργεστ Αmεριχαν 

χιτιεσ ηαδ mυνιχιπαλιτψ−ρυν ωατερ συππλψ σψστεmσ [52]. Χηιχαγο αχηιεϖεδ α mοστ αmβιτιουσ χιϖιλ 

ενγινεερινγ προϕεχτ�τηε ρεϖερσαλ οφ τηε φλοω οφ τηε Χηιχαγο Ριϖερ. Τηε ριϖερ νο λονγερ εϖαχυατεδ 

σεωαγε ιντο τηε χιτψ�σ Λακε Μιχηιγαν δρινκινγ συππλψ; ινστεαδ ιτ ωασ χαρριεδ δοωνστρεαm το βε διλυτεδ 

ιν τηε Ιλλινοισ ανδ Μισσισσιππι Ριϖερσ. Τηε σανιταρψ ρεϖολυτιον πλαψεδ α πιϖοταλ ρολε ιν συσταινινγ τηε 

υρβαν εχοσψστεmσ ατ τηε ηεαρτ οφ ινδυστριαλ χιϖιλιζατιον [51]. 

Χυρρεντλψ, τηερε αρε αβουτ 2 mιλλιον mιλεσ οφ πιπελινεσ ιν ΥΣ. Τηεσε σψστεmσ οφ ενγινεερινγ mαρϖελσ, 

ωιτη σοmε ιν τηε γρουνδ φορ οϖερ 100 ψεαρσ προϖιδε α χριτιχαλ πυβλιχ ηεαλτη φυνχτιον ανδ αρε εσσεντιαλ φορ 

εχονοmιχ δεϖελοπmεντ ανδ γροωτη. Ηοωεϖερ, τηε �ηαρδ πατη� ωιτη mασσιϖε ινφραστρυχτυρε ιν τηε φορmσ 
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οφ δαmσ, αθυεδυχτσ, πιπελινεσ, ανδ χεντραλιζεδ τρεατmεντ πλαντσ ηαϖε συβσταντιαλ υνεξπεχτεδ σοχιαλ, 

εχονοmιχ, ανδ ενϖιρονmενταλ χοστ [53]. Μανψ οφ τηε σψστεmσ ωερε ινσταλλεδ ατ τηε τυρν οφ τηε 20τη χεντυρψ. 

Dυε το αγε, ωεαρ, ανδ τεαρ, mανψ αρε νοτ φυνχτιονινγ ωελλ. Τηε Υ.Σ. ΕΠΑ 2002 γαπ αναλψσισ σηοωσ τηερε 

ισ α ∃540 βιλλιον ινφραστρυχτυρε νεεδσ ανδ φυνδινγ γαπ φορ χλεαν ωατερ ανδ δρινκινγ ωατερ αλονε φορ τηε 

νεξτ 20 ψεαρσ [54]. Ιν 2013, τηε Αmεριχαν Σοχιετψ οφ Χιϖιλ Ενγινεερσ ρατεδ βοτη δρινκινγ ωατερ ανδ 

ωαστεωατερ ινφραστρυχτυρεσ ασ D, ινδιχατινγ α σιγνιφιχαντ βαχκλογ οφ οϖερδυε mαιντενανχε ανδ α πρεσσινγ 

νεεδ φορ mοδερνιζατιον [55]. Τηερε αρε 240,000 ωατερ mαιν βρεακσ περ ψεαρ ανδ 75% οφ ωαστεωατερ 

χαπιταλ νεεδσ αρε φορ πιπε ρεπαιρ. Τηε χαπιταλ ινϖεστmεντ νεεδσ φορ τηε ωαστεωατερ ανδ στορmωατερ σψστεmσ 

αλονε αρε εστιmατεδ το τοταλ ∃298 βιλλιον οϖερ τηε νεξτ 20 ψεαρσ. 

Τηε τοπολογψ οφ τηε χεντραλιζεδ ινφραστρυχτυρε ωασ α ρεσυλτ οφ τηε στρονγ εχονοmιεσ οφ σχαλε:  

λαργε χεντραλιζεδ ινφραστρυχτυρεσ mαψ στιλλ βε φουνδ το βε χοστ−εφφεχτιϖε το α χερταιν δεγρεε, δυε το  

εφφιχιενχψ−βοοστινγ φεατυρεσ τηατ χαν βε χοστ εφφεχτιϖελψ αδδεδ ονλψ ωηεν τηε υτιλιτιεσ βεχοmε ϖερψ  

λαργε [44,56]. Ινφραστρυχτυρεσ ωερε λοχατεδ στρατεγιχαλλψ το βε χλοσε το ωατερ ρεσουρχε ορ ωατερ ρεχειϖινγ 

βοδιεσ. Χυρρεντλψ, 35% οφ α τψπιχαλ Υ.Σ. mυνιχιπαλ ενεργψ βυδγετ ισ ασσοχιατεδ ωιτη ωατερ ανδ 

ωαστεωατερ υτιλιτιεσ [57]. Ελεχτριχιτψ υσε αχχουντσ φορ αππροξιmατελψ 80% οφ δρινκινγ ωατερ τρεατmεντ 

ανδ διστριβυτιον χοστ ανδ 25%�40% οφ τηε οπερατινγ βυδγετσ φορ ωαστεωατερ φαχιλιτιεσ. Ηοωεϖερ, ωηεν 

χιτιεσ γροω βιγγερ, τηε λονγερ τηε διστανχε το τρανσπορτ ωατερ, τηε ηιγηερ τηε ενεργψ δεmανδ. 

2.3. Χυρρεντ Wαστεωατερ Χολλεχτιον Ινφραστρυχτυρε 

Ονε οφ τηε φεατυρεσ ιν υρβαν δεϖελοπmεντ ισ τηε λανδ υσε σηιφτ φροm ϖεγετατεδ συρφαχεσ το ιmπερϖιουσ 

συρφαχεσ, χρεατινγ mορε φρεθυεντ ανδ ηιγηερ πεακ φλοωσ οφ στορmωατερ. Αχχορδινγ το τηε Υ.Σ. ΕΠΑ,  

οϖερ 700 χιτιεσ ιν τηε ΥΣ ωιτη εαρλψ ινφραστρυχτυρε ηαϖε χοmβινεδ σεωερ σψστεmσ (ΧΣΣ) χολλεχτινγ 

στορmωατερ ιν σεωερ σψστεmσ τηατ οχχασιοναλλψ δισχηαργε οϖερφλοω ωαστεωατερ διρεχτλψ ιντο ωατερ  

βοδιεσ [58]. Τηε υντρεατεδ σεωαγε φροm τηεσε οϖερφλοωσ χαν χονταmινατε ουρ ωατερσ, χαυσινγ σεριουσ 

ωατερ θυαλιτψ προβλεmσ. 

Βεσιδεσ τηε ποτεντιαλ ηεαλτη ρισκ, τηε χυρρεντ σεωερ σψστεm ισ δεσιγνεδ το αχχοmmοδατε τηε ινφιλτρατιον 

φροm γρουνδωατερ δυε το χραχκσ ανδ ποορ ϕοιντσ (ε.γ., 10% οφ τηε αϖεραγε δοmεστιχ ρατε) ανδ ινφλοω φροm 

στορmωατερ σουρχεσ. Τηε σεωερ σψστεmσ σηουλδ βε σιζεδ το χαρρψ πεακ φλοω ασ α γραϖιτψ φλοω αχχορδινγ 

το Ρεχοmmενδεδ Στανδαρδσ φορ Σεωαγε Wορκσ (�Τεν Στατεσ� Στανδαρδσ�) [59]. Αλτηουγη πυmπινγ ισ νοτ 

ασ σιγνιφιχαντ α πορτιον οφ τηε λοαδ φορ ωαστεωατερ ασ φορ δρινκινγ ωατερ ιν τρανσπορτινγ ωατερ βεχαυσε οφ 

ρελιανχε υπον γραϖιτψ, τηε λαργε−πιπινγ σψστεm, δεεπ τρενχη ανδ εξτενσιϖε λιφτ στατιονσ ινηερεντλψ χονσυmε 

α λοτ οφ λαβορ ανδ mατεριαλ ιν χονστρυχτιον ανδ ενεργψ ιν οπερατιον. Αβουτ 150 κWη/mιλλιον γαλλονσ οφ 

ελεχτριχιτψ ον αϖεραγε αρε ρεθυιρεδ το χολλεχτ σεωερ [60]. Ιν σmαλλερ χοmmυνιτιεσ, ιτ ωασ φουνδ τηατ τηε 

χοστ οφ χονϖεντιοναλ γραϖιτψ χολλεχτιον σψστεmσ ωασ υπ το φουρ τιmεσ ηιγηερ τηαν τηε χοστ οφ τρεατmεντ 

ανδ δισποσαλ βεχαυσε οφ τηε λιφτ στατιονσ ρεθυιρεδ το σερϖιχε λεσσ δενσελψ ποπυλατεδ αρεασ [61]. 

2.4. Μιξεδ Wαστεωατερ 

Ηυmαν εξχρετα ιν πρε−ινδυστριαλ σοχιετιεσ συχη ασ τηε Χηινεσε, Ινδιαν, Εγψπτιαν, ανδ Αmαζονιαν 

Ινδιανσ ηαϖε βεεν υσεδ ιν αγριχυλτυρε ανδ σοιλ ενριχηmεντ φορ οϖερ 2000 ψεαρσ [51,62]. Νοτ υντιλ τηε 

ινδυστριαλ ρεϖολυτιον, ωιτη ιτσ υρβαν ποπυλατιον εξπλοσιονσ, διδ ηυmαν ωαστε ιν χιτιεσ βεχοmε α σεριουσ 

προβλεm ανδ ηεαλτη ηαζαρδ, ανδ σο ωασ χονσιδερεδ ασ ωαστε. Τηε ενγινεερινγ ινφραστρυχτυρεσ οφ σεωερ 
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νετωορκσ ηαϖε βεεν υσεδ το εφφεχτιϖελψ χονϖεψ τηε ωαστε το ωατερ βοδιεσ λικε ριϖερσ ορ τηε σεα ιν εαρλψ 

τιmεσ, ανδ mυχη λατερ το τηε mυνιχιπαλιτψ−χοντρολλεδ ωαστεωατερ τρεατmεντ φαχιλιτιεσ [51,63]. Αλτηουγη 

τηε σανιταρψ ρεϖολυτιον mαδε τηε ραπιδ ιmmιγρατιον φροm τηε χουντρψσιδε το τηε ινδυστριαλ χιτιεσ ποσσιβλε 

ανδ συσταινεδ τηε υρβαν εχοσψστεm, τηε ονε−διρεχτιοναλ ωαστε τρανσπορτ ανδ τρεατmεντ σολυτιονσ ηαϖε 

γιϖεν ρισε το νεω ανδ mορε χοmπλεξ προβλεmσ λικε ευτροπηιχατιον, λοσσ οφ αθυεουσ ηαβιτατ, ανδ ινχρεασεδ 

φινανχιαλ βυρδεν. Τηε τεχηνολογιεσ φορ mεετινγ λοω λεϖελσ οφ τηε κεψ νυτριεντσ αρε ϖερψ εξπενσιϖε το 

ινσταλλ ανδ δραmατιχαλλψ ινχρεασε χοστσ φορ τηε υτιλιτψ [64]. Τηε �ωαστε� τρανσπορτεδ αωαψ φροm υρβαν 

αρεασ αχτυαλλψ ρεmοϖεσ ϖαλυαβλε ελεmεντσ. Νοτ υντιλ ρεχεντ τιmεσ ωηεν ωατερ πολλυτιον ηασ βεχοmε 

πρεϖαλεντ, ενεργψ χοστσ ηαϖε ινχρεασεδ, ανδ φινιτε mινεραλ ρεσουρχεσ αρε δεπλετινγ, ηασ ωαστεωατερ βεγυν 

το βε ρεχονσιδερεδ ασ α ρεσουρχε [65�69]. Ιν φαχτ, τηερε ισ νο συχη τηινγ ασ ωαστε ιν νατυρε, ονλψ ωαστεδ 

ρεσουρχεσ [70]. Το βε mορε εφφιχιεντ ανδ συσταιναβλε ιν τηε λονγ ρυν, ηυmαν σοχιετψ σηουλδ mιmιχ  

νατυραλ προχεσσεσ. 

Ηυmαν ωαστε χοmεσ φροm τηε mεταβολιτεσ οφ φοοδ διγεστιον. Τηε mαιν χοmποσιτιονσ ιν ωαστεωατερ 

αρε χαρβον, νιτρογεν, πηοσπηορυσ ανδ ποτασσιυm. Χυρρεντλψ, τηε πριmαρψ ανδ σεχονδαρψ τρεατmεντσ ιν  

τηε mυνιχιπαλ ωαστεωατερ τρεατmεντ πλαντσ (WWΤΠσ) εφφεχτιϖελψ ρεmοϖε χαρβον ασ mεασυρεδ βψ 

βιοχηεmιχαλ οξψγεν δεmανδ ανδ χηεmιχαλ οξψγεν δεmανδ (ΧΟD). Αδδιτιοναλ βιολογιχαλ νυτριεντ 

ρεmοϖαλ (ΒΝΡ) τρεατmεντσ αρε νεεδεδ το φυρτηερ ρεmοϖε νιτρογεν ανδ πηοσπηορυσ βεφορε δισχηαργινγ το 

τηε ρεχειϖινγ βοδψ το αϖοιδ ευτροπηιχατιον. Τηε ρεmοϖινγ προχεσσεσ αρε ηιγηλψ ενεργψ ιντενσιϖε εϖεν 

τηουγη mανψ �φρεε� mιχροβεσ αρε εmπλοψεδ αλονγ τηε τρεατmεντ τραιν. Τηε ιν−πλαντ πυmπινγ ανδ αερατιον 

ιν χοmmον πριmαρψ ανδ σεχονδαρψ τρεατmεντ οφτεν χονσιστσ οφ mορε τηαν 60% οφ τηε τοταλ πλαντ ελεχτριχιτψ 

υσε [64]. Τηε φυρτηερ σλυδγε τρεατmεντ ανδ δισποσαλ ισ αλσο ενεργψ−ιντενσιϖε βεχαυσε οφ δεωατερινγ, 

αλτηουγη τηε βιοσολιδσ προδυχεδ χαν βε τυρνεδ ιντο φερτιλιζερ ορ σοιλ αmενδmεντ. Ιφ νοτ τρεατεδ εφφεχτιϖελψ, 

τηε εφφλυεντσ φροm WWΤΠσ αρε οφτεν τηε mαϕορ σουρχεσ χοντριβυτινγ το ευτροπηιχατιον δυε το τηε εξχεσσ 

χαρβον ανδ νυτριεντ ρελεασε. 

3. Αλτερνατιϖε Σολυτιονσ 

3.1. Dεχεντραλιζεδ Wατερ Σψστεmσ 

Wηεν ποπυλατιονσ ιν χιτιεσ γροω βιγγερ, ιτ ισ νοτ ονλψ εξπενσιϖε το αγγρεγατε τηε σερϖιχεσ οϖερ α λαργε 

ρεγιον ανδ σιζε τηε σψστεmσ το αχχοmmοδατε φυτυρε δεmανδ, βυτ αλσο ρεθυιρεσ χονσιδεραβλε πυmπινγ 

ενεργψ το τρανσπορτ ωατερ οϖερ λονγερ διστανχεσ ανδ τηε σψστεmσ αρε mορε ϖυλνεραβλε το χονταmιναντ 

τρανσπορτ λικε σαλτ λοαδσ, δρουγητ ορ λεγαλ χονστραιντσ [71]. Α δεχεντραλιζεδ σψστεm, ον τηε οτηερ ηανδ, ισ 

α διστριβυτεδ χοντρολ ωηερε λοχαλιζεδ, νετωορκεδ ιντεραχτιονσ βετωεεν χοmπονεντσ (συχη ασ στορmωατερ 

mαναγεmεντ, δρινκινγ ωατερ συππλψ, φιρεφιγητινγ ωατερ δεmανδ, ανδ ενεργψ ρεχοϖερψ) εσταβλιση ορδερ 

ανδ χοορδινατιον βασεδ ον λοχαλ σπεχιφιχ ινφορmατιον. Dεχεντραλιζεδ ωαστεωατερ mαναγεmεντ σψστεmσ 

αρε στανδ−αλονε σψστεmσ ιν ωηιχη σmαλλ ωαστεωατερ φλοωσ αρε χολλεχτεδ, τρεατεδ ανδ δισπερσεδ ατ ορ νεαρ 

τηε ποιντ οφ γενερατιον [72]. Τηε Υ.Σ. ΕΠΑ ηασ φορmεδ τηε Νατιοναλ Dεχεντραλιζεδ Wατερ Ρεσουρχεσ 

Χαπαχιτψ Dεϖελοπmεντ Προϕεχτ (ωωω.νδωρχδπ.οργ) το συππορτ ρεσεαρχη ανδ δεϖελοπmεντ ιν τηισ αρεα.  

Ιτ ωασ φουνδ τηατ τηε πριmαρψ δριϖερσ φορ τηε υπτακε οφ δεχεντραλιζεδ σψστεmσ ιν Αυστραλια ωερε ιδεντιφιεδ 

ασ (1) Οϖερχοmινγ λιmιτατιονσ οφ λοχαλ ωατερ ανδ ωαστεωατερ σερϖιχεσ; (2) Dεφερρινγ ινφραστρυχτυρε 

υπγραδε; (3) Ενϖιρονmενταλ Προτεχτιον; (4) Σηοωχασινγ συσταιναβιλιτψ; (5) Wατερ χονσερϖατιον;  
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(6) Ενηανχεmεντ οφ λοχαλ αmενιτψ; (7) Τεχηνολογψ σηοωχασε [73]. Dεχεντραλιζεδ ωατερ σψστεmσ ηαϖε 

λεσσ χονϖεψανχε ενεργψ ανδ mορε ιντεγρατεδ ρεσουρχε mαναγεmεντ συχη ασ λοχαλ σψστεm−ωιδε ρευσε 

οππορτυνιτιεσ [38]. Τηερε ισ mορε φλεξιβιλιτψ, mορε υτιλιτψ οπτιmιζατιον ανδ χοmmυνιτψ ινδεπενδενχε. 

Dεχεντραλιζεδ σψστεmσ αλλοω τηε χοmmυνιτιεσ το πηασε−ιν αδδεδ σεωερ χαπαχιτψ ασ γροωτη οχχυρσ,  

φορ εξαmπλε, ανδ αϖοιδ τηε υπφροντ φινανχιαλ βυρδεν οφ λονγ−τερm δεmανδ προϕεχτιονσ ιν χεντραλιζεδ σψστεmσ 

ωηερε τηε χυρρεντ υσερσ βεαρ τηε χοστ οφ φυτυρε υσε [61]. Τηε �σοφτ πατη� αππροαχηεσ οφ σmαλλ−σχαλε 

δεχεντραλιζεδ φαχιλιτιεσ ιmπροϖε τηε προδυχτιϖιτψ οφ ωατερ υσε ανδ ωηολε σψστεm εφφιχιενχψ, ρεσυλτινγ ιν 

λοωερ χοστ χοmmυνιτψ−σχαλε σψστεmσ [53,74]. Τηε ινϖεστmεντ ρισκσ αρε αλσο φαρ φεωερ τηαν τηοσε οφ τηε 

�ηαρδ πατη� αππροαχηεσ φουνδ ιν χεντραλιζεδ φαχιλιτιεσ [3]. Ιν αδδιτιον, τηε νετωορκσ οφ δεχεντραλιζεδ 

συβσψστεmσ προϖιδε τηε νεχεσσαρψ ρεδυνδανχψ ανδ φλεξιβιλιτψ ρεσπονσιϖε το ποτεντιαλ ωεατηερ χηανγεσ ορ 

οτηερ σψστεm δισρυπτιονσ. Wηεν ονε δεχεντραλιζεδ σψστεm φαιλσ, τηε οτηερ ονεσ προϖιδε τηε αυξιλιαρψ 

χοννεχτιονσ ανδ χαν ρεδιρεχτ ρεσουρχεσ ιν τηε εϖεντ οφ αν εmεργενχψ. Τηισ ωιλλ ινχρεασε ρεσουρχε 

εξχηανγε αmονγ σψστεmσ, οπτιmαλ ρεσουρχε τηρουγηπυτ ανδ mινιmιζατιον οφ ωαστεσ. Ιτ ισ αλσο εασιερ το 

ρεαχη αν εθυιλιβριυm ποιντ βετωεεν ωατερ, ενεργψ, ανδ λανδ υσε ωηερε ιmπροϖεmεντσ ιν ονε ασπεχτ  

δοεσ νοτ σιγνιφψ χοστ ιν οτηερσ [75]. Τηε τραδεοφφ οφ δεχεντραλιζεδ σψστεmσ ισ τηε ινχρεασεδ χοmπλεξιτψ 

ωιτηιν τηε χλυστερσ οφ ινδεπενδεντ, ψετ ιντερχοννεχτεδ νετωορκσ. Ιν χεντραλιζεδ σψστεmσ, τηε σψστεm 

χονφιγυρατιον ανδ οπερατιονσ αρε mυχη σιmπλερ, βυτ χοστλψ. Τηε εφφιχιενχψ οφ δεχεντραλιζεδ σψστεmσ ισ 

αχηιεϖεδ τηρουγη χοmπλεξ ινφορmατιον mαναγεmεντ τηατ αλλοωσ σψστεm εξχηανγε, ανδ mορε διϖερσε 

τεχηνολογψ το αχηιεϖε ρεσουρχε ρεχοϖερψ ανδ σηαρινγ, ινστεαδ οφ εξτενσιϖε ενεργψ−δριϖεν τεχηνολογιεσ. 

Τηε mοδερν δεϖελοπmεντ οφ διγιταλ ανδ χοmmυνιχατιονσ τεχηνολογψ χαν προϖιδε σψστεmατιχ χοmmυνιχατιον 

βετωεεν δεχεντραλιζεδ ωατερ σψστεmσ λικε σmαρτ γριδ τεχηνολογψ ιν ελεχτριχιτψ νετωορκσ. Νετωορκσ συχη 

ασ τηε Σmαρτ Wατερ Σψστεm υσε τηε αυτοmατεδ ανδ ιντεγρατεδ ρεmοτε σενσινγ νετωορκ το προϖιδε βεττερ 

εφφιχιενχψ, ρελιαβιλιτψ ανδ σεχυριτψ, ρεσυλτινγ ιν α mορε ρεσιλιεντ σψστεm [76,77]. Φορ εξαmπλε ιν αν 

εξτρεmε ωεατηερ εϖεντ, τηε ωατερσηεδ mαναγεmεντ τεαmσ χαν αυτοmατιχαλλψ σηαρε στορmωατερ mοδελινγ 

ινφορmατιον ωιτη ποτεντιαλ φλοοδινγ ζονεσ ανδ τιmεσ βασεδ ον πρεδιχτιϖε πρεχιπιτατιον ιντελλιγενχε ανδ 

δεϖελοπ χορρεσπονδινγ τιmελψ εmεργενχψ ρεσπονσεσ [78]. Τηε εmεργενχε οφ λοχαλιζεδ σψστεmσ ωιλλ 

ενχουραγε mορε ιννοϖατιονσ ανδ νεω mαρκετ οππορτυνιτιεσ ρεσεmβλινγ τηοσε σεεν ιν τηε χλεαν ενεργψ 

ινιτιατιϖε συχη ασ νιτρογεν τραδινγ προγραmσ ιν νυτριεντ mαναγεmεντ ορ �χεντραλιζεδ οπερατιονσ οφ 

δεχεντραλιζεδ υνιτσ� χοντραχτινγ βυσινεσσ mοδελ [79]. Τηισ ιν τυρν χαν προϖιδε σιγνιφιχαντ σοχιαλ, 

εχονοmιχ, ανδ ενϖιρονmενταλ βενεφιτσ. Ασ τηε ηιγη ρισκ οφ τηε τοταλ σψστεm φαιλυρε φροm χριτιχαλ 

χεντραλιζεδ ινφραστρυχτυρε ισ αλλεϖιατεδ, σο δοεσ τηε φινανχιαλ βυρδεν δεχρεασε. 

Χοmπαρεδ ωιτη α ωεαλτη οφ κνοωλεδγε αβουτ χονϖεντιοναλ σψστεmσ, δεχεντραλιζεδ σψστεmσ ηαϖε  

βεεν σηοων χονχεπτυαλλψ προmισινγ. Αλτηουγη σιγνιφιχαντ προγρεσσ ηασ βεεν mαδε [52,56,73,80�83], τηε 

δεχεντραλιζατιον χονχεπτ ισ στιλλ ιν ιτσ ρελατιϖε ινφανχψ [72,84]. Ιτ ισ νοτ α σιmπλε δοωνσχαλε οφ τηε 

χεντραλιζεδ ϖερσιον, οτηερωισε τηε εχονοmψ οφ σχαλε ιν mιχροεχονοmιχσ ωουλδ δετερmινε τηατ τηε χοστ 

γενεραλλψ δεχρεασεσ ωιτη ινχρεασινγ σχαλε [38]. Ιτ σηουλδ βε εφφεχτιϖελψ λινκεδ το οτηερ αλτερνατιϖε οπτιονσ 

συχη ασ δυαλ ωατερ θυαλιτψ, ενεργψ ανδ mατεριαλ ρεχοϖερψ, φιτ−φορ−πυρποσε, ετχ. Ιν ρεαλιτψ, νεω σψστεm 

αρχηιτεχτυρεσ χαν βε χονφιγυρεδ ιν διφφερεντ δεσιγνσ, ινχλυδινγ ηψβριδ σψστεmσ ωηιχη �τωεακ� τηε χυρρεντ 

σψστεmσ ανδ ινχορπορατε χεντραλιζεδ ανδ δεχεντραλιζεδ ελεmεντσ [72,84�86] ανδ τρανσφορmατιϖε σψστεmσ 

τηατ οϖερχοmε τηε σψστεm ινερτια ωιτη νεω σψστεm δεσιγνσ [87]. Τηε φοχυσ οφ σψστεm οπτιmιζατιον 

χερταινλψ ινϖολϖεσ α γενεραλ mαττερ οφ σχαλε τηατ δεσερϖεσ mορε ρεσεαρχη [52,56]. 
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3.2. Φιτ φορ Πυρποσε ανδ Γρεψωατερ/Ραινωατερ Ρευσε 

Τηε χυρρεντ διστριβυτιον σψστεmσ ωερε δεσιγνεδ φορ φιρε προτεχτιον χεντυριεσ αγο ανδ δριϖεν εντιρελψ 

βψ τηε νεεδ φορ λαργε φλοωσ τηρουγουτ σψστεmσ. Φεω στρυχτυραλ στανδαρδσ αρε χονχερνεδ ωιτη δρινκινγ 

ωατερ θυαλιτψ. Τηε δρινκινγ ωατερ προβλεmσ νοω ινηερεντ ιν αλλ σψστεmσ ωιλλ νοτ βε αδδρεσσεδ βψ 

χοντινυινγ τηε σαmε δεσιγν πραχτιχε [45]. Αλτερνατιϖελψ, δυαλ σψστεmσ ιν ωηιχη σεπαρατε πιπε νετωορκσ 

χαν βε χονστρυχτεδ φορ ποταβλε ανδ νον−ποταβλε ωατερ ηαϖε τηε ποτεντιαλ το ιmπροϖε ωατερ σαφετψ ανδ 

ρεδυχε χοστ οφ δρινκινγ ωατερ διστριβυτιον ινφραστρυχτυρε, υλτιmατελψ αχηιεϖινγ mαξιmυm ρεσουρχε 

ρεχοϖερψ φροm ωαστεωατερ [88]. Dυαλ ωατερ σψστεmσ φορ δυαλ ωατερ θυαλιτψ αρε νοτ νεω. ΑWWΑ 

πυβλισηεδ τηε φιρστ εδιτιον οφ ιτσ Μανυαλ οφ Πραχτιχε: Dυαλ Wατερ Σψστεmσ ιν 1983 [89]. Τηε οριγιναλ 

ιντεντιον ωασ το χονσερϖε ηιγη−θυαλιτψ νατυραλ ωατερσ φορ δρινκινγ ανδ υσε ρεχλαιmεδ ωαστεωατερ φορ 

νονποταβλε πυρποσεσ. Dυαλ σψστεmσ ιν α νεω χοmmυνιτψ/σψστεm ωουλδ βε βυιλτ σιmυλτανεουσλψ. Συχη 

δυαλ σψστεmσ ηαϖε βεεν δεϖελοπεδ ανδ αρε οπερατινγ ιν α λαργε συβυρβ οφ Σψδνεψ, Αυστραλια σερϖινγ 

250,000 σινχε τηε 1990σ [90]. Αλλ ηουσεσ αρε προϖιδεδ ωιτη ρεχλαιmεδ ωατερ λινεσ ινσιδε φορ τοιλετ φλυσηινγ 

ανδ ωιτη ποταβλε λινεσ. Φορ εξιστινγ σψστεmσ, δυαλ σψστεmσ χαν βε ρετροφιττεδ α νεω δρινκινγ ωατερ σψστεm 

(σmαλλερ πιπεσ) ανδ ρελψ ον τηε εξιστινγ σψστεm (λαργερ πιπεσ) το σερϖε ασ τηε νον−ποταβλε συππλψ [45]. 

Ιφ τηε mαϕοριτψ οφ τηε δοmεστιχ ωατερ υσε (ε.γ., 93% ασ ιν τηε χασε ιν Φιγυρε 1) ισ φορ νον−ποταβλε 

πυρποσεσ, τηε τρεατmεντ στρατεγψ σηουλδ αδοπτ �φιτ−φορ−πυρποσε� πραχτιχε, ιν ωηιχη τηε τρεατεδ ωατερ, 

χαλλεδ �χλεαν ωατερ�, ισ φορ νον−ποταβλε υσε, λικε τοιλετ φλυση, χλοτηεσ ωασηινγ, φιρεφιγητινγ ανδ λανδσχαπε 

ιρριγατιον. Τηε Χιτψ οφ Στ. Πετερσβυργ, ΦΛ δεϖελπεδ τηε φιρστ mαϕορ δυαλ σψστεm ιν 1969 ιν ΥΣ [90,91]. 

Τηερε αρε αππροξιmατελψ 335 δυαλ διστριβυτιον σψστεmσ ιν τηε Υ.Σ., mαινλψ ιν Φλοριδα, Χαλιφορνια, 

Αριζονα, ανδ Τεξασ ωιτη ρεχλαιmεδ ωατερ [88]. Τηε νατιοναλ mιλεαγε οφ πιπεσ ιν δυαλ σψστεmσ ισ βετωεεν 

10,000 ανδ 20,000 mιλεσ. Ηοωεϖερ, mοστ χυρρεντ δυαλ σψστεmσ δο νοτ σερϖε ρεσιδεντιαλ υσερσ ανδ τηε 

ρεχλαιmεδ ωατερ ισ ονλψ 1% το υπ το 60% οφ τοταλ ωατερ δελιϖερψ. Τηε συρϖεψ οφ χυρρεντ δυαλ ωατερ σψστεmσ 

σηοωεδ νο mαϕορ πυβλιχ ηεαλτη προβλεmσ φροm τηε υσε οφ ρεχλαιmεδ ωατερ ιν ΥΣ [88]. Υ.Σ. ΕΠΑ�σ 2012 

mανυαλ ινχλυδεσ ωατερ ρευσε προϕεχτσ, στατε στανδαρδσ, ρεγυλατιονσ, ανδ ρεχοmmενδατιονσ [92]. 

Τηε σουρχε οφ χλεαν ωατερ χαν βε τρεατεδ γρεψωατερ ανδ ραινωατερ, ιν ωηιχη τηε ωατερ θυαλιτψ στανδαρδ 

ισ νοτ ασ ηιγη ασ δρινκινγ ωατερ, βυτ σαφε φορ ιτσ πυρποσε. Υνλικε βλαχκωατερ, ι.ε., φεχεσ ωιτηουτ υρινε, 

ωηιχη ισ ριχη ιν οργανιχ mαττερ, γρεψωατερ ισ δοmεστιχ νον−σεωαγε ωατερ ωηιχη γενερατεσ λαργερ ϖολυmεσ 

ωιτη λοωερ χονχεντρατιονσ οφ χονταmιναντσ, συχη ασ τηατ φροm σηοωερσ, σινκσ, ανδ λαυνδρψ. 

Dυε το τηε εϖαπορατιον ανδ χονδενσατιον προχεσσεσ ασ παρτσ οφ τηε ωατερ χψχλε, ραινωατερ ισ γενεραλλψ 

χονσιδερεδ χλεαν ανδ τηε θυαλιτψ ισ βεττερ τηαν συρφαχε ωατερ. Ιτ ισ ωηεν ραινωατερ χοmεσ ιν το χονταχτ 

ωιτη τηε χατχηmεντ αρεα συχη ασ ροοφ ανδ ροαδ συρφαχεσ, χονταmιναντσ λικε πατηογενσ, ςΟΧ ανδ ροαδ 

σαλτσ αρε ιντροδυχεδ. Τηε ηαρϖεστεδ ραινωατερ χαν σερϖε ασ αν ινδεπενδεντ ωατερ σουρχε φορ χλεαν ωατερ 

ασ ωελλ ασ φορ στοραγε ανδ οτηερ πυρποσεσ συχη ασ λανδσχαπε ιρριγατιον [93]. 

Τηε τρεατmεντ οφ χοmβινεδ γρεψωατερ ανδ στορmωατερ χαν εmπλοψ λεσσ ενεργψ−ιντενσιϖε τεχηνολογψ 

ανδ ωιτη λοωερ χαπιταλ εξπενδιτυρε [94]. Χονστρυχτεδ ωετλανδσ χαν σερϖε ασ ονε συχη οπτιον. Τηε νατυραλ 

ωετλανδ σψστεm ισ ονε οφ τηε mοστ προδυχτιϖε πριmαρψ προδυχτιον σψστεmσ ον τερρεστριαλ βιοmεσ. Αλτηουγη 

ωετλανδσ οχχυπψ ονλψ αβουτ 2% οφ τηε γλοβαλ συρφαχε αρεα, τηεψ χονταιν 10%�14% οφ τηε χαρβον [95]. 

Wετλανδ σοιλσ, συχη ασ ηιστοσολσ, mαψ χονταιν υπ το 20% χαρβον βψ ωειγητ. Τηε πεατσ αρε εϖεν mορε 

χαρβονιφερουσ. Τηε αεροβιχ−αναεροβιχ στρατιφιχατιον οφ ωετλανδ σεδιmεντ χολυmνσ ινϖολϖινγ ϖεγετατιον, 

mιχροβιαλ ανδ σοιλ χοmmυνιτψ ισ υνιθυελψ ιmπορταντ ιν τηε γλοβαλ χψχλινγ οφ συλφυρ, νιτρογεν, ανδ 
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πηοσπηορυσ ασ ωελλ ασ χαρβον [96]. Αν οπεν−ωατερ ωετλανδ ωιτη λανδ αρεα οφ 6 ⋅ 104 m2 (15 ηα) χαν 

αχηιεϖε 90% ρεmοϖαλ οφ mοστ χοmπουνδσ ιν νιτριφιεδ ωαστεωατερ εφφλυεντ ρεχειϖινγ 3.8 ⋅ 103 m3/δ  

(1 mιλλιον γαλλον περ δαψ (mγδ) φλοω) [97]. Τηε τρεατmεντ εφφιχιενχψ ωουλδ βε ηιγηερ φορ λοωερ στρενγτη 

γρεψωατερ ανδ στορmωατερ. Τηισ εφφιχιεντ εχολογιχαλ ανδ εϖολυτιοναρψ mαχηινερψ φροm νατυραλ σψστεmσ 

προϖιδεσ ενορmουσ νατυραλ χαπιταλσ τηατ οφτεν αρε νοτ αππρεχιατεδ βψ mαρκετ χαπιταλσ. Μορεοϖερ,  

τηε βενεφιτσ βεψονδ ωατερ πυριφιχατιον χαν βε φοοδ χηαιν συππορτ, βιοδιϖερσιτψ χονσερϖατιον, στορmωατερ 

ανδ εροσιον χοντρολ, φλοοδ χονϖεψανχε, ωατερ στοραγε ανδ βυφφερινγ, λοχαλ χλιmατε χοντρολ, ρεδυχτιον οφ 

ωιλδ φιρε, ανδ δοωνστρεαm εχοσψστεm ιmπροϖεmεντ. Χονστρυχτεδ ωετλανδσ αρε δεσιγνεδ το σιmυλατε 

νατυραλ ωετλανδσ ανδ υσε ρενεωαβλε ενεργψ το ρεπλαχε φοσσιλ φυελ ενεργψ υσεδ ιν χονϖεντιοναλ τρεατmεντ 

τεχηνολογιεσ το αχηιεϖε τηε σαmε ωατερ πυριφιχατιον πυρποσε. 

Τηε χαρβον σεθυεστρατιον οφ ωετλανδσ ισ νοτ λιmιτεδ το σιmπλψ χαρβον φιξατιον βψ πηοτοσψντηεσισ ωιτηιν 

τηε ωετλανδ. Ιτ ισ αλσο τηε σινκσ οφ χαρβον φροm ινφλοω ωατερ συχη ασ γρεψωατερ φροm δοmεστιχ υσε.  

Τηε αθυατιχ ϖεγετατιον ανδ οργανισmσ ιν ωετλανδσ αλσο πλαψ αν αχτιϖε ρολε ιν τακινγ υπ νιτρογεν, 

πηοσπηορυσ ανδ οτηερ χοmπουνδσ φροm ινφλοω ωατερ. Οϖερ τιmε, τηε πεατ προδυχτιον φροm τηε ωετλανδ 

χαν βε υσεδ φορ σοιλ χονδιτιονινγ ανδ ποττινγ σοιλ. Τωεντψ−τηρεε στατεσ προδυχεδ αβουτ 900,000 τονσ οφ 

πεατ ωορτη αβουτ ∃20 mιλλιον ιν 1988 [98]. 

Τηε ρισινγ τεmπερατυρε ανδ ιmβαλανχεδ ωατερ χψχλε ηασ βεεν ανδ ωιλλ χοντινυε το ρεσυλτ ιν mορε σεϖερε 

χλιmατολογιχαλ εϖεντσ [3,5]. Ιτ ηασ βεεν εστιmατεδ τηατ τηε φρεθυενχψ οφ συχη σεϖερε εϖεντσ ηασ ινχρεασεδ 

βψ 20% ιν τηε ΥΣ σινχε τηε βεγιννινγ οφ τηε χεντυρψ [98]. Ιν τηε αρεασ ωιτη δεχρεασεδ πρεχιπιτατιον, 

χονστρυχτεδ ωετλανδ ανδ ιτσ στοραγε φυνχτιον ωιλλ προϖιδε αδδιτιοναλ συππλψ δυρινγ συmmερ mοντησ ορ 

δρουγητ περιοδσ βεχαυσε οφ ιτσ ρελατιϖε χονσταντ φλοω φροm δοmεστιχ ωατερ υσε. Ιν τηε αρεασ ωιτη ινχρεασεδ 

πρεχιπιτατιον, τηε χονστρυχτεδ ωετλανδ ωιλλ προϖιδε ωατερ θυαλιτψ βυφφερινγ, στορmωατερ ρυνοφφ τρεατmεντ 

ανδ εροσιον χοντρολ. Τηε ιντεγρατιον οφ χονστρυχτεδ ωετλανδ ωιτη υρβαν λιϖινγ ασ α παρτ οφ αεστηετιχ  

χο−δεσιγν οφ ωατερ φυνχτιονινγ σερϖιχεσ ανδ υρβαν λανδσχαπε ωιλλ νοτ ονλψ προϖιδε α φινανχιαλλψ ϖιαβλε 

οπτιον (βεχαυσε τηε ωατερ πυριφιχατιον ισ δονε βψ νατυραλ χαπιταλ ινστεαδ οφ mαρκετ χαπιταλ), βυτ αλσο οφφερσ 

νυmερουσ εχολογιχαλ σερϖιχεσ ασ mεντιονεδ αβοϖε ανδ αδδιτιοναλ υρβαν δεσιγν φυνχτιον συχη ασ mορε 

πυβλιχ σπαχεσ το προmοτε σοχιαλ ιντεραχτιονσ, πηψσιχαλ ηεαλτη ανδ φιτνεσσ, διmινισηεδ χριmε ανδ ινχρεασεδ 

ωελλνεσσ, ρεσυλτινγ ιν ιmπροϖινγ τηε θυαλιτψ οφ λιφε ωιτηιν τηε λιϖαβλε, ρεγενερατιϖε χοmmυνιτψ (ρατηερ 

τηαν τηε χονϖεντιοναλ mενταλιτψ ΝΙΜΒΨ−Νοτ Ιν Μψ Βαχκ Ψαρδ) [99]. Φορ εξαmπλε, ηικινγ τραιλσ, ανδ 

νατυρε παρκσ αρουνδ τηε ωετλανδσ χαν οφφερ πυβλιχ ρεχρεατιοναλ σπαχε ανδ ινχρεασε αεστηετιχ ανδ  

προπερτψ ϖαλυεσ [100]. 

Αλτηουγη τηε ωετλανδ τρεατmεντ εφφιχιενχψ φορ λοωερ στρενγτη γρεψωατερ ανδ στορmωατερ ωουλδ βε 

ηιγηερ τηαν φορ τραδιτιοναλ ωαστεωατερ, τηε τεχηνολογψ στιλλ ρεθυιρεσ εξτενσιϖε λανδ οχχυπατιον τηατ 

χαπτυρεσ ρενεωαβλε ενεργψ ιν τηε φορm οφ ϖεγετατιον, σοιλ ανδ mιχροβεσ το τρεατ ωαστεωατερ. Ιν αρεασ 

ωηερε λανδ ισ νοτ αϖαιλαβλε συχη ασ ιν τηε δενσελψ ποπυλατεδ χοmmυνιτιεσ, τηε τρεατmεντ χαν ινστεαδ 

εmπλοψ τεχηνολογιεσ ωιτη σmαλλερ φοοτπριντ, βυτ δριϖεν βψ πυρχηασεδ ινπυτσ ανδ φοσσιλ φυελσ το τρεατ 

γρεψωατερ ανδ στορmωατερ. Εϖεν σο, τηε οϖεραλλ σψστεm εφφιχιενχψ mαψ στιλλ ουτωειγη τηε ονεσ ιν 

χεντραλιζεδ σψστεmσ. 
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3.3. Νατυραλ/Γρεεν Ινφραστρυχτυρε 

Το δεϖελοπ εφφεχτιϖε στορmωατερ mαναγεmεντ ανδ βυιλδ χοστ−εφφεχτιϖε σολυτιονσ ωιτη πηψσιχαλ ανδ 

οπερατιοναλ ρεσιλιενχε, ιτ ισ συγγεστεδ τηατ ηαρδ υρβαν συρφαχεσ αρε ρεπλαχεδ βψ ϖεγετατεδ ορ περmεαβλε 

συρφαχεσ το ρεταιν ρυνοφφ ανδ νατυραλ σηορελινε φεατυρεσ συχη ασ ωετλανδσ ανδ σανδ δυνεσ το mιτιγατε τηε 

εφφεχτσ οφ στορm συργεσ [101]. Γρεεν ινφραστρυχτυρε ινχορπορατεσ νατυραλ χαπιταλσ λικε ϖεγετατιον ανδ σοιλ 

το mαναγε ραινωατερ νεαρ ωηερε ιτ φαλλσ [102]. Ινστεαδ οφ διϖερτινγ στορmωατερ ουτσιδε τηε ωατερσηεδ ασ 

mυχη ανδ ασ φαστ ασ ποσσιβλε ωιτη εξτενσιϖε πιπινγ σψστεm ανδ τρανσπορτ ενεργψ, τηε αϖαιλαβλε ποτεντιαλ 

ενεργψ φροm τηε ραιν σηουλδ βε υσεδ το ενχουραγε mαξιmυm προδυχτιϖιτψ ανδ νατιϖε βιοδιϖερσιτψ ωιτηιν 

τηε ωατερσηεδ [103]. 

Wατερ σψστεm mαναγεmεντ σηουλδ αλσο χολλαβορατε ωιτη χιτψ ζονινγ ανδ λανδ υσε mαναγεmεντ.  

Μοστ mετροπολιταν χιτιεσ ιν ΥΣ ανδ αρουνδ τηε ωορλδ ηαϖε εξπεριενχεδ τηε mασσιϖε φλοοδινγ ιν σεϖερε 

στορm ανδ υρβαν ηεατ ισλανδ (ΥΗΙ) εφφεχτσ ιν ηοτ συmmερ δυε το τηε ρεπλαχεmεντ οφ νατυραλ οπεν ανδ 

ϖεγετατεδ λανδ συρφαχεσ ωιτη αρτιφιχιαλ χονχρετε ινφραστρυχτυρε ανδ ιmπερmεαβλε, δρψ συρφαχεσ [104,105]. 

Σολαρ ενεργψ ισ χονϖερτεδ το mορε σενσιβλε ηεατ, ρατηερ τηαν λατεντ ηεατ. Εξχεσσ ωατερ ισ δισποσεδ ασ  

θυιχκ ασ ποσσιβλε βεφορε ιτ ρετυρνσ το ιτσ νατυραλ χψχλε τηρουγη εϖαποτρανσπιρατιον (ΕΤ) ανδ ινφιλτρατιον. 

Το οϖερχοmε τηεσε ισσυεσ, χιτιεσ σηουλδ ιmπλεmεντ στρατεγιεσ τηατ ενχουραγε mορε ΕΤ ανδ ινφιλτρατιον 

ωιτη υρβαν φορεστσ, υρβαν αγριχυλτυρε, τρεεσ ανδ ϖεγετατιον, γρεεν ροοφ ανδ χοολ ροοφ, ανδ χοολ ανδ 

περmεαβλε παϖεmεντσ ανδ συρφαχεσ [102]. Τηε στυδψ οφ εχοηψδρολογιχ εφφεχτσ οφ υρβανιζατιον ον ΕΤ 

σηοωεδ τηατ λοαmψ σοιλσ χαν συσταιν ϖεγετατιον τρανσπιρατιον mορε τηαν σανδψ σοιλσ; mατυρε τρεε χοϖερσ 

ωιτη δεεπ ροοτ στρυχτυρεσ ηαϖε ηιγηερ αννυαλ ΕΤ ρατεσ τηαν σηαλλοω ροοτεδ χοϖερσ συχη ασ γρασσ, ωηιχη 

mαψ ρεδυχε ρυνοφφ ανδ mιτιγατε αγαινστ ΥΗΙ εφφεχτσ [106]. Αλτηουγη υρβανιζατιον νεχεσσαριλψ χοmεσ 

ωιτη α χερταιν δεγρεε οφ ιmπερϖιουσ συρφαχε ατ τηε εξπενσε οφ ϖεγετατεδ χοϖερ, ιτ ωασ σηοων τηατ ιmπαχτσ 

το αννυαλ ΕΤ φλυξεσ χαν βε mιτιγατεδ βψ στρατεγιεσ λικε ελιmινατινγ διρεχτλψ χοννεχτεδ ιmπερϖιουσ αρεα [34]. 

Τηε νατυραλ γρουνδ χοϖερ ωουλδ ονλψ ηαϖε 10% ρυνοφφ ωιτη 40% ϖια ΕΤ ανδ 50% τηρουγη ινφιλτρατιον 

ωηιλε τηε ιmπερϖιουσ χοϖερ ωουλδ ηαϖε 55% ρυνοφφ ωιτη 30% ΕΤ ανδ 15% ινφιλτρατιον [107]. Τηε βασιχ 

πρινχιπλε οφ λοω−ιmπαχτ δεϖελοπmεντ (ΛΙD) πραχτιχεσ ασ στορmωατερ mαναγεmεντ αλτερνατιϖε ισ το mιmιχ 

πρε−δεϖελοπmεντ ηψδρολογιχ ρεγιmε ανδ δεταιν ρυνοφφ χλοσε το ιτσ σουρχε [108]. Ατ τηε ωατερσηεδ λεϖελ, 

ιφ τηε εφφορτσ αρε φοχυσεδ ον ταργετινγ τηε φυνδαmενταλ προβλεm βψ mακινγ αχψχλιχ ηψδρολογιχ προχεσσ 

βεχοmε mορε χψχλιχ ανδ ρεστορινγ νατυραλ ηψδρολογιχ χψχλε [109], τηε στορmωατερ ρυνοφφ ωιλλ βε 

αλλεϖιατεδ ανδ τηε mορε βαλανχεδ νατυραλ ηψδρολογιχ χψχλε ωιλλ ιν τυρν προϖιδε ρεσιλιεντ συππορτ φορ υρβαν 

ωατερ σψστεmσ ιν τηε λονγ ρυν. 

Χονστρυχτεδ ωετλανδσ ωιλλ αλσο ινχρεασε ΕΤ ανδ ποτεντιαλλψ ινφιλτρατιον. Λαργε βοδιεσ οφ ωατερ γρεατλψ 

mοδερατε λανδ χλιmατεσ βεχαυσε οφ τηε ηιγη λατεντ ηεατ οφ εϖαπορατιον ανδ mελτινγ χηαραχτεριστιχ οφ  

ωατερ [109]. Ιφ ποσσιβλε ανδ νεχεσσαρψ, οτηερ υνδεργρουνδ ανδ αβοϖε−γρουνδ ωατερ στοραγε βοδιεσ, λικε 

θυαρρψ ρεσερϖοιρσ, χαν σερϖε ασ ωατερ βανκ ανδ ενϖιρονmενταλ βυφφερ το στορε εξχεσσ ωατερ φορ λατερ υσε, 

φλοοδ χοντρολ, ενεργψ στοραγε οφ ποτεντιαλ ηψδροελεχτριχ ποωερ, εmεργενχψ ωατερ συππλψ ανδ γρουνδωατερ 

ρεχηαργε, ετχ. [71]. Φορ εξαmπλε, τηε Στονε Θυαρρψ Ρεσερϖοιρ ιν Χαρρβορο, Νορτη Χαρολινα στορεσ υπ το 

200 mιλλιον γαλλονσ οφ ωατερ [110]. Ρεγιοναλλψ, Σουτηερν Νεϖαδα Wατερ Βανκ προγραm ηασ στορεδ οϖερ 

104 βιλλιον γαλλονσ οφ ωατερ ιν τηε λοχαλ ηψδρογραπηιχαλ βασινσ [111]. 
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3.4. ςαχυυm Σεωερ Χολλεχτιον Σψστεmσ 

Υνλεσσ τηερε αρε ονσιτε χολλεχτιον ανδ τρεατmεντ υνιτσ λικε χοmποστινγ τοιλετσ ορ σεπτιχ σψστεmσ,  

τηε σεωαγε γενερατεδ mυστ βε χοννεχτεδ το α χοmmον χολλεχτιον σψστεm ανδ τρανσφερρεδ το α τρεατmεντ 

φαχιλιτψ. Τηε χονϖεντιοναλ γραϖιτψ σεωερ ισ χονσιδερεδ ασ τηε στανδαρδ οπερατιον. Ηοωεϖερ, ονε οφ τηε 

αλτερνατιϖε σψστεmσ, ϖαχυυm σεωερ, mαψ προϖιδε αν οπτιον φορ δεχεντραλιζεδ υρβαν σεωερ τρανσπορτ 

ρεπλαχεmεντ ωηεν βλαχκωατερ τρανσπορτ ισ χονσιδερεδ (σεε Σεχτιον 3.5). 

ςαχυυm σεωερ σψστεmσ χολλεχτ ωαστεωατερ ιν α ϖαλϖε πιτ ωηερε σεωαγε ισ δραινεδ φροm τηε ηουσε βψ 

γραϖιτψ ανδ τηεν χονϖεψσ τηε σεωαγε βψ ϖαχυυm. Wηεν α πνευmατιχαλλψ χοντρολλεδ ϖαλϖε ον α σερϖιχε 

λινε ισ οπενεδ το ατmοσπηεριχ πρεσσυρε, ωαστεωατερ ανδ αιρ αρε �πυλλεδ� ιντο τηε σψστεm. Τηε ϖαχυυm 

ϖαλϖεσ δο νοτ νεεδ αν ονσιτε ελεχτριχιτψ σουρχε το οπερατε. Τηερεφορε, α σινγλε ϖαχυυm ϖαλϖε πιτ χαν σερϖε 

τωο ορ τηρεε εθυιϖαλεντ δωελλινγ υνιτσ (ΕDΥσ) ωιτη νο ελεχτριχιτψ σηαρινγ ισσυεσ. Τηε ωαστεωατερ τηατ 

εντερσ ωιτη τηε αιρ φορmσ α �πλυγ� ιν τηε λινε, ανδ αιρ πρεσσυρε πυσηεσ τηε ωαστεσ τοωαρδ τηε ϖαχυυm 

στατιον. Wηεν τηε ϖαχυυm ϖαλϖεσ χλοσεσ, ατmοσπηεριχ πρεσσυρε ισ ρεστορεδ ινσιδε τηε ϖαλϖε πιτ βψ α χεντραλ 

ϖαχυυm στατιον. Χυmυλατιϖε κινετιχ ενεργψ mοϖεσ τηε σεωαγε τοωαρδ τηε χεντραλ ϖαχυυm στατιον ανδ 

βρεακ υπ τηε λαργερ συσπενδεδ σολιδσ δυρινγ τρανσπορτ. Τηισ ενεργψ φροm τηε αιρ πρεσσυρε διφφερενχε οφφσετσ 

τηε φοσσιλ φυελ−δριϖεν ενεργψ νεεδεδ το αχηιεϖε τηε σαmε σεωαγε φλοω τρανσπορτ. Ηοωεϖερ, δυε το τηε 

ρεφερενχε ατmοσπηερε πρεσσυρε, ϖαχυυm σεωερσ ηαϖε α λιmιτεδ χαπαχιτψ το πυλλ ωατερ υπηιλλ. Τηε mαξιmυm 

εξπεχτεδ λιφτ ισ βετωεεν 4.5 ανδ 6 m (15�20 φτ) υνδερ φλατ τερραιν [61]. Οτηερωισε, λιφτσ αρε νεεδεδ το 

βρινγ τηε ϖαχυυm λινε το α σηαλλοω ελεϖατιον. Εαχη ϖαχυυm στατιον χαν σερϖε αππροξιmατελψ 1200 ΕDΥσ 

ωιτη α λενγτη οφ 3000 m (10,000 φτ) σερϖιχε ραδιυσ ιν α mοδεστ ηουσινγ δενσιτψ ανδ φλατ τερραιν. ςαχυυm 

στατιονσ αρε τηε χεντερσ οφ τηε ϖαχυυm σεωερ σψστεm. Wηεν σεωαγε αρριϖεσ ιν ϖαχυυm στατιονσ, ιτ ισ στορεδ 

ιν α λαργε ϖαχυυm χολλεχτιον τανκ ανδ τηεν χονϖεψεδ βψ σεωαγε πυmπ τηρουγη α φορχε mαιν το τηε 

τρεατmεντ φαχιλιτψ. 

Τηε περιοδιχ αιρ ινφλυξ τηρουγη ϖαλϖε οπενινγσ ενχουραγεσ τηε αερατιον προχεσσ σο τηερε αρε λεσσ 

αναεροβιχ χονδιτιονσ ιν σεωαγε φλοω. ςαχυυm σεωερσ αρε �χλοσεδ� σψστεmσ ανδ ινηερεντλψ ωατερτιγητ 

σινχε ανψ αιρ λεακαγε ιντο τηε σψστεm ρεδυχεσ τηε αϖαιλαβλε ϖαχυυm ανδ τηε πιπε βρεακαγε λεαδσ το τηε 

οπερατιον φαιλυρε. Τηισ ιmmεδιατε �αλερτ� φεατυρε ωιλλ πρεϖεντ ανψ προλονγεδ λεακαγε ωιτηουτ νοτιχε, 

υνλικε ιν α γραϖιτψ σψστεm ωηερε τηε λεακ δετεχτιον mαψ τακε δαψσ το ρυν α χαmερα ιν τηε σεωερ mαιν το 

λοχατε τηε λεακ. Τηε σεωαγε ιν α ϖαχυυm λινε ρεmαινσ ιν τηε πιπε ιφ α βρεακ δοεσ οχχυρ δυε το τηε νεγατιϖε 

πρεσσυρε ιν τηε πιπινγ σψστεm. Εξφιλτρατιον ραρελψ οχχυρσ ανδ τηε ιmπαχτ οφ σεωαγε χονταmινατιον ισ 

γρεατλψ ρεδυχεδ. Ανοτηερ βενεφιτ ισ οδορ χονταινmεντ. Υνλικε γραϖιτψ σεωερσ ωιτη mανψ πλαχεσ ωηερε 

οδορσ χαν εσχαπε, ϖαχυυm mαινσ τενδ το σελφ−χλεαν δυε το τηε σχουρινγ αβιλιτψ οφ τηε ηιγη σπεεδ οφ τηε 

ωαστεωατερ ιν τηε λινε. 

Τηε πιπε σιζε φορ α ϖαχυυm σεωερ ισ σmαλλερ τηαν τηοσε υσεδ ιν γραϖιτψ σεωερσ δυε το λεσσ ινφιλτρατιον. 

Τηερε ισ νο νεεδ φορ λαργε, δεεπ τρενχη ινσταλλατιονσ, ωηιχη ρεδυχεσ τηε εξχαϖατιον χοστ ανδ χοmmυνιτψ 

δισρυπτιον. Τηε σηαλλοω βυριαλ δεπτη αλσο σιmπλιφιεσ τηε φινδινγ ανδ ρεπαιρινγ οφ λεακσ ωηιχη ρεδυχεσ τηε 

λονγ−τερm οπερατιοναλ ανδ mαιντενανχε χοστ. Το χονϖεψ mορε ϖισχουσ βλαχκωατερ, ωηιχη ισ νοτ mιξεδ 

ωιτη υρινε ανδ γρεψωατερ ανδ ισ mαινλψ �δρψ� φεχεσ, ϖαχυυm σεωερ σψστεmσ ωιλλ ωορκ βεττερ τηαν γραϖιτψ 

σεωερ βεχαυσε οφ τηε νεγατιϖε πρεσσυρε ιν τηε λινε. Ιτ ηασ βεεν προϖεν το βε 24% χηεαπερ τηαν  

γραϖιτψ σεωερ [112]. 
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3.5. Ρεσουρχε Ρεχοϖερψ 

Ιν mυνιχιπαλ σολιδ ωαστε mαναγεmεντ, σουρχε σεπαρατιον ηασ βεεν λονγ αδϖοχατεδ, ιν ωηιχη 

χοmποσταβλε οργανιχ ωαστεσ, ρεχψχλαβλε mατεριαλσ συχη ασ παπερ, γλασσ ανδ mεταλ αρε διϖερτεδ φροm οτηερ 

ωαστε στρεαmσ ατ τηε σουρχε φορ σεπαρατε χολλεχτιον [113]. Τηε ϖιεω τηατ τηε οργανιχ φραχτιον οφ τηε ωαστε 

στρεαm ισ α ρεσουρχε το προδυχε ρενεωαβλε ενεργψ ανδ χοmποστ σηουλδ αππλψ ιν ωαστεωατερ mαναγεmεντ. 

Ινστεαδ οφ τηε εξτενσιϖε ενεργψ ανδ χηεmιχαλ εξπενδιτυρεσ ρεθυιρεδ το σεπαρατε χαρβον ανδ οτηερ νυτριεντσ 

ιν ωαστεωατερ τρεατmεντ προχεσσεσ, σουρχε σεπαρατιον ατ τηε υσερ πηασε ηασ βεεν ρεγαρδεδ ασ ρεσουρχε 

εφφιχιεντ το τρεατ χονχεντρατεδ, υνmιξεδ σολυτιονσ [114,115]. 

Τηε χηαλλενγε φορ σουρχε σεπαρατιον ηασ προmπτεδ ρεσεαρχηερσ το δεσιγν υρινε διϖερσιον τοιλετσ,  

ιν ωηιχη υρινε ανδ φεχεσ αρε σεπαρατελψ χολλεχτεδ [63,116]. Τηε τοιλετ βοωλ ηασ τωο οπενινγσ, ονε τοωαρδ 

τηε φροντ φορ υρινε ανδ ονε τοωαρδ τηε βαχκ φορ φεχεσ. Σινχε 2010, τηε Βιλλ & Μελινδα Γατεσ Φουνδατιον 

ηασ αωαρδεδ mορε τηαν 50 γραντσ φορ δεσιγνινγ �νεξτ−γενερατιον σανιτατιον� το mαξιmιζε τηε ρεχοϖερψ 

οφ νυτριεντσ ανδ ενεργψ [116]. 

3.5.1. Νυτριεντ Ρεχοϖερψ 

Ιν τηε νιτριφιχατιον προχεσσ ιν τραδιτιοναλ ΒΝΡ τρεατmεντ, αmmονια ισ χονϖερτεδ το νιτρατε, φολλοωεδ 

βψ δενιτριφιχατιον, ρεδυχινγ νιτρατε το νιτρογεν γασ. Νιτρογεν γασ ισ τηεν ρελεασεδ το τηε ατmοσπηερε ασ α 

παρτ οφ τηε νιτρογεν βιογεοχηεmιχαλ χψχλε. Το συσταιν αλλ φορmσ οφ λιφε, νιτρογεν φιξατιον ισ εσσεντιαλ το 

χονϖερτ νιτρογεν γασ ιν τηε ατmοσπηερε ιντο αmmονιυm ανδ νιτρατε φορmσ ωηιχη αρε τηε mοστ ρεαδιλψ 

υσεδ βψ πλαντσ. Νιτρογεν φιξατιον ισ εσπεχιαλλψ ενεργψ εξπενσιϖε βεχαυσε σο mυχη ενεργψ ισ ρεθυιρεδ το 

βρεακ τηε τριπλε βονδ οφ mολεχυλαρ ΝΑΝ σο τηατ ιτ χαν βε χονϖερτεδ (ωιτη αδδιτιον οφ ηψδρογεν φροm ωατερ) 

το τωο mολεχυλεσ οφ αmmονια. Φρεε λιϖινγ βιοφιξερσ αρε λεσσ εφφιχιεντ ανδ mαψ ρεθυιρε υπ το 100 γ οφ 

γλυχοσε το φιξ 1 γ οφ νιτρογεν (1% εφφιχιενχψ) [117]. Ιν τηε φερτιλιζερ ινδυστρψ, τηε mοστ χοmmον νιτρογεν 

φιξατιον προχεσσ, τηε Ηαβερ−Βοσχη προχεσσ ρεθυιρεσ α λοτ οφ φοσσιλ φυελ ενεργψ ιν ινδυστριαλ φιξατιον.  

Ιν φαχτ, 3%�5% οφ τηε ωορλδ�σ νατυραλ γασ προδυχτιον ισ υσεδ ιν τηε Ηαβερ−Βοσχη προχεσσ [118]. Τηισ ισ 

τηε ρεασον τηατ νιτρογεν φερτιλιζερ ισ mορε εξπενσιϖε τηαν mοστ οτηερ φερτιλιζερσ [109]. 

Πηοσπηορυσ ρεmοϖαλ δυρινγ ΒΝΡ τρεατmεντ mαψ ινϖολϖε βιολογιχαλ αχχυmυλατιον ιν βιοmασσ ανδ 

χηεmιχαλ πρεχιπιτατιον. Τηε πηοσπηατε−ριχη σλυδγε χαν βε ρεσολδ ασ φερτιλιζερσ ορ σοιλ χονδιτιονερ.  

Τηε γρεατ ρεσερϖοιρ οφ πηοσπηορυσ ισ νοτ τηε αιρ, ηοωεϖερ, βυτ τηε ροχκσ ανδ οτηερ δεποσιτσ φορmεδ ιν παστ 

γεολογιχαλ αγεσ. Μυχη οφ τηε εροδινγ ανδ δισσολϖεδ πηοσπηατε ενδσ υπ ιν τηε σεα. Τηε ρετυρνεδ 

πηοσπηορυσ το τηε λανδ (λικε εξτενσιϖε υπλιφτινγ οφ σεδιmεντσ) ισ ιναδεθυατε το χοmπενσατε τηε λοσσ [109]. 

Ηυmαν αχτιϖιτιεσ ηαϖε ηαστενεδ τηε ρατε οφ πηοσπηορυσ λοσσ [119]. Πηοσπηορυσ ισ ονε οφ τηε σχαρχεστ 

mινεραλσ ιν τερmσ οφ ιτσ ρελατιϖε αβυνδανχε ιν τηε αϖαιλαβλε ποολσ ον τηε εαρτη�σ συρφαχε [109]. Πηοσπηατε 

ροχκ ισ πρεδιχτεδ το βε δεπλετεδ ιν 50�100 ψεαρσ ωηιχη πυτσ γλοβαλ φοοδ σεχυριτψ ατ ρισκ [7,8]. Υλτιmατελψ, 

πηοσπηορυσ ωιλλ ηαϖε το βε ρεχψχλεδ ον α λαργε σχαλε το αϖοιδ τηε χολλαπσε οφ αγριχυλτυρε [120]. 

Υρινε ισ αν ιmπορταντ σουρχε οφ mινεραλσ, εσπεχιαλλψ νιτρογεν, πηοσπηορυσ, ανδ ποτασσιυm. Τηεσε mινεραλσ 

αρε αλσο τηε φεεδστοχκ ινγρεδιεντσ φορ χοmmερχιαλ φερτιλιζερ. Νιτρογεν ιν υρινε ισ αλρεαδψ ιν τηε φορmσ οφ 

αmmονια ανδ υρεα. Ιφ τηε τωο ινδυστριαλ προχεσσεσ αρε χοννεχτεδ ανδ mινεραλσ ιν υρινε αρε υσεδ διρεχτλψ, 

τηε ηιγη ενεργψ σπεντ το νιτριφψ αmmονια ανδ δενιτριφψ νιτρατε ιν ωαστεωατερ, ανδ φιξ τηε νιτρογεν γασ ιν 

σψντηετιχ φερτιλιζερ χαν βε οφφσετ. Τεχηνολογιεσ συχη ασ στρυϖιτε χρψσταλλιζατιον (mαγνεσιυm αmmονιυm 
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πηοσπηατε ηεξαηψδρατε, ΜγΝΗ4ΠΟ4•6Η2Ο) προϖιδε συχη προmισινγ ποτεντιαλ. Τηε στρυϖιτε προχεσσ 

οχχυρσ σποντανεουσλψ ιν ωαστεωατερ προχεσσεσ ανδ ιτ οφτεν χλογσ τηε πιπεσ. Τηε χρψσταλλιζατιον προχεσσ 

χαν σελεχτιϖελψ εξτραχτ πηοσπηατε ανδ αmmονια−νιτρογεν φροm τηε mιξεδ ωαστεωατερ στρεαm ανδ προδυχε 

σλοω ρελεασε πελλετσ φορ φερτιλιζερ υσε [121�123]. Τηε στρυϖιτε προδυχτ ισ τηουγητ το βε mορε βιοαϖαιλαβλε. 

Τηερεφορε, λεσσ θυαντιτψ ισ νεεδεδ τηαν τηε χοmmερχιαλ ονε το αχηιεϖε τηε σαmε νυτριεντ νεεδσ φορ πλαντσ 

ανδ λεσσ υνυσεδ νυτριεντσ ωιλλ ενδ υπ ιν τηε ωατερ ωαψσ. Τηε σαmε τεχηνολογψ χαν βε υσεδ ιν υρινε ωηερε 

τηε ταργετ χονστιτυεντσ αρε mορε πυρε ανδ χονχεντρατεδ. Τηερεφορε, ηιγηερ εφφιχιενχψ ωουλδ βε εξπεχτεδ 

φορ τηε χρψσταλλιζατιον φροm υρινε τηαν φροm mιξεδ ωαστεωατερ. Τηε τηεορετιχαλ ποτεντιαλ ηασ βεεν εστιmατεδ 

το βε 67,000 τονσ οφ Π2Ο5 φερτιλιζερ περ ψεαρ φροm τηε ΥΚ αλονε ανδ 270,000 τονσ φροm Wεστερν  

Ευροπε [124]. Τηε νυτριεντ ρεχοϖερψ φροm υρινε ωιλλ, ατ λαργερ σχαλε, mακε mατεριαλ αχψχλιχ προχεσσεσ 

βεχοmε mορε χψχλιχ, ωηιχη ισ ωηατ νατυραλ βιογεοχηεmιχαλ χψχλεσ δο. 

3.5.2. Ενεργψ Ρεχοϖερψ 

Wηεν νυτριεντσ αρε διϖερτεδ φροm τηε φεχεσ (ανδ σινχε γρεψωατερ ισ αλσο διϖερτεδ) ατ τηε σουρχε,  

τηε mορε χονχεντρατεδ οργανιχ mατεριαλσ (mοστλψ χαρβον) τηατ αρε λεφτ, ναmεδ βλαχκωατερ, χαν βε φυρτηερ 

προχεσσεδ το mορε εφφιχιεντλψ ρεχοϖερ εmβεδδεδ ενεργψ. Ιν χονϖεντιοναλ ωαστεωατερ, τηε συσπενδεδ 

σολιδσ αρε σεττλεδ ιν τηε φορm οφ σλυδγε ωηιχη ισ φυρτηερ διγεστεδ το mετηανε (ΧΗ4). Τηε σολυβλε οργανιχ 

φραχτιον ηασ βεεν τρεατεδ ωιτη αεροβιχ προχεσσεσ εφφεχτιϖελψ, βυτ ωιτη ρελατιϖελψ ηιγη ενεργψ ινπυτ ανδ 

λιττλε φινανχιαλ αδϖανταγε. Ονε προmισινγ τεχηνολογψ το χαπτυρε τηε ενεργψ ποτεντιαλ οφ τηε δισσολϖεδ 

οργανιχ φραχτιον ισ mιχροβιαλ φυελ χελλσ (ΜΦΧσ) [125]. ΜΦΧσ χονϖερτ διρεχτ βιολογιχαλ ενεργψ το 

ελεχτριχιτψ. Χυρρεντλψ, ονλψ 30%�40% οφ τηε ΧΗ4 ενεργψ ισ χονϖερτεδ. Μορε ιmπροϖεmεντσ συχη ασ λεσσ 

ϖολταγε λοσσ ανδ ηιγηερ τρανσφερ εφφιχιενχψ αρε νεεδεδ φορ τηισ προχεσσ το βε χοmπετιτιϖε ωιτη χοmπλετε 

αναεροβιχ βιολογιχαλ χονϖερσιον το βιογασ, α ρενεωαβλε φυελ υσεδ ιν ελεχτριχιτψ γενερατιον [68,125]. 

Αναεροβιχ τρεατmεντ ηασ βεεν χονσιδερεδ ασ τηε χορε τεχηνολογψ φορ ενεργψ ρεχοϖερψ [126]. Αναεροβιχ 

διγεστιον ισ τηε βιολογιχαλ δεγραδατιον οφ οργανιχ mαττερσ ιν τηε αβσενχε οφ οξγεν ανδ χονϖερτσ τηε 

εmβεδδεδ χηεmιχαλ ενεργψ ιν οργανιχ χαρβον το βιογασ. Τηε βιογασ χαν φυρτηερ βε τρανφορmεδ ιντο οτηερ 

φορmσ οφ ενεργψ συχη ασ ελεχτριχιτψ, ηεατ, ορ χοmπρεσσεδ φυελ. Αναεροβιχ βιολογιχαλ προχεσσεσ ινϖολϖε 

φαχυλτατιϖε ηψδρολψσισ ανδ αχιδογενεσισ ανδ στριχτλψ αναεροβιχ αχετογενεσισ ανδ mετηανογενεσισ. 

Αναεροβιχ οργανισmσ παρτιχυλαρλψ mετηανογενσ αρε σλοω γροωερσ ανδ ρεσπονδ σλοωλψ το χηανγεσ.  

Τηε χοmmον mετηοδ φορ αναεροβιχ προχεσσεσ ιν ωαστεωατερ σψστεmσ υσεσ χοντινυουσ φεεδ ωιτη α  

σινγλε−σταγε σψστεm, ρεσυλτινγ ιν λοωερ χαπιταλ χοστσ. Τηε τεmπερατυρε−πηασεδ διγεστερ ηασ τωο ρεαχτορσ 

το σεπαρατε mιχροβιαλ προχεσσεσ το οπτιmιζε παραmετερσ ωιτη ηιγηερ βιογασ ανδ ΧΗ4 προδυχτιον, αλτηουγη 

τηε χοστ οφ χονστρυχτιον ανδ mατεριαλσ ινχρεασε ωιτη τηε σεπαρατιον οφ τηεσε προχεσσεσ [127]. 

Αναεροβιχ διγεστιον ηασ βεεν υσεδ φορ ωαστεωατερ σλυδγε τρεατmεντ ανδ ρεδυχτιον, αγριχυλτυραλ 

mανυρε mαναγεmεντ, ανδ φοοδ ωαστε mαναγεmεντ. Ιν αλλ χασεσ, τηε οργανιχ χαρβον εmβεδεδ ιν τηε  

ωαστε ισ αναεροβιχαλλψ χονϖερτεδ ιντο βιογασ. Τηε ηιγηερ τηε οργανιχ χοντεντ, τηε mορε βιογασ. Φορ 

βλαχκωατερ στρεαm ωηερε τηε οργανιχ χονχεντρατιον ισ ατ λεαστ 10 τιmεσ ηιγηερ τηαν χονϖεντιοναλ mιξεδ 

ωαστεωατερ [128,129], υπ το 97% οφ τοταλ ΧΟD χαν βε ρεmοϖεδ ανδ 60% χονϖερτεδ το ΧΗ4 [127,129,130]. 

Τηε διϖερσιον οφ υρινε πρεϖεντσ τηε ινηιβιτιον οφ mετηανογενσισ φροm ηιγη λεϖελσ οφ αmmονιυm ανδ 

ιmπροϖεσ τηε εφφιχιενχψ οφ διγεστιον ανδ ενεργψ ρεχοϖερψ. Οτηερ χονφιγυρατιονσ αρε βεινγ ινϖεστιγατεδ  

το ιmπροϖε τηε εφφιχιενχψ οφ τηε βιοδεγρατιον οφ τηε οργανιχσ, ρεδυχε τηε ηψδραυλιχ ανδ σολιδ ρετεντιον 
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τιmε ανδ ρεχοϖερ τηε δισσολϖεδ mετηανε λοσσ το τηε εφφλυεντ ιν προχεσσεσ συχη ασ ανανεροβιχ mεmβρανε 

βιορεαχτορσ [68,129,130], αναεροβιχ φλυδιζεδ βεδ ρεαχτορσ [68,131,132], υπφλοω αναεροβιχ σλυδγε 

βλανκετσ [129,133,134], ανδ τηε χοmβινατιον οφ ΜΦΧσ ανδ αναεροβιχ mεmβρανε βιορεαχτορ [135].  

Ιν αδδιτιον, σινχε οργανιχσ ιν ηυmαν φεχεσ αρε mοστλψ mεταβολιζεδ λοω mολεχυλαρ ωειγητ χαρβονσ,  

χο−διγεστιον ωιτη φοοδ ωαστε ωηιχη χονταινσ ηιγηερ mολεχυλαρ ωειγητ χαρβονσ χαν δουβλε τηε βιογασ 

προδυχτιον [127,129]. Ιν ρεσπονσε το α Ευροπεαν Υνιον Dιρεχτιϖε ρεθυιρινγ διϖερσιον οφ 65% οφ τηε 1995 

λεϖελσ οφ οργανιχ ωαστεσ φροm λανδφιλλσ, τηερε ωερε 127 οπερατιοναλ φοοδ ωαστε αναεροβιχ διγεστερσ, ωιτη 

α χαπαχιτψ οφ 4.6 mιλλιον τονσ, ινσταλλεδ ασ οφ 2006 ιν Ευροπε [127]. Αmονγ τηε 16,000 mυνιχιπαλ 

ωαστεατερ τρεατmεντ φαχιλιτιεσ οπερατινγ ιν τηε ΥΣ, ονλψ 544 φαχιλιτιεσ εmπλοψ αναεροβιχ διγεστιον,  

ανδ ονλψ 106 οφ τηεσε νοω υτιλιζε τηε βιογασ προδυχεδ το γενερατε ελετριχιτιψ ανδ/ορ τηερmαλ ενεργψ [136]. 

Τηε ποτεντιαλ οφ χο−διγεστιον το mαξιmιζε τηε βιογασ προδυχτιον ισ ηυγε. 

Βιογασ ισ χοmπρισεδ οφ 60%�70% ΧΗ4 ανδ 30%�40% ΧΟ2 ανδ οτηερ τραχε γασσεσ. Χοmmον αππλιχατιονσ 

φορ υτιλιζινγ βιογασ ινχλυδε ηεατ, ποωερ ορ χοmβινεδ ηεατ ανδ ποωερ (ΧΗΠ). Α πορτιον οφ τηε γενερατεδ 

βιογασ (αππροξιmατελψ 10%) ισ τηε φεεδβαχκ οφ σελφ−mαινταινινγ τεmπερατυρε ανδ ενεργψ δεmανδσ φορ 

τηε διγεστιον προχεσσ [127]. Ρεmαινινγ ενεργψ ισ αϖαιλαβλε φορ ελεχτριχιτψ γενερατιον ορ διρεχτ χοmβυστιον 

φορ ηεατινγ πυρποσεσ. Βιογασ χαν αλσο προϖιδε σπαχε ηεατινγ ανδ χοmπρεσσινγ βιογασ φορ φλεετ ϖεηιχλεσ [127]. 

Αν εχο−ϖιλλαγε ιν ϑενφελδερ Αυ, Γερmανψ ωιτη 2000 ρεσιδεντσ δεϖελοπεδ βψ ΗΑΜΒΥΡΓ WΑΣΣΕΡ 

ιντενδσ το προϖιδε ρενεωαβλε ενεργψ συππλιεσ φροm λοχαλλψ ΧΗΠ γενερατεδ βιογασ φροm βλαχκωατερ ανδ 

οργανιχ ωαστε (30%), γεοτηερmαλ ενεργψ (40%) ανδ σολαρ ηεατ (10%) το αχηιεϖε δεχεντραλιζεδ, ενεργψ 

σελφ−συφφιχιεντ χιτιεσ οφ τηε φυτυρε [128]. 

Βεσιδεσ τηε χηεmιχαλ ενεργψ εmβεδεδ ιν οργανιχσ, τηε τηερmαλ ενεργψ ιν τηε φορm οφ ηεατ ιν 

ωαστεωατερ ισ ατ λεαστ 2.5 τιmε ηιγηερ ασσυmινγ 6 °Χ χηανγε ιν ωατερ τεmπερατυρε [68]. Ηεατ πυmπσ χαν 

υσε σεωαγε ωατερ ασ ηεατ σουρχε ανδ εξτραχτ ηεατ φορ βυιλδινγ ηεατινγ [137]. Οτηερ τεχηνολογιεσ λικε 

ηψβριδ πρεσσυρε ρεταρδεδ οσmοσισ−mεmβρανε διστιλλατιον (ΠΡΟ−ΜD) αρε βεινγ δεϖελοπεδ το χαπτυρε τηε 

ενουmουσ λοω−γραδε ωαστε ηεατ (<80 °Χ) φορ ελεχτριχιτψ γενερατιον, αλτηουγη τεχηνολογψ γαπσ στιλλ  

εξιστ [138]. Συχη ενεργψ ρεχοϖερψ φροm βλαχκωατερ, τογετηερ ωιτη ενεργψ χονσυmπτιον ρεδυχτιον φροm 

οτηερ αλτερνατιϖε στρατεγιεσ ωουλδ γρεατλψ χοντριβυτε το οϖεραλλ λοω χαρβον υρβαν δεϖελοπmεντ [39,139]. 

4. Τηε Συσταιναβλε Υρβαν Wατερ Σψστεmσ Χασε Στυδψ: Τηε Χιτψ οφ Τοmορροω 

Εαχη χιτψ ηασ ιτσ υνιθυε σοχιο−πολιτιχαλ ανδ βιο−πηψσιχαλ χηαραχτεριστιχσ [140]. Τηερε αρε νο  

ονε−σιζε−φιτσ−αλλ σολυτιονσ. Μανψ ινστιτυτιονσ ανδ οργανιζατιονσ αρουνδ τηε ωορλδ ηαϖε βεεν παρτ οφ τηε 

εφφορτσ οφ προmοτινγ παραδιγm σηιφτ. Τηε Ιντερνατιοναλ Wατερ Ασσοχιατιον (ΙWΑ) Χιτιεσ οφ τηε Φυτυρε 

προγραm (ηττπ://ωωω.ιωα−νετωορκ.οργ/) ασπιρεσ το ηελπ χιτιεσ χρεατε ροβυστ ανδ ρεσιλιεντ ρεσπονσεσ το 

ϖαριουσ χηανγεσ χιτιεσ αρε φαχινγ ανδ προmοτε ρετηινκινγ ωατερ mαναγεmεντ. Νυmερουσ χασεσ υνδερ 

Γλοβαλ Wατερ Παρτνερσηιπ ηαϖε αππλιεδ διφφερεντ τοολβοξ ιν δεαλινγ ωιτη ϖαριουσ ωατερ χηαλλενγεσ αρουνδ 

τηε ωορλδ [141]. Wηιλε ιτ ισ χριτιχαλ το γαιν εξπεριενχε οφ ηοω α τοολ ηασ ωορκεδ ιν α γιϖεν σιτυατιον ανδ 

ωιτη λοχαλ χοντεξτ, τηε δεταιλσ φροm ρεαλ ωορλδ οφτεν νοτ ονλψ φοχυσ ον ονε ασπεχτ οφ ωατερ ισσυεσ τηατ 

σπεχιφιχ χοmmυνιτψ φαχεσ βυτ αλσο mαψ mασκ ορ διστραχτ τηε ηιγηερ λεϖελ οφ υνδερστανδινγ ανδ χορε 

θυεστιονσ: ηοω δο διφφερεντ παρτσ οφ ωατερ σψστεm ιντεραχτ ανδ ηοω χαν υρβαν ωατερ σψστεm ασ α ωηολε 

βε mορε εφφιχιεντ ανδ συσταιναβλε? Σιmιλαρ το τηε στυδιεσ οφ προχεσσ mεχηανισmσ υνδερ λαβορατορψ 

χοντρολλεδ ενϖιρονmεντ βεφορε τηε φιελδ εξπεριmεντσ, ωιτη τηε υνδερστανδινγ οφ τηε ποτεντιαλ αλτερνατιϖε 
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οπτιονσ φορ εαχη σεχτορ ωιτηιν τηε ωατερ σψστεm ανδ ιτσ χοmπλεξ ιντερτωινεδ νατυρε, α σπεχιφιχ υρβαν 

δεϖελοπmεντ σεττινγ ισ ρεθυιρεδ το χλεαρλψ εξπλορε ηοω τηεσε πλαψερσ χαν βε εϖαλυατεδ ινχλυσιϖελψ ανδ 

τηε σψστεm ρεοργανιζατιον χαν αχηιεϖε γλοβαλ σψστεm εφφιχιενχψ. 

Τηυσ, ιτ ισ ινδισπενσαβλε το χοmβινε σψστεm τηινκινγ αππροαχηεσ ωιτη συσταιναβιλιτψ ινδιχατορσ ορ 

mετριχσ φορ ασσεσσινγ ηολιστιχαλλψ τηισ γλοβαλ σψστεm εφφιχιενχψ. Σοmε εξαmπλεσ οφ τηεσε τοολσ αρε mετριχσ 

τηατ εϖαλυατε παρτιχυλαρ διmενσιονσ συχη ασ: ηυmαν ηεαλτη ωιτη ρισκ ασσεσσmεντ [31], ανδ εχονοmιχ ανδ 

ενϖιρονmενταλ διmενσιονσ ωιτη φοοτπριντσ (ε.γ., εχολογιχαλ, ωατερ, ανδ χαρβον), λιφε χψχλε ιmπαχτ 

ασσεσσmεντσ, τριπλε βοττοm λινε ρεπορτινγ, ανδ βενεφιτ−χοστ αναλψσισ [142,143]. Τηερε ισ α πλετηορα οφ 

πυβλιχατιονσ αβουτ φοοτπριντσ (89,976 αππροξιmατελψ) ανδ λιφε χψχλε ασσεσσmεντ οφ ωατερ σψστεmσ (21,316 

αππροξιmατελψ), βυτ λεσσ αβουτ στυδιεσ αβουτ ιντεγρατεδ ωατερ σψστεmσ συχη ασ: συσταιναβιλιτψ ινδιχατορσ 

(1434 αππροξιmατελψ), βενεφιτ−χοστ αναλψσισ (531 αππροξιmατελψ) ανδ τριπλε βοττοm (166 αππροξιmατελψ), 

ωηιχη ινδιχατεσ α γαπ οφ κνοωλεδγε νεεδεδ φορ ηολιστιχ αναλψσισ οφ ωατερ σψστεmσ (νυmβερ οφ χιτατιονσ 

οβταινεδ φροm [144]). 

Ονε οφ τηεσε σψστεm τοολσ ισ εmεργψ, ωηιχη ινχορπορατεσ αλλ διmενσιονσ ιντο ονε φορ α χοmπλετε 

συσταιναβιλιτψ αναλψσισ. Τηερε ηαϖε βεεν αττεmπτσ το εϖαλυατε σεπαρατελψ εαχη υνιτ οφ τηε ωατερ σψστεm 

ωιτη εmεργψ, ι.ε., δρινκινγ ωατερ [145,146] ανδ ωαστεωατερ σψστεmσ [147]. Ηοωεϖερ, α mορε χοmπρεηενσιϖε 

στυδψ τηατ ασσεσσεσ τηε χυρρεντ σψστεm χονφιγυρατιον ανδ συσταιναβλε αλτερνατιϖεσ ισ στιλλ νεεδεδ. 

4.1. Σψστεm−Βασεδ Τοολ: Εmεργψ Σψντηεσισ 

Wηιλε ιντεγρατεδ mεασυρεσ αρε νεεδεδ το προϖιδε α ηολιστιχ ϖιεω οφ συσταιναβιλιτψ, τηεψ ρεθυιρε α 

�χοmmον χυρρενχψ� το χοmπαρε διφφερεντ υνιτσ ανδ σχαλεσ [148]. Ονε συχη σψστεm−βασεδ mετηοδ ισ 

εmεργψ σψντηεσισ, α προχεσσ πρεϖιουσλψ υσεδ φορ ϖαριουσ σψστεmσ ατ mυλτιπλε σχαλεσ το ινχορπορατε 

ενϖιρονmενταλ, σοχιαλ, ανδ εχονοmιχ ασπεχτσ ιντο α χοmmον υνιτ οφ νονmονεταρψ mεασυρε (εθυιϖαλεντ 

σολαρ ενεργψ ϕουλε, σεϕ). Εmεργψ ισ δεφινεδ ασ τηε αϖαιλαβλε ενεργψ οφ ονε κινδ πρεϖιουσλψ υσεδ υπ διρεχτλψ 

ανδ ινδιρεχτλψ το mακε α σερϖιχε ορ προδυχτ [149]. Ιτ ισ βασεδ ον τηε οβσερϖατιον οφ τηε ενεργψ φλοω 

παττερνσ ιν εχοσψστεmσ ανδ εχονοmιχ σψστεmσ δυρινγ σελφ−οργανιζατιον. Τηε τηεορψ στατεσ τηατ τηε φυνχτιονσ 

οφ αλλ σψστεmσ (εχολογιχαλ, σοχιαλ ανδ εχονοmιχ) αρε δεριϖεδ φροm τηε τρανσφορmατιον οφ αϖαιλαβλε ενεργψ. 

Συχη τρανσφορmατιον αλσο δεφινεσ τηε ρελατιϖε ενεργψ θυαλιτψ ιν α ηιεραρχηιχαλ ορδερ. Φορ εξαmπλε,  

τηε τρανσφορmιτψ ϖαλυεσ φορ ωινδ ενεργψ, ελεχτριχιτψ ανδ πηοσπηατε φερτιλιζερ αρε 1.5 ⋅ 103, 2.0 ⋅ 105, ανδ 

1.0 ⋅ 107 σεϕ/ϑ [149]. Ιτ mεανσ τηατ τηε προχεσσεσ φορ γενερατινγ πηοσπηατε φερτιλιζερ ρεθυιρε α λοτ mορε 

υπστρεαm ενεργψ ινϖεστmεντ τηαν ωηατ ιτ τακεσ το ρεγενερατε ωινδ ενεργψ, δυε το τηε γεολογιχαλ σεδιmενταρψ 

χψχλε φορ πηοσπηορυσ ροχκ το ρεγενερατε ανδ τηε φοσσιλ φυελσ νεεδεδ ιν mινινγ ανδ χονχεντρατινγ ιντο τηε 

αππροπριατε φορm ασ φερτιλιζερ. Ιν οτηερ ωορδσ, πηοσπηατε φερτιλιζερ ηασ ηιγηερ �ενεργψ θυαλιτψ�.  

Τηε υνιθυε χονχεπτ οφ ενεργψ θυαλιτψ ιν εmεργψ αναλψσισ ηασ τηε χαπαβιλιτψ το ϖαλυε νατυραλ ρεσουρχεσ 

συχη ασ ραιν ορ σοιλ τηατ αρε οφτεν χονσιδερεδ ασ �φρεε� ιν τηε εχονοmιχ mαρκετ. Μανψ οτηερ ιντεγρατεδ  

τοολσ ινχλυδινγ λιφε χψχλε αναλψσισ ορ �φοοτπριντ� αναλψσισ οφτεν λιmιτ τηε αναλψσεσ ωιτηιν τεχηνοσπηερε 

φροm υνιτ προχεσσεσ ανδ οϖερλοοκ τηε βιοπηψσιχαλ συππορτσ φροm νατυραλ χαπιταλσ. Ινστεαδ, εmεργψ 

αναλψσισ χαν προϖιδε α mορε ινχλυσιϖε εϖαλυατιον οφ ωατερ σψστεmσ τηατ νοτ ονλψ σατισφψ τηε υρβαν ωατερ 

σερϖιχεσ, βυτ αλσο σερϖε ασ δριϖινγ φορχεσ ιν σηαπινγ τηε λανδσχαπε ανδ συσταινινγ τηε εχολογιχαλ σερϖιχεσ. 

Συχη ενεργψ θυαλιτψ τερm χαν βε εασιλψ υσεδ το χλαριφψ τηε mισυνδερστανδινγ τηατ υπστρεαm ρεδυχτιον 

ιν δεmανδ δοεσ νοτ προδυχε νεω ωατερ βεχαυσε νον−χονσυmπτιϖε ωατερ υσεδ ινεφφιχιεντλψ ωιλλ βε υσεδ 
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βψ δοωνστρεαm υσερσ [150]. Ιτ ισ νοτ ϕυστ ωατερ θυαντιτψ, βυτ αλσο ενεργψ θυαλιτψ οφ ωατερ τηατ mαττερσ. 

Wιτη συχη α χονϖερσιον φαχτορ το α χοmmον mεασυρινγ υνιτ, αλλ ενεργψ, mατεριαλ, ανδ ινφορmατιον φλοωσ 

ωιτη χοmπλετελψ διφφερεντ θυαλιτιεσ ιν α σψστεm χαν βε ηολιστιχαλλψ ασσεσσεδ. Τηερεφορε, τηε βεηαϖιορ οφ α 

σψστεm ασ α ωηολε ανδ τηε ιντεραχτιονσ βετωεεν συβχοmπονεντσ χαν βε οβσερϖεδ ανδ οπτιmιζεδ ανδ  

ιτσ συσταιναβιλιτψ χαν βε ασσεσσεδ. Τηισ αππλιεσ το ωατερ σψστεmσ ωιτη χοmπονεντσ λικε ωαστεωατερ, 

στορmωατερ, δρινκινγ ωατερ, συρφαχε/γρουνδωατερ, ωατερ ιν νατυραλ σψστεmσ ανδ ασσοχιατεδ ινφραστρυχτυρεσ. 

Εmεργψ τηεορψ ασσερτσ τηατ πρεϖαιλινγ σψστεmσ αρε τηοσε ωηοσε δεσιγνσ mαξιmιζε αϖαιλαβλε ενεργψ βψ 

ρεινφορχινγ ρεσουρχε ιντακε ατ τηε οπτιmυm εφφιχιενχψ. Τηισ ινχλυδεσ mαξιmιζινγ τηε ρεσουρχε ιντακε ανδ 

τηε οπερατιον ατ τηε οπτιmυm εφφιχιενχψ φορ mαξιmυm ποωερ. Ιν οτηερ ωορδσ, βοτη ιντακε ανδ ιτσ βεστ υσε 

αρε mαξιmιζεδ [149]. Τηε βενεφιχιαλ οργανιζατιον ινχρεασεσ ιντακε ενεργψ (φιρστ πριοριτψ) ανδ ιτσ εφφιχιεντ 

υσε (σεχονδ πριοριτψ) ον αλλ σχαλεσ (νοτ ϕυστ mαξιmιζινγ λεϖελσ ωιτη mορε ενεργψ, ανδ νοτ mαξιmιζινγ 

σοmε λεϖελσ ατ τηε εξπενσε οφ οτηερσ) [151]. Τηε σαmε ηολδσ φορ ωατερ σψστεmσ, παρτιχυλαρλψ φορ υρβαν 

ωατερ σερϖιχεσ. Ιτ ισ νοτ α σελφ−χονταινεδ υνιτ, εχονοmιχαλλψ ορ εχολογιχαλλψ. Ιτσ φυτυρε δεπενδσ ασ mυχη 

ον τηε εξτερναλ λιφε−συππορτ ενϖιρονmεντ ασ ον τηε αχτιϖιτιεσ ωιτηιν τηε χιτψ λιmιτσ ([109,152,153]). Ιφ τηε 

ηψδρολογιχαλ χψχλε χαν βε mαινταινεδ ανδ ρεπαιρεδ, ανδ ιφ τηε αχψχλιχ προχεσσεσ δριϖεν βψ ηυmαν 

αχτιϖιτιεσ βεχοmε mορε χψχλιχ, εναβλινγ α φεεδβαχκ λοοπ, τηερε ισ α βεττερ χηανχε φορ συσταιναβλψ 

mαναγινγ υρβαν ωατερ σψστεmσ. 

Εmεργψ αναλψσισ οφ τηε υρβαν ωατερ σψστεm φινδσ τηατ τηε δρινκινγ ωατερ ανδ ωαστεωατερ τρεατmεντ 

προχεσσεσ αρε ηιγη ενεργψ−, χηεmιχαλ−, ιντενσιϖε προχεσσεσ. Φορ εξαmπλε, ιτ ωασ φουνδ 5.87 ⋅ 1011 σεϕ/m3 

φορ ποταβλε ωατερ [146] ανδ 3.15 ⋅ 1011 σεϕ/m3 φορ αχτιϖατεδ σλυδγε−τρεατεδ ωαστεωατερ [147] (γλοβαλ 

βασελινε αδϕυστεδ το 15.2 ⋅ 1024 σεϕ/ψεαρ [154]). Τηε ηιγη εmεργψ ϖαλυεσ φορ δρινκινγ ωατερ χοmε φροm 

χηεmιχαλσ ανδ ελεχτριχιτψ φορ συπρεmε θυαλιτψ οφ ωατερ ανδ φορ ωαστεωατερ χοmε φροm τηε εmβεδδεδ 

εmεργψ ιν ραω mατεριαλσ ιν φοοδ (συχη ασ φερτιλιζερσ, σοιλ οργανιχ mαττερ, ετχ.) ανδ φροm mοδερν 

αγριχυλτυραλ προχεσσινγ ανδ φοοδ διστριβυτιον σψστεm ινπυτσ. Τηισ ισ ωηψ ωηεν τηε υρβανιζατιον οφ τηε 

mοδερν χοmmυνιτψ χρεατεσ λαργε ποπυλατιον χεντερσ τηατ γενερατε χονχεντρατεδ ωαστεωατερ, α λαργε 

εξπενδιτυρε ον ωαστεωατερ τρεατmεντ ηασ το βε ινϖεστεδ το mακε α mοδερν χιτψ φυνχτιον ωιτηουτ ηυmαν 

ανδ ενϖιρονmενταλ ηεαλτη προβλεmσ. Σοχιετψ ρελιεσ ον σψστεmσ ωιτη τεχηνολογιχαλ ενεργιεσ ρατηερ τηαν ον 

σψστεmσ ωιτη νατυραλ ενεργιεσ ρεσυλτινγ ιν �σψστεmσ βεινγ ενεργψ ιντενσιϖε ρατηερ τηαν λανδ−ιντενσιϖε� [155]. 

Τηερε ισ α ρεχιπροχιτψ βετωεεν τηε αmουντ οφ ρεσουρχεσ υσεδ ιν τηε χονχεντρατιον οφ νυτριεντσ (τηε φοοδ 

συππορτ σψστεm) ανδ τηε ρεσουρχεσ τηατ ηαϖε το βε σπεντ ον δισπερσιον (τηε WWΤΠ σψστεm) [149,155,156]. 

Τηε ρεσουρχεσ φορ τρεατινγ τηε ωαστεωατερ χουλδ ειτηερ βε δραων φροm λοχαλ ρεσουρχεσ βψ τηε εξπροπριατιον 

οφ λαργε λανδ αρεασ (ορ λεσσ λανδ φορ λονγερ περιοδ τιmε), ορ βψ τηε υσε οφ ηιγη τεχηνολογιεσ ανδ λαργε 

αmουντσ οφ πυρχηασεδ ινπυτσ φροm οτηερ πλαχεσ ορ οτηερ τιmε περιοδσ συχη ασ ιmπορτινγ χηεmιχαλσ ανδ 

mατεριαλσ φροm ουτσιδε σψστεmσ, ορ υτιλιζινγ τηε ηιγηερ εmεργψ θυαλιτψ προδυχτσ λικε ελεχτριχιτψ δριϖεν βψ 

φοσσιλ φυελσ χονχεντρατεδ τηρουγη πριορ γεολογιχαλ τιmεσ. Σινχε χονχεντρατεδ ωαστεωατερ ισ ινηερεντ το α 

mοδερν χιτψ ανδ ρεθυιρεσ χερταιν εmεργψ εξπενδιτυρε το δισπερσε ιτ, τηε mορε συσταιναβλε ωατερ σψστεm 

ωουλδ mαξιmιζε ιτσ αϖαιλαβλε ενεργψ βψ ρεινφορχινγ ρεσουρχε ιντακε συχη ασ ωατερ, ενεργψ ανδ νυτριεντ 

ρεχοϖερψ, ανδ οπερατινγ ατ τηε οπτιmυm εφφιχιενχψ βψ υσινγ mορε ρενεωαβλε εmεργψ ιντακε συχη ασ 

νατυραλ/γρεεν ινφραστρυχτυρε το προϖιδε τηε σαmε σερϖιχεσ. 
  



Συσταιναβιλιτψ 2015, 7 12088 

 

 

4.2. Τηε Αλτερνατιϖε Σψστεm φορ τηε Χιτψ οφ Τοmορροω 

Ιν ορδερ το βεχοmε α mορε συσταιναβλε χιτψ, ανδ το οϖερχοmε τηε νυmερουσ δραωβαχκσ ιν τηε βασε−χασε 

σχεναριο, τηε Χιτψ οφ Τοmορροω χουλδ εmπλοψ ϖαριουσ αλτερνατιϖε αππροαχηεσ ανδ δεσιγν α mορε 

ιντεγρατεδ σψστεm τηατ βρεακσ τηε ινϖισιβλε βουνδαριεσ. Νον−τραδιτιοναλ στρατεγιεσ λικε φιτ−φορ−πυρποσε 

τρεατmεντ ανδ σουρχε σεπαρατιον χουλδ βε αδοπτεδ, ιν ωηιχη ωατερ σερϖιχεσ ανδ θυαλιτιεσ αρε δελιϖερεδ το 

mατχη υσερσ� νεεδσ, λεσσ ωαστεφυλ ενεργψ εξπενδιτυρε ισ σπεντ ανδ προδυχτιϖιτψ οφ ωατερ υσε ισ mαξιmιζεδ, 

ρατηερ τηαν χοντινυινγ το σεεκ σουρχεσ οφ νεω συππλψ [53]. Ιν τηε δεχεντραλιζεδ σεττινγ προποσεδ ηερειν 

(Φιγυρε 2), α δυαλ ωατερ συππλψ σψστεm ισ εξπλοιτεδ ατ τηε χοmmυνιτψ λεϖελ. Τηε δρινκινγ ωατερ συππλιεσ 

ονλψ φορ ποταβλε ωατερ νεεδσ. Ονλψ 2.07 ⋅ 106 m3/ψεαρ (1.5 mγδ) ισ ωιτηδραων φροm γρουνδωατερ, α 93% 

ρεδυχτιον φροm τηε χονϖεντιοναλ πραχτιχε (Φιγυρε 1). Ιφ ονλψ 7% οφ τηε ποταβλε ωατερ δεmανδ ισ συππλιεδ 

βψ ηιγη θυαλιτψ γρουνδωατερ, τηε τρεατmεντ ανδ διστριβυτιον χοστ ωιλλ βε γρεατλψ ρεδυχεδ. Σηορτερ 

ρεσιδενχε τιmε ισ αλσο εξπεχτεδ. Σmαλλερ σιζε πιπινγ, ποσσιβλψ σταινλεσσ στεελ, ρεθυιρεσ φεωερ ϕοιντσ [88]. 

Ιτ ωιλλ γρεατλψ δεχρεασε, ιφ νοτ ελιmινατε, DΒΠσ ανδ πατηογεν ρισκσ. Τηε ηιγη ποταβλε ωατερ θυαλιτψ ισ 

εασιερ το αχηιεϖε το προτεχτ πυβλιχ ηεαλτη ανδ σεχυρε πυβλιχ σαφετψ, εϖεν ωιτη φυτυρε ποπυλατιον γροωτη, 

ανδ ενσυρε λονγ−τερm ωατερ ρεσουρχε συσταιναβλιτψ. 

 

Φιγυρε 2. Συσταιναβλε αλτερνατιϖε υρβαν ωατερ σψστεm. 

Τηε νον−ποταβλε δεmανδ χαννοτ βε σολελψ σατισφιεδ φροm γρεψωατερ γενερατεδ. Ραινωατερ/στορmωατερ 

σερϖεσ ασ αν αδδιτιοναλ συππλψ. Τηε νον−ποταβλε ωατερ σουρχεσ (χλεαν ωατερ φροm ωετλανδ−τρεατεδ 

γρεψωατερ ανδ ραινωατερ) προϖιδε ωατερ φορ νον−ποταβλε δεmανδσ (Φιγυρε 2). Σmαρτ λανδ υσε στρατεγιεσ 

αρε υσεδ το φυρτηερ ρεδυχε στορmωατερ ρυνοφφ ανδ ενχουραγε mορε εϖαποτρανσπιρατιον (40%) ανδ ωατερ 
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στοραγε ανδ ρεχηαργε (50%) [107], φορ εξαmπλε, προmοτε τηε γροωτη οφ mορε mατυρε τρεε ωιτη δεεπ ροοτ 

στρυχτυρεσ [106]. Wιτη τηε σαmε πρεχιπιτατιον, τηε ωατερ ιντακε φροm νατυραλ ρεσουρχεσ ιν τηε αλτερνατιϖε 

σψστεm ισ ονλψ 7% οφ τηε χονϖεντιοναλ πραχτιχεσ. Μοστ οφ τηε ωατερ ισ ρεταινεδ ανδ ρεχψχλεδ ωιτηιν  

τηε σψστεm. Ονλψ 20% οφ τηε ωατερ χοmινγ ιντο τηε σψστεm ισ δισχηαργεδ. Ιν α χονϖεντιοναλ σψστεm,  

τηε εφφιχιενχψ ισ mυχη λεσσ ωιτη οϖερ 77% δισχηαργεδ (Φιγυρε 3). Ινστεαδ οφ βεινγ λοστ ασ ρυνοφφ, τηε φλοω 

οφ γεοποτεντιαλ ενεργψ ανδ χηεmιχαλ ποτεντιαλ ενεργψ οφ ωατερ ισ δισπερσεδ ιν τηε ωατερσηεδσ ανδ 

mαξιmιζεσ τηε βιολογιχαλ προδυχτιϖιτψ ανδ οτηερ χοντριβυτιονσ [149]. 

 

Φιγυρε 3. Wηολε σψστεm ωατερ φλοω βαλανχε φορ α χιτψ οφ 100,000 ποπυλατιον. Wιτη τηε σαmε 

ραιν πρεχιπιτατιον (βλυε παρτ), τηε διφφερενχε ιν ωατερ ινπυτσ βετωεεν τωο σψστεmσ ισ τηε 

ρεδυχτιον οφ ωατερ ωιτηδραωαλ φροm γρουνδωατερ (γρεεν παρτ). Wατερ ινπυτ φροm νατυραλ 

ρεσουρχεσ ιν τηε αλτερνατιϖε σψστεm ισ ονλψ 7% οφ τηε χονϖεντιοναλ σψστεm σινχε mοστ οφ τηε 

ωατερ ισ ρεταινεδ ανδ ρεχψχλεδ ωιτηιν τηε σψστεm. Ονλψ 20% οφ τηε ωατερ χοmινγ ιν τηε σψστεm 

ισ δισχηαργεδ ιν τηε αλτερνατιϖε σψστεm. Ιν τηε χονϖεντιοναλ σψστεm, τηε σψστεm εφφιχιενχψ ισ 

mυχη λεσσ, ωιτη οϖερ 77% δισχηαργεδ. 

Γρεψωατερ, βλαχκωατερ ανδ ψελλοω ωατερ αρε χολλεχτεδ σεπαρατελψ ανδ τρεατεδ ατ τηε νειγηβορηοοδ 

λεϖελ φορ mαξιmυm ενεργψ ανδ νυτριεντ ρεχοϖερψ. Τηε γρεψωατερ ανδ βλαχκωατερ αρε χολλεχτεδ βψ σεπαρατε 

ϖαχυυm σεωερ σψστεmσ. Ραινωατερ φροm ροοφ ανδ δοmεστιχ γρεψωατερ ισ δραινεδ ιντο χονστρυχτεδ ωετλανδ 

ανδ τρεατεδ φορ χλεαν ωατερ υσε. Αδδιτιοναλ τρεατmεντσ συχη ασ φιλτρατιον, ανδ δισινφεχτιον mαψ βε υσεδ 

φορ φιναλ πολισηινγ. Χλεαν ωατερ ισ ρευσεδ φορ νον−ποταβλε ινδοορ δοmεστιχ υσεσ (τοιλετ φλυσηινγ ανδ 

χλοτηεσ ωασηινγ) ανδ φιρεφιγητινγ νεεδσ (68% οφ τοταλ δεmανδ). Ον−σιτε χονταινmεντ οφ ραινωατερ λικε 

ραιν βαρρελσ σατισφιεσ τηε ουτδοορ νεεδσ (25% οφ τοταλ δεmανδ). 

Σινχε γρεψωατερ (∼57% οφ τοταλ) ισ διϖερτεδ φροm τηε ωαστεωατερ mιξτυρε, τηε ϖολυmε οφ τηε ωαστε 

στρεαm ισ γρεατλψ ρεδυχεδ, σο ισ τηε ενεργψ νεεδεδ το χονϖεψ τηε ωαστεωατερ. Τηε χονχεντρατεδ βλαχκωατερ 
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ισ αναεροβιχαλλψ διγεστεδ ανδ τηε βιογασ γενερατεδ υνδεργοεσ φυρτηερ ενεργψ ρεχοϖερψ τηρουγη ΧΗΠ.  

Τηε ενεργψ γενερατεδ ωιλλ νοτ ονλψ σελφ−συσταιν τηε αναεροβιχ διγεστιον ανδ ΧΗΠ προχεσσεσ, βυτ ωιλλ αλσο 

αιδ ιν προδυχτιον οφ στρυϖιτε φερτιλιζερ. Τηε ρεmαινινγ ενεργψ χαν φεεδ βαχκ το τηε σmαρτ γριδ ανδ γενερατε 

ρεϖενυε φορ τηε χιτψ. Ανοτηερ ρεϖενυε σουρχε ισ τηε στρυϖιτε φερτιλιζερ τηρουγη ψελλοωωατερ προχεσσινγ. 

Ινστεαδ οφ τρανσπορτινγ αλλ τηε φερτιλιζερ ουτσιδε τηε χιτψ ανδ λοσινγ ποτεντιαλ λοχαλ προδυχτιϖιτψ, τηε 

χοmmυνιτψ σηουλδ ενχουραγε νετωορκσ οφ υρβαν ορ περι−υρβαν αγριχυλτυρε, υρβαν φορεστρψ, χοmmυνιτψ 

γαρδενσ, λοχαλ ηορτιχυλτυρε, ετχ. το συππορτ υρβαν σελφ−συφφιχιενχψ ιν φοοδ προδυχτιον, ιmπροϖε φοοδ 

σεχυριτψ, φοοδ σαφετψ ανδ λοχαλ εmπλοψmεντ. 

Dυε το τηε ιντερναλ λοοπινγ, τηε mαϕοριτψ οφ τηε ωατερ (γρεψωατερ ανδ ραινωατερ/στορmωατερ) ισ mαινλψ 

τρεατεδ ωιτη ωετλανδ σψστεmσ. Τηε ενεργψ τηερmοδψναmιχαλλψ νεεδεδ το δισπερσε οργανιχσ ανδ mινεραλσ 

ισ δεριϖεδ φροm ρενεωαβλε ενεργψ σψνεργιστιχαλλψ προϖιδεδ βψ πλαντσ, τηε mιχροβιαλ χοmmυνιτψ ανδ τηε 

σοιλ mατριξ, ινστεαδ οφ τηε φοσσιλ φυελ−δριϖεν ιντενσιϖε χεντραλιζεδ τρεατmεντ. Λεσσ δεπενδενχε ον φοσσιλ 

φυελ mεανσ mορε ενεργψ ινδεπενδενχε ανδ mορε ρεσιλιενχψ φορ τηε χοmmυνιτψ. Αδδιτιοναλλψ, τηε σmαρτ 

λανδ υσε ανδ γρεεν ινφραστρυχτυρε αππλιχατιονσ ωιλλ συππορτ τηε ρεστορατιον οφ τηε νατυραλ ηψδρολογιχ χψχλε 

βψ ενχουραγινγ ΕΤ ανδ ινφιλτρατιον. Τηισ ωιλλ ηαϖε λονγ−τερm βυφφερ εφφεχτσ ον τηε ιmmινεντ χλιmατε 

χηανγε οφ τηε λοχαλ ρεγιον ανδ ωιλλ αλλεϖιατε ιmπαχτσ λικε Υρβαν Ηεατ Ισλανδ (ΥΗΙ), δρουγητ ανδ φλοοδινγ. 

Ιτ ωιλλ προϖιδε α mορε συσταιναβλε εξτερναλ λιφε−συππορτ ενϖιρονmεντ φορ τηε υρβαν χοmmυνιτψ. 

Φυρτηερ στυδψ νεεδσ το βε δονε το χηαραχτεριζε τηε περφορmανχε ανδ εmεργψ εξπενδιτυρε ιν τηε αλτερνατιϖε 

σψστεm ωιτη τηε νον−τραδιτιοναλ στρατεγιεσ, αλτηουγη σοmε τεχηνολογιεσ mιγητ βε στιλλ ιν τηε νασχεντ πηασε 

ανδ τηε ιντεγρατιον οφ διφφερεντ νεω τεχηνολογιεσ mαψ πρεσεντ τηε σιζεαβλε χηαλλενγεσ ατ τηε βεγιννινγ. 

4.3. Χεντραλιζεδ ανδ Dεχεντραλιζεδ Wατερ Σψστεmσ Χηαλλενγεσ 

Χεντραλιζεδ σψστεmσ αρε ινηερεντλψ λαργε ανδ εξπεριενχε ινερτια ιν mακινγ ανψ βιγ χηανγεσ. 

Νονετηελεσσ, τηεψ ρεδυχε οππορτυνιτιεσ φορ ιννοϖατιον δεϖελοπmεντ ανδ ιmπλεmεντατιον βεχαυσε οφ 

περχειϖεδ φινανχιαλ, οργανιζατιοναλ, σψστεm οπερατιονσ ανδ τεχηνιχαλ ρισκσ. Ιφ α χοmmυνιτψ ωαντσ το 

ιmπλεmεντ αλτερνατιϖε τεχηνολογιεσ ανδ πραχτιχεσ συχη ασ: χολλεχτιον ανδ στοραγε οφ ραινωατερ ιν εξιστινγ 

πονδσ ορ ωετλανδσ, ραινωατερ ρευσε, αναεροβιχ διγεστερσ φορ γενερατινγ ενεργψ τηατ χαν συππλψ ηοmεσ ανδ 

βυσινεσσ; ιτ ωουλδ βε mορε λικελψ ιmπλεmεντεδ ιν σmαλλερ σψστεmσ. Wηιλε συχη ιννοϖατιϖε οπτιονσ mιγητ 

νοτ βε εασιλψ χαρριεδ ουτ ιν τηε σχαλε οφ χεντραλιζεδ σψστεm; τηε αδϖανταγε οφ τηεσε σψστεmσ ισ ιτσ 

υνιφορmιτψ τηατ ασσυρεσ mεετινγ τηε ωατερ δεmανδ ανδ θυαλιτψ στανδαρδσ ιν αν εχονοmψ οφ σχαλε (Ταβλε 1). 

Νονετηελεσσ, σmαλλερ σψστεmσ χαν ονλψ βεχοmε χοmπετιτιϖε ιφ τηεψ χαν mεετ τηε δεmανδ ανδ στανδαρδσ 

ιν τερmσ οφ τηε χοστ�βενεφιτ ρελατιονσ τηατ mυστ βε χοντρολλεδ βψ εξπερτσ [77]. 

Τηε αδϖανταγε οφ δεχεντραλιζεδ σψστεmσ ισ διϖερσιτψ, χηοοσινγ τηε τεχηνολογιεσ το αχηιεϖε mαξιmυm 

σψστεm εφφιχιενχψ συχη ασ τηε σψστεm δεσχριβεδ ιν Σεχτιον 4.2. Ιν τηε εϖεντ οφ ιντερρυπτιον, ενεργψ 

βλαχκουτ ορ ωατερ ουτβρεακ, δεχεντραλιζεδ σψστεmσ αρε mορε ινσυλατεδ φροm τηε εϖεντσ βεχαυσε οφ τηειρ 

ρελατιϖε ινδεπενδενχε. Ιτ ισ τρυε τηατ δεχεντραλιζεδ σψστεmσ νεεδ mορε χοmmυνιτψ παρτιχιπατιον ανδ 

mαναγεmεντ. Τηισ ισ τηε στακεηολδερ ινϖολϖεmεντ προχεσσ. Wηενεϖερ τηερε αρε στακεηολδερ ινϖολϖεmεντσ, 

τηε χοmmυνιτιεσ ωιλλ βε mορε λικελψ δεϖελοπ τηε οβϕεχτιϖεσ συιταβλε φορ τηειρ οων ιντερεστσ ανδ 

χολλεχτιϖελψ φινδ mορε βαλανχεδ σολυτιονσ. Τηισ ροοτεδνεσσ οπτιον ισ βεττερ τηαν α ονε−σιζε−φιτ−φορ−αλλ 

χεντραλιζεδ σψστεm. Νεϖερτηελεσσ, τηε ρεσεαρχη ανδ τηε δεmονστρατιον οφ ϖαριουσ δεχεντραλιζεδ σψστεmσ 

ισ στιλλ νοτ συφφιχιεντ. Μορε ισ νεεδεδ το φιλλ τηε γαπ (Ταβλε 2). 
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Ταβλε 2. Χοmπαρισον οφ τηε τραδιτιοναλ ανδ τηε αλτερνατιϖε ωατερ σψστεmσ. 

 

Τραδιτιοναλ Wατερ Σψστεmσ 

Ρεφερενχεσ 

Αλτερνατιϖε Σολυτιονσ 

Ρεφερενχεσ 
Αδϖανταγεσ Dισαδϖανταγεσ/Οππορτυνιτιεσ Αδϖανταγεσ 

Dισαδϖανταγεσ/ 

Οππορτυνιτιεσ 

Wατερ 

θυαντιτψ 

Χεντραλιζεδ χοντρολ 

ανδ ασσυρανχε το mεετ 

δεmανδ ανδ στανδαρδσ. 

Dρινκινγ στανδαρδ αππλιεδ το 

ποταβλε ανδ νον−ποταβλε 

ινχρεασεσ δεmανδ. 

ςυλνεραβλε το φαιλυρεσ ιν  

σερϖιχε τηατ ωιλλ ιmπαχτ τηε 

ωηολε σψστεm. 
[43,44,48,49,71,150] 

Dεχρεασε ιν δεmανδ 

οφ ποταβλε ωατερ φορ 

νον−ποταβλε υσεσ  

(φιτ φορ πυρποσε). 

Μορε ρεσιλιεντ σψστεm. 

Παραδιγm σηιφτ 

τοωαρδσ α νεω 

ρεϖενυε mοδελ νοτ 

βασεδ ον ωατερ 

χονσυmπτιον. 

[45,52,72,90,91] 

Wατερ 

θυαλιτψ 

Α χριτιχαλ εϖεντ (ε.γ., αλγαε 

βλοοm ορ σπιλλ) χαν ιmπαχτ τηε 

ωηολε σψστεm. 

Φορ λαργερ σψστεmσ ισ διφφιχυλτ το 

ατταιν ατ τηε ενδ οφ τηε 

διστριβυτιον. 

Νεω mετηοδσ αρε νεεδεδ φορ mονιτορινγ, 

mοδελινγ, ασσεσσινγ, ανδ mαναγινγ ωατερ 

ρεσουρχεσ υσινγ α σψστεmσ αππροαχη, ανδ 

ωατερσηεδ περσπεχτιϖε. 

Ενεργψ υσε 

Μορε ρεσεαρχη  

ισ νεεδεδ 

Ενεργψ ρεχοϖερψ 

Ιντενσιϖε, mοστλψ φοσσιλ  

φυελ−δριϖεν 
[61,64,157,158] 

Ποτεντιαλ υσε οφ 

ρενεωαβλε σουρχεσ  

Ενεργψ ρεχοϖερψ 

Μορε ρεσεαρχη ισ 

νεεδεδ 
[66,68] 

Wαστεωατερ 

χονταmινατι

ον 

Χεντραλιζεδ χοντρολ 

ανδ ασσυρανχε το mεετ 

στανδαρδσ 

Ρεσουρχε ρεχοϖερψ 

ΧΣΣ τηατ δισχηαργε οϖερφλοω 

διρεχτλψ ιντο ωατερ βοδιεσ 

Ινφιλτρατιον το γρουνδωατερ δυε 

το χραχκσ ανδ ποορ ϕοιντσ 

[58,59,101] 

Μιmιχ νατυραλ 

προχεσσεσ 

Ρεσουρχε ρεχοϖερψ 

Μορε ρεσεαρχη ισ 

νεεδεδ 
[69,115,159] 
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Ταβλε 2. Χοντ. 

 

Τραδιτιοναλ Wατερ Σψστεmσ 

Ρεφερενχεσ 

Αλτερνατιϖε Σολυτιονσ 

Ρεφερενχεσ 
Αδϖανταγεσ Dισαδϖανταγεσ/Οππορτυνιτιεσ Αδϖανταγεσ 

Dισαδϖανταγεσ/ 

Οππορτυνιτιεσ 

Dιρεχτ χοστ Εχονοmιεσ οφ σχαλε 

Ηυγε ινφραστρυχτυρε νεεδσ το 

mοδερνιζε σψστεmσ 

Ιντενσιϖε λαβορ ανδ mατεριαλ ιν 

χονστρυχτιον ανδ οπερατιον [53�55] 

Λοωερ χοστ 

χοmmυνιτψ−σχαλε 

σψστεmσ 

Νεω mαρκετσ φορ 

νυτριεντσ ανδ ενεργψ 

γενερατεδ ιν τηε 

σψστεm 

Μορε ρεσεαρχη ισ 

νεεδεδ 

[38,56,63,64,67,75] 

Ινδιρεχτ χοστ Μορε ρεσεαρχη ισ νεεδεδ 
Wατερ σχαρχιτψ, ευτροπηιχατιον, 

λοσσ οφ αθυεουσ ηαβιτατ 

Wατερσηεδ ανδ 

εχοσψστεm 

χονσερϖατιον 

Μορε ρεσεαρχη ισ 

νεεδεδ 

Χυλτυραλ 
Μορε ρεσεαρχη ισ νεεδ. 

Λεσσ χοmmυνιτψ ενγαγεmεντ. 
[77,87] 

Μορε ρεσεαρχη ισ νεεδ. 

Ηιγη χοmmυνιτψ ενγαγεmεντ. 
[73,79,99,100] 
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Τηε ρεσεαρχη οφ δεχεντραλιζατιον ισ στιλλ ιν ιτσ ρελατιϖε ινφανχψ. Dεχεντραλιζατιον ισ νοτ σολελψ ρεφερρινγ 

το δοωνσχαλινγ το τηε δεγρεε οφ ινδιϖιδυαλ ηοmεσ. Ιτ σηουλδ βε εφφεχτιϖελψ λινκεδ το οτηερ αλτερνατιϖε 

οπτιονσ συχη ασ δυαλ ωατερ θυαλιτψ, ενεργψ ανδ mατεριαλ ρεχοϖερψ, ανδ φιτ−φορ−πυρποσε. Τηισ ισ εξαχτλψ 

ωηψ ωε νεεδ mορε ιν δεπτη ρεσεαρχη ανδ δεmονστρατιον ιν τηισ αρεα. Νεϖερτηελεσσ, mορε νεεδσ το βε δονε 

το δεmονστρατε ρελιαβλε περφορmανχεσ ανδ γαιν mορε εξπεριενχεσ ιν ιτσ αππλιχατιονσ. Τηεορετιχαλ 

mοδελινγ ανδ χαλχυλατιονσ προϖιδε βασεσ φορ συχη εξπλορατιονσ. Wιτηουτ τριαλ ανδ ερρορ, ωε ωιλλ νοτ βε 

αβλε το χονφιδεντλψ κνοω ιφ ιτ ισ βεττερ ορ ωορστ. Ηοωεϖερ, ονε τηινγ ωε κνοω φορ συρε ισ τηατ τηε χυρρεντ 

χεντραλιζεδ σψστεm ισ νοτ συσταιναβλε. Ονε εξαmπλε οφ α νον−συσταιναβλε χονδιτιον οφ α χεντραλιζεδ αππροαχη 

ισ τηε ηιγη ινιτιαλ ινϖεστmεντ, mαιντενανχε ανδ υπδατε, ωηιχη ισ α βυρδεν ον τηε λοχαλ εχονοmψ [77]. 

Φυτυρε−οριεντεδ νειγηβορηοοδ σηουλδ βε βυιλτ νοτ ονλψ χονσιδερινγ ενϖιρονmενταλ συσταιναβιλιτψ 

ωηιχη ισ χηαραχτεριζεδ βψ α ωατερ−ενεργψ σελφ−συφφιχιεντ χοmmυνιτψ, βυτ αλσο σοχιαλ συσταιναβιλιτψ ιν 

τερmσ οφ πυβλιχ σπαχεσ (ε.γ., χεντραλ παρκ ωιτη ωατερ φεατυρε, χοmmυναλ γαρδεν ωιτη λοχαλλψ γενερατεδ 

φερτιλιζερ ανδ ωαλκαβλε γρεεν σπαχε ωιτη mορε mατυρε τρεεσ) τηατ προmοτε σοχιαλ ωελλνεσσ ανδ σταβιλιτψ 

φορ α ρεσιλιεντ χοmmυνιτψ. 

5. Μοϖινγ Φορωαρδ 

Τηε ωατερ σψστεm φορ τηε Χιτψ οφ Τοmορροω ισ φυνδαmενταλλψ διφφερεντ φροm τηε χονϖεντιοναλ ωατερ 

σψστεmσ. Ιτ mαψ ρεπρεσεντ αν ιδεαλ σχεναριο φορ αν υρβαν ωατερ σψστεm, ηοωεϖερ, ιτ βψ νο mεανσ ισ τηε 

βεστ ορ τηε ονλψ αλτερνατιϖε. Ιτ αλσο δοεσ νοτ δισχρεδιτ οτηερ mεανσ τηατ αρε νοτ ινχλυδεδ ηερε συχη ασ ωατερ 

χονσερϖατιον ορ εφφιχιενχψ ιmπροϖεmεντ. Ιν ρεαλιτψ, α ϖαριετψ οφ φαχτορσ αφφεχτ τηε σελεχτιον οφ τηε 

οπτιmυm χονφιγυρατιον φορ α παρτιχυλαρ υρβαν αρεα, ινχλυδινγ λοχαλ ηψδρολογψ, ωατερ ρεσουρχε αϖαιλαβιλιτψ, 

ωατερ δεmανδσ, λοχαλ ενεργψ ανδ νυτριεντ−mαναγεmεντ σιτυατιονσ, εξιστινγ ινφραστρυχτυρε, ανδ υτιλιτψ 

γοϖερνανχε στρυχτυρε [160]. Τηερε ισ νο ονε−σιζε−φιτσ−αλλ σολυτιον. Τηε εφφορτ ηερε ισ το δεmονστρατε α 

ηολιστιχ mετηοδ τηατ ποτεντιαλλψ ρεσολϖεσ τραδε−οφφσ αχροσσ σπατιαλ, τεmποραλ σχαλεσ βασεδ ον 

τηερmοδψναmιχ πρινχιπλεσ το αδδρεσσ ϖαριουσ ισσυεσ φαχινγ υρβαν σψστεmσ, νο mαττερ ηοω τηε σψστεm 

δεσιγνσ ωουλδ βε. Τηε εξαmπλε δεσιγν οφ α φυτυρε σψστεm ηερε ρεϖεαλσ ηοω σψστεm τηινκινγ χαν βε 

ρεαλιζεδ ιν τρανσφορmατιϖε ωατερ σψστεmσ ανδ ηοω τηε συβ−χοmπονεντσ χαν βε ιντεγρατεδ βασεδ ον σψστεm 

οπτιmιζατιον. Νεϖερτηελεσσ, συχη α παραδιγm σηιφτ ισ νο εασψ τασκ. Τηε χυρρεντ στανδαρδσ, πραχτιχεσ, χοδεσ, 

ανδ mυνιχιπαλ ρεθυιρεmεντσ τηατ γυιδε ενγινεερινγ πραχτιχε ρεσυλτ ιν τηε ινστιτυτιοναλ ινερτια [88]. 

Τηερε αρε νο τεστ mοδελσ, πολιχψ πλαψβοοκσ ορ ηιστοριχαλ δατα το χονφιδεντλψ γυιδε ινϖεστορσ ανδ 

δεχισιον−mακερσ. Τηε τρανσφορmατιϖε χηανγεσ mαψ ινιτιαλλψ σεεm το βε υνρεαλιστιχ ορ mισσιον ιmποσσιβλε. 

Wηατ ισ χλεαρ, ηοωεϖερ, ισ τηατ εϖεν ωιτη πλεντψ οφ εϖιδενχε δεmονστρατινγ τηε ινεφφεχτιϖενεσσ οφ τηε 

χονϖεντιοναλ σψστεmσ, mορε εϖιδενχεσ οφ τηε εφφεχτιϖενεσσ οφ νεω, αλτερνατιϖε οπτιονσ αρε νεεδεδ βεφορε 

αβανδονινγ φαιτη ιν αν ινστιτυτιοναλ βελιεφ τηατ ηασ σιγνιφιχαντλψ συππορτεδ mαρκετσ ανδ πραχτιχεσ ιν τηε 

παστ χεντυριεσ. Μοστ ιmπορταντλψ, ιτ ηασ το δεmονστρατε τηατ ηολιστιχ αναλψσισ ισ νοτ ϕυστ αν ενϖιρονmενταλ, 

συσταιναβλε πραχτιχε, βυτ αλσο ηασ συβσταντιαλ εχονοmιχ γαινσ φορ τηε χοmmυνιτψ ιν τηε λονγ ρυν [3]. 

Πρεϖαιλινγ σψστεmσ αρε τηοσε ωηοσε δεσιγνσ mαξιmιζε τηε προδυχτιϖιτψ ατ τηε οπτιmυm εφφιχιενχψ [161]. 

Τηε νεω ωατερ σψστεm ωιλλ αλσο ρεθυιρε α νεω οπερατινγ στρυχτυρε ανδ γοϖερνανχε φραmεωορκ το 

αχχοmmοδατε χοmπλεξιτψ ανδ υνχερταιντψ [162]. Dρινκινγ ωατερ, ωαστεωατερ ανδ στορmωατερ προφεσσιοναλσ 

αρε νο λονγερ σεπαρατεδ ιν διφφερεντ ινστιτυτιονσ ορ δεπαρτmεντσ. Α τρυλψ ιντεγρατεδ χολλαβορατιον ανδ 

mαναγεmεντ ισ ρεθυιρεδ το αχηιεϖε ηολιστιχ σψστεm−ωιδε πλαννινγ ανδ οπερατιον. Α νεω ρεϖενυε mοδελ 
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ισ νεεδεδ τηατ ισ νοτ σολελψ βασεδ ον τηε φλοω ανδ ωατερ υσαγε, βυτ ρατηερ ον ωηολε σψστεm εφφιχιενχψ 

συχη ασ ενεργψ ανδ νυτριεντ ρεχοϖερψ. Τηε εχονοmιχ αππεαλ το τηοσε πυβλιχ υτιλιτιεσ τηατ στρυγγλε 

φινανχιαλλψ mαψ βε τηε mαιν δριϖινγ φορχε φορ τρανσφορmατιϖε χηανγεσ [3,17]. Μορε ρεσεαρχη ανδ τεστινγ 

αρε νεεδεδ φορ τηε νεω τεχηνολογιεσ, συχη ασ σχαλε−υπ αναεροβιχ διγεστιον οφ βλαχκωατερ, mεmβρανε 

ρεαχτορσ, στρυϖιτε χρψσταλλιζατιον, χονστρυχτεδ ωετλανδ ανδ γρεεν ινφραστρυχτυρε πραχτιχεσ ανδ το ϖαλιδατε 

ωηετηερ τηε νεω τεχηνολογιεσ προϖιδε τηε σαmε προτεχτιον φορ τηε πυβλιχ ηεαλτη ανδ τηε εχοσψστεm. Νεω 

ιντεγρατεδ τοολ ανδ mετριχσ συχη ασ εmεργψ αχχουντινγ αρε νεεδεδ το εξπλορε τηε ηολιστιχ αναλψσισ ιν  

ωατερ σψστεmσ [148,149,163,164]. 

Φιναλλψ, πυβλιχ περχεπτιον ανδ αχχεπτανχε ωιλλ βε α χριτιχαλ φαχτορ το ρολλ ουτ τηεσε νεω ιδεασ.  

Τηε πυβλιχ mαψ νοτ βε ρεχεπτιϖε το νεω ιδεασ συχη ασ δυαλ ωατερ θυαλιτψ, υρινε διϖερσιον τοιλετσ, ορ 

ρεχλαιmεδ ωατερ. Ρισκ περχεπτιον φορ mοστ πεοπλε ισ νοτ φροm α σχιεντιφιχ, mατηεmατιχαλ χαλχυλατιον,  

βυτ α γυτ φεελινγ [165]. Το ωιν πεοπλε οϖερ ινϖολϖεσ τηε δελιχατε ωορκ οφ οϖερχοmινγ δεεπ−ροοτεδ 

πσψχηολογιχαλ βαρριερσ ανδ χυλτυραλ ταβοοσ συρρουνδινγ ωατερ υσε [165]. Τηε �ψυχκ φαχτορ� ηασ σχυττλεδ 

προποσεδ ωαστεωατερ ρεχψχλινγ προϕεχτσ ιν Σαν Dιεγο, Λοσ Ανγελεσ ανδ ελσεωηερε [165]. Ηοωεϖερ,  

φροm α πσψχηολογιχαλ περσπεχτιϖε, ωηεν τηε πυβλιχ ισ βεινγ εδυχατεδ ανδ χοmmυνιχατεδ ανδ τηε ιδεασ 

αρε ρεφραmεδ διφφερεντλψ συχη ασ ρευσε προϕεχτσ ιν τηε χοντεξτ οφ τηε υρβαν ωατερ χψχλε ανδ ωατερ ασ α 

ρευσαβλε ρεσουρχε, τηε πυβλιχ ισ mορε ωιλλινγ το αχχεπτ τηε ιδεασ. Ιν Σινγαπορε, τηε γοϖερνmεντ ηασ βεεν 

συχχεσσφυλλψ εδυχατινγ τηε πυβλιχ ανδ 98% οφ τηε πεοπλε νοω βελιεϖε τηατ ρεχλαιmεδ ωατερ ισ σαφε  

το δρινκ [166,167]. 

Ιτ ισ ενχουραγινγ το φινδ τηατ mανψ χοmmυνιτιεσ αρουνδ τηε ωορλδ αρε τακινγ στεπσ τοωαρδσ mορε 

συσταιναβλε σολυτιονσ [141,168]. ϑενφελδερ Αυ ιν Ηαmβυργ, Γερmανψ ισ ρετηινκινγ ωαστεωατερ mαναγεmεντ 

βψ ιmπλεmεντινγ αν ιντεγρατεδ χονχεπτ φορ δεχεντραλιζεδ ωαστεωατερ τρεατmεντ, στορmωατερ/γρεψωατερ 

τρεατmεντ, ανδ ενεργψ ρεχοϖερψ [169]. Τηε χιτψ οφ Σαν Φρανχισχο�σ νον−ποταβλε ωατερ προγραm χυρρεντλψ 

αιmσ το εξπανδ τηε ρεχψχλεδ ωατερ ρευσε ον τηε διστριχτ−σχαλε. Τηε χιτψ οφ Σαν ϑοσε ιν νορτηερν Χαλιφορνια 

ηασ βεεν οπερατινγ α δυαλ διστριβυτιον νετωορκ σινχε 1997 οϖερ 1.6 κm (100 mιλεσ) ανδ 1.4 ⋅ 106 m3/ψεαρ 

(10 mγδ) σερϖινγ οϖερ 690 χυστοmερσ [90]. Τηειρ χυρρεντ γοαλ ισ το ρεχψχλε 1.4 ⋅ 107 m3/ψεαρ (100 mγδ) 

ωαστεωατερ βψ 2022. Ιν 2013, τηε χιτψ οφ Χηιχαγο αννουνχεδ τηε χονστρυχτιον οφ τηε ωορλδ�σ λαργεστ 

νυτριεντ ρεχοϖερψ φαχιλιτψ ωιτη τηε ποτεντιαλ χαπαχιτψ οφ 10,000�15,000 τονσ οφ φερτιλιζερ περ ψεαρ.  

Το ινχρεασε πυβλιχ αχχεπτανχε, χοmmυνιτιεσ, γοϖερνmεντ αγενχιεσ, αχαδεmιχσ ανδ οτηερ στακεηολδερσ 

σηουλδ αλλ ωορκ τογετηερ ανδ χαρρψ ουτ mορε ρεαλ ωορλδ αππλιχατιονσ λικε �τεστ βεδσ� ανδ �δεmο ϖιλλαγεσ� 

συχη ασ τηοσε το ηελπ ιmπλεmεντ τηε νεεδεδ χηανγεσ ατ α φαστερ παχε. Α τηουσανδ mιλε ϕουρνεψ βεγινσ βψ 

τακινγ τηε φιρστ στεπ. Ασ χοmmυνιτιεσ αρε τακινγ ινχρεmενταλ στεπσ τοωαρδσ α mορε συσταιναβλε φυτυρε,  

τηε Χιτψ οφ Τοmορροω ωιλλ σοον βεχοmε τηε Χιτψ οφ Τοδαψ. 

Αχκνοωλεδγmεντσ 

Τηισ ρεσεαρχη ωασ παρτ οφ τηε Σαφε ανδ Συσταιναβλε Wατερ Ρεσουρχεσ Νατιοναλ Ρεσεαρχη Προγραm ιν 

τηε ΕΠΑ�σ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ ανδ ωασ συππορτεδ ιν παρτ βψ τηε απποιντmεντσ οφ 

Ξιαοβο Ξυε ανδ Αλεϕανδρα Γονζ〈λεζ−Μεϕα το τηε ΟΡΙΣΕ παρτιχιπαντ ρεσεαρχη προγραm. 
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Αυτηορ Χοντριβυτιονσ 

Ξιν (Χισσψ) Μα χονχεπτυαλιζεδ τηε δεσιγν οφ υρβαν ωατερ σψστεmσ φορ τηε Χιτψ οφ Τοmορροω, 

χονδυχτεδ τηε εmεργψ χαλχυλατιονσ ανδ χονχειϖεδ τηε νεεδ φορ τηισ ρεϖιεω παπερ. Ξιν (Χισσψ) Μα δραφτεδ 

τηε εαρλιερ ϖερσιονσ οφ τηε mανυσχριπτ. Ξιαοβο Ξυε χοντριβυτεδ το τηε δισχυσσιονσ ανδ λιτερατυρε ρεϖιεω 

οφ τηε χονϖεντιοναλ σψστεmσ. Αλεϕανδρα Γονζ〈λεζ−Μεϕα χοντριβυτεδ το τηε ρεϖιεω οφ ρεσουρχε ρεχοϖερψ, 

χριτιχαλ ρεϖιεω ανδ εδιτιον οφ τηε mανυσχριπτ. ϑαψ Γαρλανδ ανδ ϑεννιφερ Χασηδολλαρ προϖιδεδ χονστρυχτιϖε 

συγγεστιονσ φορ τηε ρεοργανιζατιον οφ τηε mανυσχριπτ ανδ χριτιχαλλψ ρεϖιεωεδ τηε δραφτ. Αλλ αυτηορσ ηαϖε 

ρεαδ ανδ αππροϖεδ τηε φιναλ mανυσχριπτ. 

Χονφλιχτσ οφ Ιντερεστ 

Τηε ϖιεωσ εξπρεσσεδ ιν τηισ αρτιχλε αρε τηοσε οφ τηε αυτηορσ ανδ δο νοτ νεχεσσαριλψ ρεφλεχτ τηε ϖιεωσ ορ 

πολιχιεσ οφ τηε Ενϖιρονmενταλ Προτεχτιον Αγενχψ. 
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Justifications:

Justification 1:

Ensuring chemical safety in terms of human health and the environment is an Agency core
mission. Biological toxicities induced by chemical exposures range from endpoints of a
molecular nature, such as gene expression, to those manifested at the higher levels of biological
organization of cells, tissues/organs, organisms, and populations. Chemical toxicities can also be
classified according to the domains of effects: biochemistry, physiology, molecular pathways,
anatomy, morphology, behavior, and more. To capture, integrate, and assess toxicities across
biological organization levels and knowledge domains is a significant challenge, yet a
prerequisite for a holistic understanding of chemical safety. Such an understanding is essential to
meeting the Agency goal of ultimately shifting away from animal testing towards in vitro, in
silico, and short-term in vivo assays of a vast and ever-increasing number of chemicals in
marketplace.

           Many advances first pioneered in human biomedical sciences have potential applications
in chemical toxicity assessment, particularly in the context of innovative scientific breakthroughs
and a wide range of resources developed. For example, a landmark study of Connectivity Map
(Cmap) linking human diseases, genetic perturbations, and small molecule drugs via whole
genome expression profiles (WGEPs) of cell lines was first reported over a decade ago (Lamb et
al., 2006). Since then, it has evolved into a NIH-funded national program with multiple
partnering institutions (http://www.lincsproject.org/). The human Cmap library to date has also
grown to more than a million WGEPs covering nearly 20,000 small molecule compounds (
https://clue.io/). Similarly, early studies on mapping genotype-phenotype in human diseases
(e.g., Washington et al., 2009) and concerted efforts to develop ontologies for biological
knowledge representation (Smith et al., 2007) have led to a major initiative in disease research
(McMurry et al., 2016) and the development of over 160 ontologies covering an array of
biological knowledge domains.

           These advances, coupled with years of toxicogenomics research and decades of chemical
toxicity studies, inspired the work behind the two publications in this nomination. The first study
(Wang et al., 2016) explored the utilities of Cmap in the assessment of chemical exposures and
inferring mechanisms of action (MOAs), while the second study (Wang et al., 2019) developed
an ontology-based semantic mapping method for chemical toxicity assessment. Specifically, the
objectives of this work were to evaluate: 1) if chemical toxicities could be assessed, not just by
individual genes or pathways, but at a whole transcriptome level similar to what had been done
for human disease through Cmap; 2) if such toxicities manifested as diverse phenotypes across
biological levels of organization could be integrated, and assessed beyond the boundaries of
species and chemicals based on biological ontologies. Both studies represent collective
bioinformatic endeavors by a group of ORD researchers, in collaboration with external scientists,

http://www.lincsproject.org/
https://clue.io/
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to develop novel computational approaches for toxicity assessment by leveraging the abundant
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omics resources available in public domains. As such, for brevity and ease of discussion, the first
journal article and its bioinformatic approach will be referred as Fish Cmap from here on, and
the second article and its approach as OS-Mapping.

           The Fish Cmap study demonstrated successfully that the chemical exposure history of a
lab or field sample can be rapidly determined by using a small number of gene signatures,
especially within a species. The MOAs of a lesser known chemical could also be inferred by its
transcriptomic similarities to other well characterized chemicals. At the core of Fish Cmap was
the curation, analysis, and assembly of a library of over 3500 WGEPs, each characterizing a
single treated sample from one of two small fish model species, fathead minnow and zebrafish.
The data originated from both public sources (https://www.ncbi.nlm.nih.gov/geo/ ) and from
in-house experiments with a variety of test chemicals. Several innovative features stand out in
this approach. First, instead of focusing on only a small number of genes/pathways after
statistical filtering, the entire transcriptome of a fish species is considered—no information is
omitted. Second, the greater the chemical and biological coverage a library of WGEPs has, the
more powerful and informative Fish Cmap will be. Third, connections could be tiered/prioritized
by fish species and/or technology platforms. Fourth, chemical “read-across” can be achieved
biologically, i.e., grouping chemicals based on their MOAs. And lastly, no lengthy process of
biomarker development and validation is necessary. Among the limitations of Fish Cmap,
however, is its reliance on the molecular phenotypes of gene expression alone, which is
somewhat removed from the types of apical endpoints (e.g., survival, growth, reproduction)
commonly employed for ecological assessments of chemical risk.

           The OS-Mapping study essentially extended the Fish Cmap by using knowledge
representation and computing. It demonstrated successfully that by having biological responses
(termed phenotypes) annotated into computable logical definitions and analyzed in conjunction
with a universal cross-species, cross-domain phenotype ontology (Köhler et al., 2014), the
toxicities of chemicals can be assessed by their semantic similarities to the phenotypes of other
chemicals, genes, biological pathways, and diseases. The study involved the creation of 19
phenotypic profiles for 10 chemicals in six vertebrate species based on more than 700 published
studies. While OS-Mapping is applicable to all phenotypes, it centers on those at the higher
levels of biological organization with generally greater regulatory relevance, many of which are
not intrinsically amenable to numeric representation for standard bioinformatic analyses. Such
phenotypes are most commonly reported in scientific literature as unstructured text. Due to the
concerted efforts in recent years by scientific communities to capture and represent biological
knowledge into computable ontologies, these free-text phenotypes, once annotated, become
accessible for machine inferencing. The OS-Mapping study is innovative in several aspects.
First, a wide variety of textually described toxicities for a chemical in the extant literature can
now be analyzed computationally because of their logical definitions. Second, once incorporated
into a cross-species, cross-domains vertebrate (or metazoan) phenotype ontology, these logical
definitions of chemical toxicities across the levels of biological organization become effectively

https://www.ncbi.nlm.nih.gov/geo/
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integrated with a comprehensive knowledge base of animal biology. They can be organized
collectively as a phenotypic profile for a chemical and compared therein to targets across the
boundaries of chemicals and diverse species, such as human, mouse, and zebrafish. Third, the
implicit/hidden information (connections) in the knowledge base could be uncovered by using a
sophisticated computer inferencing tool called reasoner, effectively expanding our knowledge of
these chemicals beyond what is originally known. And lastly, OS-Mapping is flexible. It could
be applied to any biological entities of interest that have been or could be characterized
phenotypically. For instance, an adverse outcome pathway comprising multiple member events
can be annotated into their respective logical definitions and semantically mapped to chemicals,
genes, pathways, and diseases.

           In part because of these two studies, two separate new ORD research efforts are either in
planning or already underway. One is to scale up and build a comprehensive collection of
WGEPs of fathead minnow, zebrafish, and human from both NCBI-GEO and in-house data to
enable an expansion of Fish Cmap. The other is to develop an application ontology to serve as
the foundation for semanticizing the USEPA/ORD ECOTOX Knowledgebase, an open-access
repository of curated toxicity data for more than 13000 species and 11000 chemicals. This latter
task with a proposed ontology construct has been endorsed and supported by the USEPA Office
of Chemical Safety and Pollution Prevention, whose responsibilities involve the implementation
of TSCA, pesticide registration, and evaluation of endocrine-disrupting chemicals. A
semanticized ECOTOX Knowledgebase, as a triplestore graph database, will allow machine
inferencing on its vast amount of annotated chemical toxicity information to uncover additional
hidden knowledge and enable complex semantic queries no longer limited by its existing
database schema. It will also be easily linkable to other triplestore databases such as the
PubChemRDF (https://pubchemdocs.ncbi.nlm.nih.gov/rdf). The semantic analysis software
powering OS-Mapping is also being developed as a web application allowing easy access by
government, academic and industry researchers in the future.

Köhler et al., 2014: Construction and accessibility of a cross-species phenotype ontology along
with gene annotations for biomedical research. F1000Research 2014, 2:30 (doi:

10.12688/f1000research.2-30.v2)

Lamb et al., 2006. The Connectivity Map: using gene-expression signatures to connect small
molecules, genes, and disease. Science. 313(5795):1929-35.

McMurry et al., 2016. Navigating the Phenotype Frontier: The Monarch Initiative. Genetics.
2016 Aug;203(4):1491-5. doi: 10.1534/genetics.116.188870.

https://pubchemdocs.ncbi.nlm.nih.gov/rdf
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Smith et al. The OBO Foundry: coordinated evolution of ontologies to support biomedical data
integration. Nat Biotechnol 25, 1251–1255 (2007). https://doi.org/10.1038/nbt1346.

Washington et al., 2009. Linking human diseases to animal models using ontology-based
phenotype annotation. PLoS Biol. 2009 Nov;7(11):e1000247. doi:0.1371/journal.pbio.1000247.

Justification 2A:

Both Fish Cmap and OS-Mapping assess the toxicities of chemicals by constructing
biological linkages among chemicals, genes, pathways, diseases, or other entities of
interest based on their phenotypic profiles. Both approaches are big data-oriented,
leveraging a vast and ever-increasing amount of public omics resources available
including phenotypic data, pathway information, and ontologies. Fish Cmap works with
molecular phenotypes alone, currently in the form of gene expression but potentially
extendable to metabolomic and proteomic data as well. OS-Mapping extends the
capabilities of Cmap even further, by representing textually described phenotypes
across all levels of biological organization as computable logical definitions and
incorporating them into biological ontologies covering a wide range of knowledge
domains. At the core of this technology is human knowledge representation and
machine inferencing, a component of artificial intelligence. As such, OS-Mapping greatly
expands the scope of phenotypic coverage by Fish Cmap and enables more effective
extrapolation of toxicities among chemicals and biological species.

Justification 2B:

Author(s) Publication Title(s) Year Award

1. Field-Based Approach for Assessing the Impacts of
Treated Pulp and Paper Mill Effluent on Endogenous
Metabolites of Fathead Minnows (Pimephales promelas).

2. Biological Effects-Based Tools for Monitoring
Impacted Surface Waters in the Great Lakes: A
Multiagency Program in Support of the Great Lakes
Restoration Initiative.

https://doi.org/10.1038/nbt1346
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Ankley,
Gerald;
Villeneuve,
Daniel

3. An Inexpensive, Temporally Integrated System for
Monitoring Occurrence and Biological Effects of
Aquatic Contaminants in the Field. 2015 Level 3

Ankley,
Gerald;
Villeneuve,
Daniel

1. Molecular Target Sequence Similarity as a Basis for
Species Extrapolation to Assess the Ecological Risk of
Chemicals with Known Modes of Action.

2. Cross-Species Sensitivity to a Novel Androgen
Receptor Agonist of Potential Environmental Concern,
Spironolactone.

3. Leveraging Existing Data for Prioritization of the
Ecological Risks of Human and Veterinary
Pharmaceuticals to Aquatic Organisms 2015 Level 3

Ankley,
Gerald;
Villeneuve,
Daniel

1. Cross-Species Conservation of Endocrine Pathways:
A Critical Analysis of Tier 1 Fish and Rat Screening
Assays with 12 Model Chemicals.

2. A Novel Framework for Interpretation of Data from
the Fish Short-Term Reproduction Assay (FSTRA) for
the Detection of Endocrine-Disrupting Chemicals 2015 Level 3

Ankley,
Gerald;
Villeneuve,
Daniel

1. Addressing the Challenges of Species Extrapolation
Associated with 21st Century Toxicology using the
SeqAPASS Tool.

2. Demonstrating the utility of the SeqAPASS Tool for
Addressing 21st Century Challenges in Species
Extrapolation 2017 Level 2
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Ankley,
Gerald;
Blackwell,
Brett;
Villeneuve,
Daniel

1. Pathway-based approaches for assessment of real-time
exposure to an estrogenic wastewater treatment plant
effluent on fathead minnow reproduction.

2. An integrated approach for identifying priority
contaminant in the Great Lakes Basin -Investigations in
the Lower Green Bay/Fox River and Milwaukee Estuary
areas of concern.

3. Prior knowledge-based approach for associating
contaminants with biological effects: A case study in the
St. Croix river basin, MN, WI, USA. 2017 Level 3

Ankley,
Gerald;
Villeneuve,
Daniel

Temporal Changes in Biological Responses and
Uncertainty in Assessing Risks of Endocrine-Disrupting
Chemicals: Insights from Intensive Time-Course Studies
with Fish 2017 HM

Justification 2C:

The publications in this nomination are bioinformatics- and data-driven in nature. The
methodologies, software tools, and computational analyses therein were conceptualized,
implemented, and executed by the primary author. So were the drafting and revision of the
manuscripts. They have never been submitted to STAA until now. As such, there is no overlap in
scope and content between this nomination and the previous nominations involving some of us.
Another nomination for this STAA cycle from Brett Blackwell along with two contributors to
this nomination (Gerald Ankley, Dan Villeneuve) and others, titled “Risk based prioritization of
environmental contaminants, mixtures, and biological effects using 21st century toxicity tools
and data”, is oriented towards field and experimental studies and thus unrelated.

Justification 2D:

n/a
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Justification 2E:

n/a

Justification 3A:

The work underlying both publications was presented at various stages of research and well
received in the annual conferences of the Society of Environmental Toxicology and Chemistry
(Salt Lake City, 2015; Minneapolis, 2017). Since its publication in 2016, Fish Cmap has been
accessed online over 2000 times (Publisher) and cited ten times (Google Scholar) or six times
(Web of Science, Publisher) externally. OS-Mapping has been cited three times (Google Scholar,
Publisher) or twice (Web of Science) since 2019.

Justification 3B:

Both publications cleared internal reviews prior to their submissions to the publishing journals
for peer reviews. They were well received. One reviewer commented on Fish Cmap that, “
Interestingly and informatively was the demonstrated ability of this method to recognise

estrogenic, polyaromatic and neurotoxin chemical types in the low-level mixture in the waste

water effluent”. He/she further stated that, “One of the best ways to investigate and elucidate

mechanisms is to examine the gene expression profiles between connected chemicals. This is an

informative approach”. The second reviewer stated that, “A well written manuscript that
convincingly demonstrates the utility of a Cmap approach in fish ecotoxicology”. On
OS-Mapping, one reviewer stated that, “This manuscript builds an impressive integration of

biological and toxicological information into what is referred to as an ontologybased semantic

mapping of toxicity from information in the literature and various databases”.
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RESEARCH ARTICLE Open Access

Fish connectivity mapping: linking chemical
stressors by their mechanisms of action-
driven transcriptomic profiles
Rong-Lin Wang1* , Adam D. Biales1, Natalia Garcia-Reyero2, Edward J. Perkins2, Daniel L. Villeneuve3,

Gerald T. Ankley3 and David C. Bencic1

Abstract

Background: A very large and rapidly growing collection of transcriptomic profiles in public repositories is potentially of

great value to developing data-driven bioinformatics applications for toxicology/ecotoxicology. Modeled on human

connectivity mapping (Cmap) in biomedical research, this study was undertaken to investigate the utility of an analogous

Cmap approach in ecotoxicology. Over 3500 zebrafish (Danio rerio) and fathead minnow (Pimephales promelas)

transcriptomic profiles, each associated with one of several dozen chemical treatment conditions, were compiled into

three distinct collections of rank-ordered gene lists (ROGLs) by species and microarray platforms. Individual query

signatures, each consisting of multiple gene probes differentially expressed in a chemical condition, were used to

interrogate the reference ROGLs.

Results: Informative connections were established at high success rates within species when, as defined by their

mechanisms of action (MOAs), both query signatures and ROGLs were associated with the same or similar chemicals.

Thus, a simple query signature functioned effectively as an exposure biomarker without need for a time-consuming

process of development and validation. More importantly, a large reference database of ROGLs also enabled a query

signature to cross-interrogate other chemical conditions with overlapping MOAs, leading to novel groupings and

subgroupings of seemingly unrelated chemicals at a finer resolution. This approach confirmed the identities of several

estrogenic chemicals, as well as a polycyclic aromatic hydrocarbon and a neuro-toxin, in the largely uncharacterized

water samples near several waste water treatment plants, and thus demonstrates its future potential utility in real world

applications.

Conclusions: The power of Cmap should grow as chemical coverages of ROGLs increase, making it a framework easily

scalable in the future. The feasibility of toxicity extrapolation across fish species using Cmap needs more study,

however, as more gene expression profiles linked to chemical conditions common to multiple fish species are needed.

Keywords: Fish, Gene expression profiles, Connectivity mapping

Background
There are an estimated 80,000 chemicals in legal use

today, with hundreds more added to the inventory each

year [1]. A current lack of toxicological information for

most of them poses a serious challenge to safeguarding

human health and the environment from potentially

harmful exposures. Given that traditional toxicity testing

of chemicals based on whole animals is resource-

intensive, time-consuming, and at times challenging in

terms of cross-species and –chemical extrapolation, a

general consensus has emerged across the environmental

science community that alternative practices are needed

for evaluation and management of chemical inventories.

In recognition of rapid scientific advancements in

“-omics” technologies, robotics, computational chemis-

try, systems biology, and high performance computing,

the US National Academy of Sciences has put forth sev-

eral reports since the turn of the century [2–5]
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recommending broader utilization of in vitro, in silico,

and short term in vivo assays with a greater focus on

mechanistic pathways in testing of chemicals and asses-

sing their toxicological risks.

Concurrent with this emerging paradigm of toxicology

is the ongoing “big data” revolution across scientific dis-

ciplines and technological fields. Accelerated by tech-

nical advances, there has been an exponential growth in

data generation. In biology, for example, the number of

DNA sequence bases in GenBank has increased nearly

300,000 fold over the last 30 years, from 0.7 megabases

in 1982 to 187 gigabases in 2015. As of May, 2015, the

NCBI GEO (National Center for Biotechnology Informa-

tion Gene Expression Omnibus) hosted well over 1.4

million gene expression profiles (GEPs), including

~20,000 for fish, ~70,000 for rats, and ~700,000 for

humans. Each GEP represents the collective expression

states of all genes, as measured by a given microarray,

for a sample under study. Many of these GEPs are linked

to chemical treatment or other biological conditions of

potential relevance to toxicology. These abundant tran-

scriptomic data contain a wealth of information and

present opportunities for toxicologists to explore com-

putational assessment of chemical toxicity by a data-

driven approach. In contrast to individual studies with a

narrowly defined scope and limited data, substantial

novel insights may be gained from data mining across a

large number of independent studies conducted within

the same species or even across species. Yet, to date,

there has been little research effort in this area in the

field of toxicology.

Connectivity mapping (Cmap) represents an in silico

and data-driven approach with potentially broad applica-

tions in biomonitoring, chemical exposure assessment,

toxicity evaluation and extrapolation across species, and

grouping of chemicals. Originally proposed for human

biomedical research [6], Cmap connects chemicals and

disease based on similarities in transcriptomic profiles,

driven largely by the underlying mechanisms of action

(MOA). Such similarities are revealed by interrogating a

database of rank-ordered gene lists (ROGLs) with a

query signature. The ROGLs are generated individually

from GEPs of treated samples relative to those of the

corresponding controls, based on gene probes sorted by

their logarithmic fold-changes (LogFCs), and are inclu-

sive of all gene probes on a given microarray. A query

signature, on the other hand, contains only a small num-

ber of gene probes differentially expressed under a

chemical or biological condition of interest. A non-

random distribution of gene probes from a query signa-

ture on ROGLs suggests a similarity in their transcrip-

tomic profiles, and therefore, a connectivity of the

underlying chemical or biological conditions. This Cmap

determination of the chemical identity associated with a

biological sample is thus analogous to forensic database

searches by human or DNA fingerprints. Since its incep-

tion, Cmap has made a significant impact on drug dis-

covery research and development [7], and is now

becoming part of much more ambitious public effort of

profiling cell signatures [8]. A similar data-driven ap-

proach for pharmaceutical research has also been

launched using commercial platforms [9]. For toxicoge-

nomic research with chemicals, the principle of Cmap is

equally applicable: those toxicants sharing the same or

similar MOAs should yield comparable transcriptomic

profiles, and connect with one another [10–12].

Compared to other computational approaches with

similar toxicological applications, Cmap has several ad-

vantages. First, it is algorithmically simple. Connectivity

between two chemical conditions is established simply

based on a non-random distribution of multiple gene

probes on ROGLs. Second, the information in each GEP

is fully preserved, as there is no statistical filtering with

regard to generating ROGLs: the entire set of gene

probes in the GEP of a treated sample is ranked from

top to bottom by their LogFCs relative to the corre-

sponding control(s). Third, Cmap is easily scalable. As

more GEPs become available, ROGLs can be simply

added individually to an existing reference database

without any restructuring or reanalysis. With more

ROGLs in the database, there is a greater coverage of

chemicals and biological conditions, so the power and

applicability of Cmap also increase. Lastly, Cmap is cost-

effective and user-flexible. As publicly-available GEPs

continue to grow, they can be included in a database to

expand chemical coverage. An end user can derive a

query signature for a sample/condition of interest from

a variety of sources such as literature, microarrays, RT-

PCRs (reverse transcription polymerase chain reaction),

or a public “-omics” data repository.

However, adopting a big data approach such as Cmap

for toxicogenomics applications faces many challenges.

Unlike human Cmap where GEPs originated from rela-

tively homogeneous cell cultures from a single species,

the development of Cmap for fish must take into ac-

count data heterogeneity as a result of differences in ex-

perimental designs and lab practices among independent

studies. Technical factors such as choice of expression

profiling platforms (e.g., microarrays vs RNA sequen-

cing) and evolving designs within a platform (e.g., micro-

arrays) may further complicate data integration. Lastly

and perhaps most challenging of all, conducting inter-

specific Cmap introduces further evolutionary

complexity.

Interspecific Cmap requires a signature derived from

one species to interrogate ROGLs of one or more other

species. If successful, this allows the broadest possible

inclusion of GEPs available in public repositories, and
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can inform toxicity extrapolation from model to non-

model species. Interspecific Cmap depends on the con-

servation of both genomes and transcriptomes. In the

presence of such conservation, genome annotations be-

come the most limiting factor for interspecific Cmap.

Given these considerations, zebrafish and fathead min-

now appear to be the two very suitable fish species for a

preliminary test of Cmap across species. As a common

biological model with extensive genome-level know-

ledge, zebrafish is a species of choice for many studies,

particularly in developmental biology [13]. As such, zeb-

rafish has the largest number of public GEPs available

among all fish species. The fathead minnow, on the

other hand, has been the dominant aquatic vertebrate

test organism in regulatory toxicity testing for decades

[14]. Estimated to have shared a last common ancestor

31 million years ago [15], both the zebrafish and fathead

minnow are members of the family Cyprinidae, with

well-conserved genomes and transcriptomes [16].

This study was undertaken to explore the applications

of Cmap in ecotoxicology. The goals were three-fold.

First, Cmap was evaluated for connecting the same che-

micals within species. In other words, both a query sig-

nature and ROGLs under consideration were selected

from a single species and associated with an identical

chemical. Second, Cmap was tested on related chemicals

of the same MOA class within species, for example, by

interrogating ROGLs linked to the natural estrogen 17β-

estradiol (E2) with a signature linked to the synthetic es-

trogen 17α-ethinylestradiol (EE2). If successful, Cmap

would not only simplify the development of exposure

biomarkers, but also provide an alternative way to

characterize the extent of overlap among MOAs of re-

lated chemicals and inform as to their relative toxicity.

Lastly, based on a small number of chemical conditions

shared between species, a preliminary trial of interspe-

cific Cmap was conducted to identify issues critical to a

more thorough feasibility study in the future.

Methods
Chemicals and field water samples

The data employed in the present study were derived

from experiments with a number of chemicals (Table 1).

The use or source of these chemicals ranges from pesti-

cides, medicine, industrial chemicals or by products, per-

sonal care products, and fossil fuel contaminants. In the

context of adverse outcome pathways, these chemicals

could be grouped by their molecular initiating events

(MIEs) [17]. A MIE is defined here as a molecular inter-

action between a xenobiotic and a specific biomolecule.

Since many of these MIEs involve various receptors and

enzymes commonly considered as part of the hypothal-

amic pituitary gonadal (HPG) axis [18], a large portion

of chemicals under this study, for example E2 and EE2,

are effectively HPG-active toxicants. Also included,

among others, were several pyrethroid insecticides

(bifenthrin, permethrin, esfenvalerate, cypermethrin) tar-

geting neuro-transmission, and polycyclic aromatic hy-

drocarbons (PAHs).

In addition to experiments with individual chemicals,

the data also include exposures to field water conditions

(Table 1) sampled near several waste water treatment

plants (WWTPs). The water samples were characterized

for a limited number of chemicals (generally around 140

analytes) by their original investigators using traditional

chemical analysis methods. For the purpose of evaluating

Cmap performance, only those chemicals both positively

identified therein and also present in the data of current

study are listed in the table. Almost all of the water sam-

ples had detectable concentrations of estrogens and

bisphenol A. Some of them also contained PAHs.

Microarray data

Microarray data for this investigation came from a series

of US Environmental Protection Agency (USEPA) stud-

ies with zebrafish and fathead minnow [18] and US

Army Corps of Engineers (USACE) studies with fathead

minnow, as well as a number of datasets downloaded

from NCBI GEO as of August 2014 (Table 2, Additional

file 1: Table S1). There were a total of 3516 microarrays

associated with 55 experimental conditions, as defined

by chemical, dose, tissue type, and exposure duration.

This dataset encompassed many independent studies

carried out over years, with a wide range of differences

in their original project objectives, experimental designs,

and chemical treatment conditions and measured ef-

fects, using three microarray platforms in zebrafish and

fathead minnow. Given the complex and heterogeneous

nature of this dataset, it is difficult to describe in general

terms all underlying experimental protocols. Instead,

only a brief overview of this dataset is outlined below.

Greater experimental details about various studies have

been previously published [16, 18–20], are available from

the summaries of individual data series available at NCBI

GEO (Additional file 1: Table S1), or will be published

elsewhere.

USEPA and USACE studies

A number of experiments were conducted with chemi-

cals targeting HPG-axis [18] and neuro-transmission of

zebrafish and fathead minnow. Over the course of these

studies, microarray platforms evolved, leading to mul-

tiple platforms being used, including Agilent 013223,

015064, 019161 for zebrafish, and Agilent 019597 and

036574 for fathead minnow. Since these platforms had

probes duplicated to various extent by design, only

unique probes were considered in their cross-mapping.

Agilent 013223 and 015064 shared the same 21495
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Table 1 Chemicals and field mixtures associated with the exposure experiments considered in the current study

Chemicals/field mixtures Use/source Putative MIE References

1,4-dimethoxybenzene (DMB) Ingredient in consumer products — —

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) Industrial byproduct aromatic hydrocarbon
(Ah) receptor agonist

[48]

2,4-dinitrophenol (DNP) Antiseptic agent, pesticide, industrial
chemical

Uncoupling oxidative
phosphorylation

—

benz(a)anthracene (BAA) Fossil fuels DNA mutagen and Ah
receptor agonist (PAH)

[49]

perfluorinated chemicals (PFC) Industrial chemical — —

tert-Butylhydroquinone (TBHQ) Ingredient in consumer products — —

Phenanthrene (PHE) Fossil fuels DNA mutagen and Ah
receptor agonist (PAH)

[49]

Pyrene (PYR) Fossil fuels DNA mutagen and Ah
receptor agonist (PAH)

[49]

decabromodiphenyl ether (BDE) Flame retardant —

dibenzothiophene (DBT) Fossil fuels DNA mutagen and Ah
receptor agonist (PAH)

[49]

17ß-estradiol (E2) Endogenous estrogen ER agonist [18]

Diethylstilbestrol (DES) medicine ER agonist —

ethniyl estradiol (EE2) medicine ER agonist [18]

fadrozol (FAD) medicine CYP19 inhibitor [18]

fipronil (FIP) insecticide GABA receptor
antagonist

[18]

flutamide (FLU) medicine Androgen receptor
antagonist

[18]

genistein (GEN) phytoestrogen ER and PPAR agonist [50]

ketochonazole (KET) medicine CYP11A/CYP17 inhibitor [18]

trenbolone (TRB) Beef production AR agonist [18]

trilostane (TRI) Veterinary medicine 3βHSD inhibitor [18]

vinclozolin (VIN) fungicide AR antagonist
(fungicide)

[18]

prochloraz (PRO) fungicide CYP17/19 inhibitor [18]

muscimol (MUS) research GABA receptor agonist [18]

bisphenol A (BPA) Industrial chemical ER agonist [51]

Progesterone (PGST) Endogenous hormone, medicine PR agonist [52]

Dihydrotestosterone (DHT) Endogenous hormone AR agonist [53]

Haloperidol (HAL) medicine Dopamine D2 receptor
antagonist

[54]

Diazepam (DIA) medicine GABA-A receptor
modulator

[55]

bifenthrin (BIF) insecticide voltage-gated sodium
channels disruption

[56]

cypermethrin (CYP) insecticide voltage-gated sodium
channels disruption

[56]

esfenvalerate (ESF) Insecticide voltage-gated sodium
channels disruption

[56]

Linuron (LIN) Herbicide photosynthesis inhibitor [57]

Terbufos (TER) Insecticide acetylcholine esterase
inhibitor

[58]

methylparaben (MPA) Anti-fungal agent Uncoupling oxidative
phosphorylation

[59]
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probes but with different layouts (hereafter referred to

as ZF 21K). Agilent 019161 had 43603 probes (ZF

43K), but only 37 % (16083) of them could be

mapped to Agilent 015064. For fathead minnow,

Agilent 019597 had 15208 probes (FHM 15K), which

formed a subset of 49849 unique probes found in

Agilent 036574 (FHM 60K). The experimental con-

ditions in this study for fathead minnow overlapped

considerably between these two platforms. In order

to keep their ROGLs as a single collection for

maximum comparability, only the 15000 common

probes were retained. The entire microarray dataset

from these studies is available at NCBI-GEO as the

accessions GSE38070, GSE60202, GSE70807, and

GSE70936.

Animal usage

Fish were treated humanely, and all laboratory proce-

dures involving animals were reviewed and approved by

the USEPA Animal Care and Use Committee in

accordance with Animal Welfare Act regulations and

Interagency Research Animal Committee guidelines.

Zebrafish experiments

Reproductively mature zebrafish (ab wild-type strain, 5–

7 months old) were exposed to a continuous flow of

sand filtered, UV-sterilized, Lake Superior water (LSW;

controls) or test chemicals dissolved in LSW for 24, 48,

or 96 h at the USEPA laboratory in Duluth, MN. At the

end of each exposure period, fish were anesthetized in a

buffered solution of tricaine methanesulfonate (MS-222;

Finquel, Argent, Redmond WA, USA) and various tis-

sues were collected and shipped overnight on dry ice to

the USEPA laboratory in Cincinnati, OH. Total RNA

isolated from selected tissue samples was then sent to

Cogenics Corporation, an Agilent certified contract

laboratory (Morrisville, North Carolina 27560, USA).

Hybridization was conducted using a two-color protocol

on ZF 15K and ZF 43K microarrays (Agilent Technolo-

gies, Santa Clara, CA, USA), followed by high-resolution

Table 1 Chemicals and field mixtures associated with the exposure experiments considered in the current study (Continued)

permethrin (PER) Insecticide voltage-gated sodium
channels disruption

[56]

Propanil (PPL) Herbicide photosynthesis inhibitor [60]

azinphos-methyl (APM) Insecticide acetylcholine esterase
inhibitor

[61]

Propranolol (PPLL) Medicine β-adrenergic receptor
antagonist

[62]

protein kinase C inhibitor 412 (PKC412) Pharmaceutical compound tyrosine kinase inhibitor [63]

Triclocarban (TCC) Anti-bacterial agent — —

Gemfibrozil (GEM) Medicine PPAR binding and
activation

[64]

cyclotrimethylenetrinitramine (RDX) Explosive Neuro-toxin? —

TNT Explosive — —

Water samples near WWTPs

Effluent; WWTP, San Diego, California (EFFLa,
EFFHa)

Positive for GEM, DIA, E2, PGST — [29]

Effluent; WWTP, Los Angeles, California (EFFHb) Positive for GEM, PGST — [29]

Effluent; WWTP, Duluth Minnesota (WLSSD) Positive for various estrogens, BPA — Unpublished observations
(Jenna Cavallin US EPA)

Upstream, effluent, downstream, WWTP, Ely
Minnesota (ElyUS, ElyEFF, ElyDS)

At least one site positive for various
estrogens, BPA, TCC, PAHs, chlorpyrifos

— [30]

Upstream, effluent, downstream, WWTP,
Hutchinson Minnesota (HutUS, HutEFF, HutDS)

At least one site positive for various
estrogens, DES, BPA, TCC, PAHs,
chlorpyrifos

— [30]

Upstream, effluent, downstream, WWTP,
Rochester Minnesota (RochUS, RochEFF,
RochDS)

At least one site positive for various
estrogens, BPA, TCC,

— [30]

storm, stream, waste water; WWTP, Gainesville,
Florida (stormH2O, strH2O, wasteH2O)

wasteH2O seasonally positive for BPA, DIA,
PFCs

— [65]

AR androgen receptor, ER estrogen receptor, GABA gamma-aminobutyric acid, HSD hydroxysteroid dehydrogenase, MIE molecular initiating event, PAH polycyclic

aromatic hydrocarbons, PR progesterone receptor, PPAR peroxisome proliferators-activated receptor–α, WWTP waste water treatment plant
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Table 2 A summary of 3516 microarray samples and their chemical treatment conditions

Zebrafish microarray design, sample size, and
chemicals

Fathead minnow microarray design, sample size, and chemicals

ZF 21K (Agilent 013223, 15064): USEPA (290) FHM 15K (Agilent 019597,_036574): USEPA (580)

ethniyl estradiol (EE2)a bifenthrin (BIF)a

fadrozol (FAD)a cypermethrin (CYP)a

fipronil (FIP)a permethrin (PER)a

flutamide (FLU)a esfenvalerate (ESF)

ketochonazole (KET)a EE2a

muscimol (MUS)a Terbufos (TER)a

prochloraz (PRO)a

trenbolone (TRB)a FHM 15K (Agilent 019597): USACE (1711)

trilostane (TRI)a BPA

vinclozolin (VIN)a FADa

FLUa

ZF 21K (Agilent 013223, 15064): NCBI (154) Gemfibrozil (GEM)a

tert-Butylhydroquinone (TBHQ)a KETa

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)a KET_TNT_KET

oxygen (O2)a KET_TNT_TNT

2,4-dinitrophenol (DNP) PRO

1,4-dimethoxybenzene (DMB) RDX

azinphos-methyl (APM)a Effluent of Western Lake Superior Sanitary District (WLSSD)

Haloperidol (HAL) TRBa

TRB_BPA_TRB_BPA

ZF 43K (Agilent 019161): USEPA (24) TRB_BPA_BPA

FLUa TRB_BPA_TRB

PROa TRB_EE2_EE2

TRB_EE2_TRB

ZF 43K (Agilent 019161): NCBI (270) TRB_EE2_TRB_EE2

benz(a)anthracene (BAA)a TRB_TCC_TCC (triclocarban)

decabromodiphenyl ether (BDE)a TRB_TCC_TRB

bisphenol A (BPA)a TRB_TCC_TRB_TCC

dibenzothiophene (DBT) TRIa

Diazepam (DIA)a VINa

17ß-estradiol (E2)a

E2a FHM 15K (Agilent 019597_036574): NCBI (487)

EE2a Diethylstilbestrol (DES)a

FLU Dihydrotestosterone (DHT)

genistein (GEN)a E2a

Linuron (LIN)a Field exposure (EFFLa, EFFHaa; effluent, WWTP San Diego; EFFHba; effluent, WWTP Los
Angeles)

methylparaben (MPA)a Field exposure (surface, stream, waste watera)

protein kinase C inhibitor 412 (PKC412)a Field exposure (liver: ElyUSa, ElyEFFa, ElyDSa, HutUS, HutEFFa, HutDSa, RochUSa, RochEFFa,
RochDSa))

Propanil (PPL)a Field exposure (ovary: ELYeff, ELYds, HUTeff, HUTds, ROCHds, ROCHeff)

PROa FLU

Pyrene (PYR) Linuron
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scanning and image processing by Agilent Feature Ex-

traction software.

Fathead minnow experiments

Fish exposures were conducted in the USEPA laborator-

ies in Duluth, MN and Cincinnati, OH; and the USACE

laboratories in Vicksburg, MS. For exposures to HPG-

active toxicants, reproductively mature fathead minnows

(5–7 months old) were tested using LSW as the control

and carrier of the test chemicals. All exposures con-

ducted at EPA Duluth laboratories were continuous,

flow-through experiments. Representative experimental

designs for these experiments are detailed elsewhere

[18–20]. Exposures to pyrethroids were conducted in

Cincinnati. Fathead minnow fry (48 hours post hatch)

and adults (5–7 months old) were exposed to the se-

lected chemicals for 24, 48, or 72 hours in a static or

flow-through system. Exposures to TNT, RDX, and mix-

ture of TNT and KET were conducted at USACE Vicks-

burg laboratories under static renewal conditions using

adult fathead minnow (5–7 months old) that will be de-

scribed elsewhere. At the end of each exposure period,

whole fry or tissues from adult fish used for transcrip-

tomic analyses were snap-frozen in liquid nitrogen and

stored at −80 ° C until RNA was extracted, using either

Qiagen RNeasy mini kits (Qiagen, Valencia, CA, USA)

or Tri-Reagent (Sigma, St. Louis, MO, USA). Expression

profiling was carried out using a single-color protocol

on either a FHM 15K (GEO accession GPL9248, de-

signed by Dr. Nancy Denslow, University of Florida,

Gainesville, FL, USA) or a FHM 60K microarray

(GPL17098, designed by Dr. Natalia Garcia-Reyero) [21],

in the Environmental Laboratory of the US Army Engin-

eer Research and Development Center in Vicksburg, MS

(1711 arrays) or in EPA Cincinnati (580 arrays). One

hundred to 1000 ng of total RNA was used for all hy-

bridizations. Probe labeling, amplification, and

hybridization were performed using Agilent Quick Amp

Labeling Kit following the manufacturer’s One-Color

Microarray Hybridization Protocol. Microarrays were

scanned with a high-resolution scanner and the images

were processed with Agilent Feature Extraction software.

Public data from NCBI GEO

A total of 911 text output files from Agilent Feature

Extraction software, representing 33 GEO data series

sharing a common microarray platform with those of

the USEPA and USACE studies as described above, were

assembled and curated (Additional file 1: Table S1). Each

sample file was annotated according to chemical expos-

ure, dose, tissue type, and exposure duration.

Cmap development and analysis
Fish Cmap consists of three components: construction

of query signatures from microarray samples of chemical

and biological interest, construction of a reference data-

base of ROGLs tagged with chemical or biological condi-

tions, and computational query of the database using the

prepared signatures. Each of the three components is

outlined below.

Query signatures

A query signature for a treatment condition contained

multiple differentially expressed gene probes (DEGs)

relative to an appropriate control. The DEGs were deter-

mined by a modified t-test implemented in the R pack-

age limma [22]. A number of R scripts [23] were

developed for this purpose to accommodate different

microarray designs such as one-color, two-color direct

comparison of treatment and control, two-color with a

common reference, and two-color with dye-swaps.

Greater detail about DEG determination is available else-

where [16]. The number of top DEGs selected as a sig-

nature and ranked by false discovery rate depended on

the types of Cmap query. The Cmap query minimum

was lowered from the recommended value of 10 [24], to

four DEGs in order to encompass more experimental

conditions. On average, though, a signature contained

57 to 88 DEGs for queries made within platforms/spe-

cies, and 110 to 181 DEGs for Cmap across platforms/

species. Intuitively, a larger number of DEGs per signa-

ture in the latter case might help to compensate for the

possible inconsistencies in GEPs from different micro-

array platforms within a species, and the possible diver-

gence of chemical MOAs across species. Each DEG in a

signature was accompanied by its own value of

Table 2 A summary of 3516 microarray samples and their chemical treatment conditions (Continued)

cyclotrimethylenetrinitramine (RDX)a perflorinated chemicals (PFC)

Phenanthrene (PHE)a

Progesterone (PGST)

Propranolol (PPLL)

RDX

Zebrafish: ZF 21K (Agilent 013223, 21495 probes unique; Agilent 015064, 21495 probes), ZF 43K (Agilent 019161, 43603 probes unique). Fathead minnow: FHM

15K (Agilent 019597, 15208 unique probes; Agilent 036574, 15208 of 49849 unique probes). Chemicals with at least one experiment condition (different exposure

durations either in single or combinations) with DEGs ≥ 4 are marked by “
a
”, and those shared across platforms or species are highlighted once in bold
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logarithmic fold-change. In total, 109 unique signatures

were prepared for within-platform queries and 61 signa-

tures for queries across platforms/species (Additional file

2: Table S2). These signatures were named after fish

sample treatment conditions by the order of chemical,

dose, gender, tissue, and exposure duration.

ROGLs

A ROGL of a treated sample was prepared from appro-

priate GEPs in several ways depending on study design.

For one-color data, gene probe intensities of each

treated sample were compared to the corresponding

average intensities derived from its specific group of

control samples. As a result, each gene probe was given

a LogFC of treated over control. Gene probes were then

sorted by the absolute values of their LogFC from the

smallest to the greatest, and assigned either a positive or

negative rank from 1 to N based on the signs of LogFC,

with N being number of probes in a given microarray.

For two-color direct comparison of a pair of treated over

control samples on the same microarray, a ROGL was

generated similarly for the treated but within the pair

only. For two-color with a common reference design,

gene probe intensities of each treated sample were again

compared to those averaged over the corresponding ref-

erence group. In total, there were 2387 ROGLs in the

constructed fish reference database: 386, 203, and 1798

respectively for ZF 21K, ZF 43K, and FHM 15K. For

maximum flexibility, the ROGLs from these three plat-

forms were maintained as three distinct collections.

Cmap across-platform or across-species was imple-

mented by substituting the probe identifications (IDs)

from a source query signature with their equivalent/

orthologous probe IDs in its target platform or species.

Cmap

Interrogation of the fish reference database was con-

ducted using software sscMap [24], containing an algo-

rithm based on the principles of the original Cmap [6].

Basically, Cmap measures the strength of connectivity

between a query signature and a ROGL by a connectivity

score of their summed ranks. To assess its associated p-

value, the default value of 10,000 simulated signatures,

each containing the same number of gene probes as the

original query signature, are randomly generated from

the ROGL. From them connectivity scores are calcu-

lated. The p-value for the original query is the propor-

tion of simulated query signatures with their

connectivity scores greater than or equal to the observed

score. In practice, related ROGLs are typically organized

by sscMap into various sets, each defined by some com-

mon experimental parameters such as chemical, dosage,

and tissue types, and then interrogated by query signa-

tures. Both connectivity score and p-value are slightly

modified to account for the variation in the size of indi-

vidual ROGL sets. With a parameter S denoting the

number of ROGL sets contained in a database collection

and interrogated by a query signature, the number of

false connections was controlled by a critical p-value of

1/S. Each signature was set as “unordered” in the ana-

lysis so all up-regulated genes had the same weight of

+1, and down-regulated genes had a weight of −1 in

contributing to the connectivity score. The highest-

scored, statistically significant, and unique pairs of

signature-ROGL (excluding those originated from the

same experiment) were identified across queries within

each platform, and visualized in Cytoscape [25].

To fully evaluate the effectiveness of Cmap, query

signatures and ROGLs were arranged into three con-

figurations: within the same platforms and species,

across zebrafish platforms, and across species. Be-

cause of the differences in coverage of chemicals and

their varying transcriptomic impact as measured by

the number of DEGs/average LogFC among treat-

ment conditions, queries across platforms and across

species were conducted in both directions in order

to identify all potential chemical-chemical connec-

tions. To enable queries across platforms and spe-

cies, however, their corresponding probes or

orthologs had to be mapped first. This was imple-

mented through several successive steps of ID map-

ping among ZF 21K, ZF 43K, and FHM 15K

microarrays. For example, to identify orthologs be-

tween FHM 15K and ZF 21K, the probe sequences

from FHM 15K were mapped to their corresponding

fathead minnow EST (Expressed Sequence Tag) tar-

get sequences (courtesy of Dr. Nancy Denslow, Uni-

versity of Florida) first by TBLASTX. These EST

sequences were then mapped to the NCBI nucleotide

(NT, as of July, 2013) and protein (NR, as of July

2013) databases by TBLASTX and BLASTX respect-

ively, effectively associating fathead minnow probe

IDs to their corresponding NCBI accession IDs.

With their greater sequence length, ESTs are pre-

sumably more likely than shorter probe sequences to

capture orthologs across species. All three rounds of

BLAST mapping had a minimum E-value cutoff of

E−06. These fathead minnow IDs were then joined to

a variety of zebrafish accession IDs prepared by the

NCBI [26], and finally to Agilent probe annotations

[27]. In the end, a total of 9304 probes (43 %) from

ZF 21K were linked to 6899 probes (45 %) from

FHM 15K through 6573 common Entrez GeneIDs in

NCBI. Similarly, 16376 probes (38 %) from ZF 43K

were mapped to 9861 probes (65 %) of FHM 15K

based on a common set of 10353 Entrez GeneIDs.

In addition, 13273 probes (62 %) from ZF 21K

mapped to 16083 probes (37 %) of ZF 43K were
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based entirely on the NCBI “gene2accession” file

without using any BLAST programs.

Results
The performance of Cmap was evaluated by examining

the ROGL hits with connectivity scores ranked highest

either by individual query signatures or across signa-

tures, based on fish samples profiled on each of the

three microarray platforms: ZF 21K, ZF 43K, and FHM

15K. The primary purpose of examining queries indi-

vidually was to evaluate whether a query signature can

indeed connect with its intended ROGL targets when

they had commonly associated chemical conditions. This

evaluation was carried out both within and across

microarray platforms, as well as across fish species.

These connections essentially establish the chemical

identity of a query signature based on the degree to

which chemicals involved have shared MOAs. High-

scoring pairs of query signature-ROGL across-queries,

on the other hand, could reveal additional novel insights

about the MOA similarity of related chemicals. For bet-

ter clarity in their visualization in a chemical network,

each connected pair of chemical conditions was treated

as directionless, regardless of which node in the pair

represented a signature or a set of ROGLs.

Validation of Cmap algorithm

Overall Cmap performance was variable, as measured by

the percentage of query signatures producing inform-

ative connections. An informative connection is arbitrar-

ily defined as a signature and one of its top five ROGL

hits sharing the same or similar class of chemicals.

Cmap was very effective when both query signatures and

ROGLs were from the same microarray platform/species

(Table 3). The relatively lower performance in fathead

minnow was probably because many treatment condi-

tions had no or very few DEGs (Table 2, Additional file

3: Figure S1). When query signatures and ROGLs were

from different platforms and species, the gene probe IDs

in a query signature had to be cross-mapped to those in

the targeted ROGLs. With the configuration of target

probe IDs coupled with source LogFC, an average

success rate of 61 % was observed based on a small

number of treatment conditions in common across the

platforms/species.

A more detailed examination of connectivity between

query signatures and ROGLs provided additional insights

into the performance of Cmap. As expected, a query signa-

ture almost always connected with ROGLs of its originating

treatment condition as the best hit when both came from

the same platform (Table 4). In many instances, this con-

nectivity of the same or similar class of chemicals extended

across independent experiments, different tissue types, and

chemical mixtures as well. For example, a signature from

the brain tissue of zebrafish treated with EE2

(EE2_30ngL_M_Brain_48hr) connected with the ROGLs of

both EE2_testis and EE2_ovary, overriding the strong im-

pact of tissue types typically observed on fish transcrip-

tomes [28]. Significantly, this strong connectivity among

chemical treatment conditions based on their shared

MOAs was not limited to HPG-active toxicants. Similarly

strong connections were observed in chemicals targeting

other biological pathways/processes such as neuro-

transmission (BIF_0.15ugL_larvae_48hr), regulation of

xenobiotic metabolism (TCDD_2nM_embryo_6h), signal

transduction (PKC412_40ugL_fish_6dpf), and photosyn-

thesis (linuron_1.2mgL_embryo_48hr).

Beyond single chemical exposures, Cmap was also ef-

fective in discriminating chemical mixtures. For ex-

ample, when fish were exposed to a mixture of two

different chemicals (Mixture_M_Brain; containing terbu-

fos and permethrin), this mixture had barely detectable

effects on gene expression, so no signature could be

constructed. Still, its ROGLs were informative, connect-

ing to the signatures of both terbufos and bifenthrin

from other independent experiments. Bifenthrin is an-

other pyrethroid insecticide similar to permethrin. Not-

able was the fact that the bifenthrin signature here

originated from whole fish larvae while the ROGLs of

terbufos/permethrin mixture came from adult brain tis-

sue. At the concentrations used in the exposure, per-

methrin had very little effect on gene expression,

resulting in a relatively uninformative signature consist-

ing of only six gene probes. As ROGLs, however, per-

methrin also formed strong connection with terbufos

and bifenthrin.

The microarray data from previous studies of water con-

ditions near several municipal WWTPs across the USA

provided a “real world” assessment of Cmap performance

(Table 5). Several observations were notable. There were

considerable similarities among the water conditions near

these WWTPs as reflected in their fish ROGLs. These

similarities were observed both within locations (e.g., up-

stream, effluent, downstream) and across geographic loca-

tions. Second, there were high agreements between Cmap

and chemical analyses from those studies with regard to

Table 3 Summary of Cmap by the percentage of query

signatures producing informative connections

Microarray platforms ZF 21K ZF 43K FHM 15K

ZF 21K 35/36 (97 %) 11/13 (85 %) 4/8 (50 %)

ZF 43K 6/12 (50 %) 36/36 (100 %) 5/10 (50 %)

FHM 15K 6/12 (50 %) 5/6 (83 %) 35/46 (76 %)

An informative connection was established when a query signature shared the

same or similar class of chemicals with at least one of the top five ROGL hits,

as ranked by an adjusted connectivity score with a p-value ≤ 1/(S sets of

ROGLs). All cross-platform/species Cmap were based on target probe IDs +

source gene log-fold changes on shared chemical conditions. Only unique

query signatures were considered in calculations
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Table 4 Top five significant hits, if any, of selected Cmap queries within microarray platforms

Signatures 1st match 2nd match 3rd match 4th match 5th match

Within ZF 21K (p-value cutoff 1/45 = 0.022)

EE2_30ngL_Ovary_96hr Self FAD_Ovary TRB_F_Brain EE2_Testis FAD_M_Brain

EE2_30ngL_M_Brain_48hr Self EE2_Testis FAD_M_Brain TRB_F_Brain EE2_Ovary

EE2_30ngL_M_Liver_48hr Self TRB_F_Liver EE2_Testis O2_Testis KET_M_Liver

EE2_30ngL_Testis_48hr Self EE2_Ovary EE2_M_Brain FIP_F_Brain TRI_TestisLow

FAD_25ugL_F_Brain_48hr Self TRB_F_Brain FAD_M_Brain FAD_Ovary EE2_Testis

FAD_25ugL_Ovary_96hr Self EE2_Ovary FAD_M_Brain TRI_TestisLow TRB_F_Brain

FIP_5ugL_Testis_48hr Self FIP_Ovary TRI_Testis FIP_M_Brain FLU_Testis

FLU_1700ugL_Ovary_48hr Self FLU_Testis PRO_Testis VIN_Ovary KET_Ovary

MUS_500ugL_F_Brain_48hr Self VIN_Ovary MUS_M_Brain KET_M_Brain VIN_Testis

MUS_500ugL_M_Brain_48hr Self MUS_F_Brain VIN_Ovary KET_M_Brain KET_Ovary

O2_1mgL_Testis_4d Self O2_Ovary EE2_M_Liver O2_Ovary VIN_Testis

PRO_500ugL_F_Brain_48hr FLU_Testis self PRO_Testis VIN_Ovary KET_Ovary

PRO_500ugL_Ovary_48hr Self FLU_Ovary FLU_Testis KET_Ovary PRO_Testis

TCDD_2nM_Embryo_6h Self TCDD_Embryo TRI_Ovary O2_Ovary PRO_Testis

TRI_2500ugL_Testis_24hr Self VIN_Testis VIN_Ovary KET_Ovary TRI_TestisLow

VIN_1000ugL_Ovary_48hr Self KET_Ovary TRI_Testis VIN_Testis FIP_Ovary

VIN_1000ugL_Testis_48hr Self FLU_Testis PRO_Testis TRI_Testis VIN_Ovary

Within ZF 43K (p-value cutoff 1/39 = 0.026)

BPA_0.01ugL_Ovary_96hr Self BPA_Ovary BPA_Ovary BPA_Ovary BPA_Embryo

E2_1uM_Embryo_4dpf self E2_M_Liver GEN_Embryo GEN_Embryo FLU_Embryo

EE2_0.65mgL_Embryo_48hr EE2_Embryo EE2_Embryo GEN_Embryo PARAB_Embryo PYR_Embryo

E2_5ugL_M_Liver_48hrs self E2_Embryo PARAB_Embryo PARAB_Embryo GEN_Embryo

GEN_2.4mgL_Embryo_48hr self GEN_Embryo PARAB_Embryo DBT_Embryo diazepam_Brain

PKC412_40ugL_fish_6dpf PKC412_fish self RDX_fry diazepam_Brain RDX_fry

PRO_500ugL_F_Brain_48hr PRO_Ovary linuron_Embryo FLU_Ovary PRO_F_Brain linuron_Embryo

PRO_500ugL_Ovary_48hr self FLU_Ovary linuron_Embryo PRO_F_Brain linuron_Embryo

RDX_7.5mgL_fry_96hr self RDX_fry RDX_fry RDX_fry RDX_fry

BPA_8mgL_Embryo_48hr self BPA_Embryo EE2_Embryo BAA_Embryo PRO_Embryo

diazepam_273ngL_brain_14d self diazepam_Brain PKC412_fish RDX_fry RDX_fry

linuron_1.2mgL_Embryo_48hr self linuron_Embryo PKC412_fish BPA_Embryo diazepam_Brain

PARAB_19.8mgL_Embryo_48hr self PARAB_Embryo linuron_Embryo linuron_Embryo PYR_Embryo

PRO_1.7mgL_Embryo_48hr self PRO_Embryo E2_Embryo BPA_Embryo PARAB_Embryo

Within FHM 15K (p-value cutoff 1/132 = 0.0076)

BIF_0.15ugL_Larvae_48hr BIF_Larvae self TER_M_Brain Mixture_M_Brain KETTNTKET_Ovary

BIF_0.3ugL_Larvae_48hr self CYP_Larvae ESF_Larvae ESF_Larvae PER_Larvae

CYP_1ugL_Larvae_48hr self VZ_Ovary PER_Larvae CYP_larva RDX_Ovary

DES_1ngL_Liver_96h EE2_Liver self PHE_High_Liver E2_X_M_Liver DES_Liver

E2_4ugL_M_Liver_14d self E2_M_Liver EE2_Liver DES_Liver ElyEFF_Liver

EE2_25ngL_Liver_72h E2_M_Liver self E2_X_M_Liver DES_Liver ElyEFF_Liver
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the occurrence of known estrogenical chemicals, such as

E2 and EE2 [29, 30]. For example, the water samples near

WWTPs of San Diego (EFFHa, EFFLa) and Los Angeles

(EFFHb), California were both reported to be estrogen-

positive [29]. Their estrogenic identities were confirmed

by Cmap when they were examined either as query signa-

tures (Table 5) or ROGLs (not shown). Various types of

estrogenic chemicals were also found near the WWTPs of

Ely, Hutchinson, and Rochester, MN [30]. By Cmap,

estrogen-associated ROGLs were also connected to the

signatures of these water samples, with connectivity scores

ranked at 10th (Ely effluent, Ely downstream), 16th (Ely

upstream, Hutchinson effluent), 13th (Hutchinson down-

stream), 18th (Rochester downstream), 11th (Rochester ef-

fluent), and 12th (Rochester upstream). Measured against

a p-value cutoff of 1/132 = 0.0076, all these estrogen con-

nections were statistically highly significant. Finally, the

sediment samples, and presumably the surrounding water,

near the WWTPs in Ely and Hutchinson were positive for

a number of PAHs (e.g. anthracene, phenanthrene, pyr-

ene) and an organophosphate insecticide (chlorpyrifos)

[31]. The query signatures from both locations ranked

Table 4 Top five significant hits, if any, of selected Cmap queries within microarray platforms (Continued)

GEM_600ugL_Ovary_8d self GEM_Ovary TrbEE2TrbEE2_Ovary RochDS_Ovary TrbEE2TRB_Ovary

PHE_High_Liver_48hr self PHE_Med_Liver ElyEFF_Liver ElyUS_Liver PFCs_Low_Liver

TRB_30ngL_Ovary_24h self FLU_Ovary TrbTCCTCC_Ovary GEM_Ovary GEM_Ovary

TER_57.5ugL_M_Brain_72h self Mixture_M_Brain PER_M_Brain BIF_Larvae KET_Ovary

Only signatures connected to multiple conditions are included. Where similar signatures exist for a condition, only one is listed. ROGL hits are ranked by their

adjusted connectivity scores and filtered by a p-value cutoff of 1/(number of sets of ROGLs). Informative connections, defined as a signature and one of its top five

ROGL hits sharing the same or similar class of chemicals, are highlighted in bold. Self: a query signature and the connected ROGLs originated from the

same experiment

Table 5 Cmap performance under “real world” conditions

Signatures (NCBI GEO accession) 1st – 2nd match 3rd-4th match 5th-6th match 7th-8th match 9th-10th match

EFFHa_5Perc_MaleLiver_14d (GSE29350) self BIF_Larvae BIF_Larvae Wastewater_Liver FLU_50_Ovary

EFFLa_M_Liver HutDS_Liver EFFHb_M_Liver HutUS_Liver PFCs_Mix_Liver

EFFHb_5Perc_MaleLiver_14d (GSE29350) self Wastewater_Liver FAD_Ovary TRI_Ovary RDX_Liver

E2_M_Liver HutEFF_Ovary VIN_Ovary KET_Ovary RDX_fry

ElyDS_999_Liver_4d (GSE49098) self HutEFF_Liver RochUS_Liver RochDS_Liver PHE_Liver

ElyEFF_Liver ElyUS_Liver HutUS_Liver HutDS_Liver E2_M_Liver

ElyEFF_999_Liver_4d (GSE49098) self ElyUS_Liver PHE_Liver RochDS_Liver RochUS_Liver

ElyDS_Liver HutEFF_Liver HutUS_Liver PHE_Liver E2_M_Liver

ElyUS_999_Liver_4d (GSE49098) self ElyDS_Liver HutEFF_Liver HutUS_Liver BIF_Larvae

ElyEFF_Liver PFCs_Liver EFFHa_M_Liver RochDS_Liver PFCs_Mix_Liver

HutchinsonDS_999_Liver_4d (GSE49098) self RochDS_Liver HutEFF_Liver ElyEFF_Liver PFCs_Mix_Liver

RochUS_Liver ElyDS_Liver HutUS_Liver KET_Ovary KET_Ovary

HutchinsonEFF_999_Liver_4d (GSE49098) self ElyDS_Liver HutUS_Liver HutDS_Liver PHE_Liver

ElyEFF_Liver ElyUS_Liver RochUS_Liver RochDS_Liver KET_Ovary

RochesterDS_999_Liver_4d (GSE49098) self HutUS_Liver HutDS_Liver ElyEFF_Liver RochEFF_Liver

RochUS_Liver ElyDS_Liver ElyUS_Liver HutEFF_Liver BIF_Larvae

RochesterEFF_999_Liver_4d (GSE49098) HutUS_Liver self HutEFF_Liver BIF_Larvae PFCs_Mix_Liver

ElyUS_Liver RochDS_Liver ElyDS_Liver RochUS_Liver PFCs_Liver

RochesterUS_999_Liver_4d (GSE49098) self RochDS_Liver HutEFF_Liver HutUS_Liver ElyUS_Liver

ElyDS_Liver ElyEFF_Liver HutDS_Liver RochEFF_Liver PFCs_Mix_Liver

Wastewater_999_Liver_48h (GSE37550) self CYP_Larvae NA NA NA

E2_M_Liver surfaceH2O_Testis NA NA NA

Fathead minnow samples were exposed to various water conditions near several waste water treatment plants in the USA either by field deployment or in a

laboratory setting. Only those exposures generating a significant number of DEGs thus having query signatures available are listed. The top ten matched ROGLs

are listed to provide a broad list of candidate chemicals. Waste water treatment plant locations: Ely, Hutchinson (Hut), Rochester (Roch), Minnesota; San Diego

(Ha), Los Angeles (Hb), California; Gainesville (GSE37550), Florida. Abbreviations: EFF, effluent; US, upstream; DS, downstream. P-value cutoff 1/132 = 0.0076. Self: a

query signature and the connected ROGLs originated from the same experiment
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phenanthrene with high connectivity scores. With the

same MIE (acetylcholinesterase inhibitor) shared between

terbufos and chlorpyrifos, a strong connectivity was also

found between a terbufos signature and the ROGLs of Ely

downstream (6th), Ely effluent (8th), Hutchinson down-

stream (14th), and Hutchinson effluent (16th).

Cmap had a more limited success, ranging from 50 %

to 85 %, across platforms and species based on a small

number of conditions common to them (Table 2). In

spite of varying performance between ZF 21K and ZF

43K in either direction, Cmap was able to connect query

signatures to target ROGLs for all the conditions com-

mon to these two platforms: EE2/E2/genistein, fluta-

mide, and prochloraz (Table 6, Additional file 4: Table

S3). There was little difference in cross-platform per-

formance between maximum signature size set at 100

and 500. Similar variation in the performance of Cmap

was also observed across species. Among the conditions

shared between FHM 15K and ZF 21K, and between

FHM 15K and ZF 43K, were EE2/E2/DES/genistein,

trenbolone, and RDX. With the exception of RDX and

trenbolone, successful connections were made between

query signatures and ROGLs for all other conditions.

Discovery of novel chemical connections

While the chemical identities of individual query signa-

tures and their connected high-scored ROGLs enable an

evaluation of Cmap performance, those connections that

ranked high across query signatures also could provide

novel insights into possibly shared MOAs and toxicity

pathways among seemingly different chemicals. By indi-

vidual platforms of ZF 21K, ZF 43K, and FHM 15K, the

Table 6 Top five significant hits, if any, of selected Cmap queries across microarray platforms and species

Signatures 1st match 2nd match 3rd match 4th match 5th match

From ZF 21K to ZF 43K (p-value = 0.026; signature size average = 181, min = 15, max = 375)

EE2_30ngL_M_Brain_48hr.sig.500.IDswap LIN_Embryo PRO_F_Brain LIN_Embryo E2_M_Liver FLU_Ovary

EE2_30ngL_M_Liver_48hr.sig.500.IDswap E2_M_Liver RDX_fry RDX_fry RDX_fry PKC412_fish

EE2_30ngL_M_Testis_48hr.sig.500.IDswap GEN_Embryo BPA_Ovary BPA_Embryo BPA_Ovary DBT_Embryo

FLU_Ovary_48hr.sig.500.IDswap FLU_Embryo PKC412_fish BPA_Ovary PPL_Embryo RDX_fry

FLU_Testis_48hr.sig.500.IDswap LIN_Embryo LIN_Embryo FLU_F_Ovary PKC412_fish FLU_Embryo

PRO_F_Brain_48hr.sig.500.IDswap E2_M_Liver PRO_F_Brain GEN_Embryo FLU_Embryo PRO_Ovary

PRO_Ovary_48hr.sig.500.IDswap PRO_Ovary FLU_Ovary PRO_F_Brain

PRO_Testis_48hr.sig.500.IDswap E2_M_Liver PRO_Ovary* PRO_F_Brain*

From ZF 43K to ZF 21K (p-value = 0.022; signature size average = 134, min = 5, max = 310)

E2_1uM_Embryo_4dpf.sig.500.IDswap EE2_Testis EE2_M_Liver TRB_F_Liver O2_Testis O2_Ovary

E2_5ugL_M_Liver_4hrs.sig.500.IDswap EE2_M_Liver TRB_F_Liver O2_Testis O2_Testis TCDD_Embryo

PRO_2mgL_Embryo_48hr.sig.500.IDswap DMB_Embryo tBHQ_Embryo TRB_F_Brain PRO_F_Brain EE2_M_Liver

From ZF 21K to FHM 15K (p-value = 0.0076; signature size average = 124, min = 9, max = 257)

EE2_30ngL_Ovary_96hr.sig.500.IDswap FAD_Ovary EE2_M_Brain EE2_M_Brain*

EE2_30ngL_M_Liver_48hr.sig.500.IDswap EE2_Liver RochDS_liver PHE_Liver RochUS_liver Stream_Liver

EE2_30ngL_Testis_48hr.sig.500.IDswap PFCs_Liver KTC_Ovary PFCs_High_Liver RochEFF_liver

From FHM 15K to ZF 21K (p- value = 0.022; signature size average = 110, min = 5, max = 272)

DES_100ngL_Liver_96h.sig.500.IDswap EE2_M_Liver DNP_Embryo DMB_Embryo TCDD_Embryo APM_Embryo

E2a_4ugL_M_Liver_14d.sig.500.IDswap EE2_M_Liver KET_F_Liver DNP_Embryo KET_M_Liver TRI_Ovary

EE2_25ngL_Liver_72h.sig.500.IDswap EE2_M_Liver KET_M_Liver KET_F_Liver TRB_F_Liver FLU_M_Testis

From ZF 43K to FHM 15K (p-value = 0.0076; signature size average = 120, min = 6, max = 274)

E2_M_Liver_4hrs.sig.500.IDswap ElyEFF_liver ElyDS_liver PHE_Liver E2_M_Liver DES_Liver

GEN_Embryo_48hr.sig.500.IDswap PFCs_Blood KTC_Ovary BIF_Larvae E2_M_Liver PER_Larvae

From FHM 15K to ZF 43K (p-value = 0.026; signature size average = 139, min = 5, max = 363)

DES_1ngL_Liver_96h.sig.500.IDswap E2_M_Liver

E2_4ugL_M_Liver_14d.sig.500.IDswap E2_M_Liver PKC412_fish BPA_Embryo GEN_Embryo BPA_Embryo

EE2_25ngL_Liver_72h.sig.500.IDswap E2_M_Liver PKC412_fish LIN_Embryo BPA_Embryo BDE_Embryo

Where similar signatures exist for a condition, only one of them is listed. ROGL hits are ranked by their adjusted connectivity scores and filtered by a p-value cutoff

of 1/(number of sets of ROGLs). Informative connections, defined as a signature and one of its top five ROGL hits sharing the same or similar class of chemicals,

are highlighted in bold. “*”, p-values slightly greater than the cutoffs
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highest-scored connection was selected from all the sig-

nificant ones for each distinct pair of chemicals, regard-

less of direction (i.e., two conditions linked to each other

as either a signature or ROGLs), tissue type, dose, expos-

ure duration or data origin, and visualized collectively in

Cytoscape as a chemical network. With the recognition

of likely confounding contributions from such factors as

tissue type, this network provided a composite or “aver-

age” view of how chemicals relate to one another. Each

chemical in this network became a node, with the con-

nection between two nodes forming an edge. An edge

was weighted by the connectivity score between the two

connected chemicals. Such a network essentially pro-

vides a glimpse of chemical “neighborhood” as arranged

by the similarities in the transcriptomic profiles among

its chemical members.

In ZF 21K where a total of 17 chemicals were linked,

10 confirmed HPG-active toxicants formed a tight

Fig. 1 A network view of chemical-chemical connectivity based on fish samples profiled on various microarray platforms. Each treatment condition is

represented as a node. Two nodes are connected by an edge weighted by their connectivity score. A shorter, darker, and wider edge between two nodes

denotes a higher connectivity score. All connections shown are statistically significant. a ZF 21K: 117 connections among 17 treatment conditions; b ZF

21K: 45 connections among 10 nodes with each node containing a connectivity score of≥ 10 in at least one connection; c ZF 43K: 110 connections

among 16 treatment conditions; d ZF 43K: 54 connections among 11 nodes with each node containing a connectivity score of≥ 10 in at least one

connection; E) FHM 15K: 541 connections among 53 treatment conditions; F) FHM 15K: 293 connections among 32 nodes with each node containing a

connectivity score of≥ 10 in at least one connection
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cluster in the network while other chemicals that likely

were not HPG-active spread out as distant outliers

(Fig. 1a). A further differentiation of the 10 HPG-active

toxicants could be made when they were selected to

form their own sub-network based on achieving a mini-

mum connectivity score (Fig. 1b). Under this scenario,

there appeared to be two distinct groups: one made up

of vinclozolin, ketoconazole, flutamide, trilostane, fipro-

nil, muscimol, and prochloraz; and the other of EE2 and

fadrozole. Trenbolone seemed to be unique as it shared

substantial similarity to both groups. These observed

clustering patterns were still clearly visible when both

chemical and tissue type were considered together

(Additional file 5: Figure S2). Beyond the contributions

from chemical and sometimes tissue type, the structure

of this network did not appear to coincide with other ex-

perimental conditions such as the lab origins of data.

In ZF 43K, there was also a distinct pattern in chemical

connectivity (Fig. 1c, d). Prochloraz, flutamide, linuron,

E2, and to the lesser extent, EE2, methylparaben, bisphe-

nol A, formed a group of similar chemicals while RDX,

PKC412, and diazepam formed another. Interestingly, the

three confirmed estrogens; genistein, EE2, and E2; had

relatively weak connections among themselves.

In FHM 15K, a number of interesting observations

could also be made. Consistent with the earlier analysis

by individual query signatures (Table 5), the water con-

ditions near the three Minnesota WWTPs, as reflected

in the transcriptomic profiles of deployed male fish, were

indeed highly similar to one another not only across

sites within a location, but also across locations (Fig. 1e,

f; liver tissue of male fish exposed to water from Ely ef-

fluent, downstream, upstream: ElyEFFlr, ElyDSlr,

ElyUSlr; Hutchinson effluent, downstream, upstream:

HutEFFlr, HutDSlr, HutUSlr; Rochester effluent, down-

stream, upstream: RochEFFlr, RochDSlr, RochUSlr).

These sites, all of which had detectable estrogens present

[30], showed relatively strong connectivity with diethyl-

stilbestrol (DES), E2, and EE2. However, in female fish

samples exposed to these same sites (ELYeffO, ELYdsO,

HUTdsO, HUTeffO, ROCHeffO, ROCHdsO), no detect-

able impact was found on gene expression, and perhaps

not surprisingly, no obvious pattern in the connectivity

among these conditions was observed. In a similar but

independent study of WWTPs in San Diego (EFFHa,

EFFLa) and Los Angeles (EFFHb), California [29], poten-

tial estrogenic properties as determined by chemistry

were revealed in the current study by their significant

connectivity to DES, E2, and EE2. Also notable is the

fact that, probably due to the San Diego WWTP being a

primary treatment plant and the Los Angeles WWTP a

secondary treatment plant, their ROGLs were quite dis-

tinct. Finally, several pyrethroid insecticides (bifenthrin,

BIF; cypermethrin, CYP; esfenvalerate, ESF), though

seemingly far apart, also shared strong connectivity

among themselves as indicated by their edge size and

color. In the case of a mixture (Mix) of terbufos (TER)

and permethrin (PER), the mixture was strongly con-

nected to both terbufos and bifenthrin, but not to per-

methrin directly. Interestingly, permethrin was

significantly linked to both terbufos and bifenthrin

(Fig. 1e, Table 4).

Connectivity among chemicals appeared to be modu-

lated by the intensity of their elicited transcriptomic re-

sponses, which are dependent on chemical dose,

treatment duration, fish tissue type, and life stage. When

only fathead minnow treatments with multiple doses of

the same tissue type were considered, the nodes of the

same chemical but with various doses were scattered

throughout the network, with different numbers of

neighbors (directly connected nodes) at different con-

nectivity strength (Fig. 2). For a given node, the number

of its neighbors measures its connectivity in a network.

For instance, the two nodes representing two independ-

ent but concurrent bifenthrin exposure experiments with

larvae (BIF_0.148ugL, BIF_0.593ugL) had 7 and 4 neigh-

bors respectively, as determined by Cytoscape. Their

closest neighbors by connectivity score, bifenthrin

(BIF_0.15ugL, 7.2) and trilostane (TRI_1500ugL, 4.8) re-

spectively, were also different. In other words, depending

on dosage, the network neighborhood of a chemical

could be altered to some extent. Similar observations

were also made in other conditions such as bisphenol A

with ovary (BPA_0.01ugL, BPA_0.1ugL, BPA_1.0ugL,

BPA_10ugL, and BPA_100ugL; 9, 4, 7, 9, 11 neighbors),

DES with liver (DES_1ngL, DES_10ngL, DES_100ngL;

10, 8, and 47 neighbors), and fadrozole with ovary

(FAD_3ugL, FAD_5ugL, FAD_30ugL, FAD_50ugL; 8, 10,

8, 11 neighbors).

Discussion
Fish Cmap provides a data-driven approach for applying

transcriptome profiling technology to the assessment of

exposure, relative toxicity, and grouping of chemicals.

The findings in this study have demonstrated the effect-

iveness of this approach to make connections among

chemical conditions associated with a query signature

and a set of ROGLs from independent experiments,

especially when both are from the same microarray

platform/species. Like any other query-database applica-

tions, its power is a function of coverage: the more

chemical/biological conditions ROGLs in a database are

linked to, the more likely a query signature will make an

informative connection. Along with the rapid increase of

transcriptomics data in public repositories and the

expansion of this fish reference database in the future,

fish Cmap should find increasing applications in

ecotoxicology.
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The performance of fish Cmap ultimately depends on

MOAs/toxicity pathways shared among chemicals. For a

given query signature and its target ROGLs, the con-

nectivity strength is determined by both the direction in

change (up, + or down, −) and ranking in magnitude of

the selected DEGs therein (typically 10 to 100). In the

current study, the direction of DEGs was considered in

both signatures and ROGLs, but the ranking was consid-

ered only in ROGLs. In this configuration, a connectivity

score is maximized when the signs of DEGs in a query

signature perfectly match their counterparts in the target

ROGLs, and these DEGs are ranked high in the latter

[24]. Arguably, the direction of change of a DEG and its

relative rank are not as sensitive as magnitude to extra-

neous factors such as exposure intensity (chemical dos-

age and duration) and “random” noise (natural variation;

Wang et al. [16]), thus are more reflective of the under-

lying chemical MOA. In theory, a treatment condition

must be of sufficient intensity to have a significant im-

pact on fish transcriptome and enable subsequent Cmap.

The relationship between connectivity strength and the

magnitude of treatment effect as indicated by DEGs was

examined in the current study by several measures of in-

dividual chemical conditions: relative transcriptome im-

pact (RTI, the percentage of a transcriptome determined

as DEGs), the average LogFC in absolute values over all

DEGs, and total number of DEGs. There were no clear

relationships for connectivity score (normalized to signa-

ture size), RTI, and average LogFC (Additional file 6:

Figure S3A, S3B, S3C) among 106 chemical conditions

with a RTI ≥ 0.001. However, a further examination

within FHM 15K, which has 13 signatures each

Fig. 2 A network view of chemical-chemical connectivity based on fish samples profiled on FHM 15K. Only treatments with multiple doses are

included. Each treatment condition containing the information of both dosage and tissue type is represented as a node. Two nodes are connected by

an edge weighted by their connectivity score. A shorter, darker, and wider edge between two nodes denote a higher connectivity score. All

connections shown are statistically significant. Tissue types and gender: T, testis; O, ovary; B, brain; Lr, liver; lv, larvae; M, male
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containing less than 10 probes, revealed that connectiv-

ity scores (un-normalized) tended to increase as a func-

tion of total number of DEGs (Additional file 7: Table

S4). All 11 unsuccessful queries (measured by p-value of

0.0076 in top five hits) occurred in conditions in which

each had less than 100 DEGs in total. On the other

hand, many chemical conditions with very few detect-

able DEGs were actually still able to yield informative

ROGLs to allow appropriate connections with relevant

query signatures. These pieces of evidence thus reinforce

the importance of DEGs’ directions of change and rank-

ings to chemical connectivity in comparison to their

LogFC, and the importance of guarding against false

positives when a treatment condition has only minimal

effects. Furthermore, Cmap connectivity should, in

theory, be largely driven by chemical MOAs because

both signatures and ROGLs were generated within the

same tissue type between a treatment condition and

corresponding experimental controls. Indeed, Cmap

performed very well in connecting query signatures to

their target ROGLs, especially within platforms/species.

These connections were often made across experimental

origins, chemical classes, complexity of exposures, and

tissue types. As illustrated by fish samples from ZF 21K,

when the connections of associated chemicals and tissue

types were visualized simultaneously in a network, many

nodes were distributed based on chemical conditions,

not tissue types (Additional file 5: Figure S2A, S2B).

However, it is evident that, in some cases, tissue type did

contribute significantly to chemical connectivity. Such a

confounding effect is probably a function of chemical,

dosage, and tissue type.

Besides making a greater amount of public fish tran-

scriptomic data available for Cmap, the primary signifi-

cance in attempting interspecific Cmap lies in the

prospect of extrapolating chemical toxicity across fish spe-

cies. This is critical because it is impossible to test the

toxicity of all chemicals of possible concern in all fish spe-

cies. There are two potential limiting factors affecting the

success of inter-specific (inter-platform) Cmap. One is

genome annotation and probe mapping to identify ortho-

logous/equivalent probes. The other is the conservation of

toxicity pathways/MOAs between species. Given a very

small number of conditions common across platforms

and species in this study, it is difficult to assess Cmap per-

formance across platforms/species reliably. However, gen-

erally low percentages of cross-mapped probes (62 % of

ZF 21K vs 37 % of ZF 43K; 43 % of ZF 21K vs 45 % of

FHM 15K; 38 % of ZF 43K vs 65 % of FHM 15K) suggest

that a substantial loss of information was probably respon-

sible in part for the relatively poor performance in the pre-

liminary Cmap across platforms/species. With the

relatively recent divergence between zebrafish and fathead

minnow [15], broad conservation of molecular pathways

among animal species [32–38], and high degree of gen-

ome conservation even between zebrafish and human

[39], it seems reasonable to hypothesize that toxicity path-

ways are well conserved between these two small fish spe-

cies. Indeed, a recent study of their transcriptomes

provided strong evidence in this regard [16]. If this is the

case, conservation of toxicity pathways should not be the

primary issue in the performance of interspecific Cmap in

the current study.

In addition to being able to connect the same chemicals

underlying a query signature and its target ROGLs, Cmap

also provided novel insights into some seemingly different

chemicals that may possess similar MOAs. For those stud-

ies based on ZF 21K, Cmap grouped several well-

characterized HPG-active toxicants together (Fig. 1a) [18],

and further differentiated them into two sub-groups

(Fig. 1b). One subgroup consisted of EE2 and fadrozole

only; the other included vinclozolin, ketoconazole, fluta-

mide, trilostane, fipronil, muscimol, and prochloraz. Tren-

bolone appeared to be an intermediate between the two

subgroups. These clustering patterns did not correlate

with extraneous factors such as tissue type or lab origins

of data. For example, four different research groups pro-

duced data behind these nodes: oxygen, haloperidol and

10 other HPG-active toxicants; tetrachlorodibenzo-p-

dioxin (TCDD); TCDD, tert-butylhydroquinone; dinitro-

phenol, dimethoxybenzene, and azinphosmethyl. Rather,

the distribution patterns of these chemicals are more in

line with their MOAs, some of which involve multiple

MIEs. As an aromatase inhibitor, fadrozole blocks the

transformation of testosterone to E2, the primary en-

dogenous ligand for the estrogen receptor (ER), so it is

reasonable that EE2 and fadrozole would cluster together.

Further, since testosterone is a ligand for the androgen re-

ceptor (AR), it is quite conceivable to envision the same

genes being activated by EE2, fadrozole, and trenbolone, a

synthetic AR agonist [40, 41]. A similar argument could

also be invoked to explain the shared MOAs of vinclozo-

lin, flutamide, ketozonazole, and to a lesser extent, pro-

chloraz, because of their common impact again on AR

and aromatase: vinclozolin, flutamide, prochloraz are all

AR antagonists, while ketoconazole and prochloraz are

both aromatase inhibitors [18]. Note that fadrozole also

shared strong connectivity with ketoconazole and pro-

chloraz. There are other examples, as well, of the Cmap

analysis highlighting chemicals that impact the same mo-

lecular target. For example, although fipronil and musci-

mol have opposite effects on gamma-aminobutyric acid

(GABA) receptor, one being an antagonist while the other

an agonist, they are identified as substantially similar. Be-

tween muscimol (MUS_500ugL_femaleBrain) as a signa-

ture and fipronil (FIP_5ugL_femaleOvary) as ROGLs, they

reached a high connectivity score of 16.8 (ranged 2.5-23.6

in ZF 21K), with the corresponding average LogFC of only
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0.42 and 0.33. In other words, these DEGs changed largely

in the same direction and ranked high in both muscimol

and fipronil-treated fish, despite the differences in tissue

being examined.

Novel insights on chemical MOAs were gained as well

from studies based on ZF 43K and FHM 15K. For ZF

43K-based studies, chemicals acting as AR antagonists,

prochloraz and flutamide, had MOAs similar to those of

ER agonists, E2 and EE2 (Fig. 1c, d), suggesting that, at

some level, anti-androgens and ER agonists are some-

what functionally equivalent biologically. Indeed, bisphe-

nol A, a compound known to exhibit both estrogenic

and anti-androgenic effects [42, 43], showed substantial

connectivity with prochloraz (score 12.0), flutamide

(10.8), EE2 (8.9), and E2 (6.8). The strength of these con-

nections represents 37-65 % of the maximum connectiv-

ity score observed in the ZF 43K-based studies. Linuron,

a phenylurea herbicide and a confirmed anti-androgen

[44], also formed strong connections to prochloraz and

flutamide. Methylparaben, a common preservative in

cosmetic products, has been shown to possess both es-

trogenic and anti-androgenic activities [45].

For FHM 15K-based studies (Fig. 1e, f ), Cmap demon-

strated its effectiveness in discriminating chemical expo-

sures across a range of complexities. For single chemical

exposures, strong connectivity was found among several

MOA-based classes of chemicals including ER agonists

(EE2, E2, DES), neuro-toxins (bifenthrin, permethrin,

cypermethrin, esfenvalerate, terbufos), and inhibitors of

steroidgenic enzymes 3β-HSD and aromatase (trilostane,

fadrozole). Phenanthrene, a PAH, was also linked to

DES, suggesting its possible estrogenicity.

Also notable is the fact that when a chemical condition

has little detectable transcriptomic effect perhaps due to

issues such as effective dosage, sample size, and statistical

stringency, its ROGLs still could be informative and cap-

able of connecting with appropriate query signatures. This

was the case in a mixture of permethrin and terbufos,

where, in the absence of its own signature and a sizeable

signature from permethrin alone, its ROGLs could still

connect with bifenthrin and terbufos. And so did the

ROGLs from permethrin. Other than both being neuro-

toxins but with different MIEs, bifenthrin and terbufos are

not known to share any other mechanisms underlying their

connectivity. Perhaps a more striking revelation came from

male fathead minnow liver samples exposed to the efflu-

ents near several WWTPs in Minnesota, which contained

a complex array of chemicals including several known es-

trogens, PAHs, and a neuro-toxin [30, 31]. In spite of being

located in very different ecological environment (non-agri-

cultural, agricultural, urban), the effluents of these plants

were remarkably similar to one another as measured by

their common impact on fish transcriptomes. Quite pos-

sibly, the main drivers behind such a similarity include

PAHs, natural and synthetic ER agonists, as well as other

pollutants, rather than agricultural chemicals. There was,

in fact, substantial connectivity between the effluent sam-

ples and several single chemical studies with known PAHs

(maximum score 10.5) and estrogens (maximum score of

9.4) as compared to the observed score range of 2.6 to 19.9

for FHM 15K (Fig. 1e, f). These same effluents, however,

had hardly any effect on the ovaries of female fish samples

treated in the same study; some of their representative

nodes present in the network were widely scattered. Thus,

across the research based on the three platforms, ZF 21K,

ZF 43K, and FHM 15K, Cmap has demonstrated its effect-

iveness in not only connecting the same chemical condi-

tions underlying query signatures and ROGLs, but also

establishing novel connectivity among seemingly different

chemicals based on shared MOAs.

Connectivity among chemicals is a function of their

shared transcriptomic profiles, which in turn are likely

modulated by the dose and duration of a treatment on the

targeted fish tissue at a given life stage. Conceivably, a

varying number of genes and pathways could become per-

turbed by the same chemical under different conditions,

leading to a different degree of overlap among MOAs.

This hypothesis is supported by the findings in the current

study, where the same chemical tested at multiple doses

had different number of neighbors in a network of chemi-

cals. Similar observations of dose-dependent, differential

transcriptomic responses were also reported recently for

chemicals in human cell cultures and fish [46, 47]. Such a

dependency between chemical dose and transcriptomic

response have both scientific and practical implications

for applying Cmap in ecotoxicology. Scientifically, a chem-

ical MOA could then be considered as consisting of both

core and peripheral toxicity pathways, which may be de-

fined by their responsiveness as a function of exposure in-

tensity (dosage and duration), the specificity to a given

chemical or tissue type, or the importance to the integrity

of their larger biological network. The earliest responders

at the lowest exposure intensity may not be necessarily

those most critical to an organism’s biological integrity. A

better delineation of toxicity pathways in this regard

should help to inform the assessment of relative toxicity

among chemicals and their risks to ecosystems. For more

practical application of Cmap in exposure assessment,

however, those chemical-specific, earliest responsive path-

ways at the lowest exposure intensity are likely to be diag-

nostically useful in biomonitoring.

Conclusions
In summary, fish Cmap built on a very large collection

of public and private GEPs from zebrafish and fathead

minnow performed well in this study, particularly when

conducted within the same platforms/species. When a

query signature from samples of interest was made
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against a reference database of ROGLs, informative con-

nections were established at high success rates when

both shared the same chemical conditions. In other

words, Cmap provides an easily scalable framework

for a simple query signature selected from DEGs to

function as an exposure biomarker, without going

through a typical time-consuming process of devel-

opment and validation. More importantly, as demon-

strated in this study, a large reference database of

ROGLs also enables a query signature to cross inter-

rogate other chemical conditions with overlapping

MOAs, leading to novel groupings and subgroupings

of seemingly unrelated chemicals at a finer reso-

lution. By this approach, for example, the estrogenic

and PAH identities of largely uncharacterized water

samples near several WWTPs were confirmed, sug-

gesting its future potential in real world applications.

For toxicity extrapolation across fish species, how-

ever, a sufficient number of GEPs linked to chemical

conditions common to multiple fish species are

needed in the future in order to conduct a more

thorough feasibility study of interspecific Cmap.
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A B S T R A C T

This study was undertaken to evaluate the use of ontology-based semantic mapping (OS-Mapping) in chemical
toxicity assessment. Nineteen chemical-species phenotypic profiles (CSPPs) were constructed by ontologically
annotating the toxicity responses reported in more than seven hundred published studies of ten chemicals on six
vertebrate species. The CSPPs were semantically compared to more than 29,000 publicly available phenotypic
profiles of genes, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways, and diseases based on a cross-
species phenotype ontology. OS-Mapping was shown to differentiate chemical toxicities among themselves as
well as within and across species. It also revealed cases of chemical by species interactions. In addition to
confirming similar MOAs (mechanisms of action) for a few chemicals, OS-Mapping also generated novel insights
into the MOAs underlying some seemingly different, yet phenotypically similar, classes of chemicals. The nature
of a unified cross-species phenotype ontology and its representation of diverse knowledge domains allowed the
construction of a complete phenotypic continuum for the 17α-ethynylestradiol_fathead minnow across the
biological levels of organization, which complemented a similar one derived from the Comparative
Toxicogenomics Database but based primarily on 17α-ethynylestradiol-induced molecular phenotypes. Overall,
OS-Mapping has been demonstrated to offer a powerful approach to help bridge the gap between the molecular
and non-molecular phenotypes of chemicals characterized by using high throughput or traditional omics
methods and their apical endpoints of greater regulatory relevance, which are typically phenotypes found at the
higher levels of biological organization. OS-Mapping also enables comparative toxicity assessment among
chemicals, both within and across species. Furthermore, the semantic analysis of phenotypes can reveal addi-
tional novel MOAs for some well-known chemicals and discover candidate MOAs for chemicals that are less
molecularly characterized. A full phenotypic continuum based on OS-Mapping will also be conducive to the
future development of adverse outcome pathways. As phenomics continues to advance and the ontological
annotation of literature becomes more automated, the power of OS-Mapping will be further enhanced.

1. Introduction

A shift toward a new paradigm in toxicology is well underway, one
that is moving away from animal testing and toward an approach with a
greater focus on in vitro, short term in vivo, and in silico tests; high-
throughput screening; and toxicity pathways (NRC, 2007). Con-
temporary advances in omics, systems biology, robotics, computational
chemistry, and bioinformatics have been instrumental in the evident
progress that has been made under this new paradigm. Programs such

as the US Tox21 and EPA’s ToxCast (Merrick, 2015; Richard et al.,
2016) have screened thousands of chemicals for biological effects using
biochemical- or cell-based assays and identified numerous molecular
targets of potential interest. Transcriptomics, proteomics, and meta-
bolomics-based studies of chemical exposures in both laboratory and
field settings have also proliferated, resulting in the determination of
many impacted genes, proteins, metabolic pathways, other non-mole-
cular phenotypes, and the subsequent discovery of some novel mole-
cular mechanisms of action (MOAs) for these chemicals and the
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development of their biomarkers. From these efforts, many powerful
bioinformatic approaches for mining high-dimensional omics data in
large volumes have also emerged.
Several daunting challenges remain during this paradigm shift.

First, high-throughput screenings and omics studies of chemicals focus
primarily on molecular phenotypes. Due to the enormous complexity of
the phenotypic space and the many-to-many relationships commonly
found in genotype-phenotype mapping (Houle et al., 2010), it is diffi-
cult to connect molecular phenotypes with their higher level apical
endpoints such as anomalies in development, mating behavior, organ
size/histopathology, reproduction, and mortality. Second, although
some of these non-molecular phenotypes are characterized and re-
corded as descriptive texts in such studies, they are not readily com-
putable for integrated analysis with molecular data. Third, toxicological
studies are most likely conducted on a few model species; it is generally
difficult to map and integrate phenotypes from a test species to other
species of greater environmental and health concerns. Clearly, to realize
the full potential of the new toxicology paradigm, a strategy to address
these barrier issues needs to be developed.
Phenomics is the systematic study of the phenotypic responses of an

organism on a genome-wide scale, which are determined by the com-
plex interactions of its genotypes and environmental conditions.
Phenomics adds a new dimension to the discipline of systems biology,
which is largely founded on traditional omics. The term is sometimes
used interchangeably with high-throughput phenotyping. Among the
most high-profile phenomics projects to date is perhaps the one led by
the International Mouse Phenotyping Consortium (Brown et al., 2018),
in which mouse genes are systematically mutated and phenotyped by
using a wide range of technologies. These phenotypes are described as
free text and are then made computable by annotating them with the
appropriate ontology terms. With numerous domain ontologies devel-
oped in recent years, phenomics coupled with ontology-based knowl-
edge representation is increasingly being adopted by the scientific
community as an approach to dissect complex traits, to better under-
stand genetic variations, and to integrate phenotypes across biological
levels of organization and species boundaries (Washington et al., 2009;
Houle et al., 2010; Mungall et al., 2010; McMurry et al., 2016; Brown
et al., 2018). As such, it should also help to fill the gap between the
molecular and non-molecular phenotypes generated from traditional
omics platforms and the apical endpoints of greater regulatory sig-
nificance. The numerous phenomics projects underway are responsible
for the abundant and increasing amount of phenotypic information now
available across a wide range of species and knowledge domains (Smith
et al., 2007; http://www.obofoundry.org; http://www.informatics.jax.
org).
The emergence and widespread application of biological ontologies

over the last two decades largely coincided with the omics revolution
because of the growing necessity to conceptualize, represent, share, and
compute this enormous amount of biological knowledge, including
phenotypes, across domains and species (Gruber, 1995; Ashburner
et al., 2000). An ontology represents a knowledge domain, such as those
of omics, anatomies, behavior, disease etc., by a set of predefined web
ontology language (OWL) constructs and standard vocabulary (Bard
and Rhee, 2004). Such a representation standardizes knowledge and
makes it accessible to both human and machine inferencing. In addition
to pre-composed ontology classes, that is, sets of objects with common
attributes originally created by ontology developers, complex pheno-
types from phenomics projects can be post-composed into custom on-
tology classes during annotation by selecting terms from reference
domain ontologies using Entity-Quality (EQ) syntax (Washington et al.,
2009; Mungall et al., 2010; Hoehndorf et al., 2011; Gkoutos et al.,
2017).
Ontologies covering a wide variety of biological domains have many

applications, including genome annotation, interpretation of omics
findings, knowledge integration across species and biological levels of
organization, information retrieval, and semantic computing (Bard and

Rhee, 2004; Hoehndorf et al., 2015). An ontology is intrinsically a di-
rected acyclic graph, one in which nodes represent ontology classes and
edges denote their subsuming relationships. The information content
(IC) of a node is determined by its relative position in the graph: a node
with more parent nodes and fewer leaf nodes (i.e., farther away from
the root node) has higher IC, thus being more specific and informative.
Two nodes are semantically more similar to each other when they share
more information, as reflected by the greater IC of their most in-
formative common ancestor (MICA). Subgraphs of an ontology, each
representing the phenotypic profile of a chemical, a gene, a pathway, a
disease, or other entities of interest by a group of ontology nodes, can
be compared to one another for semantic similarities based on various
arithmetic manipulations of their underlying ICs. An implicit assump-
tion of this approach of ontology-based semantic mapping (OS-Map-
ping; Washington et al., 2009) is that, when two such subgraphs are
similar, their associated chemicals, genes, pathways, or diseases must
share convergent biological mechanisms (Gkoutos et al., 2017).
Although originated from and largely driven by applications in

biomedical sciences (McMurry et al., 2016), OS-Mapping could poten-
tially facilitate chemical toxicity assessment as well. To date, one of the
most pressing issues in this area continues to be the need to efficiently
evaluate the toxicities of numerous chemicals. Bridging the gap be-
tween molecular and non-molecular phenotypes from high-throughput
screening/omics studies and the apical endpoints of relevance should
facilitate that effort. Comparative assessments of multiple chemicals of
their toxicity responses both within and across species will further ad-
vance model species-based toxicology as well. In many ways, OS-
Mapping appears to represent an ideal approach to implement these
types of integrated analysis of toxicological data, as a unified, multi-
domain, multi-species ontology can be formed by merging a wide range
of public bio-ontologies relevant to toxicology. These include ontologies
of gene, protein, chemical, cell, disease, behavior, phenotypes, and
importantly, both species-specific and universal anatomies (http://
obofoundry.org). After subsuming relationships are established among
various classes in the unified ontology by using a reasoner, a type of
software tool for inferencing, a semantic analysis can be conducted
among individual nodes, or subgraphs of multiple nodes associated
with the biological entities of interest. The nature of this unified multi-
domain, multi-species ontology allows chemical toxicities and their
biology to be dissected both within and across species.
The goals of this pilot study were to evaluate OS-Mapping for its

potential applications in chemical toxicity assessment and to demon-
strate its value as a computational approach to complement current
omics technologies widely used in studying chemical exposures. If
proven successful, OS-Mapping would allow a vast amount of non-
molecular phenotypes from phenomics projects across several species to
inform chemical toxicity assessment in the future. The specific aims of
this study were to: 1) build a number of custom chemical-species
phenotypic profiles (CSPPs), each of which would summarize multiple
published exposure studies for a specific chemical and vertebrate spe-
cies using post-composed ontology classes; 2) assemble a comprehen-
sive collection of publicly available phenotypic profiles (hereafter re-
ferred to as “profiles”) for human, mouse, and zebrafish, with each
profile associated with a gene, a biological pathway, or a disease; 3)
develop a Java application for the semantic analysis of ontology classes
and profiles via OS-Mapping; and 4) assess the performance of OS-
Mapping in dissecting chemical toxicities by comparing CSPPs against
themselves, and against the assembled public target profiles. During
semantic analysis, each CSPP or profile containing multiple ontology
classes is effectively an equivalent of an ontology subgraph.

2. Material and methods

2.1. Ontological annotation of literature and preparation of CSPPs

The US EPA’s ECOTOXicology Knowledgebase (ECOTOX; https://
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cfpub.epa.gov/ecotox/) and its predecessors were created in the early
1980s to collect, compile, and annotate literature on single chemical
exposure studies on a variety of ecological species, including both
aquatic and terrestrial animals and plants. The manual annotations of
literature by ECOTOX curators were made with predefined codes cov-
ering various aspects of an exposure study, including the life stages of
experimental organisms, effect types (genetics, morphology, growth,
etc.), sites and trends of responses, measurements taken, and the sta-
tistical significance of findings (S. File 1, S. File 2). As of September
2016, ECOTOX had covered over 1600 vertebrate taxa involving more
than 7000 chemicals.
The first step in the preparation of CSPPs was selection of the che-

micals and species. To ensure that each CSPP would contain a sizeable
number of ontology classes, the chemicals and species that ranked high
in the number of exposure test results in ECOTOX (S. File 1) were re-
viewed and selections were made from those remaining after filtering
out statistically insignificant and/or phenotypically uninformative
mortality-related results. Where possible, preferences were also given to
those chemicals studied in more than one species to facilitate the in-
terspecific comparison of toxicity responses of the same chemicals.
Ultimately, ten chemicals that had been tested in six vertebrate species
that met these criteria were selected for ontological annotations: atra-
zine, bisphenol A, cadmium chloride, chlorpyrifos, copper sulfate, cy-
permethrin, dioxin, 17α-ethynylestradiol, malathion, and Tris(1,3-di-
chloroisopropyl) phosphate (TDCPP; Table 1). The six vertebrate
species were: carp (Cyprinus carpio), zebrafish (Danio rerio), fathead
minnow (Pimephales promelas), mouse (Mus musculus), rat (Rattus nor-
vegicus), and trout (Onchorhynchus mykiss).
The next step of CSPP preparation was to export and preprocess the

annotations of selected combinations of chemical and species from
ECOTOX (Fig. 1A). A text file was exported for each chemical and
species containing information about the response site, measurements,
response trend, effect types, statistical significance of test results, or-
ganism life stages, and the references of original source publications (S.
File 2). Statistically insignificant and/or mortality-related results were

filtered out. A few publications with obvious quality issues or without
annotatable phenotypes were excluded. After these steps, a non-re-
dundant set of 726 publications spanning the last several decades was
identified for subsequent manual annotations using EQ syntax (Fig. 1B
and C). These publications were deemed acceptable because they ori-
ginated largely from peer-reviewed journals and had been previously
screened by ECOTOX curators. The original annotations in ECOTOX by
its predefined codes were retained for reference purposes only. These
annotations were not used directly in the EQ statements because of
several considerations: a wide range of granularity in the coded re-
sponses, frequent omissions of histological details and other findings
reported in the original publications, and occasional errors. These is-
sues existed primarily because ECOTOX was not originally designed for
ontological annotations and because ECOTOX had evolved over almost
four decades under the likely curation of many different individuals
over its annotation history. Nevertheless, these issues made it difficult
to directly incorporate ECOTOX annotation codes into EQ statements
with high specificity and accuracy.
In its most basic form, EQ syntax describes how an entity (E) such as

an anatomical part, a biological process, or a biological function, is
altered in its quality (Q; Fig. 1C; Washington et al., 2009; Hoehndorf
et al., 2011; Gkoutos et al., 2017). The ontology term for an entity is
selected from reference domain ontologies such as the Gene Ontology,
Cell Ontology, and various anatomy ontologies. The quality term comes
from the Phenotype And Trait Ontology (PATO; http://purl.obolibrary.
org/obo/pato.owl). An entity and a quality are related to each other by
an object property (R) from the Relations Ontology (RO; http://purl.
obolibrary.org/obo/ro.owl). At times, EQ syntax needs to be expanded
to include a secondary entity, as in E1-Q-E2, where Q denotes a rela-
tional quality. For example, “blood_serum(E1) has_quality(R) increased_
concentration (Q) towards (R) glucose (E2)” denotes phenotype “raised
blood glucose level”. For a more complex phenotype, an entity can also
be further post-composed, giving rise to a more generalized syntax in
the form of [E1a-R-E1b]-[Q-QL]-[E2a-R-E2b], where QL is a quality
modifier (e.g., PATO_0000460, “abnormal”). The post-composition of

Table 1
Summary of semantic mapping hits by chemical-species phenotypic profiles (CSPPs; P-value ≤ 0.05). Significant hits are the row sums of mapped CSPPs, genes,
pathways, and diseases for individual CSPPs. Pearson correlation: r (profile size, significant hits)= 0.41, r (phenotypic coverage, significant hits)= 0.56.

CSPP (No. publications) Profile sizea Phenotypic
coverageb

CSPPc Mouse
Genes

Human
Genes

Zebrafish
Genes

KEGG
pathways

Disease
accessionsd

Significant hits

cypermethrin _rat (40) 200 1.00 19 2059 201 102 50 549 2980
malathion _mouse (49) 182 0.96 18 1901 127 138 66 440 2690
atrazine _mouse (28) 187 0.96 18 1564 126 82 61 478 2329
atrazine _rat (94) 477 1.00 19 1275 110 55 31 337 1827
malathion _rat (93) 480 1.00 19 1248 85 73 39 289 1753
cadmium chloride_trout (30) 130 0.96 19 885 89 51 8 258 1310
cadmium chloride_rat (76) 404 1.00 19 898 47 7 18 169 1158
17α-ethynylestradiol _fathead minnow

(34)
156 0.96 17 800 66 49 1 155 1088

17α-ethynylestradiol _zebrafish (66) 269 1.00 18 757 73 52 1 165 1066
copper sulfate_rat (28) 193 0.93 19 596 54 8 2 169 848
dioxin_trout (26) 139 0.96 19 375 84 45 4 226 753
chlorpyrifos _carp (27) 216 0.96 19 414 35 17 0 175 660
atrazine _carp (31) 244 0.93 19 354 21 17 0 120 531
cypermethrin _carp (12) 96 0.78 17 199 21 21 0 57 315
chlorpyrifos _mouse (42) 187 0.93 19 220 4 3 1 25 272
bisphenol A_zebrafish (26) 132 0.96 16 40 0 30 0 0 86
Copper sulfate_fathead minnow (23) 58 0.93 13 52 0 8 0 0 73
atrazine _zebrafish (22) 105 0.93 15 18 0 5 0 0 38
Tris(1,3-dichloroisopropyl) phosphate

_zebrafish (8)
144 0.81 9 15 0 2 0 0 26

Total unique (726) 3999 — 19 3702 422 338 94 1181 5756

a The number of post-composed OWL classes included in a CSPP.
b Percentage (×100) of the 27 categories of high level phenotypes represented (http://www.informatics.jax.org).
c Including self-hits.
d Including human diseases (OMIM; https://www.omim.org) annotated by either HP or MP terms, and rare diseases (Orphanet; https://www.orpha.net/consor/

cgi-bin/index.php).
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an entity may extend over multiple levels, which may either be nested
or parallel to one another. To provide a more accurate annotation, an
entity term could also be modified by another quality term, as in [E-R-
Q]-[Q].
The chemical toxicity responses in the 726 publications selected

were manually curated and annotated with EQ syntax by using Phenote
software (Phenote_1_8_13_windows-x64_install4j.exe, released 11-29-
2012; http://www.berkeleybop.org/index.html). Phenote was custom
configured, and all user-designated ontologies in Open Biomedical
Ontology (OBO) format were preloaded into memory during each ses-
sion to expedite the selection of specific and appropriate ontology terms
for a given phenotype. Once the annotation work was complete for all
the selected chemicals/species, their tab-delimited outputs were
manually checked to ensure that the order of terms in a post-composed
entity remained unchanged (S. File 3). This step was necessary because
Phenote occasionally rearranged those terms upon saving and re-
opening an annotation file. EQ annotations were then converted into
ontology classes in Manchester syntax (https://www.w3.org/TR/owl2-
manchester-syntax) by using a custom Perl script (Fig. 1D, S. File 4),
and further into RDF/XML format (https://www.w3.org/TR/rdf-
syntax-grammar/) by using Protégé (http://protege.stanford.edu).
Each result reported in a publication was in effect annotated into a
custom ontology class with a distinct ID. All ontology classes con-
structed for each chemical and species were syntactically unique. A
CSPP was then prepared consisting of all the relevant class IDs asso-
ciated with a given combination of chemical and species (Fig. 1E). A
total of 19 CSPPs was created from annotating the 726 publications.

2.2. Assembly of profiles from public phenomics data

Profiles were prepared for human, mouse, and zebrafish, the three
vertebrate species for which public omics data, including phenotypes, is
likely the most abundant. All data were downloaded on September 15,
2017. For the human profiles, two files were acquired from the Human

Phenotype Ontology (HP) site (http://human-phenotype-ontology.
github.io/downloads.html, redirected to http://compbio.charite.de/
jenkins/job/hpo.annotations.monthly/lastStableBuild).
The first file, “ALL_SOURCES_ALL_FREQUENCIES_genes_

to_phenotype.txt”, contained human genes, each of which was anno-
tated with multiple HP terms. A second file, “ALL_
SOURCES_ALL_FREQUENCIES_diseases_to_genes_to_phenotypes.txt”,
linked human diseases to both human genes and HP terms. The human
diseases were coded with either OMIM (Online Mendelian Inheritance
in Man) IDs or Orphanet IDs (http://www.orpha.net/consor/cgi-bin/
index.php?lng=EN). The mouse data file, “MGI_GenePheno.rpt”, was
downloaded from the Jackson Laboratory (http://www.informatics.jax.
org/downloads/reports/index.html#pheno). Each mouse gene in the
file was linked to multiple Mammalian Phenotype Ontology (MP)
terms. The second mouse data file, “MGI_Geno_DiseaseDO.rpt”, linked
the OMIM disease IDs to MP terms. For the zebrafish profiles, genes
linked to Zebrafish Phenotype Ontology (ZP) terms were downloaded
(https://github.com/Phenomics/zebrafish-phenotype-ontology-build/
blob/master/annot_gene_pos.txt). In addition to the profiles anchored
by genes and diseases, profiles were also prepared for mouse KEGG
(Kyoto Encyclopedia of Genes and Genomes; http://www.genome.jp/
kegg) pathways by replacing the gene members in each pathway with
their associated MP terms. A total of 29,154 profiles was assembled,
including 3498 by human genes in HP terms, 12,009 by mouse genes in
MP terms, 5892 by zebrafish genes in ZP terms, 1987 by OMIMs in MP
terms (denoted as M_OMIM_digits), 4164 by human diseases and dis-
orders in HP terms (denoted as OMIM_digits), 1272 by rare diseases in
HP terms (Orpha_digits), 313 by KEGGs in MP terms, and 19 CSPPs.

2.3. Development of an OS-Mapping Java application

After evaluating a few existing applications available for ontology-
based semantic analysis (e.g., OwlSim, http://www.berkeleybop.org/
software/owlsim; SML Toolkit, http://www.semantic-measures-

Fig. 1. The workflow to build a chemical-species phenotypic profile (CSPP) as illustrated by the 17α-ethynylestradiol_fathead minnow (EE2_FHM). A) Relevant
publications were first identified from ECOTOX; B) two 17α-ethynylestradiol-induced phenotypes reported in the publication 59,226 were curated manually; C) the
phenotypes were annotated in Entity-Quality (EQ) syntax; D) EQ annotations were converted to their respective ontology classes in Manchester syntax; E) all
annotated ontology classes for the 17α-ethynylestradiol _fathead minnow were organized into its CSPP.
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library.org/sml/index.php?q= toolkit; GOSemSim, Yu et al., 2010), a
more streamlined and flexible application, called OS-Mapping.java, was
developed in-house to better meet our needs in analyzing chemical
toxicities. As a command line tool, OS-Mapping.java relies on several
Java packages including OWLAPI (version 4.2.5; Horridge and
Bechhofer, 2011), Semantic Measure Library (SML, version 0.9.4d;
Harispe, 2014), and various reasoners (Dentler et al., 2011; Kazakov
et al., 2011; Mendez, 2012; Ceylan et al., 2015). The OWLAPI is a well-
known and widely adopted application programming interface that
provides various functionalities to the creation and manipulation of
OWL ontologies. The SML works with a preexisting reasoned ontology
and provides multiple semantic measures for both pairwise and group-
wise analyses of ontology classes. A reasoner examines ontology axioms
(statements about classes, individuals, or properties) for their logical
validity (consistency and satisfiability), and then infers subsumption
relationships among classes. The development of OS-Mapping.java was
conducted within NetBeans, an integrated development environment
(version 8.2; https://netbeans.org).
To evaluate the statistical significance of the semantic similarity

scores between a query and its target profiles, OS-Mapping.java gen-
erates a user-specified number of random profiles of the same size as

the original query and calculates their similarities against target profiles
individually. A random profile is formed by sampling all the classes
present in a merged ontology, which, in the current version of cross-
species phenotype ontology (http://purl.obolibrary.org/obo/upheno/
vertebrate.owl; Köhler, 2013), number more than 151,000. In effect, a
distribution of semantic similarity scores is generated for this query
against each of the respective target profiles using the same group of
random profiles. The scores at the top 5% and top 1% maximum range
in each ascendingly sorted distribution are then selected as the cutoffs
for the corresponding pair of query and target profiles. For the next
query profile, a new set of random profiles is generated based on its
size, which is then compared against all the target profiles again. The
process repeats until similarity score cutoffs have been generated for all
possible comparisons of query-target profiles. A pair of query and target
profiles would be declared significantly similar to each other if its si-
milarity was greater than its associated cutoffs. Although informative,
this procedure is computationally expensive, particularly when a query
has a large size and the number of random profiles grows. In addition,
there is a possibility, depending on the query size and number of
random profiles generated, that some sampled classes in a random
profile may be correlated to various extents due to the nature of an

Fig. 3. The scope of coverage of mammalian phenotypes by chemical-species phenotypic profiles (CSPPs). The Mammalian Phenotype Ontology (MP) terms with
pairwise similarities to the custom ontology classes from individual CSPPs ≥ 0.9, 0.8, or 0.7 were retained for extracting their respective superclasses in mp.owl
using the Robot tool (http://robot.obolibrary.org). The 27 categories of high level MP terms (http://www.informatics.jax.org) present in each CSPP-associated MP
superclasses based on the minimum similarity scores of 0.9, 0.8, or 0.7 are marked as dark green, light green, or yellow respectively. The categories absent at ≥ 0.7
are marked as white. The phenotypic coverages at these minimum scores are 77% (393/27× 19), 85% (438/27× 19), and 95% (485/27×19). TDCPP, Tris(1,3-
dichloroisopropyl) phosphate (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 2. OS-Mapping analysis workflow. A) OS-Mapping java application compared the query against target phenotypic profiles semantically based on vertebrate.owl,
a cross-species phenotype ontology. Prior to the analysis, vertebrate.owl first imported many other domain ontologies, and then merged them with both the custom
OWL (Web Ontology Language) classes constructed from the Entity-Quality annotations of various chemical-species (’19 chemical-species.owl’) and the external
ontology terms contained therein (OS-Mapping.import.owl). The merged ontology was subsequently reasoned into a unified ontology graph, based on which CSPPs
were analyzed; B, C) two sample subgraphs containing two of the 156 ontology classes of 17α-ethynylestradiol_fathead minnow from the merged and reasoned
ontology as extracted by the robot tool (http://robot.obolibrary.org); D) an illustrative ontology graph with classes represented by nodes and their subsumption
relationships by edges. A query profile (solid black nodes) and target profiles (various combinations of nodes in the entire graph) are compared semantically; E) part
of a simplified 17α-ethynylestradiol_fathead minnow query output.
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ontology graph. Such a correlation, when it occurs, would violate one of
the assumptions of resampling that all individuals in a population
should have an equal probability to be sampled.
When conducting an analysis, OS-Mapping.java takes a single con-

figuration file (S. File 5) at the command line as the input argument to
specify such analysis parameters as a starting root ontology, a set of
query and target profiles, and the choices among seven reasoners, ten
information content measures, 22 pairwise, and 13 group-wise se-
mantic similarity measures. A preexisting reasoned ontology could be
provided in lieu of the root ontology. Each profile contains four re-
quired fields, in the following order: a profile ID, a profile definition, an
ontology class ID, and an ontology class definition (Fig. 1E). Additional
fields in a profile are ignored. A profile could be anchored by a gene,
disease, biological pathway, chemical, or any other biological entities
of interest. Common reasoners supported include Hermit, Pellet, Elk,
Jfact, Snorocket, Jcel, and Born (Dentler et al., 2011; Kazakov et al.,
2011; Mendez, 2012; Ceylan et al., 2015).

2.4. Semantic similarity measures

The following four measures implemented in SML were selected for
this study based on the previous evaluation of their performance on
comparing gene products (Pesquita et al., 2009): 1) information con-
tent, “ICI_SANCHEZ_2011” (Sanchez et al., 2011); 2) pairwise similarity
between two OWL classes, “SIM_PAIRWISE_DAG_NODE_LIN_1998”
(Lin, 1998); 3) direct group-wise measure,

“SIM_GROUPWISE_DAG_GIC” (Pesquita et al., 2007); and 4) indirect
group-wise measure, “SIM_GROUPWISE_BMA” (Pesquita et al., 2008).
They are defined as follows:
(1) “ICI_SANCHEZ_2011”

IC
max leaves

(µ) log
1

_ 1

leaves

A

| (µ)|

| (µ)|
=

+

+

Where IC (μ) denotes information content for class node μ; leaves (μ),
the number of leaf nodes below μ; A (μ), the number of parental nodes
above μ; and max_leaves, the number of leaf nodes below the root. A
class with more parental nodes and fewer leaf nodes has a greater IC.
(2) “SIM_PAIRWISE_DAG_NODE_LIN_1998”

sim µ v
IC MICA

IC µ IC v
( , )

2 ( )

( ) ( )

µ v,
=

×

+

Where MICAμ,v denotes the most informative common ancestor of the
two nodes. The numerator measures the commonality between the two
nodes, while the denominator measures their respective distances from
MICA.
(3) “SIM_GROUPWISE_DAG_GIC”

simGIC A B
IC t

IC t
( , )

( )

( )

i

N
i

j

M
j

1

1

=
=

=

Where ti=1-N and tj=1-M are the terms in the intersection and union of

Fig. 4. Semantic similarity network of chemical-species phenotypic profiles (CSPPs). Edges are weighted by indirect group-wise similarity scores ranging between 0
and 1, in “prefuse force directed layout” at 3X scale in Cytoscape (http://www.cytoscape.org), with shorter and wider edges in darker red color indicating a greater
similarity between the two connected nodes. Abbreviations: ATZ, atrazine; BPA, bisphenol A; CdCl2, cadmium chloride; CMT, cypermethrin; CPF, chlorpyrifos;
CuSO4, copper sulfate; DOX, dioxin; DRE, zebrafish; EE2, 17α-Ethynylestradiol; FHM, fathead minnow; MLT, malathion; TDCPP, Tris(1,3-dichloroisopropyl)
phosphate (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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group A and B.
(4) “SIM_GROUPWISE_BMA”

simBMA A B
N

maxS
M

maxS j

M i N

( , )
1

2

1 1
, 1

; 1

i

N

ij

j

M

ij

1 1

= +

= =

Where groups A and B have size N and M, respectively, and Sij is a
pairwise similarity matrix with N rows and M columns for all possible
class pairs between A and B based on a semantic measure, in this case,
“SIM_PAIRWISE_DAG_NODE_LIN_1998”. simBMA represents the
average of the best row scores (A compared to B) and best column
scores (B compared to A) in the similarity matrix for groups A and B.

2.5. OS-Mapping analysis

A merged and reasoned ontology was prepared during the semantic
analysis of the 19 CSPPs against a total of 29,154 target profiles
(Fig. 2A). The beginning root ontology was set as the vertebrate.owl (as
of February 5, 2018), a cross-species phenotype ontology encompassing
HP, MP, and ZP. It, in turn, imported many other domain ontologies in
anatomy, behavior, cell, chemical, disease, gene, pathology, pheno-
types, protein, relations etc. These domain ontologies had different
release dates; for example, the imported ro.owl was released on April
12, 2015 while the hp.owl was released on January 26, 2018. Also
imported were the custom ontology classes constructed from the EQ
annotations of toxicity phenotypes (“19 chemical-species.owl”) and the
external reference ontology terms contained therein (“OS-Mappin-
g.import.owl”). The latter was generated online by using OntoFox
(Xiang et al., 2010) with appropriate terms from individual reference
ontologies as top-level sources and additional import options of “in-
cludeAllIntermediates” and “includeAllAxiomsRecursively”. Once all

the ontologies were imported and merged into a single ontology, it was
reasoned with Elk reasoner, a widely recognized high performer on
large ontologies (Kazakov et al., 2012). The resultant ontology graph
(sampled in Fig. 2B, 2C), containing over 151,000 classes and 1.7
million logical axioms, enabled the SML Engine to conduct semantic
analysis. In this graph, multiple classes contained in a CSPP query are
represented by a set of nodes (Fig. 2D, solid circles), while target pro-
files are various combinations of selected nodes in different sizes. In
effect, when OS-Mapping compares a CSPP to target profiles, semantic
similarities are calculated for groups of nodes of interest pairwise, as
shown in a simplified sample output (Fig. 2E).
To determine if a pair of query and target profiles was statistically

similar to each other, the parameter “GENERATE_SIM_SCORE_DISTRI-
BUTION” was turned on along with “NUM_SIMULATED_GRPS” set at
500 (S. File 5). In other words, for each such pair, P0.05 and P0.01 cutoffs
(i.e., P-value ≤ 0.05, ≤ 0.01) were determined based on its unique
distribution of 500 ascendingly sorted similarity values, which were
calculated from 500 random profiles against the target profile under
analysis. Those query-target profiles with similarities greater than their
respective P0.05 cutoffs were retained for further consideration. All
analyses were conducted on the US EPA ATMOS Linux cluster (Intel E5-
2697 A 2.6 GHz processors), taking a combined total of 3158 CPU
hours.
Several follow-up analyses were also conducted. The scope of cov-

erage of mammalian phenotypes by the CSPPs was estimated as follows.
First, the MP terms having pairwise similarities to the custom ontology
classes in each CSPP≥0.7, 0.8, or 0.9 were identified. Each set of MP
terms was then treated as seeds to extract their superclasses (i.e., par-
ental classes) in mp.owl using the Robot tool (http://robot.obolibrary.
org). The phenotypic coverage of each CSPP was measured by the
number of the 27 categories of high level MP phenotypes (http://www.
informatics.jax.org) present in its associated superclasses. To determine

Fig. 5. A phenotypic continuum anchored by the 17α-ethynylestradiol_fathead minnow. Top ten mapped phenotypic profiles of genes (P0.01), pathways, CSPPs
(P0.01), and disease (P0.01) are listed. The total counts of genes, pathways, and diseases are based on P0.05. The top ten KEGG pathways listed by OS-Mapping are not
significant at P0.05 (text in gray). Each pathway is denoted in a parenthesis by its KEGG ID, number of genes whose mutation/alleles directly caused phenotypes in
reproductive systems (MP_0005389), and total number of genes in the pathway. The phenotypes at the levels of biological process, cell, tissue/organ, and organism
(boxes in dash lines) were selected from the top five HP/MP/ZP terms present in the target phenotypic profiles, based on their semantic similarities to individual
terms in the 17α-ethynylestradiol_fathead minnow. The terms overlapping with the phenotypic profiles of 915 genes, the top ten pathways, and 155 diseases are
marked by G, P, and D in parentheses. A disease with multiple variants are denoted by its OMIM ID+ the number of variants, for example, M_OMIM_615842+13.
M_OMIM, an OMIM disease annotated by MP terms. Abbreviations: KEGG, Kyoto Encyclopedia of Genes and Genomes (https://www.genome.jp/kegg); OMIM,
Online Mendelian Inheritance in Man (https://www.omim.org).
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the relationships of the CSPPs, their similarities were evaluated in the
software Cytoscape (http://cytoscape.org). A complete phenotypic
continuum across biological levels of organization was constructed for
the 17α-ethynylestradiol_fathead minnow by organizing its top ten
matched chemicals, genes, KEGG pathways, and diseases. Additional
best matched phenotypes at the levels of biological processes, cell,
tissue/organ, and organism were also identified from the five highest
scoring HP/MP/ZP terms based on the pairwise similarity between the
individual classes in the 17α-ethynylestradiol_fathead minnow and all
the classes present in the target profiles. For comparison, a similar
phenotypic continuum was also constructed for 17α-ethynylestradiol
based on the information available as of July 2018 in the Comparative
Toxicogenomics Database (CTD; http://ctdbase.org/).

3. Results

In this study, we assembled a total of 19 CSPPs containing nearly
4000 ontology classes that were manually annotated and constructed
from chemical toxicity responses (Fig. 1). These CSPPs were semanti-
cally compared to each other to identify chemicals that showed similar
toxicities, as well as compared against a broad array of over 29,000
target profiles corresponding to genes, KEGG pathways, and diseases to
highlight potential MOAs (Fig. 2A, S. File 6). To evaluate the perfor-
mance of OS-Mapping as a phenotype-oriented approach to dissect
chemical toxicities, we will first focus on the relationships revealed by
the CSPPs in general. We will then examine the CSPP corresponding to
17α-ethynylestradiol phenotypes observed in the fathead minnow in
more detail to evaluate the mechanistic information provided by OS-
Mapping. Unless specified otherwise, a statement about genes, path-
ways, chemicals, diseases, and their mutual similarities refers to their
respective profiles.
The CSPPs appeared to have a good coverage of the 27 categories of

high level mammalian phenotypes (Fig. 3). As expected, the lower
threshold of minimum similarities between the MP terms and the

custom ontology classes in each CSPP resulted in a greater coverage of
the phenotypes, as the effect of retaining more MP terms initially was
the extraction of more superclasses/phenotypic categories. The cov-
erages were 95%, 85%, and 77%, respectively, when the minimum si-
milarities were set at 0.7, 0.8, and 0.9. The coverage reached 100%
when the minimum similarity was lowered to 0.5. The evaluation of
individual MP terms mapped to the custom ontology classes from the
CSPPs at various similarities suggested that the minimum threshold of
0.7 was sufficiently high for assessing the mammalian phenotypic ca-
tegories covered by the CSPPs. It is notable that the category of mor-
tality/aging was the least covered here because mortality responses
were deemed uninformative and omitted during the ontological anno-
tations of the published studies. The rat-based CSPPs tended to have a
better coverage overall. The CSPPs representing the fewest phenotypic
categories were cypermethrin_carp (21) and TDCPP_zebrafish (22).
The CSPPs mapped to a wide range of target profiles, with their

specificities varying by more than 100-fold as measured by the number
of hits (Table 1). Most of the CSPPs resembled one another to some
degrees, as indicated by the number of other similar CSPPs mapped. A
majority (3702/4462=83%) of the CSPP-mapped genes was from
mouse, with the remainder split between human and zebrafish genes.
Ultimately, the CSPPs were mapped to approximately 21% (4462/
21399) of the genes under study. By species, these percentages were
31% (3702/12009) for mouse, 12% (422/3498) for human, and 6%
(338/5892) for zebrafish, respectively. The CSPPs also matched to ap-
proximately 16% (1181/7423) of the diseases. Individually, cyperme-
thrin_rat, malathion_mouse, and atrazine_mouse had the highest
number of hits, whereas TDCPP_zebrafish, atrazine_zebrafish, copper
sulfate_fathead minnow, and bisphenol A_zebrafish had the fewest hits.
This trend was observed across species in genes, pathways, and dis-
eases. The size of a CSPP did not appear to be correlated with its
number of mapped targets (r= 0.41).
The relationships among CSPPs were complex, as shown in their

network with individual CSPPs as nodes and edges weighted by their

Fig. 6. Mappings of 17α-ethynylestradiol according to the Comparative Toxicogenomics Database (http://ctdbase.org; as of July 2018). The mappings were con-
structed as follows: chemical-genes, literature curation; chemical-pathways, human KEGG (hsa) and REACTOME pathways enriched in chemical-genes; chemical-
Gene Ontology (GO) terms, GO terms enriched in chemical-genes; chemical-disease, direct curation from the literature (4.5%) or indirect inference from transitive
chemical-gene-disease associations (99%), with a slight overlap between the two methods; chemical-phenotypes (delineated by process, cellular, tissue/organ, and
organism), literature curation; chemical-chemical linkages, shared gene interactions. Except for phenotypes, only top ten mappings are listed for each category. For
pathways, only human KEGGs are listed.
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indirect group-wise similarity scores (value range 0.0–1.0; Fig. 4). The
same chemicals in different species, for example, malathion_mouse vs
malathion_rat (0.74), atrazine_rat vs atrazine_mouse (0.71), and 17α-
ethynylestradiol_fathead minnow vs 17α-ethynylestradiol_zebrafish
(0.69), were highly similar, as expected. In addition, different chemi-
cals, such as chlorpyrifos_carp vs atrazine_carp (0.77), atrazine_rat vs
malathion_rat (0.74), and malathion_rat vs cypermethrin_rat (0.72),
mapped to each other very well too. In fact, chlorpyrifos_carp vs atra-
zine_carp achieved the highest similarity score among the CSPPs other
than those self-hits. Overall, these CSPPs tended to segregate into two
distinct groups. Atrazine_zebrafish, copper sulfate_fathead minnow,
bisphenol A_zebrafish, and TDCPP_zebrafish belonged to the group with
relatively low similarities to others, and the remainder of the CSPPs
appeared to share much greater similarities among themselves. Zebra-
fish appeared to be less sensitive to the chemicals relative to the other
species except when evaluating estrogenic compounds (Table 1, Fig. 4).
Interestingly, atrazine and copper sulfate were present in both groups, a
strong indication of chemical by species interaction in their toxicity
responses. The lowest yet still statistically significant similarity was
found between malathion_mouse and copper sulfate_fathead minnow,
at 0.46.
Given the complexity of chemical-induced toxicity responses, it

would be instructive to organize them according to their intrinsic bio-
logical hierarchy. As a well-studied semisynthetic estrogen and endo-
crine disrupting chemical, 17α-ethynylestradiol provided a good
sample for this exercise (Fig. 5). This CSPP contained 156 custom-
constructed ontology classes covering phenotypes across multiple bio-
logical levels from 34 studies. As expected, its semantically mapped
targets were also diverse. All the top ten genes were involved, to var-
ious extents, in some aspects of reproductive biology: gonad develop-
ment, male and female meiosis, endocrine glands, sperm and oocyte
production, or infertility, as demonstrated by their mutant/allelic
analyses (repro15 and repro16, JAX, 2004; Ccnb1ip1, Dms, Cdk16,
Cnot7, Stra8, Immp2l, Tmem203, Ccdc42, http://www.informatics.jax.
org). In contrast, across the mouse genome overall, this value was only
21% (2411/11409). At the pathway level, although none of the top ten
pathways were significant (P0.05), all were involved in reproductive
processes and functions as well, according to mutant/allelic analyses of
their gene members (http://www.informatics.jax.org). The sole sig-
nificant pathway, mmu00440 (Phosphonate and phosphinate metabo-
lism), was ranked low by similarity scores (263th out of 313), but three
of its six gene members were also associated with reproductive system
phenotypes. Moreover, the top phenotypes mapped by the 17α-ethy-
nylestradiol_fathead minnow were also examined at the levels of bio-
logical process, cell, tissue/organ, and organism by identifying the HP,
MP, and ZP terms of the target profiles most semantically similar to the
individual terms of the 17α-ethynylestradiol_fathead minnow. Not
surprisingly, almost all those terms related to reproduction overlapped
with the profiles of genes, pathways, and diseases linked to the 17α-
ethynylestradiol_fathead minnow. Among the notable biological pro-
cesses mapped to the 17α-ethynylestradiol_fathead minnow were fe-
male and male meiosis, spermatogenesis, oocyte maturation, and fer-
tilization. Regarding disease, most of the top matches were
reproductive disorders. As to the relationships to the other CSPPs, in
addition to the expected mapping to the 17α-ethynylestradiol _zebra-
fish (0.69), the 17α-ethynylestradiol_fathead minnow also shared sub-
stantial similarities to several chemicals with seemingly different
MOAs, such as atrazine_rat (0.65) and copper sulfate_rat (0.63).
A phenotypic continuum for 17α-ethynylestradiol was also con-

structed by extracting the data curated and compiled by the CTD
(Fig. 6). The CTD mappings of 17α-ethynylestradiol to GO processes,
pathways, most of the diseases, and other chemicals were derived from
the 17α-ethynylestradiol-gene interactions curated from the literature.
The 17α-ethynylestradiol to phenotypes, as delineated by biological
process, cell, tissue/organ, and organism, and to the remaining diseases
came directly from the literature curation. Almost all 17α-

ethynylestradiol-gene interactions (98%) in the CTD were based on the
chemical-induced changes in gene expressions. Overall, many 17α-
ethynylestradiol phenotypes from the CTD at the levels of cell, tissue/
organ, and organism were related to immune functions and re-
productive biology. This trend was somewhat aligned with the top
matched 17α-ethynylestradiol genes (e.g., ESR1, ESR2, PGR) and che-
micals (e.g., bisphenol A, estradiol), but less clear in the top GO pro-
cesses, pathways, diseases, and phenotypes at the process level.

4. Discussion

OS-Mapping represents a unique approach to the study of chemical
toxicities. It complements a typical omics study by providing a new
perspective of semantically similar phenotypes at multiple levels of
biological organization. It can also provide information about the un-
derlying genotypes and molecular mechanisms of a biological target
previously characterized only phenotypically. This pilot study explored
the toxicological applications of OS-Mapping by converting previously
published toxicity responses to chemicals into CSPPs of multiple on-
tology classes, and then comparing them semantically to the numerous
profiles of genes, pathways, and diseases, and to one another, leading to
a better understanding of the underlying MOAs.
OS-Mapping can differentiate chemical toxicities both within and

across species. Given the 95% average coverage rate of the 27 cate-
gories of high level mammalian phenotypes (Fig. 3), the CSPPs should
be quite comparable. The fact that CSPPs mapped to more mouse genes
than human and zebrafish genes is likely just a reflection of the mouse
phenome that is better characterized. The CSPPs appear to contain both
shared and specific toxicity responses. The shared responses are in-
dicated by the fact that most of these CSPPs were similar to one another
to some degree (Table 1, Fig. 4). The specificity of CSPPs is evident in
the wide variation in the number of genes, pathways, and diseases
mapped by each CSPP. Conceivably, the toxicity responses of a che-
mical are determined by both its MOAs and target species. Perturba-
tions at the higher levels of biological organization and in later life
stages, on the other hand, may have a homogenizing effect on chemical
toxicities, making some CSPPs more similar to one another. As to the
degree of toxicity, it may be reasonable to assume that the more targets
a chemical maps to, the more toxic it is. Under this assumption,
therefore, 17α-ethynylestradiol would be considered more toxic to fish
(i.e., wider impact) than copper sulfate, atrazine, or TDCPP; malathion
would be more toxic to mouse than chlorpyrifos. In the meantime, there
appear to be interactions between chemicals and species as well.
Atrazine, thus, appears to be more toxic to rodents than it is to fish. The
same conclusion could also be made for cypermethrin and copper sul-
fate. Chlorpyrifos, on the other hand, may be more toxic to fish than it
is to rodents. And, the difference in toxicity to cadmium chloride be-
tween fish and rodents appears to be minimal. Overall, these findings
are largely consistent with the current knowledge of differential species
sensitivity to chemicals (Belanger et al., 2017).
OS-Mapping can yield novel insights into chemical MOAs. There are

several notable pairs of highly similar CSPPs: atrazine_carp/chlorpyr-
ifos_carp, atrazine_rat/malathion_rat, malathion_rat/malathion_mouse,
atrazine_rat/atrazine_mouse, and 17α-ethynylestradiol_fathead
minnow/17α-ethynylestradiol_zebrafish (Fig. 4). Although it is not
surprising to observe similar interspecific toxicity responses for the
same chemicals (malathion, atrazine, 17α-ethynylestradiol), the ap-
parent MOAs of atrazine (a photosystem II inhibitor; Shimabukuro and
Swanson, 1969) and chlorpyrifos/malathion (acetylcholinesterase in-
hibitors; Colovic et al., 2013) offer few clues about what underlies their
shared toxicity phenotypes. The top contributing phenotypes to the
similarity between atrazine_carp and chlorpyrifos_carp are acet-
ylcholinesterase activity (brain) and a few key indicators of stress and
immune physiology (antioxidant activity, alkaline phosphatase activity
in head kidney/kidney; erythrocyte quantity, nitric-oxide synthase ac-
tivity, nitric oxide level, gene and protein expressions of heat shock
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protein 70 in spleen). The top KEGG pathways mapped to these two
CSPPs, although not significant at P0.05, are dominated by those related
to immune responses (e.g., mmu05340, primary immunodeficiency;
mmu05332, graft-versus-host disease; mmu05330, allograft rejection;
S. File 6). In rodents, besides immune responses, the top KEGG path-
ways mapped to atrazine_rat and malathion_rat also include those in-
volved in reproductive systems (e.g., mmu00592, mmu04913,
mmu00140, P0.05; Fig. 5, S. File 6). Therefore, the MOAs underlying
atrazine toxicity in animals appear to resemble those of organopho-
sphates, a hypothesis at least partially supported by the observed sy-
nergism between atrazine with both malathion and chlorpyrifos in a
mixture (Pape-lindstrom and Lydy, 1997).
OS-Mapping enables the construction of a phenotypic continuum for

chemical toxicity assessment. Two such continuums (Fig. 5,6) for 17α-
ethynylestradiol offer contrasting views of its toxicities from different
perspectives: one based on semantically similar phenotypes across
biological levels of organization, and the other largely derived from
molecular phenotypes alone (genes with expressions impacted by 17α-
ethynylestradiol), except for a small number of higher level phenotypes
directly curated from relevant literature. In both continuums, higher
level phenotypes (cell, tissue/organ, organism) indicate a significant
impact of 17α-ethynylestradiol on reproductive biology. Although this
pattern is consistently observed throughout the 17α-ethynylestra-
diol_fathead minnow continuum, it is not as obvious in the CTD-17α-
ethynylestradiol continuum among all its top mappings. Overall, the
CTD-17α-ethynylestradiol continuum contained many more genes and
their derived pathways/diseases than its counterpart. At the gene level,
only 29 mapped genes are shared in both continuums. Noticeably ab-
sent in the top ten genes of the 17α-ethynylestradiol_fathead minnow
continuum are two estrogen receptors (ESR1, ESR2), which, with si-
milarity scores of 0.62 and 0.57, were deemed insignificant at P0.05.
Given the well-established functions of these receptors in estrogen
signaling, their absence appears to indicate that OS-Mapping is less
sensitive than the direct omics assays of gene expression for estab-
lishing chemical-gene linkages. This interpretation is also supported by
the more than ten-fold difference between the two continuums in the
number of genes mapped to 17α-ethynylestradiol. At the pathway level,
the top ten in the 17α-ethynylestradiol_fathead minnow continuum
contain a substantial number of gene members whose mutations/alleles
directly led to phenotypes in reproductive systems (i.e., mapped to
MP_0005389; http://www.informatics.jax.org). Nine out of these ten
pathways are also found in the CTD-17α-ethynylestradiol continuum,
but ranked hundreds below. For diseases, only two of the top ten from
the 17α-ethynylestradiol_fathead minnow continuum, OMIM_616067
(gonadal dysgenesis) and OMIM_614842 (hypogonadism), are present
in CTD-17α-ethynylestradiol disease mappings, but again, with very
low rankings. Overall, these comparisons suggest that OS-Mapping
appears to perform better for mapping toxicities of a chemical at the
higher levels of biological organization, whereas the CTD provides a
more comprehensive coverage of genes by relying on the data from
omics-based gene expression assays directly.
The validity of OS-Mapping and its values for chemical toxicity

assessment are strongly supported and demonstrated in this pilot study
by the finding that the 17α-ethynylestradiol_fathead minnow con-
tinuum is dominated by reproductive phenotypes throughout. This
finding is consistent with the established estrogen MOAs (Nilsson et al.,
2001; Hess, 2003). Perhaps one of the most exciting prospects is that,
due to the development of many reference ontologies over diverse
knowledge domains, modeling chemical toxicities by incorporating a
vast and growing amount of computable phenomics data throughout
biological levels of organization has been made possible both within
and across species. To fully realize this potential, however, efficient
curation of toxicity responses into computable ontology classes must be
attained. Manual curation of toxicity responses by EQ syntax is not only
slow, but also subjective at times. In the current study, the curation of
more than 700 publications took one individual several months to

complete. Moreover, the phenotypes encountered during post compo-
sition were sometimes open to interpretation, leading to possible var-
iations in the final annotations in terms of specificity and accuracy. A
preferred solution to these issues would be found in the automated
curation of free text, which is an area under active research. Con-
siderable progress has been made for various aspects of this process,
including mapping free text to ontology terms (e.g., https://www.ebi.
ac.uk/spot/zooma), generating ontology classes en masse by adopting
design patterns (Osumi-Sutherland et al., 2017), and even the com-
pletely automated construction of full EQ statements with binding re-
lations (Cui et al., 2015). More efforts are needed, however, before the
performance of an automated curation tool will be as accurate as that of
human curators.

5. Conclusions

This study demonstrated that OS-Mapping offers a powerful ap-
proach to help bridge the gap between the molecular/non-molecular
phenotypes of chemicals characterized by using traditional omics
methods and their apical endpoints of greater regulatory relevance. OS-
Mapping also enables the comparative toxicity assessment among
chemicals, both within and across species. Furthermore, the semantic
analysis of phenotypes can reveal additional novel MOAs for some of
the well-known chemicals and assist in the discovery of candidate
MOAs for chemicals that are less molecularly characterized. A full
phenotypic continuum delineating chemical toxicities will also be
conducive to the future development of adverse outcome pathways, a
framework increasingly adopted under the new toxicology paradigm
(Ankley et al., 2010). Continued advances in phenomics and more au-
tomation of the ontological annotation of the literature will further
enhance the power of OS-Mapping.
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Φροm: Ανκλεψ, Γεραλδ

Το: Wανγ, Ρονγ−Λιν

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 20, 2020 9:10:51 ΑΜ

Ψεσ

 

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 20, 2020 8:07 ΑΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; Ανκλεψ, Γεραλδ

<Ανκλεψ.Γεραλδ≅επα.γοϖ>; ςιλλενευϖε, Dαν <ςιλλενευϖε.Dαν≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−

ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε

<σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε

ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100

 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ

Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  

Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Ναταλια Γαρχια−

Ρεψερο

ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  



Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 

Φροm: Wανγ, Ρονγ−Λιν 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

(ςιλλενευϖε.Dαν≅επα.γοϖ) <ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>;

Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>;

ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο Εϖερψονε,

 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.

 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ

ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε

ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 



Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: Βενχιχ, Dαϖιδ

Το: Βιαλεσ, Αδαm; Wανγ, Ρονγ−Λιν; Ανκλεψ, Γεραλδ; ςιλλενευϖε, Dαν; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ;
ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε; Ιϖεσ, Χαταια

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 20, 2020 10:16:05 ΑΜ

 

 

Φροm: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 20, 2020 9:27 ΑΜ

Το: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; Ανκλεψ,

Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>; ςιλλενευϖε, Dαν <ςιλλενευϖε.Dαν≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ

ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ,

Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

 

 

Αδαm Βιαλεσ, Πη.D.

Χηιεφ, Μολεχυλαρ Ινδιχατορσ Βρανχη (ΜΙΒ)

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Υνιτεδ Στατεσ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

26 W. Μαρτιν Λυτηερ Κινγ Dρ.

Μαιλ Στοπ 587

Χινχιννατι, ΟΗ 45268

Οφφιχε:    513−569−7094

Μοβιλε:   513−658−6071

 

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 20, 2020 9:07 ΑΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; Ανκλεψ, Γεραλδ

<Ανκλεψ.Γεραλδ≅επα.γοϖ>; ςιλλενευϖε, Dαν <ςιλλενευϖε.Dαν≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−

ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε

<σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε



ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100

 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ

Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  

Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο � ΑDΒ

Ναταλια Γαρχια−

Ρεψερο

ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο � DΧΒ

Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 

Φροm: Wανγ, Ρονγ−Λιν 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

(ςιλλενευϖε.Dαν≅επα.γοϖ) <ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>;

Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>;

ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο Εϖερψονε,



 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.

 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ

ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε

ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: Βιαλεσ, Αδαm

Το: Wανγ, Ρονγ−Λιν; Βενχιχ, Dαϖιδ; Ανκλεψ, Γεραλδ; ςιλλενευϖε, Dαν; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ;
ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε; Ιϖεσ, Χαταια

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 20, 2020 9:26:43 ΑΜ

 

 

Αδαm Βιαλεσ, Πη.D.

Χηιεφ, Μολεχυλαρ Ινδιχατορσ Βρανχη (ΜΙΒ)

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Υνιτεδ Στατεσ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

26 W. Μαρτιν Λυτηερ Κινγ Dρ.

Μαιλ Στοπ 587

Χινχιννατι, ΟΗ 45268

Οφφιχε:    513−569−7094

Μοβιλε:   513−658−6071

 

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 20, 2020 9:07 ΑΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; Ανκλεψ, Γεραλδ

<Ανκλεψ.Γεραλδ≅επα.γοϖ>; ςιλλενευϖε, Dαν <ςιλλενευϖε.Dαν≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−

ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε

<σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε

ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100



 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ

Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  

Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο � ΑDΒ

Ναταλια Γαρχια−

Ρεψερο

ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 

Φροm: Wανγ, Ρονγ−Λιν 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

(ςιλλενευϖε.Dαν≅επα.γοϖ) <ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>;

Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>;

ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο Εϖερψονε,

 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.



 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ

ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε

ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: Εδωαρδσ, Στεϖε

Το: Wανγ, Ρονγ−Λιν

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Τηυρσδαψ, Απριλ 16, 2020 8:34:57 ΠΜ

Ατταχηmεντσ: ΣΤΑΑ2020 χοντριβυτιον.δοχξ

ΗΙ Ρονγ−Λιν,

 

Ηαππψ το βε ινχλυδεδ.  Γοοδ λυχκ!

 

Στεπηεν (Στεϖε) Εδωαρδσ

Ρεσεαρχη Χοmπυτινγ Dιϖισιον

ΡΤΙ Ιντερνατιοναλ

σωεδωαρδσ≅ρτι.οργ

919−541−6841

 

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

<ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−

ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε

<σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

ΕΞΤΕΡΝΑΛ:  Τηισ εmαιλ οριγινατεδ φροm ουτσιδε οφ τηε οργανιζατιον.  Dο νοτ χλιχκ λινκσ ορ οπεν

ατταχηmεντσ υνλεσσ ψου ρεχογνιζε τηε σενδερ ανδ κνοω τηε χοντεντ ισ σαφε.

 

Ηελλο Εϖερψονε,

 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.

 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ

ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε



ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: ςινασ, Ναταλια Γ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ ΧΙς

Το: Wανγ, Ρονγ−Λιν

Συβϕεχτ: Ρε: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Wεδνεσδαψ, Απριλ 22, 2020 12:04:18 ΠΜ

Ηι Ρονγ−Λιν,

τηισ ισ γρεατ! δο ψου mινδ ρεσενδινγ mε τηε λατεστ? ορ ψου χαν ϕυστ αδδ mψ ινιτιαλσ ψουρσελφ,

τηατ ωουλδ βε εασιερ

τηανκσ σο mυχη ανδ ηοπε ψου αρε σταψινγ ωελλ!

ν

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ>

Σεντ: Μονδαψ, Απριλ 20, 2020 8:07:21 ΑΜ

Το: Βιαλεσ, Αδαm; Βενχιχ, Dαϖιδ; Ανκλεψ, Γεραλδ; ςιλλενευϖε, Dαν; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−

ΜΣ ΧΙς; ςινασ, Ναταλια Γ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ ΧΙς; Εδωαρδσ, Στεϖε; Ιϖεσ, Χαταια

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε

ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100

 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ

Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  



Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Ναταλια Γαρχια−

Ρεψερο

ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 

Φροm: Wανγ, Ρονγ−Λιν 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

(ςιλλενευϖε.Dαν≅επα.γοϖ) <ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>;

Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>;

ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο Εϖερψονε,

 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.

 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ



ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε

ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ ΧΙς

Το: Wανγ, Ρονγ−Λιν

Συβϕεχτ: Ρε: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 20, 2020 10:18:57 ΑΜ

Ηερε ψου γο.

 

Εδ

 

 

Φροm: ∀Wανγ, Ρονγ−Λιν∀ <Wανγ.Ρονγ−Λιν≅επα.γοϖ>

Dατε: Μονδαψ, Απριλ 20, 2020 ατ 9:09 ΑΜ

Το: ∀Βιαλεσ, Αδαm∀ <Βιαλεσ.Αδαm≅επα.γοϖ>, ∀Βενχιχ, Dαϖιδ∀ <Βενχιχ.Dαϖιδ≅επα.γοϖ>,

∀Ανκλεψ, Γεραλδ∀ <Ανκλεψ.Γεραλδ≅επα.γοϖ>, ∀ςιλλενευϖε, Dαν∀ <ςιλλενευϖε.Dαν≅επα.γοϖ>,

∀Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ ΧΙς∀ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>, ∀ςινασ,

Ναταλια Γ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ ΧΙς∀ <Ναταλια.Γ.ςινασ≅ερδχ.δρεν.mιλ>, στεϖε εδωαρδσ

<σωεδωαρδσ≅ρτι.οργ>, ∀Ιϖεσ, Χαταια∀ <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε

ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100

 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ

Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  

Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Ναταλια Γαρχια− ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  



Ρεψερο

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ Ξ/Νο �  ΕϑΠ

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 

Φροm: Wανγ, Ρονγ−Λιν 

Σεντ: Τηυρσδαψ, Απριλ 16, 2020 5:10 ΠΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; ςιλλενευϖε, Dαν

(ςιλλενευϖε.Dαν≅επα.γοϖ) <ςιλλενευϖε.Dαν≅επα.γοϖ>; Ανκλεψ, Γεραλδ <Ανκλεψ.Γεραλδ≅επα.γοϖ>;

Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>;

ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε <σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο Εϖερψονε,

 

Ι ωουλδ λικε το συβmιτ τηε τωο πυβλιχατιονσ ασ α ϕοιντ παχκαγε φορ ΣΤΑΑ 2020,

ονε ον φιση χοννεχτιϖιτψ mαππινγ φροm 2016 ανδ τηε οτηερ ον σεmαντιχ

mαππινγ φροm 2019.  Τηεψ φιτ νιχελψ τογετηερ υνδερ τηε τηεmε οφ mαππινγ

χηεmιχαλ τοξιχιτιεσ βψ πηενοτψπιχ προφιλεσ. Ανοτηερ δριϖερ ισ τηατ τηε Χmαπ

παπερ ισ γοινγ το βε τιmεδ ουτ νεξτ ψεαρ φορ ΣΤΑΑ.  Ψου αρε αλλ χοαυτηορσ ον

ειτηερ ονε οφ τηε τωο παπερσ.  Ασ ρεθυιρεδ, Ι νεεδ ψουρ χονσεντ ωιτη ρεγαρδ το

αυτηορ χοντριβυτιονσ βεφορε Ι χαν αππλψ.

 

Χουλδ ψου τακε α θυιχκ λοοκ ατ τηε ατταχηεδ ταβλε, χηεχκ οφφ τηε βοξ ανδ πυτ ιν

ψουρ ινιτιαλσ βεσιδε ψουρ ναmε?  Τηε περχενταγεσ Ι πυτ δοων αρε θυιτε αρβιτραρψ

ανδ ηοπεφυλλψ αγρεεαβλε ωιτη εϖερψβοδψ.  Τηε ονλψ χονστραιντ ισ τηατ ΕΠΑ φολκσ

ηαϖε το αχχουντ φορ mορε τηαν 50% φορ α παπερ το βε ελιγιβλε.  Πλεασε σενδ mε



ψουρ ρεσπονσε σοον.  Τηε φιναλ δεαδλινε ισ Απριλ 30.

 

Τηανκσ mυχη ανδ βεστ ρεγαρδσ,

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ

26 W Μαρτιν Λυτηερ Κινγ Dρ., Χινχιννατι, ΟΗ 45268

ΑWΛ: 513−426−6468, Χελλ: 858−414−1021

Οφφιχε: 513−569−7862, Φαξ: 513−569−7757

 



Φροm: ςιλλενευϖε, Dαν

Το: Wανγ, Ρονγ−Λιν

Χχ: Βλαχκωελλ, Βρεττ

Συβϕεχτ: ΡΕ: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 20, 2020 10:08:02 ΑΜ

Ατταχηmεντσ: ΡΛ Wανγ ΣΤΑΑ2020 χοντριβυτιον(2)−DΛς.δοχξ

Ηερε ψου γο Ρονγ−Λιν,

 

Αλσο, Βρεττ ηασ βεεν ωορκινγ ον αν ΣΤΑΑ παχκαγε.  Ηε προβαβλψ ηασ τηε λαστ 5 ψεαρσ οφ νοmινατιον

ινφορmατιον φορ Γαρψ ανδ Ι αλρεαδψ ασσεmβλεδ.

 

Dαν ς.

 

 

 

Φροm: Wανγ, Ρονγ−Λιν <Wανγ.Ρονγ−Λιν≅επα.γοϖ> 

Σεντ: Μονδαψ, Απριλ 20, 2020 8:07 ΑΜ

Το: Βιαλεσ, Αδαm <Βιαλεσ.Αδαm≅επα.γοϖ>; Βενχιχ, Dαϖιδ <Βενχιχ.Dαϖιδ≅επα.γοϖ>; Ανκλεψ, Γεραλδ

<Ανκλεψ.Γεραλδ≅επα.γοϖ>; ςιλλενευϖε, Dαν <ςιλλενευϖε.Dαν≅επα.γοϖ>; Περκινσ, Εδωαρδ ϑ ΣΕΣ ΕΡDΧ−

ΡDΕ−ΕΛ−ΜΣ <Εδωαρδ.ϑ.Περκινσ≅ερδχ.δρεν.mιλ>; ναταλια.γ.ϖινασ≅ερδχ.δρεν.mιλ; Εδωαρδσ, Στεϖε

<σωεδωαρδσ≅ρτι.οργ>; Ιϖεσ, Χαταια <χιϖεσ≅ρτι.οργ>

Συβϕεχτ: ΦW: ΣΤΑΑ2020 Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Ηελλο αγαιν Εϖερψβοδψ,

 

Ι αm πυττινγ τογετηερ τηε αππλιχατιον.  Αππαρεντλψ τηερε ισ συπποσεδ το βε ονλψ

ονε αγρεεmεντ οφ χοντριβυτιονσ χοϖερινγ βοτη πυβλιχατιονσ.  Τηε σιmπλεστ τηινγ

το δο ισ το χουντ εαχη παπερ ασ ηαϖινγ 50% οφ τηε τοταλ ανδ mεργε τηεm.  Ιν

οτηερ ωορδσ, ινδιϖιδυαλ χοντριβυτιονσ το εαχη παπερ πρεϖιουσλψ λιστεδ αρε

διϖιδεδ βψ 2.  Πλεασε ρεσπονδ βψ χηεχκινγ οφφ ψουρ ανσωερ ανδ ινιτιαλιζε ιτ ιν τηε

ταβλε βελοω.  Μψ απολογιεσ φορ τηε ρεηαση.  Τηανκσ mυχη αγαιν!

 
Ρονγ−Λιν Wανγ, Αδαm D. Βιαλεσ, Ναταλια Γαρχια−Ρεψερο, Εδωαρδ ϑ. Περκινσ, Dανιελ Λ. ςιλλενευϖε,

Γεραλδ Τ. Ανκλεψ & Dαϖιδ Χ. Βενχιχ.  2016. Φιση χοννεχτιϖιτψ mαππινγ: λινκινγ χηεmιχαλ στρεσσορσ

βψ τηειρ mεχηανισmσ οφ αχτιον−δριϖεν τρανσχριπτοmιχ προφιλεσ.  ΒΜΧ Γενοmιχσ ϖολυmε 17, Αρτιχλε

νυmβερ: 84

 

Ρονγ−Λιν Wανγ, Στεπηεν Εδωαρδσ, Χαταια Ιϖεσ. 2019. Οντολογψ−βασεδ σεmαντιχ mαππινγ οφ

χηεmιχαλ τοξιχιτιεσ. Τοξιχολογψ, ςολυmε 412, Παγεσ 89−100

 

Τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον ασ λιστεδ βελοω

Αυτηορσ Οργανιζατιον Περχενταγε οφ

χοντριβυτιον

Ψεσ / Νο Αυτηορ ινιτιαλσ



Ρονγ−Λιν Wανγ ΥΣ ΕΠΑ 47.5% Ψεσ �/Νο �  

Αδαm Βιαλεσ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Ναταλια Γαρχια−

Ρεψερο

ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Εδωαρδ ϑ. Περκινσ ΥΣ Αρmψ Χορπσ 6.25% Ψεσ �/Νο �  

Dανιελ Λ. ςιλλενευϖε ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Γεραλδ Τ. Ανκλεψ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Dαϖιδ Χ. Βενχιχ ΥΣ ΕΠΑ 6.25% Ψεσ �/Νο �  

Στεϖε Εδωαρδσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

Χαταια Ιϖεσ ΡΤΙ Ιντερνατιοναλ 7.5% Ψεσ �/Νο �  

  100.00%  

 

 
Ρονγ−Λιν Wανγ, Πη.D

Γρεατ Λακεσ Τοξιχολογψ & Εχολογψ Dιϖισιον / Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ & Εξποσυρε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ / ΥΣ ΕΠΑ
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Justifications:

Justification 1:

Toxicokinetics describes the absorption, distribution, metabolism, and excretion of chemicals by

the body. Toxicokinetics provides critical information for connecting chemical exposures to

potential toxicities to characterize potential chemical risk to the public health. In vitro methods

for toxicokinetics were developed by the pharmaceutical industry to help design more

successful clinical trials and typically produce results within a factor of three of what is

observed in subsequent clinical trials. In vitro toxicokinetic methods have been adapted by EPA

and collaborators for non-pharmaceutical chemicals occurring in commerce and the

environment. They offer animal-free new approach methodologies (NAMs) for rapidly and

inexpensively determining toxicokinetics. However, since non-pharmaceutical chemicals will

never be evaluated in a clinical trial, we must carefully assess the certainty in the predictions of

these in vitro toxicokinetic NAMs.

The late Kenny Rogers famously sang “You've got to know when to hold 'em, Know when to

fold 'em, Know when to walk away, And know when to run.” Traditional, in vivo methods are

resource-intensive and often involve many laboratory animals. In vitro methods for

toxicokinetics present a tantalizing opportunity to replace and/or augment traditional methods;

however, you must know when they are likely to work, and when they may fail.

In this manuscript the authors describe the use of a machine learning technique (the method of

random forests) to classify chemicals in the ToxCast screening program into categories based on

the accuracy of toxicokinetic NAMs. This is accomplished by comparing predictions based on

toxicokinetic NAMs with quantities from in vivo toxicokinetic studies. Machine learning was

used to associate the size of error in the predictions with chemical features including

physico-chemical properties, predictions of affinity for key cellular transporters, and the in vitro

 measured values themselves. Effectively this analysis predicted the “domain of applicability”

of toxicokinetic NAMs. This domain of applicability separates those chemicals for which

toxicokinetic NAMs are expected to be successful from those chemicals for which these

methods are likely to fail. The analysis showed that the errors were expected to be like

pharmaceuticals (within a factor of three) for roughly half of the ToxCast chemicals. For most

of the remaining chemicals, errors were predicted to be conservative (over-stating risk).

However, two important classes of chemicals – chemicals with long half-lives in general, and

perfluoroalkyl substances (PFAS) in particular – were shown to have larger errors.
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This manuscript deserves Agency-wide recognition because it characterized the uncertainty of

toxicokinetic NAMs and placed them into an overall workflow (“toxicokinetic triage”) for

integrating NAMs with traditional toxicokinetic approaches. From a technological perspective,

this manuscript is one of the first at the Agency to use machine learning to solve a public health

problem by providing clear criteria for making scientifically sound decisions regarding when

toxicokinetic NAMs are sufficient and when animal testing still may be warranted. The factors

that were associated with unreliable results also provided guidance for ongoing Agency research

to improve toxicokinetic NAMs. The Agency has relied upon the results published in this

manuscript as justification to continue to develop and use NAMs for toxicokinetics, as indicated

in the planned or proposed activities for the Toxic Substances Control Act, Endocrine Disruptor

Screening Program, Office of Pesticide Programs, and Office of Land and Emergency

Management, Moreover, based largely on the credibility provided by the Agency’s work, in

vitro toxicokinetic NAMs are now used by regulatory agencies in state governments and around

the world, including Canada and the European Union.

First century philosopher Seneca wrote that “Luck Is what happens when preparation meets

opportunity” – by using machine learning to predict when toxicokinetic NAMs are likely to

succeed this research allows the Agency to make more rapid and accurate assessments of

chemical toxicokinetics.

Justification 2A:

n/a

Justification 2B:

John Wambaugh

 “Linking high resolution mass spectrometry data with exposure and toxicity
forecasts to advance high-throughput environmental monitoring” and “Integrating
tools for non-targeted analysis research and chemical safety evaluations at the US
EPA”, 2020, submitted
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“Characterization and prediction of chemical functions and weight fractions in
consumer products” and "High-throughput screening of chemicals as functional
substitutes using structure-based classification models”, 2019, Level III award

"ToxCast chemical landscape: paving the road to 21st century toxicology”, 2019,
Level III award

"SHEDS-HT: an integrated probabilistic exposure model for prioritizing exposures
to chemicals with near-field and dietary sources” and "High-throughput dietary
exposure predictions for chemical migrants from food contact substances for use in
chemical prioritization", 2019, Level III award

"Comparison of modeling approaches to prioritize chemicals based on estimates of
exposure an exposure potential", "A decision analytic approach to exposure-based
chemical prioritization", and "Advances on a Decision Analytic Approach to
ExposureBased Chemical Prioritization", 2019, Honorable Mention

"High throughput heuristics for prioritizing human exposure to environmental
chemicals.", 2015, Level III award

Richard Judson

“Linking high resolution mass spectrometry data with exposure and toxicity
forecasts to advance high-throughput environmental monitoring.” and “Integrating
tools for non-targeted analysis research and chemical safety evaluations at the US
EPA”, 2020, submitted
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“An "EAR" on Environmental Surveillance and Monitoring: A Case Study on the
Use of Exposure-Activity Ratios (EARs) to Prioritize Sites, Chemicals, and
Bioactivities of Concern in Great Lakes Waters” and “Potential toxicity of complex
mixtures in surface waters from a nationwide survey of United States streams:
Identifying in vitro bioactivities and causative chemical”, 2020, submitted

“Development and deployment of a high-throughput assay to detect chemical
disruptors of thyroid hormone synthesis”, 2019, Level I award

"ToxCast chemical landscape: paving the road to 21st century toxicology”, 2019,
Level III award

Russell Thomas

"ToxCast chemical landscape: paving the road to 21st century toxicology”, 2019,
Level III award

Woodrow Setzer

"High throughput heuristics for prioritizing human exposure to environmental
chemicals.", 2015, Level III

Justification 2C:

This submission focuses on the application of machine learning to predict
uncertainty in high throughput toxicokinetics. None of the previous and current
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nominations involve high throughput toxicokinetics. Only one, the 2019 nomination
on predicting chemical functions, involved machine learning, but with a different
focus -- predicting how chemicals might be used from structure (previous
nomination) instead of predicting confidence in high throughput toxicokinetic
predictions (this nomination). Only one previous nomination focused on uncertainty
analysis, but for a very different problem: the 2015 nomination developed high
throughput predictions for chemical exposure (intake rates). The methods, problem,
and impact on decision making of this nomination are distinct from all previous and
current nominations.

Justification 2D:

n/a

Justification 2E:

Two authors on this submission are included on other submissions. The first of the
other submissions describe work on analysis of features in mass spectrometry data
and has no relation to this submission. The second of the other submissions involves
aquatic toxicity and effects-driven analysis and has no relation to this submission.

Justification 3A:

The Society of Toxicology Board of Publications selected this manuscript as one of
four Honorable Mention winners for 2017 Paper of the Year.

The manuscript was also discussed in the "The impact of novel assessment
methodologies in toxicology on green chemistry and chemical alternatives" by
Rusyn, Ivan, and Nigel Greene. 

(Toxicological Sciences 161.2 (2018): 276-284):

“The following are examples of approaches that make use of in vitro data in human

health assessments that also are useful with respect to assessments of alternatives:
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4. The use of toxicokinetic information as a sufficient consideration in and of itself

to enable rapid decisions on the risk of chemicals has been extended by Wambaugh

et al. (2015) through the proposal for high-throughput physiologically based

toxicokinetic model that predicts nonsteady-state chemical concentration
time-courses for a variety of exposure scenarios. The authors used this model to

propose a 4-element framework for chemical toxicokinetic triage that can group

chemicals into categories based on varying levels of confidence in predictions of

exposure, an approach that may be useful for triaging chemicals for which

high-throughput toxicokinetic predictions may be sufficient, and identifying those

that may require additional experiments to collect appropriate data.”

Justification 3B:

Prior to submission to a journal, the methods presented in the publication were
examined by a Federal Insecticide, Fungicide, and Rodenticide Act Scientific
Advisory Panel as part of the topic "New High Throughput Methods to Estimate
Chemical Exposure".

The manuscript was then submitted to the journal Toxicological Sciences where it
was peer-reviewed by three anonymous reviewers. A revision was requested and
created and re-reviewed by the same peer reviewers prior to acceptance for
publication in Toxicological Sciences.

The Society of Toxicology Board of Publications reviewed papers published in
Toxicological Sciences, nominated them for consideration, and then chose award
recipients. This publication was selected as one of four Honorable Mention winners
for 2017 Paper of the Year.

AUTHORS
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Toxicokinetic Triage for Environmental Chemicals
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ABSTRACT

Toxicokinetic (TK) models link administered doses to plasma, blood, and tissue concentrations. High-throughput TK (HTTK)

performs in vitro to in vivo extrapolation to predict TK from rapid in vitromeasurements and chemical structure-based

properties. A significant toxicological application of HTTK has been “reverse dosimetry,” in which bioactive concentrations

from in vitro screening studies are converted into in vivo doses (mg/kg BW/day). These doses are predicted to produce

steady-state plasma concentrations that are equivalent to in vitro bioactive concentrations. In this study, we evaluate the

impact of the approximations and assumptions necessary for reverse dosimetry and develop methods to determine

whether HTTK tools are appropriate or may lead to false conclusions for a particular chemical. Based on literature in vivo

data for 87 chemicals, we identified specific properties (eg, in vitro HTTK data, physico-chemical descriptors, and predicted

transporter affinities) that correlate with poor HTTK predictive ability. For 271 chemicals we developed a generic HT

physiologically based TK (HTPBTK) model that predicts non-steady-state chemical concentration time-courses for a variety

of exposure scenarios. We used this HTPBTKmodel to find that assumptions previously used for reverse dosimetry are

usually appropriate, except most notably for highly bioaccumulative compounds. For the thousands of man-made

chemicals in the environment that currently have no TK data, we propose a 4-element framework for chemical TK triage

that can group chemicals into 7 different categories associated with varying levels of confidence in HTTK predictions. For

349 chemicals with literature HTTK data, we differentiated those chemicals for which HTTK approaches are likely to be

sufficient, from those that may require additional data.

Key words: toxicokinetics; high throughput; environmental chemicals; IVIVE

Of the 30000 chemicals that are estimated to be in wide com-

mercial use, only a small subset has been characterized as to

their potential toxicological effects in humans or wildlife

(Judson et al., 2008; National Research Council, 1984; USGAO,

2013). High-throughput screening (HTS) using in vitro assays, eg,

the ToxCast and Tox21 programs, has been proposed as one

Published by Oxford University Press on behalf of Society of Toxicology 2015. This work is written by US Government employees and is in the public

domain in the US.
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approach to fill these data gaps by analyzing the activity of

these chemicals across a broad range of potential biological tar-

gets (Bucher, 2008; Judson et al., 2010). One challenge associated

with the interpretation of the HTS data has been relating in vitro

bioactive concentrations with relevant in vivo dose values, and

doing so on a scale and throughput required to address the large

number of chemicals (Judson et al., 2011; Rotroff et al., 2010;

Thomas et al., 2013; Tonnelier et al., 2012; Wambaugh et al., 2013,

2014; Wetmore et al., 2012).

For pharmaceutical compounds, in vitro to in vivo extrapola-

tion (IVIVE) methods have been developed to parameterize toxi-

cokinetic (TK) models that relate blood and tissue

concentrations to therapeutic doses for clinical studies. The

IVIVE methods typically include limited in vitro measurements

of hepatic clearance, plasma protein binding, and chemical

structure-derived predictions of tissue partitioning (Jamei et al.,

2009; Lukacova et al., 2009). The IVIVE methods and resulting TK

models are considered effective since the predicted concentra-

tions are often (Wang, 2010) within �3-fold of the in vivo obser-

vations (we describe predictions as being “on the order of

magnitude” if they are within
ffiffiffiffiffiffi

10
p

� 3:2�fold). Ultimately, the

human TK of a pharmaceutical compound may be fully charac-

terized in follow-on human clinical trials (Jamei et al., 2009),

which is vastly different from the data available for environ-

mental and industrial chemicals where both ethical and cost

considerations preclude human testing.

The IVIVE methods developed for pharmaceuticals have

been used to parameterize high-throughput TK (HTTK) models

for hundreds of environmental and industrial chemicals

(Rotroff et al., 2010; Tonnelier et al., 2012; Wetmore et al., 2012,

2013, 2014). The primary example of the application of HTTK

models has been to estimate the doses (mg/kg BW/day) needed

to produce steady-state plasma concentrations (Css, in units of

mM) equivalent to concentrations that produce bioactivity in

in vitro assays—this process is often described as “reverse do-

simetry” (Rotroff et al., 2010; Tonnelier et al., 2012; Wetmore

et al., 2012, 2013, 2014). Reverse dosimetry with HTTK models

can provide estimated doses for environmental and industrial

chemicals below which significant in vitro bioactivity is not ex-

pected to occur (Judson et al., 2011; Wetmore et al., 2012). The ra-

tio between the lowest bioactive dose and the maximal

expected exposure provides risk-based context to HTS data and

is one metric for prioritization of additional chemical testing

(Judson et al., 2011; Thomas et al., 2013; Wetmore et al., 2012).

When benchmarked against a limited number of environ-

mental, pesticidal, and industrial chemicals with in vivo TK

data, HTTK models have demonstrated mixed success, but have

generally provided health-protective estimates of bioactive

doses (Wetmore et al., 2012; Yoon et al., 2014). The reasons for

the discrepancies between steady-state concentrations pre-

dicted using HTTK and the concentrations from in vivo TK data

are not clear. There may be extrapolation issues for environ-

mental chemicals that are not present with pharmaceuticals.

This study evaluated the accuracy of HTTK predictions that

were made using the same physiologically motivated,

3-compartment mathematical TK model previously used in re-

verse dosimetry studies (Rotroff et al., 2010; Tonnelier et al.,

2012; Wetmore et al., 2012, 2013, 2014). This assessment was

conducted across the 349 chemicals for which the appropriate

inputs and data were available. Of these, �80% of the chemicals

(ie, 271), possessed required inputs to parameterize a generic

high-throughput physiologically based toxicokinetic (HTPBTK)

mathematical model that we employed to test some of the as-

sumptions used in the HTTK-based reverse dosimetry approach

for environmental chemicals. HTTKmodel predictions were fur-

ther evaluated using available human and rat in vivo measure-

ments curated from TK literature.

We found that some properties of pharmaceutical and envi-

ronmental chemicals correlated with either small or large dis-

crepancies between HTTK predictions and in vivo-derived

values. Those properties define a “domain of applicability” of

chemical property space within which HTTK models may be ex-

pected to provide an adequate alternative to more traditional

TK methods for reverse dosimetry and other applications. The

results of our analyses were integrated into a multi-element TK

triage system that organizes chemicals into different categories

based on varying degrees of accuracy (eg, on the order,

10� over-estimated, 10� underestimated) of the HTTK predic-

tions with additional categories for situations where more data

or alternative approaches are needed to develop suitable TK

models. Depending on the accuracy needed for a specific appli-

cation and the degree of confidence for a particular prediction,

this triage system separates those chemicals with which HTTK

may be used with confidence from those chemicals that may

benefit from specific types of analyses and/or additional experi-

mental data collection.

MATERIALS AND METHODS

In this study, we first replicated the steady-state TK model

used in previous studies and developed a new model allowing

exploration of the impact of the steady-state assumption. We

used these models to analyze the soundness of assumptions

used in previous reverse dosimetry HTTK applications as exem-

plified by the Wetmore et al. (2012) study. We then applied

statistical methods to determine the chemical-specific proper-

ties that correlate with HTTK predictive ability. Among the

chemical-specific properties examined, we investigated xenobi-

otic transporter affinities predicted using quantitative struc-

ture–activity relationships (QSAR). The methods and data used

for our analysis of HTTK have been made available as a package

for the open source R statistical analysis software platform

(R Development Core Team, 2013). The package, “httk,” can be

accessed from the Comprehensive R Archive Network (CRAN)

repository (http://cran.r-roject.org/web/packages/httk/, last

accessed 22 June 2015). All chemical-specific parameters are

listed in Supplementary Table 1 with references.

TK models used. Two general (ie, chemical independent) TK mod-

els were used. The first model was intended to replicate the

model used in previous reverse dosimetry analyses (Rotroff

et al., 2010; Wetmore et al., 2012, 2013). Those analyses were per-

formed using the SimCyp software (Jamei et al., 2009). The first

model (illustrated in Supplementary Fig. 1) was a physiologi-

cally motivated “3-compartment” model for determining

plasma concentrations that assumed no tissue partitioning,

elimination due to metabolism of the parent compound in the

liver, renal elimination by passive glomerular filtration (GF), and

is adjusted for plasma protein binding [ie, GF rate

(GFR)� fraction of chemical unbound in plasma]. Metabolism in

this model is comparable to the “well-stirred” approximation

for hepatic metabolism (Wilkinson and Shand, 1975).

The second general TK model (illustrated in Supplementary

Fig. 2) was physiologically based (PBTK) with separate tissue

compartments for the gut, liver, lung (unused for dosing in this

research, since the inhalation route was not simulated), kid-

neys, and arterial and venous blood. The rest of the tissues in

the body were aggregated. Tissue volumes and blood flows were
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taken from Birnbaum et al. (1994). Tissue flows and volumes

were scaled to cardiac output and body weights from Davies

and Morris (1993), which also provided values for GFR and hem-

atocrit. Absorption from the gut lumen into gut tissue was mod-

eled as a first-order process with an arbitrary, “fast” rate of 1/h.

Venous blood from the gut and arterial blood fed separately into

the liver, where metabolism was again modeled with the “well-

stirred” approximation.

Physico-chemical and partitioning information were col-

lated from various sources. Molecular weight and structure

were determined from the DSStox database (http://www.epa.

gov/ncct/dsstox, last accessed 22 June 2015) and hydrophobicity

was drawn for all compounds from EPI Suite (http://www.epa.

gov/opptintr/exposure/pubs/episuite.htm (last accessed 22 June

2015)—measured values used if available, predicted otherwise).

Where available, ionization association/dissociation equili-

brium constants were curated from the literature; otherwise

predictions were based on chemical structure using the SPARC

(SPARC Performs Automated Reasoning in Chemistry) model

(Hilal et al., 1995). Experimental values for membrane affinities

(ie, lipid-bilayer to water concentration ratios) were used where

available (Endo et al., 2011) or predicted using a regression of the

Endo et al. (2011) data based on hydrophobicity and

temperature:

log 10 Knpl:water

� �

¼ 0:999831� 0:016578� T þ 0:881721
� log 10 Koctanol:waterð Þ;

where T is the temperature (�C), Knpl:water is the neutral phos-

pholipid-to-water concentration ratio, and Koctanol:water is the

octanol-to-water concentration ratio.

Chemical-specific tissue to free fraction in plasma partition

coefficients were predicted using Schmitt’s method (2008a).

Tissue-specificity was based upon the cellular fraction of total

volume; water, lipid and protein fraction of cellular volume; and

distribution of types of lipid (Schmitt, 2008b). Chemical-

specificity was based upon plasma protein binding (fup), the

hydrophobicity, and any ionization association/dissociation

constants. Because we do not have a method for estimating the

rate at which chemicals diffuse into tissues, we assumed that

all tissues were perfusion-limited; ie, chemical concentrations

in tissue, red blood cells, and plasma come to equilibrium

instantaneously relative to the flow of blood.

Determination of steady state. We use the term “steady-state” to

describe the situation where the chemical concentration in

plasma caused by the assumed exposure scenario is unchang-

ing in time. With the assumption of constant infusion dosing,

as in Wetmore et al. (2012), this is a true steady-state. With con-

stant infusion dosing the flow of chemical into the body is

matched perfectly by clearance from the body. For dynamic

exposure scenarios (such as exposures separated by time inter-

vals), a quasi-steady-state is determined to occur if the plasma

concentration effectively no longer increases across a fixed

time interval. For example, if plasma concentration is the same

just before the next dose as it was before the current dose, this

is quasi-steady-state.

In order to determine if steady-state conditions were

achieved, 2 analytic equations were derived from the differen-

tial equations of the 3-compartment TK and PBTK models by

assuming constant infusion dosing. The analytic solution to the

3-compartment TK model is the equation used for steady-state

plasma concentrations (Css) in previous work (Rotroff et al., 2010;

Wetmore et al., 2012, 2013; Wilkinson and Shand, 1975). For the

PBTK model, equations were solved numerically to simulate a

series of repeated, every 8-h oral doses until the daily averaged

venous concentration, just before re-dosing, was within a small

tolerance (1%) of the concentration predicted with the analytical

solution of the PBTK model. The PBTK simulations assume an

initial body burden of no chemical, even though this may not be

the case for certain persistent, bioaccumulating, or endogenous

chemicals. The equations for the analytic solutions are given in

the captions to Supplementary Figures 1 and 2.

In vitro chemical data. In vitro data used in this study was

extracted from published literature. For environmental, pestici-

dal, and industrial chemicals, in vitro experimental data were

obtained primarily from Wetmore et al. (2012) and Tonnelier

et al. (2012). For pharmaceutical compounds these values were

compiled from Obach (1999), Jones et al. (2002), Shibata et al.

(2002), Lau et al. (2002), Naritomi et al. (2003), Ito and Houston

(2004), McGinnity et al. (2004), Schmitt (2008a), and Obach et al.

(2008).

Two types of in vitro data were extracted in order to parame-

terize the TK models—intrinsic hepatic clearance and plasma

protein binding. The intrinsic metabolic clearance of the parent

compound (CLint) by primary hepatocytes (substrate depletion

approach) was measured in wells on a multi-compound plate

(Shibata et al., 2002). Since only the unbound chemical in the

hepatic clearance assay is available for metabolism, CLint was

determined from the observed clearance (CLuint) which was div-

ided by the estimated fraction of chemical unbound in the hep-

atocyte intrinsic clearance assay (fuhep), as estimated using the

method of Kilford et al. (2008). The Kilford et al. (2008) method

includes a distribution coefficient estimated from hydrophobic-

ity and ionization. In Wetmore et al. (2012), 2 chemical concen-

trations (1 and 10 mM) were tested, in part to test for saturation

of metabolism. We have used only the 1mM values. Fraction of

chemical unbound in the presence of plasma protein (fup) was

assessed using rapid equilibrium dialysis (RED) in which 2 wells

are separated by a membrane that is permeable to smaller mol-

ecules but prevents the plasma protein from migrating from

one well to the other (ie, the relative chemical concentration in

the 2 linked wells gives the free fraction of chemical) (Waters

et al., 2008).

Monte Carlo simulation and parameter distributions. Previous

reverse dosimetry analyses (Rotroff et al., 2010; Wetmore et al.,

2012) used the SimCYP software (Jamei et al., 2009) to perform a

Monte Carlo (MC) simulation of human variability and we have

implemented a similar MC simulation ability. To match the

assumptions used by SimCYP, normal distributions that were

truncated to ensure positive values were used with mean values

drawn from the references above and a coefficient of variation

of 0.3. Body weight, liver volume, hepatic blood flow, glomerular

filtration rate, and CLuint were all varied in this manner. In a

change from previous MC simulations, the values for protein

binding, fup, were drawn from a censored normal distribution:

values were sampled from a uniform distribution between 0%

and the limit of detection (LOD) (default of 1% unbound) at a

rate proportional to the number of samples from the truncated

normal distribution below the LOD. For each chemical, 1000 dif-

ferent combinations of parameters were used to determine Css,

allowing estimation of the 5th, median, and 95th percentiles.

In vivo chemical data. In Wetmore et al. (2012), in vivo TK and

PBTK modeling data for the environmental, pesticidal, and

industrial chemicals were collected from the literature and used
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to assess the predictive ability of the human in vivo Css estima-

tion, assuming a 1mg/kg/day daily oral administration. For

pharmaceutical compounds, the measured human clearance (l/

day) and volume of distribution (l) in Obach et al. (2008) was

used to determine Css for the same dose.

Model compounds for rat IVIVE were chosen based on the

availability of HTTK input parameters CLuint and fup. A list was

constructed from Ito and Houston (2004), complemented by a

group of compounds to which reverse dosimetry was applied in

earlier studies (Krug et al., 2013; Piersma et al., 2013). For these

compounds, we searched public sources for studies reporting

plasma concentration time course data in rat following oral or

intravenous administration. Pharmacokinetic data were

retrieved from those studies (Supplementary Table 2) by digitiz-

ing published figures using TechDig v2.0.

In silico transporter predictions. We used the method of Random

Forest (Breiman, 2001) to develop QSAR predictions of trans-

porter affinity (Sedykh et al., 2013). We used the R package

“randomForest” by Liaw and Weiner (2002). Experimental data

characterizing interaction of chemicals with membrane trans-

porters were compiled from multiple available public sources

(Sedykh et al., 2013). The chemicals were represented using

Chemistry Development Kit descriptors (Steinbeck et al., 2003)

determined from Simplified Molecular-Input Line Entry System

strings (Weininger, 1988). Chembench (Walker et al., 2010) was

used to standardize chemical structures as well as normalize

chemical descriptors to range between 0 and 1. Inhibitors were

defined based on a potency threshold of 10 lM except for pep-

tide transporter 1 (PepT1), organic cation transporter 1 (OCT1),

and organic anion-transporting polypeptide 2B1 (OATP2B1), for

which 100 lM threshold was used due to lower levels of affinity

of reported inhibitors. Scores equal to 0 or 1 imply high-confi-

dence predictions that a chemical is a non-substrate or a sub-

strate, respectively, whereas a score of 0.5 indicates an

ambiguous prediction (Sedykh et al., 2013). The full list of trans-

porters modeled is identified in Supplementary Table 1, which

also contains the QSAR predictions for each compound.

A second model, based upon Bayesian classification, was

used to predict interactions of the compounds with organic

anion transporter protein (OATP) 1B1 (Van de Steeg et al., 2015).

The classification model is based on a database recording the

inhibitory potential of 640 FDA-approved drugs from a commer-

cial library (10lM) on the uptake of [3H]-estradiol-17beta-D-glu-

curonide (1lM) in Human Embryonic Kidney 293 cells stably

transfected with human OATP1B1. The structural similarity

(feature-connectivity bit string 4) to the nearest similar chemi-

cal in this training set is used as a measure for potential interac-

tion with OATP1B1. Although this model predicts inhibition of

OATP1B1-mediated uptake rather than uptake itself, we assume

here that the inhibition is mostly competitive and therefore

identifies potential transporter substrates.

HTTK-in vivo discrepancy analysis. The Random Forest algorithm

was used to analyze the correlation of chemical descriptors

with the discrepancy between HTTK predictions and results

based on in vivo data. The Random Forest method is cross vali-

dated (Breiman, 2001), performing multiple analyses based on

different subsets of chemicals and different subsets of chemical

descriptors. Fifty thousand regression trees were constructed

using random subsets of the data, with a subset of 17 factors

considered at each split in the tree, and a minimum terminal

node size of 5. Performance of each regression tree was eval-

uated against the chemicals not used to build that tree. The

most important factors in the random forest model were calcu-

lated using the method of decrease in node impurities (essen-

tially, a leave 1 factor out method) (Archer and Kimes, 2008). We

used the R package “rpart” by Therneau et al. (2014) to perform

the method of recursive partitioning (Breiman et al., 1984) to

develop a regression tree for the full dataset (ie, not cross-vali-

dated). Finally, a random forests approach was used to construct

a classifier tree for 5 exclusive categories (“on the order,” “3.2�
under-predicted,” “10� under-predicted,” “3.2�over-predicted,”

“10� over-predicted”), with a subset of 17 factors considered at

each split, and a minimum terminal node size of 1.

RESULTS

Our HTTK models require chemical-specific data on CLint and

fup to predict human Css. We obtained data from the peer-

reviewed literature for a total of 349 chemicals. These chemicals

include (non-uniquely) 312 Tox21 chemicals, 248 ToxCast

chemicals, 74 pharmaceuticals, and 35 chemicals for which

human exposure is monitored by the Centers for Disease

Control National Health and Nutrition Examination Survey

(CDC, 2012). The distribution of the non-zero values of the CLint
and fup data is roughly log-normal and is similar across the

curated literature (Supplementary Figs. 3 and 4).

Figure 1 illustrates our ability to reproduce the Wetmore

et al. (2012) results. As in Wetmore et al. (2012), we simulated

population variability to determine the median, lower 5th, and

upper 95th percentile of plasma concentrations for individuals

exposed to the same, fixed dose (1mg/kg BW/day). Since the

upper 95th percentile individuals have higher plasma concen-

trations for the same exposure, they are considered to be an

example of a sensitive population. Any 1 chemical in Figure 1 is

indicated by 3 plot points connected by a line. The 3 points cor-

respond to the median, lower 5th, and upper 95th percentiles of
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FIG. 1. Comparison of the median, upper, and lower 95th healthy adult human

percentiles of steady-state plasma concentration (Css) predicted on the y-axis

using SimCyp (Wetmore et al., 2012) and on the x-axis using assumptions refined

to better reflect screening for environmental chemicals. The Css values were

estimated assuming a steady-state infusion of 1mg/kg BW/day. Each chemical’s

median and upper and lower 95th percentiles are connected by a line. The

dashed line indicates the identity (perfect predictor) line.
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the Css. The dashed line indicates the identity (perfect predictor)

line—the further a prediction is from the identity line the

greater the discrepancy. We describe predictions with large dis-

crepancies as “outliers.”

There was good agreement (R2¼ 0.84) between our simula-

tions and those in Wetmore et al. (2012) for all 3 percentiles.

However, this comparison did identify 2 groups of outliers for

which the predictions differ due to differing assumptions.

The first group of chemicals in Figure 1 with differing predic-

tions is those that have an upper 95th percentile Css that was sig-

nificantly higher than previously estimated, though the median

and lower percentile values were unchanged. These chemicals

are indicated in Figure 1 by a bent line connecting the 3 quantiles.

This predicted difference indicates greater risk for the most sensi-

tive individuals. This difference was due to replacing a default

value with a censored distribution for chemicals with a failed

RED assay for measuring fup (protein binding). Among other rea-

sons (eg, binding to membrane), the RED assay can fail because

the amount of free chemical is below the LOD. In Wetmore et al.

(2012), the RED assay failed for �38% of the chemicals. For these

chemicals, Wetmore et al. (2012) assumed a default value of 0.5%

free (roughly half the average LODs). For the analysis shown in

Figure 1, we have replaced this default value with a censored dis-

tribution in our MC variability simulation (essentially, simulating

many different values between 0 and 1%).

There was a second group of chemicals in Figure 1 where the

current modeling provided plasma concentration estimates dif-

ferent from Wetmore et al. (2012) due to a change in assump-

tions. This group contained chemicals where differences in the

analysis of the hepatic clearance assay results led to different

concentrations predicted for all 3 population percentiles in

Figure 1 (ie, 3 quantiles connected by a line that are all distant

from the identity line). Due to measurement variability and

other factors, a linear model may not describe the decrease in

parent chemical concentration as a function of time. Previously,

a P-value threshold of .10 (probability of the null hypothesis of

no disappearance of chemical was <10%) was used to determine

if the chemical showed significant intrinsic clearance over the

time examined. For the results shown in Figure 1, we have

required that P-values be <.05. For those with a P-value >.05, we

use a default value of 0 (ie, no hepatic clearance) which acts to

increase the estimated plasma concentration for a fixed dose.

Most discrepancies between our predictions and Wetmore

et al. (2012) disappear (R2� 0.90, Supplementary Fig. 5) if we

replace our revised assumptions with the original assumptions

of Wetmore et al. (2012). However, 8 discrepant chemicals

remain due to issues such as the only Css available in Wetmore

et al. (2012) was calculated using the 10 mM clearance data. The

lone chemical for which we under-predict the value from

Wetmore et al. (2012) for all 3 population percentiles is

Chlorpyrifos-methyl, for which the 10mM clearance assay was

not statistically significant, leading Wetmore et al. (2012) to use

0 clearance. Since the clearance assays conducted at 1 mM was

statistically significant, we used that value, leading to a larger

predicted clearance.

Once we were satisfied that we could reproduce previous

results for the majority of chemicals, and understood those

cases where we differed, we proceeded to evaluate 3 key

assumptions for the calculation of Css. Previously, chemical par-

titioning into tissues (eg, volume of distribution) was not deter-

mined from HTTK data, necessitating the use of Css as a dose

metric because the concentration at steady-state does not

depend on the amount of chemical in tissues. This means that

we assume that humans reach steady state with respect to

environmental exposures. Using the analytic solution for Css

requires the further assumption of constant infusion dosing.

Constant infusion dosing requires that we assume that steady-

state plasma concentrations are a reasonable surrogate for peak

concentrations which would be caused by other exposure sce-

narios (eg, exposure at meal times only). Further, constant infu-

sion dosing requires either the assumption that 100% of the

chemical is absorbed or the use of additional models to predict

absorption. Wetmore et al. (2012) selected 100% absorption as

being conservative (causing overestimated plasma concentra-

tion). By constructing non-steady-state, PBTK models, we can

assess the plausibility of these 3 assumptions.

We developed HTPBTK models using Schmitt’s method for

tissue partitioning (Schmitt, 2008a). We used a generic PBTK

model structure that could be parameterized for any chemical

using CLint and fup and experimental or QSAR-derived physico-

chemical properties. Schmitt’s method requires a value for pro-

tein binding in order to make predictions; therefore, we could

only build HTPBTK models for 271 chemicals. Further assump-

tions about chemical absorption and bioavailability (ie, rapid

absorption and 100% bioavailability) were required in order to

parameterize the HTPBTK models.

Figure 2 illustrates our evaluation of the HTPBTK model pre-

dictions by comparison to literature in vivo time course data in

rats for 22 chemicals. For a given chemical, the specific TK prop-

erties, dose, and route of administration result in different

plasma concentration kinetics that we have summarized by the

time-integrated plasma concentration (Area Under the Curve,

AUC). Neglecting route of administration, we find that HTPBTK

is predictive (R2¼ 0.68) of in vivo data (Fig. 2A). When we esti-

mate a difference between oral exposures (which are subject to

absorption and bioavailability) and intravenous and subcutane-

ous dose routes (which are not), we find slightly greater predic-

tive ability (R2¼ 0.73). We systematically over-predict AUC for

chemicals administered orally. The average difference between

oral and intravenous doses is 6.4 (95% confidence interval

2.3–18), ie, on average AUCs from oral doses are roughly 6 times

lower than predicted. This result indicates that the absorption

assumptions we used for HTPBPTK are conservative and health

protective since they produce higher predicted exposures. In

Figure 2B, we show that peak plasma concentration (Cmax) also

appears to be well described by the HTPBTK model (R2� 0.68)

and that there is a systematic bias toward over-prediction. The

treatments that are over-estimated are predominantly for intra-

venous doses while predictions for oral doses are more evenly

scattered about the identity line. The handful of cases where

HTPBTK under-predicts Cmax are all for oral administration.

Having established that our HTPBTK model predictions are

consistent with the in vivo data that was available for 22 chemi-

cals (Fig. 2), we conducted a simulation study to evaluate the

assumptions used to calculate Css in previous HTTK reverse

dosimetry analyses. In the simulation study, we replaced the

infusion dose assumption with a dosing scenario of 3 daily

doses totaling 1mg/kg BW/day (eg, exposure at meal times or

from consumer product use), to better reflect the near field

sources of exposure that appear to be dominant for environ-

mental chemicals (Wambaugh et al., 2013). As illustrated in

Figure 3A, 70% of chemicals (182 of 271) reach steady-state

within 28 days, and 90% of chemicals (252 of 271) reach steady-

state within 1000 days. However, there were 19 chemicals that

required more than 1000 days to reach steady-state (Table 1).

TK analyses based upon Css are inappropriate for these chemi-

cals, suggesting a need for alternative approaches. Approaches

based on dynamic TK simulation of the tissue concentrations
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likely to be caused over a life-time of exposure may be

more appropriate. The 5 chemicals that never reach steady-state

(ie, the ratio of the simulated average daily concentration to the

analytic Css never approaches 1) are polychlorinated biphenyls

(PCBs), which are known to have long human half-lives (Ritter

et al., 2010) and are no longer deliberately in commerce.

With the HTPBTKmodels andmore realistic exposure simula-

tion, we then compared predicted peak concentrations with the

Css derived from the analytical solution to the 3-compartment TK

model (Fig. 1). As shown in Figure 3B, the peak concentration for

repeated dosing is not different (R2� 0.95) from the Css predic-

tions under the assumption of constant infusion dosing.

Similarly, the average daily concentration at steady-state was

nearly identical (R2� 0.96) to the analytical result for Css used in

Wetmore et al. (2012) and elsewhere (Supplementary Fig. 6). For

rapidly cleared compounds, the peak concentrations from 3 daily

doses were within an order of magnitude of Css.

We then compared HTTK predictions of Css based on in vitro

data with Css values inferred for humans from in vivo studies for

11 environmental chemicals (Wetmore et al., 2012) and 74 phar-

maceuticals (Obach et al., 2008). Figure 4A illustrates that there

is a weak predictive ability (R2� 0.34), but that the errors are

mostly conservative (ie, the predicted plasma concentrations

based on in vitro data are higher than the in vivo data indicates).

When the perfluorinated chemicals (PFCs) are removed, the R2

drops to �0.23. We note that the correlation between the HTTK

Css versus the Css inferred for humans from in vivo studies is

lower than observed for AUC and Cmax predictions in Figure 2.

At steady-state, all Css values are compared for the same fixed

dose rate of 1mg/kg/day. When the HTPBTK predictions are

normalized for administered dose, the R2 for AUC and Cmax drop

to �0.48 for both, indicating that a portion of the predictive abil-

ity of the HTPBTK might be due to the data varying linearly with

dose for those chemicals.
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FIG. 2. Evaluation of the predictive ability of HTPBTKmodels by comparing predictions with in vivomeasurements in the rat for the AUC (A) and Cmax (B). Each chemical

may have more than one study with potentially different doses and routes. Dose route is indicated by symbols (oral, po—triangle; intravenous, iv—circle; subcutane-
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identity (perfect predictor) line.
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To identify chemical-specific properties that correlate with

reduced HTTK predictive ability, we analyzed the difference

between in vivo measurements and HTTK predictions (ie, the

residuals), shown by thick grey lines in Figure 4A. The method

of random forests was used to predict the residual for each

chemical with in vivo data, as shown in Figure 4B. Chemical

properties included chemical-specific physico-chemical proper-

ties, in vitro intrinsic hepatic clearance, in vitro plasma protein

binding, and QSAR predictions of transporter affinity.

Transporters were included because predictors were available

(Sedykh et al., 2013) and they constitute an often important

driver of TK (Giacomini et al., 2010; Shugarts and Benet, 2009)

that is not included in the steady-state model. A large predicted

residual for a specific chemical corresponds to a large expected

error. The random forest approach ensures cross-validated pre-

dictive ability by averaging the predictions of many models con-

structed from random subsets of the chemicals and chemical

descriptors. The relative importance of the top 10 chemical

properties for predicting HTTK residuals (errors) is illustrated in

Figure 4C. These factors are described in detail in Tables 2 and

3. Note that all transporters that were included as potential pre-

dictors of error were anticipated to be relevant to TK. The rela-

tive rankings of specific transporters in Table 2 may reflect the

chemical evaluation set that was used.

TABLE 1. Chemicals Predicted to Require Long Time Periods to Reach Steady-State

Compound CAS Analytic

Css (mg/l)

HTPBTK

Average

Daily Conc.

(mg/l)

Ratio of

HTPBTK

to Analytic

After

100 Years

Years to

Steady-State

Vd (l) Kel (h)

Fenpropathrin 39515-41-8 0.36 0.36 0.99 3.0 651.3 0.000162

Perfluorooctanoic acid 335-67-1 81.55 81.39 0.99 3.5 3.4 0.00015

Imazalil 35554-44-0 13.37 13.17 0.99 4.1 24.8 0.000128

Maprotinline 10262-69-8 0.8 0.8 0.99 4.9 480.9 0.000106

Tetraconazole 112281-77-3 15.92 15.67 0.99 5.7 28.9 9.22E�05

Perfluorooctane sulfonic acid 1763-23-1 81.83 81.66 0.99 6.6 6.4 7.92E�05

Isoxaben 82558-50-7 8.4 8.25 0.99 6.8 65.5 7.71E�05

Ddt 50-29-3 0.04 0.04 0.99 7.3 15127.0 3.84E�05

S-bioallethrin 28434-00-6 1.66 1.63 0.99 9.0 434.5 5.85E�05

Fenvalerate 51630-58-1 0.88 0.88 0.99 13.7 1235.3 3.71E�05

Zoxamide 156052-68-5 37.87 37.69 0.99 34.0 71.3 1.55E�05

Oxyfluorfen 42874-03-3 3.21 3.18 0.99 41.7 1033.9 1.26E�05

D-cis, trans-allethrin 584-79-2 1.35 1.33 0.99 46.7 2763.0 1.13E�05

Emamectin benzoate 155569-91-8 282.45 281.50 0.99 77.7 21.8 6.77E�06

PCB136 38411-22-2 37.68 1.08 0.03 >100 34485.6 3.21E�08

PCB153 35065-27-1 76.7 0.86 0.01 >100 43391.9 1.25E�08

PCB155 33979-03-2 75.67 1.36 0.02 >100 27407.8 2.01E�08

PCB77 32598-13-3 76.21 10.56 0.13 >100 3314.2 1.65E�07

PCB80 33284-52-5 77.06 11.26 0.14 >100 3093.6 1.75E�07
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FIG. 4. A, Comparison of HTTK predicted Css values with measured in vivo Css values from literature studies. Two PFCs are plotted on top of each other. The dashed line

indicates the identity (perfect predictor) line. Chemicals plotted below the identity line have predictions greater than literature values, and vice versa. The thick grey

lines indicate the discrepancy between measured and predicted values (ie, the residuals). Comparison of the actual residuals calculated from (A) and the residuals pre-

dicted using a random forest analysis based on chemical descriptors is shown in (B). The most important factors in the random forest model, as calculated using the

method of decrease in node impurities, are shown in (C). These factors are described in detail in Tables 2 and 3.
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Although the random forest method produces a cross-vali-

dated predictor, the interpretation of how those predictions are

achieved can be difficult since the predictions are the average of

many different models. A single regression tree for predicting

Css residuals based on all chemicals and all available chemical

properties can be created for descriptive purposes (Fig. 5). Error

in the HTTK models (ie, large residuals) appears to be driven by

predicted Css, fup, chemical ionization, and 2 of the transporters

described in Table 2. We note 2 broad classes of chemicals—

those chemicals where HTTK predictions are on the order (ie,

within �3.2� or 101/2�) of the observed in vivo values (�65% of

the chemicals), and those chemicals where the errors can be

several orders of magnitude (28% of the chemicals were �6�
overestimated, and 8% of chemicals 120� overestimated on

average). For this final group of chemicals, the large overestima-

tion by the HTTK models leads to conservative reverse dosime-

try predictions (ie, errors that would lead to lower predicted

ratios between bioactive doses and the maximal expected expo-

sures, thus leading to a higher predicted risk).

Motivated by the regression tree analysis in Figure 5, which

classified all the data but was not suitable for prediction, a sec-

ond random forest (ie, predictive, rather than descriptive) analy-

sis was conducted. The analysis used the same descriptors as

before to classify chemicals into 5 categories based on residual:

those chemicals with predictions on the order of the in vivo Css

(within �3.2�), those that were between �3.2� and 10� over or

underestimated, and those that were >10� over or underesti-

mated. The cross-validated classifier had a sensitivity of 79%, a

specificity of 54%, and a balanced accuracy of 64% when predict-

ing whether or not a HTTK Css prediction will be on the order of

the in vivo measured Css. Chemicals for which the residuals are

predicted to be on the order or overestimated are within the

domain of applicability of our HTTK approach; ie, we expect to

have either small or conservative errors for reverse dosimetry.

Along with identifying those chemicals that never reach

steady-state (Table 1) and those chemicals for which the plasma

protein binding assay failed, the 5 categories from this random

forest classifier allow each chemical to be placed into 1 of 7

categories, as illustrated in Figure 6.

By integrating the various analyses in this study, we devel-

oped a TK triage framework that provides guidance on the

degree of confidence for a particular prediction and indicates

which chemicals may benefit from specific types of analyses or

experimental data collection (Table 4). The first step is the col-

lection of basic in vitro TK data that allows a prediction to be

made for Css. Second, the parameterization of HTPBTK models

using physico-chemical properties and predicted partition coef-

ficients, if possible, allows a determination of the plausibility of

reaching steady state. Third, chemical properties that are corre-

lated with large deviations between predicted and observed

TABLE 2. Transporters Associated With Differences Between HTTK Model Predictions and Human in vivo Css

Abbreviation

(Gene)

Full Name Transporter References Random

Forest

Importancea

Included

in Tree

Made From

All Data

BSEP (ABCB11) Bile Salt Export Pump Hepatocyte bile secretion efflux

transporter

Faber et al. (2003) and

Giacomini et al. (2010)

10.3

BCRP (ABCG2) Breast cancer resistance

protein

Hepatocyte bile and intestinal

secretion efflux transporter

Giacomini et al. (2010) 9.97

OCT1 (SLC22A1) Organic Cation Transporter

1

Hepatocyte influx and intestinal

secretion influx transporter

Faber et al. (2003) and

Giacomini et al. (2010)

6.64

MCT1 (SLC16A1) Monocarboxylate

Transporter 1

Ubiquitous Transporter Halestrap and Meredith (2004) 6.6 Y

OATP2B1

(SLCO2B1)

Solute carrier organic anion

transporter family mem-

ber 2B1

Hepatocyte and blood-brain barrier

influx transporter

Giacomini et al. (2010) 5.77 Y

PEPT1 (SLC15A1) Peptide transporter 1 Intestinal and kidney secretion

influx transporter

Giacomini et al. (2010) 5.54 Y

aLarger value indicates greater relative importance. When multiple predictors for same transporter were available, only the highest reported importance is reported.

TABLE 3. Other Factors Associated With Difference Between HTTK Model Predictions and Human in vivo Css

Factor Description Random Forest

Importancea
Included in

Tree Made

From All Data

fup Fraction unbound to plasma protein as measured in vitro 51.0 Y

Predicted Css Steady-state concentration predicted from in vitro measured fub and

Clint

43.1 Y

Ionization (pKa_Donor) Acid dissociation equilibrium constant 20.2

Elimination rate (ke) Elimination rate as calculated from total clearance (renalþhepatic)

predicted from in vitro data, divided by Vd

16.9

Log Kow Log transformed hydrophobicity (ratio of concentration in octanol to

water)

8.86

Perfluorinated compound (PFC) (yes/no) 6.65

aLarger value indicates greater relative importance.
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behavior can be used to screen out those chemicals for which

HTTK is not expected to perform well. The 4th element of triage

addresses those remaining chemicals in greatest need of alter-

native, perhaps traditional approaches. Different elements of

triage may be applied concurrently, depending on the informa-

tion that is available.

We applied the TK triage (Table 4) to the entire 349 chemical

set in Figure 6. We find that a plurality (140) of the chemicals are

estimated to be “on the order,” ie, the HTTK predicted Css will be

within �3.2� of the literature value. The third largest category

is chemicals for which the protein binding assay failed (80), pre-

cluding analysis of time to reach steady-state. However, only

7% of chemicals analyzed for time to reach steady-state did not

do so within 1000 days, and we might assume this figure to be

similar for these 80 chemicals. Of the remaining 110 chemicals,

most (102) are predicted to be overestimated, leading to conser-

vative errors when conducting reverse dosimetry. In total, we

predict that the reverse dosimetry assumptions will be appro-

priate for 89% of the chemicals where the protein binding assay

was successful.

DISCUSSION

Efforts to implement the vision outlined in Toxicity Testing in

the 21st Century (National Research Council, 2007) include

in vitro assays to identify potential biological targets of environ-

mental and industrial chemicals (eg, ToxCast, Judson et al.,

2010). IVIVE methods are then needed to translate in vitro bioac-

tive concentrations into administered doses (Blaauboer et al.,

2012; Wetmore et al., 2012). HTS data might then be used in a

risk-based context through the comparison of estimated bioac-

tive doses to estimated exposures (Judson et al., 2011; Thomas

et al., 2013; Wetmore et al., 2012). Herein, we develop a method

for identifying the degree of confidence with which we may

apply HTTK in order translate HTS data for chemicals without

other TK data. We have formalized this process in a triage sys-

tem that has categorized 349 chemicals into 7 categories, 5 of

which indicate varying degrees of confidence in the HTTK

approach and 2 indicate a need for additional data or alternative

approaches.

We examined 3 key assumptions in the previous HTTK

research: that humans can reach a steady-state with respect to

environmental exposures, that steady-state concentration is a

reasonable surrogate when exposure is more episodic, and that

100% absorption is reasonable. These assumptions were tested

using both simulation studies and direct comparison to in vivo

data for both pharmaceuticals and environmental chemicals.

Based on our analysis we organize HTTK testing into a TK triage

framework for environmental chemicals (Table 4). Each element

of the framework depends on data collection and/or analysis,

and distinguishes those chemicals for which that sort of data is

useful from those chemicals for which the approach does not

apply. Based on this approach we expect the in vivo values to be

within �3.2� of predictions for �59% the 246 chemicals that

both had a successful plasma protein binding estimate and we
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FIG. 6. Distribution of the 349 chemicals with IVIVE data among the triage ele-

ments in Table 4. Css is not meaningful for the chemicals that do not reach

steady-state. Chemicals where the protein binding assay failed cannot easily be

categorized since fup is an important predictor (Table 3) of discrepancy between

HTTK Css predictions and literature values for Css. The remaining chemicals are

categorized as likely having HTTK predictions for Css that would be overesti-

mated, underestimated, or on the order (63.2� the in vivo value).

Predicted_Css >= 0.55

PEPT1_pIC50 >= 2.7

Substrate_Transporter_MCT1 < 0.29

Inhibition_Transporter_OATP2B1 < 0.38

Fup < 0.11
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FIG. 5. A recursive partitioning regression tree was used to classify the discrepancy between the Css predicted from in vitro data and the in vivo Css (Obach et al., 2008;

Wetmore et al., 2012). Each “leaf” of the tree shows a group of chemicals for which HTTK either overestimates Css (making conservative predictions) or underestimates

Css. For all but 3 groups, the predictions are on the order of the observed Css (approximately within a factor of 3.2� greater or lesser). For the other 3 groups, the Css is

5.2�, 7.7�, and 120� overestimated. The dashed line indicates the identity (perfect predictor) line.
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predict will reach steady-state. We expect conservative errors

for an additional �37% of these 246 chemicals.

The final element of triage incorporates additional in vitro or

in vivo testing for those chemicals that are most in need of addi-

tional attention. Admittedly, the domain of applicability for this

approach is limited by the domain of chemicals used to conduct

this analysis. Since there may be chemical properties that drive

HTTK error that may be underrepresented by these chemicals,

it will also be important to study at least a few members of

diverse and novel classes of environmental and industrial

chemicals.

The application of in vitro methods to TK is different in the

pharmaceutical versus environmental chemical screening

domains. For instance, it is expected that some samples of

some compounds will be below the LOD of the cost-effective

analytical chemistry that is required for the rapid TK screening

of thousands of environmental and industrial chemicals (Rousu

et al., 2010; Wetmore et al., 2012). When screening environmen-

tal and industrial chemicals, resources may not exist for follow-

up work and the data must be used as is. This study found that

typical assumptions such as half the LOD for protein binding

(fup) (Wetmore et al., 2012) may result in an underestimation of

Css values, which may not be health protective. However, this

may be offset by other assumptions in the HTTK modeling that

tend to produce an overestimate of Css.

For the metabolic clearance assay, stricter statistical limits

are more conservative since they lead to overestimated Css val-

ues (ie, setting metabolic elimination to 0 for P-value <.05

instead of P-value <.1). However, many of the chemicals that

we estimate to have 0 or non-significant clearance in the in vitro

assays analyzed here may yield significant clearance in more

physiological conditions, such as plated hepatocytes over a lon-

ger time period. Follow-up measurement of clearance rates

using a plated hepatocytes system (Smith et al., 2012) and/or

longer times may ensure a more accurate hepatic clearance

estimate.

For most environmental and industrial chemicals it is

unlikely that there will ever be controlled human TK data. As

evaluated by comparison to in vivo data, the predictive ability of

the HTPBTK methods based on both IVIVE and QSAR-related

methods was considerably greater than the HTTK models that

assumed steady-state conditions. One possible explanation is

that although the evaluation data for the HTPBPTK model pre-

dictions (in vivo AUCs and Cmax values) were drawn from diverse

literature, the in vitro data for this comparison were from a sin-

gle source (Wetmore et al., 2013). For the steady-state HTTK

model evaluation, both the in vivo and the in vitro data were

drawn from diverse literature sources.

Pharmaceuticals are typically small and well-absorbed mole-

cules that are designed for specific biological targets (Lipinski,

2004). In contrast, environmental and industrial chemicals are

structurally heterogeneous and may have multiple biological

targets (Richard, 2006). Given the diversity of intended applica-

tions for environmental and industrial chemicals, their proper-

ties can vary greatly from those of pharmaceuticals.

Unfortunately, though in vitro TK data have been collected for

many of the 309 ToxCast Phase I chemicals, only 13 in vivo Css

values were available for those chemicals (Wetmore et al., 2012).

Although the HTPBTK models appear promising for predict-

ing AUC and Cmax, the in vivo evaluation data in Figure 2 are

drawn from various treatments of only 15 pharmaceutical

chemicals and 7 environmental chemicals, thus final

TABLE 4. Elements of HTTK Triage for Environmental Chemicals

TK Data Targeted

Chemicals

TK Prediction/Consequence Confidence Domain of Applicability

1 In vitro clearance of

parent compound by

hepatocytes and bind-

ing to plasma protein

HTS compounds Plasma Css from constant infusion

exposure

If comparison with pre-

dicted exposure indicates

large AER then infusion

Css should be sufficient

Soluble low volatility

(HTS appropriate)

compounds

1a CYP-specific in vitro data

(Wetmore et al., 2014)

Chemicals with AER

near one for general

population

Population variability, life-stage

variability

Human variations in CYP

expression are well

characterized

Same as in 1

2 Physico-chemical prop-

erties (measured or

QSAR)

All chemicals with suc-

cessful binding in vitro

assay

Prediction of partition coefficients

allows HTPBTK steady-state pre-

dictions (including time to

steady state) for more realistic

exposure modeling

If comparison with pre-

dicted exposure indicates

large AER then HTPBTK

should be sufficient (ie,

conservative due to 100%

absorption)

QSAR-defined (eg, train-

ing set, extrapolation

methodology)

3 QSARs for likely trans-

porter substrates

All chemicals with suc-

cessful binding in vitro

assay

Assumptions of perfusion-limited

tissue partitioning and passive

renal excretion by glomerular fil-

tration may be questionable

Can identify those chemi-

cals where the impact is

negligible (Fig. 4b)

Chemicals predicted to

reach steady state in

Tier 2 (Fig. 3a)

3b Transporter-specific

in vitro data

Chemicals indicated by

QSAR

Tissue-specific accumulation,

active secretion/resorption in

kidney

Well characterized for non

high-throughput

applications

Same as in 3

4 In vivo oral and iv dose

TK study, plasma

only

Chemicals with large

predicted residuals

(Fig. 4b) and those

that cannot be tested

in vitro

Oral bioavailability, absorption

rate, volume of distribution, and

clearance (refined PBTK model)

If volume of distribution

from HTPBTK model and

in vitro estimate of clear-

ance hold, then refined

PBTK model should be

excellent

Any compound

AER is the Activity to Exposure Ratio between HTS bioactive reverse dosimetry predictions and exposure.
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assessments of the HTPBTK methodology is not yet possible. An

effort is needed to collect and organize additional in vivo data on

environmental and industrial chemicals to confirm the useful-

ness of HTTK approaches. Generating the data necessary to

evaluate HTTK methods does not necessarily require large

resources: small, short term, in vivo studies—perhaps added to

routine toxicological studies—could provide essential informa-

tion for chemicals and chemical classes that are currently not

well modeled. In addition, making existing TK-related data

more accessible by creating databases and curating literature or

legacy studies could inexpensively expand the available TK

information. These in vivo TK data can inform important proc-

esses that are currently not assayed by HTTK.

The HTTK models analyzed here may omit or inaccurately

estimate drivers of TK including: extra-hepatic metabolism;

secretion in bile and enterohepatic recirculation; active trans-

port in renal, hepatic, and other tissues; and absorption/bioa-

vailability (Rotroff et al., 2010). Until rapid and cost-effective

in vitro assays are developed for these processes, QSAR models

would seem to provide one-way forward. Unfortunately, QSAR

is not yet capable of providing reliable rate constants (eg, trans-

porter velocity); rather, QSAR can estimate how likely or

unlikely it is that a process will occur (Sedykh et al., 2013). By

integrating the available QSAR predictions into a model to pre-

dict when the difference between HTTK predictions and in vivo

data will be large, we can better identify those compounds in

need of follow-up study. However, those chemical properties

found to increase predictive error in this current analysis (and

therefore indicate that we may be outside the domain of applic-

ability for our methods) apply only to the chemical space we

have analyzed thus far. As the approach is applied to new

chemicals, additional properties might be identified that play a

more significant role in the TK prediction of some of these other

chemicals. We must target for further study those chemicals

most likely to be subject to transport processes or other drivers

of uncertainty as indicated by large errors in HTTK model

predictions.

HTTK is intended to complement HTS assays that identify

bioactivity of chemicals in vitro. As with most HTS assays, we so

far have only the means to deal with the parent compound, and

do not yet have the tools to deal with any metabolites in a high

throughput manner. If these tools were to become available,

they would become an important tier in TK triage.

We have shown that HTTK models can be developed from

in vitro data for many environmental chemicals. The steady-

state predictions of these models allow concentrations showing

biological activity in HTS assays to be converted into adminis-

tered dose values. We have evaluated the predictions of these

models using comparison to in vivo values and HTPBTK simula-

tion studies to identify when HTTK may be used with confi-

dence and when additional, targeted measurements may be

necessary.
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ABSTRACT

Toxicokinetic (TK) models link administered doses to plasma, blood, and tissue concentrations. High-throughput TK (HTTK)

performs in vitro to in vivo extrapolation to predict TK from rapid in vitromeasurements and chemical structure-based

properties. A significant toxicological application of HTTK has been “reverse dosimetry,” in which bioactive concentrations

from in vitro screening studies are converted into in vivo doses (mg/kg BW/day). These doses are predicted to produce

steady-state plasma concentrations that are equivalent to in vitro bioactive concentrations. In this study, we evaluate the

impact of the approximations and assumptions necessary for reverse dosimetry and develop methods to determine

whether HTTK tools are appropriate or may lead to false conclusions for a particular chemical. Based on literature in vivo

data for 87 chemicals, we identified specific properties (eg, in vitro HTTK data, physico-chemical descriptors, and predicted

transporter affinities) that correlate with poor HTTK predictive ability. For 271 chemicals we developed a generic HT

physiologically based TK (HTPBTK) model that predicts non-steady-state chemical concentration time-courses for a variety

of exposure scenarios. We used this HTPBTKmodel to find that assumptions previously used for reverse dosimetry are

usually appropriate, except most notably for highly bioaccumulative compounds. For the thousands of man-made

chemicals in the environment that currently have no TK data, we propose a 4-element framework for chemical TK triage

that can group chemicals into 7 different categories associated with varying levels of confidence in HTTK predictions. For

349 chemicals with literature HTTK data, we differentiated those chemicals for which HTTK approaches are likely to be

sufficient, from those that may require additional data.

Key words: toxicokinetics; high throughput; environmental chemicals; IVIVE

Of the 30000 chemicals that are estimated to be in wide com-

mercial use, only a small subset has been characterized as to

their potential toxicological effects in humans or wildlife

(Judson et al., 2008; National Research Council, 1984; USGAO,

2013). High-throughput screening (HTS) using in vitro assays, eg,

the ToxCast and Tox21 programs, has been proposed as one
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approach to fill these data gaps by analyzing the activity of

these chemicals across a broad range of potential biological tar-

gets (Bucher, 2008; Judson et al., 2010). One challenge associated

with the interpretation of the HTS data has been relating in vitro

bioactive concentrations with relevant in vivo dose values, and

doing so on a scale and throughput required to address the large

number of chemicals (Judson et al., 2011; Rotroff et al., 2010;

Thomas et al., 2013; Tonnelier et al., 2012; Wambaugh et al., 2013,

2014; Wetmore et al., 2012).

For pharmaceutical compounds, in vitro to in vivo extrapola-

tion (IVIVE) methods have been developed to parameterize toxi-

cokinetic (TK) models that relate blood and tissue

concentrations to therapeutic doses for clinical studies. The

IVIVE methods typically include limited in vitro measurements

of hepatic clearance, plasma protein binding, and chemical

structure-derived predictions of tissue partitioning (Jamei et al.,

2009; Lukacova et al., 2009). The IVIVE methods and resulting TK

models are considered effective since the predicted concentra-

tions are often (Wang, 2010) within �3-fold of the in vivo obser-

vations (we describe predictions as being “on the order of

magnitude” if they are within
ffiffiffiffiffiffi

10
p

� 3:2�fold). Ultimately, the

human TK of a pharmaceutical compound may be fully charac-

terized in follow-on human clinical trials (Jamei et al., 2009),

which is vastly different from the data available for environ-

mental and industrial chemicals where both ethical and cost

considerations preclude human testing.

The IVIVE methods developed for pharmaceuticals have

been used to parameterize high-throughput TK (HTTK) models

for hundreds of environmental and industrial chemicals

(Rotroff et al., 2010; Tonnelier et al., 2012; Wetmore et al., 2012,

2013, 2014). The primary example of the application of HTTK

models has been to estimate the doses (mg/kg BW/day) needed

to produce steady-state plasma concentrations (Css, in units of

mM) equivalent to concentrations that produce bioactivity in

in vitro assays—this process is often described as “reverse do-

simetry” (Rotroff et al., 2010; Tonnelier et al., 2012; Wetmore

et al., 2012, 2013, 2014). Reverse dosimetry with HTTK models

can provide estimated doses for environmental and industrial

chemicals below which significant in vitro bioactivity is not ex-

pected to occur (Judson et al., 2011; Wetmore et al., 2012). The ra-

tio between the lowest bioactive dose and the maximal

expected exposure provides risk-based context to HTS data and

is one metric for prioritization of additional chemical testing

(Judson et al., 2011; Thomas et al., 2013; Wetmore et al., 2012).

When benchmarked against a limited number of environ-

mental, pesticidal, and industrial chemicals with in vivo TK

data, HTTK models have demonstrated mixed success, but have

generally provided health-protective estimates of bioactive

doses (Wetmore et al., 2012; Yoon et al., 2014). The reasons for

the discrepancies between steady-state concentrations pre-

dicted using HTTK and the concentrations from in vivo TK data

are not clear. There may be extrapolation issues for environ-

mental chemicals that are not present with pharmaceuticals.

This study evaluated the accuracy of HTTK predictions that

were made using the same physiologically motivated,

3-compartment mathematical TK model previously used in re-

verse dosimetry studies (Rotroff et al., 2010; Tonnelier et al.,

2012; Wetmore et al., 2012, 2013, 2014). This assessment was

conducted across the 349 chemicals for which the appropriate

inputs and data were available. Of these, �80% of the chemicals

(ie, 271), possessed required inputs to parameterize a generic

high-throughput physiologically based toxicokinetic (HTPBTK)

mathematical model that we employed to test some of the as-

sumptions used in the HTTK-based reverse dosimetry approach

for environmental chemicals. HTTKmodel predictions were fur-

ther evaluated using available human and rat in vivo measure-

ments curated from TK literature.

We found that some properties of pharmaceutical and envi-

ronmental chemicals correlated with either small or large dis-

crepancies between HTTK predictions and in vivo-derived

values. Those properties define a “domain of applicability” of

chemical property space within which HTTK models may be ex-

pected to provide an adequate alternative to more traditional

TK methods for reverse dosimetry and other applications. The

results of our analyses were integrated into a multi-element TK

triage system that organizes chemicals into different categories

based on varying degrees of accuracy (eg, on the order,

10� over-estimated, 10� underestimated) of the HTTK predic-

tions with additional categories for situations where more data

or alternative approaches are needed to develop suitable TK

models. Depending on the accuracy needed for a specific appli-

cation and the degree of confidence for a particular prediction,

this triage system separates those chemicals with which HTTK

may be used with confidence from those chemicals that may

benefit from specific types of analyses and/or additional experi-

mental data collection.

MATERIALS AND METHODS

In this study, we first replicated the steady-state TK model

used in previous studies and developed a new model allowing

exploration of the impact of the steady-state assumption. We

used these models to analyze the soundness of assumptions

used in previous reverse dosimetry HTTK applications as exem-

plified by the Wetmore et al. (2012) study. We then applied

statistical methods to determine the chemical-specific proper-

ties that correlate with HTTK predictive ability. Among the

chemical-specific properties examined, we investigated xenobi-

otic transporter affinities predicted using quantitative struc-

ture–activity relationships (QSAR). The methods and data used

for our analysis of HTTK have been made available as a package

for the open source R statistical analysis software platform

(R Development Core Team, 2013). The package, “httk,” can be

accessed from the Comprehensive R Archive Network (CRAN)

repository (http://cran.r-roject.org/web/packages/httk/, last

accessed 22 June 2015). All chemical-specific parameters are

listed in Supplementary Table 1 with references.

TK models used. Two general (ie, chemical independent) TK mod-

els were used. The first model was intended to replicate the

model used in previous reverse dosimetry analyses (Rotroff

et al., 2010; Wetmore et al., 2012, 2013). Those analyses were per-

formed using the SimCyp software (Jamei et al., 2009). The first

model (illustrated in Supplementary Fig. 1) was a physiologi-

cally motivated “3-compartment” model for determining

plasma concentrations that assumed no tissue partitioning,

elimination due to metabolism of the parent compound in the

liver, renal elimination by passive glomerular filtration (GF), and

is adjusted for plasma protein binding [ie, GF rate

(GFR)� fraction of chemical unbound in plasma]. Metabolism in

this model is comparable to the “well-stirred” approximation

for hepatic metabolism (Wilkinson and Shand, 1975).

The second general TK model (illustrated in Supplementary

Fig. 2) was physiologically based (PBTK) with separate tissue

compartments for the gut, liver, lung (unused for dosing in this

research, since the inhalation route was not simulated), kid-

neys, and arterial and venous blood. The rest of the tissues in

the body were aggregated. Tissue volumes and blood flows were
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taken from Birnbaum et al. (1994). Tissue flows and volumes

were scaled to cardiac output and body weights from Davies

and Morris (1993), which also provided values for GFR and hem-

atocrit. Absorption from the gut lumen into gut tissue was mod-

eled as a first-order process with an arbitrary, “fast” rate of 1/h.

Venous blood from the gut and arterial blood fed separately into

the liver, where metabolism was again modeled with the “well-

stirred” approximation.

Physico-chemical and partitioning information were col-

lated from various sources. Molecular weight and structure

were determined from the DSStox database (http://www.epa.

gov/ncct/dsstox, last accessed 22 June 2015) and hydrophobicity

was drawn for all compounds from EPI Suite (http://www.epa.

gov/opptintr/exposure/pubs/episuite.htm (last accessed 22 June

2015)—measured values used if available, predicted otherwise).

Where available, ionization association/dissociation equili-

brium constants were curated from the literature; otherwise

predictions were based on chemical structure using the SPARC

(SPARC Performs Automated Reasoning in Chemistry) model

(Hilal et al., 1995). Experimental values for membrane affinities

(ie, lipid-bilayer to water concentration ratios) were used where

available (Endo et al., 2011) or predicted using a regression of the

Endo et al. (2011) data based on hydrophobicity and

temperature:

log 10 Knpl:water

� �

¼ 0:999831� 0:016578� T þ 0:881721
� log 10 Koctanol:waterð Þ;

where T is the temperature (�C), Knpl:water is the neutral phos-

pholipid-to-water concentration ratio, and Koctanol:water is the

octanol-to-water concentration ratio.

Chemical-specific tissue to free fraction in plasma partition

coefficients were predicted using Schmitt’s method (2008a).

Tissue-specificity was based upon the cellular fraction of total

volume; water, lipid and protein fraction of cellular volume; and

distribution of types of lipid (Schmitt, 2008b). Chemical-

specificity was based upon plasma protein binding (fup), the

hydrophobicity, and any ionization association/dissociation

constants. Because we do not have a method for estimating the

rate at which chemicals diffuse into tissues, we assumed that

all tissues were perfusion-limited; ie, chemical concentrations

in tissue, red blood cells, and plasma come to equilibrium

instantaneously relative to the flow of blood.

Determination of steady state. We use the term “steady-state” to

describe the situation where the chemical concentration in

plasma caused by the assumed exposure scenario is unchang-

ing in time. With the assumption of constant infusion dosing,

as in Wetmore et al. (2012), this is a true steady-state. With con-

stant infusion dosing the flow of chemical into the body is

matched perfectly by clearance from the body. For dynamic

exposure scenarios (such as exposures separated by time inter-

vals), a quasi-steady-state is determined to occur if the plasma

concentration effectively no longer increases across a fixed

time interval. For example, if plasma concentration is the same

just before the next dose as it was before the current dose, this

is quasi-steady-state.

In order to determine if steady-state conditions were

achieved, 2 analytic equations were derived from the differen-

tial equations of the 3-compartment TK and PBTK models by

assuming constant infusion dosing. The analytic solution to the

3-compartment TK model is the equation used for steady-state

plasma concentrations (Css) in previous work (Rotroff et al., 2010;

Wetmore et al., 2012, 2013; Wilkinson and Shand, 1975). For the

PBTK model, equations were solved numerically to simulate a

series of repeated, every 8-h oral doses until the daily averaged

venous concentration, just before re-dosing, was within a small

tolerance (1%) of the concentration predicted with the analytical

solution of the PBTK model. The PBTK simulations assume an

initial body burden of no chemical, even though this may not be

the case for certain persistent, bioaccumulating, or endogenous

chemicals. The equations for the analytic solutions are given in

the captions to Supplementary Figures 1 and 2.

In vitro chemical data. In vitro data used in this study was

extracted from published literature. For environmental, pestici-

dal, and industrial chemicals, in vitro experimental data were

obtained primarily from Wetmore et al. (2012) and Tonnelier

et al. (2012). For pharmaceutical compounds these values were

compiled from Obach (1999), Jones et al. (2002), Shibata et al.

(2002), Lau et al. (2002), Naritomi et al. (2003), Ito and Houston

(2004), McGinnity et al. (2004), Schmitt (2008a), and Obach et al.

(2008).

Two types of in vitro data were extracted in order to parame-

terize the TK models—intrinsic hepatic clearance and plasma

protein binding. The intrinsic metabolic clearance of the parent

compound (CLint) by primary hepatocytes (substrate depletion

approach) was measured in wells on a multi-compound plate

(Shibata et al., 2002). Since only the unbound chemical in the

hepatic clearance assay is available for metabolism, CLint was

determined from the observed clearance (CLuint) which was div-

ided by the estimated fraction of chemical unbound in the hep-

atocyte intrinsic clearance assay (fuhep), as estimated using the

method of Kilford et al. (2008). The Kilford et al. (2008) method

includes a distribution coefficient estimated from hydrophobic-

ity and ionization. In Wetmore et al. (2012), 2 chemical concen-

trations (1 and 10 mM) were tested, in part to test for saturation

of metabolism. We have used only the 1mM values. Fraction of

chemical unbound in the presence of plasma protein (fup) was

assessed using rapid equilibrium dialysis (RED) in which 2 wells

are separated by a membrane that is permeable to smaller mol-

ecules but prevents the plasma protein from migrating from

one well to the other (ie, the relative chemical concentration in

the 2 linked wells gives the free fraction of chemical) (Waters

et al., 2008).

Monte Carlo simulation and parameter distributions. Previous

reverse dosimetry analyses (Rotroff et al., 2010; Wetmore et al.,

2012) used the SimCYP software (Jamei et al., 2009) to perform a

Monte Carlo (MC) simulation of human variability and we have

implemented a similar MC simulation ability. To match the

assumptions used by SimCYP, normal distributions that were

truncated to ensure positive values were used with mean values

drawn from the references above and a coefficient of variation

of 0.3. Body weight, liver volume, hepatic blood flow, glomerular

filtration rate, and CLuint were all varied in this manner. In a

change from previous MC simulations, the values for protein

binding, fup, were drawn from a censored normal distribution:

values were sampled from a uniform distribution between 0%

and the limit of detection (LOD) (default of 1% unbound) at a

rate proportional to the number of samples from the truncated

normal distribution below the LOD. For each chemical, 1000 dif-

ferent combinations of parameters were used to determine Css,

allowing estimation of the 5th, median, and 95th percentiles.

In vivo chemical data. In Wetmore et al. (2012), in vivo TK and

PBTK modeling data for the environmental, pesticidal, and

industrial chemicals were collected from the literature and used
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to assess the predictive ability of the human in vivo Css estima-

tion, assuming a 1mg/kg/day daily oral administration. For

pharmaceutical compounds, the measured human clearance (l/

day) and volume of distribution (l) in Obach et al. (2008) was

used to determine Css for the same dose.

Model compounds for rat IVIVE were chosen based on the

availability of HTTK input parameters CLuint and fup. A list was

constructed from Ito and Houston (2004), complemented by a

group of compounds to which reverse dosimetry was applied in

earlier studies (Krug et al., 2013; Piersma et al., 2013). For these

compounds, we searched public sources for studies reporting

plasma concentration time course data in rat following oral or

intravenous administration. Pharmacokinetic data were

retrieved from those studies (Supplementary Table 2) by digitiz-

ing published figures using TechDig v2.0.

In silico transporter predictions. We used the method of Random

Forest (Breiman, 2001) to develop QSAR predictions of trans-

porter affinity (Sedykh et al., 2013). We used the R package

“randomForest” by Liaw and Weiner (2002). Experimental data

characterizing interaction of chemicals with membrane trans-

porters were compiled from multiple available public sources

(Sedykh et al., 2013). The chemicals were represented using

Chemistry Development Kit descriptors (Steinbeck et al., 2003)

determined from Simplified Molecular-Input Line Entry System

strings (Weininger, 1988). Chembench (Walker et al., 2010) was

used to standardize chemical structures as well as normalize

chemical descriptors to range between 0 and 1. Inhibitors were

defined based on a potency threshold of 10 lM except for pep-

tide transporter 1 (PepT1), organic cation transporter 1 (OCT1),

and organic anion-transporting polypeptide 2B1 (OATP2B1), for

which 100 lM threshold was used due to lower levels of affinity

of reported inhibitors. Scores equal to 0 or 1 imply high-confi-

dence predictions that a chemical is a non-substrate or a sub-

strate, respectively, whereas a score of 0.5 indicates an

ambiguous prediction (Sedykh et al., 2013). The full list of trans-

porters modeled is identified in Supplementary Table 1, which

also contains the QSAR predictions for each compound.

A second model, based upon Bayesian classification, was

used to predict interactions of the compounds with organic

anion transporter protein (OATP) 1B1 (Van de Steeg et al., 2015).

The classification model is based on a database recording the

inhibitory potential of 640 FDA-approved drugs from a commer-

cial library (10lM) on the uptake of [3H]-estradiol-17beta-D-glu-

curonide (1lM) in Human Embryonic Kidney 293 cells stably

transfected with human OATP1B1. The structural similarity

(feature-connectivity bit string 4) to the nearest similar chemi-

cal in this training set is used as a measure for potential interac-

tion with OATP1B1. Although this model predicts inhibition of

OATP1B1-mediated uptake rather than uptake itself, we assume

here that the inhibition is mostly competitive and therefore

identifies potential transporter substrates.

HTTK-in vivo discrepancy analysis. The Random Forest algorithm

was used to analyze the correlation of chemical descriptors

with the discrepancy between HTTK predictions and results

based on in vivo data. The Random Forest method is cross vali-

dated (Breiman, 2001), performing multiple analyses based on

different subsets of chemicals and different subsets of chemical

descriptors. Fifty thousand regression trees were constructed

using random subsets of the data, with a subset of 17 factors

considered at each split in the tree, and a minimum terminal

node size of 5. Performance of each regression tree was eval-

uated against the chemicals not used to build that tree. The

most important factors in the random forest model were calcu-

lated using the method of decrease in node impurities (essen-

tially, a leave 1 factor out method) (Archer and Kimes, 2008). We

used the R package “rpart” by Therneau et al. (2014) to perform

the method of recursive partitioning (Breiman et al., 1984) to

develop a regression tree for the full dataset (ie, not cross-vali-

dated). Finally, a random forests approach was used to construct

a classifier tree for 5 exclusive categories (“on the order,” “3.2�
under-predicted,” “10� under-predicted,” “3.2�over-predicted,”

“10� over-predicted”), with a subset of 17 factors considered at

each split, and a minimum terminal node size of 1.

RESULTS

Our HTTK models require chemical-specific data on CLint and

fup to predict human Css. We obtained data from the peer-

reviewed literature for a total of 349 chemicals. These chemicals

include (non-uniquely) 312 Tox21 chemicals, 248 ToxCast

chemicals, 74 pharmaceuticals, and 35 chemicals for which

human exposure is monitored by the Centers for Disease

Control National Health and Nutrition Examination Survey

(CDC, 2012). The distribution of the non-zero values of the CLint
and fup data is roughly log-normal and is similar across the

curated literature (Supplementary Figs. 3 and 4).

Figure 1 illustrates our ability to reproduce the Wetmore

et al. (2012) results. As in Wetmore et al. (2012), we simulated

population variability to determine the median, lower 5th, and

upper 95th percentile of plasma concentrations for individuals

exposed to the same, fixed dose (1mg/kg BW/day). Since the

upper 95th percentile individuals have higher plasma concen-

trations for the same exposure, they are considered to be an

example of a sensitive population. Any 1 chemical in Figure 1 is

indicated by 3 plot points connected by a line. The 3 points cor-

respond to the median, lower 5th, and upper 95th percentiles of
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FIG. 1. Comparison of the median, upper, and lower 95th healthy adult human

percentiles of steady-state plasma concentration (Css) predicted on the y-axis

using SimCyp (Wetmore et al., 2012) and on the x-axis using assumptions refined

to better reflect screening for environmental chemicals. The Css values were

estimated assuming a steady-state infusion of 1mg/kg BW/day. Each chemical’s

median and upper and lower 95th percentiles are connected by a line. The

dashed line indicates the identity (perfect predictor) line.
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the Css. The dashed line indicates the identity (perfect predictor)

line—the further a prediction is from the identity line the

greater the discrepancy. We describe predictions with large dis-

crepancies as “outliers.”

There was good agreement (R2¼ 0.84) between our simula-

tions and those in Wetmore et al. (2012) for all 3 percentiles.

However, this comparison did identify 2 groups of outliers for

which the predictions differ due to differing assumptions.

The first group of chemicals in Figure 1 with differing predic-

tions is those that have an upper 95th percentile Css that was sig-

nificantly higher than previously estimated, though the median

and lower percentile values were unchanged. These chemicals

are indicated in Figure 1 by a bent line connecting the 3 quantiles.

This predicted difference indicates greater risk for the most sensi-

tive individuals. This difference was due to replacing a default

value with a censored distribution for chemicals with a failed

RED assay for measuring fup (protein binding). Among other rea-

sons (eg, binding to membrane), the RED assay can fail because

the amount of free chemical is below the LOD. In Wetmore et al.

(2012), the RED assay failed for �38% of the chemicals. For these

chemicals, Wetmore et al. (2012) assumed a default value of 0.5%

free (roughly half the average LODs). For the analysis shown in

Figure 1, we have replaced this default value with a censored dis-

tribution in our MC variability simulation (essentially, simulating

many different values between 0 and 1%).

There was a second group of chemicals in Figure 1 where the

current modeling provided plasma concentration estimates dif-

ferent from Wetmore et al. (2012) due to a change in assump-

tions. This group contained chemicals where differences in the

analysis of the hepatic clearance assay results led to different

concentrations predicted for all 3 population percentiles in

Figure 1 (ie, 3 quantiles connected by a line that are all distant

from the identity line). Due to measurement variability and

other factors, a linear model may not describe the decrease in

parent chemical concentration as a function of time. Previously,

a P-value threshold of .10 (probability of the null hypothesis of

no disappearance of chemical was <10%) was used to determine

if the chemical showed significant intrinsic clearance over the

time examined. For the results shown in Figure 1, we have

required that P-values be <.05. For those with a P-value >.05, we

use a default value of 0 (ie, no hepatic clearance) which acts to

increase the estimated plasma concentration for a fixed dose.

Most discrepancies between our predictions and Wetmore

et al. (2012) disappear (R2� 0.90, Supplementary Fig. 5) if we

replace our revised assumptions with the original assumptions

of Wetmore et al. (2012). However, 8 discrepant chemicals

remain due to issues such as the only Css available in Wetmore

et al. (2012) was calculated using the 10 mM clearance data. The

lone chemical for which we under-predict the value from

Wetmore et al. (2012) for all 3 population percentiles is

Chlorpyrifos-methyl, for which the 10mM clearance assay was

not statistically significant, leading Wetmore et al. (2012) to use

0 clearance. Since the clearance assays conducted at 1 mM was

statistically significant, we used that value, leading to a larger

predicted clearance.

Once we were satisfied that we could reproduce previous

results for the majority of chemicals, and understood those

cases where we differed, we proceeded to evaluate 3 key

assumptions for the calculation of Css. Previously, chemical par-

titioning into tissues (eg, volume of distribution) was not deter-

mined from HTTK data, necessitating the use of Css as a dose

metric because the concentration at steady-state does not

depend on the amount of chemical in tissues. This means that

we assume that humans reach steady state with respect to

environmental exposures. Using the analytic solution for Css

requires the further assumption of constant infusion dosing.

Constant infusion dosing requires that we assume that steady-

state plasma concentrations are a reasonable surrogate for peak

concentrations which would be caused by other exposure sce-

narios (eg, exposure at meal times only). Further, constant infu-

sion dosing requires either the assumption that 100% of the

chemical is absorbed or the use of additional models to predict

absorption. Wetmore et al. (2012) selected 100% absorption as

being conservative (causing overestimated plasma concentra-

tion). By constructing non-steady-state, PBTK models, we can

assess the plausibility of these 3 assumptions.

We developed HTPBTK models using Schmitt’s method for

tissue partitioning (Schmitt, 2008a). We used a generic PBTK

model structure that could be parameterized for any chemical

using CLint and fup and experimental or QSAR-derived physico-

chemical properties. Schmitt’s method requires a value for pro-

tein binding in order to make predictions; therefore, we could

only build HTPBTK models for 271 chemicals. Further assump-

tions about chemical absorption and bioavailability (ie, rapid

absorption and 100% bioavailability) were required in order to

parameterize the HTPBTK models.

Figure 2 illustrates our evaluation of the HTPBTK model pre-

dictions by comparison to literature in vivo time course data in

rats for 22 chemicals. For a given chemical, the specific TK prop-

erties, dose, and route of administration result in different

plasma concentration kinetics that we have summarized by the

time-integrated plasma concentration (Area Under the Curve,

AUC). Neglecting route of administration, we find that HTPBTK

is predictive (R2¼ 0.68) of in vivo data (Fig. 2A). When we esti-

mate a difference between oral exposures (which are subject to

absorption and bioavailability) and intravenous and subcutane-

ous dose routes (which are not), we find slightly greater predic-

tive ability (R2¼ 0.73). We systematically over-predict AUC for

chemicals administered orally. The average difference between

oral and intravenous doses is 6.4 (95% confidence interval

2.3–18), ie, on average AUCs from oral doses are roughly 6 times

lower than predicted. This result indicates that the absorption

assumptions we used for HTPBPTK are conservative and health

protective since they produce higher predicted exposures. In

Figure 2B, we show that peak plasma concentration (Cmax) also

appears to be well described by the HTPBTK model (R2� 0.68)

and that there is a systematic bias toward over-prediction. The

treatments that are over-estimated are predominantly for intra-

venous doses while predictions for oral doses are more evenly

scattered about the identity line. The handful of cases where

HTPBTK under-predicts Cmax are all for oral administration.

Having established that our HTPBTK model predictions are

consistent with the in vivo data that was available for 22 chemi-

cals (Fig. 2), we conducted a simulation study to evaluate the

assumptions used to calculate Css in previous HTTK reverse

dosimetry analyses. In the simulation study, we replaced the

infusion dose assumption with a dosing scenario of 3 daily

doses totaling 1mg/kg BW/day (eg, exposure at meal times or

from consumer product use), to better reflect the near field

sources of exposure that appear to be dominant for environ-

mental chemicals (Wambaugh et al., 2013). As illustrated in

Figure 3A, 70% of chemicals (182 of 271) reach steady-state

within 28 days, and 90% of chemicals (252 of 271) reach steady-

state within 1000 days. However, there were 19 chemicals that

required more than 1000 days to reach steady-state (Table 1).

TK analyses based upon Css are inappropriate for these chemi-

cals, suggesting a need for alternative approaches. Approaches

based on dynamic TK simulation of the tissue concentrations
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likely to be caused over a life-time of exposure may be

more appropriate. The 5 chemicals that never reach steady-state

(ie, the ratio of the simulated average daily concentration to the

analytic Css never approaches 1) are polychlorinated biphenyls

(PCBs), which are known to have long human half-lives (Ritter

et al., 2010) and are no longer deliberately in commerce.

With the HTPBTKmodels andmore realistic exposure simula-

tion, we then compared predicted peak concentrations with the

Css derived from the analytical solution to the 3-compartment TK

model (Fig. 1). As shown in Figure 3B, the peak concentration for

repeated dosing is not different (R2� 0.95) from the Css predic-

tions under the assumption of constant infusion dosing.

Similarly, the average daily concentration at steady-state was

nearly identical (R2� 0.96) to the analytical result for Css used in

Wetmore et al. (2012) and elsewhere (Supplementary Fig. 6). For

rapidly cleared compounds, the peak concentrations from 3 daily

doses were within an order of magnitude of Css.

We then compared HTTK predictions of Css based on in vitro

data with Css values inferred for humans from in vivo studies for

11 environmental chemicals (Wetmore et al., 2012) and 74 phar-

maceuticals (Obach et al., 2008). Figure 4A illustrates that there

is a weak predictive ability (R2� 0.34), but that the errors are

mostly conservative (ie, the predicted plasma concentrations

based on in vitro data are higher than the in vivo data indicates).

When the perfluorinated chemicals (PFCs) are removed, the R2

drops to �0.23. We note that the correlation between the HTTK

Css versus the Css inferred for humans from in vivo studies is

lower than observed for AUC and Cmax predictions in Figure 2.

At steady-state, all Css values are compared for the same fixed

dose rate of 1mg/kg/day. When the HTPBTK predictions are

normalized for administered dose, the R2 for AUC and Cmax drop

to �0.48 for both, indicating that a portion of the predictive abil-

ity of the HTPBTK might be due to the data varying linearly with

dose for those chemicals.
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FIG. 2. Evaluation of the predictive ability of HTPBTKmodels by comparing predictions with in vivomeasurements in the rat for the AUC (A) and Cmax (B). Each chemical

may have more than one study with potentially different doses and routes. Dose route is indicated by symbols (oral, po—triangle; intravenous, iv—circle; subcutane-

ous, sc – square). The upper dotted line is the linear regression for intravenous doses, while the lower dotted line is for the oral doses. The dashed line indicates the

identity (perfect predictor) line.
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To identify chemical-specific properties that correlate with

reduced HTTK predictive ability, we analyzed the difference

between in vivo measurements and HTTK predictions (ie, the

residuals), shown by thick grey lines in Figure 4A. The method

of random forests was used to predict the residual for each

chemical with in vivo data, as shown in Figure 4B. Chemical

properties included chemical-specific physico-chemical proper-

ties, in vitro intrinsic hepatic clearance, in vitro plasma protein

binding, and QSAR predictions of transporter affinity.

Transporters were included because predictors were available

(Sedykh et al., 2013) and they constitute an often important

driver of TK (Giacomini et al., 2010; Shugarts and Benet, 2009)

that is not included in the steady-state model. A large predicted

residual for a specific chemical corresponds to a large expected

error. The random forest approach ensures cross-validated pre-

dictive ability by averaging the predictions of many models con-

structed from random subsets of the chemicals and chemical

descriptors. The relative importance of the top 10 chemical

properties for predicting HTTK residuals (errors) is illustrated in

Figure 4C. These factors are described in detail in Tables 2 and

3. Note that all transporters that were included as potential pre-

dictors of error were anticipated to be relevant to TK. The rela-

tive rankings of specific transporters in Table 2 may reflect the

chemical evaluation set that was used.

TABLE 1. Chemicals Predicted to Require Long Time Periods to Reach Steady-State

Compound CAS Analytic

Css (mg/l)

HTPBTK

Average

Daily Conc.

(mg/l)

Ratio of

HTPBTK

to Analytic

After

100 Years

Years to

Steady-State

Vd (l) Kel (h)

Fenpropathrin 39515-41-8 0.36 0.36 0.99 3.0 651.3 0.000162

Perfluorooctanoic acid 335-67-1 81.55 81.39 0.99 3.5 3.4 0.00015

Imazalil 35554-44-0 13.37 13.17 0.99 4.1 24.8 0.000128

Maprotinline 10262-69-8 0.8 0.8 0.99 4.9 480.9 0.000106

Tetraconazole 112281-77-3 15.92 15.67 0.99 5.7 28.9 9.22E�05

Perfluorooctane sulfonic acid 1763-23-1 81.83 81.66 0.99 6.6 6.4 7.92E�05

Isoxaben 82558-50-7 8.4 8.25 0.99 6.8 65.5 7.71E�05

Ddt 50-29-3 0.04 0.04 0.99 7.3 15127.0 3.84E�05

S-bioallethrin 28434-00-6 1.66 1.63 0.99 9.0 434.5 5.85E�05

Fenvalerate 51630-58-1 0.88 0.88 0.99 13.7 1235.3 3.71E�05

Zoxamide 156052-68-5 37.87 37.69 0.99 34.0 71.3 1.55E�05

Oxyfluorfen 42874-03-3 3.21 3.18 0.99 41.7 1033.9 1.26E�05

D-cis, trans-allethrin 584-79-2 1.35 1.33 0.99 46.7 2763.0 1.13E�05

Emamectin benzoate 155569-91-8 282.45 281.50 0.99 77.7 21.8 6.77E�06

PCB136 38411-22-2 37.68 1.08 0.03 >100 34485.6 3.21E�08

PCB153 35065-27-1 76.7 0.86 0.01 >100 43391.9 1.25E�08

PCB155 33979-03-2 75.67 1.36 0.02 >100 27407.8 2.01E�08

PCB77 32598-13-3 76.21 10.56 0.13 >100 3314.2 1.65E�07

PCB80 33284-52-5 77.06 11.26 0.14 >100 3093.6 1.75E�07
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FIG. 4. A, Comparison of HTTK predicted Css values with measured in vivo Css values from literature studies. Two PFCs are plotted on top of each other. The dashed line

indicates the identity (perfect predictor) line. Chemicals plotted below the identity line have predictions greater than literature values, and vice versa. The thick grey

lines indicate the discrepancy between measured and predicted values (ie, the residuals). Comparison of the actual residuals calculated from (A) and the residuals pre-

dicted using a random forest analysis based on chemical descriptors is shown in (B). The most important factors in the random forest model, as calculated using the

method of decrease in node impurities, are shown in (C). These factors are described in detail in Tables 2 and 3.
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Although the random forest method produces a cross-vali-

dated predictor, the interpretation of how those predictions are

achieved can be difficult since the predictions are the average of

many different models. A single regression tree for predicting

Css residuals based on all chemicals and all available chemical

properties can be created for descriptive purposes (Fig. 5). Error

in the HTTK models (ie, large residuals) appears to be driven by

predicted Css, fup, chemical ionization, and 2 of the transporters

described in Table 2. We note 2 broad classes of chemicals—

those chemicals where HTTK predictions are on the order (ie,

within �3.2� or 101/2�) of the observed in vivo values (�65% of

the chemicals), and those chemicals where the errors can be

several orders of magnitude (28% of the chemicals were �6�
overestimated, and 8% of chemicals 120� overestimated on

average). For this final group of chemicals, the large overestima-

tion by the HTTK models leads to conservative reverse dosime-

try predictions (ie, errors that would lead to lower predicted

ratios between bioactive doses and the maximal expected expo-

sures, thus leading to a higher predicted risk).

Motivated by the regression tree analysis in Figure 5, which

classified all the data but was not suitable for prediction, a sec-

ond random forest (ie, predictive, rather than descriptive) analy-

sis was conducted. The analysis used the same descriptors as

before to classify chemicals into 5 categories based on residual:

those chemicals with predictions on the order of the in vivo Css

(within �3.2�), those that were between �3.2� and 10� over or

underestimated, and those that were >10� over or underesti-

mated. The cross-validated classifier had a sensitivity of 79%, a

specificity of 54%, and a balanced accuracy of 64% when predict-

ing whether or not a HTTK Css prediction will be on the order of

the in vivo measured Css. Chemicals for which the residuals are

predicted to be on the order or overestimated are within the

domain of applicability of our HTTK approach; ie, we expect to

have either small or conservative errors for reverse dosimetry.

Along with identifying those chemicals that never reach

steady-state (Table 1) and those chemicals for which the plasma

protein binding assay failed, the 5 categories from this random

forest classifier allow each chemical to be placed into 1 of 7

categories, as illustrated in Figure 6.

By integrating the various analyses in this study, we devel-

oped a TK triage framework that provides guidance on the

degree of confidence for a particular prediction and indicates

which chemicals may benefit from specific types of analyses or

experimental data collection (Table 4). The first step is the col-

lection of basic in vitro TK data that allows a prediction to be

made for Css. Second, the parameterization of HTPBTK models

using physico-chemical properties and predicted partition coef-

ficients, if possible, allows a determination of the plausibility of

reaching steady state. Third, chemical properties that are corre-

lated with large deviations between predicted and observed

TABLE 2. Transporters Associated With Differences Between HTTK Model Predictions and Human in vivo Css

Abbreviation

(Gene)

Full Name Transporter References Random

Forest

Importancea

Included

in Tree

Made From

All Data

BSEP (ABCB11) Bile Salt Export Pump Hepatocyte bile secretion efflux

transporter

Faber et al. (2003) and

Giacomini et al. (2010)

10.3

BCRP (ABCG2) Breast cancer resistance

protein

Hepatocyte bile and intestinal

secretion efflux transporter

Giacomini et al. (2010) 9.97

OCT1 (SLC22A1) Organic Cation Transporter

1

Hepatocyte influx and intestinal

secretion influx transporter

Faber et al. (2003) and

Giacomini et al. (2010)

6.64

MCT1 (SLC16A1) Monocarboxylate

Transporter 1

Ubiquitous Transporter Halestrap and Meredith (2004) 6.6 Y

OATP2B1

(SLCO2B1)

Solute carrier organic anion

transporter family mem-

ber 2B1

Hepatocyte and blood-brain barrier

influx transporter

Giacomini et al. (2010) 5.77 Y

PEPT1 (SLC15A1) Peptide transporter 1 Intestinal and kidney secretion

influx transporter

Giacomini et al. (2010) 5.54 Y

aLarger value indicates greater relative importance. When multiple predictors for same transporter were available, only the highest reported importance is reported.

TABLE 3. Other Factors Associated With Difference Between HTTK Model Predictions and Human in vivo Css

Factor Description Random Forest

Importancea
Included in

Tree Made

From All Data

fup Fraction unbound to plasma protein as measured in vitro 51.0 Y

Predicted Css Steady-state concentration predicted from in vitro measured fub and

Clint

43.1 Y

Ionization (pKa_Donor) Acid dissociation equilibrium constant 20.2

Elimination rate (ke) Elimination rate as calculated from total clearance (renalþhepatic)

predicted from in vitro data, divided by Vd

16.9

Log Kow Log transformed hydrophobicity (ratio of concentration in octanol to

water)

8.86

Perfluorinated compound (PFC) (yes/no) 6.65

aLarger value indicates greater relative importance.
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behavior can be used to screen out those chemicals for which

HTTK is not expected to perform well. The 4th element of triage

addresses those remaining chemicals in greatest need of alter-

native, perhaps traditional approaches. Different elements of

triage may be applied concurrently, depending on the informa-

tion that is available.

We applied the TK triage (Table 4) to the entire 349 chemical

set in Figure 6. We find that a plurality (140) of the chemicals are

estimated to be “on the order,” ie, the HTTK predicted Css will be

within �3.2� of the literature value. The third largest category

is chemicals for which the protein binding assay failed (80), pre-

cluding analysis of time to reach steady-state. However, only

7% of chemicals analyzed for time to reach steady-state did not

do so within 1000 days, and we might assume this figure to be

similar for these 80 chemicals. Of the remaining 110 chemicals,

most (102) are predicted to be overestimated, leading to conser-

vative errors when conducting reverse dosimetry. In total, we

predict that the reverse dosimetry assumptions will be appro-

priate for 89% of the chemicals where the protein binding assay

was successful.

DISCUSSION

Efforts to implement the vision outlined in Toxicity Testing in

the 21st Century (National Research Council, 2007) include

in vitro assays to identify potential biological targets of environ-

mental and industrial chemicals (eg, ToxCast, Judson et al.,

2010). IVIVE methods are then needed to translate in vitro bioac-

tive concentrations into administered doses (Blaauboer et al.,

2012; Wetmore et al., 2012). HTS data might then be used in a

risk-based context through the comparison of estimated bioac-

tive doses to estimated exposures (Judson et al., 2011; Thomas

et al., 2013; Wetmore et al., 2012). Herein, we develop a method

for identifying the degree of confidence with which we may

apply HTTK in order translate HTS data for chemicals without

other TK data. We have formalized this process in a triage sys-

tem that has categorized 349 chemicals into 7 categories, 5 of

which indicate varying degrees of confidence in the HTTK

approach and 2 indicate a need for additional data or alternative

approaches.

We examined 3 key assumptions in the previous HTTK

research: that humans can reach a steady-state with respect to

environmental exposures, that steady-state concentration is a

reasonable surrogate when exposure is more episodic, and that

100% absorption is reasonable. These assumptions were tested

using both simulation studies and direct comparison to in vivo

data for both pharmaceuticals and environmental chemicals.

Based on our analysis we organize HTTK testing into a TK triage

framework for environmental chemicals (Table 4). Each element

of the framework depends on data collection and/or analysis,

and distinguishes those chemicals for which that sort of data is

useful from those chemicals for which the approach does not

apply. Based on this approach we expect the in vivo values to be

within �3.2� of predictions for �59% the 246 chemicals that

both had a successful plasma protein binding estimate and we
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FIG. 6. Distribution of the 349 chemicals with IVIVE data among the triage ele-

ments in Table 4. Css is not meaningful for the chemicals that do not reach

steady-state. Chemicals where the protein binding assay failed cannot easily be

categorized since fup is an important predictor (Table 3) of discrepancy between

HTTK Css predictions and literature values for Css. The remaining chemicals are

categorized as likely having HTTK predictions for Css that would be overesti-

mated, underestimated, or on the order (63.2� the in vivo value).

Predicted_Css >= 0.55

PEPT1_pIC50 >= 2.7

Substrate_Transporter_MCT1 < 0.29

Inhibition_Transporter_OATP2B1 < 0.38

Fup < 0.11

Substrate_Transporter_PEPT1 >= 0.18

Predicted_Css < 0.19
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FIG. 5. A recursive partitioning regression tree was used to classify the discrepancy between the Css predicted from in vitro data and the in vivo Css (Obach et al., 2008;

Wetmore et al., 2012). Each “leaf” of the tree shows a group of chemicals for which HTTK either overestimates Css (making conservative predictions) or underestimates

Css. For all but 3 groups, the predictions are on the order of the observed Css (approximately within a factor of 3.2� greater or lesser). For the other 3 groups, the Css is

5.2�, 7.7�, and 120� overestimated. The dashed line indicates the identity (perfect predictor) line.
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predict will reach steady-state. We expect conservative errors

for an additional �37% of these 246 chemicals.

The final element of triage incorporates additional in vitro or

in vivo testing for those chemicals that are most in need of addi-

tional attention. Admittedly, the domain of applicability for this

approach is limited by the domain of chemicals used to conduct

this analysis. Since there may be chemical properties that drive

HTTK error that may be underrepresented by these chemicals,

it will also be important to study at least a few members of

diverse and novel classes of environmental and industrial

chemicals.

The application of in vitro methods to TK is different in the

pharmaceutical versus environmental chemical screening

domains. For instance, it is expected that some samples of

some compounds will be below the LOD of the cost-effective

analytical chemistry that is required for the rapid TK screening

of thousands of environmental and industrial chemicals (Rousu

et al., 2010; Wetmore et al., 2012). When screening environmen-

tal and industrial chemicals, resources may not exist for follow-

up work and the data must be used as is. This study found that

typical assumptions such as half the LOD for protein binding

(fup) (Wetmore et al., 2012) may result in an underestimation of

Css values, which may not be health protective. However, this

may be offset by other assumptions in the HTTK modeling that

tend to produce an overestimate of Css.

For the metabolic clearance assay, stricter statistical limits

are more conservative since they lead to overestimated Css val-

ues (ie, setting metabolic elimination to 0 for P-value <.05

instead of P-value <.1). However, many of the chemicals that

we estimate to have 0 or non-significant clearance in the in vitro

assays analyzed here may yield significant clearance in more

physiological conditions, such as plated hepatocytes over a lon-

ger time period. Follow-up measurement of clearance rates

using a plated hepatocytes system (Smith et al., 2012) and/or

longer times may ensure a more accurate hepatic clearance

estimate.

For most environmental and industrial chemicals it is

unlikely that there will ever be controlled human TK data. As

evaluated by comparison to in vivo data, the predictive ability of

the HTPBTK methods based on both IVIVE and QSAR-related

methods was considerably greater than the HTTK models that

assumed steady-state conditions. One possible explanation is

that although the evaluation data for the HTPBPTK model pre-

dictions (in vivo AUCs and Cmax values) were drawn from diverse

literature, the in vitro data for this comparison were from a sin-

gle source (Wetmore et al., 2013). For the steady-state HTTK

model evaluation, both the in vivo and the in vitro data were

drawn from diverse literature sources.

Pharmaceuticals are typically small and well-absorbed mole-

cules that are designed for specific biological targets (Lipinski,

2004). In contrast, environmental and industrial chemicals are

structurally heterogeneous and may have multiple biological

targets (Richard, 2006). Given the diversity of intended applica-

tions for environmental and industrial chemicals, their proper-

ties can vary greatly from those of pharmaceuticals.

Unfortunately, though in vitro TK data have been collected for

many of the 309 ToxCast Phase I chemicals, only 13 in vivo Css

values were available for those chemicals (Wetmore et al., 2012).

Although the HTPBTK models appear promising for predict-

ing AUC and Cmax, the in vivo evaluation data in Figure 2 are

drawn from various treatments of only 15 pharmaceutical

chemicals and 7 environmental chemicals, thus final

TABLE 4. Elements of HTTK Triage for Environmental Chemicals

TK Data Targeted

Chemicals

TK Prediction/Consequence Confidence Domain of Applicability

1 In vitro clearance of

parent compound by

hepatocytes and bind-

ing to plasma protein

HTS compounds Plasma Css from constant infusion

exposure

If comparison with pre-

dicted exposure indicates

large AER then infusion

Css should be sufficient

Soluble low volatility

(HTS appropriate)

compounds

1a CYP-specific in vitro data

(Wetmore et al., 2014)

Chemicals with AER

near one for general

population

Population variability, life-stage

variability

Human variations in CYP

expression are well

characterized

Same as in 1

2 Physico-chemical prop-

erties (measured or

QSAR)

All chemicals with suc-

cessful binding in vitro

assay

Prediction of partition coefficients

allows HTPBTK steady-state pre-

dictions (including time to

steady state) for more realistic

exposure modeling

If comparison with pre-

dicted exposure indicates

large AER then HTPBTK

should be sufficient (ie,

conservative due to 100%

absorption)

QSAR-defined (eg, train-

ing set, extrapolation

methodology)

3 QSARs for likely trans-

porter substrates

All chemicals with suc-

cessful binding in vitro

assay

Assumptions of perfusion-limited

tissue partitioning and passive

renal excretion by glomerular fil-

tration may be questionable

Can identify those chemi-

cals where the impact is

negligible (Fig. 4b)

Chemicals predicted to

reach steady state in

Tier 2 (Fig. 3a)

3b Transporter-specific

in vitro data

Chemicals indicated by

QSAR

Tissue-specific accumulation,

active secretion/resorption in

kidney

Well characterized for non

high-throughput

applications

Same as in 3

4 In vivo oral and iv dose

TK study, plasma

only

Chemicals with large

predicted residuals

(Fig. 4b) and those

that cannot be tested

in vitro

Oral bioavailability, absorption

rate, volume of distribution, and

clearance (refined PBTK model)

If volume of distribution

from HTPBTK model and

in vitro estimate of clear-

ance hold, then refined

PBTK model should be

excellent

Any compound

AER is the Activity to Exposure Ratio between HTS bioactive reverse dosimetry predictions and exposure.
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assessments of the HTPBTK methodology is not yet possible. An

effort is needed to collect and organize additional in vivo data on

environmental and industrial chemicals to confirm the useful-

ness of HTTK approaches. Generating the data necessary to

evaluate HTTK methods does not necessarily require large

resources: small, short term, in vivo studies—perhaps added to

routine toxicological studies—could provide essential informa-

tion for chemicals and chemical classes that are currently not

well modeled. In addition, making existing TK-related data

more accessible by creating databases and curating literature or

legacy studies could inexpensively expand the available TK

information. These in vivo TK data can inform important proc-

esses that are currently not assayed by HTTK.

The HTTK models analyzed here may omit or inaccurately

estimate drivers of TK including: extra-hepatic metabolism;

secretion in bile and enterohepatic recirculation; active trans-

port in renal, hepatic, and other tissues; and absorption/bioa-

vailability (Rotroff et al., 2010). Until rapid and cost-effective

in vitro assays are developed for these processes, QSAR models

would seem to provide one-way forward. Unfortunately, QSAR

is not yet capable of providing reliable rate constants (eg, trans-

porter velocity); rather, QSAR can estimate how likely or

unlikely it is that a process will occur (Sedykh et al., 2013). By

integrating the available QSAR predictions into a model to pre-

dict when the difference between HTTK predictions and in vivo

data will be large, we can better identify those compounds in

need of follow-up study. However, those chemical properties

found to increase predictive error in this current analysis (and

therefore indicate that we may be outside the domain of applic-

ability for our methods) apply only to the chemical space we

have analyzed thus far. As the approach is applied to new

chemicals, additional properties might be identified that play a

more significant role in the TK prediction of some of these other

chemicals. We must target for further study those chemicals

most likely to be subject to transport processes or other drivers

of uncertainty as indicated by large errors in HTTK model

predictions.

HTTK is intended to complement HTS assays that identify

bioactivity of chemicals in vitro. As with most HTS assays, we so

far have only the means to deal with the parent compound, and

do not yet have the tools to deal with any metabolites in a high

throughput manner. If these tools were to become available,

they would become an important tier in TK triage.

We have shown that HTTK models can be developed from

in vitro data for many environmental chemicals. The steady-

state predictions of these models allow concentrations showing

biological activity in HTS assays to be converted into adminis-

tered dose values. We have evaluated the predictions of these

models using comparison to in vivo values and HTPBTK simula-

tion studies to identify when HTTK may be used with confi-

dence and when additional, targeted measurements may be

necessary.
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Justifications:

Justification 1:

The three publications comprising this STAA award nomination represent a collection of work that informs the risk assessment

of phthalates using state-of-the-art systematic review methods (Radke et al., 2018, Yost et al., 2019) as well as a dose response

assessment method for assessing the phthalate syndrome developed by the EPA’s Center for Public Health and Environmental

Assessment (Blessinger et al., 2020). These three publications, as well as others listed in the supplemental materials, are part of

a special issue in Environment International on “Systematic reviews of potential human health outcomes associated with

exposure to phthalates” (https://www.sciencedirect.com/journal/environment-international/special-issue/10JT5TGQ846). The

special issue is a collection of systematic reviews of epidemiology or animal toxicology data on the health effects of phthalates

that were conducted by IRIS program staff, as well as methodological publications that address some of the scientific

challenges encountered over the course of conducting the systematic reviews. The scientific contributions of these work

primarily relate to improving our understanding of the health effects of phthalate exposure and advancing methods of

systematic review for use in complex assessments.

Phthalates, a class of alkyl diesters of phthalic acid, are used in a variety of consumer products including food packaging,

cleaning and building materials, cosmetics, personal care, pharmaceuticals, medical devices, and children’s toys. Owing to this

widespread use, human exposure to phthalates is ubiquitous across all life stages. There is a considerable body of evidence on

the potential health effects of exposure to phthalates. In particular, gestational exposure of male rats to phthalates with three to

seven (or eight) carbon atoms in the backbone of the alkyl side chain is found to induce a phenotype known as “phthalate

syndrome”, which is characterized by a collection of male reproductive developmental effects leading to demasculinization of

sexual development including permanent malformations of reproductive organs, nipple retention, and decreased anogenital

distance.

In December 2019, EPA designated nine phthalates as high priority for risk evaluation under the Toxic Substances Control Act

(TSCA) (

https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/draft-scope-documents-high-priority-chemicals-undergoing

). The majority of the phthalates undergoing risk evaluation by TSCA were found in a 2014 report by the Consumer Product

Safety Commission (CPSC) Chronic Hazard Advisory Panel (CHAP) on Phthalates and Phthalate Alternatives to induce

phthalate syndrome in rats (https://www.cpsc.gov/chap), and therefore male reproductive toxicity and the potential for

cumulative exposure to phthalates with similar modes of action will be key interests in the risk evaluation of these chemicals.

These chemicals will move through the process required by TSCA to evaluate any unreasonable risks they may present to

human health or the environment. The work in the nominated publications reflects the state of the science on phthalates toxicity

and can support development of the TSCA risk evaluations, which are being completed on an aggressive timeline (EPA

strategic goal 3.3, Human Health Risk Assessment). Furthermore, the amendments to TSCA under the Frank R. Lautenberg

Chemical Safety for the 21st Century Act specifically requires that chemical substances be evaluated for unreasonable risks to

“potentially exposed or susceptible subpopulations”, which can include infants, children, and pregnant women (

https://www.congress.gov/114/plaws/publ182/PLAW-114publ182.pdf). Given the finding that developmental exposures to

https://www.sciencedirect.com/journal/environment-international/special-issue/10JT5TGQ846
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/draft-scope-documents-high-priority-chemicals-undergoing
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/draft-scope-documents-high-priority-chemicals-undergoing
https://www.cpsc.gov/chap
https://www.congress.gov/114/plaws/publ182/PLAW-114publ182.pdf
https://www.congress.gov/114/plaws/publ182/PLAW-114publ182.pdf
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certain phthalates are associated with severe male reproductive effects in offspring, our publications support the assessment of

risk of phthalate exposure to infants and children in accordance with EPA’s Policy on Evaluating Risk to Children (

https://www.epa.gov/children/epas-policy-evaluating-risk-children).

The first publication (Radke et al. 2018) is a systematic review of epidemiological data on the male reproductive effects of six

phthalates: di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), dibutyl phthalate (DBP), diisobutyl phthalate

(DIBP), butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). Five of these phthalates (with the exception of DEP) have

been designated as high priority for risk evaluation under TSCA. It is particularly important to consider the epidemiologic

studies for this association because there has been some concern that findings in animal studies may not be relevant to humans.

While past reviews have examined some of the outcomes included in this review, this is the first systematic review to include

all of the key male reproductive effects studied in humans (including semen parameters, testosterone, fecundity/time to

pregnancy, pubertal development, anogenital distance, and hypospadias/cryptorchidism). This review shows that there is robust

evidence that exposure to DEHP and DBP is associated with male reproductive effects in humans, and moderate evidence for

DINP, DIBP, and BBP, with the difference in evidence strength likely due to size of the evidence bases and study sensitivity.

The second publication (Yost et al. 2019) is a systematic review of animal toxicology data on DIBP, focusing on six health

outcome categories: male reproductive, female reproductive, developmental, liver, kidney, and cancer. DIBP is one of the

phthalates that was designated as high priority for risk evaluation on the 2014 TSCA Workplan under amended TSCA. Because

DIBP was introduced as a replacement for DBP, it has been less thoroughly studied; however, the CPSC has recently restricted

the use of DIBP in children’s toys and childcare items due to evidence of male reproductive toxicity, and biomonitoring trends

suggest that DIBP exposures have increased in recent years. To our knowledge, our publication is the only systematic review of

DIBP animal toxicology studies and covers a wider range of studies and health outcomes compared to previous reviews of

DIBP health outcomes. This review shows that there is robust evidence that DIBP is a male reproductive and developmental

toxicant, with gestational exposure leading to permanent effects in offspring, and also identifies suggestive evidence that

gestational exposure to DIBP can lead to developmental effects in females.

The third publication (Blessinger et al. 2020) explored how to model a syndrome of endpoints, in this case the phthalate

syndrome, where the endpoints are mechanistically related but have a range of severity levels. An ordinal dose-response

method was used to model the collection of endpoints that characterize phthalate syndrome in experimental animal studies. The

syndrome is most commonly defined as a dichotomous endpoint indicating the presence or absence of one or more male

reproductive developmental effects. The dose-response analysis conducted in this publication used an ordinal definition of the

endpoint to incorporate severity level, based on impact on fertility. This method provides more reliable benchmark dose

estimates than would be obtained by simply modeling the dichotomization of the syndrome at each severity level. Furthermore,

it can easily be generalized to include a greater number of endpoint severity levels and thus, the publication demonstrates a

more flexible method for modeling syndromes in human health risk assessment, as it can be applied to any syndrome and has

broad applicability to the analysis of other classes of chemicals with similar modes of action. Furthermore, the modeling

approach would work well when performing a cumulative risk assessment of phthalates, which is a research need outlined in

the National Research Council report “Phthalates and Cumulative Risk Assessment: The Tasks Ahead” (

https://www.nap.edu/catalog/12528/phthalates-and-cumulative-risk-assessment-the-tasks-ahead).

https://www.epa.gov/children/epas-policy-evaluating-risk-children
https://www.epa.gov/children/epas-policy-evaluating-risk-children
https://www.nap.edu/catalog/12528/phthalates-and-cumulative-risk-assessment-the-tasks-ahead
https://www.nap.edu/catalog/12528/phthalates-and-cumulative-risk-assessment-the-tasks-ahead
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In addition to their contributions to understanding the health effects of phthalate exposure, the systematic reviews by Radke et

al. (2018) and Yost et al. (2019) provide examples of some of the first efforts to use the systematic review methods developed

by the EPA’s IRIS program for the assessment of environmental chemicals (as described in the IRIS Handbook, summarized in

the 2018 NAS report). Systematic reviews are used to summarize the results of multiple primary studies in a transparent and

reproducible way, and include several steps including literature search and screening, study evaluation, data extraction, and

evidence synthesis and integration. The IRIS program was advised by the National Academy of Sciences (formerly National

Research Council) to adopt systematic review methods in the 2011 NAS Formaldehyde report (

https://www.nationalacademies.org/our-work/review-of-epas-draft-iris-assessment-of-formaldehyde), as well as in subsequent

reviews of the IRIS program during which method development was underway (

https://www.nap.edu/catalog/18764/review-of-epas-integrated-risk-information-system-iris-process; 

https://www.nap.edu/catalog/25086/progress-toward-transforming-the-integrated-risk-information-system-iris-program). The

NAS was supportive of the systematic review methods being developed within the IRIS Program (2018). In addition, NAS is

currently reviewing the systematic review methods used by EPA’s Office of Chemical Safety and Pollution Prevention

(OCSPP).

Systematic review methods were originally developed for clinical research projects posing only one or two questions or

hypotheses and were instrumental in establishing the efficacy of medical treatments and procedures in the clinical community.

Regulatory agencies such as EPA, however, have broader information demands, with questions about multiple exposure

scenarios, populations of concerns, and outcomes of interest needing to be addressed to inform the application of the risk

assessment paradigm (hazard identification, dose-response, exposure assessment, and risk characterization). There are also

discipline-specific considerations that must be incorporated into the review methods (e.g., measuring exposure in epidemiology

studies versus administering an intervention in clinical trials). Thus, due to the broader information demands and

methodological differences, the systematic review methods used for clinical research must be adapted for use in human health

risk assessment (HHRA), which is a considerable challenge that the field has been working towards for several years (EPA

strategic goal 3.3, Human Health Risk Assessment). The systematic reviews in this nomination illustrate how to apply

systematic review methods to large, complex evidence bases, which is relevant to assessments performed within EPA and by

other agencies (see Justification 3A for information on how these systematic reviews have been shared externally beyond their

publications). 

As supplemental material for this nomination, we have attached four additional publications by Radke et al. (listed below) that

were also published as part of the same special issue in Environment International and address some of the same questions as

the nominated papers. The special issue will also include two additional papers that have not yet been published (and therefore

are not included here as supplemental information), which will address issues related to the systematic review of animal

toxicology studies for phthalates.

Radke EG, Glenn BG, Braun JM, Cooper GS. (2019) Phthalate exposure and female reproductive and developmental

outcomes: a systematic review of the human epidemiological evidence. Environment International. Published online

ahead of Special Issue.

Radke EG, Galiza A, Thayer KA, Cooper GS. (2019) Phthalate exposure and metabolic outcomes: a systematic review

of the human epidemiological evidence. Environment International. Published online ahead of Special Issue.

https://www.nationalacademies.org/our-work/review-of-epas-draft-iris-assessment-of-formaldehyde
https://www.nationalacademies.org/our-work/review-of-epas-draft-iris-assessment-of-formaldehyde
https://www.nap.edu/catalog/18764/review-of-epas-integrated-risk-information-system-iris-process
https://www.nap.edu/catalog/18764/review-of-epas-integrated-risk-information-system-iris-process
https://www.nap.edu/catalog/25086/progress-toward-transforming-the-integrated-risk-information-system-iris-program
https://www.nap.edu/catalog/25086/progress-toward-transforming-the-integrated-risk-information-system-iris-program
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Radke EG, Braun JM, Nachman RM, Cooper GS. (2020) Phthalate exposure and neurodevelopment: a systematic

review and meta-analysis of the human epidemiological evidence. Environment International. Published online ahead

of Special Issue.

Radke EG, Glenn BG, Galizia A, Persad A, Nachman RM, Bateson T, Wright JM, Navas-Ascien A, Arroyave WD,

Puett RC, Harville EW, Pollack AZ, Burns JS, Lynch CD, Sagiv SK, Stein C, Cooper Gs. (2019) Development of

outcome-specific criteria for study evaluation in systematic reviews of epidemiology studies. Environment

International. Published online ahead of Special Issue.

Justification 2A:

The three nominated publications are a complementary set of work representing different steps of the risk evaluation process

for phthalates. The systematic reviews by Radke et al. 2018 and Yost et al. 2019 synthesize the evidence for epidemiology and

experimental animal studies, respectively, and can be integrated together to inform hazard identification. Epidemiology and

experimental animal studies complement each other in identifying health effects from exposures, as they each bring strengths

that address key limitations in the other discipline (i.e., observational epidemiology studies provide evidence in humans, the

species of interest, but do not allow for control of exposure; whereas experimental animal studies allow for precise and

randomized control of exposure but effects in animals may not be directly relevant to humans). The publication on

dose-response by Blessinger et al. 2020 describes a method which can be used to produce reliable benchmark dose estimates for

varying levels of severity of the phthalate syndrome; these estimates are used to derive the toxicity values that are ultimately

used for risk assessment. Taken together, these three publications showcase cutting edge approaches developed for risk

assessment and pave the way for a cumulative phthalate risk assessment.

Justification 2B:

Anuradha Mudipalli (submitted in 2017; no award):

Chapter 6: Airborne carcinogens: Mechanisms of Cancer Pgs151-184.

Book: Air pollution and Health Effects:

Editors: Srikanth S Nadadur, John W Hollingsworth

Molecular and integrative series

Publisher: Springer, 2015 

Justification 2C:
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The publications we are nominating have no relationship to the book chapter by Anuradha Mudipalli that was nominated in

2017.

Justification 2D:

N/A

Justification 2E:

Xabier Arzuaga, Karen Hogan, Andrew Hotchkiss, Susan Euling, Susan Makris are listed on a concurrent nomination (Makris

et al. 2016; citation below). The publication by Makris et al. 2016 represents an example of a systematic review effort by IRIS

program staff focused on fetal cardiac effects after trichloroethylene exposure. It is unrelated to the systematic reviews of

phthalates.

Makris SL, Scott CS, Fox J, Knudsen TB, Hotchkiss AK, Arzuaga X, Euling SY, Powers CM, Jinot J, Hogan KA, Abbott BD,

Hunter ES 3rd, Narotsky MG. A systematic evaluation of the potential effects of trichloroethylene exposure on cardiac

development. Reprod Toxicol. 2016 Oct;65:321-358. doi: 10.1016/j.reprotox.2016.08.014. Epub 2016 Aug 27. Review.

PubMed PMID: 27575429.

Justification 3A:

The systematic reviews by Radke et al. 2018 and Yost et al. 2019 have been highly cited by other peer-reviewed publications

and by the national news media and have been shared by scientific community on Twitter. According to Google Scholar, Radke

et al. 2018 has been cited 41 times (with 68 readers and 4 downloads) as and Yost et al. 2019 has been cited 9 times (with 87

readers and 6 downloads). Radke et al. 2018 was cited by the New York Times in the article “The Types of Plastics Families

Should Avoid”, which was published on September 19, 2019 (https://www.nytimes.com/article/plastics-to-avoid.html). PlumX

Metrics indicate that Radke et al. 2018 has been shared 33 times on Twitter, and Yost et al. 2019 has been shared 8 times on

Twitter. The dose-response modeling publication by Blessinger et al. 2020 was published more recently and has not yet been

cited (5 readers).

Additionally, the systematic reviews by Radke et al. 2018 and Yost et al. 2019 were presented by the authors to external

stakeholders at the National Academy of Sciences “Review of Advances Made to the IRIS Process: A Workshop” (February

1-2, 2018 in Washington, DC) and at the US EPA Board of Scientific Counselors Chemical Safety Subcommittee Meeting

(April 10-12, 2019 in Research Triangle Park, NC) as examples of recent improvements to the IRIS systematic review process.

https://www.nytimes.com/article/plastics-to-avoid.html
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This work contributed to the NAS conclusions that IRIS has made “substantial progress” in implementing recommendations

outlined in past reports by the NAS, improving the program’s overall scientific and technical performance (

https://www.nationalacademies.org/news/2018/04/epas-iris-program-has-made-substantial-progress-says-new-report). These

systematic reviews were also used as case studies for multiple meetings and trainings with other government agencies,

including staff from the National Toxicology Program, Texas Commission on Environmental Quality, and California

Environmental Protection Agency. These presentations illustrate the impact of this work on systematic review practices in the

environmental health field.

Three letters of recommendation for this work are attached to the application, from Thomas Burke (Johns Hopkins Bloomberg

School of Public Health), Weihsueh Chiu (Texas A&M University), and Paul Whaley (Environment International, Lancaster

University).

Justification 3B:

Environment International is one of the top peer-reviewed journals in the environmental health field (cite score: 8.58; impact

factor: 7.493), and therefore all articles underwent rigorous review by at least three peer reviewers per journal policy. The

journal editors specifically ensured that the systematic review papers by Radke et al. 2018 and Yost et al. 2019 were each

reviewed by at least 1-2 reviewers with expertise in phthalates toxicity and 1-2 reviewers with expertise in systematic review

methods.
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Email: radke.elizabeth@epa.gov Organization:

Mailing Address:

Street Line 1:

https://www.nationalacademies.org/news/2018/04/epas-iris-program-has-made-substantial-progress-says-new-report
https://www.nationalacademies.org/news/2018/04/epas-iris-program-has-made-substantial-progress-says-new-report


Page 8 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 20

Contributing Author

Author Name: Todd Blessinger

Professional Title: Salutation:

Email: blessinger.todd@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 14

Contributing Author

Author Name: Anne-Marie Saillenfait

Professional Title: Salutation:

Email: anne-marie.saillenfait@inrs.fr Organization:

Mailing Address:

Street Line 1:



Page 9 of 19

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Susan Euling

Professional Title: Salutation:

Email: euling.susan@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 12

Contributing Author

Author Name: Xabier Arzuaga

Professional Title: Salutation:

Email: arzuaga.xabier@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 10 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 3

Contributing Author

Author Name: Glinda Cooper

Professional Title: Salutation:

Email: gscooper1@gmail.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date: Fri May 13 00:00:00 GMT 2016

% of Effort: 6

Contributing Author

Author Name: Lily Wang

Professional Title: Salutation:

Email: wang.lily@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 11 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Laura Dishaw

Professional Title: Salutation:

Email: dishaw.laura@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 1

Contributing Author

Author Name: Brandiese Beverly

Professional Title: Salutation:

Email: brandy.beverly@nih.gov Organization:

Mailing Address:

Street Line 1:



Page 12 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date: Sat Jan 07 00:00:00 GMT 2017

% of Effort: 3

Contributing Author

Author Name: Christine Cai

Professional Title: Salutation:

Email: cai.christine@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 3

Contributing Author

Author Name: Andrew Hotchkiss

Professional Title: Salutation:

Email: hotchkiss.andrew@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 13 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 1

Contributing Author

Author Name: Anuradha Mudipalli

Professional Title: Salutation:

Email: mudipalli.anu@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Joseph Braun

Professional Title: Salutation:

Email: joseph_braun_1@brown.edu Organization:

Mailing Address:

Street Line 1:



Page 14 of 19

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 2

Contributing Author

Author Name: John Meeker

Professional Title: Salutation:

Email: meekerj@umich.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Andre Weaver

Professional Title: Salutation:

Email: weaver.james@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 15 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Gary Klinefelter

Professional Title: Salutation:

Email: klinefelter.gary@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Nagalakshmi Keshava

Professional Title: Salutation:

Email: keshava.nagu@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 16 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Karen Hogan

Professional Title: Salutation:

Email: hogan.karen@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Susan Makris

Professional Title: Salutation:

Email: makris.susan@epa.gov Organization:

Mailing Address:

Street Line 1:



Page 17 of 19

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 1

Principal Author

Author Name: Erin E. Yost

Professional Title: Salutation:

Email: yost.erin@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 15

PUBLICATIONS

Publication 1:

Publication Title:
Phthalate exposure and male reproductive outcomes: A systematic review of the
human epidemiological

Publication Date: Tue Oct 16 00:00:00 GMT 2018

Journal/Publication
Method:

Environment International



Page 18 of 19

All Author(s):

Volume: 121 Number: N/A

Pages: 764-793
Immediately
Index:

Immediately
Index:

Citation ½ Life: 6.0 Impact Factor: 7.943

Publication 2:

Publication Title:
Hazards of diisobutyl phthalate (DIBP) exposure: A systematic review of animal
toxicology studies

Publication Date: Tue Dec 25 00:00:00 GMT 2018

Journal/Publication
Method:

Environment International

All Author(s):

Volume: 125 Number: N/A

Pages: 579 - 594
Immediately
Index:

Immediately
Index:

Citation ½ Life: 6.0 Impact Factor: 7.943

Publication 3:

Publication Title: Ordinal dose-response modeling approach for the phthalate syndrome

Publication Date: Tue Nov 26 00:00:00 GMT 2019

Journal/Publication Method: Environment International

All Author(s):

Volume: 134 Number: N/A

Pages: 105287 Immediately Index: Immediately Index:



Page 19 of 19

Citation ½ Life: 6.0 Impact Factor: 7.943



Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Review article

Phthalate exposure and male reproductive outcomes: A systematic review of
the human epidemiological evidence

Elizabeth G. Radkea,⁎, Joseph M. Braunb, John D. Meekerc, Glinda S. Coopera,d

aU.S. Environmental Protection Agency, National Center for Environmental Assessment, United States
b Brown University, School of Public Health, United States
cUniversity of Michigan, School of Public Health, United States
d The Innocence Project, United States

A B S T R A C T

Objective: We performed a systematic review of the epidemiology literature to
identify the male reproductive effects associated with phthalate exposure.
Data sources and study eligibility criteria: Six phthalates were included in the review: di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), dibutyl
phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). The initial literature search (of PubMed, Web of Science,
and Toxline) included all studies of male reproductive effects in humans, and outcomes were selected for full systematic review based on data availability.
Study evaluation and synthesis methods: For each outcome, studies were evaluated using criteria defined a priori for risk of bias and sensitivity by two reviewers using
a domain-based approach. Evidence was synthesized by outcome and phthalate and strength of evidence was summarized using a structured framework.
Results: The primary outcomes reviewed here are (number of included/excluded studies in parentheses): anogenital distance (6/1), semen parameters (15/9), time to
pregnancy (3/5), testosterone (13/8), timing of pubertal development (5/15), and hypospadias/cryptorchidism (4/10). Looking at the overall hazard, there was
robust evidence of an association between DEHP and DBP exposure and male reproductive outcomes; this was based primarily on studies of anogenital distance,
semen parameters, and testosterone for DEHP and semen parameters and time to pregnancy for DBP. There was moderate evidence of an association between DINP
and BBP exposure and male reproductive outcomes based on testosterone and semen parameters for DINP and semen parameters and time to pregnancy for BBP.
DIBP and DEP were considered to have slight evidence of an association. For DIBP, the less conclusive evidence was attributed to a more limited literature base (i.e.,
fewer studies) and lower exposure levels in the population, decreasing the ability to observe an effect. For DEP, the findings were consistent with experimental animal
data that suggest DEP does not haves as strong an anti-androgenic effect as other phthalates.
Conclusions and implications of key findings: Overall, despite some inconsistencies across phthalates in the specific outcomes associated with exposure, these results
support that phthalate exposure at levels seen in human populations may have male reproductive effects, particularly DEHP and DBP. The relative strength of the
evidence reflects differing levels of toxicity as well as differences in the range of exposures studied and the number of available studies.

The views expressed are those of the authors and do not necessarily represent the views or policies of the U.S. EPA.

1. Introduction

Phthalic acid diesters (phthalates) are a class of manmade and
multifunction chemicals used in a wide array of consumer and in-
dustrial products, including as plasticizers in polyvinyl chloride plas-
tics, excipients in some medications, and scent retainers in some per-
sonal care products. Human exposure is ubiquitous across the lifespan,
including in utero through maternal exposures. Ingestion, inhalation,
and dermal contacts are also routes of exposure for the general popu-
lation (Johns et al., 2015). After exposure, phthalate diesters are ra-
pidly metabolized to monoester metabolites and excreted in the urine.
The group of phthalates encompasses a variety of compounds with
different structures, properties, and use. The phthalates, that are the
focus of this paper are: di(2-ethylhexyl) phthalate (DEHP), diisononyl

phthalate (DINP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP),
butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). Within this
group, there are phthalates that are structurally similar and moderately
correlated based on human biomonitoring data (e.g., DBP and DiBP).
Other are phthalates differ considerably (e.g., long vs short chain; DEP
and DEHP); correlations between these phthalates are typically low
(Johns et al., 2015).

Phthalates have well documented anti-androgenic activity in rodent
studies resulting in reduced circulating testosterone and male re-
productive tract abnormalities (Johnson et al., 2012; Howdeshell et al.,
2008). Individual studies and reviews in humans and animals, including
a recent report from the National Academies of Science (National
Academies of Sciences, Engineering, and Medicine, 2017), have in-
vestigated male reproductive effects of phthalate exposure, but have

https://doi.org/10.1016/j.envint.2018.07.029
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not looked across the full spectrum of male reproductive effects (i.e.,
from exposures and outcomes during different lifestages, including fetal
development, infancy, childhood, puberty, and sexually mature life-
stages) in epidemiological studies for DEHP, DINP, DBP, DIBP, BBP, and
DEP. Five of the selected phthalates (DEHP, DINP, DBP, DIBP, and BBP)
were chosen because they are the most potent with respect to producing
the “phthalate syndrome” of male reproductive effects in rats (National
Research Council, 2008)and their metabolites have been frequently
observed in human populations studies; DEP is not one of the “phtha-
late syndrome” compounds but was included because it is often the
phthalate to which humans have the highest exposure.

We performed a systematic review of the epidemiology literature
with the goal of evaluating the strength of evidence of the association
between phthalate exposure and male reproductive effects, including
the following outcomes: anogenital distance, semen parameters, time to
pregnancy (male exposure), testosterone, timing of pubertal develop-
ment, and hypospadias/cryptorchidism. The human health relevance of
these outcomes is summarized briefly in Table 1. These outcomes in-
clude a variety of measures relevant to different life-stages: anogenital
distance and hypospadias/cryptorchidism may reflect exposure or re-
sponsiveness to testosterone during fetal development, pubertal devel-
opment depends on the functioning of multiple hormonal pathways,
and semen parameters and time to pregnancy, measured in adults, are
indicators of fertility. Infertility, defined as the inability to conceive
after 12months of unprotected intercourse, has been estimated to affect
15% of couples, and male-related factors are implicated in approxi-
mately 20–50% of these cases (Agarwal et al., 2015).

2. Methods

2.1. Literature search and screening

The literature search and screening, study evaluation, data extrac-
tion, and evidence synthesis methods are described in detail in the
systematic review protocol (Supplemental materials, Section 3). Briefly,
epidemiology studies were identified by conducting a single broad lit-
erature search on all six phthalates of interest (DEHP, DINP, DBP, DIBP,
BBP, DEP) and all outcomes. The Population, Exposure, Comparators,
and Outcome (PECO) are available in the protocol (Section 2). The
following databases were searched: PubMed, Web of Science, and

Toxline, initially in 2013, with updates every 6–12months through
January 2017. Forward and backward searches were also performed.
Title/abstract and full text screening was performed by two reviewers.

2.2. Study evaluation

Studies were evaluated by at least two reviewers using uniform
approaches for each group of similar studies. Key concerns were risk of
bias (factors that affect the magnitude or direction of effect) and in-
sensitivity (factors that limit the ability of a study to detect a true effect)
(Cooper et al., 2016). Evaluation was conducted for the following do-
mains: exposure measurement, outcome ascertainment, participant se-
lection, confounding, analysis, sensitivity, and selective reporting.
Phthalate and outcome-specific criteria were developed prior to eva-
luation. For exposure, most of the available studies relied on phthalate
metabolite biomarkers (a list of metabolites for each phthalate is pro-
vided in the protocol, Section 1.3). Different criteria were developed for
short-chain (DEP, DBP, DIBP, BBP) and long-chain (DEHP, DINP)
phthalates due to better reliability of single measures for short-chain
phthalates. Measurement in urine was considered to be the best proxy
of exposure (Johns et al., 2015). Biomarker measures based on samples
other than urine (e.g., blood, amniotic fluid, breast milk) were con-
sidered to be critically deficient for all short-chain phthalates and for
primary metabolites (e.g., MEHP, MINP) of long-chain phthalates
(Johns et al., 2015). Rationale for these criteria and additional details
for all domains are available in the protocol (Section 4.1.1) and an
abbreviated version is available in the key methods supplement. For
each study, in each evaluation domain, reviewers reached a consensus
rating regarding the utility of the study for hazard identification, with
categories of Good, Adequate, Deficient, or Critically deficient. These
ratings were then combined to reach an overall study confidence clas-
sification of High, Medium, Low, or Uninformative. Studies were eval-
uated for their suitability for each outcome investigated, and could
receive different ratings for each outcome. Descriptions of each of the
categories can be found in the protocol in supplemental materials
(Section 4) and the key methods supplement. Study evaluations were
documented in Health Assessment Workspace (HAWC), and ratings and
rationale are publicly available.

Table 1
Primary outcomes included in the systematic review.

Outcome Background and relevance to male reproductive toxicity

Anogenital distance (AGD) • Distance from the anus to the genitalia (sexually dimorphic trait with AGD longer in males than females) (Liu et al., 2014).

• Externally visible marker shown in animal studies to be a sensitive indicator of prenatal androgen exposure. Decreases in AGD reflect alterations
in androgen levels or function during the masculinization programming window (Dent et al., 2015; Dean and Sharpe, 2013).

• Susceptible to anti-androgenic environmental exposures.
Semen parameters • When a couple experiences difficulty getting pregnant, male factor issues (i.e., semen quality) is the sole factor in about 20% of cases and a

contributory cause in another 20–30% (Thonneau et al., 1991).
Time to pregnancy • Fecundity is the biological capacity to reproduce. Time to pregnancy is the primary outcome measure used to study fecundity.

• Time to pregnancy displays a reverse j-shaped cumulative distribution with many couples (30–40% conceiving in the first cycle (Buck Louis
et al., 2011) and 80–90% of couples being pregnant after up to 12months of trying (Gnoth et al., 2003).

• Time to pregnancy within a couple can be influenced by either male or female exposures, or both (this review focuses on male exposure).

• Increases in time to pregnancy are considered indicative of reproductive toxicity (U.S. EPA (U.S. Environmental Protection Agency), 1996,
30,019).

Testosterone • Plays an important role in the development of the male reproductive system and is necessary for normal male fertility.

• Low testosterone levels are associated with adverse conditions (e.g., abnormal sexual differentiation, decreased fertility (U.S. EPA (U.S.
Environmental Protection Agency), 1996).

Hypospadias/cryptorchidism • Hypospadias is the abnormal development of the urethra in males, resulting in the location of the opening of the penis on the underside
instead of at the tip.

• Cryptorchidism, or undescended testes, can be present at birth (congenital cryptorchidism) or can occur later during infancy and childhood
(acquired cryptorchidism).

Pubertal development • Puberty is a continuous process involving maturation of both the hypothalamic-pituitary-adrenal axis and the hypothalamic-pituitary-gonadal
axis.

• Hormonal changes during puberty underlie the natural dynamic period of physical and sexual maturation that culminates in the ability to
reproduce.

• Either early or delayed pubertal onset is considered an adverse effect (U.S. EPA (U.S. Environmental Protection Agency), 1996).
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2.3. Evidence synthesis

After study evaluation, the evidence for each outcome was synthe-
sized separately for each phthalate, using the following aspects of an
association that may suggest causation: consistency, exposure-response
relationship, strength of association, temporal relationship, biological
plausibility, and coherence. Based on this synthesis, the evidence was
assigned a strength of evidence conclusion of Robust, Moderate, Slight,
Indeterminate, or Compelling evidence of no effect. Robust and Moderate
describe evidence that supports a hazard, differentiated by the quantity
and quality of information available to rule out alternative explanations
for the results. Slight and Indeterminate describe evidence that could
support a hazard, or could support the absence of a hazard. These ca-
tegories are generally limited in terms of quantity or confidence level of
studies, and serve to encourage additional research across the exposure
range experienced by humans. Compelling evidence of no effect requires
several high confidence studies with consistent null results. The ratings
for the individual outcomes were then summarized into an overall
conclusion for male reproductive effects by phthalates, using a struc-
tured framework available in the key methods supplement and the
protocol (Section 6). No statistical quantitative meta-analysis was per-
formed due to substantial differences across studies.

3. Results

An abbreviated version of the literature flow diagram is shown in
Fig. 1. Full results of the literature search and screen are described in
Supplemental materials. For each outcome, the studies included and
excluded based on study evaluation are described in the respective
section.

3.1. Anogenital distance

3.1.1. Study selection and evaluation
Based on the exposure evaluation strategy described in the protocol

(Section 4.1.1), one study (Huang et al., 2009) was excluded because it
was based on the measurement of phthalate metabolites in amniotic
fluid. The specific phthalate metabolites examined in the remaining
seven papers (describing six studies) and the study evaluations are
summarized in Table 2 and full rationale are available at https://
hawcprd.epa.gov/summary/visual/100000001/.

All included studies are birth cohorts, varying in size between 73
and 738 mother-child pairs in the analysis sample. All but one were
limited to male offspring; (Swan et al., 2015) included both male and
female offspring and stratified the analysis by sex. All of the studies
were downgraded for exposure assessment as exposure was based on a
single spot urine sample. The timing of collection (1st, 2nd, or 3rd
trimester) varied among the studies; this variability was not considered
to be a basis for downgrading the confidence in the results because the
correlation in measures across trimesters is relatively high (Johns et al.,
2015). The (Bustamante-Montes et al., 2013) analysis was limited by
the fact that MBP, MBzP, and MEP were detected in ≤10% of samples,
which is inconsistent with results of biomonitoring studies globally. The
corresponding reduction in sensitivity contributed to the overall low
confidence rating of this study. Limitations of the (Swan, 2008) paper
(an extension of the initial study on this topic published by Swan et al.,
2015) include a wide age range (1–36months) and lack of information
on the measurement evaluation strategy and standardization and re-
liability of measures across the different centers. Three studies were
classified as medium confidence (Bornehag et al., 2015; Swan et al.,
2015; Jensen et al., 2016), and the remaining three were classified as
low confidence.

3.1.2. Results
Fig. 2 provides a comparison of regression coefficients (plotted

against the median of exposure for each study) for the three medium
confidence studies (Bornehag et al., 2015; Swan et al., 2015; Jensen
et al., 2016). Because some of the studies used a natural logarithm (ln)
transformation of the phthalate metabolite variables and others used a
log10 transformation, the regression coefficients in Swan et al., 2015

Fig. 1. Literature flow diagram for male reproductive effects of phthalates.
*Did not include studies on male reproductive effects.
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and Swan, 2008 with log10 transformations were recalculated (divided
by ln10) to make the results directly comparable. Fig. 2 also sum-
marizes in tabular format results (recalculated if applicable) from all
studies with the relevant metabolite, including low confidence studies.

Evaluation of the evidence for an association between exposure to
DEHP and AGD is based on six studies (Fig. 2A). The study with the
highest exposure levels for the sum of DEHP metabolites (Bornehag
et al., 2015) reported the strongest negative association between DEHP
exposure and AGD, and the study with the lowest exposure levels
(Jensen et al., 2016) reported the weakest association of the three
medium confidence studies. (Swan et al., 2015) and (Swan, 2008) also
reported statistically significant negative associations with sum DEHP
(Swan et al., 2015) and MEHP (Swan, 2008; Swan et al., 2015). Given
the consistency across medium confidence studies, evidence of a re-
lationship between AGD and DEHP exposure is considered moderate.

Three studies (Bornehag et al., 2015; Swan et al., 2015; Jensen
et al., 2016) investigated the association between DINP exposure and
AGD (Fig. 2B). (Bornehag et al., 2015), a medium confidence study, re-
ported a statistically significant association between shorter AGD with
increasing DINP exposure (summed metabolites), while the other two
medium confidence studies (Swan et al., 2015; Jensen et al., 2016) re-
ported no association between DINP exposure and AGD. The associa-
tion was observed in the study with the highest exposure levels, which
is consistent with a dose response; however, due to the limited number
and lack of consistency in the other studies, this evidence is considered
slight.

The same five studies presented results on the association between
DBP (measured by MBP) exposure and AGD (Fig. 2C). (Bornehag et al.,
2015) again reported the strongest inverse association between AGD
and DBP exposure and the highest exposure levels of MBP in this group
of studies. Both (Swan et al., 2015) and (Swan, 2008) also reported
inverse associations, with the latter being statistically significant. The
remaining two studies reported no association. This evidence is con-
sidered moderate.

Three studies (Swan et al., 2015; Jensen et al., 2016; Swan, 2008)
that examined the association between DIBP (measured by MIBP) and
AGD were available (Fig. 2D). (Swan, 2008), a low confidence study, and
Swan et al., 2015, a medium confidence study reported inverse associa-
tions, but neither were statistically significant, and the effect size in the
latter study was small. The other medium confidence study, with higher
exposure levels, reported no association. The low exposure levels in all
three studies may have decreased sensitivity. This evidence is con-
sidered slight.

Five studies (Bornehag et al., 2015; Swan et al., 2015; Jensen et al.,
2016; Swan, 2008; (Suzuki et al., 2012) presented results on the asso-
ciation between BBP (measured by MBzP) (Fig. 2E) exposure and AGD.
Among three medium confidence studies, (Bornehag et al., 2015) and
(Jensen et al., 2016) reported inverse associations, though neither was
statistically significant; the larger effect estimate was seen in the study
with higher exposure levels. (Swan et al., 2015) and the two low con-
fidence studies (Suzuki et al., 2012; Swan, 2008) reported no associa-
tion. This evidence is considered slight.

Table 2
Epidemiology studies of AGD.

G= good; A= adequate; D= deficient; A/D=adequate for short chain phthalates, deficient for long chain phthalates.
a Study was considered critically deficient for this phthalate due to a high percent below the limit of detection (LOD).
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Fig. 2. A–F. Association between phthalate metabolite levels measured in maternal urine samples during pregnancy and AGD in boys.
*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥−0.5),
or exposure-response trend across categories of exposure. Light gray represents other supportive results.
^β recalculated to reflect ln transformation of metabolite (from log10).
‡Exposure levels from (Swan et al., 2015).
Exposure level on x-axis is population median for each study, and the axes are scaled the same for all phthalates to facilitate comparison of exposure levels, with the
exception of DEHP and DINP, which were reported in nmol/L instead of ng/mL. Each panel depicts results for a metabolite(s) from a different parent phthalate.
Studies within each phthalate are sorted by exposure levels. Effect estimates are change in anogenital distance in mm per ln-unit of exposure.

Fig. 2. (continued)
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Five studies (Bornehag et al., 2015; Swan et al., 2015: Jensen et al.,
2016; Swan, 2008; Suzuki et al., 2012) reported on the association
between DEP exposure (measured by MEP) and AGD (Fig. 2E). In the
three medium confidence studies, there was no evidence of an associa-
tion. In addition, discordant results (i.e., one positive association and
one inverse association) were observed in AGDAS and AGDAP (two
different AGD measurements) in both (Jensen et al., 2016) and
(Bornehag et al., 2015) (AGDAS result in figure, AGDAP results: Jensen
et al., 2016): β=0.02 (−0.54,0.58); (Bornehag et al., 2015):
β=−1.30 (−3.40,0.81)). Since there is no evidence at this time that
one of these AGD measures is a more sensitive measure of response to
phthalate exposure, these study findings are considered inconsistent.
One low confidence study, (Swan, 2008), reported a statistically sig-
nificant inverse association between MEP and AGD. Overall, evidence is
considered slight.

In summary, there is moderate evidence of an inverse association
between AGD and exposure to DEHP and DBP, with mostly consistent
results reported among the studies. Evidence for DINP, BBP, DIBP, and
DEP is slight. The weaker evidence of an association for the DINP, BBP,
and DIBP may be due to a combination of low exposure levels (i.e., poor
sensitivity) and data availability (i.e., fewer available studies). While
evidence for DEP was also rated slight, there were high exposure levels,
so the relative lack of evidence of an association is consistent with
experimental animal data that suggest that this phthalate does not have
as strong an anti-androgenic effect as other phthalates. Additional
studies, with higher confidence ratings, would be needed to draw a firm
conclusion that DEP was not associated with AGD in humans.

3.2. Testosterone in infants

Testosterone plays an important role in the development of the male
reproductive system and is therefore an important link between
phthalates and other outcomes in this section, such as anogenital dis-
tance, hypospadias and cryptorchidism. Three studies (four papers)
(Main et al., 2006) (Araki et al., 2016; Araki et al., 2014; Lin et al.,
2011) examined the relationship between prenatal phthalate exposure
and testosterone levels in newborn boys. Two studies (Main et al., 2006;
Araki et al., 2014; Araki et al., 2016) were excluded due to the mea-
surement of exposure in breast milk, blood, and cord blood, respec-
tively, as described in the exposure evaluation strategy (see protocol
Section 4.1.1). The remaining low confidence study (Lin et al., 2011) was
a pregnancy cohort, with phthalate exposure measured in a single spot
urine sample during the third trimester, and reproductive hormones
measured in cord blood using appropriate methods. Among 81 male
newborns, there was no association (Pearson's correlation coefficients
for free testosterone: MEP-0.10, MBP-0.11, MBzP 0.05, ∑DEHP 0.06, p-
values for all > 0.1). This evidence is considered indeterminate.

3.3. Semen parameters

3.3.1. Study selection and evaluation
Based on the exposure evaluation, nine of the 28 epidemiology

papers (Table 3) identified in the search with data on sperm parameters
and exposure in adults were excluded because they used measurements
of phthalates in tissues other than urine (i.e., blood or semen) or

Table 3
Epidemiology studies of semen parameters.

(continued on next page)
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G=good; A= adequate; D= deficient; A/D= adequate for short chain phthalates, deficient for long chain phthalates; WHO=World Health Organization.
a Study was considered critically deficient for this phthalate due to a high percent below the LOD.

Table 4
Associations between DEHP exposure and semen parameters.

Reference; 

Study 

confidence; N Exposure

Outcome 

trans-

forma�on

Effect 

es�mate

Metabolite

(ng/mL) 

[median unless 

otherwise 

specified]

Sperm 

concentra�on

(×106/ml)

Mo�lity

(% normal)

Morphology

(% normal)

∑DEHP

Huang et al. 

(2011);

Medium; 45

No trans-

form-

a!on, air 

concen-

tra!on  

No trans-

forma!on

β (SE; 

p-value)

8/56

(n low/n high 

exposed)

[occupa!onal 

se#ng]

−0.19 (0.12; p = 0.1) −0.23 (0.11; 

p = 0.04)

0.014 (0.056, 

p = 0.8)

(% abnormal)

(Thurston et 

al., 2016);

Medium; 420

Ln-trans-

formed

Log-

transformed

β (CI) MEOHP mean 

13

Range 0.5-1320

0.04 (-0.04,0.11) 0.30 (-0.80,1.41) 0.21 (-0.32,0.74)

Wirth et al. 

(2008);

Medium; 45

Ter!les Dichotomous OR (CI) 10.1 T2: 1.97 (0.2, 16.1)

T3: 6.65 (0.9, 47.3)

T2: 0.7 (0.1−4.4)

T3: 0.7 (0.1−4.4)

T2: 1.2 (0.3, 5.4)

T3: 1.1 (0.3, 4.7)

Herr et al. 

(2009); 

Low; 349

Quar!les Dichotomous OR (CI) 4.4 Q2: 0.86 (0.37, 1.97)

Q3: 1.11 (0.46, 2.70)

Q4: 1.57 (0.60, 4.08)

Q2: 0.61 (0.2, 1.7)

Q3: 0.74 (0.3, 2.2)

Q4: 0.86 (0.3, 2.9)

Q2: 1.95 (0.7, 5.2)

Q3: 0.91 (0.4, 2.1)

Q4: 1.26 (0.57, 

2.8)

MEOHP

Bloom et al. 

(2015);

Medium; 375

[related to 

Wang et al., 

2015a]

Ln-trans-

formed; 

1 IQR 

difference

Box-Cox 

transformed

β (CI) 5.7 −1.90 (−3.7, −0.2)* CD −3.35 (−11.4, 4.7)

Wang et al. 

(2015b);

Medium; 

1,040

[related to 

Bloom et 

al., 2015] 

Ln-trans-

formed

Ln-

transformed

β (CI) 5.7 (see row with % 

change effect 

es!mates)

0.80 (−1.0, 2.6) −0.10 (−0.8, 0.6)

Huang et 

al. (2013);

Medium; 

62

Log trans-

formed

No trans-

forma!on

β (CI) 18/92

(low/high 

exposed)

−0.12 (−0.3, 0.06) −0.02 (−0.3, −0.07) −0.001 (−0.07, 0.07)

Den Hond 

et al. 

(2015);

Low; 120

Ln-trans-

formed

No trans-

forma!on

β (SE) for 

1 unit 

increase

7.7 

(mean in 

controls)

0.18 (0.28) 1.73 (4.15) −0.12 (0.42)

Specht et 

al. (2014);

Medium; 

589

Dichotomous Ln-

transformed

Means 

(CI)

0.2 <LOD: 51.5

≥LOD: 46.1 (35.3, 

60.1)

Not significant

(details not 

reported)

Not significant

(details not 

reported)

(continued on next page)
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Table 4 (continued)

Wang et al. 

(2015b);

Medium;

1,040

[related to 

Bloom et 

al., 2015]

Ln-trans-

formed

Ln-

transformed

% change 

(CI)

5.7 4.08% (−9.4, 17.4) (see results for β

effect es$mates)

(see row with β

effect es$mates)

(Pan et al., 

2016); Pan 

et al. 

(2015);

Medium; 

1,066

Ln-trans-

formed

Cubic root for 

concentra$on

% change 

(CI)

8.4

IQR 4.8-

14.3

−1.3% (-3.6,1.0) −0.5% (−3.6,2.5) −2.1% (−5.4,1.2)

Axelsson et 

al. (2015a);

Medium; 

314

Quar$les Cubic root Mean 

difference 

(Q4 vs. 

Q1)

9.6 −0.06 (−0.48, 0.36) −6.9 (−13, −1.1)* −0.42 (−2.4, 1.6)

Wang et al. 

(2015b);

Medium; 

1040

Quar$les Dichotomous OR (CI) 5.7

7.0

Q2: 0.97 (0.53, 1.79)

Q3: 0.82 (0.43, 1.55)

Q4: 0.86 (0.47, 1.60)

Q2: 0.86 (0.6, 1.2)

Q3: 0.90 (0.6, 1.3)

Q4: 0.73 (0.5, 1.1)

Liu et al. 

(2012);

Medium; 

125

Ter$les Dichotomous OR (CI) 2.7 (mean) T2: 1.4 (0.3, 7.7)

T3: 0.6 (0.1, 4.2)

T2: 1.0 (0.4, 3.1)

T3: 0.6 (0.2, 1.8)

Hauser et 

al. (2006); 

Medium; 

463

Quar$les Dichotomous OR (CI) 32.1 Q2: 3.1 (0.8, 11.7)

Q3: 1.1 (0.3, 4.6)

Q4: 1.6 (0.4, 6.3)

Q2: 0.9 (0.4, 2.0)

Q3: 0.6 (0.3, 1.3)

Q4: 0.8 (0.3, 1.6)

Q2: 1.4 (0.5, 3.7)

Q3: 0.5 (0.2, 1.5)

Q4: 0.7 (0.3, 2.0)

MEHP

Jurewicz et 

al. (2013);

Medium; 

269

Log trans-

formed

Log trans-

formed

β (p) 8.8 −0.07 (p = 0.3) −3.85 (p = 0.001)* 1.29 (p = 0.24)

Huang et 

al. (2013);

Medium; 

62

(see also 

means ± SD 

results)

Log trans-

formed

No trans-

forma$on

β (CI) 6.3/23a −0.07 (−0.6, 0.5) −0.55 (−1.0, −0.1) 0.09 (−0.1, 0.3)

Huang et 

al. (2013);

Medium; 

62 (see also 

β  results)

Categorical Means ± 

SD

6.3/23a Controls: 46.7 ± 

32.0

Low: 19.9 ± 14.6

High: 27.8 ± 25.5

Controls: 65.2 ± 10.0

Low: 56.1 ± 18.3

High: 41.4 ± 22.0

Controls: 44.8 ± 

7.7

Low: 41.4 ± 9.3

High: 41.4 ± 11.6

Han et al. 

(2014);

Medium; 

232

Dichotomous Dichotomous OR (CI) 1.1

5th−95th

percen$le: 

0−24

1.15 (0.57, 2.33) 0.48 (0.08, 2.76) 1.18 (0.58, 2.39)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05,
large effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of
exposure. Light gray represents other supportive results.
Q=quartile; T= tertile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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because of other critical deficiencies in methodology or reporting of
results. The specific phthalates examined in the remaining 15 studies
(19 papers) and their evaluations are summarized in Table 3 (Joensen
et al., 2012; Kranvogl et al., 2014; Lenters et al., 2014; Pan et al., 2011,
2016; Pant et al., 2008, 2014; Toshima et al., 2012; Zhang et al., 2006).
Full rationale are available at https://hawcprd.epa.gov/summary/
visual/100000065/.

Outcome-specific criteria for study evaluation are available in the
supplement. Population-based studies were preferred, but clinic or
center-based samples were also acceptable as long as they were not
limited to volunteers with known male fertility issues. Most of the
studies are cross-sectional, varying in size between 45 and 1066 adult
males. In most studies, a single urine sample was collected concurrent
with outcome assessment (semen analysis). Exceptions are (Liu et al.,
2012) and (Wang et al., 2015a, 2015b, 2015c), which had two urine
samples several days apart and the same day, respectively. Because the
relevant time window of exposure for sperm production was considered
to be relatively short (< 90 days), concurrent measurement was not
considered a limitation for this outcome. (Specht et al., 2014) used
blood samples which were acceptable for secondary metabolites of
DEHP and DINP, and (Huang et al., 2011), in which personal air sam-
ples were collected during a work shift. All of the studies assessed ex-
posure in adulthood; one study (Axelsson et al., 2015b) additionally

examined prenatal exposure, which is considered separately. Thirteen
studies were classified as medium confidence, and two as low confidence
(Den Hond et al., 2015, 3,045,496; Herr et al., 2009).

3.3.2. Results
Comparing results across studies is challenging due to the wide

variety of analysis methods used. It is important to carefully consider
the interpretation of the type of coefficient when comparing across
results: for example, results supporting an association between in-
creasing exposure and poorer semen quality will be reflected by a ne-
gative coefficient when the outcome is modeled as a continuous vari-
able, and as a positive coefficient when the outcome is modeled as the
probability of an unfavorable outcome (e.g., prevalence of sperm con-
centration < 15×106 per ml). To facilitate comparisons, the sets of
studies reporting each type of metabolite in Table 4 are grouped by type
of effect estimate (Beta or OR), and further sorted by overall confidence
rating. Studies using dichotomous outcomes (and OR estimates) used
World Health Organization guidelines for establishing cutoffs, with all
using the 1999 version, with the exception of Wang et al. (2015a,
2015b, 2015c), which used the 2010 version. Both versions are similar
in establishing abnormal semen quality (Catanzariti et al., 2013).

Evaluation of the evidence for an association between exposure to
DEHP and sperm parameters is based on 14 studies. Results for summed

Table 5
Associations between DINP exposure and semen parameters.

Reference; 

Study 

Confidence 

Ra"ng; N Exposure

Outcome 

transforma"on

Effect 

es"mate

Metabolite 

(ng/mL) 

[median 

unless 

otherwise 

specified]

Sperm concentra"on

(×106/ml)

Mo"lity

(% normal)

Morphology

(% normal)

MCiOP

Specht et al. 

(2014) ; 

Medium; 

589

Ter!les Ln-transformed Means 

(CI) by 

percen!l

e group 

0.5 

maximum: 

42 

<25th: 52.8 

(43.9, 63.7)

25th−75th: 52.2

(45.1, 60.3)

>75th: 51.8 

(43.1, 62.2)

(Pan et al., 

2016); Pan 

et al. (2015);

Medium; 

1,066

Ln-trans-

formed

Cubic root for 

concentra!on

% change 

(CI)

1.2 

IQR: 0.7-2.1

−1.2% (−3.4, 0.9) −2.4% 

(−5.2, 0.4%)

−3.4% (−6.4, 0.3)

Axelsson et 

al. (2015a); 

Medium; 

314

Quar!les Cubic root Mean 

differenc

e (Q4 vs. 

Q1)

16 

range: 

1.4−810 

−0.08 

(−0.49, 0.33)

−1.3 

(−7.2, 4.6)

−1.2 (−3.1, 0.81)

MINP

Jurewicz et 

al. (2013); 

Medium; 

269

Log 

transfor

med

Log transformed β (p) 1.1

IQR: 0.2−6.4

−0.31 (0.191) 6.21 (0.060) −9.05 (0.033)*

Specht et al. 

(2014); 

Medium; 

589

Ter!les Ln-transformed Means 

(CI) by 

percen!l

e group

0.003 Proxy-

MINP (nm) 

0.15 

(maximum)

<25th: 50.3 (37.8, 67.1)

25th−75th: 48.7 (37.4, 

63.4)

>75th: 45.5 (34.2, 60.4)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Q=quartile; T= tertile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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Table 6
Associations between DBP and semen parameters.

Reference; 

Study 

Confidence 

Ra"ng; N Exposure

Outcome 

transforma"on

Effect 

es"mate

MBP (ng/mL) 

[median 

unless 

otherwise 

specified]

Sperm 

concentra"on

(×106/ml)

Mo"lity

(% normal)

Morphology

(% normal)

Wang et al. 

(2015b); 

Medium; 

1,040

Con!nuous ln-

transformed

No transforma!on β (CI) 70 (see row with

change effect 

es!mates)

−0.92 (−2.58, 0.75) −0.40 (−1.07, 0.27)

Bloom et al. 

(2015); 

Medium; 375

Con!nuous ln-

transformed; 

1 IQR 

difference

Box-Cox 

transformed

β (CI) 7 −0.95 (−4.0, 2.1) −1.22 (−4.0, 1.6) −7.03 (−21.0, 6.9)

Thurston et 

al. (2016); 

Medium; 420

Ln-trans-

formed

Log-transformed β (CI) 15 0.01 (-0.09,0.11) -0.58 (-2.00, 0.84) 0.22 (-0.46, 0.91)

Jurewicz et 

al. (2013); 

Medium; 269

Con!nuous 

log 

transformed

Log transformed 

(concentra!on)

β (p) 83 −0.21 (p = 0.11) −1.55 (p = 0.5) −2.68 (p = 0.2)

Den Hond et 

al. (2015); 

Low; 120

Con!nuous ln-

transformed

No transforma!on β (SE) 18.9; 

20.7 (mean 

controls; 

cases)

0.24 (0.35) 4.21 (5.20) −0.25 (0.42)

Wang et al. 

(2015b); 

Medium; 

1,040

Con!nuous ln-

transformed

Ln-transformed 

(concentra!on)

% change

(CI) 

70 −6.18% (1.6, −0.3) (see row with β

effect es!mates)

(see row with β

effect es!mates)

(Pan et al., 

2016); Pan et 

al. (2015); 

Medium; 

1,066

Ln-

transformed

Cubic root for 

concentra!on

% change 

(CI)

78 -2.4% (-5.1,0.3) -1.3% (-4.8,2.3) -6.5 (-10.3,- 2.7)*

Axelsson et 

al. (2015a); 

Medium; 314

Quar!les Cubic root 

(concentra!on)

Mean 

difference 

(Q4 vs. Q1)

47 0.04 (−0.38, 0.45) −7.7 (−14, −1.8)* 0.65 (−1.3, 2.6)

Jonsson et al. 

(2005); 

Medium; 234

Quar!les No transforma!on Mean 

difference 

(Q4 vs. Q1)

78 −7.9 (−33, 17) 2.1 (−4.0, 8.2)

Wang et al. 

(2015b); 

Medium; 

1,040

Quar!les Dichotomous OR (CI) 70 Q2: 1.28 (0.7, 2.5)

Q3: 0.87 (0.4, 1.8)

Q4: 2.01 (1.1, 3.8)*

Q2: 0.74 (0.5, 1.1)

Q3: 0.96 (0.7, 1.4)

Q4: 1.04 (0.7, 1.5)

Hauser et al. 

(2006); 

Medium; 463

Quar!les Dichotomous OR (CI) 18 Q2: 3.1 (1.2, 8.1)*

Q3: 2.5 (0.9, 6.7)

Q4: 3.3 (1.2, 8.5)*

Q2: 1.5 (0.8, 2.6)

Q3: 1.5 (0.8, 2.6)

Q4: 1.8 (1.1, 3.2)*

Q2: 0.8 (0.4, 1.6)

Q3: 0.9 (0.5, 1.7)

Q4: 0.8 (0.4, 1.6)

Han et al. 

(2014);

Medium; 232

Dichotomous Dichotomous OR (CI) 19 1.97 (0.97, 4.0) 1.08 (0.7, 1.7) 1.53 (0.8, 3.1)

Reference; 

Study 

Confidence 

Ra"ng; N Exposure

Outcome 

transforma"on

Effect 

es"mate

MBP (ng/mL) 

[median 

unless 

otherwise 

specified]

Sperm 

concentra"on

(×106/ml)

Mo"lity

(% normal)

Morphology

(% normal)

Wirth et al. 

(2008); 

Medium; 45

Dichotomous Dichotomous OR (CI) 25 0.5 (0.1, 3.6) 0.8 (0.2, 3.9) 3.3 (0.7, 16.2)

Liu et al. 

(2012); 

Medium; 125

Ter!les Dichotomous OR (CI) 26 (mean) Q2: 6.8 (0.6, 75.3)

Q3: 12.0 (1.0, 143)*

Q2: 0.5 (0.2, 1.4)

Q3: 0.7 (0.3, 2.1)

Q2: 1.0 (0.3, 4.1)

Q3: 0.4 (0.1, 2.1)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect
size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light gray represents
other supportive results.
Q=quartile; T= tertile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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DEHP metabolites were used when available; if not available, results for
MEOHP or MEHP were used (Table 4). An inverse relationship (de-
creased semen quality with increased DEHP exposure as measured by
metabolite levels) was observed for sperm concentration in seven stu-
dies, and for motility in four studies. However, of all of the findings,
only one for sperm concentration (Bloom et al., 2015) and two for
motility (one for MEOHP and one for MEHP) (Axelsson et al., 2015a;
Jurewicz et al., 2013) were statistically significant, and there was no
indication that studies with higher median exposure levels were more
likely to observe an association. The inverse findings were also sup-
ported by data (not reviewed systematically) from studies that in-
dicated increased apoptosis (Huang et al., 2014); (Wang et al., 2016b;
You et al., 2015), increased reactive oxygen species (ROS) generation
(Huang et al., 2014), and increased sperm aneuploidy (Jurewicz et al.,
2013)with increasing DEHP exposure, which may help inform potential
mechanisms of action. Overall, there is moderate evidence of an asso-
ciation between increased DEHP and decreased semen quality, parti-
cularly for sperm concentration.

Four medium confidence studies examined the association between
DINP exposure (measured by MCiOP or MINP) and semen parameters
(Table 5). All three studies that looked at morphology (Axelsson et al.,
2015a; Pan et al., 2015; Jurewicz et al., 2013) reported an inverse as-
sociation between exposure and sperm quality, two of the three that
looked at motility also reported an association (Axelsson et al., 2015a;
Pan et al., 2015), and two of four studies reported an association with
concentration (Specht et al., 2014) (Pan et al., 2015), including one
with an exposure-response gradient (Specht et al., 2014). However, the
only finding that was statistically significant was for morphology in
Jurewicz et al. (2013). Given the consistency across studies for mor-
phology, the relationship between DINP exposure and sperm para-
meters is considered moderate.

Twelve studies reported results on the association between DBP
exposure (measured by MBP) and semen parameters (Table 6). Eight
studies reported decreased concentration with increasing DBP ex-
posure, with statistically significant and monotonic dose-response re-
lationships observed in three (Wang et al., 2015b; Liu et al., 2012;
Hauser et al., 2006). These findings were observed across the range of
exposures observed in the studies. Seven studies supported an asso-
ciation for motility, including two that were statistically significant
(Axelsson et al., 2015a; Hauser et al., 2006), but studies with lower
exposure levels were more likely to report an association than studies

with higher levels. Of the ten studies that included an evaluation of
morphology, six support an association. Evidence for effects on semen
were also supported by data (not reviewed systematically) from a study
that indicated increased sperm aneuploidy with increased DBP ex-
posure (Jurewicz et al., 2013), which may help inform potential me-
chanisms of action. No association was observed between DBP exposure
and sperm apoptosis in one study (Wang et al., 2016b; You et al., 2015).
Overall, due to the consistency across several medium confidence studies
and the observation of dose-response relationships, evidence of an as-
sociation between increased DBP exposure and decreased semen
quality, specifically sperm concentration, is considered robust.

Four studies reported results for DIBP exposure (measured by MIBP)
and semen parameters (Table 7). Two medium confidence studies (Bloom
et al., 2015) reported associations between increasing MIBP con-
centrations and one or more measures of decreased semen quality. The
remaining medium confidence (Thurston et al., 2016) and low con-
fidence (Den Hond et al., 2015) studies reported no association. Given
the limited data and lack of consistency, the relationship between DIBP
exposure and semen parameters is considered slight.

Ten studies reported results on the association between BBP ex-
posure (measured by MBzP) and semen parameters (Table 8). Four
studies that examined sperm concentration and eight studies that ex-
amined motility reported an association between increased BBP ex-
posure and decreased sperm quality; for motility, studies with higher
exposure levels were more likely to find an association. Statistically
significant associations were reported with sperm concentration in two
studies (Bloom et al., 2015) (Pan et al., 2015); and with motility in one
study (Thurston et al., 2016). Only two studies examining morphology
reported an association. Evidence for effects on semen were also sup-
ported by data (not reviewed systematically) from a study that reported
increased sperm aneuploidy with increased BBP exposure (Jurewicz
et al., 2013), which may help inform potential mechanisms of action.
No association was observed between BBP exposure and sperm apop-
tosis in one study (Wang et al., 2016b; You et al., 2015). Overall, due to
associations being reported in several medium confidence studies, there
is moderate evidence that BBP exposure is associated with decreased
sperm quality, specifically motility.

Twelve studies investigated the association between DEP exposure
(measured by MEP) and sperm parameters (Table 9). An inverse re-
lationship (decreased semen quality with increased DEP exposure as
measured by metabolite levels) was observed for sperm concentration

Table 7
Associations between DIBP and semen parameters.

Reference; Study 

Confidence 

Ra�ng; N Exposure

Outcome 

transforma�on

Effect 

es�mate

MIBP

median 

(ng/mL)
Sperm concentra�on

(×106/ml)
Mo�lity

(% normal)

Morphology

(% normal)

Thurston et al. 

(2016); Medium; 420

Ln-trans-

formed

Log-transformed β (CI) 2.8 0.02 (-0.06,0.11) 0.82 (-0.31,1.96) 0.28 (-0.27,0.83)

Bloom et al. (2015); 

Medium; 375

Con"nuous 

ln-

transformed; 

1 IQR 

difference

Box-Cox 

transformed

β (CI) 4.4 0.46 (-1.90,2.83) -0.98 (-3.16,1.20) -4.43 (-15.15,6.29)

Den Hond et al. 

(2015); Low; 120

Con"nuous 

ln-

transformed

Con"nuous, no 

transforma"on

noted

β (SE) 55 

(mean)

0.16 (0.53) 4.81 (3.59) 0.10 (0.33)

(Pan et al., 2016); 

Pan et al. (2015);

Medium; 1,066

Ln-trans-

formed

Cubic root for 

conc

% change 

(CI)

48 -2.1% (-4.6,0.4) -2.2% (-5.4,1.1) -5.3% (-8.9,-1.8)*

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Q=quartile; T= tertile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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Table 8
Associations between BBP and semen parameters.

Reference; 

Study 

Confidence 

Ra�ng; N Exposure

Outcome 

transforma�on

Effect 

es�mate

MBzP

median 

(ng/mL)

Sperm concentra�on

(×106/ml)

Mo�lity

(% normal)

Morphology

(% normal)

Wang et al. 

(2015b);

Medium; 

1,040

Ln-

transformed

No 

transforma�on

β (CI) 2.9 (see row with % 

change effect 

es�mates)

0.43 (−0.62, 1.47) 0.20 (−0.22, 0.61)

Bloom et al. 

(2015); 

Medium; 375

Ln-

transformed; 

1 IQR 

difference

Box-Cox 

transformed

β (CI) 3.6 −3.09 (−5.52, −0.66)* −1.67 (−3.92, 0.58) −5.71 (−16.97, 5.56)

Thurston et 

al. (2016); 

Medium; 420

Ln-trans-

formed

Log-transformed β (CI) 11 -0.04 (-0.12,0.04) -1.47 (-2.61,-0.33)* -0.19 (-0.75,0.36)

Jurewicz et 

al. (2013); 

Medium; 269

Log 

transformed

Log transformed

(concentra�on)

β (p) 5.2 −0.07 (p = 0.25) 1.86 (0.10) 1.17 (0.28)

Den Hond et 

al. (2015); 

Low; 120

Ln-

transformed

No 

transforma�on

β (SE) 4.5 (mean 

controls)

−0.03 (0.17) −1.44 (2.57) 0.30 (0.27)

Wang et al. 

(2015b);

Medium; 

1,040

Ln-

transformed

Ln-transformed

(concentra�on) 

% change 

(CI)

2.9 1.01% (−3.05, 5.13%) (see row with β

effect es�mates)

(see row with β

effect es�mates)

(Pan et al., 

2016); Pan et 

al. (2015);

Medium; 

1,066

Ln-

transformed

Cubic root for 

conc

% change 

(CI)

0.1 -3.4% (-5.9,-0.8)* -1.8% (-5.1,1.6) -4.0% (-7.6,-0.4)*

Axelsson et 

al. (2015a);

Medium; 314

Quar�les Cubic root 

(concentra�on)

Mean 

difference 

(Q4 vs. 

Q1)

13 −0.29 (−0.71, 0.13) −5.4 (−11, 0.56) −0.79 (−2.8, 1.2)

Reference; 

Study 

Confidence 

Ra�ng; N Exposure

Outcome 

transforma�on

Effect 

es�mate

MBzP

median 

(ng/mL)

Sperm concentra�on

(×106/ml)

Mo�lity

(% normal)

Morphology

(% normal)

Jonsson et 

al. (2005); 

Medium; 234

Quar�les No 

transforma�on

Mean 

difference 

(Q4 vs.

Q1)

16 7.2 (−16, 31) −4.3 (−10, 1.6)

Wang et al. 

(2015b);

Medium; 

1,040

Quar�les Dichotomous OR (CI) 2.9 Q2: 0.88 (0.48, 1.61)

Q3: 0.83 (0.44, 1.53)

Q4: 0.85 (0.46, 1.58)

Q2: 0.75 (0.51, 

1.09)

Q3: 1.05 (0.73, 

1.52)

Q4: 0.93 (0.64, 

1.35)

Hauser et al. 

(2006); 

Medium; 463

Quar�les Dichotomous OR (CI) 8.0 Q2: 1.1 (0.4, 2.6)

Q3: 1.1 (0.4, 2.5)

Q4: 1.9 (0.8, 4.3)

Q2: 1.3 (0.7, 2.3)

Q3: 1.3 (0.8, 2.3)

Q4: 1.3 (0.7, 2.3)

Q2: 0.7 (0.3, 1.4)

Q3: 0.9 (0.4, 1.7)

Q4: 1.1 (0.6, 1.6)

Wirth et al. 

(2008); 

Medium; 45

Dichotomous No 

transforma�on

OR (CI) 17 1.4 (0.3, 6.3) 1.3 (0.3, 5.5) 0.9 (0.2, 3.2)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Q= quartile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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in four studies, for motility in two studies, and for morphology in three
studies. No association, or a positive association, was observed in the
remaining studies. Given the lack of consistency across studies despite
high exposure levels, this evidence is considered indeterminate; addi-
tional high confidence studies, at high exposure levels, would be
needed to conclude there was compelling evidence of no effect.

In summary, there is moderate to robust evidence of an association
between DBP, BBP, DEHP, and DINP exposure and sperm parameters,
slight evidence for DIBP, and indeterminate evidence for DEP. The
strongest evidence was observed for sperm concentration, while evi-
dence for motility and morphology was more limited (with the excep-
tion of BBP and DINP, respectively). There were notably fewer studies

of DIBP, which may explain the lack of an association. DEP had both a
reasonable number of studies and high exposure levels without a clear
association; these results support differences in DEP's potency or ac-
tivity relative to other phthalates.

3.4. Time to pregnancy (male exposure)

3.4.1. Study selection
Three studies looked at male exposure to phthalates and its asso-

ciation with time to pregnancy. Two were excluded because the ex-
posure was measured after the outcome (Table 10) (Modigh et al.,
2002; Specht et al., 2015). The specific phthalates examined in the

Table 9
Associations between DEP and sperm parameters.

Reference; Study 

Confidence 

Ra�ng; N Exposure

Outcome 

transforma�on

Effect 

es�mate

MEP

median 

(ng/mL)

Sperm 

concentra�on

(×106/ml)

Mo�lity

(% normal)

Morphology

(% normal)

Wang et al. 

(2015b); Medium; 

1,040

Ln-transformed No transforma�on β (CI) 18 (see row with % 

change effect 

es�mates)

0.12 (−0.77, 1.02) −0.25 (−0.60, 0.11)

Bloom et al. (2015); 

Medium; 375

Ln-

transformed; 

1 IQR 

difference

Box-Cox transformed β (CI) 86 −1.01 (−2.86, 0.85) −0.83 (−2.54, 0.88) −1.23 (−9.64, 7.17)

Thurston et al. 

(2016); Medium; 420

Ln-trans-formed Log-trans-formed β (CI) 201 -0.02 (-0.07,0.04) -0.13 (-0.95,0.69) 0.16 (-0.24,0.55)

Jurewicz et al. 

(2013); Medium; 

269

Log-

transformed

Log transformed

(concentra�on)

β (p) 45 −0.07 (0.25) −3.85 (0.001)* 1.29 (0.24)

Reference; Study 

Confidence 

Ra�ng; N Exposure

Outcome 

transforma�on

Effect 

es�mate

MEP

median 

(ng/mL)

Sperm 

concentra�on

(×106/ml)

Mo�lity

(% normal)

Morphology

(% normal)

Den Hond et al. 

(2015); Low; 120

Ln-transformed No transforma�on 

noted

β (SE) 50 (mean 

controls)

0.24 (0.19) 4.62 (2.78) 0.05 (0.24)

Wang et al. 

(2015b); Medium; 

1,040

Ln-transformed Ln-transformed

(concentra�on) 

% 

change

(CI)

18 1.01% (−2.02, 

4.08%)

(see row with β effect 

es�mates)

(see row with β

effect es�mates)

(Pan et al., 2016); 

Pan et al. (2015); 

Medium; 1,066

Ln-trans-

formed

Cubic root 

(concentra�on)

% 

change 

(CI)

13 -1.1% (-3.5,1.3) 0.6% (-2.5,3.8) -1.7% (-5.1,1.8)

Axelsson et al. 

(2015a); Medium; 

314

Quar�les Cubic root 

(concentra�on)

Mean 

differenc

e (Q4 vs. 

Q1)

41 0.17 (−0.24, 0.59) 2.6 (−3.3, 8.5) −0.73 (−2.7, 1.3)

Jonsson et al. 

(2005); Medium; 

234

Quar�les No transforma�on Mean 

differenc

e (Q4 vs. 

Q1)

240 5.0 (−15, 25) −0.4 (−6.4, 5.6)

Wang et al. 

(2015b); High; 1,040

Quar�les Dichotomous OR (CI) 18 Q2: 1.05 (0.56, 

1.98)

Q3: 0.94 (0.50, 

1.79)

Q4: 1.08 (0.58, 

2.04)

Q2: 0.88 (0.60, 1.29)

Q3: 1.02 (0.71, 1.49)

Q4: 0.93 (0.63, 1.36)

Hauser et al. 

(2006); Medium; 

463

Quar�les Dichotomous OR (CI) 158 Q2: 1.5 (0.7, 3.6)

Q3: 1.0 (0.4, 2.5)

Q4: 1.2 (0.5, 3.0)

Q2: 1.1 (0.6, 1.9)

Q3: 0.8 (0.5, 1.5)

Q4: 1.0 (0.6, 1.8)

Q2: 0.8 (0.4, 1.6)

Q3: 0.7 (0.3, 1.3)

Q4: 0.5 (0.3, 1.1)

Han et al. (2014); 

Medium; 232

Dichotomous Dichotomous OR (CI) 3.1 0.78 (0.38, 1.58) 0.96 (0.18, 5.04) 0.88 (0.44, 1.75)

Wirth et al. (2008); 

Medium; 45

Ter�les Dichotomous OR (CI) 108 Q2: 3.6 (0.4, 34.6)

Q3: 6.5 (0.6, 73.4)

Q2: 0.7 (0.1, 3.7)

Q3: 0.5 (0.1, 2.9)

Q2: 4.2 (0.7, 24.5)

Q3: 7.0 (1.0, 48.0)*

Liu et al. (2012); 

Medium; 125

Ter�les Dichotomous OR (CI) 175 

(mean)

Q2: 1.4 (0.2, 8.8)

Q3: 1.5 (0.2, 9.6)

Q2: 0.7 (0.2, 1.9)

Q3: 0.4 (0.1, 1.2)

Q2: 0.2 (0.1, 1.2)

Q3: 0.8 (0.2, 3.0)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Q= quartile. Studies are sorted by study confidence level within each metabolite-effect estimate grouping.
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remaining study are summarized in Table 10. This was a prospective
cohort identified through population-based sampling. Based on the
criteria described in the outcome-specific criteria (supplement), it was
classified as high confidence, and the rationale for domain ratings are
available at https://hawcprd.epa.gov/rob/study/100000037/.

3.4.2. Results
In Buck Louis et al. (2014), for DBP and BBP (measured by MBP and

MBzP, respectively), there were statistically significant associations
between increased exposure and increased time to pregnancy, or de-
creased fecundity (Table 11). Because the study is high confidence and
because of the coherence with semen parameters, this evidence is
considered moderate. For DEHP and DIBP, there was some evidence that
increased exposure to these phthalates is associated with increased time

to pregnancy, but the results were not statistically significant, and this
evidence is considered slight. For DEP and DINP, no association was
reported; given the limited number of studies and for DINP, the rela-
tively low range of exposures, the evidence is considered indeterminate.

3.5. Testosterone

3.5.1. Study selection and evaluation
Based on the exposure evaluation criteria, eight of the 21 epide-

miology papers (Table 12) identified in the search with data on tes-
tosterone were excluded because they used measurements in tissues
other than urine (i.e., blood or semen), did not report results for in-
dividual metabolites, or did not discuss collection time of outcome
sample. The specific phthalates examined in the remaining 13 studies
(15 papers) and study evaluations are summarized in Table 12 (Fong
et al., 2015; Janjua et al., 2007; Lenters et al., 2014; Li et al., 2011; Pan
et al., 2016; Xu et al., 2015). Full rationale for ratings are available at
https://hawcprd.epa.gov/summary/visual/100000066/, and outcome-
specific criteria are available in the supplement. All of the studies are
cross-sectional, varying in sample size between 25 and 1066 adult men
in analysis. As with studies of sperm parameters, cross-sectional design
with concurrent measurement of exposure and outcome (testosterone
concentration) was not considered a limitation. In most studies, a single
urine sample was collected concurrent with outcome assessment, with
the exception of Wang et al. (2015c), which had two same-day urine
samples, and Specht et al. (2014), in which blood samples were used for
secondary metabolites of DEHP and DINP. Testosterone was the most
studied of the relevant reproductive hormones, and was therefore the
focus of this review.

Nine studies (ten papers) were classified as medium confidence
(Axelsson et al., 2015a; Axelsson et al., 2015b; Pan et al., 2015; Han
et al., 2014; Meeker and Ferguson, 2014; Specht et al., 2014; Jurewicz
et al., 2013; Mendiola et al., 2011; Meeker et al., 2009);, and four
studies were classified as low confidence (Chang et al., 2015; Den Hond
et al., 2015; Park et al., 2010; Pan et al., 2006).

Table 11
Association between phthalate metabolites and time to pregnancy in Buck Louis
et al. (2014).

Phthalate

(metabolite)

Exposure 

Geometric mean

Fecundability Ra�o

(95% CI)

(ng/mL)

DINP (MINP) 0.07 1.01 (0.90, 1.14)

BBP (MBzP) 2.8 0.77 (0.65, 0.92)*

DIBP (MiBP) 3.4 0.88 (0.74, 1.04)

DBP (MBP) 5.9 0.82 (0.70, 0.97)*

DEHP (MEOHP) 6.1 0.91 (0.79, 1.05)

DEP (MEP) 82.7 1.01 (0.86, 1.18)

*p < 0.05, results that support an association are shaded. Dark gray represents
one or more of the following: p < 0.05, large effect size (e.g., OR≤0.7), or
exposure-response trend across categories of exposure. Light gray represents
other supportive results.

Table 10
Epidemiology studies of time to pregnancy (male exposure).

G= good; A= adequate; D=deficient; A/D= adequate for short chain phthalates, deficient for long chain phthalates.
a Study was considered critically deficient for this phthalate due to a high percent below the LOD.
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3.5.2. Results
Evaluation of the association between exposure to DEHP and tes-

tosterone is based on 13 studies (Axelsson et al., 2015a; Chang et al.,
2015; Den Hond et al., 2015; Pan et al., 2015; Wang et al., 2015c; Han
et al., 2014; Meeker and Ferguson, 2014; Specht et al., 2014; Jurewicz
et al., 2013; Mendiola et al., 2011; Park et al., 2010; Meeker et al.,
2009; Pan et al., 2006). Results for summed DEHP metabolites were
used when available; if not available, results for MEOHP (preferred) or
MEHP were used. Eight studies (Axelsson et al., 2015a; Wang et al.,

2015c; Meeker and Ferguson, 2014; Specht et al., 2014; Jurewicz et al.,
2013; Park et al., 2010; Meeker et al., 2009); (Pan et al., 2015); re-
ported decreased testosterone levels with higher DEHP exposure
(Table 13), including findings from two studies that were statistically
significant (Specht et al., 2014; Jurewicz et al., 2013). The association
between DEHP exposure and decreased testosterone did not show a
clear response pattern with increasing exposure level or exposure
range; however, medium confidence studies were more likely to report
an association than low confidence studies, and low confidence studies

Table 12
Epidemiology studies of testosterone.

(continued on next page)
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generally had null, rather than conflicting, results. Given the overall
consistency among higher confidence studies, this evidence is con-
sidered moderate.

Five medium confidence studies (Axelsson et al., 2015a; Pan et al.,
2015; Meeker and Ferguson, 2014; Specht et al., 2014; Jurewicz et al.,
2013) investigated the association between DINP exposure (measured
by MINP or MCiOP) and testosterone (Table 14). Three studies (Meeker
and Ferguson, 2014; Specht et al., 2014)) found decreasing testosterone
levels with increasing DINP exposure; the results in two were statisti-
cally significant, including an exposure-response gradient in Specht

et al., 2014. The evidence for an association between DINP exposure
and decreased testosterone is considered moderate.

Evaluation of the association between exposure to DBP (measured
by MBP) and testosterone is based on ten studies (Axelsson et al.,
2015a; Chang et al., 2015; Den Hond et al., 2015; Pan et al., 2015;
Wang et al., 2015c; Han et al., 2014; Meeker and Ferguson, 2014;
Jurewicz et al., 2013; Meeker et al., 2009; Pan et al., 2006). Five studies
(Pan et al., 2015; Meeker and Ferguson, 2014; Meeker et al., 2009; Pan
et al., 2006); Wang et al., 2015b) reported results that indicate de-
creased testosterone levels with increased DBP exposure (Table 15).

Table 12 (continued)

T= testosterone; G= good; A= adequate; D= deficient; A/E= adequate for short chain phthalates, deficient for long chain
phthalates.
a Study was considered critically deficient for this phthalate due to a high percent below the LOD.
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Table 13
Associations between DEHP exposure and testosterone.

Reference; Study 

confidence; N Transforma�on

Effect 

es�mate

Metabolite

(ng/mL) 

[median unless 

otherwise 

specified]

Exposure IQR 

(or as specified)

Testosterone 

effect es�mate

∑DEHP

Mendiola et al. (2011); 

Medium; 363

Log10 transformed β (95% CI) for 1 

unit increase

0.24 nmol/mL 0.1−0.5 −0.01 (−0.04, 0.03)

Meeker et al. (2009); 

Medium; 425

Ln-transformed 

exposure 

β (95% CI) for 

IQR increase

0.31 nmol/mL 0.2−0.7 −6.35 (−17.8, 5.1)

Chang et al. (2015); 

Low; 176

Ln-transformed 

exposure and outcome

β (95% CI) for 

IQR increase

0.15 nmol/mL

(mean)

0.98 (0.9, 1.1)Ŧ

Wang et al. (2015c); 

Medium; 1,040

Ln-transformed 

exposure and outcome

% difference 

(95% CI) 1 unit 

increase

7.9 (MEOHP) 3.9-8.5 −3.7% (−8.0, 0.6)

Meeker and Ferguson 

(2014); Medium; 

160 (12-19 yr)

None reported % change (95% 

CI) with IQR 

increase

4.9 (MEOHP) 3.0-7.4 −8.42% (−24.5, 11.0)

267 (20-40 yr) 4.2 (MEOHP) 2.8-7.1 0.42 (−5.8, 7.1)

Specht et al. (2014); 

Medium; 589

Means (95% CI) 

for <25th, 

25th−75th, >75th

percen#le

0.01 nM (Proxy 

DEHP)

0.01−0.14 Q1: 15.4 (14.3−16.7)

Q2: 14.8 (14.0, 15.7)

Q3: 14.1 (13.1−15.1)

p trend <0.05

MEOHP

Den Hond et al. (2015); 

Low; 120

Ln-transformed 

exposure

β ± SE 7.7 3.9−14.0 −0.03 ± 0.04

Pan et al., 2016; Pan et 

al. (2015); Medium; 

1,066

Ln-transformed 

exposure and outcome

% change (CI) 8.4 4.8-14.3 -1.6% (-2.2,1.0)

Axelsson et al. (2015a); 

Medium; 314

Ln-transformed 

exposure and outcome

Mean 

difference

(Q4 vs. Q1)

9.6 0.5−1,100 (range) −1.0 (−9.7, 8.7)

Park et al. (2010); Low; 

25

Ln-transformed 

exposure

Correla#on 

coefficient

14

(pre-shi&)

9.2−19 −0.33 (p = 0.1)

MEHP

Jurewicz et al. (2013); 

Medium; 269

Log-transformed 

exposure

β (p) 8.8 0.6−136 (range) −0.29 (p = 0.04)

Han et al. (2014); 

Medium; 232

None reported Par#al 

correla#on 

coefficient

1.1 0.0−23.8 (5th−95th) −0.05

Pan et al. (2006); 

Medium; 137

Log10 transformed 

outcome

Par#al 

correla#on 

coefficient

562/5 µg/g

crea#nine

(exposed/

unexposed)

210−1,884/

3.7−10

−0.2 (free testosterone)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Q= quartile.
Ŧ Coefficient was calculated by study authors with back-transformation of both hormone and phthalate metabolite con-
centrations. A coefficient < 1.0 indicates a multiplicative decrease in hormone level for an IQR change in exposure.
Units for testosterone differed across studies: ng/mL (Jurewicz et al., 2013, Meeker and Ferguson, 2014, nmol/L (Han et al.,
2014, Axelsson et al., 2015a, 2015b, Mendiola et al., 2011, Chang et al., 2015, Pan et al., 2015), nmol/mL (Specht et al., 2014),
pg/mL (Pan et al., 2006), ng/dL (Meeker et al., 2009; Den Hond et al., 2015; Wang et al., 2015a, 2015b, 2015c).
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The association in one study (Pan et al., 2015) was statistically sig-
nificant. There was no clear pattern between observed associations and
exposure level or range. This evidence is considered slight.

Four studies (Chang et al., 2015; Den Hond et al., 2015; Pan et al.,
2015; Meeker and Ferguson, 2014) provided data on the association
between DIBP exposure (measured by MIBP) and testosterone
(Table 15). Of the four studies, three (Chang et al., 2015; Meeker and
Ferguson, 2014) (Pan et al., 2015) found decreased testosterone levels
with increasing DIBP exposure; the results in two were statistically
significant. The fourth study (Den Hond et al., 2015) reported no as-
sociation, despite having higher exposure levels for MIBP than other
studies in this assessment, but was also rated as low confidence. Based on
the overall consistency, this evidence is considered moderate.

Eight studies (Axelsson et al., 2015a; Chang et al., 2015; Den Hond
et al., 2015; Wang et al., 2015c; Meeker and Ferguson, 2014; Jurewicz
et al., 2013; Meeker et al., 2009) investigated the association between
BBP exposure (measured by MBzP) and testosterone (Table 16). Two
studies (Pan et al., 2015; Meeker and Ferguson, 2014) reported an in-
verse association between BBP exposure and testosterone levels, but
they were not statistically significant. Results from some of the re-
maining studies were in the opposite direction (i.e., a positive asso-
ciation). Given the lack of consistency, this evidence is considered to be
indeterminate.

Nine studies (Axelsson et al., 2015a; Chang et al., 2015; Den Hond

et al., 2015; Wang et al., 2015c; Han et al., 2014; Meeker and Ferguson,
2014; Jurewicz et al., 2013; Meeker et al., 2009) (Pan et al., 2015)
investigated the association between DEP (measured by MEP) and
testosterone (Table 16). Three studies (Pan et al., 2015; Wang et al.,
2015c; Meeker and Ferguson, 2014) reported an inverse association
between DEP exposure and testosterone levels, but none were statisti-
cally significant. Results from some of the remaining studies were in the
opposite direction (i.e., a positive association). Given the lack of con-
sistency despite high exposure levels, this evidence is considered in-
determinate.

In summary, there is moderate evidence of an association between
exposure to DEHP, DINP, and DIBP and decreased testosterone levels,
slight evidence for exposure to DBP, and indeterminate evidence for BBP
and DEP. In the case of BBP, the reporting of no association in the
majority of studies may be explained by the lower exposure levels, and
corresponding lower sensitivity to observe an effect. Therefore, the
results for BBP are not necessarily inconsistent with the results for the
other phthalates. DEP, with both a reasonable number of studies and
higher exposure levels, showed no clear association with testosterone
levels. This lack of association may reflect an inherent difference in
potency or activity towards testosterone relative to other phthalates.
This difference is consistent with observations from experimental an-
imal studies.

Table 14
Associations between DINP exposure and testosterone.

Reference; Study 

confidence; N Transforma�on

Effect 

es�mate

Metabolite

(ng/mL) 

[median unless 

otherwise 

specified]

Exposure IQR 

(or as specified)

Testosterone 

effect es�mate

MINP

Jurewicz et al. 

(2013); Medium; 269

Log-transformed 

exposure

β (p) 1.1 0.2−6.4 0.30 (0.373)

Specht et al. (2014); 

Medium; 589

Ln-transformed Means (CI) for 

<25th, 

25th−75th, 

>75th

percen!le

0.003 Proxy-

MINP (nm)

0.15 (maximum) Q1: 15.3 (14.2, 16.4)

Q2: 14.9 (14.0, 15.8)

Q3: 13.9 (12.9, 14.9)

p trend <0.05

MCiOP

(Pan et al., 2016); 

Pan et al. (2015); 

Medium; 1,066

Ln-transformed % change (CI) 1.2 0.7-2.1 -2.3% (-4.5,-0.1)*

Meeker and 

Ferguson (2014); 

Medium; 

160 (12-19 yr)

None reported % change 

(95% CI) with 

IQR increase

14 7.76−43.1 −22.5% (−36.7, −5.18)

267 (20-40 yr) 23 9.28−57.0 −0.33 (−7.09, 6.92)

Axelsson et al. 

(2015a); Medium; 

314

Ln-transformed 

exposure and 

outcome

Mean 

difference 

(95% CI) Q4 

vs. Q1 

16 1.4−810 (range) 4.3 (−4.9, 14)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05,
large effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of
exposure. Light gray represents other supportive results.
Q=quartile.
Units for testosterone differed across studies: ng/mL (Jurewicz et al., 2013; Meeker and Ferguson, 2014), nmol/L (Pan
et al., 2015), nmol/mL (Specht et al., 2014).
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Table 15
Associations between DBP and DIBP exposure and testosterone.

Reference; Study 

confidence; N Transforma�on

Effect 

es�mate

Metabolite

(ng/mL) 

[median unless 

otherwise 

specified]

Exposure IQR 

(or as specified)

Testosterone 

effect es�mate

DBP (measured by MBP)

Meeker et al. (2009); 

Medium; 425

Ln-transformed 

exposure and outcome 

(except testosterone)

β (95% CI) for 

IQR increase

17.7 10.6−32.75 −4.65 (−15.7, 6.33)

Jurewicz et al. (2013); 

Medium; 269

Log-transformed 

exposure

β (p) 83 19−1,530 (range) 0.02 (p = 1.0)

Den Hond et al. (2015); 

Low; 120

Ln-transformed 

exposure

β ± SE 19 12−42 −0.03 (0.03)

Chang et al. (2015); 

Low; 176

Ln-transformed 

exposure and outcome

β (95% CI) for 

IQR increaseŦ

11.1 (fer"le 

mean)

0.96 (0.90, 1.02)

Wang et al. (2015c); 

High; 1,040

Ln-transformed 

exposure and outcome

% difference 

(95% CI) 1 unit 

increase

70 28−84 −1.1% (−4.6, 2.3)

Meeker and Ferguson 

(2014); Medium; 

160 (12-19 yr)

None reported % change (95% 

CI) with IQR 

increase

8.9 5.0−14.3 −19.3% (−37.0, 3.34)

267 (20-40 yr) 7.0 3.9−11.2 −3.85% (−11.0, 3.89)

(Pan et al., 2016); Pan 

et al. (2015); Medium; 

1,066

Ln-transformed 

exposure and outcome

% change (CI) 78 39-162 -3.9% (-6.6,-1.1)*

Axelsson et al. (2015a); 

Medium; 314

Ln-transformed 

exposure and outcome

Mean 

difference for 

Q4 vs. Q1 

(95% CI)

47 1.0, 690 (range) 2.1 (−11, 7.6) 

Han et al. (2014); 

Medium; 232

None reported Par"al 

correla"on 

coefficient

18.72 2.10−129.34

(5th−95th)

0.10

Pan et al. (2006); 

Medium; 137

Log10 transformed 

outcome

Par"al 

correla"on 

coefficient

548/113 µg/g 

(exposed/

unexposed)

252−1,493/75−207 −0.253 (free 

testosterone)

DIBP (measured by MIBP)

Den Hond et al. (2015); 

Low; 80/163

Ln-transformed 

exposure

β ± SE 55 27.0−113.0 0.00 ± 0.03 

Chang et al. (2015); 

Low; 176

Ln-transformed 

exposure and outcome

β (95% CI) for 

IQR increaseŦ

7.6

(fer"le mean)

0.92 (0.87, 0.98)*

Meeker and Ferguson 

(2014); Medium; 

160 (12-19 yr)

None reported % change (95% 

CI) with IQR 

increase

7.3 4.3−11.4 −19.9 (−39.4, 5.83)

267 (20-40 yr) 5.1 3.5−9.1 0.39 (−6.26, 7.52)

(Pan et al., 2016); Pan 

et al. (2015); Medium; 

1,066

Ln-transformed exposure 

and outcome

% change (CI) 48 28-84 -4.1% (-6.7,-1.5)*

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Ŧ Coefficient was calculated by study authors with back-transformation of both hormone and phthalate metabolite con-
centrations. A coefficient < 1.0 indicates a multiplicative decrease in hormone level for an IQR change in exposure.
Units for testosterone differed across studies: ng/mL (Jurewicz et al., 2013, Meeker and Ferguson, 2014), nmol/L (Han et al.,
2014; Axelsson et al., 2015a, 2015b; Chang et al., 2015; Pan et al., 2015), nmol/mL (Specht et al., 2014), pg/mL (Pan et al.,
2006), ng/dL (Meeker et al., 2009, Den Hond et al., 2015, Wang et al., 2015a, 2015b, 2015c).
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Table 16
Associations between BBP and DEP exposure and testosterone.

Reference; Study 

confidence; N Transforma�on Effect es�mate

Metabolite

(ng/mL) 

[median unless 

otherwise 

specified]

Exposure IQR 

(or as specified)

Testosterone 

effect es�mate

BBP (measured by MBzP)

Meeker et al. (2009); 

Medium; 425

Ln-transformed 

exposure and outcome 

(except testosterone)

β (95% CI) for IQR 

increase

8.2 4.20−15.9 4.58 (−7.91, 17.0)

Jurewicz et al. (2013); 

Medium; 269

Log-transformed 

exposure

β (p) 5.2 0.4−205 (range) −0.09 (p = 0.5)

Den Hond et al. (2015); 

Low; 120

Ln-transformed 

exposure

β ± SE 4.5 2.5−9.0 −0.02 ± 0.02

Chang et al. (2015); 

Low; 176

Ln-transformed 

exposure and outcome

β (95% CI) for IQR

increaseŦ

0.7 (fer"le mean) 0.96 (0.91, 1.02)

Wang et al. (2015c); 

Medium; 1,040

Ln-transformed 

exposure and outcome

% difference (95% 

CI) 1 unit increase

2.9 1.0−3.4 −1.2% (−5.3, 2.9)

Meeker and Ferguson 

(2014); Medium; 

160 (12-19 yr)

None reported % change (95% CI) 

with IQR increase

5.8 3.6−11.3 −21.1 (−38.6, 1.30)

267 (20-40 yr) 3.7 2.2−6.7 −4.92 (−12.9, 3.82)

(Pan et al., 2016); Pan 

et al. (2015); Medium; 

1,066

Ln-transformed exposure 

and outcome

% change (CI) 0.1 <LOD-0.4 -2.6% (-5.3,0.1)

Axelsson et al. (2015a); 

Medium; 314

Ln-transformed 

exposure and outcome

Mean difference for

Q4 vs. Q1 (95% CI)

13 0.5−260 (range) 2.3 (−2.8, 6.0)

DEP (measured by MEP)

Meeker et al. (2009); 

Medium; 425

Ln-transformed 

exposure and outcome 

(except testosterone)

β (95% CI) for IQR 

increase

153 59.9−518 8.87 (−7.18, 24.9)

Jurewicz et al. (2013); 

Medium; 269

Log-transformed 

exposure

β (p) 45 3.8−2,483 (range) 0.08 (p = 0.6)

Den Hond et al. (2015); 

Low; 120

Ln-transformed 

exposure

β ± SE 50 20.5−110.5 0.01 ± 0.02

Chang et al. (2015); 

Low; 176

Ln-transformed 

exposure and outcome

β (95% CI) for IQR

increaseŦ

13

(fer"le mean)

1.00 (0.97, 1.04)

Wang et al. (2015c); 

Medium; 1,040

Ln-transformed 

exposure and outcome

% difference (95% 

CI) 1 unit increase

18 7.1−25 −1.7% (−3.8, 0.30)

Meeker and Ferguson 

(2014); Medium; 

160 (12-19 yr)

None reported % change (95% CI) 

with IQR increase

26 14.0−46.9 9.46 (−17.1, 44.5)

267 (20-40 yr) 27 12.2−74.7 −3.30 (−9.81, 3.67)

(Pan et al., 2016); Pan 

et al. (2015); Medium; 

1,066

Ln-transformed exposure 

and outcome

% change (CI) 13 6.6-32 -1.5% (-4.0,1.1)

Axelsson et al. (2015a); 

Medium; 314

Ln-transformed 

exposure and outcome

Mean difference for

Q4 vs. Q1 (95% CI)

41 2−6,900 (range) 1.0 (−7.9, 11)

Han et al. (2014); 

Medium; 232

None reported Par"al correla"on 

coefficient

3.1 0.0−59.7 (5th−95th) −0.01

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large
effect size (e.g., OR≥1.5, β≥−0.5, % difference≥1.0%), or exposure-response trend across categories of exposure. Light
gray represents other supportive results.
Ŧ Coefficient was calculated by study authors with back-transformation of both hormone and phthalate metabolite con-
centrations. A coefficient < 1.0 indicates a multiplicative decrease in hormone level for an IQR change in exposure.
Units for testosterone differed across studies: ng/mL (Jurewicz et al., 2013, Meeker and Ferguson, 2014), nmol/L (Han et al.,
2014, Axelsson et al., 2015a, 2015b, Chang et al., 2015, Pan et al., 2015), nmol/mL (Specht et al., 2014), pg/mL (Pan et al.,
2006), ng/dL (Meeker et al., 2009, Den Hond et al., 2015, Wang et al., 2015a, 2015b, 2015c).
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3.6. Other male reproductive effects

In addition to the health effects already described, systematic re-
views were performed for hypospadias/cryptorchidism and timing of
pubertal development. These reviews are described in detail in the
supplemental materials. In summary, for both outcomes, results were
largely inconsistent and the evidence was considered slight or in-
determinate for all phthalates.

3.7. Summary of male reproductive effects

Results for all phthalate-outcome combinations are summarized in
Fig. 3. Tables 17–21 present the summary of evidence across outcomes
within each phthalate with moderate or robust evidence of male re-
productive toxicity.

Fig. 3. Summary of epidemiologic evidence of male reproductive effects associated with phthalates.

Table 17
Evidence profile table for male reproductive effects of DEHP.

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

Anogeni-
tal
dis-
tan-
ce

Medium confidence
Bornehag et al., 2015 (C)
Jensen et al., 2016 (C)
Swan et al., 2015 (C)
Low confidence
Bustamante-Montes et al.,
2013 (C)
Suzuki et al., 2012 (C)
Swan, 2008 (C)

Among medium
confidence studies:

• Consistency

• Exposure-response
gradient across
studies

• Minimal concerns for
bias

Overall:

• finding is consistent
with other
systematic review/
meta-analysis
(National Academies
of Sciences,
Engineering, and
Medicine, 2017)

• Low precision in
Bornehag et al., 2015

Inverse
associations
between DEHP
exposure and
anogenital
distance reported
in 5/6 studies
(Jensen et al.,
2016, Swan et al.,
2015, Bornehag et
al., 2015, Swan,
2008, Suzuki et al.,
2012), of which 2
were statistically
significant (Swan
et al., 2015, Swan,
2008). Among 3
medium
confidence studies,
effect size
increased with
increasing
exposure levels
(Fig. 2).

⨁⨁◯ MODERATE ⨁⨁⨁ ROBUST

Supported by coherence across
outcomes.

Semen
par-
am-
eters

Medium confidence
Axelsson et al., 2015a,
2015b (CS)
Bloom et al., 2015 (C)
Han et al., 2014 (CS)
Hauser et al., 2006 (CS)
Huang et al., 2013 (CS)
Jurewicz et al., 2013 (CS)
Liu et al., 2012 (CS)
Pan et al., 2015 (CS)
Specht et al., 2014 (CS)
Thurston et al., 2016 (CS)
Wang et al., 2015a,
2015b, 2015c (CS)
Wirth et al., 2008 (CS)

• Minimal concerns for
bias

• Biological
plausibility

• Lower study
sensitivity could
account for most
observed
inconsistency (i.e.,
null results in some
studies)

• Difficult to assess
exposure-response
gradient and
precision across
studies due to
differing analyses/
presentation of
results

Inverse
associations
between DEHP
exposure and
sperm
concentration in 7/
14 studies (Herr et
al., 2009, Huang et
al., 2011, Wirth et
al., 2008, Specht et
al., 2014, Bloom et
al., 2015, Hauser
et al., 2006), of
which 1 was
statistically

⨁⨁◯ MODERATE for
concentration

(continued on next page)
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Table 17 (continued)

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

Low confidence
Den Hond et al., 2015
(CS)
Herr et al., 2009 (CS)

significant (Bloom
et al., 2015). Four
studies reported an
inverse association
with motility
(Axelsson et al.,
2015a; Huang et
al., 2013; Huang et
al., 2011, and
Jurewicz et al.,
2013), and 2 were
statistically
significant
(Axelsson et al.,
2015a; Jurewicz et
al., 2013) (Table
4).
Biological
plausibility-Studies
showed increased
apoptosis (Huang
et al., 2014);
(Wang et al.,
2016b; You et al.,
2015), increased
reactive oxygen
species generation
(Huang et al.,
2014), and
increased sperm
aneuploidy
(Jurewicz et al.,
2013) with
increased
exposure.

Testoste-
rone

Medium confidence
Axelsson et al., 2015a,
2015b (CS)
Han et al., 2014 (CS)
Jurewicz et al., 2013 (CS)
Meeker and Ferguson,
2014 (CS)
Meeker et al., 2009 (CS)
Mendiola et al., 2011 (C)
Pan et al., 2015 (CS)
Specht et al., 2014 (CS)
Wang et al., 2015c (CS)
Low confidence
Chang et al. (2015) (CS)
Den Hond et al., 2015
(CS)
Pan et al., 2006 (CS)
Park et al., 2010 (CS)

• Minimal concerns for
bias overall

• Risk of bias in low
confidence studies
and lower study
sensitivity account
for most observed
inconsistency

• Exposure-response
gradient within one
study

• Difficult to assess
exposure-response
gradient and
precision across
studies due to
differing analyses/
presentation of
results

Inverse
associations
between DEHP
exposure and
testosterone levels
in 8/13 studies
(Specht et al.,
2014, Meeker and
Ferguson, 2014,
Wang et al.,
2015b, Meeker et
al., 2009, Axelsson
et al., 2015a, Park
et al., 2010,
Jurewicz et al.,
2013, Pan et al.,
2015), 2 of which
were statistically
significant (Specht
et al., 2014,
Jurewicz et al.,
2013), with the
former showing an
exposure-response
trend, other
studies did not
examine exposure-
response gradient
(Table 13).

⨁⨁◯ MODERATE

Time to Pregnancy ⨁◯◯ SLIGHT
Hypospadias/cryptorchidism and pubertal development ◯◯◯ INDETERMINATE

C: cohort, CC: case-control, CS: cross-sectional.
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4. Discussion

With the exception of DEP, all the phthalates included in this sys-
tematic review had moderate or greater evidence of male reproductive
effects; these findings are directly relevant to humans as they generally
are based on exposure levels seen in general populations (i.e., not in
occupationally exposed settings). The strongest (robust) evidence of
male reproductive effects comes from studies of DBP and DEHP in adult
males. These two phthalates tended to have the largest number of
studies, and exposure levels higher than most of the other phthalates
(i.e., DINP, DIBP, and BBP).

The differences in data availability and exposure level/range may
explain the differing confidence in the associations between these
phthalates and male reproductive effects. For DIBP in particular, which
might be expected to have similar activity as DBP due to their similarity
in structure, there was a considerably smaller number of available
studies and lower exposure levels relative to other phthalates. While it
is possible there are differences in potency/activity between these
phthalates, at this point, inadequate sensitivity of the systematic review

(i.e., low exposure levels, fewer studies) for DINP, BBP, and in parti-
cular DIBP seems to be a likely explanation. In light of these issues, it
would be inappropriate to conclude that substituting DINP for DEHP or
DIBP for DBP would be health protective. In contrast, DEP had a similar
number of studies as DBP and generally higher exposure levels, but
weaker evidence of an association. This is consistent with experimental
animal data that suggest that DEP does not have as strong an anti-an-
drogenic effect as other phthalates (Howdeshell et al., 2008).

The results of this review illustrate the difficulty in drawing con-
clusions across different phthalates (i.e., do phthalates in general cause
male reproductive toxicity?). There is slight evidence of an association
for most of the individual phthalate/outcome combinations, but these
are generally marked by inconsistency across available studies and are
difficult to draw conclusions from. Looking at the combinations with
moderate or robust evidence, there is little consistency in which out-
comes were strongly associated across the six phthalates. Semen para-
meters were the most consistent, with four phthalates (DBP, DEHP,
BBP, and DINP) having moderate or robust evidence, and as already
discussed, there are reasonable explanations for the differences with

Table 18
Evidence profile table for male reproductive effects of DINP.

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

Testoste-
rone

Medium confidence
Axelsson et al., 2015a,
2015b (CS)
Jurewicz et al., 2013 (CS)
Meeker and Ferguson,
2014 (CS)
Pan et al., 2015 (CS)
Specht et al., 2014 (CS)

• Minimal concerns for
bias

• Large effect size in
one study (23%
decrease with iqr
increase in exposure)

• Exposure-response
gradient within one
study

• Some unexplained
inconsistency

Inverse
associations
between DINP
exposure and
testosterone levels
in 3/5 studies
(Specht et al.,
2014, Meeker and
Ferguson, 2014,
Pan et al., 2015), 2
included
statistically
significant results
(Pan et al., 2015,
Specht et al.,
2014), with the
latter being a trend
(other studies did
not examine
exposure-response
gradient) (Table
14).

⨁⨁◯ MODERATE ⨁⨁◯ MODERATE

Based on testosterone and
semen parameters, supported
by coherence of slight findings
in other outcomes with few
available studies

Semen
par-
am-
eters

Medium confidence
Axelsson et al., 2015a,
2015b (CS)
Jurewicz et al., 2013 (CS)
(Pan et al., 2015) (CS)
Specht et al., 2014 (CS)

• Minimal concerns for
bias

• Exposure-response
gradient within one
study

• Consistency for
morphology

• Some unexplained
inconsistency for
concentration

Inverse
associations
between DINP
exposure and
sperm morphology
in all 4 studies, 1 of
which was
statistically
significant
(Jurewicz et al.,
2013). 2/3 studies
for motility (Pan et
al., 2015, Axelsson
et al., 2015a) and
2/4 studies for
concentration
(Specht et al.,
2014, Pan et al.,
2015) also
reported inverse
associations (Table
5).

⨁⨁◯ MODERATE

Anogenital distance, Hypospadias/Cryptorchidism ⨁◯◯ SLIGHT
Time to pregnancy, pubertal development ◯◯◯ INDETERMINATE

C: cohort, CC: case-control, CS: cross-sectional.
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Table 19
Evidence profile table for male reproductive effects of DBP.

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

Semen
par-
am-
eters

Medium confidence
Axelsson et al., 2015a,
2015b (CS)
Bloom et al., 2015 (C)
Han et al., 2014 (CS)
Hauser et al., 2006 (CS)
Jonsson et al., 2005 (CS)
Jurewicz et al., 2013 (CS)
Liu et al., 2012 (CS)
Pan et al., 2015 (CS)
Thurston et al., 2016 (CS)
Wang et al., 2015c (CS)
Wirth et al., 2008 (CS)
Low confidence
Den Hond et al., 2015
(CS)

• Minimal concerns for
bias

• Consistency for
concentration

• Biological
plausibility

• Exposure-response
gradient within three
studies

• Difficult to assess
exposure-response
gradient and
precision across
studies due to
differing analyses/
presentation of
results

Inverse
associations
between DBP
exposure and
sperm
concentration in 8/
12 studies (Bloom
et al., 2015;
Jurewicz et al.,
2013; Wang et al.,
2015a, 2015b,
2015c; Pan et al.,
2015; Jonsson et
al., 2005; Hauser
et al., 2006; Han et
al., 2014; Liu et al.,
2012), of which 3
were statistically
significant and
displayed
monotonic
exposure-response
relationships
(Wang et al.,
2015a; Liu et al.,
2012; Hauser et
al., 2006). Seven
studies reported an
inverse association
with motility
(Wang et al.,
2015a, 2015b,
2015c; Bloom et
al., 2015; Thurston
et al., 2016;
Jurewicz et al.,
2013; Pan et al.,
2015; Axelsson et
al., 2015a, 2015b;
Hauser et al.,
2006), and 2 were
statistically
significant
(Axelsson et al.,
2015a; Hauser et
al., 2006) (Table 6)

Biological
plausibility-Studies
showed increased
sperm aneuploidy
(Jurewicz et al.,
2013) with
increased
exposure.

⨁⨁⨁

ROBUST
for concentration

⨁⨁⨁

ROBUST

Based on semen parameters,
supported by coherence across
outcomes.

Anogeni-
tal
dis-
tan-
ce

Medium confidence
Bornehag et al., 2015 (C)
Jensen et al., 2016 (C)
Swan et al., 2015 (C)
Low confidence
Suzuki et al., 2012 (C)
Swan, 2008 (C)

• Findings largely
consistent

• Minimal concerns for
bias

• Finding is consistent
with other
systematic review/
meta-analysis
(National Academies
of Sciences,
Engineering, and
Medicine, 2017)

• Low precision in
Bornehag et al., 2015

Inverse
associations
between DBP
exposure and
anogenital
distance reported
in 3/5 studies
(Swan et al., 2015,
Bornehag et al.,
2015, Swan,
2008), of which
Swan, 2008 was
statistically
significant (Fig. 2-
C).

⨁⨁◯

MODERATE

Time to High confidence
Buck Louis et al., 2014 (C)

• Study well
conducted

• Single study Decrease in
fecundability with
increased DBP

⨁⨁◯

MODERATE

(continued on next page)
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DIBP and DEP, but the specific parameters with stronger evidence dif-
fered across phthalates (concentration for DBP and DEHP, motility for
BBP, and morphology for DINP). While DEHP and DBP both had robust
evidence overall and moderate evidence for anogenital distance, DEHP
had stronger evidence for testosterone, while DBP had stronger evi-
dence for time to pregnancy. Still, there are mechanistic linkages be-
tween all of these outcomes – low testosterone is associated with de-
creased anogenital distance and semen quality, semen quality is
associated with time to pregnancy – and so there is consistency in a
broader sense. Still, more consistency within outcomes, across phtha-
lates, would strengthen the confidence in the overall association be-
tween phthalates and male reproductive effects. Additional studies with
higher sensitivity (i.e., with repeated exposure measures, higher ex-
posure levels/adequate range, and appropriately powered) would be
informative. In addition, more evidence on the cumulative effect of
phthalates and confounding across phthalates would help reduce un-
certainties.

This systematic review benefited from the involvement of experts on
phthalates and male reproductive epidemiology throughout the

process, from development of the study evaluation criteria through
evidence synthesis. However, one important limitation was that we did
not perform quantitative meta-analysis to summarize the findings of the
studies. This was generally due to differences in the way results were
presented across studies. Additionally, further review of mechanistic
data for specific outcomes may have clarified the relationship, as would
review of animal studies. Discussion of some additional issues that
apply to all phthalate studies, such as correlations across phthalates,
will be presented in a forthcoming editorial.

Despite these limitations, our results support male reproductive ef-
fects as a hazard associated with phthalate exposure in humans, which
supports recent regulations by the U.S. Consumer Product Safety
Commission to ban certain phthalates in children's toys and other
products (CPSC 2017, CPSC 2008). Our findings are consistent with
other more limited-scope systematic reviews and meta-analyses that
examined some of the outcomes discussed here. NAS also found mod-
erate evidence of an association between DEHP and DBP and anogenital
distance, while considering the evidence for infant testosterone and
hypospadias to be inadequate (National Academies of Sciences,

Table 19 (continued)

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

pre-
gna-
ncy

• Large effect size
(fecundability
OR=0.82)

exposure in one
study (Buck Louis
et al., 2014);
results were
statistically
significant (Table
11).

Hypospadias/cryptorchidism, testosterone ⨁◯◯

SLIGHT
Pubertal development ◯◯◯

INDETERMINATE

C: cohort, CC: case-control, CS: cross-sectional, OR= odds ratio.

Table 20
Evidence profile table for male reproductive effects of DIBP.

Outcome Studies (design in
parentheses)

Factors that increase
confidence

Factors that decrease
confidence

Summary of
findings

Confidence judgement for
outcome

Confidence judgement for
overall hazard

Testoste-
rone

Medium confidence
Meeker and Ferguson,
2014 (CS)
Pan et al., 2015 (CS)
Low confidence
Chang et al., 2015 (CS)
Den Hond et al., 2015
(CS)

• Consistency

• Minimal risk of bias
in medium
confidence studies

• Few studies available

• Association in one
study only observed
in adolescents

Inverse
associations
between DIBP
exposure and
testosterone levels
in 3/4 studies
(Meeker and
Ferguson, 2014,
Pan et al., 2015,
Chang et al.,
2015), 2 of which
were statistically
significant. No
studies examined
exposure-response
gradient (Table
15).

⨁⨁◯

MODERATE
⨁⨁◯

MODERATE

Based on testosterone and
supported by slight evidence in
other outcomes, with
explanation for weaker
observed associations (i.e.,
sensitivity and few available
studies). Results for DBP, a
structurally similar phthalate
are also supportive.

Anogenital distance, semen parameters, time to pregnancy hypospadias/cryptorchidism ⨁◯◯

SLIGHT
Pubertal development ◯◯◯

INDETERMINATE

C: cohort, CC: case-control, CS: cross-sectional.
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Engineering, and Medicine, 2017). Two meta-analyses on semen para-
meters and phthalate exposure reported that phthalate exposure was
associated with diminished semen quality (Wang et al., 2016a; Cai
et al., 2015). This consistency across different review methods provides
clear support for our findings.
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A B S T R A C T

Background: Biomonitoring studies indicate a trend towards increased human exposure to diisobutyl phthalate (DIBP), a replacement for dibutyl phthalate (DBP).
Recent reviews have found DIBP to be a male reproductive toxicant, but have not evaluated other hazards of DIBP exposure.
Objective: To inform chemical risk assessment, we performed a systematic review to identify and characterize outcomes within six broad hazard categories (male
reproductive, female reproductive, developmental, liver, kidney, and cancer) following exposure of nonhuman mammalian animals to DIBP or the primary meta-
bolite, monoisobutyl phthalate (MIBP).
Methods: A literature search was conducted in four online scientific databases [PubMed, Web of Science, Toxline, and Toxic Substances Control Act Test Submissions
2.0 (TSCATS2)], and augmented by review of regulatory sources as well as forward and backward searches. Studies were identified for inclusion based on defined
PECO (Population, Exposure, Comparator, Outcome) criteria. Studies were evaluated using criteria defined a priori for reporting quality, risk of bias, and sensitivity
using a domain-based approach. Evidence was synthesized by outcome and life stage of exposure, and strength of evidence was summarized into categories of robust,
moderate, slight, indeterminate, or compelling evidence of no effect, using a structured framework.
Results: Nineteen toxicological studies in rats or mice met the inclusion criteria. There was robust evidence that DIBP causes male reproductive toxicity. Male rats and
mice exposed to DIBP during gestation had decreased testosterone and adverse effects on sperm or testicular histology, with additional phthalate syndrome effects
observed in male rats. There was also evidence of androgen-dependent and -independent male reproductive effects in rats and mice following peripubertal or young
adult exposure to DIBP or MIBP, but confidence was reduced because of concerns over risk of bias and sensitivity in the available studies. There was also robust
evidence that DIBP causes developmental toxicity; specifically, increased post-implantation loss and decreased pre- and postnatal growth. For other hazards, evidence
was limited by the small number of studies, experimental designs that were suboptimal for evaluating outcomes, and study evaluation concerns such as incomplete
reporting of methods and results. There was slight evidence for female reproductive toxicity and effects on liver, and indeterminate evidence for effects on kidney and
cancer.
Conclusion: Results support DIBP as a children's health concern and indicate that male reproductive and developmental toxicities are hazards of DIBP exposure, with
some evidence for female reproductive and liver toxicity. Data gaps include the need for more studies on male reproductive effects following postnatal and adult
exposure, and studies to characterize potential hormonal mechanisms in females.

1. Introduction

Diisobutyl phthalate (DIBP) is a member of the phthalate ester class
of chemicals and is used as a plasticizer to provide flexibility and
durability to a wide variety of industrial and consumer products, in-
cluding paints, lacquers, printing ink, pulp and paper, carpet, concrete,
nail polish, and cosmetics (HSDB, 2017). Because of its use in house-
hold products, people are exposed to DIBP via food and indoor

environments (Wormuth et al., 2006). DIBP is absorbed via oral in-
gestion (Koch et al., 2012) and dermal exposure (Elsisi et al., 1989), and
is rapidly hydrolyzed to its primary metabolite, monoisobutyl phthalate
(MIBP). DIBP and MIBP are distributed systemically in blood (Elsisi
et al., 1989; Strucinski et al., 2006), and there is evidence these che-
micals can be transferred to human breast milk (Fromme et al., 2011;
Latini et al., 2009) and cross the placental barrier (Wittassek et al.,
2009).
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Biomonitoring studies indicate that DIBP exposures have increased in
recent years, possibly because of DIBP being used as a substitute for other
phthalates such as dibutyl phthalate (DBP) (Wittassek et al., 2007; Zota
et al., 2014). For instance, data from the National Health and Nutrition
Examination Survey (NHANES) indicate that the detection frequency of
MIBP in urine increased from 72% of the U.S. general population in
2001–2002 to 96% in 2009–2010. Over this period, urinary concentra-
tions of MIBP increased monotonically, while the metabolites of DBP and
several other phthalates decreased (Zota et al., 2014).

Because DIBP was historically used less compared to other phtha-
lates, it has also been relatively less studied. However, recent reviews
have characterized DIBP as a male reproductive toxicant (CPSC, 2014;
NAS, 2017). Male reproductive toxicity is a common hazard among
many phthalates and is generally the greatest concern associated with
phthalate exposure. In rats, in utero exposure to phthalates during the
critical window of male sexual differentiation produces a phenotype
known as “phthalate syndrome”, which is characterized by under-
development of male reproductive organs, decreased anogenital dis-
tance (AGD), female-like nipple retention, cryptorchidism, and germ
cell toxicity (CPSC, 2014; Foster and Gray Jr., 2013; Lioy et al., 2015;
National Research Council, 2008). These effects can be causally linked
to decreased testicular production of androgens, which are integral to
male sexual development; decreased insulin-like-3 (INSL3) hormone,
which regulates transabdominal testicular descent; and disruption of
seminiferous cord formation, Sertoli cells, and germ cell development
via an unknown mode of action (MOA) that is independent of effects on
androgen production (Johnson et al., 2012; Martino-Andrade and
Chahoud, 2010; National Research Council, 2008).

Based on recommendations following a review by a Chronic Hazard
Advisory Panel (CHAP) (CPSC, 2014), which evaluated the effects on
children's health of phthalates and phthalate alternatives used in chil-
dren's toys and child care articles, DIBP is one of eight phthalates that
the U.S. Consumer Products Safety Commission (CPSC) has perma-
nently banned from children's toys and care articles at any amount
greater than 0.1% [16 CFR § 1307 (2017)]. The CHAP stated that, al-
though DIBP is not widely used in children's toys, it shares a similar
anti-androgenic MOA with other banned phthalates, and therefore may
contribute to cumulative risks to children. Additionally, the National
Academy of Sciences (NAS) recently conducted a systematic review on
phthalates and male reproductive tract development with the purpose
of evaluating the potential for low-dose toxicity. The NAS concluded
that DIBP is a presumed human health hazard based on dose-related
effects on testosterone (T) production in animal studies (NAS, 2017).

Systematic review methods have only recently been applied for the
purposes of chemical risk assessment, but offer the advantages of being
focused, objective, and transparent. The CPSC (2014) and NAS (2017)

reviews of phthalates both focused on evaluating epidemiological and
toxicological studies with male reproductive outcomes, of which the NAS
focused specifically on three phthalate syndrome endpoints (T, anogenital
distance, and hypospadias) after gestational exposure. These systematic
reviews did not evaluate other hazards caused by phthalate exposure,
such as female reproductive effects or effects in other organ systems.

To gain a more comprehensive understanding of the spectrum of
effects after DIBP exposure, we performed a systematic review of the
animal toxicology literature for DIBP for six broad hazard categories
(male reproductive, female reproductive, developmental, liver, kidney,
cancer) that have been commonly associated with phthalate exposure.

2. Methods

This systematic review is part of a larger evaluation of health effects
after exposure to phthalates, which includes systematic reviews of
epidemiological and animal toxicology studies for multiple phthalates
that will be published as separate manuscripts. The literature searches
and screening, study evaluation, data extraction, and evidence synth-
esis methods are described in detail in the systematic review protocol
(provided as a supplementary file) and summarized here. The sys-
tematic review protocol also provides detailed definitions for the ter-
minology used to describe study evaluation and evidence synthesis,
which are summarized in Fig. 1. For easier reference, these definitions
and key methods from the protocol related to study evaluation and
evidence synthesis are also summarized in a separate supplementary
file (“key methods supplement”).

2.1. Literature searches and screening

A literature search was conducted in four online scientific databases
[PubMed, Web of Science, Toxline, and Toxic Substances Control Act
Test Submissions (TSCATS2)], using search terms designed to capture
all potentially pertinent studies. Initial database searches were con-
ducted in February 2013, with updates performed every 6–12 months
through July 2017 (see protocol Section 3). The results of this literature
search were supplemented by forward and backward searches,
searching citations from key references, manual search of citations from
key regulatory documents, and by addition of references that had been
previously identified from an earlier DIBP review effort and added to
EPA's Health and Environmental Research Online (HERO) database.

A PECO (Population, Exposure, Comparator, Outcome) was devel-
oped to frame the research question and guide the screening of relevant
studies. The PECO identifies the following as the inclusion criteria for
the systematic review of DIBP animal toxicology studies (see protocol
Section 2 for the full PECO):

Fig. 1. Summary of (A) study evaluation and (B) strength of evidence characterization for DIBP animal toxicology studies.

E.E. Yost et al. (QYLURQPHQW�,QWHUQDWLRQDO���������������²���

���



• Population: Nonhuman mammalian animal species (whole or-
ganism) of any life stage.

• Exposure: Any administered dose of DIBP or MIBP as singular
compounds, via oral, dermal, or inhalation routes of exposure.

• Comparator: Exposure to vehicle-only or untreated control

• Outcome: Any examination of male reproductive, female re-
productive, developmental, liver, kidney, or cancer outcomes.

Title/abstract and full text screening was performed by two re-
viewers, and all identified animal toxicology studies underwent full-text
screening to determine compliance with the PECO. Peer-reviewed stu-
dies that contained original data and complied with the PECO were
selected for inclusion, and were moved forward for study evaluation.
Studies providing supporting health effects data (e.g. mechanistic,
genotoxic, or toxicokinetic studies) were also compiled in HERO and
annotated during the screening process (https://hero.epa.gov/hero/
index.cfm/project/page/project_id/2320).

2.2. Study evaluation

For each study selected for inclusion, the quality and informative-
ness of the evidence was rated by evaluating domains related to re-
porting quality, risk of bias, and sensitivity (see protocol Section 4;
abbreviated version available in the key methods supplement). Eva-
luations first considered reporting quality, which refers to whether the
study has reported sufficient details to conduct a risk of bias and sen-
sitivity analysis; if a study does not report critical information (e.g.
species, test article name) it may be excluded from further considera-
tion. Risk of bias, sometimes referred to as internal validity, is the ex-
tent to which the design or conduct of a study may alter the ability to
provide accurate (unbiased) evidence to support the relationship be-
tween exposures and effects (Higgins, 2011). Sensitivity refers to the
extent to which a study is likely to detect a true effect caused by ex-
posure (Cooper et al., 2016).

All study evaluation ratings are documented and publicly available
in EPA's version of Health Assessment Workspace Collaborative
(HAWC), a free and open source web-based software application
(https://hawcprd.epa.gov/assessment/497/). Study evaluation was
conducted in the following domains: reporting quality; allocation; ob-
servational bias/blinding; confounding; selective reporting and attri-
tion; chemical administration and characterization; exposure timing,
frequency and duration; endpoint sensitivity and specificity; and results
presentation. For each domain, core questions and basic considerations
provided guidance on how a reviewer might evaluate and judge a study
for that domain (see Table 9 of the protocol or Table A of the key
methods supplement).

At least two reviewers independently assessed each study, and any
conflicts were resolved through discussion among reviewers or other
technical experts. When information needed for the evaluation was
missing from a key study, an attempt was made to contact the study
authors for clarification. All communication with study authors was
documented and is available in HERO (tagged as Personal
Correspondence with Authors), and was annotated in HAWC whenever
it was used to inform a study evaluation.

For each study, in each evaluation domain, reviewers reached a
consensus on a rating of Good, Adequate, Deficient, or Critically Deficient.
These individual ratings were then combined to reach an overall study
confidence classification of High, Medium, Low, or Uninformative. The
evaluation process was performed separately for each outcome reported
in a study, as the utility of a study may vary for different outcomes.

2.3. Data extraction

Data from included studies were extracted into HAWC (see protocol
Section 5). Information was extracted on the study design (species,
strain, life stage, exposure characteristics), outcome measurements, and

statistical significance as reported by the study authors. Dose levels are
presented as mg/kg-day. For dietary exposure studies, dose conversions
to mg/kg-day were made using US EPA default food or water con-
sumption rates and body weights for the species/strain and sex of the
animal of interest (US EPA, 1988).

2.4. Evidence synthesis

For each outcome, data were synthesized and evaluated across stu-
dies according to the age and developmental stage of exposure to account
for life stage-specific windows of susceptibility, as recommended by the
US EPA (2006). The following considerations were used to articulate the
strengths and weaknesses of the available evidence for each outcome
[adapted from Hill, 1965; see protocol Section 6.1]: consistency, biolo-
gical gradient (dose-response), strength (effect magnitude) and precision,
biological plausibility, and coherence. Data were synthesized using a
narrative approach, with no meta-analysis performed due largely to the
heterogeneity of endpoints and study designs considered in this review
(see protocol Section 6.2). Syntheses were based primarily on studies of
High andMedium confidence. Low confidence studies were generally used
to evaluate consistency, or if no or few higher confidence studies are
available. When available, informative mechanistic data were used to
augment the qualitative syntheses.

Based on this synthesis, each outcome was assigned a strength of
evidence conclusion of Robust, Moderate, Slight, Indeterminate, or
Compelling evidence of no effect (see protocol Section 6.3), using the
framework outlined in Table 13 of the protocol or Table B of the key
methods supplement. Robust and Moderate describe evidence that sup-
ports a hazard, differentiated by the quantity and quality of information
available to rule out alternative explanations for the results. Slight
evidence includes situations in which there is some evidence that
supports a hazard but a conclusion of Moderate does not apply.
Indeterminate describes a situation where there are no studies available
for that evidence stream or the evidence is inconsistent and cannot
provide a basis for making a conclusion in either direction. Compelling
evidence of no effect represents a situation where extensive evidence
across a range of populations and exposures identified no association.

The ratings for individual outcomes were then summarized into an
overall strength of evidence conclusion for each of the six hazards (male
reproductive, female reproductive, developmental, liver, kidney,
cancer). Rationales for strength of evidence conclusions are presented
in evidence profile tables using a structured format based on the
Grading of Recommendations Assessment, Development and Evaluation
(GRADE) approach for evaluating certainty in the evidence (Guyatt
et al., 2011; Schunemann et al., 2011).

3. Results

3.1. Study selection

Literature search and screening results are summarized in Fig. 2. The
literature search retrieved a total of 1156 unique records for DIBP, of
which 31 proceeded to full text screening. Of these, 25 met the defined
PECO criteria for inclusion and were moved forward for study evalua-
tion. The studies excluded after full text screening were all animal tox-
icology studies that did not meet PECO criteria, consisting of three stu-
dies that used intraperitoneal injection (Lawrence et al., 1975; Ray et al.,
2012; Singh et al., 1972), two studies in nonmammalian species
[chickens: Choy, 1975; zebrafish: Sohn et al., 2016], and one behavioral
study in mice (Ma et al., 2013). Additionally, the included article by
University of Rochester (1954) presented data from multiple experi-
ments, including a rat study that complied with the PECO criteria and
was moved forward for study evaluation, and a dog study and several
acute studies that were rejected for not meeting the PECO criteria.

At the study evaluation phase, one article was excluded from further
consideration because of critical deficiencies in reporting (Eastman
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Kodak, 1954), and four articles (all of which presented data from the
same reproductive toxicity study in rats) were excluded because they
tested a single high dose of DIBP (4000 mg/kg-day) that caused a high
rate of mortality in the exposed dams (Hardin et al., 1987; Hazleton
Laboratories, 1983a, 1983b, 1992). Two of the included articles (Foster
et al., 1981; Foster et al., 1982) presented overlapping data from the
same animals.3 Therefore, a total of 20 articles presenting data from 19
unique studies were included in this analysis (Table 1).

3.2. Summary of included studies

Table 1 summarizes the experimental designs and outcomes eval-
uated in the included studies. All were oral exposures (gavage or diet)
of rats or mice. Ten were prenatal developmental toxicity studies that
dosed pregnant dams with DIBP; of these, nine exposed rats during
gestation only, and one exposed mice either during gestation only or
from gestation through weaning (via lactational exposure). The re-
maining nine studies were postnatal-only exposures of weanling or
peripubertal rats or mice to DIBP or MIBP.

Most of the gestational exposure studies were designed with the
primary objective of evaluating male reproductive effects in F1 offspring,
although two rat studies focused on fetal survival and structural altera-
tions (external, skeletal, and soft tissue/visceral malformations and var-
iations) (BASF, 2007; Saillenfait et al., 2006). Because of the focus on
male reproductive effects, four of the rat studies exposed animals only
during the critical window of male sexual differentiation (Furr et al.,

2014; Hannas et al., 2011; Hannas et al., 2012; Saillenfait et al., 2017),
which is approximately between gestation days (GDs) 14–18. Other
studies exposed pregnant dams for longer durations, beginning im-
mediately after mating (mice: Wang et al., 2017), within a few days after
implantation (rats: BASF, 2007; Howdeshell et al., 2008; Saillenfait et al.,
2006), or at mid-gestation (rats: Saillenfait et al., 2008), and continuing
through the remainder of gestation. One study in rats (Saillenfait et al.,
2008) and one in mice (Wang et al., 2017) allowed dams to give birth
and evaluated male reproductive effects in adult F1 offspring, while the
remaining rat studies sacrificed dams near the end of gestation and
evaluated effects in fetuses. Regardless of the primary objective of the
study, all gestational exposure studies provided relevant data on F1
offspring survival, growth, and/or maternal reproductive outcomes.

Six of the postnatal exposure studies exposed sexually immature
male rats or mice of varying ages (weanling to peripubertal) for up to
7 days and focused on male reproductive outcomes (Foster et al., 1981;
Foster et al., 1982; Oishi and Hiraga, 1980a, 1980b, 1980c, 1980d; Zhu
et al., 2010). One study by Sedha et al. (2015) focused on estrogenic
outcomes in weanling female rats. Two studies by the University of
Rochester (1953, 1954) exposed male or female rats for 1 or 4 months
beginning at weaning and focused on general toxicity. All reported
information on postnatal growth, and most also reported information
on liver and kidney effects.

None of the gestational or postnatal exposure studies provided in-
formation on cancer.

3.3. Study evaluation

Overall study confidence classifications by outcome are summarized
in Table 1, and heat maps summarizing study evaluation ratings by

Records iden�fied through 

database searches:  

PubMed (n=389)

Web of Science (n=538) 

Toxline (n=375) 

TSCATS2 (n=1) 

N=740 

Addi�onal records iden�fied 

through other sources: a

N=544 

Records a!er duplicates removed: N= 1,184 b

Records for �tle/abstract 

screening:

N=1,156

Full-text ar�cles assessed for 

eligibility: 

N=31

Records excluded: N=1,125 

Not relevant to PECO statement (n=1,125) 

Full-text ar�cles excluded: N=11 

Not relevant to PECO statement (n=6)

Study evalua!on concerns (n=5) 

Ar�cles included in synthesis: N=20 (n=19 unique studies) c

Male reproduc!ve (n=16) 

Female reproduc!ve (n=11) 

Developmental (n=17) 

Liver (n=7) 

Kidney (n=6) 

Cancer (n=0) 

Fig. 2. Literature flow diagram for identifying
DIBP animal toxicology studies.
a Other sources consisted of forward and back-
ward searches, searching citations from key re-
ferences, manual search of citations from key
regulatory documents, references that had been
previously identified from an earlier DIBP re-
view effort, and supplementary materials for
articles identified during the literature search.
b Includes 28 supplementary materials (not
main text articles) that were tagged as records
during the literature search. These supplemen-
tary materials were not included in the count of
records for title/abstract screening.
c Most studies reported data on multiple ha-
zards; see Table 1.

3 Here, we cite Foster et al., 1981 (a peer-reviewed publication) for testis
weights and histopathology, and Foster et al., 1982 (an edited book) for liver
and kidney weights from the same study.
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Table 1
Summary of studies, overall study confidence classifications by outcomea.

Male reproductive b Female reproductive c

Author (year) Species (strain) Exposure life
stage and
duration

Exposure
route

Testosterone Morphologic-
al
development

Reproductive
organ weight

Testicular
histology and
sperm

Morphologic-
al
development

Maternal
body weight

BASF, 2007 Rat (Wistar) GD 6-20 Diet - - - - - H
Borch et al., 2006 Rat (Wistar) GD 7-19;

GD 7- 20/21
Gavage H H - M H H

Saillenfait et al., 2006 Rat (Sprague-
Dawley)

GD 6-20 Gavage - H - - H H

Howdeshell et al., 2008 Rat (Sprague-
Dawley)

GD 8-18 Gavage H - - - - M

Saillenfait et al., 2008 Rat (Sprague-
Dawley)

GD 12-21 Gavage - H H H H M

Saillenfait et al., 2017 Rat (Sprague-
Dawley)

GD 13-19 Gavage H H - - - H

Furr et al., 2014 Rat (Sprague-
Dawley)

GD 14-18 Gavage H - - - - L

Hannas et al., 2012 Rat (Sprague-
Dawley)

GD 14-18 Gavage H - - - - L

Hannas et al., 2011 Rat (Sprague-
Dawley)

GD 14-18 Gavage H - - - - L

Wang et al., 2017 Mouse (ICR) GD 0-21;
GD 0-PND 21

Diet M M M M - L

Sedha et al., 2015 Rat (Wistar) PND 21-23;
PND 21-40

Gavage - - - - M -

Zhu et al., 2010 Rat (Sprague-
Dawley); Mouse
(C57Bl/6N)

PND 21-28 Gavage - - L - - -

Oishi and Hiraga, 1980a Mouse (JCL:ICR) ~PND 35-42 Diet M - L - - -
Oishi and Hiraga, 1980b Rat (JCL:Wistar) ~PND 35-42 Diet L - M L - -
Oishi and Hiraga,

1980c*
Rat (JCL:Wistar) ~PND 35-42 Diet M - M - - -

Oishi and Hiraga,
1980d*

Mouse (JCL:ICR) ~PND 35-42 Diet M - L - - -

Foster et al., 1981,
1982*

Rat (Sprague-
Dawley)

"Young"; 6
-day exposure

Gavage - - L L - -

University of Rochester,
1953

Rat (albino; strain
not reported)

Weaning to 1
month post-
weaning

Diet - - - - - -

University of Rochester,
1954

Rat (albino; strain
not reported)

Weaning to 4
months post-
weaning

Diet - - M - - -
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Table 1 (continued)

Female reproductive c Developmental d Liver Kidney

Author (year) Gestation
length

Reproductive
organ weight

Survival Growth Structural
alterations

Organ weight Histopatholo-
gy

Organ weight Histopatho-
logy

BASF, 2007 - H H H H - - - -
Borch et al., 2006 - - H H - - - - -
Saillenfait et al., 2006 - H H H H - - - -
Howdeshell et al., 2008 - - H - - - - - -
Saillenfait et al., 2008 H - H H - - - - -
Saillenfait et al., 2017 - H H H H - - - -
Furr et al., 2014 - - M - - - - - -
Hannas et al., 2012 - - M - - - - - -
Hannas et al., 2011 - - L - - - - - -
Wang et al., 2017 - - H M - M - - -
Sedha et al., 2015 - M - M - - - - -
Zhu et al., 2010 - - - - - - - - -
Oishi and Hiraga, 1980a - - - L - M - M -
Oishi and Hiraga, 1980b - - - L - M - M -
Oishi and Hiraga,

1980c*
- - - L - - - - -

Oishi and Hiraga,
1980d*

- - - L - M - M -

Foster et al., 1981,
1982*

- - - - - L - L -

University of Rochester,
1953

- - - L - M L M L

University of Rochester,
1954

- - - L - M L M L

*indicates MIBP study
GD = Gestation day. PND = Postnatal day

a High confidence (H), Medium confidence (M), Low confidence (L). Dash (-) indicates outcomes that were not included in a study.
b Male reproductive outcomes: Testosterone (testicular production or level measured in testis or serum), morphological development (AGD, nipple retention, hypospadias, cryptorchidism, cleft prepuce, time to

puberty), testicular histology and sperm (sperm counts, motility, morphology, histological evaluations of testicular atrophy or azoospermia/oligospermia), reproductive organ weights (testis, epididymides, prostate,
seminal vesicles)

c Female reproductive outcomes: Maternal body weight (body weight gain during gestation or lactation), gestation length, morphological development (AGD, displaced ovaries, time to puberty), reproductive organ
weight (uterus, vagina, ovary)

d Developmental outcomes: Survival (fetal viability, fetal mortality, resorptions, pre- or post-implantation loss), growth (pre- or postnatal body weight), malformations/variations (external, skeletal, soft tissue/visceral)
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domain are provided in the Supplementary Materials for gestational
exposure studies (Fig. S1) and postnatal exposure studies (Fig. S2). Figs.
S1 and S2 each provide links to HAWC, where rationale for the study
evaluation ratings is documented.

Among the gestational exposure study outcomes, confidence was
generally high, although some study outcomes were rated medium or low
confidence because of specific concerns. For instance, the rat gestational
exposure studies by Furr et al. (2014) and Hannas et al. (2011, 2012)
used a relatively small sample size (generally n=3–4 dams/treatment
group) that authors stated did not provide the statistical power to con-
sistently detect anything but rather large alterations in maternal weight
gain and fetal viability, or decreases in T production of less than 20–25%;
our reviewers determined that the T measurements in these studies had
adequate sensitivity, but confidence in the maternal weight gain and
fetal survival data was reduced because of sensitivity concerns. For
evaluation of maternal toxicity, confidence was reduced in the maternal
body weight gain measurements in several studies that did not adjust for
gravid uterine weight, the calculation of which is considered preferable
because it facilitates the interpretation of maternal toxicity relative to
effects on fetal body weight (US EPA, 1991). Additionally, in the only
available gestational exposure study in mice (Wang et al., 2017), con-
fidence in male reproductive, body weight, and organ weight data was
reduced because data were presented as an average of individual pups,
rather than using the litter as the experimental unit. Failure to account
for litter effects has the potential to overestimate the statistical sig-
nificance of experimental findings (Haseman et al., 2001). All rat ge-
stational exposure studies used the litter as the experimental unit for
presentation and analysis of F1 offspring data.

All outcomes reported in the postnatal exposure studies were rated
as medium or low confidence. In general, these studies had incomplete
reporting of experimental designs and results, which led to concerns for
risk of bias and sensitivity. Concerns included lack of information about
the age or pubertal status of the animals at the time of exposure, strain
of the animals, sample size, or methods used to allocate test animals to
experimental groups, and presentation of only qualitative (rather than
quantitative) results. For evaluation of male reproductive effects, con-
fidence was reduced in studies that presented only relative testis weight
(as a percentage of body weight) without presenting absolute testis
weight; it has been shown that testis weights are not modeled well by
an organ-to-body weight ratio because testis and body weights are not
proportional (Bailey et al., 2004), so this may be a less sensitive mea-
surement compared to absolute testis weight.

3.4. Male reproductive effects

Figures indicating the doses at which statistically significant male
reproductive effects occurred are provided in Supplemental Materials
(Figs. S3 – S5). Morphological and histopathological effects in F1
postnatal and adult males from the multi-dose study by Saillenfait et al.
(2008) are summarized in Figs. S6 and S7, respectively.

3.4.1. Summary of gestational (F1) exposure studies
A dose-related decrease in androgens was observed in male offspring

from all rat and mouse gestational exposure studies that evaluated this
outcome. This includes six studies that evaluated fetal testicular T pro-
duction or testicular T or androstenedione (AN) levels in fetal rats (Borch
et al., 2006; Furr et al., 2014; Hannas et al., 2011; Hannas et al., 2012;
Howdeshell et al., 2008; Saillenfait et al., 2017), and one study that
evaluated serum and testicular T levels in adult mice that had been ex-
posed during gestation and/or through weaning (Wang et al., 2017).
Across these studies, changes in T were statistically significant at doses as
low as 200mg/kg-day, and the magnitude of effect was often large
(decreased up to 96% compared to controls). Several of these studies also
reported decreased testicular expression of genes or proteins in the
steroidogenesis pathway in rats (Borch et al., 2006; Hannas et al., 2011;
Hannas et al., 2012; Saillenfait et al., 2017) and in mice (Wang et al.,

2017), providing mechanistic evidence in both species to corroborate the
observed decrease in fetal testicular testosterone. The affected genes or
proteins included steroid acute regulatory protein (StAR) and scavenger
receptor class B type 1 (SR-B1), which are involved in cholesterol uptake
and transport; and 3β-hydroxysteroid dehydrogenase (3β-HSD), cyto-
chrome P450 (CYP) side chain cleavage (P450scc or CYP11A1), and
CYP17A1, which are steroidogenic enzymes. Hannas et al. (2012) also
reported decreased testicular gene expression of INSL3 in rats. Overall,
the evidence for decreased fetal testicular T production after gestational
exposure was found to be robust.

In postnatal and adult male rats that had been exposed during the
critical window of male sexual differentiation during gestation,
Saillenfait et al. (2008) reported numerous dose-related outcomes that
are consistent with decreased testosterone and INSL3: decreased AGD,
increased time to puberty (preputial separation), nipple retention, in-
creased rate of external malformations of the reproductive tract (hy-
pospadias, exposed os penis, cryptorchidism,4 cleft prepuce; Fig. S6),
and decreased reproductive organ weights (testis, epididymides,
seminal vesicles, prostate). Other gestational exposure studies that
evaluated fetal rats also observed decreased male AGD (Borch et al.,
2006) and increased incidence of cryptorchidism, with approximately
two-thirds of testes in the highest dose group (1000 mg/kg-day) located
in the upper half of the abdominal cavity (Saillenfait et al., 2006).
Conversely, in weanling and adult mice, male AGD was not affected and
effects on testis weight were inconsistent (Wang et al., 2017). It is not
clear whether this reflects a species sensitivity difference or a difference
in study design. Overall, based on strength of the data in rats, the
evidence for effects on male morphological development after gesta-
tional exposure was found to be robust, and evidence for effects on male
reproductive organ weight was found to be moderate. In these same
animals, histopathological analysis found dose-related increases in le-
sions in the fetal rat testis (Borch et al., 2006) and adult rat testis
(Saillenfait et al., 2008), with oligospermia or total azoospermia5 in the
corresponding epididymides (Saillenfait et al., 2008, Fig. S7). Adult
male mice exposed to DIBP during gestation had decreased sperm
concentration and motility, which reached statistical significance in
mice that were exposed from gestation through weaning (Wang et al.,
2017). These outcomes are consistent with effects on sperm develop-
ment and function that have been observed for other phthalates, which
are thought to be mediated via androgen-dependent and -independent
pathways (Johnson et al., 2012; National Research Council, 2008).
Given the exposure-response gradient and consistency across species,
the evidence for effects on testicular histology and sperm parameters
was found to be robust.

3.4.2. Summary of postnatal (weanling or peripubertal) exposure studies
Effects on androgens (measured as testicular T or serum T or di-

hydrotestosterone [DHT] levels) were inconsistent across a series of
studies by Oishi and Hiraga (1980a, 1980b, 1980c, 1980d), in which
immature (~5-week-old) rats or mice were exposed to DIBP or MIBP in
the diet for 7 days. In rats, androgen levels were increased compared to
controls (Oishi and Hiraga, 1980b, 1980c), whereas testicular T levels
in mice were similar (Oishi and Hiraga, 1980a) or significantly de-
creased (Oishi and Hiraga, 1980d) compared to controls. The life stage
of these animals at the time of exposure was inferred to be peripubertal,
based on the age of the animals; however, only one of these studies
confirmed the pubertal status of the animals [Oishi and Hiraga, 1980c
reported that the rats had positive sperm counts and were between
puberty and sexual maturity, whereas the pubertal status of animals in

4 Cryptorchidism is reported as “nonscrotal testis” in in adult males in
Saillenfait et al., 2008 and “ectopic testis” in male fetuses in Saillenfait et al.,
2006.

5 Azoospermia refers to a lack of spermatozoa, and oligospermia refers to
reduced spermatozoa.
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Table 2
Evidence profile table for male reproductive effects of DIBP or MIBP

*indicates MIBP study

Male Reproductive Effects

Outcome Available studies Factors that increase
confidence

Factors that decrease
confidence

Confidence judgement
for outcome

Confidence judgement
for overall hazard

Gestational (F1)
Exposure

Testosterone High confidence:
Borch et al., 2006
Furr et al., 2014
Hannas et al., 2011
Hannas et al., 2012
Howdeshell et al., 2008
Saillenfait et al., 2017
Medium confidence:
Wang et al., 2017

• Consistency
• Dose-response gradient
• Effect size
• Biological plausibility
(support from
mechanistic evidence)
• Minimal concerns for
bias and sensitivity

⨁⨁⨁

ROBUST
A dose-related decrease
in testicular T levels or
production (up to -96%
compared to control) was
observed in all studies in
rats and mice that
evaluated this outcome.
Several of these studies
also demonstrated
decreased testicular
expression of genes and
proteins in the
steroidogenesis pathway
in both rats and mice,
which provides support
for biological
plausibility.

⨁⨁⨁

ROBUST
Supported by
consistency and
coherence across
outcomes, with
mechanistic evidence
(e.g. decreased
testicular expression of
steroidogenic enzymes
and INSL3 in F1 males)
providing support for
biological plausibility.
The greatest weight of
evidence came from
gestational exposure
studies, whereas
postnatal exposure
studies were limited by
risk of bias and
sensitivity concerns.Male

morphological
development

High confidence:
Borch et al., 2006
Saillenfait et al., 2006
Saillenfait et al., 2008
Saillenfait et al., 2017
Medium confidence:
Wang et al., 2017

• Consistency within rat
studies
• Dose-response gradient
• Effect size
• Biological plausibility
• Minimal concerns for
bias and sensitivity

⨁⨁⨁

ROBUST
All rat studies observed
a dose-related increase
in effects consistent
with decreased T and
INSL3, including
increased time to
puberty, decreased
AGD, nipple retention,
cryptorchidism, non-
scrotal testis,
hypospadias, and
exposed os penis. No
effects on AGD were
observed in mice
(Wang et al., 2017).

Reproductive
organ weight

High confidence:
Saillenfait et al., 2008
Medium confidence:
Wang et al., 2017

• Dose-response gradient
and minimal concern for
bias and sensitivity in the
study by Saillenfait et al.,
2008
• Biological plausibility
• Coherence with
postnatal exposure
studies

• Few studies ⨁⨁◯

MODERATE
Decreased
reproductive organ
weights were observed
in rats (Saillenfait
et al., 2008), whereas a
consistent trend in
testis weight was not
observed in mice
(Wang et al., 2017); it
is not clear whether
this is related to
differences in species
or study designs. This
effect is consistent with
decreased T.

Testicular
histology or sperm
evaluation

High confidence:
Saillenfait et al., 2008
Medium confidence:
Borch et al., 2006
Wang et al., 2017

• Consistency
• Dose-response gradient
• Effect size
• Biological plausibility

⨁⨁⨁

ROBUST
Adverse effects on the
testis and/or sperm
were observed in rats
and mice, including a
dose-related increased
incidence of
pathological lesions of
the testis (Borch et al.,
2006, Saillenfait et al.,
2008), epididymal
oligo- or azoopermia

(continued on next page)

E.E. Yost et al. (QYLURQPHQW�,QWHUQDWLRQDO���������������²���

���



the other three studies was not reported]. Susceptibility to phthalate-
induced effects on androgen levels is dependent on the life stage of
exposure, with sexually immature animals being more susceptible
(Albert and Jégou, 2014; Hotchkiss et al., 2008; National Research
Council, 2008). The discord in findings could therefore be based on
issues such as timing of exposure and timing of assessment. Given these
study concerns and the inconsistency in results across studies, the evi-
dence for effects on T was found to be indeterminate.

Despite the inconsistent findings for androgen levels, effects on male
reproductive organ weight provide support for an androgen-dependent
MOA in animals exposed during weanling and/or peripubertal life
stages. A dose-related decrease in absolute and relative testis weight
was consistently observed across all rat studies (Foster et al., 1981;
Oishi and Hiraga, 1980b, 1980c; University of Rochester, 1954; Zhu

et al., 2010), with no significant effects on prostate or seminal vesicle
weight (Foster et al., 1981). Decreased absolute testis weights were also
observed in 21-day-old mice exposed to DIBP for 7 days (Zhu et al.,
2010), although statistically significant effects occurred at higher doses
compared to rats in the same study. Conversely, 5-week-old mice ex-
posed to DIBP or MIBP for 7 days had a statistically significant increase
in relative testis weight compared to control (Oishi and Hiraga, 1980a,
1980d). Relative testis weight has been found to be an unreliable metric
because testis and body weights are not proportional (Bailey et al.,
2004), so this result is considered low confidence since it could be an
artifact of the decreased body weights in the DIBP- and MIBP-treated
mice. Nevertheless, results reflect a potential difference in species
sensitivity, with rats being more sensitive than mice for effects on testis
weight. Overall, reduced testis weight was observed in both species and

Table 2 (continued)

Male Reproductive Effects

Outcome Available studies Factors that increase
confidence

Factors that decrease
confidence

Confidence judgement
for outcome

Confidence judgement
for overall hazard

(Saillenfait et al.,
2008), and decreased
sperm concentration
and motility (Wang
et al., 2017).

Postnatal (Weanling
or Peripubertal)
Exposure

Testosterone Medium confidence:
Oishi and Hiraga, 1980a
Oishi and Hiraga, 1980c*
Oishi and Hiraga, 1980d*
Low confidence:
Oishi and Hiraga, 1980b

• Biological plausibility • Concerns for bias
and sensitivity in
some studies
• Unexplained
inconsistency

◯◯◯

INDETERMINATE
A dose-related increase
in androgen levels was
observed in two rat
studies (Oishi and
Hiraga, 1980b, c),
whereas androgen
levels were decreased
or not changed in two
mouse studies (Oishi
and Hiraga, 1980a, d).

Reproductive
organ weight

Medium confidence:
Oishi and Hiraga, 1980b
Oishi and Hiraga, 1980c*
U. Rochester, 1954
Low confidence:
Oishi and Hiraga, 1980a
Oishi and Hiraga, 1980d*
Foster et al., 1981*
Zhu et al., 2010

• Consistency within rat
studies
• Biological plausibility
• Coherence with
gestational exposure
studies

• Concerns for bias
and sensitivity in
some studies

⨁⨁⨁

ROBUST
In rats, a dose-related
decrease in absolute
testis weight was
consistently observed
(Oishi and Hiraga,
1980b, c; Foster et al.,
1981; University of
Rochester, 1954). In
weanling mice, Zhu
et al. (2010) observed
decreased absolute
testis weight in the
highest dose group. In
peripubertal mice,
Oishi and Hiraga
(1980a, d) observed
increased relative testis
weight, which is
considered a less
reliable metric
compared to absolute
testis weight.

Testicular
histology/sperm
evaluation

Low confidence:
Oishi and Hiraga, 1980b
Foster et al., 1981*

• Consistency
• Biological plausibility
• Coherence with
gestational exposure
studies

• Concerns for bias
and sensitivity
• Few studies

⨁⨁◯

MODERATE
Rats were found to have
increased testicular
atrophy (Foster et al.,
1981) and decreased
spermatocytes and
spermatogonia (Oishi
and Hiraga, 1980a).
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was consistent with effects observed in rats exposed to DIBP during
gestation, so the evidence for effects on male reproductive organ weight
was found to be robust.

DIBP- or MIBP-exposed rats had increased testicular atrophy (de-
fined as marked or total loss of germinal epithelium of the seminiferous
tubules) (Foster et al., 1981) and decreased spermatocytes and sper-
matogonia compared to controls (Foster et al., 1981; Oishi and Hiraga,
1980b). These results are considered low confidence because authors
provided little information on their methods, and neither study pro-
vided quantitative results for the observed effects on sperm. However,
results are consistent with those observed in rodents exposed to DIBP
during gestation (Saillenfait et al., 2008; Wang et al., 2017), and are
corroborated by the reported decrease in testis weight in these studies.
Evidence for testicular degeneration and effects on sperm was therefore
found to be moderate.

3.4.3. Synthesis of results for male reproductive effects
Overall, the available studies in rodents provide robust evidence that

DIBP causes male reproductive toxicity (Table 2). Across the gestational
exposure studies, male rats had decreased fetal testicular T and dis-
played the hallmarks of phthalate syndrome (reduced male re-
productive organ weights, hypospadias, cryptorchidism, nipple reten-
tion, reduced AGD, germ cell effects), and male mice had decreased T
and effects on sperm. These effects are consistent with well-established
MOAs for male reproductive effects of phthalates, which act through
both androgen-dependent (decreased steroidogenesis leading to de-
creased androgens) and androgen-independent (decreased INSL3 and
germ cell effects) pathways, and are supported by mechanistic data in
both rats and mice showing decreased fetal testicular expression of
steroidogenic genes/proteins and INSL3. While not all studies reported
statistical significance, the direction of effect observed for most out-
comes was consistent across the available gestational exposure studies,
although some biomarkers observed in rats (decreased AGD and de-
creased adult male reproductive organ weights) were not observed in
the mouse study by Wang et al. (2017).

The database of postnatal exposure studies had more risk of bias and
sensitivity concerns compared to the gestational exposure database, but
likewise provides evidence of both the androgen-dependent MOA (de-
creased testis weights) and androgen-independent MOA (increased
testicular atrophy and decreased spermatocytes). Although androgens
were inconsistently affected across the available postnatal exposure
studies for DIBP, this may simply reflect limitations in the study de-
signs, such as uncertainty about the pubertal status of the animals.
Pubertal exposure studies for other antiandrogenic phthalates [e.g. DBP
and diethylhexyl phthalate (DEHP)] report decreased T as well as an-
drogen-dependent and -independent effects on reproductive develop-
ment (Noriega et al., 2009; US EPA, 2007).

Strengths of this database include the availability of several high
confidence gestational exposure studies, with one large multi-dose study
that assessed multiple outcomes in postnatal and adult animals that had
been exposed to DIBP in utero during the critical window for male
reproductive development (Saillenfait et al., 2008). Other strengths are
the availability of studies in both rats and mice that assessed similar
outcomes, including multi-dose studies in multiple rat strains. Although
none of the studies included a direct measurement of male fertility (e.g.
mating success), the observed increase in hypospadias, testicular
atrophy, and germ cell effects (including azoospermia) suggest that
fertility can be affected.

3.5. Female reproductive effects

Figures indicating the doses at which statistically significant female
reproductive effects occurred are provided in the Supplementary
Materials (Figs. S8 – S9).

3.5.1. Summary of gestational (F1) and postnatal (weanling) exposure
studies

Following gestational exposure, Saillenfait et al. (2006) observed a
non-significant increase in the incidence of fetuses with displaced
ovaries. Borch et al. (2006) reported a significant increase in female
AGD/cubic root of body weight, whereas Saillenfait et al. (2008) found a
slight but not statistically significant increase in female AGD following
gestational exposure with body weight used as a covariate in their sta-
tistical analysis. A separate publication of mechanistic data for the Borch
et al. (2006) animals (Boberg et al., 2008) reported elevated ovarian
aromatase gene expression in DIBP-exposed female fetuses, suggesting a
possible endocrine mechanism; ovarian estradiol was also measured but
was found to be near the detection limit of the assay with no statistically
significant differences between groups (data not shown by authors). In a
20-day pubertal assay in rats, no vaginal opening had occurred in control
or DIBP-treated animals when the study was terminated at PND 41, in-
dicating that DIBP did not accelerate the timing of female puberty (Sedha
et al., 2015). Although data is limited and the biological implications are
unclear, the effects on AGD and ovarian displacement suggest morpho-
logical changes in females that are analogous to those observed in male
offspring from these studies. Overall, the evidence for effects on female
morphological development is considered slight.

In female weanling rats exposed to DIBP in a 3-day uterotrophic
assay or 20-day pubertal assay, Sedha et al. (2015) found no effects on
uterine, paired ovary, or vaginal weight. Because only one study was
available, the evidence for effects on reproductive organ weight in
developing females is considered indeterminate.

3.5.2. Summary of maternal (F0) exposure studies
Only one study (Saillenfait et al., 2008) evaluated gestation length,

and reported that there was no effect of DIBP exposure. The evidence
for effects on gestation length was considered indeterminate.

Maternal body weight parameters were reported in all gestational
exposure studies. Of the studies judged to be high confidence for this
outcome, BASF (2007) reported a significant decrease in maternal body
weight gain in Wistar rats after correcting for gravid uterine weight,
whereas three other rat studies reported no effect on corrected maternal
body weight gain (Borch et al., 2006; Saillenfait et al., 2006; Saillenfait
et al., 2017). The remaining studies were judged to have lower con-
fidence because they did not correct for gravid uterine weight. Of these,
Howdeshell et al. (2008) observed a decrease in maternal body weight
gain, which appears to be a consequence of fetal toxicity (decreased
fetal body weights); and the remaining studies reported no effect on
maternal weight gain (Furr et al., 2014; Hannas et al., 2011; Hannas
et al., 2012; Saillenfait et al., 2008; Wang et al., 2017). Overall, the
evidence for effects on maternal body weight gain are considered slight.

Saillenfait et al. (2006) reported a significant decrease in gravid
uterine weight, which appears to be a secondary effect to reduced fetal
body weights in this study, whereas BASF (2007) and Saillenfait et al.
(2017) reported no effect on gravid uterine weight. Given this limited
amount of information, the evidence for effects on maternal organ
weights is considered indeterminate.

3.5.3. Synthesis of results for female reproductive effects
Overall, the available studies provide slight evidence that DIBP causes

female reproductive toxicity following developmental or maternal ex-
posure (Table 3). This database has significant limitations. The exposure
durations used in the gestational exposure studies were selected pri-
marily for evaluating male reproductive toxicity and fetal morphological
development, and may not be the most sensitive for detecting maternal
toxicity. None of the studies included pre-mating, mating, or lactational
exposure intervals; therefore, effects on fertility, mating, fecundity (other
than litter size effects due to post-implantation loss), and estrous cyclicity
were not evaluated. Additionally, limited data were presented on effects
in F1 females exposed during gestation, compared to the detailed eva-
luations of reproductive toxicity in F1 males.
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Table 3
Evidence profile table for female reproductive effects of DIBP

Female Reproductive Effects

Outcome Available studies Factors that increase
confidence

Factors that
decrease
confidence

Confidence judgement for outcome Confidence judgement for overall hazard

Gestational (F1) or
Postnatal
(Weanling) Exposure

Female morphological
development

High confidence:
Saillenfait et al., 2006
Saillenfait et al., 2008
Borch et al., 2006
Medium confidence:
Sedha et al., 2015

• Biological plausibility
(coherence with effects
observed in males)

• Concerns for
study sensitivity

⨁◯◯

SLIGHT
Increased female AGD was observed, but was not always
statistically significant (Borch et al., 2006, Saillenfait
et al., 2008). A non-significant increase in displaced
ovaries was observed by Saillenfait et al., 2006. DIBP
did not accelerate female puberty in a 20-day pubertal
assay (Sedha et al., 2015).

⨁◯◯

SLIGHT
Based on limited evidence for effects on
female AGD and ovary displacement in F1
females following gestational exposure,
and for effects on maternal weight gain in
F0 females following maternal exposure.
There were concerns for study sensitivity
because most gestational exposure studies
were designed to evaluate male
reproductive effects, and the exposure
windows may not have been the most
sensitive for detecting F1 female or
maternal toxicity.

Reproductive organ
weight

Medium confidence:
Sedha et al., 2015

• Single study ◯◯◯

INDETERMINATE
No effects on were observed on uterus, ovary, or vagina
weight in 3- or 20-day assays in prepubescent females.

Maternal (F0) Exposure Maternal body weight High confidence:
Borch et al., 2006
BASF, 2007
Saillenfait et al., 2006
Saillenfait et al., 2017
Medium confidence:
Saillenfait et al., 2008
Howdeshell et al., 2008
Low confidence:
Furr et al., 2014
Hannas et al., 2011
Hannas et al., 2012
Wang et al., 2017

• Dose-response gradient and
minimal concern for bias in
the study by BASF, 2007

• Concerns for
study sensitivity

⨁◯◯

SLIGHT
Corrected maternal body weight was significantly
decreased in one study (BASF, 2007). Otherwise, any
effects on maternal weight gain were concurrent with
decreased gravid uterine weight or decreased offspring
body weight, and therefore appeared to be secondary
effects related to fetal toxicity.

Reproductive organ
weight

High confidence:
BASF, 2007
Saillenfait et al., 2006
Saillenfait et al., 2017

• Minimal concerns for bias • Concerns for
study sensitivity

◯◯◯

INDETERMINATE
Saillenfait et al., 2006 reported decreased gravid uterine
weight, which appeared to be a secondary effect related
to fetal toxicity. Otherwise, no effects on female
reproductive organ weight were observed.

Gestation length High confidence:
Saillenfait et al., 2008

• Minimal concern for bias • Single study
• Concerns for
study sensitivity

◯◯◯

INDETERMINATE
Effects on gestation length were not observed in one
study that began exposing dams at mid-gestation, which
may not be the most sensitive window of exposure for
this endpoint
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3.6. Developmental effects

Figures indicating the doses at which statistically significant de-
velopmental effects occurred are provided in the Supplementary
Materials (Figs. S10 – S12).

3.6.1. Summary of gestational (F1) exposure studies
Two high confidence studies (Howdeshell et al., 2008; Saillenfait et al.,

2006) that exposed Sprague-Dawley rats by gavage beginning soon after
the time of implantation (GD 8–18 and GD 6–20, respectively) observed
a dose-related increase in fetal resorptions per litter, leading to a 52–62%
decrease in the number of live fetuses per litter. In contrast, effects on
fetal viability were not observed in the other studies that reported this
outcome, including two dietary studies that exposed Wistar rats for si-
milar durations (BASF, 2007; Borch et al., 2006), four studies that ex-
posed Sprague-Dawley rats for shorter durations in mid- to late gestation
(Furr et al., 2014; Hannas et al., 2011; Hannas et al., 2012; Saillenfait
et al., 2008), or in mice exposed throughout gestation (Wang et al.,
2017). This variability in results appears to be driven by differences in
species, strain, and study design (particularly exposure duration). Re-
duced fetal survival has also been observed for other phthalates, such as
DBP, and evidence suggests that DBP can interfere with pregnancy
maintenance by decreasing ovarian progesterone production (Gray Jr
et al., 2006). Given this biologically plausible mechanistic hypothesis for
other phthalates, and the large effect size and exposure-response gradient
observed in Howdeshell et al. (2008) and Saillenfait et al. (2006), the
evidence for effects on fetal survival was found to be robust.

Postnatal survival following gestational exposure was only eval-
uated by Saillenfait et al. (2006), who found no effect on the survival of
male and female rat pups through weaning. The evidence for effects on
postnatal survival was found to be indeterminate.

Most studies in rats reported a dose-related decrease in fetal body
weights (BASF, 2007; Borch et al., 2006; Saillenfait et al., 2006;
Saillenfait et al., 2017) and postnatal and adult body weights (Saillenfait
et al., 2008) of animals exposed to DIBP during gestation. No effects on
fetal body weight were observed in rats by Saillenfait et al. (2017), and
Wang et al. (2017) observed no effects in mice at PND 21 but increased
body weight at PND 80, although these two studies tested a single lower
dose of DIBP. Given the exposure-response gradient observed in studies
that tested a wider range of DIBP doses, the evidence for effects on
prenatal growth was found to be robust, and evidence for effects on
postnatal growth after gestational exposure was found to be moderate.

Different results were observed in the two studies that performed
detailed analyses of fetal external, skeletal, and soft tissue/visceral
malformations and variations following exposure from GD 6–20. In
Sprague-Dawley rats, Saillenfait et al. (2006) reported a dose-related
increase in the total incidence of external, skeletal, and visceral mal-
formations in fetuses following gestational exposure to DIBP, reaching
statistical significance at 750 and 1000mg/kg-day. In particular, the
incidence of fused sternebrae increased statistically significantly with
dose, and a variety of other individual malformations of the neural tube,
eye, vessels of the heart, vertebral column, and axial skeleton exhibited
dose-related increases that were not significant. Dose-related skeletal
variations included supernumerary ribs, incomplete ossification of thor-
acic or lumbar vertebral centra, and assorted variations of the skull and
axial skeleton. Dose-related visceral variations included dilation or dis-
tention of the ureter and dilated renal pelvis, as well as ectopic testis and
displaced ovaries (discussed in the male and female reproductive sec-
tions, respectively). Comparatively, in Wistar rats, BASF (2007) did not
observe any dose-related trends at doses up to 942 mg/kg-day. In some
cases, the frequency of skeletal variations was significantly elevated in
treatment groups relative to control; however, the incidences of these
variations were consistently within the range of historical control data
for that laboratory, suggesting that they were not caused by DIBP
treatment. Additionally, no effects on external morphology were ob-
served by Saillenfait et al. (2017) at the single dose tested (250 mg/kg-

day). Given that a clear exposure-response gradient was observed in one
rat study while no effects were observed in the others, the evidence for
effects on fetal structural alterations was found to be slight.

3.6.2. Summary of postnatal (weanling or peripubertal) exposure studies
A dose-related decrease in postnatal and adult growth was observed

in all available studies that exposed immature rats and mice (Oishi and
Hiraga, 1980a, 1980b, 1980c, 1980d; Sedha et al., 2015; University of
Rochester, 1953, 1954), which were judged to be medium or low con-
fidence for this outcome. One limitation is that the studies by Oishi and
Hiraga reported decreased food consumption in DIBP and MIBP treated
animals, suggesting a palatability issue, so the decreased growth in
these animals may have been a secondary effect related to food intake.
The studies by University of Rochester did not report food consumption,
but also used high doses of DIBP in diet that may have caused palat-
ability issues. Overall, the evidence for effects on growth after postnatal
exposure was found to be moderate.

3.6.3. Synthesis of results for developmental effects
Overall, the available studies in rodents provide robust evidence that

DIBP causes developmental toxicity (Table 4). The strongest evidence
was available from the gestational exposure studies, which found ef-
fects on survival, growth, and fetal structural alterations. One limitation
is that many of the studies exposed fetuses only during the major
window of male sexual differentiation (e.g. GD 14–18), which may not
be the most sensitive for detecting effects on survival or on skeleton or
organ system development, and there were no two-generation or con-
tinuous breeding studies available. This limits the ability to fully
evaluate potential effects on the developing fetus; for instance, none of
the rat studies exposed dams prior to implantation, so it was not pos-
sible to evaluate effects on preimplantation loss. Nevertheless, the
targeted dosing periods are informative of developmental hazards
overall, and may provide a starting point for understanding the win-
dows of susceptibility for various outcomes in the developing fetus.

3.7. Liver effects

A figure indicating the doses at which statistically significant effects
on liver weight occurred is provided in the Supplementary Materials
(Fig. S13).

3.7.1. Summary of available studies
Dose-related increases in relative liver weight were observed in all

studies that reported this outcome, consisting of postnatal exposure
studies in male rats (Foster et al., 1982; Oishi and Hiraga, 1980b;
University of Rochester, 1953, 1954), female rats (University of
Rochester, 1954), and male mice (Oishi and Hiraga, 1980a, 1980d); and
in weanling and adult male mice that were exposed during gestation
(Wang et al., 2017). While the University of Rochester studies did not
include a statistical analysis, the average magnitude of effect was large
(increased by up to 84% compared to controls); and in all other cases,
effects on relative liver weight were statistically significant. Statistically
significant increases in absolute liver weight were also observed in
some cases (Oishi and Hiraga, 1980b; Wang et al., 2017). The largest
increases in liver weight were often seen at doses associated with
marked growth retardation, which has the potential to exaggerate the
effect of relative weight measurements; however, since the relationship
between liver weight and body weight is proportional, changes in re-
lative liver weight are considered informative of toxicity (Bailey et al.,
2004). Given the consistent direction of effect across studies and two
species, the evidence for effects on liver weight is considered robust.

Two of these studies also included a histopathological analysis
(University of Rochester, 1953, 1954), and found no difference between
treatment and control livers. However, these results are considered low
confidence because of reporting limitations in these studies. Therefore, the
evidence for histopathological effects in the liver is considered indeterminate.
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Table 4
Evidence profile table for developmental effects of DIBP or MIBP

*indicates MIBP study

Developmental effects

Outcome Available studies Factors that increase confidence Factors that
decrease confidence

Confidence judgement for outcome Confidence judgement for overall
hazard

Gestational (F1) Exposure Fetal survival High confidence:
BASF, 2007
Borch et al., 2006
Howdeshell et al., 2008
Saillenfait et al., 2006
Saillenfait et al., 2008
Saillenfait et al., 2017
Wang et al., 2017
Medium confidence:
Hannas et al., 2012
Furr et al., 2014
Low confidence:
Hannas et al., 2011

• Dose-response gradient, effect size,
and minimal concern for bias in
studies by Saillenfait et al., 2006 and
Howdeshell et al., 2008
• Biological plausibility (support from
mechanistic evidence for DBP)

⨁⨁⨁

ROBUST
A dose-related increase in post-implantation loss was
observed in two Sprague-Dawley rat studies that
exposed animals from GD 6-20 and GD 8-18,
respectively (Howdeshell et al., 2008, Saillenfait et al.,
2006), but not in Wistar rats or mice exposed for a
similar duration. Fetal survival was also not affected
in studies that exposed Sprague-Dawley rats for
shorter durations in mid- to late gestation.

⨁⨁⨁

ROBUST
Based on consistent evidence of
reduced fetal and postnatal growth
across studies, evidence of reduced
fetal survival in Sprague-Dawley rats
exposed for longer durations in
gestation, and slight evidence of
structural alterations following
gestational exposure.

Fetal growth High confidence:
BASF, 2007
Borch et al., 2006
Saillenfait et al., 2006
Saillenfait et al., 2008
Saillenfait et al., 2017
Medium confidence:
Wang et al., 2017

• Consistency
• Dose-response gradient
• Effect size
• Minimal concern for bias

⨁⨁⨁

ROBUST
A dose-related decrease in fetal body weights or body
weights at birth were consistently in rats at higher
dose levels, but were not observed in lower dose
studies.

Fetal structural
alterations

High confidence:
BASF, 2007
Saillenfait et al., 2006
Saillenfait et al., 2017

• Dose-response gradient and minimal
concern for bias and sensitivity in the
study by Saillenfait et al., 2006

• Few studies ⨁◯◯

SLIGHT
A dose-related increase in external, visceral, and
skeletal malformations was reported in Sprague-
Dawley rats by Saillenfait et al., 2006, but not in a
similar study in Wistar rats by BASF, 2007. There were
no external malformations in a lower dose study by
Saillenfait et al., 2017.

Postnatal
survival

High confidence:
Saillenfait et al., 2008

• Minimal concern for bias • Single study ◯◯◯

INDETERMINATE
Effects on postnatal survival following gestational
exposure were not observed in the single study that
evaluated this outcome.

Postnatal
growth

High confidence:
Saillenfait et al., 2008
Medium confidence:
Wang et al., 2017

• Dose-response gradient and minimal
concern for bias in the study by
Saillenfait et al., 2008

• Few studies ⨁⨁◯

MODERATE
A dose-related decrease in postnatal growth was
observed in rats exposed during gestation (Saillenfait
et al., 2008), but not in a mouse study that tested a
single, lower dose of DIBP (Wang et al., 2017).

Postnatal (Weanling or
Peripubertal)
Exposure

Postnatal
growth

Medium confidence:
Sedha et al., 2015
Low confidence:
Oishi and Hiraga, 1980a
Oishi and Hiraga, 1980b
Oishi and Hiraga, 1980c*
Oishi and Hiraga, 1980d*
U. Rochester, 1953
U. Rochester, 1954

• Consistency
• Dose-response gradient
• Effect size

• Concerns for bias
and sensitivity in
some studies

⨁⨁◯

MODERATE
A dose-related decrease in postnatal and adult growth
was observed in all available peripubertal exposure
studies in rats and mice. However, in the low
confidence studies, the reduced growth may have
been a secondary effect related to reduced food
consumption.
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3.7.2. Synthesis of results for liver effects
Change in organ weight alone has been used as a potentially sen-

sitive indicator for toxicity from chemical exposure (Bailey et al.,
2004). In the absence of histopathological changes or supporting bio-
chemical or mechanistic evidence (e.g. changes in hepatic enzyme ex-
pression), however, the biological significance of the reported changes
in liver weight is inconclusive (Hall et al., 2012). Taken together, the
evidence for liver toxicity is considered slight (Table S1).

3.8. Kidney effects

A figure indicating the doses at which statistically significant effects
on kidney weight occurred is provided in the Supplementary Materials
(Fig. S14).

3.8.1. Summary of available studies
Dose-related increases in relatively kidney weight were reported in

the 1- and 4-month exposure studies in male and female rats by the
University of Rochester (1953, 1954), with more pronounced changes
in males compared to females (University of Rochester, 1954), although
the authors did not perform a statistical analysis. In contrast, the 7-day
exposure studies found that relative kidney weight was statistically
significantly decreased in mice exposed to DIBP (Oishi and Hiraga,
1980a), and not significantly changed in mice exposed to MIBP (Oishi
and Hiraga, 1980d) or rats exposed to DIBP (Oishi and Hiraga, 1980b).
In a 4-day exposure of rats to MIBP, relative kidney weight was in-
creased by 12% compared to controls, although the effect was not
significant (Foster et al., 1982). Given these inconsistencies and the
limited number of studies, the overall evidence for effects on kidney
weight is considered slight.

Two of these studies also included a histopathological analysis
(University of Rochester, 1953, 1954), and found no difference between
treatment and control livers. These histopathology results are con-
sidered low confidence because of reporting limitations in these studies.
The evidence for histopathological effects in the kidney is considered
indeterminate.

3.8.2. Synthesis of results for kidney effects
Taken together, the available evidence is inadequate to draw con-

clusions on the effects of DIBP on the kidney. Therefore, the evidence
for kidney toxicity is considered indeterminate (Table S2).

3.9. Cancer

None of the available studies evaluated cancer in animals exposed to
DIBP. The limited number of mutagenicity assays identified in the lit-
erature search generally had negative findings (Seed, 1982; Simmon
et al., 1977; Zeiger et al., 1982), although genotoxicity assays of DIBP-
treated primary human mucosal cells demonstrated DNA damage as
measured by the comet assay (Kleinsasser et al., 2000a; Kleinsasser
et al., 2000b; Kleinsasser et al., 2001). This was considered inadequate
information to evaluate carcinogenicity; thus, the evidence for cancer is
considered indeterminate.

4. Discussion

The results of this systematic review provide robust evidence that DIBP
causes male reproductive and developmental toxicity and slight evidence
for female reproductive toxicity and effects on liver, whereas evidence for
effects on kidney and cancer were indeterminate. These results corroborate
the CPSC (2014) and NAS (2017) conclusions that DIBP is a male re-
productive toxic agent, with gestational exposure leading to permanent
adverse effects in male offspring, and support DIBP as a children's health
concern. The results also provide a reconnaissance of additional effects
observed in laboratory animals after DIBP exposure, some of which may
share the same mechanisms as the male reproductive effects.

Howdeshell et al. (2008) demonstrated that fetal testosterone pro-
duction and fetal mortality (post-implantation loss) followed a similar
dose-response relationship in rats exposed to a mixture of phthalates
during gestation, and suggested that this might be because fetal T
production and fetal mortality are both caused by decreased ster-
oidogenesis (decreased testicular testosterone in male fetuses, and de-
creased ovarian progesterone in dams). While it has been found that
DBP decreases maternal ovarian progesterone production in dams ex-
posed at mid-pregnancy (Gray Jr et al., 2006), this has not yet been
evaluated for DIBP. Gray Jr et al., 2006 hypothesized that decreased
progesterone production could be mediated through decreased ovarian
steroidogenesis, similar to the mechanism for decreased testicular
steroidogenesis; or may result from disrupted androgen and INSL3
signaling, since those hormones contribute to maintaining the function
of the corpora lutea in pregnant rats. There is also some epidemiologic
evidence that DIBP is associated with decreased expression of ster-
oidogenic enzymes in the placenta (CYP11A1, CYP19A1, CYP1B1, 17β-
hydroxysteroid dehydrogenase) (Adibi et al., 2010) with a significantly
stronger association in male placentas compared to female in some
cases (Adibi et al., 2017), although results were inconsistent and sug-
gested a possible non-monotonic response.

For male reproductive outcomes, the available studies suggest a
sensitivity difference in mice compared to rats; however, there were
relatively few mouse studies and all had some concerns for risk of bias
and/or sensitivity, so it is difficult to fully delineate species sensitivity
differences using the available data. Outcomes associated with the an-
drogen-independent MOA for phthalates (e.g. atrophy of seminiferous
cords, germ cell effects) were observed in both species. Conversely,
while decreased T was observed in both species, mice did not con-
sistently display the other androgen-dependent outcomes that were
observed in rats (e.g. decreased testis weight and AGD). Similar ob-
servations on the relative sensitivity of mice and rats have been made
for other phthalates, such as DBP. It has also been found that human
xenografts (human fetal testis explants into rodents) are less sensitive
than rats to the anti-androgenic effects of phthalates, suggesting an
interspecies difference in sensitivity; however, the xenograft results
have several factors that limit their interpretation, such as concerns
about the developmental stage of the human tissues used in the ex-
periments, and high variability in the results (Lioy et al., 2015). In the
case of DIBP, results suggest that mice and rats are susceptible to both
the androgen-dependent and -independent MOAs, although not all an-
drogen-dependent biomarkers were conserved across species.

The available studies were generally not designed to evaluate female
reproductive, liver, or kidney effects, so interpretation of these outcomes is
limited. The few studies that evaluated female offspring following gesta-
tional exposure provide evidence of morphological effects (displaced
ovaries and increased AGD), which could be caused by alterations in hor-
mone signaling analogous to those seen in male offspring. While these
observations are compelling, the implications for female fertility are un-
clear. Literature on the female reproductive effects of phthalates is rela-
tively sparse. A review of phthalate effects in females reported altered
steroidogenesis and ovarian function in animal studies, but effects were
often inconsistent across studies and the mechanism was unclear (Kay
et al., 2013). One study by Hannas et al. (2013) attempted to identify a
critical window of exposure for in utero phthalate effects in the female rat,
and found a statistically significant increase in vaginal and uterine agenesis
in F1 females exposed to a phthalate mixture from GD 8–19; the incidence
was lower after exposure from GD 8–13, and there were no female re-
productive malformations after exposure from GD 14–19. One female ex-
posed from GD 8–19 had undescended ovaries, located above the kidneys.
Although the authors were not able to ascertain the critical window of
exposure, they concluded that it appeared to encompass the major period
of organogenesis (GD 8–13).

A concurrent systematic review of epidemiological studies of
phthalates by our colleagues found moderate evidence of an association
between DIBP exposure and reduced testosterone in adult cross-
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sectional studies, but only slight evidence of an association with other
male reproductive effects. Comparatively, DBP and several other anti-
androgenic phthalates had robust evidence of an association with male
reproductive toxicity in humans (Radke et al., 2018). Given the effects
of DIBP in animal models, the low level of evidence for male re-
productive toxicity in humans was likely due to the relatively small
number and low sensitivity of the available epidemiological studies that
evaluated DIBP exposure. Systematic review of the epidemiological
literature also provided moderate evidence of an association between
DIBP exposure and decreased birth size, and slight evidence for an as-
sociation with preterm birth and spontaneous abortion (Radke et al.,
under review-a).

Epidemiological evidence also suggests that phthalate exposure may
be associated with emerging health outcomes such as neurodevelop-
mental and metabolic toxicity, with moderate evidence of an association
between DIBP exposure and diabetes risk, and slight evidence of an
association with some neurodevelopmental outcomes (Radke et al., in
preparation; Radke et al., under review-b). Although emerging health
outcomes were not the focus of this systematic review of animal studies,
we note that the literature search for DIBP identified one behavioral
study (Ma et al., 2013), which reported that mice dosed with 1000 mg/
kg-day DIBP via oral gavage for 8 weeks had decreased passive avoid-
ance capability and increased apoptosis of hippocampal cells. We per-
formed a preliminary evaluation of this study and found it to have re-
porting limitations that reduce confidence in the results (e.g., lack of
experimental method detail to determine how memory and learning
were measured in the passive avoidance test); however, it does provide
suggestive evidence of neurological effects from DIBP exposure.

As a next step towards understanding the quantitative relationship
between gestational DIBP exposure and phthalate syndrome in the male
rat, an ordinal univariate dose-response analysis of phthalate syndrome
was performed by our group using data from Saillenfait et al. (2008), in
which endpoints were grouped by severity. This analysis will be
available in a forthcoming publication.

This systematic review highlighted several ways in which future studies
could provide further insight into the mechanisms and characterization of
hazards of DIBP exposure. Most of the available studies were targeted at
critical exposure windows for male reproductive toxicity, so it would be
useful to design chronic or sub-chronic studies that cover critical windows
of exposure for other outcomes. For instance, there are currently no one- or
multi-generational reproductive toxicity studies available for DIBP; such a
study would assess fertility and fecundity, and would provide a point of
reference for comparing reproductive effects in animals exposed as adults
versus those exposed in utero. Effects on liver, kidney, and cancer are
known hazards for other phthalates, so further research is warranted to
characterize these outcomes after exposure to DIBP, in addition to evalu-
ating emerging outcomes such as neurodevelopmental toxicity.
Additionally, despite the profound effects of DIBP on testosterone observed
in males, data on hormone production in DIBP-exposed females was ex-
tremely limited. It would be useful to evaluate steroidogenesis and INSL3 in
F1 females to provide a mechanistic understanding of how each sex is af-
fected by gestational DIBP exposure, and to evaluate altered maternal
steroidogenesis and INSL3 as a potential contributing factor to reduced
fetal survival.
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A B S T R A C T

Background: The phthalate syndrome (PS) is a collection of related male reproductive developmental effects,
ranging in severity, that have been observed in rats after gestational exposure to developmentally-toxic
phthalates. For statistical purposes, the PS is defined as a single endpoint and one dose-response analysis is
conducted, rather than conducting multiple analyses on each individual endpoint.
Objective: To improve dose-response modeling approaches for the PS and other syndromes of effects by ac-
counting for differing severity levels among the endpoints.
Methods: Ordinal dose-response modeling was performed on PS data from a published study of diisobutyl
phthalate (DIBP) gestational exposure to male Sprague-Dawley rats. To incorporate PS endpoint severity, the
endpoints were categorized into ordinal levels based on the expected impact of male developmental endpoint’s
on fertility. Then, a benchmark dose was estimated for each ordinal level. A bootstrap procedure was used to
account for the nested nature of the data, and a sensitivity analysis was performed to assess the bootstrap results.
A comparison of the estimates between the ordinal and the dichotomous model was performed.
Results: The ordinal version of the log-logistic model applied to the data categorized by PS endpoint severity
level provided benchmark dose estimates that were closer to each other in value and had lower variability than
the traditional dichotomous application. The sensitivity analysis confirmed the validity of the bootstrap results.
Conclusion: The ordinal dose-response modeling method accounts for severity differences among dichotomous
PS endpoints, can be expanded in the future to include more severity levels, and can be used in both single and
cumulative phthalate risk assessments.

1. Introduction

Phthalates esters (referred to as “phthalates”) are used as plastici-
zers and additives for PVC products, nitrocellulose, and concrete (US
EPA, 2015). As a result of these uses, phthalate are found in numerous
consumer products such as nail polish, makeup, and carpets (US EPA,
2015). Exposure to developmentally toxic phthalates, phthalates with
three to seven (or eight) carbon atoms in the backbone of the alkyl side
chain, can lead to developmental effects (CPSC, 2014). These phtha-
lates include di-n-pentyl (DPENP) (diamyl phthalate), butylbenzyl
(BBP), dibutyl (DBP), diisobutyl (DIBP), dihexyl (DHEXP), di(2-ethyl-
hexyl) (DEHP), dicyclohexyl (DCHP), and diisononyl (DINP) (US CPSC,
2014). Further, the human population, including pregnant women, are

exposed to multiple phthalates (Koch et al., 2017; Zota et al., 2014;
Wittassek et al., 2009; Ye et al., 2008). Therefore, developmentally
toxic phthalates are chemicals of concern for children because of the
combination of increased cumulative phthalate exposure levels and
increased susceptibility during a critical window of development is
expected to lead to a greater risk.

Gestational exposure to one or more developmentally toxic phtha-
lates can lead to a set of male reproductive developmental health effects
collectively called the phthalate syndrome (PS) in rats (reviewed in
Foster, 2006; Fisher et al., 2003; Foster et al., 2001). The phthalate
syndrome is characterized by malformations of male reproductive or-
gans (e.g., epididymis, vas deferens, seminal vesicles, prostate, and
external genitalia) such as hypospadias and cryptorchidism and
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developmental effects such as retention of nipples/areolae (sexually
dimorphic structures in rodents) and lack of masculinization of the
perineum during development, leading to a reduced anogenital distance
(AGD) (US CPSC, 2014). The more severe PS endpoints of the male
reproductive tract (i.e., malformations) are observed at higher phtha-
late doses whereas changes in AGD and nipple/areolae retention can be
observed at lower phthalate doses as well. Critical windows of exposure
for the PS have been defined in rat studies. Gestation is the most sen-
sitive, neonatal and peripubertal exposure is less sensitive, and adult-
hood is the least sensitive window of exposure (US CPSC, 2014). The
modes of action for the PS effects observed in rats after gestational
phthalate exposure are due to a decrease in fetal testicular androgens,
decreased INSL3 signaling, and fetal germ cell developmental effects
(e.g., multinucleated gonocytes) that have not been defined at the
molecular level (Makris et al., 2013; van den Driesche et al., 2015;
Boekelheide et al., 2009; Howdeshell et al., 2017).

In response to evidence that humans are exposed to multiple phtha-
lates, the National Academy of Sciences convened experts to provide
recommendations regarding cumulative risk, resulting in the Phthalates
and Cumulative Risk Assessment report (NRC, 2008). The committee re-
commended that a cumulative risk assessment be performed using an
approach that evaluates common adverse effects from exposure to
phthalates as well as to other chemicals that affect androgen activity. In
2008, Congress banned children’s toys and child care articles containing
more than 0.1% of DEHP, DBP, and BBP. The U.S. Consumer Product
Safety Commission (CPSC)’s Chronic Hazard Advisory Panel (CHAP) on
Phthalates and Phthalate Alternatives developed a risk assessment for
eight developmentally toxic phthalates (US CPSC, 2014; Review by Lioy
et al., 2015), leading to a ban on children’s toys and child care articles
containing more than 0.1% of five additional phthalates (DINP, DPENP,
DHEXP, DCHP, and DIBP). In 2014, EPA added seven phthalates that are
still in commerce to their Toxic Substances Control Act (TSCA) Work
Plan List for Chemical Assessments list (US EPA, 2014) to determine
whether any additional assessment is needed with regard to TSCA-spe-
cific uses or exposure scenarios.

There have been efforts to perform dose-response modeling by de-
fining the PS as a single endpoint, as opposed to modeling each in-
dividual endpoint separately. In this approach, PS animals are defined
as those exhibiting none vs. one or more PS endpoints. In one such
evaluation of the PS data after perinatal (part of gestation and part of
lactation) di(2-ethylhexyl)phthalate (DEHP) exposure to rats, Gray
et al. (2009) designated an animal as having the PS if it had at least one
of the PS effects, and found a statistically significant increase in the PS
at doses ranging from 11 to 300mg/kg-day. However, modeling data as
dichotomous does not account for differences in severity that exist
among PS effects. For example, the consequence of some malformations
(e.g., hypospadias, undescended testis) can lead to abnormal re-
productive function, impacting fertility. By contrast, other PS endpoints
lead to abnormal developmental effects (e.g., retained areolas or nip-
ples) that do not have anticipated impacts on fertility. Therefore, an
analysis that incorporates these differences is preferred.

Dose-response modeling of ordinal outcomes has been applied in
some recent cases, for example, using U.S. EPA’s CatReg software (see,
for example, Krewski et al., 2010). In these analyses, CatReg was ap-
plied as a meta-analysis in which results from multiple endpoints, often
observed across multiple studies, were assigned severity scores based
on expert judgement of biological severity and the scores were com-
bined into a single analysis. Chen and Chen (2014) proposed a method
to assign ordinal levels based on a latent continuous variable. In addi-
tion, the NRC Phthalates and Cumulative Risk Assessment report (NRC,
2008; App D) conducted an analysis in which five continuous PS end-
points that are shared between antiandrogen and phthalate chemicals
were modeled as part of an antiandrogen chemical cumulative risk
assessment case study. The observed responses of five selected end-
points were transformed based on the desirability of response, as de-
termined using consensus expert opinion, and then combined into a

unitless score on the interval from 0 to 1, which was analyzed as a
continuous, rather than dichotomous, endpoint.

For the analysis presented here, a straightforward extension of the
dichotomous log-logistic model to the ordinal case was applied to the
individual animal data from a study in which multiple PS endpoints
were assessed in male Sprague-Dawley rats exposed to DIBP during
gestation (Saillenfait et al., 2008). The ordinal scale was defined by
designating two levels of severity for PS endpoints based on knowledge
about its relationship to male fertility.

In risk assessment, development of human health risk values, such
as reference doses (RfDs) used by EPA, involves the fitting of dose-re-
sponse models suited to the data type, as well as selection of a low level
of response (benchmark response, or BMR) that supports identifying an
exposure level (i.e., a benchmark dose, or BMD) that is health protec-
tive. Often, the lower confidence bound on the BMD, called the BMDL,
is used as a point of departure (POD), which is divided by a series of
uncertainty factors to determine a RfD (U.S. EPA, 2002, 2012). When
conducting dose-response modeling to develop a risk value for a di-
chotomous endpoint, a BMD is estimated at only one BMR. However,
for the phthalate syndrome, the range of biological significance across
the spectrum of different severity PS endpoints supports the develop-
ment of different BMRs based on the anticipated severity level. There-
fore, the BMDs for the two ordinal levels were estimated at different
BMRs. The results from the ordinal analysis were then compared with
those from dichotomous characterizations of the same data.

2. Materials and methods

2.1. Individual animal PS dataset

The timing of DIBP exposure and endpoint assessment for the Saillenfait
et al. (2008) study design are illustrated in Fig. 1. Additional details about
the study design, animals, the DIBP and control dose groups, and endpoint
assessment methods can be found in Saillenfait et al. (2008). In this study,
males were exposed from gestation days (GD) 12–21 by gavage to DIBP and
were then sacrificed and necropsied at one of two adult ages, either post-
natal day (PND) 76–86 (~postnatal week 11–12, PNW, two males in each
litter) or on PND 111–122 (~PNW 16–17, the remaining males in each
litter), and were examined for the following endpoints –

• Nipple and areola retention
• Gross abnormalities of external and internal genitalia
• Testes descent
• Histopathological lesions in the testes and epididymis (on either
PND 76-86 or on PND 111–122)

• Male reproductive organ weights
Individual animal data from Saillenfait et al. (2008) were provided

by the study director, Dr. Saillenfait (co-author). These summary data
were reported on a per-litter basis by treatment group in the published
article.

2.2. Development of ordinal scale

PS endpoints that were measured as continuous variables, such as
anogenital distance (AGD), age of preputial separation (PPS), and male
reproductive organ weight decreases, but had no clinical or biological
method for assigning ordinal level categories were not included in this
analysis. The PS endpoints that were measured as dichotomous variables
were therefore included in this analysis. Then, among the dichotomous PS
endpoints, they can be characterized as a collection of permanent male
reproductive developmental endpoints that are associated with either zero
to moderate expected impacts on fertility (level 1), or are associated with
severe infertility (level 2). It is important to note that male fertility was not
assessed in the Saillenfait et al. (2008) study; sperm quality, sperm
quantity, and mating endpoints were not included. Instead, information

T.D. Blessinger, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������

�



from experts and the published literature about associations between male
organ histopathological endpoints and infertility was utilized. Infertility is
a severe effect because a lack of offspring is equivalent to mortality in the
next generation. In order to designate an endpoint according to its ex-
pected impact on fertility, as delineated above, the expert judgment of
toxicologists was used. The ordinal level binning decisions were based on
discussions with experts in male development and reproductive tox-
icology, Gary Klinefelter (co-author), Anne-Marie Saillenfait (co-author),
and NCEA’s Reproductive and Developmental Toxicity and Neurotoxicity
Workgroup, and these decisions are consistent with recommendations of
toxicological pathologists (Lanning et al., 2002). The expert evaluation
excluded three male reproductive histopathology endpoints, amorphous
crystalline material, distorted tubules, and dilated tubule lumen, based on
knowledge that sometimes these endpoints may not necessarily be treat-
ment-related (e.g., poor fixation). Therefore, the six animals that exhibited
these three endpoints and no other PS endpoints were designated as not
having the PS.

For the purposes of this analysis, the PS was defined as an ordinal
outcome with one of three separate levels, as follows:

• Level 0: The animal has no PS endpoints (i.e., no male reproductive
developmental effects and no male reproductive organ histopatho-
logical effects of score 2–5).

• Level 1: The animal has one or more PS endpoints that are asso-
ciated with zero to moderate expected impacts on fertility, but has
no PS endpoints associated with severe impacts on fertility, based on
expert judgement.

• Level 2: The animal has one or more PS endpoints that are asso-
ciated with severe infertility, based on expert judgement.

Animals sacrificed at PNW 11–12 were included in the analysis be-
cause all had histopathology examination data (Table 5, Saillenfait et al.,
2008) that had gone through peer review of that article. In contrast,
animals sacrificed at PNW 16–17 animals were not included because a

smaller sample size was assessed for histopathology than the PNW 11–12
group and because the PNW 16–17 histopathology data was not all re-
ported in the Saillenfait et al. (2008) article and therefore did not un-
dergo peer review. To confirm the influence of the histopathological
endpoints on the PS levels, the proportion of animals sacrificed at PNW
11–12 whose PS ordinal level classification was increased by the inclu-
sion of histopathology endpoints was calculated, for each dose group.

In order to compare the results of the ordinal method to a dichot-
omous PS modeling method, the PS was modeled as a single dichot-
omous endpoint with two different definitions for PS response:

• Any PS: an animal was designated as PS if it had one or more PS
endpoints, regardless of severity (analogous to combining levels 1
and 2).

• Severe PS: an animal was designated as PS if it had at least one PS
endpoint that is associated with severe infertility (analogous to
using only level 2).

2.3. Benchmark response selection to estimate benchmark doses

Among other considerations, BMR selections should generally
identify levels of minimal biological significance, with a different BMR
corresponding to each ordinal level to address the difference in severity
among the PS endpoints. For demonstration purposes, BMRs of 5% and
1% extra risk were selected for ordinal levels 1 (developmental effects
associated with zero to moderate anticipated impacts on fertility) and 2
(associated with a severe infertility), respectively, based partly on EPA
recommendations regarding biological considerations for determining
reference values (US EPA, 2012).

3. Theory and calculation

A log-logistic model was used to model the cumulative probability
that the PS level was at least as high as the one observed. That is, for

Fig. 1. Illustration of the temporal aspects of the dosing and phthalate syndrome endpoint evaluation in the Saillenfait et al. (2008) study. The figure is limited to the
phthalate syndrome endpoints included in this univariate analysis. Sacrificed adult males were shaved and the ventral surface of the thorax was examined for the
presence of areolas and/or nipples. The external and internal genitalia were examined for gross abnormalities and for the position of testes. Histopathology was
conducted on testes and epididymides. In the Saillenfait et al. (2008) study, Sprague-Dawley female rats were mated to adult male rats of the same strain and from the
same supplier. The day that vaginal smears were sperm positive was designated as gestation day 0 (GD 0). Pregnant females were randomly assigned to treatment
groups based on body weight at GD 0. Pregnant females were treated once a day with either vehicle alone (olive oil), 500mg/kg/day DBP, 125mg/kg/day DIBP,
250mg/kg/day DIBP, 500mg/kg/day DIBP, or 625mg/kg/day DIBP by gavage on GD 12–21. The number of dams per treatment group was 10–14. Postnatal day
(PND) 0 was defined as the day of parturition. On PND 4, litters were culled to 10 pups, keeping as many males as possible. Litters with less than 8 pups were not
maintained. See Saillenfait et al. (2008) for the numbers of animals and specific endpoints assessed at each life stage. Arrows with vertical bars indicate transitions
between three lifestages: gestation, postnatal development, and adulthood. Note that the scale of time is not consistent across the three lifestages.
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observed ordinal PS level Y , dose x , and level j for =j 1, 2, the cu-
mulative probability was defined as

= +

+ +

Y j x
x

P[ | ]
1

1 exp[ log( /(1 )) ( log )]
,

j

j

j, (1)

where = BMR, = log(BMD )j j, at BMR , = slope, and
= background response ratej . This model was chosen because it ex-

hibits greater flexibility in model fitting than some other models such as
the logistic. The model form in Eq. (1) does not use the more common
intercept-slope parameterization, which is used in EPA’s Benchmark
Dose Software (BMDS), but instead incorporates the log-BMD as an
explicit parameter for ease of estimating the BMD. The relationship
between the two model forms is described in more detail in Appendix A.
Also observe that the slope was assumed to be constant across levels to
maintain monotonicity of the cumulative probability per dose across
levels.

The BMDs of interest in this application are the level 1 BMD05, 05,1,
and the level 2 BMD01, 01,2. Model parameters were estimated using
= 0.01, so the BMD parameters were estimated initially as 01,1 and

01,2. Then 05,1 was estimated using the relationship

= +
c
,05,1 01,1

(2)

where = ( )c log
0.05 / 0.95

0.01 / 0.99
. The derivation of this relationship is provided

in Appendix A.
As discussed in Section 2.3, the model defined in (1) assumes that the

observations are independent, but, in reality, intra-litter correlation exist.
Therefore, litter should be included in the model as a random effect be-
cause the set of litters that comprises the sample is a random selection
from the population of litters. Several mixed model methods exist for
modeling ordinal outcomes in the presence of random effects, but they
generally require a sufficiently large number of animals per random ob-
servation (e.g., EPA’s CatReg software, which uses Wald-type estimates).
Only two animals per litter (those sacrificed at PNW 11-12) were included
in the analysis, so the litters were not large enough to support using these
methods. Therefore, a bootstrap resampling method was used instead.

Bootstrap resampling is a method of estimating parameters in which
a large number of samples are selected with replacement from the
original sample, and a parameter estimate is derived for each resample
(see, for example, Efron and Tibshirani, 1994). The PS dataset consists
of a two-level nested design, with animal nested within litter and litter
treated as a random effect, so it was necessary to use a method of se-
lecting samples that incorporates this design. Van der Leeden et al.
(2007) presents three such methods with varying degrees of assump-
tions. The first two methods require restrictive assumptions on the
analysis, such as a linear relationship between the response and model
effects, which do not apply to our case. Therefore, the third method,
called the “cases bootstrap,” was considered most applicable. Under
this method, a large number of samples were selected with replacement
from the original PS dataset in the following manner. Assuming that
there were ni litters exposed to each dose xi, for each bootstrap iteration
samples were selected by 1) selecting ni litters with replacement from
the set of litters exposed to dose xi, and 2) for each of the litters selected
in the first step, selecting 2 animals with replacement from that litter.
Then, the model in (1) was fit to each bootstrap sample and estimates of
the parameters computed, including an estimate of log(BMD). These
steps were repeated B times (in this case, B= 10,000) to yield B sam-
ples and log(BMD) estimates, from which summary statistics such as the
mean, standard deviation, and relevant percentiles were computed. The
cases bootstrap procedure is described in more detail in Appendix B.

This bootstrap procedure is analogous to fitting the model defined
by Eq. (1), where for each level j and dose group i the parameter j is
replaced with + u ,j k i( ) where uk i( ) is the random effect of the kth litter
nested within the ith dose group, =i n1, , i. The selection of the
bootstrap samples was done in SAS version 9.4, and the analysis was

conducted in SAS Proc NLMIXED. The SAS code and description are
provided at Dataset (2019).

Upon fitting the dose-response model to the bootstrap samples, si-
multaneous confidence intervals for the level 1 BMD05 and level 2 BMD01
were computed using an adjusted percentile method developed by Mandel
and Betensky (2008). Details of this method are provided in Appendix B.
The confidence intervals derived from this method have simultaneous
coverage of their respective BMDs. Thus, for example, the probability that
the 90% confidence intervals for the level 1 BMD05 and level 2 BMD01 both
contain their respective parameters is at least 90%. In addition to the
Mandel & Betensky intervals, the Bonferroni-adjusted confidence intervals
were computed for comparison because the Bonferroni method generally is
the most conservative adjustment method, yielding the widest possible si-
multaneous confidence intervals; thus, it provides a good measure of the
most extreme case. Also, the non-simultaneous (“unadjusted”) confidence
intervals were computed to demonstrate the narrowest possible intervals.

Because the litter sizes were so small, some sensitivity bootstrap
analyses were conducted to assess the adequacy of the nested model
bootstrap method used and determine if the effect of litter was dis-
cernible in the results. In one analysis, the bootstrap method was applied
to the original PS dataset disregarding litter. More specifically, a large
number of samples (B=10,000) were selected with replacement from
the PS dataset without regard to litter assignment, and the model in (1)
was fit to each of these bootstrap samples and parameter estimates
computed. In a second analysis, three permutations of the original PS
dataset were selected with animals randomly assigned to litters, and the
bootstrap analysis with the litter effect included was applied to each
permuted sample. The results of these two analyses were compared to
the original analysis results. In addition, to demonstrate the application
of the model, the model in (1) was applied to the original PS dataset
without regard to litter and with no resampling, and the model was fit
and parameters estimated using normal-based methods. The equality of
slopes across levels was tested in this analysis using an F-test, and the
adequacy of the model was tested using a chi-square test.

For comparison to the ordinal dose-response results, a dichotomous
dose-response analysis was conducted using the dichotomous PS definitions
described in Section 2.2. The modeling was conducted in BMDS version 2.7
using the nested logistic model to incorporate the nested litter design (U.S.
EPA, 2016; Allen et al., 1994; Kupper et al., 1986). For each analysis, the
model was fit both with and without the dam weight measured im-
mediately prior to dosing included as a covariate, and litter correlations
were estimated. The model fit that yielded the lowest AIC value was se-
lected for BMD estimation. In addition, to compare the ordinal PS results to
the results from more traditional dose-response methods, selected in-
dividual PS endpoints were modeled using this dichotomous analysis.

4. Results

4.1. Groupings of PS endpoints into ordinal levels

The PS endpoints reported by Saillenfait et al. (2008) and included
in this analysis (Table 1) were classified according to their develop-
mental effects and their expected associations with fertility, either
characterized as zero to moderate anticipated impacts (level 1) or se-
vere impacts (level 2), based on expert input (see Section 2.2). For
example, areola/nipple retention is a marker for decreased androgen
activity following gestational exposure but is not associated with de-
creased fertility in adults.

Application of the ordinal PS classifications in Table 1 to the de-
velopmental reproductive data for male offspring evaluated at PNW
11–12 is summarized in Table 2. Incidence of the PS (levels 1 and 2
combined) increased in a dose-related manner from 0% in the control to
100% in the highest dose group (625mg/kg-day), and incidence of PS
level 2 increased up to 85% in the highest dose group.

The ordinal level was changed by including histopathology end-
points for 14 out of 114 animals (12%) sacrificed at PNW 11–12. Eleven
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(11), 2, and 1 animals had levels that increased from 0 to 1, 0 to 2, and
1 to 2, respectively, due to the presence of histopathology endpoints,
the most common of these being azoospermia, oligospermia, sloughed
cells, and seminiferous tubule degeneration-atrophy/hypoplasia (a list
of these animals is provided in Appendix C). The 250 and 500mg/kg-
day groups had more of these animals than the 125 and 625mg/kg-day
groups, probably because the middle dose groups had a more even
spread across the ordinal levels than the extreme dose groups. The
percent of animals with increased PS levels was considered non-
negligible, so it was determined that the histopathology endpoints had
a significant influence on the PS level assignments. Thus, the PNW
16–17-sacrificed animals were excluded from the analysis.

4.2. Dose-response analysis of ordinal PS dataset

4.2.1. Litter effect excluded
From the analysis of the ordinal dataset with litter effect excluded,

the model exhibited an adequate fit to the data (Table 3; p=0.213), and

the slope was significantly greater than zero (p=0.009), indicating a
significant dose-response relationship. A visual inspection of the fit
overlaid on the scatterplot of the dose-response data (Fig. 2ab) also in-
dicates a strong dose-response relationship; the residual plots (Fig. 2cd)
also confirm the appropriateness of the log-logistic model for this dataset.

The estimates and SEs of the level 1 BMD05 and level 2 BMD01 from
this analysis and their SEs were similar in magnitude (Table 4, denoted
“normal-based”), with the level 2 BMD01 being slightly higher than the
level 1 BMD05. Although the level 2 BMD01 had slightly wider un-
adjusted and Bonferroni-adjusted confidence intervals (Table 4, de-
noted “normal-based”), mostly at the high end, the intervals were not
especially different in width.

4.2.2. Bootstrap analysis
The level 1 BMD05 and level 2 BMD01 estimates from the 10,000

bootstrap runs (Table 4, labeled “bootstrap”) were higher than their

Table 1
Proposed severity classifications for PS endpoints reported in Saillenfait et al. (2008), based on the expected impact on fertility (see Materials and Methods for
details).

Level 1 Level 2

Male developmental reproductive effects

• Areola/nipple Retention • Cleft prepuce
• Hypospadias (mild, moderate, or severe)
• Exposed os penis
• Undescended testes (left, right, or both)
• Small penis
• Vaginal pouch
• Prostate absent
• Seminal vesicles abnormal

Epididymis histopathologya

• Interstitial mononuclear cells: grade 2–5
• Oligospermia: grade 2–4
• Grade 5 oligospermia, unilateral (i.e., in only one epid), w/o azoospermia in other epididymis; or
azoospermia, unilateral, w/o grade 5 oligospermia in other epididymis

• Sloughed cells (caput, cauda, or corpus): grade 2–5
• Granulomatous inflammation: grade 2–4b
• Tubular necrosis: grade 2–5

• Bilateral grade 5 oligospermia or azoospermia

Testis histopathologya

• Interstitial cell hyperplasia: grade 2-4b
• Tubular necrosis/mineralization: grade 2–5
• Tubular vacuolation/loss of germ cells: grade 2–4b

• Seminiferous tubule degeneration-atrophy/hypoplasia: grade 2–4
• Seminiferous tubule degeneration-atrophy/hypoplasia: grade 5 in one testis, grade 1–4 or not present in
other testis

• Loss of seminiferous tubules: grade 2–4b

• Seminiferous tubular degeneration-atrophy/hypoplasia:
grade 5 in both testes

a Unless otherwise indicated, an animal was designated as having the level 1 endpoint if either side (left or right) had the endpoint.
b No animals had grade 5 granulomatous inflammation, grade 2–5 interstitial fibrosis, or grade 5 interstitial cell hyperplasia, tubular vacuolation, or loss of

seminiferous tubules.

Table 2
Incidence of ordinal PS among male offspring evaluated at PNW 11–12 for each
dose group (Saillenfait et al., 2008).

Dose
(mg/
kg-da)

Total
Litters
Examined

Total Males
Examined

Incidenceb

Level 0 Level 1 Level 2 Levels 1
& 2

0 12 24 24 (100%) 0 (0%) 0 (0%) 0 (0%)
125 10 20 18 (90%) 1 (5%) 1 (5%) 2 (10%)
250 14 28 21 (75%) 6 (21%) 1 (4%) 7 (75%)
500 11 22 5 (23%) 9 (41%) 8 (36%) 17

(77%)
625 10 20 0 (0%) 3 (15%) 17 (85%) 20

(100%)

a “mg/kg-d”=mg/kg-day.
b Ordinal levels 0, 1, and 2 are described in Section 2.2.

Table 3
Parameter estimates and standard errors (SEs) from fitting model (1) to the
ordinal PS dataset, excluding the litter effect.a

Parameter Estimate Standard Error (SE)

Level 1 background response rate ( 1) 0.0320 0.0370

Level 2 background response rate ( 2) 0.0168 0.0180

Slope ( )b 4.59 1.11

log(BMD05) for level 1 ( 05,1) 5.17 0.217

log(BMD01) for level 2 ( 01,2) 5.23 0.250

a The model fit adequately according to chi-square goodness-of-fit test:
= 7.10

5
2 , p-value=0.213 (details in Appendix A). In addition, scatterplots of

cumulative incidence rates for levels 1 and 2, with the estimated curve over-
layed on each (Fig. 2ab), and residual plots of the estimated curves for the two
cumulative incidence rates (Fig. 2cd) indicate adequate model fit.

b The slope was statistically significantly greater than zero (t= 4.15; p-
value= 0.009). In addition, an F-test on the equality of the slopes yielded a
non-significant result (F1,4=2.86; p-value= 0.166).

T.D. Blessinger, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������

�



Fig. 2. Plots from ordinal PS analysis with litter effect excluded. The scatter plot of cumulative incidence rate with line plot of fitted cumulative probability curve
shown for level 1 (a) and level 2 (b), with the corresponding BMD estimate indicated by a solid square, and residual plots with zero line shown for level 1 (c) and level
2 (d).

Table 4
The estimates, SEs, and 90% and 95% confidence intervals of the BMDs from the normal-based and bootstrap analyses.

Parameter Analysis Estimate (mg/kg-d) SE (mg/kg-d) CI Typea Two-sided 90% CI (mg/kg-d) Two-sided 95% CI (mg/kg-d)

Level 1 BMD05 Normal-based 176 38.2b Unadj. (123, 251)c (115, 269)c

Bonf. (115, 269) (108, 286)
Bootstrap 215d 91.8d Unadj. (116, 425) (102, 477)

M&B (111, 428) (98, 478)
Bonf. (102, 477) (91, 480)

Level 2 BMD01 Normal-based 188 46.9b Unadj. (125, 283)c (115, 306)c

Bonf. (115, 306) (107, 329)
Bootstrap 234d 93.0d Unadj. (121, 449) (105, 478)

M&B (116, 459) (101, 479)
Bonf. (105, 478) (91, 481)

a “Unadj.”: CI is not adjusted for multiplicity; “M&B”: Mandel & Betensky multiplicity adjustment is applied; “Bonf.”: Bonferroni multiplicity adjustment applied;
the principal confidence intervals used are in boldface.

b The normal-based SEs were computed using the delta method.
c The normal-based confidence intervals are t-intervals.
d The bootstrap estimates and SEs were the means and standard deviations of the BMD estimates from the 10,000 bootstrap runs.
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corresponding normal-based BMD estimates because of skewness in the
distributions of the bootstrap BMD estimates. Also, the bootstrap
standard errors of the BMDs (Table 4, labeled “bootstrap”) were much
higher than their normal-based counterparts because intra-litter cor-
relation resulted in increased variability.

The histograms of the bootstrap distributions of the level 1 BMD05
and level 2 BMD01 (Fig. 3ab) exhibit significant right skewness, which is
common for simulated BMD distributions in our experience. In addi-
tion, the distributions are multimodal. Besides the large mode left of
center, they each have two additional, smaller modes near the high end.
For both distributions, approximately 16% of the BMDs were re-
presented in the two smaller peaks. It is not clear why the distributions
exhibit these two extra modes, but it is possible that the extra modes are
a result of the limitations of the dataset itself, in the context of the
bootstrap sampling, and are not a reflection of the true distribution of
the BMDs. The histograms of the bootstrap distributions of the log-
transformed level 1 BMD05 and level 2 BMD01 (Fig. 3cd) are slightly left
skewed, but much less skewed than the untransformed BMD distribu-
tions. Because the logarithm is an increasing function, the log-trans-
formed BMDs also exhibit two extra modes at the high end. The de-
partures of the untransformed BMD distributions from normality were
substantial, making non-normal-based confidence intervals such as the
Mandel-Betensky intervals particularly useful.

The Mandel & Betensky bootstrap intervals (Table 4, labeled “M&B”)
were considerably wider than their respective normal-based intervals,
especially at the high end, which reflects the increased variability due to
the random litter effect. The Bonferroni intervals were wider than the
unadjusted and Mandel & Betensky intervals, but overall the three sets of
intervals are similar for each BMD, for both the 90% and 95% cases. A
forest plot of the confidence intervals (Fig. 4) demonstrates this similarity
and the difference with the normal-based intervals.

For determining RfDs, the lower bounds of these intervals are often
used as the PODs; the lower bounds (BMDLs) are used to account for the
statistical error in the BMD estimate. The three bootstrap BMDLs in
Table 4 are reasonably similar for each BMD, with up to a 13% dif-
ference. Ultimately, the Mandel & Betensky intervals are only slightly
more conservative than the unadjusted intervals and provide reliable
lower bounds to use as PODs.

4.2.3. Sensitivity bootstrap analysis
The sensitivity bootstrap analysis with the litter effect disregarded

yielded level 1 BMD05 and level 2 BMD01 estimates of 204 and 220,
respectively, which were 5–6% lower than the corresponding estimates
in the original bootstrap analysis, and the SEs were 75.6 and 77.0, re-
spectively, which were 17–18% lower than in the original bootstrap
analysis. Although these statistics did not differ greatly across the two

Fig. 3. Histograms from bootstrap analysis of the PS. Shown are the histograms of the untransformed BMD05s for level 1 (a) and the untransformed BMD01s for level 2
(b), and of the log-transformed BMD05s for level 1 (c) and the log-transformed BMD01s for level 2 (d).
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analyses, they differed enough to demonstrate that the inclusion of the
litter effect was warranted.

The bootstrap analyses on the three permuted samples yielded BMD
estimates that were very close (0–1.5% lower) to those from the ori-
ginal analysis and SEs that were somewhat close but slightly more
discrepant (3–7% lower). These results demonstrate that the litter as-
signments in the originally observed dataset have a slight but noticeable
influence on the estimated BMD distribution, thus verifying the influ-
ence of the litter effect. Furthermore, the differences for the permuted
samples were smaller than for the analysis disregarding litter, thus
providing additional evidence that the inclusion of the litter effect was
warranted. A table of the results of the sensitivity bootstrap analyses
and related histograms are provided in Appendix D.

4.3. Comparison to dose-response modeling of dichotomous datasets

The incidence data for the two dichotomous analyses are presented in

Table 2 (“levels 1 & 2” for “any PS” and “level 2” for “severe PS”). Unlike
the ordinal analysis, for which the BMD estimates were similar between
the two severity levels, the BMD estimates from the two dichotomous PS
analyses differed considerably. The “severe PS” BMD01 estimate was
approximately 2.7 times higher than the “any PS” BMD05 estimate, and
the “severe PS” BMDL01 was approximately 2.3 higher than the “any PS”
BMDL05 (Table 5). In comparison, the bootstrap estimates of the level 1
BMD05 and level 2 BMD01 (215 and 234mg/kg-day, respectively) were
in the middle of the range from the “any PS” BMD to the “severe PS”
BMD. Similarly, the Mandel-Betensky-adjusted 95% level 1 and level 2
BMDLs (98 and 101mg/kg-day, respectively) were in the middle of the
range from the “any PS” BMDL to the “severe PS” BMDL, although
slightly closer to the “any PS” BMDL.

In addition, a number of PS endpoints listed in Table 1 were noted
by Yost et al. (2019) to exhibit a significant dose-related trend. Several
of these endpoints were modeled individually as dichotomous end-
points (Table 6), using the procedure described in Section 3. The BMR
used for each endpoint was consistent with the level assignments in
Table 1, and the BMDL was calculated with one-sided 95% coverage.

The BMDs of these endpoints ranged from 112 to 480mg/kg-day, and
the BMDLs ranged from 60 to 266mg/kg-day. These wide ranges reflect the
high variability that often arises when modeling multiple endpoints. One of
the more biologically relevant endpoints, azoospermia/oligospermia, had
one of the lowest BMDs, 117mg/kg-day, and the lowest BMDL, 60mg/kg-
day, results which are very similar to those from the “any PS” dichotomous
approach. In comparison, the bootstrap estimates of the level 1 BMD05 and
level 2 BMD01 (215 and 234mg/kg-day) and the corresponding Mandel-
Betensky-adjusted 95% BMDLs (98 and 101mg/kg-day) were in the middle
of the range outlined by the individual endpoint results.

Fig. 4. Forest plots of BMD estimates and confidence intervals for level 1 for the normal-based and bootstrap analyses. Shown are the level 1 BMD05 90% (a) and 95%
(b) confidence intervals and the level 2 BMD01 with 90% (c) and 95% (d) confidence intervals, with estimates denoted by blue diamonds. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
Results from dichotomous dose-response analyses for estimating the “any PS”
BMD05 and “severe PS” BMD01, with one-sided 95% BMDLs.

Dichotomous Analysisa BMR BMD (mg/kg-
day)

One-sided 95% BMDLa (mg/
kg-day)

Any PS 5% ER 125 77
Severe PS 1% ER 344 180

a The “any PS” and “severe PS” analyses are described in Section 2.2.
b The one-sided 95% BMDL corresponds to the lower bound of a two-sided

90% confidence interval; BMDS does not provide the BMDUs for nested di-
chotomous models, so these are not listed.
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5. Discussion

The ordinal dose-response analysis of PS presented here improves
upon the dichotomous analyses because it incorporates severity of ef-
fect, and it is a relatively simple extension of the dichotomous analysis.
The strengths of the ordinal analysis method are that it provides BMD
estimates that are closer to each other in value and have lower varia-
bility than the separate dichotomous analyses of the individual PS
endpoints. The dichotomous analyses exaggerate variability by not in-
corporating modeling artifacts due to sparsity of data, especially with
regard to the low litter sizes. By contrast, the ordinal PS dataset yielded
less variable results because it had higher incidence rates among the
middle dose groups and also because the equal slopes in the ordinal
analysis draws the level 1 and level 2 curves, and thus the BMD esti-
mates and BMDLs, closer together. This ordinal approach is flexible, as
more than two severity levels can be included in other analyses, and it
could be applied to dose response assessment of other phthalates and
antiandrogens with common effects that may vary in co-occurrence.
Therefore, the ordinal approach can be expanded to be broadly ap-
plicable to dose-response modeling of any set or syndromes of effects. In
addition, the confidence intervals for the BMDs provide simultaneous
coverage across the levels, so they can be used in a “post hoc” manner.
In other words, either confidence interval, for level 1 BMD05 or level 2
BMD01, can be used in subsequent risk assessment even though the data
have already been collected and dose-response analysis conducted, and
the probabilistic coverage of the interval will not be compromised.

The modeling approach had some limitations, including the lack of
consideration of all the continuously measured PS endpoints measured
in the Saillenfait et al. (2008) study and the relationships among the PS
endpoints. Preliminary investigation of the DIBP data considered here
indicated that some endpoints tended to co-occur, for example, for
azoospermia, oligospermia, granulomatous inflammation, and inter-
stitial mononuclear cells (data not shown). Only one animal had
granulomatous inflammation without also having azoospermia or oli-
gospermia, and no animal had interstitial mononuclear cells without
also having the other three. This is not surprising because these four
endpoints are mechanistically related. Additionally, the analysis ex-
cluded several biologically relevant continuous endpoints such as an-
ogenital distance and reproductive organ weights. In the future,
methods for including continuous endpoints in the analysis can be
utilized, either by dichotomizing the continuous endpoints using bio-
logically relevant cutoffs, or by doing a multivariate analysis of all PS
endpoints that includes the actual observed continuous values. These
types of analyses have been explored previously for cerrtain cases (e.g.,
Catalano et al., 1994; Regan and Catalano, 1999).

The dataset that was analyzed in this study had some strengths and
limitations. The Saillenfait et al. (2008) study strengths for modeling
included the assessment of numerous male reproductive developmental

endpoints, had ~20 dams/dose group, and had available individual
animal data, including histopathological examination of the testis and
epididymis. The fact that this prenatal exposure toxicity study collected
data on a large number of PS endpoints, allowed the model to integrate
information on a wide array of male reproductive endpoints. However,
the study did not include a direct measure of fertility in the animals, so
the categorization had to rely on established associations between male
reproductive endpoints, including histopathological endpoints, and
male fertility. Also, the small number of animals (two) per litter allowed
a very limited estimation of the random variation within litters. The
long-established practice of culling of litters to 8–10 offspring on Day 4
resulted in the loss of valuable information. Although this practice was
first implemented to reduce the influence of variable litter sizes on
related outcomes, statistical methods have advanced sufficiently that
re-evaluation of this practice is encouraged. Data on entire litters are
essential for investigating complex outcomes such as those addressed
here and as shown in other studies (for example, Blystone et al., 2010).

The ordinal analysis of PS conducted here was possible because of the
availability of the incidence data for PS endpoints for individual animals,
thus allowing the assignment of animals to ordinal levels. In addition, the
Saillenfait et al. (2008) study data and methods were well-documented
and thoroughly described. Unfortunately, many publications in the peer-
reviewed literature do not provide individual animal data or this level of
methodological detail. As a result, obtaining individual animal data re-
quires contacting authors and relies on the willingness of authors to
collaborate with other scientists, including allowing for additional data
analyses. Integrated analysis of multiple endpoints is a growing need in
toxicology, and having the data available on an individual animal level is
necessary to do many types of these analyses such as multivariate ana-
lysis of endpoints. It would be beneficial if journals and scientists publish
and share their individual animal data.

Future refinements of the dose-response approach for the PS include
(1) further delineation of severity levels; (2) consideration of patterns of
responses among the PS endpoints; and (3) inclusion of continuous
endpoints using a multivariate analysis approach. As an example of
further refinement of severity levels using the Saillenfait et al. (2008)
data, level 1 can be split into two levels according to whether a PS
endpoint has either (1) no or (2) some more moderate expected asso-
ciation with impacts on fertility. As an example of patterns of responses,
analysis of the PS endpoints that co-occur or occur at the lowest doses
could be informative for dose response modeling. Understanding the
temporal patterns of expression over the course of development and
into adulthood could inform precursors to severe effects. In a multi-
variate approach, both dichotomous and continuous PS outcomes (e.g.,
anogenital distance, reduced fetal testicular testosterone levels) could
be modeled to evaluate the interaction of effects among all of the PS
endpoints, as well as the degree of contribution of the individual effects
to the PS dose response curve.

The Phthalates and Cumulative Risk Assessment report (NRC, 2008)
recommended performing a cumulative assessment that included
phthalates as well as antiandrogens based on shared male reproductive
endpoints. Using data from one phthalate (DIBP), the analysis presented
here addresses the required first step in this process – the development
of a dose-response approach for the PS endpoints that commonly occur
after gestational phthalate or antiandrogen exposure. Once PS modeling
is performed within individual phthalate noncancer risk assessments,
the next step is to further refine the methodology and develop data to
enable performing a cumulative phthalate noncancer risk assessment.

In conclusion, the ordinal dose-response modeling analysis offers an
alternative to dichotomous analysis of the PS in which multiple levels of
endpoint severity can be incorporated and modeled at different re-
sponse levels, all in a single analysis. The analysis demonstrated in this
investigation included two levels of endpoint severity, but the ordinal
analysis is sufficiently flexible so that more levels can be included.
Furthermore, the analysis of male reproductive effects as a syndrome
leads to more stable BMD estimates.

Table 6
BMD model results from dichotomous analysis of selected PS endpoints.

PS Endpoint BMR BMD (mg/kg-
day)

BMDL (mg/kg-
day)

Hypospadias 1% ER 401 242
Undescended testes 1% ER 342 194
Exposed os penis 1% ER 361 112
Areola or nipple retention 5% ER 317 205
Azoospermia or grade 2–5

oligospermiaa
5% ER 117 60

Tubular degenerationb 5% ER 480 266
Sloughed cells 5% ER 112 67

a An animal was designated as having “azoospermia or grade 2–5 oligos-
permia” if either epididymis had either azoospermia or grade 2–5 oligospermia
(or both).

b “Tubular degeneration” consisted of tubular degeneration-atrophy/hypo-
plasia, tubular vacuolation, and loss of seminiferous tubules, all at grades 2–5.
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Appendix A:. Log-logistic model

For the dichotomous case, the most common form of the log-logistic model used in toxicology is

= = +

+ +

Y x
x

P[ 1| ]
1

1 exp[ ( log )]

where is the intercept, is the slope, and is the background response rate. For example, this is the model form used in U.S. EPA’s Benchmark Dose
Software (BMDS). For the ordinal case, this equation would be written

= +

+ +

Y j x
x

P[ | ]
1

1 exp[ ( log )]
,

j

j

j (A1)

where j and j are the intercept and background response rate for ordinal level j and is the slope. Using this model form, estimating the BMD
requires expressing the BMD as a function of j and . However, the model can be reparameterized so that the BMD is an explicit parameter in the
model using the definition of the BMR, denoted :

=
Y j x Y j

Y j

P[ | ] P[ |0]

1 P[ |0]
.

The BMD associated with this BMR, denoted BMD , is related to the slope and intercept by the equation

= +logBMD
1
[ log( /(1 ))].j

Solving this equation for and substituting it into (A.1) yields Eq. (1), with j, substituted for logBMD . The BMD is log-transformed in the
equation to improve the normal approximation of its estimate.

The model defined in Eq. (1) was fit to the ordinal PS data using = 0.01, and the fit statistics were used to estimate the BMDs of interest, the
level 1 BMD05, 05,1, and the level 2 BMD01, 01,2. The second of these, 01,2, was a parameter in the model that was fit, so its estimate and standard
error (SE) were automatically output from the model run. 05,1 was estimated using its relationship to 01,1, described as follows. For each x , the value
in the right-hand side of Eq. (1) must be the same across values of , which after simplification implies that the inside of the exponent term in (1)
must be the same across . Applying this principle to = 0.01 and 0.05 yields

+ = +x xlog(0.05/0.95) ( log ) log(0.01/0.99) ( log ).05,1 01,1

Solving this equation for 05,1 yields Eq. (2). The estimate and SE of 01,1 are listed in the Additional Estimates table of SAS Output A2, under the
label “theta_int.”

SAS did not automatically compute the goodness-of-fit chi-square test statistic in SAS Proc NLMIXED, so additional code was written to do this
computation. The formula used for the test statistic was

=

= =

O E

E

( )
,

i j

ij ij

ij
5
2

1

5

0

2 2

where Oij and Eij are the observed and expected incidence frequencies of ordinal level j in the ith dose group. Here, =E n jPr ( )ij i i , where ni is the
number of animals in the ith dose group and jPr ( )i is the probability that an animal in the ith dose group has ordinal level j. The degrees of freedom for
this test were calculated using the formula = ×r c kdf ( 1) , where =r 5 is the number of dose groups, =c 3 is the number of levels of the ordinal
response variable, and =k 5 is the number of parameters that are estimated in the model. This procedure is described in Agresti (2010; see Chapter 3).

Appendix B:. Description of bootstrap method and Mandel-Betensky intervals

A large number of bootstrap datasets were randomly selected using the following procedure. For dose xi, suppose there are Ji litters exposed to
that dose, and let Yjk denote the PS incidence of the kth animal in the jth litter for = =j J k1, , ; 1, 2i . That is, for =k 1, 2, Yjk =1 if the kth animal
in litter has PS, and Yjk =0 otherwise. Select bootstrap samples as follows:

1. Randomly select a sample of size Ji with replacement from the set of litters exposed to dose xi, and denote this litter jm for =m J1, , i. Let
=Y Y Y( , )jm jm jm1, 2, denote the vector of PS incidence in that litter. Note that because the sampling is with replacement, some litters may be

selected multiple times, while others may not be selected at all.
2. From each litter j

m
selected in step 1, randomly select 2 observations from Y jm, denoted =V V V( , )jm jm jm1, 2, . Note that because the sampling is

with replacement, the same observation may be selected twice.
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This procedure results in the sample of PS observations =V m J{ : 1, , }jm i for dose xi. When collected across all doses, these samples collectively
constitute a dataset of the same nature and size as the original sample of PS observations with litter effect ignored. The dose-response model
described in Section 3 was applied to each bootstrap sample and estimates of the level 1 BMD05 and level BMD01 were obtained. The collection of
these estimates across all bootstrap sasmples constituted an estimated distribution of the BMDs.

Simultaneous confidence intervals for the level 1 BMD05 and level 2 BMD01 using an adjusted percentile bootstrap interval developed by Mandel
and Betensky (2008). Here, the lower and upper interval bounds for each BMD were the percentiles of its respective bootstrap-derived BMD
distribution, where the rank of each bootstrap sample was redefined based on the coordinate whose rank was most discrepant from its respective
median. More explicitly, the sample ranks were redefined as follows:

1. For the bth bootstrap sample and =j 1, 2, let r b j( , )=the rank of the jth BMD coordinate taken across all samples, and define the relative rank
= +r b j r b j B( , ) | ( , ) ( 1)/2| and sign of the relative rank = +s b j r b j B( , ) sign[ ( , ) ( 1)/2], where =xsign( ) 1 if x 0 and 1 if <x 0.

2. The final rank of the bth bootstrap sample was based on the redefined ranks across the BMD coordinates associated with that sample’s estimate.
That is, its rank was defined as = + +r b B s b j r b j( ) ( 1)/2 ( , ) max ( , )j , where the maximum in this expression is taken across the BMD co-
ordinates in the bth sample.

Appendix C:. Analysis results of assessing influence of histopathology endpoints on ordinal PS levels

Fourteen (14) animals out of a total of 114 (12%) had their PS levels increase because of the presence of histopathology endpoints; 11, 2, and 1
animals had levels that increased from 0 to 1, 0 to 2, and 1 to 2, respectively (see Table C1).

Appendix D:. Results of sensitivity bootstrap analysis

See Table D1 and Fig. D1.

Table C1
Animals sacrificed at PNW 11–12 whose PS level increased due to the presence of histopathology endpoints, including their scores with histopathology excluded
and included.

Dose Litter Animal Level w/o histopath Level w/ histopath

125 26 3 0 2
125 27 1 0 1
250 41 1 0 1
250 44 1 0 1
250 48 4 0 1
250 51 3 0 1
250 52 1 0 1
250 52 3 0 1
500 64 3 0 1
500 73 1 0 1
500 74 1 0 1
500 74 3 0 2
625 82 7 1 2
625 93 1 0 1

Table D1
The estimates, SEs, and 90% and 95% Mandel & Betensky confidence intervals of the BMDs from the original and sensitivity bootstrap analyses.

Parameter Bootstrap Analysis Estimate SE 90% CI 95% CI

Level 1 BMD05 No litter effect 203.6 75.62 (117.5, 393.8) (104.7, 411.0)
With litter effect: original sample 214.8 91.81 (111.3, 428.3) (98.40, 478.2)
With litter effect: permuted sample 1 213.8 89.47 (108.7, 417.4) (96.29, 474.8)
With litter effect: permuted sample 2 211.9 85.69 (111.9, 410.4) (97.22, 471.3)
With litter effect: permuted sample 3 214.3 89.30 (112.7, 430.5) (97.57, 478.0)

Level 2 BMD01 No litter effect 219.8 77.00 (121.0, 402.9) (105.1, 425.4)
With litter effect: original sample 233.6 93.01 (116.1, 459.2) (100.6, 479.2)
With litter effect: permuted sample 1 232.8 92.8 (111.7, 435.5) (94.18, 476.1)
With litter effect: permuted sample 2 230.4 88.52 (113.9, 427.6) (95.88, 472.8)
With litter effect: permuted sample 3 234.0 91.24 (115.3, 459.4) (97.42, 477.7)
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Appendix E:. SAS output for ordinal analysis of PS dataset

SAS Output E1: Pertinent sections of the output from the ordinal analysis of the PS dataset in SAS Proc NLMIXED with the slopes allowed to differ
across ordinal levels. The results from testing the equality of the slopes are listed in the Contrasts table.

Parameter Estimates

Parameter Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper

gam2 0.02636 0.01973 4 1.34 0.2525 0.05 −0.02843 0.08115
g1 0 . 4 . . 0.05 . .
th2 5.6835 0.2525 4 22.51 < 0.0001 0.05 4.9824 6.3845
thd 1.0586 0.3321 4 3.19 0.0333 0.05 0.1365 1.9807
bt1 3.8990 0.7384 4 5.28 0.0062 0.05 1.8488 5.9492
bt2 7.7482 3.0030 4 2.58 0.0613 0.05 −0.5895 16.0859

Contrasts
Label Num DF Den DF F Value Pr > F
equal slopes 1 4 2.86 0.1662

Fig. D1. Histograms from bootstrap analysis of the PS with the litter effect excluded. Shown are the histograms of the untransformed BMD05s for level 1 (a) and the
untransformed BMD01s for level 2 (b), and of the log-transformed BMD05s for level 1 (c) and the log-transformed BMD01s for level 2 (d).

T.D. Blessinger, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������

��



Additional Estimates

Label Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper

gamma1 0.02636 0.01973 4 1.34 0.2525 0.05 −0.02843 0.08115
gamma2 0.02636 0.01973 4 1.34 0.2525 0.05 −0.02843 0.08115
beta1 3.8990 0.7384 4 5.28 0.0062 0.05 1.8488 5.9492
beta2 7.7482 3.0030 4 2.58 0.0613 0.05 −0.5895 16.0859
theta1 5.0482 0.1694 4 29.79 < 0.0001 0.05 4.5778 5.5187
theta2 5.6835 0.2525 4 22.51 < 0.0001 0.05 4.9824 6.3845
log(beta1) 1.3607 0.1894 4 7.18 0.0020 0.05 0.8349 1.8865
log(beta2) 2.0475 0.3876 4 5.28 0.0062 0.05 0.9714 3.1235

SAS Output E2: Pertinent sections of the output from the ordinal analysis of the PS dataset in SAS Proc NLMIXED with the slopes assumed to be equal
across ordinal levels. The estimates and SEs of the BMDs and other parameters of interest are listed in the Additional Estimates table.

Parameter Estimates

Parameter Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper

gam2 0.01675 0.01796 5 0.93 0.3937 0.05 −0.02941 0.06290
g1 0.01526 0.02998 5 0.51 0.6324 0.05 −0.06181 0.09233
th2 5.2359 0.2495 5 20.99 < 0.0001 0.05 4.5946 5.8773
thd 0.4277 0.1016 5 4.21 0.0084 0.05 0.1664 0.6889
bt 4.5913 1.1067 5 4.15 0.0089 0.05 1.7466 7.4361

Additional Estimates

Label Estimate Standard Error DF t Value Pr > |t| Alpha Lower Upper

gamma1 0.03201 0.03700 5 0.87 0.4265 0.05 −0.06309 0.1271
gamma2 0.01675 0.01796 5 0.93 0.3937 0.05 −0.02941 0.06290
beta 4.5913 1.1067 5 4.15 0.0089 0.05 1.7466 7.4361
theta1 5.1678 0.2174 5 23.77 <0.0001 0.05 4.6090 5.7267
theta2 5.2359 0.2495 5 20.99 <0.0001 0.05 4.5946 5.8773
theta_int 4.8083 0.2993 5 16.07 <0.0001 0.05 4.0390 5.5776
L1 BMD05 175.53 38.1603 5 4.60 0.0058 0.05 77.4359 273.62
L2 BMD01 187.91 46.8806 5 4.01 0.0102 0.05 67.3950 308.42

References

Agresti, A., 2010. Analysis of Ordinal Categorical Data, second ed. Wiley.
Allen, B.C., Kavlock, R.J., Kimmel, C.A., Faustman, E.M., 1994. Dose-response assessment

for developmental toxicity. III. Statistical models. Fundam. Appl. Toxicol. 23 (4),
496–509. https://doi.org/10.1006/faat.1994.1134.

Blystone, C.R., Kissling, G.E., Bishop, J.B., Chapin, R.E., Wolfe, G.W., Foster, P.M., 2010.
Determination of the di-(2-ethylhexyl) phthalate NOAEL for reproductive develop-
ment in the rat: importance of the retention of extra animals to adulthood. Toxicol.
Sci. 116 (2), 640–646. https://doi.org/10.1093/toxsci/kfq147.

Boekelheide, K., Kleymenova, E., Liu, K., Swanson, C., Gaido, K.W., 2009. Dose-depen-
dent effects on cell proliferation, seminiferous tubules, and male germ cells in the
fetal rat testis following exposure to di(n-butyl) phthalate. Microsc. Res. Tech. 72 (8),
629–638. https://doi.org/10.1002/jemt.20684.

Catalano, P., Ryan, L., Scharfstein, D., 1994. Modeling fetal death and malformation in
developmental toxicity studies. Risk Anal. 14 (4), 629–637. https://doi.org/10.1111/
j.1539-6924.1994.tb00276.x.

Chen, C.C., Chen, J.J., 2014. Benchmark dose calculation for ordered categorical re-
sponses. Risk Anal. 34 (8), 1435–1447. https://doi.org/10.1111/risa.12167.

Dataset, 2019. Data and output for Ordinal Dose-Response Modeling Approach for the
Phthalate Syndrome 508. https://doi.org/10.23719/1503702.

Efron, B., Tibshirani, R.J., 1994. An Introduction to the Bootstrap. Chapman & Hall.
Fisher, J.S., Macpherson, S., Marchetti, N., Sharpe, R.M., 2003. Human 'testicular dys-

genesis syndrome': a possible model using in-utero exposure of the rat to dibutyl
phthalate. Hum. Reprod. 18 (7), 1383–1394. https://doi.org/10.1093/humrep/
deg273.

Foster, P.M., 2006. Disruption of reproductive development in male rat offspring fol-
lowing in utero exposure to phthalate esters. Int. J. Androl. 29 (1), 140–147. https://
doi.org/10.1111/j.1365-2605.2005.00563.x.

Foster, P.M.D., Mylchreest, E., Gaido, K.W., Sar, M., 2001. Effects of phthalate esters on
the developing reproductive tract of male rats. Hum. Reprod. Update 7 (3), 231–235.
https://doi.org/10.1111/j.1600-0463.2001.tb05776.x.

Gray Jr, L.E., Barlow, N.J., Howdeshell, K.L., Ostby, J.S., Furr, J.R., Gray, C.L., 2009.
Transgenerational effects of Di (2-ethylhexyl) phthalate in the male CRL:CD(SD) rat:
added value of assessing multiple offspring per litter. Toxicol. Sci. 110 (2), 411–425.
https://doi.org/10.1093/toxsci/kfp109.

Howdeshell, K.L., Hotchkiss, A.K., Gray Jr, L.E., 2017. Cumulative effects of anti-
androgenic chemical mixtures and their relevance to human health risk assessment.

Int. J. Hyg. Environ. Health. 220 (2 Pt A), 179–188. https://doi.org/10.1016/j.ijheh.
2016.11.007.

Koch, H.M., Rüther, M., Schütze, A., Conrad, A., Pälmke, C., Apel, P., Brüning, T.,
Kolossa-Gehring, M., 2017. Phthalate metabolites in 24-h urine samples of the
German Environmental Specimen Bank (ESB) from 1988 to 2015 and a comparison
with US NHANES data from 1999 to 2012. Int. J. Hyg. Environ. Health. 220 (2 Pt A),
130–141. https://doi.org/10.1016/j.ijheh.2016.11.003.

Krewski, D., Chambers, A., Birkett, N., 2010. The use of categorical regression in mod-
eling copper exposure-response relationships. J. Toxicol. Environ. Health A 73,
187–207. https://doi.org/10.1080/15287390903340781.

Kupper, L.L., Portier, C., Hogan, M.D., Yamamoto, E., 1986. The impact of litter effects on
dose-response modeling in teratology. Biometrics 42 (1), 85–98. https://doi.org/10.
2307/2531245.

Lanning, L.L., Creasy, D.M., Chapin, R.E., Mann, P.C., Barlow, N.J., Regan, K.S.,
Goodman, D.G., 2002. Recommended approaches for the evaluation of testicular and
epididymal toxicity. Toxicol. Pathol. 30 (4), 507–520. https://doi.org/10.1080/
01926230290105695.

Lioy, P.J., Hauser, R., Gennings, C., Koch, H.M., Mirkes, P.E., Schwetz, B.A., Kortenkamp,
A., 2015. Assessment of phthalates/phthalate alternatives in children's toys and
childcare articles: Review of the report including conclusions and recommendation of
the Chronic Hazard Advisory Panel of the Consumer Product Safety Commission. J.
Expo. Sci. Environ. Epidemiol. 25 (4), 343–353.

Makris, S.L., Euling, S.Y., Gray Jr, L.E., Benson, R., Foster, P., 2013. Use of genomic data
in risk assessment case study: I. Evaluation of the dibutyl phthalate male reproductive
development toxicity data set. Toxicol. Appl. Pharmacol. 271 (3), 336–348. https://
doi.org/10.1016/j.taap.2010.09.006.

Mandel, M., Betensky, R.A., 2008. Simultaneous confidence intervals based on the per-
centile bootstrap approach. Comput. Stat. Data An. 52 (4), 2158–2165. https://doi.
org/10.1016/j.csda.2007.07.005.

National Research Council (NRC), 2008. Phthalates and Cumulative Risk Assessment: The
Tasks Ahead. Committee on the Health Risks of Phthalates, Board on Environmental
Studies and Toxicology, Division on Earth and Life Sciences. The National Academies
Press, Washington, DC https://doi.org/10.17226/12528.

Regan, M.M., Catalano, P.J., 1999. Likelihood models for clustered binary and continuous
outcomes: application to developmental toxicology. Biometrics 55 (3), 760–768.
https://doi.org/10.1111/j.0006-341X.1999.00760.x.

Saillenfait, A.M., Sabaté, J.P., Gallissot, F., 2008. Diisobutyl phthalate impairs the an-
drogen-dependent reproductive development of the male rat. Reprod. Toxicol. 26 (2),
107–115. https://doi.org/10.1016/j.reprotox.2008.07.006.

T.D. Blessinger, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������

��



U.S. Consumer Product Safety Commission (CPSC), 2014. Chronic Hazard Advisory Panel
(CHAP) Report on Phthalates and Phthalate Alternatives. 20814. Available online at:
https://www.cpsc.gov/s3fs-public/CHAP-REPORT-FINAL%20(1).pdf. Directorate for
Health Sciences, Bethesda, MD.

U.S. Environmental Protection Agency (EPA), 2002. A review of the reference dose and
reference concentration processes (pp. 1–192). (EPA/630/P-02/002F). Washington,
DC: U.S. Environmental Protection Agency, Risk Assessment Forum. Available online
at: https://www.epa.gov/sites/production/files/2014-12/documents/rfd-final.pdf.

U.S. EPA, 2012. Benchmark Dose Technical Guidance (EPA/100/R-12/001). Washington,
DC: U.S. Environmental Protection Agency, Risk Assessment Forum. Available online
at: https://www.epa.gov/sites/production/files/2015-01/documents/benchmark_
dose_guidance.pdf.

U.S. EPA, 2014. Toxic Substances Control Act (TSCA) Work Plan for Chemical
Assessments: 2014 Update. Office of Pollution Prevention and Toxics, October 2014.
Available at: https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/
tsca-work-plan-chemical-assessments-2014-update.

U.S. EPA, 2015. Phthalate Action Plan. Available online at: https://www.epa.gov/sites/
production/files/2015-09/documents/phthalates_actionplan_revised_2012-03-14.
pdf.

U.S. EPA, 2016. BMDS 2.7 User Manual. Available at: https://www.epa.gov/bmds/
benchmark-dose-software-bmds-version-27-materials.

van den Driesche, S., McKinnell, C., Calarrão, A., Kennedy, L., Hutchison, G.R.,
Hrabalkova, L., Jobling, M.S., Macpherson, S., Anderson, R.A., Sharpe, R.M.,

Mitchell, R.T., 2015. Comparative effects of di(n-butyl) phthalate exposure on fetal
germ cell development in the rat and in human fetal testis xenografts. Environ. Health
Perspect. 123 (3), 223–230. https://doi.org/10.1289/ehp.1408248.

van der Leeden, R., Meijer, E., 2007. Busing FMTA. Resampling Multilevel Models. Ch. 11
of Handbook of Multilevel Analysis. Springer https://doi.org/10.1007/978-0-387-
73186-5_11.

Wittassek, M., Angerer, J., Kolossa-Gehring, M., Schäfer, S.D., Klockenbusch, W., Dobler,
L., Günsel, A.K., Müller, A., Wiesmüller, G.A., 2009. Fetal exposure to phthalates–a
pilot study. Int. J. Hyg. Environ. Health. 212 (5), 492–498. https://doi.org/10.1016/
j.ijheh.2009.04.001.

Ye, X., Pierik, F.H., Hauser, R., Duty, S., Angerer, J., Park, M.M., Burdorf, A., Hofman, A.,
Jaddoe, V.W., Mackenbach, J.P., Steegers, E.A., Tiemeier, H., Longnecker, M.P.,
2008. Urinary metabolite concentrations of organophosphorous pesticides, bisphenol
A, and phthalates among pregnant women in Rotterdam, the Netherlands: the
Generation R study. Environ. Res. 108 (2), 260–267. https://doi.org/10.1016/j.
envres.2008.07.014.

Yost, E.E., Euling, S.Y., Weaver, J.A., Beverly, B.E.J., Keshava, N., Mudipalli, A., Arzuaga,
X., Blessinger, T., Dishaw, L., Hotchkiss, A., Makris, S.L., 2019. Hazards of diisobutyl
phthalate (DIBP) exposure: a systematic review of animal toxicology studies. Environ.
Int. 125, 579–594. https://doi.org/10.1016/j.envint.2018.09.038.

Zota, A.R., Calafat, A.M., Woodruff, T.J., 2014. Temporal trends in phthalate exposures:
findings from the National Health and Nutrition Examination Survey, 2001–2010.
Environ. Health Perspect. 122 (3), 235–241. https://doi.org/10.1289/ehp.1306681.

T.D. Blessinger, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������

��



Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint

Development of outcome-specific criteria for study evaluation in systematic
reviews of epidemiology studies

Elizabeth G. Radkea,⁎, Barbara Glenna, Audrey Galiziaa, Amanda Persada, Rebecca Nachmana,
Thomas Batesona, J. Michael Wrighta, Ana Navas-Acienb, Whitney D. Arroyavec, Robin C. Puettd,
Emily W. Harvillee, Anna Z. Pollackf, Jane S. Burnsg, Courtney D. Lynchh, Sharon K. Sagivi,
Cheryl Steinj, Glinda S. Coopera,k

aU.S. Environmental Protection Agency, National Center for Environmental Assessment, United States
bDepartment of Environmental Health Sciences, Columbia University Mailman School of Public Health, United States
c Integrated Laboratory Systems, United States
dDepartment of Epidemiology and Biostatistics, University of Maryland School of Public Health, United States
e Department of Epidemiology, Tulane University School of Public Health and Tropical Medicine, United States
fDepartment of Global and Community Health, College of Health and Human Services, George Mason University, United States
g Department of Environmental Health, Harvard T. H. Chan School of Public Health, United States
hDepartment of Obstetrics and Gynecology, The Ohio State University College of Medicine, United States
iDivision of Epidemiology, University of California Berkeley, United States
jDepartment of Child and Adolescent Psychiatry, Hassenfeld Children's Hospital at NYU Langone, United States
k The Innocence Project, United States

A R T I C L E I N F O

Handling Editor: Adrian Covaci

A B S T R A C T

Introduction and objective: Systematic review tools that provide guidance on evaluating epidemiology studies are
receiving increasing attention and support because their application facilitates improved quality of the review,
consistency across reviewers, and transparency for readers. The U.S. Environmental Protection Agency's
Integrated Risk Information System (IRIS) Program has developed an approach for systematic review of evidence
of health effects from chemical exposures that includes structured approaches for literature search and
screening, study evaluation, data extraction, and evidence synthesis and integration. This approach recognizes
the need for developing outcome-specific criteria for study evaluation. Because studies are assessed at the
outcome level, a study could be considered high quality for one investigated outcome, and low quality for
another, due to differences in the outcome measures, analytic strategies, how relevant a certain bias is to the
outcome, and how the exposure measure relates to the outcome. The objective of this paper is to illustrate the
need for outcome-specific criteria in study evaluation or risk of bias evaluation, describe the process we used to
develop the criteria, and summarize the resulting criteria.
Methods: We used a process of expert consultation to develop several sets of outcome-specific criteria to guide
study reviewers, improve consistency, and ensure consideration of critical issues specific to the outcomes. The
criteria were developed using the following domains: outcome assessment, exposure measurement (specifically
timing of exposure in relation to outcome; other exposure measurement issues would be addressed in exposure-
specific criteria), participant selection, confounding, analysis, and sensitivity (the study's ability to detect a true
effect or hazard).
Results: We discuss the application of this process to pregnancy-related outcomes (preterm birth, spontaneous
abortion), other reproductive-related outcomes (male reproductive hormones, sperm parameters, time to
pregnancy, pubertal development), chronic disease (diabetes, insulin resistance), and acute or episodic condi-
tions (asthma, allergies), and provide examples of the criteria developed. For each outcome the most influential
methodological considerations are highlighted including biological sample collection and quality control, sen-
sitivity and specificity of ascertainment tools, optimal timing for recruitment into the study (e.g., preconception,
specific trimesters), the etiologically relevant window for exposure assessments, and important potential con-
founders.
Conclusions: Outcome-specific criteria are an important part of a systematic review and will facilitate study
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evaluations by epidemiologists with experience in evaluating studies using systematic review methods who may
not have extensive discipline-specific experience in the outcomes being reviewed.

1. Introduction

Application of systematic review methodology to environmental
exposures in epidemiologic research is a developing field, with multiple
tools (or adaptations of existing tools) addressing some aspect of study
quality published in the last several years (Rooney et al., 2016), in-
cluding Navigation Guide (Woodruff and Sutton, 2014), National Tox-
icology Program Office of Health Assessment and Translation (NTP,
2015a), European Food Safety Authority (EFSA, 2017), Biomonitoring,
Environmental Epidemiology, and Short-Lived Chemicals instrument
(Lakind et al., 2015), and the U.S. Environmental Protection Agency's
Toxic Substances Control Act evaluations (U.S. EPA, 2018a). Though
the specific purpose of these tools differs, they all provide guidance on
how to evaluate potential bias in epidemiological studies of environ-
mental and occupational exposures. Use of systematic review tools is
intended to improve consistency across reviewers and allow them to
interpret and synthesize results in the context of the reliability and
validity of each study.

Regardless of the study evaluation tool being used, there is an ad-
ditional need for evaluations to be exposure- and outcome-specific. A
study could be considered high quality for one investigated outcome,
and low quality for another, due to, for example, differences in outcome
prevalence, measurement error, analytic strategies, study design, and
how the timing of exposure assessment relates to the outcome defini-
tion. The identification of limitations specific to a particular outcome
enhances the ability of the study evaluation tool to transparently
document potential selection bias, information bias, and confounding
that could distort effect estimates to varying degrees. For example,
blinding of outcome assessors may be irrelevant for mortality but cri-
tical for assessing a subjective outcome like some motor function tests
(Guyatt et al., 2011). Similarly, a study in which exposure is measured

concurrent with the presence of a condition may be evaluated as in-
appropriate for investigating some outcomes, such as diabetes or
cancer, when the exposure cannot reflect the relevant etiologic ex-
posure window in earlier years. However, the same study may be ac-
ceptable when the exposure is expected to result in short-term effects,
such as insulin resistance among non-diabetics. Also, within a single
study, reliability of outcome ascertainment may be age-dependent (e.g.,
asthma in children less than five years may not be reliably ascertained);
thus, an outcome could be considered adequate in one age group and
critically deficient in another. This type of consideration is not included
in tools such as those listed above, because they appropriately are fo-
cused on issues that apply regardless of the specific exposure and out-
come being reviewed. Thus, there is a need for an additional step in the
study evaluation process: the development of specific criteria to sup-
plement the higher-level tool.

In the guidance for the Cochrane Collaboration's Risk of Bias for
Non-randomized Studies of Interventions (ROBINS-I) tool, Sterne et al.
(2016) emphasize the necessity for both methodological and content
expertise. During the planning stages prior to implementing study
evaluations, potential issues specific to the methods and content of the
studies need to be identified. These go beyond the level of detail that
would be included in a well-defined PECO statement that includes ex-
plicit descriptions of outcomes to facilitate identification of relevant
studies. Rather, the outcome-specific issues could include any metho-
dological or biological factors that would influence confidence in the
results of the studies during study evaluation/risk of bias evaluation.
For some outcomes, the general considerations or criteria provided in
the tools might prove to be adequate for performing an outcome-spe-
cific evaluation, but this determination should be made by a reviewer
or reviewers with subject matter knowledge to ensure that critical is-
sues are not missed. If subject matter experts identify outcome-specific

Fig. 1. a) Illustration of how outcome-specific criteria fits into systematic review process; b) Study evaluation domains and evaluation classifications for determining
overall study confidence.
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considerations, it is helpful to develop outcome-specific evaluation
criteria to guide the evaluations. The criteria can then be used by re-
viewers without the same level of in-depth specific subject matter
knowledge, while further improving consistency and ensuring that
critical issues are considered. A similar approach can be used for ex-
posure measurement criteria. However, this step of developing ex-
posure- and outcome-specific criteria is often not done for systematic
reviews or the criteria and methods for developing them are not re-
ported. While some higher quality systematic reviews clearly have
performed or plan to perform evaluation on an outcome-specific basis
and provide some criteria in their papers or protocols (e.g., (NTP, 2017;
Lam et al., 2016; NTP, 2015b)), in general published systematic reviews
have included criteria to evaluate outcomes inconsistently with variable
degrees of specificity. When criteria are incompletely reported, it can be
challenging to understand how the study ratings were reached and to
compare the results of systematic reviews involving the same outcomes.

The U.S. Environmental Protection Agency's (EPA) Integrated Risk
Information System (IRIS) Program has developed an approach for
systematic review of evidence of health effects from chemical exposures
that includes structured approaches for literature search and screening,
study evaluation, data extraction, analysis and synthesis of results (in-
cluding integration of human, animal, and mechanistic evidence)
(Fig. 1). This approach is described in detail in the systematic review
protocol for phthalates, available as part of the systematic reviews in
this special issue, and in the IRIS Handbook, available at https://
hawcprd.epa.gov/assessment/100000039/ (see “attachments”). As de-
scribed in those documents, the study evaluation approach for ob-
servational epidemiology studies uses the principles of the domain-
based ROBINS-I tool (Sterne et al., 2016), modified in order to address
the specific needs of environmental epidemiology studies (see Morgan
et al., 2019 and https://www.bristol.ac.uk/population-health-sciences/
centres/cresyda/barr/riskofbias/robins-e/ for information on a con-
current development effort called the ROBINS-E tool). Study evalua-
tion, also called study appraisal or risk of bias evaluation in other tools,
as used in the rest of this paper, is designed to assess both risk of bias
and study sensitivity (i.e., the ability of a study to observe a true effect
or hazard (Cooper et al., 2016)). However, describing the methodology
of this larger tool is not the intent of this paper, which focuses more

narrowly on development of outcome-specific criteria for study eva-
luation to improve quality of the reviews by ensuring systematic con-
sideration of critical issues, and improving transparency and con-
sistency across raters. The purpose of this paper is to illustrate the need
for outcome-specific criteria in study evaluation or risk of bias eva-
luation, describe the process we used to develop criteria, and sum-
marize the resulting criteria. While these criteria were developed with
the IRIS program context in mind, the considerations and the process
for developing them could be easily adapted for use with other study
evaluation/risk of bias tools.

2. Methods

We identified outcomes that would benefit from outcome-specific
evaluation criteria in planned upcoming systematic reviews and then
solicited subject matter experts (consultants) to assist in the develop-
ment of these criteria. Experts were epidemiologists with several years
of training and experience with designing and conducting population-
based or occupational studies, with expertise in research evaluating the
outcomes they contributed to, largely identified from academic settings,
with diverse institutions intentionally selected.

The experts, in collaboration with IRIS scientists, developed out-
come-specific evaluation criteria for the following domains (Fig. 1),
which were established as part of the study evaluation approach prior
to initiation of this effort: outcome ascertainment, relevant time
window of exposure (one component of larger exposure measurement
domain), participant selection, confounding, analysis, and other attri-
butes, not considered in another domain, that could affect study sen-
sitivity. Selective reporting is another domain considered in the study
evaluation tool, but this was not considered to have outcome-specific
components and thus is not discussed further in this paper. Under this
study evaluation approach, each domain is assigned a rating (Fig. 1)
based on outcome-specific criteria as well as criteria that applied to all
outcomes. These domain ratings are then combined for an overall study
confidence rating for that outcome. The overall rating is reached based
on reviewer judgments about the likely impact the noted deficiencies in
bias and sensitivity for each domain had on the results and is not a
quantitative “score”. These decisions, including outcome-specific

Fig. 2. Process for outcome-specific criteria development.
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considerations, inform the synthesis and integration of the evidence
looking across studies (Fig. 1). The subject matter experts developed
criteria for each classification level (i.e., good, adequate, deficient,
critically deficient). Because the criteria are intended to be applicable to
any exposure, they were developed with the expectation that they
would be a starting place for any systematic review on that outcome but
would need to be reviewed and customized for the specific exposure.
Most aspects of exposure measurement and other factors that require
knowledge of the exposure would be considered separately with ex-
posure-specific criteria. The criteria could be further customized to any
other needs specific to the systematic review question. Some study
design and conduct issues were relevant to more than one domain (e.g.,
timing of exposure measures is related to how participants are selected
as well as exposure measurement; control of confounding is related to
the data analysis). Where there was potential blurring between do-
mains, the criteria were designed to avoid penalizing a study for the
same limitation in multiple domains, so issues were assigned to the
domain considered most relevant by the experts.

We piloted this process on two related outcomes: asthma and al-
lergies-allergic sensitization. In this phase, we focused on criteria re-
lating to outcome definitions, ascertainment methods and participant
selection used in population-based and occupational studies. Two
groups of five experts (listed in acknowledgements, coordinated by
author WA) discussed a series of directed questions pertaining to these
issues for asthma or for allergies; written responses to questions were
also provided by the experts. We used this discussion to develop the
evaluation criteria for these outcomes, and to refine the expert con-
sultation process for the next set of outcomes.

In this next phase of our evaluation development process (Fig. 2),
we focused on three outcome categories, and recruited two subject
matter expert consultants for each (author initials in parentheses)
–pregnancy outcomes (AP, EH), reproductive effects (JB, CL), and
diabetes (AN-A, RP). Two or more IRIS epidemiologists without subject
matter expertise (author initials GC, AG, AP) were also included on
each development team. The teams had the flexibility to develop se-
parate criteria for related outcomes or multiple outcomes encompassed
in the categories. In total, outcome-specific evaluation criteria were
developed for ten outcomes: two pregnancy-related (preterm birth,
spontaneous abortion), two male reproductive-related (reproductive
hormones, semen parameters), two that could be related to either male
or female reproductive function (fecundity/time to pregnancy and
pubertal development), two diabetes-related (diabetes, insulin re-
sistance among non-diabetics), and two immune-related (asthma, al-
lergy).

During the process of criteria development, core questions were
used to define the domains, and a set of corresponding prompting and
follow-up questions served to help the teams focus on details relevant to
study evaluation for each domain (Table 1). A set of questions per-
taining to each domain are central to the IRIS study evaluation ap-
proach described in the introduction. Their purpose in the tool is to
focus the development of more specific evaluation criteria on sources of
bias and study aspects affecting sensitivity for the exposure-outcome
combination being reviewed. The teams began by evaluating a set of
sample studies drawn primarily from the phthalates literature, as this is
a broad, robust database with a large collection of studies examining
many different outcomes using a variety of designs, and exposure-spe-
cific evaluation criteria had already been developed. The studies were
identified in a comprehensive literature search of phthalate epide-
miology studies, and approximately six sample studies were selected for
each outcome based on representing the different available study de-
signs (and their corresponding strengths and limitations). The discus-
sions began with identification of aspects of an ideal study (i.e., a state-
of-the-art observational study design, appropriate to the definition and
timeframe for the exposure and endpoints assessed, that would be ex-
pected to be free of bias for the domain) and critical deficiencies so
severe as to warrant exclusion of the study from future analyses. From

there, the criteria for four different rating levels were fleshed out be-
tween the two extremes. The development used a consensus building
process, with each member offering suggestions regarding content and
phrasing of the criteria that were discussed as a group; each team
member reviewed the edited versions and offered additional sugges-
tions for discussion if necessary. In general, 2 or 3 rounds of edits were
performed for each domain. Any discrepancies of opinion were resolved
with further discussion. Once a working set of draft criteria were
available, the teams applied them to a second set of sample studies and
made revisions as necessary.

As part of this process, it became clear that some considerations/
criteria were not outcome-specific, but rather applicable to all or most
outcomes. This type of criteria was shared across teams frequently as
they were developed to maintain consistency and aid efficiency. Each
team could take what had been done already, provide their input and
edits, and then share with the other teams. This had the advantage of
establishing multi-stakeholder consensus for non-outcome-specific
considerations rather than duplicating effort across the teams and
producing documents that would require extensive resolution.
Outcome-specific criteria were not shared across teams.

Once the criteria were drafted, a team of two to four epidemiologists
(author initials GC, ER, BG, AG, AP, TB, MW, acknowledgment initials
LP), including at least two IRIS epidemiologists with PhDs in epide-
miology, applied the evaluation criteria to a set of 5–15 studies, de-
pending on the number of studies available in the database (i.e., all of
the studies in the database were used in testing). For each study, ratings
were established for each domain and for overall study confidence
(Fig. 1). Members of the team performed evaluations independently,
and then discussed discrepancies in evaluation results and difficulties in
applying the criteria and came to a consensus rating. When differences
occurred, the discussion focused on whether the difference was due to
ambiguity in the criterion that needed clarification or a mistake on the
part of one of the reviewers (e.g., a reviewer not seeing information that
had been provided in the article). Based on this experience of evalua-
tion and reconciliation, the criteria were revised again as needed to
address additional issues regarding clarity or intent identified during
this process. These edits were generally minor language clarifications,
but subject matter experts were available for consultation during the
testing phase to answer any questions that arose, and a small number of
more substantial changes were returned to them for input. For example,
a strict cutoff of participation rate for each rating level was revised to
allow for more reviewer judgment in the likely impact of participation
rate on the potential for selection bias for each specific study (i.e.,
considering rationale for why participation is unlikely to be related to
exposure). Additional testing, including evaluation of studies from
other chemicals, was performed when inconsistency in ratings re-
mained.

3. Results

3.1. Outcome-specific considerations by domain

3.1.1. Outcome ascertainment
This domain is the one that is most unique to each set of outcome-

specific criteria. Each outcome uses specific methodologies to de-
termine a “case” and each methodology has inherent specificity, sen-
sitivity and reliability. Criteria for the outcome domain had clearly
defined requirements for measurements to be valid (e.g., fasting,
sample collection in the morning, exclusion of known diabetics, ques-
tionnaires validated in culturally appropriate populations), and other
information needed to determine whether the methods were carried out
appropriately (e.g., laboratory assays, quality control procedures).
Reference to existing guidance or consensus publications on the out-
come measurement by expert professional organizations or leading in-
stitutions in the field is informative in this section.
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Table 1
Questions to guide the development of criteria for each domain in epidemiology studies.

Domain and core question
(target bias)

Prompting questions Follow-up questions

Exposure measurement
Does the exposure measure reliably distinguish
between levels of exposure in a time window
considered most relevant for a causal effect with
respect to the development of the outcome?

(information bias)

For all:

• Does the exposure measure capture the variability in
exposure among the participants, considering intensity,
frequency, and duration of exposure?

• Does the exposure measure reflect a relevant time
window? If not, can the relationship between measures
in this time and the relevant time window be estimated
reliably?

• Was the exposure measurement likely to be affected by a
knowledge of the outcome?

• Was the exposure measurement likely to be affected by
the presence of the outcome (i.e., reverse causality)?

For case-control studies of occupational exposures:

• Is exposure based on a comprehensive job history
describing tasks, setting, time period, and use of specific
materials?

For biomarkers of exposure, general population:

• Is a standard assay used? What are the intra- and
interassay coefficients of variation? Is the assay likely to
be affected by contamination? Are values less than the
limit of detection dealt with adequately?

• What exposure time-period is reflected by the
biomarker? If the half-life is short, what is the
correlation between serial measurements of exposure?

Is the degree of exposure misclassification likely to
vary by exposure level?

If the correlation between exposure measurements is
moderate, is there an adequate statistical approach to
ameliorate variability in measurements?

If there is a concern about the potential for bias, what
is the predicted direction or distortion of the bias on
the effect estimate (if there is enough information)?

Outcome ascertainment
Does the outcome measure reliably distinguish the
presence or absence (or degree of severity) of the
outcome?

(information bias)

For all:

• Is outcome ascertainment likely to be affected by
knowledge of exposure (e.g., consider access to health
care, if based on self-reported history of diagnosis)?

For case-control studies:

• Is the comparison group without the outcome (e.g.,
controls in a case-control study) based on objective
criteria with little or no likelihood of inclusion of people
with the disease?

For mortality measures:

• How well does cause of death data reflect occurrence of
the disease in an individual? How well do mortality data
reflect incidence of the disease?

For diagnosis of disease measures:

• Is diagnosis based on standard clinical criteria? If based
on self-report of diagnosis, what is the validity of this
measure?

For laboratory-based measures (e.g., hormone levels):

• Is a standard assay used? Does the assay have an
acceptable level of interassay variability? Is the
sensitivity of the assay appropriate for the outcome
measure in this study population?

Is there a concern that any outcome misclassification
is nondifferential, differential, or both?

What is the predicted direction or distortion of the
bias on the effect estimate (if there is enough
information)?

Participant selection
Is there evidence that selection into or out of the study
(or analysis sample) was jointly related to exposure
and to outcome?

(selection bias including attrition [primarily],
confounding)

For longitudinal cohort:

• Did participants volunteer for the cohort based on
knowledge of exposure and/or preclinical disease
symptoms? Was entry into the cohort or continuation in
the cohort related to exposure and outcome?

For occupational cohort:

• Did entry into the cohort begin with the start of the
exposure?

• Was follow-up or outcome assessment incomplete, and if
so, was follow-up related to both exposure and outcome
status?

• Could exposure produce symptoms that would result in a
change in work assignment/work status (“healthy
worker survivor effect”)?

For case-control study:

Were differences in participant enrollment and
follow-up evaluated to assess bias?

If there is a concern about the potential for bias, what
is the predicted direction or distortion of the bias on
the effect estimate (if there is enough information)?

Were appropriate analyses performed to address
changing exposures over time in relation to
symptoms?

Is there a comparison of participants and
nonparticipants to address whether differential
selection is likely?

(continued on next page)
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3.1.2. Exposure measurement (relevant time window)
Most exposure concerns are addressed in separate exposure-specific

criteria, which would be developed for the chemical or other exposure
being reviewed. The outcome-specific criteria for the exposure domain
focuses on the timing of exposure. For example, this could include: (a)
whether exposure could be measured concurrent with the outcome; (b)
whether the exposure must be measured prior to development of the
outcome, or (c) whether the exposure must be measured during a cri-
tical window of exposure (such as gestation, where the critical window
of exposure can be a specific trimester). When applying a set of out-
come-specific criteria to a specific exposure, all criteria should be re-
viewed for relevance to a specific chemical; however, it is particularly
important to review timing of exposure measures, as differences in half-
life or other exposure factors may influence what timing is acceptable.
For persistent chemicals, exposure measurement after a diagnosis was
made may be acceptable if it is highly likely that behavioral changes
after diagnosis did not affect exposure. For chemicals with short half-
lives, measuring exposure after a diagnosis may not be acceptable.
Outcome-specific factors such as latency and reversibility with the re-
moval of exposure could also influence this domain.

3.1.3. Participant selection
Much of the criteria developed for participant selection applies to all

outcomes, such as the reporting of inclusion/exclusion criteria, the
participation rate, and comparison of participants and non-participants.
There are two main types of outcome-specific considerations for this
domain. One is the timing of the participant entry into the study. For

example, the evaluation criteria may strongly favor study entry in the
first trimester of pregnancy (for preterm birth), or require the popula-
tion under study to encompass an appropriate age range (e.g., around
pubertal onset for pubertal development). Another consideration is
whether inclusion/exclusion criteria are appropriate for the population
under study. For example, when studying diabetes incidence in a cohort
study, diabetics should be excluded at baseline; current asthma symp-
toms, defined as the occurrence of asthma symptoms or medication use
in the last 12months, should be ascertained among individuals with a
previous asthma diagnosis; and for semen parameters, population-
based selection (with high participation rates) would be preferred to
selection at infertility clinics.

3.1.4. Confounding
Most of the criteria developed for the evaluation of confounding are

not outcome-specific, and thus could be applied to all outcomes. The
focus for evaluation of confounding is the strategy for identifying
confounders. Although a list of known risk factors was developed for
each outcome, the lists are not variables that are required for a specific
rating (e.g., Good or Adequate), since association with the exposure is
also required for confounding to bias the results, and that cannot be
captured in exposure-agnostic evaluation criteria. Rather, variables on
the list should be considered as possible confounders, and the strategy
for consideration can involve details relating to participant selection
and characteristics, study design, and analytic approach.

Table 1 (continued)

Domain and core question
(target bias)

Prompting questions Follow-up questions

• Were controls representative of population and time
periods from which cases were drawn?

• Are hospital controls selected from a group whose
reason for admission is independent of exposure?

• Could recruitment strategies, eligibility criteria, or
participation rates result in differential participation
relating to both disease and exposure?

For population-based survey:

• Was recruitment based on advertisement to people with
knowledge of exposure, outcome, and hypothesis?

Confounding
Is confounding of the effect of the exposure likely?

(confounding)

Is confounding adequately addressed by considerations in…

a. … participant selection (matching or restriction)?
b. … accurate information on potential confounders, and
statistical adjustment procedures?

c. … lack of association between confounder and outcome,
or confounder and exposure in the study?

d. … information from other sources?
Is the assessment of confounders based on a thoughtful
review of published literature, potential relationships (e.g.,
as can be gained through directed acyclic graphing),
minimizing potential overcontrol (e.g., inclusion of a
variable on the pathway between exposure and outcome)?

If there is a concern about the potential for bias, what
is the predicted direction or distortion of the bias on
the effect estimate (if there is enough information)?

Analysis
Does the analysis strategy and presentation convey the
necessary familiarity with the data and assumptions?a

• Are missing outcome, exposure, and covariate data
recognized, and if necessary, accounted for in the
analysis?

• Does the analysis appropriately consider variable
distributions and modeling assumptions?

• Does the analysis appropriately consider subgroups of
interest (e.g., based on variability in exposure level or
duration, or susceptibility)?

• Is an appropriate analysis used for the study design?
• Is effect modification considered, based on
considerations developed a priori?

• Does the study include additional analyses addressing
potential biases or limitations (i.e., sensitivity analyses)?

If there is a concern about the potential for bias, what
is the predicted direction or distortion of the bias on
the effect estimate (if there is enough information)?

a The evaluation of the analysis domain is focused on the appropriateness of the analysis rather than any specific form of bias.
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Table 2
Key outcome-specific considerations for study evaluationa.

Category Outcome Outcome ascertainment Exposure
(relevant time window)

Population selection Confounding
(variables to consider)

Analysis

Pregnancy
outcomes

Preterm birth • Method used to estimate gestational
duration (e.g., early pregnancy dating
with ultrasound preferred to birth
certificate data)

• Must be measured during
pregnancy (preferred) or
preconception.

• Timing of study entry (1st
trimester preferred).

• Age (u-shaped), gender, pre-
pregnancy BMI/adiposity, lifestyle
factors (physical activity, diet,
smoking, alcohol), SES, co-
exposures, pregnancy interval,
maternal reproductive and clinical
factors

• Outcome treated as
dichotomous or three-
level variable preferred.

Spontaneous abortion • Ascertainment of early loss (through
daily urine samples) preferred

• For clinical loss (> 5weeks
gestation), prospective ascertainment
of pregnancy and loss preferred to
recall or medical records

• Must be prior to outcome,
ideally around conception

• Pregnancy planning couples
preferred for identifying early
loss.

• Population-based or clinic-
based with discussion of
catchment area preferred to
convenience sample

• Recruitment prior to end of
first trimester preferred

• Age, smoking, alcohol, parity,
gravidity, SES, BMI/adiposity,
fertility treatment, pregnancy
interval, access to healthcare, co-
exposures. If paternal exposure is
the focus, maternal covariates
should also be considered.

• Outcome treated as
dichotomous variable
preferred, with survival
analysis for prospective
designs.

Male reproductive Reproductive
hormones

• Time of collection (morning
preferred)

• Information on laboratory assays,
quality control procedures

• Can be measured concurrent
with outcome.

• Appropriate comparison group
(e.g., similar referral patterns)

• Age, SES, smoking, alcohol use,
BMI/adiposity, time of day, co-
exposures

• Outcome treated as
continuous variable
preferred.

Semen parameters
(concentration,
motility, morphology)

• Semen analysis on one or more
samples.

• Manual ascertainment of morphology
preferred.

• Abstinence time should be collected
and considered.

• Time between collection and analysis
(influences motility)

• Information on laboratory methods,
quality control procedures

• For adult exposures,
exposure measured
concurrent with outcome is
acceptable.

• Must be before identification
of infertility problem unless
exposure does not change
over time

• Selection at setting other than
infertility clinic preferred.

• Sample not limited to
volunteers with known fertility
problems unless similar
selection in comparison group.

• Age, smoking, BMI, chronic disease
status, abstinence time, co-
exposures

• Outcome treated as
continuous or
dichotomous (with
justified cut-points)
variable.

Male or female
reproductive

Pubertal development • Tanner staging or physical
measurements (e.g., testicular
volume) by trained physician or
investigator preferred

• Must be measured before
pubertal onset (prenatal or
childhood appropriate)

• Population must span the
relevant age range
(approximately 11–15 years)

• Age, race/ethnicity, SES, diet,
obesity, family history of early or
late pubertal onset, co-exposures

• Outcome may be treated
as time to event (e.g.,
puberty onset) or ordinal
(e.g., Tanner stage)

Time to pregnancy • Prospective measurement of couples
discontinuing contraception is
preferred.

• If recall is used, should be number of
cycles or months, and recall time
< 10 years is preferred.

• Designs where recall is only among
pregnant women or where data is
collected in categories (< 3mo.,
3–6mo., etc.) are Poor.

• Assessment of time to pregnancy from
medical records (e.g., notation about
history of infertility) not acceptable.

• Must be prior to conception
unless exposure does not
vary over time or with
pregnancy.

• For women: prior to attempt
to conceive, including in
utero

• For men: Period of
spermatogenesis for
attempted conception

• Couples with no known
fecundity impairments strongly
preferred.

• Sample not limited to couples
that achieved pregnancy.

• Population-based sampling
preferred. Other sampling
should be unbiased (e.g., not
infertility clinic).

• Age (maternal and paternal),
smoking, BMI, SES, co-exposures

• Outcome treated as time
to event preferred.

(continued on next page)
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Table 2 (continued)

Category Outcome Outcome ascertainment Exposure
(relevant time window)

Population selection Confounding
(variables to consider)

Analysis

Diabetes-related Diabetes • Clear definition of diabetes (e.g.,
ADA); self-report not sole criteria

• Fasting requirements
• Information on laboratory assays,
quality control procedures

• Must be measured before
diabetes onset.

• Exclude diabetics at baseline
• Cohort followed for sufficient
period to allow development of
disease

• Age, gender, BMI/adiposity,
lifestyle factors (physical activity,
diet, smoking, alcohol), SES, co-
exposures

• Outcome treated as
dichotomous or three-
level variable preferred.

Insulin resistance • Absence of diabetes
• HOMA-IR and HOMA-β, or fasting
insulin and fasting glucose

• Fasting requirements
• Information on laboratory assays,
quality control procedures

• Can be measured concurrent
with outcome.

• Exclude individuals with
known diabetes

• Age, gender, BMI/adiposity,
lifestyle factors (physical activity,
diet, smoking, alcohol), SES, co-
exposures

• Outcome treated as
continuous variable
preferred.

Asthma and
allergies

Asthma • Self-report using validated
questionnaires for physician
diagnosed asthma incidence or
outcome prevalence (e.g., ATS,
ISAAC) or medical record review/
physician confirmation for incidence;

• Validation of questionnaires in same
population preferred.

• Up to two years prior to
ascertainment of incidence or
concurrent with prevalence
or related outcomes

• Population-based sampling
preferred; adults or children
> 4 years of age. Consider
healthy worker effect in
occupational studies.

• Age, sex, race, socioeconomic
status, season of outcome
measurement (for prevalence and
related outcomes), geographic
location, co-exposures

• Outcome is dichotomous;
effect modification by age
(child vs adult) preferred
if appropriate

Allergic sensitization
and allergy outcomes

• Ascertainment of sensitization via
skin prick test or specific
immunoglobulin E levels in blood
using validated methods; use of
standardized cut-points,
distinguishing between food and
environmental allergens, and testing a
panel of 5–10 allergens preferred.

• Ascertainment of site-specific
symptoms and outcomes using
standardized questionnaires,
distinguishing food and other allergy;
preferably validated in same
population. Ascertainment via self-
report of medication use must clarify
type of medication.

• Must precede sensitization or
symptom onset; or
concurrent with prevalence
or symptom ascertainment

• Studies among children
preferred for sensitization or
symptom onset (aged
> 4 years).

• Self-reported symptoms
preferred over restricting to
physician diagnosed allergic
disease.

• Age, sex, race, socioeconomic
status, season of outcome
measurement (for prevalence and
related outcomes), geographic
location, co-exposures

• Stratified analyses of
children and adults; age
analyzed as effect
modifier for studies of
sensitization

Abbreviations: ADA (American Diabetes Association), HOMA-IR (Homeostatic model assessment of insulin resistance), HOMA-β (homeostatic model assessment of β-cell function), ATS (American Thoracic Society),
ISAAC (International Society of Arthritis and Allergies in Children).
a Classification of the considerations in this table into levels (Good, Adequate, Deficient, and Critically deficient) requires additional considerations that apply to all outcomes and outcome-specific considerations.

Rationale for the considerations are discussed in the full outcome-specific evaluation criteria (supplementary materials).
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Table 3
Criteria for diabetes and insulin resistance.

Level Exposure measurement Outcome ascertainment Participant selection Confounding Analysis

Good Will be developed for the specific
exposure

Diabetes

• Exposure must be measured before
diabetes onset (e.g., prospective
cohort).

Insulin resistance

• Can be measured concurrent with
outcome.

Criteria that apply to all exposures

• Valid exposure assessment methods
used which represent the etiologically
relevant time period of interest.

• Exposure misclassification is expected
to be minimal.

Diabetes

• For undiagnosed cases, American
Diabetes Association (ADA)
definition with or without repeated
measures, and:
o Indicates fasting was required.
o Includes information on the
laboratory test requirements for
hemoglobin A1c and for
conducting the oral glucose
tolerance tests.

o Provides some information on
assays, quality control procedures,
reliability or validity measures.

• For diagnosed cases, self-reported
physician diagnosis or medical
treatment for diabetes can be used.
Participants without a diagnosis
should be tested to avoid false
negatives.

Insulin resistance

• Homeostatic model assessment
(HOMA) of insulin resistance
(HOMA-IR) and β-cell function
(HOMA-β) in the absence of diabetes
from fasting glucose and insulin
concentrations measured in plasma.
AND/OR

• Fasting insulin and fasting glucose
measures – indicates fasting was
required. Fasting time accounted for
in analysis if compliance was an
issue. AND

• Provides some information on
assays, quality control procedures,
reliability or validity measures.

Diabetes

• Prospective cohort or other design
that allows for identification of
incident disease.

• Must exclude individuals with
diabetes at baseline. Prediabetes can
be included but should be addressed
in analysis via stratification or
sensitivity analysis.

• Cohort followed for sufficient period
to allow for development of disease.

Insulin resistance

• Cross-sectional studies are
appropriate.

• Must exclude individuals with known
diabetes.

Note for both: for studies of children/
adolescents, lack of exclusion of diabetes
cases may be acceptable due to low
prevalence.

Criteria that apply to all outcomes

• Minimal concern for selection bias
based on description of recruitment
process.

• Exclusion and inclusion criteria
specified and would not induce bias.

• Participation rate is reported at all
steps of study (e.g., initial
enrollment, follow-up, selection into
analysis sample). If rate is not high,
there is appropriate rationale for why
it is unlikely to be related to exposure
(e.g., comparison between
participants and nonparticipants or
other available information indicates
differential selection is not likely).

Diabetes and Insulin resistance

• Risk factors that should be considered
as possible confounders include age,
gender, BMI/adiposity, lifestyle
factors (physical activity, diet,
smoking, alcohol), SES, co-exposures

Criteria that apply to all outcomes
Contains all of the following:

• Conveys strategy for identifying key
confounders. This may include: a
priori biological considerations,
published literature, or statistical
analyses; with recognition that not all
“risk factors” are confounders.

• Inclusion of potential confounders in
statistical models not based solely on
statistical significance criteria (e.g.,
p < 0.05 from stepwise regression).

• Does not include variables in the
models that have been shown to be
influential colliders or intermediates
on the causal pathway.

• Key confounders are evaluated and
considered to be unlikely sources of
substantial bias. This will often
include:
o Presenting the distribution of
potential confounders by levels of
the exposure and/or the outcomes
of interest (with amount of missing
data noted); or

o Consideration that potential
confounders were rare among the
study population, or were expected
to be poorly correlated with
exposure of interest; or

o Presenting a progression of model
results with adjustment for
different potential confounders,
including consideration of the
function forms of potential
confounders, if warranted.

Criteria that apply to all outcomes

• Use of an optimal characterization of
the outcome variable.

• Quantitative results presented (e.g.,
effect estimates and confidence limits).

• Descriptive information about outcome
and exposure provided (where
applicable):
o Amount of missing data noted and
addressed appropriately.

o For exposure, includes LOD (and
percentage less than LOD) and
discussion of cut-points and
transformations.

• Includes analyses that address
robustness of findings (e.g.,
examination of exposure-response,
relevant sensitivity analyses). Effect
modification examined based only on a
priori rationale with sufficient
numbers.

• No deficiencies in analysis evidence.
Discussion of some details may be
absent (e.g., examination of outliers).

Adequate Will be developed for the specific
exposure

Diabetes

• Exposure must be measured before
diabetes onset.

Diabetes

• ADA definition without repeated
measures, and no other information
provided.

or

• The use of medical records with
details on criteria used to define

Same as Good, but:
Criteria that apply to all outcomes

• Enough of a description of the
recruitment process to be
comfortable that there is no serious
risk of bias.

• Inclusion and exclusion criteria
specified and would not induce bias.

Criteria that apply to all outcomes
Similar to Good, but may not have
included all key confounders, or less
detail may be available on the evaluation
of confounders (e.g., sub-bullets in Good).
It is possible that residual confounding
could explain part of the observed effect,
but concern is minimal.

Criteria that apply to all outcomes
Same as Good, except:

• Descriptive information about
exposure provided but may be
incomplete; might not have discussed
missing data, or cut-points, or shape of
distribution.

(continued on next page)
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Table 3 (continued)

Level Exposure measurement Outcome ascertainment Participant selection Confounding Analysis

Insulin resistance

• Can be measured concurrent with
outcome.

Criteria that apply to all exposures

• Valid exposure assessment methods
used which represent the etiologically
relevant time period of interest.

• Exposure misclassification may exist
but is not expected to greatly change
the effect estimate.

diabetes, in the absence of laboratory
tests conducted specifically for the
study.

Insulin resistance

• Fasting insulin and fasting glucose
measures – no details of fasting or
laboratory assays provided.

• Participation rate is incompletely
reported but available information
indicates participation is unlikely to
be related to exposure.

or

• Some important analyses that address
the robustness of findings are not
performed.

Deficient Will be developed for the specific
exposure

Diabetes

• Exposure must be measured before
diabetes onset unless the exposure is
persistent in the body.

Insulin resistance

• Can be measured concurrent with
outcome.

Criteria that apply to all exposures

• Valid exposure assessment methods
used which represent the etiologically
relevant time period of interest. There
may be concerns about reverse
causality, but there is no direct
evidence that it is influencing the
effect estimate.

• Exposed groups are expected to
contain a notable proportion of
unexposed or minimally exposed
individuals, the method did not
capture important temporal or spatial
variation, or there is other evidence of
exposure misclassification.

Diabetes

• Treatment for diabetes or use of
medical records without details on
criteria used to define diabetes.

or

• Self-reported physician diagnosis is
the sole criteria for case
ascertainment; participants without
a diagnosis are not tested and
presumed to be non-cases.

Insulin resistance – none defined.

Criteria that apply to all outcomes

• Little information on recruitment
process, selection strategy, sampling
framework, and/or participation. OR

• Aspects of the recruitment process,
selection strategy, sampling
framework, or participation raise the
potential for bias (e.g., healthy
worker effect, survivor bias).

Criteria that apply to all outcomes

• Does not include variables in the
models that have been shown to be
influential colliders or intermediates
on the causal pathway.

And any of the following:

• The potential for bias to explain some
of the results is high based on an
inability to rule out residual
confounding, such as a lack of
demonstration that key confounders
of the exposure-outcome relationship
were considered.

• Descriptive information on key
confounders (e.g., their relationship
relative to the outcomes and exposure
levels) are not presented.

• Strategy of evaluating confounding is
unclear or is not recommended (e.g.,
based on statistical significance
criteria or stepwise regression only).

Criteria that apply to all outcomes

• Descriptive information about
exposure levels not provided (where
applicable).

or

• Effect estimate presented without
standard error or confidence interval.

or

• Non-optimal analysis methods used
(e.g., correlation instead of linear
regression)

Critically deficient Will be developed for the specific
exposure

Diabetes

• Exposure measure does not reflect
exposure before onset of diabetes or is
known to be affected by disease
status.

Diabetes

• Studies using self-reported diabetes
with no clear information on the
questions used to ascertain diabetes
status.

• Use of glucosuria to identify diabetes
cases.

• Use of diabetes mortality.

Criteria that apply to all outcomes

• Aspects of the processes for
recruitment, selection strategy,
sampling framework, or
participation, or specific available
data result in concern that bias
resulted in a large impact on effect
estimates.

Criteria that apply to all outcomes

• Includes variables in the models that
have been shown to be influential
colliers or intermediates in the causal
pathway, indicating that substantial
bias is likely from this adjustment.

or

• Confounding is likely present and not
accounted for, indicating that the

Criteria that apply to all outcomes

• Results presented as statistically
“significant”/“not significant” or just p-
values (i.e., without including effect
estimates).

or

• Effect modification examined without
clear a priori rationale and without
providing main effects.

(continued on next page)

E
.G
.
R
adke,

et
al.

(
Q
YLURQ

P
HQ
W�,Q

WHUQ
D
WLRQ

D
O��
�
�
���
�
�
�
���
�
�
�
�
�

�
�



3.1.5. Analysis
As with confounding, most of the criteria for evaluation of analysis

are not outcome-specific. The criteria include consideration of whether
appropriate analysis methods are used, whether quantitative results are
presented, and whether there is adequate analysis of the robustness of
the findings (e.g., sensitivity analyses). In this group of outcomes, the
primary outcome-specific consideration for analysis is the character-
ization of the outcome variable. For some outcomes, a dichotomous or
three-level variable is considered optimal (e.g., preterm birth), while
for others, a continuous variable is preferred. The rationale for these
preferences is described in the complete sets of criteria.

3.1.6. Sensitivity
Sensitivity issues include a narrow or low exposure range, small

sample size, a high percentage below the limit of detection, an in-
appropriate length of follow-up, and inappropriate choice of referent
group (Cooper et al., 2016). Most of these considerations are not out-
come-specific, but there are some that are. It is important to note that
some issues that reduce sensitivity may be considered in other domains
and would not be double counted in the overall study confidence eva-
luation. Sensitivity is not evaluated on a four-level scale like the other
domains, but rather as “adequate” or “deficient”. Since many of the
sensitivity considerations are continuous measures, specific criteria
were not developed, and classification of this domain relies on review-
specific expert judgment on the impact of these limitations.

3.2. Application to study evaluation for specific outcomes

The key considerations identified for each outcome are listed in
Table 2, and each outcome has a supplemental file with the full set of
criteria. An example of criteria by classification level for diabetes and
insulin resistance is in Table 3 and includes criteria that apply to all
outcomes identified during the process. A case study of the application
of these criteria on a paper by James-Todd et al. (2012) using NHANES
data is available at: https://hawcprd.epa.gov/rob/study/100501814/
and additional examples of the application of these criteria across
several studies are available in systematic reviews of phthalates (Radke
et al., 2018, Radke et al., 2019a,b (forthcoming)). The following dis-
cussion highlights some of the important considerations brought out by
the expert consultations for each of the major outcome categories.

3.3. Pregnancy outcomes

Pregnancy outcomes present some unique issues due to the short
duration and couple dependent nature of a pregnancy. Two pregnancy
outcomes were examined during this process: preterm birth
(Supplement A) and spontaneous abortion (Supplement B). For both
outcomes, timing of entry into the study is important. For preterm birth,
participants will ideally be enrolled during the first trimester, since
with later study entry some participants who experienced early preterm
birth could be excluded. For spontaneous abortion, study entry is ide-
ally preconception (e.g., couples trying to conceive) in order to com-
pletely ascertain pregnancy losses, including early (i.e., before clinical
detection) loss, but must be in the first trimester. When considering
outcome ascertainment, there are different considerations for the two
outcomes. For preterm birth, the outcome has a clear definition (i.e.,
birth prior to 37weeks gestation), but the sensitivity and specificity of
this definition is reliant on the method used to ascertain gestational age.
Early pregnancy dating with ultrasound is preferred to less reliable
methods, such as retrospective questionnaire or use of administrative
records. For spontaneous abortion, ideal measurement of early loss is
through the use of daily urine samples, which enable detection of loss
prior to clinical ascertainment of pregnancy. Such early detection is not
possible in a study that recruits women after clinical recognition of a
pregnancy. In those studies, clinical pregnancy loss, which occurs after
clinical recognition of pregnancy and prior to 20 weeks of gestation, isT
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more feasibly ascertained. For both outcomes, exposure measurement
should take place prior to the outcome occurring, around conception or
during pregnancy. In addition, there are outcome-specific confounding
and analysis considerations, and those are available in the supplements.

3.4. Reproductive effects

The criteria for the two male reproductive outcomes (semen para-
meters [Supplement C] and male reproductive hormones [Supplement
D]) focused primarily on the accurate measurement of biological sam-
ples (semen and blood, respectively). For semen parameters, con-
centration, motility, and morphology were the primary measures of
interest, and criteria address collection procedures, abstinence time,
time from collection to analysis, and laboratory methods. For male
reproductive hormones, testosterone, luteinizing hormone, follicle-sti-
mulating hormone, and sex-hormone binding protein were discussed.
For all of these hormones, the laboratory methods and quality control
were important. In addition, for testosterone, which has diurnal var-
iation, the criteria specify that collection must be in the morning or
time of collection addressed in the analysis for a study to be considered
acceptable. The criteria for semen parameters also address some spe-
cific issues for participant selection, where it is preferred, but not re-
quired, that selection occur at a setting other than an infertility clinic.
For both of these outcomes, it was considered acceptable to measure the
exposure concurrent with the outcome due to the potential for short
term response, but it is preferred to more closely alight with the etio-
logic window (e.g., 90 days prior to sperm collection to account for
spermatogenesis).

For the other two reproductive outcomes (time to pregnancy
[Supplement E] and pubertal development [Supplement F]), timing of
both exposure measurement and study enrollment was more important.
For these, the ideal design is a prospective cohort with enrollment and
exposure measurement prior to development of the outcome (preg-
nancy and puberty, respectively). These outcomes also have specific
needs for outcome ascertainment. For time to pregnancy, it is preferred
to have women from couples discontinuing contraception with close
monitoring for pregnancy, but other methods, including retrospective
recall by women, are acceptable as well. For pubertal development,
Tanner stages can be used for boys and girls, ideally by a trained ex-
aminer. Testicular volume and spermarche can also be used for boys,
and menarche can be used for girls. For all four reproductive outcomes,
there are outcome-specific confounding and analysis considerations,
available in the supplements.

3.5. Diabetes and insulin resistance

Studies of diabetes and insulin resistance were also considered
(Supplement G), with each outcome presenting unique challenges. For
both outcomes, timing of exposure measurement is an important con-
sideration, particularly for exposures with short half-lives. For diabetes,
it is important for studies to exclude individuals with diabetes at
baseline and include only individuals with incident disease as cases,
with exposure measured prior to development of diabetes to establish
temporality. Accordingly, prospective designs are generally needed. For
insulin resistance, the exposure and outcome can be assessed con-
currently as the outcome can be a short-term response. There are also
several important criteria for outcome ascertainment. To identify un-
diagnosed diabetes cases, use of the American Diabetes Association
definition is preferred. It includes information about fasting, laboratory
test requirements and assays, quality control procedures, and measure
reliability/validity. Self-reported physician diagnosis or medical treat-
ment was deemed appropriate to identify diagnosed cases, but addi-
tional testing is needed to identify undiagnosed cases. For insulin re-
sistance, individuals with diabetes must be excluded as measures of
insulin are not interpretable in the presence of diabetes, especially if
diabetes is treated with hypoglycemic medication, as treatment

influences insulin production and secretion. Fasting is also required for
insulin and glucose measurements. The homeostatic model assessment
of insulin resistance (HOMA-IR) is the preferred measure of insulin
resistance and is calculated using measurements for insulin and glucose.
In addition, there are outcome-specific confounding and analysis con-
siderations, and those are available in the supplements.

3.6. Allergy and asthma

Asthma (Supplement H) and allergy (Supplement I) are related
outcomes that that require different approaches depending on whether
the outcome is the development of disease (incidence) or symptoms and
morbidity among those with prevalent disease. For example, the key
exposure window for incident asthma (as well as allergic sensitization)
is up to two years prior to diagnosis, while concurrent exposure is most
informative for asthma-related symptoms among those with an asthma
diagnosis as well as those with allergy-related outcomes. Physician
confirmed asthma diagnosis is considered best, but a self-report of
physician diagnosed asthma can be used. Self-reported allergy out-
comes using a validated questionnaire is preferable to a physician's
diagnosis for allergy symptoms as many adults and children self-treat
these symptoms at home and do not seek medical treatment. Age should
be considered an effect modifier for both asthma and allergy outcomes,
with adults and children analyzed separately. This is particularly true
with asthma, as adult asthma is often very different from childhood
asthma. Asthma cannot accurately be studied in children under 5, and
so these children should not be enrolled in studies of asthma symptoms.

4. Discussion

The development and use of outcome-specific criteria that are used
to supplement general study evaluation tools for evaluating confidence
in individual epidemiology studies is an important step of the sys-
tematic review process that has not been well documented, and should
be documented in the systematic review protocol. A body of literature
on specific health outcomes in relation to chemical exposures may span
several decades and comprise a broad spectrum of methodological ap-
proaches reflecting an evolving and maturing discipline, as well as
differences in reporting detail. The involvement of epidemiologists with
subject matter expertise in the outcomes and exposures that are under
review is critical to assure that changes in definitions and measurement
protocols that have occurred over time are captured, with an under-
standing of any consequent impacts on the sensitivity and specificity of
outcome assessments. This understanding can be translated into criteria
for evaluating potential bias and sensitivity for a systematic review.
Health assessments of environmental exposure to chemicals and other
hazards can involve a broad set of health effects, and ensuring that
reviews are conducted by epidemiologists with subject-specific training
(e.g., reproductive or respiratory epidemiology) can be challenging.
Developing clear criteria also improves transparency of the systematic
review.

We have described the methods and results of the approach used by
IRIS to develop outcome-specific criteria for a variety of conditions
occurring across the lifespan, including pregnancy outcomes, re-
productive effects, chronic disease, and acute (episodic) conditions. As
mentioned previously, these criteria were developed for use in IRIS
assessment products but could be adapted for use with other study
evaluation tools. There are several important considerations to note
when developing or applying outcome-specific criteria. First, epide-
miologists with discipline-specific expertise (e.g., reproductive or re-
spiratory disease) add critical insight into the development of study
evaluation tools for bias and sensitivity in environmental and occupa-
tional epidemiological studies. Evaluation of studies without input from
subject-matter experts would likely miss important nuances. For ex-
ample, when measuring testosterone, it is important for blood collec-
tion to be in the morning, or, if that is not possible, for time of collection
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to be addressed in the analysis. Lack of this adjustment is considered a
critical deficiency by the subject matter experts, but an epidemiologist
without reproductive expertise would likely not have identified this as a
source of bias. Even with relevant expertise, however, testing and re-
vision of the criteria are needed to ensure their consistent use and in-
terpretation.

Each set of outcome-specific criteria is not intended to stand-alone,
but rather to supplement the existing study evaluation considerations
(Table 1 or another tool). The criteria are intended to facilitate reviews
by trained, experienced epidemiologists who may not have extensive
discipline-specific experience in the outcomes being reviewed. While
the availability of these criteria may lessen the requirement of extensive
subject-matter expertise, judgments are still required based on under-
standing of concepts and best practices integral to the field of epide-
miology, which is consistent with other programs performing sys-
tematic reviews (Rooney et al., 2016; NIEHS, 2015). Conclusions about
the impact of potential bias on reported effect measure estimates re-
quire gathering information from multiple aspects of a study publica-
tion including descriptions of study methods, study groups and data
analyses, as well as supporting documentation provided in supple-
mental documents and earlier publications. This strategy and the eva-
luation criteria were tested using epidemiologists with doctoral-level
training (or masters-level with additional experience), and we caution
against generalizing this experience to people with limited knowledge
of epidemiology methods and principles.

These outcome-specific criteria are not prescriptive and should not
be used as a checklist or as a tool to assign numeric scores for evaluating
studies. Rather, they are intended to guide the reviewer to make their
own expert judgment by highlighting relevant considerations and their
relative importance. Scoring tools or numeric scales frequently mix
reporting quality and applicability along with internal validity, and
may not accurately account for differences in the impact of a given set
of possible biases (Higgins and Green, 2011; Juni et al., 1999;
Greenland, 1994). Evaluation should be guided but open-ended and
reliant on expert judgment. This includes the ability to consider whe-
ther an identified limitation is likely to result in a substantial bias in the
effect estimate and the need to account for a limitation in the overall
study rating. Limitations identified in some domains may be deemed
more important than limitations in other domains, but there is not a set
of weights that is applicable to all studies. Judgment is also required on
the impact of desired information that is not reported in the paper,
which is a frequent occurrence.

In addition, the epidemiologists performing the study evaluations
should familiarize themselves with the research on the health effects or
outcomes being reviewed and consider the relevance and appropriate-
ness of each criterion to the exposure scenario(s) being assessed. In
particular, the timing of exposure measurements in the available stu-
dies (e.g., concurrent with outcome assessment or at some point prior)
may guide selection of the outcome definitions to be included in the
review. For example, among multiple asthma outcomes assessed in a
cross-sectional study of indoor air pollution using average concentra-
tions collected concurrent with the assessment of asthma, the definition
for current asthma (i.e., asthma symptoms during the past 12months)
would be most relevant to the exposure assessment paradigm rather
than an ever/never lifetime diagnosis of asthma.

There are some important limitations of this work. The criteria in
the supplemental files is based on the consensus opinions of two subject
matter experts and is supported by current literature in the field.
However, as with any effort that relies on scientific judgment, there is
potential for personal bias to be interjected into the process by in-
dividual researchers (Gotzsche and Ionnidis, 2012). Thus, including
additional experts would be ideal to decrease the potential for bias,
though this may not often be possible due to resource and time lim-
itations facing many federal agencies, regulatory, authorities, and
others performing systematic reviews. There are also other sources of
curated outcome-specific information developed for clinical research

that were not included in this effort, such as core outcome sets (Clarke
and Williamson, 2016) and the PhenX Toolkit (Hamilton et al., 2011).
These resources are not designed in the context of systematic review
and study evaluation and do not include all the outcome measures that
are included in epidemiology studies. Nonetheless, have already un-
dergone review and could be useful supplements or resources when
developing outcome-specific criteria in the future. Another limitation is
that development and testing of these criteria was based on a small
selection of studies, and thus the criteria do not represent all the pos-
sible scenarios that may be evaluated in the future. Rather, it is ex-
pected that the criteria will be “evergreen” and continue to develop and
evolve as they are used. It is simply not practical to foresee every
outcome-specific eventuality when developing an initial set of criteria,
and this combined with the evolving nature of science and the need to
include exposure-specific considerations, means that the versions of the
criteria in the supplement cannot be used “off the shelf” in a new sys-
tematic review, and will need to be modified and tested for the specific
review need. There is no expectation that the criteria will ever truly be
“final”.

We have described a process for developing outcome-specific cri-
teria for evaluation of individual epidemiology studies. Such criteria
development is an important step in the systematic review process and
contributes to transparency and consistency. Development of these
outcome-specific criteria was a large undertaking that required con-
tributions from many epidemiologists. However, less extensive out-
come-specific criteria may be adequate, depending on the health out-
come being evaluated. Nevertheless, it is a worthwhile and important
step to have someone with research expertise in the outcome under
consideration to review the study evaluation criteria to improve
transparency and ensure that key issues are addressed. This should be
an explicit and documented part of future systematic reviews.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.05.078.
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A B S T R A C T

Objective: We performed a systematic review of the epidemiology literature to identify the female reproductive and developmental effects associated with phthalate
exposure.
Data sources and study eligibility criteria: Six phthalates were included in the review: di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), dibutyl
phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). The initial literature search (of PubMed, Web of Science,
and Toxline) included all studies of female reproductive and developmental effects in humans, and outcomes were selected for full systematic review based on data
availability.
Study evaluation and synthesis methods: For each outcome, studies were evaluated using criteria defined a priori for risk of bias and sensitivity by two reviewers using
a domain-based approach. Evidence was synthesized by outcome and phthalate and strength of evidence was summarized using a structured framework.
Results: The primary outcomes reviewed here are (number of included/excluded studies in parentheses): pubertal development (5/13), time to pregnancy (3/4),
preterm birth (8/12), and spontaneous abortion (5/0). Among these outcomes, preterm birth had moderate evidence of a positive association with phthalate
exposure (specifically DEHP, DBP, and DEP). Exposure levels for BBP, DIBP, and DINP were generally lower than for the phthalates with an observed effect, which
may partially explain the difference due to lower sensitivity. Other phthalate/outcome combinations were considered to have slight or indeterminate evidence of an
association.
Conclusions and implications of key findings: Overall, these results support that some phthalates may be associated with higher odds of preterm birth in humans,
though there is some remaining inconsistency. More evidence is needed on the mechanism and relevant exposure window for this association.

The views expressed are those of the authors and do not necessarily represent the views or policies of the U.S. EPA.

1. Introduction

Phthalates (diesters of phthalic acid) are a class of synthetic che-
micals used in many consumer and industrial products, including ap-
plications as plasticizers in polyvinyl chloride plastics and as in-
gredients in some medications and personal care products. Human
exposure is ubiquitous across the lifespan, primarily via the oral route,
but also through inhalation and dermal contacts (Johns et al., 2015).
After exposure, phthalate diesters are rapidly metabolized (estimated
half-lives of various phthalate metabolites is approximately 3 to 18 h) to
monoester metabolites and excreted in the urine (Johns et al., 2015).
The group of phthalates encompasses a variety of compounds with
different structures, properties, and use (and relative potency, as shown
from animal studies). The most common phthalates, and those focused
on here are: di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate
(DINP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl
benzyl phthalate (BBP), and diethyl phthalate (DEP). The metabolites of

each are described in the supplementary materials. Among the group,
there are phthalates that are relatively structurally similar and mod-
erately correlated with each other based on human biomonitoring data
(e.g., DBP and DIBP). Some phthalates differ considerably in structure
and commercial/industrial uses; correlations between these phthalates
are typically low.

While male reproductive toxicity is the most commonly discussed
hazard of phthalate exposure (NAS, 2017; Johnson et al., 2012;
Howdeshell et al., 2008), there has also been substantial study of female
reproductive and developmental effects of phthalate exposure. Ex-
posure to some phthalates is higher in women than in men in some
studies, which has been hypothesized to be due to higher use of cos-
metics (Kay et al., 2013; Fennell et al., 2004; Lovekamp-Swan and
Davis, 2003), though this may apply to some phthalates (e.g., DBP,
DEP) used in cosmetics more than others. In addition, phthalates can
cross the placenta, making developmental effects from in utero ex-
posures a concern (Langonne et al., 1998), particularly given the
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potential for higher susceptibility in developmental stages. Existing
narrative reviews are inconclusive and indicate that there may be an
association with some outcomes, most notably preterm birth (Mariana
et al., 2016; Hauser and Calafat, 2005; Benjamin et al., 2017), but no
systematic review across key female reproductive and developmental
effects is available. We performed a systematic review of the epide-
miology literature on the female reproductive and developmental ef-
fects associated with phthalate exposure. This included review of the
following outcomes: pubertal development, time to pregnancy, spon-
taneous abortion, and preterm birth. In addition, the evidence for some
additional outcomes (e.g., ovarian reserve) was reviewed for coherence
with the other outcomes and is summarized without systematic review.
The human health relevance of these outcomes is summarized briefly in
Table 1.

2. Methods

2.1. Literature search and screening

The literature search and screening, study evaluation, data extrac-
tion, and evidence synthesis methods are described in detail in the
systematic review protocol (Supplement 1, Section 3). Briefly, epide-
miology studies were identified by conducting a single broad literature
search on all six phthalates of interest (DEHP, DINP, DBP, DIBP, BBP,
DEP) and all outcomes. The Population, Exposure, Comparator, and
Outcome (PECO) is available in the protocol (Supplement 1, Section 2).
The following databases were searched: PubMed, Web of Science, and
Toxline, initially in 2013, with updates every 6–12months through
January 2017. Forward and backward searches were also performed.
Title/abstract and full text screening was performed by two reviewers
to identify studies that met the PECO criteria. In addition, because there
was a delay in publication, an updated search and screen was per-
formed in August 2018. The publications from that search that inform
each outcome are listed for each outcome and were reviewed to de-
termine if their inclusion would significantly alter the conclusions.

2.2. Study evaluation

Studies were evaluated by at least two reviewers using uniform
approaches for each group of similar studies. Key concerns were risk of
bias (factors that affect the magnitude or direction of effect) and in-
sensitivity (factors that limit the ability of a study to detect a true effect)
(Cooper et al., 2016). Evaluation was conducted for the following do-
mains: exposure measurement, outcome ascertainment, population se-
lection, confounding, analysis, other sensitivity concerns, and selective
reporting. These domains were based on the Risk of Bias in Non-

randomized Studies of Interventions (ROBINS-I) tool (Sterne et al.,
2016), modified for use with environmental exposures by the U.S. En-
vironmental Protection Agency's Integrated Risk Information System.
Phthalate and outcome-specific criteria were developed to address is-
sues specific to the evaluation of this chemical and this set of outcomes
prior to evaluation. For exposure, most of the available studies relied on
phthalate metabolite biomarkers (a list of metabolites for each phtha-
late is provided in the protocol). Different criteria were developed for
short-chain (DEP, DBP, DIBP, BBP) and long-chain (DEHP, DINP)
phthalates due to better reliability of single measures for short-chain
phthalates. Measurement in urine was considered to be the best proxy
of exposure (Johns et al., 2015). Biomarker measures based on samples
other than urine (e.g., blood, amniotic fluid, breast milk) were con-
sidered to be critically deficient for all short-chain phthalates and for
primary metabolites (e.g., MEHP, MINP) of long-chain phthalates. Ra-
tionale for these criteria and additional details for all domains are
available in the protocol (Supplement 1, Section 4.1.1) and an abbre-
viated version is available in the key methods supplement (Supplement
2). The outcome-specific criteria are discussed in Radke et al. (forth-
coming in special issue).

For each study result, in each evaluation domain, reviewers reached
a consensus rating regarding the utility of the study for hazard identi-
fication, with categories of Good, Adequate, Deficient, or Critically defi-
cient. These ratings were then combined to reach an overall study
confidence classification of High, Medium, Low, or Uninformative. This
overall classification was not based on pre-defined weights for each
domain, but rather was based on reviewer judgments, and include the
likely impact the noted deficiencies in bias and sensitivity have on the
magnitude and direction of effect estimates, which varies depending on
the study and/or outcome. Studies were evaluated for their suitability
for each outcome investigated, and could receive different ratings for
each outcome. Descriptions of each of the evaluation domains and
overall confidence categories can be found in the protocol (Supplement
1, Section 4). Study evaluations were documented in Health Assessment
Workspace (HAWC), and ratings and rationale are publicly available
(links provided in each outcome section).

2.3. Evidence synthesis

After study evaluation, the evidence for each outcome was synthe-
sized separately for each phthalate, using the following aspects of an
association that may suggest causation: consistency, exposure-response
relationship, strength of association, temporal relationship, biological
plausibility, and coherence. In evaluating the evidence for each of these
considerations, syntheses also considered the strengths and limitations
of each study, with high confidence studies carrying the most weight.

Table 1
Outcomes included in the systematic review.

Outcome Background and relevance to female reproductive and/or developmental toxicity

Pubertal development • Puberty is a continuous process involving maturation of both the hypothalamic-pituitary-adrenal axis and the hypothalamic-pituitary-gonadal axis.
• Hormonal changes during puberty underlie the natural dynamic period of physical and sexual maturation that culminates in the ability to reproduce.
• Changes in the mean age at pubertal onset in either direction would be considered an adverse effect (U.S. EPA, 1996).

Fecundity • Fecundity is the biological capacity to reproduce. This review includes time to pregnancy as the primary outcome measure used to study fecundity, as
well as rate of clinical pregnancy.
• Time to pregnancy displays a reverse j-shaped cumulative distribution with many couples (30–40%) conceiving in the first cycle (Buck Louis et al.,
2011) and 80–90% of couples being pregnant after up to 12months of trying (Gnoth et al., 2003).
• Fecundity within a couple can be influenced by either male or female exposures, or both (this review focuses on female exposure). Increases in time to
pregnancy are considered indicative of reproductive toxicity (U.S. EPA, 1996).
• Related outcomes among women seeking infertility treatment are summarized for coherence (without systematic review): oocytes, follicle count,
embryo quality, and implantation.

Spontaneous abortion • Spontaneous abortion or miscarriage is a pregnancy loss occurring before 20 weeks of gestation.
• Loss that occurs before the pregnancy is clinically recognized is considered early, or preclinical.
• Losses at 5 to roughly 20 weeks gestation are considered clinical loss.

Preterm birth • Preterm birth, a delivery occurring before 37 weeks gestation, is a relatively common complication of pregnancy, occurring in > 10% of births (Martin
et al., 2013).
• Changes in gestational duration are considered indicative of reproductive toxicity (U.S. EPA, 1996) and are also reviewed.
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Based on this synthesis, the evidence was assigned a strength of evi-
dence conclusion of Robust, Moderate, Slight, Indeterminate, or
Compelling evidence of no effect. Robust and Moderate describe evidence
that supports a hazard, differentiated by the quantity and quality of
information available to rule out alternative explanations for the re-
sults. Slight and Indeterminate describe evidence for which uncertainties
prevents drawing a causal conclusion in either direction. These cate-
gories are generally limited in terms of quantity or confidence level of
studies, and serve to encourage additional research across the exposure
range experienced by humans. Compelling evidence of no effect requires
several high confidence studies with consistent null results. The ratings
for the individual outcomes were then summarized into an overall
conclusion for female reproductive and developmental effects by
phthalate, using a structured framework available in the key methods
supplement (Supplement 2) and the protocol (Supplement 1, Section 6).
No statistical quantitative meta-analysis was performed due to sub-
stantial differences across studies.

3. Results

The literature flow diagram is shown in Fig. 1 and a list of the in-
cluded and excluded studies is available at: https://hero.epa.gov/hero/
index.cfm/project/page/project_id/2245. For each outcome, there is a
summary of the studies included and excluded based on study evalua-
tion, a list of studies identified in the August 2018 update, a pre-
sentation of the extracted data (tables and/or figures), and a synthesis
of the evidence ending with a judgment of the strength of the evidence
in human studies for each phthalate. The studies reviewed from the
August 2018 literature update did not influence conclusions, and are
not included in Fig. 1.

3.1. Pubertal development

3.1.1. Study selection and evaluation
There were 18 studies (21 papers) that examined female exposure to

phthalates and its association with timing of puberty. Thirteen studies
were excluded, primarily due to issues with temporality (i.e., exposure
was measured post-pubertal onset). Other reasons for exclusion in-
cluded exposure measurement in tissues other than urine (unless
looking at secondary metabolites of DEHP and DINP), exposure mea-
surement by self-report, or critical deficiency in population selection/
study design. The specific phthalate metabolites examined in the re-
maining five studies (seven papers) and the study evaluations are
summarized in Table 2. Full rationales are available at https://
hawcprd.epa.gov/summary/visual/100000090/.

The included studies varied in sample size, having between 69 and
1170 girls/females included in the analysis. Two studies (Wolff et al.,
2014; Mouritsen et al., 2013) examined cohorts of children with
phthalate exposure measured prior to pubertal onset. Three studies (Su
et al., 2014; Watkins et al., 2014; Hart et al., 2013) were pregnancy
cohorts, with exposure measured during gestation and children fol-
lowed to pubertal onset. The results from the two different time periods
(prenatal and childhood) are considered separately in this assessment
and both are considered relevant windows of exposure for pubertal
onset. For samples collected in utero, the timing in all three studies
included the third trimester, with one study (Hart et al., 2013) also
collecting samples during the second trimester and one study (Watkins
et al., 2017) collecting in all three trimesters. Two studies (Wolff et al.,
2014) were classified as medium confidence, and the remaining three
(Su et al., 2014; Watkins et al., 2014; Hart et al., 2013; Mouritsen et al.,
2013) were classified as low confidence.

Fig. 1. Literature flow diagram for female reproductive and developmental effects of phthalates.
*Included one study on low birth weight and one on precocious puberty. Based on the abstracts, both would be excluded due to temporality issues.
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Table 2
Epidemiology studies of pubertal development in females.

Reference Study description Includes metabolites of: Study evaluation

Population Exposure Outcome DEH-
P

DIN-
P

DB-
P

DIB-
P

BB-
P

DE-
P

Exposu-
re

Outco-
me

Selecti-
on

Confoundi-
ng

Analys-
is

Overall
confidence

Included Hart et al. (2013) Pregnancy cohort
(N=123 girls) in Australia

Blood samples at 18
and 34/36 wks
gestation

Prospectively reported age
at menarche

✓ ✓ ✓a ✓a ✓a ✓a D G D D D Low

Mouritsen et al. (2013) Cohort of children (N=84
girls) in Denmark enrolled
at 6-12 yrs

Urine samples every 6
mo, at least 2 samples
averaged

Tanner stages determined
by pediatrician

✓ ✓ ✓b ✓b ✓ ✓ G G D D D Low

Su et al. (2014) Pregnancy cohort (N=69
girls) in Taiwan

Single urine sample
(3rd trimester)

Tanner stages determined
by single examiner

✓ ✓ ✓ ✓ A/D G D D D Low

Watkins et al. (2017);
Watkins et al. (2014)

Pregnancy cohort
(N=117 girls) in Mexico

Urine sample in each
trimester

Tanner stages determined
by pediatrician

✓ ✓ ✓ ✓ ✓ G G D A A Medium

Wolff et al. (2017);
Wolff et al. (2014);
Wolff et al. (2010)

Cohort of girls (N=1,170)
in U.S. enrolled at 6-8 yrs

Single urine sample at
baseline

Repeated assessments of
Tanner stages by trained
examiners

✓ ✓ ✓ ✓ ✓ A/D G A G A Medium

Total Studies per Phthalate 7 3 6 5 6 6

Excluded studies: Exposure measured after development of outcome: Buttke et al. (2012), Chen et al. (2013), Chou et al. (2009), Frederiksen et al. (2012), Hashemipour et al. (2018), Lomenick et al. (2010), Shi et al.
(2015), Srilanchakon et al. (2017), Zhang et al. (2015). Exposure measured in blood: Buluş et al. (2016), Lee et al. (2009), Yum et al. (2013). Exposure measured by self-report: Carran and Shaw (2012). No comparison
group: Rais-Bahrami et al. (2004). Critical deficiency in population selection: Smerieri et al. (2015).
Additional studies identified in the August 2018 literature update: Binder et al. (2018), Kasper-Sonnenberg et al. (2017). Watkins et al. (2017), an update of Watkins et al. (2014) was also identified in the search and
incorporated into the synthesis.
G= good; A= adequate; D=deficient; A/P= adequate for short chain phthalates, deficient for long chain phthalates.
aStudy was considered critically deficient for this phthalate due to measurement in blood.
bStudy summed DBP and DIBP metabolites.

E
.G
.
R
adke,

et
al.

(
Q
YLURQ

P
HQ
W�,Q

WHUQ
D
WLRQ

D
O��
�
�
���
�
�
�
���
�
�
�
�
�

�



3.1.2. Results and synthesis
Evaluation of the association between exposure to DEHP and pub-

ertal development is based on five studies: two with childhood exposure
measures (Wolff et al., 2014; Mouritsen et al., 2013) and three with
prenatal exposure measures (Su et al., 2014; Watkins et al., 2014; Hart
et al., 2013) (Table 3). For childhood exposure, one study reported
delayed onset of puberty (Wolff et al., 2014). Results for prenatal ex-
posure were not consistent with that finding, with one study reporting
no association (Su et al., 2014; Hart et al., 2013) and two (Watkins
et al., 2014; Hart et al., 2013) reporting earlier onset of puberty. Fur-
ther, the direction of the association was opposite for breast develop-
ment (delayed with increasing exposure) and pubic hair development
(earlier with increasing exposure) in Watkins et al. (2017). Overall, due
to lack of consistency and coherence across related measures of pub-
erty, there is indeterminate evidence of an effect of DEHP exposure on
pubertal development.

Two low confidence studies (Mouritsen et al., 2013; Hart et al., 2013)
reported on the association between pubertal development and DINP
exposure (one with childhood exposure measures, one with prenatal).
Neither study reported an association, and this evidence is considered
indeterminate.

Four studies reported on the association between pubertal devel-
opment and DBP (two with childhood exposure measures, two with
prenatal), although one study reported only a combined estimate for
DBP and DIBP (Mouritsen et al., 2013) (Table 4). For childhood ex-
posure, two studies reported later age at pubarche for at least one
measure (Wolff et al., 2014; Mouritsen et al., 2013), but results were
not consistent across measures. For in utero exposure, one study
(Watkins et al., 2017) reported conflicting results for age at menarche
(later age with higher MBP exposure) and pubic hair stages (earlier age
with higher exposure), the latter of which also conflicted with the re-
sults for childhood exposure. In Su et al. (2014), no association was
reported. Overall, because of inconsistency and lack of coherence be-
tween related measures of puberty, there is indeterminate evidence of an
effect of DBP exposure on pubertal development.

There are two studies that reported on the potential association of
DIBP exposure with pubertal development (one with childhood ex-
posure measures, one with prenatal). For prenatal exposure, Watkins
et al. (2014) reported results for menarche and breast and pubic hair
development in opposite directions. Other results indicated no asso-
ciation. Overall, there is indeterminate evidence of an effect of DIBP
exposure on pubertal development.

Evaluation of the evidence of an association between BBP exposure
and pubertal development is based on four studies (two with childhood

exposure measures, two with prenatal) (Table 5). For childhood ex-
posure, the studies had conflicting results, with one showing earlier
onset of puberty (Mouritsen et al., 2013) for breast development and
one showing delayed onset of puberty for breast and pubic hair de-
velopment (Wolff et al., 2014). The effect sizes were small. For prenatal
exposure, Watkins et al. (2014) reported earlier onset of breast and
pubic hair development, but later onset of menarche with increasing
exposure, while Su et al. (2014) reported no association. Overall, there
is indeterminate evidence of an effect of BBP exposure on pubertal de-
velopment.

Four studies reported on the association between pubertal devel-
opment and DEP (two with childhood exposure measures, two with
prenatal) (Table 5). For childhood exposure, one study reported earlier
onset of puberty for age at menarche (Wolff et al., 2017) and the other
study reported no association (Mouritsen et al., 2013). For prenatal
exposure, one study (Watkins et al., 2014) showed earlier onset at
pubarche with increasing exposure, while the other study (Su et al.,
2014) reported no association. Because earlier onset of puberty was
observed in both medium confidence studies, overall, there is slight
evidence of an effect of DEP exposure on pubertal development.

In summary, there is indeterminate evidence of an association be-
tween pubertal development in females and exposure to phthalates,
with the exception of DEP, which has slight evidence. Direct comparison
of the effect estimates across studies was hindered by the different
analysis methods and units, thus the synthesis focused on direction of
association, which was inconsistent across endpoints within studies,
across studies, and across phthalates, including in medium confidence
studies.

3.2. Fecundity

3.2.1. Study selection and evaluation
There were seven studies that examined female exposure to

phthalates and its association with time to pregnancy, and three were
included in the evaluation. Four studies were excluded (Table 6), pri-
marily due to issues with temporality (i.e., exposure after outcome).
The specific phthalate metabolites examined in the remaining three
studies and the study evaluations are summarized in Table 6. One ad-
ditional study examined another outcome related to fecundity, rates of
clinical pregnancy (Hauser et al., 2016). Full rationale is available at
https://hawcprd.epa.gov/summary/visual/100000091/.

All the included studies of time to pregnancy were prospective co-
horts of couples trying to conceive. Time to pregnancy was determined
prospectively. All studies employed Cox regression methods to calculate

Table 3
Associations between DEHP exposure and pubertal development.

Reference; Study confidence; N Outcome Effect estimatea Mean exposure (IQR)
(ng/mL)

Pubertal development timing effect
estimate

∑DEHP
Childhood Exposure
Wolff et al. (2017) and
Wolff et al. (2014); Medium; 1,141

Age at menarche
(n=1,051)

HR (95% CI) Median 142 μg/g
creatinine

1.00 (0.94, 1.06)

Age at 1st breast stage 2 1.01 (0.94, 1.09)
Age at 1st pubic hair stage
2

0.92 (0.85, 0.99)*

Mouritsen et al. (2013); Low; 84 Age at breast stage 2+ Medians in high vs. low
exposure

115 (14-4,627) “no significant difference”
Age at pubic hair stage 2+

Prenatal Exposure
Watkins et al. (2014); Medium; 120 Menarche OR (95% CI) 0.24 μmol/L 1.89 (0.57,6.22)

Breast stage 2+ 0.66 (0.26,1.69)
Pubic hair stage 2+ 2.15 (0.62,7.48)

Hart et al. (2013); Low; 121 Age at menarche Correlation coefficient 4.3 (2.7-7.1) −0.17, p = 0.07
Su et al. (2014); Low; 69 Tanner stage >1 OR (95% CI) 47 mg/g creatinine Stage 2: 1.00 (1.00, 1.00) Stage 3: 1.00

(0.99, 1.01)

aOR and hazard ratio (HR)< 1 indicate later pubertal development. Bolding of the effect estimate indicates evidence that suggests later onset of puberty, while grey
shading indicates evidence that suggests earlier onset of puberty. NR=not reported; Q=quartile, y/n= yes/no *p < 0.05.
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fecundability ORs, in which a lower value (< 1) represents reduced
fecundity (increased time to pregnancy). Buck Louis et al. (2014) col-
lected only one urine sample for exposure measurement, while the
other two studies analyzed multiple samples when available. Thomsen
et al. (2017) included only 242 of the 430 women in the original cohort
due to missing urine samples (not collected due to conception in the
first cycle or lost during storage). Because time to pregnancy differed in
those without urine samples, this was considered a possible selection
bias. One study was classified as high confidence (Jukic et al., 2016) and
two studies were classified as medium confidence (Thomsen et al., 2017;
Buck Louis et al., 2014). The single study that evaluated rates of
pregnancy (Hauser et al., 2016), was a cohort of women undergoing in
vitro fertilization and was classified as high confidence.

3.2.2. Results and synthesis
Three studies examined the association between DEHP exposure in

women and time to pregnancy. Results for metabolites MEHP and
MEOHP are provided in Table 7. There is no evidence that higher DEHP
exposure is associated with longer time to pregnancy. However, ex-
posure levels were fairly low across the studies, which may have re-
duced the ability of individual studies to detect associations. The one
study examining rates of clinical pregnancy in a population of couples
seeking fertility treatment (Hauser et al., 2016) reported lower per-
centages of participants with a pregnancy with higher exposure to
DEHP (Q1: 0.57, 95% CI= 0.45–0.69, Q2: 0.46, 95% CI= 0.36–0.57;
Q3: 0.49, 95% CI=0.38–0.59; Q4: 0.38, 95% CI=0.28–0.49*, p-
trend=0.04). In addition, three studies (four publications) examined
related outcomes in women undergoing in vitro fertilization, and re-
ported decreases in oocytes (Hauser et al., 2016; Machtinger et al.,
2018), antral follicle count (Messerlian et al., 2015), embryo quality

(Machtinger et al., 2018), and implantation (Hauser et al., 2016),
though one study reported no decrease in embryo quality (Wu et al.,
2017). Still, because of the lack of supporting evidence from studies on
time to pregnancy, which were all of high or medium confidence, evi-
dence of an association between DEHP exposure in women and fe-
cundity is considered slight.

Evaluation of the association between exposure to the other
phthalates and time to pregnancy is based on a subset of the studies
described for DEHP, with one to three studies for each phthalate
(Table 8). With the exception of one study for DEP (Thomsen et al.,
2017), no association was reported between higher phthalate exposure
and lower fecundity/increased time to pregnancy. This included the
single study examining rates of clinical pregnancy (Hauser et al., 2016).
There were decreases in related outcomes in women undergoing in
vitro fertilization in three studies (four publications) for DBP, DIBP, and
DEP in at least one secondary outcome (Hauser et al., 2016; Messerlian
et al., 2015; Machtinger et al., 2018; Wu et al., 2017), but based on the
lack of association for the primary fecundity outcomes, evidence of an
association between fecundity and exposure to DINP, DBP, DIBP, BBP,
and DEP is considered indeterminate.

3.3. Spontaneous abortion

3.3.1. Study selection and evaluation
There were five studies that examined exposure to phthalates and its

association with spontaneous abortion; none were excluded. The spe-
cific phthalate metabolites examined in the studies and the study eva-
luations are summarized in Table 9. Full rationale is available at
https://hawcprd.epa.gov/summary/visual/100000092/.

Two studies were preconception general population cohorts (Jukic

Table 4
Associations between DBP and DIBP exposure and pubertal development.

Reference; Study Confidence; N Outcome Effect estimate Mean exposure (IQR) (ng/
mL)

Pubertal development timing effect
estimate

DBP
Childhood Exposure
Wolff et al. (2017) and
Wolff et al. (2014); Low; 1,141

Age at menarche
(n=1,051)

HR (95% CI) Median 14 μg/g creatinine 0.98 (0.90, 1.06)

Age at 1st breast stage 2 0.99 (0.92, 1.08)
Age at 1st pubic hair stage
2

0.92 (0.85, 1.00)

Prenatal Exposure
Su et al. (2014); Low; 69 Tanner stage >1 OR (95% CI) 68 mg/g creatinine Stage 2: 1.00 (0.99, 1.00) Stage 3: 0.99

(0.98, 1.01)
Watkins et al. (2014); Medium; 116 Menarche OR (95% CI) 57 (26-119) in Watkins et al.,

2014
0.73 (0.22,2.41)

Breast stage 2+ 1.06 (0.41,2.71)
Pubic hair stage 2+ 2.6 (0.65,10.46)

∑DBP+DIBP
Childhood Exposure
Mouritsen et al. (2013); Low; 84 Age at breast stage 2+ Medians in high vs. low

exposure
122 (range 23-904) Not significant, slightly lower age at

pubarche
Age at pubic hair stage 2+ Not significant, slightly higher age at

pubarche

DIBP
Childhood Exposure
Wolff et al. (2017) and
Wolff et al. (2014); Medium; 1,141

Age at menarche
(n=1,051)

HR (95% CI) Median 48 μg/g creatinine 1.01 (0.94, 1.09)

Age at 1st breast stage 2 0.97 (0.9, 1.04)
Age at 1st pubic hair stage
2

0.99 (0.91, 1.07)

Prenatal Exposure
Watkins et al. (2014); Low; 116 Menarche OR (95% CI) 2 (1.0-3.6) in Watkins et al.,

2014
0.39 (0.09,1.70)

Breast stage 2+ 1.21 (0.38,3.90)
Pubic hair stage 2+ 1.65 (0.30,9.03)

aOR and hazard ratio (HR)<1 indicate later pubertal development, bIncludes MBP and OH-MBP, cIncludes MIBP and OH-MIBP, Bolding of the effect estimate
indicates evidence that suggests later onset of puberty, while grey shading indicates evidence that suggests earlier onset of puberty. NR=not reported; Q= quartile,
*p < 0.05
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et al., 2016; Toft et al., 2012), one was a preconception cohort among
women receiving assisted reproductive technology (Messerlian et al.,
2016) and two were clinic-based, case-control studies (Mu et al., 2015);
(Yi et al., 2016). With regards to population selection, the case-control
studies only included women who received ultrasound to confirm
pregnancy, which represented a potential selection bias as it excludes
women who experienced a spontaneous abortion and did not receive an
ultrasound. One of the preconception cohorts (Toft et al., 2012) had
urine samples for only 56% (242 out of 430) of the cohort participants
because urine samples were not collected if conception occurred during
the first cycle (n=111) or because urine samples were lost during the
storage period. Time to pregnancy differed between the participants
with and without urine samples, which was considered a potential
source of selection bias. Two studies were classified as having high
confidence (Jukic et al., 2016; Messerlian et al., 2016) and the other
three (Mu et al., 2015; Toft et al., 2012); (Yi et al., 2016) were classified
as having low confidence.

3.3.2. Results and synthesis
Evaluation of the evidence of an association between exposure to

DEHP and spontaneous abortion (Table 10) is based on five studies,
with three studies reporting on early loss, three studies reporting on
clinical loss, and one reporting on total loss. Of the two high confidence
studies, Messerlian et al. (2016) reported elevated odds of total loss
(early and clinical loss combined) with higher exposure while Jukic
et al. (2016) reported lower odds of early loss with higher exposure. For
early and clinical loss, two low confidence studies reported elevated
odds with higher exposure (Toft et al. (2012) for early loss and Yi et al.
(2016) for clinical loss), though the effect estimates for one (Mu et al.,

2015; Toft et al., 2012) were imprecise. Overall, there is slight evidence
of an association between DEHP exposure and spontaneous abortion,
but there is considerable uncertainty due to inconsistency in the high
confidence studies.

DINP was measured in two studies (Jukic et al., 2016; Messerlian
et al., 2016). No association with early loss or total loss, respectively,
was observed. This evidence is considered indeterminate.

Evaluation of the evidence of an association between exposure to
DBP and spontaneous abortion is based on five studies (Table 11). Jukic
et al. (2016), a high confidence study, found slightly elevated ORs be-
tween early loss and MBP exposure levels. Toft et al. (2012) observed a
monotonic increase in OR for early loss with increasing exposure, and
an inverse association for clinical loss with increasing exposure. Mu
et al. (2015) reported an elevated OR for clinical loss for quartile 4 vs.
quartile 1, but an inverse association for quartiles 2 and 3 vs. quartile 1.
None of the reported associations were statistically significant.
Messerlian et al. (2016), another high confidence study, and Yi et al.
(2016) reported no association. The results for clinical loss were in-
consistent, and the effect estimates for early loss were small and not
statistically significant. Overall, there is slight evidence of an association
between DBP exposure and early spontaneous abortion.

Four studies examined the association between spontaneous abor-
tion and DIBP exposure (Table 11). The two high confidence studies,
Jukic et al. (2016) and Messerlian et al. (2016) found no relationship
between MiBP and early pregnancy loss and total pregnancy loss;
however, DIBP exposure levels were lower than those reported for other
phthalates and this may have affected study sensitivity. One low con-
fidence study (Yi et al., 2016) also found no increase in clinical loss.
Conversely, Mu et al. (2015) reported generally increasing associations

Table 5
Associations between BBP and DEP exposure and pubertal development.

Reference; Study Confidence; N Outcome Effect estimate Mean exposure (IQR) (ng/
mL)

Pubertal development timing effect
estimate

BBP
Childhood Exposure
Wolff et al. (2017) and
Wolff et al. (2014); Medium; 1,141

Age at menarche
(n=1,051)

HR (95% CI) Median 21 μg/g creatinine 0.98 (0.92, 1.05)

Age at 1st breast stage 2 0.95 (0.89, 1.01)
Age at 1st pubic hair stage
2

0.92 (0.86, 0.99)⁎

Mouritsen et al. (2013); Low; 84 Age at breast stage 2+ Medians in high vs. low
exposure

37
(range 3-433)

Not significant, slightly lower age at
pubarche

Age at pubic hair stage 2+ “no significant difference”

Prenatal Exposure
Su et al. (2014); Low; 69 Tanner stage >1 OR (95% CI) 17 mg/g Stage 2: 1.01 (0.99, 1.02) Stage 3: 0.98

(0.91, 1.05)
Watkins et al. (2014); Low; 116 Menarche OR (95% CI) 4 (2.2-7.0) in Watkins et al.,

2014
0.92 (0.26,3.25)

Breast stage 2+ 1.58 (0.63,3.96)
Pubic hair stage 2+ 3.89 (0.96,15.8)

DEP
Childhood Exposure
Wolff et al. (2017) and
Wolff et al. (2014); Medium; 1,141

Age at menarche
(n=1,051)

HR (95% CI) Median 68 μg/g creatinine 1.06 (0.99, 1.14)

Age at 1st breast stage 2 1.03 (0.96, 1.09)
Age at 1st pubic hair stage
2

0.99 (0.94, 1.06)

Mouritsen et al. (2013); Low; 84 Age at breast stage 2+ Medians in high vs. low
exposure

36 (range 6-847) “no significant difference”
Age at pubic hair stage 2+

Prenatal Exposure
Su et al. (2014); Low; 69 Tanner stage >1 OR (95% CI) 65 mg/g creatinine Stage 2: 1.00 (1.00, 1.01) Stage 3: 0.99

(0.94, 1.03)
Watkins et al. (2014); Low; 116 Menarche OR (95% CI) 114 (41-242) in Watkins et al.,

2014
4.33 (1.25,15.0)⁎

Breast stage 2+ 1.49 (0.57,3.88)
Pubic hair stage 2+ 2.31 (0.67,7.94)

aOR and hazard ratio (HR)< 1 indicate later pubertal development, Bolding of the effect estimate indicates evidence that suggests later onset of puberty, while grey
shading indicates evidence that suggests earlier onset of puberty. Studies are sorted by median exposure level, NR=not reported; Q= quartile.

⁎ p < 0.05
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with increasing exposure, including a statistically significant finding in
the 4th vs. 1st quartile. Given the lack of consistency across studies and
the reporting of an association in only a single low confidence study, the
evidence of an association between DIBP exposure and spontaneous
abortion is considered indeterminate.

Three studies examined the evidence of an association between BBP
exposure (measured by MBzP) and spontaneous abortion (Table 11).
Toft et al. (2012) found higher ORs with a monotonic trend for early
loss, but no association between exposure and clinical loss. Results from
Jukic et al. (2016) and Messerlian et al. (2016), high confidence studies,
did not support this finding despite Jukic et al. (2016) reporting higher
BBP exposure levels. Based on this lack of consistency across studies,
the evidence of an association between BBP exposure and spontaneous
abortion is considered indeterminate.

Five studies examined the evidence of an association between DEP
exposure and spontaneous abortion. Jukic et al. (2016) and Messerlian
et al. (2016), the high confidence studies, found no association between
MEP levels and early loss or total loss, respectively (Table 11). One low
confidence study (Yi et al., 2016) also reported no association. Toft et al.
(2012) reported slightly elevated ORs for early loss, and moderately
elevated ORs for clinical loss. Mu et al. (2015) reported a monotonic
increase in ORs with increasing exposure. There was not a clear ex-
planation for the lack of association in the high confidence studies, but it
is possible that the association is limited to clinical loss. Given this lack
of consistency, the evidence for an association between DEP exposure
and spontaneous abortion is slight.

In summary, there is slight evidence of an association between
spontaneous abortion and exposure to DEHP, DBP, and DEP. There is
generally inconsistency among the high confidence studies.

3.4. Preterm birth

3.4.1. Study selection and evaluation
There were 20 studies (described in 22 publications) that examined

exposure to phthalates and its association with preterm birth or ge-
stational duration. Four studies were excluded due to issues with ex-
posure measurement and six studies were excluded due to participant
enrollment late in pregnancy (i.e., a majority of participants were en-
rolled during the third trimester) (Table 12). The specific phthalate
metabolites examined in the remaining eight studies (ten publications)
and the study evaluations are summarized in Table 12 and full rationale
is available at https://hawcprd.epa.gov/summary/visual/100000093/.

Six studies are pregnancy cohorts, and two are case-control studies
nested within pregnancy cohorts. These studies vary in size between 60
and 3103 mother-infant pairs included in the analysis. Four studies
(Casas et al., 2016; Shoaff et al., 2016; Ferguson et al., 2014b) mea-
sured exposure in two or more urine samples, with the levels averaged,
while the remaining studies used a single urine sample. Only Ferguson
et al. (2014b) additionally analyzed the exposure collections separately.
The timing of collection (preconception, 1st, 2nd, or 3rd trimester)
varied among the studies; timing variability during pregnancy was not
considered to be a basis for downgrading confidence in the results be-
cause the critical window is not known. However, preconception ex-
posure resulted in a downgrade in confidence because women may
change their diet and overall exposure when they become pregnant,
and pregnancy may cause metabolic changes. Five studies (Casas et al.,
2016; Gao et al., 2016; Polańska et al., 2016; Watkins et al., 2016;
Smarr et al., 2015) analyzed gestational duration as a continuous
variable; however, authors of three of these studies (Casas et al., 2016;
Gao et al., 2016; Smarr et al., 2015) were contacted and were able to
provide analyses with preterm birth as the outcome to improve com-
parability between studies, and those results are presented here rather
than the gestational duration results. Only one study (Ferguson et al.,
2014b) stratified by type of preterm birth (i.e., spontaneous preterm
birth). Three studies (Casas et al., 2016; Shoaff et al., 2016; Ferguson
et al., 2014b) were classified as high confidence, and the remaining fiveT
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were classified as medium confidence. The bias for all studies was con-
sidered likely to be towards the null, if present, due to the possibility of
exposure misclassification (see exposure criteria in Supplement 1,
Section 4.1.1) and other study-specific limitations.

3.4.2. Results and synthesis
Evaluation of the evidence of an association between exposure to

DEHP and preterm birth is based on six studies that analyzed preterm
birth as a dichotomous variable (Casas et al., 2016; Gao et al., 2016;
Shoaff et al., 2016; Smarr et al., 2015; Ferguson et al., 2014b; Meeker
et al., 2009) (Fig. 2, results are sorted by mean exposure level for stu-
dies with continuous exposure) and two studies that analyzed gesta-
tional duration as a continuous variable (Polańska et al., 2016; Watkins
et al., 2016). Of the preterm birth studies, four of the six, including two
high confidence studies, reported elevated ORs, with one (Ferguson
et al., 2014b) reaching statistical significance, and very similar results
among these four studies (OR range for continuous exposure:
1.25–1.33). An exposure-response relationship was observed in
Ferguson et al. (2014b) (OR range: 1.23–2.17) and Casas et al. (2016),
although the relationship was non-monotonic in the latter study. The
largest study (Gao et al., 2016) reported no association, but also had
lower levels of exposure than other studies, with only Smarr et al.
(2015) reporting lower levels of MEOHP (not shown). This may indicate

reduced study sensitivity. The two gestational duration studies reported
no association between pregnancy duration and DEHP exposure, but
this is not considered inconsistent with the preterm birth results due to
the limitations in analyzing gestational duration as a proxy for preterm
birth. While there is consistency for preterm birth among multiple
medium and high confidence studies in varied settings (e.g., multiple
different countries), there is a lack of association in one high confidence
study, as well as the largest study, which may be partly explained by
lower study sensitivity resulting from low exposure levels. Therefore,
there is moderate evidence of an association between DEHP exposure
and preterm birth.

Two studies of medium confidence included results for DINP. Meeker
et al. (2009) reported slightly elevated odds (not statistically sig-
nificant) of preterm birth with higher DINP exposure in a small study
(MCiOP OR=1.3, 95% CI=0.5–3.9), while Polańska et al., 2016 re-
ported no association with gestational duration (∑DINP β=−0.03,
SE= 0.08, p=0.5). The evidence for an association between DINP
exposure and preterm birth from this one study is considered slight.

Evaluation of the evidence of an association between exposure to
DBP and preterm birth is based on six studies (Casas et al., 2016; Gao
et al., 2016; Shoaff et al., 2016; Smarr et al., 2015; Ferguson et al.,
2014b; Meeker et al., 2009) that analyzed preterm birth as a dichot-
omous variable (Fig. 3; results are sorted by mean exposure level for

Table 7
Associations between DEHP exposure and time to pregnancy.

Reference; study confidence; N Mean exposure
(IQR)
(ng/mL)

Fecundability OR (95%
CI)

Fecundability OR unit change

DEHP

MEHP
Buck Louis et al. (2014); Medium; 501 4.6 0.99 (0.87, 1.12) 1 SD change (log transformed)
Jukic et al. (2016); High; 221 6.6 (3.8–11) T2: 1.23 (0.85, 1.79)

T3: 1.39 (0.97, 1.97)
T2 and T3 vs. T1

Thomsen et al. (2017); Medium; 229 14.5
(range 0–348)

0.99 (0.72,1.35) 1 unit increase (ln transformed)

MEOHP
Buck Louis et al. (2014); Medium; 501 Mean 8.7 1.06 (0.91, 1.24) 1 SD change (log transformed)
Jukic et al. (2016); High; 221 33.3 (20–49) Q2: 1.28 (0.91, 1.81)

Q3: 1.11 (0.77, 1.58)
T2 and T3 vs. T1

Fecundability OR < 1 indicates increased time to pregnancy.
Q=quartile; T= tertile. Studies within individual phthalates are sorted by median exposure level.

Table 8
Associations between DINP, DBP, DIBP, BBP, and DEP exposure and time to pregnancy

Reference; Study confidence; N Mean exposure (IQR)
(ng/mL)

Fecundability OR (95% CI) Fecundability OR unit change

DINP
Jukic et al. (2016); High; 221 MCiOP 3.3 (2.3-5.2) Q2: 0.93 (0.66, 1.32) Q3: 0.96 (0.68, 1.35) T2 and T3 vs. T1

DBP
Buck Louis et al. (2014); Medium; 501 10 0.93 (0.77, 1.12) 1 SD change (log transformed)
Jukic et al. (2016); High; 221 80 (49-127) Q2: 0.90 (0.63, 1.27) Q3: 0.96 (0.68, 1.35) T2 and T3 vs. T1
Thomsen et al. (2017); Medium; 229 272 (range 10-2,292) 1.03 (0.76,1.39) 1 unit increase (ln transformed)

DIBP
Jukic et al. (2016); High; 221 3.1 (1.9-5.0) Q2: 1.16 (0.81, 1.65) Q3: 1.11 (0.77, 1.61) Tertile vs. T1
Buck Louis et al. (2014); Medium; 501 5.1 0.95 (0.78, 1.14) 1 SD change (log transformed)

BBP
Buck Louis et al. (2014); Medium; 501 5 0.94 (0.78, 1.13) 1 SD change (log transformed)
Thomsen et al. (2017); Medium; 229 22 (range 1.0-203) 0.88 (0.64,1.19) 1 unit increase (ln transformed)
Jukic et al. (2016); High; 221 40 (25-69) Q2: 0.76 (0.53, 1.10) Q3: 1.01 (0.73, 1.40) T2 and T3 vs. T1

DEP
Thomsen et al. (2017); Medium; 229 379 (range 16-12,357) 0.79 (0.63,0.99)* 1 unit increase (ln transformed)
Buck Louis et al. (2014); Medium; 501 94 0.97 (0.84, 1.12) 1 SD change (log transformed)
Jukic et al. (2016); High; 221 134 (72-296) Q2: 1.00 (0.71, 1.42) Q3: 0.98 (0.68, 1.40) T2 and T3 vs. T1

Fecundability OR < 1 indicates increased time to pregnancy. *p < 0.05, results that support an association are shaded. Q= quartile; T= tertile.

E.G. Radke, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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Table 9
Epidemiology studies of spontaneous abortion

Reference Study description Includes metabolites of: Study evaluation

Population Exposure Outcome DEH-
P

DIN-
P

DB-
P

DIB-
P

BB-
P

DE-
P

Exposu-
re

Outco-
me

Selecti-
on

Confoundi-
ng

Analys-
is

Overall
confidence

Included Jukic et al.
(2016)

Preconception cohort in U.S.
(N=221 women)

Three urine samples
from cycle of
conception, pooled

Early pregnancy loss, identified
via hCG

✓ ✓ ✓ ✓ ✓ ✓ G G A G G High

Messerlian
et al. (2016)

Cohort of women receiving
assisted reproductive
technology in U.S. (N=256)

Two urine samples per
conception cycle

Total pregnancy loss and
“biochemical” (early) loss
identified prospectively

✓ ✓ ✓ ✓ ✓ ✓ G G A A A High

Mu et al.
(2015)

Case-control in China (N=132
cases, 172 controls) of women
receiving ultrasound

Single morning urine
sample at 5-13 wks
gestation

Clinical pregnancy loss
identified by ultrasound

✓ ✓ ✓ ✓a ✓ A/P A D D A Low

Toft et al.
(2012)

Preconception cohort in
Denmark (N=242 women)

Single urine sample
from cycle of
conception

Early and clinical pregnancy
loss identified through urine
samples or medical provider

✓ ✓ ✓ ✓ A/P G D A A Low

Yi et al. (2016) Case-control in China (N=150
cases, 172 controls) of women

Single morning urine
sample at admission to
hospital

Clinical pregnancy low
identified by ultrasound

✓ ✓ ✓ ✓ A/P A D A A Low

Total Studies per Phthalate 5 2 5 4 3 5

Additional studies identified in the August 2018 literature update: Liao et al. (2018), Zhao et al. (2017), Gao et al. (2017). G= good; A= adequate; D=deficient; A/D=adequate for short chain phthalates, deficient for
long chain phthalates; hCG=human chorionic gonadotropin. a Study was considered critically deficient for this phthalate due to a high percent below the LOD.

Table 10
Associations between DEHP metabolite levels and spontaneous abortion

Early loss Clinical loss

Reference; Study
Confidence; N

MEHP median (IQR),
(ng/mL)

MEOHP median,
(ng/mL)

MEHP Early loss OR
(95% CI)

MEOHP Early loss OR (95% CI) MEHP Clinical loss OR (95% CI) MEOHP Clinical loss OR (95% CI)

Messerlian et al. (2016);
High; 256

2.6 (1.5-6.4) 10.2 ∑DEHP Biochemical loss Q2: 2.3 (0.63,8.5) Q3:
2.0 (0.58,7.2) Q4: 3.4 (0.97,11.7) p-trend=0.04

∑DEHP Total loss Q2: 1.1 (0.61,2.0) Q3: 1.0
(0.56, 1.8) Q4: 1.6 (0.96, 2.7) p-trend=0.06

Jukic et al. (2016); High;
221

6.6 (3.8-11) 30.3 ∑DEHP T2: 0.32 (0.13, 0.77)* T3: 0.49 (0.19,
1.24)

Yi et al. (2016); Low; 300 10.5 (mean) 6.2 (mean) Continuous 1.78 (1.35,2.34)*
Quartiles Q2: 3.3 Q3: 4.0 Q4: 7.2

Continuous 1.28 (0.84,1.95) Quartiles Q2: 1.6
Q3: 1.9 Q4: 4.6

Toft et al. (2012); Low;
242

15.4 (7.5-27) 33.3 T2: 10.83 (1.16, 101)
T3: 40.67 (4.48, 370)

T2: 2.16 (0.63, 7.39) T3: 2.73 (0.78, 9.54) T2: 0.17 (0.03, 0.95)* T3: 0.25
(0.05, 1.28)

T2: 0.55 (0.13, 2.29) T3: 0.55 (0.13, 2.35)

Mu et al. (2015); Low;
304

20.6/4.8 (cases/non-
cases) (1.5-103 cases)

Q2: 0.97 (0.47, 1.98) Q3: 0.71 (0.34,
1.51) Q4: 1.30 (0.66, 2.55)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect size (e.g., OR > =1.5), or exposure-response trend across categories of exposure.
Studies are sorted by median exposure level. Q=quartile; T= tertile.
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studies with continuous exposure) and two studies that analyzed ge-
stational duration as a continuous variable (Polańska et al., 2016;
Watkins et al., 2016). Three studies, including two high confidence,
reported elevated odds of preterm birth (OR range: 1.3 to 4.5) with
higher exposure (Casas et al., 2016; Ferguson et al., 2014b; Meeker
et al., 2009). Statistically significant results were reported in Ferguson
et al. (2014b) and Meeker et al. (2009), and the OR in Meeker et al.
(2009) was high. The remaining three studies (Gao et al., 2016; Shoaff
et al., 2016; Smarr et al., 2015) reported no association or an associa-
tion with longer gestation; however, the DBP exposure levels in Smarr
et al. (2015) were the lowest of the studies, and as such the study may
have had lower sensitivity to detect an association. Shoaff et al. (2016)
reported statistically significant lower odds of preterm birth with higher
exposure. Among the two gestational duration studies, the only asso-
ciation reported between pregnancy duration and DBP exposure was in
female infants in Watkins et al., 2016 (for male infants change in
days= 0.09, 95% CI=−3.81, 3.99; for female infants change in
days=−4.46, 95% CI=−8.25, −0.67*). Overall, while there are
some inconsistencies in the results across studies, there is moderate
evidence of an association between DBP exposure and preterm birth.

Five studies on preterm birth (Casas et al., 2016; Gao et al., 2016;
Shoaff et al., 2016; Smarr et al., 2015; Ferguson et al., 2014b; Meeker
et al., 2009) and one study on gestational duration (Polańska et al.,
2016) investigated the association with exposure to DIBP (Fig. 3). One
high confidence study (Shoaff et al., 2016) and one medium confidence
study (Meeker et al., 2009) reported non-statistically significant ele-
vated odds of preterm birth with higher DIBP exposure, while the other
three studies reported no association between exposure and preterm
birth, and there was no clear pattern between exposure level or range
and higher ORs. Polańska et al. (2016) reported no association with
gestational duration (β=0.01, SE=0.04, p=0.8). DIBP exposure
levels were low in all of the studies relative to other phthalates, with the
exception of Casas et al. (2016), so the sensitivity to detect an

association may have been inadequate. The current evidence is con-
sidered slight.

Evaluation of the evidence for an association between exposure to
BBP and preterm birth is based on six studies (Casas et al., 2016; Gao
et al., 2016; Shoaff et al., 2016; Smarr et al., 2015; Ferguson et al.,
2014b; Meeker et al., 2009) that analyzed preterm birth as a dichot-
omous variable (Fig. 3; results are sorted by mean exposure level for
studies with continuous exposure variables) and one study that ana-
lyzed gestational duration as a continuous variable (Watkins et al.,
2016). One high confidence study Ferguson et al. (2014b) and one
medium confidence study (Meeker et al., 2009) reported non-statistically
significant elevated odds of preterm birth with increasing BBP ex-
posure, although in Ferguson et al. (2014b) the OR was only slightly
elevated. Results from the other four studies (two high confidence and
two medium confidence studies) were either no association or lowered
odds. There was no increase in ORs with increasing exposure levels or
range. The gestational duration study reported no association between
pregnancy duration and BBP exposure (Watkins et al. 2016) male in-
fants change in days (β= 0.27, 95% CI=−4.35, 4.90; female infants
change in days (β=−2.60, 95% CI=−7.87, 2.67)). However, BBP
exposure in all of the studies was low relative to other phthalates,
which may have reduced the sensitivity to detect an association.
Therefore, the evidence is considered slight.

Of the same six studies that investigated DEP exposure and preterm
birth, four studies, including all three high confidence studies (Casas
et al., 2016; Shoaff et al., 2016; Ferguson et al., 2014b; Meeker et al.,
2009) reported consistent higher odds (OR range: 1.1–1.4) of preterm
birth with increasing exposure. These results were not statistically
significant, and the effect estimates were smaller than the results for
other phthalates, particularly in Meeker et al. (2009). Conversely,
Smarr et al. (2015) reported a statistically significant negative asso-
ciation and Gao et al. (2016) reported no association, but these two
studies had the lowest exposure levels. Among the two gestational

Table 11
Associations between DBP, DIBP, BBP, and DEP metabolite levels and spontaneous abortion

Reference; Study Confidence; N Median exposure (IQR), (ng/mL) Early loss OR (95% CI) Clinical loss OR (95% CI)

DBP (measured by MBP)
Messerlian et al. (2016); High;

256
12.6 (6.8-21) Q2: 0.66 (0.22,1.9) Q3: 0.78 (0.28,2.2) Q4: 0.58

(0.19,1.7)
“No notable association”

Yi et al. (2016); Low; 300 47 (mean) 1.00 (0.67,1.50)
Jukic et al. (2016); High; 221 80 (49-127) T2: 1.10 (0.47, 2.58) T3: 1.12 (0.46, 2.74)
Mu et al. (2015); Low; 304 86/44 (cases/noncases) (case IQR

10-240)
Q2: 0.85 (0.44, 1.64) Q3: 0.82 (0.42, 1.59) Q4: 1.33
(0.72, 2.48)

Toft et al. (2012); Low; 242 174 (107-315) T2: 1.25 (0.38, 4.09) T3: 1.64 (0.52, 5.20) T2: 0.87 (0.21, 3.57) T3: 0.51 (0.12, 2.21)

DIBP (measured by MIBP)
Jukic et al. (2016); High; 221 3.1 (1.9-5.0) T2: 1.08 (0.47, 2.45) T3: 0.73 (0.32, 1.68)
Messerlian et al. (2016); High;

256
7.2 (3.8-12) Q2: 0.53 (0.17,1.6) Q3: 1.2 (0.59,2.5) Q4: 0.71

(0.26,1.9)
“No notable association”

Yi et al. (2016); Low; 300 32 (mean) 0.85 (0.60,1.19)
Mu et al. (2015); Low; 304 41/19 (cases/noncases) (case IQR

8.0-125)
Q2: 1.43 (0.71, 2.88) Q3: 1.38 (0.68, 2.79) Q4: 2.48
(1.28, 4.79)*

BBP (measured by MBzP)
Messerlian et al. (2016); High;

256
3.2 (1.7-6.1) Q2: 1.2 (0.46,3.3) Q3: 1.2 (0.42,3.2) Q4: 1.1

(0.39,3.1)
“No notable association”

Toft et al. (2012); Low; 242 12 (7.3-23) T2: 2.39 (0.70, 8.22) T3: 3.11 (0.87, 11.09) T2: 1.08 (0.25, 4.66) T3: 0.96 (0.20, 4.59)
Jukic et al. (2016); High; 221 40 (25-69) T2: 1.65 (0.69, 3.98) T3: 0.90 (0.36, 2.27)

DEP (measured by MEP)
Yi et al. (2016); Low; 300 12 (mean) 0.75 (0.57,0.98)
Messerlian et al. (2016); High;

256
51 (21-133) Q2: 0.96 (0.41,2.30) Q3: 0.65 (0.23,1.87) Q4:

0.86 (0.34,2.16)
“No notable association”

Mu et al. (2015); Low; 304 57/16 (cases/noncases) (case IQR
3.8-322)

Q2: 1.04 (0.52, 2.08) Q3: 1.36 (0.70, 2.65) Q4: 1.88
(0.99, 3.58)

Jukic et al. (2016); High; 221 134 (73-296) T2: 0.73 (0.31, 1.73) T3: 1.06 (0.48, 2.33) NR
Toft et al. (2012); Low: 242 224 (113-419) T2: 1.29 (0.43, 3.83) T3: 1.13 (0.36, 3.59) T2: 2.19 (0.42, 11.45) T3: 4.63 (0.92, 23.26)

*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect size (e.g., OR > =1.5), or
exposure-response trend across categories of exposure. Light gray represents other supportive results. Studies within individual phthalates are sorted by median
exposure level. Q=quartile; T= tertile.
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Table 12
Epidemiology studies of preterm birth/gestational duration

Reference Study description Includes metabolites of: Study evaluation

Population Exposure Outcome DEH-
P

DIN-
P

DB-
P

DIB-
P

BB-
P

DE-
P

Exposu-
re

Outco-
me

Selecti-
on

Confoundi-
ng

Analys-
is

Overall
confidence

Included Casas et al. (2016)a Pregnancy cohort in Spain
(N=390)

Two urine samples
at ~12 and 32 wk
gestation

GD calculated from
ultrasound and last
menstrual period

✓ ✓ ✓ ✓ ✓ G G G G G High

Ferguson et al.
(2014a); Ferguson
et al. (2014b); Chen
et al. (2015);

Nested case-control within
pregnancy cohort in U.S. (N=130
cases preterm birth, 352 controls)

Up to four urine
samples

GD calculated from
ultrasound and last
menstrual period

✓ ✓ ✓ ✓ ✓ G G A A G High

Gao et al. (2016)a Pregnancy cohort in China
(N=3,103)

Single urine sample
in 1st trimester

GD calculated using last
menstrual period or
ultrasound

✓ ✓ ✓ ✓ A/P A A A A Medium

Meeker et al. (2009) Nested case-control in pregna
cohort in Mexico (N=30 cases
and 30 controls)

Single urine sample
in 3rd trimester

GD calculated from last
menstrual period
(recall)

✓ ✓ ✓ ✓ ✓ ✓ A/P A A A A Medium

Polańska et al. (2016) Pregnancy cohort in Poland
(N=165)

Single urine sample
in 3rd trimester

GD estimated using last
menstrual period or
ultrasound

✓ ✓ ✓ ✓ ✓b ✓ A/P A A G D Medium

Shoaff et al. (2016) Pregnancy cohort in U.S.
(N=368)

Two urine samples
at ~16 and 26 wk
gestation

GD calculated from last
menstrual period or
other method

✓ ✓ ✓ ✓ ✓ G A A G A High

Smarr et al. (2015)a Preconception cohort in U.S.
(n=233)

Single urine sample
at baseline of trying
to conceive

GD calculated from
conception identified
prospectively

✓ ✓b ✓ ✓ ✓ ✓ D G A A A Medium

Watkins et al. (2016) Pregnancy cohort in U.S. (N=68) Two urine samples
in 1st trimester and
at delivery

GD calculated using last
menstrual period or
ultrasound

✓ ✓ ✓c ✓ ✓ G A A A D Medium

Total Studies per Phthalate 6 2 6 5 6 6

Excluded studies: Exposure based on tissues other than urine: Brucker-Davis et al. (2010), Huang et al. (2009), Huang et al. (2014), Huang et al. (2014), Latini et al. (2003), Li et al. (2016). Exposure based on occupational
exposure with unvalidated matrix: Burdorf et al. (2011). Study entry late in pregnancy (most or all enrollment in 3rd trimester): Adibi et al. (2009), Su et al. (2014), Suzuki et al. (2010), Weinberger et al. (2014), Whyatt
et al. (2009), Wolff et al. (2008).
G=good; A= adequate; D=deficient; A/D= adequate for short chain phthalates, deficient for long chain phthalates; GD= gestational duration.
aAdditional analyses pertaining to preterm birth obtained from the study authors.
bConsidered critically deficient for this phthalate due to> 50% less than the LOD.
cResults presented for summed DBP (MBP and MIBP), and included in analysis under DBP due to higher exposure levels.

E
.G
.
R
adke,

et
al.

(
Q
YLURQ

P
HQ
W�,Q

WHUQ
D
WLRQ

D
O��
�
�
���
�
�
�
���
�
�
�
�
�

�
�



duration studies, both reported an association between shorter gesta-
tional duration and increasing exposure, with statistical significance in
one (Polańska et al. (2016) β=−0.2, SE= 0.1, p=0.04*; Watkins
et al. (2016) for male infants change in days=−3.30, 95%
CI=−7.94, 1.34; for female infants change in days=−2.86, 95%
CI=−9.19, 3.47). Given the reasonable consistency between the stu-
dies, the evidence that DEP exposure is associated with higher risk of
preterm birth is considered moderate.

In addition to the primary effect, one study (Ferguson et al., 2016)
showed that oxidative stress may act as a mediator between phthalate
exposure and preterm birth, based on a strong association between
elevated urinary phthalate metabolites and higher levels of oxidative
stress biomarkers in pregnant women. The author noted that oxidative
stress can cause apoptosis at the maternal-fetal interface, leading to
poor vascularization of the placenta and consequently preeclampsia
and/or intrauterine growth restriction during pregnancy. Another study
(Adibi et al., 2010) reported that increased urinary phthalate metabo-
lite concentrations were associated with a significant downregulation in
the expression of placental genes involved in trophoblast differentiation
(PPARγ, AhR, and HCG). There is also evidence from animal studies
that phthalates interfere with maternal ovarian function and ster-
oidogenesis, which may have effects on pregnancy maintenance; how-
ever, this mechanism in females remains poorly defined (reviewed in
Kay et al., 2013). This mechanistic support provides some biological
plausibility for the observed associations.

In summary, there is moderate evidence of an association between
preterm birth and exposure to DEHP, DBP, and DEP. Table 13 presents a
summary of the factors that increase and decrease confidence in this
evidence. The evidence of an association for the remaining phthalates is
considered slight. Exposure levels for BBP, DIBP, and DINP were gen-
erally lower than for the phthalates with an observed association, which

may at least partially explain the differences. On the other hand, in the
study where DBP and DIBP levels were similar Casas et al. (2016), there
was an association observed for DBP (not statistically significant) but
not DIBP.

4. Discussion

Of the outcomes reviewed, preterm birth has the strongest evidence
of an association with phthalate exposures (Fig. 4). Three of the six
phthalates had moderate evidence of a positive association, and the
remaining three had slight evidence but also fewer studies and/or lower
exposure levels that could explain the discrepancy. Looking across,
there is evidence that preterm birth is a hazard associated with at least
some phthalate exposures in humans. A 1-unit increase in the level of
phthalate metabolites was associated with a 20–30% or greater increase
in the odds of preterm birth in some studies. This level of increase is of
clear public health concern.

Looking across the other outcomes, there is little convincing evi-
dence of an association between phthalate exposure and female re-
productive outcomes. Spontaneous abortion had slight evidence of an
association for some phthalates. More studies on spontaneous abortion
with repeated exposure measures, high study sensitivity (e.g., varied
exposure levels, large sample size), and prospective outcome ascer-
tainment would help clarify the association. This is particularly true for
DEHP since the results of one high confidence study were compelling
but the low confidence studies were conflicting. For pubertal develop-
ment and time to pregnancy, the findings were almost all indeterminate,
but additional high confidence studies may be informative here as well.

For some outcome-phthalate pairs, lower exposure levels than for
other phthalates decreased the sensitivity to observe associations with
health effects even if they were present in the population and hindered

Fig. 2. Association between DEHP exposure and preterm birth.
*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect size (e.g., OR≥1.5), or
exposure-response trend across categories of exposure. Light gray represents other supportive results.
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the interpretability of null findings. This reduced the ability to assess
coherence across phthalates. It also is difficult to evaluate the shape of
the exposure-response curve in groups exposed at relatively low levels.
While there is evidence of non-monotonic dose-response relations be-
tween some endocrine disrupting chemicals and health outcomes
(Vandenberg et al., 2012), such evidence does not exist for female

reproductive outcomes and studies of male reproductive outcomes in-
dicate that such relations are linear (NAS, 2017). It seems unlikely that
we would be able to precisely identify any non-monotonic associations
given that phthalate biomarker concentrations typically span 2–4 or-
ders of magnitude in most epidemiological studies and human phtha-
late exposures are several orders of magnitude lower than those used in

Fig. 3. Association between exposure to DBP, DIBP, BBP, and DEP and preterm birth.
Each panel depicts results for a metabolite(s) from a different parent phthalate; Q= quartile.
*p < 0.05, results that support an association are shaded. Dark gray represents one or more of the following: p < 0.05, large effect size (e.g., OR≥1.5), or
exposure-response trend across categories of exposure. Light gray represents other supportive results.
Tables are sorted within individual phthalates by median exposure level.
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animal toxicology studies. However, future studies should employ ap-
propriate methods (e.g., smoothing splines) to identify the presence of
any non-monotonic dose-response relations.

Overall, these findings are mostly consistent with past narrative
reviews. Mariana et al. (2016) found that the evidence does not support
an association between phthalate exposure and precocious puberty and
reported weak evidence of an association with birth size. Further, they
found that there may be an association between prenatal exposure to
phthalates and reduced gestational time. Benjamin et al. (2017) re-
ported associations between phthalates and low gestational duration
and spontaneous abortion but did not provide a critical review of the
available literature. Both of these reviews included the same com-
pounds examined in this review.

This systematic review benefited from the involvement of experts on
phthalates and female reproductive and developmental epidemiology
throughout the process, from development of the study evaluation
criteria through evidence synthesis. Another strength is that methods
for study evaluation and evidence synthesis were predefined in the
systematic review protocol, and that studies were evaluated by two
reviewers to reduce potential for bias. While study evaluation and
evidence synthesis conclusions relied on expert judgment of the re-
viewers using structured frameworks, this is preferred in the systematic
review community due to the limitations of more prescriptive, score-
based approaches that tend to focus on reporting quality rather than the
impact of identified limitations on the results (Higgins and Green, 2011;
Herbison et al., 2006; Juni et al., 1999).

Fig. 3. (continued)
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Table 13
Evidence profile table for preterm birth and DEHP, DBP, and DEP.

Phthala-
te

Studies
(design in
parentheses)

Factors that increase confidence Factors that decrease
confidence

Summary of findings Confidence judgment for
outcome

DEHP High confidence
Casas et al. (2016) (C)
Ferguson et al. (2014a)
(CC)
Shoaff et al. (2016) (C)
Medium confidence
Gao et al. (2016) (C)
Meeker et al. (2009)
(CC)
Smarr et al., 2015 (C)

• Minimal concerns for bias
• Exposure-response gradient within one study
• Biological plausibility

• Some unexplained
inconsistency

Increased odds of preterm birth with higher DEHP exposure in 4/6 studies (Casas et al.,
2016, Ferguson et al., 2014b, Meeker et al., 2009, Smarr et al., 2015). Statistically
significant exposure-response gradient observed in Ferguson et al. (2014b). Similar
effect sizes among studies with elevated ORs.
Biological plausibility - Ferguson et al. (2016) showed that oxidative stress may act as a
mediator between phthalate exposure and preterm birth.

⨁⨁◯

MODERATE

DBP High confidence
Casas et al. (2016) (C)
Ferguson et al. (2014a)
(CC)
Shoaff et al. (2016) (C)
Medium confidence
Gao et al. (2016) (C)
Meeker et al. (2009)
(CC)
Smarr et al., 2015 (C)

• Minimal concerns for bias
• Large effect size in one study (OR=4.5)
• Biological plausibility

• Some unexplained
inconsistency

Increased odds of preterm birth with higher DBP exposure in 3/6 studies (Casas et al.,
2016; Ferguson et al., 2014b; Meeker et al., 2009), with statistical significant in
Ferguson et al. (2014a, b) and Meeker et al. (2009).
Biological plausibility - Ferguson et al. (2016) showed that oxidative stress may act as a
mediator between phthalate exposure and preterm birth.

⨁⨁◯

MODERATE

DEP High confidence
Casas et al. (2016) (C)
Ferguson et al. (2014a)
(CC)
Shoaff et al. (2016) (C)
Medium confidence
Gao et al. (2016) (C)
Meeker et al. (2009)
(CC)
Smarr et al., 2015 (C)

• Minimal concerns for bias
• Lower study sensitivity (i.e., exposure levels)
could account for remaining inconsistency
• Biological plausibility

Increased odds of preterm birth with higher DEP exposure in 4/6 studies (Casas et al.,
2016; Ferguson et al., 2014b; Meeker et al., 2009; Shoaff et al., 2016).
Biological plausibility - Ferguson et al. (2016) showed that oxidative stress may act as a
mediator between phthalate exposure and preterm birth.

⨁⨁◯

MODERATE

C: cohort, CC: case-control, CS: cross-sectional, OR= odds ratio.
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However, while systematic review tools have been in use for some
time in studies of clinical interventions, these methods have been in-
troduced in the field of environmental health assessment more recently.
Modifications to the existing tools and approaches have been necessary
to accommodate challenges inherent to observational studies where
exposure is not controlled. However, since the application of these
approaches is newer and less tested, we recognize that there may be
aspects of the methodology that could benefit from greater transpar-
ency for the reader, such as communication of inputs to decisions.

There are other important limitations to note. Due to remaining
uncertainty in the database, including inconsistency among some high
confidence studies and potential for remaining unidentified con-
founders, it is not possible to conclusively establish causality from the
observational epidemiology studies alone. The integration of this evi-
dence with animal toxicology studies and mechanistic studies could
provide additional information to address some of the uncertainty in
the epidemiologic evidence and increase the strength of the causal
analysis. A complete mechanistic analysis would require additional
systematic literature identification and synthesis and was outside the
scope of this review. In addition, while a quantitative meta-analysis
may have been informative for studies of preterm birth, it was not
performed because the necessary analyses were not provided in the
same way by all of the studies. A meta-analysis on this topic would
ideally be performed using the original datasets, to allow for better
exploration of the exposure-response pattern across the studies that
contribute data from different exposure ranges, however, this was
outside the scope of this review. Discussion of some additional issues
that apply to all phthalate studies is presented in a forthcoming edi-
torial. These include the difficulties in assessing health effects of mix-
tures and separating individual contributions from highly correlated
phthalates. Despite these limitations, our systematic review of the
epidemiological literature supports an association between some
phthalate exposures and preterm birth.
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A B S T R A C T

Objective: We performed a systematic review of the epidemiology literature to identify the metabolic effects associated with phthalate exposure.
Data sources and study eligibility criteria: Six phthalates were included in the review: di(2‑ethylhexyl) phthalate (DEHP), diisononyl phthalate (DINP), dibutyl
phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl phthalate (BBP), and diethyl phthalate (DEP). The initial literature search (of PubMed, Web of Science,
and Toxline) included all studies of metabolic effects in humans, and outcomes were selected for full systematic review based on data availability.
Study evaluation and synthesis methods: Studies of diabetes and insulin resistance were evaluated using criteria defined a priori for risk of bias and sensitivity by two
reviewers using a domain-based approach; studies identified with a pre-defined critical deficiency were excluded. Evidence was synthesized by outcome and
phthalate and strength of evidence was summarized using a structured framework. Studies of obesity and renal effects received “screening level” reviews to
determine whether full systematic review was warranted.
Results: The primary outcomes reviewed here are (number of included/excluded studies in parentheses): type 2 diabetes (1/3), insulin resistance (13/3), and
impaired glucose tolerance and blood glucose in pregnancy (4/2). For DEHP exposure, there was consistency among studies of insulin resistance and coherence with
the single included study of diabetes, as well as an observed exposure-response gradient observed in a study of insulin resistance. This evidence is considered
moderate. Similarly, for DBP and DIBP exposure, the evidence is considered moderate due to strong positive associations in the diabetes study and coherent results
for insulin resistance. For DINP, BBP, and DEP, the evidence is considered slight. No association was reported in the single study of diabetes with BBP and DEP
exposure (DINP was not investigated). The available evidence does indicate an association between exposure to these phthalates and insulin resistance, but the small
number of studies and the lack of coherence with diabetes decreases confidence. The screening level reviews for obesity and renal effects determined that the
currently available evidence is inadequate to assess the associations between these outcomes and phthalate exposure.
Conclusions and implications of key findings: Overall, these results support that phthalate exposure at levels seen in human populations may have metabolic effects.
Given the mechanistic support, the large effect sizes for incident diabetes in the single available study, and the coherence with insulin resistance, the association
between phthalate exposure and diabetes risk should be considered when assessing the risks and costs of exposure to specific phthalates in humans.

The views expressed are those of the authors and do not necessarily represent the views or policies of the U.S. EPA.

1. Introduction

Human exposure to phthalates (manmade phthalic acid diesters) is
ubiquitous because of the widespread use of these chemicals in con-
sumer and industrial products. These compounds have a variety of
different structures and properties that determine their uses. Phthalates
are used in polyvinyl chloride products and in some medications and
personal care products. In general, these diesters are rapidly metabo-
lized to monoester metabolites and are excreted in the urine. Endocrine,
and endocrine-disruption, effects on metabolism and on metabolic
diseases is a growing area of research with significant public health
implications (Heindel et al., 2017). This review focuses on studies of
phthalate exposure and metabolic-related outcomes.

The phthalates evaluated in this paper are: di(2‑ethylhexyl) phtha-
late (DEHP), diisononyl phthalate (DINP), dibutyl phthalate (DBP),
diisobutyl phthalate (DIBP), butyl benzyl phthalate (BBP), and diethyl
phthalate (DEP). Five of the selected phthalates (DEHP, DINP, DBP,

DIBP, and BBP) were chosen because they are the most potent with
respect to producing the “phthalate syndrome” of male reproductive
effects in rats (NAS 2008) and their metabolites have been frequently
observed in human populations studies; DEP is not one of the “phtha-
late syndrome” compounds but was included because it is often the
phthalate to which humans have the highest exposure.

Past reviews examined the association between phthalates and
diabetes and obesity and found the evidence inadequate to conclude
whether an association existed (Kuo et al., 2013; Thayer et al., 2012).
However, additional studies have been published in the interim, and no
systematic review is available on insulin resistance, an emerging area of
research in the phthalate literature. As part of a comprehensive eva-
luation of the epidemiological literature on phthalates, we performed a
systematic review on the association between phthalate exposure and
metabolic effects, specifically diabetes, insulin resistance, and obesity.
We also examined renal effects because they can be a long-term com-
plication of diabetes and because impaired renal function could affect
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Table 1
Outcomes included in the review.

Outcome Background and relevance to human health

Diabetes • Diabetes is a group of metabolic diseases characterized by hyperglycemia due to β-cell dysfunction, insulin resistance, or both. Diabetes can result in
long-term complications in different organs, in particular, microvascular and macrovascular complications.

• This review focuses on Type 2 (adult onset) diabetes.
Insulin resistance • Among study subjects without diabetes, fasting blood glucose, insulin, and a related measure based on the homeostatic model assessment of insulin

resistance (HOMA-IR) are informative regarding future diabetes risk.

• Dysfunctions in insulin production and action in the peripheral tissues are the key pathways in diabetes etiology.
Gestational diabetes • Gestational diabetes is another form of diabetes that occurs during pregnancy. A history of gestational diabetes is a risk factor for subsequent

development of diabetes.

• Definitions of gestational diabetes and impaired glucose tolerance are based on measures of blood glucose. All three of these outcomes in pregnant
women are reviewed together, separate from the general population.

Obesity • Excessive body weight, or obesity, is associated with the leading causes of death worldwide, including diabetes, heart disease, stroke, and some types of
cancer.

• Body mass index (BMI) is a screening tool calculated from a person's weight and height that is moderately correlated with more direct measures of body
fat (CDC 2016).

Renal effects • Kidney function can be assessed by measuring levels of urea, creatinine, and certain dissolved salts in blood and by analyzing protein levels in urine.

• Albuminuria is a pathological condition wherein the protein albumin is abnormally present in the urine. Albuminuria is considered a significant risk
factor for the development of renal disease.

• Renal disease is a long-term complication of diabetes, obesity, and possibly, insulin resistance independent of those two conditions (Whaley-Connell and
Sowers, 2017).

• Impaired renal function could affect urinary concentration of phthalate metabolites.

Records iden�fied through

database search:

§ Pub Med (n=3779)

§ Web of Science (n=3325)

§ Toxline (n=2579)

Addi�onal records iden�fied 

through other sources

N=60

Records a!er duplicates removed N=7402

Records for �tle/abstract 

screening:

N=7402

Full-text ar�cles assessed for 

eligibility:

N=492

Records excluded N=6910

Not relevant to PECO statement (n=6910)

Full-text ar�cles excluded N=76

Not relevant to PECO statement (n=66)

Foreign language (n=10)* 

Ar�cles in inventory on metabolic effects:

Total N=72

Diabetes n=7

Insulin resistance n=21

Gesta!onal diabetes/insulin resistance n=6

Obesity n=42

Renal n=5

Fig. 1. Literature flow diagram for metabolic effects of phthalates.
*Included one study on insulin resistance and one on obesity. Based on the abstracts, the former would be excluded due to exposure measurement in blood and the
latter would be excluded due to temporality issues.
Number of articles in inventory does not account for multiple publications on the same study.
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interpretation of exposure measures based on urinary concentrations of
phthalate metabolites (Table 1). We focus on Type 2 diabetes, which is
characterized by insulin resistance and the resulting insulin deficiency
due to the inability of the pancreas to produce enough insulin. Obesity
is a strong risk factor for Type 2 diabetes, and the highest incidence of
Type 2 diabetes is in middle- and older-aged adults. In contrast, Type 1
diabetes involves a different etiology, an autoimmune-mediated de-
struction of the pancreatic islets of Langerhans cells. Incidence of Type
1 diabetes is highest in children and teenagers.

To make the systematic review more pragmatic, so that limited

resources were not utilized to assess bodies of evidence that would
likely be inadequate for reaching conclusions about the association,
obesity and renal effects received less robust “screening level” reviews
to determine the extent and nature of the literature for evidence
synthesis. This approach is consistent with recommendations from the
National Academies of Science encouraging the U.S. Environmental
Protection Agency to explore ways to make systematic review more
feasible, including a “rapid review in which components of the sys-
tematic review process are simplified or omitted (e.g., the need for two
independent reviewers)” (National Academy of Sciences, 2017).

2. Methods

The full methods for this systematic review, including for literature
search and screening, study evaluation, data extraction, and evidence
synthesis are described in detail in the protocol (Supplemental mate-
rials). An abbreviated version is provided below, with references to
specific sections of the protocol for ease of reference. In addition, the
key tables from the protocol that are necessary to understand how
conclusions were reached are included in a separate supplemental file
(key methods supplement).

2.1. Literature search and screening

Epidemiology studies were identified by conducting a single broad
literature search on all six phthalates of interest (DEHP, DINP, DBP,
DIBP, BBP, DEP). The Population, Exposure, Comparators, and
Outcome (PECO) criteria are available in the protocol (Section 2.2). The
following databases were searched: PubMed, Web of Science, and
Toxline, with the initial search in 2013, and updates every 6–12months
through August 2018 (protocol Section 3). Forward and backward
searches were also performed. Title/abstract and full text screening was
performed by two reviewers.

2.2. Study evaluation

Study evaluation (protocol Section 4.1) was conducted by two re-
viewers for those outcomes receiving full systematic review (i.e., dia-
betes, insulin resistance, gestational diabetes). Key concerns were risk
of bias (factors that affect the magnitude or direction of effect) and
insensitivity (factors that limit the ability of a study to detect a true
effect). Evaluation was conducted for the following domains: exposure
measurement, outcome ascertainment, participant selection, con-
founding, analysis, sensitivity, and selective reporting. These domains
were based on the Risk of Bias in Non-randomized Studies of
Interventions (ROBINS-I) tool (Sterne et al., 2016), modified for use
with environmental exposures. Phthalate and outcome-specific criteria

Table 2
Epidemiology studies of diabetes.
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Popula�on Exposure Outcome

D
E
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P
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P
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P
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P

D
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P

E
x

p
o
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O
u
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o

m
e

S
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n
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u
n

d
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n

a
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s

O
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e
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co
n
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d

e
n

ce

Sun et al. (2014) Case-control

nested in two

cohorts in U.S.

(N=971 case-

control pairs)

Single urine

sample at least

one year prior

to diagnosis

Self-report of

physician

diagnosis

(validated in

cohort)

A/D G A A G Medium

Excluded studies (6): exposure measured after development of outcome: James-Todd et al. (2012), Lind et al. (2012), Svensson
et al. (2011), Castro-Correia et al. (2018), Dong et al. (2017), Piecha et al. (2016).
G=good; A= adequate; A/D=adequate for short-chain phthalates, deficient for long chain phthalates.

Table 3
Association between phthalate metabolites and type 2 diabetes in Sun et al.
(2014).

Phthalate

(metabolite)

NHS

OR (95% CI)

NHSII

OR (95% CI)

Pooled

OR (95% CI) for

Q4 vs. Q1

DEHP

(summed

metabolites)

∑DEHP

Q2: 0.88 (0.52,1.50)

Q3: 1.02 (0.61,1.71)

Q4: 1.34 (0.77,2.30)

ptrend=0.1

∑DEHP

Q2: 1.80 (1.07,3.04)

Q3: 1.62 (0.95,2.76)

Q4: 1.91 (1.04,3.49)

ptrend=0.2

MEOHP

1.42 (0.95,2.11)

DBP+DIBP

(MBP+MIBP)

Q2: 1.26 (0.75,2.12)

Q3: 1.01 (0.59,1.73)

Q4: 0.91 (0.50,1.68)

ptrend=0.5

Q2: 1.38 (0.81,2.35)

Q3: 1.17 (0.66,2.10)

Q4: 3.16 (1.68,5.95)

ptrend=0.0002

n/a

DBP (MBP) n/a Q2: 1.53 (0.90,2.61)

Q3: 1.18 (0.67,2.09)

Q4: 3.16 (1.69,5.92)

ptrend =0.0003

n/a

DIBP (MIBP) n/a Q2: 1.28 (0.76,2.13)

Q3: 1.12 (0.62,2.02)

Q4: 2.67 (1.44,4.95)

ptrend =0.001

n/a

BBP (MBzP) Q2: 0.91 (0.55,1.51)

Q3: 0.85 (0.51,1.40)

Q4: 0.82 (0.48,1.43)

ptrend=0.5

Q2: 0.85 (0.50,1.44)

Q3: 1.08 (0.62,1.86)

Q4: 1.14 (0.65,2.01)

ptrend=0.4

0.96 (0.65,1.43)

DEP (MEP) Q2: 1.13 (0.69,1.84)

Q3: 0.98 (0.60,1.61)

Q4: 0.72 (0.43,1.20)

ptrend=0.09

Q2: 1.00 (0.60,1.67)

Q3: 0.46 (0.26,0.82)

Q4: 0.91 (0.54,1.54)

ptrend=0.97

0.80 (0.56,1.16)

Exposure levels presented in paper as medians of each quartile.
Results that support an association are shaded. Dark grey represents one or
more of the following: p < 0.05, large effect size (e.g., OR≥1.5), or exposure-
response trend. Light grey represents other supportive results.
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Table 4
Epidemiology studies of insulin resistance (James-Todd et al., 2016a; Lin et al., 2016; Stahlhut et al., 2007).

In
cl

u
d

e
d

Reference Study descrip�on Includes metabolites 

of:

Study evalua�on

Popula�on Exposure Outcome

D
E

H
P

D
IN

P

D
B

P

D
IB

P

B
B

P

D
E

P

E
x
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o
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u
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e
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u
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s

O
v

e
ra

ll
 

co
n

fi
d

e
n

ce

Studies in Adults

Chen et al. 

(2017); Lin et al. 

(2016)a

Cross-sec�onal 

analysis of cohort 

in China of adults 

and adolescents, 

follow-up from 

mass urine 

screening of 

children (N=786)

Single urine 

sample 

collected in AM

Fas�ng blood 

glucose and 

insulin in 

serum. HOMA-

IR calculated.

A/D G D A A Medium

Dales et al. 

(2018)

Cross-sec�onal in 

Canada (Canadian 

Health Measures 

Survey 2009-11) 

(N=2119 adults)

Single urine 

sample

Fas�ng blood 

glucose and 

insulin. HOMA-

IR calculated

A/D G G A A Medium

Dirinck et al. 

(2015)

Cross-sec�onal in 

Belgium (N=123) of 

obese pa�ents at 

weight clinic

24-hour urine 

collected day 

prior to visit

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated.

A/D A D A A Low

A!na and 

Trasande (2015); 

Huang et al. 

(2014);

James-Todd et 

al. (2016a);

James-Todd et 

al. (2012);

Stahlhut et al. 

(2007)

Cross-sec�onal in 

U.S. (NHANES). 

Overlapping 

samples:

2001-08, 12-80 yrs

2001-10, 20-80 yrs

2001-08, Women 

20-79 yrs

1999-2002, 18+ yrs

(N=3,083 in Huang 

et al. (2014))

Single urine 

sample

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated.

A/D G G A A Medium

Hong et al. 

(2009)

Cross-sec�onal in 

Korea (N=1131 

adults)

Single urine 

sample 

collected in AM

Fas�ng glucose 

and insulin in 

serum. HOMA-

IR calculated.

A/D A D A D Low

Hong et al. 

(2016)

Cross-sec�onal in 

Korea (N=296 

women aged 30-49 

yrs)

Single first AM 

urine sample 

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated

A/D G A D A Medium

Kim and Hong 

(2014)

Kim et al. (2013)

Cohort in Korea 

(N=560) of older 

adults (aged 60+) 

enrolled through 

community center

Urine samples 

at up to 5 visits

Fasting glucose 

and insulin in 

serum. HOMA-

IR calculated.

G A A G A Medium

(continued on next page)
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were developed prior to evaluation and are described briefly below.
Detailed exposure criteria are available in the key methods supplement
and the protocol (Section 4.1.1). Detailed outcome-specific evaluation
criteria are available in the supplement and summarized briefly below.

For evaluating exposure, most of the available studies relied on
phthalate metabolite biomarkers (a list of metabolites for each phtha-
late is provided in the protocol, Section 1.3). Different criteria were
developed for short-chain (DEP, DBP, DIBP, BBP) and long-chain
(DEHP, DINP) phthalates due to greater reliability of single biomarker
measures for short-chain phthalates. Measurement in urine was con-
sidered to be the best proxy of exposure (Johns et al., 2015). Biomarker
measures based on samples other than urine (e.g., blood, amniotic fluid,
breast milk) were considered to be critically deficient for all short-chain
phthalates and for primary metabolites (e.g., MEHP, MINP) of long-
chain phthalates (Johns et al., 2015). This critical deficiency was used
as a basis for excluding studies from subsequent analyses.

Several outcome-specific criteria were applied across multiple eva-
luation domains (for more details, see outcome-specific criteria in the

supplement). Timing of exposure measurement was an important con-
sideration, particularly given the short half-life of phthalates (3–18 h
for phthalate metabolites in a review by Johns et al. (2015)). For dia-
betes, it is important for studies to exclude individuals with diabetes at
baseline and include only individuals with incident disease as cases,
with exposure measured prior to development of diabetes in order to
establish their temporality. Accordingly, studies of diabetes with ex-
posure measured concurrent with the outcome were excluded, and
prospective designs were generally needed for inclusion. For insulin
resistance, it is appropriate to measure the exposure and outcome
concurrently as the outcome can be a short-term response. Several
criteria for outcome ascertainment were also applied. For diabetes, to
identify undiagnosed cases, the use of the American Diabetes Associa-
tion definition with information about required fasting, laboratory test
requirements and assays, quality control procedures, and reliability or
validity measures were preferred, while self-reported physician diag-
nosis or medical treatment for diabetes was appropriate for diagnosed
cases. For insulin resistance, diabetics must be excluded as measures of

Table 4 (continued)

Studies in Adolescents

A�na and 

Trasande (2015)

Cross-sec�onal in 

U.S. (NHANES). 

2009-12, 12-19 yrs

(N=356)

Single urine 

sample

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated.

A/D G G A A Medium

Trasande et al. 

(2013)a

Cross-sec�onal in 

U.S. (NHANES). 

2003-08, 12-19 yrs

(N=766)

Single urine 

sample

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated.

A/D G G A A Medium

Studies in Children

Carlsson et al. 

(2018)

Cross-sec�onal in 

Thailand (N=107 

healthy children)

Single first AM 

urine sample

Oral glucose 

tolerance test; 

insulin 

sensi�vity index 

calculated

A/D A D D D Low

Kataria et al. 

(2017)

Cross-sec�onal 

pilot in U.S. (N=43 

healthy children)

Single first AM 

urine sample

Fas�ng blood

glucose and 

insulin collected 

in AM. HOMA-

IR calculated

D G A A D Low

Saengkaew et al. 

(2017)

Cross-sec�onal of 

overweight/obese 

children and 

healthy controls 

(N=155)

Single AM urine 

sample 

Fas�ng blood 

glucose and 

insulin collected 

in AM. HOMA-

IR calculated

A G D D D Low

Watkins et al. 

(2016)

Birth cohort in 

Mexico. Subset of 

offspring 

(n=250/2,095) had 

follow-up at 8-14 

yrs.

Single maternal 

sample in 3rd

trimester; 

Single child 

sample at 

follow-up

Fas�ng glucose 

and insulin in 

serum. HOMA-

IR calculated.

A/D A A D A Medium

Excluded studies (3): exposure measurement based on tissue other than urine: Olsén et al. (2012). Approaches for confounding and analysis unclear, incomplete
reporting of results: Smerieri et al. (2015), Milošević et al. (2017).
G= good; A= adequate; D= deficient; A/D= adequate for short chain phthalates, deficient for long chain phthalates.
aIncluded estimates in adolescents.
bStudy summed DBP and DIBP metabolites, and results discussed with DBP because it contributed a larger amount to the total.
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insulin are not interpretable in the presence of diabetes, especially if
diabetes is treated with hypoglycemic medication, as treatment will
influence insulin production and secretion. In addition, fasting insulin
and/or glucose measurements were required, and information on
testing as described for diabetes was preferred. HOMA-IR was used as
the primary measure of insulin resistance when available. In evaluating
confounding, the following risk factors were considered possible con-
founders: age, gender, adiposity/body mass index, lifestyle (physical
inactivity, poor diet, smoking, heavy alcohol consumption), and so-
cioeconomic status. It was not required that a study adjusts for all of
these variables; rather, the study evaluation considered whether omis-
sion of these covariates was likely to have introduced bias into the ef-
fect estimates. There is also potential for confounding across the
phthalates, particularly when results are similar for two moderately (or
higher) correlated phthalates in a study. Study evaluations were not
downgraded due to this potential, but it was considered during evi-
dence synthesis as another source of uncertainty in the results.

For each study, in each evaluation domain, reviewers reached a
consensus rating regarding the utility of the study for hazard identifi-
cation, with categories of Good, Adequate, Deficient, or Critically defi-
cient. These ratings were then considered together to reach an overall
study confidence classification of High, Medium, Low, or Uninformative.
This overall classification was not based on pre-defined weights of the
domains, but rather was based on reviewer judgments, and includes the
likely impact the noted deficiencies in bias and sensitivity have on the
results, which varies depending on the study and/or outcome. Studies
were evaluated for their suitability for each outcome investigated and
could receive different ratings for each outcome. Descriptions of each of
the categories can be found in the protocol (Section 4) and the key
methods supplement. Study evaluations were documented in Health
Assessment Workspace (HAWC), and ratings and the rationales are
available at links provided in the results.

Table 5
Association between DEHP metabolites and insulin resistance in adults and adolescents.

Reference; 

Study Confidence 

Ra"ng; N

Median 

exposure 

Exposure 

IQR

Effect 

es"mate Fas"ng glucose Insulin HOMA-IR

∑DEHP in Adults

Huang et al. 

(2014);

medium; 3,083

11.5 

µmol/100 g 

crea!nine 

(women)

6.5-23 Median 

change 

(95% CI)

Q2: 1.47 (0.3,2.63)

Q3: 1.75 (0.66,2.84)

Q4: 2.45 (1.29,3.60)

ptrend=0.0016*

Q2: 1.74 (1.04,2.45)

Q3: 1.99 (1.31,2.66)

Q4: 2.60 (1.82,3.38)

ptrend<0.0001*

Q2: 0.49 (0.31,0.66)

Q3: 0.51 (0.34,0.69)

Q4: 0.68 (0.47,0.88)

ptrend<0.0001*

Dales et al. (2016); 

medium, 2,119

47 ng/mL β (95% CI) 

for IQR 

increase

0.04 (0.00,0.08)* 0.63 (0.21,1.05)* 0.15 (0.04,0.26)*

MEOHP in Adults

Dirinck et al. 

(2015); 

low; 123

6.2 µg/g 

crea!nine

0.8-42 

(range)

β (95% CI) 3.88 (-6.19,13.95) 26.62 (0.69,52.5)* 0.31 (-0.72,0.69)

Hong et al. (2016);

medium; 296

6.5 µg/g 

crea!nine

3.9-10 β (95% CI) 0.12 (-1.11,1.36) 0.14 (-0.08,0.36) 0.12 (-0.08,0.33)

Chen et al. (2017);

medium; 552

17 µg/g 

crea!nine

16 β (95% CI) -0.001 (-0.01,0.01) 0.003 (-0.07,0.07) 0.001 (-0.07,0.07)

Kim et al. (2013)

medium; 560

19 ng/mL 9.5-33 β (95% CI) 0.11 (0.01,0.22)*Ŧ 0.70 (0.01,1.40)* Ŧ 0.26  (0.01,0.51) *Ŧ

MEOHP in Adolescents

Chen et al. (2017);

medium; 234

17 µg/g 

crea!nine

16 β (95% CI) 0.001 (-0.01,0.01) 0.04 (-0.05,0.12) 0.04 (-0.05,0.13)

A%na and 

Trasande (2015); 

medium; 356

0.14 µM β (95% CI) NR NR 0.06 (-0.001,0.12)

Trasande et al. 

(2013); medium; 

766

NR β (95% CI) NR NR 0.27 (0.14,0.40)*

Results that support an association are shaded based on effect size and precision. Dark grey represents one or
more of the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥ 0.5), or exposure-response trend. Light
grey represents other supportive results. Strength of the evidence (i.e., contribution to the synthesis conclu-
sions) from an individual study is influenced by other factors, such as study confidence.
*p < 0.05.
ŦEstimates for total population, including those with history of diabetes. Association for the strata without
history of diabetes was not reported.
Hong et al. (2009) reported that no significant association was observed but did not provide quantitative es-
timates.
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2.3. Evidence synthesis

After study evaluation, the evidence for each outcome was synthe-
sized separately for each phthalate using a structured framework, using
the following aspects of an association that may support causation:
consistency, exposure-response relationship, strength of association,
temporal relationship, biological plausibility, and coherence. In evalu-
ating the evidence for each of these considerations, syntheses also
consider study evaluation decisions, with high confidence studies car-
rying the most weight and consideration of specific strengths and lim-
itations of individual studies described. Based on this synthesis, the
evidence was assigned a strength of evidence conclusion of Robust,
Moderate, Slight, Indeterminate, or Compelling evidence of no effect. Robust
and Moderate describe evidence that supports a hazard, differentiated
by the quantity and quality of information available to rule out alter-
native explanations for the results. Slight and Indeterminate describe
evidence for which uncertainties prevent drawing a causal conclusion
in either direction. These categories are generally limited in terms of

quantity or confidence level of studies, and serve to encourage addi-
tional research across the exposure range experienced by humans.
Compelling evidence of no effect requires several high confidence studies
with consistent null results. The ratings for the individual outcomes
were then summarized into an overall conclusion for diabetes risk
(encompassing incident diabetes and insulin resistance) for each
phthalate, using a structured framework available in the key methods
supplement and the protocol (Section 6). This structured framework is
conceptually similar to and is informed by the well-established Grading
of Recommendations, Assessment, Development and Evaluations
(GRADE) approach (Schünemann et al., 2013), but is designed to ad-
dress the challenges specific to the analysis of environmental health
data rather than clinical evidence. No statistical quantitative meta-
analysis was performed due to substantial differences across studies.

For obesity and renal disease, screening-level reviews were con-
ducted to determine whether new literature suggest full systematic
reviews would be warranted and to identify key research gaps. One
reviewer identified studies that should be excluded based on exposure

Table 6
Association between DBP metabolites and insulin resistance in adults and adolescents.

Reference Median MBP

Exposure 

IQR

Effect 

es"mate Fas"ng glucose Insulin HOMA-IR

Adults

Huang et al. 

(2014);

medium; 3,083

22 µg/g 

crea!nine 

13-36 Median 

change 

(95% CI)

Q2: 0.95 (-0.22,2.13)

Q3: 1.70 (0.51,2.89)

Q4: 1.91 (0.51,3.31)

ptrend=0.019*

Q2: 1.15 (0.52,1.78)

Q3: 1.41 (0.72,2.09)

Q4: 1.11 (0.31,1.92)

ptrend<0.09

Q2: 0.28 (0.11,0.44)

Q3: 0.28 (0.11,0.46)

Q4: 0.34 (0.15,0.54)

ptrend<0.006*

Hong et al. (2016);

medium; 296

30 µg/g 

crea!nine

21-42 β (95% CI) -0.37 (-1.38,0.65) 0.06 (-0.13,0.24) 0.04 (-0.13,0.21)

Dales et al. (2016); 

medium, 2,119

31 ng/mL β (95% CI) 

for IQR 

increase

0.00 (-0.06,0.06) 0.47 (-0.02,0.96) 0.08 (-0.09,0.24)

Chen et al. (2017);

medium; 552

38 µg/g 

crea!nine

41 β (95% CI) 0.01 (-0.002,0.01) 0.01 (-0.06,0.08) 0.02 (-0.05,0.09)

Dirinck et al. 

(2015); 

low; 123

38 µg/g 

crea!nine

3.9-370 

(range)

β (95% CI) 7.27 (-1.29,15.83) 22.52 (3.13,41.90)* 0.29 (-0.05,0.63)

Kim et al. (2013);

medium; 560

57 ng/mL 29-158 β (95% CI) 0.06 (-0.04,0.17) Ŧ 0.38 (-0.30,1.07) Ŧ 0.16 (-0.09,0.40) Ŧ

Adolescents

Chen et al. (2017);

medium; 234

38 µg/g 

crea!nine

41 β (95% CI) 0.01 (-0.001,0.02) 0.002 (-0.08,0.08) 0.01 (-0.07,0.10)

A#na and 

Trasande (2015); 

medium; 356

NR β (95% CI) NR NR 0.05 (-0.02,0.12)

Trasande et al. 

(2013); medium; 

766

NR β (95% CI) NR NR 0.13 (0.01,0.26)*

Results that support an association are shaded based on effect size and precision. Dark grey represents one or more of
the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥ 0.5), or exposure-response trend. Light grey represents
other supportive results. Strength of the evidence (i.e., contribution to the synthesis conclusions) from an individual
study is influenced by other factors, such as study confidence. *p < 0.05.
ŦEstimates for total population, including those with history of diabetes. Association for the strata without history of
diabetes was not reported.
Hong et al. (2009) reported that no significant association was observed, but did not provide quantitative estimates.
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assessment and temporality. The remaining studies were then each
evaluated by a single reviewer and were assessed for consistency, while
considering whether any observed inconsistency could potentially be
attributed to differences in study confidence or exposure level. If this
screening level review indicated little consistency among studies, with
no clear explanation based on study confidence, then full data extrac-
tion and additional evidence analysis and synthesis was not pursued,
and the evidence was considered inadequate. The screening level re-
views should not be considered as substitutes for systematic review.

Reporting of this systematic review follows the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(Moher et al., 2009). The work described herein was federally funded.

3. Results

The literature flow diagram, depicting the identification and dis-
position of the literature search records, is shown in Fig. 1. A list of all
the studies identified in the search that met the PECO criteria is
available in the supplement. For each outcome, the included and ex-
cluded studies are described in the respective section within the text.

3.1. Type 2 diabetes

3.1.1. Study selection and evaluation
Based on evaluation of temporality, six of the seven epidemiology

studies identified in the search with data on type 2 diabetes were ex-
cluded because exposure was measured at the same time as ascertain-
ment of diabetes status. One study (Sun et al., 2014), a nested case-
control study within two cohorts (Nurses' Health Study (NHS) and
NHSII), was identified in the search as having prospective data on
diabetes risk. The specific phthalates examined in that study and the
evaluation are summarized in Table 2; this study was classified as

medium confidence and rationales are available in HAWC at https://
hawcprd.epa.gov/rob/study/100000200/.

3.1.2. Results
In Sun et al. (2014), there were statistically significant strong po-

sitive associations between increased exposure to DBP and DIBP and
diabetes risk (Table 3), however pooled results were not available and
the positive associations were observed only in participants from NHSII,
which is a more homogenous and younger cohort (mean age= 46 vs.
66) with higher exposure levels. In addition, the association was
stronger when adjusting for BMI. It is possible that adiposity could lie
on the causal pathway between phthalate exposure and diabetes risk,
and this should be considered when interpreting the effect estimates.
Results were similar for DEHP, but the positive association was smaller
and not statistically significant. For BBP and DEP, no association was
reported, and no results were available for DINP, so the evidence for
these three phthalates is considered indeterminate.

3.2. Insulin resistance

3.2.1. Study selection and evaluation
Three of the 21 publications identified in the search with data on

insulin resistance were excluded due to exposure measurement in tissue
other than urine or other critical deficiencies. Of the remaining 18
publications, six were based on data from the National Health and
Nutrition Examination Survey (NHANES), with different samples but
overlapping populations in many. Among the NHANES analyses in
adults, one was selected as the primary study (Huang et al., 2014) and
the results of the others were reviewed for discrepancies in methods or
results. Two NHANES analyses in adolescents did not have overlapping
years and were included separately in the review of data in adolescents
(Trasande et al., 2013; Attina and Trasande, 2015). Thus, there were a

Table 7
Association between DIBP metabolites and insulin resistance in adults and adolescents.

Reference

Median 

MIBP

Exposure 

IQR

Effect 

es"mate Fas"ng glucose Insulin HOMA-IR

Adults

Huang et al. 

(2014);

medium; 3,083

4.9 µg/g 

crea!nine 

(women)

2.6-8.9 Median 

change 

(95% CI)

Q2: 1.87 (0.83,2.92)

Q3: 2.77 (1.75,3.80)

Q4: 3.69 (2.60,4.78)

ptrend<0.0001

Q2: 1.45 (0.85,2.04)

Q3: 1.23 (0.57,1.89)

Q4: 1.73 (0.92,2.54)

ptrend=0.003

Q2: 0.38 (0.23,0.52)

Q3: 0.35 (0.19,0.51)

Q4: 0.53 (0.33,0.72)

ptrend=0.0002*

Dales et al. (2016); 

medium, 2,119

13 ng/mL β (95% CI) 

for IQR 

increase

0.00 (-0.02,0.03) 0.00 (-0.19,0.19) 0.00 (-0.05,0.05)

Dirinck et al. 

(2015); 

low; 123

57 µg/g 

crea!nine

7.5-55 

(range)

β (95% CI) 5.44 (-3.57,14.5) 7.69 (-15.9,31.3) 0.15 (-0.18,0.47)

Adolescents

A#na and 

Trasande (2015); 

medium; 356

NR β (95% CI) NR NR 0.03 (-0.05,0.11)

Trasande et al. 

(2013); medium; 

766

NR β (95% CI) NR NR 0.15 (0.04, 0.26)*

Results that support an association are shaded based on effect size and precision. Dark grey represents one or more of
the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥ 0.5), or exposure-response trend. Light grey represents
other supportive results. Strength of the evidence (i.e., contribution to the synthesis conclusions) from an individual
study is influenced by other factors, such as study confidence. *p < 0.05.
ŦEstimates for total population, including those with history of diabetes. Association for the strata without history of
diabetes was not reported.

E.G. Radke, et al. (QYLURQPHQW�,QWHUQDWLRQDO������������������
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total of 13 studies in the review. The specific phthalates examined in
these included studies and the evaluations are summarized in Table 4.
Rationales for ratings are available at: https://hawcprd.epa.gov/
summary/visual/100000076/.

In adults, there were seven studies, including six cross-sectional
(Chen et al., 2017; Dales et al., 2018; Dirinck et al., 2015; Huang et al.,
2014; Hong et al., 2009; Hong et al., 2016) and one cohort (Kim and
Hong, 2014). Three studies reported on adolescents (Chen et al., 2017;
Trasande et al., 2013; Attina and Trasande, 2015) and four studies re-
ported on children (Carlsson et al., 2018; Kataria et al., 2017;
Saengkaew et al., 2017; Watkins et al., 2016). All used a single urine
sample to measure exposure, with the exception of Kim et al. (2013),
which collected samples at up to five visits. Eight studies (Chen et al.,
2017; Dales et al., 2018; Huang et al., 2014; Hong et al., 2016; Kim and
Hong, 2014; Trasande et al., 2013; Attina and Trasande, 2015; Watkins
et al., 2016) were classified as medium confidence and the remaining
five were classified as low confidence. This set of studies as a whole
would be improved with additional studies with repeated exposure
measures, and with prospective rather than cross-sectional data col-
lection. However, the strengths of these studies include the wide variety
of populations and the availability of data from multiple nationally
representative samples, which have large sample sizes and are expected
to represent the general population.

3.2.2. Results and synthesis
The majority of available studies examined adult and/or adolescent

exposure with concurrent measures of insulin resistance (or repeated
measures in the case of Kim et al. (2013)), so these are the focus of this
review. Three of the four studies in children were classified as low

confidence and the fourth study (Watkins et al., 2016) used an in-utero
exposure measure which may not be comparable to the other studies, so
results in children are briefly summarized in text only.

Evaluation of the evidence of an association between exposure to
DEHP and insulin resistance in adults is based on seven studies
(Table 5). Five studies, including four of the five medium confidence
studies, reported higher glucose, insulin, and HOMA-IR with higher
exposure levels. Results were statistically significant for at least one
outcome in four studies and exposure-response gradients were observed
for all three outcomes in Huang et al., 2014. However, there is some
uncertainty resulting from study limitations. The positive result in Kim
et al. (2013) is difficult to interpret because the analysis included
subjects with a history of diabetes diagnosis, though this is ameliorated
to some extent by an analysis in women adjusting for history of DM and
showing consistent results. Additionally, the results in Dirinck et al.
(2015) should be interpreted with caution due to the study evaluation
concerns. The fact that the latter study had the highest effect estimates
could possibly be explained by selection bias, by the specific population
(obese patients), or some other factor. In addition, there is potential for
residual confounding by diet, but the impact of this is uncertain. While
two studies (Huang et al. (2014); Kim et al. (2013)) adjusted for caloric
intake, this may not be adequate to adjust for differing exposure levels
by food type (e.g., packaged foods). This issue is considered further in
the discussion. Despite these limitations, the overall consistency in the
direction of the association across studies and the exposure-response
gradient observed in a well-conducted and sensitive study increase
confidence in the association. In adolescents, only one of the three
studies reported higher insulin resistance with higher exposure. The
three studies in children found no clear association (Watkins et al.,

Table 8
Association between BBP metabolites and insulin resistance in adults and adolescents.

Reference

Median 

MBzP

Exposure 

IQR

Effect 

es"mate Fas"ng glucose Insulin HOMA-IR

Adults

Chen et al. (2017);

medium; 552

1.9 µg/g 

crea!nine

2.4 β (95% CI) -0.002 (-0.01,0.004) -0.05 (-0.12,0.01) -0.06 (-0.12,0.01)

Dales et al. (2016); 

medium, 2,119

8.4 ng/mL β (95% CI) 

for IQR 

increase

0.00 (-0.02,0.02) 0.03 (-0.20,0.26) 0.00 (-0.06,0.06)

Huang et al. 

(2014);

medium; 3,083

13 µg/g 

crea!nine 

(women)

7.1-24 Median 

change 

(95% CI)

Q2: -0.30 (-1.48,0.87)

Q3: -0.06 (-1.25,1.13)

Q4: -0.24 (-1.49,1.02)

ptrend=0.7

Q2: 0.77 (0.16,1.39)

Q3: 1.09 (0.39,1.79)

Q4: 1.44 (0.50,2.38)

ptrend=0.007*

Q2: 0.21 (0.06,0.37)

Q3: 0.26 (0.09,0.44)

Q4: 0.37 (0.15,0.59)

ptrend<0.003*

Dirinck et al. 

(2015); 

low; 123

8.7 µg/g 

crea!nine

0.7-90 

(range)

β (95% CI) 8.74 (1.42,16.06)* 14.90 (4.38,34.18) 0.15 (-0.16,0.46)

Adolescents

Chen et al. (2017);

medium; 234

1.9 µg/g 

crea!nine

2.4 β (95% CI) -0.002 (-0.01,0.01) 0.03 (-0.06,0.13) 0.03 (-0.07,0.13)

A#na and 

Trasande (2015); 

medium; 356

NR β (95% CI) NR NR 0.03 (-0.03,0.09)

Trasande et al. 

(2013); medium; 

766

NR β (95% CI) NR NR 0.02 (-0.08,0.13)

Results that support an association are shaded based on effect size and precision. Dark grey represents one or more of
the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥ 0.5), or exposure-response trend. Light grey represents
other supportive results. Strength of the evidence (i.e., contribution to the synthesis conclusions) from an individual
study is influenced by other factors, such as study confidence. *p < 0.05.
ŦEstimates for total population, including those with history of diabetes. Association for the strata without history of
diabetes was not reported.
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2016; Carlsson et al., 2018; Kataria et al., 2017).
One medium confidence study included results on the association

between DINP and insulin resistance. Attina and Trasande (2015), an
NHANES sample of adolescents, reported increased HOMA-IR levels
with increasing exposure, with the third tertile being statistically sig-
nificant (β for tertile 2: 0.07 (−0.09, 0.22), tertile 3: 0.23 (0.08, 0.38)).
In addition, one low confidence study in children (Kataria et al., 2017)
reported no significant association, but did not report quantitative es-
timates.

Evaluation of the evidence of an association between exposure to
DBP and insulin resistance in adults is based on seven studies (Table 6).
Four studies, including three of the five medium confidence studies
(Table 6) reported increased glucose, insulin, and/or HOMA-IR. Results
in two of these studies were statistically significant, and an exposure-
response gradient was observed for glucose and HOMA-IR in Huang
et al. (2014). However, in Dales et al. (2018), a weak association was
only observed for insulin. Further, as with DEHP, the positive results in
Kim et al. (2013) and Dirinck et al. (2015) are difficult to interpret, and
there is potential for residual confounding by diet. The other studies
reported no association, resulting in some unexplained inconsistency,
including between NHANES and CHMS, the nationally representative
surveys for fasting glucose and HOMA-IR. This lack of consistency de-
creases confidence in the association since there is no clear explanation
such as study sensitivity (e.g., exposure levels or range) for the differing
results. In adolescents, one of the three studies reported higher insulin
resistance with higher exposure (Trasande et al., 2013). The three
studies in children (Watkins et al., 2016) found no clear association,
though there was a statistically significant increase in fasting glucose
among pubertal girls based on peripubertal exposure in Watkins et al.

(2016) for summed MBP+MIBP.
Three studies reported results on the association between DIBP ex-

posure and insulin resistance in adults (Table 7). One of two medium
confidence studies and one low confidence study reported higher glu-
cose, insulin, and HOMA-IR with higher exposure, with Huang et al.
(2014) reporting statistical significance for HOMA-IR and exposure-
response gradients for glucose and HOMA-IR. However, as with DBP,
there was inconsistency between the nationally representative surveys
with no clear explanation and the results from Dirinck et al. (2015)
have low confidence, and the small number of studies makes evaluating
consistency a challenge. As with the other phthalates, there is potential
for residual confounding by diet. In adolescents, one of the two studies
reported higher insulin resistance with higher exposure (Trasande et al.,
2013). Results for BBP (Table 8) and DEP (Table 9) were similar to
those of DIBP, though there was no association in adolescents for these
phthalates. The studies in children (Watkins et al., 2016) found no clear
association for BBP and DEP, though there was a statistically significant
increase in fasting glucose among pubertal girls based on peripubertal
exposure for DEP.

Overall, across the phthalates, there is generally a stronger asso-
ciation in adults than adolescents and children. Because there was a
smaller number of studies of the younger age groups, and there were
limitations in the studies that are available, including a lack of exposure
information, it is unclear whether this is a true difference and whether
it can be explained by changing exposure levels, biological factors, or
some other explanation. In addition to the main effects described
above, some of the analyses of NHANES data examined differences in
the association by sub-population. In Huang et al. (2014), these factors
did not generally change the direction of association, but there were

Table 9
Association between DEP metabolites and insulin resistance in adults and adolescents.

Reference Median MEP

Exposure 

IQR

Effect 

es"mate Fas"ng glucose Insulin HOMA-IR

Adults

Dales et al. (2016); 

medium, 2,119

8.4 ng/mL β (95% CI) 

for IQR 

increase

0.00 (-0.02,0.03) 0.00 (-0.27,0.27) -0.01 (-0.08,0.06)

Chen et al. (2017);

medium; 552

32 µg/g 

crea"nine

63 β (95% CI) 0.00 (-0.01,0.01) -0.04 (-0.10,0.01) -0.04 (-0.10,0.01)

Huang et al. 

(2014);

medium; 3,083

182 µg/g 

crea"nine 

(women)

89-426 Median 

change 

(95% CI)

Q2: 1.30 (0.15,2.46)

Q3: 0.38 (-0.75,1.51)

Q4: 0.49 (-0.80,1.77)

ptrend=0.8

Q2: 0.25 (-0.50,0.99)

Q3: 0.34 (-0.35,1.02)

Q4: 0.60 (-0.13,1.34)

ptrend=0.15

Q2: 0.11 (-0.06,0.27)

Q3: 0.10 (-0.07,0.28)

Q4: 0.20 (0.03,0.38)

ptrend<0.006*

Dirinck et al. 

(2015); 

low; 123

81 µg/g 

crea"nine

3.4-6865 

(range)

β (95% CI) 1.31 (-3.23,5.85) 9.81 (-1.88,21.5) 0.15 (-0.022,0.31)

Adolescents

Chen et al. (2017);

medium; 234

32 µg/g 

crea"nine

63 β (95% CI) 0.001 (-0.01,0.01) -0.02 (-0.08,0.05) -0.02 (-0.08,0.05)

A#na and 

Trasande (2015); 

medium; 356

NR β (95% CI) NR NR 0.02 (-0.05,0.05)

Trasande et al. 

(2013); medium; 

766

NR β (95% CI) NR NR -0.07 (-0.16,0.03)

Results that support an association are shaded based on effect size and precision. Dark grey represents one or more of
the following: p < 0.05, large effect size (e.g., OR≥1.5, β≥ 0.5), or exposure-response trend. Light grey represents
other supportive results. Strength of the evidence (i.e., contribution to the synthesis conclusions) from an individual
study is influenced by other factors, such as study confidence. *p < 0.05.
ŦEstimates for total population, including those with history of diabetes. Association for the strata without history of
diabetes was not reported.
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Table 10
Epidemiology studies of gestational diabetes and blood glucose in pregnancy.

In
cl

u
d

e
d

Reference Study descrip!on Includes metabolites 

of:

Study evalua!on

Popula!on Exposure Outcome

D
E

H
P

D
IN

P

D
B

P

D
IB

P

B
B

P

D
E

P

E
x

p
o

su
re

O
u

tc
o

m
e

S
e

le
c!

o
n

C
o

n
fo

u
n

d
in

g

A
n

a
ly

si
s

O
v

e
ra

ll
 

co
n

fi
d

e
n

ce

Studies in Adults

James-Todd et 

al. (2016b)

Sample of women 

from pregnancy 

cohort in U.S. 

(N=352)

Urine 

samples 

collected at 

up to 4 

prenatal 

visits

Impaired glucose 

tolerance and blood 

glucose during oral 

glucose tolerance 

test

G/A G A A A Medium

James-Todd et 

al. (2018)

Cohort of women 

seeking infer!lity 

evalua!on/ 

treatment in U.S. 

(N=245)

Urine 

samples 

collected in 

each 

trimester

Impaired glucose 

tolerance and blood 

glucose during oral 

glucose tolerance 

test

G/A G G G G High

Robledo et al. 

(2015)

Pilot cohort of 

pregnant women 

in U.S. (N=72) 

enrolled at first 

prenatal visit

Single urine 

sample

Blood glucose during 

oral glucose 

tolerance test.

A/D D A A A Low

Shapiro et al. 

(2015)

Cohort of pregnant 

women in U.S. 

(N=1,885) enrolled 

in first trimester

Single urine 

sample

Gesta!onal diabetes 

and impaired 

glucose tolerance 

diagnosed from 

glucose challenge 

test

A/D A A A A Medium

Excluded studies (2): exposure measurement based on tissue other than urine and high percent non-detects for sec-
ondary metabolites of DEHP: Fisher et al. (2018); unable to obtain full text: Zhang et al. (2017).
G= good; A= adequate; D= deficient; A/D= adequate for short chain phthalates, deficient for long chain phthalates.
aIncluded estimates in adolescents.

Table 11
Association between DEHP and blood glucose in pregnant women.

Reference

Median 

Exposure Exposure 

IQR

Blood glucose

1st trimester 

Mean (95% CI)

Blood glucose

2nd trimester

Mean (95% CI)

Impaired glucose 

tolerance*

OR (95%)

D
E

H
P

James-Todd et al. 

(2016b)

medium; 352

0.4 nmol/l

(GM)

0.2-0.8 Q1: 110 (100,120)

Q2: 115 (105, 127)

Q3: 108 (98,118)

Q4: 114 (104, 126)

Q1: 117 (106,129)

Q2: 110 (100,121)

Q3: 109 (99,120)

Q4: 110 (100,121)

p-trend: 0.16

Q2: 0.46 (0.15,1.40)

Q3: 0.74 (0.27,2.04)

Q4: 0.25 (0.08,0.85)

p-trend: 0.06

James-Todd et al. 

(2018)

high; 245

0.2 nmol/l 0.1-0.4 Q1: 116 (109,123)

Q2: 114 (107,121)

Q3: 114 (107,121)

Q4: 113 (107,120)

Q1: 111 (105,118)

Q2: 111 (105,118)

Q3: 115 (109,122)

Q4: 116 (109, 123)

no associa!on

Shapiro et al. 

(2015)

medium; 1,885

7.4 (MEOHP)

11 (MEHHP)

2.6 (MEHP)

ng/mL

NR NR NR Q2: 1.0 (0.5,2.0)

Q3: 0.6 (0.3,1.5)

Q4: 0.9 (0.4,2.3)

Robledo et al. 

(2015)

low; 72

66 ng/mL 37-101 NR β (95% CI)

T2: 3.82 (-10.22,17.86)

T3: -9.97 (-27.11,7.17)

NR

Results that support an association are shaded based on effect size and precision.
*Shapiro includes impaired glucose tolerance and gestational diabetes.
p-Values> 0.20 are not presented. NR=not reported.
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differences in strength of association by race/ethnicity and sex. For
some phthalates, the association was stronger in black and Hispanic
people than in whites. The sex with the stronger association differed by
phthalate. Since there were no additional studies that examined these
differences, there was limited ability to draw conclusions about the
interactions.

3.3. Gestational diabetes

3.3.1. Study selection and evaluation
Two of the six epidemiology studies identified in the search with

data on diabetes and/or insulin resistance during pregnancy were ex-
cluded due to exposure measurement in tissue other than urine or un-
availability in full text. The specific phthalates examined in the re-
maining four included studies and the evaluations are summarized in
Table 10. Rationales for ratings are available at: https://hawcprd.epa.
gov/summary/visual/100500026/. All four studies were pregnancy
cohorts, with exposure measurement during pregnancy. Two studies
collected more than one urine sample (James-Todd et al., 2016b;
James-Todd et al., 2018). One study was considered high confidence
(James-Todd et al., 2018), two medium confidence (James-Todd et al.,
2016b; Shapiro et al., 2015), and one low confidence (Robledo et al.,
2015). Looking across the studies, this set of cohorts is generally well-
conducted with low risk of bias, but the exposure levels trend slightly
lower than in other studies, so sensitivity to observe an effect may be
lower.

3.3.2. Results and synthesis
Among the four studies that examined blood glucose and/or im-

paired glucose tolerance in pregnant women, there was no clear in-
dication of an increase in blood glucose with increased phthalate ex-
posure for DEHP (Table 11), DBP, and DIBP (Table 12). For BBP
(Table 13), there were two studies indicating higher blood glucose or
impaired glucose tolerance with higher exposure, but neither was sta-
tistically significant (James-Todd et al., 2016b; Shapiro et al., 2015).
For DEP (Table 13), two studies reported statistically significant asso-
ciations (James-Todd et al. (2018) for blood glucose and James-Todd
et al. (2016b) for impaired glucose tolerance), but the other two studies
reported no association. Across the phthalates, with the exception of
DEP, the high confidence study (James-Todd et al., 2018) reported no
association. This could be due to the lower exposure levels in the study
population, which may have reduced study sensitivity.

3.4. Diabetes risk summary

For each phthalate, Table 14 presents a summary of the key factors
that increased or decreased confidence in the evidence, a summary of
the findings, and an overall judgment of the strength of evidence that
considers coherence across the two main outcomes (i.e., type 2 diabetes
and insulin resistance), focusing on the studies in adults. For DEHP
exposure, there was consistency and an exposure-response gradient in
one study for insulin resistance and coherence across diabetes and in-
sulin resistance, though the results for diabetes were not statistically

Table 12
Association between DBP and DIBP and blood glucose in pregnant women.

Reference

Median 

Exposure 

(ng/mL)

Exposure 

IQR

Blood glucose

1st trimester 

Mean (95% CI)

Blood glucose

2nd trimester

Mean (95% CI)

Impaired glucose 

tolerance*

OR (95%)

D
B

P
James-Todd et al. 

(2016b)

medium; 352

18

(GM)

11-27 Q1: 115 (104,126)

Q2: 113 (103,124)

Q3: 114 (103,125)

Q4: 109 (99,119)

p-trend: 0.13

Q1: 111 (100,123)

Q2: 113 (103,125)

Q3: 114 (104,125)

Q4: 108 (98,119)

Q2: 0.95 (0.31,2.91)

Q3: 1.26 (0.43,3.68)

Q4: 1.14 (0.37,3.51)

James-Todd et al. 

(2018)

high; 245

12 6.8-21 Q1: 116 (109,123)

Q2: 112 (105,118)

Q3: 116 (109, 123)

Q4: 113 (107,120)

Q1: 112 (106,119)

Q2: 113 (106,120)

Q3: 114 (107,121)

Q4: 115 (109,122)

no associa!on

Shapiro et al. 

(2015)

medium; 1,885

13 NR NR NR Q2: 1.8 (0.9,3.6)

Q3: 1.3 (0.6,3.0)

Q4: 0.8 (0.3,2.2)

p-trend: 0.51

Robledo et al. 

(2015)

low; 72

29 16-57 NR β (95% CI)

T2: 0.11 (-14.71,14.93)

T3: -15.61 (-32.99,1.76)

NR

D
IB

P

James-Todd et al. 

(2016b)

medium; 352

7.3

(GM)

4.5-12 Q1: 114 (103,125)

Q2: 111 (101,123)

Q3: 114 (103,125)

Q4: 110 (100,121)

Q1: 111 (100,122)

Q2: 109 (99,120)

Q3: 110 (100,121)

Q4: 114 (104,126)

p-trend: 0.17

Q2: 0.47 (0.14,1.58)

Q3: 1.16 (0.38,3.54)

Q4: 1.79 (0.62,5.16)

p-trend: 0.18

James-Todd et al. 

(2018)

high; 245

6.2 3.3-10 Q1: 118 (111,125)

Q2: 114 (107,121)

Q3: 114 (107,121)

Q4: 111 (104,117)

p-trend: 0.15

Q1: 119 (113,126)

Q2: 115 (109,122)

Q3: 115 (109, 122)

Q4: 105 (99,111)

p-trend: 0.003

0.37 (0.12,1.16)

Robledo et al. 

(2015)

low; 72

11 6.7-18 NR β (95% CI)

T2: -2.01 (-16.18,12.17)

T3: -18.30 (-35.41,-1.19)

NR

Results that support an association are shaded based on effect size and precision.
*Shapiro includes impaired glucose tolerance and gestational diabetes.
p-Values> 0.20 are not presented. NR=not reported.
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significant. Given the overall consistency, but some lingering un-
certainty in the evidence, this evidence is considered moderate.

For DBP and DIBP exposure, in contrast, the overall evidence is
considered moderate primarily due to the strong positive associations in
the single diabetes study. There is substantial unexplained incon-
sistency in the results for insulin resistance, but some of the results,
including exposure-response gradients in one well-conducted study,
provide coherence with the incident diabetes results.

For DINP, BBP, and DEP, the evidence is considered slight. No as-
sociation was reported in the single study of diabetes with BBP and DEP
exposure (DINP was not investigated). The available evidence does
indicate an association between exposure to these phthalates and in-
sulin resistance, including in pregnant women, but the small number of
studies and the lack of coherence with diabetes decreases confidence.

3.5. Obesity

A prior review concluded that the data on obesity and phthalate
exposure is inconsistent (Thayer et al., 2012). We conducted a
screening level review encompassing these and more recent studies.
Twenty-five of the 32 epidemiology studies (described in 35

publications) identified in the search with data on obesity or BMI were
excluded (Supplementary Table). The majority were excluded due to
issues with temporality (i.e., exposure was measured at the same time
as BMI), or due to measurement of exposure in tissues other than urine.
Six of the remaining studies focused on obesity in children or infants
based on prenatal or childhood exposure. The screening level review of
these studies indicated little consistency with no clear explanation
based on a preliminary evaluation of study confidence or exposure le-
vels (Supplementary Table). Therefore, a full systematic review was not
performed and the evidence is considered inadequate.

Along among the included studies was a single prospective study of
adult weight gain (Song et al., 2014), which used the controls from the
nested case-control study on type 2 diabetes described previously (Sun
et al., 2014) and measured weight gain over ten years. For summed
DBP+DIBP and BBP, there were statistically significant associations
between increased exposure and weight gain, with exposure-response
gradients observed. For DEHP and DEP, no association was observed,
and no results were available for DINP. Since the effect sizes for the
positive associations were small (approximately 0.3 kg per year) and
there is potential for residual confounding by diet (as described for
diabetes), the evidence from a single study is considered inadequate to

Table 13
Association between BBP and DEP and blood glucose in pregnant women.

Reference

Median 

Exposure 

(ng/mL or as 

specified)

Exposure 

IQR

Blood glucose

1st trimester 

Mean (95% CI)

Blood glucose

2nd trimester

Mean (95% CI)

Impaired glucose 

tolerance*

OR (95%)

B
B

P
James-Todd et al. 

(2016b)

medium; 352

7.4 (GM) 3.3-15 Q1: 108 (98,119)

Q2: 118 (108,130)

Q3: 112 (102, 122)

Q4: 111 (102,122)

Q1: 106 (96,118)

Q2: 113 (102,126)

Q3: 114 (103,125)

Q4: 110 (101,121)

Q2: 1.17 (0.40,3.48)

Q3: 1.16 (0.39,3.49)

Q4: 1.28 (0.40,4.07)

James-Todd et al. 

(2018)

high; 245

2.8 1.4-5.4 Q1: 113 (107,120)

Q2: 117 (110,124)

Q3: 110 (103,116)

Q4: 117 (110,124)

Q1: 111 (105,118)

Q2: 117 (110,124)

Q3: 110 (104,117)

Q4: 116 (109,123)

no associa!on

Shapiro et al. 

(2015)

medium; 1,885

5.8 NR NR NR Q2: 1.3 (0.6,2.8)

Q3: 2.0 (0.9, 4.4)

Q4: 2.0 (0.9,4.8)

p-trend: 0.07

Robledo et al. 

(2015)

low; 72

16 8.5-37 NR β (95% CI)

T2: -0.82 (-14.37,12.73)

T3: -17.26 (-34.12,-0.40)

NR

D
E

P

James-Todd et al. 

(2016b)

medium; 352

133

(GM)

49-325 Q1: 113 (103,125)

Q2: 114 (103,125)

Q3: 115 (105,126)

Q4: 107 (98,118)

Q1: 109 (100,120)

Q2: 112 (102,124)

Q3: 110 (99,121)

Q4: 116 (105,128)

p-trend: 0.19

Q2: 2.14 (0.57,8.10)

Q3: 2.53 (0.71,8.97)

Q4: 7.18 (1.97,26.15)

p-trend: <0.01

James-Todd et al. 

(2018)

high; 245

48 22-144 Q1: 114 (108,121)

Q2: 115 (108,122)

Q3: 109 (103,116)

Q4: 118 (111,125)

Q1: 109 (103,116)

Q2: 113 (107,120)

Q3: 111 (105,117)

Q4: 121 (114,128)

p-trend: 0.02

2.48 (0.86,7.20)

Shapiro et al. 

(2015)

medium; 1,885

39 NR NR NR Q2: 1.0 (0.5,2.0)

Q3: 0.8 (0.4,1.7)

Q4: 0.7 (0.3,1.5)

p-trend: 0.29

Robledo et al. 

(2015)

low; 72

206 92-525 NR β (95% CI)

T2: 4.45 (-9.30,18.19)

T3: 0.18 (-14.57,14.94)

NR

Results that support an association are shaded based on effect size and precision.
*Shapiro includes impaired glucose tolerance and gestational diabetes.
p-Values> 0.20 are not presented. NR=not reported.
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Table 14
Summary of evidence for diabetes risk in adults.

Phthalate Outcome Studies Factors that increase
confidence

Factors that decrease confidence Summary of findings Evidence judgment

DEHP Diabetes Medium confidence
Sun et al. (2014) (nested CC
in two C)

• Study well conducted • Potential for residual
confounding by diet

• Single study

• Imprecision

Positive association between DEHP exposure and
type 2 diabetes diagnosis (not statistically
significant, Table 3).

⨁⨁◯

MODERATE
for diabetes risk

Supported by coherence across outcomes
and plausible mechanism from animal
and in vitro studies

Insulin resistance in
adults

Medium confidence
Chen et al. (2017) (CS)
Dales et al. (2018) (CS)
Hong et al. (2016) (CS)
Huang et al. (2014) (CS)
Kim et al. (2013) (C)

Low confidence
Dirinck et al. (2015) (CS)
Hong et al. (2009) (CS)

Among medium confidence
studies:

• Exposure-response
gradient observed in one
study

• Generally consistent results
across populations

• Minimal concerns for bias

• Potential for residual
confounding by diet

Positive association between DEHP exposure and
glucose, insulin and/or HOMA-IR in 5 studies
(Dales et al., 2018; Dirinck et al., 2015; Huang
et al., 2014; Kim et al., 2013; Hong et al., 2016),
with statistical significance in four (Table 5).
Exposure-response gradients were reported in
Huang et al. (2014) for all endpoints (not evaluated
in other studies)

DINP Insulin resistance in
adolescents

Medium confidence
Attina and Trasande (2015)
(CS)

• Minimal concerns for bias

• Exposure-response
gradient

• Potential for residual
confounding by diet

• Single study

Positive association between DINP exposure and
HOMA-IR, with statistical significance in the third
tertile.

⨁◯◯

SLIGHT

DBP Diabetes Medium confidence
Sun et al. (2014) (nested CC
in two C)

• Strong association

• Study well conducted
• Potential for residual

confounding by diet

• Single study

Strong positive (OR=3.2 for Q4) statistically
significant association between DBP exposure and
type 2 diabetes diagnosis (Table 3).

⨁⨁◯

MODERATE

Supported by coherence across outcomes
and plausible mechanism from animal
and in vitro studies

Insulin resistance in
adults

Medium confidence
Chen et al. (2017) (CS)
Dales et al. (2018) (CS)
Hong et al. (2016) (CS)
Huang et al. (2014) (CS)
Kim et al. (2013) (C)

Low confidence
Dirinck et al. (2015) (CS)
Hong et al. (2009) (CS)

Among medium confidence
studies:

• Exposure-response
gradient observed in one
study

• Minimal concerns for bias

• Potential for residual
confounding by diet

Positive association between DBP exposure and at
least one measure of insulin resistance (i.e.,
glucose, insulin and/or HOMA-IR) in 4 studies
(Huang et al., 2014, Dirinck et al., 2015, Dales
et al., 2018, Kim et al., 2013), with statistical
significance in 2 (Table 6). An exposure-response
gradient was reported in Huang et al. (2014) for
glucose (not evaluated in other studies).

DIBP Diabetes Medium confidence
Sun et al. (2014) (nested CC
in two C)

• Strong association

• Study well conducted
• Potential for residual

confounding by diet

• Single study

Strong positive (OR=2.7 for Q4) statistically
significant association between DIBP exposure and
type 2 diabetes diagnosis (Table 3).

⨁⨁◯

MODERATE

Supported by coherence across outcomes
and plausible mechanism from animal
and in vitro studies

Insulin resistance in
adults

Medium confidence
Dales et al. (2018) (CS)
Huang et al. (2014) (CS)

Low confidence
Dirinck et al. (2015) (CS)

• Exposure-response
gradient observed in one
study

• Potential for residual
confounding by diet

• Few studies

Positive association between DIBP exposure and
glucose, insulin, and/or HOMA-IR in 2 studies
(Huang et al., 2014) (Dirinck et al., 2015) (Table 7).
Huang et al. (2014) reported statistical significance
for all endpoints and an exposure-response gradient
for glucose (not evaluated in other study)

BBP Diabetes Medium confidence
Sun et al. (2014) (nested CC
in two C)

• Study well conducted • Potential for residual
confounding by diet

• Single study

No association reported between type 2 diabetes
risk and BBP exposure.

⨁◯◯

SLIGHT

Insulin resistance in
adults

Medium confidence
Chen et al. (2017) (CS)
Dales et al. (2018) (CS)
Huang et al. (2014) (CS)

Low confidence
Dirinck et al. (2015) (CS)

• Exposure-response
gradient observed in one
study

• Potential for residual
confounding by diet

• Few studies

• Inconsistency among
medium confidence studies

Positive association between BBP exposure and
glucose, insulin, and/or HOMA-IR in 2 studies
(Dirinck et al., 2015; Huang et al., 2014) (Table 8).
Exposure-response gradients were observed for
insulin and HOMA-IR in Huang et al. (2014) (not
evaluated in other study).

DEP Diabetes Medium confidence
Sun et al. (2014) (nested CC
in two C)

• Study well conducted • Potential for residual
confounding by diet

• Single study

No association reported between type 2 diabetes
risk and DEP exposure.

⨁◯◯

SLIGHT

(continued on next page)
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draw a conclusion about the association with obesity.

3.6. Renal effects

Five epidemiology studies examined the association between
phthalate exposure and renal effects. Three studies were excluded due
to critical deficiencies in exposure measurement (Supplementary
Table). Both of the remaining studies were considered to be low con-
fidence by a single reviewer due to selection bias (Tsai et al. (2016) or
possible reverse causation (Trasande et al. (2014). Because of incon-
sistency in the results and the availability of only low confidence stu-
dies, a full systematic review was not performed, and the evidence is
considered inadequate.

4. Discussion

Based on screening-level reviews, the currently available evidence
was determined to be inadequate to assess associations between obesity
and renal effects and phthalate exposure. It is unlikely that a full sys-
tematic review of the existing literature would indicate a clear asso-
ciation, either due to a small number of low confidence studies avail-
able or disparate results. The use of screening-level reviews allowed us
to avoid using additional resources required for a full systematic review
for these outcomes at this time. It is important to note, however, that
we do not mean to imply that systematic reviews are not useful in si-
tuations where the evidence is inconsistent. To the contrary, systematic
review may be particularly beneficial for evidence bases with con-
flicting results because it provides a process for identifying factors that
may explain the discrepancies (e.g., study quality, exposure levels). The
benefit gained from the review will depend on the context of the re-
view. In this case, the focus was on identifying key hazards of phthalate
exposure with a robust database, and there was a need to be pragmatic
in the use of resources to conduct the review.

Evidence for an association between phthalate exposure and dia-
betes risk is more convincing. The single prospective study that ex-
amined incident diabetes as an outcome reported strong associations for
multiple phthalates, and several studies reported associations with in-
sulin resistance. When coherence across these outcomes was con-
sidered, DEHP, DBP, and DIBP had moderate evidence of an associa-
tion, and DINP, BBP, and DEP had slight evidence of an association
(Table 14).

Diet was considered a possible confounder for the observed asso-
ciation with diabetes and obesity. Only a portion of the studies con-
trolled for diet, and those that did used only caloric intake as a proxy.
While this would account for increased exposure simply from eating
more in general, there may be other diet-related factors associated with
phthalate exposure, such as frequent consumption of packaged/pro-
cessed foods or fatty foods, which may not be fully accounted for with
adjustment for caloric intake, and which may carry an additional risk
with respect to diabetes (Micha et al., 2010; Franz et al., 2002; Hu et al.,
2001). Phthalates, particularly DEHP and DBP, are present in most
food-packaging materials (Balafas et al., 1999) and plastic-packaged
food products (Cirillo et al., 2013) and can migrate into food (Serrano
et al., 2014a; Castle et al., 1994). This migration is increased with
microwave heating (Chen et al., 2008). Phthalate levels in different
food types have been reviewed previously and meats (particularly
poultry) and fats/oils have been consistently associated with increased
phthalate exposure (Serrano et al., 2014a). Since the 2014 review,
participants in a pre-defined “fatty, sweet, and ready meal” group had
higher exposure to DEHP and DBP in one study (Serrano et al., 2014b).
Other foods may vary in phthalate levels, based partly on region
(Serrano et al., 2014a). A change in diet to fresh, mostly organic meals
prepared without plastics in procurement, cooking, and serving has
been shown to reduce DEHP exposure (Rudel et al., 2011). Taken as a
whole, it is conceivable that individuals who eat a diet higher in
packaged, microwaved, and fatty foods may be at higher risk forT
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diabetes and obesity, and this diet may also increase phthalate ex-
posure, though the influence of diet may differ by phthalate. The con-
cern would be highest for DEHP, which is commonly used in packaging
and is more associated with fatty foods due to its more lipophilic nature
(Cao, 2010). DBP, DIBP, BBP are all used in packaging, though perhaps
less so than DEHP (Van Holderbeke et al., 2014; Fierens et al., 2012),
while DEP is not frequently used in packaging and is less likely to
contaminate food (Schettler, 2006). The fact that a similar association
with insulin resistance was observed for DEP as the other phthalates
reduces the concern about residual confounding overall, but given the
small evidence base, it is worth further, more detailed exploration of
diet as a potential confounder.

As mentioned in the methods, another important source of potential
confounding is across phthalates. When drawing conclusions about
associations between individual phthalates and health effects, it can be
difficult to conclusively determine that the observed associations are
not due to confounding across the phthalates. Correlations between
some of the phthalates included in this review are moderately high
(e.g., DBP, DIBP, BBP metabolites r =0.5 to 0.7 (Johns et al., 2015)),
which increases this concern. While some phthalate studies present
multi-pollutant models, this is far from universal, and there are also
concerns that bias can be amplified in multipollutant regression models
(Weisskopf et al., 2018). Thus, this is an area of uncertainty for reviews
of phthalates and other chemical mixtures, and is discussed in more
detail in a forthcoming special issue editorial. Our ability to assess this
type of confounding is somewhat limited by the different sensitivity of
the studies for different phthalates (e.g., due to exposure levels), which
reduced the ability to assess coherence across phthalates, and by the
fact that we might expect more similar phthalates to be both highly
correlated with each other and have similar effects (e.g., DBP and
DIBP). However, it is unlikely that this issue would significantly alter
the conclusions of this review. None of the associations in this review
approached the level of “Robust” evidence, where uncertainty is largely
eliminated and alternative explanations for the association such as
chance, bias, and confounding are ruled out. Still, this is certainly an
important issue for phthalate research moving forward. Methods de-
velopment to address this concern is a rapidly developing field, and
researchers should consider the potential for confounding across
phthalates in designing their studies and analyzing data. In addition,
given that people are exposed to mixtures of chemicals like phthalates,
there may be a benefit in some cases to drawing conclusions for mix-
tures (such as all phthalates or subclasses of phthalates) rather than for
individual chemicals, though this is not without its own complications.

An established mechanism for the association between phthalate
exposure and diabetes and insulin resistance would also increase con-
fidence in the association despite the possibility of residual con-
founding. Plausible mechanisms for the association have been described
elsewhere. Phthalates can alter peroxisome proliferator-activated re-
ceptors (PPARs), which contribute to adipogenesis, lipid metabolism,
and metabolic homeostasis (Benjamin et al., 2017a; Watkins et al.,
2016; Attina and Trasande, 2015; Sun et al., 2014; Thayer et al., n.d.).
Oxidative stress is another possible mechanism (Watkins et al., 2016).

Given the mechanistic plausibility, the large effect sizes for incident
diabetes in the single available study for some phthalates, and the co-
herence with insulin resistance, the association between phthalate ex-
posure and diabetes risk should be considered when assessing the risks
and costs of exposure to specific phthalates in humans. This is con-
sistent with findings by Legler et al. (2015) and Benjamin et al. (2017b)
in narrative reviews. Additional prospective research with repeated
measures of exposure would further clarify the relationship, as would
additional high-quality research on the related metabolic effects (obe-
sity, renal effects) to better understand coherence across outcomes.
Discussion of some additional issues that apply to all phthalate studies,
is presented in the special issue editorial (forthcoming).
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A B S T R A C T

Objective: We performed a systematic review of the epidemiology literature to identify the neurodevelopmental
effects associated with phthalate exposure.
Data sources and study eligibility criteria: Six phthalates were included in the review: di(2-ethylhexyl) phthalate
(DEHP), diisononyl phthalate (DINP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl benzyl
phthalate (BBP), and diethyl phthalate (DEP). The initial literature search (of PubMed, Web of Science, and
Toxline) included all studies of neurodevelopmental effects in humans, and outcomes were selected for full
systematic review based on data availability.
Study evaluation and synthesis methods: Studies of neurodevelopmental effects were evaluated using criteria
defined a priori for risk of bias and sensitivity by two reviewers using a domain-based approach. Evidence was
synthesized by outcome and phthalate and strength of evidence was summarized using a structured framework.
For studies of cognition and motor effects in children ≤4 years old, a random effects meta-analysis was per-
formed.
Results: The primary outcomes reviewed here are (number of studies in parentheses): cognition (14), motor effects
(9), behavior, including attention deficit hyperactivity disorder (20), infant behavior (3), and social behavior,
including autism spectrum disorder (7). For each phthalate/outcome combination, there was slight or in-
determinate evidence of an association, with the exception of motor effects for BBP, which had moderate evidence.
Conclusions and implications of key findings: Overall, there is not a clear pattern of association between prenatal
phthalate exposures and neurodevelopment. There are several possible reasons for the observed null associations
related to exposure misclassification, periods of heightened susceptibility, sex-specific effects, and the effects of
phthalate mixtures. Until these limitations are adequately addressed in the epidemiology literature, these findings
should not be interpreted as evidence that there are no neurodevelopmental effects of phthalate exposure.

The views expressed are those of the authors and do not necessarily represent the views or policies of the U.S.
EPA.

1. Introduction

The potential for exposure to endocrine disrupting chemicals (EDCs)
to adversely affect neurodevelopment has been widely reported, with
plausible mechanisms described (Braun, 2017). Phthalates (phthalic
acid diesters) are a class of chemicals within the wider umbrella of
EDCs, and past narrative reviews by Braun (2017) and Benjamin et al.
(2017) and one systematic review by Ejaredar et al. (2015) suggest that
phthalate exposure is associated with a variety of neurodevelopmental
outcomes, including autism, ADHD, reduced IQ, and reduced mental
and psychomotor development.

Phthalate exposure, primarily via the oral route, but also through
inhalation and dermal contact, is ubiquitous in humans due to their
widespread use in some consumer and industrial products (Johns et al.,
2015). This is true across the lifespan, and the ability of phthalates to
cross the placenta as reported by Langonne et al. (1998) increases
concern for developmental effects from in utero exposure, particularly
when combined with the potential for higher susceptibility in the fetus
and child (Braun, 2017). After exposure, phthalate diesters are rapidly
metabolized to monoesters (estimated half-lives of various phthalate
metabolites is approximately 3–18 h) and excreted in the urine (Johns
et al., 2015).
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Phthalates encompass compounds with different structures, prop-
erties, and use. Some of the most studied phthalates, and those focused
on here are: di(2-ethylhexyl) phthalate (DEHP), diisononyl phthalate
(DINP), dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl
benzyl phthalate (BBP), and diethyl phthalate (DEP). The metabolites of
each are described in the supplemental materials. Five of the selected
phthalates (DEHP, DINP, DBP, DIBP, BBP) were chosed because they
are the most potent with respect to producing the “phthalate syndrome”
of male reproductive effects in rats (NAS, 2008) and their metabolites
have been frequently observed in human population studies; DEP is not
one of the “phthalate syndrome” compounds but was included because
it is often the phthalate to which humans have the highest exposure.
Among these phthalates, there are some that are relatively structurally
similar and moderately correlated with each other based on human
biomonitoring data (e.g., DBP and DIBP), while others differ con-
siderably in structure and commercial/industrial uses and correlations
between these are typically low (e.g., DEHP and DEP).

A growing number of epidemiological studies have assessed the po-
tential effects of early life phthalate exposure on human health.
However, there are important limitations in these studies related to ex-
posure misclassification, periods of heightened susceptibility, persistence
of effects past childhood, and confounding. Thus, we performed a sys-
tematic review of the epidemiology literature examining the effects of
phthalate exposure on infant and child neurodevelopment. This review
builds on the past reviews on this topic in several ways. First, it includes
in-depth study quality evaluations and study findings are synthesized in
the context of those evaluations. In addition, quantitative meta-analysis
is used where possible, and the results for individual phthalates are re-
viewed. Finally, there have been a notable number of new publications
on this topic since the last review was published.

2. Methods

The full methods for this systematic review, including for literature
search and screening, study evaluation, data extraction, and evidence
synthesis are described in detail in the protocol (supplemental mate-
rials), which was created for a set of systematic reviews of the human,
animal, and mechanistic evidence of all of the phthalates mentioned
above. An abbreviated version is provided below, with references to
specific sections of the protocol. There are a few minor deviations from
the protocol for this review, and those are reflected in this section. In
addition, for ease of reference, the key tables from the protocol that are
necessary to understand how study evaluation and evidence synthesis

conclusions were reached are included in a separate supplemental file
(key methods supplement).

2.1. Neurodevelopmental Test Grouping

As neurodevelopment is typically assessed with an array of neu-
robehavioral or neuropsychological tests that include different do-
mains, clear-cut divisions of these domains is challenging, and psy-
chometric tests often reflect multiple domains. For example, longer
mean reaction time (a measure of response time after a stimulus is
introduced) on a continuous performance test typically indicates in-
attention but may also be impacted by slower information processing.
Subscales within one test for one neuropsychological category might
reflect aspects of another test (i.e., tests are not independent of each
other). White et al. (2009) suggested grouping tests into broad cate-
gories of cognition, academics, attention, executive function/working
memory, language/verbal skills, visuospatial abilities, learning/
memory, and motor skills. We roughly follow these recommended
groupings for this review, which examines cognition, motor effects,
behavior, infant behavior, and social behavior (Table 1). While data
on some other neurodevelopmental effects were available, they were
not included in this review due to the small number of studies (e.g.,
language development, anxiety).

2.2. Literature search and screening

Epidemiology studies were identified by conducting a single broad
literature search on all six phthalates of interest (DEHP, DINP, DBP,
DIBP, BBP, DEP). The Population, Exposure, Comparators, and
Outcome (PECO) criteria are available in the protocol (Section 2.2) and
is intentionally broad to capture any population with any epidemiologic
study design, any exposure to one or more phthalates that were the
focus of this review (without restriction by timing of exposure), any
comparison population, and any examination of human health effects.
The following databases were searched: PubMed, Web of Science, and
Toxline, with the initial search in 2013, and updates every 6–12 months
through March 2019. Forward and backward searches were also per-
formed. Title/abstract and full text screening were performed by two
independent reviewers. The broad inventory of epidemiology studies
was then further refined for this analysis, focusing only on the studies
that reported any neurodevelopmental outcomes.

Table 1
Primary outcomes included in the systematic review.

Outcome Background Tests or assessments used in this set of studies to assess
the outcome

Cognition • General measure of intelligence. Other categories, including those not reviewed,
relate to cognition.

• Review focuses on the summary scale of intelligence quotient (IQ) or mental
development index (MDI).

• Bayley Scales of Infant Development

• Wechsler Intelligence Scale

• McCarthy Scales of Children’s Abilities

Motor effects • Capacity to carry out manual motor activities, including coordination.

• Review focuses on the summary scale of psychomotor developmental index (PDI) of
or motor subscale.

• Bayley Scales of Infant Development

• McCarthy Scales of Children’s Abilities

• Brazelton Neonatal Behavioral Assessment Scale

• Bruininks-Oseretsky Test of Motor Proficiency
Behavior • Broad category that includes dimensions such as anxiety, depression, attention,

hyperactivity, aggression, and conduct problems.

• Attention-deficit hyperactivity disorder (ADHD) is one of the most common
neurobehavioral disorders in children.

• Review focuses on the summary scales of internalizing and externalizing behavior.

• Child Behavior Checklist

• Behavior Assessment System for Children-Parent
Rating Scales

• Conners’ Parent Rating Scales

• Strength and Difficulties Questionnaire

• Clinical diagnosis (e.g., ICD codes)
Infant behavior • Includes components of the other categories, but studies are limited to infants.

• Review focuses on the subscales in common across tests – arousal, motor, regulation
of state, and nonoptimal reflexes.

• Brazelton Neonatal Behavioral Assessment Scale

• NICU Network Neurobehavioral Scale

Social behavior and autism • Measure of reciprocal social, repetitive, and stereotypic behaviors associated with
autism spectrum disorders (ASD).

• Review focuses on summary score of autistic behaviors.

• Social Responsiveness Scale

• Social Maturity Scale

• Autism Diagnostic Observation Schedules
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2.3. Study evaluation

Study evaluation (protocol Section 4.1) was conducted by two in-
dependent reviewers (authors ER and RN, contributor in acknowl-
edgements CL). Key concerns were risk of bias (factors that affect the
magnitude or direction of effect) and insensitivity (factors that limit the
ability of a study to detect a true effect). Evaluation was conducted for
the following domains: exposure measurement, outcome ascertainment,
participant selection, confounding, analysis, sensitivity, and selective
reporting (Fig. 1). These domains were based on the Risk of Bias in Non-
randomized Studies of Interventions (ROBINS-I) tool (Sterne et al.,
2016), modified for use with environmental exposures.

For each study, in each evaluation domain, reviewers reached a
consensus rating regarding the utility of the study for hazard identifi-
cation, with categories of Good, Adequate, Deficient, or Critically defi-
cient. These ratings were then considered together to reach an overall
study confidence classification of High, Medium, Low, or Uninformative
(Fig. 1). This overall classification was not based on pre-defined weights
of the domains, but rather on reviewer expert judgments, and include
the likely impact the noted deficiencies in bias and sensitivity have on
the results, which varies depending on the study and/or outcome. In
general, high confidence studies reflect judgments of “good” across all
or most domains, and medium confidence studies include adequate or
good judgments across most domains, with the impact of any identified
limitation not being judged as severe. Studies were evaluated for their
suitability for each outcome investigated and could receive different
ratings for each outcome. Descriptions of each of the ratings can be
found in the protocol (Section 4) and the key methods supplement.
Study evaluations were documented in Health Assessment Workspace
Collaborative (HAWC).

Criteria and considerations for reaching the study evaluation ratings
were developed a priori and are described in the protocol and the key
methods supplement. This includes: (a) considerations that apply to all
exposures and outcomes, (b) evaluation criteria for phthalate exposure
measurement, and c) evaluation criteria for studies of neurodevelop-
ment. The exposure- and outcome- specific considerations are sum-
marized briefly here.

For exposure measurement, most of the available studies relied on
phthalate metabolite biomarkers (a list of metabolites for each phtha-
late is provided in the protocol, Section 1.3). Different criteria were
developed for short-chain (DEP, DBP, DIBP, BBP) and long-chain
(DEHP, DINP) phthalates due to greater reliability of single biomarker
measures for short-chain phthalates. Measurement in urine was con-
sidered to be the best proxy of exposure (Johns et al., 2015). Biomarker
measures based on samples other than urine (e.g., blood, amniotic fluid,

breast milk) were considered to be critically deficient for all short-chain
phthalates and for primary metabolites (e.g., MEHP, MINP) of long-
chain phthalates (Johns et al., 2015) due to the potential for metabo-
lism of phthalate contaminants in other sample types. This critical de-
ficiency was used as a basis for excluding studies from subsequent
analyses. In addition, for timing of exposure measures, because of the
short half-lives of phthalates, concurrent measurement of exposure was
considered not likely to represent exposure at an etiologically relevant
period for this set of outcomes, and thus cross-sectional studies were
considered uninformative and excluded.

In the other domains, there were several outcome-specific con-
siderations. These are described in detail in the “Evaluation of Studies
of Neurodevelopment” criteria in supplemental materials. For outcome
ascertainment, tests used in a study should be appropriate for the age
range being studied and to the culture language. Any relevant factors
such as time of day, computer use, or sleep, should have been con-
sidered in the analysis, and some description of the testing environment
provided. If there were multiple raters, there should have been some
consideration of this (e.g., adjustment for rater, or analysis of interrater
reliability). Studies preferably reported results for subscales as well as
summary scales. A combination of parent/teacher/self-rating scales
with performance-based tests was preferred, but either was acceptable
alone. While blinding to exposure is ideal, this information was not
commonly reported and it was considered unlikely that participants or
the outcome assessors would have knowledge of exposure levels during
testing, and thus not blinding or lack of information on blinding was
acceptable. Evaluation of confounding was based on the approach used
to identify potential confounders; confounders that were considered
potentially relevant included child age and sex, maternal age, socio-
economic status, quality of caregiving environment, prenatal tobacco
exposure, marital status of parents, and maternal mental health and IQ.
It was considered preferable for analyses to use the outcome scales as
continuous variables to minimize misclassification and improve statis-
tical power (Sagiv et al., 2015).

2.4. Evidence synthesis

After study evaluation, the evidence across studies for each outcome
was synthesized separately for each phthalate using a structured fra-
mework (protocol Section 6 and key methods supplement), using the
following aspects of an association that may support causation: con-
sistency, exposure-response relationship, strength of association, tem-
poral relationship, biological plausibility, and coherence (Fig. 1), based
on the Bradford Hill considerations. In evaluating the evidence for each
of these considerations, syntheses also considered study evaluation

Fig. 1. Summary of study evaluation and evidence synthesis process for the systematic review.
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decisions, with high confidence studies carrying the most weight and
consideration of specific strengths and limitations of individual studies
described where relevant. Low confidence studies were primarily used
only to evaluate consistency. Based on the synthesis, the evidence for
each phthalate-outcome pair was assigned a strength of evidence con-
clusion of Robust, Moderate, Slight, Indeterminate, or Compelling evidence
of no effect. Robust and Moderate describe evidence that supports a ha-
zard, differentiated by the quantity and quality of information available
to rule out alternative explanations for the results. Slight and In-
determinate describe evidence for which uncertainties prevent drawing
a causal conclusion in either direction. These categories are generally
limited in terms of quantity or confidence level of studies and indicate a
need for additional research across the exposure range experienced by
humans. Compelling evidence of no effect requires several high con-
fidence studies with consistent null results. This structured framework
is conceptually similar to and is informed by the Grading of Re-
commendations, Assessment, Development and Evaluations (GRADE)
approach (Schunemann et al., 2013), but is designed to address the
challenges specific to the analysis of environmental health data rather
than clinical evidence. In the syntheses in this review, only the con-
siderations that contributed to the determination of strength of evi-
dence are explicitly described, but all considerations were applied to
each phthalate-outcome combination.

2.5. Meta-analysis

All phthalate-outcome combinations included in this review were
considered for meta-analysis, and those with a sufficient proportion of
studies that were similar enough with regards to psychometric tests and
analysis techniques were selected. These decisions were made using ex-
pert judgment rather than a priori criteria. For most outcomes, a variety
of different psychometric tests were used in the studies (Table 1), which
reduced the ability to directly compare the results, and made meta-
analyses for most outcomes inappropriate. For very young children (≤4
years old), most studies used a version of Bayley Scales for Infant De-
velopment, and this group of studies was considered similar enough for
meta-analysis to be used. For each phthalate, a random-effects model was
run separately for cognition (Mental Development Index [MDI]) and
motor (Psychomotor Development Index [PDI]) effects using the metafor
package in R, on medium and high confidence studies with outcomes
measured using Bayley Scales of Infant and Toddler Development (BSID).
Analyses were repeated with stratification by sex.

3. Results

The literature flow diagram, depicting the identification and dis-
position of the literature search records, is shown in Fig. 2. The number
of publications does not represent the number of studies as in some
cases there are multiple publications from the same cohort. In addition,
some publications reported on more than one outcome. A list of all the
publications identified in the search that met the PECO criteria (i.e., the
52 articles in the final box) is available in the supplement; for each
publication this includes the outcomes examined, the status in the re-
view (included, uninformative based on study evaluation, or not re-
viewed), the rationale for not including, the study name, and the neu-
rodevelopmental tests used. Outcomes with only 1 or 2 available
studies were not reviewed further.

3.1. Study selection and evaluation

Due to temporality issues and/or the exposure measurement issues
described in the phthalate measurement criteria, we excluded 18 epi-
demiology studies (2 on cognition, 11 on behavior including ADHD,
and 5 on social behavior) identified in the search with data on neuro-
development and phthalate exposure (Table 2). This included most
studies with postnatal exposure measures. The specific phthalate

metabolites and outcomes examined in the remaining 26 papers (17
studies) and the study evaluations are summarized in Table 2. Full ra-
tionales for the ratings are available in HAWC (https://hawcprd.epa.
gov/summary/visual/100500036/).

With one exception, all the included studies are birth cohorts with
follow-up in infancy to childhood (newborns to age 11 years), ranging
in sample size between 135 and 657 children. The remaining study was
a cohort of children admitted to the pediatric intensive care unit (ICU)
and followed at 4 years post-admission (Verstraete et al., 2016). Po-
tential for exposure misclassification was a common limitation because
exposure was based on a single urine sample in all but three studies
(Braun et al., 2014, Gascon et al., 2015, Yolton et al., 2011). The vast
majority of the informative studies measured exposure during gesta-
tion. Timing of collection varied among studies but was most common
in the 3rd trimester; we did not consider this variability to be a basis for
downgrading the confidence in the results. One study (Messerlian et al.,
2017) measured exposure in the preconception period and two studies
measured exposure in neonates in the NICU (Stroustrup et al., 2018;
Verstraete et al., 2016). In summary, four studies were classified as high
confidence, ten studies were classified as medium confidence, and three
studies were classified as low confidence.

3.2. Study results and synthesis by outcome

When discussing study results, we refer to associations with higher
and lower exposure to individual phthalates, acknowledging that ur-
inary phthalate metabolite concentrations are used to assess exposure
and that exposure is only estimated.

3.3. Cognition

Evaluation of the association between exposure to DEHP and cogni-
tion is based on eleven included studies (twelve papers), with a focus on
the ten medium and high confidence studies. Four studies (Kim et al.,
2011, Téllez-Rojo et al., 2013, Polanska et al., 2014, Li et al., 2019),
including one of the two high confidence studies, reported an inverse
association, i.e., decreased cognition with increased DEHP exposure in
the results unstratified by sex, with effect estimates (β) of −0.5, −0.8,
−1.0, and −1.9 per 1 ln-unit increase in DEHP metabolites. In the two
studies with the largest effect estimates (Kim et al., 2011; Li et al., 2019),
these results were statistically significant (Table 3). Li et al. (2019) re-
ported different associations based on timing of the exposure measure,
and the inverse association was present with exposure measurement at
3 years of age but not during gestation (16 or 26 weeks) or at 1, 2, or
4 years. The remaining studies did not support this inverse association,
and the other high confidence study (Gascon et al., 2015) reported a po-
sitive association at age 4. All the studies that reported inverse associa-
tions between DEHP and cognition assessed this domain in children
≤3 years old, with the exception of Li et al. (2019). There was no ap-
parent trend of greater association in studies with higher exposure levels
or wider range. There was some indication of modification by child sex,
but the direction was not consistent across studies. Results in girls drove
the inverse association in Téllez-Rojo et al. (2013), while the association
was stronger in boys in Kim et al. (2011). The results of the meta-analysis
of the MDI from the BSID in children 6 months to 3 years were essentially
null (Fig. 3A, β = −0.1; 95% CI = −0.8, 0.5). Looking at the sex-
specific meta-analyses, there was an inverse association in girls, but the
estimate was imprecise (Table 4). Overall, there are indications of an
association in some studies, but given the lack of consistency across the
available studies, the evidence for cognition and DEHP exposure is
considered slight.

Three studies provided data on the association between DINP ex-
posure and cognition (Polanska et al., 2014, Nakiwala et al., 2018; Li
et al., 2019). An inverse relationship was observed by Polanska et al.
(2014) (β = −0.6 (95% CI = −2.0,0.8) and no association was ob-
served in Nakiwala et al. (2018) or Li et al. (2019). This evidence is
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considered indeterminate due to the small amount of available evidence.
Eleven studies reported on the association between DBP exposure

and cognition (Table 5). Three studies (Kim et al., 2011, Polanska et al.,
2014, Whyatt et al., 2012, Factor-Litvak et al., 2014) reported inverse
associations with effect estimates (β) of −0.5, −0.5, −1.1, and −2.7
(statistically significant in Factor-Litvak et al. (2014)). Like DEHP, the
association was primarily in children ≤3 years old, but an association
was observed in older children in one study (Factor-Litvak et al., 2014).
The two high confidence studies (Li et al., 2019; Gascon et al., 2015)
reported no association. There is no apparent trend between exposure
levels/range and strength of association across studies. There is a sug-
gestion of effect modification by sex, i.e., that girls may be more sus-
ceptible to cognitive effects of DBP exposure than boys. Among studies
with sex-specific results, girls had stronger associations in most studies
(significant associations in girls were observed in two studies, including
one (Doherty et al., 2017) in which no association was reported in the
non-stratified population. However, there was some inconsistency as a
stronger association was observed in boys in one study (Kim et al.,
2011) and the association in the high confidence study was in the op-
posite direction. The results of the meta-analysis of the MDI from the
BSID in children 6 months to 3 years were close to null (Fig. 3B,
β = −0.2; 95% CI = −0.7, 0.4). Looking at the sex-specific meta-

analyses, there was an inverse association in girls, but the estimate was
imprecise (Table 4). Overall, given the lack of consistency across stu-
dies, the evidence for the association between DBP exposure and cog-
nition is slight.

Eight studies reported on the association between DIBP exposure
and cognition (Table 6). One medium confidence study (Factor-Litvak
et al., 2014) reported an inverse association, which was statistically
significant. Some studies had fairly low exposure levels (< 10 ng/mL)
compared to other phthalates, which may have reduced sensitivity to
observe an effect. However, the studies with the highest exposure levels
did not observe an association. As with DBP, there were additional
significant results in two of the three studies that examined an inter-
action with sex, with girls having stronger inverse associations. The
results of the meta-analysis of the MDI from the BSID in children
6 months to 3 years were essentially null (Fig. 3C, β = −0.1; 95%
CI = −0.6, 0.5). Looking at the sex-specific meta-analyses, there was
an imprecise inverse association in girls (Table 4). This evidence is
considered slight.

Evaluation of the evidence for an association between exposure to
BBP and cognition is based on nine studies (Table 7). Four studies
(Polanska et al., 2014, Huang et al., 2015, Factor-Litvak et al., 2014,
Whyatt et al., 2012, Li et al., 2019) reported inverse associations with

Fig. 2. Literature flow diagram for neurodevelopmental effects of phthalates. *Did not include studies on neuropsychological and behavioral effects.
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BBP exposure in the overall populations. The latter study reported
statistical significance with exposure measurement at 3 years of age,
and a consistent inverse relationship with exposure measurement
during gestation (at 16 and 26 weeks) and at 2 years of age; no asso-
ciation was observed with exposure measurement at 1 and 4 years of
age. The remaining studies found no association. There was again some
indication of modification by child sex, with a stronger indication of an
association in girls. The results of the meta-analysis of the MDI from the
BSID in children 6 months to 3 years was close to null (Fig. 3D,
β = −0.1; 95% CI = −0.8, 0.5). Looking at the sex-specific meta-
analyses, there was an inverse association in girls, but the estimate was
imprecise (Table 4). Overall, given the lack of consistency, this evi-
dence is considered slight.

Nine studies reported on the association between DEP and cognition
(Table 8). The two high confidence studies (Gascon et al., 2015, Li et al.,
2019) reported an inverse association between cognition and DEP ex-
posure. In Li et al. (2019), this association was observed with exposure
measurement at 2 and 3 years of age, with the latter being statistically
significant, but not with exposure measurement during gestation or at 1
and 4 yrs. The low confidence study also reported an inverse association

at 1–2 yrs of age. The other studies did not support an association
overall. The results of the meta-analysis of the MDI from the BSID in
children 6 months to 3 years was null (Fig. 3E, β = 0.3, 95% CI −0.3,
0.9), as were the sex-specific results (Table 4). There were non-statis-
tically significant associations for girls in one study (Factor-Litvak et al.,
2014) and boys in one study (Téllez-Rojo et al., 2013). Because of the
lack of association in most studies, even with high exposure levels, this
evidence is considered slight.

All studies used ln-transformed exposure and βs represent 1 ln-unit
increase, except for Gascon, which used log2-transformation and β re-
present doubling of exposure. Results that support an adverse associa-
tion are shaded. This represents one or more of the following:
p < 0.05, β ≥ 0.5, or exposure-response trend across categories of
exposure. NR = not reported. GM = geometric mean

*p < 0.05
The evidence for cognitive effects is fairly similar across the

phthalates in this review. For each phthalate, there are a minority of
studies that report inverse associations with cognitive performance, but
with considerable inconsistency within each body of evidence that re-
sults in low confidence that a causal effect exists. There is no

Table 2
Epidemiology studies of neurodevelopmental effects of phthalates.

C = cognition; M = motor; B = behavior; I = infant behavior; S = social behavior; G = good; A = adequate; D = deficient; G/A = good for short chain
phthalates, adequate for long chain phthalates; A/D = adequate for short chain phthalates, deficient for long chain phthalates; wk gest = weeks ge-
station.
Sample sizes listed may not be accurate for all publications or results reported (the correct sample sizes for individual results are reflected in summary
results tables). Studies may have examined additional outcomes not listed in this table (see supplemental file for full list). (See above-mentioned re-
ferences for further information.)
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recognizable pattern of association by study confidence, exposure levels
or range, timing of exposure measurement, timing of cognitive assess-
ment, or type of cognitive assessment used. For each phthalate, there is
evidence suggestive of stronger associations in girls, but the small
number of studies presenting this information hinders interpretation.
There are also challenges in assessing coherence across the phthalates
and considering whether the phthalates that are most structurally si-
milar and highly correlated in exposure (e.g., DBP and DIBP) have the
most similar associations, as exposure levels and thus study sensitivity
varies across the phthalates.

3.4. Motor effects

Evaluation of the association between exposure to DEHP and motor
effects is based on eight studies (nine publications), with a focus on the
six medium and high confidence studies (Table 9). All of these studies
examined motor effect in young children (≤4 years), and one study

(Balalian et al., 2019, an update of Whyatt et al. (2012)) looked at effects
at 11 years. Two medium confidence studies reported an inverse asso-
ciation overall (both sexes combined), with effect estimates (β) of −1.5
and −2.2, the latter of which was statistically significant (Polanska et al.
2014). One low confidence study in children with DEHP exposure in the
pediatric intensive care unit (Verstraete et al., 2016) also reported an
inverse association. The remaining studies did not support this associa-
tion. As with cognition, there was some indication of effect modification
by child sex, but the direction was not consistent across studies. Results
in girls drove the inverse association in Téllez-Rojo et al. (2013), while
the association was stronger in boys in Kim et al. (2011). The results of
the meta-analysis of the PDI in children 6 months to 3 years indicated a
decrease in motor development, but the estimate was imprecise (Fig. 4A,
β = −0.4; 95% CI = −1.4, 0.7). Overall, given the lack of consistency
across studies, this evidence is considered slight.

Only one study (Polanska et al., 2014) provided results on the as-
sociation between DINP exposure and motor skills. An inverse

Table 3
Associations between DEHP metabolites and cognition.

aMaternal exposure measured during gestation unless otherwise noted.
bResults are for summed DEHP metabolites unless specified. All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except
for Gascon, which used log2-transformation and β represent doubling of exposure.
cUpon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies
One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. GM = geometric mean.
*p < 0.05.
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relationship between cognitive and DINP exposure was observed
(β = −1.0 (95% CI = −2.5, 0.5), and without additional studies, this
evidence is considered slight.

Seven studies (eight publications) reported on the association be-
tween DBP exposure and motor skills (Table 10). Three studies (Whyatt
et al., 2012, Kim et al., 2011, Polanska et al., 2014) reported decreased
in motor skills with higher exposure, with effect estimates (β) of −0.8,
−1.2, −2.8 per 1 ln-unit increase in DBP metabolites. Results from one
study were statistically significant in 3-year olds (Whyatt et al., 2012)
and in an update at 11 years (Balalian et al., 2019). The remaining
studies did not support this association. There was again some evidence
of effect modification by child sex, but the direction was not consistent
across studies. The results of the meta-analysis of the PDI in children
6 months to 3 years were consistent with a decrease in motor devel-
opment, but the estimate was imprecise (Fig. 4B, β = −0.5; 95%

CI = −1.5, 0.5)). Looking at the sex-specific meta-analyses, there was
an inverse association in girls, but this estimate was also imprecise
(Table 4). Overall, this evidence is considered slight.

Evaluation of the association between DIBP exposure and motor
effects is based on six studies (seven publications). Three studies
(Gascon et al., 2015, Polanska et al., 2014, Whyatt et al., 2012), in-
cluding the single high confidence study, reported inverse associations
with DIBP exposure and motor skills (Table 11). Results from one study
were statistically significant in 3 year olds (Whyatt et al., 2012) and
11 year olds (Balalian et al., 2019). Two studies (Doherty et al., 2017,
Téllez-Rojo et al., 2013) did not support this association but did have
the lowest exposure levels among these studies. Results were generally
consistent across the sexes, with the exception of Doherty et al. (2017).
The results of the meta-analysis of the PDI in children 6 months to
3 years were consistent with a decrease in motor development, but the

Fig. 3. Forest plots for meta-analysis of phthalate exposure and Bayley Scales of Infant Development Mental Development Index in children ≤ 4 years of age.

Table 4
Sex-specific meta-analysis results for Bayley Scales of Infant Development Mental (MDI) and Psychomotor Development Indices (PDI) in children ≤4 years of age by
phthalate.

Phthalate Girls MDI Boys MDI Girls PDI Boys PDI

DEHP −0.5 (−2.2, 1.2) 0.1 (−1.2, 1.3) 0.2 (−0.8, 1.3) 0.1 (−1.1, 1.3)
DBP −0.8 (−2.2, 0.6) 0.4 (−0.8, 1.6) −0.7 (−1.8, 0.3) 0.0 (−1.7, 1.8)
DIBP −0.8 (−2.1, 0.6) 0.8 (−0.3, 1.8) −0.5 (−1.9, 0.9) −0.1 (−1.4, 1.2)
BBP −0.7 (−1.6, 0.2) 0.8 (−0.3, 1.9) −1.6 (−2.6, −0.6) 0.8 (−0.2, 1.9)
DEP 0.3 (−0.8, 1.4) 0.0 (−1.1, 1.2) 0.4 (−0.5, 1.4) 0.4 (−0.5, 1.4)
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estimate was imprecise (Fig. 4C, β = −0.4; 95% CI = −1.1, 0.3)).
Looking at the sex-specific meta-analyses, there was an inverse, though
imprecise, association in girls (Table 4). Overall, this evidence is con-
sidered slight.

Evaluation of the evidence for an association between exposure to
BBP and motor skills is based on five medium and high confidence
studies (Table 12). Four reported inverse associations with BBP ex-
posure in young children, though in one study the inverse association
was only in girls (Tellez-Rojo et al., 2013). The inverse effect estimates
unstratified by sex were β = −0.4, −0.6, −0.9, −2.2 and results from
the high confidence study were statistically significant (Gascon et al.,
2015). The fact that the strongest associations were observed in the
high confidence study, which may have had less exposure mis-
classification due to repeated phthalate measures increases confidence,
though this study was also the only one that did not measure motor
effects using the BSID instrument, which could also explain differences
in results. Since most of the studies performed outcome testing at a
similar age (1–4 yrs), it is not clear whether the association persists to
older ages, but in one study, the update of Whyatt et al. (2012), there
was an inverse association in older children (11 year olds) which was
statistically significant in girls (Balaian et al., 2019). Across studies,
there was an indication of a stronger association in girls than boys. The
results of the meta-analysis of the PDI in children 6 months to 3 years

were consistent with a decrease in motor development and approached
statistical significance (Fig. 4D, β = −0.7; 95% CI = −1.4, 0.0). The
sex-specific meta-analyses indicated a stronger association among girls
(Table 4, β = −1.6 (95% CI = −2.6,−0.6)). Overall, given the con-
sistency in the direction of the association across studies, including in
the single high confidence study, and the support of the meta-analysis
results, this evidence is considered moderate in girls and slight in boys.

Five studies reported on the association between DEP and motor
skills (Table 13). The one high confidence study (Gascon et al., 2015)
reported a non-significant inverse association in one-year olds, and a
low confidence study (Kim et al., 2018) reported a significant association
at 6 months. In addition, Balalian et al. (2019) reported an inverse
association in 11 year old girls, but not boys. The other studies did not
support an association. The results of the meta-analysis of the PDI in
children 6 months to 3 years were null (Fig. 4E, β = 0.0; 95%
CI = −0.6, 0.6). Because of the lack of association in most studies,
even with high exposure levels, this evidence is considered in-
determinate.

The evidence of motor effects is stronger than the other outcomes
included in this review, though uncertainty still remains. For BBP, the
evidence is moderate in girls, and a larger proportion of studies for DBP
and DIBP indicated an inverse association than in other outcomes,
though both of these latter two also had studies that reported positive

Table 5
Associations between DBP exposure (measured by MBP) and cognition.

aMaternal exposure measured during gestation unless otherwise noted.
bUpon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies
One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.
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Table 6
Associations between DIBP exposure (measured by MIBP) and cognition.

aMaternal exposure measured during gestation unless otherwise noted.
bUpon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. NR = not reported. GM = geometric mean
*p < 0.05

Table 7
Associations between BBP exposure (measured by MBzP) and cognition.

aMaternal exposure measured during gestation unless otherwise noted.
bUpon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies
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Table 8
Associations between DEP exposure (measured by MEP) and cognition.

aMaternal exposure measured during gestation unless otherwise noted.
bUpon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. Thi represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.

Table 9
Associations between summed DEHP metabolites and motor effects.

Two low confidence studies (Kim et al., 2018, Verstraete et al., 2016) not shown in table because results were incompletely reported (Kim et al.,
2018) or were not summary estimates comparable to the other studies (Verstraete et al., 2016).
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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Fig. 4. Forest plots for meta-analyses of phthalate exposure and Bayley Scales of Infant Development Psychomotor Development Index in children ≤ 4 years of age.

Table 10
Associations between DBP exposure (measured by MBP) and motor effects.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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(though non-significant) associations. These three phthalates, particu-
larly DBP and DIBP are the most similar structurally and in exposure
sources among the phthalates in this review, which increases con-
fidence in the causal association due to coherence across the correlated
exposures, though there is remaining potential for confounding across
the phthalates that can’t be ruled out with the current evidence.
Evidence for DEHP, DINP, and DEP is less compelling. For all of the
examined phthalates, outside of what was discussed for BBP above,
there are no clear patterns of association by study confidence, exposure
levels or range, timing of exposure measurement, timing of cognitive
assessment, or type of cognitive assessment used. As with cognition,
there is evidence suggestive of stronger associations in girls, but addi-
tional evidence is needed.

3.5. Behavior

Studies that examined the association between phthalate exposure
and behavior generally assessed multiple dimensions of behavior. This
included summary scales (i.e., global behavior score, internalizing be-
haviors, and externalizing behaviors) and clinical scales (e.g., hyper-
activity, aggression, anxiety, etc.). This review focused on the summary
scales of internalizing and externalizing behavior because they were the
most consistently reported across studies. In addition, one prospective
study of ADHD was reviewed (Engel et al., 2018).

Nine studies reported on the association between DEHP exposure
and behavior, and eight medium to high confidence studies are pre-
sented in Table 14. One reported an association between higher

Table 11
Associations between DIBP exposure (measured by MIBP) and motor effects.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response
trend across categories of exposure. Light grey represents other supportive results. NR = not reported.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.

Table 12
Associations between BBP exposure (measured by MBzP) and motor skills.

All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or
exposure-response trend across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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exposure to DEHP and more frequent internalizing and externalizing
problems (Lien et al., 2015), but other studies reported no association
or, in the study based on preconception exposure, an inverse association
(Messerlian et al., 2017). This different exposure window may con-
tribute to the apparent inconsistency. The single medium confidence
study of ADHD diagnosis (Engel et al., 2018) reported a significant
association between summed DEHP metabolites and ADHD (OR: 1.5,
95% CI 1.1, 1.9), with an exposure-response gradient observed across

quintiles of exposure. Based on these latter results, the evidence is
considered slight; however, there is considerable uncertainty due to
inconsistency and lack of association in high confidence studies and
lack of additional studies on ADHD diagnosis.

One study examined DINP exposure and behavior in boys (Philippat
et al., 2017), and reported no association, and the study of ADHD
(Engel et al., 2018) reported no higher odds of ADHD with higher ex-
posure. This evidence is considered indeterminate.

Table 13
Associations between DEP exposure (measured by MEP) and motor skills.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure.
Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or exposure-response trend
across categories of exposure. NR = not reported. GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.

Table 14
Associations between DEHP metabolites and behavior.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon et al. (2015), which used log2-transformation and β
represent doubling of exposure and Philippat et al. (2017) which calculated incidence rate ratios (IRR) for a 1 unit change in test scores for a
doubling of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5,
OR ≥ 0.5, or exposure-response trend across categories of exposure. NR = not reported, GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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Nine studies examined the association between exposure to DBP and
behavior (Table 15). Three studies (Whyatt et al., 2012, Lien et al.,
2015, Philippat et al., 2017) reported an association between higher
exposure and more frequent internalizing problems, with statistical
significance reported in Whyatt et al. (2012) and Philippat et al. (2017).
Two studies (Engel et al., 2010, Lien et al., 2015) reported statistically
significant results for externalizing problems. The other studies re-
ported no association or, in the study examining preconception ex-
posure, an inverse association (Messerlian et al., 2017). The medium
confidence study of ADHD diagnosis also reported no association (Engel
et al., 2018). Overall, given the lack of consistency and the lack of
positive association in the high confidence study (Gascon et al., 2015),
the evidence is considered slight.

Evaluation of the association between exposure to DIBP and beha-
vior is based on eight studies (Table 16). One study reported an asso-
ciation between higher exposure to DIBP and increased internalizing
problems (Whyatt et al., 2012). There were also sex-specific associa-
tions for internalizing problems in boys in two studies (Whyatt et al.,
2012, Messerlian et al., 2017) and for externalizing problems in boys in
one study (Kobrosly et al., 2014). The remaining studies reported no
association or, in the study examining preconception exposure, an in-
verse association (Messerlian et al., 2017), but two of the studies did
not report sex-specific associations, so the ability to assess consistency
for these effects was limited. The medium confidence study of ADHD
diagnosis also reported no association (Engel et al., 2018). This evi-
dence is considered indeterminate.

Evaluation of the association between exposure to BBP and behavior
is based on seven studies (Table 17). Three studies reported positive
associations between higher exposure to BBP and internalizing pro-
blems (Whyatt et al., 2012, Gascon et al., 2015, Philippat et al., 2017),
and two were statistically significant, though only in 3 year olds for
Philippat et al. (2017). One study (Lien et al., 2015) reported a positive
association with externalizing problems in girls only, and two studies

(Whyatt et al., 2012, Messerlian et al., 2017) reported a positive asso-
ciation with externalizing problems in boys only. One study (Lien et al.,
2015) reported a strong inverse association, and the remaining study
reported no association (Kobrosly et al., 2014). The single study of
ADHD diagnosis (Engel et al., 2018) reported non-significantly higher
odds of ADHD with higher exposure (OR: 1.2, 95% CI 0.9, 1.6). Given
the lack of consistency within the specific behavior domains and sexes,
this evidence is considered slight.

Eight studies reported on the association between DEP and behavior
(Table 18). One study reported a statistically significant association
between higher exposure to DEP and increased externalizing problems
(Engel et al., 2010). The remaining studies reported no association or
inverse associations (Messerlian et al., 2017, Lien et al., 2015), with
Messerlian et al. (2017) examining preconception exposure. The
medium confidence study of ADHD diagnosis also reported no asso-
ciation (Engel et al., 2018). This evidence is considered indeterminate.

The evidence of behavioral effects of phthalate exposure is largely
null. Few studies reported associations between higher exposure and
more frequent internalizing or externalizing behaviors. No clear pat-
terns for the observed associations were identified. Across the phtha-
lates, there was some indication that studies using the Child Behavior
Checklist (Whyatt et al., 2012, Kobrosly et al., 2014, Lien et al., 2015)
were more likely to observe an inverse association, but the data were
too sparse to evaluate this thoroughly. There were notable associations
with some phthalates observed in the single study of ADHD (Engel
et al., 2018), but the lack of additional evidence makes interpretation of
these findings difficult.

3.6. Infant neurobehavior

Three studies reported on the association between any phthalate
exposure and infant neurobehavior (Table 19). Because of the small
number of available studies, the low confidence study is included in the

Table 15
Associations between DBP exposure (measured by MBP) and behavior.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon et al. (2015), which used log2-transformation and β
represent doubling of exposure and Philippat et al. (2017) which calculated incidence rate ratios (IRR) for a 1 unit change in test scores for a
doubling of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or
exposure-response trend across categories of exposure. NR = not reported; GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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table. There was little consistency in the reported associations across
studies, and this evidence is considered indeterminate for all phtha-
lates, with the exception of DBP, which is considered slight due to sta-
tistically significant, though small, associations in multiple domains of
neurobehavior in a high confidence study.

3.7. Social behaviors

Four studies, two high (Braun et al. 2014, Shin et al. 2018), one
medium (Miodovnik et al. 2011), and one low confidence study (Kim
et al., 2018) examined the association between phthalate exposure and

Table 16
Associations between DIBP exposure (measured by MIBP) and behavior.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon et al. (2015), which used log2-transformation and β
represent doubling of exposure and Philippat et al. (2017) which calculated incidence rate ratios (IRR) for a 1 unit change in test scores for a
doubling of exposure.. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5,
OR ≥ 0.5, or exposure-response trend across categories of exposure. NR = not reported; GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.

Table 17
Associations between BBP exposure (measured by MBzP) and behavior.

All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon et al. (2015), which used log2-transformation and β
represent doubling of exposure and Philippat et al. (2017) which calculated incidence rate ratios (IRR) for a 1 unit change in test scores for a doubling
of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, OR ≥ 0.5, or
exposure-response trend across categories of exposure. NR = not reported; GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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autism/social impairment, with most looking at continuous social be-
haviors and one (Shin et al., 2018) looking at autism spectrum disorder
(ASD) as a dichotomous outcome.

For DEHP, both higher confidence studies of social behaviors

reported increased autistic behaviors with increasing DEHP exposure
(MEHHP β = 1.1 (95% CI −0.8, 3.0) in Braun et al. (2014); ∑DEHP
β = 0.8 (95% CI −0.7, 2.4) in Miodovnik et al. (2011), although
neither was statistically significant. The high confidence study of ASD

Table 18
Associations between DEP exposure (measured by MEP) and behavior.

One low confidence study (Kim et al., 2018) not shown in table because results were incompletely reported.
All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon et al. (2015), which used log2-transformation and
β represent doubling of exposure and Philippat et al. (2017) which calculated incidence rate ratios (IRR) for a 1 unit change in test scores for a
doubling of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or
exposure-response trend across categories of exposure. NR = not reported; GM = geometric mean.
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.

Table 19
Associations between phthalate exposure and infant neurobehavior.

All studies used ln-transformed exposure and βs represent 1 ln-unit increase, except for Gascon, which used log2-transformation and β represent
doubling of exposure. Results that support an adverse association are shaded. This represents one or more of the following: p < 0.05, β ≥ 0.5, or
exposure-response trend across categories of exposure. NR = not reported. PMA = post menstrual age. MWP = molecular weight phthalates.
GM = geometric mean. (See above-mentioned references for further information.)
*p < 0.05.
^Upon request, author provided re-calculated results with ln-transformed exposure and β representing a ln-unit increase, to improve comparability
with other studies.
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(Shin et al., 2018) reported no increased risk of ASD with higher ex-
posure to DEHP (RR = 0.75, 95% CI 0.4, 2.3), though there was an
increase in relative risk in a group classified as non-typically developing
(RR = 1.4, 95% CI 0.9, 2.1). This group was a heterogenous group,
representing children who had either low cognitive ability scores and/
or high autism trait scores without reaching the cutoff for the ASD
group, and thus the results are difficult to interpret. Overall, this evi-
dence is considered slight.

For the remaining phthalates, the results reported by Braun et al.
(2014) do not support an association between exposure and autistic
behaviors (MIBP β = 0.3 [95% CI −1.5, 2.1]; MBzP β = −0.6 [95% CI
−2.7, 1.5]; MBP β = −0.4 [95% CI −2.2, 1.4]; MEP β = −0.5 [95%
CI −2.2, 1.3]), while results reported by Miodovnik et al. (2011) do
support an association for some phthalates (MBP β = 1.4 [95% CI
−0.4, 3.2]; MEP β = 1.4 [95% CI 0.2, 2.5, p < 0.05]; individual
results for MBzP and MIBP were not reported). In Shin et al. (2018),
only DEP had increased risk of ASD with higher exposure (RR = 1.2,
95% CI 0.8, 1.9 for ASD, RR = 1.4, 95% CI 1.0, 1.9 for non-typical
development). Given the lack of consistency between the available
studies, the evidence is considered slight for DBP and DEP and in-
determinate for DIBP, BBP, and DINP.

4. Discussion

Based on systematic examination of the epidemiological studies of
prenatal phthalate exposures and neurodevelopment, there is generally
not a clear pattern of associations. Most of the phthalate-outcome pairs
have only slight or indeterminate evidence of an association (Fig. 5), with
only motor effects of BBP in girls having moderate evidence. This is
despite the availability of several medium and high confidence studies
examining these associations. There are several possible reasons for the
observed null associations, particularly related to reduced sensitivity
resulting from exposure misclassification in studies using single
phthalate measures and periods of heightened susceptibility, and the
effects of phthalate mixtures. These are each discussed further below
and until these limitations are adequately addressed in the literature,
these findings should not be interpreted as evidence that there are no
neurodevelopmental effects of phthalate exposure.

The potential for non-differential exposure misclassification to bias
the estimates towards the null is one possible reason for the observed
heterogeneity in these study’s findings (Perrier et al. 2016). When ex-
amining the association between continuous health outcomes and
chemicals with substantial temporal within-person variation (e.g.,
DEHP), effect estimates derived from a study with a single urine sample
can be attenuated by 80% and as many as 35 repeated urine samples
from a single individual are needed to reduce this attenuation
to< 10%. One way to address the issues related to phthalate exposure
misclassification is to pool each individual’s multiple urine samples, as
recommended by Perrier et al. and practiced by others (Perrier et al.,
2016), but the majority of available studies rely on a single urine

sample.
Studies examining the health effects of prenatal thalidomide and

DES show that there are unique periods of susceptibility during devel-
opment when exposure can cause adverse health effects (Kim and
Scialli, 2011, Swan, 2000, Hoover et al. 2011). Thus, there may also be
periods of heightened susceptibility to phthalate exposures, as sug-
gested by one study examining the association between neurodeve-
lopmental outcomes and repeated measures of urinary phthalate con-
centrations during both pregnancy and childhood (Li et al., 2019). If
there are discrete periods of susceptibility to phthalate exposures, then
the available studies may be unable to adequately assess these asso-
ciations given that urine samples were collected at various times during
development and neurodevelopmental processes during some of these
periods of life may not be sensitive to phthalate exposures. One way to
address this is to implement new studies with repeated phthalate ex-
posure measures during multiple potentially susceptible periods of life.

Phthalate exposures do not occur in isolation, and individuals are
chronically exposed to multiple phthalates on a daily basis across their
lifespan. The presented epidemiological studies have examined phtha-
late exposures using an approach of “one chemical at a time” and one
exposure period at a time where they are treated as if they occur in
isolation from each other. Thus, these studies have not accurately
considered the nature of human exposure to these phthalate “mixtures”
or the potential for phthalates to have cumulative effects on human
health. Indeed, studies in rodents show that phthalate mixtures can
have additive effects on fetal testosterone production (Howdeshell
et al., 2008). Future studies will need to employ newly developed sta-
tistical tools to quantify the potential neurodevelopmental effects of
phthalate mixtures (Braun et al., 2016, Lazarevic et al., 2019).

The studies considered informative in this review were primarily
birth cohorts with exposure measurement during gestation (Table 2).
Several cross-sectional studies were excluded due to concerns about
temporality. Because phthalates do not persist in the body and exposure
measures have poor repeatability over time, current exposure was not
considered an adequate measure of exposure for an etiologically re-
levant time period. Including these studies may have influenced the
conclusions, particularly for social behaviors, but we felt it was most
useful to focus on the highest confidence studies. However, there is
potential that recent exposure to phthalates could be associated some
neuropsychological outcomes such as cognition, including via a me-
chanism with thyroid function, and this review was not able to assess
this possibility.

We did not undertake this review with an a priori expectation of sex-
dependent associations. Some studies did report differences in strength
and direction of associations for boys and girls. These were generally
not consistent across studies, although there was some indication of
greater effects for MDI in girls. Many of the studies either did not report
or were not adequately powered to assess sex-dependent associations.
Future studies should consider this issue and ensure that they are
powered to assess a possible interaction with sex.

As mentioned in the introduction, past reviews have presented
plausible mechanisms for the association between EDCs and neurode-
velopmental effects. In rats, prenatal, pre-adolescent, and adult DEHP
exposures cause alterations in learning and hyperactivity that are ac-
companied by decreased tyrosine hydroxylase neurons, lower brain
derived neurotrophic factor levels, and suppression of neuronal excit-
ability and synaptic plasticity in the hippocampus (Holahan et al.,
2018) (Li et al., 2018) (Ran et al., 2019). Male rats exposed to DEHP
from birth to adulthood had decreased γ-amino butyric acid (GABA)
levels in their brain and increased anxiety behaviors that were reversed
by the administration of GABA agonists (Carbone et al., 2018). DEHP
exposure during puberty caused increased anxiety and reduced social
behaviors in female mice (Wang et al., 2016). This was accompanied by
decreases in estrogen and dopamine receptors in the striatum. Some
phthalates are anti-androgenic and reduce testosterone levels by de-
creasing steroidogenesis and steroid trafficking gene expression

Fig. 5. Summary of epidemiologic evidence of neurodevelopmental effects as-
sociated with phthalates. *In girls.
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(Hannas et al., 2011, Howdeshell et al., 2008). Gonadal hormones are
critical for sex-specific neurodevelopment and also play an important
role in adolescent brain remodeling (Cohen-Bendahan et al., 2005, Dahl
et al., 2018). Some phthalates antagonize triiodothyroinine (T3)
binding to thyroid receptor-β (Ghisari and Bonefeld-Jorgensen, 2009),
reduce cellular T3 uptake (Shimada and Yamauchi, 2004), and affect
transcription of the sodium-iodine transporter (Breous et al., 2005).
Alterations in prenatal thyroid hormones has been associated with re-
duced cognition and brain volume (Korevaar et al., 2016).

There are other important limitations to note. There is potential for
co-pollutant confounding by other phthalates due to the high correla-
tions across some of the phthalates, and it is difficult to rule this out for
estimates of effects of individual phthalates given the available evi-
dence. This issue is related to the “one chemical at a time” issue de-
scribed above and is discussed in more detail in a forthcoming editorial
as an area of uncertainty for reviews of phthalates and other chemical
mixtures. However, it is unlikely that it would significantly alter the
conclusions of the review due to the amount of uncertainty already
present in this evidence. In addition, for most outcomes, we reviewed
only the summary measures of the testing instruments because they
were the most consistently reported across studies and because of the
plethora of data available on clinical subscales. It is possible that
stronger conclusions could be reached in looking at a specific subscale
or diagnosis, where there may be greater precision around the outcome.
There is some support for this in the single study on ADHD diagnosis
(Engel et al., 2018), which had a more narrowly defined clinical dis-
order and found stronger associations than many of the studies of be-
havior with summary measures of externalizing behavior. This is an
important area for future research.

Overall, this detailed systematic review suggests that there is lim-
ited evidence that phthalates adversely affect the examined neurode-
velopmental domains. However, there are considerable limitations in
the existing literature related to exposure misclassification, periods of
heightened susceptibility, sex-specific effects, and phthalate mixture
effects. Future studies should consider examining additional endpoints,
like clinical diagnosis with neurodevelopmental disorders with long-
itudinal design and repeated exposure measurement. Studies addressing
these limitations may provide more compelling evidence of an effect of
phthalate exposures on neurodevelopment.
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Απριλ 29, 2020 

 

ΕΠΑ Σχιενχε Αδϖισορψ Βοαρδ 

Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδ Σελεχτιον Χοmmιττεε 

 

Ι αm ωριτινγ το συππορτ τηε Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδ (ΣΤΑΑ) νοmινατιον 

οφ α τηρεε παπερ σεριεσ ον τηε τοξιχιτψ ανδ ηυmαν ηεαλτη εφφεχτσ οφ πητηαλατε εξποσυρε. Τηε παπερσ 

αρε: Ψοστ ετ αλ., Ηαζαρδσ οφ διισοβυτψλ πητηαλατε εξποσυρε: Α σψστεmατιϖχ ρεϖιεω οφ ανιmαλ 

τοξιχολογψ στυδιεσ ; Ραδκε ετ αλ., Πητηαλατε εξποσυρε ανδ mαλε ρεπροδυχτιϖε ουτχοmε: Α 

σψστεmατιχ ρεϖιεω οφ ηυmαν επιδεmιολογιχαλ εϖιδενχε ; ανδ Βλεσσινγερ ετ αλ., Ορδιναλ δοσε−

ρεσπονσε mοδελινγ αππροαχη φορ πητηαλατε σψνδροmε. Τηεσε παπερσ ρεπρεσεντ αν ουτστανδινγ 

χοmπιλατιον οφ τηε στατε οφ κνοωλεδγε οφ τηε ηεαλτη εφφεχτσ οφ τηεσε υβιθυιτουσ ανδ ιmπορταντ 

χοmπουνδσ. Τηεψ αλσο αδϖανχε τηε mετηοδσ οφ σψστεmατιχ ρεϖιεω ανδ ηυmαν ηεαλτη ρισκ 

ασσεσσmεντ. Τηεψ αρε ουτστανδινγ χανδιδατεσ φορ ρεχογνιτιον ωιτη τηε ΣΤΑΑ αωαρδ. 

 

Σψστεmατιχ ρεϖιεω ισ α χορνερστονε οφ χοντεmποραρψ ηεαλτη ρισκ ασσεσσmεντ. Τηε Νατιοναλ 

Αχαδεmψ οφ Σχιενχεσ ηασ αδϖοχατεδ τηε δεϖελοπmεντ ανδ υσε οφ σψστεmατιχ ρεϖιεω το ιmπροϖε 

τηε τρανσπαρενχψ ανδ ιντερπρετατιον οφ σχιεντιφιχ εϖιδενχε οφ τοξιχιτψ ανδ ηυmαν ηεαλτη εφφεχτσ. 

Τηε mετηοδσ αρε εσσεντιαλ το τηε πυβλιχ ηεαλτη mισσιον οφ τηε Αγενχψ, περηαπσ mοστ ιmπορταντ το 

τηε ιmπλεmεντατιον οφ τηε Τοξιχ Συβστανχε Χοντρολ Αχτ. Τηε παπερσ βψ Ψοστ ετ αλ ανδ Ραδκε ετ αλ 

αρε εξχελλεντ εξαmπλεσ οφ τηε χονδυχτ οφ σψστεmατιχ ρεϖιεω το εϖαλυατε τηε εϖιδενχε βασε φορ βοτη 

ηυmαν επιδεmιολογιχαλ εϖιδενχε ανδ ανιmαλ τοξιχολογψ. Ασ α Προφεσσορ ανδ τεαχηερ οφ ρισκ 

ασσεσσmεντ mετηοδσ, Ι χονσιδερ τηεν το βε στρονγ εξαmπλεσ οφ ϖερψ ωελλ χονδυχτεδ σψστεmατιχ 

ρεϖιεωσ, οβϕεχτιϖελψ χοmπιλινγ τηε εϖιδενχε ανδ πρεσεντινγ τηε κεψ στρενγτησ, υνχερταιντιεσ, ρισκ 

οφ βιασ, ανδ φινδινγσ φορ εαχη στυδψ. Ι ηαϖε ρεχοmmενδεδ τηεσε παπερσ το mψ χολλεαγυεσ ανδ 

στυδεντσ ασ εξαmπλεσ οφ χηαλλενγινγ σψστεmατιχ ρεϖιεωσ δονε ωελλ.  

 

Υνδερστανδινγ τηε δοσε ∠ ρεσπονσε ρελατιονσηιπ φορ πητηαλατεσ ισ εσσεντιαλ φορ ασσεσσινγ ποτεντιαλ 

ηεαλτη ρισκσ ανδ ινφορmινγ πολιχψ δεχισιονσ. Τηε Βλεσσινγερ ετ αλ παπερ βυιλδσ υπον τηε 

σψστεmατιχ ρεϖιεωσ το εξαmινε ανδ πρεσεντ α δοσε ρεσπονσε mοδελινγ αππροαχη φορ χονσιδερινγ 

τηε σεϖεριτψ οφ mυλτιπλε ρεπροδυχτιϖε ενδποιντσ ιν τηε ρισκ ασσεσσmεντ προχεσσ. Ι φεελ τηισ ωορκ 

αδϖανχεσ βοτη τηε σχιενχε ανδ mετηοδσ οφ ρισκ ασσεσσmεντ, ανδ ηασ ποτεντιαλ αππλιχατιονσ ιν βοτη 

σινγλε χοmπουνδ ανδ χυmυλατιϖε ρισκ ασσεσσmεντ.  

 



Ιν συmmαρψ, Ι στρονγλψ ρεχοmmενδ τηεσε παπερσ φορ τηε ΣΤΑΑ αωαρδ. Τηεψ αδδρεσσ α χριτιχαλ 

πυβλιχ ηεαλτη ισσυε ∠ ρεπροδυχτιϖε ηεαλτη; προϖιδε ιmπορταντ χοντριβυτιονσ το τηε εϖιδενχε βασε 

φορ εϖαλυατινγ πητηαλατεσ; αδϖανχε τηε mετηοδσ οφ ηεαλτη ρισκ ασσεσσmεντ, ανδ αδδρεσσ τηε 

τρανσλατιον οφ εϖιδενχε το ινφορm Αγενχψ δεχισιον−mακινγ. Μοστ ιmπορταντλψ τηεψ εξεmπλιφψ τηε 

εξχελλενχε ανδ λεαδερσηιπ οφ ΕΠΑ σχιενχε.  

 

  

 

Σινχερελψ, 

 

 
 

Τηοmασ Α. Βυρκε, ΠηD, ΜΠΗ 

 

 

 

 

 

χχ. Dρ. Κριστινα Τηαψερ 
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Justifications:

Justification 1:

This article demonstrated a framework by which EPA could, for the first time,
estimate the geographic scope and magnitude of the potential ground-level ozone
increase and associated public health burden under multiple climate scenarios
within a relatively near-term time frame (2030). This risk assessment was based on
an innovative sequential linkage of a suite of modeling tools designed to quantify:
(a) global climate impacts from two greenhouse gas forcing scenarios, (b) the
regional climate changes over the United States at a finer spatial resolution, (c) the
ground-level ozone impacts driven by the regional climate, and finally (d) the
resultant health impacts and economic value of climate-related changes in 2030
ozone air pollution levels in the United States. The paper concluded that even
near-term changes to the climate have the potential to substantially affect
ground-level ozone. Using a 2030 U.S. emission projection with regional climate
fields downscaled from two Representative Concentration Pathways (RCP 6.0 and
RCP 8.5), we projected mean temperature increases of 1 to 4°C and climate-driven
mean daily 8-hr maximum ozone increases of 1 to 5 ppb across portions of the U.S.,
though each climate scenario produced ozone levels that varied significantly over
space and time. These increased ozone levels were estimated to result in tens to
thousands of ozone-related premature deaths and illnesses per year and an economic
burden as high as tens of billions of U.S. dollars (2010$).

There were several unique facets to this study beyond the linkage of state-of-the
science global and regional climate models with regional air quality and health
impact assessment models. Unlike previous studies of the ozone penalty due to a
warming climate (e.g., Jacob and Winner, 2009), the estimated ozone effects in the
year 2030 utilized an EPA emissions projection that accounted for “on the books”
emission control measures that will also influence the level and distribution of
ozone precursor emissions. Additionally, this paper characterized the variability in
potential ozone-related impacts over both space (by U.S. county) and by climate
scenario. Finally, the paper estimated a dollar value associated with the projected
ozone-related health impacts, giving insight to the potential economic value of this
particular aspect of near-future climate change.
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As outlined in “Working Together: FY 2018-2022 U.S. EPA Strategic Plan”, one of
EPA’s priority activities is to support attainment of the national ambient air quality
standards (NAAQS) by working with our state and tribal partners to develop
informed implementation plans to reduce air pollution. The NAAQS attainment
deadlines established in the Clean Air Act for ground-level ozone range from 3 to
20 years, which is much shorter than the time frames usually associated with
analyses of climate effects on air quality. The work summarized in this paper
substantially advanced the scientific knowledge on the subject of near-future ozone
levels across the U.S. and provided valuable information to air quality
planners. This work was a prime example of EPA’s strategic goal to prioritize
robust science by, in part, providing the human exposure and environmental
modeling, monitoring, metrics, and information needed to inform air quality
decision making at the state, tribal, and local level. 

The analytical framework developed in this paper also substantially informed the air
quality chapter for the U.S. Global Climate Research Program report: “The Impacts
of Climate Change on Human Health in the United States: A Scientific
Assessment”. The key finding of this chapter was that climate change will make it
harder for any given regulatory approach to reduce ground-level ozone pollution in
the future as meteorological conditions become increasingly conducive to forming
ozone over most of the United States. This framework also informed additional
analyses that were used in the EPA Climate Change Impacts and Risk Analysis
(CIRA) project which quantified the physical effects and economic damages under
multiple climate change scenarios (U.S. EPA, 2017) and the 4th National Climate
Assessment (U.S. Global Change Research Program, 2018).

Justification 2A:

N/A



Page 4 of 10

Justification 2B:

Christopher Nolte: "Does Nudging Squelch the Extremes in Regional Climate
Modeling?". Published in Journal of Climate. 2017 Level III award.

Christopher Nolte: "Increasing the credibility of regional climate simulations by
introducing subgridscale cloudradiation interactions". Published in
JGR-Atmospheres. 2019 Honorable Mention award.

Pat Dolwick: "Dynamic evaluation of CMAQ part I: Separating the effects of
changing emissions and changing meteorology on ozone levels between 2002 and
2005 in the eastern US". Published in Atmospheric Environment. 2019. Honorable
Mention award.

Tanya Spero (Otte): "WRF-CMAQ two-way coupled system with aerosol feedback:
software development and preliminary results". Published in Geosci. Model Dev.,
2015. Level III award.

Tanya Spero (Otte): "Does Nudging Squelch the Extremes in Regional Climate
Modeling?". Published in Journal of Climate. 2017. Level III award.

Tanya Spero: "Increasing the credibility of regional climate simulations by
introducing subgridscale cloudradiation interactions". Published in
JGR-Atmospheres. 2019 Honorable Mention award.

Susan Anenberg: "Estimating the National Public Health Burden Associated with
Exposure to Ambient PM2.5 and Ozone". Published in Risk Analysis. 2014 Level I
award.
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Justification 2C:

The publication nominated here focuses on development and demonstration of a
framework by which EPA could, for the first time, estimate the geographic scope
and magnitude of the potential ground-level ozone increase and associated public
health burden under multiple climate scenarios within a relatively near-term time
frame (2030). Some of the previous nominated work involves research into
individual elements of this framework (i.e., regional climate simulations or
AQ/health impact modeling), however the publication nominated here is distinct in
that it aggregates the entire framework of tools (global climate modeling, regional
climate modeling, regional air quality modeling and regional health impact
modeling) to estimate the potential health impacts of a potentially warmer climate.

Justification 2D:

N/A

Justification 2E:

Fann is included as a co-author on an 2020 STAA nomination for a 2018 paper
characterizing the health impacts associated with recent wildfire activity. Where
that project explored present-day air quality and health relationships in the context
of wildfire smoke, the publication nominated here focuses on the relationship
between potential future climate change scenarios, ground-level ozone
concentrations, and subsequent health impacts.

Justification 3A:

Citation: Fann, N., C.G. Nolte, P. Dolwick, T.L. Spero, A. Curry Brown, S. Phillips,
and S. Anenberg, 2015: The geographic distribution and economic value of climate
change-related ozone health impacts in the United States in 2030. Journal of the Air
& Waste Management Association, 65 (5), 570-580.
http://dx.doi.org/10.1080/10962247.2014.996270.
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Based on data collected by the RTP Library on April 29, 2020, the Journal of the
Air and Waste Management Association has an impact factor of 1.858, an
immediacy index of 0.525, and a cited half-life of 12.1. The paper has 4,225 views
as of April 29, 2020.

This paper has been cited 66 times in peer reviewed literature since its publication.
This paper has informed literature reviews describing the connections between
climate and air quality (Fiore et al., 2015; Orru et al., 2017); as well as other
modeling estimates future climate impacts on human mortality and morbidity
(Garcia-Menendez et al., 2015; Silva et al., 2016; Nassikas et al., 2020).

Further the paper has been cited by a number of major climate assessments,
including the Fourth National Climate Assessment (U.S. Global Change Research
Program, 2018) and the Impacts of Climate Change on Human Health in the United
States: A Scientific Assessment (U.S. Global Climate Change Research Program,
2016). Both of these assessments received major news coverage when they were
released with the relationship between between potential climate warming and
worsened American health outcomes at the forefront of the media summaries.

Finally, in 2018 the OAQPS authors on this paper (Fann, Curry Brown, Dolwick,
and Phillips) won an EPA Silver Medal for this work.

Justification 3B:

The paper went through the standard JAWMA external peer review process.
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The geographic distribution and economic value of climate change-related

ozone health impacts in the United States in 2030
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In this United States-focused analysis we use outputs from two general circulation models (GCMs) driven by different

greenhouse gas forcing scenarios as inputs to regional climate and chemical transport models to investigate potential changes

in near-term U.S. air quality due to climate change. We conduct multiyear simulations to account for interannual variability and

characterize the near-term influence of a changing climate on tropospheric ozone-related health impacts near the year 2030,

which is a policy-relevant time frame that is subject to fewer uncertainties than other approaches employed in the literature. We

adopt a 2030 emissions inventory that accounts for fully implementing anthropogenic emissions controls required by federal,

state, and/or local policies, which is projected to strongly influence future ozone levels. We quantify a comprehensive suite of

ozone-related mortality and morbidity impacts including emergency department visits, hospital admissions, acute respiratory

symptoms, and lost school days, and estimate the economic value of these impacts. Both GCMs project average daily maximum

temperature to increase by 1–4°C and 1–5 ppb increases in daily 8-hr maximum ozone at 2030, though each climate scenario

produces ozone levels that vary greatly over space and time. We estimate tens to thousands of additional ozone-related premature

deaths and illnesses per year for these two scenarios and calculate an economic burden of these health outcomes of hundreds of

millions to tens of billions of U.S. dollars (2010$).

Implications: Near-term changes to the climate have the potential to greatly affect ground-level ozone. Using a 2030
emission inventory with regional climate fields downscaled from two general circulation models, we project mean temperature
increases of 1 to 4°C and climate-driven mean daily 8-hr maximum ozone increases of 1–5 ppb, though each climate scenario
produces ozone levels that vary significantly over space and time. These increased ozone levels are estimated to result in tens to
thousands of ozone-related premature deaths and illnesses per year and an economic burden of hundreds of millions to tens of
billions of U.S. dollars (2010$).

Introduction

Climate change can affect air pollutant concentrations in a
myriad of ways. Meteorological factors, such as temperatures,
cloudiness, precipitation frequency and intensity, wind speeds,
and planetary boundary layer heights, are all first-order drivers
that influence air quality by determining photochemical reaction
rates, vertical mixing, horizontal transport, biogenic emissions, and
rates of pollutant removal by wet and dry deposition. Over longer
time scales, climate change may also affect land use and population
density, modifying emissions and meteorology and thus further
affecting air quality. That these factors are related through a number
of complex nonlinear pathways makes it challenging to model the
individual role of each variable in a comprehensive framework.

For example, many epidemiological studies and risk assess-
ments that examined the influence of climate change on air

quality held most factors constant and allowed only a limited
number of input parameters to vary (Tagaris et al., 2009; Selin
et al., 2009; Bell et al., 2007; Jacobson, 2008; Silva et al., 2013;
Post et al., 2012). Bell et al. (2007) project ozone levels to the
year 2050 in 50 eastern U.S. cities using the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Report A2
emission scenario and describe how climate change increases
ozone-related daily mortality by maintaining constant anthropo-
genic emissions and allowing meteorology to vary over time.
That study attempted to isolate the role of climate change on
future meteorology and its subsequent effect on human health,
holding all other factors constant. Other assessments quantify
the effects of historical changes in climate, making it challen-
ging to identify the factor(s) most responsible for climate-related
effects. For example, Jacobson (2008) relates historical changes
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in CO2 levels to ambient ozone concentrations and the risk of
premature death. Silva et al. (2013) quantifies the human health
burden due to total anthropogenic outdoor air pollution and
further characterizes the portion of this burden attributable to
past climate change.

Climate and air quality modeling are each time and resource
intensive, so simulations focus on a limited number of projected
years, climate scenarios, and geographic locations (Chang, Zhou,
and Fuentes, 2010; Sheffield et al., 2011; Chang, Hao, and
Sarnat, 2014; Jackson et al., 2010). Sheffield et al. (2011) relate
asthma emergency department visits in the 2020s in the NewYork
City metropolitan area to simulated ozone changes using the
IPCC A2 emission scenario. Chang et al. (2014) use a series of
general circulation models (GCMs) and regional climate models
to estimate the change in ozone-related emergency department
visits due to climate change in the Atlanta, GA, metropolitan area.

Taken together, these time, resource and data constraints
pose special challenges to disentangling the influence of each
factor that might affect climate, air quality, and health. For this
reason, analyses of relationships between air quality, climate
and health generally alter a subset of input parameters such as
the climate model or assumptions regarding future growth in
emissions, or limit the geographical extent of the modeled air
quality domain. Because calculating health impacts is compara-
tively computationally efficient, it is relatively easy to test the
sensitivity of the results to various input parameters.

We select among the existing suite of climate models, green-
house gas forcing scenarios, and population projections to
examine the scope, magnitude, spatial distribution and eco-
nomic value of climate-change related air quality and health
impacts in the year 2030 relative to meteorology in the year
2000. Specifically, in this analysis we use multiple years within
a time slice centered on 2030 from two GCMs and different
climate forcing scenarios to account for different assumptions
regarding the influence of future greenhouse gas concentrations
on climate and to account for year-to-year variability in pro-
jected air quality impacts. We characterize the near-term influ-
ence of a changing climate on tropospheric ozone-related
health impacts near the year 2030, which is a policy-relevant
time frame that is subject to fewer uncertainties than previous
studies that have focused on 2050 or later (e.g., Post
et al., 2012).

In this study, we account for federal air quality policies
requiring that areas meet the health-based National Ambient
Air Quality Standard (NAAQS) for ozone. Our modeling
reflects the emissions controls that have been adopted to
reduce anthropogenic emissions of nitrogen oxides (NOx)
and volatile organic compounds (VOCs), which will decline
significantly between the present day and 2030. Our research
aim is not to predict future ozone levels, but rather to quantify
and monetize the “climate penalty” (Wu et al., 2008). That is,
we seek to estimate the influence of near-term climate change
on ozone, and the resulting health impacts and economic
burden of those health impacts. We use the same anthropo-
genic emissions for the historical (ca. 2000) and future (ca.
2030) air quality modeling to isolate the influence of climate
change on air quality, employing a 2030 emissions inventory
that accounts for fully implementing existing anthropogenic

emissions controls, which will strongly influence future tropo-
spheric ozone levels. We quantify a comprehensive suite of
ozone-related mortality and morbidity impacts including
emergency department visits, hospital admissions, acute
respiratory symptoms, and lost school days and estimate the
economic value of these impacts. This analytical approach
yields estimated climate change-attributable ozone-related pre-
mature deaths and illnesses that better account for the baseline
atmospheric environment that is expected to prevail in the
United States at 2030, as well as differences in climate
scenarios and variability in predicted ozone levels across
years and locations.

In the following, we first describe the methods we employ
to project ozone levels and human health impacts. Next, for
each scenario we report the ozone-related health impacts and
the economic value of these outcomes; then we discuss the
implications of these results.

Methods

Here we apply a suite of modeling tools that are linked
sequentially to quantify (a) global climate impacts from specified
greenhouse gas forcing scenarios, (b) the resultant regional cli-
mate changes over the United States at a higher spatial resolution,
(c) the resultant near-surface ozone impacts over the United States
driven by the regional climate, and (d) the resultant health impacts
and economic value in the United States of climate-related
changes in 2030 ozone air pollution levels (Figure 1).

Regional climate modeling

We used fields from two different GCMs that participated in
the fifth phase of the Coupled Model Intercomparison Project
(CMIP5) (Taylor, Stouffer, and Meehl, 2012). For each GCM,
we downscaled two 11-year time slices: the 1995–2005 period
from the historical 20th-century experiment, and the period
2025–2035 following one of the Representative Concentration
Pathways (RCPs) (van Vuuren et al., 2011):

(1) RCP 8.5 modeled with the National Center for Atmospheric
Research/Department of Energy (NCAR/DOE) Community
Earth System Model (CESM) (hereafter referred to as
“CESM/RCP 8.5”).

(2) RCP 6.0 modeled with the NASA Goddard Institute for
Space Studies (GISS) Model E2 (hereafter referred to as
“GISS/RCP 6.0”).

The RCP 8.5 scenario (Riahi et al., 2011) assumes “business as
usual,” where greenhouse gases will increase substantially over
the next century, eventually leading to an 8.5 W m−2 radiative
forcing level by 2100. The RCP 6.0 scenario (Fujino et al., 2006)
assumes a modest degree of mitigation of greenhouse gas emis-
sions such that total radiative forcing will increase over the next
century before stabilizing at 6.0 W m−2 in 2100.

We downscaled these GCM projections using the Weather
Research and Forecasting (WRF) model following techniques
described by Bowden et al. (2012) and Otte et al. (2012). We
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conducted WRF simulations at 36-km horizontal grid spacing
over the United States, incorporating the global climate forcing
at the lateral boundaries, through the interior of the domain
(following Otte et al., 2012), and in the sea-surface tempera-
tures. It is important to recognize that climate simulated by and
downscaled from GCMs for a particular historical (or future)
day cannot be compared directly with the actual meteorology
that occurred (or will occur) on that day. Rather, the historical
period 1995–2005 is intended to be representative of the year
2000, while the future period (2025–2035) is intended to be
representative of 2030.

Air quality modeling

The historical and future climate WRF outputs were pro-
cessed by the Meteorology–Chemistry Interface Processor
(MCIP) (Otte and Pleim, 2010) and subsequently input into
the Community Multi-scale Air Quality model (CMAQ) ver-
sion 5.0.1 (Byun and Schere, 2006) to assess how the climate-
driven meteorological changes would impact near-surface
ozone levels (i.e., concentrations within the lowest model
layer, about 38 m deep) over the continental United States.
The air quality modeling was also conducted at 36-km grid
spacing. While 36-km regional climate and air quality model-
ing would not be appropriate for projecting future ozone values
in individual locations, this resolution is suitable for assessing
the sensitivity of future regional-scale ozone levels to climate-
driven changes in meteorology. The chemical lateral boundary
conditions in the air quality modeling are based on an inde-
pendent simulation of the year 2011 using the GEOS-Chem
global chemical transport model (Bey et al., 2001). The time-
varying chemical boundary conditions are used for each year
and are unchanged between the base and future climate case.
Thus, any changes in ozone transported into the domain are not
assessed in this analysis.

For the CESM/RCP 8.5 scenario we used CMAQ to simulate
each of the 11 historical years (1995–2005) and 11 future years

(2025–2035) to capture the impacts of potential inter-annual varia-
bility in the climate response. For the GISS/RCP 6.0 scenario, we
identified three historical and three future years that were least
conducive, moderately conducive, and most conducive to forming
near-surface ozone across the entire continental United States.
These years were identified using previous CMAQ simulations of
the same 11-year periods that had been forced with present-day
emissions, but were otherwise identical to the configuration applied
here. The annual number of exceedances of 75 ppb for daily
maximum 8-hr ozone were tallied within model grid cells through-
out the United States; then the years of each 11-year simulation
period were ranked. The most (least) conducive year contained the
most (least) exceedances of the threshold, and the moderately
conducive year was the median year of each 11-year simulation
period. Due to the computational costs associated with air quality
modeling, only the regional climate fields from these two 3-year
subsets of the GISS/RCP 6.0 were combined with the 2030 emis-
sions in the CMAQ simulations used in the present study.

In this study, only the meteorological conditions (and spe-
cific emissions sectors that depend upon meteorology) were
changed within the historical and future CMAQ runs to isolate
the climate impacts in each scenario—all other input variables
were held constant in the air quality modeling scenarios. The
emissions were based on U.S. Environmental Protection
Agency (EPA) estimates of 2030 levels, which assume the
implementation of air quality policies affecting ozone precursor
emissions such as the Mercury and Air Toxics Standards and
the Tier-2 rule affecting mobile sources (EPA, 2011a,b;
EPA, 2012). Biogenic and sea salt emissions were allowed to
vary according to climate-driven meteorological changes, but
emissions from mobile sources, electrical generating units, and
wildfires did not change as a function of climate.

Estimating health impacts

We assess health impacts associated with surface-level
ozone in the 5969 36-km grid cells in the continental United

Figure 1. Overview of analytical approach to estimating climate-related ozone changes, health impacts, and economic values.
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States. In each grid cell, we apply a health impact function
relating changes in ambient concentrations with ozone-related
adverse outcomes. A log-linear health impact function, which
we use to quantify most of the impacts in this analysis, is
illustrated by eq 1:

ΔIncidence ¼ Pop� Y0 � expβ�ΔX � 1
� �

(1)

where ΔIncidence is the change in the incidence of a particular
health endpoint attributable to the change in ozone concentra-
tion (∆X), Pop and Y0 are the population and baseline incidence
rates for the year 2030, and β is the concentration-response
factor drawn from the epidemiology literature. We calculate
impacts using the environmental Benefits Mapping and
Analysis Program–Community Edition (BenMAP-CE), v1.08
(EPA, 2014), following EPA regulatory analyses and similar
studies in the literature (Fann et al., 2011).

We estimated the change in ozone-related adverse human health
outcomes of several health endpoints the U.S. Environmental
Protection Agency (EPA) quantified in a recent regulatory impact
analysis (EPA, 2010) for the Ozone NAAQS. The EPA quantified
health outcomes that the EPA Integrated Science Assessment (ISA)
determined were causally, or likely to be causally, related to ozone
exposure (EPA, 2014). When selecting among epidemiological
studies to use as the basis for constructing health impact functions,
the agency considered an array of attributes, including statistical
design (e.g., time series, case crossover, etc.); time period analyzed;
population attributes; population size; and pollutant measures,
among other characteristics. In brief, the agency selected studies
for which the attributes made them most appropriate for an air
pollution health impact analysis. A complete description of the
systematic approach to selecting studies can be found in the
Regulatory Impact Analysis for the Particulate Matter NAAQS
(EPA, 2012). Consistent with the guidance provided by the
National Academies of Sciences, and as a means of characterizing
uncertainty in the ozone-mortality relationship, we report prema-
ture deaths attributable to short-term (i.e., day-to-day) changes in
ozone using effect estimates from a suite of multicity studies and
meta-analyses (National Research Council, 2008).

For both the GISS/RCP 6.0 and CESM/RCP 8.5 scenarios
we estimate air pollution-related health impacts at 2030 using
Integrated Climate and Land Use Scenarios (ICLUS) popula-
tion projections (EPA, 2009; Bierwagen et al., 2010). ICLUS
projects the county-level population distribution using assump-
tions consistent with the IPCC Special Report on Emission
Scenarios (SRES) (IPCC, 2000). For this analysis we selected
ICLUS projections for SRES A1 and B2, which are roughly
consistent with RCP 8.5 and RCP 6.0, respectively. In a sensi-
tivity analysis, we also examine the impact of using ICLUS A1
and B2 population projections to 2050, as well as another
population projection developed for 2030 (Woods and Poole,
2012) (Supplemental Figure 1).

We estimate ozone-related effects on premature death, emer-
gency department visits for asthma, hospital visits for respira-
tory causes, acute respiratory symptoms, and lost school days.
We calculate ozone-related premature deaths using cause-spe-
cific mortality rates (referenced as Y0 in the preceding
equation) provided by the Centers for Disease Control and

Prevention (CDC, 2008) that we projected to the year 2030
using information provided by the U.S. Census Bureau; these
projected mortality rates do not account directly for the influ-
ence of climate or air quality changes. Morbidity rates are more
difficult to project in the future, and we use cause-specific
morbidity rates for the year 2007, assuming constant rates
over time, though they are likely to change in reality (Tables
1 and 2 of Supplemental Material). We use the seasonal (May–
September) average of the 8-hr daily maximum (MDA8) ozone
concentration in each 36-km grid cell from CMAQ. Gridded
health impact results are aggregated according to six climate
regions used by the National Climate Assessment (NCA) in
Supplemental Figure 1 (National Climate Assessment, 2014).

Estimating the economic value of health impacts

To estimate the economic value of the health impacts of a
changing climate on air quality, we assign a dollar value to the
incidence of premature deaths and illnesses occurring in 2030.We
derive both cost of illness (COI) and willingness to pay (WTP)
measures from the published economic literature, which we then
multiply by the counts of adverse health outcomes to express the
economic value of these impacts. COI metrics generally account
for the value of medical expenditures to treat the adverse outcome
and sometimes also the value of the productivity lost due to the
illness (e.g., time spent in the hospital). By contrast, WTP mea-
sures are generally understood to account for the value that
individuals place on both these direct costs as well as the value
they place on avoiding pain and suffering (Harrington and
Portney, 1987; Berger and Blomquist, 1987). For this reason,
economic benefit analyses of air pollution impacts tend to prefer
WTP values when they are available.

As in the preceding, we use economic value estimates that are
consistent with recent EPA Regulatory Impact Analyses. We
estimate the value of statistical life (VSL) to characterize the
economic value of ozone-related premature deaths. VSL is a
summary measure that expresses the economic value of small
changes in the risk of premature death to a large number of
people, and is not intended to describe the economic value of
any particular life. In this analysis we use a EPA Science Advisory
Board-recommended VSL that is derived from a meta-analysis of
26 individual studies (EPA Health Effects Subcommittee, 2010).
Because the willingness to pay to reduce mortality and morbidity
risk will grow with personal income, and in this analysis we
quantify values in a future year, we adjusted each WTP measure;
for VSL this value is $9.9 million in 2030 (2010 dollars). We
value health outcomes including respiratory hospital admissions,
emergency department visits, and lost school days using COI
measures and value acute respiratory symptoms using a WTP
measure. The source of this literature and the unit values are
summarized in Supplemental Table 3.

Results

We first report the ozone-related impacts and dollar values
for each of the two climate scenarios that have been calculated
using projected ozone levels averaged across the scenario
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years. Next we characterize the spatial distribution of these
impacts by NCA region and the interannual variability.

Air quality changes

Both the CESM/RCP 8.5 and GISS/RCP 6.0 scenarios are
associated with large changes in daily maximum temperatures
over the months when ozone levels tend to be highest over the
United States. In both scenarios, average daily maximum tem-
peratures are projected to increase by 1–4°C over a broad
swath of the continental U.S. (Figure 2). The locations of the
largest projected temperature increases vary by scenario, and
the average U.S. warming is greater in the CESM/RCP 8.5
scenario, as could be expected. Concurrently, other pollution-
relevant weather variables (not shown) are also projected to
change. The net effect on near-surface ozone is shown in
Figure 2. Seasonal (May–September) mean increases in
MDA8 ozone levels of 1–5 ppb are common in the CESM/
RCP 8.5 scenario, resulting in more exceedances of the 75-ppb
ozone NAAQS than in the historical climate case. The
GISS/RCP 6.0 scenario also shows large increases in ozone
over some parts of the country (e.g., central United States,
California) but projects decreases in ozone over other locations
(e.g., Pacific Northwest, Gulf Coast).

Average health impact estimates and economic

values in 2030

As a means of describing a central tendency estimate of
ozone-related health impacts in the year 2030, we report first
the number of premature deaths and illnesses calculated from
the average projected ozone values for the 3 individual year
GISS/RCP 6.0 and 11 sequential year CESM/RCP 8.5 climate
scenarios. We estimate a greater overall number of premature
deaths and illnesses for the CESM/RCP 8.5 scenario than the
GISS/RCP 6.0 scenario. As shown in Table 1, using GISS/RCP
6.0, we project tens to hundreds of premature deaths, hundreds
of respiratory emergency department and hospital visits, tens of
thousands of days of missed school, and hundreds of thousands
of cases of acute respiratory symptoms. The impact is one
order of magnitude greater in each category using CESM/
RCP 8.5, as we project hundreds to thousands of premature
deaths, thousands of respiratory emergency department and
hospital visits, hundreds of thousands of days of missed school,
and more than 1 million cases of acute respiratory symptoms.

The estimated economic value of these premature deaths
and illnesses is substantial (Table 2). We estimate the value of
the hospital admissions, emergency department visits, missed
days of school, and acute respiratory symptoms for the

Figure 2. Projected change in average daily maximum temperature, seasonal average maximum daily 8-hr ozone, and ozone-related premature deaths in

2030.
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GISS/RCP 6.0 scenario in the tens of millions of U.S. dollars,
and hundreds of millions of dollars for the CESM/RCP 8.5
scenario (2010 dollars). We estimate the value of the additional
premature deaths to be in the hundreds of millions of dollars
for the GISS/RCP 6.0 scenario, and in the tens of billions of
dollars for the CESM/RCP 8.5 scenario. To characterize the
total dollar value of the additional premature deaths and ill-
nesses, we report the sum of these impacts, finding that the
economic value of these adverse outcomes ranges from $320
million to $1.4 billion for the GISS/RCP 6.0 scenario and from
$3.6 to $15 billion for the CESM/RCP 8.5 scenario.

Health impacts by geographic region

In the figures described next, we describe how the ozone-
related premature deaths are distributed throughout the United
States for each climate scenario. Figure 2 plots the distribution
of temperature and ozone (at 36-km grid cells) and climate
change-attributable premature deaths (at each county), illustrat-
ing the relationship between these three variables. The GISS/
RCP 6.0 scenario projects the greatest increases in temperature
in the southwestern United States, where CMAQ consequently
projects increases in ozone levels. Likewise, we estimate the
greatest number of ozone-related deaths to occur in metropoli-
tan areas affected by this temperature change, including Los
Angeles, CA, and Dallas, TX. Separately, the CESM/RCP 8.5
scenario projects higher temperatures and ozone levels in the

midwestern United States. Under this scenario, we project
cities including Chicago, IL, and New York, NY, to see an
increase in the number of ozone-related premature deaths.

Interannual variability

The aggregated results already reported do not reflect the
substantial year-to-year variability in simulated temperature and
ozone changes. Here we examine the influence of meteorological
interannual variability on ozone levels and resulting estimated
health impacts. We compare several individual future year simu-
lations against the 3-year GISS/RCP 6.0 and 11-year CESM/RCP
8.5 scenario averages of the present-day years to better understand
how future inter-annual variability can affect results. We select
three future years for each of the two climate models that represent
the least conducive, moderately conducive, and most conducive
years for forming ozone levels above the current NAAQS for
ozone (75 ppb) and predict ozone-related premature deaths in
each of those three years using an array of short-term ozone
mortality risk coefficients (Table 3). Those years with meteorol-
ogy projected to be least and moderately conducive to forming
ozone in the GISS/RCP 6.0 scenario yield a net reduction in
ozone-related deaths and illnesses as compared to a baseline that
does not reflect climate change. In the year most conducive to
forming ozone in the GISS/RCP 6.0 scenario, we predict a net
increase in the number of ozone-related premature deaths. By
contrast, the year that is predicted to be least conducive to forming

Table 1. Additional ozone-related premature deaths and illnesses attributable to climate change in 2030 in the continental United States (95% confidence intervals)

Health outcomea

Climate scenariob

GISS/RCP 6.0 CESM/RCP 8.5

Alternative estimates of ozone-related premature death (ages 0–99 years)
Bell et al. (2004) 37 420

(12–61) (140–700)
Huang, Dominici, and Bell (2004) 56 640

(21–92) (240–1000)
Schwartz (2005) 56 640

(17–94) (200–1100)
Bell, Dominici, and Samet (2005) 120 1300

(56–180) (630–2000)
Ito, De Leon, and Lippmann (2005) 160 1900

(98–230) (1100–2600)
Levy, Chemerynski, and Sarnat (2005) 170 1900

(110–220) (1300–2500)
Respiratory hospital admissions (ages 0–1 and 65–99 years) 360 3900

(65–870) (1600–8000)
Respiratory emergency department visits (ages 0–99 years) 89 1200

(82–310) (1000–4300)
Acute respiratory symptoms (ages 18–64 years) 210,000 1,900,000

(86,000–330,000) (780,000–3,000,000)
Missed days of school (ages 5–17 years) 67,000 650,000

(23,000–150,000) (230,000–1,500,000)

Notes: aEstimates rounded to two significant figures.
bThe 2030 ozone levels calculated by averaging each modeled year of ozone levels—three selected years for GISS/RCP 6.0 and 2025–2035 for CESM/RCP 8.5.
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ozone in the CESM/RCP 8.5 scenario yields a net reduction in
ozone-related deaths and illnesses, while the moderately and most
conducive years yield substantial increases in ozone health
impacts.

All 11 projected years of ozone changes under the CESM/
RCP 8.5 scenario were used to examine the annual variability
in ozone-related premature deaths within the 6 NCA climate
regions (Figure 3). The Northwest, the Great Plains, and the
Southwest regions are projected to incur few ozone related
health impacts, while the Northeast and Midwest regions are
projected to have increases in ozone-related deaths (i.e., reduc-
tions in mortality avoided) for most of the years.

Discussion

For the two climate scenarios in which we modeled ozone-
related air quality changes in 2030, we estimate hundreds to
thousands of premature deaths, hundreds to thousands of
respiratory emergency department and hospital visits, tens of

thousands to hundreds of thousands of days of missed school,
and hundreds of thousands to millions of cases of acute respira-
tory symptoms. We find that the economic value of these
impacts is in the hundreds of millions to billions of dollars.
These estimates vary greatly according to the combined climate
model and RCP simulated, as we estimate much greater
impacts using the CESM/RCP 8.5 scenario than we do with
the GISS/RCP 6.0 scenario. Likewise, we find that the scope
and magnitude of these impacts vary significantly across the
scenarios and between individual years. The CESM/RCP 8.5
scenario generally predicts greater ozone formation in the
Midwest, while we estimate higher ozone levels in the
Southwest under the GISS/RCP 6.0 scenario. Consistent with
previous health impact analyses that account for ozone-related
effects, the impacts we report are also greatly influenced by the
concentration-response relationship used to quantify the inci-
dence of premature deaths.

This work is similar in some respects to studies published
elsewhere in the literature. For example, Post et al. (2012) used
an earlier version of the BenMAP tool to quantify climate-

Table 2. Economic value of ozone-related premature deaths and illnesses attributable to climate change in 2030 (95% confidence intervals, millions of 2010

dollars)

Health outcomea

Climate scenariob

GISS/RCP 6.0 CESM/RCP 8.5

Alternative estimates of ozone-related premature death (ages 0–99 years)
Bell et al. (2004) $290 $3400

($24–$870) ($280–$10,000)
Huang, Dominici, and Bell (2004) $450 $5200

($38–$1300) ($430–$15,000)
Schwartz (2005) $450 $5100

($36–$1300) ($410–$15,000)
Bell, Dominici, and Samet (2005) $940 $11,000

($82–$2700) ($940–$31,000)
Ito, De Leon, and Lippmann (2005) $1300 $15,000

($120–$3700) ($1400–$42,000)
Levy, Chemerynski, and Sarnat (2005) $1300 $15,000

($120–3600) ($1400–$41,000)
Respiratory hospital admissions (ages 0–1 and 65–99 years) $11 $100

($2–$19) ($10–$130)
Respiratory emergency department visits (ages 0–99 years) $0.04 $0.5

($0.01–$0.1) ($0.3–$1.3)
Acute respiratory symptoms (ages 18–64 years) $13 $120

($5–$25) ($45–$220)
Missed days of school (ages 5–17 years) $7 $64

($3–$9.4) ($28–$91)
Total economic value of ozone-related premature deaths and illnesses
Sum of Bell et al. 2004 and each morbidity outcome $320 $3600

($34–$920) ($350–$10,000)
Sum of Levy et al. 2005 and each morbidity outcome $1400 $15,000

($130–$3700) ($1500–$41,000)

Notes: aEstimates rounded to two significant figures.
bThe 2030 ozone levels calculated by averaging each modeled year of ozone levels—three selected years for GISS/RCP 6.0 and 2025–2035 for CESM/RCP 8.5.
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Table 3. Estimated number of additional ozone-related premature deaths and illnesses attributable to projected change in the U.S. climate (95% confidence intervals)

GISS/RCP 6.0 CESM/RCP 8.5

Years least, moderately, and
most conducive to forming ozone

Years least, moderately, and
most conducive to forming ozone

Health outcomea Least (2035) Moderately (2027) Most (2025) Least (2028) Moderately (2030) Most (2035)

Alternative estimates of ozone–related premature death (ages 0–99 years)

Bell et al. (2004) –220 –6 340 –32 400 870

(–75 to –380) (–2 to –9) (110 to –570) (–11 to –53) (230–670) (290–1500)

Huang, Dominici, and Bell (2004) –350 3 520 –48 620 1,300

(–130 to –570) (1–4) (190–840) (–18 to –77) (230–1000) (500–2200)

Schwartz (2005) –340 –8 520 –49 620 1300

(–100 to –580) (–3 to –14) (160–880) (–15 to –83) (190–1000) (410–2600)

Bell, Dominici, and Samet (2005) –720 –21 1,100 –110 1300 2800

(–340 to –1,100) (–10 to –38) (520–1,700) (–53 to –170) (610–2000) (1300–4300)

Ito, De Leon, and Lippmann (2005) –1000 –25 1500 –140 1800 3900

(–600 to –1400) (–15 to –34) (920–2100) (–87 to –200) (1100–2500) (2400–5500)

Levy, Chemerynski, and Sarnat (2005) –1000 –29 1500 –160 1800 3900

(690 to –1300) (–20 to –38) (1100–2000) (–110 to –210) (1200–2400) (2700–5200)

Respiratory hospital admissions
(ages 0–1 and 65–99 years)

–1900 –130 3,100 –250 3500 7500

(–280 to –4100) (–42 to –260) (6800–1100) (–110 to –560) (2200–5700) (5000–12,000)

Respiratory emergency department visits
(ages 0–99 years)

–510 –3 770 38 1200 2500

(–420 to –1700) (–14 to –4) (–720 to 2700) (17—86) (530–2600) (1100–5600)

Acute respiratory symptoms (ages 18–64 years) –950,000 –2400 1,600,000 –180,000 1,900,000 4,000,000

(–390,000 to –1,500,000) (–380 to –6100) (650,000–2,500,000) (75,000–
280,000)

(780,000–3,000,000) (1,600,000–6,300,000)

Missed days of school (ages 5–17 years) –310,000 –4,000 500,000 –81,000 660,000 1,400,000

(–110,00 to –670,000) (–6300 to –1500) (180,000–1,100,000) (28,000–
110,000)

(600,000–730,000) (1,300,000–1,500,000)

Note: aEstimates rounded to two significant figures.
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change-attributable national-level ozone-related premature
death and illnesses and applied similar baseline incidence
rates and concentration-response functions. However, that
study used year 2050 ozone predictions from seven climate
scenarios based on earlier generations of GCMs and did not
characterize the economic value of those impacts. That paper
reported climate-change-attributable ozone-related premature
deaths that varied significantly across scenarios and approaches
to projecting future population, and ranged from thousands of
additional deaths to hundreds of avoided deaths.

Tagaris et al. (2009) quantified the sensitivity of ozone and
fine particle levels in 2050 to marginal changes in precursor
emissions including NOx, NH3, and SO2 and further quantified
the number of premature deaths attributable to changes in these
two pollutants. Because that paper reported changes in prema-
ture deaths as a function of marginal changes in ozone levels, it
is difficult to compare those estimates to the results reported
here. Bell et al. (2007), as described earlier, characterized
ozone-related impacts in the year 2050 within 50 Eastern cities,
holding anthropogenic emissions constant. None of the studies
already described assign a dollar value to the avoided/incurred
deaths and illnesses.

There are several unique facets to this study. First, we use
GCM versions conducted for CMIP5 that include more than 10
years of further model developments beyond those used pre-
viously, as well as taking advantage of recent advances in regional
climate modeling techniques. Second, we quantify effects in the
year 2030 using an EPA emissions inventory that accounts for
emission control measures expected to affect the level and dis-
tribution of ozone precursor emissions. Third, we characterize the
variability in ozone-related impacts over both space (by U.S.
county) and time (for each of the projected scenario years).
Finally, we assign a dollar value to these projected ozone-related
health impacts, giving insight to the potential economic value of
this particular aspect of future climate change.

Limitations

As with any analysis of this scope and complexity, there are
several notable limitations and uncertainties. First, we

considered only two Representative Concentration Pathways
(RCP 6.0 and RCP 8.5) that were modeled using two GCMs
(GISS and CESM). Modeling each RCP using a different
climate scenario means that differences in the predicted ozone
levels and health impacts are attributable to both the RCP and
the GCM.

Second, several emissions categories that are important to
forming ozone, and could potentially be affected by climate
(e.g., mobile sources, EGUs, and wildfires), are unchanged
between the contemporary-climate and projected-climate air qual-
ity modeling. Other studies have shown linkages between a
warmer climate and increased evaporative emissions frommobile
sources (Rubin et al., 2006), increased electricity usage (Mideksa
and Kallbekken, 2010), and increased wildfire activity over parts
of the United States (Yue et al., 2013), all of which could lead to
even greater health impacts from climate than shown here.

Third, using 36-km grid spacing (as was done here) does not
consider potentially important interactions between meteorology,
ozone, and health at the local scale, particularly within urban
areas. However, adding higher spatial resolution to more finely
resolve urban areas would add at least an order of magnitude more
computational expense to this analysis. Fourth, we assume con-
centration-response relationships are constant over time, although
changing populations, concentrations, baseline health status, and
air pollution mixtures would almost certainly alter the relation-
ship. Likewise, we assume baseline morbidity rates are constant
over time, though they are likely to change as a result of changing
economic and demographic conditions. Similarly, we did not
account for the potential for climate-induced changes in tempera-
ture to increase (or decrease) ozone-related risks (Ren, Williams,
and Tong, 2006; Ren, Williams, and Mengersen, 2009; Jhun
et al., 2014). Fifth, because quantifying climate-induced PM2.5

changes is even more strongly related to emissions changes that
we did not model (e.g., wildfires), we did not include fine particle
levels for this analysis. Many of these assumptions and limitations
are consistent with other assessments of future climate-induced air
quality changes in the literature (Post et al., 2012).

It is also important to note that this analysis does not
account for policies that might mitigate the impacts estimated
here, apart from those policies that are already expected to be
in place by 2030. For example, while this modeling projects
that climate change will create meteorological conditions more
conducive to forming ozone, and hence increase the ground-
level ozone in many parts of the country, we did not attempt to
model air quality management adaptation scenarios that could
reduce the level of ozone precursor emissions that would occur
in response to these climate-driven impacts. To the extent that
climate change increases ambient ozone concentrations (and/or
other criteria pollutants) above the health-based air quality
standards, the Clean Air Act directs states and municipalities
to attain the standard by developing policies to reduce these
ambient levels (Bachmann, 2007).

Conclusion

The results of this analysis suggest that for a given level of
emissions of ozone precursors, climate change is likely to

Figure 3. Annual number of climate-attributable ozone-related premature

deaths by region and year for the CESM/RCP 8.5 scenario.
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increase ambient ozone levels over much of the country by
2030, causing a nontrivial number of premature deaths, respira-
tory emergency department and hospital visits, missed school,
and acute respiratory symptoms. The economic value of these
impacts is substantial. In the preceding, we noted that charac-
terizing the influence of a changing climate on air quality and
health is computationally intensive, so it is often tailored to
specific research questions. In this assessment we describe the
number, distribution, and economic value of climate-related
ozone health impacts attributable to climate change, as simu-
lated using two global climate models and RCPs. In-depth
analysis of the drivers of ozone changes (both meteorological
drivers and meteorologically influenced emissions drivers) is
underway and will appear in a forthcoming paper focused on
the regional climate and air quality simulations. Future ana-
lyses should consider applying a single GCM to simulate air
quality impacts from multiple RCPs—or use multiple GCMs
forced with a single RCP. As air quality science continues to
evolve, assessments may also be better able to quantify cli-
mate-induced changes in fine particle levels. Future analyses
might also attempt to characterize the change in mobile source
emissions as a function of changes in temperature. Finally,
analyses of the effect of climate change on health could draw
upon the small, but growing, body of epidemiological literature
finding that temperature modifies air pollution risk.

Disclaimer

The views expressed herein are solely those of the author,
and do not necessarily represent the views or positions of the
U.S. Government or any of its agencies.
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Supplemental data for this article can be accessed at http://
dx.doi.org/10.1080/10962247.2014.996270.

References

Bachmann, J. 2007. The A&WMA 2007 critical review—Will the circle be

unbroken: A history of the U.S. National Ambient Air Quality Standards. J.

Air Waste Manage. Assoc. 57(6): 652–97. doi:10.3155/1047-3289.57.6.652.

Bell, M.L., F. Dominici, and J.M. Samet. 2005. A meta-analysis of time-series

studies of ozone and mortality with comparison to the national morbidity,

mortality, and air pollution study. Epidemiology 16(4): 436–45. doi:10.1097/

01.ede.0000165817.40152.85.

Bell, M.L., R. Goldberg, C. Hogrefe, P.L. Kinney, K. Knowlton, B. Lynn, J.

Rosenthal, C. Rosenzweig, and J.A. Patz. 2007. Climate change, ambient

ozone, and health in 50 US cities. Climatic Change 82:61–76. doi:10.1007/

s10584-006-9166-7

Bell, M.L., A. McDermott, S.L. Zeger, J.M. Samet, and F. Dominici. 2004.

Ozone and short-term mortality in 95 US urban communities, 1987–2000.

J. Am. Med. Assoc. 292(19): 2372–78. doi:10.1001/jama.292.19.2372.

Berger, M.C., and G.C. Blomquist. 1987. Valuing changes in health risks: A

comparison of alternative measures. Southern Economic 53(4):967–84.

Bey, I., D.J. Jacob, R.M. Yantosca, J.A. Logan, B.D. Field, A.M. Fiore, Q. Li,

H.Y. Liu, L.J. Mickley, and M.G. Schultz. 2001. Global modeling of

tropospheric chemistry with assimilated meteorology: Model description

and evaluation. J. Geophys. Res. 106(D19): 23073. doi:10.1029/

2001JD000807.

Bierwagen, B.G., D.M. Theobald, C.R. Pyke, A. Choate, P. Groth, J.V.

Thomas, and P. Morefield. 2010. National Housing and impervious surface

scenarios for integrated climate impact assessments. Proc. Natl. Acad. Sci.

USA 107(49): 20887–92. doi:10.1073/pnas.1002096107.

Bowden, J.H., T.L. Otte, C.G. Nolte, and M.J. Otte. 2012. Examining interior

grid nudging techniques using two-way nesting in the WRF model

for regional climate modeling. J. Climate 25(8): 2805–23. doi:10.1175/

JCLI-D-11-00167.1.

Byun, D., and K.L. Schere. 2006. Review of the governing equations, computa-

tional algorithms, and other components of the models—3 Community

Multiscale Air Quality (CMAQ) modeling system. Appl. Mech. Rev. 59(2):

51. doi:10.1115/1.2128636.

Centers for Disease Control and Prevention. 2008. CDC-Wonder. Wide-Ranging

OnLine Data for Epidemiologic Research (CDC Wonder) (data from years

2004–2006). http://wonder.cdc.gov/ (accessed August 15, 2014).

Chang, H.H., H. Hao, and S.E. Sarnat. 2014. A statistical modeling framework for

projecting future ambient ozone and its health impact due to climate change.

Atmos. Environ. 89(June 1): 290–97. doi:10.1016/j.atmosenv.2014.02.037.

Chang, H.H., J. Zhou, and M. Fuentes. 2010. Impact of climate change on

ambient ozone level and mortality in southeastern United States. Int. J.

Environ. Res. Public Health 7(7): 2866–80. doi:10.3390/ijerph7072866.

Fann, N., A.D. Lamson, S.C. Anenberg, K. Wesson, D. Risley, and B.J.

Hubbell. 2011. Estimating the national public health burden associated

with exposure to ambient PM(2.5) and ozone. Risk Analysis 32(1):

81–95. doi:10.1111/j.1539-6924.2011.01630.x.

Fujino, J., R. Nair, M. Kainuma, T. Masui, and Y. Matsuoka. 2006. Multi-gas

mitigation analysis on stabilization scenarios using AIM global model.

Energy J 27:343–53. doi:10.5547/ISSN0195-6574-EJ-VolSI2006-NoSI3-17

Harrington, W., and P.R. Portney. 1987. Valuing the benefits of health and safety

regulation. J. Urban Econ. 22(1): 101–12. doi:10.1016/0094-1190(87)90052-0.

Huang, Y., F. Dominici, and M. Bell. 2004. Bayesian hierarchical distributed

lag models for summer ozone exposure and cardio-respiratory mortality.

Johns Hopkins University Dept. of Biostatistics Working Paper Series

(September 8). http://ideas.repec.org/p/bep/jhubio/1056.html.

International Panel on Climate Change. 2000. Special Report on Emission

Scenarios. Cambridge, UK. http://www.ipcc.ch/ipccreports/sres/emission/

index.php?idp=0.

Ito, K., S.F. De Leon, and M. Lippmann. 2005. Associations between ozone

and daily mortality: Analysis and meta-analysis. Epidemiology 16(4):

446–57. doi:10.1097/01.ede.0000165821.90114.7f.

Jackson, J.E.,M.G. Yost, C. Karr, C. Fitzpatrick, B.K. Lamb, S.H. Chung, J. Chen, J.

Avise, R.A. Rosenblatt, and R.A. Fenske. 2010. Public health impacts of climate

change in Washington State: Projected mortality risks due to heat events and air

pollution. Climatic Change 102(1–2): 159–86. doi:10.1007/s10584-010-9852-3

Jacobson, M.Z. 2008. On the causal link between carbon dioxide and air

pollution mortality. Geophys. Res. Lett. 35(3): L03809. doi:10.1029/

2007GL031101.

Jhun, I., N. Fann, A. Zanobetti, and B. Hubbell. 2014. Effect Modification of

ozone-related mortality risks by temperature in 97 US cities. Environ. Int.

73C(August 8): 128–34. doi:10.1016/j.envint.2014.07.009.

Levy, J.I., S.M. Chemerynski, and J.A. Sarnat. 2005. Ozone exposure and

mortality. Epidemiology 16(4): 458–68. doi:10.1097/01.ede.000016

5820.08301.b3

Melillo, J., T. Richmond, and G.W. Yohe, ed. 2014. Climate change impacts in

the United States: The third national climate assessment. Washington, DC.

doi:10.7930/J0Z31WJ2.

Fann et al. / Journal of the Air & Waste Management Association 65 (2015) 570–580 579



Mideksa, T.K., and S. Kallbekken. 2010. The impact of climate change on the

electricity market: A review. Energy Policy 38(7): 3579–85. doi:10.1016/j.

enpol.2010.02.035.

National Research Council. 2008. Estimating Mortality Risk Reduction and

Economic Benefits from Controlling Ozone Air Pollution. Washington, DC:

National Academies Press. http://www.nap.edu/catalog.php?record_id=12198.

Otte, T.L., and J.E. Pleim. 2010. The Meteorology-Chemistry Interface

Processor (MCIP) for the CMAQ modeling system: Updates through

MCIPv3.4.1. Geosci. Model Dev. 3(1):243–56. doi:10.5194/gmd-

3-243-2010

Otte, T.L., C.G. Nolte, M.J. Otte, and J.H. Bowden. 2012. Does nudging

squelch the extremes in regional climate modeling? J. Climate 25 (20):

7046–66. doi:10.1175/JCLI-D-12-00048.1.

Post, E.S., A. Grambsch, C. Weaver, P. Morefield, J. Huang, L.-Y. Leung, C.G.

Nolte, et al. 2012. Variation in estimated ozone-related health impacts of

climate change due to modeling choices and assumptions. Environ. Health

Perspect. 120(11): 1559–64. doi:10.1289/ehp.1104271.

Ren, C., G.M. Williams, and K. Mengersen. 2009. Temperature enhanced

effects of ozone on cardiovascular mortality in assessment using the

NMMAPS Data. Archives 64(3): 177–84. doi:10.1080/19338

240903240749

Ren, C., G.M. Williams, and S. Tong. 2006. Does particulate matter modify the

association between temperature and cardiorespiratory diseases? Environ.

Health Perspect. 1690(11): 1690–96. doi:10.1289/ehp.9266.

Riahi, K., S. Rao, V. Krey, C. Cho, V. Chirkov, G. Fischer, G. Kindermann, N.

Nakicenovic, and P. Rafaj. 2011. RCP 8.5—A scenario of comparatively high

greenhouse gas emissions. Climatic Change 109(1–2): 33–57. doi:10.1007/

s10584-011-0149-y

Rubin, J.I., A.J. Kean, R.A. Harley, D.B. Millet, and A.H. Goldstein. 2006.

Temperature dependence of volatile organic compound evaporative emis-

sions from motor vehicles. J. Geophys. Res. 111(D3): D03305.

doi:10.1029/2005JD006458.

Schwartz, J. 2005. How sensitive is the association between ozone and daily

deaths to control for temperature? Am. J. Respir. Crit. Care Med. 171(6):

627–31. doi:10.1164/rccm.200407-933OC

Selin, N.E., S. Wu, K.M. Nam, J.M. Reilly, S. Paltsev, R.G. Prinn, and M.D.

Webster. 2009. Global health and economic impacts of future ozone pollu-

tion. Environ. Res. Lett. 4(4): 044014. doi:10.1088/1748-9326/4/4/044014.

Sheffield, P.E., K. Knowlton, J.L. Carr, and P.L. Kinney. 2011. Modeling of regional

climate change effects on ground-level ozone and childhood asthma. Am. J.

Prevent. Med. 41(3): 251–57; quiz A3. doi:10.1016/j.amepre.2011.04.017.

Silva, R.A., J.J. West, Y. Zhang, S.C. Anenberg, J.-F. Lamarque, D.T. Shindell,

W.J. Collins, et al. 2013. Global premature mortality due to anthropogenic

outdoor air pollution and the contribution of past climate change. Environ.

Res. Lett. 8(3): 034005. doi:10.1088/1748-9326/8/3/034005.

Tagaris, E., K.-J. Liao, A.J. Delucia, L. Deck, P. Amar, and A.G. Russell. 2009.

Potential impact of climate change on air pollution-related human health effects.

Environ. Sci. Technol. 43 (13) (July 1): 4979–88. doi:10.1021/es803650w

Taylor, K.E., R.J. Stouffer, and G.A. Meehl. 2012. An overview of CMIP5 and the

experiment design. Bull. Am. Meteorol. Soc. 93(4): 485–98. doi:10.1175/

BAMS-D-11-00094.1.

U.S. Environmental Protection Agency. 2009. Land-use scenarios: Scenarios

consistent with climate change storylines. http://cfpub.epa.gov/ncea/cfm/

recordisplay.cfm?deid=203458 (accessed January 13, 2015).

U.S. Environmental Protection Agency. 2010. Regulatory impact assessment

for the reconsideration of the National Ambient Air Quality Standard for

ozone. Research Triangle Park, NC. http://www.epa.gov/ttn/ecas/regdata/

RIAs/s1-supplemental_analysis_full.pdf.

U.S. Environmental Protection Agency. 2011a. Regulatory impact assessment

for final transport rule. Research Triangle Park, NC: U.S. EPA.

U.S. Environmental Protection Agency. 2011b. Regulatory impact assessment

for the mercury and air toxics standards. http://www.epa.gov/ttn/ecas/

regdata/RIAs/matsriafinal.pdf.

U.S. Environmental Protection Agency. 2012. Regulatory impact assessment

for the PM NAAQS RIA. Research Triangle Park, NC. http://www.epa.gov/

ttn/ecas/regdata/RIAs/finalria.pdf.

U.S. Environmental Protection Agency. 2014. Environmental Benefits

Mapping and Analysis Program—Community Edition (BenMAP-CE).

Research Triangle Park, NC. www.epa.gov/air/benmap.

U.S. Environmental Protection Agency Health Effects Subcommittee. 2010.

Review of EPA’s DRAFT Health Benefits of the Second Section 812

Prospective Study of the Clean Air Act. Washington, DC. http://yosemite.

epa.gov/sab/sabproduct.nsf/0/72D4EFA39E48CDB28525774500738776/

$File/EPA-COUNCIL-10-001-unsigned.pdf.

U.S. Environmental Protection Agency National Center for Environmental

Assessment, Research Triangle Park NC, Environmental Media

Assessment Group, and J. Brown. 2014. Integrated science assessment

of ozone and related photochemical oxidants (Final report). http://cfpub.

epa.gov/ncea/isa/recordisplay.cfm?deid=247492 (accessed January 24,

2014).

van Vuuren, D.P., J. Edmonds, M. Kainuma, K. Riahi, A. Thomson, K.

Hibbard, G.C. Hurtt, et al. 2011. The representative concentration path-

ways: An overview. Climatic Change 109(1–2): 5–31. doi:10.1007/s10584-

011-0148-z. http://link.springer.com/10.1007/s10584-011-0148-z.

Wu, S., L.J. Mickley, E.M. Leibensperger, D.J. Jacob, D. Rind, and D.G.

Streets. 2008. Effects of 2000–2050 global change on ozone air quality in

the United States. J. Geophys. Res. 113(D6): D06302. doi:10.1029/

2007JD008917.

Yue, X., L.J. Mickley, J.A. Logan, and J.O. Kaplan. 2013. Ensemble projections of

wildfire activity and carbonaceous aerosol concentrations over the western

United States in the mid-21st century. Atmos. Environ. 77(October 1):767–80.

doi:10.1016/j.atmosenv.2013.06.003.

About the Authors

Neal Fann and Amanda Curry Brown are policy analysts at the Office of Air

Quality Planning and Standards, Office of Air and Radiation in Research

Triangle Park, NC

Patrick Dolwick and Sharon Phillips are atmospheric scientists at the Office

of Air Quality Planning and Standards, Office of Air and Radiation in Research

Triangle Park, NC

Christopher G. Nolte and Tanya L. Spero are atmospheric scientists at

National Exposure Research Laboratory, Office of Research and Development

in Research Triangle Park, NC

Susan Anenberg is Deputy Managing Director for Recommendations at the

United States Chemical Safety and Hazard Investigation Board in Washington,

DC.

580 Fann et al. / Journal of the Air & Waste Management Association 65 (2015) 570–580



Παγε 1 οφ 7 
 

Συππορτινγ Ινφορmατιον ����∫Τηε Γεογραπηιχ Dιστριβυτιον ανδ Εχονοmιχ ςαλυε οφ Χλιmατε−Ρελατεδ 
Οζονε Ηεαλτη Ιmπαχτσ ιν τηε Υνιτεδ Στατεσ ιν 2030⌠ 

 

Αυτηορσ: 

 

Παρτ 1: Ηεαλτη Ιmπαχτ Ασσεσσmεντ 

Εστιmατινγ αιρ θυαλιτψ χονχεντρατιονσ αχροσσ τηε ποπυλατιον 

Το θυαντιφψ τηε λεϖελ οφ οζονε αmονγ ποπυλατιονσ ιν εαχη 36κm γριδ χελλ, ωε σταρτεδ ωιτη 2010 Υ.Σ. 

Χενσυσ βλοχκ−λεϖελ ποπυλατιον δατα ανδ αγγρεγατεδ ποπυλατιον χουντσ το τηε 36κm ΧΜΑΘ mοδελ 

χελλσ ιν ΒενΜΑΠ−ΧΕ αχροσσ τηε χοντινενταλ Υ.Σ.  Τηισ σοφτωαρε χονταινσ τηε αππροπριατε αγε, σεξ ανδ 

ραχε στρατιφιχατιον τηατ χορρεσπονδσ το τηε δεmογραπηιχ χηαραχτεριστιχσ οφ τηε χονχεντρατιον−

ρεσπονσε ρελατιονσηιπ σπεχιφιεδ ιν τηε ιmπαχτ φυνχτιον. Υσινγ αν εχονοmιχ φορεχαστινγ mοδελ, ωε 

νεξτ προϕεχτεδ τηισ νατιοναλ ποπυλατιον δατα το τηε ψεαρ 2030, ωηιχη χορρεσπονδσ το τηε προϕεχτεδ 

ψεαρσ φορ τηε αιρ θυαλιτψ mοδελινγ σχεναριοσ (Wοοδσ ανδ Ποολε 2012). Wε εστιmατεδ τηε χλιmατε−

αττριβυταβλε συmmερ−σεασον οζονε λεϖελσ αmονγ ποπυλατιονσ ιν εαχη γριδ χελλ βψ χαλχυλατινγ τηε 

διφφερενχε βετωεεν εαχη βασελινε ανδ mοδελ προϕεχτεδ οζονε λεϖελσ.  

Σελεχτιον οφ χονχεντρατιον−ρεσπονσε ρελατιονσηιπσ ανδ βασελινε ινχιδενχε ρατεσ 

Φορ εαχη σεχτορ ωε ασσεσσεδ τηε νυmβερ οφ οζονε−ρελατεδ πρεmατυρε δεατησ ανδ νον−φαταλ ιλλνεσσεσ 

υσινγ χονχεντρατιον−ρεσπονσε φυνχτιονσ τηατ αρε δραων φροm τηε πεερ ρεϖιεωεδ λιτερατυρε (Σεε 

Συππλεmενταλ Ματεριαλ, Ταβλε 1) τηατ αρε γενεραλλψ χονσιστεντ ωιτη ρεχεντ ΕΠΑ αναλψσεσ ανδ οτηερ 

ηεαλτη ιmπαχτ ασσεσσmεντσ υσινγ ΒενΜΑΠ (ΕΠΑ 2011; Φανν ετ αλ. 2011).   

Φιναλλψ, ωε αππλιεδ βασελινε ινχιδενχε ρατεσ mατχηεδ το εαχη ηεαλτη ενδποιντ; τηεσε ρατεσ αρε 

γενεραλλψ χονσιστεντ ωιτη ρεχεντ ΕΠΑ αναλψσεσ (ΕΠΑ 2011) (Σεε Συππλεmενταλ Ματεριαλ, Ταβλε 2). 

Wηεν θυαντιφψινγ τηε νυmβερ οφ δεατησ, ωε αππλψ αλλ−χαυσε βασελινε mορταλιτψ ρατεσ τηατ ηαϖε βεεν 

προϕεχτεδ το 2030 υσινγ αν αππροαχη δεσχριβεδ ιν ΥΣ ΕΠΑ (2012).  

 

Χαλχυλατινγ ηεαλτη ιmπαχτσ 

Το θυαντιφψ τηε νυmβερ οφ οζονε−ρελατεδ δεατησ ανδ ιλλνεσσεσ, φορ εαχη ηεαλτη ενδποιντ ωε αππλιεδ 

τηε ηεαλτη ιmπαχτ φυνχτιον συmmαριζεδ ιν Ταβλε 1 βελοω. Τηισ προχεδυρε γενερατεσ χουντσ οφ 

πρεmατυρε δεατησ ανδ ιλλνεσσεσ φορ εαχη χλιmατε σχεναριο. Wε αλσο εmπλοψ α Μοντε Χαρλο αππροαχη 

το χαλχυλατε α διστριβυτιον αρουνδ εαχη ποιντ εστιmατε, υσινγ τηε στανδαρδ ερρορ ρεπορτεδ ιν εαχη 

επιδεmιολογιχαλ στυδψ; ωε ρεπορτ τηε 95τη περχεντιλε χονφιδενχε ιντερϖαλ φροm τηισ διστριβυτιον. Αλλ 

οζονε−ρελατεδ πρεmατυρε δεατησ αρε εστιmατεδ το οχχυρ ιν τηε ψεαρ 2030.  
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Παρτ 2: Συππλεmενταλ Φιγυρεσ ανδ Ταβλεσ 

Συππλεmενταλ Ματεριαλ, Ταβλε 1. Οζονε−Ρελατεδ Ηεαλτη Ενδποιντσ ανδ Στυδιεσ Ινχλυδεδ 

Ενδποιντ Στυδψ 
Στυδψ 

Ποπυλατιον 

Ρισκ Εστιmατε 

(95τη Περχεντιλε Χονφιδενχε 

Ιντερϖαλ)Α 

Πρεmατυρε δεατη  

Dαιλψ τιmε 
σεριεσ 

 

Βελλ ετ αλ. (2004) (νον−αχχιδενταλ) 

Αλλ αγεσ 

>±ρρρρυ{ρ��ρρρρσυυ� 

Ηυανγ ετ αλ. (2004) 
(χαρδιοπυλmοναρψ) 

>±ρρρρζσυ (0.000259) 

Σχηωαρτζ (2005)(νον−αχχιδενταλ) >±ρρρρϖτξ (0.000150) 

Βελλ ετ αλ. (2005)(αλλ−χαυσε) >±ρρρρ794 (0.000212) 

Ιτο ετ αλ. (2005) (νον−αχχιδενταλ) >±ρρρσσψυ (0.000239) 

Λεϖψ ετ αλ. (2005) (αλλ−χαυσε) >±ρρρσσσ{ (0.000179) 

Ηοσπιταλ Αδmισσιονσ   

Ρεσπιρατορψ 
 
 

Ποολεδ υσινγ ρανδοm/φιξεδ εφφεχτσ: 

>64 ψεαρσ 

 

Σχηωαρτζ (1995)�ΙΧD 460�519 
(αλλ ρεσπ) 

ΡΡ = 1.20 (1.06 � 1.37) περ 50 
∝γ/m3 

ΡΡ = 1.07 (1.00 � 1.15) περ 50 
∝γ/m3 

Σχηωαρτζ ( 1994α, 1994β)�ΙΧD 
480�486 (πνευmονια) 

ΡΡ = 1.22 (1.02 � 1.47) περ 50 
∝γ/m3 

Μοολγαϖκαρ ετ αλ. (1997)�ΙΧD 
480�487 (πνευmονια) 

Ινχρεασε = 5.7% (2.5% � 8.9%) περ 
15 ππβ 

Σχηωαρτζ  (1994β)�ΙΧD 491�492, 
494�496 (ΧΟΠD) 

ΡΡ=1.57 (2.06�1.020) περ 1 ππβ   

Μοολγαϖκαρ ετ αλ. (1997)�ΙΧD 
490�496 (ΧΟΠD) 

Ινχρεασε = 4.2% (−1.0% � 9.4%) 
περ 15 ππβ 

Βυρνεττ (2001) 
 

<2 ψεαρσ 
 

Ινχρεασε =  
33.0 (τ−στατιστιχ 3.44) περ 45.2 ππβ 

 

Αστηmα−ρελατεδ ΕΡ  
ϖισιτσ 

Ποολεδ υσινγ ρανδοm/φιξεδ εφφεχτσ:  

Πεελ ετ αλ. (2005) 
Αλλ αγεσ 
 

ΡΡ = 1.022 (0.996 � 1.049) περ 25 
ππβ 

Wιλσον ετ αλ. (2005) 
>±ρρσρ��ρρρ{ρ� 
>±ρρρξρ��ρρσσρ� 

Οτηερ Ηεαλτη Ενδποιντσ  

Σχηοολ αβσενχε 
δαψσ 

 

Ποολεδ εστιmατε:   

Γιλλιλανδ ετ αλ. (2001) 5�17 ψεαρσ 
Ινχρεασε = 16.3% (−2.6% − 38.9%) 
περ 20 ππβ 

Χηεν ετ αλ. (2000)   >± 0.015763454 (0.0049851) 

Μινορ 
Ρεστριχτεδ 
Αχτιϖιτψ Dαψσ 
(ΜΡΑDσ) 

 

Οστρο ανδ Ροτησχηιλδ (1989) 18�65 ψεαρσ >±ρρρψϖσ��ρρρρψρ� 

Α ςαλυεσ ιν τηισ χολυmν ρεφλεχτ τηε ινφορmατιον ρεπορτεδ βψ εαχη στυδψ. Wηεν χαλχυλατινγ ηεαλτη ιmπαχτσ, ρελατιϖε ρισκ 
εστιmατεσ ωερε συβσεθυεντλψ χονϖερτεδ το βετα χοεφφιχιεντσ.  
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Συππλεmενταλ Ματεριαλ, Ταβλε 2. Βασελινε ανδ Πρεϖαλενχε Ρατεσ φορ Ινχλυδεδ Μορβιδιτψ ανδ 
Μορταλιτψ Ενδποιντσ 

Ενδποιντ Παραmετερ 

Ρατεσ 

ςαλυε Σουρχεα 

Μορταλιτψ 
Dαιλψ ορ αννυαλ 
mορταλιτψ ρατε 

Αγε−, χαυσε−, ανδ χουντψ−
σπεχιφιχ ρατε 

Χεντερσ φορ Dισεασε 
Χοντρολ (2008)  

(ρατεσ φορ 2004�2006)  

Ηοσπιταλιζατιονσ 
Dαιλψ ηοσπιταλιζατιον 
ρατε 

Αγε−, ρεγιον−, ανδ χαυσε−
σπεχιφιχ ρατε 

Αγενχψ φορ Ηεαλτηχαρε 
Ρεσεαρχη ανδ Θυαλιτψ 
(2007) 

Αστηmα ΕΡ 
ςισιτσ 

Dαιλψ αστηmα ΕΡ ϖισιτ 
ρατε 

Αγε− ανδ ρεγιον− σπεχιφιχ 
ϖισιτ ρατε 

Αγενχψ φορ Ηεαλτηχαρε 
Ρεσεαρχη ανδ Θυαλιτψ 
(2007)  

Σχηοολ Λοσσ 
Dαψσ 

Ρατε περ περσον περ 
ψεαρ, ασσυmινγ 180 
σχηοολ δαψσ περ ψεαρ 

9.9 

ΝΧΗΣ (1996) 

Αδαmσ ετ αλ. (1999) 
Ταβλε 41 

Μινορ 
Ρεστριχτεδ−
Αχτιϖιτψ Dαψσ 

Dαιλψ ΜΡΑD ινχιδενχε 
ρατε περ περσον 

0.02137 Οστρο ανδ Ροτησχηιλδ 
(1989)  

α Ηεαλτηχαρε Χοστ ανδ Υτιλιζατιον Προγραm (ΗΧΥΠ) δαταβασε χονταινσ ινδιϖιδυαλ λεϖελ, στατε ανδ 
ρεγιοναλ−λεϖελ ηοσπιταλ ανδ εmεργενχψ δεπαρτmεντ δισχηαργεσ φορ α ϖαριετψ οφ ΙΧD χοδεσ. 

β Σεε φτπ://φτπ.χδχ.γοϖ/πυβ/Ηεαλτη_Στατιστιχσ/ΝΧΗΣ/Dατασετσ/ΝΗDΣ/. 

χ Σεε φτπ://φτπ.χδχ.γοϖ/πυβ/Ηεαλτη_Στατιστιχσ/ΝΧΗΣ/Dατασετσ/ΝΗΑΜΧΣ/. 

δ Λοωερ ρεσπιρατορψ σψmπτοmσ αρε δεφινεδ ασ τωο ορ mορε οφ τηε φολλοωινγ:  χουγη, χηεστ παιν, 
πηλεγm, ανδ ωηεεζε. 
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Συππλεmενταλ Ματεριαλ, Ταβλε 3. Εχονοmιχ υνιτ ϖαλυεσ 

 

 

Ηεαλτη Ενδποιντ 

Χεντραλ Εστιmατε οφ 

ςαλυε Περ Στατιστιχαλ 

Ινχιδενχε φορ 2024Α  Dεριϖατιον οφ Dιστριβυτιονσ οφ Εστιmατεσ 

Πρεmατυρε δεατη   

ςαλυε οφ α 
Στατιστιχαλ Λιφε 

∃9,900,000 

Τηε ΕΠΑ χυρρεντλψ ρεχοmmενδσ α χεντραλ ςΣΛ οφ ∃4.8 
mιλλιον (1990∃, 1990 ινχοmε) βασεδ ον α Wειβυλλ 
διστριβυτιον φιττεδ το 26 πυβλισηεδ ςΣΛ εστιmατεσ (5 
χοντινγεντ ϖαλυατιον ανδ 21 λαβορ mαρκετ στυδιεσ). Τηε 
υνδερλψινγ στυδιεσ, τηε διστριβυτιον παραmετερσ, ανδ οτηερ 
�����������������������������������������������������������

Γυιδελινεσ φορ Πρεπαρινγ Εχονοmιχ Αναλψσεσ (Υ.Σ. ΕΠΑ, 
2010). 

Ηοσπιταλ ϖισιτσ 

Χηρονιχ Λυνγ 
Dισεασε (18�64) 

∃22,000 

Νο διστριβυτιοναλ ινφορmατιον αϖαιλαβλε. Τηε ΧΟΙ εστιmατεσ 
(λοστ εαρνινγσ πλυσ διρεχτ mεδιχαλ χοστσ) αρε βασεδ ον ΙΧD−9 
χοδε−λεϖελ ινφορmατιον (ε.γ., αϖεραγε ηοσπιταλ χαρε χοστσ, 
αϖεραγε λενγτη οφ ηοσπιταλ σταψ, ανδ ωειγητεδ σηαρε οφ τοταλ 
χηρονιχ λυνγ ιλλνεσσεσ) ρεπορτεδ ιν Αγενχψ φορ Ηεαλτηχαρε 
Ρεσεαρχη ανδ Θυαλιτψ (2007) (ωωω.αηρθ.γοϖ).  

Αλλ ρεσπιρατορψ 
(αγεσ 65+) 

∃36,000 

Νο διστριβυτιονσ αϖαιλαβλε. Τηε ΧΟΙ ποιντ εστιmατεσ (λοστ 
εαρνινγσ πλυσ διρεχτ mεδιχαλ χοστσ) αρε βασεδ ον ΙΧD−9 
χοδε λεϖελ ινφορmατιον (ε.γ., αϖεραγε ηοσπιταλ χαρε χοστσ, 
αϖεραγε λενγτη οφ ηοσπιταλ σταψ, ανδ ωειγητεδ σηαρε οφ τοταλ 
ρεσπιρατορψ χατεγορψ ιλλνεσσεσ) ρεπορτεδ ιν Αγενχψ φορ 
Ηεαλτηχαρε Ρεσεαρχη ανδ Θυαλιτψ, 2007 (ωωω.αηρθ.γοϖ). 

Εmεργενχψ 
Dεπαρτmεντ ςισιτσ 
φορ Αστηmα 

∃430 

Νο διστριβυτιοναλ ινφορmατιον αϖαιλαβλε. Σιmπλε αϖεραγε οφ 
τωο υνιτ ΧΟΙ ϖαλυεσ (2000∃): 
(1) ∃310, φροm Σmιτη ετ αλ. (1997) ανδ 
(2) ∃260, φροm Στανφορδ ετ αλ. (1999). 

Ρεσπιρατορψ Αιλmεντσ Νοτ Ρεθυιρινγ Ηοσπιταλιζατιον 

Σχηοολ Λοσσ Dαψσ ∃98 

Νο διστριβυτιον αϖαιλαβλε. Βασεδ ον (1) τηε προβαβιλιτψ τηατ, 
ιφ α σχηοολ χηιλδ σταψσ ηοmε φροm σχηοολ, α παρεντ ωιλλ ηαϖε 
το σταψ ηοmε φροm ωορκ το χαρε φορ τηε χηιλδ, ανδ (2) τηε 
�������������������������������������� 

Μινορ Ρεστριχτεδ 
Αχτιϖιτψ Dαψσ 
(ΜΡΑDσ) 

∃69 

Μεδιαν WΤΠ εστιmατε το αϖοιδ ονε ΜΡΑD φροm Τολλεψ ετ αλ. 
(1986). Dιστριβυτιον ισ ασσυmεδ το βε τριανγυλαρ ωιτη α 
mινιmυm οφ ∃22 ανδ α mαξιmυm οφ ∃83, ωιτη α mοστ λικελψ 
ϖαλυε οφ ∃52 (2000∃). Ρανγε ισ βασεδ ον ασσυmπτιον τηατ 
ϖαλυε σηουλδ εξχεεδ WΤΠ φορ α σινγλε mιλδ σψmπτοm (τηε 
ηιγηεστ εστιmατε φορ α σινγλε σψmπτοm�φορ εψε ιρριτατιον�
ισ ∃16) ανδ βε λεσσ τηαν τηατ φορ α Wορκ Λοσσ Dαψ. Τηε 
τριανγυλαρ διστριβυτιον αχκνοωλεδγεσ τηατ τηε αχτυαλ ϖαλυε 
ισ λικελψ το βε χλοσερ το τηε ποιντ εστιmατε τηαν ειτηερ 
εξτρεmε. 
 

Α Wε αρε υναβλε το προϕεχτ χηανγεσ ιν ινχοmε βεψονδ τηε ψεαρ 2024 ανδ σο τηισ ψεαρ ισ α συρρογατε φορ 2030. 



Παγε 5 οφ 7 
 

 

Συππλεmενταλ Φιγυρε 1. Αδδιτιοναλ Οζονε−Ρελατεδ Dεατησ ιν ΓΙΣΣ/ΡΧΠ 6.0 βψ Προϕεχτεδ Ποπυλατιον  

 

 

 
 

 
 

 
Λεαστ, Μοδερατελψ ανδ Μοστ Χονδυχιϖε Ψεαρσ 

φορ Φορmινγ Οζονε  

 

ΝΧΑ 
Ρεγιον 

Αϖεραγε οφ 
Τηρεε Ψεαρσ 

Λεαστ 
(2035) 

Μοδερατελψ  
(2027) 

Μοστ 
(2025) 

ΙΧ
Λ

Υ
Σ

 Α
1
 2

0
3
0
 

Νορτηωεστ −22 −21 −17 −26 

Γρεατ Πλαινσ 21 −26 −44 132 

Σουτηωεστ 35 −53 63 95 

Μιδωεστ 41 11 −21 134 

Σουτηεαστ −23 −97 7 21 

Νορτηεαστ −16 −39 7 −15 

ΙΧ
Λ

Υ
Σ

 Β
2
 2

0
3
0
 

Νορτηωεστ −19 −19 −16 −23 

Γρεατ Πλαινσ 18 −19 −37 109 

Σουτηωεστ 31 −49 60 83 

Μιδωεστ 43 11 −21 140 

Σουτηεαστ −20 −86 2 23 

Νορτηεαστ −14 −35 4 −10 

W
ο

ο
δ

σ 
&

 Π
ο

ο
λε

 
2
0

3
0
 

Νορτηωεστ −18 −18 −16 −21 

Γρεατ Πλαινσ 13 −17 −33 90 

Σουτηωεστ 28 −49 55 79 

Μιδωεστ 37 9 −20 122 

Σουτηεαστ −21 −82 0 17 

Νορτηεαστ −10 −28 3 −5 

ΙΧ
Λ

Υ
Σ

 Α
1
 2

0
5
0
 

Νορτηωεστ −25 −24 −20 −32 

Γρεατ Πλαινσ 27 −38 −60 178 

Σουτηωεστ 51 −69 87 135 

Μιδωεστ 46 12 −25 151 

Σουτηεαστ −27 −120 14 26 

Νορτηεαστ −19 −47 10 −20 

ΙΧ
Λ

Υ
Σ

 Β
2
 2

0
5
0
 

Νορτηωεστ −23 −22 −19 −28 

Γρεατ Πλαινσ 23 −27 −47 142 

Σουτηωεστ 44 −64 82 114 

Μιδωεστ 50 13 −26 162 

Σουτηεαστ −23 −100 5 26 

Νορτηεαστ −17 −42 5 −14 
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Wισερ, Κατηι (Κατηλεεν)

Φροm: Dολωιχκ, Πατ

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:53 ΑΜ

Το: Wισερ, Κατηι (Κατηλεεν)

Συβϕεχτ: ΕΠΑ−ΧΦ−0000000094 (χοντριβυτιον αγρεεεmεντσ: 2 οφ 6)

Ηερε�σ�Αmανδα�Χυρρψ�Βροων�σ�

�

Φροm:�Αmανδα�Χυρρψ�Βροων�<αmανδα.χυρρψ≅γmαιλ.χοm>��

Σεντ:�Σατυρδαψ,�Απριλ�25,�2020�10:08�ΑΜ�

Το:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>�

Χχ:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>�

Συβϕεχτ:�Ρε:�ΣΤΑΑ�νοmινατιον�

�

Ηι�γυψσ,�

�

Απολογιεσ�φορ�νοτ�ρεπλψινγ�το�Πατ∋σ�εαρλιερ�mεσσαγε.�5%�ωορκσ�φορ�mε�ρρ�ιν�ανψ�χασε,�Ι∋m�δεφινιτελψ�συρε�Ι�διδ�σοmετηινγ�

εθυιϖαλεντ�το�∀mυχη�λεσσ�τηαν�εϖερψονε�ελσε.∀�Ι�τηινκ�Πατ�ηαδ�ασκεδ�ιφ�Ι∋δ�εϖερ�πρεϖιουσλψ�χοντριβυτεδ�το�σοmετηινγ�

νοmινατεδ�φορ�αν�ΣΤΑΑ�αωαρδ.�Ι�δον∋τ�τηινκ�Ι�ηαϖε...�Ι�τηινκ�Ι�mαναγεδ�το�αϖοιδ�δοινγ�σχιενχε�φορ�τηε�mοστ�παρτ.�

�

Γλαδ�το�ηεαρ�ψου�αρε�βοτη�δοινγ�οκ�ανδ�συρϖιϖινγ�τηε�συβροπτιmαλιτψ�οφ�2020�ασ�ωελλ�ασ�χαν�βε�εξπεχτεδ.�

�

Αmανδα�

�

Ον�Φρι,�Απρ�24,�2020�ατ�8:05�ΠΜ�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>�ωροτε:�

Ηι Αmανδα�Ι ηοπε ψου ανδ ψουρ φαmιλψ αρε ωελλ. Ι�m ϕυστ φολλοωινγ υπ ον τηατ νοτε Ι σεντ ψου εαρλιερ φροm 
mψ Γmαιλ αχχουντ. Α συπερ λονγ τιmε αγο ψου χο−αυτηορεδ τηε χλιmατε−ηεαλτη παπερ βελοω λοοκινγ ατ χλιmατε−
αττριβυταβλε οζονε ιmπαχτσ. Πατ ισ συβmιττινγ τηισ φορ αν ΣΤΑΑ αωαρδ. Ασ παρτ οφ τηε νοmινατιον προχεσσ, εαχη 
χο−αυτηορ mυστ χονφιρm ηισ ορ ηερ χοντριβυτιον το τηε παπερ. Τηε τεαm εστιmατεδ ψουρ χοντριβυτιον το βε 
5%. Ιφ τηισ ισ αχχεπταβλε το ψου, χαν ψου ρεσπονδ το τηισ ε−mαιλ το χονφιρm?�

 �

Τηανκσ,�

Νεαλ�

 �

Νεαλ�Φανν,�Χηριστοπηερ�Γ.�Νολτε,�Πατριχκ�Dολωιχκ,�Τανψα�Λ.�Σπερο,�Αmανδα�Χυρρψ�Βροων,�Σηαρον�Πηιλλιπσ�&�Συσαν�

Ανενβεργ�(2015)�Τηε�γεογραπηιχ�διστριβυτιον�ανδ�εχονοmιχ�ϖαλυε�οφ�χλιmατε�χηανγερρελατεδ�οζονε�ηεαλτη�ιmπαχτσ�ιν�

τηε�Υνιτεδ�Στατεσ�ιν�2030,�ϑουρναλ�οφ�τηε�Αιρ�&�Wαστε�Μαναγεmεντ�Ασσοχιατιον,�65:5,�570ρ580,�DΟΙ:�

10.1080/10962247.2014.996270��

 �

 �
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Νεαλ Φανν�

Ηεαλτη ανδ Ενϖιρονmενταλ Ιmπαχτσ Dιϖισιον�

Οφφιχε οφ Αιρ Θυαλιτψ Πλαννινγ ανδ Στανδαρδσ�

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ�

109 ΤW Αλεξανδερ Dριϖε (Χ539−07)�

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711�

Πηονε: (919) 541−0209�
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Wισερ, Κατηι (Κατηλεεν)

Φροm: Dολωιχκ, Πατ

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:59 ΑΜ

Το: Wισερ, Κατηι (Κατηλεεν)

Συβϕεχτ: ΕΠΑ−ΧΦ−0000000094 (χοντριβυτιον αγρεεεmεντσ: 6 οφ 6)

Ηερε�σ�Χηρισ�Νολτε�σ.��Dο�ψου�νεεδ�ονε�φροm�mε�ασ�ωελλ?�

�

Τηανκσ�φορ�αλλ�ψουρ�ηελπ�ω/�τηισ.�

�

Πατ�D.�

�

Φροm:�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�29,�2020�10:05�ΑΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Ηασ�τηερε�βεεν�ανψ�φυρτηερ�προγρεσσ�ον�τηισ�νοmινατιον?�Dο�ψου�νεεδ�σοmε�κινδ�οφ�στατεmεντ�φροm�εαχη�αυτηορ�

αχχεπτινγ�τηε�προποσεδ�αυτηορ�χοντριβυτιον�περχενταγεσ?�

�

Ιφ�σο,�τηεν�ηερε�σ�mινε:�Ι�χονχυρ�ωιτη�τηε�αυτηορ�χοντριβυτιονσ�προποσεδ�βψ�Πατ�Dολωιχκ�βελοω.�
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− 
Χηριστοπηερ Γ. Νολτε, Πη.D. | Ρεσεαρχη Πηψσιχαλ Σχιεντιστ   
ΥΣ ΕΠΑ Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ 
Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ ανδ Μοδελινγ  
109 Τ.W. Αλεξανδερ Dριϖε Ε243−01 | ΡΤΠ, ΝΧ 27711 
νολτε.χηρισ≅επα.γοϖ | 919−541−2652 
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− 

�

�

Φροm:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�10:20�ΑΜ�

Το:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�Πηιλλιπσ,�Σηαρον�

<Πηιλλιπσ.Σηαρον≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Τηανκσ�Τανψα.��Ι�δον�τ�ρεχαλλ�τηε�οριγιναλ�δισχυσσιονσ�οφ�αυτηορ�ορδερ�βυτ�τηινκ�ψουρ�χοντριβυτιον�το�παπερ�ωασ�γρεατερ�

τηαν�mινε.��Ρεγαρδλεσσ���ηοω�αβουτ:�Νεαλ�(30),�Χηρισ�(30),�Πατ�(12),�Τανψα�(13),�Αmανδα�(5),�Σηαρον�(5),�Συσαν�(5)?��

�
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Wισερ, Κατηι (Κατηλεεν)

Φροm: Dολωιχκ, Πατ

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:55 ΑΜ

Το: Wισερ, Κατηι (Κατηλεεν)

Συβϕεχτ: ΕΠΑ−ΧΦ−0000000094 (χοντριβυτιον αγρεεεmεντσ: 4 οφ 6)

Ηερε�σ�Νεαλ�Φανν�σ�

�

Φροm:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�12:00�ΠΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Ηεψ Πατ. 
 

1. Τανψα�σ προποσεδ περχενταγε χοντριβυτιον λοοκσ οκ (30% φορ mε), βυτ Ι�δ φεελ βεττερ ρεχειϖινγ α σηαρε 
νο λαργερ τηαν ανψονε ελσε. 

2. Νο ΣΤΑΑ νοmινατιονσ φορ τηε 2015−2020 περιοδ.  
3. Wε�ρε συβmιττινγ α νοmινατιον φορ τηε ωιλδφιρε παπερσ τηισ ψεαρ, ιν ωηιχη ωε ρεφερενχε φορ τηισ παπερ. 

Σεε ατταχηεδ. 
 
Ι�λλ τακε α λοοκ ατ τηε ωριτε−υπ ψου σεντ ανδ προϖιδε εδιτσ. Τηανκ ψου αγαιν φορ τακινγ τηε λεαδ ον τηισ! 
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Wισερ, Κατηι (Κατηλεεν)

Φροm: Dολωιχκ, Πατ

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:53 ΑΜ

Το: Wισερ, Κατηι (Κατηλεεν)

Συβϕεχτ: ΕΠΑ−ΧΦ−0000000094 (χοντριβυτιον αγρεεεmεντσ: 3 οφ 6)

Ηερε�σ�Σηαρον�Πηιλλιπσ.�

�

Φροm:�Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�10:53�ΠΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�

Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Ηι�Πατ,�

�

Τηανκσ�φορ�πυσηινγ�τηισ�νοmινατιον�φορωαρδ,�ασ�Ι�δο�βελιεϖε�ιτ�ισ�ωελλ�δεσερϖεδ.��Ι�αm�χοmπλετελψ�φινε�ωιτη�τηε�προποσαλ�

φορ�αλλοχατιονσ�ψου�συγγεστ�βελοω.��Ι�διδν�τ�χοντριβυτε�α�λοτ�το�τηισ�παπερ,�ηοωεϖερ,�ϖερψ�αππρεχιατιϖε�το�βε�

ινχλυδεδ.��Γρεατ�ϕοβ�ανδ�βεστ�οφ�λυχκ!�

�

Τηανκσ,�

Σηαρον�

�

Φροm:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�4:36�ΠΜ�

Το:�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Τηανκσ�Χηρισ.��Wιλλ�ινχορπορατε�αλλ�τηε�εδιτσ�ανδ�προϖιδε�mορε�ινφο�αβουτ�ΥΣΓΧΡΠ�ΧΗΑ,�ΧΙΡΑ2,�ανδ�ΝΧΑ4.��Wιλλ�ρεσενδ�α�

δραφτ�τοmορροω�(ανδ�Ι�αγρεε�τηατ�τηε�ϕυστιφιχατιον�ωριτευπσ�προβαβλψ�δον�τ�mαττερ�mυχη�ιφ�ατ�αλλ���ϕυστ�αϖοιδ�σαψινγ�

σοmετηινγ�νονρφαχτυαλ).�

�

Τανψα,�τηανκσ�φορ�σενδινγ�α�προποσαλ�φορ�αλλοχατιονσ.��Βασεδ�ον�Νεαλ�σ�χοmmεντ���ωηατ�δο�πεοπλε�τηινκ�αβουτ�τηε�

φολλοωινγ:�Νεαλ�(30),�Χηρισ�(30),�Τανψα�(15),�Πατ�(10),�Σηαρον�(5),�Αmανδα�(5),�ανδ�Συσαν�(5)?��Ιφ�νο�ονε�οβϕεχτσ,�ωιλλ�πλαν�

το�γο�ω/�τηατ.�

�

Νεαλ���χαν�ψου�βε�τηε�χονδυιτ�το�Συσαν?��Ισ�ανψονε�ιν�χονταχτ�ω/�Αmανδα?��Πλαννινγ�ον�χηεχκινγ�ω/�Κιmβερ.�

�

Φροm:�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�3:15�ΠΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Αλλ���

Α�φεω�mινορ�εδιτσ�ηερε,�προβαβλψ�υττερλψ�ινχονσεθυεντιαλ.��
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Ιτ�σ�ηαρδ�το�κνοω�ηοω�mυχη�εφφορτ�το�πυτ�ιντο�τηισ�νοmινατιον�ωριτερυπ��ειτηερ�τηε�ΣΑΒ�ρεϖιεωερσ�ωιλλ�λικε�τηε�παπερ�ανδ�

ϖαλυε�τηε�ωορκ,�ορ�τηεψ�ωον�τ.�Ι�ωον�α�λεϖελ�ΙΙ�ΣΤΑΑ�ονχε,�βυτ�ιτ�ωασν�τ�βεχαυσε�τηε�νοmινατιον�ωασ�αmαζινγ.��Νοτ�τηατ�

τηε�παπερ�ωασ�αλλ�τηατ�αmαζινγ�ειτηερ��Ι�τηινκ�ιτ�ωασ�σεεν�ασ�βεινγ�γοοδ�ανδ�ιmπορταντ�ενουγη,�ανδ�ατ�τηε�ριγητ�τιmε.�

�

�

Φροm:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�11:27�ΑΜ�

Το:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<Πηιλλιπσ.Σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Χουλδ�ψου�αλλ�ρεϖιεω/εδιτ�τηε�ατταχηmεντ�ηερε?��Ιτ�σ��ϑυστιφιχατιον�#1��ανδ�ισ�συπποσεδ�το�εξπλαιν�ηοω�τηε�νοmινατεδ�

παπερ��ρεπρεσεντσ�ρεσεαρχη�τηατ�ισ�ιννοϖατιϖε�ανδ�ιmπορταντ�ιν�αδϖανχινγ�τηε�σχιεντιφιχ�κνοωλεδγε�ορ�τεχηνολογψ�

ρελεϖαντ�το�ΕΠΑ∋σ�mισσιον���προϖιδε�α�χλεαρ�ανδ�χοmπελλινγ�εξπλανατιον�οφ�τηε�ρελεϖανχε,�ανδ�ιmπαχτ�οφ�τηε�ρεσεαρχη�το�

ΕΠΑ∋σ�mισσιον.��

�

Ι�υσεδ�α�πρεϖιουσ�ϕυστιφιχατιον�τηατ�Νεαλ�προϖιδεδ�ασ�α�γενεραλ�γυιδε.��Ασ�ψου�λλ�σεε,�mοστλψ�λινκεδ�ουρ�ωορκ�το�τηε�ΕΠΑ�

mισσιον�ιν�τηε�χοντεξτ�οφ�ροβυστ�ρισκ�ασσεσσmεντ�σχιενχε�τηατ�ινφορmσ�ΝΑΑΘΣ�ατταινmεντ.��Αm�οπεν�το�οτηερ�διρεχτιονσ�

ορ�περηαπσ�mυλτιπλε�διρεχτιονσ.��Λιγητλψ�εδιτεδ�σοmε�χυτ/παστε�φροm�τηε�παπερ�ω/�κεψ�ρεσυλτσ�ανδ�ωηατ�mαδε�τηισ�παπερ�

υνιθυε.��Αλσο�χυτ/παστε�φροm�ΕΠΑ�στρατεγιχ�γοαλσ�δοχυmεντ�ωηερε�αππροπριατε.�

�

Πλεασε�εδιτ�ασ�νεεδεδ.��Τηισ�ϕυστιφιχατιον�ονλψ�υσεσ�αρουνδ�4Κ�οφ�τηε�αλλοχατεδ�16Κ,�σο�φεελ�φρεε�το�αδδ.�

�

Τηανκσ.�

�

Φροm:�Dολωιχκ,�Πατ��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�10:33�ΑΜ�

Το:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�

Πηιλλιπσ,�Σηαρον�<πηιλλιπσ.σηαρον≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Ψεσ.��Αm�ιν�τηε�mιδδλε�οφ�τηισ�νοω.��Ηοπε�το�ηαϖε�σοmε�ϕυστιφιχατιονσ�φορ�τηε�τεαm�το�ρεϖιεω�λατερ�τοδαψ.���

�

Ιν�τηε�ιντεριm,�1)�στιλλ�λοοκινγ�φορ�ιδεασ�ον�περχενταγε�χοντριβυτιον;�2)�πλεασε�σενδ�mε�α�λιστ�οφ�τηε�πρεϖιουσ�5�ψεαρσ�οφ�

ΣΤΑΑ�νοmινατιονσ�ανδ�ασσοχιατεδ�πυβλιχατιονσ�φορ�εαχη�ΕΠΑ�οφ�ψου���λιστ�σηουλδ�βε�σηουλδ�ινχλυδε�πυβλιχατιον�τιτλε,�ψεαρ,�

ανδ�αωαρδ;�ανδ�3)�ιφ�ψου�ηαϖε�ανοτηερ�παπερ�βεινγ�νοmινατεδ�τηισ�ψεαρ,�πλεασε�σενδ�mε�τηε�ινφορmατιον�ον�τηατ.���

�

Ι�λλ�προβαβλψ�ηαϖε�mορε�ρεθυεστσ�ασ�ωε�γο.�

�

Τηανκσ!�

�

Φροm:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>��

Σεντ:�Wεδνεσδαψ,�Απριλ�22,�2020�10:26�ΑΜ�

Το:�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>;�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Πατ ανδ Νεαλ � 

 

Dο ψου γυψσ νεεδ mε το δο ανψτηινγ φορ τηισ? 

 

Τανψα 
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Φροm:�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>��

Σεντ:�Φριδαψ,�Απριλ�17,�2020�2:40�ΠΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

#8�Ιντεγρατεδ�ρισκ�ασσεσσmεντ�σουνδσ�γοοδ�το�mε.�Ι�τηινκ�#9�χοννοτεσ�ρεσεαρχη�ον�τηε�εφφιχαχψ�οφ�ενϖιρονmενταλ�πολιχιεσ,�

ρατηερ�τηαν�ρεσεαρχη�τηατ�mιγητ�ινφορm�α�φυτυρε�πολιχψ,�ιν�σοmε�αλτερνατε�υνιϖερσε�ωηερε�τηερε�ωερε�αν�Αδmινιστρατιον�

τηατ�χαρεδ�αβουτ�σχιενχε�ορ�τηε�ενϖιρονmεντ.�

�

Φορ�ωηατ�ιτ�σ�ωορτη,�mψ�2008�ϑΓΡ�παπερ�ωασ�συβmιττεδ�υνδερ�Τρανσπορτ�ανδ�Φατε.�Βυτ�ιτ�διδν�τ�ηαϖε�ανψ�ηεαλτη�

χοmπονεντ.�

�

Φροm:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>��

Σεντ:�Φριδαψ,�Απριλ�17,�2020�2:02�ΠΜ�

Το:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Τηανκσ�Νεαλ.��Ι�λλ�γετ�ιν�τουχη�ω/�Κατηι.��Αm�γοοδ�ω/�#8.�

�

Φροm:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>��

Σεντ:�Φριδαψ,�Απριλ�17,�2020�1:56�ΠΜ�

Το:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Τηε προχεσσ ισ πρεττψ δρεαδφυλ. Ι ϕυστ γοτ αδδεδ ασ α ΒΑΠ υσερ εαρλιερ τηισ ωεεκ, ανδ ονλψ αφτερ χονταχτινγ Κατηι 
Wισερ, ωηο ισ τηε ΣΤΑΑ χοορδινατορ. Αλσο, προ τιπ�Ι δισχοϖερεδ τηατ τηε λιβραρψ ωιλλ σεαρχη νεωσ αρτιχλεσ φορ 
ανψ mεντιον οφ α γιϖεν παπερ. Τηισ ινφορmατιον χαν χοmε ιν ηανδψ ωηεν δεmονστρατινγ τηε ρελεϖανχε οφ τηε 
ωορκ.  
 
Ι τηινκ τηατ #8 mιγητ βε α βεττερ φιτ γιϖεν τηατ τηισ ωορκ ινφορmεδ τηε Χλιmατε Ηεαλτη Ασσεσσmεντ. #8 αλσο χαλλσ 
ουτ ρισκ ασσεσσmεντσ ιν παρτιχυλαρ. Συβmιττινγ τηε mανυσχριπτ υνδερ #9, βψ χοντραστ, ωουλδ ιmπλψ τηατ χλιmατε 
σχιενχε ινφορmσ Αγενχψ πολιχψ.  
 
Τηανκσ φορ τακινγ τηε λεαδ ον τηισ! 
 
−Νεαλ 
 

Φροm:�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>��

Σεντ:�Φριδαψ,�Απριλ�17,�2020�1:02�ΠΜ�

Το:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>;�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�

�

Ηεψ,�σο�Ι�ηαϖεν�τ�τοταλλψ�φοργοττεν�τηισ.��Ι�αm�ον�δαψ�3�οφ�συπερφυν�τιmεσ�τρψινγ�το�γετ�ρεγιστερεδ�ασ�α�ΒΑΠ�προϖισιον�υσερ.��Ι�

τηινκ�τηισ�ισ�στεπ�1�οφ�50,�σο�αm�προβαβλψ�ριγητ�ον�παχε.��(Σεριουσλψ,�αm�συρε�χαν�γετ�τηισ�συβmιττεδ�ον�τιmε.)�

�

Τωο�θυεστιονσ:�

1) Ανψ�τηουγητσ�ον�τηε�ρεχορδ�οφ�περχενταγε�αγρεεmεντ?��Ι�m�φινε�ω/�5%.��Wουλδ�γυεσσ�Σηαρον,�Αmανδα,�ανδ�

Συσαν�ωουλδ�βε�οκ�ω/�τηατ�αλλοχατιον�ασ�ωελλ.��(Ισ�τηατ�χορρεχτ�τηατ�νονρΕΠΑ�ερσ�στιλλ�γετ�αν�αλλοχατιον?)��Τηατ�

ωουλδ�λεαϖε�ψου�αλλ�το�διϖϖψ�υπ�τηε�80%.�

2) Ανψ�τηουγητσ�ον�ωηιχη�οφ�τηε�14�χατεγοριεσ�το�συβmιτ�τηισ?��Νονε�αρε�α�περφεχτ�φιτ.��Ι�m�λεανινγ�τοωαρδ�#9�βυτ�

χαν�σεε�α�χασε�φορ�#8.��Οτηερ�συγγεστεδ�χατεγοριεσ�αρε�ωελχοmε�ασ�ωελλ.�
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�

#9�Ενϖιρονmενταλ�Πολιχψ�ανδ�DεχισιονρΜακινγ�Στυδιεσ�(ΕΠ):�Τηισ�χατεγορψ�χοϖερσ�ρεσεαρχη�περταινινγ�το�ΕΠΑ∋σ�πολιχψ�

φορmυλατιον�ανδ�ρεγυλατορψ�ανδ�ενφορχεmεντ�ρεσπονσιβιλιτιεσ.�Ιτ�σπεχιφιχαλλψ�ινχλυδεσ�ενϖιρονmενταλ�πολιχψ,�

ενϖιρονmενταλ�ϕυστιχε,�αντηροπολογψ,�πσψχηολογψ,�σοχιολογψ,�δεχισιον�mακινγ,�εχονοmιχσ,�υρβαν�ανδ�χοmmυνιτψ�

πλαννινγ,�τρανσπορτατιον,�ανδ�λανδρυσε�πλαννινγ.��

�

#8�Ιντεγρατεδ�Ρισκ�Ασσεσσmεντ�(ΙΡ):�Τηισ�χατεγορψ�χοϖερσ�ρεσεαρχη�(οβσερϖατιον,�εξπεριmενταλ,�ανδ�τηεορετιχαλ)�διρεχτεδ�

τοωαρδσ�τηε�γοαλ�οφ�ιντεγρατινγ�ηυmαν�ηεαλτη�ανδ�εχολογιχαλ�ρισκ�ασσεσσmεντ�mετηοδσ�ανδ�αναλψσισ.�Ιτ�ινχλυδεσ�προχεσσεσ�

ανδ�mοδελινγ�ρεσεαρχη�φορ�δεϖελοπινγ�τηε�mοδελσ�το�υνδερστανδ,�πρεδιχτ,�ανδ�ασσεσσ�τηε�χυρρεντ�ανδ�προβαβλε�φυτυρε�

εξποσυρε�ανδ�ρεσπονσε�οφ�εχοσψστεmσ�το�mυλτιπλε�στρεσσορσ�ατ�mυλτιπλε�σχαλεσ.�Ιτ�αλσο�ινχλυδεσ�ρισκ�ασσεσσmεντ�ρεσεαρχη�

φορ�δεϖελοπινγ�ανδ�αππλψινγ�ασσεσσmεντ�mετηοδσ,�ινδιχεσ,�ανδ�γυιδελινεσ�φορ�θυαντιφψινγ�ρισκ�το�τηε�συσταιναβιλιτψ�ανδ�

ϖυλνεραβιλιτψ�οφ�εχοσψστεmσ�φροm�mυλτιπλε�στρεσσορσ�ατ�mυλτιπλε�σχαλεσ.�

�

�

Φροm:�Σπερο,�Τανψα�<Σπερο.Τανψα≅επα.γοϖ>��

Σεντ:�Τυεσδαψ,�Απριλ�07,�2020�10:48�ΑΜ�

Το:�Φανν,�Νεαλ�<Φανν.Νεαλ≅επα.γοϖ>;�Dολωιχκ,�Πατ�<Dολωιχκ.Πατ≅επα.γοϖ>;�Νολτε,�Χηρισ�<Νολτε.Χηρισ≅επα.γοϖ>�

Συβϕεχτ:�ΣΤΑΑ�νοmινατιον�φορ�Φανν�ετ�αλ.,�ϑΑWΜΑ,�2015???�
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-096

Research Category Primary: Integrated Risk Assessment (IR)

Research Category Secondary: Environmental Policy and Decision-Making Studies (EP)

Laboratory/Office Name: ORD

Nomination Entered By: James Lazorchak

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Kevin Oshima

Nominating Official Title: BIOLOGIST

Nominating OfficialEmail: oshima.kevin@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

This nomination package details the comprehensive results of important risk estimates to many high profile
organic and inorganic pollutants in a food source for both humans and wildlife. The first nominated paper

pollutants inprovides extensive analytical results and risk estimates for a wide range of 50 persistent organic 
fish tissue, including 21 PCB congeners, 8 PBDE congeners, and 21 organochlorine pesticides, “Statistical

Survey of Persistent Organic Pollutants: Risk Estimations to Humans and Wildlife through Consumption of

” (Angela Batt, John B. Wathen, James M. Lazorchak, Anthony R. Olsen, ThomasFish from U.S. Rivers

Kincaid). The second nominated paper, “A national statistical survey assessment of mercury concentrations in

fillets of fish collected in the U.S. EPA national rivers and streams assessment of the continental USA (John
B. Wathen, James M. Lazorchak, Anthony R. Olsen, Angela Batt), is the corresponding assessment of
mercury (Hg) contamination in fish fillet tissue.

These risk estimates were conducted as part of the 2008–2009 National Rivers and Streams Assessment
(NRSA). The NRSA is a survey of rivers in the 48 conterminous United States used to characterize a broad
range of stream water quality, biological, and ecological attributes of U.S. rivers. This powerful, statistically
based survey included 540 sites (541 for Hg), with the sites being designated as urban or non-urban based on
their inclusion in urban areas. The survey is nationally-representative of the class of waters sampled, with
those rivers sampled being 5th order and greater rivers that are boatable. In addition to the risk estimates to so
many important contaminant groups, these publications provide one of the largest publicly available data sets
for fish tissue concentrations for a very large list of high profile, carcinogenic POPs and organochlorine
pesticides. The analytes were described in separate publications because organic and inorganic compounds
would be expected to behave quite differently.  

The statistical design of this study also produces nationally representative assessment results for three ECO
regions each of three National Aquatic Resource Assessment (NARS) ecoregions: West and Mountains
(WMTS), Plains and Lowlands (PLNLOW), and Eastern Highlands (EHIGH), in addition to the urban and
non-urban subgroups. The statistical framework of the study was designed and published previously by two of
the authors, Anthony Olsen and Thomas Kincaid. At each sampling site, multiple fish were collected to form
a fish fillet tissue composite. Each sampling site has a weighting factor, and the concentrations of each
contaminant determined in the composite fish tissue can be used to provide a national projection of the
percent of the types of streams sampled that exceed a given human health criteria value (such as cancer),
wildlife criteria value, or aquatic life thresholds, and is expressed as a percentage of stream miles. Results
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were used to both estimate contaminant exposures to humans and wildlife that consume fish, and to examine
fish tissue contaminant concentration results and patterns between the urban and non-urban sampling
locations, and the three ECO regions.

Human Health, Wildlife, and Aquatic Life Risk Estimates

The work conducted in the National Aquatic Resource Surveys, including NRSA, is critical to the mission of
the U.S. EPA and supports the Clean Water Act. Supporting populations of fish for human consumption is a
primary goal, but the place of fish in the ecological system of waterbodies and in the food webs that exist is
also essential to the national environmental health. In many activities at EPA, human and ecosystem health
are treated separately, and with good reason. However, there are common threads to the effects of
contamination of aquatic life food webs and human exposure. None of the compounds assessed in these
studies are beneficial to either humans or wildlife. A large novelty of this body of work is that it explores the
exposure of both human and wildlife/aquatic life from the same set of data. Fish fillet composites were
analyzed, because human exposure is based on consumption of fish fillets. Documented conversion factors
were then used to translate fish fillet concentrations into whole fish estimates for the assessment of wildlife
and aquatic life impacts. The variety of compounds involved partition differently into the various parts of fish,
and fish vary by species. Accordingly, conversions had to be at least specific to the pollutant group, and
involved some informed approximations. Nevertheless, distinctions between human and wildlife exposure
were pronounced and informative. The application of appropriate human health and aquatic life criteria to
these data resulted in a rare One Health assessment of the contaminant environment of U.S. river habitats and
fish.

The survey results were highly informative. Even though PCBs have been banned for decades, they were
found in over 93% of samples and exceeded human health cancer screening values in 48% of the national
sampled population of river miles, and in 70% of the urban sampled population. PBDEs (92.0%), chlordane
(88.5%) and DDT (98.7%) were also detected frequently, although at lower concentrations. Dieldrin was
found in 71% of samples, and exceeded human health cancer screening values in 32% of the sampled
population. Mercury was detected in every single sample, and found to exceed the fish-tissue based water
quality criterion for mercury in over 25% of the sampled population of river miles.  In contrast to the human
health risk estimates, the PBDEs (minks) and total DDT and chlordane (kingfisher birds) were estimated to be
more of a risk to these species of wildlife because of their higher respective sensitivities to these compounds,
which shows the importance of the wildlife assessment.
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Subpopulations and Regional Differences

Sample populations were examined in the five additional subpopulations (urban, non-urban, eastern
highlands, plains and lowlands, and west and mountains), to determine any patterns of exposure or regional
differences. The concentrations of organic contaminants in fish tissue across the country varied markedly by
region, and was indicative of the variation in land use and environmental history. Industrial chemicals (PCBs)
were found in industrial areas (eastern highlands) and pesticides were detected in fish samples from the plains
and lowlands. Among organic chemicals, the elevated concentrations of PCBs in the urban samples are
notable. In contrast to the regional differences observed for organics, mercury was found to be ubiquitous.
Because much of the distribution of mercury is in large part by atmospheric deposition, distribution across the
U.S. as evidenced by fish tissue concentrations was found to vary little by ecoregion. 

Co-occurrence of contaminants

Even before statistical analysis of the data, it was evident that many samples contained elevated
concentrations of more than one organic contaminant.  The combined effects of multiple contaminants and
complex chemical mixtures is often poorly defined in the scientific literature. Co-occurrence of the different
contaminant groups was investigated, and was described as two or more compounds being present in a given
tissue sample at concentrations above their respective medians. Results revealed that the most common mode

-occurrence (fish from 32% of river sites with concentrations above the median for any compound) wasof co
for all four compound groups (PCBs, PBDEs, DDTs, Chlordanes) to co-occur at concentrations above their
respective weighted medians. The rarity was for these contaminants to occur singly above the median
concentrations as was the case for PCBs in only 4% of the samples. Essentially, application of this analysis
demonstrates that there is almost no such thing as exposure to a single contaminant in fish tissue.

Additionally, we are including two papers as supporting evidence of the co-occurrence of contaminants, in
this case contaminants of emerging concern (CECs), PFAS and Pharmaceuticals analyzed in a subset of the
same composite fish tissue samples as Mercury and the legacy organics. The first paper is:
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Stahl, LL, Blaine D. Snyder, Anthony R. Olsen, Thomas M. Kincaid , John B. Wathen, Harry B. McCarty.
(2014) Perfluorinated compounds in fish from U.S. urban rivers and the Great Lakes. Science of the Total
Environment 499 (2014) 185–195. http://dx.doi.org/10.1016/j.scitotenv.2014.07.126

This paper is offered as a supporting document to the articles nominated as described above. The urban 164
samples from the 2008-2009 NRSA were also analyzed for a suite of 13 perfluorinated compounds. Analyses
were limited to these sites for budgetary reasons, but targeting the urban sites seemed appropriate in that it
still achieved a national distribution of sites that were considered more likely to be impacted by sources of
these then-emerging compounds. With the comprehensive assessment of legacy organic compounds available
for the same samples, results of PFAS analyses turned the page from legacy challenges to current and future
challenges. Also included in this supporting paper are the results of analyses of samples from 157 nearshore
Great Lakes sites collected as part of the National Coastal Condition Assessment. These two sets of data
focused Agency attention on the emerging nature of PFAS contamination of fish. The pervasive nature of
PFAS in both the NRSA and Great Lakes samples is consistent with other research, and its presence and the
presence of substantial concentrations of other long-chain PFAS (PDFA, PFUnA, PFDoA) mark the way to
future exposure assessment challenges. This paper is authored by Leanne Stahl, who managed the NRSA and
NCCA studies, along with Anthony Olsen, Thomas Kincaid, and John Wathen, who are co-authors on the
nominated papers.

The second paper is:

Belinda Huerta, Sara Rodriguez-Mozaz, Jim Lazorchak, Damia Barcelo, Angela Batt, John Wathen, Leanne
Stahl. 2018. Presence of pharmaceuticals in fish collected from urban rivers in the U.S. EPA 2008–2009
National Rivers and Streams Assessment. Sci Tot Environ. 634, 542-549.

This paper was a collaboration between Dr. Damia Barcelo’s lab, Sara Rodriguez-Moraz, Belinda Huerta,
 ORD, and OW. Dr Huerta, Sara and Damia previous published a method for measuring pharmaceuticals in
fish tissue in 2013. About 6 of the 20 pharmaceuticals included in the fish tissue method were also included in
EPA’s pharmaceutical assessments of surface water and wastewater. A small subset of 25 fish homogenates
the 2008-2009 NRSA survey urban sites were prioritized based on the highest concentrations found in urban

http://dx.doi.org/10.1016/j.scitotenv.2014.07.126
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waters, and were analyzed for the presence of those 20 pharmaceuticals. This allowed us to include another
high priority emerging contaminant analysis to the suite of fish tissue analytes, and 13 of the 20
pharmaceuticals were detected in at least one fish tissue sample.

Authors for both articles gave their permission for us to use their publications as supporting evidence. In the
future as cumulative risk assessment science matures, it will be possible to use the results of all four papers to
retrospectively investigate the risk of humans and wildlife consuming fish with multiple contaminants.

The 2008-2009 NRSA survey is the first NRSA, with a second conducted in 2013-2014, and a third sampling
conducted in 2018-2019. The results of this first survey provided EPA decision makers with the important
information needed to determine which chemical indicators should be included in the future national surveys
by providing a baseline on the current state of many important pollutants in the U.S. With so much research
effort being invested in emerging contaminant analysis, persistent organic pollutants and mercury are often
overlooked. This survey demonstrates that even decades after many of these highly potent, carcinogenic
compounds are no longer in use, they are still found at significant levels of concern in food sources. This work
also shows that future research for these legacy contaminants is still highly important, especially from the
perspective of complex chemical mixtures and investigating multiple routes of exposure. The full data set,
including the analytical concentrations of each analyte in each sample, was also published along with the
journal articles to encourage future data mining and provide other academic, government, and industry
scientists with one of the largest publicly available data sets for these important environmental contaminants. 

Justification 2A:

Neither of the papers included in this nomination, or the two supporting papers, have been nominated in
previous years. This nomination describes results from the same sample sets collected in the same national
survey, however, the two analyte groups were described in separate publications for several reasons. The first
reason was the sheer volume of the data generated for over 50 contaminants and in-depth data analysis for so
many different contaminant groups. With 540 sampling locations (541 samples for Hg) and 5 subpopulations,
whether for one analyte (Hg) or 50 persistent organic pollutants (POPs), presenting, analyzing, and
interpreting results of dissimilar compounds, the authors and EPA managers agreed that a single publication
would not be feasible. As a second more practical consideration, the Hg samples could be and were analyzed
in relatively short timeframe and were available for statistical analysis and interpretation at a much sooner
date. Accordingly, the Hg paper was completed and submitted in July of 2014 and was available online in
November. The manuscript for the organics paper required a much more complicated, time-consuming
analytical and data analysis, and was published in the Journal of Environmental Science and Technology in
February of 2017. The results of the two publications are complimentary and do build upon each other. The
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statistical methodologies used for the analysis of the analytical data were the same, with the exception of the
co-occurrence analysis performed in the organics paper. The papers each have a distinct character which
reflects the contrasting nature of the contaminants and the different role of the respective authors on the team.

Justification 2B:

Angela Batt

2019 Level II STAA

Nationwide study on the prevalence and potential health effects of contaminants of emerging concern in
drinking water

1)    Nationwide reconnaissance of contaminants of emerging concern in source and treated drinking waters of
, Science of the Total Environment, 2017the United States

2)    Comparison of in vitro estrogenic activity and estrogen concentrations in source and treated waters from
, Science of the Total Environment, 201725 US drinking water treatment plants

3) , Science of    Per-and polyfluoroalkyl substances in source and treated drinking waters of the United States
the Total Environment, 2017

 

2016 Level III STAA

1) Evaluating the Extent of Pharmaceuticals in Surface Waters of the United States using a National-Scale    

Rivers and Streams Assessment Survey, Environmental Toxicology and Chemistry, 2016

2) Concentrations of Prioritized Pharmaceuticals in Effluents from 50 Large Wastewater Treatment Plants in    

the US and Implications for Risk Estimation, Environmental Pollution, 2014

John Wathen

              No previous nominations

https://www.sciencedirect.com/science/article/pii/S0048969716326894
https://www.sciencedirect.com/science/article/pii/S0048969716326894
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Jim Lazorchak

2016 STAA Award Level II

3) Part 1: Laboratory Culture of Centroptilum triangulifer (Ephemeroptera:Baetidae) using a Defined Diet of    

Three Diatoms. Published in Chemosphere.

4) Part 2: Sensitivity Comparisons of the Mayfly Centroptilum triangulifer to Ceriodaphnia dubia and    

Daphnia magna using Standard Reference Toxicants: NaCl, KCl and CuSO4. Published in Chemosphere.

5) Elevated Major Ion Concentrations Inhibit Larval Mayfly Growth and Development. Published in    

Environmental Science & Technology.

2016 Level III STAA

6) Evaluating the Extent of Pharmaceuticals in Surface Waters of the United States using a National-Scale    

Rivers and Streams Assessment Survey, Environmental Toxicology and Chemistry, 2016

7) Concentrations of Prioritized Pharmaceuticals in Effluents from 50 Large Wastewater Treatment Plants in    

the US and Implications for Risk Estimation, Environmental Pollution, 2014

Anthony Olsen

2016 Level III STAA

1) Evaluating the Extent of Pharmaceuticals in Surface Waters of the United States using a National-Scale    

Rivers and Streams Assessment Survey, Environmental Toxicology and Chemistry, 2016

2) Concentrations of Prioritized Pharmaceuticals in Effluents from 50 Large Wastewater Treatment Plants in    

the US and Implications for Risk Estimation, Environmental Pollution, 2014

Tom Kincaid

2016 Level III STAA

1) Evaluating the Extent of Pharmaceuticals in Surface Waters of the United States using a National-Scale    

Rivers and Streams Assessment Survey, Environmental Toxicology and Chemistry, 2016
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2) Concentrations of Prioritized Pharmaceuticals in Effluents from 50 Large Wastewater Treatment Plants in    

the US and Implications for Risk Estimation, Environmental Pollution, 2014

Justification 2C:

Four of the authors of this nomination (Angela Batt, Jim Lazorchak, Anthony Olsen, and Tom Kincaid)
submitted a nomination for two papers in 2016 that detailed the results of national surveys of effluent and
surface water for pharmaceuticals for human prescription use, as identified in 2B. The first paper included in
that 2016 nomination, “Evaluating the Extent of Pharmaceuticals in Surface Waters of the United States using
a National-Scale Rivers and Streams Assessment Survey” did include samples also collected in the 2008-2009
NRSA survey, however, this paper differs from the current nomination substantially. First, the analyte groups
were completely different with very different environmental implications and behaviors. Pharmaceuticals are
in the group of emerging contaminants with much to be studied regarding their environmental effects, while
persistent organic pollutants are known carcinogens, and many are already withdrawn or regulated. This
meant that the resulting information would be used by decision makers in a very different context, and the
results would have to be interpreted separately. Second, the pharmaceutical survey was conducted in an
entirely different matrix, with the results reported in that 2016 Level III STAA award only being for surface
water, and not fish tissue. This also resulted in the analytical analysis for the POPs and pharmaceuticals being
conducted using very different analytical methodology. And third, the pharmaceutical analysis in surface
water was only performed on a smaller subset of the sampling sites (the 150 urban rivers only), and not the
full 540 sites included with the POPs and Hg fish tissue surveys. Therefore, there was no data analysis for
urban vs non-urban sub-populations, or the three ECO region groups for the pharmaceuticals. For these
reasons, it made much more sense to include the results of the surface water survey with the wastewater
survey, as the results of those two studies combined were part of a very important chemical prioritization
process for pharmaceuticals in environmental waters. Additionally, John Wathen, was not included as an
author on the pharmaceutical paper, but is the first author of the Hg paper, and the second author for the POPs
paper. His substantial contribution and expertise in the area of these legacy contaminants applied to this
current nomination package is another example of how different these papers really are.

Angela Batt was also included on a 2019 Level II STAA award that presented further research on
pharmaceuticals and other emerging contaminants in drinking water. With none of the other four authors of
this current nomination being included in that work, and the focus of the work again being pharmaceuticals in
drinking water, her 2019 Level II STAA award and this nomination are significantly different.

Jim Lazorchak was included on a 2016 Level II STAA award for the development of a Mayfly method.
Again, with none of the other four authors of this current nomination being included in that work, and the
focus of that work being in a very different discipline of science altogether (biology vs analytical chemistry),
his 2016 Level II STAA award and this nomination are completely unrelated.  
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Justification 2D:

None of the supplemental information has been included in previous nominations.

Justification 2E:

There are no concurrent nominations by the authors on this nomination.

Justification 3A:

The paper “Statistical Survey of Persistent Organic Pollutants: Risk Estimations to Humans and Wildlife

through Consumption of Fish from U.S. Rivers was published in the ” Journal of Environmental Science and

, which has long been considered one of the top journals in the field of EnvironmentalTechnology (ES&T)

Science, with a current impact factor of 7.149 and cited half-life of 7.8. The journal is published by the
American Chemical Society and is highly selective with only a 35% acceptance rate, and seeks to publish
papers that are particularly significant and original. is currently the second ranked journal in theES&T 

Environmental Sciences by Google Scholar, with an H-5 index of 132, second only to Nature Climate Change

(also with an H-5 index of 132). The Altmetrics provided by the American Chemical Society for this
publication track a range of online sources and social media to help researchers monitor and report the
attention surrounding their work. This  paper has an Altmetric Attention Score of 15, which places it inES&T

the top 25% of all research outputs scored by Altmetric. It ranks with a high Attention Score compared to
outputs of the same age (being in the 86th percentile), and was shared on Twitter in more than six different
countries. The article has been viewed on the  website alone over 1080 times, and so far has been sitedES&T

20 times, according to Google Scholar. With the time it takes for research of this complexity to be completed
(persistent organic pollutants and pesticides in fish tissue), we expect the citations for the relatively newly
published paper to increase in time.

The paper “A national statistical survey assessment of mercury concentrations in fillets of fish collected in the

U.S. EPA national rivers and streams assessment of the continental USA” was published in the , Chemosphere

which is another well respected journal in the field of Environmental Science, with a current impact factor of
5.108 and cited half-life of 6.7. The journal is published by Elsevier and is also selective, with a 71%
acceptance rate. is currently the ninth ranked journal in the Environmental Sciences by GoogleChemosphere 

Scholar, with an H-5 index of 91. This paper has been cited 17 times so far.

Because of the relevance of the NRSA 2008-2009 fish tissue papers, James Lazorchak was asked to
participate in an advisory group to design and put content into EPA’s “Fish and Shellfish Advisory and Safe
Eating Guidelines” website.  
https://www.epa.gov/choose-fish-and-shellfish-wisely/fish-and-shellfish-advisories-and-safe-eating-guidelines

https://www.epa.gov/choose-fish-and-shellfish-wisely/fish-and-shellfish-advisories-and-safe-eating-guidelines
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In addition to journal metrics, attached to this nomination are two letters of support. The first is from Lisa
Larimer and Shari Barash of the Office of Water at the U.S. EPA. They discuss the significance of the
contribution of these two journal articles to both the EPA and its decision-making process, and to the

scientific community as well Shari Barash is the Chief of the National Branch in the Standards and Health 
Protection Division of the Office of Science and Technology in the Office of Water. She is responsible for
much of the Water Quality Standards program and assumed responsibility for the EPA Fish Program and
Recreational Waters program with the elimination of the Fish Shellfish, Beaches, and Outreach Branch in
2015. Within her branch, Lisa Larimer is the Team Leader of the Fish and Beach Team with responsibility of
the Fish Advisory Program, Fish Tissue Contaminant Program (under which these studies were conducted),
and EPA’s BEACH Program which oversees beach monitoring grants, WQ and advisory data collection, and
liaison with EPA regional beach coordinators. The second is from Dr. Derik Muir Dr. Muir who is a Senior
Research Scientist and Section Head at Environment Canada - Priority Contaminants Fate and
Bioaccumulation at Environment Canada. Dr. Muir is well known internationally as an expert in the
distribution, fate and bioaccumulation of priority substances. He has conducted studies on new contaminants
in Great Lakes fish, food webs and waters including areas of concern in support of lake area management
plans, as well as examined chemical fate and exposures of fish and wildlife in tropical environments as part of
global assessments and as a means of supporting training and capacity building in developing countries. Dr.
Muir is also Associate Editor, Environmental Chemistry, Environmental Chemistry and Toxicology journal
(since 1999).

Justification 3B:

Both papers underwent an intensive internal and external review process prior to publication. Due to the
nature of the work and these papers providing risk estimates in a food source for many high profile, cancer
causing contaminants, the papers underwent a more extensive internal EPA review, but outside of the Office
of Research and Development. For example, the paper “Statistical Survey of Persistent Organic Pollutants:
Risk Estimations to Humans and Wildlife through Consumption of Fish from U.S. Rivers” was reviewed by
14 people, including all authors, team members, an internal technical review, extensive QA reviews, and at
least four different management reviews, before it was even submitted to The Journal of Environmental

. As mentioned in the response to Question 3A,  is an especiallyScience and Technology (ES&T) ES&T

selective journal, with only a 35% acceptance rate. It was the first journal this paper was submitted to and was
accepted with the first submission after revisions. There were extensive comments from four reviewers, most
of which were very supportive of publishing the work but wanted additional analysis of the extensive amount
of data that was unfortunately outside of the scope and length requirements of the article. We were able to
successfully respond to comments (a response that required 14 pages of text), and the article was accepted
quickly without further review. The mercury paper, “A national statistical survey assessment of mercury
concentrations in fillets of fish collected in the U.S. EPA national rivers and streams assessment of the
continental USA” was submitted to  as a first-choice journal after internal EPA review.Chemosphere

Chemosphere also included a peer review with two peer reviewers prior to publication, and this manuscript
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did require major revisions. In all, 39 comments and authors’ responses were tabulated, with 24 comments
resulting in changes, additions to, or deletions from the manuscript. We were able to successfully address all
reviewers’ comments, and the revised manuscript was re-submitted to Chemosphere and was accepted for
publication on 11-2-14. 
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A national statistical survey assessment of mercury concentrations
in fillets of fish collected in the U.S. EPA national rivers and streams

assessment of the continental USA

John B. Wathen a,⇑, James M. Lazorchak b,1, Anthony R. Olsen c,2, Angela Batt b,1

aU.S. Environmental Protection Agency, OW/Office of Science and Technology, 1200 Pennsylvania Avenue, NW (MC4305T), Washington, DC 20460, United States
bU.S. Environmental Protection Agency, Office of Research and Development, 26 W. Martin Luther King Drive, Cincinnati, OH 45268, United States
cU.S. Environmental Protection Agency, ORD Western Ecology Division, 200 S.W. 35th Street, Corvallis, OR 97333-4902, United States

h i g h l i g h t s

� Hg fish tissue results from 541 U.S. sites on =>5th order streams in 2008–2009.

� Site selection was probabilistic and nationally-representative.

� 25.4% (137 sites, 13071 river miles, (21036 km)) > 300 ug kg�1 HH and WV thresholds.

� No difference observed between results from urban vs. non-urban sites or among three eco-regions.

� Most exceedances in top predator species.
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a b s t r a c t

The U.S. EPA conducted a national statistical survey of fish fillet tissue with a sample size of 541 sites on

boatable rivers =>5th order in 2008–2009. This is the first such study of mercury (Hg) in fish tissue from

river sites focused on potential impacts to human health from fish consumption to also address wildlife

impacts. Sample sites were identified as being urban or non-urban. All sample mercury concentrations

were above the 3.33 ug kg�1 (ppb) quantitation limit, and an estimated 25.4% (±4.4%) of the 51663 river

miles assessed exceeded the U.S. EPA 300 ug kg�1 fish-tissue based water quality criterion for mercury,

representing 13144 ± 181.8 river miles. Estimates of river miles exceeding comparable aquatic life

thresholds (translated from fillet concentrations to whole fish equivalents) in avian species were similar

to the number of river miles exceeding the human health threshold, whereas some mammalian species

were more at risk than human from lower mercury concentrations. A comparison of means from the

non-urban and urban data and among three ecoregions did not indicate a statistically significant

difference in fish tissue Hg concentrations at p < 0.05.

Published by Elsevier Ltd.

1. Introduction

Mercury (Hg) is a metal that is persistent, bioaccumulative, and

toxic in the environment. It is a constituent of minerals in rocks

and soil that enters the atmosphere by the natural degassing of

the earth’s crust and recycling by volatilization of atmospherically

deposited mercury, as well as being mobilized to the environment

from anthropogenic sources. Human activities have enriched the

atmospheric content of mercury by a factor of 7.5 times compared

to levels predating emissions from most human activities (Amos

et al., 2013). These activities include mining (including gold extrac-

tion), manufacturing, Portland cement production, medical waste

incineration, and most prominently, the combustion of fossil fuels,

especially coal (UNEP, 2008). As of 2005, however, artisan and

small scale gold mining were second only to fossil fuel combustion

as sources of Hg emissions to the atmosphere (Pacyna et al., 2010).

When Hg is deposited in water, a large portion is converted, by

chemical and biochemical processes either in sediments or in the

water column, from inorganic Hg to toxic methylmercury (MeHg)

that bioaccumulates in fish muscle (Sunderland et al., 2009).

Despite very effective efforts to reduce emissions of Hg in many

countries, including the U.S., Hg emissions from Asia continue to

http://dx.doi.org/10.1016/j.chemosphere.2014.11.005

0045-6535/Published by Elsevier Ltd.
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increase (Wilson et al., 2010) with potential implications for

increased human exposure in the U.S. and elsewhere (Sunderland

et al., 2009; Driscoll et al., 2013). Future levels of Hg emissions will

depend on the degree of implementation of measures to remove

Hg from fossil fuel combustion emissions in the context of rising

demand for electricity (Streets et al., 2009).

Research has shown that exposure to Hg and its compounds

through the consumption of fish containing Hg can cause a range

of toxic effects in humans, as well as in piscivorous mammalian

and avian wildlife (U.S. EPA, 1997). At doses that result from

moderate rates of maternal fish consumption, exposure of fetuses

to Hg in utero can later manifest in children as deficits in subtle

neurological end points such as lowered IQ, decrements in motor

function, attention, and visuospatial performance (NAS, 2000).

Evidence of early childhood effects at low levels of prenatal

exposure is clear, and other health effects are likely, including

cardiovascular effects and, to a lesser extent, immune system

suppression (Karagas et al., 2012). Recent analyses also suggest

an association between toenail Hg levels in young adults and the

incidence of diabetes in later life (He et al., 2013). The thresholds

for neurodevelopmental effects of mercury exposure discussed in

this manuscript are based on U.S. EPA reference dose of

0.1 ug kg�1 of body weight/day for exposure to Hg (U.S. EPA,

2001b) relative to fish tissue concentrations detected in samples

collected by the U.S. EPA. A reference dose (RfD) is an estimate

of a daily exposure to the human population (including sensitive

subgroups) that is likely to be without an appreciable risk of

deleterious effects during a lifetime.

Wildlife are exposed to Hg and MeHg from a variety of environ-

mental sources, mine tailings, industrial effluents, agricultural

drain water, impoundments and atmospheric deposition from the

electric power generation industry. At the higher levels of the food

chain, piscivorous birds and mammals are among the highest risk

receptors of MeHg contamination (Wolfe et al., 1998). Toxicity of

Hg to piscivorous birds and mammals includes damage to the ner-

vous, excretory, and reproductive systems. (Wolfe et al., 1998). In

1997, EPA identified wet deposition as the primary mechanism

by which atmospheric Hg is transported to surface waters and

land, although dry deposition may also contribute substantially

(U.S. EPA, 1997). More recently, Driscoll et al. (2013) provide a full

description of Hg sources, transport and deposition mechanisms,

both human health and ecological effects, and cite atmospheric

deposition as the primary mechanism of redistribution of mercury.

Large-scale studies of contaminants in fish tissue have found

widespread evidence of Hg contamination. In a survey of lakes in

the northeastern United States in 1992–1994, the U.S. EPA’s Envi-

ronmental Monitoring and Assessment Program (EMAP) analyzed

whole fish composite samples for inorganic and organic contami-

nants, including Hg. It was found that 26% of northeastern lakes

contained fish with Hg levels that exceeded the critical value for

humans (200 ug kg�1 at that time), 54% of lakes exceeded wildlife

critical values for piscivorous mammals (100 ug kg�1), while 98%

exceeded wildlife critical values for birds (20 ug kg�1) (Yeardley

et al., 1998). During the period 1993–1994, an EMAP survey of fish

in the Mid-Atlantic Region found that small fish tissue concentra-

tions exceeded the kingfisher Wildlife Value (30 ug kg�1) over 72%

of the stream length. Wildlife Values (WVs,) have been defined as

the concentration in fish at which chronic effects to piscivorous

wildlife occur (Lazorchak et al., 2003). In 2004 and 2005, the EMAP

Great Rivers Assessment measured Hg concentrations in whole fish

from the Upper Mississippi, Missouri, and Ohio Rivers to character-

ize the extent and magnitude of Hg contamination and to identify

environmental factors influencing Hg accumulation (Walters et al.,

2010). Across all three large river systems, Hg levels exceeded the

WV for belted kingfisher in 33–75% of river length and exceeded

the human health criteria in 1–7% of river length.

More recently, the U.S. EPA conducted the National Lake Fish

Tissue Study (Stahl et al., 2008), which employed a national-scale

statistical survey design and targeted human exposure to Hg by

focusing on the fillet, the edible portion of collected species. This

national lakes study included 486 composite predator fillet

samples collected from 500 randomly-selected lakes during

2000–2003. In this nationally representative study, fish tissue from

48.9% of the lake population assessed exceeded the U.S. EPA’s

300 ug kg�1 human health fish tissue-based water quality criteria

(WQC) for Hg (U.S. EPA, 2001a).

The U.S. Geological Survey (USGS) has conducted extensive

studies of national and regional fish-tissue contaminant data by

combining results of several separate targeted studies conducted

over time, analyzing the data and characterizing contaminant lev-

els on the basis of region and watershed type, including propensity

for methylation and fish characteristics (Schmitt, 2002; Scudder

et al., 2009; Chalmers et al., 2011). These studies have led to iden-

tification of patterns and mechanisms of Hg accumulation in fish

including the propensity for methylation to occur in watersheds

with abundant wetlands (Brigham et al., 2009; Scudder et al.,

2009). USGS continues to emphasize locally-focused studies which

are national in their distribution (Brigham et al., 2014; Feaster

et al., 2014; Chalmers et al., 2014) and explore causative mecha-

nisms for the observed variations in Hg concentrations in a variety

of media and settings.

The present work reports the results of a 2008–2009 National

Rivers and Streams Assessment (NRSA) survey of rivers in the 48

conterminous United States to investigate Hg concentrations in

composited fillet samples (Fig. 1). The survey is nationally-repre-

sentative of the class of waters (5th order and greater rivers that

are boatable) from which the sample of 541 sites was drawn. The

fish tissue sampling efforts of this study are focused on providing

information for assessments of human health impacts of fish con-

sumption. Results were also used to estimate contaminant expo-

sures to wildlife and aquatic species that consume fish and to

compare urban and non-urban sub-groups of sites as well as sites

located in each of three National Aquatic Resource Assessment

(NARS) ecoregions: West and Mountains (WMTS), Plains and

Lowlands (PLNLOW), and Eastern Highlands (EHIGH) (Fig. 1). The

design of this study produces assessment results nationally, for

three regions, and by urban and non-urban subgroups and relate

those results to both human health and wildlife effects. The

statistical survey design requires estimates for the assessments

to incorporate weights that reflect the stratification and unequal

probability of selection. This ensures that the inference (results)

apply to all boatable, 5th order and greater rivers in the contermi-

nous states. Results from this study may differ from those employ-

ing other non-survey design methods for selection of sites

(Peterson et al., 1998).

2. Materials and methods

2.1. NRSA design and site selection

The NRSA included 1924 sites within the conterminous United

States that were sampled for a range of environmental indicators,

including concentrations of toxic chemicals in fish tissue (U.S.

EPA, 2013). Fish tissue samples were collected at a subset of 541

sites that met the three criteria for the river population of interest

for the fish tissue contaminant study: (1) boatable U.S. rivers of 5th

order and greater (Strahler, 1957); (2) having a permanent fish

population; and (3) flowing water during the study period (includ-

ing the Great Rivers and run-of-the-river ponds, but excluding por-

tions of tidal rivers up to head of salt, and reservoirs). The sample

frame was derived from the National Hydrography Dataset (NHD)
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and included Strahler stream order attributes (http://water.epa.

gov/scitech/datait/tools/waters/index.cfm). NHD-Plus and the U.S.

Census Bureau national urban boundary GIS coverage layers were

used to establish the urban attribute so that both non-urban and

urban samples could be identified. Non-urban and urban subpopu-

lations were identified for two purposes. First, analytes other than

Hg, including legacy organo-halogen compounds (entire sample

set), perfluorinated compounds, and synthetic musks (only the

urban subpopulation), were also determined for samples in this

study and are being described in other publications. In the case

of the perfluorinated compounds and synthetic musks, the smaller

urban subpopulation better aligned with the budgetary resources

available to perform the analyses. Secondly, the question of vari-

able impacts to non-urban and urban populations and attendant

questions of environmental justice are of interest to U.S. EPA. The

distinction between urban and non-urban sampling locations

was based on the most recent available U.S. Census Bureau data

and the following definition: an Urban Area consists of contiguous

densely settled census block groups that meet minimum popula-

tion density requirements, along with adjacent densely settled

census blocks that together encompass a population of at least

50000 people.

Sampling siteswere selected using a probability-based approach

(Stevens and Olsen, 1999, 2004), generally applying the spatial

methodology that had been used for lakes in U.S. EPA’s National

Lakes Fish Tissue Study (Stahl et al., 2008) to major U.S. rivers

(Olsen et al., 2008). Selection probabilities were defined for 5th

order or larger rivers in the lower 48 states so that the expected

number of urban sites would be at least 150. The numbers of sites

where samples were collected were limited by logistical factors,

such as failure to obtain a fishing permit, absence of fish of the

appropriate species and/or size at a given site, and time constraints

for fish sampling. Fish tissue samples were collected from a total of

162 randomly selected urban rivers sites and 379 non-urban river

sites. These totals included sampling locations in 46 conterminous

states. Sampling included 154 5th order river sites, 162 6th order

river sites, 99 7th order river sites and 126 sites from rivers 8th

order and above.

2.2. Sample collection

One composite sample containing a single fish species was col-

lected from each site (Fig. 1). Target species and individual speci-

mens for the fish composite samples were selected based on a

consistent set of criteria. Species were selected to be ubiquitous,

abundant, and easily identified. Individual specimens of the species

were selected to be adults of similar size (the length of the smallest

individual in a composite could not be less than 75% of the total

length of the largest individual) and sufficiently large (i.e., adult

specimens) to provide adequate tissue for analysis (U.S. EPA, 2009a).

During required training sessions, all study participants were

provided a list of recommended species for fish tissue sampling

and were instructed to specifically target those species. A total of

15 species were included in that target list (in the Field Operations

Manual and QAPP) and all were predator (typically top carnivore)

species. Consistent with the human health context of the study,

the focus was on sport/game fish that are commonly consumed

by humans and of sufficient size to be of interest to anglers, and

species that had a wide geographic distribution. The target species

list included members of the sunfish (with largemouth and

Fig. 1. National map of NRSA 2008–2009 sampling locations (n = 541) within national aquatic resource survey ecoregions.
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smallmouth bass preferred), trout/salmon, pike, temperate bass,

perch, and catfish families. Every effort was made to collect the

desired species; however, the outcome of the field sampling efforts

ultimately depended on the natural diversity and abundance of fish

at each sampling site. The fish that were available to be taken

dictated the mix of species collected at the sites, similar to condi-

tions that would be encountered by anglers seeking fish for sport

or sustenance.

Field teams used active methods (i.e., electrofishing) to collect

fish samples from each site during a May through September field

sampling period in 2008 and 2009. A routine composite sample

consisted of five fish, but composites containing fewer than five

fish were accepted in an effort to retain a sample from each target

river segment (41% of the composites). The lengths of fish collected

were similar in non-urban and urban waters. The mean length of

fish taken from non-urban waters was 364.7 mm (min 101 mm,

max 790 mm, S.D. 98.3 mm), and the mean length of fish from

urban waters was 362.8 mm (min 112.5 mm, max 702 mm, S.D.

93.4 mm) Whole fish were shipped on dry ice to the designated

sample preparation laboratories for storage until subsequent

preparation (filleting and homogenization).

2.3. Sample preparation

Fish were filleted in the laboratory by trained technicians. In

order not to excise fatty tissue likely containing organic contami-

nants also of interest in this study, scales were removed from fish,

then lateral muscle fillets from both sides of each fish were pre-

pared with skin on and the belly flap (ventral muscle and skin)

attached. This method maintains consistency in preparing fillet

samples for chemical analysis among EPA’s national and regional-

scale fish tissue studies and follows EPA’s Guidance for Assessing

Chemical Contaminant Data for Use in Fish Advisories (U.S. EPA,

2000a). By being consistent with this guidance, it enables compar-

ison of fish tissue results among the EPA fish tissue studies and

reduces variability for trends analysis when fish tissue studies are

repeated periodically.

Fillets were composited using the batch method, where fillets

from all of the individual specimens that comprise the sample

were homogenized together, regardless of the proportional weight

of individual fish. Each composite was homogenized using a tissue

grinder, mixed thoroughly to a fine paste of uniform color and tex-

ture, and a 1-g aliquot was removed for Hg analysis. Fish collection

and handling methods along with details of sample preparation are

described in detail in U.S. EPA (2009a).

2.4. Tissue sample analysis

Fillets were analyzed for Hg with a Direct Mercury Analyzer

(DMA-80; Milestone, Inc) using EPA method 7473 and Milestone

Application note HG-0 (U.S. EPA, 2007). The method detection limit

(MDL) was calculated to be 1.49 ug kg�1 (ppb or parts per billion)

Hg using 40 CFR Part 136, Appendix B (U.S. Government, 2011).

The quantitation limit (QL) is 3.33 ug kg�1 mercury, based on a

low calibration point of 0.001 ug mercury and nominal sample

weight of 0.33 g. The certified liquid QC standards for each run

were purchased as single elements at 1000 ppm. The primary stan-

dard was purchased from Ricca and the secondary QC standard was

purchased from Spex Claritas. Two internal standard calibration

curves were prepared using standard solutions. The low-range

curve included five points ranging from 0 to 0.020 ug and the high

range curve included 12 points ranging from 0.030 to 0.400 ug,

with each curve yielding R2 values >0.99. Calibration check stan-

dards were run at the beginning and end of each batch for both

the low and high curve. A secondary source standard and a sample

of certified reference material (CRM DORM-2, dogfish muscle)

were also analyzed once per batch. All check standards and refer-

ence material measurements were within ±20% of the actual value.

Laboratory blanks were run once per batch and were all less than

three times the MDL. One laboratory fortified matrix sample

(LFM) spiked at a concentration of 25 ug kg�1 was run per batch

to determine the influence of the matrix, with recoveries being

within ±20% of the spiked amount or the result was flagged as esti-

mated. Each batch consisted of 12 samples run in duplicate.

Reported values were the mean of two analyses, with the relative

percent difference between duplicates being less than 25%.

Reported values were not blank-subtracted or recovery-corrected.

2.5. Statistical analysis

The NRSA survey design and survey analysis results in national

and regional estimates of contaminant concentrations. The statisti-

cal estimates are based on weighted means of the analytical results

from sites. The weights are based on the survey design and are the

inverse of the probability of selecting a sampling site. The probabil-

ity of selecting a site depends on the stratification and unequal

probability of selection associated with the site. The weights are

the total stream length represented by the sample site. Percentiles

and mean estimates of fish tissue Hg concentrations were calcu-

lated from the data weighted in this manner using routines devel-

oped by the U.S. EPA in the statistical calculation package spsurvey

R. Weighted estimates calculated for the entire sampled popula-

tion and for each of the sample subregions are listed in Table 1.

The minimum and maximum Hg concentrations observed in the

541 samples are also given in Table 1. Additional information on

the statistical algorithms employed in site selection and data anal-

ysis in the NRSA are available at: http://www.epa.gov/nheerl/arm/

analysispages/software.htm (U.S. EPA, 2014). Hg tissue concentra-

tion data for the U.S. were depicted graphically as a cumulative dis-

tribution frequency (CDF) plot (Fig. 2).

A second statistical task was the assessment of the subgroups

relative to each other to determine whether fish tissue Hg concen-

trations differed significantly between urban and non-urban sub-

groups and between any two of three geographic sub-regions. A

standard normal z-test:

z ¼
MeanA�MeanB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðstderrA
2
þ stderrB

2
Þ

q ð1Þ

was used where MeanA is the weighted mean estimate and stderrA

is the standard error estimate for MeanA for subgroup A and simi-

larly for subgroup B.

Using regression analyses developed by Peterson and Van Sickle

(2007) and Peterson et al. (2004), fish fillet concentrations were

translated to equivalent whole body Hg. Using their regression

analyses, [Log10(whole) = �0.2712 + 0.9005 ⁄ log10(fillet)], we

have estimated exposures and dose to wildlife from Hg concentra-

tions translated from the fillet concentration values obtained in

this study to equivalent whole fish Hg concentrations. These whole

fish equivalent values were then compared to WVs, as described

below, to assess impacts to avian and mammalian wildlife.

3. Results and discussion

The total length of all 5th+ Strahler order U.S. rivers in NHD-

Plusv2 is 235945 km (147465 mi). The total length of all rivers

included in the fish tissue study is estimated to be 51663 mi or

83144 km (±7027 km). In addition, within the rivers intended to

be included in the fish tissue study an estimated 30407 km

(±4488 km) could not be sampled, in many cases due to the inabil-

ity to obtain fish permits or safety reasons. For some rivers, insuf-

ficient information from the survey is available to know whether

J.B. Wathen et al. / Chemosphere 122 (2015) 52–61 55



the river is boatable. A total of 33993 km (±4803 km) are estimated

to be inaccessible due to landowners denying access to the river,

and 7257 km (±2208 km) are rivers that were not sampled for

other reasons. In addition to the above categories, the total length

of 5th+ Strahler order U.S. rivers includes an estimated 57377 km

(±7147 km) that are wadeable and 23513 km (±3804 km) that are

not rivers or rivers with flowing water and hence do not fall into

the population of rivers targeted for the fish tissue study. While

the study results apply to the 83144 km, the study was intended

to apply to a minimum of 113805 km or a maximum of

155055 km depending on whether the rivers were associated with

insufficient information to determine if they were boatable, all not

boatable, all boatable, or a combination. The length of 5th+ Strahler

order U.S. rivers not included in the study for the reasons cited

above was 152801 km (95802 mi).

All (100%) of the 541 fish fillet samples analyzed for Hg content

for this national study contained quantifiable levels of Hg above

the 3.33 ug kg�1 quantitation level for the method. Hg concentra-

tions measured in the fillet samples ranged from 21 ug kg�1 to

1419 ug kg�1. The national weighted mean Hg concentration for

fillets in fish from U.S. rivers is 228.9 ug kg�1 (±18.6 ug kg�1) com-

pared to a weighted mean concentration of 250.2 ug kg�1

(±47.8 ug kg�1) for fish fillet samples from only urban rivers and

223.3 ug kg�1 (±19.7 ug kg�1) from non-urban rivers. An estimated

25.4% (±4.4%) of the sampled river miles exceeded the U.S. EPA

WQC for Hg of 300 ug kg�1 (two fish meals/month consumption

level) in fish tissue out of 51663 miles (83144 km) of boatable

U.S. rivers of 5th order and greater included in the sampled

population.

Fig. 2 is a cumulative distribution plot (CDF) of the cumulative

percentage of the river length (left y axis) and the corresponding

number of river km and miles they represent in the aggregate

(right y axis), plotted against the concentrations of Hg in the

samples (x axis). Two thresholds are superimposed on the CDF.

The red indicator that connects the CDF curve with the x axis marks

the point on the distribution at which the 300 ug kg�1 criterion

value (equivalent to 186 ug kg�1 Hg WV (Eagle and Loon) is

intersected. The yellow indicator marks the point on the curve

intersected by the value of 120 ug kg�1 which is the maximum

concentration of Hg in fish tissue at which one meal/week can be

consumed without exceeding the reference dose for Hg, which is

a 170 g portion (6 oz), for a 70 kg individual (Equivalent to

70 ug kg�1 Hg WV (Mink)). Table 1 lists the weighted percentile

values nationally, as well as for urban and non-urban subgroups

and three eco-regional subgroups and the number of sites that

each subgroup includes.

3.1. Human health benchmarks

The percentage and number of river miles of fillet sample com-

posites exceeding human health benchmarks provides an index of

the extent to which fish from boatable 5th order and higher rivers

can be safely consumed by humans. As stated above, this

300 ug kg�1 (wet weight) Hg benchmark, contained in the 2001

Water Quality Criterion for the Protection of Human Health (U.S.

EPA, 2001a) represents a Hg exposure equal to the reference dose

for Hg from the consumption of two meals a month.

Based on fish composite samples that exceed the U.S. EPA’s

300 ug kg�1 human health fish tissue-based WQC (WQC), an esti-

mated 25.4% of the 13071 river miles (21036 km) and a substantial

portion of the resource of U.S. rivers 5th order and above as were

sampled in this study. This percentage, however, is much lower

than the 48.9% (U.S. EPA, 2009b) of U.S. lakes found to exceed this

same threshold in the 2000–2003 National Lake Fish Tissue Survey

(NLFTS). This difference likely reflects distinctions in a number of

areas, among them the contrasting nature of rivers vs. lakes as

environments less conducive to methylation, as well as the longer

residence time of water in lakes.

Another distinction between the findings of this study vs. NLFTS

lies in the species included in the respective sample populations. In

this study, all targeted species were top predators, but included

catfish. In the NLFTS, bottom dwellers (including catfish) were

treated separately. A more appropriate comparison may be made

between the 48.9% exceedance of the 300 ug kg�1 human health

fish tissue-based WQC from the NLFTS and the percentage exceed-

ance of the WQC for smallmouth (25.1%) and largemouth bass

(33.4%), which were represented in sufficient numbers to make

national inferences. The weighted average exceedance (national

values) of the WQC by the smallmouth bass (n = 120) and large-

mouth bass (n = 114) is 29.2%, which represents the best nation-

ally-representative comparison that can be made between the

rivers assessed in this study and the lakes in the NLFTS. As

described by Scudder et al. (2009), further characterization of Hg

concentrations in fish tissue by land cover and land use is possible,

but cannot be resolved at the sample density of this study on a

Table 1

River length estimates and group percentile and mean estimates for mercury concentration (Hg ww ug kg�1).

Statistic National n = 541 Non-urban n = 379 Urban n = 162 EHIGH n = 190 PLNLOW n = 280 WMTS n = 71

River miles 51663 40752 10911 14738 29739 7186

River km 83145 65584 17559 23718 47861 11564

5th% ile 37.2 34.6 61.7 45.6 37.2 31.5

25th % ile 96.2 90.9 114.8 100.5 99.7 81.4

50th % ile 175.6 170.5 200.6 176.0 180.1 125.3

75th % ile 302.7 302.6 309.1 274.8 298.8 346.1

95th % ile 583.6 578.8 803.3 535.2 578.8 854.1

Mean 228.9 223.3 250.2 210.0 231.4 257.5

Maximum observed 1419 1419 854 854 1419 1272

P
e

rc
e

n
t

1
6
6
2

9
1
0
3
3

2
3
3
2
5

7
2
0
6
6

5
4
9
8
8

6
3
0
9
9

7
6
6
5
1

4
4
1
3
3

0

S
tr

e
a

m
 L

e
n

g
th

  
  

(k
m

/m
i)

8
3
1
4

3
5
1
6
6

3

100             

80

60

40

20

CDF Estimate

95% Confidence Limits

0     200 400       600   800      1000     1200      1400

Fillet tissue Hg concentration ug/kg ww

300 ppb Hg HH FT criteria threshold

Equivalent to

186 ppb Hg WV (Eagle and Loon)

120 ppb 1 meal/week threshold

Equivalent to

70 ppb Hg WV (Mink)

0     

Fig. 2. National estimated Hg fish tissue concentration cumulative distribution (HH

FT = human health fish tissue).
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nationwide basis. Whether compared to the percentage exceed-

ance for all fish (25.4%) of largemouth and smallmouth bass

(29.2%), however, exceedance of the WQC in approximately

25–30% of rivers represented by the survey is generally consistent

with other current compiled assessments of Hg in fish tissue from

U.S. rivers (Scudder et al., 2009; Chalmers et al., 2011) and

contrasts markedly with exceedances of the WQC in fish tissue

from U.S. lakes of almost 50% (U.S. EPA, 2009b).

The U.S. EPA’s 300 ug kg�1 human health fish tissue-based WQC

for Hg is the regulatory threshold emphasized in this paper, and

consumption of two fish meals/month with this Hg concentration

is a rate of consumption that is the approximate equivalent of

the reference dose (RfD) for Hg. For context, the Hg concentration

range for one meal/week consumption is 120–230 ug kg�1 and is

incorporated in many state fish advisory programs (U.S. EPA,

2011) that the U.S. EPA promotes and for which it provides guid-

ance (U.S. EPA, 2000b). The threshold above which no consumption

is recommended (940 ug kg�1, U.S. EPA, 2000b) is exceeded in

these data by tissue concentrations from only 1.3% (unweighted

percentage) of the sample locations. EPA recommends that

pregnant women and nursing mothers should avoid fish with such

elevated Hg concentrations (U.S. EPA, 2000b).

3.2. Sub-group differences

It is of interest to the U.S. EPA to understand differences in fish

tissue contaminant levels between regions and between urban and

non-urban waters. Three means of comparison applied here

include the application of the z-test as described above, compari-

sons of the percentages of waters within each of these subgroups

that exceed the U.S. EPA’s 300 ug kg�1 human health fish tissue-

based water quality criterion, and comparisons of the means and

95th percentile values for each of the subgroups. The p-value for

the test of a difference between weighted means of urban and

non-urban population subgroups was 0.31 (z = 1.03), indicating

no statistical difference between the means of 5th order and above

urban and non-urban river subgroups. Similarly, when the means

of the ecoregion subgroups were compared, the resulting p values

indicate no significant differences among the three ecoregions:

EHIGH vs. PLNLOW (z = 1.25, p = 0.21), EHIGH vs. WMTNS

(z = 1.16, p = 0.25), and WMTNS vs. PLNLOW (z = 0.63, p = 0.53).

Comparisons of the percentages of weighted river length

exceeding the 300 ug kg�1 human health fish tissue-based water

quality criterion are depicted in Fig. 3. As can be noted, the percent

exceeding and not exceeding this criteria value are generally quite

uniform, with the WMTS ecoregion being the exception. For all

subgroups except the WMTS, the percent of river miles exceeding

the criteria value is in the mid 20% range, with theWMTS being the

only one that exceeds 30%. Similarly, when means and percentile

values across the subgroups are compared (Fig. 4), it can be seen

that among the three ecoregions, values for the WMTS exceed

those for the EHIGH and PLNLOW regions for the 75th, 90th and

95th percentile groups. Also evident from Fig. 4 is the fact that

although there is not a statistically significant difference between

the means of the urban and non-urban subgroups, the 90th and

95th percentile data for the urban rivers are elevated relative to

the non-urban rivers.

The WMTS is the ecoregion with the smallest number of river

locations (n = 71), relative to the PLNLOW (n = 280) and EHIGH

(n = 190). As such, statistical analysis of the data for the WMTS is

vulnerable to the influence of a few elevated sample values which

are inconsistent with the relatively uniform atmospheric deposi-

tion otherwise seen across the ecoregions. A sample location in

the WMTS with one of the highest fish tissue concentrations

observed in the study (854 ug kg�1) was collected in a creek drain-

ing a large geothermal area in California with a 100-year history of

mercury mining (Kagel et al., 2007). This is the type of local devi-

ation that can mask the pervasive and uniform general character

of Hg occurrence and deposition in the U.S. The apparent elevation

of Hg in fish tissue in the WMTS suggested by the data in Fig. 4 is

not borne out by the z-test analysis for significance and is likely

attributable to this and potentially another elevated value

(1272 ug kg�1) among the data from the Willamette River in OR

near areas where historical gold mining occurred.

3.3. Differences in Hg concentration among fish species

As has been observed in other studies (Lazorchak et al., 2003;

Peterson and Van Sickle, 2007; U.S. EPA, 2009b), Hg content of fish

tissue is dependent upon fish species, size, and trophic level. In this

study,weightedHg concentrationsweremarkedly higher forwaters

represented by composite samples of predatory species (e.g., large-

mouth bass, mean Hg = 347 ± 22 ug kg�1) than by bottom dwellers

Fig. 3. Percentage of river miles by subgroup exceeding or not exceeding EPA’s 300 ug kg�1 human health fish tissue-based water quality criterion.
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(e.g., combined catfish, mean Hg = 143 ± 10 ug kg�1.) Fig. 5 depicts

the percent of river miles with species and species groups that

exceeded and did not exceed the 300 ug kg�1 human health fish

tissue-based WQC. Relative to higher (although not significantly

so) Hg fish tissue concentrations in the urban river data, the percent

of river miles with combined smallmouth and largemouth bass

Human Health 

Thresholds

120 ug/kg (1 meal 

week min)

300 ug/kg ( HH WQ 

criteria)

Wildlife Values 

(WVs)

Mink 70 ug/kg

Eagle 180 ug/kg

Fig. 4. Estimated percentile values (with 95% confidence limits) for subgroups with human health and wildlife value thresholds.

Fig. 5. Percentage of river miles by species/family exceeding EPA’s 300 ug kg�1 human health fish tissue-based water quality criterion.
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samples were higher in the urban sub-group compared to the

non-urban (43.8% vs. 36.1%). Conversely, combined catfish species

constituted 32.7% of the river miles analyzed from non-urban sites

vs. only 17.3% from urban river sites (Fig. 6).

Scudder et al. (2009) determined that Hg concentrations in fish

tissue from largemouth bass from mixed use or undeveloped

basins were higher than from urban basins, comparable to

non-urban and urban subgroups discussed here. Non-weighted

data from this study exhibit a similar distribution, but the smaller

n of the portion of the subgroup that is itself a subgroup is insuffi-

cient to draw a national inference. The design of this study is

focused on nationally-representative indices of assessment, and

this comes at the expense of the ability to resolve distinctions

beyond the primary sub-populations described-ecoregions (3),

urban vs. non-urban sites, and the species included in Fig. 5. Of fur-

ther interest relative to the discussion of urban/non-urban Hg fish

tissue concentrations, however, may be the predominance of the

percentage of bass species over catfish in the urban waters noted

above when compared to near parity of the species groups in

non-urban waters (Fig. 6). If the tissue of largemouth bass in urban

areas is lower in Hg, there are also more of them relative to catfish

species than in the non-urban areas, potentially affecting the com-

bined impact of both species and urban/non-urban differential

effects. Although not derived from weighted statistics, this factor

suggests a possible explanation for the inconsistency between

Scudder et al. (2009), Chalmers et al. (2014) among others, and this

analysis. As mentioned earlier, because of the weighted probabilis-

tic nature of the sample design, results from this study may differ

from those employing other sample design methods (Peterson

et al., 1998). Because of the unequal probability of any single

sample being in the sample set, methods of comparison other than

those employed for these data (z-test) are not valid.

3.4. Exceedances of WVs

The data from this study can also be interpreted with respect to

the risk posed to piscivorous wildlife. Overall, fillets represent

approximately 62% of the whole fish Hg concentration. Therefore,

where fillets have Hg concentrations at or about 300 ug kg�1, the

dose to birds and mammals will be approximately 186 ug kg�1.

Whereas the primary health risk of Hg exposure to humans is

neuro-developmental damage to unborn fetuses, Hg has been

shown to threaten the survival of piscivorous wildlife (Lazorchak

et al., 2003). According to the exposure scenario defined above,

bald eagles and loons (WV = 160 and 180 ug kg�1, respectively)

will have similar risk levels relative to the applicable thresholds

as humans consuming fish containing 300 ug kg�1 of Hg. Differ-

ences in species sensitivities to Hg consumption are emphasized

by comparing mink to otter. Mink will be more at risk using the

lower one meal per week (fillet) human threshold of 120 ug kg�1

(WV = 70 ug kg�1), and the translated risk to otters will be inter-

mediate between the human risk values in that their WV is

100 ug kg�1. These values can also be compared to the data distri-

bution depicted in Fig. 2.

4. Conclusions

With respect to human health thresholds, we have presented

the following findings:

� All (100%) of the 541 fish fillet samples analyzed for Hg content

for this national study contained quantifiable levels of Hg above

the 3.33 ug kg�1 reporting level for the method.

� Nationally, an estimated 25.4% of river miles exceeded the EPA

human-health fish tissue-based water quality criterion (WQC)

for Hg of 300 ug kg�1. This percentage represents 13071 river

miles (21154 km) out of a total of 51663 miles (83143 km) of

U.S. rivers of 5th order and greater included in the sampled

population.

� The human health threshold exceedance data from this study

also yields an estimate of risk of exposure to aquatic bird and

mammal species from consumption of fish by the use of a

correction factor for the relative Hg content of fillet tissue,

normally consumed by humans, vs. the content of whole fish

as are consumed by wildlife. Risk to piscivorous avian species

are similar to risks for humans at 300 ug kg�1 (two meals per

month level of consumption), whereas mink are more at risk

than the avian species cited (and humans) when compared to

the lower human one meal per week (fillet) threshold of

120 ug kg�1.

� No statistically-significant differences were seen between

waters sampled in urban and non-urban rivers, although the

mean and 95th percentile values for urban rivers are elevated

relative to non-urban rivers and all U.S. rivers.

� Although the percentage of river miles exceeding the

300 ug kg�1 criteria value was relatively higher in the WMTS

ecoregion than any other of the sub-regional data groupings

(>30% vs. �25%, respectively), and the mean and 90th and

95th percentile values for the WMTS appear elevated relative

to other subgroups, the z-test for statistical significance did

not refute the null hypothesis at greater than the 95%

confidence level (69%). The apparent elevation of the WMTS

subgroup may be attributable to its smaller sample size in con-

junction with one or more locally high fish tissue concentration

values associated with local geologic Hg sources, as opposed to

fish tissue concentrations related to atmospheric deposition

that the findings of this study suggest do not vary significantly

across the nation.

This study establishes a national baseline for Hg concentration in

fish tissue from U.S. rivers 5th order and greater and compares

those concentrations to human health and piscivorous wildlife

thresholds. Hg concentrations in fish tissue from all areas of the

country represent consumption risks to both humans and piscivo-

rous wildlife in fish collected from approximately a quarter of the

river miles. Furthermore, sensitivity to Hg exposure was greater

for some aquatic species populations than the risk to humans at a

given concentration. The lack of a statistically-significant difference

Fig. 6. Relative percentages of catfish and bass species in urban and non-urban

waters.
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between fish tissue concentrations from urban vs. non-urban areas

and among ecoregions is consistent with the ubiquitous nature of

Hg contamination and its primary mechanisms of atmospheric

transport and deposition. Differences in the representation of

species in urban vs. non-urban rivers in this studymay dampen var-

iation seen by others (e.g., Scudder et al., 2009) between Hg concen-

trations in some species in urban vs. non-urban sites. The observed

distinction in these results may also be attributable to the statistical

methods of this study which result in national inferences that may

not reflect specific local or regional conditions.
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ABSTRACT: U.S. EPA conducted a national statistical survey
of fish tissue contamination at 540 river sites (representing
82 954 river km) in 2008−2009, and analyzed samples for 50
persistent organic pollutants (POPs), including 21 PCB
congeners, 8 PBDE congeners, and 21 organochlorine
pesticides. The survey results were used to provide national
estimates of contamination for these POPs. PCBs were the most
abundant, being measured in 93.5% of samples. Summed
concentrations of the 21 PCB congeners had a national
weighted mean of 32.7 μg/kg and a maximum concentration
of 857 μg/kg, and exceeded the human health cancer screening
value of 12 μg/kg in 48% of the national sampled population of
river km, and in 70% of the urban sampled population. PBDEs
(92.0%), chlordane (88.5%) and DDT (98.7%) were also
detected frequently, although at lower concentrations. Results were examined by subpopulations of rivers, including urban or
nonurban and three defined ecoregions. PCBs, PBDEs, and DDT occur at significantly higher concentrations in fish from urban
rivers versus nonurban; however, the distribution varied more among the ecoregions. Wildlife screening values previously
published for bird and mammalian species were converted from whole fish to fillet screening values, and used to estimate risk for
wildlife through fish consumption.

■ INTRODUCTION

Polychlorinated biphenyls (PCBs), polybrominated diphenyl
ethers (PBDEs), and many organochlorine pesticides, such as
dichlorodiphenyltrichloroethane (DDT), dieldrin, and chlor-
dane, are well-known persistent organic pollutants (POPs) that
have been shown to be ubiquitous in the environment.1,2 PCBs
were widely used in industry and manufacturing as dielectric
and coolant fluids, but because of their environmental toxicity
and persistence, were banned for use by the U.S. Congress in
1979.3 PBDEs share a similar chemical structure to PCBs. They
are used as flame retardants in numerous consumer products,
such as building materials, electronics, furniture, and textiles.2

The production of octaBDE and pentaBDE commercial
mixtures in the United States ended in 2004, leaving decaBDE
as the only congener still in production in the U.S., which is
also scheduled to be phased out of use.4 DDT is one of the
most recognizable POPs. After concerns were raised that its
widespread agricultural use as a pesticide was having serious
impacts on the health of the environment,5 it was banned for
use in the United States in 1972.6 Chlordane and dieldrin were

used as pesticides mainly to control termites and other insects
in agricultural areas, and both substances having been banned
for all agricultural uses in the U.S. by the U.S. EPA since the
late 1980s. After its agricultural use was ended, chlordane could
continue to be used to control termites around foundations.
The list of possible health effects in humans and wildlife from

exposure to these POPs is extensive, and includes cancer,
reduced reproduction rates, changes in immune and endocrine
end points, and developmental neurotoxic effects.2,3,7−13 Effects
for some POPs, such as PCBs, can also be transgenerational, as
the compounds have been found to cross over into the placenta
and result in poor attention and behavioral problems in
exposed infants and children.14,15 Most POPs are lipophilic, and
have been measured in human serum, blood, breast milk, and
other human tissue,16−21 and in the tissue of a variety of
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wildlife.22−29 Not only do they accumulate in tissues, but also
they tend to biomagnify in the food chain,30 and a link between
dietary consumption of fish and marine mammals and human
blood or serum levels has been observed for several POPs.31,32

DDT is still detected in food supplies, and food-borne DDT,
especially from seafood, remains a significant source of human
exposure.20,33 Although most of these POPs have been banned
for use in the U.S. for decades, their persistence and toxicity still
make it important to study their potential for exposure today.
This work presents the results of the 2008−2009 National

Rivers and Streams Assessment (NRSA) fish tissue indicator,
where 50 POPs (Table 1) were measured in 540 composite fish
fillet samples collected across the conterminous states (Figure
1). The NRSA is one of several U.S. EPA national probabilistic
surveys designed to evaluate the overall condition and health of
the nation’s waters, and a wide variety of indicators are
evaluated. NRSA study results for pharmaceuticals measured in
urban surface water, and fish tissue contaminant results for both
mercury and perfluorinated compounds have been reported
previously.34−36 Mercury was detected in every one of the 540
samples included in this study, and fillet tissue concentrations
in an estimated 25% of the sampled population exceeded the
U.S. EPA 300 μg/kg fish-tissue based water quality criteria for
mercury.34 The probabilistic design for this survey provides
national estimates of the distribution of these 50 POPs in fifth
order and greater U.S. rivers for the assessment of human
health impacts of fish consumption. A series of cancer37 and
noncancer37,38 human health screening values (SVs) were
applied to the fillet tissue results. They provide estimates of the
percentage of all U.S. river km represented in this study (i.e.,
the sampled population of rivers) that would be expected to
contain POPs that exceed these SVs. Fish fillet tissue
contaminant concentrations were also compared to wildlife
screening values that were converted from whole fish values to
fillet screening values in order to estimate exposure risks to
mammals and birds. Geographical distributions of these
contaminants were compared, first between urban and
nonurban river segments, and then among three aggregated
National Aquatic Resource Assessment ecoregions: Eastern
Highlands (EHIGH), Plains and Lowlands (PLNLOW), and
the West and Mountains (WMTS) (Figure 1).

■ MATERIALS AND METHODS

2.1. NRSA Design and Site Selection. The NRSA
included 1924 sites within the conterminous United States
that were sampled for a range of indicators.39 Fish samples were
analyzed from 540 sites on rivers fifth order and greater to
determine concentrations of chemicals in fish, including
pesticides, PCBs, PBDEs, selenium, and mercury. The 50
POPs listed in Table 1 include 21 out of a possible 209 PCB
congeners, 8 PBDE congeners, and 21 organochlorine
pesticides and metabolites. The number of congeners of
PCBs and PBDEs was limited to allow for the simultaneous
analysis of multiple classes of 50 POPs with a single analysis,
and the specific congeners were chosen as they have been
reported in previous U.S. EPA studies.22 The mercury findings
and fish tissue sample collection design were described
previously.34 Fish tissue samples were collected at sites that
had a permanent fish population. Rivers were designated as fifth
order or greater based on Strahler stream order.40 The
sampling framework was derived from the National Hydrog-
raphy Data set (NHD) and included Strahler stream order
attributes.41 The fish sampling sites were classified as two

Table 1. Target analytes with their respective maximum
observed method detection limit (MDL) and quantitation
limit (QL) (μg/kg wet weight), as described in Method
Section 2.3

analyte CAS number
max
MDL

max
QL

PCB-8 34883−43−7 0.37 1.99

PCB-18 37680−65−2 0.38 1.23

PCB-28 7012−37−5 0.48 1.53

PCB-44 41464−39−5 1.30 4.13

PCB-52 35693−99−3 0.86 2.73

PCB-66 32598−10−0 1.25 3.97

PCB-77 32598−13−3 0.61 1.93

PCB-101 37680−73−2 0.54 1.72

PCB-105 32598−14−4 0.30 0.95

PCB-118 31508−00−6 0.39 1.24

PCB-126 57465−28−8 0.35 1.11

PCB-128 38380−07−03 0.41 1.30

PCB-138 35065−28−2 2.68 8.52

PCB-153 35065−27−1 0.51 1.63

PCB-169 32774−16−6 0.36 1.14

PCB-170 35065−30−6 0.39 1.24

PCB-180 35065−29−3 0.33 1.05

PCB-187 52663−68−0 0.83 2.62

PCB-195 52663−78−2 0.83 2.63

PCB-206 40186−72−9 0.55 1.74

PCB-209 2051−24−3 0.45 1.43

summed PCBs a sum of the above 21 congeners

PBDE-47 5436−43−1 0.37 1.23

PBDE-66 189084−61−5 0.26 0.86

PBDE-99 60348−60−9 0.31 0.99

PBDE-100 189084−64−8 0.52 1.64

PBDE-138 182677−30−1 0.59 1.97

PBDE-153 68631−49−2 0.58 1.93

PBDE-154 207122−16−5 0.55 1.84

PBDE-183 207122−15−4 0.82 2.74

summed PBDE a sum of the above 8 congeners

2,4′-DDD 53−19−0 0.37 1.18

4,4′-DDD 72−54−8 0.28 0.89

4,4′-DDE 72−55−9 0.28 0.91

2,4′-DDT 789−02−6 0.30 0.95

4,4′-DDT 55−29−3 0.32 1.02

summed DDT a sum of the above 5 DDT
compounds

alpha-chlordane (cis-chlordane) 5103−71−9 0.29 0.92

gamma-chlordane (trans-chlordane) 5103−74−2 0.38 1.22

oxychlordane 27304−13−8 0.37 1.18

summed chlordane a sum of the above 3 chlordane
compounds

dieldrin 60−57−1 0.93 2.95

aldrin 309−00−2 0.30 0.97

alpha-BHC 319−84−6 0.31 1.04

gamma-BHC (lLindane) 58−89−9 0.23 0.73

endosulfan II 33213−65−9 0.46 1.53

endrin 72−20−8 0.37 1.18

endrin ketone 53494−70−5 0.34 1.08

heptachlor 76−44−8 0.28 0.89

heptachlor epoxide 1024−57−3 0.30 0.95

hexachlorobenzene 118−74−1 0.30 0.95

mirex 2385−85−5 0.37 1.18

cis-nonachlor 5103−73−1 0.29 0.99

trans-nonachlor 39765−80−5 0.29 0.92
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subpopulations: urban and nonurban river segments. NHD-
Plus and the U.S. Census Bureau national urban boundary GIS
coverage layers were used to identify urban sampling areas,
which were defined as densely settled census block groups with
a minimum population density of 50 000 people. Sampling sites
were selected using a probability-based approach,42,43generally
applying the spatial methodology used for lakes in U.S. EPA’s
National Lake Fish Tissue Study44 to major U.S. rivers. Fish
samples were collected from 164 randomly selected urban river
sites and 378 nonurban river sites. This included sampling
locations in 46 states with the following distribution of river
sites: fifth order, 154 sites; sixth order, 161 sites; seventh order,
99 sites; and eighth order and above, 126 sites.
2.2. Sample Collection. One composite sample of a single

fish species was collected from each site (Figure 1). A routine
composite sample consisted of five fish, but composites
containing fewer or greater than five fish were accepted in an
effort to retain a sample from each target river segment (51.3%
and 1.1% of the composites, respectively). Species were
selected to be ubiquitous, abundant, and easily identified.
Individual specimens of the species were selected to be adults
of similar size (the length of the smallest individual in a
composite could not be less than 75% of the total length of the
largest individual) and sufficiently large to provide adequate
tissue.45 A total of 15 species were identified in a targeted list,
including members of the sunfish (with largemouth and
smallmouth bass preferred), trout/salmon, pike, temperate
bass, perch, and catfish families. Field teams used active
methods, primarily electrofishing, to collect fish samples from
each site during the May through September field sampling

period in 2008 and 2009. Whole fish were shipped on dry ice to
the designated sample preparation laboratory for storage until
subsequent fillet tissue sample preparation and analysis. Other
aspects of fish collection and handling methods are further
described elsewhere.45

2.3. Sample Preparation and Analysis. Fish were filleted
in the laboratory. Scales were removed, then lateral muscle
fillets from both sides of each fish were prepared with skin on
and the belly flap (ventral muscle and skin) attached. Fillets
from individual specimens that comprised the sample were
homogenized together, regardless of the proportional weight of
individual fish. Composites were homogenized using a tissue
grinder and an 8 g aliquot of homogenate was used for analysis.
Wet tissue samples were extracted using pressurized fluid
extraction (PFE), followed by sample cleanup with gel
permeation chromatography (GPC) and alumina, and clean
extracts were analyzed by gas chromatography with electron
capture detection (GC-ECD). GC-ECD was chosen as the
analysis method since the ECD detection method was found to
be more sensitive for the target analytes than some mass
spectrometry methods, and provided a very cost-effective
analysis for the range of compounds in this study. Full details of
the extraction and GC-ECD analysis methods are included in
Supporting Information (SI) Document 1. Briefly, 8.0 g of
tissue were added to 20 g of anhydrous sodium sulfate and
allowed to dry for 1 h. Samples were spiked with a surrogate
standard solution and transferred to 33 mL PFE cells fitted with
a cellulose filter, and remaining cell volume was filled with
drying material. PFE cells were extracted with methylene
chloride (50%) and hexane (50%) at 100 °C and 1000 psi for

Figure 1. National map of NRSA 2008−2009 sampling locations (n = 540) within national aquatic resource survey ecoregions.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b05162
Environ. Sci. Technol. 2017, 51, 3021−3031

3023



three 7 min cycles. Extracts were collected into a 60 mL glass
vial, and the volume was reduced to approximately 3 mL using
a stream of nitrogen in a 50 °C water bath. Concentrated
sample extracts were dried using a 1-in. diameter glass
chromatography column packed with 20 g of sodium sulfate
and glass wool, and rinsed three times with hexane. Further
sample extract cleanup was performed using GPC with a
Waters HPLC, followed by solid-phase extraction using
columns packed with deactivated alumina-N. Final sample
extracts were adjusted to a volume of 1 mL after the addition of
25 μL of an internal standard solution consisting of
pentachloronitrobenzene, PCB 96, and PCB 166. These
extracts were analyzed using Agilent 6890 gas chromatographs
equipped with pressure-pulsed splitless injection, narrow-bore
columns and micro ECD detectors. Since ECD detection is not
as selective as some mass spectrometry methods available, two
separate GC-ECD analyses were performed on instruments
equipped with different GC columns, first a primary analysis
(Agilent HP-5 capillary column: 30 m length, 0.25 mm
diameter and 0.25 μm film thickness), followed by a
confirmatory analysis (J&W DB - XLB column, 30 m length,
0.25 mm diameter and 0.25 μm film thickness), with the two
different oven programs for both methods being described in SI
Document 1. Concentrations of detected analytes were
calculated for both the primary and confirmatory analyses.
Reported concentrations are a result of the average of the
primary and confirmatory analyses, unless the relative percent
difference (RPD) in concentrations between the two columns
was greater than 30%, in which case, the lesser concentration
was reported. If an analyte was not detected in both analyses, it
was reported as not-detected.
The method detection limit (MDL, Table 1), which is

defined as the minimum concentration of an analyte that can be
identified and detected with 99% confidence that the analyte
concentration is greater than zero, was determined for each
analyte using the procedure described at 40 CFR Part 136
Appendix B.46 The quantitation limit (QL) was defined as 3
times the MDL, and both the MDL and QL were calculated on
the primary and confirmatory columns, and were updated on a
yearly basis. Concentrations were reported to the MDL that
applied at the time of analysis, however, any concentrations
greater than the MDL but less than the QL were flagged as
estimated. The maximum MDL and QL observed during the
course of the study for each analyte is listed in Table 1. Four
quality control samples were analyzed with each extraction
batch, including a laboratory reagent blank (LRB), a laboratory
fortified blank (LFB), and two laboratory fortified matrix
(LFM) samples. The LRB and LFB were prepared from
sodium sulfate, and the LFB and LFM were spiked with a
mixture of the target analytes to yield a final GC extract
concentration of 15 ng/mL. Percent recovery for each analyte
was calculated in the LFB and LFM samples. Acceptable target
recoveries for all analytes ranged from 70% to 130% for LFB,
and from 50% to 150% with a 30% RPD for the duplicate LFM
samples. Any analytes or samples which did not meet the
predetermined quality criteria of the LFB and LFM samples
were reanalyzed, or reported as estimated. Samples were also
re-extracted and analyzed if an analyte was present in the LRB
above the QL and the analyte was present in the sample above
the QL but less than 10 times the detected blank concentration.
Standard reference material (SRM) 1947, purchased from
National Institute of Standard and Technology (NIST), was
used as a certified second source standard to monitor extraction

efficiency and instrument quantitation, and was extracted and
analyzed with each extraction batch. All data reported in this
study were reviewed and validated against the project
requirements by a third party not involved in the data
generation. Only valid results were used in the statistical
analyses. Measured concentrations and qualifiers for each of the
50 contaminants analyzed in the 540 fillet samples are included
as SI (Table S1−S3).

2.4. Data Analysis. National and Subpopulation
Estimates. The NRSA survey design and results provide
national and regional estimates of fish tissue contaminant
concentrations, and as a result, reported results are expressed as
population estimates, and not site or sample summary data.
The population estimates are based on weighted analytical
results from sampling sites. The weights are based on the
survey design and are the inverse of the probability of selecting
a sampling site. The probability of selecting a site depends on
the stratification and unequal probability of selection associated
with the site. The weights are the total river length represented
by the sample site. Percentiles and mean population estimates
of fish tissue analyte concentrations were calculated from the
weighted data, using routines developed by the U.S. EPA in the
statistical calculation package spsurvey R47 for the R statistical
computing environment.48 In addition to the urban and
nonurban subgroups, statistical parameters were generated for
three aggregated ecoregions (EHIGH, PLNLOW, and WMTS)
used in U.S. EPA National Aquatic Resource Surveys.49 A
standard normal Z-test was used to investigate fish tissue
analyte concentration differences between the urban and
nonurban subgroups, and between ecoregions:

=
−

√ +
z

A B

A B

mean mean

(stderr stderr )2 2

where meanA is the weighted mean estimate, stderrA is the
standard error estimate for meanA for subgroup A, and similarly
for subgroup B. Compounds were evaluated by summed
groups, including summed PCB and PBDE congeners, total
DDT (the five DDT compounds and degradates listed in Table
1), and total chlordane (cis- and trans-chlordane, cis- and trans-
nonachlor, and oxychlordane). Prior to summing data into
groups, any detections below the MDLs were considered
nondetects and the results were treated as zeros during the
statistical analysis.

Human Health Risk Estimate. The two categories of human
health risk that are reflected in selected SVs are cancer and
noncancer (Table 2). The survey design provides national
estimates of river kilometers that are expected to contain fish
with fillet concentrations that would exceed those screening
value thresholds. A cancer SV37 is based on a level of excess
cancer risk from exposure to a carcinogenic substance ranging
from 10−4 to 10−6. The noncancer SVs are based on a reference
dose (RfD) for a toxicant, which is the level of exposure over a
lifetime at which no observable adverse effects will occur.
Cancer SVs are generally lower than noncancer SVs (Table 2),
but the ratio can vary. For this assessment, a cancer SV
reflecting 10−5 cancer risk has been applied to allow
comparison of all the frequently detected compounds across
regions, and to be comparable to previous U.S. EPA
assessments.22,26 A noncancer SV was also applied to provide
context for the concentrations reported here in terms of
thresholds widely used in fish consumption advisories.37 For
the PBDEs, no cancer SV was applied, since the PBDE
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congeners represented in this study have not been classified as
carcinogenic.4 Limited RfDs are available for PBDE congeners,
however, the California EPA has published fish tissue advisory
levels based on noncancer risk.38

Wildlife Risk Estimate. The fish tissue study conducted
under the 2008−2009 NRSA was designed to assess human
health impacts from fish consumption, which is why fillets were
targeted for analysis. To estimate the possible risk to wildlife
that may be consuming fish collected in this survey, wildlife
values (WVs) for mink, kingfisher, and larger birds (if available)
that represent thresholds for toxic effects (such as reproductive
or development success, organismal viability or growth, effect
on population dynamics) were used.50,51 However, these
previously reported WVs represent whole-fish tissue concen-
trations, so a conversion factor had to be applied to convert
whole-fish tissue WVs to fillet WVs. For total PCBs, a
conversion factor was averaged from across three referen-
ces;28,52,53 one conversion factor was used for DDT and
chlordane;52 and another was identified for PBDEs.51 All of
these conversion factors are listed in Table 2, along with the
resulting fillet WVs. Dieldrin WVs were not converted from
whole body to fillets, since it has been reported that dieldrin
was present in roughly the same average concentrations in
game-fish fillets as in whole-body bottom-feeders. No other
publications were found that provided information comparing
whole fish dieldrin to fillet concentrations from the same fish
species.54 Since a conversion factor for the wildlife values from
fillets to whole fish had to be applied, limited inferences can be
made for the wildlife results. However, because different species
can display very different sensitivities to the same chemicals, the
results of the wildlife risk estimate do provide valuable insight
into the relative risks of exposure for human, mammalian, and
avian species across the different contaminant groups.
Chemical Co-Occurrence. Co-occurrence of the four main

chemical groupings was examined using a previously described
procedure,55 Samples that exceeded the weighted median
concentrations for any of the four major contaminant groups
(PCBs, PBDEs, total chlordane, and total DDT) were
identified. Samples that exceeded the respective median
concentrations were then compared to calculate the percentage
of the samples with concentrations above the median of any
one compound group that occurred: (1) singly; (2) with a
second contaminant group also above its median; (3) as a
combination of any three contaminant groups; or 4) with all
four compound groups occurring together above their median
concentrations.

3.0. RESULTS AND DISCUSSION

PCBs in Fish Tissue. PCBs were detected in 93.5% of the
fish fillet samples, which results in 48% (40 030 river km
(±2432 km)) of the national sampled population of rivers
having fillet tissue concentrations that exceed the cancer SV of
12 μg/kg, as shown in Table 3. By comparison, nearly 70% of
the sampled population of urban rivers had fillet tissue
concentrations that exceeded the PCB cancer SV. The
maximum summed PCB concentration measured in urban
river samples was 857 μg/kg. Among the three ecoregions, PCB
detections dominated in the EHIGH, where the mean summed
PCB concentration was 47.1 μg/kg. In this ecoregion, fillet
tissue concentrations exceeded the PCB cancer SV of 12 μg/kg
in 54.3% of the sampled population of EHIGH rivers. The
mean summed PCB concentrations in fillet samples from the
PLNLOW and WMTS were 30.7 μg/kg and 11.9 μg/kg,
respectively. The PCB SV exceedances were lower in these two
ecoregions. In the PLNLOW, 50.8% of the sampled population
of PLNLOW rivers had fillet concentrations that exceeded the
12 μg/kg SV. By contrast, 23.6% of the WMTS sampled
population of rivers exceeded the cancer SV.
The national, ecoregion, urban river, and nonurban river

population percentile estimates for the summed PCB
concentrations are shown in Figure 2. The national estimate
of the median summed PCB concentration is 11.3 μg/kg, which
is almost the same as the cancer SV of 12 μg/kg. All of the 75th
percentile estimates of fillet concentrations lie between the
cancer SV (12 μg/kg, which corresponds to the WMTS
estimate) and noncancer SV (47 μg/kg, which corresponds to
the urban river estimate). All of the 90th percentile estimates
exceed 47 μg/kg except the estimate for the WMTS ecoregion.
For the wildlife estimates, fish tissue concentrations in 9.3% of
the national sampled population exceed the fillet WV for mink,
whereas fish tissue concentrations in only 1.3% of the sampled
population exceeded the kingfisher fillet WV. Human SVs for
both cancer and noncancer are lower than both PCB WV
values, and therefore, in general, the human health SVs are
protective of wildlife risks as well.
The relative abundance of the 21 PCB congeners found in

fish fillet tissue from nonurban vs urban rivers is shown in SI
Figure S-1. All mean PCB congener concentrations are higher
in samples from urban rivers than from nonurban rivers, but the
magnitude of the difference varies. Congeners 138 and 153 are
the most abundant PCBs in both nonurban and urban river fish
fillets, which has also been the case in other environmental
samples.16 The coplanar PCBs 77, 126, and 169 (indicated by
the arrows in SI Figure S-1) are present only at low
concentrations in fillet tissue from both subpopulations. In
this study, 21 PCB congeners were quantified out of the full
suite of 209 PCB congeners. Since there is additional PCB mass
in the samples that was not measured for this study, the
summed 21 PCB congeners underestimate the total mass
present in the samples. Although this study underestimates the
total PCB mass, the congeners analyzed include 10 of the 11
congeners with the highest frequency of environmental
occurrence, as well as three dioxin-like congeners.56 Therefore,
the results of this study are still applicable to the human health
and wildlife exposure analysis.

PBDEs in Fish Tissue. Similar to PCBs, the eight congeners
of PBDEs are commonly detected in fish tissue samples. All of
the results presented in Table 3 and SI Figure S-2 indicate
higher concentrations in urban river samples than in samples

Table 2. Summary of the Human Health Screening Values
(SVs) and Wildlife Values (WV), with All Values Being
Presented in μg/kg Wet Weight (ppb); and the Applied
Fillet to Whole Fish Conversion Factorsa

compound
cancer
SV

noncancer
SV

mink
WV

kingfisher
WV

fillet to whole fish
conversion factor

PCBs 12 47 72 242 1.83

PBDEs N/A 210 21 8.7b 1.50

DDT 69 120 216 12.0 1.66

chlordane 67 1200 573 3.1 1.44

dieldrin 1.5 120 20 360
aHH SVs are based on the upper estimates of consuming one 8 oz
meal of fish per week. See Methods Section 2.4 for a description of
Cancer and Non-Cancer SVs, and WV. bKestril WV instead of
Kingfisher, taken from Canadian Environmental Protection Act38
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from nonurban rivers. In contrast, PBDE results among the
three ecoregions show (Table 3) no clear distinctions. SI Figure
S-3 shows the relative abundance of individual PBDE
congeners in fillet tissue samples from nonurban and urban
rivers. PBDE concentrations in fish from U.S. rivers are
dominated by BDE 47, followed by BDEs 100 and 99. Only
0.3% of the national sampled population had fillet concen-
trations that exceeded the 210 μg/kg human health SV for
PBDEs (Table 3). The higher noncancer SV for PBDEs relative
to PCBs and DDT is a reflection of their lower relative toxicity,
but again, limited RfD values are available for PBDEs. The

lower toxicity and shorter half-life of PBDEs57 compared to
PCBs58 could be contributing factors to the lower percentage of
the national sampled population having fillet tissue concen-
trations that exceed the SV for PBDEs. In contrast to PCBs, the
applied PBDE WVs are lower than the human health SVs.
Summed PBDE results for the wildlife risk estimation showed
that fish tissue concentrations in 33.4% of the national sampled
population exceed the converted fillet WV for kestrels, and for
mink, fish tissue concentrations in 14.5% of the national
sampled population exceeded the WV (Table 3).

Table 3. Weighted POPs Fish Tissue Concentration Results by Site Type and Ecoregion, And Percent River km Exceeding
Human Cancer Screening Values (CSV), Noncancer Screening Values, And Wildlife Values (WV)

PCB summed congeners

statistic national nonurban urban

detects 505/540 sites
(93.5%)

343/377 sites
(91.0%)

162/163 sites
(99.4%)

mean 32.7 ug/kg 26.9 ug/kg 54.2 ug/kg

median 11.3 ug/kg 8.6 ug/kg 23.8 ug/kg

max 857 ug/kg 412 ug/kg 8567 ug/kg

%>CSV (12 ug/
kg)

48.0% 42.0% 69.8%

%>non-CSV (47
ug/kg)

16.7% 14.6% 25.7%

%>mink WV (72
ug/kg)

9.3% 8.9% 10.9%

%>KF WV(242
ug/kg)

1.4% 0.7% 3.8%

statistic EHIGH PLNLOW WMTS

sites 189 280 71

mean 47.1 ug/kg 30.7 ug/kg 11.9 ug/kg

median 16.7 ug/kg 12.6 ug/kg 3.8 ug/kg

%>CSV (12 ug/
kg)

54.3% 50.8% 23.6%

%>non-CSV (47
ug/kg)

20.2% 18.0% 6.1%

%>mink WV (72
ug/kg)

13.2% 8.5% 4.6%

%>KF WV(242
ug/kg)

3.8% 0.5% 0%

PBDE summed congeners

statistic national nonurban urban

detects 497/540 sites
(92.0%)

340/377 sites
(90.2%)

157/163 sites
(96.3%)

mean 11.6 ug/kg 8.6 ug/kg 22.5 ug/kg

median 4.7 ug/kg 3.6 ug/kg 8.0 ug/kg

maximum 311 ug/kg 151 ug/kg 310 ug/kg

%>non-CSV (210
ug/kg)

0.3% 0% 1.2%

%>mink WV(21
ug/kg)

14.6% 10.6% 29.1%

%>kestral WV(8.7
ug/kg)

33.4% 29.5% 47.8%

statistic EHIGH PLNLOW WMTS

sites 189 280 71

mean 13.6 ug/kg 10.2 ug/kg 13.2 ug/kg

median 6.8 ug/kg 3.5 ug/kg 4.8 ug/kg

%>non-CSV (210
ug/kg)

0% 0.5% 0%

%>mink WV(21
ug/kg)

17.5% 13.3% 13.9%

%>kestral WV(8.7
ug/kg)

42.0% 31.5% 23.8%

total DDT

statistic national nonurban urban

detects 533/540 sites
(98.7%)

370/377 sites
(98.1%)

163/163 sites
(100%)

mean 13.8 ug/kg 12.3 ug/kg 19.0 ug/kg

median 6.3 ug/kg 5.7 ug/kg 9.5 ug/kg

maximum 294 ug/kg 170 ug/kg 294 ug/kg

%>CSV (69 ug/
kg)

2.3% 1.6% 5.1%

%>mink WV(216
ug/kg)

0.1% 0% 0.3%

%>KF WV(12 ug/
kg)

31.6% 28.3% 43.7%

statistic EHIGH PLNLOW WMTS

samples 189 280 71

mean 8.8 ug/kg 16.0 ug/kg 14.6 ug/kg

median 3.6 ug/kg 7.5 ug/kg 4.5 ug/kg

%>CSV (69 ug/
kg)

1.0% 2.7% 3.5%

%>mink WV(216
ug/kg)

0.2% 0.03% 0%

%>KF WV(12 ug/
kg)

21.0% 36.9% 31.4%

total chlordane

statistic national nonurban urban

detects 478/540 sites
(88.5%)

325/377 sites
(86.2%)

153/163 sites
(93.9%)

mean 6.3 ug/kg 5.1 ug/kg 10.8 ug/kg

median 2.0 ug/kg 1.6 ug/kg 2.7 ug/kg

maximum 311 ug/kg 87.1 ug/kg 311 ug/kg

%>CSV (67 ug/
kg)

0.6% 0.3% 1.6%

%>mink WV(573
ug/kg)

0% 0% 0%

%> KF WV(3.1
ug/kg)

36.9% 34.1 0% 47.2%

statistic EHIGH PLNLOW WMTS

samples 189 280 71

mean 5.7 ug/kg 7.6 ug/kg 2.1 ug/kg

median 2.5 ug/kg 2.2 ug/kg 0.8 ug/kg

%>CSV (67 ug/
kg)

1.0% 0.5% 0%

%>mink WV(573
ug/kg)

0% 0% 0%

%> KF WV(3.1
ug/kg)

39.9% 40.9% 14.5%

dieldrin

statistic national nonurban urban

%>CSV (1.5 ug/kg) 31.2% 28.5 41.2%

statistic EHIGH PLNLOW WMTS

%>CSV (1.5 ug/kg) 24.1% 40.4% 7.8%
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OCPs in Fish Tissue. Lower concentrations were observed
for the organochlorine pesticides (OCPs) chlordane and total
DDT relative to the summed PCBs. Even 28 years after U.S.
EPA withdrew approval for its use for underground termite
control around the foundations of homes,59 chlordane was
detected in 88.5% of all fish tissue samples and 93.9% of the
urban river samples (Table 3). Concentrations exceeded the
cancer-based human health SV of 67 μg/kg44 in fish fillet
samples from less than 1% of the sampled population of rivers.
When WVs were applied for chlordane, fish tissue concen-
trations in 36.9% of the national sampled population exceeded
the kingfisher fillet WV and fish tissue concentrations in 0% of
the national sampled population exceeded the mink fillet WV
(Table 3).

Although banned in 1972 (for most uses) in the U.S.,6 DDT
and its metabolites (total DDT) were detected in 100% of the
fish samples in this study (Table 3). Concentrations of total
DDT were found to be elevated in a few samples. However, the
mean concentration (13.8 μg/kg) is well below the human
health cancer-based SV of 69 ug/kg for total DDT, and both
the percentage of samples and the river length they represent
are low (1947 km, ±511 km, Table 3). Only the 95th percentile
estimates for total DDT concentrations from urban rivers
exceed the cancer-based SV (SI Figure S-4). Additionally, the
tissue concentrations for 4,4′-DDT (mean 0.75, median 0.18,
maximum 36.3 μg/kg) are much lower than total DDT, which
indicates that new sources of DDT are unlikely. The main
contributor to total DDT was 4,4′-DDE (mean 10.7, median

Figure 2. Estimated population percentile distribution for summed PCBs in fish tissue from U.S. river sampling sites, nonurban and urban, and by
ecoregion. Confidence intervals for each percentile, mean, and median are represented by the horizontal dashed lines.

Figure 3. Comparison of weighted mean contaminant concentrations between subgroups in μg/kg (y axis).
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4.7 μg/kg). Fish tissue concentrations in 31.5% of the national
sampled population exceeded the WV for total DDT for
kingfishers, and fish tissue concentrations in less than 1% of the
national sampled population exceeded the WV for mink. Like
chlordane, the converted total DDT WV for Kingfishers was
lower than that of minks and the human health cancer SVs
listed in Table 3, indicating that these organochlorine pesticides
may pose more of a risk for avian species.
Analytical results for dieldrin also showed widespread

occurrence with a 71% frequency of detection, and dieldrin
has a relatively lower cancer SV (1.5 μg/kg). Dieldrin
concentrations in fillet samples exceeded this SV in 31.2% of
the sampled population of rivers, including 41.2% of urban
rivers and 40.4% of PLNLOW rivers (Table 3). Other OCPs
detected in this study included aldrin, alpha-BHC, endrin,
lindane, endrin ketone, heptachlor epoxide, hexachlorobenzene,
and mirex. These other OCPs had detection frequencies of less
than 50%, and none of the fillet concentrations exceeded
human health SVs for these compounds.
Subpopulation Differences. Concentrations of mercury

in fish tissue from these same samples were previously
compared across the three ecoregions and between nonurban
and urban sites.34 Those results revealed no significant
differences across the subpopulations of rivers, however,
different results were observed for the organo-halogen
compounds. Figure 3 compares the weighted mean concen-
trations of the organo-halogens in fish from urban versus
nonurban subpopulations and from ecoregions, and the
significance of any differences as determined using the Z test
are listed in SI Table S4. The means for all chemical groups
were higher for samples from urban rivers than those from
nonurban rivers. The means for summed PCBs, summed
PBDEs, and total DDT were significantly higher for urban river
samples, which reflects the greater extent of chemical use and
release of a variety of contaminants into rivers in populated
areas where they can bioaccumulate in fish. Higher organo-
chlorine concentrations in aquatic environments in urban areas
have been documented previously in urban bed sediments.60

Not only could urban sources from chemical manufacturing,
industrial use of chemicals, and domestic application of
pesticides contribute to enhanced concentrations in fish tissue
from urban waters, but proximity to wastewater treatment plant
(WWTP) discharges could also be a factor, since WWTPs have
been demonstrated to be an important point source of PCB
and PBDE contamination.61

Among the ecoregions, summed PCB concentrations in river
fish samples from the EHIGH were significantly higher than in
samples from both the PLNLOW and WMTS (Figure 3, SI
Table S4). Summed PCB concentrations in fish from the
PLNLOW were also significantly higher than those from the
WMTS. Although summed PBDE concentrations were
significantly higher in samples from urban rivers relative to
nonurban rivers, there was no significant difference in summed
PBDE concentrations among ecoregions. Total chlordane
concentrations were found to be significantly higher in fillet
tissue samples from rivers in both EHIGH and PLNLOW
ecoregions relative to the WMTS ecoregion, but the difference
in EHIGH and PLNLOW total chlordane concentrations was
not significant ((Figure 3, SI Table S4). Total DDT
concentrations in samples from waters in the PLNLOW were
significantly higher relative to those from the EHIGH, but
unlike total chlordane, the difference in total DDT concen-

trations among the EHIGH, PLNLOW, and WMTS ecoregions
was not significant.
Differences observed in the chemical concentrations relate to

various factors, including their historical use and the geographic
distribution of these chemical contaminants. Summed PCB
concentrations are significantly higher in the EHIGH region
relative to both other ecoregions, which reflects the industrial
and urban history of this region where PCBs were most
predominately used and released into the environment.60 The
ubiquity of PBDEs is consistent with its discharge pathway
from dust in homes, through wastewater treatment systems,21

and then to rivers. Similarly, the predominance of DDT in fish
tissue from the PLNLOW ecoregion is consistent with the
agricultural character of the middle of the country. The lack of a
significant difference between the PLNLOW and WMTS total
DDT results is also consistent with the high agricultural use of
some states in the WMTS ecoregion. Chlordane, last labeled
for use for underground application against termites,59 persists
in the EHIGH and PLNLOW regions but not in the WMTS.

Co-Occurring Contaminants. Co-occurrence of these four
chemical groups was examined with the procedure outlined by
Thompson and Boekelheide,55 in which fish tissue concen-
trations that exceeded their respective median values are used
to determine co-occurrence at elevated concentrations. This
analysis (Figure 4) revealed that the most common mode of co-

occurrence (fish from 32% of river sites with concentrations
above the median for any compound) was for all four
compound groups to co-occur at concentrations above their
respective weighted medians. The next highest category of co-
occurrence (16%) was for any three compound groups to co-
occur above their median concentrations. PCBs co-occurred
with PBDEs in 11% of sampled populations; chlordane with
total DDT and PCBs with total DDT each co-occurred in 10%
of the sampled population above the medians for these
compound groups. The rarity was for these contaminants to
occur singly above the median concentrations as was the case
for PCBs in 4%, PBDEs and chlordane each in 5%, and total
DDT in 7% of samples from the sampled population of rivers.
The extent of co-occurrence of these compounds at relatively

elevated concentrations underscores the exposure risk that is
posed by their presence in fish tissue. The U.S. EPA has

Figure 4. Co-occurrence of PCBs, PBDEs, chlordane, and DDT above
respective median values in fish tissue samples from major U.S. Rivers.
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provided approaches to quantify the toxicity of combinations of
contaminants based on whether the contaminants are known to
have similar or dissimilar modes of toxicity.62 For compounds
with similar modes of toxicity, the doses are considered
additive. For dissimilar responses, the risks are considered
separately and then combined. Additive risk, however, has been
poorly defined and infrequently studied, especially for legacy
contaminants, such as PCBs and OCPs no longer in use, that
are perceived to be a diminishing threat. Accordingly, the
background environmental chemical load and the potential for
such additive effects should be taken into consideration when
new chemicals, including organo-halogen compounds such as
brominated flame retardants or chlorinated antimicrobials, are
discharged to surface waters.
Nationally representative data on the occurrence of organic

contaminants in fillet tissue of fish from U.S. rivers indicate that
PCBs, PBDEs, chlordane, and DDT are still pervasive. PCBs,
PBDEs, and total DDT occur at significantly higher
concentrations in fish from urban rivers; however, the
distribution of chemical groups varies more among the
ecoregions. Co-occurrence in fish tissue at concentrations
above the medians is typically observed, most frequently (32%)
with all four of the chemical classes. This indicates that
monitoring of fish tissue for assessment, fish consumption
advisories, and the protection of aquatic life continues to be
important for both new and legacy organic compounds.
Individual organo-halogen compounds seldom occur alone in
fish tissue. Therefore, these analytical results should be viewed
in the context of co-occurring compounds and assessments of
risk to human health and aquatic life that reflect the integrated
chemical burden in fish. Any new organo-halogen compounds
introduced to the environment will likely add to the existing
overall burden of such compounds in fish tissue, since this work
has demonstrated that POPs concentrations measured in fish
potentially consumed by humans and representative avian and
mammalian species still exceed human health SVs and WVs in
many U.S. waters today.
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� Hg fish tissue results from 541 U.S. sites on =>5th order streams in 2008–2009.

� Site selection was probabilistic and nationally-representative.

� 25.4% (137 sites, 13071 river miles, (21036 km)) > 300 ug kg�1 HH and WV thresholds.

� No difference observed between results from urban vs. non-urban sites or among three eco-regions.

� Most exceedances in top predator species.
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a b s t r a c t

The U.S. EPA conducted a national statistical survey of fish fillet tissue with a sample size of 541 sites on

boatable rivers =>5th order in 2008–2009. This is the first such study of mercury (Hg) in fish tissue from

river sites focused on potential impacts to human health from fish consumption to also address wildlife

impacts. Sample sites were identified as being urban or non-urban. All sample mercury concentrations

were above the 3.33 ug kg�1 (ppb) quantitation limit, and an estimated 25.4% (±4.4%) of the 51663 river

miles assessed exceeded the U.S. EPA 300 ug kg�1 fish-tissue based water quality criterion for mercury,

representing 13144 ± 181.8 river miles. Estimates of river miles exceeding comparable aquatic life

thresholds (translated from fillet concentrations to whole fish equivalents) in avian species were similar

to the number of river miles exceeding the human health threshold, whereas some mammalian species

were more at risk than human from lower mercury concentrations. A comparison of means from the

non-urban and urban data and among three ecoregions did not indicate a statistically significant

difference in fish tissue Hg concentrations at p < 0.05.

Published by Elsevier Ltd.

1. Introduction

Mercury (Hg) is a metal that is persistent, bioaccumulative, and

toxic in the environment. It is a constituent of minerals in rocks

and soil that enters the atmosphere by the natural degassing of

the earth’s crust and recycling by volatilization of atmospherically

deposited mercury, as well as being mobilized to the environment

from anthropogenic sources. Human activities have enriched the

atmospheric content of mercury by a factor of 7.5 times compared

to levels predating emissions from most human activities (Amos

et al., 2013). These activities include mining (including gold extrac-

tion), manufacturing, Portland cement production, medical waste

incineration, and most prominently, the combustion of fossil fuels,

especially coal (UNEP, 2008). As of 2005, however, artisan and

small scale gold mining were second only to fossil fuel combustion

as sources of Hg emissions to the atmosphere (Pacyna et al., 2010).

When Hg is deposited in water, a large portion is converted, by

chemical and biochemical processes either in sediments or in the

water column, from inorganic Hg to toxic methylmercury (MeHg)

that bioaccumulates in fish muscle (Sunderland et al., 2009).

Despite very effective efforts to reduce emissions of Hg in many

countries, including the U.S., Hg emissions from Asia continue to

http://dx.doi.org/10.1016/j.chemosphere.2014.11.005
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⇑ Corresponding author. Tel.: +1 (202) 566 0367; fax: +1 (202) 566 0409.

E-mail address: wathen.john@epa.gov (J.B. Wathen).
1 Tel.: +1 (513) 569 7076; fax: +1 (513) 569 7438.
2 Tel.: +1 (541) 754 4790.

Chemosphere 122 (2015) 52–61

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate /chemosphere



increase (Wilson et al., 2010) with potential implications for

increased human exposure in the U.S. and elsewhere (Sunderland

et al., 2009; Driscoll et al., 2013). Future levels of Hg emissions will

depend on the degree of implementation of measures to remove

Hg from fossil fuel combustion emissions in the context of rising

demand for electricity (Streets et al., 2009).

Research has shown that exposure to Hg and its compounds

through the consumption of fish containing Hg can cause a range

of toxic effects in humans, as well as in piscivorous mammalian

and avian wildlife (U.S. EPA, 1997). At doses that result from

moderate rates of maternal fish consumption, exposure of fetuses

to Hg in utero can later manifest in children as deficits in subtle

neurological end points such as lowered IQ, decrements in motor

function, attention, and visuospatial performance (NAS, 2000).

Evidence of early childhood effects at low levels of prenatal

exposure is clear, and other health effects are likely, including

cardiovascular effects and, to a lesser extent, immune system

suppression (Karagas et al., 2012). Recent analyses also suggest

an association between toenail Hg levels in young adults and the

incidence of diabetes in later life (He et al., 2013). The thresholds

for neurodevelopmental effects of mercury exposure discussed in

this manuscript are based on U.S. EPA reference dose of

0.1 ug kg�1 of body weight/day for exposure to Hg (U.S. EPA,

2001b) relative to fish tissue concentrations detected in samples

collected by the U.S. EPA. A reference dose (RfD) is an estimate

of a daily exposure to the human population (including sensitive

subgroups) that is likely to be without an appreciable risk of

deleterious effects during a lifetime.

Wildlife are exposed to Hg and MeHg from a variety of environ-

mental sources, mine tailings, industrial effluents, agricultural

drain water, impoundments and atmospheric deposition from the

electric power generation industry. At the higher levels of the food

chain, piscivorous birds and mammals are among the highest risk

receptors of MeHg contamination (Wolfe et al., 1998). Toxicity of

Hg to piscivorous birds and mammals includes damage to the ner-

vous, excretory, and reproductive systems. (Wolfe et al., 1998). In

1997, EPA identified wet deposition as the primary mechanism

by which atmospheric Hg is transported to surface waters and

land, although dry deposition may also contribute substantially

(U.S. EPA, 1997). More recently, Driscoll et al. (2013) provide a full

description of Hg sources, transport and deposition mechanisms,

both human health and ecological effects, and cite atmospheric

deposition as the primary mechanism of redistribution of mercury.

Large-scale studies of contaminants in fish tissue have found

widespread evidence of Hg contamination. In a survey of lakes in

the northeastern United States in 1992–1994, the U.S. EPA’s Envi-

ronmental Monitoring and Assessment Program (EMAP) analyzed

whole fish composite samples for inorganic and organic contami-

nants, including Hg. It was found that 26% of northeastern lakes

contained fish with Hg levels that exceeded the critical value for

humans (200 ug kg�1 at that time), 54% of lakes exceeded wildlife

critical values for piscivorous mammals (100 ug kg�1), while 98%

exceeded wildlife critical values for birds (20 ug kg�1) (Yeardley

et al., 1998). During the period 1993–1994, an EMAP survey of fish

in the Mid-Atlantic Region found that small fish tissue concentra-

tions exceeded the kingfisher Wildlife Value (30 ug kg�1) over 72%

of the stream length. Wildlife Values (WVs,) have been defined as

the concentration in fish at which chronic effects to piscivorous

wildlife occur (Lazorchak et al., 2003). In 2004 and 2005, the EMAP

Great Rivers Assessment measured Hg concentrations in whole fish

from the Upper Mississippi, Missouri, and Ohio Rivers to character-

ize the extent and magnitude of Hg contamination and to identify

environmental factors influencing Hg accumulation (Walters et al.,

2010). Across all three large river systems, Hg levels exceeded the

WV for belted kingfisher in 33–75% of river length and exceeded

the human health criteria in 1–7% of river length.

More recently, the U.S. EPA conducted the National Lake Fish

Tissue Study (Stahl et al., 2008), which employed a national-scale

statistical survey design and targeted human exposure to Hg by

focusing on the fillet, the edible portion of collected species. This

national lakes study included 486 composite predator fillet

samples collected from 500 randomly-selected lakes during

2000–2003. In this nationally representative study, fish tissue from

48.9% of the lake population assessed exceeded the U.S. EPA’s

300 ug kg�1 human health fish tissue-based water quality criteria

(WQC) for Hg (U.S. EPA, 2001a).

The U.S. Geological Survey (USGS) has conducted extensive

studies of national and regional fish-tissue contaminant data by

combining results of several separate targeted studies conducted

over time, analyzing the data and characterizing contaminant lev-

els on the basis of region and watershed type, including propensity

for methylation and fish characteristics (Schmitt, 2002; Scudder

et al., 2009; Chalmers et al., 2011). These studies have led to iden-

tification of patterns and mechanisms of Hg accumulation in fish

including the propensity for methylation to occur in watersheds

with abundant wetlands (Brigham et al., 2009; Scudder et al.,

2009). USGS continues to emphasize locally-focused studies which

are national in their distribution (Brigham et al., 2014; Feaster

et al., 2014; Chalmers et al., 2014) and explore causative mecha-

nisms for the observed variations in Hg concentrations in a variety

of media and settings.

The present work reports the results of a 2008–2009 National

Rivers and Streams Assessment (NRSA) survey of rivers in the 48

conterminous United States to investigate Hg concentrations in

composited fillet samples (Fig. 1). The survey is nationally-repre-

sentative of the class of waters (5th order and greater rivers that

are boatable) from which the sample of 541 sites was drawn. The

fish tissue sampling efforts of this study are focused on providing

information for assessments of human health impacts of fish con-

sumption. Results were also used to estimate contaminant expo-

sures to wildlife and aquatic species that consume fish and to

compare urban and non-urban sub-groups of sites as well as sites

located in each of three National Aquatic Resource Assessment

(NARS) ecoregions: West and Mountains (WMTS), Plains and

Lowlands (PLNLOW), and Eastern Highlands (EHIGH) (Fig. 1). The

design of this study produces assessment results nationally, for

three regions, and by urban and non-urban subgroups and relate

those results to both human health and wildlife effects. The

statistical survey design requires estimates for the assessments

to incorporate weights that reflect the stratification and unequal

probability of selection. This ensures that the inference (results)

apply to all boatable, 5th order and greater rivers in the contermi-

nous states. Results from this study may differ from those employ-

ing other non-survey design methods for selection of sites

(Peterson et al., 1998).

2. Materials and methods

2.1. NRSA design and site selection

The NRSA included 1924 sites within the conterminous United

States that were sampled for a range of environmental indicators,

including concentrations of toxic chemicals in fish tissue (U.S.

EPA, 2013). Fish tissue samples were collected at a subset of 541

sites that met the three criteria for the river population of interest

for the fish tissue contaminant study: (1) boatable U.S. rivers of 5th

order and greater (Strahler, 1957); (2) having a permanent fish

population; and (3) flowing water during the study period (includ-

ing the Great Rivers and run-of-the-river ponds, but excluding por-

tions of tidal rivers up to head of salt, and reservoirs). The sample

frame was derived from the National Hydrography Dataset (NHD)

J.B. Wathen et al. / Chemosphere 122 (2015) 52–61 53



and included Strahler stream order attributes (http://water.epa.

gov/scitech/datait/tools/waters/index.cfm). NHD-Plus and the U.S.

Census Bureau national urban boundary GIS coverage layers were

used to establish the urban attribute so that both non-urban and

urban samples could be identified. Non-urban and urban subpopu-

lations were identified for two purposes. First, analytes other than

Hg, including legacy organo-halogen compounds (entire sample

set), perfluorinated compounds, and synthetic musks (only the

urban subpopulation), were also determined for samples in this

study and are being described in other publications. In the case

of the perfluorinated compounds and synthetic musks, the smaller

urban subpopulation better aligned with the budgetary resources

available to perform the analyses. Secondly, the question of vari-

able impacts to non-urban and urban populations and attendant

questions of environmental justice are of interest to U.S. EPA. The

distinction between urban and non-urban sampling locations

was based on the most recent available U.S. Census Bureau data

and the following definition: an Urban Area consists of contiguous

densely settled census block groups that meet minimum popula-

tion density requirements, along with adjacent densely settled

census blocks that together encompass a population of at least

50000 people.

Sampling siteswere selected using a probability-based approach

(Stevens and Olsen, 1999, 2004), generally applying the spatial

methodology that had been used for lakes in U.S. EPA’s National

Lakes Fish Tissue Study (Stahl et al., 2008) to major U.S. rivers

(Olsen et al., 2008). Selection probabilities were defined for 5th

order or larger rivers in the lower 48 states so that the expected

number of urban sites would be at least 150. The numbers of sites

where samples were collected were limited by logistical factors,

such as failure to obtain a fishing permit, absence of fish of the

appropriate species and/or size at a given site, and time constraints

for fish sampling. Fish tissue samples were collected from a total of

162 randomly selected urban rivers sites and 379 non-urban river

sites. These totals included sampling locations in 46 conterminous

states. Sampling included 154 5th order river sites, 162 6th order

river sites, 99 7th order river sites and 126 sites from rivers 8th

order and above.

2.2. Sample collection

One composite sample containing a single fish species was col-

lected from each site (Fig. 1). Target species and individual speci-

mens for the fish composite samples were selected based on a

consistent set of criteria. Species were selected to be ubiquitous,

abundant, and easily identified. Individual specimens of the species

were selected to be adults of similar size (the length of the smallest

individual in a composite could not be less than 75% of the total

length of the largest individual) and sufficiently large (i.e., adult

specimens) to provide adequate tissue for analysis (U.S. EPA, 2009a).

During required training sessions, all study participants were

provided a list of recommended species for fish tissue sampling

and were instructed to specifically target those species. A total of

15 species were included in that target list (in the Field Operations

Manual and QAPP) and all were predator (typically top carnivore)

species. Consistent with the human health context of the study,

the focus was on sport/game fish that are commonly consumed

by humans and of sufficient size to be of interest to anglers, and

species that had a wide geographic distribution. The target species

list included members of the sunfish (with largemouth and

Fig. 1. National map of NRSA 2008–2009 sampling locations (n = 541) within national aquatic resource survey ecoregions.
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smallmouth bass preferred), trout/salmon, pike, temperate bass,

perch, and catfish families. Every effort was made to collect the

desired species; however, the outcome of the field sampling efforts

ultimately depended on the natural diversity and abundance of fish

at each sampling site. The fish that were available to be taken

dictated the mix of species collected at the sites, similar to condi-

tions that would be encountered by anglers seeking fish for sport

or sustenance.

Field teams used active methods (i.e., electrofishing) to collect

fish samples from each site during a May through September field

sampling period in 2008 and 2009. A routine composite sample

consisted of five fish, but composites containing fewer than five

fish were accepted in an effort to retain a sample from each target

river segment (41% of the composites). The lengths of fish collected

were similar in non-urban and urban waters. The mean length of

fish taken from non-urban waters was 364.7 mm (min 101 mm,

max 790 mm, S.D. 98.3 mm), and the mean length of fish from

urban waters was 362.8 mm (min 112.5 mm, max 702 mm, S.D.

93.4 mm) Whole fish were shipped on dry ice to the designated

sample preparation laboratories for storage until subsequent

preparation (filleting and homogenization).

2.3. Sample preparation

Fish were filleted in the laboratory by trained technicians. In

order not to excise fatty tissue likely containing organic contami-

nants also of interest in this study, scales were removed from fish,

then lateral muscle fillets from both sides of each fish were pre-

pared with skin on and the belly flap (ventral muscle and skin)

attached. This method maintains consistency in preparing fillet

samples for chemical analysis among EPA’s national and regional-

scale fish tissue studies and follows EPA’s Guidance for Assessing

Chemical Contaminant Data for Use in Fish Advisories (U.S. EPA,

2000a). By being consistent with this guidance, it enables compar-

ison of fish tissue results among the EPA fish tissue studies and

reduces variability for trends analysis when fish tissue studies are

repeated periodically.

Fillets were composited using the batch method, where fillets

from all of the individual specimens that comprise the sample

were homogenized together, regardless of the proportional weight

of individual fish. Each composite was homogenized using a tissue

grinder, mixed thoroughly to a fine paste of uniform color and tex-

ture, and a 1-g aliquot was removed for Hg analysis. Fish collection

and handling methods along with details of sample preparation are

described in detail in U.S. EPA (2009a).

2.4. Tissue sample analysis

Fillets were analyzed for Hg with a Direct Mercury Analyzer

(DMA-80; Milestone, Inc) using EPA method 7473 and Milestone

Application note HG-0 (U.S. EPA, 2007). The method detection limit

(MDL) was calculated to be 1.49 ug kg�1 (ppb or parts per billion)

Hg using 40 CFR Part 136, Appendix B (U.S. Government, 2011).

The quantitation limit (QL) is 3.33 ug kg�1 mercury, based on a

low calibration point of 0.001 ug mercury and nominal sample

weight of 0.33 g. The certified liquid QC standards for each run

were purchased as single elements at 1000 ppm. The primary stan-

dard was purchased from Ricca and the secondary QC standard was

purchased from Spex Claritas. Two internal standard calibration

curves were prepared using standard solutions. The low-range

curve included five points ranging from 0 to 0.020 ug and the high

range curve included 12 points ranging from 0.030 to 0.400 ug,

with each curve yielding R2 values >0.99. Calibration check stan-

dards were run at the beginning and end of each batch for both

the low and high curve. A secondary source standard and a sample

of certified reference material (CRM DORM-2, dogfish muscle)

were also analyzed once per batch. All check standards and refer-

ence material measurements were within ±20% of the actual value.

Laboratory blanks were run once per batch and were all less than

three times the MDL. One laboratory fortified matrix sample

(LFM) spiked at a concentration of 25 ug kg�1 was run per batch

to determine the influence of the matrix, with recoveries being

within ±20% of the spiked amount or the result was flagged as esti-

mated. Each batch consisted of 12 samples run in duplicate.

Reported values were the mean of two analyses, with the relative

percent difference between duplicates being less than 25%.

Reported values were not blank-subtracted or recovery-corrected.

2.5. Statistical analysis

The NRSA survey design and survey analysis results in national

and regional estimates of contaminant concentrations. The statisti-

cal estimates are based on weighted means of the analytical results

from sites. The weights are based on the survey design and are the

inverse of the probability of selecting a sampling site. The probabil-

ity of selecting a site depends on the stratification and unequal

probability of selection associated with the site. The weights are

the total stream length represented by the sample site. Percentiles

and mean estimates of fish tissue Hg concentrations were calcu-

lated from the data weighted in this manner using routines devel-

oped by the U.S. EPA in the statistical calculation package spsurvey

R. Weighted estimates calculated for the entire sampled popula-

tion and for each of the sample subregions are listed in Table 1.

The minimum and maximum Hg concentrations observed in the

541 samples are also given in Table 1. Additional information on

the statistical algorithms employed in site selection and data anal-

ysis in the NRSA are available at: http://www.epa.gov/nheerl/arm/

analysispages/software.htm (U.S. EPA, 2014). Hg tissue concentra-

tion data for the U.S. were depicted graphically as a cumulative dis-

tribution frequency (CDF) plot (Fig. 2).

A second statistical task was the assessment of the subgroups

relative to each other to determine whether fish tissue Hg concen-

trations differed significantly between urban and non-urban sub-

groups and between any two of three geographic sub-regions. A

standard normal z-test:

z ¼
MeanA�MeanB
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðstderrA
2
þ stderrB

2
Þ

q ð1Þ

was used where MeanA is the weighted mean estimate and stderrA

is the standard error estimate for MeanA for subgroup A and simi-

larly for subgroup B.

Using regression analyses developed by Peterson and Van Sickle

(2007) and Peterson et al. (2004), fish fillet concentrations were

translated to equivalent whole body Hg. Using their regression

analyses, [Log10(whole) = �0.2712 + 0.9005 ⁄ log10(fillet)], we

have estimated exposures and dose to wildlife from Hg concentra-

tions translated from the fillet concentration values obtained in

this study to equivalent whole fish Hg concentrations. These whole

fish equivalent values were then compared to WVs, as described

below, to assess impacts to avian and mammalian wildlife.

3. Results and discussion

The total length of all 5th+ Strahler order U.S. rivers in NHD-

Plusv2 is 235945 km (147465 mi). The total length of all rivers

included in the fish tissue study is estimated to be 51663 mi or

83144 km (±7027 km). In addition, within the rivers intended to

be included in the fish tissue study an estimated 30407 km

(±4488 km) could not be sampled, in many cases due to the inabil-

ity to obtain fish permits or safety reasons. For some rivers, insuf-

ficient information from the survey is available to know whether
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the river is boatable. A total of 33993 km (±4803 km) are estimated

to be inaccessible due to landowners denying access to the river,

and 7257 km (±2208 km) are rivers that were not sampled for

other reasons. In addition to the above categories, the total length

of 5th+ Strahler order U.S. rivers includes an estimated 57377 km

(±7147 km) that are wadeable and 23513 km (±3804 km) that are

not rivers or rivers with flowing water and hence do not fall into

the population of rivers targeted for the fish tissue study. While

the study results apply to the 83144 km, the study was intended

to apply to a minimum of 113805 km or a maximum of

155055 km depending on whether the rivers were associated with

insufficient information to determine if they were boatable, all not

boatable, all boatable, or a combination. The length of 5th+ Strahler

order U.S. rivers not included in the study for the reasons cited

above was 152801 km (95802 mi).

All (100%) of the 541 fish fillet samples analyzed for Hg content

for this national study contained quantifiable levels of Hg above

the 3.33 ug kg�1 quantitation level for the method. Hg concentra-

tions measured in the fillet samples ranged from 21 ug kg�1 to

1419 ug kg�1. The national weighted mean Hg concentration for

fillets in fish from U.S. rivers is 228.9 ug kg�1 (±18.6 ug kg�1) com-

pared to a weighted mean concentration of 250.2 ug kg�1

(±47.8 ug kg�1) for fish fillet samples from only urban rivers and

223.3 ug kg�1 (±19.7 ug kg�1) from non-urban rivers. An estimated

25.4% (±4.4%) of the sampled river miles exceeded the U.S. EPA

WQC for Hg of 300 ug kg�1 (two fish meals/month consumption

level) in fish tissue out of 51663 miles (83144 km) of boatable

U.S. rivers of 5th order and greater included in the sampled

population.

Fig. 2 is a cumulative distribution plot (CDF) of the cumulative

percentage of the river length (left y axis) and the corresponding

number of river km and miles they represent in the aggregate

(right y axis), plotted against the concentrations of Hg in the

samples (x axis). Two thresholds are superimposed on the CDF.

The red indicator that connects the CDF curve with the x axis marks

the point on the distribution at which the 300 ug kg�1 criterion

value (equivalent to 186 ug kg�1 Hg WV (Eagle and Loon) is

intersected. The yellow indicator marks the point on the curve

intersected by the value of 120 ug kg�1 which is the maximum

concentration of Hg in fish tissue at which one meal/week can be

consumed without exceeding the reference dose for Hg, which is

a 170 g portion (6 oz), for a 70 kg individual (Equivalent to

70 ug kg�1 Hg WV (Mink)). Table 1 lists the weighted percentile

values nationally, as well as for urban and non-urban subgroups

and three eco-regional subgroups and the number of sites that

each subgroup includes.

3.1. Human health benchmarks

The percentage and number of river miles of fillet sample com-

posites exceeding human health benchmarks provides an index of

the extent to which fish from boatable 5th order and higher rivers

can be safely consumed by humans. As stated above, this

300 ug kg�1 (wet weight) Hg benchmark, contained in the 2001

Water Quality Criterion for the Protection of Human Health (U.S.

EPA, 2001a) represents a Hg exposure equal to the reference dose

for Hg from the consumption of two meals a month.

Based on fish composite samples that exceed the U.S. EPA’s

300 ug kg�1 human health fish tissue-based WQC (WQC), an esti-

mated 25.4% of the 13071 river miles (21036 km) and a substantial

portion of the resource of U.S. rivers 5th order and above as were

sampled in this study. This percentage, however, is much lower

than the 48.9% (U.S. EPA, 2009b) of U.S. lakes found to exceed this

same threshold in the 2000–2003 National Lake Fish Tissue Survey

(NLFTS). This difference likely reflects distinctions in a number of

areas, among them the contrasting nature of rivers vs. lakes as

environments less conducive to methylation, as well as the longer

residence time of water in lakes.

Another distinction between the findings of this study vs. NLFTS

lies in the species included in the respective sample populations. In

this study, all targeted species were top predators, but included

catfish. In the NLFTS, bottom dwellers (including catfish) were

treated separately. A more appropriate comparison may be made

between the 48.9% exceedance of the 300 ug kg�1 human health

fish tissue-based WQC from the NLFTS and the percentage exceed-

ance of the WQC for smallmouth (25.1%) and largemouth bass

(33.4%), which were represented in sufficient numbers to make

national inferences. The weighted average exceedance (national

values) of the WQC by the smallmouth bass (n = 120) and large-

mouth bass (n = 114) is 29.2%, which represents the best nation-

ally-representative comparison that can be made between the

rivers assessed in this study and the lakes in the NLFTS. As

described by Scudder et al. (2009), further characterization of Hg

concentrations in fish tissue by land cover and land use is possible,

but cannot be resolved at the sample density of this study on a

Table 1

River length estimates and group percentile and mean estimates for mercury concentration (Hg ww ug kg�1).

Statistic National n = 541 Non-urban n = 379 Urban n = 162 EHIGH n = 190 PLNLOW n = 280 WMTS n = 71

River miles 51663 40752 10911 14738 29739 7186

River km 83145 65584 17559 23718 47861 11564

5th% ile 37.2 34.6 61.7 45.6 37.2 31.5

25th % ile 96.2 90.9 114.8 100.5 99.7 81.4

50th % ile 175.6 170.5 200.6 176.0 180.1 125.3

75th % ile 302.7 302.6 309.1 274.8 298.8 346.1

95th % ile 583.6 578.8 803.3 535.2 578.8 854.1

Mean 228.9 223.3 250.2 210.0 231.4 257.5

Maximum observed 1419 1419 854 854 1419 1272
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nationwide basis. Whether compared to the percentage exceed-

ance for all fish (25.4%) of largemouth and smallmouth bass

(29.2%), however, exceedance of the WQC in approximately

25–30% of rivers represented by the survey is generally consistent

with other current compiled assessments of Hg in fish tissue from

U.S. rivers (Scudder et al., 2009; Chalmers et al., 2011) and

contrasts markedly with exceedances of the WQC in fish tissue

from U.S. lakes of almost 50% (U.S. EPA, 2009b).

The U.S. EPA’s 300 ug kg�1 human health fish tissue-based WQC

for Hg is the regulatory threshold emphasized in this paper, and

consumption of two fish meals/month with this Hg concentration

is a rate of consumption that is the approximate equivalent of

the reference dose (RfD) for Hg. For context, the Hg concentration

range for one meal/week consumption is 120–230 ug kg�1 and is

incorporated in many state fish advisory programs (U.S. EPA,

2011) that the U.S. EPA promotes and for which it provides guid-

ance (U.S. EPA, 2000b). The threshold above which no consumption

is recommended (940 ug kg�1, U.S. EPA, 2000b) is exceeded in

these data by tissue concentrations from only 1.3% (unweighted

percentage) of the sample locations. EPA recommends that

pregnant women and nursing mothers should avoid fish with such

elevated Hg concentrations (U.S. EPA, 2000b).

3.2. Sub-group differences

It is of interest to the U.S. EPA to understand differences in fish

tissue contaminant levels between regions and between urban and

non-urban waters. Three means of comparison applied here

include the application of the z-test as described above, compari-

sons of the percentages of waters within each of these subgroups

that exceed the U.S. EPA’s 300 ug kg�1 human health fish tissue-

based water quality criterion, and comparisons of the means and

95th percentile values for each of the subgroups. The p-value for

the test of a difference between weighted means of urban and

non-urban population subgroups was 0.31 (z = 1.03), indicating

no statistical difference between the means of 5th order and above

urban and non-urban river subgroups. Similarly, when the means

of the ecoregion subgroups were compared, the resulting p values

indicate no significant differences among the three ecoregions:

EHIGH vs. PLNLOW (z = 1.25, p = 0.21), EHIGH vs. WMTNS

(z = 1.16, p = 0.25), and WMTNS vs. PLNLOW (z = 0.63, p = 0.53).

Comparisons of the percentages of weighted river length

exceeding the 300 ug kg�1 human health fish tissue-based water

quality criterion are depicted in Fig. 3. As can be noted, the percent

exceeding and not exceeding this criteria value are generally quite

uniform, with the WMTS ecoregion being the exception. For all

subgroups except the WMTS, the percent of river miles exceeding

the criteria value is in the mid 20% range, with theWMTS being the

only one that exceeds 30%. Similarly, when means and percentile

values across the subgroups are compared (Fig. 4), it can be seen

that among the three ecoregions, values for the WMTS exceed

those for the EHIGH and PLNLOW regions for the 75th, 90th and

95th percentile groups. Also evident from Fig. 4 is the fact that

although there is not a statistically significant difference between

the means of the urban and non-urban subgroups, the 90th and

95th percentile data for the urban rivers are elevated relative to

the non-urban rivers.

The WMTS is the ecoregion with the smallest number of river

locations (n = 71), relative to the PLNLOW (n = 280) and EHIGH

(n = 190). As such, statistical analysis of the data for the WMTS is

vulnerable to the influence of a few elevated sample values which

are inconsistent with the relatively uniform atmospheric deposi-

tion otherwise seen across the ecoregions. A sample location in

the WMTS with one of the highest fish tissue concentrations

observed in the study (854 ug kg�1) was collected in a creek drain-

ing a large geothermal area in California with a 100-year history of

mercury mining (Kagel et al., 2007). This is the type of local devi-

ation that can mask the pervasive and uniform general character

of Hg occurrence and deposition in the U.S. The apparent elevation

of Hg in fish tissue in the WMTS suggested by the data in Fig. 4 is

not borne out by the z-test analysis for significance and is likely

attributable to this and potentially another elevated value

(1272 ug kg�1) among the data from the Willamette River in OR

near areas where historical gold mining occurred.

3.3. Differences in Hg concentration among fish species

As has been observed in other studies (Lazorchak et al., 2003;

Peterson and Van Sickle, 2007; U.S. EPA, 2009b), Hg content of fish

tissue is dependent upon fish species, size, and trophic level. In this

study,weightedHg concentrationsweremarkedly higher forwaters

represented by composite samples of predatory species (e.g., large-

mouth bass, mean Hg = 347 ± 22 ug kg�1) than by bottom dwellers

Fig. 3. Percentage of river miles by subgroup exceeding or not exceeding EPA’s 300 ug kg�1 human health fish tissue-based water quality criterion.
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(e.g., combined catfish, mean Hg = 143 ± 10 ug kg�1.) Fig. 5 depicts

the percent of river miles with species and species groups that

exceeded and did not exceed the 300 ug kg�1 human health fish

tissue-based WQC. Relative to higher (although not significantly

so) Hg fish tissue concentrations in the urban river data, the percent

of river miles with combined smallmouth and largemouth bass

Human Health 

Thresholds

120 ug/kg (1 meal 

week min)

300 ug/kg ( HH WQ 

criteria)

Wildlife Values 

(WVs)

Mink 70 ug/kg

Eagle 180 ug/kg

Fig. 4. Estimated percentile values (with 95% confidence limits) for subgroups with human health and wildlife value thresholds.

Fig. 5. Percentage of river miles by species/family exceeding EPA’s 300 ug kg�1 human health fish tissue-based water quality criterion.

58 J.B. Wathen et al. / Chemosphere 122 (2015) 52–61



samples were higher in the urban sub-group compared to the

non-urban (43.8% vs. 36.1%). Conversely, combined catfish species

constituted 32.7% of the river miles analyzed from non-urban sites

vs. only 17.3% from urban river sites (Fig. 6).

Scudder et al. (2009) determined that Hg concentrations in fish

tissue from largemouth bass from mixed use or undeveloped

basins were higher than from urban basins, comparable to

non-urban and urban subgroups discussed here. Non-weighted

data from this study exhibit a similar distribution, but the smaller

n of the portion of the subgroup that is itself a subgroup is insuffi-

cient to draw a national inference. The design of this study is

focused on nationally-representative indices of assessment, and

this comes at the expense of the ability to resolve distinctions

beyond the primary sub-populations described-ecoregions (3),

urban vs. non-urban sites, and the species included in Fig. 5. Of fur-

ther interest relative to the discussion of urban/non-urban Hg fish

tissue concentrations, however, may be the predominance of the

percentage of bass species over catfish in the urban waters noted

above when compared to near parity of the species groups in

non-urban waters (Fig. 6). If the tissue of largemouth bass in urban

areas is lower in Hg, there are also more of them relative to catfish

species than in the non-urban areas, potentially affecting the com-

bined impact of both species and urban/non-urban differential

effects. Although not derived from weighted statistics, this factor

suggests a possible explanation for the inconsistency between

Scudder et al. (2009), Chalmers et al. (2014) among others, and this

analysis. As mentioned earlier, because of the weighted probabilis-

tic nature of the sample design, results from this study may differ

from those employing other sample design methods (Peterson

et al., 1998). Because of the unequal probability of any single

sample being in the sample set, methods of comparison other than

those employed for these data (z-test) are not valid.

3.4. Exceedances of WVs

The data from this study can also be interpreted with respect to

the risk posed to piscivorous wildlife. Overall, fillets represent

approximately 62% of the whole fish Hg concentration. Therefore,

where fillets have Hg concentrations at or about 300 ug kg�1, the

dose to birds and mammals will be approximately 186 ug kg�1.

Whereas the primary health risk of Hg exposure to humans is

neuro-developmental damage to unborn fetuses, Hg has been

shown to threaten the survival of piscivorous wildlife (Lazorchak

et al., 2003). According to the exposure scenario defined above,

bald eagles and loons (WV = 160 and 180 ug kg�1, respectively)

will have similar risk levels relative to the applicable thresholds

as humans consuming fish containing 300 ug kg�1 of Hg. Differ-

ences in species sensitivities to Hg consumption are emphasized

by comparing mink to otter. Mink will be more at risk using the

lower one meal per week (fillet) human threshold of 120 ug kg�1

(WV = 70 ug kg�1), and the translated risk to otters will be inter-

mediate between the human risk values in that their WV is

100 ug kg�1. These values can also be compared to the data distri-

bution depicted in Fig. 2.

4. Conclusions

With respect to human health thresholds, we have presented

the following findings:

� All (100%) of the 541 fish fillet samples analyzed for Hg content

for this national study contained quantifiable levels of Hg above

the 3.33 ug kg�1 reporting level for the method.

� Nationally, an estimated 25.4% of river miles exceeded the EPA

human-health fish tissue-based water quality criterion (WQC)

for Hg of 300 ug kg�1. This percentage represents 13071 river

miles (21154 km) out of a total of 51663 miles (83143 km) of

U.S. rivers of 5th order and greater included in the sampled

population.

� The human health threshold exceedance data from this study

also yields an estimate of risk of exposure to aquatic bird and

mammal species from consumption of fish by the use of a

correction factor for the relative Hg content of fillet tissue,

normally consumed by humans, vs. the content of whole fish

as are consumed by wildlife. Risk to piscivorous avian species

are similar to risks for humans at 300 ug kg�1 (two meals per

month level of consumption), whereas mink are more at risk

than the avian species cited (and humans) when compared to

the lower human one meal per week (fillet) threshold of

120 ug kg�1.

� No statistically-significant differences were seen between

waters sampled in urban and non-urban rivers, although the

mean and 95th percentile values for urban rivers are elevated

relative to non-urban rivers and all U.S. rivers.

� Although the percentage of river miles exceeding the

300 ug kg�1 criteria value was relatively higher in the WMTS

ecoregion than any other of the sub-regional data groupings

(>30% vs. �25%, respectively), and the mean and 90th and

95th percentile values for the WMTS appear elevated relative

to other subgroups, the z-test for statistical significance did

not refute the null hypothesis at greater than the 95%

confidence level (69%). The apparent elevation of the WMTS

subgroup may be attributable to its smaller sample size in con-

junction with one or more locally high fish tissue concentration

values associated with local geologic Hg sources, as opposed to

fish tissue concentrations related to atmospheric deposition

that the findings of this study suggest do not vary significantly

across the nation.

This study establishes a national baseline for Hg concentration in

fish tissue from U.S. rivers 5th order and greater and compares

those concentrations to human health and piscivorous wildlife

thresholds. Hg concentrations in fish tissue from all areas of the

country represent consumption risks to both humans and piscivo-

rous wildlife in fish collected from approximately a quarter of the

river miles. Furthermore, sensitivity to Hg exposure was greater

for some aquatic species populations than the risk to humans at a

given concentration. The lack of a statistically-significant difference

Fig. 6. Relative percentages of catfish and bass species in urban and non-urban

waters.
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between fish tissue concentrations from urban vs. non-urban areas

and among ecoregions is consistent with the ubiquitous nature of

Hg contamination and its primary mechanisms of atmospheric

transport and deposition. Differences in the representation of

species in urban vs. non-urban rivers in this studymay dampen var-

iation seen by others (e.g., Scudder et al., 2009) between Hg concen-

trations in some species in urban vs. non-urban sites. The observed

distinction in these results may also be attributable to the statistical

methods of this study which result in national inferences that may

not reflect specific local or regional conditions.
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ABSTRACT: U.S. EPA conducted a national statistical survey
of fish tissue contamination at 540 river sites (representing
82 954 river km) in 2008−2009, and analyzed samples for 50
persistent organic pollutants (POPs), including 21 PCB
congeners, 8 PBDE congeners, and 21 organochlorine
pesticides. The survey results were used to provide national
estimates of contamination for these POPs. PCBs were the most
abundant, being measured in 93.5% of samples. Summed
concentrations of the 21 PCB congeners had a national
weighted mean of 32.7 μg/kg and a maximum concentration
of 857 μg/kg, and exceeded the human health cancer screening
value of 12 μg/kg in 48% of the national sampled population of
river km, and in 70% of the urban sampled population. PBDEs
(92.0%), chlordane (88.5%) and DDT (98.7%) were also
detected frequently, although at lower concentrations. Results were examined by subpopulations of rivers, including urban or
nonurban and three defined ecoregions. PCBs, PBDEs, and DDT occur at significantly higher concentrations in fish from urban
rivers versus nonurban; however, the distribution varied more among the ecoregions. Wildlife screening values previously
published for bird and mammalian species were converted from whole fish to fillet screening values, and used to estimate risk for
wildlife through fish consumption.

■ INTRODUCTION

Polychlorinated biphenyls (PCBs), polybrominated diphenyl
ethers (PBDEs), and many organochlorine pesticides, such as
dichlorodiphenyltrichloroethane (DDT), dieldrin, and chlor-
dane, are well-known persistent organic pollutants (POPs) that
have been shown to be ubiquitous in the environment.1,2 PCBs
were widely used in industry and manufacturing as dielectric
and coolant fluids, but because of their environmental toxicity
and persistence, were banned for use by the U.S. Congress in
1979.3 PBDEs share a similar chemical structure to PCBs. They
are used as flame retardants in numerous consumer products,
such as building materials, electronics, furniture, and textiles.2

The production of octaBDE and pentaBDE commercial
mixtures in the United States ended in 2004, leaving decaBDE
as the only congener still in production in the U.S., which is
also scheduled to be phased out of use.4 DDT is one of the
most recognizable POPs. After concerns were raised that its
widespread agricultural use as a pesticide was having serious
impacts on the health of the environment,5 it was banned for
use in the United States in 1972.6 Chlordane and dieldrin were

used as pesticides mainly to control termites and other insects
in agricultural areas, and both substances having been banned
for all agricultural uses in the U.S. by the U.S. EPA since the
late 1980s. After its agricultural use was ended, chlordane could
continue to be used to control termites around foundations.
The list of possible health effects in humans and wildlife from

exposure to these POPs is extensive, and includes cancer,
reduced reproduction rates, changes in immune and endocrine
end points, and developmental neurotoxic effects.2,3,7−13 Effects
for some POPs, such as PCBs, can also be transgenerational, as
the compounds have been found to cross over into the placenta
and result in poor attention and behavioral problems in
exposed infants and children.14,15 Most POPs are lipophilic, and
have been measured in human serum, blood, breast milk, and
other human tissue,16−21 and in the tissue of a variety of
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wildlife.22−29 Not only do they accumulate in tissues, but also
they tend to biomagnify in the food chain,30 and a link between
dietary consumption of fish and marine mammals and human
blood or serum levels has been observed for several POPs.31,32

DDT is still detected in food supplies, and food-borne DDT,
especially from seafood, remains a significant source of human
exposure.20,33 Although most of these POPs have been banned
for use in the U.S. for decades, their persistence and toxicity still
make it important to study their potential for exposure today.
This work presents the results of the 2008−2009 National

Rivers and Streams Assessment (NRSA) fish tissue indicator,
where 50 POPs (Table 1) were measured in 540 composite fish
fillet samples collected across the conterminous states (Figure
1). The NRSA is one of several U.S. EPA national probabilistic
surveys designed to evaluate the overall condition and health of
the nation’s waters, and a wide variety of indicators are
evaluated. NRSA study results for pharmaceuticals measured in
urban surface water, and fish tissue contaminant results for both
mercury and perfluorinated compounds have been reported
previously.34−36 Mercury was detected in every one of the 540
samples included in this study, and fillet tissue concentrations
in an estimated 25% of the sampled population exceeded the
U.S. EPA 300 μg/kg fish-tissue based water quality criteria for
mercury.34 The probabilistic design for this survey provides
national estimates of the distribution of these 50 POPs in fifth
order and greater U.S. rivers for the assessment of human
health impacts of fish consumption. A series of cancer37 and
noncancer37,38 human health screening values (SVs) were
applied to the fillet tissue results. They provide estimates of the
percentage of all U.S. river km represented in this study (i.e.,
the sampled population of rivers) that would be expected to
contain POPs that exceed these SVs. Fish fillet tissue
contaminant concentrations were also compared to wildlife
screening values that were converted from whole fish values to
fillet screening values in order to estimate exposure risks to
mammals and birds. Geographical distributions of these
contaminants were compared, first between urban and
nonurban river segments, and then among three aggregated
National Aquatic Resource Assessment ecoregions: Eastern
Highlands (EHIGH), Plains and Lowlands (PLNLOW), and
the West and Mountains (WMTS) (Figure 1).

■ MATERIALS AND METHODS

2.1. NRSA Design and Site Selection. The NRSA
included 1924 sites within the conterminous United States
that were sampled for a range of indicators.39 Fish samples were
analyzed from 540 sites on rivers fifth order and greater to
determine concentrations of chemicals in fish, including
pesticides, PCBs, PBDEs, selenium, and mercury. The 50
POPs listed in Table 1 include 21 out of a possible 209 PCB
congeners, 8 PBDE congeners, and 21 organochlorine
pesticides and metabolites. The number of congeners of
PCBs and PBDEs was limited to allow for the simultaneous
analysis of multiple classes of 50 POPs with a single analysis,
and the specific congeners were chosen as they have been
reported in previous U.S. EPA studies.22 The mercury findings
and fish tissue sample collection design were described
previously.34 Fish tissue samples were collected at sites that
had a permanent fish population. Rivers were designated as fifth
order or greater based on Strahler stream order.40 The
sampling framework was derived from the National Hydrog-
raphy Data set (NHD) and included Strahler stream order
attributes.41 The fish sampling sites were classified as two

Table 1. Target analytes with their respective maximum
observed method detection limit (MDL) and quantitation
limit (QL) (μg/kg wet weight), as described in Method
Section 2.3

analyte CAS number
max
MDL

max
QL

PCB-8 34883−43−7 0.37 1.99

PCB-18 37680−65−2 0.38 1.23

PCB-28 7012−37−5 0.48 1.53

PCB-44 41464−39−5 1.30 4.13

PCB-52 35693−99−3 0.86 2.73

PCB-66 32598−10−0 1.25 3.97

PCB-77 32598−13−3 0.61 1.93

PCB-101 37680−73−2 0.54 1.72

PCB-105 32598−14−4 0.30 0.95

PCB-118 31508−00−6 0.39 1.24

PCB-126 57465−28−8 0.35 1.11

PCB-128 38380−07−03 0.41 1.30

PCB-138 35065−28−2 2.68 8.52

PCB-153 35065−27−1 0.51 1.63

PCB-169 32774−16−6 0.36 1.14

PCB-170 35065−30−6 0.39 1.24

PCB-180 35065−29−3 0.33 1.05

PCB-187 52663−68−0 0.83 2.62

PCB-195 52663−78−2 0.83 2.63

PCB-206 40186−72−9 0.55 1.74

PCB-209 2051−24−3 0.45 1.43

summed PCBs a sum of the above 21 congeners

PBDE-47 5436−43−1 0.37 1.23

PBDE-66 189084−61−5 0.26 0.86

PBDE-99 60348−60−9 0.31 0.99

PBDE-100 189084−64−8 0.52 1.64

PBDE-138 182677−30−1 0.59 1.97

PBDE-153 68631−49−2 0.58 1.93

PBDE-154 207122−16−5 0.55 1.84

PBDE-183 207122−15−4 0.82 2.74

summed PBDE a sum of the above 8 congeners

2,4′-DDD 53−19−0 0.37 1.18

4,4′-DDD 72−54−8 0.28 0.89

4,4′-DDE 72−55−9 0.28 0.91

2,4′-DDT 789−02−6 0.30 0.95

4,4′-DDT 55−29−3 0.32 1.02

summed DDT a sum of the above 5 DDT
compounds

alpha-chlordane (cis-chlordane) 5103−71−9 0.29 0.92

gamma-chlordane (trans-chlordane) 5103−74−2 0.38 1.22

oxychlordane 27304−13−8 0.37 1.18

summed chlordane a sum of the above 3 chlordane
compounds

dieldrin 60−57−1 0.93 2.95

aldrin 309−00−2 0.30 0.97

alpha-BHC 319−84−6 0.31 1.04

gamma-BHC (lLindane) 58−89−9 0.23 0.73

endosulfan II 33213−65−9 0.46 1.53

endrin 72−20−8 0.37 1.18

endrin ketone 53494−70−5 0.34 1.08

heptachlor 76−44−8 0.28 0.89

heptachlor epoxide 1024−57−3 0.30 0.95

hexachlorobenzene 118−74−1 0.30 0.95

mirex 2385−85−5 0.37 1.18

cis-nonachlor 5103−73−1 0.29 0.99

trans-nonachlor 39765−80−5 0.29 0.92
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subpopulations: urban and nonurban river segments. NHD-
Plus and the U.S. Census Bureau national urban boundary GIS
coverage layers were used to identify urban sampling areas,
which were defined as densely settled census block groups with
a minimum population density of 50 000 people. Sampling sites
were selected using a probability-based approach,42,43generally
applying the spatial methodology used for lakes in U.S. EPA’s
National Lake Fish Tissue Study44 to major U.S. rivers. Fish
samples were collected from 164 randomly selected urban river
sites and 378 nonurban river sites. This included sampling
locations in 46 states with the following distribution of river
sites: fifth order, 154 sites; sixth order, 161 sites; seventh order,
99 sites; and eighth order and above, 126 sites.
2.2. Sample Collection. One composite sample of a single

fish species was collected from each site (Figure 1). A routine
composite sample consisted of five fish, but composites
containing fewer or greater than five fish were accepted in an
effort to retain a sample from each target river segment (51.3%
and 1.1% of the composites, respectively). Species were
selected to be ubiquitous, abundant, and easily identified.
Individual specimens of the species were selected to be adults
of similar size (the length of the smallest individual in a
composite could not be less than 75% of the total length of the
largest individual) and sufficiently large to provide adequate
tissue.45 A total of 15 species were identified in a targeted list,
including members of the sunfish (with largemouth and
smallmouth bass preferred), trout/salmon, pike, temperate
bass, perch, and catfish families. Field teams used active
methods, primarily electrofishing, to collect fish samples from
each site during the May through September field sampling

period in 2008 and 2009. Whole fish were shipped on dry ice to
the designated sample preparation laboratory for storage until
subsequent fillet tissue sample preparation and analysis. Other
aspects of fish collection and handling methods are further
described elsewhere.45

2.3. Sample Preparation and Analysis. Fish were filleted
in the laboratory. Scales were removed, then lateral muscle
fillets from both sides of each fish were prepared with skin on
and the belly flap (ventral muscle and skin) attached. Fillets
from individual specimens that comprised the sample were
homogenized together, regardless of the proportional weight of
individual fish. Composites were homogenized using a tissue
grinder and an 8 g aliquot of homogenate was used for analysis.
Wet tissue samples were extracted using pressurized fluid
extraction (PFE), followed by sample cleanup with gel
permeation chromatography (GPC) and alumina, and clean
extracts were analyzed by gas chromatography with electron
capture detection (GC-ECD). GC-ECD was chosen as the
analysis method since the ECD detection method was found to
be more sensitive for the target analytes than some mass
spectrometry methods, and provided a very cost-effective
analysis for the range of compounds in this study. Full details of
the extraction and GC-ECD analysis methods are included in
Supporting Information (SI) Document 1. Briefly, 8.0 g of
tissue were added to 20 g of anhydrous sodium sulfate and
allowed to dry for 1 h. Samples were spiked with a surrogate
standard solution and transferred to 33 mL PFE cells fitted with
a cellulose filter, and remaining cell volume was filled with
drying material. PFE cells were extracted with methylene
chloride (50%) and hexane (50%) at 100 °C and 1000 psi for

Figure 1. National map of NRSA 2008−2009 sampling locations (n = 540) within national aquatic resource survey ecoregions.
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three 7 min cycles. Extracts were collected into a 60 mL glass
vial, and the volume was reduced to approximately 3 mL using
a stream of nitrogen in a 50 °C water bath. Concentrated
sample extracts were dried using a 1-in. diameter glass
chromatography column packed with 20 g of sodium sulfate
and glass wool, and rinsed three times with hexane. Further
sample extract cleanup was performed using GPC with a
Waters HPLC, followed by solid-phase extraction using
columns packed with deactivated alumina-N. Final sample
extracts were adjusted to a volume of 1 mL after the addition of
25 μL of an internal standard solution consisting of
pentachloronitrobenzene, PCB 96, and PCB 166. These
extracts were analyzed using Agilent 6890 gas chromatographs
equipped with pressure-pulsed splitless injection, narrow-bore
columns and micro ECD detectors. Since ECD detection is not
as selective as some mass spectrometry methods available, two
separate GC-ECD analyses were performed on instruments
equipped with different GC columns, first a primary analysis
(Agilent HP-5 capillary column: 30 m length, 0.25 mm
diameter and 0.25 μm film thickness), followed by a
confirmatory analysis (J&W DB - XLB column, 30 m length,
0.25 mm diameter and 0.25 μm film thickness), with the two
different oven programs for both methods being described in SI
Document 1. Concentrations of detected analytes were
calculated for both the primary and confirmatory analyses.
Reported concentrations are a result of the average of the
primary and confirmatory analyses, unless the relative percent
difference (RPD) in concentrations between the two columns
was greater than 30%, in which case, the lesser concentration
was reported. If an analyte was not detected in both analyses, it
was reported as not-detected.
The method detection limit (MDL, Table 1), which is

defined as the minimum concentration of an analyte that can be
identified and detected with 99% confidence that the analyte
concentration is greater than zero, was determined for each
analyte using the procedure described at 40 CFR Part 136
Appendix B.46 The quantitation limit (QL) was defined as 3
times the MDL, and both the MDL and QL were calculated on
the primary and confirmatory columns, and were updated on a
yearly basis. Concentrations were reported to the MDL that
applied at the time of analysis, however, any concentrations
greater than the MDL but less than the QL were flagged as
estimated. The maximum MDL and QL observed during the
course of the study for each analyte is listed in Table 1. Four
quality control samples were analyzed with each extraction
batch, including a laboratory reagent blank (LRB), a laboratory
fortified blank (LFB), and two laboratory fortified matrix
(LFM) samples. The LRB and LFB were prepared from
sodium sulfate, and the LFB and LFM were spiked with a
mixture of the target analytes to yield a final GC extract
concentration of 15 ng/mL. Percent recovery for each analyte
was calculated in the LFB and LFM samples. Acceptable target
recoveries for all analytes ranged from 70% to 130% for LFB,
and from 50% to 150% with a 30% RPD for the duplicate LFM
samples. Any analytes or samples which did not meet the
predetermined quality criteria of the LFB and LFM samples
were reanalyzed, or reported as estimated. Samples were also
re-extracted and analyzed if an analyte was present in the LRB
above the QL and the analyte was present in the sample above
the QL but less than 10 times the detected blank concentration.
Standard reference material (SRM) 1947, purchased from
National Institute of Standard and Technology (NIST), was
used as a certified second source standard to monitor extraction

efficiency and instrument quantitation, and was extracted and
analyzed with each extraction batch. All data reported in this
study were reviewed and validated against the project
requirements by a third party not involved in the data
generation. Only valid results were used in the statistical
analyses. Measured concentrations and qualifiers for each of the
50 contaminants analyzed in the 540 fillet samples are included
as SI (Table S1−S3).

2.4. Data Analysis. National and Subpopulation
Estimates. The NRSA survey design and results provide
national and regional estimates of fish tissue contaminant
concentrations, and as a result, reported results are expressed as
population estimates, and not site or sample summary data.
The population estimates are based on weighted analytical
results from sampling sites. The weights are based on the
survey design and are the inverse of the probability of selecting
a sampling site. The probability of selecting a site depends on
the stratification and unequal probability of selection associated
with the site. The weights are the total river length represented
by the sample site. Percentiles and mean population estimates
of fish tissue analyte concentrations were calculated from the
weighted data, using routines developed by the U.S. EPA in the
statistical calculation package spsurvey R47 for the R statistical
computing environment.48 In addition to the urban and
nonurban subgroups, statistical parameters were generated for
three aggregated ecoregions (EHIGH, PLNLOW, and WMTS)
used in U.S. EPA National Aquatic Resource Surveys.49 A
standard normal Z-test was used to investigate fish tissue
analyte concentration differences between the urban and
nonurban subgroups, and between ecoregions:

=
−

√ +
z

A B

A B

mean mean

(stderr stderr )2 2

where meanA is the weighted mean estimate, stderrA is the
standard error estimate for meanA for subgroup A, and similarly
for subgroup B. Compounds were evaluated by summed
groups, including summed PCB and PBDE congeners, total
DDT (the five DDT compounds and degradates listed in Table
1), and total chlordane (cis- and trans-chlordane, cis- and trans-
nonachlor, and oxychlordane). Prior to summing data into
groups, any detections below the MDLs were considered
nondetects and the results were treated as zeros during the
statistical analysis.

Human Health Risk Estimate. The two categories of human
health risk that are reflected in selected SVs are cancer and
noncancer (Table 2). The survey design provides national
estimates of river kilometers that are expected to contain fish
with fillet concentrations that would exceed those screening
value thresholds. A cancer SV37 is based on a level of excess
cancer risk from exposure to a carcinogenic substance ranging
from 10−4 to 10−6. The noncancer SVs are based on a reference
dose (RfD) for a toxicant, which is the level of exposure over a
lifetime at which no observable adverse effects will occur.
Cancer SVs are generally lower than noncancer SVs (Table 2),
but the ratio can vary. For this assessment, a cancer SV
reflecting 10−5 cancer risk has been applied to allow
comparison of all the frequently detected compounds across
regions, and to be comparable to previous U.S. EPA
assessments.22,26 A noncancer SV was also applied to provide
context for the concentrations reported here in terms of
thresholds widely used in fish consumption advisories.37 For
the PBDEs, no cancer SV was applied, since the PBDE
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congeners represented in this study have not been classified as
carcinogenic.4 Limited RfDs are available for PBDE congeners,
however, the California EPA has published fish tissue advisory
levels based on noncancer risk.38

Wildlife Risk Estimate. The fish tissue study conducted
under the 2008−2009 NRSA was designed to assess human
health impacts from fish consumption, which is why fillets were
targeted for analysis. To estimate the possible risk to wildlife
that may be consuming fish collected in this survey, wildlife
values (WVs) for mink, kingfisher, and larger birds (if available)
that represent thresholds for toxic effects (such as reproductive
or development success, organismal viability or growth, effect
on population dynamics) were used.50,51 However, these
previously reported WVs represent whole-fish tissue concen-
trations, so a conversion factor had to be applied to convert
whole-fish tissue WVs to fillet WVs. For total PCBs, a
conversion factor was averaged from across three referen-
ces;28,52,53 one conversion factor was used for DDT and
chlordane;52 and another was identified for PBDEs.51 All of
these conversion factors are listed in Table 2, along with the
resulting fillet WVs. Dieldrin WVs were not converted from
whole body to fillets, since it has been reported that dieldrin
was present in roughly the same average concentrations in
game-fish fillets as in whole-body bottom-feeders. No other
publications were found that provided information comparing
whole fish dieldrin to fillet concentrations from the same fish
species.54 Since a conversion factor for the wildlife values from
fillets to whole fish had to be applied, limited inferences can be
made for the wildlife results. However, because different species
can display very different sensitivities to the same chemicals, the
results of the wildlife risk estimate do provide valuable insight
into the relative risks of exposure for human, mammalian, and
avian species across the different contaminant groups.
Chemical Co-Occurrence. Co-occurrence of the four main

chemical groupings was examined using a previously described
procedure,55 Samples that exceeded the weighted median
concentrations for any of the four major contaminant groups
(PCBs, PBDEs, total chlordane, and total DDT) were
identified. Samples that exceeded the respective median
concentrations were then compared to calculate the percentage
of the samples with concentrations above the median of any
one compound group that occurred: (1) singly; (2) with a
second contaminant group also above its median; (3) as a
combination of any three contaminant groups; or 4) with all
four compound groups occurring together above their median
concentrations.

3.0. RESULTS AND DISCUSSION

PCBs in Fish Tissue. PCBs were detected in 93.5% of the
fish fillet samples, which results in 48% (40 030 river km
(±2432 km)) of the national sampled population of rivers
having fillet tissue concentrations that exceed the cancer SV of
12 μg/kg, as shown in Table 3. By comparison, nearly 70% of
the sampled population of urban rivers had fillet tissue
concentrations that exceeded the PCB cancer SV. The
maximum summed PCB concentration measured in urban
river samples was 857 μg/kg. Among the three ecoregions, PCB
detections dominated in the EHIGH, where the mean summed
PCB concentration was 47.1 μg/kg. In this ecoregion, fillet
tissue concentrations exceeded the PCB cancer SV of 12 μg/kg
in 54.3% of the sampled population of EHIGH rivers. The
mean summed PCB concentrations in fillet samples from the
PLNLOW and WMTS were 30.7 μg/kg and 11.9 μg/kg,
respectively. The PCB SV exceedances were lower in these two
ecoregions. In the PLNLOW, 50.8% of the sampled population
of PLNLOW rivers had fillet concentrations that exceeded the
12 μg/kg SV. By contrast, 23.6% of the WMTS sampled
population of rivers exceeded the cancer SV.
The national, ecoregion, urban river, and nonurban river

population percentile estimates for the summed PCB
concentrations are shown in Figure 2. The national estimate
of the median summed PCB concentration is 11.3 μg/kg, which
is almost the same as the cancer SV of 12 μg/kg. All of the 75th
percentile estimates of fillet concentrations lie between the
cancer SV (12 μg/kg, which corresponds to the WMTS
estimate) and noncancer SV (47 μg/kg, which corresponds to
the urban river estimate). All of the 90th percentile estimates
exceed 47 μg/kg except the estimate for the WMTS ecoregion.
For the wildlife estimates, fish tissue concentrations in 9.3% of
the national sampled population exceed the fillet WV for mink,
whereas fish tissue concentrations in only 1.3% of the sampled
population exceeded the kingfisher fillet WV. Human SVs for
both cancer and noncancer are lower than both PCB WV
values, and therefore, in general, the human health SVs are
protective of wildlife risks as well.
The relative abundance of the 21 PCB congeners found in

fish fillet tissue from nonurban vs urban rivers is shown in SI
Figure S-1. All mean PCB congener concentrations are higher
in samples from urban rivers than from nonurban rivers, but the
magnitude of the difference varies. Congeners 138 and 153 are
the most abundant PCBs in both nonurban and urban river fish
fillets, which has also been the case in other environmental
samples.16 The coplanar PCBs 77, 126, and 169 (indicated by
the arrows in SI Figure S-1) are present only at low
concentrations in fillet tissue from both subpopulations. In
this study, 21 PCB congeners were quantified out of the full
suite of 209 PCB congeners. Since there is additional PCB mass
in the samples that was not measured for this study, the
summed 21 PCB congeners underestimate the total mass
present in the samples. Although this study underestimates the
total PCB mass, the congeners analyzed include 10 of the 11
congeners with the highest frequency of environmental
occurrence, as well as three dioxin-like congeners.56 Therefore,
the results of this study are still applicable to the human health
and wildlife exposure analysis.

PBDEs in Fish Tissue. Similar to PCBs, the eight congeners
of PBDEs are commonly detected in fish tissue samples. All of
the results presented in Table 3 and SI Figure S-2 indicate
higher concentrations in urban river samples than in samples

Table 2. Summary of the Human Health Screening Values
(SVs) and Wildlife Values (WV), with All Values Being
Presented in μg/kg Wet Weight (ppb); and the Applied
Fillet to Whole Fish Conversion Factorsa

compound
cancer
SV

noncancer
SV

mink
WV

kingfisher
WV

fillet to whole fish
conversion factor

PCBs 12 47 72 242 1.83

PBDEs N/A 210 21 8.7b 1.50

DDT 69 120 216 12.0 1.66

chlordane 67 1200 573 3.1 1.44

dieldrin 1.5 120 20 360
aHH SVs are based on the upper estimates of consuming one 8 oz
meal of fish per week. See Methods Section 2.4 for a description of
Cancer and Non-Cancer SVs, and WV. bKestril WV instead of
Kingfisher, taken from Canadian Environmental Protection Act38
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from nonurban rivers. In contrast, PBDE results among the
three ecoregions show (Table 3) no clear distinctions. SI Figure
S-3 shows the relative abundance of individual PBDE
congeners in fillet tissue samples from nonurban and urban
rivers. PBDE concentrations in fish from U.S. rivers are
dominated by BDE 47, followed by BDEs 100 and 99. Only
0.3% of the national sampled population had fillet concen-
trations that exceeded the 210 μg/kg human health SV for
PBDEs (Table 3). The higher noncancer SV for PBDEs relative
to PCBs and DDT is a reflection of their lower relative toxicity,
but again, limited RfD values are available for PBDEs. The

lower toxicity and shorter half-life of PBDEs57 compared to
PCBs58 could be contributing factors to the lower percentage of
the national sampled population having fillet tissue concen-
trations that exceed the SV for PBDEs. In contrast to PCBs, the
applied PBDE WVs are lower than the human health SVs.
Summed PBDE results for the wildlife risk estimation showed
that fish tissue concentrations in 33.4% of the national sampled
population exceed the converted fillet WV for kestrels, and for
mink, fish tissue concentrations in 14.5% of the national
sampled population exceeded the WV (Table 3).

Table 3. Weighted POPs Fish Tissue Concentration Results by Site Type and Ecoregion, And Percent River km Exceeding
Human Cancer Screening Values (CSV), Noncancer Screening Values, And Wildlife Values (WV)

PCB summed congeners

statistic national nonurban urban

detects 505/540 sites
(93.5%)

343/377 sites
(91.0%)

162/163 sites
(99.4%)

mean 32.7 ug/kg 26.9 ug/kg 54.2 ug/kg

median 11.3 ug/kg 8.6 ug/kg 23.8 ug/kg

max 857 ug/kg 412 ug/kg 8567 ug/kg

%>CSV (12 ug/
kg)

48.0% 42.0% 69.8%

%>non-CSV (47
ug/kg)

16.7% 14.6% 25.7%

%>mink WV (72
ug/kg)

9.3% 8.9% 10.9%

%>KF WV(242
ug/kg)

1.4% 0.7% 3.8%

statistic EHIGH PLNLOW WMTS

sites 189 280 71

mean 47.1 ug/kg 30.7 ug/kg 11.9 ug/kg

median 16.7 ug/kg 12.6 ug/kg 3.8 ug/kg

%>CSV (12 ug/
kg)

54.3% 50.8% 23.6%

%>non-CSV (47
ug/kg)

20.2% 18.0% 6.1%

%>mink WV (72
ug/kg)

13.2% 8.5% 4.6%

%>KF WV(242
ug/kg)

3.8% 0.5% 0%

PBDE summed congeners

statistic national nonurban urban

detects 497/540 sites
(92.0%)

340/377 sites
(90.2%)

157/163 sites
(96.3%)

mean 11.6 ug/kg 8.6 ug/kg 22.5 ug/kg

median 4.7 ug/kg 3.6 ug/kg 8.0 ug/kg

maximum 311 ug/kg 151 ug/kg 310 ug/kg

%>non-CSV (210
ug/kg)

0.3% 0% 1.2%

%>mink WV(21
ug/kg)

14.6% 10.6% 29.1%

%>kestral WV(8.7
ug/kg)

33.4% 29.5% 47.8%

statistic EHIGH PLNLOW WMTS

sites 189 280 71

mean 13.6 ug/kg 10.2 ug/kg 13.2 ug/kg

median 6.8 ug/kg 3.5 ug/kg 4.8 ug/kg

%>non-CSV (210
ug/kg)

0% 0.5% 0%

%>mink WV(21
ug/kg)

17.5% 13.3% 13.9%

%>kestral WV(8.7
ug/kg)

42.0% 31.5% 23.8%

total DDT

statistic national nonurban urban

detects 533/540 sites
(98.7%)

370/377 sites
(98.1%)

163/163 sites
(100%)

mean 13.8 ug/kg 12.3 ug/kg 19.0 ug/kg

median 6.3 ug/kg 5.7 ug/kg 9.5 ug/kg

maximum 294 ug/kg 170 ug/kg 294 ug/kg

%>CSV (69 ug/
kg)

2.3% 1.6% 5.1%

%>mink WV(216
ug/kg)

0.1% 0% 0.3%

%>KF WV(12 ug/
kg)

31.6% 28.3% 43.7%

statistic EHIGH PLNLOW WMTS

samples 189 280 71

mean 8.8 ug/kg 16.0 ug/kg 14.6 ug/kg

median 3.6 ug/kg 7.5 ug/kg 4.5 ug/kg

%>CSV (69 ug/
kg)

1.0% 2.7% 3.5%

%>mink WV(216
ug/kg)

0.2% 0.03% 0%

%>KF WV(12 ug/
kg)

21.0% 36.9% 31.4%

total chlordane

statistic national nonurban urban

detects 478/540 sites
(88.5%)

325/377 sites
(86.2%)

153/163 sites
(93.9%)

mean 6.3 ug/kg 5.1 ug/kg 10.8 ug/kg

median 2.0 ug/kg 1.6 ug/kg 2.7 ug/kg

maximum 311 ug/kg 87.1 ug/kg 311 ug/kg

%>CSV (67 ug/
kg)

0.6% 0.3% 1.6%

%>mink WV(573
ug/kg)

0% 0% 0%

%> KF WV(3.1
ug/kg)

36.9% 34.1 0% 47.2%

statistic EHIGH PLNLOW WMTS

samples 189 280 71

mean 5.7 ug/kg 7.6 ug/kg 2.1 ug/kg

median 2.5 ug/kg 2.2 ug/kg 0.8 ug/kg

%>CSV (67 ug/
kg)

1.0% 0.5% 0%

%>mink WV(573
ug/kg)

0% 0% 0%

%> KF WV(3.1
ug/kg)

39.9% 40.9% 14.5%

dieldrin

statistic national nonurban urban

%>CSV (1.5 ug/kg) 31.2% 28.5 41.2%

statistic EHIGH PLNLOW WMTS

%>CSV (1.5 ug/kg) 24.1% 40.4% 7.8%
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OCPs in Fish Tissue. Lower concentrations were observed
for the organochlorine pesticides (OCPs) chlordane and total
DDT relative to the summed PCBs. Even 28 years after U.S.
EPA withdrew approval for its use for underground termite
control around the foundations of homes,59 chlordane was
detected in 88.5% of all fish tissue samples and 93.9% of the
urban river samples (Table 3). Concentrations exceeded the
cancer-based human health SV of 67 μg/kg44 in fish fillet
samples from less than 1% of the sampled population of rivers.
When WVs were applied for chlordane, fish tissue concen-
trations in 36.9% of the national sampled population exceeded
the kingfisher fillet WV and fish tissue concentrations in 0% of
the national sampled population exceeded the mink fillet WV
(Table 3).

Although banned in 1972 (for most uses) in the U.S.,6 DDT
and its metabolites (total DDT) were detected in 100% of the
fish samples in this study (Table 3). Concentrations of total
DDT were found to be elevated in a few samples. However, the
mean concentration (13.8 μg/kg) is well below the human
health cancer-based SV of 69 ug/kg for total DDT, and both
the percentage of samples and the river length they represent
are low (1947 km, ±511 km, Table 3). Only the 95th percentile
estimates for total DDT concentrations from urban rivers
exceed the cancer-based SV (SI Figure S-4). Additionally, the
tissue concentrations for 4,4′-DDT (mean 0.75, median 0.18,
maximum 36.3 μg/kg) are much lower than total DDT, which
indicates that new sources of DDT are unlikely. The main
contributor to total DDT was 4,4′-DDE (mean 10.7, median

Figure 2. Estimated population percentile distribution for summed PCBs in fish tissue from U.S. river sampling sites, nonurban and urban, and by
ecoregion. Confidence intervals for each percentile, mean, and median are represented by the horizontal dashed lines.

Figure 3. Comparison of weighted mean contaminant concentrations between subgroups in μg/kg (y axis).
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4.7 μg/kg). Fish tissue concentrations in 31.5% of the national
sampled population exceeded the WV for total DDT for
kingfishers, and fish tissue concentrations in less than 1% of the
national sampled population exceeded the WV for mink. Like
chlordane, the converted total DDT WV for Kingfishers was
lower than that of minks and the human health cancer SVs
listed in Table 3, indicating that these organochlorine pesticides
may pose more of a risk for avian species.
Analytical results for dieldrin also showed widespread

occurrence with a 71% frequency of detection, and dieldrin
has a relatively lower cancer SV (1.5 μg/kg). Dieldrin
concentrations in fillet samples exceeded this SV in 31.2% of
the sampled population of rivers, including 41.2% of urban
rivers and 40.4% of PLNLOW rivers (Table 3). Other OCPs
detected in this study included aldrin, alpha-BHC, endrin,
lindane, endrin ketone, heptachlor epoxide, hexachlorobenzene,
and mirex. These other OCPs had detection frequencies of less
than 50%, and none of the fillet concentrations exceeded
human health SVs for these compounds.
Subpopulation Differences. Concentrations of mercury

in fish tissue from these same samples were previously
compared across the three ecoregions and between nonurban
and urban sites.34 Those results revealed no significant
differences across the subpopulations of rivers, however,
different results were observed for the organo-halogen
compounds. Figure 3 compares the weighted mean concen-
trations of the organo-halogens in fish from urban versus
nonurban subpopulations and from ecoregions, and the
significance of any differences as determined using the Z test
are listed in SI Table S4. The means for all chemical groups
were higher for samples from urban rivers than those from
nonurban rivers. The means for summed PCBs, summed
PBDEs, and total DDT were significantly higher for urban river
samples, which reflects the greater extent of chemical use and
release of a variety of contaminants into rivers in populated
areas where they can bioaccumulate in fish. Higher organo-
chlorine concentrations in aquatic environments in urban areas
have been documented previously in urban bed sediments.60

Not only could urban sources from chemical manufacturing,
industrial use of chemicals, and domestic application of
pesticides contribute to enhanced concentrations in fish tissue
from urban waters, but proximity to wastewater treatment plant
(WWTP) discharges could also be a factor, since WWTPs have
been demonstrated to be an important point source of PCB
and PBDE contamination.61

Among the ecoregions, summed PCB concentrations in river
fish samples from the EHIGH were significantly higher than in
samples from both the PLNLOW and WMTS (Figure 3, SI
Table S4). Summed PCB concentrations in fish from the
PLNLOW were also significantly higher than those from the
WMTS. Although summed PBDE concentrations were
significantly higher in samples from urban rivers relative to
nonurban rivers, there was no significant difference in summed
PBDE concentrations among ecoregions. Total chlordane
concentrations were found to be significantly higher in fillet
tissue samples from rivers in both EHIGH and PLNLOW
ecoregions relative to the WMTS ecoregion, but the difference
in EHIGH and PLNLOW total chlordane concentrations was
not significant ((Figure 3, SI Table S4). Total DDT
concentrations in samples from waters in the PLNLOW were
significantly higher relative to those from the EHIGH, but
unlike total chlordane, the difference in total DDT concen-

trations among the EHIGH, PLNLOW, and WMTS ecoregions
was not significant.
Differences observed in the chemical concentrations relate to

various factors, including their historical use and the geographic
distribution of these chemical contaminants. Summed PCB
concentrations are significantly higher in the EHIGH region
relative to both other ecoregions, which reflects the industrial
and urban history of this region where PCBs were most
predominately used and released into the environment.60 The
ubiquity of PBDEs is consistent with its discharge pathway
from dust in homes, through wastewater treatment systems,21

and then to rivers. Similarly, the predominance of DDT in fish
tissue from the PLNLOW ecoregion is consistent with the
agricultural character of the middle of the country. The lack of a
significant difference between the PLNLOW and WMTS total
DDT results is also consistent with the high agricultural use of
some states in the WMTS ecoregion. Chlordane, last labeled
for use for underground application against termites,59 persists
in the EHIGH and PLNLOW regions but not in the WMTS.

Co-Occurring Contaminants. Co-occurrence of these four
chemical groups was examined with the procedure outlined by
Thompson and Boekelheide,55 in which fish tissue concen-
trations that exceeded their respective median values are used
to determine co-occurrence at elevated concentrations. This
analysis (Figure 4) revealed that the most common mode of co-

occurrence (fish from 32% of river sites with concentrations
above the median for any compound) was for all four
compound groups to co-occur at concentrations above their
respective weighted medians. The next highest category of co-
occurrence (16%) was for any three compound groups to co-
occur above their median concentrations. PCBs co-occurred
with PBDEs in 11% of sampled populations; chlordane with
total DDT and PCBs with total DDT each co-occurred in 10%
of the sampled population above the medians for these
compound groups. The rarity was for these contaminants to
occur singly above the median concentrations as was the case
for PCBs in 4%, PBDEs and chlordane each in 5%, and total
DDT in 7% of samples from the sampled population of rivers.
The extent of co-occurrence of these compounds at relatively

elevated concentrations underscores the exposure risk that is
posed by their presence in fish tissue. The U.S. EPA has

Figure 4. Co-occurrence of PCBs, PBDEs, chlordane, and DDT above
respective median values in fish tissue samples from major U.S. Rivers.
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provided approaches to quantify the toxicity of combinations of
contaminants based on whether the contaminants are known to
have similar or dissimilar modes of toxicity.62 For compounds
with similar modes of toxicity, the doses are considered
additive. For dissimilar responses, the risks are considered
separately and then combined. Additive risk, however, has been
poorly defined and infrequently studied, especially for legacy
contaminants, such as PCBs and OCPs no longer in use, that
are perceived to be a diminishing threat. Accordingly, the
background environmental chemical load and the potential for
such additive effects should be taken into consideration when
new chemicals, including organo-halogen compounds such as
brominated flame retardants or chlorinated antimicrobials, are
discharged to surface waters.
Nationally representative data on the occurrence of organic

contaminants in fillet tissue of fish from U.S. rivers indicate that
PCBs, PBDEs, chlordane, and DDT are still pervasive. PCBs,
PBDEs, and total DDT occur at significantly higher
concentrations in fish from urban rivers; however, the
distribution of chemical groups varies more among the
ecoregions. Co-occurrence in fish tissue at concentrations
above the medians is typically observed, most frequently (32%)
with all four of the chemical classes. This indicates that
monitoring of fish tissue for assessment, fish consumption
advisories, and the protection of aquatic life continues to be
important for both new and legacy organic compounds.
Individual organo-halogen compounds seldom occur alone in
fish tissue. Therefore, these analytical results should be viewed
in the context of co-occurring compounds and assessments of
risk to human health and aquatic life that reflect the integrated
chemical burden in fish. Any new organo-halogen compounds
introduced to the environment will likely add to the existing
overall burden of such compounds in fish tissue, since this work
has demonstrated that POPs concentrations measured in fish
potentially consumed by humans and representative avian and
mammalian species still exceed human health SVs and WVs in
many U.S. waters today.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.6b05162.

Additional information as noted in the text (PDF)
Tables S1, S2, S3, and S4 (XLSX)

■ AUTHOR INFORMATION

Corresponding Author

*Phone: 202-566-0367; e-mail: wathen.john@epa.gov.

ORCID

Angela L. Batt: 0000-0002-7008-249X

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This paper has been subjected to review and approved for
publication by U.S. EPA’s Office of Research and Development
and U.S. EPA’s Office of Water. The views expressed in this
article are those of the authors and do not necessarily reflect the
views or policies of the U.S. EPA. Mention of trade names or
commercial products does not constitute endorsement or
recommendation for use. Additional information for the NRSA

program is publically available at https://www.epa.gov/
national-aquatic-resource-surveys/nrsa, with additional fish
tissue indicator information being available at https://www.
epa.gov/fish-tech/fish-tissue-data-collected.epa. The authors
would like to acknowledge the many federal and state agencies,
and contract crews for their assistance in sample collection;
Leanne Stahl, in her role as the U.S. EPA project manager for
the 2008-2009 NRSA fish tissue indicator; Ellen Tarquinio and
Sarah Lehmann (from the U.S. EPA) for their efforts in
executing the larger NRSA study; Blaine Snyder of Tetra Tech
and Harry McCarty of CSRA for their technical support; and
Lisa Larimer (U.S. EPA) and Leanne Stahl for their reviews of
this manuscript. Fish tissue homogenization was performed by
GLEC and Dynamac Corporation staff, and sample analysis was
performed by staff at Dynamac Corporation, including Gerilyn
Ahlers, Michael Eastham, Hayden Miracle, Amy Parks, Ervin
O’Bryan, Dan Tettenhorst, Sarah Watson, Jayme Webb-
Turbeville, and Tracy Webb-Turbeville.

■ REFERENCES

(1) Muir, D. C. G.; de Wit, C. A. Trends of legacy and new persistent
organic pollutants in the circumpolar arctic: Overview, conclusions,
and recommendations. Sci. Total Environ. 2010, 408 (15), 3044−3051.
(2) de Wit, C. A. An overview of brominated flame retardants in the
environment. Chemosphere 2002, 46 (5), 583−624.
(3) Ming-ch’eng Adams, C. I.; Baker, J. E.; Kjellerup, B. V.
Toxicological effects of polychlorinated biphenyls (PCBs) on
freshwater turtles in the United States. Chemosphere 2016, 154,
148−154.
(4) U.S. EPA. Technical Fact Sheet − Polybrominated Diphenyl Ethers
(PBDEs) and Polybrominated Biphenyls (PBBs), EPA 505-F-14-006;
Office of Solid Waste and Emergency Response 2014.
(5) Carson, R.; Darling, L.; Darling, L. Silent spring; Houghton
Mifflin; Riverside Press: Boston; Cambridge, MA, 1962.
(6) U.S.EPA Ban of DDT. http://www2.epa.gov/aboutepa/ddt-ban-
takes-effect (accessed 12/21/15).
(7) Eriksson, P.; Fischer, C.; Fredriksson, A. Polybrominated
diphenyl ethers, A group of brominated flame retardants, can interact
with polychlorinated biphenyls in enhancing developmental neuro-
behavioral defects. Toxicol. Sci. 2006, 94 (2), 302−309.
(8) Leijs, M. M.; Koppe, J. G.; Olie, K.; Van Aalderen, W. M. C.; de
Voogt, P.; ten Tusscher, G. W. Effects of dioxins, PCBs, and PBDEs
on immunology and hematology in adolescents. Environ. Sci. Technol.
2009, 43 (20), 7946−7951.
(9) Ping, He; Aiguo, Wang; Qiang, Niu; Lijuan, Guo; Tao, Xia;
Xuemin, Chen Toxic effect of PBDE-47 on thyroid development,
learning, and memory, and the interaction between PBDE-47 and
PCB153 that enhances toxicity in rats. Toxicol. Ind. Health 2011, 27
(3), 279−288.
(10) Ross, G. The public health implications of polychlorinated
biphenyls (PCBs) in the environment. Ecotoxicol. Environ. Saf. 2004,
59 (3), 275−291.
(11) Vos, J. G.; Dybing, E.; Greim, H. A.; Ladefoged, O.; Lambre,́ C.;
Tarazona, J. V.; Brandt, I.; Vethaak, A. D. Health effects of endocrine-
disrupting chemicals on wildlife, with special reference to the
European situation. Crit. Rev. Toxicol. 2000, 30 (1), 71−133.
(12) Makey, C. M.; McClean, M. D.; Braverman, L. E.; Pearce, E. N.;
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• Probability-based surveys allowed the characterization of PFCs in U.S. fish.

• PFOS dominated in frequency of occurrence in fish fillets.

• Cumulative distributions quantified PFOS in fish versus the sampled population.

• PFOS human health screening values (SVs) were applied to fillet results.

• We estimate the proportion of rivers and Great Lakes with fish that exceed SVs.
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Perfluorinated compounds (PFCs) have recently received scientific and regulatory attention due to their broad

environmental distribution, persistence, bioaccumulative potential, and toxicity. Studies suggest that fish

consumption may be a source of human exposure to perfluorooctane sulfonate (PFOS) or long-chain

perfluorocarboxylic acids. Most PFC fish tissue literature focuses on marine fish and waters outside of the

United States (U.S.). To broaden assessments in U.S. fish, a characterization of PFCs in freshwater fish was initiat-

ed on a national scale using an unequal probability design during the U.S. Environmental Protection Agency's

(EPA's) 2008–2009National Rivers and Streams Assessment (NRSA) and the Great Lakes HumanHealth Fish Tis-

sue Study component of the 2010 EPA National Coastal Condition Assessment (NCCA/GL). Fish were collected

from randomly selected locations—164 urban river sites and 157 nearshore Great Lake sites. The probability de-

sign allowed extrapolation to the sampled population of 17,059 km in urban rivers and a nearshore area of

11,091 km2 in the Great Lakes. Fillets were analyzed for 13 PFCs using high-performance liquid chromatography

tandemmass spectrometry. Results showed that PFOS dominated in frequency of occurrence, followed by three

other longer-chain PFCs (perfluorodecanoic acid, perfluoroundecanoic acid, and perfluorododecanoic acid).Max-

imum PFOS concentrations were 127 and 80 ng/g in urban river samples and Great Lakes samples, respectively.

The range of NRSA PFOS detectionswas similar to literature accounts from targeted riverinefish sampling. NCCA/

GL PFOS levelswere lower than those reported by otherGreat Lakes researchers, but generally higher than values

in targeted inland lake studies. The probability design allowed development of cumulative distribution functions

(CDFs) to quantify PFOS concentrations versus the sampled population, and the application of fish consumption

advisory guidance to the CDFs resulted in an estimation of the proportion of urban rivers and theGreat Lakes that

exceed human health protection thresholds.

© 2014 Published by Elsevier B.V.

1. Introduction

Perfluorinated compounds (PFCs) are a group of organic chemicals

characterized by fluorine atoms bonded to carbon atoms and

perfluoroalkyl substances are a subset of PFCs in which all of the hydro-

gen atoms of an alkane or substituted alkane have been replaced by
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fluorine atoms (Buck et al., 2011). Many PFCs have physical properties

that make them useful for many consumer and industrial applications,

including stain- and water-resistant coatings for carpets and fabric,

water- and oil-resistant coatings for paper products, fire-fighting

foams, hydraulic fluids, and emulsifiers for photographic film produc-

tion (Renner, 2001). Naturally occurring fluorinated organic com-

pounds are rare (Lau et al., 2007); however, thousands of different

PFCs have been manufactured and used by industry since commercial

production began in the 1950s (Lindstrom et al., 2011). Industrial and

commercial PFCs include a large number of compounds, such as

perfluorocarboxylates, perfluorosulfonates, perfluorosulfonamides,

fluorotelomer acids, and fluorotelomer alcohols, among others

(Murphy et al., 2012). The global annual production volume of

perfluorooctane sulfonate (PFOS) was 3500 metric tons in 2000 and

perfluorooctanoic acid (PFOA) production reached 1200 metric tons in

2004 (Lau et al., 2007). PFCsmay be released into the environment dur-

ing manufacture, storage and transport, product use, or disposal (Paul

et al., 2008). As a result of their extensive production and use, they

have become widely distributed in the environment and detected in

water, air, food, wildlife, and humans (Ahrens, 2011).

PFCs can bioaccumulate through food webs and have a long half-life

in humans (Houde et al., 2011; Lindstrom et al., 2011). Bioaccumulative

potential tends to be higher in longer-chain PFCs than in those with

seven or less carbon atoms. Perfluorinated sulfonates have a greater

tendency to bioaccumulate than perfluorinated carboxylates, even

when their chain lengths are identical (Murphy et al., 2012). Although

the highest concentrations of PFCs are typically associated with direct

industrial emissions, Giesy and Kannan (2001) observed global distri-

bution of perfluorooctane sulfonate (PFOS) in wildlife, and other re-

searchers have detected PFCs in bird and mammal species taken from

remote Arctic regions (Martin et al., 2004a; Butt et al., 2010; Rotander

et al., 2012). Houde et al. (2011) reported that recent (2006–2010)

monitoring studies focused on PFCs of a variety of chain lengths and

configurations; however, PFOS proved to be the predominant PFC de-

tected in species, tissues, and locations around the world.

PFCs are recognized as contaminants of emerging concern (CECs)

because they are toxic, ubiquitous, and persistent in the environment

(Ahrens, 2011; Houde et al., 2011; Kannan, 2011; Lindstrom et al.,

2011). Researchers first noted their broad environmental distribution

in the early 2000s (Giesy and Kannan, 2001). Over the past 10 years,

high levels of PFCs have been found in surface waters near PFC facilities,

wastewater treatment plants, and urban centers, as well as in

groundwater in urban areas (Zushi et al., 2012). Investigations of the

routes of human exposure to PFCs (e.g., drinking water, dust from up-

holstered furniture and carpets, food, food packaging, and non-stick

cookware) began in the early to mid-2000s and continue today

(Taniyasu et al., 2003; Kannan et al., 2004; Lau et al., 2007). The earliest

studies of PFCs in humans focused on occupational exposure of workers

and manufacturers (Olsen et al., 2003). Studies in industrialized coun-

tries worldwide (Kannan et al., 2004; Kuklenyik et al., 2004; Guruge

et al., 2005; Lau et al., 2007) indicate that PFCs were present in human

blood serum samples from the general population,with highest concen-

trations reported for PFOS and PFOA. Modeling studies conducted by

Fromme et al. (2009) estimated that low level PFC contamination of

foodmay be responsible formost non-occupational exposures in indus-

trialized countries, although there is still uncertainty associated with

the role of food as an exposure pathway. Recent studies (Hart et al.,

2008; Haug et al., 2010; Holzer et al., 2011) suggest that the consump-

tion of fish from contaminated waters may be a major source of expo-

sure to PFOS or long-chain perfluorocarboxylic acids for some people

and that there is still much to learn about PFCs in food sources.

Sinclair et al. (2006) found average PFOS concentrations in fish to be

8850-fold greater than levels in surface waters of New York State

(i.e., Lake Ontario, Lake Erie, the Finger Lakes, Lake Onondaga, the Erie

Canal, the Hudson River, and Lake Champlain), and noted that more in-

formation is needed on PFCs in sport fish to assess the risk of potential

exposure of humans to these compounds.

Studies of birds, fish, and mammals have shown that PFCs bind to

proteins in blood and livers (Jones et al., 2003) and are not lipophilic

likemany other organic pollutants (Conder et al., 2008). Laboratory an-

imal studies on the toxic effects of PFCs (primarily PFOS and PFOA)

show various effects on development, reproduction, and immune func-

tion (Murphy et al., 2012). Epidemiological and medical surveillance

studies of humans who were occupationally exposed to PFOS or PFOA

were summarized in USEPA, 2005, and in general there was no consis-

tent association between PFC blood serum levels and adverse health ef-

fects (Steenland et al., 2010; Lindstrom et al., 2011). Recent research by

Shankar et al. (2012) found that serum PFOA levels were positively as-

sociated with cardiovascular disease and peripheral arterial disease in

U.S. adults. Apelberg et al. (2007) found a negative correlation between

PFC concentrations in umbilical cord serum and the body weight of

newborn babies in the U.S.; however, further study is needed to evalu-

ate the risk of PFCs to infants (Zushi et al., 2012). A study of children

(Grandjean et al., 2012) indicated that increased PFOA and PFOS

Fig. 1. National Rivers and Streams Assessment urban river fish tissue sampling locations (164).
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exposures were associated with decreased immune response to routine

immunizations for children in the five to seven year age group. A

2005–2013 epidemiological study (the C8 Health Project) found proba-

ble links between elevated PFOA levels in human blood and ulcerative

colitis, thyroid diseases, testicular cancer, kidney cancer, and pre-

eclampsia (Frisbee et al., 2009; Steenland et al., 2010; Watkins et al.,

2013). Concerns remain about the possible human health effects of

PFCs due to the continued use of PFOS, PFOA, and the newer PFCs

being introduced as substitutes and to the relatively long half-life of

these compounds in humans (e.g., 8.5 year half-life of PFHxS inhumans)

(Olsen et al., 2007).

Concerns regarding the toxicity of PFCs and their ubiquity in the en-

vironment led the U.S. Environmental Protection Agency (EPA) to work

with 3M (a leading producer of PFOS) beginning in 2000 to voluntarily

phase out production of PFOS and related chemicals in 2002 (Lindstrom

et al., 2011; Zushi et al., 2012). Beginning in the same time period, a

series of Significant New Use Rules were issued to limit production of

PFOS and precursor chemicals in the U.S. (USEPA, 2002). The

European Union banned the use of PFOS and its derivatives beginning

in 2008 (EU, 2006). In 2009, production and use of PFOS and its

precursor perfluorooctyl sulfonyl fluoride were restricted under the

StockholmConvention onPersistentOrganic Pollutants. EPA established

a PFOA Stewardship Program working with eight major companies to-

ward a 95% reduction in emissions and product contents of PFOA and

long-chain PFCs by no later than 2010, and elimination of those emis-

sions by 2015. Despite the restrictions, these compounds are still pro-

duced by manufacturers in other parts of the world and enter into the

U.S. with imported products. In addition, PFC precursors produced in

the U.S. can break down to persistent degradation products that will

continue to be contaminants of concern (Murphy et al., 2012; Ahrens,

2011).

To broaden the assessment of CECs in U.S. fish, a comprehensive

characterization of PFC contamination in freshwater fish was initiated

on a national scale during the U.S. EPA's 2008–09 National Rivers and

Streams Assessment (NRSA) (USEPA, 2010a) and during the Great

Lakes Human Health Fish Tissue Study component of the 2010 EPA

National Coastal Condition Assessment (NCCA/GL) (USEPA, 2010b).

For the NRSA, a framework of 1,800 sampling locations contained a sta-

tistically representative subset of 164 urban river sites that were 5th

order or greater in size based on Strahler stream order classification

(Strahler, 1957). Fish were collected at this subset of urban river sites

to allow the first nationally representative assessment of PFCs using a

Fig. 2. Great Lakes Human Health Fish Tissue Study sampling locations (157).

Table 1

Target compounds.

Abbreviation Name Formula Carbon chain length CAS numbera Labeled analog

PFBA Perfluorobutyric acid C3F7COOH 3 375-22-4 13C4-PFBA
b,c

PFBS Perfluorobutane sulfonate C4F9SO3 4 375-73-5a d

PFPeA Perfluoropentanoic acid C4F9COOH 4 2706-90-3 13C5-PFPeA
c

PFHxA Perfluorohexanoic acid C5F11COOH 5 307-24-4 13C2-PFHxA
b,c

PFHxS Perfluorhexane sulfonate C6F13SO3 6 355-46-4a 18O2-PFHxS
c

PFHpA Perfluoroheptanoic acid C6F13COOH 6 375-85-9 13C4-PFHpA
c

PFOA Perfluorooctanoic acid C7F15COOH 7 335-67-1 13C4-PFOA
b,c

PFOS Perfluorooctane sulfonate C8F17SO3 8 1763-23-1a 13C4-PFOS
b,c

PFOSA Perfluorooctanesulfonamide C8F17SO2NH2 8 754-91-6 13C8-PFOSA
c

PFNA Perfluorononanoic acid C8F17COOH 8 375-95-1 13C5-PFNA
b,c

PFDA Perfluorodecanoic acid C9F19COOH 9 335-76-2 13C2-PFDA
b,c

PFUnA Perfluoroundecanoic acid C10F21COOH 10 2058-94-8 13C2-PFUnA
c

PFDoA Perfluorododecanoic acid C11F23COOH 11 307-55-1 13C2-PFDoA
b,c

a CAS number for the parent acid form.
b Labeled compound used in the NRSA analysis.
c Labeled compound used in the NCCA/GL analysis.
d No labeled analog was available for PFBS, so this analyte was quantified using the response for 18O2-PFHxS in both studies.
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statistically based sampling design. For the NCCA/GL study, fish were

collected from 157 randomly selected nearshore sites throughout the

five Great Lakes. The objective of the NRSAwas to estimate the national

distribution of the mean levels (i.e., composite average) of PFCs in fish

fillet tissue from urban rivers of the conterminous U.S. Similarly, the ob-

jective of the NCCA/GL was to estimate the regional distribution of the

mean levels of PFCs in fish fillet tissue from nearshore waters of the

Great Lakes within the U.S.

2. Methods

2.1. Sampling site selection

2.1.1. Urban river site selection

The NRSA fish tissue study target population consisted of urban riv-

ers within the conterminous United States that were 5th order or great-

er in size, had a permanent fish population, and had flowing water

during the study period (including the Great Rivers and run-of-the-

river ponds, but excluding reservoirs and portions of tidal rivers up to

head of salt). The sample frame was derived from the National Hydrog-

raphy Dataset (NHD) and included attributes of urban land use and

Strahler stream order. The urban attribute was based on NHD-Plus

(USGS and USEPA, 2007) and the U.S. Census Bureau national urban

boundary GIS coverages. The Census Bureau boundaries were buffered

100 m to include a majority of stream features intersecting and coinci-

dent with urban areas. Where this buffer did not completely capture

all river featureswithin theurban areas (rivers intersecting cities are ex-

cluded from the Census Bureau urban areas), the NHD-Plus river area

(polygon) features were clipped at a three km buffer around the

urban areas and combined with the Census Bureau buffered urban

area to create the modified urban database.

Sampling sites were selected using a probability-based approach

(Stevens and Olsen, 1999) described as a Generalized Random Tessella-

tion Stratified (GRTS) survey design by Stevens and Olsen (2004). A

probability design provides the basis for estimating resource extent

and condition, for characterizing trends in extent or condition, and for

representing spatial patterns, all with known certainty. To implement

the design, the population being sampled had to be explicitly described

(in this case, U.S. urban rivers), every element in the population had the

opportunity to be sampled with known probability, and the selection

process included an explicit random element. Since the specific purpose

of the NRSA was to describe the condition of resources on a national

basis, a probability-based design was an essential component of the

study. Selection probabilities were defined for 5th order or larger rivers

in the lower 48 states so that the expected number of urban sites would

be at least 150. Fish tissue samples were collected from a total of 164

randomly selected urban rivers during the 2008 and 2009 study period

(Fig. 1). That total included sampling locations in 38 states, with 49, 56,

29, and 30 sites in 5th, 6th, 7th, and 8th+ order rivers, respectively.

2.1.2. Great Lakes site selection

The NCCA/GL target population included nearshore areas of U.S. wa-

ters in the Great Lakes. The GRTS survey design (Stevens and Olsen,

2004) was stratified by Great Lake and country (limited to U.S. waters).

The unequal probability of selection was based on the proportion of

shoreline length in each of the eight Great Lakes states (Illinois,

Indiana, Michigan, Minnesota, New York, Ohio, Pennsylvania, and Wis-

consin). The nearshore zone was defined as the region from the shore-

line to a depth of 30 m or to a maximum distance of 5 km from the

shoreline (i.e., for shallower waters of the Great Lakes). NCCA/GL sites

(within the nearshore zone polygons) were randomly selected in the

five Great Lakes (Lakes Superior, Michigan, Huron, Erie, and Ontario)

bordered by the eight Great Lakes states. The sample framewas derived

by EPA/Office of Research and Development's (ORD's) Mid-Continent

Ecology Division in Duluth,Minnesota. Fish tissue sampleswere collect-

ed from157 randomly selectedU.S. nearshore locations during the 2010

Table 2

Summary of instrumental analysis conditions by study.

NRSA NCCA/GL

LC column C18 reverse phase

10.0 cm × 2.1 mm ID

3.5-μm particle size

C18 reverse phase

10.0 cm × 3.0 mm ID

3.0-μm particle size

Solvent system Gradient elution with:

90% acetonitrile in water and ammonium acetate in 0.1% acetic acid

Gradient elution with:

ammonium acetate in water and methanol

Sample introduction Negative ion electrospray ionization Negative ion electrospray ionization

Target compound Monitored reactionsa

PFBA 213 N 169 213 N 169

PFBS 299 N 80, 299 N 99 299 N 80, 299 N 99

PFPeA 263 N 219 263 N 219

PFHxA 313 N 269 313 N 269, 313 N 119

PFHxS 399 N 99, 399 N 80 399 N 99, 399 N 80

PFHpA 363 N 319 363 N 319, 363 N 169

PFOA 413 N 369, 413 N 219 413 N 369, 413 N 169

PFOS 499 N 99, 499 N 80 499 N 99, 499 N 80

PFOSA 498 N 78 498 N 78

PFNA 463 N 419 463 N 419, 463 N 169

PFDA 513 N 469 513 N 469, 513 N 169

PFUnA 563 N 519 563 N 519

PFDoA 613 N 569 613 N 569

a Additional ions and reactions were monitored for all of the isotopically labeled standards.

Table 3

Method detection limits (ng/g) by study.

Chemical NRSA NCCA/GLa

PFBA 2.70 0.07

PFBS 5.69 0.10

PFPeA 1.42 0.13

PFHxA 2.34 0.07

PFHxS 10.45 0.12

PFHpA 1.25 0.09

PFOA 2.37 0.10

PFOS 5.35 0.13

PFOSA 2.70 0.08

PFNA 2.07 0.08

PFDA 2.63 0.06

PFUnA 2.76 0.11

PFDoA 1.38 0.12

a NCCA/GL MDL values are rounded to two decimal places.
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study period (Fig. 2). This includes 38, 31, 29, 27, and 32 nearshore areas

in Lakes Superior, Michigan, Huron, Erie, and Ontario, respectively.

2.2. Sample collection

Sampling efforts focused on target fish species that were ubiquitous,

abundant, easily identified, commonly consumed by humans, and suffi-

ciently large (i.e., adult specimens) to provide adequate tissue for anal-

ysis. Field teams used active methods (i.e., electrofishing) to collect fish

composite samples from each site primarily during a May through

September 2008 and 2009 survey period for the NRSA, and both active

(e.g., hook and line) and passive (e.g., gillnetting) methods during a

June throughmid-November 2010 period for the NCCA/GL. Field proce-

dures stated that each composite should target five adult fish of the

same species and similar size (i.e., the smallest individual in a composite

was not less than 75% of the total length of the largest individual). Com-

posites containing fewer than five fish were accepted in an effort to re-

tain a sample from each target river (41% of NRSA composites and 77%

of NCCA/GL samples had fewer than 5 fish). Whole fish were shipped

on dry ice to designated sample preparation laboratories for storage

and preparation (filleting and homogenization) prior to analysis. Fish

collection and handling methods have been previously described

(USEPA, 2009 and USEPA, 2010c).

2.3. Sample preparation

Sample preparation procedures for NRSA and NCCA/GL fish were

based on a common approach documented in USEPA, 2010c that includ-

ed quality control steps to ensure that sample aliquots used for analysis

were homogeneous and free from extraneous contamination. Fish were

scaled and filleted in the laboratory where lateral muscle fillets from

both sides of each fish were prepared with skin on and the belly flap

(ventral muscle and skin) attached. Fillets were composited using the

batch method, where all of the individual specimens that comprise

the sample were homogenized together, regardless of the proportional

weight of individual fish. Each composite was homogenized using a tis-

sue grinder and mixed thoroughly to a fine paste of uniform color and

texture. A 20-g aliquot was removed for PFC analysis and stored in a

glass jar with a polytetrafluoroethylene-free lid liner.

2.4. Tissue analysis

At present, there are no standard analytical methods from EPA or

any voluntary consensus standard bodies (VCSBs) for PFC analysis in

any matrices. The fish tissue samples in both studies were analyzed

using procedures developed and tested by commercial analytical labo-

ratories that are currently considered proprietary, and are therefore

only briefly described below.

Approximately 1–5 g of tissue were required for analysis. The sam-

ple was spiked with 7 (NRSA) or 12 (NCCA/GL) isotopically labeled

standards and extracted by shaking the tissue in a caustic solution of

methanol, water, and potassium hydroxide (NRSA) or sodium hydrox-

ide (NCCA/GL). The hydroxide solution was used to break down the tis-

sue and allowed the PFCs to be extracted into themethanol/water. After

extraction, the solutionwas centrifuged to remove the solids and the su-

pernatant liquidwas dilutedwith reagentwater (NRSA) or hydrochloric

acid to pH b2 (NCCA/GL). The diluted extract was loaded onto a com-

mercially available solid-phase extraction (SPE) cartridge that included

a weak anion exchange resin that retained the PFCs. The PFCs were

eluted from the SPE cartridge and the eluant was spikedwith additional

labeled standards and analyzed by high-performance liquid chromatog-

raphy tandem mass spectrometry (HPLC-MS/MS) for the 13 PFCs in

Table 1.

As noted above, there are no standard analytical methods for these

contaminants in anymatrices, and particularly fish tissue. The two com-

mercial laboratories that analyzed these samples (one laboratory per

study) utilized similar, but not identical procedures. The overall instru-

mental conditions are summarized in Table 2. The analytical procedures

yielded results for 13 PFCs in their anion forms (e.g., C3F7COO
−); how-

ever, the results are reported for parent acid forms (e.g., C3F7COOH)

shown in Table 1. The concentration of each PFC was determined

using the responses from one of the isotopically labeled standards

added prior to sample extraction, applying the technique known as iso-

tope dilution. As a result, all of the target analyte concentrations were

corrected for the recovery of the labeled standards, thereby accounting

for extraction efficiencies and losses during cleanup. The recovery of

each of those labeled standards was monitored using the additional la-

beled compounds added after extraction, but prior to analyses. Because

commercial suppliers of labeled compounds developed additional

Fig. 3. Number of fish composite samples with detectable concentrations of PFCs from urban rivers (n = 162) and the Great Lakes (n = 157) (Lower chain detection differences may be

attributable to lower MDLs in the analytical method applied for the NCCA/GL study).
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labeled PFCs between the two studies, more labeled compounds were

used in the NCCA/GL than in the NRSA (see Table 1). Both of the analyt-

ical procedures also involved extensive quality control operations, in-

cluding method blanks (i.e., aliquots of a clean reference matrix

carried through the entire analytical procedure as a check for potential

contamination), laboratory control samples, multi-point initial calibra-

tions, and daily calibration verifications, with acceptance criteria for

each operation. All analytical results are expressed as wet-weight con-

centrations in ng/g and reported down to the method detection limit

(MDL).

In 1984, theMDLwas defined by EPA at 40 CFR Part 136, Appendix B,

based on at least seven replicate analyses of a spiked reference matrix

(USEPA, 1984). It is calculated as the Student's t-value for the number

of replicates multiplied by the standard deviation of the results for the

analyte in all of those replicate analyses. The MDLs differed between

the NRSA and NCCA/GL, with much lower MDL values for each analyte

in the latter study. This difference was driven by two related factors.

First, there are no formal analytical methods for determining PFC con-

centrations in fish tissue published by EPA or any Voluntary Consensus

Standards Body. Both of the laboratories that performed the analyses for

these studies developed or adapted procedures of their own formeasur-

ing PFC levels in a fish tissue matrix. Secondly, without an established

method or a large body of fish tissue results, it was difficult to establish

the sensitivity (e.g., detection limits) required for the 13 PFCsmonitored

during the NRSA analyses in 2009. By 2011, the laboratory analyzing

NCCA/GL fish tissue samples for PFCs was able to refine its analytical

procedures and target lower detection limits after gaining additional ex-

perience with PFC analysis in fish tissue and improved insight on ex-

pected concentrations (Table 3).

2.5. Data analysis

PFC data were analyzed using R statistical software (R Development

Core Team, 2007) and the package “spsurvey” (Kincaid and Olsen,

2012). Data analysis focused on the study objective to develop estimates

of the national distribution of mean levels (i.e., rivermean or composite

average concentrations) of PFCs in urban river fish tissue or regional es-

timates of mean levels (nearshoremean or composite averages) of PFCs

in fish from the nearshore area of the Great Lakes.

The statistical analysis process incorporated elements of the proba-

bilistic survey design and included: site status determination based on

reconnaissance; survey design (sample) weights adjustment based on

site status; target population estimation (i.e., number of sites that met

the study definition of a target river or nearshore Great Lakes location);

estimation of the number and proportion of sites in the sampled popu-

lation (i.e., accessible target rivers or nearshore Great Lakes sites); and

estimation of percentiles and cumulative distribution of tissue concen-

trations by chemical for the sampled population of rivers or Great

Lakes locations.

The study design required application of sample weights to the tis-

sue concentrations during data analysis. Sample weights were derived

from the various inclusion probabilities assigned to the river size cate-

gory (i.e., ≥5th order) and urban classification group for the NRSA or

shoreline length in each of the eight Great Lakes states for the NCCA/

GL. The resulting PFC distributions are described by survey analysis es-

timates of percentiles and cumulative distribution functions (CDFs)

(Zar, 1999) using methods in spsurvey (Kincaid and Olsen, 2012). The

CDFs characterize the probability distribution of PFCs in fish tissue as

plots of concentrations (x-axis) versus the cumulative number and

Table 4

Percentiles for concentrations (ng/g) of PFCs detected in U.S. urban river fish tissue composites.

Chemical Number of detects MDLa Percentileb Maximumb Frequency of occurrencec

25th 50th 75th 90th

PFOS 119 5.35 bMDL 10.7 27.5 41.4 127 73%

PFOSA 7 2.70 bMDL bMDL bMDL bMDL 63.1 4%

PFNA 1 2.07 bMDL bMDL bMDL bMDL 2.48 b1%

PFDA 32 2.63 bMDL bMDL bMDL 4.68 28.5 20%

PFUnA 54 2.76 bMDL bMDL bMDL 5.74 45.6 33%

PFDoA 33 1.38 bMDL bMDL bMDL 3.27 23.8 20%

a MDL = Method Detection Limit in ng/g.
b Concentrations are statistical estimates for the sampled population of river reaches defined for the study (17,509 river km)with the exception of themaximum concentrationswhich

are maximums observed at 162 sites.
c Percent frequency of occurrence values are based on 162 possible PFC detections.

Table 5

Percentiles for concentrations (ng/g) of PFCs detected in Great Lakes fish tissue composites.

Chemical Number of detects MDLa Percentileb Maximumb Frequency of occurrencec

25th 50th 75th 90th

PFBA 25 0.07 bMDL bMDL bMDL 0.25 1.30 16%

PFPeA 51 0.13 bMDL bMDL 0.27 0.68 3.00 32%

PFHxA 23 0.07 bMDL bMDL bMDL 0.11 0.80 15%

PFHxS 71 0.12 bMDL bMDL 0.46 1.17 3.50 45%

PFHpA 8 0.09 bMDL bMDL bMDL bMDL 1.00 5%

PFOA 19 0.10 bMDL bMDL bMDL 0.16 0.97 12%

PFOS 157 0.13 7.84 15.2 24.9 38.9 80.0 100%

PFOSA 103 0.08 bMDL 0.15 0.43 1.09 4.20 66%

PFNA 108 0.08 bMDL 0.32 0.78 1.60 9.70 69%

PFDA 145 0.06 0.38 0.68 1.60 2.94 13.0 92%

PFUnA 142 0.11 0.67 0.99 2.04 3.69 18.0 90%

PFDoA 119 0.12 bMDL 0.32 0.65 1.05 3.10 76%

a MDL = Method Detection Limit in ng/g.
b Concentrations are statistical estimates for the nearshore lake area sampled population defined for the study (an area of 11,091 km2) with the exception of the

maximum concentrations which are maximums observed at 157 sites.
c Percent frequency of occurrence values are based on 157 possible PFC detections.
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percentage (y-axis) of urban river reach length (km)orGreat Lake near-

shore area (km2).

3. Results

3.1. Analytical results and statistical estimates

3.1.1. Urban river results

The 164 urban river sampling locations included in theNRSA (Fig. 1)

were a statistically representative subset of urban rivers (5th order or

greater in size) or a national random sample. Fish collection yielded

162 composite samples (682 total fish) of 25 species for PFC analysis,

with three of the recommended target species representing 70% of

these composites. Smallmouth bass (Micropterus dolomieu), largemouth

bass (Micropterus salmoides), and channel catfish (Ictalurus punctatus)

accounted for 34%, 25%, and 11% of the composites, respectively. The

set of fillet composites analyzed for PFCs comprised a nationally repre-

sentative samplewhose results can be extrapolated to the sampled pop-

ulation of an estimated urban river length of 17,509 km.

A total of 80% of fish fillet samples contained detectable levels of

PFCs; however, seven PFCs were not detected in any fish samples

(Fig. 3). No detectionswere reported for the PFCswith seven or less car-

bon atoms (PFBA, PFBS, PFPeA, PFHxA, PFHxS, PFHpA, and PFOA). Fre-

quency of occurrence was dominated by PFOS (73%), followed by

three other longer-chain PFCs (33% PFUnA, 20% PFDA, and 20% PFDoA)

(Table 4). Analytical results and statistical estimates for PFCs detected

in urban river samples are presented in Table 4 as maxima and percen-

tiles (ng/g, wet weight), respectively, and reported to three significant

figures.

3.1.2. Great Lakes results

The 157 locations sampled for PFCs (Fig. 2) during the NCCA/GL

study were a statistically representative subset of the U.S. nearshore

area of the five Great Lakes. Fish collection yielded 157 composite sam-

ples (423 total fish) of 18 species for PFC analysis. Three of the recom-

mended target species—lake trout (Salvelinus namaycush), smallmouth

bass, andwalleye (Sander vitreus)—accounted for 58%of the composites,

or 31%, 14%, and 13%, respectively. The fillet composites analyzed for

PFCs formed a regionally representative sample, the results of which

can be extrapolated to a Great Lakes nearshore surface area of an esti-

mated 11,091 km2.

All of the NCCA/GL fish fillet samples contained detectable levels of

PFCs. No detections were recorded for PFBS; however, other shorter-

chain PFCs (i.e., PFBA, PFPeA, PFHxA, PFHxS, PFHpA, and PFOA) that

were not detected in NRSA urban river samples were reported for

NCCA/GL samples, possibly reflecting the lower NCCA/GL MDLs. Note

that MDL values are, by definition, laboratory-specific, procedure- or

method-specific, and analyte-specific, and they vary over time. Consis-

tent with the NRSA urban river results, frequency of occurrence was

dominated by PFOS (detected in 100% of the NCCA/GL samples) and

three other longer-chain PFCs (92% PFDA, 90% PFUnA, and 76%

PFDoA). Analytical results and statistical estimates for PFCs detected in

Table 6

QC data summary for the NRSA samples (2093 total sample results).

QC operation Issue Exceptions Implications

Multi-point Calibration None 0 NA

Calibration Verification None 0 NA

Method Blank Contaminants None 0 NA

Lab Control Sample High recovery of PFHxS may indicate high bias 1 PFHxS was not detected in any of the associated samples,

so there is no high bias concern (18 field samples).

Labeled Compound Recovery High recovery of 13C4-PFBA may indicate

potential bias for native analyte

4 PFBA was not detected in any of the associated samples,

so there is no bias concern (4 field samples).

MS/MSD Recovery None 0 NA

MS/MSD Precision RPD N40% for PFOS 1 Possible increased uncertainty for PFOS results in the

associated samples (20 field samples)

NA = Not applicable.

MS/MSD = Matrix Spike/Matrix Spike Duplicate

Table 7

QC data summary for the NCCA/GL samples (2041 total sample results).

QC operation Issue Exceptions Implications

Multi-point Calibration None 0 NA

Calibration Verification None 0 NA

Method Blank Contaminants 4 PFCs identified in method blanks

above the MDL

6 74 PFBA results b5× the associated method blank result

were considered non-detects.

2 34 PFOA results b5× the associated method blank result

were considered non-detects.

1 No effect for PFHxA, all field sample results were N10× the

associated method blank result.

1 2 PFUnA results b5× the associated method blank result

were considered non-detects.

Lab Control Sample High recovery of PFHxA may indicate

high bias

1 PFHxA was not detected in any of the associated samples,

so there is no high bias concern (14 field samples).

Labeled Compound Recovery Low recovery 367 of 2041 labeled

compound results

Most low recoveries were only marginally below the lower

QC limit, and isotope dilution quantitation still functions

when the recovery is lower than expected. This affected

112 of 157 PFOSA results. Reducing tissue mass extracted

appeared to improve labeled compound recovery.

MS/MSD Recovery High recovery may indicate high bias 36 15 associated sample results were not affected because

the analyte was not detected in the field sample;

21 associated sample results may exhibit a slight high bias.

MS/MSD Precision RPD N30% for PFOS 0 NA

NA = Not applicable.

MS/MSD= Matrix Spike/Matrix Spike Duplicate.
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Great Lakes samples are presented in Table 5 asmaxima and percentiles

(ng/g, wet weight), respectively, and reported to three significant

figures.

3.2. Analytical quality control results

Results from both studies were subjected to extensive review, in-

cluding all of the QC results. Samples were extracted and analyzed in

batches of up to 20 samples, with each batch having its own associated

QC samples. All multi-point initial calibrations and daily calibration ver-

ifications met the acceptance criteria for both the NRSA and the NCCA/

GL. The QC results that did not meet their respective acceptance criteria

are summarized in Tables 6 and 7 for the NRSA andNCCA/GL studies, re-

spectively, alongwith the implications for the data quality of the associ-

ated samples. For the NRSA, the mean recovery of the seven labeled

compounds added to the samples prior to extraction was 93.3%. For

the NCCA/GL, PFBA, PFOA, PFHxA, and PFUnA were detected in a num-

ber of the method blanks at concentrations above their respective

MDLs. Based on the established data reviewprocedures for both studies,

when the results for an analyte in a sample are less than five times the

amount reported in the associated method blank, the sample result is

considered a non-detect in that sample. However, when the results for

an analyte in a sample are greater than 10 times the amount reported

in the associated method blank, the sample result is not considered to

be affected, since any potential contribution from the method blank is

likely less than 10% of the reported amount. The overall implications

for the NCCA/GL results are described in Table 7.

The recoveries of the 13C-labeled standards in the NCCA/GL samples

were below the acceptance limit of 25% for about 18% of the 2041 la-

beled compound results (2041 = 13 labeled compounds × 157 sam-

ples). Compared to the NRSA, labeled compound recoveries were

lower overall and more variable in the NCCA/GL, perhaps in part due

to the use of five more labeled compounds. The mean recovery of the

twelve labeled compounds added to the samples prior to extraction

was 48.9%. Low labeled compound recoveries occurred for the labels as-

sociated with all 13 target PFCs, butmany of those recoveries were only

marginally below the acceptance limits (e.g., 24% versus an acceptance

limit of 25%). Isotope dilution quantitation can be utilized even when

the recovery of the labeled compound is less than expected. The analyte

most affected in theNCCA/GLwas PFOSA, where low labeled compound

recoveries were noted in 112 of 157 samples; however, the results for

the target compounds are still considered usable. Efforts by the labora-

tory to determine the cause of the low recoverieswere inconclusive, but

it appeared to be related to the mass of the tissue aliquot that was ex-

tracted for some, but not all, species. Ultimately, the laboratory reduced

the mass of fish tissue that they extracted from 5 g to 1 g and achieved

increased labeled compound recoveries.

4. Discussion

It is difficult to directly compare the results of these two studies to

PFC concentrations reported in fish from other studies in the literature

due to differences in sample preparation (e.g., skin-on fillets studied

here versus skinless fillets or whole bodies in other literature) and

analysis (i.e., target PFCs). Most other studies have also been spatially

focused on a particular waterbody, or analytically focused on a particu-

lar PFC. Despite those differences, most studies, including results pre-

sented here for U.S. urban rivers and the Great Lakes, conclude that

PFOS is the predominant PFC in fish tissue. In a review of PFCs in aquatic

biota, Houde et al. (2011) concluded that PFOS is the predominant PFC

in all species, tissues, and locations analyzed around the world. PFOS

predominated in freshwater and saltwater fish samples (Houde et al.,

2006), was the dominant PFC in fish fillets collected from mountain

lakes and rivers at 4000 m elevations in China (Shi et al., 2010), and

was reported to levels of 3250 ng/g wet weight in the livers of ornate

jobfish (Pristipomoides argyrogrammicus), a carnivorous fish species

from Japan (Taniyasu et al., 2003). Houde et al. (2011) noted that

PFOS appears to have the highest bioaccumulation potential in food

webs, and can therefore reach highest concentrations in higher trophic

level species. The highest PFOS values fromNRSA urban river andNCCA/

GL analyses (Tables 4 and 5) were in carnivorous species. NRSA species

comparisons (for fishes that dominated in abundance) showed higher

PFOS concentrations in largemouth bass than smallmouth bass

(Fig. 4), demonstrated by both maximum values and separation of

their interquartile ranges. For NCCA/GL species, even though the maxi-

mumPFOS valuewas detected in smallmouth bass, most lake trout con-

centrations were higher than smallmouth bass or walleye (Fig. 5)

shown by the higher interquartile range for lake trout.

Much of the published PFC fish tissue literature focuses on marine

fish species and on fish collected outside of the continental U.S. Livers

or other organs are often the tissue fraction discussed (Sinclair et al.,

2006; Quinete et al., 2009), or fish are processed as whole bodies for

analysis rather than as edible fillets (Martin et al., 2004b; Kannan

et al., 2005; Furdui et al., 2007; Ye et al., 2008a; De Silva et al., 2011). Di-

rect comparisons of the national NRSA and regional NCCA/GL probabi-

listic results to other studies are also limited due to differences in

waterbody type, sample preparation, analysis, and reporting. Published

PFC fish tissue data from freshwater systems of the continental U.S. (in-

cluding the Great Lakes) are summarized in Table 8, highlighting fillet

analysis andwet-weight result reporting that is compatiblewith the na-

tional and regional probabilistic survey designs. A review of the relevant

Fig. 4.Minimum, maximum, median and interquartile range (25th and 75th percentiles)

of PFOS (ng/g) detected in common fish species from U.S. urban rivers.

Fig. 5.Minimum, maximum, median, and interquartile range (25th and 75th percentiles)

of PFOS (ng/g) detected in common fish species from the Great Lakes.
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literature showed that PFOS was the only PFC analyzed in all studies,

with PFOA as the second most reported PFC.

In addition to being commonly reported in relevant studies

(Table 8), PFOS was the most commonly detected PFC in both the

NRSA and NCCA/GL studies (73% of all urban river samples and 100%

of all Great Lakes samples). It was also detected at the highest concen-

trations among the 13 PFCs included in each of the studies, ranging

from 4.8 to 127 ng/g (wet weight) in urban rivers and from 1.9 to

80 ng/g in the Great Lakes (Tables 4 and 5). The range of detections

from the NRSA was very similar to the range of PFOS detections in the

literature for fillets from riverine fish (Table 8), with the exception of

high values reported by Delinsky et al. (2010) and Malinsky et al.

(2011). The highest concentration (2000 ng/g) (Table 8) was detected

in a composite sample of bluegill fillets collected from Pool 2, an area

of theMississippi Riverwith historically knownhigh PFC concentrations

from industrial emissions (Malinsky et al., 2011; Ye et al., 2008b;

Delinsky et al., 2010). The second highest concentration was 382 ng/g,

detected in a composite sample of smallmouth bass fillets that was

also collected from Pool 2 (Malinsky et al., 2011). With the exception

of theseMississippi River samples, PFOS tissue levels reported in the lit-

erature (Table 8) are comparable to the concentrations observed in the

NRSA urban river study. TheMississippi River samples document a spe-

cific area of known PFC contamination,whereas the probabilistic results

for the NRSA document the national distribution of PFCs in a sampled

population of 17,509 U.S. urban river km.

The NCCA/GL PFOS levels were generally higher than values in the

literature from studies of other inland lakes (Table 8), but lower than

those reported by some other Great Lakes researchers. Maximum

PFOS levels of 300 ng/g and 297 ng/g reported by Giesy and Kannan

(2001) and Kannan et al. (2005), respectively, were found in common

carp (Cyprinus carpio) fillets from Saginaw Bay in Lake Michigan. The

Saginaw Bay samples may identify an area of elevated PFC contamina-

tion; however, the probabilistic results provided by the NCCA/GL

study can be extrapolated to a nearshore surface area of 11,091 km2 in

U.S. waters of the Great Lakes. The differences between the Giesy and

Kannan (2001) and Kannan et al. (2005) tissue levels and those from

the NCCA/GL study may reflect variation between the species analyzed

or a change in PFOS levels over time. The latter cannot be determined

from these temporally focused studies.

Past temporal trend studies of PFOS have shown increasing concen-

trations over time.Martin et al. (2004b) documented a four-fold nonlin-

ear increase in whole lake trout homogenates from Lake Ontario

between 1980 and 2001. Gewurtz et al. (2012) reported that temporal

trend models have not shown a decline in Lake Ontario lake trout PFC

concentrations despite the voluntary PFOS (and related chemical) pro-

duction phase out in 2002. Their power analysis results suggested that

Table 8

Summary of PFC fish tissue (fillet) results from various U.S. studies (ng/g wet weight).

Author/citation Location Waterbody Species Number of analyzed PFCs PFOS (ng/g)

min mean max

Fillet results, Rivers

Delinsky et al. (2010) Minnesota Mississippi River Bluegill, black crappie, pumpkinseed a,b 10 3.06 2000

Kannan et al. (2005) Indiana Calumet River Smallmouth bass a,c 4 2.5 4.5 7.6

Kannan et al. (2005) Michigan Raisin River Smallmouth bass a,c 4 2.0 13.2 41.3

Kannan et al. (2005) Michigan St. Clair River Smallmouth bass a,c 4 b2.0 2.7

Malinsky et al. (2011) Mississippi Mississippi River, pool 2 Black crappie a,b 10 n/a 55 n/a

Malinsky et al. (2011) Mississippi Mississippi River, pool 2 Bluegill a,b 10 105 180 336

Malinsky et al. (2011) Mississippi Mississippi River, pool 2 Sauger a,b 10 39.8 41.7 43.5

Malinsky et al. (2011) Mississippi Mississippi River, pool 2 Smallmouth bass a,b 10 54 165 382

Malinsky et al. (2011) Mississippi Mississippi River, pool 2 Walleye a,b 10 28.5 50.8 83.1

Malinsky et al. (2011) Mississippi Mississippi River, pool 3 Bluegill a,b 10 74.7 144 221

Malinsky et al. (2011) Mississippi Mississippi River, pool 3 Northern Pike a,b 10 n/a 50.5 n/a

Malinsky et al. (2011) Mississippi Mississippi River, pool 3 Smallmouth bass a,b 10 29.7 60.5 105

Malinsky et al. (2011) Mississippi Mississippi River, pool 3 Walleye a,b 10 50.8 76.4 96.4

Ye et al. (2008b) Minnesota Upper Mississippi River (RM1509) Common carpa 10 4.3 9.9 19

Ye et al. (2008b) Minnesota Upper Mississippi River (RM 1341) Common carpa 10 11 28 66

Ye et al. (2008b) Minnesota Upper Mississippi River (RM 1314) Common carpa 10 15 47 90

Fillet results, Lakes

Delinsky et al. (2010) Minnesota Byllesby Lake Bluegill, black crappie, pumpkinseed a,b 10 1.42

Delinsky et al. (2010) Minnesota Carlos Lake Bluegill, black crappie, pumpkinseed a,b 10 12.3

Delinsky et al. (2010) Minnesota Fall Lake Bluegill, black crappie, pumpkinseed a,b 10 1.08

Delinsky et al. (2010) Minnesota Goose Lake Bluegill, black crappie, pumpkinseed a,b 10 1.25

Delinsky et al. (2010) Minnesota Lac Qui Parle Lake Bluegill, black crappie, pumpkinseed a,b 10 1.31

Delinsky et al. (2010) Minnesota McCarrons Lake Bluegill, black crappie, pumpkinseed a,b 10 47.3

Delinsky et al. (2010) Minnesota Nokomis Lake Bluegill, black crappie, pumpkinseed a,b 10 4.39

Delinsky et al. (2010) Minnesota Pickerel Lake Bluegill, black crappie, pumpkinseed a,b 10 10.0

Delinsky et al. (2010) Minnesota Simley Lake Bluegill, black crappie, pumpkinseed a,b 10 5.13

Delinsky et al. (2010) Minnesota Tamarack Lake Bluegill, black crappie, pumpkinseed a,b 10 1.95

Delinsky et al. (2010) Minnesota Whiteface Reservoir Bluegill, black crappie, pumpkinseed a,b 10 2.29

Delinsky et al. (2010) Minnesota Winona Lake Bluegill, black crappie, pumpkinseed a,b 10 4.7

Delinsky et al. (2010) Minnesota Zumbro Lake Bluegill, black crappie, pumpkinseed a,b 10 52.4

Giesy and Kannan (2001) Michigan Great Lakes (Michigan waters) Brown trout a 4 b6 46

Giesy and Kannan (2001) Michigan Great Lakes (Michigan waters) Chinook salmon a 4 7 110 190

Giesy and Kannan (2001) Michigan Great Lakes (Michigan waters) Lake whitefish a 4 97 130 170

Giesy and Kannan (2001) Michigan Saginaw Bay (Lake Michigan) Carp a 4 60 120 300

Guo et al. (2012) Ontario Lake Erie Lake trouta,c 11 27

Guo et al. (2012) Ontario Lake Huron Lake trouta,c 11 8.3

Guo et al. (2012) Ontario Lake Ontario Lake trouta,c 11 46

Guo et al. (2012) Ontario Lake Superior Lake trouta,c 11 0.85

Kannan et al. (2005) Michigan Saginaw Bay (Lake Michigan) Carp a,c 4 59 124 297

a Wild caught.
b Fillet—skin on.
c Fillet—skin off.
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15 years of PFOS data (with a within-year sample size of at least 10)

would be required to obtain sufficient power (80%) to detect a 5% de-

creasing trend in PFOS contamination, which demonstrates the need

for continued long-term monitoring.

4.1. Conclusions

Worldwide, studies show that PFOS is the predominant

perfluoroalkyl substance in humans and other biota (Kannan, 2011),

and it predominated in these national urban river and regional Great

Lakes probabilistic fish tissue surveys as well. Fish are noted to be a sig-

nificant dietary source of PFOS exposure for humans in several locations

throughout the world (Houde et al., 2011). For example, Zhang et al.

(2010) reported that fish and seafood accounted for a major proportion

of the daily intake of PFOS in China. Houde et al. (2011) summarized PFC

monitoring studies conducted since 2005 and concluded that fish con-

sumption advisories may need to be considered based on the wide-

spread presence of PFCs and their elevated levels in selected locations.

Toxicological reference value information for PFCs is sparse; however,

the Minnesota Department of Health developed a PFOS reference dose

(RfD) value of 0.000075 mg/kg-day (MDH, 2008a). In February 2014,

EPA proposed draft human health reference doses for PFOA and PFOS

that are currently under review (Federal Register, 2014). National

risk-based consumption limits or human health screening values have

not been developed for PFCs in the U.S. The Minnesota Department of

Health (MDH) included meal advice categories based on levels of

PFOS in fish as part of their statewide Fish Consumption Advisory

Program(MDH, 2008b). TheMDHsportfish advisory levels recommend

consumption of only one meal of fish per week if PFOS concentrations

are N40–200 ng/g (wet weight), one meal per month if levels are

N200–800, and no consumption at levels greater than 800 ng/g.

Michigan Department of Community Health (MDCH) recently used

those consumption limits to issue a “do not eat” advisory for all fish in

Clarks Marsh, Iosco County, Michigan (south of the former Wurtsmith

Air Force Base) due to elevated PFC tissue concentrations (MDCH,

2012). The application of these human health screening values (SV) to

the national probabilistic results (Fig. 6) indicates that 10.6% of the sam-

pled population of U.S. urban rivers and 9.0% of the Great Lakes sampled

population had PFOS tissue concentrations that exceeded the 40 ng/g SV

recommending that fish consumption be restricted to nomore than one

meal per week. This represents a total of 1856 urban river km and

998 km2 of the nearshore Great Lakes area, respectively.

Continued development and refinement of tissue advisory levels is

warranted as knowledge increases on the toxicity, prevalence, sources,

and environmental behavior of PFCs and the overall benefits of fish con-

sumption. Recent research suggests that cooking may reduce PFC con-

centrations in fish prior to human consumption (and that baking may

be the most effective method for reducing PFC levels) (Gobbo et al.,

2008). Considering the thermal stability of PFCs, one unresolved aspect

of this research iswhether cooking truly reduces PFCs orwhether it ren-

ders them more difficult to extract using the analytical method tested.

Continued research in this area should address the issues of PFC extract-

ability and chemical degradation to confirm whether public outreach/

education on cooking methods may ultimately help to mitigate

human health risks.
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Fish are good indicators of aquatic environment pollution because of their capability to uptake pollutants
contained in water. Therefore, accumulation of pharmaceutical compounds in freshwater and marine fish and
other aquatic organisms has been studied extensively in the last decade. In this context, the present study inves-
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1. Introduction

Many contaminants have been detected inwastewater effluents and
surface water in recent years, including pharmaceuticals. Some of these
compounds are not completely removed in the wastewater treatment
plants (WWTPs) (Kolpin et al., 2002; Kostich et al., 2014) and are re-
leased to the environment. Fish and other organisms downstream
from WWTP effluent discharges are constantly exposed to mixtures of
biologically active pharmaceuticals, which could lead to the alteration
of important physiological processes, such as development, reproduc-
tion and nervous system function (Liu et al., 2015). This has resulted
in an increasing amount of literature exploring environmental occur-
rence, fate, effects, and risk assessment of these compounds. The impact
of the contaminants can be evaluated by assessing selected toxicological
effects or bymeasuring the bioaccumulation of the target compounds in
the organisms. Bioaccumulation has indeed been proposed as a hazard
criterion itself, since some effects may only be recognized in a later
phase of life, are multigenerational effects, or manifest only in higher
members of a food web (van der Oost et al., 2003). The accumulation
of pharmaceutical compounds in freshwater and marine fish has been
studied extensively in the last decade (Huerta et al., 2012;
Rodríguez-Mozaz et al., 2017, 2016).

Fish are good indicators of aquatic environment pollution because of
their capability to uptake pollutants contained in water through their
gills, as well as by ingestion of contaminated forage organisms. First
studies were published by Brooks et al. (Brooks et al., 2005) in a single
stream, and Ramirez et al. (Ramirez et al., 2009), in a series of streams
heavily impacted by effluent discharges in theUSA reporting concentra-
tions of psychoactive drugs, antihistamines, and β-blockers in fish tis-
sues. Simultaneously, the presence of psychoactive drugs in fish
samples collected in Canada was reported (Chu and Metcalfe, 2007).
In these studies,fish tissue concentrationswere in the lowng g−1 range.

In Europe, initially most of the data on the presence of pharmaceuti-
cals, mainly antibiotics, in aquatic organisms emerged from aquaculture
and food control studies closely related to human consumption and reg-
ulation demands, where concentrations were found up to 150 ng g−1

(Berrada et al., 2008; Cháfer-Pericás et al., 2010). However, in the last
few years, the interest in this subject has exponentially increased, and
many reports have been published. For instance, anti-inflammatories,
psychoactive drugs, and β-blockers were detected in Spain below
10 ng g−1 in fish homogenates (Huerta et al., 2013). Other countries,
such as Argentina (Valdés et al., 2016), China (Liu et al., 2015; Zhao
et al., 2015) or Japan (Tanoue et al., 2014), have also reported the pres-
ence of multi-class pharmaceuticals - including antibiotics, anti-
inflammatories, β-blockers, synthetic hormones at low concentrations.

There are only limited data available on the effect of pharmaceuticals
on aquatic organisms, although some studies have highlighted the link
between the bioaccumulation and the possible biological effect of these
compounds on aquatic organisms (Margiotta-Casaluci et al., 2014;
Mimeault et al., 2005; Valenti et al., 2012). Logically, humans can also
be exposed to the pollutants in water and food (Fedorova et al., 2014).

In this context, U.S. EPA conducted the first statistically based survey
of persistent and bio-accumulative contaminants in fish designed to as-
sess the condition of streams and rivers. Fish samples commonly con-
sumed by humans were collected at 542 randomly selected river
locations in 48 states in 2008–2009 (See website for more details
https://www.epa.gov/fish-tech/studies-fish-tissue-contamination).
Tissue analyses were conducted on these samples for mercury (Wathen
et al., 2015), legacy organics (Batt et al., 2017), and perfluorinated com-
pounds (Stahl et al., 2014). In addition, 182 water samples were col-
lected from 164 targeted urban river sites and analyzed for 46
pharmaceuticals (Batt et al., 2016). The objectives of the present study
were to investigate the occurrence of pharmaceutical compounds in 8
wild fish species collected from selected 26 sampling sites downstream
fromWWTPs (25 polluted and 1 reference site, where none of the target
analytes were present).

2. Materials and methods

2.1. Standards and reagents

Chemical standards with a high purity grade (N95%) were purchased
from Sigma–Aldrich in the case of atenolol carbamazepine, carazolol,
citalopram, clopidogrel, codeine, diazepam, diclofenac, hydrochlorothia-
zide, levamisole, lorazepam, nadolol, propanolol, salbutamol, and sotalol.
Sertraline and velafaxine were purchased from the European Pharmaco-
peia (EP), while metoprolol was acquired from the US Pharmacopeia
(USP). Metabolites 2-hydroxycarbamazepine (2-HydroxyCBZ) and 10,
11-epoxycarbamazepine (10, 11-EpoxyCBZ) were purchased from To-
ronto Research Chemicals (TRC). Internal standards diazepam-d5,
fluoxetine-d5, ibuprofen-d3, and ronidazole-d3 were purchased from
Sigma–Aldrich, while atenolol-d7, carbamazepine-d10, citalopram-d4,
and hydrochlorothiazide-d2 were acquired from CDN isotope, as well as
antipyrine-d3 and cimetidine-d3, used as surrogate standards, and
venlafaxine-d6was acquired fromTRC. All stock standardswere prepared
in methanol at a concentration of 1000 mg L−1 and stored at −20 °C.
Fresh working standard solutions (20 and 1 mg L−1) of all compounds
were prepared inmethanol/water (10:90, v/v) before each analytical run.

2.2. Site selection and sample collection

This national fish survey was conducted under the framework of
EPA's National Rivers and Streams Assessment (NRSA), a probability-
based survey designed to assess the condition of the Nation's streams
and rivers (https://www.epa.gov/national-aquatic-resource-surveys/
national-rivers-and-streams-assessment-2008-2009-report). Sampling
sites were selected using a probability-based approach (Stevens and
Olsen, 2004). Field teams applied consistentmethods nationwide to col-
lect samples of fish commonly consumed by humans at 542 randomly
selected river locations in the lower 48 states during June through Octo-
ber 2008–2009 (see website for more detailed information https://
www.epa.gov/fish-tech/studies-fish-tissue-contamination). Rivers
were designated as fifth order or greater based on Strahler stream
order (Strahler, 1957). The 542 nationwide sites were further stratified
into 164 urban river siteswhere at least onewater samplewas collected
for pharmaceutical analyses. The 164 urban sites were then ranked
based on the highest number of target PhACs detected (among the
total of 46 pharmaceuticals analyzed in water; Fig. 1).

Among those sites, only 25 sites were selected for analysis of fish tis-
sue samples for 20 pharmaceuticals for this study (see Table S2 & Fig. S1
in Supporting Information). Criteria used for selecting sites for pharma-
ceutical analyses of fish fillets included:

a) Thefish species collected for fish tissue analyseswere selected based
on a relatively broad continental U.S. distribution, and were also se-
lected by their consumption by humans (see https://www.epa.gov/
sites/production/files/2013-/documents/nrsa_field_manual_4_21_
09.pdf for target species and size).

b) Forty-six pharmaceuticals, including 6 biologically active metabo-
lites, were measured and reported in the water samples, but only 5
of those (sertraline, atenolol, metoprolol, carbamazepine and hydro-
chlorothiazide) were in common with themethod applied to deter-
mine pharmaceutical presence in fish samples. The occurrence of
those 5 pharmaceuticals that could be measured not only in water,
but also in fish, was used to prioritize the sites for fish tissue analy-
ses. Sites were prioritized based on the highest concentrations
found for these 5 pharmaceuticals in water (see Fig. S1). One site
(FW08TX038) was selected as a reference site, as only one pharma-
ceutical (the antibiotic sulfamethoxazole) out of 45 was measured
sa previous study (Batt et al., 2016).

c) The site had to be proximally 5 miles or less downstream from a
WWTP (Wathen et al., 2015), as concentrations of pharmaceuticals
are heavily linked to WWTP discharges.
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Field teams used active methods, primarily electrofishing, to collect
one fish composite sample that consisted of five similarly sized adult
fish of the same species from each site. Selected fish species were ubiq-
uitous, abundant, and easily identified. Largemouth and smallmouth
bass were the primary species collected for the 2008–2009 National
Sand Streams Assessment, accounting for 25% and 34% of all fish com-
posites, respectively. Fish samples were shipped on dry ice to the desig-
nated sample preparation laboratory for storage until subsequent fillet
tissue sample preparation and analysis. Other aspects of fish collection
andhandlingmethods are further described elsewhere (U.S. EPA, 2013).

Fish were filleted in the laboratory. Scales were removed, then lat-
eral muscle fillets from both sides of each fish were prepared with
skin on and the belly flap (ventral muscle and skin) attached (US-EPA,
2000). Fillet composites were homogenized using a tissue grinder
(Batt et al., 2017; Stahl et al., 2014). Fillet tissue composite samples for
this study were freeze-dried and stored at −20° C until analysis. A
total of eight fish species were collected for the analysis of pharmaceu-
ticals, including smallmouth bass (Micropterus dolomieu), largemouth
bass (Micropterus salmoides), white sucker (Catostomus commersonii),
yellow perch (Perca flavescens), channel catfish (Ictalurus punctatus),
common snook (Centropomus undecimalis), freshwater drum
(Aplodinotus grunniens), and spotted bass (Micropterus punctulatus).

2.3. Analysis of pharmaceuticals in water

Surface water samples were extracted and analyzed by Batt et al.
(Batt et al., 2016) using a previously reported method (Batt et al.,
2008). Briefly, 500 mL of each sample was extracted with 150 mg
Oasis HLB MCX (Waters) cartridges at an unadjusted pH. Acidic and
neutral analytes were eluted by acetonitrile, and basic analytes were
eluted by 95% acetonitrile and 5% ammonium hydroxide into separate
silanized glass tubes. Immediately before analysis, extracts were con-
centrated to dryness under a constant flow of nitrogen prior to reconsti-
tution in either 20% acetonitrile (acidic and neutral analytes) or 20%
methanol (basic analytes). Reconstituted extracts were analyzed by

LC-MS/MS in aWaters Acquity ultra performance liquid chromatograph
coupled to a Micromass Quattro Micro triple quadrupole mass spec-
trometer with an electrospray ionization source operated using multi-
ple reaction monitoring. Analytes were separated on a BEH C18
column (1.0 × 100 mm, 1.7 μm).

2.4. Analysis of pharmaceuticals in fish

Fillet composite samples were treated according to the method de-
veloped by Huerta et al. (Huerta et al., 2013). Briefly, 1 g of freeze-
dried sample was extracted withmethanol in an automated solvent ex-
tractor system (ASE® 350, Dionex). Extracts were concentrated to 1 ml
and then 250 μl was passed through a preparative column (EnviroPrep,
300mm× 21.2mm, 10 μmpore size) in a gel permeation chromatogra-
phy system (Agilent 1260 Infinity) in tandemwith a diode array detec-
tor (HPLC-DAD) for lipid removal. Fractions were collected between
minutes 13.5 to 26.5 and evaporated to dryness. All fractions from
each sample were collected and combined in a final purified extract in
methanol/water (10:90) and analyzed by ultra-performance liquid
chromatography (UPLC Acquity, Waters, Mildford, USA) coupled to a
QTRAP® 5500 (AB SCIEX, Framingham, USA) with electrospray ioniza-
tion (ESI), according to the method developed by Gros et al. (Gros
et al., 2012). AnAcquity HSS T3with 10mMformic acid/ammonium for-
mate (pH 3.2) and methanol as the mobile phase at a flow rate of
0.5 mL min−1 was applied for the compounds analyzed in the positive
mode, whereas an Acquity BEH C18 with acetonitrile and 5 mM ammo-
nium acetate/ammonia (pH = 8) as mobile phase at a flow rate of
0.6 mL min−1 was used for the compounds analyzed in negative
mode. Quantificationwas performedwith amatrix-matched calibration
curve together with the internal standard approach (9 labeled com-
pounds) in the concentration range from 0.1 to 50 ng g−1. Methodolog-
ical blankswere extracted and purified following the samemethod. One
blank was extracted each 10 samples. Analytical blanks were injected
together with the samples each 5 injections. Method detection limits
(MDL) were in the range of 0.03–0.50 ng g−1.

Fig. 1.Map of sample collection locations.
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2.5. Calculation of bioaccumulation factors

Bioaccumulation factors (BAFs, in L·kg−1) of pharmaceuticals in fish
samples were estimated as the ratio between the concentration of the
pharmaceutical in thefishfillet composite (μg kg−1wetweight) divided
by the concentration of the same pharmaceutical in water (μg L−1), as-
suming stationary state. Predicted BAFs were obtained from the linear
regression proposed by Arnot and Gobas (Arnot and Gobas, 2006),
using the octanol–water distribution coefficient (Dow) instead of the
octanol–water partition coefficient (Kow): log BAF = 0.86 log Dow +
0.12.

3. Results & discussion

3.1. Analysis of pharmaceuticals in fish

A summary of the results are shown in Table 1 (see also Table S3 in
Supporting Information). Thirteenpharmaceuticals (out of 20 analyzed)
were detected in fishfillets collected from the 25 selected urban sites. In
themajority of cases, measured concentrations (all in dry weight in this
study) were below 10 ng g−1, as seen in previous studies (Huerta et al.,
2013).

Psychoactive drugs (antiepileptics and antidepressants) were the
most prevalent therapeutic family in this study, as at least one com-
pound of this group was detected in 15 samples out of 25, and in all
fish species (see table S4). Six out of eight psychoactive compounds

were detected at least once. This group of drugs is highly prescribed
and the consumption of these drugs increased considerably in western
countries over the last decade (OECD, 2013). In fact, these compounds
have been consistently detected in surface water at relatively high con-
centrations (Silva et al., 2015). Consequently, they have been frequently
measured in tissues (brain, liver, plasma) of fish andmollusks, normally
at concentrations in the low ng g−1 range (Brooks et al., 2005; Du et al.,
2015; Grabicova et al., 2015; Huerta et al., 2013; Silva et al., 2015). This
may be cause for concern, as many studies have reported biological al-
terations (e.g. reproduction, physiology, and behavior alterations in
fish) induced by these compounds in aquatic organisms (Silva et al.,
2015).

Many of these compounds are relatively hydrophobic (Log Kow N 3),
therefore they may have the ability to accumulate (Du et al., 2015;
Ramírez et al., 2007; Silva et al., 2015). Many of these drugs are weakly
alkaline compounds. In waters with a high pH they appear in a neutral
form, while in a low pH environment in an ionic form.

Venlafaxine was the most detected compound, in concentrations
from below quantification limit to 23 ng g−1 (detection frequency:
52%). Venlafaxine is an antidepressant belonging to the class of the
serotonin-norepinephrine reuptake inhibitors. This compound has
been measured in wastewater effluent and in wastewater-dominated
streams at very high concentrations (N1000 ng L−1) in several studies
carried out in the USA (Schultz et al., 2010; Schultz and Furlong,
2008). Venlafaxine values found in this study were higher than those
found in wild fish from Iberian rivers (Huerta et al., 2013) and from

Table 1

Concentrations (ng g−1, dry weight) of pharmaceuticals in fish fillet composites.

Therapeutic Family Compound MQL Mean Conc. # Max. Conc. # Detected⁎ Fish Species

Anti-inflammatories Diclofenac 0.2 0.7 0.7 1 White sucker
Codeine 0.2 – – 0 –

Antihelmintics Levamisole 0.1 – – 0 –

Antiplatelet agent Clopidogrel 0.1 7.7 8 2 Channel catfish
White sucker

β-Blockers Atenolol 0.2 – – 0 –

Carazolol 0.1 – – 0 –

Metoprolol 0.7 – – 0 –

Nadolol 0.1 2.1 2.3 2 Channel catfish
White sucker

Propanolol 0.3 0.4 0.4 1 Smallmouth bass
Sotalol 0.9 21.4 37.5 2 Smallmouth bass

Yellow perch
Diuretics Hydrochlorothiazide 0.2 0.8 1.1 5 Channel catfish

Common snook
Largemouth bass

Psychoactive drug Carbamazepine 0.1 3 8.2 4 Smallmouth bass
Largemouth bass
Yellow perch
White sucker

Citalopram 0.4 1.2 2.4 3 Smallmouth bass
Yellow perch
White sucker

Diazepam 0.2 1.9 1.9 1 Common snook
10,11-epoxyCBZ 0.3 – – 0 –

2-hydroxyCBZ 0.1 0.7 2.5 5 Smallmouth bass
Largemouth bass
Channel catfish
Freshwater drum

Lorazepam 1.6 – – 0 –

Sertraline 1.1 17.1 17.1 1 White sucker
Venlafaxine 0.1 4.6 22.9 13 Smallmouth bass

Largemouth bass
Channel catfish
Freshwater drum
Common snook
Spotted brass

Antiasthmatic Salbutamol 0.2 3.4 6.5 7 White sucker
Channel catfish

* Detected out of 25 samples.
– Not detected.
# calculated only with positive samples.
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streams in the USA (Schultz et al., 2010) and similar to those detected in
caged fishes exposed to effluent from a WWTP (21 ng g−1) (Grabicova
et al., 2014). This compound has also been detected previously in ma-
rine mollusks at similar (Álvarez-Muñoz et al., 2015) or lower concen-
trations (up to 3 ng g−1) in samples collected from the Mediterranean
(Martínez Bueno et al., 2014, 2013; Moreno-González et al., 2016).

The second most detected psychoactive drug was carbamazepine,
which was detected at concentrations up to 8 ng g−1, together with
its metabolite 2-hydroxy-carbamazepine, which was detected at lower
concentrations (up to 2.5 ng g−1) (detection frequencies were 16%
and 20%, respectively). Several studies have previously detected carba-
mazepine and its metabolites 2-hydroxy-carbamazepine and EPO-
Carbamazepine in wild fish (Huerta et al., 2013; Moreno-González
et al., 2016; Valdés et al., 2014) at concentrations (in dryweight) similar
to this study. Carbamazepine, primarily used for the treatment of epi-
lepsy, is excreted by humans in its unaltered form along with several
metabolites, including the metabolite 2-OH-CBZ (Zhang et al., 2008).
Both compounds have been found in wastewaters at 219 and
370 ng L−1 for carbamazepine and 2-OH-CBZ, respectively (Snip et al.,
2016), as well as in surface waters at 32 and 59 ng L−1 respectively
(Aymerich et al., 2016). Therefore, the presence of 2-OH-CBZ in the
fish from the current study could be attributed, on one hand, to the di-
rect uptake of the metabolite from the aquatic environment, and on
the other hand, to the metabolization of carbamazepine by the organ-
ism itself as other studies suggest. Bioaccumulation and metabolization
of carbamazepine in fish were studied in mesocosms experiments by
Valdés et al., who detected 2-OH-CBZ and EPO-Carbamazepine in differ-
ent tissues of J. multidentata (Cyprinodontiformes, Anablepidae), al-
though at much lower concentrations than the parent compound
(Valdés et al., 2014). The CBZ:2-OH-CBZ ratio obtained ranged between
14:1 and 6:1 for all the organs of J. multidentata. However,
metabolization of carbamazepine seems to be species dependent,
since 2-OH-CBZ was not detected in biota samples from the carbamaz-
epine exposure studies carried out with mussels (Mytilus

galloprovincialis) (Boillot et al., 2015) or zebra mussel (Daniele et al.,
2017) nor in vitro studies using rainbow trout liver fractions (Connors
et al., 2013).

Sotalol and nadolol were also detected in fish from a few sampling
sites. These compounds belong to the β-blocker therapeutic family, a
group of cardiovascular drugs, which are highly prescribed and will be
even more in the future due to the great prevalence of hypertension
and rapid aging of western populations (Puckowski et al., 2016). Sotalol
has been detected at very low concentrations in freshwater fish and
mollusks in previous studies (Álvarez-Muñoz et al., 2015; Huerta
et al., 2013). Salbutamol and hydrochlorothiazide, both extremely
polar and therefore, not likely to be accumulated, were detected also
with relatively high prevalence. Salbutamol is widely used in the treat-
ment of asthma, and up to 80% of it is excreted as unchanged compound
(Depaolini et al., 2016). Thus, this compound has been detected in

wastewater effluents at 48 ng L−1 and in surface water below
5 ng L−1 (Gros et al., 2012; Santos et al., 2013). Hydrochlorothiazide
was detected at levels up to 600 ng L−1 in surface waters and 3 μg L−1

in effluent waters by Batt et al. (Batt et al., 2016). This is probably due
in part to high prescription amounts for hydrochlorothiazide, but also
due to its reduced metabolism (for instance, excretion rate as un-
changed form is in the range of 80–99%) (Stankiewicz et al., 2015).
Both, salbutamol and hydrochlorothiazide, were also previously de-
tected in fish samples at very low concentrations (b20 ng g−1, dry
weight) (Huerta et al., 2013; Moreno-González et al., 2016; Valdés
et al., 2016).

3.2. Bioaccumulation factors

The calculation of bioaccumulation factors for each particular com-
pound can help to assess its distribution in environmental compart-
ments (biota and water). Bioaccumulation of two pharmaceuticals
(hydrochlorothiazide and carbamazepine), among the five compounds
analyzed both in water and fish analysis, was assessed. Only these two
compounds were present in more than one fish sample, as sertraline
was measured in fish only in one sample. Bioaccumulation factors
(BAFs) were calculated as the ratio between the concentration of the
pharmaceutical in the fish sample divided by the concentration of the
same pharmaceutical in water (water concentrations were obtained
from the study previously published by Batt et al. (Batt et al., 2016)). Re-
sults are presented in Table 2. BAFswere calculated collatingdata from4
sampling sites where both water and fish data were available. In both
cases, the observed mean BAF was lower (carbamazepine) or higher
(hydrochlorothiazide) than the predicted BAF. This is often the case,
as changes in pharmaceutical concentrations in river water over time
may control effective exposure of fish during their lifespan. Location
and time may affect the concentration of a pollutant in water, as well
as the mobility of organisms. Thus, a relative disparity between pre-
dicted and observed BAFs is expected, and particularly in this case
where only a few data points were viable for BAFs calculation due to
the limitations of this study (only 5 compounds measured both in
water and fish). Other known factors explaining variation in BAFs are,
for instance, differences in lipid content among collected fish (higher
lipid contents imply a higher capacity to store hydrophobic com-
pounds), size (larger-bodied animals have slower elimination rates) or
life stage (age reflects organism effective exposure under pseudo-
persistent conditions) (Ruhi et al., 2015). However, lipid normalization
has been proved to be ineffective to explain bioaccumulation of phar-
maceuticals, in contrast with other organic contaminants (e.g.
polychlorinated biphenyls (PCBs), dioxins, furans) (Du et al., 2014;
Ramirez et al., 2009).

The bioaccumulation potential is often based on the log Kow (or log
P), as it was in the case of the predictive model applied (Arnot and
Gobas, 2006). However, when this approach is used with

Table 2

Calculation of BAFs of two selected compounds.

Carbamazepine Fish Species Hydrochlorothiazide Fish Species

log P 2.8 – −0.6 –

log Dow (pH 7) 2.8 – −0.01 –

Max fish conc. (ng g−1) 7.4 – 8.4 –

Mean water conc. (ng L−1)a 97.6 – 55.9 –

Mean fish conc. (ng g−1) 3.0 – 0.8 –

Mean BAF (L kg−1) 49 – 20 –

Predicted BAFb 318 – 0.4 –

Measured BAFs (L kg−1)c 4.3 ± 0.2 Largemouth bass 4.5 ± 0.5 Largemouth bass
5.1 ± 0.2 White sucker 9.7 ± 1.2 Channel catfish
11.3 ± 0.4 Yellow perch 12.5 ± 1.5 Channel catfish
90.9 ± 3.6 Smallmouth bass 16.7 ± 2.0 Common snook

a As published by Batt et al. (Batt et al., 2016).
b Log BAF = 0.86 log Dow + 0.12.
c Concentration ± analytical standard deviation.
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pharmaceuticals, which are ionizable, it forgoes the interactions of
charged compounds with the heterogeneous membrane system,
which contain polar and charged phospholipids and membrane pro-
teins (Ismail et al., 2014; Puckowski et al., 2016). In this study, however,
carbamazepine and hydrochlorothiazide were not ionized, so this ap-
proach was considered accurate for this particular case.

In summary, relatively low (when compared with other organic
compounds) BAFs values for carbamazepine were calculated in this
study, in agreement with previous reports in snails (BAF: 3.2) (Du
et al., 2015), crustaceans (BCF: 12.6) (Vernouillet et al., 2010) and fish
(BCF: 0.5–9) (Garcia et al., 2012; Tanoue et al., 2015; Valdés et al.,
2016) both in field and laboratory studies.

3.3. Trophic niche and accumulation

A total of eightfish specieswere collected for the analysis of pharma-
ceuticals, including four carnivores (largemouth bass, smallmouth bass,
common snook, spotted bass), two omnivores (white sucker and chan-
nel catfish), and two invertivores (yellow perch and freshwater drum).
Fig. 2 represents the average accumulation of themeasured pharmaceu-
tical groups according to their feeding habits. Among them, channel cat-
fish, white sucker, and smallmouth bass were the ones with a higher
number of compounds detected (≥5). Smallmouth bass, channel catfish
and white sucker also presented the highest average concentrations
among all the species: between 4.9 and 6.3 ng g−1 (see Table S4).

There is little information about the degree of influence of the tro-
phic niche and feeding strategy, if any, in the accumulation of pharma-
ceuticals in fish. In the studies published in the literature, no systematic
approach to study species with similar feeding strategies or trophic
niche has been found. Although previous studies have assessed concen-
trations of these contaminants in a variety of species, some of them can
be considered comparable to the ones in the present studies. For in-
stance, Brooks et al. (Brooks et al., 2005) detected antidepressants in
channel catfish at concentrations ≤10 ng g−1 (wet weight). Silurus
glanis, the European catfish, has also been found to accumulate β-
blockers at low concentrations (Huerta et al., 2013). Antibiotics were
detected inwild leather catfish (Clarias fuscus), withmaximum concen-
trations up to tens of μg kg−1 (wet weight) (Zhao et al., 2015). Catfish
feeding strategy is considered omnivorous and, in natural conditions,
they feed on a large variety of items, including insects, plant seeds,

and fish. However, most of the catfishes are carnivorous in the early be-
ginning of their life. Afterwards, their feeding regime switches progres-
sively to an omnivorous one (Bailey and Harrison, 1948).

In contrast, smallmouth bass (Micropterus dolomieu) is carnivorous
through its lifespan, and its diet consists of crayfish, insects, and smaller
fish (Poe et al., 1991). Catostomus commersonii is a catastomid (omni-
vore), which is probably the most broadly studied group in terms of
pharmaceutical accumulation (Brooks et al., 2005; Huerta et al., 2013;
Ramirez et al., 2009; Tanoue et al., 2015; Zhao et al., 2015). Catastomids
feed on organisms located in bottom sediments, most commonly small
invertebrates, algae and plant matter. It is still unclear why these three
different species, with such diverse feeding strategies, showed more
propensity to accumulate pharmaceuticals than others.

4. Conclusions

Evidence of occurrence of pharmaceuticals in fish tissues due to
chronic exposure at environmental concentrations in water was
established in this study. Thirteen pharmaceuticals were detected in
fishfillets fromurban systems, although theyweremeasured at concen-
trations as low as 10 ng g−1, which probably does not represent an im-
mediate risk for the exposed organisms. Psychoactive drugs were the
most frequently detected family, with venlafaxine and carbamazepine
(and its metabolites) as the most representative compounds.
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April 30, 2020 

Dr. Jim Lazorchak 

U.S.EPA ORD 

Watershed Management Branch 

Watershed & Ecosystem Characterization Division 

Cincinnati, OH  45268 

Dear Jim, 

Thank you for the invitation to comment on the two papers that have been nominated for the STAA 

Award (Batt et al. “Statistical Survey of Persistent Organic Pollutants: Risk Estimations to Humans 

and Wildlife through Consumption of Fish from U.S. Rivers”, Environ. Sci. Technol. 2017; Whalen 

et al. “A national statistical survey assessment of mercury concentrations in fillets of fish collected 

in the U.S. EPA national rivers and streams assessment of the continental USA ” Chemosphere 

2015. These papers, along with related articles on perfluoroalkyl acids in fish  and pharmaceuticals 

in water and fish, take a highly innovative approach to examining spatial trends of priority toxic 

contaminants in fish and to assessing the risk to human and wildlife consumers. The innovation 

begins with the use of a probability-based approach to select sampling sites. This was a key feature 

of the 2008–09 National Rivers and Streams Assessment (NRSA) river survey upon which the 

sampling design for collection of fish was based. The NRSA was underpinned by important 

databases such as the National Hydrography Dataset (NHD) and national urban boundary 

information from census data. The final sampling framework was a spatially balanced and based on 

randomly selected sites within defined stream/river reaches distinguishing between urban and non-

urban areas.  Single pooled samples of fish were then analysed from each location. The spatial 

balance and representativeness generated by the probabilistic framework allowed the dataset to be 

interrogated for various questions such as prevailing concentrations of PCBs and mercury in fish at 

a national levels and within nonurban and urban waters. Also assessments of prevailing 

concentrations could be done by ecoregion. 

The above is highly innovative way to assess spatial trends of contaminants in fish. Other national 

and international programs that I am familiar with, including the national programs within the 

European Union’s Water Framework Directive (Guidance Document No. 32 on Biota Monitoring) 

and Canada’s national programs (eg Gewurtz et al Environ Int 2013), as well as guidance under the 

Arctic Monitoring and Assessment Program, stress careful selection of sampling sites, fish size, 

sample size etc for contaminant trend monitoring. But these programs are rarely able to address 

questions about prevailing national or regional levels of contaminants because sampling is not 

statistically spatially balanced. Also interesting questions such as percent of streams/rivers 

kilometers sampled that exceed guidelines for possible adverse effects cannot be addressed. Why 

haven’t these programs, especially those in Europe, adopted this probabilistic sampling approach, 

given similar population density and urbanization as many areas of the USA? Possibly the answer to 

this question is that it requires a high level of commitment over the long term to build upon existing 

databases such as the NHD, strong basic science (eg Stevens and Olsen 2004), and strong scientific 

leadership for study design and data interpretation. This strength is evident in the two articles and in 
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the related reports such as the NRSA technical document (2016). There is simply no other program 

globally that can bring all of these aspects together in one study. 

Another unique aspect of the two studies is that the contaminant concentrations in fish can be 

compared with aquatic life thresholds as well as human health criteria values. Of course, this is 

enabled by the strong underlying eco- and mammalian toxicology data for PCBs, DDT, PBDEs and 

mercury, and the development of wildlife values and reference dose values that has occurred over 

the past 40+ years, much of it by USEPA labs. But the balanced spatial design allows questions 

such as what percent of river kilometers exceed these values? It enables watershed or water quality 

managers to drill down to specific areas of concern. This question is difficult and expensive to 

answer with conventional non-probabilistic type sampling designs which tend to be very site 

specific. Indeed an interesting aspect of the study design is how parsimonious it is in terms of 

samples analysed. Only one pooled sample per site is analysed. But this enables nation wide 

coverage in a cost effective manner when the sites are statistically representative.  

An interesting aspect of the papers by Matt et al and Whalen et al is the convergence of the risks to 

wildlife and humans. In the case of mercury, the risks to piscivorous avian species were similar to 

risks for humans consuming 2 fish meals per month, while mink were more at risk than humans. 

Similarly, from 6.1 to 25% of river km for PCB concentrations in fish exceeded non-cancer 

screening values, a level which was higher than for mammalian or avian wildlife values. In other 

words, the human thresholds of concern were protective of fish eating wildlife. Thus both studies 

contribute very effectively to the “One Health” concept which recognizes ecosystem linkages and 

shared health problems of humans and wildlife. However, these studies carry more weight than 

most aquatic environmental risk assessments because of the balanced spatial design and the 

statistical ability to address broad questions for the entire USA. 

It was interesting to look up the articles that have cited the papers by Matt et al and Whalen et al. 

Major aquatic biota monitoring programs in Germany (Fliedner et al. Environ Pollut 2018), Spain 

(Eljarrat & Barceló 2018) and China (Sun et al Sci Total Environ 2018) have cited this work. None 

of the studies have used the probabilistic sampling design, possibly for the reasons mentioned 

above, but all have taken a similar approach in terms of combining human and wildlife thresholds 

for assessment of contaminant exposure and possible effects.  

In summary, after reading these papers and related studies, I strongly believe that the two articles 

meet the criteria for Science Quality and Innovation and Scientific Significance for the Scientific 

and Technical Achievement Award through a combination of novel and innovative design as well 

as impact within the field of environmental toxicology.   

Yours sincerely, 

Derek Muir  PhD 
Fellow Royal Society of Canada, Fellow SETAC, Fellow Chemical Institute of Canada 
Senior Research Scientist  
Adjunct Professor, University of Toronto, Dept of Chemistry 
Adjunct Professor, School of Environmental Sciences, University of Guelph 
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Justifications:

Justification 1:

In U.S. EPA’s Strategic Plan (FY 2018-2022), EPA’s Mission is to work together to
protect human health and the environment. Specifically, EPA’s Goal 1 prioritizes
the delivery of real results to provide Americans with clean air, land, and water, and
ensure chemical safety as part of EPA’s Core Mission. Tens of thousands of homes,
primarily in tribal and disadvantaged communities and the territories, lack access to
basic sanitation and drinking water. EPA’s Strategic Plan promotes work with
states, tribes, territories, and local communities to better safeguard human health;
maintain, restore, and improve water quality; and make America’s water systems
sustainable and secure, supporting new technology and innovation wherever
possible. This research aligns with EPA’s Strategic Mission and Goal 1 as described
below.

Working with EPA Region 8 and Colorado Department of Public Health and
Environment (CDPHE), this project focused on improvement of human health in the
municipalities of Fountain, Security, and Widefield, Colorado. To deliver real
results to Americans, this study provided PFAS water treatment alternatives to rural
residents with well water and helped to limit exposure to PFAS in residential
drinking water systems. With well water contaminated with Perfluorooctanoic Acid
(PFOA) and Perfluorooctane Sulfonate (PFOS) greater than the U.S. EPA health
advisory level, reverse osmosis and granular activated carbon water systems were
tested with the water quality characteristics and six PFAS contaminants found in
Colorado’s Widefield Aquifer region groundwater samples. This project also
documented the ease of use of these household water systems to assist homeowners
with installation, operation and maintenance of their private water treatment
systems. According to EPA’s Strategic Plan, sustaining the quality of our water
resources is essential to safeguarding human health. This research met the Strategic
Plan objectives of 1) continuing to protect and restore water resources, including
sources of drinking water, from contamination; 2) taking actions to address known
and emerging contaminants that endanger human health; and 3) supporting states,
tribes, territories, and local communities in implementing water programs by
providing guidance, training, and information.

Justification 2A:
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n/a

Justification 2B:

EPA Author: Craig Patterson

Publication Title - Nanofiltration Membranes for Removal of Color and Pathogens
in Small Public Drinking Water Sources

Year: 2015

Award: n/a

Justification 2C:

The two publications investigate different contaminants, treatment processes, and
source waters. This 2020 nomination focuses on removal of PFAS from household
well water using reverse osmosis and granular activated carbon adsorption
systems. The 2015 nomination focused on removal of color and pathogens from
surface water using nanofiltration systems in small utilities.

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

This research study resulted in invited presentations at three national webinars

and one international conference in 2018. This research study received an EPA

Silver Medal Honor Award in 2019. Since being published, this journal article
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has been cited five times and was the most-read paper (36 times) in the Journal

of AWWA Water Sciences in 2019. It has also been tweeted three times and is

the subject of a Science Matters/Water Online News Story.

1. If research has been invited for presentation at national/international

societies

This household water system research on removal of PFAS from well water was the
focus of three invited webinars and one international conference that attracted
hundreds of national and international attendees as listed below.

1. Patterson, C., Burkhardt, J., Dyment, S., Merritt, S., Zintek, L., Kleinmaier, D.,
Schupp, D., and Krishnan, E.R., “PFAS Removal Using Household Water
Treatment Systems: Point-of-Use (POU)/Point-of-Entry (POE)”, Presented at
Environmental Council of the States - EPA Bi-Monthly PFAS Call (210 attendees)
October 26, 2018.

2. Patterson, C., Burkhardt, J., Dyment, S., Merritt, S., Zintek, L., Kleinmaier, D.,
Schupp, D., and Krishnan, E.R., “PFAS Removal Using Household Water
Treatment Systems: Point-of-Use (POU)/Point-of-Entry (POE)”, Presented to EPA
Region 8 and the Colorado Department of Public Health and Environment
(CDPHE), November 1, 2018.

3. Patterson, C., Burkhardt, J., Dyment, S., Merritt, S., Zintek, L., Kleinmaier, D.,
Schupp, D. and Krishnan, E.R., “Effectiveness of Point of Entry Systems to
Remove Select Per- and Poly- fluoroalkyl Substances from Drinking Water”,
Presented and published in the Proceedings of American Water Works Association
(AWWA) Water Quality Technology Conference (WQTC), Toronto, Ontario,
Canada, November 12, 2018.

4. Patterson, C., Burkhardt, J., Dyment, S., Merritt, S., Zintek, L., Kleinmaier, D.,
Schupp, D., and Krishnan, E.R., “Effectiveness of Point of Entry Systems to
Remove Widefield Aquifer Per- and Poly- fluoroalkyl Substances from Water”,
Region 8 Clu-In Webinar (322 attendees), November 26, 2018.

2. Unique source of funding for research 



Page 5 of 16

Project funding was competitively awarded based on a Regional Applied Research
Effort (RARE) proposal in 2017 with follow-on EPA PFAS funding in 2020 as
described below.

2017 – Region 8 RARE Project funds with Stephen Dyment (OSP) and Steven
Merritt (Region 8) “Effectiveness of Point of Entry (POE) Systems to Remove
Select Per- and Polyfluoroalkyl Substances from Drinking Water” in Colorado 

With per- and polyfluoroalkyl substances (PFAS) contamination at sites in EPA
Region 8, a PFAS removal study was designed based on NSF International Standard
P473 to determine the capabilities and ease of use of commercially available
off-the-shelf reverse osmosis (RO) and granular activated carbon (GAC) point of
entry treatment systems.  The study was performed using a water matrix that
represents Widefield Aquifer groundwater conditions and likely release scenarios
from aqueous film forming foam (AFFF) used for firefighting applications.  

2020 – Office of Research and Development (ORD), Center for Environmental
Solutions and Emergency Response (CESER), Water Infrastructure Division (WID)
PFAS funds to continue collaboration with EPA Region 8, CDPHE and residents in
Colorado

A PFAS removal study is currently being conducted to determine the capabilities
and ease of use of commercially available off-the-shelf household water treatment
systems that use anion exchange (AEX) resins. AEX resins have shown excellent
PFAS removal capabilities at a public water utility in Widefield, Colorado. This is a
follow-on study to the previous RO and GAC studies that will provide guidance on
a third household treatment alternative (AEX Resin) for PFAS-contaminated well
water to residents of Fountain, Security, and Widefield, Colorado.

3. Any awards Internal/External to EPA that were received for the research

This journal article was the primary reason for the EPA Silver Medal Honor

Award for the ORD Water PFAS Team in 2019. The citation on the National

Honor Award certificate reads “For its responsive, high priority, and visible

work towards helping homeowners and communities understand and treat PFAS

. contamination in drinking water” Excerpts from the write-up for the EPA Silver
Medal Honor Award are provided below.
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The presence of Per- and Poly-fluoroalkyl Substances (PFAS) in air, land, and water
is a major environmental issue, and the heavy use of these chemicals by numerous
industries has resulted in hundreds of these chemicals in the environment. Research
on the treatment and removal of these compounds is a high priority for EPA due to
their harmful human health effects. The Water PFAS Team rapidly formed to
address this critical issue. Their efforts included researching the effectiveness of
point-of-entry water treatment systems for the removal of PFAS from drinking
water and updating the Drinking Water Treatability Database (TDB) to include the
latest PFAS treatment and cost information. In a short amount of time, the Team has
produced high quality results which have proven to be of interest and use to
homeowners and representatives of utilities, consulting firms, states, and EPA
regional offices who have attended their webinars and conference presentations.

In 2018, the Water PFAS Team conducted experimental research on the
effectiveness of household water treatment systems at removing PFAS from
drinking water. The project used Colorado Widefield Aquifer test water, selected
because PFAS contamination had been detected in private wells in that area,
affecting more than 60,000 residents. The team analyzed PFAS samples, evaluated
PFAS removal capabilities, the costs, and the ease of use of several commercially
available off-the shelf reverse osmosis (RO) systems and granular activated carbon
(GAC) media. The results of this work have been presented at several conferences
and webinars, with an overall audience of more than 1,300 individuals. 

The Water PFAS Team, with decades of collective experience in drinking water
treatment and policy, formed quickly in response to a growing environmental and
human health issue. The Team provided timely and useful information on PFAS
treatment to several thousand water utilities, decision-makers, and others, as well as
providing information to protect more than 60,000 residents of Colorado. Taken
together, this research on the PFAS-removing capabilities of RO and GAC systems,
and the updates to the TDB are very impactful as water systems and communities
seek tools to prevent PFAS exposure from drinking water.

4. Number of times the publication has been downloaded/viewed

Most-Read AWWA Water Science Journal Article of 2019
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In 2019, this journal article was the most-read paper in the Journal of AWWA
Water Science. The article “Effectiveness of pointofuse/pointofentry systems to
remove per and polyfluoroalkyl substances from drinking water” has currently been
read 36 times.

5. How many times it has been cited (Google Scholar) 

This journal article has been cited five times (Google Scholar lists six citations, but
one is a duplicate), read 36 times, tweeted 3 times (in Europe and Australia reaching
an upper bound of 31,063 followers) and is the subject of a Science Matters/Water
Online news story “EPA Researchers Investigate the Effectiveness of
Pointofuse/Pointofentry Systems to Remove Per and Polyfluoroalkyl Substances

 published on January 22, 2020 (see attached supplementaryfrom Drinking Water”
file "ScienceMatters+WaterOnlineNewsStory.docx").

Google Scholar Citations

1. Zeng, C, Atkinson, A, Sharma, N, et al. “Removing per and polyfluoroalkyl
substances from groundwaters using activated carbon and ion exchange resin
packed columns”, AWWA Wat Sci. 2020;e1172,
https://doi.org/10.1002/aws2.1172.

2. Nicholas J. Herkert, John Merrill, Cara Peters, David Bollinger, Sharon Zhang,
Kate Hoffman, P. Lee Ferguson, Detlef R. U. Knappe, and Heather M. Stapleton,
“Assessing the Effectiveness of Point-of-Use Residential Drinking Water Filters for
Perfluoroalkyl Substances (PFASs)”, Environmental Science & Technology Letters
2020 7 (3), 178-184, https://doi.org/10.1021/acs.estlett.0c00004.

3. Ettayapuram Ramaprasad, Azhagiya Singam; Tachachartvanich, Phum;
Fourches, Denis; Soshilov, Anatoly; Hsieh, Jennifer C.Y.; La merrill, Michele; et al.
(2020): “Structure-Based Virtual Screening of Perfluoroalkyl and Polyfluoroalkyl
Substances (PFASs) as Endocrine Disruptors of Androgen Receptor Activity Using
Molecular Docking and Machine Learning”, ChemRxiv. Preprint.
https://doi.org/10.26434/chemrxiv.11886702.v1.

4. Anthony Saad, Rollie Mills, Hongyi Wan, M. Abdul Mottaleb, Lindell Ormsbee,
Dibakar Bhattacharyya, “Thermo-responsive adsorption-desorption of
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perfluoroorganics from water using PNIPAm hydrogels and pore functionalized
membranes”, Journal of Membrane Science, Volume 599, 2020, 117821, ISSN
0376-7388, https://doi.org/10.1016/j.memsci.2020.117821. 

5. Minkyu Park, Shimin Wu, Israel J. Lopez, Joseph Y. Chang, Tanju Karanfil,
Shane A. Snyder, “Adsorption of perfluoroalkyl substances (PFAS) in groundwater
by granular activated carbons: Roles of hydrophobicity of PFAS and carbon
characteristics”, Water Research, Volume 170, 2020, 115364, ISSN 0043-1354,
https://doi.org/10.1016/j.watres.2019.115364.

Tweets

Altmetric reports 3 journal article tweets from 3 users, with an upper bound of
31,063 followers.

Stephanie Dawson (4,798 Followers) @SDawsonBerlin

RT @Science_Open: Strategies to combat a widespread problem for the drinking
water industry - #openaccess from @awwa: ''Effectiveness of po…

07 Jan 2020

Santiago Campillo (10,822 Followers) @Scruzcampillo

RT @Science_Open: Strategies to combat a widespread problem for the drinking
water industry - #openaccess from @awwa: ''Effectiveness of po…

07 Jan 2020

ScienceOpen (15,443 Followers) @Science_Open

Strategies to combat a widespread problem for the drinking water industry -
#openaccess from @awwa: ''Effectiveness of point-of-use/point-of-entry systems to
remove per- and polyfluoroalkyl substances from drinking water'' #WaterTreatment
#WaterScience 

6. Letters of Recommendation 
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Invitation for Conversion of this Journal Article to a Book Chapter

Lt. Col. LeeAnn Raz with the US Air Force provided the following email with a
request to convert the journal article into a book chapter as described below. We are
in the process of getting ORD Clearance and approval to proceed with publication
of the book chapter. 

Patterson, C., Burkhardt, J., Schupp, D., Krishnan, E.R., Dyment, S., Merritt, S.,
Zintek, L., and Kleinmaier, D., “Effectiveness of Point of Entry Systems to Remove
Select Per- and Poly- fluoroalkyl Substances from Drinking Water”, Book Chapter
in “Forever Chemicals: Environmental, Economic, and Social Equity Concerns with
PFAS in the Environment" edited by Racz, L. and Kempisty, D., published by
Taylor & Francis (CRC Press) (Invited and Pending) November 2020 (Invited).

From: Racz, LeeAnn Lt Col USAF 1 SOMDG (USA) <leeann.racz.mil@mail.mil> 

Sent: Friday, February 7, 2020 5:23 PM

To: Patterson, Craig <Patterson.Craig@epa.gov>

Cc: Kempisty, Dave <david.kempisty@evoqua.com>; LeeAnn Racz
<leeann.racz@gmail.com>

Subject: Invitation to Contribute to "Forever Chemicals: Environmental, Economic,
and Social Equity Concerns with PFAS in the Environment"

Dear Dr. Patterson,

I read with great interest your recent paper in AWWA Water Science,
“Effectiveness of point-of-use/point-of-entry systems to remove per- and
polyfluoroalkyl substances from drinking water”. I’d like to invite you to contribute
a chapter on this or a related topic to a book I’m publishing with Dr. Dave
Kempisty, “Forever Chemicals: Environmental, Economic, and Social Equity
Concerns with PFAS in the Environment" with Taylor & Francis (CRC Press). This
is a follow-on book to “Perfluoroalkyl Substances in the Environment: Theory,
Practice, and Innovation”. Your work would be an outstanding contribution to this
project, and I’d be delighted to discuss this opportunity with you.
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You may consider reproducing this work as a chapter. If you’d like to use this
option, I can help secure the needed permissions from AWWA; we would just need
the authors to acknowledge their agreement.

Please let me know when would be a good time to discuss. Looking forward to
hearing from you.

LeeAnn Racz

V/r,

LeeAnn Racz, Lt Col, USAF, BSC, PhD, PE, CIH, BCEE

Commander, 1st Special Operations Operational Medical Readiness Squadron

113 Lielmanis Ave, Suite 1D206

Hurlburt Field, FL 32544

Comm: (850) 881-2132

DSN: 641-2132

Justification 3B:

AWWA’s Journal of Water Science requires peer review comments and manuscript
approval from at least three experts. We successfully responded to 23 comments
from three Reviewers. The Editor and Reviewers approved this manuscript for
publication after one round of responses to the AWWA Journal of Water Science
review comments. No specifics on the journal’s impact factor, immediacy index,
and citation half-life are available at this time as confirmed by the following email
from Taylor Johnson at the U.S. EPA RTP Library.

 -----Original Message-----

From: Johnson, Taylor <Johnson.Taylor@epa.gov> On Behalf Of RTP Library

Sent: Wednesday, April 8, 2020 4:32 PM
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To: Patterson, Craig <Patterson.Craig@epa.gov>

Subject: RE: STAA Journal Information Request

Good afternoon,

Thank you for contacting EPA-RTP Library. It looks like AWWA Water Science is
too new to have generated the journal metrics you have requested. Most of these
metrics are updated during the summertime and I think they should be available
then.

I'm sorry we couldn't be more helpful, please let us know if you need anything else.

Sincerely,

Taylor

Taylor Abernethy Johnson

Assistant Director

U.S. Environmental Protection Agency Library UNC Contract Staff

109 T.W. Alexander Drive, MD C267-01

Research Triangle Park, NC 27711

Phone: (919) 541-0095

johnson.taylor@epa.gov

AUTHORS

Principal Author

Author Name: Craig Patterson P.E.

Professional Title: Salutation:
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Email: patterson.craig@epa.gov Organization:

Mailing Address:

Street Line 1: 26 W. Martin Luther King Drive

City: Cincinnati

Zip Code: 45268 State: Ohio

At time of research was: EPA Employee

Separation Date:

% of Effort: 40

Contributing Author

Author Name: Jonathan Burkhardt Ph.D.

Professional Title: Salutation:

Email: burkhardt.jonathan@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 15

Contributing Author

Author Name: Donald Schupp P.E.

Professional Title: Salutation:
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Email: don.schupp@aptim.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 20

Contributing Author

Author Name: E. Radha Krishnan P.E.

Professional Title: Salutation:

Email: radha.krishnan@aptim.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Steven B. Merritt MHP, CIH, REHS
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Separation Date:

% of Effort: 5

Contributing Author

Author Name: Danielle Kleinmaier

Professional Title: Salutation:

Email: kleinmaier.danielle@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Stephen Dyment

Professional Title: Salutation:
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their sole source of drinking water. On the basis of con-

centrations found in the Widefield aquifer and USEPA's

2016 HAL of 70 ng/L of combined PFOA and PFOS

concentrations (Federal Register, 2016), these Widefield

aquifer systems are at risk.

Private well owners and small municipalities, where the

presence of PFAS is known, are subject to multiyear or

even decades-long site-specific investigations, source

determinations, risk assessments, and remedial designs and

constructions. In addition, many challenges exist at sites

managing PFAS contaminants, including the lack of

USEPA analytical methods, for the detection of PFAS,

their precursors and degradation products, the unknown

toxicological impact of many PFAS, and remediation or

treatment technologies.

Many private well owners are seeking information on

commercially available resources to treat PFAS-

contaminated drinking water. Dissemination of the knowl-

edge of the capabilities of commercially available reverse

osmosis (RO) and granular activated carbon (GAC) point-

of-use (POU) and point-of-entry (POE) treatment systems on

PFAS removal would be valuable to those well owners. To

match their needs, the PFAS removal systems that were

selected for this study were designated to be in accordance

with NSF International's Standard P473 (2016).

2 | METHODS AND MATERIALS

To assess the removal effectiveness of the target PFAS pre-

sent in the Widefield aquifer region, treatability studies were

conducted using three commercially available RO treatment

systems and two GAC media at the USEPA Test and Evalu-

ation (T&E) facility in Cincinnati, Ohio. RO systems and

GAC media were tested using test water simulating the

PFAS composition and water quality in the Widefield aqui-

fer region. PFAS samples were analyzed using liquid chro-

matography/mass spectrometry (LC/MS/MS) at the USEPA

Region 5 Chicago Regional Laboratory (CRL) in Chicago,

Illinois.

Before RO system and GAC media tests, initial PFAS

stability tests were conducted using the same test water to

determine the stability of the PFAS compounds in the test

water in the 5,000-gal stainless steel RO feed tank and

the 55-gal stainless steel GAC media feed drum used in

the study. On confirmation of stability, subsequent studies

were completed on three RO POU/POE treatment systems,

which were tested on the basis of aspects of NSF Stan-

dard P473 (NSF International, 2016). In addition, two

GAC media were evaluated using rapid small-scale col-

umn tests (RSSCTs) per American Society for Testing

and Materials D6586-03 (ASTM, 2008).

2.1 | Test water preparation

The feed water was prepared to simulate the PFAS contami-

nation of the Widefield aquifer by adding the PFAS concen-

trations shown in Table 1. These six PFAS target

concentrations are worst-case (maximum) concentrations

compiled from historic records (2013–2016) of Widefield

aquifer region water samples (Colorado Department of Pub-

lic Health and Environment [CDPHE], 2016). To align with

the NSF P473-specified 2:1 PFOS:PFOA ratio, the PFOA

feed concentration was increased from 200 to 800 ng/L.

Cincinnati tap water was added to a 5,000-gal stainless

steel tank equipped with a mixer, recirculation pump, and a

chiller with a shell-and-tube heat exchanger to control feed

water temperature. Sodium thiosulfate (1 mg/L) was added

to dechlorinate the test water. The target water quality char-

acteristics specified in Table 2 were maintained throughout

the RO and GAC test runs to adhere to the requirements of

NSF P473. The test water targets for pH (8.2), total dis-

solved solids (TDSs) (500 mg/L), and hardness (300 mg/L)

were maintained to align with the historic maximum Wide-

field aquifer well water sampling results (1992–2016) to

determine their impact on the longevity and removal capabil-

ities of RO membranes and GAC media.

After the feed water additives dissolved overnight, the

target PFAS were measured, mixed, and dissolved in 1 L of

deionized water. The PFAS were then added to the

5,000-gal tank and allowed to mix for 3 h for use in the RO

treatability study. Before the start of the RO study, approxi-

mately 50 gal of the feed water was drained into a 55-gal

stainless steel drum equipped with a mixer for use in the

GAC RSSCT evaluations. Dehydrated natural organic matter

(NOM) of Ohio River water was rehydrated, filtered, and

added to the 55-gal drum to increase the total organic carbon

(TOC) of the water to above 1 mg/L for the GAC media

studies (Pressman et al., 2012).

2.2 | Stability study

A PFAS stability test was run without the RO system and

GAC adsorbents over an 8-day period to assess PFAS

degradability and sorption in the test apparatus. The

TABLE 1 Test water target per- and polyfluoroalkyl substances (PFAS)

composition

CAS

number

PFAS

compounds

Carbon chain

length

Target

concentration (ng/L)

375-95-1 PFNA C9 200

335-67-1 PFOA C8 800

1763-23-1 PFOS C8 1,600

375-85-9 PFHpA C7 200

3871-99-6 PFHxS C6 1,000

375-73-5 PFBS C4 300

Note. CAS: Chemical Abstracts Service; PFBS: perfluorobutane sulfonate;

PFHpA: perfluoroheptanoic acid; PFHxS: perfluorohexane sulfonic acid; PFNA:

perfluorononanoic acid; PFOA: perfluorooctanoic acid; PFOS: perfluorooctane

sulfonate.
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concentrations of the six target PFAS remained stable in both

the 5,000-gal tank and the 55-gal drum over the 8-day test

period. The PFOS concentration was significantly lower than

the target concentration due to a lower spike amount inadver-

tently used when adding the quantity of PFOS to the test

water. The PFOS spike amount was corrected in the following

test runs. The PFBS concentration was below the detection

limit possibly due to the stock solution used during the stabil-

ity test. A different source of PFBS was secured for the follow-

ing test runs. These adjustments resolved the concentration

discrepancies of PFOS and PFBS during the actual test runs.

Although no PFAS degradation or sorption was noted in the

stability study, the initial target PFAS concentrations were

increased by 25% for the treatability studies as a safety factor

to ensure adequate PFAS concentrations for the tests.

2.3 | Analytical methods

PFAS analysis was performed following the USEPA

Region 5 standard operating procedure (SOP) for the anal-

ysis of polyfluorinated compounds of interest to the Office

of Superfund Remediation and Technology Innovation in

water, sludge, influent, effluent, and wastewater by multi-

ple reaction monitoring LC/MS/MS (USEPA, 2017). Per

the USEPA Region 5 PFAS analytical SOP, 15-mL poly-

propylene sample containers were weighed before and after

sample collection to allow the laboratory to determine the

exact sample amount used during analysis. The target vol-

ume of a sample per polypropylene container was 5 mL.

Because all of the 5-mL sample volumes were analyzed,

triplicate samples were collected from both influent and

effluent for additional quality assurance/quality control

analyses. With a 28-day sample holding time, grab water

samples for PFAS analysis were shipped for overnight

delivery to the USEPA Region 5 CRL in Chicago, Illinois.

All other water quality analyses were performed at the

USEPA T&E facility in Cincinnati, Ohio.

2.4 | Analytical sampling plan

Six target PFAS compounds were analyzed in both RO

system and GAC media influent and effluent water samples

to determine PFAS removal efficiency. The sample plan

included analysis of 188 PFAS samples at the CRL in

USEPA Region 5 from one stability run and three test runs.

Samples were collected from the 5,000-gal stainless steel

mix tank and the 55-gal stainless steel drum and analyzed

for PFAS, TOC, TDS, hardness, turbidity, pH, temperature,

and free available chlorine. Only one free chlorine sample

(influent and effluent) was collected at the beginning of each

test to ensure that the test water was adequately dechlori-

nated. Additional information on methods and materials is

provided in Appendix S1 (Supplementary Information).

2.5 | RO system design

The installation of each unit was very straightforward. Each

of the RO systems was preassembled by the manufacturer

before shipment and used quick connects to attach inlet and

outlet tubing. The RO systems only required connections to

feed water and discharge points for operation. Specifications

TABLE 2 Test water target water quality characteristics

General chemistry water parameters

Temperature (�C) RO: 25 ± 1�C, GAC: 20 ± 2.5�C

pH (units) 8.2 ± 0.5

Turbidity (ntu) <1

Free chlorine (mg/L) <0.2

TOC (mg/L) RO: Not specified (not adjusted)

GAC: >1 mg/L (added as dehydrated NOM)

TDS (mg/L) RO and GAC: 500 mg/L (added as NaCl)

Hardness (mg/L) RO: 300 mg/L CaCO3 (added as potassium

chloride [KCl], magnesium sulfate [MgSO4],

sodium bicarbonate [NaHCO3] and calcium

sulfate [CaSO4�2H2O])

GAC: Not specified

Note. CaCO3: calcium carbonate; GAC: granular activated carbon; NaCl: sodium

chloride; NOM: natural organic matter; RO: reverse osmosis; TDS: total dis-

solved solid; TOC: total organic carbon.

TABLE 3 Summary of reverse osmosis (RO) system specifications

RO system iSpring RCS5T HydroLogic Evolution RO1000 Flexeon LP-700

Rated capacity
a

500 gpd (0.35 gpm) 1,000 gpd (0.7 gpm) 700 gpd (0.5 gpm)

Filters included Sediment filter

Carbon prefilter

CTO filter

RO membrane

Carbon postfilter

Carbon prefilter

2 RO membranes

Sediment filter

Carbon prefilter

2 RO membranes

Carbon postfilter

System recovery
a

50% 50%, using 1:1 fitting 38%

Booster pump Yes No No

Connections 3/800 inlet

¼00 outlet

(tubing included)

½00 inlet

3/800 outlet

(tubing included)

3/800 inlet and outlet (tubing not included)

Self-supporting Yes Yes No

Size (L × W × H) 8.500 × 1500 × 18.500 20.500 × 1100 × 1000 1800 × 10.500 × 3200

Weight 31 lb 16 lb 38 lb

Note. CTO: carbon block chlorine, taste and odor.
a
The systems' rated pressure and efficiency are a function of the temperature and pressure of the feed water.
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for the three RO systems tested are summarized in Table 3.

Table 4 shows the replacement part numbers, replacement

frequency, and prices for the replacement filters and mem-

branes in each of the three RO systems.

2.5.1 | iSpring RO system

The five-stage iSpring RO system (iSpring Water Systems,

LLC, Alpharetta, GA) was free standing and was pre-

plumbed with a booster pump and color-coded feed and dis-

charge tubing when it was removed from the box. Except for

the RO membrane, the filters and cartridges described in

Tables 3 and 4 were preinstalled. Wrenches were included to

install replacement membranes and filters.

2.5.2 | HydroLogic RO system

The two-stage HydroLogic RO system (HydroLogic Purifi-

cation Systems, Santa Cruz, CA) was free-standing and

included fittings for a 2:1 (green) or 1:1 (orange) waste to

pure water ratio. The instructions stated that using the 1:1 fit-

ting (chosen for this study) would provide a higher flow rate

but could require more frequent replacement of the RO

membranes. Three 90� elbow push fittings, the carbon prefil-

ter, and two RO membranes were installed with wrenches

before use. Inlet and outlet tubing was color-coded, and a

ball valve at the end of the discharge line was provided for

use when water was not needed. A booster pump had to be

purchased separately and was installed in front of the

HydroLogic RO system.

2.5.3 | Flexeon RO system

The four-stage Flexeon RO System (AXEON Water Tech-

nologies, Temecula, CA) was preplumbed with filters when

it was removed from the box. The Flexeon RO system was

not self-supporting and did not come with a booster pump or

inlet and outlet tubing. Except for the RO membrane, the fil-

ters and cartridges described in Tables 3 and 4 were prein-

stalled. A booster pump was purchased separately and was

installed in front of the Flexeon RO system.

2.5.4 | Booster pumps

The iSpring unit included an integrated booster pump to cre-

ate a stable working environment for the RO membrane for

situations in which the water feed pressure was not suffi-

ciently high (40–50 psi). A booster pump was purchased

separately for the HydroLogic and Flexeon RO systems

(HydroLogic Booster Pump Model No. HL29014). The

booster pump was installed and included tubing, a pressure

gauge, and switches that turned the pumps off when the

water supply was stopped or when the discharge line was

closed (by a faucet or valve). This would not be needed in a

home setup if system pressure is available.

2.5.5 | Modifications for POE use

By themselves, the RO systems tested do not constitute a

whole-house POE system; however, with some additional

components, each of these RO systems could be part of a

POE system. The RO systems tested were designed to pro-

duce 500–1,000 gpd (0.35–0.70 gpm), a flow rate that is not

suitable for many household activities (bath water, showers,

washing machines, dishwashers). In addition, the RO sys-

tems do not produce water at a significant pressure. How-

ever, it could serve as a POE system with the addition of a

200–500-gal storage tank, a delivery pump, and a 20-gal

bladder tank. The storage tank would provide the necessary

purified water to the home, and the delivery pump and

booster tank would supply the necessary pressure. These RO

systems would then be able to refill the storage tank to meet

household water demands in real time. However, watering

of lawns and gardens and filling swimming pools with trea-

ted water would not be a viable option without a much larger

GAC or RO system.

TABLE 4 Reverse osmosis (RO) system replacement filters and

membranes

RO system iSpring RCS5T

HydroLogic

Evolution

RO1000 Flexeon LP-700

Sediment filter #FP15

(3–6 months)

Not part of system #200627

(12 months)

Carbon prefilter #FG15 (6 months) #22043 (2,000 gal

of purified

water)

#200658

(12 months)

Carbon block

filter

#FC15 (6 months) Not part of system Not part of

system

RO membranes #MS5 (24 months) #220445

(6–24 months)

(requires 2)

#208802

(24 months)

(requires 2)

Carbon postfilter #FT15 (12 months) Not part of system #200658

(12 months)

TABLE 5 Reverse osmosis (RO) system sampling plan

Day # Day of week Time of day Sample (h) Time of day Sample (h) Time of day Sample (h)

Day 1 Tuesday a.m. Startup
a

Noon 4 p.m. 8

Day 2 Wednesday a.m. 24 Noon 30 p.m. 36

Day 3 Thursday a.m. 48 Noon 54 p.m. 60

Day 4 Friday a.m. 72 Noon 78 p.m. 84

Day 5 Saturday 2-day stagnation period
a

Day 6 Sunday

Day 7 Monday a.m. 144 p.m. 148 p.m. Shutdown
a

a
No samples collected.
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2.5.6 | RO system sampling plan

The RO systems were originally planned to operate continu-

ously for 4 days, shut down for 2 days, and then operate for

another day per NSF P473, as shown in Table 5 (NSF Inter-

national, 2016). Because of the high use of water from the

5,000-gal tank, the Flexeon and HydroLogic units were

operated for 2 days, shut down for 4 days, and then operated

for another day. Sampling occurred normally during the

period when the units were operating.

The RO systems received test water from a 5,000-gal

stainless steel tank. The tank included a mixer and a recircu-

lation pump that recycled the feed water from the bottom to

the top of the tank. The feed to the RO system came off the

recirculation line. A chiller with a shell and tube heat

exchanger was located on the recirculation line to maintain

the temperature of the tank at approximately 25�C. A sche-

matic of the RO test system is shown in Figure 1. Figures 2–

4 show photographs of the iSpring RCS5T, HydroLogic

Evolution RO1000, and the Flexeon LP-700 RO systems,

respectively, at the USEPA T&E facility.

Grab samples were collected from each of the RO systems

twice or thrice per day during the test period. Grab samples

from the influent to the RO system were collected from the

recirculation line on the 5,000-gal tank. Grab samples from

the effluent of the RO system were collected from the end of

the permeate tubing. The flow rate of both the reject (concen-

trate) and the permeate water was measured throughout the

test using a graduated cylinder. This allowed the calculation

of the recovery, or efficiency, of the RO system.

2.6 | GAC system design

Two types of GAC media were evaluated using test water:

(1) Calgon Filtrasorb 600 AR+ (Calgon Carbon Corporation,

Pittsburgh, PA), manufactured from select grades of bituminous

coal, and (2) Evoqua 1230CX (Evoqua Water Technologies

Pittsburgh, PA), a coconut-based GAC as shown in Table 6.

The two GAC media were tested separately using RSSCT

methods described in ASTM D6586-03 (2008). Samples were

collected every 30 min over an 8-h period.

The representative POE system for GAC filter was an

H2O Filter Warehouse Model FT-1-GAC-20, 4–5 gpm

non-backwashing whole house carbon water filter (Omni

Filter, Rexford, MT). This filter uses a 3500 (H) × 900 (D)

tank, 30 lb (1 ft
3
) GAC, and is rated for 4 gpm with a treat-

ment volume of 150,000 gal. The RSSCT data were scaled

up to approximate the use of GAC in this unit.

RSSCTs are based on fixed-bed mass transfer models.

The mass transfer models are scaled down from the full-

scale adsorber to a small column (SC). Similarity of opera-

tion to that of large-scale adsorbers is ensured by properly

selecting the particle size, hydraulic loading, and empty bed

contact time (EBCT) of the small adsorber. The RSSCT

allows the tests to be conducted much more quickly and with

less water than full-scale POE tests. Figure 5 shows a sche-

matic of the RSSCT system. Figure 6 shows a photograph of

the GAC RSSCT system at the USEPA T&E facility.

Heat Chiller

exchanger

RO

5,000-gal tank

test

unit

pump

Recirculation

Sample

port

Clean

Reject (sample)

to drain to drain

FIGURE 1 Reverse osmosis (RO) test schematic

FIGURE 2 iSpring RCS5T reverse osmosis (RO) system

FIGURE 3 HydroLogic evolution RO1000 reverse osmosis (RO) system

(with optional booster pump)
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The EBCTs of the large-scale adsorber and the small-

scale adsorber are related to the particle sizes of the GAC

within the columns according to the following equation

(Crittenden et al., 1991):

EBCTSC

EBCTLC

=
dp,SC

dp,LC

� �2−X

=
tSC

tLC
,

where EBCT is the empty bed contact time; dp is the GAC

particle size; and t is the elapsed time to conduct the tests for

the RSSCT SCs and the POE large columns (LCs), respec-

tively. X defines the dependence of the intraparticle diffusion

coefficient on particle size. In this case, it is assumed that

the intraparticle diffusivities do not change with particle size,

so X = 0. Therefore, the time (minutes) of operation in the

LC is proportional to the square of the ratio of the particle

sizes in the large and SCs multiplied by the time of operation

in the SC.

Other equations relating the large and SC operation

include the following:

VSC

VLC

=
dp,LC

dp,SC
,

where V is the velocity in the LC and SC, and

MSC = EBCTLC

dp,SC

dp,LC

� �2− x

QSC × ρLC,

where M is the mass of GAC in the SC, Q is the flow rate in

the SC, and ρ is the GAC density in the LC.

The RSSCT evaluation for this study used a 55-gal stain-

less steel drum with a mixer as a holding tank for the feed

water in a temperature-controlled laboratory. The feed water

was pumped through the GAC column using a Masterflex
®

gear pump (Masterflex, Gelsenkirchen, Germany) at approx-

imately 10 mL/min. The flow rate was measured by collect-

ing water in a graduated cylinder, and it was adjusted to

maintain 10 mL/min throughout the study. One-quarter-inch

stainless steel tubing was used throughout the system. The

inside diameter of the RSSCT column was 4.76 mm. Each

type of GAC was ground to a particle size between 170 and

200 mesh with a mortar and pestle. Carbon fines were

washed off the crushed GAC with deionized water, and the

crushed GAC was dried in a 150�C oven for 4 h. After

weighing the crushed GAC for use in the RSSCT, it was

added to 40 mL of deionized water and boiled for 10 min to

replace the air in the GAC's pores with water. Fiberglass

wool was placed in the bottom of the column to keep the

GAC inside the column.

On the basis of discussions with GAC vendors offering

systems for PFAS removal, an EBCT of 10 min and a GAC

RSSCT study duration of 8 h were selected, with a 30-min

sample collection frequency. An EBCT of 10 min was

selected to provide adequate time for PFAS to absorb GAC

and to allow for reasonable GAC replacement frequencies

for homeowners. Grab samples from the influent to the

RSSCT were collected from the 55-gal drum (Figure 5).

Grab samples from the effluent of the RSSCT were collected

from the end of the ¼-in. stainless steel tubing every 30 min

over an 8-h test period.

FIGURE 4 Flexeon LP-700 reverse osmosis (RO) system

To sink1/4ʺ SS tubing 

To sink

 Carbon column

 1/4ʺ x 6ʺ SS tubing

 4.76 mm ID55-gal

stainless steel

drum 

Gear 

pump

M

PI

Pressure

relief

valve (200 psi)

FIGURE 5 Rapid small-scale column test (RSSCT) schematic. ID: inner

diameter; M: mixer; PI: pressure indicator; SS: stainless steel

FIGURE 6 Rapid small-scale column test (RSSCT) system
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3 | RESULTS AND DISCUSSION

3.1 | RO system studies

Three RO systems were tested: RO#1, iSpring RCS5T

500 gpd (0.35 gpm); RO#2, HydroLogic Evolution

1,000 gpd (0.7 gpm); and RO#3, Flexeon LP-700 gpd

(0.5 gpm).

3.1.1 | RO#1 test

The first RO POU/POE system, the iSpring RCS5T (RO#1),

was tested over a 7-day period at an average flow rate of

2,285 mL/min. RO#1 was operated on Tuesday through

Friday of the first week, shut down over the weekend, and

restarted on Monday morning of the following week for the

Day 7 samples.

All PFAS in the effluent were reduced below detection

for the entire test period. RO#1 also reduced the turbidity,

TOC, TDS, and hardness in the effluent. The average perme-

ate flow rate from this unit was approximately

1,020 mL/min, and the average concentrate (reject) flow

rate from this unit was approximately 1,265 mL/min.

The recovery (flow rate of permeate/flow rate of influent

water) of the RO#1 system was approximately 45.

3.1.2 | RO#2 test

The second RO POU/POE system, HydroLogic Evolution

RO1000 (RO#2), was tested intermittently over a 7-day

period. Because of the increased water volume necessary to

test this unit at an average flow rate of 4,895 mL/min, the

unit was only operated on Tuesday and Wednesday of the

first week before being shut down for the weekend. RO#2

was then restarted on Monday morning of the following

week for the Day 7 samples.

Most of the PFAS samples were below the detection

limit for the test. However, 6 of 42 RO#2 PFAS sample

results were above the detection limit as shown in Table 7

and Figure 7. Five of the PFAS were detected after startup

on Day 7.

RO#2 reduced the turbidity, TOC, TDS, and hardness in

the effluent as shown in Table 8. Other than a slightly higher

effluent turbidity after startup on Day 7, the RO membranes

appear to be intact as exhibited by the consistent removal of

TOC, TDS, and hardness. Because of the demineralization

of the RO-treated water shown in Table 8, a remineralization

cartridge may be required to improve taste and to control

corrosion in household premise plumbing.

The PFAS compounds found in the effluent may have

resulted from the limited number of treatment barriers (acti-

vated carbon pre- and postfilters) in the two-stage Hydro-

Logic RO system or a leaking membrane seal because the

breakthrough does not correlate to molecular size, as might

be expected with a strictly membrane system. However,

even the breakthrough of the GAC from the activated carbon

pre- and postfilters does not fully match the adsorption prop-

erties of the compounds. In addition, it is unclear whether

this was a one-time event or whether it is to be expected for

the days following Day 7.

The average permeate flow rate from this unit was

approximately 2,165 mL/min, and the average concentrate

(reject) flow rate from this unit was approximately

TABLE 7 Removal efficiency of reverse osmosis (RO)#2 per- and

polyfluoroalkyl substances (PFAS) results greater than nondetection

PFAS

Time

(h)

Influent

concentration

(ng/L)

Effluent

concentration

(ng/L)

Removal

efficiency

(%)

PFOS 0038 1,100 22 98

PFOS
a

144 1,360 77 94.3

PFOA
a

144 799 21 97.3

PFHxS 144 844 11 98.7

PFNA 144 210 49 76.7

PFOS 148 1,330 20 98.5

Note. PFHxS: perfluorohexane sulfonic acid; PFNA: perfluorononanoic acid;

PFOA: perfluorooctanoic acid; PFOS: perfluorooctane sulfonate; USEPA:

U.S. Environmental Protection Agency.
a
Exceeded the 70 ng/L PFOS + PFOA USEPA health advisory level.

FIGURE 7 Per- and polyfluoroalkyl substances (PFAS) removal versus

time for reverse osmosis (RO)#2 test. PFBS: perfluorobutane sulfonate;

PFHpA: perfluoroheptanoic acid; PFHxS: perfluorohexane sulfonic acid;

PFNA: perfluorononanoic acid; PFOA: perfluorooctanoic acid; PFOS:

perfluorooctane sulfonate

TABLE 6 Granular activated carbon (GAC) characteristics and rapid

small-scale column test (RSSCT) design parameters

Parameter Test 1 Test 2

GAC Evoqua 1230CX Calgon Filtrasorb 600 AR+

Source Coconut Bituminous coal

Density (g/cm
3
) 0.45 0.62

Porosity 0.47 0.39

Mesh size 12 × 30 12 × 40

EBCTLC (min) 10 10

dp,LC (mm) 1.150 1.063

dp,SC (mm) 0.0825 0.0825

Scaling factor 194.3 165.9

QSC (mL/min) 10 10

VSC (mL) 0.515 0.603

MSC (g) 0.2294 0.3742

Note. EBCT: empty bed contact time.
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2,730 mL/min. The recovery of the RO#2 system was

approximately 44%.

3.1.3 | RO#3 test

The third RO POU/POE system, Flexeon LP-700 (RO#3),

was tested over a 7-day period. Because of the increased

water volume necessary to test this unit at an average flow

rate of 4,560 mL/min, the unit was only operated on

Tuesday and Wednesday of the first week before being shut

down for the weekend. RO#3 was then restarted on Monday

morning of the following week for the Day 7 samples.

All PFAS in the effluent were reduced below the detec-

tion limit for the entire test. RO#3 also reduced the turbidity,

TOC, TDS, and hardness in the effluent. The average perme-

ate flow rate from this unit was approximately

1,260 mL/min, and the average concentrate (reject) flow rate

from this unit was approximately 3,300 mL/min. The recov-

ery of the RO#3 system was approximately 28%.

3.2 | RO discussion

The three RO systems were similar in many respects. They

were each designed to be installed by a homeowner with

basic “handyman” skills or a plumber, if necessary. The RO

systems were all equipped with the required filters, mem-

branes, and tools to install and replace these parts. However,

the specifics of what was included varied (types of filters,

tubing, booster pump, etc.). RO#1 and RO#2 (iSpring and

HydroLogic) were self-supporting, while RO#3 (Flexeon)

had to be mounted to a wall. Filters and membranes require

replacement by the homeowner or plumber on a regular

schedule, and all three RO systems generated more reject

water than purified water during this study.

Because RO systems tend to increase water corrosivity

without additional processes, care should be taken to evalu-

ate potential lead and copper corrosion from the posttreat-

ment premise plumbing for any POE systems. A

remineralization cartridge may be required to improve the

taste of RO-treated water and for corrosion control in house-

hold plumbing. Disposal of reject water via sewer or septic

systems may be allowed under a homeowner exemption in

many communities; however, special considerations should

be made if there is a possibility of recontaminating the

aquifer.

3.3 | GAC media studies

Two GAC media were tested using the test water: GAC#1;

Evoqua 1230CX, a coconut-based GAC, and GAC#2; Cal-

gon Filtrasorb 600 AR+, manufactured from select grades of

bituminous coal.

3.3.1 | GAC#1 test

The first RSSCT was conducted using Evoqua 1230CX

(GAC#1), a coconut-based GAC. The target flow rate was

10 mL/min, and the flow rate was checked every 30 min

before samples were collected. Each time, the flow rate was

adjusted to maintain 10 mL/min. The flow rate was main-

tained within 9.6–10.1 mL/min over the course of this test.

No PFAS were detected in the RSSCT effluent for the

first 1.5 h of testing. Individual PFAS began to break through

the GAC at 2 h and increased with time. The breakthrough

time for each PFAS was dependent on the specific compound

adsorption properties and its influent concentration. PFOA

TABLE 8 Water quality results from reverse osmosis (RO)#2 test

Turbidity (ntu) TOC (mg/L) TDS (mg/L) Hardness (mg/L)

Date Day Hours Influent Effluent Influent Effluent Influent Effluent Influent Effluent

Start-up

March 13, 2018 1 4 0.38 0.12 1.2 0.48 454 10 298 6

March 13, 2018 1 8 0.40 0.19 1.2 0.18 456 6 247 6

March 14, 2018 2 24 0.31 0.17 1.2 0.21 455 24 247 4

March 14, 2018 2 30 0.33 0.11 1.2 0.16 448 2 247 6

March 14, 2018 2 36 0.28 0.12 1.2 0.16 452 3 260 6

Shutdown and start-up

March 19, 2018 7 144 0.34 0.54 1.3 0.19 450 16 252 4

March 19, 2018 7 148 0.39 0.12 1.3 0.12 446 6 240 4

Note. TDS: total dissolved solid; TOC: total organic carbon.

FIGURE 8 Per- and polyfluoroalkyl substances (PFAS) concentrations

versus time for granular activated carbon (GAC)#1. PFBS: perfluorobutane

sulfonate; PFHpA: perfluoroheptanoic acid; PFHxS: perfluorohexane

sulfonic acid; PFNA: perfluorononanoic acid; PFOA: perfluorooctanoic

acid; PFOS: perfluorooctane sulfonate
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and PFOS were the first compounds detected in the RSSCT

effluent, and PFNA was the last compound detected. All

PFAS were detected within 5.5 h of testing. By the end of

the 8-h testing period, the PFOS and PFBS had the highest

concentrations in the effluent, and the PFNA had the lowest

concentration in the effluent. Figure 8 shows the PFAS con-

centrations as a function of time for GAC#1. These results do

not match the general results seen by others (Appleman,

Dickenson, Bellona, & Higgins, 2013; Dickenson & Higgins,

2016; McCleaf et al., 2017), where the smaller PFAS

(e.g., PFBS) generally break through before the longer-chain

PFAS (e.g., PFOA and PFOS). However, the PFBS concen-

tration in the test water (260 ng/L) was much lower than the

PFOS (1,600 ng/L) and PFOA (800 ng/L) concentrations.

The data suggest that, in this case, the combined PFOS +

PFOA results may be conservative for controlling the other

PFAS. Care must be taken in translating these results to other

waters and carbons.

On the basis of the USEPA PFOS and PFOA HAL,

GAC#1 lasted for approximately 4 h before the total PFOS

and PFOA concentration exceeded 70 ng/L. Using the

RSSCT scaling factor for this test (194.3, as shown in

Table 6), the simulated life of a GAC filter using GAC#1

with 10 min EBCT would be approximately 800 h

(33 days). After this time, the total PFOS and PFOA concen-

tration in the effluent would be expected to exceed the

USEPA HAL. GAC#1 treated approximately 4,800 bed vol-

umes of water before exceeding the USEPA PFOS and

PFOA HAL. These results suggest that the HAL level of

70 mg/L for combined PFOA and PFOS concentrations is

protective when evaluating the breakthrough of the other

PFAS studies; however, this is a function of the experimen-

tal design chosen in terms of water quality and PFAS stud-

ied. Others have shown different results, as mentioned

earlier. Aside from a reduction in TOC, no other changes

were evident in the water quality parameters for GAC#1.

3.3.2 | GAC#2 test

As a comparison with the coconut-based GAC from Evoqua,

a second RSSCT was conducted using Calgon Filtrasorb

600 AR+ (GAC#2), a coal-based GAC. The target flow rate

was 10 mL/min, and the flow rate was checked every

30 min before samples were collected. Each time the flow

rate was adjusted to maintain 10 mL/min. The flow rate was

maintained at 9.5–10.8 mL/min over the course of this test.

No PFAS were detected in the RSSCT effluent for the

first hour of testing. Individual PFAS began to break through

the GAC at 1.5 h and increased with time. As with GAC#1,

PFOA and PFOS were the first compounds detected in the

GAC#2 effluent, and PFNA was the last compound detected.

All PFAS were detected by 3.5 h of testing. By the end of

the 8-h testing period, the PFOA and PFOS had the highest

concentrations in the effluent, and the PFNA had the lowest

concentration in the effluent. After 8 h of testing, compared

with GAC#1, GAC#2 had higher concentrations of each of

the PFAS except for PFBS. GAC#2 PFBS reached 70 ng/L

1.5 h later than GAC#1 PFBS. Figure 9 shows the PFAS

concentrations as a function of time for GAC#2. These

results are similar to those seen for GAC#1 (Evoqua

1230CX). The caveat that the HAL level for PFOA and

PFOS may not be protective for PFAS removal made in the

GAC#1 discussion also holds true for GAC#2.

On the basis of the USEPA PFOS and PFOA HAL, the

GAC#2 lasted for approximately 3 h before the total PFOS

and PFOA concentration exceeded 70 ng/L. Using the

RSSCT scaling factor for this test (165.9, as shown in

Table 6), the simulated life of a GAC filter using GAC#2

with 10 min EBCT would be approximately 480 h

(20 days). After this time, the total PFOS and PFOA concen-

tration in the effluent would be expected to exceed the

USEPA HAL. GAC#2 treated approximately 2,900 bed vol-

umes of water before exceeding the USEPA PFOS and

PFOA HAL. Aside from a reduction in TOC, no other

changes were evident in the water quality parameters for

GAC#2. The projected life of GAC#1 and GAC#2 is based

on the operation of the filters 24 h/day and should be

adjusted to account for actual household water usage pat-

terns. Tables of RO and GAC media study results are pro-

vided in Appendix S1.

3.4 | GAC media discussion

The representative POE system selected for the GAC filter

used a 3500 (H) × 900 (D) tank, 30 lb (1 ft
3
) GAC, and was

rated for 4 gpm with a treatment volume of 150,000 gal.

This size unit would only have an EBCT of 2 min, much

smaller than a tank with an EBCT of 10 min (as recom-

mended by GAC vendors for PFAS removal).

To meet the EBCT of 10 min, one alternative would be

to use two tanks in series that are 65 in. high by 16 in. in

diameter, with approximately 240 lb (8 ft
3
) GAC. However,

scaling up the RSSCT data estimated that the coal-based

FIGURE 9 Per- and polyfluoroalkyl substances (PFAS) concentrations

versus time for granular activated carbon (GAC)#2. PFBS: perfluorobutane

sulfonate; PFHpA: perfluoroheptanoic acid; PFHxS: perfluorohexane

sulfonic acid; PFNA: perfluorononanoic acid; PFOA: perfluorooctanoic

acid; PFOS: perfluorooctane sulfonate
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Calgon F-600 GAC would have a lifetime of 20 days (2,900

bed volumes) compared with the coconut-based Evoqua

GAC lifetime of 33 days (4,800 bed volumes) before requir-

ing replacement based on maximum day PFAS concentra-

tions tested before exceeding the USEPA's HAL of 70 ng/L

for PFOS and PFOA. Modeling the results for a lower con-

centration (average daily concentration) gave bed lives of

545 days (79,000 bed volumes) for the Calgon F-600 GAC

and 791 days (115,000 bed volumes) for the Evoqua coco-

nut carbon before requiring replacement as described in

Section 4.

Increasing the size of the GAC filter tank or placing two

filter tanks in series to lengthen the lifetime of the GAC

media for PFAS removal would require additional plumbing

and access to drainage lines for backwash wastewater.

Replacing wet, contaminated GAC with dry GAC in the

home is labor-intensive and requires backwashing to precon-

dition and sort out GAC particle sizes and to remove air.

The larger carbon filter tanks will also require additional

space that may need to be heated depending on the local

environment.

3.5 | RO and GAC residuals management

Residual streams from home residences are exempt from

federal regulations as solid/hazardous wastes under the

Resource Conservation and Recovery Act. Therefore,

homeowners can discharge RO reject water to the publicly

owned treatment works. The RO reject wastewater concen-

trations from RO#1, RO#2, and RO#3 were calculated to

range from 7 to 10 μg/L. Therefore, care must be taken

when discharging RO wastewaters to private septic or

mound systems. Many GAC media manufacturers have

carbon reactivation/disposal services. However, household

RO and GAC cartridges containing PFAS are not consid-

ered hazardous waste and may also be disposed of in

household trash.

4 | MODELING OF GAC RESULTS

To investigate the impact of PFAS influent concentrations

on GAC (bed volumes to breakthrough at 70 ng/L PFOS +

PFOA), a model was used to predict GAC lifetime based on

average PFOA (43 ng/L) and PFOS (137 ng/L) concentra-

tions based on historic records (2013–2016) found in Wide-

field aquifer region water samples (CDPHE, 2016).

Adsorption Design Software (AdDesignS™, Houghton, MI)

version 1.0, distributed as part of the ETDOT suite, devel-

oped by Michigan Technological University (Hokanson,

Hand, & Crittenden, 1999; Mertz, Gobin, Hand, Hokanson, &

Crittenden, 1994), was used to model the adsorption of

PFOA + PFOS compounds.

4.1 | Parameter estimation process

Adsorptive capacity was estimated by calculating the area

(integrating) between the influent and effluent concentra-

tions and dividing the resulting value by the mass of carbon

in the test apparatus. Any extrapolation of effluent concen-

tration data needed to calculate the total breakthrough point

was performed using a line fit for nonzero effluent concen-

trations and determining the intersection of that line with the

average influent concentration. The capacity calculated in

this step was used to estimate the Freundlich parameters.

The Freundlich isotherm formula is

q = K � �C
1=nð Þ

,

where q is the adsorptive capacity (μg/g), �C is the average

influent concentration (μg/L), and K ((μg/g)(L/μg)
(1/n)

), and

n (unitless) are isotherm fitting parameters. The exponential

term (1/n) was set to 0.45 for all models on the basis of past

experience with PFAS modeling. The K estimated in this

step was used by the PSDM (pore surface diffusion model)

code, as described below.

4.2 | Pore surface diffusion model

The PSDM module from AdDesignS was used to model

the adsorption of PFAS onto each carbon (Crittenden,

Hutzler, Geyer, Oravitz, & Friedman, 1986; Mertz et al.,

1994). AdDesignS uses input information about the

adsorption column (diameter, length, flow rate, carbon

mass), the adsorptive material/carbon (particle radius,

apparent density, porosity), and the adsorbing species

(molecular weight, molar volume, and so on). The calcu-

lated Freundlich isotherm parameters as described above

were used as inputs to AdDesignS. Additional adsorption

kinetics parameters were also required by the model. The

film diffusion coefficient was calculated by the Gnielinski

correlation (Mertz et al., 1994; Sontheimer, Crittenden, &

Summers, 1988). The pore diffusion coefficient was calcu-

lated from the Hayduk and Laudie correlation (Mertz

et al., 1994, Sontheimer et al., 1988). The surface diffu-

sion coefficient was calculated by AdDesignS using the

Sontheimer correlation (Mertz et al., 1994, Sontheimer

et al., 1988). The surface and pore diffusion and film

transfer coefficients were varied to produce a good fit to

experimental data. The influent concentrations recorded

during GAC RSSCTs 1 and 2 were input into the model.

The surface and pore diffusion coefficients were varied to

minimize the sum of squared (SSQ) difference between

the modeled and experimental effluent concentrations. The

minimum SSQ values were recorded with the associated

pore and surface diffusion coefficients. PFAS AdDesignS

model input parameters are provided in Table 30 of

Appendix S1.
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4.3 | Application of the model

Adsorption kinetics parameters that resulted in the best

match to experimental values were recorded. These were

used to model configurations or operating schemes that were

not directly tested in the GAC RSSCTs. Specifically, the

influent concentrations were reduced from the worst-case

(maximum) to average-day concentrations seen in the

Widefield aquifer (CDPHE, 2016). Figures 10 and 11 show

the model results of effluent concentrations for PFOS and

PFOA for both RSSCT experiments using the worst-case

(maximum, tested, shown in green) and average-day concen-

trations (shown in blue) supplied to each carbon. The

PFOS + PFOA concentration in the influent was approxi-

mately 3,000 ng/L for the worst-case scenario and 180 ng/L

for the average day (a 16–17× reduction). For the maximum

day, the model predicted an exceedance of the PFOS +

PFOA HAL (70 ng/L) after approximately 3,400 bed

volumes for Evoqua GAC#1 and approximately 2,700 bed

volumes for Calgon GAC#2, which is consistent with the

experimental values. Reducing the influent maximum-day

concentrations to the average-day concentrations resulted in

exceedances of the HAL after approximately 115,000 bed

volumes (2.2 years of operation) for GAC#1 and approxi-

mately 79,000 bed volumes for GAC#2 (1.5 years of opera-

tion). For the 16–17× reduction in influent concentration,

the model predicted about 34× (Evoqua) and about 29×

(Calgon) improvements in the number of treatable bed vol-

umes before exceedance of the 70 ng/L HAL. This modeling

has a number of assumptions (see Table 30 in Appendix S1)

on the scale-up approach made in the model fitting, and

therefore, it should not be relied on by homeowners. GAC

performance should be monitored to determine the bed vol-

umes and time to PFOA + PFOS breakthrough based on the

actual well water quality conditions that will vary on the

basis of distance from contamination source and source

water hydrology.

5 | CONCLUSIONS

In this study, RO and GAC technologies were evaluated to

determine their ability as household POU/POE systems to

remove PFAS from contaminated groundwater. The RO sys-

tem and GAC media effluent results were compared for

PFOA and PFOS at individual and combined concentrations

with the current 70 ng/L USEPA HAL. Both GAC and RO

POU/POE systems were shown to have the potential to

remove PFAS to below detections under specific water qual-

ity conditions, PFAS concentrations, and operational condi-

tions, studied here. However, performance will vary as these

conditions vary both spatially and temporally. In addition,

long-term performance of these systems, particularly the

membrane system, was not tested.

Specifically, each of the three RO systems that was

tested successfully removed PFAS from the influent water to

below analytical detections for the majority of the sampling

events. RO#1 and RO#3 (Flexeon and iSpring) did not show

any PFAS in the treated water, while RO#2 (HydroLogic)

showed low levels of PFAS in the treated water after shut-

down and startup.

FIGURE 10 Model results of perfluorooctane sulfonate

(PFOS) + perfluorooctanoic acid (PFOA) drinking water concentrations

versus bed volumes for granular activated carbon (GAC)#1

FIGURE 11 Model results of perfluorooctane sulfonate

(PFOS) + perfluorooctanoic acid (PFOA) drinking water concentrations

versus bed volumes for granular activated carbon (GAC)#2
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The GAC POE systems were evaluated using RSSCT

studies to save experimental time. Two different GAC mate-

rials were tested in this treatability study: one manufactured

from coconut shells and the other manufactured from bitumi-

nous coal. While each of the GAC materials tested during

this evaluation produced water with little or no PFAS in the

effluent, it was found that the coconut-based carbon would

treat more water than the coal-based carbon before requiring

a replacement. However, the GAC materials may react dif-

ferently to variations in source water characteristics within

the Widefield aquifer region, and additional pilot tests

should be performed to ensure the use of the best-performing

GAC for each application. In addition, more GAC materials

are available that should be considered for testing.

Although this study suggests that using the HAL of

70 ng/L for the combined concentrations of PFOA and

PFOS was protective when compared with the breakthrough

of the other PFAS, other water qualities may not yield the

same results. Differences in water quality, both in terms of

PFAS concentrations and background water characteristics,

can change this result. Other PFAS are also known to have

weaker adsorption characteristics and would break through

well before PFOA and PFOS.

If a POU/POE system is correctly designed on the basis

of the source water's characteristics and the PFAS found

therein, POU/POE water systems can provide relatively

inexpensive treatment barriers for PFAS removal in the

home. However, analysis of PFAS samples is costly for

homeowners and can be a major hurdle in effective removal

of PFAS from household water supplies. Proper operation

and maintenance and conservative replacement of POU/POE

components and media may be one way to circumvent the

high cost of monitoring treated household drinking water.
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Justifications:

Justification 1:

There is widespread interest in source water protection (SWP) as a means of
maintaining safe drinking water supply and avoiding expenditures at community
water systems (CWSs). The nominated research publications: 1) report results from
a meta-analysis of studies linking source water quality and water treatment costs, 2)
review sources of heterogeneity, and their implications, across studies, 3) identify
key knowledge gaps in the literature, and 4) propose approaches for conducting
empirical research that can effectively aid CWSs evaluate the efficacy of SWP
programs. Findings have implications for national water quality regulations, SWP
decisions, and source water quality research.

 

The submitted publications consolidate available evidence from studies that use cost
functions, or related approaches, to quantify the relationship between measures of
water quality and treatment costs. Several hundred potentially relevant manuscripts
were identified in an initial literature review, of which 24 met established inclusion
criteria. From these studies, average elasticities, and their corresponding standard
errors, were extracted for key water quality measures, where each elasticity
indicates how costs respond to a 1% change in water quality. Forty-six elasticities
were obtained for various water quality parameters, such as turbidity, total organic
carbon, nitrogen, sediment loading, and phosphorus loading. An additional 29
elasticities were obtained for land use classifications (e.g., forests, agriculture,
urban), which are often used as proxies for source water quality. The nominated
research also thoroughly reviews key differences between studies, including
differences in their motivating factors, data structure, and modeling approach. Key
knowledge gaps are highlighted. A threefold approach is proposed for addressing
these gaps and for improving the availability, as well as the quality, of data for
future research.

 

These research publications are the first to review and summarize the existing
literature estimating statistical relationships between water quality and treatment
costs. The calculation of elasticities allows study results to be compared and
synthesized across otherwise disparate settings and methods—substantially
increasing the usefulness of the review to decision makers. Another innovative
component of the research is the inclusion of a table containing detailed information
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about the data structure, modeling approach, and statistical model used in each
study. The table aids CWSs, regulators, and researchers in identifying studies
relevant to their needs. A supplemental Excel file facilitates this process by
allowing interested parties to sort studies by key traits and results (attached).

The submitted publications support the Environmental Protection Agency’s
strategic goal of a cleaner, healthier environment, particularly the objective of
providing for clean and safe water. It also supports the Office of Research and
Development’s research objectives; namely, efforts to develop water quality models
and economic analyses to support science-based water quality decisions.

Justification 2A:

Two research publications are being submitted. The first, The Effects of Source

Water Quality on Drinking Water Treatment Costs: A Review and Synthesis of

, is the more important of the two; it provides a comprehensiveEmpirical Literature

review of the literature linking treatment costs to source water quality. It includes
the aforementioned meta-analysis of elasticities extracted from the literature and a
discussion of key knowledge gaps.  

 

Following a presentation at the 2017 American Water Works Association Water
Sustainability Conference (part of a source water protection track) in New Orleans,
LA where we discussed some early results of our synthesis, we were invited to
prepare another paper on the topic for the Journal American Water Works
Association (JAWWA).  For this paper, Economic Support for Decisions on Source

, we delved further into the knowledge gaps in the literature andWater Protection

how to address those gaps. Crucially, we provide a threefold research plan for
helping CWSs evaluate source water protection programs and identify methods for
improving the availability and quality of data for future research.

Justification 2B:

Price

·        N/A
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Heberling

·        2017 Level III for Comparing Drinking Water Treatment Costs to Source
Water Protection Costs Using Time Series Analysis (Heberling, M., C. Nietch, H.
Thurston, M. Elovitz, K. Birkenhauer, S. Panguluri, B. Ramakrishnan, E. Heiser, T.
Neyer), awarded 2018

 

Nietch

·        2017 Level III for Comparing Drinking Water Treatment Costs to Source
Water Protection Costs Using Time Series Analysis (Heberling, M., C. Nietch, H.
Thurston, M. Elovitz, K. Birkenhauer, S. Panguluri, B. Ramakrishnan, E. Heiser, T.
Neyer), awarded 2018

 

·        2017 Level II for an Investigation of the Role of Reservoirs in Removing
Excess Reactive Nitrogen from the Environment, awarded 2018:

 

Beaulieu, J. J., R. L. Smolenski, C. T. Nietch, A. Townsend-Small, M. S. Elovitz,
and J. P. Schubauer-Berigan. 2014. Denitrification alternates between a source and
sink of nitrous oxide in the hypolimnion of a thermally stratified reservoir.
Limnology and Oceanography 59:495-506.

 

Beaulieu, J. J., C. T. Nietch, and J. L. Young. 2015. Controls on nitrous oxide
production and consumption in reservoirs of the Ohio River Basin. Journal of
Geophysical Research-Biogeosciences 120:1995-2010.

·        2016 Level II for Development and Application of Test Methods Using a
More Relevant and Sensitive Mayfly Species for Assessing Toxicity (Weaver, P.,
K. Struewing, C. Nietch, J. Lazorchak, B. Johnson, D. Funk, S. DeCelles, D.
Buchwalter), awarded 2016
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Justification 2C:

Heberling

Comparing Drinking Water Treatment Costs to Source Water Protection Costs
Using Time Series Analysis, Level III award, focuses on a single drinking water
treatment plant in southwest OH. The current nomination is a synthesis of economic
studies that estimate a drinking water treatment cost function. It provides a broader
view of the economic literature and synthesizes the approaches used and water
quality parameters important in treatment costs.

 

Nietch

Comparing Drinking Water Treatment Costs to Source Water Protection Costs
Using Time Series Analysis, Level III award, focuses on a single drinking water
treatment plant in southwest OH. The current nomination is a synthesis of economic
studies that estimate a drinking water treatment cost function. It provides a broader
view of the economic literature and synthesizes the approaches used and water
quality parameters important in treatment costs.

Investigation of the Role of Reservoirs in Removing Excess Reactive Nitrogen from
the Environment, Level II award, focuses on excess reactive nitrogen in
reservoirs. It does not examine incentives for protecting source water.

Development and Application of Test Methods Using a More Relevant and
Sensitive Mayfly Species for Assessing Toxicity, Level II award, has nothing to do
with the incentives for protecting source water, rather addressed an ecotoxicology
issue.

Justification 2D:

N/A
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Justification 2E:

N/A

Justification 3A:

Following publication, the authors received numerous requests of technical
assistance related to cited studies or finding additional information. USEPA’s
Office of Water (Katherine Foreman) requested information on the literature review
to support decision making. ICF, a contractor, requested a meeting to discuss how
they could use our synthesis to estimate benefits of improvements in water quality
as it relates to drinking water treatment costs. Another consultant, George Van
Houtven, asked questions about our literature review to support similar work in
North Carolina.

 

Alex Mayer (Professor, Department of Civil & Environmental Engineering,
Michigan Technological University) requested information on the studies reviewed
in order to look at source water protection in Mexico. Having published the
JAWWA paper, Dr. Price was contacted by Ann-Marie Doefhoff and Jordan
Parman (Water Quality Scientist, Metro Wastewater Reclamation District, Denver,
CO) to discuss economic data that could be used to evaluate the benefits of source
water protection or develop a new survey to collect the needed data for analysis.

 

Our synthesis paper in Ecological Economics has been cited 13 times in Google
Scholar. The nominated research citations range from proof that poor water quality
has increased the costs of drinking water treatment to the need to look beyond
turbidity as a driver of treatment costs (such as pathogens or the effect of forest
cover). The JAWWA paper has 3 citations in Google Scholar. In addition, the
nominated papers are referenced as evidence to support new rules (e.g., California
Water Quality Control Board and Testimony on the Use of Natural Infrastructure
for Watershed Restoration and Water Management). Finally, both papers are cited
in an US EPA, Office of Water document for estimating the benefits of improved
surface water quality.  The nominated papers are described as possible support for
the development of a tool that estimates avoided drinking water treatment costs with
improved water quality.
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Justification 3B:

The authors targeted invited presentations and professional meetings for feedback
on the ideas, models, and conclusions based on early drafts of the nominated
paper. As part of EPA’s Small Drinking Water System Webinar Series, the
researchers were invited to discuss the potential of source water protection as a
cost-effective approach to producing drinking water. Part of this webinar included a
draft synthesis of the economic studies. This webinar had over 1100 attendees with
all 50 states represented (including 9 Tribes and all 10 EPA Regions), Washington
D.C., Puerto Rico, Brazil, Canada, Germany, Japan, the Philippines, and
Portugal. In addition, the authors presented at the 2017 American Water Works
Association Water Sustainability Conference (part of a source water protection
track) in New Orleans, LA and the 2017 American Water Resources Association
(AWRA) Annual Conference: in Portland, OR. These all occurred prior to
submitting the paper to Ecological Economics.

 

In addition to the professional meetings, the Office of Research and Development
requires two internal reviewers. Because of the importance of this synthesis, we
requested an internal review from the Office of Water’s Erik Helm who is a
respected economist and familiar with these types of studies. We also benefited
from the reviews of other economists and policy makers external to the Office of
Research and Development. The authors wanted to confirm the interpretations were
correct and the paper was consistent with EPA's policy formulation. A draft was
sent to economist Dr. William Wheeler (Office of Policy’s National Center for
Environmental Economics) who requested additional details on the results. We also
provided drafts to the Office of Water’s Katherine Foreman, Hannah Holsinger,
Kara Goodwin, and Bo Williams. Their feedback ranged from improving the clarity
to improving the links to decision making. Finally, the paper was externally peer
reviewed by 4 reviewers and Editor at Ecological Economics.

AUTHORS

Principal Author

Author Name: Matthew T. Heberling
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Professional Title: Salutation: Dr.

Email: heberling.matt@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 62

Contributing Author

Author Name: James Price

Professional Title: Salutation: Dr.

Email: priceji@uwm.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date: Fri Jul 19 00:00:00 GMT 2019

% of Effort: 35

Contributing Author

Author Name: Christopher Nietch
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Professional Title: Salutation: Dr.

Email: nietch.christopher@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 3

PUBLICATIONS
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The Effects of Source Water Quality on Drinking Water Treatment Costs:

A Review and Synthesis of Empirical Literature

James I. Price
⁎

, Matthew T. Heberling

Office of Research and Development, U.S. Environmental Protection Agency, Cincinnati, OH 45268, United States

A R T I C L E I N F O

Keywords:

Water quality

Source water protection

Community water systems

Drinking water treatment

Avoided treatment costs

Economic analysis

A B S T R A C T

Watershed protection, and associated in situ water quality improvements, has received considerable attention as

a means for mitigating health risks and avoiding expenditures at drinking water treatment plants (DWTPs). This

study reviews the literature linking source water quality to DWTP expenditures. For each study, we report

information on the modeling approach, data structure, definition of treatment costs and water quality, and

statistical methods. We then extract elasticities indicating the percentage change in drinking water treatment

costs resulting from a 1% change in water quality. Forty-six elasticities are obtained for various water quality

parameters, such as turbidity, total organic carbon (TOC), nitrogen, sediment loading, and phosphorus loading.

An additional 29 elasticities are obtained for land use classification (e.g., forest, agricultural, urban), which often

proxy source water quality. Findings indicate relatively large ranges in the estimated elasticities of most para-

meters and land use classifications. However, average elasticities are smaller and ranges typically narrower for

studies that incorporated control variables consistent with economic theory in their models. We discuss the

implications of these findings for a DWTP's incentive to engage in source water protection and highlight gaps in

the literature.

1. Introduction

Drinking water treatment plant (DWTP) design and operation is

based on, among other considerations, the physical, chemical, and

microbiological characteristics of its source water. Within design limits,

DWTPs respond to water quality declines by altering treatment pro-

cesses (e.g., retention time, chemical dosing, etc.) to meet potable water

standards and performance objectives. Dramatic declines in water

quality, due to severe algal blooms or the presence of cyanobacteria,

may occasionally result in temporary plant shutdowns and drinking

water advisories (Henry, 2013; Kansas Department of Health and

Environment, 2011; Snider, 2014). When water pollution regularly

exceeds design thresholds, DWTPs may purchase new capital assets or

develop alternate source water resources (Hanson et al., 2016; Jones

et al., 2007), which, in turn, can lead to higher water rates for con-

sumers. The effect of reduced source water quality is thus a potential

decrease in consumer welfare and, notwithstanding temporary shut-

downs, an unequivocal increase in treatment costs. Estimates of these

welfare effects have been included in US Environmental Protection

Agency (EPA) assessments of surface water quality regulations

(Griffiths et al., 2012).

Source water protection (SWP), defined broadly as actions that

safeguard source water conditions from adverse impacts prior to intake,

has received growing attention as part of a multi-barrier approach to

mitigating water-related health risks and avoiding treatment costs. For

instance, the 1996 amendments to the US EPA's Safe Drinking Water

Act authorized funding for SWP programs and required states to per-

form assessments of source waters to determine their susceptibility to

contamination (Tiemann, 2014). Recent additions to California's Water

Code establish source watersheds as part of a DWTP's infrastructure;

financing for repair to source watersheds is also made available

(California Water Code §108.5, 2016). Moreover, recent literature in-

dicates that dozens of municipalities are engaged in SWP activities

(sometimes referred to as water funds or natural infrastructure), such as

land acquisition and management, compensation to landowners for

adopting best management practices, and public education campaigns

(Abell et al., 2017; Bennett et al., 2014; Carpe Diem West, 2011; Dudley

and Stolton, 2003; Gartner et al., 2013; Herbert, 2007). These practices

have, in some instances, been linked to reductions in key water quality

impairments, including turbidity, pesticides and nutrients, with the

latter subsequently linked to lower algae concentrations and a lower

probability of algal and cyanobacteria bloom events. Boston has a well-

known SWP program. Since the 1980s, the city has undertaken ex-

tensive watershed management efforts, at a cost of $135 million for

https://doi.org/10.1016/j.ecolecon.2018.04.014
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land acquisition alone, to avoid the cost of constructing and operating a

filtration plant (Alcott et al., 2013). As a result, the city has maintained

a waiver from filtration under the US EPA's Surface Water Treatment

Rule. Other high-profile examples of municipalities engaged in SWP

include New York, Denver, Salt Lake City, San Antonio, Santa Fe, and

Seattle (Bennett et al., 2014; Carpe Diem West, 2011). Outside the US,

SWP has been adopted by cities as diverse as Munich, Stockholm,

Sydney, Tegucigalpa, Tokyo, and Victoria (Capital Regional District,

2017; Dudley and Stolton, 2003).

The notion that SWP is more cost effective than traditional treat-

ment processes is common—but evidence from high-quality benefit-

cost analyses (BCAs) is limited (Gartner et al., 2013; Herbert, 2007).

The validity of any such analyses partially rests on having an accurate

understanding of linkages between ecosystems, hydrologic systems, and

DWTPs. This review, motivated to better understand these linkages and

to facilitate BCAs, consolidates available evidence from studies that use

cost functions, or related approaches, to quantify the relationship be-

tween measures of water quality and treatment cost. From these stu-

dies, we extract elasticities that indicate how costs respond to marginal

changes in water quality. Average elasticities are then calculated for

key water quality measures. We discuss the implications of this review

for SWP decisions and highlight notable gaps in the literature.

2. Theoretical Framework

Production theory provides an overarching framework for the

avoided treatment cost literature (Varian, 1992). Most studies we

looked at, regardless of data structure or statistical methods, relate

source water quality to treatment costs using either a cost function or

price function approach. Some studies use alternate approaches that

rely, sometimes implicitly, on the underlying cost minimization as-

sumption inherent in these functions. We address these approaches

later. Here we develop cost and price function models for a DWTP using

non-purchased source water.

Cost functions define the minimum cost needed to produce a pre-

determined output. They are well-suited for modeling DWTP behavior,

which is usually constrained by some form of revenue control (i.e., caps

on revenue, service charges, or rates-of-return) and a requirement to

meet customer demand for set water rates (Estache and Rossi, 2002;

Renzetti and Dupont, 2009). Cost functions are classified as either

short- or long-run. In the short-run, capital inputs are assumed fixed

and a DWTP minimizes costs by optimally choosing quantities of the

variable inputs. In the long-run, capital is also variable, as new treat-

ment facilities can be constructed or source waters tapped, and opti-

mization occurs in the choice of all inputs. Formally, short- and long-

run cost functions for a single-output DWTP are

=c f y P K Q( , , , )sr X

=c f y P P Q( , , , ),lr X K

where csr represents short-run total costs, clr long-run total costs, y the

volume of potable water, PX a vector of variable input prices, PK a

vector of capital input prices, K a vector of quasi-fixed capital inputs,

and Q a vector of source water characteristics. For concreteness, Q can

be viewed as a set of physical, chemical and microbiological water

quality measures. Since these parameters affect a DWTP's choice of

treatment technology, capital stock in the short-run function can itself

be considered a function of Q (i.e., modeled as K(Q)). Statistical esti-

mation of the cost function requires a specified functional form (e.g.,

linear, Cobb-Douglas, and trans-log).

The price function is a related modeling approach. It is based, as

before, on cost minimization, but also hinges on the assumption that

water rates are set equal to a DWTP's long-run average costs (Abildtrup

et al., 2013). This latter condition is applicable to DWTPs—typically

publicly managed systems—that operate under a balanced budget

constraint. The price function for such a DWTP is

=r f y P P Q( , , , ),X K

where r is the water rate and the remaining elements are defined as

before.1 Similar to the cost function, statistical estimation requires a

specified functional form.

3. Literature Search and Selection Criteria

We conducted a thorough search for studies linking treatment costs

and source water quality, which considered peer-reviewed and gray

literature from multiple disciplines, including economics, environ-

mental science, and civil engineering. Three ex ante defined criteria

were used to identify studies relevant for this review. Specifically, a

study needed to

• establish an original, quantitative functional relationship between

costs and source water quality or select proxies for water quality;

• use historic cost information obtained from community water sys-

tems (CWSs); and

• clearly describe data sources, methodological procedures, and re-

sults.2

The criteria are deliberately imprecise in several respects to ac-

commodate the broad spectrum of source water issues facing treatment

facilities, and to allow for differences in research aims and data avail-

ability. Studies meeting our criteria make use of various physical,

chemical, and microbiological water quality parameters. These para-

meters represent different spatial scales (e.g., source water body, source

watershed, etc.) and methods of measurement. Similarly, studies make

use of diverse cost measures that vary with respect to expenditure

types, timeframes, and units of measurement.

Included in the review are studies that proxy water quality with

land use classifications. Broad causal relationships between land use

and surface water quality are well established; they indicate that for-

estland, relative to agriculture and urban land, is associated with lower

concentrations of non-point source pollutants (e.g., suspended sedi-

ment, nutrients) and more desirable microbiological communities

(Baker, 2003; Dudley and Stolton, 2003). Forestland is also associated

with better groundwater quality (Lerner and Harris, 2009), which is

vulnerable to both point and nonpoint source pollution. Depending on

geological and hydrological characteristics of the aquifer, it can take

years, decades, or centuries, for surface water to infiltrate to the aquifer

wherein it becomes a component of a DWTP's source water (Lerner and

Harris, 2009). We consider, but ultimately exclude, studies that employ

precipitation and streamflow as proxy measures for water quality.

While precipitation often leads to deteriorated water quality via in-

creased runoff, its effects can be ambiguous, being dependent on the

importance of the runoff relative to a dilution effect that reduces con-

taminant concentrations (Holmes, 1988; Vincent et al., 2016). More-

over, both precipitation and streamflow measures confound issues of

water availability and water quality, which are known to have distinct

effects on treatment costs (Heberling et al., 2015; Renzetti, 2001).

We require that studies use historic cost information from CWSs.

Studies employing predicted cost data, pilot programs, or non-com-

munity systems are consequently excluded from the review. Predicted

costs are expenditures estimated for a certain type of treatment tech-

nology, or set of technologies, using engineering or statistical re-

lationships developed elsewhere. These costs, while suitable to many

applications, introduce measurement error that can bias estimated

1 Privately managed systems and public-private partnerships operate under different

constraints that give rise to an alternate price function specification equal to the sum of

marginal cost and rent paid to the operator. Marginal costs are a function of potable water

production, input prices, and source water quality (Abildtrup et al., 2013).
2 CWSs are defined, in accordance with the US Safe Drinking Water Act, public water

systems that supply potable water to at least 15 service connections used by year-round

residents or regularly serves at least 25 year-round residents (40 C.F.R. §141.2, 2016).
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relationships if they are correlated with model covariates such as

output volume or source water quality. This error can be substantial,

with predictions differing from actual costs by +50 to −30%

(McGivney and Kawamura, 2008). Even when tailored to a specific

DWTP, predicted and actual costs will differ since the former are based

on historical averages that ignore site-specific differences in some plant

design features, operational practices, input prices, and customer

characteristics.

Finally, we exclude from the review several studies that are missing

vital pieces of information, or are reproduced elsewhere, but that

otherwise meet the selection criteria. Most of these studies are not

centrally concerned with avoided treatment costs. A complete list of

studies not meeting our selection criteria, and a rationale for their ex-

clusion, is available upon request.

4. The Avoided Treatment Cost Literature

An initial literature search identified several hundred potentially

relevant manuscripts, from which 24 met the aforementioned criteria.

Despite similar frameworks, these studies exhibit considerable hetero-

geneity due to differences in motivation, data availability, and mod-

eling approaches. Characteristics of the studies are reported in Table A;

they pertain, unless otherwise noted, to the preferred specification of

the model relating costs to source water quality. Where there is ambi-

guity about a characteristic, we report the most likely information

based on available evidence and note the uncertainty. An augmented

version of Table A containing additional information and a database of

elasticities that can be sorted or filtered are available in Appendix B -

Supplementary material.

4.1. Geography and Motivating Factors

A majority of the 24 selected studies are based in the US (n=15),

with the remainder conducted in Canada, France, India, Japan,

Malaysia, and Spain. In the US, roughly 47% (n=7) use subnational

samples (i.e., they evaluate data for a single DWTP or region). The US

studies are concentrated in the Midwest (Forster et al., 1987; Forster

and Murray, 2007; Heberling et al., 2015), but also include Oregon

(Moore and McCarl, 1987), Texas (Dearmont et al., 1998), Oklahoma

(Oklahoma Water Resources Board, 2011), and the Great Lakes Region

(Murray, 2001). By comparison, 66% of non-US studies use subnational

samples. All national level analyses pertain to high-income countries

where there is access to DWTP-related databases maintained by gov-

ernment agencies or professional associations.

The selected studies cite a diverse set of objectives and underlying

motivations. Nonpoint source pollution from agricultural runoff (e.g.,

sediment, nutrients, pesticides) is the key concern for many US studies

(n=8), as well as for France-based Abildtrup et al. (2013) and

Fiquepron et al. (2013). For these analyses, avoided treatment costs

represent a lower-bound estimate of externalities imposed by upstream

agriculture. Another more geographically disperse set of studies (n= 7)

are principally concerned with how forest landscapes, and associated

disturbances (e.g., logging, wildfire), affect source water quality within

associated watersheds. In a recent example, Vincent et al. (2016) find a

negative correlation between forestland (relative to non-forestland) and

short-run treatment cost at Malaysian DWTPs. The correlation is sig-

nificantly larger for virgin forestland than logged forestland. These

analyses, in contrast to those motivated by nonpoint source pollution,

view avoided treatment costs to be a lower-bound estimate of eco-

system services benefits provided by forest resources. The remaining

studies cite other motivations, including evaluating water quality

standards, omitted variable bias in cost efficiency estimates, welfare

implications of source water quality changes, and endogeneity between

technology choice and ecosystem service values. Avoided treatment

costs are a secondary concern for these analyses.

4.2. Data Structure

The specifics of any analysis are largely dictated by the structure

and content of available data. Many studies rely on cross-sectional

survey data (n= 13) that may not be designed to assess avoided

treatment costs. Four studies use data obtained from American Water

Works Association member surveys (Holmes, 1988; Mosheim, 2006;

Mosheim and Ribaudo, 2017; Piper, 2003). These surveys are primarily

intended to provide CWS managers with organizational and operational

information about other treatment systems. They are not based on a

random sampling framework.

Selected studies also make use of panel (n= 6) and time-series

(n= 5) data. While these data may be obtained via surveys, they are

more likely to entail direct communication with water providers and

more targeted information gathering. An advantage of these data

structures is the potential to control for unobserved characteristics (e.g.,

treatment processes, population traits, input price variation) that when

omitted from cross-sectional analyses may bias estimated model coef-

ficients. In practice, however, less than half of the studies using panel or

time-series data employ estimation techniques that capitalize on this

benefit.

Datasets vary considerably in their number of observations. Among

cross-sectional analyses, observations range from fewer than 50 (Ernst

et al., 2004; Freeman et al., 2008; Mosheim and Ribaudo, 2017;

Oklahoma Water Resources Board, 2011; Renzetti, 2001; Warziniack

et al., 2017) to nearly 1000 (Price et al., 2017). The smallest panel

datasets contain 5 years of annual observations for fewer than 15

DWTPs (Forster and Murray, 2007; Murray, 2001). In contrast, the

largest dataset, exploited by Vincent et al. (2016), contains 15 years of

monthly observation for 41 DWTPs. Time-series datasets used by Moore

and McCarl (1987), Honey-Rosés et al. (2014), and Heberling et al.

(2015) have 247, 963, and 1826 daily observations, respectively. Singh

and Mishra (2014) use 144 monthly observations.

Studies can be further classified by their unit of analysis. Most are

conducted at the DWTP level (n= 14), and therefore relate ex-

penditures incurred at a treatment facility to measures of that facility's

influent water quality. A second group of studies are conducted at the

CWS level (n= 8), which often operate multiple DWTPs that draw from

source waters with different water quality characteristics. Similarly,

Fiquepron et al. (2013) and McDonald and Shemie (2014) use units

based on geopolitical boundaries that also contain multiple DWTPs and

source waters. Cost data in these studies typically reflect expenditures

for all DWTPs within the unit of analysis, while covariates, including

source water quality measures, are usually defined as the weighted

average across the DWTPs. Most studies evaluate DWTPs that rely on

surface water inputs (n=18), while the remaining studies evaluate

both surface water and groundwater facilities. There are no studies that

pertain exclusively to groundwater DWTPs. Since surface water systems

are on average larger than groundwater systems, the datasets used by

selected studies consist of relatively large DWTPs (US EPA, 2009b). In

the US, where most facilities are small groundwater systems, the

average CWS produces 3700m3/day of potable water.3 By comparison,

average production in the US based studies ranges from 3530 to

183,700m3/day. Across all studies, the DWTPs evaluated by Abildtrup

et al. (2013) and Fiquepron et al. (2013) have the smallest production.

In Abildtrup et al. (2013) production ranges from 4 to 7640m3/day,

with an average of 290m3/day. The DWTPs evaluated by Horn (2011)

and Warziniack et al. (2017) exhibit the largest range in production;

both studies include facilities producing< 600m3/day and>

1,000,000m3/day.

3 Authors' calculation based on information provided in US EPA (2009a) and US EPA

(2009b).
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4.3. Cost, Water Quality, and Control Variables

There are several differences between the cost, water quality, and

control variables used in the selected studies. These differences should

be considered when comparing results across studies as they will affect

estimated relationships between costs and water quality measures ir-

respective of differences in study sites.

Cost variables are expressed in a variety of different currencies, time

periods, and production quantities. For this review, however, the

principle difference pertains to the scope of expenditures encompassed

by the variable. In their most restricted form, costs are limited to ex-

penditures related to a single type of input. Dearmont et al. (1998),

Forster and Murray (2007), and Warziniack et al. (2017) exemplify this

approach; they establish a function relationship between expenditures

on treatment chemicals and changes in source water quality. Many

studies (n= 8) use a broader definition of costs that includes ex-

penditures for multiple inputs into the treatment process (e.g., labor,

chemicals, electricity). These costs, henceforth referred to as O&M

costs, are themselves heterogeneous, with some studies also including

expenditures related to facility maintenance, source water acquisition,

and treated water distribution. In their broadest form, costs include

expenditures on all variable and capital inputs. Horn (2011), Ernst et al.

(2004), and Renzetti (2001) define costs in this manner, where capital

expenditures are based on dedicated construction costs, depreciation,

and debt payments. Studies utilizing a price function approach

(Abildtrup et al., 2013; Fiquepron et al., 2013; Piper, 2003) fall into this

category since water rates are assumed to reflect long-run average costs.

Water quality measures can be classified as either water parameters,

watershed loading, or land use characteristics. Water parameters de-

scribe the physical, chemical, and microbiological traits of source

water, and are usually presented in terms of pollutant concentrations.

Selected studies employ a variety of parameters, namely: temperature,

pH, conductivity, turbidity, total organic carbon (TOC), nitrogen, and

calcium carbonate.4 Turbidity is the most common parameter (n=12);

it is near universally monitored by DWTPs and used by operators to

optimize treatment processes, assess performance, and monitor com-

pliance (Crittenden et al., 2012; Pizzi, 2005). Abdul-Rahim and Mohd-

Shahwahid (2011) and Dearmont et al. (1998) emphasize the combined

effects of particulate matter and acidity/alkalinity on chemical dosage

decisions by evaluating the multiplicative interaction of turbidity and

pH. A related approach, employed by Freeman et al. (2008) and

Renzetti (2001), is to construct a water quality index (WQI) that in-

corporates multiple water quality parameters. The former index is

composed of TOC, turbidity, and alkalinity, and the latter composed of

fecal coliform, lead, aluminum, benzene, polychlorinated biphenyl, and

trichlorobenzene. In a few studies, rather than source water quality,

water quality parameters represent the difference between source water

and treatment water quality (Abdul-Rahim and Mohd-Shahwahid,

2011; Dearmont et al., 1998; Forster et al., 1987; Horn, 2011; Mosheim,

2006; Mosheim and Ribaudo, 2017; Piper, 2003). This specification,

while likely a more accurate representation of the data generating

process, is difficult to implement given that raw and treated water

quality data are rarely available in the same database.

In contrast to parameters, watershed loading measures describe the

quantity of sediment, nutrients, or pesticides entering surface water due

to runoff. We identify these variables with the qualifier load (e.g.,

sediment load, pesticide load). Load measures, broadly speaking, are

defined in terms of mass per unit time, and are thus equivalent to the

product of a pollutant's concentration and a volumetric flow rate.

Fiquepron et al. (2013) include a measure of the proportion of source

waters that are in guideline noncompliance, which we also categorize

as a loading measure because it concerns contamination at the wa-

tershed scale. Finally, land use characteristics describe the proportion

of land within an area (e.g., watershed, service area, geopolitical

boundary) with a certain land cover or land use designation. The most

common categories are forestland, agriculture, and urban—where wa-

tersheds with a greater proportion of forestland, or smaller proportions

of agriculture and urban land, are expected to have better water quality

and lower treatment costs. Classifications such as grassland, rangeland,

and barren land are also occasionally employed (Fiquepron et al., 2013;

Warziniack et al., 2017). Forster and Murray (2007) and Murray (2001)

disaggregate agricultural land by their predominant tillage practices:

conventional tillage with< 15% crop residue, conventional tillage with

15–30% crop residue, ridge and mulch tillage, and untilled land. Si-

milarly, Fiquepron et al. (2013) disaggregate agricultural land into low-

intensity cereal crop production and higher-intensity vine cultivation,

market gardening, and arboriculture. Vincent et al. (2016) decompose

forestland by logging practices in their analysis of Malaysian DWTPs.

Control variables (i.e., covariates other than water quality mea-

sures) are included in cost and price functions to control for factors that

may bias parameters of interest. Economic theory offers some insight in

this regard (see Section 2), but fails to provide guidance for a con-

siderable number of possible variables. Moreover, there are circum-

stances, particularly with panel and time-series analyses, where it

would be inappropriate to include variables suggested by theory. Thus,

whether a set of control variables captures the key confounding factors

depends on the particulars of the data and the modeling procedure.

Many studies incorporate control variables, exceptions being Ernst et al.

(2004), Freeman et al. (2008), Honey-Rosés et al. (2014), McDonald

and Shemie (2014), and Oklahoma Water Resources Board (2011). The

most common control variable, consistent with economic theory, is the

volume of treated water (i.e., production output). Several studies also

explicitly control for some combination of labor, chemical, and energy

prices (Holmes, 1988; Horn, 2011; Mosheim, 2006; Mosheim and

Ribaudo, 2017; Price et al., 2017; Renzetti, 2001).5 This price data may

be obtained directly from water providers, or are extracted from census

data, regional price schedules, and supplier price lists. For short-run

cost functions, fixed capital stock, when included, is modeled as treat-

ment capacity (Price et al., 2017) or as the ratio of operating profit and

the opportunity cost of capital (Mosheim, 2006; Mosheim and Ribaudo,

2017). For long-run functions, capital prices are defined as the ratio of

capital costs to fixed tangible assists (Horn, 2011) or the average in-

terest rate on debt (Renzetti, 2001). Additional control variables pertain

to weather conditions, source water type (e.g., surface water, ground-

water), systems characteristics (e.g., treatment processes, network

density, management regime), and service population characteristics

(e.g., population density, residential deliveries, non-residential de-

liveries). The latter category is relevant when the dependent variable

includes distribution costs and it is necessary to control for factors af-

fecting delivery.

4.4. Modeling Approach and Estimation

Most studies, as previously noted, can be classified as using a cost

(n= 19) or price (n=3) function approach. An alternative method,

employed by Moore and McCarl (1987) and Honey-Rosés et al. (2014),

4 Turbidity is a measure of water clarity that is correlated with disease causing mi-

croorganisms. TOC is positively associated with chemical usage in water treatment and

subsequent increases in the formation of harmful disinfection byproducts (DBPs).

Nitrogen, in the form of nitrate, poses a serious health risk for infants. Turbidity, nitrate,

and several DBPs are regulated by the US EPA (2009c). Source water temperature, pH,

and calcium carbonate (i.e., calcium alkalinity) levels are not typically hazardous but can

affect chemical dosing. Conductivity is a measure of dissolved salts and inorganic ma-

terial, and is a major cost driver in desalination processes. An overview of water treat-

ment stages is available in CDC (2015).

5 Several other studies implicitly control for input prices, or capital stocks, via the use

of spatially concentrated cross-sectional data with little variation across observations,

time-series data with time-invariant prices and capital stock, or panel fixed-effects tech-

niques.
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is to model factor inputs (e.g., alum usage, energy usage), which are

then multiplied ex post by input prices to determine cost. Within each of

these functional approaches there exist a number of possible model

specifications and estimators. Several studies employ univariate models

(n=17), whereby a single equation, or multiple independent equa-

tions, relate treatment costs to water quality measures.6 Remaining

studies develop multivariate models that relate costs to water quality

measures using a system of equations. For example, treatment costs

may be modeled as a function of turbidity (i.e., a cost function) and

turbidity modeled as a function of land use characteristics (i.e., a tur-

bidity model). Once model parameters are estimated, the recursive

relationship between the two equations can be exploited to estimate the

effect of changes in land use on treatment costs. The advantage of this

approach is that the cost function contains only those predictors that

directly affect the DWTP operations, while still allowing auxiliary land

use, or watershed loading measures, to affect costs indirectly. Such

models are used with regards to pesticide exceedance (Fiquepron et al.,

2013), phosphorus load (Heberling et al., 2015), sediment load

(Holmes, 1988), and land use classifications (Forster and Murray, 2007;

Murray, 2001; Singh and Mishra, 2014; Warziniack et al., 2017). A

smaller set of studies use multivariate models to other ends. Piper

(2003) jointly estimates a price function and a water demand function

to evaluate how changes in source water quality affect consumer wel-

fare. Both Mosheim (2006) and Renzetti (2001) jointly estimate a cost

function and input share equations using seemingly unrelated regres-

sion (SUR).

For statistical estimation of a model, it is necessary to specify a

functional form. It is possible, although not always practiced, to test

multiple specifications to determine the form that best represents the

data generating process. We classify studies based on the specified re-

lationship between cost and water quality measures. The log-linear

specification is used the most frequently because of its ability to capture

nonlinearity and ease of interpretation (n= 14), followed by linear,

polynomial, trans-log, and semi-log specifications. The trans-log speci-

fication, used only by Mosheim (2006) and Renzetti (2001), is highly

flexible; it allows for nonlinearities and complex interactions among

covariates.

OLS is the most frequently used estimator among selected studies

(n=11). For many datasets, however, the underlying assumptions of

OLS are violated and alternate estimators are more appropriate.

Dearmont et al. (1998) and Moore and McCarl (1987) use estimators to

address biased variances, and subsequent issues with inference, asso-

ciated with heteroskedasticity and autocorrelation. Similarly, Abildtrup

et al. (2013) and Fiquepron et al. (2013) address endogeneity, as well as

heteroskedasticity, concerns in their respective price functions using a

three-stage estimator based on instrumental variable and generalized

methods of moments. The former study also employs a spatial auto-

correlation (SAC) framework, where treatment costs are a function of

forestland within a CWS's neighboring service areas, in addition to the

immediate area, via a spatial-lag component. Heberling et al. (2015)

consider O&M costs using an error correction model (ECM). The model,

evaluated with a maximum likelihood estimator (MLE), finds that

changes in water quality have both short-term and long-term effects on

treatment costs.7 The MLE is also used by Horn (2011), Mosheim and

Ribaudo (2017), and Price et al. (2017) to estimate stochastic cost

frontier (SCF) models, which relax the cost minimization assumption by

allowing for cost inefficiencies in the production process. Horn (2011)

finds that inclusion of source water quality in the cost function

significantly affects efficiency estimates for Japanese water providers.

Price et al. (2017) find no evidence of this effect for Canadian DWTPs.

Vincent et al. (2016) uses panel fixed-effects estimator to account for

unobserved heterogeneity between DWTPs. Finally, Piper (2003) em-

ploys three stage least squares (3SLS), and Mosheim (2006) and

Renzetti (2001) iterative least square (ILS), to jointly estimate their

respective systems of equations.

5. Water Quality Elasticities of Cost

From each selected study, we extract water-quality elasticities of

cost, which are defined as the percentage change in costs resulting from

a 1% change in source water quality. The principal advantage of elas-

ticities is that they are unit-less, and thus allow for the comparison of

results across studies using diverse data structures, variable definitions,

and statistical methodologies.8 The elasticities employed here are more

precisely defined as point elasticities evaluated at a study's average

DWTP. The basic formula is = ∂ ∂η c q q c( / )( / ), where c is the cost

measure, q is the source water quality measure, and an overbar denotes

the variable mean. Specific formulae depend on several factors, in-

cluding the specified functional relationship (e.g., linear, log-linear,

polynomial, etc.), presence of temporal or spatial lags, whether water

quality measures reflect source water conditions or the difference be-

tween source and treated water, and whether water quality affects costs

directly or indirectly via a linking equation in a multivariate analysis.

We make the required calculation for each water quality measure,

summing, differencing, and multiplying coefficients as appropriate.

Whenever possible we also calculate an elasticity's standard error.

These calculations are made using the restrictive assumption of in-

dependence between coefficients, which, while clearly erroneous in

many cases, is necessary given that covariance matrixes are rarely re-

ported.9 Descriptions of the calculations used for each study are avail-

able in Appendix B.

Elasticities, and corresponding standard errors, from US and non-US

studies are presented in Tables 1 and 2, respectively. We test for sta-

tistical significance of the elasticities at p-value < 0.1 using one- and

two-tailed t-test. One-tailed tests are applied to water quality para-

meters, watershed loading variables, and forestland, since the direction

of their effect on treatment costs is unambiguous. Two-tailed tests are

applied to other land use classifications. Turbidity elasticities are sta-

tistically significant in nearly all instances, ranging from an unexpected

−0.11 (Murray, 2001) to 0.30 (Forster and Murray, 2007). The latter

estimate suggests that a 1% decrease in turbidity leads to a 0.3% re-

duction in chemical treatment costs at sample averages. In the

Heberling et al. (2015) ECM, a 1% decrease in turbidity has an im-

mediate effect of 0.02%, and a long-term effect of 0.11% on O&M costs.

Price et al. (2017) find a similar elasticity of 0.10 on O&M costs, but in a

reparameterization of their main model also find that DWTPs using

conventional, direct or in-line filtration, and membrane technologies

are roughly twice as responsive to changes in turbidity as those using

only disinfection technologies. However, these differences are statisti-

cally insignificant. Moore and McCarl (1987) relate turbidity to two

different cost measures: 1) alum expenditures and 2) alum and lime

expenditures. Similarly, Singh and Mishra (2014) relate turbidity to 1)

chemical expenditures and 2) O&M expenditures. In both studies, tur-

bidity elasticities are slightly, albeit insignificantly, smaller under the

broader definition of costs. Sediment load elasticities, which like

6We consider a model to be univariate if it has a single response variable—regardless

of the number of independent variables. A multivariate model is a system of equations

with multiple response variables.
7 In the context of an ECM, short-term and long-term delineate immediate single-period

relationship from cumulative multiple-period relationships. They are unrelated to the

short- and long-run labels used to describe cost functions, which demarcate the variability

of capital inputs.

8 Caution should be taken when making these comparisons as differences in data and

statistical methods may produce systematically different elasticities. Economic theory

suggests that elasticity will vary with the scope of expenditures included in the cost

measure, volume of production, and level of source water quality measures.
9 If neither standard errors nor t-statistics are reported for a study's estimated coeffi-

cients, we calculate, if possible, standard errors corresponding to the reported sig-

nificance threshold (i.e., a coefficient with a p-value < 0.05 is assumed to have a t-

statistic of 1.96).
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Table 1

Elasticities from U.S. studies.

Reference Water quality measure Elasticity Reference Water quality measure Elasticity

Dearmont et al. (1998) Turbidity

pH

0.27 (0.12)⁎

0.27 (0.12)⁎
McDonald and Shemie (2014) Sediment load

Phosphorus load

0.26

0.19

Ernst et al. (2004) L: Non-forest

L: Forest

Ref

−0.83

Moore and McCarl (1987) Turbidity (alum)

Temperature (alum)

Turbidity (alum & lime)

0.22 (0.02)⁎

−0.39 (0.12)⁎

0.21

Forster et al. (1987) Turbidity

Sediment load

0.12 (0.04)⁎

0.41 (0.02)⁎
Mosheim (2006) Turbidity 0.09 (0.03)⁎

Forster and Murray (2007) Turbidity

Pesticide load

L: Ridge/mulch tilleda

L: Tilled w/<15% residuala

L: Tilled w/ 15–30% residuala

L: Untilleda

L: Non-agriculturea

0.30 (0.08)⁎

0.27 (0.20)⁎

Ref

0.40 (0.24)⁎

0.03 (0.03)

0.02 (0.10)

0.60 (0.28)⁎

Mosheim and Ribaudo (2017) Nitrogen 0.06 (0.02)⁎

Murray (2001) Turbidity

Pesticide load

L: Ridge/mulch tilleda

L: Tilled w/<15% residuala

L: Tilled w/ 15–30% residuala

L: Untilleda

L: Non-agriculturea

−0.11 (0.12)

−0.43 (0.37)

Ref

0.10 (0.13)

0.11 (0.13)

−0.04 (0.12)

0.12 (0.15)

Freeman et al. (2008)b TOC

WQI

L: Forest

L: Urban

L: Non-forest vegetation

0.77 (0.23)⁎

−0.53 (0.23)⁎

−0.38 (0.23)⁎

0.22 (0.10)⁎

−0.15 (0.07)⁎

Oklahoma Water Resources Board (2011) TOC 0.55

Piper (2003) Calcium carbonatec 0.003 (0.001)⁎

Heberling et al. (2015) Turbidity (short term)

pH (short term)

TOC (short term)

Turbidity (long term)

pH (long term)

TOC (long term)

Phosphorus load (long term)a

0.02 (0.01)⁎

−0.04 (0.06)

−0.04 (0.03)

0.11 (0.04)⁎

−0.01 (0.06)

0.10 (0.29)

0.02 (0.01)⁎

Warziniack et al. (2017) Turbidity

TOC

L: Non-forest/non-urbana

L: Forest (via turbidity)a

L: Urban (via turbidity)a

L: Forest (via TOC)a

L: Urban (via TOC)a

0.19 (0.11)⁎

0.46 (0.19)⁎

Ref

−0.32 (0.22)⁎

0.08 (0.08)

−0.06 (0.07)

0.34 (0.56)

Holmes (1988) Turbidity

Sediment loada
0.07 (0.02)⁎

0.05 (0.02)⁎

Notes. Water quality measure: L= land use variable; TOC= total organic carbon; WQI=water quality index. Elasticity: Ref= reference land use category.
⁎ Statistically significant at p < 0.1. One-tailed test used for water quality parameters, watershed loading variables, and forestland. Two-tailed tests used for all

non-forestland classifications.
a Elasticity estimated via a multiple-equation recursive relationship.
b Study estimates multiple single-predictor regression models; thus, reference land use is all classifications other than the one included in the model.
c Variable is defined as the difference between source and treated water quality. Reported elasticity does not adjust for treated water quality and underestimates

the effect of source water quality changes on treatment costs.

Table 2

Elasticities from non-U.S. studies.

Reference Water quality measure Elasticity Reference Water quality measure Elasticity

Abdul-Rahim and Mohd-Shahwahid (2011) Turbidity

pH

0.07 (0.03)⁎

0.07 (0.03)⁎
Horn (2011) TOC 0.06 (0.02)⁎

Abildtrup et al. (2013) L: Agriculture

L: Forest (service area)

L: Urban (service area)

L: Other (service area)

L: Forest (entire region)

L: Urban (entire region)

L: Other (entire region)

Ref

−0.48 (0.15)⁎

0.004 (0.03)

−0.21 (0.08)⁎

−0.77 (0.26)⁎

0.38 (0.22)⁎

−0.49 (0.36)

Price et al. (2017) Turbidity

Turbidity (conventional)

Turbidity (filtration)

Turbidity (disinfection)

Turbidity (membrane)

Turbidity (other)

Turbidity (untreated)

0.10 (0.02)⁎

0.12 (0.03)⁎

0.13 (0.05)⁎

0.06 (0.04)⁎

0.14 (0.07)⁎

0.08 (0.07)

0.06 (0.08)

Fiquepron et al. (2013) Nitrate

Pesticide exceedancea

L: Urban/agriculture

L: Forest

L: Grassland

L: VIARMA

0.05 (0.01)⁎

0.02 (0.01)⁎

Ref

−0.07 (0.03)⁎

0.02 (0.02)

0.02 (0.01)

Renzetti (2001) WQI 0.80 (0.22)⁎

Singh and Mishra (2014) Turbidity (chemical)

Turbidity (O&M)

L: Non-foresta

L: Forest (chemical)a

L: Forest (O&M)a

0.20 (0.08)⁎

0.19 (0.07)⁎

Ref

−1.71 (0.87)⁎

−1.58 (0.80)⁎

Honey-Rosés et al. (2014) Conductivity 0.86 Vincent et al. (2016) L: Non-forest

L: Virgin forest

L: Logged forest

Ref

−0.47 (0.19)⁎

−0.32 (0.14)⁎

Notes. Water quality measure: L= land use variable; O&M=operation and maintenance; TOC= total organic carbon; VIARMA=vine cultivation, arboriculture,

and market gardening; WQI=water quality index. Elasticity: Ref= reference land use category.
⁎ Statistically significant at p < 0.1. One-tailed test used for water quality parameters, watershed loading variables, and forestland. Two-tailed tests used for all

non-forestland classifications.
a Elasticity estimated via a multiple-equation recursive relationship.
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turbidity reflect responses to changes in particulate matter, are also

significant in all instances, ranging from 0.05 (Holmes, 1988) to 0.41

(Forster et al., 1987).

The TOC elasticities obtained from Freeman et al. (2008), Horn

(2011), and Warziniack et al. (2017) are statistically significant, al-

though they range widely from 0.06 to 0.77. In contrast, Heberling

et al. (2015) find no significant short- or long-term relationship be-

tween TOC and O&M costs. Four elasticities relate to nutrient levels

(i.e., nitrogen, nitrate, and phosphorus load), which have been linked to

higher algae concentrations, and, when inadequately treated, adverse

health outcomes. These elasticities, with the exception of McDonald

and Shemie (2014), are statistically significant and fall within the re-

latively narrow range of 0.02 and 0.06. McDonald and Shemie (2014)

find a considerably larger elasticity of 0.19, but insufficient information

is provided to test for its significance. Vastly different elasticities,

−0.43 and 0.26, are obtained from Forster and Murray (2007) and

Murray (2001) for pesticide load. Fiquepron et al. (2013) find an

elasticity of 0.02 for pesticide exceedance, indicating that a 1% increase

in incidence of pesticide non-compliance is associated with a 0.02%

increase in long-run average costs. Finally, Piper (2003) finds an elas-

ticity of 0.003 for calcium carbonate and Honey-Rosés et al. (2014), the

only study to evaluate desalinization, find an elasticity of 0.86 for

conductivity.

Land use elasticities must be interpreted relative to a reference ca-

tegory, denoted by Ref in Tables 1 and 2. Estimated forest elasticities

are universally negative, implying that forestland leads to improved

source water quality relative to all other land use classifications. Ernst

et al. (2004) model the relationship between treatment costs and for-

estland using non-forestland as the reference category. They find a

forest elasticity of −0.83. This indicates that a 1% increase in forest-

land within a source watershed—corresponding to an equivalent de-

crease in non-forestland—will, on average, reduce costs by 0.83%.

Freeman et al. (2008), Singh and Mishra (2014), and Vincent et al.

(2016) also use non-forestland as a reference category. Singh and

Mishra (2014) find considerably larger elasticities, in absolute terms,

than those found elsewhere, with a 1% increase in forestland leading to

a 1.71% reduction in chemical expenditures and a 1.51% reduction in O

&M expenditures. Vincent et al. (2016) distinguish between virgin and

logged forestland, finding that a 1% increase in virgin forest reduces O&

M costs by 0.47% while an increase in logged forest reduces costs by

0.32%. Results from the Abildtrup et al. (2013) SAC model, where

agriculture land serves as the reference category, indicate a forest

elasticity of −0.48 for land use changes in the immediate service area

and −0.77 when changes in neighboring service areas are in-

corporated. Lastly, Fiquepron et al. (2013) find a forest elasticity of

−0.07 using low-intensity agriculture and urban land as the reference

category.

Results for other land use classifications are more ambiguous.

Estimated elasticities for urban land are mostly positive, being statis-

tically significant relative to non-urban land in Freeman et al. (2008)

and agriculture land in Abildtrup et al. (2013) when changes in

neighboring service areas are incorporated. In Warziniack et al. (2017),

where land use affects chemical costs indirectly as predictors of tur-

bidity and TOC, the elasticity for urban land is significant with regards

to turbidity but insignificant for TOC. Forster and Murray (2007) de-

compose agricultural land in Ohio watersheds by tillage practices,

finding that traditionally tilled land, as well as non-agriculture land, has

a positive and significant elasticity relative to conservation tillage.

However, a similar analysis of tillage practices in the Great Lakes Re-

gion does not support these findings (Murray, 2001). Elasticities for

other land use classifications (i.e., grassland, rangeland, vine cultiva-

tion) are largely insignificant.

We summarize the findings presented in Tables 1 and 2 by calcu-

lating mean elasticities for water quality measures most pertinent to

SWP. All elasticities are weighted equally and assumed independent for

these calculations, and no attempt is made to group elasticities by

DWTP characteristics, modeling approach, or scope of the cost measure.

We limit each calculation (i.e., the mean elasticity for each water

quality measure) to a single elasticity per study to prevent values from

being dominated by analyses with multiple elasticities for the same

water quality measure.10 Three sets of mean elasticities are presented in

Table 3. Since these elasticities are calculated from a small, sometimes

highly variable, set of observations, values are unlikely representative

of all DWTPs. The first set (column 4) is calculated using all relevant

elasticities from the selected studies, including those without standard

errors. The second set (column 6) is calculated using all relevant elas-

ticities with standard errors, thus allowing standard errors to be cal-

culated for the mean elasticity estimates. Results from this set show a

mean turbidity elasticity, based on 12 observations, of 0.14 (CI: 0.10,

0.18).11 This estimate varies little between US and non-US studies, and

has a relatively small standard error compared to other water quality

parameters. The mean nitrogen/nitrate elasticity, based on 2 observa-

tions, is 0.06 (CI: 0.04, 0.08), and, as with turbidity, varies little be-

tween US and non-US studies. In contrast, the mean TOC elasticity is

eight times larger among US studies than non-US studies. The mean

sediment load, phosphorus load, and pesticide load elasticities, which

are based exclusively on US studies, are 0.23 (CI: 0.21, 0.25), 0.02 (CI:

0.00, 0.04), and− 0.08 (CI: -0.49, 0.33), respectively. The negative

value for pesticide load counters expectations but is insignificant.

Mean land use elasticities must be interpreted relative to the re-

ference category indicated in parentheses. First, we estimate, based on

5 observations, a mean forest elasticity of −0.67 (CI: −1.10, −0.24)

for studies using non-forestland as the reference. This elasticity is

slightly smaller among US than non-US studies. Next, we estimate a

mean forest elasticity for studies using any combination of non-forest-

land, agriculture land, or urban land as the reference. The resulting

forest elasticity of −0.58 (CI: −0.87, −0.29) is smaller than the pre-

vious estimate but remains statistically significant.

The third set of mean elasticities (column 8) is calculated using only

studies that mitigate potential omitted variable bias by 1) incorporating

control variables consistent with economic theory in their models, or 2)

using a panel fixed-effects estimator when panel data is employed. The

identification of these studies is necessarily subjective as some control

variables, namely input prices, can be implicitly controlled for when

there is little variation in these variables across observations (i.e., ob-

servations are spatially or temporally concentrated), or through spatial,

temporal, or panel fixed effects. We therefore elect to exclude studies

that clearly do not account for key confounding factors. Mean elasti-

cities for these studies are generally smaller, and in some instances also

have narrower confidence intervals, than previous estimates. The most

notable differences are for TOC and sediment load, which now have

elasticities of 0.08 (CI: -0.49, 0.65) and 0.05 (CI: 0.01, 0.09), respec-

tively — the former being highly insignificant. The mean turbidity

elasticity is slightly smaller at 0.12 (CI: 0.10, 0.14), while the nitrogen/

nitrate elasticity, now based on a single observation, is 0.06 (CI: 0.02,

0.10). The forest elasticity for studies using non-forestland as the re-

ferences category, also based on a single observation, is −0.39 (CI:

-0.63, −0.15). There is little change in the forest elasticity from studies

using any combination of non-forestland, agriculture land, or urban

land as the reference.

10 Seven studies have multiple elasticities for the same water quality measure. For the

mean elasticity calculations, we use the spatial-lag model from Abildtrup et al. (2013),

long-term values from Heberling et al. (2015), the alum model from Moore and McCarl

(1987), the main model from Price et al. (2017), the O&M model from Singh and Mishra

(2014), and turbidity values from Warziniack et al. (2017). We use a land-area weighted

average of the virgin and logged forestland elasticities obtained from Vincent et al.

(2016).
11 Values in parentheses refer to 95% confidence intervals (CI).

J.I. Price, M.T. Heberling (FRORJLFDO�(FRQRPLFV���������������²���

���



6. Discussion and Conclusion

Water-related ecosystem services are regularly subject to pressure

from anthropogenic activities and changing climate conditions. SWP

has emerged as a framework for protecting these services; it is widely

viewed as an essential and cost-effective component of a multi-barrier

approach to providing safe drinking water (Ernst et al., 2004; Gartner

et al., 2014; McDonald and Shemie, 2014). Indeed, several regulatory

agencies have adopted regulations or guidelines concerning the pro-

tection of source watersheds, including in the US EPA's Safe Drinking

Water Act. Numerous municipalities are engaged in SWP activities for

the expressed purpose of reducing O&M expenditures and averting, or

at least delaying, the purchase of costly capital assets at DWTPs

(Bennett et al., 2014; Carpe Diem West, 2011; Dudley and Stolton,

2003; Herbert, 2007). For many municipalities, however, SWP policy

decisions are made without adequate quantitative information about

the impact land management practices have on source water condi-

tions, or the subsequent link between source water conditions and

treatment costs (Dudley and Stolton, 2003; Gartner et al., 2013; Ryan,

2000). An improved understanding of these relationships is therefore

essential to striking the best possible balance between protecting in situ

water quality and purifying water via engineered treatment processes,

and for improving the design of SWP programs.

We review the literature establishing a functional relationship be-

tween treatment costs and source water quality, and, from select stu-

dies, extract elasticities reflecting the responsiveness of DWTP ex-

penditures to changes in water quality. Overall, results suggest that

marginal changes in water quality measures lead to statistically sig-

nificant but modest gains in avoided treatment costs. Estimated tur-

bidity elasticities are the most robust; they are markedly consistent

given the diversity of data and analytical methods utilized. Elasticities

are more varied for other water quality measures, including TOC,

phosphorus load, sediment load, and forestland—the latter variation

possibly due to heterogeneity in forest types (e.g., temperate, tropical),

topography, and management regimes. We also calculate mean

elasticities for select water quality measures. These estimates, reported

in Table 3, provide a useful summary of existing evidence but should be

regarded cautiously given the small number of available observations.

To provide some context to the estimated elasticities, we calculate

avoided treatment costs for representative DWTPs from Abildtrup et al.

(2013), Forster and Murray (2007), Mosheim (2006), Price et al.

(2017), Vincent et al. (2016), and Warziniack et al. (2017). For these

DWTPs, the estimated benefit from a 1% reduction in source water

turbidity ranges from $121 to $13,060 (2015 USD) annually. The cor-

responding benefit from a 1% increase in forestland in the source wa-

tershed ranges between $201 and $63,293 annually. Whether these

benefits justify the cost of SWP activities is highly contextual, de-

pending on site-specific ecologic, hydrologic, and DWTP characteristics.

However, some broad insight can be gleaned with regard to forestland

impacts on representative DWTPs from Abildtrup et al. (2013), Forster

and Murray (2007), Vincent et al. (2016), and Warziniack et al. (2017).

In these studies, a 1% increase in forestland corresponds to the con-

version of between 955 and 22,680 ha in the average watershed or

service area. Costs of forestland conversion and protection vary widely

but are usually at least several hundred dollars per hectare (McDonald

and Shemie, 2014), implying that SWP costs greatly exceed benefits for

these representative DWTPs. Generally speaking, Heberling et al.

(2015) and Vincent et al. (2016) reach similar conclusions in their re-

spective analyses. Pyke et al. (2002) find that costs typically exceed

benefits for SWP programs using riparian buffers to mitigate agri-

cultural runoff, but that benefits exceed costs for programs using con-

servation tillage practices. McDonald and Shemie (2014) conclude that

SWP is a cost-effective option for 28% of major world cities. Their

analysis identifies the least cost approach to SWP using a mix of spa-

tially targeted interventions (e.g., reforestation, riparian restoration,

payment to landowner for adopting best management practices), but

also relies on a relatively large water quality elasticity of 0.5 to de-

termine benefits. Regardless, evidence suggests that SWP will not be

cost effective in most situations where estimated benefits are limited to

avoided water treatment expenditures. Accounting for additional

Table 3

Average elasticities for select water quality measures.

Water quality measure Classification All elasticities Elasticities w/ SE Elasticities w/ SE from studies using key controls

Number of estimates Mean Number of estimates Mean (SE) Number of estimates Mean (SE)

Turbidity US 9 0.14 9 0.14 (0.03)* 4 0.12 (0.01)*

Non-US 3 0.12 3 0.12 (0.03)* 1 0.10 (0.02)*

Total 12 0.14 12 0.14 (0.02)* 5 0.12 (0.01)*

TOC US 4 0.47 3 0.44 (0.14)* 1 0.10 (0.29)

Non-US 1 0.06 1 0.06 (0.02)* 1 0.06 (0.02)*

Total 5 0.39 4 0.35 (0.10)* 2 0.08 (0.29)

Nitrogen/Nitrate US 1 0.06 1 0.06 (0.02)* 1 0.06 (0.02)*

Non-US 1 0.05 1 0.05 (0.01)* 0

Total 2 0.06 2 0.06 (0.01)* 1 0.06 (0.02)*

Sediment load US 3 0.24 2 0.23 (0.01)* 1 0.05 (0.02)*

Non-US 0 0 0

Total 3 0.24 2 0.23 (0.01)* 1 0.05 (0.02)*

Phosphorus load US 2 0.10 1 0.02 (0.01)* 1 0.02 (0.01)*

Non-US 0 0 0

Total 2 0.10 1 0.02 (0.01)* 1 0.02 (0.01)*

Pesticide load US 2 −0.08 2 −0.08 (0.21) 0

Non-US 0 0 0

Total 2 −0.08 2 −0.08 (0.21) 0

Forest (non-forest) US 3 −0.51 2 −0.35 (0.16)* 0

Non-US 2 −0.98 2 −0.98 (0.41)* 1 −0.39 (0.12)*

Total 5 −0.70 4 −0.67 (0.22)* 1 −0.39 (0.12)*

Forest (non-forest, agriculture, urban) US 3 −0.51 2 −0.35 (0.16)* 0

Non-US 4 −0.70 4 −0.70 (0.21)* 2 −0.58 (0.10)*

Total 7 −0.62 6 −0.58 (0.15)* 2 −0.58 (0.10)*

Note. Reference land use categories are reported in parentheses following the category of interest. Standard errors are reported in parentheses following average

elasticities. Mean elasticities are calculated from a small, sometime highly variable, set of observations; thus, caution should be taken when applying these values to

other contexts.

Statistically significance for one-tailed test: *p < 0.1.
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treatment costs (e.g., reservoir dredging and sludge disposal), health

impacts, reduced risk of contamination, secondary beneficiaries (e.g.,

recreationists and homeowners), and potential income streams from

managed lands (e.g., logging) may yield different results. In addition,

Adhikari et al. (2016) find evidence of household willingness-to-pay for

restoration of a source watershed located far from the municipality it

supplies. This suggests households may value SWP beyond the benefits

from avoided treatments costs and independent of improved recrea-

tional experiences, reduced wildfire risk to homes, or aesthetics.

Findings from this review expose several key knowledge gaps.

Foremost among these gaps is the relationship between source water

quality and long-run treatment costs. The choice of technology at a DWTP

is partially determined by source water conditions. McDonald et al. (2016)

offer evidence to this effect, finding a negative relationship between

source water quality and the probability of using more advanced treat-

ment technologies. Further evidence is found in the numerous accounts of

DWTPs augmenting their water treatment infrastructure in response to

worsening water conditions. For example, Dunlap et al. (2015) report that

Waco, Texas spent $65 million to construct a dissolved air flotation plant

in order to mitigate taste and odor problems resulting from frequent algal

bloom events. Similarly, Des Moines, Iowa built a nitrate removal facility

to address periodic spikes in source water nitrate; and Wichita, Kansas and

Celina, Ohio addressed algae-related concerns with the addition of pre-

ozonation and granular activated carbon processes to their treatment

systems, respectively (Davenport and Drake, 2011; Jones et al., 2007;

Oneby and Bollyky, 2006). What is unknown, however, is the extent that

source water quality, or uncertainty about future water quality, affects

long-run costs after controlling for confounding factors such as the price of

capital inputs. While some of these issues are evaluated in Horn (2011),

Renzetti (2001), Abildtrup et al. (2013), Fiquepron et al. (2013), and Piper

(2003), no definite conclusions can be made regarding the effects of water

quality on long-run costs relative to short-run costs. In addition, reservoir

dredging, sludge disposal, and in situ treatment (e.g., algaecide) are peri-

odic but costly activities that have been ignored in cost function analyses

(Babatunde and Zhao, 2007; Buckley et al., 2014). As with capital ex-

penditures, exclusion of these expenditures leads to an underestimation of

the effect of source water quality on treatment related costs.

Another knowledge gap concerns the dearth of studies evaluating most

water quality measures. Apart from turbidity, where the effect on variable

treatment costs appears reasonably well understood, there is an in-

sufficient elasticity of cost estimates from studies that control for con-

founding factors. Additional research is needed on widespread water

quality issues, including TOC, nitrogen and nitrate, phosphorus, algae, and

harmful algal and cyanobacteria blooms. Given the heterogeneity of

source water conditions, some DWTPs will be affected by less common

chemical and biological contaminants (e.g., sodium, perchlorate, trace

metals). Evaluation of these parameters is warranted when their effect on

treatment costs can be distinguished from that of other water quality

measures and when SWP activities can be used to reduce contamination.

Continued research on land use is also needed, particularly with

regards to differentiating the effects of various agricultural, forestland,

and storm water management practices. For example, similar to Vincent

et al. (2016), there is potential to evaluate the relative effects of low-,

medium-, and high-intensity forest management approaches on treat-

ment costs. While equilibrium relationships are of primary interest, re-

search on the dynamics between changes in these management practices

and treatment costs would also prove beneficial. Related knowledge gaps

concern nonlinearities in water quality measures and interactive effects

of multiple water quality measures. Results from studies using trans-log

and third-order polynomial specifications indicate the presence of

complex nonlinearities between treatment costs and water quality

measures not captured in most studies. Likewise, results from studies

using interaction terms between water quality measures (e.g., Abdul-

Rahim and Mohd-Shahwahid, 2011; Dearmont et al., 1998) or WQIs

(e.g., Freeman et al., 2008; Renzetti, 2001) suggest there are interactive

effects not captured by most studies. Further exploration of these issues

would aid BCAs that involve non-marginal changes in source water

quality or changes in multiple quality measures.

Water quality elasticities of costs may vary across output levels,

treatment technologies, source water types, seasons, and geographic re-

gions. Of selected studies, only Mosheim (2006), Mosheim and Ribaudo

(2017), and Price et al. (2017) investigate this type of heterogeneity. A

particularly notable gap in the literature concerns small-scale groundwater

systems, which comprise the vast majority of treatment systems but have

not been evaluated separate from surface water systems.

A final knowledge gap concerns the presence of thresholds in water

treatment processes. Cost function analyses usually assume smooth

functional relationships between costs and source water quality mea-

sures. But these relationships often contain discontinuities related to

predefined thresholds in the treatment processes. Beyond a defined

threshold, for example, reduced source water quality can trigger utili-

zation of chemical additives (Heberling et al., 2015; Sohn et al., 2008),

inactive capital (Honey-Rosés et al., 2013; Jones et al., 2007), and al-

ternate source waters (Towler et al., 2010). In the long-run, as discussed

above, it can also trigger the construction of new capital resources.

Incorporating thresholds into cost function analyses will be complicated

since relevant threshold values will differ by location and are often

known only to plant operators; nonetheless, it may ultimately prove a

better representation of treatment technology in many situations.

Filling these knowledge gaps will require a multi-pronged approach.

Some issues are better suited to cross-sectional or panel data that ex-

hibit considerable variation in treatment technologies, source water,

and service population characteristics. Other issues will be better as-

sessed with detailed time-series analysis that can account for certain

context-specific aspects of water treatment, such as atypical water

quality measures and threshold effects. Likewise, some approaches will

be better suited to decision making at national or regional levels and

others to a DWTP level. As additional studies become available, meta-

regression may help to address some knowledge gaps.

The main obstacle to conducting any analysis is data availability.

There exist only a few datasets containing the information required to

quantify links between treatment costs and water quality—and many

are small non-random samples. Engineering equations offer an alternate

approach to assessing these links, but no study to our knowledge has

compared behavioral and engineering cost models to determine the

validity of this approach. Thus, there is need for both the targeted

collection of new data and for the comparison of behavioral and en-

gineering cost models. Doing so will be vital to continued research on

avoided treatment costs and benefits of SWP activities.
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Appendix A

Table A

Characteristics of selected studies (abbreviations defined in table notes).

Reference Data characteristics

1. Country

2. Source type

3. Output (Y) in

1000m3/day

Data structure

1. Unit of obs.

2. Data type

3. # obs.a

Analysis approach

1. Model type

2. Estimator

3. Specification

Dependent variable Water quality measure Control variables

Abdul-Rahim and Mohd-

Shahwahid (2011)

1. Malaysia

2. SW

1. DWTP

2. PNL

3. n=144

(i=6, t=24)

1. Cost function

2. Panel est.b

3. Log-linear

Chemical costs (MYR/m3/day):

Average daily chemical costs per m3

of output over two-week period.b

Turbidityc×pH Treated water

Rainy season (dv)

FE-DWTP

Abildtrup et al. (2013) 1. France

2. SW & GW

3. Av: 0.29

Mn: 0.004

Mx: 7.64

1. CWSb

2. CRS

3. n=232

1. Price function

2. SAC, IV-GMM

3. Linear

Consumer price (EUR/m3):

Average price (publicly managed

systems) or marginal price (privately

managed systems) per m3 of

residential-use water. Average price

is based on consumption of 120m3/

year. Taxes, abstraction fees, and

pollution fees are excluded.

Land use (%):

Forest

Agriculture (ref)

Urban

Other

Treated water

Population

Population density

# municipalities

# intakes

Private system (dv)

Dearmont et al. (1998) 1. USA

2. SW

3. Av: 27.67

Mn: 1.08

Mx: 109.76

1. DWTP

2. PNL

3. n=540

(i=12, t=45)

1. Cost function

2. CHTA

3. Polynomial

Chemical costs (USD/100 MGL/

mth):

Chemical cost per 100 million

gallons of output per month.

Turbidityc×pH

Chemical contam. (dv)

Treated water

Precipitation

Ernst et al. (2004) 1. USA

2. SW

1. DWTP

2. CRS

3. n=27

1. Cost function

2. OLS

3. Polynomial

Total costs (USD/MGL/yr):

O&M and amortized capital costs per

MGL of output per year.

Land use (%):

Forest

Non-forest (ref)

Fiquepron et al. (2013) 1. France

2. SW & GW

3. Av: 0.16

Mn: 0.03

Mx: 0.63

1. Dept.

2. CRS

3. n=93

1. Price function

2. IV-GMM

3. Linear

Consumer price (EUR/m3):

Average price per m3 of residential-

use water based on consumption of

120m3/year. Aggregation to the

department level is based on survey

weights from a stratified sampling

procedure.

Nitrate

Pesticide exceedance

Land use (%):

Forest

Grassland

VIARMA

Urban/agriculture (ref)

GW/total intake (%)

Population density

Private/total systems (%)

Forster et al. (1987) 1. USA

2. SW

3. Av: 3.53

Mn: 1.04

Mx: 23.34

1. DWTP

2. PNL

3. n=257

(i=12, t=25)

1. Cost function

2. OLS

3. Log-linear

Chemical costs (USD/day):

Average daily chemical costs over

month period.

Turbidityc

Sediment load

Treated water

Retention time

(continued on next page)
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Table A (continued)

Reference Data characteristics

1. Country

2. Source type

3. Output (Y) in

1000m3/day

Data structure

1. Unit of obs.

2. Data type

3. # obs.a

Analysis approach

1. Model type

2. Estimator

3. Specification

Dependent variable Water quality measure Control variables

Forster and Murray (2007) 1. USA

2. SW

3. Av: 12.71

Mn: 0.23

Mx: 53.40

1. DWTP

2. PNL

3. n=55

(i=11, t=5)

1. Cost function

2. OLS

3. Log-linear

Chemical costs (USD/MGL/yr):

Chemical costs per MGL output per

year.

Turbidity

Pesticide load

Land use (%):

Tilled w/<15% residual

Tilled w/ 15–30% residual

Ridge/mulch tilled (ref)

Untilled

Non-agriculture

Treated water

Freeman et al. (2008) 1. USA

2. SW

3. Mn:> 3.79

Mx:< 378.54

1. DWTP

2. CRS

3. n=40

1. Cost function

2. OLS

3. Semi-log

Chemical costs (USD/MGL/yr):

Chemical costs per MGL output per

year.

TOC

WQI

Land use (%):

Forest

Urban

Non-forest vegetation

Year (dv)

Heberling et al. (2015) 1. USA

2. SW

3. Av: 18.74

Mn: 2.01

Mx: 38.31

1. DWTP

2. TMS

3. n=1826

1. Cost function

2. ECM, MLE

3. Log-linear

O&M costs (USD/1000 GL/day):

Chemical, pumping, and GAC costs

per 1000 GL of output per day.

Turbidity

pH

TOC

Phosphorus load

Temperature > 23 °C (dv)

Lagged costs

Treated water

Process shutdown (dv)

Pool elevation

Years (dv)

Spring & summer (dv)

Actual TOC measure (dv)

Holmes (1988) 1. USA

2. SW

3. Av: 163.43

1. CWS

2. CRS

3. n=132

1. Cost function

2. OLS

3. Log-linear

O&M costs (1000 USD/yr):

Chemical, labor, energy, water

acquisition, and distribution costs

per year.

Turbidity

Sediment load

Treated water

Price of labor

Price of electricity

Honey-Rosés et al. (2014) 1. Spain

2. SW

3. Av: 82.19

1. DWTP

2. TMS

3. n=247

1. Energy use func.

2. OLS

3. Linear

Energy usage (kWh/m3/interval):

Amount of energy used per m3 of

output per daily/sub-daily interval.

Conductivity

Horn (2011) 1. Japan

2. SWb

3. Av: 38.47

Mn: 0.58

Mx: 1109.48

1. CWSb

2. CRS

3. n=392

1. Cost function

2. SCF, MLE

3. Log-linear

Total costs (Million JPY/yr):

Source water intake, purification,

distribution, dedicated construction,

operation, depreciation, and

inventory shrinkage costs per year.

TOCc Treated water

Price of labor

Price of capital

McDonald and Shemie

(2014)

1. USA

2. SW

1. Muni.

2. CRS

3. n≈ 100

1. Cost function

2. OLS

3. Linear

O&M costs (Million USD/yr):

O&M costs per year.

Sediment load

Phosphorus load

Moore and McCarl (1987) 1. USA

2. SW

1. DWTP

2. TMS

3. n=963

1. Chemical use func.

2. COAC

3. Eq. (1): Log-linear

Eq. (2): Linear

Chemical usage (lbs/day):

Amount of alum (Eq. (1)) and lime

(Eq. (2)) used per day.

Turbidity (Eq. (1))

Temperature (Eq. (1))

pH (Eq. (2))

Treated water (Eq. (1))

Alum (Eq. (2))

(continued on next page)
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Table A (continued)

Reference Data characteristics

1. Country

2. Source type

3. Output (Y) in

1000m3/day

Data structure

1. Unit of obs.

2. Data type

3. # obs.a

Analysis approach

1. Model type

2. Estimator

3. Specification

Dependent variable Water quality measure Control variables

Mosheim (2006) 1. USAd

2. SW & GW

3. Av: 131.93

1. CWS

2. CRS

3. n=184

1. Cost function

2. SUR, NL-ILS

3. Translog

O&M costs per year (USD/yr):

Chemical, labor, and energy costs

per year.

Turbidityc Treated water

Price of labor

Price of electricity

Price of chemicals

Capital stock

Combined W&WW (dv)

Source is SW (dv)

Source is GW (dv)

Population > 100,000 (dv)

Network density

Res./total deliveries (%)

Mosheim and Ribaudo

(2017)

1. USAd

2. SW & GW

3. Av: 146.81

1. CWS

2. CRS

3. n=48

1. Cost function

2. SCF, MLE

3. Log-linear

O&M costs per year (USD/yr):

Chemical, labor, and energy costs

per year.

Nitrogenc Treated water

Price of labor

Price of electricity

Price of chemicals

Capital stock

Agriculture/total N (%)

Murray (2001)e 1. USA

2. SW

3. Av: 58.32

Mn: 2.15

Mx: 181.51

1. DWTP

2. PNL

3. n=65

(i=13, t=5)

1. Cost function

2. OLS

3. Log-linear

Chemical costs (USD/MGL/yr):

Chemical costs per MGL of output

per year.

Turbidity

Pesticide load

Land use (%):

Tilled w/<15% residual

Tilled w/ 15–30% residual

Ridge/mulch tilled (ref)

Untilled

Non-agriculture

Treated water

Oklahoma Water

Resources Board

(2011)

1. USA

2. SW

1. DWTP

2. TMS

3. n=12

1. Cost function

2. OLSb

3. Linear

Chemical cost (USD/MGL/mth):

Monthly average of chemical costs

per MGL of output across eight-year

period.

TOC

Piper (2003) 1. USAd

2. SW & GW

1. CWS

2. CRS

3. n=309

1. Price function

2. 3SLS

3. Log-linear

Consumer price (USD/GL):

Average price per GL of residential-

use water.

Calcium carbonatec Treated water

GW/total intake (%)

Source is GW (dv)

Population density

Debt/assets

Regions (dv)

(continued on next page)
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Table A (continued)

Reference Data characteristics

1. Country

2. Source type

3. Output (Y) in

1000m3/day

Data structure

1. Unit of obs.

2. Data type

3. # obs.a

Analysis approach

1. Model type

2. Estimator

3. Specification

Dependent variable Water quality measure Control variables

Price et al. (2017) 1. Canada

2. SW & GW

3. Av: 12.88

1. DWTP

2. CRS

3. n=994

1. Cost function

2. SCF, MLE

3. Log-linear

O&M costs (1000 CAD/yr):

Chemical, labor, and energy costs for

source water acquisition and

treatment per year.

Turbidity Treated water

Price of labor

Price of electricity

Price of chemicals

Capacity

Conventional treat. (dv)

Filtration treat. (dv)

Disinfection treat. (dv)

Membrane treat. (dv)

Other treat. (dv)

Source is SW (dv)

Renzetti (2001) 1. Canada

2. SW

1. CWSb

2. CRS

3. n= 40

1. Cost function

2. SUR, ILS

3. Translog

Total cost (CAD/yr):

Labor, energy, and capital costs per

year.

WQI Treated water

Price of labor

Price of electricity

Price of capital

Water availability

Var. of water availability

Source is lake (dv)

Singh and Mishra (2014) 1. India

2. SW

3. Av: 1310.00b

1. DWTP

2. TMS

3. n= 144

1. Cost function

2. OLSb

3. Eq. (1): Log-linear

Eq. (2): Log-linear

Chemical/O&M costs (INR/ML/

mth):

Chemical costs per ML of output per

month (Eq. (1)). Chemical, energy,

repair, maintenance, establishment,

and transport costs per ML of output

per month (Eq. (2)).

Turbidity

Land use (%):

Forest

Non-forest (ref)

Lagged costs

Treated water

Vincent et al. (2016) 1. Malaysia

2. SW

3. Av: 12.61

Mn: 0.06

Mx: 147.70

1. DWTP

2. PNL

3. n=3894

(i=41, t=168)

1. Cost function

2. Panel FE

3. Log-linear

O&M costs (MYR/mth):

Chemical, labor, energy, and

maintenance cost per month.

Land use (%):

Virgin forest

Logged forest

Non-forest (ref)

Treated water

DWTP upgrade (dv)

Precipitation

Years (dv)

Months (dv)

FE-DWTP

(continued on next page)
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Table A (continued)

Reference Data characteristics

1. Country

2. Source type

3. Output (Y) in

1000m3/day

Data structure

1. Unit of obs.

2. Data type

3. # obs.a

Analysis approach

1. Model type

2. Estimator

3. Specification

Dependent variable Water quality measure Control variables

Warziniack et al. (2017) 1. USA

2. SW

3. Av: 183.70

Mn: 0.20

Mx: 4163.90

1. DWTP

2. CRS

3. n=37

1. Cost function

2. OLS

3. Log-linear

Chemical costs (USD/MGL/yr):

Chemical costs per MGL of output

per year.

Turbidity

TOC

Land use (%):

Forest

Urban

Non-forest/non-urban (ref)

Treated water

Conventional treat. (dv)

Filtration treat. (dv)

Disinfection treat. (dv)

Advanced treat. (dv)

Notes. Data characteristics: GW=groundwater; SW= surface water. Data structure: DWTP=drinking water treatment plant; CWS= community water system; CRS= cross-sectional data; PNL= panel data;

TMS= time series data. Analysis approach: COAC=Cochrane-Orcutt autocorrelation; CHTA= cross-sectional heteroskedastic and time wise autocorrelation; ECM=error correction model; FE= fixed effects; IV-

GMM= instrumental variable generalized methods of moments; ILS= iterative least squares; MLE=maximum likelihood estimator; NL-ILS= nonlinear iterative least squares; OLS=ordinary least squares;

SUR= seemingly unrelated regression; SAC= spatial autocorrelation; SCF= stochastic cost frontier; 3SLS= three stage least squares. Dependent variable: CAD=Canada dollar; EUR=euro; GL= gallons;

GAC=granular activated carbon; INR= India rupee; JPY= Japan yen; O&M=operation and maintenance; MYR=Malaysia ringgit; MGL=million gallons; ML=million liters; USD=USA dollar. Water quality

measure: TOC= total organic carbon; VIARMA=vine cultivation, arboriculture, and market gardening; WQI=water quality index. The term load is used to identify water quality measures that pertain to the amount of

material entering surface water due to runoff. Reference land use categories, dummy variables, percentage/proportion variables are denoted by (ref), (dv), and (%), respectively.
a Total number of observations are denoted by n. For panel data, n is decomposed into the number of panel observations i and time observations t.
b Information based on available evidence but uncertainty exists regarding the unit of analysis, estimator, or definition of the dependent variable. Additional information is available in Appendix B.
c Variable is defined as the difference between source water and treated water quality.
d Study uses data from the 1996 American Water Works Association member survey.
e Entry pertains to the Great Lakes Basin analysis; characteristics of the Maumee River Basin analysis are reported in Forster and Murray (2007).

J.I.
P
rice,

M
.T
.
H
eb
erlin

g
(
FRORJLFD

O�(
FRQ

RP
LFV��

�
�
���
�
�
�
���
�
�
²�
�
�

�
�
�



Appendix B. Supplementary Data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecolecon.2018.04.014.
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and various source water conditions, 
economics can equip PWSs with 
information needed to estimate 
avoided-treatment costs and, in con-
junction with cost information on 
SWP activities and in-plant treat-
ment options, show whether SWP is 
likely to be cost-effective (i.e., the 
least-cost alternative for meeting the 
desired objective). 

This latter issue is crucial, as evi-
dence suggests that SWP programs are 
cost-effective only for a fraction of 
PWSs (Vincent et al. 2016, Heberling 
et al. 2015, McDonald & Shemie 
2014, Hudak et al. 2013, Pyke et al. 
2002), except when program costs can 
be sufficiently distributed across mul-
tiple stakeholders (Gartner et al. 
2017). Where initial estimates for SWP 
are projected to be cost-effective, 
PWSs can pursue more precise eco-
nomic and hydrologic modeling spe-
cific to their treatment system and 
watershed to better inform the deci-
sion-making process. For municipal 
and state agencies, modeling efforts 
and cost-effectiveness analyses (CEAs) 
would most likely consider a broader 
set of benefits, including those related 
to recreation, wildfire management, 
and aesthetics.

The following is a brief review of 
the state of knowledge regarding the 
relationship between treatment 
costs and source water conditions 
primarily based on experiences in 
North American PWSs. Key knowl-
edge gaps are also highlighted. In 
addition, the authors discuss a 
research agenda that will aid PWSs 
in evaluating the efficacy of poten-
tial SWP programs. 

REVIEW OF RESEARCH AND 

KNOWLEDGE GAPS 

Economists rely on statistically 
estimated cost functions to quantify 
relationships between treatment 
costs and source water conditions 
and subsequently to determine 
potential avoided-treatment costs. 
Cost functions are guided by eco-
nomic theory in which, besides 
source water conditions, treatment 
costs depend on a PWS’s output  

volume, price of factor inputs (e.g., 
electricity rates), and in most 
instances,  fixed capital inputs. The 
precise form of a cost function 
depends on several contextual and 
data-related issues, while input from 
water treatment engineering is 
important for refining model speci-
fications and interpreting results. 
Price and Heberling (2018) provide 
a review of cost functions, and 
related approaches, as applied to 
PWSs and source water quality.

Studies show that marginal 
improvements in source water quality 
lead to modest reductions in treat-
ment costs. Evidence of this effect is 
most robust for turbidity, where 
recent US- and Canada-based studies 
showed that a 1% decline in turbidity 
led to a 0.09–0.11% reduction in 
variable costs (Price et al. 2017, 
Heberling et al. 2015, Mosheim 
2006). For example, with a $1 million 
annual-treatment-cost budget, a PWS 
could save $1,100 per year if a 1% 
reduction in turbidity led to a 0.11% 
change in treatment costs. Slightly 
larger reductions of 0.19 and 0.30% 
are found when considering the effect 
of turbidity on just chemical expendi-
tures (Warziniack et al. 2017, Forster 
& Murray 2007).

Studies have also evaluated how 
treatment costs are affected by 
total  organic carbon (TOC), 
nitrate, and calcium carbonate 
concentrations, as well as the 
amount of sediment, phosphorus, 
and pesticides entering source 
waters from runoff. Findings for 
these water quality measures are 
less robust than for turbidity, 
either being limited to a single 
study or exhibiting considerable 
variation across estimates. Among 
r e c en t  US -ba s ed  s tud i e s ,  a  
1% decline in TOC was associated 
with a 0.46 and 0.77% reduction 
in chemical costs (Warziniack et 
al. 2017, Freeman et al. 2008). 
However, Heberling et al. (2015) 
found that TOC has no apprecia-
ble effect on variable costs. A 1% 
decline in nitrate concentrations, 
sediment loading, and phosphorus 

loading is associated with 0.02, 
0.26, and 0.02–0.19% reductions 
in variable costs, respectively 
(Mosheim & Ribaudo 2017, 
Heberling et al. 2015, McDonald 
& Shemie 2014). 

Source water quality also affects 
expenditures on capital equipment. 
McDonald et al. (2016) found a 
positive correlation between the 
amount of sediment and nutrients 
entering source watersheds and the 
probability of adopting more sophis-
ticated treatment technology. There 
are also numerous instances in which 
deteriorating source water quality 
has been anecdotally linked to capi-
tal upgrades (Dunlap et al. 2015, 
Davenport & Drake 2011, Jones et 
al. 2007, Oneby & Bollyky 2006). 

H o w e v e r,  b e c a u s e  m a n y 
upgrades are concurrently moti-
vated by a desire to expand treat-
ment capacity or comply with new 
regulatory standards, it can be dif-
ficult to determine what propor-
tion of these costs is attributed to 
declines in upstream water quality. 
Evidence from cost functions, 
which can control for these con-
founding factors, is limited to a 
few studies that incorporate capi-
tal expenditure into their cost 
measure (Abildtrup et al. 2013, 
Fiquepron et al. 2013, Horn 2011, 
Piper 2003, Renzetti 2001). Taken 
together, these studies show a neg-
ative relationship between total 
costs and source water quality, but 
it is unclear whether the inclusion 
of capital expenditures substan-
tially alters the estimated relation-
ships between treatment costs and 
source water conditions. 

Few cost-function studies have 
considered how water treatment 
costs are affected by the availability 
of source water independent of its 
impact on water quality via the 
dilution of contamination or 
increased runoff. Evidence indicates 
that water availability, defined as 
reservoir elevation or streamflow at 
intake, is negatively correlated with 
treatment costs (Heberling et al. 
2015, Renzetti 2001). Variability in 
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reservoir elevation and streamflow 
(i.e., the reliability of water supply) is 
positively correlated with costs, and 
under prevailing conditions may have 
a markedly greater effect on costs 
than availability (Renzetti 2001). 

As is evident from the preceding 
overview, there are several knowl-
edge gaps in the existing literature. 
First, there is a need to better under-
stand relationships between treat-
ment costs and key source water 
quality parameters (e.g., TOC, pH, 
phosphorus, nitrogen, algae, cyano-
bacteria), water availability, and 

variation in water quality parame-
ters and water availability. Second, 
there is a need to use a cost-function 
approach to evaluate the relation-
ship between amortized capital 
expenditures and source water con-
ditions, and to determine whether 
this relationship differs from those 
based on variable cost. Third, little is 
known about how the relationships 
between treatment costs and source 
water conditions vary across treat-
ment technologies, production scales, 
management regimes, and geo-
graphic regions. Price et al. (2017) 
evaluated heterogeneity across treat-
ment technologies, while Mosheim 
(2006) and Mosheim and Ribaudo 
(2017) evaluated heterogeneity 
across production scales—with the 
latter finding that smaller systems 
are more adversely affected by mar-
ginal changes in water quality than 
larger systems; however, more 
research is in order. In particular, the 
effects that source water conditions 
have on treatment costs in small-
scale groundwater systems have not 
been adequately studied. 

CONSIDERATIONS FOR FUTURE 

RESEARCH 

Building a knowledge base that can 
effectively aid PWSs in evaluating the 
efficacy of SWP programs will require 
a threefold approach. First, case stud-
ies should be used to assess avoided-
treatment costs at individual PWSs. 
Cost functions developed for case 
studies can be tailored to a particular 
treatment technology, and these are 
well suited to evaluating the intrica-
cies of source water quality, process 
modifications, and atypical events 
such as process shutdown or a spike 

in pollutants. In some instances, the 
functions can also account for abrupt 
changes in treatment that are trig-
gered when source water conditions 
exceed predefined thresholds (e.g., 
augmented chemical usage, activation 
of capital equipment). 

Second, multisystem studies 
should be used to assess average 
avoided-treatment costs over many 
PWSs. These studies require a differ-
ent approach to data acquisition and 
statistical modeling than case stud-
ies. Multisystem studies are suited to 
evaluating linkages between treat-
ment costs, commonly monitored 
source water parameters, and land 
use; they can be used to identify het-
erogeneity in linkages across treat-
ment technologies, production scales, 
and geographies. 

Third, an updatable database of 
relevant cost-function studies, includ-
ing both case studies and multisystem 
studies, should be developed and 
maintained to reduce the effort 
needed by PWSs to find avoided-cost 
information. Organizing selected 
studies by characteristics of the  

treatment system, source water, and 
modeling approach would further 
enhance the usefulness of the data-
base. A catalog of cost-function stud-
ies related to source water quality, but 
not source water availability or reli-
ability, is provided through the US 
Environmental Protection Agency’s 
(USEPA’s) Environmental Dataset 
Gateway (USEPA 2018).

Data constraints are the primary 
obstacles to both case study and 
multisystem research approaches. 
For case studies, data must be 
obtained directly from PWSs, 
which, in addition to compiling rel-
evant information, need to partner 
with researchers and consultants to 
develop cost functions that reflect 
their systems’ production technol-
ogy. Since statistical models that 
analyze data ordered in sequential 
time intervals are often appropriate 
for case studies, a common require-
ment is daily or weekly observa-
tions of water treatment costs, pro-
duction rates, and source water 
conditions over several years. As a 
rule of thumb, at least three years 
of observations are needed to 
model seasonal patterns in these 
types of case studies.

For modeling purposes, treatment 
cost may be defined as all operation-
related expenditures or just those 
pertaining to a subset of treatment 
processes (e.g., chemical costs); 
source water variables should 
include all raw water characteristics 
that are regularly monitored as part 
of the treatment process (e.g., turbid-
ity, TOC, pH, temperature, reservoir 
elevation). Information on discrete 
changes in treatment processes (e.g., 
shutdowns, activation of auxiliary 
equipment) may also be incorpo-
rated into the models. Although 
compiling these data can be burden-
some, partner PWSs gain valuable 
site-specific estimates of avoided-
treatment costs to inform SWP deci-
sions. Findings from this kind of 
analysis, which could be dissemi-
nated through the aforementioned 
database of cost-function studies, 
would readily benefit nonpartner 

Evidence suggests that SWP programs are cost-

effective only for a fraction of PWSs, except when 

program costs can be sufficiently distributed 

across multiple stakeholders.
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PWSs with similar treatment tech-
nologies and source water concerns. 

Multisystem studies require cross-
sectional or panel data obtained 
from surveys. Cross-sectional data 
observes many subjects at the same 
point in time, while panel data 
observes multiple subjects at several 
different time periods. The ensuing 
cost functions, which reflect sample 
averages, are coarser than those 
obtained from case studies since 
they typically employ annual or 
monthly observations and are 
unable to control for many site-
specific characteristics. 

Nonetheless, results from these 
analyses offer insight into the poten-
tial magnitude of avoided-treatment 
costs that PWSs can use in the initial 
stages of SWP planning. Findings are 
also useful for policymakers consid-
ering the broader effects of water 
quality changes. 

To the authors’ knowledge, a 
1996 AWWA questionnaire is the 
last publicly available survey to 
simultaneously elicit information on 
treatment costs and source water 
conditions for a large number of US 
PWSs (AWWA 1996). Mosheim 
(2006), Mosheim and Ribaudo 
(2017), and Piper (2003) each used 
the survey to quantify the effects of 
water quality on costs. More 
recently, Statistics Canada’s Biennial 
Drinking Water Plants Survey  
(Statistics Canada 2017) and several 
small-sample surveys (Warziniack et 
al. 2017, Freeman et al. 2008, Ernst 
2004) collected cost and source 
water information—but data are 
not readily available. Surveys like 
these are necessary for understand-
ing SWP benefits, particularly 
when there is a desire to evaluate 
source water conditions over a 
greater range of values than can be 
obtained with a case study. Sound 
design and sampling methods, as 
well as the ability to verify results, 
are important to the credibility of 
survey-based studies. As much as 
possible, survey administrators 
should aspire to collect data that 
are representative of target PWSs, 

elicit information on all variables 
relevant to cost-function analyses as 
dictated by economic theory, and, 
while balancing privacy concerns, 
make data available to researchers. 

Additional economic analyses, 
such as benefit–cost analyses (BCAs) 
or CEAs, are needed to help identify 
when SWP is cost-effective relative 
to in-plant treatment. These studies 
should compare avoided-treatment 
costs obtained from cost-function 
studies to SWP program costs 
(Heberling et al. 2015). BCAs and 
CEAs should account for the inher-
ent uncertainty in watershed and 
economic modeling by using the 
distribution of estimated costs and 
benefits and estimating the likeli-
hood that SWP options will be cost-
effective. Accounting for uncertainty 
is important because the cost of 
reducing pollutants via SWP is likely 
more variable, and that variability is 
less well understood, than the cost of 
in-plant treatment. In some instances, 
BCAs and CEAs will also need to 
include a probabilistic component 
accounting for potential landscape 
disruptions (e.g., wildfire, flooding, 
chemical spill) that could drastically 
alter source water conditions. Gartner 
et al. (2017) found that flooding 
events are a major motivating factor 
among PWSs considering SWP. 

An interdisciplinary approach is 
essential to conducting cost-function 
studies, BCAs, and CEAs. For 
instance, source water quality is a 
function of the ecology of the water 
body (e.g., river, lake, reservoir) or 
ecosystem (e.g., groundwater) that 
represents the source, which, in turn, 
responds in a dynamic manner to 
physiochemical drivers in watershed 
loads. These loads are the product of 
ecological interactions between natu-
ral and engineered systems situated 
on the landscapes draining to the 
source water. Consequently, under-
standing the impact of SWP activities 
on water quality will require inter-
disciplinary efforts (e.g., by hydrolo-
gists, ecologists) in order to develop 
spatially explicit watershed models 
linking land use and management 

practices to water quality parameters 
(e.g., Elias et al. 2016). Access to 
geographic information system data 
on land use and land management 
data, and the expertise to integrate 
this information into modeling tools, 
will be essential to these efforts, as 
will advances in access to source 
water information like that being 
developed for the cloud-based 
WaterSuite (Benjamin et al. 2018). 

The centrality of watershed and 
water-body ecology in these models 
underscores the importance of an 
ecological perspective in linking 
SWP to changes in treatment costs. 
Moreover, engineering principles 
associated with water treatment and 
watershed management activities 
are needed to fully appreciate these 
links and ensuing policy implica-
tions. Development of economic 
analyses thus depends on effective 
collaboration with ecologists and 
engineers to adequately account for 
the changing dynamics resulting 
from SWP measures. 

It is often difficult for PWSs to 
know whether a proposed SWP pro-
gram will be cost-effective. Indeed, 
several PWSs have initiated pro-
grams without a formal or complete 
analysis of the benefits (Gartner et 
al. 2017). As the types of research 
outlined here are conducted and 
made available, possibly through an 
updatable database, they should help 
PWSs decide when SWP is likely to 
be cost-effective and whether to pur-
sue detailed site-specific assessments. 
While this work is necessarily inter-
disciplinary, substantial knowledge 
gaps regarding avoided-treatment 
costs suggest the need for further 
economic research. To move forward 
with these efforts, it will be necessary 
to consider partnerships between 
PWSs, or survey developers in the 
case of multisystem studies, and 
economists that can help address the 
general lack of data and studies 
needed to support SWP decisions. 

DISCLAIMER

The views expressed in this article 
are those of the authors and do not 



60      PRICE ET AL.  |  SEPTEMBER 2018  •  110 :9   |  JOURNAL AWWA

necessarily represent those of the 
USEPA. No official agency endorse-
ment should be inferred.
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-099

Research Category Primary: Health Effects Research and Human Health Risk Assessment (HE)

Research Category Secondary:

Laboratory/Office Name: ORD

Nomination Entered By: Yue Ge

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Maureen Gwinn

Nominating Official Title: BIOLOGIST

Nominating OfficialEmail: gwinn.maureen@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

One of the ORD’s long-term research goals is to develop innovative
techniques, methodologies, and approaches that can be used to generate
scientific data and develop solutions for the rapid screening and
identification of environmental hazards/chemicals, and for efficient and
accurate assessment of their risks to environmental and human health.
Conducting a chemical risk assessment, the major goal of the toxicological
study is to define where exposure effects that could be considered
potentially toxic to animals and humans occur on the dose-response
curve. For this, identification of No-Observed-Adverse-Effect Level (NOAEL)
for each environmental hazard/chemical in animals that may be predictive of
adverse outcomes in humans is the corner stone of hazard/chemical toxicity
testing and risk assessment. 

The EPA defines NOAEL as an exposure level at which there are no
statistically or biologically significant increases in the frequency or severity of
adverse effects between the exposed population and its appropriate control.
In an experiment with several NOAELs, the regulatory focus is primarily on
the highest one, leading to the common usage of the term NOAEL as the
highest exposure without adverse effects. Because of this, the initial
opinions or results of NOAELs on where toxic and non-toxic doses and
effects occur may change as additional adverse outcomes related to the
chemical are generated. Data from longer-term studies may give the
toxicologist new or additional perspectives on whether an observation
thought to be subtle or minor in a short-term study is an early indicator of a
toxicity effect. Another obstacle associated with the applications of NOAEL
to chemical toxicity characterization and human health risk assessment is
that the NOAEL values generated by traditional toxicity endpoints in the
exposed animals are neither accurate nor health protective in many real
cases of chemical safety evaluations and risk assessments. In addition, the
resulting assessment data obtained from toxicity endpoints-based NOAEL
methods and models is very specific to a certain cells, tissues, organs and
animal systems and cannot be easily transferred to address other concerns,
scenarios, or regulatory decisions. Utilization of toxicity endpoints or adverse

https://en.wikipedia.org/wiki/United_States_Environmental_Protection_Agency
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health outcomes-based NOAEL for hazard/chemical identification and risk
assessment represents the current and persistent challenges faced by the
agency and other risk assessment communities.

Proteins are functional molecules intrinsic to most physiological and
pathological processes. Any physiological change and resulting toxicity or
adverse health outcome induced by environmental hazard/chemicals is
preceded by and reflected in protein changes in the exposed organisms. To
some extent, induction of cytotoxicity is a result of interactions among
multiple biochemical pathways and proteins involved in the pathways from
the perspective of proteomics. Thus, changes at levels of expression and/or
phosphorylation of signaling proteins, regulators and biomarkers of toxicity
pathways should be sensitive enough to predict adverse outcomes in
advance, and even more sensitive than toxicity endpoints-based risk
assessment using NOAEL. This work submitted for the application of the
2020 STAA was to demonstrate that critical protein response changes or
pathway alterations induced by environmental hazards/chemicals such as
Cr (VI) that lead to cytotoxicity conversion could be detected at a non-toxic
or NOAEL dose, and be used as protein indicators or biomarkers of toxicity
for determination of an adverse effect threshold, a protein based-NOAEL for
chemical toxicity characterization with a focus on protein response changes
other than toxicity endpoint changes. For this, human BEAS-2B cells were
treated with Cr (VI) at the concentrations of 0.3 µM, a nontoxicity dose and
1.8 µM, low toxicity dose respectively. The critical proteomic responses were
characterized by measuring protein expression and phosphorylation
changes of 15 upstream toxicity pathway regulators using ELISA and
identifying downstream differentially expressed proteins using 2-DE in Cr
(VI)-treated BEAS-2B cells. This study provided an overall picture of the
important protein responses and toxicity pathways that were modulated in
the cellular response to Cr (VI) treatments and identified a small set of key
proteins and concomitant pathways associated with the toxicity of Cr (VI).
Interestingly, this small set of key proteins and pathways involved in
glycolysis and gluconeogenesis pathways, protein degradation, and stress
responses including inflammation and oxidative stress was already modified
to a lower extend in BEAS-2B cells treated with 0.3M of Cr (VI),
demonstrating a shift in these pathways from a non-toxic concentration of Cr
(VI) to a toxic one.
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Thus, this small project supported ORD’s long-term research goal of
providing scientific knowledge, data, and innovative techniques that can be
used to develop solutions to the Agency’s highest priority in chemical toxicity
characterization and human health risk assessment. The resulting
publication has also paved a new avenue for development of protein
response-based NOAELs for chemical toxicity characterization and human
health risk assessment.

Justification 2A:

n/a

Justification 2B:

n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:
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This article has been cited multiple times since it was published . We have also been

contacted frequently for PDF copies of this article from scientists outside EPA.  In addition,

the article authors have been invited to present the research results in several prestigious

international and national conferences on environmental toxicology such as International

Conference on Toxicology (ICT) and SOT, and National Toxicology Program at NIEHS.

Justification 3B:

The research article was first technical reviewed by two research scientists within EPA as a part of

the NHEERL review process for submission of this article to publish. The article was then

peer-reviewed by three external reviewers who were pointed by the Editor of the journal. The

comments on the article from three reviewers were highly positive especially on the innovative ideas

and the integrated proteomics  approach developed for identification of  protein indicators of toxicity

conversion. This article could be the first publication ever to address toxicity pathway changes in a

biosystem exposed or treated with non-toxic chemical or environmental stressor. Although this was

a small research, it was a really  innovative and impacted one.

AUTHORS

Principal Author

Author Name: Yue Ge

Professional Title: Salutation: Dr.

Email: gesss2019@outlook.com Organization:

Mailing Address:

Street Line 1: 4704 Brook Top Ct

City: Raleigh

Zip Code: 27606 State: North Carolina

At time of research was: EPA Employee



Page 6 of 7

Separation Date:

% of Effort: 50

Contributing Author

Author Name: Jeffrey Ross

Professional Title: Salutation: Dr.

Email: jeff@piedmontpottery.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date: Mon Oct 15 00:00:00 GMT 2018

% of Effort: 10

Contributing Author

Author Name: Maribel Bruno

Professional Title: Salutation: Ms.

Email: bruno.maribel@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee



Page 7 of 7

Separation Date:

% of Effort: 40

PUBLICATIONS

Publication 1:

Publication Title:
Proteomic Responses of BEAS-2B Cells to Nontoxic and Toxic Chromium: Protein
Indicators of Cytotoxic

Publication Date: Tue Aug 30 00:00:00 GMT 2016

Journal/Publication
Method:

Toxicology Letters

All Author(s):

Volume: 264 Number: 1

Pages: 59 -70
Immediately
Index:

Immediately
Index:

Citation ½ Life: 8.1 Impact Factor: 3.858



��������������	
���
�����
	����������	
���
�����
	��

���	���
�����������������������������


�������� ������� ������!
∀�

�����	��#����

��	
����!��∃������%���&� �����

∋��� ��

()	�∗������∗����∗��!+�∗�∀��%����!
��!�,����&
���
 ���(��!�����
�����−���
���&
��	�+��&�
���∗��������

.�+��,�+∗�+�

∃��

/����&�
	�	������&
���0/

������.� �
������%����.� �
�����%�������!
∀��

���	���
�������������������������1���


�������� ������� ������!
∀�

�����	��/2����,���

∋���
�� �����

��+�(��!����,��∗���3�−���
���&
���∗��/2����,�����++
�������,��∗��∗��4∗�
	� 	�� %����5
��

2∗��6��
 �

����%���.� �




Proteomic responses of BEAS-2B cells to nontoxic and toxic chromium:

Protein indicators of cytotoxicity conversion

Maribel Bruno, Jeffrey Ross, Yue Ge, Ph.D.*

Integrated Systems Toxicology Division, National Health and Environmental Effects Research Laboratory, U.S. Environmental Protection Agency, Research

Triangle Park, NC 27711, USA

H I G H L I G H T S G R A P H I C A L A B S T R A C T

� Integrative proteomics unraveled

pathways critical to Cr (VI) toxicity.
� Novel proteins associated with Cr

(VI) toxicity were identified.
� Toxic Cr (VI) affected glycolysis,

oxidative stress, and proteasome

pathways.
� Protein and pathways changes are

sensitive indicators of chromium

toxicity.

A R T I C L E I N F O

Article history:

Received 25 March 2016

Received in revised form 25 August 2016

Accepted 30 August 2016

Available online 31 August 2016

Keywords:

Chromium

Protein expression and phosphorylation

Proteomics

Cytotoxicity

Metals

ELISA

Pathways

Mode of action

A B S T R A C T

Hexavalent chromium (Cr (VI)) is an environmental human carcinogen which primarily targets lungs.

Among a variety of toxic mechanisms, disruption of biological pathways via translational and post-

translational modifications represents a key mechanism through which Cr (VI) induces cytotoxicity and

carcinogenesis. To identify those disruptions which are altered in response to cytotoxic Cr (VI) exposures,

we measured and compared cytotoxicity and changes in expression and phosphorylation status of 15

critical biochemical pathway regulators in human BEAS-2B cells exposed for 48 h to a non-toxic

concentration (0.3 mM) and a toxic concentration (1.8 mM) of Cr (VI) by ELISA techniques. In addition, 43

functional proteins which may be altered in response to pathway signaling changes were identified using

two dimensional electrophoresis (2-DE) and mass spectrometry. The proteins and fold changes observed

in cells exposed to the non-toxic dose of Cr (VI) (0.3 mM) were not necessarily the same as those found in

the toxic one (1.8 mM). A subset of signaling proteins that were correlated with the cytotoxic responses of

human BEAS-2B cells to Cr (VI) treatments were identified. These proteins include regulators of

glycolysis, glycogen synthase kinase 3 beta (GSK3b) and phosphoprotein 70 ribosomal protein s6 kinase

Abbreviations: SOD2, superoxide dismutase 2; ENO1, Enolase 1; UBC, polyubiquitin; GSK3b, glycogen synthase kinase 3b; TNF-a, tissue necrotic factor alpha; MTF-1,

metal regulatory transcription factor 1; PSMA2, proteasome a2; PSME1, proteasome activator subunit 1; LDHB, lactate dehydrogenase B; PGAM, phosphoglycerate mutase;

TPI1, triosephosphate isomerase; ALDH1A1, aldehyde dehydrogenase 1A1; PRDX3, peroxiredoxin 3; PRDX4, peroxiredoxin 4; MT, metallothionein; p70S6K, phosphoprotein

70 ribosomal protein s6 kinase.
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(p70S6K), a signaling protein associated with oxidative stress and inflammation responses, JNK and metal

regulatory transcription factor 1 (MTF-1), and a source of ubiquitin for signaling targeted protein

degradation, polyubiquitin C (UBC). In addition, two dimensional gel electrophoresis (2-DE) was applied

to identify key alterations in biochemical pathways differentiating between cytotoxic and non-cytotoxic

exposures to Cr (VI), including glycolysis and gluconeogenesis, protein degradation, inflammation, and

oxidative stress.

Published by Elsevier Ireland Ltd.

1. Introduction

Chromium is an occupational and environmental hazard, and

considered to be a human carcinogen (Leonard et al., 2004). It is

widely used in industry, especially in painting, steel, and tanning.

One of the primary routes of exposure of this metal is inhalation

(Leonard et al., 2004). Two of the most common oxidative states of

Cr are hexavalent Cr (VI) and trivalent Cr (III), of which Cr (VI) is

more toxic (Katz and Salem,1993). At the DNA level, Cr (VI) induces

DNA damage through the formation of Cr-DNA adducts (Zhitko-

vich, 2011), formation of oxidative DNA damage (Arakawa et al.,

2012), and modification of gene methylation status (Nigam et al.,

2014). At the RNA level, Cr (VI) induces immune responses, cell

growth, and apoptosis through the changes of mRNA expression

levels such as the up-regulation of p53 (Quinteros et al., 2008;

Permenter et al., 2011; Madejczyk et al., 2015) and Gadd45a (Wu

et al., 2012), and down-regulation of glutathione peroxidase in

response to oxidative stress (Andrew et al., 2003). At the metabolic

levels, Cr (VI) alters cell glycolysis by changing the metabolic rate of

carbohydrates (Raghunathan et al., 2010; Sundaram et al., 2012;

Pan et al., 2012), which can induce glycolytic enzymes such as M2

pyruvate kinase, phosphoglycerate kinase 1, and enolase a in lung

(Lei et al., 2008).

A proteomics study (Pan et al., 2012) associated Cr (VI) exposure

with disrupted calcium homeostasis and liver toxicity such as

infiltration of mononuclear cells. The induction of p53 and its

targets, bax, p21, puma, Gadd45 and apoptosis were also associated

with Cr (VI) exposure (Lei et al., 2008). During carcinogenesis, Cr

(VI) can stimulate tumor cell growth by inducing signaling proteins

including ErbB2 and EGFR (Castorina et al., 2008; Kim et al., 2015),

HIF-1a, a subunit of HIF1 transcription factor (Ding and Shi, 2002),

and AKT (Beaver et al., 2009). Cr (VI) can also influence post-

translational modifications such as phosphorylation of p53 and

H2AX (Wang and Shi, 2001; DeLoughery et al., 2015), and

biotinylation and acetylation of histone proteins (Xia et al.,

2014). Among a variety of toxic mechanisms, disruption of protein

function and concomitant biochemical pathways represents a key

mechanism through which Cr (VI) induces cytotoxicity and

carcinogenesis.

To some extent, induction of cytotoxicity is a result of

interactions among multiple biochemical pathways and proteins

involved in the pathways from the perspective of proteomics. The

present study is to identify key proteomic responses of BEAS-2B

cells to Cr (VI) exposures that are critical to the conversion of the

cells from nontoxicity to toxicity ones, including the critical

toxicity pathways and protein indicators of cytotoxicity conver-

sion. For this, BEAS-2B cells were treated with Cr (VI) at the

concentrations of 0.3 mM, a nontoxicity dose and 1.8 mM, low

toxicity dose respectively. The critical proteomic responses were

characterized by measuring protein expression and phosphoryla-

tion changes of 15 upstream toxicity pathway regulators using

ELISA and identifying downstream differentially expressed pro-

teins using 2-DE in Cr (VI)-treated BEAS-2B cells. Our hypothesis

was that critical protein pathway alterations induced by Cr (VI) that

lead to cytotoxicity conversion could be detected as significant

changes in protein expression and post-translational

modifications. To this end, the alterations in protein expression

and phosphorylation identified by both ELISA and 2-DE were

correlated with cytotoxicity. Utilization of this integrated proteo-

mic approach, we identified a small subset of signaling proteins

and biochemical pathways that are critical to cytotoxic responses

and cytotoxicity induction for the first time. This approach also led

to the identification of 12 proteins that were not previously

associated with Cr (VI) exposure and toxicity as well.

2. Materials and methods

2.1. Materials

BEAS-2B cells were purchased from American Type Culture

Collection (Rockville MD, USA). Trypsin Gold (MS-grade) was

obtained from Promega (Madison, WI, USA). Dithiothreitol (DTT)

was purchased from Bioanalytical (Natick, MA, USA). CyDyes (Cy3,

Cy2 and Cy5), Typhoon 9410 scanner, non-linear immobilized pH

gradient (IPG) strips (pH 3–11), Ettan IPGPhorTM apparatus,

Decyder software, and 2D Image Quant (version 5.1) were

manufactured by GE Healthcare (Piscataway, NJ, USA). Methanol

(HPLC grade) and glacial acetic acid were purchased from Fisher

Scientific (Fair Lawn, NJ, USA). Protean II apparatus was a product

from Bio-Rad (Hercules, CA, USA). Protease/phosphatase inhibitors

were purchased from Calbiochem (San Diego, CA, USA). IPA

Software is a product from Ingenuity Systems (Redwood City, CA,

USA). LHC-9 medium, HEPES buffer, saline solution (HBSS) and

trypsin neutralizing solution (TNS) were obtained from Lonza

(Walkersville, MD, USA). Versene, TrypLETM, Dulbecco’s phosphate

buffer solution (DPBS) and Sypro Ruby stain were obtained from

Life Technologies (Carlsbad, CA, USA). Precast 8–16% gradient

polyacrylamide gels were from Jule, Inc (Milford, CT, USA). The Akt,

Human Proinflammatory-9 Plex, HIF-1a, Apoptosis, MAPK and

EGFR ELISA kits for measurement of protein changes at expression

and phosphorylation levels in the treated BEAS-2B cells were from

Meso Scale Discovery (Gaithersburg, MD, USA). The human MTF1

kit (Cat. No. MBS928631) was from MyBiosource (San Diego, CA,

USA). Trypan blue, neutral red and all other chemicals were

obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Treatment of BEAS-2cells with Cr (VI) and cytotoxicity assays

BEAS-2B cells were cultured in LHC-9 medium and treated with

0.3 or 1.8 mM Cr (VI) and incubated for 48 h at 37 �C and 5% CO2

before harvest from 96-well plate for measurements of cytotoxici-

ty using a neutral red assay and from 150 mm flasks for analysis of

protein expression and phosphorylation changes using multi-

plexed ELISA and 2-DE analysis of protein expression and

phosphorylation changes. To determine which time points and

doses would be optimal to proteomic and cytotoxicity studies,

multiple Cr (VI) doses such as 0, 0.1, 0.3, 1.0, 1.8, 3.0, 4.2, 5.6 and

10 mM were used to treat BEAS-2B cells for 24 and 48 h,

respectively. The treatments resulted in 100, 100, 100, 77, 25.5,

6.0, 2.9, 1.4 and 0.4% survival rate, correspondingly. This led us to

choose 0.3 and 1.8 mM of Cr (VI) as nontoxic and toxic dose of Cr

(VI) for this study. In addition, we also performed 2-DE on BEAS-2B
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cells exposed to Cr (VI) for 24 and 48 h to determine the optimal

time for proteomic analysis. Our results showed that very few

protein changes were observed when the 24 h treatment was

performed. Therefore, 48 h exposure was used for this study.

Relative cell survival was calculated as the ratio of living cells after

exposure to Cr (VI) divided by the number of living cells in

untreated controls (Ge et al., 2015). Samples were analyzed in

triplicates. A t-test was performed to determine statistical

significance in cell survival rates or cytotoxicity between control

and treated BEA–2 B cells (P < 0.05).

2.3. Isolation of total proteins from BEAS-2 cells for 2-DE gel

electrophoresis

After the removal of the control and treated BEAS-2B cells from

the incubator, 10 ml of ice-cold washing buffer (250 mM sucrose/

10 mM Tris solution (pH 7.4)) were added to the cell cultured

dishes. Cells were then scraped off from the dishes, transferred to

15 ml conical tubes, and centrifuged at 1300 � g for 5 min at 4 �C

and washed three times by suspending in ice-cold washing buffer.

Cells were then centrifuged at 1300 � g for 10 min, and lysed in

0.5 ml of 2-DE sample buffer containing 30 mM Tris (pH 8.8), 2 M

urea, 7 M thiourea, 4% CHAPS (w/v), 0.5% Triton X-100, and 10 ml

protease/phosphatase inhibitor cocktail. The samples were soni-

cated for 10 s at a constant duty cycle of 20%, with a 30 s interval

(Ultrasonic homogenizer 150 V/T, Biologics, Inc., Manassas, VA).

The sonicated cell lysates were then placed on ice for one hour and

centrifuged for 5 min at 14,000 � g. The supernatants containing

total proteins were used for 2-DE analysis. The protein concentra-

tion was determined using the 2D Quant kit from GE Healthcare

(Ge et al., 2011).

2.4. Protein labeling, 2-DE electrophoresis, and MS analysis

To determine how protein changes may actually lead to the

cytotoxic outcome and toxicity pathway alterations, we also

analyzed protein expression profiles in the treated BEAS-2B cells

using difference in gel electrophoresis as previously described (Ge,

Y. el al., 2011). Briefly, each CyDye was mixed with 50 mg of protein

sample, and the pooled protein samples were diluted further in the

sample buffer (7 M urea, 2 M thiourea, 2%w/v CHAPS, 1% IPG,

13 mM DTT) to the volume of 340 ml for 2-DE analysis. All samples

were normalized to the same total protein concentration. Triplicate

gels from control and treated protein samples were run. First

dimension IEF was carried out in an Ettan IPGphor and precast IPG

strips (18 cm, pH 3–11 nonlinear) were employed for the first

dimension separation at 20 �C. The proteins in IPG strips were

reduced and alkylated by sequential incubation in the equilibration

buffer (0.05 M Tris–HCl, pH 8.8, 2% SDS; 30% glycerol, 6 M urea,

0.002% bromophenol blue) plus 0.3 g DTT/10 ml of equilibration

buffer for 15 min, and then the equilibration buffer containing

0.9 g/10 ml iodoacetamide for 15 min incubation before the second

dimensional electrophoresis. The second dimension SDS-PAGE was

performed overnight at 80 V and 4 �C. The resulting 2-DE gels were

scanned using a Typhoon 9410 scanner. 520, 580, and 670 nm band

pass were used for the scanning of protein samples labeled with

Cy2, Cy3, and Cy5 dyes. The scanned 2-DE gel images were

imported into Decyder software version 6 for protein quantitation

analysis. Protein spots showing greater than 1.2-fold increase or

decrease, and with a p value < 0.05 (t-test) were selected for

protein identification by mass spectrometry (MS). .For the purpose

of protein identification using MS, an additional 2-DE gel stained

with Sypro-Ruby was run. Briefly, differentially expressed proteins

were excised from the gel, digested with trypsin, and analyzed

using MS for protein identification. Briefly, gel plugs were de-

stained twice using 100 ml of 200 mM ammonium bicarbonate

(AMBIC) and 40% (v/v) acetonitrile (ACN), and then 25 mM AMBIC

in 50% (v/v) ACN. The de-stained gel plugs were dehydrated using

50 ml of ACN and then dried in vacuum evaporator (Centrivap,

Labconco), rehydrated using 10 ml of Proteomics Grade trypsin, and

the digested and released protein peptides was desalted using C18

Zip tips (Millipore, Billerica, MA), and spotted onto a stainless steel

MALDI plate for MALDI-MS/MS analysis. Proteins were identified

using a 4800 MALDI TOF/TOF mass spectrometer (Applied

Biosystems, Foster City, CA). MALDI-MS/MS sequencing and the

final protein identification was done using Protein Pilot 3.0

software, searching against the human (Homo sapiens) sub-

database of the SwissProt protein database (http://expasy.org/

sprot/). Mass-selected MALDI-MS/MS spectra acquisition was

performed to further increase protein sequence coverage. The

reported proteins were identified based on a minimum of two

unique MS/MS peptide sequence identifications characterized by

the software confidence parameter of 95-99%.

2.5. Pathway and network analysis

After protein identification, the accession numbers and fold

changes of the differentially expressed proteins were tabulated in

Microsoft Excel and imported into IPA for biological function,

molecular function, canonical pathway, and toxlist analyses. The

toxlist in IPA reveals biological mechanisms that are related to

toxicity on a molecular, cellular, and biochemical level. The

statistical significance of each pathway or list was determined by

IPA using a Fisher Exact test (p < 0.05). In this method, the p-value

for a given process annotation is calculated by considering the

number of identified proteins that participate in that process and

the total number of proteins that are known to be associated with

that process in the selected reference set. IPA was also used to

construct networks of interacting proteins using its database of

current knowledge available on genes, proteins, chemicals, normal

cellular and disease processes, signaling, and metabolic pathways.

2.6. Multiplex ELISA for measurement of changes at expressions and

phosphorylation levels of the 21 pathway regulators

Extraction of total proteins from the control and Cr (VI)-

treated BEAS-2B cells, and ELISA assays using MSD Multi-Array

kits were performed according to the manufacturer’s instructions

(Meso Scale Discovery, Gaithersburg, MD). These multiplex ELISA

assays allow simultaneous assessment of panels of functionally

related proteins. The assays used included the AKT Signaling

Assay panel (Cat. No. K1511D-1), which measures phosphorylated

AKT (ser473), phosphorylated p70S6K (Thr421/Ser424) and GSK-

3b (Ser9), the Human Proinflammatory Cytokine panel (Cat No.

K15007B-1), which measures GM-CSF, IFN-n, IL-1b, IL-2, IL-

12p70, IL-6, IL-8, and Tissue necrotic factor alpha (TNF-a), the

EGFR Family panel (Cat. No. K15106D-1, which measures EGFR,

ErbB2 and IGF-1R), Apoptosis panel (Cat. No. K15106D-1, which

measures cleaved PARP (Asp214), cleaved Caspase-3 (Asp175),

phospho-p53 (Ser15), and total p53), MAP Kinase Phosphoprotein

panel (Cat. No. K15101A-3), which measures Phospho-p38

(Thr180/Tyr182), Phospho-ERK1/2 (Thr202/Tyr204; Thr185/

Tyr187), Phospho-JNK (Thr183/Tyr185), and HIF-1a (Cat. No.

C11DK-1). The ELISA assays were performed in triplicate. Briefly,

96-well plates were first blocked with the supplied blocking

solution, washed either in supplied Tris wash buffer or in

phosphate buffered saline containing 0.05% Tween 20 (for

cytokine assay only). The plates were blotted dry, and the

extracted protein samples were then added. For all the ELISA

assays, with the exception of the cytokine assay, protein samples

were diluted in appropriate lysis buffer to the concentration of 0.4

or 0.8 mg/ml, depending on the assays. For the cytokine assay, the
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protein concentration ranged from 0.74 to 2.16 mg/ml. All samples

were normalized to the same total protein concentration. After

the incubation with the corresponding primary antibodies that

were localized in arrays at the bottom of the 96-wells, the wells

were then washed and the corresponding secondary antibody

solutions were then added. After the incubation with the

secondary antibody, the wells were washed and the Read Buffer

was added. The ELISA signals were recorded using the MSD Sector

Imager 2400 and analyzed using Discovery Workbench 2006

software (Meso Scale Diagnostics, Gaithersburg, MD)

(Ge et al., 2015).

2.7. ELISA for metal regulatory transcription factor 1 (MTF-1)

Media was removed from cells and cells were rinsed with ice-

cold PBS (pH 7.4). Cells were scraped and centrifuged for 5 min at

5000 � g at 2–8 �C. The supernatant was collected and stored at

�80 �C. The 2D quant kit was used to accurately measure protein

concentration in samples to be analyzed by 2-DE. Three mg of

proteins were used for this assay. Standards were diluted according

to manufacturer’s specifications. One hundred ml of standard or

sample were used per well and incubated for 2 h at 37 �C. The liquid

was removed and 100 ml of biotin-avidin (1�) were added to each

Fig. 1. Changes in protein expression of the 15 pathway regulators induced by Cr (VI). Panel A: Apoptosis panel proteins cleaved PARP, cleaved caspase-3, p53, pp53; Panel B:

Two cell growth panel proteins EGFR and ErbB2; Panel C: MAP Kinase panel proteins JNK and ERK1/2; Panel D: phosphorylated p70S6K, GSK3b, and AKT; Panel E: HIF-1a;

Panel F: IL-6, IL-8 and TNF-a. X-axis is Cr (VI) concentrations (mM). Y-axis: log2 relative-fold change of expression and/or phosphorylation levels � STD compared to untreated

controls measured using multiplexed ELISA.
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well. Wells were aspirated and washed with buffer 3 times. One

hundred ml of HRP-avidin (1x) were added to each well and wells

covered and incubated for 1 h at 37 �C. The wash procedure was

repeated once more. TMB (3, 30,5, 50 tetramethylbenzide) substrate

was added to each well and incubated for 15 min at 37 �C in the

dark. Fifty ml of stop solution were added and the plate was gently

tapped to ensure thorough mixing. The optical density was

measured at 450 nm to assess expression of MTF-1 in all samples.

Sample MTF-1 concentrations were calculated by comparing to a

standard dilution curve of known MTF-1 protein amounts. Samples

were run in triplicate.

3. Results

3.1. Overview of responses of cytotoxicity and 21 pathway regulating

proteins to Cr (VI) treatment

Exposure of BEAS-2B cells to 0.3 and 1.8 mM Cr (VI) resulted in

relative survivals of 100 and 77% survival rate, respectively, when

compared to control. They were considered to be nontoxic and

toxic exposures, respectively. Fifteen proteins were deregulated,

eleven of which were significantly altered at the level of expression

or phosphorylation in BEAS-2B cells treated with Cr (VI) at both of

the concentrations tested, with log2 fold-changes ranging from

�0.91 to 0.475 (Fig. 1). The down-regulated proteins included

EGFR, ErbB2, cleaved-PARP, cleaved caspase-3, pAKT, IL-8, ERK1/2

and HIF-1a. The up-regulated proteins at both concentrations of Cr

(VI) were pJNK and pGSK3b. The protein p70S6K was upregulated

in cells exposed to 0.3 mM of Cr (VI). In addition, phosphorylated

p53 and TNF-a showed similar pattern of expression. They were

downregulated in BEAS-2B cells treated with 0.3 mM Cr (VI) and

upregulated in cells treated with 1.8 mM Cr (VI). In contrast, IL-6

was slightly upregulated in BEAS-2B cells treated with 0.3 mM of Cr

(VI) and downregulated in cells treated with 1.8 mM.

3.2. Identification of differentially expressed proteins in BEAS-2cells

treated with Cr (VI) using 2-DE

In addition to the analysis of responses of 15 key signaling

proteins regulating metal toxicity pathways, we also investigated

novel changes at expression levels of proteins in BEAS-2B cells

treated with 0.3 and 1.8 mM Cr (VI) using 2-DE (Fig. 2) and mass

Fig. 2. Representative 2-DE gel images of control and BEAS-2 B cells treated with 1.8 mM of Cr (VI). Fifty micrograms of each protein sample was subjected to 2-DE. Gels were

run in triplicate. A t-test with a p value < 0.05 was considered statistically significant. Differentially expressed proteins identified were listed in Tables 1a and 1b.
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spectrometry. A total of 53 proteins were found to be significantly

(p < 0.05) altered, at both concentrations of Cr (VI). Forty three

proteins were identified by MS from BEAS-2B cells treated with Cr

(VI) at two different concentrations (Tables 1a and 1b). Of the

identified proteins, 7 proteins were up-regulated in BEAS-2B cells

exposed to Cr (VI) and 3 down-regulated in BEAS-2B cells exposed

to 0.3 mM of Cr (VI) (Table 1a), whereas 22 were upregulated and 11

downregulated in BEAS-2B cells exposed to 1.8 mM of Cr (VI)

(Table 1b). Two proteins, alpha enolase (ENO1) and phosphoglyc-

erate mutase (PGAM1) were increased when compared to controls.

As compared to the control, ENO1 expression was increased 1.27

and 1.97 fold in BEAS-2B cells treated with 0.3 and 1.8 mM of Cr (VI),

respectively and the fold changes were significant (p < 0.05). Since

the two dose points were also significant, ENO1 showed a dose

response effect with a P value of 0.03. As compared to the control,

PGAM1 expression was significantly increased 1.17 and 1.24 fold in

BEAS-2B cells exposed to 0.3 and 1.8 mM of Cr (VI), respectively. In

addition, 12 differentially expressed proteins identified from this

study were found to be associated with Cr (VI) exposure and

toxicity for the first time. These proteins were acetylco A acetyl

transferase, septin 2, Rab11A, heterogeneous nuclear ribonucleo-

protein K, phosphoglycerate mutase 1, isocitrate dehydrogenase,

purine nucleoside phosphorylase, 26 s proteasome regulatory

subunit 7, proteasome activator complex subunit 1, proteasome

subunit alpha 2, tar DNA binding protein 45, and histone H2B.

3.3. Mapping differentially expressed proteins to canonical pathways

and toxlists

IPA software was applied to map 43 differentially expressed

proteins identified from BEAS-2B cell treated with Cr (VI) at 0.3 and

1.8 mM to predefined molecular functions, diseases, canonical

pathways, and toxlists. It was our hypothesis that cellular pathway

alterations induced by Cr (VI) that lead to cytotoxicity could be

detected as significant changes in protein expression or post-

translational modifications. As shown in Table 2, the highest

ranked molecular function for 0.3 mM, a nontoxic concentration of

Cr (VI), is small molecule biochemistry, but is free radical

scavenging for 1.8 mM, a toxic concentration of Cr (VI). This

suggests functions associated with small molecules, i.e. metabo-

lism of indole, rather than bigger molecules such as DNA and

proteins, are related to a non-toxic dose of Cr (VI). Generation of

free radicals and activation of antioxidant systems is a key

cytotoxic response of BEAS-2B cells to toxic concentrations of Cr

(VI). This result is consistent with the toxlist analysis results in

which the top toxlist associated with Cr (VI)-induced toxicity in

Table 1a

List of differentially expressed proteins identified from BEAS-2B cells treated with 0.3 mM of Cr (VI).

Spot # Abbreviation Protein ID Fold

change

Accession

#

pI MW

(KDa)

Matched

peptides

%

coverage

P value

1 ACAT2 Acetylco A acetyltransferase cytosol 1.19 B7Z233 8.8 44.61 2 4.5 3.00E � 04

2 ENO1 Alpha-enolase 1.27 P06733 6.99 47.01 5 18.2 1.00E � 16

3 GRP78 78 kDa glucose-regulated protein �1.24 P11021 5.01 70.44 15 28.9 1.00E � 30

4 Sep-02 Isoform 2 of Septin-2 �1.21 Q15019 6.15 41.46 8 27 2.00E � 10

5 HSD17B10 3-hydroxyacyl-CoA dehydrogenase type-2 1.18 Q99714 7.87 26.78 10 55.6 1.00E � 20

6 H2B1M Histone H2B 1.2 Q99879 10.32 13.82 5 38.9 6.00E � 10

7 RAB11A Ras related protein Rab -11A 1.33 P62491 6.14 23.89 3 13.9 2.00E � 06

8 PGAM1 Phosphoglycerate mutase 1.17 P18669 6.8 28.66 2 8.3 1.00E � 04

9 PSMC2 26s protease regulatory subunit 7 1.21 P35998 5.7 48.47 10 26.3 1.00E � 20

10 PNP purine nucleoside phosphorylase �1.21 P00491 6.5 32.1 9 37.7 1.00E � 18

1 HSC70 Heat shock 70 kDa protein 1A/1B 1.36 P08107 5.48 69.87 6 11 1.00E � 12

2 LMNA Prelamin-A/C �1.22 P02545 6.57 73.76 14 28 2.00E � 28

3 EEF2 Elongation factor 2 �1.22 P13639 6.42 95.14 13 14 1.00E � 26

4 HNRNPK Heterogeneous nuclear ribonucleoprotein K �1.25 Q5T6W5 5.39 50.97 5 17 2.00E � 10

5 TF Serotransferrin �1.27 P02787 6.7 75.14 5 8 1.00E � 10

6 ACO2 Aconitate hydratase, mitochondrial �1.17 Q99798 6.85 82.37 15 30 3.00E � 30

7 PCK2 Phosphoenolpyruvate carboxykinase [GTP],

mitochondrial

�1.24 Q16822 6.58 67.05 4 7 4.00E � 08

8 HNRNPH1 Heterogeneous nuclear ribonucleoprotein H 1.71 P31943 5.89 49.19 4 13 2.00E � 08

9 ALDHA1 Retinal dehydrogenase 1 1.67 P00352 6.29 54.69 5 17 3.00E � 10

10 HNRNPL Heterogeneous nuclear ribonucleoprotein L �1.15 P14866 8.46 64.13 5 9 2.00E � 10

11 ENO1 Alpha-enolase 1.97 P06733 6.99 47.04 5 18 1.00E � 10

12 LASP1 Isoform 2 of LIM and SH3 domain protein 1.36 Q14847 6.61 29.69 4 11 1.00E � 08

13 PRDX4 Peroxiredoxin-4 �1.15 Q13162 5.54 26.55 8 35 1.00E � 16

14 PARK7 Protein DJ-1 1.31 Q99497 6.32 19.88 7 49 1.00E � 14

15 PGAM1 Phosphoglycerate mutase 1 1.24 P18669 6.75 28.65 10 53 1.00E � 20

16 TPI1 Triosephosphate isomerase 1.2 P60174 5.65 30.79 10 52 1.00E � 20

17 ANXA1 Annexin A1 2.04 P04083 6.64 38.56 13 40 1.00E � 26

18 PPIA Peptidyl-prolyl cis-trans isomerase A 1.16 P62937 7.82 17.87 7 35 1.00E � 14

19 CALR Calreticulin �1.17 P27797 4.29 46.43 10 25.9 1.00E � 20

20 LAP3 Cytosol aminopeptidase 1.56 P28838 8.03 56.13 10 23.3 2.00E � 20

21 PCBP1 Poly(rC)binding protein 1 1.28 Q15365 6.66 37.47 2 9 1.00E � 04

22 SEPT11. Septin 11 1.38 Q9NVA2 6.38 49.24 10 26.1 1.00E � 20

23 IDH3A Isocitrate dehydrogenase [NAD]subunit a 1.57 P50213 5.71 36.62 5 16.7 1.00E � 10

24 ANXA2 Annexin A2 �1.2 P07355 7.56 38.45 11 36.3 1.00E � 22

25 LDHB L lactate dehydrogenase B chain 1.77 P07195 5.72 36.48 9 26.9 3.00E � 18

26 ETF1 Electron transfer flavoprotein subunit a �1.16 P13804 8.62 35.08 4 17.1 1.00E � 08

27 PRDX3 Peroxiredoxin 3 1.27 P30048 7.69 22.69 6 10.1 1.00E � 10

28 PSME1 Proteasome activator complex subunit 1 1.41 Q06323 5.78 28.71 6 26.5 1.00E � 12

29 UQCRFS1 Cytochrome b-c1 complex subunit Rieske 1.43 P47985 8.55 29.68 3 10.6 1.00E � 06

30 HSPB1 HSPB1 1.47 P04792 5.98 22.77 6 17.2 1.00E � 13

31 PSMA2 Proteasome subunit alpha type 2 1.21 P25787 7.12 25.75 4 26.9 2.00E � 08

32 TARDBP TAR DNA binding protein 43 1.37 Q13148 5.85 44.72 3 9.4 1.00E � 06

33 SOD2 Superoxide dismutase 1.56 P04179 6.86 22.19 7 27 2.40E � 13
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BEAS-2B cells treated with 1.8 mM of Cr (VI) was oxidative stress.

Toxlists unravel biological mechanisms that relate to toxicity on a

molecular, cellular and biochemical level. Cancer is the highest

ranking associated disease identified by IPA. Canonical pathway

and toxlist analyses indicated oxidative stress, glycolysis and

gluconeogenesis, pyruvate based energy metabolism, and protein

ubiquitination/degradation were some of the five highest ranking

canonical pathways/toxlist affected by Cr (VI) at the toxic dose.

3.4. Mapping differentially expressed proteins to networks of inter-

relationships

The protein network generated by IPA shows the interrelation-

ships between the differentially expressed proteins identified from

2-DE in the present study and other signaling molecules known to

interact with them. Fig. 3A is a representative protein network of

inter-relationships identified from BEAS-2B cells treated with

0.3 mM of Cr (VI). Fig. 3B is the result of merging two networks

showing interrelationships identified from cells treated with

1.8 mM of Cr (VI). As shown in Fig. 3A, UBC is the main hub in

the protein network of BEAS-2B cells treated with 0.3 mM of Cr (VI).

Clusters of proteins belonging to the RAB11 and the septin families

and proteins involved in protein ubiquitination via Proteasome 19S

and in glycolysis/gluconeogenesis are circled. The network in

Fig. 3B shows clusters of proteins in 26S Proteasome, the RNA

binding heteronuclear ribonucleoprotein P (HNRNP) protein

family, the Glycolysis/gluconeogenesis pathway, the oxidative

stress pathway, and members of the septin family which are

circled. The alteration of 26S Proteasome is aligned with one of the

top canonical pathways altered by this concentration of Cr (VI)

(Table 2) (protein ubiquitination) (Fig. 3B). We found three hubs,

the main one being UBC and the minor ones include JNK and NFKB

shown in small circles. JNK, which showed to be phosphorylated by

ELISA, was associated with oxidative stress proteins and the

proteasome pathway, indicated by arrows. Peroxiredoxin 4

(PRDX4) and superoxide dismutase 2 (SOD2) proteins act on JNK

Table 1b

List of the differentially expressed proteins identified from BEAS-2B cells treated with 1.8 mM of Cr (VI).

Spot # Abbreviation Protein ID Fold

change

Accession

#

pI MW

(KDa)

Matched

peptides

%

coverage

P value

1 HSC70 Heat shock 70 kDa protein 1A/1B 1.36 P08107 5.48 69.87 6 11 1.00E � 12

2 LMNA Prelamin-A/C �1.22 P02545 6.57 73.76 14 28 2.00E � 28

3 EEF2 Elongation factor 2 �1.22 P13639 6.42 95.14 13 14 1.00E � 26

4 HNRNPK Heterogeneous nuclear ribonucleoprotein K �1.25 Q5T6W5 5.39 50.97 5 17 2.00E � 10

5 TF Serotransferrin �1.27 P02787 6.7 75.14 5 8 1.00E � 10

6 ACO2 Aconitate hydratase, mitochondrial �1.17 Q99798 6.85 82.37 15 30 3.00E � 30

7 PCK2 Phosphoenolpyruvate carboxykinase [GTP],

mitochondrial

�1.24 Q16822 6.58 67.05 4 7 4.00E � 08

8 HNRNPH1 Heterogeneous nuclear ribonucleoprotein H 1.71 P31943 5.89 49.19 4 13 2.00E � 08

9 ALDHA1 Retinal dehydrogenase 1 1.67 P00352 6.29 54.69 5 17 3.00E � 10

10 HNRNPL Heterogeneous nuclear ribonucleoprotein L �1.15 P14866 8.46 64.13 5 9 2.00E � 10

11 ENO1 Alpha-enolase 1.97 P06733 6.99 47.04 5 18 1.00E � 10

12 LASP1 Isoform 2 of LIM and SH3 domain protein 1.36 Q14847 6.61 29.69 4 11 1.00E � 08

13 PRDX4 Peroxiredoxin-4 �1.15 Q13162 5.54 26.55 8 35 1.00E � 16

14 PARK7 Protein DJ-1 1.31 Q99497 6.32 19.88 7 49 1.00E � 14

15 PGAM1 Phosphoglycerate mutase 1 1.24 P18669 6.75 28.65 10 53 1.00E � 20

16 TPI1 Triosephosphate isomerase 1.2 P60174 5.65 30.79 10 52 1.00E � 20

17 ANXA1 Annexin A1 2.04 P04083 6.64 38.56 13 40 1.00E � 26

18 PPIA Peptidyl-prolyl cis-trans isomerase A 1.16 P62937 7.82 17.87 7 35 1.00E � 14

19 CALR Calreticulin �1.17 P27797 4.29 46.43 10 25.9 1.00E � 20

20 LAP3 Cytosol aminopeptidase 1.56 P28838 8.03 56.13 10 23.3 2.00E � 20

21 PCBP1 Poly(rC)binding protein 1 1.28 Q15365 6.66 37.47 2 9 1.00E � 04

22 SEPT11. Septin 11 1.38 Q9NVA2 6.38 49.24 10 26.1 1.00E � 20

23 IDH3A Isocitrate dehydrogenase [NAD]subunit a 1.57 P50213 5.71 36.62 5 16.7 1.00E � 10

24 ANXA2 Annexin A2 �1.2 P07355 7.56 38.45 11 36.3 1.00E � 22

25 LDHB L lactate dehydrogenase B chain 1.77 P07195 5.72 36.48 9 26.9 3.00E � 18

26 ETF1 Electron transfer flavoprotein subunit a �1.16 P13804 8.62 35.08 4 17.1 1.00E � 08

27 PRDX3 Peroxiredoxin 3 1.27 P30048 7.69 22.69 6 10.1 1.00E � 10

28 PSME1 Proteasome activator complex subunit 1 1.41 Q06323 5.78 28.71 6 26.5 1.00E � 12

29 UQCRFS1 Cytochrome b-c1 complex subunit Rieske 1.43 P47985 8.55 29.68 3 10.6 1.00E � 06

30 HSPB1 HSPB1 1.47 P04792 5.98 22.77 6 17.2 1.00E � 13

31 PSMA2 Proteasome subunit alpha type 2 1.21 P25787 7.12 25.75 4 26.9 2.00E � 08

32 TARDBP TAR DNA binding protein 43 1.37 Q13148 5.85 44.72 3 9.4 1.00E � 06

33 SOD2 Superoxide dismutase 1.56 P04179 6.86 22.19 7 27 2.40E � 13

Table 2

Comparisons of the top diseases and disorders, molecular and cell functions, canonical and toxicity pathways identified using IPA analysis of differentially expressed proteins

in BEAS-2B cells treated with 0.3 and 1.8 mM of Cr (VI). Only the top ranking one, two, or three identifiers in each category were chosen for this table based on two criteria:

IPA’s results from a Fisher exact test (p < 0.05) and thorough evaluation of previous publications on Cr (VI).

0.3 mM 1.8 mM

Top Diseases and Disorders Metabolic disease Cancer

Top Molecular and Cell functions Small molecule biochemistry Free radical scavenging

Top Canonical Pathways Glycolysis/gluconeogenesis Glycolysis/gluconeogenesis

Fatty acid metabolism

Lysine degradation

Protein ubiquitination pathway

Pyruvate metabolism

Top Toxicity Pathways Fatty acid metabolism Oxidative stress

Cholesterol biosynthesis Mitochondrial dysfunction
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Fig. 3. Networks of proteins showing inter-relationships and pathways which were obtained using IPA. A) The highest ranking network of some differentially expressed

proteins identified from BEAS-2B cells treated with 0.3 mM of Cr (VI). B) Merged Networks 1 and 2 of some differentially expressed proteins identified from BEAS-2B cells

treated with 1.8 mM of Cr (VI). Solid lines represent direct interactions between molecules; dotted lines represent indirect interactions. Lines connecting the proteins in

networks indicate known interrelationships found in the IPA database. Proteins in red were up-regulated and proteins in green were down-regulated in our data set.

Molecules labeled in green were downregulated by Cr (VI) exposure; those labeled in red were upregulated. The shapes of nodes in the networks delineate a function: ^:

Enzyme; : chemical or drug; 4: phosphatase; �: others.
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shown by arrows. NFKB, in addition to JNK, linked to oxidative

stress proteins, regulates expression of TNFa, induced in our study.

Lines connecting the proteins in networks indicate known

interrelationships found in the IPA database. Proteins in red were

up-regulated and proteins in green were down-regulated in our

data set.

3.5. Cr (VI) decreased metal regulatory transcription factor-1 (MTF-1)

protein expression

MTF-1 plays important roles in regulating metal-mediated

oxidative stress. We, therefore, investigate MTF-1 expression levels

in Cr (VI)-treated BEAS-2B cells. As shown in Fig. 4, MTF-1

expression levels were significantly decreased in BEAS-2B cells

treated with Cr (VI) at both concentrations of 0.3 and 1.8 mM.

4. Discussion

The overall protein and pathway responses to nontoxic and

toxic Cr (VI) treatments were compared to identify key proteome

changes that are critical to Cr (VI) toxicity. Proteomic analysis of

BEAS-2B cells treated with 1.8 mM of Cr (VI) enabled us to identify

the significant effects of Cr (VI) on both protein and cytotoxic

responses, and toxic modes of action of Cr (VI). It was our

hypothesis that cellular pathway alterations induced by Cr (VI) that

lead to cytotoxicity could be detected as significant changes in

protein expression or post-translational modification. Further-

more, protein changes and post-translational modifications

changes observed in BEAS-2B cells exposed to 0.3 mM of Cr (VI)

did not lead to a cytotoxic response whereas changes in cells

exposed to 1.8 mM of Cr (VI) did. Based on the protein profiling

results, the core protein responses and involved toxicity pathways

that lead to deleterious cellular effects of Cr (VI) could be generally

classified into four categories. These included glycolysis and

glycogenesis, decreased scavenging of ROS and potential cytotox-

icity by MTF-1, MAP kinase associated with stress response

pathways, and ubiquitin-mediated protein degradation.

The present study extended and expanded the previous Cr (VI)

toxicity pathway studies by profiling the expression and phos-

phorylation changes of both upstream pathway regulating proteins

using ELISA and downstream novel proteins involved in multiple

biological functions using 2-DE in one experimental system. For

this, the overall protein and pathway responses to Cr (VI)

treatments were integrated across the individual proteome

changes obtained from BEAS-2B cells treated with chromium at

both nontoxic and toxic concentrations. The regulating proteins

such as MAP kinases, AKT panel proteins, and growth factor panel

proteins were chosen for ELISA because they have been reported to

be involved in the regulation of toxicity pathways of heavy metals

including chromium. In addition, these proteins are expressed at

very low abundance in cells and can be detected or measured by

more sensitive protein assays such as ELISA, but not by 2-DE.

4.1. Alteration of glycolysis and gluconeogenesis pathways by AKT

panel proteins

AKT panel proteins, including phosphorylated AKT, p70S6K, and

GSK3b, are the major regulators of glucose metabolism especially

glycogenesis pathways (Shimura et al., 2014; Pelicano et al., 2014;

Landis and Shaw, 2014). All of these proteins are differentially

expressed and/or phosphorylated in BEAS-2B cells treated with 0.3

and 1.8 mM of Cr (VI) (Fig. 5). To assess if the expression levels of

AKT, p70S6K, and GSK3b contributed to their phosphorylated

states, we also calculated the ratio of phosphorylated over non-

phosphorylated proteins (relative phosphorylation level) in BEAS-

2B cells treated with Cr (VI). Neither the expressions of AKT panel

proteins contributed to their phosphorylated states (Fig. 5). As

shown in Fig. 5, phosphorylated AKT was downregulated whereas

phosphorylated GSK3b was up-regulated in BEAS-2B cells treated

with 0.3 and 1.8 mM of Cr (VI). This is consistent with the previous

report that AKT and GSK3b had opposite phosphorylation trends

and inhibited each other (Wakatsuki et al., 2011). These results

suggested that the activation of glycolysis in Cr (VI)-treated BEAS-

2B cells was through the phosphorylation of GSK3b but not AKT.

The protein p70S6K, is a downstream effector of mTOR

regulation of glycolysis (Li et al., 2013). Inhibition of mTOR results

in decreased phosphorylation of p70S6K, leading to decreased

glycolysis in cancer (Frolova et al., 2012). Phosphorylated p70S6K

was increased in BEAS-2B cells treated with 0.3 mM of Cr (VI) but

decreased in cells treated with 1.8 mM of Cr (VI) (Fig. 5). The

dramatic increase and decrease of p70S6K phosphorylation in

Fig. 4. Cr (VI) decreased MTF-1 expression. The MTF-1 expression levels in BEAS-2B

cells treated with 0.3 and 1.8 mM of Cr (VI) were significantly decreased as

compared with the control cells. Data represent mean �STD (N = 3), *, p < 0.05.

Fig. 5. Western blot analyses of total expression changes and relative phosphory-

lation levels of AKT panel proteins in Cr (VI)-treated BEAS-2 B cells. Western blot on

the top show the total expression changes of AKT panel proteins in BEAS-2B cells

treated with Cr (VI). b-actin was used as internal control to normalize protein

expression levels. Western blot was developed with AKT, p70S6K, GSK3b, and B-

actin primary antibodies (Cell signaling Technology Beverly, MA) and goat anti

rabbit HRP-conjugated secondary antibody (Jackson ImmunoResearch, West Grove,

PA) according to manufacturer’s instructions. The plot below is that of normalized

relative phosphorylation levels of AKT panel proteins.
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BEAS-2B cells treated with 0.3 and 1.8 mM of Cr (VI) respectively,

suggests that glycolysis was significantly increased in the cells

treated with 0.3 mM partially via phosphorylated p70S6K. In

summary, the alterations of the phosphorylation of the AKT panel

proteins especially GSK3b and p70S6K are expected to affect

cellular energy metabolism, and consequently influence oxidative

phosphorylation rates and ATP levels, and eventually affect cell

survival or death.

4.2. Responses of the apoptotic protein biomarkers to Cr (VI)

treatments

In order to determine if apoptosis was responsible at least

partially for cell death, we performed ELISA assays on a panel of

apoptosis markers including p53, pp53 (phosphorylated p53),

cleaved caspase 3, and cleaved PARP (Fig. 1). These apoptotic

biomarkers were downregulated in BEAS-2B cells treated with 0.3

or 1.8 mM of Cr (VI), except that pp53 was upregulated in BEAS-2B

cells treated with 1.8 mM of Cr (VI). In addition, TNFa was found to

be upregulated in BEAS-2B cells treated with 1.8 but not 0.3 mM of

Cr (VI) (Fig. 1). A previous study unveiled that treating

neuroblastoma cells with increasing doses of TNFa for 24 h

mediated a dose-dependent decrease in cell survival which was

independent of caspase 3 (Alvarez et al., 2011). Therefore, our study

was aligned with Alvarez’s one that decreased cell survival rate or

increased cytotoxicity in BEAS-2B cells treated with 1.8 mM was

mediated by TNFa but not by caspases.

4.3. Activation of MAP kinases and stress response pathways

It has been reported that metals invoke a signal cascade that

begins with the activation of members of the MAP kinase family

which includes JNK and ERK1/2 (Kim et al., 2006). In the present

study, JNK is increased and ERK1/2 is decreased at both

concentrations of Cr (VI), with a greater magnitude of change

observed for both at the lower concentration of Cr (VI). ERK1/2 and

JNK regulate a wide variety of key biochemical pathways and

cellular processes such as response to oxidative stress, cell

proliferation and differentiation, cell cycle and growth, apoptosis,

inflammation, and other stress responses (Vlahopoulos and

Zoumpourlis, 2004Raman et al., 2007; Rubinfeld and Seger, 2005).

Cytokines including TNFa, IL-6, and IL- 8 are critical for the

inflammation process and circulating levels of them were reported

to be related to lung toxicity and diseases (Pratheeshkumar et al.,

2014; Beaver et al., 2009) Previous studies showed that a direct

cytotoxic effect of Cr (VI) on cultured human cells is accompanied

by altered expression of pro-inflammatory signaling proteins such

as TNFa, IL-6, and IL-8 (Pascal and Tessier, 2004; Pratheeshkumar

et al., 2014; Wang et al., 2010; He et al., 2013). Wang et al. (2010)

found TNFa mRNA expression increased 2 fold in HACAT cells

treated with 30 and 45 mM of Cr (VI) and 3 fold in those treated

with 60 and 90 mM of Cr (VI). Our study showed TNFa protein was

increased and IL-6 and IL-8 were decreased in BEAS-2B cells

treated with 1.8 mM (toxic) of Cr (VI), suggesting that JNK and TNFa
play important roles in Cr (VI)-mediated stress responsive

pathways and cytotoxicity.

It is known that cells protect themselves against ROS via

biological defense systems including antioxidant proteins (Park

et al., 2006; Walser et al., 2008). Two of these proteins,

peroxiredoxin 3 (PRDX3) and SOD2 were upregulated in BEAS-

2B cells treated with 1.8 but not 0.3 mM of Cr (VI). PRDX3 is a

peroxidase which is oxidized on its cysteine residues by H2O2

(Rhee et al., 2005; Rhee et al., 2001). PRDX3 and SOD2 protect

against the damaging effects of ROS by limiting the cellular levels

of H2O2 (Chen et al., 2008; Myers and Myers, 2009). The fact that

SOD2 and PRDX3 were upregulated at the higher concentration of

Cr (VI) suggests that excess ROS production is overwhelming

baseline antioxidant capacity of cells at our high dose in which

may, in part, be mediating Cr (VI)-induced cytotoxicity.

4.4. MTF-1, oxidative stress, and cytotoxicity

Members of the metal regulatory transcription factor (MTF)

family activate metallothioneins (MTs), proteins involved in

scavenging ROS from cells (Radtke et al., 1995).They can also

activate other proteins such as p53 and enolase. O’Shields et al.

(2014), microinjected in vitro transcribed double negative MTF-1

mRNA into embryos from zebrafish and detected deregulation of

p53 and Eno2 in the embryos. The alterations of MTF1, p53 and

Eno2 that were detected in our study suggested the possible roles

of MTF1 in regulating Cr (VI) toxicity. The down regulation of MTF1

could result in the decreased scavenging of ROS in BEAS-2B cells

treated with Cr (VI).

4.5. Protein degradation in BEAS-2cells treated with Cr (VI)

UBC was identified as the protein network hub interacting with

proteins that were altered in BEAS-2B cells treated with 0.3 mM of

Cr (VI) and strongly linked to many enriched pathways in our

analyses (Fig. 3A). Most of the proteins in this network had not

been previously linked to Cr (VI)-induced effects. UBC was the

main hub in this network and is a source of ubiquitin for signaling

targeted protein degradation by the proteasome. PSMC2 was the

only protein identified by 2-DE in cells treated with the lower dose

of Cr (VI) with a probability to be assigned into the protein

ubiquitination/proteasome pathway by IPA. Most likely, other

proteins involved in the pathway were statistically deregulated by

0.3 mM of Cr (VI) but perhaps their quantity was insufficient to

identify it. Results from BEAS-2B cells suggests UBC may play a role

besides protein degradation such as cell cycle and motility in BEAS-

2B cells exposed to 0.3 micromolar of Cr (VI).

Conversely, HSP27, proteasome alpha 2 (PSMA2), and protea-

some activator subunit 1 (PSME1) induced 1.47, 1.2, and 1.4 fold,

respectively in cells treated with 1.8 mM of Cr (VI) were associated

with protein ubiquitination. Since protein ubiquitination came up

as a main canonical pathway in cells treated with 1.8 mM of Cr (VI),

and all the proteins in this pathway were induced, this pathway

was activated. UBC played a role in protein degradation in cells

exposed to 1.8 mM of Cr (VI). The ubiquitin-proteasome pathways

are the major proteolytic systems in the cytosol of eukaryotic cells,

catalyzing the selective degradation of short-lived proteins and the

rapid elimination of proteins with abnormal conformation

(Reinstein, 2004; Wang and Maldonado, 2006). UBC has been

shown to be associated with main biological processes such as cell

cycle, apoptosis, inflammation via activation of NFkB, and stress

response, which are contributors to human cell toxicity and

carcinogenicity (Reinstein, 2004; Bochtler et al., 1999; Wang and

Maldonado, 2006). In summary, it is clear that the ubiquitin

proteins and pathways were also pivotal in 1.8 mM of Cr (VI)-

induced cytotoxicity.

4.6. Proteins and pathways correlated with the cytotoxic responses of

BEAS-2 cells to Cr (VI)

In the present study, four predominant toxicity pathways in

response to toxic concentrations of Cr (VI) were identified such as

AKT panel protein-mediated glycolysis and gluconeogenesis

pathways, MAP Kinase associated with stress responses, TNFa
and pp53 mediated apoptosis independent toxicity pathways and

UBC involved in signaling targeted degradation. Importantly, these

major toxicity pathways identified by 2-DE profiling studies were

consistent with those obtained from ELISA-based assays. For
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example, the activations of p70S6K and GSK3b identified by ELISA

are consistent with the activations of a number of downstream

proteins involved in glycolysis, such as Eno 1, Eno 2, and ALDHA1,

which were detected by 2-DE. Therefore, these pathways, linked to

proteins such as AKT panel proteins and MAP kinases, were likely

to be central pathways of Cr (VI) toxicity. Considering all the

proteomic results obtained using ELISA and 2-DE, we proposed a

core protein and toxicity pathway map (Fig 6) to describe the

interplay of these proteins and pathways associated with the

cytotoxic responses of BEAS-2B cells to Cr (VI). Protein changes

correlated with a cytotoxic outcome where not found in BEAS-2B

cells exposed to 0.3 mM of Cr (VI). The diagram was generated

based the connectedness of these proteins as hub nodes in the

networks of BEAS-2B cells treated with 0.3 and 1.8 mM of Cr (VI)

using IPA. In these protein sub-networks, MAP kinases, AKT panel

protein, and UBC are the key proteins linked to cytotoxic responses

of BEAS-2B cells to Cr (VI).

5. Conclusions

We analyzed proteome changes in BEAS-2B cells treated with Cr

(VI) using both ELISA analysis of 15 well-known protein pathway

regulators and 2-DE-based proteomic analysis of the protein

changes in response to Cr (VI) treatments. This integrated

proteomic approach provided an overall picture of the important

proteins and toxicity pathways that were modulated in the cellular

response to Cr (VI) treatments, and identified a small set of key

proteins and concomitant pathways associated with the toxicity of

Cr (VI). Interestingly, this small set of key proteins and

pathways involved in glycolysis and gluconeogenesis pathways,

protein degradation, and stress responses including inflammation

and oxidative stress were already modified to a lower extend in

BEAS-2B cells treated with 0.3 mM of Cr (VI), demonstrating a shift

in these pathways from a non-toxic concentration of Cr (VI) to a

toxic one. The present study, therefore, provides an integrated

proteomic approach to identify key proteomic responses of BEAS-

2B cells to Cr (VI) exposures that are critical to the conversion of the

cells from nontoxicity to toxicity ones. Some critical toxicity

pathways and protein indicators of cytotoxicity conversion are

identified. The identification of key pathways involved in specific

toxicity response enables the use of such proteomic signatures as

predictive tools to facilitate toxicity screening of chromium and

other heavy metals. In addition, our results also demonstrate that

proteome alterations in the glycolysis/gluconeogenesis, protea-

some, and oxidative stress pathways may be more sensitive

indicators of adverse outcomes of toxicant exposures than apical

endpoints such as cytotoxicity.
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Justifications:

Justification 1:

The two nominated papers demonstrate the sustainable production of hydrogen from a renewable source (e.g., water
and formic acid) and further its utilization in chemical transformation.

Hydrogen production with renewable energies may have an essential role in the future as an energy vector and as a fuel.
First nominated paper (Nadagouda, 2019, US Patent) revealed that ruthenium chitosan composite can split water into H

2 and O2 under microwave irradiation. It performs the dual-task: it produces H2 under microwave irradiation as well as

catalyzing the reduction of a nitro group into an amine. The concept of nitro reduction with a dual-task from the metal
catalyst, which involves the production of H2 through the splitting of water followed by catalytic conversion of a nitro

group into amine under microwave conditions, has not been predicted earlier. This patent demonstrates a new
dimension to the microwave and catalytic hydrogenation chemistry and opens composite-based materials for H2
production.

The second nominated paper (Varma, 2016) developed an efficient and sustainable protocol for the generation of
hydrogen from formic acid using a bimetallic catalyst, AgPd@g-C3N4, under visible light. This bimetallic catalyst was

synthesized by reducing silver and palladium salts over graphitic carbon nitride (g-C3N4), enables the concerted
reductive formylation of aromatic nitro compounds under photo-chemical conditions using formic acid, which serves
the dual role of a hydrogen source and a formylating agent. Formic acid, the simplest carboxylic acid, is found in nature
or can be easily synthesized in the laboratory (major by-product of some second-generation biorefinery processes); it is
also an important chemical due to its innumerable applications in pharmaceuticals and industry.

Overall, these two papers are influential in fulfilling EPA mission such as “Sustainable Materials Management (SMM)”
because these utilize sustainable hydrogen production and also help to combat energy demands that are covered by
f o s s i l  f u e l s  (
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
). Over 65% of the world's energy demand is covered by fossil fuels, so hydrogen production developments, offer a
more sustainable alternative that limits the production of harmful materials and greenhouse gases. Since these gases are
known to be detrimental to the environment and human health, it is apparent that the advantages of this research do not
only apply to chemical engineering but also applies to environmental preservation as well as the medical care industry.

https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
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1.  
2.  

3.  

1.  

2.  
3.  

Justification 2A:

None of the two nominated papers included in this STAA package have been submitted for the STAA award in the
past.   

Two articles in this package are necessarily associated with each other as they demonstrate the generation of hydrogen
from a renewable source such as form water and formic acid. As mentioned in answer to Question 1, the strength of this
study is the breadth of researches that were performed for the utilization of marine waste (chitosan) derived
heterogeneous catalyst to produce hydrogen from water (Nadagouda et al., 2019) and generation of hydrogen from
formic under visible light irradiation (Varma 2016). All these research studies increase the national scale understanding
of sustainable production of hydrogen and its utilization in chemical transformation.

Justification 2B:

Mallikarjuna N. Nadagouda

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry

2017 Honorable Mention STAA

 

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering
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1.  
2.  

1.  
2.  

3.  

1.  

2.  

2019 Honorable Mention STAA

 

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

 

 

Rajender S. Varma

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry

2017 Honorable Mention STAA

 

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
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3.  

1.  
2.  

Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering

2019 Honorable Mention STAA

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

 

 

 

 

Justification 2C:

Nadagouda’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA and 2019 Level III STTA) awards are
not related to the currently nominated work. The previous works were associated with the upgrading of biomass/waste
to value-added products. However, the present work is related to sustainable hydrogen production from a renewable
source.
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Varma’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA, and 2019 Level III STTA) awards are not
related to the currently nominated work. The previous works were related to the upgrading of biomass/waste to
value-added products. However, the present work is related to sustainable hydrogen production from a renewable
source.

 

Justification 2D:

None of the supplemental information has been included in previous nominations.

 

Justification 2E:

There are no concurrent nominations by the authors on this nomination.

 

Justification 3A:

The first study (Nadagouda 2019) has been accepted as a US patent. Researcher Aminabhavi et al. cited and discussed
our first research work (Nadagouda 2019) on hydrogen production in his review article (International Journal of
Hydrogen Energy, 2019, 44, 10453-10472).  The authors have summarized our research findings, indicating, “Recently,
Nadagouda et al. revealed that ruthenium chitosan composite could split water into H2 and O2 under microwave
irradiation. It performs the dual-task: it produces H2 under microwave irradiation as well as catalyzing the reduction of
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a nitro group into an amine. The concept of nitro reduction with a dual-task from the metal catalyst, which involves the
production of H2 through the splitting of water followed by catalytic conversion of a nitro group into amine under
microwave conditions, has not been predicted earlier. This patent demonstrates a new dimension to the microwave and
catalytic hydrogenation chemistry and opens up composite-based materials for H2 production.” In this way, our work is
particularly well-suited to help other researchers in the United States develop more strategic measures that optimize
hydrogen production.

The second nominated paper (Varma, 2016) has been published in the prestigious journal “Green Chemistry” as
"Journal Cover Page," which has an Impact Factor of 9.405 and has ranked#3 (h-index: 186) in the “Environmental
Science” category. This research work has already been cited in 18 research articles (Google citation search). Prof. Hua
et al.  from the University of Chinese Medicine, China has highlighted our work, HCOOH/AgPd@g-C3N4, (Varma
2016) in the main body his research article “Wang, Y., Zhan, Z., Zhou, Y., Lei, M. and Hu, L., 2018. A green, efficient,
and rapid procedure for the hydrogenation of nitroarenes to formanilides in water. Monatshefte für Chemie-Chemical
Monthly, 149(3), pp.527-533.” Prof Zhang from china has adopted our work (Varma, 2016) in his research article "Wu,
M., Pang, J.H., Song, P.P., Peng, J.J., Xu, F., Li, Q. and Zhang, X.M., 2019. Visible light-driven oxidation of vanillyl
alcohol in air with Au–Pd bimetallic nanoparticles on phosphorylated hydrotalcite. New Journal of Chemistry, 43(4),
pp.1964-1971." 

Justification 3B:

All of the nominated manuscripts underwent anonymous peer review by the journal to which it was submitted for
publication.

AUTHORS

Principal Author

Author Name: Mallikarjuna N. Nadagouda

Professional Title: Salutation: Dr.
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Email: nadagouda.mallikarjuna@epa.gov Organization:

Mailing Address:

Street Line 1: 26 West, MLK DR. Cincinnati 45268 OH

City: Cincinnati

Zip Code: 45268 State: OH
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A photoactive bimetallic framework for direct
aminoformylation of nitroarenes†

R. B. Nasir Baig,‡a Sanny Verma,‡a Mallikarjuna N. Nadagoudab and

Rajender S. Varma*a

A bimetallic catalyst, AgPd@g-C3N4, synthesized by reducing silver and palladium salts over graphitic

carbon nitride (g-C3N4), enables the concerted reductive formylation of aromatic nitro compounds

under photo-chemical conditions using formic acid, which serves the dual role of a hydrogen source and

a formylating agent.

Introduction

The synthesis of amines and their conversion to N-formyl

derivatives are important reactions in organic synthesis due to

their extensive application in natural product synthesis and

drug discovery.1 Conventionally, amino-formyl derivatives have

been synthesized from nitro compounds in two separate steps

involving nitro reduction followed by N-formylation.2 Most of

the earlier developed processes in the reduction of the nitro

group use stoichiometric amounts of reagents. The heightened

awareness of climate change and the growing importance of

pollution prevention have resulted in a dramatic shift to using

catalytic reagents instead. In general, the catalytic variant deve-

loped for the reduction of nitro compounds often requires

high hydrogen pressure and elevated temperature,3 safety

being a worrisome concern for high pressure hydrogenation

on the industrial scale. Alternative protocols have been

advanced by employing in situ generated hydrogen along with

a precious metal catalyst. Most of these procedures require

vigorous stirring in aqueous media under a carbon monoxide

atmosphere,4 a hazardous and toxic contaminant. Formic

acid, available from biomass resources, has been introduced

as a safer alternative for the transfer hydrogenation of nitro

compounds to generate aryl amines.5 The formylation of

amine has to be carried out subsequently in a separate step.

Rutile-supported gold catalyst has achieved such a direct con-

version of nitro compounds to N-formylamines.6

However, this reaction is temperature dependent. At elev-

ated temperatures, it leads to the formation of N,N-demethyl-

ation whereas a slight variation towards the lower side

(∼60 °C) does not allow the formylation of reduced products.7

In addition, it requires an inert atmosphere along with the use

of organic solvents. Magnetically retrievable palladium catalyst

has also been used for the conversion of nitro-arenes to the

corresponding N-formyl derivatives; the complexity of the cata-

lyst preparation and its higher loading are the main limit-

ations of this method.8 Iron metal in combination with the

corresponding carboxylic acid has been introduced but lower

product yields and heating over an extended period of time

render this an unproductive and tedious method.9 This

prompted us to develop a simple and sustainable catalyst

which can accomplish this transformation in aqueous media

under ambient conditions. In continuation of our ongoing

efforts to develop sustainable methods10 that aim for a

reduction in chemical waste generation,11 we have designed a

bimetallic AgPd@g-C3N4 photoactive heterogeneous catalyst

system for the direct transformation of aromatic nitro com-

pounds to N-formylamines.

Synthesis and characterization

Graphitic carbon nitride (g-C3N4) was synthesized by heating

urea in a furnace at 500 °C and the ensuing pale yellow solid

was dispersed in water by sonicating over a period of 15 min.12

Silver and palladium salts (AgNO3 and Pd(NO3)2) were sequen-

tially added and the reaction mixture was stirred for 12 hours.

The reaction temperature was raised to 50 °C and the silver

and palladium salts were reduced to Ag(0) and Pd(0) nano-

particles using an excess of sodium borohydride (NaBH4). The

reaction mixture was cooled to ambient temperature, centri-

fuged and the solid was washed with methanol and vacuum

†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c5gc02799c.

‡These authors contributed equally to this work.

aSustainable Technology Division, National Risk Management Research Laboratory,

U.S. Environmental Protection Agency, MS 443, Cincinnati, Ohio 45268, USA.

E-mail: varma.rajender@epa.gov; Fax: +1 513-569-7677; Tel: +1 513-487-2701
bWQMB, WSWRD, National Risk Management Research Laboratory, U.S.

Environmental Protection Agency, MS 443, Cincinnati, Ohio 45268, USA
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dried at 50 °C. The AgPd@g-C3N4 catalyst (Fig. 1) was isolated

as a fine solid powder.

The catalyst was characterized using transmission electron

microscopy, scanning electron microscopy, X-ray photoelectron

spectroscopy, X-ray diffraction and inductively coupled plasma

atomic emission spectroscopy (ICP-AES).

TEM spectra of the catalyst endorse the formation of single

phase silver and palladium nanoparticles with a spherical

morphology (Fig. 2). The SEM image of AgPd@g-C3N4 and its

EDX confirm the immobilization of silver (Ag) and palladium

(Pd) nanoparticles over the surface of g-C3N4 (Fig. 3). The con-

centrations of Ag (4.67%) and Pd (4.55%) were determined

using ICP-AES analysis. The XPS (Fig. 4) analysis of AgPd@

g-C3N4 corroborated the formation of palladium and silver

nanoparticles on the surface of graphitic carbon nitride, which

was further supported by XRD results (Fig. 5).

Results and discussion

The most important step in the development of the active cata-

lyst was the design and synthesis of a catalytic system for the

direct conversion of nitro compounds to N-formylamine

derivatives, preferably using visible light to drive this reaction.

In view of the known prowess of graphitic carbon nitride

(g-C3N4) as a photo active support,13 we pursued this approach

using formic acid as a reducing as well as a formylating agent

in the presence of a bimetallic catalyst.

First, Pd (10 mol%) was immobilized on g-C3N4 and tested

for the aqueous reductive formylation of the nitro group using

formic acid as a hydrogen source; the formation of 47% of the

desired product after 12 hours of exposure to visible light

(Table 1, entry 1) was encouraging. Increasing the palladium

load (Table 1, entry 2) did not improve the catalytic activity

whereas low loading decreased the yield to 30% (Table 1,

Fig. 1 Structure of AgPd@g-C3N4.

Fig. 2 TEM image of the AgPd@g-C3N4 catalyst.

Fig. 3 SEM and EDX data of the AgPd@g-C3N4 catalyst.

Fig. 4 XPS spectra of AgPd@g-C3N4: (a) Pd 3d XPS spectra; (b) Ag 3d

XPS spectra.

Fig. 5 XRD spectra of the AgPd@g-C3N4 catalyst.
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entry 3). These results suggested that Pd@g-C3N4 was not

sufficiently active to accomplish this transformation. We

sought to enhance its activity by adding a catalytic promoter,

preferably an abundant material such as copper. Consequently,

copper–palladium CuPd@g-C3N4 catalysts were synthesized

and used, which afforded higher yields (65%) of the desired

product (Table 1, entry 4). Various amounts of copper and pal-

ladium loadings were next examined (Table 1, entries 5 and 6).

The CuPd@g-C3N4 catalyst with 10% Cu and 5% Pd (Table 1,

entry 5) gave the desired product in 55% yield, whereas the

CuPd@g-C3N4 catalyst with 5% Cu and 10% Pd gave 69% of

the product. A recent report on the use of the Ag–Pd system on

an ultrathin support14 encouraged us to explore the use of

silver as a co-catalyst partner, and therefore we synthesized the

AgPd@g-C3N4 framework. The reaction of nitrobenzene with

formic acid in the presence of bimetallic AgPd@g-C3N4 gave a

quantitative yield of N-formyl aniline (Table 1, entry 7, 2 h).

The variation in Ag and Pd concentrations in the catalyst

played a crucial role in the reductive formylation of the nitro

group. The catalyst with 10% Ag and 5% Pd loading required

5 h for the completion of the reaction (Table 1, entry 8). On

the other hand, the catalyst system consisting of 5% Ag and

10% Pd gave a quantitative yield of the desired product within

2 h (Table 1, entry 9). Further reduction in the silver concen-

tration led to an increase in the reaction time and a decrease

in the product yield (Table 1, entry 10). The reaction with silver

alone, Ag@g-C3N4, did not show any evidence of reductive for-

mylation products even after 24 hours (Table 1, entry 11).

After establishing the ideal reaction conditions for the cata-

lyst, it was imperative to evaluate the performance of AgPd@

g-C3N4 with a wide variety of substrates. Accordingly, an array of

nitro derivatives were subjected to reductive formylation reac-

tions (Table 2, entries 1–9); all the substrates bearing electron

donating (Table 2, entries 2 and 3) and electron withdrawing

substituents (Table 2, entries 4–9) were converted to the corres-

ponding amino formyl derivatives. It was difficult to corrobo-

rate the reactivity pattern with the nature of the substituents

and electronic behavior as most of the reactions were com-

pleted within 2 hours.

The recyclability of the catalyst in terms of practical and

sustainable use was established using recycling experiments

for the reductive formylation of nitrobenzene. After the com-

pletion of the first reaction, AgPd@g-C3N4 was recovered and

reused for the reductive formylation of a fresh batch of nitro-

benzene. AgPd@g-C3N4 was found to be stable and could be

reused several times without losing its activity (ESI, S2†); even

Table 1 Screening of catalysts for N-formylation

Entry Catalyst Time Yielda,b

1 Pd@g-C3N4 (10% Pd) 12 h 48%
2 Pd@g-C3N4 (20% Pd) 12 h 49%
3 Pd@g-C3N4 (5% Pd) 12 h 31%
4 CuPd@g-C3N4 (10% Cu : 10% Pd) 12 h 65%
5 CuPd@g-C3N4 (10% Cu : 5% Pd) 12 h 55%
6 CuPd@g-C3N4 (5% Cu : 10% Pd) 12 h 69%
7 AgPd@g-C3N4 (10% Ag : 10% Pd) 2 h 99%
8 AgPd@g-C3N4 (10% Ag : 5% Pd) 5 h 88%
9 AgPd@g-C3N4 (5% Ag : 10% Pd) 2 h 99%
10 AgPd@g-C3N4 (2% Ag : 10% Pd) 5 h 85%
11 Ag@g-C3N4 (10% Ag) 24 h —

a Reaction conditions: 1 mmol of nitrobenzene; formic acid (2 mmol);
water (1.0 mL); catalyst (25 mg); 40 watt domestic bulb. b Isolated yield.

Table 2 N-Formylation of nitroarenes by AgPd@g-C3N4
a

Entry Reactant Product Time Yieldb

1 2 h 99%

2 2 h 98%

3 2 h 96%

4 2 h 97%

5 2 h 97%

6 2 h 97%

7 2 h 96%

8 2 h 97%

9 2 h 96%

10 3 h 76%

11 — 12 h —

a Reaction conditions: nitroarenes (1 mmol); formic acid (2 mmol);
water (1.0 mL); catalyst (25 mg); 40 watt domestic bulb. b Isolated yield.
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after the 6th cycle, nitrobenzene was efficiently converted into

N-formyl aniline. The reactivity and stability of the catalyst

could be attributed to the graphitic carbon nitride (g-C3N4)

which holds Ag and Pd nanoparticles firmly. The metal leach-

ing in the AgPd@g-C3N4 catalyst was studied using ICP-AES

analysis of the reaction solvent and the recycled catalyst before

and after the reaction. The absence of metals in the mother

liquor and the percentage of Ag (4.65%) and Pd (4.54%) in the

recycled catalyst confirmed that g-C3N4 holds the metals

tightly. The negligible metal leaching may be attributed to

high porosity and polarity of the g-C3N4 support which holds

these metals via non-covalent interactions.

Conclusions

Silver and palladium were immobilized by reducing their salt

forms over a g-C3N4 (graphitic carbon nitride) surface. The syn-

thesized AgPd@g-C3N4 catalyst was used for the direct amino

formylation of an aromatic nitro group under photo-chemical

conditions using visible light as a source of energy and formic

acid as a reducing as well as a formylating agent. The bi-

metallic catalyst is highly effective in decomposing formic acid

into hydrogen and for use as a formylating agent in a con-

certed process.
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Φροm: Ραϕενδερ ςαρmα

Το: Ναδαγουδα, Μαλλικαρϕυνα

Συβϕεχτ: Χοντριβυτιον το συβmιττεδ παπερσ φορ ΣΤΑΑ αωαρδ−φροm Ραϕενδερ ςαρmα

Dατε: Μονδαψ, Απριλ 27, 2020 7:54:38 ΠΜ

Dεαρ Dρ. Ναδαγουδα,

Ι ωιση το χονφιρm τηατ mψ χοντριβυτιον ισ 20% φορ εαχη οφ τηε φολλοωινγ παπερσ συβmιττεδ φορ
ΣΤΑΑ αωαρδ.
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Μψ χοντριβυτιον το τηε βελοω πυβλιχατιονσ ισ 55 % εαχη.
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A photoactive bimetallic framework for direct
aminoformylation of nitroarenes†

R. B. Nasir Baig,‡a Sanny Verma,‡a Mallikarjuna N. Nadagoudab and

Rajender S. Varma*a

A bimetallic catalyst, AgPd@g-C3N4, synthesized by reducing silver and palladium salts over graphitic

carbon nitride (g-C3N4), enables the concerted reductive formylation of aromatic nitro compounds

under photo-chemical conditions using formic acid, which serves the dual role of a hydrogen source and

a formylating agent.

Introduction

The synthesis of amines and their conversion to N-formyl

derivatives are important reactions in organic synthesis due to

their extensive application in natural product synthesis and

drug discovery.1 Conventionally, amino-formyl derivatives have

been synthesized from nitro compounds in two separate steps

involving nitro reduction followed by N-formylation.2 Most of

the earlier developed processes in the reduction of the nitro

group use stoichiometric amounts of reagents. The heightened

awareness of climate change and the growing importance of

pollution prevention have resulted in a dramatic shift to using

catalytic reagents instead. In general, the catalytic variant deve-

loped for the reduction of nitro compounds often requires

high hydrogen pressure and elevated temperature,3 safety

being a worrisome concern for high pressure hydrogenation

on the industrial scale. Alternative protocols have been

advanced by employing in situ generated hydrogen along with

a precious metal catalyst. Most of these procedures require

vigorous stirring in aqueous media under a carbon monoxide

atmosphere,4 a hazardous and toxic contaminant. Formic

acid, available from biomass resources, has been introduced

as a safer alternative for the transfer hydrogenation of nitro

compounds to generate aryl amines.5 The formylation of

amine has to be carried out subsequently in a separate step.

Rutile-supported gold catalyst has achieved such a direct con-

version of nitro compounds to N-formylamines.6

However, this reaction is temperature dependent. At elev-

ated temperatures, it leads to the formation of N,N-demethyl-

ation whereas a slight variation towards the lower side

(∼60 °C) does not allow the formylation of reduced products.7

In addition, it requires an inert atmosphere along with the use

of organic solvents. Magnetically retrievable palladium catalyst

has also been used for the conversion of nitro-arenes to the

corresponding N-formyl derivatives; the complexity of the cata-

lyst preparation and its higher loading are the main limit-

ations of this method.8 Iron metal in combination with the

corresponding carboxylic acid has been introduced but lower

product yields and heating over an extended period of time

render this an unproductive and tedious method.9 This

prompted us to develop a simple and sustainable catalyst

which can accomplish this transformation in aqueous media

under ambient conditions. In continuation of our ongoing

efforts to develop sustainable methods10 that aim for a

reduction in chemical waste generation,11 we have designed a

bimetallic AgPd@g-C3N4 photoactive heterogeneous catalyst

system for the direct transformation of aromatic nitro com-

pounds to N-formylamines.

Synthesis and characterization

Graphitic carbon nitride (g-C3N4) was synthesized by heating

urea in a furnace at 500 °C and the ensuing pale yellow solid

was dispersed in water by sonicating over a period of 15 min.12

Silver and palladium salts (AgNO3 and Pd(NO3)2) were sequen-

tially added and the reaction mixture was stirred for 12 hours.

The reaction temperature was raised to 50 °C and the silver

and palladium salts were reduced to Ag(0) and Pd(0) nano-

particles using an excess of sodium borohydride (NaBH4). The

reaction mixture was cooled to ambient temperature, centri-

fuged and the solid was washed with methanol and vacuum

†Electronic supplementary information (ESI) available. See DOI: 10.1039/

c5gc02799c.

‡These authors contributed equally to this work.

aSustainable Technology Division, National Risk Management Research Laboratory,

U.S. Environmental Protection Agency, MS 443, Cincinnati, Ohio 45268, USA.

E-mail: varma.rajender@epa.gov; Fax: +1 513-569-7677; Tel: +1 513-487-2701
bWQMB, WSWRD, National Risk Management Research Laboratory, U.S.

Environmental Protection Agency, MS 443, Cincinnati, Ohio 45268, USA

This journal is © The Royal Society of Chemistry 2016 Green Chem., 2016, 18, 1019–1022 | 1019
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dried at 50 °C. The AgPd@g-C3N4 catalyst (Fig. 1) was isolated

as a fine solid powder.

The catalyst was characterized using transmission electron

microscopy, scanning electron microscopy, X-ray photoelectron

spectroscopy, X-ray diffraction and inductively coupled plasma

atomic emission spectroscopy (ICP-AES).

TEM spectra of the catalyst endorse the formation of single

phase silver and palladium nanoparticles with a spherical

morphology (Fig. 2). The SEM image of AgPd@g-C3N4 and its

EDX confirm the immobilization of silver (Ag) and palladium

(Pd) nanoparticles over the surface of g-C3N4 (Fig. 3). The con-

centrations of Ag (4.67%) and Pd (4.55%) were determined

using ICP-AES analysis. The XPS (Fig. 4) analysis of AgPd@

g-C3N4 corroborated the formation of palladium and silver

nanoparticles on the surface of graphitic carbon nitride, which

was further supported by XRD results (Fig. 5).

Results and discussion

The most important step in the development of the active cata-

lyst was the design and synthesis of a catalytic system for the

direct conversion of nitro compounds to N-formylamine

derivatives, preferably using visible light to drive this reaction.

In view of the known prowess of graphitic carbon nitride

(g-C3N4) as a photo active support,13 we pursued this approach

using formic acid as a reducing as well as a formylating agent

in the presence of a bimetallic catalyst.

First, Pd (10 mol%) was immobilized on g-C3N4 and tested

for the aqueous reductive formylation of the nitro group using

formic acid as a hydrogen source; the formation of 47% of the

desired product after 12 hours of exposure to visible light

(Table 1, entry 1) was encouraging. Increasing the palladium

load (Table 1, entry 2) did not improve the catalytic activity

whereas low loading decreased the yield to 30% (Table 1,

Fig. 1 Structure of AgPd@g-C3N4.

Fig. 2 TEM image of the AgPd@g-C3N4 catalyst.

Fig. 3 SEM and EDX data of the AgPd@g-C3N4 catalyst.

Fig. 4 XPS spectra of AgPd@g-C3N4: (a) Pd 3d XPS spectra; (b) Ag 3d

XPS spectra.

Fig. 5 XRD spectra of the AgPd@g-C3N4 catalyst.
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entry 3). These results suggested that Pd@g-C3N4 was not

sufficiently active to accomplish this transformation. We

sought to enhance its activity by adding a catalytic promoter,

preferably an abundant material such as copper. Consequently,

copper–palladium CuPd@g-C3N4 catalysts were synthesized

and used, which afforded higher yields (65%) of the desired

product (Table 1, entry 4). Various amounts of copper and pal-

ladium loadings were next examined (Table 1, entries 5 and 6).

The CuPd@g-C3N4 catalyst with 10% Cu and 5% Pd (Table 1,

entry 5) gave the desired product in 55% yield, whereas the

CuPd@g-C3N4 catalyst with 5% Cu and 10% Pd gave 69% of

the product. A recent report on the use of the Ag–Pd system on

an ultrathin support14 encouraged us to explore the use of

silver as a co-catalyst partner, and therefore we synthesized the

AgPd@g-C3N4 framework. The reaction of nitrobenzene with

formic acid in the presence of bimetallic AgPd@g-C3N4 gave a

quantitative yield of N-formyl aniline (Table 1, entry 7, 2 h).

The variation in Ag and Pd concentrations in the catalyst

played a crucial role in the reductive formylation of the nitro

group. The catalyst with 10% Ag and 5% Pd loading required

5 h for the completion of the reaction (Table 1, entry 8). On

the other hand, the catalyst system consisting of 5% Ag and

10% Pd gave a quantitative yield of the desired product within

2 h (Table 1, entry 9). Further reduction in the silver concen-

tration led to an increase in the reaction time and a decrease

in the product yield (Table 1, entry 10). The reaction with silver

alone, Ag@g-C3N4, did not show any evidence of reductive for-

mylation products even after 24 hours (Table 1, entry 11).

After establishing the ideal reaction conditions for the cata-

lyst, it was imperative to evaluate the performance of AgPd@

g-C3N4 with a wide variety of substrates. Accordingly, an array of

nitro derivatives were subjected to reductive formylation reac-

tions (Table 2, entries 1–9); all the substrates bearing electron

donating (Table 2, entries 2 and 3) and electron withdrawing

substituents (Table 2, entries 4–9) were converted to the corres-

ponding amino formyl derivatives. It was difficult to corrobo-

rate the reactivity pattern with the nature of the substituents

and electronic behavior as most of the reactions were com-

pleted within 2 hours.

The recyclability of the catalyst in terms of practical and

sustainable use was established using recycling experiments

for the reductive formylation of nitrobenzene. After the com-

pletion of the first reaction, AgPd@g-C3N4 was recovered and

reused for the reductive formylation of a fresh batch of nitro-

benzene. AgPd@g-C3N4 was found to be stable and could be

reused several times without losing its activity (ESI, S2†); even

Table 1 Screening of catalysts for N-formylation

Entry Catalyst Time Yielda,b

1 Pd@g-C3N4 (10% Pd) 12 h 48%
2 Pd@g-C3N4 (20% Pd) 12 h 49%
3 Pd@g-C3N4 (5% Pd) 12 h 31%
4 CuPd@g-C3N4 (10% Cu : 10% Pd) 12 h 65%
5 CuPd@g-C3N4 (10% Cu : 5% Pd) 12 h 55%
6 CuPd@g-C3N4 (5% Cu : 10% Pd) 12 h 69%
7 AgPd@g-C3N4 (10% Ag : 10% Pd) 2 h 99%
8 AgPd@g-C3N4 (10% Ag : 5% Pd) 5 h 88%
9 AgPd@g-C3N4 (5% Ag : 10% Pd) 2 h 99%
10 AgPd@g-C3N4 (2% Ag : 10% Pd) 5 h 85%
11 Ag@g-C3N4 (10% Ag) 24 h —

a Reaction conditions: 1 mmol of nitrobenzene; formic acid (2 mmol);
water (1.0 mL); catalyst (25 mg); 40 watt domestic bulb. b Isolated yield.

Table 2 N-Formylation of nitroarenes by AgPd@g-C3N4
a

Entry Reactant Product Time Yieldb

1 2 h 99%

2 2 h 98%

3 2 h 96%

4 2 h 97%

5 2 h 97%

6 2 h 97%

7 2 h 96%

8 2 h 97%

9 2 h 96%

10 3 h 76%

11 — 12 h —

a Reaction conditions: nitroarenes (1 mmol); formic acid (2 mmol);
water (1.0 mL); catalyst (25 mg); 40 watt domestic bulb. b Isolated yield.
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after the 6th cycle, nitrobenzene was efficiently converted into

N-formyl aniline. The reactivity and stability of the catalyst

could be attributed to the graphitic carbon nitride (g-C3N4)

which holds Ag and Pd nanoparticles firmly. The metal leach-

ing in the AgPd@g-C3N4 catalyst was studied using ICP-AES

analysis of the reaction solvent and the recycled catalyst before

and after the reaction. The absence of metals in the mother

liquor and the percentage of Ag (4.65%) and Pd (4.54%) in the

recycled catalyst confirmed that g-C3N4 holds the metals

tightly. The negligible metal leaching may be attributed to

high porosity and polarity of the g-C3N4 support which holds

these metals via non-covalent interactions.

Conclusions

Silver and palladium were immobilized by reducing their salt

forms over a g-C3N4 (graphitic carbon nitride) surface. The syn-

thesized AgPd@g-C3N4 catalyst was used for the direct amino

formylation of an aromatic nitro group under photo-chemical

conditions using visible light as a source of energy and formic

acid as a reducing as well as a formylating agent. The bi-

metallic catalyst is highly effective in decomposing formic acid

into hydrogen and for use as a formylating agent in a con-

certed process.
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Planning for sustainable community water systems requires a comprehensive under-

standing and assessment of the integrated source-drinking-wastewater systems over their

life-cycles. Although traditional life cycle assessment and similar tools (e.g. footprints and

emergy) have been applied to elements of these water services (i.e. water resources,

drinking water, stormwater or wastewater treatment alone), we argue for the importance

of developing and combining the system-based tools and metrics in order to holistically

evaluate the complete water service system based on the concept of integrated resource

management. We analyzed the strengths and weaknesses of key system-based tools and

metrics, and discuss future directions to identify more sustainable municipal water ser-

vices. Such efforts may include the need for novel metrics that address system adaptability

to future changes and infrastructure robustness. Caution is also necessary when coupling

fundamentally different tools so to avoid misunderstanding and consequently misleading

decision-making.
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1. Introduction

In developed regions of the world, community water services

are mostly achieved through large engineered centralized

systems and through “siloed”watermanagement approaches.

Water services defined herein include the provision of safe

drinking water, removal and treatment of sewage, and

stormwater control. These services have been successful in

controlling waterborne disease (OECD, 2011), mitigating flood

damage (Jongman et al., 2012) and supporting firefighting

(OECD, 2010) at an inexpensive market price (i.e. not full-cost).

Increasing water demand, shrinking water resources, more

stringent water quality goals, and aging infrastructure have

resulted in a major asset management financial gap in coun-

tries like the US (US-EPA, 2002), threatening future afford-

ability. Future planning will be more complex with rapidly

developing economies and urbanization (WHO, 2012), the

necessity to provide adequate ecosystem services (Wenning

and Apitz, 2012) and to adapt to more intensified climatic

change (IPCC, 2012). Overall, because of increases in popula-

tion and decreasing water availability, coupled with continu-

ously increasing service costs, and deficiencies in water

system resilience, our current water services are not sus-

tainable for future generations (Chang et al., 2012; Strengers

and Maller, 2012).

A system level view of integrated water services is neces-

sary to develop more balanced and optimal solutions.

Focusing on just one part of the system, such as drinking

water or wastewater alone, even when using system analysis

tools such as life-cycle assessment (Ghimire et al., 2012; Igos

et al., 2014; Lederer and Rechberger, 2010; Lundin et al., 2000;

Memon et al., 2007; Mo et al., 2010, 2011; Remy and Jekel,

2008; Tangsubkul et al., 2005a; Tidåker, 2003; Venkatesh and

Brattebø, 2012; WHO, 2012) may result in shifting problems

to other sectors and miss more effective solutions only

possible when the full system is viewed. For example, a full

system approach that considers water-fit-for-purpose could

lead to the removal of firefighting flow from drinking water

provision. Additionally, framing water services around

resource recovery (e.g., energy recovered from food and fecal

residuals; nutrients returned to food production; and water

largely retained within the municipal region) would yield very

different system configurations and likely more robust and

sustainable water services (Ashbolt, 2011; Otterpohl et al.,

2003).

A major shift in resource governance would also be

necessary to achieve such coordinated actions (Pahl-Wostl

et al., 2012). Complications are evident when jurisdictional

issues are raised by the various, and often conflicting stake-

holders of source water (Winz et al., 2009) and municipal

water services (Malmqvist and Palmquist, 2005). It is therefore

no surprise that stakeholder-driven, and systems based ap-

proaches (Beall et al., 2011; Chang et al., 2012; Dobbie and

Brown, 2014; Lundie et al., 2008; Maheepala et al., 2010;

Malmqvist and Palmquist, 2005; Schlüter and Pahl-Wostl,

2007; Winz et al., 2009; Zarghami and Akbariyeh, 2012) are

increasingly seen as appropriate ways to address and solve

the complexities inherent to community water systems, and

their fundamental interactions with regulators and users.

Integrated community water management addresses total

water cycle management via the engagement of key stake-

holders that include city planners, citizens, regulators, utili-

ties and managers of source water for a developed region

(Thomas and Durham, 2003).

This paper addressed the overarching question: What are

the strengths and weaknesses of various sustainability

assessment tools used as a part of integrated community

water management, and how do they aid in the design of

next-generation community water services? We review a set
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Table 1 e Example dimensions, objectives, tools and metrics for integrated municipal water management.

Dimensiona Objective Toolb Metric Preferred direction Key references/examples

Human Health Characterize health effects

from exposure to chemical and

pathogen hazards

Risk assessment tools Health-adjusted life years

(HALYs), quality adjusted life

years (QALYs), disability

adjusted life years (DALYs),

probability of infection, risk

quotient

Minimized Sometimes combined within

the social dimension (Fane

et al., 2002)

Trade-off between disinfection

by-products and pathogens

(Havelaar et al., 2000b),

Impacts of fecal-contaminated

recreational waters (Schoen

and Ashbolt, 2010)

Assess exposure to chemicals

and health effects

Life cycle impact assessment Comparative toxicity units Minimized TRACI tool (Bare et al., 2008)

Economic Capital and operational cost Life cycle cost analysis Life cycle cost ($) Minimized As used for distribution

systems, rainwater use

(Ghimire et al., 2012)

decentralized wastewater

(Wang, 2014)

As proposed for green roofs

(Carter and Keeler, 2008)

Evaluate externalities benefit-cost analysis net present value ($) Minimized

Characterize capital and

operational costs, externalities,

employment generation

Trip bottom line reporting GDP and genuine progress

indicator (GPI)

Maximized Regional scale (Kubiszewski

et al., 2013)

Environmental Assess depletion of water, land

and other natural resources

Footprints Water and ecological footprints Minimized Regional, basin, and

infrastructure scale (Boulay

et al., 2013; Hoekstra and Hung,

2002; Moore et al., 2013; Zeng

et al., 2012)

Calculate energy use Life cycle assessment (LCA),

emergy

Life cycle energy consumption

(mj), emergy (sej)

Minimized Infrastructure scale, water,

wastewater, stormwater

treatment option (Igos et al.,

2014; Lundin et al., 2000; Lyons

et al., 2009; Remy and Jekel,

2008; Stokes and Horvath, 2006;

Tangsubkul et al., 2005a;

Tillman et al., 1998)

Assess global warming

potential

LCA, footprint Life cycle global warming

potential (g CO2-eq), carbon

footprint (g CO2-eq)

Minimized

Assess eutrophication potential LCA Life cycle eutrophication

potential (g N-eq)

Minimized

Assess impact to ecosystem

services

Emergy Emergy (sej) Minimized, more renewable

emergy and most efficient

system

Regional, basin, global scale,

and treatment options

(Campbell and Garmestani,

2012)

Resilience Evaluate the capacity to deal

with change

Literature review and expert

opinion, combinations of

human health and

environmental tools, CREAT

No standard metric- both

qualitative and quantitative

Maximized Limited to date (Cordell and

Neset, 2014; Dessai and Hulme,

2007; US-EPA, 2013a), Novel

aspects described in current

paper

a Social and cultural dimensions are beyond the scope of our analysis.
b The overlapping areas of the research tools are described in Section 6 and Table 2.
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natural hydrological cycle (US-EPA, 2008; Romitelli, 1997;

Arden, 2014). Constructed wetlands can be used to simulate

natural wetlands and use renewable energy derived from

natural systems to replace fossil fuel energy used in conven-

tional treatment technologies to achieve the required purifi-

cation of water, and restore the hydrological cycle through

increasing evapotranspiration and filtration (Odum, 1983).

Current community water services negatively influence ni-

trogen and phosphorus cycles by releasing large amount of

nutrients as waste via combined sewage overflow, wastewater

effluent discharge, and sludge application (Tangsubkul et al.,

2005b; Tillman et al., 1998), and emitting greenhouse gases

duringwater andwastewater conveyanceand treatment (Short

et al., 2014). Nitrogen and phosphorus contamination via

wastewater is one of the major reasons for nutrient cycle

disruption, leading to eutrophication and hypoxia in many

coastal and riverine regions (US-EPA, 2013b). Alternative sys-

tem elements such as urine-diversion toilets and blackwater-

only sewers can contain these nutrients for food production

and avoid their direct release to the environment, promoting

restoration of nutrient cycles.

The example novel system elements capitalize on recent

research that identifies decentralized/semi-decentralized

systems as more sustainable for the environment (Luthy,

2013). As shown in Fig. 1, the specific decentralized/semi-

decentralized processes may include greywater treatment

and local reuse (either at the household or community

scale); blackwater co-digestion with food waste for energy

recovery; diverted urine and feces for fertilizer and soil

conditioner (Zeeman et al., 2008); and rainwater harvesting.

Greywater accounts for some 70% of residential wastewater

in a conventional sewer; separating, treating, and reusing

greywater onsite would reduce demand on the outside water

resource by up to 70% compared to conventional centralized

water systems (and the energy used in its conveyance).

Treated greywater has been reliably used for purposes such

as irrigation, toilet flushing, and clothes washing in

Australia (Barker et al., 2013). Local rainwater harvesting

could also provide additional municipal water sources,

depending on the level of treatment. Local rainwater har-

vesting has the extra benefit of enhancing system resilience

to storm events, drought and water shortage (Jones and

Hunt, 2010).

Essentially, the proposed novel elements change the

perspective on water services from the “siloed” and central-

ized water management thinking into integrated and

decentralized/semi-decentralized design following the prin-

ciples of biomimicy and resource recovery. While the novel

elements may present significant potentials in mitigating

energy use, resource consumption and nutrient export, the

system performances with individual novel elements from

environmental, economic, and social perspectives are still not

fully understood. The following discussion presents technical

tools and metrics that allow us to compare the performances

Fig. 1 e System diagram illustrating key elements in community water services. The major flows and stocks of water,

materials, energy and residuals of water systems are illustrated. The conventional configurations and example possible

future system elements are described with solid and dashed boxes, respectively. DW, RW, GW, BW, DWTP, GWTP, WWTP

represent drinking water, rain water, greywater, blackwater, drinking water treatment plant, greywater treatment plant,

and wastewater treatment plant, respectively. The arrows represent emergy flows. While the circles mean outside sources

of energy, the semicircles describes various storage compartments.
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products, pathogens and brine concentrates) (Richardson

et al., 2011). There is also little scientific consensus for how

to comprehensively assess environmental and human health

impacts of water use, although a number of methods and

indices have been developed to compilewater use inventories,

and generate midpoint and endpoint methods for addressing

water scarcity (Boulay et al., 2011, 2013; Hanafiah et al., 2011;

Pfister et al., 2009).

In order to improve current limitations, the future water

LCA efforts should include 1) compiling the life cycle in-

ventory of the whole anthropogenic water cycle including

both centralized and decentralized options, 2) development of

impact assessment tools to evaluate the environmental and

human health impacts of water scarcity and emerging con-

taminants, and 3) integration with additional pieces such as

chemical and microbial associated risk assessment, foot-

prints, emergy, and resilience analysis.

4.3.2. Footprint approaches

The “footprint family” of environmental indicators, including

carbon footprint (Wiedmann and Minx, 2008), ecological

footprint (Wackernagel and Rees, 1996) and water footprint

(Zeng et al., 2012), applies life cycle thinking to analyze the

environmental releases and resource requirements of prod-

ucts and processes. The Carbon Footprint (CF) for water ser-

vices accounts for the global warming gas emissions during

the design, construction, operation, and decommission stages

of community water infrastructure. The Ecological Footprint

(EF) (Wackernagel and Rees, 1996) measures the productive

land area required to supply the resources consumed and to

assimilate the residuals (e.g., CO2, nitrogen in wastewater)

generated for a process or a product or a region. The Water

Footprint (WF), initially introduced by Hoekstra and Hung

(Hoekstra and Hung, 2002) is analogous to the “ecological

footprint” and is used to estimate the volume of water

required for the production of goods and services.

Although footprint analysis may provide insight into the

design and management of water services, further develop-

ment and novel indicators are probably necessary in order to

form a comprehensive understanding of community water

systems and to aid in strategic planning for more sustainable

water systems. To date, CF's have been described for produc-

tion and distribution of drinking water (Mo et al., 2011),

collection and treatment of wastewater (Remy and Jekel,

2008), and the handling of sludge (William and Mciwem,

2009). Despite valuable attempts to assess community water

systems, the CF arising from the holistic analysis of the

drinking, stormwater and wastewater systems requires

further development in order to provide an integrated

assessment of the built environment water cycle, and more

importantly, to provide a systems-level view also suited to

assess radically different options. Typical EFs of water ser-

vices are limited to themeasurement of land area, and carbon

dioxide emissions during transport and processing of

municipal water. The EF does not account for hazardous

(chemical and microbial) environmental releases, nor does it

measure water (surface and ground) resource availability. The

WF is limited to the analysis of embodied virtual water, such

as in a nation's economy and to trace water-intensive stages

along products' supply chains (Hoekstra et al., 2011).

Shortcomings of the WF concept which hinder its use for

designing next generation water systems include: 1) an

incomplete accounting of the natural and built environment

water cycle (Chapagain and Tickner, 2012), 2) limited capa-

bility to characterize the temporal and spatial variability of

watershed hydrology and related water resource availability

(Zeng et al., 2012), 3) no description of ecosystem services, 4)

lack of an appropriate description of the environmental and

human health risks associated with municipal water (Pfister

and Ridoutt, 2013), and 5) an inability to provide solutions

towards water resource management and infrastructure

design (Chapagain and Tickner, 2012).

In order to overcome the above shortcomings of water

footprint for water infrastructure design, the following addi-

tional approaches are suggested: 1) incorporation with an in-

tegrated bio-physical model to describe natural and the built

water cycle with appropriate temporal and spatial resolution;

and 2) combination with life cycle impact, risk, emergy ana-

lyses to provide a comprehensive understanding of hydrology,

environmental and human health risks, and role of ecosystem

services.

4.3.3. A thermodynamic approach: emergy analysis

Emergy analysis is a system-based method applicable to

various scales that incorporates environmental, social, and

economic aspects into a common unit of nonmonetary mea-

sure (solar energy equivalent joule, sej). Emergy is defined as

the available energy of one kind previously used directly and

indirectly to make a service or product (Odum, 1996). It is

based on the observation of the patterns of energy flows in

ecosystems and economic systems during self-organization.

It is based on the theory that all systems (ecological, social

and economic) are centered on the transformation of available

energy. For example, the transformity values (total emergy

input required to generate one unit of energy out) for wind

energy, and phosphate fertilizer are 1.5E3 sej/J, and 1.0E7 sej/J)

(Odum, 1996). This means that the processes generating

phosphate fertilizer require considerably more upstream en-

ergy investment (geological sedimentary cycle for phosphorus

rock to regenerate and the fossil fuels needed in mining and

formulating it as fertilizer) than what it takes to regenerate

wind energy.

Distinct from the aforementioned approaches, emergy

accounting provides a unique platform to combine economic

activities (mainly water needs and water disposal) and the

hidden ecological costs (via ecosystem services) into a com-

mon measuring unit, sej. It represents a fundamental change

in perspective from a user-based (i.e., monetary exchange) to

donor-based (energy used) value system. This approach al-

lows the behavior of a system as a whole and the interactions

between subcomponents to be observed and optimized. This

can be applied to water systemswith varied components such

aswater in biological systems, various sourcewaters, drinking

water, wastewater, and stormwater. In addition, emergy the-

ory implies that prevailing systems are those where designs

maximize available energy by reinforcing resource intake

optimally. This statement includes maximizing the resource

intake and operating at the optimum efficiency for maximum

productivity (Odum, 1996). The same holds for water systems,

particularly for community water services. Hence, the current
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Table 2 e Considerations included in the discussed tools.

Considerations Life cycle
assessmenta

Water
footprintb

Emergy
analysis

Human health
risk assessment

Life
cycle
cost

Benefit-cost
analysisc

Resilience
assessmentd

Energy

Use

Direct energy consumption X X X X

Indirect energy consumption from supply chains X X X X

Energy consumed in the built processes X X X

Energy consumed in natural processes X

Risks Direct human health risks X X X X

human health risks from supply chain activities X X

Human health risks from discharge or disposal of products X X X

Accidental human health risks X X X

Occupational human health risks

Ecological risks due to the depletion of natural resources X X

Costs Cost for built processes during design, construction, operation, & decommission stages X X X X

Cost for Environmental services X X

Water

Use

Direct water consumption X X X X X X

Indirect water consumption from supply chain/life cycle processes X X X X

Natural water flows X X X

Anthropogenic water flows X X X X

a The current practices include neither microbial related risks, nor a complete description of natural and anthropogenic water flows.
b The current practices don't contain a complete description of natural and anthropogenic water flows.
c The current practices include the environmental and human health consequences which can be monetized.
d The most common reported considerations for water systems from literature review are checked in Table 2.

w
a
t
e
r

r
e
s
e
a
r
c
h

7
7

(2
0
1
5
)
1
5
5
e
1
6
9

1
6
4





and other project-related supports. The authors would like to

acknowledge Michael Gonzalez at U.S. Environmental Pro-

tection Agency for his insightful suggestions. The views

expressed in this article are those of the authors and do not

necessarily reflect the views or policies of the U.S. Environ-

mental Protection Agency. Any mention of specific products

or processes does not represent endorsement by the U.S.

Environmental Protection Agency.

r e f e r e n c e s

Agull�o-Barcel�o, M., Casas-Mangas, R., Lucena, F., 2012. Direct and
indirect QMRA of infectious Cryptosporidium oocysts in
reclaimed water. J. Water Health 10 (4), 539e548.

Ahmed, W., Gardner, T., Toze, S., 2011. Microbiological quality of
roof-harvested rainwater and health risks: a review. J.
Environ. Qual. 40 (1), 13e21.

Ahmed, W., Brandes, H., Gyawali, P., Sidhu, J.P., Toze, S., 2014.
Opportunistic pathogens in roof-captured rainwater
samples, determined using quantitative PCR. Water Res. 53,
361e369.

Al Aukidy, M., Verlicchi, P., Jelic, A., Petrovic, M., Barcelo, D., 2012.
Monitoring release of pharmaceutical compounds: occurrence
and environmental risk assessment of two WWTP effluents
and their receiving bodies in the Po Valley, Italy. Sci. Total
Environ. 438, 15e25.

An, W., Zhang, D., Xiao, S., Yu, J., Yang, M., 2011. Quantitative
health risk assessment of Cryptosporidium in rivers of southern
China based on continuous monitoring. Environ. Sci. Technol.
45 (11), 4951e4958.

Ananda, J., Proctor, W., 2013. Collaborative approaches to water
management and planning: an institutional perspective. Ecol.
Econ. 86, 97e106.

Arbault, D., 2013. Emergy evaluation of water treatment
processes. Ecol. Eng. 60 (0), 172e182.

Arden, S., Ma, X., Brown, M., 2014. Ecohydrologic Effects of
Urbanization on Evapotranspiration in Shallow Groundwater
Table Environments. Water Sci. Technol. 70 (11), 1789e1797
(Special Issue: Modeling the Urban Water Cycle).

Arias, M.E., Brown, M.T., 2009. Feasibility of using constructed
treatment wetlands for municipal wastewater treatment in
the Bogot�a Savannah, Colombia. Ecol. Eng. 35 (7), 1070e1078.

Arrow, K.J., Cropper, M.L., Eads, G.C., Hahn, R.W., Lave, L.B.,
Noll, R.G., Portney, P.R., Russell, M., Schmalensee, R.,
Smith, V.K., Stavins, R.N., 2004. Is there a role for benefit-cost
analysis in environmental, health, and safety regulation?
Science 272, 221e222.

Ashbolt, N.J., 2011. The Short Pipe Path e Safe Water, Energy &

Nutrient Recovery. Session 18: Zero Net Energy Facilities and
the Future of Wastewater Treatment. Water Environment
Foundation, Hyatt Regency McCormick Place, Chicago, Illinois,
pp. 1233e1241.

Ashbolt, N.J., Petterson, S.R., Westrell, T., Ottoson, J.,
Sch€onning, C., Stenstr€om, T.A., 2006. In: Malmqvist, P.-A.,
Heinicke, G., K€arrman, E., Stenstr€om, T.A., Svensson, G. (Eds.),
Strategic Planning of Sustainable Urban Water Management.
IWA Publishing, London, pp. 43e62.

Ǻstr€om, J., Petterson, S.R., Bergstedt, O., Pettersson, T.J.R.,
Stenstr€om, T.A., 2007. Evaluation of the microbial risk
reduction due to selective closure of the raw water intake
before drinking water treatment. J. Water Health 5 (s1), 81e97.

Ayyub, B.M., 2014. Systems resilience for multihazard
environments: definition, metrics, and valuation for decision
making. Risk Anal. 34 (2), 340e355.

Bare, J.C., Norris, G.A., Pennington, D.W., M, T., 2008. TRACI the
tool for the reduction and assessment of chemical and other
environmental impacts. J. Ind. Ecol. 6 (3e4), 49e78.

Balsells, M., Barroca, B., Amdal, J.R., Diab, Y., Becue, V., Serre, D.,
2013. Analysing urban resilience through alternative
stormwater management options: application of the
conceptual Spatial Decision Support System model at the
neighbourhood scale.Water Sci. Technol. Water Supply 68 (11).

Barker, F.S., O'Toole, J., Sinclair, M.I., Leder, K.,
Malawaraarachchi, M., Hamilton, A.J., 2013. A probabilistic
model of norovirus disease burden associated with greywater
irrigation of home-produced lettuce in Melbourne, Australia.
Water Res. 47 (3), 1421e1432.

Beall, A., Fiedler, F., Boll, J., Cosens, B., 2011. Sustainable water
resource management and participatory system dynamics.
Case study: developing the Palouse Basin participatory model.
Sustainability 3 (4), 720e742.

Bertera, W.J., 2013. Envision: a sustainability guide for water
professionals. J. Am. Water Works Assoc. 105 (7), 50e53.

Bettini, Y., Brown, R., de Haan, F.J., 2013. Water scarcity and
institutional change: lessons in adaptive governance from the
drought experience of Perth, Western Australia. Water Sci.
Technol. 67 (10), 2160e2168.

Bj€orklund, J., 2001. Emergy analysis of municipal wastewater
treatment and generation of electricity by digestion of sewage
sludge. Resour. Conserv. Recycl. 31, 293e316.

Boulay, A.M., Bulle, C., Bayart, J.B., Deschenes, L., Margni, M.,
2011. Regional characterization of freshwater use in LCA:
modeling direct impacts on human health. Environ. Sci.
Technol. 45, 8948e8957.

Boulay, A.M., Hoekstra, A.Y., Vionnet, S., 2013.
Complementarities of water-focused life cycle assessment
and water footprint assessment. Environ. Sci. Technol. 47 (21),
11926e11927.

Bowman, T.T., C, J., Thompson, J., Kliebenstein, J., Colletti, J.P.,
2012. Multiple approaches to valuation of conservation design
and low-impact development features in residential
subdivisions. J. Environ. Manag. 2012 (104), 101e103.

Brauman, K.A., Daily, G.C., Duarte, T.K., Mooney, H.A., 2007. The
nature and value of ecosystem services: an overview
highlighting hydrologic services. Annu. Rev. Environ. Resour.
31 (1), 67e98.

Buenfil, A., 2001. Emergy Evaluation of Water. University of
Florida., Gainesville, FL.

Campbell, D.E., Garmestani, A.S., 2012. An energy systems view of
sustainability: emergy evaluation of the San Luis Basin,
Colorado. J. Environ. Manag. 95 (1), 72e97.

Carter, T., Keeler, A., 2008. Life-cycle cost-benefit analysis of
extensive vegetated roof systems. J. Environ. Manag. 87 (4),
350e363.

Chang, N.B., Qi, C., Yang, Y.J., 2012. Optimal expansion of a
drinking water infrastructure system with respect to carbon
footprint, cost-effectiveness and water demand. J. Environ.
Manag. 110C, 194e206.

Chapagain, A.K., Tickner, D., 2012. Water footprint: help or
hindrance? Water Altern. 5 (3), 563e581.

Charles, K.J., 2009. Quantitative Microbial Risk Assessment: a
Catchment Management Tool to Delineate Buffer Distances
for On-Site Sewage Treatment and Disposal Systems in
Sydney's Drinking Water Catchments. Doctor of Philosophy.
University of New South Wales, Sydney, New South Wales,
Australia.

Clark, C., Adriaens, P., Talbot, F., 2008. Green roof valuation: a
probabilistic economic analysis of environmental benefits.
Environ. Sci. Technol. 42 (6), 2155e2161.

Cochran, B., Logue, C., 2011. A watershed approach to improve
water quality: case study of clean water services' Tualatin
River program. J. Am. Water Resour. Assoc. 47 (1), 29e38.

wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 1 5 5e1 6 9166



Collier, S.A., Stockman, L.J., Hicks, L.A., Garrison, L.E., Zhou, F.J.,
Beach, M.J., 2012. Direct healthcare costs of selected diseases
primarily or partially transmitted by water. Epidemiol. Infect.
140 (11), 2003e2013.

Cordell, D., Neset, T.S.S., 2014. Phosphorus vulnerability: a
qualitative framework for assessing the vulnerability of
national and regional food systems to the multi-dimensional
stressors of phosphorus scarcity. Glob. Environ. Change 24 (1),
108e122.

Daily, G.C., Matson, P.A., 2008. Ecosystem services: from theory to
implementation. Proc. Natl. Acad. Sci. 105 (28), 9455e9456.

De Gisi, S., Petta, L., Farina, R., De Feo, G., 2014. Using a new
incentive mechanism to improve wastewater sector
performance: the case study of Italy. J. Environ. Manag. 132,
94e106.

Dessai, S., Hulme, M., 2007. Assessing the robustness of
adaptation decisions to climate change uncertainties: a case
study on water resources management in the East of England.
Glob. Environ. Change 17 (1), 59e72.

Dobbie, M.F., Brown, R.R., 2014. A framework for understanding
risk perception, explored from the perspective of the water
practitioner. Risk Anal. 34 (2), 294e308.

Dodds, W.K., Perkin, J.S., Gerken, J.E., 2013. Human impact on
freshwater ecosystem services: a global perspective. Environ.
Sci. Technol. 47 (16), 9061e9068.

Dwight, R.H.F., M, L., Bakerc, D.B., Semenzad, J.C., Olson, B.H.,
2005. Estimating the economic burden from illnesses
associated with recreational coastal water pollutionda case
study in Orange County, California. J. Environ. Manag. 76,
95e103.

Fane, S.A., Ashbolt, N.J., White, S.B., 2002. Decentralised urban
water reuse: the implications of system scale for cost and
pathogen risk. Water Sci. Technol. 46 (6e7), 281e288.

Fann, N., Fulcher, C.M., Baker, K., 2013. The recent and future
health Burden of air pollution apportioned across U.S. sectors.
Environ. Sci. Technol. 47 (8), 3580e3589.

Folke, C., 2010. How Much Disturbance Can a System Withstand?
with Roots in Ecology and Complexity Science, Resilience
Theory Offers New Ways to Turn Crises into Catalysts for
Innovation.

Fuentes, I., Rodriguez, M., Domingo, C.J., del Castinllo, F., Alvar, J.,
1996. Urine sample used for congenital toxoplasmosis
diagnosis by PCR. J. Clin. Microbiol. 34 (10), 2368e2371.

Gabe, J., Trowsdale, S., Vale, R., 2009. Achieving integrated urban
water management: planning top-down or bottom-up? Water
Sci. Technol. 59 (10), 1999e2008.

Ghimire, S.R., Watkins Jr., D.W., Li, K., 2012. Life cycle cost
assessment of a rain water harvesting system for toilet
flushing. Water Sci. Technol. Water Supply 12 (3), 309e320.

Haller, L., Hutton, G., Bartram, J., 2007. Estimating the costs and
health benefits of water and sanitation improvements at
global level. J. Water Health 5 (4), 467e480.

Hanafiah, M.M., Xenopoulos, M.A., Pfister, S., Leuven, R.S.E.W.,
Huijbregts, M.A.J., 2011. Charaterization factors for water
consumption and greenhouse gas emissions based on
freshwater fish species extinction. Environ. Sci. Technol. 45
(12), 5272e5278.

Hardisty, P.E., Sivapalan, M., Humphries, R., 2013. Determing a
sustainable and economically optimal wastewater treatment
and discharge strategy. J. Environ. Manag. 123, 98e104.

Havelaar, A., Melse, J.M., 2003. Quantifying Public Health Risk in
the WHO Guidelines for Drinking-water Quality: a Burden of
Disease Approach. RIVM raport 734301022. RIVM, Bilthoven.

Havelaar, A.H., De Hollander, A.E.M., Teunis, P.F.M., Evers, E.G.,
Van Kranen, H.J., Versteegh, J.F.M., Van Koten, J.E.M., Slob, W.,
2000a. Balancing the risks and benefits of drinking water

disinfection: disability adjusted life-years on the scale.
Environ. Health Perspect. 108 (4), 315e321.

Havelaar, A.H., de Wit, M.A., van Koningsveld, R., van Kempen, E.,
2000b. Health burden in the Netherlands due to infection with
thermophilic Campylobacter spp. Epidemiol. Infect. 125,
505e522.

Hester, E.T., Little, J.C., 2013. Measuring environmental
sustainability of water in watersheds. Environ. Sci. Technol.
47 (15), 8083e8090.

Hoekstra, A.Y., Hung, P.Q., 2002. Virtual Water Trade: a
Quantification of Virtual Water Flows between Nations in
Relation to International Crop Trade. UNESCO-IHE.

Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnen, M.M.,
2011. The Water Footprint Assessment Manual: Setting the
Global Standard. Earthscan, London, UK.

Hofstetter, P., Hammitt, J.K., 2002. Selecting human health
metrics for environmental decision-support tools. Risk Anal.
22 (5), 965e983.

Howard, G., Charles, K., Pond, K., Brookshaw, A., Hossain, R.,
Bartram, J., 2010. Securing 2020 vision for 2030: climate change
and ensuring resilience in water and sanitation services. J.
Water Clim. Change 1 (1), 2e16.

Howe, C.A., Butterworth, J., Smout, I.K., Duffy, A.M.,
Vairavamoorthy, K., 2011. Sustainable Water Management in
Cities of the Future. Final Report of the SWITCH Project
2006e2011.

Hurlimann, A., Dolnicar, S., 2010. When public opposition defeats
alternative water projects - the case of Toowoomba Australia.
Water Res. 44 (1), 287e297.

Hwanga, H., Forrestera, A., Lanseya, K., 2013. Decentralized Water
Reuse: Regional Water Supply System Resilience Benefits.

Igos, E., Benetto, E., Dalle, A., Tiruta-Barna, L., Baudin, I., M�ery, Y.,
2014. Life cycle assessment of water treatment: the role of
infrastructure vs. operation at unit process level. J. Clean.
Prod. 65, 424e431.

IPCC, 2012. In: Field, C.B., Barros, V., Stocker, T.F., Qin, D.,
Dokken, D.J., Ebi, K.L., Mastrandrea, M.D., Mach, K.J.,
Plattner, G.-K., Allen, S.K., Tignor, M., Midgley, P.M. (Eds.),
Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation. Cambridge University
Press, Cambridge.

Jones, M.P., Hunt, W.F., 2010. Performance of rainwater
harvesting systems in the southeastern United States.
Resources. Conserv. Recycl. 54 (10), 623e629.

Jongman, B., Ward, P.J., Aerts, J.C.J.H., 2012. Global exposure to
river and coastal flooding: long term trends and changes. Glob.
Environ. Change 22 (4), 823e835.

K€arrman, E., Malmqvist, P.A., McConville, J., Pettersson, F.,
Svensson, G., Wittgren, H.B., 2011. Application of the Urban
Water Framework e Systems Analysis in Practice
International Water Association. Stockholm, 22e25 May.

Katukiza, A.Y., Ronteltap, M., van der Steen, P., Foppen, J.W.,
Lens, P.N., 2014. Quantification of microbial risks to human
health caused by waterborne viruses and bacteria in an urban
slum. J. Appl. Microbiol. 116 (2), 447e463.

Kubiszewski, I., Costanza, R., Franco, C., Lawn, P., Talberth, J.,
Jackson, T., Aylmer, C., 2013. Beyond GDP: measuring and
achieving global genuine progress. Ecol. Econ. 93 (1), 57e68.

Lederer, J., Rechberger, H., 2010. Comparative goal-oriented
assessment of conventional and alternative sewage sludge
treatment options. Waste Manag. 30 (6), 1043e1056.

Leung, H.W., Jin, L., Wei, S., Tsui, M.M., Zhou, B., Jiao, L.,
Cheung, P.C., Chun, Y.K., Murphy, M.B., Lam, P.K., 2013.
Pharmaceuticals in tap water: human health risk assessment
and proposed monitoring framework in china. Environ. Health
Perspect. 121 (7), 839e846.

wat e r r e s e a r c h 7 7 ( 2 0 1 5 ) 1 5 5e1 6 9 167



Lundie, S., Peters, G.M., Beavis, P.C., 2004. Life cycle assessment
for sustainable metropolitan water systems planning.
Environ. Sci. Technol. 38 (13), 3465e3473.

Lundie, S., Peters, G., Ashbolt, N., Lai, E., Livingston, D., 2006. A
sustainability framework for the Australian water industry.
Water, J. Aust. Water Assoc. 33 (11), 54e59.

Lundie, S., Ashbolt, N., Peters, G., Livingston, D., Lai, E.,
K€arrman, E., Blaikie, J., Anderson, J., 2008. Sustainability
Framework. WSAA Occasional Paper No.17. PART a:
Methodology for Evaluating the Overall Sustainability of
Urban Water Systems. In: PART B: a Review Comparing the
WSAA Sustainability Framework to the Gold Coast
Waterfuture Process. Water Services Association of Australia,
Melbourne.

Lundin, M., Bengtsson, M., Molander, S., 2000. Life cycle
assessment of wastewater systems: Influence of system
boundaries and scale on calculated environmental loads.
Environ. Sci. Technol. 34 (1), 180e186.

Luthy, R.G., 2013. Design options for a more sustainable urban
water environment. Environ. Sci. Technol. 47 (19),
10719e10720.

Lyons, E., Zhang, P., Benn, T., Sharif, F., Li, K., Crittenden, J.,
Costanza, M., 2009. Life cycle assessment of three water
supply systems: importation, reclamation and desalination.
Water Sci. Technol. 9 (4), 439e448.

Maheepala, S., Blackmore, J., Diaper, C., Moglia, M., Sharma, A.,
Kenway, S., 2010. Integrated Urban Water Management
Planning Manual. Water Research Foundation, and
Commonwealth Scientific Industrial and Research
Organisation (CSIRO), Denver.

Malmqvist, P.A., Palmquist, H., 2005. Decision support tools for
urbanwater andwastewater systemsefocussing on hazardous
flows assessment. Water Sci. Technol. 51 (8), 41e49.

Memon, F.A., Zheng, Z., Butler, D., Shirley-Smith, C., Lui, S.,
Makropoulos, C., Avery, L., 2007. Life cycle impact assessment
of greywater recycling technologies for new developments.
Environ. Monit. Assess. 129 (1e3), 27e35.

Mishan, E.J., 1978. Elements of Cost Benefit Analysis. George Allen
& Unwin Ltd, London, United Kingdom.

Mo, W., Nasiri, F., Eckelman, M.J., Zhang, Q., Zimmerman, J.B.,
2010. Measuring the embodied energy in drinking water
supply systems: a case study in the Great Lakes region.
Environ. Sci. Technol. 44 (24), 9516e9521.

Mo, W., Zhang, Q., Mihelcic, J.R., Hokanson, D.R., 2011. Embodied
energy comparison of surface water and groundwater supply
options. Water Res. 45 (17), 5577e5586.

Moore, J., Kissinger, M., Rees, W.E., 2013. An urban metabolism
and ecological footprint assessment of Metro Vancouver. J.
Environ. Manag. 124, 51e61.

Morales, M.A., Heaney, J.P., Friedman, K.R., Martin, J.M., 2013.
Parcel-level model of water and energy end use: effects of
indoor water conservation. J. Am. Water Works Assoc. 105 (9),
E507eE516.

Murray, C.J., Acharya, A.K., 1997. Understanding DALYs
(disability-adjusted life years). J. Health Econ. 16 (6), 703e730.

Nelson, M., 1998. Limestone wetland Mesocosm for Recycling
Saline Wastewater in Coastal Yucatan, Mexico. University of
Florida, Gainesville, FL.

NRC, 2009. Science and Decisions: Advancing Risk Assessment.
National Academies Press, Washington, DC.

NRC, 2012. Water Reuse:Potential for Expanding the Nation's
Water Supply through Reuse of Municipal Wastewater.
National Academies Press, Washington, DC.

O'Rourke, T.D., 2007. Critical infrastructure, interdependencies,
and resilience. Bridge-Washington National Academy of
Engineering. Washingt. Acad. Eng. 37 (1), 22.

Odum, E.P., 1983. Basic Ecology. Saunders College Pub,
Philadelphia.

Odum, H.T., 1996. Environmental Accounting. John Wiley & Sons,
New York.

OECD, 2010. Sustainable Management of Water Resources in
Agriculture. OECD Publishing, Paris.

OECD, 2011. An OECD Perspective. OECD. In: Benefits of Investing
in Water and Sanitation. OECD Publishing, Paris.

Otterpohl, R., Braun, U., Oldenburg, M., 2003. Innovative
technologies for decentralised water-, wastewater and
biowaste management in urban and peri-urban areas. Water
Sci. Technol. 48 (11e12), 23e32.

Pabi, S., Amarnath, A., Goldstein, R., 2013. Electricity Use and
Management in the Municipal Water Supply and Wastewater
Industries. Final Report. Electric Power Research Institute, Palo
Alto, California.

Page, D., D, P., Toze, S., Bixio, D., Genthe, B., Jimenez
Cisneros, B.E., Wintgens, T., 2010. Valuing the subsurface
pathogen treatment barrier in water recycling via aquifers for
drinking supplies. Water Res. 44 (6), 1841e1852.

Pahl-Wostl, C., Lebel, L., Knieper,C.,Nikitina, E., 2012. Fromapplying
panaceas tomastering complexity: toward adaptive water
governance in river basins. Environ. Sci. Policy 23 (1), 24e34.

Petterson, S., 2010. Development of a Software Tool for
Undertaking Comparative Risk Assessment of DBPs and
Pathogens in Drinking Water. European Environment Agency,
Denmark.

Pfister, S., Ridoutt, B.G., 2013. Water footprint: pitfalls on common
ground. Environ. Sci. Technol. 48 (1), 4e4.

Pfister, S., Koehler, A., Hellweg, S., 2009. assessing the
environmental impacts of freshwater consumption in LCA.
Environ. Sci. Technol. 43 (11), 4098e4104.

Remy, C., Jekel, M., 2008. Sustainable wastewater management:
life cycle assessment of conventional and source-separating
urban sanitation systems. Water Sci. Technol. 58 (8),
1555e1562.

Richardson, S.D., T, A.T., 2011. Water analysis: emerging
contaminants and current issues. Environ. Sci. Technol. 83
(12), 4614e4648.

Romitelli, M.S., 1997. Energy Analysis of Watersheds. University
of Florida, Gainsville, FL.
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Justifications:

Justification 1:

The two nominated papers demonstrate the upgrading of biomass and chemical transformation using
environmental-friendly processes.

To preserve resources and maintain environmental and economic sustainability, researchers must develop more
efficient technologies for the chemical industry. Currently, they have focused on the lack of available non-renewable
organic feedstocks to demonstrate the importance of renewable resources. Upgrading biomass and the development of
chemical feedstocks from renewable resources are a sustainable method of reducing dependence on petroleum products.
Though upgrading and sustainable development hold many advantages for the environment when applied as a
petroleum alternative, they also present a significant challenge, since researchers must chemically modify the
bio-derived fuels to make them compatible with existing technology. To solve all these challenges, our first nominated
paper (Nadagouda, 2019) developed a technology of magnetically separable heterogeneous bimetallic catalysts for the
upgrading of lignin-derived guaiacol to cyclohexanol under visible light. The second nominated paper (Nadagouda,
2017) designed a novel method for supporting photoactive heterogeneous catalysis in organic reactions.

Overall, these two papers significantly justify EPA mission, for example, “Sustainable Materials Management (SMM)”
as these research articles demonstrate the utilization of sustainable protocols for the upgrading of biomass and chemical
t r a n s f o r m a t i o n .    (
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
). As we know, chemistry is very crucial for daily life and the extent of its application from the development of organic
scaffolds to treat various illnesses in the formation of innovative industrial developments. We develop clean,
sustainable methods to synthesize industrially relevant products in the prevention of pollution and the elimination of
hazardous waste.  

Justification 2A:

None of the two nominated papers consisted of this STAA package have been submit ted for a STAA in the past.  

https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
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1.  
2.  

3.  

1.  

2.  
3.  

In this package, two papers are essentially related to each other as they demonstrate the environmental upgrading of
biomass and sustainable development in organic transformation. As mentioned in answer to Question 1, the strength of
this study is the span of researches that was performed for the utilization of sustainable protocols in the upgradation of
biomass (Nadagouda, 2019) and organic transformation (Nadagouda, 2017).

All these research studies increase the national scale understanding of environmental upgrading of biomass and
sustainable development in organic transformation.

Justification 2B:

Response:

Mallikarjuna N. Nadagouda

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry

2017 Honorable Mention STAA

 

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering
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1.  
2.  

1.  
2.  

3.  

2019 Honorable Mention STAA

 

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

 

 

 

 

Rajender S. Varma

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry

2017 Honorable Mention STAA
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1.  

2.  
3.  

1.  
2.  

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering

2019 Honorable Mention STAA

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

Justification 2C:

Nadagouda’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA and 2019 Level III STTA) awards are
like the currently nominated work, which are directly connected to sustainable chemistry. However, the sustainable
process used in the first paper (Nadagouda 2019) utilizes the chitosan derived carbon nitride as catalyst support, and the
second paper demonstrates the oxidation of alcohols under visible light. These are new approaches that have been
utilized for the environmental upgrading of biomass and sustainable development in organic transformation,
respectively.    

 

Varma’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA, and 2019 Level III STTA) awards are like
the currently nominated work, which are directly connected to sustainable chemistry. However, the sustainable process
used in the first paper (Nadagouda 2019) utilizes the chitosan derived carbon nitride as catalyst support, and the second
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paper demonstrates the oxidation of alcohols under visible light. These are new approaches that have been utilized for
the environmental upgrading of biomass and sustainable development in organic transformation, respectively.

 

Justification 2D:

None of the supplemental information has been included in previous nominations.

Justification 2E:

There are no concurrent nominations by the authors on this nomination.

 

 

Justification 3A:

The first nominated paper (Nadagouda et al., 2019) has selected as a part of the themed collection "Green Biorefinery
Technologies based on Waste Biomass" by the Royal Society of Chemistry. It has been published in the prestigious
journal “Green Chemistry," which has an Impact Factor of 9.405 and has ranked#3 (h-index: 186) in the
“Environmental Science” category. This research work has already been cited in 5 research articles (Google citation
search). Prof. Reina from Department of Chemical and Process Engineering Department, University of Surrey, United
Kingdom has adopted our work on the upgrading of biomass in his research article "Jin, W., Pastor-Pérez, L., Yu, J.,
Odriozola, J.A., Gu, S. and Reina, T.R., 2020. Cost-effective routes for Catalytic Biomass Upgrading. Current Opinion
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in Green and Sustainable Chemistry”. Recently, Prof. Bhoi from Department of Mechanical Engineering, Georgia
Southern University, GA, USA has adopted and discussed our research work of AgPd/Fe@CNx catalyst for upgrading
of lignin-derived guaiacol to cyclohexanol (98%) under visible light irradiation in his article “Ouedraogo, A.S. and
Bhoi, P.R., 2020. Recent progress of metals supported catalysts for hydrodeoxygenation of biomass-derived pyrolysis
oil. Journal of Cleaner Production 253, 119957”

The second nominated paper (Nadagouda et al., 2017) has been published in the prestigious journal “Tetrahedron,"
which has an Impact Factor of 2.645 and has ranked#61 (h-index: 209) in the “Pharmacology, Toxicology and
Pharmaceutics” category. This research work has already been cited in 19 research articles (Google citation search) 

since its publication and highlighted in “Synfacts” (Polymer-Supported Synthesis) as Synfacts, 2017, 13(11), p.1222.

Recently, prof. Hong from South Korea has cited and highlighted our research work (Nadagouda et al., 2017) on his
reaserach article “Hong, K., Sajjadi, M., Suh, J.M., Zhang, K., Nasrollahzadeh, M., Jang, H.W., Varma, R.S. and
Shokouhimehr, M., 2020. Palladium Nanoparticles on Assorted Nanostructured Supports: Applications for Suzuki,
Heck, and Sonogashira Cross-Coupling Reactions. ACS Applied Nano Materials, 3(3), pp.2070-2103.”

Justification 3B:

All of the nominated and supporting manuscript underwent anonymous peer review by the journal to which it was
submitted for publication.
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Visible light-mediated and water-assisted selective
hydrodeoxygenation of lignin-derived guaiacol to
cyclohexanol†

Sanny Verma,a Mallikarjuna N. Nadagoudab and Rajender S. Varma *c

A magnetically separable bimetallic AgPd/Fe@CNX catalyst has been

synthesized and utilized for upgrading of lignin-derived guaiacol to

cyclohexanol via hydrodeoxygenation using formic acid as a source

of hydrogen under visible light irradiation. A nitrogen-enriched

carbonaceous material, carbon nitride (CNX), is obtained via calcina-

tion of chitosan, a marine-derived abundant waste material and

subsequently utilized as a support for the immobilization of nano-

ferrites and silver and palladium nanoparticles. Hydrogen generation

from renewable sources such as formic acid and its ideal utilization

for the upgrading of biomass-derived guaiacol are the main

findings. The synergetic effect of Ag and Pd on the CNX support

enhances the decomposition of formic acid which is aptly utilized

for the selective defunctionalization of guaiacol at ambient pressure.

Introduction

The lignocellulosic biomass is abundant and does not affect

the food chain.1 It has mostly been used in the Kraft process

to produce pulp and paper2 wherein energy is produced by the

conventional burning of lignin and hemicellulosic residues in

black liquor. However, for more efficient and ideal utilization

of lignin and hemicellulose fractions of biomass, innovative

methods and technologies are sought. Due to the depletion of

fossil-based feedstock and striving for carbon-neutral fuels/

chemicals, biomass transformations have been investigated

intensively.3–5 Thus, transportation fuel (bio-oil) has been pro-

duced via flash pyrolysis of biomass in the temperature range

of 300–600 °C where lignin fractions have been utilized to

produce valued products and fuels.6

However, bio-oils are highly viscous, corrosive, and acidic

(pH = 2.8–3.8) and show low thermal stability due to the pres-

ence of oxygen-containing moieties such as phenols, aldehydes,

and acids.7,8 Typically, bio-oils contain 40 wt% oxygen, which

necessitates upgrading by transformations of aromatic or

naphthenic hydrocarbons via the hydrodeoxygenation (HDO)

reaction.9 Catalytic HDO has been proficiently employed for the

improvement of product heating value and upgrading of bio-

oils as it reduces the oxygen content, especially aromatic –OCH3

and –OH containing scaffolds typified by guaiacol.10

Guaiacol (2-methoxyphenol), a lignin-derived model mole-

cule and a typical bio-oil component, can be upgraded to

cyclohexanol via the hydrodeoxygenation (HDO) process.11–13

Cyclohexanol has various industrial applications where it can

be used as a solvent, or utilized in the synthesis of cyclohexa-

none and polymers.14 Due to the presence of stable hydroxyl

and methoxyl groups on the aromatic ring in guaiacol, simple

hydrogenation is inadequate for the synthesis of cyclohexanol.15

Hence, the selective removal of the methoxyl group and hydro-

genation of the aromatic ring are required for conversion to

cyclohexanol. Hitherto, HDO of guaiacol has been investigated

using noble catalysts (Pd, Pt, and Ru), conventional hydro-

treating sulfide catalysts (CoMoS and NiMoS) and solid acids

which lead to hydrogenated oxygen containing compounds

namely cyclohexanol and phenol,16–21 besides fully hydrogen-

ated hydrocarbons such as cyclohexane and benzene.15

Wang and Rinaldi developed a protocol for the HDO of

bio-oil derived phenolic compounds to cyclohexanols using

RANEY®@Ni catalyst at 120 °C with isopropanol as a hydrogen

donor.22 Recently, Jiang et al. developed the HDO of guaiacol

with cyclohexanol as the primary product in aqueous medium

over bimetallic Ni and Co catalysts on γ-Al2O3 and ZSM-5 sup-

ports.23 Nakagawa et al. reported that the presence of MgO in

combination with Ru/C promotes demethoxylation, and

hence, increases transformation of guaiacol to cyclohexanol

with 80% yield at 160 °C and 1.5 MPa hydrogen pressure.24

However, basic MgO is not stable in aqueous media although the

base helps in demethoxylation and diminishes the unselective†Electronic supplementary information (ESI) available. See DOI: 10.1039/c8gc03951h

aOak Ridge Institute for Science and Education, P. O. Box 117, Oak Ridge, TN,

37831, USA
bDepartment of Mechanical and Materials Engineering, Wright State University,

Dayton, Ohio 45324, USA
cRegional Centre of Advanced Technologies and Materials, Department of Physical

Chemistry, Faculty of Science, Palacky University, Šlechtitelů 27,

783 71 Olomouc, Czech Republic. E-mail: varma.rajender@epa.gov
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C–O bond dissociation during the HDO process. Tomishige et al.

developed the Ru–Mn combination for the selective exclusion

of the methoxyl group on the substituted phenol to give cyclo-

hexanol with 81% yield at elevated temperature and under

hydrogen pressure.25 Recently, Zhang et al. reported the selective

conversion of guaiacol to cyclohexanol in water using a metal-

solid base bifunctional Ru/ZrO2-La(OH)3 catalyst at 170 °C and

4 MPa hydrogen pressure in an autoclave.26 However, the afore-

mentioned reports require high hydrogen pressure, elevated

temperature and a prolonged reaction time. Hence, the develop-

ment of a new efficient catalytic system is still needed to convert

guaiacol to cyclohexanol with high stability and selectivity.27,28

In continuation of our efforts towards the development of

sustainable protocols using heterogeneous catalysts,29–33

herein, we report a magnetically separable bimetallic AgPd

catalyst supported on marine waste chitosan-derived nitrogen-

enriched carbon nitride (CNx), AgPd/Fe@CNX; the catalyst gen-

erates hydrogen from formic acid which can be utilized in situ

for the selective hydrodeoxygenation of lignin-derived guaiacol

under visible light irradiation at ambient pressure.

Synthesis and characterization

Firstly, a nitrogen-enriched carbon nitride support (CNx) was

obtained by the calcination of chitosan at 600 °C for 4 hours

under a nitrogen atmosphere. Then, it was dispersed in water

for 3 hours using sonication. An aqueous solution of FeSO4

(500 mg in 100 mL) was added dropwise at room temperature

to the mixture of CNx and stirred for 2 hours.32 A solution of

AgNO3 (0.5 mM, in 25 mL water) and Pd(NO3)2 (0.5 mM, in

25 mL water) was added to the colloidal solution at room

temperature and the reaction mixture was further stirred for

4 hours. 1.0 g sodium borohydride (NaBH4) was added, in

portions, at 50 °C to reduce the iron sulfate, Ag(I) and Pd(II) to

magnetic ferrites, Ag(0) and Pd(0), respectively. This reaction

mixture was stirred for the next 12 hours. The ensuing black

colored solid was isolated as AgPd/Fe@CNX using an external

magnet, washed with methanol and finally dried at 60 °C

under vacuum.32,34 The obtained AgPd/Fe@CNX composite

powder was further analyzed by various instrumental tech-

niques such as X-ray diffraction (XRD), scanning electron

microscopy (SEM), transmission electron microscopy (TEM),

X-ray photoelectron spectroscopy (XPS), Brunauer–Emmett–

Teller (BET) surface area analysis, FT-IR and inductively

coupled plasma atomic emission spectroscopy (ICP-AES). SEM

analysis of the CNX support and AgPd/Fe@CNX catalyst

showed visual differences in images and confirmed the

immobilization of silver (Ag), palladium (Pd) nanoparticles

and nano-ferrites over the surface of nitrogen-enriched carbon

nitride (Fig. 1a and b). TEM analysis validates the formation of

single phase Ag nanoparticles, Pd nanoparticles and nano-

ferrites with irregular shaped particles in the size range of

10–15 nm (Fig. 1c and d) which is further supported by EDX

and SAED analysis of the bimetallic AgPd/Fe@CNX catalyst

(Fig. 2a and b).

The XRD and XPS analysis also authenticated the formation

of metallic silver and palladium nanoparticles along with

nano-ferrites over the CNX support (Fig. 3 and ESI; Fig. S5†).

Fig. 1 (a) SEM image of CNX; (b) SEM image of AgPd/Fe@CNX; (c) TEM

image of CNX; (d) TEM image of AgPd/Fe@CNX.

Fig. 2 (a) EDX analysis of AgPd/Fe@CNX; (b) SAED image of AgPd/

Fe@CNX.

Fig. 3 XRD pattern of CNX and AgPd/Fe@CNX.
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Fig. 3 depicts the XRD patterns of CNX and the carbon nitride

immobilized bimetallic AgPd/Fe@CNX catalyst. The nitrogen-

enriched carbon nitride displayed a diffraction peak at 26.51°

which corresponds to the graphitic peak.46 Loading of metal

nanoparticles leads to the disappearance of the diffraction

peak at 26.51°. The observed peaks at 5.56°, 27.78°, and

43.01°, respectively, represent the (100), (110), and (210) Bragg

reflection as compared with JCPDS standards (00-050-1250)

which confirmed the presence of the carbon nitride (CNX)

support. Additionally, the XRD pattern of AgPd/Fe@CNX corro-

borated that the bimetallic catalyst was enriched with FeO/

Fe2O3 [2Θ = 18.21° (111), 30.11° (220), 35.36° (311), 43.16°

(400), 53.56° (422), 62.79° (440); JCPDS#00-065-0731], Ag [2Θ =

38.1° (111), 44.27° (200), 64.42° (220); JCPDS#00-004-0783] and

Pd [2Θ = 40.11° (111), 46.66° (200), 68.08° (220); JCPDS#00-

005-068] nanoparticles (ESI; Fig. S3†). Although the intensity

of silver and palladium nanoparticles is not high, their pres-

ence has been further confirmed by XPS, EDX and ICP-AES

analysis.

A high resolution XPS analysis of CNX and AgPd/Fe@CNX

was performed (ESI; Fig. S4–S9†). The XPS analysis of the CNX

support resembles the formation of tri-s-triazine-based graphi-

tic carbon nitride.35,36 In the C 1S spectrum, the peak at 284.7

eV (1s–π*CvC) is attributed to a typical transition of graphite

and confirms the presence of graphitic carbon in good agree-

ment with the literature.37,38 The peak at 288.1 eV (1s–π*

C–N–C) is ascribed to the characteristic resonance of nitrogen

atoms bonded with two carbon atoms in s-triazine.39 In the

N 1S spectrum, the signal at 398.5 eV is ascribed to sp2 nitrogen

atoms having two carbon neighboring atoms (–N–C coordi-

nation in one tri-s-triazine unit) and that at 400.8 eV is attribu-

ted to sp2 nitrogen atoms surrounded by three carbon atoms

(N–3C bridging between three tri-s-triazine moieties).40,41 The

XPS analysis of AgPd/Fe@CNX (ESI; Fig. S5†) showed the for-

mation of Pd and Ag nanoparticles on the surface of carbon

nitride (CNX). Two peaks were observed, first one at 338.0 eV

with a shoulder at 339.0 eV and the second one at 343.3 eV

with a shoulder at 344.8 eV. These peaks were the result of

Pd 3d5/2 and Pd 3d3/2 (ESI; Fig. S9(e)†). The XPS peaks at 367.9 eV

and 373.8 eV could be credited to Ag 3d5/2 and Ag 3d3/2 con-

firming the presence of silver in the zero oxidation state (ESI;

Fig. S8(d)†).31 It is specified in the literature that the binding

energy of the metal increases with the increase in the oxi-

dation state; hence, the binding energy at 710.8 eV corre-

sponds to Fe 2p3/2 in Fe2+ in the form of FeO. The satellite

peak at 718.1 eV is a characteristic peak of Fe3+ in γ-Fe2O3, con-

firming that the catalyst is a combination of FeO/γ-Fe2O3

(ESI; Fig. S9(f )†).42,43 Furthermore, the presence of Pd and Ag

was analyzed using ICP-AES and their contents were found to

be Pd (2.51%) and Ag (2.48%).

Results and discussion

To upgrade guaiacol, a model component of lignin-derived

bio-oil, via selective hydrodeoxygenation, a series of catalysts

were assessed for in situ generation of hydrogen from formic

acid under visible light. For this transformation, an array of

mono- and bi-metallic catalysts were synthesized on the mag-

netic nano-ferrite supported nitrogen enriched CNX support

(Table 1). Commercially available homogeneous catalysts such

as Pd(NO3)2, Cu(NO3)2 and AgCl are ineffective even after

24 hours of exposure (Table 1, entries 1–3). Monometallic

TiO2/Fe@CNX, Ag/Fe@CNX, Cu/Fe@CNX and Pd/Fe@CNX were

synthesized and screened for HDO of 2-methoxyphenol

(Table 1, entries 4–7); the first three gave only trace amounts

of desired product, while Pd/Fe@CNX (Table 1, entry 7) deliv-

ered only ∼5%, not a practically feasible method. We

presumed that the lack of in situ hydrogen concentration may

be responsible for this sluggish reaction due to the slow dis-

sociation of the formic acid. It became apparent that only the

monometallic supported catalyst may not be sufficient for

HDO under visible light. Hence, in bio-oil upgrading, it is

imperative to increase the degree of dissociation of HCOOH by

using Pd in the bimetallic form along with nano-ferrites which

is known to ease the hydrodeoxygenation of the lignin-derived

component.34 Accordingly, it is crucial to modify the catalyst

by adding and utilizing a booster which speeds up the degra-

dation of formic acid without interfering in the reaction.44 It

has also been reported that bimetallic catalysts show enhanced

formic acid decomposition rather than single metallic catalysts

presumably due to the charge redistribution between metals

which leads to strong adsorption of formate ions via back

donation.45 Consequently, bimetallics namely Pd/TiO2/

Table 1 Reaction optimization for upgrading of guaiacola

Entry Catalyst Time Yieldb,c Conversionb

1 Pd(NO3)2 48 h — —

2 Cu(NO3)2 48 h — —

3 AgCl 48 h — —

4 TiO2/Fe@CNX 48 h Trace 2%
5 Ag/Fe@CNX 48 h Trace 2%
6 Cu/Fe@CNX 48 h Trace 2%
7 Pd/Fe@CNX 48 h 5% 8%
8 Pd/TiO2/Fe@CNX 24 h (90%) 36% 40%
9 Pd–Pt/Fe@CNX 24 h (95%) 38% 40%
10 Au–Pd/Fe@CNX 24 h (88%) 46% 52%
11 Cu–Pd/Fe@CNX 24 h (92%) 55% 60%
12 Co–Pd/Fe@CNX 24 h (95%) 62% 65%
13 AgPd/Fe@CNX 6 h (>99%) 98% 99%
14d AgPd/Fe@CNX 24 h — —

15e AgPd/Fe@CNX 24 h (87%) 35% 40%
16 f AgPd/Fe@CNX 24 h (93%) 67% 72%

a Reaction conditions: Guaiacol (1 mmol), formic acid (5 mmol), cata-
lyst (20 mg), water (1.0 mL), 20 W domestic bulb, room temperature.
b Conversion and yield are based on GC-MS analysis using n-hexa-
decane (5.0 mmol) as an internal standard. c The % in parenthesis
indicates the level of selectivity in upgrading of guaiacol. d The reaction
was performed in the dark at room temperature. e The reaction was
performed in the dark at 50 °C. f The reaction was performed in the
dark at 80 °C.

Green Chemistry Communication

This journal is © The Royal Society of Chemistry 2019 Green Chem., 2019, 21, 1253–1257 | 1255

P
u

b
li

sh
ed

 o
n

 2
8

 J
an

u
ar

y
 2

0
1

9
. 

D
o

w
n

lo
ad

ed
 b

y
 U

S
 E

n
v

ir
o

n
m

en
ta

l 
P

ro
te

ct
io

n
 A

g
en

cy
, 

C
in

ci
n

n
at

i 
o

n
 3

/1
8

/2
0

1
9

 2
:4

8
:2

4
 P

M
. 

View Article Online



Fe@CNX, Pd–Pt/Fe@CNX, Au–Pd/Fe@CNX, Cu–Pd/Fe@CNX,

Co–Pd/Fe@CNX, and AgPd/Fe@CNX were synthesized and

tested for hydrodeoxygenation under visible light (Table 1,

entries 8–13). The reaction of guaiacol with Pd/TiO2/Fe@CNX,

Pd–Pt/Fe@CNX, Cu–Pd/Fe@CNX and Au–Pd/Fe@CNX gave

cyclohexanol in 36%, 38%, 46% and 55% yield, respectively

(Table 1, entries 8–10). However, Co–Pd/Fe@CNX gave a better

result as the product yield was 62% after 8 hours of exposure

under visible light (Table 1, entry 12). Interestingly, AgPd/

Fe@CNX gave the best result in 98% yield within 6 hours at

room temperature (Table 1, entry 13). For better understanding

of the photoactivity of the bimetallic AgPd/Fe@CNX catalyst,

the control and thermal experiments were performed in the

dark at room temperature (30 °C), 50 °C and 80 °C (Table 1,

entries 14–16). The reaction in the dark at room temperature

did not give any traces of the product within 24 hours (Table 1,

entry 14). Reactions at 50 °C and 80 °C gave cyclohexanol in

35% and 67% yield, respectively, after 24 hours of thermal

heating in an oil bath. These experiments show that the bi-

metallic AgPd/Fe@CNX catalyst works as a photo-catalyst

under visible light irradiation and rather sluggishly under

thermal conditions. Moreover, the bimetallic AgPd/Fe/CNX

catalyst has shown higher activity for HDO of guaiacol to cyclo-

hexanol due to the synergistic effect leading to mutual inter-

action of Ag and Pd nanoparticles with the CNX support; our

claim is corroborated by a report that silver nanoparticles

along with palladium atoms significantly enhance the dis-

sociation of formic acid.45 Undoubtedly, Pd and Ag have

proven to be an ideal metallic combination for in situ hydrogen

generation for upgrading of guaiacol under visible light.

Based on GC-MS analysis outcomes, we have proposed a

tentative reaction pathway for the synthesis of cyclohexanol

from guaiacol via the HDO process. With a careful monitoring

of the conversion by GC-MS during 6 hours of the reaction

time, the formation of two intermediates namely phenol and

cyclohexanone (ESI) was noticed; this has also been recently

observed23 corroborating our proposed mechanism (Fig. 4).

For the industrial application, it is imperative to study the

viability, recyclability and stability aspects of the bimetallic

AgPd/Fe@CNX catalyst. Recycling experiments were conducted

using guaiacol as the substrate, formic acid as a source of

hydrogen and the magnetic AgPd/Fe@CNX as a catalyst under

photochemical conditions. After completion of the reaction,

the catalyst was isolated using an external magnet, washed

with methanol, dried at 60 °C and recycled for the subsequent

HDO reaction of guaiacol. The catalyst was found to be

durable and could be reused at least six times without losing

its catalytic activity. These recycling experiments confirm that

the porous nitrogen enriched CNX support holds metal nano-

particles firmly via non-covalent interactions. This is further

supported by the ICP-AES analysis of the mother liquor which

does not show any traces of metals; ICP-AES analysis of Fe, Pd

and Ag was found to be 4.88%, 2.51% and 2.48% before the

reaction and 4.87%, 2.50% and 2.47%, respectively after the

six-reaction cycle.

Conclusions

An efficient, sustainable and stable magnetically separable bi-

metallic AgPd/Fe@CNX catalyst has been synthesized utilizing

an abundant waste material as a support. This heterogeneous

catalyst proficiently dehydrogenates formic acid, a renewable

chemical hydrogen storage system, to hydrogen and then this

in situ generated H2 is utilized for upgrading of lignin-derived

bio-oil containing guaiacol, via hydrodeoxygenation under

visible light irradiation. Furthermore, the bimetallic catalyst

shows high reactivity towards dissociation of formic acid to H2

due to the synergic effect of silver and palladium nanoparticles

with nano-ferrites and the nitrogen-enriched carbon nitride

support (CNX), hence, leading to the fast HDO under ambient

reaction parameters. The magnetic retrieval quality of AgPd/

Fe@CNX facilitates the catalyst separation during the reaction

workup and demonstrates high recyclability with negligible

loss of catalytic activity. This highly active catalytic method

could be beneficial for the upgrading of renewable lignin to

valued components useful in industrial processes.
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a b s t r a c t

The titanium cluster with the reduced band gap has been synthesized having the palladium nano-

particles over the surface, which not only binds to the atmospheric oxygen but also catalyzes the oxi-

dation of alcohols under visible light.

Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

The increasing focus on the utilization of visible light energy is

due to its abundant nature and its impeccable tolerance towards

the environment.1 Harvesting visible light and performing chem-

ical transformations with it in a concerted process is a high priority

chemical research area.2 Most of the photo-catalysts, especially

based on titanium oxide, are active under ultra-violet light (UV);3

visible light mediated reactions have not received similar atten-

tion.4 There are many photoactive materials available in the liter-

ature4 and a vast majority of them has received casual attention in

academic publications due to low activity and/or limited applica-

bility. Titanium-based materials have received maximum consid-

eration as a photoactive material, the major limitation being their

wider band gaps, which make it active only under UV irradiation

conditions. The activity specific to UV light diminishes its role as

a photoactive material, which can utilize solar energy in chemical

reactions. Therefore, it becomes imperative to reduce the band gap

in titanium materials in order to bring its activity into the visible

spectrum of electromagnetic radiation.5

Titaniummaterial in combinationwith metals and other doping

elements have been used to reduce the band gap, therefore,

sunlight could be utilized for the reaction.6 Nitrogen doping in ti-

tanium oxide has been known to reduce band gap to a great ex-

tent.7 However, the reaction of N-doped titanium oxide is

uncontrollable in visible light due to its high activity; complete

decomposition or mineralization of the organic matter is common

occurrence in environmental remediation studies8 thus rendering

this catalyst incongruous in organic synthesis.9 On the other hand,

titanium oxide has been used as a support for the immobilization of

transition metals and its application in oxidation chemistry is

growing.10 Hong and co-workers have immobilized palladium and

gold combination over the surface of TiO2 but they lost the ethos of

TiO2 as a photoactive material when the reaction was performed

under thermal heating using oxygen atmosphere.11 In this reaction,

gold adsorbs the oxygen in the reaction media and transfers into

the reactant via the bimetallic interaction with palladium. The use

of titanium oxide becomes irreverent, as its photoactivity has not

been utilized. Similarly, Li et al. utilized biosynthesized Au/Pd-TiO2

supported nanoparticle in the oxidation reaction.12 We strived to

utilize the core property of titanium as photoactive material along

with structural modification to create the cluster which can adsorb

the atmospheric oxygen and transfer to the reactant in an oxidation

process. Accordingly, we prepared nitrogenous titanium cluster,

immobilized the palladium to develop photoactive gold-free cata-

lyst, and demonstrated its application in selective oxidation of al-

cohols; titanium cluster performs the dual task by providing

required activation energy and transmitting oxygen in the oxida-

tion step.

* Corresponding author. Fax: þ1 513 569 7677; e-mail address: varma.rajender@

epa.gov (R.S. Varma).
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2. Result and discussion

In continuation of our desire to develop benign methods for

environmental remediation and green synthesis,13 herein, we re-

port a photoactive palladium-grafted titanium cluster and dem-

onstrated its application in selective oxidation of alcohols to the

corresponding carbonyl compounds. Generally, oxidation chem-

istry is conducted using transition metals along with a supporting

co-oxidant.14 Often, co-oxidants comprise homogenous mix of

reagents and catalysts with occasional use of oxygen. However,

the utility of oxygen as co-oxidant comes with various detriments

that include addition of oxygen absorbing material or metals that

can bind oxygen in the reaction such as gold. The main objective

here is the adsorption and transmission of the required oxygen for

the catalytic process.15 However, our titanium cluster based cat-

alyst does not require any of these additives and the reaction can

be conducted under visible light using oxygen from the atmo-

sphere. The first step in developing the active catalyst was the

synthesis of titanium cluster with the significant reduction in the

band gap. It has been accomplished by treating titanium (IV)

isopropoxide with 4-aminobenzoic acid in isopropanol at 120 �C

for 72 h;16 shiny crystals of titanium clusters ensued which settled

down at the bottom of the reaction vessel and were separated by

decanting and centrifugation. The Ti-cluster was then suspended

in isopropanol and treated with palladium nitrate at 80 �C; pal-

ladium salt was reduced and Pd (0) deposited over the cluster. The

palladium grafted titanium cluster (Pd@TiC) was separated and its

application has been evaluated in the selective oxidation of alco-

hols (Scheme 1).

The Pd@TiC catalyst was characterized using scanning electron

microscope (SEM) and X-ray diffraction (XRD). The percentage of

palladium was determined using inductive coupled plasma atomic

emission spectroscopy (ICP-AES) analysis. The SEM images of Ti-

cluster and Pd@TiC catalyst illustrate the immobilization of palla-

dium (Pd) nanoparticles (Fig. 1) with the apparent changes in the

surface morphology. The immobilization of Pd was further estab-

lished by XRD (Fig. 2) and the concentration confirmed to be 4.88%

by ICP-AES analysis.

The activity of Pd@TiC was evaluated in the aerial oxidation of

alcohols under visible light irradiation with benzyl alcohol as

a model substrate. The preliminary results obtained during the

screening and reaction optimization are summarized in Table 1. The

Fig. 1. SEM images of Ti-Cluster (a) Pyramid-like structure and (b) Close view of pyramid; (c) and (d) SEM images of Pd@TiC.

ΟΗ
Ρ Ο

Ρ
Πδ≅ΤιΧ

Αιρ, ΧΗ3ΧΝ

ςισιβλε λιγητ

Scheme 1. Pd@TiC catalyzed oxidation of alcohols.

Fig. 2. XRD of Ti-Cluster and Pd@TiC.
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reaction outcome in different solvents clearly indicate that aceto-

nitrile is the best solvent for this reaction as it gives quantitative

yield of the desired product; conventionally used polar solvents

(water and DMF) and non-polar solvent (toluene) were in effective

in the visible light mediated aerial oxidation of alcohol.

After uncovering the appropriate conditions, the scope of the

developed Pd@TiC catalyst was studied in the oxidation of a wide

range of alcohols and the results are depicted in Table 2. They

clearly demonstrate the excellent activity and selectivity towards

the formation of corresponding carbonyl compounds (Table 2;

entries 1e8) where electron donating and electron with drawing

substituents apparently have trifling effect on the rate of the re-

action (Table 2, entries 2e4). The secondary alcohols and hetero-

cyclic alcoholic derivatives were also readily converted to

corresponding carbonyl derivatives (Table 2, entries 5e8). The

important feature of this reaction was the use of aerial oxygen and

solar energy to accomplish the oxidation of alcohol without the

formation of any by-product, which is an unprecedented finding.

3. Conclusion

We have demonstrated the synthesis of highly dispersed

palladium nanoparticles grafted on titanium cluster. The developed

Pd@TiC catalyst is found to be a highly effective in the aerial oxi-

dation of alcohols under visible light and its activity is attributed to

the reduced band gap, which makes it active under visible light

thus harnessing solar energy for the chemical reactions. The

Pd@TiC is found to be highly stable and could be recycled several

times without any loss in its activity. The most important feature of

this catalyst is its ability to bind with the atmospheric oxygen

which serves as an oxidant in the reaction cycle.

4. Experimental section

4.1. Synthesis of Pd@TiC catalyst

Titanium (IV) isopropoxide (0.518 mL) was added to a solution

of 4-aminobenzoic acid (0.96 g, 7.0 mmol) in 2-propanol (30.0 mL).

The reaction mixture was stirred at room temperature for 30 min;

an orange-colored slurry was obtained. The slurry was heated at

120 �C for 72 h in a pressure reactor when bright yellow crystals of

titanium cluster ensued. The catalyst was isolated by decanting and

centrifugation, washed with 2-propanol and dried under vacuum

for 2 h. The Ti cluster (100 mg) was then suspended in isopropanol

(10 mL) and treated with palladium nitrate (5 mol %) at 80 �C. 2-

propanol reduced the Pd metal into Pd-nanoparticle which were

deposited over the titanium cluster. The palladium nanoparticle

grafted titanium cluster (Pd@TiC) was isolated and characterized

using SEM, XRD, and ICP-AES.

4.2. General procedure for the oxidation of alcohols

A 10 mL side-armed round bottomed flask equipped with

a magnetic stirring bar and a balloon filled with air was charged

with alcohol (1 mmol), catalyst Pd@TiC (25 mg) and acetonitrile

(2mL). The reactionmixturewas exposed to visible light irradiation

using 20 W domestic bulb (Fig. 3) and the progress of reaction was

monitored using TLC. After the completion of the reaction, the

Pd@TiC catalyst was separated using a centrifuge and the product

was isolated by extracting with ethyl acetate, dried over sodium

sulfate, concentrated under reduced pressure and characterized.

Table 1

Results of screening experimentsa

Entry Solvent Time Yieldb

1 H2O 12 h 45%

2 Toluene 12 h 48%

3 DMF 12 h 16%

4 CH3CN 8 h 97%

a Reaction conditions: Benzyl alcohol (1 mmol), Pd@TiC (25 mg), Solvent (2 mL),

20 W domestic bulb, Air.
b Isolated yields.

Table 2

Pd@TiC catalyzed oxidation of alcoholsa

Entry Substrate Product Yieldb

1
ΟΗ Ο

97%

2
ΟΗ Ο

95%

3
ΟΗ

Ο

Ο

Ο

96%

4

ΟΗ

Ο2Ν

Ο

Ο2Ν

96%

5

ΟΗ Ο

94%

6

ΟΗ Ο

94%

7

Ο
ΟΗ

Ο
Ο 97%

8

Σ
ΟΗ

Σ
Ο 97%

a Reaction conditions: Substrate (1 mmol), Pd@TiC (25 mg), CH3CN (2 mL), 20 W

domestic bulb, Air, 8 h.
b Isolated yield. Fig. 3. Pictorial representation of the reaction set-up.
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4.3. Recycling of Pd@TiC

A set of experiments were performed using benzyl alcohol as

a model substrate in acetonitrile solvent. After the completion of

each reaction, the Pd@TiC catalyst was recovered using a centrifuge,

washed with methanol and reused for the oxidation of fresh batch

of benzyl alcohol. The Pd@TiC catalyst could be recycled and reused

up to six times without any loss in its activity (Table 3). The metal

leaching in reactionwith Pd@TiCwas examined by ICP-AES analysis

before and after the completion of reaction; concentration of pal-

ladium was found to be 4.88% before the reaction and 4.87% after

the sixth cycle. The ICP-AES of the mother liquor did not show the

presence of palladium confirming the fact that titanium cluster

holds the Pd nanoparticles tightly.

The SEM image of the Pd@TiC before and after the reaction

confirms that there is no significant change in the morphology of

the catalyst, which signifies high stability of Pd@TiC during the

course of the reaction (Fig. 4).
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Visible light-mediated and water-assisted selective
hydrodeoxygenation of lignin-derived guaiacol to
cyclohexanol†
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A magnetically separable bimetallic AgPd/Fe@CNX catalyst has been

synthesized and utilized for upgrading of lignin-derived guaiacol to

cyclohexanol via hydrodeoxygenation using formic acid as a source

of hydrogen under visible light irradiation. A nitrogen-enriched

carbonaceous material, carbon nitride (CNX), is obtained via calcina-

tion of chitosan, a marine-derived abundant waste material and

subsequently utilized as a support for the immobilization of nano-

ferrites and silver and palladium nanoparticles. Hydrogen generation

from renewable sources such as formic acid and its ideal utilization

for the upgrading of biomass-derived guaiacol are the main

findings. The synergetic effect of Ag and Pd on the CNX support

enhances the decomposition of formic acid which is aptly utilized

for the selective defunctionalization of guaiacol at ambient pressure.

Introduction

The lignocellulosic biomass is abundant and does not affect

the food chain.1 It has mostly been used in the Kraft process

to produce pulp and paper2 wherein energy is produced by the

conventional burning of lignin and hemicellulosic residues in

black liquor. However, for more efficient and ideal utilization

of lignin and hemicellulose fractions of biomass, innovative

methods and technologies are sought. Due to the depletion of

fossil-based feedstock and striving for carbon-neutral fuels/

chemicals, biomass transformations have been investigated

intensively.3–5 Thus, transportation fuel (bio-oil) has been pro-

duced via flash pyrolysis of biomass in the temperature range

of 300–600 °C where lignin fractions have been utilized to

produce valued products and fuels.6

However, bio-oils are highly viscous, corrosive, and acidic

(pH = 2.8–3.8) and show low thermal stability due to the pres-

ence of oxygen-containing moieties such as phenols, aldehydes,

and acids.7,8 Typically, bio-oils contain 40 wt% oxygen, which

necessitates upgrading by transformations of aromatic or

naphthenic hydrocarbons via the hydrodeoxygenation (HDO)

reaction.9 Catalytic HDO has been proficiently employed for the

improvement of product heating value and upgrading of bio-

oils as it reduces the oxygen content, especially aromatic –OCH3

and –OH containing scaffolds typified by guaiacol.10

Guaiacol (2-methoxyphenol), a lignin-derived model mole-

cule and a typical bio-oil component, can be upgraded to

cyclohexanol via the hydrodeoxygenation (HDO) process.11–13

Cyclohexanol has various industrial applications where it can

be used as a solvent, or utilized in the synthesis of cyclohexa-

none and polymers.14 Due to the presence of stable hydroxyl

and methoxyl groups on the aromatic ring in guaiacol, simple

hydrogenation is inadequate for the synthesis of cyclohexanol.15

Hence, the selective removal of the methoxyl group and hydro-

genation of the aromatic ring are required for conversion to

cyclohexanol. Hitherto, HDO of guaiacol has been investigated

using noble catalysts (Pd, Pt, and Ru), conventional hydro-

treating sulfide catalysts (CoMoS and NiMoS) and solid acids

which lead to hydrogenated oxygen containing compounds

namely cyclohexanol and phenol,16–21 besides fully hydrogen-

ated hydrocarbons such as cyclohexane and benzene.15

Wang and Rinaldi developed a protocol for the HDO of

bio-oil derived phenolic compounds to cyclohexanols using

RANEY®@Ni catalyst at 120 °C with isopropanol as a hydrogen

donor.22 Recently, Jiang et al. developed the HDO of guaiacol

with cyclohexanol as the primary product in aqueous medium

over bimetallic Ni and Co catalysts on γ-Al2O3 and ZSM-5 sup-

ports.23 Nakagawa et al. reported that the presence of MgO in

combination with Ru/C promotes demethoxylation, and

hence, increases transformation of guaiacol to cyclohexanol

with 80% yield at 160 °C and 1.5 MPa hydrogen pressure.24

However, basic MgO is not stable in aqueous media although the

base helps in demethoxylation and diminishes the unselective†Electronic supplementary information (ESI) available. See DOI: 10.1039/c8gc03951h
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C–O bond dissociation during the HDO process. Tomishige et al.

developed the Ru–Mn combination for the selective exclusion

of the methoxyl group on the substituted phenol to give cyclo-

hexanol with 81% yield at elevated temperature and under

hydrogen pressure.25 Recently, Zhang et al. reported the selective

conversion of guaiacol to cyclohexanol in water using a metal-

solid base bifunctional Ru/ZrO2-La(OH)3 catalyst at 170 °C and

4 MPa hydrogen pressure in an autoclave.26 However, the afore-

mentioned reports require high hydrogen pressure, elevated

temperature and a prolonged reaction time. Hence, the develop-

ment of a new efficient catalytic system is still needed to convert

guaiacol to cyclohexanol with high stability and selectivity.27,28

In continuation of our efforts towards the development of

sustainable protocols using heterogeneous catalysts,29–33

herein, we report a magnetically separable bimetallic AgPd

catalyst supported on marine waste chitosan-derived nitrogen-

enriched carbon nitride (CNx), AgPd/Fe@CNX; the catalyst gen-

erates hydrogen from formic acid which can be utilized in situ

for the selective hydrodeoxygenation of lignin-derived guaiacol

under visible light irradiation at ambient pressure.

Synthesis and characterization

Firstly, a nitrogen-enriched carbon nitride support (CNx) was

obtained by the calcination of chitosan at 600 °C for 4 hours

under a nitrogen atmosphere. Then, it was dispersed in water

for 3 hours using sonication. An aqueous solution of FeSO4

(500 mg in 100 mL) was added dropwise at room temperature

to the mixture of CNx and stirred for 2 hours.32 A solution of

AgNO3 (0.5 mM, in 25 mL water) and Pd(NO3)2 (0.5 mM, in

25 mL water) was added to the colloidal solution at room

temperature and the reaction mixture was further stirred for

4 hours. 1.0 g sodium borohydride (NaBH4) was added, in

portions, at 50 °C to reduce the iron sulfate, Ag(I) and Pd(II) to

magnetic ferrites, Ag(0) and Pd(0), respectively. This reaction

mixture was stirred for the next 12 hours. The ensuing black

colored solid was isolated as AgPd/Fe@CNX using an external

magnet, washed with methanol and finally dried at 60 °C

under vacuum.32,34 The obtained AgPd/Fe@CNX composite

powder was further analyzed by various instrumental tech-

niques such as X-ray diffraction (XRD), scanning electron

microscopy (SEM), transmission electron microscopy (TEM),

X-ray photoelectron spectroscopy (XPS), Brunauer–Emmett–

Teller (BET) surface area analysis, FT-IR and inductively

coupled plasma atomic emission spectroscopy (ICP-AES). SEM

analysis of the CNX support and AgPd/Fe@CNX catalyst

showed visual differences in images and confirmed the

immobilization of silver (Ag), palladium (Pd) nanoparticles

and nano-ferrites over the surface of nitrogen-enriched carbon

nitride (Fig. 1a and b). TEM analysis validates the formation of

single phase Ag nanoparticles, Pd nanoparticles and nano-

ferrites with irregular shaped particles in the size range of

10–15 nm (Fig. 1c and d) which is further supported by EDX

and SAED analysis of the bimetallic AgPd/Fe@CNX catalyst

(Fig. 2a and b).

The XRD and XPS analysis also authenticated the formation

of metallic silver and palladium nanoparticles along with

nano-ferrites over the CNX support (Fig. 3 and ESI; Fig. S5†).

Fig. 1 (a) SEM image of CNX; (b) SEM image of AgPd/Fe@CNX; (c) TEM

image of CNX; (d) TEM image of AgPd/Fe@CNX.

Fig. 2 (a) EDX analysis of AgPd/Fe@CNX; (b) SAED image of AgPd/

Fe@CNX.

Fig. 3 XRD pattern of CNX and AgPd/Fe@CNX.
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Fig. 3 depicts the XRD patterns of CNX and the carbon nitride

immobilized bimetallic AgPd/Fe@CNX catalyst. The nitrogen-

enriched carbon nitride displayed a diffraction peak at 26.51°

which corresponds to the graphitic peak.46 Loading of metal

nanoparticles leads to the disappearance of the diffraction

peak at 26.51°. The observed peaks at 5.56°, 27.78°, and

43.01°, respectively, represent the (100), (110), and (210) Bragg

reflection as compared with JCPDS standards (00-050-1250)

which confirmed the presence of the carbon nitride (CNX)

support. Additionally, the XRD pattern of AgPd/Fe@CNX corro-

borated that the bimetallic catalyst was enriched with FeO/

Fe2O3 [2Θ = 18.21° (111), 30.11° (220), 35.36° (311), 43.16°

(400), 53.56° (422), 62.79° (440); JCPDS#00-065-0731], Ag [2Θ =

38.1° (111), 44.27° (200), 64.42° (220); JCPDS#00-004-0783] and

Pd [2Θ = 40.11° (111), 46.66° (200), 68.08° (220); JCPDS#00-

005-068] nanoparticles (ESI; Fig. S3†). Although the intensity

of silver and palladium nanoparticles is not high, their pres-

ence has been further confirmed by XPS, EDX and ICP-AES

analysis.

A high resolution XPS analysis of CNX and AgPd/Fe@CNX

was performed (ESI; Fig. S4–S9†). The XPS analysis of the CNX

support resembles the formation of tri-s-triazine-based graphi-

tic carbon nitride.35,36 In the C 1S spectrum, the peak at 284.7

eV (1s–π*CvC) is attributed to a typical transition of graphite

and confirms the presence of graphitic carbon in good agree-

ment with the literature.37,38 The peak at 288.1 eV (1s–π*

C–N–C) is ascribed to the characteristic resonance of nitrogen

atoms bonded with two carbon atoms in s-triazine.39 In the

N 1S spectrum, the signal at 398.5 eV is ascribed to sp2 nitrogen

atoms having two carbon neighboring atoms (–N–C coordi-

nation in one tri-s-triazine unit) and that at 400.8 eV is attribu-

ted to sp2 nitrogen atoms surrounded by three carbon atoms

(N–3C bridging between three tri-s-triazine moieties).40,41 The

XPS analysis of AgPd/Fe@CNX (ESI; Fig. S5†) showed the for-

mation of Pd and Ag nanoparticles on the surface of carbon

nitride (CNX). Two peaks were observed, first one at 338.0 eV

with a shoulder at 339.0 eV and the second one at 343.3 eV

with a shoulder at 344.8 eV. These peaks were the result of

Pd 3d5/2 and Pd 3d3/2 (ESI; Fig. S9(e)†). The XPS peaks at 367.9 eV

and 373.8 eV could be credited to Ag 3d5/2 and Ag 3d3/2 con-

firming the presence of silver in the zero oxidation state (ESI;

Fig. S8(d)†).31 It is specified in the literature that the binding

energy of the metal increases with the increase in the oxi-

dation state; hence, the binding energy at 710.8 eV corre-

sponds to Fe 2p3/2 in Fe2+ in the form of FeO. The satellite

peak at 718.1 eV is a characteristic peak of Fe3+ in γ-Fe2O3, con-

firming that the catalyst is a combination of FeO/γ-Fe2O3

(ESI; Fig. S9(f )†).42,43 Furthermore, the presence of Pd and Ag

was analyzed using ICP-AES and their contents were found to

be Pd (2.51%) and Ag (2.48%).

Results and discussion

To upgrade guaiacol, a model component of lignin-derived

bio-oil, via selective hydrodeoxygenation, a series of catalysts

were assessed for in situ generation of hydrogen from formic

acid under visible light. For this transformation, an array of

mono- and bi-metallic catalysts were synthesized on the mag-

netic nano-ferrite supported nitrogen enriched CNX support

(Table 1). Commercially available homogeneous catalysts such

as Pd(NO3)2, Cu(NO3)2 and AgCl are ineffective even after

24 hours of exposure (Table 1, entries 1–3). Monometallic

TiO2/Fe@CNX, Ag/Fe@CNX, Cu/Fe@CNX and Pd/Fe@CNX were

synthesized and screened for HDO of 2-methoxyphenol

(Table 1, entries 4–7); the first three gave only trace amounts

of desired product, while Pd/Fe@CNX (Table 1, entry 7) deliv-

ered only ∼5%, not a practically feasible method. We

presumed that the lack of in situ hydrogen concentration may

be responsible for this sluggish reaction due to the slow dis-

sociation of the formic acid. It became apparent that only the

monometallic supported catalyst may not be sufficient for

HDO under visible light. Hence, in bio-oil upgrading, it is

imperative to increase the degree of dissociation of HCOOH by

using Pd in the bimetallic form along with nano-ferrites which

is known to ease the hydrodeoxygenation of the lignin-derived

component.34 Accordingly, it is crucial to modify the catalyst

by adding and utilizing a booster which speeds up the degra-

dation of formic acid without interfering in the reaction.44 It

has also been reported that bimetallic catalysts show enhanced

formic acid decomposition rather than single metallic catalysts

presumably due to the charge redistribution between metals

which leads to strong adsorption of formate ions via back

donation.45 Consequently, bimetallics namely Pd/TiO2/

Table 1 Reaction optimization for upgrading of guaiacola

Entry Catalyst Time Yieldb,c Conversionb

1 Pd(NO3)2 48 h — —

2 Cu(NO3)2 48 h — —

3 AgCl 48 h — —

4 TiO2/Fe@CNX 48 h Trace 2%
5 Ag/Fe@CNX 48 h Trace 2%
6 Cu/Fe@CNX 48 h Trace 2%
7 Pd/Fe@CNX 48 h 5% 8%
8 Pd/TiO2/Fe@CNX 24 h (90%) 36% 40%
9 Pd–Pt/Fe@CNX 24 h (95%) 38% 40%
10 Au–Pd/Fe@CNX 24 h (88%) 46% 52%
11 Cu–Pd/Fe@CNX 24 h (92%) 55% 60%
12 Co–Pd/Fe@CNX 24 h (95%) 62% 65%
13 AgPd/Fe@CNX 6 h (>99%) 98% 99%
14d AgPd/Fe@CNX 24 h — —

15e AgPd/Fe@CNX 24 h (87%) 35% 40%
16 f AgPd/Fe@CNX 24 h (93%) 67% 72%

a Reaction conditions: Guaiacol (1 mmol), formic acid (5 mmol), cata-
lyst (20 mg), water (1.0 mL), 20 W domestic bulb, room temperature.
b Conversion and yield are based on GC-MS analysis using n-hexa-
decane (5.0 mmol) as an internal standard. c The % in parenthesis
indicates the level of selectivity in upgrading of guaiacol. d The reaction
was performed in the dark at room temperature. e The reaction was
performed in the dark at 50 °C. f The reaction was performed in the
dark at 80 °C.
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Fe@CNX, Pd–Pt/Fe@CNX, Au–Pd/Fe@CNX, Cu–Pd/Fe@CNX,

Co–Pd/Fe@CNX, and AgPd/Fe@CNX were synthesized and

tested for hydrodeoxygenation under visible light (Table 1,

entries 8–13). The reaction of guaiacol with Pd/TiO2/Fe@CNX,

Pd–Pt/Fe@CNX, Cu–Pd/Fe@CNX and Au–Pd/Fe@CNX gave

cyclohexanol in 36%, 38%, 46% and 55% yield, respectively

(Table 1, entries 8–10). However, Co–Pd/Fe@CNX gave a better

result as the product yield was 62% after 8 hours of exposure

under visible light (Table 1, entry 12). Interestingly, AgPd/

Fe@CNX gave the best result in 98% yield within 6 hours at

room temperature (Table 1, entry 13). For better understanding

of the photoactivity of the bimetallic AgPd/Fe@CNX catalyst,

the control and thermal experiments were performed in the

dark at room temperature (30 °C), 50 °C and 80 °C (Table 1,

entries 14–16). The reaction in the dark at room temperature

did not give any traces of the product within 24 hours (Table 1,

entry 14). Reactions at 50 °C and 80 °C gave cyclohexanol in

35% and 67% yield, respectively, after 24 hours of thermal

heating in an oil bath. These experiments show that the bi-

metallic AgPd/Fe@CNX catalyst works as a photo-catalyst

under visible light irradiation and rather sluggishly under

thermal conditions. Moreover, the bimetallic AgPd/Fe/CNX

catalyst has shown higher activity for HDO of guaiacol to cyclo-

hexanol due to the synergistic effect leading to mutual inter-

action of Ag and Pd nanoparticles with the CNX support; our

claim is corroborated by a report that silver nanoparticles

along with palladium atoms significantly enhance the dis-

sociation of formic acid.45 Undoubtedly, Pd and Ag have

proven to be an ideal metallic combination for in situ hydrogen

generation for upgrading of guaiacol under visible light.

Based on GC-MS analysis outcomes, we have proposed a

tentative reaction pathway for the synthesis of cyclohexanol

from guaiacol via the HDO process. With a careful monitoring

of the conversion by GC-MS during 6 hours of the reaction

time, the formation of two intermediates namely phenol and

cyclohexanone (ESI) was noticed; this has also been recently

observed23 corroborating our proposed mechanism (Fig. 4).

For the industrial application, it is imperative to study the

viability, recyclability and stability aspects of the bimetallic

AgPd/Fe@CNX catalyst. Recycling experiments were conducted

using guaiacol as the substrate, formic acid as a source of

hydrogen and the magnetic AgPd/Fe@CNX as a catalyst under

photochemical conditions. After completion of the reaction,

the catalyst was isolated using an external magnet, washed

with methanol, dried at 60 °C and recycled for the subsequent

HDO reaction of guaiacol. The catalyst was found to be

durable and could be reused at least six times without losing

its catalytic activity. These recycling experiments confirm that

the porous nitrogen enriched CNX support holds metal nano-

particles firmly via non-covalent interactions. This is further

supported by the ICP-AES analysis of the mother liquor which

does not show any traces of metals; ICP-AES analysis of Fe, Pd

and Ag was found to be 4.88%, 2.51% and 2.48% before the

reaction and 4.87%, 2.50% and 2.47%, respectively after the

six-reaction cycle.

Conclusions

An efficient, sustainable and stable magnetically separable bi-

metallic AgPd/Fe@CNX catalyst has been synthesized utilizing

an abundant waste material as a support. This heterogeneous

catalyst proficiently dehydrogenates formic acid, a renewable

chemical hydrogen storage system, to hydrogen and then this

in situ generated H2 is utilized for upgrading of lignin-derived

bio-oil containing guaiacol, via hydrodeoxygenation under

visible light irradiation. Furthermore, the bimetallic catalyst

shows high reactivity towards dissociation of formic acid to H2

due to the synergic effect of silver and palladium nanoparticles

with nano-ferrites and the nitrogen-enriched carbon nitride

support (CNX), hence, leading to the fast HDO under ambient

reaction parameters. The magnetic retrieval quality of AgPd/

Fe@CNX facilitates the catalyst separation during the reaction

workup and demonstrates high recyclability with negligible

loss of catalytic activity. This highly active catalytic method

could be beneficial for the upgrading of renewable lignin to

valued components useful in industrial processes.
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a b s t r a c t

The titanium cluster with the reduced band gap has been synthesized having the palladium nano-

particles over the surface, which not only binds to the atmospheric oxygen but also catalyzes the oxi-

dation of alcohols under visible light.

Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

The increasing focus on the utilization of visible light energy is

due to its abundant nature and its impeccable tolerance towards

the environment.1 Harvesting visible light and performing chem-

ical transformations with it in a concerted process is a high priority

chemical research area.2 Most of the photo-catalysts, especially

based on titanium oxide, are active under ultra-violet light (UV);3

visible light mediated reactions have not received similar atten-

tion.4 There are many photoactive materials available in the liter-

ature4 and a vast majority of them has received casual attention in

academic publications due to low activity and/or limited applica-

bility. Titanium-based materials have received maximum consid-

eration as a photoactive material, the major limitation being their

wider band gaps, which make it active only under UV irradiation

conditions. The activity specific to UV light diminishes its role as

a photoactive material, which can utilize solar energy in chemical

reactions. Therefore, it becomes imperative to reduce the band gap

in titanium materials in order to bring its activity into the visible

spectrum of electromagnetic radiation.5

Titaniummaterial in combinationwith metals and other doping

elements have been used to reduce the band gap, therefore,

sunlight could be utilized for the reaction.6 Nitrogen doping in ti-

tanium oxide has been known to reduce band gap to a great ex-

tent.7 However, the reaction of N-doped titanium oxide is

uncontrollable in visible light due to its high activity; complete

decomposition or mineralization of the organic matter is common

occurrence in environmental remediation studies8 thus rendering

this catalyst incongruous in organic synthesis.9 On the other hand,

titanium oxide has been used as a support for the immobilization of

transition metals and its application in oxidation chemistry is

growing.10 Hong and co-workers have immobilized palladium and

gold combination over the surface of TiO2 but they lost the ethos of

TiO2 as a photoactive material when the reaction was performed

under thermal heating using oxygen atmosphere.11 In this reaction,

gold adsorbs the oxygen in the reaction media and transfers into

the reactant via the bimetallic interaction with palladium. The use

of titanium oxide becomes irreverent, as its photoactivity has not

been utilized. Similarly, Li et al. utilized biosynthesized Au/Pd-TiO2

supported nanoparticle in the oxidation reaction.12 We strived to

utilize the core property of titanium as photoactive material along

with structural modification to create the cluster which can adsorb

the atmospheric oxygen and transfer to the reactant in an oxidation

process. Accordingly, we prepared nitrogenous titanium cluster,

immobilized the palladium to develop photoactive gold-free cata-

lyst, and demonstrated its application in selective oxidation of al-

cohols; titanium cluster performs the dual task by providing

required activation energy and transmitting oxygen in the oxida-

tion step.
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2. Result and discussion

In continuation of our desire to develop benign methods for

environmental remediation and green synthesis,13 herein, we re-

port a photoactive palladium-grafted titanium cluster and dem-

onstrated its application in selective oxidation of alcohols to the

corresponding carbonyl compounds. Generally, oxidation chem-

istry is conducted using transition metals along with a supporting

co-oxidant.14 Often, co-oxidants comprise homogenous mix of

reagents and catalysts with occasional use of oxygen. However,

the utility of oxygen as co-oxidant comes with various detriments

that include addition of oxygen absorbing material or metals that

can bind oxygen in the reaction such as gold. The main objective

here is the adsorption and transmission of the required oxygen for

the catalytic process.15 However, our titanium cluster based cat-

alyst does not require any of these additives and the reaction can

be conducted under visible light using oxygen from the atmo-

sphere. The first step in developing the active catalyst was the

synthesis of titanium cluster with the significant reduction in the

band gap. It has been accomplished by treating titanium (IV)

isopropoxide with 4-aminobenzoic acid in isopropanol at 120 �C

for 72 h;16 shiny crystals of titanium clusters ensued which settled

down at the bottom of the reaction vessel and were separated by

decanting and centrifugation. The Ti-cluster was then suspended

in isopropanol and treated with palladium nitrate at 80 �C; pal-

ladium salt was reduced and Pd (0) deposited over the cluster. The

palladium grafted titanium cluster (Pd@TiC) was separated and its

application has been evaluated in the selective oxidation of alco-

hols (Scheme 1).

The Pd@TiC catalyst was characterized using scanning electron

microscope (SEM) and X-ray diffraction (XRD). The percentage of

palladium was determined using inductive coupled plasma atomic

emission spectroscopy (ICP-AES) analysis. The SEM images of Ti-

cluster and Pd@TiC catalyst illustrate the immobilization of palla-

dium (Pd) nanoparticles (Fig. 1) with the apparent changes in the

surface morphology. The immobilization of Pd was further estab-

lished by XRD (Fig. 2) and the concentration confirmed to be 4.88%

by ICP-AES analysis.

The activity of Pd@TiC was evaluated in the aerial oxidation of

alcohols under visible light irradiation with benzyl alcohol as

a model substrate. The preliminary results obtained during the

screening and reaction optimization are summarized in Table 1. The

Fig. 1. SEM images of Ti-Cluster (a) Pyramid-like structure and (b) Close view of pyramid; (c) and (d) SEM images of Pd@TiC.

ΟΗ
Ρ Ο

Ρ
Πδ≅ΤιΧ

Αιρ, ΧΗ3ΧΝ

ςισιβλε λιγητ

Scheme 1. Pd@TiC catalyzed oxidation of alcohols.

Fig. 2. XRD of Ti-Cluster and Pd@TiC.
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reaction outcome in different solvents clearly indicate that aceto-

nitrile is the best solvent for this reaction as it gives quantitative

yield of the desired product; conventionally used polar solvents

(water and DMF) and non-polar solvent (toluene) were in effective

in the visible light mediated aerial oxidation of alcohol.

After uncovering the appropriate conditions, the scope of the

developed Pd@TiC catalyst was studied in the oxidation of a wide

range of alcohols and the results are depicted in Table 2. They

clearly demonstrate the excellent activity and selectivity towards

the formation of corresponding carbonyl compounds (Table 2;

entries 1e8) where electron donating and electron with drawing

substituents apparently have trifling effect on the rate of the re-

action (Table 2, entries 2e4). The secondary alcohols and hetero-

cyclic alcoholic derivatives were also readily converted to

corresponding carbonyl derivatives (Table 2, entries 5e8). The

important feature of this reaction was the use of aerial oxygen and

solar energy to accomplish the oxidation of alcohol without the

formation of any by-product, which is an unprecedented finding.

3. Conclusion

We have demonstrated the synthesis of highly dispersed

palladium nanoparticles grafted on titanium cluster. The developed

Pd@TiC catalyst is found to be a highly effective in the aerial oxi-

dation of alcohols under visible light and its activity is attributed to

the reduced band gap, which makes it active under visible light

thus harnessing solar energy for the chemical reactions. The

Pd@TiC is found to be highly stable and could be recycled several

times without any loss in its activity. The most important feature of

this catalyst is its ability to bind with the atmospheric oxygen

which serves as an oxidant in the reaction cycle.

4. Experimental section

4.1. Synthesis of Pd@TiC catalyst

Titanium (IV) isopropoxide (0.518 mL) was added to a solution

of 4-aminobenzoic acid (0.96 g, 7.0 mmol) in 2-propanol (30.0 mL).

The reaction mixture was stirred at room temperature for 30 min;

an orange-colored slurry was obtained. The slurry was heated at

120 �C for 72 h in a pressure reactor when bright yellow crystals of

titanium cluster ensued. The catalyst was isolated by decanting and

centrifugation, washed with 2-propanol and dried under vacuum

for 2 h. The Ti cluster (100 mg) was then suspended in isopropanol

(10 mL) and treated with palladium nitrate (5 mol %) at 80 �C. 2-

propanol reduced the Pd metal into Pd-nanoparticle which were

deposited over the titanium cluster. The palladium nanoparticle

grafted titanium cluster (Pd@TiC) was isolated and characterized

using SEM, XRD, and ICP-AES.

4.2. General procedure for the oxidation of alcohols

A 10 mL side-armed round bottomed flask equipped with

a magnetic stirring bar and a balloon filled with air was charged

with alcohol (1 mmol), catalyst Pd@TiC (25 mg) and acetonitrile

(2mL). The reactionmixturewas exposed to visible light irradiation

using 20 W domestic bulb (Fig. 3) and the progress of reaction was

monitored using TLC. After the completion of the reaction, the

Pd@TiC catalyst was separated using a centrifuge and the product

was isolated by extracting with ethyl acetate, dried over sodium

sulfate, concentrated under reduced pressure and characterized.

Table 1

Results of screening experimentsa

Entry Solvent Time Yieldb

1 H2O 12 h 45%

2 Toluene 12 h 48%

3 DMF 12 h 16%

4 CH3CN 8 h 97%

a Reaction conditions: Benzyl alcohol (1 mmol), Pd@TiC (25 mg), Solvent (2 mL),

20 W domestic bulb, Air.
b Isolated yields.

Table 2

Pd@TiC catalyzed oxidation of alcoholsa

Entry Substrate Product Yieldb

1
ΟΗ Ο

97%

2
ΟΗ Ο

95%

3
ΟΗ

Ο

Ο

Ο

96%

4

ΟΗ

Ο2Ν

Ο

Ο2Ν

96%

5

ΟΗ Ο

94%

6

ΟΗ Ο

94%

7

Ο
ΟΗ

Ο
Ο 97%

8

Σ
ΟΗ

Σ
Ο 97%

a Reaction conditions: Substrate (1 mmol), Pd@TiC (25 mg), CH3CN (2 mL), 20 W

domestic bulb, Air, 8 h.
b Isolated yield. Fig. 3. Pictorial representation of the reaction set-up.
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4.3. Recycling of Pd@TiC

A set of experiments were performed using benzyl alcohol as

a model substrate in acetonitrile solvent. After the completion of

each reaction, the Pd@TiC catalyst was recovered using a centrifuge,

washed with methanol and reused for the oxidation of fresh batch

of benzyl alcohol. The Pd@TiC catalyst could be recycled and reused

up to six times without any loss in its activity (Table 3). The metal

leaching in reactionwith Pd@TiCwas examined by ICP-AES analysis

before and after the completion of reaction; concentration of pal-

ladium was found to be 4.88% before the reaction and 4.87% after

the sixth cycle. The ICP-AES of the mother liquor did not show the

presence of palladium confirming the fact that titanium cluster

holds the Pd nanoparticles tightly.

The SEM image of the Pd@TiC before and after the reaction

confirms that there is no significant change in the morphology of

the catalyst, which signifies high stability of Pd@TiC during the

course of the reaction (Fig. 4).
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Justifications:

Justification 1:

EPA’s Strategic Plan for FY2018-2022 has three goals, the first of which is to
“Deliver a cleaner, safer, and healthier environment for all Americans and future
generations by carrying out the Agency’s core mission.” Within this goal, Objective
1.3 focuses on the revitalization of land and the prevention of contamination.
Specifically, EPA aims to “provide better leadership and management to properly
clean up contaminated sites to revitalize and return the land back to communities.”
Many researchers have addressed this objective through technical studies, including
exposure assessments, development of sampling and analysis methods, and studying
chemical fate and transport. While these studies are important for expediting EPA’s
core mission, they miss a critical piece of the puzzle, which is how social contexts
may affect environmental cleanup processes and outcomes.

With this fact in mind, a team of researchers in the EPA Office of Research and
Development’s (ORD) Center for Environmental Solutions and Emergency
Response (CESER), Homeland Security Materials Management Division
(HSMMD) has taken the initiative to apply social science theories and methods to
the topic of environmental cleanups. This research uses the term ‘cleanup’ broadly,
to include both remediation or removal at contaminated sites that may be managed
through different EPA offices (e.g. Superfund, brownfields, emergency
management). This research begins to answer the following questions: How do
social factors (e.g. demographics, regional cultures, community values) affect
cleanup processes? What are the social impacts during cleanup activities? And what
are the social outcomes of completed cleanups?

HSMMD (formerly, National Homeland Security Research Center) scientists are
experts in engineering, chemistry, toxicology, and microbiology, among other
specialties. This team of researchers in HSMMD, in contrast, is comprised of social
scientists. Following a 2016 “social science boot camp” for non-social scientists in
ORD, the team met with boot camp participants from HSMMD to discuss potential
social science research on self-help decontamination. ‘Self-help decontamination’
describes actions that households and businesses can take to clean interior surfaces
after a radiological release. When reviewing the materials, the team realized that
addressing this specific topic necessitated a more comprehensive analysis of what
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the social sciences had to say about decontamination writ large. Thus, they decided
to carry out a literature review. This research effort is wholly original and was
carried out entirely by this small team, which established the review’s scope,
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research questions, and methodology. For example, the team quickly realized that
the review had to include a wide variety of environmental cleanups in order to
achieve effective coverage of the literature.

The nominated article lays the foundation for this research by systematically
reviewing existing social scientific literature to assess the state of knowledge on this
topic. The nominated article is novel in several respects. It engages a new area of
research for EPA on social variables affecting cleanups. It targets literature in the
social sciences, including anthropology, economics, geography, and sociology. The
review uses qualitative analysis, which contrasts to the largely quantitative
approaches used in other reviews conducted by EPA scientists. Finally, it provides
an intellectual framework for advancing a relatively new area of research on
contaminated site cleanups within the authors’ discipline of environmental
anthropology.

The review’s synthesis of existing literature finds that studies fall primarily into
three themes: effects on cleanup worker health, public engagement and
decision-making, and societal benefits of cleaned-up sites. Studies of cleanup
worker health were mostly epidemiological analyses done after large-scale incidents
(e.g. Chernobyl). They point to social contexts of cleanup worker health including
protective measures, vulnerable populations, and stigma. Studies of cleanup
decision-making revealed the social and political dimensions of technical decisions
and established the importance of public engagement. Studies of societal benefits of
cleaned-up sites  most commonly stemmed from economics literature, which used
hedonic pricing models to evaluate changes in property values in areas near
Superfund sites before and after cleanup.

This review’s critical analysis of the literature identifies research trends as well as
important gaps. Specifically, the review found three main areas of research need: 1)
more mixed methods and interdisciplinary engagement within the literature, 2) more
comparative studies between different types of environmental cleanup situations,
and 3) further investigation in social science topics such as labor practices, race,
gender, and power relations. It’s important to note that, while many case studies of
cleanup incidents exist, no other article has reviewed this area of social science
research in such a rigorous way. In so doing, this article aids researchers’ ability to
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learn from these case studies. It also serves guidepost for future research in an
emerging area of study within the social sciences.

Another important contribution that this article makes to the advancement of
scientific knowledge is that it analyzes literature from multiple disciplines, to see
how this topic is being addressed from different perspectives. For example, while
economists evaluate the benefits of Superfund remediation in terms of housing
value, sociologists are more concerned about potential neighborhood gentrification.
The approach this article took serves to break down research silos that so often limit
or constrain creative environmental problem solving. It also underscores the point
that this area of research transcends disciplinary boundaries, meaning that it
involves cross-cutting themes that are important to all types of environmental
researchers.  

In addition to laying the foundation for future research, this article also has strong
applications to environmental policy and practice. It highlights ways, as synthesized
from the literature, in which environmental cleanups can achieve better social and
environmental outcomes. For example, the article outlines suggestions from the
literature for improving support for the health of cleanup practitioners through
increased worker benefits and services. These suggestions could address issues of
worker burnout or increase worker efficiency. The article also points to examples of
effective public engagement strategies, which can be used to reinforce EPA’s
community involvement program– an integral component of Superfund cleanups.
Finally, it can help EPA better communicate the importance of the remediation and
removal work it does, whether at National Priority List sites, brownfields, or
removal sites, including the difference it makes in communities. The authors gave a
training session on ‘Brownfields Feud: Challenging Community Engagement
Assumptions’ at the 2019 National Brownfields Training Conference based upon
the review and subsequent research on this topic.

Overall, this review article deepens understanding of the body of social science
literature on environmental cleanups. It not only opens the door to a new area of
research but leads the way into the future. It brings together research that had yet to
be put into conversation which each other and makes connections that may inspire
the next generation of interdisciplinary science on environmental cleanups.
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Justification 2A:

n/a

Justification 2B:

n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

The nominated article has had significant recognition outside of the Agency for its
advancement in scientific knowledge and relevance to environmental issues. After
publication, this work was recognized for its significance and impact. 
Environmental Research Letters, the journal in which it was published, selected it as
an Editor’s Featured Article; an honor given only to articles that are deemed the
very best based on originality, significance, scientific impact, and broad appeal.
Within the first week of publication it was downloaded 325 times, and to date
(4/27/2020) it has been downloaded 3,450 times and cited 4 times. It was even
added to the syllabus of an environmental anthropology class by a professor at the
University of North Carolinal Chapel Hill. These statistics demonstrate a
burgeoning interest in this topic within the research community and recognition of
the significance of this article to this topic.
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The authors of the paper have also been selected to present the findings from the
research at several important professional scientific venues. For example, the
authors chaired and organized a panel focused on social science and environmental
cleanup at the 2018 Society for Applied Anthropology (SfAA) Annual Meeting.
The panel not only featured the findings from the literature review, but also
provided a platform to gather researchers around this topic area. There was such a
tremendous interest in this emerging area, that the SfAA panel led to further
academic collaborations around this topic – namely a forthcoming special issue in
the Journal of Environmental Management. The authors were also invited to present
a paper or poster at: the 2018 International Decontamination Research and
Development Conference, the 2018 Association for Environmental Studies and
Sciences Annual Meeting, the 2019 Natural Hazards Workshop Researcher
Meeting, and the 2019 Association for American Geographers Annual Meeting.

The positive reception that this publication has received shows that it speaks to
multidisciplinary audiences, thereby increasing its impact. The authors have
presented to anthropologists, environmental scientists, decontamination researchers,
hazards and disasters researchers, and geographers. The article was published in an
environmental science journal and has also received positive reception in the
authors’ home discipline of environmental anthropology. Moreover, the meeting
venues at which the authors presented the article’s findings demonstrate the
review’s relevance and appeal to both researchers and practitioners doing cleanup
work.

Additionally, the research team was awarded funding to do additional work on this
topic by EPA’s Office of Research and Development to carry out an EPA
Pathfinder to Innovation Project (PIP) in 2019. Pathfinder to Innovation Projects are
intended to transform sustainability and environmental protection by integrating
innovative ideas into the major EPA research programs. The PIP project builds
upon the findings from the paper, using them as a springboard for future research
and tool development.

Justification 3B:
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The nominated article was submitted to the journal Environmental Research Letters 

and successfully went through the journal’s standard peer review process to
evaluate its scientific merit. Environmental Research Letters requires researchers
seeking to publish a review article to first submit an abstract and outline of the
review article for approval by the journal’s Editorial Board. This initial approval is
necessary to even be allowed to submit a manuscript for consideration. The authors
received this initial approval, including some suggestions from the Editorial Board,
and prepared the manuscript. Then, the submitted manuscript was reviewed by three
peer reviewers through a single-blind peer review process.

Overall the authors received very positive reviews and only had to make minor
revisions before the article was accepted for publication. Reviewers commented
especially on the potential impact of the paper and its importance to the area of
study as well as for environmental policy. For example, one reviewer stated,

“In my view, this is an excellent review, and a much-needed contribution to the
interdisciplinary literature on the intersections between environmental cleanup and
the broad spectrum of relevant social sciences knowledge and areas of inquiry. An
improved understanding of these intersections has the potential to significantly and
beneficially inform environmental policy, as well as advance theories of people and
the environment. The review's identification of dominant themes in the extant
literature, as well as key research gaps, are particularly valuable.”

Another positive comment that the authors received from a reviewer was the
applications our paper has for practitioners working in the field. It was explained
that the review “will be very useful both for people working in technical and also
social stuff related to site remediation.”

These reviewer comments provide further evidence that this article is influential in
several key ways – advancing a theoretical framework, supporting future research,
informing environmental policy, and guiding applied work. Rarely do review
articles have such a broad impact. 
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Abstract

Environmental cleanupmay involve decontaminating an area affected by a radiological release,

containing an oil spill, or remediating a Superfund site or brownfield. It is a key component of how

environmental agencies work to protect public health and the environment. There aremany

publications on technical protocols for cleanup andwaste disposal. Additionally, there has beenmuch

social sciencework on the social problems of environmental contamination.However, social science

research on cleanup itself has beenmuchmore scattered across disciplines and incidents. To date,

there has not been a comprehensive review of the social factors that affect cleanup processes and

outcomes. Such social factorsmay include cultural worldviews that shape stakeholder perspectives on

‘how clean is clean’ and social relationships among stakeholders. This articlefills this gap by providing

an interdisciplinary literature review of the social science of environmental cleanup. Three principal

themes emerged from the 97 articles thatmet selection criteria: effects on cleanupworker health,

public engagement and decision-making, and societal benefits of cleaned-up sites. The review points

to areaswhere further research is needed. For example, there is a lack ofmixedmethods and

interdisciplinary engagement within the literature. Additionally, few articles compare cleanup

situations. There is also a need for further investigation into specific social science topics such as labor

practices, gender, race, and power relationships. To address these gaps, we argue for the development

of a comprehensive framework ormodel as well as the exploration of broader questions complicating

cleanups.Overall, this area of research has significant potential to benefit environmental cleanup

policy and practice worldwide, while advancing social theory about people and the environment.

1. Introduction and background

Cleaning up toxic contaminants and hazardous waste

is a cornerstone of environmental protection in the

United States (US) and abroad. In the US, there are

1345 sites on the Superfund National Priority List

(NPL) and an estimated 450 000 contaminated brown-

fields properties. Approximately 53 million people

(17% of the US population) live within 3 miles of a

Superfund site (EPA 2015), making cleanups vital to

public health. Environmental cleanup is also part of

emergency response to oil spills, industrial and

transportation accidents, and homeland security

threats. In this paper, ‘cleanup’ refers to any part of the

assessment, characterization, containment, removal,

remediation, and waste disposal of chemical, biologi-

cal, and radiological materials. Some hazardous waste

sites, such as Love Canal and Warren County, North

Carolina, play important roles in the history of US

environmental policy and environmental justice.

Others, such as historic industrial buildings contami-

nated with mercury or residential yards with high

levels of lead in the soil, may not be nationally

renowned yet still pose a risk to human health and

require an extensive and costly cleanup.

Table 1 shows the range of situations included as

environmental cleanup for the purposes of this analy-

sis. It follows US Environmental Protection Agency
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(EPA) categorizations and US policy approaches to

provide consistency. Other countries may use slightly

different categorizations (e.g. megasites, polluted

sites), policy approaches (e.g. soil protection policies),

and funding sources. The overarching goal of environ-

mental cleanup is to protect human health and the

environment, but there are differences among statu-

tory requirements for achieving this goal. Each situa-

tion involves specific terminologies, activities, and

phases. The term remediation refers to long-term

actions at Superfund and brownfield sites to remove

contaminants from different environmental media.

Techniques include capping hazardous waste sites,

dredging sediments in water bodies, and bioremediat-

ing using microbes to treat contaminated soil or

groundwater on site. The term decontamination, in

contrast, is more commonly used in emergency

response when a substance is released that poses an

‘imminent and substantial threat’ to public health or

the environment (40 CFR 300 1994). Decontamina-

tion refers to the inactivation, immobilization, or

reduction of contaminants from a surface. For exam-

ple, rooms containing Bacillus anthracis (the bacter-

ium that causes anthrax) can be fumigated with

chemicals to inactivate the spores. Surfaces con-

taminated with radiological materials can undergo

physical or chemical decontamination. Responses to

smaller release incidents are called removal actions.

After an oil spill from an overturned truck, for exam-

ple, contaminated soils are removed to be treated and

disposed of elsewhere.

The cleanup situations in table 1 differ in several

respects: the cause of contamination, materials handled,

statutory authority, institutions involved, steps followed,

funding stream, and future reuse. This diversity of

cleanup situations is one indication of the complex social

and political dynamics involved. Environmental and

public health agencies, tribes, industry, private con-

tractors, and community groups all play roles. Actions

and timelines vary, as do the threat to humanhealth, pub-

lic engagement, and cost. Different cleanup situations use

different criteria for cleanup standards. Superfund sites

are cleaned to national standards, for example, whereas

brownfields relyon state standards.

Cleanups take place everywhere from tribal lands

to private residences on time scales of days to decades.

During cleanups, stakeholders with existing social and

power relationships engage in new ways. Stakeholders

may not all use the same technical terms or even speak

the same language. They may have competing ideas

about health risks at a site, when is it clean enough,

what does ‘clean’ even mean, and what constitutes

appropriate post-cleanup land use (Fowlkes and

Miller 1982, Interstate Technology and Regulatory

Council ITRC 2002, van Horn and Chilik 1988,

National Research Council 2005, McCaffrey and

Baver 2006, Layzer 2012, Cram2015).

Research from several social science disciplines has

addressed social conflicts during cleanup (Fowlkes and

Miller 1982), institutional decision-making (Interstate

Technology and Regulatory Council ITRC 2002, Franco

andBouri 2010), and cost-benefit analysis (Hamilton and

Viscusi 1999). Many studies are specific to a particular

site such as Chernobyl in the Ukraine (Petryna 1995,

Smith 2005) or Hanford in the United States (Gray and

Becker 1993, Gephart 2003). To date, however, there has

not been a comprehensive reviewof the social, economic,

institutional, political, and cultural factors that affect

cleanup processes and outcomes. Such a review is neces-

sary to begin to develop an overarching framework to

explain the social dynamicsof environmental cleanup.

To fill this knowledge gap, we conducted a systema-

tic, interdisciplinary literature review of the social science

of environmental cleanups. The purpose of the review

was to understand the current state of this literature and

to identify key social variables that affect cleanup activities

and outcomes. The review covered publications from

anthropology, archeology, economics, environmental

justice, environmental management, epidemiology,

human geography, policy, public health, psychology, sci-

ence and technology studies (STS), and sociology. Three

common areas of investigation emerged from the review:

physical and mental health of cleanup workers, public

engagement in decision-making, and evaluation of socie-

tal benefits of cleanups.

The review should be of interest to social scientists,

environmental scientists, and technical experts involved

in cleanup decisions. It provides a baseline synthesis of

scientific knowledge about the social dynamics of envir-

onmental cleanups. It also identifies research gaps,

including a lack of cross-disciplinary fertilization and

uneven coverage and comparison of cleanup situations.

Overall, the review supports the development of an inter-

disciplinary systems framework for analyzing environ-

mental cleanups and evaluating societal benefits.

2.Methods

2.1.Overview

This article uses a systematic literature reviewmethod,

which involves article search and selection protocol, a

defined research question or hypothesis, and a quanti-

tative summary of results (Grant and Booth 2009,

Singh 2017). It differs from systematic reviewmethods

from the clinical health literature in two respects. It

provides a numerical analysis of article metadata but

does not do a statistical analysis of article results (e.g.

effect size) (Singh 2017). Instead, it uses a qualitative

thematic synthesis or critical review to analyze the

literature (Hart 1998, Thomas and Harden 2008,

Grant and Booth 2009). Qualitative analysis is appro-

priate because this is exploratory research to identify

social variables, not test a specific hypothesis. Figure 1

shows a preferred reporting items for systematic

review and meta-analysis (PRISMA) diagram of the

systematic search and selection process used (Moher

et al 2009).
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Literature sources included peer-reviewed journal

articles, books, book chapters, e-books, and gray lit-

erature such as government agency reports. We inclu-

ded articles for review if the following criteria applied:

(1) they use theories and/ormethods from a social sci-

ence discipline; (2) they address one or more social

dimensions of environmental cleanups; (3) they were

published in the last 25 years (1992–2017); (4) they

meet quality control criteria (see below); and (5) they

arewritten in English.

The five selection criteria allowed for inclusion of a

diversity of publication types covering multiple dis-

ciplines, institutions, and countries. We excluded

articles that provide a descriptive account of social

conflict during a cleanup but do not use social theory

or methods to analyze it. For example, our search

returned technical assessments and reports about spe-

cific sites, butmany of themdid not have clear connec-

tions to social theory or employ social science research

methods (e.g. interviews, surveys), so they were exclu-

ded from the analysis. We also excluded articles that

address the social impacts of contamination but not

decontamination. We limited the search to publica-

tions within the last 25 years to capture work pub-

lished on cleanup actions under US environmental

laws (e.g. Comprehensive Environmental Response,

Figure 1.APRISMAflowdiagram illustrating the literature search process.
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Table 1.Types of environmental cleanups considered in this article (categorizations followEPA2017, 2018).

Cleanup category Definition Examples Cleanup steps Statutory authority Funding

Emergency response Response to oil spills, chemical, biological,

radiological releases, and large-scale

national emergencies.

• Natural disaster (medical waste,

household hazardouswaste,

orphan containers, flood debris)

• Oil spill

• Train derailment

• Chemical spill

• Removal assessment

• Removal action

• CERCLA

• SARA

• CleanWater Act

• National Contingency Plan

• Oil PollutionAct

• Stafford Act

• Presidential Directives

• StaffordAct

• Oil Spill Liability

Trust Fund

Superfund sites/NPL sites Uncontrolled or abandoned sites or properties

where hazardouswaste or other contamina-

tion is located. A contaminated site is gen-

erally considered a ‘Superfund site’ if the

federal government is or plans to be

involved in cleanup efforts. Note: NPL sites

are those on theNPL; Superfund sites can be

proposed or deleted from the list.

• Lead

• Asbestos

• Dioxin

• Radiation

• Agriculture runoff

• Heavymetals

• Industrial spill

• Excludes coalmines

• Preliminary assessment/site

investigation

• NPL site listing

• Remedial investigation/feasi-

bility study

• Records of decision

• Remedial design/remedial

action

• Construction completion

• Post-construction completion

• NPL deletion

• Site reuse/redevelopment

• CERCLA

• SARA

• EPA grants

• Technical Assistance

Grants Program

• Superfund Job Training

Initiative

• Superfund

• Cost recovery

Brownfield sites Real properties, the expansion, development,

or reuse of whichmay be complicated by the

presence of a hazardous substance, pollu-

tant, or contaminant.

• Asbestos

• Lead

• Mine-scarred land

• Former industrial site

• Assessment

• Cleanup

• State environmental laws

• Small Business Liability

Relief and Brownfields Revi-

talizationAct

• EPABrownfields pro-

gram grants

• State response programs

• State voluntary cleanup

programs
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Table 1. (Continued.)

Cleanup category Definition Examples Cleanup steps Statutory authority Funding

• Tax credits

State sites Sites addressed by state, not EPA All types of contaminants • Depends on state • State environmental laws • State funding

Resource Conservation and

Recovery Act (RCRA)

corrective action

Treatment, storage and disposal facilities regu-

lated under RCRAmay have releases into

the environment that require cleanup.

• Hazardouswaste

• Solidwaste

• Injectionwells

• Landfills

• Flexiblemay include:

• Initial site assessment

• Site characterization

• Interim actions

• Evaluate remedial alternatives

• Implement remedy

• Track process

• Long-term care

• RCRA

• Hazardous and SolidWaste

Amendments (HSWA)

• Responsible parties

Underground storage tank

sites (USTs)

Sites that contain contamination frompetro-

leumproducts or Superfund hazardous

substances released fromunderground sto-

rage tanks.

• Petroleum containers

• Underground pipelines

• Hazardous chemicals

• Not septic tank, fuel con-

tainer<1100 gal.

• Site characterization/assessment

• Corrective action

• Site closure

• RCRA

• SolidWasteDisposal Act

• Energy Policy Act of 2005

• LeakingUnderground

Storage Tank

Trust Fund

Federal facilities Properties owned or operated by theUS gov-

ernment thatmay contain environmental

contamination fromunexploded ordnance,

radioactivewaste, or other hazardous

substances.

• Militarymunitions

• Unexploded ordnance

• Hazardous chemicals

• Federally ownedwastewater treat-

ment facilities

• Depends on site

• Some federal facilitiesmay be

Superfund sites and follow

Superfund steps.

• RCRA

• HSWA

• SafeDrinkingWater Act

• CleanAir Act

• CleanWater Act

• Oil PollutionAct

• Superfund

• Department of

Defense (DOD)

• Department of

Energy (DOE)
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Compensation and Liability Act (CERCLA), Super-

fund Amendments and Reauthorization Act (SARA)),

as well as homeland security incidents and technologi-

cal disasters. We limited articles to English publica-

tions to avoid misinterpretations that could affect data

quality. The articles had to be research articles, not

book reviews, commentaries, or policy documents.

2.2.Quality control

We evaluated the articles according to a checklist of

nine quality standards: focus, verity, integrity, rigor,

soundness, applicability and utility, clarity and com-

pleteness, uncertainty and variability, and evaluation

and review (EPA 2003, 2013). We evaluated gray

literature sources according to these standards. If

sources did not meet at least six of the nine quality

standards, we did not include them. Because peer-

reviewed sources such as books and journal articles are

already evaluated by a similar system, we presumed

that they met quality standards. We did assess the

applicability of each source and the appropriate use of

social science theory and methods for all articles,

which served as another layer of quality assessment.

2.3. Literature search and analysis

We conducted keyword searches in the following

databases: ScienceDirect, Springer, ProQuest, Anthro-

source, Web of Science, our institutional library

catalog, and Google Scholar. This search strategy

covered a wide range of publications in social science,

environmental science, homeland security, risk analy-

sis, and other related areas. We also found sources via

snowballing, i.e., using citations in articles already

retrieved. Keywords used to search include place

names, contaminants, social science concepts, and

cleanup actions (see table 2). Searches included

alterative spellings, e.g. cleanup, clean-up, clean up.

Keyword strings varied depending on the database’s

topical focus and search capability.

Since many of the searches turned up technical

and engineering articles outside the scope of this

review, a quick reading of the source’s title and

abstract ascertained its possible relevance. We recor-

ded the number of relevant hits in an Access® database.

For sources that made it through this first round of

selection, we entered bibliographic information into

an Access® database and EndNote® library. We sear-

ched bibliographic databases until article saturation

was achieved, that is, additional keyword searches

failed to turn up new relevant articles.

The second step of the review was to acquire and

read a full-text version of each source. We eliminated

some articles at this step because of access limitations.

We evaluated full-text articles for compliance with the

five selection criteria described above. To reach agree-

ment on source selection, we each ranked the articles

on a one-to-three compliance scale: (1) did not meet

the criteria; (2) met some but not all; (3) met all

criteria. We totaled the rankings for each source and

then discussed sources that ranked below a seven out

of nine to reach consensus on whether they should be

included. At this stage, we evaluated gray literature

sources using the quality control standards described

above.

The third and final stage of the review process

involved a close textual reading of the selected articles

and thematic evaluation of article contents. We recor-

ded research notes in EndNote® for each article’s topic,

research methods, cleanup situation, and main argu-

ment. We then created mind maps to identify major

themes and conducted a thematic synthesis of article

content (Hart 1998, Thomas and Harden 2008). We

also conducted a quantitative analysis of article meta-

data using NVivo®. We coded metadata for each

source by geographic location in which the research

took place, phase of cleanup addressed, type of

Table 2.A list of keywords and search strings used in the literature
search.

Search keywords and search strings

Actor network theory

decontamination

Hazardouswaste cleanup

Anthrax/Amerithrax How clean is clean

Anthrax/Amerithrax and

decontamination

Libby,Montana

Bikini atoll/Marshall Islands Livestock carcass disposal

Biosafety LoveCanal

Biosecurity LoveCanal and remediation

BP/DeepwaterHorizon Milwaukee (Cryptosporidium

outbreak)

Brownfield Minot, NorthDakota

BSE Mitigation

Chemical spill Nuclear

Chemical spill and clean-up Nuclear waste disposal

Chernobyl Oil spill

Chernobyl and social impacts Oil spill and clean-up

Clean-up Oil spill and cleanup and social

impacts

Cleanup and radiation Oil train derailment/Lac-

Mégantic

Clean-up and social effects Pensacola, Florida—Mt.Dioxin

Clean-up and toxic spill Plague

Clearance Radiological

Community Remediation

Construction Rocky flats

Cost Social impacts and cleanup

Decontamination Social impacts and

decontamination

Disaster and clean-up Social stigma

Ebola and social stigma Superfund and clean-up

Endicott, NY—IBM Superfund, CERCLA

Foreign animal disease threat TB sanatorium

Fukushima and remediation ThreeMile Island

Fukushima, Japan ThreeMile Island and cleanup

GoldKingMine Toxic spill

Hanford Vieques, Puerto Rico

Hanford and cleanup World trade center and

clean-up

Hansen’s disease/leper colony
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contaminant, discipline, and methodology. We then

tabulated thesemetadata categories.

There were limitations to this systematic literature

review. The review addresses the social dimensions of

cleanup, which is only a subset of the social impacts of

contamination. The bibliographic databases searched

might not contain all relevant publications. While the

review did include non-US materials, the search and

selection protocol used did not require international

representation and may not have captured all interna-

tional publications. For example, the databases used to

find gray literature may not contain reports published

in other countries. Alternatively, a source may have

been in a database but not discoverable using the key-

words selected. The termSuperfund originates fromUS

policy and may not be applicable elsewhere. An article

framed around social theorymight not use the technical

language of decontamination. The review only included

sources available via institutional library holdings and

interlibrary loan agreements, which were limited. The

English language criterion may have excluded relevant

materials written in Russian, Japanese, and other lan-

guages. Because this research does not conduct a statis-

tical analysis of article data, results are not skewed by

not including every article published on a topic, as with

quantitative reviews (Thomas and Harden 2008,

Singh 2017). Our search did reach conceptual satur-

ation, that is, it captured the range of concepts found in

the literature (Thomas andHarden 2008).

3. Results and synthesis

3.1. The landscape of the literature

A total of 97 relevant articles was analyzed. Figure 2

shows the distribution of sources by publication year.

The year 2007 has the greatest number of publications

(n=11), while 1994, 1988, and 2000 have none.

There is a slight increase in coverage since 2000, but no

apparent trend in peaks and valleys. For example, only

two of the articles from the early 2000s analyze cleanup

after the 9/11 attack on the World Trade Center, even

though that incident involved a huge cleanup effort

from the US. Given the wealth of remediation,

removal, and decontamination activity in the US and

elsewhere, finding only 97 relevant sources suggests

that environmental cleanup may not be a popular

topic in the social sciences.

Of the 97 sources found, 75 refer to specific case

studies. Themost common case studies are Chernobyl

(n=10), the Exxon Valdez oil spill (n=7), and the

Deepwater Horizon oil spill (n=5). These case stu-

dies illustrate the predominance of social science ana-

lysis of emergency response to disasters. Figure 3 also

highlights this trend. Most of the cleanup situations

found in the literature are emergency response

(n=48) or Superfund sites (n=35). Cleanups of

brownfields and federal facilities are less well repre-

sented, as are smaller scale emergency response

situations.

Figure 4 shows the distribution of cleanup situa-

tions that the articles analyze. The literature includes

sites in United States, Belgium, Ukraine, China,

England, Japan, South Korea, Liberia, Spain, Sweden,

Finland, Canada, and Italy. There is none to limited

coverage of cleanups in Africa, Latin America,

Australia, andAsia.

The case studies analyze 18 Superfund sites in the

US: Amchitka Island, Alaska; City of Bloomington,

Indiana; RSR Corporation Site, Dallas, Texas; Emmell’s

Septic Landfill, New Jersey; Endicott, New York; Fresno

Municipal Sanitary Landfill, California; Central

Figure 2.The distribution of sources by publication year (n=97).
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Chemical in Hagerstown, Maryland; Gowanus Canal,

New York; Hanford,Washington; Los Alamos National

Laboratory, New Mexico; Love Canal, New York;

Middlefield-Ellis-Whisman, California; Tar Creek,

Oklahoma; Rentokil Inc., Virginia; Rocky Flats, Color-

ado; Shell Oil Co dumpsite on the Swinomish Reserva-

tion,Washington; ThreeMile Island, Pennsylvania; and

WaukeganHarbor, Illinois.

The literature covers different phases of cleanups:

pre-cleanup, during cleanup, and post-cleanup. Fif-

teen sources address the pre-cleanup phase, ten sour-

ces address the cleanup itself, and 30 sources address

post-cleanup. Forty-two sources address multiple

phases. The articles do not all delineate phases in the

same way, nor does their terminology correspond

exactly to the steps listed in table 1, which impeded

comparison of the case studies.

The articles come from seven academic disciplines:

anthropology, economics, human geography, policy

and management, public health and medicine, sociol-

ogy, and STS. They use a wide range of research meth-

ods, e.g. interviews, surveys, focus groups, and

economic modeling. The most common methods are

secondary analysis of existing data (n=24) and inter-

views (n=21). Figure 5 shows the distribution of aca-

demic disciplines and method type. To analyze

methodological differences, we used four main method

categorizations: qualitative, quantitative, mixed meth-

ods, secondary analysis. By mixed methods, we mean

any study that combines quantitative and qualitative

methods (Merriam and Tisdell 2015). By secondary

analysis, we mean any study that reviewed the data or

findings of other studies. The academic areas with the

most representation in the literature are policy and

Figure 3.The percentage of literature sources (n=97) covering each cleanup situation.

Figure 4.The countries highlighted in redwere represented in case studies.
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management (n=28), public health and medicine

(n=25), and anthropology (n=20). There is a near-

even split between studies using qualitative (n=33)

and quantitative methods (n=35). Far fewer studies

use mixed methods (n=6) such as integrating quanti-

tative survey data with qualitative interviews or combin-

ing economicmodelingwith participant observation.As

we will discuss later in this paper, the lack of mixed

methods may be a result of limited cross-disciplinary

engagement on this topic.

3.2.Worker health

One of the prominent themes in the literature is the

analysis of short- and long-term impacts on thephysical

and mental health of cleanup workers. The articles

document health problems among workers involved in

the containment, removal, and remediation of toxic

contaminants. They focus on notable case studies such

as the 9/11 attacks on the World Trade Center,

Deepwater Horizon oil spill, and Chernobyl and

Fukushima nuclear disasters. The number of cleanup

workers exposed to health risks is significant, particu-

larly in large disasters. Over 800 000 ‘liquidators’

worked with radiologically contaminated materials at

Chernobyl between 1986 and 1989 alone (Bay and

Oughton 2005). Formal measures of the number of

cleanup workers may not even include residents,

business owners, and others who initiate work on their

own (Allen 2007).

The most common and longest studied aspect of

worker health is cancer, followed by mental health and

other aspects of physical health. The articles document

that cleanup workers suffer from high rates of cancer

(Bebeshko and Bobyliova 2002, Bay andOughton 2005),

prevalence of post-traumatic stress disorder and depres-

sion (Allen and D’Elia 2015, Bromet 2014, Laidra

et al 2015, Horn et al 2016, Maeda and Oe 2015, Viel

et al 1997, Zvolensky et al 2015), substance abuse

(Bromet 2014, Laidra et al 2015), and respiratory diseases

(Herbstman et al 2005). Many of these studies are retro-

spective, reviewing health data collected years before the

analysis; or longitudinal, analyzing worker cohortsmany

years after a disaster (Bebeshko and Bobyliova 2002,

Chernobyl Forum2005, Eglite et al2009).

While the studies use primarily epidemiological

methods, this body of work also illuminates the broader

social context of cleanup work. We highlight three

aspects of this social context here. First, the articles raise

concerns about workplace safety, i.e. protective gear,

training, and information (Suárez et al 2005, Allen 2007,

Wheeler et al 2007). Second, they touch on issues of

environmental justice and ethics. They note that vulner-

able populations, including prison inmates and immi-

grants, are unequally burdened with cleanup tasks

and consequently exposed to greater health risks

(Koo et al 1995, D’Andrea and Reddy 2013, Laidra

et al 2015). Finally, the literature highlights the problem

of stigma against people involved in cleanup activities

(Bay and Oughton 2005, Chernobyl Forum 2005,

Schneider 2012, Magill et al 2013, Bromet 2014, Pellec-

chia et al 2015). For example, Chernobyl liquidators

were ostracized from their communities because people

feared that radiation exposure was somehow contagious

(Bay and Oughton 2005, Chernobyl Forum 2005,

Bromet 2014).

3.3.Decision-making and public engagement

A second common theme found in the articles is

decision-making and public engagement. These stu-

dies establish the necessity of public engagement by

illuminating the social and political dimensions of

technical cleanup decisions (e.g. Frickel 2012). Tech-

nical decisionsmade throughout cleanups include:

Figure 5.Methods usedwithin the sources (n=97) divided by discipline.
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• where to sample for contaminants,

• how to analyze samples,

• how to set and meet quality control standards for

data collection and analysis,

• what is the extent of contamination,

• which removal and remediation techniques to use,

• what cleanup levels to set,

• whether cleanup has achieved the desired reduction

in contamination and health risks,

• where and how to dispose of thewaste,

• what ongoingmonitoring is necessary, and

• what types of post-cleanup land use are appropriate.

In addition, specific cleanup situations may

require their own decisions. In the US, for example,

CERCLA law requires determinations about whether

to list a site on theNPL andwhen a site is clean enough

towarrant deletion from the list.

The studies indicate that public views shape

cleanup decisions as much as experts’ technical deter-

minations do. Moreover, lay and technical percep-

tions of risk often differ. Jorgensen (2016) observes

that decisions about radiological cleanup depend on

how affected people understand and tolerate risk. In a

review of Superfund cleanup activities at the US

Department of Energy’s (DOE) Hanford Site, Gray

and Becker (1993) argue that decisions have been dri-

ven more by public anxiety and politics than by scien-

tific data. Affected communities may not accept

agencies’ technical determinations about health risks,

remediation techniques, and cleanup levels. Instead,

they apply socially contextual determinations of

their own.

The articles further suggest that agencies’ setting

of technical standards itself has socio-political

dimensions. Standards are set amid scientific debates

tied to institutional power dynamics. Auer (2010),

for example, describes negotiations between Finland

and Sweden concerning tests to measure organo-

chlorines in water. He argues that advances in testing

technology in fact increased confusion in these nego-

tiations, and warns that science and technology do

not guarantee consensual decision-making.

The articles highlight trust as a critical social dimen-

sion of decision-making (Raimond 2001, Gephart 2003,

Allen 2007, Cheong andHazelwood 2015). Lack of trust

in environmental officials undermined public trust in

the information agencies provided following Hurricane

Katrina, particularly when agencies appeared to under-

value local knowledge (Allen 2007). A long history of

secrecy and concealment at former nuclear weapons

production sites impedes public trust in cleanup activity

at these sites (Raimond 2001, Gephart 2003). A lack of

trust also exacerbated emergency responders’ problems

communicating with residents of Grand Isle, Louisiana,

an insular community, during the Deepwater Horizon

oil spill (Cheong andHazelwood2015).

The articles examine how decisions about future

reuse of a site shape risk determinations and cleanup

actions. They argue that present and future risks from

existing contamination, remediation actions, and residual

contamination following remediation must be balanced

and considered in decision-making (Gochfeld et al 2007).

They point out that when goals and options are not well

defined, cleanup is hampered by uncertainty (Gray and

Becker 1993). Recognizing these limitations, Beling et al

(2007) suggest that Superfund processes allow for con-

tingencyplanning.

Finally, the articles underscore the importance of

public engagement to decision-making, even for tech-

nical decisions (Raimond 2001, Pellecchia et al 2015).

The need to build consensus, share power, and estab-

lish trust is a recurring theme (e.g., Raimond 2001,

Allen 2007, Jorgensen 2016). Ferris (1993) argues that

cleanup solutions are more enduring at sites with

higher community participation. Dukes (2007) posits

that contaminated sites are an opportunity to build

cumulative knowledge by including the public in

deliberative, adaptive decision-making. Authors also

point to challenges encountered during public engage-

ment. For example, communities are not homo-

genous and may have internal socioeconomic and

power inequalities. Participatory outreach may not

reach all affected stakeholders (Miller 2016). Addi-

tionally, contamination incidents can exacerbate com-

munity divisions (Raimond 2001).

3.4. Evaluating societal benefits of cleanup

A third theme in the social science literature is

evaluation of the broader societal benefits of cleanup.

The articles found by this review primarily evaluated

economic benefits in the form of housing value. The

majority use hedonic pricing models to analyze local

property values. Hedonic pricing is a revealed pre-

ference method that associates an increase in housing

value after cleanup with the amenity value of living in

an uncontaminated place. The articles apply hedonic

pricing to housing around Superfund sites in the US

(Kiel 1995, McClusky and Rausser 2003, Chattopad-

hyay et al 2005, Messer et al 2006, Noonan et al 2007,

Greenstone and Gallagher 2008, Gamper-Rabindran

and Timmins 2011, 2013). A few studies apply it to

other cleanup situations, e.g. along nuclear waste

transport routes (Gawande and Jenkins-Smith 2001),

and near hazardous waste sites not on the NPL

(Ketkar 1992, Ihlanfeldt and Taylor 2004). This

method also provides a way of measuring stigma

associated with site discovery, listing, and other

cleanup actions (Kiel 1995, McClusky and Raus-

ser 2003, Messer et al 2006). Post-cleanup housing

values can be compared to pre-cleanup values to
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determine whether stigma is overcome (Gamper-

Rabindran andTimmins 2011, 2013).

We note methodological differences among the

articles in their selection of regression models and

datasets, radial distance of properties from a site (e.g.

onemile, threemiles), spatial unit of analysis (e.g. cen-

sus tract, census block), type of property (e.g. owner-

occupied housing, commercial), and timeline (e.g.

after construction complete, after deletion). The

authors also came to differing conclusions about the

societal benefits of cleanups. The majority agrees that

property values do increase after cleanup (Ket-

kar 1992, Ihlanfeldt and Taylor 2004, Chattopadhyay

et al 2005, Gamper-Rabindran and Timmins 2011,

Gamper-Rabindran and Timmins 2013). However,

the amount of the estimated increase varies greatly, as

do authors’ interpretations of these numbers. Noonan

et al (2007) posit that while direct impacts on housing

are minimal, there may be positive indirect effects

such as increased neighborhood investment. Kiel

(1995) finds that housing prices do not recover enough

to overcome initial stigma of site discovery and listing.

Delaying cleanup worsens property value losses

(Messer et al 2006). Greenstone and Gallagher (2008)

argue that local property value increases are small rela-

tive to the high costs of Superfund cleanup. In con-

trast, Ihlanfeldt and Taylor (2004) argue that even high

cleanup costs can be offset by increases in property

values and, in turn, property taxes.

A few of the articles also discuss how cleanupsmay

spur neighborhood gentrification (Noonan et al 2007,

Gamper-Rabindran and Timmins 2011, 2013). With

gentrification, housing prices increase but residents

are priced out of the housing market. Neighborhood

demographics can shift along the lines of race, class,

and ethnicity. Gentrification is an environmental jus-

tice concern and can be an unintended social outcome

of environmental cleanup.

4.Discussion

4.1. Trends in the literature

This literature review provides extensive evidence that

social variables affect cleanup processes and outcomes

in several ways. Cleanup activities affect worker health.

Technical decisions are shaped by social and political

dimensions. Completed cleanups have local socio-

economic consequences.

The review uncovers several trends in the litera-

ture. First, there is limited geographic coverage in

social science analysis of environmental cleanups. The

dearth of articles aboutmany parts of the world shown

in figure 4 may be due in part to the limitations high-

lighted in the methods section 2.3. It may also reflect

national differences in environmental policies, reme-

diation activities, and terminology. A third possible

explanation is the reliance that the social science litera-

ture has on case studies, particularly of highly visible

incidents such as the Deepwater Horizon oil spill and

Fukushima nuclear accident. These incidents mobilize

extensive cleanup efforts, media attention, research

interest, and funding. They involve complex social

dynamics that can be studied over time. One repercus-

sion of the reliance on high-profile incidents is

that analysis of other types of contaminants and

cleanup situations is limited. For example, site reports

indicate that stakeholder engagement and public par-

ticipation positively influence brownfields redevelop-

ment in Europe (Payá Pérez and Peláez Sánchez 2017).

Brownfields sites, however, comprised the smallest

portion of articles (2%) found by this search. More-

over, there is limited comparison of case studies in the

literature, which would be generative of social science

theory of decontamination.

A second trend is that the articles operate largely in

disciplinary silos. Anthropological studies of deconta-

mination discourse are not in conversation with eco-

nomic works on hedonic pricing. Epidemiological

articles on cleanup worker health do not engage with

the broader social science literature on labor practices,

worker identity, and embodied stigma. Thus, the

social context of cleanup work is missing: how do peo-

ple come to be in this work, what are their work

experiences, and how does it affect households and

communities as well as individual health? The silo-iza-

tion of the literature is also apparent in that while the

case studies uncover diverse social aspects of cleanups,

they often lack a theoretical grounding. Observed

trends in methodologies provide further evidence of

silo-ization. The limited use of mixed methods, such

as combining health surveys with ethnography, indi-

cates a lack of interdisciplinary engagement. Another

methodological gap is the relatively low number of

ethnographic accounts of cleanup experiences. One

exception is Little’s (2012) study of people living with

vapor mitigation systems installed in their houses as

part of remediation of the IBM Endicott Superfund

site in New York state. Ethnographic studies of

cleanup workers, community activists, and agency

staff would shed light on social relationships, cultural

worldviews, decision-making, and health.

4.2. Future research needs

The review identifies research gaps in the four

thematic areas. Na et al (2012) and D’Andrea and

Reddy (2013) mention differences between male and

female cleanup workers’ risk exposure and health

impacts. A deeper discussion of the gendered nature of

cleanup work is absent. Zvolensky et al (2015) report

how adversemental health impacts to cleanupworkers

correlate with financial problems. It points to the need

to investigate how cleanup work affects families and

households as well as worker populations. The Cher-

nobyl case studies primarily analyze possible health

effects of low-dose radiation exposure over a long

period of time (Barnes 2001, Bay and Oughton 2005,
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Eglite et al 2009, Krasnov et al 2015, Laidra et al 2015).

There is a need for longitudinal studies of other types

of cleanupwork.

In terms of public engagement, the articles do

address how trust is lost and how mistrust affects

cleanups (e.g., Eisenman et al 2004, Allen 2007, Ritchie

et al 2013). However, there is limited coverage of

research on how to build trust and maintain it over

time. Future research could examine best practices in

building consensus, sharing power, and establishing

trust among stakeholders. It could field test strategies

for effective public engagement in different cleanup

situations.

The reliance found in this literature on hedonic

pricing affords a relatively limited basis for measuring

societal benefits of environmental cleanups. The stu-

dies primarily use this technique at Superfund sites, so

its application to other cleanup situations and non-US

sites remains untested. Hedonic pricing does not cap-

ture social consequences such as neighborhood gentri-

fication. Cleanups may well benefit society in ways

other than property values. New methods for evaluat-

ing societal benefits—and costs—should be developed

and tested for their applicability to different cleanup

situations. Methodological challenges remain for how

to measure benefits that are not easily quantifiable,

such as changes to risk perception and improved sta-

keholder relationships.

Greater comparison among sites within a given

country and internationally is needed. It would help

answer research questions about: how does stigma dif-

fer when radiological, chemical, or biological con-

taminants are involved? Are public engagement

strategies transferable among Superfund, brownfields,

and emergency response? Does post-cleanup gentrifi-

cation play out differently in cities, suburbs, and rural

areas? What are similarities and differences in public

engagement strategies, worker health protection, and

post-remediation property values when comparing

sites internationally? Site comparison can help identify

technical, policy, and public engagement approaches

that foster achievement of positive social and environ-

mental outcomes (Coulon et al 2016, Payá Pérez and

Peláez Sánchez 2017). It can also assess howmulti-cri-

teria decision support tools (e.g., human health risk

assessment (Wcislo et al 2016), integrated assessment

modeling (Schädler et al 2012)) support cleanup deci-

sion-making (seeNorrman et al 2016 for an example).

The review found that there is no overarching

model or framework to explain how social dynamics

affect cleanup activities, the origins of these dynamics,

and what the social impacts of cleanup activities and

outcomes of cleanup completion are. We suggest that

a comprehensive framework should be developed.

One possible theoretical foundation is a socio-envir-

onmental systems (SES) approach that addresses

interactions between social and biophysical systems

(Machlis et al 1997,Musters et al 1998). SES has largely

focused on ecosystems, land use, and urban ecology,

and does not always directly address human health,

though, so a frameworkmight also benefit from incor-

porating elements fromhealth risk assessment (Wcislo

et al 2016). Social science theory that situates people’s

relationships with chemicals, toxics, and post-indus-

trial sites in a broader culture and political economic

context (Fortun 2012, Shapiro and Kirksey 2017)may

be informative, but challenging to incorporate into a

model. Participatory socio-environmental modeling

techniques may allow site-specific details to emerge

(Gray et al 2018). This analysis identifies several

important factors to address in a framework: multiple

phases of cleanup actions; positive and negative social

impacts (e.g. stigma); the social as well as toxicological

context of worker health; governance approaches to

public engagement, trust, and stigma; scientific deci-

sion-making; institutional roles and constraints; and

measures of societal outcomes of cleanup.

4.3. Application to policy and practice

The case studies present strategies to help cleanups

achieve positive social and environmental outcomes.

For example, steps can be taken to support the health

of workers and community members. In the US,

removal and remediation is often done by contractors

and sub-contractors. The US Government Account-

ability Office (2006) reports that DOE provided

incentives for contractors to meet health and safety

standards at the Rocky Flats Superfund site.Moreover,

it encouraged contractors to share the incentives with

workers. Providing additional worker benefits such as

counseling, financial management, and transition aid

can aid worker health and reduce local economic

shock after cleanups are complete (US Government

Accountability Office 2006, Zvolensky et al 2015).

Counseling services could be provided for affected

communities through coordination with health orga-

nizations. Overall, this body of literature prompts us

to reevaluate cost-benefit analysis of remediation by

considering the toll it takes on workers (Leigh and

Hoskin 1999, Lowe et al 2015). It also underscores the

importance of providing mental health services for

cleanup workers and affected communities, in addi-

tion to physical healthmonitoring.

The articles detail techniques that have been used

for effective public engagement. Halfacre (2009) sug-

gests using focus groups to elicit concerns of under-

represented stakeholder groups as a complement

to community-wide meetings. Burger et al (2005)

describe a process of consensus building that engages

citizens and scientists in development of a science

plan. The National Research Council (2005) outlines

steps to help achieve socially acceptable cleanup stan-

dards. Zaferatos (2006) stresses the importance doing

trulymeaningful consultation whenworking with Tri-

bal Nations. Unfortunately, it may be difficult for

agencies to adopt these best practices and adapt them
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to different cleanup situations given limited authority,

budgets, and staffing.

It may be more challenging to put into practice

hedonic pricing methods to evaluate cleanup out-

comes. They may be of limited applicability to emer-

gency response and the other non-Superfund

cleanup situations listed in table 1. It takes expertise,

time, and funding to obtain and analyze local hous-

ing data. These economic articles do suggest changes

to policy and practice. The observation that delaying

cleanup worsens property value losses provides a

strong impetus for getting cleanups done in a timely

manner (Ketkar 1992, Sigman 2001, Ihlanfeldt and

Taylor 2004, Messer et al 2006). The observation that

stigma can increase as additional cleanup actions are

announced (Messer et al 2006) is a reason to carefully

craft communications and public engagement so as

not to inadvertently increase stigma.

4.4. Complicating cleanups

Agency definitions, case study descriptions, and statu-

tory language often characterize environmental clean-

ups as involving discrete sites or incidents, established

cleanup goals, a prescribed set of steps and actions,

andmeasurable transition from a contaminated site to

a cleaned-up one. This literature review instead reveals

a fuzziness to the boundaries of what a site is, timeline

for when cleanup begins and ends, and the social

meaning of contamination, decontamination, and

clean. For example, many hazardous waste sites have

more than one contaminant. Site assessment, reme-

diation, and community engagement may need to

address uncertainties about cumulative health risks

frommultiple contaminants.

The spatial unboundedness of sites ismade apparent

by the extent of cleanup activities, workers, and commu-

nity impacts in large-scale disasters such as the

Deepwater Horizon and Exxon Valdez oil spills

(Shaw 1992, Russell et al 1993, Bond 2013). It is under-

scored by the complexities of managing cleanup goals

and actions at Superfund sites that are dozens of square

miles ormorewith varying levels of contaminants across

the site (Gray and Becker 1993, Burger et al 2004). Even

smaller sites may be physically cordoned off but still

retain community ties and be of local cultural or histor-

ical significance (Bluestone 2007, Kirkwood 2007). The

final disposal location for waste that is removed also

complicates the idea ofwhat a site is.Waste disposal sites

may be enmeshed in environmental justice struggles of

their own (Wright 2011).

Articles delineate cleanup phases differently than the

official steps detailed in table 1, bringing cleanup time-

lines into question (e.g. Ketkar 1992, Bittner 1993,

Anspaugh 1996, Page 1997, Allen 2007). The pre-

dominance of multi-phase analysis in the literature sug-

gests it is important to analyze cleanupsholistically, rather

than in discrete parts. It also suggests that remediation

and incident response steps are experienced as loosely

bounded temporal phenomena. Site discovery, listing,

and assessment may be iterative processes rather than a

single act (Zaferatos 2006). Moreover, there is a temporal

collapse of pre- and post-cleanup during decision-mak-

ing. Cleanup levels are set based on health risk assess-

ments, as well as on expected post-cleanup land use

(Gephart 2003, Masco 2004, Gochfeld et al 2007). How

clean is clean thus differs for sites intended for residential,

industrial, or conservation use. Being able to assess rede-

velopment options early on is important (Wcislo

et al2016).

Stakeholders who bring different needs, values,

and goals to the table contest themeaning of how clean

is clean (Hoffman 1995, Gephart 2003, Cheong 2012).

Approaches that use only technical criteria to deter-

mine when a site is cleaned-up and do not take social

contexts into account are not likely to resolve these

conflicts (Elcock et al 2004, Auer 2010, Frickel 2012).

At Love Canal, for example, only a single guideline

about dioxin was used as a standard for reoccupation

habitability despite the multitude of contaminants at

the site (Hoffman 1995). The nuclear era itself has led

to modifications of what is considered background

levels of radiation against which the health effects of

contamination aremeasured (Masco 2004).

Cleanup complexities require further research to

advance social theory about contaminated and post-

contaminated lands and bodies, i.e. theories of the

Anthropocene, disasters, late-industrialism, chemo-

ethnography, and infrastructure-society relations

(Fortun 2012,Moore 2016, Anand 2017, Barrios 2017,

Malhi 2017, Shapiro and Kirksey 2017). Under-

standing these complexities is of more than theoretical

importance, since debates over how clean is clean can

contribute to cleanup delays (Page 1997). Being able to

understand and navigate these complexities can

resolve social conflicts that arise, allow cleanups to

proceed despite scientific uncertainty, and support

informed decision-making that considers potential

social and economic outcomes.

5. Conclusions

This literature review highlights the complex ways that

social factors affect environmental cleanup processes

and outcomes. It establishes what we term the ‘social

science of decontamination’ as an area of study. There

are an emerging number of articles, books, and gray

literature from a variety of academic disciplines that

address this topic.

Several important themes emerge from the review.

Public health and epidemiological studies document the

impact of environmental cleanups on worker physical

andmental health.Many of these focus on the case study

of Chernobyl. This research lays the foundation for dis-

cussions of worker rights and the connection between

social vulnerabilities and environmental cleanup work.

Another theme in the literature is the focus on
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improving decision-making and risk analysis processes.

Many of these studies assert the importance of public

engagement and the need for more public involvement

in cleanup decisions to improve outcomes and avoid

conflicts. They also highlight howdecisions about future

reuse of sites shape risk determinations and cleanup

actions, demonstrating the importance of using a sys-

tems approach and analyzing cleanups as a multi-phase

process. The third major theme in the literature is eva-

luation of societal outcomes of cleanup, primarily

through hedonic price models of property values near

Superfund sites in theUS.

Despite the variety of literature relating to the social

science of decontamination, there is still a need for fur-

ther studies due to specific gaps. The studies utilize a

wide array of qualitative and quantitative research

methods, but there is a lack of mixed methods and

interdisciplinary engagement within the social sciences.

Many articles rely on case studies of large-scale disasters

or Superfund sites, leaving room for comparisons of

how social dynamics differ among cleanup situations.

In particular, more international comparisons would

aid understanding of how these dynamics play out in

places with different forms of governance and social

histories. Development of a comprehensive framework

or model is necessary to advance the social science of

decontamination. Broader questions complicating

cleanups need to be explored. Further investigation into

specific topics such as labor practices, gender, race, and

power relationships is also necessary. Overall, this area

of research has significant potential to benefit environ-

mental cleanup policy and practice, as well as advance

social theory about people and the environment.
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Abstract

Environmental cleanupmay involve decontaminating an area affected by a radiological release,

containing an oil spill, or remediating a Superfund site or brownfield. It is a key component of how

environmental agencies work to protect public health and the environment. There aremany

publications on technical protocols for cleanup andwaste disposal. Additionally, there has beenmuch

social sciencework on the social problems of environmental contamination.However, social science

research on cleanup itself has beenmuchmore scattered across disciplines and incidents. To date,

there has not been a comprehensive review of the social factors that affect cleanup processes and

outcomes. Such social factorsmay include cultural worldviews that shape stakeholder perspectives on

‘how clean is clean’ and social relationships among stakeholders. This articlefills this gap by providing

an interdisciplinary literature review of the social science of environmental cleanup. Three principal

themes emerged from the 97 articles thatmet selection criteria: effects on cleanupworker health,

public engagement and decision-making, and societal benefits of cleaned-up sites. The review points

to areaswhere further research is needed. For example, there is a lack ofmixedmethods and

interdisciplinary engagement within the literature. Additionally, few articles compare cleanup

situations. There is also a need for further investigation into specific social science topics such as labor

practices, gender, race, and power relationships. To address these gaps, we argue for the development

of a comprehensive framework ormodel as well as the exploration of broader questions complicating

cleanups.Overall, this area of research has significant potential to benefit environmental cleanup

policy and practice worldwide, while advancing social theory about people and the environment.

1. Introduction and background

Cleaning up toxic contaminants and hazardous waste

is a cornerstone of environmental protection in the

United States (US) and abroad. In the US, there are

1345 sites on the Superfund National Priority List

(NPL) and an estimated 450 000 contaminated brown-

fields properties. Approximately 53 million people

(17% of the US population) live within 3 miles of a

Superfund site (EPA 2015), making cleanups vital to

public health. Environmental cleanup is also part of

emergency response to oil spills, industrial and

transportation accidents, and homeland security

threats. In this paper, ‘cleanup’ refers to any part of the

assessment, characterization, containment, removal,

remediation, and waste disposal of chemical, biologi-

cal, and radiological materials. Some hazardous waste

sites, such as Love Canal and Warren County, North

Carolina, play important roles in the history of US

environmental policy and environmental justice.

Others, such as historic industrial buildings contami-

nated with mercury or residential yards with high

levels of lead in the soil, may not be nationally

renowned yet still pose a risk to human health and

require an extensive and costly cleanup.

Table 1 shows the range of situations included as

environmental cleanup for the purposes of this analy-

sis. It follows US Environmental Protection Agency
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(EPA) categorizations and US policy approaches to

provide consistency. Other countries may use slightly

different categorizations (e.g. megasites, polluted

sites), policy approaches (e.g. soil protection policies),

and funding sources. The overarching goal of environ-

mental cleanup is to protect human health and the

environment, but there are differences among statu-

tory requirements for achieving this goal. Each situa-

tion involves specific terminologies, activities, and

phases. The term remediation refers to long-term

actions at Superfund and brownfield sites to remove

contaminants from different environmental media.

Techniques include capping hazardous waste sites,

dredging sediments in water bodies, and bioremediat-

ing using microbes to treat contaminated soil or

groundwater on site. The term decontamination, in

contrast, is more commonly used in emergency

response when a substance is released that poses an

‘imminent and substantial threat’ to public health or

the environment (40 CFR 300 1994). Decontamina-

tion refers to the inactivation, immobilization, or

reduction of contaminants from a surface. For exam-

ple, rooms containing Bacillus anthracis (the bacter-

ium that causes anthrax) can be fumigated with

chemicals to inactivate the spores. Surfaces con-

taminated with radiological materials can undergo

physical or chemical decontamination. Responses to

smaller release incidents are called removal actions.

After an oil spill from an overturned truck, for exam-

ple, contaminated soils are removed to be treated and

disposed of elsewhere.

The cleanup situations in table 1 differ in several

respects: the cause of contamination, materials handled,

statutory authority, institutions involved, steps followed,

funding stream, and future reuse. This diversity of

cleanup situations is one indication of the complex social

and political dynamics involved. Environmental and

public health agencies, tribes, industry, private con-

tractors, and community groups all play roles. Actions

and timelines vary, as do the threat to humanhealth, pub-

lic engagement, and cost. Different cleanup situations use

different criteria for cleanup standards. Superfund sites

are cleaned to national standards, for example, whereas

brownfields relyon state standards.

Cleanups take place everywhere from tribal lands

to private residences on time scales of days to decades.

During cleanups, stakeholders with existing social and

power relationships engage in new ways. Stakeholders

may not all use the same technical terms or even speak

the same language. They may have competing ideas

about health risks at a site, when is it clean enough,

what does ‘clean’ even mean, and what constitutes

appropriate post-cleanup land use (Fowlkes and

Miller 1982, Interstate Technology and Regulatory

Council ITRC 2002, van Horn and Chilik 1988,

National Research Council 2005, McCaffrey and

Baver 2006, Layzer 2012, Cram2015).

Research from several social science disciplines has

addressed social conflicts during cleanup (Fowlkes and

Miller 1982), institutional decision-making (Interstate

Technology and Regulatory Council ITRC 2002, Franco

andBouri 2010), and cost-benefit analysis (Hamilton and

Viscusi 1999). Many studies are specific to a particular

site such as Chernobyl in the Ukraine (Petryna 1995,

Smith 2005) or Hanford in the United States (Gray and

Becker 1993, Gephart 2003). To date, however, there has

not been a comprehensive reviewof the social, economic,

institutional, political, and cultural factors that affect

cleanup processes and outcomes. Such a review is neces-

sary to begin to develop an overarching framework to

explain the social dynamicsof environmental cleanup.

To fill this knowledge gap, we conducted a systema-

tic, interdisciplinary literature review of the social science

of environmental cleanups. The purpose of the review

was to understand the current state of this literature and

to identify key social variables that affect cleanup activities

and outcomes. The review covered publications from

anthropology, archeology, economics, environmental

justice, environmental management, epidemiology,

human geography, policy, public health, psychology, sci-

ence and technology studies (STS), and sociology. Three

common areas of investigation emerged from the review:

physical and mental health of cleanup workers, public

engagement in decision-making, and evaluation of socie-

tal benefits of cleanups.

The review should be of interest to social scientists,

environmental scientists, and technical experts involved

in cleanup decisions. It provides a baseline synthesis of

scientific knowledge about the social dynamics of envir-

onmental cleanups. It also identifies research gaps,

including a lack of cross-disciplinary fertilization and

uneven coverage and comparison of cleanup situations.

Overall, the review supports the development of an inter-

disciplinary systems framework for analyzing environ-

mental cleanups and evaluating societal benefits.

2.Methods

2.1.Overview

This article uses a systematic literature reviewmethod,

which involves article search and selection protocol, a

defined research question or hypothesis, and a quanti-

tative summary of results (Grant and Booth 2009,

Singh 2017). It differs from systematic reviewmethods

from the clinical health literature in two respects. It

provides a numerical analysis of article metadata but

does not do a statistical analysis of article results (e.g.

effect size) (Singh 2017). Instead, it uses a qualitative

thematic synthesis or critical review to analyze the

literature (Hart 1998, Thomas and Harden 2008,

Grant and Booth 2009). Qualitative analysis is appro-

priate because this is exploratory research to identify

social variables, not test a specific hypothesis. Figure 1

shows a preferred reporting items for systematic

review and meta-analysis (PRISMA) diagram of the

systematic search and selection process used (Moher

et al 2009).
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Literature sources included peer-reviewed journal

articles, books, book chapters, e-books, and gray lit-

erature such as government agency reports. We inclu-

ded articles for review if the following criteria applied:

(1) they use theories and/ormethods from a social sci-

ence discipline; (2) they address one or more social

dimensions of environmental cleanups; (3) they were

published in the last 25 years (1992–2017); (4) they

meet quality control criteria (see below); and (5) they

arewritten in English.

The five selection criteria allowed for inclusion of a

diversity of publication types covering multiple dis-

ciplines, institutions, and countries. We excluded

articles that provide a descriptive account of social

conflict during a cleanup but do not use social theory

or methods to analyze it. For example, our search

returned technical assessments and reports about spe-

cific sites, butmany of themdid not have clear connec-

tions to social theory or employ social science research

methods (e.g. interviews, surveys), so they were exclu-

ded from the analysis. We also excluded articles that

address the social impacts of contamination but not

decontamination. We limited the search to publica-

tions within the last 25 years to capture work pub-

lished on cleanup actions under US environmental

laws (e.g. Comprehensive Environmental Response,

Figure 1.APRISMAflowdiagram illustrating the literature search process.
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Table 1.Types of environmental cleanups considered in this article (categorizations followEPA2017, 2018).

Cleanup category Definition Examples Cleanup steps Statutory authority Funding

Emergency response Response to oil spills, chemical, biological,

radiological releases, and large-scale

national emergencies.

• Natural disaster (medical waste,

household hazardouswaste,

orphan containers, flood debris)

• Oil spill

• Train derailment

• Chemical spill

• Removal assessment

• Removal action

• CERCLA

• SARA

• CleanWater Act

• National Contingency Plan

• Oil PollutionAct

• Stafford Act

• Presidential Directives

• StaffordAct

• Oil Spill Liability

Trust Fund

Superfund sites/NPL sites Uncontrolled or abandoned sites or properties

where hazardouswaste or other contamina-

tion is located. A contaminated site is gen-

erally considered a ‘Superfund site’ if the

federal government is or plans to be

involved in cleanup efforts. Note: NPL sites

are those on theNPL; Superfund sites can be

proposed or deleted from the list.

• Lead

• Asbestos

• Dioxin

• Radiation

• Agriculture runoff

• Heavymetals

• Industrial spill

• Excludes coalmines

• Preliminary assessment/site

investigation

• NPL site listing

• Remedial investigation/feasi-

bility study

• Records of decision

• Remedial design/remedial

action

• Construction completion

• Post-construction completion

• NPL deletion

• Site reuse/redevelopment

• CERCLA

• SARA

• EPA grants

• Technical Assistance

Grants Program

• Superfund Job Training

Initiative

• Superfund

• Cost recovery

Brownfield sites Real properties, the expansion, development,

or reuse of whichmay be complicated by the

presence of a hazardous substance, pollu-

tant, or contaminant.

• Asbestos

• Lead

• Mine-scarred land

• Former industrial site

• Assessment

• Cleanup

• State environmental laws

• Small Business Liability

Relief and Brownfields Revi-

talizationAct

• EPABrownfields pro-

gram grants

• State response programs

• State voluntary cleanup

programs
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Table 1. (Continued.)

Cleanup category Definition Examples Cleanup steps Statutory authority Funding

• Tax credits

State sites Sites addressed by state, not EPA All types of contaminants • Depends on state • State environmental laws • State funding

Resource Conservation and

Recovery Act (RCRA)

corrective action

Treatment, storage and disposal facilities regu-

lated under RCRAmay have releases into

the environment that require cleanup.

• Hazardouswaste

• Solidwaste

• Injectionwells

• Landfills

• Flexiblemay include:

• Initial site assessment

• Site characterization

• Interim actions

• Evaluate remedial alternatives

• Implement remedy

• Track process

• Long-term care

• RCRA

• Hazardous and SolidWaste

Amendments (HSWA)

• Responsible parties

Underground storage tank

sites (USTs)

Sites that contain contamination frompetro-

leumproducts or Superfund hazardous

substances released fromunderground sto-

rage tanks.

• Petroleum containers

• Underground pipelines

• Hazardous chemicals

• Not septic tank, fuel con-

tainer<1100 gal.

• Site characterization/assessment

• Corrective action

• Site closure

• RCRA

• SolidWasteDisposal Act

• Energy Policy Act of 2005

• LeakingUnderground

Storage Tank

Trust Fund

Federal facilities Properties owned or operated by theUS gov-

ernment thatmay contain environmental

contamination fromunexploded ordnance,

radioactivewaste, or other hazardous

substances.

• Militarymunitions

• Unexploded ordnance

• Hazardous chemicals

• Federally ownedwastewater treat-

ment facilities

• Depends on site

• Some federal facilitiesmay be

Superfund sites and follow

Superfund steps.

• RCRA

• HSWA

• SafeDrinkingWater Act

• CleanAir Act

• CleanWater Act

• Oil PollutionAct

• Superfund

• Department of

Defense (DOD)

• Department of

Energy (DOE)
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Compensation and Liability Act (CERCLA), Super-

fund Amendments and Reauthorization Act (SARA)),

as well as homeland security incidents and technologi-

cal disasters. We limited articles to English publica-

tions to avoid misinterpretations that could affect data

quality. The articles had to be research articles, not

book reviews, commentaries, or policy documents.

2.2.Quality control

We evaluated the articles according to a checklist of

nine quality standards: focus, verity, integrity, rigor,

soundness, applicability and utility, clarity and com-

pleteness, uncertainty and variability, and evaluation

and review (EPA 2003, 2013). We evaluated gray

literature sources according to these standards. If

sources did not meet at least six of the nine quality

standards, we did not include them. Because peer-

reviewed sources such as books and journal articles are

already evaluated by a similar system, we presumed

that they met quality standards. We did assess the

applicability of each source and the appropriate use of

social science theory and methods for all articles,

which served as another layer of quality assessment.

2.3. Literature search and analysis

We conducted keyword searches in the following

databases: ScienceDirect, Springer, ProQuest, Anthro-

source, Web of Science, our institutional library

catalog, and Google Scholar. This search strategy

covered a wide range of publications in social science,

environmental science, homeland security, risk analy-

sis, and other related areas. We also found sources via

snowballing, i.e., using citations in articles already

retrieved. Keywords used to search include place

names, contaminants, social science concepts, and

cleanup actions (see table 2). Searches included

alterative spellings, e.g. cleanup, clean-up, clean up.

Keyword strings varied depending on the database’s

topical focus and search capability.

Since many of the searches turned up technical

and engineering articles outside the scope of this

review, a quick reading of the source’s title and

abstract ascertained its possible relevance. We recor-

ded the number of relevant hits in an Access® database.

For sources that made it through this first round of

selection, we entered bibliographic information into

an Access® database and EndNote® library. We sear-

ched bibliographic databases until article saturation

was achieved, that is, additional keyword searches

failed to turn up new relevant articles.

The second step of the review was to acquire and

read a full-text version of each source. We eliminated

some articles at this step because of access limitations.

We evaluated full-text articles for compliance with the

five selection criteria described above. To reach agree-

ment on source selection, we each ranked the articles

on a one-to-three compliance scale: (1) did not meet

the criteria; (2) met some but not all; (3) met all

criteria. We totaled the rankings for each source and

then discussed sources that ranked below a seven out

of nine to reach consensus on whether they should be

included. At this stage, we evaluated gray literature

sources using the quality control standards described

above.

The third and final stage of the review process

involved a close textual reading of the selected articles

and thematic evaluation of article contents. We recor-

ded research notes in EndNote® for each article’s topic,

research methods, cleanup situation, and main argu-

ment. We then created mind maps to identify major

themes and conducted a thematic synthesis of article

content (Hart 1998, Thomas and Harden 2008). We

also conducted a quantitative analysis of article meta-

data using NVivo®. We coded metadata for each

source by geographic location in which the research

took place, phase of cleanup addressed, type of

Table 2.A list of keywords and search strings used in the literature
search.

Search keywords and search strings

Actor network theory

decontamination

Hazardouswaste cleanup

Anthrax/Amerithrax How clean is clean

Anthrax/Amerithrax and

decontamination

Libby,Montana

Bikini atoll/Marshall Islands Livestock carcass disposal

Biosafety LoveCanal

Biosecurity LoveCanal and remediation

BP/DeepwaterHorizon Milwaukee (Cryptosporidium

outbreak)

Brownfield Minot, NorthDakota

BSE Mitigation

Chemical spill Nuclear

Chemical spill and clean-up Nuclear waste disposal

Chernobyl Oil spill

Chernobyl and social impacts Oil spill and clean-up

Clean-up Oil spill and cleanup and social

impacts

Cleanup and radiation Oil train derailment/Lac-

Mégantic

Clean-up and social effects Pensacola, Florida—Mt.Dioxin

Clean-up and toxic spill Plague

Clearance Radiological

Community Remediation

Construction Rocky flats

Cost Social impacts and cleanup

Decontamination Social impacts and

decontamination

Disaster and clean-up Social stigma

Ebola and social stigma Superfund and clean-up

Endicott, NY—IBM Superfund, CERCLA

Foreign animal disease threat TB sanatorium

Fukushima and remediation ThreeMile Island

Fukushima, Japan ThreeMile Island and cleanup

GoldKingMine Toxic spill

Hanford Vieques, Puerto Rico

Hanford and cleanup World trade center and

clean-up

Hansen’s disease/leper colony
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contaminant, discipline, and methodology. We then

tabulated thesemetadata categories.

There were limitations to this systematic literature

review. The review addresses the social dimensions of

cleanup, which is only a subset of the social impacts of

contamination. The bibliographic databases searched

might not contain all relevant publications. While the

review did include non-US materials, the search and

selection protocol used did not require international

representation and may not have captured all interna-

tional publications. For example, the databases used to

find gray literature may not contain reports published

in other countries. Alternatively, a source may have

been in a database but not discoverable using the key-

words selected. The termSuperfund originates fromUS

policy and may not be applicable elsewhere. An article

framed around social theorymight not use the technical

language of decontamination. The review only included

sources available via institutional library holdings and

interlibrary loan agreements, which were limited. The

English language criterion may have excluded relevant

materials written in Russian, Japanese, and other lan-

guages. Because this research does not conduct a statis-

tical analysis of article data, results are not skewed by

not including every article published on a topic, as with

quantitative reviews (Thomas and Harden 2008,

Singh 2017). Our search did reach conceptual satur-

ation, that is, it captured the range of concepts found in

the literature (Thomas andHarden 2008).

3. Results and synthesis

3.1. The landscape of the literature

A total of 97 relevant articles was analyzed. Figure 2

shows the distribution of sources by publication year.

The year 2007 has the greatest number of publications

(n=11), while 1994, 1988, and 2000 have none.

There is a slight increase in coverage since 2000, but no

apparent trend in peaks and valleys. For example, only

two of the articles from the early 2000s analyze cleanup

after the 9/11 attack on the World Trade Center, even

though that incident involved a huge cleanup effort

from the US. Given the wealth of remediation,

removal, and decontamination activity in the US and

elsewhere, finding only 97 relevant sources suggests

that environmental cleanup may not be a popular

topic in the social sciences.

Of the 97 sources found, 75 refer to specific case

studies. Themost common case studies are Chernobyl

(n=10), the Exxon Valdez oil spill (n=7), and the

Deepwater Horizon oil spill (n=5). These case stu-

dies illustrate the predominance of social science ana-

lysis of emergency response to disasters. Figure 3 also

highlights this trend. Most of the cleanup situations

found in the literature are emergency response

(n=48) or Superfund sites (n=35). Cleanups of

brownfields and federal facilities are less well repre-

sented, as are smaller scale emergency response

situations.

Figure 4 shows the distribution of cleanup situa-

tions that the articles analyze. The literature includes

sites in United States, Belgium, Ukraine, China,

England, Japan, South Korea, Liberia, Spain, Sweden,

Finland, Canada, and Italy. There is none to limited

coverage of cleanups in Africa, Latin America,

Australia, andAsia.

The case studies analyze 18 Superfund sites in the

US: Amchitka Island, Alaska; City of Bloomington,

Indiana; RSR Corporation Site, Dallas, Texas; Emmell’s

Septic Landfill, New Jersey; Endicott, New York; Fresno

Municipal Sanitary Landfill, California; Central

Figure 2.The distribution of sources by publication year (n=97).
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Chemical in Hagerstown, Maryland; Gowanus Canal,

New York; Hanford,Washington; Los Alamos National

Laboratory, New Mexico; Love Canal, New York;

Middlefield-Ellis-Whisman, California; Tar Creek,

Oklahoma; Rentokil Inc., Virginia; Rocky Flats, Color-

ado; Shell Oil Co dumpsite on the Swinomish Reserva-

tion,Washington; ThreeMile Island, Pennsylvania; and

WaukeganHarbor, Illinois.

The literature covers different phases of cleanups:

pre-cleanup, during cleanup, and post-cleanup. Fif-

teen sources address the pre-cleanup phase, ten sour-

ces address the cleanup itself, and 30 sources address

post-cleanup. Forty-two sources address multiple

phases. The articles do not all delineate phases in the

same way, nor does their terminology correspond

exactly to the steps listed in table 1, which impeded

comparison of the case studies.

The articles come from seven academic disciplines:

anthropology, economics, human geography, policy

and management, public health and medicine, sociol-

ogy, and STS. They use a wide range of research meth-

ods, e.g. interviews, surveys, focus groups, and

economic modeling. The most common methods are

secondary analysis of existing data (n=24) and inter-

views (n=21). Figure 5 shows the distribution of aca-

demic disciplines and method type. To analyze

methodological differences, we used four main method

categorizations: qualitative, quantitative, mixed meth-

ods, secondary analysis. By mixed methods, we mean

any study that combines quantitative and qualitative

methods (Merriam and Tisdell 2015). By secondary

analysis, we mean any study that reviewed the data or

findings of other studies. The academic areas with the

most representation in the literature are policy and

Figure 3.The percentage of literature sources (n=97) covering each cleanup situation.

Figure 4.The countries highlighted in redwere represented in case studies.
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management (n=28), public health and medicine

(n=25), and anthropology (n=20). There is a near-

even split between studies using qualitative (n=33)

and quantitative methods (n=35). Far fewer studies

use mixed methods (n=6) such as integrating quanti-

tative survey data with qualitative interviews or combin-

ing economicmodelingwith participant observation.As

we will discuss later in this paper, the lack of mixed

methods may be a result of limited cross-disciplinary

engagement on this topic.

3.2.Worker health

One of the prominent themes in the literature is the

analysis of short- and long-term impacts on thephysical

and mental health of cleanup workers. The articles

document health problems among workers involved in

the containment, removal, and remediation of toxic

contaminants. They focus on notable case studies such

as the 9/11 attacks on the World Trade Center,

Deepwater Horizon oil spill, and Chernobyl and

Fukushima nuclear disasters. The number of cleanup

workers exposed to health risks is significant, particu-

larly in large disasters. Over 800 000 ‘liquidators’

worked with radiologically contaminated materials at

Chernobyl between 1986 and 1989 alone (Bay and

Oughton 2005). Formal measures of the number of

cleanup workers may not even include residents,

business owners, and others who initiate work on their

own (Allen 2007).

The most common and longest studied aspect of

worker health is cancer, followed by mental health and

other aspects of physical health. The articles document

that cleanup workers suffer from high rates of cancer

(Bebeshko and Bobyliova 2002, Bay andOughton 2005),

prevalence of post-traumatic stress disorder and depres-

sion (Allen and D’Elia 2015, Bromet 2014, Laidra

et al 2015, Horn et al 2016, Maeda and Oe 2015, Viel

et al 1997, Zvolensky et al 2015), substance abuse

(Bromet 2014, Laidra et al 2015), and respiratory diseases

(Herbstman et al 2005). Many of these studies are retro-

spective, reviewing health data collected years before the

analysis; or longitudinal, analyzing worker cohortsmany

years after a disaster (Bebeshko and Bobyliova 2002,

Chernobyl Forum2005, Eglite et al2009).

While the studies use primarily epidemiological

methods, this body of work also illuminates the broader

social context of cleanup work. We highlight three

aspects of this social context here. First, the articles raise

concerns about workplace safety, i.e. protective gear,

training, and information (Suárez et al 2005, Allen 2007,

Wheeler et al 2007). Second, they touch on issues of

environmental justice and ethics. They note that vulner-

able populations, including prison inmates and immi-

grants, are unequally burdened with cleanup tasks

and consequently exposed to greater health risks

(Koo et al 1995, D’Andrea and Reddy 2013, Laidra

et al 2015). Finally, the literature highlights the problem

of stigma against people involved in cleanup activities

(Bay and Oughton 2005, Chernobyl Forum 2005,

Schneider 2012, Magill et al 2013, Bromet 2014, Pellec-

chia et al 2015). For example, Chernobyl liquidators

were ostracized from their communities because people

feared that radiation exposure was somehow contagious

(Bay and Oughton 2005, Chernobyl Forum 2005,

Bromet 2014).

3.3.Decision-making and public engagement

A second common theme found in the articles is

decision-making and public engagement. These stu-

dies establish the necessity of public engagement by

illuminating the social and political dimensions of

technical cleanup decisions (e.g. Frickel 2012). Tech-

nical decisionsmade throughout cleanups include:

Figure 5.Methods usedwithin the sources (n=97) divided by discipline.
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• where to sample for contaminants,

• how to analyze samples,

• how to set and meet quality control standards for

data collection and analysis,

• what is the extent of contamination,

• which removal and remediation techniques to use,

• what cleanup levels to set,

• whether cleanup has achieved the desired reduction

in contamination and health risks,

• where and how to dispose of thewaste,

• what ongoingmonitoring is necessary, and

• what types of post-cleanup land use are appropriate.

In addition, specific cleanup situations may

require their own decisions. In the US, for example,

CERCLA law requires determinations about whether

to list a site on theNPL andwhen a site is clean enough

towarrant deletion from the list.

The studies indicate that public views shape

cleanup decisions as much as experts’ technical deter-

minations do. Moreover, lay and technical percep-

tions of risk often differ. Jorgensen (2016) observes

that decisions about radiological cleanup depend on

how affected people understand and tolerate risk. In a

review of Superfund cleanup activities at the US

Department of Energy’s (DOE) Hanford Site, Gray

and Becker (1993) argue that decisions have been dri-

ven more by public anxiety and politics than by scien-

tific data. Affected communities may not accept

agencies’ technical determinations about health risks,

remediation techniques, and cleanup levels. Instead,

they apply socially contextual determinations of

their own.

The articles further suggest that agencies’ setting

of technical standards itself has socio-political

dimensions. Standards are set amid scientific debates

tied to institutional power dynamics. Auer (2010),

for example, describes negotiations between Finland

and Sweden concerning tests to measure organo-

chlorines in water. He argues that advances in testing

technology in fact increased confusion in these nego-

tiations, and warns that science and technology do

not guarantee consensual decision-making.

The articles highlight trust as a critical social dimen-

sion of decision-making (Raimond 2001, Gephart 2003,

Allen 2007, Cheong andHazelwood 2015). Lack of trust

in environmental officials undermined public trust in

the information agencies provided following Hurricane

Katrina, particularly when agencies appeared to under-

value local knowledge (Allen 2007). A long history of

secrecy and concealment at former nuclear weapons

production sites impedes public trust in cleanup activity

at these sites (Raimond 2001, Gephart 2003). A lack of

trust also exacerbated emergency responders’ problems

communicating with residents of Grand Isle, Louisiana,

an insular community, during the Deepwater Horizon

oil spill (Cheong andHazelwood2015).

The articles examine how decisions about future

reuse of a site shape risk determinations and cleanup

actions. They argue that present and future risks from

existing contamination, remediation actions, and residual

contamination following remediation must be balanced

and considered in decision-making (Gochfeld et al 2007).

They point out that when goals and options are not well

defined, cleanup is hampered by uncertainty (Gray and

Becker 1993). Recognizing these limitations, Beling et al

(2007) suggest that Superfund processes allow for con-

tingencyplanning.

Finally, the articles underscore the importance of

public engagement to decision-making, even for tech-

nical decisions (Raimond 2001, Pellecchia et al 2015).

The need to build consensus, share power, and estab-

lish trust is a recurring theme (e.g., Raimond 2001,

Allen 2007, Jorgensen 2016). Ferris (1993) argues that

cleanup solutions are more enduring at sites with

higher community participation. Dukes (2007) posits

that contaminated sites are an opportunity to build

cumulative knowledge by including the public in

deliberative, adaptive decision-making. Authors also

point to challenges encountered during public engage-

ment. For example, communities are not homo-

genous and may have internal socioeconomic and

power inequalities. Participatory outreach may not

reach all affected stakeholders (Miller 2016). Addi-

tionally, contamination incidents can exacerbate com-

munity divisions (Raimond 2001).

3.4. Evaluating societal benefits of cleanup

A third theme in the social science literature is

evaluation of the broader societal benefits of cleanup.

The articles found by this review primarily evaluated

economic benefits in the form of housing value. The

majority use hedonic pricing models to analyze local

property values. Hedonic pricing is a revealed pre-

ference method that associates an increase in housing

value after cleanup with the amenity value of living in

an uncontaminated place. The articles apply hedonic

pricing to housing around Superfund sites in the US

(Kiel 1995, McClusky and Rausser 2003, Chattopad-

hyay et al 2005, Messer et al 2006, Noonan et al 2007,

Greenstone and Gallagher 2008, Gamper-Rabindran

and Timmins 2011, 2013). A few studies apply it to

other cleanup situations, e.g. along nuclear waste

transport routes (Gawande and Jenkins-Smith 2001),

and near hazardous waste sites not on the NPL

(Ketkar 1992, Ihlanfeldt and Taylor 2004). This

method also provides a way of measuring stigma

associated with site discovery, listing, and other

cleanup actions (Kiel 1995, McClusky and Raus-

ser 2003, Messer et al 2006). Post-cleanup housing

values can be compared to pre-cleanup values to
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determine whether stigma is overcome (Gamper-

Rabindran andTimmins 2011, 2013).

We note methodological differences among the

articles in their selection of regression models and

datasets, radial distance of properties from a site (e.g.

onemile, threemiles), spatial unit of analysis (e.g. cen-

sus tract, census block), type of property (e.g. owner-

occupied housing, commercial), and timeline (e.g.

after construction complete, after deletion). The

authors also came to differing conclusions about the

societal benefits of cleanups. The majority agrees that

property values do increase after cleanup (Ket-

kar 1992, Ihlanfeldt and Taylor 2004, Chattopadhyay

et al 2005, Gamper-Rabindran and Timmins 2011,

Gamper-Rabindran and Timmins 2013). However,

the amount of the estimated increase varies greatly, as

do authors’ interpretations of these numbers. Noonan

et al (2007) posit that while direct impacts on housing

are minimal, there may be positive indirect effects

such as increased neighborhood investment. Kiel

(1995) finds that housing prices do not recover enough

to overcome initial stigma of site discovery and listing.

Delaying cleanup worsens property value losses

(Messer et al 2006). Greenstone and Gallagher (2008)

argue that local property value increases are small rela-

tive to the high costs of Superfund cleanup. In con-

trast, Ihlanfeldt and Taylor (2004) argue that even high

cleanup costs can be offset by increases in property

values and, in turn, property taxes.

A few of the articles also discuss how cleanupsmay

spur neighborhood gentrification (Noonan et al 2007,

Gamper-Rabindran and Timmins 2011, 2013). With

gentrification, housing prices increase but residents

are priced out of the housing market. Neighborhood

demographics can shift along the lines of race, class,

and ethnicity. Gentrification is an environmental jus-

tice concern and can be an unintended social outcome

of environmental cleanup.

4.Discussion

4.1. Trends in the literature

This literature review provides extensive evidence that

social variables affect cleanup processes and outcomes

in several ways. Cleanup activities affect worker health.

Technical decisions are shaped by social and political

dimensions. Completed cleanups have local socio-

economic consequences.

The review uncovers several trends in the litera-

ture. First, there is limited geographic coverage in

social science analysis of environmental cleanups. The

dearth of articles aboutmany parts of the world shown

in figure 4 may be due in part to the limitations high-

lighted in the methods section 2.3. It may also reflect

national differences in environmental policies, reme-

diation activities, and terminology. A third possible

explanation is the reliance that the social science litera-

ture has on case studies, particularly of highly visible

incidents such as the Deepwater Horizon oil spill and

Fukushima nuclear accident. These incidents mobilize

extensive cleanup efforts, media attention, research

interest, and funding. They involve complex social

dynamics that can be studied over time. One repercus-

sion of the reliance on high-profile incidents is

that analysis of other types of contaminants and

cleanup situations is limited. For example, site reports

indicate that stakeholder engagement and public par-

ticipation positively influence brownfields redevelop-

ment in Europe (Payá Pérez and Peláez Sánchez 2017).

Brownfields sites, however, comprised the smallest

portion of articles (2%) found by this search. More-

over, there is limited comparison of case studies in the

literature, which would be generative of social science

theory of decontamination.

A second trend is that the articles operate largely in

disciplinary silos. Anthropological studies of deconta-

mination discourse are not in conversation with eco-

nomic works on hedonic pricing. Epidemiological

articles on cleanup worker health do not engage with

the broader social science literature on labor practices,

worker identity, and embodied stigma. Thus, the

social context of cleanup work is missing: how do peo-

ple come to be in this work, what are their work

experiences, and how does it affect households and

communities as well as individual health? The silo-iza-

tion of the literature is also apparent in that while the

case studies uncover diverse social aspects of cleanups,

they often lack a theoretical grounding. Observed

trends in methodologies provide further evidence of

silo-ization. The limited use of mixed methods, such

as combining health surveys with ethnography, indi-

cates a lack of interdisciplinary engagement. Another

methodological gap is the relatively low number of

ethnographic accounts of cleanup experiences. One

exception is Little’s (2012) study of people living with

vapor mitigation systems installed in their houses as

part of remediation of the IBM Endicott Superfund

site in New York state. Ethnographic studies of

cleanup workers, community activists, and agency

staff would shed light on social relationships, cultural

worldviews, decision-making, and health.

4.2. Future research needs

The review identifies research gaps in the four

thematic areas. Na et al (2012) and D’Andrea and

Reddy (2013) mention differences between male and

female cleanup workers’ risk exposure and health

impacts. A deeper discussion of the gendered nature of

cleanup work is absent. Zvolensky et al (2015) report

how adversemental health impacts to cleanupworkers

correlate with financial problems. It points to the need

to investigate how cleanup work affects families and

households as well as worker populations. The Cher-

nobyl case studies primarily analyze possible health

effects of low-dose radiation exposure over a long

period of time (Barnes 2001, Bay and Oughton 2005,
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Eglite et al 2009, Krasnov et al 2015, Laidra et al 2015).

There is a need for longitudinal studies of other types

of cleanupwork.

In terms of public engagement, the articles do

address how trust is lost and how mistrust affects

cleanups (e.g., Eisenman et al 2004, Allen 2007, Ritchie

et al 2013). However, there is limited coverage of

research on how to build trust and maintain it over

time. Future research could examine best practices in

building consensus, sharing power, and establishing

trust among stakeholders. It could field test strategies

for effective public engagement in different cleanup

situations.

The reliance found in this literature on hedonic

pricing affords a relatively limited basis for measuring

societal benefits of environmental cleanups. The stu-

dies primarily use this technique at Superfund sites, so

its application to other cleanup situations and non-US

sites remains untested. Hedonic pricing does not cap-

ture social consequences such as neighborhood gentri-

fication. Cleanups may well benefit society in ways

other than property values. New methods for evaluat-

ing societal benefits—and costs—should be developed

and tested for their applicability to different cleanup

situations. Methodological challenges remain for how

to measure benefits that are not easily quantifiable,

such as changes to risk perception and improved sta-

keholder relationships.

Greater comparison among sites within a given

country and internationally is needed. It would help

answer research questions about: how does stigma dif-

fer when radiological, chemical, or biological con-

taminants are involved? Are public engagement

strategies transferable among Superfund, brownfields,

and emergency response? Does post-cleanup gentrifi-

cation play out differently in cities, suburbs, and rural

areas? What are similarities and differences in public

engagement strategies, worker health protection, and

post-remediation property values when comparing

sites internationally? Site comparison can help identify

technical, policy, and public engagement approaches

that foster achievement of positive social and environ-

mental outcomes (Coulon et al 2016, Payá Pérez and

Peláez Sánchez 2017). It can also assess howmulti-cri-

teria decision support tools (e.g., human health risk

assessment (Wcislo et al 2016), integrated assessment

modeling (Schädler et al 2012)) support cleanup deci-

sion-making (seeNorrman et al 2016 for an example).

The review found that there is no overarching

model or framework to explain how social dynamics

affect cleanup activities, the origins of these dynamics,

and what the social impacts of cleanup activities and

outcomes of cleanup completion are. We suggest that

a comprehensive framework should be developed.

One possible theoretical foundation is a socio-envir-

onmental systems (SES) approach that addresses

interactions between social and biophysical systems

(Machlis et al 1997,Musters et al 1998). SES has largely

focused on ecosystems, land use, and urban ecology,

and does not always directly address human health,

though, so a frameworkmight also benefit from incor-

porating elements fromhealth risk assessment (Wcislo

et al 2016). Social science theory that situates people’s

relationships with chemicals, toxics, and post-indus-

trial sites in a broader culture and political economic

context (Fortun 2012, Shapiro and Kirksey 2017)may

be informative, but challenging to incorporate into a

model. Participatory socio-environmental modeling

techniques may allow site-specific details to emerge

(Gray et al 2018). This analysis identifies several

important factors to address in a framework: multiple

phases of cleanup actions; positive and negative social

impacts (e.g. stigma); the social as well as toxicological

context of worker health; governance approaches to

public engagement, trust, and stigma; scientific deci-

sion-making; institutional roles and constraints; and

measures of societal outcomes of cleanup.

4.3. Application to policy and practice

The case studies present strategies to help cleanups

achieve positive social and environmental outcomes.

For example, steps can be taken to support the health

of workers and community members. In the US,

removal and remediation is often done by contractors

and sub-contractors. The US Government Account-

ability Office (2006) reports that DOE provided

incentives for contractors to meet health and safety

standards at the Rocky Flats Superfund site.Moreover,

it encouraged contractors to share the incentives with

workers. Providing additional worker benefits such as

counseling, financial management, and transition aid

can aid worker health and reduce local economic

shock after cleanups are complete (US Government

Accountability Office 2006, Zvolensky et al 2015).

Counseling services could be provided for affected

communities through coordination with health orga-

nizations. Overall, this body of literature prompts us

to reevaluate cost-benefit analysis of remediation by

considering the toll it takes on workers (Leigh and

Hoskin 1999, Lowe et al 2015). It also underscores the

importance of providing mental health services for

cleanup workers and affected communities, in addi-

tion to physical healthmonitoring.

The articles detail techniques that have been used

for effective public engagement. Halfacre (2009) sug-

gests using focus groups to elicit concerns of under-

represented stakeholder groups as a complement

to community-wide meetings. Burger et al (2005)

describe a process of consensus building that engages

citizens and scientists in development of a science

plan. The National Research Council (2005) outlines

steps to help achieve socially acceptable cleanup stan-

dards. Zaferatos (2006) stresses the importance doing

trulymeaningful consultation whenworking with Tri-

bal Nations. Unfortunately, it may be difficult for

agencies to adopt these best practices and adapt them
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to different cleanup situations given limited authority,

budgets, and staffing.

It may be more challenging to put into practice

hedonic pricing methods to evaluate cleanup out-

comes. They may be of limited applicability to emer-

gency response and the other non-Superfund

cleanup situations listed in table 1. It takes expertise,

time, and funding to obtain and analyze local hous-

ing data. These economic articles do suggest changes

to policy and practice. The observation that delaying

cleanup worsens property value losses provides a

strong impetus for getting cleanups done in a timely

manner (Ketkar 1992, Sigman 2001, Ihlanfeldt and

Taylor 2004, Messer et al 2006). The observation that

stigma can increase as additional cleanup actions are

announced (Messer et al 2006) is a reason to carefully

craft communications and public engagement so as

not to inadvertently increase stigma.

4.4. Complicating cleanups

Agency definitions, case study descriptions, and statu-

tory language often characterize environmental clean-

ups as involving discrete sites or incidents, established

cleanup goals, a prescribed set of steps and actions,

andmeasurable transition from a contaminated site to

a cleaned-up one. This literature review instead reveals

a fuzziness to the boundaries of what a site is, timeline

for when cleanup begins and ends, and the social

meaning of contamination, decontamination, and

clean. For example, many hazardous waste sites have

more than one contaminant. Site assessment, reme-

diation, and community engagement may need to

address uncertainties about cumulative health risks

frommultiple contaminants.

The spatial unboundedness of sites ismade apparent

by the extent of cleanup activities, workers, and commu-

nity impacts in large-scale disasters such as the

Deepwater Horizon and Exxon Valdez oil spills

(Shaw 1992, Russell et al 1993, Bond 2013). It is under-

scored by the complexities of managing cleanup goals

and actions at Superfund sites that are dozens of square

miles ormorewith varying levels of contaminants across

the site (Gray and Becker 1993, Burger et al 2004). Even

smaller sites may be physically cordoned off but still

retain community ties and be of local cultural or histor-

ical significance (Bluestone 2007, Kirkwood 2007). The

final disposal location for waste that is removed also

complicates the idea ofwhat a site is.Waste disposal sites

may be enmeshed in environmental justice struggles of

their own (Wright 2011).

Articles delineate cleanup phases differently than the

official steps detailed in table 1, bringing cleanup time-

lines into question (e.g. Ketkar 1992, Bittner 1993,

Anspaugh 1996, Page 1997, Allen 2007). The pre-

dominance of multi-phase analysis in the literature sug-

gests it is important to analyze cleanupsholistically, rather

than in discrete parts. It also suggests that remediation

and incident response steps are experienced as loosely

bounded temporal phenomena. Site discovery, listing,

and assessment may be iterative processes rather than a

single act (Zaferatos 2006). Moreover, there is a temporal

collapse of pre- and post-cleanup during decision-mak-

ing. Cleanup levels are set based on health risk assess-

ments, as well as on expected post-cleanup land use

(Gephart 2003, Masco 2004, Gochfeld et al 2007). How

clean is clean thus differs for sites intended for residential,

industrial, or conservation use. Being able to assess rede-

velopment options early on is important (Wcislo

et al2016).

Stakeholders who bring different needs, values,

and goals to the table contest themeaning of how clean

is clean (Hoffman 1995, Gephart 2003, Cheong 2012).

Approaches that use only technical criteria to deter-

mine when a site is cleaned-up and do not take social

contexts into account are not likely to resolve these

conflicts (Elcock et al 2004, Auer 2010, Frickel 2012).

At Love Canal, for example, only a single guideline

about dioxin was used as a standard for reoccupation

habitability despite the multitude of contaminants at

the site (Hoffman 1995). The nuclear era itself has led

to modifications of what is considered background

levels of radiation against which the health effects of

contamination aremeasured (Masco 2004).

Cleanup complexities require further research to

advance social theory about contaminated and post-

contaminated lands and bodies, i.e. theories of the

Anthropocene, disasters, late-industrialism, chemo-

ethnography, and infrastructure-society relations

(Fortun 2012,Moore 2016, Anand 2017, Barrios 2017,

Malhi 2017, Shapiro and Kirksey 2017). Under-

standing these complexities is of more than theoretical

importance, since debates over how clean is clean can

contribute to cleanup delays (Page 1997). Being able to

understand and navigate these complexities can

resolve social conflicts that arise, allow cleanups to

proceed despite scientific uncertainty, and support

informed decision-making that considers potential

social and economic outcomes.

5. Conclusions

This literature review highlights the complex ways that

social factors affect environmental cleanup processes

and outcomes. It establishes what we term the ‘social

science of decontamination’ as an area of study. There

are an emerging number of articles, books, and gray

literature from a variety of academic disciplines that

address this topic.

Several important themes emerge from the review.

Public health and epidemiological studies document the

impact of environmental cleanups on worker physical

andmental health.Many of these focus on the case study

of Chernobyl. This research lays the foundation for dis-

cussions of worker rights and the connection between

social vulnerabilities and environmental cleanup work.

Another theme in the literature is the focus on
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improving decision-making and risk analysis processes.

Many of these studies assert the importance of public

engagement and the need for more public involvement

in cleanup decisions to improve outcomes and avoid

conflicts. They also highlight howdecisions about future

reuse of sites shape risk determinations and cleanup

actions, demonstrating the importance of using a sys-

tems approach and analyzing cleanups as a multi-phase

process. The third major theme in the literature is eva-

luation of societal outcomes of cleanup, primarily

through hedonic price models of property values near

Superfund sites in theUS.

Despite the variety of literature relating to the social

science of decontamination, there is still a need for fur-

ther studies due to specific gaps. The studies utilize a

wide array of qualitative and quantitative research

methods, but there is a lack of mixed methods and

interdisciplinary engagement within the social sciences.

Many articles rely on case studies of large-scale disasters

or Superfund sites, leaving room for comparisons of

how social dynamics differ among cleanup situations.

In particular, more international comparisons would

aid understanding of how these dynamics play out in

places with different forms of governance and social

histories. Development of a comprehensive framework

or model is necessary to advance the social science of

decontamination. Broader questions complicating

cleanups need to be explored. Further investigation into

specific topics such as labor practices, gender, race, and

power relationships is also necessary. Overall, this area

of research has significant potential to benefit environ-

mental cleanup policy and practice, as well as advance

social theory about people and the environment.
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-104

Research Category Primary: Environmental Policy and Decision-Making Studies (EP)

Research Category Secondary: Health Effects Research and Human Health Risk Assessment (HE)

Laboratory/Office Name: ORD

Nomination Entered By: Michael Elovitz

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)
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Justifications:

Justification 1:

Beginning around 2010, numerous drinking water utilities, surface water plants predominantly in EPA’s Regions 3 and 4,

were reporting unusually high formation of trihalomethane (THM) disinfection byproducts (DBPs) in their finished

drinking water. The high THM formation was seemingly the result of atypically high percentages of brominated THM

species. In subsequent years, further investigations (by the collective research community) at some utilities revealed

elevated bromide concentration in the source waters. This led to considerable attention by the research community to

identify the various possible sources of the bromide, most notably industrial activities such as unconventional energy

extraction, coal-fired power plants, and textile and electronics manufacturing.

These bromide-related issues occurred during a period when staff in Office of Water’s (OW) Standards and Risk

Management Branch (SRMD/OGWDW/OW) were beginning their work on the Six Year Review (SYR3) of the Microbial 

and Disinfectant/Disinfectant By-Product Rules. The impact of the elevated bromide in source waters was recognized by

both OW and the drinking water treatment community. In a very general sense, the elevated bromide concentrations could

have direct implications for increased risk from DBP-associated bladder cancer. Previous ORD findings support a role for

brominated THMs in the etiology of DBP-associated bladder cancer. SRMD/OGWDW/OW began developing a strategy

for addressing the impacts due to the anthropogenic bromide inputs with the intent of leveraging the Clean Water Act

through development of an ambient water quality criteria for bromide. Towards this end, OW began a risk assessment and

understood the importance of writing a peer-review journal article that characterized the potential impact of bromide

inputs on DBP formation and the associated bladder cancer. OW also saw this as an opportunity for risk assessment

aspects of the paper to inform its Six Year Review.

When asked by SRMD/OGWDW/OW in various phases of the development of the paper, ORD provided rapid analysis

and interpretive language of the scientific literature on toxicology, DBP formation chemistry and equations, and

epidemiology to support the fundamental basis for the paper. In 2015, OW needed to accelerate the completion of the

paper for submission to peer review. This was largely prompted by a spring 2015 presentation that the American Water

Works Association (AWWA) gave to OGWDW that indicated that many drinking water utilities could experience

significant costs in complying with the Stage 2 DBPR because of elevated bromide concentrations projected to occur in

drinking water sources. ORD scientists were pivotal in helping to see the manuscript to completion and submission to the

journal Environmental Science & Technology (ES&T, current Impact factor: 7.149). Following initial acceptance by the

journal (accepted with revisions), the authors agreed that due to the potential for policy implications, the paper warranted a

much more thorough Supplemental Information section to provide a clear explanation of the data analysis and modeling

underlying the paper. The timely and critical input of ORD co-authors in responding to peer review comments received in
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1.  

2.  

3.  

August 2015, and developing the extended Supplemental Information section, allowed for the paper to be published in 

ES&T in October 2015 (Regli et al. 2015). Completion of the paper by 2015 was an important deadline for OW to allow

for the paper’s inclusion in the SYR3 support documents that only include references published by 2015.

The paper is relevant to EPA’s mission of protecting America’s waters. The paper was used as an important reference to

support the OGWDW’s current Six Year Review of the Microbial and Disinfectant/Disinfectant By-Product Rules, which

was completed in 2016. The paper informs increased weight-of-evidence for bladder cancer being associated with

exposure from DBPs, particularly brominated THM species, that occur as a result of drinking water chlorination practices.

The paper also provides a basis for estimating potential public health implications of bromide discharges from industrial

sources in the nation’s source drinking waters, thereby supporting the potential for leveraging remediation under the Clean

Water Act. The success of this manuscript and the leadership of this multi-disciplinary team is a model of cross-cutting

research to tackle a very challenging problem and demonstrated need and is a rare cross OW and ORD collaboration that

led to a publication. 

Justification 2A:

n/a

Justification 2B:

Michael Elovitz: Denitrification alternates between a source and sink of

 (publishednitrous oxide in the hypolimnion of a thermally stratified reservoir

2014); 2017 STAA nomination (Investigating the Role of Reservoirs in

; 2017 Level II STAA award.Removing Excess Reactive Nitrogen)
Michael Elovitz: Comparing drinking water treatment costs to source water

 (published 2015); 2017 STAAprotection costs using time series analysis

nomination (same title as publication); 2017 Level III STAA award.
Michael Messner: Total coliform and E. coli in public water systems using

undisinfected ground water in the United States (published 2017); 2018
STAA nomination; no award

https://usepa-my.sharepoint.com/personal/elovitz_michael_epa_gov/Documents/STAA%20docs/STAA.docx#_ENREF_1
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Justification 2C:

The past and concurrent (see justification 2E) STAA nominations do not have any direct relationship to this nomination.

This nomination neither built upon, nor relied upon this e other nominations in any way.  

1. Michael Elovitz: Denitrification alternates between a source and sink of nitrous oxide in the hypolimnion of a thermally

stratified reservoir (published 2014); 2017 STAA nomination (Investigating the Role of Reservoirs in Removing Excess

Reactive Nitrogen); 2017 Level II STAA award. This paper has no relation to the topic of the current nomination

2. Michael Elovitz: Comparing drinking water treatment costs to source water protection costs using time series analysis

(published 2015); 2017 STAA nomination (same title as publication); 2017 Level III STAA award. This paper has no

relation to the topic of the current nomination. Neither paper built upon, nor relied upon the other in any way.  

3. Michael Messner: Total coliform and E. coli in public water systems using undisinfected ground water in the United

States (published 2017); 2018 STAA nomination; no award. This paper has no relation to the topic of the current

nomination. Neither paper built upon, nor relied upon the other in any way.

4. John Michael Wright: concurrent 2020 STAA (category #3 [Health Effects Research and Human Health Risk

Assessment]); Disinfection By-Product Exposures and the Risk of Specific Cardiac Birth Defects. Environmental Health

Perspectives 2017;125:269–277. This paper is an epidemiological study of cardiac birth defects that was conducted based

on primary data in Massachusetts and has no relation to the topic of the current nomination. The paper does not relate to

this nomination as they are very different health end-points.

Justification 2D:

n/a

Justification 2E:

John Michael Wright is (concurrently) submitting a manuscript under STAA category #3 [Health Effects Research and

Human Health Risk Assessment] entitled:
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 “Disinfection By-Product Exposures and the Risk of Specific Cardiac Birth Defects.” Environmental Health Perspectives

2017;125:269–277.

This Wright-paper is an epidemiological study of cardiac birth defects that was conducted based on primary data in

Massachusetts and has no relation to the topic of the current nomination. The Wright-paper does not relate to this

nomination as they are very different health end-points. Dr. Wright is the only author on his submission with nexus with

this nomination.

Justification 3A:

Citations:

To date, according to Google Scholar, the paper has been cited 62 times.

Downloads/Views:

According to the Journal, there have been 1738 Views/downloads.

Altmetric Score:

3

Invited presentations:

 The core of the nominated publication was the topic of an invited talk by lead-author Stig Regli at one of the prestigious

Gordon Research Conferences (GRC) – 2015 Drinking Water Disinfection By-Products: Charting the Horizons of

Interdisciplinary Research and Application in Water Disinfection, By-Products, Water Reuse and Public Health. The talk

entitled “DBP Research: Roadmap for the Future” was part of a session entitled “The Way Foreword, Future DBP

Research and Regulation”. Dr. Regli also gave an invited follow-up talk focusing on some of the core aspects of the paper

at the following GRC conference – 2017 Drinking Water Disinfection By-Products: Disinfection 2100: Linking

Engineering, Chemistry, Toxicology and Epidemiology to Reduce Exposure to Toxicity Drivers While Curtailing

Pathogens. The talk entitled "New Regulatory Approaches to Minimizing DBP Toxicity Drivers” was part of the session

entitled “Disinfection Systems of the Future: How Can We Minimize Toxicity Drivers?”.
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The GRC conferences are known across the globe for their slogan “Frontiers of Science”. The conferences are a small,

highly selective group of scientists and the subject matter of each talk is selected to fill a specific niche. The invitations

afforded the two authors to present the research that is a fundamental core of the paper, as well as supporting information,

is high recognition of the impact of the work.

 

The toxicological underpinnings of the research comprising this nominated publication was the topic of an invited talk by

co-author Dr. Rex Pegram at the same 2015 GRC conference. The talk entitled "What are the Forcing Agents Involved

with Disinfection By-Product Toxicity?” was part of the aforementioned “The Way Forward, Future Disinfection

By-Product Research and Regulation” session. The mechanistic information linking brominated trihalomethane exposure

to human bladder cancer was also presented by Dr. Pegram at the 48th Annual Meeting of the Environmental Mutagenesis

and Genomics Society as an invited symposium lecture entitled, “Molecular Mechanisms by which Chlorinated Water

Causes Bladder Cancer”, in September, 2017.

Internal (EPA) Awards:

The EPA authors on this paper received a 2016 ORD Award for “Exceptional/Outstanding Technical Assistance to the

Regions or Program Offices. Anthropogenic Bromide Impact Assessment Group”. This 2016 award recognized the

exception collaborative interaction between ORD scientists, and Program Office scientists, working across multiple

disciplines to achieve the goal of the assessment of the impact of anthropogenic sources of bromide on drinking water

treatment. The paper currently being nominated is the outcome of that collaborative effort. The ORD award emphasized

the collaborative effort which was evident in 2016. This STAA nomination aims to recognize the scientific and policy

impacts that the paper has led to in the years since publication. 

Justification 3B:

The journal Environmental Science and Technology (ES&T) is largely considered the preeminent peer-reviewed research

journal on environmental science and engineering topics (current impact factor 7.149). The journal is known to have a

very rigorous peer-review process both for novelty of the research and editorial quality. All manuscripts that are deemed

acceptable scholarship by an initial screening of an associate editor are sent for thorough external peer-review to experts in

the field. Manuscripts are typically evaluated by three or more experts. This paper was published under the journal topic of

“Policy Analysis”, which is a specific category of research that focuses on nexus of science, engineering and policy.
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The paper went through the ES&T peer-review process comprising three anonymous peer-reviews and correspondence

with an associate editor. While the anonymous peer-reviewers and editor judged the initial submission with unanimous

positive ratings (“accept with minor revisions”), the authors and some of the reviewers felt that due to the potential for

policy implications, the paper warranted a much more thorough Supplemental Information section to provide a clear

explanation of the data analysis and modeling underlying the paper (associated SI section is part of this nomination).

 

Upon the minor revisions to the main paper, and the new extended SI section, the paper received a second review by the

three anonymous reviewers, and the associated editor, and was published in 2015.
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ABSTRACT: Public water systems are increasingly facing
higher bromide levels in their source waters from anthro-
pogenic contamination through coal-fired power plants,
conventional oil and gas extraction, textile mills, and hydraulic
fracturing. Climate change is likely to exacerbate this in coming
years. We estimate bladder cancer risk from potential increased
bromide levels in source waters of disinfecting public drinking
water systems in the United States. Bladder cancer is the health
end point used by the United States Environmental Protection
Agency (EPA) in its benefits analysis for regulating disinfection
byproducts in drinking water. We use estimated increases in
the mass of the four regulated trihalomethanes (THM4)
concentrations (due to increased bromide incorporation) as the surrogate disinfection byproduct (DBP) occurrence metric for
informing potential bladder cancer risk. We estimate potential increased excess lifetime bladder cancer risk as a function of
increased source water bromide levels. Results based on data from 201 drinking water treatment plants indicate that a bromide
increase of 50 μg/L could result in a potential increase of between 10−3 and 10−4 excess lifetime bladder cancer risk in
populations served by roughly 90% of these plants.

■ INTRODUCTION

In recent years, drinking water utilities in various regions of
the U.S. have expressed concerns over increased bromide levels
in their source waters.1−4 In addition to natural sources of
bromide from salt water intrusion or geologic formations, there
are new anthropogenic bromide releases from coal-fired power
plants, conventional oil and gas extraction, textile mills, and
hydraulic fracturing activities. Bromide reacts with aqueous
chlorine in the form of hypochlorous acid (HOCl) to form
hypobromous acid (HOBr) which reacts with organic material
to form brominated disinfection byproducts (DBPs) such as
brominated trihalomethanes (THMs) and haloacetic acids
(HAAs). Increased bromide concentration in the source water
may induce changes in concentrations and speciation of DBPs
in the finished water. These changes in DBP formation may

also result in increased risk of adverse health effects, such as
bladder cancer, due to long-term drinking water usage.

■ BACKGROUND

Regulatory Context. DBPs are an unintended conse-
quence from disinfection used to minimize risk from pathogens
in drinking water. DBPs are complex mixtures in drinking
water supplies, most obviously in the formation of chlorination
DBPs, and are influenced by source water quality and
physicochemical treatment processes. The United States EPA
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has regulated DBPs in public drinking water systems since
19795−7 mainly due to concern for their carcinogenicity in
humans. Epidemiological studies indicate an association
between exposure to chlorinated drinking water and bladder
cancer.8−13 Increased incidence of bladder cancer has also been
associated with exposure to higher THM4 levels in drinking
water.10,11,14−17 In its economic analysis to support the Stage 2
DBP regulation,7 EPA used estimated bladder cancer cases
avoided as the health effects metric for quantifying the benefits
under the new regulation. Since they are the predominant
DBPs, THMs and HAAs are considered surrogate measures for
the co-occurrence of other DBPs in systems using chlorination.
Why Brominated DBPs are a Concern. Given the

multitude of DBPs present in drinking water, a key remaining
challenge is to determine which mixtures of DBPs are of most
toxicological concern. Among DBPs formed in chlorinated
drinking water, bromine-containing species may pose greater
health risks than those containing only chlorine.17−19 DNA
damage and induction of gene mutations are important basic
mechanisms (genotoxicity) by which chemicals can cause
cancer. In many cases, chemical carcinogens are transformed by
metabolizing enzymes to “activated” metabolites that react with
DNA to produce mutations. A hypothesis has been developed
linking bladder cancer risk to population variation in the ability
to metabolize brominated trihalomethanes (BrTHMs) to
genotoxic metabolites. BrTHMs, but not chloroform, were
found to be mutagenic in Salmonella via metabolic activation by
the enzyme, glutathione S-transferase theta-1 (GSTT1).20,21

Ross and Pegram22,23 subsequently demonstrated that GSTT1
is active in the urinary tract and that GSTT1-mediated metabo-
lism of bromodichloromethane (BDCM) produces reactive
intermediates that covalently bind DNA and deoxyguanosine,
which is consistent with the possibility it is a mutagenic
carcinogen. GSTT1 is polymorphically expressed in humans,
which has enabled epidemiologists to compare bladder cancer
risks in people that have (i.e., GSTT1(+)) and do not have (i.e.,
GSTT1-null) this enzyme. Cantor et al.16 found that people
with the GSTT1(+) genotype were at significantly greater
risk (odds ratio (OR) = 2.2; 95% confidence interval (CI):
1.1−4.3) for developing bladder cancer when exposed to the
upper THM4 exposure quartile (>49 μg/L) compared to
GSTT1-null participants who had no increased risk at the same
exposure level. Cantor et al.16 also examined the role of genetic
variation in another enzyme, GST zeta 1 (GSTZ1), which is
involved in HAA metabolism and elimination.24,25 Study parti-
cipants in the highest THM4 exposure quartile (>49 μg/L) had
a 1.8 (95%CI: 0.9−3.5) increased risk of bladder cancer
compared to those in the lowest quartile (<8 μg/L THM4).
Those with both the GSTT1(+) genotype and a genotype
(CT/TT) that causes lower activity of GSTZ1 had a 5.9-fold
(95%CI: 1.8−19.0) increased risk for bladder cancer. The
Cantor et al. study16 therefore suggests that the BrTHMs and
the HAAs may both play a role in the etiology of DBP-induced
human bladder cancer. Approximately 80% of the U.S popu-
lation has the GSTT1(+) genotype, and 30% has the GSTZ1
(CT/TT) genotype;26−28 thus, people with the combination of
both high-risk genotypes comprise approximately 24% (0.8 ×

0.3) of the U.S. population. Noteworthy is that much of the
Cantor et al.16 study population was exposed to drinking water
with THM4 concentrations having a higher proportion of
BrTHMs than in most U.S. drinking water supplies (see
Supporting Information (SI)). Thus, the exposure-response rela-
tionship observed between exposure from THM4 concentrations

and bladder cancer risk in the Cantor et al. 2010 study may
be more pronounced than what might be found for the general
US population and for which we later model (based on a meta-
analysis which does not include the Cantor et al.16 data).
Consistent with the findings for the BrTHMs, brominated

DBPs, in general, are more genotoxic, cytotoxic, and carcino-
genic than chlorinated DBPs based on toxicological data.18,19

A comprehensive genotoxicity database containing more than
80 DBPs was created that examined DNA damage in Chinese
hamster ovary cells.18,19 This database allowed genotoxicity
comparisons of several different DBP classes, along with the
effect of bromide vs chloride substituents and monohalo vs
dihalo vs trihalo substituents. Brominated species were found
generally to be more genotoxic than chlorinated species. For
example, bromoacetic acid is more than an order of magnitude
more genotoxic than chloroacetic acid. This same pattern is also
observed in Salmonella, as well as in new human cell data.29,30

However, there is not a consistent relationship between toxicity
and the degree of bromine substitution in dihalo and
trihalocompounds.21,31 The significantly higher genotoxicity
of brominated versus chlorinated DBP species is also apparent
when the bromo- and chloro-DBPs of different classes (beyond
only THMs and HAAs) are summed together.18,19

Bromide DBP Chemistry and Exposure Implications.
Additional occurrence of bromide in source waters increases
the formation of brominated DBPs with disinfection using
chlorine,32−40 chloramines,41−46 ozone,39−41,47 and chlorine
dioxide.41,48 The resultant speciation shift from primarily chlo-
rinated compounds to more heavily brominated compounds
occurs across every compound class, including the THMs,
HAAs, haloacetonitriles, halonitromethanes, haloaldehydes,
haloketones, haloamides, and halofuranones, as well as new
DBP classes recently discovered, including halobenzoqui-
nones49,50 and other new brominated aromatic DBPs.51 As
such, source waters having higher levels of bromide cause a shift
from species like chloroform, dichloroacetic acid, trichloronitro-
methane, and MX (3-chloro-4-(dichloromethyl)-5-hydroxy-
2(5H)-furanone) to bromoform, dibromoacetic acid, tribromo-
nitromethane, and brominated MX analogues resulting in
higher mass of DBPs. Increased bromine substitution on a
carbon atom generally renders these DBPs less stable due to
steric hindrance and electronic effects.
It is also important to note that increased bromide levels not

only increases the overall mass of DBPs due to the higher mass
of bromine (80 Da) relative to chlorine (35.5 Da), but research
has also shown that the molar mass of the DBPs formed in-
creases especially for THMs, HAAs, and haloacetonitriles.52−54

This can be explained by the increased reactivity, as reaction
rates of HOBr with natural organic matter are at least 10 times
faster than with HOCl.52,53,55 In addition, HOBr is more
efficient at substitution reactions than chlorine, such that
aqueous bromine is substituted more into organic structures,
whereas chlorine tends to cleave carbon bonds and produce
relatively less halogen substitution.53

DBP formation and degradation is complex and exposure
assessment remains a key challenge in epidemiological studies.
The impact of certain water-use activities and specific exposure
routes are important considerations when evaluating the
relationship between DBPs and bladder cancer. The physico-
chemical properties of DBPs can determine exposure route and
impact absorption, metabolism, excretion, and distribution in
the body (i.e., bioavailability). HAAs, for example, are neither
volatile nor very permeable to skin; therefore, ingestion is
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considered the most important HAA exposure route. THMs, in
contrast, result in multiroute exposures largely due to their
volatility and skin permeability.56 Backer et al.57 reported that
10 min post-exposure blood levels of brominated THMs in
participants that took showers were 3.7- to 5.1-fold greater than
in participants that drank 1 L of tap water. Similarly, maximum
blood concentrations of BDCM, area under the blood
concentration vs time curve (integrated exposure over time),
and half-lives in human participants attained after dermal
exposures to water containing BDCM averaged 35-, 79-, and
7-fold greater than in subjects exposed to the same BDCM
dose via the oral route.58 These significant route-dependent
differences in BDCM exposure metrics are important, because
they demonstrate that much more BDCM will likely reach the
bladder from dermal and inhalation exposures than by ingestion
and that this relationship should pertain to other BrTHMs.57,58

Higher blood concentrations, and thus, higher extra-hepatic
target tissue doses associated with the dermal and inhalation
exposures are due to the bypass of first-pass liver metabo-
lism.57,58 Due to limitations in water-use activity data over
one’s lifetime, only one epidemiological study of bladder cancer
has been able to characterize route-specific effect estimates.
Villanueva et al.59 reported an OR for bladder cancer in
participants with upper quartile ingestion levels of >35 μg/day
of THM4 versus those with no reported consumption of
chlorinated water (odds ratios (OR) = 1.35; 95%CI: 0.92
1.99). These effect estimates were smaller than the metric based
on duration of shower or bath (OR = 1.83; 95%CI: 1.17
2.87) for the highest showering/bathing exposure quartile
(duration × THM4 water concentration) as compared to the
lowest quartile. This suggests that for this study population,
which was essentially the same as that of Cantor et al.,16 the
bladder cancer risk associated with exposure to DBPs may be
more attributed to the dermal/inhalation route than ingestion.

■ ANALYSIS

Overview. Given the association between bladder cancer
and THM4 noted in epidemiological studies, and the impact of
bromide on BrTHMs and other DBPs, we postulate that a
population served by a utility producing drinking water with
increased THM4 due to increased bromide levels in its source
water may be subject to increased bladder cancer risk. Increased
bromide levels in source waters from anthropogenic activities
are a concern, since bromide is difficult to remove by treat-
ment.1 We estimate potential increased bladder cancer risk for
U.S. populations using disinfected public drinking water
systems with increased bromide in their source waters by

I. estimating potential increase in bladder cancer risk as a
function of increased THM4 levels in finished water,

II. estimating increased THM4 levels in finished waters
attributed to increased bromide levels in source waters,
and

III. consolidating “I” and “II” to estimate potential increase
in bladder cancer risk as a function of increased bromide
levels in source water on a national level.

In sum, we are estimating the potential increase in bladder
cancer risk that might result from an increase in THM4
concentration (and associated DBPs) due specifically to
increased bromide in the source water.
Data Analysis IBladder Cancer Risk Estimates. In the

Economic Analysis (EA) for the Stage 2 Disinfectants and
Disinfection Byproduct Rule (DBPR), the EPA estimated the

annual baseline bladder cancer cases attributable to DBP
exposure prior to the Stage 1 DBPR and estimated reductions
in the THM4 concentrations that would result from the new
regulation, and from these estimated associated reductions in
annual incidence of bladder cancer.60 EPA derived three
estimates of bladder cancer incidence attributable to chlorina-
tion DBPs in drinking water using data from five case-control
epidemiological studies,8−12,61 a meta-analysis,13 and a pooled
data analysis.14 The respective attributable risk estimates were
2−17% (for the range of the five case control studies), 16% for
the central estimate of the meta-analysis, and 17% for the
central estimate of the pooled analysis. In its EA, EPA assumed
there is a linear relationship between average THM4
concentration and bladder cancer risk and that the estimated
percent reduction in national average THM4 concentration
resulting from regulation would correspond to the same
percent reduction in bladder cancer cases attributable to
exposure from drinking water. EPA based this assumption
largely on the pooled data analysis14 which showed a dose−
response relationship of increasing ORs as a function of
cumulative THM4 exposure for which the best estimate
appeared largely linear.14,60 For low probability outcomes,
odds and outcome probability are nearly equal, so OR (the
ratio of odds with exposure to odds without exposure) is nearly
equal to the ratio of risk with exposure to risk without exposure.

Development of Risk Function. The National Cancer
Institute estimates that for 2014, 74 690 new cases of bladder
cancer will be diagnosed in the United States and
approximately 2.4% of men and women will be diagnosed
with bladder cancer in their lifetimes.62 This proportion
represents the lifetime risk of bladder cancer in the U.S. due
to all causes, including DBPs. Lifetime odds of bladder cancer is
the lifetime probability (2.4%) divided by its complement:
0.024/(1−0.024) = 0.02459. Note that the denominator
(1−0.024 = 0.976) is nearly 1, so the odds is not much
different from the lifetime probability (0.024). This lifetime
odds value will be used in later calculations of the change in risk
with changes in THM4 concentrations.
Estimates noted in previous epidemiological studies suggest

that bladder cancer risk generally increases with THM4 levels
and with duration of exposure. As such, EPA used estimates
from the pooled analysis14 and more detailed data provided
by the authors of that analysis63 in the Stage 2 EA,60 which
reported ORs as a continuous function of average THM4
concentration. The estimates, shown in Table 1, were based on
a pooled analysis of data obtained from six case-control studies.
The confidence intervals shown in Table 1 reflect uncertainty
about the central estimates (OR).
The ORs of Table 1 were found by fitting a spline function to

pooled data from the six epidemiological studies included in
the pooled analysis. The curve in Figure 1 is complex; concave
near the origin, convex in the middle and nearly linear at higher
exposure levels. Given the wide confidence bands about the
curve, there is considerable uncertainty about the actual
relationship between exposure and risk. In the Stage 2 EA,
EPA used a simpler linear relationship between exposure and
the bladder cancer OR and used unweighted least-squares
regression to characterize the linear relationship. A line was fit
to the ORs of Table 1 and additional lines were fit to the upper
and lower confidence limit estimates. The central estimate is

= + × COR 1 0.00581

where C is the average (lifetime) concentration of THM4 (μg/L).
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The values in Table 1 were weighted equally, although the
confidence limits show that uncertainty varies across the range
of THM4 exposure. To more properly account for this, we
derived a weighted mean slope as follows:

• The response variable was changed to ln(OR). As shown
in Figure 1, this normalized the errors so that the upper
and lower confidence limits are symmetric about ln(OR).

• The weight used for each record (row) of Table 1 is
based on its uncertainty, expressed as standard error. The
standard error (s) is derived from the confidence interval
width:

- s = (ln(upper 95% confidence limit) − ln(lower
95% confidence limit))/(z0.975 − z0.025)

- z = quantile of the standard normal distribution
and z0.975 − z0.025 = 3.92

• The variance of the slope (ln(OR)/THM4) estimated
from a single record of Table 1 is then s2/THM42

• The unadjusted weight for each row of the table is the
inverse of the variance of the slope (weight = THM42/s2)
and these are multiplied by a constant (the sum of un-
adjusted weights) so that the sum of adjusted weights is 1.

• Finally, the estimated overall slope is the sum, across
rows, of adjusted weight times ln(OR)/THM4. The
result is 0.00427 and the resulting function is shown as a
dashed line in Figure 1.

The weighted slope (0.00427) is smaller than EPA’s
unweighted estimate (0.00581),60 because it gives less weight
to the three lowest nonzero exposure levels (THM4 = 10, 20,
and 30) and also to the highest (THM4 = 130). The following
equation relates ORs to average THM4 exposure:

=
×OR(THM4) eTHM4 0.00427

Based on this function and assuming average pre-Stage 1
exposure at 38.05 μg/L which EPA estimated in its EA for the
Stage 2 DBPR,60 baseline risk (r0 = lifetime bladder cancer risk
with zero THM4 exposure) can be derived as follows:

=
μ

×OR e38.05 g/L
38.05 0.00427

‐ =pre Stage 1 odds/baseline odds 1.176

− =r r0.02459/( /(1 )) 1.1760 0

Solving for ro:

=r 0.020470

where baseline odds are associated with exposure to 0 μg/L.
Baseline odds is therefore 0.02047/(1−0.02047) = 0.02090.

From the function relating ORs to THM4, the additional risk
posed by a 1 μg/L increase in THM4 (r1) will depend on the
initial conditions (THM4 exposure level and lifetime bladder
cancer risk). The additional risk will be smallest for the case
with zero THM4 exposure (r0 = 0.02047):

− = × =
×

r r/(1 ) 0.02090 e 0.020991 1
1 0.00427

= +r 0.02099/(1 0.02099)1

=r 0.020561

− = − =r r 0.02056 0.02047 0.000091 0

If lifetime risk is greater than r0, then the risk associated with
a 1 μg/L increase is slightly increased. Consider the case where
the average THM4 level changes from the pre-Stage 1 mean
of 38.05 μg/L to 39.05 μg/L and pre-Stage 1 lifetime risk is
r38.05 = 0.024. From above, the pre-Stage 1 odds is 0.0246 and
the additional risk is calculated as shown below:

− = × =
×

r r/(1 ) 0.0246 e 0.024739.05 39.05
1 \ 0.00427

=r 0.024139.05

The additional risk due to the 1 μg/L increase is 0.0241−
0.024 = 0.0001 or 10−4. The simple relationship of
approximately 10−4 added lifetime risk per 1 μg/L increase in
THM4 holds over the THM4 range expected for systems in

Table 1. Odds Ratio Estimates and Weights Used for
Bladder Cancer Associated with THM4 Exposure

average THM4
(μg/L)

OR
(95% CI)a

ln(OR)
(95% CI) SEb weightc

adjusted
weightd

0 1.00 0 0 0

10 1.13 (0.96,
1.33)

0.122 (−0.041,
2.85)

0.083 14.5 0.0035

20 1.16 (0.98,
1.38)

0.148 (−0.020,
0.322)

0.087 52.5 0.0125

30 1.17 (1.00,
1.37)

0.157 (0.000,
0.315)

0.080 139.5 0.0333

40 1.19 (1.02,
1.39)

0.174 (0.020,
0.329)

0.079 256.7 0.0613

50 1.22 (1.04,
1.43)

0.199 (0.039,
0.358)

0.081 378.8 0.0905

60 1.26 (1.08,
1.47)

0.231 (0.077,
0.385)

0.079 582.0 0.1390

70 1.32 (1.12,
1.55)

0.278 (0.113,
0.438)

0.083 713.2 0.1704

80 1.38 (1.14,
1.68)

0.322 (0.131,
0.519)

0.099 654.0 0.1562

90 1.46 (1.13,
1.89)

0.378 (0.122,
0.637)

0.131 470.4 0.1124

100 1.55 (1.11,
2.17)

0.438 (0.104,
0.775)

0.171 341.9 0.0817

110 1.66 (1.07,
2.55)

0.507 (0.068,
0.936)

0.222 246.5 0.0589

120 1.77 (1.03,
3.06)

0.571 (0.030,
1.118)

0.278 186.6 0.0446

130 1.90 (0.98,
3.66)

0.641 (−0.20,
1.297)

0.336 149.6 0.0357

aOdds Ratios and confidence intervals were provided by Kogevinas
and Villanueva.63 bStandard Error (SE) = Interval width divided by
3.92. cWeight = ((TTHM4/SE)2)/1000. dAdjusted weight is the
weight divided by the sum of the weights.

Figure 1. Bladder cancer risk from six epidemiological studies as a
function of THM exposure from residential concentration data
(derived from personal communication with Kogevinas and
Villanueva63).
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compliance with Stage 2 (see Table S1). We believe this is the
smallest increase that one would reasonably consider, given that
the magnitude of uncertainty is difficult to estimate.
Data Analysis IITHM4 Increases from Increased

Bromide Levels. We used the Surface Water Analytical Tool
(SWAT), version 1.1 (see SI for further information) that the
EPA used in its Stage 2 EA60,64 to assess the impacts of an
increase of bromide levels in source waters on THM4 levels in
public drinking water distribution systems. This version of
SWAT was used by the EPA to estimate treatment and
associated water quality changes for different regulatory
options. SWAT uses source water and treatment data collected
under the Information Collection Rule (ICR)65 from July 1997
through December 1998 from 273 large plants using surface
water sources representing a total population of over 100
million people contained in the AUX8 ICR data set. An
overarching consideration for our analysis was to estimate the
potential impact of increasing source water bromide on a subset
of these plants that were assumed to be in compliance with the
Stage 2 DBPR. Post-Stage 2 DBPR national level data sets are
not available. Therefore, we attempted to utilize the AUX8 ICR
data set in such a way as to include plants that, based on their
ICR data and SWAT modeling, would likely have met the Stage
2 DBPR MCL of 80/60 μg/L (THM4/HAA5) at maximum
residence time sample sites in the distribution system. In other
words, if a plant was predicted (SWAT model predictions of
THM4 and HAA5, based on ICR data inputs) to be within the
annual average 80/60 compliance metric, then that plant would
not likely make treatment changes (e.g., switch to chloramines)
and would be operating today as it did during the ICR. Based
on these criteria, 201 plants, comprising 2089 plant months,
were identified and included in the analysis (see SI).
For the purpose of our modeling, we assumed that any ICR

data entry for bromide concentration that was below the mini-
mum reporting level (MRL) was equivalent to the reporting
limit (i.e., 20 μg/L). This is consistent with the EPA’s approach
when conducting SWAT modeling to support the Stage 2 EA.
The modeling with an assumption of half of the reporting limit
is included in the SI to illustrate a sensitivity analysis of different
values assigned to those below MRL. We also used the THM4
values predicted by SWAT at the average residence time in the
distribution system (vs the maximum residence time, which
would likely overestimate mean exposure for the entire
residential population served by the plant) to estimate increases
in THM4 concentration in treated drinking water (i.e., con-
centrations that would occur in households) as a function of
increased bromide concentration in the source water. This
assumption should better represent most of the exposed
population for a given system.
To predict the impact of increased bromide on THM4 for-

mation, for each of the plant months, we increased the source
water bromide concentration by different increments (see
Table 2) while keeping the other THM4 formation equation
input parameters unchanged from their original ICR values.
Changes in THM4 concentrations from increases in influent
bromide (denoted as “ΔBr−”) are denoted as “ΔTHM4.”
Table 2 shows the summary statistics of ΔTHM4 as a

function of ΔBr− predicted by the SWAT, indicating the
predicted ΔTHM4 concentrations consistently increased, on
average, by roughly an order of magnitude less than the
increase in bromide. Such predicted results are consistent with
a theoretical analysis that a simple replacement of chloride
atom by bromide atom leads to a higher mass-based

concentration of DBPs due to a higher molecular weight of
bromide. However, there is a diminishing rate of increased
ΔTHM4 as the ΔBr− increases, indicating that organic
precursors could be a limiting factor for formation of THMs
with higher bromide concentration. For instance, the mean
ΔTHM4 is 1.3 μg/L at the ΔBr−of 10 μg/L (i.e., 0.13 μg/L
ΔTHM4 per μg/L ΔBr−), compared to the mean ΔTHM4
7.1 μg/L at the ΔBr− of 100 μg/L (i.e., 0.07 μg/L ΔTHM4 per
μg/L ΔBr−). Table 2 also indicates that ΔTHM4 at a given
ΔBr− varies across the 2089 plant-months. This variability is
due not just to the variability in baseline bromide, but due to
variations of other factors affecting THM4 formation, including
source water quality (total organic carbon (TOC), ultraviolet
absorbance at wavelength of 254 nanonmeters (UV254),
temperature), operational conditions (disinfectant type, dis-
infectant dose, pH adjustments, changes in TOC and UV254),
and residence time in the distribution system, characteristics
essentially inherent in the SWAT model. These variations can
occur from plant to plant, or within a specific plant due to
temporal fluctuations.
Given the wide range of initial baseline bromide or THM4

concentrations among the 201 plants examined, ranging from
<20 μg/L to 400 μg/L as plant means (see SI), we assessed the
impact of source water bromide increases (i.e., ΔBr−) as a
function of these baseline conditions. For this purpose, we
predicted the resulting ΔTHM4 based on a single ΔBr− of
50 μg/L (which was in the middle of the range of concentrations
we considered and appeared to be a plausible increase in
bromide concentration from anthropogenic effects).1,4,66 As the
mean baseline source water bromide level was lower, the
ΔTHM4 per μg/L ΔBr− tended to be higher, and as the baseline
THM4 level increased, the ΔTHM4 tended to increase. Plants
using only chlorine as a disinfectant had the highest mean
ΔTHM4 across all treatment configuration categories. However,
some plants within the categories that used chlorine, ozone, or
chlorine dioxide as a primary disinfectant and chloramine as
secondary disinfectant frequently also had high ΔTHM4 values.
More detailed analyses are included in the SI.

Data Analysis IIIPotential Risk Increases from
Increased Bromide Levels in Source Water. The results
predicted by the SWAT model from Data Analysis II were
linked with the risk function from Data Analysis I. Since
bladder cancer is associated with long-term exposure, annual
plant mean increases in THM4 concentration are more relevant
than plant month estimates to inform potential risk. Figure 2
characterizes the estimated annual plant mean ΔTHM4 as a
function of ΔBr− across 201 plants.
Figure 2 illustrates the percent of the 201 plants that were

estimated to exceed a mean ΔTHM4 concentration of 1, 5, or

Table 2. THM4 increases (ΔTHM4) as a Function of
Increased Bromide Levels in Source Water (ΔBr−)

ΔBr− (μg/L)

statistics 10 30 50 75 100

ΔTHM4 (μg/L)
(plant months)

mean 1.3 3.2 4.6 6.0 7.1

minimum 0.0 0.0 0.0 0.0 0.0

lower 95%
percentile

0.1 0.3 0.5 0.6 0.8

median 1.1 2.6 3.7 4.9 5.8

upper 95%
percentile

3.4 8.3 11.6 14.8 17.5

maximum 10.1 23.7 33.2 42.1 49.3
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10 μg/L as a function of different mean ΔBr−concentrations.
For example, the ΔTHM4 line of 1 μg/L indicates that a mean
increase of 50 μg/L bromide above the baseline would result in
greater than 90% of plants incurring at least 1 μg/L THM4
increase at the average residence time location in the distri-
bution system. From Data Analysis I, this suggests that such
increases over a lifetime could correspond to a potential
increase of greater than 10−4 excess lifetime bladder cancer risk.
Similarly, the Δ10 μg/L THM4 line indicates that about 5%
and 30% of all the plants are predicted to incur at least an
increase of 10 μg/L THM4 if their source water bromide
concentration increased by 50 μg/L, or 100 μg/L, respectively,
which could correspond to a potential increase of greater than
10−3 excess lifetime bladder cancer risk.

■ DISCUSSION

We estimated potential increases in bladder cancer risk from
increased bromide levels in source waters of disinfected
public drinking water systems in the United States. As shown
in Figure 2, our analysis indicates that roughly 90% of the plants
could incur increases of between 1 and 10 μg/L THM4 if their
mean source water bromide concentration were to increase by
50 μg/L above the baseline, and that such increases could
correspond to excess lifetime bladder cancer risk of between
10−4 and 10−3. Given an increase of 50 μg/L of mean bromide
concentration in source water, 40% of the plants would incur a
plant mean ΔTHM4 of greater than 5 μg/L. Furthermore, the
greatest increases would be expected to occur when baseline
mean source water bromide concentrations are lowest and the
baseline mean THM4 concentrations are highest (see SI).
Depending on the baseline THM4 concentration, these pro-
jected increases in source water bromide concentrations could
also pose challenges for utilities to comply with the Stage 2
DBPR MCL (see SI).
While we recognize there is yearly variation of source water

quality, our predictions are incremental relative to the baseline,
and therefore we believe that differences in our prediction
due to source water baseline variation will be relatively small
(see SI). Since naturally occurring source water bromide levels
can be quite high and variable (e.g., due to drought and pre-
cipitation events), relying on additional bromide (and THM)
monitoring data to inform their contributions and potential
risk implications from anthropogenic activity could be quite
burdensome and challenging. Our approach has the advantage

of characterizing the potential risk implications of increased
bromide levels in source waters without relying on these
additional measurements. Given our analysis and a designated
increased source water bromide concentration level of concern
(e.g., a level corresponding to a potential increased excess
lifetime bladder cancer risk of between 10−4 and 10−3 or
greater), we suggest that hydrodynamic modeling of in-stream
dilution (not the subject of this paper) could be used to
estimate point source bromide discharge levels that could lead
to a bromide source water level of concern being exceeded
for drinking water systems downstream of the discharge.
One limitation in our analysis is not having sufficient data to
develop confidence bounds around our ΔTHM4 estimates
(see SI). Nevertheless, we think the methodology we have used
to derive our estimates is sound, and we think that most plants
(especially those having some free chlorine contact time)
having a mean increase of 50 μg/L of bromide in their source
water will likely incur at least a mean THM4 increase of 1 μg/L,
and often more, in their delivered water (see SI).
While our analysis builds on that used in EPA’s Stage 2 EA, it

includes several enhancements and new information that
strengthens the basis for the modeling approach considered
here. We have improved the function for estimating bladder
cancer risk that expresses the OR as a function of mean THM4
by using the log transformed variance to weight the obser-
vations thereby better accounting of the uncertainty of the
exposure data from the epidemiological studies. Also, we only
include the estimated increase in mass of the THM4 con-
centration (from elevated bromide levels in the source water)
as the reference DBP occurrence metric for informing potential
increased bladder cancer risk. The Stage 2 EA relied on
decreased mass of THM4 as the surrogate measure (for risk
reduction). This introduced more uncertainty than in our
analysis for this paper since such reductions could result from a
variety of remedial measures that might have more impact on
reducing chloroform than the potentially more toxic bro-
minated species (e.g., aeration) or contributing other types of
DBP risk (e.g., chloramination). Given the more recent
scientific data adding to the evidence base (e.g., pharmacoki-
netics, the importance of multiple routes of exposure, more
epidemiological studies indicating a relationship between
elevated THM4 and elevated bladder cancer risk, and relative
toxicity of brominated versus chlorinated species), we believe
there is less uncertainty in the risk analysis in this paper than in
the Stage 2 DBPR EA. We also recognize that the analysis may
underestimate bladder cancer risk, since we do not attribute any
increase in risk that might result from increased toxicity due to
higher concentrations and relative proportions of brominated
DBP species.
In our analysis, we assumed, as the EPA did in its EA, that a

linear relationship exists between the average THM4 con-
centration and the OR, whereas this relationship may actually
be supra or super linear across different concentration ranges.
Since we assumed that there is no risk above the baseline risk at
0 μg/L THM4 (the OR = 1.0), the slope for the linear
relationship in Figure 1 was derived with the intercept forced to
1.0 and 0 μg/L. The implication of the linearity assumption is
that the associated increased lifetime bladder cancer risk of 10−4

associated with a ΔTHM4 increase of 1 μg/L is nearly constant
across the full range of mean baseline THM4 concentrations
that could occur. We believe the assumption of linearity from
increased THM4 concentration due to bromide increase across
the full range of THM4 baseline concentrations is reasonable.

Figure 2. Percentage of plants with plant mean ΔTHM4 exceeding 1,
5, or 10 μg/L as function of ΔBr−.
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This is supported by empirical evidence of genotoxic mecha-
nisms implicated in the carcinogenicity of the brominated
THMs20−23,67 and approximate linearity in bladder cancer risk
was observed in epidemiological studies of THM4 exposures
within the range of most plant baseline THM4 concentrations
(presented in Figure 1).
Although recent studies have added to the weight of evidence

between exposure to chlorinated drinking water and elevated
bladder cancer risk, we recognize that substantial uncertainty
remains in our risk estimates and in some of the underlying
epidemiological estimates that propagate throughout our
analysis. For example, one major source of uncertainty stems
from exposure assessment efforts that rely on HAA5 and
THM4 as surrogates for the relevant DBP mixtures in
chlorinated drinking water, especially since different popula-
tions encounter various DBP speciation proportions and
exposure mixtures.36 For example, the THM4 exposure metric
potentially acts as a surrogate for many of the chlorinated DBP
species, but it should also be recognized that the same THM4
concentration in one water may have a very different mix of
THM species and associated co-occurring DBPs, when com-
pared to another water with the same THM4 concentration.
Consequently, the respective risks from these waters might be
substantially different even though they have the same THM4
concentration. In addition, if the nonchlorinated species (e.g.,
brominated DBPs) are the most important from a toxicological
perspective, then using THM4 and HAA5 to estimate risk
might not fully capture the most relevant DBP mixtures of
interest. Thus, exposure measurement error from using an
imperfectly correlated surrogate like THM4 in epidemiological
studies could result in an underestimate of the bladder cancer
risk from long-term exposure if a causal relationship exists.
Despite these uncertainties, there is more evidence today than
at the time of EPA’s EA to suggest a basis for causality. Indeed,
in 2014 the International Agency for Research on Cancer
(IARC) advisory panel nominated, as a high priority, that
disinfected water used for showering, bathing, swimming, or
drinking be evaluated for its carcinogenicity based on
ubiquitous exposure and extensive new mechanistic evidence
of specific DBP toxicity, including molecular epidemiological
studies.68

As in EPA’s Stage 2 EA, the scope of our analysis is a national
perspective, and it should be recognized that, for a given
drinking water system, estimates could vary widely especially
across different disinfection treatment types. Also, since
causality has not yet been established, and our risk estimates
are associated with relatively small changes in THM4
concentrations, we do not consider these estimates as definitive.
However, this analysis does provide a potential model for
assessment of additional risk due to increased bromide in
source water, thus addressing a problem of increasing impor-
tance for U.S. drinking water systems.
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Χηεmιστρψ ανδ Βιοχηεmιστρψ, Υνιϖερσιτψ οφ Σουτη Χαρολινα, Χολυmβια, ΣΧ,  ��Οφφιχε οφ Ρεσεαρχη ανδ 
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Σ3 

 

Α. Χοmπαρατιϖε ΤΗΜ σπεχιατιον ιν δρινκινγ ωατερ συππλιεσ οφ τηε Χαντορ ετ αλ. 2010 στυδψ ποπυλατιον, 

ϖερσυσ ιν τηε Υνιτεδ Στατεσ. 

 

Σαλασ ετ αλ. 20131 (Ταβλε 2) ινχλυδεσ ΤΗΜ σπεχιατιον χονχεντρατιον εστιmατεσ φορ τηε στυδψ ποπυλατιονσ 

χονσιδερεδ ιν τηε Χαντορ ετ αλ. στυδψ.2 Φουρ οφ τηε σιξ χουντψ ποπυλατιονσ (Αλιχαντε, Βαρχελονα, Σαβαβδαλ, 

ανδ Τενεριφε) ηαδ συm ΤΗΜ3 (βροmοδιχηλοροmετηανε, διβροmοχηλοροmετηανε, ανδ βροmοφορm) 

χονχεντρατιονσ γρεατερ τηαν τηε χηλοροφορm χονχεντρατιον ανδ ρεπρεσεντεδ mορε τηαν 50% οφ τηε τοταλ 

στυδψ ποπυλατιον (768/1436). Τηισ ρεπρεσεντσ α mυχη γρεατερ προπορτιον οφ βροmινατεδ ΤΗΜ σπεχιεσ 

τηαν γενεραλλψ φουνδ ιν δρινκινγ ωατερ οφ τηε ΥΣ ποπυλατιον. Φιγυρε 6.1 φροm ΜχΛαιν ετ αλ.3 ινδιχατεσ τηατ 

84% (6788/7982 σαmπλεσ) οφ τηε ΥΣ ποπυλατιον ρεχειϖινγ δισινφεχτεδ ωατερσ φροm mορε τηαν 200 υτιλιτιεσ 

σερϖινγ γρεατερ τηαν 100,000 πεοπλε ηαδ χηλοροφορm χονχεντρατιονσ γρεατερ τηαν τηε συm ΤΗΜ3 

χονχεντρατιονσ.  Τηυσ, τηε εξποσυρε−ρεσπονσε ρελατιονσηιπ οβσερϖεδ βετωεεν ΤΗΜ4 χονχεντρατιονσ ανδ 

βλαδδερ χανχερ ρισκ ιν τηε Χαντορ ετ αλ. στυδψ mαψ βε mορε προνουνχεδ τηαν ωηατ mιγητ βε φουνδ φορ 

τηε οϖεραλλ Υ.Σ. ποπυλατιον.        



Σ4 

 

Β. Εστιmατεδ ιmπαχτσ οφ αδδιτιοναλ 1 γ/Λ ΤΗΜ4 οϖερ α ρανγε οφ βασελινε ΤΗΜ4 χονχεντρατιονσ 

 

Ταβλε Σ1. Εστιmατεδ ]υ������}(����]�]}ϖ�ο���Πλ>�δ,Dð�}ℵ�������ϖΠ��}(�����ο]ϖ��δ,Dð��}ϖ��ϖ����]}ϖ� 

Χηανγε οφ ΤΗΜ4 Χονχεντρατιον ( γ/Λ) Αδδιτιοναλ Λιφετιmε Βλαδδερ Χανχερ Ρισκ 

0 ∅ 1 0.000085 

10 ∅ 11 0.000089 

20 ∅ 21 0.000093 

30 ∅ 31 0.000097 

40 ∅ 41 0.000101 

50 ∅ 51 0.000105 

60 ∅ 61 0.000110 

70 ∅ 71 0.000114 

80 ∅ 81 0.000119 

Χ. Οϖερϖιεω οφ ΣWΑΤ χοmπονεντσ 

ΕΠΑ υσεδ τηε Συρφαχε Wατερ Αναλψτιχαλ Τοολ (ΣWΑΤ) mοδελ το εστιmατε χηανγεσ ιν τεχηνολογψ ανδ ΤΗΜ4 

χονχεντρατιονσ ιν δρινκινγ ωατερ πρεδιχτεδ το οχχυρ ωηεν υτιλιτιεσ χοmπλιεδ ωιτη τηε Σταγε 1 ανδ Σταγε 2 

DΒΠ Ρυλεσ.4 Τηε ΣWΑΤ προγραm (ςερσιον 1.1)5 χονσιστσ οφ φουρ χοmπονεντσ τ Υσερ Ιντερφαχε, Αυξιλιαρψ 

Dαταβασε 8 (Αυξ8), Wατερ Τρεατmεντ Πλαντ Μοδελ, ανδ Dεχισιον Τρεε Προγραm. Τηε ΣWΑΤ υσερ mανυαλ5 

προϖιδεσ α δεταιλεδ προγραm δεσχριπτιον ανδ ασσυmπτιονσ, βυτ σινχε ονλψ τηε φιρστ τηρεε χοmπονεντσ αρε 

ρελεϖαντ το τηισ παπερ ονλψ τηεσε αρε βριεφλψ δεσχριβεδ βελοω: 

ξ Υσερ Ιντερφαχε − ��D]��}�}(��τ]ϖ�}ℑ�ϒ�]ϖ���(�����ϖ��ο����Ζ��∝�����}�����](∩��Ζ���]�]ϖ(���]}ϖ�

ανδ DΒΠ ρεγυλατορψ χριτερια, ασ ωελλ ασ νυmερουσ οτηερ χονδιτιονσ φορ α ΣWΑΤ ρυν.  Ασ δεσχριβεδ 

ο����Υ��Ζ��⊥ℵ�ο]���]}ϖ_�υ}���]ϖ��Ζ��]ντερφαχε (ωιτηουτ ανψ ασσυmπτιονσ) ωασ σελεχτεδ φορ 

mοδελινγ.  Βψ δοινγ σο, τηε δεχισιον τρεε προγραm ιν τηε ΣWΑΤ ωασ βψπασσεδ (ι.ε., ωιτηουτ 

mακινγ ανψ χηανγεσ ον τηε εξιστινγ τρεατmεντ οπερατιονσ) ωηενεϖερ α ΣWΑΤ ρυν ωασ εξεχυτεδ.   

ξ Αυξ8 − Αυξ8 ισ α Μιχρ}�}(��������ϒ�����������Ζ���Ζ}ο���]ϖ�∝����ϖ��}∝��∝���(}��⊥τ�δ��ϖ�ο∩���Ξ�

Αυξ8 ινιτιαλλψ χονταινσ α σπεχιφιχ συβσετ οφ δατα εξτραχτεδ φροm Αυξιλιαρψ Dαταβασε 1 οφ τηε 

πριmαρψ ΙΧΡ δαταβασε6 τηατ ωασ νεεδεδ ασ ινπυτσ το ρυν τηε ΣWΑΤ.  Τηε ινιτιαλ δατα ιν Αυξ8 (ασ 

παρτ οφ τηε ινπυτσ) ινχλυδεσ σουρχε ωατερ θυαλιτψ, τρεατmεντ πλαντ χηαραχτεριστιχσ, υνιτ προχεσσεσ, 

χηεmιχαλ αδδιτιονσ, ανδ διστριβυτιον σψστεm χηαραχτεριστιχσ φορ ΙΧΡ πλαντσ ανδ σψστεmσ.  

Χυmυλατεδ ΤΗΜ4 ανδ ΗΑΑ5 λεϖελσ ατ τωο διστριβυτιον σψστεm σαmπλε σιτεσ (ι.ε., ατ τηε αϖεραγε 

ανδ mαξιmυm ρεσιδενχε τιmε σαmπλε σιτεσ ιν διστριβυτιον σψστεmσ) αρε χοmπυτεδ ασ παρτ οφ τηε 

ουτπυτσ φορ εαχη πλαντ mοντη τηατ ηαϖε τηε νεχεσσαρψ ινπυτ ϖαλυεσ.  Τηε πρεδιχτιον ατ τηε 
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τηεορετιχαλ αϖεραγε ρεσιδενχε τιmε (δεσιγνατεδ ασ DΣ_ΑςΓ) ωασ βασεδ ον α mεαν ρεσιδενχε 

τιmε φορ εαχη πλαντ (τηε mεαν ρεσιδενχε τιmε χοmπρισινγ τηε αϖεραγε οφ τηε σο−χαλλεδ 

⊥�]���]�∝�]}ϖ��∩���υ���∝]ℵ�ο�ϖ����υ�ο]ϖΠ��}]ϖ�_ (DΣΕ),  τωο αϖεραγε διστριβυτιον σψστεm τιmεσ, 

ανδ ονε mαξιmυm ρεσιδενχε τιmε, ασ ρεπορτεδ ιν τηε DΒΠ ΙΧΡ). 

ξ Wατερ Τρεατmεντ Πλαντ Μοδελ (WΤΠ Μοδελ) − Τηε WΤΠ Μοδελ πρεδιχτσ τρεατεδ δρινκινγ ωατερ 

θυαλιτψ γιϖεν σουρχε ωατερ θυαλιτψ χονδιτιονσ, ωατερ τρεατmεντ πλαντ χονφιγυρατιον ανδ 

οπερατιον.  Ιτ χονσιστσ οφ α σεριεσ οφ αλγοριτηmσ τηατ πρεδιχτ λεϖελσ οφ DΒΠ πρεχυρσορσ (ι.ε., 

βροmιδε, ΤΟΧ ανδ ΥςΑ254), πΗ ϖαλυεσ, δισινφεχταντ δεχαψ, ανδ χυmυλατεδ χονχεντρατιονσ οφ DΒΠσ 

(ι.ε., ΤΗΜ4 ανδ ΗΑΑ5) φορmεδ φροm ρεαχτιονσ οφ χηλορινε ανδ χηλοραmινε ωιτη τηε 

αφορεmεντιονεδ πρεχυρσορσ.  Σεχτιον ΣΙ.Ι δεσχριβεσ τηε WΤΠ mοδελ ανδ δισχυσσεσ ιτσ αππλιχαβιλιτψ.  

ΣWΑΤ αοο}ℑ����∝�����}��∝ϖ��Ζ����}Π��υ�]ϖ��Ζ��⊥ℵ�ο]���]}ϖ_�υ}����}�Π�ϖ�������Ζ��ℑ������∝�ο]�∩�

παραmετερ ϖαλυεσ ατ ϖαριουσ σταγεσ οφ τρεατmεντ, ανδ mοδελ DΒΠ φορmατιον ασ α φυνχτιον οφ τηε ωατερ 

θυαλιτψ ϖαλυεσ φορ τηε εξιστινγ τρεατmεντ χονδιτιονσ ασ ρεπορτεδ ιν τηε ΙΧΡ (ι.ε. ωιτηουτ ανψ χηανγεσ το 

τηε τρεατmεντ τραιν).  Τηε mοδελινγ ρεσυλτσ πρεσεντεδ ιν τηισ παπερ αρε βασεδ ον τηε ουτπυτσ γενερατεδ 

ιν τηισ mοδε.  Σπεχιφιχαλλψ, το εϖαλυατε τηε ιmπαχτσ οφ αν ινχρεασε οφ βροmιδε λεϖελσ ιν σουρχε ωατερσ ον 

ΤΗΜ4 λεϖελσ ιν διστριβυτιον σψστεmσ, τηε ρεχορδσ οφ βροmιδε ιν σουρχε ωατερ ιν τηε Αυξ8 δαταβασε ωερε 

ινχρεασεδ βψ σπεχιφιχ ιντερϖαλσ (ι.ε., βψ 0, 10, 30, 50, 75, ανδ 100 ∝γ/Λ οφ Βρ−) φορ εϖερψ πλαντ mοντη ιν 

Αυξ8.  Φορ εαχη οφ τηεσε ιντερϖαλσ, ΣWΑΤ ωασ ρυν υνδερ τηε ⊥ℵ�ο]���]}ϖ_�υ}��Υ��Ζ∝������]��]ϖΠ��Ζ��

ιmπαχτ οφ βροmιδε ον ΤΗΜ4 λεϖελσ ατ DΣ_ΑςΓ ωιτη νο χηανγε ιν τρεατmεντ ανδ οτηερ σουρχε ωατερ 

θυαλιτψ παραmετερσ.   

D.  ΣWΑΤ αναλψσισ πλαντ mοντη σχρεενινγ προχεσσ ανδ ρεσυλτσ 

Ασ ωασ δονε φορ τηε Εχονοmιχ Αναλψσισ οφ Σταγε 2 DΒΠΡ, τηε φιρστ στεπ ιν τηισ σχρεενινγ ωασ το ινχλυδε 

Αυξ8 δατα φορ ονλψ τηε λαστ 12 mοντησ (ϑανυαρψ το Dεχεmβερ, 1998) οφ τηε 18−mοντη ΙΧΡ χολλεχτιον 

περιοδ το φοχυσ ον α ονε−ψεαρ χψχλε.  Ινιτιαλλψ, ιν ουρ ΙΧΡ δατα σετ τηερε ωερε 273 πλαντσ (χοmπρισινγ 2,784 

πλαντ mοντησ) ιν Αυξ8.  Σεϖεν πλαντσ ωερε εξχλυδεδ βεχαυσε τηεψ ονλψ ηαδ τηρεε ορ φεωερ πλαντ mοντησ 

οφ δατα ανδ διδ νοτ ηαϖε ρεπρεσεντατιϖε mονιτορινγ ρεσυλτσ ιν εαχη οφ φουρ θυαρτερσ φορ α ονε−ψεαρ χψχλε.   

Τηε ΣWΑΤ mοδελ ωασ ρυν το mακε πρεδιχτιονσ οφ ΤΗΜ4 ανδ ΗΑΑ5 ατ τηε mαξιmυm ρεσιδενχε τιmε 

(δεσιγνατεδ ασ DΣ_ΜΑΞ) φορ εαχη mοντη οφ δατα τηατ α πλαντ ηαδ ωατερ θυαλιτψ δατα αϖαιλαβλε (4 το 12 

mοντησ οφ δατα δεπενδινγ ον τηε υτιλιτψ), ανδ τηε αννυαλ αϖεραγε ΤΗΜ4 ανδ ΗΑΑ5 χονχεντρατιον φορ 

εαχη οφ τηε πλαντσ ωασ δετερmινεδ φροm τηε mεαν οφ τηοσε πρεδιχτεδ ϖαλυεσ.  Τηισ σχρεενινγ στεπ 
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συγγεστεδ τηατ 64 (οφ τηε ρεmαινινγ 266 πλαντσ) ωουλδ νοτ mεετ τηε 80/60 ∝γ/Λ οφ ΤΗΜ4/ΗΑΑ5 (ΜΧΛσ 

υνδερ Σταγε 2 DΒΠΡ) ασ αν αννυαλ αϖεραγε ατ τηε mαξιmυm ρεσιδενχε τιmε.  Τηε ΣWΑΤ αλωαψσ πρεδιχτσ 

ηιγηερ ΤΗΜ4/ΗΑΑ5 λεϖελσ ατ DΣ_ΜΑΞ τηαν ατ DΣ_ΑςΓ δυε το λονγερ ρεσιδενχε τιmεσ φορ DΣ_ΜΑΞ ανδ 

τηε ΜΧΛσ υνδερ Σταγε 2 DΒΠΡ ωερε βασεδ ον α λοχατιοναλ ρυννινγ αϖεραγε ατ τηε ηιγηεστ σιτε.  Τηυσ, 

υσινγ τηε mαξιmυm ρεσιδενχε τιmε φορ τηε σχρεενινγ στεπ ισ χονσιστεντ ωιτη τηε ρεθυιρεmεντσ υνδερ 

Σταγε 2 DΒΠΡ.  Βψ εξχλυδινγ τηε 64 πλαντσ 202 πλαντσ ρεmαινεδ φορ τηε αναλψσισ.  Φυρτηερmορε, ιτ ωασ 

(}∝ϖ���Ζ���}ϖ���ο�ϖ��Ζ�����⊥⊂��}_�ℵ�ο∝��}(�δ,Dðλ,��〉�(}���οο�}(�]����ο�ϖ��υ}ϖ�Ζ�Ξ��δηισ πλαντ ωασ αλσο 

εξχλυδεδ φορ τηε αναλψσισ.  Ιν αδδιτιον, ονε πλαντ mοντη ωασ εξχλυδεδ βεχαυσε αν ιmπλαυσιβλψ ηιγη πΗ 

ϖαλυε οφ 14 ωασ ρεπορτεδ.  Ασ α ρεσυλτ οφ τηε σχρεενινγ προχεσσ, 201 πλαντσ (ωιτη 2089 πλαντ mοντησ) 

ωερε υσεδ φορ τηε αναλψσισ πρεσεντεδ ιν τηισ παπερ.   

Ταβλε Σ2 ινδιχατεσ τηε ρανγε οφ παραmετερσ φροm τηε ΙΧΡ δατα σετ τηατ ωασ υσεδ φορ πρεδιχτινγ τηε 

βασελινε ΤΗΜ4 οχχυρρενχε αmονγ 201 ΙΧΡ πλαντσ. Τηε ταβλε ινχλυδεσ τηε συmmαρψ στατιστιχσ φορ εαχη 

παραmετερ, σηοωινγ τηε ϖαριατιον αmονγ πλαντ mοντησ. Τηε mινιmυm ρεπορτινγ λιmιτ (ΜΡΛ) φορ βροmιδε 

δυρινγ τηε ΙΧΡ ωασ 20 ∝γ/Λ. Τηοσε βροmιδε ρεχορδσ υνδερ τηε ΜΡΛ ωερε ρεπλαχεδ ωιτη 20 ∝γ/Λ οφ ΜΡΛ 

φορ τηε αναλψσισ (ωηιχη ισ χονσιστεντ ωιτη τηε αππροαχη φορ νατιοναλ εστιmατεσ ωιτη τηε ΣWΑΤ πρεσεντεδ 

ιν τηε Εχονοmιχ Αναλψσισ οφ Σταγε 2 DΒΠΡ4).  Σεε νεξτ σεχτιον φορ α σενσιτιϖιτψ αναλψσισ ωιτη τηισ 

ασσυmπτιον. 

Ταβλε Σ2. Σουρχε Wατερ Θυαλιτψ Παραmετερσ ανδ Αϖεραγε Ρεσιδενχε Τιmε ιν Dιστριβυτιον Σψστεm (DΣ) 

(Βασεδ ον 2089 Πλαντ Μοντησ φορ 201 Πλαντσ) 

  πΗ 
Τεmπερατυρε 

(οΧ) 

ΤΟΧ 

(mγ/Λ) 

Υς254 

(χm−1) 

Βροmιδε  

(∝γ/Λ) 

Αϖεραγε Ρεσιδενχε 

Τιmε ιν DΣ (Ηουρ) 

DΣ_ΑςΓ 

Μεαν 7.6 15.5 2.9 0.09 53.2  35.3 

5%ιλε 6.5 4.0 1 0.02 20.0 3.1 

Μεδιαν 7.7 15.3 2.5 0.06 23.0 28.9 

95%ιλε 8.4 27.5 6.0 0.22 190.6 90.8 

 

Φιγυρε Σ1 σηοωσ α χυmυλατιϖε διστριβυτιον οφ βροmιδε λεϖελσ ασ αννυαλ πλαντ mεανσ αmονγ 201 πλαντσ, 

αλονγ ωιτη τηε mινιmυm ανδ mαξιmυm λεϖελσ δυρινγ τηε 12 mοντησ οφ τηε 1998 ΙΧΡ mονιτορινγ περιοδ 

(ινδιχατεδ βψ ωηισκερσ), ωηιχη δεφινε τηε βασελινε οφ βροmιδε οχχυρρενχε ιν σουρχε ωατερ.  Τηε 

εmβεδδεδ φιγυρε ισ το προϖιδε βεττερ ρεσολυτιον ατ τηε λοωερ ρανγε οφ σουρχε ωατερ βροmιδε λεϖελσ.   
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Ε. ⊥�ϖ�]�]ℵ]�∩��ϖ�ο∩�]��}(�4δ,Dð�������}ϖ�∗�DΖ>��∝���]�∝�]}ϖ� 

Ιν ουρ mοδελ ωε ινχλυδε αλλ ρεχορδσ ωιτη βροmιδε χονχεντρατιονσ λεσσ τηαν τηε ΜΡΛ οφ 20 ∝γ/Λ βψ 

ασσυmινγ τηειρ ϖαλυε ισ 20 ∝γ/Λ, ρεχογνιζινγ τηατ τηισ προβαβλψ λεαδσ το αν υνδερεστιmατε οφ τηε 

ινχρεασεδ ΤΗΜ4 λεϖελ ρεσυλτινγ φροm ινχρεασεδ βροmιδε ιν τηε σουρχε ωατερ. Το βεττερ χηαραχτεριζε τηε 

ποτεντιαλ εφφεχτσ οφ ουρ ασσυmπτιον ωε χονδυχτεδ α σενσιτιϖιτψ αναλψσισ ασ φολλοωσ. 

δ��ο��⊥��Ζ}ℑ���Ζ�����∝ο�]ϖΠ�4δ,Dð�ℑΖ�ϖ�����}υ]����}ϖ��ϖ����]}ϖ�}(��ΡΠλ>�∼]Ξ�Ξ�∗��Ζ��DΖ>��]��∝����

ασ τηε βασελινε φορ σαmπλεσ τηατ ωερε βελοω δετεχτιον λιmιτ (βροmιδε χονχεντρατιον ινχρεασεσ φροm 10 το 

∫��Πλ> ατ ΠΒρ− οφ 50 ∝γ/Λ�����Ζ����Ζ�ϖ��Ζ��DΖ>�}(��ΡΠ�λ>�∼]ϖ�������(�}υ���}�⌠��Πλ>����]ϖ�]������]ϖ�

Ταβλε 2). Α χοmπαρισον οφ συmmαρψ στατιστιχσ βετωεεν Ταβλε 2 ανδ Ταβλε Σ3 (ε.γ., mεαν 4δ,Dð ατ 

50 ∝γ/Λ οφ ΠΒρ−, 4.6 ϖερσυσ 5.5 ∝γ/Λ) ινδιχατεσ τηε ΤΗΜ4 λεϖελ ισ γρεατερ (βψ αβουτ 38% το 14% ασ ΠΒρ− 

ϖαριεδ φροm 10 το 100 ∝γ/Λ) ωηεν  ΜΡΛ ισ υσεδ, τηυσ συγγεστινγ τηατ ουρ αναλψσισ υσινγ τηε ΜΡΛ ϖαλυε 

ισ λικελψ υνδερεστιmατινγ τηε ινχρεασε ιν ΤΗΜ4 ασ α ρεσυλτ οφ ινχρεασεδ Βρ− ιν σουρχε ωατερσ.  Σεε Σεχτιον 

ΣΙ.ϑ φορ mορε δισχυσσιον ον βιασ οφ πρεδιχτεδ 4δ,Dð.  

Ταβλε Σ3Ξ�4δ,Dð�������}ϖ�∗�DΖ>���}υ]����}ϖ��ϖ����]}ϖ�⊥∝���]�∝�]}ϖ�∼������}ϖ�⌡�Wο�ϖ��D}ϖ�Ζ��

φορ 201 Πλαντσ) 

  Στατιστιχσ 
4Βρ− (∝γ/Λ) 

10 30 50 75 100 

4ΤΗΜ4 (∝γ/Λ) 

ωηεν βροmιδε 

ΜΡΛ = 10 ∝γ /Λ 

Μεαν 1.8 4.0 5.5 7.0 8.1 

Μινιmυm 0.0 0.0 0.0 0.0 0.0 

5% περχεντιλε 0.1 0.4 0.5 0.7 0.8 

Μεδιαν 1.3 3.1 4.4 5.5 6.5 

95% περχεντιλε 5.2 11.0 14.8 18.2 20.8 

Μαξιmυm 16.1 33.7 44.8 54.9 62.7 
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Φ. Μορε δεταιλεδ αναλψσεσ οφ τηε διστριβυτιον }(�4δ,Dð ���}����ο�ϖ���(}��4��− οφ 50 ∝γ/Λ 

Φορ α φυρτηερ �ℵ�ο∝��]}ϖ�}(��Ζ���((����}(���〉��Πλ>�]ϖ�������]ϖ���}υ]���}ϖ�4δ,Dð, τηε αννυαλ mεαν 

4δ,Dð�(}�����Ζ��ο�ϖ��∼��ϖ}����⊥�ο�ϖ��υ��ϖ�4δ,Dð_� ωασ χαλχυλατεδ βψ φιρστ αϖεραγινγ αλλ πλαντ mοντη 

ϖαλυεσ οϖερ α 12−υ}ϖ�Ζ����]}��(}�����Ζ��ο�ϖ�Ξ�δΖ����ο�ϖ��υ��ϖ�4δ,Dð�ℵ�ο∝�����ϖΠ���(�}υ�D 1 ∝γ/Λ 

�}�Η 10 (υπ το 12) ∝γ/Λ ανδ ωερε γρουπεδ ιντο ελεϖεν ρανγεσ ωιτη 1 ∝γ/Λ ασ αν ινχρεmενταλ 

ιντερϖαλ. Φιγυρε Σ2 σηοωσ α διστριβ∝�]}ϖ�}(���ο�ϖ����υ}ϖΠ��Ζ�����ο�ℵ�ϖ�4δ,Dð�]ϖ���ℵ�ο�Ξ�δΖ��

περχενταγε ιν εαχη οφ τηε ιντερϖαλσ ρανγεσ φροm 4.5% το 15.4% οφ τηε 201 πλαντσ, ινδιχατινγ α ρελατιϖελψ 

εϖεν διστριβυτιον. Φορ τηε σπεχιφιχ πλαντσ ωιτηιν εαχη οφ τηε ελεϖεν βινσ ιν Φιγυρε Σ2, αννυαλ mεανσ φορ 

βασελινε βροmιδε ανδ βασελινε ΤΗΜ4 ωερε τηεν χαλχυλατεδ φορ εαχη πλαντ. Τηεν φορ εαχη οφ τηε ελεϖεν 

βινσ, α mεαν ϖαλυε οφ τηε πλαντ mεανσ ωασ χαλχυλατεδ, τηυσ δετερmινινγ ελεϖεν ϖαλυεσ οφ αϖεραγε πλαντ 

mεαν βασελινε βροmιδε χονχεντρατιονσ, ανδ ελεϖεν ϖαλυεσ οφ αϖεραγε οφ πλαντ mεαν βασελινε ΤΗΜ4 

χονχεντρατιονσ.   

 

Φιγυρε Σ2Ξ�W����ϖ��Π���}(�Wο�ϖ���]ϖ����Ζ�/ϖ���ℵ�ο�}(�Wο�ϖ��D��ϖ�4δ,Dð 

Φιγυρε Σ3 ινδιχατεσ τηατ ασ τηε αϖεραγε οφ τηε πλαντ mεαν βασελινε βροmιδε χονχεντρατιον δεχρεασεσ, 

4δ,Dð�]ϖ�������Ξ  Τηισ οβσερϖατιον χουλδ βε εξπλαινεδ βψ τηε ηψποτηεσισ τηατ ωηεν τηε βασελινε 

βροmιδε χονχεντρατιονσ αρε λοω, τηε ΤΗΜ4 σπεχιατιον ωιλλ λικελψ βε δοmινατεδ βψ λοω−mολεχυλαρ ωειγητ 

χηλορινατεδ σπεχιεσ, ανδ ινχρεασεσ ιν βροmιδε χονχεντρατιον ωιλλ λεαδ το ηιγηερ ινχορπορατιον οφ Βρ (φορ 

Χλ) ιν τηε ΤΗΜ4.  Ιν χοντραστ, Φιγυρε Σ4 ιλλυστρατεσ τηατ ασ τηε αϖεραγε οφ τηε πλαντ mεαν βασελινε ΤΗΜ4 

�}ϖ��ϖ����]}ϖ�]ϖ�������Υ�4δ,Dð�]ϖ�������Ξ  Σινχε ονε ποτεντιαλ συρρογατε φορ ιδεντιφψινγ τηε γενεραλ 

ΤΗΜ4 φορmατιον ποτεντιαλ οφ γιϖεν ωατερ ισ τηε αχτυαλ βασελινε ΤΗΜ4 χονχεντρατιον, τηισ οβσερϖατιον 

χουλδ βε εξπλαινεδ βψ τηε ηψποτηεσισ τηατ ωηεν βασελινε ΤΗΜ4 λεϖελσ αρε ηιγηερ, τηερε αρε ηιγηερ 
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ιντρινσιχ ΤΗΜ4 φορmατιον ποτεντιαλσ, ανδ ηενχε α γρεατερ ποτεντιαλ το ινχορπορατε mορε οφ τηε Βρ ιντο 

��}υ]ϖ�����δ,Dð������Π]ℵ�ϖ�4��−.  Τηεσε φιγυρεσ, ηοωεϖερ, σηουλδ νοτ βε ϖιεωεδ ασ φουνδατιονσ φορ 

θυαντιτατιϖε mοδελσ.  Τηεψ εξπλορε τωο ρελατιονσηιπσ ινδεπενδεντλψ ανδ συγγεστ τηατ βοτη ρελατιονσηιπσ 

αρε ιmπορταντ.  Ασ ινδεπενδεντ ρελατιονσηιπσ, τηεψ δο νοτ ρεφλεχτ χοmβινεδ εφφεχτσ οφ βασελινε βροmιδε 

ανδ βασελινε ΤΗΜ4 χονχεντρατιονσ, συχη ασ τηε ιmπαχτσ οφ ινχρεασεδ βροmιδε ον πλαντσ τηατ mαψ ηαϖε 

λοω βασελινε βροmιδε, βυτ λοω ΤΗΜ4 χονχεντρατιονσ, ορ ηιγη βασελινε βροmιδε ανδ ηιγη ΤΗΜ4 

χονχεντρατιονσ.  Ηοωεϖερ, τηεσε τρενδσ δο ηελπ υσ υνδερστανδ τηε τψπεσ οφ πλαντσ τηατ mαψ βε ιmπαχτεδ 

τηε mοστ φροm ινχρεασεσ ιν σουρχε ωατερ βροmιδε, ανδ τηυσ mαψ ηελπ φοχυσ φυτυρε εφφορτσ ατ mονιτορινγ 

ανδ ασσεσσmεντ. 

 

Φιγυρε Σ3Ξ�4δ,Dð�(}��4��− }(�〉��Πλ>Υ����&∝ϖ��]}ϖ�}(�����ο]ϖ��∼/ϖ]�]�ο����− Λεϖελσ 
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Φιγυρε Σ4Ξ�4δ,Dð�(}��4��− }(�〉��Πλ>Υ������&∝ϖ��]}ϖ�}(�����ο]ϖ��∼/ϖ]�]�ο��W���]�����δ,Dð�>�ℵ�ο� 

Γ. δΖ��]υ�����}(�4��− 〉��Πλ> ασ α φυνχτιον οφ τρεατmεντ τψπε ανδ δισινφεχτιον τψπε 

δ}�(∝��Ζ���]οο∝�������(���}���]ϖ(ο∝�ϖ�]ϖΠ��Ζ��4δ,Dð�(�}υ��Ζ��4��−Υ�ℑ���∅�υ]ϖ����Ζ��]υ�����}(�4��− οφ 

50 �Πλ>������(∝ϖ��]}ϖ�}(������υ�ϖ���∩����ϖ���]�]ϖ(���]}ϖ��∩��Ξ��W}}ο]ϖΠ��οο��ο�ϖ��υ}ϖ�Ζ��ℑ]�Ζ]ϖ�������Π}�∩�

οφ τρεατmεντ τψπε ανδ δισινφεχταντ τψπε, Ταβλε Σ4 ινδιχατεσ τηατ σψστεmσ υσινγ ονλψ φρεε χηλορινε ασ τηειρ 

πριmαρψ ανδ σεχονδαρψ δισινφεχταντ τψπε (ΧΛ2/ΧΛ2), ϖερσυσ τηοσε τηατ υσεδ χοmβινατιονσ οφ δισινφεχταντσ 

[ε.γ., ΧΛ2, οζονε ορ χηλορινε διοξιδε (ΧΛΞ) ασ τηειρ πριmαρψ δισινφεχταντ, ανδ χηλοραmινε (ΧΛΜ) ασ α 

σεχονδαρψ δισινφεχταντ]Υ�Ζ���Ζ]ΠΖ���υ��ϖ�4δ,Dð�ℵ�ο∝��Ξ��&}���∅�υ�ο�Υ φορ χονϖεντιοναλ πλαντσ τηε 

υ��ϖ�4δ,Dð�]��∫Ξ�ΡΠλ>�(}���ο�ϖ���∝�]ϖΠ��Ζο}�]ϖ������}�Ζ���]υ��∩��]�]ϖ(����ϖ���ϖ����������]�∝�οΥ�

χοmπαρεδ το 3.7 ∝γ/Λ ανδ 3.3 ∝γ/Λ φορ οτηερ πριmαρψ δισινφεχταντσ ανδ χηλοραmινεσ ασ α δισινφεχταντ 

ρεσιδυαλ, ρεσπεχτιϖελψ.  Wηιλε τηερε ισ νοτ mυχη διφφερενχε ον mεαν βασελινε ΤΗΜ4 λεϖελσ (ιν ρανγε οφ 

32.3 τ 38.3 ∝γ/Λ), τηε mεαν βασελινε Βρ λεϖελσ ιν σουρχε ωατερ φορ τηε πλαντ mοντησ ωιτη ΧΛ2/ΧΛ2 (28 

∝γ/Λ) αρε mορε τηαν 2 τιmεσ λοωερ τηαν τηε ονεσ φορ πλαντ mοντησ ωιτη οτηερ δισινφεχταντ τψπεσ.  Τηισ 

οβσερϖατιον συγγεστσ τηατ, ιν γενεραλ, τηε φορmατιον οφ ΤΗΜ4σ ιν ωατερ τρεατmεντ πλαντσ υσινγ χηλορινε 

ονλψ αρε mορε σενσιτιϖε το αν ινχρεασε ιν σουρχε ωατερ Βρ− λεϖελσ (ωηοσε βασελινε λεϖελσ αρε ρελατιϖελψ 

λοω) τηαν τηε τρεατmεντ πλαντσ υσινγ οτηερ δισινφεχταντσ.  δ��ο��⊥ð��ο�}�]ϖ�]�������Ζ����Ζ��4δ,Dð�]ϖ��Ζ��

�}(��ϖ]ϖΠ��ο�ϖ���]���]Πϖ](]��ϖ�ο∩�ο}ℑ����Ζ�ϖ��Ζ���}(�}�Ζ��������υ�ϖ���ο�ϖ��[�����ο]ϖ���}∝����ℑ�������− 

λεϖελσ.  Τηισ χαν βε εξπλαινεδ βψ σοφτενινγ πλαντσ ηαϖινγ σιγνιφιχαντλψ ηιγηερ βροmιδε λεϖελσ ιν τηειρ 

σουρχε ωατερσ, ασ ωελλ ασ λοω mεαν βασελινε ΤΗΜ4 λεϖελσ. Αν αδδιτιοναλ σενσιτιϖιτψ αναλψσισ ωασ 

περφορmεδ υνδερ τηε ασσυmπτιον τηατ ανψ mεασυρεδ βροmιδε χονχεντρατιονσ βελοω τηε ΜΡΛ ωουλδ βε 
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ρεπλαχεδ βψ  τηε ΜΡΛ ρατηερ τηαν τηε ΜΡΛ, ασ σηοων ιν Ταβλε Σ5. Οϖ���οοΥ�υ��ϖ�4δ,Dð�ℑ���Ζ]ΠΖ���]ϖ�

τηισ σενσιτιϖιτψ αναλψσισ. Τηισ ωασ λαργελψ δυε το τηε πλαντσ υσινγ χηλορινε ασ α σεχονδαρψ δισινφεχταντ. Τηε 

�]((���ϖ���]ϖ��Ζ��υ��ϖ�4δ,Dð�ℑΖ�ϖ��}υ���]ϖΠ��Ζ��}�]Π]ϖ�ο��ϖ�ο∩�]��]ϖ�δ��ο��⊥ð��ϖ���Ζ����ϖ�]�]ℵ]�∩�

αναλψσισ ιν Ταβλε Σ5 ωασ ηιγηερ αmονγ τηε ΧΛ2/ΧΛ2 πλαντσ φορ βοτη Χονϖεντιοναλ ανδ Οτηερ τρεατmεντ 

τψπε χατεγοριεσ. 

Ταβλε Σ4Ξ�4δ,Dð����4��− }(�〉��Πλ>�(}���]((���ϖ��δ����υ�ϖ��δ∩�����ϖ���]�]ϖ(����ϖ��δ∩��� 

Τρεατmεντ 

Τψπε 

Dισινφεχταντ 

Τψπεσ1 

(Πριmαρψ/ 

Σεχονδαρψ) 

Νυmβερ 

οφ Πλαντ 

Μοντησ 

Μεαν 

4δ,Dð 

(∝γ/Λ) 

90% Προβαβιλιτψ 

Ιντερϖαλ οφ 

4δ,Dð�∼ΡΠλ>� 

(5τη το 95τη %ιλε) 

Μεαν 

Βασελινε Βρ− 

Λεϖελσ ιν 

Σουρχε Wατερ 

(∝γ/Λ) 

Μεαν 

Βασελινε 

ΤΗΜ4 

Λεϖελσ 

(∝γ/Λ) 

Αλλ Πλαντσ Ανψ 2,089 4.6 0.5 τ 11.6 53 33.9 

Χονϖεντιοναλ 

ΧΛ2/ΧΛ2 947 6.0 1.2 − 12.7 28 37.0 

ΧΛ2/ΧΛΜ 

ΧΛ2_ΧΛΜ/ΧΛΜ 

ΧΛΜ/ΧΛΜ 

468 3.3 0.5 τ 9.3 70 32.3 

Οζονε/ΧΛ2 

Οζονε/ΧΛΜ 

ΧΛΞ/ΧΛ2 

ΧΛΞ/ΧΛΜ 

95 3.7 0.84 τ 10.0 135 38.3 

Σοφτενινγ2 Ανψ 291 1.8 0.2 τ 5.2 106 21.8 

Οτηερσ3 

ΧΛ2/ΧΛ2 162 6.1 1.1 − 12.4 24 36.8 

ΧΛ2/ΧΛΜ 

ΧΛ2_ΧΛΜ/ΧΛΜ 
38 4.5 2.0 τ 9.1 55 39.5 

Οζονε/ΧΛ2 

Οζονε/ΧΛΜ 
41 4.5 0.3 − 10.1 34 42.4 

1. Αββρεϖιατιονσ: ΧΛ2 τ φρεε χηλορινε; ΧΛΜ τ Χηλοραmινεσ; ΧΛΞ τ Χηλορινε Dιοξιδε; πριmαρψ mεανσ φιρστ 

δισινφεχταντ αππλιεδ ωηερεασ ασ σεχονδαρψ mεανσ αππλιεδ σοmετιmε αφτερ πριmαρψ δισινφεχταντ ανδ/ορ τηε 

δισινφεχταντ ρεσιδυαλ ιν τηε διστριβυτιον σψστεm 

2. Σοφτενινγ πλαντσ ινχλυδε: ΣΟΦΤ − Σοφτενινγ, ΧΣ/ΣΟΦΤ τ Χοαγυλατιον/Σεδιmεντατιον/Σοφτενινγ,  

 & ΤΣ/ΣΟΦΤ − Τωο Σταγε Σοφτενινγ 

3. Οτηερσ ινχλυδε: DΦ τ Dιρεχτ Φιλτρατιον, ΙΛΦ τ Ιν−Λινε Φιλτρατιον, ΣΣΦ τ Σλοω Σανδ φιλτρατιον,  

 ΥΝΦΙΛΤ/ΣW τ Υνφιλτερεδ Συρφαχε Wατερ, ΜΕΜΒΡΑΝΕΣ τ Μεmβρανε Φιλτρατιον, & ΟΤΗΕΡ 
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Ταβλε Σ5. Σενσιτιϖιτψ Αναλψσισ οφ 4ΤΗΜ4 ατ 4Βρ− οφ 50 �γ/Λ φορ Dιφφερεντ Τρεατmεντ Τψπεσ ανδ 

Dισινφεχταντ Τψπεσ Βασεδ ον  ΜΡΛ Συβστιτυτιον 

Τρεατmεντ 

Τψπε 

Dισινφεχταντ 

Τψπεσ1 

(Πριmαρψ/ 

Σεχονδαρψ) 

Νυmβερ 

οφ Πλαντ 

Μοντησ 

Μεαν 

4ΤΗΜ4 

∼�Πλ>� 

90% 

Προβαβιλιτψ 

Ιντερϖαλ οφ 

4ΤΗΜ4 

(5τη το 95τη 

Περχεντιλε) 

Μεαν 

Βασελινε 

Βρ− 

Λεϖελσ ιν 

Σουρχε 

Wατερ 

∼�Πλ>� 

Μεαν 

Βασελιν

ε ΤΗΜ4 

Λεϖελσ 

∼�Πλ>� 

Dιφφερενχ

ε ιν Μεαν 

4ΤΗΜ4 

Χοmπαρε

δ το ΜΡΛ 

οφ 20 ∝γ 

Βρ/Λ 

Αλλ Πλαντσ Ανψ 2,089 5.5 0.5 − 14.8  48.6 32.6 0.9 

Χονϖεντιοναλ 

ΧΛ2/ΧΛ2 947 7.3 1.3 − 16.5 22.8 35.2 1.3 

ΧΛ2/ΧΛΜ 

ΧΛ2_ΧΛΜ/ΧΛΜ 

ΧΛΜ/ΧΛΜ 

468 3.7 0.5 − 11.1 66.3 31.8 0.4 

Οζονε/ΧΛ2 

Οζονε/ΧΛΜ 

ΧΛΞ/ΧΛ2  

ΧΛΞ/ΧΛΜ 

95 4.6 0.9 − 13.5 130.1 37.0 0.9 

Σοφτενινγ2 Ανψ 291 2.0 0.2 − 5.9 103.7 21.6 0.2 

Οτηερσ3 

ΧΛ2/ΧΛ2 162 7.8 1.5 − 16.6 16.3 34.4 1.7 

ΧΛ2/ΧΛΜ 

ΧΛ2_ΧΛΜ/ΧΛΜ 
38 4.8 1.9 − 9.1 53.9 39.1 0.3 

Οζονε/ΧΛ2 

Οζονε/ΧΛΜ 
41 5.0 0.4 − 13.7 29.5 41.5 0.5 

1. Αββρεϖιατιονσ: ΧΛ2 τ φρεε χηλορινε; ΧΛΜ τ Χηλοραmινεσ; ΧΛΞ τ Χηλορινε Dιοξιδε; πριmαρψ mεανσ φιρστ  

 δισινφεχταντ αππλιεδ ωηερεασ ασ σεχονδαρψ mεανσ αππλιεδ σοmετιmε αφτερ πριmαρψ δισινφεχταντ ανδ/ορ 

 τηε δισινφεχταντ ρεσιδυαλ ιν τηε διστριβυτιον σψστεm 

2. Σοφτενινγ πλαντσ ινχλυδε: ΣΟΦΤ − Σοφτενινγ, ΧΣ/ΣΟΦΤ τ Χοαγυλατιον/Σεδιmεντατιον/Σοφτενινγ,  

 & ΤΣ/ΣΟΦΤ − Τωο Σταγε Σοφτενινγ 

3. Οτηερσ ινχλυδε: DΦ τ Dιρεχτ Φιλτρατιον, ΙΛΦ τ Ιν−Λινε Φιλτρατιον, ΣΣΦ τ Σλοω Σανδ φιλτρατιον,  

 ΥΝΦΙΛΤ/ΣW τ Υνφιλτερεδ Συρφαχε Wατερ, ΜΕΜΒΡΑΝΕΣ τ Μεmβρανε Φιλτρατιον, & ΟΤΗΕΡ 

 

Η. Χοmπλιανχε ωιτη τηε ΜΧΛ φορ ΤΗΜ4 

Αν ινχρεασε οφ ΤΗΜ4 λεϖελσ ρεσυλτινγ φροm αν ελεϖατιον οφ βροmιδε λεϖελσ ιν σουρχε ωατερ χουλδ νοτ ονλψ 

λεαδ το ινχρεασεδ ποτεντιαλ λονγ−τερm ηεαλτη ρισκσ δυε το ινχρεmενταλλψ ηιγηερ ΤΗΜ4 χονχεντρατιονσ, βυτ 

χουλδ αλσο αφφεχτ τηε χοmπλιανχε στατυσ οφ ωατερ σψστεmσ, εσπεχιαλλψ τηοσε ηαϖινγ βασελινε ΤΗΜ4 

χονχεντρατιονσ αλρεαδψ νεαρ τηε ΜΧΛ.  Ασ δεσχριβεδ εαρλιερ, αλλ οφ 201 πλαντσ ινχλυδεδ ιν τηισ αναλψσισ 

ηαϖε βασελινε ΛΡΑΑ ΤΗΜ4 λεϖελσ ατ τηε DΣ_ΜΑΞ λοχατιον < 80 ∝γ/Λ (ι.ε., τηε ΜΧΛ υνδερ Σταγε 2 DΒΠΡ).   

ΦιΠ∝���⊥〉�]ϖ�]�������Ζ������4��− ινχρεασεσ, αν ινχρεασινγ νυmβερ οφ πλαντσ χουλδ ηαϖε ΛΡΑΑ ΤΗΜ4 λεϖελσ 

τηατ εξχεεδ 80 ∝γ/Λ ατ τηε DΣ_ΜΑΞ λοχατιον, ιmπλψινγ τηατ τηεσε πλαντσ χουλδ ηαϖε βεχοmε νον−
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�}υ�ο]�ϖ������Ζ��Π]ℵ�ϖ�4��−ορ mαδε νεω τρεατmεντ χηανγεσ το χοmπλψ. Ειγητ οφ τηε 13 ανδ τεν οφ τηε 18 

πλαντσ ατ τηε ρεσπεχτιϖε 4��− οφ 50 ανδ 100 ∝γ/Λ υσεδ ονλψ χηλορινε ασ τηε δισινφεχταντ, ωηιλε τηε οτηερ 

πλαντσ πρεδιχτεδ το εξχεεδ τηε ΜΧΛ υσεδ χηλοραmινε ασ α ρεσιδυαλ δισινφεχταντ. Ιτ σηουλδ βε νοτεδ τηατ 

αλτηουγη τηε ΤΗΜ4 ΜΧΛ οφ τηε Σταγε 2 DΒΠΡ ισ χαλχυλατεδ ασ α ΛΡΑΑ, α σεασοναλ ινχρεασε οφ βροmιδε 

λεϖελσ ιν σουρχε ωατερ (ωηιχη χουλδ βε χοmπουνδεδ βψ α δρουγητ χονδιτιον) χουλδ mακε ιτ διφφιχυλτ φορ 

ωατερ υτιλιτιεσ το χοντινυε mεετινγ τηε εξιστινγ ΤΗΜ4 ΜΧΛ ωιτηουτ mακινγ χηανγεσ ιν τηειρ εξιστινγ 

τρεατmεντ χονδιτιονσ ιφ τηειρ βασελινε ΛΡΑΑ ΤΗΜ4 λεϖελσ ωερε χλοσε το τηε ΜΧΛσ.  

 

Φιγυρε Σ5Ξ�Ε∝υ����}(�Wο�ϖ���ℑ]�Ζ�>Ζ���δ,Dð�>�ℵ�ο������Ζ���⊥ζD�ψ�>}���]}ϖ�Ε���Πλ>������&∝ϖ��]}ϖ�

}(�4��− 

Ι. Dεσχριπτιον οφ WΤΠ Μοδελ ανδ αππλιχαβιλιτψ 

Τηε φορmατιον οφ δισινφεχτιον βψπροδυχτσ ρεσυλτινγ φροm ηψποχηλοριτε−βασεδ τρεατmεντ προχεσσεσ ηασ 

βεεν α ρεσεαρχη φοχυσ σινχε τηε ρεχογνιτιον οφ ΤΗΜ φορmατιον ιν τηε 1970σ.  Τηε ϖαστ αmουντ οφ 

ρεσεαρχη ηασ αφφορδεδ νυmερουσ mοδελσ φορ εστιmατινγ τηειρ φορmατιον υνδερ α ωιδε ϖαριετψ οφ 

χονδιτιονσ. Α χοmπενδιυm οφ mανψ οφ τηε ΤΗΜ φορmατιον mοδεσ χαν βε φουνδ ιν α ρεϖιεω αρτιχλε βψ 

Χηοωδηυρψ, ετ αλ.8 Ιν αλmοστ αλλ χασεσ, τηε mοδελσ χοmπρισε αν εmπιριχαλ mατηεmατιχαλ ρελατιονσηιπ 

βετωεεν τηε χονχεντρατιον οφ ΤΗΜσ φορmεδ ανδ σπεχιφιχ mεασυραβλε παραmετερσ τηουγητ το ινφλυενχε 

τηειρ φορmατιον. Χηιεφ αmονγ τηεσε παραmετερσ αρε δεσχριπτορσ φορ τηε χονχεντρατιονσ οφ τηε χηεmιχαλ 
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ρεαχταντσ: φρεε−χηλορινε, χηλοραmινε, Βρ−, Η+ ανδ/ορ ΟΗ− (ι.ε. πΗ), ανδ τηε οργανιχ mαττερ (προϖιδινγ τηε 

χαρβον ατοm ρεαχτιον χεντερ φορ τηε ΤΗΜ mολεχυλε).  Αλονγ ωιτη τεmπερατυρε ανδ ρεαχτιον τιmε, τηεσε 

παραmετερσ αρε κνοων, βασεδ ον πρινχιπλεσ οφ πηψσιχαλ χηεmιστρψ, το ινφλυενχε χηεmιχαλ ρεαχτιονσ.  

Ηενχε, δεσπιτε τηε εmπιριχαλ νατυρε οφ mοστ οφ τηε φορmατιον mοδελσ, τηερε αρε σοmε τηεορετιχαλ 

υνδερπιννινγσ φορ mανψ οφ τηε mοδελ παραmετερσ.   

Οφ παρτιχυλαρ ιmπορτανχε το τηε ρισκ εστιmατε πρεσεντεδ ιν τηισ παπερ ισ τηε ιmπαχτ οφ βροmιδε 

χονχεντρατιον, ανδ mορε σπεχιφιχαλλψ ινχρεασεδ βροmιδε χονχεντρατιον, ον ΤΗΜ4 φορmατιον.  Ιν α ϖερψ 

γενεραλ σενσε, ιτ ισ ωελλ κνοων τηατ αν ινχρεασε ιν βροmιδε χονχεντρατιον λεαδσ το αν ινχρεασεδ 

ινχορπορατιον οφ Βρ ιν ΤΗΜ4.  Dυε το τηε ηιγηερ mολεχυλαρ ωειγητ οφ Βρ (79.9 γ/mολ) ϖερσυσ Χλ (35.45 

γ/mολ), γρεατερ ινχορπορατιον οφ Βρ λεαδσ το α ηιγηερ φορmατιον οφ ΤΗΜ4 ον α mασσ−βασισ.  Τηερε ισ λεσσ 

δατα, ανδ λεσσ χονσιστενχψ, ον ωηετηερ ινχρεασεδ βροmιδε λεαδσ το αν οϖεραλλ ινχρεασε ιν ΤΗΜ4σ ον α 

mολαρ−βασισ υνδερ χονδιτιονσ τψπιχαλλψ φουνδ ιν τηε ρεαλ ωορλδ.  ςαριουσ στυδιεσ ηαϖε εξαmινεδ τηε εφφεχτ 

οφ βροmιδε ον ΤΗΜ φορmατιον; ηοωεϖερ οφτεντιmεσ τηε ρεαχτιον χονδιτιονσ αρε νοτ παρτιχυλαρλψ ρελεϖαντ 

το α τψπιχαλ δρινκινγ ωατερ τρεατmεντ πλαντ.  Βροmιδε λεϖελσ ιν σοmε οφ τηε στυδιεσ mαψ σταρτ ατ αβοϖε 

100 �γ/Λ ανδ ινχρεασε το mγ/Λ λεϖελσ.  

Φορ εξαmπλε, Ηυα, ετ αλ.9 φουνδ τηατ ινχρεασινγ βροmιδε φροm συβ−ππβ λεϖελσ το χα. 2400 ππβ ινχρεασεδ 

τηε mολαρ χονχεντρατιον οφ ΤΗΜ4σ βψ ασ mυχη ασ 58%.  Ηοωεϖερ, ινχρεασεσ οφ 159 ππβ, στιλλ α ϖερψ λαργε 

ινχρεασε ρελατιϖε το αϖεραγε νατιοναλ αmβιεντ λεϖελσ, χαυσεδ ονλψ αν 18% ινχρεασε ιν τηε mολαρ 

χονχεντρατιον.  Ηυ, ετ αλ.10 περφορmεδ σιmιλαρ λαβ−βασεδ εξπεριmεντσ ον βοτη α ραω ανδ α τρεατεδ ωατερ 

ατ τωο πΗσ.  Ατ πΗ 8, ραω ωατερ, χονταινινγ 64 ππβ Βρ− ανδ 4.1 mγ/Λ DΟΧ,  φορmεδ 925 νΜ ΤΗΜ4, 

ℑΖ�����Υ���]λ���}(�〉��ϖ��ð��Πλ>���− ινχρεασεδ τηε ΤΗΜ4 το 988 ανδ 1084 νΜ, ρεσπεχτιϖελψ.  Φορ τηε 

��������ℑ������}ϖ��]ϖ]ϖΠ�Ζ�ο(��Ζ���Κ��∼Ξ�υΠλ>�Υ�⌠��Πλ>���− φορmεδ 270 νΜ ΤΗΜ4, ωηιλε σπικεσ οφ 110 

�ϖ����Πλ>���− ινχρεασεδ ΤΗΜ4 το 286 ανδ 324 νΜ, ρεσπεχτιϖελψ.  ΤΗΜ4 ινχρεασεσ ατ πΗ 6 ωερε λεσσ 

τηαν τηοσε ατ πΗ 8.  Τηεσε αρε ρελατιϖελψ σmαλλ ινχρεασεσ ιν mολαρ ΤΗΜ4 χονσιδερινγ τηε ρατηερ λαργε 

ινχρεασεσ ιν Βρ−.  Γεδ ανδ Βοψερ11 εξαmινεδ σιmυλατεδ σαλτωατερ ιντρυσιον οφ α γρουνδωατερ σουρχε ανδ 

φουνδ τηατ φροm αν αmβιεντ Βρ− λεϖελ οφ 38 �Π/Λ ανδ 330 νΜ ΤΜ4 (πΗ 8, DΟΧ = 1.4 mγ/), ινχρεασεσ ιν 

βροmιδε οφ 21 ανδ 68 �Πλ> ρεσυλτεδ ιν 320 ανδ 380 νΜ ΤΗΜ4, ρεσπεχτιϖελψ.  Τηε φαχτ τηατ mολαρ 

χονχεντρατιονσ οφ ΤΗΜ4 mαψ βε φαρ λεσσ αφφεχτεδ βψ βροmιδε ινχρεασεσ τηαν mασσ−βασεδ χονχεντρατιονσ 

mιγητ συγγεστ τηατ α mολε−βασεδ ρεγυλατε−βψ−γρουπ αππροαχη φορ ΤΗΜ4 mαψ βε λεσσ σενσιτιϖε το ΤΗΜ 

σπεχιεσ χηανγεσ.   
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Ασιδε φροm τηε διρεχτ ιmπαχτ οφ ινχρεασινγ Βρ− ον ΤΗΜ φορmατιον, τηερε αρε ιmπορταντ χονφουνδινγ 

εφφεχτσ οφ ΗΟΧλ:DΟΧ ρατιο, ΗΟΧλ:Βρ− ρατιο, Βρ−:DΟΧ ρατιο, πΗ, ανδ ρεαχτιον τιmε τηατ χαν αφφεχτ βοτη τηε 

ινχορπορατιον οφ βροmιδε ιντο ΤΗΜσ, ασ ωελλ ασ τηε οϖεραλλ χονχεντρατιον οφ ΤΗΜσ.  Wηεν τηε 

χονχεντρατιον οφ πρεχυρσορ ισ λιmιτινγ ρελατιϖε το τηε οξιδαντ, ασ ιτ mιγητ βε ωιτη α ωελλ−ρυν τρεατmεντ 

προχεσσ, τηε ποτεντιαλλψ γρεατερ ηαλογενατιον εφφιχιενχψ οφ ΗΟΒρ οϖερ ΗΟΧλ mαψ νοτ βε ασ ιmπορταντ ασ 

ειτηερ οξιδαντ mιγητ βε αβλε το φυλλψ ρεαχτ ωιτη τηε λιmιτεδ ΤΗΜ πρεχυρσορσ. Τηεσε εφφεχτσ mαψ νοτ 

αλωαψσ βε αχχουντεδ φορ ιν λαβ−βασεδ εξπεριmεντσ ωηερε χονχεντρατιονσ οφ ρεαχταντσ αρε σοmετιmεσ 

ελεϖατεδ. Τηεσε εφφεχτσ ηαϖε βεεν εξπλορεδ ιν α ϖαριετψ οφ ωαψσ, ψετ ωιτη τηε εξχεπτιον οφ πΗ ανδ τιmε, 

τηεψ αρε νοτ οφτεν ιντεγρατεδ ιντο ΤΗΜ φορmατιον mοδελσ. Μορεοϖερ, τηερε δοεσ νοτ αππεαρ το βε α 

σινγλε ΤΗΜ4 φορmατιον mοδελ τηατ ισ αδεθυατε φορ χοϖερινγ α mυλτιτυδε οφ σχεναριοσ συχη ασ 

χονϖεντιοναλ τρεατmεντ υνδερ τηε ιmπαχτ οφ ινχρεασινγ βροmιδε, ενηανχεδ τρεατmεντ 

(ΓΑΧ/mεmβρανεσ, οζονατιον) υνδερ χονσιστεντ βροmιδε, ορ ενηανχεδ τρεατmεντ υνδερ ινχρεασινγ 

βροmιδε. Τηεσε σχεναριοσ ωουλδ σεεmινγλψ ρεθυιρε α mορε εξπλιχιτ τρεατmεντ οφ τηε ρελατιϖε 

χονχεντρατιονσ οφ ΗΟΧλ, Βρ− ανδ πρεχυρσορ. 

Ιν δεϖελοπινγ τηε Εχονοmιχ Αναλψσισ φορ Σταγε 2 DΒΠΡ,4 ΕΠΑ ρελιεδ ον εmπιριχαλ mοδελσ το εστιmατε 

ΤΗΜ4 φορmατιον. Τηε mοδελσ τηεmσελϖεσ ρελιεδ ον βοτη λαβ−βασεδ ανδ φιελδ−βασεδ δατα σετσ.  Ινιτιαλ 

δεϖελοπmεντ οφ τηε ΤΗΜ φορmατιον mοδελ ρεσυλτεδ φροm αν ΕΠΑ−χοντραχτεδ στυδψ.12 Τηισ στυδψ 

εmπλοψεδ α λαβ−βασεδ αππροαχη ανδ εξαmινεδ ΤΗΜ φορmατιον ιν βοτη υντρεατεδ ασ ωελλ ασ χοαγυλατεδ 

ωατερσ.  Φορ τηε ραω ωατερ στυδιεσ, 12 διφφερεντ σουρχε ωατερσ οφ ϖαρψινγ DΟΧ χοντεντ (χονχεντρατιον 

ανδ χηαραχτερ) ανδ αmβιεντ βροmιδε ωερε εξαmινεδ.  Τεmπερατυρε, πΗ, ινιτιαλ χηλορινε χονχεντρατιον 

(δοσε), ανδ ρεαχτιον τιmε ωερε ϖαριεδ σψστεmατιχαλλψ. Ιν αδδιτιον, βροmιδε ωασ σπικεδ ατ τηρεε αδδιτιοναλ 

χονχεντρατιονσ (+100, +200, +300 �Πλ>) αβοϖε τηε αmβιεντ χονχεντρατιονσ, προϖιδινγ α τοταλ βροmιδε 

ρανγε οφ 7 − 600 �Πλ>.  Φορ τηε χοαγυλατεδ ωατερ στυδψ, α συβσετ οφ ειγητ ωατερσ ωασ χοαγυλατεδ ωιτη 

αλυm ανδ φερριχ σαλτσ.  Τηε τεmπερατυρε ανδ πΗ ωερε σετ ατ πΗ 7.5 ανδ 20 °Χ, ρεσπεχτιϖελψ, βυτ ινιτιαλ 

χηλορινε χονχεντρατιον (δοσε), ανδ ρεαχτιον τιmε ωερε ϖαριεδ.   Τηε βροmιδε χονχεντρατιον ωασ νοτ 

αλτερεδ φροm τηε αmβιεντ χονχεντρατιον, �Ζ∝����}ℵ]�]ϖΠ���υ}���ο]υ]���Υ��∝��ℵ��∩���ο�ℵ�ϖ��(}���Ζ]�������[��

αναλψσισ, βροmιδε ρανγε οφ 23 − 308 �Πλ>.  Ασ δεσχριβεδ ιν τηε Εχονοmιχ Αναλψσισ οφ Σταγε 2 DΒΠΡ4 ανδ 

τηε Υσερ Μανυαλ φορ WΤΠ mοδελ (ϖερσιον 2.05), σεπαρατε εmπιριχαλ εθυατιονσ φορ ΤΗΜ4 φορmατιον ασ α 

φυνχτιον οφ ϖαριουσ παραmετερσ ωερε δεϖελοπεδ φορ τηε ραω ανδ χοαγυλατεδ ωατερσ το ρεφλεχτ διφφερεντ 

DΒΠ φορmατιον χηεmιστρψ ατ διφφερεντ τρεατmεντ σταγεσ.   
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ΤΗΜ4ραω = 0.0412(ΤΟΧραω)1.098(Χλ2)0.152(Βρ−
ραω)0.068(Τ)0.609(πΗραω)1.601(τ)0.263 

ωηερε: 

ΤΗΜ4ραω Α���ℑ�ℑ�����δ,Dð�∼�Πλ>� 

ΤΟΧραω = ραω ωατερ ΤΟΧ (mγ−�λ>�W�Ξ�Γ�δΚ�ραω Γ�Ξ∫� 

Χλ2 Α����ο]����Ζο}�]ϖ���}���∼υΠλ>�W�Ξ〉�Γ��ο2 Γ�Ξ〉〉 

Βρ−
ραω Α���ℑ�ℑ�������}υ]����}ϖ��ϖ����]}ϖ�∼�Πλ>�W�⌠�Γ���−

ραω Γ�∫ 

δ�Α���υ�����∝���∼≤��W�〉�Γ�δ�Γ�〉 

πΗραω Α���ℑ�ℑ������,W�∫Ξ〉�Γ��,�Γ�Ξ〉 

��Α������]}ϖ��]υ��∼Ζ}∝��W��Γ���Γ�∫ 

 

ΤΗΜ4τρεατεδ = 23.9(ΤΟΧ⋅ΥςΑ)0.403(Χλ2)0.225(Βρ−)0.141(1.027)(Τ−20)(1.156)(πΗ−7.5)(τ)0.264 

ωηερε: 

ΤΗΜ4τρεατεδ Α���������ℑ�����δ,Dð�∼�Πλ>�W��Γ�δ,Dð�Γ�∫⌡ 

δΚ��Α���������ℑ�����δΚ��∼υΠλ>�W�Ξ�Γ�δΚ��Γ�⌠Ξ⌠⌠ 

ΥςΑ = τρεατεδ ωατερ ΥςΑ (χm−1�W�Ξ∫�Γ�ησ��Γ�Ξ〉 

Χλ2 Α����ο]����Ζο}�]ϖ���}���∼υΠλ>�W�Ξ�Γ��ο2 Γ�ðΞ⌠〉 

Βρ− Α���������ℑ�������}υ]����}ϖ��ϖ����]}ϖ�∼�Πλ>�W��Γ���− Γ� 

δ�Α���υ�����∝���∼≤��W�〉�Γ�δ�Γ�〉 

�,�Α���������ℑ������,W�∫Ξ〉�Γ��,�Γ�Ξ〉 

��Α������]}ϖ��]υ��∼Ζ}∝��W��Γ���Γ�∫ 

Ιτ σηουλδ βε νοτεδ τηατ τηε οριγιν οφ τηε εθυατιον φορ τρεατεδ ωατερ ωασ προϖιδεδ βψ Σοην ανδ Σοην, ετ 

αλ.13,14  Σοην ρεαναλψζεδ τρεατεδ ωατερ δατα φροm τηε ΕΠΑ−χοντραχτεδ στυδψ,12 ανδ δεϖελοπεδ α mοδελ 

τηατ ινχλυδεδ Υς αβσορβανχε ατ 254νm (ΥςΑ) φορ οργανιχ mαττερ θυαλιτψ/χηαραχτερ.   

Βεχαυσε τηε στυδψ εξαmινινγ ΤΗΜ φορmατιον ιν χοαγυλατεδ ωατερσ ωασ χονδυχτεδ ατ α σινγλε πΗ ανδ 

τεmπερατυρε, Σοην υσεδ πΗ ανδ τεmπερατυρε αδϕυστmεντ εθυατιονσ βασεδ ον τηε πΗ ανδ τεmπερατυρε 

εφφεχτσ δεmονστρατεδ ιν τηε ραω ωατερ δατασετ.  Βοτη ΤΗΜ φορmατιον mοδελσ σηοω ποσιτιϖε χορρελατιον 

ωιτη χηλορινε δοσε, τεmπερατυρε, πΗ, βροmιδε χονχεντρατιον, ΤΟΧ χονχεντρατιον, ανδ ρεαχτιον τιmε.  

Τηε χοαγυλατεδ−ωατερ mοδελ αλσο σηοωσ ποσιτιϖε χορρελατιον ωιτη ΥςΑ.  

Wιτη τηεσε εθυατιονσ αλονγ ωιτη α σεριεσ οφ πρεδιχτιϖε εθυατιονσ φορ ωατερ θυαλιτψ παραmετερσ, γιϖεν α 

σετ οφ ινιτιαλ σουρχε ωατερ χονδιτιονσ ανδ τρεατmεντ χονδιτιονσ, τηε WΤΠ mοδελ φιρστ πρεδιχτσ τηε 

χηανγεσ οφ ωατερ θυαλιτψ παραmετερσ αφτερ τρεατmεντ ανδ τηεν πρεδιχτσ τηε φορmατιον οφ DΒΠσ.  

Συβσεθυεντλψ, τηε mοδελ χοmπυτεσ τηε χυmυλατεδ DΒΠ λεϖελσ ιν τρεατεδ ωατερ.  Τηε ΣWΑΤ ςερσιον 1.1 

(ρελεασεδ ιν 2001) ωασ υσεδ φορ τηισ παπερ.  ΣWΑΤ χονταινσ WΤΠ Μοδελ ςερσιον 2.0, ωηιχη πρεδιχτσ 

ΤΗΜ4 φορmατιον υνδερ διφφερεντ χηλορινατιον ανδ χηλοραmινατιον σχεναριοσ βασεδ ον ινπυτ δατα φορ α 

σπεχιφιχ πλαντ mοντη. Wιτη ρεσπεχτ το τηε ΤΗΜ φορmατιον εθυατιονσ δισχυσσεδ αβοϖε, τηε WΤΠ mοδελ 
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πρεδιχτσ χηανγεσ ιν ΤΟΧ, ΥςΑ, πΗ, χηλορινε ανδ χηλοραmινε (ι.ε. χηλορινε ανδ χηλοραmινε δεχαψ) οφ τηε 

ωατερ ασ ιτ φλοωσ τηρουγη διφφερεντ τρεατmεντ στεπσ ιν α γιϖεν πλαντ.  Οφ τηε 201 πλαντσ εξαmινεδ ιν τηισ 

παπερ, ϖαριουσ τρεατmεντ προχεσσεσ ανδ δισινφεχτιον πραχτιχεσ (ωιτη ϖαριουσ δισινφεχταντ τψπεσ) τηατ 

αφφεχτ τηε ΤΗΜ4 πρεδιχτιον αρε ινδιχατεδ ιν Ταβλε Σ4 ορ Σ5.  Τηε WΤΠ Υσερ Μανυαλ, ασ δισχυσσεδ ιν τηε 

Σταγε 2 ΕΑ Αππενδιχεσ,5 ανδ Σολαρικ, ετ αλ.15 δεσχριβε ηοω εαχη οφ τηεσε σχεναριοσ ωασ χονσιδερεδ ωιτηιν 

τηε WΤΠ mοδελ.  Οϖεραλλ, ΤΗΜ4 φορmατιον ισ πρεδιχτεδ υσινγ τηε ραω ωατερ εθυατιον (αβοϖε) φορ 

χηλορινατιον πραχτιχεσ πριορ το σεδιmεντατιον.  Τηε τρεατεδ ωατερ εθυατιον ισ υσεδ φορ χηλορινατιον 

πραχτιχεσ ποστ−σεδιmεντατιον.  ΤΗΜ4 φορmατιον δυε το χηλοραmινατιον ισ χαλχυλατεδ υσινγ τηε τρεατεδ 

ωατερ εθυατιον, βυτ ωιτη α σχαλερ mυλτιπλιερ το ρεδυχε τηε φορmατιον (σεε βελοω).  Χηλορινε διοξιδε ανδ 

οζονε δο νοτ χοντριβυτε τηε πρεδιχτεδ ΤΗΜ4 ϖαλυε, ηοωεϖερ, οζονε χαν αφφεχτ σοmε οφ τηε ινπυτσ το τηε 

ΤΗΜ4 εθυατιον, συχη ασ DΟΧ, Υς ανδ Βρ−.   

Ασ παρτ οφ τηε ΣWΑΤ δεϖελοπmεντ, τηε WΤΠ mοδελ (ινχλυδινγ ΤΗΜ4 φορmατιον εθυατιονσ) ωασ ασσεσσεδ 

φορ τηε αβιλιτψ το πρεδιχτ ΤΗΜ4 φορmατιον.  Τηισ ασσεσσmεντ υτιλιζεδ τηε νατιοναλ φιελδ δατασετ φροm τηε 

δαταβασε οφ Ινφορmατιον Χολλεχτιον Ρυλε.16 Ασ δεσχριβεδ βψ Σωανσον ετ αλ.7, τηε χαλιβρατιον εξαmινεδ τηε 

πρεδιχτιονσ φορ ΤΗΜ4 ατ φινισηεδ ωατερ ανδ DΣ_ΑςΓ λοχατιον, ανδ χοmπαρεδ τηεm το τηε mεασυρεδ 

ϖαλυεσ ατ τηεσε τωο λοχατιονσ.  Τηερε ωασ αν υνδερστανδινγ τηατ διστριβυτιον σψστεm ϖαλυεσ ατ mαξιmυm 

ρεσιδενχε τιmε αλσο ωερε οφ ρεγυλατορψ ιντερεστ. Ηοωεϖερ, τηερε ωασ αλσο λικελψ γρεατερ υνχερταιντψ ιν 

mοδελ ινπυτσ, συχη ασ ρεσιδενχε τιmε φορ τηεσε διστριβυτιον σψστεm σαmπλε ποιντσ. Ασ συχη, τηε mοδελ 

χαλιβρατιον ωασ περφορmεδ ον ηιγηερ θυαλιτψ δατα.   

Οϖεραλλ, τηε WΤΠ mοδελ ωασ χαλιβρατεδ ανδ ϖαλιδατεδ ωιτη τηε ΙΧΡ DΒΠ mονιτορινγ δατα φροm ωατερ 

τρεατmεντ πλαντσ φροm ωατερ υτιλιτιεσ σερϖινγ 100,000 ορ mορε πεοπλε ιν τηε Υ.Σ.  Τηε χαλιβρατιον ωασ 

φοχυσεδ ον οπτιmιζινγ τηε πρεδιχτιον οφ τηε χεντραλ τενδενχψ οφ τηε εντιρετψ οφ (ποολεδ) mοντηλψ Αυξ8 

δατα ιν ορδερ φορ ΣWΑΤ το βε υσεδ ασ α τοολ φορ νατιοναλ−λεϖελ αναλψσεσ. Τηοσε πλαντ mοντησ ωιτη χηλορινε 

ανδ χηλοραmινε χονδιτιονσ ωερε χαλιβρατεδ σεπαρατελψ. Συβσεθυεντ ϖαλιδατιον οφ τηε ΙΧΡ−χαλιβρατεδ WΤΠ 

mοδελ χονφιρmεδ τηε αβιλιτψ οφ τηε WΤΠ mοδελ το πρεδιχτ DΒΠ φορmατιον ον α νατιοναλ λεϖελ, ωιτη σοmε 

αδϕυστmεντ φαχτορσ αππλιεδ ωιτηιν τηε ΣWΑΤ.  Τηε χαλιβρατιον συγγεστεδ α σιmπλε αδϕυστmεντ φαχτορ 

(χαλλεδ α χαλιβρατιον αδϕυστmεντ ιν τηε ΕΑ) οφ 0.77 χουλδ χονσιδεραβλψ ιmπροϖε τηε ΤΗΜ πρεδιχτιονσ οφ 

�Ζ��/�Ζ�∝�]ο]�]���∝�]ϖΠ��Ζ��τδW�υ}��οΞ��δΖ]���∅���]���ℑ�����ϖ}���������⊥��ο]����]}ϖ_�}(��Ζ��δ,D�

φορmατιον εθυατιονσ: 
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ΤΗΜ4χαλ = ΤΗΜ4οριγ ξ (1/0.77) 

Wηερε: 

ΤΗΜ4χαλ = ισ τηε εστιmατεδ χονχεντρατιον οφ ΤΗΜ4 αφτερ χαλιβρατιον 

ΤΗΜ4οριγ = ισ τηε εστιmατεδ χονχεντρατιον οφ ΤΗΜ4 χαλχυλατεδ βψ τηε WΤΠ mοδελ. 

 

Φυρτηερ αναλψσεσ οφ πλαντσ εmπλοψινγ χηλοραmινατιον φορ διστριβυτιον σψστεm ρεσιδυαλ φουνδ τηατ ΤΗΜ4 

φορmατιον ιν τηεσε πλαντσ χουλδ βε βεττερ πρεδιχτεδ υσινγ α χαλιβρατιον mυλτιπλιερ οφ 0.3: 

ΤΗΜ4ΧΛΜ = 0.3 ξ ΤΗΜ4τρεατεδ  

Wηερε: 

ΤΗΜ4ΧΛΜ = ισ τηε εστιmατεδ χονχεντρατιον οφ ΤΗΜ4 φροm χηλοραmινατιον 

ΤΗΜ4τρεατεδ = ισ τηε εστιmατεδ χονχεντρατιον οφ ΤΗΜ4 χαλχυλατεδ υσινγ τηε τρεατεδ ωατερ εθυατιον ανδ 

φορ τηε εθυιϖαλεντ αmουντ οφ χηλορινε. 

Φιναλλψ, τηε χαλιβρατεδ WΤΠ mοδελ ωασ αλσο εϖαλυατεδ ον ιτσ αβιλιτψ το πρεδιχτ ΤΗΜ4 φορmατιον φορ α 

σπεχιφιχ υτιλιτψ.  Ινπυτ δατα φορ α σπεχιφιχ υτιλιτψ ωερε εντερεδ ιντο τηε WΤΠ mοδελ ανδ τηε πρεδιχτεδ 

ΤΗΜ4 ωασ χοmπαρεδ το τηε ΙΧΡ mεασυρεδ ΤΗΜ4 φορ διφφερεντ ποιντσ ιν τηε διστριβυτιον σψστεm (αϖεραγε 

ανδ mαξιmυm ηψδραυλιχ τιmεσ ασ περ τηε ΙΧΡ δεφινιτιονσ).  Υνλικε τηε εϖαλυατιον φορ νατιοναλ τρενδσ, τηε 

σψστεm−σπεχιφιχ χοmπαρισον ινδιχατεδ χονσιδεραβλε (χα. 45%) ρελατιϖε ερρορ ιν τηε πρεδιχτιονσ.7 Σεχτιον ϑ 

βελοω φυρτηερ δισχυσσεσ τηε αππλιχαβιλιτψ ανδ υνχερταιντιεσ οφ τηε ΣWΑΤ αλονγ ωιτη τηε WΤΠ mοδελ υσεδ 

ιν τηισ παπερ. 

Τηερε αρε τωο αδδιτιοναλ ποιντσ ρεγαρδινγ τηε WΤΠ mοδελ ανδ ιτσ αππλιχαβιλιτψ το mοδελινγ τηε ΙΧΡ 

πλαντσ.  Φιρστ, τηε ΤΗΜ4 εθυατιονσ ωερε αππλιεδ το ΙΧΡ ωατερ θυαλιτψ ινπυτσ ουτσιδε τηε βουνδαρψ 

χονδιτιονσ οφ τηε οριγιναλ 1998 Αmψ ετ αλ. στυδψ12 (σεε εθυατιονσ αβοϖε).  Τηισ ισ εσπεχιαλλψ ρελεϖαντ φορ 

τηε ινχλυσιον οφ ΙΧΡ τεmπερατυρε ανδ πΗ δατα ουτσιδε τηε σοmεωηατ ναρροω ρανγεσ σηοων αβοϖε.  Ιν 

παρτιχυλαρ, τηε ΙΧΡ δατα ινχλυδεδ α χονσιδεραβλε νυmβερ οφ πλαντ mοντησ ωιτη τεmπερατυρεσ βελοω τηε 

Αmψ στυδψ βουνδαρψ χονδιτιονσ.  Νονετηελεσσ, φορ τηε 201 πλαντσ ιν τηισ στυδψ τηερε ωασ νο διστινχτ 

τρενδ ιν τηε ΤΗΜ4 ρεσιδυαλσ ασ α φυνχτιον οφ τεmπερατυρε, συγγεστινγ τηατ WΤΠ mοδελ ωασ νοτ βιασεδ 

ωιτη ρεσπεχτ το τεmπερατυρε δεσπιτε τηε εξτραπολατιον ουτσιδε τηε βουνδαρψ χονδιτιονσ (ρεσυλτσ νοτ 
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σηοων).  Οϖεραλλ, τηε ΣWΑΤ αναλψσισ σηοωεδ τηατ τηε WΤΠ mοδελ ωασ ρεασοναβλψ χαπαβλε οφ πρεδιχτινγ 

διστριβυτιονσ οφ ΤΗΜ4 ον α νατιοναλ λεϖελ.  Τηισ ισ δεσπιτε τηε εmπιριχαλ νατυρε οφ βοτη τηε ΤΗΜ mοδελσ 

ασ ανδ οτηερ WΤΠ mοδελ χοmπονεντσ, ασ ωελλ ασ σιmπλιφιχατιονσ οφ ΙΧΡ δατα ινπυτσ (σεε Σεχτιον ϑ βελοω 

φορ mορε δισχυσσιον).   

Σεχονδ, τηε ϖαριουσ εmπιριχαλ εθυατιονσ ωιτηιν τηε WΤΠ mοδελ αφφεχτινγ ΤΗΜ4 πρεδιχτιονσ, ινχλυδινγ 

χηανγεσ ιν ωατερ θυαλιτψ (ε.γ. ΥςΑ, πΗ, ΤΟΧ) ανδ τηε τωο ΤΗΜ4 εθυατιονσ τηεmσελϖεσ, ωερε δεϖελοπεδ 

φροm εξτερναλ δατασετσ (ι.ε. ϖαριουσ ρεπορτσ ιν τηε λιτερατυρε).  Τηε χαλιβρατιον φορ τηε ΙΧΡ Αυξ8 δατασετ 

ινϖολϖεδ σιmπλε σχαλερ ανδ ιντερχεπτ αδϕυστmεντσ οφ τηε mοδελ πρεδιχτιονσ (σεε Ταβλε 8.2 ιν Αmψ ετ αλ.12), 

ανδ νοτ ρεχαλιβρατιον οφ σπεχιφιχ mοδελ χοεφφιχιεντσ (ωιτη τηε εξχεπτιον οφ εθυατιονσ τηατ ηαϖε 

χοεφφιχιεντσ ασ οϖεραλλ mυλτιπλιερσ).  Τηε φαχτ τηατ τηε WΤΠ mοδελ περφορmσ ασ ωελλ ασ ιτ δοεσ ατ πρεδιχτινγ 

ΤΗΜ4 φορmατιον ον α χεντραλ τενδενχψ νατιοναλ λεϖελ φροm αν ινδεπενδεντ δατα σετ (τηε εξχεπτιον οφ 

�Ζ���]υ�ο����ο]����]}ϖ�(���}��������λ���}��}υ���∅��ϖ��}(��Ζ��υ}��ο[��στρενγτη.  Wηετηερ τηισ στρενγτη ισ 

�∝���}Υ�}��]ϖ���]���}(Υ��Ζ��υ}��ο[����ο��]ℵ���}υ�ο�∅]�∩Υ��Ζ����]���������]ϖ�ο�ℵ�ο�}(��}ϖ(]��ϖ����Ζ����Ζ��

πρεδιχτιονσ αρε χαπτυρινγ τηε εφφεχτσ οφ ρεαλιστιχ ΤΗΜ4 φορmατιον δριϖερσ, συχη ασ βροmιδε. 

ϑ. Θυαλιτψ χηεχκσ φορ πρεδιχτινγ ♦ΤΗΜ4 ασ α φυνχτιον οφ ινχρεασεδ βροmιδε    

Τηε ιδεαλ mετηοδ φορ εστιmατινγ mοδελ υνχερταιντψ (ανδ ποτεντιαλ βιασ) φορ ΠΤΗΜ4 πρεδιχτιονσ ασ α 

φυνχτιον οφ ΠΒρ− ωουλδ βε το χοmπαρε mοδελ πρεδιχτιονσ ωιτη τηε mεασυρεδ ρεσπονσε ιν ΤΗΜ4 φροm αν 

ινχρεασε ιν βροmιδε. Φυλλ−σχαλε εξπεριmεντσ ωουλδ νεεδ το βε δονε το mεασυρε ΤΗΜ4 ατ βασελινε 

βροmιδε χονδιτιονσ, ασ ωελλ ασ αφτερ α βροmιδε αδδιτιον ιν τηε σουρχε ωατερ (ι.ε. α βροmιδε σπικινγ στυδψ 

ατ τηε φυλλ−σχαλε).  Τηε οτηερ σουρχε ωατερ χηαραχτεριστιχσ, ανδ τρεατmεντ χονδιτιονσ, ωουλδ νεεδ το βε 

ηελδ χονσταντ δυρινγ συχη τεστσ το ισολατε τηε εφφεχτ οφ τηε βροmιδε.  Φυρτηερmορε, ονε ωουλδ νεεδ συχη 

δατα φορ α νατιοναλλψ ρεπρεσεντατιϖε σετ οφ σουρχε ωατερ ανδ τρεατmεντ χονδιτιονσ το αλλοω φορ τηε 

αναλψσισ οφ mοδελ βιασ αχροσσ τηε χηανγινγ νατυρε οφ τηε ωατερ χηεmιστρψ ανδ τρεατmεντ χονδιτιονσ ιν α 

γιϖεν ψεαρ.  Dυε το τηε τεmποραλ ϖαριαβιλιτψ οφ σουρχε ωατερ ανδ τρεατmεντ χονδιτιονσ ωιτηιν ανδ αχροσσ 

πλαντσ, τηε προσπεχτ φορ οβταινινγ συχη α δατα σετ ωουλδ λικελψ βε χοστ προηιβιτιϖε. Ηοωεϖερ, αβσεντ συχη 

δατα, ωε χαν στιλλ ινφορm ποτεντιαλ σψστεmατιχ mοδελ βιασ ανδ προϖιδε περσπεχτιϖε ον υνχερταιντψ φορ ουρ 

εστιmατιον οφ ΠΤΗΜ4/ΠΒρ−. 

Α στρενγτη οφ τηε ΙΧΡ δατα υσεδ φορ γενερατινγ ουρ εστιmατεσ ισ τηε εξτεντ οφ σουρχε ωατερ θυαλιτψ, 

τρεατmεντ ινφορmατιον, ΤΗΜ mεασυρεmεντσ ιν τηε διστριβυτιον σψστεm, ανδ τηε (ιντενδεδ) λινκαγε οφ τηισ 

δατα, ωηεν ιτ ωασ χολλεχτεδ, ωιτηιν ανδ αχροσσ τηε πλαντσ το συππορτ νατιοναλ ρεγυλατορψ ιmπαχτ αναλψσισ. 
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Μυχη οφ τηε δατα χολλεχτεδ υνδερ τηε ΙΧΡ ωασ δεσιγνεδ το ινφορm τηε υσε οφ ανδ φυρτηερ δεϖελοπmεντ οφ 

DΒΠ φορmατιον πρεδιχτιϖε εθυατιονσ.4  Α ωεακνεσσ οφ τηε ΙΧΡ δατα ισ τηε υνχερταιντψ ασσοχιατεδ ωιτη τηε 

mεασυρεδ ανδ ρεπορτεδ ινφορmατιον, ανδ mοδελ ερρορ ασσοχιατεδ ωιτη τηε υσε οφ τηισ ινφορmατιον.  Τηε 

λαργε σχαττερ οφ διφφερενχεσ βετωεεν πρεδιχτεδ ΤΗΜσ ϖερσυσ mεασυρεδ ϖαλυεσ ηασ ηιστοριχαλλψ βεεν 

ρεχογνιζεδ βψ τηοσε ινϖολϖεδ ωιτη τηε εϖαλυατιον ανδ χαλιβρατιον οφ τηε WΤΠ mοδελ5,7 ανδ ιν τηε υσε οφ 

τηισ δατα ιν χονδυχτινγ νατιοναλ ρεγυλατορψ ιmπαχτ αναλψσισ.4   

Α φυνδαmενταλ πρεmισε ιν ουρ mοδελινγ αππροαχη ισ τηατ mυχη οφ τηε ερρορ ασσοχιατεδ ωιτη διφφερενχεσ 

βετωεεν πρεδιχτεδ ϖερσυσ οβσερϖεδ ΤΗΜ4 ωουλδ βε φαχτορεδ ουτ βψ τηε mοδελινγ αππροαχη ωε υσε το 

εστιmατε ΠΤΗΜ4 ασ α φυνχτιον οφ ινχρεασεδ βροmιδε; ι.ε., συβτραχτινγ τηε ΤΗΜ4 εστιmατε ωιτη νο 

βροmιδε αδδιτιον φροm τηε ΤΗΜ4 εστιmατε ωιτη βροmιδε αδδιτιον.  Wε ωιλλ ιλλυστρατε τηε εφφεχτσ οφ τηισ 

συβτραχτιον προχεσσ ιν συβσεθυεντ αναλψσισ δεσχριβεδ λατερ ιν τηισ σεχτιον. Αλσο, ωηιλε ωε ωιλλ νοτ βε αβλε 

το θυαντιφψ τηε υνχερταιντψ οφ ουρ εστιmατεσ, ωε ωιλλ αλσο λατερ προϖιδε α βασισ φορ ωηψ ωε τηινκ ουρ 

εστιmατεσ αρε ρεασοναβλε.  

Το εϖαλυατε ποτεντιαλ σψστεmιχ mοδελ βιασ τηατ mαψ βε ασσοχιατεδ ωιτη ουρ εστιmατεσ, ωε φιρστ χοmπαρεδ 

τηε mεασυρεδ ΤΗΜ4 ϖαλυεσ ρεπορτεδ ιν τηε ΙΧΡ δαταβασε φορ εαχη πλαντ θυαρτερ (σινχε ονλψ θυαρτερλψ 

ΤΗΜ4 δατα ωασ αϖαιλαβλε) ωιτη τηε πρεδιχτεδ ΤΗΜ4 ϖαλυε βασεδ ον ωατερ θυαλιτψ ανδ τρεατmεντ δατα φορ 

τηε σαmε mοντη ασσοχιατεδ ωιτη τηε θυαρτερλψ ΤΗΜ4 mεασυρεmεντ. Χοmπαρισονσ οφ πρεδιχτεδ ϖερσυσ 

οβσερϖεδ ΤΗΜ4 ωερε ονλψ mαδε φορ mοντησ ωηιχη χονταινεδ βοτη τηε mεασυρεδ ΤΗΜ4 ϖαλυε ανδ τηε 

mοδελ ινπυτ παραmετερσ τηατ αλλοωεδ τηε mοδελ πρεδιχτιον φορ τηατ mοντη (Ν = 661). Φιγυρε Σ6 ινδιχατεσ 

νο χορρελατιον βετωεεν οβσερϖεδ ϖερσυσ πρεδιχτεδ ϖαλυεσ (Ρ2 = −0.093) ωιτη α τρενδ φορ πρεδιχτεδ ϖαλυεσ 

βεινγ λεσσ τηαν τηε οβσερϖεδ ϖαλυεσ (Σλοπε = 0.76). Φιγυρε Σ6 αλσο ιδεντιφιεσ 10% οφ τηε ϖαλυεσ ηαϖινγ τηε 

γρεατεστ διφφερενχε βετωεεν οβσερϖεδ ϖερσυσ πρεδιχτιϖε.  Τηε ρεγρεσσιον ϖαλυεσ ωηιχη εξχλυδεσ τηισ 10% 

συβσετ ισ συβσταντιαλλψ ιmπροϖεδ, σηοωινγ σοmε χορρελατιον ανδ mυχη λεσσ υνδερεστιmατιον οφ πρεδιχτεδ 

ϖερσυσ οβσερϖεδ ϖαλυεσ (Ρ2 = 0.32, Σλοπε = 0.92).  

Wε υσεδ τηε 10% εξχλυσιον χριτερια οφ ΙΧΡ δατα, ασ Σωανσον ετ αλ.7 διδ το αλλοω φορ υσε οφ mορε ρελιαβλε 

δατα ωηεν εϖαλυατινγ τηε αχχυραχψ οφ τηε WΤΠ φορ πρεδιχτινγ ΤΗΜ4. Ουρ οων εξαmινατιον οφ τηεσε 

⊥}∝�ο]��_��������ℵ��ο���}�ℵ]}∝��δισχρεπανχιεσ, εσπεχιαλλψ αmονγ πλαντσ δεσιγνατεδ ασ υσινγ mυλτιπλε 

δισινφεχταντσ (συγγεστινγ ειτηερ α δατα εντρψ ερρορ ορ ινχορρεχτ ρεπορτινγ οφ τρεατmεντ τψπε φορ α γιϖεν 

mοντη). Φαχτορσ χοντριβυτινγ το τηε σχαττερ ιν Φιγυρε Σ6 ινχλυδε υνχερταιντψ ωιτη mεασυρεmεντ ανδ 

ρεπορτινγ οφ ινπυτ ϖαλυεσ φορ τηε παραmετερσ υσεδ ειτηερ διρεχτλψ ιν τηε ΤΗΜ4 πρεδιχτιϖε εθυατιονσ (ε.γ. 
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ρεσιδενχε τιmε, χηλορινε δοσε), ορ υσεδ ινδιρεχτλψ βυτ ηαϖινγ αν ιmπαχτ ον τερmσ ιν τηε εθυατιονσ (ε.γ., 

ρεπορτεδ τρεατmεντ χονδιτιονσ συχη ασ χοαγυλαντ δοσε, ορ ινιτιαλ σουρχε ωατερ θυαλιτψ); ερρορσ ιν 

mεασυρεmεντ ανδ ρεπορτινγ οφ ΤΗΜσ (ε.γ. νον−Λαγρανγιαν σαmπλινγ αφφεχτινγ τηε λινκαγε βετωεεν 

σουρχε ωατερ mεασυρεmεντσ ανδ ΤΗΜ4 mεασυρεmεντσ); ανδ WΤΠ mοδελ ερρορ. 

 

Φιγυρε Σ6. Χοmπαρισον οφ Οβσερϖεδ ϖερσυσ Πρεδιχτεδ ΤΗΜ4 Λεϖελσ αmονγ 661 Χοmmον Πλαντ Μοντησ 

Φιγυρε Σ7 ιλλυστρατεσ τηε σαmε χοmπαρισον οφ οβσερϖεδ ϖερσυσ πρεδιχτεδ δατα ασ ωασ δονε ιν Φιγυρε Σ6, 

βυτ φορ πλαντσ υσινγ χηλορινε ασ τηειρ ονλψ δισινφεχταντ (βοτη ασ πριmαρψ ανδ σεχονδαρψ διστριβυτιον 

σψστεm ρεσιδυαλ).  Γιϖεν τηατ βοτη σλοπεσ φορ χηλορινε ονλψ πλαντσ (ωιτη ανδ ωιτηουτ εξχλυσιον οφ ουτλιερσ) 

ιν Φιγυρεσ Σ6 ανδ Σ7 αρε χλοσε το 1.0, λιττλε σψστεmατιχ βιασ φορ πρεδιχτιον οφ ΤΗΜ4 ισ αππαρεντ αmονγ 

σψστεmσ υσινγ ονλψ χηλορινε ασ τηειρ δισινφεχταντ. Ιτ ισ εξπεχτεδ τηατ τηε WΤΠ mοδελ ισ βεττερ ατ 

εστιmατινγ ΤΗΜ4 φορ χηλορινε−ονλψ πλαντσ τηαν φορ πλαντσ υσινγ mυλτιπλε δισινφεχταντσ βεχαυσε οφ τηε 

χαλιβρατιον προχεσσ φοχυσεδ πριmαριλψ ον χηλορινε−ονλψ πλαντσ. Τηε WΤΠ mοδελ ισ εξπεχτεδ το βε 

χηαλλενγεδ ιν mακινγ αχχυρατε πρεδιχτιονσ οφ ΤΗΜ4 βψ πλαντσ τηατ υσε χηλοραmινεσ ασ α πριmαρψ 

δισινφεχταντ (δενοτεδ ασ ΧΛΜ ορ ΧΛ2_ΧΛΜ φορ τηε πριmαρψ δισινφεχταντ).  Τηεσε πλαντσ ηαϖε ϖαριαβλε, ανδ 

οφτεν διφφιχυλτ το χηαραχτεριζε, φρεε χηλορινε χονταχτ περιοδσ πριορ το αmmονια αδδιτιον.  Τηε WΤΠ 

υ}��ο[����]ο]�∩��}����∝����ο∩�����]���δ,Dð�(}�υ��]}ϖ�(}���Ζεσε σπεχιφιχ πλαντ τψπεσ ωιλλ τηυσ βε 

δεπενδεντ ον αχχυρατε χηαραχτεριζατιον οφ τηεσε προχεσσεσ.  
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Φιγυρε 7. Χοmπαρισον οφ Οβσερϖεδ ϖερσυσ Πρεδιχτεδ ΤΗΜ4 Λεϖελσ αmονγ 375 Χοmmον Πλαντ Μοντησ 

ωιτη ΧΛ2/ΧΛ2 ονλψ 

Τηε σχαττερ οφ δατα ιλλυστρατεδ ιν Φιγυρεσ Σ6 ανδ Σ7 χλεαρλψ ινδιχατεσ τηε ποτεντιαλ φορ ερρορ ιν υσινγ τηε 

WΤΠ το πρεδιχτ εστιmατε ινδιϖιδυαλ ΤΗΜ4. Ηοωεϖερ, τηε λαχκ οφ mοδελ φιτ mαψ ηαϖε ασ mυχη το δο ωιτη 

ιναχχυρατε ινπυτ δατα ανδ mατχηινγ ΤΗΜ4 δατα ασ τηε ιναβιλιτψ οφ τηε mοδελ το πρεδιχτ ΤΗΜ4 φορmατιον.   

Wε αρε νοτ τηατ χονχερνεδ ωιτη τηε σχαττερ οφ τηε δατα ιν Φιγυρεσ Σ6 ανδ Σ7 (ι.ε., ηιγη ϖαριαβιλιτψ ιν οϖερ 

ορ υνδερεστιmατιον οφ ΤΗΜ4) σινχε ωε αρε ρεαλλψ ονλψ ιντερεστεδ ιν τηε αβιλιτψ οφ τηε WΤΠ mοδελ το 

πρεδιχτ τηε ιmπαχτ οφ ινχρεασεδ βροmιδε. Ουρ ασσυmπτιον ισ τηατ mοστ οφ τηε ερρορ ασσοχιατεδ ωιτη τηε 

χαυσατιϖε φαχτορσ οφ υνδερ− ορ οϖερ−εστιmατιον ωιλλ βε φαχτορεδ ουτ ωιτη τηε mοδελινγ αππροαχη ωε ηαϖε 

τακεν φορ εστιmατινγ ΤΗΜ4 ασ α φυνχτιον οφ ινχρεασεδ βροmιδε.  

Ουρ mοδελινγ αππροαχη ισ βασεδ ον τηε πρεmισε τηατ τηε WΤΠ ηασ αν ινηερεντ αβιλιτψ οφ πρεδιχτινγ 

ρεαλιστιχ λεϖελσ οφ ΤΗΜ4, ανδ εστιmατινγ τηε ινφλυενχε τηε κεψ φαχτορσ αφφεχτινγ ινχρεασεσ οφ ΤΗΜ4, 

ινχλυδινγ τηε εφφεχτσ οφ βροmιδε.  Ιν παρτιχυλαρ, ινχρεασεσ ιν βροmιδε αρε εξπεχτεδ το αλωαψσ λεαδ το 

ινχρεασεσ ιν ΤΗΜ4, βοτη τηεορετιχαλλψ (ι.ε. ιν τηε ρεαλ ωορλδ) ανδ βασεδ ον τηε ΤΗΜ4 εθυατιονσ.   Ιν 

αδδιτιον, ωηιλε τηε ΙΧΡ δαταβασε οφ ωατερ θυαλιτψ ανδ τρεατmεντ οπερατιον mαψ νοτ δεσχριβε α σπεχιφιχ 

πλαντ χοmπλετελψ αχχυρατελψ, ωιτη τηε τενδενχψ το οϖερ−πρεδιχτ φορmατιον ασ οφτεν ασ ιτ υνδερ−πρεδιχτσ 

φορmατιον (ε.γ. σλοπεσ αππροαχηινγ 1.0 ιν Φιγυρεσ Σ6 ανδ Σ7) , ιτ δοεσ προϖιδε α ρεασοναβλε νατιοναλ 
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ρεπρεσεντατιον οφ χοmβινατιονσ οφ ωατερ θυαλιτιεσ ανδ τρεατmεντ.  Ασ συχη, ωε τηινκ τηατ τηε WΤΠ mοδελ 

ωιτη ινπυτσ φροm τηε Αυξ8 δαταβασε ισ προϖιδινγ ρεαλιστιχ πρεδιχτιονσ οφ νατιοναλ λεϖελ ΤΗΜ4 φορmατιον.  

Το τεστ ουρ ασσυmπτιον τηατ ουρ mοδελινγ αππροαχη φορ εστιmατινγ ΠΤΗΜ4 (ασ α φυνχτιον οφ ινχρεασεδ 

βροmιδε) λαργελψ φαχτορσ ουτ ερρορσ ασσοχιατεδ ωιτη τηε ΙΧΡ δατα ανδ mοδελ πρεδιχτιον φορ ΤΗΜ4, ωε 

χοmπαρεδ εστιmατεσ οφ Πδ,Dð�����ϖ�]ϖ�������}(�〉�ΡΠλο�]ϖ��Ζ���}∝����ℑ����Υ��υ}ϖΠ��Ζ��⊥}∝�ο]��_��ο�ϖ���

ℵ���∝��⊥ϖ}ϖ−}∝�ο]��_��ο�ϖ��������]����]ϖ�&]Π∝���⊥∫Ξ�&]Π∝���⊥�ινδιχατεσ α χοmπαραβλε 90τη περχεντιλε οφ 

ΠΤΗΜ4 (φιρστ ωηισκερ αβοϖε τηε βοξ) φορ �Ζ��⊥}∝�ο]��_�ανδ ⊥νον−}∝�ο]��_��ο�ϖ� mοντησ, ωηιχη ωε τηινκ 

συππορτσ ουρ ασσυmπτιον τηατ τηε ΠΤΗΜ4 πρεδιχτιονσ ατ βασελινε ανδ ατ ελεϖατεδ βροmιδε λεϖελσ αρε 

ρεαλιστιχ ιν mαγνιτυδε ανδ ιν τηε εφφεχτ οφ βροmιδε, εϖεν ιφ τηε πρεδιχτιον ισ φορ αν ⊥ουτλιερ._  Wε εξπεχτ 

α λοωερ mεδιαν ανδ ιντερθυαρτιλε (25τη το 75τη περχεντιλε ρανγε) (}���Ζ��⊥}∝�ο]��_�ℵερσυσ τηε ⊥νον−}∝�ο]��_�

πλαντσ βεχαυσε τηε ουτλιερ πλαντσ χοmπρισε α ηιγηερ προπορτιον οφ πλαντσ υσινγ χηλοραmινεσ, ανδ υσε οφ 

χηλοραmινεσ γρεατλψ ρεδυχεσ ΤΗΜ4 φορmατιον ρεγαρδλεσσ οφ βροmιδε χοντεντ. Σινχε τηε WΤΠ mοδελ 

χαπτυρεσ τηισ σενσιτιϖιτψ, ωε ωουλδ εξπεχτ ιν γενεραλ, λοωερ ΠΤΗΜ4 εστιmατεσ φορ πλαντσ υσινγ 

χηλοραmινεσ ωιτη λιττλε ορ νο πρεχεδινγ φρεε χηλορινε χονταχτ τιmε.      

Σινχε τηε εστιmατιον οφ ποτεντιαλ ινχρεασεσ ιν βλαδδερ χανχερ ινχιδενχε ισ βασεδ ον λονγ−τερm εξποσυρε, 

ℑ���ο�}�ℑ�ϖ�����}��∅�υ]ϖ��4δ,Dð�ο�ℵ�ο�(}�����Ζ��ο�ϖ��}ϖ��ϖ��ϖϖ∝�ο�υ��ϖ����]��∼�ϖϖ∝�ο��ο�ϖ��υ��ϖ�

4δ,Dð�Ξ��Wο�ϖ��υ��ϖ�ℵ�ο∝���ℑ������ο�∝ο���������Ζ��υ��ϖ�}φ αλλ πλαντ−mοντη πρεδιχτιονσ φορ α γιϖεν πλαντ 

(ρανγινγ φροm ð��}���ο�ϖ��υ}ϖ�Ζ�������ο�ϖ��Ξ�����ο�ϖ��ℑ�����ϖ}�����ϖ�⊥}∝�ο]��_��ο�ϖ��](�}ϖ��}(�]���

ποσσιβλε φουρ πλαντ−mοντη πρεδιχτιονσ ωασ δενοτεδ αν ουτλιερ ιν τηε πρεϖιουσ αναλψσισ.  Τηε 66 ουτλιερ 

πλαντ mοντησ οφ Φιγυρε Σ6 ωερε ασσοχιατεδ ωιτη 46 οφ τηε 201 πλαντσ.  Χοmπαρινγ αννυαλ πλαντ mεαν 

4δ,Dð�(}��}∝�ο]���ℵ���∝��ϖ}ϖ−}∝�ο]����ο�ϖ����Ζ}ℑ��ℵ��∩��}υ�����ο���]���]�∝�]}ϖ��}(�4δ,Dð��ℵ�ϖ�(}���Ζ��

πλαντσ τηατ ηαδ βεεν ιδεντιφιεδ ασ ηαϖινγ ατ λεαστ ονε ουτλιερ θυαρτερλψ πρεδιχτιον (Φιγυρε Σ9).  Τηισ 

φυρτηερ συππορτσ ουρ ασσυmπτιον τηατ ουρ mοδελσ πρεδιχτιον οφ τηε εφφεχτ οφ ινχρεασεδ βροmιδε ισ 

ινσενσιτιϖε το ωηατεϖερ χοντριβυτεδ το τηε λαργε διφφερενχεσ βετωεεν τηε mεασυρεδ ανδ πρεδιχτεδ ΤΗΜ4 

λεϖελσ ιλλυστρατεδ ιν Φιγυρεσ Σ6 ανδ Σ7.   Α σιmιλαρ αναλψσισ εξαmινινγ χηλορινε−ονλψ πλαντσ σηοωεδ φαιρλψ 

εϖεν διστριβυτιονσ οφ τηε αννυαλ πλαντ mεανσ φορ βοτη τηε νον−ουτλιερ ανδ ουτλιερ πλαντσ (Φιγυρε Σ10).   
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πλαντσ αρε mεασυραβλε, ανδ οφτεντιmεσ πυττινγ τηε υτιλιτψ νεαρ αν ΜΧΛ ϖιολατιον, τηισ φυρτηερ συγγεστσ 

τηατ τηε ΤΗΜ4 ινχρεασεσ αρε χονσιδεραβλψ γρεατερ τηαν τηε λοωερ βουνδ οφ ��Πλ>�χονσιδερεδ ιν ουρ 

εστιmατεσ ιν Φιγυρε 2.  

Ιν τηε αβσενχε οφ χοντρολλεδ φιελδ δατα, ωε χαν λοοκ το λαβ−σχαλε σπικινγ στυδιεσ το ηελπ ασσεσσ τηε 

mαγνιτυδε οφ ΤΗΜ4 ινχρεασεσ φροm ινχρεασεσ ιν βροmιδε.  Αλτηουγη τηε εφφεχτ οφ βροmιδε ον ΤΗΜσ ηασ 

βεεν κνοων φορ σοmε τιmε, ανδ βροmιδε σπικινγ στυδιεσ ηαϖε βεεν περφορmεδ φορ ασ λονγ, τηερε αρε φεω 

��∝�]����Ζ����∅�υ]ϖ�����ο��]ℵ�ο∩�ο}ℑ�]ϖ]�]�ο���}υ]���ο�ℵ�ο��∼�ΞΠΞ�����ο]ϖ����}υ]���D�〉��Πλ>���ϖ���ο�}�

Ζ�����ο��]ℵ�ο∩�υ}�������}υ]���]ϖ�������Υ��∝�Ζ����]ϖ��Ζ����ϖΠ��}(�〉��}���Πλ>Ξ19 Ταβλε Σ6 συmmαριζεσ 

τηε ρεσυλτσ φροm α σελεχτιον οφ λαβ στυδιεσ ωιτη βροmιδε χονχεντρατιονσ mοστ ρελεϖαντ το τηισ παπερ. 
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Ταβλε Σ6Ξ�4δ,Dð��ϖ���∅���]υ�ϖ��ο��}ϖ�]�]}ϖ��]ϖ���}υ]���⊥�]λ]ϖΠ�⊥�∝�]�� 

Wατερ 

Σουρχε 

DΟΧ 

(ΤΟΧ) 

[mγ/Λ] 

Χλ2 δοσε 

[mγ/Λ] 

Ρεαχτιον 

τιmε 

[ηρ] 

πΗ 

Βρ− [�γ/Λ] 

(ινχρεασε 

φροm 

βασελινε) 

ΤΗΜ4 [�γ/Λ] 

(ινχρεασε φροm 

βασελινε) 

Ρεφερενχε 

ραω 4.1 

ΥΦΧ χονδιτιονσ 6 
64 (βασελινε) 84 (βασελινε) 

10 

205 (+141) 97 (+13) 

ΥΦΧ χονδιτιονσ 8 
64 (βασελινε) 

117.3 

(βασελινε) 

205 (+141) 137 (+20) 

τρεατεδ 2.2 

ΥΦΧ χονδιτιονσ 6 

72 (βασελινε) 24 (βασελινε) 

110 (+38) 26 (+2) 

220 (+148) 35 (+10.8) 

ΥΦΧ χονδιτιονσ 8 

72 (βασελινε) 39 (βασελινε) 

110  (+38) 44 (+6) 

220 (+148) 58 (+19) 

ηυmιχ αχιδ 

ισολατε 

3 4 48 6 

0 (βασελινε) 76 (βασελινε) 

20 
40 (+40) 84 (+9) 

80 (+80) 91 (+16) 

120 (+120) 97 (+21) 

ραω γρουνδ 

ωατερ 
1.4 2.8 24 8 

38 (βασελινε) 43 (βασελινε) 

11 
59 (+21) 44 (+1) 

106 (+68) 60 (+17) 

197 (+159) 87 (+44) 

ραω 8.5 6.2 48 7 
9 (βασελινε) 138 (βασελινε) 

21� 
169 (+160) 185 (+47) 

ραω 5.3 5 48 7 
63 (βασελινε) 158 (βασελινε) 

223 (+160) 212 (+54) 

ραω 7.5 6 48 7.5 

100 

(βασελινε) 
145 (βασελινε) 

22� 

350 (+250) 186 (+41) 

ραω� υνκ 1.5 336 υνκ 

39 (βασελινε) 102 (βασελινε) 

18 99 (+60) 121 (+19) 

139 (+100) 113 (+11) 

ραω 4.6 5 24 7 

210 

(βασελινε) 
180 (βασελινε) 

23� 

360 (+150) 224 (+44) 

ραω 5.6 16.9 48 6.5 
51 (βασελινε) 212 (βασελινε) 

24 301 (+250) 265 (+53) 

� δατα εξτραχτεδ φροm φιγυρεσ ωιτηιν χιτεδ ρεφερενχε, ανδ τηερεφορε εστιmατεδ;  � εξπεριmεντσ 

περφορmεδ ατ 30 °Χ; υνκ = υνκνοων; ΥΦΧ = Υνιφορm Φορmατιον Χονδιτιονσ  
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Χονσιστεντ ωιτη τηε Αmψ λαβ στυδψ12, ωηιχη ωασ τηε τραινινγ σετ φορ τηε ΤΗΜ4 φορmατιον εθυατιονσ ιν τηε 

τδW�υ}��οΥ��Ζ����ο�����∝�]���Π�ϖ���οο∩��Ζ}ℑ����ϖ�]ϖ�������}(���}���Πλ>�δ,Dð�(}��]ϖ��������]ϖ���− οφ 

��}���Πλ>Ξ��τΖ]ο���Ζ�������}����στιλλ δο νοτ ηελπ ασσεσσ τηε υνχερταιντψ ιν ουρ mοδελ εστιmατεσ, ωε 

φεελ τηεψ αδδ το τηε ωειγητ οφ εϖιδενχε τηατ τηε ενϖελοπε οφ χηανγε ιν ΤΗΜ4 λεϖελσ φροm τηε ρανγε οφ Βρ− 

ινχρεασεσ εξπλορεδ ιν τηισ παπερ ισ ρεασοναβλε. Νοτε τηατ εϖεν αmονγ τηε στυδιεσ τηατ ηαδ δατα ατ ωηατ 

ωε φεελ αρε mορε ρελεϖαντ βροmιδε χονχεντρατιονσ, ονε mυστ αλσο υσε χαυτιον ιν τηατ τηε χηλορινε δοσεσ, 

ορ χηλορινε:DΟΧ ρατιοσ mαψ νοτ βε ρεαλιστιχ, ανδ διφφερινγ ρεαχτιον τιmεσ mαψ πλαψ α ρολε ασ βροmινατεδ 

ΤΗΜσ γενεραλλψ φορm φαστερ τηαν χηλοροφορm. 

Τηε δατα ιν Ταβλε Σ6, ηοωεϖερ, ονλψ συmmαριζεσ τηε εφφεχτ οφ βροmιδε ον χηλορινατιον.  Dατα οφ τηισ τψπε 

φορ χηλοραmινατιον ισ λαχκινγ.  Οφ τηε 201 πλαντσ mοδελεδ ιν τηισ παπερ, ονλψ 111 ωερε χηλορινε−ονλψ 

πλαντσ φορ αλλ πλαντ mοντησ.  Α λαργε νυmβερ οφ τηε πλαντσ (40) πραχτιχεδ α χοmβινατιον οφ χηλορινε ανδ 

χηλοραmινε φορ τηε πριmαρψ δισινφεχταντ, φολλοωεδ βψ χηλοραmινε ιν τηε διστριβυτιον σψστεm 

(ΧΛ2_ΧΛΜ/ΧΛΜ πλαντσ).  Ασ mεντιονεδ αβοϖε, τηισ δισινφεχτιον σχεναριο ισ ποτεντιαλλψ χηαλλενγινγ το 

χηαραχτεριζε βψ τηε WΤΠ mοδελ βοτη ιν τερmσ οφ δατα ινπυτ ανδ mοδελ σιmυλατιον.  Μορεοϖερ, τηεσε 

πλαντσ ηαδ χονσιδεραβλε ΤΗΜ4 λεϖελσ mεασυρεδ δυρινγ τηε ΙΧΡ περιοδ (ιντερθυαρτιλε ρανγε οφ 23 − 46 

�γ/Λ, ανδ 90τη%ιλε οφ 61 �Πλ>�Ξ��τΖ������ℑ��Ζ�ℵ������}ϖ��ο���}ϖ(]��ϖ����Ζ���}∝�����]υ�����}(�4δ,Dð�

φορ χηλορινε−ονλψ πλαντσ (βασεδ ον τρεατmεντ πλαντ ρεπορτσ ανδ λαβ στυδιεσ), ωε ρεχογνιζε mορε 

υνχερταιντψ ιν τηε πρεδιχτιονσ φορ χηλοραmινε πλαντσ.   

Ιν συmmαρψ, δεσπιτε τηεσε ρεαλιτψ χηεχκσ, τηε ωεακεστ ασπεχτ οφ ουρ αναλψσισ ισ νοτ ηαϖινγ συφφιχιεντ δατα 

το δεϖελοπ χονφιδενχε βουνδσ αρουν��}∝��4δ,Dð����]υ����Ξ�Ε�ℵ���Ζ�ο���Υ�ℑ���Ζ]ϖλ��Ζ��δ,Dð�

πρεδιχτιϖε εθυατιονσ υσεδ ιν τηε WΤΠ mοδελ αρε αmονγ τηε βεστ αϖαιλαβλε, ανδ ωε ηαϖε χονφιδενχε τηατ 

mοστ πλαντσ ηαϖινγ αν ινχρεασε ιν 50 �γ/Λ οφ Βρ− ιν τηειρ σουρχε ωατερ ωιλλ ινχυρ ατ λεαστ αν ινχρεασε οφ 

1 �Πλ>�δ,DðΥ��ϖ��}(��ϖ�υ∝�Ζ�Π��������Ζ�ϖ���Πλ>.  
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Justifications:

Justification 1:

Data on the national prevalence of Nontuberculous Mycobacteria (NTM) in the
Unites States was non-existent. This is because NTMs and their diseases are not
monitored by the Centers for Disease Control and Prevention (CDC). However,
NTM (Mycobacterium avium) is a priority for the EPA because it is on the Safe
Drinking Water Act, Candidate Contaminant List (CCL), and hence we need a
national benchmark to track prevalence. NTMs cause both infections and
respiratory diseases in humans, with Pulmonary NTM diseases being the severest
form. Transmission of the disease is through the inhalation of aerosols containing
the bacteria. The United States (US) spends a billion dollars per year on treating
NTM related diseases. NTMs are water-borne bacteria routinely isolated from
drinking water. NTMs are highly resistant to water treatment chemical disinfectants
(chlorine and chloramine). Therefore, exposure though drinking water is highly
probable.

I took a creative and unconventional approach to address this programmatic
/research need, by reaching out to state health departments. I found that health
departments in some states like Ohio tracked NTM prevalence. These state health
departments provided me with anonymized data on NTM cases. Using this data, I
calculated the yearly NTM prevalence rate in each of these states, going back 6
years (2008-2013). I found that NTM prevalence rates had increased in all 5 states
(Ohio, Wisconsin, Missouri, Maryland and Mississippi) that had provided me data
(Donohue et al, 2016).

·        This publication was downloaded 2,737 times on the journal website (as of
4/24/20).

·        This publication was cited 37 times according to Google Scholar.

·        This article was published in the Annals of the American Thoracic Society
which has an impact factor of 4.026.

I expanded my investigation to understand if the NTM species-specific infection
rates had changed over time. This is important information because it can help us
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prioritize which NTM species we should monitor (among the more than 100 known
NTM species). Health departments form 4 states (Ohio, Wisconsin, Missouri, and
Mississippi) provided me anonymized case data by NTM species. Using this data
and historical public health records, I found that between 1994 and 2014, M.

abscessus-chelonae group and M. avium complex linked NTM cases increased by
322% and 149%, respectively. I estimated that approximately 50,000 NTM cases
per year could be projected for the nation; serving as a baseline indicator for the
potential NTM disease burden per year in the US (Donohue MJ, 2018).

·        This publication was downloaded 1,673 times on the journal website (as of
4/24/20).

·        This publication was cited 31 times according to Google Scholar.

·        This article was published in the BMC infectious diseases which has an impact
factor of 2.951.

Impact on EPA mission:

As a result of these two publications, the EPA can update its health advisory
document, cost burden analysis, and help evaluate EPA policies and to help reduce
NTM-disease prevalence in the US.  

Justification 2A:

These two publications are closely related to each other. The first publication established

the prevalence of NTM patients in 5 states. The second publication builds on this research

by focusing on the specifies specific NTM prevalence rates. It also looked at the seasonality

of NTM prevalence.  

Justification 2B:

The nominated publications address an epidemiological knowledge gap regarding NTM prevalence

rate in the US. This work was not nominated in past STAA nomination years. Dr. Donohue's

research primarily focuses on analytical method development for pathogens detection and 

quantification in drinking water.



Page 4 of 7

Justification 2C:

The author Maura Donohue has received the following STAA awards for her research efforts.

1) Donohue, Maura plus 39 other authors, Nationwide study on the prevalence and potential health

effects of contaminants of emerging concern in drinking water. 2019-Level II, STAA award

2) Donohue, Maura plus 12 other authors of the Detection and quantification of Legionella and

Nontuberculous Mycobacterium in drinking water. 2016 Level III STAA Award

Justification 2D:

n/a-not applicable

Justification 2E:

Maura Donohue has a concurrent STAA nomination. Dr. Lisa Melynk is submitting a STAA

nomination for research effort centered on Strontium absorption into food. Dr. Donohue also

participated in Dr. Melynk Strontium study. Dr. Donohue specific activities within the Strontium

study were gathering food sources, purchasing equipment, identifying and setting-up collaborations,

writing a section within the manuscript, editing manuscript and creating study design figure.

There is no research overlap between Dr. Donohue’s NTM epidemiological papers and Strontium

absorption paper. Even the timeline of the two research efforts did not over lap. The epidemiological

papers were drafted in 2015-2017. The Strontium work was preformed 2018-2019.

Justification 3A:

Due to this research I have been asked by Dr. Rebecca Prevots (National Health
Institute, Gaithersburg, MD) and Dr. Ettie Lipner (National Jewish Hospital, Bolder
CO) to collaborate on a NTM research effort in Florida.

These NTM papers filled a data gap in this research field as demonstrated by being
cited 17 times per year. (37 +31 cites/4 years).
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Donohue MJ, Wymer L. Increasing Prevalence Rate of NTM Infections in Five

States. Ann Am Thorac Soc. 2016.

·        This publication was downloaded 2,737 times on the journal website (as of
4/24/20).

·        In 4 years, this publication was cited 37 times according to Google Scholar.

·        This article was published in the Annals of the American Thoracic Society
which has an impact factor of 4.026 and a low acceptance rate (19%) .

 

 

Donohue MJ., Increasing NTM reporting rates and species diversity in clinical
laboratory reports. BMC Infect Dis. 2018.

·        This publication was downloaded 1,673 times on the journal website (as of
4/24/20).

·        In 2 years, this publication was cited 31 times according to Google Scholar.

·        This article was published in the BMC infectious diseases which has an impact
factor of 2.951.

Justification 3B:

Both papers underwent extensive internal and external (Journal) review. Each paper required two

internal technical reviews by EPA experts. In addition, these papers had to clear branch- and

division- level review. Both papers were also subjected to Office of Water policy review, prior to

journal submission. The Annals of Thoracic Society has a 19% acceptance rate for original research.

At the Annals of Thoracic Society Journal the submitted article underwent editorial judgment and

received comments from three experts. The article was accepted for publication. The article

submitted to BMC Infectious Diseases underwent editorial review and review from five experts. The

article was accepted for publication.  
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RESEARCH ARTICLE Open Access

Increasing nontuberculous mycobacteria
reporting rates and species diversity
identified in clinical laboratory reports
Maura J. Donohue

Abstract

Background: Nontuberculous Mycobacteria (NTM) are environmental microorganisms that can affect human health.

A 2009–2010 occurrence survey of NTM in potable tap water samples indicated an increased recovery rate for many

clinically significant species such as M. avium (30%) and M. abscessus (12%). To determine if these trends by species

were mirrored in human infections, isolation rates of NTM species identified in clinical laboratory reports from four

states were evaluated.

Method: Clinical laboratory reports from the Mississippi, Missouri, Ohio, and Wisconsin Health Departments were used

to investigate the species of NTM isolated from human specimens in 2014. The NTM positive specimen reports were

tabulated for each species and complex/group. The number of reports by month were used to investigate seasonal

trends. The 2014 isolation rates were compared to historic values to examine longitudinal trends.

Results: The positive rate of NTM specimens increased from 8.2 per 100,000 persons in 1994 to 16 per 100,000 persons

in 2014 (or 13.3 per 100,000 after excluding Mycobacterium gordonae). Changes in NTM diversity were observed in

complex/groups known to be clinically significant. Between 1994 and 2014 the rate implicating M. abscesses-chelonae

group and M. avium complex increased by 322 and 149%, respectively.

Conclusions: Based on public health data supplied by the four State’s Health Departments and the 2014 U.S. population,

50,976 positive NTM specimen reports per year were projected for the nation; serving as an indicator for the national

potential disease burden that year.

Keywords: Nontuberculous mycobacteria (NTM), Clinical laboratory reports, Species, Epidemiology, Isolation rates, Report

rates, Seasonal, United States

Background
Data from recent studies demonstrate an increasing

prevalence of Nontuberculous Mycobacteria (NTM) infec-

tions in the United States [1–3]. NTM are of environmental

origin and can impact a wide variety of tissues and body

fluids causing both respiratory (chronic bronchopulmonary

disease) illnesses and dermal infections [4]. NTM infections

may also compound the respiratory ailments of individuals

with Cystic Fibrosis [5], Chronic Obstructive Pulmonary

Disease (COPD) [6, 7] and Acquired Immunodeficiency

Syndrome (AIDS) [8, 9].

NTM’s natural habitats are aquatic and soil environ-

ments [10]. Since the majority (77.4% [11] to 91.5% [12])

of NTMs are isolates from pulmonary specimens, expos-

ure likely occurs through the aerosolization or aspiration

of water and or soil particulates. NTM infections or

illnesses are not generally communicable, although

there are a few documented cases of person-to-person

transmission [13, 14]. Additionally, highly populated

areas have a higher NTM infection rate and positive

specimen counts than other regions of the U.S. [15, 16].

NTM is a broad classification term that is applied to a

group of approximately 186 currently recognized unique

mycobacterium species [17]. The majority do not have

an impact on human health. Thus, it is important to

identify the species causing an infection in cases where
Correspondence: Donohue.maura@epa.gov

United States Environmental Protection Agency, 26 W. Martin Luther King Dr.
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symptoms are sufficient to support specimen collection.

Knowledge of the NTM species identity will guide the

therapeutic treatment prescribed by the physician and

provide clues relative to exposure source and route.

This study catalogued the NTM species in human-

specimen clinical reports from four States (Mississippi,

Missouri, Ohio, and Wisconsin) during the 2014 calendar

year with the goal of identifying the species with the most

frequent impact on human health. The dates for the case

report submissions were examined to determine if there

was any indication of seasonality. In addition, the 2014

findings were compared to those from an earlier 1994

Centers for Disease Control and Prevention (CDC) report

of NTM infections (19) to evaluate if prevalence had

increased over the last 20 years.

Methods

Study design

Four states (Mississippi, Missouri, Ohio, and Wisconsin)

that required NTM positive specimen results to be sub-

mitted to their respective state health departments were

asked if they would provide the following data from their

disease surveillance network: the number of positive NTM

reports by species and the number of positive NTM reports

by month for the 2014 calendar year. The respective health

departments agreed to participate and provided the

requested information to the U.S. EPA. Table 1 summarizes

the information received from the four states. No personal

identifiers were shared with U.S. EPA, therefore maintaining

the privacy for the individuals associated with all report

records. This study was determined to be exempt from

Institution Review Board review by U.S. EPA.

Data

Four health departments provided U.S. EPA with the

number of NTM reports by species for the 2014 calendar

year. The methods used to isolate NTMs were either

through culture [18] or the Becton Dixon BACTEC™

Mycobacteria Growth Indicator Tube (MGIT™) [19]. All

four states largely used mycolic acid analysis and DNA

probes (Hologic, Marlborough, MA) for species identifica-

tion. Some laboratories sequenced an isolate’s hsp65 or

rpoB gene for NTM identification (Table 1).

Cases implicating all non-NTM isolates, as well as,

isolates of M. bovis and M. marinum were removed

from the data set for this analysis. Cattle and fish, not

water, are the sources of infection for M. bovis and M.

marinum species; thus, they were not considered in this

evaluation.

Analysis

Report rates for NTMs were calculated for each state by

dividing the number of positive NTM case reports by

the July 1, 2014 state population. Calculation of these

rates used 2014 U.S. population estimates for each state

as follows (Table 1): Mississippi: 2,993,443; Missouri:

6,063,827; Ohio: 11,597,998; Wisconsin: 5,759,432 and

U.S.: 318,563,456. The percentage of the total was calcu-

lated for each species or group identified by each state

using Microsoft Excel.

CDC does not routinely collect NTM specimen reports.

Periodically, over the past 40 years, CDC has published a

few papers and reports that examined the epidemiology of

NTMs in the U.S. These papers examined NTM preva-

lence by the number of laboratory reports generated by

each state [20–22]. The 1994 historical data for each of the

four states was extracted from the Butler and Crawford,

1999 document. This document contains the number of

reports and report rate by species for each state in the U.S

for the years 1993–1996. In the 1990’s, laboratories were

using either culture bases methods [18] or BD MGIT™

systems [19] for bacterial enrichment and DNA/RNA

Table 1 Health departments data sources and NTM identification method for the year 2014

State Data source Year NTM identification method NTM laboratory
report

Report
ratea

Mississippi Mississippi’s public health

laboratories + accredited 2014 HPLC and DNA probes 529 17.6

laboratories (hospitals and/01

commercial laboratories)

Missouri Missouri’s public health HPLC and DNA probes

laboratories + few hospitals 2014 879 14.5

+ commercial laboratories

Ohio Ohio’s public health laboratories +
hospitals + commercial laboratories

2014 HPLC, DNA probes, sequencing of the hsp65
and rpoB gene and biochemical test

1379 11.8

Wisconsin HPLC and DNA

2014 probes and inconclusive isolates are sequenced. 1413 24.5

Total 4200 16.0

a Rate per 100,000 persons

Donohue BMC Infectious Diseases  (2018) 18:163 Page 2 of 9



probes (Hologic, Marlborough, MA) and or mycolic acid

analysis for identification [23]. In 2014, the majority of

laboratories were still using these culture and identification

methods. Thus, supporting a comparison between the

two-time periods 1994 and 2014. Chi-square and Fisher

Exact tests for significant differences between the two data

sets were determined using SigmaPlot 13.0.

Species grouping

Many of the NTM species have similar characteristics

and have been placed into groups of two to seven species

(Table 2) with some species being ungrouped. The species

identified by the states were summed by their group for this

analysis to facilitate a comparison between the historical

1994 data and the 2014 data. For example, 1541 samples

identified as M. avium complex (MAC) positive specimens

were combined with 705 reports identified as M. avium

species and 6 reports identified as M. intracellulare species

to give a total of 2252 reports for the MAC group. Table 2

lists the NTM species reports that were combined to

represent each NTM group/complex/clad unit for the

comparison.

Monthly reports

The Mississippi, Missouri, and Ohio Health Departments

provided the U.S. EPA with the number of NTM speci-

men reports by month for the year 2014. Mississippi data

are publicly available at the Monthly Reportable Disease

Statistics website: http://msdh.ms.gov/msdhsite/_static/

14,0,261.html. The Wisconsin Health Department was

unable to supply their data in this format; thus, there is no

evaluation of cases per month for the state of Wisconsin.

The monthly report data were used to determine if report

frequency exhibited any seasonal trends.

Results

NTM species in laboratory reports

The Mississippi, Missouri, Ohio, and Wisconsin disease

network had 4200 NTM positive specimen reports sub-

mitted in 2014. The overall NTM prevalence rate was

16.0 reports per 100,000 persons (or 13.3 per 100,000

excluding Mycobacterium gordonae). This rate is much

higher than that reported by the CDC in 1994. Based on

the 2014 data, a national estimate of 50,976 positive

NTM specimen reports are projected during that year.

The distributions by state for the total NTM positive

specimens are as follows: Wisconsin (33.6%), Ohio (32.8%),

Missouri (20.9%) and Mississippi (12.6%) (Additional file 1:

Table S1-S4). The complex/group assignment to which

an isolate was speciated varied across the states. Three

percent of the reports identified the isolates only to the

genus-level. Forty-three percent of the reports assigned

the isolates only to a specific complex/group, and 54%

of reports provided the species name (Table 2). In all,

52 species were identified by name in the state reports.

Isolates classified only by their complex/group designation

primarily belonged to the M. avium complex (MAC), M.

chelonae-abscessus or M. fortuitum groups. Table 2 pro-

vides the data for all the species identified and ascribes

each species to its designated complex or group. The five

most common species isolated from human specimens

were M. avium 705/4200 (17%), M. gordonae 688/4200

(16%), M. chelonae 135/4200 (3.2%), M. fortuitum 110/

4200 (2.6%), and M. mucogenicum 104/4200 (2.5%)

(Table 2). These species accounted for 41.4% of the total

demonstrating the broad range of species identified among

the samples collected for analysis.

NTM increased reporting frequency

NTM positive specimen reports have increased between

1994 and 2014 from 1950 to 2400, equivalent to an

increase of 8.2 per 100,000 persons per year to 16.0 per

100,000 persons per year. The three complexes/groups that

had statistically significant increases in the frequency of

detections were the: M. chelonae-abscessus group, M.

fortuitum group and M. avium complex. The percentage

increase of these clinically important species, as established

by American Thoracic Society and Infectious Disease

Society of America, (ATS/IDSA) [4] between 1994 and

2014 is significant: 322% (94 to 440 reports), 194% (105 to

343 reports), and 149% (816 to 2252 reports), respectively

(Fig. 1). On the other hand, Fig. 1 illustrates a decline in

the number of positive specimen reports for other species:

M. xenopi (− 15%), M. kansasii (− 30%), M. terrae (− 40%),

M. scrofulaceum (− 55%) and M. flavescens (none

detected).

Longitudinal analysis for the MAC species

Figure 2 illustrates the report rate of M. avium per

100,000 persons over time for the four states. In 2014,

the combined report rate of M. avium for Mississippi,

Missouri, Ohio, and Wisconsin was 8.5 per 100,000 persons

(Fig. 2). This is 2.5 times more reports than the numbers

reported in 1994 [20]. The species detections for Ohio and

Wisconsin increased more than five-fold suggesting a

comparable increase in the respiratory infections disease

burden.

NTMs reports by month

When the 2014 positive specimens per month for each

state were plotted (Fig. 3) there was no evidence for a

seasonal pattern to the potential disease burden. The

peak month for each state differed: February for Mississippi,

April for Ohio, and July for Missouri. Data from Wisconsin

were not segregated by month.
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Table 2 NTMs identified from human specimens in Mississippi, Missouri, Ohio, and Wisconsin, 2014

Identified to Genus Complex/Group Totals Identified to NTM Complex/Group Identified to NTM Species Count Percentage Ratea

NTM 132 3.14 0.50

MAC complex (Total) 2252 53.62 8.53

MAC complex 1541 36.69 5.83

M. avium 705 16.79 2.67

M. intracellulare 6 0.14 0.02

MAIS Complex (Total) 20 0.48 0.08

MAIS Complex 17 0.40 0.06

M. scrofulaceum 3 0.07 0.01

M. chelonae-abscessus Group (Total) 440 10.48 1.67

M. chelonae-abscessus Group 122 2.90 0.46

M. abscessus 62 1.48 0.23

M. bolletii 5 0.12 0.51

M. chelonae 135 3.21 0.00

M. franklinii 1 0.02 0.02

M. immunogenum 4 0.10

M. massiliense 2 0.05

M. mucogenicum 104 248 0.39

M. phocaicum 5 0.12 0.02

M. fortuitum Group (Total) 343 8.17 1.30

M. fortuitum Group 143 3.40 0.54

M. conceptionense 2 0.05 0.01

M. fortuitum 110 2.62 0.42

M. houstonense 1 0.02 0.00

M. neworleansense 2 0.05 0.01

N. peregrinum 76 1.81 0.29

M. porcinum 5 0.12 0.02

M. septicum 4 0.10 0.02

M. gordonae (Total) M. gordonae 689 16.40 2.61

M. xenopi (Total) M. xenopi 54 1.29 0.20

M. kansasii Clade (Total) 100 2.38 0.38

M. gastri 1 0.02 0.00

M. kansasii 99 2.36 0.37

M. haemophilum (Total) 7 0.17 0.03

M. haemophilum 2 0.05 0.01

M. malmoense 5 0.12 0.02

M. terrae Complex (Total) 60 1.43 0.23

M. arupense 21 0.50 0.08

M. kumamotonense 1 0.02 0.00

M. nonchromogenicum 10 0.24 0.04

M. terrae 28 0.67 0.11

M. smegmatis (Total) 17 0.40 0.06

M. goodii 7 0.17 0.03

M. mageritense 4 0.10 0.02

M. smegmatis 4 0.10 0.02

M. wolinskyi 2 0.05 0.01
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Discussion
Case reports are the bedrock for disease surveillance in

the U.S. Unfortunately, CDC’s National Notifiable Disease

Surveillance System (NNDSS) does not routinely collect

data on NTM positive laboratory reports or disease

cases on a national basis. In recent years, state health

departments are allowing other public and private

laboratories to submit reports into their disease surveillance

systems due to the increase capability of private and public

labs to identify NTMs in human specimens and improve-

ments in electronic reporting. The state NTM data reports

capture information that reflects potential respiratory infec-

tions among both the young and elderly, as well as, the

poor and the uninsured population groups often underrep-

resented in studies of disease burden based on Medicare

part B and/or health care insurance records. However, there

are limitations to these state data. The NTM reports

are not generally scrutinized for accuracy or completeness

during data entry. The procedures for isolating the NTM

species from the specimen could yield false positives due

to laboratory contamination. In addition, more than one

report could belong to the same individual if more than

one specimen was collected during the course of a single

disease episode in order to evaluate treatment efficacy.

Thus, the NTM specimen reports can overestimate the

burden of disease. Yet, the report rate of 13.3 per 100,000

is similar to 13.7 per 100,000 persons (North Carolina)

[12] and 17.2 reports per 100,000 persons (Oregon) [11]

other estimates of NTM prevalence in the U.S. Additionally,

the estimate of 50,976 NTM reports in the U.S. per annum

derived by using the state NTM reports is of the same order

of magnitude as the estimated 86,244 cases identified

using Medicare part B records [24]. Multiple lines of evi-

dence demonstrate an increase in NTM prevalence [1–3]

and report rates [12], strengthening the conclusion that

NTM infections in the U.S. have increased. These lines of

evidence also elevate the concern for NTM-related dis-

eases in the U.S., identifying a need to search for control-

lable sources of exposure that will guide risk mitigation

measures [25].

In this study, fifty-two NTM species were identified from

human specimens. Twenty eight percent (52/186) of recog-

nized NTM species are represented in the specimen reports.

The four most frequently identified NTM groups or species

that were common across the four states were: MAC,

M. fortuitum, M. gordonae, and M. chelonae-abscessus

groups. This observation was supported by data from

other regions and states within the U.S. [11, 12, 26].

Table 2 NTMs identified from human specimens in Mississippi, Missouri, Ohio, and Wisconsin, 2014 (Continued)

Identified to Genus Complex/Group Totals Identified to NTM Complex/Group Identified to NTM Species Count Percentage Ratea

M. simiae Complex (Total) 45 1.07 0.17

M. interjectum 2 0.05 0.01

M. kubicae 2 0.07 0.01

M. lentiflavum 15 0.36 0.06

M. parascrofulaceum 2 0.05 0.01

M. simiae 22 0.52 0.08

M. triplex 1 0.02 0.00

Ungrouped NTM (Total) 41 0.98 0.16

M. algericum 1 0.02 0.00

M. aurum 1 0.02 0.00

M. bacteremicum 1 0.02 0.00

M. branderi 1 0.02 0.00

M. celatum 1 0.02 0.00

M. cosmeticum 4 0.10 0.02

M. frederiksbergense 1 0.02 0.00

M. iranicum 1 0.02 0.00

M. nebraskense 2 0.05 0.01

M. neoaurum 6 0.14 0.02

M. paraffinicum 9 0.21 0.03

M. pulveris 1 0.02 0.00

M. sphagni 1 0.02 0.00

M. szulgai 10 0.24 0.04

M. vaccae 1 0.02 0.00

aRate per 100,000 persons
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The increase in the number of NTM positive reports

is not solely due to population growth. From 1994 to

2014, the population in these four states increased by 2.1

million people. Using the CDC 1994 report rate of 8.2

per 100,000 persons [20], this population increase should

have only added 172 reports. Instead the number of

reports for the four states is 4200 positive reports. This

number was greater than 2000 more reports than pre-

dicted. The reason for this increase is probably multi-

factorial. One important factor that likely led to the

larger case count is the increase in electronic reporting

by laboratories who perform sample analyses to state

databases. Established common portals for data entry

can be used by state laboratories, large research hospitals,

as well as, commercial laboratories to facilitate improved

record keeping. However, despite the impact of technology

on better reporting, the increase in the number of reports

is substantial enough to support the conclusion that more

individuals are experiencing NTM related episodes impact-

ing their health now than they did two decades ago.

Fig. 1 Numbers, rates, and percent change of NTM reports by species, 1994 and 2014 comparison. See Table 2 for clarity on which NTM species were

considered in each complex or group. *2014: M. chelonae-abscessus Group plus. M. mucogenicum-phocaicum report numbers were combined, ‡ NS =Not

significant, § per 100,000 persons: 1994 population 23,795,000 (as reported by Butler and Crawford, 1999); 2014 population 26,414,700

Fig. 2 Longitudinal analysis (1980–2014) of M. avium complex report rate per 100,000 persons for Mississippi, Missouri, Ohio, Wisconsin, and

combined. * Butler and Crawford, 1999: 1994 rates
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There was an increase in the MAC positive reports

from 3.4 per 100,000 in 1994 to 8.5 per 100,000 in 2014

(Fig. 2). Numerous factors could have contributed to the

increase in prevalence including: increased medical aware-

ness of NTM related infections/diseases, improvement of

laboratory identification techniques, increases in exposure

modalities and human activities associated with water and/

or soils. The increased MAC detection rates for the four

states suggest a need for improved risk communication

efforts between the public health sector and popula-

tions at risk for NTM infections. The NTM family of

microorganisms and their contribution to respiratory

illnesses are seldom topics for the popular press and

media. There is a need for a better communications

strategy targeting the general population on both the

signs and symptoms of NTM infections and measures

that will help minimize risk.

The shifts in detection frequency for either an NTM

group or species should be considered in any assessment

of population risk. Not all NTM species have the same

symptoms nor impact on human health. Species within

the M. chelonae-abscessus and M. fortuitum groups are

those commonly identified in “outbreak” investigations

[27–29]. These outbreaks can include dermal infections

of either the skin or soft tissue and pulmonary problems.

Dermal signs and symptoms reported were immediate

post contact rash onset, septic arthritis, or cutaneous

infections of the skin [27–29]. The source of the infection

is typically found to be a non-potable or potable water

source that has been contaminated with NTMs. Species in

the MAC grouping have been the most clinically signifi-

cant because they cause the majority of NTM related

illnesses and diseases [3, 30].

The increases in a state’s population alone do not

account for the increased number of cases reported by

the state health departments. However, changes within

the population can contribute to the increase. For

example, a state population could contain more elderly

individuals with co-morbidity factors such as COPD or

people suffering from suppression of their immune response

than in the past. Changes in routes of exposure are also

important. MAC infections are usually respiratory, but

not communicable [4]. Therefore, changes in bathroom

construction that promote showering over bathing

(especially for the elderly) increases the likelihood for

inhalation exposure and infection when potable water

is the source of transmission. A recent survey of NTM

presence in tap water found 78% (202/258) of the samples

collected were positive for NTM [31]. Since inhalation is

believed to be the main route of exposure [4], the

increased use of shower water aerators could also be an

important feature associated with an increase in population

exposure [32]. Recently, several publications [33] have out-

lined measures, such as, cleaning showerheads and remov-

ing aerators as protective measures for avoiding exposure

to NTMs [34, 35].

There is no seasonal pattern to NTM reports. The lack

of seasonality suggests exposure routes for illness and or

disease occur year-round and may not be influenced by

seasonal changes in activities of the at-risk population.

This is probably due to the fact that pulmonary NTM

lung infections and/or diseases are not acute illnesses.

Common signs and symptoms of the respiratory prob-

lems are shortness of breath and fatigue [4]. These vague

symptoms may not be addressed in a timely manner,

lengthening the time between illness onset and consult-

ation with a physician because of symptom persistence.

This delay could potentially dampen the opportunity to

link a positive specimen as a result of physician consult-

ation to the time the symptoms were first noted. As a re-

sult, a potential NTM report is filed with the state long

past the time of infection acquisition.

Fig. 3 NTM reports by state by month
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Conclusion
Knowledge of the NTM species most frequently associ-

ated with adverse human health consequences will assist

epidemiological investigators to identify likely sources

and modes of exposure associated with these types of in-

fections. By identifying the sources of the NTM infections,

strategies can be implemented to control for the occur-

rence of NTMs and/or procedures can be adopted to

mitigate exposure routes associated with the risks.

NTMs and their related disease manifestations result in

a significant, medical, human health burden, especially

among the elderly [2, 15]. As the U.S. population ages, the

public health burden from NTM associated disorders is

expected to increase. Thus, it is important to conduct

research to identify the major exposure routes and

environmental sources of dissemination to identify and

implement practices that will limit human exposures to

NTM infections.
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Abstract

Rationale:Many nontuberculous mycobacteria (NTM) are
clinically significant pathogens that cause disease in a variety of
different human organs and tissues.

Objectives: A population-based study was undertaken to
investigate the prevalence of patients with a positive specimen for
NTM within five states of the United States.

Methods:We determined the case and age distribution of patients
with at least one specimen positive for NTM, using data submitted to
the disease surveillance systems of five states (Maryland, Mississippi,
Missouri, Ohio, and Wisconsin) between 2008 and 2013. Crude,
age-specific, and age-adjusted prevalence rates per 100,000 persons
were calculated for each state.

Measurements and Main Results: From 2008 to 2013, a total
of 24,226 NTM cases were reported to the disease surveillance
systems of the five states. The overall average annual age-adjusted

prevalence rate rose from 8.7 to 13.9 per 100,000 persons between
the beginning and end of the surveillance period. The number of
cases and case rate in the 50–801-year age group was higher than
in the 0–49-year age group. Prevalence by age category differed
among the five states. The highest number of NTM cases was
observed in Mississippi for the 801-year age group, whereas
Wisconsin observed the highest number of NTM cases in the 60- to
69-year age group.

Conclusions: From 2008 to 2013, the number of patients with
positive specimens for NTM rose. This trend is likely to continue in
the coming decade as the U.S. population ages. To reduce the
prevalence of NTM infections, medical guidance for susceptible
populations is needed regarding actions that can be taken to avoid
sources and routes of exposure to NTMs if the disease burden is to be
reduced.
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Nontuberculous mycobacteria (NTM)
infections and/or diseases include chronic
bronchopulmonary disease (NTM lung
disease), cervical or other lymphadenitis,
skin and soft tissue diseases, skeletal
infections, disseminated infections, and
catheter-related infections (1). In the 1950s,
NTM became a clinically significant
bacterium because of its repeated isolation
from patients experiencing respiratory

symptoms similar to those caused by
Mycobacterium tuberculosis (TB). Among
all the NTM-associated infections and
diseases, respiratory-related infections
are the most common. In the general
population, women aged 50 years or older
carry the greatest burden for NTM
infections and/or diseases (2). Patients with
HIV1/AIDS (3, 4) and those with cystic
fibrosis (5) are susceptible.

Unlike tuberculosis, NTM infections
and/or diseases are not thought to be passed
directly from person to person. Instead,
these environmental microorganisms
seem to be transmitted to humans from
nonbiological sources by inhalation or
contact with contaminated water or soil
particles. NTMs have thick, waxy cell walls
that cause them to partition out of water and
adhere to surfaces (biofilms). This protects
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them from inactivation by common
microbial disinfectants and high
temperatures (6). Thus, they can colonize
potable water distributions systems,
including household and facility plumbing.

In a recent paper, Donohue and
colleagues reported that nearly all the
samples they collected at water faucets
from homes and facilities were positive
for NTM. Mycobacterium avium,
Mycobacterium abscessus, and
Mycobacterium mucogenicum persisted
at many of the locations, based on their
detection in two or more samples
collected from the same location and tap
at intervals separated by months (7).

Both M. avium and M. abscessus are
clinically relevant species. These two species
are the etiological agents most often
responsible for causing NTM lung disease
in the United States (8–10). The study by
Donohue and coauthors indicated that
exposure can potentially occur daily and
repeatedly as a result of the persistence of
the microorganisms in potable water at

points of use, such as kitchen and bathroom
faucets and drinking water fountains (7).

Prevalence is a measure of the amount
of an infection and/or disease within a given
population. In the United States, few
institutions (e.g., health departments, state
and/or federal agencies) track NTM cases.
In 1981–1983, a U.S. national estimate
of NTM prevalence, as defined by an
individual with an NTM culture-positive
specimen, was 2.4 cases per 100,000 (5,469
cases/228.5 million people) (11). In recent
years, only a few studies tried to estimate
a population-based prevalence of NTM.
At this time, the reported rates range from
12.6 to 17.3 cases per 100,000 persons
(12, 13). However, these estimates are
limited in scope and reflect the prevalence
of NTMs only in one particular state
(10, 13–15), region (9, 16, 17), or hospital
(12, 18). Because prevalence of NTM
infections and diseases varies greatly
across the United States, it is important to
evaluate NTM prevalence on a state-by-
state basis (12, 13, 17, 18).

This study was conducted to estimate
the population-based prevalence of NTM
cases from five states (Missouri, Mississippi,
Maryland, Ohio, and Wisconsin) during a
period of 6 years. For each state, age-specific
rates were calculated and assessed for
differences and general trends associated
with age.

Methods

Study Design

An internet and literature search was
conducted to identify states that included
NTM cases on their reportable disease list.
Six states were identified (Figure 1). On all
states’ Reportable Disease Lists, NTM
infections are classified as Mycobacteria
Disease Other than Tuberculosis (MOTT).
Five of the six states confirmed that they
collected case reports on NTM. Although
NTM is listed on Virginia’s Reportable
Disease List, the NTM reports were not
electronically accessible at the time of the

Wisconsin

Missouri

Ohio

Maryland

Mississippi

NTM listed on States Reportable Disease List

NTM listed on Reportable Disease List
(data not electronically available)

Virginia

Figure 1. States that collect data on nontuberculous mycobacteria cases.
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data request. Each state’s disease
surveillance network is populated with
reports from state and commercial
laboratories and hospitals.

In each of the five states from which
data were available for our analysis,
the health department compiled the
number of cases by the following age
groups: 0–39, 40–49, 50–59, 60–69, 70–79,
and >80 years, and unknown. From
each state, the U.S. Environmental Protection
Agency received only a spreadsheet
containing the number of NTM cases by age
group; no personal identifiers were given. In
this report, the terms “case” and “infection”
refer to a unique individual who gave a
specimen that was determined to be culture-
positive for NTM.

Laboratory procedures for NTM
identification were similar across the
five states. A portion of the specimen
was used to inoculate growth media
(Lowestein-Jensen, Middlebrook 7H9, or
Mycobacteria Growth Incubation Tubes
broth) (BD & Company, Franklin Lakes,
NJ). After 3–10 days of growth, an acid-
fast smear was performed. Simultaneously,
the culture was prepped for high-
performance liquid chromatography analysis
to determine the identity of the NTM. If the
isolate was not identified by that technique,
Accuprobes (Hologic Inc., Marlborough,
MA), PCR, DNA sequencing, or biochemical
analysis was performed to support
classification. This study was exempted from

institutional review board review by the U.S.
Environmental Protection Agency.

U.S. 2010 Census demographic data
(total population, age, and sex) were
collected from the U.S. Census Bureau
for each state: Maryland, Mississippi,
Missouri, Ohio, andWisconsin. Populations
for each age group were supplied by
U.S. Census Bureaus’ American fact
finder (8). The 2010 Census data were used
for the prevalence analysis because this
census year falls in the timeframe of
collected state data.

Statistical Analyses

A crude prevalence rate of number of
cases per 100,000 residents was calculated
for each state, using July 1, 2010, population
estimates. The annual age-specific rates
were calculated using the following
equation: ([total number of cases in each age
group/state’s 2010 population within the
age group]/6 years). The age-adjusted
prevalence rates were standardized against
the U.S. 2000 population weighted age
distribution. Resulting rates were summed
(19). The changes in annual prevalence
numbers across the period were calculated
in Microsoft Excel. Standard regression and
ordinal logistics were used to model the
prevalence rate as a function of year
(time) and by state. In addition, one-way
ANOVA and 95% confidence intervals
(95% CIs) were determined using SAS
9.3/SAS STAT 12.1.

Results

Overall Age-Adjusted Prevalence

In total, 24,226 NTM cases were reported by
the five states between 2008 and 2013. The
combined population from these states
represented 10.3% of the U.S. population in
2010. Overall, the 6-year prevalence was
75.8 cases per 100,000 persons or 12.6 cases
per 100,000 persons per year. In Table 1,
crude, age-adjusted prevalence rates and
the number of cases reported by each state
are provided.

The age-adjusted prevalence rate when
averaged for the five states ranged from
8.7 cases per 100,000 persons (95% CI,
5.7–12.8 cases per 100,000 persons) in
2008 to 13.9 cases per 100,000 persons
(95% CI, 9.2–19.6 cases per 100,000
persons) in 2013 (Table 1). The annual
percentage change across these five states
was a positive 9.9% increase per year. The
increase in the annual number of cases per
year across the 5 years was significant
(P , 0.001) for all age groups and for
the 50–801 age groups. The slight positive
increase for the 0–49 age group was not
significant (Figure 2).

NTM infections are more common in
the elderly than in the young. Age-related
changes in prevalence were examined, using
the data for different age groups provided
to the U.S. Environmental Protection
Agency by the states (Figure 2). In 2008,
the prevalence rate for the 50–801 age

Table 1. Annual patient prevalence of nontuberculous mycobacteria, 2008–2013

State* State population

(thousands)†
Data type Prevalence (total number of patients (cases/100,000 population) reported each year

2008 2009 2010 2011 2012 2013

Maryland 5,773.6 Crude‡ 9.9 (574) 7.8 (449) 6.2 (359) 6.6 (383) 8.7 (504) 9.6 (556)
Adjustedx 9.5 7.4 5.9 6.2 8.4 9.2

Mississippi 2,967.3 Crude 10.5 (313) 11.4 (339) 13.9 (413) 12.0 (355) 13.4 (397) 14.1 (419)
Adjusted 10.2 11.1 13.6 11.7 12.9 13.6

Missouri 5,988.9 Crude 6.0 (358) 16.8 (1,005) 5.5 (327) 15.5 (931) 11.8 (709) 14.6 (876)
Adjusted 5.5 15.5 4.9 14.4 10.8 13.3

Ohio 11,536.5 Crude 6.5 (749) 8.2 (947) 11.4 (1,319) 11.2 (1,197) 11.9 (1,365) 12.7 (1,469)
Adjusted 5.8 7.4 10.0 9.1 10.5 11.3

Wisconsin 5,687.0 Crude 16.7 (951) 20.9 (1,187) 23.0 (1,309) 23.7 (1,350) 27. 8 (1,582) 27.0 (1,534)
Adjusted 15.4 18.9 21.2 21.5 25.4 24.6

Total 31,953.3 Crude 9.2 (2,945) 12.3 (3,927) 11.7 (3,727) 13.2 (4,216) 14.3 (4,557) 15.2 (4,854)
Adjusted 8.7 11.3 10.6 12.1 13.1 13.9

*State Health Department Provided Disclaimers: Maryland, case counts are provisional; Mississippi, case counts are provisional; Missouri, case counts are
provisional; Ohio, some cases reports may contain more than one organism and some people may have two or more laboratory results in a cases that
should have been reported as separate; and Wisconsin, case counts are provisional.
†U.S. Census 2010.
‡Crude prevalence rate as reported by the state (number of cases).
xAge-adjusted value is the sum age-adjusted numbers provided by each state.

ORIGINAL RESEARCH

Donohue and Wymer: Increasing Prevalence of NTM Infections in Five States 2145

 



group started at 20.7 cases per 100,000
persons (95% CI, 14.4–31.6 cases per
100,000 persons) and climbed to 35.3 cases
per 100,000 persons (95% CI, 23.8–49.7
cases per 100,000 persons) by 2013. This
was a 70.6% increase over the course of
6 years, for an 11.8% increase per year.

The younger age group of 0–49 years
had an 8.7% increase in cases per year. In
2008, the 0–49-year age group started at
3.4 cases per 100,000 persons (95% CI,
1.7–5.3 cases per 100,000 persons) and rose
to 5.1 cases per 100,000 persons (95% CI,
2.9–7.4 cases per 100,000 persons) by 2013
(Figure 2). These two age groups showed
the annual increased rate for the 50–801
age group and the 0–49-year age group to
be 2.6 and 0.3 cases per 100,000 persons,
respectively. Both standard regression
(P. 0.0017) and ordinal logistics
(P. 0.0002) modeling of the data
showed year (time) variable to be highly
significant. The state variable and year/state
interaction (P. 0.3 and P. 0.998) were
not significant predictors of prevalence.

Age-Adjusted Prevalence by State

Each state had its own unique trend during
the 6-year period. The yearly prevalence
rate was most variable for Missouri. Both
Ohio and Wisconsin saw a steady increase
in prevalence across the 6-year period.
Population-adjusted prevalence values
were relatively stable for Maryland and
Mississippi. Regression and ordinal logistics

analysis of the data indicated that there
were no statistical differences in slope
across the five states. Therefore, on average,
each state independently observed an
increase of one case per 100,000 persons
per year (95% CI, 0.38–1.45).

Age-Specific Rates by State

Between 2008 and 2013, age-specific rates
of NTM cases were as expected. In general,
the number of cases increased with age
(Figure 3). The age group that had the
lowest average case rate was the 0–39-year
age group, at 3 cases per 100,000 persons.
The age group that had the highest average
case rate was the .801 age group, with
64 NTM cases per 100,000. Maryland,
Missouri, and Ohio had very similar
age-specific rates, yet there were some
unique trends seen in Mississippi and
Wisconsin. An 84% change in rate was
observed between the 70–79 and the
801 age groups in Mississippi. Although
most other states saw a modest rise of
11–24% between these two age groups,
Wisconsin had a very different age-specific
profile than the other states. The 70–79
age group had the highest rate of 90 cases
per 100,000 persons.

Discussion

National and state reportable disease lists
track diseases that affect the population.

These lists name specific microorganisms
and diseases of known clinical importance.
NTM is not a nationally recognized
reportable disease. However, in Maryland,
Mississippi, Missouri, Ohio, and Wisconsin,
NTM infections are reportable at a state
level. In most of these states, cases are
from laboratory surveillance, where a
patient has submitted a specimen that tested
positive for NTM. The states use the
NTM information for a variety of
purposes other than tracking NTM
infections among their respective
populations.

Although many entities (state and
commercial laboratories and large hospitals)
submit reports into the state’s disease
surveillance network, the likelihood of
NTM being underreported is still high
because of state budget restrictions and lack
of resources. States’ epidemiologists
primarily use NTM reports to find TB cases
and to clarify the AIDS/HIV status of their
patient population. Mississippi’s health
department observed that 3% of all TB
cases have, at one time, an NTM-positive
specimen. According to the independent
reports from the states, the yearly increases
in cases is strong enough (P, 0.001 by
regression analysis) to support the
conclusion that NTM infections are
becoming more common in the United
States.

Early epidemiological studies of NTM
used both isolate reports and patient

35

28.5

20.7

8.7

11.3 10.6
12.1

4.7

13.1 13.9

5.14.9
3.84.3

3.4

2007 2008 2009 2010 2011

Year

A
g

e
-a

d
ju

s
te

d
 p

re
v
a

le
n

c
e

 p
e

r 
1

0
0

,0
0

0
 p

e
rs

o
n

s

2012 2013 2014

27.1

30.2

32.9

35.3
> 50–80+ Age Group:

Period % Change:

70.6%

Annual % Change:

11.8%

All Age Groups:

Period % Change:

59.8%

Annual % Change:

9.9%

>0–45 Age Group:

Period % Change:

52.1%

Annual % Change:

8.7%

30

25

20

15

10

5

0

All AgesAge 0–49 years Age 50–80+ years

Figure 2. The average age-adjusted annual prevalence of nontuberculous mycobacteria case rate per 100,000 persons. Brackets show the range of

change from 2008 to 2013.

ORIGINAL RESEARCH

2146 AnnalsATS Volume 13 Number 12 | December 2016

 



numbers as a way to examine the prevalence
of NTM disease in a population. In the case
of NTM, isolation-based numbers can
overestimate the prevalence of NTM disease
in a population because more than one
species of NTM can be isolated from a single
specimen, and not all individuals who
produce a specimen that grows an NTM
have an NTM disease requiring medical
treatment. An approach that has been taken
to distinguish between an individual in the
“infection state” (which may or may not
require treatment) vs the “disease state”
is to apply the 2007 American Thoracic
Society’s (ATS)/Infectious Disease Society
of America (IDSA)’s microbiological
criteria to the isolation base numbers
(9, 13). Unfortunately, applying
ATS/IDSA’s microbiological criteria was
not done to this data set because each state
provided only the number of cases per
age group, and not the number of isolates
per case.

The other approach used to estimate
NTM prevalence is patient-level data.
This approach reduces the overestimation
in isolation rates, but can lead to
overestimating NTM lung disease
prevalence. This is a result of inclusion of
patient-level data for NTM infection of
tissues other than the lungs. Patient-level
data provide information about the number
of people within a population who had
symptoms and a positive specimen result
for NTM. Although this study did not

investigate the anatomic site of infection,
other population-based studies have shown
that pulmonary specimens (sputum, lavage,
etc.) account for roughly 77–93% of the
reported cases (13, 20).

A study by O’Brien and colleagues of
NTM disease in the United States in
1981–1983 (11) was used to discern
whether the state-provided case numbers
by age were reasonable. The O’Brien study
used state reports on the number of
patients with an NTM-positive specimen
from 46 centers in 33 states, using a
methodology that is similar to that used
in the current study. Interestingly, the
study demonstrated the same bimodal
case by age distribution (Figure 4)
observed in this study. The similarity in
the distribution of cases between this
study and O’Brien and coauthors
demonstrates that the patient-level data
are a viable tool for examining NTM’s
effect on a population. A more detailed
analysis of the two data sets is not
possible because in 2007, ATS/IDSA
changed the NTM lung disease
criteria (1).

In this study, the total NTM prevalence
increased between 2008 and 2013 from
8.7 to 13.9 cases per 100,000 persons. These
values are consistent with those reported
by other studies. Cassidy and colleagues (13)
reported an average of 12.5 cases per
100,000 persons in 2005–2006, and Smith
and colleagues (15) reported an average of

15.9 cases per 100,000 persons in
2006–2010. Marras and colleagues and
Al Houquani and colleagues studied NTM
patient prevalence in Ontario, Canada, in
1997–2003, 2007, and 1998–2010. They
observed a 6.3% annual increase in number
of patients with a positive NTM specimen,
from 12.4 persons per 100,000 in 1997 to
22.2 persons per 100,000 persons by 2010
(20–22). These values are higher than those
in this study and in other U.S.-focused
studies, but still support the outcome
reported here.

The five states in the current study all
had different patient prevalence rates.
Wisconsin had the highest prevalence of the
five states. It is similar to those from the
three Ontario studies. This is not surprising
because Wisconsin and Ontario are
geographically in the same region, both
bordering the North American Great Lakes.
Adjemian and colleagues identified
Milwaukee, Wisconsin, and other regions
as high-risk areas for NTM lung disease (16).
This result is corroborated by the
2013 Wisconsin data: 57% of the patients
reporting an NTM-positive specimen in
the state came fromMilwaukee County (23).
The Adjemian study identified
environmental risk factors such as
evapotranspiration, population density,
and higher levels of copper and sodium
in the soil as predictive for a high risk for
pulmonary NTM disease (16). The states
of Mississippi, Missouri, and Ohio had
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similar patient prevalence rates (14.4, 13.8,
and 11.9 cases per 100,000 persons,
respectively) in 2013.

The distributions of the NTM
age-specific rates are similar, but slight
differences do exist across the five states
(Figure 3). These differences suggest there
are factors other than age that could
influence the rate in a particular age group.
NTMs are environmental bacteria. Their
natural habitat is soil and water. The
hydrology of these 5 states differs; this can
influence environmental distributions of
NTM and patterns of exposure.

In addition, although these states have
no significant population difference by
age groups, they do have differences by race
and industry. Maryland and Mississippi
have a higher black population, at 29%
and 37%, respectively, compared with
Ohio and Wisconsin, at 12% and 6%,
respectively (8). These states also have
different industries that make up their
economic base and that could influence
the prevalence of NTM infections.
Metalworkers are prone to NTM
respiratory infections (24, 25). Differences
in demographics and occupations can
affect the potential for NTM infections
and/or disease within a state. The
information from the state Reportable
Disease Registries do not provide the
data necessary to quantitatively or
qualitatively determine the potential effect
of these variables on the similarities and
differences in the prevalence outcomes
between states.

Examining population trends can help
identify the effect an infection or disease rate
can have on risk for the population as a
whole. NTM infections and/or diseases
predominantly affect the elderly. In 2011,
the front edge of the baby boomer
(1946–1964) generation became 65 years
old. This generation is now entering the age
range with an increased risk for NTM
infections and/or diseases (Figure 5). The
baby boomers have a higher percentage of
females than males, and approximately
60% suffer from at least one chronic disease
(cancer, chronic lower respiratory disease,
diabetes, hypocholesteremia, hypertension,
and obesity) (26). These chronic diseases
are often cause of death in the elderly and
those 55–64 years old, and potentially
contribute to their susceptibility to NTM
exposures.

There is a known relationship between
chronic obstructive pulmonary disease,
which is included in the chronic lower
respiratory disease category, and lung
disease resulting from NTM (5, 9, 27–31).
In a recent report published by the U.S.
Health and Human Services, chronic lower
respiratory disease-related deaths have
risen from 56,050 (rank 5 as a leading cause
of death) in 1980 to 149,205 (rank 3) in
2013 (26). By 2025, 25% of the U.S.
population will be older than 60 years.
This future demographic trend will likely
increase the prevalence of NTM infections
and/or diseases in the United States in
the years to follow (Figure 5), adding to the
cost of medical care for the elderly.

Whether the observed increase in the
number of patients with a positive NTM
specimen is the result of new exposure
routes is largely unknown. Activities that
may increase a person’s exposure to NTM
can include hobbies (e.g., gardening), water
use patterns (e.g., humidifiers, showering,
and water aerobics), and facilities visited
(e.g., medical facilities, thermal spas, large
retirement facilities). The 2015 study by
Donohue and coauthors found NTM in
78% of the “at the tap” potable water
samples tested, providing evidence that
potable water is a major potential source
of NTM exposure. Both the frequency
of NTM detection and colony counts
were higher than observed in earlier
studies (7, 32).

As the number of patients with NTM
increases, the amount of money spent on
diagnosis and treatment will climb. With
approximately 47,510–52,739 persons
currently affected (with 47,510 persons
in 2014, the persons [age-adjusted] =
[estimated prevalence rate for 0–49 years of
age, 2014]3 [2014 estimated 0–49 age
population]1 [estimated prevalence rate
for >50–801 years of age, 2014]3 [2014
estimated >50–801 years age population]
or 52,739 persons = [(0.0543 209,565.5
thousand persons)1 (0.3793 109,291.6
thousand persons] and 2014, persons
(general population) = [estimated
prevalence rate in 2014]3 [estimated U.S.
population in 2014] or 47,510 persons =
[0.149]3 [318,857.1 thousand persons])
and average doctor’s visits having a level
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3 visit cost of $139/visit (2015) (33),
an estimated $6.6 to $7.3 million per
year will be spent on the care of patients
who are culture-positive for NTM. Once
hospitalization is required, the financial
cost increases significantly. Strollo and
colleagues estimated that in 2014,
1.4 billion dollars was spent on the
treatment of NTM pulmonary disease in
the United States (34).

To help reduce the costly healthcare
effect of NTM infections and improve
the population quality of life, the need to
expand surveillance on a national basis is

increasingly important. Identifying
areas affected by NTM, understanding
which NTM species are causing the
most disease, and determining whether
there are seasonal factors that contribute
to the NTM infection/disease rate will
provide valuable information for healthcare
providers. This information will help
improve surveillance and inform the
development of measures to protect public
health. Surveillance tools are especially
important and necessary to identify
exposure pathways and understand the
effect of disease on a population. Because

of NTM’s environmental link and its
effect on human health, having public
health officers and environmental
researchers working together to improve
surveillance of exposure routes will be
beneficial. n
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Increasing nontuberculous mycobacteria
reporting rates and species diversity
identified in clinical laboratory reports
Maura J. Donohue

Abstract

Background: Nontuberculous Mycobacteria (NTM) are environmental microorganisms that can affect human health.

A 2009–2010 occurrence survey of NTM in potable tap water samples indicated an increased recovery rate for many

clinically significant species such as M. avium (30%) and M. abscessus (12%). To determine if these trends by species

were mirrored in human infections, isolation rates of NTM species identified in clinical laboratory reports from four

states were evaluated.

Method: Clinical laboratory reports from the Mississippi, Missouri, Ohio, and Wisconsin Health Departments were used

to investigate the species of NTM isolated from human specimens in 2014. The NTM positive specimen reports were

tabulated for each species and complex/group. The number of reports by month were used to investigate seasonal

trends. The 2014 isolation rates were compared to historic values to examine longitudinal trends.

Results: The positive rate of NTM specimens increased from 8.2 per 100,000 persons in 1994 to 16 per 100,000 persons

in 2014 (or 13.3 per 100,000 after excluding Mycobacterium gordonae). Changes in NTM diversity were observed in

complex/groups known to be clinically significant. Between 1994 and 2014 the rate implicating M. abscesses-chelonae

group and M. avium complex increased by 322 and 149%, respectively.

Conclusions: Based on public health data supplied by the four State’s Health Departments and the 2014 U.S. population,

50,976 positive NTM specimen reports per year were projected for the nation; serving as an indicator for the national

potential disease burden that year.

Keywords: Nontuberculous mycobacteria (NTM), Clinical laboratory reports, Species, Epidemiology, Isolation rates, Report

rates, Seasonal, United States

Background
Data from recent studies demonstrate an increasing

prevalence of Nontuberculous Mycobacteria (NTM) infec-

tions in the United States [1–3]. NTM are of environmental

origin and can impact a wide variety of tissues and body

fluids causing both respiratory (chronic bronchopulmonary

disease) illnesses and dermal infections [4]. NTM infections

may also compound the respiratory ailments of individuals

with Cystic Fibrosis [5], Chronic Obstructive Pulmonary

Disease (COPD) [6, 7] and Acquired Immunodeficiency

Syndrome (AIDS) [8, 9].

NTM’s natural habitats are aquatic and soil environ-

ments [10]. Since the majority (77.4% [11] to 91.5% [12])

of NTMs are isolates from pulmonary specimens, expos-

ure likely occurs through the aerosolization or aspiration

of water and or soil particulates. NTM infections or

illnesses are not generally communicable, although

there are a few documented cases of person-to-person

transmission [13, 14]. Additionally, highly populated

areas have a higher NTM infection rate and positive

specimen counts than other regions of the U.S. [15, 16].

NTM is a broad classification term that is applied to a

group of approximately 186 currently recognized unique

mycobacterium species [17]. The majority do not have

an impact on human health. Thus, it is important to

identify the species causing an infection in cases where
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symptoms are sufficient to support specimen collection.

Knowledge of the NTM species identity will guide the

therapeutic treatment prescribed by the physician and

provide clues relative to exposure source and route.

This study catalogued the NTM species in human-

specimen clinical reports from four States (Mississippi,

Missouri, Ohio, and Wisconsin) during the 2014 calendar

year with the goal of identifying the species with the most

frequent impact on human health. The dates for the case

report submissions were examined to determine if there

was any indication of seasonality. In addition, the 2014

findings were compared to those from an earlier 1994

Centers for Disease Control and Prevention (CDC) report

of NTM infections (19) to evaluate if prevalence had

increased over the last 20 years.

Methods

Study design

Four states (Mississippi, Missouri, Ohio, and Wisconsin)

that required NTM positive specimen results to be sub-

mitted to their respective state health departments were

asked if they would provide the following data from their

disease surveillance network: the number of positive NTM

reports by species and the number of positive NTM reports

by month for the 2014 calendar year. The respective health

departments agreed to participate and provided the

requested information to the U.S. EPA. Table 1 summarizes

the information received from the four states. No personal

identifiers were shared with U.S. EPA, therefore maintaining

the privacy for the individuals associated with all report

records. This study was determined to be exempt from

Institution Review Board review by U.S. EPA.

Data

Four health departments provided U.S. EPA with the

number of NTM reports by species for the 2014 calendar

year. The methods used to isolate NTMs were either

through culture [18] or the Becton Dixon BACTEC™

Mycobacteria Growth Indicator Tube (MGIT™) [19]. All

four states largely used mycolic acid analysis and DNA

probes (Hologic, Marlborough, MA) for species identifica-

tion. Some laboratories sequenced an isolate’s hsp65 or

rpoB gene for NTM identification (Table 1).

Cases implicating all non-NTM isolates, as well as,

isolates of M. bovis and M. marinum were removed

from the data set for this analysis. Cattle and fish, not

water, are the sources of infection for M. bovis and M.

marinum species; thus, they were not considered in this

evaluation.

Analysis

Report rates for NTMs were calculated for each state by

dividing the number of positive NTM case reports by

the July 1, 2014 state population. Calculation of these

rates used 2014 U.S. population estimates for each state

as follows (Table 1): Mississippi: 2,993,443; Missouri:

6,063,827; Ohio: 11,597,998; Wisconsin: 5,759,432 and

U.S.: 318,563,456. The percentage of the total was calcu-

lated for each species or group identified by each state

using Microsoft Excel.

CDC does not routinely collect NTM specimen reports.

Periodically, over the past 40 years, CDC has published a

few papers and reports that examined the epidemiology of

NTMs in the U.S. These papers examined NTM preva-

lence by the number of laboratory reports generated by

each state [20–22]. The 1994 historical data for each of the

four states was extracted from the Butler and Crawford,

1999 document. This document contains the number of

reports and report rate by species for each state in the U.S

for the years 1993–1996. In the 1990’s, laboratories were

using either culture bases methods [18] or BD MGIT™

systems [19] for bacterial enrichment and DNA/RNA

Table 1 Health departments data sources and NTM identification method for the year 2014

State Data source Year NTM identification method NTM laboratory
report

Report
ratea

Mississippi Mississippi’s public health

laboratories + accredited 2014 HPLC and DNA probes 529 17.6

laboratories (hospitals and/01

commercial laboratories)

Missouri Missouri’s public health HPLC and DNA probes

laboratories + few hospitals 2014 879 14.5

+ commercial laboratories

Ohio Ohio’s public health laboratories +
hospitals + commercial laboratories

2014 HPLC, DNA probes, sequencing of the hsp65
and rpoB gene and biochemical test

1379 11.8

Wisconsin HPLC and DNA

2014 probes and inconclusive isolates are sequenced. 1413 24.5

Total 4200 16.0

a Rate per 100,000 persons
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probes (Hologic, Marlborough, MA) and or mycolic acid

analysis for identification [23]. In 2014, the majority of

laboratories were still using these culture and identification

methods. Thus, supporting a comparison between the

two-time periods 1994 and 2014. Chi-square and Fisher

Exact tests for significant differences between the two data

sets were determined using SigmaPlot 13.0.

Species grouping

Many of the NTM species have similar characteristics

and have been placed into groups of two to seven species

(Table 2) with some species being ungrouped. The species

identified by the states were summed by their group for this

analysis to facilitate a comparison between the historical

1994 data and the 2014 data. For example, 1541 samples

identified as M. avium complex (MAC) positive specimens

were combined with 705 reports identified as M. avium

species and 6 reports identified as M. intracellulare species

to give a total of 2252 reports for the MAC group. Table 2

lists the NTM species reports that were combined to

represent each NTM group/complex/clad unit for the

comparison.

Monthly reports

The Mississippi, Missouri, and Ohio Health Departments

provided the U.S. EPA with the number of NTM speci-

men reports by month for the year 2014. Mississippi data

are publicly available at the Monthly Reportable Disease

Statistics website: http://msdh.ms.gov/msdhsite/_static/

14,0,261.html. The Wisconsin Health Department was

unable to supply their data in this format; thus, there is no

evaluation of cases per month for the state of Wisconsin.

The monthly report data were used to determine if report

frequency exhibited any seasonal trends.

Results

NTM species in laboratory reports

The Mississippi, Missouri, Ohio, and Wisconsin disease

network had 4200 NTM positive specimen reports sub-

mitted in 2014. The overall NTM prevalence rate was

16.0 reports per 100,000 persons (or 13.3 per 100,000

excluding Mycobacterium gordonae). This rate is much

higher than that reported by the CDC in 1994. Based on

the 2014 data, a national estimate of 50,976 positive

NTM specimen reports are projected during that year.

The distributions by state for the total NTM positive

specimens are as follows: Wisconsin (33.6%), Ohio (32.8%),

Missouri (20.9%) and Mississippi (12.6%) (Additional file 1:

Table S1-S4). The complex/group assignment to which

an isolate was speciated varied across the states. Three

percent of the reports identified the isolates only to the

genus-level. Forty-three percent of the reports assigned

the isolates only to a specific complex/group, and 54%

of reports provided the species name (Table 2). In all,

52 species were identified by name in the state reports.

Isolates classified only by their complex/group designation

primarily belonged to the M. avium complex (MAC), M.

chelonae-abscessus or M. fortuitum groups. Table 2 pro-

vides the data for all the species identified and ascribes

each species to its designated complex or group. The five

most common species isolated from human specimens

were M. avium 705/4200 (17%), M. gordonae 688/4200

(16%), M. chelonae 135/4200 (3.2%), M. fortuitum 110/

4200 (2.6%), and M. mucogenicum 104/4200 (2.5%)

(Table 2). These species accounted for 41.4% of the total

demonstrating the broad range of species identified among

the samples collected for analysis.

NTM increased reporting frequency

NTM positive specimen reports have increased between

1994 and 2014 from 1950 to 2400, equivalent to an

increase of 8.2 per 100,000 persons per year to 16.0 per

100,000 persons per year. The three complexes/groups that

had statistically significant increases in the frequency of

detections were the: M. chelonae-abscessus group, M.

fortuitum group and M. avium complex. The percentage

increase of these clinically important species, as established

by American Thoracic Society and Infectious Disease

Society of America, (ATS/IDSA) [4] between 1994 and

2014 is significant: 322% (94 to 440 reports), 194% (105 to

343 reports), and 149% (816 to 2252 reports), respectively

(Fig. 1). On the other hand, Fig. 1 illustrates a decline in

the number of positive specimen reports for other species:

M. xenopi (− 15%), M. kansasii (− 30%), M. terrae (− 40%),

M. scrofulaceum (− 55%) and M. flavescens (none

detected).

Longitudinal analysis for the MAC species

Figure 2 illustrates the report rate of M. avium per

100,000 persons over time for the four states. In 2014,

the combined report rate of M. avium for Mississippi,

Missouri, Ohio, and Wisconsin was 8.5 per 100,000 persons

(Fig. 2). This is 2.5 times more reports than the numbers

reported in 1994 [20]. The species detections for Ohio and

Wisconsin increased more than five-fold suggesting a

comparable increase in the respiratory infections disease

burden.

NTMs reports by month

When the 2014 positive specimens per month for each

state were plotted (Fig. 3) there was no evidence for a

seasonal pattern to the potential disease burden. The

peak month for each state differed: February for Mississippi,

April for Ohio, and July for Missouri. Data from Wisconsin

were not segregated by month.
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Table 2 NTMs identified from human specimens in Mississippi, Missouri, Ohio, and Wisconsin, 2014

Identified to Genus Complex/Group Totals Identified to NTM Complex/Group Identified to NTM Species Count Percentage Ratea

NTM 132 3.14 0.50

MAC complex (Total) 2252 53.62 8.53

MAC complex 1541 36.69 5.83

M. avium 705 16.79 2.67

M. intracellulare 6 0.14 0.02

MAIS Complex (Total) 20 0.48 0.08

MAIS Complex 17 0.40 0.06

M. scrofulaceum 3 0.07 0.01

M. chelonae-abscessus Group (Total) 440 10.48 1.67

M. chelonae-abscessus Group 122 2.90 0.46

M. abscessus 62 1.48 0.23

M. bolletii 5 0.12 0.51

M. chelonae 135 3.21 0.00

M. franklinii 1 0.02 0.02

M. immunogenum 4 0.10

M. massiliense 2 0.05

M. mucogenicum 104 248 0.39

M. phocaicum 5 0.12 0.02

M. fortuitum Group (Total) 343 8.17 1.30

M. fortuitum Group 143 3.40 0.54

M. conceptionense 2 0.05 0.01

M. fortuitum 110 2.62 0.42

M. houstonense 1 0.02 0.00

M. neworleansense 2 0.05 0.01

N. peregrinum 76 1.81 0.29

M. porcinum 5 0.12 0.02

M. septicum 4 0.10 0.02

M. gordonae (Total) M. gordonae 689 16.40 2.61

M. xenopi (Total) M. xenopi 54 1.29 0.20

M. kansasii Clade (Total) 100 2.38 0.38

M. gastri 1 0.02 0.00

M. kansasii 99 2.36 0.37

M. haemophilum (Total) 7 0.17 0.03

M. haemophilum 2 0.05 0.01

M. malmoense 5 0.12 0.02

M. terrae Complex (Total) 60 1.43 0.23

M. arupense 21 0.50 0.08

M. kumamotonense 1 0.02 0.00

M. nonchromogenicum 10 0.24 0.04

M. terrae 28 0.67 0.11

M. smegmatis (Total) 17 0.40 0.06

M. goodii 7 0.17 0.03

M. mageritense 4 0.10 0.02

M. smegmatis 4 0.10 0.02

M. wolinskyi 2 0.05 0.01

Donohue BMC Infectious Diseases  (2018) 18:163 Page 4 of 9



Discussion
Case reports are the bedrock for disease surveillance in

the U.S. Unfortunately, CDC’s National Notifiable Disease

Surveillance System (NNDSS) does not routinely collect

data on NTM positive laboratory reports or disease

cases on a national basis. In recent years, state health

departments are allowing other public and private

laboratories to submit reports into their disease surveillance

systems due to the increase capability of private and public

labs to identify NTMs in human specimens and improve-

ments in electronic reporting. The state NTM data reports

capture information that reflects potential respiratory infec-

tions among both the young and elderly, as well as, the

poor and the uninsured population groups often underrep-

resented in studies of disease burden based on Medicare

part B and/or health care insurance records. However, there

are limitations to these state data. The NTM reports

are not generally scrutinized for accuracy or completeness

during data entry. The procedures for isolating the NTM

species from the specimen could yield false positives due

to laboratory contamination. In addition, more than one

report could belong to the same individual if more than

one specimen was collected during the course of a single

disease episode in order to evaluate treatment efficacy.

Thus, the NTM specimen reports can overestimate the

burden of disease. Yet, the report rate of 13.3 per 100,000

is similar to 13.7 per 100,000 persons (North Carolina)

[12] and 17.2 reports per 100,000 persons (Oregon) [11]

other estimates of NTM prevalence in the U.S. Additionally,

the estimate of 50,976 NTM reports in the U.S. per annum

derived by using the state NTM reports is of the same order

of magnitude as the estimated 86,244 cases identified

using Medicare part B records [24]. Multiple lines of evi-

dence demonstrate an increase in NTM prevalence [1–3]

and report rates [12], strengthening the conclusion that

NTM infections in the U.S. have increased. These lines of

evidence also elevate the concern for NTM-related dis-

eases in the U.S., identifying a need to search for control-

lable sources of exposure that will guide risk mitigation

measures [25].

In this study, fifty-two NTM species were identified from

human specimens. Twenty eight percent (52/186) of recog-

nized NTM species are represented in the specimen reports.

The four most frequently identified NTM groups or species

that were common across the four states were: MAC,

M. fortuitum, M. gordonae, and M. chelonae-abscessus

groups. This observation was supported by data from

other regions and states within the U.S. [11, 12, 26].

Table 2 NTMs identified from human specimens in Mississippi, Missouri, Ohio, and Wisconsin, 2014 (Continued)

Identified to Genus Complex/Group Totals Identified to NTM Complex/Group Identified to NTM Species Count Percentage Ratea

M. simiae Complex (Total) 45 1.07 0.17

M. interjectum 2 0.05 0.01

M. kubicae 2 0.07 0.01

M. lentiflavum 15 0.36 0.06

M. parascrofulaceum 2 0.05 0.01

M. simiae 22 0.52 0.08

M. triplex 1 0.02 0.00

Ungrouped NTM (Total) 41 0.98 0.16

M. algericum 1 0.02 0.00

M. aurum 1 0.02 0.00

M. bacteremicum 1 0.02 0.00

M. branderi 1 0.02 0.00

M. celatum 1 0.02 0.00

M. cosmeticum 4 0.10 0.02

M. frederiksbergense 1 0.02 0.00

M. iranicum 1 0.02 0.00

M. nebraskense 2 0.05 0.01

M. neoaurum 6 0.14 0.02

M. paraffinicum 9 0.21 0.03

M. pulveris 1 0.02 0.00

M. sphagni 1 0.02 0.00

M. szulgai 10 0.24 0.04

M. vaccae 1 0.02 0.00

aRate per 100,000 persons
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The increase in the number of NTM positive reports

is not solely due to population growth. From 1994 to

2014, the population in these four states increased by 2.1

million people. Using the CDC 1994 report rate of 8.2

per 100,000 persons [20], this population increase should

have only added 172 reports. Instead the number of

reports for the four states is 4200 positive reports. This

number was greater than 2000 more reports than pre-

dicted. The reason for this increase is probably multi-

factorial. One important factor that likely led to the

larger case count is the increase in electronic reporting

by laboratories who perform sample analyses to state

databases. Established common portals for data entry

can be used by state laboratories, large research hospitals,

as well as, commercial laboratories to facilitate improved

record keeping. However, despite the impact of technology

on better reporting, the increase in the number of reports

is substantial enough to support the conclusion that more

individuals are experiencing NTM related episodes impact-

ing their health now than they did two decades ago.

Fig. 1 Numbers, rates, and percent change of NTM reports by species, 1994 and 2014 comparison. See Table 2 for clarity on which NTM species were

considered in each complex or group. *2014: M. chelonae-abscessus Group plus. M. mucogenicum-phocaicum report numbers were combined, ‡ NS =Not

significant, § per 100,000 persons: 1994 population 23,795,000 (as reported by Butler and Crawford, 1999); 2014 population 26,414,700

Fig. 2 Longitudinal analysis (1980–2014) of M. avium complex report rate per 100,000 persons for Mississippi, Missouri, Ohio, Wisconsin, and

combined. * Butler and Crawford, 1999: 1994 rates
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There was an increase in the MAC positive reports

from 3.4 per 100,000 in 1994 to 8.5 per 100,000 in 2014

(Fig. 2). Numerous factors could have contributed to the

increase in prevalence including: increased medical aware-

ness of NTM related infections/diseases, improvement of

laboratory identification techniques, increases in exposure

modalities and human activities associated with water and/

or soils. The increased MAC detection rates for the four

states suggest a need for improved risk communication

efforts between the public health sector and popula-

tions at risk for NTM infections. The NTM family of

microorganisms and their contribution to respiratory

illnesses are seldom topics for the popular press and

media. There is a need for a better communications

strategy targeting the general population on both the

signs and symptoms of NTM infections and measures

that will help minimize risk.

The shifts in detection frequency for either an NTM

group or species should be considered in any assessment

of population risk. Not all NTM species have the same

symptoms nor impact on human health. Species within

the M. chelonae-abscessus and M. fortuitum groups are

those commonly identified in “outbreak” investigations

[27–29]. These outbreaks can include dermal infections

of either the skin or soft tissue and pulmonary problems.

Dermal signs and symptoms reported were immediate

post contact rash onset, septic arthritis, or cutaneous

infections of the skin [27–29]. The source of the infection

is typically found to be a non-potable or potable water

source that has been contaminated with NTMs. Species in

the MAC grouping have been the most clinically signifi-

cant because they cause the majority of NTM related

illnesses and diseases [3, 30].

The increases in a state’s population alone do not

account for the increased number of cases reported by

the state health departments. However, changes within

the population can contribute to the increase. For

example, a state population could contain more elderly

individuals with co-morbidity factors such as COPD or

people suffering from suppression of their immune response

than in the past. Changes in routes of exposure are also

important. MAC infections are usually respiratory, but

not communicable [4]. Therefore, changes in bathroom

construction that promote showering over bathing

(especially for the elderly) increases the likelihood for

inhalation exposure and infection when potable water

is the source of transmission. A recent survey of NTM

presence in tap water found 78% (202/258) of the samples

collected were positive for NTM [31]. Since inhalation is

believed to be the main route of exposure [4], the

increased use of shower water aerators could also be an

important feature associated with an increase in population

exposure [32]. Recently, several publications [33] have out-

lined measures, such as, cleaning showerheads and remov-

ing aerators as protective measures for avoiding exposure

to NTMs [34, 35].

There is no seasonal pattern to NTM reports. The lack

of seasonality suggests exposure routes for illness and or

disease occur year-round and may not be influenced by

seasonal changes in activities of the at-risk population.

This is probably due to the fact that pulmonary NTM

lung infections and/or diseases are not acute illnesses.

Common signs and symptoms of the respiratory prob-

lems are shortness of breath and fatigue [4]. These vague

symptoms may not be addressed in a timely manner,

lengthening the time between illness onset and consult-

ation with a physician because of symptom persistence.

This delay could potentially dampen the opportunity to

link a positive specimen as a result of physician consult-

ation to the time the symptoms were first noted. As a re-

sult, a potential NTM report is filed with the state long

past the time of infection acquisition.

Fig. 3 NTM reports by state by month
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Conclusion
Knowledge of the NTM species most frequently associ-

ated with adverse human health consequences will assist

epidemiological investigators to identify likely sources

and modes of exposure associated with these types of in-

fections. By identifying the sources of the NTM infections,

strategies can be implemented to control for the occur-

rence of NTMs and/or procedures can be adopted to

mitigate exposure routes associated with the risks.

NTMs and their related disease manifestations result in

a significant, medical, human health burden, especially

among the elderly [2, 15]. As the U.S. population ages, the

public health burden from NTM associated disorders is

expected to increase. Thus, it is important to conduct

research to identify the major exposure routes and

environmental sources of dissemination to identify and

implement practices that will limit human exposures to

NTM infections.
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Justifications:

Justification 1:

Many current ozone non-attainment areas are located near coastal areas in the U.S.
The improvement to the chemical mechanism in the Community Multiscale Air
Quality (CMAQ) model introduced in these three papers are particularly targeted to
address the National Ambient Air Quality Standard (NAAQS) related issues in
these areas. CMAQ is an EPA-developed three-dimensional comprehensive air
quality model that is widely used in the U.S. and globally for developing air
pollution control strategies and conducting air quality research. Policymakers and
researchers have utilized CMAQ on a variety of spatial scales ranging from
fine-scale single-source studies to hemispheric-scale international transport studies.
During some of these larger-scale applications, CMAQ persistently over-predicted
ozone near coastal areas. As the NAAQS for ozone has been lowered, correcting for
these over-predictions became a priority as state and local environmental agencies
began the process of determining future compliance with the lowered NAAQS for
ozone.

To address this shortcoming, we performed a comprehensive literature search in
which we reviewed several studies suggesting that seawater can emit halogen
compounds such as bromine and iodine which can participate in atmospheric
chemical reactions to destroy ozone. The chemical mechanisms in CMAQ did not
employ such reactions and were not adequate in predicting ozone over seawater and
coastal areas. We also evaluated studies describing oceanic halogen emissions and
atmospheric reactions of halogens and identified the most suitable method for
estimating these emissions and relevant atmospheric chemical reactions for CMAQ.
During the process, we also consulted investigators who have previously developed
such emissions and reactions. These nominated papers focus on halogen-related
advances to the heart of CMAQ: its chemical mechanism that solves for the
hundreds of chemical reactions in the atmosphere involving ozone (O3), oxides of

nitrogen (NOx), volatile organic compounds (VOC), carbon monoxide (CO), sulfur

dioxide (SO2), and many other compounds. In these papers, we 1) implemented

oceanic halogen emissions and related chemical reactions into CMAQ, 2) linked
them with the chemical reactions in the commonly used Carbon Bond chemical
mechanism, 3) included the impact of these halogens on enhanced ozone
depositional loss over seawater, and 4) performed model simulations on a variety of
domains and configurations and analyzed the resulting change in predictions.
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The main findings from these papers are that halogen chemistry enhances ozone
deposition, reduces ozone concentrations, and improves model performance
compared to observed ozone over coastal areas as well as some inland regions.
These articles also quantify the impact of halogen chemistry on the intercontinental
transport of ozone and estimates of background ozone. In Sarwar et al. (2019), for
example, we show that background ozone estimates in the Western U.S. are reduced
by halogen chemistry along the coast and well inland. Because few air quality
models include this halogen chemistry, it is likely that background ozone has been
overestimated in previous model-based studies.

As both developers and users of CMAQ, we are always concerned with how any
change to the model affects its performance. The detailed halogen chemistry
contains more than 90 chemical reactions involving 33 additional chemical species
and takes a substantially more computational resource for completing model
simulations. Therefore, we developed a condensed halogen chemistry to account for
halogen-mediated ozone loss and implemented it in each of CMAQ’s three
chemical mechanisms. Model simulations with the condensed halogen chemistry are
computationally efficient and can be applied to a modeling domain containing the
U.S. and surrounding areas with limited oceanic area. This effort required us to
develop creative methods for balancing scientific detail with computational limits
and innovative ways to evaluate both the accuracy of the implementation and the
predictions.

Because there are no existing guidelines for this type of work and the chemical
mechanism is of high importance to EPA modeling efforts, we have also had to
implement procedures for ensuring careful and open analysis and documentation of
the halogen emissions, chemistry, and deposition and how these processes affect
other pollutants like ozone. This effort has resulted in a significant advancement in
the description of the chemical mechanisms and depositional processes that are
supported by CMAQ. We have publicly released the detailed halogen chemistry
with the Carbon Bond chemical mechanism, the condensed halogen chemistry
combined with each of the three chemical mechanisms, and the enhanced ozone
deposition over seawater. The most significant outcome of this work is that policy-
and decision-makers can have confidence that by using the CMAQ model, they are
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taking advantage of the most state-of-the-art chemical information and deposition
scheme available and the model with the current science can now be used for
developing policy decisions.

The CMAQ with the Carbon Bond chemical mechanism containing the condensed
halogen chemistry and enhanced ozone deposition has become the default base
model that EPA/OAQPS has used in several regulatory actions such as the 2018
Risk and Exposure Assessment Planning Document for the Secondary
NOx/SOx/PM NAAQS, 2018 National Air Toxics Assessment (NATA) assessment,
the 2019 Draft Policy Assessment for the Ozone NAAQS (background O3 section)

and the 2020 Policy Assessment for the PM NAAQS. The hemispheric CMAQ
model with detailed halogen chemistry has been used for creating boundary
conditions in some of these actions.

One of EPA’s strategic goals is to deliver a cleaner, safer, and healthier
environment for all Americans and the EPA has developed several long-term
performance goals to achieve this strategic goal. For example, EPA’s long-term
performance goals include improving air quality and reducing number of
non-attainment areas for NAAQS, prioritizing robust science to improve air quality,
and delivering state-of-the-art tools for state and local environmental agencies to
use in identifying effective emission reduction strategies to meet the NAAQS. Thus,
the research described in these papers has the dual benefit of advancing the science
in CMAQ and helping the EPA support its long-term performance goals of
improving air quality and reducing the number areas currently in non-attainment
with the NAAQS. 

Justification 2A:

The three articles focus on various aspects halogen (bromine and iodine) chemistry
and can be characterized as 1) initial implementation, 2) application to local air
quality, and 3) comprehensive evaluation. Sarwar et al. (2015) focuses on the
implementation of the enhanced ozone deposition scheme and atmospheric halogen
chemistry in CMAQ. Specifically, it describes the details of the enhanced ozone
deposition scheme that accounts for the interaction of atmospheric ozone with
iodide present in seawater, oceanic halogen emissions, and atmospheric halogen
reactions in the hemispheric CMAQ model. In this article, we performed a series of
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simulations over the entire Northern Hemisphere (using 108-km horizontal grids)
for a summer period to estimate the impact of enhanced ozone deposition and the
impact of halogen chemistry on atmospheric ozone concentrations. We compared
model predictions with observed data from remote sites in the Northern Hemisphere
and documented that the predictions with enhanced ozone deposition and halogen
chemistry improves the model performance. Because this halogen chemistry
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substantially increased computational time in CMAQ, we also developed a
computationally efficient halogen mediated ozone loss for model applications in
areas with limited seawater.

For air quality impact analysis involving regulatory applications, the
USEPA/OAQPS and many other users apply CMAQ over the continental U.S.
using 12-km horizontal grids. Thus, Gantt et al. (2017) focus on the application of
the model over the continental U.S. employing 12-km horizontal grids and
employed boundary conditions generated from the hemispheric CMAQ model. In
this article, we performed a series of model simulations for a summer period and
estimated the impact of enhanced ozone deposition as well as the impact of halogen
chemistry on atmospheric ozone over the continental U.S. We compared model
predictions with observed data in the U.S. and showed that the predictions with
enhanced ozone deposition and halogen chemistry lowers ozone concentrations and
improved model performance especially near the coastal areas. In addition, we also
used the condensed halogen chemistry, developed in the Sarwar et al. (2015) article,
and demonstrated that the use of such condensed reaction produces reasonable
ozone predictions compared to those with the detailed halogen chemistry. This
ensures that the users of the condensed halogen chemistry can expect reasonable
predictions for their model applications.

In Sarwar et al. (2019), we further refined the halogen emissions and chemistry
developed in the first article. We added aqueous-phase bromine reactions as well as
heterogeneous reactions for halogen species. We used hemispheric CMAQ and
performed simulations without and with the halogen chemistry for an entire year
and determined the seasonal and diurnal impacts of halogen chemistry on ozone.
We documented that the halogen chemistry is active throughout the year and
decreases ozone concentration without changing the diurnal profile of ozone. The
halogen chemistry, however, does not have a strong seasonal influence on ozone. It
improves model performance when compared to observations especially at coastal
sites and over seawater. To isolate the impacts of bromine chemistry and iodine
chemistry, we performed simulations separately and determined that iodine
chemistry is four times more effective in reducing atmospheric ozone than the
bromine chemistry. By performing additional simulations, we also determined that
the halogen chemistry modulates intercontinental transport and lowers the
background ozone imported to the U.S.
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Justification 2B:

Golam Sarwar

2015 Level 3 STAA

1.    Examining the impact of heterogeneous nitryl chloride production on air quality
across the United States, (2012)

2.    Importance of tropospheric CINO2 chemistry across the Northern Hemisphere,

(2014)

Brett Gantt

2015 Level 3 STAA

1.    Near Road Modeling and Measurement of Cerium Containing Particles
Generated by Nanoparticle Diesel Fuel Additive Use, (2014)

2.    Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel
Additive Induce Adverse Pulmonary and Systemic Effects, (2014)

3.    Predicting the Effects of Nanoscale Cerium Additives in Diesel Fuel on
Regional Scale Air Quality, (2014)

Heather Simon

2015 Level 3 STAA

1.    Near Road Modeling and Measurement of Cerium Containing Particles
Generated by Nanoparticle Diesel Fuel Additive Use, (2014)

2.    Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel
Additive Induce Adverse Pulmonary and Systemic Effects, (2014)
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3.    Predicting the Effects of Nanoscale Cerium Additives in Diesel Fuel on
Regional Scale Air Quality, (2014)

2015 Level 3 STAA

1.    Examining the impact of heterogeneous nitryl chloride production on air quality
across the United States, (2012)

2.    Importance of tropospheric CINO2 chemistry across the Northern Hemisphere,

(2014)

2015 Level 3 STAA

1.    A Direct Sensitivity Approach to Predict Hourly Ozone Resulting from
Compliance with the National Ambient Air Quality Standard, (2013)

2015 STAA nomination without any award

1.    Compilation and Interpretation of Photochemical Model Statistics Published
between 2006 and 2012, (2012)

2019 Honorable Mention STAA

1.    Dynamic evaluation of CMAQ part I: Separating the effects of changing
emissions and changing meteorology on ozone levels between 2002 and 2005 in the
eastern US, (2015)

2.    Dynamic Evaluation of CMAQ part II: Evaluation of Relative Response Factor
Metrics for Ozone Non-Attainment demonstration (2015)

2019 Honorable Mention STAA

1.    Ozone Trends Across the United States over a Period of Decreasing NOx and
VOC Emissions, (2015)

2.    Assessing Temporal and Spatial Patterns of Observed and Predicted Ozone in
Multiple Urban Area, (2016)
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Rohit Mathur

2015 Level 3 STAA

1.    Near Road Modeling and Measurement of Cerium Containing Particles
Generated by Nanoparticle Diesel Fuel Additive Use, (2014)

2.    Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel
Additive Induce Adverse Pulmonary and Systemic Effects, (2014)

3.    Predicting the Effects of Nanoscale Cerium Additives in Diesel Fuel on
Regional Scale Air Quality, (2014)

2015 Level 3 STAA

1.    Examining the impact of heterogeneous nitryl chloride production on air quality
across the United States, (2012)

2.    Importance of tropospheric CINO2 chemistry across the Northern Hemisphere,

(2014)

2015 Level 3 STAA

1.    WRF-CMAQ Two-way Coupled System with Aerosol Feedback: Software
Development and Preliminary Results, (2012)

Donna Schwede

2015 Level 3 STAA

1.    Processes of Ammonia Air-Surface Exchange in a Fertilized Zea mays Canopy,
(2013)

2.    Linking Agricultural Management and Air-Quality models for Regional to
National-Scale Nitrogen Deposition Assessments, (2012)

3.    Evaluation of a Regional Air-Quality Model with Bidirectional NH3 Exchange
Coupled to an Agro-ecosystem Model, (2013)
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2019 Honorable Mention STAA

1.    Modeling the current and future roles of particulate organic nitrates in the
southeastern United States, (2015)

2.    On the implications of aerosol liquid water and phase separation for organic
aerosol mass, (2017)

3.    Simulating aqueous phase isoprene-epoxydiol (IEPOX) secondary organic
aerosol production during the 2013 southern oxidant and aerosol study (SOAS),
(2017)

Kristen Foley

2019 Honorable Mention STAA

1.    Dynamic evaluation of CMAQ part I: Separating the effects of changing emissions and changing

meteorology on ozone levels between 2002 and 2005 in the eastern US, (2015)

2.    Dynamic Evaluation of CMAQ part II: Evaluation of Relative Response Factor Metrics for Ozone

Attainment demonstrations, (2015)

Kathleen Fahey

2015 Level 3 STAA

1.    Near Road Modeling and Measurement of Cerium Containing Particles
Generated by Nanoparticle Diesel Fuel Additive Use, (2014)

2.    Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel
Additive Induce Adverse Pulmonary and Systemic Effects, (2014)

3.    Predicting the Effects of Nanoscale Cerium Additives in Diesel Fuel on
Regional Scale Air Quality, (2014)
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Tanya Spero

2015 Level 3 STAA

1.    WRF-CMAQ Two-way Coupled System with Aerosol Feedback: Software
Development and Preliminary Results, (2012)

2017 Level 3 STAA

1.    Does Nudging Squelch the Extremes in Regional Climate Modeling? (2012)

2019 Honorable Mention STAA

1.    Increasing the credibility of regional climate simulations by introducing subgrid-scale cloud – radiation 
interactions, (2014)

William Hutzell

2019 Honorable Mention STAA

1.    Modeling the current and future roles of particulate organic nitrates in the
southeastern United States, (2015)

2.    On the implications of aerosol liquid water and phase separation for organic
aerosol mass, (2017)

3.    Simulating aqueous phase isoprene-epoxydiol (IEPOX) secondary organic
aerosol production during the 2013 southern oxidant and aerosol study (SOAS),
(2017)

Justification 2C:

This nomination deals with bromine and iodine chemistry and its impacts on ozone.
None of the previous nominations focused on this topic. 

Justification 2D:

https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=282753&Lab=NERL
https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=282753&Lab=NERL
https://cfpub.epa.gov/si/si_public_record_report.cfm?dirEntryId=282753&Lab=NERL
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Supplemental information listed in this nomination was not submitted in any previous STAA

applications. 

Justification 2E:

Tanya Spero has submitted a concurrent nomination for the 2015 Fann et al. article (The geographic distribution

and economic value of climate change-related ozone health impacts in the United States in 2030) which

addresses projected changes to air quality and health in the United States in 2030 due to climate change. The

nomination submitted in this package addresses halogen chemistry and its impact on ozone. Thus, the focus of

the current nomination is entirely different from the concurrent Tanya Spero nomination.

Justification 3A:

Both the detailed and the condensed halogen chemistry and enhanced ozone deposition scheme in CMAQ are

being regularly used by researchers and regulators in the U.S. and in many other countries. The model with such

options has been released and is publicly available from an archive at the USEPA. The Carbon Bond chemical

mechanism with the condensed halogen chemistry and enhanced ozone deposition scheme has been adopted by

the EPA/OAQPS as its base model for regulatory applications. Many state and local agencies are also using the

model with such options. Current users of the Carbon Bond chemical mechanism with the condensed halogen

chemistry and enhanced ozone deposition include the consortium of states represented by the Lake Michigan

Air Directors Consortium (Illinois, Indiana, Michigan, Wisconsin and Ohio), New York, Maryland, and several

other air agencies. In addition, the condensed halogen chemistry has been combined with all three chemical

mechanisms. Currently CMAQ has more than 2000 users world-wide; all users of the current CMAQ model are

using the condensed halogen chemistry and enhanced ozone deposition scheme.

Several users are currently using the CMAQ model with the detailed halogen chemistry. For example, the

Technical University of Madrid (Spain), the University of Maryland, the University of Houston, the Hong Kong

University of Science & Technology, and the Air Quality Forecasting team at the National Oceanic and

Atmospheric Administration are currently using the halogen chemistry in the Carbon Bond chemical

mechanism.

The primary authors of the nominated papers have been invited to speak at numerous national and international

conferences on the halogen chemistry, enhanced ozone deposition and their implementation in CMAQ. These

have included multiple presentations at the 33rd International Technical Meeting on Air Pollution Modelling 

and its Application (Miami, Florida, USA, August 26-30, 2013), the 13
th

 Annual Community Modeling and

Analysis System Conference (Chapel Hill, NC, USA , October 27-29, 2014), the 14
th

 Annual Community

Modeling and Analysis System Conference (Chapel Hill, NC, USA, October 5-7, 2015), the 15
th

 Annual 
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Community Modeling and Analysis System Conference (Chapel Hill, NC, USA, October 24-26, 2016), the 16
th

Annual Community Modeling and Analysis System Conference (Chapel Hill, NC, USA , October 23-25, 2017),

and the 2018 joint international conference on ABaCAS and CMAS-Asia-Pacific Conference (Beijing, China, 

May 21-23, 2018).

Justification 3B:

Each manuscript followed a rigorous peer review process established by ORD and OAQPS before submitting

for journal peer review. Within ORD, each paper was reviewed by two EPA scientists, Quality Assurance

Manager, Branch Chief, the Associate Division Director for Science. The principal authors were responsible for

addressing all comments. A parallel set of reviews were also performed within the Air Quality Assessment

Division of EPA/OAR/OAQPS, with additional reconciliation of comments. 

The Sarwar et al. (2015) and the Gantt et al. (2017) articles were submitted to Environmental Science &

Technology, because it is an authoritative source of information in a wide range of environmental disciplines. It

is published by the American Chemical Society, which is a leader in providing access to chemistry-related

information and research. The focus of these articles fit in well with wide range target audience. The Sarwar et

al. (2019) paper was submitted to Atmospheric Environment, because of its international coverage of air

pollution research/applications and focus on atmospheric chemistry. Sarwar et al. (2019) fits well with 

Atmospheric Environment’s target audience of air quality researchers and policymakers. Environmental Science

& Technology and Atmospheric Environment both require that submissions successfully pass a series of

extensive anonymous peer review, to the satisfaction of the editor, prior to acceptance. These international

journals maintain a large list of potential reviewers. Two to three anonymous external peer reviewers, chosen by

the journals, provided comments for each of the articles. In general, the external review comments were minor

and constructive, and all comments were satisfactorily addressed by the authors before the papers were accepted

for publication. In addition, the panel of the sixth external peer review of the CMAQ model reviewed the 

halogen chemistry and provided positive feedback for including it in the model.
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Impact of Enhanced Ozone Deposition and Halogen Chemistry on
Tropospheric Ozone over the Northern Hemisphere

Golam Sarwar,*,† Brett Gantt,† Donna Schwede,† Kristen Foley,† Rohit Mathur,† and Alfonso Saiz-Lopez‡

†National Exposure Research Laboratory, Environmental Protection Agency, Research Triangle Park, North Carolina 27711, United
States
‡Atmospheric Chemistry and Climate Group, Institute of Physical Chemistry Rocasolano, CSIC, Madrid 28006, Spain

*S Supporting Information

ABSTRACT: Fate of ozone in marine environments has been receiving increased
attention due to the tightening of ambient air quality standards. The role of
deposition and halogen chemistry is examined through incorporation of an
enhanced ozone deposition algorithm and inclusion of halogen chemistry in a
comprehensive atmospheric modeling system. The enhanced ozone deposition
treatment accounts for the interaction of iodide in seawater with ozone and
increases deposition velocities by 1 order of magnitude. Halogen chemistry
includes detailed chemical reactions of organic and inorganic bromine and iodine
species. Two different simulations are completed with the halogen chemistry:
without and with photochemical reactions of higher iodine oxides. Enhanced
deposition reduces mean summer-time surface ozone by ∼3% over marine regions
in the Northern Hemisphere. Halogen chemistry without the photochemical
reactions of higher iodine oxides reduces surface ozone by ∼15% whereas
simulations with the photochemical reactions of higher iodine oxides indicate ozone reductions of ∼48%. The model without
these processes overpredicts ozone compared to observations whereas the inclusion of these processes improves predictions. The
inclusion of photochemical reactions for higher iodine oxides leads to ozone predictions that are lower than observations,
underscoring the need for further refinement of the halogen emissions and chemistry scheme in the model.

1.0. INTRODUCTION

Ozone (O3) has been linked to adverse effects on human
health1 and ecosystems.2 To mitigate these effects, air quality
standards have been periodically revised, which has led to the
tightening of ambient air quality standards for O3. The
tightened ambient air quality standards make the determination
of background O3 levels more important. Background levels of
O3 are affected by mixing ratios over the ocean, which are
influenced greatly by the chemicals present in the sea surface
microlayer. These chemical compounds can be emitted to the
atmosphere and affect atmospheric chemistry and can also serve
as a chemical sink to enhance deposition to the seawater
surface. Studies have suggested that O3 deposition over
seawater is highly variable due to variations in atmospheric
O3 mixing ratio and deposition velocity (flux/mixing ratio),
with reported deposition velocities ranging from 0.009 to ∼0.27
cm s−1.3,4 The deposition velocity over seawater is dependent
on a number of factors including the atmospheric turbulence
and the chemical composition of the seawater. Although several
compounds in seawater can interact with O3

5−7 and the
presence of other compounds can affect such interactions,8

there is still much uncertainty in modeling these interactions.
Considerably more consensus has been reached on the
interaction between O3 and iodide in the seawater. Developing
reliable spatial distributions of iodide concentrations in
seawater is key and concentrations have been estimated using

various proxies, including chlorophyll-a (chl-a),9 nitrate,10 and
sea surface temperature (SST).10,11 Several models of the
enhanced deposition of O3 over seawater have been proposed
ranging from complex approaches such as that of Fairall et al.12

to more simple approaches such as that of Chang et al.5 Oh et
al.9 employed the simple approach of Chang et al.5 and linked
O3 dry deposition velocities to satellite-derived chl-a concen-
trations and reported a maximum surface O3 decrease of 2.5
ppbv offshore of Galveston, Texas. Although the Oh et al.9

study suggests enhanced deposition of O3 over seawater can
affect atmospheric O3 in areas of the Gulf of Mexico, little is
known about its importance in other coastal areas.
Although several studies have postulated that bromine and

iodine emitted from the ocean impact atmospheric chem-
istry,13−15 recent measurements of speciated halogen species
with advanced instrumentation have confirmed the presence of
an oceanic halogen emission source.16−20 The sea−air flux and
associated chemistry of bromine- and iodine-containing
compounds affects new particle formation, mercury cycling,
oxidative capacity, and O3 mixing ratio of the marine
atmosphere.17,21−23 These halogen species undergo photolysis
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and react with oxidants to release iodine or bromine, which can
then catalytically react with O3 to reduce its levels in the marine
atmosphere. With the increasing focus on background O3

levels, marine halogen sources/chemistry have been the subject
of several recent laboratory, field, and modeling studies.24−38

Laboratory studies report that the reactions of O3 and marine
aerosols can release halogens24,27 and water surface properties
can also affect these reactions.26,28 Although the reaction of O3

with bromide is generally low,39 some studies reveal the
possibility of a surface-mediated reaction that can enhance the
reaction rate leading to the loss of O3 and release of gaseous
bromine.24,25,28

In recent years, several modeling studies have attempted to
represent marine halogen emission sources and atmospheric
chemistry with increasing levels of complexity. Beginning with
the one-dimensional modeling work of halogen chemistry in
the atmosphere,29,30 various marine emission sources such as
halocarbons,31,32 sea spray aerosol (SSA) bromine,33 and
iodine/hypoiodous acid11 and chemical reactions such as
photolysis of higher iodine oxides34 have been implemented
into global chemical transport models. Saiz-Lopez et al.35 found
that tropospheric O3 loss due to marine halogen emissions can
have a climatically relevant radiative impact whereas Parrella et
al.36 postulate that the inclusion of bromine chemistry improves
model prediction of preindustrial O3 observations and leads to
differential mercury lifetimes in preindustrial and present-day
conditions. Long et al.37 report that bromine activated from
SSA reduces marine boundary layer O3 by >20% over most of
the tropics and >75% over the Southern Ocean. Despite the
demonstrated impact of enhanced deposition of O3 over
seawater and marine halogen emissions/chemistry on O3

mixing ratios, these processes are currently not accounted for
in most regional air quality models. The reaction between O3

and dissolved iodide in seawater not only decreases
atmospheric O3 but also generates halogen emissions that
activate the atmospheric chemistry of reactive halogens. The
loss of atmospheric O3 due to the reaction of O3 and dissolved
iodide in seawater is modeled using enhanced deposition
velocity. In this study, we quantify the impact of enhanced O3

deposition and marine halogen emissions and chemistry on
tropospheric O3 mixing ratios over the Northern Hemisphere.

2.0. METHODOLOGY

2.1. Model Description. The Community Multiscale Air
Quality (CMAQ) modeling system is a comprehensive regional
air quality model accounting for interactions among major
atmospheric processes.40 Many studies have employed the
regional CMAQ model and demonstrated its skill in simulating
ambient pollutants.41−44 Mathur et al.45,46 recently extended
the model capabilities for applications to the Northern
Hemisphere. Sarwar et al.47 applied the hemispheric CMAQ
model for examining the impacts of heterogeneous nitryl
chloride chemistry in the Northern Hemisphere whereas Xing
et al.48 used the model for evaluating air quality trends. Here,
we employ the online hemispheric CMAQ model using a
horizontal resolution of 108-km and 44 vertical layers.48 The
CB05TUCl chemical mechanism42 that integrates chlorine
chemistry with the Carbon Bond mechanism was used.
Emissions inputs are described in Sarwar et al.47 and
meteorological fields are detailed in Xing et al.48 In the
following sections, we describe the model implementation of
enhanced O3 deposition (section 2.2), halogen chemistry
(section 2.3), and halogen emissions (section 2.4).

2.2. Deposition of Species. CMAQ accounts for both the
dry and wet deposition of model species, and these treatments
have been described in Byun et al.40 These deposition
approaches have been updated to include the necessary
parameters for modeling the loss of bromine and iodine
species (section 2.3). Here we focus on updates to the
deposition of O3.
The deposition velocity (vd) for gas species is parametrized

in CMAQ using the familiar resistance analogy:49

= + +
−v R R R( )d a b s
1

(1)

where the aerodynamic resistance (Ra) accounts for atmos-
pheric turbulence, the boundary layer resistance (Rb) represents
diffusion across the quasi-laminar near-surface layer, and the
surface resistance (Rs) accounts for the uptake by the surface.
In CMAQ, the Rs for water surfaces is calculated as12,50

ρ ρ=
∗

−
⎜ ⎟
⎛

⎝

⎞

⎠
R

Sc

Pr
H k u(( )( )( / ) ( ))s

2/3

eff a w
0.5 1

(2)

where Sc = Schmidt number (unitless), Pr = Prandtl number
(unitless), Heff = dimensionless effective Henry’s Law constant
(ratio of aqueous to gas phase), k = von Karman constant (0.4),
ρa = density of air (g cm−3), ρw = density of water (g cm−3) and
u* = friction velocity (m s−1).
The vd value obtained using eqs 1 and 2 is referred to here as

the standard deposition velocity and is used for most chemical
species.
We revised the standard deposition velocity calculation to

account for the enhanced deposition of O3 due to the reaction
with iodide in seawater. Similar to the work by Oh et al.,9 we
implemented the approach of Chang et al.5 In this para-
metrization, Rs over seawater is calculated as

λ
=

+

=

+

R
H ak D pk q

1

( ( ) )

1
s

eff w
1/2

w (3)

where kw = gas transfer velocity (m s−1), a = chemical
enhancement factor, (λD)1/2 = chemical loss of O3, p =
(a)(Heff) = 1.75, and q = (λD)1/2 (Heff). The values for kw and q
are calculated as

ρ ρ
=

∗

( )
k

k u( / ) ( )
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Pr

w
a w

0.5

2/3

(4)

=q k C d H[( )( )( )] ( )i i w
0.5

eff (5)

where ki is the second-order kinetic rate constant, Ci =
concentrations of iodide in seawater (calculated using eq 9),
and dw = diffusion coefficient of O3 in water (m2 s−1). Magi et
al.51 reported a temperature dependent ki ranging from 3.2 ×

108 to 2.4 × 109 for a temperature range of 276−293 K that
increases with increasing water temperature. We have used a
constant value of 2.0 × 109 in our study.52 Thus, our simulated
impacts of enhanced O3 deposition at lower water temperature
will be somewhat greater than the real impacts. Similarly,
simulated impacts of enhanced O3 deposition at higher water
temperature will be lower than the real impacts. The vd value
obtained using eqs 1 and 3 is referred here as the enhanced
deposition velocity. Values of Ra and Rb are determined using
the same procedures in the standard and enhanced deposition
velocity calculations.
CMAQ-derived standard O3 deposition velocities over

seawater are less than 0.01 cm s−1 whereas the enhanced O3
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deposition velocities generally range between 0.01 and 0.04 cm
s−1 (Figure S.1 of the Supporting Information). The median
CMAQ-estimated standard and enhanced deposition velocities
for O3 over seawater are ∼0.001 and 0.025 cm s−1, respectively.
Helmig et al.4 reported median O3 deposition velocities over
different seawater ranging from 0.009 to 0.27 cm s−1; therefore,
the enhanced deposition velocities agree better with observa-
tions than the standard deposition velocities. However, further
increases are needed for improving the agreement with
observed deposition velocities.
2.3. Halogen Chemistry. Several investigators have

examined the role of bromine chemistry on O3.
32,33,36,53 We

use the Yang et al.33 bromine chemistry with 5 additional
reactions to account for the interactions of BrO with ClO and
with DMS and BrO.32,54 A complete list of the bromine gas
phase chemical reactions implemented in CMAQ can be found
in Table S.1 of the Supporting Information.
Numerous investigators have studied iodine chemistry,32,34,55

with Saiz-Lopez et al.34 reporting a comprehensive mechanism
of iodine gas phase chemical reactions, including photolysis of
higher iodine oxides (I2O2, I2O3, and I2O4), listed in Table S.2
of the Supporting Information. Although previous studies56,57

suggested that higher iodine oxides impact aerosol formation,
Saiz-Lopez et al.34 found that they also play a role in
atmospheric chemistry and included their photochemical
reactions in a global model. The Saiz-Lopez et al. study
included two sets of iodine chemistry: one set without the
photolysis of I2O2, I2O3, and I2O4 (lower limit) and the other
set with the photolysis of I2O2, I2O3, and I2O4 (upper limit).
We completed two different model simulations with the
halogen chemistry similar to that of Saiz-Lopez et al.34 without
and with the photochemical reactions of higher iodine oxides.
Yang et al.33 considered heterogeneous hydrolysis of bromine

nitrate (BrONO2) on aerosols, which we also use R1. We
calculate the heterogeneous reaction rate of BrONO2 using
kBrONO2

= γcA/4, where γ = reactive uptake coefficient, c = mean

molecular speed (m s−1) (a function of temperature), and A =
aerosol surface area (m2 m−3). Consistent with Yang et al.,33 we
used γ = 0.3 following the recommendation of the International
Union of Pure and Applied Chemistry (IUPAC). The recent
IUPAC58 evaluation provides values of 0.15−1.0 for the uptake
coefficient of BrONO2 on liquid substrates.

+ → +BrONO (g) H O(aq) HOBr(g) HNO (g)2 2 3 (R1)

2.4. Halogen Emissions. Marine emissions of bromine-
and iodine-containing compounds fall into three categories with
distinct formation mechanisms: (1) halocarbons, (2) inorganic
bromine, and (3) inorganic iodine. Halocarbons are produced
in the ocean by phytoplankton and macroalgae and typically
have elevated oceanic concentrations in regions of high
biological activity.59 Halocarbon emissions are adapted from
the Community Atmosphere Model with Chemistry (CAM-
Chem)35 and the Comprehensive Air quality Model with
extensions (CAMx).60 The halocarbons include five bromo-
carbons (CHBr3, CH2Br2, CH2BrCl, CHBrCl2, CHBr2Cl) and
four iodocarbons (CH3I, CH2ICl, CH2IBr, CH2I2) and their
emissions are estimated using monthly average climatological
chl-a concentrations derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) aboard the Aqua satellite
(oceancolor.gsfc.nasa.gov/cgi/l3) and projected to the polar
stereographic coordinate system used in the hemispheric

CMAQ model. For each halocarbon, the emission rate is
calculated as

= + × × × × ×

× −

−E O S A f f

a

( ) 1.2 10

[chl ]

HC F F GC
11

HC DP

(6)

where EHC = halocarbon emission rate (moles s−1), OF = open
ocean zone fraction of the grid cell, SF = surf zone fraction of
the grid cell, AGC = grid cell area (m2), 1.2 × 10−11 represents a
base emission rate, f HC = a species-dependent emission factor,
and f DP = a diurnal profile factor based on the grid cell local
hour peaking at noon. Values of f HC and f DP from CAMx60 are
used.
Unlike halocarbons, which are directly emitted from the

ocean surface, SSA are the source of the one inorganic bromine
compound (Br2).

33 Bromine depletion in SSA is acidity
dependent and thought to be due to the uptake of gaseous
HOBr61 or HOCl62 from the heterogeneous reaction of N2O5

on aerosol surfaces. We use the simplified treatment of bromine
release from SSA33 as

ρ

= + × × × ×

× + × ×

−P O S A U( ) 0.965 10

(0.38 0.054 SSTC)

SSA F F GC
16

10
3.41

SSA (7)

= × × ×E P R0.8624 DF/MWBr SSA a Br2 2 (8)

where PSSA = mass production of SSA with dry radius <10 μm
(g s−1), 0.965 × 10−16 represents total volume flux of SSA at a
wind speed of 1 m s−1 and relative humidity of 0%, U10 = 10 m
wind speed (m s−1), SSTC is the sea surface temperature in °C,
ρSSA = dry SSA density (2.165 × 103 g m−3), EBr2 = Br2 emission

rate (moles s−1), Ra = sea-salt Br/NaCl mass ratio (0.00223 g
g−1), DF = bromine depletion factor (0.5), and MWBr2 =

molecular weight of Br2. In CMAQ, NaCl represents 86.24% of
the SSA emissions; thus, we use a factor of 0.8624 to calculate
NaCl emissions. Spatially, Br2 emissions are consistent with the
distribution of SSA emissions, which are positively related to
U10 and SST in CMAQ as recently implemented by Gant et
al.63

Mahajan et al.64 compared model predictions to observed
halogen species over the Atlantic Ocean and reported that
current iodine fluxes are inadequate to explain the observed IO
levels and additional iodine sources are needed. McDonald et
al.11 developed a parametrization for estimating emissions of
two inorganic iodine species (HOI and I2) based on the surface
mixing ratios of O3 in the atmosphere, iodide concentration at
the sea surface, and wind speed. This parametrization is based
on the production of HOI and I2 from the reaction of iodide
and O3 in the interfacial layer of the ocean surface.18 Following
the global analysis from Chance et al.,10 we follow the
MacDonald et al.11 approach to estimate I2 and HOI emissions
that are driven by sea surface iodide concentrations ([I(aq)

−])
based on SST:

= × ×
−−

⎜ ⎟
⎛

⎝

⎞

⎠
[I ] 1.46 10 exp

9134

SST
(aq)

6

(9)
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where EHOI = HOI emission rates (mole s−1), EI2 = I2 emission

rates (mol s−1), [O3] = surface O3 mixing ratios (ppbv), and ws
= wind speed (m s−1). We also set a lower limit of 3 m s−1 for
wind speed following McDonald et al.11

Hemispheric halocarbons and inorganic halogen emissions
estimates are shown in Table 1. Global halocarbon emissions

can be calculated using publicly available global chl-a data.
Using such data, we calculated global halocarbon emissions and
compared to the values reported by others. Our global
halocarbon emissions estimates compare well with values
reported by Ordoñ́ez et al.32 Calculation of global inorganic
halogen emissions requires global wind speed, SST, and O3

fields. Because our modeling domain only covers the Northern
Hemisphere, we could not accurately estimate global emissions
of Br2, HOI, and I2. Our extrapolated global Br2 emissions
estimate is likely to be greater than the estimate of Parrella et
al.36 but is similar to the higher estimate of Yang et al.33 Our
estimate accounts for the temperature effect on SSA; hence our
Br2 estimates extrapolated from the Northern Hemisphere
during summer-time conditions will be higher than those
estimated without considering the temperature effect. Our Br2
estimates are within the uncertainty factor of 4.0 for SSA
sources.65

Prados-Roman et al.66 implemented the McDonald et al.11

parametrization into the CAM-Chem model and reported an

annual global inorganic iodine emissions estimate of ∼1900
Gg(I). Our extrapolated global inorganic iodine emissions are
likely to be greater than this value due to different O3, SST,
wind-speed fields. CMAQ predicted surface O3 mixing ratios
are higher than those predicted by CAM-Chem. The surface
layer height in CMAQ is ∼20 m and we use wind-speeds at 10
m for calculating inorganic iodine emissions. In contrast, the
surface layer height in CAM-Chem is ∼150 m and Prados-
Roman et al.66 used CAM-Chem model first layer wind-speeds
for calculating these emissions. Differences in O3 and wind-
speed lead to greater iodine emissions in CMAQ. Additionally,
we focus on summer-time when halogen emissions are likely to
be greater than those in the winter-time. Similar to the Prados-
Roman et al.66 estimates, our calculation also suggests that 95%
of the inorganic iodine emissions are in the form of HOI and
5% are in the form of I2.

2.5. Simulation Details. Four different model simulations
were conducted. The first simulation (Case A) was completed
using the standard O3 deposition velocity over seawater and the
CB05TUCl mechanism. The second simulation (Case B) was
completed using the enhanced O3 deposition over seawater and
the CB05TUCl mechanism. The third simulation (Case C) was
completed using the enhanced O3 deposition over seawater, the
CB05TUCl mechanism, and halogen chemistry without the
photolysis of higher iodine oxides. The fourth simulation (Case
D) was completed using the enhanced O3 deposition over
seawater, the CB05TUCl mechanism, and halogen chemistry
with the photolysis of higher iodine oxides. Differences between
Cases A and B are attributable to the enhanced deposition over
seawater. Differences between Cases B and C simulation results
are attributable to halogen chemistry without the photolysis of
higher iodine oxides whereas the differences between Cases B
and D are attributable to halogen chemistry with the photolysis
of higher iodine oxides. Each simulation was completed for four
months (May−August) in 2006. May was used as model spin-
up period and results of the three summer months (June−
August) are analyzed.

3.0. RESULTS AND DISCUSSSION

3.1. Distribution of Halogen Species. The predicted
mean surface mixing ratios for all halogen species over marine
regions for Case C are presented in Table 2. HBr, produced via
reactions of Br with HO2 and aldehydes, contributes the highest
percentage of total bromine. CHBr3 is the second most
abundant bromine species due to large emissions and a
relatively long atmospheric lifetime. Br2 is an emitted species
but can also be formed in the atmosphere and is the third most
abundant bromine species. CH2Br2 is an emitted species that
only reacts with OH and is the fourth most abundant species.
The fifth most abundant species is HOBr, which is produced
only by chemical reactions.
The most abundant iodine species, I2O3, is a reaction product

that does not participate in any other chemical reactions. The
I2O3 mixing ratio decreases only via dry and wet deposition;
enabling it to accumulate in the atmosphere. HOI is the second
most abundant iodine species and is formed through primary
emissions and secondary formation. CH3I is the third most
abundant iodine species due to its large emission rates and long
atmospheric lifetime. IONO2 is the fourth highest abundant
iodine species.
Predicted surface BrO and IO mixing ratios (daytime mean

over marine regions) are 0.3 and 1.2 pptv, respectively. Because
the rate constants for the reactions of Br + O3 and I + O3 are

Table 1. Halogen Emissions Estimatesa

species

hemispheric
summer estimates
in this study (Gg)

global annual
estimates in this
study (Gg)

global annual
estimates from
published studies

(Gg)

CHBr3 100.1 525 533

CH2Br2 17.2 90 67.3

CH2BrCl 2.0 11 10.0

CHBr2Cl 4.9 26 19.7

CHBrCl2 4.8 17 22.6

CH3I 44.9 236 303

CH2ICl 49.2 258 234

CH2IBr 18.3 96 87.3

CH2I2 24.4 128 116

Br2 274 (Br) 1150−2090 (Br)

1420 (Br)

HOI + 2xI2 736 (I) 1900 (I)
aGlobal annual estimates of halocarbon emissions are taken from
Ordoñ́ez et al.,32 global annual estimates of Br2 are taken from Yang et
al.33 and Parrella et al.,36 and global annual estimates of HOI + 2xI2 are
taken from Saiz-Lopez et al.34
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similar; the higher IO value relative to BrO suggests that the
iodine chemistry is more effective in reducing O3 than bromine
chemistry. Saiz-Lopez et al.35 compiled BrO and IO data from
ground and ship-based measurements. Ground-based measured
BrO ranged 0.5−2.0 pptv and ship-based BrO ranged 3.0−3.6
pptv whereas ground-based IO ranged 0.2−2.4 pptv and ship-
based IO level was ∼3.5 pptv. Prados-Roman et al.19 reported
IO measurements of 0.4−1.0 pptv in the global marine
boundary layer. Mahajan et al.64 reported a daytime average
measurement of 2.8 pptv for BrO and 1.5 pptv for IO at Cape
Verde in Atlantic Ocean. Thus, the halogen chemistry without
the photolysis of higher iodine oxides successfully reproduces
these observed halogen oxides. Higher levels (∼100 pptv) of
BrO have been measured in the boundary layer of the Dead
Sea.67,68 Our model results are lower than these high observed
values over the Dead Sea, which contains 86 times more
bromide than typical ocean water.69 Tas et al.69 studied the
atmospheric bromine chemistry over the Dead Sea using a one-
dimensional model and reported that high levels of bromide in
the Dead Sea water and release of halogen species from
airborne aerosols are not adequate to capture the observed BrO
values. In their study, the addition of two heterogeneous
reactions significantly improved the BrO predictions: the
BrONO2 heterogeneous reaction and the bromine explosion
reaction. Our model uses typical ocean water bromide levels
and does not use the bromine explosion reaction. Although our
model uses the BrONO2 heterogeneous reaction, the uptake
coefficient is 2.5 times lower than the value used in their study.
These differences likely caused our model predictions of BrO to
be lower than high observed data over the Dead Sea.
3.2. Impact of Enhanced O3 Deposition and Halogen

Chemistry on O3. Predicted mean O3 averaged over all marine
regions obtained with the standard deposition velocity is ∼27

ppbv at surface and increases with altitude reaching ∼330 ppbv
at the highest model layer. The percent reductions due to the
enhanced deposition and halogen chemistry are shown in
Figure 1. The impact of the enhanced deposition is the highest

at the surface (∼3%), sharply decreases with height, and is
expectedly negligible at higher altitudes. Though the impact of
the halogen chemistry is also the highest at the surface,
decreasing with height, it can effectively reduce O3 concen-
trations throughout the lower troposphere. Although halogen
chemistry without photolysis of higher iodine oxides reduces
surface O3 mixing ratios over marine regions by 15%, including
the photolysis of these oxides results in a more substantial
decrease in surface O3 mixing ratios averaging nearly 48%. As
noted in section 3.1, I2O3 is the most abundant iodine species
and the inclusion of its photolytic reaction reduces I2O3 mixing
ratios and generates iodine, which participates in O3

destruction.
The spatial distributions of summer-time mean surface O3

mixing ratios predicted by Case A and reduction due to
enhanced deposition velocity and halogen chemistry are
presented in Figure 2. Higher O3 mixing ratios are predicted
over terrestrial and coastal areas than over remote marine
regions. Enhanced deposition reduces O3 mixing ratios by 1.0−
2.0 ppbv over most marine regions and by 2.0−3.0 ppbv over
some coastal regions. The impact of the enhanced deposition in
remote marine areas is relatively small due to lower absolute
mixing ratios. Halogen chemistry without photolysis of higher
iodine oxides reduces O3 mixing ratios in the majority of the
modeling domain. However, the reduction is greater over the
marine environment than over land. O3 mixing ratios are
reduced by 4.0−6.0 ppbv over most remote marine regions and
over 6.0 ppbv occurs in several coastal areas. Over most
terrestrial regions near the coast, O3 mixing ratios are reduced
by 2.0−4.0 ppbv due to halogen chemistry. The inclusion of the
photochemical reactions of higher iodine oxides has a large
impact on predicted O3 mixing ratios, with reductions of 12−24
ppbv over large swaths of the marine domain.
Yang et al.33 reported that bromine chemistry reduces 4−6%

of monthly mean summer-time tropospheric O3 in Northern

Table 2. Predicted Mean Surface Mixing Ratios of Halogen
Species (Case C)a

species

mean
mixing
ratio
(pptv)

percent
distribution

(%) species

mean
mixing
ratio
(pptv)

percent
distribution

(%)

HBr 6.8 33.6 I2O3 5.0 58.6

CHBr3 2.2 32.6 HOI 2.5 14.6

Br2 1.3 13.1 CH3I 2.1 12.2

CH2Br2 0.9 8.7 IONO2 0.8 5.0

HOBr 1.3 6.4 IO 0.6 3.7

CHBr2Cl 0.2 1.8 CH2ICl 0.3 1.9

BrONO2 0.2 1.1 I 0.2 0.9

BrO 0.2 0.8 I2 0.1 0.7

CHBrCl2 0.1 0.7 INO2 0.1 0.6

CH2BrCl 0.1 0.7 HI 0.1 0.6

CH2IBr 0.1 0.3 CH2I2 <0.1 0.5

BrNO2 <0.1 0.2 CH2IBr 0.1 0.4

Br <0.1 <0.1 OIO <0.1 0.3

BrCl <0.1 <0.1 I2O2 <0.1 <0.1

total Br 20.2 INO <0.1 <0.1

I2O4 <0.1 <0.1

ICl <0.1 <0.1

total I 17.1
aTotal Br and Total I are calculated as follows. Total Br = 3xCHBr3 +
HBr + 2xBr2 + 2xCH2Br2 + HOBr + BrONO2 + 2xCHBr2Cl + BrO +
CH2BrCl + CHBrCl2 + CH2IBr + BrNO2 + Br + BrCl. Total I =
2xI2O2 + 2xI2O3 + 2x I2O4 + HOI+ CH3I + IONO2 + IO + CH2ICl + I
+ 2xI2 + INO2 + HI+ 2xCH2I2 + CH2IBr+ OIO + INO + ICl.

Figure 1. Percent reduction of O3 due the enhanced deposition and
halogen chemistry.
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Hemisphere whereas Parrella et al.36 reported a global
tropospheric O3 reduction of 6.5% due to the bromine
chemistry. Saiz-Lopez et al.34 reported that iodine chemistry
reduces annual mean tropical tropospheric O3 by 9% and 16%
for the simulations without and with photolysis of higher iodine
oxides, respectively. Saiz-Lopez et al.35 reported tropical
tropospheric O3 loss of 6−20% due to combined bromine
and iodine chemistry. The halogen chemistry mediated O3

reductions in this study are greater than those reported by
others due to bromine chemistry or iodine chemistry alone but
similar to values reported by others studying the combined
effects of bromine and iodine chemistry. The reduction of O3

mixing ratios due to halogen chemistry with photolysis of
higher iodine species in this study is greater than values
reported by other investigators.
3.3. Impact of Halogen Chemistry on Selected

Chemical Species. Mahajan et al.64 compared model
predictions to observed data from Cape Verde and reported a
typical observed peak noon value of 0.25 pptv for OH, 18 pptv
for HO2, and 72 for HO2:OH ratio. They found that their
baseline model simulation under-predicts OH by ∼13%,
overpredicts HO2 by ∼14%, and overpredicts HO2:OH
compared to observations, but improves with the inclusion of
halogen chemistry. The inclusion of the halogen chemistry in
our simulations decreased mean OH by 1% and HO2 by 11%,
and lowered the HO2:OH from 104 to 93 over marine regions.
Though we cannot directly compare our predictions to

observations, our results qualitatively agree with those reported
by Mahajan et al.64 Several halogen compounds react with
HO2, reducing both its mixing ratio and the mixing ratio of
H2O2 (by 17%) over marine regions. Because H2O2 and O3 are
important oxidizing agents for aqueous-phase conversion of
SO2 into sulfate, the production of sulfate via the aqueous-
phase oxidation by H2O2 and O3 decreases with the inclusion of
halogen chemistry.

3.4. Comparison with Observed Data. Model predic-
tions are compared to the observed data at selected monitoring
sites from the World Data Centre for Greenhouse Gases
(http://ds.data.jma.go.jp/gmd/wdcgg). Because a relatively
coarse horizontal grid-size is used in this study, we limit our
comparisons to 13 background sites (Table S.3 of the
Supporting Information) where enhanced deposition and
halogen chemistry are effective in reducing O3. The median
observed O3 for these sites is 27 ppbv (Figure 3), which is
overpredicted by ∼6 ppbv in Case A. The simulation with
enhanced deposition (Case B) improves model performance by
lowering the median prediction by ∼1 ppbv. The simulation
including halogen chemistry without photolysis of higher iodine
oxides (Case C) further reduces the surface O3 mixing ratios by
5 ppbv. Case D, which uses halogen chemistry with photolysis
of higher iodine oxides, has a more substantial reduction of
surface O3 mixing ratios averaging 12 ppbv compared to that of
Case B. The inclusion of enhanced deposition and halogen
chemistry without photolysis of higher iodine oxides improves

Figure 2. (a) Spatial distribution of predicted mean summer-time O3 with the standard deposition (b) reduction of O3 due to enhanced deposition
(c) reduction of O3 due to the halogen chemistry without photolysis of higher iodine oxides (d) reduction of O3 due to the halogen chemistry with
photolysis of higher iodine oxides.
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model performance. When the photolysis reactions are
included in Case D, the surface O3 mixing ratios are under-
predicted by the model. This evaluation suggests that additional
research is needed to further refine the halogen emissions and
chemistry.
3.5. Effective First-Order Rate Constant for Halogen

Mediated O3 Loss. The application of regional air quality
models demands computational efficiency. Because the
inclusion of detailed halogen chemistry increases computational
time (in our case by more than 25%), simplifications such as
the first-order rate constant can be used for calculating halogen
mediated O3 loss in these computationally intensive model
applications. The following relationship between the first-order
rate constant values, kO3

(s−1), and the atmospheric pressures, P

(Pa) is obtained using nonlinear least-squares estimation (R2 =
0.97) (Figure S.2 of the Supporting Information).

= × +
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3.6. Future Work. We examined the impacts of enhanced
O3 deposition and halogen chemistry on summer-time O3.
Future work is needed to quantify the impact of these processes
during other seasons. Our enhanced deposition scheme
neglects several factors such as the possible reaction of
dimethyl sulfide5 and dissolved organic carbon7 with O3 as
well as the effects of water salinity70 and surface properties.8

Our study uses a simplified Br2 emission scheme that may
contain large uncertainties. Studies suggest that heterogeneous
reactions involving marine aerosols and O3 can release bromine
and iodine.24,25,27 Our study does not include the bromine
explosion reaction69 that may occur in some marine boundary
layers. Although we have attempted to include the most
important atmospheric bromine and iodine reactions, it is
possible that other reactions not included in this study may also
affect model results. Photochemical reactions of higher iodine
oxides in the halogen chemistry treatment contain large
uncertainties. Thus, future effort should focus on reducing
these uncertainties and re-examining the impacts with
improved enhanced deposition scheme and halogen chemistry.
Previous studies employing regional air quality models have
shown overpredictions of O3 in coastal areas71−73 and may
need to be re-examined with a more realistic representation of

enhanced O3 deposition and halogen chemistry as presented in
this study. Some of these studies also have revealed that lateral
boundary conditions used in regional models play an important
role in O3 predictions; this suggests that future studies focusing
on O3 predictions in coastal areas should use boundary
conditions generated from hemispheric or global models that
include enhanced O3 deposition and halogen chemistry.
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ABSTRACT: The air quality of many large coastal areas in the United
States is affected by the confluence of polluted urban and relatively clean
marine airmasses, each with distinct atmospheric chemistry. In this context,
the role of iodide-mediated ozone (O3) deposition over seawater and
marine halogen chemistry accounted for in both the lateral boundary
conditions and coastal waters surrounding the continental U.S. is examined
using the Community Multiscale Air Quality (CMAQ) model. Several
nested simulations are conducted in which these halogen processes are
implemented separately in the continental U.S. and hemispheric CMAQ
domains, the latter providing lateral boundary conditions for the former.
Overall, it is the combination of these processes within both the continental
U.S. domain and from lateral boundary conditions that lead to the largest
reductions in modeled surface O3 concentrations. Predicted reductions in
surface O3 concentrations occur mainly along the coast where CMAQ
typically has large overpredictions. These results suggest that a realistic representation of halogen processes in marine regions can
improve model prediction of O3 concentrations near the coast.

■ INTRODUCTION

A large portion of the U.S. population lives in coastal areas
where surface ozone (O3) concentrations can vary in part due
to the relative mixture of urban and marine airmasses. Ozone
can be formed locally in urban plumes1 and can be transported
to coastal areas from regional, national and international
sources.2−6 Additionally, onshore/offshore flow patterns can
result in local or regional O3 precursors being advected into
marine environments before reacting to form O3 and
recirculating back into populated areas.1,7−11 Models and
observations show that O3 can build up over water bodies
near large urban areas due, in part, to lower deposition
velocities over water than land, shallower boundary layers, and
ship emissions.9,12−15 It is in this context that we examine the
role of iodide-mediated O3 deposition over seawater and
marine halogen chemistry in both the coastal waters
surrounding the continental U.S. and lateral boundary
conditions using the Community Multiscale Air Quality
(CMAQ) model.
Previous studies in urban environments have shown that gas-

phase chlorine emissions (Cl2 and HOCl)16−18 and chloride
from sea-salt19,20 can lead to increases in O3 concentrations as a

result of NO2 release via photolysis of ClNO2 and through the
rapid oxidation of methane and other hydrocarbons by chlorine
radicals. Conversely, halogens can deplete O3 in remote and
marine environments.21 This has been shown to occur from
reactions of O3 with bromine and iodine22−25 originating from
the ocean surface25−30 and through iodide-mediated enhanced
deposition onto the ocean surface.31

Despite the demonstrated impact of marine halogen
chemistry and iodide-mediated O3 deposition over the ocean
on surface concentrations, these processes are currently not
accounted for in most chemical transport models. A multi-
model comparison of global and hemispheric chemical
transport models found systematic overpredictions of surface
O3 at regionally representative coastal sites in the Pacific
Northwest and Florida/Gulf Coast.32 Overprediction of surface
O3 concentrations in marine air masses by multimodel
ensembles is also reported for Japanese islands in the East
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China Sea.33 In recent years, several modeling studies have
attempted to implement marine halogen emission sources and
chemistry to better represent marine boundary layer chem-
istry.34−37

In this study, we apply the recently described implementa-
tion of iodide-mediated O3 deposition over seawater and
marine halogen chemistry in the hemispheric version of the
CMAQ model38 to the continental U.S. (CONUS) domain.
Compared to the coarse resolution of the hemispheric domain,
the finer spatial resolution CONUS domain is expected to
better to simulate the complex ocean-land-atmosphere
interactions in the coastal zone while providing an opportunity
to quantify the impact of these processes on the boundary
conditions. Sarwar et al.38 demonstrated that the inclusion of
iodide-mediated O3 deposition and marine halogen chemistry
in the hemispheric version of CMAQ reduces the large model
overpredictions of surface O3 in remote marine and coastal
regions throughout the Northern Hemisphere. However,
extensive evaluation of CMAQ O3 predictions using the
national monitoring networks is more appropriate with finer
horizontal resolution than the coarse model grids of the
hemispheric domain. Additionally, the CONUS model domain
can more closely capture the mesoscale meteorology that
impacts the formation and transport of O3 in coastal areas.
Employing a widely used CMAQ model domain covering the
continental U.S., we used the same iodide-mediated O3

deposition and marine halogen chemistry implemented by
Sarwar et al.38 to isolate their impacts over coastal waters where
the boundaries of typical regional model applications are
specified. Additionally, we examined impacts of a parametrized
version of the marine halogen chemistry on surface O3

predictions within the continental U.S. domain.

■ MATERIALS AND METHODS

Model Description. The CMAQ model39 employed in this
study has been used to simulate ambient pollutant concen-
trations in many research and regulatory applications.20,40−43

Here, we employ CMAQ version 5.0 to simulate air quality
over the continental U.S. using a horizontal grid resolution of
12-km. The vertical extent of the model, spanning from surface
to 100 mb, is discretized with 35 layers of variable thickness
with the first layer having a depth of 20 m. The model uses the
CB05TUCl chemical mechanism20 that integrates chlorine
chemistry with the Carbon Bond mechanism. Anthropogenic
emissions were derived from the 2005 National Emissions
Inventory while biogenic emissions were derived from the
Biogenic Emissions Inventory System version 3.14.44 Emissions
used in this study have been described elsewhere.41

Meteorological fields were developed using the Weather
Research and Forecasting (WRF3.4) model.45 The config-
uration and evaluation of WRF have previously described by
Hogrefe et al.46 Boundary conditions were generated from the
hemispheric CMAQ simulations described in Sarwar et al.38

covering the Northern Hemisphere with a horizontal grid
resolution of 108-km and 44 vertical layers from the surface to
50 mb.
Iodide-Mediated O3 Deposition over Seawater. Ozone

deposition velocities over seawater predicted by CMAQ version
5.0 (median value ∼0.001 cm s−1) are well below the recently
documented observed O3 deposition velocities that range from
0.009 to 0.06 cm s−1 over the open ocean and up to 0.27 cm s−1

in coastal waters.47,48 Following the work of Chang et al.49 and
Oh et al.,31 Sarwar et al.38 revised the deposition of O3 to ocean

surfaces in CMAQ to account for the reaction of dissolved O3

and iodide in seawater. This study uses the procedure described
by Sarwar et al.38 for O3 deposition over seawater, which
calculates the O3 deposition velocity as a function of both wind
speed and dissolved iodide in surface seawater (which itself is a
function of sea surface temperature50). The value of dissolved
iodide in surface seawater used for calculating O3 deposition
velocities is consistent with the values previously used to
calculate marine emissions of inorganic iodine.51 Accounting
for these seawater reactions in CMAQ enhances the deposition
of O3 by increasing the deposition velocity from ≪0.01 cm s−1

to values in the range of 0.01−0.04 cm s−1 which are within the
range of observed open ocean values, as noted above.

Marine Halogen Chemistry. The implementation of
chlorine, bromine, and iodine chemistry in CMAQ has been
previously described in detail20,38 and consists of 25 chlorine
reactions adapted from Tanaka et al.,17 39 bromine reactions
adapted from Yang et al.34 and 53 iodine reactions adapted
from Saiz-Lopez et al.37 Marine emissions of halogen species in
CMAQ fall into three categories: (1) halocarbons, (2)
inorganic bromine, and (3) inorganic iodine. Halocarbon
emissions include five bromocarbons and four iodocarbons,
inorganic bromine is represented with one bromine species,
and inorganic iodine emissions include two iodine species. The
three halogen emission categories have different formation
mechanisms, with halocarbons driven by chlorophyll-a
concentrations, inorganic bromine driven by sea spray aerosol
emissions, and inorganic iodine species driven by a
combination of atmospheric O3, iodide concentration at the
sea surface, and wind speed. Model inputs of chlorophyll-a
concentrations52 are derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) aboard the Aqua satellite
and projected to the Lambert conformal coordinate system
used in the CMAQ domain.

Parameterized Marine Halogen Chemistry. Because the
inclusion of detailed marine halogen chemistry increases
computational time by >25%, Sarwar et al.38 derived a first-
order rate constant parametrizing the impacts of detailed
marine halogen chemistry on predicted O3 concentrations. This
O3 loss rate constant was developed using a nonlinear least-
squares regression of the vertically resolved difference between
the O3 production and loss rates for all marine regions in the
Northern Hemisphere in simulations with and without detailed
marine halogen chemistry (see the Supporting Information
from Sarwar et al.38 for more information). In CMAQ, the rate
constant is applied to all oceanic grid cells as a function of
atmospheric pressure as follows:
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where kO3 is the halogen mediated first order O3 loss rate (s
−1)

and P is the pressure (Pa).
Simulation Details. Six different simulations were com-

pleted for assessing the impacts of iodide-mediated deposition,
halogen chemistry, and boundary conditions on O3 concen-
trations (see Table 1). The first simulation (Case A) was
completed using CB05TUCl with chlorine chemistry but
without marine halogen chemistry or iodide-mediated O3

deposition over seawater. Time-varying boundary conditions
for Case A were generated from the hemispheric CMAQ results
without any iodide-mediated O3 deposition and halogen
chemistry.38 The second simulation (Case B) was completed
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using CB05TUCl chemistry and iodide-mediated O3 deposi-
tion. The third simulation (Case C) was completed using
CB05TUCl and detailed marine halogen chemistry.38 The
boundary conditions for Cases B and C were identical to those
of Case A. The fourth simulation (Case D) was completed
using CB05TUCl but the boundary conditions for the model
were generated from the hemispheric CMAQ results with
iodide-mediated deposition and detailed halogen chemistry.38

The fifth simulation (Case E) was completed using the
CB05TUCl, iodide-mediated O3 deposition, detailed halogen
chemistry, and boundary conditions with iodide-mediated
deposition and detailed halogen chemistry used in Case D.
Finally, the sixth simulation (Case F) was completed using the
CB05TUCl, iodide-mediated O3 deposition, parametrized
halogen chemistry, and boundary conditions with iodide-
mediated deposition and detailed halogen chemistry used in
Case D. Each simulation was completed for August 2006 with a
10-day spin-up period ending July 31st The spin-up period for
the hemispheric CMAQ simulations used for boundary
conditions was three-month. Hereafter, Case A will be referred
to as the “Baseline” simulation and Case F the “Revised”
simulation.
Differences between the Baseline and Case B simulations are

attributed to iodide-mediated O3 deposition and differences
between the Baseline and Case C are attributed to the impact
of detailed marine halogen chemistry active within the
continental model domain alone. Differences between the
Baseline and Case D simulations isolate the impact of iodide-
mediated O3 deposition and detailed marine halogen chemistry
in the lateral boundary conditions. Differences between the
Baseline and Case E represent the combined effects of iodide-
mediated O3 deposition, detailed marine halogen chemistry,
and lateral boundary conditions. Similar to the Baseline/Case E
comparison, the Baseline/Revised simulation differences show
the combined effects of these processes but with parametrized
halogen chemistry. We determine model errors introduced by
parametrizing marine halogen chemistry by comparing the
differences between the Case E and Revised simulations.

■ RESULTS

Impact of Marine Halogen Chemistry and Iodide-
Mediated O3 Deposition on Surface O3 Concentrations
in the Continental U.S. Domain. Figure 1 shows that the
inclusion of iodide-mediated O3 deposition over seawater and
halogen chemistry in lateral boundary conditions and/or within
the continental U.S. domain have distinct impacts on the spatial

distribution and magnitude of monthly mean surface maximum
daily 8-h average (MDA8) O3 concentrations relative to the
Baseline simulation. Iodide-mediated O3 deposition, when
applied only within the continental U.S. domain, has impacts of
<1−2 ppb on inland and marine surface O3 concentrations with
the exception of areas just along the southern Pacific and
northern Atlantic coasts which have predicted O3 reductions up
to 2 ppb inland and 3 ppb offshore (see Figure 1a). These
hotspots of O3 reduction also have high O3 deposition rates in
the Baseline simulation (due to moderate/high surface O3

concentrations and wind speeds) that are further enhanced by
the inclusion of the O3-iodide reaction in seawater.
Relative to iodide-mediated O3 deposition, detailed marine

halogen chemistry in the continental U.S. domain (see Figure
1b) results in monthly mean MDA8 O3 reductions that are
greater in magnitude and occur further inland. Unlike
deposition changes which only affect the surface layer, marine
halogen chemistry reduces O3 in all model layers and can
therefore impact regional O3 concentrations. Widespread areas
over the Pacific, Atlantic, and Gulf of Mexico have reductions in
surface O3 concentrations around 3 ppb, whereas areas along
the Baja California and Gulf of Mexico coasts have O3

reductions in excess of 4 ppb. The short oceanic fetch near
the boundaries of the regional domain results in little O3 impact
from either iodide-mediated O3 deposition or detailed marine
halogen chemistry.
When iodide-mediated O3 deposition and detailed halogen

chemistry are included solely in the hemispheric CMAQ
simulations used to generate lateral boundary conditions for the
continental U.S. domain (see Figure 1c), reductions of 4−5 ppb
in surface MDA8 O3 concentrations are predicted at the
boundaries with lesser (1−2 ppb) reductions over much of the
continental U.S. In the western U.S., high elevation areas in
vicinity of the Great Basin have relatively greater reductions of
surface O3 than the surrounding lower elevations areas because
they are more likely to be influenced by free tropospheric air
masses that are affected by the larger O3 reductions in the
lateral boundary conditions.53 Along the western edge of the
CONUS domain, the lateral boundary conditions have monthly
mean MDA8 O3 reductions of ∼5 ppb from the surface up to 1
km (and by >2 ppb for all vertical layers up to 50 mb) when
iodide-mediated O3 deposition and detailed halogen chemistry
are included in the hemispheric CMAQ simulations. Support-
ing Information Figure S1 shows that the Revised simulation
had a similar reduction in O3 concentrations above the surface
at coastal and near-coastal sites when compared to the Baseline
simulation. Including iodide-mediated O3 deposition and
marine halogen chemistry in both the lateral boundary
conditions and within the continental U.S. domain results in
widespread surface O3 concentration reductions in excess of 5
ppb over the ocean and 1−4 ppb over land as shown in Figure
1d. The largest inland surface O3 reductions occur near the
coasts, with the western U.S. and Gulf Coast typically having
greater reductions than the northeastern U.S. due to the
differences in the wind directions between these regions. The
magnitude of these reductions is similar to that of the Sarwar et
al.38 hemispheric CMAQ results.

Detailed vs Parametrized Marine Halogen Chemistry.
Although the first order rate constant used in the parametrized
marine halogen chemistry simulations was derived from
simulations with detailed marine halogen chemistry, spatial
differences in the halogen emissions and long atmospheric
lifetimes of several halogen species result in subtle differences in

Table 1. Configuration of CMAQ Model Sensitivity
Simulations in the Continental U.S. Domain and Lateral
Boundary Conditions

continental U.S. configuration hemispheric configuration

cases

iodide-
mediated O3
deposition

halogen
chemistry

iodide-
mediated O3
deposition

halogen
chemistry

Baselinea no no no no

Case B yes no no no

Case C no detailed no no

Case D no no yes detailed

Case E yes detailed yes detailed

Revisedb yes parametrized yes detailed
aThis simulation is also referred to as the Case A simulation. bThis
simulation is also referred to as the Case F simulation.
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the surface O3 impacts. A comparison of Figure 1e and d shows
that O3 reductions in the simulation with parametrized marine
halogen chemistry are similar to that of detailed marine halogen
chemistry, with inland and marine regions having a 1−4 and ≥5
ppb reduction, respectively. A difference plot of the two
simulations in Figure 1f, however, shows that the simulation
with parametrized marine halogen chemistry has lower O3

concentrations over most of the Pacific Ocean and higher O3

concentrations over much of the Gulf of Mexico, Atlantic
Ocean, and most inland regions due to the impact of sea surface
temperature and halogen lifetime on modeled O3. Unlike the
parametrized marine halogen chemistry simulations, the
detailed chemistry simulation includes sea surface temper-
ature-dependent inorganic iodine emissions and chemical
reactions between halogens and O3 occurring well inland.
Because predicted surface O3 concentrations in the detailed and

parametrized halogen chemistry simulations are typically within
1 ppb over most inland regions of the continental U.S. and the
parametrized marine halogen chemistry requires significantly
less computational time, this Revised simulation was used for
comparison to ambient measurements as described below.

Comparison with TexAQS Ship-Based O3 Measure-
ments. The 2006 Texas Air Quality Study - Gulf of Mexico
Atmospheric Composition and Climate Study (TexAQS/
GoMACCS54) campaign provides a valuable data set for
evaluating CMAQ surface O3 predictions over the Gulf of
Mexico during this time period. Throughout August 2006, the
NOAA research vessel Ronald H. Brown (R/V Brown)
measured surface O3 concentrations (see Figure 2a) in the
north-central Gulf of Mexico near Houston, TX. Figure 2b
shows that the Baseline CMAQ predictions overpredict O3 in
the north-central Gulf of Mexico by 10−12 ppb with the

Figure 1. Average monthly mean changes in predicted surface MDA8 O3 concentrations (in units of ppb) for August 2006 due to (a) iodide-
mediated deposition solely in the CONUS domain (Case B minus Baseline), (b) detailed halogen chemistry solely in the CONUS domain (Case C
minus Baseline), (c) iodide-mediated deposition and detailed halogen chemistry solely in hemispheric domain (i.e., represented in the lateral
boundary conditions for the CONUS domain) (Case D minus Baseline), (d) the combination of iodide-mediated deposition and detailed halogen
chemistry in both the CONUS and hemispheric domains (Case E minus Baseline), (e) combination of iodide-mediated deposition and parametrized
marine halogen chemistry in the CONUS domain and iodide-mediated deposition and detailed halogen chemistry in the lateral boundary conditions
(Revised minus Baseline), and (f) parametrized marine halogen chemistry in the CONUS domain relative to that of detailed marine halogen
chemistry (Revised minus Case E). Note that when the scale labels of this and subsequent figures are situated in the middle of the color block, they
represent the middle of the range indicated by the color.
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exception of isolated underpredictions near Houston-Galveston
and Port Arthur, TX where high NOx levels suggest O3

titration. The largest overpredictions occur near the coast,
but overpredictions of 5−10 ppb extend well offshore into the
Gulf of Mexico. The change in mean bias between the Baseline
and Revised simulations in Figure 2d shows a widespread 3−4
ppb bias reduction in the Revised simulation offshore in the
Gulf of Mexico and slightly higher bias reductions (up to 6
ppb) near the coast. Coastal urban areas like Houston where
the Baseline simulation underpredicts O3 concentrations
experience a slight degradation in the O3 model bias (1−2
ppb larger underprediction) with the implementation of iodide-
mediated O3 deposition and marine halogen chemistry in the
Revised CMAQ simulation. The modeled O3 underprediction
in Houston likely occurs due to several factors including
uncertainties in emissions, grid resolution, or the complex
chemistry of the area.
For all hourly averaged O3 measurements in August 2006

from the R/V Brown matched in space to the hourly model
concentration, the Revised simulation has a reduced normalized
mean bias (49.2 to 34.2%) and normalized mean error (65.9 to
53.2%) and has a slightly improved Pearson’s correlation
efficient (0.66 to 0.69) relative to the Baseline simulation.
Comparison with MDA8 Surface O3 Measurements

Across the Continental U.S. Figure 3 shows that CMAQ
generally overpredicts O3 during periods with the lowest
observed concentrations (likely dominated by marine air-
masses) and underpredicts O3 during the highest concen-
trations (likely dominated by urban airmasses), with the
greatest improvement in model performance occurring during
these low concentrations. This pattern of overpredicting low
concentrations and underpredicting high concentrations is
present in previous versions of CMAQ, and is still an active area
of research.40 When only sites immediately along the coastline
are considered in the analysis, the Revised simulation had an
even greater improvement of the predicted MDA8 O3 mean
bias (see Supporting Information Figure S2).

Similar to previous modeling studies having systematic
overprediction of surface O3 concentrations at nonurban
coastal sites in the continental U.S.,32,55 comparison of
observed MDA8 surface O3 measurements (see Figure 4a,
Supporting Information Figure S3) with the Baseline CMAQ
simulation reveals overpredictions in the monthly mean MDA8
O3 concentrations by 5−10 ppb at several coastal sites in
California, Gulf of Mexico, and southeast U.S. for August 2006
(see Figure 4b, Supporting Information Figure S4). The insets
within Supporting Information Figure S4 reveal divergent
model biases for O3 in the Baseline simulation at urban and
nonurban sites along the coast, with underpredictions at some
urban sites near Los Angeles, CA, Houston, TX, and New
Orleans, LA and overpredictions outside urban regions. The
Baseline simulation shows a previously reported40 systematic

Figure 2. (a) Observed surface O3 concentrations from R/V Ronald H. Brown during the August 2006 period of the TexAQS campaign (b) mean
bias for Baseline simulation (c) mean bias for Revised simulation, and d) changes in mean bias between the Baseline and Revised simulations. The
green colors in (d) represent locations where the Revised simulation had a lower model bias (improved prediction) and purple colors represent
locations where the Revised simulation had a higher model bias (worse prediction). All units are in ppb.

Figure 3. Monthly mean MDA8 bias in August 2006 for the Baseline
and Revised simulations, binned by observed MDA8 O3 concen-
trations retrieved from the EPA Air Quality System (AQS) database.
The lower bar in the box represents 25th percentile, middle bar
represents the median, and upper bar represents 75th percentile
values. The mean values are given by the diamonds, maximum and
minimum values are shown by the error bars, and the numbers in bold
indicate the total number of monitors in each O3 concentration bin.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b03556
Environ. Sci. Technol. 2017, 51, 1458−1466

1462



overprediction of surface O3 concentrations over the entire
continental U.S. at the lowest observed values and under-
prediction at the highest observed values (see Figure 3).
Comparison of the monthly mean bias in the Baseline

(Figure 4b) and Revised (Figure 4c) simulations shows that the
Revised simulation has lower bias at many sites in the
continental U.S. relative to the Baseline. Generally, the
consistent O3 concentration reduction in the Revised
simulation results in lower bias when the Baseline simulation
is biased high and higher bias when the Baseline simulation is
biased low (see Figure 4c, Supporting Information Figure S5).
The largest reductions in monthly mean bias were along the
California coast, where the bias are reduced by >5 ppb (see
Figure 4d, Supporting Information Figure S6). In high O3

concentration areas near the coast such as the Central Valley of
California and the metropolitan region from Washington DC to
New York City, O3 underpredictions in the Baseline simulation
are exacerbated in the Revised simulation. The higher bias in
some coastal urban and inland areas in California may be due to
emissions uncertainties and complex meteorology which is
poorly predicted in fine scale (4 km) simulations,56 let alone
the 12 km model resolution of the CONUS domain. Along the
Gulf and Atlantic coasts, the Revised simulation has reductions
in the bias of 2−3 ppb for the majority of sites, similar to the
bias reductions in the offshore and near-coastal nonurban
TexAQS predictions. Because the Revised simulation has
consistent reductions in O3 concentrations across the
continental U.S. relative to the Baseline simulation, the pattern
of overpredictions/underpredictions at low/high observed
concentrations is retained in the Revised simulation (see
Figure 3). The preponderance of very low observed O3

concentrations at coastal sites (see Supporting Information
Figure S3) that are affected by iodide-mediated O3 deposition

and marine halogen chemistry results in greater reduction of
the bias at the lowest observed concentrations than increases in
the bias at the highest observed concentrations (see Figure 3).

■ DISCUSSION

As health science continues to support the lowering of
standards for ozone and many criteria pollutants, realistic
simulation of the processes affecting background O3 concen-
trations has become increasingly important to the development
of air quality management plans for attaining these lower
standards.57 This work shows the importance of properly
representing marine halogen processes including emissions,
chemistry, and deposition in chemical transport models such as
CMAQ to the prediction of surface O3 concentrations at coastal
(and some inland) sites during low O3 periods. The spatially
variable impact of lateral boundary conditions on model
predictions of O3 in the CONUS domain was also
demonstrated, highlighting the importance of including these
marine halogen processes in global/hemispheric models that
feed the lateral boundary conditions.58−60 Including these
marine halogen processes in the model does not completely
alleviate overpredictions of low surface O3 concentrations along
the coast and over the open ocean, and exacerbates
underpredictions of high surface O3 concentrations in some
near-coast areas like the Central Valley of California and the
metropolitan region from Washington DC to New York City.
Many factors are likely responsible for these persistent over-
and underpredictions, including model representation of
boundary layer mixing or ventilation processes and uncertain
emissions. For a comprehensive evaluation of O3 model
performance at sites across the U.S. using the latest public
release of CMAQ, see Appel et al.61

Figure 4. (a) Observed monthly mean surface O3 concentrations from the EPA Air Quality System (AQS) sites in August 2006, (b) mean bias for
the Baseline simulation at AQS sites (c) mean bias for the Revised simulation at AQS sites and (d) change in mean bias between the Baseline and
Revised simulations at AQS sites. The green colors in (d) represent sites where the Revised simulation had a lower mean bias (improved prediction)
and purple colors represent sites where the Revised simulation had a higher mean bias (worse prediction). All units are in ppb.
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While previous studies have examined the factors affecting
O3 deposition on a local or regional scale,31,49 marine halogen
emissions and their impact on atmospheric chemistry have
been studied mainly using global models.27,29,35,36 These
different domains may have distinct factors affecting marine
halogen emissions due to the preponderance of coastal vs open
ocean waters within the domain. The uncertainty in the marine
halogen emissions used in this study is also particularly high
because of the scarcity of marine halogen observations to
evaluate the model performance.
Not yet included in these simulations is the impact of

seawater dimethyl sulfide, dissolved organic carbon, bromine,
or dissolved salts on the O3 deposition over seawater which has
recently been studied using the hemispheric CMAQ model.62

Further improvement in the predicted O3 concentrations over
marine regions could be achieved through the use of planetary
boundary layer parametrizations based on eddy-diffusivity−
mass-flux concepts63 or the inclusion of photochemical
reactions of higher iodine oxides.37 Additional future work
may also include extending both the hemispheric and CONUS
CMAQ simulations with these marine halogen processes over
an entire year to better understand their impact on the seasonal
variability of surface concentrations and vertical profiles of O3

and other oxidants and to enable long-lived halocarbons to
release their reactive halogen atoms. As both long-range
transport patterns and design value calculations have a seasonal
component, this annual simulation would better quantify the
impact of marine halogen processes to regulatory-based model
predictions of O3.
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A B S T R A C T

Bromine and iodine chemistry has been updated in the Community Multiscale Air Quality (CMAQ) model to
better capture the influence of natural emissions from the oceans on ozone concentrations. Annual simulations
were performed using the hemispheric CMAQ model without and with bromine and iodine chemistry. Model
results over the Northern Hemisphere show that including bromine and iodine chemistry in CMAQ not only
reduces ozone concentrations within the marine boundary layer but also aloft and inland. Bromine and iodine
chemistry reduces annual mean surface ozone over seawater by 25%, with lesser ozone reductions over land. The
bromine and iodine chemistry decreases ozone concentration without changing the diurnal profile and is active
throughout the year. However, it does not have a strong seasonal influence on ozone over the Northern
Hemisphere. Model performance of CMAQ is improved by the bromine and iodine chemistry when compared to
observations, especially at coastal sites and over seawater. Relative to bromine, iodine chemistry is approxi-
mately four times more effective in reducing ozone over seawater over the Northern Hemisphere (on an annual
basis). Model results suggest that the chemistry modulates intercontinental transport and lowers the background
ozone imported to the United States.

1. Introduction

Although anthropogenic emissions of nitrogen oxides (NOx) and
volatile organic compounds (VOC) within the United States (U.S.) have
a large influence on ambient surface ozone (O3) concentrations, other
processes such as natural emissions, stratospheric intrusions, and long-
range transport can affect surface O3 concentrations at some locations
within the U.S. Among these natural emissions are chemical compounds
from the ocean surface that can reduce atmospheric O3 concentrations
through catalytic reactions. Bromine reactions deplete O3 in the tropical
marine boundary layer (Dickerson et al., 1999) and when combined
with iodine reactions, they can deplete O3much faster than would have
been expected if they acted individually (Saiz-Lopez et al., 2007;
Mahajan et al., 2010). Bromine and iodine are produced in the ocean
through both biotic and abiotic pathways resulting in measurable

concentrations of both organic and inorganic species within the marine
boundary layer. Several modeling studies have implemented marine
bromine and iodine emission sources and chemistry with increasing
levels of scope, ranging from one-dimensional models (e.g. von Glasow
et al., 2002a; von Glasow et al., 2002b) to global chemical transport
models (e.g. Ordóñez et al., 2012; Saiz-Lopez et al., 2012; Saiz-Lopez
et al., 2014; Fernandez et al., 2014; Sherwen et al., 2016a; Sherwen
et al., 2016b).
A disconnect between anthropogenic precursor emissions and sur-

face O3 concentrations at some U.S. sites has led to an increased focus
on background O3 (Fiore et al., 2002, 2003, 2014). The U.S. Environ-
mental Protection Agency (EPA) considers background O3 to be any O3
formed from sources or processes other than U.S. manmade emissions
of NOx, VOC, methane, and carbon monoxide (EPA, 2016). Previous
photochemical modeling studies (Parrish et al., 2009a; Cooper et al.,
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2010; Zhang et al., 2011; McDonald-Buller et al., 2011) which esti-
mated the contribution of background sources on U.S. O3 concentra-
tions have found that (1) seasonal mean background concentrations are
highest in the Intermountain West, (2) seasonal mean background
concentrations are generally highest in the Spring and early Summer,
(3) background impacts can occur on episodic and non-episodic scales,
and (4) air quality models are not capable of estimating background
values accurately on a daily basis.
Background O3 levels in coastal areas are affected by marine

boundary layer chemistry, which is influenced by atmosphere-ocean
interactions. Several previous studies examined the impacts on O3 by
bromine (e.g. Ordóñez et al., 2012; Fernandez et al., 2014; Yang et al.,
2005; Parrella et al., 2012; Schmidt et al., 2016; Breton et al., 2017)
and iodine chemistry (e.g. Saiz-Lopez et al., 2014; Sherwen et al.,
2016a; Sherwen et al., 2016b; McFiggans et al., 2000; Long et al., 2014;
Badia et al., 2019). Sarwar et al. (2015), Gantt et al. (2017), and Muñiz-
Unamunzaga et al. (2018) showed that including marine bromine and
iodine chemistry in the Community Multiscale Air Quality (CMAQ)
model not only reduces summertime marine boundary layer O3 con-
centrations by more than 5 ppbv, but also reduces O3 in the free tro-
posphere and inland areas far from the coast. In this study, we refine the
marine bromine and iodine chemistry in the CMAQ model and extend
the simulations to examine its influence on annual, seasonal, diurnal,
and background O3.

2. Methodology

CMAQ is a 3-D chemical transport model containing comprehensive
treatments of many important atmospheric processes and is widely used
for both regulatory and research purposes (e.g. Appel et al., 2013;
Appel et al., 2017; Ring et al., 2018; Qiao et al., 2018). We use the
hemispheric version (Mathur et al., 2017) of CMAQ version 5.2 (www.
epa.gov/cmaq) to simulate the year 2006 with meteorological fields
generated from the Weather Research and Forecasting (WRFv3.8.1)
model employing the Thompson microphysics option (Skamarock et al.,
2008). WRF results were further processed using the Meteorology
Chemistry Interface Processor (Otte and Pleim, 2010) (MCIPv4.3) to
prepare CMAQ-ready meteorological files. The model vertical extent
reaches to 50 hPa containing 44 layers of varying thickness and uses
108-km horizontal grid spacings. The surface layer has a thickness of
20m.
The 2005 Carbon Bond chemical mechanism (CB05e51) containing

updated toluene, oxidized nitrogen, and isoprene reactions (Appel
et al., 2017) is combined with the chlorine (Sarwar et al., 2012), bro-
mine, and iodine chemistry for this study. Sarwar et al. (2015) in-
corporated an initial version of bromine and iodine chemistry into
CMAQ and examined its lower and upper limits of the impacts on O3.
The upper limit included photolysis of higher iodine oxides while the
lower limit did not. The model without the photolysis of iodine oxides
yielded lesser reduction of O3 over seawater (15%) compared to the
model with the photolysis of iodine oxides which reduced O3 by 48%.
Since this 48% reduction resulted in unrealistically low O3 concentra-
tions in Sarwar et al. (2015), photolysis rates of higher iodine oxides
have not been included in any publicly available version of the CMAQ
model. Sarwar et al. (2015) also included one heterogeneous reaction of
bromine nitrate.
In this study, the CMAQ bromine and iodine chemistry described in

Sarwar et al. (2015) is further improved to include photolysis of higher
iodine oxides (Tables S1–S2), several heterogeneous reactions of bro-
mine and iodine species (Table S3) with aerosol chloride (Cl−) and
bromide (Br−), and refined bromine and halocarbon emissions. In the
previous CMAQ model, photolysis rates of higher iodine oxides were
calculated using absorption cross-section and quantum yield from Saiz-
Lopez et al. (2014). Sherwen et al. (2016a) used absorption cross-sec-
tion and quantum yield of iodine nitrate for calculating photolysis rates
of higher iodine oxides which is now used in the CMAQ model.

We also incorporate several aqueous-phase reactions of bromine
species following Long et al. (2013) (Table S4). Cloud chemistry of
bromine species was added to the CMAQ cloud module
“AQCHEM-KMT” (Fahey et al., 2017) using the Kinetic PreProcessor
(KPP) v.2.2.3 (Damian et al., 2002). AQCHEM-KMT simulates the
evolution of species in and around cloud water by calculating kinetic
mass transfer between gas and aqueous phases, interstitial aerosol
scavenging, dissociation of ionic species, aqueous phase chemical re-
actions, and wet deposition.
Sarwar et al. (2015) used halocarbon, inorganic bromine, and in-

organic iodine emissions in the CMAQ model, the rates of which are
refined in this study. For halocarbon species, the emission rates are
calculated following the procedures of Ordóñez et al. (2012) and
Yarwood et al. (2010):

EHC=Ebase×(OF + SF)×AGC×fHC×fDP×chl-a (1)

Where, EHC is the halocarbon emission rates (moles s
−1), Ebase re-

presents the halocarbon base emission rate (moles s−1), OF is the open
ocean fraction of a grid cell, SF is the surf zone fraction of a grid cell,
AGC is the grid cell area (m

2), fHC is a species-dependent emission factor,
fDP is a diurnal profile factor, and chl-a is the monthly climatological
chlorophyll value (mg m−3) from the Moderate Resolution Imaging
Spectroradiometer (MODIS).
In Sarwar et al. (2015), chl-a values were capped at 1.0 following

Yarwood et al. (2010); in this study, we used the actual chl-a values
from MODIS which can be greater than 1.0 in coastal areas. This change
in chl-a values necessitated a revision in the base emission rate from
1.2×10−11 in Sarwar et al. (2015) to 6.9×10−12 to replicate the
global estimates of halocarbon emissions reported by Ordóñez et al.
(2012). This revision was done outside the CMAQ framework by using
the native MODIS derived global land/ocean grid areas and chl-a va-
lues. We iterated the base emission rate until suitable agreement with
the Ordóñez et al. (2012) estimates was reached. The use of the revised
base emission rate and the actual chl-a values reduces the total hemi-
spheric halocarbon emissions estimates by ∼20% compared to the es-
timates of Sarwar et al. (2015). It also changes the allocation of halo-
carbon emissions to different grid-cells. More halocarbon emissions are
now allocated to coastal areas and less are allocated to open oceans
compared to the estimates of Sarwar et al. (2015).
Refinement of the inorganic emissions included the replacement of

the simplified treatment of directly emitting inorganic bromine emis-
sions (Yang et al., 2005 and Sarwar et al., 2015) with the physically-
based heterogeneous chemistry of bromine and iodine species (Table
S3) following Fernandez et al. (2014) and Sherwen et al. (2016b). This
required a revision to the sea spray emissions in CMAQ (Gantt et al.,
2015) to include Br− in the chemical speciation. Specifically, the sea
spray emissions are speciated by mass (gm/gm) following Millero
(1996): Cl−=0.5528, Na+=0.3080, SO4

2−=0.0775,
Ca2+=0.0118, Mg2+=0.0367, K+=0.0113, and Br−=0.0019. We
also updated the minimum wind speed in the inorganic iodine emis-
sions parameterization (McDonald et al., 2014) from 3m s−1 in Sarwar
et al. (2015) to 5m s−1 following the value used for the GEOS-Chem
model (Sherwen et al., 2016a) which reduces the emissions estimates
by ∼15%. Hemispheric halocarbon and inorganic iodine emission
rates, along with global estimates reported in previous studies, are
shown in Table 1. Generally, our halocarbon emissions estimates for the
Northern Hemisphere are lower than the reported global estimates
while inorganic iodine emissions estimates fall between the reported
ranges of global estimates.
We performed six annual simulations for this study that can be

grouped in three pairs. In the first pair, one simulation used CB05e51
along with the chlorine chemistry (hereto referred as “No_Br/I″), while
the other added bromine and iodine chemistry (“Added_Br/I″). A
second set of simulations was completed to investigate the influence of
the bromine and iodine chemistry independently. In this second pair,
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one simulation added only bromine chemistry updates (“Added_Br”)
while the other added only iodine chemistry updates (“Added_I″). The
final set of simulations was completed to investigate the impact of
bromine and iodine chemistry on background O3 over the U.S. For the
third pair, the model chemistry was identical to the first pair but with
anthropogenic emission sources over North America were zeroed out
(“No_Br/I_NoAnth” and “Added_Br/I_NoAnth”, respectively). All the
annual simulations were completed with a three-month spin-up period
(October–December of 2005) and initialized from previous model re-
sults (Xing et al., 2016).

3. Results and discusssion

3.1. Predicted BrO (bromine monoxide) and IO (iodine monoxide)

BrO and IO are reaction products of the bromine and iodine
chemistry. Annual mean daytime BrO and IO concentrations are shown
in Fig. 1. BrO concentrations of 0–0.8 pptv are predicted over large
oceanic areas. However, higher values (> 0.8 pptv) are also predicted
over limited areas of mid-latitude oceans. In contrast, IO concentrations
of 0–3.0 pptv are predicted over large oceanic areas and higher values
(> 3.0 pptv) are predicted only over limited oceanic areas.
The current bromine/iodine chemistry enhances BrO and IO levels

compared to the previous version of the chemistry without the photo-
lysis of higher iodine oxides in CMAQ (Sarwar et al., 2015). For ex-
ample, predicted summertime BrO levels with the previous version

rarely exceed 0.5 pptv over the mid-latitude oceanic areas. In contrast,
predicted BrO levels with the current version exceed 1.0 pptv over large
portions of the mid-latitude oceanic areas. Overall, the current chem-
istry increases surface BrO levels by a factor of ∼2.0 averaged over the
entire seawater. Predicted summertime IO levels over most areas of
seawater range from 0.5 to 1.5 pptv and 0.5–3.0 pptv for the previous
and current versions of the chemistry, respectively. Overall, the current
chemistry increases surface IO levels by a factor of ∼1.5 averaged over
the entire seawater. The BrO enhancement occurs primarily due to the
inclusion of aqueous-phase and heterogeneous reactions while the IO
enhancement occurs due to the inclusion of photolysis of higher iodine
oxides and the heterogeneous reactions.
We compare model predictions with published values from different

years for an approximate evaluation of the bromine and iodine chem-
istry in CMAQ. Predicted BrO levels are lower than observed values at
all locations (Table 2). CMAQ predicted values are also lower than
ground-based daytime BrO measurements of< 0.5–2.0 pptv and ship-
based daytime BrO measurements of<∼3.0–3.6 pptv (Saiz-Lopez
et al., 2012). Thus, CMAQ generally under-predicts BrO levels. In
contrast, CMAQ predicted values are similar to observed IO levels at
Cape Verde Islands; Tenrife, Spain; Dagebüll, Germany but are lower
than observed values at Brittany, France and Mace Head, Ireland
(Table 2). Dix et al. (2013) measured IO concentrations over the Pacific

Table 1
Halocarbon and inorganic iodine emissions estimates.

Species Hemispheric annual estimates
in this study (Gg)

Global annual estimates from
published studies (Gg)

CHBr3 301 533
CH2Br2 51.5 67.3
CH2BrCl 6.1 10.0
CHBr2Cl 14.8 19.7
CHBrCl2 14.5 22.6
CH3I 135 303
CH2ICl 148 234
CH2IBr 54.4 87.3
CH2I2 73 116
HOI+ 2xI2 2052 1900–3230

Note: Global annual estimates of halocarbon emissions are taken from Ordóñez
et al. (2012), global annual estimates of HOI+2 × I2 are taken from Saiz-Lopez
et al. (2014) and Sherwen et al. (2016a).

Fig. 1. Simulated annual mean daytime surface BrO and IO concentrations with the bromine and iodine chemistry (Added_Br/I). Annual mean concentrations were
multiplied by 2.0 to estimate approximate annual mean daytime BrO and IO concentrations.

Table 2
A comparison of observed daytime BrO and IO concentrations with CMAQ
predictions.

Location Species Observed value (pptv) Predicted value (pptv)

Cape Verde Islandsa BrO 2.8 0.7
Dagebüll, Germanyb BrO 0.4 0.1
Brittany, Franceb BrO 1.5 0.03
Mace Head, Irelandc BrO 2.3 0.05
Cape Verde Islandsa IO 1.5 1.2
Dagebüll, Germanyb IO 0.7 0.8
Brittany, Franceb IO 1.5 0.2
Mace Head, Irelandd IO 1.2 0.14
Tenrife, Spaind IO 1.2 1.1

Note: a - Mahajan et al. (2010); b – Peters et al. (2005); c – Saiz-Lopez et al.
(2006); d – Allan et al. (2000). Cape Verde values represent daytime average of
long-term measurements; CMAQ predicted annual daytime mean values are
compared. Values at other locations represent daytime average over campaign;
CMAQ predicted monthly daytime mean values are compared. Peters et al.
(2005) reported average values for the entire campaign which we multiplied by
2.0 to estimate daytime average values.
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Ocean in January of 2010 and reported an average value of 0.5 pptv
inside the marine boundary layer. CMAQ predicted surface layer values
range from 0.4 to 1.0 pptv over the region. Saiz-Lopez et al. (2012)
reported that ground-based daytime IO measurements range from<
0.2 to 2.4 pptv while ship-based daytime IO measurements range ∼3.5
pptv. CMAQ predicted IO levels are similar to these reported observed
values. Thus, CMAQ generally captures observed IO values.

3.2. Influence on annual mean O3

Annual mean surface O3 concentration over seawater without bro-
mine and iodine chemistry is ∼25 ppbv and increases with altitude
(Fig. 2). Consistent with the results of Sherwen et al. (2016b), the
bromine and iodine chemistry reduces mean surface O3 over seawater
by 25% and reduces O3 throughout the lower troposphere. Such re-
duction occurs due primarily to the reactions of O3 with bromine and
iodine radicals generated from photolysis and reactions of halocarbons
and inorganic bromine and iodine species with hydroxyl radical. The
influence of bromine and iodine chemistry on O3 decreases with alti-
tude and is negligible at ∼15 km. Saiz-Lopez et al. (2014) and Sarwar

et al. (2015) reported lower and upper limits (17–27% and 15–48%) of
the impacts on O3; and the O3 changes reported in this study fall within
their published ranges.
The spatial distribution of the annual mean O3 without bromine and

iodine chemistry is shown in Fig. 3a with the highest values over por-
tions of Asia, Africa, and the western U.S. and lower values predicted
over seawater (especially over remote oceanic areas). The inclusion of
bromine and iodine chemistry reduces surface O3 by 3–12 ppbv over
large areas of seawater (Fig. 3b) and by 3–6 ppbv in many coastal areas
including the Pacific, Gulf of Mexico, and Atlantic coasts. Its impact on
O3 over land is smaller than that over seawater, although all areas of
the U.S. have a predicted ∼2 ppbv or greater reduction in O3 from the
bromine and iodine chemistry.
The bromine and iodine chemistry in this study is more efficient in

reducing O3 over seawater compared to the previous version of the
chemistry without the photolysis of higher iodine oxides in CMAQ
(Sarwar et al., 2015). For example, the previous chemistry reduces
summer-time O3 over seawater generally by 2–8 ppbv while the current
chemistry reduces O3 over seawater by 3–12 ppbv. Both versions of the
bromine and iodine chemistry have similar impacts over land areas.

3.3. Influence on diurnal variation of O3

To examine the influence of the bromine and iodine chemistry on
the diurnal variation of O3, we calculated a mean diurnal profile for an
area over the Atlantic Ocean (see Fig. 3a) by averaging across all days
in the annual simulation for each hour of the day, as shown in Fig. 4a.
The area is selected to minimize the influence of anthropogenic emis-
sions on O3. Predicted O3 levels with the bromine and iodine chemistry
are lower (by 7–8 ppbv) than those in simulations without the bromine
and iodine chemistry. There is a pronounced diurnal cycle in both si-
mulations, as O3 concentrations increase from midnight and peak in the
morning, then decrease to a minimum value in the afternoon before
increasing again. This diurnal variation results from low concentrations
of O3 precursors over remote areas of seawater that limit O3 production
as has been previously reported by Read et al. (2008). In contrast, the
O3 levels over land typically peak in the afternoon due to the higher
concentrations of O3 precursors (David and Nair, 2011). When bromine
and iodine chemistry are excluded, O3 is reduced primarily by the
photolysis of O3 and its reaction with hydroperoxy radical (HO2).
Adding bromine and iodine chemistry creates more pathways to O3
reduction. Thus, the bromine and iodine chemistry reduces O3; how-
ever, it does not alter the diurnal profile of O3. While the diurnal cycle
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annual mean percent reduction of O3 by the bromine and iodine chemistry [100
x (Added_Br/I−No_Br/I)/No_Br/I].

Fig. 3. (a) Annual mean surface O3 without the bromine and iodine chemistry (No_Br/I) (b) influence of the bromine and iodine chemistry on annual mean O3
(Added_Br/I−No_Br/I). Black square box is the area over which diurnal, day-to-day, and monthly variations are calculated as shown in Figs. 4 and 5.
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of O3 without the bromine and iodine chemistry varies slightly with
locations due to precursors, meteorology and other factors, the bromine
and iodine chemistry does not alter the diurnal cycle at any location but
rather simply reduces O3 concentrations.

3.4. Influence on the day-to-day variation of O3

To examine the day-to-day variation of the bromine and iodine
chemistry impacts on O3, we first calculated daily-mean O3 values for
each grid cell over seawater. We then calculated a mean daily value
from the same area over the Atlantic Ocean (see Fig. 3a). Bromine and
iodine chemistry reduces O3 on each day of the year (Fig. 4b), but the
magnitude of the reduction varies from day to day. Such variation de-
pends on multiple factors including existing atmospheric O3 levels and
wind speed. The O3 levels can influence the daily variation in two ways:
1) higher O3 concentrations increase inorganic iodine emissions which
react with and reduce O3 and 2) higher O3 increases the reaction rates
with bromine and iodine which reduces O3. Wind speed can influence
the daily variation in two ways: 1) lower wind speed enhances

inorganic iodine emissions (McDonald et al., 2014) which further re-
duce O3 and 2) lower wind speed increases available reaction time
between O3 and bromine/iodine species which can also reduce addi-
tional O3. Bromine and iodine chemistry most efficiently reduces O3 at
low wind speeds and high existing O3 concentrations.

3.5. Seasonal variation of the influence on O3

To examine the seasonal variation of the bromine and iodine
chemistry impacts on O3, we first calculated monthly mean O3 from
daily-mean values for each grid cell over seawater. We then calculated a
mean value from the same area over the Atlantic Ocean (see Fig. 3a).
Mean O3 levels are highest in cooler months and lowest in warmer
months (Fig. 5) due to the low O3 precursor levels over seawater that
limit O3 production and cause loss processes to control O3 concentra-
tions. Photolysis of O3 and its reaction with HO2 are two dominant loss
processes over seawater (Breton et al., 2017). The loss via photolysis is
highest in warmer months due to high actinic flux. Atmospheric HO2
levels are high in warmer months due to higher photochemical activity;
thus, the loss of O3 via its reaction with HO2 is also high in warmer
months. Bromine and iodine chemistry reduces monthly mean O3 by
∼8–10 ppbv. The reduction of O3 from bromine and iodine chemistry is
largest in December and lowest in July. Bromine and iodine chemistry
reduces seasonal mean surface O3 in Winter (December–February) by
9.9 ppbv, Spring (March–May) by 9.5 ppbv, Summer (June–August) by
8.7 ppbv, and Fall (September–November) by 8.8 ppbv. If the entire
seawater is considered, bromine and iodine chemistry reduces mean
surface O3 over seawater by 6.9 ppbv, 6.8 ppbv, 5.9 ppbv, and 6.2 ppbv
in Winter, Spring, Summer, and Fall, respectively. Slightly greater O3
losses occur in the Winter and Spring seasons due primarily to the
bromine chemistry and the fact that lower temperatures in cooler
months promote efficient partitioning of hydrobromic acid into Br−

which enhances heterogeneous production of ozone-reacting bromine
species.

3.6. Influence on background O3

By comparing the pair of simulations with anthropogenic emission
sources over North America zeroed out, we are able estimate the impact
of iodine and bromine chemistry on background O3 over North
America. The bromine and iodine chemistry reduces seasonal mean
background O3 over the U.S. in all seasons (Fig. 6) with the greatest
reduction occurring in the Winter and Spring (2–6 ppbv) followed by

Fig. 4. (a) Influence of the bromine and iodine chemistry on diurnal variation of surface O3 (b) influence of the bromine and iodine chemistry on the day-to-day
variation of surface O3. Blue circle – No_Br/I and orange circle – Added_Br/I. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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the Fall (2–4 ppbv) and Summer (1–3 ppbv). For all seasons, bromine
and iodine chemistry reduces more O3 over the western U.S. and coastal
areas than over other inland areas, which is consistent with the results
shown in Fig. 3b. The springtime reductions in the western U.S. are in
areas that have some of the highest background O3 concentrations in
the U.S. (Dolwick et al., 2015). These substantial reductions in back-
ground O3 from the bromine and iodine chemistry suggest that atmo-
spheric models without this chemistry potentially overpredict back-
ground O3. Our results corroborate the findings of Wang et al. (2015)
who reported that halogen chemistry affects the intercontinental
transport of O3.

3.7. Isolating the impacts of bromine and iodine chemistry on O3

Fig. 7 shows that bromine and iodine chemistry have different im-
pacts on O3 concentrations; bromine chemistry reduces annual mean
surface O3 over limited areas of seawater by 2–4 ppbv (Fig. 7a) while
the iodine chemistry reduces O3 by 2–10 ppbv over most oceanic areas
(Fig. 7b). Iodine chemistry affects model prediction over the entire U.S.
and reduces annual mean O3 by 1–2 ppbv over the eastern U.S.,

2–3 ppbv over the western U.S., and 3–4 ppbv over some coastal areas.
In contrast, bromine chemistry reduces annual mean O3 by < 1 ppbv
over U.S. On average, bromine chemistry reduces annual mean O3 over
seawater by 1.2 ppbv while iodine chemistry reduces O3 by 5.2 ppbv.
Iodine chemistry is more efficient in reducing O3 than the bromine
chemistry due to several factors. The rate constant for the I + O3 re-
action is ∼10% greater than that of the Br + O3 reaction (Ordóñez
et al., 2012). Iodine recycles at a faster rate than bromine due to higher
photolysis rates of I2/HOI compared to Br2/HOBr as well as the pre-
sence of higher iodine oxides in the model. Additionally, the inorganic
iodine emissions rates are a function of dissolved O3 and iodide present
in seawater (Carpenter et al., 2013) and are higher when atmospheric
O3 concentrations are higher. Such factors in iodine chemistry reduce
O3 over seawater more efficiently than that of bromine chemistry.
Lower O3 concentrations over the marine environment due to iodine
chemistry are transported inland resulting in lower O3 over land.

3.8. Influence of iodine and bromine chemistry on O3 model performance

In addition to the direct comparison between model simulations, we

Fig. 6. Influence of the bromine and iodine chemistry (Added_Br/I_NoAnth – No_Br/I_NoAnth) on seasonal mean background O3 over the U.S. (a) Winter (b) Spring
(c) Summer (d) Fall. Winter: December–February; Spring: March–May; Summer: June–August; Fall: September–November.

Fig. 7. Changes in annual mean surface O3 with (a) bromine chemistry (Added_Br−No_Br/I) and (b) iodine chemistry (Added_I−No_Br/I).
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have also evaluated the simulations without and with bromine and
iodine chemistry against both ship-based and land-based O3 observa-
tions. The ship-based surface measurements used for this evaluation are
over the Gulf of Mexico from the 2006 Texas Air Quality Study (Parrish
et al., 2009b) (TexAQS). Observed O3 concentrations during the August
2006 period of the TexAQS campaign are generally less than 30 ppbv,
though higher values were measured over some coastal waters off
Texas, South Carolina and Georgia (Fig. 8a). Model mean bias values
(Fig. 8b–c) show that neither model simulation captures the high ob-
served values near some coastal waters which results in a negative bias.
The model without the bromine and iodine chemistry, however, has a

positive bias (median bias +4.7 ppbv) over most areas in the remote
ocean while the model with the bromine and iodine chemistry typically
has a slight negative bias (median bias −1.0 ppbv, 95% of the ob-
servations have a bias within±30 ppbv) for these areas. We also
compared the performance of the simulations without and with bro-
mine and iodine chemistry by calculating the difference in the absolute
mean bias between the two simulations. In this calculation, positive
values mean that the simulation with bromine and iodine chemistry has
a higher absolute bias (further from observations) while negative values
indicate that it has a lower absolute bias (closer to observations). The
difference in absolute mean bias shown in Fig. 8d reveals that the

Fig. 8. (a) Observed surface O3 concentra-
tions from R/V Ronald H. Brown during
August 2006 of the TexAQS campaign
(Parrish et al., 2009b) (b) model mean bias
for the model without any bromine and io-
dine chemistry (No_Br/I – Observations) (c)
model mean bias for the model with the
bromine and iodine chemistry (Added_Br/I –
Observations), and (d) differences in the
model absolute mean bias between simula-
tions without and with bromine and iodine
chemistry (|Added_Br/I – Observations| –
|No_Br/I – Observations|). The green colors
in (d) represent locations where the simu-
lation with the bromine and iodine chem-
istry had a lower model bias (improved
prediction), and purple colors represent lo-
cations where the simulation with the bro-
mine and iodine chemistry had a higher
model bias (worse prediction). All units are
in ppbv. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 9. Monthly mean bias without (No_Br/I
– Observations) and with (Added_Br/I –
Observations) the bromine and iodine
chemistry at all (a) CASTNET and (b) AQS
sites. AQS observations falling within the
same grid cell are first averaged prior to
comparing to the model value. Lower bar in
the box represents the 25th percentile,
middle bar represents the median and the
upper bar represents the 75 percentile va-
lues. The lowest horizontal bar represents
the minimum value while the highest hor-
izontal bar represents the maximum value.
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inclusion of bromine and iodine chemistry generally reduces the bias by
2–6 ppbv over the ocean without much degradation in other regions.
The simulations without and with bromine and iodine chemistry

were also evaluated against observations in the U.S. from the Clean Air
Status and Trends Network (CASTNET) and the USEPA's Air Quality
System (AQS). CASTNET and AQS include sites at mainly remote and
mainly urban locations, respectively. Monthly mean bias for the simu-
lation without the bromine and iodine chemistry varies (−8 to
+4 ppbv for CASTNET sites and −3 to +7 ppbv for AQS sites), with
negative biases (underprediction) for several months (January–August
and December at CASTNET sites and April–June for AQS sites) and
positive biases (overprediction) for other months (Fig. 9). The inclusion
of bromine and iodine chemistry generally improves O3 predictions in
the Fall at both the CASTNET and AQS sites and deteriorates the model

predictions in the Spring. In the Winter and Summer, the simulation
with bromine and iodine chemistry generally has degraded predictions
at the CASTNET sites and improved predictions at the AQS sites.
When only the coastal sites are considered, the monthly mean biases

for the simulation without bromine and iodine chemistry are positive
for January–February and July–December at CASTNET sites (Fig. 10a)
and for all months at AQS sites (Fig. 10b). Differences between the si-
mulations without and with bromine and iodine chemistry are more
noticeable for the coastal sites, with a larger number of months having
improved predictions when bromine and iodine chemistry is included.
This is especially true at coastal AQS sites where the bromine and io-
dine chemistry improves model performance for all months except
March and April. Gantt et al. (2017) compared model (using a 12-km
horizontal grid resolution) predictions for August 2006 with observa-
tions from the 2006 ship-based TexAQS and coastal AQS sites and re-
ported that the model without bromine and iodine chemistry generally
over-predicts O3 while the bromine and iodine chemistry improves the
model performance. Model performance shown in Figs. 8 and 10 for
August is consistent with results of Gantt et al. (2017).
The hemispheric domain also allows for model evaluation against

O3 observations from monitors in Japan as part of the Acid Deposition
Monitoring Network in East Asia (www.eanet.asia/eanet) (Fig. 11). The
simulation without bromine and iodine chemistry underpredicts O3 (by
2–9 ppbv) during the cooler months (January–May and November) and
overpredicts (by 2–19 ppbv) in the warmer months (June–September).
Including bromine and iodine chemistry further deteriorates O3 model
performance in the cooler months but improves model performance in
warmer months. This seasonality is consistent with Kyo et al. (2019)
which reported CMAQ overpredictions of O3 during the summertime
over Japan.

Fig. 10. Monthly mean bias without
(No_Br/I – Observations) and with
(Added_Br/I – Observations) the bromine
and iodine chemistry at coastal (a)
CASTNET and (b) AQS sites. AQS observa-
tions falling within the same grid cell are
first averaged prior to comparing to the
model value. Lower bar in the box re-
presents the 25th percentile, middle bar
represents the median and the upper bar
represents the 75 percentile values. The
lowest horizontal bar represents the
minimum value while the highest hor-
izontal bar represents the maximum value.
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4. Summary

Regional chemical transport models like CMAQ are routinely ap-
plied to specific geographic areas for developing air pollutant control
strategies. Often the boundary conditions for the regional models are
adapted from hemispheric and global models to capture the broader
influence of global pollution on the focal region. The results of this
study reveal that bromine and iodine chemistry not only affects O3 over
seawater but also over land, improves model performance for coastal
sites, and reduces the predicted background ozone. These combined
impacts provide strong evidence that bromine and iodine chemistry
should be considered for inclusion in air quality models used for O3
applications.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.atmosenv.2019.06.020.
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Ταβλε Σ1: Γασ−πηασε βροmινε χηεmιστρψ  

Ρξ λεϖελ Ρεαχτιον Ρατε Εξπρεσσιον α Ρεφ 

ΒΡ01 Βρ + Ο3= ΒρΟ + Ο2 1.6⋅ 10−11ε−780/Τ 4,5 

ΒΡ02 ΒρΟ + ΗΟ2= ΗΟΒρ + Ο2 4.5⋅ 10−12ε460/Τ 4,5 

ΒΡ03 Βρ + ΗΟ2= ΗΒρ + Ο2 4.8⋅ 10−12 ε−310/Τ 4,5 

ΒΡ04 ΗΒρ + ΟΗ = Βρ + Η2Ο 6.7⋅ 10−12ε155/Τ 4,5 

ΒΡ05 ΒρΟ + ΒρΟ = 2.0 Βρ + Ο2 1.4⋅ 10−12ε210/Τ 4,5 

ΒΡ06 ΒρΟ + ΒρΟ = ΒΡ2+ Ο2 2.9 ⋅ 10−14ε840/Τ 4,5 

ΒΡ07 ΒρΟ + ΝΟ = Βρ + ΝΟ2 8.8⋅ 10−12ε260/Τ 4,5 

ΒΡ08 Βρ + ΒρΝΟ3= ΒΡ2+ ΝΟ3 4.9⋅ 10−11 4,5 

ΒΡ09 ΒΡ2+ ΟΗ = ΗΟΒρ + Βρ   2.1⋅ 10−11ε240/Τ 4,5 

ΒΡ10 ΒρΟ + ΟΗ = Βρ + ΗΟ2 1.7⋅ 10−11ε250/Τ 4,5 

ΒΡ11 Βρ + ΝΟ3= ΒρΟ + ΝΟ2 1.6 ⋅ 10−11 4,5 

ΒΡ12 ΒρΟ + ΝΟ2= ΒρΝΟ3 κο= 5.2 ξ 10−31(Τ/300)−3.2; κ�= 6.9 ξ 10−12(Τ/300)−2.9;  

Φ = 0.6 ανδ Ν = 1.0 

4,5 

ΒΡ13 Βρ + ΝΟ2= ΒρΝΟ2 κο= 4.2 ξ 10−31(Τ/300)−2.4; κ�= 2.7 ξ 10−11(Τ/300)0.0;  

Φ = 0.6 ανδ Ν = 1.0 
4,5 

ΒΡ14 ΒρΟ + ΧλΟ = Βρ + Χλ  4.7 ⋅ 10−12ε320/Τ 4,5 

ΒΡ15 Βρ + ΦΟΡΜ = ΗΒρ + ΗΟ2+ ΧΟ  1.7 ⋅ 10−11ε−800/Τ 4,5 

ΒΡ16 Βρ + ΑΛD2 = ΗΒρ + Χ2Ο3 1.3 ⋅ 10−11ε−360/Τ 4,5 

ΒΡ17 ΒρΟ + ΜΕΟ2 = 0.8 ΗΟΒρ + 0.2 ΒΡ + ΦΟΡΜ  2.7 ⋅ 10−14 ε1600/Τ 4,5 

ΒΡ18 ΧΗ3Βρ + ΟΗ = Βρ + ΦΟΡΜ 2.9⋅ 10−12ε−1230/Τ 4,5 

ΒΡ19 ΜΒ3 + ΟΗ = 3 Βρ + ΧΟ 1.0⋅ 10−12ε−388/Τ 4,5 

ΒΡ20 ΜΒ2 + ΟΗ = 2 Βρ + ΗΟ2 + ΧΟ 2.0⋅ 10−12ε−840/Τ 4,5 

ΒΡ21 ΜΒ2Χ + ΟΗ = 2 Βρ + Χλ + ΧΟ 9.0⋅ 10−13ε−420/Τ 4,5 

ΒΡ22 ΜΒΧ2 + ΟΗ = Βρ + 2 Χλ + ΧΟ 9.4 ⋅ 10−13ε−510/Τ 4,5 

ΒΡ23 ΜΒΧ + ΟΗ = Βρ + Χλ + ΧΟ + ΗΟ2         2.1⋅ 10−12ε−880/Τ 4,5 

ΒΡ24 DΜΣ + ΒρΟ = ΜΕΟ2 + Βρ 1.5 ⋅ 10−14ε1000/Τ 5 

ΒΡ25 ΒρΧλ = Βρ + Χλ Πηοτολψσισ 5 

ΒΡ26 ΒρΟ = Βρ + Ο Πηοτολψσισ 5 

ΒΡ27 ΗΟΒρ = ΟΗ + Βρ   Πηοτολψσισ 5 

ΒΡ28 ΒρΝΟ3= ΒρΟ + ΝΟ2 Πηοτολψσισ 5 

ΒΡ29 ΒρΝΟ3= Βρ + ΝΟ3 Πηοτολψσισ 5 

ΒΡ30 ΒρΝΟ2= Βρ + ΝΟ2 Πηοτολψσισ 5 

ΒΡ31 Βρ2= 2 Βρ Πηοτολψσισ 5 

ΒΡ32 ΜΒ3= 3 Βρ + ΗΟ2 + ΧΟ Πηοτολψσισ 5 

ΒΡ33 ΜΒ2Χ = 2 Βρ + Χλ + ΗΟ2 + ΧΟ Πηοτολψσισ 5 

ΒΡ34 ΜΒΧ2 = Βρ + 2 Χλ + ΗΟ2 + ΧΟ   Πηοτολψσισ 5 
Νοτε:  

Βρ = βροmινε ατοm, Ο3 = οζονε, Ο2 = οξψγεν, ΒρΟ =βροmινε οξιδε, ΗΟ2 =  ηψδροπεροξψ ραδιχαλ, ΗΟΒρ = ηψποβροmουσ αχιδ, ΗΒρ  = 
ηψδροβροmιχ αχιδ, ΟΗ = ηψδροξψλ ραδιχαλ, Βρ2 = mολεχυλαρ βροmινε, ΝΟ = νιτριχ οξιδε, ΝΟ2 = νιτρογεν διοξιδε, ΒρΝΟ3 = βροmινε νιτρατε, ΝΟ3 = 

νιτρατε, ΦΟΡΜ = φορmαλδεηψδε, ΑΛD2 = αχεταλδεηψδε, ΧΟ = χαρβον mονοξιδε, Χ2Ο3 = αχετψλπεροξψ ραδιχαλ, ΧΗ3Βρ=mετηψλ βροmιδε, ΜΒ3 = 
βροmοφορm, ΜΒ2 = mετηψλενε βροmιδε, ΜΒ2Χ = διβροmοχηλοροmετηανε, ΜΒΧ2 =  βροmοδιχηλοροmετηανε, ΜΒΧ = mετηψλενε βροmοχηλοριδε, 

ΒρΝΟ2=νιτρψλ βροmιδε, ΒρΧλ= βροmινε χηλοριδε, Η2Ο =  ωατερ ϖαπορ, DΜΣ=διmετηψλσυλφιδε, ΣΟ2 = συλφυρ διοξιδε, ΜΣΑ = mετηανεσυλφονιχ αχιδ.   

 
[α] Φιρστ ορδερ ρατε χονσταντσ αρε ιν υνιτσ οφ σεχ−1, σεχονδ ορδερ ρατε χονσταντσ αρε ιν υνιτσ οφ χm3 mολεχυλε−1 σεχ−1. Τεmπερατυρεσ (Τ) αρε ιν Κ. Ρατε 
χονσταντσ φορ ρεαχτιον ΒΡ12 ανδ ΒΡ13 αρε δεσχριβεδ βψ τηε φαλλοφφ εξπρεσσιον οφ τηε φορm κ={κο[Μ]/(1+κο[Μ]/κ�)} Φζ, ωηερε Ζ={(1/Ν)+λογ10[κο 

[Μ]/κ�]2}−1, ωηερε [Μ] ισ τηε τοταλ πρεσσυρε ιν mολεχυλεσ/χm3, ανδ κο, κ�, Φ, ανδ Ν αρε ινδιχατεδ ιν τηε ταβλε.  
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Ταβλε Σ2: Γασ−πηασε ιοδινε χηεmιστρψ 

Ρξ λεϖελ Ρεαχτιον Ρατε Εξπρεσσιον α Ρεφ 

ΙΟ01 Ι + Ο3= ΙΟ + Ο2 2.1 ⋅ 10−11ε−830/Τ 4−7 

ΙΟ02 Ι + ΗΟ2= ΗΙ + Ο2 1.5 ⋅ 10−11ε−1090/Τ 4−7 

ΙΟ03 Ι2+ ΟΗ = ΗΟΙ + Ι                2.1⋅ 10−10 4−7 

ΙΟ04 ΗΙ + ΟΗ = Ι + Η2Ο            1.6 ⋅ 10−11ε440/Τ 4−7 

ΙΟ05 ΗΟΙ + ΟΗ = ΙΟ + Η2Ο                 5.0 ⋅ 10−12 4−7 

ΙΟ06 ΙΟ + ΗΟ2= ΗΟΙ + Ο2 1.4 ⋅ 10−11ε540/Τ 4−7 

ΙΟ07 ΙΟ + ΝΟ = Ι + ΝΟ2 7.15 ⋅ 10−12ε300/Τ 4−7 

ΙΟ08 ΙΝΟ + ΙΝΟ = Ι2+ 2 ΝΟ      8.4 ⋅ 10−11ε−2620/Τ 4−7 

ΙΟ09 ΙΝΟ2+ ΙΝΟ2= Ι2 + 2 ΝΟ2 4.7 ⋅ 10−13ε−1670/Τ 4−7 

ΙΟ10 Ι2+ ΝΟ3= Ι + ΙΝΟ3 1.5 ⋅ 10−12 4−7 

ΙΟ11 ΙΝΟ3+ Ι = Ι2+ ΝΟ3 9.1 ⋅ 10−11ε−146/Τ 4−7 

ΙΟ12 Ι + ΒρΟ = ΙΟ + Βρ  1.2⋅ 10−11 4−7 

ΙΟ13 ΙΟ + Βρ = Ι + ΒρΟ 2.70⋅ 10−11 4−7 

ΙΟ14 ΙΟ + ΒρΟ = Βρ + Ι + Ο2 1.5⋅ 10−11ε510/Τ 4−7 

ΙΟ15 ΙΟ + ΧλΟ = Ι + Χλ  4.7⋅ 10−12ε280/Τ 4−7 

ΙΟ16 ΟΙΟ + ΟΙΟ = Ι2Ο4 1.5 ⋅ 10−10ε0/Τ 4−7 

ΙΟ17 ΟΙΟ + ΝΟ = ΙΟ + ΝΟ2 1.1 ⋅ 10−12ε542/Τ 4−7 

ΙΟ18 ΙΟ + ΙΟ = 0.4ΟΙΟ + 0.4Ι + 0.6Ι2Ο2 5.4 ⋅ 10−11ε180/Τ 4−7 

ΙΟ19 ΙΟ + ΟΙΟ = Ι2Ο3 1.5 ⋅ 10−10 4−7 

ΙΟ20 Ι2Ο2 = ΟΙΟ + Ι 2.5 ⋅ 1014 ε−9770/Τ 4−7 

ΙΟ21 Ι2Ο4= 2ΟΙΟ                    3.8 ⋅ 10−2ε0/Τ 4−7 

ΙΟ22 ΙΝΟ2= Ι + ΝΟ2 9.94 ⋅ 1017 ε−11859/Τ 4−7 

ΙΟ23 ΙΝΟ3= ΙΟ + ΝΟ2 2.1 ⋅ 1015 ε−13670/Τ 4−7 

ΙΟ24 Ι + ΝΟ = ΙΝΟ                      κο= 1.8 ξ 10−32(Τ/300)−1.0; κ�= 1.7 ξ 10−11(Τ/300)−0.0; 

Φ = 0.6 ανδ Ν = 1.0 

4−7 

ΙΟ25 Ι + ΝΟ2= ΙΝΟ2 κο= 3.0 ξ 10−31(Τ/300)−1.0; κ�= 6.6 ξ 10−11(Τ/300)−0.0; 

Φ = 0.6 ανδ Ν = 1.0 

4−7 

ΙΟ26 ΙΟ + ΝΟ2= ΙΝΟ3 κο= 7.7 ξ 10−31(Τ/300)−5.0; κ��= 1.6 ξ 10−11(Τ/300)−0.4; 

Φ = 0.4 ανδ Ν = 1.0 

4−7 

ΙΟ27 ΧΗ3Ι + ΟΗ = Ι + ΗΟ2+ Η2Ο 4.3⋅ 10−12ε−1120//Τ 4−7 

ΙΟ28 ΙΟ + DΜΣ = Ι + ΜΕΟ2 3.2 ⋅ 10−13ε−925/Τ 4−7 

ΙΟ29 ΧΗ3Ι = Ι + ΜΕΟ2 Πηοτολψσισ 5 

ΙΟ30 ΧΗ2Ι2= 2.0 Ι        Πηοτολψσισ 5 

ΙΟ31 ΧΗ2ΙΒρ = Ι + Βρ Πηοτολψσισ 5 

ΙΟ32 ΧΗ2ΙΧλ = Ι + Χλ      Πηοτολψσισ 5 

ΙΟ33 Ι2= 2.0 Ι         Πηοτολψσισ 5 

ΙΟ34 ΙΟ = Ι + Ο        Πηοτολψσισ 5 

ΙΟ35 ΟΙΟ = Ι + Ο2 Πηοτολψσισ 5 

ΙΟ36 ΙΝΟ = Ι + ΝΟ Πηοτολψσισ 5 

ΙΟ37 ΙΝΟ2 = Ι + ΝΟ2 Πηοτολψσισ 5 

ΙΟ38 ΙΝΟ3= Ι + ΝΟ3 Πηοτολψσισ 5 

ΙΟ39 ΗΟΙ = Ι + ΟΗ     Πηοτολψσισ 5 

ΙΟ40 ΙΧλ = Ι + Χλ                  Πηοτολψσισ 5 

ΙΟ41 Ι2Ο2= Ι + ΟΙΟ Πηοτολψσισ 6 

ΙΟ42 Ι2Ο3= ΙΟ + ΟΙΟ Πηοτολψσισ 6 

ΙΟ43 Ι2Ο4= ΟΙΟ + ΟΙΟ Πηοτολψσισ 6 

ΙΟ44 ΙΒρ = Ι + Βρ Πηοτολψσισ 5 
Νοτε:  
Ι = ιοδινε ατοm, Ο3 = οζονε, Ο2 = οξψγεν, ΙΟ = ιοδινε οξιδε, ΟΙΟ =ιοδινε διοξιδε, ΗΟ2 =  ηψδροπεροξψ ραδιχαλ, ΗΙ = ηψδροιοδιχ αχιδ, ΝΟ = 

νιτριχ οξιδε, ΝΟ2 = νιτρογεν διοξιδε, ΗΟΙ = ηψποιοδουσ αχιδ, Ι2Ο2 =δι−ιοδινε διοξιδε, Ι2Ο3=δι−ιοδινε τριοξιδε, Ι2Ο4= διιοδινε τετροξιδε, Ι2 = 

mολεχυλαρ ιοδινε, ΟΗ = ηψδροξψλ ραδιχαλ, ΝΟ3 = νιτρατε, ΙΟΝΟ2 = ιοδινε νιτρατε, ΙΝΟ2=νιτρψλ ιοδιδε, ΙΝΟ=νιτροσψλ ιοδιδε, ΗΝΟ3=νιτριχ αχιδ, 
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ΙΧλ= ιοδινε mονοχηλοριδε, ΧΗ3Ι=mετηψλ ιοδιδε, ΧΗ2Ι2=mετηψλενε ιοδιδε, ΧΗ2ΙΒρ=βροmοιοδοmετηανε, ΧΗ2ΙΧλ=χηλοροιοδοmετηανε, Βρ = 
βροmινε ατοm, ΒρΟ =βροmινε οξιδε, Χλ = ατοmιχ χηλορινε, ΧλΟ = χηλορινε οξιδε. 

 

[α] Φιρστ ορδερ ρατε χονσταντσ αρε ιν υνιτσ οφ σεχ−1, σεχονδ ορδερ ρατε χονσταντσ αρε ιν υνιτσ οφ χm3 mολεχυλε−1 σεχ−1. Τεmπερατυρεσ (Τ) αρε ιν Κ. Ρατε 
χονσταντσ φορ ρεαχτιον ΙΟ24−26 αρε δεσχριβεδ βψ τηε φαλλοφφ εξπρεσσιον οφ τηε φορm κ={κο[Μ]/(1+κο[Μ]/κ�)} Φζ, ωηερε Ζ={(1/Ν)+λογ10[κο 

[Μ]/κ�]2}−1, ωηερε [Μ] ισ τηε τοταλ πρεσσυρε ιν mολεχυλεσ/χm3, ανδ κο, κ�, Φ, ανδ Ν αρε ινδιχατεδ ιν τηε ταβλε.  

 

  



5 

 

Ταβλε Σ3: Ηετερογενεουσ ρεαχτιονσ οφ βροmινε ανδ ιοδινε σπεχιεσ  

Ρεαχτιονσ ον αεροσολσ  

Ρξ λεϖελ Ρεαχτιον Υπτακε χοεφφιχιεντ Ρεφερενχε 

ΗΕΤ_ΗΒΡ_ΒΡ ΗΒρ ∅Βρ− 1.3⋅ 10−8ε4290/Τ Αmmανν ετ αλ. (2013) 

ΗΕΤ_ΒΡΝΟ3_WΑ ΒρΝΟ3(+ Η2Ο)∅ΗΟΒρ + ΗΝΟ3 0.03  Dειβερ ετ αλ. (2004) 

ΗΕΤ_ΗΟΒΡ_ΧΛ ΗΟΒρ + Χλ−∅ΒρΧλ   0.08 Φερνανδεζ ετ αλ. (2014) 

ΗΕΤ_ΗΟΒΡ_ΒΡ ΗΟΒρ + Βρ−∅Βρ2 0.02 Φερνανδεζ ετ αλ. (2014) 

ΗΕΤ_Ι2Ο2 Ι2Ο2∅ 0.02  Σηερωεν ετ αλ. (2016) 

ΗΕΤ_Ι2Ο3 Ι2Ο3∅ 0.02  Σηερωεν ετ αλ. (2016) 

ΗΕΤ_Ι2Ο4 Ι2Ο4 ∅ 0.02  Σηερωεν ετ αλ. (2016) 

ΗΕΤ_ΙΝΟ3_ΧΛ ΙΝΟ3 + Χλ−∅ΙΧλ + ΗΝΟ3 0.005 Σαιζ−Λοπεζ ετ αλ. (2014) 

ΗΕΤ_ΙΝΟ3_ΒΡ ΙΝΟ3 + Βρ−∅ΙΒρ + ΗΝΟ3 0.005 Σαιζ−Λοπεζ ετ αλ. (2014) 

ΗΕΤ_ΙΝΟ2_ΧΛ ΙΝΟ2 + Χλ−∅ΙΧλ + ΗΟΝΟ 0.01 Σαιζ−Λοπεζ ετ αλ. (2014) 

ΗΕΤ_ΙΝΟ2_ΒΡ ΙΝΟ2 + Βρ−∅ΙΒρ + ΗΟΝΟ 0.01 Σαιζ−Λοπεζ ετ αλ. (2014) 

ΗΕΤ_ΗΟΙ_ΧΛ ΗΟΙ + Χλ−∅ΙΧλ  0.005 Σηερωεν ετ αλ. (2016) 

ΗΕΤ_ΗΟΙ_ΒΡ ΗΟΙ + Βρ−∅ΙΒρ 0.005 Σηερωεν ετ αλ. (2016) 

Ρεαχτιονσ ον ιχε χρψσταλσ  

Ρξ λεϖελ Ρεαχτιον Υπτακε χοεφφιχιεντ  

ΗΕΤ_ΗΟΒΡ_ΗΒΡ ΗΟΒρ + ΗΒρ ∅Βρ2 + Η2Ο 0.12 Φερνανδεζ ετ αλ. (2014) 

ΗΕΤ_ΗΟΒΡ_ΗΧΛ ΗΟΒρ + ΗΧλ ∅ΒρΧλ + Η2Ο 0.30 Φερνανδεζ ετ αλ. (2014) 

ΗΕΤ_ΗΟΧΛ_ΗΒΡ ΗΟΧλ + ΗΒρ ∅ΒρΧλ + Η2Ο 0.20 Φερνανδεζ ετ αλ. (2014) 

Νοτε: 

Φιρστ ορδερ ρατε χονσταντ φορ ηετερογενεουσ ρεαχτιον ισ χαλχυλατεδ υσινγ τηε φολλοωινγ εξπρεσσιον: 

Γ⇔¬ = ≅ ⋅
6
+

8

√ ♣

Α?5 #  

 

Wηερε ≅�ρεπρεσεντσ τηε εφφεχτιϖε διαmετερ, D ρεπρεσεντσ τηε διφφυσιϖιτψ ιν αιρ, ? ♣ ισ τηε mεαν mολεχυλαρ ϖελοχιτψ, Α ισ 

τηε αεροσολ συρφαχε αρεα χονχεντρατιον, ανδ ⇔ ισ τηε ρεαχτιϖε υπτακε χοεφφιχιεντ. Σεχονδ ορδερ ρατε χονσταντσ φορ 

ρεαχτιονσ ινϖολϖινγ Χλ−ορ Βρ− αρε χαλχυλατεδ βψ διϖιδινγ τηε φιρστ ορδερ ρατε χονσταντ βψ [Χλ−] ορ [Βρ−] χονχεντρατιονσ. 

Σεχονδ ορδερ ρατε χονσταντσ ον ιχε−χρψσταλσ αρε χαλχυλατεδ βψ διϖιδινγ τηε φιρστ ορδερ ρατε χονσταντ βψ τηε [ΗΒρ] ορ 

[ΗΧλ] χονχεντρατιονσ.  
 

Φορ τηε ΗΟΒρ ηετερογενεουσ ρεαχτιον, Φερνανδεζ ετ αλ. (2014) υσεδ αν υπτακε χοεφφιχιεντ οφ 0.1 ανδ α ψιελδ οφ 0.65 

ανδ 0.35 ρεαχτιον προδυχτσ Βρ2 ανδ ΒρΧλ, ρεσπεχτιϖελψ. Wε ασσυmε τηατ 80% οφ τηε ρεαχτιον προχεεδσ ωιτη τηε 

χηλοριδε πατηωαψ ανδ 20% προχεεδσ ωιτη τηε βροmιδε πατηωαψ ανδ υσε αν υπτακε χοεφφιχιεντ οφ 0.08 (0.1 ξ 0.8) 

φορΗΕΤ_ΗΟΒΡ_ΧΛ ανδ 0.02 (0.1 ξ 0.2) φορΗΕΤ_ΗΟΒΡ_ΒΡ.   

Φορ τηε ΙΝΟ3 ηετερογενεουσ ρεαχτιον, Σαιζ−Λοπεζ ετ αλ. (2014) υσεδ αν υπτακε χοεφφιχιεντ οφ 0.01 ανδ α ψιελδ οφ 0.5 

ανδ 0.5 φορ ρεαχτιον προδυχτσ ΙΒρ ανδ ΙΧλ, ρεσπεχτιϖελψ. Wε υσε αν υπτακε χοεφφιχιεντ οφ 0.005 (0.01 ξ 0.5) 

φορΗΕΤ_ΙΝΟ3_ΧΛ ανδ 0.005 (0.01 ξ 0.5) φορΗΕΤ_ΙΝΟ3_ΒΡ. 

Φορ τηε ΙΝΟ2 ηετερογενεουσ ρεαχτιον, Σαιζ−Λοπεζ ετ αλ. (2014) υσεδ αν υπτακε χοεφφιχιεντ οφ 0.02 ανδ α ψιελδ οφ 0.5 

ανδ 0.5 φορ ρεαχτιον προδυχτσ ΙΒρ ανδ ΙΧλ, ρεσπεχτιϖελψ. Wε υσε αν υπτακε χοεφφιχιεντ οφ 0.01 (0.02 ξ 0.5) 

φορΗΕΤ_ΙΝΟ2_ΧΛ ανδ 0.01 (0.02 ξ 0.5) φορΗΕΤ_ΙΝΟ2_ΒΡ. 

Φορ τηε ΗΟΙ ηετερογενεουσ ρεαχτιον, Σηερωεν ετ αλ. (2016) υσεδ αν υπτακε χοεφφιχιεντ οφ 0.01 ωηιλε Σαιζ−Λοπεζ ετ αλ. 

(2014) υσεδ α ψιελδ οφ 0.5 ανδ 0.5 φορ ρεαχτιον προδυχτσ ΙΒρ ανδ ΙΧλ, ρεσπεχτιϖελψ. Wε υσε αν υπτακε χοεφφιχιεντ οφ 

0.005 (0.01 ξ 0.5) φορΗΕΤ_ΗΟΙ_ΧΛ ανδ 0.005 (0.01 ξ 0.5) φορ ΗΕΤ_ΗΟΙ_ΒΡ. 
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Ταβλε Σ4: Αθυεουσ−πηασε βροmινε ρεαχτιονσ. Ρεαχτιονσ ανδ χοεφφιχιεντσ χοmε φροm Λονγ ετ αλ. (2013) ανδ τηε 

ρεφερενχεσ τηερειν υνλεσσ οτηερωισε νοτεδ. Wετ δεποσιτιον ωασ χαλχυλατεδ φορ αλλ νεω αθυεουσ σπεχιεσ ιν τηε mοδελ 

(Φαηεψ ετ αλ., 2017) 

Χηεmιχαλ κινετιχ ρεαχτιονσ Ρατε χονσταντ (κρ) ιν 

αππροπριατε υνιτσ οφ Μ,σ 

(298Κ)  

  −Εα/Ρ (Κ) Νοτεσ# 

Βρ2 (+ Η2Κ��W���− + ΗΟΒρ + Η+ 9.7Ε1 −7457  

Γ(6)(/?〈>5Ο?5) = 

Γ∑ΑΤΛ δΦ∋
4

λ1
6
Φ 1

298
πη 

ΗΟΒρ + Βρ− + Η+ W���2 1.6Ε10 

Βρ− + ΗΟΧλ + Η+ W����ο 1.32Ε6 

ΗΟΒρ + Χλ− + Η+ W����ο 2.3Ε10 

ΒρΧλ (+Η2Κ��W��ο− + ΗΟΒρ + Η+ 3.0Ε6 

Μασσ τρανσφερ βετωεεν πηασεσ Dγ (m2/σ) ξ 105 D
∗ Νοτεσ# 

,���∼Π��⊥�,���∼��� 1.216 0.032 
Γ◊,⇐(Ο

?5) = Φ Ν6

3&∨,⇐
+

4Ν

3Ρ♣⇐∧⇐
Γ
?5

 

 

Ρ∗% = ♦ 846

/9⇐
 

 

,Κ���∼Π��⊥�,Κ���∼��� 1.101 0.5 

,Κ�ο�∼Π��⊥�,Κ�ο�∼��� 1.267 0.5 

���ο�∼Π��⊥����ο�∼��� 1.19 0.38 

Βρ2 ∼Π��⊥���2 ∼��� 1.0 0.038 

Ιονιχ δισσοχιατιον ��∝]ο]��]∝υ��}ϖ���ϖ�Υ�<�� (Μ) 

,���∼����⊥�,
+ ∼����=���− ∼��� 1.0Ε9 

∗Τρεατεδ ασ Τ ινδεπενδεντ ηερε.   
#Εα ισ τηε αχτιϖατιον ενεργψ, ΜW ισ τηε mολεχυλαρ ωειγητ, Dγ,ι ισ τηε γασ πηασε διφφυσιον χοεφφιχιεντ (m2/σ), Dι ισ τηε 

αχχοmmοδατιον χοεφφιχιεντ, Ρ ισ τηε γασ χονσταντ, Τ ισ τεmπερατυρε, ανδ, ρ ισ τηε δροπλετ ραδιυσ (m) 

 

Ρατε χονσταντσ αρε χαλχυλατεδ υσινγ τηε φολλοωινγ εξπρεσσιον: 

Γ(6)(/?〈>5Ο?5) = Γ∑ΑΤΛ δΦ∋
4

λ1
6
Φ 1

298
πη 

 

Wηερε, Τ ισ τεmπερατυρε, Εα ισ τηε αχτιϖατιον ενεργψ, ανδ Ρ ισ τηε γασ χονσταντ. 

 

 

Μασσ τρανσφερ βετωεεν γασ ανδ αθυεουσ πηασεσ ισ χαλχυλατεδ υσινγ τηε φολλοωινγ εξπρεσσιον: 

Γ◊,⇐(Ο
?5) = Φ Ν6

3&∨,⇐
+

4Ν

3Ρ♣⇐∧⇐
Γ
?5

 

Wηερε, ρ ισ τηε δροπλετ ραδιυσ (m), Dγ,ι ισ τηε γασ πηασε διφφυσιον χοεφφιχιεντ (m2/σ), Ρ♣⇐ισ τηε mεαν mολεχυλαρ σπεεδ 

(m/σ), ανδ Dι ισ τηε αχχοmmοδατιον χοεφφιχιεντ, Ρ ισ τηε γασ χονσταντ, Τ ισ τεmπερατυρε, ανδ ΜW ισ τηε mολεχυλαρ 

ωειγητ. 
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Φιγυρε Σ1: Λοχατιον οφ χοασταλ σιτεσ ατ (α) Χλεαν Αιρ Στατυσ ανδ Τρενδσ Νετωορκ (ΧΑΣΤΝετ) ανδ (β) τηε ΥΣΕΠΑ�σ Αιρ 

Θυαλιτψ Σψστεm (ΑΘΣ)  

 

 

α

β
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An effective first order rate constant (kO3) for halogen mediated O3 loss is calculated by 

subtracting the first order O3 loss rate obtained without halogen chemistry from that obtained 

with halogen chemistry (without photolysis of higher iodine oxides). The first order O3 loss rate 

for each simulation is calculated by subtracting the total O3 production rate from the total O3 loss 

rate and dividing the result by O3: 

First order O3 loss rate = �	∑ �����	�
�		 ∑�����	��		)/O3       (1) 

where Ri is the species involved in reactions with O3, and Xi and Yi are the species involved in 

reactions producing O3. The first order O3 loss rate with the halogen chemistry over marine 

regions is greater than that obtained without the halogen chemistry. A daytime average kO3 value 

for each grid cell is then calculated by using all daytime values in summer. Finally, a layer 

average kO3 is calculated by using all daytime averaged kO3 values over all marine regions for 

each model layer. The relationship between the layer averaged kO3 (s
 1
) values and the 

corresponding atmospheric pressures, P (Pa) is then obtained using nonlinear least squares 

estimation (Figure S.2). 

 

Our calculated surface kO3 is 2.4x10
 6
 s

 1
. Using data from Read et al.

1
, we also derive a similar 

value for surface kO3 (~80% of our value). Our calculated value is slightly greater than the value 

derived from Read et al.
1
, likely due to the fact that we averaged values over all marine regions 

in the Northern Hemisphere during summer while Read et al.
1
 only analyzed annual O3 

measurements from the Cape Verde archipelago.  
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Figures 

 

 
Figure S.1: Daily averaged (a) standard and (b) enhanced ozone deposition velocity for a typical day 

 

 

 

 

 

 
Figure S.2: A plot of first order halogen mediated O3 loss rate and atmospheric pressure  
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Table S.1: Gas phase bromine chemistry used in the study
2 4

   
Rx level Reaction Rate constant (k) 

BR01 Br + O3 = BrO + O2 1.7 x 10 11 e 800/T 

BR02 BrO + HO2 = HOBr + O2 3.7 x 10 12 e545/T 

BR03 Br  + HO2 = HBr + O2 1.4 x 10 11 e 590/T 

BR04 HBr + OH = Br + H2O 1.1 x 10 11 

BR05 BrO + BrO = 2.0 Br + O2 2.7 x 10 12 

BR06 BrO + BrO = BR2 + O2 2.9 x 10 14 e840/T 

BR07 BrO + NO = Br + NO2  8.7 x 10 12 e260/T 

BR08 Br  + BrONO2 = BR2 + NO3 1.78 x 10 11 e365/T 

BR09 BR2 + OH = HOBr + Br   1.9 x 10 11 e240/T 

BR10 BrO + OH = Br + HO2 7.5 x 10 11 

BR11 Br + NO3 = BrO + NO2  1.6 x 10 11 

BR12 Br + FORM = HBr + HO2 + CO  1.7 x 10 11 e 800/T 

BR13 Br + ALD2 = HBr + C2O3     1.3 x 10 11 e 360/T 

BR14 Br + ALDX = HBr + CXO3  9.7 x 10 12 

BR15 BrO + MEO2 = HOBr + FORM  4.1 x 10 12 

BR16 BrO + MEO2 = Br + FORM + HO2  1.6 x 10 12 

BR17 BrO + C2O3 = Br + MEO2  1.7 x 10 12 

BR18 CHBr3 + OH = 3 Br 1.6 x 10 12 e 710/T 

BR19 CH3Br + OH = Br  4.0 x 10 12 e 1470/T 

BR20 CH2Br2 + OH = 2 Br   2.4 x 10 12 e 900/T 

BR21 CHBr2Cl + OH = 2 Br + Cl   2.4 x 10 12 e 900/T 

BR22 CHBrCl2 + OH = Br + 2 Cl 2.4 x 10 12 e 900/T 

BR23 CH2BrCl + OH = Br + Cl           2.4 x 10 12 e 930/T 

BR24 BrO + NO2 = BrONO2 ko = 5.2 x 10 31 (T/300) 3.2; k∞ = 6.9 x 10 12 (T/300) 2.9; F = 0.6 and N = 1.0 

BR25 Br + NO2 = BrNO2  ko = 4.2 x 10 31 (T/300) 2.4; k∞ = 2.7 x 10 11 (T/300)0..0; F = 0.6 and N = 1.0 

BR26 BrO + ClO = Br + Cl  9.5 x 10 13 e550/T 

BR27 BrO + ClO = Br + Cl + O2     2.3 x 10 12 e260/T 

BR28 BrO + ClO = BrCl + O2 4.1 x 10 13 e290/T 

BR29 DMS + BrO = Br + MEO2 1.54 x 10 14 e1000/T 

BR30 BrCl = Br + Cl Photolysis 

BR31 BrO = Br + O Photolysis 

BR32 HOBr = OH + Br   Photolysis 

BR33 BrONO2 = BrO + NO2 Photolysis 

BR34 BrONO2 = Br + NO3 Photolysis 

BR35 BrNO2 = Br + NO2   Photolysis 

BR36 Br2 = 2 Br Photolysis 

BR37 CHBr3 = 3 Br Photolysis 

BR38 CHBr2Cl = 2 Br  + Cl  Photolysis 

BR39 CHBrCl2 = Br  + 2 Cl   Photolysis 

Note: First order rate constants are in units of sec 1, second order rate constants are in units of cm3 molecule 1 sec 1. Temperatures (T) are in 

Kelvin. Rate constants for BR24 and BR25 is described by the falloff expression of the form k={ko[M]/(1+ko[M]/k∞)} F
z, where 

Z=[1+{(1/N)log10(ko [M]/k∞)}
2] 1, where [M] is the total pressure in molecules/cm3, and ko, k∞, F, and N are indicated in table. The original 

reaction in BR26 contains OClO which is represented by Cl since it is not accounted for in the current CMAQ chlorine chemistry. Br = bromine 

atom, O3 = ozone, O2 = oxygen, BrO =bromine oxide, HO2 =  hydroperoxy radical, HOBr = hypobromous acid, HBr  = hydrobromic acid, OH = 
hydroxyl radical, Br2 = molecular bromine, NO = nitric oxide, NO2 = nitrogen dioxide, BrONO2 = bromine nitrate, NO3 = nitrate, FORM = 

formaldehyde, ALD2 = acetaldehyde, ALDX = propionaldehyde and higher aldehydes, CO = carbon monoxide, C2O3 = acetylperoxy radical, 

CXO3 = higher acylperoxy radicals, CHBr3=bromoform, CH3Br=methyl bromide, CH2Br2= methylene bromide, CHBr2Cl= 
dibromochloromethane, CHBrCl2= bromodichloromethane, CH2BrCl= methylene bromochloride, BrNO2=nitryl bromide, BrCl= bromine 

chloride, H2O =  water vapor, DMS=dimethylsulfide.   
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Table S.2: Gas phase iodine chemistry used in the study
5
  

Rx level Reaction Rate constant (k) 

IO01 I + O3 = IO + O2 2.1 x 10 11 e 830/T 

IO02 IO + O3 = OIO + O2                    3.0 x 10 16 

IO03 I + HO2 = HI + O2    1.5 x 10 11 e 1090/T 

IO04 IO + NO = I + NO2 7.15 x 10 12 e300/T 

IO05 IO + HO2 = HOI + O2  1.4 x 10 11 e540/T 

IO06 IO + IO = OIO + I   2.13 x 10 11 e180//Tx [ 1 + e P/191.42 ] 

IO07 IO + IO = I2O2 3.27 x 10 11 e180/Tx [ 1 – 0.65 e P/191.42 ] 

IO08 IO + OIO = I2O3       ��	�
��� 

w1 = 4.68 x 10 10 – 1.38 x 10 5 e  0.75 P/1.62 + 5.51 x 10 10 e  0.75 P/199.32 

w2 =  3.31 x 10 3 – 5.14 x 10 3 e  0.75 P/325.68   4.44 x 10 3 e  0.75 P/40.81 

IO09 OIO + OIO = I2O4                     ��	�
��� 

w1 = 1.16 x 10 9 – 7.79 x 10 10 e  0.75 P/22.09 + 1.03 x 10 9 e  0.75 P/568.15 

w2 =  8.13 x 10 3 – 3.82 x 10 3 e  0.75 P/45.57 – 6.43 x 10 3 e  0.75 P/417.95 

IO10 I2 + O = IO + I 1.25 x 10 10 

IO11 IO + O = I + O2                      1.4 x 10 10 

IO12 IO + OH = HO2 + I   1.0 x 10 10 

IO13 I2O2 = OIO + I     ��	�
��� 

w1 = 3.54 x 1010 + 1.85 x 1011  0.75 P – 1.45 x 108  (0.75 P )2 + 6.07 x 104  (0.75 P )3 

w2 =  9681. 65 – 346.95 e  0.75 P/343.25 + 251.78 e  0.75 P/44.14 

IO14 I2O2  = 2*IO                  ��	�
��� 

w1 = 2.55 x 1011 – 4.41 x 109  0.75 P + 8.56 x 107  (0.75 P )2 + 1.42 x 104  (0.75 P )3 

w2 =  11466.82 + 597.01e  0.75 P/1382.62 – 167.33 e  0.75 P/43.75 

IO15 I2O4 = 2*OIO                    ��	�
��� 

w1 =  1.92 x 1014 + 4.67 x 1013  0.75 P – 3.68 x 108  (0.75 P )2 – 3.09 x 106  (0.75 P )3 

w2 =  12302.15 + 252.78 e  0.75 P/46.12 + 437.62 e  0.75 P/428.44 

IO16 I2 + OH = HOI + I                1.8 x 10 10 

IO17 I2 + NO3 = I + IONO2    1.5 x 10 12 

IO18 I + NO3 = IO + NO2         1.0 x 10 10 

IO19 OH + HI = I + H2O            1.6 x 10 11 e440/T 

IO20 I + IONO2 = I2 + NO3  9.1 x 10 11 e 146/T 

IO21 HOI + OH = IO + H2O                 2.0 x 10 13 

IO22 IO + DMS = I + MEO2 3.2 x 10 13 e 925/T 

IO23 INO2 = I + NO2     1.0 x 1018 e 13670/T 

IO24 IONO2 = IO + NO2            ��	�
��� 

w1 =  2.63 x 1013 + 4.32 x 1012  0.75 P + 3.73 x 108  (0.75 P )2 – 6.28 x 105  (0.75 P )3 

w2 =  13847.85 + 240.34 e  0.75 P/49.27 + 451.34 e  0.75 P/436.87 

IO25 INO + INO = I2 + 2 NO      8.4 x 10 11 e 2620/T 

IO26 INO2 + INO2 = I2 + 2 NO2  4.7 x 10 13 e 1670/T 

IO27 OIO + NO = IO + NO2  1.1 x 10 12 e542/T 

IO28 HI + NO3 = I + HNO3   1.3 x 10 12 e 1830/T 

IO29 IO + BrO = Br + I + O2   0.3 x 10 11 e510/T 

IO30 IO + BrO = Br + OIO   1.2 x 10 11 e510/T 

IO31 I + BrO = IO + Br  1.44 x 10 11 

IO32 IO + ClO = I + Cl  2.585 x 10 12 e280/T 

IO33 IO + ClO = I + Cl + O2 1.175 x 10 12 e280/T 

IO34 IO + ClO = ICl  + O2 9.4 x 10 13 e280/T 

IO35 IO + Br = I  + BrO      2.49 x 10 11 

IO36 IO + NO3 = OIO + NO2    9.0 x 10 12        

IO37 IO + MEO2 = FORM + I + HO2    2.0 x 10 12        

IO38 CH3I + OH = I + HO2 + H2O   2.9 x 10 12 e 1100//T 

IO39 I + NO2 = INO2         ko = 3.0 x 10 31 (T/300) 1.0; k∞ = 6.6 x 10 11 (T/300) 0.0 ; F = 0.6 and N = 1.0 

IO40 IO + NO2 = IONO2         ko = 6.5 x 10 31 (T/300) 3.5; k∞ = 7.6 x 10 12 (T/300) 1.5; F = 0.6 and N = 1.0 

IO41 I + NO = INO                      ko = 1.8 x 10 32 (T/300) 1.0; k∞ = 1.7 x 10 11 (T/300) 0.0; F = 0.6 and N = 1.0 

IO42 CH3I = I + MEO2 Photolysis 

IO43 CH2I2 = 2.0 I        Photolysis 

IO44 CH2IBr = I + Br Photolysis 

IO45 CH2ICl = I + Cl      Photolysis 

IO46 I2 = 2.0 I         Photolysis 

IO47 IO = I + O        Photolysis 

IO48 OIO = I + O2       Photolysis 

IO49 INO = I + NO Photolysis 

IO50 INO2 = I + NO2       Photolysis 

IO51 IONO2 = I + NO3     Photolysis 

IO52 HOI  = I + OH     Photolysis 

IO53 ICl = I + Cl                  Photolysis 
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IO54 I2O2 = I + OIO Photolysis* 

IO55 I2O3 = IO + OIO Photolysis* 

IO56 I2O4 = OIO + OIO Photolysis* 

Note: First order rate constants are in units of sec 1, second order rate constants are in units of cm3 molecule 1 sec 1. Temperatures (T) are in 
Kelvin. Rate constants for IO39 IO41 are described by the falloff expression of the form k={ko[M]/(1+ko[M]/k∞)} F

z, where Z=[1+{(1/N)log10(ko 

[M]/k∞)}
2] 1, where [M] is the total pressure in molecules/cm3, and ko, k∞, F, and N are indicated in table. Values have been rounded off for IO08, 

IO09, IO13, IO14, IO15, and IO23. The original reaction in IO32 contains OClO which is represented by Cl since it is not accounted for in the 
current CMAQ chlorine chemistry. I = iodine atom, O3 = ozone, O2 = oxygen, IO = iodine oxide, OIO =iodine dioxide, HO2 =  hydroperoxy 

radical, HI = hydroiodic acid, NO = nitric oxide, NO2 = nitrogen dioxide, HOI = hypoiodous acid, I2O2 =di iodine dioxide, I2O3=di iodine 

trioxide, I2O4=diiodine tetroxide, I2 = molecular iodine, OH = hydroxyl radical, NO3 = nitrate, IONO2 = iodine nitrate, INO2=nitryl iodide, 
INO=nitrosyl iodide, HNO3=nitric acid, ICl= iodine monochloride, CH3I=methyl iodide, CH2I2=methylene iodide, CH2IBr=bromoiodomethane, 

CH2ICl=chloroiodomethane, Br = bromine atom, BrO =bromine oxide, Cl = atomic chlorine, ClO = chlorine oxide. *Only used for Case D. 




 

 

  Table S.3: List of monitoring sites used in model comparison (http://ds.data.jma.go.jp/gmd/wdcgg) 
Location Latitude (degree) Longitude (degree) 

Trinidad Head, California, USA 41.05  124.15 

Ragged Pt., Barbados 13.17  59.43 

Tudor Hill, Bermuda 32.27  64.87 

Mauna Loa, Hawaii, USA 19.54  155.58 

Barrow, Alaska, USA 71.32  156.60 

Minamitorishima, Japan 24.28 153.98 

Tsukuba, Japan 36.05 140.13 

Ryori, Japan 39.03 141.82 

Yonagunijima, Japan 24.47 123.02 

Heimaey, Iceland 63.40  20.28 

Mace Head, Ireland 53.33  9.90 

Westerland, Germany 54.93 8.32 

Kollumerwaard, Netherland 53.33 6.28 

 

  



 S7

��
�� ������



 

1.� Read, K. A.; Mahajan, A. S.; Carpenter, L. J.; Evans, M. J.; Faria, B. V. E.; Heard, D. E.; Hopkins, J. R.; Lee, J. 

D.; Moller, S. J.; Lewis, A. C.; Mendes, L.; McQuaid, J. B.; Oetjen, H.; SaizLopez, A.; Pilling, M. J.; Plane, J. M. 

C. Extensive halogen mediated ozone destruction over the tropical Atlantic Ocean. Nature, 2008, 453, 1232–

1235. 

2.� Yang, X.; Cox, R. A.; Warwick, N. J.; Pyle, J. A.; Carver, G. D.; O’Connor, F. M.; Savage, N. H. Tropospheric 

bromine chemistry and its impacts on ozone: a model study. Journal of Geophysical Research, 2005, 110, 

D23311. 

3.� Ordóñez, C.; Lamarque, J. F.; Tilmes, S.; Kinnison, D. E.; Atlas, E. L.; Blake, D. R.; Sousa Santos, G.; Brasseur, 

G.; Saiz Lopez, A. Bromine and iodine chemistry in a global chemistry climate model: description and evaluation 

of very short lived oceanic sources. Atmospheric Chemistry & Physics, 2012, 12, 1423 1447. 

4.� Sommariva, R.; Glasow, R. Multiphase Halogen Chemistry in the Tropical Atlantic Ocean. Environmental 

Science & Technology, 2012, 46 (19), 10429–10437. 

5.� Saiz Lopez, A.; Fernandez, R. P.; Ordóñez, C.; Kinnison, D. E.; Gómez Martín, J. C.; Lamarque, J. F.; Tilmes, S. 

Iodine chemistry in the troposphere and its effect on ozone. Atmospheric Chemistry & Physics, 2014, 14, 13119 

13143. 
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H I G H L I G H T S

• Natural marine emissions (Cl, Br, I and
DMS) included in CMAQ simulations
over LA.

• Oceanic halogens and DMS may play an
important role on coastal urban areas.

• Substantial changes in the levels of key
urban atmospheric oxidants (OH, HO2

and NO3).
• O3 and NO2 ambient levels decreased by
5 ppbv and 2.5 ppbv in Los Angeles city.

• 10% increase in secondary organic aero-
sol (SOA) due to dimethyl sulphide
(DMS).
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The oceans are themain source of natural halogen and sulfur compounds,which have a significant influence on the
oxidizing capacity of the marine atmosphere; however, their impact on the air quality of coastal cities is currently
unknown.We explore the effect ofmarine halogens (Cl, Br and I) anddimethyl sulfide (DMS) on the air quality of a
large coastal city through a set of high-resolution (4-km) air quality simulations for the urban area of Los Angeles,
US, using the Community Multiscale Air Quality (CMAQ model). The results indicate that marine halogen emis-
sions decrease ozone and nitrogen dioxide levels up to 5 ppbv and 2.5 ppbv, respectively, in the city of Los Angeles.
Previous studies suggested that the inclusion of chlorine in air quality models leads to the generation of ozone in
urban areas through photolysis of nitryl chloride (ClNO2). However, we find that when considering the chemistry
of Cl, Br and I together the net effect is a reduction of surface ozone concentrations. Furthermore, combined ocean
emissions of halogens and DMS cause substantial changes in the levels of key urban atmospheric oxidants such as
OH, HO2 andNO3, and in the composition andmass of fine particles. Although the levels of ozone, NO3 andHOx are
reduced, we find a 10% increase in secondary organic aerosol (SOA)mean concentration, attributed to the increase
in aerosol acidity and sulfate aerosol formation when combining DMS and bromine. Therefore, this new pathway
for enhanced SOA formation may potentially help with current model under predictions of urban SOA. Although
further observations and research are needed to establish these preliminary conclusions, this first city-scale inves-
tigation suggests that the inclusion of oceanic halogens and DMS in air quality models may improve regional air
quality predictions over coastal cities around the world.
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1. Introduction

The world's population and urbanization rates are increasing, and
with it the number of megacities – cities with over 10 million inhabi-
tants. Many megacities such as Los Angeles, California in the United
States are located in coastal regions (Fig. 1). Due to its large urban popu-
lation and meteorological and geographic conditions, California has his-
torically suffered from severe air quality problems, especially in regard
to high ozone concentrations (Neuman et al., 2012). The urban area of
Los Angeles is part of the South Coast Air Basin (SoCAB), which is
surrounded by mountainous terrain and the Pacific Ocean (Fig. 1).
These geographical features cause pollution to be trapped in the basin,
leading to increased pollution levels that can negatively affect human
health and ecosystems (Kim et al., 2016). Since the early 1960s, a tight-
ening of ambient quality standards has led to strong air pollution con-
trols in SoCAB in order to reduce anthropogenic emissions of nitrogen

oxides (NOx = NO2 + NO) and volatile organic compounds (VOCs)
that are the main precursors of tropospheric ozone (Pollack et al.,
2013). Despite significant anthropogenic emission reduction during the
last decades (Fujita et al., 2013), the concentrations of ozone and partic-
ulate matter (PM) in Los Angeles in 2015 still exceeded the correspond-
ing air quality standards.

Nonetheless, urban air quality can also be influenced by natural emis-
sions as marine air masses confluence with polluted urban air. Haloge-
nated species produced in the oceans by biological and photochemical
processes are emitted to the marine atmosphere where they undergo
photolysis and reactionwith atmospheric oxidants to release reactive io-
dine, bromine and chlorine radicals, which can then catalytically destroy
tropospheric O3 in the troposphere (Simpson et al., 2015) and in the
stratosphere (Fernandez et al., 2017; Hossaini et al., 2015; Oman et al.,
2016). Halogenated compounds can also alter the oxidative capacity of
the marine troposphere by changing the budget and balance of

Fig. 1. Representation of population in California per square mile according to Census 2000 in the domain (upper panel), and geographical features of Los Angeles area along with the
location of selected monitoring sites (bottom panel).
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important atmospheric oxidants such as NOx and HOx (HOx = HO2

+ OH) (Saiz-Lopez and von Glasow, 2012). Previous global modelling
studies have shown that combined chlorine-bromine-iodine chemistries
can deplete up to 20% of ozone in remote and clean marine environ-
ments (Saiz-Lopez et al., 2012a; Sherwen et al., 2016). Conversely, chlo-
rine compounds released via heterogeneous reaction onmarine aerosols
can increase ground-level O3 concentration in coastal polluted regions
(Hossaini et al., 2016; Osthoff et al., 2008; Tham et al., 2016), that in
turn, affect PM concentration (Chan et al., 2017). An increase of 1.0–
6.0 ppbv in 8-h daily maximumO3 concentration due to chlorine activa-
tion on marine aerosols was estimated for the North Hemisphere
(Sarwar et al., 2014) and across the United States (Sarwar et al., 2012).
However, multi-model assessments using global and regional chemical
transport models have still found systematic overpredictions of surface
ozone concentrations at representative coastal sites over North America
and South East Asia (Han et al., 2008; Reidmiller et al., 2009). Remark-
ably, observations made at the Californian coast (La Jolla) have reported
significant andhighly variable levels of dihalogens (Cl2, Br2 and I2) in pol-
luted coastal air, suggesting a possible role of this chemistry in coastal
urban air quality (Finley and Saltzman, 2008). However, despite their de-
tection in polluted coastal air and their demonstrated ability to alter the
oxidative capacity of the marine atmosphere (Simpson et al., 2015), the
omission of natural halogen sources altogether (Cl, Br and I) and their
combined chemistry in air qualitymodels has so far prevented a compre-
hensive evaluation of their effect on air qualitywithin and around coastal
megacities through high-resolution simulations.

Dimethyl sulfide (DMS) is produced by many species of phytoplank-
ton in the oceans and emitted to the atmosphere (Stefels et al., 2007)
where, following reactions with oxidants (OH, NO3 and BrO) (Boucher
et al., 2003; Breider et al., 2010), represents the primary source of sulfate
aerosol over remote ocean regions. Sulfate aerosols can impact climate
via direct and indirect effects on radiation and clouds (Haywood and
Boucher, 2000). Hence, DMS plays an important role in the Earth's global
climate system, although its influence on urban aerosol formation on
coastal cities remains poorly assessed. Here, we investigate the potential
of marine halogens (Cl, Br and I) and DMS to influence the levels of key
pollutants with relevant health impacts (Delamater et al., 2012) in the
megacity of Los Angeles, and surrounding areas, through a set of city-
scale air quality simulations. We explore the resulting implications for
air quality policies relevant to coastal urban areas.

2. Methods

2.1. Model

High-resolution simulations were performed using the Community
Multiscale Air Quality (CMAQ v5.1) regional model (Appel et al., 2017),
with the Carbon Bond chemical mechanism (Whitten et al., 2010) and
the chlorine chemistry scheme (Sarwar et al., 2015; Sarwar et al.,
2014). The model is used to assess the impact of ocean emissions and
combined chemical processes of halogens (iodine, bromine and chlo-
rine) andDMS on air quality levels of Los Angeles and SoCAB using a hor-
izontal grid resolution of 4 km and 35 vertical levels. Simulations were

completed for August (used as a spin up period) and September of
2006. The Community Multiscale Air Quality (CMAQ) model (https://
github.com/USEPA/CMAQ) is a chemical transport model containing
comprehensive treatment of all important atmospheric processes related
to air pollution. It has beenwidely used throughout theworld in a variety
of applications. The skill of themodel has been demonstrated by evaluat-
ing the model predictions against numerous observational datasets
(Appel et al., 2007; Appel et al., 2017; Appel et al., 2013; Foley et al.,
2010; Appel et al., 2008). The chlorine implementation in CMAQ was
previously evaluated using, among others, the ClNO2 observations
made during the CALNEX campaign that took place in California in
2010 (Mielke et al., 2013; Riedel et al., 2012). However, the chemistry
was modified to include iodine and bromine (further details can be
found in (Gantt et al., 2017; Sarwar et al., 2015)) and DMS reactions.

2.2. Emissions and meteorological data

Marine emissions of halogen species are divided into halocarbons,
inorganic bromine and inorganic iodine, according to (Gantt et al.,
2017) and references therein. (Sarwar et al., 2015) and (Xing et al.,
2015) described the emissions and meteorological datasets for the out-
ermost domain while (Appel et al., 2017) and (Hogrefe et al., 2015) de-
scribed the emissions and meteorological datasets for the intermediate
domain. The SparseMatrix Operator Kernel Emissions (SMOKE) system
(Houyoux et al., 2000) was used to prepare model-ready emissions for
the innermost domain. Anthropogenic emission datasets were taken
from the 2005 Version 4.2 US EPA emission modelling platform, based
on the National Emission Inventory (NEI) version 3 and harmonized
with emissions submitted by California Air Resources Board (CARB) in-
ventory. Biogenic emissions were calculated in-line using the Biogenic
Emissions Inventory System version 3.14 (Schwede et al. 2005). Halo-
gen (Sarwar et al., 2015) and DMS (Lana et al., 2011) emissions were
calculated in-line.

Meteorology and non-oceanic biogenic emissions are identical
for all the simulations presented. TheMeteorology from theWeather
Research and Forecasting (WRFv3.7.1) model (Skamarock, 2008)
was used to drive the chemical transport model in all three nested
domains. WRF was initialized from global NCEP FNL Operational Model
Global Tropospheric Analyses with a spatial resolution of 1° × 1° and a
temporal resolution of 6 h (http://dx.doi.org/10.5065/D6M043C6)
while sea surface temperature is updated daily from NCEP SST global
analyses with 0.5° resolution (http://polar.ncep.noaa.gov/sst/rtg_low_
res).

2.3. Observation data

Observed data was retrieved from the Environmental Protection
Agency (EPA) Air Quality System (AQS) database for September 2006
(http://aqsdr1.epa.gov/aqsweb/aqstmp/airdata/download_files.html).
Eight monitoring sites located in the area of Los Angeles were selected
in order to compare modeled ozone concentration to observed data
(Table 1).

Table 1

Situation and information of selected monitoring sites from the Environmental Protection Agency (EPA) Air Quality System (AQS) database.

Air quality monitoring station Site number Lat (°) Lon (°) Elevation (m.a.s.l.)

West Los Angeles 060370113 34.05 −118.46 91
Burbank 060371002 34.18 −118.32 168
Los Angeles-1(LA-1) 060371103 34.07 −118.23 87
Lynwood 060371301 33.93 −118.21 27
Pico Rivera 060371602 34.01 −118.07 75
Pasadena 060372005 34.13 −118.13 250
Long Beach 060374002 33.82 −118.19 6
Los Angeles-2(LA-2) 060375005 33.95 −118.43 21

1538 M. Muñiz-Unamunzaga et al. / Science of the Total Environment 610–611 (2018) 1536–1545



2.4. Simulation cases

Simulationswere performed for three nestedmodel domains (Fig. 2).
The outermost domain covers the Northern Hemisphere using 108-km
horizontal grid-resolution, the intermediate domain covers the conti-
nental United States using 12-km horizontal grid-resolution, and the in-
nermost domain covers the South Coast Air Basin using 4-km horizontal
grid-resolution. Results from the outermost domain provided boundary
conditions for the intermediate domain while the results from the inter-
mediate domain provided boundary conditions for the innermost do-
main. The analysis focuses on the innermost domain. Three simulations
were completed for each domain. The first simulation used the Carbon
Bond chemical mechanism without any halogen or DMS chemistry
(Baseline simulation). The second simulation (Case B or full-halogen
simulation) used the Carbon Bond chemical mechanism with chlorine,
bromine, iodine, and DMS chemistry (Tables S1–S3). This setup allows
assessing the sensitivity of ambient air concentration levels of criteria
pollutants such as O3, NO2 or PM2.5 to marine emissions (halogens and
DMS simultaneously) at city-scale for the first time. One sensitivity sim-
ulation is run to assess the individual role of chlorine chemistry forwhich
we used the Carbon Bond chemicalmechanism and the chlorine chemis-
try alone.

3. Results and discussion

3.1. Effect on O3, NO2, secondary organic aerosols and HO2/OH and NO2/NO

ratios

Model results are compared with surface ozone observations (at the
sites listed in Table 1) to understandwhether observed changes contrib-
ute to improve model predictions (Fig. 3) and thus, support the validity
of the additions being tested. In the whole domain, normalized mean
bias is reduced from 13.5% to 4.9% whenmarine halogen and DMS emis-
sions are considered in the simulation.

A noticeable impact on monthly mean surface ozone concentrations
relative to the Baseline is found when marine halogen emissions are in-
cluded in the simulation (Fig. 4). Surface ozone levels are reduced all
over themodelling domain. This impact is higher closer to the Californian
coast and decreases into the interior of continental US. The combined
chemistry of the three halogen species destroys surface ozone by
2 ppbv (3%) on average over most inland regions, while 2.5–5 ppbv
(5–10%) are reduced in coastal areas (Fig. 5). The effect on NO2 ambient
concentration levels (panel B) is strongly conditioned by the distribution
of emission sources. While concentrations increase over non-urbanized
areas (up to 15% over the ocean), the effect of halogens over the urban

Fig. 2. CMAQmodelling domains.

Fig. 3.Distribution of hourlyO3 bias (predicted– observed) for September 2006 for Case B (full halogen andDMS chemistry) andBaseline simulations. Lower bar in the box represents 25th
percentile, middle bar represents the median and the upper one 75 percentile values. Maximum and minimum values are shown by error bars.
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areas is the opposite, with a maximum reduction of nearly 5% in NO2

concentrations for downtown Los Angeles (around 3 ppb). In polluted
areas halogen chemistry shifts the NOx partitioning to NO, while in
non-polluted areaswith high concentrations of halogens the reaction be-
tweenXO andNO shifts the balance to NO2 (Fig. 7) (Mahajan et al., 2009;
Saiz-Lopez et al., 2012b). Finally, panel C shows how the inclusion of
DMS and halogens brings about a clear increase of regional levels of sec-
ondary organic aerosol (SOA). Although maximum relative increments
are found over the sea and non-urbanized inland areas, the increase
over Los Angeles is as high as 10%, which leads to a net SOA fraction in-
crease of 0.2 μg·m−3 (Fig. 5).

The coastal side of Los Angeles has reductions in monthly mean sur-
face ozone concentration around 3–4 ppbv, and up to 5 ppbv in down-
town Los Angeles, which represents a decrease of 10% relative to the
Baseline simulation without halogens (Fig. 6). The impact of halogen
chemistry gradually decreases inland, where surface ozone concentra-
tions are depleted by 2–2.5 ppbv or less, such as in San Bernardino
where ozone is reduced by 1 ppbv (around 4%). Although the net effect
clearly diminishes inland, the distribution of ozone variations through-
out the day at both locations is similar. Maximum reductions (3–
5 ppbv) occur during the afternoon (from 13 to 17 h local time) when
maximum concentrations are typically observed (this is why reductions

Fig. 4. Impact of the implementation of marine halogens and DMS on the Los Angeles region. The maps show the relative variation of ground level ozone (A), nitrogen dioxide (B) and
secondary organic aerosols (C) relative to the baseline scenario (no halogen/DMS).
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Fig. 5. Averagemonthly variations (absolute values) in predicted surface O3, NO2 and SOA concentrations for September 2006 due to naturalmarine emissions (halogen/DMSmodel run –

Baseline scenario).
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relative to the baseline scenario are small, less than 5% as an average).
Conversely, small variations during the low ozone concentration period
(nighttime and early morning) result in large relative reductions, 30%
and 40% as an average over downtown Los Angeles and San Bernardino,
respectively. These variations however show a considerable spread
pointing out that ozone destruction is affected by local factors such as
meteorological conditions and variations on emission patterns.

It is well known that the inclusion of chlorine in air quality models
leads to the generation of ozone in urban areas through the heteroge-
neous production and subsequent photolysis of nitryl chloride (Sarwar
et al., 2012). We therefore ran a sensitivity simulation with the hetero-
geneous production of nitryl chloride and gas phase chlorine only. In
agreement with previous studies (Sarwar et al., 2014), our simulation
indicates that chlorine chemistry alone increases monthly mean ozone
concentrations by approximately 1–2 ppbv in the city of Los Angeles.
However, the results from the Case B simulation, where full halogen
chemistry is considered, shows that the net effect is the destruction of
ozone dominated by iodine and bromine chemistry, which prevails
over the ozone production by chlorine. Ozone is depleted directly with

catalytic cycles involving the self-reactions of XO radicals (where X =
Br, I) as rate determining (reactions 1–5). Indirect reduction in ozone
also occurs as halogens decrease the HO2/OH ratio (reactions 4–5)
(Saiz-Lopez and von Glasow, 2012) (Fig. 7, Tables S1–S3):

Xþ O3→XOþ O2 ð1Þ

XOþ XO→2Xþ O2 ð2Þ

XOþ IO→Xþ OIO ð3Þ

XOþHO2→HOXþ O2 ð4Þ

HOXþ hν→OHþ X ð5Þ

Baseline andCase Bmodel predictions are compared to observed data
retrieved from the Environmental Protection Agency (EPA) Air Quality
System (AQS) database. For this, we usemeasurements from8 represen-
tative sites located in Los Angeles (Table 1). This comparison indicates

Fig. 6. Detail of surface ozone variations (Case B – Baseline) in Los Angeles urban area (contained by dotted square in Fig. 1). Left and right panels show the average daily concentration
pattern during the period simulated (Sept. 2006) in downtown Los Angeles (A) and San Bernardino (B).

Fig. 7. NO2/NO and HO2/OH modeled daytime ratio changes between Case B (full halogen and DMS chemistry) and Baseline simulations.
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that in general our Baseline CMAQ simulation overpredicted themonthly
average ozone concentrations by 3–10 ppbv across the city of Los
Angeles during September 2006 (Fig. 3). The monthly mean ozone con-
centration predictions from the Baseline simulation have a normalized
mean bias of 13.5%, a normalized mean error of 15.8% and a correlation

coefficient of 0.79. Case B simulation (full halogen) improves model per-
formance by reducing ozone concentrations around 2–5 ppbv at most
sites. The simulation with halogens clearly improves statistics relative
to the Baseline simulation, producing a normalized mean bias of 4.9%,
normalized mean error of 11.7% and correlation coefficient of 0.81.

Fig. 9. Composition of PM2.5 in downtown Los Angeles according to the baseline scenario and the incorporation of DMS and halogen chemistry (Marine emissions): PEC – Primary
elemental carbon, POA – Primary organic aerosol, SOA – Secondary organic aerosol. Average monthly concentrations are 33.7 μg ∙m−3 and 33.1 μg ∙m−3 respectively.

Fig. 8.Daytime concentration change between full-halogen and baseline simulation (%) in HO2 (A), OH (B), monthly variation of HNO3 (C) and nighttime concentration change for NO3 (D).
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In coastal urban areas, halogen chemistry reactions involving criteria
pollutants such as NO2 can also be important for air quality. Fig. 5 shows
a reduction of up to 2.5 ppbv (5%) in the monthly mean NO2 concentra-
tions over the city of Los Angeles when halogen chemistry is implement-
ed. By contrast, themonthlymean NO concentration is increased around
1–2 ppbv (5–10%). This decrease in the NO2/NO ratio (Fig. 7) is driven by
the halogen-catalyzed reduction in ozone levels which in turn reduces
the efficiency of the reaction O3 + NO to yield NO2.

3.2. Effect on NO3 and HNO3

Our results show that the combined inclusion ofmarine halogens and
DMS can also exert an impact on the modeled levels of the main urban
atmospheric oxidants, HOx and nitrate (NO3) radicals. We find that the
main nocturnal oxidant, NO3, formed by the reaction of O3 + NO2, de-
creases by 20–50% (2–4 pptv) in Los Angeles (Fig. 8). The reduction of
NO3 in Case B is driven by i) direct reaction with DMS, which represents
amajor sink for marine and coastal NO3 (Andreae et al., 1985) and ii) in-
directly due to the reduction of O3 and NO2 in the presence of halogens.
This decreased oxidation capacity in the nocturnal atmosphere of Los
Angeles has important air quality implications since NO3-mediated oxi-
dation of VOCs proceeds to form organic aerosol. The diurnal OH mean
concentration is minimally altered (increase of 1–2%) by halogen chem-
istry; however, the levels ofHO2 are reduced by about 4% (Fig. 8) through
reactions 4–5, leading to an overall decrease in the levels of HOx radicals
over Los Angeles. The other important pollutant affected by the inclusion
of halogens is nitric acid (HNO3), which forms through daytime reaction
of OH+NO2, and nighttime heterogeneous hydrolysis of N2O5. Monthly
mean HNO3 concentration (Fig. 8) over the city decreases 6–10%, due to
the halogen-driven reduction in NO2 and subsequently N2O5. However,
HNO3 concentration is increased over the ocean due to the increase in
OH and NO2 levels in that region. All this highlights that marine natural
halogens have the potential to significantly impact the oxidative capacity
of the urban atmosphere of coastal megacities.

3.3. Effect on aerosol composition

Fig. 9 shows that the implementation of ocean emissions of halogen
and DMS in the model has a non-negligible impact on aerosol total
mass and composition over the Los Angeles area. For instance, in down-
town Los Angeles, the composition of secondary inorganic aerosols is
modified, showing an increment of aerosol sulfate mass around 10%,
mainly due to a oxidation of DMS, and a decrease of aerosol nitrates of
14%. While the increase of the sulfates is quite consistent throughout
the areamodeled, the influence ofmarine emissions on nitrate levels, as-
sociated with the reduction in the concentrations of HNO3, decreases in-
land to a modeled aerosol nitrate reduction of 7% at San Bernardino. The
increase in the sulfate fraction is driven by the oxidation of DMS, the
most important oceanic gaseous precursor for sulfate aerosol over the
ocean. The combined chemistry of NO3, OH and BrO oxidants increases
the oxidation of DMS and consequently the total sulfate fraction in the
Case B simulation. The resulting effect is an increase in the aerosol acidity
which has important atmospheric implications for secondary aerosol for-
mation. According to our simulations, the concentration of hydronium
ion (H3O

+), used for the computation of acid-catalyzed uptake of iso-
prene epoxydiols (IEPOX) onto aqueous aerosol, is increased by 15–
30% in the Los Angeles area.

We now turn to the effect of marine emissions of DMS and halogens
in the formation of additional aerosolmass from secondary organic aero-
sol (SOA). SOA forms when VOCs, mainly isoprene, react with oxidants
such as ozone, NO3 and HOx radicals, to form low-volatility compounds
that can partition to the aerosol phase (Ortega et al., 2016). Surprisingly,
even though the concentration of ozone, NO3 and HOx is lower (Fig. 8),
Fig. 4 shows an increment over the modelling domain between 0.12
and 0.22 μg/m3 (10%) of monthly mean SOA concentration when DMS
and halogens are considered. Over Los Angeles, the increase ranges

from 10% (Downtown) to 8% in the surrounding areas such as San
Bernardino. According to our simulation, aged isoprene-derived com-
pounds constitute the predominant fraction of SOA which is consistent
with previous studies in this area (Hayes et al., 2015; Hayes et al.,
2013). We estimate an increase of oligomerization reactions of biogenic
species although the largest difference inmodeled SOA in Case B is due to
a larger production of IEPOX from isoprene peroxy radicals (RO2) related
to aerosol-phase aqueous processes. We find that the inclusion of DMS
and halogen chemistry results in an increase in aerosol acidity due to
DMS oxidation by NO3, OH and BrO leading to more sulfate formation.
The BrO impact on DMS oxidation is comparable to that of NO3, but
less than OH, and is particularly large over the ocean and much less in-
land. Aerosol acidity has been shown to increase substantially the SOA
mass yields from isoprene (Pye et al., 2013; Surratt et al., 2010; Surratt
et al., 2007). Therefore, DMS-mediated increase in aerosol sulfate repre-
sents a pathway for enhanced SOA formation that may help to some ex-
tent with the discrepancy, at least over coastal megacities, between
observed and predicted SOA that indicates there is still a significant
amount of “missing urban SOA” currently not included in atmospheric
models (Pye et al., 2013; de Gouw et al., 2005; Heald et al., 2005;
Volkamer et al., 2006; Woody et al., 2016).

4. Summary and conclusions

Wehave conductedmodel simulations to explore for the first time at
city-scale resolution the effect of halogens andDMSon the air quality of a
coastalmegacity. The results indicate that natural halogenated and sulfur
species emitted from the ocean have a non-negligible impact on the air
quality of the megacity of Los Angeles. This includes changes in the con-
centration of some of themain criteria pollutants and in the composition
andmass of fine particles.We therefore suggest that air quality in coastal
cities is sensitive to this marine atmospheric chemistry, therefore this
chemistry should be included in regional air qualitymodels to accurately
reproduce the O3, NOx and particulate matter levels measured by air
quality monitoring networks. In-depth diagnostic evaluation of model
performance involving observation of relevant species is needed to es-
tablish more precisely the role of marine trace gases on urban atmo-
spheres and to review the corresponding gas-phase chemistry as well
as formation pathways of secondary aerosols. Additional observations
and modelling studies are also needed to understand the overall influ-
ence of marine halogen/DMS emissions on air pollution in other coastal
megacities around the world.
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Abstract. Halogen (Cl, Br, and I) chemistry has been re-

ported to influence the formation of secondary air pollutants.

Previous studies mostly focused on the impact of chlorine

species on air quality over large spatial scales. Very little

attention has been paid to the effect of the combined halo-

gen chemistry on air quality over Europe and its implications

for control policy. In the present study, we apply a widely

used regional model, the Community Multiscale Air Qual-

ity Modeling System (CMAQ), incorporated with the latest

halogen sources and chemistry, to simulate the abundance

of halogen species over Europe and to examine the role of

halogens in the formation of secondary air pollution. The re-

sults suggest that the CMAQ model is able to reproduce the

level of O3, NO2, and halogen species over Europe. Chlorine

chemistry slightly increases the levels of OH, HO2, NO3, O3,

and NO2 and substantially enhances the level of the Cl rad-

ical. Combined halogen chemistry induces complex effects

on OH (ranging from −0.023 to 0.030 pptv) and HO2 (in the

range of −3.7 to 0.73 pptv), significantly reduces the con-

centrations of NO3 (as much as 20 pptv) and O3 (as much

as 10 ppbv), and decreases NO2 in highly polluted regions

(as much as 1.7 ppbv); it increases NO2 (up to 0.20 ppbv) in

other areas. The maximum effects of halogen chemistry oc-

cur over oceanic and coastal regions, but some noticeable im-

pacts also occur over continental Europe. Halogen chemistry

affects the number of days exceeding the European Union

target threshold for the protection of human beings and veg-

etation from ambient O3. In light of the significant impact of

halogen chemistry on air quality, we recommend that halo-

gen chemistry be considered for inclusion in air quality pol-

icy assessments, particularly in coastal cities.

1 Introduction

Halogen (Cl, Br, and I) species and related processes have

been known to deplete stratospheric ozone (O3) for several

decades (Molina and Rowland, 1974; Farman et al., 1985).

In the troposphere, the chemistry of halogens has been de-

scribed in detail in recent reviews and references therein

(Saiz-Lopez and von Glasow, 2012; Simpson et al., 2015),

so it is just briefly outlined here. Halogen species affect the

concentration of air pollutants by, e.g., directly destroying

O3 (Reaction R1), indirectly decreasing O3 production by

reducing NO2 (Reactions R2 and R3), and influencing the

NO/NO2 ratio (Reactions R2 and R4) and the HO2/OH ra-

tio (Reactions R5 and R6). The budgets of NOx (NO+NO2)

and HOx (OH + HO2) also affect the formation of O3 (e.g.,

Sillman, 1999; Li et al., 2018).

X(Cl,Br, I) + O3 → XO + O2 (R1)

Published by Copernicus Publications on behalf of the European Geosciences Union.



15322 Q. Li et al.: Halogen impact on air quality in Europe

XO + NO2 → XONO2 (R2)

XONO2 + H2O(l) → HOX + HNO3(l) (R3)

XO + NO → X + NO2 (R4)

XO + HO2 → HOX + O2 (R5)

HOX + hν → OH + X (R6)

The chlorine radical (Cl) initiates the oxidation of hydro-

carbons (Reaction R7), including methane (CH4) and non-

methane volatile organic compounds (NMVOCs), in a simi-

lar way to the OH radical, reducing the lifetime of CH4 and

NMVOCs and leading to the formation of O3 in the presence

of NOx (Thornton et al., 2010).

RH + Cl → HCl + RO2 (R7)

The combined effect of halogen chemistry on air qual-

ity is therefore complicated and depends heavily on lo-

cal conditions, e.g., atmospheric compositions and oxida-

tive capacity (Sherwen et al., 2017; Muñiz-Unamunzaga et

al., 2018). Evaluation of the complex role of halogen chem-

istry in air quality requires the employment of advanced,

high-resolution chemical transport models.

A number of modeling studies have been conducted to

investigate the impact of individual halogen species on air

quality. The chemistry of chlorine, mainly that of nitryl chlo-

ride (ClNO2), has been reported to increase the oxidation ca-

pacity and the formation of O3 in recent studies (Sarwar et

al., 2012, 2014; Li et al., 2016; Sherwen et al., 2017; Som-

mariva et al., 2018). Bromine (Fernandez et al., 2014) and

iodine (Saiz-Lopez et al., 2014) chemistry are reported to

decrease the concentration of O3 over oceanic and terrestrial

regions.

Only a few regional modeling studies have explored the

combined influence of halogen chemistry on air quality. The

first modeling study with combined halogen (Cl, Br, and

I) chemistry was conducted by Sarwar et al. (2015), who

used a hemispheric version of the Community Multiscale

Air Quality (CMAQ) model (Byun and Ching, 1999; Byun

and Schere, 2006; Mathur et al., 2017) and reported a de-

crease in surface O3 by ∼ 15 % to ∼ 48 % over the Northern

Hemisphere by Br and I. Gantt et al. (2017) then utilized the

CMAQ model to explore the role of halogen chemistry at a

regional scale over the continental United States (US). While

these studies focused on the Northern Hemisphere and the

continental US, Muñiz-Unamunzaga et al. (2018) applied the

full halogen chemistry version of CMAQ with a resolution

of 4 km and reported an up to 5 ppbv decrease in O3 in the

city of Los Angeles, California, US. Sherwen et al. (2017)

used a global model, GEOS-Chem, in a regional configura-

tion (with a grid size of 0.25◦
×0.315◦, ∼ 25 km× ∼ 25 km)

and predicted a large decrease in O3, on average 13.5 pptv

(25 %) and as much as 28.9 pptv (45 %), in Europe. Sarwar

et al. (2019) further updated the halogen chemistry in the

CMAQ model and reported a reduction of 3 to 12 ppbv in

annual average O3 over seawater, 3 to 6 ppbv over coastal ar-

eas, and 3 ppbv over inland areas by Br and I. These previous

regional studies using various models (or versions of mod-

els) in different areas reported a large range of the halogen

impact on O3, highlighting the uncertainty in this research

field.

The regulation of air quality and the control of air pol-

lutants emission in Europe started in the early 1970s and

over 40 years of effort has successfully improved air qual-

ity throughout Europe (EEA, 2018a). Nonetheless, poor air

quality persists in major cities like Madrid, Paris, and Lon-

don (EEA, 2018a); this shows the need for continued air

quality management and effective policy. Because the influ-

ence of halogens on air quality is uncertain and potentially

has an impact on air quality management decisions, we have

conducted regional simulations using the latest version of

the CMAQ model implemented with comprehensive halogen

sources and chemistry (Sarwar et al., 2019) to examine the

overall effect of halogen species on air pollution over Eu-

rope. Considering that the grid size has a noticeable impact

on air quality model predictions (Sommariva et al., 2018), we

used a CMAQ model domain with 12 km horizontal resolu-

tion (higher than the previous studies on the halogen impact

covering Europe) to simulate the levels of halogen species

over Europe, examine the effect on the oxidation capacity

and the concentration of air pollutants, and explore the po-

tential implications for air quality policy related to NO2 and

O3.

2 Method and materials

2.1 Data

The meteorological inputs for the CMAQ model were ob-

tained from the Weather Research and Forecasting model

(WRF 3.7.1) (Skamarock and Klemp, 2008; Borge et

al., 2008a) as an offline input. The WRF model was initial-

ized from global reanalyses from the National Centers for

Environmental Prediction (NCEP) Global Forecast System

(GFS) with a spatial resolution of 1◦
×1◦ and a temporal res-

olution of 6 h (available online at http://rda.ucar.edu/datasets/

ds083.2/, last access: 22 November 2019), which was up-

dated daily from NCEP global analyses with 0.5◦ resolu-

tion (available online at http://www.nco.ncep.noaa.gov/pmb/

products/sst/, last access: 22 November 2019). NCEP’s ADP

global upper-air (NCAR archive ds351.0) and global surface

observations (NCAR archive ds461.0) were used to drive

the simulation with a Newtonian relaxation technique in the

WRF model.

Anthropogenic emissions for the year 2016 were taken

from the 0.1◦
×0.1◦ gridded EMEP inventory (EMEP/CEIP,

2014). It should be noted that no anthropogenic chlorine

sources are included in our emission inventory. The tem-

poral profiles and vertical distribution needed to resolve the
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emissions were those used in the EuroDelta experiment (van

Loon et al., 2007). Biogenic emissions were estimated us-

ing the Model of Emissions of Gases and Aerosols from Na-

ture (MEGANv2.10) (Guenther et al., 2012). All emissions

were gridded to our model domain, temporally allocated, and

chemically speciated using the Sparse Matrix Operator Ker-

nel Emissions (SMOKE) model version 3.6.5 (UNC, 2015;

Borge et al., 2008b).

In addition, we used measurement data on NO2 and O3

from over 400 background stations (traffic and industrial sta-

tions are not included) across Europe from the database Air-

Base (public air quality database system of the EEA, 2018a)

to compare the results of our simulation with observations

(Fig. 1). Among these stations, 315 are located in inland ar-

eas (208 for NO2 and 266 for O3), and 125 are located in

coastal areas (83 for NO2 and 93 for O3).

2.2 Modeling system

The CMAQ model is widely used and includes compre-

hensive representations of many essential atmospheric pro-

cesses. The skill of the model in reproducing observed air

quality has been demonstrated in many previous studies (Fo-

ley et al., 2010; Appel et al., 2013, 2017; Mathur et al., 2017),

including applications over Europe (Borge et al., 2008a;

Appel et al., 2012; Solazzo et al., 2017). CMAQ ver-

sion 5.2 (https://www.epa.gov/cmaq, last access: 22 Novem-

ber 2019; https://doi.org/10.5281/zenodo.1167892, US EPA

ORD, 2017) containing the Carbon Bond chemical mecha-

nism (Appel et al., 2017) with halogen chemistry was used

in this study. We updated the chlorine chemistry of Sarwar

et al. (2012) and implemented it in CMAQ version 5.2 (Ta-

ble S1 in the Supplement). The heterogeneous hydrolysis of

dinitrogen pentoxide (N2O5) can produce ClNO2 and nitric

acid (HNO3) in the presence of particulate chloride. In the

absence of particulate chloride, the heterogeneous hydrolysis

of N2O5 produces only HNO3. Sarwar et al. (2015) imple-

mented the initial bromine and iodine chemistry in CMAQ,

which has recently been updated by Sarwar et al. (2019). The

updates include revising the gas-phase bromine and iodine

reactions, incorporating several heterogeneous reactions of

bromine and iodine species, incorporating several aqueous-

phase bromine reactions, and revising the iodine and bromine

emissions. We combine the updated chlorine, bromine, and

iodine chemistry with the Carbon Bond chemical mechanism

and use it in this study.

2.3 Simulation setup

A detailed description of physics and other model options

(Table S2) can be found in de la Paz et al. (2016). The CMAQ

model is applied over a domain covering the entirety of Eu-

rope (Fig. 1) with 12 km horizontal resolution. The vertical

extent of the model extended from the surface to 100 mbar

and contained 35 layers with an average surface layer thick-

ness of approximately 20 m. The CMAQ chemical transport

model is configured to use the piecewise parabolic method

to describe advection processes, the Asymmetric Convective

Model (version 2) to describe vertical diffusion processes,

and the multiscale method to describe horizontal diffusion

processes. Gas-phase chemistry, aqueous chemistry, aerosol

processes, and dry and wet deposition were also included.

The Rosenbrock solver was used for gas-phase chemistry.

The study was completed for the month of July 2016 with

a spin-up period of 30 d. We performed three simulations

to isolate the effect of halogen chemistry on air quality (in

brackets is the name of the scenario used hereafter):

1. base model without halogen chemistry (BASE),

2. BASE with chlorine chemistry (CL), and

3. CL with Br and I chemistry (HAL).

The BASE model simulation includes the Carbon Bond 2015

chemical mechanism but does not contain any halogen chem-

istry, and only HNO3 is produced from the heterogeneous

hydrolysis of N2O5. The CL simulation contains the Carbon

Bond chemical mechanism with chlorine chemistry and con-

siders ClNO2 and HNO3 production from the heterogeneous

uptake of N2O5 on the aerosol surface. The HAL simula-

tion contains the Carbon Bond chemical mechanism with full

halogen chemistry and produces ClNO2 and HNO3 from the

heterogeneous uptake of N2O5 on the aerosol surface.

Boundary conditions for the model were derived from the

hemispheric CMAQ simulations (Mathur et al., 2017). Three

different annual simulations were conducted using the hemi-

spheric CMAQ model for 2016: the first simulation used

the Carbon Bond chemical mechanism without any halo-

gen chemistry, the second simulation used the Carbon Bond

chemical mechanism and the chlorine chemistry, and the

third simulation used the Carbon Bond chemical mechanism

and the full halogen chemistry. Results from the correspond-

ing hemispheric CMAQ simulation were used to generate

boundary conditions for the BASE, CL, and HAL simula-

tions. Therefore, the difference between CL and BASE simu-

lations represents the impact of the chlorine chemistry on air

quality, and the difference between HAL and BASE simula-

tions represents the effect of halogen chemistry on air quality.

3 Results and discussion

3.1 Evaluation of model performance

The performance of the CMAQ model in simulating air qual-

ity over Europe is evaluated using observation data collected

from > 400 measurement stations. We separate the stations

into coastal (within 24 km of the coast) and continental sta-

tions (Fig. 1). Table 1 presents the statistics of the model per-

formance for O3 and NO2 for BASE and HAL simulations.
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Figure 1. Geographic representation of the modeling domain and the air quality stations used for model evaluation.

The BASE and HAL simulations generally reproduce the

concentration levels and the temporal variations of O3 and

NO2 both at coastal and continental stations. The correlation

coefficients between simulations and observations (Fig. S1 in

the Supplement) show that CMAQ satisfactorily reproduces

the variation of O3 and NO2 over most of Europe, especially

the coastal regions (> 0.6 for O3 and > 0.4 for NO2). The

BASE simulation underpredicts O3 compared to observa-

tions at both coastal and continental stations (Table 1), possi-

bly due to the uncertainty of the NMVOC emission inventory

(Sherwen et al., 2017) and the underestimated NOx (Table 1).

The HAL simulation slightly improves the correlation coeffi-

cient of O3 but decreases the average level of O3 compared to

the BASE case. Diurnal variation plots (Fig. S2) suggest that

both BASE and HAL simulations can reproduce the temporal

patterns of O3.

The BASE simulation underpredicts NO2 compared to ob-

servations at both coastal and continental stations (Table 1).

Such an underestimation of NO2 can occur for many rea-

sons, including (1) positive artifacts of NO2 monitors (Jung

et al., 2017), (2) underestimation of NOx in the emission in-

ventory, and (3) rapid transformation of NO2 into HNO3 in

the model compared to the real atmosphere. Model perfor-

mance is reasonable as the NO2 underestimation is relatively

small. The HAL case predicted very similar NO2 concentra-

tions (Table 1).

Overall, the evaluation of CMAQ results over Europe

demonstrates that the model is capable of reproducing the

levels of atmospheric chemical species and can be used to

investigate the impact of halogen chemistry on air quality

over Europe. It also suggests that the incorporation of halo-

gen chemistry changes the model performance for O3 con-

centrations by a small margin without a noticeable impact on

the model performance for NO2.

3.2 Simulated halogen species

Average surface concentrations of the inorganic halogen

species predicted in the HAL simulation over the ocean

are summarized in Table 2. HCl is the dominant chlorine

species, with an average level of 247.9 pptv representing over

96 % of the total inorganic chlorine (Cly), while the average

ClNO2 and HOCl is 4.9 pptv (1.9 %) and 3.8 pptv (1.5 %),

respectively, with the remaining species contributing less

than 1 %. The Bry species are relatively evenly partitioned,

with HOBr (1.06 pptv, 27.0 %), BrCl (0.71 pptv, 18.2 %),

BrNO3 (0.67 pptv, 16.9 %), HBr (0.66 pptv, 16.8 %), and Br2

(0.33 pptv, 8.4 %) being the abundant species, while the re-

maining species contribute < 5 %. HOI (5.1 pptv, 52.0 %),

INO3 (2.8 pptv, 28.7 %), and IO (1.0 pptv, 10.3 %) contribute

over 90 % of Iy over the ocean, while the remaining species

contribute ∼ 10 %. The predicted average concentrations of
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Table 1. Statistical summary of model performance.

Statistics O3 (µg m−3) NO2 (µg m−3)

Coastal Inland Coastal Inland

Base HAL Base HAL Base HAL Base HAL

MB −0.9 −6.8 −2.3 −6.6 −3.7 −3.7 −3.1 −3.1

ME 16.9 17.5 19.7 20.2 5.8 5.8 5.7 5.6

RMSE 22.6 23.1 25.8 26.4 7.7 7.7 7.2 7.2

r 0.65 0.67 0.60 0.61 0.44 0.44 0.42 0.42

IOA 0.64 0.62 0.62 0.61 0.31 0.31 0.18 0.19

MB: mean bias, RMSE: root mean square error, r: correlation coefficient, IOA: index of agreement.

the critical halogen radicals, Cl, BrO, and IO, are 2.0×10−4,

0.03, and 0.4 pptv, respectively, over the ocean in Europe.

The spatial distributions of key halogen species are shown

in Fig. 2. The HAL simulation with full halogen chemistry

simulates generally higher ClNO2 levels (with the highest

monthly average value of 113.0 pptv) along the coast of the

Mediterranean Sea and the North Sea with some influence

into continental Europe, especially in Germany. The simu-

lated HCl shows a similar pattern to that of ClNO2 but with

a much higher concentration (> 10 times higher). The pre-

dicted BrO levels over Europe are low (average value ∼

0.17 pptv), with the largest predicted value occurring within

the Arctic Circle, while GEOS-Chem predicted > 1.0 pptv

of BrO in the Mediterranean Sea (Sherwen et al., 2017).

The predicted IO peaks over the Mediterranean region with

a maximum value of 6.9 pptv.

Direct measurements of halogen species are very scarce

and not available for the period covered in the present study

(July 2016). Since a direct comparison is not possible, here

we present a comparison of the simulated concentrations

with observations from previous studies (Table 3) to provide

an approximate assessment of the representation of halogen

species in the HAL simulation of the CMAQ model over Eu-

rope.

Numerous ClNO2 measurements have been reported

around the globe, which show that ClNO2 is ubiquitous in

the boundary layer, with maximum values ranging from hun-

dreds to thousands of parts per trillion by volume in polluted

coastal (Osthoff et al., 2008; Wang et al., 2016) and conti-

nental regions (Tham et al., 2016; Thornton et al., 2010). A

few campaigns have been conducted in Europe. Phillips et

al. (2012) reported a maximum value of 800 pptv for ClNO2

in Hessen, Germany, where CMAQ predicts a concentra-

tion of 273 pptv. Bannan et al. (2015) observed a peak value

of 724 pptv in London where CMAQ predicts a concentra-

tion of 802 pptv. Simulations with the GEOS-Chem model

(Sherwen et al., 2017) reported maximum values of 110 and

140 pptv in Hessen and London, respectively. Several field

campaigns have been conducted in Weybourne in the past

few years to measure ClNO2. Sherwen et al. (2017) reported

a peak concentration of 946 pptv. Bannan et al. (2017) re-

ported a peak value of 65 pptv, and Sommariva et al. (2018)

reported a peak value of 1100 pptv in summer, 75.6 pptv in

autumn, and 733 pptv in winter. CMAQ simulated a maxi-

mum of 373 pptv at that location, while GEOS-Chem pre-

dicted 458 pptv. Sommariva et al. (2018) also reported mea-

surements of ClNO2 in Leicester with a maximum value of

274 pptv in spring, 74.2 pptv in summer, and 248 pptv in win-

ter, with a peak value at Penlee Point of 922 pptv. CMAQ pre-

dicted a maximum of 274 pptv in Leicester and 319 pptv at

Penlee Point. Eger et al. (2019) conducted shipborne obser-

vations of ClNO2 in the Mediterranean Sea and reported up

to 600 pptv ClNO2 during their campaign, which is similar

to the prediction of the present study.

The observed levels of HCl in Europe range from < 100 to

5000 pptv (Hossaini et al., 2016, and the references therein).

The CMAQ model predicted monthly average concentrations

of HCl of 6.3 to 1249 pptv, which is similar to the observa-

tion ranges. GEOS-Chem (Sherwen et al., 2017) predicted a

maximum of 12 pptv for HCl, which is significantly lower

than the measurements in Europe.

BrO measurements have been reported at ground-based

sites and during the ship cruises, which generally demon-

strate a range of 0.5 to 2.0 pptv maximum values for land

measurements and 3.0 to 3.6 pptv for ship measurements

(Saiz-Lopez and von Glasow, 2012). BrO observations have

been reported at several coastal sites in Europe. BrO levels

of up to 6.5 pptv (Saiz-Lopez et al., 2004) and 7.5 pptv (Ma-

hajan et al., 2009) were reported in Mace Head and Brittany,

respectively. CMAQ predicts 10.1 and 0.4 pptv at those lo-

cations, which are lower than the measurements. Sherwen

et al. (2017) also predicted small values, with a maximum

of 0.8 pptv in Mace Head and 0.5 pptv in Brittany. An ex-

tremely high level of BrO, ∼ 100 pptv, was observed over the

Dead Sea (Matveev et al., 2001; Holla et al., 2015). CMAQ

is not able to reproduce such a high level of BrO due to the

lower bromide content in typical ocean water (which was

used in the present study for the Dead Sea) compared to the

exceptionally high bromide content in the Dead Sea (Tas et

al., 2006; Sarwar et al., 2015).
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Table 2. Simulated average concentrations of inorganic halogen species over the ocean.

Species Concentration Percentage Species Concentration Percentage Species Concentration Percentage

(ppt) (%) (ppt) (%) (ppt) (%)

HCl 247.9 96.1 HOBr 1.06 27.0 HOI 5.1 52.0

ClNO2 4.9 1.9 BrCl 0.71 18.2 INO3 2.8 28.7

HOCl 3.8 1.5 BrNO3 0.67 16.9 IO 1.0 10.3

ClNO3 1.2 0.5 HBr 0.66 16.8 I 0.4 4.0

ClO 0.25 0.1 BrO 0.38 9.7 I2O3 0.3 3.1

Cl2 0.02 0.008 Br2 0.33 8.4 HI 0.1 1.0

Cl 0.0002 0.0001 BrNO2 0.09 2.4 I2 0.05 0.5

– Br 0.03 0.7 INO 0.03 0.3

– – I2O2 0.01 0.1

– – INO2 0.01 0.1

– – I2O4 0.004 < 0.1

Total Cl 258.1 100 Total Br 3.9 100 Total I 9.8 100

Figure 2. Monthly average ClNO2, HCl, BrO, and IO concentration in the HAL simulation.

Global measurements show that the IO levels observed

by ground-based campaigns were generally between 0.2 and

2.4 pptv, while those by ship measurement were ∼ 3.5 pptv

(Saiz-Lopez and von Glasow, 2012). Observations of IO

have also been conducted in Europe. Maximum IO levels

of 4.0–50.0 pptv were measured at Mace Head (Allan et

al., 2000; Commane et al., 2011). CMAQ predicts a value

of 3.9 pptv at Mace Head, while GEOS-Chem predicted a

value of 0.6 pptv (Sherwen et al., 2017). In Brittany, up to

7.7–30.0 pptv of IO were observed by Bitter et al. (2005) and

Furneaux et al. (2010). CMAQ predicts 1.1 pptv of IO at Brit-

tany and Sherwen et al. (2017) predicted 0.07 pptv. A maxi-

mum IO concentration of 2.0 pptv was reported in Dagebüll

(Peters et al., 2005), and CMAQ predicts 9.0 pptv at that site,

while GEOS-Chem predicted 1.8 pptv (Sherwen et al., 2017).

Prados-Roman et al. (2015) reported the level of IO during

a ship-based campaign in the range of < 0.4 to > 1.4 pptv

(daytime average) around the globe and 0.4 to 0.5 pptv (day-

time average) in the south of Spain and the west of Africa
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Table 3. Comparison of observed and simulated halogen species.

Location Species Observationa Simulationb

Hessen, Germanyc ClNO2 800.0 273.4

London, United Kingdomd ClNO2 724.0 801.5

Weybourne, United Kingdome ClNO2 65 373

Weybourne, United Kingdomf ClNO2 946 373

Weybourne, United Kingdomg ClNO2 1100 (summer), 75.6 (autumn), 733 (winter) 373

Leicester, United Kingdomg ClNO2 274 (spring), 74.2 (summer), 248 (winter) 274

Penlee Point, United Kingdomg ClNO2 922 319

Mace Head, Irelandh BrO 6.5 10.1

Brittany, Francei BrO 7.5 0.4

Dead Seaj BrO 100.0 0.2

Mace Head, Irelandk IO 4.0–50.0 3.9

Brittany, Francel IO 7.7–30.0 1.1

Dagebüll, Germanym IO 2.0 9.0

Atlantic Oceann IO 0.4 to 0.5 (daytime average) 0.4 to 2.0 (daytime average)

a Maximum value (pptv). b Maximum value (pptv) from the HAL simulation. c Phillips et al. (2012). d Bannan et al. (2015). e Bannan et al. (2017). f Sherwen et

al. (2017). g Sommariva et al. (2018). h Saiz-Lopez et al. (2004). i Mahajan et al. (2009). j Matveev et al. (2001), Holla et al. (2015). k Allan et al. (2000),

Commane et al. (2011). l Britter et al. (2005), Furneaux et al. (2010). m Peters et al. (2005). n Prados-Roman et al. (2015)

(over the Atlantic); the present study predicted 0.4 to 2.0 pptv

(daytime average) of IO over those areas.

3.3 Influence of halogen chemistry on the atmospheric

oxidation capacity

Figure 3 shows the monthly average concentrations of the

OH and HO2 radicals predicted by the BASE simulation as

well as the impact of chlorine chemistry (CL-BASE) and

the full halogen chemistry (HAL-BASE) on the simulated

OH and HO2 levels. In the BASE simulation, the high-

est OH concentration levels are predicted over the oceans,

especially along ship tracks, with a maximum value of

0.38 pptv (∼ 9.5 × 106 molecule cm−3). The chlorine chem-

istry slightly increased the OH level over most of the do-

main by up to 0.0041 pptv (1.0 × 105 molecule cm−3). The

impact of the halogen chemistry has competing effects on

OH concentrations, with a maximum increase of 0.030 pptv

(7.5 × 105 molecule cm−3) and a reduction of as much as

0.023 pptv (5.8×105 molecule cm−3). The BASE simulation

predicts the highest values of HO2 over the Mediterranean

Sea, with a maximum value of 21 pptv. The chlorine chem-

istry increases the HO2 level in the areas of elevated ClNO2

predictions (Figs. 2 and 3). The further addition of halo-

gen chemistry lowers the HO2 as much as 3.7 pptv and in-

creases HO2 up to 0.73 pptv compared to the BASE simula-

tion. The overall difference of HO2 because of halogens was

−0.59 pptv in the European domain. The effect of halogen

chemistry on OH and HO2 is the combined effect of the fol-

lowing four pathways: (1) conversion of HO2 to OH via XO

(Reactions R5 and R6), in which HO2 decreases and OH in-

creases; (2) reduction of O3 (Reaction R1 and Fig. 7) and the

reduced production of OH by O3 photolysis, in which both

OH and HO2 decrease; (3) increase in NO2 (Reaction R4

and Fig. 7) and the enhanced consumption of OH by the re-

action with NO2, in which both OH and HO2 decrease; and

(4) increased oxidation of VOCs due to halogens in which

both OH and HO2 increase. Pathway (1) leads to the increase

in OH and decrease in HO2 over coastal areas, the Mediter-

ranean Sea, and the Baltic Sea (except the ship tracks). Path-

way (2) results in a decrease in OH and HO2 over the remote

ocean. Pathways (2), (3), and (4) result in a decrease in OH

and an increase or decrease in HO2 along the ship tracks in

the Mediterranean Sea.

Sarwar et al. (2015) reported a small overall decrease

in OH (1 %) and a significant decrease in HO2 (11 %) in

the Northern Hemisphere due to bromine and iodine chem-

istry. Their results suggest a considerable reduction of the

HO2/OH ratio, which is consistent with the present study.

Muñiz-Unamunzaga et al. (2018) found a slight increase in

diurnal OH (1 %–2 %) and a noticeable decrease in HO2

(4 %), leading to a decrease in HO2/OH in Los Angeles, Cal-

ifornia. Sherwen et al. (2017) suggested that OH was reduced

across their European domain due to halogen chemistry and

concluded that the shift of HO2 to OH by XO could not com-

pensate for the decrease in OH due to the loss of O3. An-

other GEOS-Chem study, however, predicted an increase in

OH over the Mediterranean Sea (Stone et al., 2018). The dis-

crepancy among previous studies and between those works

and the present one is difficult to deduce and requires fur-

ther investigation. Several possible causes could lead to dif-

ferent simulated levels of halogens and their impact on oxi-

dants, including the different mechanisms of producing and

recycling halogen species (Sarwar et al., 2019), spatial res-

olution (Sommariva et al., 2018), emission inventory (Wang
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Figure 3. Monthly average OH and HO2 concentration in the BASE simulation and changes due to chlorine (CL) and full halogen chemistry

(HAL).

et al., 2019), and different spatiotemporal scale of interest

(Stone et al., 2018).

Figure 4 presents the monthly average prediction of NO3

and Cl radicals in the BASE scenario and the influence of

chlorine (CL-BASE) and halogen chemistry (HAL-BASE)

on the levels of NO3 and Cl. The BASE simulation predicted

relatively high NO3 concentrations over the Mediterranean

Sea along the busy shipping tracks. Although concentrations

as high as 71 pptv are found, the majority of oceanic regions

have concentrations in the range of 10 to 40 pptv and be-

tween 0 and 4 pptv over land. The chlorine chemistry slightly

increases the NO3 radical due to the increase in O3 (see

Sect. 3.4). In contrast, the halogen chemistry considerably

reduces NO3 concentrations by as much as 20 pptv in the

nighttime over the Mediterranean Sea. Muñiz-Unamunzaga

et al. (2018) reported a 20 %–50 % (2 to 4 pptv) decrease in

the NO3 radical in Los Angeles, California, when consider-

ing the halogen chemistry.

In the BASE simulation, the Cl concentration was negli-

gible because there was no relevant chlorine source incorpo-

rated in the CMAQ model. The CL simulation contains the

production of ClNO2 and its subsequent photolysis, which

increases the Cl concentration to as high as 7.0 × 10−4 pptv

(∼ 1.75 × 104 atom cm−3). The HAL simulation predicted a

very similar magnitude and spatial distribution of chlorine

concentration. Sherwen et al. (2017) reported Cl concentra-

tions less than 1.4×104 atom cm−3 (∼ 5.6×10−4 pptv) over

Europe, comparable to our prediction. Hossaini et al. (2016)

reported more than 1.0×104 atom cm−3 (∼ 4.0×10−4 pptv)

of chlorine over Asia, Europe, and North America, with a

maximum of 8.5 × 104 atom cm−3 (∼ 3.4 × 10−3 pptv), us-

ing a global chemical transport model (TOMCAT) that in-
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Figure 4. Monthly average NO3 and Cl radical concentrations in the BASE simulation and changes induced by chlorine (CL) and full

halogen chemistry (HAL).

corporated chlorine sources from sea salt dechlorination,

coal and biomass burning, oxidation of natural and anthro-

pogenic chlorocarbon, and heterogeneous reactions on sea

salt and sulfate aerosol. In their study, Hossaini et al. (2016)

used the Reactive Emission Inventory of Chlorine (Keene et

al., 1999), which Wang et al. (2019) reported to be unrealistic

for present-day applications.

The current study and previous studies simulated a broad

range of surface Cl concentrations, although they were all

within the scope of the reported observed (observation-based

calculation) values of 103 to 105 atom cm−3 (∼ 4.0×10−5 to

4.0 × 10−3 pptv) according to the review of Saiz-Lopez and

von Glasow (2012). In light of the considerable variation of

observed and model-predicted Cl levels, further study may

be needed to comprehensively evaluate the significant role of

Cl in the troposphere.

Figures 5 and 6 demonstrate the monthly average of the

daily maximum concentrations of OH, HO2, NO3, and Cl in

the BASE simulation and also the impact of chlorine (CL-

BASE) and the halogen chemistry (HAL-BASE). The max-

imum values of OH, HO2, and Cl were predicted during the

daytime, but they peak at different hours with Cl in the early

morning and OH and HO2 later in the day, while the highest

levels of the NO3 radical were simulated during nighttime.

The monthly averages of the daily maxima of OH, HO2,

NO3, and Cl (Figs. 5 and 6) have similar spatial patterns

and higher concentrations (or changes in concentration) com-

pared to those of the monthly averages (Figs. 3 and 4).

The monthly average of the daily maximum OH (HO2 and

NO3) radical is 3.7 (2.5 and 3.4) times the monthly average

OH (HO2 and NO3) concentration in the BASE simulations,

while both the monthly average of the daily maximum and
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Figure 5. Monthly average of daily maximum concentrations of OH and HO2 in the BASE simulation and changes due to chlorine (CL) and

full halogen chemistry (HAL).

monthly average Cl show negligible values. The monthly

average of daily maximum changes in the OH (HO2) con-

centration due to the chlorine and halogen chemistry has a

magnitude of −0.10 to 0.09 pptv (−4.0 to 0.8 pptv), which

is wider than (the same as) that of the monthly averages,

i.e., −0.020 to 0.03 pptv (−4.0 to 0.8 pptv). For the NO3

(Cl) radicals, the magnitude of changes in the monthly av-

erage is −20 to 1.0 pptv (0.0 to 0.0008 pptv), while that in

the monthly average of daily maximums is −55 to 1.0 pptv

(0.0 to 0.0055 pptv).

We also examine the diurnal variations of the four radicals

in the BASE and HAL scenarios (Figs. S3 and S4). Halo-

gens have a small effect on the diurnal pattern of OH. HO2

is reduced by halogens, especially in the midday. The NO3

radical is strongly decreased throughout the night after the

addition of halogens. The Cl atom is released by the halo-

gen chemistry in the early morning. The significant effects

of halogen chemistry on the diurnal variation of OH, HO2,

NO3, and Cl radicals highlight the role of halogen chemistry

in regulating the atmospheric oxidation capacity throughout

the day, with the highest effect on Cl in the early morning,

maximum effects on OH and HO2 in daytime, and the largest

effect on NO3 at night.

3.4 Impact of halogen chemistry on regulated gaseous

air pollutants

The monthly average modeled NO2 and O3, two major

gaseous air pollutants in Europe, and the effect of chlo-

rine and halogen chemistry on the two regulated gaseous

species are shown in Fig. 7. The BASE simulation produced

Atmos. Chem. Phys., 19, 15321–15337, 2019 www.atmos-chem-phys.net/19/15321/2019/
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Figure 6. Monthly average of daily maximum concentrations of NO3 and the Cl radical in the BASE simulation and changes induced by

chlorine (CL) and full halogen chemistry (HAL).

many hot spots of NO2 over Europe in the vicinity of major

cities and ship trajectories. The chlorine chemistry slightly

increases the level of NO2 (by up to 0.038 ppbv) in the ma-

jority of the domain since (1) the production and the subse-

quent photolysis of ClNO2 recycles the NOx and extends its

lifetime, which increases both NO2 and NO (Figs. 7 and S5),

and (2) the increased O3 level (Fig. 7) enhances the transfor-

mation of NO to NO2, which increases NO2 and decreases

NO (Figs. 7 and S2). Some grid cells show a decrease in

NO2 (as much as 0.09 ppbv) because the enhanced oxidative

capacity (Sect. 3.3) promotes the cleansing of NO2 via OH,

forming HNO3. The full halogen chemistry enhances NO2

(up to 0.20 ppbv) over the North Sea and the Mediterranean

Sea and decreases NO2 (by as much as 1.7 ppbv) in the most

polluted hot spots. The increase in NO2 occurs through the

reactions of XO with NO. Meanwhile, in the most polluted

regions, the NO–NO2 balance is predominantly controlled by

the reactions of NO with HO2 and O3. With the decrease in

HO2 and O3 due to the halogen chemistry, the transformation

of NO to NO2 is reduced, which leads to decreasing NO2 and

increasing NO.

The monthly average O3 concentration over Europe from

the BASE simulation was relatively high (up to 57 ppbv),

especially over southern Europe where higher temperatures

and more intensive radiation promote the formation of this

secondary pollutant. Chlorine chemistry increases O3 lev-

els over the land of Europe with a maximum increment of

0.22 ppbv and decreases O3 over the oceanic area by as

much as 0.76 ppbv. The full halogen chemistry decreases

O3 throughout the domain, with a maximum reduction of

10 ppbv. On average, the halogen chemistry reduces the O3

concentration by more than 3.0 ppbv in coastal Europe and
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Figure 7. Monthly average NO2 and O3 concentration in the BASE simulation and changes induced by chlorine (CL) and full halogen

chemistry (HAL).

by over 2.0 ppbv over western and central Europe (nearly

1000 km from the ocean). Our model simulation highlights

the fact that halogen chemistry has a large impact on O3 con-

centrations over oceanic areas and a moderate impact on O3

over coastal and continental regions of Europe.

Muñiz-Unamunzaga et al. (2018) reported a decrease of

−2.0 ppbv O3 in the inland areas of the western US (several

hundred kilometers from the ocean) and a reduction of 2.5

to 5.0 ppbv O3 in the coastal regions due to the full halogen

chemistry. Sarwar et al. (2015) suggested that the inclusion

of halogen processes reduced O3 concentrations by 2.0 to

4.0 ppbv over most of the terrestrial regions in the Northern

Hemisphere and over 6.0 ppbv in some coastal areas. Sher-

wen et al. (2017) used a revised version of GEOS-Chem

(Sherwen et al., 2016) with halogen chemistry to show sub-

stantial reductions in O3 over Europe, with an average reduc-

tion of 13.5 ppbv in the domain and a maximum of 28.9 ppbv

in some locations.

3.5 Implications for policy assessment

The current air quality management in Europe has two main

objectives: (1) to protect human health and (2) to protect

the environment. While many plans and measures have pri-

oritized particulate matter (PM) or NO2, policies to reduce

O3 concentrations are still needed (EEA, 2018a). The World

Health Organization (WHO) Air Quality Guidelines value

for O3 (maximum daily 8 h mean of 100 µg m−3) was ex-

ceeded in 96 % of all the reporting stations in Europe, al-

though this is especially true for areas near the Mediterranean

Atmos. Chem. Phys., 19, 15321–15337, 2019 www.atmos-chem-phys.net/19/15321/2019/
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Figure 8. AOT40 for July in the BASE and HAL simulations and absolute and relative changes between the two simulations.

Sea. According to the European Environment Agency’s lat-

est report, 12 % of the EU-28 urban population is exposed

to O3 concentrations above the European Union target value

threshold (a maximum daily 8 h mean of 120 µg m−3 is not

to be exceeded on more than 25 d yr−1, as set out by the Di-

rective 2008/50/EC) in 2016. Apart from significant potential

health effects (Jerrett et al., 2009; Malley et al., 2017), O3 is

also known to have a negative impact on vegetation (Mills et

al., 2011). The target value for the protection of vegetation

(18 000 µg m−3 h−1 accumulated over May to July), based

on the AOT40 index (Accumulated Ozone exposure over a

Threshold of 40 ppbv), was exceeded for about 31 % of all

agricultural land in all European countries. The critical level

for this pollutant (10 000 µg m−3 h−1 accumulated over April

to September) was exceeded in 60 % of the total forest area

of the continent in 2016 (EEA, 2018a).

Since our experiment covers only 1 month, it is not pos-

sible to assess the impact of halogen chemistry on these two

indexes. Nonetheless, we have compared the results of both

maximum daily 8 h mean and 1-month AOT40 (over July;

Fig. 8) for the BASE and HAL simulations. The relative vari-

ation provides a good indication of the potential impact of

considering halogens in our modeling system in the estima-

tion of legally relevant indexes.

We find that halogen chemistry strongly affects the ambi-

ent O3 concentration and may need to be considered in the

formulation of plans and strategies for O3 non-attainment ar-

eas. We see differences between BASE and HAL simulations

(over land in July 2016) as high as 12 % and 36 % for the

number of days with daily maximum 8 h O3 over 120 µg m−3

and the monthly average daily maximum 8 h O3 level, re-

spectively (Figs. S6 and S7). Furthermore, we notice strong

regional differences, mainly between coastal and inland ar-

eas. The considerable effect of halogen chemistry on air qual-

ity implies the need to improve the robustness and accuracy

of modeling tools to design customized policies to control

O3.

In Sect. 3.3 and 3.4, we have also discussed the effect

of halogen chemistry on the partitioning of OH/HO2 and

NO/NO2. The budgets of HOx and NOx are key parameters

to accurately simulate the formation of O3 and its response

to the reduction of precursors, namely NOx and VOCs (e.g.,

Li et al., 2018). Air quality models are predominantly used

to formulate air pollution control policy by examining the re-

sponses of O3 levels to various reduction rates of NOx and/or

VOCs. The models that do not include the comprehensive

halogen chemistry can potentially lead to different O3 con-

centration responses to NOx and/or VOC emission changes

in Europe.

This study also demonstrates that chlorine chemistry af-

fects the formation of O3. The current policy is only de-

signed to control the long-lived chlorinated species (Hos-

saini et al., 2015) but not reactive chlorine species, e.g.,

HCl, chloride, and short-lived chlorocarbons, from coal burn-
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ing, biomass burning, and industrial activities. The coal-fired

power plants in the EU (EEA, 2018b; Kuklinska et al., 2015)

can potentially provide chlorine sources, making the impli-

cations of halogen chemistry even more relevant.

4 Conclusion

We applied the CMAQ model with comprehensive halogen

chemistry (Cl, Br, and I) to conduct high-resolution simula-

tions for examining the impact of halogen chemistry on air

quality over Europe.

The comparison of model results with observations from

over 400 monitoring sites indicates that the CMAQ model

is capable of reproducing the concentrations and temporal

variations of air pollutants over Europe and can be employed

to study the impact of halogen chemistry in Europe. The

comparison of predicted halogen species concentrations with

measurements suggests that the CMAQ model is able to pre-

dict observed levels of chlorine and iodine species, although

it underestimates bromine species.

Chlorine chemistry enhances the atmospheric oxidation

capacity by significantly increasing the level of the Cl rad-

ical and affects the levels of OH, HO2, NO3, O3, and NO2.

The combined halogen chemistry marginally increases the

level of OH and reduces HO2, NO3, and O3. The impact of

halogen chemistry on the ambient concentration of NO2 is

smaller but non-negligible.

Halogen chemistry significantly influences the atmo-

spheric oxidation capacity throughout the day by imposing

the highest effect on Cl in the early morning, maximum ef-

fects on OH and HO2 in daytime, and the largest effect on

NO3 at night. Halogen chemistry can have a strong influence

on atmospheric composition over oceanic and coastal regions

but also some noticeable impacts over continental Europe.

This study highlights the potential benefit of incorporating

halogen chemistry into air quality models for policy devel-

opment.

Although the incorporation of the halogen chemistry may

improve the capabilities of 3-D Eulerian chemical transport

models, we acknowledge that large uncertainties still exist in

the assessment of the halogen chemistry impact due to emis-

sion inventories (e.g., chlorine emission inventory; Wang et

al., 2019), model configurations (e.g., grid size; Sommariva

et al., 2018), and chemical mechanisms (e.g., photolysis rate

of iodine oxides, recycling rate of halogen species on aerosol;

Simpson et al., 2015). Further field, laboratory, and theoreti-

cal studies are needed to constrain modeling studies for eval-

uating the impacts of halogen chemistry on air quality and

for assessing air quality policy implications.

Data availability. The data used and demonstrated in this study are

available upon the request to the corresponding author.

Supplement. The supplement related to this article is available on-

line at: https://doi.org/10.5194/acp-19-15321-2019-supplement.

Author contributions. ASL designed the research. GS and BG con-

ducted the CMAQ modeling. RB, DP, JD, GS, BG, QL, and ASL

analyzed the results. QL, RB, GS, and ASL wrote the paper with

contributions from all authors.

Competing interests. The authors declare that they have no conflict

of interest.

Disclaimer. The views expressed in this paper are those of the au-

thors and do not necessarily represent the views or policies of the

U.S. EPA.

Financial support. This research has been supported by the Euro-

pean Commission, H2020 Research Infrastructures (CLIMAHAL

(grant no. 726349)).

Review statement. This paper was edited by Michel Van Roozen-

dael and reviewed by three anonymous referees.

References

Allan, B. J., McFiggans, G., Plane, J. M. C., and Coe,

H.: Observations of iodine monoxide in the remote ma-

rine boundary layer, J. Geophys. Res., 105, 14363–14369,

https://doi.org/10.1029/1999JD901188, 2000.

Appel, K. W., Chemel, C., Roselle, S. J., Francis, X. V,

Hu, R.-M., Sokhi, R. S., Rao, S. T., and Galmarini,

S.: Examination of the Community Multiscale Air Qual-

ity (CMAQ) model performance over the North Ameri-

can and European domains, Atmos. Environ., 53, 142–155,

https://doi.org/10.1016/j.atmosenv.2011.11.016, 2012.

Appel, K. W., Pouliot, G. A., Simon, H., Sarwar, G., Pye, H. O.

T., Napelenok, S. L., Akhtar, F., and Roselle, S. J.: Evaluation of

dust and trace metal estimates from the Community Multiscale

Air Quality (CMAQ) model version 5.0, Geosci. Model Dev., 6,

883–899, https://doi.org/10.5194/gmd-6-883-2013, 2013.

Appel, K. W., Napelenok, S. L., Foley, K. M., Pye, H. O.

T., Hogrefe, C., Luecken, D. J., Bash, J. O., Roselle, S. J.,

Pleim, J. E., Foroutan, H., Hutzell, W. T., Pouliot, G. A.,

Sarwar, G., Fahey, K. M., Gantt, B., Gilliam, R. C., Heath,

N. K., Kang, D., Mathur, R., Schwede, D. B., Spero, T. L.,

Wong, D. C., and Young, J. O.: Description and evaluation

of the Community Multiscale Air Quality (CMAQ) model-

ing system version 5.1, Geosci. Model Dev., 10, 1703–1732,

https://doi.org/10.5194/gmd-10-1703-2017, 2017.

Bannan, T. J., Murray Booth, A., Bacak, A., Muller, J. B. A.,

Leather, K. E., Le Breton, M., Jones, B., Young, D., Coe, H., Al-

lan, J., Visser, S., Slowik, J. G., Furger, M., Prévôt, A. S. H., Lee,

J., Dunmore, R. E., Hopkins, J. R., Hamilton, J. F., Lewis, A. C.,

Atmos. Chem. Phys., 19, 15321–15337, 2019 www.atmos-chem-phys.net/19/15321/2019/



Q. Li et al.: Halogen impact on air quality in Europe 15335

Whalley, L. K., Sharp, T., Stone, D., Heard, D. E., Fleming, Z.

L., Leigh, R., Shallcross, D. E., and Percival, C. J.: The first UK

measurements of nitryl chloride using a chemical ionization mass

spectrometer in central London in the summer of 2012, and an

investigation of the role of Cl atom oxidation, J. Geophys. Res.,

120, 5638–5657, https://doi.org/10.1002/2014JD022629, 2015.

Bannan, T. J., Bacak, A., Le Breton, M., Flynn, M., Ouyang, B.,

McLeod, M., Jones, R., Malkin, T. L., Whalley, L. K., Heard, D.

E., Bandy, B., Khan, M. A. H., Shallcross, D. E., and Percival, C.

J.: Ground and airborne UK measurements of nitryl chloride: An

investigation of the role of Cl atom oxidation at Weybourne At-

mospheric Observatory, J. Geophys. Res.-Atmos., 122, 11154–

11165, https://doi.org/10.1002/2017JD026624, 2017

Bitter, M., Ball, S. M., Povey, I. M., and Jones, R. L.: A broad-

band cavity ringdown spectrometer for in-situ measurements of

atmospheric trace gases, Atmos. Chem. Phys., 5, 2547–2560,

https://doi.org/10.5194/acp-5-2547-2005, 2005.

Borge, R., Alexandrov, V., José del Vas, J., Lumbreras,

J., and Rodríguez, E.: A comprehensive sensitivity analy-

sis of the WRF model for air quality applications over

the Iberian Peninsula, Atmos. Environ., 42, 8560–8574,

https://doi.org/10.1016/j.atmosenv.2008.08.032, 2008a.

Borge, R., Lumbreras, J., and Rodríguez, E.: Development of

a high-resolution emission inventory for Spain using the

SMOKE modelling system: A case study for the years

2000 and 2010, Environ. Model. Softw., 23, 1026–1044,

https://doi.org/10.1016/j.envsoft.2007.11.002, 2008b.

Byun, D. and Schere, K. L.: Review of the Governing

Equations, Computational Algorithms, and Other Compo-

nents of the Models-3 Community Multiscale Air Quality

(CMAQ) Modeling System, Appl. Mech. Rev., 59, 51–77,

https://doi.org/10.1115/1.2128636, 2006.

Byun, D. W. and Ching, J. K. S.: Science Algorithms of the EPA

MODELS-3 Community Multiscale Air Quality (CMAQ) Mod-

elling System. U.S. Environmental Protection Agency, Washing-

ton, D.C., EPA/600/R-99/030 (NTIS PB2000-100561), 1999.

Commane, R., Seitz, K., Bale, C. S. E., Bloss, W. J., Buxmann,

J., Ingham, T., Platt, U., Pöhler, D., and Heard, D. E.: Io-

dine monoxide at a clean marine coastal site: observations of

high frequency variations and inhomogeneous distributions, At-

mos. Chem. Phys., 11, 6721–6733, https://doi.org/10.5194/acp-

11-6721-2011, 2011.

de la Paz, D., Borge, R., and Martilli, A.: Assessment of a

high resolution annual WRF-BEP/CMAQ simulation for the ur-

ban area of Madrid (Spain), Atmos. Environ., 144, 282–296,

https://doi.org/10.1016/j.atmosenv.2016.08.082, 2016.

EEA (European Environmental Agency): Air Quality in Eu-

rope – 2018 report, EEA, Luxembourg, 12/2018, 83 pp.,

https://doi.org/10.2800/777411, 2018a.

EEA (European Environmental Agency): European Union emis-

sion inventory report 1990–2016 under the UNECE Conven-

tion on Long-range Transboundary Air Pollution (LRTAP), EEA,

Luxembourg, 6/2018, 150 pp., https://doi.org/10.2800/571876,

2018b.

Eger, P. G., Friedrich, N., Schuladen, J., Shenolikar, J., Fischer,

H., Tadic, I., Harder, H., Martinez, M., Rohloff, R., Tauer,

S., Drewnick, F., Fachinger, F., Brooks, J., Darbyshire, E.,

Sciare, J., Pikridas, M., Lelieveld, J., and Crowley, J. N.: Ship-

borne measurements of ClNO2 in the Mediterranean Sea and

around the Arabian Peninsula during summer, Atmos. Chem.

Phys., 19, 12121–12140, https://doi.org/10.5194/acp-19-12121-

2019, 2019.

EMEP/CEIP: Present state of emissions as used in EMEP

models, available at: http://www.ceip.at/webdab_emepdatabase/

emissions_emepmodels (last access: 22 November 2019), 2014.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of

total ozone in Antarctica reveal seasonal ClOx/NOx interaction,

Nature, 315, 207–210, https://doi.org/10.1038/315207a0, 1985.

Fernandez, R. P., Salawitch, R. J., Kinnison, D. E., Lamarque,

J.-F., and Saiz-Lopez, A.: Bromine partitioning in the tropical

tropopause layer: implications for stratospheric injection, Atmos.

Chem. Phys., 14, 13391–13410, https://doi.org/10.5194/acp-14-

13391-2014, 2014.

Foley, K. M., Roselle, S. J., Appel, K. W., Bhave, P. V., Pleim, J.

E., Otte, T. L., Mathur, R., Sarwar, G., Young, J. O., Gilliam,

R. C., Nolte, C. G., Kelly, J. T., Gilliland, A. B., and Bash, J.

O.: Incremental testing of the Community Multiscale Air Quality

(CMAQ) modeling system version 4.7, Geosci. Model Dev., 3,

205–226, https://doi.org/10.5194/gmd-3-205-2010, 2010.

Furneaux, K. L., Whalley, L. K., Heard, D. E., Atkinson, H.

M., Bloss, W. J., Flynn, M. J., Gallagher, M. W., Ingham, T.,

Kramer, L., Lee, J. D., Leigh, R., McFiggans, G. B., Mahajan,

A. S., Monks, P. S., Oetjen, H., Plane, J. M. C., and White-

head, J. D.: Measurements of iodine monoxide at a semi pol-

luted coastal location, Atmos. Chem. Phys., 10, 3645–3663,

https://doi.org/10.5194/acp-10-3645-2010, 2010.

Gantt, B., Sarwar, G., Xing, J., Simon, H., Schwede, D.,

Hutzell, W. T., Mathur, R., and Saiz-Lopez, A.: The Impact

of Iodide-Mediated Ozone Deposition and Halogen Chem-

istry on Surface Ozone Concentrations Across the Conti-

nental United States, Environ. Sci. Technol., 51, 1458–1466,

https://doi.org/10.1021/acs.est.6b03556, 2017.

Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya,

T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of

Emissions of Gases and Aerosols from Nature version 2.1

(MEGAN2.1): an extended and updated framework for mod-

eling biogenic emissions, Geosci. Model Dev., 5, 1471–1492,

https://doi.org/10.5194/gmd-5-1471-2012, 2012.

Holla, R., Schmitt, S., Frieß, U., Pöhler, D., Zingler, J., Corsmeier,

U., and Platt, U.: Vertical distribution of BrO in the bound-

ary layer at the Dead Sea, Environ. Chem., 12, 438–460,

https://doi.org/10.1071/EN14224, 2015.

Hossaini, R., Chipperfield, M. P., Saiz-Lopez, A., Harrison, J.

J., Von Glasow, R., Sommariva, R., Atlas, E., Navarro, M.,

Montzka, S. A., Feng, W., Dhomse, S., Harth, C., Mühle, J.,

Lunder, C., O’Doherty, S., Young, D., Reimann, S., Vollmer,

M. K., Krummel, P. B., and Bernath, P. F.: Growth in strato-

spheric chlorine from short-lived chemicals not controlled by

the Montreal Protocol, Geophys. Res. Lett., 42, 4573–4580,

https://doi.org/10.1002/2015GL063783, 2015.

Hossaini, R., Chipperfield, M. P., Saiz-Lopez, A., Fernan-

dez, R., Monks, S., Feng, W., Brauer, P., and Von Glasow,

R.: A global model of tropospheric chlorine chem-

istry: Organic versus inorganic sources and impact on

methane oxidation, J. Geophys. Res., 121, 14271–14297,

https://doi.org/10.1002/2016JD025756, 2016.

Jerrett, M., Burnett, R. T., Pope, C. A., Ito, K., Thurston, G.,

Krewski, D., Shi, Y., Calle, E., and Thun, M.: Long-Term Ozone

www.atmos-chem-phys.net/19/15321/2019/ Atmos. Chem. Phys., 19, 15321–15337, 2019



15336 Q. Li et al.: Halogen impact on air quality in Europe

Exposure and Mortality, New Engl. J. Med., 360, 1085–1095,

https://doi.org/10.1056/NEJMoa0803894, 2009.

Jung, J., Lee, J., Kim, B., and Oh, S.: Seasonal variations in the NO2

artifact from chemiluminescence measurements with a molyb-

denum converter at a suburban site in Korea (downwind of the

Asian continental outflow) during 2015–2016, Atmos. Environ.,

165, 290–300, 2017.

Keene, W., Khalil, M. A. K., Erickson, D., McCulloch, A., Graedel,

T. E., Lobert, J. M., Aucott, M. L., Gong, S. L., Harper, D. B.,

Kleiman, G., Midgley, P., Moore, R. M., Seuzaret, C., Sturges,

W. T., Benkovitz, C. M., Koropalov, V., Barrie, L. A., and Li, Y.

F.: Composite global emissions of reactive chlorine from anthro-

pogenic and natural sources: Reactive Chlorine Emissions Inven-

tory, J. Geophys. Res., 104, 8429–8440, 1999.

Kuklinska, K., Wolska, L., and Namiesnik, J.: Air quality policy in

the U.S. and the EU – a review, Atmos. Pollut. Res., 6, 129–137,

https://doi.org/10.5094/APR.2015.015, 2015.

Li, Q., Zhang, L., Wang, T., Tham, Y. J., Ahmadov, R., Xue,

L., Zhang, Q., and Zheng, J.: Impacts of heterogeneous up-

take of dinitrogen pentoxide and chlorine activation on ozone

and reactive nitrogen partitioning: improvement and application

of the WRF-Chem model in southern China, Atmos. Chem.

Phys., 16, 14875–14890, https://doi.org/10.5194/acp-16-14875-

2016, 2016.

Li, Q., Zhang, L., Wang, T., Wang, Z., Fu, X., and Zhang, Q.:

“New” Reactive Nitrogen Chemistry Reshapes the Relationship

of Ozone to Its Precursors, Environ. Sci. Technol., 52, 2810–

2818, https://doi.org/10.1021/acs.est.7b05771, 2018.

Mahajan, A. S., Oetjen, H., Lee, J. D., Saiz-Lopez, A., McFiggans,

G. B., and Plane, J. M. C.: High bromine oxide concentrations

in the semi-polluted boundary layer, Atmos. Environ., 43, 3811–

3818, https://doi.org/10.1016/j.atmosenv.2009.05.033, 2009.

Malley, C. S., Henze, D. K., Kuylenstierna, J. C. I., Vallack,

H. W., Davila, Y., Anenberg, S. C., Turner, M. C., and Ash-

more, M. R.: Updated Global Estimates of Respiratory Mor-

tality in Adults ≥ 30 Years of Age Attributable to Long-

Term Ozone Exposure, Environ. Health Persp., 125, 87021,

https://doi.org/10.1289/EHP1390, 2017.

Mathur, R., Xing, J., Gilliam, R., Sarwar, G., Hogrefe, C., Pleim,

J., Pouliot, G., Roselle, S., Spero, T. L., Wong, D. C., and

Young, J.: Extending the Community Multiscale Air Quality

(CMAQ) modeling system to hemispheric scales: overview of

process considerations and initial applications, Atmos. Chem.

Phys., 17, 12449–12474, https://doi.org/10.5194/acp-17-12449-

2017, 2017.

Matveev, V., Peleg, M., Rosen, D., Tov-Alper, D. S., Hebestreit, K.,

Stutz, J., Platt, U., Blake, D., and Luria, M.: Bromine oxide–

ozone interaction over the Dead Sea, J. Geophys. Res., 106,

10375–10387, https://doi.org/10.1029/2000JD900611, 2001.

Mills, G., Pleijel, H., Braun, S., Büker, P., Bermejo, V., Calvo,

E., Danielsson, H., Emberson, L., Fernández, I. G., Grün-

hage, L., Harmens, H., Hayes, F., Karlsson, P.-E., and

Simpson, D.: New stomatal flux-based critical levels for

ozone effects on vegetation, Atmos. Environ., 45, 5064–5068,

https://doi.org/10.1016/j.atmosenv.2011.06.009, 2011.

Molina, M. J. and Rowland, F. S.: Stratospheric sink for chloroflu-

oromethanes: chlorine atom-catalysed destruction of ozone, Na-

ture, 249, 810–812, https://doi.org/10.1038/249810a0, 1974.

Muñiz-Unamunzaga, M., Borge, R., Sarwar, G., Gantt, B., de la

Paz, D., Cuevas, C. A., and Saiz-Lopez, A.: The influence of

ocean halogen and sulfur emissions in the air quality of a coastal

megacity: The case of Los Angeles, Sci. Total Environ., 610–611,

1536–1545, https://doi.org/10.1016/j.scitotenv.2017.06.098,

2018.

Osthoff, H. D., Roberts, J. M., Ravishankara, A. R., Williams, E. J.,

Lerner, B. M., Sommariva, R., Bates, T. S., Coffman, D., Quinn,

P. K., Dibb, J. E., Stark, H., Burkholder, J. B., Talukdar, R. K.,

Meagher, J., Fehsenfeld, F. C., and Brown, S. S.: High levels

of nitryl chloride in the polluted subtropical marine boundary

layer, Nat. Geosci., 1, 324–328, https://doi.org/10.1038/ngeo177,

2008.

Peters, C., Pechtl, S., Stutz, J., Hebestreit, K., Hönninger, G.,

Heumann, K. G., Schwarz, A., Winterlik, J., and Platt, U.:

Reactive and organic halogen species in three different Euro-

pean coastal environments, Atmos. Chem. Phys., 5, 3357–3375,

https://doi.org/10.5194/acp-5-3357-2005, 2005.

Phillips, G. J., Tang, M. J., Thieser, J., Brickwedde, B., Schus-

ter, G., Bohn, B., Lelieveld, J., and Crowley, J. N.: Signifi-

cant concentrations of nitryl chloride observed in rural conti-

nental Europe associated with the influence of sea salt chloride

and anthropogenic emissions, Geophys. Res. Lett., 39, L10811,

https://doi.org/10.1029/2012GL051912, 2012.

Prados-Roman, C., Cuevas, C. A., Hay, T., Fernandez, R. P., Maha-

jan, A. S., Royer, S.-J., Galí, M., Simó, R., Dachs, J., Großmann,

K., Kinnison, D. E., Lamarque, J.-F., and Saiz-Lopez, A.: Iodine

oxide in the global marine boundary layer, Atmos. Chem. Phys.,

15, 583–593, https://doi.org/10.5194/acp-15-583-2015, 2015.

Saiz-Lopez, A. and von Glasow, R.: Reactive halogen chem-

istry in the troposphere, Chem. Soc. Rev., 41, 6448–6472,

https://doi.org/10.1039/c2cs35208g, 2012.

Saiz-Lopez, A., Plane, J. M. C., and Shillito, J. A.: Bromine oxide

in the mid-latitude marine boundary layer, Geophys. Res. Lett.,

31, L03111, https://doi.org/10.1029/2003GL018956, 2004.

Saiz-Lopez, A., Fernandez, R. P., Ordóñez, C., Kinnison, D. E.,

Gómez Martín, J. C., Lamarque, J.-F., and Tilmes, S.: Iodine

chemistry in the troposphere and its effect on ozone, Atmos.

Chem. Phys., 14, 13119–13143, https://doi.org/10.5194/acp-14-

13119-2014, 2014.

Sarwar, G., Simon, H., Bhave, P., and Yarwood, G.: Examining the

impact of heterogeneous nitryl chloride production on air quality

across the United States, Atmos. Chem. Phys., 12, 6455–6473,

https://doi.org/10.5194/acp-12-6455-2012, 2012.

Sarwar, G., Simon, H., Xing, J., and Mathur, R.: Impor-

tance of tropospheric ClNO2 chemistry across the North-

ern Hemisphere, Geophys. Res. Lett., 41, 4050–4058,

https://doi.org/10.1002/2014GL059962, 2014.

Sarwar, G., Gantt, B., Schwede, D., Foley, K., Mathur, R.,

and Saiz-Lopez, A.: Impact of Enhanced Ozone Deposition

and Halogen Chemistry on Tropospheric Ozone over the

Northern Hemisphere, Environ. Sci. Technol., 49, 9203–9211,

https://doi.org/10.1021/acs.est.5b01657, 2015.

Sarwar, G., Gantt, B., Foley, K., Fahey, K., Spero T. L., Kang, D.,

Mathur, R., Hosein F., Xing, J., Sherwen, T., and Saiz-Lopez,

A.: Influence of bromine and iodine chemistry on annual, sea-

sonal, diurnal, and background ozone: CMAQ simulations over

the Northern Hemisphere, Atmos. Environ., 213, 395–404, 2019.

Atmos. Chem. Phys., 19, 15321–15337, 2019 www.atmos-chem-phys.net/19/15321/2019/



Q. Li et al.: Halogen impact on air quality in Europe 15337

Sherwen, T., Schmidt, J. A., Evans, M. J., Carpenter, L. J., Groß-

mann, K., Eastham, S. D., Jacob, D. J., Dix, B., Koenig, T. K.,

Sinreich, R., Ortega, I., Volkamer, R., Saiz-Lopez, A., Prados-

Roman, C., Mahajan, A. S., and Ordóñez, C.: Global impacts

of tropospheric halogens (Cl, Br, I) on oxidants and composi-

tion in GEOS-Chem, Atmos. Chem. Phys., 16, 12239–12271,

https://doi.org/10.5194/acp-16-12239-2016, 2016.

Sherwen, T., Evans, M. J., Sommariva, R., Hollis, L. D. J., Ball, S.

M., Monks, P. S., Reed, C., Carpenter, L. J., Lee, J. D., Forster,

G., Bandy, B., Reeves, C. E., and Bloss, W. J.: Effects of halo-

gens on European air-quality, Faraday Discuss., 200, 75–100,

https://doi.org/10.1039/c7fd00026j, 2017.

Sillman, S.: The relation between ozone, NOx and hydrocarbons

in urban and polluted rural environments, Atmos. Environ.,

33, 1821–1845, https://doi.org/10.1016/S1352-2310(98)00345-

8, 1999.

Simpson, W. R., Brown, S. S., Saiz-Lopez, A., Thornton, J.

A., and Von Glasow, R.: Tropospheric Halogen Chemistry:

Sources, Cycling, and Impacts, Chem. Rev., 115, 4035–4062,

https://doi.org/10.1021/cr5006638, 2015.

Skamarock, W. C. and Klemp, J. B.: A time-split nonhy-

drostatic atmospheric model for weather research and fore-

casting applications, J. Comput. Phys., 227, 3465–3485,

https://doi.org/10.1016/j.jcp.2007.01.037, 2008.

Solazzo, E., Hogrefe, C., Colette, A., Garcia-Vivanco, M., and

Galmarini, S.: Advanced error diagnostics of the CMAQ and

Chimere modelling systems within the AQMEII3 model eval-

uation framework, Atmos. Chem. Phys., 17, 10435–10465,

https://doi.org/10.5194/acp-17-10435-2017, 2017.

Sommariva, R., Hollis, L. D. J., Sherwen, T., Baker, A. R., Ball, S.

M., Bandy, B. J., Bell, T. G., Chowdhury, M. N., Cordell, R. L.,

Evans, M. J., Lee, J. D., Reed, C., Reeves, C. E., Roberts, J. M.,

Yang, M., and Monks, P. S.: Seasonal and geographical variabil-

ity of nitryl chloride and its precursors in Northern Europe, At-

mos. Sci. Lett., 19, e844, https://doi.org/10.1002/asl.844, 2018.

Stone, D., Sherwen, T., Evans, M. J., Vaughan, S., Ingham,

T., Whalley, L. K., Edwards, P. M., Read, K. A., Lee, J.

D., Moller, S. J., Carpenter, L. J., Lewis, A. C., and Heard,

D. E.: Impacts of bromine and iodine chemistry on tropo-

spheric OH and HO2: comparing observations with box and

global model perspectives, Atmos. Chem. Phys., 18, 3541–3561,

https://doi.org/10.5194/acp-18-3541-2018, 2018.

Tas, E., Peleg, M., Pedersen, D. U., Matveev, V., Pour Bi-

azar, A., and Luria, M.: Measurement-based modeling of

bromine chemistry in the boundary layer: 1. Bromine chem-

istry at the Dead Sea, Atmos. Chem. Phys., 6, 5589–5604,

https://doi.org/10.5194/acp-6-5589-2006, 2006.

Tham, Y. J., Wang, Z., Li, Q., Yun, H., Wang, W., Wang, X., Xue, L.,

Lu, K., Ma, N., Bohn, B., Li, X., Kecorius, S., Größ, J., Shao, M.,

Wiedensohler, A., Zhang, Y., and Wang, T.: Significant concen-

trations of nitryl chloride sustained in the morning: investigations

of the causes and impacts on ozone production in a polluted re-

gion of northern China, Atmos. Chem. Phys., 16, 14959–14977,

https://doi.org/10.5194/acp-16-14959-2016, 2016.

Thornton, J. A., Kercher, J. P., Riedel, T. P., Wagner, N. L.,

Cozic, J., Holloway, J. S., Dubé, W. P., Wolfe, G. M.,

Quinn, P. K., Middlebrook, A. M., Alexander, B., and Brown,

S. S.: A large atomic chlorine source inferred from mid-

continental reactive nitrogen chemistry, Nature, 464, 271–274,

https://doi.org/10.1038/nature08905, 2010.

UNC (University of North Carolina at Chapel Hill): SMOKE v3.6.5

User’s Manual, Institute for the Environment, available at: https:

//www.cmascenter.org/smoke/documentation/3.6.5/html (last ac-

cess: 22 November 2019), 2015.

US EPA Office of Research and Development (ORD): CMAQ

(Version 5.2), Zenodo, https://doi.org/10.5281/zenodo.1167892,

30 June 2017.

van Loon, M., Vautard, R., Schaap, M., Bergström, R., Bessagnet,

B., Brandt, J., Builtjes, P. J. H., Christensen, J. H., Cuvelier, C.,

Graff, A., Jonson, J. E., Krol, M., Langner, J., Roberts, P., Rouil,

L., Stern, R., Tarrasón, L., Thunis, P., Vignati, E., White, L., and

Wind, P.: Evaluation of long-term ozone simulations from seven

regional air quality models and their ensemble, Atmos. Environ.,

41, 2083–2097, https://doi.org/10.1016/j.atmosenv.2006.10.073,

2007.

Wang, T., Tham, Y. J., Xue, L., Li, Q., Zha, Q., Wang, Z., Poon,

S. C. N., Dubé, W. P., Blake, D. R., Louie, P. K. K., Luk, C.

W. Y., Tsui, W., and Brown, S. S.: Observations of nitryl chlo-

ride and modeling its source and effect on ozone in the planetary

boundary layer of southern China, J. Geophys. Res.-Atmos., 121,

2476–2489, https://doi.org/10.1002/2015JD024556, 2016.

Wang, X., Jacob, D. J., Eastham, S. D., Sulprizio, M. P., Zhu,

L., Chen, Q., Alexander, B., Sherwen, T., Evans, M. J., Lee,

B. H., Haskins, J. D., Lopez-Hilfiker, F. D., Thornton, J. A.,

Huey, G. L., and Liao, H.: The role of chlorine in global

tropospheric chemistry, Atmos. Chem. Phys., 19, 3981–4003,

https://doi.org/10.5194/acp-19-3981-2019, 2019.

www.atmos-chem-phys.net/19/15321/2019/ Atmos. Chem. Phys., 19, 15321–15337, 2019



Φροm: Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ>  

Σεντ: Τυεσδαψ, Απριλ 21, 2020 11:09 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Σαρωαρ, 

 

Ψεσ, Ι αγρεε.  Τηανκσ φορ πυττινγ τηισ τογετηερ. 

 

Βεστ ρεγαρδσ, 

 

Dαιωεν 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Τυεσδαψ, Απριλ 21, 2020 11:07 ΑΜ 

Το: Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Dαιωεν: 

 

Πλεασε λετ mε κνοω ιφ ψου αγρεε βψ ρεπλψινγ τηε mαιλ. 

 

Πλεασε αλσο λετ mε κνοω ιφ ψου αρε αππλψινγ το τηε 2020 ΣΤΑΑ σινχε τηε αππλιχατιον ρεθυιρεσ ιδεντιφψινγ αλλ 

χονχυρρεντ νοmινατιονσ. 

 

Τηανκσ, 

Σαρωαρ 

 

Φροm: Σαρωαρ, Γολαm  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 



Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

Φροm: Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>  

Σεντ: Μονδαψ, Απριλ 20, 2020 5:13 ΠΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Σαρωαρ, Ι ενδορσε τηε περχενταγεσ. Τηανκσ φορ χονσιδερινγ mε. −Βιλλ 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Μονδαψ, Απριλ 20, 2020 3:47 ΠΜ 

Το: Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ> 

Συβϕεχτ: ΦW: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Βιλλ: 

 

Πλεασε λετ mε κνοω ιφ ψου αγρεε βψ ρεπλψινγ τηε mαιλ. 

 

Τηανκσ, 

Σαρωαρ 

 

Φροm: Σαρωαρ, Γολαm  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 



Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

Φροm: ϑια Ξινγ <ξινγϕια≅τσινγηυα.εδυ.χν>  

Σεντ: Μονδαψ, Απριλ 20, 2020 1:53 ΠΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: Ρε: ΦW: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Σαρωαρ, 

 

Ι∋m σο σορρψ φορ τηε λατε ρεσπονδινγ...Τηανκ ψου σο mυχη φορ ινχλυδινγ mε ιν τηε αππλιχατιον! Αχτυαλλψ, Ι∋m ηονορεδ 

το βε ινχλυδεδ, ανδ Ι ηαϖε νο προβλεm ωιτη τηατ. 

 

Ηοπε ωε χαν χοντινυε το ωορκ τογετηερ ον τηισ αρεα ιν τηε φυτυρε. 

 

Βεστ, 

ϑια 



 

Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> ♥2020≡4ϖ21∞¬♣ ς�12:19⋅(8 

 

Ηι ϑια: 

  

Ι αm φορωαρδινγ τηε εmαιλ τηατ Ι σεντ ψου λαστ ωεεκ; πλεασε ρεπλψ. 

  

Τηανκσ, 

Σαρωαρ 

  

Φροm: Σαρωαρ, Γολαm  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:28 ΑΜ 

Το: ϑια Ξινγ <ξινγϕ02≅γmαιλ.χοm>; ϑια Ξινγ <ξινγϕια≅mαιλ.τσινγηυα.εδυ.χν> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

  

Dατε:               4/17/2020 

Συβϕεχτ:           Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

  

Dεαρ χο−αυτηορσ, 

  

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

  

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

  

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε 

δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε 

& Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ 

οφ ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε 

χοντινενταλ Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, 

Τ., Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ 

οζονε: ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

  

  

Τηανκσ, 

Γολαm Σαρωαρ 



Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

 

Φροm: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>  

Σεντ: Μονδαψ, Απριλ 20, 2020 10:59 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Σαρωαρ, 

Χονφιρmινγ τηε προποσεδ αγρεεmεντ. 

Βρεττ 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 



Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

Φροm: Αλφονσο Σαιζ Λ⌠πεζ <α.σαιζ≅χσιχ.εσ>  

Σεντ: Μονδαψ, Απριλ 20, 2020 5:28 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ Γολαm, 

Τηανκσ φορ χηεχκινγ ανδ πλεασε γο αηεαδ ωιτη τηε νοmινατιον! φινγερσ χροσσεδ! 

Ηοπε ψου ανδ ψουρ φαmιλψ αρε σταψινγ σαφε ανδ ηεαλτηψ ιν τηεσε διφφιχυλτ τιmεσ! 

 

Βεστ, 

Αλφονσο 

−−−− 

Αλφονσο Σαιζ−Λοπεζ 

Dεπαρτmεντ οφ Ατmοσπηεριχ Χηεmιστρψ ανδ Χλιmατε 

Ινστιτυτο δε Θυmιχα Φσιχα Ροχασολανο, ΧΣΙΧ 

Σερρανο 119, 28006 Μαδριδ 

Τφ: (+34) 91−7459526 

Φαξ: (+34) 91−5642431 

Wεβ: ηττπ://αχ2.ιθφρ.χσιχ.εσ 

−−  

Αφφιλιατε Σχιεντιστ ατ Ατmοσπηεριχ Χηεmιστρψ Dιϖισιον/ΝΧΑΡ, Βουλδερ, ΥΣΑ 

−−− 

 

Ελ 17/04/2020 α λασ 16:25, Σαρωαρ, Γολαm εσχριβι⌠: 

Dατε:               4/17/2020 

Συβϕεχτ:           Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

  

Dεαρ Αλφονσο, 

  

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

  

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 



ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

  

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

  

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ  

 

 

Φροm: Τοm〈σ Σηερωεν <τοmασ.σηερωεν≅ψορκ.αχ.υκ>  

Σεντ: Μονδαψ, Απριλ 20, 2020 4:49 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ Σαρωαρ, 

 

Ι ηοπε ψου αρε mαναγινγ ΟΚ ατ τηισ διφφιχυλτ τιmε. 

 

Ι αm ηαππψ ωιτη ωηατεϖερ ψου δεχιδε φορ περχενταγεσ. 

 

Μψ βεστ ωισηεσ,  

 

Τοmασ 

−−  

Dρ Τοm〈σ Σηερωεν 

Ρεσεαρχη Σχιεντιστ 

Νατιοναλ Χεντρε φορ Ατmοσπηεριχ Σχιενχε (ΝΧΑΣ)  

Wολφσον Ατmοσπηεριχ Χηεmιστρψ Λαβορατοριεσ (WΑΧΛ) 

Dεπαρτmεντ οφ Χηεmιστρψ, Υνιϖερσιτψ οφ Ψορκ, Ψορκ, ΨΟ10 5DD 

 

Ον Φρι, 17 Απρ 2020 ατ 15:24, Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> ωροτε: 

Dατε:               4/17/2020 

Συβϕεχτ:           Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

  

Dεαρ Τοmασ, 

  



Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

  

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

  

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε 

δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε 

& Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ 

οφ ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε 

χοντινενταλ Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, 

Τ., Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ 

οζονε: ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

   

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ  

 

 

Φροm: Ηοσειν Φορουταν <ηοσειν≅ϖτ.εδυ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 2:03 ΠΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: Ρε: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Σαρωαρ, 

Τηανκσ φορ λεττινγ mε κνοω. Συρε − Ι αγρεε ωιτη τηε προποσεδ περχενταγε. 

Βεστ οφ λυχκ ωιτη τηε νοmινατιον! 

Ηοσειν 

−− 

Ηοσειν Φορουταν, Πη.D. 

Ασσισταντ Προφεσσορ 

Ενϖιρονmενταλ ανδ Wατερ Ρεσουρχεσ 

Τηε Χηαρλεσ Ε. ςια, ϑρ. Dεπαρτmεντ οφ Χιϖιλ & Ενϖιρονmενταλ Ενγινεερινγ 

ςιργινια Τεχη 



417 Dυρηαm Ηαλλ (0246), 1145 Περρψ Στ., Βλαχκσβυργ, ςΑ 24061 

Πηονε: (540) 232−8400 

ΑΙΡΦλοωΣ Λαβ 

 

Ον Φρι, Απρ 17, 2020 ατ 10:22 ΑΜ Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> ωροτε: 

Dατε:               4/17/2020 

Συβϕεχτ:           Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

Dεαρ χο−αυτηορσ, 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε 

δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε 

& Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ 

οφ ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε 

χοντινενταλ Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, 

Τ., Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ 

οζονε: ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

Φροm: Σπερο, Τανψα <Σπερο.Τανψα≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 11:45 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Σαρωαρ � 

 

Ι αγρεε ωιτη τηε προποσεδ Ρεχορδ οφ Περχεντ Αγρεεmεντ. 



 

Τανψα 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 



 

Φροm: Φολεψ, Κριστεν <Φολεψ.Κριστεν≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 11:04 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ Σαρωαρ, 

 

Ι αγρεε ωιτη περχενταγεσ.   

 

Βεστ ρεγαρδσ, 

Κριστεν 

 

Κριστεν Μ. Φολεψ, Πη.D. 

Ρεσεαρχη Στατιστιχιαν  

Ατmοσπηεριχ & Ενϖιρονmενταλ Σψστεmσ Μοδελινγ Dιϖισιον    

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ  

109 Τ.W. Αλεξανδερ Dρ., ΜD Ε243−04 

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711  

φολεψ.κριστεν≅επα.γοϖ | 919 541 5367 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 



Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

Φροm: Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:51 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Τηανκ ψου φορ ινχλυδινγ mε Σαρωαρ.  Ι ρεαλλψ ηαϖε δονε mυχη σινχε τηε εαρλψ ιmπλεmεντατιον, σο 6% mαψ βε 

γενερουσ.  Ιφ ανψονε ελσε φεελσ τηεψ δεσερϖε α ηιγηερ περχεντ, πλεασε φεελ φρεε το δεχρεασε mινε. 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 

Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 



Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

Φροm: Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:46 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι, Σαρωαρ− 

 

Λοοκσ φινε το mε. 

 

Γοοδ λυχκ! 

Κατηλεεν 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 

Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dεαρ χο−αυτηορσ, 

 

Ι πλαν το νοmινατε τηε φολλοωινγ πυβλιχατιονσ φορ τηε 2020 Σχιενχε ανδ Τεχηνολογιχαλ Αχηιεϖεmεντ Αωαρδσ. Τηε 

Αωαρδ ρεθυιρεσ α ρεχορδ οφ περχενταγε αγρεεmεντ ωηιχη ισ σηοων βελοω. Πλεασε ρεπλψ το ινδιχατε αγρεεmεντ ορ 

δισαγρεεmεντ το τηε προποσεδ αγρεεmεντ.  

 

Χοντριβυτινγ αυτηορσ Οργανιζατιον Περχεντ αγρεεmεντ 

Γολαm Σαρωαρ ΕΠΑ/ΟΡD/ΧΕΜΜ 30 



Βρεττ Γανττ ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 20 

Κριστεν Φολεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 10 

Ρ. Ματηυρ ΕΠΑ/ΟΡD/ΧΕΜΜ 9 

Dοννα Σχηωεδε ΕΠΑ/ΟΡD/ΧΕΜΜ 6 

Αλφονσο Σαιζ−Λοπεζ Ινστιτυτε οφ Πηψσιχαλ Χηεmιστρψ, Σπαιν 6 

ϑια Ξινγ Τσινγηυα Υνιϖερσιτψ, Χηινα 4 

Κ. Φαηεψ ΕΠΑ/ΟΡD/ΧΕΜΜ 3 

D. Κανγ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηεατηερ Σιmον ΕΠΑ/ΟΑΡ/ΟΑΘΠΣ/ΑΘΑD 2 

Τανψα Λ. Σπερο ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

W.Τ. Ηυτζελλ ΕΠΑ/ΟΡD/ΧΕΜΜ 2 

Ηοσειν Φορουταν ςιργινια Τεχη, Βλαχκσβυργ 24061, ΥΣΑ 2 

Τοm〈σ Σηερωεν Υνιϖερσιτψ οφ Ψορκ, ΥΚ 2 

 

Αρτιχλε: 

Σαρωαρ, Γ., Γανττ, Β., Σχηωεδε, D., Φολεψ, Κ., Ματηυρ, Ρ., Σαιζ−Λοπεζ, Α.: Ιmπαχτ οφ ενηανχεδ οζονε δεποσιτιον 

ανδ ηαλογεν χηεmιστρψ ον τροποσπηεριχ οζονε οϖερ τηε Νορτηερν Ηεmισπηερε, Ενϖιρονmενταλ Σχιενχε & 

Τεχηνολογψ, 49 (15), 9203−9211, 2015. 

Γανττ, Β., Σαρωαρ, Γ., Ξινγ, ϑ., Σιmον, Η., Σχηωεδε, D., Ηυτζελλ, W. Τ., Ματηυρ, Ρ, Σαιζ−Λοπεζ, Α.: Τηε ιmπαχτ οφ 

ιοδιδε−mεδιατεδ οζονε δεποσιτιον ανδ ηαλογεν χηεmιστρψ ον συρφαχε οζονε χονχεντρατιονσ αχροσσ τηε χοντινενταλ 

Υνιτεδ Στατεσ, Ενϖιρονmενταλ Σχιενχε & Τεχηνολογψ, 51 (3), 1458−1466, 2017. 

Σαρωαρ, Γ., Γανττ, Β., Φολεψ, Κ., Φαηεψ, Κ., Σπερο, Τ.Λ., Κανγ, D., Ματηυρ, Ρ., Φορουταν, Η., Ξινγ, ϑ., Σηερωεν, Τ., 

Σαιζ−Λοπεζ, Α.: Ινφλυενχε οφ βροmινε ανδ ιοδινε χηεmιστρψ ον αννυαλ, σεασοναλ, διυρναλ, ανδ βαχκγρουνδ οζονε: 

ΧΜΑΘ σιmυλατιονσ οϖερ τηε Νορτηερν Ηεmισπηερε, Ατmοσπηεριχ Ενϖιρονmεντ, 213, 395−404, 2019. 

 

Τηανκσ, 

Γολαm Σαρωαρ 

Ρεσεαρχη Πηψσιχαλ Σχιεντιστ 

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ  

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ  

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

 

 

Φροm: Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:32 ΑΜ 

Το: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ> 

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Ηι Σαρωαρ: 

Ι αγρεε ωιτη τηε περχενταγε αγρεεmεντ ασ σηοων ιν τηε ταβλε ιν ψουρ εmαιλ. 

Τηανκσ, Ροηιτ 

 

Ροηιτ Ματηυρ, Πη.D. | Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ & Μοδελινγ | Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ | 

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ | (919) 541−1483 | mατηυρ.ροηιτ≅επα.γοϖ 

 

Φροm: Σαρωαρ, Γολαm <Σαρωαρ.Γολαm≅επα.γοϖ>  

Σεντ: Φριδαψ, Απριλ 17, 2020 10:21 ΑΜ 

Το: Γανττ, Βρεττ <Γανττ.Βρεττ≅επα.γοϖ>; Σχηωεδε, Dοννα <Σχηωεδε.Dοννα≅επα.γοϖ>; Φολεψ, Κριστεν 

<Φολεψ.Κριστεν≅επα.γοϖ>; Ματηυρ, Ροηιτ <Ματηυρ.Ροηιτ≅επα.γοϖ>; Σιmον, Ηεατηερ <Σιmον.Ηεατηερ≅επα.γοϖ>; 

Ηυτζελλ, Βιλλ <Ηυτζελλ.Βιλλ≅επα.γοϖ>; Φαηεψ, Κατηλεεν <Φαηεψ.Κατηλεεν≅επα.γοϖ>; Σπερο, Τανψα 

<Σπερο.Τανψα≅επα.γοϖ>; Κανγ, Dαιωεν <Κανγ.Dαιωεν≅επα.γοϖ> 

Συβϕεχτ: Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 

 

Dατε:                4/17/2020 



Συβϕεχτ:            Ρεχορδ οφ Περχεντ Αγρεεmεντ φορ τηε 2020 ΣΤΑΑ αωαρδ 
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-107

Research Category Primary: Other Environmental Research (OR)

Research Category Secondary:

Laboratory/Office Name: ORD/CEMM/GEMMD

Nomination Entered By: Matthew Harwell

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Susan George

Nominating Official Title: DIRECTOR, GULF ECOLOGY DIVISION

Nominating OfficialEmail: george.elizabeth@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

Mode of toxic action (MOA) has been recognized as a key determinant of chemical
toxicity and as an alternative to chemical class-based predictive toxicity modeling.
However, global development of quantitative structure activity relationship (QSAR)
and other predictive models has been limited by the availability of a comprehensive
high quality MOA database. Together, the three papers advance the development
and application of mode of action classification in aquatic toxicology by
incorporating state of the science mechanism-based toxic-action classification.
MOAtox supports EPA’s strategic goal to provide cleaner, safer and healthier
environments by providing a system of MOA classification that will facilitate
knowledge-based chemical screening and assessments based on mode of toxic
action.

 

The research was invited and presented at the “Establishment of the Eco-TTC

Approach for Environmental Risk Assessment of Chemicals: An International

held in Ottawa, ON, Canada on September 18 and 19, 2017.Workshop” 

Overall, these publications have been cited (Google Scholar)  and “viewed”88 times

375 times

Barron MG (70), Lilavois CR (20), Martin TM. 2015 (10). MOAtox: a
comprehensive mode of action and acute aquatic toxicity database for predictive
model development. Aquat Tox 16:102-107.

58 cites; 118 views

 

Carriger JF (45), Martin TM (20), Barron MG (35). 2016.

A Bayesian network model for predicting aquatic toxicity mode of action using two
dimensional theoretical molecular descriptors. Aquat Tox 180:11-24.

11 cites, 66 views
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Martin TM (45), Young DM (10), Lilavois CR (10), Barron MG (35). 2015. 
Comparison of global and mode of action-based models for aquatic toxicity. SAR

QSAR Environ Res 26:245-262.

19 cites, 191 views

Justification 2A:

The three publications are linked by the development and application of the
MOAtox database of mode of action (MOA) classifications. Barron et al. (2015)
developed the MOAtox database and MOA classification system. Martin et al.
(2015) used the MOAtox classification system of Barron et al. (2015) to build and
validate models to predict MOA in aquatic organisms using molecular descriptors
of chemical structure. Carriger et al. (2016) then used MOAtox and the molecular
descriptor models of Martin et al. to develop and apply a Bayesian network that was
able to select the most important descriptors and classify MOA was 80% accuracy. 

Justification 2B:

Mace Barron:

2017-2018 Scientific and Technological Achievement Award (STAA) – Level 3
Award:

Awkerman, J.A., S. Raimondo, C. R. Jackson, and M. G. Barron. 2014.
Augmenting species sensitivity distributions with interspecies toxicity estimation
models. Environmental Toxicology and Chemistry. 33: 688-695

Willming, M. M., C. R. Lilavois, M.G. Barron, and S. Raimondo. 2016. Acute
toxicity prediction to threatened and endangered species using Interspecies
Correlation Estimation (ICE) models. Environ Sci Technol. 50: 10700-10707

2017-18 Scientific and Technological Achievement Award (STAA) – Level 3: 
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Awkerman, J.A., B. Hemmer, A. Almario, C.R. Jackson, M.G. Barron, S.
Raimondo. 2016. Spatially explicit risk assessment of estuarine fish after Deepwater
Horizon Oil spill: trade-off in complexity and parsimony. Ecological Applications.
26:1708-1720.

Raimondo, S., C.R. Jackson, J. Krzykwa, B.L. Hemmer, M.G. Barron. 2014.
Developmental toxicity of Louisiana crude oiled-spiked sediment to zebrafish.
Ecotoxicology and Environmental Safety. 108: 265-272.

Raimondo, S., B.L. Hemmer, C.R. Jackson, J. Krzykwa, A. Almario, J.A.
Awkerman, M.G. Barron. 2016. Effects of Louisiana crude oil on the sheepshead
minnow (Cyrpinodon variegatus) during a life-cycle exposure to laboratory oiled
sediment. Environmental Toxicology. 31: 1627-1639.

2015-2016 Scientific and Technological Achievement Award (STAA) - Honorable
Mention, Assessing Impacts of Oil and Oil Products on Marine and Estuarine
Ecosystems. Barron, M., M. Hemmer, and C. Jackson. Development of aquatic
toxicity benchmarks for oil products using species sensitivity
distributions.  Integrated Environmental Assessment and Management. Allen Press,
Inc., Lawrence, KS, USA, 9(4): 610-615, (2013).

John Carriger: No 2016-2020 STAA awards

Crystal Lilavois:

2015-2016 Scientific and Technological Achievement Award (STAA) - Honorable
Mention, Assessing Impacts of Oil and Oil Products on Marine and Estuarine
Ecosystems. Barron, M., M. Hemmer, and C. Jackson. Development of aquatic
toxicity benchmarks for oil products using species sensitivity
distributions.  Integrated Environmental Assessment and Management. Allen Press,
Inc., Lawrence, KS, USA, 9(4): 610-615, (2013).
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2017-2018  Scientific and Technological Achievement Award (STAA) – Level 3
Award:

Awkerman, J.A., S. Raimondo, C. R. Jackson, and M. G. Barron. 2014.
Augmenting species sensitivity distributions with interspecies toxicity estimation
models. Environmental Toxicology and Chemistry. 33: 688-695

Willming, M. M., C. R. Lilavois, M.G. Barron, and S. Raimondo. 2016. Acute
toxicity prediction to threatened and endangered species using Interspecies
Correlation Estimation (ICE) models. Environ Sci Technol. 50: 10700-10707

2017-18 Scientific and Technological Achievement Award (STAA) – Level 3:  

Awkerman, J.A., B. Hemmer, A. Almario, C.R. Jackson, M.G. Barron, S.
Raimondo. 2016. Spatially explicit risk assessment of estuarine fish after Deepwater
Horizon Oil spill: trade-off in complexity and parsimony. Ecological Applications.
26:1708-1720.

Raimondo, S., C.R. Jackson, J. Krzykwa, B.L. Hemmer, M.G. Barron. 2014.
Developmental toxicity of Louisiana crude oiled-spiked sediment to zebrafish.
Ecotoxicology and Environmental Safety. 108: 265-272.

Raimondo, S., B.L. Hemmer, C.R. Jackson, J. Krzykwa, A. Almario, J.A.
Awkerman, M.G. Barron. 2016. Effects of Louisiana crude oil on the sheepshead
minnow (Cyrpinodon variegatus) during a life-cycle exposure to laboratory oiled
sediment. Environmental Toxicology. 31: 1627-1639.

Todd Martin: No 2016-2020 STAA awards

Doug Young: No 2016-2020 STAA awards
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Justification 2C:

This is the first STAA submission for MOAtox related publications. There is no
overlap with previous STAA awards or submissions.

Justification 2D:

There is no overlap of SI with any previous STAA awards or submissions.

Justification 2E:

There are no concurrent nominations relating to this STAA award submission.

Justification 3A:

The MOAtox database and classification system has been incorporated into the
international computational tool EnviroTox (https://envirotoxdatabase.org/) as one a
mode of action assignment scheme. The MOAtox system is also the basis of aquatic
toxicity mode of action classification in EPA’s T.E.S.T structure activity modeling
tool (www.epa.gov/chemical-research/toxicity-estimation-software-tool-test).
Additionally, the paper has been utilized and cited by authors in over 20 countries.

Justification 3B:

Each of the three articles had the following external peer review: (1) each article
was reviewed by one reviewer outside of EPA as part of the initial EPA clearance;
and (2) each article was then reviewed by two anonymous peer reviewers as part of
each journal’s publication requirement. 

AUTHORS

Contributing Author

Author Name: Todd Martin
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a  b  s  t  r a  c t

The mode of toxic action (MOA) has been recognized as a key determinant of chemical toxicity and

as  an  alternative to chemical class-based predictive toxicity modeling. However, the development of

quantitative structure activity relationship (QSAR) and other models has been limited by the avail-

ability of comprehensive high quality MOA and toxicity databases. The current study developed a

dataset of MOA assignments for 1213 chemicals that included a  diversity of metals, pesticides, and

other organic compounds that encompassed six broad and 31 specific MOAs. MOA assignments were

made using a combination of high confidence approaches that included international consensus clas-

sifications, QSAR predictions, and weight of evidence professional judgment based on an  assessment

of structure and literature information. A  toxicity database of 674 acute values linked to chemical

MOA was  developed for fish and invertebrates. Additionally, species-specific measured or high con-

fidence estimated acute values were developed for the four aquatic species with the most reported

toxicity values: rainbow trout (Oncorhynchus mykiss), fathead minnow (Pimephales promelas),  bluegill

(Lepomis macrochirus),  and the cladoceran (Daphnia magna).  Measured acute toxicity values met strict

standardization and quality assurance requirements. Toxicity values for chemicals with missing species-

specific data were estimated using established interspecies correlation models and procedures (Web-ICE;

http://epa.gov/ceampubl/fchain/webice/), with the highest confidence values selected. The resulting

dataset of MOA assignments and paired toxicity values are provided in spreadsheet format as  a  com-

prehensive standardized dataset available for predictive aquatic toxicology model development.

Published by Elsevier B.V.

1. Introduction

In aquatic toxicology, mode of action (MOA) has been defined

phenomenologically based on whole organism responses, iden-

tified from effects at the cellular or organ level, or based on

the primary mechanism of toxicity initiated at the receptor level

(Barron et al., 2002; Suter, 2007). MOA has been recognized as

a key determinant of chemical toxicity and as an alternative to

chemical class-based predictive toxicity modeling. Early work on

determining chemical mode of action in aquatic organisms focused

on industrial compounds that were largely of moderate polarity,

low toxicity and acted through narcosis, a  non-specific reversible

baseline mode of whole organism toxicity (Konemann, 1981;

Call et al., 1985).  Based on a suite of behavioral/morphological

∗ Corresponding author at: U.S. Environmental Protection Agency, Office of

Research and Development, Gulf Ecology Division, 1 Sabine Island Drive, Gulf Breeze,

FL  32561, USA. Tel.: +1 850 934 9223; fax: +1 850 934 2402.

E-mail address: Barron.mace@epa.gov (M.G. Barron).

responses in rainbow trout (Onchorhynchus mykiss),  McKim et al.

(1987) established several modes of action including narcosis,

oxidative phosphorylation uncoupler, acetylcholinesterase (AChE)

inhibitor, or  stimulant-like. Verhaar et al. (1992) categorized chem-

icals into one of four MOA classes based on structural rules:

(1) inert compounds causing narcosis, (2) less inert more toxic

compounds causing polar narcosis, (3) reactive compounds with

enhanced toxicity, and (4) compounds with specific or  receptor

mediated toxicity. Russom et al. (1997) utilized an extensive fat-

head minnow (Pimephales promelas) acute toxicity and behavioral

database to extend MOA categorization to  three narcosis MOAs

and five specific MOAs (AChE inhibition, uncoupling, reactivity,

seizure mechanisms, and respiratory inhibition). Other approaches

to  MOA assignment and categorization have included assessments

of in vitro activity and cross species receptor homology for phar-

maceutical compounds (Escher et al., 2005; Christen et al., 2010).

In contrast to empirical and rule-based categorization

approaches, Martin et al. (2013) utilized two  dimensional descrip-

tor assignments and machine-based learning algorithms to

develop a  computational chemistry approach to MOA assignment

http://dx.doi.org/10.1016/j.aquatox.2015.02.001

0166-445X/Published by  Elsevier B.V.
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for six broad and seven specific MOAs. This computational

chemistry-based approach calculated up to 700 structural and

property descriptors for each chemical and developed prediction

models based on multi-linear regression models and decision tree

algorithms. As part of that work, a dataset of 924 acute aquatic

toxicity MOA assignments were developed using a  combination of

high confidence approaches that included international consensus

classifications, quantitative structure activity relationship (QSAR)

predictions, and weight of evidence professional judgment based

on  an assessment of structure and literature information.

The objective of the current study was to  develop a  com-

prehensive standardized dataset of aquatic toxicity values and

MOA  assignments. The current research expands the Martin et al.

(2013) dataset to  over 1200 chemicals including metals and

organometallics, increases the number of specific MOA categories,

and refines some of the pesticide neurotoxicity MOA categories to

be less general and more mechanism-based. The categorization

scheme was comprised of six broad and 31 specific MOA cate-

gories that encompassed the major acute toxicity MOAs reported

in aquatic invertebrates and fish. Chemicals in the MOA dataset

were then linked to a  dataset of high confidence acute aquatic

toxicity values developed for this study to create a database of

674 chemicals with species-specific acute toxicity values. The

MOA-aquatic toxicity database (MOAtox) development focused

on the four most commonly reported aquatic test species with

toxicity endpoint data in the ECOTOX database (USEPA, 2014):

rainbow trout, the cladoceran (Daphnia magna), fathead min-

now, and bluegill (Lepomis macrochirus). These species represented

22% of the 300,000 ECOTOX records with toxicity endpoint data

(Fairbrother et al., 2014). Additionally, generic fish and aquatic

invertebrate acute toxicity values were developed from the geo-

metric mean of all measured toxicity values that met  strict quality

assurance and standardization requirements. Toxicity values for

chemicals with missing species-specific data were estimated using

established interspecies correlation models and procedures (Web-

ICE; http://epa.gov/ceampubl/fchain/webice/), with the highest

confidence values selected (Raimondo et al., 2010, 2013). The devel-

opment of this comprehensive standardized dataset is intended to

facilitate the development of predictive aquatic toxicity and MOA

models. The larger MOA  dataset could support MOA-based assess-

ments of chemical mixtures, such as applying a toxic units approach

to chemicals with the same specific MOA.

2. Methods

2.1. MOA  category and dataset development

An aquatic toxicity MOA categorization scheme was  developed

for a diversity of metals, organometallics, pesticides, and other

organics that appear in the ECOTOX database (USEPA, 2014), based

on earlier work determining chemical modes of acute toxic action in

fish (Konemann 1981; Call et al., 1985; McKim et al., 1987; Russom

et al., 1997; USEPA, 2012; Martin et al., 2013). The categorization

scheme was comprised of six broad and 31 specific MOA categories

that encompassed the major MOAs reported in aquatic inverte-

brates and fish. Broad MOA categories included narcosis, AChE

inhibition, neurotoxicity, iono/osmoregulatory/circulatory impair-

ment, reactivity, and electron transport inhibition (Supplementary

information; Table S1). Specific MOAs were developed as subcat-

egories of the broad MOAs based on either chemical structure

or known mechanism of action. A  total of 1213 chemicals were

assigned to a broad and specific MOA category following the gen-

eral procedures of Martin et al. (2013).  This involved using a

combination of high confidence assignments including, interna-

tional consensus classifications (e.g., IRAC, 2014), QSAR predictions

(USEPA, 2012), and weight of evidence professional judgment by

considering a combination of assessment of structure (e.g., analo-

gous structure; moiety/functional group presence) and literature

information on MOA, mechanism of action and toxicity pathways

(e.g., Russom et al., 1997; Nendza and Müller 2000; Schüürmann

et al., 2003; Spycher et al., 2004). Chemicals with an uncertain MOA

assignment were excluded from the database.

2.2. Toxicity dataset development

Toxicity dataset development focused on determining acute

toxicity values for three fish species (rainbow trout, fathead min-

now, and bluegill) and Daphnia for chemicals in the MOA dataset.

These four taxa were selected, because they have been the most

commonly reported aquatic test species with acute toxicity end-

point data in the ECOTOX database (USEPA, 2014). First, measured

aquatic toxicity values were obtained from the US  EPA’s ICE Aquatic

Toxicity Database (Raimondo et al., 2013a). This database is com-

prised of 5500 acute EC/LC50 values for 180 species and 1260

chemicals that have been obtained from a  diversity of sources (pri-

marily ECOTOX) then subjected to  a  rigorous quality assurance

review and standardization procedure (Raimondo et al., 2010). Each

toxicity record included in the dataset met specific requirements

for: (1) test chemical identity and purity, (2) test procedures, condi-

tions, reporting, and quality control, and (3) test organism life stage.

Additionally, toxicity values for selected compounds were normal-

ized based on water quality parameters, and outliers and central

tendency were determined in cases of multiple reported values

as documented in Raimondo et al. (2013a). Mean fish and mean

aquatic invertebrate toxicity values were also computed from the

geometric mean of all standardized values available for each chem-

ical. Similarly, a  mean Daphnia genus value was  computed from all

standardized values for each chemical with available data.

Missing species-specific toxicity data were then

estimated using established interspecies correlation esti-

mation (ICE) models available in the USEPA Web-ICE tool

(http://epa.gov/ceampubl/fchain/webice/; Raimondo et al., 2010,

2013b). ICE models are log-linear least square regressions of chem-

ical sensitivity relationships between a  surrogate and predicted

taxon. Toxicity values in the Aquatic Toxicity Database for all

available surrogate species were used to estimate acute toxicity

for those chemicals with missing measured data for rainbow trout,

D. magna, fathead minnow, or bluegill. This procedure resulted in

multiple estimated values for many chemicals because ICE models

were available for multiple surrogate species.

2.3. Determination of best estimated value

A systematic process was  used to  determine a  best toxicity esti-

mate for any of the four species with multiple predicted values

based on model uncertainty and performance criteria. First, each

surrogate species ICE model was evaluated to  determine if it met

the following statistical criteria: mean square error of less than or

equal to 0.94, coefficient of determination greater than 0.6, and the

upper 95th percentile confidence limit was  within five fold of the

predicted toxicity value. If multiple models met  all three statistical

criteria, these models were evaluated to determine if they met the

following additional criteria: taxonomic distance between the sur-

rogate and predicted species was  less than or equal to four (same

Class), model cross validation success was  greater than 85%, and

degrees of freedom were greater than 8.  If multiple models met all

criteria, the best estimated value was computed from the geometric

mean of the model predicted values.
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2.4. Ranking and assessment of estimated values

Each estimated value in the MOAtox database received a  qual-

itative ranking based on the number of statistical criteria met

(Supplementary information; Table S2): level P1 (highest confi-

dence estimate; all three model criteria met), P2 (two met), P3

(one met), and P4 (lowest confidence; no statistical criteria met).

Estimated values were not included in the MOAtox database for

those chemicals with species-specific measured values. However,

toxicity values were also estimated and ranked for those chemicals

with measured values to  allow an assessment of accuracy. Accuracy

was determined from the proportion of species-specific estimated

values within two, five, and ten fold of measured values. Corre-

lations between species-specific estimated and measured values

were determined from simple log–log linear regressions.

3. Results

3.1. MOA  assignments

The MOA  dataset was comprised of 1213 chemicals assigned to

one of six broad acute toxicity MOA categories and one of 31 specific

MOA  subcategories (Tables 1,  S1, and S2 ). The predominant MOAs

and chemical classes in the database (>40 chemicals) were AChE

inhibition (carbamates and organophosphates), narcosis (non-

polar, polar, and ester compounds), neurotoxicity (pyrethroids and

alicyclics), and uncouplers of oxidative phosphorylation (e.g., poly-

chlorinated and nitrophenols and amines) (Tables 1 and S1).

Fig. 1. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in bluegill.

Fig. 2. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in fathead minnows.

3.2. Toxicity values

Of the 1213 chemicals in the MOA dataset, 614 had mea-

sured values in fish and 424 had measured values in invertebrates

determined as the geomeans of standardized acute toxicity data

(Table 2). There were 671 chemicals in the MOA dataset that had

either a  measured or estimated taxa-specific acute toxicity value for

Daphnia, bluegill, fathead minnow, or rainbow trout (Table 2). Esti-

mated values for the three fish species were primarily comprised

of level 1 (highest confidence; >85%) values, whereas, in D. magna

the majority of estimated values were level 3 (62%) (Table 2 and

Figs. 1–4). Over 60% of the estimated values in the three fish species

were within two  fold of standardized measured values, and 87%

were within five fold (Table 2 and Figs. 1–4). Prediction accuracy

was lower for D. magna, with only 61% of estimated values within

five fold of measured values (Table 2 and Fig. 4). In the three fish

species, estimated values were highly correlated with measured

values (R2 >  0.87; Figs. 1–4), whereas, there was  greater variance in

the relationship for D. magna (R2 =  0.69; Fig. 4).

4. Discussion

In  aquatic toxicology, MOA-based toxicity prediction has pri-

marily focused on organic chemicals acting through polar and non-

polar narcosis. Although compounds causing narcosis are struc-

turally diverse and represent the largest class of organic chemicals

produced globally, the narcosis MOA does not encompass more

toxic compounds, such as pesticides, metals, and other chemi-

cals acting through specific mechanisms and toxicity pathways.

The current study builds upon the earlier work of Konemann

(1981),  Russom et al. (1997),  Verhaar et al. (2000),  and others

to expand the chemical coverage and MOA  categories to include
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Table  1

Description of mode of action (MOA) categories used in the MOAtox database and number of chemicals within each MOA.a

Broad MOA  (n)b Specific MOA Chemical class Structural features Example chemicals #Chemicals in

Databasea

MOA MOAtox

AChE inhibition (285) Carbamate Carbamate insecticides Oxime and methyl

carbamate

Aldicarb, carbaryl,

methiocarb

74 19

Organophosphate Organophosphorus

insecticides

Organophosphates,

organothiophosphates

Chlorpyrifos, malathion,

terbufos

211 58

Iono/osmoregulatory/

circulatory impairment

(55)

Metallic

iono/osmoregulatory

impairment

Heavy metals, transition

metals

Divalent metals Copper, zinc 18 15

Other Inorganics Chemical specific Ammonia 6 4

Methemoglobinemia Chemical specific, nitrites Chemical specific Aminopropiophenone,

sodium nitrite

6 1

Anticoagulation Coumarin rodenticides Coumarin moiety Dicoumarol, bromadiolone 25 7

Narcosis (465)c Ester Mono or diesters, Diverse structures,

non-reactive

Bromoxynil butyrate,

methyl acetate, phenyl

salicylate

48 41

Non-polar Neutral organics Moderate polarity Benzene, ethanol,

metolachlor

347 283

Polar Polar organics Single nitro or <3 halogens 4-Nonylphenol, pyridine,

triclosan

61 55

Neurotoxicity (200) Alicyclic GABA antagonism Acyclic organochlorines Cyclodiene,

hexachlorocyclohexane

Aldrin, lindane 42 17

Diphenyl sodium channel

modulation

Diphenyl organochlorines Halogenated bridged

diphenyls

DDT, methoxychlor 11 7

GABA agonism Lactone insecticides Macrocyclic lactones Abamectin 16 2

Other Various Chemical specific Phenobarbital 8 3

Pyrazole GABA antagonism Pyrazole insecticides Phenyl pyrazoles, Fipronil, 6 1

Pyrethroid sodium channel

modulation

Pyrethroid insecticide Pyrethroid ether, oxime,

ester moieties

Cypermethrin, 102 24

Sodium channel blocking Oxidiazine insecticides Oxidiazine moiety Indoxacarb 3 1

Nicotinic acetylcholine

receptor agonism

Neonicotinoid insecticides Nicotine analogs Acetamiprid, dinotefuran 8 6

Strychnine Strychnines Strychnine moiety Strychnine 4 1

Reactivity (111) Acrylate Acrylates Acrylate moiety Acrylonitrile 8 7

Alkylation Various Reactive leaving group

(e.g.,  alkene)

2-Propenamide 38 30

Carbonyl Various Reactive carbonyl Formalin 13 11

Chromate Chromates Chromate moiety Sodium dichromate 3 0

Cyanate/nitrile Cyanates, nitriles Cyanate or nitrile moiety Allyl isothiocyanate 9 8

Di/trinitroaromatic Nitrobenzenes Poly nitrobenzene moiety 2,3,5-Trinitrobenzene 14 14

Hydrazine Hydrazines Hydrazine moiety Monomethylhydrazine 4 3

Other Various Chemical specific Quinoline 19 14

Phosphide Phosphides Phosphide moiety Calcium phosphide 3 0

Electron transport

inhibition (97)

Oxidative phosphorylation

inhibition

Inorganics, antimycins

trialkyltins

Chemical specific Cyanide,

antimycin a, tributyl tin

20 13

Uncoupling oxidative

phosphorylation

Nitro or halo-phenols,

pyridines, anilines

Chemical specific 2,4-Dinitrophenol,

pentachlorophenol

55 21

Arsenical respiratory

inhibition

Arsenicals Arsenites, arsenates Sodium arsenite 22 1

a See Supplemental Tables S1 and S2 for complete databases.
b Total number of chemicals within the broad MOA category.
c Includes 9 chemicals with a specific MOA of NA (not assigned).

metallic compounds, new MOAs (e.g., methemaglobinemia), and

subcategories of neurotoxicity and electron transport inhibition

consistent with the IRAC international insecticide classification

system (IRAC, 2014). The categorization scheme was comprised

of six broad and 31 specific MOA categories that encompassed

the major MOAs reported in aquatic invertebrates and fish. The

reactivity MOA included nine structure-based subcategories deter-

mined largely from Russom et al. (1997) and U.S. EPA QSAR models

Table 2

Number of chemicals with measured and predicted toxicity values for each taxa group within the MOAtox database (Table S2).

Taxa Measured toxicity values Species-specific estimated toxicity valuesa Total number

Level 1 Level 2 Level 3 Level 4

Bluegill 306 323 36  3  0  668

Fathead 298 314 6 48  1  667

Rainbow trout 336 294 2 35  0  667

Daphniab 328 54 12  263 12  669

Fish 614 NA NA NA NA 615

Invertebrates 424 NA NA NA NA 425

a Model uncertainty level of estimated taxa-specific values (1 highest confidence). NA: not applicable.
b Measured values include D. magna (319), D. pulex (15), D. galeata (2), and D. carinata (2). Estimated values are for D. magna.
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Fig. 3. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in rainbow trout.

that used a fragment-based MOA assignment approach (USEPA,

2012). The specific MOA  of alkylation encompassed a  structurally

diverse group of nucleophiles, electrophiles, and proelectrophiles

of varying potency. Additional research is needed to  refine the reac-

tivity MOA in general, and the alkylation specific MOA in particular

because of the diversity of structures and reactivity mechanisms.

An inherent uncertainty in the MOA assignments is whether

the same MOA is applicable to both fish and the large diversity

of aquatic invertebrates. Multiple studies of chemicals with a nar-

cosis MOA have shown similar critical body residues in several

aquatic taxa, suggesting similar intrinsic species sensitivity, and

mechanism of action (Barron et al., 2002). Species sensitivity dis-

tributions for AChE inhibitors show distinct differences in fish and

invertebrates, but these appear to relate to species-specific sensi-

tivity rather than differing MOA  (Awkerman et al., 2014; Russom

et al., 2014). MOAs may be similar across taxa, because the basic

biochemical systems and molecular targets affected may be gen-

erally conserved across many animal species (LaLone et al., 2013).

However, applicability of the MOA assignments to the large diver-

sity in aquatic species is a  significant uncertainty and an area of

future research. Compounds that had very specific acting insec-

ticidal mechanisms (e.g., insect growth or molt inhibitors) were

excluded from the database because of uncertain or unlikely appli-

cability to toxic action in fish.

In many applications, MOA-based model development can be

considered a better alternative to  chemical class-based profil-

ing and predictive toxicity modeling. Chemical MOA is a key

determinant of hazard, provides information on underlying toxi-

city pathways, and allows for grouping across multiple chemical

classes. However, the development of QSAR and other predictive

models have been generally limited by the availability of large
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Fig. 4. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in D. magna.

high quality MOA and toxicity databases. For example, previously

available toxicity datasets have been dominated by non-polar and

polar narcotics. The MOAtox database was developed as a com-

prehensive standardized dataset intended to facilitate predictive

aquatic toxicology model development for a diversity of chemi-

cal classes and MOAs. The taxa-specific component of the database

focused on the four most commonly reported aquatic test species

in order to maximize chemical and MOA diversity, and minimize

the number of estimated values. Additionally, generic toxicity val-

ues for fish and aquatic invertebrates were determined from only

measured values to  increase the chemical domain and applicabil-

ity of the MOAtox dataset for QSAR and other predictive model

development. However, only 24 additional chemicals were gained

from using all available fish compared to measured values in the

three focus fish species, illustrating the predominance of existing

test data for these species in aquatic toxicology. In contrast, the

taxa group of all aquatic invertebrates comprised an additional 96

chemicals relative to the Daphnia only category.

The toxicity data used in the current study were standardized to

limit extrinsic variation caused by differences in toxicity test con-

ditions and variability in reported values. This approach removed

a large amount of measured toxicity values. Additional research

would be needed to determine the optimum level of standardiza-

tion needed. In addition to predictive model development, the MOA

dataset presented here should also support MOA-based assess-

ments of chemical mixtures, such as applying a  toxic units approach

(additivity) to  chemicals with the same specific MOA. Future work

will include periodic expansion and refinement of the database and

MOA categories, as well as developing an internet accessible and

searchable platform.
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a  b  s  t  r a  c t

The mode of toxic action (MoA) has been recognized as  a key determinant of chemical toxicity, but devel-

opment of  predictive MoA classification models in aquatic toxicology has been limited. We  developed a

Bayesian network model to classify aquatic toxicity MoA using a recently published dataset containing

over one thousand chemicals with MoA assignments for aquatic animal toxicity. Two  dimensional the-

oretical chemical descriptors were generated for each chemical using the Toxicity Estimation Software

Tool. The model was  developed through augmented Markov blanket discovery from the dataset of 1098

chemicals with the MoA broad classifications as  a  target node. From  cross validation, the overall precision

for the  model was 80.2%. The best precision was for the AChEI MoA (93.5%) where 257 chemicals out of

275 were correctly classified. Model precision was  poorest for the reactivity MoA  (48.5%) where 48  out

of  99  reactive chemicals were correctly classified. Narcosis represented the largest class within the MoA

dataset and had a  precision and reliability of 80.0%, reflecting the global precision across all of the MoAs.

False negatives for narcosis most often fell into electron transport inhibition, neurotoxicity or reactivity

MoAs. False negatives for all other MoAs were most often narcosis. A  probabilistic sensitivity analysis was

undertaken for each MoA to examine the sensitivity to individual and multiple descriptor findings. The

results show  that the Markov blanket of a structurally complex dataset can simplify analysis and inter-

pretation by identifying a subset of the key chemical descriptors associated with broad aquatic toxicity

MoAs, and by providing a computational chemistry-based network classification model with reasonable

prediction accuracy.

Published by Elsevier B.V.

1. Introduction

The mode of toxic action (MoA) has been recognized as a  key

determinant of chemical toxicity but MoA classification in aquatic

toxicology has been generally limited to either narrow domains

of applicability, highly complex or simplistic assignment schemes,

or poor prediction accuracy (Russom et al., 1997; Nendza and

Muller 2007; Enoch et al., 2008; Barron et al., 2015). Generally

two approaches have been used to  develop structure-based mod-

els to predict aquatic toxicity MoA: identification of substructural

indicators based on the presence of specific molecular features

(e.g., Verhaar et al., 1992; Russom et al., 1997; Nendza and Muller

2007; Enoch et al., 2008), and use of neural networks, hierarchi-

cal clustering or other machine learning methods with theoretical

descriptors that describe a broad array of electronic, topological,

∗ Corresponding author.

E-mail address: barron.mace@epa.gov (M.G. Barron).

and other features of a  chemical (e.g., Yao et al., 2005; He and Jurs,

2005). Recently, Martin et al. (2013) used two  dimensional chem-

ical descriptors and machine based learning algorithms to  predict

aquatic toxicity MoA  using a  database of 924 chemicals. Linear

discriminant analysis (LDA) and random forest MoA  assignment

models had high internal concordance and specificity and pro-

duced overall MoA  prediction accuracies of 85–88% (Martin et al.,

2013). Barron et al. (2015) developed an integrated dataset of MoA

assignments for over 1200 chemicals that included a  diversity of

metals, pesticides and other organic compounds that encompassed

six broad and 31 specific MoAs for fish and aquatic invertebrates.

Martin et al. (2015) then utilized this expanded MoA  database to

predict global or specific aquatic toxicity MoA  with methods such as

LDA and multiple linear regression. Mode of action prediction accu-

racy was greatest for acetylcholinesterase inhibitors and lowest

for other neurotoxicants, the structurally diverse group of reac-

tive chemicals, and MoAs with low representation in the database

(Martin et al., 2015).

http://dx.doi.org/10.1016/j.aquatox.2016.09.006

0166-445X/Published by Elsevier B.V.
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Bayesian networks have seen increasing use in hazard and risk

assessment (Burden and Winkler, 2000; Billoir et al., 2008; Iorio

et al., 2009), but only limited application in aquatic toxicity and

MoA  prediction. A Bayesian network is a  graphical representa-

tion of a joint probability distribution. The structure of a Bayesian

network consists of individual nodes (i.e., random variables) con-

nected by arcs (arrows) reflecting a  dependence structure between

the variables. Bayesian networks are built in a directed manner

often reflecting causality between the variables though this is not

a requirement. The absence of an arc between nodes signifies that

the variables are conditionally independent. Algorithms are avail-

able for learning a  Bayesian network structure from data. These

algorithms can often be useful in high dimensional data where the

structure and conditional dependence are not readily apparent.

The automated learning process of a Bayesian network structure

can either be unsupervised or supervised. In contrast to a more

generalized representation of a joint probability distribution in

unsupervised learning of a  Bayesian network’s structure, super-

vised learning focuses on representing the relationship of predictor

nodes to a target variable. Bayesian networks have not been pre-

viously used to predict MoA, but have been applied in machine

learning applications for diverse fields from cancer prediction to

marketing and finance.

The objective of the current study was to elucidate the con-

nection between molecular descriptors and MoA, and develop a

Bayesian network prediction model for classifying chemicals by

aquatic toxicity MoA. The model was developed following the

steps of discretization, structure learning, network selection and

validation, and sensitivity analysis. The study utilized a  recently

published dataset containing over one thousand chemicals with

MoA assignments (Barron et al., 2015), and two dimensional chem-

ical descriptors generated for each chemical. Machine-learned

Bayesian networks were chosen for their capabilities in analyzing

uncertainties, and accounting for covariation among multiple vari-

ables (Barber, 2012). For the current study, we focus on learning

the Markov blanket of the data set with the MoA  broad classifica-

tions as a target node. The Markov blanket of a  target node consists

of the node’s parents, children, and the nodes that share children

with the target node (Korb and Nicholson, 2004). The target node

or  node in question, is screened from the rest of the nodes in the

network from its Markov blanket if the value of each of the nodes

in the blanket is known. Fig. 1 shows an illustration of the con-

cept. If the Ai predictor nodes in Fig. 1 are known for certain, then

no other node (i.e., the Bi nodes) will provide any additional infor-

mation on the target variable. Identifying the Markov blanket of

a complex dataset with numerous variables can simplify analyti-

cal and computational requirements by providing a subset of the

key predictors in a dataset that are highly informative for making

probabilistic inferences on a  target variable.

2. Methods

2.1. General approach

The approach to database and network model development is

described in detail in the subsections below. The database used in

developing and validating the Bayesian classification network was

comprised of a dataset of known MoA  assignments and a  dataset

of two dimensional theoretical chemical descriptors for over 1000

chemicals. Six preliminary models were initially constructed with

two different discretization levels and three Markov blanket algo-

rithms. An optimal structural coefficient was selected for each

model from trade-offs between internal precision and structural

complexity. A 10-fold cross validation was implemented for each

candidate model and a  final network was selected with the highest

empirical performance from overall precision. Sensitivity analyses

on the selected model examined the strengths of the relationships

between the variables, and the capabilities of maximizing MoA

probabilities using individual and multiple descriptors.

2.2. MoA  and descriptor database development

The MoA  dataset was based on the MOAtox database of

Barron et al. (2015) that encompassed the six broad acute

aquatic toxicity categories of acetylcholinesterase inhibition

(AChEI), narcosis, electron transport inhibition (ETI), ionoregu-

latory/osmoregulatory/circulatory impairment (IOCI), other neu-

rotoxicity, and reactivity. Those MoA  assignments had been

determined for aquatic invertebrates and fish toxicity from over

1200 chemicals using a combination of international consen-

sus classifications, QSAR predictions, and weight of evidence

professional judgment based on an assessment of structural fea-

tures and literature information (Barron et al., 2015). Up to 790

two dimensional theoretical molecular descriptors were then

calculated for each chemical following the method of Martin

et al. (2015) using the computational chemistry application TEST

(USEPA, 2016). The descriptor classes included E-state values

and E-state counts, constitutional descriptors, topological descrip-

tors, walk and path counts, connectivity, information content,

two-dimensional autocorrelation, Burden eigenvalue, molecular

properties, Kappa, hydrogen bond acceptor/donor counts, molecu-

lar distance edge and molecular fragment counts (USEPA, 2008; Zhu

et al., 2009; Martin et al., 2013, 2015). Definitions of key descrip-

tors are in Supplemental Table S1 and available for download from

the TEST internet site (USEPA, 2008). Chemicals were removed from

the database that included metals, other inorganic compounds, and

organic salts because of the inability to compute descriptors for

these ionic compounds leaving a  total of 1098 chemicals used in

the Bayesian network.

2.3. Bayesian network development

2.3.1. -Discretization

All Bayesian network analysis was  conducted with Bayesialab

5.4.3 (Bayesia S.A.S., 2015). Each chemical entry in the MoA  and

descriptor dataset was used except several descriptors only con-

taining zeroes were removed prior to analysis. Continuous variables

were discretized using the decision tree algorithm with the broad

MoA variable as the target node for choosing levels. The decision

tree algorithm maximizes the information content between a target

node (i.e., MoA) and predictor (i.e., a  descriptor) from the discretiza-

tion levels. In  case of failure of the decision tree discretization

algorithm to  identify intervals, we used density approximation, k-

means discretization, and normalized equal distance in that order

of priority for selecting a  discretization algorithm. Discretization

was run twice using both three and four discretization intervals

as initial specifications in the algorithms. The number of intervals

for the descriptors was  chosen as a  compromise between repre-

sentation of the distribution and data availability for estimating

probabilities (Conrady and Jouffe, 2015).

2.3.2. -Structure learning

After discretizing the continuous variables, three supervised

structure learning methods were applied. The first was a Markov

blanket (MB) analysis and the second was  an augmented Markov

blanket (AMB) analysis and the third was a  minimal augmented

Markov blanket (MAMB) analysis. The MB analysis searches for

the parents, children, and spouses of the target node. The AMB

first identifies the MB and then the relationships among the par-

ent, son, and spouse nodes (Fig. 1). The MAMB prunes the MB  by
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Fig. 1. Representation of a  Markov blanket in a Bayesian network. The orange (center) oval is a  target node or the variable of ultimate inferential interest in  the analysis. The

black ovals labelled Ai are variables that are used for predictions and are in the Markov blanket of the target node (i.e., either children, parents, or spouses of the target node).

The  green (bottom) ovals labelled Bi are variables in the problem domain but not in the Markov blanket. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

eliminating nodes from the blanket through an additional equiva-

lence class unsupervised learning step.

Bayesialab uses the minimum description length of candidate

networks in its score-based algorithms for comparing Bayesian

network structures (Conrady and Jouffe, 2015). The structural

coefficient (SC) modifies the complexity of the network through

weighting the structure encoding (in bits) of the Bayesian network.

In a Markov blanket analysis, the SC can influence the number of

descriptors selected in the blanket as well as their connectivity.

We adjusted the SC by finding the optimal value between com-

plexity and data representation/precision similar to  Harris et al.

(2016) and Conrady and Jouffe (2015).  The SC analysis generated

networks with each of the supervised learning algorithms (i.e.,

MB,  AMB, MAMB)  and discretization levels with SCs ranging from

0.5 to 6.0 at 0.1 intervals. Bayesian networks with lower ( < 0.5)

SC values were found to be difficult to computationally manage

because of higher model complexity. Plotting the SC values against

the structure:target precision ratio for each of the generated net-

works helped to  visually identify candidate SCs. The inflection of

the structure:target precision ratio plot was located to identify a

SC that optimally did not underfit or  overfit the model (Bayesia,

2010; Harris et al., 2016). The target precision was also examined

as a function of the SC before final selection where the height of the

curve was used to  prioritize the SC. In case of constant values for

the precision across the range of SCs, the structure/data ratio was

plotted against the SC to  further enhance descriptor representation

or prevent overfitting. A single SC value was identified for all candi-

date models except for the MAMB model with three discretization

levels where two different SCs were tested.

2.3.3. -Network selection and validation

Targeted cross validation (k fold) was used to estimate the per-

formance of the networks in out of sample predictions (Stone,

1974; Conrady and Jouffe, 2015). Prior to  cross-validation work,

a virtual data point was added to every conditional and uncon-

ditional probability table cell to prevent impossible assignments

in the cross-validation and to improve later inferential analysis.

The k-folds cross validation method splits the data set into k  equal

sized sets and uses k-1 sets for learning the model and one for

validation. This is repeated for k rounds and synthesized results

are reported (Conrady and Jouffe, 2011). The data were randomly

split into 10 sets for a 10 fold cross validation. The k-folds cross

validation method was  used to compare the precision of these can-

didate models and the final selected model was  built with the AMB

algorithm with three discretization levels and a SC of 1. Cross vali-

dation results are discussed for this model including reliability and

precision statistics from an occurrence matrix. The reliability statis-

tic related the number of predictions that should have been a  MoA

to  the occurrences that were predicted to be that or another MoA.

The precision statistic related the number of occurrences that were

predicted for a MoA to  the total occurrences that should have been

predicted as that or another MoA. Total precision sums the correct

predictions for each MoA  and relates this value to the total number

of predictions that were made. All precision and reliability statistics

were expressed as percentages.

For the AMB network with three discretization levels, a final

check on the connections identified among the descriptors was

made for overfitting based on the Kullback-Leibler divergence for

the arcs between descriptors (Bayesia, 2010). This check for lack

of dependence was done for each parent-child relationship in the

AMB network that was previously identified with the minimum

description length score-based algorithm. The validity of the con-

nections among the descriptors that was identified by the learning

algorithm was examined using a statistical independence test (GKL-

test; p-values greater than 0.05 provide evidence of independence)

(Bayesia, 2010). From the tests, the p-values or independence prob-

abilities, were used to check the significance of each identified

relationship between the descriptors or between the descriptors

and the target node (Thai et al., 2012; Harris et al., 2016).

2.3.4. -Sensitivity analysis

A comprehensive sensitivity analysis examined the relationship

among the descriptors in the selected network and helped hone in

on the influence of individual descriptors on MoA  prediction. The

sensitivity analysis was  conducted using higher, moderate or  lower

values of the descriptors with each MoA. For a  broad understanding

of the relationships between variables, the highest and lowest val-

ues of mutual information, Pearson’s correlation, Kullback-Leibler
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divergence, and node force between variables were examined glob-

ally on the network. Mutual information was used to examine

the probabilistic dependence between the nodes in the network.

Pearson’s correlation gave a measure of the linear strength of the

relationship between the variables. The Kullback-Leibler diver-

gence can be used as a  measure of the information gain from

assuming a joint relationship between two variables in a  network

compared to an assumption of independence. Node force sums the

Kullback Leibler divergence input to a  node and output by the node.

The nodes that have more direct relationships and greater depen-

dence with other nodes have the highest node force. Sensitivity of

each MoA  to each descriptor was examined in tornado plots that

displayed the influence of knowledge of the descriptor values on

the probability of each MoA  and provided information on the max-

imum strength of the individual relationships between each MoA

and descriptor. The tornado plots display the range between the

lowest and highest probability that can be achieved for each MoA

from hard evidence placed on the corresponding descriptor states.

A target dynamic profile analysis (TDP) (Bayesia, 2010) identi-

fied a pathway of states of the descriptors most likely to reduce

uncertainty on the MoAs. The TDP checked the sensitivity of each

MoA  to multiple descriptors by maximizing their probability as

the search criteria optimization specification. This analysis uses a

search that can take into account the joint probability of the evi-

dence to diminish the impact of low probability scenarios. Only

hard evidence was used to establish the TDP under the assumption

that there would be minimal uncertainty on the descriptors’ states

for a given chemical.

A target optimization tree (Bayesia, 2010) was also used to  iden-

tify additional pathways for reducing uncertainty on the MoAs from

knowledge of descriptors in the Markov blanket. This allowed a

fuller consideration of different evidence from multiple variables

(descriptors). The tree presented a  visualization of the hard evi-

dence set for predicting a  MoA  through an exhaustive search that

can also take into account the joint probability of the evidence to

diminish the impact of low probability states. We limited the target

optimization tree to three descriptors for depth of evidence and a

maximum of two alternate trees corresponding to  the breadth of

evidence and utilized hard evidence for its derivation. Both the TDP

and target optimization tree analyses were run twice, once using

the joint probability of the evidence to weight the search methods

and once not considering it but only considering the maximiza-

tion of the probability of the MoA. The probability changes from

initial marginal probability to final probability for the MoAs were

used to score the pathways in the target optimization trees. When

the joint probability of the evidence was considered in the tree

construction, the probability change to  the MoA  was  weighted by

the joint probability of the evidence to calculate the optimization

score.

Fig. 2. Structural components of the augmented Markov blanket model used for

classifying modes of toxic action using chemical descriptors. The target (predicted)

node (Broad)  contains the  broad mode of toxic action categories in its variable states.

Dashed arcs delineate relationships where Broad is a  parent node of a  descriptor.

Inferences made within the  model are omnidirectional so that observing a  descrip-

tor changes the probability of the other descriptors as well as the target node

depending on all other observations in the model and the conditional independence

relationships contained in the structure.

3.  Results

3.1. Network precision and reliability

The total precision for the selected AMB  model (Fig. 2)  with

three discretizations was  80.2% (Table 1). The best precision was

for the AChEI MoA (93.5%) where 257 chemicals out of 275 were

correctly classified. Model precision was  poorest for the reactiv-

ity MoA  (48.5%) where only 48 out of 99 reactive chemicals were

correctly classified. Narcosis represented the largest class within

the MoA  dataset and had a precision of 80.0%, reflecting the total

precision across all of the MoAs. False negatives for chemicals with

the narcosis MoA most often fell into the ETI, neurotoxicity or reac-

tivity MoAs. False negatives for all other MoAs were most often

narcosis.

Table 1

Global cross validation results for mode of toxic action (MoA) predicted from chemical descriptors (n = number of chemicals in  dataset). Data are: %  reliability (R%) and%

precision (P%). Row titles and numerical values in parentheses pertain to  predicted cases and column titles and numerical values are for actual cases.

MoA AChEIa

(275)

ETIb

(61)

IOCIc

(18)

Narcosis

(460)

Neurotoxicity

(185)

Reactivity

(99)

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

AChEI1 (276) 93  93 0 0 0 0  5.1 3.0 1.5 2.2 0.4 1.0

ETI2 (76) 0  0 55 69 0 0  33 5.4 0 0 12 9.1

IOCI3 (14) 0  0 0 0 86  67  7.1 0.2 7.1 0.5 0  0

Narcosis (471) 3.8 6.6 3.4 26 1.1 28  78 80 5.5 14 8.1 38

Neurotoxicity (184) 0  0 1.1 3.3 0.54 5.6 13 5.2 84 83 1.6 3.0

Reactivity (77) 0  0 1.3 1.6 0 0  36 6.1 0 0 62 48

a Acetylcholinesterase inhibition.
b Electron transport inhibition.
c Iono/osmoregulatory/circulatory impairment.
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3.2. Global model results

The structure of the selected AMB  model contained over a  dozen

connections between the descriptors in the Markov blanket of

the MoA  variable (Fig. 2). The p-values for each of the variable

relationships were all 0.0000% from the GKL-test indicating that

the evidence is not strong enough to  disprove the links identi-

fied by the AMB algorithm. The highest Kullback-Leibler divergence

was between the MAXDN and Broad MoA  nodes (0.5256) and the

lowest was between SdsCH acnt and SsssCH acnt (0.0523). The

highest mutual information was found between the broad MoA

and SRW10 nodes (0.4913). The lowest was between xc4 and

SdsCH acnt (0.0495). The highest positive Pearson’s correlation was

between Broad and SdsssP (0.6839). The lowest positive correla-

tion was between Broad and SdssNp (0.0055). The highest negative

Pearson’s correlation was between SdsssP and GATS1v (-0.6065)

and the lowest negative Pearson’s correlation was between Broad

and DELS (−0.0044). Aside from the node force of the Broad MoA

variable (5.2611), the highest node force was for MAXDN (1.2074).

The lowest was for StsC (0.0553). The highest outgoing force for a

descriptor was MAXDN (1.2074) followed by xc4 (0.3767). Thirteen

descriptors had zero values for outgoing force indicating that these

are leaf variables in the network. The lowest non-leaf descriptor

outgoing force was for SdsCH acnt (0.0523). The highest incom-

ing force for a  descriptor was for xc4 (0.5539) followed by DELS

(0.5405) and SRW10 (0.5069). The lowest incoming force was  for

StsC (0.0553). MAXDN had a zero for incoming force indicating that

it is a root variable with no parents.

3.3. Mode of toxic action sensitivity to individual descriptors

The sensitivity of each MoA  to  the individual descriptors is based

on changes to the probability of each broad MoA  from changes to

each descriptor individually while allowing the other descriptors to

co-vary with the state changes for a  descriptor of concern (Fig. 3).

The Supporting information contains separate tornado plots of the

sensitivity of each MoA  to each individual descriptor (Figs. S1–S6).

AChEI had the greatest sensitivity to  changes in SdsssP with

ranges from 0.081 to  0.95 probability depending on the state,

indicating the importance of a  phosphate group. GATS1 v was the

second most influential individual descriptor but J was also influen-

tial and is capable of raising the probability of AChEI to the second

highest level below SdsssP. ETI was most sensitive to  SdssNp, sug-

gesting that the number of nitro groups is critical in defining the

MoA. Based on the range of probabilities for ETI, Hmax was  the sec-

ond most influential descriptor and Qv also has the potential to raise

the probability of ETI to greater than 0.30. Weak positive relation-

ships were found between ETI and most of the descriptors. Electron

transport inhibitors were poorly represented in the database.

The number of data points available for IOCI was the lowest

in comparison with other MoAs. Iono/osmoregulatory/circulatory

impairment had Hmax as the most influential descriptor followed

by BELe3, SRW10, and Qv. None of the states of the individual

descriptors could raise the probability of IOCI above 0.20 on their

own. The low overall probabilities for IOCI in the tornado plot indi-

cates weak positive relationships with individual descriptors and

the IOCI MoA.

In contrast, narcosis was the best represented MoA  in the

database. The descriptor with the greatest influence on the narco-

sis MoA  was MAXDN with a  probability range of 0.12 to 0.76. DELS

and MATS3e could raise the probability of narcosis to greater values

than MAXDN but MAXDN can lower the probability more giving it

an overall greater range of potential probability changes than DELS

and MATS3e. Numerous descriptors could lower the narcosis MoA

to lower probabilities such as SRW10, which was  the second most

sensitive descriptor, xv2, xc4, SdsssP, SsCL, and SdssNP.

The neurotoxicity MoA  was most sensitive to  SsCl which has

the potential to raise the probability of neurotoxicity from 0.11 to

0.99 alone. Although individual findings at multiple descriptors can

lower the probability of neurotoxicity to less than 0.1, five descrip-

tor states can raise the probability of its occurrence to greater than

0.5 (SsCl, MDEC34, SRW10, SsssCH acnt, and BELe3).

The probability of reactivity was most sensitive to SdssNp.

The range of probabilities of reactivity from this one descriptor

extended from slightly lower than reactivity’s initial probability

(0.090) to  0.34. Several other descriptors could raise the initial

probability of reactivity from 0.090 to  a posterior probability of

greater than 0.20. Like IOCI, reactivity had relatively weak positive

relationships with the individual descriptors and several descrip-

tor states that could lower the posterior probability of reactivity to

close to  zero from individual findings at their states.

3.4. Mode of toxic action optimization by multiple descriptors

The results from the TDP analyses are displayed in the Sup-

porting information. Findings on multiple descriptors could lead

to  equal or greater than 0.99 probability of a  MoA  both when the

joint probability of the evidence was considered in developing the

pathway and when it was not. For the models that did not consider

the joint probability of the evidence when selecting descriptors,

fewer descriptors were necessary to reach the final probabilities of

a  MoA. The first nodes in the tornado plots that have the potential

to affect the greatest range of probabilities were always the first

nodes chosen in the TDP with the exception of ETI, IOCI, neuro-

toxicity, and reactivity when the joint probability was taken into

account, and narcosis without taking into account the joint proba-

bility of the evidence. These initial descriptors chosen for the TDP

were within the top six descriptors that individually created greater

range variation with the target state or MoA’s probability.

From the existing database alone, multiple descriptors are able

to  identify MoAs with high certainty even when constrained to

follow paths that reflect the available data. For AChEI, only two

descriptors were needed to  reach or exceed 0.99 probability when

considering the joint probability of the evidence and when not con-

sidering it. This was largely due to the influence of SdsssP which

was the first descriptor for each and which achieved a  greater

than 0.94 probability of AChEI from one of its states alone. After

SdsssP, different descriptors were identified in each of AChEI’s tar-

get dynamic profiles for achieving a probability of 0.99. For ETI, only

two descriptors were needed to reach or exceed a  0.99 probability

of its occurrence without the joint probability considered but six

descriptors were needed with the joint probability considered. For

IOCI, five descriptors were needed to reach or exceed 0.99 probabil-

ity without the joint probability considered and seven with the joint

probability considered. For narcosis, eleven were needed with the

joint probability considered and two  without the joint probability

considered. For neurotoxicity, an outcome on one descriptor was

the minimum needed without the joint probability considered and

three descriptor outcomes with the joint probability considered.

For reactivity, nine descriptors were needed with the joint probabil-

ity considered and four were needed without the joint probability

considered.

Several descriptors that were used in the TDP to reach or exceed

0.99 probability for a  single MoA were found to be unique to cer-

tain MoAs or were found multiple times across MoAs. For unique

descriptors prioritized to reach 0.99 probability, Lop was only found

in AChE joint, MAXDN was unique to narcosis joint, MATS3e and

SssO were unique to narcosis and MDEC34 and xv2 were only in

neurotoxicity joint. Hmax was in both ETI and ETI joint as well

as IOCI and IOCI joint. SdssNp was  in ETI, ETI joint, narcosis joint,

and reactivity. Qv was in ETI joint, IOCI, narcosis joint, and reac-

tivity joint. Bele3, GATS1v, Hy, J, SdsCH acnt, SdsssP, SRW10, SsCl,
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Fig. 3. Sensitivity of the chemical modes of toxic action to  each of the descriptors. Horizontal bars represent the range of probabilities for each mode of toxic action (i.e., the

conditional probability of the broad mode of toxic action (P(Broad| . . .)) (x-axis)) from findings at  the individual descriptors listed on the y-axis.

SsssCH acnt, and xc4 were found in at least three MoA’s TDPs and

used prior to or at the point of reaching 0.99. The rest of the descrip-

tors that were prioritized for optimally reaching 0.99 (i.e., DELS,

MDEC11, StsC) were found twice across the MoA’s TDPs.

To examine multiple pathways for identifying the MoAs,

target optimization trees were developed. Fig. 4 contains the tar-

get optimization tree for AChEI while taking into account the

joint probability of the evidence and Fig. 5 contains the target

optimization tree for AChEI without the joint probability of the evi-

dence taken into account in the development of the pathways. All

pathways in Figs. 4 and 5 led to a  probability of AChEI that is greater

than 0.98. The red highlighted box at the leaf of the tree contains

the final scenario with the highest overall score based on the joint

probability (if considered in the evidence determination) and the

change in probability from the initial probability of the MoA  dis-

played in the root of the tree. Both of the primary (first) pathways
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Fig. 4. Target optimization tree for acetylcholinesterase inhibition (AChEI) with the joint probability of the evidence taken into consideration. The rows on the leaves contain

the  score for the pathway built on the probability change from the prior probability of the mode of toxic action weighted by the final joint probability. The red highlighted

descriptor (Qv) is the terminal node of the pathway with the highest score. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web  version of this article.)

in the target optimization trees for AChEI duplicate the steps in the

corresponding TDPs. The two nodes in the TDP that optimally led to

a probability of AChEI that was greater than 0.99 probability were

SdsssP and J when the joint probability was not considered. In the

same target optimization tree, SdsssP only appeared in one path-

way as the initial variable and J  appeared in two pathways, as an

initial and secondarily selected variable. When the joint probability

was considered (Fig. 4), J was  no longer in the target optimization

tree but SdsssP was still selected early and raised the probability

of AChEI the most in the first branching. The highest scoring path-

way with the joint probability contained SdsssP, MAXDN, and Qv

leading to a  0.99 probability of AChEI. The highest scoring pathway
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Fig. 5. Target optimization tree for acetylcholinesterase inhibition (AChEI) without taking into account the joint probability of the evidence. The rows on the leaves contain

the  score for the pathway built on the probability change from prior probabilities before findings on descriptors are entered. The red highlighted descriptor (MATS2e) is the

terminal node state of the pathway with the highest score. (For interpretation of the references to colour in  this figure legend, the reader is referred to  the web version of

this article.)

without consideration of the joint probability contained SdsssP, J,

and MATS2e leading to a  probability of 0.998 (near certainty) of

AChEI.

Neurotoxicity had the second highest precision from cross

validation and its target optimization trees are displayed in

Figs. 6 and 7,  with and without the joint probability of the evi-

dence weighted in the pathways, respectively. Like AChEI, multiple

scenarios with at most three predictors can lead to  a  probability

equal to or greater than 0.99 for the neurotoxicity MoA. The lowest

final probability was 0.98 in a  few lineages with the joint probabil-

ity of the evidence considered. An outcome on only one descriptor

was necessary to reach a  0.99 probability of neutotoxicity (SsCl) in

the target optimization tree that did not consider the joint prob-

ability. For the target optimization tree that did consider the joint
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Fig. 6. Target optimization tree for neurotoxicity with the joint probability of the evidence taken into consideration. The rows on the leaves contain the score for the  pathway

built on the probability change weighted by the final joint probability. The red highlighted descriptor (J) is the terminal node state of the pathway with the highest score.

(For interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

probability, SsCl was not selected at all. When the joint probability

was considered, the 0.99 probability was still commonly reached

but required several additional descriptors. The highest scoring

pathway in the tree that considered the joint probability contained

MDEC34, xv2, and J  in the same order of priority. The highest scor-

ing pathway in the tree that did not consider the joint probability

contained SsCl, MDEC34, and SssO, duplicating the TDP. Both led to

a probability of neurotoxicity greater than 0.98.

As can be  seen, for AChEI and neurotoxicity several possible

descriptor groupings can lead to  a high probability of the MoA  being

true based on a few descriptors alone including the number of phos-

phate groups and chlorine atoms, respectively. Figs. 8 and 9 contain

the target optimization trees for narcosis. By contrast, some scenar-

ios contained final probabilities that were lower than AChEI and

neurotoxicity target optimization tree pathways, especially when

the joint probability of the evidence was considered in the tree



20 J.F. Carriger et al. /  Aquatic Toxicology 180 (2016) 11–24

Fig. 7. Target optimization tree for neurotoxicity without taking into account the joint probability of the evidence. The rows on the leaves contain the  score for the pathway

built on the probability change. The red highlighted descriptor (SsssO) is the terminal node state of the pathway with the highest score. (For interpretation of the references

to  colour in this figure legend, the reader is referred to the web version of this article.)

development. From the TDP analysis above, it was also observed

that narcosis took as many or more descriptors when compared

to the corresponding TDPs of neurotoxicity and AChEI to raise

the probability to  near certainty (0.99 or above). The final prob-

abilities range from 0.76 to 0.91 at the terminal evidence set for

scenarios with consideration of the joint probability. Additional

descriptors could raise these probabilities further but the trees

were constrained for examining the capabilities of only a hand-

ful of descriptors in predicting the MoAs. Without consideration

of the joint probability, probabilities of narcosis being true ranged

from 0.93 to near certainty. The highest scoring pathway with

the joint probability considered contained MAXDN, SdsCH acnt,

and Qv, duplicating the TDP. The highest scoring pathway with-

out consideration of the joint probability contained MATS3e, SssO,

and DELS, also duplicating the initial evidence set of the TDP.

Narcosis and neurotoxicity both contained SssO in their highest

scoring pathways without considering the joint probability. Nar-

cosis and AChEI both contained MAXDN and Qv in their highest
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Fig. 8. Target optimization tree for narcosis with the joint probability of the evidence taken into consideration. The rows on the leaves contain the score for the pathway

built  on the probability change weighted by the final joint probability. The red highlighted box (Qv) is the terminal node state of the pathway with the highest score. (For

interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

scoring pathways with the joint probability considered. Neurotox-

icity and AChEI both contained J  in highest scoring pathways. For

neurotoxicity, J was in the pathway that considered the joint prob-

ability and for AchEI it was in the pathway without consideration

of the joint probability. Additional target optimization trees for

the other modes of action are found in the Supporting informa-

tion.

4. Discussion

Compound classification methods offer the ability to associate

structural features and chemical properties with specific types

of biological activities and to screen for and predict biologically

active compounds (Bajorath, 2001). Molecular similarity is the

basis of these approaches, which typically requires the use of

chemical descriptors that capture a  broad range of molecular
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Fig. 9. Target optimization tree for narcosis without taking into account the joint probability of the evidence. The rows on the  leaves contain the score for the pathway built

on  the probability change. The red highlighted box (DELS) is the terminal node state of the pathway with the  highest score. (For interpretation of the references to colour in

this  figure legend, the reader is referred to  the web version of this article.)

characteristics and definition of the theoretical chemical space

of the model (Martin et al., 2002; Bajorath 2001). Hundreds

of molecular descriptors are available in the literature that can

be calculated using computational chemistry software such as

Dragon which provides more than 1600 theoretical descriptors

(e.g., Mauri et al., 2006). In the current study, a  diversity of two

dimensional chemical descriptors were calculated and assigned

using the computational chemistry application TEST (USEPA, 2008,

2016), including E-state values and E-state counts, constitutional

descriptors, topological descriptors, walk and path counts, con-

nectivity, information content, two-dimensional autocorrelation,

Burden eigenvalue, molecular property, Kappa, hydrogen bond

acceptor/donor counts, molecular distance edge and molecular

fragment counts (Martin et al., 2013, 2015). Previous studies have

demonstrated high performance of two dimensional descriptors

in both molecular similarity analysis and compound classification
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(Bajorath, 2001),  although they have seen only limited application

in aquatic toxicology (e.g., Papa et al., 2005; Martin et al., 2013,

2015).

Interpretation of computational chemistry descriptors is typi-

cally challenging because they are based on hundreds of calculated

attributes of a  molecule that may have positive or negative val-

ues. For example, the electrotopological state index represents the

electronic state of an atom as perturbed from electronic influence

of other atoms in the molecule (Hall and Kier, 1995). The index

reflects the contribution of a specific group of atoms (e.g., −CH3,

CH2-) and depends on the environment of that group of atoms

within a specific molecule (Hall and Kier, 1995). As  another exam-

ple, Qv is a whole molecule polarity index that decreases in value as

polarity increases (Votano et al., 2004). Of the over 700 descriptors

assigned by the TEST computational chemistry application, only 24

were used to establish a Markov blanket around the MoA variable

and 22 of these 24 were in a  pathway prior to reaching or at the

point of exceeding 0.99 probability of a  MoA  in the TDP analysis.

The Markov blanket analysis used in the current network provided

a method that reduced the inherent complexity of numerous chem-

ical descriptor assignments by determining the most important

predictors in terms of probabilistic dependence with the MoAs.

The Bayesian network had an overall prediction accuracy (model

precision) of 80%, which is similar to the 86% accuracy (correct

fraction) of the LDA model of Martin et al. (2015) using two dimen-

sional theoretical chemical descriptors and the same MoA dataset

of Barron et al. (2015).  AChEI MoA had the highest prediction accu-

racy in both the network (93.5%) and LDA (98%), and reactivity the

lowest (network: 48%; LDA: 33%). Prediction accuracy of chemicals

with an MoA of neurotoxicity was highest in the network model

(83%; LDA: 65%), whereas narcosis prediction accuracy was high-

est in LDA (98%) compared to  the network (80%) (Martin et al.,

2015). These results suggest that MoA  prediction accuracy may be

a  function of the intrinsic uncertainty in the theoretical descrip-

tors and MoA  classification, rather than fundamental differences

in the statistical modeling approach. As knowledge of MoA assign-

ments and theoretical relationships between descriptors and MoAs

advances, model performance and predictive capabilities should

likewise improve.

For machine learned Bayesian networks, the minimum descrip-

tion length scores are useful for establishing the relationships

among variables from the available data. With deterministic

models, rules can be  difficult to  establish and interpret and

complexity can overwhelm understanding of the model and the

processes being represented. However, the nonparametric quan-

titative methods used in the current approach require larger

amounts of data than might be found in some datasets. For the cur-

rent model, MoAs with low numbers of data generally had relatively

diminished predictive accuracy and data coverage for establish-

ing conditional probabilities. In contrast, Martin et al. (2013, 2015)

attributed poor predication accuracy of the reactivity MoA to a

large range in reactivity mechanisms and general structural diver-

sity. Within the current model, pathways constrained to  a  relatively

small number of descriptors still led to high probabilities for each

MoA despite varying data coverage.

Bayesian approaches can decompose complex multivariate

problems into graphical networks that can be visualized and that

support bidirectional inferences under various levels of uncer-

tainty. The probabilistic focus inherent in a  Bayesian network is also

conducive to improvements in structuring and quantification as the

knowledge and evidence improves over time. Coupling a  Bayesian

network with subjective interpretations of probability maintains

focus on missing information and the imprecision from insufficient

knowledge of true relationships. In the current study, the MOATox

database of Barron et al. (2015) was taken as the best compendium

of knowledge currently available regarding the acute aquatic

toxicity MoA for a diversity of chemicals. The ability to predict

unknown MoAs from existing data will become more precise as the

knowledge base of MoA  increases. Bayesian frameworks can pro-

vide useful pathways to improved predictive and diagnostic tools

for aquatic toxicology and other problems with high dimensional

data and multiple uncertain outcomes.
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The ability to estimate aquatic toxicity is a critical need for ecological risk assessment and

chemical regulation. The consensus in the literature is that mode of action (MOA) based

toxicity models yield the most toxicologically meaningful and, theoretically, the most accu-

rate results. In this study, a two-step prediction methodology was developed to estimate

acute aquatic toxicity from molecular structure. In the first step, one-against-the-rest linear

discriminant analysis (LDA) models were used to predict the MOA. The LDA models were

able to predict the MOA with 85.8–88.8% accuracy for broad and specific MOAs, respec-

tively. In the second step, a multiple linear regression (MLR) model corresponding to the

predicted MOA was used to predict the acute aquatic toxicity value. The MOA-based

approach was found to yield similar external prediction accuracy (r2 = 0.529–0.632) to a

single global MLR model (r2 = 0.551–0.562) fit to the entire training set. Overall, the glo-

bal hierarchical clustering approach yielded a higher combination of accuracy and predic-

tion coverage (r2 = 0.572, coverage = 99.3%) than the other approaches. Utilizing multiple

two-dimensional chemical descriptors in MLR models yielded comparable results to using

only the octanol–water partition coefficient (log Kow).

Keywords: mode of action; quantitative structure–activity relationship (QSAR); linear

discriminant analysis (LDA); multiple linear regression; aquatic toxicity; octanol–water

partition coefficient

1. Introduction

There are three general approaches for developing quantitative structure–activity relationship

(QSAR) models for diverse datasets that apply (1) global models using flexible machine

learning techniques, (2) local models based on sets of clearly defined congeners (class based

approach) and (3) local models based on a common mode of toxic action (MOA) [1]. Several

previous studies have indicated the most toxicologically meaningful results can be obtained

using a mode of action (MOA) based approach [2–6]. For example, Yuan et al. [7] reported

that MOA-based local models yielded superior results to a global model for predicted acute

toxicity to a standard fish test species, the fathead minnow (Pimephales promelas).

Global approaches to modelling aquatic toxicity include k nearest neighbours (kNN) [8,9]

or nearest neighbours [10], support vector machines (SVM) [11], multilinear regression

(MLR) [10,12–14], MLR using only structurally similar chemicals from the training set [15],
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group contribution methods [16,17], partial least squares [18,19], artificial neural networks

(ANNs) [12,20], associative neural networks (ASNN) [21] and hierarchical clustering (HC)

[10,22]. The advantage of global methods is that machine learning allows the development of

model(s), which do not require the determination of chemical class or MOA. This makes it

easier to develop models for diverse datasets. The disadvantage of global methods is that it is

possible to overfit a dataset with too many non-biologically relevant chemical descriptors.

Previous QSAR research in aquatic toxicology has largely been focused on developing

models for specific chemical classes (reviewed by Netzeva et al. [1]). Early QSAR studies

used a single chemical property of hydrophobicity, usually modelled as the log of the octa-

nol–water partition coefficient (log Kow) to estimate toxicity for large classes of industrial

chemicals of moderate polarity [23]. The Ecological Structure Activity Relationships (ECO-

SAR) program within the Estimation Program Interface (EPI) Suite [24] uses class-based

models to calculate aquatic toxicity based on log Kow for a variety of chemical groups includ-

ing pesticides, dyes and reactive compounds, as well as traditional solvent-like chemicals.

An advantage of class based models is that structurally similar chemicals should be toxi-

cologically similar. However, Russom et al. [25] illustrated that chemicals within the same

chemical class can act through different MOAs. For example, hydroquinones emerge as an

outlier from models for phenols [26], and chlorinated phenols exhibit polar narcosis and

uncoupling of oxidative phosphorylation depending on the number of chlorines [25]. Disad-

vantages of class-based methods include: the uncertainty in precisely defining a chemical

class; chemicals can possess functional groups for more than one chemical class; and some-

times insufficient data are available to develop a model for specific chemical classes.

Several researchers have developed MOA-based models to predict aquatic toxicity LC50

values [1,7,13,27]. Claeys et al. developed models for chronic aquatic toxicity for the nonpo-

lar narcosis and polar narcosis MOAs using the octanol–water partition coefficient [27]. Many

models are available, but the predictive power can be confounded by the need for ‘a priori’

selection of the appropriate MOA model [28]. Several researchers have developed methods to

assign chemicals to particular aquatic toxicity modes of action [28–38]. A variety of tech-

niques have been utilized including linear discriminant analysis (LDA) [28,29,37], binary

logistic regression [30], Adaboost [31], decision tree models [33], counter propagation neural

networks and multinomial logistic regression [39], and support vector machines [34,36].

In a previous paper [38], we developed a ‘one-against-the-rest’ LDA approach to predict

aquatic toxicity MOA. Separate discriminant models were developed for each results category

and the predicted category yielded the highest score from all the different models. In the cur-

rent study, fathead minnow acute toxicity is predicted using a two-step process. In the first

step, LDA models are used to predict MOA and then acute toxicity is predicted using the

multilinear regression model corresponding to each chemical’s predicted MOA. This approach

is similar to that utilized by ASTER (ASessment Tools for the Evaluation of Risk) to estimate

aquatic toxicity, except that ASTER utilizes a fragment-based MOA assignment approach and

log Kow based linear regression toxicity models [25,40]. Here we compare the MOA-based

model results with global methods including hierarchical clustering and a single MLR model

fit to the entire training set. Additionally we investigate whether MOA-based MLR models fit

to multiple two-dimensional (2D) descriptors yield better results than models fitted only to

log Kow.

In this study there are two datasets (one with 1015 chemicals, one with 793 chemicals).

The first is used to develop models to predict the toxicity MOA. The training set is ~80%

and the prediction set is ~20% of this dataset. The second dataset is used to develop models

to predict quantitative fathead minnow toxicity. A total of 372 chemicals in the second dataset
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have LC50 values as well as MOA values (thus they are also present in the first dataset).

These chemicals are used for the training set. The chemicals in the second dataset with

unknown MOA are used as the prediction set for predicting the LC50 value. The chemicals in

this set represent a true external set in that none of the chemicals are present in the training

set for the MOA or LC50 models.

2. Materials and methods

2.1 MOA dataset

A dataset of 1015 chemicals was developed for 11 MOAs based on their mode of acute toxic

action in fish (Table 1). This dataset represents a slight expansion of the database used in a

previous study to include additional specific MOAs [38]. Neurotoxicity categories were

expanded from two specific MOAs (organochlorine and pyrethroid) to seven [pyrethroid

sodium channel modulation, alicyclic γ-aminobutyric acid (GABA) antagonism, diphenyl

sodium channel modulation, GABA agonism, pyrazole GABA antagonism, sodium channel

Table 1. Summary of the mode of action (MOA) dataset used in developing MOA-based QSAR

models.

MOA MOA subcategory Characteristics Count

AChE inhibition Carbamate Carbamate moiety 69

Organo-phosphate Pphosphate or thiophosphate moiety 199

Narcosis Ester Diverse structures, mono or diesters 44

Nonpolar Diverse structures, not ionizable 299

Polar Phenols, anilines, pyridines; single

nitro or <4 halogens

59

Neurotoxicity Pyrethroid sodium

channel modulation

Pyrethroid analogs 65

Alicyclic GABA

antagonism

Aliphatic and cyclic 26

Diphenyl sodium channel

modulation

Diphenyl 11

GABA agonism Macrocyclic lactones 13

Other Diverse structures 6

Pyrazole GABA

antagonism

Pyrazole 6

Sodium channel blocking Urea with trifluoro group 2

Reactivity NA Electrophiles, proelectrophiles 91

Uncoupling Oxidative

Phosphorylation

NA >1 nitro or >3 halogenated phenols,

anilines, pyridines

48

Not AChE Inhibition Carbamate Carbamate moiety 40

Organophosphate Phosphate or thiophosphate moeity 9

Anticoagulation Vitamin K antagonism Coumarins 17

nAChR agonism NA Nicotine or neconicotinoids 8

nAChR antagonism NA Piperidine with alkyl chain 1

Methaeglobinaemia NA Benzene ring with amino and ketone

substituents

1

Oxidative phosphorylation

inhibition

NA Pyridine with urea and nitrobenzene 1

Total 1015

NA: not applicable.
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blocking, and other]. However, the number of chemicals with the broad neurotoxicity MOA

only increased from 124 to 129 chemicals. This refinement provided greater structural similar-

ity within each specific MOA as well as consistency with international pesticide MOA classi-

fication [41]. The number of chemicals with the acetylcholinesterase (AChE) inhibition broad

MOA was increased from 199 to 268.

The dataset was developed using a combination of high confidence assignments, including

biological responses in fish acute toxicity assays [25], international consensus classifications

such as the Insecticide Resistance Action Committee’s (IRAC) MOA classification tool [41],

ASTER [40] predictions, and weight of evidence professional judgment based on assessment

of structure and literature information (see Table S1 in the supplemental material which is

available via the multimedia link on the online article webpage). The molecular structures for

the chemicals in the overall dataset were obtained using the procedure detailed by Young and

colleagues [10].

One of 11 broad MOAs was assigned to each chemical: AChE inhibition; narcosis; neuro-

toxicity; reactivity; uncoupling oxidative phosphorylation; anticoagulation; nicotinic acetyl-

choline receptor (nACHR) agonism; nACHR antagonism; methemoglobinemia; and oxidative

phosphorylation inhibition (see Table 1). The first column in Table 1 indicates ‘broad’ MOAs,

while the first and second columns taken together indicate ‘specific’ MOAs. Models were

developed for both broad and specific MOAs. The MOA dataset were randomly subdivided

into training (~80% of chemicals, 802 chemicals) and validation set (~20%, 213 chemicals)

within each MOA and MOA subcategory (see Table S1 in the supplemental material which is

available via the multimedia link on the online article webpage). This 802 chemical training

set was used to build LDA models to predict MOA.

2.2 Fathead minnow LC50 data set

The fathead minnow LC50 endpoint represents the concentration in freshwater which kills half

of the test fish in 96 hours. The dataset for this endpoint was obtained from the ECOTOX

aquatic toxicity database (http://cfpub.epa.gov/ecotox/). Compounds were restricted to the fol-

lowing elements: C, H, O, N, F, Cl, Br, I, S, P, Si and As. In addition, compounds must rep-

resent a single pure component (salts, undefined isomeric mixtures, polymers or mixtures

were removed). For chemicals with multiple LC50 values in ECOTOX, the geometric median

value was used. Chemicals with known MOA (372 chemicals) were placed in the training set

and chemicals with unknown MOA (421 chemicals) were placed in the prediction set. This

was done so that chemicals in the prediction set will have an external prediction of the MOA

and then the toxicity value. The 372 chemical training set was used to build multiple models

(one for each MOA) to predict the quantitative LC50 value. The chemicals in the LC50

training set are also present in the 1015 MOA dataset.

2.3 Prediction methodology

Fathead minnow acute toxicity values were predicted using a two-step process. In the first

step, one-against-the-rest LDA models were used to predict each chemical’s broad or specific

MOA. In the second step, the LC50 value was predicted using the multilinear regression

model corresponding to the predicted MOA. Several MOAs had an insufficient number of

chemicals with an available LC50 values to include in QSAR toxicity estimation. These

included anticoagulation, nAChR agonism and antagonism, diphenyl sodium channel

modulation, and GABA agonism.
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The methodology for estimating MOA using LDA is described in a previous publication

[38] and is described briefly below. An LDA model is essentially a multilinear regression

model [30]:

Score ¼
Xn

i¼1

aixi þ a0 (1)

where ai is the fitted constant for parameter i, xi is the ith molecular descriptor, and a0 is the

model intercept. Chemicals with a given MOA are assigned a score of 1. Chemicals that do

not have the given MOA are assigned a score of 0. For example, when building a model for

the AChE inhibition-organophosphate MOA, famphur (O-(4-((dimethylamino)sulphonyl)phe-

nyl) O,O-dimethyl thiophosphate) would be assigned a score of 1 while ethanol would be

assigned a score of 0 (since it has the narcosis-nonpolar MOA).

Descriptors are selected (and regression constants fitted) using a genetic algorithm based

approach so the model can match the experimental values for the training set. A pool of 790

descriptors was obtained from the US Environmental Protection Agency (US EPA) chemical

descriptor and toxicity estimation tool, T.E.S.T. [40]. The descriptor classes included E-state

values and E-state counts, constitutional descriptors, topological descriptors, walk and path

counts, connectivity, information content, two-dimensional autocorrelation, Burden eigen-

value, molecular property (such as the octanol–water partition coefficient), Kappa, hydrogen

bond acceptor/donor counts, molecular distance edge and molecular fragment counts [40].

LDA models were built for each MOA that contained at least five chemicals, consistent

with a minimum recommended ratio of 5:1 [42]. However, using a minimum ratio of 67

chemicals per descriptor (about 11 descriptors per model) yielded the best results based on

re-substitution sensitivity, which was the fraction of positive chemicals correlated accurately

to the number of positive chemicals in the training set. The MOA for new chemicals was

determined by first calculating the score for all the LDA models, then selecting the predicted

MOA with the highest score. MOA assignments were only included where the maximum pre-

dicted score was ≥0.5.

The training set included several carbamate and organophosphate chemicals that were

structurally similar to AChE inhibitors, but were known not to have an AChE inhibition

MOA. These chemicals were assigned a score of zero when building LDA models for AChE

inhibition to facilitate the development of models that could distinguish between potent and

non-potent AChE inhibitors. Chemicals with a non-AChE inhibition MOA were not used

when building LDA models for other MOAs. These chemicals were added so that no all

carbamates and organophosphates would be predicted to be AChE inhibitors.

Before any QSAR model can be used to make a prediction for a test chemical, it must be

determined whether the test chemical falls within the domain of applicability (or AD) for the

model. The first constraint, the model ellipsoid constraint, checks if the test chemical is within

the multidimensional ellipsoid defined by the ranges of descriptor values for the chemicals in

the training set (for the descriptors appearing in the model). The model ellipsoid constraint is

satisfied if the leverage of the test compound (h00) is less than the maximum leverage value

for all the compounds used in the model [43]. The second constraint, the Rmax constraint,

checks if the distance from the test chemical to the centroid of the training set is less than the

maximum distance for any chemical in the training set to the its centroid. The fragment con-

straint [10] was not applied in this study since it was not found to improve prediction concor-

dance [38]. Finally, the maximum score from all the LDA models must exceed 0.5 as

mentioned above.
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LC50 values were predicted using a multilinear regression model for toxicity:

Tox ¼
X

bixi þ b0 (2)

where bi is the fitted constant for parameter i, xi is the ith molecular descriptor, and b0 is the

model intercept. The descriptors were selected using a genetic algorithm approach as outlined

previously [10]. The minimum ratio of chemicals to descriptors was set at 5:1 for QSAR

modelling. An LC50 model was developed for all the MOAs that had at least five chemicals

in the LC50 training set. The model ellipsoid and Rmax constraints described above were used

to define the applicability domain of the LC50 models. In addition to the 2D descriptors from

T.E.S.T. described above, single descriptor models were developed using log Kow. The log

Kow was taken from EPISUITE [24], denoted from here on as ELOGP. If an experimental

value is available, that value was used. If an experimental value was not available, the calcu-

lated value from EPISUITE was used.

3. Results and discussion

3.1 Results

3.1.1 Internal model statistics for LDA models

All the LDA models had high correlations in terms of concordance (fraction of chemicals pre-

dicted correctly) and specificity (fraction of negative chemicals predicted correctly) (see

Table 2). However, for several of the specific MOAs (narcosis-ester, narcosis-polar, neurotox-

icity-diphenyl sodium channel modulation, and reactivity), we were unable to achieve high

sensitivity (fraction of positive chemicals predicted correctly) values. Greatly increasing the

number of descriptors did not yield models with good sensitivity (i.e. ≥0.5). The reactivity

MOA contained a variety of structural classes and thus different reactive mechanisms, which

may explain why it was difficult to consistently identify the MOA of reactive compounds. In

future research, we may divide the reactivity MOA into several specific MOAs such as

acylation, isocyanate reactivity, nucleophilic substitution, alkylation/arylation and sulfhydryl

reactivity. The correlation for narcosis-polar may have achieved low sensitivity due to

ambiguity about the structural differences between chemicals in the narcosis-polar and narco-

sis-nonpolar categories. For example, it has been demonstrated that ortho substitutions on a

pyridine can shift the MOA from narcosis-polar (e.g. pyridine) to narcosis-nonpolar narcosis

(e.g. 2-ethylpyridine), presumably due to steric hindrance [25].

3.1.2 Results for MOA prediction set

The overall prediction accuracy for the different QSAR techniques was excellent, with con-

cordance of 88.8 and 85.8% for the specific and broad MOAs, respectively (Table 3). These

results were comparable with those obtained in our previous publication using a slightly dif-

ferent MOA dataset [38]. The specific MOAs achieved a higher accuracy, but at the sacrifice

of a lower prediction coverage (fraction of chemicals which can be predicted): 73.3% of

chemicals for specific MOAs compared with 94.5% for broad MOAs.

The prediction accuracies for each MOA were highly correlated with the training set sen-

sitivities. For example the AChE inhibition–carbamate chemicals were predicted with perfect

accuracy (the training set sensitivity was 100%), while the reactive chemicals were predicted

with 46.2% accuracy (the training set sensitivity was 47.2%). This similarity is not

unexpected since the overall dataset was divided into training and prediction sets randomly
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with equal distributions of each mode of action. Several of the specific MOAs had 0% accu-

racy (neurotoxicity-other, neurotoxicity-pyrazole GABA antagonism, neurotoxicity-sodium

channel blocking, and oxidative phosphorylation inhibition) due to the fact there was insuffi-

cient chemicals in the MOA training set to build an LDA model. Chemicals falling under

these MOAs were not used to calculate the overall accuracy (Table 3). About 60% of the

non-AChE inhibitors were still predicted to be AChE inhibitors, indicating the LDA models

still predominately predict chemicals with carbamate or organophosphate substructures to be

AChE inhibitors.

3.1.3 LDA model descriptors

The LDA models for each MOA are given in the supplemental material (Tables S2 and S3)

which is available via the multimedia link on the online article webpage. The most common

descriptors selected include molecular fragment counts [40], autocorrelation [44], E-state [45]

and constitutional [46]. The definitions for the descriptors appearing in the LDA models are

given in the T.E.S.T. user’s guide [40]. The molecular fragment count descriptors are given

by Martin et al. [10]. Some of the fragments were initially developed so they captured spe-

cific modes of action as detailed by Russom et al. [25].

Table 2. Modelling statistics for the training dataset used in developing MOA-based models using

LDA.

Broad MOA Concordance* Sensitivity† Specificity‡

AChE inhibition 0.970 0.995 0.961

Anticoagulation 0.999 0.923 1.000

nAChR agonism 0.997 0.833 0.999

Narcosis 0.890 0.938 0.855

Neurotoxicity 0.969 0.768 0.998

Reactivity 0.942 0.472 0.991

Uncoupler 0.982 0.658 0.999

Specific MOA
AChE inhibition-carbamate 0.986 1.000 0.985

AChE inhibition-organophosphate 0.991 0.994 0.991

Anticoagulation-vitamin K antagonism 0.999 0.923 1.000

nAChR agonism 0.997 0.833 0.999

Narcosis-ester 0.969 0.371 0.997

Narcosis-nonpolar 0.815 0.636 0.897

Narcosis-polar 0.961 0.383 0.999

Neurotoxicity-alicyclic GABA antagonism 0.995 0.800 1.000

Neurotoxicity-diphenyl sodium channel modulation 0.990 0.000 1.000

Neurotoxicity-GABA agonism 1.000 1.000 1.000

Neurotoxicity-pyrethroid sodium channel modulation 0.982 0.827 0.993

Reactivity 0.942 0.472 0.991

Uncoupling oxidative phosphorylation 0.982 0.658 0.999

*Concordance is the fraction of chemicals predicted correctly.

†Sensitivity is the fraction of positive chemicals predicted correctly.

‡Specificity is the fraction of negative chemicals predicted correctly.
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One benefit of LDA models is they are inherently interpretable. It was found the fragment

counts selected in the LDA models are similar to those in the scheme proposed by Verhaar

et al. [47] or the US EPA’s ASTER [40]. For example, the model for AChE inhibition–orga-

nophosphate included the count of oxygens attached to two phosphorus atoms and the count

of OH fragments attached to phosphorus.

3.1.4 Internal model statistics for LC50 models

In general, the LC50 MLR models based on 2D descriptors had acceptable statistics (r2 and

q2 > 0.5) (Table 4). q2 is the one leave-one-out cross-validated r2. AChE inhibition–carbamate

Table 3. Summary results for the MOA prediction set for specific and broad MOA categories.

Exp.
count

Correct
fraction

Predict
fraction

Training set
sensitivity

Specific MOA
AChE inhibition-carbamate 14 1.000 0.929 1.000

AChE inhibition-organophosphate 40 1.000 1.000 0.994

Anticoagulation-vitamin K antagonism 4 1.000 1.000 0.923

Narcosis-ester 9 0.333 0.333 0.371

Narcosis-nonpolar 60 0.919 0.617 0.636

Narcosis-polar 12 0.667 0.500 0.383

Neurotoxicity-alicyclic GABA antagonism 6 0.800 0.833 0.800

Neurotoxicity-diphenyl sodium channel

modulation

3 N/A 0.000 0.000

Neurotoxicity-GABA agonism 3 1.000 0.667 1.000

Neurotoxicity-pyrethroid sodium channel

modulation

13 1.000 0.846 0.827

Reactivity 19 0.462 0.684 0.472

Uncoupler 10 0.875 0.800 0.658

nAChR agonism 2 1.000 0.500 0.833

Neurotoxicity-other 2 0.000 1.000 N/A*

Neurotoxicity-pyrazole GABA

antagonism

2 0.000 0.500 N/A

Neurotoxicity-sodium channel blocking 1 0.000 1.000 N/A

Oxidative phosphorylation inhibition 1 0.000 1.000 N/A

Non-AChE inhibition-carbamate 8 0.500 0.500 N/A

Non-AChE inhibition-organophosphate 2 0.000 1.000 N/A

Overall** 195 0.888 0.733 N/A

Broad MOA
AChE inhibition 54 0.981 1.000 0.995

Anticoagulation 4 0.750 1.000 0.923

Narcosis 81 0.975 0.975 0.938

Neurotoxicity 30 0.654 0.867 0.768

Reactivity 19 0.333 0.789 0.472

Uncoupler 11 0.700 0.909 0.658

nAChR agonism 2 0.500 1.000 0.833

Non-AChE inhibition 10 0.4 1 N/A

Overall* 201 0.858 0.945 N/A

*LDA model is not available for this MOA.

**Omitting MOAs without an explicit LDA model.
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was the only MOA with poor internal statistics (q2 = −1.599 and r2 = 0.237). A likely expla-

nation for this is there were few chemicals that had both this MOA and an experimental tox-

icity value, allowing for only one descriptor to be utilized maintaining a minimum ratio of

five chemicals per descriptor. In all cases, the utilization of multiple 2D descriptors yielded

better internal statistics than using only ELOGP. This result is not surprising since using addi-

tional descriptors can allow a model to fit idiosyncrasies in a dataset. However, in several

cases (AChE inhibition–carbamate, neurotoxicity–alicyclic GABA antagonism and neurotox-

icity–pyrethroid sodium channel modulation), a single two dimensional T.E.S.T. descriptor

was able to correlate the training set data better than ELOGP. For these MOAs, IC (informa-

tion content), XLOGP2 (square of the XLOGP octanol–water partition coefficient) and IE-

ADJMM (mean information content on the edge adjacency magnitude) were selected,

respectively. Two out of the three MOAs are described by information content descriptors

(which are a measure of molecular symmetry). Neurotoxicity–alicyclic GABA antagonism is

still a function of the octanol–water partition coefficient.

3.1.5 Results for LC50 prediction set

Analysis of the external LC50 prediction set results showed MOA-based models had similar

or lower prediction accuracy compared with global models (Table 5). The specific MOA

LDA models were able to achieve a higher prediction accuracy (in terms of r2) than the broad

MOA LDA models, but at the sacrifice of a lower prediction coverage. The global hierarchi-

cal clustering method (runs #5 and 6) yielded superior results to the MOA-based methods

(runs #1–4) based on both prediction accuracy and coverage (Table 5). The hierarchical

Table 4. LC50 Statistics for the fathead minnow acute toxicity training set.

2D descriptors* Only ELOGP

Number of
descriptors q2 r2 MAE q2 r2 MAE

Broad MOA
AChE inhibition 7 0.780 0.853 0.263 0.417 0.476 0.573

Narcosis 32 0.917 0.946 0.249 0.845 0.849 0.411

Neurotoxicity 4 0.829 0.902 0.380 0.642 0.701 0.668

Reactivity 8 0.636 0.713 0.460 0.350 0.391 0.737

Uncoupler 4 0.891 0.930 0.178 0.687 0.742 0.387

Specific MOA
AChE inhibition–carbamate 1 −1.599 0.237 0.338 −0.920 0.002 0.390

AChE inhibition–organophosphate 5 0.662 0.767 0.363 0.439 0.515 0.559

Narcosis–ester 3 0.897 0.941 0.172 0.816 0.868 0.288

Narcosis–nonpolar 30 0.971 0.982 0.150 0.872 0.877 0.372

Narcosis–polar 9 0.914 0.944 0.221 0.874 0.889 0.299

Neurotoxicity–alicyclic GABA

antagonism

1 0.635 0.717 0.566 −0.768 0.157 1.091

Neurotoxicity–pyrethroid sodium

channel modulation

1 0.930 0.955 0.122 −3.720 0.360 0.482

Reactivity 8 0.636 0.713 0.460 0.350 0.391 0.737

Uncoupler 4 0.891 0.930 0.178 0.687 0.742 0.387

*q2 is the leave one out correlation coefficient, r2 is the coefficient of determination, and MAE is the

mean absolute error.
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clustering method yielded 99.3% coverage, which can be explained by the fact that it makes

predictions using several different models. If one compares the hierarchical clustering method

(run #5) with the broad LDA method (run #1) for the predictions in common, the results do

not change (r2 = 0.579 for run#5 vs. r2 = 0.528 for run #1). A single global MLR model

achieved slightly higher prediction accuracy and coverage than the MOA-based approach

(comparing runs #1 and #7). If one compares the predictions in common, the prediction accu-

racy is identical (r2 = 0.528).

Analysis of the external LC50 prediction set results showed that QSAR models based on

multiple 2D descriptors had similar results to those based solely on ELOGP (Table 5). The

predictions in common for these runs are compared in Table 6.

For specific MOAs, the overall mean absolute error (MAE) was lower using 2D descrip-

tors in the LC50 models. For broad MOAs, the overall error is lower using only ELOGP in

Table 5. Summary statistics for the acute toxicity prediction set.

# MOA type Method Descriptor set r2 Coverage

1 broad LDA all 2D 0.529 84.8

2 specific LDA all 2D 0.632 49.3

3 broad LDA ELOGP 0.579 87.3

4 specific LDA ELOGP 0.630 57.3

5 global hierarchical clustering all 2D 0.572 99.3

6 global hierarchical clustering ALOGP 0.568 90.2

7 global Single model all 2D 0.551 91.4

8 global Single model ALOGP 0.562 90.2

Table 6. Comparison of LC50 predictions using 2D descriptors and only ELOGP for the LC50 models

(run #1 vs. #3 and run #2 vs. #4 in Table 5).

Count MAE 2D* MAE ELOGP*

Specific MOA
Narcosis-nonpolar 135 0.537 0.567

Narcosis-polar 17 0.47 0.456

Narcosis-ester 7 0.575 0.634

AChE inhibition-organophosphate 5 1.46 1.248

Reactivity 42 0.65 0.634

Uncoupling oxidative phosphorylation 7 0.833 1.05

All MOAs 213 0.587 0.605

All but narcosis 54 0.749 0.745

Broad MOA
Narcosis 326 0.623 0.589

AChE inhibition 9 1.583 1.232

Neurotoxicity 1 1.76 0.436

Reactivity 21 0.66 0.74

Uncoupler 7 0.833 1.05

All MOAs 364 0.656 0.622

All but narcosis 38 0.939 0.906

*MAE 2D and MAE ELOGP are the mean absolute errors for models based on multiple 2d descriptors

and solely on ELOGP, respectively.
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the LC50 models. One would expect the prediction accuracy using 2D descriptors would be

higher for chemicals which did not have the narcosis MOA because the toxicity of chemicals

with more specific MOAs are not only controlled by partitioning. However, the results indi-

cate there was no advantage in using descriptors in addition to ELOGP in the MLR LC50

models (see ‘All but narcosis’ rows in Table 6). One explanation may be the intercept of the

models may be more important in predicting the LC50 for some MOAs. For example, for the

AChE inhibition–carbamate specific MOA, the LC50 model using 2D descriptors was

Tox ¼ �0:09 � icþ 4:95

where ic = information content descriptor.

The model using ELOGP was

Tox ¼ �0:02�ELOGP þ 4:77

It is interesting to note that if one only uses only ALOGP (Ghose–Crippen octanol–water

coefficient [48] as calculated by T.E.S.T. [40]) for the hierarchical calculations, the prediction

accuracy is similar (r2 = 0.568), but the prediction coverage is lower (coverage = 90.2%).

Using a single MLR model with 2D descriptors (run #7) yielded slightly worse results

(r2 = 0.551, coverage = 91.4%) than the hierarchical clustering method. Using a single MLR

model with just ALOGP yielded similar results to those for the MLR with 2D descriptors

(r2 was slightly higher, but the coverage was slightly lower). This indicates the additional

descriptors do not improve the external prediction accuracy for the global model.

3.1.6 LC50 model descriptors

The LC50 models for each MOA are given in the supplemental material (Tables S4 and S5)

which is available via the multimedia link on the online article webpage. The most common

2D descriptors selected include autocorrelation, molecular fragment and E-state descriptors. It

is interesting to note that 10 out of the 14 LC50 models using T.E.S.T. descriptors (see

Table S4 and S5 in the supplementary material which is available via the multimedia link on

the online article webpage) contained some form of log Kow descriptor (ALOGP, ALOGP2,

XLOGP and XLOGP2). The specific MOAs, which did not contain a log Kow descriptor,

were AChE inhibition–carbamate, narcosis–ester and neurotoxicity–pyrethroid sodium channel

modulation.

3.2 Discussion

3.2.1 Analysis of poorly predicted chemicals using MOA-based QSAR models

One of the disadvantages of MOA-based methods is that an incorrectly predicted MOA can

lead to a large error in the estimated toxicity value. Table 7 lists predictions for the broad

LDA method (run #1 in Table 5) for poorly predicted chemicals (MAE ≥ 2 log units) that

have a second highest LDA score ≥0.25. MOA1 and MOA2 are the predicted MOAs,

which have the first and second highest score from the LDA models, respectively. Pred1

and Pred2 are the toxicity scores using the LC50 model for MOA1 and MOA2, respec-

tively. Of the chemicals in Table 7, 9/10 were underpredicted which makes sense in that

most of them were predicted to have the narcosis MOA. For chemicals where the second

highest LDA score indicates the reactivity MOA, the predicted toxicities are much more

accurately predicted using the reactivity LC50 model (MAE is reduced from 2.3 log units
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Table 7. Poorly predicted chemicals with large second highest LDA scores (≥0.25).

Chemical MOA1 MOA2 Exp. Pred1 Pred2

Chloroacetonitrile 

Narcosis Reactivity 4.75 1.54 3.65

Ethylene oxide 

Narcosis Reactivity 2.72 0.55 3.51

Trifluoroethanol  

Narcosis Reactivity 2.93 0.89 3.67

Acetaldehyde oxime 

Narcosis Reactivity 2.89 0.88 4.07

1,5-Dichloro-2,4-dinitrobenzene 

Uncoupler Reactivity 6.78 4.78 5.51

Salicylanilide 

Narcosis Uncoupler 7.43 4.36 4.65

 Benzoylacetone 

Narcosis Anticoagulant 5.17 3.08 N/A

Pyridaben 

Narcosis Neurotoxicity 8.20 5.81 7.65

(Continued)
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to 1.0). All of these compounds are reactive according to the expert scheme outlined by

Russom et al. [25]; (chloroacetonitrile is a halogenated nitrile, ethylene oxide is an epoxide,

trifluoroethanol is a halogenated alcohol, acetaldehyde oxime is an oxime and 1,5-dichloro-

2,4-dinitrobenzene has two nitro groups on one ring without an aniline or phenol substruc-

ture. The LDA methodology did not select reactivity for these compounds, but it suggests

that one should examine the structure by hand when the second highest score is somewhat

large (i.e. ≥0.25).

A prediction could not be made for benzoylacetone using MOA2 (since there is no LC50

model for the anticoagulant MOA) or for (+)alpha-pinene (since the applicability domain for

neurotoxicity could not be met). In these cases, making no prediction is better than a poor

prediction using MOA1. In the case of triphenylphosphine oxide, predictions are even worse

for the second MOA. Visual inspection of this compound would indicate that this compound

is probably a narcotic (due to a lack of single-bonded oxygens attached to the phosphorus)

which would explain the overpredicted toxicity. Pyridaben is much better predicted using the

neurotoxicity LC50 model. Salicylanilide is underpredicted using either the narcosis or uncou-

pler models, despite an expected uncoupler MOA.

3.2.2 Analysis of poorly predicted chemicals using MLR model fit to entire training set

One of the disadvantages of fitting a single model to the entire training set is that it may not

correctly capture the trends in the toxicity for all modes of action. Table 8 lists the poor pre-

dictions (MAE ≥ 2 log units) for a single MLR model (run #7 in Table 5). These predictions

are compared with those for broad MOA-based models (run #1 in Table 5). With the excep-

tion of fenoprop-isoctyl and 1,4-bis(chloromethyl)benzene, the MOA-based models had a

lower prediction error. Despite the fact that 11 out of the 12 chemicals were predicted to have

the narcosis MOA, the majority were overpredicted by both methods.

Table 7. (Continued).

Chemical MOA1 MOA2 Exp. Pred1 Pred2

(+)-alpha-Pinene 

Narcosis Neurotoxicity 5.69 3.47 N/A

Triphenylphosphine oxide 

AChE inhibition Neurotoxicity 3.72 6.34 8.24

LDA models are based on broad MOAs and the LC50 models are fit to 2D descriptors.

Pred 1 and Pred 2 are the predictions using MOA1 and MOA2, respectively.

Exp. is the experimental value in -log(mol/L).
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Table 8. Comparison of poorly predicted chemicals using a single model (run #7 in Table 5) with those

from MOA-based models selected by the broad LDA approach (run #1 in Table 5).

Chemical

Exp –log (LC50 mol/L)

Predicted MOAExperimental MLR 2D Broad LDA

Bis(2-ethylhexyl) phthalate 

2.55 8.13 7.83 Narcosis

9-Octadecenoic acid 

3.14 8.18 7.31 Narcosis

Tripropargylamine 

2.65 7.15 5.28 Reactivity

Salicylanilide 

7.43 4.16 4.36 Narcosis

Fenoprop-isoctyl

4.24 7.36 8.14 Narcosis

Pyridaben 

8.20 5.34 5.81 Narcosis

2-Bromo-2',5'-dimethoxyacetophenone 

6.65 3.86 4.00 Narcosis

3,3-Dimethylglutaric acid 

1.06 3.70 1.49 Narcosis

(Continued)
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4. Conclusions

In this study, a two-step MOA-based approach was developed to estimate aquatic toxicity.

The MOA-based approach was found to yield similar external prediction accuracy

(r2 = 0.529–0.632) to a single global MLR model (r2 = 0.551–0.562). Overall, the global

hierarchical clustering approach yielded higher combination of accuracy and prediction

coverage (r2 = 0.572, coverage = 99.3%) than the MOA-based approach (r2 = 0.529–

0.632, coverage = 49.3–87.3%). In addition, it was determined that multiple 2D descrip-

tors achieved the same prediction accuracy as MLR models based only on the

octanol–water partition coefficient. Finally, it was determined that in some cases that an

incorrect mode of action can lead to large prediction errors when there is a competing

MOA (LDA score ≥0.25). The results of this study indicate that, while MOA-based

approaches may appear biologically relevant, they may not impart superior external

prediction accuracy. However, the MOA-based approach can give toxicologists greater

confidence in the predicted values since the models are based less on a ‘black box’

approach. The use of both MOA-based and global approaches in a consensus approach

[49] can provide even greater confidence.

Table 8. (Continued).

Chemical

Exp –log (LC50 mol/L)

Predicted MOAExperimental MLR 2D Broad LDA

Diflubenzuron

2.86 5.44 5.18 Narcosis

1,4-Bis(chloromethyl)benzene 

6.65 4.27 3.68 Narcosis

Ethyl trifluoroacetate 

1.15 3.48 2.92 Narcosis

(E,E)-2-(Bis(3,7-dimethyl-2,6-

octadienyl)amino)ethanol 

6.41 8.62 7.41 Narcosis

SAR and QSAR in Environmental Research 259

D
o

w
n

lo
ad

ed
 b

y
 [

U
S

 E
P

A
 L

ib
ra

ry
] 

at
 0

8
:0

6
 0

1
 J

u
ly

 2
0

1
5

 



Supporting information

The mode of action datasets and the LDA and LC50 models are available in the supplemen-

tary material which is available via the multimedia link on the online article webpage.
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The mode of toxic action (MOA) has been recognized as a key determinant of chemical toxicity and

as  an  alternative to chemical class-based predictive toxicity modeling. However, the development of

quantitative structure activity relationship (QSAR) and other models has been limited by the avail-

ability of comprehensive high quality MOA and toxicity databases. The current study developed a

dataset of MOA assignments for 1213 chemicals that included a  diversity of metals, pesticides, and

other organic compounds that encompassed six broad and 31 specific MOAs. MOA assignments were

made using a combination of high confidence approaches that included international consensus clas-

sifications, QSAR predictions, and weight of evidence professional judgment based on an  assessment

of structure and literature information. A  toxicity database of 674 acute values linked to chemical

MOA was  developed for fish and invertebrates. Additionally, species-specific measured or high con-

fidence estimated acute values were developed for the four aquatic species with the most reported

toxicity values: rainbow trout (Oncorhynchus mykiss), fathead minnow (Pimephales promelas),  bluegill

(Lepomis macrochirus),  and the cladoceran (Daphnia magna).  Measured acute toxicity values met strict

standardization and quality assurance requirements. Toxicity values for chemicals with missing species-

specific data were estimated using established interspecies correlation models and procedures (Web-ICE;

http://epa.gov/ceampubl/fchain/webice/), with the highest confidence values selected. The resulting

dataset of MOA assignments and paired toxicity values are provided in spreadsheet format as  a  com-

prehensive standardized dataset available for predictive aquatic toxicology model development.

Published by Elsevier B.V.

1. Introduction

In aquatic toxicology, mode of action (MOA) has been defined

phenomenologically based on whole organism responses, iden-

tified from effects at the cellular or organ level, or based on

the primary mechanism of toxicity initiated at the receptor level

(Barron et al., 2002; Suter, 2007). MOA has been recognized as

a key determinant of chemical toxicity and as an alternative to

chemical class-based predictive toxicity modeling. Early work on

determining chemical mode of action in aquatic organisms focused

on industrial compounds that were largely of moderate polarity,

low toxicity and acted through narcosis, a  non-specific reversible

baseline mode of whole organism toxicity (Konemann, 1981;

Call et al., 1985).  Based on a suite of behavioral/morphological

∗ Corresponding author at: U.S. Environmental Protection Agency, Office of

Research and Development, Gulf Ecology Division, 1 Sabine Island Drive, Gulf Breeze,

FL  32561, USA. Tel.: +1 850 934 9223; fax: +1 850 934 2402.

E-mail address: Barron.mace@epa.gov (M.G. Barron).

responses in rainbow trout (Onchorhynchus mykiss),  McKim et al.

(1987) established several modes of action including narcosis,

oxidative phosphorylation uncoupler, acetylcholinesterase (AChE)

inhibitor, or  stimulant-like. Verhaar et al. (1992) categorized chem-

icals into one of four MOA classes based on structural rules:

(1) inert compounds causing narcosis, (2) less inert more toxic

compounds causing polar narcosis, (3) reactive compounds with

enhanced toxicity, and (4) compounds with specific or  receptor

mediated toxicity. Russom et al. (1997) utilized an extensive fat-

head minnow (Pimephales promelas) acute toxicity and behavioral

database to extend MOA categorization to  three narcosis MOAs

and five specific MOAs (AChE inhibition, uncoupling, reactivity,

seizure mechanisms, and respiratory inhibition). Other approaches

to  MOA assignment and categorization have included assessments

of in vitro activity and cross species receptor homology for phar-

maceutical compounds (Escher et al., 2005; Christen et al., 2010).

In contrast to empirical and rule-based categorization

approaches, Martin et al. (2013) utilized two  dimensional descrip-

tor assignments and machine-based learning algorithms to

develop a  computational chemistry approach to MOA assignment

http://dx.doi.org/10.1016/j.aquatox.2015.02.001

0166-445X/Published by  Elsevier B.V.
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for six broad and seven specific MOAs. This computational

chemistry-based approach calculated up to 700 structural and

property descriptors for each chemical and developed prediction

models based on multi-linear regression models and decision tree

algorithms. As part of that work, a dataset of 924 acute aquatic

toxicity MOA assignments were developed using a  combination of

high confidence approaches that included international consensus

classifications, quantitative structure activity relationship (QSAR)

predictions, and weight of evidence professional judgment based

on  an assessment of structure and literature information.

The objective of the current study was to  develop a  com-

prehensive standardized dataset of aquatic toxicity values and

MOA  assignments. The current research expands the Martin et al.

(2013) dataset to  over 1200 chemicals including metals and

organometallics, increases the number of specific MOA categories,

and refines some of the pesticide neurotoxicity MOA categories to

be less general and more mechanism-based. The categorization

scheme was comprised of six broad and 31 specific MOA cate-

gories that encompassed the major acute toxicity MOAs reported

in aquatic invertebrates and fish. Chemicals in the MOA dataset

were then linked to a  dataset of high confidence acute aquatic

toxicity values developed for this study to create a database of

674 chemicals with species-specific acute toxicity values. The

MOA-aquatic toxicity database (MOAtox) development focused

on the four most commonly reported aquatic test species with

toxicity endpoint data in the ECOTOX database (USEPA, 2014):

rainbow trout, the cladoceran (Daphnia magna), fathead min-

now, and bluegill (Lepomis macrochirus). These species represented

22% of the 300,000 ECOTOX records with toxicity endpoint data

(Fairbrother et al., 2014). Additionally, generic fish and aquatic

invertebrate acute toxicity values were developed from the geo-

metric mean of all measured toxicity values that met  strict quality

assurance and standardization requirements. Toxicity values for

chemicals with missing species-specific data were estimated using

established interspecies correlation models and procedures (Web-

ICE; http://epa.gov/ceampubl/fchain/webice/), with the highest

confidence values selected (Raimondo et al., 2010, 2013). The devel-

opment of this comprehensive standardized dataset is intended to

facilitate the development of predictive aquatic toxicity and MOA

models. The larger MOA  dataset could support MOA-based assess-

ments of chemical mixtures, such as applying a toxic units approach

to chemicals with the same specific MOA.

2. Methods

2.1. MOA  category and dataset development

An aquatic toxicity MOA categorization scheme was  developed

for a diversity of metals, organometallics, pesticides, and other

organics that appear in the ECOTOX database (USEPA, 2014), based

on earlier work determining chemical modes of acute toxic action in

fish (Konemann 1981; Call et al., 1985; McKim et al., 1987; Russom

et al., 1997; USEPA, 2012; Martin et al., 2013). The categorization

scheme was comprised of six broad and 31 specific MOA categories

that encompassed the major MOAs reported in aquatic inverte-

brates and fish. Broad MOA categories included narcosis, AChE

inhibition, neurotoxicity, iono/osmoregulatory/circulatory impair-

ment, reactivity, and electron transport inhibition (Supplementary

information; Table S1). Specific MOAs were developed as subcat-

egories of the broad MOAs based on either chemical structure

or known mechanism of action. A  total of 1213 chemicals were

assigned to a broad and specific MOA category following the gen-

eral procedures of Martin et al. (2013).  This involved using a

combination of high confidence assignments including, interna-

tional consensus classifications (e.g., IRAC, 2014), QSAR predictions

(USEPA, 2012), and weight of evidence professional judgment by

considering a combination of assessment of structure (e.g., analo-

gous structure; moiety/functional group presence) and literature

information on MOA, mechanism of action and toxicity pathways

(e.g., Russom et al., 1997; Nendza and Müller 2000; Schüürmann

et al., 2003; Spycher et al., 2004). Chemicals with an uncertain MOA

assignment were excluded from the database.

2.2. Toxicity dataset development

Toxicity dataset development focused on determining acute

toxicity values for three fish species (rainbow trout, fathead min-

now, and bluegill) and Daphnia for chemicals in the MOA dataset.

These four taxa were selected, because they have been the most

commonly reported aquatic test species with acute toxicity end-

point data in the ECOTOX database (USEPA, 2014). First, measured

aquatic toxicity values were obtained from the US  EPA’s ICE Aquatic

Toxicity Database (Raimondo et al., 2013a). This database is com-

prised of 5500 acute EC/LC50 values for 180 species and 1260

chemicals that have been obtained from a  diversity of sources (pri-

marily ECOTOX) then subjected to  a  rigorous quality assurance

review and standardization procedure (Raimondo et al., 2010). Each

toxicity record included in the dataset met specific requirements

for: (1) test chemical identity and purity, (2) test procedures, condi-

tions, reporting, and quality control, and (3) test organism life stage.

Additionally, toxicity values for selected compounds were normal-

ized based on water quality parameters, and outliers and central

tendency were determined in cases of multiple reported values

as documented in Raimondo et al. (2013a). Mean fish and mean

aquatic invertebrate toxicity values were also computed from the

geometric mean of all standardized values available for each chem-

ical. Similarly, a  mean Daphnia genus value was  computed from all

standardized values for each chemical with available data.

Missing species-specific toxicity data were then

estimated using established interspecies correlation esti-

mation (ICE) models available in the USEPA Web-ICE tool

(http://epa.gov/ceampubl/fchain/webice/; Raimondo et al., 2010,

2013b). ICE models are log-linear least square regressions of chem-

ical sensitivity relationships between a  surrogate and predicted

taxon. Toxicity values in the Aquatic Toxicity Database for all

available surrogate species were used to estimate acute toxicity

for those chemicals with missing measured data for rainbow trout,

D. magna, fathead minnow, or bluegill. This procedure resulted in

multiple estimated values for many chemicals because ICE models

were available for multiple surrogate species.

2.3. Determination of best estimated value

A systematic process was  used to  determine a  best toxicity esti-

mate for any of the four species with multiple predicted values

based on model uncertainty and performance criteria. First, each

surrogate species ICE model was evaluated to  determine if it met

the following statistical criteria: mean square error of less than or

equal to 0.94, coefficient of determination greater than 0.6, and the

upper 95th percentile confidence limit was  within five fold of the

predicted toxicity value. If multiple models met  all three statistical

criteria, these models were evaluated to determine if they met the

following additional criteria: taxonomic distance between the sur-

rogate and predicted species was  less than or equal to four (same

Class), model cross validation success was  greater than 85%, and

degrees of freedom were greater than 8.  If multiple models met all

criteria, the best estimated value was computed from the geometric

mean of the model predicted values.
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2.4. Ranking and assessment of estimated values

Each estimated value in the MOAtox database received a  qual-

itative ranking based on the number of statistical criteria met

(Supplementary information; Table S2): level P1 (highest confi-

dence estimate; all three model criteria met), P2 (two met), P3

(one met), and P4 (lowest confidence; no statistical criteria met).

Estimated values were not included in the MOAtox database for

those chemicals with species-specific measured values. However,

toxicity values were also estimated and ranked for those chemicals

with measured values to  allow an assessment of accuracy. Accuracy

was determined from the proportion of species-specific estimated

values within two, five, and ten fold of measured values. Corre-

lations between species-specific estimated and measured values

were determined from simple log–log linear regressions.

3. Results

3.1. MOA  assignments

The MOA  dataset was comprised of 1213 chemicals assigned to

one of six broad acute toxicity MOA categories and one of 31 specific

MOA  subcategories (Tables 1,  S1, and S2 ). The predominant MOAs

and chemical classes in the database (>40 chemicals) were AChE

inhibition (carbamates and organophosphates), narcosis (non-

polar, polar, and ester compounds), neurotoxicity (pyrethroids and

alicyclics), and uncouplers of oxidative phosphorylation (e.g., poly-

chlorinated and nitrophenols and amines) (Tables 1 and S1).

Fig. 1. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in bluegill.

Fig. 2. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in fathead minnows.

3.2. Toxicity values

Of the 1213 chemicals in the MOA dataset, 614 had mea-

sured values in fish and 424 had measured values in invertebrates

determined as the geomeans of standardized acute toxicity data

(Table 2). There were 671 chemicals in the MOA dataset that had

either a  measured or estimated taxa-specific acute toxicity value for

Daphnia, bluegill, fathead minnow, or rainbow trout (Table 2). Esti-

mated values for the three fish species were primarily comprised

of level 1 (highest confidence; >85%) values, whereas, in D. magna

the majority of estimated values were level 3 (62%) (Table 2 and

Figs. 1–4). Over 60% of the estimated values in the three fish species

were within two  fold of standardized measured values, and 87%

were within five fold (Table 2 and Figs. 1–4). Prediction accuracy

was lower for D. magna, with only 61% of estimated values within

five fold of measured values (Table 2 and Fig. 4). In the three fish

species, estimated values were highly correlated with measured

values (R2 >  0.87; Figs. 1–4), whereas, there was  greater variance in

the relationship for D. magna (R2 =  0.69; Fig. 4).

4. Discussion

In  aquatic toxicology, MOA-based toxicity prediction has pri-

marily focused on organic chemicals acting through polar and non-

polar narcosis. Although compounds causing narcosis are struc-

turally diverse and represent the largest class of organic chemicals

produced globally, the narcosis MOA does not encompass more

toxic compounds, such as pesticides, metals, and other chemi-

cals acting through specific mechanisms and toxicity pathways.

The current study builds upon the earlier work of Konemann

(1981),  Russom et al. (1997),  Verhaar et al. (2000),  and others

to expand the chemical coverage and MOA  categories to include
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Table  1

Description of mode of action (MOA) categories used in the MOAtox database and number of chemicals within each MOA.a

Broad MOA  (n)b Specific MOA Chemical class Structural features Example chemicals #Chemicals in

Databasea

MOA MOAtox

AChE inhibition (285) Carbamate Carbamate insecticides Oxime and methyl

carbamate

Aldicarb, carbaryl,

methiocarb

74 19

Organophosphate Organophosphorus

insecticides

Organophosphates,

organothiophosphates

Chlorpyrifos, malathion,

terbufos

211 58

Iono/osmoregulatory/

circulatory impairment

(55)

Metallic

iono/osmoregulatory

impairment

Heavy metals, transition

metals

Divalent metals Copper, zinc 18 15

Other Inorganics Chemical specific Ammonia 6 4

Methemoglobinemia Chemical specific, nitrites Chemical specific Aminopropiophenone,

sodium nitrite

6 1

Anticoagulation Coumarin rodenticides Coumarin moiety Dicoumarol, bromadiolone 25 7

Narcosis (465)c Ester Mono or diesters, Diverse structures,

non-reactive

Bromoxynil butyrate,

methyl acetate, phenyl

salicylate

48 41

Non-polar Neutral organics Moderate polarity Benzene, ethanol,

metolachlor

347 283

Polar Polar organics Single nitro or <3 halogens 4-Nonylphenol, pyridine,

triclosan

61 55

Neurotoxicity (200) Alicyclic GABA antagonism Acyclic organochlorines Cyclodiene,

hexachlorocyclohexane

Aldrin, lindane 42 17

Diphenyl sodium channel

modulation

Diphenyl organochlorines Halogenated bridged

diphenyls

DDT, methoxychlor 11 7

GABA agonism Lactone insecticides Macrocyclic lactones Abamectin 16 2

Other Various Chemical specific Phenobarbital 8 3

Pyrazole GABA antagonism Pyrazole insecticides Phenyl pyrazoles, Fipronil, 6 1

Pyrethroid sodium channel

modulation

Pyrethroid insecticide Pyrethroid ether, oxime,

ester moieties

Cypermethrin, 102 24

Sodium channel blocking Oxidiazine insecticides Oxidiazine moiety Indoxacarb 3 1

Nicotinic acetylcholine

receptor agonism

Neonicotinoid insecticides Nicotine analogs Acetamiprid, dinotefuran 8 6

Strychnine Strychnines Strychnine moiety Strychnine 4 1

Reactivity (111) Acrylate Acrylates Acrylate moiety Acrylonitrile 8 7

Alkylation Various Reactive leaving group

(e.g.,  alkene)

2-Propenamide 38 30

Carbonyl Various Reactive carbonyl Formalin 13 11

Chromate Chromates Chromate moiety Sodium dichromate 3 0

Cyanate/nitrile Cyanates, nitriles Cyanate or nitrile moiety Allyl isothiocyanate 9 8

Di/trinitroaromatic Nitrobenzenes Poly nitrobenzene moiety 2,3,5-Trinitrobenzene 14 14

Hydrazine Hydrazines Hydrazine moiety Monomethylhydrazine 4 3

Other Various Chemical specific Quinoline 19 14

Phosphide Phosphides Phosphide moiety Calcium phosphide 3 0

Electron transport

inhibition (97)

Oxidative phosphorylation

inhibition

Inorganics, antimycins

trialkyltins

Chemical specific Cyanide,

antimycin a, tributyl tin

20 13

Uncoupling oxidative

phosphorylation

Nitro or halo-phenols,

pyridines, anilines

Chemical specific 2,4-Dinitrophenol,

pentachlorophenol

55 21

Arsenical respiratory

inhibition

Arsenicals Arsenites, arsenates Sodium arsenite 22 1

a See Supplemental Tables S1 and S2 for complete databases.
b Total number of chemicals within the broad MOA category.
c Includes 9 chemicals with a specific MOA of NA (not assigned).

metallic compounds, new MOAs (e.g., methemaglobinemia), and

subcategories of neurotoxicity and electron transport inhibition

consistent with the IRAC international insecticide classification

system (IRAC, 2014). The categorization scheme was comprised

of six broad and 31 specific MOA categories that encompassed

the major MOAs reported in aquatic invertebrates and fish. The

reactivity MOA included nine structure-based subcategories deter-

mined largely from Russom et al. (1997) and U.S. EPA QSAR models

Table 2

Number of chemicals with measured and predicted toxicity values for each taxa group within the MOAtox database (Table S2).

Taxa Measured toxicity values Species-specific estimated toxicity valuesa Total number

Level 1 Level 2 Level 3 Level 4

Bluegill 306 323 36  3  0  668

Fathead 298 314 6 48  1  667

Rainbow trout 336 294 2 35  0  667

Daphniab 328 54 12  263 12  669

Fish 614 NA NA NA NA 615

Invertebrates 424 NA NA NA NA 425

a Model uncertainty level of estimated taxa-specific values (1 highest confidence). NA: not applicable.
b Measured values include D. magna (319), D. pulex (15), D. galeata (2), and D. carinata (2). Estimated values are for D. magna.
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Fig. 3. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in rainbow trout.

that used a fragment-based MOA assignment approach (USEPA,

2012). The specific MOA  of alkylation encompassed a  structurally

diverse group of nucleophiles, electrophiles, and proelectrophiles

of varying potency. Additional research is needed to  refine the reac-

tivity MOA in general, and the alkylation specific MOA in particular

because of the diversity of structures and reactivity mechanisms.

An inherent uncertainty in the MOA assignments is whether

the same MOA is applicable to both fish and the large diversity

of aquatic invertebrates. Multiple studies of chemicals with a nar-

cosis MOA have shown similar critical body residues in several

aquatic taxa, suggesting similar intrinsic species sensitivity, and

mechanism of action (Barron et al., 2002). Species sensitivity dis-

tributions for AChE inhibitors show distinct differences in fish and

invertebrates, but these appear to relate to species-specific sensi-

tivity rather than differing MOA  (Awkerman et al., 2014; Russom

et al., 2014). MOAs may be similar across taxa, because the basic

biochemical systems and molecular targets affected may be gen-

erally conserved across many animal species (LaLone et al., 2013).

However, applicability of the MOA assignments to the large diver-

sity in aquatic species is a  significant uncertainty and an area of

future research. Compounds that had very specific acting insec-

ticidal mechanisms (e.g., insect growth or molt inhibitors) were

excluded from the database because of uncertain or unlikely appli-

cability to toxic action in fish.

In many applications, MOA-based model development can be

considered a better alternative to  chemical class-based profil-

ing and predictive toxicity modeling. Chemical MOA is a key

determinant of hazard, provides information on underlying toxi-

city pathways, and allows for grouping across multiple chemical

classes. However, the development of QSAR and other predictive

models have been generally limited by the availability of large
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Fig. 4. Prediction accuracy of estimated toxicity values by uncertainty level (upper

panel), and correlation between measured and predicted toxicity values (lower

panel) in D. magna.

high quality MOA and toxicity databases. For example, previously

available toxicity datasets have been dominated by non-polar and

polar narcotics. The MOAtox database was developed as a com-

prehensive standardized dataset intended to facilitate predictive

aquatic toxicology model development for a diversity of chemi-

cal classes and MOAs. The taxa-specific component of the database

focused on the four most commonly reported aquatic test species

in order to maximize chemical and MOA diversity, and minimize

the number of estimated values. Additionally, generic toxicity val-

ues for fish and aquatic invertebrates were determined from only

measured values to  increase the chemical domain and applicabil-

ity of the MOAtox dataset for QSAR and other predictive model

development. However, only 24 additional chemicals were gained

from using all available fish compared to measured values in the

three focus fish species, illustrating the predominance of existing

test data for these species in aquatic toxicology. In contrast, the

taxa group of all aquatic invertebrates comprised an additional 96

chemicals relative to the Daphnia only category.

The toxicity data used in the current study were standardized to

limit extrinsic variation caused by differences in toxicity test con-

ditions and variability in reported values. This approach removed

a large amount of measured toxicity values. Additional research

would be needed to determine the optimum level of standardiza-

tion needed. In addition to predictive model development, the MOA

dataset presented here should also support MOA-based assess-

ments of chemical mixtures, such as applying a  toxic units approach

(additivity) to  chemicals with the same specific MOA. Future work

will include periodic expansion and refinement of the database and

MOA categories, as well as developing an internet accessible and

searchable platform.
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a  b  s  t  r a  c t

The mode of toxic action (MoA) has been recognized as  a key determinant of chemical toxicity, but devel-

opment of  predictive MoA classification models in aquatic toxicology has been limited. We  developed a

Bayesian network model to classify aquatic toxicity MoA using a recently published dataset containing

over one thousand chemicals with MoA assignments for aquatic animal toxicity. Two  dimensional the-

oretical chemical descriptors were generated for each chemical using the Toxicity Estimation Software

Tool. The model was  developed through augmented Markov blanket discovery from the dataset of 1098

chemicals with the MoA broad classifications as  a  target node. From  cross validation, the overall precision

for the  model was 80.2%. The best precision was for the AChEI MoA (93.5%) where 257 chemicals out of

275 were correctly classified. Model precision was  poorest for the reactivity MoA  (48.5%) where 48  out

of  99  reactive chemicals were correctly classified. Narcosis represented the largest class within the MoA

dataset and had a  precision and reliability of 80.0%, reflecting the global precision across all of the MoAs.

False negatives for narcosis most often fell into electron transport inhibition, neurotoxicity or reactivity

MoAs. False negatives for all other MoAs were most often narcosis. A  probabilistic sensitivity analysis was

undertaken for each MoA to examine the sensitivity to individual and multiple descriptor findings. The

results show  that the Markov blanket of a structurally complex dataset can simplify analysis and inter-

pretation by identifying a subset of the key chemical descriptors associated with broad aquatic toxicity

MoAs, and by providing a computational chemistry-based network classification model with reasonable

prediction accuracy.

Published by Elsevier B.V.

1. Introduction

The mode of toxic action (MoA) has been recognized as a  key

determinant of chemical toxicity but MoA classification in aquatic

toxicology has been generally limited to either narrow domains

of applicability, highly complex or simplistic assignment schemes,

or poor prediction accuracy (Russom et al., 1997; Nendza and

Muller 2007; Enoch et al., 2008; Barron et al., 2015). Generally

two approaches have been used to  develop structure-based mod-

els to predict aquatic toxicity MoA: identification of substructural

indicators based on the presence of specific molecular features

(e.g., Verhaar et al., 1992; Russom et al., 1997; Nendza and Muller

2007; Enoch et al., 2008), and use of neural networks, hierarchi-

cal clustering or other machine learning methods with theoretical

descriptors that describe a broad array of electronic, topological,

∗ Corresponding author.

E-mail address: barron.mace@epa.gov (M.G. Barron).

and other features of a  chemical (e.g., Yao et al., 2005; He and Jurs,

2005). Recently, Martin et al. (2013) used two  dimensional chem-

ical descriptors and machine based learning algorithms to  predict

aquatic toxicity MoA  using a  database of 924 chemicals. Linear

discriminant analysis (LDA) and random forest MoA  assignment

models had high internal concordance and specificity and pro-

duced overall MoA  prediction accuracies of 85–88% (Martin et al.,

2013). Barron et al. (2015) developed an integrated dataset of MoA

assignments for over 1200 chemicals that included a  diversity of

metals, pesticides and other organic compounds that encompassed

six broad and 31 specific MoAs for fish and aquatic invertebrates.

Martin et al. (2015) then utilized this expanded MoA  database to

predict global or specific aquatic toxicity MoA  with methods such as

LDA and multiple linear regression. Mode of action prediction accu-

racy was greatest for acetylcholinesterase inhibitors and lowest

for other neurotoxicants, the structurally diverse group of reac-

tive chemicals, and MoAs with low representation in the database

(Martin et al., 2015).

http://dx.doi.org/10.1016/j.aquatox.2016.09.006

0166-445X/Published by Elsevier B.V.
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Bayesian networks have seen increasing use in hazard and risk

assessment (Burden and Winkler, 2000; Billoir et al., 2008; Iorio

et al., 2009), but only limited application in aquatic toxicity and

MoA  prediction. A Bayesian network is a  graphical representa-

tion of a joint probability distribution. The structure of a Bayesian

network consists of individual nodes (i.e., random variables) con-

nected by arcs (arrows) reflecting a  dependence structure between

the variables. Bayesian networks are built in a directed manner

often reflecting causality between the variables though this is not

a requirement. The absence of an arc between nodes signifies that

the variables are conditionally independent. Algorithms are avail-

able for learning a  Bayesian network structure from data. These

algorithms can often be useful in high dimensional data where the

structure and conditional dependence are not readily apparent.

The automated learning process of a Bayesian network structure

can either be unsupervised or supervised. In contrast to a more

generalized representation of a joint probability distribution in

unsupervised learning of a  Bayesian network’s structure, super-

vised learning focuses on representing the relationship of predictor

nodes to a target variable. Bayesian networks have not been pre-

viously used to predict MoA, but have been applied in machine

learning applications for diverse fields from cancer prediction to

marketing and finance.

The objective of the current study was to elucidate the con-

nection between molecular descriptors and MoA, and develop a

Bayesian network prediction model for classifying chemicals by

aquatic toxicity MoA. The model was developed following the

steps of discretization, structure learning, network selection and

validation, and sensitivity analysis. The study utilized a  recently

published dataset containing over one thousand chemicals with

MoA assignments (Barron et al., 2015), and two dimensional chem-

ical descriptors generated for each chemical. Machine-learned

Bayesian networks were chosen for their capabilities in analyzing

uncertainties, and accounting for covariation among multiple vari-

ables (Barber, 2012). For the current study, we focus on learning

the Markov blanket of the data set with the MoA  broad classifica-

tions as a target node. The Markov blanket of a  target node consists

of the node’s parents, children, and the nodes that share children

with the target node (Korb and Nicholson, 2004). The target node

or  node in question, is screened from the rest of the nodes in the

network from its Markov blanket if the value of each of the nodes

in the blanket is known. Fig. 1 shows an illustration of the con-

cept. If the Ai predictor nodes in Fig. 1 are known for certain, then

no other node (i.e., the Bi nodes) will provide any additional infor-

mation on the target variable. Identifying the Markov blanket of

a complex dataset with numerous variables can simplify analyti-

cal and computational requirements by providing a subset of the

key predictors in a dataset that are highly informative for making

probabilistic inferences on a  target variable.

2. Methods

2.1. General approach

The approach to database and network model development is

described in detail in the subsections below. The database used in

developing and validating the Bayesian classification network was

comprised of a dataset of known MoA  assignments and a  dataset

of two dimensional theoretical chemical descriptors for over 1000

chemicals. Six preliminary models were initially constructed with

two different discretization levels and three Markov blanket algo-

rithms. An optimal structural coefficient was selected for each

model from trade-offs between internal precision and structural

complexity. A 10-fold cross validation was implemented for each

candidate model and a  final network was selected with the highest

empirical performance from overall precision. Sensitivity analyses

on the selected model examined the strengths of the relationships

between the variables, and the capabilities of maximizing MoA

probabilities using individual and multiple descriptors.

2.2. MoA  and descriptor database development

The MoA  dataset was based on the MOAtox database of

Barron et al. (2015) that encompassed the six broad acute

aquatic toxicity categories of acetylcholinesterase inhibition

(AChEI), narcosis, electron transport inhibition (ETI), ionoregu-

latory/osmoregulatory/circulatory impairment (IOCI), other neu-

rotoxicity, and reactivity. Those MoA  assignments had been

determined for aquatic invertebrates and fish toxicity from over

1200 chemicals using a combination of international consen-

sus classifications, QSAR predictions, and weight of evidence

professional judgment based on an assessment of structural fea-

tures and literature information (Barron et al., 2015). Up to 790

two dimensional theoretical molecular descriptors were then

calculated for each chemical following the method of Martin

et al. (2015) using the computational chemistry application TEST

(USEPA, 2016). The descriptor classes included E-state values

and E-state counts, constitutional descriptors, topological descrip-

tors, walk and path counts, connectivity, information content,

two-dimensional autocorrelation, Burden eigenvalue, molecular

properties, Kappa, hydrogen bond acceptor/donor counts, molecu-

lar distance edge and molecular fragment counts (USEPA, 2008; Zhu

et al., 2009; Martin et al., 2013, 2015). Definitions of key descrip-

tors are in Supplemental Table S1 and available for download from

the TEST internet site (USEPA, 2008). Chemicals were removed from

the database that included metals, other inorganic compounds, and

organic salts because of the inability to compute descriptors for

these ionic compounds leaving a  total of 1098 chemicals used in

the Bayesian network.

2.3. Bayesian network development

2.3.1. -Discretization

All Bayesian network analysis was  conducted with Bayesialab

5.4.3 (Bayesia S.A.S., 2015). Each chemical entry in the MoA  and

descriptor dataset was used except several descriptors only con-

taining zeroes were removed prior to analysis. Continuous variables

were discretized using the decision tree algorithm with the broad

MoA variable as the target node for choosing levels. The decision

tree algorithm maximizes the information content between a target

node (i.e., MoA) and predictor (i.e., a  descriptor) from the discretiza-

tion levels. In  case of failure of the decision tree discretization

algorithm to  identify intervals, we used density approximation, k-

means discretization, and normalized equal distance in that order

of priority for selecting a  discretization algorithm. Discretization

was run twice using both three and four discretization intervals

as initial specifications in the algorithms. The number of intervals

for the descriptors was  chosen as a  compromise between repre-

sentation of the distribution and data availability for estimating

probabilities (Conrady and Jouffe, 2015).

2.3.2. -Structure learning

After discretizing the continuous variables, three supervised

structure learning methods were applied. The first was a Markov

blanket (MB) analysis and the second was  an augmented Markov

blanket (AMB) analysis and the third was a  minimal augmented

Markov blanket (MAMB) analysis. The MB analysis searches for

the parents, children, and spouses of the target node. The AMB

first identifies the MB and then the relationships among the par-

ent, son, and spouse nodes (Fig. 1). The MAMB prunes the MB  by
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Fig. 1. Representation of a  Markov blanket in a Bayesian network. The orange (center) oval is a  target node or the variable of ultimate inferential interest in  the analysis. The

black ovals labelled Ai are variables that are used for predictions and are in the Markov blanket of the target node (i.e., either children, parents, or spouses of the target node).

The  green (bottom) ovals labelled Bi are variables in the problem domain but not in the Markov blanket. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

eliminating nodes from the blanket through an additional equiva-

lence class unsupervised learning step.

Bayesialab uses the minimum description length of candidate

networks in its score-based algorithms for comparing Bayesian

network structures (Conrady and Jouffe, 2015). The structural

coefficient (SC) modifies the complexity of the network through

weighting the structure encoding (in bits) of the Bayesian network.

In a Markov blanket analysis, the SC can influence the number of

descriptors selected in the blanket as well as their connectivity.

We adjusted the SC by finding the optimal value between com-

plexity and data representation/precision similar to  Harris et al.

(2016) and Conrady and Jouffe (2015).  The SC analysis generated

networks with each of the supervised learning algorithms (i.e.,

MB,  AMB, MAMB)  and discretization levels with SCs ranging from

0.5 to 6.0 at 0.1 intervals. Bayesian networks with lower ( < 0.5)

SC values were found to be difficult to computationally manage

because of higher model complexity. Plotting the SC values against

the structure:target precision ratio for each of the generated net-

works helped to  visually identify candidate SCs. The inflection of

the structure:target precision ratio plot was located to identify a

SC that optimally did not underfit or  overfit the model (Bayesia,

2010; Harris et al., 2016). The target precision was also examined

as a function of the SC before final selection where the height of the

curve was used to  prioritize the SC. In case of constant values for

the precision across the range of SCs, the structure/data ratio was

plotted against the SC to  further enhance descriptor representation

or prevent overfitting. A single SC value was identified for all candi-

date models except for the MAMB model with three discretization

levels where two different SCs were tested.

2.3.3. -Network selection and validation

Targeted cross validation (k fold) was used to estimate the per-

formance of the networks in out of sample predictions (Stone,

1974; Conrady and Jouffe, 2015). Prior to  cross-validation work,

a virtual data point was added to every conditional and uncon-

ditional probability table cell to prevent impossible assignments

in the cross-validation and to improve later inferential analysis.

The k-folds cross validation method splits the data set into k  equal

sized sets and uses k-1 sets for learning the model and one for

validation. This is repeated for k rounds and synthesized results

are reported (Conrady and Jouffe, 2011). The data were randomly

split into 10 sets for a 10 fold cross validation. The k-folds cross

validation method was  used to compare the precision of these can-

didate models and the final selected model was  built with the AMB

algorithm with three discretization levels and a SC of 1. Cross vali-

dation results are discussed for this model including reliability and

precision statistics from an occurrence matrix. The reliability statis-

tic related the number of predictions that should have been a  MoA

to  the occurrences that were predicted to be that or another MoA.

The precision statistic related the number of occurrences that were

predicted for a MoA to  the total occurrences that should have been

predicted as that or another MoA. Total precision sums the correct

predictions for each MoA  and relates this value to the total number

of predictions that were made. All precision and reliability statistics

were expressed as percentages.

For the AMB network with three discretization levels, a final

check on the connections identified among the descriptors was

made for overfitting based on the Kullback-Leibler divergence for

the arcs between descriptors (Bayesia, 2010). This check for lack

of dependence was done for each parent-child relationship in the

AMB network that was previously identified with the minimum

description length score-based algorithm. The validity of the con-

nections among the descriptors that was identified by the learning

algorithm was examined using a statistical independence test (GKL-

test; p-values greater than 0.05 provide evidence of independence)

(Bayesia, 2010). From the tests, the p-values or independence prob-

abilities, were used to check the significance of each identified

relationship between the descriptors or between the descriptors

and the target node (Thai et al., 2012; Harris et al., 2016).

2.3.4. -Sensitivity analysis

A comprehensive sensitivity analysis examined the relationship

among the descriptors in the selected network and helped hone in

on the influence of individual descriptors on MoA  prediction. The

sensitivity analysis was  conducted using higher, moderate or  lower

values of the descriptors with each MoA. For a  broad understanding

of the relationships between variables, the highest and lowest val-

ues of mutual information, Pearson’s correlation, Kullback-Leibler
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divergence, and node force between variables were examined glob-

ally on the network. Mutual information was used to examine

the probabilistic dependence between the nodes in the network.

Pearson’s correlation gave a measure of the linear strength of the

relationship between the variables. The Kullback-Leibler diver-

gence can be used as a  measure of the information gain from

assuming a joint relationship between two variables in a  network

compared to an assumption of independence. Node force sums the

Kullback Leibler divergence input to a  node and output by the node.

The nodes that have more direct relationships and greater depen-

dence with other nodes have the highest node force. Sensitivity of

each MoA  to each descriptor was examined in tornado plots that

displayed the influence of knowledge of the descriptor values on

the probability of each MoA  and provided information on the max-

imum strength of the individual relationships between each MoA

and descriptor. The tornado plots display the range between the

lowest and highest probability that can be achieved for each MoA

from hard evidence placed on the corresponding descriptor states.

A target dynamic profile analysis (TDP) (Bayesia, 2010) identi-

fied a pathway of states of the descriptors most likely to reduce

uncertainty on the MoAs. The TDP checked the sensitivity of each

MoA  to multiple descriptors by maximizing their probability as

the search criteria optimization specification. This analysis uses a

search that can take into account the joint probability of the evi-

dence to diminish the impact of low probability scenarios. Only

hard evidence was used to establish the TDP under the assumption

that there would be minimal uncertainty on the descriptors’ states

for a given chemical.

A target optimization tree (Bayesia, 2010) was also used to  iden-

tify additional pathways for reducing uncertainty on the MoAs from

knowledge of descriptors in the Markov blanket. This allowed a

fuller consideration of different evidence from multiple variables

(descriptors). The tree presented a  visualization of the hard evi-

dence set for predicting a  MoA  through an exhaustive search that

can also take into account the joint probability of the evidence to

diminish the impact of low probability states. We limited the target

optimization tree to three descriptors for depth of evidence and a

maximum of two alternate trees corresponding to  the breadth of

evidence and utilized hard evidence for its derivation. Both the TDP

and target optimization tree analyses were run twice, once using

the joint probability of the evidence to weight the search methods

and once not considering it but only considering the maximiza-

tion of the probability of the MoA. The probability changes from

initial marginal probability to final probability for the MoAs were

used to score the pathways in the target optimization trees. When

the joint probability of the evidence was considered in the tree

construction, the probability change to  the MoA  was  weighted by

the joint probability of the evidence to calculate the optimization

score.

Fig. 2. Structural components of the augmented Markov blanket model used for

classifying modes of toxic action using chemical descriptors. The target (predicted)

node (Broad)  contains the  broad mode of toxic action categories in its variable states.

Dashed arcs delineate relationships where Broad is a  parent node of a  descriptor.

Inferences made within the  model are omnidirectional so that observing a  descrip-

tor changes the probability of the other descriptors as well as the target node

depending on all other observations in the model and the conditional independence

relationships contained in the structure.

3.  Results

3.1. Network precision and reliability

The total precision for the selected AMB  model (Fig. 2)  with

three discretizations was  80.2% (Table 1). The best precision was

for the AChEI MoA (93.5%) where 257 chemicals out of 275 were

correctly classified. Model precision was  poorest for the reactiv-

ity MoA  (48.5%) where only 48 out of 99 reactive chemicals were

correctly classified. Narcosis represented the largest class within

the MoA  dataset and had a precision of 80.0%, reflecting the total

precision across all of the MoAs. False negatives for chemicals with

the narcosis MoA most often fell into the ETI, neurotoxicity or reac-

tivity MoAs. False negatives for all other MoAs were most often

narcosis.

Table 1

Global cross validation results for mode of toxic action (MoA) predicted from chemical descriptors (n = number of chemicals in  dataset). Data are: %  reliability (R%) and%

precision (P%). Row titles and numerical values in parentheses pertain to  predicted cases and column titles and numerical values are for actual cases.

MoA AChEIa

(275)

ETIb

(61)

IOCIc

(18)

Narcosis

(460)

Neurotoxicity

(185)

Reactivity

(99)

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

R

%

P

%

AChEI1 (276) 93  93 0 0 0 0  5.1 3.0 1.5 2.2 0.4 1.0

ETI2 (76) 0  0 55 69 0 0  33 5.4 0 0 12 9.1

IOCI3 (14) 0  0 0 0 86  67  7.1 0.2 7.1 0.5 0  0

Narcosis (471) 3.8 6.6 3.4 26 1.1 28  78 80 5.5 14 8.1 38

Neurotoxicity (184) 0  0 1.1 3.3 0.54 5.6 13 5.2 84 83 1.6 3.0

Reactivity (77) 0  0 1.3 1.6 0 0  36 6.1 0 0 62 48

a Acetylcholinesterase inhibition.
b Electron transport inhibition.
c Iono/osmoregulatory/circulatory impairment.
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3.2. Global model results

The structure of the selected AMB  model contained over a  dozen

connections between the descriptors in the Markov blanket of

the MoA  variable (Fig. 2). The p-values for each of the variable

relationships were all 0.0000% from the GKL-test indicating that

the evidence is not strong enough to  disprove the links identi-

fied by the AMB algorithm. The highest Kullback-Leibler divergence

was between the MAXDN and Broad MoA  nodes (0.5256) and the

lowest was between SdsCH acnt and SsssCH acnt (0.0523). The

highest mutual information was found between the broad MoA

and SRW10 nodes (0.4913). The lowest was between xc4 and

SdsCH acnt (0.0495). The highest positive Pearson’s correlation was

between Broad and SdsssP (0.6839). The lowest positive correla-

tion was between Broad and SdssNp (0.0055). The highest negative

Pearson’s correlation was between SdsssP and GATS1v (-0.6065)

and the lowest negative Pearson’s correlation was between Broad

and DELS (−0.0044). Aside from the node force of the Broad MoA

variable (5.2611), the highest node force was for MAXDN (1.2074).

The lowest was for StsC (0.0553). The highest outgoing force for a

descriptor was MAXDN (1.2074) followed by xc4 (0.3767). Thirteen

descriptors had zero values for outgoing force indicating that these

are leaf variables in the network. The lowest non-leaf descriptor

outgoing force was for SdsCH acnt (0.0523). The highest incom-

ing force for a  descriptor was for xc4 (0.5539) followed by DELS

(0.5405) and SRW10 (0.5069). The lowest incoming force was  for

StsC (0.0553). MAXDN had a zero for incoming force indicating that

it is a root variable with no parents.

3.3. Mode of toxic action sensitivity to individual descriptors

The sensitivity of each MoA  to  the individual descriptors is based

on changes to the probability of each broad MoA  from changes to

each descriptor individually while allowing the other descriptors to

co-vary with the state changes for a  descriptor of concern (Fig. 3).

The Supporting information contains separate tornado plots of the

sensitivity of each MoA  to each individual descriptor (Figs. S1–S6).

AChEI had the greatest sensitivity to  changes in SdsssP with

ranges from 0.081 to  0.95 probability depending on the state,

indicating the importance of a  phosphate group. GATS1 v was the

second most influential individual descriptor but J was also influen-

tial and is capable of raising the probability of AChEI to the second

highest level below SdsssP. ETI was most sensitive to  SdssNp, sug-

gesting that the number of nitro groups is critical in defining the

MoA. Based on the range of probabilities for ETI, Hmax was  the sec-

ond most influential descriptor and Qv also has the potential to raise

the probability of ETI to greater than 0.30. Weak positive relation-

ships were found between ETI and most of the descriptors. Electron

transport inhibitors were poorly represented in the database.

The number of data points available for IOCI was the lowest

in comparison with other MoAs. Iono/osmoregulatory/circulatory

impairment had Hmax as the most influential descriptor followed

by BELe3, SRW10, and Qv. None of the states of the individual

descriptors could raise the probability of IOCI above 0.20 on their

own. The low overall probabilities for IOCI in the tornado plot indi-

cates weak positive relationships with individual descriptors and

the IOCI MoA.

In contrast, narcosis was the best represented MoA  in the

database. The descriptor with the greatest influence on the narco-

sis MoA  was MAXDN with a  probability range of 0.12 to 0.76. DELS

and MATS3e could raise the probability of narcosis to greater values

than MAXDN but MAXDN can lower the probability more giving it

an overall greater range of potential probability changes than DELS

and MATS3e. Numerous descriptors could lower the narcosis MoA

to lower probabilities such as SRW10, which was  the second most

sensitive descriptor, xv2, xc4, SdsssP, SsCL, and SdssNP.

The neurotoxicity MoA  was most sensitive to  SsCl which has

the potential to raise the probability of neurotoxicity from 0.11 to

0.99 alone. Although individual findings at multiple descriptors can

lower the probability of neurotoxicity to less than 0.1, five descrip-

tor states can raise the probability of its occurrence to greater than

0.5 (SsCl, MDEC34, SRW10, SsssCH acnt, and BELe3).

The probability of reactivity was most sensitive to SdssNp.

The range of probabilities of reactivity from this one descriptor

extended from slightly lower than reactivity’s initial probability

(0.090) to  0.34. Several other descriptors could raise the initial

probability of reactivity from 0.090 to  a posterior probability of

greater than 0.20. Like IOCI, reactivity had relatively weak positive

relationships with the individual descriptors and several descrip-

tor states that could lower the posterior probability of reactivity to

close to  zero from individual findings at their states.

3.4. Mode of toxic action optimization by multiple descriptors

The results from the TDP analyses are displayed in the Sup-

porting information. Findings on multiple descriptors could lead

to  equal or greater than 0.99 probability of a  MoA  both when the

joint probability of the evidence was considered in developing the

pathway and when it was not. For the models that did not consider

the joint probability of the evidence when selecting descriptors,

fewer descriptors were necessary to reach the final probabilities of

a  MoA. The first nodes in the tornado plots that have the potential

to affect the greatest range of probabilities were always the first

nodes chosen in the TDP with the exception of ETI, IOCI, neuro-

toxicity, and reactivity when the joint probability was taken into

account, and narcosis without taking into account the joint proba-

bility of the evidence. These initial descriptors chosen for the TDP

were within the top six descriptors that individually created greater

range variation with the target state or MoA’s probability.

From the existing database alone, multiple descriptors are able

to  identify MoAs with high certainty even when constrained to

follow paths that reflect the available data. For AChEI, only two

descriptors were needed to  reach or exceed 0.99 probability when

considering the joint probability of the evidence and when not con-

sidering it. This was largely due to the influence of SdsssP which

was the first descriptor for each and which achieved a  greater

than 0.94 probability of AChEI from one of its states alone. After

SdsssP, different descriptors were identified in each of AChEI’s tar-

get dynamic profiles for achieving a probability of 0.99. For ETI, only

two descriptors were needed to reach or exceed a  0.99 probability

of its occurrence without the joint probability considered but six

descriptors were needed with the joint probability considered. For

IOCI, five descriptors were needed to reach or exceed 0.99 probabil-

ity without the joint probability considered and seven with the joint

probability considered. For narcosis, eleven were needed with the

joint probability considered and two  without the joint probability

considered. For neurotoxicity, an outcome on one descriptor was

the minimum needed without the joint probability considered and

three descriptor outcomes with the joint probability considered.

For reactivity, nine descriptors were needed with the joint probabil-

ity considered and four were needed without the joint probability

considered.

Several descriptors that were used in the TDP to reach or exceed

0.99 probability for a  single MoA were found to be unique to cer-

tain MoAs or were found multiple times across MoAs. For unique

descriptors prioritized to reach 0.99 probability, Lop was only found

in AChE joint, MAXDN was unique to narcosis joint, MATS3e and

SssO were unique to narcosis and MDEC34 and xv2 were only in

neurotoxicity joint. Hmax was in both ETI and ETI joint as well

as IOCI and IOCI joint. SdssNp was  in ETI, ETI joint, narcosis joint,

and reactivity. Qv was in ETI joint, IOCI, narcosis joint, and reac-

tivity joint. Bele3, GATS1v, Hy, J, SdsCH acnt, SdsssP, SRW10, SsCl,
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Fig. 3. Sensitivity of the chemical modes of toxic action to  each of the descriptors. Horizontal bars represent the range of probabilities for each mode of toxic action (i.e., the

conditional probability of the broad mode of toxic action (P(Broad| . . .)) (x-axis)) from findings at  the individual descriptors listed on the y-axis.

SsssCH acnt, and xc4 were found in at least three MoA’s TDPs and

used prior to or at the point of reaching 0.99. The rest of the descrip-

tors that were prioritized for optimally reaching 0.99 (i.e., DELS,

MDEC11, StsC) were found twice across the MoA’s TDPs.

To examine multiple pathways for identifying the MoAs,

target optimization trees were developed. Fig. 4 contains the tar-

get optimization tree for AChEI while taking into account the

joint probability of the evidence and Fig. 5 contains the target

optimization tree for AChEI without the joint probability of the evi-

dence taken into account in the development of the pathways. All

pathways in Figs. 4 and 5 led to a  probability of AChEI that is greater

than 0.98. The red highlighted box at the leaf of the tree contains

the final scenario with the highest overall score based on the joint

probability (if considered in the evidence determination) and the

change in probability from the initial probability of the MoA  dis-

played in the root of the tree. Both of the primary (first) pathways
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Fig. 4. Target optimization tree for acetylcholinesterase inhibition (AChEI) with the joint probability of the evidence taken into consideration. The rows on the leaves contain

the  score for the pathway built on the probability change from the prior probability of the mode of toxic action weighted by the final joint probability. The red highlighted

descriptor (Qv) is the terminal node of the pathway with the highest score. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web  version of this article.)

in the target optimization trees for AChEI duplicate the steps in the

corresponding TDPs. The two nodes in the TDP that optimally led to

a probability of AChEI that was greater than 0.99 probability were

SdsssP and J when the joint probability was not considered. In the

same target optimization tree, SdsssP only appeared in one path-

way as the initial variable and J  appeared in two pathways, as an

initial and secondarily selected variable. When the joint probability

was considered (Fig. 4), J was  no longer in the target optimization

tree but SdsssP was still selected early and raised the probability

of AChEI the most in the first branching. The highest scoring path-

way with the joint probability contained SdsssP, MAXDN, and Qv

leading to a  0.99 probability of AChEI. The highest scoring pathway
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Fig. 5. Target optimization tree for acetylcholinesterase inhibition (AChEI) without taking into account the joint probability of the evidence. The rows on the leaves contain

the  score for the pathway built on the probability change from prior probabilities before findings on descriptors are entered. The red highlighted descriptor (MATS2e) is the

terminal node state of the pathway with the highest score. (For interpretation of the references to colour in  this figure legend, the reader is referred to  the web version of

this article.)

without consideration of the joint probability contained SdsssP, J,

and MATS2e leading to a  probability of 0.998 (near certainty) of

AChEI.

Neurotoxicity had the second highest precision from cross

validation and its target optimization trees are displayed in

Figs. 6 and 7,  with and without the joint probability of the evi-

dence weighted in the pathways, respectively. Like AChEI, multiple

scenarios with at most three predictors can lead to  a  probability

equal to or greater than 0.99 for the neurotoxicity MoA. The lowest

final probability was 0.98 in a  few lineages with the joint probabil-

ity of the evidence considered. An outcome on only one descriptor

was necessary to reach a  0.99 probability of neutotoxicity (SsCl) in

the target optimization tree that did not consider the joint prob-

ability. For the target optimization tree that did consider the joint
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Fig. 6. Target optimization tree for neurotoxicity with the joint probability of the evidence taken into consideration. The rows on the leaves contain the score for the  pathway

built on the probability change weighted by the final joint probability. The red highlighted descriptor (J) is the terminal node state of the pathway with the highest score.

(For interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

probability, SsCl was not selected at all. When the joint probability

was considered, the 0.99 probability was still commonly reached

but required several additional descriptors. The highest scoring

pathway in the tree that considered the joint probability contained

MDEC34, xv2, and J  in the same order of priority. The highest scor-

ing pathway in the tree that did not consider the joint probability

contained SsCl, MDEC34, and SssO, duplicating the TDP. Both led to

a probability of neurotoxicity greater than 0.98.

As can be  seen, for AChEI and neurotoxicity several possible

descriptor groupings can lead to  a high probability of the MoA  being

true based on a few descriptors alone including the number of phos-

phate groups and chlorine atoms, respectively. Figs. 8 and 9 contain

the target optimization trees for narcosis. By contrast, some scenar-

ios contained final probabilities that were lower than AChEI and

neurotoxicity target optimization tree pathways, especially when

the joint probability of the evidence was considered in the tree
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Fig. 7. Target optimization tree for neurotoxicity without taking into account the joint probability of the evidence. The rows on the leaves contain the  score for the pathway

built on the probability change. The red highlighted descriptor (SsssO) is the terminal node state of the pathway with the highest score. (For interpretation of the references

to  colour in this figure legend, the reader is referred to the web version of this article.)

development. From the TDP analysis above, it was also observed

that narcosis took as many or more descriptors when compared

to the corresponding TDPs of neurotoxicity and AChEI to raise

the probability to  near certainty (0.99 or above). The final prob-

abilities range from 0.76 to 0.91 at the terminal evidence set for

scenarios with consideration of the joint probability. Additional

descriptors could raise these probabilities further but the trees

were constrained for examining the capabilities of only a hand-

ful of descriptors in predicting the MoAs. Without consideration

of the joint probability, probabilities of narcosis being true ranged

from 0.93 to near certainty. The highest scoring pathway with

the joint probability considered contained MAXDN, SdsCH acnt,

and Qv, duplicating the TDP. The highest scoring pathway with-

out consideration of the joint probability contained MATS3e, SssO,

and DELS, also duplicating the initial evidence set of the TDP.

Narcosis and neurotoxicity both contained SssO in their highest

scoring pathways without considering the joint probability. Nar-

cosis and AChEI both contained MAXDN and Qv in their highest
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Fig. 8. Target optimization tree for narcosis with the joint probability of the evidence taken into consideration. The rows on the leaves contain the score for the pathway

built  on the probability change weighted by the final joint probability. The red highlighted box (Qv) is the terminal node state of the pathway with the highest score. (For

interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of this article.)

scoring pathways with the joint probability considered. Neurotox-

icity and AChEI both contained J  in highest scoring pathways. For

neurotoxicity, J was in the pathway that considered the joint prob-

ability and for AchEI it was in the pathway without consideration

of the joint probability. Additional target optimization trees for

the other modes of action are found in the Supporting informa-

tion.

4. Discussion

Compound classification methods offer the ability to associate

structural features and chemical properties with specific types

of biological activities and to screen for and predict biologically

active compounds (Bajorath, 2001). Molecular similarity is the

basis of these approaches, which typically requires the use of

chemical descriptors that capture a  broad range of molecular
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Fig. 9. Target optimization tree for narcosis without taking into account the joint probability of the evidence. The rows on the  leaves contain the score for the pathway built

on  the probability change. The red highlighted box (DELS) is the terminal node state of the pathway with the  highest score. (For interpretation of the references to colour in

this  figure legend, the reader is referred to  the web version of this article.)

characteristics and definition of the theoretical chemical space

of the model (Martin et al., 2002; Bajorath 2001). Hundreds

of molecular descriptors are available in the literature that can

be calculated using computational chemistry software such as

Dragon which provides more than 1600 theoretical descriptors

(e.g., Mauri et al., 2006). In the current study, a  diversity of two

dimensional chemical descriptors were calculated and assigned

using the computational chemistry application TEST (USEPA, 2008,

2016), including E-state values and E-state counts, constitutional

descriptors, topological descriptors, walk and path counts, con-

nectivity, information content, two-dimensional autocorrelation,

Burden eigenvalue, molecular property, Kappa, hydrogen bond

acceptor/donor counts, molecular distance edge and molecular

fragment counts (Martin et al., 2013, 2015). Previous studies have

demonstrated high performance of two dimensional descriptors

in both molecular similarity analysis and compound classification
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(Bajorath, 2001),  although they have seen only limited application

in aquatic toxicology (e.g., Papa et al., 2005; Martin et al., 2013,

2015).

Interpretation of computational chemistry descriptors is typi-

cally challenging because they are based on hundreds of calculated

attributes of a  molecule that may have positive or negative val-

ues. For example, the electrotopological state index represents the

electronic state of an atom as perturbed from electronic influence

of other atoms in the molecule (Hall and Kier, 1995). The index

reflects the contribution of a specific group of atoms (e.g., −CH3,

CH2-) and depends on the environment of that group of atoms

within a specific molecule (Hall and Kier, 1995). As  another exam-

ple, Qv is a whole molecule polarity index that decreases in value as

polarity increases (Votano et al., 2004). Of the over 700 descriptors

assigned by the TEST computational chemistry application, only 24

were used to establish a Markov blanket around the MoA variable

and 22 of these 24 were in a  pathway prior to reaching or at the

point of exceeding 0.99 probability of a  MoA  in the TDP analysis.

The Markov blanket analysis used in the current network provided

a method that reduced the inherent complexity of numerous chem-

ical descriptor assignments by determining the most important

predictors in terms of probabilistic dependence with the MoAs.

The Bayesian network had an overall prediction accuracy (model

precision) of 80%, which is similar to the 86% accuracy (correct

fraction) of the LDA model of Martin et al. (2015) using two dimen-

sional theoretical chemical descriptors and the same MoA dataset

of Barron et al. (2015).  AChEI MoA had the highest prediction accu-

racy in both the network (93.5%) and LDA (98%), and reactivity the

lowest (network: 48%; LDA: 33%). Prediction accuracy of chemicals

with an MoA of neurotoxicity was highest in the network model

(83%; LDA: 65%), whereas narcosis prediction accuracy was high-

est in LDA (98%) compared to  the network (80%) (Martin et al.,

2015). These results suggest that MoA  prediction accuracy may be

a  function of the intrinsic uncertainty in the theoretical descrip-

tors and MoA  classification, rather than fundamental differences

in the statistical modeling approach. As knowledge of MoA assign-

ments and theoretical relationships between descriptors and MoAs

advances, model performance and predictive capabilities should

likewise improve.

For machine learned Bayesian networks, the minimum descrip-

tion length scores are useful for establishing the relationships

among variables from the available data. With deterministic

models, rules can be  difficult to  establish and interpret and

complexity can overwhelm understanding of the model and the

processes being represented. However, the nonparametric quan-

titative methods used in the current approach require larger

amounts of data than might be found in some datasets. For the cur-

rent model, MoAs with low numbers of data generally had relatively

diminished predictive accuracy and data coverage for establish-

ing conditional probabilities. In contrast, Martin et al. (2013, 2015)

attributed poor predication accuracy of the reactivity MoA to a

large range in reactivity mechanisms and general structural diver-

sity. Within the current model, pathways constrained to  a  relatively

small number of descriptors still led to high probabilities for each

MoA despite varying data coverage.

Bayesian approaches can decompose complex multivariate

problems into graphical networks that can be visualized and that

support bidirectional inferences under various levels of uncer-

tainty. The probabilistic focus inherent in a  Bayesian network is also

conducive to improvements in structuring and quantification as the

knowledge and evidence improves over time. Coupling a  Bayesian

network with subjective interpretations of probability maintains

focus on missing information and the imprecision from insufficient

knowledge of true relationships. In the current study, the MOATox

database of Barron et al. (2015) was taken as the best compendium

of knowledge currently available regarding the acute aquatic

toxicity MoA for a diversity of chemicals. The ability to predict

unknown MoAs from existing data will become more precise as the

knowledge base of MoA  increases. Bayesian frameworks can pro-

vide useful pathways to improved predictive and diagnostic tools

for aquatic toxicology and other problems with high dimensional

data and multiple uncertain outcomes.
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The ability to estimate aquatic toxicity is a critical need for ecological risk assessment and

chemical regulation. The consensus in the literature is that mode of action (MOA) based

toxicity models yield the most toxicologically meaningful and, theoretically, the most accu-

rate results. In this study, a two-step prediction methodology was developed to estimate

acute aquatic toxicity from molecular structure. In the first step, one-against-the-rest linear

discriminant analysis (LDA) models were used to predict the MOA. The LDA models were

able to predict the MOA with 85.8–88.8% accuracy for broad and specific MOAs, respec-

tively. In the second step, a multiple linear regression (MLR) model corresponding to the

predicted MOA was used to predict the acute aquatic toxicity value. The MOA-based

approach was found to yield similar external prediction accuracy (r2 = 0.529–0.632) to a

single global MLR model (r2 = 0.551–0.562) fit to the entire training set. Overall, the glo-

bal hierarchical clustering approach yielded a higher combination of accuracy and predic-

tion coverage (r2 = 0.572, coverage = 99.3%) than the other approaches. Utilizing multiple

two-dimensional chemical descriptors in MLR models yielded comparable results to using

only the octanol–water partition coefficient (log Kow).

Keywords: mode of action; quantitative structure–activity relationship (QSAR); linear

discriminant analysis (LDA); multiple linear regression; aquatic toxicity; octanol–water

partition coefficient

1. Introduction

There are three general approaches for developing quantitative structure–activity relationship

(QSAR) models for diverse datasets that apply (1) global models using flexible machine

learning techniques, (2) local models based on sets of clearly defined congeners (class based

approach) and (3) local models based on a common mode of toxic action (MOA) [1]. Several

previous studies have indicated the most toxicologically meaningful results can be obtained

using a mode of action (MOA) based approach [2–6]. For example, Yuan et al. [7] reported

that MOA-based local models yielded superior results to a global model for predicted acute

toxicity to a standard fish test species, the fathead minnow (Pimephales promelas).

Global approaches to modelling aquatic toxicity include k nearest neighbours (kNN) [8,9]

or nearest neighbours [10], support vector machines (SVM) [11], multilinear regression

(MLR) [10,12–14], MLR using only structurally similar chemicals from the training set [15],
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group contribution methods [16,17], partial least squares [18,19], artificial neural networks

(ANNs) [12,20], associative neural networks (ASNN) [21] and hierarchical clustering (HC)

[10,22]. The advantage of global methods is that machine learning allows the development of

model(s), which do not require the determination of chemical class or MOA. This makes it

easier to develop models for diverse datasets. The disadvantage of global methods is that it is

possible to overfit a dataset with too many non-biologically relevant chemical descriptors.

Previous QSAR research in aquatic toxicology has largely been focused on developing

models for specific chemical classes (reviewed by Netzeva et al. [1]). Early QSAR studies

used a single chemical property of hydrophobicity, usually modelled as the log of the octa-

nol–water partition coefficient (log Kow) to estimate toxicity for large classes of industrial

chemicals of moderate polarity [23]. The Ecological Structure Activity Relationships (ECO-

SAR) program within the Estimation Program Interface (EPI) Suite [24] uses class-based

models to calculate aquatic toxicity based on log Kow for a variety of chemical groups includ-

ing pesticides, dyes and reactive compounds, as well as traditional solvent-like chemicals.

An advantage of class based models is that structurally similar chemicals should be toxi-

cologically similar. However, Russom et al. [25] illustrated that chemicals within the same

chemical class can act through different MOAs. For example, hydroquinones emerge as an

outlier from models for phenols [26], and chlorinated phenols exhibit polar narcosis and

uncoupling of oxidative phosphorylation depending on the number of chlorines [25]. Disad-

vantages of class-based methods include: the uncertainty in precisely defining a chemical

class; chemicals can possess functional groups for more than one chemical class; and some-

times insufficient data are available to develop a model for specific chemical classes.

Several researchers have developed MOA-based models to predict aquatic toxicity LC50

values [1,7,13,27]. Claeys et al. developed models for chronic aquatic toxicity for the nonpo-

lar narcosis and polar narcosis MOAs using the octanol–water partition coefficient [27]. Many

models are available, but the predictive power can be confounded by the need for ‘a priori’

selection of the appropriate MOA model [28]. Several researchers have developed methods to

assign chemicals to particular aquatic toxicity modes of action [28–38]. A variety of tech-

niques have been utilized including linear discriminant analysis (LDA) [28,29,37], binary

logistic regression [30], Adaboost [31], decision tree models [33], counter propagation neural

networks and multinomial logistic regression [39], and support vector machines [34,36].

In a previous paper [38], we developed a ‘one-against-the-rest’ LDA approach to predict

aquatic toxicity MOA. Separate discriminant models were developed for each results category

and the predicted category yielded the highest score from all the different models. In the cur-

rent study, fathead minnow acute toxicity is predicted using a two-step process. In the first

step, LDA models are used to predict MOA and then acute toxicity is predicted using the

multilinear regression model corresponding to each chemical’s predicted MOA. This approach

is similar to that utilized by ASTER (ASessment Tools for the Evaluation of Risk) to estimate

aquatic toxicity, except that ASTER utilizes a fragment-based MOA assignment approach and

log Kow based linear regression toxicity models [25,40]. Here we compare the MOA-based

model results with global methods including hierarchical clustering and a single MLR model

fit to the entire training set. Additionally we investigate whether MOA-based MLR models fit

to multiple two-dimensional (2D) descriptors yield better results than models fitted only to

log Kow.

In this study there are two datasets (one with 1015 chemicals, one with 793 chemicals).

The first is used to develop models to predict the toxicity MOA. The training set is ~80%

and the prediction set is ~20% of this dataset. The second dataset is used to develop models

to predict quantitative fathead minnow toxicity. A total of 372 chemicals in the second dataset
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have LC50 values as well as MOA values (thus they are also present in the first dataset).

These chemicals are used for the training set. The chemicals in the second dataset with

unknown MOA are used as the prediction set for predicting the LC50 value. The chemicals in

this set represent a true external set in that none of the chemicals are present in the training

set for the MOA or LC50 models.

2. Materials and methods

2.1 MOA dataset

A dataset of 1015 chemicals was developed for 11 MOAs based on their mode of acute toxic

action in fish (Table 1). This dataset represents a slight expansion of the database used in a

previous study to include additional specific MOAs [38]. Neurotoxicity categories were

expanded from two specific MOAs (organochlorine and pyrethroid) to seven [pyrethroid

sodium channel modulation, alicyclic γ-aminobutyric acid (GABA) antagonism, diphenyl

sodium channel modulation, GABA agonism, pyrazole GABA antagonism, sodium channel

Table 1. Summary of the mode of action (MOA) dataset used in developing MOA-based QSAR

models.

MOA MOA subcategory Characteristics Count

AChE inhibition Carbamate Carbamate moiety 69

Organo-phosphate Pphosphate or thiophosphate moiety 199

Narcosis Ester Diverse structures, mono or diesters 44

Nonpolar Diverse structures, not ionizable 299

Polar Phenols, anilines, pyridines; single

nitro or <4 halogens

59

Neurotoxicity Pyrethroid sodium

channel modulation

Pyrethroid analogs 65

Alicyclic GABA

antagonism

Aliphatic and cyclic 26

Diphenyl sodium channel

modulation

Diphenyl 11

GABA agonism Macrocyclic lactones 13

Other Diverse structures 6

Pyrazole GABA

antagonism

Pyrazole 6

Sodium channel blocking Urea with trifluoro group 2

Reactivity NA Electrophiles, proelectrophiles 91

Uncoupling Oxidative

Phosphorylation

NA >1 nitro or >3 halogenated phenols,

anilines, pyridines

48

Not AChE Inhibition Carbamate Carbamate moiety 40

Organophosphate Phosphate or thiophosphate moeity 9

Anticoagulation Vitamin K antagonism Coumarins 17

nAChR agonism NA Nicotine or neconicotinoids 8

nAChR antagonism NA Piperidine with alkyl chain 1

Methaeglobinaemia NA Benzene ring with amino and ketone

substituents

1

Oxidative phosphorylation

inhibition

NA Pyridine with urea and nitrobenzene 1

Total 1015

NA: not applicable.
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blocking, and other]. However, the number of chemicals with the broad neurotoxicity MOA

only increased from 124 to 129 chemicals. This refinement provided greater structural similar-

ity within each specific MOA as well as consistency with international pesticide MOA classi-

fication [41]. The number of chemicals with the acetylcholinesterase (AChE) inhibition broad

MOA was increased from 199 to 268.

The dataset was developed using a combination of high confidence assignments, including

biological responses in fish acute toxicity assays [25], international consensus classifications

such as the Insecticide Resistance Action Committee’s (IRAC) MOA classification tool [41],

ASTER [40] predictions, and weight of evidence professional judgment based on assessment

of structure and literature information (see Table S1 in the supplemental material which is

available via the multimedia link on the online article webpage). The molecular structures for

the chemicals in the overall dataset were obtained using the procedure detailed by Young and

colleagues [10].

One of 11 broad MOAs was assigned to each chemical: AChE inhibition; narcosis; neuro-

toxicity; reactivity; uncoupling oxidative phosphorylation; anticoagulation; nicotinic acetyl-

choline receptor (nACHR) agonism; nACHR antagonism; methemoglobinemia; and oxidative

phosphorylation inhibition (see Table 1). The first column in Table 1 indicates ‘broad’ MOAs,

while the first and second columns taken together indicate ‘specific’ MOAs. Models were

developed for both broad and specific MOAs. The MOA dataset were randomly subdivided

into training (~80% of chemicals, 802 chemicals) and validation set (~20%, 213 chemicals)

within each MOA and MOA subcategory (see Table S1 in the supplemental material which is

available via the multimedia link on the online article webpage). This 802 chemical training

set was used to build LDA models to predict MOA.

2.2 Fathead minnow LC50 data set

The fathead minnow LC50 endpoint represents the concentration in freshwater which kills half

of the test fish in 96 hours. The dataset for this endpoint was obtained from the ECOTOX

aquatic toxicity database (http://cfpub.epa.gov/ecotox/). Compounds were restricted to the fol-

lowing elements: C, H, O, N, F, Cl, Br, I, S, P, Si and As. In addition, compounds must rep-

resent a single pure component (salts, undefined isomeric mixtures, polymers or mixtures

were removed). For chemicals with multiple LC50 values in ECOTOX, the geometric median

value was used. Chemicals with known MOA (372 chemicals) were placed in the training set

and chemicals with unknown MOA (421 chemicals) were placed in the prediction set. This

was done so that chemicals in the prediction set will have an external prediction of the MOA

and then the toxicity value. The 372 chemical training set was used to build multiple models

(one for each MOA) to predict the quantitative LC50 value. The chemicals in the LC50

training set are also present in the 1015 MOA dataset.

2.3 Prediction methodology

Fathead minnow acute toxicity values were predicted using a two-step process. In the first

step, one-against-the-rest LDA models were used to predict each chemical’s broad or specific

MOA. In the second step, the LC50 value was predicted using the multilinear regression

model corresponding to the predicted MOA. Several MOAs had an insufficient number of

chemicals with an available LC50 values to include in QSAR toxicity estimation. These

included anticoagulation, nAChR agonism and antagonism, diphenyl sodium channel

modulation, and GABA agonism.
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The methodology for estimating MOA using LDA is described in a previous publication

[38] and is described briefly below. An LDA model is essentially a multilinear regression

model [30]:

Score ¼
Xn

i¼1

aixi þ a0 (1)

where ai is the fitted constant for parameter i, xi is the ith molecular descriptor, and a0 is the

model intercept. Chemicals with a given MOA are assigned a score of 1. Chemicals that do

not have the given MOA are assigned a score of 0. For example, when building a model for

the AChE inhibition-organophosphate MOA, famphur (O-(4-((dimethylamino)sulphonyl)phe-

nyl) O,O-dimethyl thiophosphate) would be assigned a score of 1 while ethanol would be

assigned a score of 0 (since it has the narcosis-nonpolar MOA).

Descriptors are selected (and regression constants fitted) using a genetic algorithm based

approach so the model can match the experimental values for the training set. A pool of 790

descriptors was obtained from the US Environmental Protection Agency (US EPA) chemical

descriptor and toxicity estimation tool, T.E.S.T. [40]. The descriptor classes included E-state

values and E-state counts, constitutional descriptors, topological descriptors, walk and path

counts, connectivity, information content, two-dimensional autocorrelation, Burden eigen-

value, molecular property (such as the octanol–water partition coefficient), Kappa, hydrogen

bond acceptor/donor counts, molecular distance edge and molecular fragment counts [40].

LDA models were built for each MOA that contained at least five chemicals, consistent

with a minimum recommended ratio of 5:1 [42]. However, using a minimum ratio of 67

chemicals per descriptor (about 11 descriptors per model) yielded the best results based on

re-substitution sensitivity, which was the fraction of positive chemicals correlated accurately

to the number of positive chemicals in the training set. The MOA for new chemicals was

determined by first calculating the score for all the LDA models, then selecting the predicted

MOA with the highest score. MOA assignments were only included where the maximum pre-

dicted score was ≥0.5.

The training set included several carbamate and organophosphate chemicals that were

structurally similar to AChE inhibitors, but were known not to have an AChE inhibition

MOA. These chemicals were assigned a score of zero when building LDA models for AChE

inhibition to facilitate the development of models that could distinguish between potent and

non-potent AChE inhibitors. Chemicals with a non-AChE inhibition MOA were not used

when building LDA models for other MOAs. These chemicals were added so that no all

carbamates and organophosphates would be predicted to be AChE inhibitors.

Before any QSAR model can be used to make a prediction for a test chemical, it must be

determined whether the test chemical falls within the domain of applicability (or AD) for the

model. The first constraint, the model ellipsoid constraint, checks if the test chemical is within

the multidimensional ellipsoid defined by the ranges of descriptor values for the chemicals in

the training set (for the descriptors appearing in the model). The model ellipsoid constraint is

satisfied if the leverage of the test compound (h00) is less than the maximum leverage value

for all the compounds used in the model [43]. The second constraint, the Rmax constraint,

checks if the distance from the test chemical to the centroid of the training set is less than the

maximum distance for any chemical in the training set to the its centroid. The fragment con-

straint [10] was not applied in this study since it was not found to improve prediction concor-

dance [38]. Finally, the maximum score from all the LDA models must exceed 0.5 as

mentioned above.
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LC50 values were predicted using a multilinear regression model for toxicity:

Tox ¼
X

bixi þ b0 (2)

where bi is the fitted constant for parameter i, xi is the ith molecular descriptor, and b0 is the

model intercept. The descriptors were selected using a genetic algorithm approach as outlined

previously [10]. The minimum ratio of chemicals to descriptors was set at 5:1 for QSAR

modelling. An LC50 model was developed for all the MOAs that had at least five chemicals

in the LC50 training set. The model ellipsoid and Rmax constraints described above were used

to define the applicability domain of the LC50 models. In addition to the 2D descriptors from

T.E.S.T. described above, single descriptor models were developed using log Kow. The log

Kow was taken from EPISUITE [24], denoted from here on as ELOGP. If an experimental

value is available, that value was used. If an experimental value was not available, the calcu-

lated value from EPISUITE was used.

3. Results and discussion

3.1 Results

3.1.1 Internal model statistics for LDA models

All the LDA models had high correlations in terms of concordance (fraction of chemicals pre-

dicted correctly) and specificity (fraction of negative chemicals predicted correctly) (see

Table 2). However, for several of the specific MOAs (narcosis-ester, narcosis-polar, neurotox-

icity-diphenyl sodium channel modulation, and reactivity), we were unable to achieve high

sensitivity (fraction of positive chemicals predicted correctly) values. Greatly increasing the

number of descriptors did not yield models with good sensitivity (i.e. ≥0.5). The reactivity

MOA contained a variety of structural classes and thus different reactive mechanisms, which

may explain why it was difficult to consistently identify the MOA of reactive compounds. In

future research, we may divide the reactivity MOA into several specific MOAs such as

acylation, isocyanate reactivity, nucleophilic substitution, alkylation/arylation and sulfhydryl

reactivity. The correlation for narcosis-polar may have achieved low sensitivity due to

ambiguity about the structural differences between chemicals in the narcosis-polar and narco-

sis-nonpolar categories. For example, it has been demonstrated that ortho substitutions on a

pyridine can shift the MOA from narcosis-polar (e.g. pyridine) to narcosis-nonpolar narcosis

(e.g. 2-ethylpyridine), presumably due to steric hindrance [25].

3.1.2 Results for MOA prediction set

The overall prediction accuracy for the different QSAR techniques was excellent, with con-

cordance of 88.8 and 85.8% for the specific and broad MOAs, respectively (Table 3). These

results were comparable with those obtained in our previous publication using a slightly dif-

ferent MOA dataset [38]. The specific MOAs achieved a higher accuracy, but at the sacrifice

of a lower prediction coverage (fraction of chemicals which can be predicted): 73.3% of

chemicals for specific MOAs compared with 94.5% for broad MOAs.

The prediction accuracies for each MOA were highly correlated with the training set sen-

sitivities. For example the AChE inhibition–carbamate chemicals were predicted with perfect

accuracy (the training set sensitivity was 100%), while the reactive chemicals were predicted

with 46.2% accuracy (the training set sensitivity was 47.2%). This similarity is not

unexpected since the overall dataset was divided into training and prediction sets randomly
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with equal distributions of each mode of action. Several of the specific MOAs had 0% accu-

racy (neurotoxicity-other, neurotoxicity-pyrazole GABA antagonism, neurotoxicity-sodium

channel blocking, and oxidative phosphorylation inhibition) due to the fact there was insuffi-

cient chemicals in the MOA training set to build an LDA model. Chemicals falling under

these MOAs were not used to calculate the overall accuracy (Table 3). About 60% of the

non-AChE inhibitors were still predicted to be AChE inhibitors, indicating the LDA models

still predominately predict chemicals with carbamate or organophosphate substructures to be

AChE inhibitors.

3.1.3 LDA model descriptors

The LDA models for each MOA are given in the supplemental material (Tables S2 and S3)

which is available via the multimedia link on the online article webpage. The most common

descriptors selected include molecular fragment counts [40], autocorrelation [44], E-state [45]

and constitutional [46]. The definitions for the descriptors appearing in the LDA models are

given in the T.E.S.T. user’s guide [40]. The molecular fragment count descriptors are given

by Martin et al. [10]. Some of the fragments were initially developed so they captured spe-

cific modes of action as detailed by Russom et al. [25].

Table 2. Modelling statistics for the training dataset used in developing MOA-based models using

LDA.

Broad MOA Concordance* Sensitivity† Specificity‡

AChE inhibition 0.970 0.995 0.961

Anticoagulation 0.999 0.923 1.000

nAChR agonism 0.997 0.833 0.999

Narcosis 0.890 0.938 0.855

Neurotoxicity 0.969 0.768 0.998

Reactivity 0.942 0.472 0.991

Uncoupler 0.982 0.658 0.999

Specific MOA
AChE inhibition-carbamate 0.986 1.000 0.985

AChE inhibition-organophosphate 0.991 0.994 0.991

Anticoagulation-vitamin K antagonism 0.999 0.923 1.000

nAChR agonism 0.997 0.833 0.999

Narcosis-ester 0.969 0.371 0.997

Narcosis-nonpolar 0.815 0.636 0.897

Narcosis-polar 0.961 0.383 0.999

Neurotoxicity-alicyclic GABA antagonism 0.995 0.800 1.000

Neurotoxicity-diphenyl sodium channel modulation 0.990 0.000 1.000

Neurotoxicity-GABA agonism 1.000 1.000 1.000

Neurotoxicity-pyrethroid sodium channel modulation 0.982 0.827 0.993

Reactivity 0.942 0.472 0.991

Uncoupling oxidative phosphorylation 0.982 0.658 0.999

*Concordance is the fraction of chemicals predicted correctly.

†Sensitivity is the fraction of positive chemicals predicted correctly.

‡Specificity is the fraction of negative chemicals predicted correctly.

SAR and QSAR in Environmental Research 251

D
o

w
n

lo
ad

ed
 b

y
 [

U
S

 E
P

A
 L

ib
ra

ry
] 

at
 0

8
:0

6
 0

1
 J

u
ly

 2
0

1
5

 



One benefit of LDA models is they are inherently interpretable. It was found the fragment

counts selected in the LDA models are similar to those in the scheme proposed by Verhaar

et al. [47] or the US EPA’s ASTER [40]. For example, the model for AChE inhibition–orga-

nophosphate included the count of oxygens attached to two phosphorus atoms and the count

of OH fragments attached to phosphorus.

3.1.4 Internal model statistics for LC50 models

In general, the LC50 MLR models based on 2D descriptors had acceptable statistics (r2 and

q2 > 0.5) (Table 4). q2 is the one leave-one-out cross-validated r2. AChE inhibition–carbamate

Table 3. Summary results for the MOA prediction set for specific and broad MOA categories.

Exp.
count

Correct
fraction

Predict
fraction

Training set
sensitivity

Specific MOA
AChE inhibition-carbamate 14 1.000 0.929 1.000

AChE inhibition-organophosphate 40 1.000 1.000 0.994

Anticoagulation-vitamin K antagonism 4 1.000 1.000 0.923

Narcosis-ester 9 0.333 0.333 0.371

Narcosis-nonpolar 60 0.919 0.617 0.636

Narcosis-polar 12 0.667 0.500 0.383

Neurotoxicity-alicyclic GABA antagonism 6 0.800 0.833 0.800

Neurotoxicity-diphenyl sodium channel

modulation

3 N/A 0.000 0.000

Neurotoxicity-GABA agonism 3 1.000 0.667 1.000

Neurotoxicity-pyrethroid sodium channel

modulation

13 1.000 0.846 0.827

Reactivity 19 0.462 0.684 0.472

Uncoupler 10 0.875 0.800 0.658

nAChR agonism 2 1.000 0.500 0.833

Neurotoxicity-other 2 0.000 1.000 N/A*

Neurotoxicity-pyrazole GABA

antagonism

2 0.000 0.500 N/A

Neurotoxicity-sodium channel blocking 1 0.000 1.000 N/A

Oxidative phosphorylation inhibition 1 0.000 1.000 N/A

Non-AChE inhibition-carbamate 8 0.500 0.500 N/A

Non-AChE inhibition-organophosphate 2 0.000 1.000 N/A

Overall** 195 0.888 0.733 N/A

Broad MOA
AChE inhibition 54 0.981 1.000 0.995

Anticoagulation 4 0.750 1.000 0.923

Narcosis 81 0.975 0.975 0.938

Neurotoxicity 30 0.654 0.867 0.768

Reactivity 19 0.333 0.789 0.472

Uncoupler 11 0.700 0.909 0.658

nAChR agonism 2 0.500 1.000 0.833

Non-AChE inhibition 10 0.4 1 N/A

Overall* 201 0.858 0.945 N/A

*LDA model is not available for this MOA.

**Omitting MOAs without an explicit LDA model.
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was the only MOA with poor internal statistics (q2 = −1.599 and r2 = 0.237). A likely expla-

nation for this is there were few chemicals that had both this MOA and an experimental tox-

icity value, allowing for only one descriptor to be utilized maintaining a minimum ratio of

five chemicals per descriptor. In all cases, the utilization of multiple 2D descriptors yielded

better internal statistics than using only ELOGP. This result is not surprising since using addi-

tional descriptors can allow a model to fit idiosyncrasies in a dataset. However, in several

cases (AChE inhibition–carbamate, neurotoxicity–alicyclic GABA antagonism and neurotox-

icity–pyrethroid sodium channel modulation), a single two dimensional T.E.S.T. descriptor

was able to correlate the training set data better than ELOGP. For these MOAs, IC (informa-

tion content), XLOGP2 (square of the XLOGP octanol–water partition coefficient) and IE-

ADJMM (mean information content on the edge adjacency magnitude) were selected,

respectively. Two out of the three MOAs are described by information content descriptors

(which are a measure of molecular symmetry). Neurotoxicity–alicyclic GABA antagonism is

still a function of the octanol–water partition coefficient.

3.1.5 Results for LC50 prediction set

Analysis of the external LC50 prediction set results showed MOA-based models had similar

or lower prediction accuracy compared with global models (Table 5). The specific MOA

LDA models were able to achieve a higher prediction accuracy (in terms of r2) than the broad

MOA LDA models, but at the sacrifice of a lower prediction coverage. The global hierarchi-

cal clustering method (runs #5 and 6) yielded superior results to the MOA-based methods

(runs #1–4) based on both prediction accuracy and coverage (Table 5). The hierarchical

Table 4. LC50 Statistics for the fathead minnow acute toxicity training set.

2D descriptors* Only ELOGP

Number of
descriptors q2 r2 MAE q2 r2 MAE

Broad MOA
AChE inhibition 7 0.780 0.853 0.263 0.417 0.476 0.573

Narcosis 32 0.917 0.946 0.249 0.845 0.849 0.411

Neurotoxicity 4 0.829 0.902 0.380 0.642 0.701 0.668

Reactivity 8 0.636 0.713 0.460 0.350 0.391 0.737

Uncoupler 4 0.891 0.930 0.178 0.687 0.742 0.387

Specific MOA
AChE inhibition–carbamate 1 −1.599 0.237 0.338 −0.920 0.002 0.390

AChE inhibition–organophosphate 5 0.662 0.767 0.363 0.439 0.515 0.559

Narcosis–ester 3 0.897 0.941 0.172 0.816 0.868 0.288

Narcosis–nonpolar 30 0.971 0.982 0.150 0.872 0.877 0.372

Narcosis–polar 9 0.914 0.944 0.221 0.874 0.889 0.299

Neurotoxicity–alicyclic GABA

antagonism

1 0.635 0.717 0.566 −0.768 0.157 1.091

Neurotoxicity–pyrethroid sodium

channel modulation

1 0.930 0.955 0.122 −3.720 0.360 0.482

Reactivity 8 0.636 0.713 0.460 0.350 0.391 0.737

Uncoupler 4 0.891 0.930 0.178 0.687 0.742 0.387

*q2 is the leave one out correlation coefficient, r2 is the coefficient of determination, and MAE is the

mean absolute error.
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clustering method yielded 99.3% coverage, which can be explained by the fact that it makes

predictions using several different models. If one compares the hierarchical clustering method

(run #5) with the broad LDA method (run #1) for the predictions in common, the results do

not change (r2 = 0.579 for run#5 vs. r2 = 0.528 for run #1). A single global MLR model

achieved slightly higher prediction accuracy and coverage than the MOA-based approach

(comparing runs #1 and #7). If one compares the predictions in common, the prediction accu-

racy is identical (r2 = 0.528).

Analysis of the external LC50 prediction set results showed that QSAR models based on

multiple 2D descriptors had similar results to those based solely on ELOGP (Table 5). The

predictions in common for these runs are compared in Table 6.

For specific MOAs, the overall mean absolute error (MAE) was lower using 2D descrip-

tors in the LC50 models. For broad MOAs, the overall error is lower using only ELOGP in

Table 5. Summary statistics for the acute toxicity prediction set.

# MOA type Method Descriptor set r2 Coverage

1 broad LDA all 2D 0.529 84.8

2 specific LDA all 2D 0.632 49.3

3 broad LDA ELOGP 0.579 87.3

4 specific LDA ELOGP 0.630 57.3

5 global hierarchical clustering all 2D 0.572 99.3

6 global hierarchical clustering ALOGP 0.568 90.2

7 global Single model all 2D 0.551 91.4

8 global Single model ALOGP 0.562 90.2

Table 6. Comparison of LC50 predictions using 2D descriptors and only ELOGP for the LC50 models

(run #1 vs. #3 and run #2 vs. #4 in Table 5).

Count MAE 2D* MAE ELOGP*

Specific MOA
Narcosis-nonpolar 135 0.537 0.567

Narcosis-polar 17 0.47 0.456

Narcosis-ester 7 0.575 0.634

AChE inhibition-organophosphate 5 1.46 1.248

Reactivity 42 0.65 0.634

Uncoupling oxidative phosphorylation 7 0.833 1.05

All MOAs 213 0.587 0.605

All but narcosis 54 0.749 0.745

Broad MOA
Narcosis 326 0.623 0.589

AChE inhibition 9 1.583 1.232

Neurotoxicity 1 1.76 0.436

Reactivity 21 0.66 0.74

Uncoupler 7 0.833 1.05

All MOAs 364 0.656 0.622

All but narcosis 38 0.939 0.906

*MAE 2D and MAE ELOGP are the mean absolute errors for models based on multiple 2d descriptors

and solely on ELOGP, respectively.
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the LC50 models. One would expect the prediction accuracy using 2D descriptors would be

higher for chemicals which did not have the narcosis MOA because the toxicity of chemicals

with more specific MOAs are not only controlled by partitioning. However, the results indi-

cate there was no advantage in using descriptors in addition to ELOGP in the MLR LC50

models (see ‘All but narcosis’ rows in Table 6). One explanation may be the intercept of the

models may be more important in predicting the LC50 for some MOAs. For example, for the

AChE inhibition–carbamate specific MOA, the LC50 model using 2D descriptors was

Tox ¼ �0:09 � icþ 4:95

where ic = information content descriptor.

The model using ELOGP was

Tox ¼ �0:02�ELOGP þ 4:77

It is interesting to note that if one only uses only ALOGP (Ghose–Crippen octanol–water

coefficient [48] as calculated by T.E.S.T. [40]) for the hierarchical calculations, the prediction

accuracy is similar (r2 = 0.568), but the prediction coverage is lower (coverage = 90.2%).

Using a single MLR model with 2D descriptors (run #7) yielded slightly worse results

(r2 = 0.551, coverage = 91.4%) than the hierarchical clustering method. Using a single MLR

model with just ALOGP yielded similar results to those for the MLR with 2D descriptors

(r2 was slightly higher, but the coverage was slightly lower). This indicates the additional

descriptors do not improve the external prediction accuracy for the global model.

3.1.6 LC50 model descriptors

The LC50 models for each MOA are given in the supplemental material (Tables S4 and S5)

which is available via the multimedia link on the online article webpage. The most common

2D descriptors selected include autocorrelation, molecular fragment and E-state descriptors. It

is interesting to note that 10 out of the 14 LC50 models using T.E.S.T. descriptors (see

Table S4 and S5 in the supplementary material which is available via the multimedia link on

the online article webpage) contained some form of log Kow descriptor (ALOGP, ALOGP2,

XLOGP and XLOGP2). The specific MOAs, which did not contain a log Kow descriptor,

were AChE inhibition–carbamate, narcosis–ester and neurotoxicity–pyrethroid sodium channel

modulation.

3.2 Discussion

3.2.1 Analysis of poorly predicted chemicals using MOA-based QSAR models

One of the disadvantages of MOA-based methods is that an incorrectly predicted MOA can

lead to a large error in the estimated toxicity value. Table 7 lists predictions for the broad

LDA method (run #1 in Table 5) for poorly predicted chemicals (MAE ≥ 2 log units) that

have a second highest LDA score ≥0.25. MOA1 and MOA2 are the predicted MOAs,

which have the first and second highest score from the LDA models, respectively. Pred1

and Pred2 are the toxicity scores using the LC50 model for MOA1 and MOA2, respec-

tively. Of the chemicals in Table 7, 9/10 were underpredicted which makes sense in that

most of them were predicted to have the narcosis MOA. For chemicals where the second

highest LDA score indicates the reactivity MOA, the predicted toxicities are much more

accurately predicted using the reactivity LC50 model (MAE is reduced from 2.3 log units
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Table 7. Poorly predicted chemicals with large second highest LDA scores (≥0.25).

Chemical MOA1 MOA2 Exp. Pred1 Pred2

Chloroacetonitrile 

Narcosis Reactivity 4.75 1.54 3.65

Ethylene oxide 

Narcosis Reactivity 2.72 0.55 3.51

Trifluoroethanol  

Narcosis Reactivity 2.93 0.89 3.67

Acetaldehyde oxime 

Narcosis Reactivity 2.89 0.88 4.07

1,5-Dichloro-2,4-dinitrobenzene 

Uncoupler Reactivity 6.78 4.78 5.51

Salicylanilide 

Narcosis Uncoupler 7.43 4.36 4.65

 Benzoylacetone 

Narcosis Anticoagulant 5.17 3.08 N/A

Pyridaben 

Narcosis Neurotoxicity 8.20 5.81 7.65

(Continued)
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to 1.0). All of these compounds are reactive according to the expert scheme outlined by

Russom et al. [25]; (chloroacetonitrile is a halogenated nitrile, ethylene oxide is an epoxide,

trifluoroethanol is a halogenated alcohol, acetaldehyde oxime is an oxime and 1,5-dichloro-

2,4-dinitrobenzene has two nitro groups on one ring without an aniline or phenol substruc-

ture. The LDA methodology did not select reactivity for these compounds, but it suggests

that one should examine the structure by hand when the second highest score is somewhat

large (i.e. ≥0.25).

A prediction could not be made for benzoylacetone using MOA2 (since there is no LC50

model for the anticoagulant MOA) or for (+)alpha-pinene (since the applicability domain for

neurotoxicity could not be met). In these cases, making no prediction is better than a poor

prediction using MOA1. In the case of triphenylphosphine oxide, predictions are even worse

for the second MOA. Visual inspection of this compound would indicate that this compound

is probably a narcotic (due to a lack of single-bonded oxygens attached to the phosphorus)

which would explain the overpredicted toxicity. Pyridaben is much better predicted using the

neurotoxicity LC50 model. Salicylanilide is underpredicted using either the narcosis or uncou-

pler models, despite an expected uncoupler MOA.

3.2.2 Analysis of poorly predicted chemicals using MLR model fit to entire training set

One of the disadvantages of fitting a single model to the entire training set is that it may not

correctly capture the trends in the toxicity for all modes of action. Table 8 lists the poor pre-

dictions (MAE ≥ 2 log units) for a single MLR model (run #7 in Table 5). These predictions

are compared with those for broad MOA-based models (run #1 in Table 5). With the excep-

tion of fenoprop-isoctyl and 1,4-bis(chloromethyl)benzene, the MOA-based models had a

lower prediction error. Despite the fact that 11 out of the 12 chemicals were predicted to have

the narcosis MOA, the majority were overpredicted by both methods.

Table 7. (Continued).

Chemical MOA1 MOA2 Exp. Pred1 Pred2

(+)-alpha-Pinene 

Narcosis Neurotoxicity 5.69 3.47 N/A

Triphenylphosphine oxide 

AChE inhibition Neurotoxicity 3.72 6.34 8.24

LDA models are based on broad MOAs and the LC50 models are fit to 2D descriptors.

Pred 1 and Pred 2 are the predictions using MOA1 and MOA2, respectively.

Exp. is the experimental value in -log(mol/L).
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Table 8. Comparison of poorly predicted chemicals using a single model (run #7 in Table 5) with those

from MOA-based models selected by the broad LDA approach (run #1 in Table 5).

Chemical

Exp –log (LC50 mol/L)

Predicted MOAExperimental MLR 2D Broad LDA

Bis(2-ethylhexyl) phthalate 

2.55 8.13 7.83 Narcosis

9-Octadecenoic acid 

3.14 8.18 7.31 Narcosis

Tripropargylamine 

2.65 7.15 5.28 Reactivity

Salicylanilide 

7.43 4.16 4.36 Narcosis

Fenoprop-isoctyl

4.24 7.36 8.14 Narcosis

Pyridaben 

8.20 5.34 5.81 Narcosis

2-Bromo-2',5'-dimethoxyacetophenone 

6.65 3.86 4.00 Narcosis

3,3-Dimethylglutaric acid 

1.06 3.70 1.49 Narcosis

(Continued)
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4. Conclusions

In this study, a two-step MOA-based approach was developed to estimate aquatic toxicity.

The MOA-based approach was found to yield similar external prediction accuracy

(r2 = 0.529–0.632) to a single global MLR model (r2 = 0.551–0.562). Overall, the global

hierarchical clustering approach yielded higher combination of accuracy and prediction

coverage (r2 = 0.572, coverage = 99.3%) than the MOA-based approach (r2 = 0.529–

0.632, coverage = 49.3–87.3%). In addition, it was determined that multiple 2D descrip-

tors achieved the same prediction accuracy as MLR models based only on the

octanol–water partition coefficient. Finally, it was determined that in some cases that an

incorrect mode of action can lead to large prediction errors when there is a competing

MOA (LDA score ≥0.25). The results of this study indicate that, while MOA-based

approaches may appear biologically relevant, they may not impart superior external

prediction accuracy. However, the MOA-based approach can give toxicologists greater

confidence in the predicted values since the models are based less on a ‘black box’

approach. The use of both MOA-based and global approaches in a consensus approach

[49] can provide even greater confidence.

Table 8. (Continued).

Chemical

Exp –log (LC50 mol/L)

Predicted MOAExperimental MLR 2D Broad LDA

Diflubenzuron

2.86 5.44 5.18 Narcosis

1,4-Bis(chloromethyl)benzene 

6.65 4.27 3.68 Narcosis

Ethyl trifluoroacetate 

1.15 3.48 2.92 Narcosis

(E,E)-2-(Bis(3,7-dimethyl-2,6-

octadienyl)amino)ethanol 

6.41 8.62 7.41 Narcosis
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Supporting information

The mode of action datasets and the LDA and LC50 models are available in the supplemen-

tary material which is available via the multimedia link on the online article webpage.
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Justifications:

Justification
1:

The work presented in this package represents a growing effort to create, validate, and apply a new approach to monitoring environmental media and leveraging that data
to protect human health and the environment. This research supports both the scientific community, through its innovative techniques, and the agency mission, through
the application of cutting edge science to solve issues presented by emerging contaminants in cooperation with our state partners. Each of the three manuscripts in this
package represent a stage in the development and application of non-targeted analysis (NTA) using high-resolution mass spectrometry to address the emerging
contaminants known as per- and polyfluorinated alkyl substances (PFAS). PFAS have been a significant agency priority for many years, with a marked increase in recent
focus following the May 2018 National Leadership Summit on PFAS, and a 2019/2020 PFAS specific action plan laying out the agency vision for action on the chemical
class. The research in this STAA package have been critical in laying the groundwork for the current agency vision on PFAS monitoring and assessment, with a
subsection of the 2019 action plan "Development of Field and Laboratory Methods to Measure PFAS in the Environment"
(https://www.epa.gov/pfas/epas-pfas-action-plan) specifically citing two of the papers in this package (McCord 2018, and Strynar 2015) as being an area of important
continued development.

Non-targeted analysis represents a departure from traditional environmental pollutant measuring methods because sampling and analysis are done without
pre-conceptions for the targeted chemical(s) of interest. Rather than a defined panel of analytes to quantify, samples are either screened against large libraries of known
chemicals, such as found on the EPA Comptox Chemicals Dashboard, or chemicals can be identified strictly by their behavior in the mass spectrometer using a
combination of computer software and expert analysis. The Strynar et al. 2015 manuscript in this package demonstrates the power of this approach; the Cape Fear river
has historically been monitored for PFAS using targeted methods (EPA method 537) but we sought to apply NTA techniques to identify emerging PFAS contaminants.
The study detected novel PFAS with limited toxicity information, and the response from the public for more information and the state government for a collaborative
ORD / NC response was significant (cf Justification 3). The initial Strynar et al. 2015 study was significant for its ability to detect unanticipated emerging contaminants
and statistically demonstrate their introduction by a specific waste stream, but was unable to provide chemical structures of all the unknowns, due to instrument
limitations, and was unable to provide concentrations of analytes for making risk assessment decisions, due to limitations of NTA generally; both limitations were
addressed in follow-up studies also included in this package. Non-targeted analysis is predominantly used for discovery and screening of new chemicals, but is limited in
its ability to describe concentrations or integrate with risk assessment decision making processes. McCord et al. 2018 was able to demonstrate quantification for one
chemical, known as HFPO-DA or GenX, and used a series of surrogate chemicals to estimate concentrations of other species. While non-targeted analysis is a widely
utilized approach in many biology fields, providing quantitative estimates of NTA compounds without standards is still an unsolved problem in environmental
applications. We were able to provide semi-quantitative estimates to support decision making and the surrogate similarities were used to define error bounds for
concentration estimates of unknowns. McCord and Strynar 2019 used an improved mass spectrometer to fragment molecules and provide complete structural resolution
of chemicals in the Cape Fear river and developed a statistical clustering approach to show relationships between detected chemicals. The statistical clustering was able to
predict the association of chemicals which were mapped to internal industrial processing lines (CBI not disclosed beyond NC investigation), and demonstrate that
contamination was originating from more than just the GenX process; ultimately NC required controls for all effluents leaving the facility.

This research has both supported and influenced agency priorities over the last several years; during the last ORD planning cycle the research was a direct outgrowth of
the safe and sustainable water resources task to provide novel monitoring technologies for occurrence, exposure, and effect for individual and groups of contaminants. In
the current strategic research action plan PFAS are a major component of almost every research program. Four out of the six have specific research objectives related to
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applying non-targeted analysis for PFAS work, at least in part due to the utility of the approach demonstrated here. In fact, during the most recent ORD-Regional
Community of Science meeting, 8/10 Regions listed emerging PFAS topics as one of their two primary areas of concern for the region. The cooperative federalism
demonstrated by the integration of the ORD research on emerging contaminants, the Region 4 management of state concerns, and state level regulatory efforts in NC is
consistent with ORD's goal of cooperative federalism as a response to environmental challenges. Following the success of this work with North Carolina, similar PFAS
studies have been undertaken with NJ, NY, WV, MI, and KY with more anticipated in the future. This STAA nomination thus represents a technological approach that is
demonstrably valuable to EPA and our partners at both the discovery of emerging contaminants and in providing a framework for the response to such issues, while
focusing on a topic of significant national priority. 

Justification
2A:

The package contains three manuscripts (submitted as LI-266232, LI-266233, and LI-266234) which describe continuous research spanning from 2015-2020 in the Cape
Fear River of North Carolina. LI-266234 described the initial discovery of novel pollutants in the Cape Fear River, a major watershed in North Carolina which supplies
drinking water to between 3-5 million inhabitants of the state. The manuscript used a high resolution mass spectrometer and provided tentative identifications of
compounds based on comparison to patent literature and industry documents of a local manufacturer of fluorinated chemicals, including per- and polyfluorinated alkyl
substances (PFAS). A few years later, the authors attempted to expand on the initial discovery by applying more modern mass spectrometer instruments and advances in
technology and data analysis to confirm structures, abundances, and origins of these species, which would form the basis of LI-266232.

Before the data analysis for LI-266232 could be completed, a news article was published in the Star News (
https://www.starnewsonline.com/news/20170607/toxin-taints-cfpua-drinking-water/1) detailing the detection of the chemicals identified in 

Sun et al, Legacy and Emerging Perfluoroalkyl Substances Are Important Drinking Water Contaminants in the Cape Fear Watershed of Northup study with NC State (
Carolina. ES & T Letters, 2016, 3(12), 415-419, DOI: 10.1021/acs.estlett.6b00398). The Chemours company had been identified as the source of the novel pollutants
described, and the public outcry from residents of eastern North Carolina, as well as the state legislature and environmental protection and water regulatory bodies was
significant and the state formally reached out to ORD through Region 4 contacts to gain immediate access to the ongoing research. The single analyte of largest public
interest was a compound known as HFPO-DA (or GenX) and LI-266233 was released as a formalized, single-lab validated quantitative method for this compound on
samples collected by EPA and by NC Department of Environmental Quality (NCDEQ). Data generated on the additional samples in LI-266233 and LI-266232 were
released directly to NCDEQ and the public over the course of 2017-2018 prior to finalization of the manuscripts submitted in this package. LI-266232 was able to
identify additional compounds not found in the initial study, and was able to demonstrate that actions by Chemours were insufficiently controlling the release of novel
chemicals, even after taking initial steps required by NCDEQ. Eventually, Chemours and NCDEQ entered into a consent order where Chemours would monitor the
compounds detected in all three manuscripts and provide for cleanup.

The ongoing story of the monitored region and the role that data from each of the three manuscripts played requires the submission as a single package. Attempting to
address underlying research without including all of the interrelated papers would paint an incomplete picture of the significance of the results to the affected
communities and the state/regional EPA partners who were heavily engaged in the work.

Justification

https://www.starnewsonline.com/news/20170607/toxin-taints-cfpua-drinking-water/1
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2B: n/a

Justification
2C:

n/a

Justification
2D:

n/a

Justification
2E:

Mark Strynar and Seth Newton are listed each as 5% contributors for an STAA nomination this cycle containing the following publications:

Rager JE, Strynar MJ, Liang S, McMahen RL, Richard AM, Grulke CM, Wambaugh JF, Isaacs KK, Judson R, Williams AJ, Sobus JR. Linking high resolution mass

spectrometry data with exposure and toxicity forecasts to advance high-throughput environmental monitoring. Environ Int. 2016 Mar;88:269-280. Impact Factor =

7.943; Immediacy Index = 1.108; Cited Half-Life = 6.0; Times Cited = 75.

 

Sobus JR, Wambaugh JF, Isaacs KK, Williams AJ, McEachran AD, Richard AM, Grulke CM, Ulrich EM, Rager JE, Strynar MJ, Newton SR. Integrating tools for

non-targeted analysis research and chemical safety evaluations at the US EPA. J Expo Sci Environ Epidemiol. 2018 Sep;28(5):411-426. Impact Factor = 3.025;

Immediacy Index = 1.277; Cited Half-Life = 8.1; Times Cited = 24.

The similarity between the two packages exists only in the fact that mass spectrometry, non-targeted methods were employed in both STAA nominations. The two papers
listed above, however, are focused on the application of risk-assessment approaches to high-throughput data collection and the integration of high-throughput data with
available information as part of EPA DSSTox. In contrast, this STAA package focuses on the detection of novel compounds with no existing data and is specific to
environmental detection, quantitation, and response/monitoring of affected regions rather than high-throughput risk assessment or toxicity.

Justification
3A:

This STAA package is comprised of three manuscripts with the full citations listed below:
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LI-266234:

Mark Strynar, Sonia Dagnino, Rebecca McMahen, Shuang Liang, Andrew Lindstrom, Erik Andersen, Larry McMillan, Michael Thurman, Imma Ferrer, and Carol
Ball. Identification of Novel Perfluoroalkyl Ether Carboxylic Acids (PFECAs) and Sulfonic Acids (PFESAs) in Natural Waters Using Accurate Mass Time-of-Flight
Mass Spectrometry (TOFMS). Environmental Science & Technology, 2015, 49(19), 11622-11630, DOI: 10.1021/acs.est.5b01215

LI-266233:

James McCord, Seth Newton, Mark Strynar. Validation of quantitative measurements and semi-quantitative estimates of emerging perfluoroethercarboxylic acids
(PFECAs) and hexafluoroprolyene oxide acids (HFPOAs). Journal of Chromatography A, 2018, 1551, 52-58, DOI: 10.1016/j.chroma.2018.03.0473

LI-266232:

James McCord and Mark Strynar. Identification of Per- and Polyfluoroalkyl Substances in the Cape Fear River by High Resolution Mass Spectrometry and Nontargeted
Screening Environmental Science & Technology, 2019, 53(9), 4717-4727, DOI: 10.1021/acs.est.8b06017

The three manuscripts form a cohesive, in-depth, and long-term examination of a closely related series of compounds in a widely impacted region of the state of North
Carolina. Each builds chronologically both in terms of scientific advances, and also in terms of the importance to the affected community and both state government and
EPA response to the work and its implications. 

LI-266234 (ES&T 2015, Impact Factor = 7.149; Immediacy Index = 1.141; Cited Half-Life = 7.8): 

Initial work on the discovery and monitoring of emerging per- and polyfluorinated alkyl substances in NC was described, where a range of novel compounds were
tentatively identified using cutting edge non-targeted analysis techniques and high resolution mass spectrometry. By current metrics the article has 132 Citations (Google
Scholar) and 3636 Views (ACS). All told, the approach was the main topic of five invited talks at national/international conferences, both prior to the initial publication
of the work and as a direct result of the outgrowth of interest in its results. The talks are as follows: 

Investigations of per- and polyfluorinated compounds in environmental samples and contemporary products. MJ Strynar, JP McCord, JR Lang, S Newton, D Knappe, Z
Hopkins, M Sun, A Lindstrom. 256th ACS National Meeting in Boston, MA, Aug. 19-23, 2018.
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Investigations of per- and polyfluorinated compounds in environmental samples and contemporary products. MJ Strynar, JP McCord, JR Lang, S Newton, D Knappe, Z
Hopkins, M Sun, A Lindstrom. 2018 Toxicology and Risk Assessment Conference (TRAC), Cincinnati, OH, April 23 - 26, 2018.

Discovery of Emerging Per-and Polyfluoroalkyl Substances. M Strynar, JP McCord, JR Lang, A Lindstrom, Z Hopkins, D Knappe. Water Resources Research Institute
(WRRI) Conference, Raleigh, NC, March 14 - 15, 2018.

Mark Strynar, Seth Newton, Rebecca McMahen, Larry McMillan, and Andrew Lindstrom. Emerging per- and polyfluorinated compounds in environmental media
Emerging Environmental Contaminants Southeast Regional ACS Conference (SERMACS), Columbia, SC, Oct. 23-27, 2016 

Determination of perfluoroalkyl ether carboxylic acids (PFECAs) and sulfonic acids (PFESAs) in North Carolina surface water using TOFMS. Mark Strynar, Sonia
Dagnino, Rebecca McMahen, Shuang Liang, Andrew Lindstrom, Erik Andersen, Larry McMillan, Michael Thurman, Imma Ferrer, Carol Ball. 2014 SETAC N. America
Vancouver, BC, Canada November 9-13th, 2014

Interest and impact of this work has extended beyond the scientific community, with six science and health news articles directly citing the results of this research over
the following years. The articles are: 

"The Hunt is on for GenX Chemicals in People", C&E News. April 7, 2019; "EPA Continues to Approve Toxic PFAS Chemicals Despite Widespread Contamination",
The Intercept, Oct 25, 2018; "GenX chemicals taint sediments", C&E News. April 6, 2018; "GenX Pollution. What Happened? and When?" North Carolina Health News.
Aug 18, 2017; "Cooper Takes Aim at Chemours, GenX, Other Chemicals" North Carolina Health News. Jul 17, 2017; "Another Unwelcome Contaminant in the Cape
Fear River" North Carolina Health News. Jun 20, 2017.

The Star News (Wilmington, NC) and The Intercept(online) published a series of articles related to PFAS along with the cited reference above, and the public reaction in
Wilmington, NC resulted directly in the work accomplished in manuscript 2. Major public interest focused around one of the chemicals identified, GenX, granting it
intense national and local interest. In fact, the general assembly of North Carolina specifically asked to be briefed on the techniques and technologies applied, see "Use
and availability of high resolution mass spectrometers for detection and analysis of GenX and other emerging contaminants" Mark Strynar, General Assembly of North
Carolina, House Select Committee on North Carolina River Quality, State Legislative Building, Raleigh, North Carolina February 21st,
2018, https://www.ncleg.net/documentsites/committees/house2017-185/Meetings/5%20-%20Feb%2021%202018/HSC%20River%20Quality%202-21-18%20Agenda.pdf
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LI-266233 (J. Chrom. A, Impact Factor = 3.858; Immediacy Index = 0.832; Cited Half-Life = 9.3):

The discovery of a novel class of emerging PFAS contaminants in the major watershed in NC was troublesome due to the large amounts of unknowns in the risk
assessment of these compounds. There were no methods, especially not validated methods, for the direct quantitation of chemicals in this class. Manuscript 2 provided an
approach for the quantification of chemicals in some of the classes described in manuscript 1. The methods paper currently has 14 citations (Google Scholar) and
discussion of the approaches were a major talk, "A Deeper Dive into PFAS Analysis," at a the 2019 joint conference of American Council of Engineering Companies
(ACEC) and the Groundwater Professionals of North Carolina. The work detailed in the manuscript was of such significant interest to both North Carolina state agencies
and the general public that the NC Department of Environmental Quality hosted and distributed data from the work as it was being conducted on their own standalone
website for public consumption (https://deq.nc.gov/news/key-issues/genx-investigation) and continues to update the website with regulatory actions and public health
decisions related to manuscripts in this package. The work was incorporated into a state level risk assessment for GenX
(https://deq.nc.gov/state-releases-first-water-quality-data-updated-health-information-genx-cape-fear-river-0) and both James McCord and Mark Strynar provided
briefings to the North Carolina general assembly and departments of environmental and water quality. 

Following the initial validation and testing conducted by the STAA authors, quantitative methods were transferred to EPA Region 4 laboratories to conduct the majority
of GenX related testing for the cooperative EPA/state investigation and response. Methods based on those generated in ORD were used at the basis for contract firms
responding to NC's ongoing PFAS investigations. Eurofins and TestAmerica both offered GenX as part of their PFAS suite using an interim method, and a major update
to EPA numbered method 537, to 537.1, was undertaken to include GenX and a select few other PFAS, which are now widely tested for. Further, EPA method 533 for
PFAS is under development to use the alternative solid phase extraction media for many PFAS, including GenX. EPA 533 is similar to the technology applied in
manuscript 2, where it was referred to as a "modified method 537" approach. 

LI-266234 (ES&T 2019, Impact Factor = 7.149; Immediacy Index = 1.141; Cited Half-Life = 7.8):

While manuscript 2 detailed the approach to quantifying the major analyte of public interest, GenX, manuscript 3 detailed the concurrent work on additional,
unanticipated analytes. Manuscript 3 followed up the approach used in manuscript 1 using modern instrumentation and approaches to fully resolve the content of the
Cape Fear river to a degree that was not possible during the intial sampling, validating tentative IDs provided in the initial manuscript, examining the patent literature to
determin the likely sources, and connecting temporal trends observed with ongoing actions by NC regulators as the result of the monitoring conducted in manuscripts 1
and 2. Current metrics indicate the manuscript has 13 citations (Google Scholar) and 1694 Views (ACS). Thus far, the manuscript has been the subject of two
international level talks:

Non-Targeted Analysis Approaches in Environmental Chemistry. JP McCord. Meeting of the International Society for Indoor Air Quality Special Topic Group on
Sources, Monitoring and Evaluation of Chemical Pollutants, Feb 13, 2020
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Multimedia, Non-Targeted Examination of Emerging PFAS Sources. JP McCord, MJ Strynar. Annual Meeting of the North America Chapter of the Society for
Environmental Toxicology and Chemistry (SETAC). Toronto, Canada, Nov 3 - 7, 2019

The fully resolved list of identified compounds from manuscript 3 and manuscript 1 was directly used in a consent order entered into by NCDEQ and the Chemours
company (https://files.nc.gov/ncdeq/GenX/2019-02-20-Final-Revised-Proposed-Consent-Order-with-attachments-and-signatures.pdf) regarding their unregulated
emissions of PFAS. The identifications were used to require Chemours to provide both standards for quantitation, and toxicity information in order to provide adequate
risk assessment to affected communities. 

For the body of work described here, the EPA authors have been formally recognized for their service.

Mark Strynar, Andy Lindstrom, and Seth Newton received the 2017 EPA National Honor Award Gold Medal for Exceptional Service-Teams

“Cape Fear River (PFAS Public Health Action Team)” For discovering and partnering to remedy the public health threat of PFAS contamination in the Cape Fear River
and drinking water of ~300,000 NC residents

Mark, James, and Andy were awarded the 2018 EPA Bronze Medal for Commendable Service: NERL-NRMRL Regional PFAS Support

James McCord received the 2019 NERL Early Career in Research award, in part for the work described here.

Justification
3B:

The external review process for the manuscripts in this STAA nomination was that required by the peer-reviewed journals they were submitted to. In each case, this
consisted of a primary editorial review by an associate editor with a specialty in the content area, followed by a three-member peer review panel selected from
unaffiliated subject matter experts (typically environmental science and engineering). The authors are blind to the contents of their peer review panels, but were informed
of their comments and rulings on the scientific merit and editorial quality of the manuscripts. All the manuscripts in this STAA nomination were returned with the
suggestion of minor editorial revisions, which were performed by the primary author(s) of each manuscript before publication.

Both ES&T and J. Chrom. A ask reviewers to assess publications on the basis of originality, scientific accuracy, and widespread utility to the served scientific
communities. ES&T defines its scope as "...major advances, trends, and challenges in environmental science, technology, and policy...to promote interdisciplinary
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understanding in the environmental field." while J. Chrom. A focuses on "...fundamental research on all aspects of separation science theory and methodology...particular
scrutiny will be placed on the degree of novelty and significance of the research and the extent to which it adds to existing knowledge."
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ABSTRACT: Ongoing chemical development in response to
regulation of historical perfluorinated compounds, (i.e.,
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS)) has resulted in a proliferation of novel per- and
polyfluorinated species. Screening and monitoring for these
emerging chemicals benefit from a nontargeted approach due
to a lack of necessary standards and a paucity of information
about the replacement chemistries. In this paper, we apply
nontargeted screening to the Cape Fear River of North
Carolina, a fluorochemically impacted watershed. The
continued presence of perfluorinated ether acids was
confirmed, with a total of 37 unique chemical formulas
comprising 58 isomers detected. Structural determination was
carried out by LC-MS/MS to determine isomeric structures where possible. Novel structures determined included
perfluorinated ether acid species containing two acidic sites, polyfluorinated ether acids containing a single hydrogenation, and
previously unreported perfluorinated ether acids. Compounds identified by an initial nontargeted screen were monitored over
repeated sampling to track long-term reductions in PFAS content during emission source control. Hierarchical clustering of the
time course data was used to associate groups of chemicals based on their trends over time. Six clusters were identified and
showed some similarity in chemical class; they are believed to represent the byproducts of different fluorochemical production
lines.

■ INTRODUCTION

Fluorinated polymers and fluorosurfactants are constantly
evolving due to in-demand consumer and industrial products
with a long and complicated history of environmental
impacts.1 A consequence of the ubiquity of per- and
polyfluoroalkyl substances (PFASs) in industry is their
extensive environmental infiltration due to their use as
manufacturing aids, production as waste, and release as
degradations and side-products of manufactured products.
PFASs possess exemplary thermochemical inertness, and
fluorinated carbons are resistant to biological breakdown,2

which is the cause of their persistent nature in the
environment3 and was the driving rationale for the erroneous
assumption of biological inertness for over 25 years.4

The most historically dominant PFAS species, perfluor-
ooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA),
were used extensively before triggering domestic and interna-
tional action due to concerns about their negative toxicological
effects and bioaccumulation potential.5−7 Long-term toxico-
logical studies demonstrated that these species have broad

spectrum influence and require exposure controls.8,9 Coincid-
ing with the environmental studies in the previous decade,
domestic manufacturing began phasing out PFOA and
PFOS,10,11 but the chemical qualities of fluorochemicals are
difficult, or impossible, to replicate using nonfluorinated
species.12,13 Consequently, industries developed fluorinated
alternatives, including short-chain PFASs and perfluoroalkyl
ether acids, to replace legacy long-chain PFASs.14,15

A chief difficulty with chemical phase-out is the assurance
that replacement chemicals from the same class demonstrate
improved environmental and human health profiles. Histor-
ically, reliance on chemicals within a single chemical class has
not markedly overcome fundamental issues presented by the
original compounds (e.g., the replacement of polychlorinated
biphenyls with short-chain chlorinated paraffins or the
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emerging replacements for brominated flame retardants).16,17

Due to the aforementioned uniqueness of fluorinated
compounds, there may be challenges to the prospect of
alleviating the toxicological effects associated with PFOA/
PFOS or legacy PFASs by using related chemistries.13,18 One
company has introduced a new line of “short-chain” PFOS
replacements which exhibit nearly identical structures but
potentially better biological clearance rates.19 Others have
introduced branched polymeric surfactants with “low-bio-
accumulation potential”.20 Still, more manufacturers have
created species with interspersed ether-oxygen linkages21 or
partial hydrogenation.22 The net result is a proliferation of
product chemicals, precursors, and degradation products with
limited publicly available toxicological and physical data due to
the proprietary nature of these compounds. Monitoring this
vast new chemical landscape requires the development of new
analytical methodologies.
High-resolution mass spectrometry (HRMS) has a proven

track record in compound elucidation and environmental
screening that is well suited to the task of identifying and
monitoring emerging pollutants through accurate chemical
prediction and structural elucidation.23−28 HRMS approaches
have been applied to numerous environmental samples
collected around fluorochemical point sources to identify
new unregulated compounds. For example, new structures
were resolved in water located around Chinese manufacturing
facilities28 and in river water from domestic sites.29 Potential
structures were assigned to numerous PFASs in Alabama26 and
previously in the Cape Fear River of North Carolina.29,30 In
each case, spatial and/or temporal sampling was used to
compare impacted and baseline water samples, while
identifying molecular features associated with the fluorochem-
ical waste stream.
In North Carolina, discovery of the chemical hexafluor-

opropylene oxide dimer acid (HFPO-DA) sparked intense
scrutiny of its long-term effects, resulting in the establishment
of a preliminary NC state drinking water health goal.31 Since
initial reporting by media outlets,32 the “chemical” GenX has
been used as a public synonym for HFPO-DA. While GenX
has occupied the center of the debate regarding fluorochemical
contamination in the Cape Fear River, the presence of other
fluorinated chemicals of related classes is also of interest. We
combine the previously demonstrated nontargeted approach
with techniques for structural assignment by tandem mass
spectrometry (MS/MS) to identify the additional fluorochem-
ical species affecting the Cape Fear watershed.

■ METHODS

Sample Collection. Surface water grab samples were
collected in May 2017 from the main flow of the Cape Fear
River and its tributaries at the William O. Huske Lock and
Dam. An “upstream” sample was collected approximately 2
miles upstream of the dam, representative of the background
contents of the river. A “downstream” sample was collected
immediately above the dam, representative of the impacts of
nearby (<1 mile) manufacturing outfall (Supporting Informa-
tion Figure 91). Longitudinal grab samples of the manufactur-
ing outfall were collected weekly by the North Carolina
Department of Environmental Quality (NCDEQ) throughout
the summer of 2017,33 and follow-up samples were collected at
the original sampling locations in February 2018. At each site,
water was collected in a precleaned one liter high-density

polyethyelene (HDPE) Nalgene bottle according to an
established procedure.34

The collected water was processed as previously described,
after stabilization with the addition of 5 mL 35% nitric acid.26

In brief, one liter of water was measured in an HDPE
graduated cylinder, and the sample bottle was washed with 10
mL of methanol to desorb analytes adhered to the interior of
the bottle. The water and methanol were pooled in the bottle
and filtered using a Whatman GF/A glass fiber filter. From this
filtered sample, 500 mL of liquid was concentrated using a
SPC10-P Sep-Pak concentrator onto an Oasis WAX Plus SPE
cartridge (225 mg sorbent, 60 μm particle size) that had been
preconditioned with methanol (MeOH) and water per
manufacturer instructions. SPE cartridges were washed with
4 mL of pH 4 acetate buffer, followed by 4 mL of neutral
methanol, and then compounds were eluted in 4 mL of 0.1%
NH4OH in MeOH. The methanol wash fraction could have
contained nonacidic PFAS, but preliminary experiments did
not detect these in samples from the Cape Fear, so they were
discarded in the work for this manuscript. The eluent was
evaporated under a nitrogen stream at 40 °C to a final volume
of 1 mL and diluted 4-fold with 2.5 mM ammonium formate. A
method blank was prepared in parallel using laboratory
deionized water.

Sample Analysis and Data Processing. Initial mass
spectrometry (MS) analysis on the collected water samples was
carried out by liquid chromatography coupled to time-of-
flight (TOF) in a fashion previously described;29 instrument
details are located in the Supporting Information. MS sample
data was postprocessed using a software workflow of Agilent
ProFinder, MassHunter, and Mass Profiler. Samples were
subjected to batch recursive molecular feature extraction
(MFE) in ProFinder using previously determined thresholds
for this instrument and separation gradient (Supporting
Information Table 3). A molecular feature, as defined by the
software, consists of a specific isotopic distribution with a
distinct extracted ion chromatogram peak abundance and is
assigned a monoisotopic mass and retention time. Molecular
features identified in the method blank were removed from the
sample data, and the remaining values were exported for
comparison in Mass Profiler. Samples collected downstream of
the known fluorochemical point source were compared to
upstream samples, which should be free of species introduced
by the intervening facility. Pairwise comparison was used to
identify features unique to the downstream samples as well as
species which were significantly increased (>3-fold increase in
integrated peak area). The list of the top 100 most abundant
unique and statistically significant species was exported and
prepared as an inclusion list for further MS/MS investigation.
Structural investigation of the molecular features was

performed using an Agilent 1260 Infinity UPLC coupled to
an Agilent 6530 quadrupole time-of-flight (QTOF). Parame-
ters for LC separation were the same as the initial TOF
analysis, but MS settings were adjusted to allow collection of
MS/MS fragmentation spectra of the targeted inclusion list
from the TOF analysis. Modifications to the MS collection are
detailed in the Supporting Information.
The raw data collected from QTOF MS/MS experiments

was processed using ProFinder, followed by filtering to isolate
features for closer inspection. Comparison of precursor and
fragment masses allowed a maximum 5 ppm precursor and 20
ppm fragment mass error; average mass error was ∼1 ppm,
consistent with the performance specifications of the instru-
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ment. Features were individually examined to determine
structures where possible. For each mass-to-charge (m/z)
identified at the formula level or better (Confidence 4+), an
±10 ppm extracted ion chromatogram of the theoretical
precursor mass was generated to determine retention times
(Supporting Information Figures 1−83). Composite MS/MS
spectra consisting of multiple averaged MS/MS scans at
collision induced dissociation (CID) energies of 10 and 25 V;
spectrawere generated for individual isomers of each precursor,
where possible.
The list of molecular features was sorted by integrated peak

area and the isotopic distributions for each of the molecular
features; a putative empirical formula was assigned using
MassHunter’s formula generator tool. This assignment is a
score obtained by matching the feature’s accurate mass and
isotopic distribution with theoretical values calculated using
known isotopic distributions of a potential formula’s
constituent elements (i.e., 1.1% 13C, 0.4% 15N, etc.). Allowed
atoms included C, H, N, O, S, F, Cl, Br, and P. For compounds
with only poorly scoring isotopic matches (e.g., <70%),
background subtraction of the precursor spectrum was carried
out against a background of the 0.2 min regions immediately
preceding and following the chromatographic peak, and a
second attempt at formula assignment was made.
The MS/MS spectra collected for each molecular feature

were manually examined to ascertain the accuracy of the
precursor formula and attempt to resolve molecular structures.
Emphasis was placed on chemicals demonstrating a negative
mass defectthe difference between the exact and nominal
mass of the compound, a common signature of halogenation.22

It is worth noting that this is only a rough proxy for the
inclusion of critical atoms of interest (i.e F, Cl, Br) in small
molecules and significant supporting data is necessary to
classify an unknown as a PFAS.35 Fragment ions were assigned
partial empirical formulas based on exact monoisotopic mass
using a similar process to the precursor mass but using the
precursor formula as the list of allowed atoms. Potential
formulas were compared against the existing EPA’s Comptox
Chemicals Dashboard,36 an internally maintained PFAS
database, and extant literature, including publications, patents,
and the CAS registry, to obtain known potential structures.
Potential structures were also generated de novo based on
observed fragments and related chemicals. A degree-of-
confidence assessment for each chemical feature was assigned
based on the Schymanski classification.37 Briefly, where verified
standards existed for a proposed structure, comparison with
the retention time and MS/MS structure of the standard was
carried out; matches were assigned a confidence level of 1. In
the absence of a confirmed standard, fragment ions were
compared to available standards with similar substructures and
empirical or in silico library spectra; probable structures were
assigned a confidence level of 2. Where structures could not be
completely resolved by MS/MS, partial elucidation of chemical
class/structure was based on diagnostic fragments and
relationship to identified compounds; tentative candidates
were assigned a confidence level of 3. In absence of quality
MS/MS spectra or where incompatible tentative candidates
could not be resolved, only a molecular formula was
determined; molecular formula level assignments were given
a confidence level of 4. Features with lower confidence were
not reported here.
Clustering of Non-Targeted Chemical Features by

Time Trend. The samples collected in May 2017 and

February 2018 bracketed significant changes to the Cape
Fear River as the result of regulatory actions by NCDEQ
against the Chemours company.33 As part of their ongoing
monitoring, the state collected water samples proximate to the
waste outfall into the Cape Fear River over several months
during the summer of 2017. These samples were acquired from
NCDEQ, analyzed by TOF-MS as described, and the ion
abundances for the species were monitored over the sampling
time points. Abundance measurements for each chemical were
normalized to the highest abundance for the feature across all
sampling points for that chemical. Time trends of chemical
features were hierarchical clustered for similarity with hclust in
R (3.4.4) using Euclidean distance and the “Ward.D2”
clustering criterion;38 cluster p-values were calculated using
pvclust39 with 10000 bootstrap iterations and filtered to p <
0.05.

■ RESULTS AND DISCUSSION

Feature extraction from surface water collected upstream of a
fluorochemical manufacturing site yielded ∼120 distinct
molecular features. Features with PFAS-like MS signatures
were all from the legacy perfluorinated acids (PFBA, PFPeA,
PFHxA, PFHpA, PFHxS, PFOA, and PFOS). No additional
PFAS species were detected in the samples. The existence of
these fluorinated compounds in the surface water is expected,
because of their persistent nature and ubiquitous use in
preceding years, and has been previously reported.40−44

Feature extraction from the sample immediately downstream
from the fluorochemical manufacturer yielded a significantly
larger amount of ∼260 distinct molecular features of which
nearly 200 possess the negative mass defect marker indicative
of potential halogenation (Supporting Information Table 1). A
comparison of the total signal intensity of species with a
negative mass defect in the upstream and downstream samples
indicates that while ∼15% of the total ion current for the
upstream sample is resultant from perfluorinated acids above,
the downstream sample is, by total ion intensity, >90%
composed of species with a negative mass defect. Further, the
ambient PFASs detected upstream make up <1% of the total
ion intensity in the downstream sample. Clearly, wastewater
discharge from the fluorochemical manufacture introduces a
significant number of compounds to the river besides the
legacy perfluorinated acids detailed in EPA 53745 (Supporting
Information Table 1).
Manual curation of detected chemical features yielded 58

distinct chromatographically resolved PFAS peaks, correspond-
ing to 38 unique molecular formulas. Recent efforts have been
made to identify novel contaminant species in fluorochemically
impacted water supplies by the US EPA and other
groups.26,46−49 Cross-referencing literature lists of expected
monoisotopic masses and their hypothetical structures against
the molecular features observed in this study accounts for
roughly half of the unique features, with the remainder being
unidentified based on literature comparison.
The features were individually examined to determine novel

structures as described in the Methods section (Supporting
Information Table 2). For each mass-to-charge (m/z)
identified at the formula level or better, an extracted ion
chromatogram of the precursor mass was generated to
determine retention times (Supporting Information Figures
1−83). Composite MS/MS spectra consisting of multiple
averaged MS/MS scans at 10 and 25 CID settings were
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generated for individual isomers of each precursor, where
possible (Supporting Information Figures 1−83).
Group A: Perfluorinated Ether Acids. A frequently

observed PFAS class is that of fluoroether acids (here Group
A ) , w h i c h e x i s t w i t h a g e n e r a l f o r m u l a
CF3(CF2)n(CF2O)m(R1), where the headgroup, R1, is an
acidic moiety such as −COOH or −SO3H.

29,30 These were
expected to be the primary contaminants identified in the
survey, given that nearby production includes perfluorinated
polyvinyl ethers, empirical formula (CF2)n(CF2O)m. The
production of the ammonium salt of 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy) propanoic acid,21 where n = 3, m = 1, R1
= COOH is shown in the above scheme, and “Nafion”, a
copolymer of tetrafluoroethylene and perfluoro(4-methyl-3,6-
dioxaoct-7-ene)sulfonic acid, a monomer where n = 3, m = 2,
R1 = SO3H is shown as above.50 Numerous molecules in this
series were found during this sampling event (Table 1).
Compound 2 was identified previously in historical sampling

in the river basin;29 however, the UPLC separation resolved

two isomeric structures with different MS/MS fragmentation
patterns (Figure 1), which was not observed for other Group A
species. The more abundant isomer of compound 2 (2B) is
available as a standard, and its MS/MS fragmentation pattern
and retention were confirmed to match the tentative
assignment. The additional isomer is currently not commer-
cially available and was assigned on the basis of MS/MS
fragmentation and the shift in reverse phase retention time,
indicative of increased branching (Schymanski Level 2b).51

The primary fragments for perfluorinated ether carboxylic
acids are typically decarboxylation (neutral loss of 43.9898 Da)
and production of the terminal ether fragment (here CF3O

−,
84.99067 Da). Sulfonated acids produce a sulfonate (SO3

−,
79.9568 Da) fragment instead of a decarboxylation, but the
primary structural fragment remains the terminal ether. These
patterns were observed across all Group A compounds, but the
lack of significant internal fragmentation makes it difficult to
assign complete linkage isomerization of longer perfluorinated

Table 1. Identified Perfluorinated Ether Acids

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

1 1 C3HF5O3 179.9846 1.68 1 674-13-5 29

2 1 C4HF7O3 229.9814 2.18 2 13140-29-9, 377-73-1 29

3 1/2b C4HF7O4 245.9763 0.41 1 39492-88-1 29

4 2b C5HF9O3 279.9782 1.43 1 267239-61-2 29

5 3 C5HF9O4 295.9731 2.71 1

6 1 C5HF9O5 311.968 0.96 1 39492-89-2 29

7 1 C6HF11O3 329.975 1.22 1 13252-13-6 29

8 3 C6HF11O4 345.9699 0.58 1

9 3 C6HF11O5 361.9648 0.83 1

10 1 C6HF11O6 377.9597 1.59 1 29

11 4 C8HF13O4 407.9667 0.25 1

12 3 C7HF13O5 411.9616 1.46 1

13 1 C7HF13O7 443.9515 0.90 1 29

14 2b C4HF9O4S 315.94518 1.97 1 113507-82-7 29

15 3 C5HF11O4S 365.94199 0.85 1

16 1 C7HF13O5S 443.93371 0.20 1 29311-67-9 29

17 3 C8HF15O5S 493.93052 0.04 1

Figure 1. Determination of isomeric branching of perfluorinated ether compounds based on MS/MS fragmentation patterns. Compound 2A elutes
at 3.8 min and has multiple major mass fragments. Compound 2B elutes later at 4.5 min and fragments only at the terminal ether linkage.
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ethers based on MS/MS alone, and many compounds remain
level 3 identifications.
The initial patent description of the polyvinyl ether process

refers to the creation of multiple competing side reactions and
low molecular weight polyfluoro-ether byproducts,52,53 which
have been used as reactants and starting materials in more
complicated copolymer production schemes.54 Without further
information about manufacturing processes, it is not
immediately clear which reactions and waste streams yield
the perfluoroether compounds detected and whether they are
primary or secondary waste products. Further, broader
nontargeted efforts would be necessary to determine whether
they are contained in finished products directly impacting
consumers or only in the nearby environment; however, the
spatial and temporal correlation of detected species is highly
suggestive of the point source (i.e., manufacturing outfall).
Group B: Multi-Headed Perfluoroether Species.

Perfluoroether species previously described can be thought
of in a more general sense as compounds with the form R1-
(CF2)n(CF2O)m-R2, where R1 and R2 are both variable head
groups. While R1 is CF3 for the Group A perfluorinated acids
previously discussed, some compounds were observed with
multiple acidic groups (R1, R2 = −COOH or −SO3H). This
group of compounds was identified in both −1 and −2 charge
states and had initial predicted formulas suggesting an
overabundance of oxygens which could only be structurally
supported by multiple acidic sites on the perfluorinated
backbone. Further, diagnostic ions for CO2 and/or SO3 were
observed (Figure 2). We grouped these species as Group B,
multiply sulfonated and/or carboxylated perfluorinated ether
acids (Table 2).
While these species have not been previously reported in

environmental media, to the best of our knowledge, the
literature of fluorochemical manufacturers proposes a few

possible structures in this group, primarily as side products in
fluoropolymer production and degradation.55−57 The forma-
tion of short chain fluorosulfonyl (−SO2F) and acyl fluoride
(−COF) fluoroethers formed as byproducts or intermediate
steps in fluoropolymer synthesis is the likely source of
precursor compounds that degrade into the observed
compounds.52 Aqueous hydrolysis of the acid fluoride
intermediates during production or water treatment yields
the familiar carboxylic acid (−COOH) and sulfonic acid
moieties (−SO3H), while more basic conditions (e.g., KOH,
Na2CO3, etc.) yield further hydrolysis products (Scheme 1).
These full and partial hydrolysis reactions are well-known steps
in fluoropolymer production and in the abatement of
fluoroether salts.59−61

Figure 2. Annotated MS/MS spectrum of precursor m/z 174.9496 (compound 18), assigned the molecular formula C2H2F2O5S.

Table 2. Identified Perfluorinated Ether Acids with Multiple Acidic Sites

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

18 2b C2H2F2O5S 175.9591 0.57 1 422-67-3 55

19 2b/3 C5H2F8O6S 341.9444 2.35 2 790642-73-8 55

20 3 C6H2F10O5 343.9743 2.33 1 919005-07-5 56

21 4 C7H3F11O7S 439.9424 0.68 2

22 2b/3 C7H2F12O6S 441.938 0.23 2 852157-01-8 57

23 2b/3 C8H2F14O7S 507.9298 1.18 2 1235024-21-1 57

24 2b/3 C7H3F13O8S2 525.9062 0.19 2 916340-65-3 58

Scheme 1. Transformation of a Fluorosulfonyl/Acyl
Fluoride Fluoroether to Sulfonate End Products by
Hydroloysis
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Group C: Single-H Containing Polyfluorinated Acids.
Another subset of fluorinated compounds, Group C, was
identified with molecular formulas containing a single F → H
substitution compared to that in the Group A perfluorinated
ether compounds (Table 3). For example, compound 14
(C4HO4SF9) and compound 26 (C4H2O4SF8) differ by the
substitution of a hydrogen for a fluorine. These compounds are
highly isomerized, and MS/MS fragmentation is frequently
insufficient to unequivocally assign the structure; the structures
presented in the Supporting Information (Table S-2) are
representative of a single observed isomer.
The production of polyfluorosulfonic acid ethers of the form

R-OCFH−CF2−SO3 was described in early patent filings,58

and their use as fluoropolymer surfactants was mentioned in a
follow up.62 The use and production of these chemicals as part
of Nafion manufacturing is assumed to be responsible for at
least some of the observed species. In contrast to the
previously mentioned literature structures, MS/MS fragmenta-
tion of some polyether sulfonate isomers indicates that the
single hydrogen substitution occurs on the tail ether rather
than adjacent to the head; for example, the fragment
C2HF4O− (116.9969 Da) from one isomer of compound 30
(Supporting Information Figure 64) is derived from a two
carbon polyfluorinated ether unit (Supporting Information Ta-
ble S-4). These species are assumed to be products of the
fluorosulfonyl and/or acyl fluoride species which produced
Group B but further decomposed. The complete loss of a
headgroup (e.g., decarboxylation) during production, waste
treatment, or naturally in surface water would yield a
compound with a single hydrogen in that site (Scheme 2).
Thermally decarboxylated perfluoroether species are noted as
potentially undesirable byproducts of fluoropolymer produc-
tion in the patent literature of fluoropolymer production,60 and

partially decarboxylated species are noted as possible products
from multiply acidic species such as Group B chemicals.63

Presence and Prevalence of Novel Species. The lack of
authentic standards limits the potential for quantitative
measurements of novel compounds; relative abundance and
semiquantitative estimates of emerging compounds are all that
are available. However, this information remains useful for
targeting individual chemicals for follow-up study and for
monitoring environmental changes in response to systemic
actions. Our examination of the May 2017 downstream sample
could assign 35 of the top 50 most abundant features,
corresponding to ∼90% of the total ion current in the sample
(Figure 3). While ion abundances are sensitive to many aspects
of the sample matrix and molecules, the structural similarity of
the fluoroethers would suggest some similarity in instrument
response, and that species can be roughly compared. At least
one species of each of the three major chemical groups
outlined (groups A, B, and C) exhibited a higher ion
abundance than the HFPO-DA species with a targeted health
goal. Further, of the targeted compounds detailed in EPA
537,45 only perfluoropentanoic acid (PFPeA) is present in the
top 50; thus, the fluorochemical load in the system would be
greatly underestimated by traditional targeted approaches.
Additionally, including the compounds previously detailed in
studies of the Cape Fear River29,30 accounts for only ∼50% of
the total ion intensity in the initial sample, suggesting that even
single-time-point nontargeted survey can fail to sufficiently
capture the chemical complexity of a location.
An advantage of nontargeted analysis is the historical data

banking of samples and the ability to perform relative
quantification across disparate sample sets. The comparison
of chemical species abundance over the time period from May
2017 to February 2018 revealed several distinct abundance
patterns from simple visual inspection (Figure 4). Many
fluoroether species exhibited exponential decline in concen-
tration (Figure 4, left) while others showed lagging or even
temporarily increased abundances (Figure 4, center and right).
Matrices of the weekly relative ion abundance of each of the

identified chemical features over the eight sampling points
were clustered for similarity using Ward’s clustering criterion
implemented in R hclust;38 p-value calculations for clusters
were performed using multiscale bootstrap resampling
implemented in the pvclust package. Clustering of the time-
trend data yielded six distinct chemical clusters (Figure 5,
Supporting Information Figures 84−89).

Table 3. Identified Polyfluorinated Ether Acids with a Single Hydrogen Substitution

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

25 2b/3 C3H2F6O4S 247.9578 1.62 3 905363-45-3 58

26 1 C4H2F8O4S 297.9546 1.35 1 905363-44-2 58

27 2b/3 C5H2F10O4S 347.9514 1.15 3 935443-55-3 58

28 3 C6H2F12O4S 397.9482 1.51 2

29 3 C8H2F14O4S 459.9450 0.00 3

30 2b/3 C5H2F8O3 261.9876 1.15 3 919005-00-8, 919005-13-3 56

31 2b/3 C6H2F10O3 311.9844 1.61 3 919005-19-9 56

32 3 C7H2F12O3 361.9812 3.05 1 919005-26-8 56

33 3 C6H2F12O5S 413.9431 0.00 2

34 1 C7H2F14O5S 463.9399 1.30 2 749836-20-2 29

35 4 C9H2F16O6S 541.9317 0.00 1

36 1 C8H2F14O4 427.9730 2.11 1 773804-62-9

37 4 C8H2F14O7 475.9577 4.42 2

Scheme 2. Transformation by Decarboxylation of
Sulfonated Carboxylic Acid Perfluoroether to Yield the
Polyfluorosulfonic Acid
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These clusters support the hypothesis that multiple
production processes generate distinct groups of the chemicals
observed in the Cape Fear River, as the compound abundances
are correlated over time and are chemically similar based on
naive classification. For example, the cluster at branch 16
(Figure 5) contains the H-substituted sulfonic acid ethers from
Group C. These compounds abruptly and almost uniformly
vanish following the initial sampling event (Supporting
Information Figure 86), while the clusters at branches 13
and 18 contain the perfluoroether carboxylic acids and their
associated H substituted versions; both classes exponentially
and smoothly decrease from the early sampling events
(Supporting Information Figures 84,87). Other clusters
contain more chemical variation, as well as more complex
time-trend patterns, that may be reflective of species with
multiple sources or processes involving multiple PFAS classes.
It is worth noting that the chemical assignment provided to

each feature is not required for clustering. Application of the
clustering approach reveals chemical feature relationships that
could be used to target unidentified species for follow-up
analysis based on their close association with compounds of
interest (e.g., HFPO-DA), and occurs before the assignment of
formulas or structures.
Environmental Impact. The phase-out of PFOA/PFOS

and longer-chain PFAS materials has led to an increased

prevalence of replacement chemicals. The chemical groups
detailed here are derived from processes and procedures that
are over 20 years old within the fluorochemical production
industry but are only now becoming apparent due to increased
scrutiny of environmental media and the proliferation of
nontargeted methodologies. Fluorinated ethers such as those
described here have been reported in the Cape Fear River
previously.29,30 Similar structures have been reported in
numerous locations worldwide, indicating that emerging
PFAS are every bit as ubiquitous as their PFOA/PFOS
antecedents.64,65 Physiochemical characteristics of similar
perfluorinated ether compounds suggest that the fluoroether
substances are of reduced health impact compared to similarly
sized perfluorinated acids, but retain some degree of health
risk.66 Further, longer-chain perfluorinated ethers are not
currently regulated similarly to long chain perfluorinated acids
and exhibit similar bioaccumulation potential, as evidenced by
the preliminary reporting in human blood in spite of their
relative low abundance in surface water.67 Efforts to determine
reasonable health levels for these emerging compounds are
ongoing. During the preparation of this manuscript, the state of
North Carolina set a drinking water health goal for a single
perfluorinated ether acid (PFECA) compound, HFPO-DA, at
140 ng/L, based on their assessment of human health risk from
available data submitted in the European Union.31,68,69

Figure 3. Total ion abundance as a percentage of the sum of all chemical features for compounds identified in a May 2017 sample of the Cape Fear
River downstream of a fluorochemical manufacturer. Selected highly abundant compounds confirmed by standards obtained from and labeled by
Chemours include: compounds 1 (PFMOAA), 26 (NVHOS), 7 (HFPO-DA), 34 (PFESA2), 22 (PFESA4), and perfluoropentanoic acid (PFPeA).

Figure 4. Scaled ion abundance of three chemical features confirmed by standard and detected in the Cape Fear River over a time course sample.
Time points one to six were taken weekly beginning June 19, 2017 with time points zero and seven being collected in May 2017 and February
2018, respectively.
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Sulfonated ether substances in this measurement series are
primarily associated with sulfonated fluoropolymer production,
specifically the Nafion polymer, and are of lesser widespread
concern due to the limited manufacture of such polymers and
their primary application being energy-related technologies,
such as fuel cells.50 Nevertheless, for locations that are exposed
to such manufacturing waste streams, sulfonated fluorinated
acids have shown higher accumulation potential and
toxicological effects than equivalent carboxylic acids.19 Further,
other sulfonated ether acids, such as F-53B, have shown
equivalent bioaccumulation potential as the regulated per-
fluorinated sulfonic acid PFOS.70,71 Other sulfonated fluo-
roether species have begun to be detected by other groups, but
they exhibit different structural elements and likely have
different origins that need to be examined independently.64,72

The continued appearance of new PFAS species necessitates
an increase in the generation of toxicological profiling and
monitoring efforts to assess human risk from exposure to these
novel chemicals.
With regards to human exposure, it has been demonstrated

that perfluoroether compounds are poorly cleared by water
treatment processes, including activated carbon, and the most
effective method of removal is through source control.30,73

Long-term monitoring of impacted watersheds remains an
important tool for both detecting new chemical species over
multiyear time scales and for determining shorter-term changes
in local chemical load. An application of this approach to other
watersheds has been effective for other chemical classes, such
as surfactants.23,47 During the course of this study, our
monitoring activities resulted in the cessation of discharge from
the vinyl ether production at the source manufacturing
location, which resulted in a concomitant decrease in PFECAs
hypothesized to derive from that process, but not in the
immediate reduction of the perfluorinated ether sulfonic acid
(PFESAs) species since they derive from a different source
than the PFECAs.33 Targeted methods and single time-point
nontargeted surveys can easily miss transient chemicals or

underestimate chemical loads for exposure assessment; some
species spiked as much as 5-fold during the sampling period
(cluster branch 27, Supporting Information Figure 88), even as
other compounds were declining. The proactive application of
a nontargeted screening approach is capable of identifying and
monitoring chemicals present in the water, even prior to
complete structural elucidation or toxicological analysis and
provides a useful tool toward those ends.
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a b  s  t  r a  c t

Legacy perfluorinated compounds exhibit significant environmental persistence and bioaccumulation

potential, which has spawned an ongoing effort to introduce replacement compounds with reduced tox-

icological risk profiles. Many of these emerging chemical species lack validated quantitative methods, and,

frequently, appropriate analytical standards for accurate monitoring and identification. To  fill this knowl-

edge gap, a  general method for the  quantitative determination of perfluoroether carboxylic acids (PFECAs)

by LC–MS/MS was single-lab validated on spike-recovery samples in surface, drinking, and wastewater

for a variety of perfluorinated ether standards. Relative error  measurements for spike-recovery samples

in  each matrix ranged from 0.36% to  25.9%, with an  average error of 10% overall. Coefficient of variation

(CV) for each compound ranged from 10 to 28% with an average of 17%. The quantitative methodology

was  applied during repeated weekly monitoring of the Cape Fear River during remediation of PFECA

hexafluoropropyloxide dimer-acid (HFPO-DA), known by the brand name “GenX.” Semi-quantitative

concentration estimates for emerging PFECA compounds lacking analytical standards was  also carried

out using surrogate calibration curves and mass labeled HFPO-DA as  an internal standard. Estimates

of the emerging compounds were possible using matched standards, but application of  the estimation

methodology to compounds with known concentration revealed that such estimates may possess up to

an  order of magnitude, or more, in uncertainty due to the difficulty of  matching with an appropriate

standard. Nevertheless, the estimation biases are primarily systematic (extraction efficiency and instru-

ment response) rather than stochastic, enabling the collection of time-course data; both HFPO-DA and

the emerging compounds were reduced in  surface water and drinking water concentration of several

orders of magnitude after removal of the source waste stream.

Published by Elsevier B.V.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are recalcitrant

environmental pollutants which have become a focus of signif-

icant public health interest in recent years [1]. In particular,

the widely used compounds perfluorooctanoic acid (PFOA) and

perfluorooctanesulfonate (PFOS) were found to  have a  negative

toxicological profile and bioaccumulation potential [2,3],  result-

ing in publication of a drinking water health advisory by the EPA

[3,4], international restrictions [5], and pressure for banning under

the Stockholm Convention on Persistent Organic Pollutants [6]. The

∗ Corresponding author.

E-mail address: strynar.mark@epa.gov (M. Strynar).

primary manufacturers of these molecules phased out US produc-

tion of PFOS/PFOA and related chemical species in the 2000s [7,8].

However, fluorinated surfactants, such as PFOA and PFOS, as well as

the fluorinated polymer products whose production they support,

exhibit unique chemical properties that are of substantial value

in the textiles and consumer products industries [9].  As a conse-

quence, numerous alternative chemistries have emerged to  replace

the discontinued species [10–12], with estimates as high as several

thousand species [13].

One broad class of the replacement chemicals are fluo-

rinated ether compounds [11], which consist of a series of

short chain perfluorinated carbons linked by ether oxygens and

capped with an acidic head group (Table 1).  Many species

demonstrating this general fluorinated ether structure have

been detected in locations where fluorochemical manufacturing

https://doi.org/10.1016/j.chroma.2018.03.047

0021-9673/Published by Elsevier B.V.
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Table 1

A) Reference perfluoro-ether carboxylic acids included in the PFECA standard mixture and B)  emerging perfluorinated ether species lacking analytical standards.

A) Perfluorinated Ether Standards

Compound Name CAS Formula Structure

Perfluoro(4-oxapentanoic acid) (“Surrogate 1”) 863090−89-5 C5HF9O3

Perfluoro(3,6-dioxaheptanoic acid) (“Surrogate 2”) 151772−58-6 C5HF9O4

Perfluoro(3-oxabutanoic acid) (“Surrogate 3”) 377−73-1 C4HF7O3

Perfluro(5-oxa-6-dimethylhexanoic) acid (“Surrogate 4”) 801212−59-9 C7HF13O3

Perfluoro(2-methyl-3-oxahexanoic) acid (“HFPO-DA”) 13252−13-6 C6HF11O3

B) Emerging Compounds

Compound Name CAS Formula Structure

Perfluoro-methoxyacetic acid (PFMOAA) 674−13-5 C3HF5O3

Perfluoro-3,5-dioxahexanoic acid (PFO2HxA) 39492−88-1 C4HF7O4

Perfluoro-3,5,7-trioxaoctanoic acid (PFO3OA) 39492−89-2 C5HF9O5

impacts the water supply [14,17], but toxicological data of these

emerging compounds are limited. One particular chemical, 2,3,3,3-

Tetrafluoro-2-(heptafluoropropoxy) propanoic acid, also known as

hexafluoropropylene oxide dimer acid (HFPO-DA), or the trade

name of its ammonium salt, GenX, [18]  was designed as a fluo-

rochemical processing surfactant that meets the requirements of

the EPA PFASs management program [18,19]. HFPO-DA, and other

HFPO related products have been found in significant concentra-

tions in the discharge from certain fluorochemical manufacturing

sites [14,16,20]. The limited toxicological studies of the HFPO-DA

compound indicate that acute toxicity and metabolism are of lim-

ited concern for the replacement chemical, [21–24]  but long-term

exposure effects require additional study. [23–27] The detection

of the compound in the Cape Fear River in North Carolina sparked

an intensive investigation and establishment of a  statewide health

goal [28] amid concerns over its potential long-term effects.

HFPO-DA is but one of an amalgamation of related fluoro-

chemical compounds emerging as pollutants of interest in surface,

ground, and drinking water, and, while existing non-targeted

methodologies have allowed for the detection of novel structures,

[12–16] quantitative methods will be necessary for long term envi-

ronmental monitoring and health effects studies regarding new

fluorochemicals like HFPO-DA/GenX. Existing methodologies, such

as EPA method 537, were developed for the analysis of legacy

compounds, straight chain perfluorinated carboxylic acids and sul-

fonates, in drinking water, but there is substantial need for general

methods sufficient to analyze known and emerging compounds in

environmental matrices. Further, as emerging contaminants fre-

quently lack authenticated standards, methods for tracking and

estimating fluorochemical concentrations are needed for moni-

toring environmental levels of unknown contaminants. Here we

demonstrate a  quantitative sample preparation and LC–MS/MS

method suitable for emerging perfluoroether compounds, validate

it in multiple water source matrices, and apply it to the ongoing

monitoring of an impacted watershed. Further, we estimate con-

centrations and conduct time course monitoring of perfluoroether

compounds with no existing standards by using closely related

surrogate species to model instrument responses and construct

non-matched calibration curves.

2. Materials and methods

2.1. Preparation of PFECA standards

Reference standards of perfluoroether carboxylic acids were

obtained from Synquest Laboratories (Table 1) along with 13C3

labeled 2,3,3,3-Tetrafluoro-2-(heptafluoropropoxy) propanoic acid

(HFPO-DA) for use as an internal standard (Wellington Labs).
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A stock solution of each standard was prepared in 95:5

methanol:2.5 M NaOH to prevent the formation of the methyl ester.

From these stocks, a  mixed PFECA standard was prepared contain-

ing equal mass of each native species and diluted to the desired

final concentrations in methanol.

Standard PFECA solution mixtures were prepared using water

sourced from three locations as the background matrices. Back-

ground matrix water was  sourced as followed: surface water

collected from Discovery Lake, Research Triangle Park, NC, waste

water collected from Jacksonville Wastewater Treatment facility

effluent, Jacksonville, NC, and drinking water collected from a  lab-

oratory faucet in the Environmental Protection Agency office in

Research Triangle Park, NC. Each source sample was collected into

one liter pre-cleaned high-density polyethyelene (HDPE) Nalgene

bottles and spiked with a standard mixture of PFECAs (Table 1)

at either 0, 50, or 200 ng/L. Five replicates of these matrix spiked

samples were prepared for each combination of background matrix

(Surface Water, Waste Water, Drinking Water) and PFECA level

(Blank, Low Spike, High Spike) resulting in 45 samples. The pre-

pared spiked samples were stabilized by pH adjustment to pH ∼  2

with the addition of 5 mL of 35% nitric acid. A set of samples of the

PFECA mixture at 0, 10, 25, 50, 100, 150, 200, and 250 ng/L was

also prepared in deionized water (DI) and processed immediately

in tandem to construct calibration curves.

2.2. Environmental sampling

Fluorochemical contaminated water samples were acquired

from North Carolina Department of Environmental Quality

(NCDEQ) at a location near the industrial waste outfall for a  local

fluorochemical manufacturer, as well as from downstream drink-

ing water treatment plants. Location 1 was the source water

drawn from the Cape Fear River for a downstream water treat-

ment facility and Location 2 was finished drinking water delivered

to Wilmington, NC. Each sample was collected in a  one liter HDPE

bottle and stabilized by pH adjustment with nitric acid as previ-

ously described [29]. Samples were stored at room temperature,

extracted and analyzed within five days of the sampling date.

2.3. Solid phase extraction of PFECAs from aqueous matrix

The previously prepared, stabilized samples were decanted

into a 1000 mL HDPE graduated cylinder and their total volume

recorded; water in excess of 1000 mL was discarded. The maximum

oversampling possible in a  one liter HDPE bottle is ∼10%, allowing

a worst case 10% bias if 100% of in-solution PFASs bind to  the bottle

surface and the maximum amount of excess water is discarded. This

scenario can be avoided by not filling bottles completely; the max-

imum sample collection overfill was <10 mL in this sample set. The

sample bottle was then rinsed with 10 mL of methanol to  remove

any compounds that partially adhere during sample processing and

storage; the retained water was returned to the bottle alongside

the methanol. An internal standard of 13C3 labeled HFPO-DA was

added to each water sample at a  concentration of 100 ng/L of sam-

ple, and shaken vigorously before being vacuum filtered through a

Whatman GF/A glass filter.

Oasis weak anion exchange (WAX) Plus (225 mg)  solid phase

extraction (SPE) cartridges (Waters Corporation) were conditioned

according to the manufacturer instructions, as follows: the SPE

cartridges were equilibrated under 10 mL/min methanol flow for

2.5 min, followed by 2.5 min  of deionized water (DI) at 10 mL/min;

flow was maintained through a  SPC10-P Sep-Pak concentrator

binary piston pump (Waters Corporation). Samples were concen-

trated at a flow rate of 10 mL/min for 50 min  (500 mL total volume)

and SPE cartridges were removed for later elution. The Sep-Pak sys-

tem was flushed with 25 mL of methanol (2.5 min at 10 mL/min)

between sample cartridges to  prevent sample carryover.

After sample concentration, the SPE cartridges were washed

with 4 mL of 25 mM  pH 4.0 acetate/acetic acid buffer, followed by a

wash of 4 mL  of neutral methanol. Compounds of interest were then

eluted with 4 mL of freshly prepared 0.1% ammonium hydroxide in

methanol and evaporated in a polypropylene tube at 40◦C under

a dry nitrogen stream to a final volume of ∼  1 mL.  The evaporated

samples were diluted 4-fold in 2.5 mM ammonium acetate to match

the starting conditions for liquid chromatography.

2.4. LC–MS/MS data acquisition and quantification

LC–MS/MS quantification took place on a  Waters Acquity ultra

performance liquid chromatograph which had been modified to

replace OEM PTFE filters and solvent plumbing with stainless steel

or PEEK tubing and incorporate a PFC isolation column (Waters

P/N 176001744). The chromatographic separation was carried out

using a Waters ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm,

1.7 �m),  a  flow rate of 500 �L/min, 50 �L injection volume, and a

binary mobile phase gradient with mobile phases A  (95:5, 2.5 mM

ammonium acetate: Methanol) and B (95:5, Methanol: 2.5 mM

ammonium acetate). The gradient program was a  follows: 10–85%

B (5 min), 85–100% (0.1 min), 100% (hold for 1.9 min), 100–10%

(0.1 min), 10% (hold for 1.9 min). Detection and quantitation was

performed with an interfaced Waters Quattro Premier XE triple

quadrupole mass spectrometer in negative mode (Supplemental

Table 1) with individual transition parameters for each PFECA

species analyzed (Table 2). Stable isotope labeled (SIL) HFPO-DA

was used as an internal standard for all measured compounds.

MRM transitions were previously optimized for the four sur-

rogate perfluoroether compounds and HFPO-DA using available

standards. Additional transitions for three emerging PFECAs previ-

ously described (Table 1, Supplemental Fig. 1–3), [16] but currently

lacking analytical standards, were selected using direct infusion

of extracts prepared from the Cape Fear River. For method valida-

tion, the MRM method contained only the surrogate and HFPO-DA

transitions, while environmental samples included the three MRM

transitions for the emerging PFECAs as well.

The PFECA mixture was  used to  prepare an eight-point calibra-

tion curve for each constituent PFECA standard for quantitation.

Ion abundances were normalized to  the HFPO-DA internal standard

intensity and curves were fitted as a  concentration weighted (1/x)

quadratic curve with two  injections per concentration. For spike

recovery experiments, quantitation was derived from the match-

ing standard curve. For quantitative measurements of HFPO-DA and

semi-quantitative estimates for the emerging PFECAs in environ-

mental samples, systematic application of each surrogate standard

curve was  used to  calculate estimated concentrations.

3. Results and discussion

3.1. Spike-recovery validation

Representative figures of merit were calculated for the quan-

titative spike recovery assessment based on the five sample

preparations for each combination of background matrix and con-

centration (Fig. 1).  For each replicate, the relative percentage error

(RE) ranges from 0.36% to 25.9%, with an average of ∼10% when

aggregated across compounds and background matrices (Table 3).

Sample precision was  calculated with average coefficient of vari-

ation of 17% across matrices and spike levels (Table 3). A  method

limit of detection (LOD) for PFECAs was  estimated at 16 ng/L using

a  3X signal-to-noise cutoff. The method noise was estimated as the

standard deviation of repeated injections of the 10 ng/L calibration
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Table 2

Multiple reaction monitoring (MRM)  transition table for surrogate and emerging PFECAs analyzed in this study.

Species Molecular Formula Precursor Mass (Da) Product Mass (Da) Cone Voltage (V) Collision Energy (eV)

Surrogate 1 C5HF9O3 279.0
84.9 14 22

134.8 22 24

Surrogate 2 C5HF9O4 295.0
84.9 10 26

200.9 10 10

Surrogate 3 C4HF7O3 229.0
84.9 10 10

184.9 22 18

Surrogate 4 C7HF13O3 379.0
184.8 16 12

134.9 16 34

HFPO-DA C6HF11O3 329.2
168.9 10 12

286.9 10 6

HFPO-DA IS [13C]3C3HF11O3 332.2
168.9 10 12

286.9 10 6

PFMOAA C3HF9O5 178.9 84.9 10 12

PFO2HxA C4HF7O4 245.0
84.9 22 18

178.8 22 4

PFO3OA C5HF9O5 311.1
84.9 22 20

150.8 22 4

Fig. 1. Measured PFECA concentrations for a  synthetic PFECA mixture in varying

matrices at 200 ng/L (HS), 50 ng/L (LS), and 0  ng/L (BL) spike levels, with 95% confi-

dence intervals.

Table 3

Calculated relative percentage error (RE) and coefficient of variation (CV) for mea-

surements (n = 5) in waste water (WW),  surface water (SW) and drinking water

(DW) matrices for a  series of PFECA compounds.

Compound Matrix RE (%) CV (%)

HFPO-DA

DW 9.2 20%

SW 8.6 20%

WW 7.4 25%

Surrogate 1

DW 12.9 14%

SW 13.4 14%

WW 9.1 22%

Surrogate 2

DW 13.0 14%

SW 9.2 12%

WW 7.5 23%

Surrogate 3

DW 4.7 17%

SW 12.2 12%

WW 15.6 28%

Surrogate 4

DW 15.9 10%

SW 7.0 10%

WW 7.5 19%

curve point. This reported LOD value is not a  physical limitation,

and can be reduced through modifications to the SPE concentra-

tion step, sample blowdown, or injection volume to increase the

on-column analyte load and improve sensitivity, or use of an MS

platform with better intrinsic sensitivity.

For the HFPO-DA compound, the measurement retains accuracy

regardless of matrix or sample concentration within the range of

the calibration curve; all measurements correspond to their theo-

retical values within the 95% confidence interval and demonstrate

acceptable RE (<10%) and CV (<30%) values. However, the other

PFECA compounds demonstrate a  small, systemic overestimation

of their concentration in some background matrices. This effect is

attributable to a  non-matched internal standard, and can be cor-

rected in the future as appropriate stable isotope labeled species

become available. The reproducibility of the assay is still high; CVs

of the surrogate compounds are equivalent or  better than HFPO-

DA with one exception, and the RE remains under 20% in all cases,

with results from each matrix being statistically indistinguishable

from each other. Thus, the methodology can be generally applied

even in absence of matched internal standards. Of note, a single

replicate of waste water − high spike was excluded from the collec-

tion sample set due to a  significant contaminant in the preparation.

Investigation of the sample revealed significant (>5-fold) signal

suppression of HFPO-DA and the SIL HFPO-DA standard in only that

prep. HFPO-DA quantification was unaffected due to the matched

internal standard, but surrogate concentration estimates were >3.5

standard deviation outliers due to the suppressed SIL used for

normalization. This event demonstrates that caution remains nec-

essary when using non-matched internal standards, especially in

heterogeneous matrices such as waste water.

3.2. Application in longitudinal monitoring of HFPO-DA

Initial environmental samples obtained in June 2017 from flu-

orochemical manufacturing outfall, surface, and drinking water

far exceeded the designated calibration range and required sig-

nificant dilution to enter the calibration curve range for accurate

quantitation. Following this sampling, the manufacturer ceased

waste stream emissions from one of their manufacturing lines and

the measured concentrations of all monitored species dramati-

cally declined in both the direct outfall and downstream locations

(Figs. 2 and 3). Of note, local contamination from pumps and piping

at the manufacturing site are hypothesized to  be  the cause of the

persistently high concentrations in the waste outfall through the

third sampling week in spite of the immediate decline observed at

downstream locations. Continuous monitoring of both outfall and

impacted drinking water sites demonstrated minor daily variation

but consistent reduction below North Carolina’s targeted health

goal of 140 ng/L [28].

Blank, low spike, and high spiked standard mixtures were car-

ried to  the sampling site as field blanks each week and returned

for QC analysis. Throughout the sampling course, QC samples mea-



56 J. McCord et al. /  J. Chromatogr. A 1551 (2018) 52–58

Fig. 2. Measured HFPO-DA concentrations in manufacturing outfall over time. The

vertical line indicates diversion of PFECA generating waste stream, the horizontal

line indicates targeted HFPO-DA health goal (140 ng/L), inset shows shaded region.

Fig. 3. Measured HFPO-DA concentrations at drinking water treatment plants

located in the Cape Fear River basin. Vertical line indicates diversion of PFECA

generating waste stream, horizontal line indicates targeted health goal (140 ng/L).

sured were quantified with an average RE of 22%. Each week, a

randomly selected 10% subset of the environmental samples were

replicated and inter-replicate CVs were <10%, demonstrating long

term method stability and precision.

3.3. Semi-quantitative estimates of emerging PFECAs

For compounds tentatively identified as PFMOAA, PFO2HxA,

and PFO3OA [16], the lack of a  matched standard and reliance

on a surrogate internal standard limits the potential accuracy

of quantitative efforts. Nevertheless, semi-quantitative estimates

can inform public health decisions and provide focus for further

development of analytical methods [30].  The PFECA mixture was

used to prepare an eight-point calibration curve for each con-

stituent PFECA standard. Ion abundances were normalized to the

HFPO-DA internal standard intensity and calibration curves were

fitted as a  concentration weighted (1/x) quadratic curve. Esti-

mated concentrations for the three emerging compounds, which

lack standards, and HFPO-DA were obtained using each of the

five calibration curves each sampling week, as well as a  global

estimate curve built from the response of all five individual sur-

rogates.

To establish an estimate of the level of error when using

surrogate compounds for concentration estimates, the HFPO-DA

value from its matched calibration curve was compared to  values

obtained using the calibration curves from the four surrogate com-

pounds. The surrogate estimated concentrations yielded average

errors of 1.3%, 0.6%, 48%, and 0.3% for Surrogates 1–4 respectively.

The three closely matching surrogates, 1, 2 and 4,  elute within a

1-min window, very near the HFPO-DA peak (Supplemental Fig.

4–7). As a consequence, they demonstrate remarkably little bias in

estimated concentrations for HFPO-DA, unlike Surrogate 3, which

elutes much earlier in the chromatographic run, and has significant

peak distortions resulting from its more hydrophilic character than

the other species. Surrogate 3 however, does have a  more similar

chromatographic profile to  PFMOAA and PFO2HXA. For the HFPO-

DA, a  best case scenario of a  closely matched chemical structure for

the calibration curve and internal standard yields accurate results

within the error margins of the matched curve and standard, while

a poorly matched species yields a  several-fold, but still manageable,

level of bias in estimation. Matching of surrogates can be performed

empirically, by selecting similar chemical structures and confirm-

ing similar chromatographic and MS performance, but a  general

solution to determining “good” surrogate matches is beyond the

scope of this paper.

The emerging species exhibit significantly more variability in

estimated concentrations compared to the surrogate standards

(Fig. 4). Structurally, the emerging compounds appear similar to

the surrogate PFECA compounds, however, their elution time indi-

cates substantially higher hydrophilicity consistent with their low

molecular weight and increased oxygen content; PFMOAA elutes

nearly in the void volume, and PFO2HxA falls somewhere between

the PFMOAA and surrogate standards (Supplemental Fig. 5). Fur-

ther, the extraction efficiency of non-targeted species in SPE is

currently unknown, and can contribute to significant variability,

but we assume the binding to be consistently high when using

anion exchange phases with easily ionized species such as perflu-

oroacids [31].

The systematic dissimilarity between the lower molecular

weight emerging compounds and the surrogate standards impacts

the concentration estimates. The predicted concentrations are

Fig. 4. Estimated concentrations of three emerging PFECA compounds at Location 2,  using five surrogate calibration curves and a global calibration of all species.
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consistent in their ordering, with HFPO-DA estimate being the

highest value and Surrogate 4 underestimating that value by ∼10-

fold.

The systematic bias of estimated concentration is consistent

across sampling location and date, implying it is intrinsic to the

process, likely the result of hydrophobic bias in the chromatog-

raphy and/or electrospray that cannot be  corrected for without

more closely matched calibration curve and/or internal standard. A

conservative application of the variation between the five closely

related PFECA standards suggests the error of the global average is

on the order of ten-fold and can be  considered semi-quantitative at

best. Regardless, using the global average calibration curve of the

PFECA standards provides a rough estimate of concentration that

can be useful for directing further work. The most recent PFMOAA

estimate range still falls partially above the health goal for HFPO-

DA and it is worthy of further scrutiny, while the other compounds

have been reduced below that target level, even when using the

highest estimate of the concentration.

Nevertheless, all three of the non-standard PFECA compounds

demonstrated substantial reduction over time as the result of

halted upstream emission, similarly to the behavior of the HFPO-

DA compound. This signifies that all the related PFECA compounds

likely derive from the single fluoropolymer manufacturing process

whose waste was diverted. Further, time trends indicate that the

overall concentration has dropped ∼2  orders of magnitude, simi-

lar to the HFPO-DA, regardless of the calibration source used. This

methodology is therefore suitable for tracking temporal changes in

compounds lacking standards even though the specific estimation

of concentrations remains highly uncertain, presuming that such

species can be detected by LC–MS.

4. Conclusion

The ongoing proliferation of new perfluorinated species to serve

industrial chemical need in absence of the legacy compounds PFOA

and PFOS is a burgeoning topic in environmental and public health

with substantial interest. Monitoring efforts for these new species

require a robust, generalized method for quantitative determina-

tions of exposure. The availability of a  SIL internal standard for

HFPO-DA allows for robust analysis of this species, and allows its

use as a surrogate internal standard for other compounds barring

the production of matching SIL perfluoroethers. The methodology

presented here is robust to  variations in the environmental matrix

(tap, surface, and waste water) and offers an extended range of

sensitivity through the use of multiple concentration steps. Nev-

ertheless, the calibration range utilized, with a  method limit of

detection ∼10 ng/L, is sufficient for exposure monitoring, as the

existing health advisory/goal levels for both the legacy and emerg-

ing perfluorinated compounds are around an order of magnitude

higher. Lower health targets for legacy species exist in some states

[32], and increased concentration factors or improved instrument

sensitivity would be necessary to achieve the necessary lower

method detection limits.

The same sample preparation technique can be applied to the

analysis of only partially characterized species assuming chemi-

cally similar standards are available for purchase. Using one or more

related species to  construct calibration curves, even with surro-

gate internal standards, allows for an estimation of concentrations

that can inform future research and policy efforts in environ-

mental exposure. This can act as supplemental and supporting

information to other mass spectrometry related monitoring efforts

in non-targeted analysis. For species with some available struc-

tural information and a  closely related standard, the error is on

the same order as the method variation and theoretically suitable

for quantitative work. However, this should be consisted a  stop-

gap technique prior to the acquisition of standards or validation

of the assumption of similar extraction efficiency and instrument

response. suitable for quantitative work. The estimates from less

closely matched calibrations curves vary by >10-fold depending

on the selected calibration species, but nevertheless can reveal

accurate time-trend data for determining the impact of systemic

changes and determining whether multiple species have correlated

behaviors in response to an intervention.
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ABSTRACT: Recent scientific scrutiny and concerns over
exposure, toxicity, and risk have led to international regulatory
efforts resulting in the reduction or elimination of certain
perfluorinated compounds from various products and waste
streams. Some manufacturers have started producing shorter
chain per- and polyfluorinated compounds to try to reduce the
potential for bioaccumulation in humans and wildlife. Some of
these new compounds contain central ether oxygens or other
minor modifications of traditional perfluorinated structures. At
present, there has been very limited information published on
these “replacement chemistries” in the peer-reviewed
literature. In this study we used a time-of-flight mass
spectrometry detector (LC-ESI-TOFMS) to identify fluori-
nated compounds in natural waters collected from locations
with historical perfluorinated compound contamination. Our
workflow for discovery of chemicals included sequential
sampling of surface water for identification of potential
sources, nontargeted TOFMS analysis, molecular feature
extraction (MFE) of samples, and evaluation of features
unique to the sample with source inputs. Specifically,
compounds were tentatively identified by (1) accurate mass
determination of parent and/or related adducts and fragments
from in-source collision-induced dissociation (CID), (2) in-
depth evaluation of in-source adducts formed during analysis,
and (3) confirmation with authentic standards when available.
We observed groups of compounds in homologous series that
differed by multiples of CF2 (m/z 49.9968) or CF2O (m/z 65.9917). Compounds in each series were chromatographically
separated and had comparable fragments and adducts produced during analysis. We detected 12 novel perfluoroalkyl ether
carboxylic and sulfonic acids in surface water in North Carolina, USA using this approach. A key piece of evidence was the
discovery of accurate mass in-source n-mer formation (H+ and Na+) differing by m/z 21.9819, corresponding to the mass
difference between the protonated and sodiated dimers.

■ INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) have
unique physical and structural properties that make them
extremely resistant to chemical and thermal degradation. As a
result, PFASs have been used in a wide range of consumer
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products and industrial applications.1 Between 1950 and 2000,
the eight-carbon PFASs, including perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonate (PFOS), were among
the most commonly produced and used perfluorinated
compounds. PFASs have been detected in many environmental
and biological matrices across the globe for a number of years,2

and this ubiquity has led to mounting concerns about exposure
and potential toxicity. As a result, many international regulatory
efforts have been enacted to reduce, substitute, or eliminate
long-chain (8 consecutive perfluorinated carbons or longer)
PFASs from products and waste streams. In the United States,
eight major fluorochemical manufacturers entered into a
voluntary stewardship agreement with the U.S. Environmental
Protection Agency (EPA) to phase out the use and production
of long-chain perfluorinated chemistries by 2015.3 To take their
place, manufacturers have started using alternative chemistries
that may include both shorter-chain perfluorinated (<C8) and/
or polyfluorinated materials. For example, some of these
replacement compounds still have the traditional perfluorinated
carbon regions, but they are broken into shorter units by
insertion of ether oxygens at regular intervals. These ether
linked compounds are still technically classified as perfluori-
nated if all carbons are substituted with fluorine and
polyfluorinated if any carbon is occupied by a hydrogen rather
than a fluorine.4 The rationale is that the addition of oxygens
would likely make the replacement chemistry more labile to
degradation, and thus more favorable for usage. However, to
date the chemical manufacturers have disclosed little
information publicly concerning the chemical structures and
potential toxicities of the replacement PFASs now being
produced. This makes it extremely difficult for independent

research groups to evaluate their environmental distributions
and potential toxicities.
A rare exception is a peer-reviewed publication on 4,8-dioxa-

3H-perfluorononanoate (ADONA) (Supporting Information
Figure S1), a polyfluorinated alternative to PFOA which is said
to have a “more favorable toxicological profile”.5 This single
journal article was published by its manufacturer, but standards
for this new material have not been made available (to our
knowledge) for comprehensive ecological or toxicological
evaluation. Manufacturers typically submit more detailed
information concerning compound structure, potential toxicity,
environmental fate, and projected production volumes to
regulatory authorities prior to large-scale production (e.g., the
U.S. EPA’s premanufacture notice process), but this informa-
tion is held as confidential business information and cannot be
disclosed to the general research community.
One example of industrial producers manufacturing replace-

ment compounds is outlined in an executed draft consent order
from the state of West Virginia to DuPont Corporation
allowing the discharge of a new fluorinated compound into the
Ohio river, at the Washington Works facility (West Virginia).6

This is the same facility that has been the source of historical
PFOA contamination of local surface and groundwater due to
industrial manufacture and discharge and is the center of a
court-ordered investigation by the C8 science panel to
determine if PFOA exposure in the local human population
has led to adverse health effects.7 A number of recent
epidemiological studies have indicated that exposure to
PFOA at this location has been associated with adverse
human health outcomes.8,9

Figure 1. Sample workflow for TOFMS discovery.
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Typical environmental occurrence investigations have for
years focused on targeted analysis for specific analytes of
interest. Highly precise and sensitive LC and GC MS/MS
methods have been developed to quantify contaminants of
concern. A more recent approach for environmental sample
analysis has been the use of high-resolution mass spectrometry
(HRMS) for these efforts. Some researchers have used
nontargeted or suspect screening effectively in demonstrating
many chemical classes in wastewater effluent without the use of
reference standards.11−13 These approaches have begun to rely
more heavily on the use of databases, accurate mass searches,
and HRMS molecular formula prediction capabilities for
discovery. Confirmation with authentic standards still remains
the “gold standard”. Schymanski et al.14 reported on five levels
of confidence in identifying small molecules using HRMS
ranging from exact mass matches, through molecular formula
prediction, tentative candidate structures, library match
searches, and finally confirmation with a reference standard.
This is the type of approach that we use in this work to identify
previously undescribed PFASs in surface water.
As it is mostly unknown what is being produced to replace

traditional perfluorinated compounds, a series of sampling
events was conducted to collect water samples with
determination of new per- and polyfluorinated substances as
a goal. In Nakayama et al.,10 a sampling of surface water in the
Cape Fear River Basin in North Carolina indicated sources of
perfluorinated compounds intermittently spread throughout
the drainage basin. A follow-up investigation with more focused
sampling to determine sources was not conducted. However,
based on this early work, there was some indication that there
were PFASs sources in the Fayetteville, NC area. More recent
surface water sampling trips in this region indicated continued
elevated concentrations of traditional perfluorinated com-
pounds, supporting the Nakayama et al.10 findings. One such
source was known to be downstream of the industrial effluent
discharge of a fluorochemical production facility. Further
investigation of these samples for identification and occurrence
of potential replacement chemistries was undertaken.

■ MATERIALS AND METHODS

Sample Workflow for Discovery. A diagram of the
workflow we used for novel compound discovery in surface
water samples is shown in Figure 1. It is a six-step process that
starts with sequential sampling of water, followed by non-
targeted screening, visualization of detected peaks, further
investigation of suspect features, advanced TOFMS techniques,
and, last, compound confirmation with authentic standards
when available. Using this approach, it becomes possible to
detect chemicals that enter a waterway from a source (point or
nonpoint) between sampling locations. This can then be used
for such purposes as source elucidation, compound discovery,
or both. In the following sections we will be referring to Figure
1 and the specific step in the process to which we are referring.
Sample Collection. In the summer of 2012, water samples

were collected at locations on the Cape Fear River and its
tributaries, with some locations having previously been found
to contain measurable PFASs.15 Grab samples were taken from
the bank and bridge crossings with a lab-made dip sampler or a
stainless steel Kemmerer sampler, and stored in a 1-L HDPE
bottle following the procedures described in Nakayama et al.16

Samples (n = 9) were acquired from the main flow of the Cape
Fear River including from just south of the city of Fayetteville,
NC to the bridge crossing in the town of Tar Heel, NC.

Duplicate samples, trip spikes, and trip blanks were included in
this sampling. This sampling also included tributaries to the
Cape Fear River along the same stretch of river where
reclaimed wastewater treatment plant (WWTP) and industrial
effluent streams occurred (Figure 1, step 1).

Sample Analysis for Traditional PFASs. Samples were
prepared and analyzed according to the methods of Nakayama
et al.16 In brief, water samples were stabilized with addition of
nitric acid and stored at ambient temperature prior to analysis
(<7 days). Each water sample was measured in a graduated
cylinder, and the sampling bottle was washed with 10 mL of
methanol to solubilize analytes that may have become sorbed to
the container wall during shipping and storage. The water was
then placed back in the methanol-washed bottle with the
methanol rinsate, spiked with a mixture of internal standards,
and filtered through a glass fiber filter. A volume, typically 500
mL, of water was concentrated on a Waters WAX SPE cartridge
using a positive displacement pump. The cartridge was eluted
with basic methanol (0.3% NH4OH) and the eluent was
concentrated via evaporation under N2 gas to 1 mL and
prepared for analysis. A procedural blank was prepared as
described above using 500 mL of in-house DI water.
Traditional PFASs (C4−C10 perfluorocarboxylic acids
(PFCAs); perfluorobutanesulfonate (PFBS), perfluorohexane-
sulfonate (PFHxS), and PFOS) analysis was performed using a
Waters Acquity ultra performance liquid chromatograph
interfaced with a Waters Quattro Premier XE triple quadrupole
mass spectrometer (UPLC-MS/MS) (Waters, Milford, MA,
USA).

TOFMS Investigation of Novel Fluorinated Com-
pounds. The extraction method used for traditional PFASs
analysis was also used for elucidation of novel compounds.
Elevated concentrations of traditional PFASs in samples were
used as an indication of samples that were likely closer to
sources (Figure S2). Sample analysis was performed using an
Agilent 1100 series HPLC interfaced with a 6210 series
Accurate-Mass LC-TOF system (Agilent Technologies, Palo
Alto, CA). The mass spectrometer was operated in electrospray
ionization (ESI) negative mode and any drift in the mass
accuracy of the TOF was continuously corrected by infusion of
two reference compounds (purine (m/z 119.03632) and the
acetate adduct of hexakis (1H,1H,3H-tetrafluoropropoxy)
phosphazine (m/z 980.016375)) via dual-ESI sprayer.
Chromatographic separation was accomplished using an Eclipse
Plus C8 column (2.1 × 50 mm, 3.5 μm; Agilent). The method
consisted of the following conditions: 0.2 mL/min flow rate;
column at 30 °C; mobile phases: A: ammonium formate buffer
(0.4 mM) and DI water/methanol (95:5 v/v), and B:
ammonium formate (0.4 mM) and methanol/DI water (95:5
v/v); gradient: 0−15 min a linear gradient from 75:25 A/B to
15:85 A/B; with a 4 min post time for equilibration.

Identification of Suspect Features. The total ion
chromatogram (TIC) of each water sample was subjected to
the software molecular feature extraction algorithm (MFE) and
was restricted to the 100 most intense features m/z 50−1700
based on peak height. A molecular feature is defined as a single
accurate mass with a specific retention time and an integrated
area count. Compounds identified in the solvent and
procedural blank samples were used to develop a mass
exclusion list to subtract from subsequent unknown samples.
After molecular features were identified, they were exported as
a Compound Exchange File (.CEF) and imported into Mass
Profiler to compare upstream with downstream samples.
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Pairwise comparisons of sequential samples in river flow

(Figure 1 step 2) were used to identify those requiring further

investigation. For instance, features found in the downstream

sample that were not found in the upstream sample indicate a

source (point or nonpoint) exists between the two sampling

locations (Figure 1 step 3). Further investigation of peaks with

larger area counts using the “identify compounds” feature in the

software and additional analyses of samples were used for

confirmation. Perfluorinated compounds already identified with

traditional UPLC-MS/MS analysis were eliminated from this

remaining list further narrowing the unknown compounds
requiring follow-up scrutiny.
Poly- and perfluorinated compounds tend to have a negative

mass defect due to the presence of multiple fluorine and oxygen
atoms. Negative mass defect means that the exact mass of a
compound is less than the nominal mass.17 For instance, the
exact mass of perfluorooctanoate (C8F15O2) is 412.9664,
whereas the nominal mass is 413 Da. In this instance negative
mass defect compounds only found in the downstream sample
were further explored. An additional characteristic of samples
that are contaminated with per- and polyfluorinated com-

Figure 2. ESI negative spectra for two example perfluorinated ether carboxylic acids found in water: (A) C6HF11O3 (retention time 5.9−6.0 min)
and (B) C6HF11O6 (retention time 6.5−6.6 min). Note: in spectrum (A and B) m/z 112.9856, 119.0363, and 966.0007 are reference masses for
continuous mass calibration. Peaks not pointed out are not associated with the compound of interest.
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pounds is the presence of multiple peaks that differ by exactly ±
m/z 49.9968 and/or 65.9917, corresponding to a difference of
CF2 and CF2O, respectively. This happens because PFAS
synthesis is an industrial process that yields a distribution of
products that differ primarily in chain length and/or degree of
isomerization. Compounds identified as having a negative mass
defect and differing from another peak by ± m/z 49.9968 and
65.9917 are highly likely to be polyfluorinated compounds.
Selected samples were also analyzed by QTOF to aid with
confirmation of proposed structures (generously provided by
colleagues mentioned in the Acknowledgments).
TOFMS Experimental Workflow. Once an unknown

compound with negative mass defect was noted, it was isolated
from other mass spectral data in the following way: An
extracted ion chromatogram (EIC) was generated from the
total ion chromatogram (TIC) using the m/z identified. The
EIC was then used to do a background subtraction of the
spectral region both immediately before and after the detected
peak (typically ±0.1 min) (Figure 1 step 4). The center of the
detected peak was extracted for the mass spectral information,
and the background spectrum was subtracted for a clean
spectrum. This was necessary to eliminate, to the best of our
ability, competing spectral peaks that were coeluting and not
associated with the spectrum being investigated. This would
include, but is not limited to, spectral signals originating from
the reference compounds (constantly infused to maintain a lock
on mass assignments) and their fragments. Once suspect
spectral signals were isolated, a series of experiments were
conducted to induce in-source fragmentation ions to aid with
compound identification based on the work of Ferrer and
Thurman.18 Specifically, a series of methods with differing
fragmentor voltages (80−190 V) were run in sequence to look
for diagnostic ions that emerged as fragmentor voltage
increased. In addition, common adducts such as Na+, NH4

+,
acetate, etc. were used to aid with compound identification.
Detected spectral features were subjected to molecular formula
generation using the elements (C, H, O, N, S, P, Cl and F).19

Formulas generated were scored based on accurate mass,
isotope abundance (compound mass distributions attributable
to elemental mass distributions e.g., 1.1% 13C, 0.2% 18O, etc.)
and isotope distribution (for example, slight differences in
isotope mass such as when an m+2 peak is from two 13 C or a
single 18O) . Only scores >75% were considered for further
exploration. Figure 1 steps 4 and 5 outline the advanced
TOFMS techniques used to discover novel chemical species.

■ RESULTS

With the approach described above, sites were identified for
further investigation when a large increase in number and
magnitude (area counts) of unknown compounds was found in
downstream samples. In addition, a very large increase (greater
than 2 orders of magnitude) in concentration of historically
measured PFAAs also persisted for many river miles down-
stream of a certain point (Figure S2) consistent with
observations in Nakayama et al.10 Interestingly, the profile of
the historically measured PFASs contributing to the total
PFASs found at each location was seen to dramatically change
near this location (Figure S3). The major compounds
contributing to this increase were perfluoropentanoic acid
(PFPeA), followed by perfluoroheptanoic acid (PFHpA) and
perfluorobutanoic acid (PFBA). It was evident that there was a
significant source (total historically measured PFASs concen-
tration increased by >100 times) of per- and polyfluorinated
compounds near this location. Plotting the samples (CFR004
upstream vs CFR002 downstream) in MassProfiler for
visualization indicated that there were 77 features that were
unique to the downstream sample (Figure S4) with many (n =
69) having negative mass defects. In this figure (S4) the size of
the symbol is proportional to the area counts of the molecular
feature. Traditional PFASs with known concentrations (in
Figure S2) are included for comparison purposes. Peaks with
larger areas were investigated first under the assumption that
these concentrations would be among the highest. Additional

Table 1. Accurate Mass of Polyfluorinated Compounds and In-Source Artifacts Found in Extracted Water Samples

number formula CAS no. name [M]a
[M − H]−

m/z [2M − 2H + Na]− m/z
[2M − H]−

m/z

Monoether PFECAs

1 C3HF5O3 179.9846 178.9773 380.9438 358.9619

2 C4HF7O3 229.9813 228.9740 480.9372 458.9553

3 C5HF9O3 863090-89-5 279.9782 278.9709 580.9310 558.9491

4 C6HF11O3 13252-13-6 undecafluoro-2-methyl-3-oxahexanoic acid 329.9750 328.9677 680.9247 658.9427

5 C7HF13O3 379.9718 378.9645 780.9182 758.9363

6 C8HF15O3 429.9686 428.9613 880.9118 858.9299

Polyether PFECAs

7 C7HF13O7 39492-91-6 perfluoro-3,5,7,9,11-pentaoxadodecanoic
acid

443.9515 442.9442 908.8776 886.8957

8 C6HF11O6 39492-90-5 perfluoro-3,5,7,9-butaoxadecanoic acid 377.9598 376.9525 776.8942 754.9123

9 C5HF9O5 39492-89-2 perfluoro-3,5,7-propaoxaoctanoic acid 311.9681 310.9608 644.9108 622.9289

10 C4HF7O4 39492-88-1 perfluoro-3,5-dioxahexanoic acid 245.9764 244.9691 512.9274 490.9455

PFESAs

11 C7HF13O5S 66796-30-3b 443.9337 442.9264

12 C7H2F14O5S 463.9399 462.9326

Other

Na+ 22.9892

H+ 1.0073

CF2O 65.9917

CF2 49.9968
aIndicates the monoisotopic mass of the neutral species. bCAS number for Nafion copolymer.
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pairwise comparisons were done on all sequential samples,
however results indicated that samples downstream of CFR003
were simply dilutions of a source input. Samples were chosen
for additional scrutiny where there was sufficient analytical
signal without saturation of the detector which compromises
mass accuracy.
Dimers and Fragments. It became evident that in multiple

instances several of the larger peaks had a number of common
characteristics: (1) negative mass defect, (2) multiple related
chromatographic peaks differing by ± m/z 49.9968 and/or
65.9917 (± a CF2 group and/or a CF2O group), and (3)
apparent noncovalent homodimers linked by either a proton or
sodium ion. For example, at a retention time of 5.9−6.0 min,
two large peaks emerged from the spectra with m/z of
658.9462 and 680.9256 (Figure 2A). After careful evaluation, it
became apparent that these were the proton-bound and
sodium-bound in-source homodimers of undecafluoro-2-
methyl-3-oxahexanoic acid (C6HF11O3) (Table 1). These
differed by m/z 21.9819, the difference between the Na+ and
H+ versions of the dimer. It is important to note that the [M −

H]− peak (m/z 328.9677), which one might expect to be the
most prominent, was barely distinguishable from the back-
ground signal at this point because the in-source ionization
conditions so heavily favored the formation of these dimers.
Given the prominence of the C6HF11O3 compound in this
sample, we postulated that a homologous series of related
perfluorinated ether carboxylic acids (PFECAs), differing from
the first compound by either the addition or deletion of CF2
units (m/z 49.9968) might also be present. An EIC for each of
the hypothetical masses, based on sequential addition or
deletion of CF2 units (m/z 49.9968) was extracted from the
TIC, with the resulting series of related PFECAs presented in
Figure S5. Although not specifically shown in this Figure, we
also observed the presence of the analogous sodium and proton
bound dimers for each compound identified in this
homologous series of PFECAs (C(n=3−8)HF(n=5−15)O3 (Table
1). To obtain additional evidence supporting the proposed
structure of the compounds eluting at 5.9 min, additional
experiments were conducted by altering the fragmentor voltage
in order to try to form diagnostic ions from the m/z of
658.9427 and 680.9247 dimers eluting at this time. Figure S6
shows diagnostic dimer and fragment ions resulting from in-
source CID that are consistent with the structure proposed for
the C6HF11O3 compound. The major ions found are also
shown in Figure S10. Extracted spectra comparable to those
shown in Figure S6, differing only by the loss of CF2 groups,
were investigated as well (Figure S7) lending credence to the
postulated structure(s) and discussed in more detail in the
following section.
Confirmation of Structure. An online search of the

formula and proposed structure of the C6HF11O3 compound
eluting at 5.9 min led to a tentative match in a “grey-literature”
citation that mentions a new-generation processing aid for the
production of high-performance fluoropolymers identified only
as C3 dimer acid/salt (CAS 13252-13-6) (Figure S6).6 With a
CAS number, it was possible to purchase an authentic standard
(Synquest Laboratories, Alachua, FL) to compare for retention
times and mass spectral ionization patterns. The authentic
standard compared very well with the tentatively identified
compound found in water samples (±0.051 min RT; ± m/z
0.0002 (0.51 ppm) (Figure 1 step 6). Additional authentic
standards for other compounds in this homologous series were
not commercially available. However, common spectral

patterns and adducts were observed differing only by repeating
CF2 units, as supporting information for compound identi-
fication of a homologous series of PFECAs (Figure S7).

Additional Perfluorinated Ether Acids. Figure S4 shows
that there are a number of features that are present in the water
sample downstream of a potential input location that are not in
the upstream sample. Evident in Figure S4 are a pronounced
series of peaks that appear as vertical lines, likely from coeluting
and related chemicals (see later discussion on in-source n-mer
formation). A number of these peaks exhibited negative mass
defects. Further investigation of the TOFMS spectra indicated
two peaks coeluting at 6.5 min (m/z 776.8942 and 754.9123)
with a mass difference of m/z 21.9819, again suggesting the
presence of in-source proton- and sodium-bound homodimers
(Figure 2B). Knowing this information, we postulated an exact
mass of m/z 376.9525 for the [M − H]− ion (Table 1). We
further postulated a homologous series based on addition and
deletion of CF2 units, but exact masses corresponding to ± m/z
49.9968 were not detected. Given reports of industrial
producers making greater use of ether oxygens to limit the
size of perfluorinated regions within a given molecule, we
postulated that a homologous series could also be based on the
repeating units of CF2O, with an exact mass offset of ± (m/z
65.9917).17,20 Searching the sample for m/z 376.9525 ± this
hypothetical CF2O offset did yield another homologous series
(Figure S8). In addition, as was previously the case, each of
these new compounds was also found to form sodium-bound
and proton-bound homodimers, providing further support for
the proposed structures (Table 1). Confirmation of these
compounds with authentic standards was not possible. It
should be noted that in the homologous series shown, the
chemical C3HF5O3 (m/z 178.9773) is a common feature
(Table 1) to the previously identified homologous series.
Taken together, the exact mass of the proposed structures, the
offset by a CF2O, and the exact mass of the in-source dimers
formed, all support the occurrence of this additional
homologous series. One compound in this homologous series
(C4HF7O4 [M − H] 244.9691 Table 1) was subjected to
QTOF analysis leading to a series of accurate mass fragments
consistent with the proposed structure (Figure S9). The
accurate mass fragments show the sequential breakage of the
ether oxygen bonds and the resulting fragment ions.

In-Source n-mer Formation. Multiple peaks originally
thought to be of polymeric origin (m/z 1176.8353 and
1576.7769) were determined to be sodium-bound n-mers of
m/z 376.9525 already identified (Figure S12). The retention
time of these peaks (6.5 min) indicates this is an in-source
phenomenon, as they coelute (Figure S4). In-source artifacts
occur in the ESI source and can include such things as the
formation of adducts (formate, Na+, H+, NH4

+), fragments,
dimers, trimers, and combinations of the above. Peaks that do
not coelute, or are chromatographically separated, are generally
considered not to be in-source artifacts. The observed spectra
(Figure S12) include the formation of n-mers17 including 2 and
3 bound sodium cations in addition to the compounds shown
in Figure S11. The formation of other n-mers with >1 bound
sodium was seen as well for additional PFECAs found in this
work (data not shown). Recent work by Trier et al.17 indicates
that the formation of these polyfluorinated surfactant clusters
occurs in the MS source in the gas phase and are pH and
concentration dependent.17 However, this phenomenon may
also be instrument-specific as sample dilution in this study did
not lead to loss of these in-source dimers being formed. Similar
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sodium- and proton-bound, as well as mobile phase, modifier
(i.e., formate) adducts have been shown by Trier et al.17 for
perfluorocarboxylic acids and mono-PAPs (perfluorinated alkyl
phosphates).
Perfluoroalkyl Ether Sulfonic Acid (PFESA) Identifica-

tion. Records of groundwater monitoring at a fluorochemical
manufacturing plant with wells in close proximity to our
sampling site indicate PFOA in μg/L concentrations.21 This
document also indicated a sulfonated tetrafluoroethylene based
fluoropolymer-copolymer with the trade name Nafion was also
produced at this facility. Our data provide evidence that
materials related to this compound are also emitted into the
river at this point. Figure 3 shows the chemical structures of the
suspected oxidation species and resulting transformation
products tentatively identified in our samples. An EIC of m/z
442.9264, which is the exact mass of the [M − H]− moiety of
the copolymer containing the sulfonate group (IUPAC name
1,1,2,2-tetrafluoro-2-({1,1,1,2,3,3-hexafluoro-3-[(trifluorovinyl)-
oxy]-2-propanyl}oxy)ethanesulfonic acid), suggests this com-
pound is present in the water. In addition, spectral evidence
supports the detection of a related compound which is
consistent with the addition of an HF ([M − H]− m/z
462.9327) (IUPAC name 1,1,2,2-tetrafluoro-2-{[1,1,1,2,3,3-
hexafluoro-3-(1,1,2,2-tetrafluoroethoxy) propan-2-yl]oxy}-
ethanesulfonic acid). The two suspected compounds differ by
the mass of HF (m/z 20.0062−1.41 ppm mass accuracy)
(Figure 3). These compounds elute as two discrete chromato-
graphic peaks, likely explained by the position occupied by the
H and F additions. It is possible that these chemicals originate
from the oxidation of ethanesulfonyl fluoride, 2-[1-[difluoro-

[(t(fluoroethenyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-
1,1,2,2-tetrafluoro- (CAS 16090-14-5) which may have been in
use at this industrial location.22 These compounds would thus
be classified as perfluoroalkyl ether sulfonic acids (PFESA).4

However, unlike previous perfluorinated ether carboxylic acid
compounds found in this study, in-source proton- and sodium-
bound dimers were not found for these perfluorinated ether
sulfonates. In addition, a homologous series based on CF2 or
CF2O additions was not found. We have not been able to
obtain an authentic standard for confirmation of this proposed
structure.

■ DISCUSSION

It has been well-known for a number of years that, due to the
toxicity and persistence of perfluorinated compounds, industrial
producers are moving toward shorter chain per- and
polyfluorinated compound homologues. However, it is not
well-known which compounds are being produced as replace-
ments for historic perfluorinated compounds (e.g., PFOS and
PFOA). Peer-reviewed literature showing the chemical
structure of manufactured per- and polyfluorinated replacement
compounds is sparse. An example of one such publication from
3M Corporation indicated that the compound ADONA (4,8-
dioxa-3H-perfluorononanoate) is being made to replace
ammonium perfluorooctanoate (APFO) as an emulsifier in
the manufacture of fluoropolymers.5 The data presented in this
study and Figure S1 indicate that the manufacture and release
of per- and polyfluorinated compounds with CF2 units
interspersed with ether oxygen linkages likely is ongoing. A
more recent study suggests that polyfluoroalkyl ether

Figure 3. Suspected perfluoro ether sulfonic acids identified in water. Oxidation species are likely products of CAS 16090-14-5, a perfluorinated ether
sulfonyl fluoride. Chromatogram shown of two resolved peaks (A,B) and isotope cluster matching of measured versus exact mass. Red boxes indicate
the exact mass for the suspected formulas, compared to the accurate mass profile spectrum. Mass difference between two species is an HF (m/z
20.0063−1.41 ppm mass accuracy).
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compounds are being produced and that the number and
spacing of ether oxygen linkages and size of the resulting per-
and polyfluorinated compound may be manufacturer-specific
including other major fluorochemical producers (DuPont, 3M,
Solvay, and Asahi).20 However, there are little to no data in the
peer-reviewed literature on most of these compounds. The use
of HRMS appears to be an ideal technique to use for discovery
and occurrence of new PFASs being released into the
environment.
As illustrated in this research, identification of previously

undescribed compounds in environmental matrices can be
made difficult by the formation of a multitude of in-source
artifacts such as in-source gas phase adducts, n-mers, and the
presence of a homologous series of per- and polyfluorinated
compounds. D’Agostino and Mabury identified novel fluori-
nated surfactants in aqueous film-forming foams (AFFF) and
commercial surfactant concentrates using high-resolution mass
spectrometry.23 Their results imply that there are a number of
additional fluorinated compounds being produced and emitted
into the environment that are unknown to most analysts. The
use of TOFMS or other high-resolution mass spectrometers
and the workflow we demonstrated (Figure 1) appears to be a
useful way to determine occurrence and emissions of new and
emerging fluorinated compounds for environmental occurrence
efforts.
Schymanski et al. report on identifying small molecules via

HRMS, with five levels of confidence.14 As has been noted
earlier, one of the pitfalls of discovery work is the lack of
authentic standards at times. As such the highest level of
confidence for confirmed structure (Level 1) can be made to
one compound in this effort, with the remaining compounds
falling in the categories of tentative candidate(s) (Level 3) or
probable structure (Level 2).14 An additional line of evidence
we present that Schymanski et al. appear not to is the presence
of a homologous series (CF2, CF2O) as evidence for compound
identification.
The manufacture of shorter-chain perfluorinated and

polyfluorinated compounds may have an advantageous effect
on biological persistence and bioaccumulation. Two recent
publications deemed “The Helsingor Statement”24 and the
“Madrid Statement”25 explore the state of the science related to
poly- and perfluorinated alkyl substances. Shorter straight-chain
homologues of perfluorocarboxylic acids (<C6) and sulfonic
acids (<PFBS) have been shown to be cleared quickly from
mammalian species tested and thus are not expected to
bioaccumulate as readily as PFOS and PFOA.26 However, the
environmental persistence of these shorter chain perfluorinated
compounds is likely to be no different from that of the related
longer-chain acids. The conventional wisdom is the perfluori-
nated ether compounds will be more labile than the n-alkyl
perfluorinated homologues with ether oxygen linkages being
more susceptible to chemical or microbial attack. However, as
the CF2 bond in perfluorinated compounds is not at all open to
microbial attack due to its bond strength, even the slightest
degree of degradation of a per- or and polyfluorinated ether
compound would be considered “more” labile. Environmental
degradation or toxicology studies associated with the
compounds identified in this study were not found by the
authors in the peer-reviewed literature at the time of writing
this Article. Although data are scarce, the few perfluoropo-
lyethers (PFPEs) to have undergone any kind of degradation
studies show little to no biodegradation or hydrolysis.20 These
data mainly come from the European Chemical Agency

(ECHA) database of registered substances and associated
information.27 Past studies have demonstrated poor removal
efficiency for historical PFASs from source water to drinking
water in conventional systems (i.e., treatments that do not
include granular activated charcoal (GAC)). It is unknown if
these PFECAs and PFESAs are removed by conventional
WWTP processes.

Environmental Implications. We demonstrate the pres-
ence of a series of novel perfluorinated ether carboxylic and
sulfonic acid(s) found to be in natural waters using a
nontargeted workflow (Figure 1). The compounds consist of
a homologous series of per- and polyfluorinated compounds
with repeating units of CF2 or CF2O subunits. LC-TOFMS
investigations of accurate mass dimers and n-mers (proton- or
sodium-bound) in addition to diagnostic fragment ions support
these findings. Further unidentified compounds with negative
mass defects are likely also of per- and polyfluorinated origin,
but have not yet been identified and are undergoing further
analytical scrutiny. Nontargeted screening and discovery of
novel species in samples such as reported here is an ongoing
process. Additional environmental samples from other locations
may be needed to identify additional chemistries.
Once a xenobiotic compound is identified in the environ-

ment, it falls upon the scientific community to begin
monitoring efforts to find the extent of contamination of
newly discovered species. In addition, toxicological and
degradation investigations of identified compounds can
commence once a compound has been identified. The
procurement of authentic compounds for use in these types
of investigations may be a major limiting factor in conducting
such investigations, as most of these compounds appear not to
be commercially available. More research will need to be
conducted on these perfluorinated ether carboxylic and sulfonic
acids concerning environmental occurrence, toxicology, and
degradation potential.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.5b01215.

Additional information including tables, figures, chem-
icals structures, and spectra (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*Phone: 919-541-3706; e-mail: strynar.mark@epa.gov.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank Agilent Technologies for their support of this effort
through a TOFMS and travel/training CRADA with the U.S.
EPA (CRADA 437-A-12) and in particular Joe Weitzel for his
support of this work. In addition, we thank Mike Hays
(USEPA), and Chris Higgins and Simon Roberts (Colorado
School of Mines) for the use of their QTOFs in confirmation of
select compounds identified. We also thank John Offenberg,
Michelle Angrish, and Mike Hays for their review of this
manuscript. The United States Environmental Protection
Agency through its Office of Research and Development
funded and managed the research described here. It has been
subjected to Agency review and approved for publication.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b01215
Environ. Sci. Technol. 2015, 49, 11622−11630

11629



Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.

■ REFERENCES

(1) Lindstrom, A. B.; Strynar, M. J.; Libelo, E. L. Polyfluorinated
Compounds: Past, Present, and Future. Environ. Sci. Technol. 2011, 45
(19), 7954−7961.
(2) Houde, M.; De Silva, A. O.; Muir, D. C. G.; Letcher, R. J.
Monitoring of Perfluorinated Compounds in Aquatic Biota: An
Updated Review. Environ. Sci. Technol. 2011, 45 (19), 7962−7973.
(3) U.S. EPA. 2010/15 PFOA Stewardship Program. http://www.epa.
gov/oppt/pfoa/pubs/stewardship/index.html.
(4) Buck, R. C.; Franklin, J.; Berger, U.; Conder, J. M.; Cousins, I. T.;
de Voogt, P.; Jensen, A. A.; Kannan, K.; Mabury, S. A.; van Leeuwen,
S. P. Perfluoroalkyl and polyfluoroalkyl substances in the environment:
terminology, classification, and origins. Integr. Environ. Assess. Manage.
2011, 7 (4), 513−41.
(5) Gordon, S. C. Toxicological evaluation of ammonium 4,8-dioxa-
3H-perfluorononanoate, a new emulsifier to replace ammonium
perfluorooctanoate in fluoropolymer manufacturing. Regul. Toxicol.
Pharmacol. 2011, 59 (1), 64−80.
(6) West Virginia Department of Environmental Protection. Executed
Draft Consent Order No. 7418. http://www.dep.wv.gov/pio/
Documents/DuPont%20Final%20Version.pdf.
(7) Steenland, K.; Fletcher, T.; Savitz, D. A. Epidemiologic Evidence
on the Health Effects of Perfluorooctanoic Acid (PFOA). Environ.
Health Perspect. 2010, 118 (8), 1100−1108.
(8) MacNeil, J.; Steenland, N. K.; Shankar, A.; Ducatman, A. A cross-
sectional analysis of type II diabetes in a community with exposure to
perfluorooctanoic acid (PFOA). Environ. Res. 2009, 109 (8), 997−
1003.
(9) Steenland, K.; Tinker, S.; Frisbee, S.; Ducatman, A.; Vaccarino, V.
Association of Perfluorooctanoic Acid and Perfluorooctane Sulfonate
With Serum Lipids Among Adults Living Near a Chemical Plant. Am.
J. Epidemiol. 2009, 170 (10), 1268−1278.
(10) Nakayama, S.; Strynar, M.; Helfant, L.; Egeghy, P.; Ye, X.;
Lindstrom, A. B. Perfluorinated Compounds in the Cape Fear
Drainage Basin in North Carolina. Environ. Sci. Technol. 2007, 41,
5271−5276.
(11) Hollender, J.; Bourgin, M.; Fenner, K. B.; Longreé, P.; Mcardell,
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Σ1

ΣΥΠΠΟΡΤΙΝΓ ΙΝΦΟΡΜΑΤΙΟΝ

Νον−ταργετεδ σχρεενινγ βασεδ ιδεντιφιχατιον οφ περ− 

ανδ πολψφλυοροαλκψλ συβστανχεσ ιν τηε Χαπε Φεαρ 

Ριϖερ βψ ηιγη ρεσολυτιον mασσ σπεχτροmετρψ

ϑαmεσ ΜχΧορδ1, Μαρκ Στρψναρ2∗

1  Οακ Ριδγε Ινστιτυτε φορ Σχιενχε ανδ Εδυχατιον, Νατιοναλ Εξποσυρε Ρεσεαρχη Λαβορατορψ, Υ.Σ. 

Ενϖιρονmενταλ Προτεχτιον Αγενχψ, Ρεσεαρχη Τριανγλε Παρκ, ΝΧ

2  Νατιοναλ Εξποσυρε Ρεσεαρχη Λαβορατορψ, Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ, Ρεσεαρχη 

Τριανγλε Παρκ, Νορτη Χαρολινα 27711, Υνιτεδ Στατεσ

91 Φιγυρεσ, 3 Ταβλεσ, 32 Παγεσ



Σ2

ΤΟΦ Αναλψσισ ανδ Μολεχυλαρ Φεατυρε Σχρεενινγ

Ινιτιαλ mασσ σπεχτροmετρψ (ΜΣ) αναλψσισ ωασ χαρριεδ ουτ ωιτη αν Αγιλεντ 1100 σεριεσ ΗΠΛΧ ιντερφαχεδ ωιτη 

αν Αγιλεντ 6210 ΤΟΦ σψστεm. Χηροmατογραπηιχ σεπαρατιον ωασ χαρριεδ ουτ αν ΙνφινιτψΛαβ Ποροσηελλ 120 

ΕΧ−Χ8 χολυmν (2.1 ⋅ 50 mm, 2.7 8%9 Αγιλεντ) ωιτη mετηοδ χονδιτιονσ ασ φολλοωσ: 0.3 mΛ/mιν φλοω ρατε; 

χολυmν ατ 30 °Χ; mοβιλε πηασεσ Α: αmmονιυm φορmατε βυφφερ (0.4 mΜ) ιν ωατερ/mετηανολ (95:5 ϖ/ϖ), 

ανδ mοβιλε πηασε Β: αmmονιυm φορmατε (0.4 mΜ) ιν mετηανολ/ωατερ (95:5 ϖ/ϖ); γραδιεντ: 2?�7 mιν α 

λινεαρ γραδιεντ φροm 75:25 Α/Β το 15:85 Α/Β; ωιτη α 4 mιν ποστ τιmε φορ εθυιλιβρατιον. ΤΟΦ δατα χολλεχτιον 

ωασ αχχοmπλισηεδ ιν νεγατιϖε mοδε ελεχτροσπραψ ιονιζατιον ωιτη α δυαλ−ελεχτροσπραψ σουρχε προϖιδινγ 

πυρινε ανδ ηεξακισ πηοσπηαζινε ασ ιντερναλ ρεφερενχε mασσεσ φροm τηε σεχονδαρψ σπραψ. Τηε ινστρυmεντ 

ωασ οπερατεδ ιν 4ΓΗζ ηιγη ρεσολυτιον mοδε ωιτη α mασσ ωινδοω οφ 100−1700 m/ζ. 

ΘΤΟΦ−ΜΣ/ΜΣ Ινστρυmεντ Παραmετερσ

Στρυχτυραλ ινϖεστιγατιον οφ τηε mολεχυλαρ φεατυρεσ ωασ περφορmεδ υσινγ αν Αγιλεντ 1260 Ινφινιτψ ΥΠΛΧ 

χουπλεδ το α 6530 ΘΤΟΦ. Χηροmατογραπηιχ σεπαρατιον ωασ χαρριεδ ουτ σιmιλαρλψ το τηε ΤΟΦ αναλψσισ, βυτ 

ωιτη ΜΣ παραmετερσ αλτερεδ το αλλοω φορ δατα−δεπενδεντ ΜΣ/ΜΣ αχθυισιτιον. Τηε ΜΣ ωασ οπερατεδ ιν 

2ΓΗζ εξτενδεδ δψναmιχ ρανγε mοδε ωιτη αν ΜΣ mασσ ρανγε οφ 100−1700 m/ζ ανδ αν ΜΣ/ΜΣ mασσ 

ρανγε οφ 60−1000 m/ζ. Σχαν ρατεσ ωερε σετ το ϖαρψ βασεδ ον πρεχυρσορ αβυνδανχε ωιτη α ταργετ οφ 10,000 

χουντσ/σπεχτρυm ανδ χαπ οφ 250 mσ οφ ιον χολλεχτιον. Α mινιmυm πρεχυρσορ τηρεσηολδ οφ 5,000 χουντσ 

ωασ σετ, αλονγ ωιτη αν αχτιϖε εξχλυσιον ωινδοω οφ τωελϖε σεχονδσ αφτερ φιϖε σπεχτραλ χολλεχτιονσ. Α 

πρεφερεντιαλ ινχλυσιον λιστ οφ τηε 50 mοστ αβυνδαντ σπεχιεσ φροm τηε ΤΟΦ αναλψσισ ωασ σετ, αλονγ ωιτη αν 

εξχλυσιον λιστ οφ τηε ρεφερενχε mασσ ιονσ ανδ mολεχυλαρ φεατυρεσ ασσιγνεδ το τηε βλανκ. Τηε χολλεχτιον οφ 

ΜΣ/ΜΣ σπεχτρα τοοκ πλαχε ατ φιξεδ χολλισιον ενεργιεσ οφ 10 ανδ 25 ωιτη α ναρροω (∼1.3 m/ζ) πρεχυρσορ 

ισολατιον ωινδοω. 

Εξτραχτεδ Ιον Χηροmατογραmσ ανδ ΜΣ/ΜΣ σπεχτρα φορ Ιδεντιφιεδ Περ/Πολψφλυορινατεδ Ετηερ Χοmπουνδσ
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Φιγυρε 87. Χλυστερ Βρανχη 18
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οϖερ α λονγιτυδιναλ σαmπλινγ περιοδ. 
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Ταβλε Σ−3: Προφινδερ σεττινγσ φορ πεακ εξτραχτιον ανδ ιντεγρατιον

Προφινδερ Παραmετερ Σεττινγ ςαλυε

Εξτραχτιον Πεακ Ηειγητ Φιλτερ 800 χουντσ

Περmιττεδ Ιον(σ) +Η/−Η

Φεατυρε Εξτραχτιον Ισοτοπε Μοδελ Χοmmον οργανιχ mολεχυλεσ

Αλλοωεδ Χηαργε Στατεσ 1−2

Χοmπουνδ Ιον Χουντ Τηρεσηολδ Τωο ορ mορε ιονσ

ΡΤ Τολερανχε 0.40mιν + 0.0%

Μασσ Τολερανχε 20.00ππm + 2.0mDα

Ποστ−Προχεσσινγ Αβσολυτε Ηειγητ Φιλτερ >= 10000 χουντσ ιν ονε 

σαmπλε

Ποστ−Προχεσσινγ ΜΦΕ Σχορε Φιλτερ >= 75 ιν ονε σαmπλε

Πεακ Ιντεγρατιον Αλγοριτηm Αγιλε 2

Πεακ Ιντεγρατιον Ηειγητ Φιλτερ >= 5000 χουντσ

Φινδ Βψ Ιον Αβσολυτε Ηειγητ Φιλτερ >= 7500 χουντσ ιν ονε σαmπλε

Φινδ Βψ Ιον Σχορε Φιλτερ >= 50.00 ιν ονε σαmπλε

Ταβλε Σ−4: Χοmmον ΜΣ/ΜΣ Φραγmεντσ οφ περ ανδ πολψ−φλυορινατεδ ετηερσ

Φορmυλα m/ζ Στρυχτυρε

ΧΦ3− 68.99575 Χ
−

Φ

Φ

Φ

ΗΣΟ3− 80.96519
Σ

Ο ΟΗ

Ο
−

ΧΦ3Ο− 84.99067
Ο
−

Χ

Φ

Φ

Φ

Χ2Φ3Ο− 96.99067

Ο
−

Φ Φ

Φ

Χ2ΗΦ4Ο− 116.99690 Ο
−

Φ

Φ

Φ

Φ
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Χ2Φ5− 118.99257 ΧΦ

Φ

Φ

Χ
−

Φ

Φ

Χ2Φ5Ο− 134.98748 Φ

Φ

Φ Φ

Φ

Ο
−

Χ3Φ5Ο− 146.98748

Ο
−

Φ
Φ

Φ

Φ

Φ

Χ3Φ7− 168.98937

Φ Φ

Φ

Φ

Χ
−

ΦΦ

Φ
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ABSTRACT: Recent scientific scrutiny and concerns over
exposure, toxicity, and risk have led to international regulatory
efforts resulting in the reduction or elimination of certain
perfluorinated compounds from various products and waste
streams. Some manufacturers have started producing shorter
chain per- and polyfluorinated compounds to try to reduce the
potential for bioaccumulation in humans and wildlife. Some of
these new compounds contain central ether oxygens or other
minor modifications of traditional perfluorinated structures. At
present, there has been very limited information published on
these “replacement chemistries” in the peer-reviewed
literature. In this study we used a time-of-flight mass
spectrometry detector (LC-ESI-TOFMS) to identify fluori-
nated compounds in natural waters collected from locations
with historical perfluorinated compound contamination. Our
workflow for discovery of chemicals included sequential
sampling of surface water for identification of potential
sources, nontargeted TOFMS analysis, molecular feature
extraction (MFE) of samples, and evaluation of features
unique to the sample with source inputs. Specifically,
compounds were tentatively identified by (1) accurate mass
determination of parent and/or related adducts and fragments
from in-source collision-induced dissociation (CID), (2) in-
depth evaluation of in-source adducts formed during analysis,
and (3) confirmation with authentic standards when available.
We observed groups of compounds in homologous series that
differed by multiples of CF2 (m/z 49.9968) or CF2O (m/z 65.9917). Compounds in each series were chromatographically
separated and had comparable fragments and adducts produced during analysis. We detected 12 novel perfluoroalkyl ether
carboxylic and sulfonic acids in surface water in North Carolina, USA using this approach. A key piece of evidence was the
discovery of accurate mass in-source n-mer formation (H+ and Na+) differing by m/z 21.9819, corresponding to the mass
difference between the protonated and sodiated dimers.

■ INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFASs) have
unique physical and structural properties that make them
extremely resistant to chemical and thermal degradation. As a
result, PFASs have been used in a wide range of consumer
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products and industrial applications.1 Between 1950 and 2000,
the eight-carbon PFASs, including perfluorooctanoic acid
(PFOA) and perfluorooctanesulfonate (PFOS), were among
the most commonly produced and used perfluorinated
compounds. PFASs have been detected in many environmental
and biological matrices across the globe for a number of years,2

and this ubiquity has led to mounting concerns about exposure
and potential toxicity. As a result, many international regulatory
efforts have been enacted to reduce, substitute, or eliminate
long-chain (8 consecutive perfluorinated carbons or longer)
PFASs from products and waste streams. In the United States,
eight major fluorochemical manufacturers entered into a
voluntary stewardship agreement with the U.S. Environmental
Protection Agency (EPA) to phase out the use and production
of long-chain perfluorinated chemistries by 2015.3 To take their
place, manufacturers have started using alternative chemistries
that may include both shorter-chain perfluorinated (<C8) and/
or polyfluorinated materials. For example, some of these
replacement compounds still have the traditional perfluorinated
carbon regions, but they are broken into shorter units by
insertion of ether oxygens at regular intervals. These ether
linked compounds are still technically classified as perfluori-
nated if all carbons are substituted with fluorine and
polyfluorinated if any carbon is occupied by a hydrogen rather
than a fluorine.4 The rationale is that the addition of oxygens
would likely make the replacement chemistry more labile to
degradation, and thus more favorable for usage. However, to
date the chemical manufacturers have disclosed little
information publicly concerning the chemical structures and
potential toxicities of the replacement PFASs now being
produced. This makes it extremely difficult for independent

research groups to evaluate their environmental distributions
and potential toxicities.
A rare exception is a peer-reviewed publication on 4,8-dioxa-

3H-perfluorononanoate (ADONA) (Supporting Information
Figure S1), a polyfluorinated alternative to PFOA which is said
to have a “more favorable toxicological profile”.5 This single
journal article was published by its manufacturer, but standards
for this new material have not been made available (to our
knowledge) for comprehensive ecological or toxicological
evaluation. Manufacturers typically submit more detailed
information concerning compound structure, potential toxicity,
environmental fate, and projected production volumes to
regulatory authorities prior to large-scale production (e.g., the
U.S. EPA’s premanufacture notice process), but this informa-
tion is held as confidential business information and cannot be
disclosed to the general research community.
One example of industrial producers manufacturing replace-

ment compounds is outlined in an executed draft consent order
from the state of West Virginia to DuPont Corporation
allowing the discharge of a new fluorinated compound into the
Ohio river, at the Washington Works facility (West Virginia).6

This is the same facility that has been the source of historical
PFOA contamination of local surface and groundwater due to
industrial manufacture and discharge and is the center of a
court-ordered investigation by the C8 science panel to
determine if PFOA exposure in the local human population
has led to adverse health effects.7 A number of recent
epidemiological studies have indicated that exposure to
PFOA at this location has been associated with adverse
human health outcomes.8,9

Figure 1. Sample workflow for TOFMS discovery.
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Typical environmental occurrence investigations have for
years focused on targeted analysis for specific analytes of
interest. Highly precise and sensitive LC and GC MS/MS
methods have been developed to quantify contaminants of
concern. A more recent approach for environmental sample
analysis has been the use of high-resolution mass spectrometry
(HRMS) for these efforts. Some researchers have used
nontargeted or suspect screening effectively in demonstrating
many chemical classes in wastewater effluent without the use of
reference standards.11−13 These approaches have begun to rely
more heavily on the use of databases, accurate mass searches,
and HRMS molecular formula prediction capabilities for
discovery. Confirmation with authentic standards still remains
the “gold standard”. Schymanski et al.14 reported on five levels
of confidence in identifying small molecules using HRMS
ranging from exact mass matches, through molecular formula
prediction, tentative candidate structures, library match
searches, and finally confirmation with a reference standard.
This is the type of approach that we use in this work to identify
previously undescribed PFASs in surface water.
As it is mostly unknown what is being produced to replace

traditional perfluorinated compounds, a series of sampling
events was conducted to collect water samples with
determination of new per- and polyfluorinated substances as
a goal. In Nakayama et al.,10 a sampling of surface water in the
Cape Fear River Basin in North Carolina indicated sources of
perfluorinated compounds intermittently spread throughout
the drainage basin. A follow-up investigation with more focused
sampling to determine sources was not conducted. However,
based on this early work, there was some indication that there
were PFASs sources in the Fayetteville, NC area. More recent
surface water sampling trips in this region indicated continued
elevated concentrations of traditional perfluorinated com-
pounds, supporting the Nakayama et al.10 findings. One such
source was known to be downstream of the industrial effluent
discharge of a fluorochemical production facility. Further
investigation of these samples for identification and occurrence
of potential replacement chemistries was undertaken.

■ MATERIALS AND METHODS

Sample Workflow for Discovery. A diagram of the
workflow we used for novel compound discovery in surface
water samples is shown in Figure 1. It is a six-step process that
starts with sequential sampling of water, followed by non-
targeted screening, visualization of detected peaks, further
investigation of suspect features, advanced TOFMS techniques,
and, last, compound confirmation with authentic standards
when available. Using this approach, it becomes possible to
detect chemicals that enter a waterway from a source (point or
nonpoint) between sampling locations. This can then be used
for such purposes as source elucidation, compound discovery,
or both. In the following sections we will be referring to Figure
1 and the specific step in the process to which we are referring.
Sample Collection. In the summer of 2012, water samples

were collected at locations on the Cape Fear River and its
tributaries, with some locations having previously been found
to contain measurable PFASs.15 Grab samples were taken from
the bank and bridge crossings with a lab-made dip sampler or a
stainless steel Kemmerer sampler, and stored in a 1-L HDPE
bottle following the procedures described in Nakayama et al.16

Samples (n = 9) were acquired from the main flow of the Cape
Fear River including from just south of the city of Fayetteville,
NC to the bridge crossing in the town of Tar Heel, NC.

Duplicate samples, trip spikes, and trip blanks were included in
this sampling. This sampling also included tributaries to the
Cape Fear River along the same stretch of river where
reclaimed wastewater treatment plant (WWTP) and industrial
effluent streams occurred (Figure 1, step 1).

Sample Analysis for Traditional PFASs. Samples were
prepared and analyzed according to the methods of Nakayama
et al.16 In brief, water samples were stabilized with addition of
nitric acid and stored at ambient temperature prior to analysis
(<7 days). Each water sample was measured in a graduated
cylinder, and the sampling bottle was washed with 10 mL of
methanol to solubilize analytes that may have become sorbed to
the container wall during shipping and storage. The water was
then placed back in the methanol-washed bottle with the
methanol rinsate, spiked with a mixture of internal standards,
and filtered through a glass fiber filter. A volume, typically 500
mL, of water was concentrated on a Waters WAX SPE cartridge
using a positive displacement pump. The cartridge was eluted
with basic methanol (0.3% NH4OH) and the eluent was
concentrated via evaporation under N2 gas to 1 mL and
prepared for analysis. A procedural blank was prepared as
described above using 500 mL of in-house DI water.
Traditional PFASs (C4−C10 perfluorocarboxylic acids
(PFCAs); perfluorobutanesulfonate (PFBS), perfluorohexane-
sulfonate (PFHxS), and PFOS) analysis was performed using a
Waters Acquity ultra performance liquid chromatograph
interfaced with a Waters Quattro Premier XE triple quadrupole
mass spectrometer (UPLC-MS/MS) (Waters, Milford, MA,
USA).

TOFMS Investigation of Novel Fluorinated Com-
pounds. The extraction method used for traditional PFASs
analysis was also used for elucidation of novel compounds.
Elevated concentrations of traditional PFASs in samples were
used as an indication of samples that were likely closer to
sources (Figure S2). Sample analysis was performed using an
Agilent 1100 series HPLC interfaced with a 6210 series
Accurate-Mass LC-TOF system (Agilent Technologies, Palo
Alto, CA). The mass spectrometer was operated in electrospray
ionization (ESI) negative mode and any drift in the mass
accuracy of the TOF was continuously corrected by infusion of
two reference compounds (purine (m/z 119.03632) and the
acetate adduct of hexakis (1H,1H,3H-tetrafluoropropoxy)
phosphazine (m/z 980.016375)) via dual-ESI sprayer.
Chromatographic separation was accomplished using an Eclipse
Plus C8 column (2.1 × 50 mm, 3.5 μm; Agilent). The method
consisted of the following conditions: 0.2 mL/min flow rate;
column at 30 °C; mobile phases: A: ammonium formate buffer
(0.4 mM) and DI water/methanol (95:5 v/v), and B:
ammonium formate (0.4 mM) and methanol/DI water (95:5
v/v); gradient: 0−15 min a linear gradient from 75:25 A/B to
15:85 A/B; with a 4 min post time for equilibration.

Identification of Suspect Features. The total ion
chromatogram (TIC) of each water sample was subjected to
the software molecular feature extraction algorithm (MFE) and
was restricted to the 100 most intense features m/z 50−1700
based on peak height. A molecular feature is defined as a single
accurate mass with a specific retention time and an integrated
area count. Compounds identified in the solvent and
procedural blank samples were used to develop a mass
exclusion list to subtract from subsequent unknown samples.
After molecular features were identified, they were exported as
a Compound Exchange File (.CEF) and imported into Mass
Profiler to compare upstream with downstream samples.
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Pairwise comparisons of sequential samples in river flow

(Figure 1 step 2) were used to identify those requiring further

investigation. For instance, features found in the downstream

sample that were not found in the upstream sample indicate a

source (point or nonpoint) exists between the two sampling

locations (Figure 1 step 3). Further investigation of peaks with

larger area counts using the “identify compounds” feature in the

software and additional analyses of samples were used for

confirmation. Perfluorinated compounds already identified with

traditional UPLC-MS/MS analysis were eliminated from this

remaining list further narrowing the unknown compounds
requiring follow-up scrutiny.
Poly- and perfluorinated compounds tend to have a negative

mass defect due to the presence of multiple fluorine and oxygen
atoms. Negative mass defect means that the exact mass of a
compound is less than the nominal mass.17 For instance, the
exact mass of perfluorooctanoate (C8F15O2) is 412.9664,
whereas the nominal mass is 413 Da. In this instance negative
mass defect compounds only found in the downstream sample
were further explored. An additional characteristic of samples
that are contaminated with per- and polyfluorinated com-

Figure 2. ESI negative spectra for two example perfluorinated ether carboxylic acids found in water: (A) C6HF11O3 (retention time 5.9−6.0 min)
and (B) C6HF11O6 (retention time 6.5−6.6 min). Note: in spectrum (A and B) m/z 112.9856, 119.0363, and 966.0007 are reference masses for
continuous mass calibration. Peaks not pointed out are not associated with the compound of interest.
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pounds is the presence of multiple peaks that differ by exactly ±
m/z 49.9968 and/or 65.9917, corresponding to a difference of
CF2 and CF2O, respectively. This happens because PFAS
synthesis is an industrial process that yields a distribution of
products that differ primarily in chain length and/or degree of
isomerization. Compounds identified as having a negative mass
defect and differing from another peak by ± m/z 49.9968 and
65.9917 are highly likely to be polyfluorinated compounds.
Selected samples were also analyzed by QTOF to aid with
confirmation of proposed structures (generously provided by
colleagues mentioned in the Acknowledgments).
TOFMS Experimental Workflow. Once an unknown

compound with negative mass defect was noted, it was isolated
from other mass spectral data in the following way: An
extracted ion chromatogram (EIC) was generated from the
total ion chromatogram (TIC) using the m/z identified. The
EIC was then used to do a background subtraction of the
spectral region both immediately before and after the detected
peak (typically ±0.1 min) (Figure 1 step 4). The center of the
detected peak was extracted for the mass spectral information,
and the background spectrum was subtracted for a clean
spectrum. This was necessary to eliminate, to the best of our
ability, competing spectral peaks that were coeluting and not
associated with the spectrum being investigated. This would
include, but is not limited to, spectral signals originating from
the reference compounds (constantly infused to maintain a lock
on mass assignments) and their fragments. Once suspect
spectral signals were isolated, a series of experiments were
conducted to induce in-source fragmentation ions to aid with
compound identification based on the work of Ferrer and
Thurman.18 Specifically, a series of methods with differing
fragmentor voltages (80−190 V) were run in sequence to look
for diagnostic ions that emerged as fragmentor voltage
increased. In addition, common adducts such as Na+, NH4

+,
acetate, etc. were used to aid with compound identification.
Detected spectral features were subjected to molecular formula
generation using the elements (C, H, O, N, S, P, Cl and F).19

Formulas generated were scored based on accurate mass,
isotope abundance (compound mass distributions attributable
to elemental mass distributions e.g., 1.1% 13C, 0.2% 18O, etc.)
and isotope distribution (for example, slight differences in
isotope mass such as when an m+2 peak is from two 13 C or a
single 18O) . Only scores >75% were considered for further
exploration. Figure 1 steps 4 and 5 outline the advanced
TOFMS techniques used to discover novel chemical species.

■ RESULTS

With the approach described above, sites were identified for
further investigation when a large increase in number and
magnitude (area counts) of unknown compounds was found in
downstream samples. In addition, a very large increase (greater
than 2 orders of magnitude) in concentration of historically
measured PFAAs also persisted for many river miles down-
stream of a certain point (Figure S2) consistent with
observations in Nakayama et al.10 Interestingly, the profile of
the historically measured PFASs contributing to the total
PFASs found at each location was seen to dramatically change
near this location (Figure S3). The major compounds
contributing to this increase were perfluoropentanoic acid
(PFPeA), followed by perfluoroheptanoic acid (PFHpA) and
perfluorobutanoic acid (PFBA). It was evident that there was a
significant source (total historically measured PFASs concen-
tration increased by >100 times) of per- and polyfluorinated
compounds near this location. Plotting the samples (CFR004
upstream vs CFR002 downstream) in MassProfiler for
visualization indicated that there were 77 features that were
unique to the downstream sample (Figure S4) with many (n =
69) having negative mass defects. In this figure (S4) the size of
the symbol is proportional to the area counts of the molecular
feature. Traditional PFASs with known concentrations (in
Figure S2) are included for comparison purposes. Peaks with
larger areas were investigated first under the assumption that
these concentrations would be among the highest. Additional

Table 1. Accurate Mass of Polyfluorinated Compounds and In-Source Artifacts Found in Extracted Water Samples

number formula CAS no. name [M]a
[M − H]−

m/z [2M − 2H + Na]− m/z
[2M − H]−

m/z

Monoether PFECAs

1 C3HF5O3 179.9846 178.9773 380.9438 358.9619

2 C4HF7O3 229.9813 228.9740 480.9372 458.9553

3 C5HF9O3 863090-89-5 279.9782 278.9709 580.9310 558.9491

4 C6HF11O3 13252-13-6 undecafluoro-2-methyl-3-oxahexanoic acid 329.9750 328.9677 680.9247 658.9427

5 C7HF13O3 379.9718 378.9645 780.9182 758.9363

6 C8HF15O3 429.9686 428.9613 880.9118 858.9299

Polyether PFECAs

7 C7HF13O7 39492-91-6 perfluoro-3,5,7,9,11-pentaoxadodecanoic
acid

443.9515 442.9442 908.8776 886.8957

8 C6HF11O6 39492-90-5 perfluoro-3,5,7,9-butaoxadecanoic acid 377.9598 376.9525 776.8942 754.9123

9 C5HF9O5 39492-89-2 perfluoro-3,5,7-propaoxaoctanoic acid 311.9681 310.9608 644.9108 622.9289

10 C4HF7O4 39492-88-1 perfluoro-3,5-dioxahexanoic acid 245.9764 244.9691 512.9274 490.9455

PFESAs

11 C7HF13O5S 66796-30-3b 443.9337 442.9264

12 C7H2F14O5S 463.9399 462.9326

Other

Na+ 22.9892

H+ 1.0073

CF2O 65.9917

CF2 49.9968
aIndicates the monoisotopic mass of the neutral species. bCAS number for Nafion copolymer.
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pairwise comparisons were done on all sequential samples,
however results indicated that samples downstream of CFR003
were simply dilutions of a source input. Samples were chosen
for additional scrutiny where there was sufficient analytical
signal without saturation of the detector which compromises
mass accuracy.
Dimers and Fragments. It became evident that in multiple

instances several of the larger peaks had a number of common
characteristics: (1) negative mass defect, (2) multiple related
chromatographic peaks differing by ± m/z 49.9968 and/or
65.9917 (± a CF2 group and/or a CF2O group), and (3)
apparent noncovalent homodimers linked by either a proton or
sodium ion. For example, at a retention time of 5.9−6.0 min,
two large peaks emerged from the spectra with m/z of
658.9462 and 680.9256 (Figure 2A). After careful evaluation, it
became apparent that these were the proton-bound and
sodium-bound in-source homodimers of undecafluoro-2-
methyl-3-oxahexanoic acid (C6HF11O3) (Table 1). These
differed by m/z 21.9819, the difference between the Na+ and
H+ versions of the dimer. It is important to note that the [M −

H]− peak (m/z 328.9677), which one might expect to be the
most prominent, was barely distinguishable from the back-
ground signal at this point because the in-source ionization
conditions so heavily favored the formation of these dimers.
Given the prominence of the C6HF11O3 compound in this
sample, we postulated that a homologous series of related
perfluorinated ether carboxylic acids (PFECAs), differing from
the first compound by either the addition or deletion of CF2
units (m/z 49.9968) might also be present. An EIC for each of
the hypothetical masses, based on sequential addition or
deletion of CF2 units (m/z 49.9968) was extracted from the
TIC, with the resulting series of related PFECAs presented in
Figure S5. Although not specifically shown in this Figure, we
also observed the presence of the analogous sodium and proton
bound dimers for each compound identified in this
homologous series of PFECAs (C(n=3−8)HF(n=5−15)O3 (Table
1). To obtain additional evidence supporting the proposed
structure of the compounds eluting at 5.9 min, additional
experiments were conducted by altering the fragmentor voltage
in order to try to form diagnostic ions from the m/z of
658.9427 and 680.9247 dimers eluting at this time. Figure S6
shows diagnostic dimer and fragment ions resulting from in-
source CID that are consistent with the structure proposed for
the C6HF11O3 compound. The major ions found are also
shown in Figure S10. Extracted spectra comparable to those
shown in Figure S6, differing only by the loss of CF2 groups,
were investigated as well (Figure S7) lending credence to the
postulated structure(s) and discussed in more detail in the
following section.
Confirmation of Structure. An online search of the

formula and proposed structure of the C6HF11O3 compound
eluting at 5.9 min led to a tentative match in a “grey-literature”
citation that mentions a new-generation processing aid for the
production of high-performance fluoropolymers identified only
as C3 dimer acid/salt (CAS 13252-13-6) (Figure S6).6 With a
CAS number, it was possible to purchase an authentic standard
(Synquest Laboratories, Alachua, FL) to compare for retention
times and mass spectral ionization patterns. The authentic
standard compared very well with the tentatively identified
compound found in water samples (±0.051 min RT; ± m/z
0.0002 (0.51 ppm) (Figure 1 step 6). Additional authentic
standards for other compounds in this homologous series were
not commercially available. However, common spectral

patterns and adducts were observed differing only by repeating
CF2 units, as supporting information for compound identi-
fication of a homologous series of PFECAs (Figure S7).

Additional Perfluorinated Ether Acids. Figure S4 shows
that there are a number of features that are present in the water
sample downstream of a potential input location that are not in
the upstream sample. Evident in Figure S4 are a pronounced
series of peaks that appear as vertical lines, likely from coeluting
and related chemicals (see later discussion on in-source n-mer
formation). A number of these peaks exhibited negative mass
defects. Further investigation of the TOFMS spectra indicated
two peaks coeluting at 6.5 min (m/z 776.8942 and 754.9123)
with a mass difference of m/z 21.9819, again suggesting the
presence of in-source proton- and sodium-bound homodimers
(Figure 2B). Knowing this information, we postulated an exact
mass of m/z 376.9525 for the [M − H]− ion (Table 1). We
further postulated a homologous series based on addition and
deletion of CF2 units, but exact masses corresponding to ± m/z
49.9968 were not detected. Given reports of industrial
producers making greater use of ether oxygens to limit the
size of perfluorinated regions within a given molecule, we
postulated that a homologous series could also be based on the
repeating units of CF2O, with an exact mass offset of ± (m/z
65.9917).17,20 Searching the sample for m/z 376.9525 ± this
hypothetical CF2O offset did yield another homologous series
(Figure S8). In addition, as was previously the case, each of
these new compounds was also found to form sodium-bound
and proton-bound homodimers, providing further support for
the proposed structures (Table 1). Confirmation of these
compounds with authentic standards was not possible. It
should be noted that in the homologous series shown, the
chemical C3HF5O3 (m/z 178.9773) is a common feature
(Table 1) to the previously identified homologous series.
Taken together, the exact mass of the proposed structures, the
offset by a CF2O, and the exact mass of the in-source dimers
formed, all support the occurrence of this additional
homologous series. One compound in this homologous series
(C4HF7O4 [M − H] 244.9691 Table 1) was subjected to
QTOF analysis leading to a series of accurate mass fragments
consistent with the proposed structure (Figure S9). The
accurate mass fragments show the sequential breakage of the
ether oxygen bonds and the resulting fragment ions.

In-Source n-mer Formation. Multiple peaks originally
thought to be of polymeric origin (m/z 1176.8353 and
1576.7769) were determined to be sodium-bound n-mers of
m/z 376.9525 already identified (Figure S12). The retention
time of these peaks (6.5 min) indicates this is an in-source
phenomenon, as they coelute (Figure S4). In-source artifacts
occur in the ESI source and can include such things as the
formation of adducts (formate, Na+, H+, NH4

+), fragments,
dimers, trimers, and combinations of the above. Peaks that do
not coelute, or are chromatographically separated, are generally
considered not to be in-source artifacts. The observed spectra
(Figure S12) include the formation of n-mers17 including 2 and
3 bound sodium cations in addition to the compounds shown
in Figure S11. The formation of other n-mers with >1 bound
sodium was seen as well for additional PFECAs found in this
work (data not shown). Recent work by Trier et al.17 indicates
that the formation of these polyfluorinated surfactant clusters
occurs in the MS source in the gas phase and are pH and
concentration dependent.17 However, this phenomenon may
also be instrument-specific as sample dilution in this study did
not lead to loss of these in-source dimers being formed. Similar
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sodium- and proton-bound, as well as mobile phase, modifier
(i.e., formate) adducts have been shown by Trier et al.17 for
perfluorocarboxylic acids and mono-PAPs (perfluorinated alkyl
phosphates).
Perfluoroalkyl Ether Sulfonic Acid (PFESA) Identifica-

tion. Records of groundwater monitoring at a fluorochemical
manufacturing plant with wells in close proximity to our
sampling site indicate PFOA in μg/L concentrations.21 This
document also indicated a sulfonated tetrafluoroethylene based
fluoropolymer-copolymer with the trade name Nafion was also
produced at this facility. Our data provide evidence that
materials related to this compound are also emitted into the
river at this point. Figure 3 shows the chemical structures of the
suspected oxidation species and resulting transformation
products tentatively identified in our samples. An EIC of m/z
442.9264, which is the exact mass of the [M − H]− moiety of
the copolymer containing the sulfonate group (IUPAC name
1,1,2,2-tetrafluoro-2-({1,1,1,2,3,3-hexafluoro-3-[(trifluorovinyl)-
oxy]-2-propanyl}oxy)ethanesulfonic acid), suggests this com-
pound is present in the water. In addition, spectral evidence
supports the detection of a related compound which is
consistent with the addition of an HF ([M − H]− m/z
462.9327) (IUPAC name 1,1,2,2-tetrafluoro-2-{[1,1,1,2,3,3-
hexafluoro-3-(1,1,2,2-tetrafluoroethoxy) propan-2-yl]oxy}-
ethanesulfonic acid). The two suspected compounds differ by
the mass of HF (m/z 20.0062−1.41 ppm mass accuracy)
(Figure 3). These compounds elute as two discrete chromato-
graphic peaks, likely explained by the position occupied by the
H and F additions. It is possible that these chemicals originate
from the oxidation of ethanesulfonyl fluoride, 2-[1-[difluoro-

[(t(fluoroethenyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-
1,1,2,2-tetrafluoro- (CAS 16090-14-5) which may have been in
use at this industrial location.22 These compounds would thus
be classified as perfluoroalkyl ether sulfonic acids (PFESA).4

However, unlike previous perfluorinated ether carboxylic acid
compounds found in this study, in-source proton- and sodium-
bound dimers were not found for these perfluorinated ether
sulfonates. In addition, a homologous series based on CF2 or
CF2O additions was not found. We have not been able to
obtain an authentic standard for confirmation of this proposed
structure.

■ DISCUSSION

It has been well-known for a number of years that, due to the
toxicity and persistence of perfluorinated compounds, industrial
producers are moving toward shorter chain per- and
polyfluorinated compound homologues. However, it is not
well-known which compounds are being produced as replace-
ments for historic perfluorinated compounds (e.g., PFOS and
PFOA). Peer-reviewed literature showing the chemical
structure of manufactured per- and polyfluorinated replacement
compounds is sparse. An example of one such publication from
3M Corporation indicated that the compound ADONA (4,8-
dioxa-3H-perfluorononanoate) is being made to replace
ammonium perfluorooctanoate (APFO) as an emulsifier in
the manufacture of fluoropolymers.5 The data presented in this
study and Figure S1 indicate that the manufacture and release
of per- and polyfluorinated compounds with CF2 units
interspersed with ether oxygen linkages likely is ongoing. A
more recent study suggests that polyfluoroalkyl ether

Figure 3. Suspected perfluoro ether sulfonic acids identified in water. Oxidation species are likely products of CAS 16090-14-5, a perfluorinated ether
sulfonyl fluoride. Chromatogram shown of two resolved peaks (A,B) and isotope cluster matching of measured versus exact mass. Red boxes indicate
the exact mass for the suspected formulas, compared to the accurate mass profile spectrum. Mass difference between two species is an HF (m/z
20.0063−1.41 ppm mass accuracy).
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compounds are being produced and that the number and
spacing of ether oxygen linkages and size of the resulting per-
and polyfluorinated compound may be manufacturer-specific
including other major fluorochemical producers (DuPont, 3M,
Solvay, and Asahi).20 However, there are little to no data in the
peer-reviewed literature on most of these compounds. The use
of HRMS appears to be an ideal technique to use for discovery
and occurrence of new PFASs being released into the
environment.
As illustrated in this research, identification of previously

undescribed compounds in environmental matrices can be
made difficult by the formation of a multitude of in-source
artifacts such as in-source gas phase adducts, n-mers, and the
presence of a homologous series of per- and polyfluorinated
compounds. D’Agostino and Mabury identified novel fluori-
nated surfactants in aqueous film-forming foams (AFFF) and
commercial surfactant concentrates using high-resolution mass
spectrometry.23 Their results imply that there are a number of
additional fluorinated compounds being produced and emitted
into the environment that are unknown to most analysts. The
use of TOFMS or other high-resolution mass spectrometers
and the workflow we demonstrated (Figure 1) appears to be a
useful way to determine occurrence and emissions of new and
emerging fluorinated compounds for environmental occurrence
efforts.
Schymanski et al. report on identifying small molecules via

HRMS, with five levels of confidence.14 As has been noted
earlier, one of the pitfalls of discovery work is the lack of
authentic standards at times. As such the highest level of
confidence for confirmed structure (Level 1) can be made to
one compound in this effort, with the remaining compounds
falling in the categories of tentative candidate(s) (Level 3) or
probable structure (Level 2).14 An additional line of evidence
we present that Schymanski et al. appear not to is the presence
of a homologous series (CF2, CF2O) as evidence for compound
identification.
The manufacture of shorter-chain perfluorinated and

polyfluorinated compounds may have an advantageous effect
on biological persistence and bioaccumulation. Two recent
publications deemed “The Helsingor Statement”24 and the
“Madrid Statement”25 explore the state of the science related to
poly- and perfluorinated alkyl substances. Shorter straight-chain
homologues of perfluorocarboxylic acids (<C6) and sulfonic
acids (<PFBS) have been shown to be cleared quickly from
mammalian species tested and thus are not expected to
bioaccumulate as readily as PFOS and PFOA.26 However, the
environmental persistence of these shorter chain perfluorinated
compounds is likely to be no different from that of the related
longer-chain acids. The conventional wisdom is the perfluori-
nated ether compounds will be more labile than the n-alkyl
perfluorinated homologues with ether oxygen linkages being
more susceptible to chemical or microbial attack. However, as
the CF2 bond in perfluorinated compounds is not at all open to
microbial attack due to its bond strength, even the slightest
degree of degradation of a per- or and polyfluorinated ether
compound would be considered “more” labile. Environmental
degradation or toxicology studies associated with the
compounds identified in this study were not found by the
authors in the peer-reviewed literature at the time of writing
this Article. Although data are scarce, the few perfluoropo-
lyethers (PFPEs) to have undergone any kind of degradation
studies show little to no biodegradation or hydrolysis.20 These
data mainly come from the European Chemical Agency

(ECHA) database of registered substances and associated
information.27 Past studies have demonstrated poor removal
efficiency for historical PFASs from source water to drinking
water in conventional systems (i.e., treatments that do not
include granular activated charcoal (GAC)). It is unknown if
these PFECAs and PFESAs are removed by conventional
WWTP processes.

Environmental Implications. We demonstrate the pres-
ence of a series of novel perfluorinated ether carboxylic and
sulfonic acid(s) found to be in natural waters using a
nontargeted workflow (Figure 1). The compounds consist of
a homologous series of per- and polyfluorinated compounds
with repeating units of CF2 or CF2O subunits. LC-TOFMS
investigations of accurate mass dimers and n-mers (proton- or
sodium-bound) in addition to diagnostic fragment ions support
these findings. Further unidentified compounds with negative
mass defects are likely also of per- and polyfluorinated origin,
but have not yet been identified and are undergoing further
analytical scrutiny. Nontargeted screening and discovery of
novel species in samples such as reported here is an ongoing
process. Additional environmental samples from other locations
may be needed to identify additional chemistries.
Once a xenobiotic compound is identified in the environ-

ment, it falls upon the scientific community to begin
monitoring efforts to find the extent of contamination of
newly discovered species. In addition, toxicological and
degradation investigations of identified compounds can
commence once a compound has been identified. The
procurement of authentic compounds for use in these types
of investigations may be a major limiting factor in conducting
such investigations, as most of these compounds appear not to
be commercially available. More research will need to be
conducted on these perfluorinated ether carboxylic and sulfonic
acids concerning environmental occurrence, toxicology, and
degradation potential.
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a b  s  t  r a  c t

Legacy perfluorinated compounds exhibit significant environmental persistence and bioaccumulation

potential, which has spawned an ongoing effort to introduce replacement compounds with reduced tox-

icological risk profiles. Many of these emerging chemical species lack validated quantitative methods, and,

frequently, appropriate analytical standards for accurate monitoring and identification. To  fill this knowl-

edge gap, a  general method for the  quantitative determination of perfluoroether carboxylic acids (PFECAs)

by LC–MS/MS was single-lab validated on spike-recovery samples in surface, drinking, and wastewater

for a variety of perfluorinated ether standards. Relative error  measurements for spike-recovery samples

in  each matrix ranged from 0.36% to  25.9%, with an  average error of 10% overall. Coefficient of variation

(CV) for each compound ranged from 10 to 28% with an average of 17%. The quantitative methodology

was  applied during repeated weekly monitoring of the Cape Fear River during remediation of PFECA

hexafluoropropyloxide dimer-acid (HFPO-DA), known by the brand name “GenX.” Semi-quantitative

concentration estimates for emerging PFECA compounds lacking analytical standards was  also carried

out using surrogate calibration curves and mass labeled HFPO-DA as  an internal standard. Estimates

of the emerging compounds were possible using matched standards, but application of  the estimation

methodology to compounds with known concentration revealed that such estimates may possess up to

an  order of magnitude, or more, in uncertainty due to the difficulty of  matching with an appropriate

standard. Nevertheless, the estimation biases are primarily systematic (extraction efficiency and instru-

ment response) rather than stochastic, enabling the collection of time-course data; both HFPO-DA and

the emerging compounds were reduced in  surface water and drinking water concentration of several

orders of magnitude after removal of the source waste stream.

Published by Elsevier B.V.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are recalcitrant

environmental pollutants which have become a focus of signif-

icant public health interest in recent years [1]. In particular,

the widely used compounds perfluorooctanoic acid (PFOA) and

perfluorooctanesulfonate (PFOS) were found to  have a  negative

toxicological profile and bioaccumulation potential [2,3],  result-

ing in publication of a drinking water health advisory by the EPA

[3,4], international restrictions [5], and pressure for banning under

the Stockholm Convention on Persistent Organic Pollutants [6]. The

∗ Corresponding author.

E-mail address: strynar.mark@epa.gov (M. Strynar).

primary manufacturers of these molecules phased out US produc-

tion of PFOS/PFOA and related chemical species in the 2000s [7,8].

However, fluorinated surfactants, such as PFOA and PFOS, as well as

the fluorinated polymer products whose production they support,

exhibit unique chemical properties that are of substantial value

in the textiles and consumer products industries [9].  As a conse-

quence, numerous alternative chemistries have emerged to  replace

the discontinued species [10–12], with estimates as high as several

thousand species [13].

One broad class of the replacement chemicals are fluo-

rinated ether compounds [11], which consist of a series of

short chain perfluorinated carbons linked by ether oxygens and

capped with an acidic head group (Table 1).  Many species

demonstrating this general fluorinated ether structure have

been detected in locations where fluorochemical manufacturing

https://doi.org/10.1016/j.chroma.2018.03.047

0021-9673/Published by Elsevier B.V.
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Table 1

A) Reference perfluoro-ether carboxylic acids included in the PFECA standard mixture and B)  emerging perfluorinated ether species lacking analytical standards.

A) Perfluorinated Ether Standards

Compound Name CAS Formula Structure

Perfluoro(4-oxapentanoic acid) (“Surrogate 1”) 863090−89-5 C5HF9O3

Perfluoro(3,6-dioxaheptanoic acid) (“Surrogate 2”) 151772−58-6 C5HF9O4

Perfluoro(3-oxabutanoic acid) (“Surrogate 3”) 377−73-1 C4HF7O3

Perfluro(5-oxa-6-dimethylhexanoic) acid (“Surrogate 4”) 801212−59-9 C7HF13O3

Perfluoro(2-methyl-3-oxahexanoic) acid (“HFPO-DA”) 13252−13-6 C6HF11O3

B) Emerging Compounds

Compound Name CAS Formula Structure

Perfluoro-methoxyacetic acid (PFMOAA) 674−13-5 C3HF5O3

Perfluoro-3,5-dioxahexanoic acid (PFO2HxA) 39492−88-1 C4HF7O4

Perfluoro-3,5,7-trioxaoctanoic acid (PFO3OA) 39492−89-2 C5HF9O5

impacts the water supply [14,17], but toxicological data of these

emerging compounds are limited. One particular chemical, 2,3,3,3-

Tetrafluoro-2-(heptafluoropropoxy) propanoic acid, also known as

hexafluoropropylene oxide dimer acid (HFPO-DA), or the trade

name of its ammonium salt, GenX, [18]  was designed as a fluo-

rochemical processing surfactant that meets the requirements of

the EPA PFASs management program [18,19]. HFPO-DA, and other

HFPO related products have been found in significant concentra-

tions in the discharge from certain fluorochemical manufacturing

sites [14,16,20]. The limited toxicological studies of the HFPO-DA

compound indicate that acute toxicity and metabolism are of lim-

ited concern for the replacement chemical, [21–24]  but long-term

exposure effects require additional study. [23–27] The detection

of the compound in the Cape Fear River in North Carolina sparked

an intensive investigation and establishment of a  statewide health

goal [28] amid concerns over its potential long-term effects.

HFPO-DA is but one of an amalgamation of related fluoro-

chemical compounds emerging as pollutants of interest in surface,

ground, and drinking water, and, while existing non-targeted

methodologies have allowed for the detection of novel structures,

[12–16] quantitative methods will be necessary for long term envi-

ronmental monitoring and health effects studies regarding new

fluorochemicals like HFPO-DA/GenX. Existing methodologies, such

as EPA method 537, were developed for the analysis of legacy

compounds, straight chain perfluorinated carboxylic acids and sul-

fonates, in drinking water, but there is substantial need for general

methods sufficient to analyze known and emerging compounds in

environmental matrices. Further, as emerging contaminants fre-

quently lack authenticated standards, methods for tracking and

estimating fluorochemical concentrations are needed for moni-

toring environmental levels of unknown contaminants. Here we

demonstrate a  quantitative sample preparation and LC–MS/MS

method suitable for emerging perfluoroether compounds, validate

it in multiple water source matrices, and apply it to the ongoing

monitoring of an impacted watershed. Further, we estimate con-

centrations and conduct time course monitoring of perfluoroether

compounds with no existing standards by using closely related

surrogate species to model instrument responses and construct

non-matched calibration curves.

2. Materials and methods

2.1. Preparation of PFECA standards

Reference standards of perfluoroether carboxylic acids were

obtained from Synquest Laboratories (Table 1) along with 13C3

labeled 2,3,3,3-Tetrafluoro-2-(heptafluoropropoxy) propanoic acid

(HFPO-DA) for use as an internal standard (Wellington Labs).
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A stock solution of each standard was prepared in 95:5

methanol:2.5 M NaOH to prevent the formation of the methyl ester.

From these stocks, a  mixed PFECA standard was prepared contain-

ing equal mass of each native species and diluted to the desired

final concentrations in methanol.

Standard PFECA solution mixtures were prepared using water

sourced from three locations as the background matrices. Back-

ground matrix water was  sourced as followed: surface water

collected from Discovery Lake, Research Triangle Park, NC, waste

water collected from Jacksonville Wastewater Treatment facility

effluent, Jacksonville, NC, and drinking water collected from a  lab-

oratory faucet in the Environmental Protection Agency office in

Research Triangle Park, NC. Each source sample was collected into

one liter pre-cleaned high-density polyethyelene (HDPE) Nalgene

bottles and spiked with a standard mixture of PFECAs (Table 1)

at either 0, 50, or 200 ng/L. Five replicates of these matrix spiked

samples were prepared for each combination of background matrix

(Surface Water, Waste Water, Drinking Water) and PFECA level

(Blank, Low Spike, High Spike) resulting in 45 samples. The pre-

pared spiked samples were stabilized by pH adjustment to pH ∼  2

with the addition of 5 mL of 35% nitric acid. A set of samples of the

PFECA mixture at 0, 10, 25, 50, 100, 150, 200, and 250 ng/L was

also prepared in deionized water (DI) and processed immediately

in tandem to construct calibration curves.

2.2. Environmental sampling

Fluorochemical contaminated water samples were acquired

from North Carolina Department of Environmental Quality

(NCDEQ) at a location near the industrial waste outfall for a  local

fluorochemical manufacturer, as well as from downstream drink-

ing water treatment plants. Location 1 was the source water

drawn from the Cape Fear River for a downstream water treat-

ment facility and Location 2 was finished drinking water delivered

to Wilmington, NC. Each sample was collected in a  one liter HDPE

bottle and stabilized by pH adjustment with nitric acid as previ-

ously described [29]. Samples were stored at room temperature,

extracted and analyzed within five days of the sampling date.

2.3. Solid phase extraction of PFECAs from aqueous matrix

The previously prepared, stabilized samples were decanted

into a 1000 mL HDPE graduated cylinder and their total volume

recorded; water in excess of 1000 mL was discarded. The maximum

oversampling possible in a  one liter HDPE bottle is ∼10%, allowing

a worst case 10% bias if 100% of in-solution PFASs bind to  the bottle

surface and the maximum amount of excess water is discarded. This

scenario can be avoided by not filling bottles completely; the max-

imum sample collection overfill was <10 mL in this sample set. The

sample bottle was then rinsed with 10 mL of methanol to  remove

any compounds that partially adhere during sample processing and

storage; the retained water was returned to the bottle alongside

the methanol. An internal standard of 13C3 labeled HFPO-DA was

added to each water sample at a  concentration of 100 ng/L of sam-

ple, and shaken vigorously before being vacuum filtered through a

Whatman GF/A glass filter.

Oasis weak anion exchange (WAX) Plus (225 mg)  solid phase

extraction (SPE) cartridges (Waters Corporation) were conditioned

according to the manufacturer instructions, as follows: the SPE

cartridges were equilibrated under 10 mL/min methanol flow for

2.5 min, followed by 2.5 min  of deionized water (DI) at 10 mL/min;

flow was maintained through a  SPC10-P Sep-Pak concentrator

binary piston pump (Waters Corporation). Samples were concen-

trated at a flow rate of 10 mL/min for 50 min  (500 mL total volume)

and SPE cartridges were removed for later elution. The Sep-Pak sys-

tem was flushed with 25 mL of methanol (2.5 min at 10 mL/min)

between sample cartridges to  prevent sample carryover.

After sample concentration, the SPE cartridges were washed

with 4 mL of 25 mM  pH 4.0 acetate/acetic acid buffer, followed by a

wash of 4 mL  of neutral methanol. Compounds of interest were then

eluted with 4 mL of freshly prepared 0.1% ammonium hydroxide in

methanol and evaporated in a polypropylene tube at 40◦C under

a dry nitrogen stream to a final volume of ∼  1 mL.  The evaporated

samples were diluted 4-fold in 2.5 mM ammonium acetate to match

the starting conditions for liquid chromatography.

2.4. LC–MS/MS data acquisition and quantification

LC–MS/MS quantification took place on a  Waters Acquity ultra

performance liquid chromatograph which had been modified to

replace OEM PTFE filters and solvent plumbing with stainless steel

or PEEK tubing and incorporate a PFC isolation column (Waters

P/N 176001744). The chromatographic separation was carried out

using a Waters ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm,

1.7 �m),  a  flow rate of 500 �L/min, 50 �L injection volume, and a

binary mobile phase gradient with mobile phases A  (95:5, 2.5 mM

ammonium acetate: Methanol) and B (95:5, Methanol: 2.5 mM

ammonium acetate). The gradient program was a  follows: 10–85%

B (5 min), 85–100% (0.1 min), 100% (hold for 1.9 min), 100–10%

(0.1 min), 10% (hold for 1.9 min). Detection and quantitation was

performed with an interfaced Waters Quattro Premier XE triple

quadrupole mass spectrometer in negative mode (Supplemental

Table 1) with individual transition parameters for each PFECA

species analyzed (Table 2). Stable isotope labeled (SIL) HFPO-DA

was used as an internal standard for all measured compounds.

MRM transitions were previously optimized for the four sur-

rogate perfluoroether compounds and HFPO-DA using available

standards. Additional transitions for three emerging PFECAs previ-

ously described (Table 1, Supplemental Fig. 1–3), [16] but currently

lacking analytical standards, were selected using direct infusion

of extracts prepared from the Cape Fear River. For method valida-

tion, the MRM method contained only the surrogate and HFPO-DA

transitions, while environmental samples included the three MRM

transitions for the emerging PFECAs as well.

The PFECA mixture was  used to  prepare an eight-point calibra-

tion curve for each constituent PFECA standard for quantitation.

Ion abundances were normalized to  the HFPO-DA internal standard

intensity and curves were fitted as a  concentration weighted (1/x)

quadratic curve with two  injections per concentration. For spike

recovery experiments, quantitation was derived from the match-

ing standard curve. For quantitative measurements of HFPO-DA and

semi-quantitative estimates for the emerging PFECAs in environ-

mental samples, systematic application of each surrogate standard

curve was  used to  calculate estimated concentrations.

3. Results and discussion

3.1. Spike-recovery validation

Representative figures of merit were calculated for the quan-

titative spike recovery assessment based on the five sample

preparations for each combination of background matrix and con-

centration (Fig. 1).  For each replicate, the relative percentage error

(RE) ranges from 0.36% to 25.9%, with an average of ∼10% when

aggregated across compounds and background matrices (Table 3).

Sample precision was  calculated with average coefficient of vari-

ation of 17% across matrices and spike levels (Table 3). A  method

limit of detection (LOD) for PFECAs was  estimated at 16 ng/L using

a  3X signal-to-noise cutoff. The method noise was estimated as the

standard deviation of repeated injections of the 10 ng/L calibration
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Table 2

Multiple reaction monitoring (MRM)  transition table for surrogate and emerging PFECAs analyzed in this study.

Species Molecular Formula Precursor Mass (Da) Product Mass (Da) Cone Voltage (V) Collision Energy (eV)

Surrogate 1 C5HF9O3 279.0
84.9 14 22

134.8 22 24

Surrogate 2 C5HF9O4 295.0
84.9 10 26

200.9 10 10

Surrogate 3 C4HF7O3 229.0
84.9 10 10

184.9 22 18

Surrogate 4 C7HF13O3 379.0
184.8 16 12

134.9 16 34

HFPO-DA C6HF11O3 329.2
168.9 10 12

286.9 10 6

HFPO-DA IS [13C]3C3HF11O3 332.2
168.9 10 12

286.9 10 6

PFMOAA C3HF9O5 178.9 84.9 10 12

PFO2HxA C4HF7O4 245.0
84.9 22 18

178.8 22 4

PFO3OA C5HF9O5 311.1
84.9 22 20

150.8 22 4

Fig. 1. Measured PFECA concentrations for a  synthetic PFECA mixture in varying

matrices at 200 ng/L (HS), 50 ng/L (LS), and 0  ng/L (BL) spike levels, with 95% confi-

dence intervals.

Table 3

Calculated relative percentage error (RE) and coefficient of variation (CV) for mea-

surements (n = 5) in waste water (WW),  surface water (SW) and drinking water

(DW) matrices for a  series of PFECA compounds.

Compound Matrix RE (%) CV (%)

HFPO-DA

DW 9.2 20%

SW 8.6 20%

WW 7.4 25%

Surrogate 1

DW 12.9 14%

SW 13.4 14%

WW 9.1 22%

Surrogate 2

DW 13.0 14%

SW 9.2 12%

WW 7.5 23%

Surrogate 3

DW 4.7 17%

SW 12.2 12%

WW 15.6 28%

Surrogate 4

DW 15.9 10%

SW 7.0 10%

WW 7.5 19%

curve point. This reported LOD value is not a  physical limitation,

and can be reduced through modifications to the SPE concentra-

tion step, sample blowdown, or injection volume to increase the

on-column analyte load and improve sensitivity, or use of an MS

platform with better intrinsic sensitivity.

For the HFPO-DA compound, the measurement retains accuracy

regardless of matrix or sample concentration within the range of

the calibration curve; all measurements correspond to their theo-

retical values within the 95% confidence interval and demonstrate

acceptable RE (<10%) and CV (<30%) values. However, the other

PFECA compounds demonstrate a  small, systemic overestimation

of their concentration in some background matrices. This effect is

attributable to a  non-matched internal standard, and can be cor-

rected in the future as appropriate stable isotope labeled species

become available. The reproducibility of the assay is still high; CVs

of the surrogate compounds are equivalent or  better than HFPO-

DA with one exception, and the RE remains under 20% in all cases,

with results from each matrix being statistically indistinguishable

from each other. Thus, the methodology can be generally applied

even in absence of matched internal standards. Of note, a single

replicate of waste water − high spike was excluded from the collec-

tion sample set due to a  significant contaminant in the preparation.

Investigation of the sample revealed significant (>5-fold) signal

suppression of HFPO-DA and the SIL HFPO-DA standard in only that

prep. HFPO-DA quantification was unaffected due to the matched

internal standard, but surrogate concentration estimates were >3.5

standard deviation outliers due to the suppressed SIL used for

normalization. This event demonstrates that caution remains nec-

essary when using non-matched internal standards, especially in

heterogeneous matrices such as waste water.

3.2. Application in longitudinal monitoring of HFPO-DA

Initial environmental samples obtained in June 2017 from flu-

orochemical manufacturing outfall, surface, and drinking water

far exceeded the designated calibration range and required sig-

nificant dilution to enter the calibration curve range for accurate

quantitation. Following this sampling, the manufacturer ceased

waste stream emissions from one of their manufacturing lines and

the measured concentrations of all monitored species dramati-

cally declined in both the direct outfall and downstream locations

(Figs. 2 and 3). Of note, local contamination from pumps and piping

at the manufacturing site are hypothesized to  be  the cause of the

persistently high concentrations in the waste outfall through the

third sampling week in spite of the immediate decline observed at

downstream locations. Continuous monitoring of both outfall and

impacted drinking water sites demonstrated minor daily variation

but consistent reduction below North Carolina’s targeted health

goal of 140 ng/L [28].

Blank, low spike, and high spiked standard mixtures were car-

ried to  the sampling site as field blanks each week and returned

for QC analysis. Throughout the sampling course, QC samples mea-
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Fig. 2. Measured HFPO-DA concentrations in manufacturing outfall over time. The

vertical line indicates diversion of PFECA generating waste stream, the horizontal

line indicates targeted HFPO-DA health goal (140 ng/L), inset shows shaded region.

Fig. 3. Measured HFPO-DA concentrations at drinking water treatment plants

located in the Cape Fear River basin. Vertical line indicates diversion of PFECA

generating waste stream, horizontal line indicates targeted health goal (140 ng/L).

sured were quantified with an average RE of 22%. Each week, a

randomly selected 10% subset of the environmental samples were

replicated and inter-replicate CVs were <10%, demonstrating long

term method stability and precision.

3.3. Semi-quantitative estimates of emerging PFECAs

For compounds tentatively identified as PFMOAA, PFO2HxA,

and PFO3OA [16], the lack of a  matched standard and reliance

on a surrogate internal standard limits the potential accuracy

of quantitative efforts. Nevertheless, semi-quantitative estimates

can inform public health decisions and provide focus for further

development of analytical methods [30].  The PFECA mixture was

used to prepare an eight-point calibration curve for each con-

stituent PFECA standard. Ion abundances were normalized to the

HFPO-DA internal standard intensity and calibration curves were

fitted as a  concentration weighted (1/x) quadratic curve. Esti-

mated concentrations for the three emerging compounds, which

lack standards, and HFPO-DA were obtained using each of the

five calibration curves each sampling week, as well as a  global

estimate curve built from the response of all five individual sur-

rogates.

To establish an estimate of the level of error when using

surrogate compounds for concentration estimates, the HFPO-DA

value from its matched calibration curve was compared to  values

obtained using the calibration curves from the four surrogate com-

pounds. The surrogate estimated concentrations yielded average

errors of 1.3%, 0.6%, 48%, and 0.3% for Surrogates 1–4 respectively.

The three closely matching surrogates, 1, 2 and 4,  elute within a

1-min window, very near the HFPO-DA peak (Supplemental Fig.

4–7). As a consequence, they demonstrate remarkably little bias in

estimated concentrations for HFPO-DA, unlike Surrogate 3, which

elutes much earlier in the chromatographic run, and has significant

peak distortions resulting from its more hydrophilic character than

the other species. Surrogate 3 however, does have a  more similar

chromatographic profile to  PFMOAA and PFO2HXA. For the HFPO-

DA, a  best case scenario of a  closely matched chemical structure for

the calibration curve and internal standard yields accurate results

within the error margins of the matched curve and standard, while

a poorly matched species yields a  several-fold, but still manageable,

level of bias in estimation. Matching of surrogates can be performed

empirically, by selecting similar chemical structures and confirm-

ing similar chromatographic and MS performance, but a  general

solution to determining “good” surrogate matches is beyond the

scope of this paper.

The emerging species exhibit significantly more variability in

estimated concentrations compared to the surrogate standards

(Fig. 4). Structurally, the emerging compounds appear similar to

the surrogate PFECA compounds, however, their elution time indi-

cates substantially higher hydrophilicity consistent with their low

molecular weight and increased oxygen content; PFMOAA elutes

nearly in the void volume, and PFO2HxA falls somewhere between

the PFMOAA and surrogate standards (Supplemental Fig. 5). Fur-

ther, the extraction efficiency of non-targeted species in SPE is

currently unknown, and can contribute to significant variability,

but we assume the binding to be consistently high when using

anion exchange phases with easily ionized species such as perflu-

oroacids [31].

The systematic dissimilarity between the lower molecular

weight emerging compounds and the surrogate standards impacts

the concentration estimates. The predicted concentrations are

Fig. 4. Estimated concentrations of three emerging PFECA compounds at Location 2,  using five surrogate calibration curves and a global calibration of all species.
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consistent in their ordering, with HFPO-DA estimate being the

highest value and Surrogate 4 underestimating that value by ∼10-

fold.

The systematic bias of estimated concentration is consistent

across sampling location and date, implying it is intrinsic to the

process, likely the result of hydrophobic bias in the chromatog-

raphy and/or electrospray that cannot be  corrected for without

more closely matched calibration curve and/or internal standard. A

conservative application of the variation between the five closely

related PFECA standards suggests the error of the global average is

on the order of ten-fold and can be  considered semi-quantitative at

best. Regardless, using the global average calibration curve of the

PFECA standards provides a rough estimate of concentration that

can be useful for directing further work. The most recent PFMOAA

estimate range still falls partially above the health goal for HFPO-

DA and it is worthy of further scrutiny, while the other compounds

have been reduced below that target level, even when using the

highest estimate of the concentration.

Nevertheless, all three of the non-standard PFECA compounds

demonstrated substantial reduction over time as the result of

halted upstream emission, similarly to the behavior of the HFPO-

DA compound. This signifies that all the related PFECA compounds

likely derive from the single fluoropolymer manufacturing process

whose waste was diverted. Further, time trends indicate that the

overall concentration has dropped ∼2  orders of magnitude, simi-

lar to the HFPO-DA, regardless of the calibration source used. This

methodology is therefore suitable for tracking temporal changes in

compounds lacking standards even though the specific estimation

of concentrations remains highly uncertain, presuming that such

species can be detected by LC–MS.

4. Conclusion

The ongoing proliferation of new perfluorinated species to serve

industrial chemical need in absence of the legacy compounds PFOA

and PFOS is a burgeoning topic in environmental and public health

with substantial interest. Monitoring efforts for these new species

require a robust, generalized method for quantitative determina-

tions of exposure. The availability of a  SIL internal standard for

HFPO-DA allows for robust analysis of this species, and allows its

use as a surrogate internal standard for other compounds barring

the production of matching SIL perfluoroethers. The methodology

presented here is robust to  variations in the environmental matrix

(tap, surface, and waste water) and offers an extended range of

sensitivity through the use of multiple concentration steps. Nev-

ertheless, the calibration range utilized, with a  method limit of

detection ∼10 ng/L, is sufficient for exposure monitoring, as the

existing health advisory/goal levels for both the legacy and emerg-

ing perfluorinated compounds are around an order of magnitude

higher. Lower health targets for legacy species exist in some states

[32], and increased concentration factors or improved instrument

sensitivity would be necessary to achieve the necessary lower

method detection limits.

The same sample preparation technique can be applied to the

analysis of only partially characterized species assuming chemi-

cally similar standards are available for purchase. Using one or more

related species to  construct calibration curves, even with surro-

gate internal standards, allows for an estimation of concentrations

that can inform future research and policy efforts in environ-

mental exposure. This can act as supplemental and supporting

information to other mass spectrometry related monitoring efforts

in non-targeted analysis. For species with some available struc-

tural information and a  closely related standard, the error is on

the same order as the method variation and theoretically suitable

for quantitative work. However, this should be consisted a  stop-

gap technique prior to the acquisition of standards or validation

of the assumption of similar extraction efficiency and instrument

response. suitable for quantitative work. The estimates from less

closely matched calibrations curves vary by >10-fold depending

on the selected calibration species, but nevertheless can reveal

accurate time-trend data for determining the impact of systemic

changes and determining whether multiple species have correlated

behaviors in response to an intervention.
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ABSTRACT: Ongoing chemical development in response to
regulation of historical perfluorinated compounds, (i.e.,
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS)) has resulted in a proliferation of novel per- and
polyfluorinated species. Screening and monitoring for these
emerging chemicals benefit from a nontargeted approach due
to a lack of necessary standards and a paucity of information
about the replacement chemistries. In this paper, we apply
nontargeted screening to the Cape Fear River of North
Carolina, a fluorochemically impacted watershed. The
continued presence of perfluorinated ether acids was
confirmed, with a total of 37 unique chemical formulas
comprising 58 isomers detected. Structural determination was
carried out by LC-MS/MS to determine isomeric structures where possible. Novel structures determined included
perfluorinated ether acid species containing two acidic sites, polyfluorinated ether acids containing a single hydrogenation, and
previously unreported perfluorinated ether acids. Compounds identified by an initial nontargeted screen were monitored over
repeated sampling to track long-term reductions in PFAS content during emission source control. Hierarchical clustering of the
time course data was used to associate groups of chemicals based on their trends over time. Six clusters were identified and
showed some similarity in chemical class; they are believed to represent the byproducts of different fluorochemical production
lines.

■ INTRODUCTION

Fluorinated polymers and fluorosurfactants are constantly
evolving due to in-demand consumer and industrial products
with a long and complicated history of environmental
impacts.1 A consequence of the ubiquity of per- and
polyfluoroalkyl substances (PFASs) in industry is their
extensive environmental infiltration due to their use as
manufacturing aids, production as waste, and release as
degradations and side-products of manufactured products.
PFASs possess exemplary thermochemical inertness, and
fluorinated carbons are resistant to biological breakdown,2

which is the cause of their persistent nature in the
environment3 and was the driving rationale for the erroneous
assumption of biological inertness for over 25 years.4

The most historically dominant PFAS species, perfluor-
ooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA),
were used extensively before triggering domestic and interna-
tional action due to concerns about their negative toxicological
effects and bioaccumulation potential.5−7 Long-term toxico-
logical studies demonstrated that these species have broad

spectrum influence and require exposure controls.8,9 Coincid-
ing with the environmental studies in the previous decade,
domestic manufacturing began phasing out PFOA and
PFOS,10,11 but the chemical qualities of fluorochemicals are
difficult, or impossible, to replicate using nonfluorinated
species.12,13 Consequently, industries developed fluorinated
alternatives, including short-chain PFASs and perfluoroalkyl
ether acids, to replace legacy long-chain PFASs.14,15

A chief difficulty with chemical phase-out is the assurance
that replacement chemicals from the same class demonstrate
improved environmental and human health profiles. Histor-
ically, reliance on chemicals within a single chemical class has
not markedly overcome fundamental issues presented by the
original compounds (e.g., the replacement of polychlorinated
biphenyls with short-chain chlorinated paraffins or the
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emerging replacements for brominated flame retardants).16,17

Due to the aforementioned uniqueness of fluorinated
compounds, there may be challenges to the prospect of
alleviating the toxicological effects associated with PFOA/
PFOS or legacy PFASs by using related chemistries.13,18 One
company has introduced a new line of “short-chain” PFOS
replacements which exhibit nearly identical structures but
potentially better biological clearance rates.19 Others have
introduced branched polymeric surfactants with “low-bio-
accumulation potential”.20 Still, more manufacturers have
created species with interspersed ether-oxygen linkages21 or
partial hydrogenation.22 The net result is a proliferation of
product chemicals, precursors, and degradation products with
limited publicly available toxicological and physical data due to
the proprietary nature of these compounds. Monitoring this
vast new chemical landscape requires the development of new
analytical methodologies.
High-resolution mass spectrometry (HRMS) has a proven

track record in compound elucidation and environmental
screening that is well suited to the task of identifying and
monitoring emerging pollutants through accurate chemical
prediction and structural elucidation.23−28 HRMS approaches
have been applied to numerous environmental samples
collected around fluorochemical point sources to identify
new unregulated compounds. For example, new structures
were resolved in water located around Chinese manufacturing
facilities28 and in river water from domestic sites.29 Potential
structures were assigned to numerous PFASs in Alabama26 and
previously in the Cape Fear River of North Carolina.29,30 In
each case, spatial and/or temporal sampling was used to
compare impacted and baseline water samples, while
identifying molecular features associated with the fluorochem-
ical waste stream.
In North Carolina, discovery of the chemical hexafluor-

opropylene oxide dimer acid (HFPO-DA) sparked intense
scrutiny of its long-term effects, resulting in the establishment
of a preliminary NC state drinking water health goal.31 Since
initial reporting by media outlets,32 the “chemical” GenX has
been used as a public synonym for HFPO-DA. While GenX
has occupied the center of the debate regarding fluorochemical
contamination in the Cape Fear River, the presence of other
fluorinated chemicals of related classes is also of interest. We
combine the previously demonstrated nontargeted approach
with techniques for structural assignment by tandem mass
spectrometry (MS/MS) to identify the additional fluorochem-
ical species affecting the Cape Fear watershed.

■ METHODS

Sample Collection. Surface water grab samples were
collected in May 2017 from the main flow of the Cape Fear
River and its tributaries at the William O. Huske Lock and
Dam. An “upstream” sample was collected approximately 2
miles upstream of the dam, representative of the background
contents of the river. A “downstream” sample was collected
immediately above the dam, representative of the impacts of
nearby (<1 mile) manufacturing outfall (Supporting Informa-
tion Figure 91). Longitudinal grab samples of the manufactur-
ing outfall were collected weekly by the North Carolina
Department of Environmental Quality (NCDEQ) throughout
the summer of 2017,33 and follow-up samples were collected at
the original sampling locations in February 2018. At each site,
water was collected in a precleaned one liter high-density

polyethyelene (HDPE) Nalgene bottle according to an
established procedure.34

The collected water was processed as previously described,
after stabilization with the addition of 5 mL 35% nitric acid.26

In brief, one liter of water was measured in an HDPE
graduated cylinder, and the sample bottle was washed with 10
mL of methanol to desorb analytes adhered to the interior of
the bottle. The water and methanol were pooled in the bottle
and filtered using a Whatman GF/A glass fiber filter. From this
filtered sample, 500 mL of liquid was concentrated using a
SPC10-P Sep-Pak concentrator onto an Oasis WAX Plus SPE
cartridge (225 mg sorbent, 60 μm particle size) that had been
preconditioned with methanol (MeOH) and water per
manufacturer instructions. SPE cartridges were washed with
4 mL of pH 4 acetate buffer, followed by 4 mL of neutral
methanol, and then compounds were eluted in 4 mL of 0.1%
NH4OH in MeOH. The methanol wash fraction could have
contained nonacidic PFAS, but preliminary experiments did
not detect these in samples from the Cape Fear, so they were
discarded in the work for this manuscript. The eluent was
evaporated under a nitrogen stream at 40 °C to a final volume
of 1 mL and diluted 4-fold with 2.5 mM ammonium formate. A
method blank was prepared in parallel using laboratory
deionized water.

Sample Analysis and Data Processing. Initial mass
spectrometry (MS) analysis on the collected water samples was
carried out by liquid chromatography coupled to time-of-
flight (TOF) in a fashion previously described;29 instrument
details are located in the Supporting Information. MS sample
data was postprocessed using a software workflow of Agilent
ProFinder, MassHunter, and Mass Profiler. Samples were
subjected to batch recursive molecular feature extraction
(MFE) in ProFinder using previously determined thresholds
for this instrument and separation gradient (Supporting
Information Table 3). A molecular feature, as defined by the
software, consists of a specific isotopic distribution with a
distinct extracted ion chromatogram peak abundance and is
assigned a monoisotopic mass and retention time. Molecular
features identified in the method blank were removed from the
sample data, and the remaining values were exported for
comparison in Mass Profiler. Samples collected downstream of
the known fluorochemical point source were compared to
upstream samples, which should be free of species introduced
by the intervening facility. Pairwise comparison was used to
identify features unique to the downstream samples as well as
species which were significantly increased (>3-fold increase in
integrated peak area). The list of the top 100 most abundant
unique and statistically significant species was exported and
prepared as an inclusion list for further MS/MS investigation.
Structural investigation of the molecular features was

performed using an Agilent 1260 Infinity UPLC coupled to
an Agilent 6530 quadrupole time-of-flight (QTOF). Parame-
ters for LC separation were the same as the initial TOF
analysis, but MS settings were adjusted to allow collection of
MS/MS fragmentation spectra of the targeted inclusion list
from the TOF analysis. Modifications to the MS collection are
detailed in the Supporting Information.
The raw data collected from QTOF MS/MS experiments

was processed using ProFinder, followed by filtering to isolate
features for closer inspection. Comparison of precursor and
fragment masses allowed a maximum 5 ppm precursor and 20
ppm fragment mass error; average mass error was ∼1 ppm,
consistent with the performance specifications of the instru-
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ment. Features were individually examined to determine
structures where possible. For each mass-to-charge (m/z)
identified at the formula level or better (Confidence 4+), an
±10 ppm extracted ion chromatogram of the theoretical
precursor mass was generated to determine retention times
(Supporting Information Figures 1−83). Composite MS/MS
spectra consisting of multiple averaged MS/MS scans at
collision induced dissociation (CID) energies of 10 and 25 V;
spectrawere generated for individual isomers of each precursor,
where possible.
The list of molecular features was sorted by integrated peak

area and the isotopic distributions for each of the molecular
features; a putative empirical formula was assigned using
MassHunter’s formula generator tool. This assignment is a
score obtained by matching the feature’s accurate mass and
isotopic distribution with theoretical values calculated using
known isotopic distributions of a potential formula’s
constituent elements (i.e., 1.1% 13C, 0.4% 15N, etc.). Allowed
atoms included C, H, N, O, S, F, Cl, Br, and P. For compounds
with only poorly scoring isotopic matches (e.g., <70%),
background subtraction of the precursor spectrum was carried
out against a background of the 0.2 min regions immediately
preceding and following the chromatographic peak, and a
second attempt at formula assignment was made.
The MS/MS spectra collected for each molecular feature

were manually examined to ascertain the accuracy of the
precursor formula and attempt to resolve molecular structures.
Emphasis was placed on chemicals demonstrating a negative
mass defectthe difference between the exact and nominal
mass of the compound, a common signature of halogenation.22

It is worth noting that this is only a rough proxy for the
inclusion of critical atoms of interest (i.e F, Cl, Br) in small
molecules and significant supporting data is necessary to
classify an unknown as a PFAS.35 Fragment ions were assigned
partial empirical formulas based on exact monoisotopic mass
using a similar process to the precursor mass but using the
precursor formula as the list of allowed atoms. Potential
formulas were compared against the existing EPA’s Comptox
Chemicals Dashboard,36 an internally maintained PFAS
database, and extant literature, including publications, patents,
and the CAS registry, to obtain known potential structures.
Potential structures were also generated de novo based on
observed fragments and related chemicals. A degree-of-
confidence assessment for each chemical feature was assigned
based on the Schymanski classification.37 Briefly, where verified
standards existed for a proposed structure, comparison with
the retention time and MS/MS structure of the standard was
carried out; matches were assigned a confidence level of 1. In
the absence of a confirmed standard, fragment ions were
compared to available standards with similar substructures and
empirical or in silico library spectra; probable structures were
assigned a confidence level of 2. Where structures could not be
completely resolved by MS/MS, partial elucidation of chemical
class/structure was based on diagnostic fragments and
relationship to identified compounds; tentative candidates
were assigned a confidence level of 3. In absence of quality
MS/MS spectra or where incompatible tentative candidates
could not be resolved, only a molecular formula was
determined; molecular formula level assignments were given
a confidence level of 4. Features with lower confidence were
not reported here.
Clustering of Non-Targeted Chemical Features by

Time Trend. The samples collected in May 2017 and

February 2018 bracketed significant changes to the Cape
Fear River as the result of regulatory actions by NCDEQ
against the Chemours company.33 As part of their ongoing
monitoring, the state collected water samples proximate to the
waste outfall into the Cape Fear River over several months
during the summer of 2017. These samples were acquired from
NCDEQ, analyzed by TOF-MS as described, and the ion
abundances for the species were monitored over the sampling
time points. Abundance measurements for each chemical were
normalized to the highest abundance for the feature across all
sampling points for that chemical. Time trends of chemical
features were hierarchical clustered for similarity with hclust in
R (3.4.4) using Euclidean distance and the “Ward.D2”
clustering criterion;38 cluster p-values were calculated using
pvclust39 with 10000 bootstrap iterations and filtered to p <
0.05.

■ RESULTS AND DISCUSSION

Feature extraction from surface water collected upstream of a
fluorochemical manufacturing site yielded ∼120 distinct
molecular features. Features with PFAS-like MS signatures
were all from the legacy perfluorinated acids (PFBA, PFPeA,
PFHxA, PFHpA, PFHxS, PFOA, and PFOS). No additional
PFAS species were detected in the samples. The existence of
these fluorinated compounds in the surface water is expected,
because of their persistent nature and ubiquitous use in
preceding years, and has been previously reported.40−44

Feature extraction from the sample immediately downstream
from the fluorochemical manufacturer yielded a significantly
larger amount of ∼260 distinct molecular features of which
nearly 200 possess the negative mass defect marker indicative
of potential halogenation (Supporting Information Table 1). A
comparison of the total signal intensity of species with a
negative mass defect in the upstream and downstream samples
indicates that while ∼15% of the total ion current for the
upstream sample is resultant from perfluorinated acids above,
the downstream sample is, by total ion intensity, >90%
composed of species with a negative mass defect. Further, the
ambient PFASs detected upstream make up <1% of the total
ion intensity in the downstream sample. Clearly, wastewater
discharge from the fluorochemical manufacture introduces a
significant number of compounds to the river besides the
legacy perfluorinated acids detailed in EPA 53745 (Supporting
Information Table 1).
Manual curation of detected chemical features yielded 58

distinct chromatographically resolved PFAS peaks, correspond-
ing to 38 unique molecular formulas. Recent efforts have been
made to identify novel contaminant species in fluorochemically
impacted water supplies by the US EPA and other
groups.26,46−49 Cross-referencing literature lists of expected
monoisotopic masses and their hypothetical structures against
the molecular features observed in this study accounts for
roughly half of the unique features, with the remainder being
unidentified based on literature comparison.
The features were individually examined to determine novel

structures as described in the Methods section (Supporting
Information Table 2). For each mass-to-charge (m/z)
identified at the formula level or better, an extracted ion
chromatogram of the precursor mass was generated to
determine retention times (Supporting Information Figures
1−83). Composite MS/MS spectra consisting of multiple
averaged MS/MS scans at 10 and 25 CID settings were
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generated for individual isomers of each precursor, where
possible (Supporting Information Figures 1−83).
Group A: Perfluorinated Ether Acids. A frequently

observed PFAS class is that of fluoroether acids (here Group
A ) , w h i c h e x i s t w i t h a g e n e r a l f o r m u l a
CF3(CF2)n(CF2O)m(R1), where the headgroup, R1, is an
acidic moiety such as −COOH or −SO3H.

29,30 These were
expected to be the primary contaminants identified in the
survey, given that nearby production includes perfluorinated
polyvinyl ethers, empirical formula (CF2)n(CF2O)m. The
production of the ammonium salt of 2,3,3,3-tetrafluoro-2-
(heptafluoropropoxy) propanoic acid,21 where n = 3, m = 1, R1
= COOH is shown in the above scheme, and “Nafion”, a
copolymer of tetrafluoroethylene and perfluoro(4-methyl-3,6-
dioxaoct-7-ene)sulfonic acid, a monomer where n = 3, m = 2,
R1 = SO3H is shown as above.50 Numerous molecules in this
series were found during this sampling event (Table 1).
Compound 2 was identified previously in historical sampling

in the river basin;29 however, the UPLC separation resolved

two isomeric structures with different MS/MS fragmentation
patterns (Figure 1), which was not observed for other Group A
species. The more abundant isomer of compound 2 (2B) is
available as a standard, and its MS/MS fragmentation pattern
and retention were confirmed to match the tentative
assignment. The additional isomer is currently not commer-
cially available and was assigned on the basis of MS/MS
fragmentation and the shift in reverse phase retention time,
indicative of increased branching (Schymanski Level 2b).51

The primary fragments for perfluorinated ether carboxylic
acids are typically decarboxylation (neutral loss of 43.9898 Da)
and production of the terminal ether fragment (here CF3O

−,
84.99067 Da). Sulfonated acids produce a sulfonate (SO3

−,
79.9568 Da) fragment instead of a decarboxylation, but the
primary structural fragment remains the terminal ether. These
patterns were observed across all Group A compounds, but the
lack of significant internal fragmentation makes it difficult to
assign complete linkage isomerization of longer perfluorinated

Table 1. Identified Perfluorinated Ether Acids

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

1 1 C3HF5O3 179.9846 1.68 1 674-13-5 29

2 1 C4HF7O3 229.9814 2.18 2 13140-29-9, 377-73-1 29

3 1/2b C4HF7O4 245.9763 0.41 1 39492-88-1 29

4 2b C5HF9O3 279.9782 1.43 1 267239-61-2 29

5 3 C5HF9O4 295.9731 2.71 1

6 1 C5HF9O5 311.968 0.96 1 39492-89-2 29

7 1 C6HF11O3 329.975 1.22 1 13252-13-6 29

8 3 C6HF11O4 345.9699 0.58 1

9 3 C6HF11O5 361.9648 0.83 1

10 1 C6HF11O6 377.9597 1.59 1 29

11 4 C8HF13O4 407.9667 0.25 1

12 3 C7HF13O5 411.9616 1.46 1

13 1 C7HF13O7 443.9515 0.90 1 29

14 2b C4HF9O4S 315.94518 1.97 1 113507-82-7 29

15 3 C5HF11O4S 365.94199 0.85 1

16 1 C7HF13O5S 443.93371 0.20 1 29311-67-9 29

17 3 C8HF15O5S 493.93052 0.04 1

Figure 1. Determination of isomeric branching of perfluorinated ether compounds based on MS/MS fragmentation patterns. Compound 2A elutes
at 3.8 min and has multiple major mass fragments. Compound 2B elutes later at 4.5 min and fragments only at the terminal ether linkage.
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ethers based on MS/MS alone, and many compounds remain
level 3 identifications.
The initial patent description of the polyvinyl ether process

refers to the creation of multiple competing side reactions and
low molecular weight polyfluoro-ether byproducts,52,53 which
have been used as reactants and starting materials in more
complicated copolymer production schemes.54 Without further
information about manufacturing processes, it is not
immediately clear which reactions and waste streams yield
the perfluoroether compounds detected and whether they are
primary or secondary waste products. Further, broader
nontargeted efforts would be necessary to determine whether
they are contained in finished products directly impacting
consumers or only in the nearby environment; however, the
spatial and temporal correlation of detected species is highly
suggestive of the point source (i.e., manufacturing outfall).
Group B: Multi-Headed Perfluoroether Species.

Perfluoroether species previously described can be thought
of in a more general sense as compounds with the form R1-
(CF2)n(CF2O)m-R2, where R1 and R2 are both variable head
groups. While R1 is CF3 for the Group A perfluorinated acids
previously discussed, some compounds were observed with
multiple acidic groups (R1, R2 = −COOH or −SO3H). This
group of compounds was identified in both −1 and −2 charge
states and had initial predicted formulas suggesting an
overabundance of oxygens which could only be structurally
supported by multiple acidic sites on the perfluorinated
backbone. Further, diagnostic ions for CO2 and/or SO3 were
observed (Figure 2). We grouped these species as Group B,
multiply sulfonated and/or carboxylated perfluorinated ether
acids (Table 2).
While these species have not been previously reported in

environmental media, to the best of our knowledge, the
literature of fluorochemical manufacturers proposes a few

possible structures in this group, primarily as side products in
fluoropolymer production and degradation.55−57 The forma-
tion of short chain fluorosulfonyl (−SO2F) and acyl fluoride
(−COF) fluoroethers formed as byproducts or intermediate
steps in fluoropolymer synthesis is the likely source of
precursor compounds that degrade into the observed
compounds.52 Aqueous hydrolysis of the acid fluoride
intermediates during production or water treatment yields
the familiar carboxylic acid (−COOH) and sulfonic acid
moieties (−SO3H), while more basic conditions (e.g., KOH,
Na2CO3, etc.) yield further hydrolysis products (Scheme 1).
These full and partial hydrolysis reactions are well-known steps
in fluoropolymer production and in the abatement of
fluoroether salts.59−61

Figure 2. Annotated MS/MS spectrum of precursor m/z 174.9496 (compound 18), assigned the molecular formula C2H2F2O5S.

Table 2. Identified Perfluorinated Ether Acids with Multiple Acidic Sites

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

18 2b C2H2F2O5S 175.9591 0.57 1 422-67-3 55

19 2b/3 C5H2F8O6S 341.9444 2.35 2 790642-73-8 55

20 3 C6H2F10O5 343.9743 2.33 1 919005-07-5 56

21 4 C7H3F11O7S 439.9424 0.68 2

22 2b/3 C7H2F12O6S 441.938 0.23 2 852157-01-8 57

23 2b/3 C8H2F14O7S 507.9298 1.18 2 1235024-21-1 57

24 2b/3 C7H3F13O8S2 525.9062 0.19 2 916340-65-3 58

Scheme 1. Transformation of a Fluorosulfonyl/Acyl
Fluoride Fluoroether to Sulfonate End Products by
Hydroloysis
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Group C: Single-H Containing Polyfluorinated Acids.
Another subset of fluorinated compounds, Group C, was
identified with molecular formulas containing a single F → H
substitution compared to that in the Group A perfluorinated
ether compounds (Table 3). For example, compound 14
(C4HO4SF9) and compound 26 (C4H2O4SF8) differ by the
substitution of a hydrogen for a fluorine. These compounds are
highly isomerized, and MS/MS fragmentation is frequently
insufficient to unequivocally assign the structure; the structures
presented in the Supporting Information (Table S-2) are
representative of a single observed isomer.
The production of polyfluorosulfonic acid ethers of the form

R-OCFH−CF2−SO3 was described in early patent filings,58

and their use as fluoropolymer surfactants was mentioned in a
follow up.62 The use and production of these chemicals as part
of Nafion manufacturing is assumed to be responsible for at
least some of the observed species. In contrast to the
previously mentioned literature structures, MS/MS fragmenta-
tion of some polyether sulfonate isomers indicates that the
single hydrogen substitution occurs on the tail ether rather
than adjacent to the head; for example, the fragment
C2HF4O− (116.9969 Da) from one isomer of compound 30
(Supporting Information Figure 64) is derived from a two
carbon polyfluorinated ether unit (Supporting Information Ta-
ble S-4). These species are assumed to be products of the
fluorosulfonyl and/or acyl fluoride species which produced
Group B but further decomposed. The complete loss of a
headgroup (e.g., decarboxylation) during production, waste
treatment, or naturally in surface water would yield a
compound with a single hydrogen in that site (Scheme 2).
Thermally decarboxylated perfluoroether species are noted as
potentially undesirable byproducts of fluoropolymer produc-
tion in the patent literature of fluoropolymer production,60 and

partially decarboxylated species are noted as possible products
from multiply acidic species such as Group B chemicals.63

Presence and Prevalence of Novel Species. The lack of
authentic standards limits the potential for quantitative
measurements of novel compounds; relative abundance and
semiquantitative estimates of emerging compounds are all that
are available. However, this information remains useful for
targeting individual chemicals for follow-up study and for
monitoring environmental changes in response to systemic
actions. Our examination of the May 2017 downstream sample
could assign 35 of the top 50 most abundant features,
corresponding to ∼90% of the total ion current in the sample
(Figure 3). While ion abundances are sensitive to many aspects
of the sample matrix and molecules, the structural similarity of
the fluoroethers would suggest some similarity in instrument
response, and that species can be roughly compared. At least
one species of each of the three major chemical groups
outlined (groups A, B, and C) exhibited a higher ion
abundance than the HFPO-DA species with a targeted health
goal. Further, of the targeted compounds detailed in EPA
537,45 only perfluoropentanoic acid (PFPeA) is present in the
top 50; thus, the fluorochemical load in the system would be
greatly underestimated by traditional targeted approaches.
Additionally, including the compounds previously detailed in
studies of the Cape Fear River29,30 accounts for only ∼50% of
the total ion intensity in the initial sample, suggesting that even
single-time-point nontargeted survey can fail to sufficiently
capture the chemical complexity of a location.
An advantage of nontargeted analysis is the historical data

banking of samples and the ability to perform relative
quantification across disparate sample sets. The comparison
of chemical species abundance over the time period from May
2017 to February 2018 revealed several distinct abundance
patterns from simple visual inspection (Figure 4). Many
fluoroether species exhibited exponential decline in concen-
tration (Figure 4, left) while others showed lagging or even
temporarily increased abundances (Figure 4, center and right).
Matrices of the weekly relative ion abundance of each of the

identified chemical features over the eight sampling points
were clustered for similarity using Ward’s clustering criterion
implemented in R hclust;38 p-value calculations for clusters
were performed using multiscale bootstrap resampling
implemented in the pvclust package. Clustering of the time-
trend data yielded six distinct chemical clusters (Figure 5,
Supporting Information Figures 84−89).

Table 3. Identified Polyfluorinated Ether Acids with a Single Hydrogen Substitution

ID Conf Formula Theoretical [M] ppm error Isomers CAS Ref

25 2b/3 C3H2F6O4S 247.9578 1.62 3 905363-45-3 58

26 1 C4H2F8O4S 297.9546 1.35 1 905363-44-2 58

27 2b/3 C5H2F10O4S 347.9514 1.15 3 935443-55-3 58

28 3 C6H2F12O4S 397.9482 1.51 2

29 3 C8H2F14O4S 459.9450 0.00 3

30 2b/3 C5H2F8O3 261.9876 1.15 3 919005-00-8, 919005-13-3 56

31 2b/3 C6H2F10O3 311.9844 1.61 3 919005-19-9 56

32 3 C7H2F12O3 361.9812 3.05 1 919005-26-8 56

33 3 C6H2F12O5S 413.9431 0.00 2

34 1 C7H2F14O5S 463.9399 1.30 2 749836-20-2 29

35 4 C9H2F16O6S 541.9317 0.00 1

36 1 C8H2F14O4 427.9730 2.11 1 773804-62-9

37 4 C8H2F14O7 475.9577 4.42 2

Scheme 2. Transformation by Decarboxylation of
Sulfonated Carboxylic Acid Perfluoroether to Yield the
Polyfluorosulfonic Acid
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These clusters support the hypothesis that multiple
production processes generate distinct groups of the chemicals
observed in the Cape Fear River, as the compound abundances
are correlated over time and are chemically similar based on
naive classification. For example, the cluster at branch 16
(Figure 5) contains the H-substituted sulfonic acid ethers from
Group C. These compounds abruptly and almost uniformly
vanish following the initial sampling event (Supporting
Information Figure 86), while the clusters at branches 13
and 18 contain the perfluoroether carboxylic acids and their
associated H substituted versions; both classes exponentially
and smoothly decrease from the early sampling events
(Supporting Information Figures 84,87). Other clusters
contain more chemical variation, as well as more complex
time-trend patterns, that may be reflective of species with
multiple sources or processes involving multiple PFAS classes.
It is worth noting that the chemical assignment provided to

each feature is not required for clustering. Application of the
clustering approach reveals chemical feature relationships that
could be used to target unidentified species for follow-up
analysis based on their close association with compounds of
interest (e.g., HFPO-DA), and occurs before the assignment of
formulas or structures.
Environmental Impact. The phase-out of PFOA/PFOS

and longer-chain PFAS materials has led to an increased

prevalence of replacement chemicals. The chemical groups
detailed here are derived from processes and procedures that
are over 20 years old within the fluorochemical production
industry but are only now becoming apparent due to increased
scrutiny of environmental media and the proliferation of
nontargeted methodologies. Fluorinated ethers such as those
described here have been reported in the Cape Fear River
previously.29,30 Similar structures have been reported in
numerous locations worldwide, indicating that emerging
PFAS are every bit as ubiquitous as their PFOA/PFOS
antecedents.64,65 Physiochemical characteristics of similar
perfluorinated ether compounds suggest that the fluoroether
substances are of reduced health impact compared to similarly
sized perfluorinated acids, but retain some degree of health
risk.66 Further, longer-chain perfluorinated ethers are not
currently regulated similarly to long chain perfluorinated acids
and exhibit similar bioaccumulation potential, as evidenced by
the preliminary reporting in human blood in spite of their
relative low abundance in surface water.67 Efforts to determine
reasonable health levels for these emerging compounds are
ongoing. During the preparation of this manuscript, the state of
North Carolina set a drinking water health goal for a single
perfluorinated ether acid (PFECA) compound, HFPO-DA, at
140 ng/L, based on their assessment of human health risk from
available data submitted in the European Union.31,68,69

Figure 3. Total ion abundance as a percentage of the sum of all chemical features for compounds identified in a May 2017 sample of the Cape Fear
River downstream of a fluorochemical manufacturer. Selected highly abundant compounds confirmed by standards obtained from and labeled by
Chemours include: compounds 1 (PFMOAA), 26 (NVHOS), 7 (HFPO-DA), 34 (PFESA2), 22 (PFESA4), and perfluoropentanoic acid (PFPeA).

Figure 4. Scaled ion abundance of three chemical features confirmed by standard and detected in the Cape Fear River over a time course sample.
Time points one to six were taken weekly beginning June 19, 2017 with time points zero and seven being collected in May 2017 and February
2018, respectively.
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Sulfonated ether substances in this measurement series are
primarily associated with sulfonated fluoropolymer production,
specifically the Nafion polymer, and are of lesser widespread
concern due to the limited manufacture of such polymers and
their primary application being energy-related technologies,
such as fuel cells.50 Nevertheless, for locations that are exposed
to such manufacturing waste streams, sulfonated fluorinated
acids have shown higher accumulation potential and
toxicological effects than equivalent carboxylic acids.19 Further,
other sulfonated ether acids, such as F-53B, have shown
equivalent bioaccumulation potential as the regulated per-
fluorinated sulfonic acid PFOS.70,71 Other sulfonated fluo-
roether species have begun to be detected by other groups, but
they exhibit different structural elements and likely have
different origins that need to be examined independently.64,72

The continued appearance of new PFAS species necessitates
an increase in the generation of toxicological profiling and
monitoring efforts to assess human risk from exposure to these
novel chemicals.
With regards to human exposure, it has been demonstrated

that perfluoroether compounds are poorly cleared by water
treatment processes, including activated carbon, and the most
effective method of removal is through source control.30,73

Long-term monitoring of impacted watersheds remains an
important tool for both detecting new chemical species over
multiyear time scales and for determining shorter-term changes
in local chemical load. An application of this approach to other
watersheds has been effective for other chemical classes, such
as surfactants.23,47 During the course of this study, our
monitoring activities resulted in the cessation of discharge from
the vinyl ether production at the source manufacturing
location, which resulted in a concomitant decrease in PFECAs
hypothesized to derive from that process, but not in the
immediate reduction of the perfluorinated ether sulfonic acid
(PFESAs) species since they derive from a different source
than the PFECAs.33 Targeted methods and single time-point
nontargeted surveys can easily miss transient chemicals or

underestimate chemical loads for exposure assessment; some
species spiked as much as 5-fold during the sampling period
(cluster branch 27, Supporting Information Figure 88), even as
other compounds were declining. The proactive application of
a nontargeted screening approach is capable of identifying and
monitoring chemicals present in the water, even prior to
complete structural elucidation or toxicological analysis and
provides a useful tool toward those ends.
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Justifications:

Justification 1:

1)     The conceptualization, development and application of the Climate Resilience
Screening Index (CRSI) (also referred to as NaHRSI – Natural Hazard Resilience
Screening Index and after 2020 as CRSI – Cumulative Resilience Screening Index)
was requested by the EPA Administrator through the ORD Assistant Administrator
(previous administration) to provide a mechanism for the comparative evaluation of
the climate/natural hazard resilience capacity of counties/communities throughout
the United States. This index was designed to be used examine the strength of
resilience to natural hazards, identify the contributing factors to that resilience,
assess the local shortcomings in order the provide guidance for capacity building
and to rank locales for Agency investment for capacity building. The index is the
first approach to integrate environmental, economic and social attributes affecting
resilience into a single representation. Other approaches examine a single attribute
type or possibly two. The index provides direct support to the Office of Land and
Emergency Management (OLEM) for emergency preparedness and response and to
the Agency’s mission of protecting human health and the environment. Similarly,
CRSI provides support for the Agency Strategic Goals #1 (Core Mission) and #2
(Cooperative Federalism). CRSI provides information the results that enhance a
county’s or community’s ability to protect its land, air and water resources and
ensure chemical safety as well as provides counties and communities with the
means to assess their resilience and create tangible improvements to that resilience.

The applications of the index demonstrate its utility at the national (Summers et al.
2018a) and regional (Summers et al 2018b) levels. Both applications provide the
Agency with important information concerning the potential resilience of counties,
states, regions and the nation to natural hazard events individually and combined.
The first manuscript (Summers et al. 2018a) provides national level information of
importance to EPA’s Office of Land and Emergency Management (OLEM) for
preparedness and responsiveness to natural hazards. The second manuscript
(Summers et al. 2018b) provides regional level information that can be useful for
EPA regions for preparedness and responsiveness to these events. The third
manuscript provides the basis for the development of the risk domain used in CRSI
that represents exposure and loss levels for each type of natural hazard.

Justification 2A:
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The applications of the index demonstrate its utility at the national (Summers et al.
2018a) and regional (Summers et al 2018b) levels. Both applications provide the
Agency with important information concerning the potential resilience of counties,
states, regions and the nation to natural hazard events individually and combined.
The first manuscript (Summers et al. 2018a) provides national level information of
importance to EPA’s Office of Land and Emergency Management (OLEM) for
preparedness and responsiveness to natural hazards. The second manuscript
(Summers et al. 2018b) provides regional level information that can be useful for
EPA regions for preparedness and responsiveness to these events. The third
manuscript provides the basis for the development of the risk domain used in CRSI
that represents exposure and loss levels for each type of natural hazard.

Justification 2B:

J. Kevin Summers:

             

Summers, K. M. McCullough E. Smith, M. Gwinn, F. Kremer, M. Sjogren, A.
Geller and M. Slimak. 2014. The Sustainable and Healthy Communities Research
Program: The Environmental Protection Agency’s Research Approach to Assisting
Community Decision-Making. Sustainability 6: 306-318.

Summers, J.K., L.M. Smith, L.C. Harwell, J.C. Case, K.M. Wade, K.R. Straub, and
H.M. Smith. 2014. An index of human well-being for the U.S.: A TRIO approach.
Sustainability 6:3916-3935. (Received Honorable Mention Award – 2014)

Summers, J.K. and L.M. Smith. 2014. The roles of social and intergenerational
equity in making changes in human well-being sustainable. Ambio 43: 718-728.
(Submitted 2015)



Page 4 of 17

Smith, L. M., Wade, C. M., Case, J. L., Harwell, L. C., Straub, K. R., & Summers,
J. K. (2015). Evaluating the transferability of a US human well-being index (HWBI)
framework to Native American populations. Social Indicators Research, 124(1),
157-182. (Nominated 2019)

Summers, J.K., L.C. Harwell and L.M. Smith. 2016. A model for change: An
approach for forecasting well-being from service-based decisions. Ecological
Indicators 69:295-309. (Nominated 2019)

Buck, K.D., J.K. Summers, L.M. Smith and L.C. Harwell. 2017. Application of the
Human Well-Being Index to Sensitive Population Divisions: A Children’s

11(4): 1249-1280.Well-Being Index Development. Children’s Indicator Research 
(Nominated 2019)

Summers, J.K., L. M. Smith, L. C. Harwell, K. D. Buck, E. M. Hunter, S. F. Hafner
and D. M. Nelson. 2017. Conceptualizing Holistic Climate Resilience: Foundation
for the Climate Resilience Screening Index. GeoHealth 1: 151-164. (Nominated
2019; Awarded Level 1)

Hecht, A., A. Ferster and K. Summers. 2017 EPA Leadership on Science,. 
Innovation, and Decision Support Tools for Addressing Current and Future
Challenge. Jacobs Journal of Environmental Sciences 3:21

Summers, J.K. and D. N. Vivian. 2018. Ecotherapy: An unrealized ecosystem
service. Frontiers in Psychology. 9: 1389. Doi: 10.3389/fpsyg.2018.01389
(Nominated 2019)
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Summers, J.K., L.M. Smith, L.C. Harwell, K.D. Buck. 2018. Measuring

community resilience to natural hazards; The Natural Hazard Resilience
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toward coupled socioecological systems and questions of adaptation of humans in nature (Carpenter et al.,

1999, 2001; Walker, 1993; Walker et al., 2002). In general terms, resilience is a characteristic of human (or

social/societal) and natural systems exhibiting a capacity to withstand and recover from an adverse shock

or event Keck & Sakdapolrak, 2013). In towns and cities, resilience is promoted through planning while in nat-

ure, this trait is assumed inherent (Meadows, 2008; National Research Council, 2012). While societal and eco-

logical resilience are highly dependent on one another, an examination of resilience literature reveals that

one is often described without appreciation of the other or in the context of their opposing roles

(Handmer et al., 2012). Similarly, previous research suggests that positive aspects of county and community

quality of life are linked to not only built environments but natural ones as well (Smith et al., 2012; Summers

et al., 2012). Any discussion of resilience would be incomplete without considering the role of natural ecosys-

tems, as they could influence many of a county’s and community’s vulnerability and recoverability character-

istics (Summers et al., 2016, 2012, 2014).

In the context of the research presented here, vulnerability describes the propensity or predisposition to be

adversely affected while resilience describes the ability of a system and its component parts to anticipate,

absorb, accommodate, or recover from the effects of a hazardous event in a timely and efficient manner

(Intergovernmental Panel on Climate Change, 2012). Much of the existing resilience literature focuses on

either vulnerability (risk) or recovery (e.g., Cutter et al., 2003; Frazier et al., 2014) as independent constructs

of resilience. Summers, Smith, et al. (2017) suggest that a more holistic relationship exists, where an intersec-

tion of vulnerability and recoverability sits along a spectrum of resilience. The position of human and natural

systems along this gradient reflects their ability or capacity for resilience. In terms of natural hazards, for

example, both people and nature can absorb, recover from, and adapt to adverse events (Berkes & Ross,

2013; Gunderson, 2010); however, the degree of resilience is reflected in their mechanisms for recovery.

This leads to the concept of basic resilience and recovery potential. Basic resilience can be determined by

a direct relationship between risk of a natural hazard occurring and planning, regulation, and training by a

community to be ready to face that risk (governance). Thus, basic resilience could be characterized by ratio

of level of governance to the likelihood of risk (governance/risk). Similarly, a community’s ability to recover

from the realization of a natural, hazard event can be exacerbated or diminished by local factors relating

to the social structure of the community, the natural environment, and the built environment (Berkes

et al., 2003; O’Brien et al., 2009; Pelling & Manuel-Navarette, 2011). These concepts of basic resilience, adapta-

tion, and transformation are included in the development of Natural Hazard Resilience Screening Index

(NaHRSI) below.

Ecosystems have innate structures and functions (such as diversity and redundancy) to facilitate recovery

from an adverse event (Holling, 1986; Melillo et al., 2014; National Fish, Wildlife and Plants Climate

Adaptation Partnership, 2012). Human systems rely on planning and preparation to mitigate known natural

hazard exposures and reduce vulnerabilities (Magus, 2010; Tobin, 1999). In both systems, the success of the

recovery process is dependent on the robustness of the mechanism. This robustness refers to the system’s

ability to resist or tolerate change without adapting its initial stable configuration (Meadows, 2008). In the

case of nature, ecological conditions may be the factor determining robustness of resilience while the depth

and breadth in resilience planning or governance are pillars for resilience in built environments. In the con-

text of governance and risk, the intersection of the status of society and the natural and built environments

can modify actual local area resilience to natural hazard events. Understanding how different aspects of resi-

lience reflect a community’s capacity for adaptive management is critical for envisioning urban systems and

natural ecosystems that can persist through extreme weather events.

A community’s ability to endure and recover from abrupt system shocks is an important factor for sustainabil-

ity. Natural hazard events (e.g., droughts, hurricanes, and floods) can impose long-lasting and significant

effects that can impact people and the natural systems on which they depend for sustenance, protection,

livelihoods, and recreation. As losses stemming from these events have continued to rise, there has been a

notable increase in communities seeking economic, social, and ecological solutions to improve both their

sustainability and resilience. The concepts of sustainability and resilience are closely tied as more county

and community decision makers recognize that recurring and anomalous weather events may impede

achieving their sustainability goals without appropriate and actionable preparation. Therefore, it is not sur-

prising that interest in the subject of resilience related to natural disasters, both cyclic and evolving,

is growing.
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The concept of resilience has evolved over the past several decades, particularly given the increased interest

in preparing for and addressing the current and future challenges we (nations, states, and cities) face, includ-

ing threats posed by major meteorological events. However, the topic of resilience is a disputed and heavily

debated subject regarding anthropogenic and natural systems (Patel et al., 2017). The varying ideas about

community resilience generally align, but they are applied differently across the field of resilience research.

These differences in application have historically made it difficult for policy makers to identify priorities for

improving resilience (e.g., increased governance vs. enhancement of training and economic development,

natural resource conservation versus enhancement of social services, and investment in the built environ-

ment vs. investment in risk reduction). Despite the differences in conception and application, there are

well-understood elements that are widely proposed as important for a resilient community, agreeing that

community resilience relates to the sustained ability of a community (a socioecological system) to utilize

available resources to respond to, withstand, and recover from adverse difficulties or perturbations

(Federal Emergency Management Agency, FEMA, 2011, 2012, 2017; RAND Corporation, 2017).

The NaHRSI was developed using publicly accessible data (e.g., databases available through websites) to help

decision makers identify the characteristics that make resilience stronger and weaker. NaHRSI integrates the

various viewpoints regarding resilience in terms of potential exposures to natural hazards, governance prac-

tices, and the conditions observed in societal, built, and natural systems to inform resilience planning efforts.

The index focuses on county-scale measures, the policy action level that is most broadly applicable. While dis-

aster event planning occurs at smaller spatial scales for some urban areas and communities, these data are

generally not available for all areas of the Nation. The NaHRSI framework (Summers et al., 2017) serves as a

conceptual roadmap to describe the potential impact of natural hazard events impact on a community in

the context of exposures and county characteristics. By addressing the factors that influence vulnerability

and recoverability, an estimate of resilience can gauge how changes in these characteristics could potentially

impact a community’s ability to recover from given specific hazard profiles. Ultimately, this knowledge can

help communities identify areas to target for improvement to increase their resilience to natural

hazard events.

2. Approach

2.1. Conceptualizing Resilience

As part of the conceptualization of NaHRSI, existing community resilience characterization methods and

approaches were reviewed with the intent to identify mainstream resilience indicators and indices and deter-

mine the applicability of each within the scope of the development of NaHRSI (Summers, Smith, et al., 2017).

In summary, an initial search produced 369 print and web publications, which was further reduced by using

selected criteria (e.g., quantifiable, integrated, and focus on natural disasters). The resulting pool of 27 pub-

lished indices representing 57 candidate indicators from this review demonstrated measures that favored

an integrated socioeconomic and ecological development approach and showed notable trends toward

the use of composite indices for the characterization of community resilience. The 27 published indices

and their indicators, in relation to the likely NaHRSI domains, are shown in Table 1.

2.2. Determination of Natural Hazard Event Factors to Be Included in NaHRSI

The National Climate Assessment summarized the current and future impacts of climate change in the United

States (http://sca2014.globalchange.gov/report). In the construction of this index, the likely changes in nat-

ural hazard events associated with geographic regions throughout the United States were assessed, as well

as the infrastructure challenges these changes would likely create. Extended heat waves (with associated

drought), more frequent heavy downpours (with associated flooding), sea level rise, enhanced insect out-

breaks, increased wildfires, altered timing of streamflow, increased and faster sea ice and glacial loss, and

increased major storm events (including hurricanes, tornadoes, and superstorms) were identified as impacts

likely to be seen in the coming decade. Similarly, infrastructure issues were identified as likely contributors to

the impacts of these weather-related events. Discussions with climate and natural hazard experts in each of

the 10 Environmental Protection Agency regions, in conjunction with the information provided by the

National Climate Assessment (Melillo et al., 2014) and the 100 Resilient Cities report (ARUP, 2014), yielded

12 natural hazards that would be included in NaHRSI:
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Table 1

Summary of Literature Reviewed Index by Topical Areas of Interest for Development of NaHRSI

Note. Intensity of color represents the number of potential indicators and metrics (lighter color—lower number to darker color—higher number). The numbers refer to the existing measures related
to topic of interest. ARI = Agricultural Resilience Index (Ciani, 2012); AWRVI = Arctic Water Resource Vulnerability Index (Alessa et al., 2008); BRIC = Baseline Resilience Indicators for Communities
(Cutter et al., 2014); CRI = City Resilience Index (ARUP, 2014); CRISLR = City Resilience Index to Sea Level Rise (Abdrabo & Hassaan, 2014); CDRI1 = Climate Disaster Resilience Index 2011 (Joerin &
Shaw, 2011); CDRI2 = Community Disaster Resilience Index 2010 (Peacock et al., 2010); CResI = Community Resilience Index (Kafle, 2012, Renschler et al., 2010); CRIG = Community Resilience
Index for the Gulf of Mexico (Baker, 2009); CRiskI = Community Risk Index (Daniell et al., 2010); MCCR = Composite measure of coastal community resilience (K. Li, 2011); MCR = Composite measure
of community resilience (Meher et al., 2011); MRR = Composite measure of regional resilience (Martini, 2014); M-RD = Composite measure of resilience to disasters (Kusumastuti et al., 2014); M-
EI = Composite measures of ecological integrity (Vickerman & Kagan, 2014); DRI = Displacement Risk Index (Esnard et al., 2011); EJSI-EJ SCREEN Index (U.S. Environmental Protection Agency,
2015); EPI = Environmental Performance Index (Hsu et al., 2016); ESI = Environmental Sustainability Index (Esty et al., 2005); EVI = Environmental Vulnerability Index (Pratt et al., 2004); FRI = Flood
Resilience Index (Batica, 2015); FVI = Flood Vulnerability Index (Balica, 2012); HRI = Household Resilience Index (Cassidy & Barnes, 2012); M-CRD = Metrics for community resilience to disasters
(Burton, 2015); RFI = Resilience Factor Index (Ainuddin & Routray, 2012); RIMM = Resilience Inference Measurement model (Lam et al., 2016; C. Li, 2013); SSI = Sustainable Society Index (van de
Kerk & Manual, 2014).
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1. Hurricanes

2. Tornadoes

3. Inland floods

4. Coastal flooding

5. Earthquakes

6. Wildfires

7. drought

8. High winds

9. Hail

10. Landslides

11. Low-temperature extremes

12. High-temperature extremes

2.3. The NaHRSI Conceptual Framework

No singular approach from the literature survey existing composite measures of natural hazard resilience met

all of the expected needs for developing NaHRSI. Collectively, however, the reviewed literature provided

many of the building blocks (e.g., suites of indicators, indicator groupings, and domains). A heat map table

(Table 1) depicts the distribution of metrics used in the final 27 indices across resilience topics of interest

to NaHRSI. To varying degrees, all of the existing indices offered patterns of indicator groupings, which were

allocated into five domains to describe overall resilience: natural environment, built environment, society,

governance, and risk. None of the indices reviewed provided all possible indicators necessary for the con-

struction of NaHRSI. However, 10 of the reviewed publications included information relevant for describing

the NaHRSI domains. Information pertaining to the Natural Environment, governance, and risk domains were

most frequently excluded from existing indices. Five indices—BRIC, CDRI1, CDRI2, M-RD, and M-CRD (Burton,

2015; Cutter et al., 2014; Joerin & Shaw, 2011; Kafle, 2012; Kusumastuti et al., 2014; Peacock et al., 2010;

Renschler et al., 2010)—offered fairly comprehensive descriptions of indicators relevant for quantifying

NaHRSI domains. The Climate Disaster Resilience Index 2011 (CRDI1) contributed the most to the proposed

NaHRSI structure, addressing all domains based on a suite of 18 indicators.

The final conceptualization of NaHRSI is discussed in Summers, Smith, et al. (2017) and includes five

domains composed of 10 indicators, which, in turn, were derived from 117 unique metrics. Figure 1 depicts

the final NaHRSI conceptual framework including the domains and indicators of the index. A summary of

the domains, indicators, and types of metrics used in NaHRSI is provided in Table 2. The selection of the

domains and indicators are completely described in Summers, Harwell, et al. (2017) and are summarized

here for completeness. The domains included in NaHRSI include risk, governance, society, built environ-

ment, and natural environment. In accordance with the concept of basic community resilience to natural

hazards being driven by the likelihood of an event occurring and the community’s preparation for such

an event, the domains of risk and governance are included at the base of the conceptual model

(Figure 1) to denote basic resilience as some relationship between risk and preparedness. Exposure and

losses comprise the indicators for risk (discussed below) and community and personal preparedness

(Adager et al., 2005; Linnenluecke et al., 2012; Paton & Johnston 2001) and natural resource conservation

(Strickland-Munro et al., 2010; Tompkins & Adger, 2004) represent the indicators for governance. Twenty

metrics contribute to the two indicators for the risk domain and five metrics contribute to the three indi-

cators for the governance domain (Table 2).

The remaining domains include elements that could exacerbate or diminish the vulnerability and recovery

potentials of a community to an event or postevent. These include society, built environment, and natural

environment. Societal indicators that can modify vulnerability or recovery include availability of social ser-

vices (Dominelli, 2013), the type of available labor or trades within the community (Kirrane et al., 2013), safety

and security requirements (Christopher & Peck, 2004; Keim, 2008), the socioeconomics and economic diver-

sity of the community (Klein et al., 2003, Linnenluecke et al., 2012), the health characteristics and availability

of health care access in the community (Ebi, 2011; Oven et al., 2012), basic demographic information concern-

ing the community (Balbus & Malina, 2009), and the cohesiveness of the community (Baldwin & King, 2018;

Meitzen et al., 2018; Sanchez et al., 2017). Fifty metrics are utilized to describe these indicators of society

(Table 2). Built environment indicators that can modify vulnerability or recovery include multiple
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Figure 1. Final Natural Hazard Resilience Screening Index conceptual framework. Arrows projected from boxes to the left

and right represent hypothetical increases and decreases in ranges for indicators (black arrows) and domains (colored

arrows). CRSI = Climate Resilience Screening Index.
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Table 2

List of NaHRSI Domains, Indicators, Scope, and Number of Metrics

Domain Indicator(s) Metric(s)

Built Environment (5/24) Communication Infrastructure Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation infrastructure Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance (3/5) Community preparedness Community resilience strengthening (2)

Natural resource conservation Natural Resource Recovery (1)

Personal preparedness Personal property hazard protection (2)

Natural Environment (2/18) Condition Biodiversity, using birds as a proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem types Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk (2/20) Exposure Earthquake probability (1)

Extreme high temperature incidents (1)

Extreme low temperature incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind incidents (1)

Nuclear presence (1)

RCRA sites (1)

Superfund sites (1)

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes human and property measures) (1)

Natural area loss (1)

Dual-benefit area loss (includes cropland and managed area measures) (1)

Society (8/50) Demographics Vulnerable population (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact personal Resilience (9)

Labor and trade services Construction recovery (8)

Safety and security Provisioning of emergency and civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical services (15)

Socioeconomics Employment opportunity (1)

Personal economics (2)

Built Environment (5/24) Communication infrastructure Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation infrastructure Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance (3/5) Community preparedness Community resilience strengthening (2)

Natural resource conservation Natural resource recovery (1)
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infrastructure elements—communications (Martins et al., 2017; Wang & Wang, 2017; Zimmerman, 2017),

utilities (Ma et al., 2018; Panteli & Mancarella, 2017; Zimmerman et al., 2017), and transportation

(Linnenluecke et al., 2012; Wedawatta et al., 2010)—and housing characteristics (Cutter et al., 2008;

Dominelli, 2013; Henstra, 2012; Smoyer, 1998). Twenty-four metrics are compiled to represent the built

environment (Table 2). The natural environment domain describes the resilience of natural and managed

ecosystems through measures of ecosystem extent (Adager et al., 2005; Foley et al., 2005; Smit et al., 2000)

and condition (Foley et al., 2005; Stenseth et al., 2002; Walther et al., 2002). Eighteen metrics are combined

to represent the indicators within the natural environment domain (Table 2).

Table 2 (continued)

Domain Indicator(s) Metric(s)

Personal preparedness Personal property hazard protection (2)

Natural Environment (2/18) Condition Biodiversity, using birds as a proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem types Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk (2/20) Exposure Earthquake probability (1)

Extreme high temperature incidents (1)

Extreme low temperature incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind incidents (1)

Nuclear presence (1)

RCRA sites (1)

Superfund sites (1)

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes human and property measures) (1)

Natural area loss (1)

Dual-benefit area loss (includes cropland and managed area measures) (1)

Society (8/50) Demographics Vulnerable population (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact personal Resilience (9)

Labor and trade services Construction recovery (8)

Safety and security Provisioning of emergency and civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical services (15)

Socioeconomics Employment opportunity (1)

Personal economics (2)

Note. Numbers in parentheses for domains show the total number of indicators/total metrics in the domain. Numbers in parentheses for metrics for number of
metrics. RCRA = Resource Conservation and Recovery Act.

10.1029/2018GH000160GeoHealth

SUMMERS ET AL. 379



Metric data are documented in Appendix A of Summers, Harwell, et al. (2017). This appendix characterizes the

sources of the metric data, their ranges, and their directional relationship to the indicator and provided box-

and-whisker plots of the county-level data.

2.4. Data Collection and Preparation

Secondary data from established, publicly accessible sources served as the data foundation in the develop-

ment of NaHRSI. Nationally consistent, county-level, or equivalent-scale data available within the

2000–2015 time frame were targeted for culling. Where county-level data were not available (i.e., condition

of ecological systems by county), imputed values were calculated to achieve desired spatial unit representa-

tion. In short, ecosystem condition data were only available from national probabilistic surveys. These data

were imputed to provide an estimate of condition of each ecosystem type in each county. Metadata were

reviewed to ascertain appropriateness for use in NaHRSI. Collected data were age, population, or land area

weighted, as appropriate.

Ecological and distance-factored metrics were interpolated using the inverse distance weighting method to

arrive at the spatial unit of interest (county). Distance weighted values were derived using preset distance

buffers. Buffer values varied from 50 to 100 miles (roughly 80 to 160 km) depending on the ecological

resource or attribute the data represented.

Finally, all standardized values were geolocated to county. Because contributed data were not annually con-

sistent, standardized values were averaged across years within each county or county-equivalent unit. Mean

data were normalized on a 0 to 1.0 scale to form the metric basis for NaHRSI. The complement of data repre-

sents 3,135 of 3,143 counties and county equivalents, excluding eight boroughs from Alaska that were not

represented from secondary data sources.

2.5. Calculations

2.5.1. Risk Domain

The risk domain is a probabilistic calculation based on data provided by a partially derivedmultihazardmodel

using proportional land area exposure extent and accompanying losses data described in Buck et al. (2018)

and Summers et al. (2017). Themetrics include historical andmodeled exposures, basic likelihood of proximal

exposures, potential anthropogenic exposures, and losses. All standardized exposure metrics summed for

each county or county equivalent to calculate the exposure indicator. The loss indicator was derived from

the sum of standardized loss values stemming from natural hazard events that included human, property,

and crop monetary losses plus losses of natural lands to human development. Other sources of potential

losses occur (e.g., costs of business activities lost and tourism dollars lost), but no broadly applicable data exist

for these potential sources of loss. The risk domain measures were calculated for each county as the exposure

indicator valuemultiplied by the loss indicator value. The approach used to calculate the risk domain scores is

presented in Figure 2.

2.5.2. Built Environment, Governance, Natural Environment, and Society Domains

Indicators and domains, with the exception of risk (discussed separately), were derived using the following

approach:

1. Metric data were adjusted for age, population, or spatial area, as appropriate, prior to standardization (e.g.,

number of hospitals in a county adjusted by the population of the county).

2. Indicator scores were determined using the average of related standardized metric values, and each indi-

cator was standardized using the calculated range of the indicator.

3. Domain scores were determined from the average of appropriate standardized indicator values and then

standardized in preparation for the final NaHRSI calculation.

2.5.3. The Final Steps to NaHRSI

All domains for each county, parish, and borough (all referred to as county below) were min-max standar-

dized on a scale from 0.01 to 0.99. The final NaHRSI calculation begins as a scaled value for

recoverability/vulnerability derived from governance and risk (basic resilience) with the basic resilience value

being adjusted by the remaining domain scores for social, built environment, and natural environment to

represent enhancement of or diminution of basic resilience to complete the calculation of NaHRSI as shown

below:
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CRSI Bð Þi ¼ Ri
Vi ¼

Govi
Riski=

�

where NaHRSI(B)i = value of basic resilience (recovery/vulnerability or Ri/Vi) and Ri/Vi = governance in county

i/risk in county i. The overall NaHRSI score is calculated as follows:

CRSIi ¼ Govi þ Soc að ÞiGovi þ BE að ÞiGovi þ NE að ÞiGovið Þ=Riski

where NaHRSIi = the value of NaHRSI or adjusted resilience for county i and Soc(a)i, BE(a)i, and NE(a)i are the

adjustment multipliers for society, built environment, and natural environment in each county i and Riski is

the risk score for county i. The adjust factors are calculated as follows:

Soc að Þi ¼ Soci�Socmð Þ
.

Socm

where Soc(a)i is the adjustment multiplier for society in county i, Soci is the social domain score for county i,

and Socm is the median social domain score for all counties:

BE að Þi ¼ BEi�BEmð Þ
.

BEm

where BE(a)I is the adjustment multiplier for built environment in county i, BEi is the built environment

domain score for county i, and BEm is the median built environment domain score for all counties:

NE að Þi ¼ NEi�NEmð Þ
.

NEm

and where NE(a)I is the adjustment multiplier for natural environment in county i, NEi is the natural environ-

ment domain score for county I, and NEm is the median natural environment domain score for all counties.

Figure 2. Representation of the metric, indicator, and domain scores for risk domain of Natural Hazard Resilience Screening Index.
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The domains were weighted equally in the calculation of NaHRSI. An initial analysis was performed to assess

whether the NaHRSI results associated with basic resilience (governance and risk) varied in a predictable way.

Plotting the domain values of risk versus governance would, from a policy standpoint, be expected to have a

positive relationship—greater risk should be accompanied by greater governance. This examination of a

positive relationship between risk and governance was tested in three ways: (1) assessment analysis of risk

domain versus governance domain scores, (2) examination of the cumulative distribution function of basic

resilience (governance/risk), and (3) mapping basic resilience to examine potential patterns.

3. Results

3.1. Analyses of Basic Resilience (Governance/Risk)

An assessment of basic resilience is represented by the ratio of governance domain score to the risk

domain score (governance/risk). The expected result of the assessment is a 45° angle from low risk-low

governance to high risk-high governance. This finding would demonstrate that governance is developed

in proportion to risk. Significant deviation from this finding could reflect an underreaction or overreaction

to risk in terms of governance activities. Placing results into quantiles allows characterization of clusters of

counties as overreacting or underreacting to risk in terms of governance. In this categorical relationship,

generally any combination of risk and governance along the 45° angle (slope = 1.0) plus or minus one

category would be in the expected range. A combination of high risk and low governance would suggest

underreacting, whereas low risk and high governance would suggest overreacting. Mapping these risk-

governance ratio categories by county demonstrates any clustering throughout the United States to

detect spatial trends.

The assessment results based on normalized risk and governance domains are shown in Figure 3. These

results indicate that the governance score is generally higher than the risk score. Only 181 counties (5.8%

of the U.S. counties) have risk scores greater than their governance scores. This suggests that governance

activities in the vast majority of counties outweigh the risk of exposure to extreme natural hazard events.

This high governance to risk ratio is largely driven by a large number of counties with lower levels of risk

to devastating natural hazard events. Figure 4 depicts four management action types: low risk-high govern-

ance (A), high risk-high governance (B), low risk-low governance (C), and high risk-low governance (D). Types

B and C likely represent situations where the level of governance is commensurate with the level of risk. Type

A represents the largest number of counties and indicates a level of governance that exceeds the probable

level of risk. Type D indicates a level of governance that is significantly less than the level of risk. Type D coun-

ties are those most likely to demonstrate poor basic resilience to natural hazard events and would benefit

from increased governance measures.

The distribution of basic resilience for the counties was examined using a ratio of the governance-risk domain

scores to determine the roughly 500–1,000 counties with the largest risk to governance disparities. Figure 4

shows the county data from the assessment as a cumulative distribution function of basic resilience (govern-

ance/risk). Roughly 6% of counties have a basic level of resilience less than 1.0 indicating that risk is greater

than governance suggesting that these counties could be poorly resilient to a natural hazard event. About

56% of counties have basic resilience scores of greater than 2.0 basic resilience suggesting clearly sufficient

governance for the likely level of risk. While this result suggests that most counties in the United States would

be resilient to natural hazard events, it can be misleading as will be discussed in the next section. The remain-

ing percentage of counties (38%) with basic resilience values between 1 and 2 represent counties with a

greater potential to demonstrate inadequate planning given their likely risk. Counties in this category (basic

risk scores between 1 and 2) are characterized as more likely to depend on their community and natural

resources to provide the adequate services to improve overall resilience.

These county basic resilience scores were mapped to explore the spatial distribution of the quintiles for any

potential trends (Figure 5). Areas with the highest basic resilience scores tend to be in the northeast and scat-

tered through Midwest. Areas with the lowest basic resilience scores appear along the West Coast in the

southeast and Appalachia. Four counties (<1% of total) showed very low basic resilience scores of <0.25.

All of these counties are located in the southeast. Twenty-three counties demonstrated risk scores that were

twice their governance scores (i.e., <0.5) and again were predominantly located in southeast and lower

Midwest. Eighty counties had basic resilience scores <0.75 where the southeast contained 90% of the
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counties with the remaining counties in far west and southwest. Of all the counties in the United States with

basic resilience scores <1 (risk exceeded governance), 85% were in the southeast), 9% the south central and

southwest, 4% in the west, and < 1% in the Midwest.

3.2. National NaHRSI Results

Basic resilience is modified by social aspects and structures, the built environment, and the natural environ-

ment to represent overall resilience (the NaHRSI score). If these attributes are strong, then resilience (mainly

through recoverability) is enhanced. If these attributes are weak, then resilience for an area is reduced. The

following national results sections examine basic resilience as modified by societal, natural environment,

and built environment factors to determine an overall NaHRSI score. These scores were examined both

including and excluding the boroughs of Alaska. This modification was deemed prudent given the mixed

levels of data available for the Alaskan boroughs (some boroughs had all levels of data while others did not).

The U.S. NaHRSI score is 2.71 based on the average of NaHRSI scores for all counties in the United States,

excluding Alaska, ranging from �2.13 to 14.10 (including Alaska increases the max to 189.17). The NaHRSI

Figure 3. Linear assessment of risk versus governance based on domain scores. Ellipses represent differing management

implications with A: low risk-high governance (little increased governance necessary other than improvements for selected

below-average indicators; B: high risk-high governance (likely appropriate governance but any improvement in below-

average indicators a likely improvement to resilience); C: low risk-low governance (likely appropriate governance for level

of potential risk; D: high risk-low governance (improvements to governance and indicator of the Natural Hazard Resilience

Screening Index domains necessary).
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and domain scores for the nation are shown in Table 3. The distribution of

overall NaHRSI values and the domain scores by county for the United

States are shown in Figure 6. Examples of inferences that can be made

from the maps are the following:

1. The western United States (east of the Rockies), the Great Lakes area,

and the upper northeast have higher NaHRSI values (higher resilience

to natural hazard events).

2. The western Midwest, the southeast, the southwest, and Appalachian

region have lower NaHRSI values.

3. The lower northeastern coastal area, southeast/Gulf coasts, a small area

associated with southern Lake Michigan, and southern far west have

the highest risk domain scores albeit for different types of natural

hazard events. Lower risk scores for natural hazard events are seen in

the west and upper Midwest, Alaska, and Hawaii.

4. Higher governance scores are seen in the northeast, Mid-Atlantic, and

Great Lakes areas of the U.S. lower governance scores related to natural

hazards were observed in Appalachia, the deep south, and selected counties in the far west.

5. Higher society scores are seen in the upper Midwest and mountain west. Lower society scores are seen in

Appalachia and the deep south.

6. Both built and natural environment domain scores were higher in the west, parts of deep south, and lower

in the western Midwest and parts of the southeast.

Examining the 150 counties in the United States with the highest NaHRSI values, the Pacific Northwest, and

Alaska have the most counties (48 counties of which 19 are in Alaska) followed by the upper west (44), the

upper Midwest (23), and the northeast (14). Only the southeast and Mid-Atlantic areas do not have any coun-

ties in the top 150 NaHRSI county list. This provides state and counties with lower NaHRSI scores with several

example counties to use as role models for the improvement of their scores. The 150 counties with the lowest

NaHRSI scores are predominated by the southeast (86 counties) followed by the Mid-Atlantic (33), the south

central United States, (13), the Midwest (9), and the Rocky Mountain states (7).

Risk due to natural hazard events across the United States is examined in more detail in Figure 7. The lowest

risk domain scores all occur in Alaska, but if Alaska is excluded, the five lowest risk scores occur in the north-

west (Montana, Idaho, andWashington). The highest risk scores occur throughout the United States, with two

counties in Texas and one each in Colorado, Georgia, and Virginia. Natural exposures due to natural hazard

Figure 5. Map of the distribution of county scores for basic resilience.

Figure 4. Distribution of county basic resilience scores (governance/risk).

Bars equal frequency of basic resilience score for counties. Line indicates

cumulative percentage of counties. Number represents number of counties

in the basic resilience score range.
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events are predominated by drought (99% of counties experiencing drought), extreme high and low tem-

peratures (100%), inland flooding (99%), high winds (98%), and hail (98%). In short, the meteorological events

depicted in NaHRSI, for the 2000–2015 period, are experienced largely throughout the United States with the

exceptions of wildfires (52% of counties), landslides (39%), earthquakes (12%), coastal flooding (11%), and

hurricanes (8%). Other types of anthropogenic exposure that could exacerbate natural hazard events impact

most counties. Resource Conservation and Recovery Act sites and Toxic Release Inventory sites dominate the

technological exposure indicator at 71% and 87%, respectively. Superfund sites were seen in 28% of counties,

while nuclear facilities were located in 5% of counties. Losses due to natural hazard events of human life,

property, and natural ecosystems occur in almost all counties, while losses of crops have occurred in 73%

of counties.

Table 3

Summary of NaHRSI and Domain Scores for the United States, Both With and Without Alaska

Region

Inclusions and

Exclusions Risk Governance

Built

environment

Natural

environment Society NaHRSI

National

Average

Including Alaska 0.29590 0.59674 0.39320 0.41333 0.51561 2.71349

Excluding Alaska 0.29758 0.59575 0.39262 0.41182 0.51587 2.37534

Note. NaHRSI = Natural Hazard Resilience Screening Index.

Figure 6. National Natural Hazard Resilience Screening Index values and domain scores (risk, governance, society, built

environment, and natural environment). CRSI = Climate Resilience Screening Index.
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The contributions of the 20 indicators to the national domain scores are shown in Figure 8. Natural resource

conservation (governance), number of vacant structures and housing characteristics (built environment), as

well as demographic characteristics (society) most strongly influenced national domain scores. Secondary

influences included levels of exposure (risk), socioeconomic characteristics, social cohesion, and economic

diversity in the society domain, community, and personal preparedness (governance) and acreage of ecosys-

tem types (natural environment).

4. Discussion

Every year, U.S. counties and communities face devastating losses caused by weather-related disasters. Fires,

floods, storms, other hazards, and their associated consequences have significant impacts on counties and

communities, especially, their economies, infrastructures, and the environments. The United States has

recently experienced a number of large-scale and devastating natural disasters, including catastrophic wild-

fires, far-reaching floods, and damaging storms. The increasing prominence of extreme weather events

makes it critical for governments, businesses, and individuals to examine their anticipatory adaptation and

organizational resilience to these events (Linnenluecke et al., 2012). The private sector and all levels of

government are embracing resilience as a holistic, proactive framework to reduce vulnerabilities, improve

services, adapt to changing conditions, and empower citizens (e.g., National Disaster Resilience

Competition; Housing and Urban Development, 2017; Leadership in Community Resilience; National

League of Cities, 2016, 2017).

Unlike other resilience estimates, NaHRSI integrates all the major aspects of resilience through its five

domains. Overall, NaHRSI values, domain scores, and indicator contributions all paint a picture for the

United States of reasonable resilience to natural hazard events. However, the distribution of these scores is

broad. While there are many relatively resilient counties in the United States, there are a number of counties

in which overall resilience to natural hazard events is low or one or more of the domain scores are low.

Therefore, more specific results and analyses should be examined for each of the regions.

Figure 7. Map of risk domain scores delineating the five counties with the highest risk domain scores and the four lowest risk domain scores (all in Alaska) and the

five lowest scores excluding Alaska. The percentage of counties experiencing each of the 11 natural hazard event types, the 4 technological hazards, and losses of

human life and property. RCRA = Resource Conservation and Recovery Act; TRI = Toxic Release Inventory.
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4.1. Potential Utility of NaHRSI

For over 50 years, hazards researchers have focused on a series of fundamental questions relating to “How do

people respond to environmentgal hazard and what factors influence their choice of adjustments” (Cutter

1996, 2012). There are few examples of comparative measures of community health, well-being, resilience,

or condition at the county level (Miringhoff & Miringhoff, 1999). The Social Vulnerability Index in one of

the few county-level measures of social vulnerability to environmental hazards (Cutter, 2003).

This present paper outlines the approach and application of an index to examine the resilience of U.S.

counties, regions, and the overall nation to natural hazard events, holistically, examining not only risk but

including governance, social attributes, the built environment, and aspects of the natural environment. No

other efforts to quantify county-level resilience have examined all five of these component domains. A num-

ber of studies have examined one or two of the domains, while a few have examined as many as three or four

of the domains (see Table 1). BRIC (Baseline Resilience Indicators for communities, Cutter et al., 2014) provides

the closest effort that includes all five of the domains. BRIC does not include a probability of risk event

measure but does include measures associated with society (social, economic, and community capital indi-

cators), the built, and natural environments and governance.

The highlights of BRIC (Cutter et al., 2014) suggest that inherent resilience and its drivers are spatially vari-

able. Similarly, NaHRSI shows basic resilience (governance and risk) to be spatially variable as well as the

recovery potential domains of society, built environment, and natural environment. BRIC demonstrates

higher level of inherent resilience in the Midwest and northeast. NaHRSI shows the highest resilience in

Alaska and Hawaii (not included in the BRIC assessment), the upper Midwest, northeast, and selected parts

of the northwest (in contrast to BRIC). Some of these minor differences are likely due to the inclusion of

risk in NaHRSI but not in BRIC. The lowest levels of resilience in BRIC are identified as Texas border

counties, Appalachia, and the interior western United States. In NaHRSI, poorest resilience occurs in

Figure 8. Polar plot showing the contribution of the 20 indicators associated with the domain scores for the nation. The

length of the bars corresponds to the indicator score. Within a domain, the higher indicator scores show a greater contri-

bution to the domain.

10.1029/2018GH000160GeoHealth

SUMMERS ET AL. 387



Appalachia, much of the southeast, the Western Plains including border and west Texas counties. The

extension of lower resilience scores into the southeast in NaHRSI appears to be driven by higher risk

scores and lower society scores in this area.

BRIC found that resilience (defined in NaHRSI as the nonrisk domains) and vulnerability (defined in NaHRSI as

the risk domain and by Cutter et al., 2008, as Social Vulnerability Index) were statistically related but not the

obverse of one another. Clearly, social vulnerability and physical risk are not the same measure but a similar

observation can be made for physical risk of a disaster event and resilience to such an event in NaHRSI. The

concept used in NaHRSI of basic resilience being the ratio of governance and risk permits some high risk

areas to offset that risk by increased governance to enhance resilience, while areas with high risk but lower

governance display lower basic resilience.

Further research and application efforts to adapt NaHRSI for use within individual counties and communities

would clearly be useful for the development of community-specific resilience plans. The potential of using

NaHRSI-related information by state and local staff tasked with assessing resilience in their areas of the coun-

ties seems particularly useful. Supporting state and counties to assess risk, governance, societal attributes, the

built environment, and natural environment in a holistic manner will be important in further development of

local and county-level, and even state, resilience plans. Similarly, at the county level, states and counties can

1. Assess relative risks of differing weather-related events

2. Disassemble NaHRSI to determine why the resilience of certain counties is projected to be low and that of

others are projected to be high

3. Provide lessons learned from one county to the next on governance and other activities that have

increased local resilience to weather-related events

4. Provide a comparative database permitting one way to assess where investments might have the greatest

return in terms of improved resilience

5. Provide a database that can be updated to include the most recent information on the NaHRSI metrics,

indicators, and domains so that improvements can be tracked.

4.2. Example of NaHRSI Use—Hurricane Harvey

In August, 2017, Hurricane Harvey had two landfalls in Texas—Rockport, TX, in Aransas County and Port

Aransas, TX, in Nueces County. In addition to wind damage, rainfall from Hurricane Harvey resulted in massive

flooding in Houston and surrounding areas (Galveston, Harris, and Brazoria Counties) and Beaumont and sur-

rounding areas (Jefferson and Chambers Counties). Some of the worst damage appeared to be in Rockport, a

coastal city of about 10,000 that was directly in the storm’s path. Many structures were destroyed and

Rockport’s roads were littered with toppled power poles. Extensive damage was also registered in Port

Aransas, TX (site of the second Texas landfall). It is estimated that it will be a long time before the storm’s cat-

astrophic damage is repaired. Flooding in the Houston/Beaumont areas is the worst in history, displacing mil-

lions of people and with flood waters taking weeks to months to recede. As an exercise, NaHRSI results were

examined (after the fact) to determine the magnitude and likely locations of extensive damage and low resi-

lience along the Texas Gulf Coast (Table 4).

Of these counties, NaHRSI scores for Aransas, Calhoun, Chambers, Galveston, Harris, Jackson, Jefferson, and

Refugio Counties are significantly below the national average for NaHRSI suggesting lower resilience to nat-

ural hazard events. All of these counties, plus Brazoria, Fort Bend, Jefferson, and Nueces, display risk domain

scores greater than the national average suggesting a history that includes exposure and potential losses

stemming from of major natural hazard events. Aransas, Jackson, and Refugio Counties have significantly

reduced built environment domain scores suggesting that if an event were to strike these counties, they

would be more likely to suffer significant structural damages as a result of reduced public infrastructure

and large proportions of vacant buildings. These three counties also possess society scores below the

national average. This could indicate a lack of skills diversity to easily rebuild along with deficient security

and security infrastructures. Hurricane Harvey also devastated Port Aransas, TX, in Nueces County. Nueces

County has a significantly higher risk domain score than the national average associated primarily with his-

torical hurricane paths. The county is dominated by Corpus Christi, TX, which avoided much of the devasta-

tion associated with the hurricane; however, Port Aransas suffered extensive structural damage. Port Aransas
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is likely much more similar to Rockport, TX, in Aransas County, which demonstrates a significantly lower than

average NaHRSI score.

The other counties with lower NaHRSI scores—Harris (1.03), Calhoun (1.79), Galveston (2.01), Chambers (2.13),

and Jefferson (2.29)—all show high risk domain scores well above the national average. The Harris County

risk score (the highest in the United States) is exacerbated by significant anthropologic risks located there

(e.g., chemical and oil refinery facilities and Superfund sites). Chambers County, located southeast of Harris

county, has a lower than average NaHRSI score but a significantly higher than average risk domain score.

Four of these counties are at significant risk for flooding and all four counties significantly flooded due to

the intense rainfall associated with Hurricane Harvey. Houston (in Harris County) is reported to have had his-

toric flooding that did not recede for weeks or months in some areas. The region’s flat topography, hard clay

soil, and sprawl of new development combine to make for a drainage nightmare.

Resilience from the flooding in these counties appears to be driven by differing factors based on the NaHRSI

and domain scores. Brazoria County has a higher than average resilience score that appears to be the result

simply of a high risk, but all the remaining factors tend to reduce the risk and increase the resilience score to

4.22 (well above the national average). Harris County, on the other hand, has the highest risk scores in Texas

(0.99) again associated with flooding and several exacerbating factors. The NaHRSI score for this county in

significantly below the national average at 1.03 suggesting recovery from a major event could be a very long

process. This lower resilience seems to be driven by a very low natural environment score (0.192) suggesting

that increasing development in the last decade and loss of natural lands is significant (particularly to the

north and west of Houston). Natural and open lands often provide a buffering impact to natural hazard

events. They are usually damaged but tend to recover quickly while reducing the impact of the event on sur-

rounding populated areas. This low level of natural ecosystems in the Houston area (often replaced by imper-

vious surfaces) would enhance the impact of flooding. Chambers and Jefferson Counties also have high risks

levels associated with flooding with both counties displaying significantly lower than average resilience

scores (Chambers County—2.13 and Jefferson—2.29). However, the remaining domain scores in both coun-

ties suggest more rapid recovery than Harris County with Chambers County recovering at a slower rate than

Jefferson County.

4.3. Where Can We Go From Here?

Our desire to have counties and communities that are minimally impacted by natural hazard events is nearly

impossible without a strong recoverability plan and its execution following an event. These plans and their

Table 4

NaHRSI and Domain Scores for Select Counties Along the Texas Gulf Coast and National Average Scores (Excluding Alaska)

County Risk Governance

Built

environment

Natural

environment Society NaHRSI

Aransas 0.32889 0.57259 0.33419 0.52163 0.40423 1.68467

Brazoria 0.38408 0.66188 0.77630 0.54926 0.52368 4.22022

Calhoun 0.33956 0.50474 0.43549 0.49039 0.42868 1.79703

Chambers 0.41971 0.61495 0.51116 0.50005 0.43950 2.13280

Fort Bend 0.55134 0.64353 0.78479 0.42022 0.58024 2.64409

Galveston 0.47067 0.61040 0.60782 0.40844 0.47196 2.01258

Harris 0.99000 0.61143 0.83741 0.19155 0.49091 1.03005

Jackson 0.31103 0.58578 0.33742 0.48061 0.53769 2.14238

Jefferson 0.46213 0.53399 0.69823 0.44851 0.52149 2.29798

Matagorda 0.29963 0.54478 0.43992 0.50342 0.43102 2.28617

Nueces 0.32810 0.63902 0.69866 0.41923 0.47736 3.56655

Refugio 0.31287 0.63050 0.26566 0.46778 0.44307 1.46869

San Patricio 0.26694 0.61545 0.48926 0.44391 0.40174 2.73226

Victoria 0.23454 0.53276 0.51231 0.51035 0.54069 3.82251

National

Average

Including Alaska 0.29590 0.59674 0.39320 0.41333 0.51561 2.71349

Excluding Alaska 0.29758 0.59575 0.39262 0.41182 0.51587 2.37534

Note. Bold denotes significantly below national average for NaHRSI and above national average for domains.
NaHRSI = Natural Hazard Resilience Screening Index.
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execution maintain a community at a significant distance from ecological, economic, and social tipping

points (e.g., stability, sustainability, joblessness, social inequity, and ecosystem condition). Little attention

has been given to the interconnectedness of the vulnerability and recoverability—the basic aspects of

resilience (Summers et al., 2014) as they relate to a community’s natural hazard resilience. A community

may be naturally vulnerable to natural hazard events or vulnerable through anthropogenic activities, but

its resilience to these vulnerabilities is guided by the combination of environmental, social, economic, and

governance drivers.

U.S. national, state, and local governments have recognized that an integrated, coordinated, and cooperative

effort is required to enhance their capacities to withstand and recover from weather-related disasters and

emergencies. A disaster-resilient community is one that works together to understand and manage the risks

that it may confront. Resilience to disasters is the joint responsibility of all elements of society, including all

levels of business, government, the nongovernment sector and individuals. If all these sectors work together

with a shared focus and sense of responsibility, they will be much more effective in developing disaster resi-

lience than the individual efforts of any one sector.

4.3.1. Potential Role of Governments

Governments, at all levels, must play a significant role in improving the nation’s resilience to disasters:

1. Developing and implementing effective and useful land management and planning arrangements and

other mitigation activities based on risk;

2. Having effective plans and policies in place to provide information to people about how to assess risks

and reduce their vulnerability to hazards;

3. Having effective and clear education systems so people understand what choices are available and what

the best course of action could be for responding to an approaching hazard;

4. Supporting counties and communities, as well as individuals, to prepare for extreme events;

5. Ensuring the most effective, well-coordinated response from our emergency services and volunteers

when disaster hits; and

6. Working in a swift, compassionate and pragmatic way to help counties and communities recover from

devastation and to learn, innovate and adapt in the aftermath of disastrous events.

Local, state, and national governments are working collectively to incorporate the principle of disaster resili-

ence into aspects of natural disaster arrangements, including preventing, preparing, responding to, and reco-

vering from disasters. Further future enhancements and local applications of NaHRSI can provide

advancements in these disaster-related resilience activities.

The FEMA established the Strategic Foresight Initiative (FEMA 2012) to address the need. This initiative brings

together significant elements of the emergency management community to discuss important future issues,

trends, and other issues and to work through their implications. Working collaboratively, these groups are

beginning to understand the full range of changes they might encounter and the nature of their likely future

needs. Therefore, they can begin to develop and execute a shared action agenda for action. One of the first

tasks of this initiative group should be to bring together the representative views of all governments, busi-

ness, nongovernment sector and the community into a comprehensive National Disaster Resilience

Strategy. This group should also be tasked with considering further those lessons arising from the recent

bushfires, floods, tornadoes, and superstorms that could benefit from national collaboration.

4.3.2. Role of Business

Businesses can and do play a critical role in supporting a community’s resilience to disasters. Businesses pro-

vide expertise, resources, and many essential services upon which the community depends. Businesses, par-

ticularly important infrastructure providers, contribute to understanding the risks that they face and ensuring

that they can continue providing services during or soon after a disaster.

Insurance and reinsurance businesses are particularly important to county and community resilience (both

planning and after an event). If insurance is not available for an area because of higher risk of a meteorolo-

gical event or the has not been purchased to cover potential damage due to cost, negative impacts of events

to communities and individuals become magnified and extended. Working with the insurance industry so

that they more fully accept community resilience approaches could be a major influence for improving over-

all resilience. Having insurers take into account the efforts that governments take at all levels to enhance resi-

lience to natural disasters could reduce overall costs, impacts, and losses.
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4.3.3. Role of Individuals

Community disaster resilience is largely based on individuals taking their share of responsibility for preparing

for, preventing, responding to, and recovering from natural hazard disasters. A community’s constituents can

do this by drawing on the resources, guidance, and policies of local government and community organiza-

tions. Individuals’ resilience to these types of disasters is significantly increased by active planning and pre-

paration for protecting life and property, including purchasing insurance at reasonable rates to cover

potential losses. This planning and preparation should be based on an awareness of the threats relevant to

their locality as well as being involved in local community disaster or emergencymanagement arrangements.

This involvement can often take the form of volunteerism.

4.3.4. Role of Nongovernment Organizations and Volunteers

Nongovernment and community organizations are at the forefront of strengthening disaster resilience in the

United States. It is to them that Americans often turn for support or advice, and the dedicated work of these

agencies and organizations is critical to helping counties and communities to cope with, and recover from, a

disaster. Building and fostering partnerships between U.S. national, state, and local governments and these

agencies and organizations is essential to communicate the disaster resilience message and to explore prac-

tical ways to strengthen resilience to natural disasters in the counties and communities they serve.

Strengthening the disaster resilience of the United States is not a stand-alone activity that can be achieved

in the short term. Similarly, it cannot be achieved without a common commitment and concerted effort by

all sectors of society. But it is an effort that is worth making because building a more disaster resilient nation

is an investment in our future.

5. Conclusions

The United States has and continues to cope well with natural disasters, through cooperative and established

emergency management policies and plans, effective capabilities, and dedicated volunteer and professional

personnel. Americans are renowned for their resilience to natural hazard events, including the ability to adapt

and innovate a strong community spirit that supports those in need and the self-reliance to recover from dis-

asters. Joint, collective responsibility is needed to build capacities for resilience at multiple scales effectively.

We believe that the use of NaHRSI can help the United States and its regions and counties to promote and

address capacity building of resilience to natural hazard events by comparatively examining each county’s

resilience to these events and the deconstructed make-up of these county NaHRSI scores. Furthermore, using

the overall and deconstructed scores can allow government entities charged with resilience capacity building

to understand their specific strengths and shortcomings and locate others who have successfully addressed

similar shortcomings.
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Using a Climate Resilience Screening Index (CRSI) that was developed to represent

resilience to acute weather events at multiple scales for the United States, nine regions

of the United States are compared for resilience for these types of natural hazards.

The comparison examines the domains, indicators, and metrics of CRSI addressing

environmental, economic, and societal aspects of resilience to acute climate events at

county scales. The index was applied at the county scale and aggregated to represent

select regions of the United States. Comparisons showed higher levels of resilience in

the Northeast and West, including Alaska, (>4.0) while counties in the South Atlantic

and South-Central regions exhibited lower resilience (<2.0) to acute climate events.

Northeast, West and Mountain regions of the US are characterized by relatively low levels

of risk (<0.26), higher levels of governance (>0.60), and above national median scores

for society, built environment and natural environment domains which enhances their

resilience scores. South Atlantic and South-Central regions of the US are characterized

by higher risk scores (>0.31) accompanied by lower levels of governance (<0.48) and

below national median scores for society and built environment domains reducing the

region’s overall resilience.

Keywords: climate events, resilience, vulnerability, recoverability, natural hazards

INTRODUCTION

Natural hazards can result in disasters without proper governance andmitigating systems (Chandra
et al., 2007). In the recent past, the United States has witnessed several natural disasters including
major hurricanes, earthquakes, tornadoes, and wildfires. While some governance and mitigation
measures have been taken, future natural hazards disasters cannot be prevented due to the fact
these events can hit random locations, have varying magnitudes, and can take unexpected forms.
Therefore, the enhancement of the capacity of communities to resist and recover from these types
of natural hazard disasters is paramount. Several global, national, and local agencies are confronted
with this situation and have developed frameworks to address these issues (e.g., UN/ISDR, 2002;
FEMA, 2012, 2017a,b; NRC, 2012; FDH, 2016; FDEM, 2018).

Resilience is increasingly used as a pathway for understanding the actions of natural hazard
disasters. Resilience was originally an ecological concept (Holling, 1973) that was adapted to social



Summers et al. Regionalizing Resilience

systems (Adger, 2000) and eventually to joint human-
environmental systems (Folke, 2006). What natural disasters
have taught us is that resilience to these disasters needs
to be discussed within the framework of integrated socio-
ecological systems (Berkes et al., 2003). Similarly, the temporal
scale of these disaster events can be short-term (Bruneau
et al., 2003; Rose, 2004) associated with specific acute
meteorological events or longer-term associated with global
change (Dovers and Handmer, 1992). Regardless, there is no
common conceptualization for resilience. This manuscript uses
a conceptualization for resilience to short-term meteorological
hazards (Summers et al., 2017a, 2018) and analyses the results to
depict regional comparisons.

CLIMATE RESILIENCE SCREENING
INDEX—CONCEPTUALIZATION,
APPROACH AND STRUCTURE

The conceptualization, approach and structure of the Climate
Resilience Screening Index (CRSI) for acute meteorological
events has been described in detail in Summers et al. (2017a,b).
A short synopsis of this index is provided here.

In the construction of the CRSI index, the historical
occurrence of acute meteorological events associated with
geographic regions throughout the United States were assessed
as well as the infrastructure challenges these events created.
Discussions with climate experts, in conjunction with the
information provided by the National Climate Assessment
(Melillo et al., 2014) and the 100 Resilient Cities report (ARUP,
2014) yielded twelve (12) acute meteorological events and natural
hazards that were included in CRSI:

• Hurricanes • Drought
• Tornadoes • High winds
• Inland Floods • Hail
• Coastal Flooding • Landslides
• Earthquakes • Extreme high temperatures
• Wildfires • Extreme low temperatures.

No singular approach among existing composite measures of
climate resilience met all of the expected needs for developing
CRSI. Collectively, however, the reviewed literature provided
many of the building blocks (e.g., suites of indicators, indicator
groupings, domains). To varying degrees, all of the existing
indices offered patterns of indicator groupings. In the final
conceptualization of CRSI, five domains were comprised of
twenty indicators that were derived from 117 unique metrics.
Figure 1 depicts the final CRSI conceptual framework including
the domains and indicators of the index. A summary and
discussion of the domains, indicators and types of metrics used
in CRSI can be found in Summers et al. (2017b, 2018) and are
listed in Table 1.

All domains for each county, parish and borough (all referred
to as county below) were min-max standardized on a scale
from 0.01 to 0.99. The final CRSI calculation begins as a scaled
value for recoverability/vulnerability derived from Governance

and Risk (basic CRSI) with the Governance value being adjusted
by the remaining domain scores for social, built environment
and natural environment to complete the calculation of CRSI as
shown below:

CRSI(B)i =
Ri�Vi =

Govi�Riski

where CRSI(B)i = value of basic resilience
(Recovery/Vulnerability or Ri/Vi) and Ri/Vi = Governance
in county i/Risk in county i. The overall CRSI score is calculated
as:

CRSIi = (Govi + Soc(a)iGovi + BE(a)iGovi

+ NE(a)iGovi)/Riski

where CRSIi = the value of CRSI or adjusted resilience for county
i and Soc(a)i, BE(a)i, and NE(a)i are the adjustment multipliers
for Society, Built Environment, and Natural Environment in each
county i, and Riski is the Risk score for county i. The adjustment
factors are calculated as:

Soc(a)i =
(Soci−Socm)�Socm

where Soc(a)i is the adjustment multiplier for society in county
i, Soci is the social domain score for county i and Socm is the
median social domain score (median is used rather than mean to
match the skewed distribution of the data) for all counties;

BE(a)i =
(BEi−BEm)�BEm

where BE(a)I is the adjustment multiplier for built environment
in county i, BEi is the built environment domain score for county
i and BEm is the median built environment domain score for all
counties;

NE(a)i =
(NEi−NEm)�NEm

and where NE(a)i is the adjustment multiplier for natural
environment in county i, NEi is the natural environment domain
score for county i and NEm is the median natural environment
domain score for all counties.

The national results of CRSI have been provided elsewhere
(Summers et al., 2017b, 2018) as well as a regionalization
providing direct utility to the U.S. Environmental Protection
Agency (EPA)—a regionalization by EPA Regions (the U.S. is
divided into 10 EPA regions). However, such a regionalization
is of limited utility to non-EPA decision makers. Therefore, the
national data has been regionalized by geographic region based
on Census Divisions (U.S. Department of Commerce, 2018) and
by state to be of better use for these decision-makers as presented
in Figure 2. This regionalization separates the United States into
nine areas:
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FIGURE 1 | Final CRSI conceptual framework. Arrows projected from boxes to the left and right represent hypothetical increases and decreases in ranges for

indicators (black arrows) and domains (colored arrows).

1) New England—Connecticut, Maine, Massachusetts, New
Hampshire, Rhode Island, and Vermont

2) Middle Atlantic—New Jersey, New York, and Pennsylvania
3) East North Central—Illinois, Indiana, Michigan, Ohio, and

Wisconsin
4) West North Central—Iowa, Kansas, Minnesota, Missouri,

Nebraska, North Dakota, and South Dakota

5) South Atlantic—Delaware, District of Columbia, Florida,
Georgia, Maryland, North Carolina, South Carolina, Virginia,
and West Virginia

6) East South Central—Alabama, Kentucky, Mississippi, and
Tennessee

7) West South Central—Arkansas, Louisiana, Oklahoma, and
Texas

Frontiers in Environmental Science | www.frontiersin.org 3 November 2018 | Volume 6 | Article 147
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TABLE 1 | List of CRSI domains, indicators, scope, and number of metrics.

Domain

(# indicators/

#metrics)

Indicator(s) Metric category (number of

specific metrics)

Built

environment

(5/24)

Communication

infrastructure

Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation

infrastructure

Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance

(3/5)

Community

preparedness

Community resilience

strengthening (2)

Natural resource

conservation

Natural resource recovery (1)

Personal preparedness Personal property hazard

protection (2)

Natural

environment

(2/18)

Condition Biodiversity, using birds as a

proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem

types

Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk

(2/20)

Exposure Earthquake probability (1)

Extreme high temperature

incidents (1)

Extreme low temperature

incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind

incidents (1)

Nuclear presence (1)

Location of RCRA sites (1)*

Location of Superfund sites (1)**

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes

human and property measures)

(1)

(Continued)

TABLE 1 | Continued

Domain

(# indicators/

#metrics)

Indicator(s) Metric category (number of

specific metrics)

Natural area loss (1)

Dual-benefit area loss (includes

cropland and managed area

measures) (1)

Society

(8/50)

Demographics Vulnerable populations (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact

personal resilience (9)

Labor and trade

services

Construction recovery (8)

Safety and security Provisioning of emergency and

civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical

services (15)

Socio-economics Employment opportunity (1)

Personal economics (2)

Numbers in parentheses for domains show the total number of indicators/total metrics

in the domain. Numbers in parentheses for metrics indicate number of individual metrics

used to represent the metric category. *RCRA, Resource Conservation and Recovery

Act – RCRA is a U.S. public law that creates the framework for the proper management

of hazardous and non-hazardous solid waste. The metric represents the number and

locations of RCRA sites; **Superfund, EPA’s Superfund Program is responsible for

cleaning up some of the nation’s most contaminated sites. The metric represents the

number and location of Superfund sites.

8) Mountain—Arizona, Colorado, Idaho, Nevada, New Mexico,
Utah, and Wyoming

9) Pacific—Alaska, California, Hawaii, Oregon, andWashington.

Data from Alaska is only partially available with about 50% of
its boroughs not represented. Due to both missing data and very
low risk domain scores for Alaska (risk to acute meteorological
events), use of Alaska data skews the scores for the Pacific region.
To better represent issues associated with the Pacific region,
results will be discussed both including and excluding Alaska.

REGIONALIZATION RESULTS

The overall CRSI regionalized results are depicted in Figure 2.
These scores show that the Pacific (with or without Alaska),
New England, and Mountain Regions display the highest overall
resilience while the East South Central, South Atlantic, and
West South Central display the lowest overall resilience. This
distribution of overall scores is the result of specific regional
domain scores (Figure 3). One of the primary domains affecting
the overall CRSI score for a region is risk. Risk is comprised of 12
types of meteorological events and is adjusted based on losses due
to those events and potential anthropogenic hazard exposures.
Figure 4 shows the comparative levels of risk for the events,
losses, and anthropogenic risks by U.S. region. In all regions
the risk domain is driven by historical exposure with minimal
contributions from historical losses. The highlights of the domain

Frontiers in Environmental Science | www.frontiersin.org 4 November 2018 | Volume 6 | Article 147



Summers et al. Regionalizing Resilience

FIGURE 2 | Regionalized CRSI results with estimate of uncertainty.

scores for each region and its comprising states will be discussed
below by individual region.

New England
The New England region is comprised of five states and is
characterized by the second highest CRSI score in the U.S. (4.375)
or the highest score if Alaska is excluded from the Pacific region
(Table 2). All states in the New England region are either near
the national CRSI average (Rhode Island) or significantly above
the national averages (all remaining states in the region). All
New England states are characterized by lower than average risk
to meteorological events and significantly higher than average
governance. All states have average or higher than average built
environment scores except Rhode Island which is significantly
lower than average (0.302). Similarly, all states have higher than
average society scores with Vermont demonstrated among the
highest state society scores in the nation (0.671). All New England
states have natural environment scores either close to the national
average or significantly greater than the average (Rhode Island,
0.511, and Maine, 0.484).

Meteorological risks in New England (Figure 4) are
characterized by extreme high and low temperatures (49%

of events and well-above the national average) and drought (23%
of events but well-below the national average). Inland flooding,
high winds and hailstorms comprise the remaining secondary
risks at 9, 9, and 3%, respectively, with high wind events being
significantly above the national average. These types of events
result in minimal loss of life and physical property (about 1%
of the loss in New England), although losses to agricultural and
silvicultural lands, as well as natural ecosystem, comprise about
99% of losses. Potential anthropogenic hazards existing near sites
of meteorological events are dominated by Superfund sites (47%)
and general toxic release sites (e.g., industrial outflows) at 36%
(both at the national average).

CRSI scores can be deconstructed to assess which

indicators are the primary contributors to the score and
which indicators contribute weakly to the score. Using polar

plots (Figures 5–7), these contributions can be quantified
visually for each region of the United States. Figure 5A

shows the deconstruction of the New England CRSI score by
domains. Risk domains simply reflect histories of exposure
and cannot theoretically be altered by human actions to
reduce risks. The major contributors to the CRSI score in
the New England region are natural resource conservation
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FIGURE 3 | Domain scores by U.S. Region (vertical bars represent uncertainty).

contributions to governance; demographic characteristics,
economic diversity, and socio-economics to society; the
number of vacant structures and general housing characteristics
to the built environment; and, the extent or acreage of
natural ecosystems (not built environments) in the natural
environment.

Of the 67 counties in the New England region, the
top 10% of CRSI scores (scores = 6.95 to 12.7) were
seen in Maine (3 counties), Vermont (2 counties), and
Massachusetts and New Hampshire (1 county each).
Only two New England counties (both in Rhode Island)
have resilience scores significantly below the national
average.

Middle Atlantic
The Middle Atlantic region is comprised of three states and
is characterized a moderate CRSI score (2.823) (Table 2). All
states in the Middle Atlantic region are near the national
CRSI average with New York demonstrating an overall
CRSI score slightly above the national average (3.103).
Most Middle Atlantic states are characterized by average
risk to meteorological events with New Jersey showing
elevated risks (0.379) and all states in the region showed

significantly higher than average governance scores. All
states have higher than average built environment scores
and average society scores. All Middle Atlantic states have
natural environment scores slightly lower than the national
average.

Meteorological risks in the Middle Atlantic region (Figure 4)
are characterized by extreme high and low temperatures
(46% of events and well-above the national average)
and drought (19% of events but well-below the national
average). The region is exposed to three other types of
meteorological events—landslides (13%), high wind events
(9%), and inland flooding (8%). Landslides and high wind
events are about twice the national average. These types of
events result in minimal loss of life and physical property
(<1% of the loss in the Middle Atlantic) although losses to
agricultural and silvicultural lands, as well as natural ecosystem,
comprise about 99% of losses (equally divided). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (54%, significantly
above the national average), general toxic release sites
(e.g., industrial outflows) at 26% (significantly below the
national average) and RCRA sites (12% at twice the national
average).
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FIGURE 4 | Relative comparison of risk of meteorological events, losses due to those events and potential anthropogenic hazard exposures by region. Sum of each

column associated with the three risk subsets equals 1 (or multiplied by 100 equals 100%).

The major contributors to the CRSI score in the
Middle Atlantic region are natural resource conservation
contributions to governance; demographic characteristics,
economic diversity, socio-economics and social cohesion
to society; the number of vacant structures to the
built environment; and, the extent and condition
of natural ecosystems in the natural environment
(Figure 5B).

Of the 150 counties in the Middle Atlantic region, the top 10%
of CRSI scores (scores= 4.35 to 5.61) were seen in New York (12
counties) and Pennsylvania (3 counties). Nearly 25% of counties
in theMiddle Atlantic region has overall CRSI scores significantly
below the national average of 2. 375 (excluding Alaska). The
10% of Middle Atlantic counties with the lowest CRSI scores
equitably split among the three states with 4–6 counties in each
state.

East North Central
The East North Central region of the United States is comprised
of five states and is characterized an above average CRSI score
(2.948) (Table 2). All states in the East North Central region
are either near the national CRSI average or significantly higher
than the average with Wisconsin and Michigan demonstrating
the highest CRSO scores (4.145 and 3.066, respectively). Most
East North Central states are characterized by average risk
to meteorological events with Illinois showing elevated risks
(0.335) and all states in the region showed significantly higher
than average governance scores. All states, except Indiana, have
average built environment scores and all states, exceptWisconsin,
have average, or slightly below average society scores. Indiana’s
built environment score (0.360) is significantly below the national
average while Wisconsin’s society score (0.623) is significantly
above the national average. All East North Central states, except
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TABLE 2 | Regionalized CRSI scores and domain scores by region and state.

Region State Governance Risk Built Society Natural CRSI

DOMAINS

Northeast 0.660 0.263 0.492 0.599 0.445 4.375

Connecticut 0.654 0.308 0.520 0.547 0.398 3.106

Maine 0.677 0.228 0.499 0.565 0.484 5.368

Massachusetts 0.602 0.311 0.557 0.601 0.447 3.802

New

Hampshire

0.670 0.250 0.519 0.596 0.421 4.448

Rhode Island 0.627 0.305 0.302 0.586 0.511 2.653

Vermont 0.708 0.223 0.450 0.671 0.417 5.102

Middle Atlantic 0.662 0.305 0.475 0.513 0.384 2.823

New Jersey 0.639 0.379 0.471 0.518 0.397 2.280

New York 0.665 0.276 0.469 0.521 0.381 3.103

Pennsylvania 0.667 0.307 0.481 0.503 0.383 2.733

East North Central 0.681 0.295 0.410 0.540 0.433 2.948

Illinois 0.662 0.338 0.414 0.515 0.489 2.703

Indiana 0.659 0.286 0.360 0.570 0.452 2.857

Michigan 0.705 0.258 0.412 0.492 0.418 3.066

Ohio 0.651 0.307 0.421 0.514 0.352 2.237

Wisconsin 0.746 0.279 0.457 0.623 0.441 4.145

West North Central 0.699 0.277 0.359 0.631 0.386 2.988

Iowa 0.704 0.280 0.382 0.653 0.419 3.397

Kansas 0.698 0.291 0.332 0.651 0.369 2.595

Minnesota 0.772 0.289 0.389 0.735 0.442 4.345

Missouri 0.626 0.286 0.399 0.530 0.389 2.395

Nebraska 0.714 0.268 0.311 0.613 0.340 2.387

North Dakota 0.704 0.234 0.374 0.662 0.354 3.503

South Dakota 0.703 0.268 0.314 0.608 0.377 2.677

South Atlantic 0.477 0.323 0.363 0.465 0.400 1.321

Delaware 0.606 0.361 0.586 0.472 0.547 3.197

District of

Columbia

0.610 0.470 0.402 0.506 0.200 0.721

Florida 0.427 0.309 0.485 0.434 0.426 1.607

Georgia 0.442 0.300 0.282 0.420 0.395 0.846

Maryland 0.622 0.352 0.494 0.518 0.463 2.733

North

Carolina

0.435 0.341 0.419 0.463 0.431 1.440

South

Carolina

0.462 0.319 0.393 0.437 0.420 1.347

Virginia 0.520 0.351 0.331 0.548 0.378 1.482

West Virginia 0.555 0.293 0.324 0.435 0.328 1.104

East South Central 0.446 0.318 0.315 0.392 0.392 0.787

Alabama 0.335 0.303 0.408 0.385 0.397 0.901

Kentucky 0.534 0.307 0.255 0.388 0.371 0.642

Mississippi 0.494 0.308 0.337 0.382 0.444 1.151

Tennessee 0.370 0.350 0.305 0.409 0.370 0.577

West South Central 0.581 0.306 0.388 0.472 0.417 1.895

Arkansas 0.533 0.302 0.393 0.451 0.445 1.865

Louisiana 0.570 0.372 0.430 0.479 0.457 1.914

Oklahoma 0.649 0.287 0.384 0.530 0.401 2.436

Texas 0.577 0.297 0.377 0.459 0.403 1.735

(Continued)

Frontiers in Environmental Science | www.frontiersin.org 8 November 2018 | Volume 6 | Article 147



Summers et al. Regionalizing Resilience

TABLE 2 | Continued

Region State Governance Risk Built Society Natural CRSI

Mountain 0.659 0.261 0.456 0.567 0.451 3.898

Arizona 0.613 0.280 0.710 0.458 0.410 3.997

Colorado 0.673 0.277 0.453 0.555 0.396 3.216

Idaho 0.666 0.233 0.423 0.545 0.537 4.873

Montana 0.676 0.231 0.381 0.638 0.402 4.090

Nevada 0.623 0.291 0.485 0.446 0.548 3.263

New Mexico 0.621 0.267 0.472 0.505 0.498 3.571

Utah 0.670 0.302 0.495 0.617 0.463 3.983

Wyoming 0.659 0.253 0.464 0.658 0.433 4.231

Pacific 0.602 0.256 0.556 0.478 0.503 10.034

Alaska 0.736 0.058 0.475 0.479 0.627 50.546

California 0.498 0.322 0.641 0.485 0.461 2.852

Hawaii 0.739 0.182 0.570 0.589 0.479 8.431

Oregon 0.618 0.278 0.499 0.465 0.517 3.561

Washington 0.648 0.259 0.524 0.465 0.485 4.044

Pacific w/o Alaska 0.580 0.288 0.568 0.478 0.483 2.375

United States 0.597 0.296 0.393 0.516 0.413 2.713

United States w/o

Alaska

0.596 0.298 0.393 0.516 0.412 2.375

Bold, Regional Scores; Built, Built Environment, Natural, Natural Environment.

Ohio (0.352), have natural environment scores higher than the
national average.

Meteorological risks in the East North Central region
(Figure 4) are characterized by extreme high and low
temperatures (47% of events and well-above the national
average) and drought (32% of events but at the national average).
The region is exposed to five other types of meteorological
events—inland flooding (7%), high wind events (6%), landslides
(4%), hailstorms (3%), and earthquakes (3%). These five risk
exposures were at about the national average. Tornadoes and
wildfire exposures (<1%) were comparable to the national
average. These types of events result in lower than average loss
of life and physical property (1.4% of the loss in the East North
Central) although losses to agricultural and silvicultural lands, as
well as natural ecosystem, comprise about 98% of losses (equally
divided). Potential anthropogenic hazards existing near sites of
meteorological events are dominated by general toxic release
sites (e.g., industrial outflows) at 44% (slightly above the national
average), Superfund sites at 42% (slightly below the national
average) and nuclear facilities (11% at the national average).

The major contributors to the CRSI score in the East North
Central region are natural resource conservation contributions
to governance; demographic characteristics, economic diversity,
socio-economics, and social cohesion to society; the number of
vacant structures and general housing characteristics to the built
environment; and, the extent and condition of natural ecosystems
in the natural environment (Figure 5C).

Of the 437 counties in the East North Central region, the
top 5% of CRSI scores (scores = 4.75 to 6.00) were seen in
Wisconsin (20 counties), Michigan (3), and Illinois and Indiana
(1 each). Nearly 15% of counties in the East North Central region

have overall CRSI scores significantly below the national average
of 2.375 (excluding Alaska). The 5% of East North Central
counties with the lowest CRSI scores were largely seen in Ohio
(15 counties), with Illinois (6), Indiana (3) and Michigan (1)
comprising the remainder.

West North Central
TheWest North Central region of the United States is comprised
of seven states and is characterized an above average CRSI score
(2.988) (Table 2). All states in the West North Central region are
either near the national CRSI average or significantly higher than
the average with Minnesota and North Dakota demonstrating
the highest CRSO scores (4.345 and 3.503, respectively). Most
West North Central states are characterized by below average
risk to meteorological events with North Dakota characterized
by significantly below average risks (0.234). All states in the
region showed significantly higher than average governance
scores with Minnesota demonstrating the highest governance
score in the nation (0.772). In fact, five of the seven West North
Central states had governance scores >0.7. All states, except
Missouri, have below average built environment scores and all
West North Central states have slightly or significantly above
average society scores. Nebraska, South Dakota and Kansas had
society scores that are significantly below the national average
(0.311, 0.314, and 0.332, respectively) while Minnesota’s society
score (0.735) is the highest in the U.S. All West North Central
states, except Minnesota and Iowa, have natural environment
scores significantly lower than the national average.

Meteorological risks in the West North Central region
(Figure 4) are characterized by extreme high and low
temperatures (41% of events and slightly above the national
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FIGURE 5 | Polar plots of the (A) New England, (B) Middle Atlantic, and (C) East North Central regions.

average) and drought (36% of events but at the national average).
The region is exposed to five other types of meteorological
events—hailstorms (7%), inland flooding (7%), high wind
events (5%), landslides (1%), and earthquakes (1%). Of these
five risk exposures, hailstorms were at about twice the national
average while inland flooding and high wind events were at
about the national average and landslides and earthquakes were
significantly below the national average. Wildfires (0.12%) and
tornadoes (0.11%) were slightly above the national average.
These types of events result in about twice the national average
for loss of life and physical property (9% of the loss in the West
North Central) although losses to agricultural and silvicultural
lands, as well as natural ecosystem, comprise about 91% of losses
(49% for dual use lands and 42% for natural lands). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (46%) being at about
the national average, general toxic release sites (e.g., industrial
outflows) at 41% (slightly above the national average) and
nuclear facilities (10% at the national average).

The major contributors to the CRSI score in the West North
Central region are natural resource conservation contributions
to governance; demographic characteristics, social cohesion,
health characteristics, economic diversity and socio-economics
to society; the number of vacant structures and general housing

characteristics to the built environment; and, the extent and
condition of natural ecosystems in the natural environment
(Figure 6A).

Of the 618 counties in the West North Central region, the
top 5% of CRSI scores (scores = 5.32 to 8.12) were seen in
Minnesota (14 counties), South and North Dakota (4 each), Iowa
(2) and Nebraska (1). Nearly 25% of counties in the West North
Central region have overall CRSI scores significantly below the
national average of 2.375 (excluding Alaska). The 5% of West
North Central counties with the lowest CRSI scores were largely
seen in Nebraska (15 counties), with South Dakota (6), Kansas
(2), and North Dakota and Missouri (1 each) comprising the
remainder.

South Atlantic
The South Atlantic region of the United States is comprised of
eight states and the District of Columbia and is characterized
by a significant below average CRSI score (1.321) (Table 2).
All states in the South Atlantic region are significantly below
the national average except for Delaware (3.179) with the
District of Columbia and Georgia displaying the lowest overall
CRSI scores (0.721 and 0.846, respectively). The South Atlantic
region has the highest risk to acute meteorological events
in the nation (0.323). All South Atlantic states, except West
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FIGURE 6 | Polar plots of the (A) West North Central, (B) South Atlantic, and (C) East South Central regions.

Virginia (0.293), are characterized by above to significantly
above average risk to meteorological events with the District
of Columbia and Delaware characterized by the highest risk
scores (0.470 and 0.361, respectively). All states in the region
showed significantly lower than average governance scores except
for Maryland, Delaware and the District of Columbia (ranging
between 0.610 and 0.622). Half of the eight South Atlantic
states had governance scores <0.5. States in the South Atlantic
region widely spanned the range of national built environment
scores with four states (Delaware, Florida, Maryland, and North
Carolina) and the District of Columbia being significantly above
the average, one state (South Carolina) being at about the
average and three states (Georgia, Virginia, and West Virginia)
being significantly below the average. All South Atlantic states,
except Virginia and Maryland, had society scores well-below the
national average. Most South Atlantic states (Delaware, Florida,
Maryland, North Carolina, and South Carolina) were either at
or above the national average for their natural environment
scores. The District of Columbia demonstrated the lowest natural
environment score (0.200) while Georgia, Virginia and West
Virginia have natural environment scores significantly below the
national average.

Meteorological risks in the South Atlantic region (Figure 4)
are characterized by extreme high and low temperatures (35%

of events and slightly below the national average) and drought
(35% of events but at the national average). The region is
exposed to six other types of meteorological events – landslides
(10%), inland flooding (7%), high wing events (6%), hurricanes
(3%), hailstorms (3%), and coastal flooding (1%). Of these six
risk exposures, landslides were about 50% above the national
average while coastal and inland flooding as well as high
wind events were at about the national average. Hurricanes
were three times more prevalent than the national average
while hailstorms were at about half the national average.
Earthquakes (0.70%) were about 30% of the national average
while wildfires (0.18%) were twice the national average. These
types of events result in minimal loss of life and physical
property (1% of the loss in the South Atlantic) although losses to
agricultural and silvicultural lands, as well as natural ecosystem,
comprise about 99% of losses (equitably distributed). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by general toxic release sites (e.g.,
industrial outflows) at 48% (significantly above the national
average) Superfund sites (36%) being significantly below the
national average, and nuclear facilities (10% at the national
average).

Themajor contributors to the CRSI score in the South Atlantic
region are natural resource conservation and community
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preparedness contributions to governance; demographic
characteristics, economic diversity, socio-economics, social
cohesion, and health characteristics to society; the number of
vacant structures and general housing characteristics to the
built environment; and, the extent and condition of natural
ecosystems in the natural environment (Figure 6B).

Of the 588 counties in the South Atlantic region, the top 5%
of CRSI scores (scores = 3.10 to 4.8) were seen in Virginia (10
counties), Maryland (9),West Virginia (2) and Florida, Delaware,
and North Carolina (1 each). Over 50% of counties in the South
Atlantic region have overall CRSI scores significantly below the
national average of 2.375. The 5% of South Atlantic counties with
the lowest CRSI scores were largely seen in Virginia (16 counties),
Georgia (8) and West Virginia (1).

East South Central
The East South Central region of the United States is comprised
of four states and is characterized by the lowest overall CRSI
score (0.787) (Table 2). All states in the East South Central
region are significantly below the national average with only
Mississippi showing an overall CRSI score >1.0 (1.151). The
East South Central region has the second highest risk to acute
meteorological events in the nation (0.318) and the lowest
national governance domain score (0.446) with half the states

(Alabama and Tennessee) having scores <0.4. States in the East
South Central region has the lowest built environment score in
the nation (0.315) with three of its states (Kentucky, Mississippi,
and Tennessee) with significantly lower than the national average
built environment scores. The East South Central region has
the lowest society score in the nation (0.392) with all four
states significantly below the national average. Most East South
Central states (Alabama, Kentucky and Tennessee) were below
the national average for their natural environment scores.

Meteorological risks in the East South Central region
(Figure 4) are characterized by extreme high and low
temperatures (37% of events and slightly below the national
average) and drought (33% of events but at the national average).
The region is exposed to seven other types of meteorological
events—landslides (8%), inland flooding (7%), high wing events
(6%), earthquakes (5%), hailstorms (2%), hurricanes (2%), and
tornadoes (0.3%). Of these seven risk exposures, landslides,
and high wind events were slightly above the national average
while inland flooding events were at about the national average.
Hurricanes were three times more prevalent than the national
average while hailstorms were at about half the national average.
Earthquakes (0.70%) and hailstorms (2%) were about 50% above
and 50% below the national averages, respectively. Hurricanes
were twice as prevalent in the East South Central region and

FIGURE 7 | Polar plots of the (A) West South Central, (B) Mountain, and (C) Pacific regions.
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wildfires were about three times more prevalent. These types of
events resulted in about a 50% higher prevalence of loss of life and
physical property (6% of the loss in the South Atlantic) than that
seen for the nation, while losses to agricultural and silvicultural
lands, as well as natural ecosystems, comprise about 94% of
losses (equitably distributed). Potential anthropogenic hazards
existing near sites of meteorological events are dominated by
general toxic release sites (e.g., industrial outflows) at 47%
(significantly above the national average), Superfund sites (32%)
being significantly below the national average, and nuclear
facilities (18% at roughly twice the national average).

The major contributors to the CRSI score in the East South
Central region are natural resource conservation, community
preparedness, and personal preparedness contributions to
governance; demographic characteristics, social cohesion,
economic diversity and socio-economics to society; general
housing characteristics and the number of vacant structures to
the built environment; and, the extent and condition of natural
ecosystems in the natural environment (Figure 6C).

Of the 364 counties in the East South Central region, all
but two counties were significantly below the national average.
The only two counties with overall CRSI scores equal to the
national average are in Kentucky and Mississippi. Nearly 10% of
the counties in this region have negative CRSI scores with the
lowest scores being in Kentucky (21 counties), and Tennessee and
Mississippi (2 each). Ninety-nine percent of counties in the East
South Central region have overall CRSI scores significantly below
the national average of 2.375.

West South Central
The West South Central region of the United States is comprised
of four states and is characterized by an overall CRSI score
(1.895) that is significantly below the national average (Table 2).
Seventy-five percent of the states in the West South Central
region (Arkansas, Louisiana, and Texas) are significantly below
the national average with only Oklahoma showing an overall
CRSI score >2.0 (2.436). The risk of acute meteorological events
in theWest South Central region is about average (0.306) and the
regional governance score is also about at the national average.
TheWest South Central region has an average built environment
score in the nation (0.388) with only Texas being significantly
below the national average. The West South Central region
has a below average society score (0.497) with only one state
(Oklahoma) being slightly above the national average. All West
South Central states were about at the national average for their
natural environment scores.

Meteorological risks in the West South Central region
(Figure 4) are characterized by extreme high and low
temperatures (37% of events and slightly below the national
average) and drought (33% of events but at the national average).
The region is exposed to eight other types of meteorological
events – inland flooding (7%), high wind events (5%), hailstorms
(4%), hurricanes (4%), landslides (2%), earthquakes (2%), coastal
flooding (1%), and wildfire exposure (0.2%). Of these eight risk
exposures, inland flooding, high wind events and hailstorms
occurred at about the national average while hurricanes occurred
at about four times the national average, wildfires occurred at

twice the national average and coastal flooding happened at
about 25% above the national average. Earthquakes (2%) and
landslides (2%) were about 50% below the national averages.
These types of events resulted in about a 50% higher prevalence
of loss of life and physical property (6% of the loss in the West
South Central) than that seen for the nation, while losses to
agricultural and silvicultural lands, as well as natural ecosystems,
comprised about 94% of losses (with most of these losses
observed in dual benefit lands, 54% and the reminder in natural
lands, 40%). Potential anthropogenic hazards existing near sites
of meteorological events are dominated by Superfund sites (47%,
about the national average), general toxic release sites (e.g.,
industrial outflows) at 33% (about the national average) and
nuclear facilities (17%, at roughly twice the national average).

The major contributors to the CRSI score in the West South
Central region are natural resource conservation contributions
to governance; demographic characteristics, social cohesion and
socio-economics to society; general housing characteristics and
the number of vacant structures to the built environment; and,
the extent and condition of natural ecosystems in the natural
environment (Figure 7A).

Of the 470 counties in the West South Central region, the top
5% of CRSI scores (scores = 3.41–5.72) were seen in Texas (15
counties), Oklahoma (7), Arkansas (2), and Louisiana (1). Nearly
50% of counties in the West South Central region have overall
CRSI scores significantly below the national average of 2.375.
The 5% of West South Central counties with the lowest CRSI
scores were seen almost completely in Texas (24 counties) with
one county in Oklahoma.

Mountain
The Mountain region of the United States is comprised of eight
states and is characterized by the overall CRSI score (3.898)
that is among the highest in the nation (Table 2). All the states
in the Mountain region are significantly above the national
average with three states (Idaho, Montana and Wyoming) with
overall CRSI scores >4.0. The risk of acute meteorological
events in the Mountain region is less than average (0.261) and
the regional governance score is significantly greater than the
national average. The Mountain region has a significantly above
average built environment score (0.456) with Arizona having
the highest score in the U.S. (0.710) and only Montana being
slightly below the national average. The Mountain region has a
significantly above average society score (0.567) with only one
state (Arizona) being significantly below the national average.
All Mountain states were at or significantly above the national
average for their natural environment scores.

Meteorological risks in the Mountain region (Figure 4) are
characterized by drought (38%) that is significantly higher than
the national average and extreme high and low temperatures
(32% of events and significantly below the national average).
The region is exposed to seven other types of meteorological
events—landslides (8%), earthquakes (8%), inland flooding (6%),
hailstorms (3%), high wind events (3%), wildfires (1%), and
tornadoes (0.1%). Of these seven risk exposures, wildfires
exposure is about ten times the national average and earthquake
exposure is about 2.5 times the national average. Landslide
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occurrences are at about 30% above the national average and high
wind events are about 50% below the national average. Exposures
to inland flooding, hailstorms and tornadoes occur at about the
national average. These types of events resulted in about a 300%
higher prevalence of loss of life and physical property (14% of the
loss in theMountain) than that seen for the nation, while losses to
agricultural and silvicultural lands, as well as natural ecosystems,
comprised about 86% of losses (equitably distributed between
dual benefit and natural lands). Potential anthropogenic hazards
existing near sites of meteorological events are dominated by
Superfund sites (47%, about the national average), general toxic
release sites (e.g., industrial outflows) at 27% (somewhat less than
the national average) and nuclear facilities (25%, at roughly 2.5
times the national average).

The major contributors to the CRSI score in the Mountain
region are natural resource conservation contributions
to governance; health characteristics, demographic
characteristics and socio-economics to society; the number
of vacant structures and general housing characteristics to the
built environment; and, the extent of natural ecosystems in the
natural environment (Figure 7B).

Of the 281 counties in the Mountain region, the top 10%
of CRSI scores (scores = 6.59–14.60) were seen in Montana (9
counties), Idaho (9), Colorado (2), New Mexico (2), Wyoming
(2), and Utah (1). Three counties in this region have overall CRSI
scores that are >10.0. Nearly 20% of counties in the Mountain
region have overall CRSI scores significantly below the national
average of 2.375. The 10% of Mountain counties with the lowest
CRSI scores were seen in Colorado (9),Montana (8), NewMexico
(3), Idaho (3) and Wyoming (1).

Pacific
The Pacific region of the United States is comprised of five states
and is characterized by the overall CRSI score (10.034 with Alaska
and 3.576 without Alaska) that is among the highest in the nation
(Table 2). All the states in the Pacific region are significantly
above the national average with three states (Alaska, Hawaii, and
Washington) with overall CRSI scores >4.0. The risk of acute
meteorological events in the Pacific region is less than average
(0.256) with Alaska having a risk score of <0.1. Almost half of
the boroughs in Alaska have insufficient data to complete CRSO
scoring but including the counties with adequate data shows very
low risk (0.058) and very high governance (0.736). CRSI does not
include chronic, long-term climate changes like sea-level rise and
Alaskan topography minimizes coastal flooding and high winds
events. The regional governance score including Alaska (0.602)
is significantly greater than the national average but excluding
Alaska reduces the score to 0.580 which is slightly lower than
the national average. The Pacific region has a significantly above
average built environment score (0.556 with Alaska and 0.568
without Alaska) with California having among highest scores in
the U.S. (0.641) and no states being at or below the national
average. The Pacific region has a slightly below average society
score (0.478 with or without Alaska) with only one state (Hawaii)
being significantly below the national average. All Pacific states
were significantly above the national average for their natural

environment scores with Alaska having the highest score in the
nation (0.627) and Oregon having a score of 0.517.

Meteorological risks in the Pacific region (Figure 4) are
characterized by drought (31%) that is about at the national
average, earthquakes (22%) that are seven times the national
average and extreme high and low temperatures (28% of events
and significantly below the national average). The region is
exposed to three other types of meteorological events—landslides
(9%), inland flooding (7%), hailstorms (3%), and wildfires (1%).
Of these three risk exposures, wildfires exposure is about twelve
times the national average and landslide exposure is about 50%
above the national average. Exposures to inland flooding occur
at about the national average. These types of events resulted in
about a five times higher prevalence of loss of life and physical
property (21% of the loss in the Pacific) than that seen for the
nation, while losses to agricultural and silvicultural lands, as well
as natural ecosystems, comprised about 78% of losses (equitably
distributed between dual benefit and natural lands). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (47%, about the national
average), general toxic release sites (e.g., industrial outflows) at
32% (somewhat less than the national average), RCRA exposure
at 11% (about twice the national average) and nuclear facilities at
11% (at the national average).

The major contributors to the CRSI score in the Pacific region
are natural resource conservation contributions to governance;
demographic characteristics, health characteristics and economic
diversity to society; the number of vacant structures and general
housing characteristics to the built environment; and, the extent
of natural ecosystems in the natural environment (Figure 7C).

Of the 160 counties in the Pacific region, the top 10% of
CRSI scores (scores = 8.89 to 148.07) were seen in Alaska (20
boroughs), Hawaii (4 counties) andWashington (1). Twenty-one
boroughs/counties in this region have overall CRSI scores that
are>10.0. Nearly 25% of counties in the region have overall CRSI
scores significantly below the national average of 2.375. The 10%
of counties with the lowest CRSI scores were seen in California
(16), Oregon (6), Washington (2) and Hawaii (1).

DISCUSSION

The results for the regionalization of CRSI can be used for
capacity building regardless of CRSI score. The domain and
indicator scores, as well as the polar plots, can be used to identify
areas where improvements can be made to enhance overall
resilience. The only domain in CRSI that cannot be improved
per se is the risk domain. This domain is driven by historical
observations relating to the tracked meteorological events. If
CRSI included long-term climate events, then perhaps human
activities could be developed to minimize long-term change
which could impact the risk domain of CRSI (Rahmstorf, 2007;
Nichols and Cazenave, 2010; Sweet et al., 2017). The remaining
CRSI domains—governance, society, built environment, and
natural environment—are driven by indicators and metrics
that can be modified to improve resilience to acute climate
events.
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In the New England region, general CRSI scores are high
(>3.8) and well-above the national average. However, one state
in this region has an overall CRSI score below the regional
average—Rhode Island with a CRSI score of 2.653. Rhode Island
has suffered from multiple coastal and inland flooding events,
winter storms, Superstorm Sandy, and Tropical Storm Irene in
the last decade. An evaluation of the New England region, using
the polar plot of indicator contribution to domains, show that
increases in community preparedness and personal preparedness
would enhance regional governance. Enhancements of labor-
trade services, safety and security and social cohesion would
enhance the society modifier. Improvements in infrastructure
would enhance the built environment modifier and increases
in natural ecosystem extents and condition would alter the
natural environment modifier. Our review of the domain scores
for Rhode Island suggest the area for greatest improvement
could be in the domain representing the built environment
where the Rhode Island score (0.320) is significantly below
the national average and hence reducing the state’s CRSI
score.

Recently, Rhode Island drafted a new statewide climate
resilience action strategy (RI-STAB, 2018). The results of the
Rhode Island CRSI data were provided to a member the Rhode
Island Science and Technical Advisory Board. These results
targeted a lower overall CRSI score likely driven by lower built
environment scores characterized by critical infrastructure and
utilities and building characteristics and average governance
scores (lower than most of New England) representing potential
issues with emergency preparedness as well as emergency
shelters and services. Like the CRSI approach, the Rhode
Island Strategy defines climate resilience as “the capacity of
individuals, institutions, businesses and natural systems within
Rhode Island to survive, adapt, and grow regardless of chronic
stresses and weather events they experience” (RI-STAB, 2018,
p. 3). Also, like the CRSI results, Rhode Island recognizes
that it primary acute meteorological risk events are extreme
cold and heat, droughts, and extreme rainfall and flooding.
The new strategy addresses built environment issues to reduce
vulnerability and improve infrastructure for drinking water
and wastewater systems; dam and storm-water systems; power
grid and fuel supply issues; and transportation. Realizing the
importance of natural systems for community resilience, Rhode
Island (already with the highest natural environment domain
scores in New England) is planning to increase its efforts to
protect and conserve its coastal and inland natural systems.
Rhode Island is already experiencing the effects of coastal
flooding on buildings, infrastructure, evacuation shelters, and
emergency services. The new strategy plan targets enhancements
to address these issues. Realization of the actions and activities
planned in the new Rhode Island strategy should increase its
overall CRSI score to levels similar to other New England
states.

The Middle Atlantic state with the lowest overall CRSI score
(New Jersey-−2.28) is characterized by the highest risk factors
to acute weather events (0.379) which is 20–40% higher than
the other states in the region. These events include coastal
and inland flooding, Superstorm Sandy, and a variety of high

temperature and low temperature events. Because it cannot
impact its risk to these events, New Jersey can do little to increase
its overall CRSI score other than improve its already above-
average governance and built environment scores and average
society and natural environment scores. New Jersey Governor’s
Office of Recovery Rebuilding (2018) is actively developing
plans to modify risks by developing governance associated
with flood rebuilding standards, and the state’s Department
of Community Affairs ((NJDCA), 2018) has provided grants
post-Sandy to enable development of strategic recovery plans
and practices to facilitate smart and efficient rebuilding
processes at the local level. Similarly, New Jersey’s Office of
EmergencyManagement (NJOEM, 2018) is identifying resiliency
opportunities to modify the locations and characteristics of
critical infrastructures including drinking water, wastewater,
transportation, transit, energy, and communication systems.
These infrastructure issues were observed as potential areas of
improvement for the Middle Atlantic Region through CRSI
analyses.

However, the greatest potential area of improvement for
the overall New Jersey CRSI score would be enhancement
of ecosystem type extent, and condition. For example,
only 31 miles of New Jersey’s 130 miles of shoreline
are undeveloped (Headland, 2017; Stockton and Hafner,
2018). While some Post-Sandy activities in New Jersey
seem to be addressing these resilience enhancements
(NJOCM, 2010), few major efforts seem to be occurring
in this area. Small efforts like dune reconstruction and
vegetation planting are being undertaken, but no larger
efforts directed at natural shoreline stabilization, wetland
protection, and ecosystem condition improvements are
included.

In the South Atlantic region, both Georgia and the District
of Columbia displayed overall CRSI scores of less than one. The
District of Columbia is characterized by high risk (0.470, nearly
50% above the US average) and is prone to frequent inland
and coastal flooding (flash flooding, river flooding, tropical
systems, dam breaks, and heavy snow melts). The District of
Columbia showed a very low Natural Environment domain score
(0.200) compared to the national average of 0.413. Enhancing
the natural environment might be difficult for the District as it
is surrounded on multiple sides by the Potomac and Anacostia
Rivers and is characterized by extensive areas of impervious
surface. Minimizing impervious surfaces and maximizing the
conservation and re-development of riparian corridors, wetlands,
and greenspaces are likely the areas where improvements would
be anticipated to enhance the District’s CRSI score. Similar
improvements in infrastructure (e.g., transportation and water
systems) would enhance the District’s already above average built
environment domain score.

On the other hand, Georgia (CRSI score of 0.846) has
an average risk score but below average domain scores for
governance, built environment, society and natural environment.
Improvement in any of these domains would increase Georgia’s
CRSI score. Georgia’s risks can be easily characterized by
inland flooding, high wind events, hailstorms and tornadoes
((NWS), 2018). Governance improvements in the South Atlantic
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region could focus more on holistic and catchment-oriented
flood risk management rather than the emphasis on structure
measures and construction which have dominated the past.
Similar efforts in Germany have shown some success in reducing
the adverse consequences of flooding for human health, the
environment, cultural heritage and economic activity (Heintz
et al., 2012). Georgia has a few large urban centers with
diverse work forces where flooding occurs regularly. However,
much of Georgia is comprised of small communities and
counties where labor and trade services are not diverse and
rebuilding after a meteorological event (e.g., tornado, flood)
can be very difficult without construction labor pools. Creating
enticements to develop these labor pools even if shared by
several proximal counties would increase the CRSI scores of
these counties. Finally, improvements in housing characteristics
through upgrading building codes and reducing the number of
vacant structures should increase a presently very low building
environment domain score for Georgia (0.282). Homes and
businesses throughout Georgia and the South Atlantic region
would benefit from enhanced building codes and standard
resulting in increased resilience (FEMA, 2017a). Georgia’s
neighboring state, Florida, has demonstrated how to enhance its
building code to create greater resilience to storm events (PDH
Academy, 2017). Florida building codes change in response to
new technology and knowledge about weather events. Codes
affecting the built environment should be modified or updated
in response to changes in technology and procedures, growing
and maturing with the times. With the increased storm activity
of 2017, recently updated building codes guided by storms of the
past were put to the test and demonstrated Florida community’s
enhanced resilience. These codes utilized more information
about code strengths and weaknesses, building practices, and new
building materials that helped homes and commercial properties
withstand weather events.

California demonstrates an above average risk domain
(0.322) dominated by drought and temperature extremes. The
increased incidence of wildfires (10 times the national average),
earthquakes (7 times the national average) and landslides (50%
above the national average) contribute to a major portion of
human life and dollar losses resulting from acute meteorological
events. According to CRSI domain scores, California has the
lowest governance domain score in the Pacific region (0.498);
this is significantly below the national average and 50–75%
below the remaining states in the region. While having among
the highest built environment scores in the nation, California
has increased building code requirements to withstand at least
minimal to moderate earthquake impacts. California’s seismic
construction requirements are designed to protect the lives of
those inside. But even with the most modern codes, building to

the state’s minimum requirements still leave some new buildings

severely damaged in a major earthquake to the point of being
a complete loss. Further enhancing these types of building
codes would increase the state’s CRSI scores but governance
enhancement designed to increase personal and community
preparedness would likely modify the governance score for
California positively.

Wildfires, another type of event of increasing frequency and
magnitude, in 2017 were the most destructive fires on record.
A total of 9.133 fires burned over 1.3 million acres including
5 of the 20 most devastating wildland-urban interface fires
in California history (CDFFP, 2018). Enhanced personal and
community preparedness for wildfires would likely modify the
governance score for California significantly. For example, the
Tubbs fire in Napa and Sonoma counties, which ignited on
October 8, 2017, killed 22 people, damaged 5,643 structures, and
burned 36,807 acres, making it the single most destructive fire
in California history. Interviews with personnel of the California
Department of Forestry and Fire Protection demonstrated
that little could be done to contain the fire but the lack of
personal preparedness was demonstrated by the number of
vehicles still parked in their driveways after calls for mandatory
evacuations (Irfan, 2017). Fires are becoming more damaging
because Californians keep building in harm’s way much the
same way homebuilders in flood plains rebuild homes after flood
destruction. Deliberate decisions and unintended consequences
of urban development over decades have turned many parts of
California into tinderboxes (Irfan, 2017). This is also reflected in
the Environmental Domain score for California (0.461), which
is the lowest in the Pacific region, where natural habitats that
might have reduced human life and property losses have become
part of or consumed by suburban and urban sprawl (Irfan,
2017).

As evidenced by the data and examples above, direct
enhancement in governance, environment, and even building
codes and reduction of vacant structures would increase the
resilience score for states like California. Georgia, New Jersey,
Rhode Island, and the District of Columbia. Using CRSI scores
and interpreting the deconstruction of those scores, can be
critical elements to consider in resilience capacity building in
these states and the District of Columbia. Using the Climate
Recovery Screening Index to inform capacity building can
enrich the dialogue and contribute to decision making that
results in stronger community resilience to acute climate
events.
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1. ΙΝΤΡΟDΥΧΤΙΟΝ 

 Τηε γοαλ οφ ρεδυχινγ ιmπαχτσ φροm ηαζαρδ εξ−

ποσυρε ηασ νεϖερ βεεν mορε ιmπορταντ. Αχχορδινγ 

το τηε Υνιτεδ Νατιονσ 2012 Ρεπορτ ον Dεϖελοπ−

mεντ Αγενδα, τηε γλοβαλ ινχρεασε ιν ηαζαρδ εξπο−

συρεσ φροm 1970 το 2010 ωασ βετωεεν 114 ανδ 192 

περχεντ, δεπενδινγ ον τηε ηαζαρδ. Τηεσε εξποσυρεσ 

ρεσυλτεδ ιν οϖερ 1.1 mιλλιον δεατησ ανδ ∃1.3 τριλλιον 

ιν προπερτψ λοσσεσ, ωιτη αν αδδιτιοναλ 2.7 βιλλιον 

πεοπλε αδϖερσελψ ιmπαχτεδ ιν τηατ σαmε τιmε (ΥΝ 

2012). Ασ ποπυλατιονσ χοντινυε το γροω, υρβανιζε 

ανδ σηιφτ ιντο αρεασ ωιτη γρεατερ εξποσυρε ποτεν−

τιαλ, τηε ιmπαχτ ωιλλ ονλψ χοντινυε το γροω (Χηεστερ 

ετ αλ. 2000, Λαλλ ανδ Dειχηmανν 2010, Γαρσχηαγεν  
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ανδ Ροmερο−Λανκαο 2015, Γ�νεραλπ ετ αλ. 2015).  

Ον τοπ οφ τηισ, τηε σεϖεριτψ ανδ λοχατιον οφ ηαζαρδσ 

χοντινυε το χηανγε, ψιελδινγ α δψναmιχ λανδσχαπε 

ρεθυιρινγ χοντινυαλ ρεασσεσσmεντ ανδ λονγ−τερm 

mιτιγατιον σολυτιονσ (Μιλεττι 1999). 

 Τηε ηαζαρδ λανδσχαπε ορ ηαζαρδ−σχαπε ισ 

χοmπλεξ ανδ διφφιχυλτ το φυλλψ ρεπρεσεντ ιν α χοm−

πρεηενσιϖε mαννερ ωιτηουτ σοmε φορm οφ mοδελ 

βψ ωηιχη εξποσυρεσ αρε ταλλιεδ ανδ ασσιγνεδ το λο−

χατιονσ (Χυττερ, Βυρτον, & Εmριχη, 2010). Ιν ορδερ 

το εφφεχτιϖελψ ρεδυχε ρισκσ, χοmmυνιτιεσ mυστ ασ−

σεσσ τηειρ υνιθυε ηαζαρδ−σχαπε βψ υσινγ ιντεγρατεδ, 

ηολιστιχ, mυλτι−ηαζαρδ ασσεσσmεντσ ιντενδεδ το ρεπ−

ρεσεντ τηε φυλλ ρανγε οφ παστ, πρεσεντ ανδ φυτυρε εξ−

ποσυρεσ. Ιν τηισ χοντεξτ, τηε Ιντερνατιοναλ Πανελ ον 

Χλιmατε Χηανγε (ΙΠΧΧ) χονσιδερσ δισαστερ ρισκ το 

βε τηε ποσσιβιλιτψ οφ αδϖερσε εφφεχτσ ιν τηε φυτυρε 

(Φιελδσ 2012). Τηε σταρτινγ ποιντ ισ α ηαζαρδ, δε−
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φινεδ ασ α πηενοmενα χαυσεδ βψ τηε ονσετ οφ 

εϖεντσ, ωηετηερ αχυτε ορ χηρονιχ, τηατ αρε περ−

χειϖεδ το χαυσε ηαρm (Βυρτον ανδ Κατεσ 1964). 

Ηαζαρδσ χαν βε νατυραλ (γεοπηψσιχαλ, ηψδρολογιχαλ, 

χλιmατολογιχαλ, ορ βιολογιχαλ) ορ τεχηνολογιχαλ (εν−

ϖιρονmενταλ δεγραδατιον, πολλυτιον, ορ αχχιδεντσ). 

Αν εξποσυρε οχχυρσ ωηεν α ηαζαρδ ιντερσεχτσ ωιτη 

τηε λανδσχαπε, ωηετηερ α λιϖινγ ποπυλατιον ορ τηε 

νατυραλ ορ βυιλτ ενϖιρονmεντ. Ιν τηε εϖεντ οφ αν εξ−

ποσυρε, τηερε ισ α ποτεντιαλ φορ λοσσ, δεφινεδ ηερε ασ 

α ρισκ. Λοσσεσ αρε ινχορπορατεδ ασ α mεασυρε οφ 

χονσεθυενχεσ ασσοχιατεδ ωιτη ηαζαρδ φροm εξπο−

συρε. Τηεψ σερϖε ασ α προξψ φορ ϖυλνεραβιλιτψ ιν τηε 

χαλχυλατιον οφ ρισκ.  

 Wηιλε ιντεγρατιον οφ mυλτιπλε ηαζαρδσ ισ νοτ α 

νεω χονχεπτ, τηερε ηασ βεεν α πυση το ινχλυδε 

mορε ρεφινεδ mυλτι−ηαζαρδ mοδελσ ιντο χοmmυνιτψ 

πλαννινγ φορ ρισκ ρεδυχτιον. Ηεωιττ ανδ Βυρτον 

φιρστ δισχυσσεδ τηε χονχεπτ οφ ηαζαρδουσνεσσ οφ 

πλαχε, ωηερεβψ α σπεχιφιεδ γεογραπηιχ υνιτ ισ ασ−

σεσσεδ φορ αλλ ηαζαρδσ ιmπαχτινγ ιτ (1971). Τηειρ 

τηεορετιχαλ φραmεωορκ συγγεστσ α νεεδ φορ mορε 

λοχατιον−σπεχιφιχ ωορκ, ασ οπποσεδ το ηαζαρδ−

σπεχιφιχ αναλψσισ, το ινφορm πολιχψ δεχισιονσ. Χυτ−

τερ τακεσ τηισ α στεπ φυρτηερ ωιτη α ηαζαρδσ οφ 

πλαχε χονχεπτυαλ mοδελ τηρουγη ωηιχη λοχατιον−

δεπενδεντ ρισκ, ορ ϖυλνεραβιλιτψ, ισ δεφινεδ βψ τηε 

χοmπλεξ ιντεραχτιον οφ ηαζαρδσ χαυσεδ βψ νατυραλ, 

σοχιεταλ, ανδ τεχηνολογιχαλ εϖεντσ (Χυττερ ανδ 

Σολεχκι 1989, Χυττερ 1996). Τηε πλαχε−βασεδ απ−

προαχη αλλοωσ φορ τηε χοmβινατιον οφ mυλτιπλε ηαζ−

αρδσ ανδ mιτιγατιον αχτιϖιτιεσ. Μορε ρεχεντ ρε−

σεαρχη ιν mυλτι−ηαζαρδ ρισκ ασσεσσmεντσ ηασ ατ−

τεmπτεδ συχη αναλψσεσ, φοχυσινγ ον ειτηερ σmαλλ 

γεογραπηιχ αρεασ ορ λοοκινγ ατ α χασχαδε οφ ηαζ−

αρδσ ρεσυλτινγ φροm α σινγλε σουρχε (ε.γ. ϖολχανο) 

(Βελλ ανδ Γλαδε 2011, Τηιερρψ 2008). Τηερε αρε 

αλσο εξαmπλεσ οφ ηαζαρδ ιντεγρατιον υσινγ σπατιαλ 

τοολσ φορ λοσσ εστιmατιον, πλαννινγ ανδ mιτιγατιον 

πυρποσεσ (ΦΕΜΑ 2013, Σχηmιδτ ετ αλ. 2011, Τατε 

ετ αλ. 2011). Οτηερ αττεmπτσ ατ mυλτι−ηαζαρδ ιντε−

γρατιον υσε σπατιαλ ασσεσσmεντ ωιτη τηε ασσιγνmεντ 

οφ ορδιναλ χλασσιφιχατιον σχηεmεσ φορ ιντενσιτψ (Βα−

τιστα ετ αλ 2004, Σχηmιδψ−Τηοmε 2005, Γρειϖεσ ετ 

αλ. 2006). Τηισ ισ νεχεσσαρψ δυε το τηε ϖαστ αρραψ οφ 

ιmπαχτσ στεmmινγ φροm νατυραλ ανδ τεχηνολογιχαλ 

ηαζαρδσ, βυτ φορχεσ δεχισιονσ ον ωειγητινγ ανδ 

λαχκσ χονσιδερατιον οφ ουτχοmεσ. Wηιλε τηεσε 

mετηοδσ πρεσεντ α ροβυστ ωαψ το ιντεγρατε ανδ ασ−

σεσσ mυλτιπλε ηαζαρδσ, τηεψ δο νοτ λενδ ασ ωελλ το 

τηε χονστρυχτιον οφ αν ινδεξ ϖαλυε φορ χοmπαρισον 

αχροσσ λαργερ σπαχεσ.  

 Ιν αδδιτιον το σιmπλψ χοmβινινγ ηαζαρδσ, τεm−

ποραλ ιντεραχτιονσ βετωεεν ηαζαρδσ αρε α σιγνιφι−

χαντ χονσιδερατιον, ωηερε τηε ποτεντιαλ εξιστσ φορ 

ηαζαρδσ το ιντεραχτ ανδ αmπλιφψ ονε ανοτηερ 

τηρουγη βοτη προξιmιτψ ανδ τιmινγ οφ οχχυρρενχεσ. 

Ιν τηε εϖεντ τηατ mυλτιπλε ηαζαρδσ οχχυρ χλοσε ιν 

προξιmιτψ ανδ τιmεφραmε, δισαστερ φατιγυε χαν οχ−

χυρ, λεαϖινγ τηε λανδσχαπε mορε συσχεπτιβλε το 

ηαρm φροm συβσεθυεντ εξποσυρεσ (Καππεσ ετ αλ. 

2012). Τηερε αρε αδδιτιοναλ πσψχηολογιχ ιmπαχτσ 

φροm ρεπεατεδ εξποσυρεσ ανδ εξαχερβατινγ εφφεχτσ 

στεmmινγ φροm ηαζαρδουσ φαχιλιτιεσ ϖια χηεmιχαλ 

ρελεασεσ, εξπλοσιονσ, ορ επιδεmιχσ (Ρεσερ 2007, 

Wατσον ετ αλ. 2007). Χονσιδερατιον οφ τηεσε χασ−

χαδινγ ιmπαχτσ ισ ιmπορταντ, ανδ α πριmαρψ ρεασον 

φορ τηε υσε οφ mυλτι−ηαζαρδ ασσεσσmεντ (Μιλεττι 

1999, Μαρζοχχηι ετ αλ. 2012). Τηε γοαλ ισ το οπερα−

τιοναλιζε αν αππροαχη τηατ ωιλλ εναβλε τηε mεργερ 

οφ mυλτιπλε ηαζαρδσ ιντο α mεανινγφυλ mεασυρε φορ 

χοmmυνιτιεσ το ασσεσσ στρατεγιεσ ανδ λιmιτ φυτυρε 

ϖυλνεραβιλιτιεσ. Τηισ φεατ ισ χηαλλενγεδ ασ α ρεσυλτ 

οφ πατχηωορκ λανδσχαπεσ, διφφερενχεσ ιν ηαζαρδ 

σιζε ανδ ιντενσιτψ, ανδ τηε ενορmιτψ οφ δατα τηατ 

mυστ βε προχεσσεδ το ρεταιν α υσεφυλ λεϖελ οφ ρεσολυ−

τιον. Dεσπιτε τηε διφφιχυλτψ, δεϖελοπινγ α σχαλαβλε 

mυλτι−ηαζαρδ ασσεσσmεντ φορ τηε εντιρε Υ.Σ. ατ τηε 

χουντψ σχαλε ισ ιmπορταντ ανδ νεχεσσαρψ το εσταβλιση 

α βασελινε ρισκ προφιλε φορ αλλ αρεασ οφ τηε χουντρψ.  

2. ΜΕΤΗΟDΣ 

 Τηε Παττερνσ οφ Ρισκ υσινγ αν Ιντεγρατεδ Σπατιαλ 

Μυλτι−Ηαζαρδ (ΠΡΙΣΜ) αππροαχη αλλοωσ ρισκ το βε 
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ασσεσσεδ ατ τηε χουντψ λεϖελ αχροσσ στατεσ ορ ρε−

γιονσ ανδ φαχιλιτατεσ τηε ιντεγρατιον οφ ανψ ηαζαρδ 

τψπε προϖιδεδ ιτ ηασ αν ασσοχιατεδ σπατιαλ χοmπο−

νεντ. Ρισκ, ιν τηισ αππροαχη, ισ ρεπρεσεντεδ ασ τηε 

προβαβιλιτψ οφ α ηαζαρδ εξποσυρε (ιδεντιφιεδ ασ 

προπορτιοναλ λανδ αρεα) mυλτιπλιεδ βψ τηε δεγρεε οφ 

ϖυλνεραβιλιτψ (ιδεντιφιεδ ηαζαρδ λοσσεσ). Εξποσυρε 

προβαβιλιτψ ενταιλσ βοτη ηιστοριχ ανδ προξιmιτψ−

βασεδ mεασυρεσ οφ ηαζαρδσ ρεσπονσιβλε φορ ρισκ. 

Λοσσεσ προϖιδε α mεασυρε οφ τηε λιϖεσ λοστ/ 

ιmπαχτεδ, mονεταρψ λοσσεσ ιν χροπσ ανδ προπερτψ, 

ανδ λοσσεσ οφ νατυραλ λανδ ιντεγριτψ. Dατα ινχλυσιον, 

χονχεπτυαλ δεϖελοπmεντ ανδ προχεσσινγ οφ τηε ρισκ 

παραmετερσ ισ δεσχριβεδ ιν τηισ σεχτιον. Α χονχεπ−

τυαλ οϖερϖιεω, προϖιδεδ ιν Φιγ. (1), δεmονστρατεσ 

τηε βρεακδοωνσ οφ εαχη ρισκ χοmπονεντ.  

 Το αδδρεσσ τηε σπατιαλ εξτεντ οφ ηαζαρδ εξποσυρε 

ανδ χοπε ωιτη τηε ϖαριεδ λανδσχαπεσ (ε.γ. ηαζαρδ 

προξιmιτιεσ ανδ λεϖελ οφ δεϖελοπmεντ) αχροσσ τηε 

χουντρψ, χουντιεσ αρε υσεδ ασ τηε φουνδατιον φορ 

ρισκ χαλχυλατιον. Τηουγη υσε οφ σmαλλερ σπατιαλ 

υνιτσ ισ ποσσιβλε, τηε υτιλιτψ οφ τηε mετηοδ βεττερ 

αλιγνσ ωιτη α λαργερ αγγρεγατιον φορ τηε πυρποσεσ οφ 

χουντψ ανδ ρεγιοναλ γοϖερνανχε. Ιν αδδιτιον, τηερε 

ισ λαχκ οφ χερταιν mετριχσ ατ φινερ σχαλεσ, mακινγ 

χαλχυλατιον οφ ρισκ βασεδ ον λανδ εξτεντ χηαλλενγ−

ινγ. Λοσσ δατα, φορ εξαmπλε, υσεσ χουντιεσ ασ ιτσ 

φινεστ λεϖελ οφ δατα αγγρεγατιον, ανδ ιν 15 ψεαρσ οφ 

δατα, ονλψ 3 mαϕορ βουνδαρψ χηανγεσ ηαϖε οχ−

χυρρεδ (ΥΣ Χενσυσ 2010). Ασσεσσmεντ οφ λανδ−τψπε 

διστριβυτιον ωιτηιν εαχη χουντψ ισ υσεδ το ωειγη 

εξποσυρε ανδ λοσσ ϖαλυεσ ανδ αχχουντ φορ διφφερ−

ενχεσ ιν δεϖελοπmεντ ανδ εχονοmιχ δριϖερσ. Προ−

πορτιοναλ χουντψ εξποσυρε ϖαλυεσ αλλοω διφφερεντ 

ηαζαρδ τψπεσ το βε χοmβινεδ ιν α χονσιστεντ mαν−

νερ, ρεγαρδλεσσ οφ ιντενσιτψ ορ τεmποραλ ϖαριατιον.  

2.1. Dατα Ρεφινεmεντ 

 Ιν τηε φορmυλατιον οφ α ηαζαρδ−σχαπε, τηρεε ιν−

πυτσ αρε υτιλιζεδ: α λανδ−υσε λαψερ, α νατυραλ ηαζαρδ 

 

Φιγ. (1). ΠΡΙΣΜ Αππροαχη χονχεπτυαλ οϖερϖιεω. Σηοωινγ βρεακδοων οφ εξποσυρεσ ανδ λανδ χατεγοριεσ αλονγ ωιτη τηε ινχλυ−
σιον οφ λανδ−τψπε ωειγητινγ ϖαλυεσ υσεδ το δεριϖε α φιναλ ρισκ ϖαλυε φορ αλλ ηαζαρδσ ιν α χουντψ. Χοmπονεντσ οφ ρισκ αρε ιδεντι−

φιεδ ιν τοπ ανδ βοττοm βαρσ το δεmονστρατε στεπσ ιν χαλχυλατιον οφ φιναλ σχορε. Χολορ χοδεσ: Γρεεν = Νατυραλ Ρισκ χοmπονεντσ, 

Βλυε = Dυαλ−Υσε χοmπονεντσ, ανδ Γρεψ = Dεϖελοπεδ χοmπονεντσ. Βασιχ εξποσυρε ανδ αντηροπογενιχ εξποσυρεσ αρε τηε σαmε 

αχροσσ αλλ λανδ−τψπε χατεγοριεσ. 
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λαψερ, ανδ τεχηνολογιχαλ ηαζαρδ λαψερ. Τηε λανδ−υσε 

λαψερ ισ υσεδ το ωειγητ ηαζαρδ εξποσυρεσ αχχορδινγ 

το τηε λανδσχαπε τψπεσ πρεσεντ ιν α χουντψ; Νατυραλ, 

Dυαλ−Βενεφιτ, ορ Dεϖελοπεδ (Ταβλε 1). Τηε νατυραλ 

ηαζαρδ λαψερ ισ υσεδ το δεφινε ηιστοριχ ανδ προξιm−

ιτψ−βασεδ εξποσυρε προβαβιλιτιεσ. Τηε τεχηνολογιχαλ 

ηαζαρδ λαψερ ισ υσεδ το αδδ ποτεντιαλ εξποσυρεσ ρε−

συλτινγ φροm mαν−mαδε φαχιλιτιεσ. Εαχη οφ τηεσε αρε 

χαλχυλατεδ ιν υνιτσ οφ τοταλ αχρεαγε ανδ ασσιγνεδ το 

χουντψ βουνδαριεσ υσινγ ΑρχΓΙΣ 10.3, ωηερε εξ−

ποσυρε σιζε ισ χαλχυλατεδ ασ α προπορτιον οφ τηε 

χουντψ αχρεαγε ιν εαχη λανδ−υσε χλασσ.  

2.1.1. Λανδ Υσε Χλασσιφιχατιονσ 

 Τηε λανδ−υσε συρφαχε ισ δεϖελοπεδ υσινγ δατα 

φροm τηε 2011 ϖερσιον οφ τηε Μυλτι−Ρεσολυτιον 

Λανδ Χηαραχτεριστιχσ Χονσορτιυm (ΜΡΛΧ) Να−

τιοναλ Λανδ Χοϖερ Dαταβασε (ΝΛΧD), ωηιχη ισ 

βασεδ ον ΛανδΣατ ιmαγερψ χοϖερινγ τηε εντιρετψ οφ 

τηε χοντερmινουσ Υ.Σ. (Ηοmερ ετ αλ. 2015). Τηε 

ρεασον φορ τηισ χηοιχε ισ τωο−φολδ. Φιρστλψ, τηε δατα 

ωασ σατελλιτε−δεριϖεδ, σπατιαλλψ−ρεφερενχεδ, ανδ ατ α 

30 ξ 30−mετερ ρεσολυτιον φορ τηε εντιρε Υ.Σ. Αλ−

τηουγη ηιγηερ ρεσολυτιον αλτερνατιϖεσ εξιστεδ, υσινγ 

τηοσε ωουλδ ηαϖε mεαντ γατηερινγ mυλτιπλε, δισπα−

ρατε δατα σουρχεσ ανδ ψιελδεδ α συρφαχε ωιτη ηιγη 

λεϖελσ οφ ινχονσιστενχψ. Τηε σεχονδ αδϖανταγε οφ 

υσινγ ΝΛΧD φορ συρφαχε εξποσυρε δατα ισ δυε το ιτσ 

ωελλ δοχυmεντεδ ανδ ρεγυλαρ χολλεχτιον, βεινγ 

χοmπιλεδ εϖερψ 5 ψεαρσ ανδ χλοσελψ χορρεσπονδινγ 

το τηε σοχιαλ δατα.  

 Λανδ χοϖεραγε χλασσιφιχατιον ιν τηε ΝΛΧD φαλλσ 

ιντο ονε οφ 20 διφφερεντ χατεγοριεσ, mακινγ τηε δατα 

ηιγηλψ δεταιλεδ. Φορ τηε πυρποσεσ οφ τηισ αππροαχη, 

ηοωεϖερ, τηε οριγιναλ 20 χλασσιφιχατιονσ αρε χοm−

πρεσσεδ ιντο 3 χατεγοριεσ, δεϖελοπεδ λανδσ, δυαλ−

βενεφιτ λανδσ, ανδ νατυραλ λανδσ (Ταβλε 1). Εξπο−

συρε εξτεντσ αρε ασσιγνεδ το εαχη λανδ−τψπε ανδ 

χαλχυλατεδ ασ α προπορτιον. Τηισ αλλοωσ εξποσυρε το 

βε χαλχυλατεδ φορ α σπεχιφιχ λανδ ορ αγγρεγατεδ υπ 

το α λανδ−τψπε ωειγητεδ χουντψ ϖαλυε.  

 

Ταβλε 1. Χοmπρεσσιον οφ 2011 ΝΛΧD χατεγοριεσ φροm 20 

δοων το 3 φορ υσε ιν εξποσυρε χαλχυλατιονσ. ∗ 

δατα ονλψ αϖαιλαβλε ιν Αλασκα. Λεφτ χολυmν ρεπ−

ρεσεντσ οριγιναλ χλασσιφιχατιον οφ λανδ ανδ ριγητ 

χολυmν ρεπρεσεντσ νεω χλασσιφιχατιον. 

ΝΛΧD Χλασσιφιχατιον 

(20 Χατεγοριεσ) 

ΠΡΙΣΜ Χλασσιφιχατιον 

(3 Χατεγοριεσ) 

Dεϖελοπεδ, Οπεν Σπαχε 

Dεϖελοπεδ, Λοω Ιντενσιτψ 

Dεϖελοπεδ, Μεδιυm Ιντενσιτψ 

Dεϖελοπεδ, Ηιγη Ιντενσιτψ 

Dεϖελοπεδ Λανδ 

Dεχιδυουσ Φορεστ 

Εϖεργρεεν Φορεστ 

Μιξεδ Φορεστ 

Παστυρε/Ηαψ 

Χυλτιϖατεδ Χροπσ 

Wοοδψ Wετλανδσ 

Εmεργεντ Ηερβαχεουσ Wετλανδσ 

Dυαλ−Βενεφιτ Ενϖιρονmεντ 

Οπεν Wατερ 

Περεννιαλ Ιχε/Σνοω 

Βαρρεν Λανδ (Ροχκ/Σανδ/Χλαψ) 

Dωαρφ Σχρυβ∗ 

Σηρυβ/Σχρυβ 

Γρασσλανδ/Ηερβαχεουσ 

Σεδγε/Ηερβαχεουσ∗ 

Λιχηενσ∗ 

Μοσσ∗ 

Νατυραλ Ενϖιρονmεντ 

(νον−ηυmαν) 

 

2.1.2. Νατυραλ Ηαζαρδσ Εξποσυρε 

 Τηερε αρε α τοταλ οφ 8 (9 ιφ ηιγη ανδ λοω 

τεmπερατυρε εξτρεmεσ αρε χουντεδ σεπαρατελψ) νατυ−

ραλ ηαζαρδ τψπεσ ασσεσσεδ υσινγ ηιστοριχαλ εϖεντσ 

αλονγ ωιτη αν αδδιτιοναλ 4 προξιmιτψ−βασεδ  

εξποσυρε ποτεντιαλσ τηατ υσε mοδελεδ δατα ορ λοχα−

τιον το αππροξιmατε εξποσυρε προβαβιλιτψ (Ταβλε 

2). Ποιντσ, αρεασ ορ τραχκσ οφ εαχη ηαζαρδ αρε χολ−

λεχτεδ φορ εαχη ηαζαρδ ανδ γεο−ρεφερενχεδ. Dε−

πενδινγ ον τηε ηαζαρδ, φυρτηερ προχεσσινγ ισ  
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χαρριεδ ουτ το εστιmατε τηε σπατιαλ εξτεντ οφ ιm−

παχτσ. Τηεσε εξτεντσ αρε χονϖερτεδ το προπορτιοναλ 

λανδ−τψπε αρεασ βψ χουντψ ανδ ηαζαρδ τψπε το ρεπ−

ρεσεντ εξποσυρε. Ιν τηε χασε οφ δρουγητσ, φορ ιν−

στανχε, τηε δατα ισ ρεπρεσεντεδ ασ αν αεριαλ εξτεντ. 

Οτηερ ηαζαρδσ αρε ρεπρεσεντεδ βψ πατη δατα ονλψ, 

συχη ασ ηυρριχανεσ ανδ τορναδοεσ. Ιν τηεσε ιν−

στανχεσ, α βυφφερ ισ υσεδ το εστιmατε εξποσυρε εξ−

τεντ. Ταβλε 2 προϖιδεσ α συmmαρψ οφ αλλ 11 νατυραλ 

ηαζαρδσ ανδ τηε mετηοδσ υτιλιζεδ φορ δετερmινατιον 

οφ σπατιαλ εξτεντ. 

 Φορ εαχη ηαζαρδ τψπε, τηε ιmπαχτ οφ τηε εϖεντ ισ 

δεπενδεντ ον λανδ−τψπε ανδ εξτεντ. Μεασυρινγ 

ηαζαρδσ ισ τψπιχαλλψ αχχοmπλισηεδ τηρουγη σοmε 

φορm οφ ινδεξ βασεδ ον φεατυρεσ οφ τηε ηαζαρδ. Τηε 

χηαλλενγε ιν χοmβινινγ ηαζαρδσ τηυσ χεντερσ ον 

ηοω το mακε τηε διϖερσε ινδιχεσ εθυιϖαλεντ νυ−

mεριχαλλψ φορ χοmβινατιον ιν α συmmαρψ ινδεξ. Αν 

εξαmπλε οφ τηισ χηαλλενγε ωουλδ χοmε φροm ηυρρι−

χανεσ ανδ τορναδοεσ, φορ ινστανχε. Ηυρριχανεσ αρε 

mεασυρεδ βασεδ ον mαξιmυm ωινδ σπεεδ. Wηιλε 

ρελατεδ, τηισ δοεσ νοτ χονσιδερ τηε αχχοmπανψινγ 

τηρεατσ οφ φλοοδινγ ορ τορναδοεσ τηατ τψπιχαλλψ 

χαυσε δαmαγε ιν τηε ωακε οφ α στορm. Τορναδοεσ 

αρε σιmιλαρλψ mεασυρεδ υσινγ ωινδ σπεεδ ασ α βασε−

λινε φορ ινδεξ δεϖελοπmεντ. Τηουγη βοτη αρε 

ωινδ−βασεδ στορmσ, τηε ινδιχεσ φορ ηυρριχανεσ ανδ 

τορναδοσ αρε νοτ διρεχτλψ ρελαταβλε ανδ δο νοτ χαπ−

τυρε τηε διφφερενχεσ ιν οτηερ χηαραχτεριστιχσ. Τορνα−

δοεσ αρε mυχη mορε φοχυσεδ ιν τηειρ πατησ ανδ ιν−

τενσιτψ, ωηιλε ηυρριχανεσ αρε ϖαστερ ιν εξτεντ. Τηε 

διστινχτιον βετωεεν τηεσε τωο στορm τψπεσ ισ χλεαρ 

ιν τηε χηαραχτεριστιχσ οφ ιmπαχτ. Ηυρριχανεσ, βε−

χαυσε οφ τηειρ εξτεντ ανδ νεχεσσιτψ φορ ωατερ, ηαϖε 

α mορε προβαβλε ιmπαχτ ον λαργερ ποπυλατιονσ ανδ 

φραγιλε χοασταλ εχοσψστεmσ. Τορναδοεσ, ωιτη ναρ−

ροωερ πατη ωιδτησ ανδ ηιγηερ προβαβιλιτψ ινλανδ, 

δο νοτ ποσσεσσ τηε σαmε ποπυλατιον τηρεατ ασ ηυρρι−

χανεσ. Dυε το τηε διφφερεντιαλ ιmπαχτσ ανδ mετηοδσ 

οφ mεασυρεmεντ φορ τηεσε στορm τψπεσ, αλονγ ωιτη 

mανψ οτηερ ηαζαρδσ, χοmβινινγ τηεm τηρουγη 

mεασυρεσ οφ ιντενσιτψ σχαλε ισ νοτ ϖερψ ενλιγητεν−

ινγ. Μεασυρινγ τηε εξαχτ λοχατιον ανδ εξτεντ οφ 

εξποσυρε το ασσεσσ ιmπαχτ χρεατεσ α mυχη βεττερ 

ασσεσσmεντ. 

 Εξτεντ δεχισιονσ αρε εσταβλισηεδ φορ εαχη ηαζαρδ 

βασεδ ον δατα ανδ πηψσιχαλ χηαραχτεριστιχσ. Ηυρρι−

χανε ωινδ εξποσυρε χαλχυλατιονσ υσε α βυφφερ δισ−

τανχε οφ 100 mιλεσ φορ αλλ στορmσ εξχεεδινγ τηε 

Χατεγορψ 1 (ωινδσ > 74 mπη) ρατινγ. Τηισ χυτ ποιντ 

ισ σηοων φροm πρεϖιουσ ρεσεαρχη το βε τηε mοστ 

ροβυστ ιν ρελατιον το δαmαγεσ εξπεριενχεδ ανδ χορ−

ρεσπονδσ το αδδιτιοναλ ρεσεαρχη ον ηυρριχανε ανδ 

τψπηοον εψε ωαλλ στρυχτυρε (Σιmπσον ανδ Ριεηλ 

1981, Wεατηερφορδ ανδ Γραψ 1988, Ζηυ 2008).  

 Dατα φροm τηε Νατιοναλ Οχεανιχ ανδ Ατmοσ−

πηεριχ Αδmινιστρατιον (ΝΟΑΑ) Στορm Εϖεντσ Dα−

ταβασε ωασ υσεδ το εστιmατε τορναδο εξτεντσ 

(ΝΟΑΑ 2010). Σπατιαλ ινφορmατιον ρελατεδ το τηε 

τορναδο, ινχλυδινγ τηε πατη χοορδινατεσ, λενγτη, 

ανδ ωιδτη ωερε υσεδ το χρεατε αν αδαπτιϖε βυφφερ 

αρουνδ εϖερψ τορναδο οχχυρρενχε βετωεεν 2000 

ανδ 2015. Σινχε ωιδερ ανδ λονγερ πατησ αρε τψπι−

χαλλψ ασσοχιατεδ ωιτη mορε σεϖερε στορmσ τηισ 

mετηοδ τρανσλατεσ ωελλ ασ α σεϖεριτψ προξψ (Βροοκσ 

2004).  

 Εαρτηθυακε εξποσυρε ισ ασσεσσεδ υσινγ δατα 

αϖαιλαβλε φροm τηε ΥΣΓΣ τηατ mοδελσ ανδ mαπσ 

εαρτηθυακε mαγνιτυδε προβαβιλιτψ βασεδ ον προξ−

ιmιτψ το φαυλτ λινεσ, συβστρατε εξιστινγ ιν τηε αρεα, 

ανδ ηιστοριχ εϖεντσ. Ιν ορδερ το πρεδιχτ γρουνδ 

mοϖεmεντ φορ α σπεχιφιεδ γρουνδ χοmποσιτιον, τηε 

ΥΣΓΣ Εαρτηθυακε Ηαζαρδσ Προγραm υσεσ τηε Πεακ 

Γρουνδ Αχχελερατιον (ΠΓΑ), πρεσεντεδ ασ α περ−

χενταγε οφ γραϖιτψ (ΥΣΓΣ 2003). Φορεχαστ mοδελσ 

αρε χρεατεδ βψ ΥΣΓΣ φορ αρεασ ωιτη ηιστοριχ ορ πο−

τεντιαλ εξποσυρε το εαρτηθυακεσ εξχεεδινγ τηε 0.1 γ 

ΠΓΑ τηρεσηολδ. Αχχορδινγ το ρεσεαρχη χονδυχτεδ 

βψ ΦΕΜΑ, α ΠΓΑ οφ γρεατερ τηαν 10% (0.1 γ) ισ 

χονσιδερεδ οφ σιγνιφιχαντ ϖελοχιτψ το χαυσε δαmαγε 

το βυιλδινγσ νοτ υπ το χοδε ορ ολδερ ιν αγε (ΦΕΜΑ 

2009). Wηιλε αλλ τηρεε λανδ−υσε τψπεσ αρε χαλχυ−

λατεδ φορ ΠΡΙΣΜ, ονλψ δεϖελοπεδ λανδ φαχτορσ ιντο 
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τηε φιναλ χαλχυλατιονσ φορ τηε ινδεξ βεχαυσε οφ τηε 

λιmιτεδ ορ νον−εξιστεντ δαmαγε το πρεδοmιναντλψ 

νατυραλ σψστεmσ εξποσεδ το εαρτηθυακεσ.  

 Φιρε δατα φροm 2000−2010 ωερε χολλεχτεδ φροm 

τηε Υ.Σ. Γεολογιχ Συρϖεψ (ΥΣΓΣ) Wιλδλανδ Φιρε 

Ινφορmατιον δαταβασε (Ηαωβακερ ετ αλ. 2017). 

Εαχη φιρε οχχυρρενχε ηασ α ποιντ οφ ιγνιτιον, ιδεντι−

φιεδ ωιτη α λατιτυδε ανδ λονγιτυδε, ασ ωελλ ασ τηε 

τοταλ αχρεαγε βυρνεδ. Τηισ ϖαλυε ισ υσεδ το χρεατε 

αν αδαπτιϖε βυφφερ βψ βαχκ−χαλχυλατινγ α βυφφερ 

ραδιυσ αρουνδ τηε ποιντσ. Τηε χιρχυλαρ βυρν βυφφερσ 

αρε τηεν υσεδ το εστιmατε λανδ προπορτιονσ εξποσεδ 

το φιρε ιν εαχη χουντψ.  

 Dρουγητ εξποσυρε ισ βασεδ ον δατα φροm τηε 

Υ.Σ. Dρουγητ Μονιτορ Dαταβασε (ΝDΜΧ 2017). 

Τηισ δατασετ χονταινσ σηαπεφιλεσ οφ δρουγητ εξτεντ 

χολλεχτεδ ον α ωεεκλψ βασισ σινχε 2000, χατεγο−

ριζεδ ιντο 5 λεϖελσ οφ σεϖεριτψ ρανγινγ φροm D0 

Ταβλε 2. Συmmαρψ οφ Νατυραλ Ηαζαρδ Χαλχυλατιονσ. Φορ εαχη νατυραλ ηαζαρδ τψπε, τηε χλασσ οφ δατα ισ ειτηερ ηιστοριχ 

(βασεδ ον πρεϖιουσ εξποσυρεσ το λανδ αρεα) ορ mοδελεδ (σοmε χοmβινατιον οφ ηιστοριχ ορ λανδ−χηαραχτεριστιχ 

δατα υσεδ το χρεατε εξποσυρε προβαβιλιτιεσ). Σπατιαλ εξτεντ εξπλαινσ τηε mετηοδσ υσεδ το χρεατε δατα φορ τηε εξ−

ποσυρε χαλχυλατιονσ. 

Νατυραλ Ηαζαρδ Τψπε Χλασσ Σπατιαλ Εξτεντ Εξποσυρε Χαλχυλατιον 

Ηυρριχανε Ηιστοριχ ανδ 

Μοδελεδ 

Βυφφερ οφ 100 mιλεσ συρρουνδινγ τραχκσ φορ 

στορmσ > Χατεγορψ 1. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Τορναδο Ηιστοριχ ανδ 

Μοδελεδ 

Αδαπτιϖε βυφφερ βασεδ ον πατη ωιδτη δατα 

ανδ mαππεδ τορναδο τραχκσ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Εαρτηθυακε Μοδελεδ 

ω/Ηιστοριχ 

ΥΣΓΣ Μοδελεδ δατα −ηιστοριχ εϖεντσ ανδ 

προβαβιλιτψ οφ εϖεντ εξχεεδινγ 0.1γ ΠΓΑ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Φιρε Ηιστοριχ Ιγνιτιον σιτεσ οφ ηιστοριχ φιρεσ ωιτη αδαπτιϖε 

βυφφερ υσινγ τοταλ βυρν αχρεαγε. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Dρουγητ Ηιστοριχ Υ.Σ. Dρουγητ mονιτορ δαταβασε εξτεντσ φορ 

5−ψεαρ περιοδ ιν φουρ χατεγοριεσ (D1−D4) 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Wινδ Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Αϖγ. νυmβερ οφ δαmαγινγ ωινδ 

εϖεντσ (>50 mπη) περ ψεαρ ωιτηιν 

τηε χουντψ. 

Ηαιλ Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Αϖγ. νυmβερ οφ δαmαγινγ ηαιλ 

εϖεντσ (0.75) περ ψεαρ ωιτηιν τηε 

χουντψ. 

Λανδσλιδε Μοδελεδ 

ω/Ηιστοριχ 

ΥΣΓΣ ηιστοριχ λανδσλιδε ινχιδενχε ανδ 

συσχεπτιβιλιτψ βασεδ ον σλοπε ανδ τερραιν 

τψπεσ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Τεmπερατυρε Εξτρεmεσ (ηιγη ανδ 

λοω τεmπερατυρε δεϖιατιονσ) 

Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Τηε αϖγ. δεϖιατιον οφ αννυαλ mιν 

ανδ mαξ ϖαλ. φροm τηε 32−ψεαρ 

αϖεραγε ηιγη ανδ λοω τεmπσ. 

Ινλανδ Φλοοδ Μοδελεδ 0.5−mιλε βυφφερ αρουνδ ινλανδ ωατερωαψσ 

(ριϖερσ, στρεαmσ, λακεσ, πονδσ, ετχ.) 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Χοασταλ Φλοοδ (ΣΛΡ/Στορm) Μοδελεδ Βυφφερ αλονγ αλλ χοασταλ χουντιεσ φορ λανδ 

ωιτηιν 2 φεετ οφ χυρρεντ σεα λεϖελ ατ mεαν 

ηιγη τιδε. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 
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(αβνορmαλλψ δρψ) το D4 (εξχεπτιοναλ δρουγητ). Φορ 

τηε πυρποσεσ οφ τηισ ρεσεαρχη, ονλψ χατεγοριεσ D1−

D4 ωερε υσεδ. Dυε το τηε φρεθυενχψ οφ δατα χολλεχ−

τιον, φουρ σαmπλεσ, ονε ρεπρεσεντινγ δρουγητ χον−

διτιονσ ιν εαχη σεασον (ωιντερ−φιρστ ωεεκ οφ ϑανυ−

αρψ, σπρινγ− φιρστ ωεεκ οφ Απριλ, συmmερ−φιρστ ωεεκ 

οφ ϑυλψ, φαλλ− φιρστ ωεεκ οφ Οχτοβερ), ωερε τακεν 

φροm εαχη ψεαρ βετωεεν 2005 ανδ 2010. Αννυαλ 

ανδ 5−ψεαρ αϖεραγεσ ωερε ταβυλατεδ φορ εαχη 

χουντψ ωιτηιν εαχη οφ τηε 4 δρουγητ χατεγοριεσ 

(D1−D4) το ρεπρεσεντ τοταλ εξποσυρεσ ασ ωελλ ασ τηε 

σεϖεριτψ οφ εξποσυρεσ. 

 Dαmαγινγ ηαιλ ανδ ωινδ εϖεντσ εξποσυρεσ αρε 

ασσεσσεδ φορ τηε εντιρε χουντψ υσινγ δατα φροm τηε 

ΝΟΑΑ Στορm Πρεδιχτιον Χεντερ Ηιστοριχ Χλιmατιχ 

Dαταβασε (ΝWΣ 2016). Α σπατιαλ βυφφερ χουλδ νοτ 

βε υσεδ δυε το τηε λαχκ οφ σπεχιφιχ ινφορmατιον ον 

τηε σπατιαλ εξτεντ οφ ηαιλ ανδ ωινδ εϖεντσ. Το χαλ−

χυλατε ρισκ φορ τηε ηαιλ ανδ ωινδ εϖεντσ, τηε αννυαλ 

ηαιλ εϖεντσ ωιτηιν εαχη χουντψ βουνδαρψ αρε αϖερ−

αγεδ οϖερ α 10−ψεαρ σπαν, φροm 2000−2010. Τηε 

τηρεσηολδσ φορ δαmαγε−ινδυχινγ εϖεντσ, α ηαιλ 

διαmετερ οφ γρεατερ τηαν 0.75 ινχηεσ ανδ ωινδ 

γυστσ εξχεεδινγ 50 mιλεσ περ ηουρ, αρε βασεδ ον 

ΝΟΑΑ ρεσεαρχη (ΝWΣ 2007).  

 Λανδσλιδε δατα χοmεσ φροm ΥΣΓΣ ινχιδενχε 

ανδ συσχεπτιβιλιτψ δατα, mοδελλεδ ανδ mαππεδ 

βασεδ φορ λοχατιονσ οφ παστ λανδσλιδεσ αλονγ ωιτη 

δατα ον σλοπε ανδ τερραιν τψπεσ τηατ χαυσε ηιγηερ 

λανδσλιδε ρισκ (Ραδβρυχη−Ηαλλ ετ αλ. 1982; Κινγ 

ανδ Βεικmαν 1974). Φορ τηε πυρποσεσ οφ εξποσυρε 

λικελιηοοδ, ονλψ τηε φιρστ φουρ χλασσεσ αρε υσεδ: 

Ηιγη λανδσλιδε ινχιδενχε (>15% αρεα ινϖολϖεδ ιν 

λανδ−σλιδινγ), mοδερατε λανδσλιδε ινχιδενχε (1.5−

15% αρεα ινϖολϖεδ ιν λανδ−σλιδινγ), ηιγη συσχεπτι−

βιλιτψ το λανδ−σλιδινγ ωιτη λοω ινχιδενχε, ανδ mοδ−

ερατε συσχεπτιβιλιτψ ωιτη λοω ινχιδενχε. Τηε περ−

χενταγε οφ λανδ φαλλινγ ιντο εαχη οφ τηεσε φουρ 

χατεγοριεσ ισ συmmεδ το δετερmινε α προβαβιλιτψ 

εξτεντ φορ εξποσυρε το λανδσλιδεσ. 

 Τεmπερατυρε εξτρεmεσ αρε ασσεσσεδ βασεδ ον α 

32−ψεαρ ρεχορδ οφ mαξιmυm ανδ mινιmυm αννυαλ 

τεmπερατυρεσ ρεχορδεδ ιν εαχη χουντψ. Υσινγ τηισ 

ρεχορδ, τηε αννυαλ αϖεραγε ηιγη ανδ λοω τεmπερα−

τυρεσ αρε χοmπαρεδ το εσταβλιση ανδ αϖεραγε δεϖια−

τιον ϖαλυε αβοϖε ορ βελοω ωηατ ισ χονσιδερεδ 

νορmαλ φορ τηε 3 δεχαδεσ. Τηισ ισ δονε βψ συβ−

τραχτινγ τηε αννυαλ ηιγη ανδ λοω αϖεραγε τεmπερα−

τυρεσ φροm τηε 32−ψεαρ mεαν ϖαλυεσ ανδ ινϖερτινγ 

τηε ρεσυλτ. Σιmιλαρ το τηε ωινδ ανδ ηαιλ δατα, τηε 

ϖαλυεσ φορ τηισ mετριχ ρεπρεσεντ τηε εντιρε χουντψ 

ανδ αρε νοτ σπλιτ ιντο τηρεε λανδ−τψπε χλασσιφιχα−

τιονσ. Βοτη α δεϖιατιον φροm αννυαλ λοω τεmπερα−

τυρεσ ανδ αννυαλ ηιγη τεmπερατυρεσ αρε χαλχυλατεδ 

ανδ υσεδ ασ ινδιϖιδυαλ mετριχσ.  

2.1.3. Προξιmιτψ−Βασεδ Ηαζαρδ Εξποσυρε 

 Wηιλε τορναδοεσ ανδ ηυρριχανεσ βοτη ηαϖε α 

δοχυmεντεδ ηιστοριχ ρισκ βασεδ ον εϖεντσ οφ τηε 

παστ 15 ψεαρσ ιν τηισ στυδψ, ιτ ισ ιmπορταντ το αλσο 

χονσιδερ τηε ινηερεντ, ορ βασιχ ρισκ το λοχατιονσ 

βασεδ ον τηειρ προξιmιτψ το ηαζαρδουσ αρεασ. Τηισ 

ισ ϖερψ σιmιλαρ το τηε προβαβιλιτψ ορ συσχεπτιβιλιτψ 

mοδελσ δονε φορ εαρτηθυακεσ ανδ λανδσλιδε. 

Χοασταλ χουντιεσ αλονγ τηε Ατλαντιχ ανδ Γυλφ οφ 

Μεξιχο αρε ατ ρισκ δυρινγ ανψ γιϖεν ηυρριχανε σεα−

σον. Λαχκ οφ οχχυρρενχε δατα οϖερ τηε παστ 15 

ψεαρσ δοεσ νοτ εξχλυδε τηεσε χουντιεσ φροm ποσ−

σεσσινγ φυτυρε ηυρριχανε ρισκ. Τηε σαmε αππλιεσ το 

χουντιεσ λοχατεδ ιν αρεασ οφ ηιγηερ τορναδο προβ−

αβιλιτψ. Λαχκ οφ ιmπαχτ ιν παστ δοεσ νοτ πρεχλυδε 

φυτυρε ινχιδεντσ. Βοτη ηυρριχανεσ ανδ τορναδοεσ 

ωερε ασσιγνεδ το χουντιεσ ασ α βασιχ ρισκ εσταβ−

λισηεδ βψ λοχατιον.  

 Α προξιmιτψ−βασεδ ηυρριχανε εξποσυρε προβαβιλ−

ιτψ σχορε οφ 0.15% ωασ ασσιγνεδ το αλλ χουντιεσ 

ωιτηιν 75 mιλεσ οφ τηε Ατλαντιχ ορ Γυλφ οφ Μεξιχο 

χοαστλινεσ. Τηισ περχενταγε ισ χρεατεδ υσινγ τηε αϖ−

εραγε προβαβιλιτψ οφ ηυρριχανε λανδφαλλ ιν εαχη, νον−

Ελ Νινο ψεαρ (48%), διϖιδεδ 305, ωηιχη ισ τηε 

νυmβερ οφ χοασταλ χουντιεσ ωηερε ηυρριχανεσ χουλδ 

στρικε (Βοϖε ετ αλ. 1998). Προξιmιτψ−βασεδ τορναδο 
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εξποσυρε προβαβιλιτψ ωασ ασσιγνεδ υσινγ ηιστοριχ 

τορναδο δατα το σελεχτ αλλ χουντιεσ ωιτη ανψ τορναδιχ 

αχτιϖιτψ ιν παστ 15 ψεαρσ. Εαχη οφ τηεσε χουντιεσ ωασ 

ασσιγνεδ α βασιχ ρισκ σχορε οφ 0.06% βασεδ ον παστ 

χλιmατολογιχαλ mοδελσ (Σχηαεφερ ετ αλ. 1986). 

 Φλοοδ εξποσυρε ισ αλσο θυαντιφιεδ ασ α βασιχ εξ−

ποσυρε ιν τηισ ρεσεαρχη δυε το ιτσ χαλχυλατιον ανδ 

τηε ινηερεντ ρισκ πρεσεντ ασ α ρεσυλτ οφ προξιmιτψ το 

δεφινεδ φεατυρεσ. Ιτ ισ mεασυρεδ ωιτηιν τωο χατεγο−

ριεσ, ινλανδ εξποσυρε ανδ χοασταλ εξποσυρε. Φορ τηε 

ινλανδ χατεγορψ, αλλ ριϖερσ, στρεαmσ, λακεσ ανδ 

πονδσ ωερε mαππεδ υσινγ α  mιλε βυφφερ το ρεπ−

ρεσεντ α ποτεντιαλ εξποσυρε το φλοοδινγ φροm τηεσε 

σουρχεσ. Χοασταλ φλοοδινγ χαλχυλατιονσ υσε τηε 

ΝΟΑΑ Σεα Λεϖελ Ρισε πρεδιχτιονσ (Παρρισ ετ αλ. 

2012). Τηεσε αρε βασεδ ον ηειγητ (mεαν ηιγη ωα−

τερ) αβοϖε σεα λεϖελ ανδ δεριϖεδ φροm διγιταλ ελεϖα−

τιον mαπσ (DΕΜσ) αλονγ τηε χοαστ. Αλλ λανδ 2 φεετ 

ορ λεσσ αβοϖε σεα λεϖελ αρε χατεγοριζεδ ασ ατ ρισκ.  

2.1.4. Τεχηνολογιχαλ Ηαζαρδσ 

 Ιν αδδιτιον το νατυραλ ηαζαρδσ, α πλαχε mαψ ηαϖε 

αδδιτιοναλ εξποσυρε ποτεντιαλ βεχαυσε οφ προξιmιτψ 

το τεχηνολογιχαλ ηαζαρδσ. Τεχηνολογιχαλ ηαζαρδσ, 

συχη ασ νυχλεαρ ποωερ πλαντσ, Συπερφυνδ σιτεσ, ορ 

τοξιχ ρελεασε σιτεσ, χαν ηαϖε τηε ποτεντιαλ το ιmπαχτ 

νεαρβψ ποπυλατιονσ ρεγαρδλεσσ οφ νατυραλ εξποσυρε; 

ηοωεϖερ, νατυραλ ηαζαρδσ χαν εξαχερβατε τηε τεχη−

νολογιχαλ ρισκ. Ταβλε 3 σηοωσ τηε τεχηνολογιχαλ 

ηαζαρδσ υσεδ ιν τηισ αππροαχη.  

 Τηε Φεδεραλ Εmεργενχψ Μαναγεmεντ Αγενχψ 

(ΦΕΜΑ) τραχκσ λιmιτεδ τεχηνολογιχαλ ηαζαρδσ 

τηρουγη τηε Ραδιολογιχαλ Εmεργενχψ Πρεπαρεδνεσσ 

Προγραm (ΡΕΠΠ), φορ χοmmερχιαλ ποωερ πλαντσ, ανδ 

τηε Αρmψ χηεmιχαλ ωεαπονσ στοχκπιλεσ ιν τηε 

Χηεmιχαλ Στοχκπιλε Εmεργενχψ Πρεπαρεδνεσσ Προ−

γραm (ΧΣΕΠΠ), φορ mιλιταρψ χηεmιχαλ ωεαπονσ 

στοχκπιλεσ. Ιν εαχη οφ τηεσε πρεπαρεδνεσσ προγραmσ, 

τηε χονχερν ισ φοχυσεδ ον ποτεντιαλ ηυmαν εξποσυρε 

το τηεσε ηαζαρδσ. Ηοωεϖερ, mανψ οφ τηε τεχηνολογι−

χαλ ηαζαρδσ χουλδ ηαϖε α σεριουσ νεγατιϖε ιmπαχτ ον 

πλαντσ ανδ ανιmαλσ, συγγεστινγ τηισ δεφινιτιον οφ 

τεχηνολογιχαλ ρισκ νεεδσ το βε εξπανδεδ το ενχοm−

πασσ νον−ηυmαν εχοσψστεmσ ασ ωελλ. Ιν τηε χασε οφ 

χροπ λανδ, εϖεν ιφ ηυmαν σεττλεmεντσ αρε νοτ δι−

ρεχτλψ ιmπαχτεδ αν εξποσυρε χουλδ στιλλ διρεχτλψ ιm−

παχτ τηε φοοδ συππλψ. Φορ τηισ ρεασον, τηε ποιντ δατα 

φορ νυχλεαρ ανδ χηεmιχαλ σιτεσ αρε ασσεσσεδ ηερε φορ 

τηειρ ιmπαχτ ον αλλ λανδ−υσε τψπεσ ανδ τηε δατα αρε 

εξπανδεδ το ινχλυδε Συπερφυνδ σιτεσ ανδ σιτεσ ον 

τηε Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ). 

 Νυχλεαρ ρεαχτορσ ορ στοραγε φαχιλιτιεσ ιν αν αρεα 

πρεσεντ αδδιτιοναλ ηαζαρδσ ιν τηε εϖεντ οφ α λεακ. 

Wηιλε mοστ οφ τηεσε φαχιλιτιεσ αρε δεσιγνεδ ανδ 

βυιλτ το ωιτηστανδ γεολογιχ ανδ mετεορολογιχαλ 

εϖεντσ χοmmον το τηειρ αρεα, αχχιδεντσ αρε στιλλ 

ποσσιβλε ανδ τηε υνδερλψινγ ρισκ ισ στιλλ ελεϖατεδ 

βεχαυσε οφ τηειρ πρεσενχε. Τηε Υ.Σ. Νυχλεαρ Ρεγυ−

λατορψ Χοmmισσιον (ΥΣΝΡΧ) δεσιγνατεσ αν οφφι−

χιαλ Εmεργενχψ Πλαννινγ Ζονε (ΕΠΖ) βασεδ ον τηε 

Ταβλε 3. Τεχηνολογιχαλ Ηαζαρδσ mετριχσ υσεδ ιν τηε ΠΡΙΣΜ αππροαχη ανδ τηε mετηοδσ υσεδ το χολλεχτ ανδ ασσεσσ. 

Τεχηνολογιχαλ Ηαζαρδ Τψπε Σπατιαλ Εξτεντ Εξποσυρε Χαλχυλατιον 

Νυχλεαρ Φαχιλιτιεσ Αλλ νυχλεαρ ρεαχτορσ ανδ στοραγε φαχιλιτιεσ ιν 

ΥΣ ιδεντιφιεδ ανδ γιϖεν α 10−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Συπερφυνδ Σιτεσ Συπερφυνδ σιτεσ − προποσεδ ορ αχτιϖε ιν τηε 

ΥΣ ιδεντιφιεδ ανδ γιϖεν α 5−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ) Σιτεσ ΤΡΙ φαχιλιτιεσ ιδεντιφιεδ ωηεν τηρεσηολδ 

χηεmιχαλ ρελεασε χριτερια αρε mετ ανδ γιϖεν α 

∀−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Ρεσουρχε Χονσερϖατιον ανδ Ρεχοϖερψ 

(ΡΧΡΑ) Σιτεσ 

Αλλ ΡΧΡΑ Σιτε (ΛΘΓσ, ΤΣDσ, ανδ ΤΡΑΝΣσ) 

ποιντ δατα φροm ΕΠΑ ΦΡΣ Γεοδαταβασε αρε 

γιϖεν α ∀−mmιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 
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πλυmε εξποσυρε πατηωαψ διστανχε οφ 10−mιλεσ. 

Τηισ διστανχε ισ δεσιγνεδ το λιmιτ εξποσυρε το ρα−

διοαχτιϖε mατεριαλσ τηρουγη σηελτερινγ, εϖαχυατιον, 

ορ τηε υσε οφ ποτασσιυm ιοδιδε, ιφ νεχεσσαρψ 

(ΥΣΝΡΧ 2014). Νυχλεαρ φαχιλιτιεσ αρε mαππεδ βψ 

ποιντ λοχατιον ανδ γιϖεν α 10−mιλε βυφφερ το δεσιγ−

νατε τηειρ ΕΠΖ. Υσινγ mετηοδσ δεσχριβεδ φορ νατυ−

ραλ ηαζαρδσ, ρισκ ισ ασσιγνεδ το εαχη χουντψ ωιτη 

περχενταγεσ οφ ρισκ διστριβυτεδ αχροσσ εαχη οφ τηε 

τηρεε λανδ−υσε χατεγοριεσ. 

 Ιν χοντραστ το νυχλεαρ φαχιλιτιεσ, συπερφυνδ σιτεσ 

αρε σλιγητλψ mορε χοmπλιχατεδ τηαν νυχλεαρ φαχιλι−

τιεσ σινχε τηεψ αρε νοτ αλλ τηε σαmε. Τηε σιτεσ χαν 

βε ιν ονε οφ φουρ χονδιτιονσ: προποσεδ, αχτιϖε, 

χοmπλετεδ, ορ δελετεδ, δεπενδινγ ον ηοω φαρ αλονγ 

τηε σιτε ισ ιν τηε χλεαν−υπ προχεσσ. Ιν αδδιτιον, τηε 

χηεmιχαλσ πρεσεντ ατ α σιτε χαν ϖαρψ ιν τηειρ τοξιχ−

ιτψ ανδ ρανγε οφ ποτεντιαλ τραϖελ. Γενεραλλψ, τηε 

ιmπαχτ οφ τηεσε σιτεσ ωιλλ βε λοχαλιζεδ, ρεγαρδλεσσ 

οφ τηε χηεmιχαλ(σ) πρεσεντ. Τηερεφορε, α βυφφερ οφ 

ονε mιλε ισ χρεατεδ αρουνδ εαχη σιτε τηατ ηασ βεεν 

αχτιϖε δυρινγ τηε παστ τεν ψεαρσ ανδ περχενταγεσ οφ 

λανδ χοϖερεδ αρε χαλχυλατεδ φορ εαχη οφ τηε τηρεε 

λανδ−υσε τψπεσ. 

 Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ) ανδ Ρεσουρχε 

Χονσερϖατιον ανδ Ρεχοϖερψ (ΡΧΡΑ) σιτεσ αρε βψ 

φαρ τηε mοστ νυmερουσ ανδ ϖαριεδ οφ τηε τεχηνο−

λογιχαλ ηαζαρδσ. Τηειρ ποτεντιαλ το ινχρεασε ρισκ ιν 

τηε εϖεντ οφ ανοτηερ ηαζαρδ mακεσ τηειρ ινχλυσιον 

ιmπορταντ. ΤΡΙ ανδ ΡΧΡΑ σιτεσ ηαϖε τηε χαπαχιτψ 

το ιmπαχτ αιρ, ωατερ, ανδ λανδ θυαλιτψ ανδ εξιστ 

ωιτηιν βοτη ηιγηλψ ποπυλατεδ ανδ mορε σπαρσελψ 

ποπυλατεδ αρεασ. ΤΡΙ δατα ωασ γατηερεδ φροm τηε 

ΤΡΙ Εξπλορερ, ωηιχη χαταλογσ οϖερ 53,000 φαχιλι−

τιεσ τηατ ηαϖε βεεν τραχκεδ ιν τηε παστ 20 ψεαρσ. Το 

ρεmαιν τεmποραλλψ χονσιστεντ, ονλψ ΤΡΙ σιτεσ 

λογγεδ ωιτηιν τηε 2000−2010 τιmεφραmε ωερε υσεδ 

ηερε. Dατα φορ ΡΧΡΑ σιτεσ ωασ οβταινεδ φροm τηε 

ΕΠΑσ Φαχιλιτψ Ρεγιστρψ Σερϖιχε (ΦΡΣ) ανδ ονλψ 

ινχλυδεσ σιτεσ ωιτη γρεατερ εξποσυρε ποτεντιαλ τηαν 

ΤΡΙσ, χλασσιφιεδ ασ Λαργε Θυαντιτψ Γενερατορσ 

(ΛΘΓσ), Ηαζαρδουσ Wαστε Τρανσπορτατιον Σερϖιχεσ 

(ΤΡΑΝΣ) ανδ Τρεατmεντ, Στοραγε ανδ Dισποσαλ 

φαχιλιτιεσ (ΤΣDσ). Το χαλχυλατε τηε ρισκ το εαχη λανδ 

τψπε, α σιmπλε χουντ οφ ΤΡΙ ανδ ΡΧΡΑ σιτεσ ωιτη−

ουτ α βυφφερ ιν εαχη χουντψ ισ υσεδ. ΤΡΙ ανδ 

ΡΧΡΑ δενσιτψ (χουντ περ αρεα) ωιτη εαχη λανδ 

τψπε ιν α χουντψ ωιλλ ρεπρεσεντ τηε ποτεντιαλ εξπο−

συρε. 

2.1.4. Λοσσεσ 

 Ηιστοριχ λοσσεσ γιϖε εξποσυρε mετριχσ τηε χον−

τεξτ νεεδεδ το βεχοmε α mεασυρε οφ ιντενσιτψ ανδ 

ιmπαχτ αχροσσ τηε λανδσχαπε. Ιν τηισ αππροαχη, 

λοσσεσ αρε χοmβινεδ ιντο τηρεε χατεγοριεσ, προπ−

ερτψ, χροπ, ανδ ηυmαν, υσινγ δατα χοmπιλεδ φροm 

τηε Ηαζαρδ ανδ ςυλνεραβιλιτψ Ρεσεαρχη Ινστιτυτε∏σ 

(ΗςΡΙ) Σπατιαλ Ηαζαρδ Εϖεντσ ανδ Λοσσεσ ιν τηε 

Υ.Σ (ΣΗΕΛDΥΣ) δαταβασε (ΗςΡΙ 2017). Προπερτψ 

ανδ χροπ λοσσεσ βοτη σερϖε ασ σεϖεριτψ mεασυρεσ 

ινβυιλτ ανδ mαναγεδ εχοσψστεmσ, ωηιλε ηυmαν 

λοσσεσ ενχοmπασσινγ βοτη φαταλιτιεσ ανδ ινϕυριεσ, 

ρεπρεσεντ τηε σοχιαλ σεϖεριτψ οφ τηε ηαζαρδσ. Λοσσεσ 

αρε ρεπορτεδ ασ περ χαπιτα ιν 5−ψεαρ σεγmεντσ. 

Λοσσεσ αρε ασσιγνεδ το σπεχιφιχ λανδ χλασσιφιχατιονσ 

βασεδ ον τηε τψπε. Ηυmαν ανδ προπερτψ λοσσεσ αρε 

ασσιγνεδ το τηε βυιλτ ενϖιρονmεντ ανδ χροπ λοσσεσ 

αρε ασσιγνεδ το τηε δυαλ−βενεφιτ ενϖιρονmεντ. 

Νατυραλ λοσσεσ αρε ασσεσσεδ υσινγ αδδιτιοναλ δατα 

φροm τηε ΝΛΧD ον λανδ χοϖερ χηανγε. Τηισ δατασετ 

ιδεντιφιεδ λανδ−υσε πιξελσ τηατ ηαϖε χηανγεδ το 

περϖιουσ συρφαχεσ (ινδιχατινγ βυιλτ ενϖιρονmεντ) 

βετωεεν 2006 ανδ 2011. Τηε περχενταγε οφ τοταλ 

χουντψ λανδ χονϖερτεδ το τηε βυιλτ ενϖιρονmεντ ισ 

υσεδ ασ α προξψ φορ νατυραλ λανδσ λοστ. Τηε δαmαγε 

ποσεδ το νατυραλ σψστεmσ ρεσυλτινγ φροm ποπυλατιον 

στρεσσεσ ορ οτηερ αντηροπογενιχ ινφλυενχεσ, ρεπρε−

σεντεδ βψ τηε νατυραλ λανδ λοσσ, φορεσηαδοωσ ποτεν−

τιαλ ρεδυχτιονσ ιν εχοσψστεm σερϖιχεσ (Ηεψ ανδ 

Πηιλιππι 1995). 

2.2. Ρισκ Χαλχυλατιον  

 Wηιλε τηε σπεχιφιχ ισσυεσ ρελατεδ το χολλεχτιον 

ανδ δεϖελοπmεντ οφ εαχη ρισκ εξποσυρε λαψερ ηαϖε 
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βεεν δεσχριβεδ, τηε πριmαρψ χηαλλενγε χοmεσ ιν 

χοmβινινγ τηεσε το ρεπρεσεντ αν οϖεραλλ ρισκ λανδ−

σχαπε. Ιν οτηερ ωορδσ, ηοω δο τηε ρισκσ, βοτη νατυ−

ραλ ανδ τεχηνολογιχαλ, ιντεραχτ το χρεατε εξποσυρε 

λικελιηοοδσ? Α σιmπλε αδδιτιϖε χαλχυλατιον χαννοτ 

αδεθυατελψ ανσωερ τηισ θυεστιον. Ινστεαδ, τηε χαλ−

χυλατιον ισ mορε χοmπλιχατεδ, ανδ α νυανχεδ στρυχ−

τυρε τηατ αχχουντσ φορ νοτ ονλψ εαχη εξποσυρε, βυτ 

τηε λικελιηοοδ οφ λοσσ τηατ στεmσ φροm τηε οχχυρ−

ρενχε φρεθυενχιεσ ανδ τηε ηαζαρδ σεϖεριτψ.  

 Χοmβινινγ ηαζαρδσ ιν α mεανινγφυλ ωαψ ρε−

θυιρεσ βλενδινγ οφ σπατιαλ εξποσυρεσ ανδ λοσσεσ. 

Υσινγ τηε mετηοδσ δεσχριβεδ, εϖερψ ηαζαρδ χαν βε 

αδδρεσσεδ βψ χαλχυλατινγ α προπορτιον οφ χουντψ 

λανδ βοτη ιmπαχτεδ ηιστοριχαλλψ ανδ λανδ τηατ χουλδ 

βε ιmπαχτεδ βασεδ ον προξιmιτψ το ηαζαρδ ζονεσ 

(ι.ε. χοασταλ Ατλαντιχ χουντιεσ ανδ ηυρριχανεσ).  

 Τηε χοmπλεξιτψ οφ τηε ηαζαρδ−σχαπε ισ ρεπρε−

σεντεδ ιν τηε φιναλ χαλχυλατιονσ, ωηερε τηε ιντερπλαψ 

οφ νατυραλ ηαζαρδσ, τεχηνολογιχαλ ηαζαρδσ, λοσσεσ, 

ανδ χουντψ λανδσχαπε αρε υσεδ το χρεατε α ρισκ 

σχορε. Τηισ προχεσσ, ασ σηοων ιν Φιγ. (1), ισ mυχη 

mορε νυανχεδ τηαν α σιmπλε αδδιτιϖε ινδεξ. Τηε 

χοmβινατιον οφ εξποσυρε εξτεντσ, λανδ−τψπε διστρι−

βυτιονσ, ανδ τηε ασσοχιατεδ λοσσεσ αρε δεmονστρατεδ 

ιν δεταιλ ωιτηιν σεχτιον 3.3 ωιτη α ρεγιοναλ αναλψσισ 

ανδ βρεακ ουτ οφ χαλχυλατιονσ φορ τηε ηιγη, mε−

διυm, ανδ λοω−ρισκ χουντιεσ ιν τηατ αρεα. Ηαζαρδσ 

αρε χοmβινεδ ιν στεπσ βασεδ ον τηε σπατιαλ εξτεντσ, 

χηαραχτεριστιχσ ανδ λανδ τψπε φιρστ, τηεν ηαζαρδ τψπε 

σεχονδ. Τηε φιρστ στεπ mοδιφιεσ τηε ηιστοριχαλ εξπο−

συρεσ βψ ωειγητινγ τηεm ωιτη προξιmιτψ−βασεδ 

ηαζαρδσ. Σπατιαλ εξτεντσ φορ εαχη ηαζαρδ αρε βασεδ 

ον τηε προπορτιον οφ λανδ αρεα ανδ αδδεδ ωιτηιν 

λανδ−τψπεσ βεφορε mοδιφιχατιον. Προξιmιτψ−βασεδ 

ηαζαρδσ αρε προπορτιοναλ ασ ωελλ, βασεδ ον ηαζαρδ 

προβαβιλιτψ, ανδ αδδεδ το ονε πριορ το βεινγ mυλτι−

πλιεδ βψ τηε ηιστοριχ εξποσυρε.  

 Τηε χοmβινεδ ηιστοριχ ανδ προξιmιτψ−βασεδ εξ−

ποσυρε ϖαλυε ισ αδδεδ το τηε λανδ−τψπε προπορτιον 

οφ τεχηνολογιχαλ ηαζαρδσ το χρεατε τηε φιναλ εξπο−

συρε προβαβιλιτψ. Τηερε ωιλλ βε τηρεε οφ τηεσε προβ−

αβιλιτψ σχορεσ φορ εαχη χουντψ, ονε φορ εαχη λανδ 

τψπε. Τηε εξποσυρε προβαβιλιτψ ισ τηεν mυλτιπλιεδ 

βψ τηε λανδ σπεχιφιχ λοσσ (ε.γ. χροπ ανδ στρυχτυραλ 

λοσσ φορ δυαλ−βενεφιτ λανδσ) το χρεατε α λανδ−τψπε 

ρισκ σχορε. Εαχη χουντψ ωιλλ ηαϖε τηρεε ρισκ σχορεσ 

φολλοωινγ τηισ στεπ αλονγ ωιτη προπορτιοναλ λανδ 

αρεα τψπεσ. Τηεσε ϖαλυεσ αρε υσεδ το ωειγητ τηε 

ρισκ σχορεσ ανδ χρεατε α σινγλε ρισκ ϖαλυε φορ τηε 

χουντψ. Βψ ωειγητινγ τηε ηιστοριχ εξποσυρε σχορεσ 

υσινγ βοτη λανδ τψπεσ ανδ προξιmιτψ mεασυρεσ, τηε 

ρεσυλτινγ ΠΡΙΣΜ σχορε χαν χαπτυρε τηε χηανγεσ ιν 

ρισκ ρεσυλτινγ φροm λοχατιοναλ ανδ λανδσχαπε−

δεριϖεδ διφφερενχεσ. Τηε φιναλ σχορε ισ τηυσ δε−

πενδεντ νοτ ονλψ ον διρεχτ ηαζαρδ ιmπαχτσ, βυτ αλσο 

τηε χηανγεσ οχχυρρινγ το τηε συρρουνδινγ λανδ−

σχαπε.  

3. ΡΕΣΥΛΤΣ 

 Τηε πριmαρψ γοαλ οφ τηε ΠΡΙΣΜ αππροαχη ισ το 

χρεατε α νατιοναλ λανδσχαπε τηατ αχχουντσ φορ α φυλλ 

συιτε οφ ηαζαρδ εξποσυρεσ σπατιαλλψ. Αλονγ ωιτη 

λοσσεσ, τηε δατα χρεατεδ φροm ΠΡΙΣΜ φορmσ τηε ρισκ 

δοmαιν οφ τηε Χλιmατε Ρεσιλιενχε Σχρεενινγ Ινδεξ 

(ΧΡΣΙ). Ηοωεϖερ, τηε ποτεντιαλ αππλιχατιονσ οφ τηε 

ΠΡΙΣΜ αππροαχη αρε mυχη βροαδερ τηαν ινχλυσιον 

ιν ΧΡΣΙ. Ιν αδδιτιον το χρεατινγ αν ιντεγρατεδ ρισκ 

ϖαλυε, τηε ρεσυλτσ χαν αλσο βε βροκεν ουτ ιντο mανψ 

χατεγοριεσ φορ αναλψσισ. Σοmε οφ τηε ποτεντιαλ 

αναλψσεσ εναβλεδ βψ ΠΡΙΣΜ ινχλυδε τηε εξαmινα−

τιον οφ (1) τεmποραλ τρενδσ, (2) νατυραλ ϖερσυσ αν−

τηροπογενιχ ρισκσ, (3) σεπαρατε ρισκ ϖαλυεσ φορ mα−

ϕορ λανδ χατεγοριεσ, ανδ (4) mυλτιπλε σπατιαλ σχαλεσ 

ρανγινγ φροm χουντψ υπ το στατεσ ανδ ΕΠΑ ρεγιονσ. 

Πριορ το τηεσε τψπε οφ σπεχιφιχ αναλψσεσ, α συmmαρψ 

οφ τηε δατα ισ πρεσεντεδ ηερε το προϖιδε αν οϖερ−

ϖιεω οφ τηε ρεσυλτσ φροm τηε ΧΡΣΙ Ρισκ δοmαιν ασ 

ωελλ ασ σοmε σπεχιφιχ σπατιαλ ρεσυλτσ.  

3.1. Νατιοναλ Ρεσυλτσ 

 Τηε οϖεραλλ ρεσυλτσ, σηοων ασ α mαπ ιν Φιγ. (2), 

ανδ τηειρ ϖαριατιον αχροσσ εαχη λανδ τψπε αρε χοm−
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παρεδ υσινγ α βοξπλοτ ιν Φιγ. (3). Τηερε αρε χλεαρ 

ρεγιοναλ παττερνσ ιν τηε δατα, ωιτη mυχη οφ τηε 

Σουτηωεστ, Λουισιανα, ανδ πλαινσ στατεσ εξηιβιτινγ 

ηιγηερ ρισκ λεϖελσ. Ιν αδδιτιον, αρεασ ιν τηε Αππαλα−

χηιανσ ανδ αλονγ τηε Εαστερν χοαστλινε δισπλαψ 

ηιγηερ ρισκ ϖαλυεσ. Τηε Σουτηεαστ, δεσπιτε εξπο−

συρε το τορναδοσ ανδ ηυρριχανεσ, εξηιβιτσ α χοm−

παρατιϖελψ λοω οϖεραλλ ρισκ σχορε. Τηισ χουλδ βε 

δυε το τηε ηιγη εξποσυρε το δρουγητ ανδ ωιλδφιρεσ 

ιν τηε Wεστερν Υ.Σ. Ιντερεστινγλψ, δυαλ−βενεφιτ 

λανδσ σεεm το δριϖε mυχη οφ τηε ρισκ αχροσσ τηε 

Υ.Σ. οϖερ τηε 15−ψεαρ σπαν. Ρισκσ το τηεσε λανδσ 

αρε σιγνιφιχαντλψ ηιγηερ τηαν τηοσε ιν νατυραλ ορ δε−

ϖελοπεδ λανδσ, ανδ τηε mεδιαν φαλλσ χλοσερ το τηατ 

οφ τηε οϖεραλλ σχορε.  

 Αναλψζινγ τηε διστριβυτιον οφ λανδ τψπεσ ιν τηε 

Υ.Σ., ιτ ισ εϖιδεντ τηατ mυχη οφ τηε ωειγητ αττριβυτ−

αβλε το δυαλ−βενεφιτ λανδσ ισ δυε το τηε περχενταγε 

οφ λανδ ιν τηισ χατεγορψ. Οϖερ 50 περχεντ οφ Υ.Σ 

λανδσ αρε χλασσιφιεδ ασ δυαλ−βενεφιτ, ωιτη α βυλκ οφ 

τηοσε φαλλινγ ιντο ειτηερ χροπ λανδ ιν τηε mιδδλε οφ 

τηε χουντρψ, ανδ ωετλανδσ αλονγ τηε χοαστ. Εαχη οφ 

τηεσε λανδ τψπεσ προϖιδεσ α mαϕορ σερϖιχε το υρβαν 

χοmmυνιτιεσ ανδ ηιγηερ ρισκ ϖαλυεσ το τηεσε λανδσ 

ισ α σιγνιφιχαντ χονχερν. Ιν αδδιτιον το εξπλαινινγ 

τηε οϖεραλλ ωειγητινγ ασ α φυνχτιον οφ περχεντ χοϖ−

εραγε, τηισ οϖεραλλ λανδ διστριβυτιον αλσο ηιγηλιγητσ 

τηε ιmπορτανχε οφ χουντψ−σπεχιφιχ χαλχυλατιονσ φορ 

εαχη χατεγορψ. Wηιλε mοστ οφ τηε Υ.Σ. ισ ειτηερ 

νατυραλ ορ δυαλ−βενεφιτ λανδ, τηερε αρε mανψ χουν−

 

Φιγ. (2). ΠΡΙΣΜ Οϖεραλλ Χουντψ Σχορεσ φορ αλλ λανδ τψπεσ ανδ εντιρε 16−ψεαρ περιοδ οφ mεασυρεmεντ. 
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3.2. Ηιγη−Ρισκ Χουντψ Αναλψσισ 

 Τηε τοπ 100 ρισκ χουντιεσ ιν τηε ΥΣ ρεπρεσεντ 

τωεντψ−τηρεε στατεσ, ψετ φουρ στατεσ αχχουντ φορ οϖερ 

φιφτψ−περχεντ οφ τηισ γρουπ. Ινχλυδεδ ιν τηεσε φουρ 

αρε, ιν ορδερ φροm mοστ το λεαστ χουντιεσ, Λουισι−

ανα, Νεϖαδα, Χαλιφορνια, ανδ Τεξασ. Dεσπιτε τηε 

σιmιλαρ οϖεραλλ ρισκ σχορεσ, τηε τωο ηιγηεστ ρισκ 

στατεσ, Νεϖαδα ανδ Λουισιανα, ηαϖε χονσιδεραβλψ 

διφφερεντ εξποσυρε προφιλεσ. Ιν Λουισιανα, εξπο−

συρεσ φροm αντηροπογενιχ ηαζαρδσ αρε χονσιδεραβλψ 

ηιγηερ τηαν Νεϖαδα, ωιτη αν αϖεραγε σχορε οφ 

0.067 ϖερσυσ 0.005. Τηισ ισ εσπεχιαλλψ τρυε ιν δυαλ−

βενεφιτ λανδσ, ωηερε τηε εξποσυρε ισ mορε τηαν 30 

τιmεσ γρεατερ (0.003 ιν Νς ανδ 0.103 ιν ΛΑ). Βα−

σιχ εξποσυρε ιν Λουισιανα (2.47) ισ αλσο mορε τηαν 

δουβλε τηατ οφ Νεϖαδα (1.20). Dριϖινγ τηε αντηρο−

πογενιχ ηαζαρδσ ιν Λουισιανα ισ α σιγνιφιχαντλψ 

ηιγηερ εξποσυρε το Συπερφυνδ σιτεσ αλονγ τηε χοαστ 

αλονγ ωιτη ηιγηερ εξποσυρεσ το νυχλεαρ ανδ ΡΧΡΑ 

σιτεσ. Ελεϖατεδ βασιχ εξποσυρε ιν Λουισιανα ισ 

βασεδ ον λοω−λψινγ λανδ τηρεατενεδ βψ βοτη χοασταλ 

ανδ ινλανδ φλοοδινγ. Τηισ προδυχεσ α ποτεντιαλλψ 

δανγερουσ χοmβινατιον ιν τηε εϖεντ οφ νατυραλ ηαζ−

αρδ εξποσυρεσ εξαχερβατινγ ρισκ δυε το χηεmιχαλ ορ 

οτηερ τοξιχ χονταmινατιον ρελατεδ το τηεσε σιτεσ. Ιν 

Νεϖαδα, τηε εξποσυρε φροm νατυραλ ηαζαρδσ (2.68) 

ισ λαργερ τηαν Λουισιανα (2.08), δριϖεν λαργελψ βψ 

 

Φιγ. (5). Λανδ−τψπε Ρισκ ϖαλυεσ βρεακ−δοων βψ τιmε σπαν. Εαχη πανελ ρεπρεσεντσ α σπεχιφιχ λανδ τψπε ωιτηιν τηε χουντιεσ οϖερ 

τηε σαmε 5−ψεαρ βλοχκσ οφ τιmε. Τηε λεφτ χολυmν ρεπρεσεντσ ρισκ το δεϖελοπεδ λανδσ αλονε, τηε mιδδλε χολυmν ρεπρεσεντσ ρισκ το 

δυαλ−βενεφιτ λανδσ αλονε, ανδ τηε ριγητ χολυmν ρεπρεσεντσ ρισκ το νατυραλ λανδσ αλονε. Ιν εαχη mαπ, δαρκερ χολορσ ινδιχατε ηιγηερ 
ρισκ ϖαλυεσ, ορ α χοmβινατιον οφ εξποσυρε ανδ λοσσεσ φορ εαχη λανδ−τψπε. 
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φιρε ανδ δρουγητ, ωηιχη αρε βοτη χλοσελψ ρελατεδ 

ανδ χοϖερ α mαϕοριτψ οφ τηε στατε∏σ λανδ αρεα.  

 Wηιλε τηε χουντιεσ εξαmινεδ ιν τηεσε τωο στατεσ 

αρε σιmιλαρ ιν οϖεραλλ ρισκ, ιτ ισ ηελπφυλ το εξαmινε 

τηε εξποσυρε mετριχσ δριϖινγ τηισ ρισκ. Χηανγινγ 

παττερνσ ιν ρισκ δριϖερσ mαψ ρεθυιρε χονσιδεραβλψ 

διφφερεντ στρατεγιεσ ωηεν ιτ χοmεσ το mιτιγατιον εφ−

φορτσ. Ιν Νεϖαδα, φορ ινστανχε, ωιλδφιρεσ ανδ δρουγητ 

ωουλδ βε ηανδλεδ τηρουγη εφφορτσ συχη ασ πρε−

σχριβεδ βυρνσ, ρεmοϖαλ οφ υνδεργροωτη ανδ ποτεν−

τιαλ φυελ σουρχεσ, ανδ τρεατmεντ οφ συρφαχεσ το mινι−

mιζε χοmβυστιον. Λουισιανα ωουλδ τακε α ϖερψ διφ−

φερεντ αππροαχη το mιτιγατιον βψ χλεανινγ υπ ηαζ−

αρδουσ ωαστε σιτεσ, βυιλδινγ φλοοδ χοντρολ στρυχτυρεσ, 

ανδ mαναγινγ δεϖελοπmεντ ιν φλοοδ ζονεσ. Ιν εαχη 

ινστανχε, τηε ενδ γοαλ ισ τηε σαmε, ψετ φυνδινγ ανδ 

πολιχψ ωουλδ βε ηανδλεδ ιν α διφφερεντ mαννερ.  

3.3. Ρεγιοναλ ανδ Ηαζαρδ Σπεχιφιχ Αππλιχατιονσ 

 Ιν αδδιτιον το τηε ινσπεχτιον οφ τηε βροαδερ ρισκ 

προφιλεσ, ΠΡΙΣΜ χαν αλσο βε υσεδ το αναλψζε ρε−

γιοναλ παττερνσ ορ ινϖεστιγατε ηαζαρδ−σπεχιφιχ 

σπατιο−τεmποραλ χηανγεσ. Α συβσετ χονσιστινγ οφ 

Γυλφ Χοαστ Χουντιεσ ισ αναλψζεδ φιρστ το δεmον−

στρατε τηε ρεγιοναλ υτιλιτψ οφ ΠΡΙΣΜ. Ιν τηισ εξαm−

πλε, τηε ρεπρεσεντατιϖε συβ−σετ χονσιστσ οφ φιφτψ−φουρ 

χοασταλ χουντιεσ φροm φιϖε στατεσ βορδερινγ τηε 

Γυλφ οφ Μεξιχο. Οϖερ τηε σιξτεεν−ψεαρ στυδψ πε−

ριοδ, τηε αϖεραγε ΠΡΙΣΜ σχορε οφ τηεσε χουντιεσ ισ 

3.21, ωηιχη ισ χονσιδεραβλψ ηιγηερ τηαν τηε να−

τιοναλ αϖεραγε οφ 2.7. Φροm τηισ σετ οφ χουντιεσ, 

Πλαθυεmινεσ Παριση, ΛΑ ηασ τηε ηιγηεστ ΠΡΙΣΜ 

σχορε (5.41) οφ τηε συβσετ (σεχονδ ηιγηεστ οφ τηε 

εντιρε Υ.Σ), ωηιλε Χηαρλοττε Χουντψ, ΦΛ ηασ τηε 

λοωεστ (2.39).  

 Τηε ΠΡΙΣΜ σχορεσ ιν τηισ εξαmπλε αρε δεχον−

στρυχτεδ βψ λανδ−τψπε ανδ ρισκ δοmαιν (εξποσυρε 

ανδ λοσσ) το βεττερ αναλψζε ανδ χοmπαρε παττερνσ οφ 

ρισκ. Λοοκινγ φιρστ ατ τηε mεαν λανδ−τψπε ρισκ, τηερε 

αρε διστινχτιον βετωεεν χουντιεσ τηατ βεχοmε απ−

παρεντ. Dεϖελοπεδ λανδ ρισκ ισ λοω (mεαν = 0.22) 

απαρτ φροm α φεω χουντιεσ ωιτη σιγνιφιχαντλψ ηιγηερ 

σχορεσ. Dυαλ−βενεφιτ λανδ αππεαρσ το δριϖε mυχη οφ 

τηε οϖεραλλ ρισκ ωιτη α mεαν οφ 2.21 ανδ mαξιmυm 

οφ 5.21. Νατυραλ λανδσ φαλλ ιν βετωεεν τηε τωο ωιτη 

α mεαν ρισκ σχορε οφ 0.76. Φροm αν εξποσυρε περ−

σπεχτιϖε, τηε δυαλ−βενεφιτ ρισκ ισ λικελψ δριϖεν βψ α 

ρελιανχε ον σαλτωατερ mαρσηεσ ανδ οτηερ λανδ−τψπεσ 

ασσοχιατεδ ωιτη φλοοδ ανδ στορm προτεχτιον ιν τηεσε 

χοασταλ χουντιεσ. Wιτη υρβαν δεϖελοπmεντ ανδ σεα 

λεϖελ ρισε τηρεατενινγ τηε ηαζαρδ mιτιγατιον φυνχ−

τιον οφ νατυραλ ανδ δυαλ−βενεφιτ λανδσ, τηε ρισκ οφ 

λοσσ ρεσυλτινγ φροm φυτυρε εξποσυρεσ το σπρεαδινγ 

υρβαν ενϖιρονmεντσ σηουλδ βε εξπεχτεδ το ιν−

χρεασε. Τηε τρενδ τοωαρδ ηιγηερ ρισκ ιν ηεαϖιλψ υρ−

βανιζινγ χουντιεσ ισ αλρεαδψ εϖιδεντ (Φιγυρε αλονγ 

τηε Γυλφ χοαστ, ωηερε ραπιδλψ δεϖελοπινγ χουντιεσ 

φροm τηε παστ δεχαδε αλσο ποσσεσσ ηιγη ρισκ ϖαλυεσ 

αχροσσ αλλ τηρεε λανδ−τψπε χατεγοριεσ.  

 Α δεχονστρυχτιον οφ τηε ρισκ δοmαινσ, εξποσυρε 

ανδ λοσσ, ρεϖεαλσ ψετ mορε δεταιλ ανδ ανοτηερ λαψερ 

ον τοπ οφ τηε λανδ−τψπε αναλψσισ. Εξποσυρε mεασ−

υρεσ αρε ασσεσσεδ ινδεπενδεντλψ το δετερmινε τηε 

εξτεντ οφ ιmπαχτ ιν αν αρεα ανδ ασσεσσ τηε ρελατιϖε 

διστριβυτιον οφ εξποσυρε προβαβιλιτιεσ. Αν εξαmπλε 

οφ τηισ χαν βε σεεν ιν Φιγ. (6), ωιτη τηρεε πιε χηαρτσ 

τηατ σηοω τηε διστριβυτιον οφ εξποσυρε ανδ λοσσ 

αχροσσ εαχη οφ τηε ηαζαρδσ ανδ ηοω τηεσε τρανσλατε 

το λοσσεσ βψ λανδ τψπε. Wηατ ισ στρικινγ αβουτ τηισ 

γραπηιχ ισ βοτη τηε σιζεαβλε αmουντ οφ νατυραλ ηαζ−

αρδ εξποσυρε το δρουγητ ανδ τεmπερατυρε εξτρεmεσ 

ανδ τηε χοmπαρατιϖελψ σmαλλ αmουντ οφ λοσσ το δε−

ϖελοπεδ λανδσ. Dεσπιτε τηεσε χουντιεσ ηαϖινγ 

ηιγηερ ποπυλατιονσ ανδ ινφραστρυχτυρε, τηε πριmαρψ 

δριϖερσ οφ ρισκ αρε ρελατεδ το τεmπερατυρε ανδ ραιν−

φαλλ εϖεντσ τηατ ιmπαχτ χροπσ, φορεστσ, mαρσηεσ, ανδ 

οτηερ νατυραλ λανδσ νοτ πριmαριλψ ρελατεδ το τηε 

βυιλτ ενϖιρονmεντ. Τηισ ισ χοντραρψ το τηε στανδαρδ 

mεασυρεσ οφ ρισκ τηατ φοχυσ ον βυιλτ ενϖιρονmεντσ 

ανδ ρεπορτ mονεταρψ λοσσεσ.  

 Πυττινγ τηε τωο αναλψσεσ τογετηερ παιντσ α mορε 

ηολιστιχ πιχτυρε οφ ρισκ ιν α ρεγιον πρεσεντεδ ωιτη α 

νυmβερ οφ ποτεντιαλ εξποσυρεσ. Ρισκ λοχατιον ισ 

εξπλαινεδ τηρουγη χλοσερ αναλψσισ οφ εξποσυρε 
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σχορεσ βετωεεν τηεσε τηρεε εξαmπλεσ. Wηατ σεπα−

ρατεσ Πλαθυεmινεσ Παριση φροm τηε οτηερ τωο χουν−

τιεσ ισ βοτη τηε φλοοδ ρισκ ανδ λοσσεσ ιν δεϖελοπεδ 

λανδσ. Wηερεασ Ηιλλσβορουγη ανδ Χηαρλοττε χουν−

τιεσ ηαϖε σιmιλαρλψ ιντερmεδιατε λεϖελσ οφ εξποσυρε, 

τηεψ αρε ρελατιϖελψ σmαλλ ιν χοmπαρισον. Τηισ ισ 

λαργελψ τηε ρεσυλτ οφ Πλαθυεmινεσ∏ σιτυατιον αλονγ 

τηε Μισσισσιππι Ριϖερ δελτα ανδ τηε Γυλφ οφ Μεξ−

ιχο. Τηισ Παριση ενχοmπασσεσ mοστ οφ τηε δελτα ανδ 

ισ εξπεριενχινγ σιγνιφιχαντ λοσσεσ δυε το βοτη ρισινγ 

σεα λεϖελσ ανδ λανδ συβσιδενχε (Ζου ετ αλ. 2016). 

Τηεσε λοσσεσ πυτ mοστ λανδ ιν τηε παριση ατ γρεατ 

ρισκ φροm βοτη ριϖερινε φλοοδσ ανδ χοασταλ φλοοδινγ 

ασ α ρεσυλτ οφ δεχρεασεδ βυφφερσ προϖιδεδ βψ τηε 

mαρση. Dεϖελοπεδ λοσσ ϖαλυεσ φορ Πλαθυεmινε παρ−

ιση αλσο στανδ ουτ ασ σιγνιφιχαντ χοmπαρεδ το τηε 

οτηερ τωο χουντιεσ. Τηισ ισ ρεmαρκαβλε δυε το τηε 

σmαλλ λανδ περχενταγε δεσιγνατεδ ασ δεϖελοπεδ. 

Λοσσεσ το βοτη ηυmαν λιφε ανδ προπερτψ αρε σιγνιφι−

χαντλψ ηιγηερ τηαν mοστ οτηερ χουντιεσ. Κνοωινγ 

τηισ ηελπσ φοχυσ εφφορτσ βψ ηιγηλιγητινγ τηε ιντερ−

σεχτιονσ οφ εξποσυρε ανδ λοσσ.  

 Τηε οτηερ κεψ διφφερενχε, ανδ α φεατυρε τηατ δισ−

τινγυισηεσ τηε ΠΡΙΣΜ mετηοδ, ισ τηε ηανδλινγ οφ 

λοσσεσ ασ α φυνχτιον οφ εξποσυρε. Ηιγη εξποσυρε 

ποτεντιαλ χαν βε τεmπερεδ βψ λοω λοσσεσ; ϕυστ ασ 

Ταβλε 4. Εξαmπλε οφ ΠΡΙΣΜ χαλχυλατιον φορ Πλαθυεmινεσ Παριση, Ηιλλσβορουγη Χουντψ, ανδ Χηαρλοττε Χουντψ το δισ−

πλαψ τηε ινφλυενχε οφ εξποσυρε ανδ λοσσ χηανγεσ ον τηε φιναλ σχορε. Λανδ−υσε περχενταγεσ αρε σηοων ιν λεφτ χολ−

υmν ωιτη χουντψ ναmεσ. Βολδεδ νατυραλ εξποσυρεσ ρεπρεσεντ βασιχ εξποσυρεσ ιν τηε mοδελ. Αλλ εξποσυρεσ ανδ 

λοσσεσ αρε λανδ−ωειγητεδ πριορ το εντρψ ιν τηισ εξαmπλε.  

 Λανδ−Wειγητεδ Νατυραλ Εξποσυρεσ 

Λανδ−Wειγητεδ 

Τεχηνολογιχαλ 

Εξποσυρεσ 

Λανδ−Wειγητεδ Λοσσεσ Ρισκ 

Πλαθυεmινεσ Παριση, ΛΑ: 

Νατυραλ Λανδ ∠ 47% 

Dυαλ Λανδ ∠ 51% 

Dεϖελοπεδ Λανδ ∠ 2% 

Ηυρριχανε − 0.5085 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000075 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.975 

Χοασταλ Φλοοδ− 0.97 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0592 

Ηαιλ ∠ 0.0073 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.50 

Λοω Τεmπ. −0.59 

Συm ∠ 4.6104 

 

Συπερφυνδ−0 

ΤΡΙ−0.006 

ΡΧΡΑ−0.005 

Συm−0.00652 

 

Νατ.−0.0083 

Dυαλ−0.0085 

Dεϖ.−0.171 

(Συm+1)−
1.17267 

 

5.41 

Ηιλλσβορουγη Χουντψ, ΦΛ: 

Νατυραλ Λανδ ∠ 13% 

Dυαλ Λανδ ∠ 49% 

Dεϖελοπεδ Λανδ ∠ 38% 

Ηυρριχανε − 0.50 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000411 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.109 

Χοασταλ Φλοοδ− 0.034 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0216 

Ηαιλ ∠ 0.1605 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.44 

Λοω Τεmπ. −0.11 

Συm ∠ 2.5779 

 

Συπερφυνδ−0.23 

ΤΡΙ−0.0732 

ΡΧΡΑ−0.00324 

Συm−0.3058 

 

Νατ.−0.03086 

Dυαλ−0.03087 

Dεϖ.−0.0000995 

(Συm+1)−1.0618 

 

3.06 

Χηαρλοττε Χουντψ, ΦΛ: 

Νατυραλ Λανδ ∠ 15% 

Dυαλ Λανδ ∠ 65% 

Dεϖελοπεδ Λανδ ∠ 20% 

Ηυρριχανε − 0.50 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000143 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.0754 

Χοασταλ Φλοοδ− 0.12 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0254 

Ηαιλ ∠ 0.030 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.46 

Λοω Τεmπ. −0.10 

Συm ∠ 0.3267 

 

Συπερφυνδ−0 

ΤΡΙ−0.00371 

ΡΧΡΑ−0 

Συm−0.00371 

 

Νατ.−0.00809 

Dυαλ−0.00853 

Dεϖ.−0.0069 

(Συm+1)−1.0235 

 

2.39 
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λοωερ εξποσυρε ποτεντιαλ χαν βε γρεατλψ ινφλατεδ βψ 

ηιγη λοσσεσ. Φορ εξαmπλε, ιφ λοσσεσ χοmπαραβλε το 

Χηαρλοττε χουντψ (1.02 ινστεαδ οφ 1.17), ωερε εξπε−

ριενχεδ ιν Πλαθυεmινεσ Παριση, τηε ρεσυλτινγ ρισκ 

ωουλδ βε 4.7. Σιmιλαρλψ, ιφ Χηαρλοττε χουντψ ωερε 

το ινχρεασε λοσσεσ το α λεϖελ χοmπαραβλε το 

Πλαθυεmινεσ, τηε οϖεραλλ ρισκ σχορε ωουλδ βε 2.72. 

Τηεσε εξαmπλεσ προϖιδε σοmε εϖιδενχε οφ τηε υτιλ−

ιτψ οφ ΠΡΙΣΜ ιν τηε ιδεντιφιχατιον οφ ηιγηεστ εξπο−

συρε ρισκσ ανδ mορε ιmπορταντλψ ιν τηε δετερmινα−

τιον οφ χαυσαλ ρελατιονσηιπσ δριϖινγ τηε λοσσεσ. Ιν−

φορmατιον γλεανεδ φροm τηισ αναλψσισ χαν βε απ−

πλιεδ το mορε ταργετεδ mιτιγατιον αχτιονσ. 

4. DΙΣΧΥΣΣΙΟΝ 

 Wηιλε τηερε αρε εξιστινγ mυλτι−ηαζαρδ απ−

προαχηεσ, α συρφαχε βασεδ εξποσυρε αππροαχη 

mελδινγ mυλτιπλε νατυραλ ανδ τεχηνολογιχαλ ηαζ−

αρδσ ισ νοϖελ ανδ προδυχεσ ρεσυλτσ τηατ αρε ηιγηλψ 

αδαπτιϖε ανδ σχαλαβλε. Ιν α δεχισιον−mακινγ χον−

τεξτ, τηισ mακεσ τηε δατα υσεφυλ φορ πλαννινγ ανδ 

αναλψσισ ατ τηε χουντψ, στατε ανδ ρεγιοναλ λεϖελ. Ρε−

σιλιενχε ισ δεφινεδ τηρουγη α ρεγιοναλ εχολογψ απ−

προαχη, ωηερε εξτερναλ φορχεσ αχτ ον α χοmmυνιτψ, 

ανδ τηε ιντεραχτιονσ ωιτη νειγηβορινγ πλαχεσ φορ 

συππορτ αρε σιγνιφιχαντ ιν ρεχοϖερψ (Ηολλινγ 1986). 

Ιν τηισ χοντεξτ, ιτ mακεσ σενσε το εξπανδ τηε ρεαχη 

οφ ηαζαρδσ ιντεγρατιον αχροσσ τηε εντιρετψ οφ τηε 

Υνιτεδ Στατεσ. Φροm α πολιχψ στανδποιντ ασ ωελλ, ιτ 

ισ λογιχαλ το αναλψζε ηαζαρδσ ατ τηε mινιmυm οφ α 

ρεγιοναλ σχαλε. Μανψ δισαστερσ φαρ εξχεεδ λοχαλ χα−

παχιτψ το ρεβουνδ, ανδ ρεγιοναλ ορ νατιοναλ ρε−

σουρχεσ αρε νεεδεδ το αιδ ρεχοϖερψ ιν βοτη τηε 

σηορτ ανδ λονγ τερmσ. Ασ δεϖελοπmεντ ιν αρεασ οφ 

ηιγη εξποσυρε προβαβιλιτψ ινχρεασε (ε.γ. χοασταλ 

αρεασ), τηε λοσσεσ ωιλλ χοντινυε το ρισε ανδ στραιν 

δεϖελοπmεντ γοαλσ ανδ τηε αβιλιτψ το mιτιγατε (Μι−

λεττι 1999). 

 Ιν αδδιτιον το πολιχψ χονχερνσ, τηερε ισ αλσο τηε 

χονσιδερατιον οφ ραπιδλψ χηανγινγ λανδσχαπεσ ανδ 

σηιφτινγ ηαζαρδ−σχαπεσ, mακινγ ιτ χριτιχαλ το ηαϖε 

αν αππροαχη τηατ χαν βε υπδατεδ ον α ρεγυλαρ βασισ. 

Α γοοδ εξαmπλε οφ τηισ ωουλδ βε τηρουγη εξαmι−

νατιον οφ χουντψ λοσσεσ. Κνοωινγ τηατ περ χαπιτα 

ηυmαν ορ προπερτψ λοσσ νυmβερσ ινχρεασε οϖερ 

τιmε ονλψ τελλσ παρτ οφ τηε στορψ. Τηε οτηερ παρτ ισ 

τολδ βψ τηε χηανγε ιν λανδ−υσε ορ ηαζαρδ εξποσυρε. 

Wιτηουτ α mορε δεταιλεδ αναλψσισ, τηερε ισ νο ωαψ 

το κνοω ωηετηερ τηε ινχρεασεδ λοσσεσ αρε τηε ρεσυλτ 

οφ εξπανδινγ υρβαν αρεασ ωηερε ηαζαρδσ οχχυρ, 

ινχρεασεδ εξποσυρε το ηαζαρδσ δυε το α χηανγε ιν 

παττερνσ, ορ σιmπλψ τηε εξιστενχε οφ α νεω ηαζαρδ. 

Βψ αχχουντινγ φορ εαχη οφ τηεσε φαχτορσ, τηε 

ΠΡΙΣΜ αππροαχη αλλοωσ φορ α mορε δεταιλεδ εξ−

αmινατιον οφ αλλ εξποσυρε τψπεσ, ανδ ισ χαπαβλε οφ 

ανσωερινγ τηεσε τψπεσ οφ θυεστιονσ. 

 ΠΡΙΣΜ ρεσυλτσ χαν αλσο φαχιλιτατε δεχισιονσ ατ 

τηε χουντψ, στατε ορ ρεγιοναλ λεϖελ τηρουγη υσε οφ α 

χοmπαρατιϖε ϖαλυε σψστεm τηατ ισ χονσιστεντ αχροσσ 

τηε Υνιτεδ Στατεσ. Φορ α λαργε−σχαλε mυλτι−ηαζαρδ 

αππροαχη, τηισ ισ αν ινχρεδιβλψ ιmπορταντ στεπ τηατ 

ρεmοϖεσ χονφλιχτσ αρισινγ δυε το θυαλιτατιϖε ορ ρε−

γιον σπεχιφιχ ασσεσσmεντσ οφ ηαζαρδ σεϖεριτψ. Ιν 

ΠΡΙΣΜ εξποσυρε ισ χαλχυλατεδ αλονγ ωιτη οτηερ 

ηαζαρδ παραmετερσ, ωηερε αππλιχαβλε (ε.γ. ωινδ 

σπεεδ, εαρτηθυακε mαγνιτυδε, ετχ.), το ασσεσσ mαγ−

νιτυδε, ωηιχη αλλοωσ φορ χοmπαραβιλιτψ αχροσσ ηαζ−

αρδ τψπεσ. Βεχαυσε οφ τηισ υνιφορm εξποσυρε ασ−

σεσσmεντ, ρεγιοναλ δισπαριτιεσ ιν εξποσυρε τψπε δο 

νοτ ιmπαχτ τηε αναλψσισ. Ιmπαχτ ιν τηε φορm οφ σπα−

τιαλ εξτεντ ανδ λοσσ, νοτ σεϖεριτψ οφ τηε εϖεντ, mατ−

τερσ. Ιτ δοεσ νοτ mαττερ ιφ α χατεγορψ 2 ορ α χατεγορψ 

5 ηυρριχανε ηιτσ α χουντψ. Wηατ mαττερσ ισ ηοω 

mανψ πεοπλε, στρυχτυρεσ, ανδ οτηερ ενϖιρονmεντσ 

αρε ιν τηε πατη αλονγ ωιτη λοσσεσ συσταινεδ ασ α ρε−

συλτ οφ τηε εξποσυρε. Ιφ α χουντψ ισ ωελλ πρεπαρεδ 

φορ τηε ηαζαρδ, ιτ ωουλδ βε εξπεχτεδ τηατ λοσσεσ αρε 

λεσσ. Ιτ ισ ϖερψ ποσσιβλε, φολλοωινγ τηισ λογιχ, φορ α 

χουντψ εξποσεδ το α χατεγορψ 3 στορm το ηαϖε 

γρεατερ λοσσεσ τηαν ανοτηερ χουντψ εξποσεδ το α 

χατεγορψ 5 στορm. Ιν τηε ενδ, τηε στρενγτη οφ τηε 

στορm ισ οφ σεχονδαρψ χονχερν το τηε εξτεντ ανδ 

τψπε οφ λοσσεσ ενδυρεδ. Φορ τηισ ρεασον, τηε στορm 

σεϖεριτψ ισ ονλψ υσεδ ασ α τηρεσηολδ ϖαλυε το δετερ−
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mινε ρισκ. Ιτ ισ νοτ υσεδ το χατεγοριζε τηε εξπο−

συρεσ.  

 Wηιλε τηε προβαβιλιτψ οφ ηαζαρδ ρεχυρρενχε ισ 

νοτ σολελψ βασεδ ον ηιστοριχαλ φρεθυενχιεσ, ιτ δοεσ 

αιδ ιν τηε δισχυσσιον βοτη φροm αν εξποσυρε στανδ−

ποιντ ανδ ιν τηε δετερmινατιον οφ δισαστερ φατιγυε. 

Τηε ιmπαχτ οφ mυλτιπλε εϖεντσ οϖερ α ρελατιϖελψ 

σηορτ περιοδ οφ τιmε χαν αλσο ηαϖε α mαϕορ ιmπαχτ 

ον α χοmmυνιτιεσ∏ ρεχοϖερψ ανδ φυτυρε ρεσιλιενχε 

(Βοβροωσκι 2013). Πεοπλε αρε λικελψ το βε ωορν 

δοων, ρεσυλτινγ ιν λοσσ οφ βυσινεσσ ανδ ποτεντιαλ 

εmιγρατιον φροm τηε αρεα. Λονγ τερm ιmπαχτσ το τηε 

εχονοmψ ανδ σοχιαλ νετωορκσ mαψ τακε ψεαρσ το 

ρεχοϖερ; ιφ τηεψ εϖερ δο. 

 Wηιλε τηε ΠΡΙΣΜ mοδελ ωασ δεϖελοπεδ ωιτη α 

σπεχιφιχ πυρποσε, τηε φιναλ προδυχτ χαν ψιελδ mυχη 

γρεατερ υσε ιν γενεραλ ηαζαρδσ πλαννινγ. Ασιδε 

φροm τηε χονσιδερατιον οφ ποτεντιαλ ηαζαρδ−τψπε 

εξποσυρε το αν αρεα, ιτ ισ εθυαλλψ ιmπορταντ το χον−

σιδερ τηε λανδ τψπεσ βεινγ ιmπαχτεδ. Αλλ πλαχεσ αρε 

διφφερεντ, ανδ τηισ mακεσ φορ διφφερενχεσ ιν τηειρ 

ϖυλνεραβιλιτιεσ. Ιν mοστ χασεσ, ρισκ ισ ασσεσσεδ 

σολελψ ωιτη ρεγαρδσ το δεϖελοπεδ λανδσ. Πεοπλε 

ωορρψ αβουτ ιmπαχτσ το λιϖεσ, ϕοβσ, ανδ στρυχτυρεσ 

πριmαριλψ, ωηιλε ρισκ mοδελσ φαιλ το σεπαρατε ουτ τηε 

λανδσχαπε το αχχουντ φορ διφφερεντ λανδ υσεσ. Τηε 

ΠΡΙΣΜ mοδελ υσεσ τηρεε λανδ χλασσιφιχατιον χατε−

γοριεσ το λοοκ ατ ρισκ ιν τηε χοντεξτ οφ mαναγεmεντ 

δεχισιονσ. Τηε τηρεε χηοιχεσ φορ λανδ υσε ωερε 

mεαντ το διστινγυιση ανδ χαλλ αττεντιον το πλαχεσ 

ωηερε χονφλιχτσ οφ ιντερεστ mαψ αρισε. Τηεσε δυαλ−

βενεφιτ λανδσ αρε δεφινεδ βψ τηειρ χοmβινεδ ϖαλυε 

το βοτη ηυmανσ ανδ το εχοσψστεm ηεαλτη. Τηεσε 

λανδσ τψπιχαλλψ δο νοτ ηολδ mανψ πεοπλε ανδ αρε 

νεγλεχτεδ ιν mοστ δισχυσσιονσ οφ ρισκ, ωηετηερ ιτ βε 

νατυραλ ορ αντηροπογενιχ. Μυχη οφ τηισ λανδ τψπε ισ 

τηρεατενεδ, ηοωεϖερ, ανδ τηισ τηρεατ αππεαρσ το βε 

ον τηε ινχρεασε. Λοοκινγ ατ τηε δεσχριπτιϖε στατισ−

τιχσ φορ εαχη λανδ τψπε, ιτ ισ αλσο χλεαρ τηατ δυαλ−

βενεφιτ λανδσ αρε τηε δριϖερ βεηινδ τηε οϖεραλλ ρισκ 

ϖαλυε.  

 Γιϖεν τηε χηαλλενγεσ δισχυσσεδ ηερε, α νεω απ−

προαχη το mυλτι−ηαζαρδ ασσεσσmεντ ισ ουτλινεδ ωιτη 

αν ιντεντ το χρεατε α σινγλε mεασυρε οφ ηαζαρδ ρισκ 

φορ α λοχατιον το βε ινχορπορατεδ ιντο φυρτηερ ασ−

σεσσmεντσ οφ ρεσιλιενχε, ναmελψ τηε Χλιmατε Ρεσιλ−

ιενχε Σχρεενινγ Ινδεξ (ΧΡΣΙ; Συmmερσ ετ αλ. 

2017). Τηισ mοδελ υσεσ αν ιντεγρατεδ σπατιαλ απ−

προαχη το ασσεσσ mυλτι−ηαζαρδ εξποσυρε οφ α λανδ−

σχαπε το διστιλλ α σινγλε ϖαλυε ρεπρεσεντινγ α χροσσ−

σεχτιον οφ τηισ εξποσυρε ωιτη τηε ϖυλνεραβιλιτιεσ 

αχροσσ χουντιεσ. Τηισ ισ α νοϖελ αππροαχη mεαντ το 

στρεαmλινε τηε ασσεσσmεντ οφ mυλτι−ηαζαρδ ρισκσ ϖια 

τηε ρεmοϖαλ οφ βοτη συβϕεχτιϖε ιmπαχτ mεασυρεσ 

ανδ χοmπλιχατεδ ηαζαρδ mαπσ. 

ΕΤΗΙΧΣ ΑΠΠΡΟςΑΛ ΑΝD ΧΟΝΣΕΝΤ ΤΟ 

ΠΑΡΤΙΧΙΠΑΤΕ 

 Νοτ αππλιχαβλε. 

ΗΥΜΑΝ ΑΝD ΑΝΙΜΑΛ ΡΙΓΗΤΣ 

 Νο Ανιmαλσ/Ηυmανσ ωερε υσεδ φορ στυδιεσ τηατ 

αρε τηε βασισ οφ τηισ ρεσεαρχη. 

ΧΟΝΣΕΝΤ ΦΟΡ ΠΥΒΛΙΧΑΤΙΟΝ 

 Νοτ αππλιχαβλε. 

ΧΟΝΦΛΙΧΤ ΟΦ ΙΝΤΕΡΕΣΤ 

 Τηε αυτηορσ δεχλαρε νο χονφλιχτ οφ ιντερεστ, φι−

νανχιαλ ορ οτηερωισε. 

ΑΧΚΝΟWΛΕDΓΕΜΕΝΤΣ 

 Dεχλαρεδ νονε. 
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toward coupled socioecological systems and questions of adaptation of humans in nature (Carpenter et al.,

1999, 2001; Walker, 1993; Walker et al., 2002). In general terms, resilience is a characteristic of human (or

social/societal) and natural systems exhibiting a capacity to withstand and recover from an adverse shock

or event Keck & Sakdapolrak, 2013). In towns and cities, resilience is promoted through planning while in nat-

ure, this trait is assumed inherent (Meadows, 2008; National Research Council, 2012). While societal and eco-

logical resilience are highly dependent on one another, an examination of resilience literature reveals that

one is often described without appreciation of the other or in the context of their opposing roles

(Handmer et al., 2012). Similarly, previous research suggests that positive aspects of county and community

quality of life are linked to not only built environments but natural ones as well (Smith et al., 2012; Summers

et al., 2012). Any discussion of resilience would be incomplete without considering the role of natural ecosys-

tems, as they could influence many of a county’s and community’s vulnerability and recoverability character-

istics (Summers et al., 2016, 2012, 2014).

In the context of the research presented here, vulnerability describes the propensity or predisposition to be

adversely affected while resilience describes the ability of a system and its component parts to anticipate,

absorb, accommodate, or recover from the effects of a hazardous event in a timely and efficient manner

(Intergovernmental Panel on Climate Change, 2012). Much of the existing resilience literature focuses on

either vulnerability (risk) or recovery (e.g., Cutter et al., 2003; Frazier et al., 2014) as independent constructs

of resilience. Summers, Smith, et al. (2017) suggest that a more holistic relationship exists, where an intersec-

tion of vulnerability and recoverability sits along a spectrum of resilience. The position of human and natural

systems along this gradient reflects their ability or capacity for resilience. In terms of natural hazards, for

example, both people and nature can absorb, recover from, and adapt to adverse events (Berkes & Ross,

2013; Gunderson, 2010); however, the degree of resilience is reflected in their mechanisms for recovery.

This leads to the concept of basic resilience and recovery potential. Basic resilience can be determined by

a direct relationship between risk of a natural hazard occurring and planning, regulation, and training by a

community to be ready to face that risk (governance). Thus, basic resilience could be characterized by ratio

of level of governance to the likelihood of risk (governance/risk). Similarly, a community’s ability to recover

from the realization of a natural, hazard event can be exacerbated or diminished by local factors relating

to the social structure of the community, the natural environment, and the built environment (Berkes

et al., 2003; O’Brien et al., 2009; Pelling & Manuel-Navarette, 2011). These concepts of basic resilience, adapta-

tion, and transformation are included in the development of Natural Hazard Resilience Screening Index

(NaHRSI) below.

Ecosystems have innate structures and functions (such as diversity and redundancy) to facilitate recovery

from an adverse event (Holling, 1986; Melillo et al., 2014; National Fish, Wildlife and Plants Climate

Adaptation Partnership, 2012). Human systems rely on planning and preparation to mitigate known natural

hazard exposures and reduce vulnerabilities (Magus, 2010; Tobin, 1999). In both systems, the success of the

recovery process is dependent on the robustness of the mechanism. This robustness refers to the system’s

ability to resist or tolerate change without adapting its initial stable configuration (Meadows, 2008). In the

case of nature, ecological conditions may be the factor determining robustness of resilience while the depth

and breadth in resilience planning or governance are pillars for resilience in built environments. In the con-

text of governance and risk, the intersection of the status of society and the natural and built environments

can modify actual local area resilience to natural hazard events. Understanding how different aspects of resi-

lience reflect a community’s capacity for adaptive management is critical for envisioning urban systems and

natural ecosystems that can persist through extreme weather events.

A community’s ability to endure and recover from abrupt system shocks is an important factor for sustainabil-

ity. Natural hazard events (e.g., droughts, hurricanes, and floods) can impose long-lasting and significant

effects that can impact people and the natural systems on which they depend for sustenance, protection,

livelihoods, and recreation. As losses stemming from these events have continued to rise, there has been a

notable increase in communities seeking economic, social, and ecological solutions to improve both their

sustainability and resilience. The concepts of sustainability and resilience are closely tied as more county

and community decision makers recognize that recurring and anomalous weather events may impede

achieving their sustainability goals without appropriate and actionable preparation. Therefore, it is not sur-

prising that interest in the subject of resilience related to natural disasters, both cyclic and evolving,

is growing.
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The concept of resilience has evolved over the past several decades, particularly given the increased interest

in preparing for and addressing the current and future challenges we (nations, states, and cities) face, includ-

ing threats posed by major meteorological events. However, the topic of resilience is a disputed and heavily

debated subject regarding anthropogenic and natural systems (Patel et al., 2017). The varying ideas about

community resilience generally align, but they are applied differently across the field of resilience research.

These differences in application have historically made it difficult for policy makers to identify priorities for

improving resilience (e.g., increased governance vs. enhancement of training and economic development,

natural resource conservation versus enhancement of social services, and investment in the built environ-

ment vs. investment in risk reduction). Despite the differences in conception and application, there are

well-understood elements that are widely proposed as important for a resilient community, agreeing that

community resilience relates to the sustained ability of a community (a socioecological system) to utilize

available resources to respond to, withstand, and recover from adverse difficulties or perturbations

(Federal Emergency Management Agency, FEMA, 2011, 2012, 2017; RAND Corporation, 2017).

The NaHRSI was developed using publicly accessible data (e.g., databases available through websites) to help

decision makers identify the characteristics that make resilience stronger and weaker. NaHRSI integrates the

various viewpoints regarding resilience in terms of potential exposures to natural hazards, governance prac-

tices, and the conditions observed in societal, built, and natural systems to inform resilience planning efforts.

The index focuses on county-scale measures, the policy action level that is most broadly applicable. While dis-

aster event planning occurs at smaller spatial scales for some urban areas and communities, these data are

generally not available for all areas of the Nation. The NaHRSI framework (Summers et al., 2017) serves as a

conceptual roadmap to describe the potential impact of natural hazard events impact on a community in

the context of exposures and county characteristics. By addressing the factors that influence vulnerability

and recoverability, an estimate of resilience can gauge how changes in these characteristics could potentially

impact a community’s ability to recover from given specific hazard profiles. Ultimately, this knowledge can

help communities identify areas to target for improvement to increase their resilience to natural

hazard events.

2. Approach

2.1. Conceptualizing Resilience

As part of the conceptualization of NaHRSI, existing community resilience characterization methods and

approaches were reviewed with the intent to identify mainstream resilience indicators and indices and deter-

mine the applicability of each within the scope of the development of NaHRSI (Summers, Smith, et al., 2017).

In summary, an initial search produced 369 print and web publications, which was further reduced by using

selected criteria (e.g., quantifiable, integrated, and focus on natural disasters). The resulting pool of 27 pub-

lished indices representing 57 candidate indicators from this review demonstrated measures that favored

an integrated socioeconomic and ecological development approach and showed notable trends toward

the use of composite indices for the characterization of community resilience. The 27 published indices

and their indicators, in relation to the likely NaHRSI domains, are shown in Table 1.

2.2. Determination of Natural Hazard Event Factors to Be Included in NaHRSI

The National Climate Assessment summarized the current and future impacts of climate change in the United

States (http://sca2014.globalchange.gov/report). In the construction of this index, the likely changes in nat-

ural hazard events associated with geographic regions throughout the United States were assessed, as well

as the infrastructure challenges these changes would likely create. Extended heat waves (with associated

drought), more frequent heavy downpours (with associated flooding), sea level rise, enhanced insect out-

breaks, increased wildfires, altered timing of streamflow, increased and faster sea ice and glacial loss, and

increased major storm events (including hurricanes, tornadoes, and superstorms) were identified as impacts

likely to be seen in the coming decade. Similarly, infrastructure issues were identified as likely contributors to

the impacts of these weather-related events. Discussions with climate and natural hazard experts in each of

the 10 Environmental Protection Agency regions, in conjunction with the information provided by the

National Climate Assessment (Melillo et al., 2014) and the 100 Resilient Cities report (ARUP, 2014), yielded

12 natural hazards that would be included in NaHRSI:
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Table 1

Summary of Literature Reviewed Index by Topical Areas of Interest for Development of NaHRSI

Note. Intensity of color represents the number of potential indicators and metrics (lighter color—lower number to darker color—higher number). The numbers refer to the existing measures related
to topic of interest. ARI = Agricultural Resilience Index (Ciani, 2012); AWRVI = Arctic Water Resource Vulnerability Index (Alessa et al., 2008); BRIC = Baseline Resilience Indicators for Communities
(Cutter et al., 2014); CRI = City Resilience Index (ARUP, 2014); CRISLR = City Resilience Index to Sea Level Rise (Abdrabo & Hassaan, 2014); CDRI1 = Climate Disaster Resilience Index 2011 (Joerin &
Shaw, 2011); CDRI2 = Community Disaster Resilience Index 2010 (Peacock et al., 2010); CResI = Community Resilience Index (Kafle, 2012, Renschler et al., 2010); CRIG = Community Resilience
Index for the Gulf of Mexico (Baker, 2009); CRiskI = Community Risk Index (Daniell et al., 2010); MCCR = Composite measure of coastal community resilience (K. Li, 2011); MCR = Composite measure
of community resilience (Meher et al., 2011); MRR = Composite measure of regional resilience (Martini, 2014); M-RD = Composite measure of resilience to disasters (Kusumastuti et al., 2014); M-
EI = Composite measures of ecological integrity (Vickerman & Kagan, 2014); DRI = Displacement Risk Index (Esnard et al., 2011); EJSI-EJ SCREEN Index (U.S. Environmental Protection Agency,
2015); EPI = Environmental Performance Index (Hsu et al., 2016); ESI = Environmental Sustainability Index (Esty et al., 2005); EVI = Environmental Vulnerability Index (Pratt et al., 2004); FRI = Flood
Resilience Index (Batica, 2015); FVI = Flood Vulnerability Index (Balica, 2012); HRI = Household Resilience Index (Cassidy & Barnes, 2012); M-CRD = Metrics for community resilience to disasters
(Burton, 2015); RFI = Resilience Factor Index (Ainuddin & Routray, 2012); RIMM = Resilience Inference Measurement model (Lam et al., 2016; C. Li, 2013); SSI = Sustainable Society Index (van de
Kerk & Manual, 2014).
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1. Hurricanes

2. Tornadoes

3. Inland floods

4. Coastal flooding

5. Earthquakes

6. Wildfires

7. drought

8. High winds

9. Hail

10. Landslides

11. Low-temperature extremes

12. High-temperature extremes

2.3. The NaHRSI Conceptual Framework

No singular approach from the literature survey existing composite measures of natural hazard resilience met

all of the expected needs for developing NaHRSI. Collectively, however, the reviewed literature provided

many of the building blocks (e.g., suites of indicators, indicator groupings, and domains). A heat map table

(Table 1) depicts the distribution of metrics used in the final 27 indices across resilience topics of interest

to NaHRSI. To varying degrees, all of the existing indices offered patterns of indicator groupings, which were

allocated into five domains to describe overall resilience: natural environment, built environment, society,

governance, and risk. None of the indices reviewed provided all possible indicators necessary for the con-

struction of NaHRSI. However, 10 of the reviewed publications included information relevant for describing

the NaHRSI domains. Information pertaining to the Natural Environment, governance, and risk domains were

most frequently excluded from existing indices. Five indices—BRIC, CDRI1, CDRI2, M-RD, and M-CRD (Burton,

2015; Cutter et al., 2014; Joerin & Shaw, 2011; Kafle, 2012; Kusumastuti et al., 2014; Peacock et al., 2010;

Renschler et al., 2010)—offered fairly comprehensive descriptions of indicators relevant for quantifying

NaHRSI domains. The Climate Disaster Resilience Index 2011 (CRDI1) contributed the most to the proposed

NaHRSI structure, addressing all domains based on a suite of 18 indicators.

The final conceptualization of NaHRSI is discussed in Summers, Smith, et al. (2017) and includes five

domains composed of 10 indicators, which, in turn, were derived from 117 unique metrics. Figure 1 depicts

the final NaHRSI conceptual framework including the domains and indicators of the index. A summary of

the domains, indicators, and types of metrics used in NaHRSI is provided in Table 2. The selection of the

domains and indicators are completely described in Summers, Harwell, et al. (2017) and are summarized

here for completeness. The domains included in NaHRSI include risk, governance, society, built environ-

ment, and natural environment. In accordance with the concept of basic community resilience to natural

hazards being driven by the likelihood of an event occurring and the community’s preparation for such

an event, the domains of risk and governance are included at the base of the conceptual model

(Figure 1) to denote basic resilience as some relationship between risk and preparedness. Exposure and

losses comprise the indicators for risk (discussed below) and community and personal preparedness

(Adager et al., 2005; Linnenluecke et al., 2012; Paton & Johnston 2001) and natural resource conservation

(Strickland-Munro et al., 2010; Tompkins & Adger, 2004) represent the indicators for governance. Twenty

metrics contribute to the two indicators for the risk domain and five metrics contribute to the three indi-

cators for the governance domain (Table 2).

The remaining domains include elements that could exacerbate or diminish the vulnerability and recovery

potentials of a community to an event or postevent. These include society, built environment, and natural

environment. Societal indicators that can modify vulnerability or recovery include availability of social ser-

vices (Dominelli, 2013), the type of available labor or trades within the community (Kirrane et al., 2013), safety

and security requirements (Christopher & Peck, 2004; Keim, 2008), the socioeconomics and economic diver-

sity of the community (Klein et al., 2003, Linnenluecke et al., 2012), the health characteristics and availability

of health care access in the community (Ebi, 2011; Oven et al., 2012), basic demographic information concern-

ing the community (Balbus & Malina, 2009), and the cohesiveness of the community (Baldwin & King, 2018;

Meitzen et al., 2018; Sanchez et al., 2017). Fifty metrics are utilized to describe these indicators of society

(Table 2). Built environment indicators that can modify vulnerability or recovery include multiple
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Figure 1. Final Natural Hazard Resilience Screening Index conceptual framework. Arrows projected from boxes to the left

and right represent hypothetical increases and decreases in ranges for indicators (black arrows) and domains (colored

arrows). CRSI = Climate Resilience Screening Index.
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Table 2

List of NaHRSI Domains, Indicators, Scope, and Number of Metrics

Domain Indicator(s) Metric(s)

Built Environment (5/24) Communication Infrastructure Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation infrastructure Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance (3/5) Community preparedness Community resilience strengthening (2)

Natural resource conservation Natural Resource Recovery (1)

Personal preparedness Personal property hazard protection (2)

Natural Environment (2/18) Condition Biodiversity, using birds as a proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem types Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk (2/20) Exposure Earthquake probability (1)

Extreme high temperature incidents (1)

Extreme low temperature incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind incidents (1)

Nuclear presence (1)

RCRA sites (1)

Superfund sites (1)

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes human and property measures) (1)

Natural area loss (1)

Dual-benefit area loss (includes cropland and managed area measures) (1)

Society (8/50) Demographics Vulnerable population (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact personal Resilience (9)

Labor and trade services Construction recovery (8)

Safety and security Provisioning of emergency and civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical services (15)

Socioeconomics Employment opportunity (1)

Personal economics (2)

Built Environment (5/24) Communication infrastructure Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation infrastructure Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance (3/5) Community preparedness Community resilience strengthening (2)

Natural resource conservation Natural resource recovery (1)
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infrastructure elements—communications (Martins et al., 2017; Wang & Wang, 2017; Zimmerman, 2017),

utilities (Ma et al., 2018; Panteli & Mancarella, 2017; Zimmerman et al., 2017), and transportation

(Linnenluecke et al., 2012; Wedawatta et al., 2010)—and housing characteristics (Cutter et al., 2008;

Dominelli, 2013; Henstra, 2012; Smoyer, 1998). Twenty-four metrics are compiled to represent the built

environment (Table 2). The natural environment domain describes the resilience of natural and managed

ecosystems through measures of ecosystem extent (Adager et al., 2005; Foley et al., 2005; Smit et al., 2000)

and condition (Foley et al., 2005; Stenseth et al., 2002; Walther et al., 2002). Eighteen metrics are combined

to represent the indicators within the natural environment domain (Table 2).

Table 2 (continued)

Domain Indicator(s) Metric(s)

Personal preparedness Personal property hazard protection (2)

Natural Environment (2/18) Condition Biodiversity, using birds as a proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem types Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk (2/20) Exposure Earthquake probability (1)

Extreme high temperature incidents (1)

Extreme low temperature incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind incidents (1)

Nuclear presence (1)

RCRA sites (1)

Superfund sites (1)

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes human and property measures) (1)

Natural area loss (1)

Dual-benefit area loss (includes cropland and managed area measures) (1)

Society (8/50) Demographics Vulnerable population (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact personal Resilience (9)

Labor and trade services Construction recovery (8)

Safety and security Provisioning of emergency and civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical services (15)

Socioeconomics Employment opportunity (1)

Personal economics (2)

Note. Numbers in parentheses for domains show the total number of indicators/total metrics in the domain. Numbers in parentheses for metrics for number of
metrics. RCRA = Resource Conservation and Recovery Act.
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Metric data are documented in Appendix A of Summers, Harwell, et al. (2017). This appendix characterizes the

sources of the metric data, their ranges, and their directional relationship to the indicator and provided box-

and-whisker plots of the county-level data.

2.4. Data Collection and Preparation

Secondary data from established, publicly accessible sources served as the data foundation in the develop-

ment of NaHRSI. Nationally consistent, county-level, or equivalent-scale data available within the

2000–2015 time frame were targeted for culling. Where county-level data were not available (i.e., condition

of ecological systems by county), imputed values were calculated to achieve desired spatial unit representa-

tion. In short, ecosystem condition data were only available from national probabilistic surveys. These data

were imputed to provide an estimate of condition of each ecosystem type in each county. Metadata were

reviewed to ascertain appropriateness for use in NaHRSI. Collected data were age, population, or land area

weighted, as appropriate.

Ecological and distance-factored metrics were interpolated using the inverse distance weighting method to

arrive at the spatial unit of interest (county). Distance weighted values were derived using preset distance

buffers. Buffer values varied from 50 to 100 miles (roughly 80 to 160 km) depending on the ecological

resource or attribute the data represented.

Finally, all standardized values were geolocated to county. Because contributed data were not annually con-

sistent, standardized values were averaged across years within each county or county-equivalent unit. Mean

data were normalized on a 0 to 1.0 scale to form the metric basis for NaHRSI. The complement of data repre-

sents 3,135 of 3,143 counties and county equivalents, excluding eight boroughs from Alaska that were not

represented from secondary data sources.

2.5. Calculations

2.5.1. Risk Domain

The risk domain is a probabilistic calculation based on data provided by a partially derivedmultihazardmodel

using proportional land area exposure extent and accompanying losses data described in Buck et al. (2018)

and Summers et al. (2017). Themetrics include historical andmodeled exposures, basic likelihood of proximal

exposures, potential anthropogenic exposures, and losses. All standardized exposure metrics summed for

each county or county equivalent to calculate the exposure indicator. The loss indicator was derived from

the sum of standardized loss values stemming from natural hazard events that included human, property,

and crop monetary losses plus losses of natural lands to human development. Other sources of potential

losses occur (e.g., costs of business activities lost and tourism dollars lost), but no broadly applicable data exist

for these potential sources of loss. The risk domain measures were calculated for each county as the exposure

indicator valuemultiplied by the loss indicator value. The approach used to calculate the risk domain scores is

presented in Figure 2.

2.5.2. Built Environment, Governance, Natural Environment, and Society Domains

Indicators and domains, with the exception of risk (discussed separately), were derived using the following

approach:

1. Metric data were adjusted for age, population, or spatial area, as appropriate, prior to standardization (e.g.,

number of hospitals in a county adjusted by the population of the county).

2. Indicator scores were determined using the average of related standardized metric values, and each indi-

cator was standardized using the calculated range of the indicator.

3. Domain scores were determined from the average of appropriate standardized indicator values and then

standardized in preparation for the final NaHRSI calculation.

2.5.3. The Final Steps to NaHRSI

All domains for each county, parish, and borough (all referred to as county below) were min-max standar-

dized on a scale from 0.01 to 0.99. The final NaHRSI calculation begins as a scaled value for

recoverability/vulnerability derived from governance and risk (basic resilience) with the basic resilience value

being adjusted by the remaining domain scores for social, built environment, and natural environment to

represent enhancement of or diminution of basic resilience to complete the calculation of NaHRSI as shown

below:
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CRSI Bð Þi ¼ Ri
Vi ¼

Govi
Riski=

�

where NaHRSI(B)i = value of basic resilience (recovery/vulnerability or Ri/Vi) and Ri/Vi = governance in county

i/risk in county i. The overall NaHRSI score is calculated as follows:

CRSIi ¼ Govi þ Soc að ÞiGovi þ BE að ÞiGovi þ NE að ÞiGovið Þ=Riski

where NaHRSIi = the value of NaHRSI or adjusted resilience for county i and Soc(a)i, BE(a)i, and NE(a)i are the

adjustment multipliers for society, built environment, and natural environment in each county i and Riski is

the risk score for county i. The adjust factors are calculated as follows:

Soc að Þi ¼ Soci�Socmð Þ
.

Socm

where Soc(a)i is the adjustment multiplier for society in county i, Soci is the social domain score for county i,

and Socm is the median social domain score for all counties:

BE að Þi ¼ BEi�BEmð Þ
.

BEm

where BE(a)I is the adjustment multiplier for built environment in county i, BEi is the built environment

domain score for county i, and BEm is the median built environment domain score for all counties:

NE að Þi ¼ NEi�NEmð Þ
.

NEm

and where NE(a)I is the adjustment multiplier for natural environment in county i, NEi is the natural environ-

ment domain score for county I, and NEm is the median natural environment domain score for all counties.

Figure 2. Representation of the metric, indicator, and domain scores for risk domain of Natural Hazard Resilience Screening Index.
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The domains were weighted equally in the calculation of NaHRSI. An initial analysis was performed to assess

whether the NaHRSI results associated with basic resilience (governance and risk) varied in a predictable way.

Plotting the domain values of risk versus governance would, from a policy standpoint, be expected to have a

positive relationship—greater risk should be accompanied by greater governance. This examination of a

positive relationship between risk and governance was tested in three ways: (1) assessment analysis of risk

domain versus governance domain scores, (2) examination of the cumulative distribution function of basic

resilience (governance/risk), and (3) mapping basic resilience to examine potential patterns.

3. Results

3.1. Analyses of Basic Resilience (Governance/Risk)

An assessment of basic resilience is represented by the ratio of governance domain score to the risk

domain score (governance/risk). The expected result of the assessment is a 45° angle from low risk-low

governance to high risk-high governance. This finding would demonstrate that governance is developed

in proportion to risk. Significant deviation from this finding could reflect an underreaction or overreaction

to risk in terms of governance activities. Placing results into quantiles allows characterization of clusters of

counties as overreacting or underreacting to risk in terms of governance. In this categorical relationship,

generally any combination of risk and governance along the 45° angle (slope = 1.0) plus or minus one

category would be in the expected range. A combination of high risk and low governance would suggest

underreacting, whereas low risk and high governance would suggest overreacting. Mapping these risk-

governance ratio categories by county demonstrates any clustering throughout the United States to

detect spatial trends.

The assessment results based on normalized risk and governance domains are shown in Figure 3. These

results indicate that the governance score is generally higher than the risk score. Only 181 counties (5.8%

of the U.S. counties) have risk scores greater than their governance scores. This suggests that governance

activities in the vast majority of counties outweigh the risk of exposure to extreme natural hazard events.

This high governance to risk ratio is largely driven by a large number of counties with lower levels of risk

to devastating natural hazard events. Figure 4 depicts four management action types: low risk-high govern-

ance (A), high risk-high governance (B), low risk-low governance (C), and high risk-low governance (D). Types

B and C likely represent situations where the level of governance is commensurate with the level of risk. Type

A represents the largest number of counties and indicates a level of governance that exceeds the probable

level of risk. Type D indicates a level of governance that is significantly less than the level of risk. Type D coun-

ties are those most likely to demonstrate poor basic resilience to natural hazard events and would benefit

from increased governance measures.

The distribution of basic resilience for the counties was examined using a ratio of the governance-risk domain

scores to determine the roughly 500–1,000 counties with the largest risk to governance disparities. Figure 4

shows the county data from the assessment as a cumulative distribution function of basic resilience (govern-

ance/risk). Roughly 6% of counties have a basic level of resilience less than 1.0 indicating that risk is greater

than governance suggesting that these counties could be poorly resilient to a natural hazard event. About

56% of counties have basic resilience scores of greater than 2.0 basic resilience suggesting clearly sufficient

governance for the likely level of risk. While this result suggests that most counties in the United States would

be resilient to natural hazard events, it can be misleading as will be discussed in the next section. The remain-

ing percentage of counties (38%) with basic resilience values between 1 and 2 represent counties with a

greater potential to demonstrate inadequate planning given their likely risk. Counties in this category (basic

risk scores between 1 and 2) are characterized as more likely to depend on their community and natural

resources to provide the adequate services to improve overall resilience.

These county basic resilience scores were mapped to explore the spatial distribution of the quintiles for any

potential trends (Figure 5). Areas with the highest basic resilience scores tend to be in the northeast and scat-

tered through Midwest. Areas with the lowest basic resilience scores appear along the West Coast in the

southeast and Appalachia. Four counties (<1% of total) showed very low basic resilience scores of <0.25.

All of these counties are located in the southeast. Twenty-three counties demonstrated risk scores that were

twice their governance scores (i.e., <0.5) and again were predominantly located in southeast and lower

Midwest. Eighty counties had basic resilience scores <0.75 where the southeast contained 90% of the
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counties with the remaining counties in far west and southwest. Of all the counties in the United States with

basic resilience scores <1 (risk exceeded governance), 85% were in the southeast), 9% the south central and

southwest, 4% in the west, and < 1% in the Midwest.

3.2. National NaHRSI Results

Basic resilience is modified by social aspects and structures, the built environment, and the natural environ-

ment to represent overall resilience (the NaHRSI score). If these attributes are strong, then resilience (mainly

through recoverability) is enhanced. If these attributes are weak, then resilience for an area is reduced. The

following national results sections examine basic resilience as modified by societal, natural environment,

and built environment factors to determine an overall NaHRSI score. These scores were examined both

including and excluding the boroughs of Alaska. This modification was deemed prudent given the mixed

levels of data available for the Alaskan boroughs (some boroughs had all levels of data while others did not).

The U.S. NaHRSI score is 2.71 based on the average of NaHRSI scores for all counties in the United States,

excluding Alaska, ranging from �2.13 to 14.10 (including Alaska increases the max to 189.17). The NaHRSI

Figure 3. Linear assessment of risk versus governance based on domain scores. Ellipses represent differing management

implications with A: low risk-high governance (little increased governance necessary other than improvements for selected

below-average indicators; B: high risk-high governance (likely appropriate governance but any improvement in below-

average indicators a likely improvement to resilience); C: low risk-low governance (likely appropriate governance for level

of potential risk; D: high risk-low governance (improvements to governance and indicator of the Natural Hazard Resilience

Screening Index domains necessary).
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and domain scores for the nation are shown in Table 3. The distribution of

overall NaHRSI values and the domain scores by county for the United

States are shown in Figure 6. Examples of inferences that can be made

from the maps are the following:

1. The western United States (east of the Rockies), the Great Lakes area,

and the upper northeast have higher NaHRSI values (higher resilience

to natural hazard events).

2. The western Midwest, the southeast, the southwest, and Appalachian

region have lower NaHRSI values.

3. The lower northeastern coastal area, southeast/Gulf coasts, a small area

associated with southern Lake Michigan, and southern far west have

the highest risk domain scores albeit for different types of natural

hazard events. Lower risk scores for natural hazard events are seen in

the west and upper Midwest, Alaska, and Hawaii.

4. Higher governance scores are seen in the northeast, Mid-Atlantic, and

Great Lakes areas of the U.S. lower governance scores related to natural

hazards were observed in Appalachia, the deep south, and selected counties in the far west.

5. Higher society scores are seen in the upper Midwest and mountain west. Lower society scores are seen in

Appalachia and the deep south.

6. Both built and natural environment domain scores were higher in the west, parts of deep south, and lower

in the western Midwest and parts of the southeast.

Examining the 150 counties in the United States with the highest NaHRSI values, the Pacific Northwest, and

Alaska have the most counties (48 counties of which 19 are in Alaska) followed by the upper west (44), the

upper Midwest (23), and the northeast (14). Only the southeast and Mid-Atlantic areas do not have any coun-

ties in the top 150 NaHRSI county list. This provides state and counties with lower NaHRSI scores with several

example counties to use as role models for the improvement of their scores. The 150 counties with the lowest

NaHRSI scores are predominated by the southeast (86 counties) followed by the Mid-Atlantic (33), the south

central United States, (13), the Midwest (9), and the Rocky Mountain states (7).

Risk due to natural hazard events across the United States is examined in more detail in Figure 7. The lowest

risk domain scores all occur in Alaska, but if Alaska is excluded, the five lowest risk scores occur in the north-

west (Montana, Idaho, andWashington). The highest risk scores occur throughout the United States, with two

counties in Texas and one each in Colorado, Georgia, and Virginia. Natural exposures due to natural hazard

Figure 5. Map of the distribution of county scores for basic resilience.

Figure 4. Distribution of county basic resilience scores (governance/risk).

Bars equal frequency of basic resilience score for counties. Line indicates

cumulative percentage of counties. Number represents number of counties

in the basic resilience score range.
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events are predominated by drought (99% of counties experiencing drought), extreme high and low tem-

peratures (100%), inland flooding (99%), high winds (98%), and hail (98%). In short, the meteorological events

depicted in NaHRSI, for the 2000–2015 period, are experienced largely throughout the United States with the

exceptions of wildfires (52% of counties), landslides (39%), earthquakes (12%), coastal flooding (11%), and

hurricanes (8%). Other types of anthropogenic exposure that could exacerbate natural hazard events impact

most counties. Resource Conservation and Recovery Act sites and Toxic Release Inventory sites dominate the

technological exposure indicator at 71% and 87%, respectively. Superfund sites were seen in 28% of counties,

while nuclear facilities were located in 5% of counties. Losses due to natural hazard events of human life,

property, and natural ecosystems occur in almost all counties, while losses of crops have occurred in 73%

of counties.

Table 3

Summary of NaHRSI and Domain Scores for the United States, Both With and Without Alaska

Region

Inclusions and

Exclusions Risk Governance

Built

environment

Natural

environment Society NaHRSI

National

Average

Including Alaska 0.29590 0.59674 0.39320 0.41333 0.51561 2.71349

Excluding Alaska 0.29758 0.59575 0.39262 0.41182 0.51587 2.37534

Note. NaHRSI = Natural Hazard Resilience Screening Index.

Figure 6. National Natural Hazard Resilience Screening Index values and domain scores (risk, governance, society, built

environment, and natural environment). CRSI = Climate Resilience Screening Index.
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The contributions of the 20 indicators to the national domain scores are shown in Figure 8. Natural resource

conservation (governance), number of vacant structures and housing characteristics (built environment), as

well as demographic characteristics (society) most strongly influenced national domain scores. Secondary

influences included levels of exposure (risk), socioeconomic characteristics, social cohesion, and economic

diversity in the society domain, community, and personal preparedness (governance) and acreage of ecosys-

tem types (natural environment).

4. Discussion

Every year, U.S. counties and communities face devastating losses caused by weather-related disasters. Fires,

floods, storms, other hazards, and their associated consequences have significant impacts on counties and

communities, especially, their economies, infrastructures, and the environments. The United States has

recently experienced a number of large-scale and devastating natural disasters, including catastrophic wild-

fires, far-reaching floods, and damaging storms. The increasing prominence of extreme weather events

makes it critical for governments, businesses, and individuals to examine their anticipatory adaptation and

organizational resilience to these events (Linnenluecke et al., 2012). The private sector and all levels of

government are embracing resilience as a holistic, proactive framework to reduce vulnerabilities, improve

services, adapt to changing conditions, and empower citizens (e.g., National Disaster Resilience

Competition; Housing and Urban Development, 2017; Leadership in Community Resilience; National

League of Cities, 2016, 2017).

Unlike other resilience estimates, NaHRSI integrates all the major aspects of resilience through its five

domains. Overall, NaHRSI values, domain scores, and indicator contributions all paint a picture for the

United States of reasonable resilience to natural hazard events. However, the distribution of these scores is

broad. While there are many relatively resilient counties in the United States, there are a number of counties

in which overall resilience to natural hazard events is low or one or more of the domain scores are low.

Therefore, more specific results and analyses should be examined for each of the regions.

Figure 7. Map of risk domain scores delineating the five counties with the highest risk domain scores and the four lowest risk domain scores (all in Alaska) and the

five lowest scores excluding Alaska. The percentage of counties experiencing each of the 11 natural hazard event types, the 4 technological hazards, and losses of

human life and property. RCRA = Resource Conservation and Recovery Act; TRI = Toxic Release Inventory.
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4.1. Potential Utility of NaHRSI

For over 50 years, hazards researchers have focused on a series of fundamental questions relating to “How do

people respond to environmentgal hazard and what factors influence their choice of adjustments” (Cutter

1996, 2012). There are few examples of comparative measures of community health, well-being, resilience,

or condition at the county level (Miringhoff & Miringhoff, 1999). The Social Vulnerability Index in one of

the few county-level measures of social vulnerability to environmental hazards (Cutter, 2003).

This present paper outlines the approach and application of an index to examine the resilience of U.S.

counties, regions, and the overall nation to natural hazard events, holistically, examining not only risk but

including governance, social attributes, the built environment, and aspects of the natural environment. No

other efforts to quantify county-level resilience have examined all five of these component domains. A num-

ber of studies have examined one or two of the domains, while a few have examined as many as three or four

of the domains (see Table 1). BRIC (Baseline Resilience Indicators for communities, Cutter et al., 2014) provides

the closest effort that includes all five of the domains. BRIC does not include a probability of risk event

measure but does include measures associated with society (social, economic, and community capital indi-

cators), the built, and natural environments and governance.

The highlights of BRIC (Cutter et al., 2014) suggest that inherent resilience and its drivers are spatially vari-

able. Similarly, NaHRSI shows basic resilience (governance and risk) to be spatially variable as well as the

recovery potential domains of society, built environment, and natural environment. BRIC demonstrates

higher level of inherent resilience in the Midwest and northeast. NaHRSI shows the highest resilience in

Alaska and Hawaii (not included in the BRIC assessment), the upper Midwest, northeast, and selected parts

of the northwest (in contrast to BRIC). Some of these minor differences are likely due to the inclusion of

risk in NaHRSI but not in BRIC. The lowest levels of resilience in BRIC are identified as Texas border

counties, Appalachia, and the interior western United States. In NaHRSI, poorest resilience occurs in

Figure 8. Polar plot showing the contribution of the 20 indicators associated with the domain scores for the nation. The

length of the bars corresponds to the indicator score. Within a domain, the higher indicator scores show a greater contri-

bution to the domain.
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Appalachia, much of the southeast, the Western Plains including border and west Texas counties. The

extension of lower resilience scores into the southeast in NaHRSI appears to be driven by higher risk

scores and lower society scores in this area.

BRIC found that resilience (defined in NaHRSI as the nonrisk domains) and vulnerability (defined in NaHRSI as

the risk domain and by Cutter et al., 2008, as Social Vulnerability Index) were statistically related but not the

obverse of one another. Clearly, social vulnerability and physical risk are not the same measure but a similar

observation can be made for physical risk of a disaster event and resilience to such an event in NaHRSI. The

concept used in NaHRSI of basic resilience being the ratio of governance and risk permits some high risk

areas to offset that risk by increased governance to enhance resilience, while areas with high risk but lower

governance display lower basic resilience.

Further research and application efforts to adapt NaHRSI for use within individual counties and communities

would clearly be useful for the development of community-specific resilience plans. The potential of using

NaHRSI-related information by state and local staff tasked with assessing resilience in their areas of the coun-

ties seems particularly useful. Supporting state and counties to assess risk, governance, societal attributes, the

built environment, and natural environment in a holistic manner will be important in further development of

local and county-level, and even state, resilience plans. Similarly, at the county level, states and counties can

1. Assess relative risks of differing weather-related events

2. Disassemble NaHRSI to determine why the resilience of certain counties is projected to be low and that of

others are projected to be high

3. Provide lessons learned from one county to the next on governance and other activities that have

increased local resilience to weather-related events

4. Provide a comparative database permitting one way to assess where investments might have the greatest

return in terms of improved resilience

5. Provide a database that can be updated to include the most recent information on the NaHRSI metrics,

indicators, and domains so that improvements can be tracked.

4.2. Example of NaHRSI Use—Hurricane Harvey

In August, 2017, Hurricane Harvey had two landfalls in Texas—Rockport, TX, in Aransas County and Port

Aransas, TX, in Nueces County. In addition to wind damage, rainfall from Hurricane Harvey resulted in massive

flooding in Houston and surrounding areas (Galveston, Harris, and Brazoria Counties) and Beaumont and sur-

rounding areas (Jefferson and Chambers Counties). Some of the worst damage appeared to be in Rockport, a

coastal city of about 10,000 that was directly in the storm’s path. Many structures were destroyed and

Rockport’s roads were littered with toppled power poles. Extensive damage was also registered in Port

Aransas, TX (site of the second Texas landfall). It is estimated that it will be a long time before the storm’s cat-

astrophic damage is repaired. Flooding in the Houston/Beaumont areas is the worst in history, displacing mil-

lions of people and with flood waters taking weeks to months to recede. As an exercise, NaHRSI results were

examined (after the fact) to determine the magnitude and likely locations of extensive damage and low resi-

lience along the Texas Gulf Coast (Table 4).

Of these counties, NaHRSI scores for Aransas, Calhoun, Chambers, Galveston, Harris, Jackson, Jefferson, and

Refugio Counties are significantly below the national average for NaHRSI suggesting lower resilience to nat-

ural hazard events. All of these counties, plus Brazoria, Fort Bend, Jefferson, and Nueces, display risk domain

scores greater than the national average suggesting a history that includes exposure and potential losses

stemming from of major natural hazard events. Aransas, Jackson, and Refugio Counties have significantly

reduced built environment domain scores suggesting that if an event were to strike these counties, they

would be more likely to suffer significant structural damages as a result of reduced public infrastructure

and large proportions of vacant buildings. These three counties also possess society scores below the

national average. This could indicate a lack of skills diversity to easily rebuild along with deficient security

and security infrastructures. Hurricane Harvey also devastated Port Aransas, TX, in Nueces County. Nueces

County has a significantly higher risk domain score than the national average associated primarily with his-

torical hurricane paths. The county is dominated by Corpus Christi, TX, which avoided much of the devasta-

tion associated with the hurricane; however, Port Aransas suffered extensive structural damage. Port Aransas
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is likely much more similar to Rockport, TX, in Aransas County, which demonstrates a significantly lower than

average NaHRSI score.

The other counties with lower NaHRSI scores—Harris (1.03), Calhoun (1.79), Galveston (2.01), Chambers (2.13),

and Jefferson (2.29)—all show high risk domain scores well above the national average. The Harris County

risk score (the highest in the United States) is exacerbated by significant anthropologic risks located there

(e.g., chemical and oil refinery facilities and Superfund sites). Chambers County, located southeast of Harris

county, has a lower than average NaHRSI score but a significantly higher than average risk domain score.

Four of these counties are at significant risk for flooding and all four counties significantly flooded due to

the intense rainfall associated with Hurricane Harvey. Houston (in Harris County) is reported to have had his-

toric flooding that did not recede for weeks or months in some areas. The region’s flat topography, hard clay

soil, and sprawl of new development combine to make for a drainage nightmare.

Resilience from the flooding in these counties appears to be driven by differing factors based on the NaHRSI

and domain scores. Brazoria County has a higher than average resilience score that appears to be the result

simply of a high risk, but all the remaining factors tend to reduce the risk and increase the resilience score to

4.22 (well above the national average). Harris County, on the other hand, has the highest risk scores in Texas

(0.99) again associated with flooding and several exacerbating factors. The NaHRSI score for this county in

significantly below the national average at 1.03 suggesting recovery from a major event could be a very long

process. This lower resilience seems to be driven by a very low natural environment score (0.192) suggesting

that increasing development in the last decade and loss of natural lands is significant (particularly to the

north and west of Houston). Natural and open lands often provide a buffering impact to natural hazard

events. They are usually damaged but tend to recover quickly while reducing the impact of the event on sur-

rounding populated areas. This low level of natural ecosystems in the Houston area (often replaced by imper-

vious surfaces) would enhance the impact of flooding. Chambers and Jefferson Counties also have high risks

levels associated with flooding with both counties displaying significantly lower than average resilience

scores (Chambers County—2.13 and Jefferson—2.29). However, the remaining domain scores in both coun-

ties suggest more rapid recovery than Harris County with Chambers County recovering at a slower rate than

Jefferson County.

4.3. Where Can We Go From Here?

Our desire to have counties and communities that are minimally impacted by natural hazard events is nearly

impossible without a strong recoverability plan and its execution following an event. These plans and their

Table 4

NaHRSI and Domain Scores for Select Counties Along the Texas Gulf Coast and National Average Scores (Excluding Alaska)

County Risk Governance

Built

environment

Natural

environment Society NaHRSI

Aransas 0.32889 0.57259 0.33419 0.52163 0.40423 1.68467

Brazoria 0.38408 0.66188 0.77630 0.54926 0.52368 4.22022

Calhoun 0.33956 0.50474 0.43549 0.49039 0.42868 1.79703

Chambers 0.41971 0.61495 0.51116 0.50005 0.43950 2.13280

Fort Bend 0.55134 0.64353 0.78479 0.42022 0.58024 2.64409

Galveston 0.47067 0.61040 0.60782 0.40844 0.47196 2.01258

Harris 0.99000 0.61143 0.83741 0.19155 0.49091 1.03005

Jackson 0.31103 0.58578 0.33742 0.48061 0.53769 2.14238

Jefferson 0.46213 0.53399 0.69823 0.44851 0.52149 2.29798

Matagorda 0.29963 0.54478 0.43992 0.50342 0.43102 2.28617

Nueces 0.32810 0.63902 0.69866 0.41923 0.47736 3.56655

Refugio 0.31287 0.63050 0.26566 0.46778 0.44307 1.46869

San Patricio 0.26694 0.61545 0.48926 0.44391 0.40174 2.73226

Victoria 0.23454 0.53276 0.51231 0.51035 0.54069 3.82251

National

Average

Including Alaska 0.29590 0.59674 0.39320 0.41333 0.51561 2.71349

Excluding Alaska 0.29758 0.59575 0.39262 0.41182 0.51587 2.37534

Note. Bold denotes significantly below national average for NaHRSI and above national average for domains.
NaHRSI = Natural Hazard Resilience Screening Index.
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execution maintain a community at a significant distance from ecological, economic, and social tipping

points (e.g., stability, sustainability, joblessness, social inequity, and ecosystem condition). Little attention

has been given to the interconnectedness of the vulnerability and recoverability—the basic aspects of

resilience (Summers et al., 2014) as they relate to a community’s natural hazard resilience. A community

may be naturally vulnerable to natural hazard events or vulnerable through anthropogenic activities, but

its resilience to these vulnerabilities is guided by the combination of environmental, social, economic, and

governance drivers.

U.S. national, state, and local governments have recognized that an integrated, coordinated, and cooperative

effort is required to enhance their capacities to withstand and recover from weather-related disasters and

emergencies. A disaster-resilient community is one that works together to understand and manage the risks

that it may confront. Resilience to disasters is the joint responsibility of all elements of society, including all

levels of business, government, the nongovernment sector and individuals. If all these sectors work together

with a shared focus and sense of responsibility, they will be much more effective in developing disaster resi-

lience than the individual efforts of any one sector.

4.3.1. Potential Role of Governments

Governments, at all levels, must play a significant role in improving the nation’s resilience to disasters:

1. Developing and implementing effective and useful land management and planning arrangements and

other mitigation activities based on risk;

2. Having effective plans and policies in place to provide information to people about how to assess risks

and reduce their vulnerability to hazards;

3. Having effective and clear education systems so people understand what choices are available and what

the best course of action could be for responding to an approaching hazard;

4. Supporting counties and communities, as well as individuals, to prepare for extreme events;

5. Ensuring the most effective, well-coordinated response from our emergency services and volunteers

when disaster hits; and

6. Working in a swift, compassionate and pragmatic way to help counties and communities recover from

devastation and to learn, innovate and adapt in the aftermath of disastrous events.

Local, state, and national governments are working collectively to incorporate the principle of disaster resili-

ence into aspects of natural disaster arrangements, including preventing, preparing, responding to, and reco-

vering from disasters. Further future enhancements and local applications of NaHRSI can provide

advancements in these disaster-related resilience activities.

The FEMA established the Strategic Foresight Initiative (FEMA 2012) to address the need. This initiative brings

together significant elements of the emergency management community to discuss important future issues,

trends, and other issues and to work through their implications. Working collaboratively, these groups are

beginning to understand the full range of changes they might encounter and the nature of their likely future

needs. Therefore, they can begin to develop and execute a shared action agenda for action. One of the first

tasks of this initiative group should be to bring together the representative views of all governments, busi-

ness, nongovernment sector and the community into a comprehensive National Disaster Resilience

Strategy. This group should also be tasked with considering further those lessons arising from the recent

bushfires, floods, tornadoes, and superstorms that could benefit from national collaboration.

4.3.2. Role of Business

Businesses can and do play a critical role in supporting a community’s resilience to disasters. Businesses pro-

vide expertise, resources, and many essential services upon which the community depends. Businesses, par-

ticularly important infrastructure providers, contribute to understanding the risks that they face and ensuring

that they can continue providing services during or soon after a disaster.

Insurance and reinsurance businesses are particularly important to county and community resilience (both

planning and after an event). If insurance is not available for an area because of higher risk of a meteorolo-

gical event or the has not been purchased to cover potential damage due to cost, negative impacts of events

to communities and individuals become magnified and extended. Working with the insurance industry so

that they more fully accept community resilience approaches could be a major influence for improving over-

all resilience. Having insurers take into account the efforts that governments take at all levels to enhance resi-

lience to natural disasters could reduce overall costs, impacts, and losses.
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4.3.3. Role of Individuals

Community disaster resilience is largely based on individuals taking their share of responsibility for preparing

for, preventing, responding to, and recovering from natural hazard disasters. A community’s constituents can

do this by drawing on the resources, guidance, and policies of local government and community organiza-

tions. Individuals’ resilience to these types of disasters is significantly increased by active planning and pre-

paration for protecting life and property, including purchasing insurance at reasonable rates to cover

potential losses. This planning and preparation should be based on an awareness of the threats relevant to

their locality as well as being involved in local community disaster or emergencymanagement arrangements.

This involvement can often take the form of volunteerism.

4.3.4. Role of Nongovernment Organizations and Volunteers

Nongovernment and community organizations are at the forefront of strengthening disaster resilience in the

United States. It is to them that Americans often turn for support or advice, and the dedicated work of these

agencies and organizations is critical to helping counties and communities to cope with, and recover from, a

disaster. Building and fostering partnerships between U.S. national, state, and local governments and these

agencies and organizations is essential to communicate the disaster resilience message and to explore prac-

tical ways to strengthen resilience to natural disasters in the counties and communities they serve.

Strengthening the disaster resilience of the United States is not a stand-alone activity that can be achieved

in the short term. Similarly, it cannot be achieved without a common commitment and concerted effort by

all sectors of society. But it is an effort that is worth making because building a more disaster resilient nation

is an investment in our future.

5. Conclusions

The United States has and continues to cope well with natural disasters, through cooperative and established

emergency management policies and plans, effective capabilities, and dedicated volunteer and professional

personnel. Americans are renowned for their resilience to natural hazard events, including the ability to adapt

and innovate a strong community spirit that supports those in need and the self-reliance to recover from dis-

asters. Joint, collective responsibility is needed to build capacities for resilience at multiple scales effectively.

We believe that the use of NaHRSI can help the United States and its regions and counties to promote and

address capacity building of resilience to natural hazard events by comparatively examining each county’s

resilience to these events and the deconstructed make-up of these county NaHRSI scores. Furthermore, using

the overall and deconstructed scores can allow government entities charged with resilience capacity building

to understand their specific strengths and shortcomings and locate others who have successfully addressed

similar shortcomings.
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Using a Climate Resilience Screening Index (CRSI) that was developed to represent

resilience to acute weather events at multiple scales for the United States, nine regions

of the United States are compared for resilience for these types of natural hazards.

The comparison examines the domains, indicators, and metrics of CRSI addressing

environmental, economic, and societal aspects of resilience to acute climate events at

county scales. The index was applied at the county scale and aggregated to represent

select regions of the United States. Comparisons showed higher levels of resilience in

the Northeast and West, including Alaska, (>4.0) while counties in the South Atlantic

and South-Central regions exhibited lower resilience (<2.0) to acute climate events.

Northeast, West and Mountain regions of the US are characterized by relatively low levels

of risk (<0.26), higher levels of governance (>0.60), and above national median scores

for society, built environment and natural environment domains which enhances their

resilience scores. South Atlantic and South-Central regions of the US are characterized

by higher risk scores (>0.31) accompanied by lower levels of governance (<0.48) and

below national median scores for society and built environment domains reducing the

region’s overall resilience.

Keywords: climate events, resilience, vulnerability, recoverability, natural hazards

INTRODUCTION

Natural hazards can result in disasters without proper governance andmitigating systems (Chandra
et al., 2007). In the recent past, the United States has witnessed several natural disasters including
major hurricanes, earthquakes, tornadoes, and wildfires. While some governance and mitigation
measures have been taken, future natural hazards disasters cannot be prevented due to the fact
these events can hit random locations, have varying magnitudes, and can take unexpected forms.
Therefore, the enhancement of the capacity of communities to resist and recover from these types
of natural hazard disasters is paramount. Several global, national, and local agencies are confronted
with this situation and have developed frameworks to address these issues (e.g., UN/ISDR, 2002;
FEMA, 2012, 2017a,b; NRC, 2012; FDH, 2016; FDEM, 2018).

Resilience is increasingly used as a pathway for understanding the actions of natural hazard
disasters. Resilience was originally an ecological concept (Holling, 1973) that was adapted to social
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systems (Adger, 2000) and eventually to joint human-
environmental systems (Folke, 2006). What natural disasters
have taught us is that resilience to these disasters needs
to be discussed within the framework of integrated socio-
ecological systems (Berkes et al., 2003). Similarly, the temporal
scale of these disaster events can be short-term (Bruneau
et al., 2003; Rose, 2004) associated with specific acute
meteorological events or longer-term associated with global
change (Dovers and Handmer, 1992). Regardless, there is no
common conceptualization for resilience. This manuscript uses
a conceptualization for resilience to short-term meteorological
hazards (Summers et al., 2017a, 2018) and analyses the results to
depict regional comparisons.

CLIMATE RESILIENCE SCREENING
INDEX—CONCEPTUALIZATION,
APPROACH AND STRUCTURE

The conceptualization, approach and structure of the Climate
Resilience Screening Index (CRSI) for acute meteorological
events has been described in detail in Summers et al. (2017a,b).
A short synopsis of this index is provided here.

In the construction of the CRSI index, the historical
occurrence of acute meteorological events associated with
geographic regions throughout the United States were assessed
as well as the infrastructure challenges these events created.
Discussions with climate experts, in conjunction with the
information provided by the National Climate Assessment
(Melillo et al., 2014) and the 100 Resilient Cities report (ARUP,
2014) yielded twelve (12) acute meteorological events and natural
hazards that were included in CRSI:

• Hurricanes • Drought
• Tornadoes • High winds
• Inland Floods • Hail
• Coastal Flooding • Landslides
• Earthquakes • Extreme high temperatures
• Wildfires • Extreme low temperatures.

No singular approach among existing composite measures of
climate resilience met all of the expected needs for developing
CRSI. Collectively, however, the reviewed literature provided
many of the building blocks (e.g., suites of indicators, indicator
groupings, domains). To varying degrees, all of the existing
indices offered patterns of indicator groupings. In the final
conceptualization of CRSI, five domains were comprised of
twenty indicators that were derived from 117 unique metrics.
Figure 1 depicts the final CRSI conceptual framework including
the domains and indicators of the index. A summary and
discussion of the domains, indicators and types of metrics used
in CRSI can be found in Summers et al. (2017b, 2018) and are
listed in Table 1.

All domains for each county, parish and borough (all referred
to as county below) were min-max standardized on a scale
from 0.01 to 0.99. The final CRSI calculation begins as a scaled
value for recoverability/vulnerability derived from Governance

and Risk (basic CRSI) with the Governance value being adjusted
by the remaining domain scores for social, built environment
and natural environment to complete the calculation of CRSI as
shown below:

CRSI(B)i =
Ri�Vi =

Govi�Riski

where CRSI(B)i = value of basic resilience
(Recovery/Vulnerability or Ri/Vi) and Ri/Vi = Governance
in county i/Risk in county i. The overall CRSI score is calculated
as:

CRSIi = (Govi + Soc(a)iGovi + BE(a)iGovi

+ NE(a)iGovi)/Riski

where CRSIi = the value of CRSI or adjusted resilience for county
i and Soc(a)i, BE(a)i, and NE(a)i are the adjustment multipliers
for Society, Built Environment, and Natural Environment in each
county i, and Riski is the Risk score for county i. The adjustment
factors are calculated as:

Soc(a)i =
(Soci−Socm)�Socm

where Soc(a)i is the adjustment multiplier for society in county
i, Soci is the social domain score for county i and Socm is the
median social domain score (median is used rather than mean to
match the skewed distribution of the data) for all counties;

BE(a)i =
(BEi−BEm)�BEm

where BE(a)I is the adjustment multiplier for built environment
in county i, BEi is the built environment domain score for county
i and BEm is the median built environment domain score for all
counties;

NE(a)i =
(NEi−NEm)�NEm

and where NE(a)i is the adjustment multiplier for natural
environment in county i, NEi is the natural environment domain
score for county i and NEm is the median natural environment
domain score for all counties.

The national results of CRSI have been provided elsewhere
(Summers et al., 2017b, 2018) as well as a regionalization
providing direct utility to the U.S. Environmental Protection
Agency (EPA)—a regionalization by EPA Regions (the U.S. is
divided into 10 EPA regions). However, such a regionalization
is of limited utility to non-EPA decision makers. Therefore, the
national data has been regionalized by geographic region based
on Census Divisions (U.S. Department of Commerce, 2018) and
by state to be of better use for these decision-makers as presented
in Figure 2. This regionalization separates the United States into
nine areas:
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FIGURE 1 | Final CRSI conceptual framework. Arrows projected from boxes to the left and right represent hypothetical increases and decreases in ranges for

indicators (black arrows) and domains (colored arrows).

1) New England—Connecticut, Maine, Massachusetts, New
Hampshire, Rhode Island, and Vermont

2) Middle Atlantic—New Jersey, New York, and Pennsylvania
3) East North Central—Illinois, Indiana, Michigan, Ohio, and

Wisconsin
4) West North Central—Iowa, Kansas, Minnesota, Missouri,

Nebraska, North Dakota, and South Dakota

5) South Atlantic—Delaware, District of Columbia, Florida,
Georgia, Maryland, North Carolina, South Carolina, Virginia,
and West Virginia

6) East South Central—Alabama, Kentucky, Mississippi, and
Tennessee

7) West South Central—Arkansas, Louisiana, Oklahoma, and
Texas
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TABLE 1 | List of CRSI domains, indicators, scope, and number of metrics.

Domain

(# indicators/

#metrics)

Indicator(s) Metric category (number of

specific metrics)

Built

environment

(5/24)

Communication

infrastructure

Communication continuity (7)

Housing characteristics Structure vulnerability (5)

Transportation

infrastructure

Transportation flow continuity (6)

Utility infrastructure Utility continuity (3)

Vacant structures Structure vulnerability (3)

Governance

(3/5)

Community

preparedness

Community resilience

strengthening (2)

Natural resource

conservation

Natural resource recovery (1)

Personal preparedness Personal property hazard

protection (2)

Natural

environment

(2/18)

Condition Biodiversity, using birds as a

proxy (1)

Coastal condition (1)

Forest condition (1)

Inland lake condition (1)

Percentage of clean air days (1)

Rivers and streams condition (1)

Soil growth suitability (1)

Soil productivity (1)

Wetlands condition (1)

Extent of ecosystem

types

Agriculture area (1)

Forested area (1)

Grassland area (1)

Inland surface water area (1)

Marine/estuarine area (1)

Perennial ice/snow area (1)

Protected areas (1)

Tundra area (1)

Wetland area (1)

Risk

(2/20)

Exposure Earthquake probability (1)

Extreme high temperature

incidents (1)

Extreme low temperature

incidents (1)

Flood probability (2)

Hailstorm probability (1)

Tornado probability (2)

Hurricane probability (2)

Landslide probability (1)

Major toxics presence (1)

Non-storm damaging wind

incidents (1)

Nuclear presence (1)

Location of RCRA sites (1)*

Location of Superfund sites (1)**

Toxic release presence (1)

Wildfire probability (1)

Loss Developed area loss (includes

human and property measures)

(1)

(Continued)

TABLE 1 | Continued

Domain

(# indicators/

#metrics)

Indicator(s) Metric category (number of

specific metrics)

Natural area loss (1)

Dual-benefit area loss (includes

cropland and managed area

measures) (1)

Society

(8/50)

Demographics Vulnerable populations (5)

Economic diversity Economic stability/recovery (2)

Health characteristics Health problems that may impact

personal resilience (9)

Labor and trade

services

Construction recovery (8)

Safety and security Provisioning of emergency and

civil services (4)

Social cohesion Access to social support (4)

Social services Access provisioning to critical

services (15)

Socio-economics Employment opportunity (1)

Personal economics (2)

Numbers in parentheses for domains show the total number of indicators/total metrics

in the domain. Numbers in parentheses for metrics indicate number of individual metrics

used to represent the metric category. *RCRA, Resource Conservation and Recovery

Act – RCRA is a U.S. public law that creates the framework for the proper management

of hazardous and non-hazardous solid waste. The metric represents the number and

locations of RCRA sites; **Superfund, EPA’s Superfund Program is responsible for

cleaning up some of the nation’s most contaminated sites. The metric represents the

number and location of Superfund sites.

8) Mountain—Arizona, Colorado, Idaho, Nevada, New Mexico,
Utah, and Wyoming

9) Pacific—Alaska, California, Hawaii, Oregon, andWashington.

Data from Alaska is only partially available with about 50% of
its boroughs not represented. Due to both missing data and very
low risk domain scores for Alaska (risk to acute meteorological
events), use of Alaska data skews the scores for the Pacific region.
To better represent issues associated with the Pacific region,
results will be discussed both including and excluding Alaska.

REGIONALIZATION RESULTS

The overall CRSI regionalized results are depicted in Figure 2.
These scores show that the Pacific (with or without Alaska),
New England, and Mountain Regions display the highest overall
resilience while the East South Central, South Atlantic, and
West South Central display the lowest overall resilience. This
distribution of overall scores is the result of specific regional
domain scores (Figure 3). One of the primary domains affecting
the overall CRSI score for a region is risk. Risk is comprised of 12
types of meteorological events and is adjusted based on losses due
to those events and potential anthropogenic hazard exposures.
Figure 4 shows the comparative levels of risk for the events,
losses, and anthropogenic risks by U.S. region. In all regions
the risk domain is driven by historical exposure with minimal
contributions from historical losses. The highlights of the domain

Frontiers in Environmental Science | www.frontiersin.org 4 November 2018 | Volume 6 | Article 147



Summers et al. Regionalizing Resilience

FIGURE 2 | Regionalized CRSI results with estimate of uncertainty.

scores for each region and its comprising states will be discussed
below by individual region.

New England
The New England region is comprised of five states and is
characterized by the second highest CRSI score in the U.S. (4.375)
or the highest score if Alaska is excluded from the Pacific region
(Table 2). All states in the New England region are either near
the national CRSI average (Rhode Island) or significantly above
the national averages (all remaining states in the region). All
New England states are characterized by lower than average risk
to meteorological events and significantly higher than average
governance. All states have average or higher than average built
environment scores except Rhode Island which is significantly
lower than average (0.302). Similarly, all states have higher than
average society scores with Vermont demonstrated among the
highest state society scores in the nation (0.671). All New England
states have natural environment scores either close to the national
average or significantly greater than the average (Rhode Island,
0.511, and Maine, 0.484).

Meteorological risks in New England (Figure 4) are
characterized by extreme high and low temperatures (49%

of events and well-above the national average) and drought (23%
of events but well-below the national average). Inland flooding,
high winds and hailstorms comprise the remaining secondary
risks at 9, 9, and 3%, respectively, with high wind events being
significantly above the national average. These types of events
result in minimal loss of life and physical property (about 1%
of the loss in New England), although losses to agricultural and
silvicultural lands, as well as natural ecosystem, comprise about
99% of losses. Potential anthropogenic hazards existing near sites
of meteorological events are dominated by Superfund sites (47%)
and general toxic release sites (e.g., industrial outflows) at 36%
(both at the national average).

CRSI scores can be deconstructed to assess which

indicators are the primary contributors to the score and
which indicators contribute weakly to the score. Using polar

plots (Figures 5–7), these contributions can be quantified
visually for each region of the United States. Figure 5A

shows the deconstruction of the New England CRSI score by
domains. Risk domains simply reflect histories of exposure
and cannot theoretically be altered by human actions to
reduce risks. The major contributors to the CRSI score in
the New England region are natural resource conservation

Frontiers in Environmental Science | www.frontiersin.org 5 November 2018 | Volume 6 | Article 147



Summers et al. Regionalizing Resilience

FIGURE 3 | Domain scores by U.S. Region (vertical bars represent uncertainty).

contributions to governance; demographic characteristics,
economic diversity, and socio-economics to society; the
number of vacant structures and general housing characteristics
to the built environment; and, the extent or acreage of
natural ecosystems (not built environments) in the natural
environment.

Of the 67 counties in the New England region, the
top 10% of CRSI scores (scores = 6.95 to 12.7) were
seen in Maine (3 counties), Vermont (2 counties), and
Massachusetts and New Hampshire (1 county each).
Only two New England counties (both in Rhode Island)
have resilience scores significantly below the national
average.

Middle Atlantic
The Middle Atlantic region is comprised of three states and
is characterized a moderate CRSI score (2.823) (Table 2). All
states in the Middle Atlantic region are near the national
CRSI average with New York demonstrating an overall
CRSI score slightly above the national average (3.103).
Most Middle Atlantic states are characterized by average
risk to meteorological events with New Jersey showing
elevated risks (0.379) and all states in the region showed

significantly higher than average governance scores. All
states have higher than average built environment scores
and average society scores. All Middle Atlantic states have
natural environment scores slightly lower than the national
average.

Meteorological risks in the Middle Atlantic region (Figure 4)
are characterized by extreme high and low temperatures
(46% of events and well-above the national average)
and drought (19% of events but well-below the national
average). The region is exposed to three other types of
meteorological events—landslides (13%), high wind events
(9%), and inland flooding (8%). Landslides and high wind
events are about twice the national average. These types of
events result in minimal loss of life and physical property
(<1% of the loss in the Middle Atlantic) although losses to
agricultural and silvicultural lands, as well as natural ecosystem,
comprise about 99% of losses (equally divided). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (54%, significantly
above the national average), general toxic release sites
(e.g., industrial outflows) at 26% (significantly below the
national average) and RCRA sites (12% at twice the national
average).
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FIGURE 4 | Relative comparison of risk of meteorological events, losses due to those events and potential anthropogenic hazard exposures by region. Sum of each

column associated with the three risk subsets equals 1 (or multiplied by 100 equals 100%).

The major contributors to the CRSI score in the
Middle Atlantic region are natural resource conservation
contributions to governance; demographic characteristics,
economic diversity, socio-economics and social cohesion
to society; the number of vacant structures to the
built environment; and, the extent and condition
of natural ecosystems in the natural environment
(Figure 5B).

Of the 150 counties in the Middle Atlantic region, the top 10%
of CRSI scores (scores= 4.35 to 5.61) were seen in New York (12
counties) and Pennsylvania (3 counties). Nearly 25% of counties
in theMiddle Atlantic region has overall CRSI scores significantly
below the national average of 2. 375 (excluding Alaska). The
10% of Middle Atlantic counties with the lowest CRSI scores
equitably split among the three states with 4–6 counties in each
state.

East North Central
The East North Central region of the United States is comprised
of five states and is characterized an above average CRSI score
(2.948) (Table 2). All states in the East North Central region
are either near the national CRSI average or significantly higher
than the average with Wisconsin and Michigan demonstrating
the highest CRSO scores (4.145 and 3.066, respectively). Most
East North Central states are characterized by average risk
to meteorological events with Illinois showing elevated risks
(0.335) and all states in the region showed significantly higher
than average governance scores. All states, except Indiana, have
average built environment scores and all states, exceptWisconsin,
have average, or slightly below average society scores. Indiana’s
built environment score (0.360) is significantly below the national
average while Wisconsin’s society score (0.623) is significantly
above the national average. All East North Central states, except
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TABLE 2 | Regionalized CRSI scores and domain scores by region and state.

Region State Governance Risk Built Society Natural CRSI

DOMAINS

Northeast 0.660 0.263 0.492 0.599 0.445 4.375

Connecticut 0.654 0.308 0.520 0.547 0.398 3.106

Maine 0.677 0.228 0.499 0.565 0.484 5.368

Massachusetts 0.602 0.311 0.557 0.601 0.447 3.802

New

Hampshire

0.670 0.250 0.519 0.596 0.421 4.448

Rhode Island 0.627 0.305 0.302 0.586 0.511 2.653

Vermont 0.708 0.223 0.450 0.671 0.417 5.102

Middle Atlantic 0.662 0.305 0.475 0.513 0.384 2.823

New Jersey 0.639 0.379 0.471 0.518 0.397 2.280

New York 0.665 0.276 0.469 0.521 0.381 3.103

Pennsylvania 0.667 0.307 0.481 0.503 0.383 2.733

East North Central 0.681 0.295 0.410 0.540 0.433 2.948

Illinois 0.662 0.338 0.414 0.515 0.489 2.703

Indiana 0.659 0.286 0.360 0.570 0.452 2.857

Michigan 0.705 0.258 0.412 0.492 0.418 3.066

Ohio 0.651 0.307 0.421 0.514 0.352 2.237

Wisconsin 0.746 0.279 0.457 0.623 0.441 4.145

West North Central 0.699 0.277 0.359 0.631 0.386 2.988

Iowa 0.704 0.280 0.382 0.653 0.419 3.397

Kansas 0.698 0.291 0.332 0.651 0.369 2.595

Minnesota 0.772 0.289 0.389 0.735 0.442 4.345

Missouri 0.626 0.286 0.399 0.530 0.389 2.395

Nebraska 0.714 0.268 0.311 0.613 0.340 2.387

North Dakota 0.704 0.234 0.374 0.662 0.354 3.503

South Dakota 0.703 0.268 0.314 0.608 0.377 2.677

South Atlantic 0.477 0.323 0.363 0.465 0.400 1.321

Delaware 0.606 0.361 0.586 0.472 0.547 3.197

District of

Columbia

0.610 0.470 0.402 0.506 0.200 0.721

Florida 0.427 0.309 0.485 0.434 0.426 1.607

Georgia 0.442 0.300 0.282 0.420 0.395 0.846

Maryland 0.622 0.352 0.494 0.518 0.463 2.733

North

Carolina

0.435 0.341 0.419 0.463 0.431 1.440

South

Carolina

0.462 0.319 0.393 0.437 0.420 1.347

Virginia 0.520 0.351 0.331 0.548 0.378 1.482

West Virginia 0.555 0.293 0.324 0.435 0.328 1.104

East South Central 0.446 0.318 0.315 0.392 0.392 0.787

Alabama 0.335 0.303 0.408 0.385 0.397 0.901

Kentucky 0.534 0.307 0.255 0.388 0.371 0.642

Mississippi 0.494 0.308 0.337 0.382 0.444 1.151

Tennessee 0.370 0.350 0.305 0.409 0.370 0.577

West South Central 0.581 0.306 0.388 0.472 0.417 1.895

Arkansas 0.533 0.302 0.393 0.451 0.445 1.865

Louisiana 0.570 0.372 0.430 0.479 0.457 1.914

Oklahoma 0.649 0.287 0.384 0.530 0.401 2.436

Texas 0.577 0.297 0.377 0.459 0.403 1.735

(Continued)
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TABLE 2 | Continued

Region State Governance Risk Built Society Natural CRSI

Mountain 0.659 0.261 0.456 0.567 0.451 3.898

Arizona 0.613 0.280 0.710 0.458 0.410 3.997

Colorado 0.673 0.277 0.453 0.555 0.396 3.216

Idaho 0.666 0.233 0.423 0.545 0.537 4.873

Montana 0.676 0.231 0.381 0.638 0.402 4.090

Nevada 0.623 0.291 0.485 0.446 0.548 3.263

New Mexico 0.621 0.267 0.472 0.505 0.498 3.571

Utah 0.670 0.302 0.495 0.617 0.463 3.983

Wyoming 0.659 0.253 0.464 0.658 0.433 4.231

Pacific 0.602 0.256 0.556 0.478 0.503 10.034

Alaska 0.736 0.058 0.475 0.479 0.627 50.546

California 0.498 0.322 0.641 0.485 0.461 2.852

Hawaii 0.739 0.182 0.570 0.589 0.479 8.431

Oregon 0.618 0.278 0.499 0.465 0.517 3.561

Washington 0.648 0.259 0.524 0.465 0.485 4.044

Pacific w/o Alaska 0.580 0.288 0.568 0.478 0.483 2.375

United States 0.597 0.296 0.393 0.516 0.413 2.713

United States w/o

Alaska

0.596 0.298 0.393 0.516 0.412 2.375

Bold, Regional Scores; Built, Built Environment, Natural, Natural Environment.

Ohio (0.352), have natural environment scores higher than the
national average.

Meteorological risks in the East North Central region
(Figure 4) are characterized by extreme high and low
temperatures (47% of events and well-above the national
average) and drought (32% of events but at the national average).
The region is exposed to five other types of meteorological
events—inland flooding (7%), high wind events (6%), landslides
(4%), hailstorms (3%), and earthquakes (3%). These five risk
exposures were at about the national average. Tornadoes and
wildfire exposures (<1%) were comparable to the national
average. These types of events result in lower than average loss
of life and physical property (1.4% of the loss in the East North
Central) although losses to agricultural and silvicultural lands, as
well as natural ecosystem, comprise about 98% of losses (equally
divided). Potential anthropogenic hazards existing near sites of
meteorological events are dominated by general toxic release
sites (e.g., industrial outflows) at 44% (slightly above the national
average), Superfund sites at 42% (slightly below the national
average) and nuclear facilities (11% at the national average).

The major contributors to the CRSI score in the East North
Central region are natural resource conservation contributions
to governance; demographic characteristics, economic diversity,
socio-economics, and social cohesion to society; the number of
vacant structures and general housing characteristics to the built
environment; and, the extent and condition of natural ecosystems
in the natural environment (Figure 5C).

Of the 437 counties in the East North Central region, the
top 5% of CRSI scores (scores = 4.75 to 6.00) were seen in
Wisconsin (20 counties), Michigan (3), and Illinois and Indiana
(1 each). Nearly 15% of counties in the East North Central region

have overall CRSI scores significantly below the national average
of 2.375 (excluding Alaska). The 5% of East North Central
counties with the lowest CRSI scores were largely seen in Ohio
(15 counties), with Illinois (6), Indiana (3) and Michigan (1)
comprising the remainder.

West North Central
TheWest North Central region of the United States is comprised
of seven states and is characterized an above average CRSI score
(2.988) (Table 2). All states in the West North Central region are
either near the national CRSI average or significantly higher than
the average with Minnesota and North Dakota demonstrating
the highest CRSO scores (4.345 and 3.503, respectively). Most
West North Central states are characterized by below average
risk to meteorological events with North Dakota characterized
by significantly below average risks (0.234). All states in the
region showed significantly higher than average governance
scores with Minnesota demonstrating the highest governance
score in the nation (0.772). In fact, five of the seven West North
Central states had governance scores >0.7. All states, except
Missouri, have below average built environment scores and all
West North Central states have slightly or significantly above
average society scores. Nebraska, South Dakota and Kansas had
society scores that are significantly below the national average
(0.311, 0.314, and 0.332, respectively) while Minnesota’s society
score (0.735) is the highest in the U.S. All West North Central
states, except Minnesota and Iowa, have natural environment
scores significantly lower than the national average.

Meteorological risks in the West North Central region
(Figure 4) are characterized by extreme high and low
temperatures (41% of events and slightly above the national
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FIGURE 5 | Polar plots of the (A) New England, (B) Middle Atlantic, and (C) East North Central regions.

average) and drought (36% of events but at the national average).
The region is exposed to five other types of meteorological
events—hailstorms (7%), inland flooding (7%), high wind
events (5%), landslides (1%), and earthquakes (1%). Of these
five risk exposures, hailstorms were at about twice the national
average while inland flooding and high wind events were at
about the national average and landslides and earthquakes were
significantly below the national average. Wildfires (0.12%) and
tornadoes (0.11%) were slightly above the national average.
These types of events result in about twice the national average
for loss of life and physical property (9% of the loss in the West
North Central) although losses to agricultural and silvicultural
lands, as well as natural ecosystem, comprise about 91% of losses
(49% for dual use lands and 42% for natural lands). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (46%) being at about
the national average, general toxic release sites (e.g., industrial
outflows) at 41% (slightly above the national average) and
nuclear facilities (10% at the national average).

The major contributors to the CRSI score in the West North
Central region are natural resource conservation contributions
to governance; demographic characteristics, social cohesion,
health characteristics, economic diversity and socio-economics
to society; the number of vacant structures and general housing

characteristics to the built environment; and, the extent and
condition of natural ecosystems in the natural environment
(Figure 6A).

Of the 618 counties in the West North Central region, the
top 5% of CRSI scores (scores = 5.32 to 8.12) were seen in
Minnesota (14 counties), South and North Dakota (4 each), Iowa
(2) and Nebraska (1). Nearly 25% of counties in the West North
Central region have overall CRSI scores significantly below the
national average of 2.375 (excluding Alaska). The 5% of West
North Central counties with the lowest CRSI scores were largely
seen in Nebraska (15 counties), with South Dakota (6), Kansas
(2), and North Dakota and Missouri (1 each) comprising the
remainder.

South Atlantic
The South Atlantic region of the United States is comprised of
eight states and the District of Columbia and is characterized
by a significant below average CRSI score (1.321) (Table 2).
All states in the South Atlantic region are significantly below
the national average except for Delaware (3.179) with the
District of Columbia and Georgia displaying the lowest overall
CRSI scores (0.721 and 0.846, respectively). The South Atlantic
region has the highest risk to acute meteorological events
in the nation (0.323). All South Atlantic states, except West
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FIGURE 6 | Polar plots of the (A) West North Central, (B) South Atlantic, and (C) East South Central regions.

Virginia (0.293), are characterized by above to significantly
above average risk to meteorological events with the District
of Columbia and Delaware characterized by the highest risk
scores (0.470 and 0.361, respectively). All states in the region
showed significantly lower than average governance scores except
for Maryland, Delaware and the District of Columbia (ranging
between 0.610 and 0.622). Half of the eight South Atlantic
states had governance scores <0.5. States in the South Atlantic
region widely spanned the range of national built environment
scores with four states (Delaware, Florida, Maryland, and North
Carolina) and the District of Columbia being significantly above
the average, one state (South Carolina) being at about the
average and three states (Georgia, Virginia, and West Virginia)
being significantly below the average. All South Atlantic states,
except Virginia and Maryland, had society scores well-below the
national average. Most South Atlantic states (Delaware, Florida,
Maryland, North Carolina, and South Carolina) were either at
or above the national average for their natural environment
scores. The District of Columbia demonstrated the lowest natural
environment score (0.200) while Georgia, Virginia and West
Virginia have natural environment scores significantly below the
national average.

Meteorological risks in the South Atlantic region (Figure 4)
are characterized by extreme high and low temperatures (35%

of events and slightly below the national average) and drought
(35% of events but at the national average). The region is
exposed to six other types of meteorological events – landslides
(10%), inland flooding (7%), high wing events (6%), hurricanes
(3%), hailstorms (3%), and coastal flooding (1%). Of these six
risk exposures, landslides were about 50% above the national
average while coastal and inland flooding as well as high
wind events were at about the national average. Hurricanes
were three times more prevalent than the national average
while hailstorms were at about half the national average.
Earthquakes (0.70%) were about 30% of the national average
while wildfires (0.18%) were twice the national average. These
types of events result in minimal loss of life and physical
property (1% of the loss in the South Atlantic) although losses to
agricultural and silvicultural lands, as well as natural ecosystem,
comprise about 99% of losses (equitably distributed). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by general toxic release sites (e.g.,
industrial outflows) at 48% (significantly above the national
average) Superfund sites (36%) being significantly below the
national average, and nuclear facilities (10% at the national
average).

Themajor contributors to the CRSI score in the South Atlantic
region are natural resource conservation and community
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preparedness contributions to governance; demographic
characteristics, economic diversity, socio-economics, social
cohesion, and health characteristics to society; the number of
vacant structures and general housing characteristics to the
built environment; and, the extent and condition of natural
ecosystems in the natural environment (Figure 6B).

Of the 588 counties in the South Atlantic region, the top 5%
of CRSI scores (scores = 3.10 to 4.8) were seen in Virginia (10
counties), Maryland (9),West Virginia (2) and Florida, Delaware,
and North Carolina (1 each). Over 50% of counties in the South
Atlantic region have overall CRSI scores significantly below the
national average of 2.375. The 5% of South Atlantic counties with
the lowest CRSI scores were largely seen in Virginia (16 counties),
Georgia (8) and West Virginia (1).

East South Central
The East South Central region of the United States is comprised
of four states and is characterized by the lowest overall CRSI
score (0.787) (Table 2). All states in the East South Central
region are significantly below the national average with only
Mississippi showing an overall CRSI score >1.0 (1.151). The
East South Central region has the second highest risk to acute
meteorological events in the nation (0.318) and the lowest
national governance domain score (0.446) with half the states

(Alabama and Tennessee) having scores <0.4. States in the East
South Central region has the lowest built environment score in
the nation (0.315) with three of its states (Kentucky, Mississippi,
and Tennessee) with significantly lower than the national average
built environment scores. The East South Central region has
the lowest society score in the nation (0.392) with all four
states significantly below the national average. Most East South
Central states (Alabama, Kentucky and Tennessee) were below
the national average for their natural environment scores.

Meteorological risks in the East South Central region
(Figure 4) are characterized by extreme high and low
temperatures (37% of events and slightly below the national
average) and drought (33% of events but at the national average).
The region is exposed to seven other types of meteorological
events—landslides (8%), inland flooding (7%), high wing events
(6%), earthquakes (5%), hailstorms (2%), hurricanes (2%), and
tornadoes (0.3%). Of these seven risk exposures, landslides,
and high wind events were slightly above the national average
while inland flooding events were at about the national average.
Hurricanes were three times more prevalent than the national
average while hailstorms were at about half the national average.
Earthquakes (0.70%) and hailstorms (2%) were about 50% above
and 50% below the national averages, respectively. Hurricanes
were twice as prevalent in the East South Central region and

FIGURE 7 | Polar plots of the (A) West South Central, (B) Mountain, and (C) Pacific regions.
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wildfires were about three times more prevalent. These types of
events resulted in about a 50% higher prevalence of loss of life and
physical property (6% of the loss in the South Atlantic) than that
seen for the nation, while losses to agricultural and silvicultural
lands, as well as natural ecosystems, comprise about 94% of
losses (equitably distributed). Potential anthropogenic hazards
existing near sites of meteorological events are dominated by
general toxic release sites (e.g., industrial outflows) at 47%
(significantly above the national average), Superfund sites (32%)
being significantly below the national average, and nuclear
facilities (18% at roughly twice the national average).

The major contributors to the CRSI score in the East South
Central region are natural resource conservation, community
preparedness, and personal preparedness contributions to
governance; demographic characteristics, social cohesion,
economic diversity and socio-economics to society; general
housing characteristics and the number of vacant structures to
the built environment; and, the extent and condition of natural
ecosystems in the natural environment (Figure 6C).

Of the 364 counties in the East South Central region, all
but two counties were significantly below the national average.
The only two counties with overall CRSI scores equal to the
national average are in Kentucky and Mississippi. Nearly 10% of
the counties in this region have negative CRSI scores with the
lowest scores being in Kentucky (21 counties), and Tennessee and
Mississippi (2 each). Ninety-nine percent of counties in the East
South Central region have overall CRSI scores significantly below
the national average of 2.375.

West South Central
The West South Central region of the United States is comprised
of four states and is characterized by an overall CRSI score
(1.895) that is significantly below the national average (Table 2).
Seventy-five percent of the states in the West South Central
region (Arkansas, Louisiana, and Texas) are significantly below
the national average with only Oklahoma showing an overall
CRSI score >2.0 (2.436). The risk of acute meteorological events
in theWest South Central region is about average (0.306) and the
regional governance score is also about at the national average.
TheWest South Central region has an average built environment
score in the nation (0.388) with only Texas being significantly
below the national average. The West South Central region
has a below average society score (0.497) with only one state
(Oklahoma) being slightly above the national average. All West
South Central states were about at the national average for their
natural environment scores.

Meteorological risks in the West South Central region
(Figure 4) are characterized by extreme high and low
temperatures (37% of events and slightly below the national
average) and drought (33% of events but at the national average).
The region is exposed to eight other types of meteorological
events – inland flooding (7%), high wind events (5%), hailstorms
(4%), hurricanes (4%), landslides (2%), earthquakes (2%), coastal
flooding (1%), and wildfire exposure (0.2%). Of these eight risk
exposures, inland flooding, high wind events and hailstorms
occurred at about the national average while hurricanes occurred
at about four times the national average, wildfires occurred at

twice the national average and coastal flooding happened at
about 25% above the national average. Earthquakes (2%) and
landslides (2%) were about 50% below the national averages.
These types of events resulted in about a 50% higher prevalence
of loss of life and physical property (6% of the loss in the West
South Central) than that seen for the nation, while losses to
agricultural and silvicultural lands, as well as natural ecosystems,
comprised about 94% of losses (with most of these losses
observed in dual benefit lands, 54% and the reminder in natural
lands, 40%). Potential anthropogenic hazards existing near sites
of meteorological events are dominated by Superfund sites (47%,
about the national average), general toxic release sites (e.g.,
industrial outflows) at 33% (about the national average) and
nuclear facilities (17%, at roughly twice the national average).

The major contributors to the CRSI score in the West South
Central region are natural resource conservation contributions
to governance; demographic characteristics, social cohesion and
socio-economics to society; general housing characteristics and
the number of vacant structures to the built environment; and,
the extent and condition of natural ecosystems in the natural
environment (Figure 7A).

Of the 470 counties in the West South Central region, the top
5% of CRSI scores (scores = 3.41–5.72) were seen in Texas (15
counties), Oklahoma (7), Arkansas (2), and Louisiana (1). Nearly
50% of counties in the West South Central region have overall
CRSI scores significantly below the national average of 2.375.
The 5% of West South Central counties with the lowest CRSI
scores were seen almost completely in Texas (24 counties) with
one county in Oklahoma.

Mountain
The Mountain region of the United States is comprised of eight
states and is characterized by the overall CRSI score (3.898)
that is among the highest in the nation (Table 2). All the states
in the Mountain region are significantly above the national
average with three states (Idaho, Montana and Wyoming) with
overall CRSI scores >4.0. The risk of acute meteorological
events in the Mountain region is less than average (0.261) and
the regional governance score is significantly greater than the
national average. The Mountain region has a significantly above
average built environment score (0.456) with Arizona having
the highest score in the U.S. (0.710) and only Montana being
slightly below the national average. The Mountain region has a
significantly above average society score (0.567) with only one
state (Arizona) being significantly below the national average.
All Mountain states were at or significantly above the national
average for their natural environment scores.

Meteorological risks in the Mountain region (Figure 4) are
characterized by drought (38%) that is significantly higher than
the national average and extreme high and low temperatures
(32% of events and significantly below the national average).
The region is exposed to seven other types of meteorological
events—landslides (8%), earthquakes (8%), inland flooding (6%),
hailstorms (3%), high wind events (3%), wildfires (1%), and
tornadoes (0.1%). Of these seven risk exposures, wildfires
exposure is about ten times the national average and earthquake
exposure is about 2.5 times the national average. Landslide
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occurrences are at about 30% above the national average and high
wind events are about 50% below the national average. Exposures
to inland flooding, hailstorms and tornadoes occur at about the
national average. These types of events resulted in about a 300%
higher prevalence of loss of life and physical property (14% of the
loss in theMountain) than that seen for the nation, while losses to
agricultural and silvicultural lands, as well as natural ecosystems,
comprised about 86% of losses (equitably distributed between
dual benefit and natural lands). Potential anthropogenic hazards
existing near sites of meteorological events are dominated by
Superfund sites (47%, about the national average), general toxic
release sites (e.g., industrial outflows) at 27% (somewhat less than
the national average) and nuclear facilities (25%, at roughly 2.5
times the national average).

The major contributors to the CRSI score in the Mountain
region are natural resource conservation contributions
to governance; health characteristics, demographic
characteristics and socio-economics to society; the number
of vacant structures and general housing characteristics to the
built environment; and, the extent of natural ecosystems in the
natural environment (Figure 7B).

Of the 281 counties in the Mountain region, the top 10%
of CRSI scores (scores = 6.59–14.60) were seen in Montana (9
counties), Idaho (9), Colorado (2), New Mexico (2), Wyoming
(2), and Utah (1). Three counties in this region have overall CRSI
scores that are >10.0. Nearly 20% of counties in the Mountain
region have overall CRSI scores significantly below the national
average of 2.375. The 10% of Mountain counties with the lowest
CRSI scores were seen in Colorado (9),Montana (8), NewMexico
(3), Idaho (3) and Wyoming (1).

Pacific
The Pacific region of the United States is comprised of five states
and is characterized by the overall CRSI score (10.034 with Alaska
and 3.576 without Alaska) that is among the highest in the nation
(Table 2). All the states in the Pacific region are significantly
above the national average with three states (Alaska, Hawaii, and
Washington) with overall CRSI scores >4.0. The risk of acute
meteorological events in the Pacific region is less than average
(0.256) with Alaska having a risk score of <0.1. Almost half of
the boroughs in Alaska have insufficient data to complete CRSO
scoring but including the counties with adequate data shows very
low risk (0.058) and very high governance (0.736). CRSI does not
include chronic, long-term climate changes like sea-level rise and
Alaskan topography minimizes coastal flooding and high winds
events. The regional governance score including Alaska (0.602)
is significantly greater than the national average but excluding
Alaska reduces the score to 0.580 which is slightly lower than
the national average. The Pacific region has a significantly above
average built environment score (0.556 with Alaska and 0.568
without Alaska) with California having among highest scores in
the U.S. (0.641) and no states being at or below the national
average. The Pacific region has a slightly below average society
score (0.478 with or without Alaska) with only one state (Hawaii)
being significantly below the national average. All Pacific states
were significantly above the national average for their natural

environment scores with Alaska having the highest score in the
nation (0.627) and Oregon having a score of 0.517.

Meteorological risks in the Pacific region (Figure 4) are
characterized by drought (31%) that is about at the national
average, earthquakes (22%) that are seven times the national
average and extreme high and low temperatures (28% of events
and significantly below the national average). The region is
exposed to three other types of meteorological events—landslides
(9%), inland flooding (7%), hailstorms (3%), and wildfires (1%).
Of these three risk exposures, wildfires exposure is about twelve
times the national average and landslide exposure is about 50%
above the national average. Exposures to inland flooding occur
at about the national average. These types of events resulted in
about a five times higher prevalence of loss of life and physical
property (21% of the loss in the Pacific) than that seen for the
nation, while losses to agricultural and silvicultural lands, as well
as natural ecosystems, comprised about 78% of losses (equitably
distributed between dual benefit and natural lands). Potential
anthropogenic hazards existing near sites of meteorological
events are dominated by Superfund sites (47%, about the national
average), general toxic release sites (e.g., industrial outflows) at
32% (somewhat less than the national average), RCRA exposure
at 11% (about twice the national average) and nuclear facilities at
11% (at the national average).

The major contributors to the CRSI score in the Pacific region
are natural resource conservation contributions to governance;
demographic characteristics, health characteristics and economic
diversity to society; the number of vacant structures and general
housing characteristics to the built environment; and, the extent
of natural ecosystems in the natural environment (Figure 7C).

Of the 160 counties in the Pacific region, the top 10% of
CRSI scores (scores = 8.89 to 148.07) were seen in Alaska (20
boroughs), Hawaii (4 counties) andWashington (1). Twenty-one
boroughs/counties in this region have overall CRSI scores that
are>10.0. Nearly 25% of counties in the region have overall CRSI
scores significantly below the national average of 2.375. The 10%
of counties with the lowest CRSI scores were seen in California
(16), Oregon (6), Washington (2) and Hawaii (1).

DISCUSSION

The results for the regionalization of CRSI can be used for
capacity building regardless of CRSI score. The domain and
indicator scores, as well as the polar plots, can be used to identify
areas where improvements can be made to enhance overall
resilience. The only domain in CRSI that cannot be improved
per se is the risk domain. This domain is driven by historical
observations relating to the tracked meteorological events. If
CRSI included long-term climate events, then perhaps human
activities could be developed to minimize long-term change
which could impact the risk domain of CRSI (Rahmstorf, 2007;
Nichols and Cazenave, 2010; Sweet et al., 2017). The remaining
CRSI domains—governance, society, built environment, and
natural environment—are driven by indicators and metrics
that can be modified to improve resilience to acute climate
events.
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In the New England region, general CRSI scores are high
(>3.8) and well-above the national average. However, one state
in this region has an overall CRSI score below the regional
average—Rhode Island with a CRSI score of 2.653. Rhode Island
has suffered from multiple coastal and inland flooding events,
winter storms, Superstorm Sandy, and Tropical Storm Irene in
the last decade. An evaluation of the New England region, using
the polar plot of indicator contribution to domains, show that
increases in community preparedness and personal preparedness
would enhance regional governance. Enhancements of labor-
trade services, safety and security and social cohesion would
enhance the society modifier. Improvements in infrastructure
would enhance the built environment modifier and increases
in natural ecosystem extents and condition would alter the
natural environment modifier. Our review of the domain scores
for Rhode Island suggest the area for greatest improvement
could be in the domain representing the built environment
where the Rhode Island score (0.320) is significantly below
the national average and hence reducing the state’s CRSI
score.

Recently, Rhode Island drafted a new statewide climate
resilience action strategy (RI-STAB, 2018). The results of the
Rhode Island CRSI data were provided to a member the Rhode
Island Science and Technical Advisory Board. These results
targeted a lower overall CRSI score likely driven by lower built
environment scores characterized by critical infrastructure and
utilities and building characteristics and average governance
scores (lower than most of New England) representing potential
issues with emergency preparedness as well as emergency
shelters and services. Like the CRSI approach, the Rhode
Island Strategy defines climate resilience as “the capacity of
individuals, institutions, businesses and natural systems within
Rhode Island to survive, adapt, and grow regardless of chronic
stresses and weather events they experience” (RI-STAB, 2018,
p. 3). Also, like the CRSI results, Rhode Island recognizes
that it primary acute meteorological risk events are extreme
cold and heat, droughts, and extreme rainfall and flooding.
The new strategy addresses built environment issues to reduce
vulnerability and improve infrastructure for drinking water
and wastewater systems; dam and storm-water systems; power
grid and fuel supply issues; and transportation. Realizing the
importance of natural systems for community resilience, Rhode
Island (already with the highest natural environment domain
scores in New England) is planning to increase its efforts to
protect and conserve its coastal and inland natural systems.
Rhode Island is already experiencing the effects of coastal
flooding on buildings, infrastructure, evacuation shelters, and
emergency services. The new strategy plan targets enhancements
to address these issues. Realization of the actions and activities
planned in the new Rhode Island strategy should increase its
overall CRSI score to levels similar to other New England
states.

The Middle Atlantic state with the lowest overall CRSI score
(New Jersey-−2.28) is characterized by the highest risk factors
to acute weather events (0.379) which is 20–40% higher than
the other states in the region. These events include coastal
and inland flooding, Superstorm Sandy, and a variety of high

temperature and low temperature events. Because it cannot
impact its risk to these events, New Jersey can do little to increase
its overall CRSI score other than improve its already above-
average governance and built environment scores and average
society and natural environment scores. New Jersey Governor’s
Office of Recovery Rebuilding (2018) is actively developing
plans to modify risks by developing governance associated
with flood rebuilding standards, and the state’s Department
of Community Affairs ((NJDCA), 2018) has provided grants
post-Sandy to enable development of strategic recovery plans
and practices to facilitate smart and efficient rebuilding
processes at the local level. Similarly, New Jersey’s Office of
EmergencyManagement (NJOEM, 2018) is identifying resiliency
opportunities to modify the locations and characteristics of
critical infrastructures including drinking water, wastewater,
transportation, transit, energy, and communication systems.
These infrastructure issues were observed as potential areas of
improvement for the Middle Atlantic Region through CRSI
analyses.

However, the greatest potential area of improvement for
the overall New Jersey CRSI score would be enhancement
of ecosystem type extent, and condition. For example,
only 31 miles of New Jersey’s 130 miles of shoreline
are undeveloped (Headland, 2017; Stockton and Hafner,
2018). While some Post-Sandy activities in New Jersey
seem to be addressing these resilience enhancements
(NJOCM, 2010), few major efforts seem to be occurring
in this area. Small efforts like dune reconstruction and
vegetation planting are being undertaken, but no larger
efforts directed at natural shoreline stabilization, wetland
protection, and ecosystem condition improvements are
included.

In the South Atlantic region, both Georgia and the District
of Columbia displayed overall CRSI scores of less than one. The
District of Columbia is characterized by high risk (0.470, nearly
50% above the US average) and is prone to frequent inland
and coastal flooding (flash flooding, river flooding, tropical
systems, dam breaks, and heavy snow melts). The District of
Columbia showed a very low Natural Environment domain score
(0.200) compared to the national average of 0.413. Enhancing
the natural environment might be difficult for the District as it
is surrounded on multiple sides by the Potomac and Anacostia
Rivers and is characterized by extensive areas of impervious
surface. Minimizing impervious surfaces and maximizing the
conservation and re-development of riparian corridors, wetlands,
and greenspaces are likely the areas where improvements would
be anticipated to enhance the District’s CRSI score. Similar
improvements in infrastructure (e.g., transportation and water
systems) would enhance the District’s already above average built
environment domain score.

On the other hand, Georgia (CRSI score of 0.846) has
an average risk score but below average domain scores for
governance, built environment, society and natural environment.
Improvement in any of these domains would increase Georgia’s
CRSI score. Georgia’s risks can be easily characterized by
inland flooding, high wind events, hailstorms and tornadoes
((NWS), 2018). Governance improvements in the South Atlantic
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region could focus more on holistic and catchment-oriented
flood risk management rather than the emphasis on structure
measures and construction which have dominated the past.
Similar efforts in Germany have shown some success in reducing
the adverse consequences of flooding for human health, the
environment, cultural heritage and economic activity (Heintz
et al., 2012). Georgia has a few large urban centers with
diverse work forces where flooding occurs regularly. However,
much of Georgia is comprised of small communities and
counties where labor and trade services are not diverse and
rebuilding after a meteorological event (e.g., tornado, flood)
can be very difficult without construction labor pools. Creating
enticements to develop these labor pools even if shared by
several proximal counties would increase the CRSI scores of
these counties. Finally, improvements in housing characteristics
through upgrading building codes and reducing the number of
vacant structures should increase a presently very low building
environment domain score for Georgia (0.282). Homes and
businesses throughout Georgia and the South Atlantic region
would benefit from enhanced building codes and standard
resulting in increased resilience (FEMA, 2017a). Georgia’s
neighboring state, Florida, has demonstrated how to enhance its
building code to create greater resilience to storm events (PDH
Academy, 2017). Florida building codes change in response to
new technology and knowledge about weather events. Codes
affecting the built environment should be modified or updated
in response to changes in technology and procedures, growing
and maturing with the times. With the increased storm activity
of 2017, recently updated building codes guided by storms of the
past were put to the test and demonstrated Florida community’s
enhanced resilience. These codes utilized more information
about code strengths and weaknesses, building practices, and new
building materials that helped homes and commercial properties
withstand weather events.

California demonstrates an above average risk domain
(0.322) dominated by drought and temperature extremes. The
increased incidence of wildfires (10 times the national average),
earthquakes (7 times the national average) and landslides (50%
above the national average) contribute to a major portion of
human life and dollar losses resulting from acute meteorological
events. According to CRSI domain scores, California has the
lowest governance domain score in the Pacific region (0.498);
this is significantly below the national average and 50–75%
below the remaining states in the region. While having among
the highest built environment scores in the nation, California
has increased building code requirements to withstand at least
minimal to moderate earthquake impacts. California’s seismic
construction requirements are designed to protect the lives of
those inside. But even with the most modern codes, building to

the state’s minimum requirements still leave some new buildings

severely damaged in a major earthquake to the point of being
a complete loss. Further enhancing these types of building
codes would increase the state’s CRSI scores but governance
enhancement designed to increase personal and community
preparedness would likely modify the governance score for
California positively.

Wildfires, another type of event of increasing frequency and
magnitude, in 2017 were the most destructive fires on record.
A total of 9.133 fires burned over 1.3 million acres including
5 of the 20 most devastating wildland-urban interface fires
in California history (CDFFP, 2018). Enhanced personal and
community preparedness for wildfires would likely modify the
governance score for California significantly. For example, the
Tubbs fire in Napa and Sonoma counties, which ignited on
October 8, 2017, killed 22 people, damaged 5,643 structures, and
burned 36,807 acres, making it the single most destructive fire
in California history. Interviews with personnel of the California
Department of Forestry and Fire Protection demonstrated
that little could be done to contain the fire but the lack of
personal preparedness was demonstrated by the number of
vehicles still parked in their driveways after calls for mandatory
evacuations (Irfan, 2017). Fires are becoming more damaging
because Californians keep building in harm’s way much the
same way homebuilders in flood plains rebuild homes after flood
destruction. Deliberate decisions and unintended consequences
of urban development over decades have turned many parts of
California into tinderboxes (Irfan, 2017). This is also reflected in
the Environmental Domain score for California (0.461), which
is the lowest in the Pacific region, where natural habitats that
might have reduced human life and property losses have become
part of or consumed by suburban and urban sprawl (Irfan,
2017).

As evidenced by the data and examples above, direct
enhancement in governance, environment, and even building
codes and reduction of vacant structures would increase the
resilience score for states like California. Georgia, New Jersey,
Rhode Island, and the District of Columbia. Using CRSI scores
and interpreting the deconstruction of those scores, can be
critical elements to consider in resilience capacity building in
these states and the District of Columbia. Using the Climate
Recovery Screening Index to inform capacity building can
enrich the dialogue and contribute to decision making that
results in stronger community resilience to acute climate
events.
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ποτεντιαλ mιτιγατιον στρατεγιεσ. Wηιλε τηισ αππροαχη ηασ αδϖανχεδ τηε υνδερστανδινγ οφ ηαζ−

αρδ ιντεραχτιονσ, ιτ ισ λιmιτινγ ον λαργερ σχαλεσ ορ ωηεν σιγνιφιχαντλψ διφφερεντ ηαζαρδ τψπεσ αρε 

πρεσεντ. Ιν ορδερ το αδδρεσσ σοmε οφ τηεσε ισσυεσ, αν αππροαχη ισ δεϖελοπεδ ωηερε mυλτιπλε 

ηαζαρδσ χοαλεσχε ωιτη λοσσεσ ιντο αν ινδεξ ρεπρεσεντινγ τηε ρισκ λανδσχαπε. Εξποσυρεσ αρε 

ασσεσσεδ ασ α προπορτιον οφ λανδ−αρεα, αλλοωινγ φορ mυλτιπλε ηαζαρδσ το βε χοmβινεδ ιν α σιν−
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οφ τηε βιασ ιντροδυχεδ βψ mονεταρψ λοσσεσ ιν ηεαϖιλψ υρβανιζεδ χουντιεσ. Τηε ρεσυλτσ οφ τηε 

θυαντιτατιϖε αναλψσισ σηοω α λανδσχαπε ωηερε τηε ρισκ το νατυραλ σψστεmσ ισ ηιγη ανδ τηε 

ωεστερν Υνιτεδ Στατεσ ισ εξποσεδ το α βυλκ οφ τηε ρισκ. Λανδ−υσε ανδ τεmποραλ προφιλεσ εξεm−

πλιφψ α δψναmιχ ρισκ−σχαπε. Τηε χαλχυλατιον οφ ρισκ ισ mεαντ το ινφορm χοmmυνιτψ δεχισιονσ 

βασεδ ον τηε υνιθυε σετ οφ ηαζαρδσ ιν τηατ αρεα οϖερ τιmε.!
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1. ΙΝΤΡΟDΥΧΤΙΟΝ 

 Τηε γοαλ οφ ρεδυχινγ ιmπαχτσ φροm ηαζαρδ εξ−

ποσυρε ηασ νεϖερ βεεν mορε ιmπορταντ. Αχχορδινγ 

το τηε Υνιτεδ Νατιονσ 2012 Ρεπορτ ον Dεϖελοπ−

mεντ Αγενδα, τηε γλοβαλ ινχρεασε ιν ηαζαρδ εξπο−

συρεσ φροm 1970 το 2010 ωασ βετωεεν 114 ανδ 192 

περχεντ, δεπενδινγ ον τηε ηαζαρδ. Τηεσε εξποσυρεσ 

ρεσυλτεδ ιν οϖερ 1.1 mιλλιον δεατησ ανδ ∃1.3 τριλλιον 

ιν προπερτψ λοσσεσ, ωιτη αν αδδιτιοναλ 2.7 βιλλιον 

πεοπλε αδϖερσελψ ιmπαχτεδ ιν τηατ σαmε τιmε (ΥΝ 

2012). Ασ ποπυλατιονσ χοντινυε το γροω, υρβανιζε 

ανδ σηιφτ ιντο αρεασ ωιτη γρεατερ εξποσυρε ποτεν−

τιαλ, τηε ιmπαχτ ωιλλ ονλψ χοντινυε το γροω (Χηεστερ 

ετ αλ. 2000, Λαλλ ανδ Dειχηmανν 2010, Γαρσχηαγεν  
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ανδ Ροmερο−Λανκαο 2015, Γ�νεραλπ ετ αλ. 2015).  

Ον τοπ οφ τηισ, τηε σεϖεριτψ ανδ λοχατιον οφ ηαζαρδσ 

χοντινυε το χηανγε, ψιελδινγ α δψναmιχ λανδσχαπε 

ρεθυιρινγ χοντινυαλ ρεασσεσσmεντ ανδ λονγ−τερm 

mιτιγατιον σολυτιονσ (Μιλεττι 1999). 

 Τηε ηαζαρδ λανδσχαπε ορ ηαζαρδ−σχαπε ισ 

χοmπλεξ ανδ διφφιχυλτ το φυλλψ ρεπρεσεντ ιν α χοm−

πρεηενσιϖε mαννερ ωιτηουτ σοmε φορm οφ mοδελ 

βψ ωηιχη εξποσυρεσ αρε ταλλιεδ ανδ ασσιγνεδ το λο−

χατιονσ (Χυττερ, Βυρτον, & Εmριχη, 2010). Ιν ορδερ 

το εφφεχτιϖελψ ρεδυχε ρισκσ, χοmmυνιτιεσ mυστ ασ−

σεσσ τηειρ υνιθυε ηαζαρδ−σχαπε βψ υσινγ ιντεγρατεδ, 

ηολιστιχ, mυλτι−ηαζαρδ ασσεσσmεντσ ιντενδεδ το ρεπ−

ρεσεντ τηε φυλλ ρανγε οφ παστ, πρεσεντ ανδ φυτυρε εξ−

ποσυρεσ. Ιν τηισ χοντεξτ, τηε Ιντερνατιοναλ Πανελ ον 

Χλιmατε Χηανγε (ΙΠΧΧ) χονσιδερσ δισαστερ ρισκ το 

βε τηε ποσσιβιλιτψ οφ αδϖερσε εφφεχτσ ιν τηε φυτυρε 

(Φιελδσ 2012). Τηε σταρτινγ ποιντ ισ α ηαζαρδ, δε−
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φινεδ ασ α πηενοmενα χαυσεδ βψ τηε ονσετ οφ 

εϖεντσ, ωηετηερ αχυτε ορ χηρονιχ, τηατ αρε περ−

χειϖεδ το χαυσε ηαρm (Βυρτον ανδ Κατεσ 1964). 

Ηαζαρδσ χαν βε νατυραλ (γεοπηψσιχαλ, ηψδρολογιχαλ, 

χλιmατολογιχαλ, ορ βιολογιχαλ) ορ τεχηνολογιχαλ (εν−

ϖιρονmενταλ δεγραδατιον, πολλυτιον, ορ αχχιδεντσ). 

Αν εξποσυρε οχχυρσ ωηεν α ηαζαρδ ιντερσεχτσ ωιτη 

τηε λανδσχαπε, ωηετηερ α λιϖινγ ποπυλατιον ορ τηε 

νατυραλ ορ βυιλτ ενϖιρονmεντ. Ιν τηε εϖεντ οφ αν εξ−

ποσυρε, τηερε ισ α ποτεντιαλ φορ λοσσ, δεφινεδ ηερε ασ 

α ρισκ. Λοσσεσ αρε ινχορπορατεδ ασ α mεασυρε οφ 

χονσεθυενχεσ ασσοχιατεδ ωιτη ηαζαρδ φροm εξπο−

συρε. Τηεψ σερϖε ασ α προξψ φορ ϖυλνεραβιλιτψ ιν τηε 

χαλχυλατιον οφ ρισκ.  

 Wηιλε ιντεγρατιον οφ mυλτιπλε ηαζαρδσ ισ νοτ α 

νεω χονχεπτ, τηερε ηασ βεεν α πυση το ινχλυδε 

mορε ρεφινεδ mυλτι−ηαζαρδ mοδελσ ιντο χοmmυνιτψ 

πλαννινγ φορ ρισκ ρεδυχτιον. Ηεωιττ ανδ Βυρτον 

φιρστ δισχυσσεδ τηε χονχεπτ οφ ηαζαρδουσνεσσ οφ 

πλαχε, ωηερεβψ α σπεχιφιεδ γεογραπηιχ υνιτ ισ ασ−

σεσσεδ φορ αλλ ηαζαρδσ ιmπαχτινγ ιτ (1971). Τηειρ 

τηεορετιχαλ φραmεωορκ συγγεστσ α νεεδ φορ mορε 

λοχατιον−σπεχιφιχ ωορκ, ασ οπποσεδ το ηαζαρδ−

σπεχιφιχ αναλψσισ, το ινφορm πολιχψ δεχισιονσ. Χυτ−

τερ τακεσ τηισ α στεπ φυρτηερ ωιτη α ηαζαρδσ οφ 

πλαχε χονχεπτυαλ mοδελ τηρουγη ωηιχη λοχατιον−

δεπενδεντ ρισκ, ορ ϖυλνεραβιλιτψ, ισ δεφινεδ βψ τηε 

χοmπλεξ ιντεραχτιον οφ ηαζαρδσ χαυσεδ βψ νατυραλ, 

σοχιεταλ, ανδ τεχηνολογιχαλ εϖεντσ (Χυττερ ανδ 

Σολεχκι 1989, Χυττερ 1996). Τηε πλαχε−βασεδ απ−

προαχη αλλοωσ φορ τηε χοmβινατιον οφ mυλτιπλε ηαζ−

αρδσ ανδ mιτιγατιον αχτιϖιτιεσ. Μορε ρεχεντ ρε−

σεαρχη ιν mυλτι−ηαζαρδ ρισκ ασσεσσmεντσ ηασ ατ−

τεmπτεδ συχη αναλψσεσ, φοχυσινγ ον ειτηερ σmαλλ 

γεογραπηιχ αρεασ ορ λοοκινγ ατ α χασχαδε οφ ηαζ−

αρδσ ρεσυλτινγ φροm α σινγλε σουρχε (ε.γ. ϖολχανο) 

(Βελλ ανδ Γλαδε 2011, Τηιερρψ 2008). Τηερε αρε 

αλσο εξαmπλεσ οφ ηαζαρδ ιντεγρατιον υσινγ σπατιαλ 

τοολσ φορ λοσσ εστιmατιον, πλαννινγ ανδ mιτιγατιον 

πυρποσεσ (ΦΕΜΑ 2013, Σχηmιδτ ετ αλ. 2011, Τατε 

ετ αλ. 2011). Οτηερ αττεmπτσ ατ mυλτι−ηαζαρδ ιντε−

γρατιον υσε σπατιαλ ασσεσσmεντ ωιτη τηε ασσιγνmεντ 

οφ ορδιναλ χλασσιφιχατιον σχηεmεσ φορ ιντενσιτψ (Βα−

τιστα ετ αλ 2004, Σχηmιδψ−Τηοmε 2005, Γρειϖεσ ετ 

αλ. 2006). Τηισ ισ νεχεσσαρψ δυε το τηε ϖαστ αρραψ οφ 

ιmπαχτσ στεmmινγ φροm νατυραλ ανδ τεχηνολογιχαλ 

ηαζαρδσ, βυτ φορχεσ δεχισιονσ ον ωειγητινγ ανδ 

λαχκσ χονσιδερατιον οφ ουτχοmεσ. Wηιλε τηεσε 

mετηοδσ πρεσεντ α ροβυστ ωαψ το ιντεγρατε ανδ ασ−

σεσσ mυλτιπλε ηαζαρδσ, τηεψ δο νοτ λενδ ασ ωελλ το 

τηε χονστρυχτιον οφ αν ινδεξ ϖαλυε φορ χοmπαρισον 

αχροσσ λαργερ σπαχεσ.  

 Ιν αδδιτιον το σιmπλψ χοmβινινγ ηαζαρδσ, τεm−

ποραλ ιντεραχτιονσ βετωεεν ηαζαρδσ αρε α σιγνιφι−

χαντ χονσιδερατιον, ωηερε τηε ποτεντιαλ εξιστσ φορ 

ηαζαρδσ το ιντεραχτ ανδ αmπλιφψ ονε ανοτηερ 

τηρουγη βοτη προξιmιτψ ανδ τιmινγ οφ οχχυρρενχεσ. 

Ιν τηε εϖεντ τηατ mυλτιπλε ηαζαρδσ οχχυρ χλοσε ιν 

προξιmιτψ ανδ τιmεφραmε, δισαστερ φατιγυε χαν οχ−

χυρ, λεαϖινγ τηε λανδσχαπε mορε συσχεπτιβλε το 

ηαρm φροm συβσεθυεντ εξποσυρεσ (Καππεσ ετ αλ. 

2012). Τηερε αρε αδδιτιοναλ πσψχηολογιχ ιmπαχτσ 

φροm ρεπεατεδ εξποσυρεσ ανδ εξαχερβατινγ εφφεχτσ 

στεmmινγ φροm ηαζαρδουσ φαχιλιτιεσ ϖια χηεmιχαλ 

ρελεασεσ, εξπλοσιονσ, ορ επιδεmιχσ (Ρεσερ 2007, 

Wατσον ετ αλ. 2007). Χονσιδερατιον οφ τηεσε χασ−

χαδινγ ιmπαχτσ ισ ιmπορταντ, ανδ α πριmαρψ ρεασον 

φορ τηε υσε οφ mυλτι−ηαζαρδ ασσεσσmεντ (Μιλεττι 

1999, Μαρζοχχηι ετ αλ. 2012). Τηε γοαλ ισ το οπερα−

τιοναλιζε αν αππροαχη τηατ ωιλλ εναβλε τηε mεργερ 

οφ mυλτιπλε ηαζαρδσ ιντο α mεανινγφυλ mεασυρε φορ 

χοmmυνιτιεσ το ασσεσσ στρατεγιεσ ανδ λιmιτ φυτυρε 

ϖυλνεραβιλιτιεσ. Τηισ φεατ ισ χηαλλενγεδ ασ α ρεσυλτ 

οφ πατχηωορκ λανδσχαπεσ, διφφερενχεσ ιν ηαζαρδ 

σιζε ανδ ιντενσιτψ, ανδ τηε ενορmιτψ οφ δατα τηατ 

mυστ βε προχεσσεδ το ρεταιν α υσεφυλ λεϖελ οφ ρεσολυ−

τιον. Dεσπιτε τηε διφφιχυλτψ, δεϖελοπινγ α σχαλαβλε 

mυλτι−ηαζαρδ ασσεσσmεντ φορ τηε εντιρε Υ.Σ. ατ τηε 

χουντψ σχαλε ισ ιmπορταντ ανδ νεχεσσαρψ το εσταβλιση 

α βασελινε ρισκ προφιλε φορ αλλ αρεασ οφ τηε χουντρψ.  

2. ΜΕΤΗΟDΣ 

 Τηε Παττερνσ οφ Ρισκ υσινγ αν Ιντεγρατεδ Σπατιαλ 

Μυλτι−Ηαζαρδ (ΠΡΙΣΜ) αππροαχη αλλοωσ ρισκ το βε 
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ασσεσσεδ ατ τηε χουντψ λεϖελ αχροσσ στατεσ ορ ρε−

γιονσ ανδ φαχιλιτατεσ τηε ιντεγρατιον οφ ανψ ηαζαρδ 

τψπε προϖιδεδ ιτ ηασ αν ασσοχιατεδ σπατιαλ χοmπο−

νεντ. Ρισκ, ιν τηισ αππροαχη, ισ ρεπρεσεντεδ ασ τηε 

προβαβιλιτψ οφ α ηαζαρδ εξποσυρε (ιδεντιφιεδ ασ 

προπορτιοναλ λανδ αρεα) mυλτιπλιεδ βψ τηε δεγρεε οφ 

ϖυλνεραβιλιτψ (ιδεντιφιεδ ηαζαρδ λοσσεσ). Εξποσυρε 

προβαβιλιτψ ενταιλσ βοτη ηιστοριχ ανδ προξιmιτψ−

βασεδ mεασυρεσ οφ ηαζαρδσ ρεσπονσιβλε φορ ρισκ. 

Λοσσεσ προϖιδε α mεασυρε οφ τηε λιϖεσ λοστ/ 

ιmπαχτεδ, mονεταρψ λοσσεσ ιν χροπσ ανδ προπερτψ, 

ανδ λοσσεσ οφ νατυραλ λανδ ιντεγριτψ. Dατα ινχλυσιον, 

χονχεπτυαλ δεϖελοπmεντ ανδ προχεσσινγ οφ τηε ρισκ 

παραmετερσ ισ δεσχριβεδ ιν τηισ σεχτιον. Α χονχεπ−

τυαλ οϖερϖιεω, προϖιδεδ ιν Φιγ. (1), δεmονστρατεσ 

τηε βρεακδοωνσ οφ εαχη ρισκ χοmπονεντ.  

 Το αδδρεσσ τηε σπατιαλ εξτεντ οφ ηαζαρδ εξποσυρε 

ανδ χοπε ωιτη τηε ϖαριεδ λανδσχαπεσ (ε.γ. ηαζαρδ 

προξιmιτιεσ ανδ λεϖελ οφ δεϖελοπmεντ) αχροσσ τηε 

χουντρψ, χουντιεσ αρε υσεδ ασ τηε φουνδατιον φορ 

ρισκ χαλχυλατιον. Τηουγη υσε οφ σmαλλερ σπατιαλ 

υνιτσ ισ ποσσιβλε, τηε υτιλιτψ οφ τηε mετηοδ βεττερ 

αλιγνσ ωιτη α λαργερ αγγρεγατιον φορ τηε πυρποσεσ οφ 

χουντψ ανδ ρεγιοναλ γοϖερνανχε. Ιν αδδιτιον, τηερε 

ισ λαχκ οφ χερταιν mετριχσ ατ φινερ σχαλεσ, mακινγ 

χαλχυλατιον οφ ρισκ βασεδ ον λανδ εξτεντ χηαλλενγ−

ινγ. Λοσσ δατα, φορ εξαmπλε, υσεσ χουντιεσ ασ ιτσ 

φινεστ λεϖελ οφ δατα αγγρεγατιον, ανδ ιν 15 ψεαρσ οφ 

δατα, ονλψ 3 mαϕορ βουνδαρψ χηανγεσ ηαϖε οχ−

χυρρεδ (ΥΣ Χενσυσ 2010). Ασσεσσmεντ οφ λανδ−τψπε 

διστριβυτιον ωιτηιν εαχη χουντψ ισ υσεδ το ωειγη 

εξποσυρε ανδ λοσσ ϖαλυεσ ανδ αχχουντ φορ διφφερ−

ενχεσ ιν δεϖελοπmεντ ανδ εχονοmιχ δριϖερσ. Προ−

πορτιοναλ χουντψ εξποσυρε ϖαλυεσ αλλοω διφφερεντ 

ηαζαρδ τψπεσ το βε χοmβινεδ ιν α χονσιστεντ mαν−

νερ, ρεγαρδλεσσ οφ ιντενσιτψ ορ τεmποραλ ϖαριατιον.  

2.1. Dατα Ρεφινεmεντ 

 Ιν τηε φορmυλατιον οφ α ηαζαρδ−σχαπε, τηρεε ιν−

πυτσ αρε υτιλιζεδ: α λανδ−υσε λαψερ, α νατυραλ ηαζαρδ 

 

Φιγ. (1). ΠΡΙΣΜ Αππροαχη χονχεπτυαλ οϖερϖιεω. Σηοωινγ βρεακδοων οφ εξποσυρεσ ανδ λανδ χατεγοριεσ αλονγ ωιτη τηε ινχλυ−
σιον οφ λανδ−τψπε ωειγητινγ ϖαλυεσ υσεδ το δεριϖε α φιναλ ρισκ ϖαλυε φορ αλλ ηαζαρδσ ιν α χουντψ. Χοmπονεντσ οφ ρισκ αρε ιδεντι−

φιεδ ιν τοπ ανδ βοττοm βαρσ το δεmονστρατε στεπσ ιν χαλχυλατιον οφ φιναλ σχορε. Χολορ χοδεσ: Γρεεν = Νατυραλ Ρισκ χοmπονεντσ, 

Βλυε = Dυαλ−Υσε χοmπονεντσ, ανδ Γρεψ = Dεϖελοπεδ χοmπονεντσ. Βασιχ εξποσυρε ανδ αντηροπογενιχ εξποσυρεσ αρε τηε σαmε 

αχροσσ αλλ λανδ−τψπε χατεγοριεσ. 
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λαψερ, ανδ τεχηνολογιχαλ ηαζαρδ λαψερ. Τηε λανδ−υσε 

λαψερ ισ υσεδ το ωειγητ ηαζαρδ εξποσυρεσ αχχορδινγ 

το τηε λανδσχαπε τψπεσ πρεσεντ ιν α χουντψ; Νατυραλ, 

Dυαλ−Βενεφιτ, ορ Dεϖελοπεδ (Ταβλε 1). Τηε νατυραλ 

ηαζαρδ λαψερ ισ υσεδ το δεφινε ηιστοριχ ανδ προξιm−

ιτψ−βασεδ εξποσυρε προβαβιλιτιεσ. Τηε τεχηνολογιχαλ 

ηαζαρδ λαψερ ισ υσεδ το αδδ ποτεντιαλ εξποσυρεσ ρε−

συλτινγ φροm mαν−mαδε φαχιλιτιεσ. Εαχη οφ τηεσε αρε 

χαλχυλατεδ ιν υνιτσ οφ τοταλ αχρεαγε ανδ ασσιγνεδ το 

χουντψ βουνδαριεσ υσινγ ΑρχΓΙΣ 10.3, ωηερε εξ−

ποσυρε σιζε ισ χαλχυλατεδ ασ α προπορτιον οφ τηε 

χουντψ αχρεαγε ιν εαχη λανδ−υσε χλασσ.  

2.1.1. Λανδ Υσε Χλασσιφιχατιονσ 

 Τηε λανδ−υσε συρφαχε ισ δεϖελοπεδ υσινγ δατα 

φροm τηε 2011 ϖερσιον οφ τηε Μυλτι−Ρεσολυτιον 

Λανδ Χηαραχτεριστιχσ Χονσορτιυm (ΜΡΛΧ) Να−

τιοναλ Λανδ Χοϖερ Dαταβασε (ΝΛΧD), ωηιχη ισ 

βασεδ ον ΛανδΣατ ιmαγερψ χοϖερινγ τηε εντιρετψ οφ 

τηε χοντερmινουσ Υ.Σ. (Ηοmερ ετ αλ. 2015). Τηε 

ρεασον φορ τηισ χηοιχε ισ τωο−φολδ. Φιρστλψ, τηε δατα 

ωασ σατελλιτε−δεριϖεδ, σπατιαλλψ−ρεφερενχεδ, ανδ ατ α 

30 ξ 30−mετερ ρεσολυτιον φορ τηε εντιρε Υ.Σ. Αλ−

τηουγη ηιγηερ ρεσολυτιον αλτερνατιϖεσ εξιστεδ, υσινγ 

τηοσε ωουλδ ηαϖε mεαντ γατηερινγ mυλτιπλε, δισπα−

ρατε δατα σουρχεσ ανδ ψιελδεδ α συρφαχε ωιτη ηιγη 

λεϖελσ οφ ινχονσιστενχψ. Τηε σεχονδ αδϖανταγε οφ 

υσινγ ΝΛΧD φορ συρφαχε εξποσυρε δατα ισ δυε το ιτσ 

ωελλ δοχυmεντεδ ανδ ρεγυλαρ χολλεχτιον, βεινγ 

χοmπιλεδ εϖερψ 5 ψεαρσ ανδ χλοσελψ χορρεσπονδινγ 

το τηε σοχιαλ δατα.  

 Λανδ χοϖεραγε χλασσιφιχατιον ιν τηε ΝΛΧD φαλλσ 

ιντο ονε οφ 20 διφφερεντ χατεγοριεσ, mακινγ τηε δατα 

ηιγηλψ δεταιλεδ. Φορ τηε πυρποσεσ οφ τηισ αππροαχη, 

ηοωεϖερ, τηε οριγιναλ 20 χλασσιφιχατιονσ αρε χοm−

πρεσσεδ ιντο 3 χατεγοριεσ, δεϖελοπεδ λανδσ, δυαλ−

βενεφιτ λανδσ, ανδ νατυραλ λανδσ (Ταβλε 1). Εξπο−

συρε εξτεντσ αρε ασσιγνεδ το εαχη λανδ−τψπε ανδ 

χαλχυλατεδ ασ α προπορτιον. Τηισ αλλοωσ εξποσυρε το 

βε χαλχυλατεδ φορ α σπεχιφιχ λανδ ορ αγγρεγατεδ υπ 

το α λανδ−τψπε ωειγητεδ χουντψ ϖαλυε.  

 

Ταβλε 1. Χοmπρεσσιον οφ 2011 ΝΛΧD χατεγοριεσ φροm 20 

δοων το 3 φορ υσε ιν εξποσυρε χαλχυλατιονσ. ∗ 

δατα ονλψ αϖαιλαβλε ιν Αλασκα. Λεφτ χολυmν ρεπ−

ρεσεντσ οριγιναλ χλασσιφιχατιον οφ λανδ ανδ ριγητ 

χολυmν ρεπρεσεντσ νεω χλασσιφιχατιον. 

ΝΛΧD Χλασσιφιχατιον 

(20 Χατεγοριεσ) 

ΠΡΙΣΜ Χλασσιφιχατιον 

(3 Χατεγοριεσ) 

Dεϖελοπεδ, Οπεν Σπαχε 

Dεϖελοπεδ, Λοω Ιντενσιτψ 

Dεϖελοπεδ, Μεδιυm Ιντενσιτψ 

Dεϖελοπεδ, Ηιγη Ιντενσιτψ 

Dεϖελοπεδ Λανδ 

Dεχιδυουσ Φορεστ 

Εϖεργρεεν Φορεστ 

Μιξεδ Φορεστ 

Παστυρε/Ηαψ 

Χυλτιϖατεδ Χροπσ 

Wοοδψ Wετλανδσ 

Εmεργεντ Ηερβαχεουσ Wετλανδσ 

Dυαλ−Βενεφιτ Ενϖιρονmεντ 

Οπεν Wατερ 

Περεννιαλ Ιχε/Σνοω 

Βαρρεν Λανδ (Ροχκ/Σανδ/Χλαψ) 

Dωαρφ Σχρυβ∗ 

Σηρυβ/Σχρυβ 

Γρασσλανδ/Ηερβαχεουσ 

Σεδγε/Ηερβαχεουσ∗ 

Λιχηενσ∗ 

Μοσσ∗ 

Νατυραλ Ενϖιρονmεντ 

(νον−ηυmαν) 

 

2.1.2. Νατυραλ Ηαζαρδσ Εξποσυρε 

 Τηερε αρε α τοταλ οφ 8 (9 ιφ ηιγη ανδ λοω 

τεmπερατυρε εξτρεmεσ αρε χουντεδ σεπαρατελψ) νατυ−

ραλ ηαζαρδ τψπεσ ασσεσσεδ υσινγ ηιστοριχαλ εϖεντσ 

αλονγ ωιτη αν αδδιτιοναλ 4 προξιmιτψ−βασεδ  

εξποσυρε ποτεντιαλσ τηατ υσε mοδελεδ δατα ορ λοχα−

τιον το αππροξιmατε εξποσυρε προβαβιλιτψ (Ταβλε 

2). Ποιντσ, αρεασ ορ τραχκσ οφ εαχη ηαζαρδ αρε χολ−

λεχτεδ φορ εαχη ηαζαρδ ανδ γεο−ρεφερενχεδ. Dε−

πενδινγ ον τηε ηαζαρδ, φυρτηερ προχεσσινγ ισ  
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χαρριεδ ουτ το εστιmατε τηε σπατιαλ εξτεντ οφ ιm−

παχτσ. Τηεσε εξτεντσ αρε χονϖερτεδ το προπορτιοναλ 

λανδ−τψπε αρεασ βψ χουντψ ανδ ηαζαρδ τψπε το ρεπ−

ρεσεντ εξποσυρε. Ιν τηε χασε οφ δρουγητσ, φορ ιν−

στανχε, τηε δατα ισ ρεπρεσεντεδ ασ αν αεριαλ εξτεντ. 

Οτηερ ηαζαρδσ αρε ρεπρεσεντεδ βψ πατη δατα ονλψ, 

συχη ασ ηυρριχανεσ ανδ τορναδοεσ. Ιν τηεσε ιν−

στανχεσ, α βυφφερ ισ υσεδ το εστιmατε εξποσυρε εξ−

τεντ. Ταβλε 2 προϖιδεσ α συmmαρψ οφ αλλ 11 νατυραλ 

ηαζαρδσ ανδ τηε mετηοδσ υτιλιζεδ φορ δετερmινατιον 

οφ σπατιαλ εξτεντ. 

 Φορ εαχη ηαζαρδ τψπε, τηε ιmπαχτ οφ τηε εϖεντ ισ 

δεπενδεντ ον λανδ−τψπε ανδ εξτεντ. Μεασυρινγ 

ηαζαρδσ ισ τψπιχαλλψ αχχοmπλισηεδ τηρουγη σοmε 

φορm οφ ινδεξ βασεδ ον φεατυρεσ οφ τηε ηαζαρδ. Τηε 

χηαλλενγε ιν χοmβινινγ ηαζαρδσ τηυσ χεντερσ ον 

ηοω το mακε τηε διϖερσε ινδιχεσ εθυιϖαλεντ νυ−

mεριχαλλψ φορ χοmβινατιον ιν α συmmαρψ ινδεξ. Αν 

εξαmπλε οφ τηισ χηαλλενγε ωουλδ χοmε φροm ηυρρι−

χανεσ ανδ τορναδοεσ, φορ ινστανχε. Ηυρριχανεσ αρε 

mεασυρεδ βασεδ ον mαξιmυm ωινδ σπεεδ. Wηιλε 

ρελατεδ, τηισ δοεσ νοτ χονσιδερ τηε αχχοmπανψινγ 

τηρεατσ οφ φλοοδινγ ορ τορναδοεσ τηατ τψπιχαλλψ 

χαυσε δαmαγε ιν τηε ωακε οφ α στορm. Τορναδοεσ 

αρε σιmιλαρλψ mεασυρεδ υσινγ ωινδ σπεεδ ασ α βασε−

λινε φορ ινδεξ δεϖελοπmεντ. Τηουγη βοτη αρε 

ωινδ−βασεδ στορmσ, τηε ινδιχεσ φορ ηυρριχανεσ ανδ 

τορναδοσ αρε νοτ διρεχτλψ ρελαταβλε ανδ δο νοτ χαπ−

τυρε τηε διφφερενχεσ ιν οτηερ χηαραχτεριστιχσ. Τορνα−

δοεσ αρε mυχη mορε φοχυσεδ ιν τηειρ πατησ ανδ ιν−

τενσιτψ, ωηιλε ηυρριχανεσ αρε ϖαστερ ιν εξτεντ. Τηε 

διστινχτιον βετωεεν τηεσε τωο στορm τψπεσ ισ χλεαρ 

ιν τηε χηαραχτεριστιχσ οφ ιmπαχτ. Ηυρριχανεσ, βε−

χαυσε οφ τηειρ εξτεντ ανδ νεχεσσιτψ φορ ωατερ, ηαϖε 

α mορε προβαβλε ιmπαχτ ον λαργερ ποπυλατιονσ ανδ 

φραγιλε χοασταλ εχοσψστεmσ. Τορναδοεσ, ωιτη ναρ−

ροωερ πατη ωιδτησ ανδ ηιγηερ προβαβιλιτψ ινλανδ, 

δο νοτ ποσσεσσ τηε σαmε ποπυλατιον τηρεατ ασ ηυρρι−

χανεσ. Dυε το τηε διφφερεντιαλ ιmπαχτσ ανδ mετηοδσ 

οφ mεασυρεmεντ φορ τηεσε στορm τψπεσ, αλονγ ωιτη 

mανψ οτηερ ηαζαρδσ, χοmβινινγ τηεm τηρουγη 

mεασυρεσ οφ ιντενσιτψ σχαλε ισ νοτ ϖερψ ενλιγητεν−

ινγ. Μεασυρινγ τηε εξαχτ λοχατιον ανδ εξτεντ οφ 

εξποσυρε το ασσεσσ ιmπαχτ χρεατεσ α mυχη βεττερ 

ασσεσσmεντ. 

 Εξτεντ δεχισιονσ αρε εσταβλισηεδ φορ εαχη ηαζαρδ 

βασεδ ον δατα ανδ πηψσιχαλ χηαραχτεριστιχσ. Ηυρρι−

χανε ωινδ εξποσυρε χαλχυλατιονσ υσε α βυφφερ δισ−

τανχε οφ 100 mιλεσ φορ αλλ στορmσ εξχεεδινγ τηε 

Χατεγορψ 1 (ωινδσ > 74 mπη) ρατινγ. Τηισ χυτ ποιντ 

ισ σηοων φροm πρεϖιουσ ρεσεαρχη το βε τηε mοστ 

ροβυστ ιν ρελατιον το δαmαγεσ εξπεριενχεδ ανδ χορ−

ρεσπονδσ το αδδιτιοναλ ρεσεαρχη ον ηυρριχανε ανδ 

τψπηοον εψε ωαλλ στρυχτυρε (Σιmπσον ανδ Ριεηλ 

1981, Wεατηερφορδ ανδ Γραψ 1988, Ζηυ 2008).  

 Dατα φροm τηε Νατιοναλ Οχεανιχ ανδ Ατmοσ−

πηεριχ Αδmινιστρατιον (ΝΟΑΑ) Στορm Εϖεντσ Dα−

ταβασε ωασ υσεδ το εστιmατε τορναδο εξτεντσ 

(ΝΟΑΑ 2010). Σπατιαλ ινφορmατιον ρελατεδ το τηε 

τορναδο, ινχλυδινγ τηε πατη χοορδινατεσ, λενγτη, 

ανδ ωιδτη ωερε υσεδ το χρεατε αν αδαπτιϖε βυφφερ 

αρουνδ εϖερψ τορναδο οχχυρρενχε βετωεεν 2000 

ανδ 2015. Σινχε ωιδερ ανδ λονγερ πατησ αρε τψπι−

χαλλψ ασσοχιατεδ ωιτη mορε σεϖερε στορmσ τηισ 

mετηοδ τρανσλατεσ ωελλ ασ α σεϖεριτψ προξψ (Βροοκσ 

2004).  

 Εαρτηθυακε εξποσυρε ισ ασσεσσεδ υσινγ δατα 

αϖαιλαβλε φροm τηε ΥΣΓΣ τηατ mοδελσ ανδ mαπσ 

εαρτηθυακε mαγνιτυδε προβαβιλιτψ βασεδ ον προξ−

ιmιτψ το φαυλτ λινεσ, συβστρατε εξιστινγ ιν τηε αρεα, 

ανδ ηιστοριχ εϖεντσ. Ιν ορδερ το πρεδιχτ γρουνδ 

mοϖεmεντ φορ α σπεχιφιεδ γρουνδ χοmποσιτιον, τηε 

ΥΣΓΣ Εαρτηθυακε Ηαζαρδσ Προγραm υσεσ τηε Πεακ 

Γρουνδ Αχχελερατιον (ΠΓΑ), πρεσεντεδ ασ α περ−

χενταγε οφ γραϖιτψ (ΥΣΓΣ 2003). Φορεχαστ mοδελσ 

αρε χρεατεδ βψ ΥΣΓΣ φορ αρεασ ωιτη ηιστοριχ ορ πο−

τεντιαλ εξποσυρε το εαρτηθυακεσ εξχεεδινγ τηε 0.1 γ 

ΠΓΑ τηρεσηολδ. Αχχορδινγ το ρεσεαρχη χονδυχτεδ 

βψ ΦΕΜΑ, α ΠΓΑ οφ γρεατερ τηαν 10% (0.1 γ) ισ 

χονσιδερεδ οφ σιγνιφιχαντ ϖελοχιτψ το χαυσε δαmαγε 

το βυιλδινγσ νοτ υπ το χοδε ορ ολδερ ιν αγε (ΦΕΜΑ 

2009). Wηιλε αλλ τηρεε λανδ−υσε τψπεσ αρε χαλχυ−

λατεδ φορ ΠΡΙΣΜ, ονλψ δεϖελοπεδ λανδ φαχτορσ ιντο 



6    Χυρρεντ Ενϖιρονmενταλ Ενγινεερινγ, 2019, ςολ. 6, Νο. 1 Βυχκ ετ αλ. 

τηε φιναλ χαλχυλατιονσ φορ τηε ινδεξ βεχαυσε οφ τηε 

λιmιτεδ ορ νον−εξιστεντ δαmαγε το πρεδοmιναντλψ 

νατυραλ σψστεmσ εξποσεδ το εαρτηθυακεσ.  

 Φιρε δατα φροm 2000−2010 ωερε χολλεχτεδ φροm 

τηε Υ.Σ. Γεολογιχ Συρϖεψ (ΥΣΓΣ) Wιλδλανδ Φιρε 

Ινφορmατιον δαταβασε (Ηαωβακερ ετ αλ. 2017). 

Εαχη φιρε οχχυρρενχε ηασ α ποιντ οφ ιγνιτιον, ιδεντι−

φιεδ ωιτη α λατιτυδε ανδ λονγιτυδε, ασ ωελλ ασ τηε 

τοταλ αχρεαγε βυρνεδ. Τηισ ϖαλυε ισ υσεδ το χρεατε 

αν αδαπτιϖε βυφφερ βψ βαχκ−χαλχυλατινγ α βυφφερ 

ραδιυσ αρουνδ τηε ποιντσ. Τηε χιρχυλαρ βυρν βυφφερσ 

αρε τηεν υσεδ το εστιmατε λανδ προπορτιονσ εξποσεδ 

το φιρε ιν εαχη χουντψ.  

 Dρουγητ εξποσυρε ισ βασεδ ον δατα φροm τηε 

Υ.Σ. Dρουγητ Μονιτορ Dαταβασε (ΝDΜΧ 2017). 

Τηισ δατασετ χονταινσ σηαπεφιλεσ οφ δρουγητ εξτεντ 

χολλεχτεδ ον α ωεεκλψ βασισ σινχε 2000, χατεγο−

ριζεδ ιντο 5 λεϖελσ οφ σεϖεριτψ ρανγινγ φροm D0 

Ταβλε 2. Συmmαρψ οφ Νατυραλ Ηαζαρδ Χαλχυλατιονσ. Φορ εαχη νατυραλ ηαζαρδ τψπε, τηε χλασσ οφ δατα ισ ειτηερ ηιστοριχ 

(βασεδ ον πρεϖιουσ εξποσυρεσ το λανδ αρεα) ορ mοδελεδ (σοmε χοmβινατιον οφ ηιστοριχ ορ λανδ−χηαραχτεριστιχ 

δατα υσεδ το χρεατε εξποσυρε προβαβιλιτιεσ). Σπατιαλ εξτεντ εξπλαινσ τηε mετηοδσ υσεδ το χρεατε δατα φορ τηε εξ−

ποσυρε χαλχυλατιονσ. 

Νατυραλ Ηαζαρδ Τψπε Χλασσ Σπατιαλ Εξτεντ Εξποσυρε Χαλχυλατιον 

Ηυρριχανε Ηιστοριχ ανδ 

Μοδελεδ 

Βυφφερ οφ 100 mιλεσ συρρουνδινγ τραχκσ φορ 

στορmσ > Χατεγορψ 1. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Τορναδο Ηιστοριχ ανδ 

Μοδελεδ 

Αδαπτιϖε βυφφερ βασεδ ον πατη ωιδτη δατα 

ανδ mαππεδ τορναδο τραχκσ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Εαρτηθυακε Μοδελεδ 

ω/Ηιστοριχ 

ΥΣΓΣ Μοδελεδ δατα −ηιστοριχ εϖεντσ ανδ 

προβαβιλιτψ οφ εϖεντ εξχεεδινγ 0.1γ ΠΓΑ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Φιρε Ηιστοριχ Ιγνιτιον σιτεσ οφ ηιστοριχ φιρεσ ωιτη αδαπτιϖε 

βυφφερ υσινγ τοταλ βυρν αχρεαγε. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Dρουγητ Ηιστοριχ Υ.Σ. Dρουγητ mονιτορ δαταβασε εξτεντσ φορ 

5−ψεαρ περιοδ ιν φουρ χατεγοριεσ (D1−D4) 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Wινδ Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Αϖγ. νυmβερ οφ δαmαγινγ ωινδ 

εϖεντσ (>50 mπη) περ ψεαρ ωιτηιν 

τηε χουντψ. 

Ηαιλ Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Αϖγ. νυmβερ οφ δαmαγινγ ηαιλ 

εϖεντσ (0.75) περ ψεαρ ωιτηιν τηε 

χουντψ. 

Λανδσλιδε Μοδελεδ 

ω/Ηιστοριχ 

ΥΣΓΣ ηιστοριχ λανδσλιδε ινχιδενχε ανδ 

συσχεπτιβιλιτψ βασεδ ον σλοπε ανδ τερραιν 

τψπεσ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Τεmπερατυρε Εξτρεmεσ (ηιγη ανδ 

λοω τεmπερατυρε δεϖιατιονσ) 

Ηιστοριχ Εντιρε χουντψ υσεδ ασ εξτεντ. Τηε αϖγ. δεϖιατιον οφ αννυαλ mιν 

ανδ mαξ ϖαλ. φροm τηε 32−ψεαρ 

αϖεραγε ηιγη ανδ λοω τεmπσ. 

Ινλανδ Φλοοδ Μοδελεδ 0.5−mιλε βυφφερ αρουνδ ινλανδ ωατερωαψσ 

(ριϖερσ, στρεαmσ, λακεσ, πονδσ, ετχ.) 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 

Χοασταλ Φλοοδ (ΣΛΡ/Στορm) Μοδελεδ Βυφφερ αλονγ αλλ χοασταλ χουντιεσ φορ λανδ 

ωιτηιν 2 φεετ οφ χυρρεντ σεα λεϖελ ατ mεαν 

ηιγη τιδε. 

Προπορτιον οφ εαχη λανδ−υσε χλασσι−

φιχατιον υσεδ το εστιmατε εξποσυρε 

εξτεντ. 
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(αβνορmαλλψ δρψ) το D4 (εξχεπτιοναλ δρουγητ). Φορ 

τηε πυρποσεσ οφ τηισ ρεσεαρχη, ονλψ χατεγοριεσ D1−

D4 ωερε υσεδ. Dυε το τηε φρεθυενχψ οφ δατα χολλεχ−

τιον, φουρ σαmπλεσ, ονε ρεπρεσεντινγ δρουγητ χον−

διτιονσ ιν εαχη σεασον (ωιντερ−φιρστ ωεεκ οφ ϑανυ−

αρψ, σπρινγ− φιρστ ωεεκ οφ Απριλ, συmmερ−φιρστ ωεεκ 

οφ ϑυλψ, φαλλ− φιρστ ωεεκ οφ Οχτοβερ), ωερε τακεν 

φροm εαχη ψεαρ βετωεεν 2005 ανδ 2010. Αννυαλ 

ανδ 5−ψεαρ αϖεραγεσ ωερε ταβυλατεδ φορ εαχη 

χουντψ ωιτηιν εαχη οφ τηε 4 δρουγητ χατεγοριεσ 

(D1−D4) το ρεπρεσεντ τοταλ εξποσυρεσ ασ ωελλ ασ τηε 

σεϖεριτψ οφ εξποσυρεσ. 

 Dαmαγινγ ηαιλ ανδ ωινδ εϖεντσ εξποσυρεσ αρε 

ασσεσσεδ φορ τηε εντιρε χουντψ υσινγ δατα φροm τηε 

ΝΟΑΑ Στορm Πρεδιχτιον Χεντερ Ηιστοριχ Χλιmατιχ 

Dαταβασε (ΝWΣ 2016). Α σπατιαλ βυφφερ χουλδ νοτ 

βε υσεδ δυε το τηε λαχκ οφ σπεχιφιχ ινφορmατιον ον 

τηε σπατιαλ εξτεντ οφ ηαιλ ανδ ωινδ εϖεντσ. Το χαλ−

χυλατε ρισκ φορ τηε ηαιλ ανδ ωινδ εϖεντσ, τηε αννυαλ 

ηαιλ εϖεντσ ωιτηιν εαχη χουντψ βουνδαρψ αρε αϖερ−

αγεδ οϖερ α 10−ψεαρ σπαν, φροm 2000−2010. Τηε 

τηρεσηολδσ φορ δαmαγε−ινδυχινγ εϖεντσ, α ηαιλ 

διαmετερ οφ γρεατερ τηαν 0.75 ινχηεσ ανδ ωινδ 

γυστσ εξχεεδινγ 50 mιλεσ περ ηουρ, αρε βασεδ ον 

ΝΟΑΑ ρεσεαρχη (ΝWΣ 2007).  

 Λανδσλιδε δατα χοmεσ φροm ΥΣΓΣ ινχιδενχε 

ανδ συσχεπτιβιλιτψ δατα, mοδελλεδ ανδ mαππεδ 

βασεδ φορ λοχατιονσ οφ παστ λανδσλιδεσ αλονγ ωιτη 

δατα ον σλοπε ανδ τερραιν τψπεσ τηατ χαυσε ηιγηερ 

λανδσλιδε ρισκ (Ραδβρυχη−Ηαλλ ετ αλ. 1982; Κινγ 

ανδ Βεικmαν 1974). Φορ τηε πυρποσεσ οφ εξποσυρε 

λικελιηοοδ, ονλψ τηε φιρστ φουρ χλασσεσ αρε υσεδ: 

Ηιγη λανδσλιδε ινχιδενχε (>15% αρεα ινϖολϖεδ ιν 

λανδ−σλιδινγ), mοδερατε λανδσλιδε ινχιδενχε (1.5−

15% αρεα ινϖολϖεδ ιν λανδ−σλιδινγ), ηιγη συσχεπτι−

βιλιτψ το λανδ−σλιδινγ ωιτη λοω ινχιδενχε, ανδ mοδ−

ερατε συσχεπτιβιλιτψ ωιτη λοω ινχιδενχε. Τηε περ−

χενταγε οφ λανδ φαλλινγ ιντο εαχη οφ τηεσε φουρ 

χατεγοριεσ ισ συmmεδ το δετερmινε α προβαβιλιτψ 

εξτεντ φορ εξποσυρε το λανδσλιδεσ. 

 Τεmπερατυρε εξτρεmεσ αρε ασσεσσεδ βασεδ ον α 

32−ψεαρ ρεχορδ οφ mαξιmυm ανδ mινιmυm αννυαλ 

τεmπερατυρεσ ρεχορδεδ ιν εαχη χουντψ. Υσινγ τηισ 

ρεχορδ, τηε αννυαλ αϖεραγε ηιγη ανδ λοω τεmπερα−

τυρεσ αρε χοmπαρεδ το εσταβλιση ανδ αϖεραγε δεϖια−

τιον ϖαλυε αβοϖε ορ βελοω ωηατ ισ χονσιδερεδ 

νορmαλ φορ τηε 3 δεχαδεσ. Τηισ ισ δονε βψ συβ−

τραχτινγ τηε αννυαλ ηιγη ανδ λοω αϖεραγε τεmπερα−

τυρεσ φροm τηε 32−ψεαρ mεαν ϖαλυεσ ανδ ινϖερτινγ 

τηε ρεσυλτ. Σιmιλαρ το τηε ωινδ ανδ ηαιλ δατα, τηε 

ϖαλυεσ φορ τηισ mετριχ ρεπρεσεντ τηε εντιρε χουντψ 

ανδ αρε νοτ σπλιτ ιντο τηρεε λανδ−τψπε χλασσιφιχα−

τιονσ. Βοτη α δεϖιατιον φροm αννυαλ λοω τεmπερα−

τυρεσ ανδ αννυαλ ηιγη τεmπερατυρεσ αρε χαλχυλατεδ 

ανδ υσεδ ασ ινδιϖιδυαλ mετριχσ.  

2.1.3. Προξιmιτψ−Βασεδ Ηαζαρδ Εξποσυρε 

 Wηιλε τορναδοεσ ανδ ηυρριχανεσ βοτη ηαϖε α 

δοχυmεντεδ ηιστοριχ ρισκ βασεδ ον εϖεντσ οφ τηε 

παστ 15 ψεαρσ ιν τηισ στυδψ, ιτ ισ ιmπορταντ το αλσο 

χονσιδερ τηε ινηερεντ, ορ βασιχ ρισκ το λοχατιονσ 

βασεδ ον τηειρ προξιmιτψ το ηαζαρδουσ αρεασ. Τηισ 

ισ ϖερψ σιmιλαρ το τηε προβαβιλιτψ ορ συσχεπτιβιλιτψ 

mοδελσ δονε φορ εαρτηθυακεσ ανδ λανδσλιδε. 

Χοασταλ χουντιεσ αλονγ τηε Ατλαντιχ ανδ Γυλφ οφ 

Μεξιχο αρε ατ ρισκ δυρινγ ανψ γιϖεν ηυρριχανε σεα−

σον. Λαχκ οφ οχχυρρενχε δατα οϖερ τηε παστ 15 

ψεαρσ δοεσ νοτ εξχλυδε τηεσε χουντιεσ φροm ποσ−

σεσσινγ φυτυρε ηυρριχανε ρισκ. Τηε σαmε αππλιεσ το 

χουντιεσ λοχατεδ ιν αρεασ οφ ηιγηερ τορναδο προβ−

αβιλιτψ. Λαχκ οφ ιmπαχτ ιν παστ δοεσ νοτ πρεχλυδε 

φυτυρε ινχιδεντσ. Βοτη ηυρριχανεσ ανδ τορναδοεσ 

ωερε ασσιγνεδ το χουντιεσ ασ α βασιχ ρισκ εσταβ−

λισηεδ βψ λοχατιον.  

 Α προξιmιτψ−βασεδ ηυρριχανε εξποσυρε προβαβιλ−

ιτψ σχορε οφ 0.15% ωασ ασσιγνεδ το αλλ χουντιεσ 

ωιτηιν 75 mιλεσ οφ τηε Ατλαντιχ ορ Γυλφ οφ Μεξιχο 

χοαστλινεσ. Τηισ περχενταγε ισ χρεατεδ υσινγ τηε αϖ−

εραγε προβαβιλιτψ οφ ηυρριχανε λανδφαλλ ιν εαχη, νον−

Ελ Νινο ψεαρ (48%), διϖιδεδ 305, ωηιχη ισ τηε 

νυmβερ οφ χοασταλ χουντιεσ ωηερε ηυρριχανεσ χουλδ 

στρικε (Βοϖε ετ αλ. 1998). Προξιmιτψ−βασεδ τορναδο 
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εξποσυρε προβαβιλιτψ ωασ ασσιγνεδ υσινγ ηιστοριχ 

τορναδο δατα το σελεχτ αλλ χουντιεσ ωιτη ανψ τορναδιχ 

αχτιϖιτψ ιν παστ 15 ψεαρσ. Εαχη οφ τηεσε χουντιεσ ωασ 

ασσιγνεδ α βασιχ ρισκ σχορε οφ 0.06% βασεδ ον παστ 

χλιmατολογιχαλ mοδελσ (Σχηαεφερ ετ αλ. 1986). 

 Φλοοδ εξποσυρε ισ αλσο θυαντιφιεδ ασ α βασιχ εξ−

ποσυρε ιν τηισ ρεσεαρχη δυε το ιτσ χαλχυλατιον ανδ 

τηε ινηερεντ ρισκ πρεσεντ ασ α ρεσυλτ οφ προξιmιτψ το 

δεφινεδ φεατυρεσ. Ιτ ισ mεασυρεδ ωιτηιν τωο χατεγο−

ριεσ, ινλανδ εξποσυρε ανδ χοασταλ εξποσυρε. Φορ τηε 

ινλανδ χατεγορψ, αλλ ριϖερσ, στρεαmσ, λακεσ ανδ 

πονδσ ωερε mαππεδ υσινγ α ! mιλε βυφφερ το ρεπ−

ρεσεντ α ποτεντιαλ εξποσυρε το φλοοδινγ φροm τηεσε 

σουρχεσ. Χοασταλ φλοοδινγ χαλχυλατιονσ υσε τηε 

ΝΟΑΑ Σεα Λεϖελ Ρισε πρεδιχτιονσ (Παρρισ ετ αλ. 

2012). Τηεσε αρε βασεδ ον ηειγητ (mεαν ηιγη ωα−

τερ) αβοϖε σεα λεϖελ ανδ δεριϖεδ φροm διγιταλ ελεϖα−

τιον mαπσ (DΕΜσ) αλονγ τηε χοαστ. Αλλ λανδ 2 φεετ 

ορ λεσσ αβοϖε σεα λεϖελ αρε χατεγοριζεδ ασ ατ ρισκ.  

2.1.4. Τεχηνολογιχαλ Ηαζαρδσ 

 Ιν αδδιτιον το νατυραλ ηαζαρδσ, α πλαχε mαψ ηαϖε 

αδδιτιοναλ εξποσυρε ποτεντιαλ βεχαυσε οφ προξιmιτψ 

το τεχηνολογιχαλ ηαζαρδσ. Τεχηνολογιχαλ ηαζαρδσ, 

συχη ασ νυχλεαρ ποωερ πλαντσ, Συπερφυνδ σιτεσ, ορ 

τοξιχ ρελεασε σιτεσ, χαν ηαϖε τηε ποτεντιαλ το ιmπαχτ 

νεαρβψ ποπυλατιονσ ρεγαρδλεσσ οφ νατυραλ εξποσυρε; 

ηοωεϖερ, νατυραλ ηαζαρδσ χαν εξαχερβατε τηε τεχη−

νολογιχαλ ρισκ. Ταβλε 3 σηοωσ τηε τεχηνολογιχαλ 

ηαζαρδσ υσεδ ιν τηισ αππροαχη.  

 Τηε Φεδεραλ Εmεργενχψ Μαναγεmεντ Αγενχψ 

(ΦΕΜΑ) τραχκσ λιmιτεδ τεχηνολογιχαλ ηαζαρδσ 

τηρουγη τηε Ραδιολογιχαλ Εmεργενχψ Πρεπαρεδνεσσ 

Προγραm (ΡΕΠΠ), φορ χοmmερχιαλ ποωερ πλαντσ, ανδ 

τηε Αρmψ χηεmιχαλ ωεαπονσ στοχκπιλεσ ιν τηε 

Χηεmιχαλ Στοχκπιλε Εmεργενχψ Πρεπαρεδνεσσ Προ−

γραm (ΧΣΕΠΠ), φορ mιλιταρψ χηεmιχαλ ωεαπονσ 

στοχκπιλεσ. Ιν εαχη οφ τηεσε πρεπαρεδνεσσ προγραmσ, 

τηε χονχερν ισ φοχυσεδ ον ποτεντιαλ ηυmαν εξποσυρε 

το τηεσε ηαζαρδσ. Ηοωεϖερ, mανψ οφ τηε τεχηνολογι−

χαλ ηαζαρδσ χουλδ ηαϖε α σεριουσ νεγατιϖε ιmπαχτ ον 

πλαντσ ανδ ανιmαλσ, συγγεστινγ τηισ δεφινιτιον οφ 

τεχηνολογιχαλ ρισκ νεεδσ το βε εξπανδεδ το ενχοm−

πασσ νον−ηυmαν εχοσψστεmσ ασ ωελλ. Ιν τηε χασε οφ 

χροπ λανδ, εϖεν ιφ ηυmαν σεττλεmεντσ αρε νοτ δι−

ρεχτλψ ιmπαχτεδ αν εξποσυρε χουλδ στιλλ διρεχτλψ ιm−

παχτ τηε φοοδ συππλψ. Φορ τηισ ρεασον, τηε ποιντ δατα 

φορ νυχλεαρ ανδ χηεmιχαλ σιτεσ αρε ασσεσσεδ ηερε φορ 

τηειρ ιmπαχτ ον αλλ λανδ−υσε τψπεσ ανδ τηε δατα αρε 

εξπανδεδ το ινχλυδε Συπερφυνδ σιτεσ ανδ σιτεσ ον 

τηε Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ). 

 Νυχλεαρ ρεαχτορσ ορ στοραγε φαχιλιτιεσ ιν αν αρεα 

πρεσεντ αδδιτιοναλ ηαζαρδσ ιν τηε εϖεντ οφ α λεακ. 

Wηιλε mοστ οφ τηεσε φαχιλιτιεσ αρε δεσιγνεδ ανδ 

βυιλτ το ωιτηστανδ γεολογιχ ανδ mετεορολογιχαλ 

εϖεντσ χοmmον το τηειρ αρεα, αχχιδεντσ αρε στιλλ 

ποσσιβλε ανδ τηε υνδερλψινγ ρισκ ισ στιλλ ελεϖατεδ 

βεχαυσε οφ τηειρ πρεσενχε. Τηε Υ.Σ. Νυχλεαρ Ρεγυ−

λατορψ Χοmmισσιον (ΥΣΝΡΧ) δεσιγνατεσ αν οφφι−

χιαλ Εmεργενχψ Πλαννινγ Ζονε (ΕΠΖ) βασεδ ον τηε 

Ταβλε 3. Τεχηνολογιχαλ Ηαζαρδσ mετριχσ υσεδ ιν τηε ΠΡΙΣΜ αππροαχη ανδ τηε mετηοδσ υσεδ το χολλεχτ ανδ ασσεσσ. 

Τεχηνολογιχαλ Ηαζαρδ Τψπε Σπατιαλ Εξτεντ Εξποσυρε Χαλχυλατιον 

Νυχλεαρ Φαχιλιτιεσ Αλλ νυχλεαρ ρεαχτορσ ανδ στοραγε φαχιλιτιεσ ιν 

ΥΣ ιδεντιφιεδ ανδ γιϖεν α 10−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Συπερφυνδ Σιτεσ Συπερφυνδ σιτεσ − προποσεδ ορ αχτιϖε ιν τηε 

ΥΣ ιδεντιφιεδ ανδ γιϖεν α 5−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ) Σιτεσ ΤΡΙ φαχιλιτιεσ ιδεντιφιεδ ωηεν τηρεσηολδ 

χηεmιχαλ ρελεασε χριτερια αρε mετ ανδ γιϖεν α 

∀−mιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 

Ρεσουρχε Χονσερϖατιον ανδ Ρεχοϖερψ 

(ΡΧΡΑ) Σιτεσ 

Αλλ ΡΧΡΑ Σιτε (ΛΘΓσ, ΤΣDσ, ανδ ΤΡΑΝΣσ) 

ποιντ δατα φροm ΕΠΑ ΦΡΣ Γεοδαταβασε αρε 

γιϖεν α ∀−mmιλε βυφφερ. 

Προπορτιον οφ εαχη λανδ−υσε χλασσιφιχατιον 

υσεδ το εστιmατε εξποσυρε εξτεντ. 
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πλυmε εξποσυρε πατηωαψ διστανχε οφ 10−mιλεσ. 

Τηισ διστανχε ισ δεσιγνεδ το λιmιτ εξποσυρε το ρα−

διοαχτιϖε mατεριαλσ τηρουγη σηελτερινγ, εϖαχυατιον, 

ορ τηε υσε οφ ποτασσιυm ιοδιδε, ιφ νεχεσσαρψ 

(ΥΣΝΡΧ 2014). Νυχλεαρ φαχιλιτιεσ αρε mαππεδ βψ 

ποιντ λοχατιον ανδ γιϖεν α 10−mιλε βυφφερ το δεσιγ−

νατε τηειρ ΕΠΖ. Υσινγ mετηοδσ δεσχριβεδ φορ νατυ−

ραλ ηαζαρδσ, ρισκ ισ ασσιγνεδ το εαχη χουντψ ωιτη 

περχενταγεσ οφ ρισκ διστριβυτεδ αχροσσ εαχη οφ τηε 

τηρεε λανδ−υσε χατεγοριεσ. 

 Ιν χοντραστ το νυχλεαρ φαχιλιτιεσ, συπερφυνδ σιτεσ 

αρε σλιγητλψ mορε χοmπλιχατεδ τηαν νυχλεαρ φαχιλι−

τιεσ σινχε τηεψ αρε νοτ αλλ τηε σαmε. Τηε σιτεσ χαν 

βε ιν ονε οφ φουρ χονδιτιονσ: προποσεδ, αχτιϖε, 

χοmπλετεδ, ορ δελετεδ, δεπενδινγ ον ηοω φαρ αλονγ 

τηε σιτε ισ ιν τηε χλεαν−υπ προχεσσ. Ιν αδδιτιον, τηε 

χηεmιχαλσ πρεσεντ ατ α σιτε χαν ϖαρψ ιν τηειρ τοξιχ−

ιτψ ανδ ρανγε οφ ποτεντιαλ τραϖελ. Γενεραλλψ, τηε 

ιmπαχτ οφ τηεσε σιτεσ ωιλλ βε λοχαλιζεδ, ρεγαρδλεσσ 

οφ τηε χηεmιχαλ(σ) πρεσεντ. Τηερεφορε, α βυφφερ οφ 

ονε mιλε ισ χρεατεδ αρουνδ εαχη σιτε τηατ ηασ βεεν 

αχτιϖε δυρινγ τηε παστ τεν ψεαρσ ανδ περχενταγεσ οφ 

λανδ χοϖερεδ αρε χαλχυλατεδ φορ εαχη οφ τηε τηρεε 

λανδ−υσε τψπεσ. 

 Τοξιχ Ρελεασε Ινϖεντορψ (ΤΡΙ) ανδ Ρεσουρχε 

Χονσερϖατιον ανδ Ρεχοϖερψ (ΡΧΡΑ) σιτεσ αρε βψ 

φαρ τηε mοστ νυmερουσ ανδ ϖαριεδ οφ τηε τεχηνο−

λογιχαλ ηαζαρδσ. Τηειρ ποτεντιαλ το ινχρεασε ρισκ ιν 

τηε εϖεντ οφ ανοτηερ ηαζαρδ mακεσ τηειρ ινχλυσιον 

ιmπορταντ. ΤΡΙ ανδ ΡΧΡΑ σιτεσ ηαϖε τηε χαπαχιτψ 

το ιmπαχτ αιρ, ωατερ, ανδ λανδ θυαλιτψ ανδ εξιστ 

ωιτηιν βοτη ηιγηλψ ποπυλατεδ ανδ mορε σπαρσελψ 

ποπυλατεδ αρεασ. ΤΡΙ δατα ωασ γατηερεδ φροm τηε 

ΤΡΙ Εξπλορερ, ωηιχη χαταλογσ οϖερ 53,000 φαχιλι−

τιεσ τηατ ηαϖε βεεν τραχκεδ ιν τηε παστ 20 ψεαρσ. Το 

ρεmαιν τεmποραλλψ χονσιστεντ, ονλψ ΤΡΙ σιτεσ 

λογγεδ ωιτηιν τηε 2000−2010 τιmεφραmε ωερε υσεδ 

ηερε. Dατα φορ ΡΧΡΑ σιτεσ ωασ οβταινεδ φροm τηε 

ΕΠΑσ Φαχιλιτψ Ρεγιστρψ Σερϖιχε (ΦΡΣ) ανδ ονλψ 

ινχλυδεσ σιτεσ ωιτη γρεατερ εξποσυρε ποτεντιαλ τηαν 

ΤΡΙσ, χλασσιφιεδ ασ Λαργε Θυαντιτψ Γενερατορσ 

(ΛΘΓσ), Ηαζαρδουσ Wαστε Τρανσπορτατιον Σερϖιχεσ 

(ΤΡΑΝΣ) ανδ Τρεατmεντ, Στοραγε ανδ Dισποσαλ 

φαχιλιτιεσ (ΤΣDσ). Το χαλχυλατε τηε ρισκ το εαχη λανδ 

τψπε, α σιmπλε χουντ οφ ΤΡΙ ανδ ΡΧΡΑ σιτεσ ωιτη−

ουτ α βυφφερ ιν εαχη χουντψ ισ υσεδ. ΤΡΙ ανδ 

ΡΧΡΑ δενσιτψ (χουντ περ αρεα) ωιτη εαχη λανδ 

τψπε ιν α χουντψ ωιλλ ρεπρεσεντ τηε ποτεντιαλ εξπο−

συρε. 

2.1.4. Λοσσεσ 

 Ηιστοριχ λοσσεσ γιϖε εξποσυρε mετριχσ τηε χον−

τεξτ νεεδεδ το βεχοmε α mεασυρε οφ ιντενσιτψ ανδ 

ιmπαχτ αχροσσ τηε λανδσχαπε. Ιν τηισ αππροαχη, 

λοσσεσ αρε χοmβινεδ ιντο τηρεε χατεγοριεσ, προπ−

ερτψ, χροπ, ανδ ηυmαν, υσινγ δατα χοmπιλεδ φροm 

τηε Ηαζαρδ ανδ ςυλνεραβιλιτψ Ρεσεαρχη Ινστιτυτε∏σ 

(ΗςΡΙ) Σπατιαλ Ηαζαρδ Εϖεντσ ανδ Λοσσεσ ιν τηε 

Υ.Σ (ΣΗΕΛDΥΣ) δαταβασε (ΗςΡΙ 2017). Προπερτψ 

ανδ χροπ λοσσεσ βοτη σερϖε ασ σεϖεριτψ mεασυρεσ 

ινβυιλτ ανδ mαναγεδ εχοσψστεmσ, ωηιλε ηυmαν 

λοσσεσ ενχοmπασσινγ βοτη φαταλιτιεσ ανδ ινϕυριεσ, 

ρεπρεσεντ τηε σοχιαλ σεϖεριτψ οφ τηε ηαζαρδσ. Λοσσεσ 

αρε ρεπορτεδ ασ περ χαπιτα ιν 5−ψεαρ σεγmεντσ. 

Λοσσεσ αρε ασσιγνεδ το σπεχιφιχ λανδ χλασσιφιχατιονσ 

βασεδ ον τηε τψπε. Ηυmαν ανδ προπερτψ λοσσεσ αρε 

ασσιγνεδ το τηε βυιλτ ενϖιρονmεντ ανδ χροπ λοσσεσ 

αρε ασσιγνεδ το τηε δυαλ−βενεφιτ ενϖιρονmεντ. 

Νατυραλ λοσσεσ αρε ασσεσσεδ υσινγ αδδιτιοναλ δατα 

φροm τηε ΝΛΧD ον λανδ χοϖερ χηανγε. Τηισ δατασετ 

ιδεντιφιεδ λανδ−υσε πιξελσ τηατ ηαϖε χηανγεδ το 

περϖιουσ συρφαχεσ (ινδιχατινγ βυιλτ ενϖιρονmεντ) 

βετωεεν 2006 ανδ 2011. Τηε περχενταγε οφ τοταλ 

χουντψ λανδ χονϖερτεδ το τηε βυιλτ ενϖιρονmεντ ισ 

υσεδ ασ α προξψ φορ νατυραλ λανδσ λοστ. Τηε δαmαγε 

ποσεδ το νατυραλ σψστεmσ ρεσυλτινγ φροm ποπυλατιον 

στρεσσεσ ορ οτηερ αντηροπογενιχ ινφλυενχεσ, ρεπρε−

σεντεδ βψ τηε νατυραλ λανδ λοσσ, φορεσηαδοωσ ποτεν−

τιαλ ρεδυχτιονσ ιν εχοσψστεm σερϖιχεσ (Ηεψ ανδ 

Πηιλιππι 1995). 

2.2. Ρισκ Χαλχυλατιον  

 Wηιλε τηε σπεχιφιχ ισσυεσ ρελατεδ το χολλεχτιον 

ανδ δεϖελοπmεντ οφ εαχη ρισκ εξποσυρε λαψερ ηαϖε 
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βεεν δεσχριβεδ, τηε πριmαρψ χηαλλενγε χοmεσ ιν 

χοmβινινγ τηεσε το ρεπρεσεντ αν οϖεραλλ ρισκ λανδ−

σχαπε. Ιν οτηερ ωορδσ, ηοω δο τηε ρισκσ, βοτη νατυ−

ραλ ανδ τεχηνολογιχαλ, ιντεραχτ το χρεατε εξποσυρε 

λικελιηοοδσ? Α σιmπλε αδδιτιϖε χαλχυλατιον χαννοτ 

αδεθυατελψ ανσωερ τηισ θυεστιον. Ινστεαδ, τηε χαλ−

χυλατιον ισ mορε χοmπλιχατεδ, ανδ α νυανχεδ στρυχ−

τυρε τηατ αχχουντσ φορ νοτ ονλψ εαχη εξποσυρε, βυτ 

τηε λικελιηοοδ οφ λοσσ τηατ στεmσ φροm τηε οχχυρ−

ρενχε φρεθυενχιεσ ανδ τηε ηαζαρδ σεϖεριτψ.  

 Χοmβινινγ ηαζαρδσ ιν α mεανινγφυλ ωαψ ρε−

θυιρεσ βλενδινγ οφ σπατιαλ εξποσυρεσ ανδ λοσσεσ. 

Υσινγ τηε mετηοδσ δεσχριβεδ, εϖερψ ηαζαρδ χαν βε 

αδδρεσσεδ βψ χαλχυλατινγ α προπορτιον οφ χουντψ 

λανδ βοτη ιmπαχτεδ ηιστοριχαλλψ ανδ λανδ τηατ χουλδ 

βε ιmπαχτεδ βασεδ ον προξιmιτψ το ηαζαρδ ζονεσ 

(ι.ε. χοασταλ Ατλαντιχ χουντιεσ ανδ ηυρριχανεσ).  

 Τηε χοmπλεξιτψ οφ τηε ηαζαρδ−σχαπε ισ ρεπρε−

σεντεδ ιν τηε φιναλ χαλχυλατιονσ, ωηερε τηε ιντερπλαψ 

οφ νατυραλ ηαζαρδσ, τεχηνολογιχαλ ηαζαρδσ, λοσσεσ, 

ανδ χουντψ λανδσχαπε αρε υσεδ το χρεατε α ρισκ 

σχορε. Τηισ προχεσσ, ασ σηοων ιν Φιγ. (1), ισ mυχη 

mορε νυανχεδ τηαν α σιmπλε αδδιτιϖε ινδεξ. Τηε 

χοmβινατιον οφ εξποσυρε εξτεντσ, λανδ−τψπε διστρι−

βυτιονσ, ανδ τηε ασσοχιατεδ λοσσεσ αρε δεmονστρατεδ 

ιν δεταιλ ωιτηιν σεχτιον 3.3 ωιτη α ρεγιοναλ αναλψσισ 

ανδ βρεακ ουτ οφ χαλχυλατιονσ φορ τηε ηιγη, mε−

διυm, ανδ λοω−ρισκ χουντιεσ ιν τηατ αρεα. Ηαζαρδσ 

αρε χοmβινεδ ιν στεπσ βασεδ ον τηε σπατιαλ εξτεντσ, 

χηαραχτεριστιχσ ανδ λανδ τψπε φιρστ, τηεν ηαζαρδ τψπε 

σεχονδ. Τηε φιρστ στεπ mοδιφιεσ τηε ηιστοριχαλ εξπο−

συρεσ βψ ωειγητινγ τηεm ωιτη προξιmιτψ−βασεδ 

ηαζαρδσ. Σπατιαλ εξτεντσ φορ εαχη ηαζαρδ αρε βασεδ 

ον τηε προπορτιον οφ λανδ αρεα ανδ αδδεδ ωιτηιν 

λανδ−τψπεσ βεφορε mοδιφιχατιον. Προξιmιτψ−βασεδ 

ηαζαρδσ αρε προπορτιοναλ ασ ωελλ, βασεδ ον ηαζαρδ 

προβαβιλιτψ, ανδ αδδεδ το ονε πριορ το βεινγ mυλτι−

πλιεδ βψ τηε ηιστοριχ εξποσυρε.  

 Τηε χοmβινεδ ηιστοριχ ανδ προξιmιτψ−βασεδ εξ−

ποσυρε ϖαλυε ισ αδδεδ το τηε λανδ−τψπε προπορτιον 

οφ τεχηνολογιχαλ ηαζαρδσ το χρεατε τηε φιναλ εξπο−

συρε προβαβιλιτψ. Τηερε ωιλλ βε τηρεε οφ τηεσε προβ−

αβιλιτψ σχορεσ φορ εαχη χουντψ, ονε φορ εαχη λανδ 

τψπε. Τηε εξποσυρε προβαβιλιτψ ισ τηεν mυλτιπλιεδ 

βψ τηε λανδ σπεχιφιχ λοσσ (ε.γ. χροπ ανδ στρυχτυραλ 

λοσσ φορ δυαλ−βενεφιτ λανδσ) το χρεατε α λανδ−τψπε 

ρισκ σχορε. Εαχη χουντψ ωιλλ ηαϖε τηρεε ρισκ σχορεσ 

φολλοωινγ τηισ στεπ αλονγ ωιτη προπορτιοναλ λανδ 

αρεα τψπεσ. Τηεσε ϖαλυεσ αρε υσεδ το ωειγητ τηε 

ρισκ σχορεσ ανδ χρεατε α σινγλε ρισκ ϖαλυε φορ τηε 

χουντψ. Βψ ωειγητινγ τηε ηιστοριχ εξποσυρε σχορεσ 

υσινγ βοτη λανδ τψπεσ ανδ προξιmιτψ mεασυρεσ, τηε 

ρεσυλτινγ ΠΡΙΣΜ σχορε χαν χαπτυρε τηε χηανγεσ ιν 

ρισκ ρεσυλτινγ φροm λοχατιοναλ ανδ λανδσχαπε−

δεριϖεδ διφφερενχεσ. Τηε φιναλ σχορε ισ τηυσ δε−

πενδεντ νοτ ονλψ ον διρεχτ ηαζαρδ ιmπαχτσ, βυτ αλσο 

τηε χηανγεσ οχχυρρινγ το τηε συρρουνδινγ λανδ−

σχαπε.  

3. ΡΕΣΥΛΤΣ 

 Τηε πριmαρψ γοαλ οφ τηε ΠΡΙΣΜ αππροαχη ισ το 

χρεατε α νατιοναλ λανδσχαπε τηατ αχχουντσ φορ α φυλλ 

συιτε οφ ηαζαρδ εξποσυρεσ σπατιαλλψ. Αλονγ ωιτη 

λοσσεσ, τηε δατα χρεατεδ φροm ΠΡΙΣΜ φορmσ τηε ρισκ 

δοmαιν οφ τηε Χλιmατε Ρεσιλιενχε Σχρεενινγ Ινδεξ 

(ΧΡΣΙ). Ηοωεϖερ, τηε ποτεντιαλ αππλιχατιονσ οφ τηε 

ΠΡΙΣΜ αππροαχη αρε mυχη βροαδερ τηαν ινχλυσιον 

ιν ΧΡΣΙ. Ιν αδδιτιον το χρεατινγ αν ιντεγρατεδ ρισκ 

ϖαλυε, τηε ρεσυλτσ χαν αλσο βε βροκεν ουτ ιντο mανψ 

χατεγοριεσ φορ αναλψσισ. Σοmε οφ τηε ποτεντιαλ 

αναλψσεσ εναβλεδ βψ ΠΡΙΣΜ ινχλυδε τηε εξαmινα−

τιον οφ (1) τεmποραλ τρενδσ, (2) νατυραλ ϖερσυσ αν−

τηροπογενιχ ρισκσ, (3) σεπαρατε ρισκ ϖαλυεσ φορ mα−

ϕορ λανδ χατεγοριεσ, ανδ (4) mυλτιπλε σπατιαλ σχαλεσ 

ρανγινγ φροm χουντψ υπ το στατεσ ανδ ΕΠΑ ρεγιονσ. 

Πριορ το τηεσε τψπε οφ σπεχιφιχ αναλψσεσ, α συmmαρψ 

οφ τηε δατα ισ πρεσεντεδ ηερε το προϖιδε αν οϖερ−

ϖιεω οφ τηε ρεσυλτσ φροm τηε ΧΡΣΙ Ρισκ δοmαιν ασ 

ωελλ ασ σοmε σπεχιφιχ σπατιαλ ρεσυλτσ.  

3.1. Νατιοναλ Ρεσυλτσ 

 Τηε οϖεραλλ ρεσυλτσ, σηοων ασ α mαπ ιν Φιγ. (2), 

ανδ τηειρ ϖαριατιον αχροσσ εαχη λανδ τψπε αρε χοm−
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παρεδ υσινγ α βοξπλοτ ιν Φιγ. (3). Τηερε αρε χλεαρ 

ρεγιοναλ παττερνσ ιν τηε δατα, ωιτη mυχη οφ τηε 

Σουτηωεστ, Λουισιανα, ανδ πλαινσ στατεσ εξηιβιτινγ 

ηιγηερ ρισκ λεϖελσ. Ιν αδδιτιον, αρεασ ιν τηε Αππαλα−

χηιανσ ανδ αλονγ τηε Εαστερν χοαστλινε δισπλαψ 

ηιγηερ ρισκ ϖαλυεσ. Τηε Σουτηεαστ, δεσπιτε εξπο−

συρε το τορναδοσ ανδ ηυρριχανεσ, εξηιβιτσ α χοm−

παρατιϖελψ λοω οϖεραλλ ρισκ σχορε. Τηισ χουλδ βε 

δυε το τηε ηιγη εξποσυρε το δρουγητ ανδ ωιλδφιρεσ 

ιν τηε Wεστερν Υ.Σ. Ιντερεστινγλψ, δυαλ−βενεφιτ 

λανδσ σεεm το δριϖε mυχη οφ τηε ρισκ αχροσσ τηε 

Υ.Σ. οϖερ τηε 15−ψεαρ σπαν. Ρισκσ το τηεσε λανδσ 

αρε σιγνιφιχαντλψ ηιγηερ τηαν τηοσε ιν νατυραλ ορ δε−

ϖελοπεδ λανδσ, ανδ τηε mεδιαν φαλλσ χλοσερ το τηατ 

οφ τηε οϖεραλλ σχορε.  

 Αναλψζινγ τηε διστριβυτιον οφ λανδ τψπεσ ιν τηε 

Υ.Σ., ιτ ισ εϖιδεντ τηατ mυχη οφ τηε ωειγητ αττριβυτ−

αβλε το δυαλ−βενεφιτ λανδσ ισ δυε το τηε περχενταγε 

οφ λανδ ιν τηισ χατεγορψ. Οϖερ 50 περχεντ οφ Υ.Σ 

λανδσ αρε χλασσιφιεδ ασ δυαλ−βενεφιτ, ωιτη α βυλκ οφ 

τηοσε φαλλινγ ιντο ειτηερ χροπ λανδ ιν τηε mιδδλε οφ 

τηε χουντρψ, ανδ ωετλανδσ αλονγ τηε χοαστ. Εαχη οφ 

τηεσε λανδ τψπεσ προϖιδεσ α mαϕορ σερϖιχε το υρβαν 

χοmmυνιτιεσ ανδ ηιγηερ ρισκ ϖαλυεσ το τηεσε λανδσ 

ισ α σιγνιφιχαντ χονχερν. Ιν αδδιτιον το εξπλαινινγ 

τηε οϖεραλλ ωειγητινγ ασ α φυνχτιον οφ περχεντ χοϖ−

εραγε, τηισ οϖεραλλ λανδ διστριβυτιον αλσο ηιγηλιγητσ 

τηε ιmπορτανχε οφ χουντψ−σπεχιφιχ χαλχυλατιονσ φορ 

εαχη χατεγορψ. Wηιλε mοστ οφ τηε Υ.Σ. ισ ειτηερ 

νατυραλ ορ δυαλ−βενεφιτ λανδ, τηερε αρε mανψ χουν−

 

Φιγ. (2). ΠΡΙΣΜ Οϖεραλλ Χουντψ Σχορεσ φορ αλλ λανδ τψπεσ ανδ εντιρε 16−ψεαρ περιοδ οφ mεασυρεmεντ. 
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3.2. Ηιγη−Ρισκ Χουντψ Αναλψσισ 

 Τηε τοπ 100 ρισκ χουντιεσ ιν τηε ΥΣ ρεπρεσεντ 

τωεντψ−τηρεε στατεσ, ψετ φουρ στατεσ αχχουντ φορ οϖερ 

φιφτψ−περχεντ οφ τηισ γρουπ. Ινχλυδεδ ιν τηεσε φουρ 

αρε, ιν ορδερ φροm mοστ το λεαστ χουντιεσ, Λουισι−

ανα, Νεϖαδα, Χαλιφορνια, ανδ Τεξασ. Dεσπιτε τηε 

σιmιλαρ οϖεραλλ ρισκ σχορεσ, τηε τωο ηιγηεστ ρισκ 

στατεσ, Νεϖαδα ανδ Λουισιανα, ηαϖε χονσιδεραβλψ 

διφφερεντ εξποσυρε προφιλεσ. Ιν Λουισιανα, εξπο−

συρεσ φροm αντηροπογενιχ ηαζαρδσ αρε χονσιδεραβλψ 

ηιγηερ τηαν Νεϖαδα, ωιτη αν αϖεραγε σχορε οφ 

0.067 ϖερσυσ 0.005. Τηισ ισ εσπεχιαλλψ τρυε ιν δυαλ−

βενεφιτ λανδσ, ωηερε τηε εξποσυρε ισ mορε τηαν 30 

τιmεσ γρεατερ (0.003 ιν Νς ανδ 0.103 ιν ΛΑ). Βα−

σιχ εξποσυρε ιν Λουισιανα (2.47) ισ αλσο mορε τηαν 

δουβλε τηατ οφ Νεϖαδα (1.20). Dριϖινγ τηε αντηρο−

πογενιχ ηαζαρδσ ιν Λουισιανα ισ α σιγνιφιχαντλψ 

ηιγηερ εξποσυρε το Συπερφυνδ σιτεσ αλονγ τηε χοαστ 

αλονγ ωιτη ηιγηερ εξποσυρεσ το νυχλεαρ ανδ ΡΧΡΑ 

σιτεσ. Ελεϖατεδ βασιχ εξποσυρε ιν Λουισιανα ισ 

βασεδ ον λοω−λψινγ λανδ τηρεατενεδ βψ βοτη χοασταλ 

ανδ ινλανδ φλοοδινγ. Τηισ προδυχεσ α ποτεντιαλλψ 

δανγερουσ χοmβινατιον ιν τηε εϖεντ οφ νατυραλ ηαζ−

αρδ εξποσυρεσ εξαχερβατινγ ρισκ δυε το χηεmιχαλ ορ 

οτηερ τοξιχ χονταmινατιον ρελατεδ το τηεσε σιτεσ. Ιν 

Νεϖαδα, τηε εξποσυρε φροm νατυραλ ηαζαρδσ (2.68) 

ισ λαργερ τηαν Λουισιανα (2.08), δριϖεν λαργελψ βψ 

 

Φιγ. (5). Λανδ−τψπε Ρισκ ϖαλυεσ βρεακ−δοων βψ τιmε σπαν. Εαχη πανελ ρεπρεσεντσ α σπεχιφιχ λανδ τψπε ωιτηιν τηε χουντιεσ οϖερ 

τηε σαmε 5−ψεαρ βλοχκσ οφ τιmε. Τηε λεφτ χολυmν ρεπρεσεντσ ρισκ το δεϖελοπεδ λανδσ αλονε, τηε mιδδλε χολυmν ρεπρεσεντσ ρισκ το 

δυαλ−βενεφιτ λανδσ αλονε, ανδ τηε ριγητ χολυmν ρεπρεσεντσ ρισκ το νατυραλ λανδσ αλονε. Ιν εαχη mαπ, δαρκερ χολορσ ινδιχατε ηιγηερ 
ρισκ ϖαλυεσ, ορ α χοmβινατιον οφ εξποσυρε ανδ λοσσεσ φορ εαχη λανδ−τψπε. 
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φιρε ανδ δρουγητ, ωηιχη αρε βοτη χλοσελψ ρελατεδ 

ανδ χοϖερ α mαϕοριτψ οφ τηε στατε∏σ λανδ αρεα.  

 Wηιλε τηε χουντιεσ εξαmινεδ ιν τηεσε τωο στατεσ 

αρε σιmιλαρ ιν οϖεραλλ ρισκ, ιτ ισ ηελπφυλ το εξαmινε 

τηε εξποσυρε mετριχσ δριϖινγ τηισ ρισκ. Χηανγινγ 

παττερνσ ιν ρισκ δριϖερσ mαψ ρεθυιρε χονσιδεραβλψ 

διφφερεντ στρατεγιεσ ωηεν ιτ χοmεσ το mιτιγατιον εφ−

φορτσ. Ιν Νεϖαδα, φορ ινστανχε, ωιλδφιρεσ ανδ δρουγητ 

ωουλδ βε ηανδλεδ τηρουγη εφφορτσ συχη ασ πρε−

σχριβεδ βυρνσ, ρεmοϖαλ οφ υνδεργροωτη ανδ ποτεν−

τιαλ φυελ σουρχεσ, ανδ τρεατmεντ οφ συρφαχεσ το mινι−

mιζε χοmβυστιον. Λουισιανα ωουλδ τακε α ϖερψ διφ−

φερεντ αππροαχη το mιτιγατιον βψ χλεανινγ υπ ηαζ−

αρδουσ ωαστε σιτεσ, βυιλδινγ φλοοδ χοντρολ στρυχτυρεσ, 

ανδ mαναγινγ δεϖελοπmεντ ιν φλοοδ ζονεσ. Ιν εαχη 

ινστανχε, τηε ενδ γοαλ ισ τηε σαmε, ψετ φυνδινγ ανδ 

πολιχψ ωουλδ βε ηανδλεδ ιν α διφφερεντ mαννερ.  

3.3. Ρεγιοναλ ανδ Ηαζαρδ Σπεχιφιχ Αππλιχατιονσ 

 Ιν αδδιτιον το τηε ινσπεχτιον οφ τηε βροαδερ ρισκ 

προφιλεσ, ΠΡΙΣΜ χαν αλσο βε υσεδ το αναλψζε ρε−

γιοναλ παττερνσ ορ ινϖεστιγατε ηαζαρδ−σπεχιφιχ 

σπατιο−τεmποραλ χηανγεσ. Α συβσετ χονσιστινγ οφ 

Γυλφ Χοαστ Χουντιεσ ισ αναλψζεδ φιρστ το δεmον−

στρατε τηε ρεγιοναλ υτιλιτψ οφ ΠΡΙΣΜ. Ιν τηισ εξαm−

πλε, τηε ρεπρεσεντατιϖε συβ−σετ χονσιστσ οφ φιφτψ−φουρ 

χοασταλ χουντιεσ φροm φιϖε στατεσ βορδερινγ τηε 

Γυλφ οφ Μεξιχο. Οϖερ τηε σιξτεεν−ψεαρ στυδψ πε−

ριοδ, τηε αϖεραγε ΠΡΙΣΜ σχορε οφ τηεσε χουντιεσ ισ 

3.21, ωηιχη ισ χονσιδεραβλψ ηιγηερ τηαν τηε να−

τιοναλ αϖεραγε οφ 2.7. Φροm τηισ σετ οφ χουντιεσ, 

Πλαθυεmινεσ Παριση, ΛΑ ηασ τηε ηιγηεστ ΠΡΙΣΜ 

σχορε (5.41) οφ τηε συβσετ (σεχονδ ηιγηεστ οφ τηε 

εντιρε Υ.Σ), ωηιλε Χηαρλοττε Χουντψ, ΦΛ ηασ τηε 

λοωεστ (2.39).  

 Τηε ΠΡΙΣΜ σχορεσ ιν τηισ εξαmπλε αρε δεχον−

στρυχτεδ βψ λανδ−τψπε ανδ ρισκ δοmαιν (εξποσυρε 

ανδ λοσσ) το βεττερ αναλψζε ανδ χοmπαρε παττερνσ οφ 

ρισκ. Λοοκινγ φιρστ ατ τηε mεαν λανδ−τψπε ρισκ, τηερε 

αρε διστινχτιον βετωεεν χουντιεσ τηατ βεχοmε απ−

παρεντ. Dεϖελοπεδ λανδ ρισκ ισ λοω (mεαν = 0.22) 

απαρτ φροm α φεω χουντιεσ ωιτη σιγνιφιχαντλψ ηιγηερ 

σχορεσ. Dυαλ−βενεφιτ λανδ αππεαρσ το δριϖε mυχη οφ 

τηε οϖεραλλ ρισκ ωιτη α mεαν οφ 2.21 ανδ mαξιmυm 

οφ 5.21. Νατυραλ λανδσ φαλλ ιν βετωεεν τηε τωο ωιτη 

α mεαν ρισκ σχορε οφ 0.76. Φροm αν εξποσυρε περ−

σπεχτιϖε, τηε δυαλ−βενεφιτ ρισκ ισ λικελψ δριϖεν βψ α 

ρελιανχε ον σαλτωατερ mαρσηεσ ανδ οτηερ λανδ−τψπεσ 

ασσοχιατεδ ωιτη φλοοδ ανδ στορm προτεχτιον ιν τηεσε 

χοασταλ χουντιεσ. Wιτη υρβαν δεϖελοπmεντ ανδ σεα 

λεϖελ ρισε τηρεατενινγ τηε ηαζαρδ mιτιγατιον φυνχ−

τιον οφ νατυραλ ανδ δυαλ−βενεφιτ λανδσ, τηε ρισκ οφ 

λοσσ ρεσυλτινγ φροm φυτυρε εξποσυρεσ το σπρεαδινγ 

υρβαν ενϖιρονmεντσ σηουλδ βε εξπεχτεδ το ιν−

χρεασε. Τηε τρενδ τοωαρδ ηιγηερ ρισκ ιν ηεαϖιλψ υρ−

βανιζινγ χουντιεσ ισ αλρεαδψ εϖιδεντ (Φιγυρε αλονγ 

τηε Γυλφ χοαστ, ωηερε ραπιδλψ δεϖελοπινγ χουντιεσ 

φροm τηε παστ δεχαδε αλσο ποσσεσσ ηιγη ρισκ ϖαλυεσ 

αχροσσ αλλ τηρεε λανδ−τψπε χατεγοριεσ.  

 Α δεχονστρυχτιον οφ τηε ρισκ δοmαινσ, εξποσυρε 

ανδ λοσσ, ρεϖεαλσ ψετ mορε δεταιλ ανδ ανοτηερ λαψερ 

ον τοπ οφ τηε λανδ−τψπε αναλψσισ. Εξποσυρε mεασ−

υρεσ αρε ασσεσσεδ ινδεπενδεντλψ το δετερmινε τηε 

εξτεντ οφ ιmπαχτ ιν αν αρεα ανδ ασσεσσ τηε ρελατιϖε 

διστριβυτιον οφ εξποσυρε προβαβιλιτιεσ. Αν εξαmπλε 

οφ τηισ χαν βε σεεν ιν Φιγ. (6), ωιτη τηρεε πιε χηαρτσ 

τηατ σηοω τηε διστριβυτιον οφ εξποσυρε ανδ λοσσ 

αχροσσ εαχη οφ τηε ηαζαρδσ ανδ ηοω τηεσε τρανσλατε 

το λοσσεσ βψ λανδ τψπε. Wηατ ισ στρικινγ αβουτ τηισ 

γραπηιχ ισ βοτη τηε σιζεαβλε αmουντ οφ νατυραλ ηαζ−

αρδ εξποσυρε το δρουγητ ανδ τεmπερατυρε εξτρεmεσ 

ανδ τηε χοmπαρατιϖελψ σmαλλ αmουντ οφ λοσσ το δε−

ϖελοπεδ λανδσ. Dεσπιτε τηεσε χουντιεσ ηαϖινγ 

ηιγηερ ποπυλατιονσ ανδ ινφραστρυχτυρε, τηε πριmαρψ 

δριϖερσ οφ ρισκ αρε ρελατεδ το τεmπερατυρε ανδ ραιν−

φαλλ εϖεντσ τηατ ιmπαχτ χροπσ, φορεστσ, mαρσηεσ, ανδ 

οτηερ νατυραλ λανδσ νοτ πριmαριλψ ρελατεδ το τηε 

βυιλτ ενϖιρονmεντ. Τηισ ισ χοντραρψ το τηε στανδαρδ 

mεασυρεσ οφ ρισκ τηατ φοχυσ ον βυιλτ ενϖιρονmεντσ 

ανδ ρεπορτ mονεταρψ λοσσεσ.  

 Πυττινγ τηε τωο αναλψσεσ τογετηερ παιντσ α mορε 

ηολιστιχ πιχτυρε οφ ρισκ ιν α ρεγιον πρεσεντεδ ωιτη α 

νυmβερ οφ ποτεντιαλ εξποσυρεσ. Ρισκ λοχατιον ισ 

εξπλαινεδ τηρουγη χλοσερ αναλψσισ οφ εξποσυρε 
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σχορεσ βετωεεν τηεσε τηρεε εξαmπλεσ. Wηατ σεπα−

ρατεσ Πλαθυεmινεσ Παριση φροm τηε οτηερ τωο χουν−

τιεσ ισ βοτη τηε φλοοδ ρισκ ανδ λοσσεσ ιν δεϖελοπεδ 

λανδσ. Wηερεασ Ηιλλσβορουγη ανδ Χηαρλοττε χουν−

τιεσ ηαϖε σιmιλαρλψ ιντερmεδιατε λεϖελσ οφ εξποσυρε, 

τηεψ αρε ρελατιϖελψ σmαλλ ιν χοmπαρισον. Τηισ ισ 

λαργελψ τηε ρεσυλτ οφ Πλαθυεmινεσ∏ σιτυατιον αλονγ 

τηε Μισσισσιππι Ριϖερ δελτα ανδ τηε Γυλφ οφ Μεξ−

ιχο. Τηισ Παριση ενχοmπασσεσ mοστ οφ τηε δελτα ανδ 

ισ εξπεριενχινγ σιγνιφιχαντ λοσσεσ δυε το βοτη ρισινγ 

σεα λεϖελσ ανδ λανδ συβσιδενχε (Ζου ετ αλ. 2016). 

Τηεσε λοσσεσ πυτ mοστ λανδ ιν τηε παριση ατ γρεατ 

ρισκ φροm βοτη ριϖερινε φλοοδσ ανδ χοασταλ φλοοδινγ 

ασ α ρεσυλτ οφ δεχρεασεδ βυφφερσ προϖιδεδ βψ τηε 

mαρση. Dεϖελοπεδ λοσσ ϖαλυεσ φορ Πλαθυεmινε παρ−

ιση αλσο στανδ ουτ ασ σιγνιφιχαντ χοmπαρεδ το τηε 

οτηερ τωο χουντιεσ. Τηισ ισ ρεmαρκαβλε δυε το τηε 

σmαλλ λανδ περχενταγε δεσιγνατεδ ασ δεϖελοπεδ. 

Λοσσεσ το βοτη ηυmαν λιφε ανδ προπερτψ αρε σιγνιφι−

χαντλψ ηιγηερ τηαν mοστ οτηερ χουντιεσ. Κνοωινγ 

τηισ ηελπσ φοχυσ εφφορτσ βψ ηιγηλιγητινγ τηε ιντερ−

σεχτιονσ οφ εξποσυρε ανδ λοσσ.  

 Τηε οτηερ κεψ διφφερενχε, ανδ α φεατυρε τηατ δισ−

τινγυισηεσ τηε ΠΡΙΣΜ mετηοδ, ισ τηε ηανδλινγ οφ 

λοσσεσ ασ α φυνχτιον οφ εξποσυρε. Ηιγη εξποσυρε 

ποτεντιαλ χαν βε τεmπερεδ βψ λοω λοσσεσ; ϕυστ ασ 

Ταβλε 4. Εξαmπλε οφ ΠΡΙΣΜ χαλχυλατιον φορ Πλαθυεmινεσ Παριση, Ηιλλσβορουγη Χουντψ, ανδ Χηαρλοττε Χουντψ το δισ−

πλαψ τηε ινφλυενχε οφ εξποσυρε ανδ λοσσ χηανγεσ ον τηε φιναλ σχορε. Λανδ−υσε περχενταγεσ αρε σηοων ιν λεφτ χολ−

υmν ωιτη χουντψ ναmεσ. Βολδεδ νατυραλ εξποσυρεσ ρεπρεσεντ βασιχ εξποσυρεσ ιν τηε mοδελ. Αλλ εξποσυρεσ ανδ 

λοσσεσ αρε λανδ−ωειγητεδ πριορ το εντρψ ιν τηισ εξαmπλε.  

 Λανδ−Wειγητεδ Νατυραλ Εξποσυρεσ 

Λανδ−Wειγητεδ 

Τεχηνολογιχαλ 

Εξποσυρεσ 

Λανδ−Wειγητεδ Λοσσεσ Ρισκ 

Πλαθυεmινεσ Παριση, ΛΑ: 

Νατυραλ Λανδ ∠ 47% 

Dυαλ Λανδ ∠ 51% 

Dεϖελοπεδ Λανδ ∠ 2% 

Ηυρριχανε − 0.5085 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000075 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.975 

Χοασταλ Φλοοδ− 0.97 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0592 

Ηαιλ ∠ 0.0073 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.50 

Λοω Τεmπ. −0.59 

Συm ∠ 4.6104 

 

Συπερφυνδ−0 

ΤΡΙ−0.006 

ΡΧΡΑ−0.005 

Συm−0.00652 

 

Νατ.−0.0083 

Dυαλ−0.0085 

Dεϖ.−0.171 

(Συm+1)−
1.17267 

 

5.41 

Ηιλλσβορουγη Χουντψ, ΦΛ: 

Νατυραλ Λανδ ∠ 13% 

Dυαλ Λανδ ∠ 49% 

Dεϖελοπεδ Λανδ ∠ 38% 

Ηυρριχανε − 0.50 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000411 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.109 

Χοασταλ Φλοοδ− 0.034 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0216 

Ηαιλ ∠ 0.1605 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.44 

Λοω Τεmπ. −0.11 

Συm ∠ 2.5779 

 

Συπερφυνδ−0.23 

ΤΡΙ−0.0732 

ΡΧΡΑ−0.00324 

Συm−0.3058 

 

Νατ.−0.03086 

Dυαλ−0.03087 

Dεϖ.−0.0000995 

(Συm+1)−1.0618 

 

3.06 

Χηαρλοττε Χουντψ, ΦΛ: 

Νατυραλ Λανδ ∠ 15% 

Dυαλ Λανδ ∠ 65% 

Dεϖελοπεδ Λανδ ∠ 20% 

Ηυρριχανε − 0.50 

Βασιχ Ηυρρ. −0.0015 

Τορναδο− 0.000143 

Βασιχ Τορν. 0.0006 

Ινλανδ Φλοοδ− 0.0754 

Χοασταλ Φλοοδ− 0.12 

Εαρτηθυακε − 0 

Φιρε − 0 

Dρουγητ ∠ 1 

Wινδ ∠ 0.0254 

Ηαιλ ∠ 0.030 

Λανδσλιδε −0 

Ηιγη Τεmπ. −0.46 

Λοω Τεmπ. −0.10 

Συm ∠ 0.3267 

 

Συπερφυνδ−0 

ΤΡΙ−0.00371 

ΡΧΡΑ−0 

Συm−0.00371 

 

Νατ.−0.00809 

Dυαλ−0.00853 

Dεϖ.−0.0069 

(Συm+1)−1.0235 

 

2.39 
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λοωερ εξποσυρε ποτεντιαλ χαν βε γρεατλψ ινφλατεδ βψ 

ηιγη λοσσεσ. Φορ εξαmπλε, ιφ λοσσεσ χοmπαραβλε το 

Χηαρλοττε χουντψ (1.02 ινστεαδ οφ 1.17), ωερε εξπε−

ριενχεδ ιν Πλαθυεmινεσ Παριση, τηε ρεσυλτινγ ρισκ 

ωουλδ βε 4.7. Σιmιλαρλψ, ιφ Χηαρλοττε χουντψ ωερε 

το ινχρεασε λοσσεσ το α λεϖελ χοmπαραβλε το 

Πλαθυεmινεσ, τηε οϖεραλλ ρισκ σχορε ωουλδ βε 2.72. 

Τηεσε εξαmπλεσ προϖιδε σοmε εϖιδενχε οφ τηε υτιλ−

ιτψ οφ ΠΡΙΣΜ ιν τηε ιδεντιφιχατιον οφ ηιγηεστ εξπο−

συρε ρισκσ ανδ mορε ιmπορταντλψ ιν τηε δετερmινα−

τιον οφ χαυσαλ ρελατιονσηιπσ δριϖινγ τηε λοσσεσ. Ιν−

φορmατιον γλεανεδ φροm τηισ αναλψσισ χαν βε απ−

πλιεδ το mορε ταργετεδ mιτιγατιον αχτιονσ. 

4. DΙΣΧΥΣΣΙΟΝ 

 Wηιλε τηερε αρε εξιστινγ mυλτι−ηαζαρδ απ−

προαχηεσ, α συρφαχε βασεδ εξποσυρε αππροαχη 

mελδινγ mυλτιπλε νατυραλ ανδ τεχηνολογιχαλ ηαζ−

αρδσ ισ νοϖελ ανδ προδυχεσ ρεσυλτσ τηατ αρε ηιγηλψ 

αδαπτιϖε ανδ σχαλαβλε. Ιν α δεχισιον−mακινγ χον−

τεξτ, τηισ mακεσ τηε δατα υσεφυλ φορ πλαννινγ ανδ 

αναλψσισ ατ τηε χουντψ, στατε ανδ ρεγιοναλ λεϖελ. Ρε−

σιλιενχε ισ δεφινεδ τηρουγη α ρεγιοναλ εχολογψ απ−

προαχη, ωηερε εξτερναλ φορχεσ αχτ ον α χοmmυνιτψ, 

ανδ τηε ιντεραχτιονσ ωιτη νειγηβορινγ πλαχεσ φορ 

συππορτ αρε σιγνιφιχαντ ιν ρεχοϖερψ (Ηολλινγ 1986). 

Ιν τηισ χοντεξτ, ιτ mακεσ σενσε το εξπανδ τηε ρεαχη 

οφ ηαζαρδσ ιντεγρατιον αχροσσ τηε εντιρετψ οφ τηε 

Υνιτεδ Στατεσ. Φροm α πολιχψ στανδποιντ ασ ωελλ, ιτ 

ισ λογιχαλ το αναλψζε ηαζαρδσ ατ τηε mινιmυm οφ α 

ρεγιοναλ σχαλε. Μανψ δισαστερσ φαρ εξχεεδ λοχαλ χα−

παχιτψ το ρεβουνδ, ανδ ρεγιοναλ ορ νατιοναλ ρε−

σουρχεσ αρε νεεδεδ το αιδ ρεχοϖερψ ιν βοτη τηε 

σηορτ ανδ λονγ τερmσ. Ασ δεϖελοπmεντ ιν αρεασ οφ 

ηιγη εξποσυρε προβαβιλιτψ ινχρεασε (ε.γ. χοασταλ 

αρεασ), τηε λοσσεσ ωιλλ χοντινυε το ρισε ανδ στραιν 

δεϖελοπmεντ γοαλσ ανδ τηε αβιλιτψ το mιτιγατε (Μι−

λεττι 1999). 

 Ιν αδδιτιον το πολιχψ χονχερνσ, τηερε ισ αλσο τηε 

χονσιδερατιον οφ ραπιδλψ χηανγινγ λανδσχαπεσ ανδ 

σηιφτινγ ηαζαρδ−σχαπεσ, mακινγ ιτ χριτιχαλ το ηαϖε 

αν αππροαχη τηατ χαν βε υπδατεδ ον α ρεγυλαρ βασισ. 

Α γοοδ εξαmπλε οφ τηισ ωουλδ βε τηρουγη εξαmι−

νατιον οφ χουντψ λοσσεσ. Κνοωινγ τηατ περ χαπιτα 

ηυmαν ορ προπερτψ λοσσ νυmβερσ ινχρεασε οϖερ 

τιmε ονλψ τελλσ παρτ οφ τηε στορψ. Τηε οτηερ παρτ ισ 

τολδ βψ τηε χηανγε ιν λανδ−υσε ορ ηαζαρδ εξποσυρε. 

Wιτηουτ α mορε δεταιλεδ αναλψσισ, τηερε ισ νο ωαψ 

το κνοω ωηετηερ τηε ινχρεασεδ λοσσεσ αρε τηε ρεσυλτ 

οφ εξπανδινγ υρβαν αρεασ ωηερε ηαζαρδσ οχχυρ, 

ινχρεασεδ εξποσυρε το ηαζαρδσ δυε το α χηανγε ιν 

παττερνσ, ορ σιmπλψ τηε εξιστενχε οφ α νεω ηαζαρδ. 

Βψ αχχουντινγ φορ εαχη οφ τηεσε φαχτορσ, τηε 

ΠΡΙΣΜ αππροαχη αλλοωσ φορ α mορε δεταιλεδ εξ−

αmινατιον οφ αλλ εξποσυρε τψπεσ, ανδ ισ χαπαβλε οφ 

ανσωερινγ τηεσε τψπεσ οφ θυεστιονσ. 

 ΠΡΙΣΜ ρεσυλτσ χαν αλσο φαχιλιτατε δεχισιονσ ατ 

τηε χουντψ, στατε ορ ρεγιοναλ λεϖελ τηρουγη υσε οφ α 

χοmπαρατιϖε ϖαλυε σψστεm τηατ ισ χονσιστεντ αχροσσ 

τηε Υνιτεδ Στατεσ. Φορ α λαργε−σχαλε mυλτι−ηαζαρδ 

αππροαχη, τηισ ισ αν ινχρεδιβλψ ιmπορταντ στεπ τηατ 

ρεmοϖεσ χονφλιχτσ αρισινγ δυε το θυαλιτατιϖε ορ ρε−

γιον σπεχιφιχ ασσεσσmεντσ οφ ηαζαρδ σεϖεριτψ. Ιν 

ΠΡΙΣΜ εξποσυρε ισ χαλχυλατεδ αλονγ ωιτη οτηερ 

ηαζαρδ παραmετερσ, ωηερε αππλιχαβλε (ε.γ. ωινδ 

σπεεδ, εαρτηθυακε mαγνιτυδε, ετχ.), το ασσεσσ mαγ−

νιτυδε, ωηιχη αλλοωσ φορ χοmπαραβιλιτψ αχροσσ ηαζ−

αρδ τψπεσ. Βεχαυσε οφ τηισ υνιφορm εξποσυρε ασ−

σεσσmεντ, ρεγιοναλ δισπαριτιεσ ιν εξποσυρε τψπε δο 

νοτ ιmπαχτ τηε αναλψσισ. Ιmπαχτ ιν τηε φορm οφ σπα−

τιαλ εξτεντ ανδ λοσσ, νοτ σεϖεριτψ οφ τηε εϖεντ, mατ−

τερσ. Ιτ δοεσ νοτ mαττερ ιφ α χατεγορψ 2 ορ α χατεγορψ 

5 ηυρριχανε ηιτσ α χουντψ. Wηατ mαττερσ ισ ηοω 

mανψ πεοπλε, στρυχτυρεσ, ανδ οτηερ ενϖιρονmεντσ 

αρε ιν τηε πατη αλονγ ωιτη λοσσεσ συσταινεδ ασ α ρε−

συλτ οφ τηε εξποσυρε. Ιφ α χουντψ ισ ωελλ πρεπαρεδ 

φορ τηε ηαζαρδ, ιτ ωουλδ βε εξπεχτεδ τηατ λοσσεσ αρε 

λεσσ. Ιτ ισ ϖερψ ποσσιβλε, φολλοωινγ τηισ λογιχ, φορ α 

χουντψ εξποσεδ το α χατεγορψ 3 στορm το ηαϖε 

γρεατερ λοσσεσ τηαν ανοτηερ χουντψ εξποσεδ το α 

χατεγορψ 5 στορm. Ιν τηε ενδ, τηε στρενγτη οφ τηε 

στορm ισ οφ σεχονδαρψ χονχερν το τηε εξτεντ ανδ 

τψπε οφ λοσσεσ ενδυρεδ. Φορ τηισ ρεασον, τηε στορm 

σεϖεριτψ ισ ονλψ υσεδ ασ α τηρεσηολδ ϖαλυε το δετερ−
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mινε ρισκ. Ιτ ισ νοτ υσεδ το χατεγοριζε τηε εξπο−

συρεσ.  

 Wηιλε τηε προβαβιλιτψ οφ ηαζαρδ ρεχυρρενχε ισ 

νοτ σολελψ βασεδ ον ηιστοριχαλ φρεθυενχιεσ, ιτ δοεσ 

αιδ ιν τηε δισχυσσιον βοτη φροm αν εξποσυρε στανδ−

ποιντ ανδ ιν τηε δετερmινατιον οφ δισαστερ φατιγυε. 

Τηε ιmπαχτ οφ mυλτιπλε εϖεντσ οϖερ α ρελατιϖελψ 

σηορτ περιοδ οφ τιmε χαν αλσο ηαϖε α mαϕορ ιmπαχτ 

ον α χοmmυνιτιεσ∏ ρεχοϖερψ ανδ φυτυρε ρεσιλιενχε 

(Βοβροωσκι 2013). Πεοπλε αρε λικελψ το βε ωορν 

δοων, ρεσυλτινγ ιν λοσσ οφ βυσινεσσ ανδ ποτεντιαλ 

εmιγρατιον φροm τηε αρεα. Λονγ τερm ιmπαχτσ το τηε 

εχονοmψ ανδ σοχιαλ νετωορκσ mαψ τακε ψεαρσ το 

ρεχοϖερ; ιφ τηεψ εϖερ δο. 

 Wηιλε τηε ΠΡΙΣΜ mοδελ ωασ δεϖελοπεδ ωιτη α 

σπεχιφιχ πυρποσε, τηε φιναλ προδυχτ χαν ψιελδ mυχη 

γρεατερ υσε ιν γενεραλ ηαζαρδσ πλαννινγ. Ασιδε 

φροm τηε χονσιδερατιον οφ ποτεντιαλ ηαζαρδ−τψπε 

εξποσυρε το αν αρεα, ιτ ισ εθυαλλψ ιmπορταντ το χον−

σιδερ τηε λανδ τψπεσ βεινγ ιmπαχτεδ. Αλλ πλαχεσ αρε 

διφφερεντ, ανδ τηισ mακεσ φορ διφφερενχεσ ιν τηειρ 

ϖυλνεραβιλιτιεσ. Ιν mοστ χασεσ, ρισκ ισ ασσεσσεδ 

σολελψ ωιτη ρεγαρδσ το δεϖελοπεδ λανδσ. Πεοπλε 

ωορρψ αβουτ ιmπαχτσ το λιϖεσ, ϕοβσ, ανδ στρυχτυρεσ 

πριmαριλψ, ωηιλε ρισκ mοδελσ φαιλ το σεπαρατε ουτ τηε 

λανδσχαπε το αχχουντ φορ διφφερεντ λανδ υσεσ. Τηε 

ΠΡΙΣΜ mοδελ υσεσ τηρεε λανδ χλασσιφιχατιον χατε−

γοριεσ το λοοκ ατ ρισκ ιν τηε χοντεξτ οφ mαναγεmεντ 

δεχισιονσ. Τηε τηρεε χηοιχεσ φορ λανδ υσε ωερε 

mεαντ το διστινγυιση ανδ χαλλ αττεντιον το πλαχεσ 

ωηερε χονφλιχτσ οφ ιντερεστ mαψ αρισε. Τηεσε δυαλ−

βενεφιτ λανδσ αρε δεφινεδ βψ τηειρ χοmβινεδ ϖαλυε 

το βοτη ηυmανσ ανδ το εχοσψστεm ηεαλτη. Τηεσε 

λανδσ τψπιχαλλψ δο νοτ ηολδ mανψ πεοπλε ανδ αρε 

νεγλεχτεδ ιν mοστ δισχυσσιονσ οφ ρισκ, ωηετηερ ιτ βε 

νατυραλ ορ αντηροπογενιχ. Μυχη οφ τηισ λανδ τψπε ισ 

τηρεατενεδ, ηοωεϖερ, ανδ τηισ τηρεατ αππεαρσ το βε 

ον τηε ινχρεασε. Λοοκινγ ατ τηε δεσχριπτιϖε στατισ−

τιχσ φορ εαχη λανδ τψπε, ιτ ισ αλσο χλεαρ τηατ δυαλ−

βενεφιτ λανδσ αρε τηε δριϖερ βεηινδ τηε οϖεραλλ ρισκ 

ϖαλυε.  

 Γιϖεν τηε χηαλλενγεσ δισχυσσεδ ηερε, α νεω απ−

προαχη το mυλτι−ηαζαρδ ασσεσσmεντ ισ ουτλινεδ ωιτη 

αν ιντεντ το χρεατε α σινγλε mεασυρε οφ ηαζαρδ ρισκ 

φορ α λοχατιον το βε ινχορπορατεδ ιντο φυρτηερ ασ−

σεσσmεντσ οφ ρεσιλιενχε, ναmελψ τηε Χλιmατε Ρεσιλ−

ιενχε Σχρεενινγ Ινδεξ (ΧΡΣΙ; Συmmερσ ετ αλ. 

2017). Τηισ mοδελ υσεσ αν ιντεγρατεδ σπατιαλ απ−

προαχη το ασσεσσ mυλτι−ηαζαρδ εξποσυρε οφ α λανδ−

σχαπε το διστιλλ α σινγλε ϖαλυε ρεπρεσεντινγ α χροσσ−

σεχτιον οφ τηισ εξποσυρε ωιτη τηε ϖυλνεραβιλιτιεσ 

αχροσσ χουντιεσ. Τηισ ισ α νοϖελ αππροαχη mεαντ το 

στρεαmλινε τηε ασσεσσmεντ οφ mυλτι−ηαζαρδ ρισκσ ϖια 

τηε ρεmοϖαλ οφ βοτη συβϕεχτιϖε ιmπαχτ mεασυρεσ 

ανδ χοmπλιχατεδ ηαζαρδ mαπσ. 

ΕΤΗΙΧΣ ΑΠΠΡΟςΑΛ ΑΝD ΧΟΝΣΕΝΤ ΤΟ 

ΠΑΡΤΙΧΙΠΑΤΕ 

 Νοτ αππλιχαβλε. 

ΗΥΜΑΝ ΑΝD ΑΝΙΜΑΛ ΡΙΓΗΤΣ 

 Νο Ανιmαλσ/Ηυmανσ ωερε υσεδ φορ στυδιεσ τηατ 

αρε τηε βασισ οφ τηισ ρεσεαρχη. 

ΧΟΝΣΕΝΤ ΦΟΡ ΠΥΒΛΙΧΑΤΙΟΝ 

 Νοτ αππλιχαβλε. 

ΧΟΝΦΛΙΧΤ ΟΦ ΙΝΤΕΡΕΣΤ 

 Τηε αυτηορσ δεχλαρε νο χονφλιχτ οφ ιντερεστ, φι−

νανχιαλ ορ οτηερωισε. 

ΑΧΚΝΟWΛΕDΓΕΜΕΝΤΣ 

 Dεχλαρεδ νονε. 
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Justifications:

Justification 1:

The association between air pollution exposure and adverse cardiovascular outcomes is well established. Yet, efforts to

quantify the cardiovascular health burden of a given ambient air shed have been hampered by the uncertainty relating to

the potential biological responses resulting from the interaction of various constituents within that air shed and the identity

of the components that drive toxicity. The publications described herein present the results of a systematic effort to

disentangle the effects of components within mixtures by comparing the cardiovascular impacts of exposure to simple

combinations of NAAQS and hazardous air pollutants in rodents. The first study (Farraj et al. 2015) examined impacts of

co-exposure to ambient PM and O3 during winter and summer seasons in hypertensive rats. Although there was a marked

effect of season on PM mass, size, composition, and contributing sources, ambient PM and O3 co-exposure caused more

cardiac electrical disturbances and autonomic responses than exposure to either pollutant alone during both seasons. The

second study (i.e. Thompson et al. 2019; Note: this study, although published last was conducted before the Hazari et al

study) examined the impacts of co-exposure to ambient PM and the hazardous air pollutant acrolein in mice. Intermittent

co-exposure to ambient PM and acrolein, but not exposure to either alone, caused myocardial dyssynchrony, indicating

impaired coordination of heart muscle contraction. Furthermore, this co-exposure effect was absent in mice lacking

expression of the transient receptor potential cation channel A1 (TRPA1), a prominent sensor of environmental irritants in

the lung, potentially indicating a plausible mechanism of action common across air pollution mixtures. The results from

these two studies demonstrate that exposure to binary combinations of pollutants elicits cardiovascular effects that are

unique and perhaps more serious than effects caused by exposure to individual pollutants alone. We subsequently

compared the effects of two air pollution mixtures that, although differing in levels of key constituents, had similar air

quality health indices (AQHI), an index of health risk based on ambient pollutant levels. Mice were exposed to

photochemical smog mixtures with either high PM and low O3 levels or low PM and high O3 levels. Smog rich in O3 and

other irritant gases caused more cardiac electrical disturbances and breathing changes than high PM smog, illustrating that

levels of specific components influence health responses. Collectively, these studies provide 1) strong biological

plausibility for more severe health effects from air pollution mixtures compared to single pollutants and 2) evidence that

the composition of the mixture is a key determinant of toxicity.

 

The work described in these publications were part of research projects (ACE Task 035, PEP 1.2, and PEP1.3) outlined in

ORD's Air and Energy Strategic Research Action Plans including 1) characterization of additive and synergistic health

effects and associated mechanisms resulting from exposure to simple mixtures of pollutants including hazardous air

pollutants and 2) comparison of health outcomes of complex mixtures with contrasting levels of NAAQS pollutants, but

similar AQHI levels. Taken together, the findings from these studies increase our understanding of true multipollutant

health effects. Greater than additive effects with mixtures may explain phenomena frequently observed at low ambient

exposure levels, including those at and below national standards for single pollutants. Furthermore, health responses are

determined by the unique chemistry of air pollution mixtures. Awareness of the potential for interactive effects and the

importance of air pollution chemistry as part of a larger multipollutant approach to air pollution health assessment may

reduce uncertainty, improve risk assessment efforts, and assist the Office of Air and Radiation in its efforts to strengthen
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single pollutant standard determinations. Furthermore, these findings will inform local and national public health and air

policy officials by providing a science-based framework to target the most toxic sources.

Justification 2A:

The studies described in these publications were part of a concerted effort to characterize the additive and synergistic

effects of simple mixtures as well as compare more complex mixtures that varied in composition and were done in

parallel. The first study (Farraj et al. 2015) examined the impacts of co-exposure to ambient PM and O3 during winter and

summer seasons in hypertensive rats. PM and O3 were selected as the first pollutants to be studied because in addition to

being co-localized in most air sheds, they are also the most prominent air pollutants associated with cardiovascular

responses. To build on the first study with PM and O3, we realized that other air pollutants co-localize with PM including

the hazardous air pollutant acrolein, which is a ubiquitous aldehyde produced during the combustion of organic material

like tobacco, wood, fats, and other fuels. Acrolein is an upper airway irritant that causes well-documented adverse

cardiopulmonary effects on its own. Thus, the second study (i.e. Thompson et al. 2019) examined the impacts of

co-exposure to ambient PM and acrolein in mice. Finally, up to this point we had focused on simple binary combinations

of air pollutants to demonstrate “proof-of-concept,” but in reality, air pollution is much more complex. Primary emissions

undergo photochemical aging and transformation in the atmosphere giving rise to a complex smog mixture of multiple

secondary reaction products. Moreover, the potency of a mixture may depend on the relative quantity of specific

constituents within a mixture. Therefore, the third study (Hazari et al. 2018), using a novel photochemical reaction

chamber to generate smog, compared the cardiovascular health effects of two photochemical smog mixtures with similar

AQHI’s, but that differed in levels of PM and O3 among other components, in mice. The findings from the three studies

collectively provide evidence for effects of air pollution mixtures that are distinct from effects of single pollutants and that

are dependent on the levels of specific constituents within a mixture.

Justification 2B:

Wayne Cascio: Researching the role of neuroendocrine stress axes activation in systemic and pulmonary

health effects of air pollutants. Miller DB, Ghio AJ, Karoly ED, Bell LN, Snow SJ, Madden MC, Soukup J,

Cascio WE, Gilmour MI, Kodavanti UP. Ozone Exposure Increases Circulating Stress Hormones and Lipid

Metabolites in Humans. Am J Respir Crit Care Med. 2016 Jun 15;193(12):1382-91. 2017, STAA Level II.

 

Wayne Cascio: Demonstrating the effects of air pollution on individuals with prior cardiac complications. 2017,

STAA Level II.
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Wayne Cascio: Dietary supplementation with olive oil or fish oil and vascular effects of concentrated ambient

particulate matter” published in Environmental Health Perspectives, and Dietary and pharmacological

intervention to mitigate the health effects of air pollution toxicity” published in Biochim Biophs Acta-General

Subjects. 2017, STAA Honorable Mention.

 

Wayne Cascio: Ozone induces glucose intolerance and systemic metabolic effects in young and aged Brown

Norway rats. Toxicology and Applied Pharmacology, December 2013, 273(3):551–560; and Episodic ozone

exposure in adult and senescent Brown Norway rats: acute and delayed effect on heart rate, core temperature

and motor activity. Toxicology, June 2014, 26(7):380-90. 2016, STAA Honorable Mention

 

Wayne Cascio: “Research Informing How Omega-3 Fatty Acids Can Protect People From Effects of Air

Pollution”. Awarded for the paper, Omega- 3 Fatty Acid Supplementation Attenuates Particulate Air Pollution

Induced Cardiac Effects and Lipid Changes in Healthy Middle-Aged Adult Volunteers. Environmental Health

Perspectives, 120(7):952-7 (2012). 2015, STAA Level III.

 

Ian Gilmour: “Development of a system for assessing the health impact of wildfire smoke.” Kim YH, King C,

Krantz T, Hargrove MM, George IJ, McGee J, Copeland L, Hays MD, Landis MS, Higuchi M, Gavett SH,

Gilmour MI. The role of fuel type and combustion phase on the toxicity of biomass smoke following inhalation

exposure in mice. Arch Toxicol. 2019. doi: 10.1007/s00204-019-02450-5. 2019, STAA Level III

 

Ian Gilmour: “Researching the role of neuroendocrine stress axes activation in health effects of air pollutants.” 

Miller DB, Ghio AJ, Karoly ED, Bell LN, Snow SJ, Madden MC, Soukup J, Cascio WE, Gilmour MI, Kodavanti

UP. Ozone Exposure Increases Circulating Stress Hormones and Lipid Metabolites in Humans. Am J Respir

Crit Care Med. 2016 Jun 15;193(12):1382-91. 2017 STAA Level II.

 

Ian Gilmour: “Mutagenicity and pollutant emissions factors for solid-fuel cookstoves.” Mutlu E, Warren SH,

Ebersviller SM, Kooter IM, Schmid JE, Dye JA, Linak WP, Gilmour MI, Jetter JJ, Higuchi M, DeMarini DM.

Mutagenicity and Pollutant Emission Factors of Solid-Fuel Cookstoves: Comparison with Other Combustion

Sources. Environ Health Perspect. 2016 Jul;124(7):974-82. 2017, STAA Honorable mention.
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Ian Gilmour: “Comparative toxicity of wildfire smoke.” Kim YH., Yong H., Daniels, M., Boykin E.., Krantz, T.,

Gilmour MI. Cardiopulmonary toxicity of peat wildfire particulate matter and the predictive utility of precision cut

lung slices. Particle and Fiber Toxicology 11 (Article 29). 2014. 2015, STAA Level II.

 

Ian Gilmour: “Near road modeling and measurement of cerium containing particles generated by diesel fuel

additives. 

Snow SJ, McGee J, Miller DB, Bass V, Schladweiler MC, Thomas RF, Krantz T, King C, Ledbetter AD,

Richards J, Weinstein JP, Conner T, Willis R, Linak WP, Nash D, Wood CE, Elmore SA, Morrison JP, Johnson

CL, Gilmour MI, Kodavanti UP. Inhaled diesel emissions generated with cerium oxide nanoparticle fuel additive

induce adverse pulmonary and systemic effects. Toxicol Sci. 2014 Dec;142(2):403-17. 2015, STAA Level III.

 

Aimen Farraj, Mehdi Hazari, and Leslie Thompson: For following publications: Uterine Artery Flow and

Offspring Growth in Long-Evans Rats following Maternal Exposure to Ozone during Implantation. Published in

Environmental Health Perspectives. Aspirin Pre-Treatment Modulates Ozone-Induced Fetal Growth Restriction

and Alterations in Uterine blood flow in rats. Published in Reproductive Toxicology. 2019, STAA Honorable

mention.

 

Mark Higuchi: “Development of a system for assessing the health impact of wildfire smoke.” Kim YH, King C,

Krantz T, Hargrove MM, George IJ, McGee J, Copeland L, Hays MD, Landis MS, Higuchi M, Gavett SH,

Gilmour MI. The role of fuel type and combustion phase on the toxicity of biomass smoke following inhalation

exposure in mice. Arch Toxicol. 2019. doi: 10.1007/s00204-019-02450-5. 2019, STAA Level III.

 

Mark Higuchi: “Mutagenicity and pollutant emissions factors for solid-fuel cookstoves.” Mutlu E, Warren SH,

Ebersviller SM, Kooter IM, Schmid JE, Dye JA, Linak WP, Gilmour MI, Jetter JJ, Higuchi M, DeMarini DM.

Mutagenicity and Pollutant Emission Factors of Solid-Fuel Cookstoves: Comparison with Other Combustion

Sources. Environ Health Perspect. 2016 Jul;124(7):974-82. 2017, STAA Honorable mention.



Page 6 of 21

 

Kacey Kovalcik: Cardiopulmonary Toxicity of Peat Wildfire Particulate Matter and the Predictive Utility of

Precision Cut Lung Slices. Particle and Fibre Toxicology, 11(29):1-17 (2014). 2015, STAA Level II.

Kacey Kovalcik: Near Road Modeling and Measurement of Cerium Containing Particles Generated by

Nanoparticle Diesel Fuel Additive Use; Environmental Science & Technology, 48(18):10607-10613 (2014).

Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel Additive Induce Adverse Pulmonary

and Systemic Effects; Toxicological Sciences, 142(2):403-417 (2014). Predicting the Effects of Nanoscale

Cerium Additives in Diesel Fuel on Regional Scale Air Quality; Environmental Science & Technology,

48(21):12775-12782 (2014). 2015, STAA Level III.

 

Todd Krantz: “Development of a system for assessing the health impact of wildfire smoke.” Kim YH, King C,

Krantz T, Hargrove MM, George IJ, McGee J, Copeland L, Hays MD, Landis MS, Higuchi M, Gavett SH,

Gilmour MI. The role of fuel type and combustion phase on the toxicity of biomass smoke following inhalation

exposure in mice. Arch Toxicol. 2019. doi: 10.1007/s00204-019-02450-5. 2019, STAA Level III.

 

Todd Krantz: “Comparative toxicity of wildfire smoke.” Kim YH., Yong H., Daniels, M., Boykin E.., Krantz, T.,

Gilmour MI. Cardiopulmonary toxicity of peat wildfire particulate matter and the predictive utility of precision cut

lung slices. Particle and Fiber Toxicology 11 (Article 29). 2014. 2015, STAA Level II.

 

Todd Krantz: “Near road modeling and measurement of cerium containing particles generated by diesel fuel

additives.” Snow SJ, McGee J, Miller DB, Bass V, Schladweiler MC, Thomas RF, Krantz T, King C, Ledbetter

AD, Richards J, Weinstein JP, Conner T, Willis R, Linak WP, Nash D, Wood CE, Elmore SA, Morrison JP,

Johnson CL, Gilmour MI, Kodavanti UP. Inhaled diesel emissions generated with cerium oxide nanoparticle

fuel additive induce adverse pulmonary and systemic effects. Toxicol Sci. 2014 Dec;142(2):403-17. 2015,

STAA Level III.
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John McGee: Cardiopulmonary Toxicity of Peat Wildfire Particulate Matter and the Predictive Utility of Precision

Cut Lung Slices Particle and Fibre Toxicology, 11(29):1-17. 2015, STAA Level II.

John McGee: Inhaled Diesel Emissions Generated with Cerium Oxide Nanoparticle Fuel Additive Induce

Adverse Pulmonary and Systemic Effects Toxicological Sciences/Peer Reviewed Journal Article,

142(2):403-417. 2015, STAA Level III.

Charles Wood: “Environmental Stress During a Critical Window in Pregnancy Impairs Fetal Growth Reference”:

Miller CN, Ledbetter AD, Schladweiler MC, Richards JE, Wood CE, Snow S, Johnstone A, Jaskot R, Henriquez

A, Thompson LA, Farraj A, Hazari M, Dye JA, Kodavanti U. Uterine Artery Flow and Offspring Growth in

Long-Evans Rats Following Maternal Exposure to Ozone During Implantation. Environ Health Perspect

2017;125(12):127005. 2019, STAA Honorable Mention.

Charles Wood: “Development of a Novel Experimental System to Evaluate Predictive Toxicity Signatures.”

Reference: Tal TL, McCollum CW, Harris PS, Olin J, Kleinstreuer N, Wood CE, Hans C, Shah S, Merchant FA,

Bondesson M, Knudsen TB, Padilla S, Hemmer MJ. Immediate and long-term consequences of vascular

toxicity during zebrafish development. Reprod Toxicol 2014;48:51-61. 2015, STAA Honorable Mention.

Justification 2C:

I (Aimen Farraj) have not submitted any STAA nomination in the past 5 years. This is the only nomination being

submitted this year. I was a co-author on the publication “Uterine Artery Flow and Offspring Growth in Long-Evans Rats

Following Maternal Exposure to Ozone During Implantation. Environ Health Perspect 2017;125(12):127005” that

received an honorable mention in 2019. That publication looked at responses after exposure to ozone alone, whereas the

present publications examined impacts after to exposures to 2 or more air pollutants simultaneously, an approach that we

had not explored previously.

Justification 2D:

n/a

Justification 2E:
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Not aware of any concurrent nominations.

Justification 3A:

The Farraj et al. (2015) manuscript has received high visibility as evidenced by the
3345 unique accesses (as of April 30, 2020) since publication. Furthermore,
according to Google Scholar, the manuscript has been cited 27 times. In addition,
work leading up to this manuscript was selected for a platform presentation at the
2014 Annual meeting of the Society of Toxicology. The Thompson et al (2019)
manuscript has received high visibility on several fronts. Firstly, it was featured in
the Editor’s Highlights section in the journal issue in which it was published (
https://academic.oup.com/toxsci/article/167/2/305/5305814). In addition, despite
being a relatively new manuscript, it has already been accessed 992 times and,
according to Google Scholar, cited 3 times. It has also received plenty of online
attention as well as evidenced by its altimetric score of 7, which is due to social
media interest (10 Tweets and one Facebook post). Furthermore, the lead author of
this work (Leslie Thompson) won the Best Post-doctoral award for his abstract
based on this work from the Cardiovascular Specialty Section of the Society of
Toxicology. The Hazari et al (2018) manuscript has also been recognized on several
fronts. The entire team responsible for this study received two internal awards for
this work: 1) the Bronze Medal for Commendable Service for the effort entitled
“Comparative Chemistry and Toxicity of Photochemical Air Pollution Mixtures”
conferred by the Office of Research & Development of the U.S. EPA in November
2019 and 2) the National Exposure Research Laboratory Exposure Science
Excellence Award awarded for work related to smog atmosphere characterization
and health effects, also awarded in November 2019. Furthermore, this manuscript
has already been accessed 426 times and, according to Google Scholar, cited 7
times. In addition, the journal in which it was published (Environmental Science
and Technology) dedicated a special issue to work from our group.

Justification 3B:

These manuscripts were peer-reviewed internally by non-contributing Principal Investigators, Branch Chiefs and Division

Directors within NHEERL and were approved for NHEERL clearance by the Cardiopulmonary and Immunotoxicology

Branch chief and Environmental Public Health Division director at the time. Additionally, the journals Particle & Fibre

Toxicology, Toxicological Sciences and Environmental Science and Technology have established rigorous, blinded, and

independent peer review processes that ensure thorough review of technical quality and scientific merit by experts in the

field as well as journal editors before acceptance. 

https://academic.oup.com/toxsci/article/167/2/305/5305814
https://academic.oup.com/toxsci/article/167/2/305/5305814
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RESEARCH Open Access

Cardiac effects of seasonal ambient particulate
matter and ozone co-exposure in rats
Aimen K Farraj1*, Leon Walsh1, Najwa Haykal-Coates1, Fatiha Malik1, John McGee1, Darrell Winsett1,
Rachelle Duvall2, Kasey Kovalcik2, Wayne E Cascio1, Mark Higuchi1 and Mehdi S Hazari1

Abstract

Background: The potential for seasonal differences in the physicochemical characteristics of ambient particulate
matter (PM) to modify interactive effects with gaseous pollutants has not been thoroughly examined. The purpose
of this study was to compare cardiac responses in conscious hypertensive rats co-exposed to concentrated ambient
particulates (CAPs) and ozone (O3) in Durham, NC during the summer and winter, and to analyze responses based
on particle mass and chemistry.

Methods: Rats were exposed once for 4 hrs by whole-body inhalation to fine CAPs alone (target concentration:
150 μg/m3), O3 (0.2 ppm) alone, CAPs plus O3, or filtered air during summer 2011 and winter 2012. Telemetered
electrocardiographic (ECG) data from implanted biosensors were analyzed for heart rate (HR), ECG parameters, heart
rate variability (HRV), and spontaneous arrhythmia. The sensitivity to triggering of arrhythmia was measured in a
separate cohort one day after exposure using intravenously administered aconitine. PM elemental composition and
organic and elemental carbon fractions were analyzed by high-resolution inductively coupled plasma–mass
spectrometry and thermo-optical pyrolytic vaporization, respectively. Particulate sources were inferred from
elemental analysis using a chemical mass balance model.

Results: Seasonal differences in CAPs composition were most evident in particle mass concentrations (summer,
171 μg/m3; winter, 85 μg/m3), size (summer, 324 nm; winter, 125 nm), organic:elemental carbon ratios (summer,
16.6; winter, 9.7), and sulfate levels (summer, 49.1 μg/m3; winter, 16.8 μg/m3). Enrichment of metals in winter PM
resulted in equivalent summer and winter metal exposure concentrations. Source apportionment analysis showed
enrichment for anthropogenic and marine salt sources during winter exposures compared to summer exposures,
although only 4% of the total PM mass was attributed to marine salt sources. Single pollutant cardiovascular effects
with CAPs and O3 were present during both summer and winter exposures, with evidence for unique effects of
co-exposures and associated changes in autonomic tone.

Conclusions: These findings provide evidence for a pronounced effect of season on PM mass, size, composition,
and contributing sources, and exposure-induced cardiovascular responses. Although there was inconsistency in
biological responses, some cardiovascular responses were evident only in the co-exposure group during both
seasons despite variability in PM physicochemical composition. These findings suggest that a single ambient PM
metric alone is not sufficient to predict potential for interactive health effects with other air pollutants.

Keywords: Ambient particulate matter, Ozone, Season, Cardiac, Health effects, Co-exposure, Electrocardiogram,
Rats, Source apportionment, Elements
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Background
Attempts to quantify the cardiovascular health burden

resulting from exposure to particulate matter air pollu-

tion and identify biologically plausible mechanisms of

action have been encumbered by the variability in PM

composition. The physical and chemical properties of

ambient PM in a given air shed are dependent on a

number of factors including local geography, proximity

to emission sources, time of day, and meteorology. Re-

cent studies point to a pronounced seasonal pattern in

fine PM (PM with an aerodynamic diameter less than

2.5 microns; PM2.5) composition across the U.S. with

higher levels of sulfate, aluminum and magnesium in the

summer and higher levels of nitrate, zinc and nickel in

the winter [1]. Time-series data from 202 U.S. counties

[2] point to a commensurate seasonal impact on health

effects including stronger PM2.5 associations with same

day cardiovascular and respiratory hospital admissions

during the winter than in the summer. By contrast,

Goldberg et al. [3] found carbon particle-related mortal-

ity was higher during the summer than in winter. In

mouse studies, exposure to winter ambient PM caused

greater pulmonary neutrophil influx [4] and greater sys-

temic pro-inflammatory and procoagulant responses [5]

than exposure to summer PM. In contrast, Happo et al.

[6] found that PM collected in spring produced greater

inflammatory responses in mouse lung than PM samples

collected in the fall. Divergent responses have also been

noted using in vitro models [7,8]. Components and/or

properties of PM that vary across season and that drive

season-dependent health effects of exposure need to be

defined.

While the characteristics of PM are critical, PM is only

one component of a complex air pollution mixture that

also includes gases and volatile compounds. Assessment

of the health effects of exposure at a given ambient air

shed, therefore, must account for non-PM components

and the potential for additive, synergistic or antagonistic

responses resulting from gas-particle interactions. A

growing body of evidence is pointing to interactive ef-

fects of exposure with a variety of air pollutants, includ-

ing nitrogen dioxide (NO2), ambient PM, and O3 [9].

PM and O3 co-exposure has been linked to more pro-

nounced cardiovascular responses including increased

diastolic blood pressure [10] and dispersion of ventricu-

lar repolarization [11] in humans and decreased HRV

[12], and epicardial adipose tissue inflammation in rats

[13]. The unique physicochemical characteristics of PM

within each season may determine interaction between

components within an air pollution mixture and serve as

an important contributing factor in health outcomes.

Like other regions of the U.S., central North Carolina

is subject to seasonal shifts in PM2.5 composition with

summer PM dominated by sulfate, and winter by nitrates

[14]. Little is known about the influence of season on

both ambient PM chemistry and cardiovascular re-

sponses within this region, particularly in the context of

co-pollutant exposures. We have previously shown that

exposure to various air pollutants causes exaggerated

cardiovascular responses in rats [15-18]. The purpose of

this study was to compare the impacts of a single sum-

mer exposure to CAPs with or without O3 on cardiovas-

cular responses in rats to similar exposures during the

winter and relate the responses to differences in seasonal

PM composition. ECG intervals and amplitudes, HR,

spontaneous arrhythmia and HRV, an indicator of auto-

nomic tone, were measured. In addition, sensitivity to

myocardial calcium loading, an index of latent vulner-

ability to cardiac arrhythmia, and pulmonary and sys-

temic indicators of inflammation were assessed one day

after exposure. PM exposure characteristics and me-

teorological conditions were documented. Finally, elem-

ental analysis data were used to quantify PM sources

using a chemical mass balance model.

Results
Weather patterns

Summer and winter local weather patterns during expo-

sures were unstable with unusually low ambient PM

concentrations. Wind patterns shifted up to 180 degrees

each day and were never consistent long enough to es-

tablish stable ambient PM levels. A map of superim-

posed backward trajectories (Figure 1) was created using

the Hybrid Single Particle Lagrangian Integrated Trajec-

tory Model (HYSPLIT; web version; Draxler, RR et al.) at

the Real-Time Environmental Applications and Display

sYstem (READY; Rolph, DG) website developed by the

Air Resources Laboratory of the NOAA. Archived me-

teorological data (online) was utilized to model the dir-

ection and location of the test air mass in 6 hr

increments for the previous 24 hr before 10 am local

time of each exposure day. The trajectories terminated

at the exposure facility in A-Building of the CRF in RTP,

NC. (Latitude: 35.88350; Longitude: −78.87460). The

tracings shown in Figure 1 illustrate how a uniform pat-

tern of exposure sources was precluded because the dir-

ection of the air mass source changed for each daily

exposure. Trajectories plotted do not follow air mass

chronological fate after an exposure day, but rather,

show how new air masses replaced current from day to

day.

Exposure concentrations

Due to unusually low ambient PM levels and unseason-

ably small PM sizes for the winter test days, coupled

with splitting CAPs system output between 2 chambers,

target PM concentrations were not achievable during

the winter exposures. The protocol was revised such that

Farraj et al. Particle and Fibre Toxicology  (2015) 12:12 Page 2 of 20



for the initial PM exposures of each group, maximum

achievable concentration was provided. For the subse-

quent exposures, we attempted to match the first day’s

PM levels by including dilution air to regulate chamber

PM levels. Filter samples were collected from each

chamber and the system inlet for the PM exposures only

as sampling the filtered air chambers (O3 only and air

controls) provided insufficient sample mass for either ac-

curate weighing or detectable levels for chemical ana-

lysis. One filter, 37 mm Teflon for mass concentration in

the CAPs + O3 chamber on 8/17/11 failed during the ex-

posure so that gravimetric sample was lost. The loss of

the 37 mm Teflon mass sample did not affect PM chem-

ical analysis or source apportionment modeling, which

were performed using data derived from 47 mm Teflon,

Nylasorb, and quartz filter samples. Chamber PM mass

concentration for that exposure was determined by com-

puting an average DustTrak (DT) calibration factor (DT

cal factor = Filter conc/Avg DT conc) for other runs of

PM filters vs average DT indicated concentrations and

applying the factor to DT data for the run with the failed

filter sample. Average ambient PM levels from filter

samples were ~13.7 ug/m3 for summer and ~8.4 ug/m3

for winter PM exposure days. Summer ambient source

PM size was larger than winter PM size producing better

concentrating effects in the CAPs system during sum-

mer exposure days (Table 1). Background O3 levels mea-

sured in the CAPs only and air control chambers ranged

from 2.5 to 10.5 ppb in the summer and winter. Cham-

ber CAPs and O3 concentrations and environmental

conditions for each group are reported in Table 1.

Chemical composition of CAPs

Group-averaged PM elemental and carbon fraction com-

position for summer and winter exposures are shown in

Tables 2 and 3. Two sets of units are required to de-

scribe the aerosol: μg PM component per g PM (Table 2)

shows seasonal differences in PM composition, and μg

PM component per cubic meter chamber air (Table 3)

shows chamber concentrations during exposures. When

 Airflow Trajectory 

Figure 1 A map of superimposed backward trajectories using the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) at the
Real-Time Environmental Applications and Display sYstem (READY) website developed by the Air Resources Laboratory of the National Oceanic
and Atmospheric Administration. Archived meteorological data was utilized to model the direction and location of the test air mass for the
previous 24 hr before 10 am local time (2 pm UTC (Universal Time Coordinated)) of each exposure day. Each trajectory represents a different air
mass for each winter exposure day (2/28/12, and 2/29/12, and 3/07/12 and blue in color) and each summer exposure day (8/17/11 and 8/18/11
and red in color) and terminates at the exposure facility in A-Building of the US EPA campus in Durham, NC (indicated by a star). Triangle
symbols indicate time of day (UTC) in 6 hour increments with larger symbols corresponding to midnight UTC (8 pm local time) in each path.
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expressed as μg/g, PM composition differences between

summer and winter were pronounced. No elements were

enriched in summer relative to winter. Relative to sum-

mer, sodium, magnesium, and calcium were enriched at

levels of 4–6 times higher in winter PM, and levels of

another 15 elements were enriched by 2- 3-fold. How-

ever, expressing PM concentration in units of μg/m3 ex-

posure atmosphere takes into account the PM mass

concentrations, which were approximately 2 times

greater in summer. Table 3 shows that the overall elem-

ental levels in the inhalation chambers were largely the

same for both seasons’ exposures, with a few exceptions.

Chromium and sulfate levels were 2 to 3 times higher in

summer, while alkali elements sodium, magnesium, and

calcium were 2 to 3 times higher in winter.

Source apportionment analysis

Average source contributions to the CAPS and CAPS +

O3 mixtures are displayed in Figure 2 (Additional file 1:

Table S1 and Additional file 2: Figure S1, respectively,

show the same data in tabular and bar chart format);

daily samples used to calculate averages are also found

in Additional file 3: Table S2 and Additional file 4: Table

S3, respectively. Across both seasons and pollutant mix-

tures, the CMB model explained between 60-100% of

the particle mass (R2 ranged from 0.76 to 0.92). The fit

statistics including percent mass explained, R2, chi

Square, and T-statistic were within the recommended

values [19]. Nitrate data were not available for inclusion

in the CMB runs; therefore, some of the unresolved

mass may be due to secondary nitrate (Aneja et al. [14]

showed that nitrate levels in PM peak during winter

months in North Carolina). The largest sources during

both the summer and winter exposures included mobile

sources (14-17% by mass), wood combustion (12-30%),

and secondary sulfate (24-40%). Higher contributions of

wood combustion were found during the winter expo-

sures. Road dust and marine salt contributions were also

higher during the winter exposures. In particular for

marine salt, air flow trajectories (Figure 1) show that air

masses originated from the ocean on 2/29/12 and 3/7/

12. These observations are supported by the CMB re-

sults in which marine salt contributions were elevated

on those two days for both the CAPS and CAPS + O3

mixtures (Table S2).

Heart rate

Despite being acclimated to the exposure chambers on

non-exposure days, rats routinely demonstrate elevated

HR during baseline pre-exposure periods on exposure

days. This was evident in rats exposed to filtered air dur-

ing both summer and winter months. Figure 3 shows

group averages normalized to baseline pre-exposure

values (i.e. Exposure minus Pre-exposure Baseline). In

the summer, rats during exposure to O3, had a greater

decrease in HR than rats exposed to filtered air (p <

0.05). There were no significant effects of CAPS or

CAPS +O3 exposure relative to filtered air controls.

In the winter, unlike O3 exposure during the summer,

O3 did not cause a significant decrease in HR during ex-

posure. By contrast, CAPs exposure caused a greater de-

crease in HR than filtered air exposure (p < 0.05). CAPS +

O3 caused the opposite effect resulting in an increase in

HR relative to filtered air (p < 0.05).

HR did not change after exposure (i.e. 6-hour period

after exposure) when compared to baseline in any ex-

posure group during either season.

Table 1 Exposures concentrations, particle size and chamber and ambient weather conditions

Exposure dates Summer exposures Winter exposures

Air CAPs O3 CAPs + O3 Air CAPs O3 CAPs + O3

23 Aug11 17 Aug11 23 Aug11 17 Aug11 5 Mar12 28 Feb12 05 Mar12 28 Feb12

2 Aug11 18 Aug11 24 Aug11 18 Aug11 6 Mar12 29 Feb12 06 Mar12 29 Feb12

7 Mar12 7 Mar12

O3 (ppb) 5.8 4.8 197.1 203.1 2.5 10.5 199.4 198.3

PM Mass (μg/m3) — 168.7 — 174.9 — 78.5 — 91.3

Particle Size (nm) — 333.4 — 315.0 — 125.5 — 125.0

Geometric Mean — 316.1 — 295.8 — 125.5 — 125.0

Mode — 316.1 — 295.8 — 125.5 — 125.0

Geometric SD — 1.96 — 1.97 — 1.95 — 2.02

Chamber Temp (F) 72.6 72.5 70.8 70.4 73.6 72.3 71.2 69.6

Chamber RH (%) 51.3 50.3 51.3 56.5 46.7 42.6 51.0 47.1

Ambient Temp (F) 77.5 80 77.5 80 44.8 55.5 44.8 55.5

Ambient RH (%) 55 69.5 55 69.5 45.8 68.2 45.8 68.2
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Electrocardiographic parameters

In the summer, O3 exposure significantly increased PR

interval relative to filtered air controls (p < 0.05) (Figure 4).

By contrast CAPS exposure significantly decreased the PR

interval relative to filtered air controls (p < 0.05). CAPS +

O3 exposure produced no effect. During winter, no expos-

ure affected the PR interval. In addition, PR interval did

not change after exposure in any exposure group during

either season.

In the summer, there were no effects of CAPs or O3 ex-

posure on QTc interval relative to filtered air (Figure 5).

By contrast, CAPS +O3 exposure caused a significant in-

crease in QTc interval relative to filtered air (p < 0.05).

There was no significant effect in QTc interval in the win-

ter during exposure. However, CAPS +O3 exposure

caused a significant increase in QTc interval relative to fil-

tered air in the winter after exposure.

Heart rate variability

During both summer and winter, there were no effects

of CAPs or O3 exposure alone on SDNN relative to the

response in filtered air controls during both seasonal ex-

posures (Figure 6). By contrast, CAPs + O3 exposure

during both summer and winter caused a significant de-

crease in SDNN during exposure relative to filtered air

(p < 0.05). CAPs + O3 exposure during the winter also

caused a significant decrease in SDNN after exposure

relative to filtered air (p < 0.05), although the magnitude

change was smaller compared to the effect of co-

exposure during the summer.

Table 2 Group-averaged PM elemental composition in μg/g

Summer Winter Winter/Summer

Element (μg/g) CAPs CAPs + O3 CAPs CAPs + O3 Enrichment factor

Al 951 622 2303 2250 2.9

As 14.8 14.2 20.3 15.5 1.2

Ba 304 101 335 239 1.4

Ca 1159 1033 4548 4200 4.0

Cd 2.4 2.3 9.2 6.9 3.5

Co 7.6 1.9 3.6 5.3 0.9

Cr 39.6 44.8 56.6 38.4 1.1

Cu 848 360 683 540 1.0

Fe 5053 4695 14946 10027 2.6

K 3637 5018 10392 7128 2.0

Li 6.3 11.6 32.6 21.3 3.0

Mg 386 271 2304 1690 6.1

Mn 442 688 2273 1481 3.3

Mo 10.3 6.7 17.7 7.8 1.5

Na 2404 3899 17638 13795 5.0

Ni 17.8 18.0 48.2 31.3 2.2

P 312 78 234 494 1.9

Pb 133 79 220 157 1.8

SO4 276531 294486 240898 160234 0.7

Sb 39.8 27.9 88.8 63.4 2.2

Se 29.0 37.4 50.3 40.8 1.4

SiO2 3822 1705 11341 6179 3.2

Sn 33.7 18.2 66.3 48.3 2.2

Sr 14.1 7.5 38.4 29.6 3.1

Ti 140 80 279 242 2.4

V 9.8 12.6 43.0 32.5 3.4

Zn 367 534 1475 1128 2.9

Organic C 287078 341624 448280 357174 1.3

Elemental C 14582 25329 49299 34830 2.1
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CAPs + O3 exposure during the winter also caused a

significant decrease in RMSSD and a significant in-

crease in LF/HF after exposure relative to filtered air

controls (p < 0.05; Additional file 5: Table S4). O3 ex-

posure alone also caused an increase in LF/HF relative

to filtered air (p < 0.05).

Cardiac arrhythmia

There was no significant effect of exposure on the

total number of arrhythmias relative to filtered air

exposed controls with any exposure group during ei-

ther season (data not shown).

Sensitivity to aconitine One Day after exposure

During the summer, exposure to CAPs alone or O3

alone significantly increased sensitivity to triggering of

arrhythmia by escalating doses of aconitine as evidenced

by a decrease of the total dose of aconitine necessary to

elicit the first ventricular premature beat relative to fil-

tered air exposed controls (p < 0.05, Figure 7). CAPs, O3,

and CAPS +O3 each significantly decreased the total

dose of aconitine necessary to elicit the first episode of

ventricular tachycardia relative to filtered air exposed

controls (p < 0.05). There was no significant effect of ex-

posure on the total dose of aconitine necessary to elicit

Table 3 Group-averaged PM elemental levels in μg/m3

Summer Winter Winter/Summer

Element (μg/m3) CAPs CAPs + O3 CAPs CAPs + O3 Enrichment factor

Al 0.160 0.109 0.181 0.205 1.4

As 0.00249 0.00248 0.00159 0.00142 0.6

Ba 0.0513 0.0176 0.0263 0.0218 0.7

Ca 0.195 0.181 0.357 0.383 2.0

Cd 0.00041 0.00040 0.00072 0.00063 1.7

Co 0.00128 0.00034 0.00028 0.00048 0.5

Cr 0.00669 0.00784 0.00444 0.00351 0.5

Cu 0.143 0.0630 0.0536 0.0493 0.5

Fe 0.852 0.821 1.173 0.915 1.2

K 0.614 0.878 0.816 0.651 1.0

Li 0.00107 0.00204 0.00256 0.00194 1.4

Mg 0.0651 0.0475 0.1809 0.1543 3.0

Mn 0.0745 0.1203 0.1784 0.1352 1.6

Mo 0.00174 0.00117 0.00139 0.00071 0.7

Na 0.406 0.682 1.385 1.259 2.4

Ni 0.00301 0.00316 0.00378 0.00285 1.1

P 0.0526 0.0136 0.0184 0.0451 1.0

Pb 0.0225 0.0138 0.0173 0.0144 0.9

SO4 46.7 51.5 18.9 14.6 0.3

Sb 0.00671 0.00488 0.00697 0.00579 1.1

Se 0.00488 0.00654 0.00395 0.00373 0.7

SiO2 0.645 0.298 0.890 0.564 1.5

Sn 0.00568 0.00318 0.00521 0.00441 1.1

Sr 0.00238 0.00132 0.00301 0.00270 1.5

Ti 0.0237 0.0140 0.0219 0.0221 1.2

V 0.00165 0.00220 0.00337 0.00297 1.6

Zn 0.0619 0.0933 0.1158 0.1030 1.4

Organic C 48.43 59.75 35.19 32.61 0.6

Elemental C 2.46 4.43 3.87 3.18 1.0

OC/EC ratio 16.6 9.7
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the first episode of ventricular fibrillation or cardiac ar-

rest relative to air exposed controls.

There was no significant effect of exposure on acon-

tine arrhythmia sensitivity with any exposure group dur-

ing the winter. Interestingly, in a comparison of the

aconitine doses required to assess vulnerability to

arrhythmia across season, the dose required to trigger

arrhythmias in air-exposed rats during the winter was

significantly lower than air-exposed rats during the

summer.

Indicators of inflammation and injury in serum, plasma,

and bronchoalveolar lavage fluid one day after exposure

Exposure to CAPs + O3 during the winter significantly

increased N-Acety-D-glucosaminidase (NAG) and lac-

tate dehydrogenase (LDH) levels in the lung ling fluid

(p < 0.05) relative to filtered air (Figure 8). There were

no such changes in NAG in any of the exposure groups

during the summer. In addition, exposure to CAPS or

CAPs + O3 during the summer significantly decreased

lung LDH levels (p < 0.05) relative to filtered air. CAPs

+ O3 exposure during the winter also significantly in-

creased lung CuZn super oxide dismutase (CuZn SOD)

levels (p < 0.05) relative to filtered air. There was no

effect of co-exposure on CuZn SOD during the summer,

whereas, CAPs exposure alone significantly decreased

CuZn SOD levels (p < 0.05) relative to filtered air. Expos-

ure to CAPs alone significantly decreased Glutathione S-

Transferase (GST) levels during the summer (p < 0.05)

relative to filtered air, whereas O3 alone significantly in-

creased lung GST levels (p < 0.05) relative to filtered air.

There were no such changes in GST in any of the expos-

ure groups during the winter. There was no significant

effect of exposure in any other indicator of inflammation

in the lung, serum, or plasma or number of infiltrated

inflammatory cells in the lung lining fluid (data not

shown).

Discussion

Here we present evidence that season and ozone are ef-

fect modifiers for ambient PM-induced cardiovascular

responses in Spontaneous Hypertensive (SH) rats, a

strain of rat known to demonstrate exaggerated cardio-

vascular effects in response to inhaled ambient PM,

diesel exhaust particles, and acrolein [20-22]. Seasonal

differences in PM were consistent with earlier findings

[14], with new evidence of enrichment for anthropogenic

emissions and marine salt sources during winter season

Source Apportionment – Influence of Season and Co-pollutant 

Figure 2 Pie Charts illustrating sources contributing to the concentrated ambient particulate (CAPs) and CAPs + ozone (O3) mixtures during the
summer and winter exposures. Sources for each season were quantified using the EPA Chemical Mass Balance Model.
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exposures compared to summer exposures in central

North Carolina. Single pollutant cardiovascular effects

with CAPs and O3 were present during both summer

and winter exposures, with evidence of unique effects of

co-exposures with associated changes in autonomic tone

during both seasons.

Biogenic emissions, agricultural activity, vehicular traf-

fic, production of secondary organic aerosols and local

weather conditions largely determine the concentration

and chemical composition of North Carolina’s particu-

late pollution [14]. The physiochemical characteristics of

PM from the Research Triangle Park, NC air shed were

highly variable between summer and winter seasons. Dif-

ferences included particle mass concentrations, size,

organic:elemental carbon ratios, and sulfate levels and

are consistent with previous measurements [14]. Al-

though winter exposures had 50% less total PM mass

than summer exposures (85 vs. 171 μg/m3), enrichment

of metals on a μg/g basis in winter PM resulted in

equivalent summer and winter metal exposure concen-

trations. These findings were based on data from a lim-

ited number of exposure days (two summer CAPs

exposure days and three winter CAPs exposure days);

future studies will need to include more PM exposure

sampling days to increase robustness of analysis. Never-

theless, subsequent source apportionment analysis re-

vealed that winter exposures were enriched primarily by

wood combustion and to a lesser extent by road dust

and marine salt sources compared to summer exposures.

The relative impact of the enrichment of marine salt

sources is unclear given that only 4% of the total PM

mass was attributed to marine salt sources. PM within

or near the ultrafine range (0.1 to 0.6 μm) dominates

emissions from residential wood combustion while the

composition of the PM is dependent on combustion

conditions and furnace type, with multiple elements

Figure 3 Mean change in Heart rate (HR) from pre-exposure values during summer and winter exposures. HR values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded while
the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent mean change
in HR in beats per minute ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05). b - significantly greater than
filtered air control (p < 0.05).
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including potassium, sodium, magnesium, aluminum,

and zinc, and transition metals like chromium and

nickel present in appreciable quantities [23,24]. Exposure

to PM rich in transition metals has been associated with

increased cardiovascular mortality [25]. Moreover, the

proportion of anthropogenic metals is a critical deter-

minant of biological responses to PM including in-

creased pulmonary effects on days with higher metal

concentrations [26-28]. As well, summer PM, although

having higher mass, may have been diluted by less bio-

active compounds such as sulfates, which were present

at higher concentrations during the summer. In addition,

winter particle size was roughly one-third the size of

summer particles (125 vs. 324 nm). Smaller, near-ultra-

fine particles have greater relative surface area than lar-

ger particles at any given mass concentration and have

the capacity to penetrate deep into the lung and also

permeate plasma membranes of cells including alveolar

epithelial cells and capillary endothelium [29]. Further-

more, ultrafine PM may initiate inflammatory responses

in the lung or systemic circulation or enter the blood

stream and directly trigger vascular responses, either of

which may trigger downstream cardiac responses [29].

In mice exposed to ambient PM collected near a high-

way [30] and a peat wildfire [31], size-segregated, ambi-

ent ultrafine PM caused cardiac changes, while coarse

and fine PM from the same PM sample affected primar-

ily pulmonary endpoints.

Single pollutant cardiac effects were mostly observed

with summer exposures. With summer O3 exposure, the

effects included decreased HR, increased PR interval, an

increase in the HRV parameter LF/HF and increased

sensitivity to myocardial calcium loading, consistent with

our previous findings [16]. Summer CAPs exposure

Figure 4 Mean change in PR interval from pre-exposure values during summer and winter exposures. PR values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded
while the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent
mean change in PR interval in msec ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05). b - significantly
greater than filtered air control (p < 0.05).
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decreased PR interval and elevated sensitivity to myocar-

dial calcium loading. The opposing PR response with

summer CAPs exposure compared to summer O3 ex-

posure implicates pollutant specific disparate effects on

atrioventricular conduction, although each pollutant ul-

timately caused increased vulnerability to ventricular

arrhythmia. The relevance of the increased responses to

aconitine during the summer is uncertain given that ex-

posures to CAPs and/or O3 during the winter had no ef-

fect on this endpoint, the precise reason of which is

unclear. Nevertheless, winter time exposures caused a

CAPs-induced decrease in HR, and a CAPs + O3-in-

duced increase in lung lactate dehydrogenase and n-

acetyl B-D glucosaminidase and increased Cu-Zn

superoxide dismutase, although the relevance of these

findings are also uncertain given the decrease in some of

these endpoints with single pollutant exposure. The

decrease in HR with CAPs alone during the winter is

similar to the findings of Rohr et al. [32] who compared

the cardiac effects of winter and summer CAPS expo-

sures in Michigan in the same rat strain used in the

present study. Their study had additional effects that

were not found in the present study with CAPs alone in-

cluding linkage of the winter HR response with in-

creased HRV and opposing summer effects characterized

by increased HR and decreased HRV. The differences

between the Rohr et al. study and the present study may

reflect in part the differences in study design (the Rohr

et al. study consisted of thirteen 8-hour exposure days

vs. a single 4-hour exposure in the present study), expos-

ure concentrations (e.g. summer CAPs concentrations in

Rohr et al. averaged ~518 μg/m3; in present study,

~170 μg/m3) and/or local contributing air pollution

sources, among other factors. Moreover, the variability

Figure 5 Mean change in QTc interval from pre-exposure values during summer and winter exposures. QTc values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded
while the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent
mean change in QTc interval in msec ± standard error of the mean (n = 6). b - significantly greater than filtered air control (p < 0.05).
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in the single pollutant responses in the present study

may reflect an insufficient short-term exposure required

to elicit a significant inflammatory response in the SH

rat. This possibility is consistent with epidemiological

and human exposure data that suggest that cardiovascu-

lar effects to short-term exposures are more likely trig-

gered by autonomic responses while long-term

exposures increase the likelihood of persistent inflamma-

tory responses [29].

With some parameters during both the summer and

winter seasons, CAPs + O3 exposure elicited unique re-

sponses that were not evident with exposure to either

pollutant alone. These included changes in SDNN,

RMSSD and QTc, during the summer, and changes in

HR, SDNN, QTc, and lung injury and oxidative re-

sponses during the winter. The changes in QTc and HR

during summer and winter exposures, respectively,

were each accompanied by a decrease in SDNN, which

reflects overall heart rate variability, and indicates a de-

crease in parasympathetic tone. In addition, summer

co-exposures caused post-exposure decreases in SDNN

and RMSSD, another indicator of parasympathetic tone.

Thus, decreased parasympathetic tone with co-expos-

ure to CAPs and O3 during both seasons reflects a shift

in autonomic balance towards increased sympathetic

tone. Summertime CAPs plus O3 co-exposure in a re-

cently conducted study in Michigan [12], characterized

by greater ambient concentrations of SO4, Ni, V, Zn,

and organic and elemental carbon than the present

study, yielded similar HRV findings in rats. The present

findings are also consistent and with other reports link-

ing low HRV with exposure to PM [33-36] and O3

[37,38]. Much of the evidence on the prognostic signifi-

cance of HRV points to increased cardiovascular risk

Figure 6 Mean change in SDNN from pre-exposure values during summer and winter exposures. SDNN values for each animal at each time point
during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded while the
animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent mean change
in SDNN in msec ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05).
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with low HRV, including increased risk of arrhythmia

[39] and an increased mortality rate in people with

heart disease [40,41].

The autonomic responses with co-exposure may have

been triggered by activation of irritant nerve fibers, in-

cluding pulmonary C fibers, which trigger reflex cardio-

pulmonary responses via transient receptor potential

(TRP) channels. We recently showed that TRPA1 mediates

the increased sensitivity to aconitine-induced arrhythmia

after diesel exhaust exposure [22]. In addition, Taylor-

Clark and Undem [42] demonstrated that O3 exposure ac-

tivates airway C fibers expressing TRPA1. Summer and

winter CAPs exposures were rich in adsorbed elements in-

cluding Fe and Ni, which have been linked to production

of reactive oxygen species [7]. The potential involvement

of TRP receptors in biological responses induced by transi-

tion metals should be examined in future studies given

that reactive oxygen species are known activators of TRP

receptors [43].

While the specific class of components that drove the

observed cardiopulmonary responses is not certain, the

similarity in elemental levels in the winter and summer

PM due to elemental enrichment presents a plausible

explanation for the physiological responses observed.

More proinflammatory or irritating byproducts gener-

ated through atmospheric interaction between PM, its

components, and gases might potentiate cardiovascular

effects directly or via the alteration of dose distribution

in the lung. For example, Fe and V salts increase the pul-

monary irritancy of SO2 via formation of the more irri-

tating sulfate [44]. Moreover, PM including zinc oxide

and inert carbon black, when mixed with gases such as

SO2 or O3, cause greater than additive pulmonary effects

by potentially serving as a carrier for the reactive gases

enabling greater distribution into the deep lung [44].

Further research is required to define plausible mecha-

nisms and identify the nature of interactions between

specific components like metals and gases.

Seasonal differences in PM mass concentration and

size in this study precludes a direct comparison of the

physiological responses to ambient PM exposure be-

tween seasons. Although air flow patterns likely had lit-

tle influence, low ambient PM levels and a lower ratio of

fine to ultrafine particles during the winter prevented

Figure 7 Cumulative dose of infused aconitine necessary to trigger ventricular premature beats (VPB), ventricular tachycardia (VT), ventricular fibrillation
(VF), and cardiac arrest (CA) in rats one day after a single exposure. Values represent mean dose ± standard error of the mean (n = 5). a - significantly less
than filtered air control (p < 0.05).
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achievement of target concentrations comparable to

summer levels with our concentration system. Therefore,

one approach to control for seasonal differences in mass

is to lower target concentrations. Moreover, the size of

the particle is naturally an outcome of the type of local

air pollution sources, the level of air pollution and wea-

ther conditions. Future studies that focus on exposure to

ultrafine PM alone can obviate this concern.

Conclusions
These findings collectively point to marked seasonal ef-

fects on PM sources, mass, size, composition, and corre-

sponding impacts on cardiovascular responses. While

there was variability in some responses in this study,

particularly sensitivity to aconitine-induced arrhythmia

and indicators of inflammation/injury, there was evi-

dence of electrocardiographic and autonomic responses

that were unique to the CAPs and O3 co-exposure

group. This study, however, was limited by the small

number of PM sampling and exposure days, which pre-

cluded drawing conclusions about effects of entire sea-

sons. This is especially relevant given that winter

conditions often induce stable inversions that increase

levels of ambient PM. Moreover, because PM compos-

ition data was obtained from only a few samples in the

present study, an analysis of a potential association be-

tween cardiovascular responses and specific components

of PM was not possible. In addition, the absence of ni-

trogen species data provides some uncertainty in the

source apportionment analysis. Future studies that

examine the interactive effects of CAPs and O3 should

also mirror realistic seasonal O3 concentrations. Never-

theless, some evidence of unique co-pollutant effects

during both seasons suggests that a multipollutant ap-

proach to health effects assessment is warranted. Further-

more, seasonal variability in sources of anthropogenic

emissions and evidence for winter elemental enrichment

and smaller particle size suggest that PM size and com-

position may be as important as mass in determining its

potential for interactive health effects with other

pollutants.

Methods
Animals

Twelve week-old male SH rats (Charles River, Raleigh,

NC) were housed in plastic cages (one per cage), main-

tained on a 12-hr light/dark cycle at approximately 22°C

and 50% relative humidity in our Association for Assess-

ment and Accreditation of Laboratory Animal Care-ap-

proved facility, and held for a minimum of 1 week

before telemeter implantation. The Institutional Animal

Care and Use Committee of the U.S. Environmental Pro-

tection Agency approved all protocols. Food (Prolab

RMH 3000; PMI Nutrition International, St. Louis, MO)

Figure 8 N-acetyl B-D glucosaminidase, lactate dehydrogenase, CuZn superoxide dismutase, and glutathione S-transferase in lung lining fluid one
day after summer or winter exposures to concentrated ambient particulate (CAPs), ozone (O3), CAPs + O3, or filtered air. Bars represent means ± SEM
for each marker shown (n = 6/group). a - significantly less than filtered air control p < 0.05). b - significantly greater than filtered air control (p < 0.05).
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and water were provided ad libitum, and all rats were

grouped by weight. SH rats were selected because previ-

ous studies demonstrated exaggerated sensitivity to the

effects of air pollution compared to rats with normal

blood pressure [20,45,46].

Telemeter implantation

Animals (SH rats; n = 7 per group) were anesthetized

with ketamine/xylazine (80 mg/ml ketamine HCL and

12 mg/ml xylazine HCL; 1 ml/kg i.p.; Sigma Chemical

Co., St. Louis, MO), and were implanted with radiotele-

meters (Model TA11CTA-F40; Data Science Inter-

national, Inc., St. Paul, MN) in the abdominal cavity as

previously described [47]. Electrode leads were guided

through incisions made in the abdominal musculature.

Leads were tunneled subcutaneously and secured in a

lead II configuration. Body heat was maintained during

and after surgery using a heating pad. Animals recovered

for two weeks after surgery before inhalation studies.

Experimental design

SH rats (n = 6/group) surgically implanted with biopoten-

tial telemeters were exposed once for 4 hours to concen-

trated ambient particulate matter (target concentration

150 μg/m3) with or without 0.2 ppm ozone. To compare

the effects of season on health effects of this multipollu-

tant mixture, exposures were conducted in the summer

(August, 2011) and winter (February and March, 2012)

seasons. Telemetered signals included body temperature,

ECG, heart rate, and activity and were monitored before,

during, and after exposure in conscious, unrestrained rats.

All telemetered rats were euthanized one day after final

exposure. Aconitine challenge was performed to assess

sensitivity to the triggering of arrhythmia in a separate co-

hort of concurrently exposed rats one day after exposure.

Exposure schedule

A series of particulate matter and O3 exposures were

conducted in summer of 2011 and winter 2011–12. The

study protocol included single 4-hour exposures for

CAPs only, CAPs + O3, O3 only, and filtered air control

groups. Upstream of the CAPs only chamber, air passed

through a silica gel dryer that reacted with ambient O3

and helped keep background O3 levels in the CAPs only

chamber at levels similar to the filtered air control

chamber O3 levels. Animals were allowed 15 to 30 mi-

nutes to acclimate to the system’s noise and chamber en-

vironment then telemetry background measurements

were performed for ~45 min. Exposures were initiated at

about 7:30 am and continued until 11:30 am for each

animal group. For all exposures, initial target PM2.5 con-

centration was ~150 to 200 ug/m3 while the O3 target

concentration was 200 ppb. To facilitate telemetric mon-

itoring within each chamber CAPs and CAPs + O3

groups during the summer exposures were split into two

cohorts and exposed on either 8/17/11 or 8/18/11. The

O3 only and air groups were also split into two cohorts

and exposed on either 8/23/11 or 8/24/11. Winter CAPs

and CAPs + O3 exposures were carried out on 2/17/12,

2/18/12, and 3/7/12. Winter O3 only and air exposures

took place on 2/23/12 and 2/24/12. Each animal group

was acclimated to the exposure system and laboratory

environmental noises by housing in an exposure cham-

ber with room and CAPs systems operated to produce

background noise for a minimum of 1 hour a day for

2 days prior to the exposures.

Ambient weather patterns

Studies involving exposures of animals to concentrated

ambient air particles involve sampling outside air in

real-time. Local weather conditions and patterns can

have a dramatic effect on these real time studies. Ambi-

ent weather conditions were monitored during each ex-

posure using a weather station mounted on the roof

(Vantage Pro II, Davis Instruments, Hayward, CA) of the

U.S. EPA exposure facility in Durham, NC. Data col-

lected included temperature, relative humidity, dew

point, barometric pressure, wind speed and direction,

rainfall, and other variables providing information about

the air mass being drawn from outside into the system

during exposures. Data recorded during the times ani-

mals were resident in chambers were averaged to pro-

duce individual exposure values. Daily values were then

averaged to generate group average ambient weather

conditions. Exposure group averages are included in

Table 1. Additionally, backward trajectory air mass plots

were obtained from on-line resources developed by the

National Oceanic and Atmospheric Administration

(NOAA). Models queried included Hybrid Single Par-

ticle Lagrangian Integrated Trajectory Model (HYSPLIT)

using the Real-Time Environmental Applications and

Display sYstem (READY) [48], which utilized archived

meteorological data to model direction and temporal air

mass location. The resultant models indicate the path

and location of an air mass in 6 hour increments for the

24 hours local time leading up to each PM exposure.

Chamber systems

All exposures were conducted in the U. S. EPA’s Re-

search Triangle Park, NC Consolidated Research Facility

(CRF), Concentrated Air Particles (CAPs) Laboratory lo-

cated at 179 T.W. Alexander Dr., RTP, NC. EPA’s CAPs

exposure facility accommodated 3 Hinners style, stainless

steel and glass, 0.3 m3 whole body chambers (Figure 9).

Each chamber was modified to expose animals to ozone

and clean air as well as CAPs. The wire mesh animal cages

were modified and receivers positioned within each cham-

ber to maximize telemeter signal transmission and
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minimize effects on chamber PM distribution. Two CAPs

chambers were connected to the outlet of a PM2.5 fine

particle concentrator (Harvard Fine Particle Concentrator,

Harvard University, Boston, MA; HFPC) [49]. Stainless

steel tubing (3” diameter) with quick connecting joints

was used to transport Air/PM from the concentrator out-

let to the designated chamber(s). Transport tubing was

configured to deliver all CAPs to a single chamber, split

concentrated PM between two chambers, or to totally by-

pass chambers allowing for gas pollutant or clean air oper-

ation. Chamber temperature, relative humidity, air flow,

and static pressure and test agent concentrations for PM

and O3 were continuously monitored, displayed, and re-

corded by the lab’s computerized electronic data acquisi-

tion system. Clean, charcoal and HEPA filtered, and

conditioned dilution air was available from two sources

(Core Inhalator System (CIS) supply air, DP = ~55 F, 50%

relative humidity (RH), and Medical Grade Air, DP = ~ −

20 F, ~5% RH). The two dilution air streams were blended

to regulate chamber RH and peak PM concentrations.

Chamber environmental data, PM, and O3 concentrations

from multiple exposures within each group were averaged

to produce mean values for each exposure group.

PM concentrating system and PM monitoring and control

Outside ambient air containing PM was drawn into the

system inlet via a stainless steel duct. The air/PM mix-

ture passed through a custom Size Selective Inlet (SSI)

(2 sizing stages: 10 μm and 2.5 μm) (Harvard School of

Public Health, Boston, Ma) [50] which removed PM >

2.5 μm. The resulting mixture of Air/PM2.5 was trans-

ported to the exposure laboratory where it passed

through the HFPC operating with 3 stages of slit virtual

impactors and outputting ~50 Lpm of Air/CAPs as pre-

viously described [28].

CAPs chamber PM concentrations were monitored

using both filter weights and real-time electronic instru-

mentation. Filter samples were collected for all PM ex-

posures to provide gravimetric mass concentrations and

for subsequent chemical analysis. Samples included: Tef-

lon 47 mm (Pall Corp., TeFlo, R2PJ047, 2 μm pore) and

37 mm (Pall Corp., TeFlo, R2PJ037, 2 μm pore), Quartz

Exposure System Schematic

Figure 9 Schematic of concentrated ambient particulates (CAPs) and ozone (O3) co-exposure system showing concentrator, O3 generator, exposure
chambers, and particulate matter (PM) and O3 monitoring systems. Receivers were placed within each chamber to monitor electrocardiogram, heart
rate and body temperature. Particle concentration and sizing were tracked in real-time using a scanning mobility particle sizer and an aerodynamic
particle sizer. Additional aerosol monitors (DustTrak and P-Trak) were used to track PM levels in real-time.
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(Millipore, Quartz, AQFA04700, 47 mm), and Nylon

(PALL, Nylasorb, 66509, 47 mm) filters. Particle concen-

tration and sizing were tracked in real-time using scan-

ning mobility particle sizer (SMPS, TSI Inc., St. Paul,

MN) and aerodynamic particle sizer (APS, model 3321,

TSI Inc., St. Paul, MN). PM data were analyzed and

combined using particle data analytical software (Data

Merge, ver. 1.0.1, TSI Inc, St. Paul, MN) to provide com-

posite concentrations and particle size distributions rep-

resentative of the average chamber PM. Data from

multiple exposures was combined and averaged to pro-

vide concentrations and particle size distributions for

each group. Additional aerosol monitors (DustTrak

(DT), model 8520, TSI Inc., St. Paul, MN and P-Trak,

model 8525, TSI Inc., St. Paul, MN) were used to track

PM levels in real time. Peak PM concentrations, cham-

ber pressures, and RH were controlled by regulating in-

jection of conditioned, filtered dilution air upstream of

the chamber inlets. Filtered and conditioned air supplied

to the O3 and Air Control groups contained only trace

levels of PM with insufficient sample available for weigh-

ing or chemical analysis, therefore, no PM samples were

collected from those exposures.

Ozone generation, monitoring, and control

Source O3 was generated using O2 from compressed gas

cylinders fed through a silent arc O3 generator (OREC,

Osmonics Corp.). All wetted surfaces of the O3 generat-

ing and monitoring systems were either stainless steel or

Teflon. Flow through the generator was modulated so

an excess of gas was always flowing to keep stock O3

concentrations stable during exposures. Excess O3 gas

was continuously vented into the lab fume hood exhaust.

Chamber O3 supply flow was controlled to establish and

maintain target O3 concentration. Mass flow controllers

(MFC) (Tylan Corp., model FC260) were used to control

both excess and chamber O3 flows. Manual and auto-

mated MFC command signals were regulated by the

CAPs lab data acquisition system (DAS) running data

acquisition and control software (DASYLab Pro, version

9, MCC). O3 was injected counter current into the

chamber inlet air duct upstream of the dilution air inlet

to enhance mixing prior to entering the chamber. O3

concentration was manually and/or automatically regu-

lated via a feedback loop. Real-time O3 concentrations

for each group, including Air Controls, were monitored

during all exposures. A continuous O3 analyzer (TECO,

model 49, Thermo Electron Co.,) measured chamber O3

levels in the animal breathing zone and provided con-

centration signals to the laboratory’s data system. Our

laboratory operated under a strict quality assurance plan

for all exposures. For the duration of the study, O3 mon-

itoring was performed to manufacturer’s and EPA guide-

lines and under non-condensing conditions. The O3 Gas

analyzer was calibrated using a certified EPA/National

Institute of Standards and Technology O3 transfer stand-

ard prior to each study segment with routine zero and

span checks and post study calibration verifications. The

analyzer was preconditioned by continuous sampling of

lab air at 72 F / 50% RH. Clean, conditioned dilution air

regulated chamber RH and PM levels (therefore, O3

sample RH) which measured in the range 42.6% to

56.5% daily average during all exposures (Table 1). O3

sampling system included an inline PM filter (Teflon

47 mm, Pall Corp., TeFlo, R2PJ047, 2 μm pore). The

DAS monitored, displayed, recorded, and controlled

chamber O3 concentration and other system operating

variables such as temperature, RH, static pressure, and

chamber exhaust flow. Chamber O3 concentration was

controlled for the duration of each exposure to provide

a target final average concentration of ~200 ppb for each

run. During exposures, O3 flow control was periodically

set to manual and maintained at steady state while the

O3 analyzer was briefly cycled to monitor background

O3 chambers (CAPs only or Air Controls). After back-

ground levels were determined, O3 monitoring returned

to the O3 (or CAPs + O3) exposure chamber under DAS

automated control. Outside air passing through the

HFPC/CAPs PM concentrator contained naturally oc-

curring ambient O3. During CAPs only exposures it was

desirable to eliminate this naturally occurring O3 to the

extent possible without affecting CAPs chamber PM

levels. Upstream of the CAPs only chamber, air passed

through a silica gel dryer that reacted with ambient O3

and helped keep background O3 levels in the CAPs only

chamber at levels similar to the filtered air control

chamber O3 levels.

PM organic and elemental chemical analysis

Organic and elemental carbon contents of CAPs PM

collected on quartz filters during exposure were mea-

sured using National Institute of Occupational Health

(NIOSH) Method 5040 [51]. NIOSH 5040 is a thermo-op-

tical method, based on sequential pyrolytic vaporization

and detection of the carbon fractions. Elemental analysis

was performed on aqua regia digests of CAP collected on

Teflon filters. Prior to digestion, filter media were re-

moved from their polymethylpentene support rings using

Teflon blades. Filters were then submerged in 1 mL of

concentrated hydrochloric acid (Optima grade, Fisher Sci-

entific) in cleaned 15-ml polypropylene centrifuge tubes

(part number 05-539-5, Fisher Scientific; washed in 1%

Triton X-100, rinsed with ultrapure deionized water

(Milli-Q, Millipore Corporation) and dried in a Class 100

cleanbench). Tubes were sonicated three times in an ultra-

sonic bath (Model TI-H15, Elma GmbH&Co, Singen

Germany) at a frequency of 25 kHz at 200 W for 30 min

at 50C°. After each sonication, tubes were cooled to room
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temperature and vented in a fume hood. After the third

sonication and venting, tubes were heated in an oven

overnight at 60C°. The next morning, 0.33 mL of concen-

trated nitric acid (Optima grade, Fisher Scientific) was

added to the tubes to form 3:1 aqua regia, and the same

sonication and overnight heating procedure was per-

formed as the preceding day. The following morning,

10 ml of ultrapure water was added, and the teflon filters

removed from the tubes using cleaned Teflon forceps.

Samples were then analyzed by high-resolution inductively

coupled plasma-mass spectrometry (HR-ICP-MS, Element

2, Thermo Scientific).

Source apportionment analysis

Sources contributing to the CAPS and CAPS +O3 mix-

tures during the summer and winter exposures were

quantified using the EPA Chemical Mass Balance Model

(CMB 8.2; US EPA, 2004) [19]. The CMB estimates PM

sources using a weighted least squares regression. Input

data included elements, sulfate, organic carbon and

elemental carbon concentrations and uncertainties as

well as measured source profile concentrations and un-

certainties. The road dust and brake wear profiles were

obtained from Hildemann et al. [52] and the mobile

source profile (which includes gasoline and diesel emis-

sions) was obtained from Maykut et al. [53]. The wood

combustion profile was obtained from Fine et al. [54].

The secondary sulfate and marine salt profiles were ob-

tained from the EPA SPECIATE 4.4 Database. The same

profiles and species were used for the summer and win-

ter exposure mixtures.

Radiotelemetry data acquisition

Radiotelemetry methodology (Data Sciences Inter-

national, Inc.) allowed constant monitoring of electro-

cardiographic data in conscious and unrestrained rats

from implantation until sacrifice. Electrocardiographic

data was monitored by remote receivers (DataART3.01;

Data Sciences International, Inc.) positioned under the

home cages within the animal facility, and under the ex-

posure cages within the exposure chambers. In home

cages, sixty-second segments of ECG waveforms were

acquired and saved at 15-minute intervals from surgical

recovery through sacrifice not including the exposure

period. Pre-exposure baseline data was collected from

home cages, as well as a 45 min baseline in exposure

cages after acclimation for one hour. During the 4 hr ex-

posure, sixty-second segments were acquired and saved

at 5-minute intervals. After exposure, rats were moni-

tored in home cages until the next exposure. All rats

were monitored until the beginning of necropsy, ap-

proximately 18 hrs after exposure. HR was automatically

obtained from the ECG waveforms with data acquisition

software (DataART3.01; Data Sciences International,

Inc.).

Electrocardiogram, arrhythmia identification and heart

rate variability analysis

ECGAuto software (EMKA Technologies, Falls Church,

VA) was used for automated analyses of ECG wave am-

plitudes and segment durations and areas, as well as for

the visual identification and enumeration of arrhythmias

and HRV analysis. Several parameters were determined

for each ECG waveform: heart rate; PR interval; R ampli-

tude; QRS duration, amplitude, and area; ST interval,

amplitude, and area; and T-wave amplitude and area;

QT interval, Bazett’s heart rate–corrected QT interval

(QTc). ECG and HRV parameters were quantified in the

immediate 6-hour period after exposure and compared

to time-matched data before exposure while the rats

were unrestrained in their home cages. ECG parameters

during exposure were analyzed relative to baseline

(45 min recordings while in the exposure chambers im-

mediately before the beginning of exposure).

Cardiac arrhythmic events were identified in part by

using the Lambeth conventions [55] as a guideline for

the identification of arrhythmias in rats. Arrhythmias

were identified as atrial premature beats (APB), ventricu-

lar premature beats (VPB), sinoatrial block (SAB), atrio-

ventricular block (AVB), or ventricular tachycardia (VT).

Arrhythmias were quantified and totaled during the

4 hour exposure period and during the 6 hour period

after exposure and compared to pre-exposure counts.

Total arrhythmia counts during exposure were quanti-

fied (total of 48 one-minute segments during 4 h expos-

ure period).

For the analysis of HRV, rhythms were thoroughly

inspected to identify and exclude arrhythmias, arti-

facts, and 1-min ECG waveforms lacking distinguish-

able R waves for more than 30 sec. The analysis of

HRV generated HR and time-domain measures, in-

cluding mean time between adjacent QRS complex

peaks (the RR interval), a standard deviation of the RR

interval (SDNN), SDNN normalized for the effects of

heart rate [SDNN/(RR interval x 100)], and the square

root of the mean of squared differences of adjacent RR

intervals (RMSSD). The SDNN represents overall

HRV, whereas RMSSD represents parasympathetic in-

fluence over HR. The analysis of HRV also calculated

frequency domain parameters including the LF and

HF, and the ratio of these two frequency domains (LF/

HF). LF is generally believed to represent a combin-

ation of sympathetic and parasympathetic tones,

whereas HF indicates cardiac vagal (parasympathetic)

tone, and LF/HF serves as an index of sympathovagal

balance.
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Aconitine challenge

One day after exposure to CAPs, O3, CAPs + O3, or

filtered air, a separate cohort of animals were anesthe-

tized with urethane (1.5 g/kg, ip) and underwent the

aconitine challenge; supplemental doses of the anesthetic

were administered intravenously when necessary to abol-

ish pain reflex. Animal body temperature was maintained

at ~36°C with a heating pad. The left jugular vein was can-

nulated with P.E. 50 polyethylene tubing for the adminis-

tration of aconitine. Ten μg/ml aconitine was continuously

infused at a speed of 0.2 ml/min while ECG was continu-

ously monitored and timed. Sensitivity to arrhythmia was

measured as the threshold dose of aconitine required to

produce VPBs, VT, and VF, and was calculated using the

following formula:

Threshold dose μg=kgð Þ for arrhythmia
¼ 10μg=ml x 0:2ml=min

� time required for inducing arrhythmia minð Þ

=body weight kgð Þ

Necropsy, blood collection and lung lavage

Rats were deeply anesthetized with i.p. injection of

Euthasol (200 mg/kg sodium pentobarbital and 25 mg/

kg phenytoin; Virbac Animal Health, Ft. Worth Texas)

one day after exposure. Blood samples were collected

from the abdominal aorta. The trachea was cannulated

and the right lung (except for the caudal lobe) was

lavaged with a total volume of 20 ml/kg of Ca2+, Mg2+,

and phenol red-free Dulbecco’s phosphate buffered sa-

line (SAFC Biosciences, Lenexa MD) divided into 2

equal aliquots. The caudal lobe was collected for RNA

analysis. Cytospins and cells differentials on lavaged cell

samples, assays for total protein (Thermo Fisher Diag-

nostics, Rockford, IL), albumin (Diasorin, Stillwater,

MN), LDH (Thermo DMA, Louisville, CO), NAG

(Roche Diagnostics, Mannheim, Germany) superoxide

dismutase (Randox Laboratories LTD Crumlin, CO),

glutathione peroxidase, and glutathione S-transferase

(Glathione peroxidase and transferase were based on an

in-house automated analysis [56]) on lavage superna-

tants, serum C-reactive protein and fibrinogen (Diasorin,

Stillwater, MN), creatine kinase (Fisher Diagnostics,

Middletown, VA), sorbitol dehyrdogenase and creatin-

ine (Sekisui Diagnostics, Charlottetown Prince Edward

Island, Canada), high density (HDL) and low density

(LDL) lipoprotein cholesterol and plasma angiotensin

converting enzyme (Fisher Diagnostics, Middletown,

VA) were conducted as previously described [20].

Statistics

The statistical analyses of ECG, HRV, and biochemical

and inflammatory data in this study were performed

using SAS software version 9.2 (SAS Institute Inc, Cary,

NC). We used PROC MIXED of SAS because it offers

greater flexibility for the modeling of repeated measures

data than PROC GLM. It is also suitable for analysis of

large, unbalanced data with missing data at random. A

linear mixed model with restricted maximum-likelihood

estimation analysis, least squares means and repeated

measures ANOVA (analysis of variance) was used to de-

termine which TIME*TRT interactions were statistically

significant between baseline and exposure. Multiple

comparison adjustment for the p values and confidence

limits for the differences between the least squares

means was done using adjust = Tukey HSD (Honest

Significant Difference) test.
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ABSTRACT: This study was conducted to compare the cardiac effects
of particulate matter (PM)- (SA-PM) and ozone(O3)-enhanced (SA-
O3) smog atmospheres in mice. Based on our previous findings of
filtered diesel exhaust we hypothesized that SA-O3 would cause greater
cardiac dysfunction than SA-PM. Radiotelemetered mice were exposed
to either SA-PM, SA-O3, or filtered air (FA) for 4 h. Heart rate (HR)
and electrocardiogram were recorded continuously before, during and
after exposure. Both SA-PM and SA-O3 increased heart rate variability
(HRV) but only SA-PM increased HR. Normalization of responses to
total hydrocarbons, gas-only hydrocarbons and PM concentration were
performed to assess the relative contribution of each phase given the
compositional variability. Normalization to PM concentration revealed
that SA-O3 was more potent in increasing HRV, arrhythmogenesis, and causing ventilatory changes. However, there were no
differences when the responses were normalized to total or gas-phase only hydrocarbons. Thus, this study demonstrates that a
single exposure to smog causes cardiac effects in mice. Although the responses of SA-PM and SA-O3 are similar, the latter is more
potent in causing electrical disturbances and breathing changes potentially due to the effects of irritant gases, which should
therefore be accounted for more rigorously in health assessments.

■ INTRODUCTION

The association between air pollution exposure and cardiovas-
cular disease is well-established, particularly in people with
certain risk factors like high blood pressure or those with pre-
existing conditions.1 The picture is less clear for healthy
individuals and indeed there are still several unknowns with
regards to how air pollution mediates cardiovascular
dysfunction in this group, especially when there are no
observable symptoms. In addition, nationwide variations in
air pollution composition make it difficult to determine exactly
which components, or combination of components, drive the
response. This is the case for complex air pollution mixtures
like smog, which originates as a set of primary pollutants (e.g.,
nitrogen oxides, volatile organic compounds) that are released
from vehicles or industrial sources but thereafter transform after
reacting with ultraviolet light to produce secondary pollutants
like ozone and certain organic aerosols. Given these
uncertainties, research studies need to address the comparative
effects of multiple smog atmospheres and focus on determining
which compositions, and hence components, cause the most
serious health effects.

The American Heart Association cites several pathways by
which air pollution, especially particulate matter (PM), leads to
decrements in cardiovascular function.2,3 These include
elicitation of oxidative stress and inflammation, alteration of
vasomotor properties, translocation of certain pollutants into
the systemic circulation and modulation of autonomic controls
which regulate the heart and vasculature. Some of these may
not manifest as overt symptoms, especially in young healthy
individuals, but instead as shifts in normal physiological
function which render a person susceptible to subsequent
stressors or triggers of adverse responses. We previously
showed that exposure to a relatively low concentration of diesel
exhaust, which contains many of the same pollutants as smog,
caused increased arrhythmias and other cardiovascular effects
when healthy rats were challenged with an exercise-like
stressor.4,5 The insight gained from these and other studies is

Received: September 20, 2017
Revised: December 19, 2017
Accepted: February 1, 2018
Published: February 1, 2018

Article

pubs.acs.org/estCite This: Environ. Sci. Technol. 2018, 52, 3071−3080

© 2018 American Chemical Society 3071 DOI: 10.1021/acs.est.7b04880
Environ. Sci. Technol. 2018, 52, 3071−3080

D
o

w
n

lo
ad

ed
 v

ia
 U

S
 E

P
A

 O
F

F
IC

E
 O

F
 E

N
V

IR
O

N
M

E
N

T
A

L
 I

N
F

O
 o

n
 A

p
ri

l 
3

0
, 

2
0

2
0

 a
t 

1
5

:5
8

:4
7

 (
U

T
C

).
S

ee
 h

tt
p

s:
//

p
u

b
s.

ac
s.

o
rg

/s
h

ar
in

g
g

u
id

el
in

es
 f

o
r 

o
p

ti
o

n
s 

o
n

 h
o

w
 t

o
 l

eg
it

im
at

el
y

 s
h

ar
e 

p
u

b
li

sh
ed

 a
rt

ic
le

s.



that exposure to complex air pollution mixtures results in latent
autonomic shifts which cause a decrease in cardiac performance
during exposure and even up to 1 day later.
Although many epidemiological studies point to PM as the

main cause of air pollution’s impacts on the cardiovascular
system,6−8 there are numerous human and rodent studies that
implicate ubiquitous gaseous irritants like ozone as well.9−11 In
fact, our previous studies have shown that cardiovascular
dysfunction occurs, sometimes at comparable levels or even
after PM is removed from a multipollutant mixture like diesel
exhaust.12−14 Furthermore, the magnitude of the response is
not just determined by the relative levels of PM and ozone but
also by the resulting physical and chemical interactions that
occur in the mixture. Therefore, the objective of this study was
to examine and compare the cardiovascular responses of mice
exposed to either a simulated high PM/low ozone (SA-PM) or
low PM/high ozone (SA-O3) smog atmosphere. These photo-
oxidized mixtures approximated urban and regional evaporative
pollutant emissions with similar Air Quality Health Index
values. We previously determined that filtered diesel exhaust
causes greater acute cardiac effects than whole diesel exhaust,
and so we hypothesized that although both smog mixtures
would elicit cardiac changes in mice, the atmosphere dominated
by gaseous irritants would be more potent, particularly in
causing electrical disturbances like arrhythmia.

■ MATERIALS AND METHODS

Animals. Female C57BL/6 (21 ± 1.1 g) mice between 13
and 15 weeks of age were used in this study (Jackson
Laboratory, Bar Harbor, ME). Mice were initially housed five
per cage and maintained on a 12 h light/dark cycle at
approximately 22 °C and 50% relative humidity in an
AAALAC−approved facility. Food (Prolab RMH 3000; PMI
Nutrition International, St. Louis, MO) and water were
provided ad libitum. All protocols were approved by the
Institutional Animal Care and Use Committee of the U.S.
Environmental Protection Agency and are in accordance with
the National Institutes of Health Guides for the Care and Use
of Laboratory Animals. Animals were randomly assigned to one
of the following groups after implantation of radiotelemeters:
(1) filtered air (FA), (2) SA-PM, or (3) SA-O3.
Surgical Implantation of Radiotelemeters. Mice were

implanted with radiotelemeters as previously described.15

Animals were anesthetized using inhaled isoflurane (Isothesia,
Butler Animal Health Supply, Dublin OH). Anesthesia was
induced by spontaneous breathing of 2.5% isoflurane in pure
oxygen at a flow rate of 1 L/min and then maintained by 1.5%
isoflurane in pure oxygen at a flow rate of 0.5 L/min; all animals
received the analgesic buprenorphrine (0.03 mg/kg, i.p.
manufacturer). Briefly, using aseptic technique, each animal
was implanted subcutaneously with a radiotelemeter (ETA-F10,
Data Sciences International, St Paul, MN), the transmitter was
placed under the skin to the right of the midline on the dorsal
side. The two electrode leads were then tunneled subcuta-
neously across the lateral dorsal sides, and the distal portions
were fixed in positions that approximated those of the lead II of
a standard electrocardiogram (ECG). Body heat was
maintained both during and immediately after the surgery.
Animals were given food and water postsurgery and were
housed individually. All animals were allowed 7−10 days to
recover from the surgery and reestablish circadian rhythms.
Radiotelemetery Data Acquistion. Radiotelemetry meth-

odology (Data Sciences International, Inc., St. Paul, MN) was

used to track changes in cardiovascular function by monitoring
heart rate (HR), and ECG waveforms immediately following
telemeter implantation, through exposure until 24 hours
postexposure. This methodology provided continuous monitor-
ing and collection of physiologic data from individual mice to a
remote receiver. Sixty-second ECG segments were recorded
every 15 min during the pre- and postexposure periods and
every 5 min during exposure (baseline and hours 1−4); HR
was automatically obtained from the waveforms (Dataquest
ART Software, version 3.01, Data Sciences International, St.
Paul, MN). All animals were acclimated to the exposure
chambers on two separate occasions, even then, an increase in
HR was always observed when animals were placed in the
chamber on the day of exposure.

Electrocardiogram Analysis. ECGAuto software (EMKA
Technologies USA, Falls Church VA) was used to visualize
individual ECG waveforms, analyze and quantify ECG segment
durations and areas, as well as identify cardiac arrhythmias as
previously described (Kurhanewicz et al. 2014). Briefly, using
ECGAuto, Pwave, QRS complex, and T-wave were identified
for individual ECG waveforms and compiled into a library.
Analysis of all experimental ECG waveforms was then based on
established libraries. The following parameters were determined
for each ECG waveform: PR interval (Pstart-R), QRS complex
duration (Qstart-S), ST segment interval (S-Tend) and QT
interval (Qstart-Tend). QT interval was corrected for HR using
the correction formula for mice QTc = QT/(RR/100)1/2.16

Pre-exposure assessments were measured as the exposure time-
matched 4 h of data from 24 h before exposure for each animal.
Immediately postexposure assessments were the 4 h of data
taken immediately postexposure. Twenty-four postexposure
assessments were the exposure time-matched 4 h of data taken
24 h after exposure.

Heart Rate Variability Analysis. Heart rate variability
(HRV) was calculated as the mean of the differences between
sequential RRs for the complete set of ECG waveforms using
ECGAuto. For each 1 min stream of ECG waveforms, mean
time between successive QRS complex peaks (RR interval),
mean HR, and mean HRV-analysis−generated time-domain
measures were acquired. The time-domain measures included
standard deviation of the time between normal-to-normal beats
(SDNN), and root mean squared of successive differences
(RMSSD). HRV analysis was also conducted in the frequency
domain using a Fast-Fourier transform. The spectral power
obtained from this transformation represents the total
harmonic variability for the frequency range being analyzed.
In this study, the spectrum was divided into low-frequency
(LF) and high-frequency (HF) regions. The ratio of these two
frequency domains (LF/HF) provides an estimate of the
relative balance between sympathetic (LF) and vagal (HF)
activity.

Whole-Body Plethysmography. Ventilatory function was
assessed in awake, unrestrained mice using a whole-body
plethysmograph (Buxco, Wilmington, NC). Assessments were
performed 1 day before exposure, immediately postexposure
and 24 h after exposure. The plethysmograph pressure was
monitored using Biosystems XA software (Buxco Electronics
Inc., Wilmington, NC). Using respiratory-induced fluctuations
in ambient pressure, ventilatory parameters including tidal
volume (VT), breathing frequency ( f), inspiratory time (Ti),
and expiratory time (Te), were calculated and recorded on a
breath-by-breath basis.
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Photochemical Smog Exposures. A gasoline blend was
combined with either α-pinene or isoprene to produce a
hydrocarbon mixture that was enhanced for particulate matter
(PM) or ozone (O3) during irradiation, respectively. Thus,
photochemical smog atmospheres with either high PM2.5 and
low O3/nitrogen oxide (NOx) concentrations (SA-PM) or low
PM2.5 and high O3/NOx (SA-O3) were generated in the Mobile
Reaction Chamber (MRC). Briefly, SA-PM was artificially
generated with 0.491 ppm nitrogen oxide (NO), 0.528 ppm of
NOx, 29.9 ppmC total hydrocarbons (THC), 24 ppmC
gasoline and 5.3 ppmC α -pinene as the initial conditions,
whereas SA-O3 was generated from 0.794 ppm of NO, 0.912
ppm of NOx, 12.4 ppmC THC, 5.2 ppmC isoprene and 7.21
ppmC gasoline. Each of the initial smog mixtures was then
irradiated with ultraviolet light. Smog was then transported
under vacuum to 0.3 m3 whole body inhalation chambers where
mice were exposed once for 4 h. Continuous gas and aerosol
sampling for carbon monoxide (CO), O3, NOx, THC and

particle mass concentration were conducted at both the MRC
unit as well as from the inhalation exposure systems. All PM
was formed as secondary organic aerosol (SOA) from the
photochemical reactions in the MRC. Particle size distributions
and gravimetric mass sampling was measured, and filter
sampling for gravimetric analysis were conducted for the entire
exposure time. Volatile organic compound (VOC) summa
cannisters were periodically collected and analyzed by gas
chromatography off-line to determine concentrations of various
volatile organic compounds (VOCs) in the exposure
atmosphere. Animals exposed to FA received room air, which
was transported to the chambers after being HEPA filtered.
Please refer to Krug et al. in this issue for complete exposure
details.

Statistics. All data are expressed as means ± SEM.
Statistical analyses were performed using Sigmaplot 13.0
(Systat Software, San Jose, CA) software. The delta values
(i.e., change during exposure from baseline) of HR, HRV and

Table 1. Concentrations of Criteria Pollutants and Air Quality Indexesa

PM2.5 (mg/m3) AQI NOx/AQI (ppm) AQI O3/AQI (ppm) AQI total hydrocarbons (ppmc) gas-phase (mgC/m3) AQHI

0.009 0.002

filtered air 37 (green) ND 1 (green) ND ND <1

SA-PM 1.0362 0.380 0.190 5.5 3.847 92.5

>500 (brown) 154 (orange) 287(red)

SA-O3 0.0523 0.647 0.448 6.1 3.125 102.6

142 (orange) 199 (red) >300 (purple)
aND, none detected. Green, AQ is satisfactory−little or no risk. Yellow, AQ is acceptable−moderate health concern for a very small number of
people who are unusually sensitive to air pollution. Orange, Sensitive people may experience health effects. Red, Everyone may experience health
effects; sensitive people at greater risk. Purple, Everyone may experience serious health effects. Brown, Health warnings at emergency conditions;
entire population will be affected.

Figure 1. Exposure to smog alters heart rate responses in mice. In general, mice experienced a steady decrease in HR (from baseline) over the first 2
h of exposure, which then leveled off in hours three and four. Mice exposed to SA-PM experienced a significant increase in HR during the first hour
and had less decrease in HR thereafter when compared to FA and SA-O3 (A.). However, there was no difference between SA-PM and SA-O3 when
the change in HR during exposure was normalized to total hydrocarbons (B.) or gas-phase hydrocarbons only (C.). In contrast, decrease in HR
during SA-O3 exposure was significantly greater than SA-PM when responses were normalized to PM concentration (D.). significantly different from
FA; • significantly different from SA-O3; ⧺ significantly different from SA-PM. p < 0.05.
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the ventilatory parameters were used and a two-way analysis of
variance (ANOVA) for repeated-measures was employed with
Bonferroni post hoc tests to determine statistical differences.
Raw ECG and arrhythmia count data were analyzed by two-way
ANOVA. Raw HR, HRV, ventilatory parameters, and
arrhythmia counts were also normalized to total hydrocarbons
(both particle and gas phases), gas-phase hydrocarbons only or
PM concentration by dividing the physiological parameters by
the pollutant concentrations. Normalizations were done to
compare the relative contribution of these components to the
physiological response to Smog A versus B and their relative
potencies; no statistical comparisons were made to FA
postnormalization. The statistical significance was set at P <
0.05.

■ RESULTS

Exposure Characteristics. Table 1 shows the inhalation
chamber concentrations of PM2.5 (i.e., secondary organic
aerosols), NOx, O3, as well as total hydrocarbons in the
complete smog mixture (particle and gas phases) and in the
gas-phase only for both SA-PM (enhanced PM2.5) and SA-O3

(enhanced O3). In addition, the respective air quality health
indexes (AQHI) and air quality indexes (AQI) along with their
color codes are also included to provide a health-risk
comparison between these atmospheres. These indices describe
the health risks from polluted air on individual days throughout
the year, either from independent pollutants as in the case of
AQI, or from a cumulative PM2.5, O3, and NOx perspective as
with AQHI. Refer to Krug et al. in this issue for a more
comprehensive comparison of SA-PM (MR044) and SA-O3

(MR059).
Heart Rate. There was no difference in the baseline HR,

which was the resting level measured in the home cages,
between any of the groups (FA = 588.0 ± 19.8 bpm; SA-PM =
568.6 ± 7.5 bpm; SA-O3 = 565.9 ± 9.4 bpm). In general, all
animals experienced a decrease in HR during the exposure;
although, SA-PM caused a significant increase in HR during
Hour1 and less HR decrease over the remaining exposure
period when compared to FA and SA-O3 (Figure 1A).
However, there was no difference between SA-PM and SA-
O3 when the responses were normalized to THC (Figure 1B)
or gas-phase hydrocarbons only (Figure 1C). On the other
hand, HR decrease was significantly greater during SA-O3 when
compared to SA-PM after normalization to PM concentration
(Figure 1D).
Arrhythmia. None of the animals experienced cardiac

arrhythmias during the pre-exposure period. Figure 2 shows the
raw arrhythmia counts during the 4 h exposure. Overall,
exposure to SA-O3 increased the incidence of arrhythmias when
compared to FA (Figure 2A−D) but there was no difference
with respect to SA-PM in the denormalized (Figure 2A) and
THC normalized (Figure 2B) responses. In contrast, SA-O3

caused significantly more arrhythmias than SA-PM when the
responses were normalized to gas-phase hydrocarbons (Figure
2C) or PM concentrations (Figure 2D).
Heart Rate Variability. Figures 3-5 show the changes in

HRV during exposure. There were no significant differences in
the baseline HRV measures between any of the groups (FA −

SDNN = 7.4 ± 0.7 ms, RMSSD = 4.0 ± 0.5 ms, LF/HF = 8.4 ±
0.7 ms2; SA-PM − SDNN = 7.9 ± 0.7 mscec, RMSSD = 5.3 ±

0.6 ms, LF/HF = 7.1 ± 0.6 ms2; SA-O3−SDNN = 8.7 ± 0.7 ms,
RMSSD = 5.5 ± 0.7 ms, LF/HF = 6.7 ± 0.6 ms2). SDNN
decreased in the first hour of exposure in control animals; this

was likely due to sympathetic modulation from the stress of
handling and placement in the chamber. Animals exposed to
either SA-PM or SA-O3 had a significant increase in SDNN
(Figure 3A) when compared to FA and a similar trend was
observed for RMSSD (Figure 4A). Both time-domain measures
showed minimal to no effects for either SA-PM or SA-O3 when
the responses were normalized to THC (Figure 3B and 4B) or
gas-phase hydrocarbons only (Figure 3C and 4C). However,
the increase in SDNN and RMSSD during SA-O3 exposure was
significantly greater than SA-PM when the data were
normalized to PM concentration (Figure 3D and 4D). On
the other hand, there were no significant effects in the
frequency-domain measures (i.e., LF/HF) for either smog
atmosphere with or without normalization of responses (Figure
5).

Ventilatory Function. Whole-body plethysmography was
performed on all animals during the baseline period as well as
immediately and 1 day after exposure; results shown in Figure 6
compare the changes in ventilatory parameters from baseline
between the groups. Baseline values did not differ between the
groups (FA − f = 475.1 ± 13.1 breaths/min, VT = 0.24 ± 0.01
mL, Ti = 0.06 ± 0.002 s, Te = 0.08 ± 0.002 s; SA-PM − f =
509.8 ± 6.3 breaths/min, VT = 0.24 ± 0.01 mL, Ti = 0.05 ±

0.001 s, Te = 0.07 ± 0.001 s; SA-O3 − f = 499.7 ± 12.1
breaths/min, VT = 0.25 ± 0.01 mL, Ti = 0.06 ± 0.002 s, Te =
0.07 ± 0.002 s). There were no differences in f, VT, Ti or Te
between any of the groups in the unnormalized results (Figure
6A). However, normalizing to THC (Figure 6B) or gas-phase
only hydrocarbons (Figure 6C) revealed a significant decrease
in f, and increase in VT and Ti in SA-PM and SA-O3

Figure 2. Exposure to O3-enhanced smog increases cardiac
arrhythmias in mice. Overall, exposure to SA-O3 caused a significant
increase in the number of cardiac arrhythmias in mice when compared
to FA. There was no difference between SA-O3 and SA-PM in the
denormalized (A.) and THC-normalized (B.) responses; however, SA-
O3 caused significantly more arrhythmias than SA-PM when the
responses were normalized to gas-phase hydrocarbons (C.) or PM
concentration (D.). significantly different from FA; • significantly
different from SA-PM. p < 0.05.
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immediately after exposure when compared to controls. Some

of these responses relative to FA persisted 1 day after exposure

but there was no difference between SA-PM and SA-O3. In

contrast, normalization to PM concentrations revealed a

significant increase in f, and decrease in VT and Ti immediately

after exposure in SA-O3-exposed animals when compared to

SA-PM (Figure 6D); only the changes in f and VT persisted 24

h later.
Electrocardiogram. There were no baseline differences in

any ECG parameters between any of the groups. Changes in

Figure 3. Exposure to smog increases SDNN in mice. SDNN decreased during the first hour of FA exposure probably due to stress. On the other
hand, mice exposed to either SA-PM or SA-O3 experienced a significant increase in SDNN (A.) when compared to FA. There was no difference in
SDNN between SA-PM and SA-O3 in the denormalized (A.), THC- (B.) or gas-phase only hydrocarbon (C.) normalized responses. In contrast,
SDNN was significantly increased during SA-O3 exposure when compared to SA-PM when responses were normalized to PM concentration (D.).
significantly different from FA; • significantly different from SA-PM. p < 0.05.

Figure 4. Exposure to O3-enhanced smog increases RMSSD in mice. There was no effect of SA-PM or SA-O3 on RMSSD when compared to FA
although a trend of increase was observed for both (A.). There was no difference in RMSSD between SA-PM and SA-O3 in the THC- (B.) or gas-
phase only hydrocarbon (C.) normalized responses. On the other hand, RMSSD was significantly increased during SA-O3 exposure when compared
to SA-PM when responses were normalized to PM concentration (D.). significantly different from FA; • significantly different from SA-PM. p < 0.05.
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ECG during exposure were restricted to a PR interval
prolongation in mice exposed to SA-PM, which were
significantly higher than FA and SA-O3 (Table 2).

■ DISCUSSION

The results of this study demonstrate that a single inhalation
exposure to atmospheric smog causes acute cardiovascular
dysfunction in mice, irrespective of whether it is comprised
predominantly of PM or O3. Our findings also suggest that
multipollutant mixtures which have a higher irritant gas
composition are likely to cause more potent acute cardiac
effects than those with higher PM/lower gases. Unfortunately,
the relative toxicity of only the SOA in each of the atmospheres
was not assessed, this would have provided greater information
about their contributions to the differential health effects we
observed. In either case, it is not possible to firmly conclude
whether PM in general plays a greater role in causing cardiac
effects or not because SOA is not necessarily the same as
ambient PM. However, in an effort to compare the effects of
SA-PM and SA-O3 relative to their whole compositions, we
normalized the data from this study to total hydrocarbons, gas-
phase hydrocarbons only and PM concentration. Normalization
of the results showed that there was no difference in heart rate,
heart rate variability or cardiac arrhythmias between SA-PM
and SA-O3 when differences in total hydrocarbons or gas-phase
only hydrocarbons were taken into account. In contrast, SA-O3

caused significantly greater cardiac effects than SA-PM when
results were normalized to PM concentration indicating that
the difference in response was mediated by the gaseous
components. Thus, these findings point to the complexity of
interactions between air pollution components and the
reactions that determine the composition of the final mixture
and the resulting cardiovascular response.

Real-time cardiovascular measurements and responses to
exposure as derived here from radiotelemetry often include
stress-related effects (e.g., from handling, noise, etc). This was
observed in all animals as a transient increase in heart rate upon
placement in the exposure chamber, which occurred despite
two separate one-hour acclimatizations. In controls, the overall
heart rate progressively decreased per hour of exposure as the
animals calmed down in the chambers. Similar responses were
observed with SA-O3 but with a trend of greater decrease in
heart rate. Although this result was not statistically significant, it
is not entirely surprising that SA-O3 would have this effect
given it was rich in irritant gases like O3, NOx and reactive
aldehydes, which have the ability to activate airway sensory
nerves, elicit autonomic reflexes and modulate parasympathetic
function.17−19 On the other hand, SA-PM caused a significant
increase in heart rate in the first hour of exposure and less
decrease (i.e., HR remained elevated above normal) over the
remaining exposure period when compared to controls and SA-
O3. These disparate effects of SA-PM and SA-O3 are not
unusual. We previously showed that exposure to particle-
filtered diesel exhaust caused greater decrements in heart rate
than whole diesel exhaust while particle-rich air pollution has
been shown to increase heart rate.13,20,21 Thus, it appears from
our data that decreases in heart rate during such exposures are
related to the composition and concentration of gases in the
complex air pollution mixture. Notice that normalization of the
heart rate to total or gas-phase only hydrocarbons did not
reveal any difference between SA-PM and SA-O3, yet when the
“effects” of PM were eliminated through normalization SA-O3

caused a significant decrease in heart rate when compared to
SA-PM.
The composition of the smog atmospheres may not have

been the only determinant of this response, variations in the

Figure 5. Change in LF/HF during smog exposure. There were no significant effects of SA-PM or SA-O3 on LF/HF when compared to FA or when
either smog atmosphere was compared to the other (A.). Normalization of the responses to THC- (B.), gas-phase only hydrocarbons (C.), or PM
concentrations (D.) did not reveal any significant difference between SA-PM and SA-O3 except in (D.) where a trend of increase was observed in SA-
O3-exposed mice.
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smell of SA-PM and SA-O3 could have contributed as well. SA-
PM had a very potent smell when compared to SA-O3 and this
may have caused an increase in the heart rate. This effect has
been demonstrated previously, particularly with burnt or
unpleasant smells,22 and appears to be mediated by an increase
in sympathetic modulation or decrease in heart rate variability.
It is likely that in addition to smell, several smog factors could
have triggered responses and altered autonomic function
simultaneously, particularly given the complexity of the
atmosphere (e.g., potent “burnt” smell + chemical airway
irritation + secondary activation due to inflammation). The

autonomic nervous system controls the heart and vasculature
through a dynamic ebb and flow of both parasympathetic and
sympathetic influence and tends to lean in the direction of one
or the other based on the physiological circumstances. Thus,
returning to the issue of composition, the difference in response
between a predominantly gaseous mixture and one that is high
in particles would depend on the sum of all the factors that
impact autonomic function, and hence the resulting direction
would be determined by which factor(s) dominates.
Although our data do not necessarily demonstrate this (i.e.,

parasympathetic/sympathetic activation) directly, it is possible

Figure 6. O3-enhanced smog alters breathing in mice immediately after exposure. There was no effect of SA-PM (filled circles) or SA-O3 (open
triangles) on any ventilatory parameters when compared to FA (open circles) (A.) and there were no differences observed between SA-PM and SA-
O3 in the THC- (B.) or gasphase only hydrocarbon (C.) normalized responses. However, f was increased, and VT and Ti were significantly
decreased after SA-O3 exposure when compared to SA-PM when responses were normalized to PM concentration (D.). significantly different from
FA; • significantly different from SA-PM. p < 0.05.
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that irritant gases drove a predominantly parasympathetic
response whereas the PM-rich mixture caused a stress-induced
sympathetic modulation. We observed a greater increase in
SDNN and RMSSD, which is indicative of parasympathetic
modulation, during SA-O3 exposure when compared to SA-PM.
This response was due to the effects of the gas-phase
components given the difference in these parameters between
the two smog atmospheres became evident when we
normalized to PM concentration. As far as PM is concerned,
studies have demonstrated, as stated previously, that it not only
increases heart rate, blood pressure, low frequency blood
pressure variability and noradrenalin release (i.e., stress), but
also causes a decrease in heart rate variability.3,23 All of these
changes point to sympathetic modulation and a perceived
increase in cardiac risk. However, we observed an increase in
SDNN and RMSSD even with the PM-enhanced SA-PM
mixture. This might be explained by the fact that SA-PM also
contained irritant gases, some of which were present in high
concentrations (see Krug et al. in this issue) and could have
opposed the sympathetic modulatory effect of the PM. A lack
of response in the LF/HF ratio suggests this parasympathetic-
sympathetic push and pull.24

Comparisons between SA-PM and SA-O3 also included the
air quality health index or AQHI, which indicates the health risk
of both atmospheres. The equation for this index provides the
relative contribution of the PM2.5 and the oxidant gases toward
the health metric. In the case of SA-O3, oxidant gases
contributed to 97% of the AQHI with a negligible amount
coming from PM, once again pointing to the fact that it is
effects were predominantly mediated by irritant gases. In
contrast, PM contributed to almost 70% of the AQHI of SA-
PM, yet it also had a fairly significant contribution (30%) from
the oxidant gases as well (see Krug et al. this issue). These
results seem to confirm our conclusions that although the
effects of SA-O3, which included a significant decrease in heart
rate and increase in heart rate variability, were almost entirely
driven by gases, SA-PM’s effects were likely driven by both. The
implications for human health are important, particularly given
most of the research over the past decade has focused on PM-

driven cardiovascular effects. For example, both an increase of 6
ug/m3 in fine PM and 20 ppb O3 resulted in a significant
increase in the risk of out of hospital heart attacks.25

Furthermore, exposure to 0.3 ppm of O3 caused similar HRV
changes in healthy young individuals to what we observed in
this study, suggesting gases like O3 may not cause overt
symptoms but rather underlying changes.26

While an increasing or decreasing heart rate or heart rate
variability during exposure merely indicates a physiological
change, one could potentially infer cardiac dysfunction when it
is a deviation from the control response. It represents
fluctuations that can normally happen in mammals (e.g.,
exercise or physical exertion). Sometimes these responses
reflect adverse cardiac issues more strongly when observed in
conjunction with cardinal signs of dysfunction like arrhythmia.
This may be the case for what we observed in the mice exposed
to these smog atmospheres. We have shown that gaseous air
pollution is more arrhythmogenic than one with a high
concentration of PM and the same appears to be the case in
this study.12,27 SA-O3, particularly when normalized to PM
concentration, caused a significantly greater number of
sinoatrial (SA) node dysfunction than SA-PM. Furthermore,
we found that SA-O3 was more arrhythmogenic than SA-PM
even when normalized to gas-phase hydrocarbons suggesting
PM had very little effect. This form of arrhythmia or
dysrhythmia, which can increase the risk of escape beats and
cardiac insufficiency in humans, is due to an abnormal delay in
the firing of the SA node and manifests as blocked p-waves and
alternating runs of bradycardia followed by tachycardia..
Interestingly, some of the causes behind this phenomenon
include an increase in vagal tone and airway irritation which
leads to dyspneic breathing and airway spasm, both of which
were observed in our animals.28,29

Exposure to SA-PM did cause a prolongation of the PR
interval, which in some cases is normal but also can indicate a
cardiac conduction abnormality. However, in the absence of
other effects (e.g., arrhythmia) it would be hard to say that
there was any real dysfunction in these mice. Indeed, even
changes in breathing impact the heart on a breath-by-breath
basis and through this physiological coupling the heart is able to
maintain proper function.30 Thus, alterations in breathing due
to airway irritation and airflow obstruction have the potential to
cause adverse cardiac events. Yet, we did not observe any
remarkable differences in ventilatory parameters either
immediately following the exposure or 1 day later for either
SA-PM or SA-O3. Normalization to total or only gas-phase
hydrocarbons did not reveal any differences but SA-O3 caused a
significant increase in breathing frequency, and decreases in
tidal volume and inspiratory time when the results were
normalized to PM concentration. Thus, once again it appears
that the gases in SA-O3 caused a rapid shallow breathing in
mice possibly due to irritation.
In conclusion, the results of this study demonstrate that

inhalation exposure to a complex smog atmosphere causes
acute cardiac effects in mice, and that the composition of the
pollution mixture likely plays a key role in determining the
degree of responsiveness. Although the PM-enhanced smog
caused a change in cardiac function, it is likely that a single
exposure was not enough to elicit worsening symptoms in our
relatively young healthy animals. This is particularly true for the
relatively low number of cardiac arrhythmias observed in those
animals. It is entirely likely however that repeated exposures
would have had a more pronounced impact. In contrast, the

Table 2. Electrocardiographic Parameters

air PR interval (msec) QRS duration (msec) QTc (msec)

baseline 36.1 ± 0.5 14.7 ± 1.9 94.2 ± 3.0

hour 1 33.4 ± 1.8 13.9 ± 0.5 92.7 ± 1.5

hour 2 35.7 ± 1.4 14.6 ± 0.4 92.9 ± 1.5

hour 3 35.9 ± 0.6 14.8 ± 0.4 94.9 ± 3.0

hour 4 37.5 ± 1.0 15.3 ± 0.4 94.5 ± 2.0

24 h postexp 36.0 ± 0.7 16.3 ± 0.3 94.6 ± 4.0

SA-PM

baseline 32.8 ± 0.6 14.6 ± 0.3 88.2 ± 1.5

hour 1 40.7 ± 1.0*⧫ 13.3 ± 0.2 91.0 ± 4.6

hour 2 42.3 ± 1.1*⧫ 13.4 ± 0.4 93.3 ± 4.1

hour 3 43.3 ± 0.9*⧫ 13.7 ± 0.2 91.7 ± 2.6

hour 4 42.8 ± 1.2*⧫ 13.6 ± 0.3 99.3 ± 7.0

24 h postexp 33.4 ± 0.5 14.4 ± 0.2 81.5 ± 1.4

SA-O3

baseline 33.6 ± 0.9 13.4 ± 1.1 89.9 ± 1.8

hour 1 34.4 ± 1.1 11.8 ± 2.2 95.9 ± 3.4

hour 2 36.3 ± 0.8 11.0 ± 2.4 91.5 ± 3.6

hour 3 36.6 ± 0.7 9.6 ± 3.2 92.7 ± 4.9

hour 4 37.1 ± 0.7 10.1 ± 2.8 92.4 ± 2.9

24 h postexp 34.2 ± 0.6 14.4 ± 0.8 88.9 ± 0.8
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O3-enhanced smog caused a set of physiological changes which
if considered with the increased incidence of arrhythmia suggest
an acute irritant gas-mediated autonomic modulation and
electrical disturbance. Even though the former is not
considered a “toxicological” response, it does reflect a change
from the homeostatic normal state of the body. These short-
lived reversible effects probably do not pose a serious hazard to
the body on their own, but when combined with an additional
stressor could predispose the heart to dysfunction, particularly
during in the 24 h following exposure.
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ABSTRACT

Air pollution is a complex mixture of particulate matter and gases linked to adverse clinical outcomes. As such, studying

responses to individual pollutants does not account for the potential biological responses resulting from the interaction of

various constituents within an ambient air shed. We previously reported that exposure to high levels of the gaseous

pollutant acrolein perturbs myocardial synchrony. Here, we examined the effects of repeated, intermittent co-exposure to

low levels of concentrated ambient particulates (CAPs) and acrolein on myocardial synchrony and the role of transient

receptor potential cation channel A1 (TRPA1), which we previously linked to air pollution-induced sensitization to triggered

cardiac arrhythmia. Female B6129 and Trpa1�/�mice (n ¼ 6/group) were exposed to filtered air (FA), CAPs (46 mg/m3 of

PM2.5), Acrolein (0.42 ppm), or CAPsþAcrolein for 3 h/day, 2 days/week for 4 weeks. Cardiac ultrasound was conducted to

assess cardiac synchronicity and function before and after the first exposure and after the final exposure. Heart rate

variability (HRV), an indicator of autonomic tone, was assessed after the final exposure. Strain delay (time between peak

strain in adjacent cardiac wall segments), an index of myocardial dyssynchrony, increased by 5-fold after the final

CAPsþAcrolein exposure in B6129 mice compared with FA, CAPs, or Acrolein-exposed B6129 mice, and CAPsþAcrolein-

exposed Trpa1�/� mice. Only exposure to acrolein alone increased the HRV high frequency domain (5-fold) in B6129 mice,

but not in Trpa1�/�mice. Thus, repeated inhalation of pollutant mixtures may increase risk for cardiac responses

compared with single or multiple exposures to individual pollutants through TRPA1 activation.

Key words: air pollution; particulate matter; acrolein; TRPA1; myocardial synchrony; heart rate variability.

Poor air quality is an important modifiable risk factor for cardio-

vascular morbidity and mortality (Argacha et al., 2018;

Bhatnagar, 2017; Brook and Rajagopalan, 2017; Cohen et al.,

2017; Newby et al., 2015). However, attempts to quantify the car-

diovascular health burden of air pollution is difficult given the

complexity of particulate matter (PM), gas, and volatile organic
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compound mixtures, the relative quantities of which depend on

local geography, proximity to emission sources, time of day,

and weather conditions. Furthermore, the colocalization of pol-

lutants promotes gas-particle interactions, potentially yielding

additive, synergistic, or even antagonistic biological responses

that may underlie the health effects of air pollution (Mauderly

and Samet, 2009). For example, co-exposure to PM and ozone

(O3) has been linked to dispersion of ventricular repolarization

in humans (Sivagangabalan et al., 2011), as well as decreased

heart rate variability (HRV) (Farraj et al., 2015; Wagner et al.,

2014) and epicardial adipose inflammation in rats (Sun et al.,

2013). PM co-exposure with NO2 has been shown to alter T-

wave amplitude and low-frequency components of HRV in

healthy volunteers, which were not present with exposure to ei-

ther pollutant alone (Huang et al., 2012).

Less is known about potential interactive effects between

PM and acrolein (C@CAC@O), a ubiquitous aldehyde produced

during the combustion of organic material like tobacco, wood,

fats, and fuels (Henning et al., 2017). Acrolein is an upper airway

irritant with reactive electrophilic properties and well-

documented adverse cardiopulmonary effects, some of which

are mediated by transient receptor potential cation channel A1

(TRPA1) (ATSDR, 2007; Bautista et al., 2006; Conklin, 2016;

Henning et al., 2017). Due to the colocalization of PM and acro-

lein in ambient airsheds, PM and acrolein may interact in a way

that modifies the health effects of either pollutant alone, espe-

cially given that PM-adsorbed electrophiles have been shown to

activate TRPA1 (Deering-Rice et al., 2011; Fariss et al., 2013; Ghelfi

et al., 2008). TRP channels are expressed on pulmonary C-fibers

(Lee et al., 2015; Lin et al., 2010) and when activated in the nose

and lung trigger autonomic reflexes that drive cardiopulmonary

effects like apnea, bronchospasm, hypotension, and bradycar-

dia (Pozsgai et al., 2010). TRPA1 involvement in acute air

pollution-induced sensory nerve activation, initiation of auto-

nomic reflexes, and cardiovascular dysfunction has been exten-

sively described in Conklin et al. (2017), Henning et al. (2017),

Hooper et al. (2016), and Kurhanewicz et al. (2017). TRPA1-

mediated effects have been reported with aerosol mixtures

known to contain both PM and acrolein, including cigarette

smoke-induced alteration of mouse tracheal ring responses

(Kichko et al., 2015) and diesel exhaust-induced increased sensi-

tivity to triggered cardiac arrhythmia in rats (Hazari et al., 2011).

In our previous work, we determined that acrolein inhala-

tion (3.0 ppm) in mice decreased myocardial synchrony when

measured 1 and 24 h after exposure (Thompson et al., 2017).

Myocardial synchrony is a measure of heart muscle contractile

coordination, which we have proposed as a potentially sensitive

indicator of air pollution health effects. Moreover, myocardial

synchrony requires coordinated propagation of membrane de-

polarization, excitation-contraction coupling, and contraction

mechanics, all of which are heavily influenced by changes in

autonomic tone (Gimelli et al., 2014). Given (a) the reports link-

ing air pollution, altered cardiac autonomic activity and TRPA1

(Conklin et al., 2017; Hazari et al., 2011; Kunkler et al., 2015;

Kurhanewicz et al., 2017) and (b) the lack of information regard-

ing the interactive health effects of particulates and aldehydes,

the purpose of this study was to compare the cardiovascular

impacts of intermittent, repeated exposure to low levels of con-

centrated ambient particulate matter (CAPs), acrolein, or CAPs

plus acrolein in wild-type and TRPA1 knockout mice. We hy-

pothesized that co-exposure to CAPs and acrolein would in-

crease myocardial dyssynchrony and alter cardiac autonomic

tone when compared with exposure to either pollutant alone,

and that such responses would be absent in TRPA1 knockout

mice. Cardiac strain data, heart function and dimensions, and

transmitral blood flow were investigated using high-frequency

ultrasound before exposures, 1 day after the first exposure, and

1 day after the final exposure. Exposure-induced functional

changes were coupled with measures of HRV for assessment of

cardiac autonomic responses. Furthermore, because the effects

of CAPS and acrolein co-exposure on overall cardiopulmonary

well-being have not been reported before, we also measured

several indicators of pulmonary and systemic inflammation

and injury and examined for nasal, lung, and heart histopathol-

ogy. Effects were related to PM composition and contributing

sources by analysis of PM elemental data and quantification of

PM sources using a chemical mass balance model.

MATERIALS AND METHODS

Sample size analysis. Sample size analysis was conducted using R

Studio software (version 3.1.2) with the “pwr” package (https://

cran.r-project.org/web/packages/pwr/pwr.pdf, last accessed

November 14, 2018) and “pwr.anova.test” command. Data from

a previous study of myocardial synchronicity after acrolein

inhalation in mice was used to calculate sample size

(Thompson et al., 2017). The expected effect size for this study

was an increase in myocardial strain delay by 5% of the cardiac

cycle, which was the approximate increase observed in the pre-

vious study with acrolein inhalation. Also, the largest control

group standard deviation (SD) from the multiple time points

assessed in the previous study was 3.4%. Cohen’s equation for

effect size (d) and effect size index (f) was calculated as follows

(Cohen, 1988):

d ¼ effect range/control SD

d ¼ 5/3.4

d ¼ 1.47

f ¼ 0.5 * (d)

f ¼ 0.5 * (1.47)

f ¼ 0.74

For group size (n) determinations, we set k (number of

groups) ¼ 4 because we were planning for 3 experimental

groups and 1 air control group in each mouse strain, signifi-

cance level ¼ .05, and power ¼ .8. The sample size analysis

yielded n ¼ 6.

Animals. Twenty-four female B6129PF2/J mice (B6129), strain

code 100903, and 24 female B6; 129P-Trpa1tm1Kykw/J (Trpa1�/�),

strain code 006401 (Jackson Laboratories, Bar Harbor, Maine),

were housed in plastic cages (three per cage), maintained on a

12-h light/dark cycle at approximately 22�C and 50% relative hu-

midity (RH) in our Association for Assessment and

Accreditation of Laboratory Animal Care-approved facility, and

held for a minimum of 2 weeks before exposures. The

Institutional Animal Care and Use Committee of the U.S.

Environmental Protection Agency approved all protocols.

Female mice were used in accordance with a previous study

(Kurhanewicz et al., 2017). The age range for the B6129 mice was

19–21 weeks and that for the Trpa1�/� mice, 21–28 weeks. Two

42-week-old Trpa1�/� mice were also used due to limited avail-

ability of younger mice. The two 42-week old mice, were, how-

ever, split into separate groups. That is, one of these mice was

placed in the Acrolein-exposed Trpa1�/� group and one was

placed in the CAPS-exposed Trpa1�/� group.

Experimental design. Mouse inhalation exposures were conducted

within the U.S. Environmental Protection Agency’s Concentrated
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Air Particles Laboratory at the Consolidated Research Facility in

Research Triangle Park, North Carolina. To avoid restraint-stress

we selected a whole-body inhalation method. Fine CAPs concen-

trations were targeted to be low enough to approximate peak

concentrations in a typical urban environment (100 lg/m3). We

targeted an acrolein concentration of 0.300 ppm because it is only

three times the recommended exposure limit established by the

National Institute of Occupational Safety and Health of the

United States Center for Disease Control and Prevention (ie, 0.1

ppm 10-h time weighted average; NIOSH, 2005) and is a concen-

tration that can be reliably measured by our gas chromatograph.

To reflect natural short-term and repeated, intermittent exposure

to spikes in air pollution as experienced in the ambient environ-

ment by humans, mice were exposed for 3-h each day, 2 days per

week (Monday and Wednesday or Tuesday and Thursday) for 4

consecutive weeks for a total of 8 exposures during November

and December of 2014. Cardiac ultrasounds were performed on

each mouse 1 week prior to beginning exposures, 1 day after the

first exposure, and 1 day after the final exposure. Mice were

necropsied immediately after the last ultrasound.

PM concentrating system. Ambient air (5000 L/min) was drawn

into the exposure laboratory through a 2 stage, size selective

inlet restricting PM larger than 10 mm and 2.5 mm diameters. Air

with the resulting fine mode PM2.5 fraction exited the size selec-

tive inlet and was transported via stainless steel ductwork to

the CAPs laboratory where it entered a 3 stage Harvard Fine

Particle Concentrator (HFPC) (Gupta et al., 2004). The HFPC was

configured with 3 concentrating stages of slit virtual impactors

and was operated at a vacuum of �9 to �10 inH2O, producing

50 L/min of CAPs air as previously described in Kodavanti et al.

(2005). Plumbing was configured to allow the HFPC to function

in “chamber exposure” or “chamber bypass” modes (see

Figure 1). For FA and Acrolein exposure groups, the HFPC was

operated in “chamber bypass” mode so that all mice experi-

enced the same level of noise generated by the HFPC, thus

eliminating system noise as a potential experimental

confounder.

Exposure chambers. During operation of the HFPC in chamber

exposure mode, 50 L/min CAPs air at �9 to �10 in H2O static

pressure was split and 20 L/min were directed toward each of

two Cannon nose-only chambers. The remaining 10 L/min were

used for PM monitoring. Mice were exposed in rat-sized nose-

only tubes with rear stoppers mounted to chamber ports, allow-

ing for “whole-body” exposure conditions. More details are

provided in the Supplementary material.

Acrolein supply. Acrolein gas was injected upstream of the cham-

ber supply air inlet of one chamber. Gas was metered from a cyl-

inder of known acrolein concentration (537 ppm acrolein,

balance N2) and the gas flow rate was precisely monitored.

CAPs DAS (Data acquisition software) regulated and monitored

gas flow continuously as well as providing safety cutoff control

of acrolein if necessary. The gas supply line included a solenoid

valve and manual valves to isolate gas supply from the chamber

and allowed operators to purge the supply line with breathing

grade air for safety.

Chamber monitoring. HFPC and Cannon exposure chamber air

parameters were monitored and recorded using CAPs lab DAS.

Various analytical instruments, filter collections, GC sampling,

and real-time monitors were utilized for analyses of chamber

PM size and concentration, acrolein concentration, temperature,

RH, airflow, and other system parameters, allowing for continu-

ous control of chamber conditions. More details are provided in

the Supplementary material.

PM2.5 elemental, organic, and ion analysis. Due to limited airflow

and low PM concentrations filters were collected after 4 weeks

of exposure (1 filter per month), to collect sufficient PM mass for

extraction and analysis. This allowed us to assess potential dif-

ferences in PM content between November and December.

Elemental analysis was performed on aqua regia digests of PM

collected on Teflon filters as previously described in Farraj et al.

(2015). Samples were analyzed by high-resolution inductively

coupled plasma-mass spectrometry (HR-ICP-MS, Element 2,

Thermo Fisher Scientific, Waltham, Massachusetts).

Chemical mass balance (CMB) source apportionment. To predict

potential sources and estimates of their contributions to the

PM2.5 collected on filters during November and December of

2014, we tested sample chemical analysis profiles against the

EPA Chemical Mass Balance Model (CMB8.2; US EPA, 2004). PM

chemical composition data at the inlet of CAPs system alone

were used for this source-receptor modeling. Source profiles to

represent motor vehicles, biomass burning, secondary aerosol

production, road dust, and marine aerosol were taken from EPA

SPECIATE 4.3 Database (https://cfpub.epa.gov/speciate).

Echocardiography and electrocardiogram data collection. ECG wave-

form acquisition was performed using a Vevo 2100 ultrasound

system immediately prior to ultrasound sonography (FujiFilm

VisualSonics, Inc, Toronto, Canada). Isoflurane-anesthetized

mice were placed in dorsal recumbency with paws grounded to

the electrodes of a heated Vevo Mouse Handling Table (FujiFilm

VisualSonics, Inc). Four cineloops optimized to collect approxi-

mately 12–13 s of ECG data each (approximately 50 s total) were

recorded from each subject. Ultrasound scans were performed

as previously described in Thompson et al. (2017) in accordance

with the guidelines of the American Society of

Echocardiography (Lang et al., 2005; Quinones et al., 2002). The

sonographer was blinded to experimental groups. Scans were

made using a Vevo 2100 ultrasound system (FujiFilm

VisualSonics, Inc) and a MS550D transducer set to a 40 MHz

sample rate in B-mode and M-mode, and 32 MHz for pulsed

wave Doppler measurements. Data were collected at baseline

(the week before exposures), 1 day after the first exposure, and

1 day after the final (8th) exposure. Parasternal short-axis views

at the level of the left ventricular papillary muscles were col-

lected in B-mode and M-mode. The apical 4-chamber view was

used for pulsed wave Doppler measurements of transmitral

valve blood flow. Three cineloops from each view were collected

for data analysis. Anesthesia induction, subject preparation,

data collection, and recovery from anesthesia ranged from 15 to

20 min per animal.

Ultrasound analysis and heart rate variability assessment.

Ultrasound data analyses were also performed under blinded

conditions, as previously described in Thompson et al. (2017).

Circumferential strain delay, peak circumferential strain, time

to peak (TPk) strain, peak diastolic circumferential strain rate,

and TPk diastolic strain rate were each evaluated using B-mode

data. Left ventricular stroke volume, cardiac output, ejection

fraction, fractional shortening, end diastolic volume, end sys-

tolic volume, as well as wall and chamber dimensions were

calculated from M-mode data. Left ventricular isovolumic con-

traction time (IVCT), aortic ejection time (AET), and isovolumic
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relaxation time (IVRT) were calculated form pulsed wave

Doppler recordings. Myocardial performance Tei index was

calculated with the following equation: (IVCTþIVRT)/AET (Tei

et al., 1995).

HRV was measured and calculated as previously described

in Kurhanewicz et al. (2017). Briefly, the mean of the differences

between sequential RRs for each set of ECG waveforms were cal-

culated using ECGAuto (v3.3.5.10; EMKA Technologies S.A.S.,

Paris, France). Time-domain measures of HRV included stan-

dard deviation of the time between normal-to-normal beats

(SDNN) and root mean squared of successive differences

(RMSSD). SDNN represents overall HRV, whereas RMSSD repre-

sents parasympathetic influence over HR (Rowan et al., 2007).

The frequency domain of HRV was also analyzed including low-

frequency (LF: 0.15–1.5 Hz), representing a combination of sym-

pathetic and parasympathetic tone, and high-frequency (HF:

1.5–5 Hz), indicating parasympathetic tone, and the ratio of

these two (LF/HF), indicating sympathovagal balance (Rowan

et al., 2007). Thorough visual inspection was conducted to iden-

tify and exclude arrhythmias and artifacts.

Necropsy, bronchoalveolar lavage, tissue collection, and analyses.

Mice were anesthetized with pentobarbital (200 mg/kg) and phe-

nytoin (25 mg/kg) given by intraperitoneal injection (Euthasol,

Virbac Animal Health, Fort Worth, Texas). Blood was collected

from the abdominal vena cava, placed in serum separator tubes,

and after centrifugation serumwas stored at �80�C. The trachea

was cannulated and the right lung minus the caudal lobe was

lavaged with cold Hanks’ balanced salt solution (GIBCO HBSS,

Thermo Fisher Scientific). The caudal lobe was tied off before

lavage and snap frozen for tissue banking. Cytospins were

used for cell differentials and supernatants were stored at

�80�C. A transverse midsection of the left ventricle, the left

lung, and nose was collected for histological examination.

Bronchoalveolar lavage (BAL) cell pellets were resuspended in

fresh HBSS, 500 ml were used for cytospins and 500 ml were used

to determine total cell counts using a Beckman Coulter Z2

(Beckman Coulter Life Sciences, Brea, California). Cytospins

were stained with modified Wright-Giemsa stain (#036-221,

Fisher Scientific, Hampton, New Hampshire) and were counted

microscopically to 300 cells per slide, with percentages multi-

plied by total cell counts to calculate final cell numbers.

Histopathology. Hearts, lungs, and heads (for nasal airway) were

fixed in 4% fresh paraformaldehyde for histopathological evalu-

ation (see additional detail in Supplementary Methods). The

heart was sectioned transversely at the level of the mid-

ventricle. The left lung lobe was first perfused intratracheally at

a pressure of 30 cm of fixative and sectioned longitudinally. The

nasal cavity of each mouse was transversely sectioned at three

specific anatomic locations. Fixed tissues were paraffin-

embedded, sectioned at approximately 5 mm, and stained with

Figure 1. CAPs plus acrolein multipollutant exposure system. Particles entered via size selective inlet for 2.5 mm diameters or less and concentrated with a Harvard

Fine Mode Particle Concentrator. Mice were exposed in rat-sized nose-only tubes providing a whole-body exposure system. CAPs lab DAS and various analytical instru-

ments plus filters and GC sampling were utilized to monitor chamber PM concentration and size, Acrolein concentration, temperature and RH, chamber airflow, and

other system parameters. Acrolein gas flow was also monitored and controlled by the DAS and a mass flow controller (MFC). Due to inhalation chamber airflow

requirements, analytical sampling was carefully planned to get maximum PM2.5 composition information from minimum amount of airflow. PM mass concentrations

and inorganic elemental composition were measured using filters from the CAPs inlet, CAPs outlet, and both chambers. “A” marks the chamber used for acrolein only

and CAPs plus acrolein exposures. “B” marks the chamber used for filtered air only and CAPs only exposures.
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hematoxylin and eosin (H&E) using standard histologic proce-

dures at Experimental Pathology Laboratories (Research

Triangle Park, North Carolina). Stained sections were evaluated

via light microscopy by a certified pathologist (CW). Differences

in lesion incidence between treatment group and genotype

were evaluated using a two-sided Fisher’s exact test.

Statistical analyses. Data are reported as mean 6 SD or presented

as boxplots with all data points shown. Box edges identify the

interquartile range, the middle line identifies the median, the

“þ” identifies the mean, and the whiskers identify the mini-

mum and maximum data values. Data were analyzed and

graphed with Graphpad Prism 6 software version 6.07 (La Jolla,

California). For histopathology, differences in lesion incidence

among treatment group or genotype were evaluated using a

Fisher’s exact test. For single time point biological data, one-

way ANOVA with Tukey’s post-test and multiplicity adjusted p-

values were conducted. For repeated ultrasound assessments

two-way repeated measures ANOVA with Tukey’s post-test and

multiplicity adjusted p-values were conducted across exposure

groups within strain at each time point; Bonferroni’s post-test

was run across time and strain within exposure groups. For

these data, p-values are reported except for those < .0001 in

Figure 4. In Tables 3 and 4, p-values < .05 are denoted with *

versus FA, # versus Acrolein, † versus CAPs, and ‡ versus B6129.

RESULTS

Exposure Concentrations and Environmental Conditions

Chamber exposure conditions for each group are provided in

Table 1. Due to low ambient levels of PM, particle concentra-

tions achieved were only 46.3 and 45.4 mg/m3 for CAPs and

CAPsþAcrolein, respectively. Mean particle sizes were 168 and

172 nm in diameter in the CAPs and CAPsþAcrolein exposures,

respectively. In the acrolein alone and CAPsþAcrolein expo-

sures, acrolein concentrations were stable at around 0.42 ppm

and below the level of detection in the Filtered Air and CAPs

alone exposures. Chamber temperatures were stable at ap-

proximately 22�C and RH ranged from 30% to 50%. Lower hu-

midity in the CAPs and CAPsþAcrolein chambers was due to

mixing of dry eductor motive air with outside ambient air

drawn into the HFPC. Bubbler humidifiers in the eductor com-

pressed motive air supply helped raise the RH levels to achieve

approximately 30% chamber RH levels. Background O3 levels

were less than 5.0 ppb.

Wind Trajectories

The airshed origin, wind direction, and airflow elevation for

each CAPs exposure day during the study were obtained as pre-

viously described (Farraj et al., 2015) and are shown in Figure 2.

These were analyzed to identify contributing airsheds for

particulate matter in Research Triangle Park, NC, USA in

November and December of 2014. For both the November and

December exposures, winds originated predominately from

southwest to northwest, at elevations of < 2000 m in the atmo-

spheric boundary layer of the lower troposphere (Figure 2A).

Some of the PM delivered to the Raleigh/Durham area origi-

nated from the Chicago/Cincinnati airsheds (Figure 2B), and on

some other days originated from the Cleveland/Columbus area

and the Birmingham/Atlanta/Charlotte areas. The tracings pre-

sented in Figure 2A also illustrate that there was no uniform

pattern of exposure sources because the direction of the air

mass source changed daily.

Chemical Composition of CAPs

Table 2 compares the elemental compositions of PM2.5 collected

at the air inlet during November and December of 2014. The pre-

dominant components of the PM collected during this study

were organic carbon (OC) and ammonium sulfate (SO4). To im-

prove the mass balance estimations, we expressed elements as

oxides of the most common oxidation state. Also, the elemental

OC was multiplied by 1.6 to account for associated hydrogens,

oxygens, and nitrogens usually associated with the carbon frac-

tion (Turpin and Lim, 2001). In general, November and December

PM2.5 compositions were very similar regarding both the total

mass and constituents with the exception of cadmium in

November, which was still low overall. The ratio of November/

December microgram per cubic meter gravimetric ratios is 1.14

and the averaged analytes ratio is 1.18. Supplementary Table 1

also provides a comparison of CAPs elemental analyses of inlet

PM, outlet PM, CAPS chamber PM, and CAPsþAcrolein chamber

PM, thus verifying that the PM delivered to each CAPs exposure

chamber was consistent in chemical composition to ambient PM

in both November and December.

Source Apportionment Analysis

Source apportionment results for PM2.5 mass concentrations on

both exposure collections are displayed in Figure 3 (5-source

CMB model) and Supplementary Figure 1 (6-source CMB model),

which reveals marginal differences in secondary sulfate level,

motor vehicle exhaust, and biomass combustion sources be-

tween the November and December samples collected in 2014.

The CMB model explained up to 83%–85% of the PM2.5 mass col-

lected from the November and December PM filters. The frac-

tion of measured concentration variance (R2) was greater than

0.84 and the Chi square value was less than 2.5 for both sam-

ples, indicating a good fit between measured and modeled con-

centrations for both samples. Motor Vehicle Exhaust (26.4%,

31.3% by mass for November and December PM collections, re-

spectively), biomass combustion (22.1%, 16.2%), and secondary

sulfate (27.8%, 32.1%) were found to be the major sources of

both PM samples. Together, these 3 source types accounted for

Table 1. Exposures Concentrations, Particle Size and Chamber and Ambient Weather Conditions

Exposure and Weather Conditions

Filtered Air Acrolein CAPs CAPsþAcrolein HFPC Inlet

[PM mass] mg/m3 Below detection Below detection 46.3 6 0.2 45.4 6 2.3 6.4 6 0.6

Particle number Count/cc — — 6580 6900 4890

PM diameter nm — — 1696 134 172 6 139 76 6 84

[Acrolein] ppm Below detection 0.42 6 0.02 Below detection 0.42 6 0.01 Below detection

Temperature �C 21.8 6 0.2 226 0.4 21.6 6 0.3 22.3 6 0.4 24.6 6 13.3

Rel. humidity % 506 2.0 516 2.0 306 10 296 9.0 65 6 19
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76.2% and 79.7% of the fine PM during November and December,

respectively. Though minor, marine aerosol and wind-blown

crustal material were still consistent source contributors, ac-

counting for 2.4% and 3.9% PM2.5 mass, respectively.

Overt Toxicity

We found no evidence of overt toxicity (eg, lethargy, respiratory

distress, and/or > 10% weight loss) during the study in virtually

all animals. One B6129 mouse in the CAPsþAcrolein exposure

group did, however, present indications of lethargy and respira-

tory distress during the third week of exposure and, conse-

quently, was removed from the study. Prior to euthanasia, a

cardiac ultrasound was performed on this moribund mouse,

which indicated left ventricular hypertrophy (see

Supplementary Figure 2). Interestingly, this mouse presented

no clear evidence of health abnormalities at the beginning of

the study so data from the first two ultrasound scans were in-

cluded in the study. Mouse age and size related data at the time

of necropsy for all other mice are provided in Table 3. We found

no exposure related changes in food and water intake, body

mass, or heart weight. Trpa1�/� mice were significantly smaller

than B6129 mice and due to limited availability from the sup-

plier were also older by about 7 weeks on average (26 weeks old

vs 19 weeks old by the end of the study, respectively).

Bronchoalveolar Lavage Fluid Analysis and Cell Differentials

We compared potential pulmonary responses between the ex-

posure groups by collecting and analyzing bronchoalveolar la-

vage fluid collected after the study. Overall cellularity in

bronchoalveolar lavage was stable between groups.

CAPsþAcrolein exposure groups from both strains had the most

neutrophil and lymphocyte infiltration but the values were

highly variable and not statistically significant from FA controls

(Supplementary Table 2). There were also no significant differ-

ences in any biochemical indicators measured in bronchoalveo-

lar lavage fluid (Supplementary Table 3).

Serum Biochemical Analysis

Assays for biomolecule targets in serum revealed minimal dif-

ferences between exposure groups with two exceptions: HDL

was significantly lower in all Trpa1�/� groups compared with

the respective B6129 groups and LDL was significantly lower in

the B6129 CAPs group relative to the Trpa1�/� CAPs group

(Supplementary Table 4).

Histopathology

We found no histological evidence of lesions that would support

the possibility that co-exposure to PM with acrolein altered the

exposure distribution in the airway, at least at the concentra-

tions tested (Supplementary Tables 5–7). In the nasal cavity, the

incidence of minimal neutrophilic inflammation was modestly

higher following acrolein exposure in Trpa1�/� mice (p ¼ .03 vs

filtered air) but not in B6129 mice. Conversely, there was higher

incidence of cytoplasmic vacuolation in the nasal gland epithe-

lium surrounding the vomeronasal organ following CAPs expo-

sure in B6129 mice (p ¼ .03 vs filtered air) but not Trpa1�/�

mice. More details are provided in the Supplementary Results.

Cardiac Function and Dimensions and Myocardial Performance

Analysis results, including cardiac function and heart wall

dimensions, of parasternal short axis M-mode views at the level

Figure 2. Wind trajectories. For both the November and December 2014 expo-

sures, winds originated predominately from southwest to northwest, at eleva-

tions of < 2000 m in the atmospheric boundary layer of the lower troposphere.

Panel A shows back trajectory analysis for each day, including elevation in

meters (box). Lines 1–4 correspond to exposure days that occurred in November

and lines 5–10 correspond to exposure days in December. Triangles on each line

mark 6 h intervals of �24, �18, �12, and �6 h prior to exposure with the star

marking the time and location of the U.S. Environmental Protection Agency’s

Concentrated Air Particles Laboratory in Research Triangle Park, NC, USA

(Latitude: 35.88350; Longitude: �78.87460). Panel B shows an example of how air

flow can drift through various PM airsheds. This map was modified from the PM

air quality index map from Airnow.gov archives for November 22, 2014 with the

back trajectory overlaid. Shaded areas were determined to be of moderate 24 h

PM-based ambient air quality (12.1–35.4 mg/m3).
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of the papillary muscles, are reported in Table 4 and

Supplementary Table 8, respectively. In addition, myocardial

performance metrics derived from Doppler transmitral blood

flow measures are presented in Supplementary Table 9 and

Supplementary Figure 3. We found no differences in any cardiac

function, heart wall dimensions, or myocardial performance

parameters that were indicative of an exposure effect. In accor-

dance with the guidelines of the American Society of

Echocardiography (Lang et al., 2005; Quinones et al., 2002), we

verified blinded interobserver variability for M-mode data anal-

yses at 7.7% coefficient of variation.

Myocardial Synchronicity

The results of ultrasound analysis of myocardial synchronicity

are displayed in Figure 4, Supplementary Table 10 and

Supplementary Figure 4. Strain delay is a result of dyssynchro-

nous systolic contraction within the heart wall, in this case be-

tween two adjacent wall segments, the anterior free wall and

lateral wall. We found an increase in strain delay in B6129 mice

when measured 1 day after the final exposure to

CAPsþAcrolein; this increase ranged from around 3% of the car-

diac cycle to over 10% of the cardiac cycle within this group. The

increase in strain delay in the B6129 CAPsþAcrolein group was

Table 2. CAPs Chemical Composition Analysis

CAPs Chemical Composition Analysis

November December November/December November December November/December

Analyte mg/m3
mg/m3 Ratio mg/g mg/g Ratio

Inorganics

Ag2O 6.87e-6 6.55e-6 1.05 1.00 1.09 0.92

Al2O3 8.56e-2 9.32e-2 0.92 1.25e4 1.55e4 0.80

As2O3 <DL 4.23e-4 — <DL 70.4 —

BaO 1.79e-3 3.05e-3 0.59 2.61e2 5.08e2 0.51

CaO 5.48e-2 3.41e-2 1.61 8.00e3 5.68e3 1.41

CdO 2.32e-3 0.05e-3 48.7 3.39e2 7.94 42.7

Ce2O3 4.46e-5 4.58e-5 0.97 6.51 7.63 0.85

Cr2O3 8.61e-4 6.58e-4 1.31 1.26e2 1.10e2 1.15

Cs2O 3.32e-5 0.98e-5 3.40 4.85 1.63 2.98

CuO 1.41e-3 3.27e-3 0.43 2.05e2 5.45e2 0.38

FeO 5.79e-2 4.66e-2 1.24 8.45e3 7.77e3 1.09

K2O 6.60e-2 4.36e-2 1.51 9.62e3 7262 1.32

MgO 1.75e-2 1.13e-2 1.55 2.55e3 1878 1.36

MnO 1.87e-3 1.48e-3 1.26 2.72e2 247 1.10

MoO3 1.34e-4 2.28e-4 0.59 1.95e1 0.38e2 0.51

Na2O 0.11 0.10 1.10 1.65e4 1.71e4 0.96

NiO 5.28e-4 4.14e-4 1.28 0.77e2 6.89e1 1.12

P2O5 1.93e-2 0.01 1.94 2.81e3 1.66e3 1.70

PbO 1.26e-3 0.94e-3 1.34 1.83e2 1.57e2 1.17

Rb2O 1.65e-4 1.40e-4 1.18 2.40e1 2.32e1 1.03

SO4 2.03 1.62 1.26 2.97e5 2.70e5 1.10

Sb2O5 4.78e-4 8.52e-4 0.56 6.97e1 1.42e2 0.49

SeO3 1.60e-3 1.36e-3 1.18 2.34e2 2.26e2 1.03

SiO2 8.54e-2 5.25e-2 1.63 1.25e4 8.75e3 1.42

SnO2 3.45e-4 9.16e-4 0.38 5.04e1 1.53e2 0.33

SrO 2.64e-4 2.65e-4 1.0 3.85e1 4.41e1 0.87

TiO2 1.66e-3 1.96e-3 0.85 2.42e2 3.27e2 0.74

V2O5 3.19e-4 2.87e-4 1.11 4.66e1 4.79e1 0.97

ZnO 0.01.03e-2 0.98e-2 1.05 1.50e3 1.63e3 0.92

Carbon
aOrganic C 4.53 3.02 1.50 6.60e5 5.04e5 1.31

Elemental C 0.13 0.18 0.72 1.88e4 3.06e4 0.61

Ions

SO4� 1.21 1.205 1.00 1.76e5 2.01e5 0.88

Naþ 5.55e-2 0.0351 1.58 8.10e3 5.86e3 1.38

NHþ

4 0.41 0.44 0.93 6.03e4 73 728 0.82

Kþ 3.86e-2 0.03 1.29 5.63e3 5.00e3 1.13

Caþþ 6.40e-2 2.52e-2 2.54 9.34e3 4.20e3 2.22

Sum 7.63 5.68 1.11e6 9.48e5

Mass (mg/m3) 6.86 6.00 Analyte ratio 1.08

Ratio (sum/mass) 1.11 0.95

Analyte ratio 1.18

Mass ratio 1.14

aCwHxOyNz (empirical formula ¼ 1.6 � Organic C).

DL, detection limit.
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significantly different from all other B6129 exposure groups and

all Trpa1�/� exposed groups including the Trpa1�/�

CAPsþAcrolein group. Strain delay in the B6129 CAPsþAcrolein

group was also significantly different than earlier time points in

the same group.

Heart Rate Variability

Results from HRV analysis of ECG signals collected from anes-

thetized B6129 and Trpa1�/� mice 1 day after the 8th exposure

to Filtered Air, Acrolein, CAPs, or CAPsþAcrolein are presented

in Figure 5. No significant differences in SDNN were found

(Figure 5A). Whereas no significant differences in RMSSD were

found (Figure 5B), the difference in means between B6129 mice

exposed to Acrolein and B6129 mice exposed to Filtered Air

yielded a p ¼ .07. The high frequency domain of HRV increased

in B6129 mice exposed to Acrolein compared with B6129 mice

exposed to Filtered Air (Figure 5C). There was no such effect of

acrolein in Trpa1�/�mice, and the difference in means between

B6129 mice exposed to Acrolein and Trpa1�/� mice exposed to

Acrolein yielded a p ¼ .10.

DISCUSSION

This study shows for the first time that intermittent co-

exposure to ambient PM and acrolein in mice, using a novel

CAPs and acrolein co-exposure system, results in myocardial

dyssynchrony through a mechanism involving TRPA1. The loss

of myocardial synchrony after repeated, intermittent PM and

acrolein co-exposure is unique from the response to a single ex-

posure and from exposure to either pollutant alone, pointing to

interactive effects of the two pollutants. The absence of concur-

rent changes in HRV in CAPsþAcrolein-exposed B6129 mice

may point to molecular and cellular changes within the myo-

cardium, but do not necessarily preclude autonomic activity

that may have occurred earlier in the exposure regimen.

Interestingly, although acrolein had no impact on myocardial

synchronicity when measured, it did in fact increase an HRV in-

dex of parasympathetic tone in B6129 mice, an effect that was

absent in acrolein-exposed Trpa1�/� mice. Such a stark qualita-

tive difference in response pattern points to physiochemical

and/or biological mechanisms in PM and acrolein mixtures that

are either absent or activated to a lesser degree with exposure

to either alone. Whereas the physicochemical properties that

may underlie such exaggerated effects are unclear, activation of

pulmonary TRPA1, a prominent sensor of environmental irri-

tants, may have triggered the cascade of events leading to myo-

cardial dyssynchrony.

Elemental analysis showed that organic carbon and ammo-

nium sulfate were the predominant constituents of PM in this

study, along with alkalis sodium, calcium, potassium, silicon,

aluminum, and iron. Source apportionment found the majority

of sources to be attributable to secondary sulfates, motor vehicle

Figure 3. PM source apportionment. PM2.5 samples from CAPs inlet filters collected in November and December of 2014 were analyzed using the 5-source chemical

mass balance model (U.S. EPA). The results from our 5-source apportionment revealed 4%–6% differences in secondary sulfate, motor vehicle exhaust, and biomass

combustion sources between November (A) and December (B).

Table 3. BodyWeight and Heart Mass After Final Exposure

Mouse Age and Size Statistics at the Time of Necropsy

Filtered Air Acrolein CAPs CAPsþAcrolein

Age Weeks B6129 19.7 6 0.5 18.6 6 0.4 19.9 6 0.5 a19.1 6 0.6

Trpa1�/� 24.0 6 3.6 ‡ 28.2 6 5.8 ‡ 27.5 6 1.5 ‡ 25.5 6 1.6 ‡

Body mass g B6129 25.6 6 2.3 24.1 6 2.8 24.3 6 2.4 a25.1 6 2.7

Trpa1�/� 19.2 6 1.1 ‡ 19.8 6 1.7 ‡ 20.6 6 1.5 ‡ 20.1 6 2.3 ‡

Tibia length mm B6129 21.8 6 0.4 20.7 6 0.3 20.8 6 1.2 a20.9 6 0.9

Trpa1�/� 20.2 6 0.5 20.6 6 0.6 20.0 6 1.0 20.7 6 0.4

Heart mass mg B6129 106.7 6 20.7 91.8 6 3.9 98.0 6 17.9 a99.2 6 1.3

Trpa1�/� 89.0 6 9.7 ‡ 88.7 6 7.5 100.0 6 31.2 86.2 6 6.5

Mean 6 SD (n ¼ 6 unless denoted with a for n ¼ 5)

p < .05 noted with ‡ versus B6129.

566 | PM AND ACROLEIN ELICIT MYOCARDIAL DYSSYNCHRONY VIA TRPA1

D
ο
ω

ν
λο

α
δ
ε
δ
 φρο

m
 η

ττπ
σ
://α

χ
α
δ
ε
m

ιχ
.ο

υ
π
.χ

ο
m

/το
ξ
σ
χ
ι/α

ρτιχ
λε

−α
β
σ
τρα

χ
τ/1

6
7

/2
/5

5
9
/5

1
4
2
8
3
5
 β

ψ
 Ε

Π
Α

−Ρ
Τ

Π
 Μ

α
ιν

 Λ
ιβ

ρα
ρψ

 υ
σ
ε
ρ ο

ν
 1

5
 ϑ

α
ν
υ
α
ρψ

 2
0
2
0



emissions, and biomass combustion. The physicochemical char-

acteristics of PM in this study were similar throughout the

November and December exposure days in 2014. During that

time, winds originated mostly from southwest to northwest at

elevations of < 2000 m in the atmospheric boundary layer of the

lower troposphere, bringing atmospheres derived from wind that

originated, or passed through, metropolitan airsheds en route to

Research Triangle Park, North Carolina. These derivative or sup-

plemental airsheds included Chicago IL, Cincinnati/Cleveland/

Columbus OH, Birmingham AL, Atlanta GA, and Charlotte NC.

Lower-elevation airsheds have historically brought higher levels

of particulates to North Carolina from regional combustion sour-

ces like biomass burning and power plants (Aneja et al., 2006).

The airshed of Research Triangle Park, North Carolina has been

Table 4. Echocardiography (M-Mode)—Cardiac Function

SAX M-Mode Evaluation at Baseline

Filtered Air Acrolein CAPs CAPsþAcrolein

Heart rate Beats/min B6129 443 6 27 392 6 33 410 6 41 420 6 42

Trpa1�/� 456 6 33 468 6 37 ‡ 463 6 29 # 437 6 38

ESV ml B6129 26.5 6 12.1 25.76 9.8 21.3 6 7.8 24.7 6 7.5

Trpa1�/� 19.3 6 7.9 18.76 6.7 27.1 6 7.3 21.9 6 8.6

EDV ml B6129 63.4 6 22.9 58.96 9.9 55.2 6 12.9 54.7 6 9.1

Trpa1�/� 45.8 6 12.0 45.76 11.3 61.7 6 20.2 47.4 6 9.9

SV ml B6129 36.9 6 11.1 33.26 4.3 33.9 6 9.0 30.1 6 5.1

Trpa1�/� 26.5 6 8.3 26.96 5.6 34.6 6 13.9 25.5 6 4.6

EF % B6129 59.1 6 4.9 57.36 9.7 61.9 6 11.2 55.5 6 7.4

Trpa1�/� 58.3 6 10.6 60.06 7.3 55.3 6 5.8 54.6 6 9.6

FS % B6129 30.9 6 3.2 29.86 6.3 33.2 6 8.5 28.5 6 4.7

Trpa1�/� 30.5 6 8.1 31.26 5.0 28.3 6 3.9 27.8 6 6.0

CO ml/min B6129 16.3 6 4.9 13.06 2.0 14.0 6 4.4 12.8 6 3.4

Trpa1�/� 12.0 6 3.7 12.56 2.1 16.2 6 7.6 11.1 6 2.0

Mean 6 SD (n ¼ 6)

SAX M-Mode Evaluation 1 Day After 1st Exposure

Heart rate Beats/min B6129 447 6 23 425 6 61 445 6 32 448 6 38

Trpa1�/� 500 6 31 480 6 48 476 6 33 459 6 21

ESV ml B6129 32.9 6 18.1 25.16 9.6 20.2 6 6.7 24.9 6 6.7

Trpa1�/� 17.7 6 4.4 ‡ 28.26 10.4 26.4 6 9.0 24.8 6 5.0

EDV ml B6129 66.1 6 25.0 52.46 14.7 50.6 6 11.3 57.6 6 11.9

Trpa1�/� 41.7 6 9.0 ‡ 57.16 11.9 57.1 6 16.1 52.0 6 8.5

SV ml B6129 33.2 6 7.1 27.46 7.3 30.4 6 7.8 32.7 6 7.0

Trpa1�/� 24.0 6 6.3 28.96 4.0 30.7 6 8.9 27.2 6 4.7

EF % B6129 52.7 6 8.4 53.36 9.1 60.4 6 8.9 57.1 6 6.1

Trpa1�/� 57.7 6 7.5 51.86 8.5 54.2 6 6.1 52.4 6 4.9

FS % B6129 26.8 6 5.0 27.06 5.5 31.8 6 6.4 29.5 6 4.0

Trpa1�/� 29.6 6 4.9 26.26 5.1 27.6 6 3.9 26.3 6 3.1

CO ml/min B6129 14.7 6 2.4 11.66 3.7 13.6 6 3.9 14.8 6 4.1

Trpa1�/� 12.1 6 3.6 13.96 2.5 14.6 6 4.5 12.5 6 2.2

Mean 6 SD (n ¼ 6)

SAX M-Mode Evaluation 1 Day After Final Exposure

Heart rate Beats/min B6129 454 6 33 401 6 31 *,† 453 6 40 # a431 6 28

Trpa1�/� 485 6 26 475 6 24 ‡ 486 6 15 477 6 40

ESV ml B6129 25.0 6 12.3 25.06 4.9 19.7 6 12.4 a24.2 6 10.0

Trpa1�/� 19.5 6 4.4 17.26 3.9 20.7 6 11.7 20.5 6 6.9

EDV ml B6129 57.6 6 18.6 55.06 7.7 55.0 6 27.2 a53.9 6 10.3

Trpa1�/� 47.6 6 6.9 44.36 9.1 54.0 6 21.5 47.1 6 7.8

SV ml B6129 32.6 6 7.9 30.06 4.8 35.4 6 15.7 a29.7 6 2.2

Trpa1�/� 28.1 6 3.9 27.16 5.7 33.4 6 11.1 26.5 6 3.2

EF % B6129 57.7 6 7.5 54.66 5.6 65.6 6 9.3 a56.5 6 9.0

Trpa1�/� 59.3 6 5.9 61.16 3.5 63.3 6 9.5 57.3 6 9.1

FS % B6129 29.9 6 5.1 27.76 3.6 35.8 6 7.7 a29.1 6 5.5

Trpa1�/� 30.9 6 4.1 31.96 2.4 34.0 6 7.7 29.6 6 6.1

CO ml/min B6129 14.9 6 4.2 11.96 1.5 16.2 6 7.8 a12.9 6 1.3

Trpa1�/� 13.6 6 1.9 12.96 2.9 16.3 6 5.9 12.6 6 1.5

Mean 6 SD (n ¼ 6 unless denoted with a for n ¼ 5)

p < .05 noted with *versus FA, #versus Acrolein, †versus CAPs, and ‡ versus B6129.

CO, cardiac output; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; FS, fractional shortening; SAX, short axis view; SV, stroke volume.
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characterized by pollutants from biogenic emissions, agricultural

activity, vehicular traffic, and secondary organic aerosols (Aneja

et al., 2006; Farraj et al., 2015).

Co-exposure to CAPs and acrolein, but not exposure to either

alone, in B6129 mice increased circumferential strain delay be-

tween the lateral and anterior free wall of the left ventricle,

which we use as a measure of myocardial dyssynchrony.

Regional contractile dyssynchrony in the myocardium has been

linked to clinical regional cardiac ischemia (Chen et al., 2012),

with cardiac ischemia-related hospitalizations being a docu-

mented effect of air pollution exposure (Cox, 2017; McGuinn

et al., 2017; Pope et al., 2015). Myocardial dyssynchrony could re-

sult from autonomic effects as repeated exposure to PM2.5 in

combination with organic aerosols has recently been reported

to influence autonomic nervous system regulation of heart

function (Carll et al., 2017). We have also reported autonomic

cardiovascular effects with PM2.5 alone (Carll et al., 2015) and

acrolein alone (Hazari et al., 2014; Kurhanewicz et al., 2017; Perez

et al., 2013, 2015), and have linked exposure to 3.0 ppm acrolein

alone with myocardial dyssynchrony (Thompson et al., 2017).

However, in this study, acrolein exposure alone at 0.4 ppm was

not sufficient to elicit myocardial dyssynchrony and B6129 mice

exposed to CAPsþAcrolein had myocardial dyssynchrony with-

out accompanying changes in HRV. The absence of altered auto-

nomic activity at the time heart function was assessed at the

end of the study does not preclude a role for autonomic nervous

system activity earlier in the exposure regimen, which, if pre-

sent, could have “programmed” the myocardium for dyssyn-

chronous contraction. For example, b-adrenergic stimulation

alters myocardial gap junction conductance and expression of

subtypes of connexins, key gap junction proteins involved in

inter-cardiomyocyte signal transduction, which can result in

electrical instability and predisposition to arrhythmia (Xia et al.,

2009). Alternatively, the loss of cardiac synchrony may have

resulted from variable distribution of local regulation of con-

tractile function within the myocardium secondary to oxidative

stress (Kelly and Fussell, 2017) and/or altered myocardial auto-

crine/paracrine signaling (Chan et al., 2016).

Although the precise physiological mechanism at play is

unclear, this study suggests that myocardial dyssynchrony in

CAPsþAcrolein-exposed B6129 mice resulted from activation of

TRPA1, given the absence of such responses in similarly ex-

posed Trpa1�/� mice. TRPA1 channels are expressed through-

out the airways on vagal afferent C-fibers (Achanta and Jordt,

2017) and are activated by oxidizing agents (Bessac et al., 2008),

environmental toxicants like acrolein (Bautista et al., 2006), and

sulfur-containing compounds (Stenger et al., 2017; Terada et al.,

2014). Previous reports describing exposure to single air pollu-

tants have linked TRPA1 to altered autonomic function (Hazari

et al., 2011; Kurhanewicz et al., 2017) and other cardiovascular

Figure 4. Myocardial synchrony. Panel A illustrates the derivation of circumferential strain delay including a schematic of a mouse heart oriented in the short axis

view at the level of the papillary muscles, modified from Lynch and Jaffe (2006) with the regions of the anterior free wall and lateral wall denoted, a representative im-

age of an echocardiographic short-axis view with the anterior free wall endocardium and the lateral wall endocardium, and software output for speckle-strain analysis

depicting circumferential strain in the anterior free wall endocardium and the lateral wall endocardium. Delay was calculated as the difference in time to peak strain

between the two regions or the time that elapsed between the occurrences of peak strain in the two regions. For reporting (%Cardiac Cycle), the ms value of strain delay

was then converted to a percent of the cardiac cycle. Panel B shows the quantified data indicating that a significant increase in myocardial strain delay between the lat-

eral and anterior free wall was found after the 8th exposure to CAPsþAcrolein in B6129 mice. Increases were not found with any other exposure group when compared

with baseline and was also not found in Trpa1�/� mice. Elapsed time between peak strain in the lateral and anterior free wall are reported as a percentage of the car-

diac cycle and normalized to baseline values. Data were compared by two-way ANOVA with Tukey (within strain) or Bonferroni (across strain) post-test. The p-values

for significant findings are < .0001.
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effects (Conklin, 2016; Conklin et al., 2017). We have also

recently reported that organic fractions of diesel exhaust partic-

ulate matter containing high levels of polar compounds,

including oxy- and nitro-polyaromatic hydrocarbons, caused

concentration-dependent irritant responses mediated by TRPA1

in an in vivo model (Stevens et al., 2018). In other reports, deliv-

ery of TRPA1 agonists into the airways has been shown to pro-

duce cardiovascular responses through autonomic reflexes

(Hooper et al., 2016; Pozsgai et al., 2010). Unsurprisingly, TRPA1

drove the acrolein-induced increases in HRV in B6129 mice, as

such effects were absent in Trpa1�/� mice. However, this find-

ing further highlights the qualitative divergence in single-

pollutant versus co-pollutant effects, as the HRV effect with

acrolein alone was not evident in CAPsþAcrolein-exposed

B6129 mice. Although the precise reasons for this divergence

are unclear, these data are consistent with our previous find-

ings that compared effects of single and multiple pollutant

exposures, which found that whole and particle-free diesel ex-

haust elicit varying physiological and autonomic responses

(Carll et al., 2012; Lamb et al., 2012).

The unique co-pollutant effects in this study may have been

driven by physicochemical interactions that modified the bio-

logical responses compared with exposure to either pollutant

alone. Fine PM usually reaches the deep lung and the reactive

properties of acrolein generally restrict it to the upper airways.

However, the addition of PM may allow acrolein to penetrate

the deep lung (Jakab, 1993) by serving as an acrolein pre-

concentrator and delivery agent, which as has been demon-

strated by use of surrogate organic PM samples, ie, mineral oil

aerosols (Ebersviller et al., 2012). Although it is unclear if this

took place during co-exposure in this study, measures of acro-

lein adducts in lung tissue in future studies would help assess

this possibility (Conklin et al., 2017). Alternatively, atmospheric

interaction between PM and acrolein could lead to the forma-

tion of more proinflammatory and irritating byproducts as has

been demonstrated with SO2 in the presence of various metals

(Amdur and Underhill, 1968; Vadjic et al., 1991).

Several limitations should be considered in this study. First,

low airflow and PM concentrations reduced the opportunity for

PM sample collection. The 4 weeks required to collect enough

PM mass to extract and analyze limited the temporal resolution

of PM elemental analysis and source apportionment, and con-

tributed to a loss of volatile PM constituents (eg, nitrate ions).

Organic speciation of PM in future studies could also reduce the

percentage of unidentified sources found in this study. In addi-

tion, the limited availability of Trpa1�/� mice required the use

of a larger subject age range than expected. In fact, two of the

Trpa1�/� mice were substantially older (ie, 3–4 months older)

than the remaining mice and had significantly higher baseline

strain delay. These two mice were, however, split into separate

groups to minimize any potential age-related impacts.

Moreover, given the use of female mice, estrous cycles among

the mice were not synched presenting some uncertainty with

respect to any potential impacts estrous had on the cardiovas-

cular responses in this study. Although others have noted that

cardiac function is in fact impacted by estrous (MacDonald et al.,

2014), the length of the exposure regimen (ie, 4 weeks), may

have diminished any such impact. Furthermore, assessing HRV

while under anesthesia may have dampened the degree of acti-

vation of the autonomic nervous system. In particular, isoflur-

ane induces bradycardia and although we targeted HR to 450

beats/min by adjusting the level of isoflurane anesthesia, HR it-

self demonstrated wide variation. Whether this variability in HR

played a role in the lower average HR and higher HRV in

acrolein-exposed B6129 mice compared with all other groups is

unclear. The HRV analysis was also limited by the short seg-

ment duration of data analyzed, which was due to the limited

capacity to acquire electrocardiogram data using the ultrasound

system. Although HRV segment length recommendations have

not been espoused for rodents, guidelines for human clinical

assessments recommend at least 5 min of continuous heart

rate data (Task Force, 1996). Nonetheless, the recordings were

nearly concurrent with measures of cardiac function, which

allowed for inferences about potential relationships between

the functional data and autonomic tone.

In conclusion, this study provides evidence that PM may in-

teract with gaseous air toxicants like acrolein to produce unique

health effects via TRPA1 activation. Moreover, this study lends

support to the possibility that exposure to air pollution mixtures

that include PM and volatile organics, like aldehydes, could in-

crease the severity of health effects beyond that resulting from

exposure to single pollutants alone, especially with repeated

Figure 5. Heart rate variability. We analyzed HRV using ECG signals recorded in anesthetized B6129 and Trpa1�/� mice 1 day after the 8th exposure to Filtered Air,

Acrolein, CAPs, or CAPsþAcrolein. A, No changes in SDNN were found. B, No significant differences in RMSSD were found but the change in mean between B6129 mice

exposed to Filtered Air and B6129 mice exposed to Acrolein produced a p ¼ .07. C, The high frequency domain of HRV increased in B6129 mice exposed to Acrolein com-

pared with B6129 mice exposed to Filtered Air. No other differences in High Frequency were found. Data were compared by two-way ANOVA with Tukey (within strain)

or Bonferroni (across strain) post-test. The p-values for significant differences and others near .05 are provided for clarity.
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intermittent exposure. The finding that co-exposure to PM and

acrolein in this study caused regional myocardial dyssynchrony

in the absence of any overt pathophysiology highlights the ca-

pacity for exposure to air pollution mixtures to produce subclin-

ical and latent effects, which may not register in conventional

measures, but may nonetheless have serious health ramifica-

tions. Thus, evaluation of myocardial synchronicity in human

populations prone to air pollution exposure or during controlled

human exposure studies may provide data that indicates early

manifestations of cardiovascular disease proclivity. Finally, fur-

ther elucidation of the precise mode of TRPA1 activation and

downstream effects including autonomic responses will in-

crease the plausibility for greater than additive effects with co-

pollutant exposure.
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Abstract

Background: The potential for seasonal differences in the physicochemical characteristics of ambient particulate
matter (PM) to modify interactive effects with gaseous pollutants has not been thoroughly examined. The purpose
of this study was to compare cardiac responses in conscious hypertensive rats co-exposed to concentrated ambient
particulates (CAPs) and ozone (O3) in Durham, NC during the summer and winter, and to analyze responses based
on particle mass and chemistry.

Methods: Rats were exposed once for 4 hrs by whole-body inhalation to fine CAPs alone (target concentration:
150 μg/m3), O3 (0.2 ppm) alone, CAPs plus O3, or filtered air during summer 2011 and winter 2012. Telemetered
electrocardiographic (ECG) data from implanted biosensors were analyzed for heart rate (HR), ECG parameters, heart
rate variability (HRV), and spontaneous arrhythmia. The sensitivity to triggering of arrhythmia was measured in a
separate cohort one day after exposure using intravenously administered aconitine. PM elemental composition and
organic and elemental carbon fractions were analyzed by high-resolution inductively coupled plasma–mass
spectrometry and thermo-optical pyrolytic vaporization, respectively. Particulate sources were inferred from
elemental analysis using a chemical mass balance model.

Results: Seasonal differences in CAPs composition were most evident in particle mass concentrations (summer,
171 μg/m3; winter, 85 μg/m3), size (summer, 324 nm; winter, 125 nm), organic:elemental carbon ratios (summer,
16.6; winter, 9.7), and sulfate levels (summer, 49.1 μg/m3; winter, 16.8 μg/m3). Enrichment of metals in winter PM
resulted in equivalent summer and winter metal exposure concentrations. Source apportionment analysis showed
enrichment for anthropogenic and marine salt sources during winter exposures compared to summer exposures,
although only 4% of the total PM mass was attributed to marine salt sources. Single pollutant cardiovascular effects
with CAPs and O3 were present during both summer and winter exposures, with evidence for unique effects of
co-exposures and associated changes in autonomic tone.

Conclusions: These findings provide evidence for a pronounced effect of season on PM mass, size, composition,
and contributing sources, and exposure-induced cardiovascular responses. Although there was inconsistency in
biological responses, some cardiovascular responses were evident only in the co-exposure group during both
seasons despite variability in PM physicochemical composition. These findings suggest that a single ambient PM
metric alone is not sufficient to predict potential for interactive health effects with other air pollutants.

Keywords: Ambient particulate matter, Ozone, Season, Cardiac, Health effects, Co-exposure, Electrocardiogram,
Rats, Source apportionment, Elements
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Background
Attempts to quantify the cardiovascular health burden

resulting from exposure to particulate matter air pollu-

tion and identify biologically plausible mechanisms of

action have been encumbered by the variability in PM

composition. The physical and chemical properties of

ambient PM in a given air shed are dependent on a

number of factors including local geography, proximity

to emission sources, time of day, and meteorology. Re-

cent studies point to a pronounced seasonal pattern in

fine PM (PM with an aerodynamic diameter less than

2.5 microns; PM2.5) composition across the U.S. with

higher levels of sulfate, aluminum and magnesium in the

summer and higher levels of nitrate, zinc and nickel in

the winter [1]. Time-series data from 202 U.S. counties

[2] point to a commensurate seasonal impact on health

effects including stronger PM2.5 associations with same

day cardiovascular and respiratory hospital admissions

during the winter than in the summer. By contrast,

Goldberg et al. [3] found carbon particle-related mortal-

ity was higher during the summer than in winter. In

mouse studies, exposure to winter ambient PM caused

greater pulmonary neutrophil influx [4] and greater sys-

temic pro-inflammatory and procoagulant responses [5]

than exposure to summer PM. In contrast, Happo et al.

[6] found that PM collected in spring produced greater

inflammatory responses in mouse lung than PM samples

collected in the fall. Divergent responses have also been

noted using in vitro models [7,8]. Components and/or

properties of PM that vary across season and that drive

season-dependent health effects of exposure need to be

defined.

While the characteristics of PM are critical, PM is only

one component of a complex air pollution mixture that

also includes gases and volatile compounds. Assessment

of the health effects of exposure at a given ambient air

shed, therefore, must account for non-PM components

and the potential for additive, synergistic or antagonistic

responses resulting from gas-particle interactions. A

growing body of evidence is pointing to interactive ef-

fects of exposure with a variety of air pollutants, includ-

ing nitrogen dioxide (NO2), ambient PM, and O3 [9].

PM and O3 co-exposure has been linked to more pro-

nounced cardiovascular responses including increased

diastolic blood pressure [10] and dispersion of ventricu-

lar repolarization [11] in humans and decreased HRV

[12], and epicardial adipose tissue inflammation in rats

[13]. The unique physicochemical characteristics of PM

within each season may determine interaction between

components within an air pollution mixture and serve as

an important contributing factor in health outcomes.

Like other regions of the U.S., central North Carolina

is subject to seasonal shifts in PM2.5 composition with

summer PM dominated by sulfate, and winter by nitrates

[14]. Little is known about the influence of season on

both ambient PM chemistry and cardiovascular re-

sponses within this region, particularly in the context of

co-pollutant exposures. We have previously shown that

exposure to various air pollutants causes exaggerated

cardiovascular responses in rats [15-18]. The purpose of

this study was to compare the impacts of a single sum-

mer exposure to CAPs with or without O3 on cardiovas-

cular responses in rats to similar exposures during the

winter and relate the responses to differences in seasonal

PM composition. ECG intervals and amplitudes, HR,

spontaneous arrhythmia and HRV, an indicator of auto-

nomic tone, were measured. In addition, sensitivity to

myocardial calcium loading, an index of latent vulner-

ability to cardiac arrhythmia, and pulmonary and sys-

temic indicators of inflammation were assessed one day

after exposure. PM exposure characteristics and me-

teorological conditions were documented. Finally, elem-

ental analysis data were used to quantify PM sources

using a chemical mass balance model.

Results
Weather patterns

Summer and winter local weather patterns during expo-

sures were unstable with unusually low ambient PM

concentrations. Wind patterns shifted up to 180 degrees

each day and were never consistent long enough to es-

tablish stable ambient PM levels. A map of superim-

posed backward trajectories (Figure 1) was created using

the Hybrid Single Particle Lagrangian Integrated Trajec-

tory Model (HYSPLIT; web version; Draxler, RR et al.) at

the Real-Time Environmental Applications and Display

sYstem (READY; Rolph, DG) website developed by the

Air Resources Laboratory of the NOAA. Archived me-

teorological data (online) was utilized to model the dir-

ection and location of the test air mass in 6 hr

increments for the previous 24 hr before 10 am local

time of each exposure day. The trajectories terminated

at the exposure facility in A-Building of the CRF in RTP,

NC. (Latitude: 35.88350; Longitude: −78.87460). The

tracings shown in Figure 1 illustrate how a uniform pat-

tern of exposure sources was precluded because the dir-

ection of the air mass source changed for each daily

exposure. Trajectories plotted do not follow air mass

chronological fate after an exposure day, but rather,

show how new air masses replaced current from day to

day.

Exposure concentrations

Due to unusually low ambient PM levels and unseason-

ably small PM sizes for the winter test days, coupled

with splitting CAPs system output between 2 chambers,

target PM concentrations were not achievable during

the winter exposures. The protocol was revised such that

Farraj et al. Particle and Fibre Toxicology  (2015) 12:12 Page 2 of 20



for the initial PM exposures of each group, maximum

achievable concentration was provided. For the subse-

quent exposures, we attempted to match the first day’s

PM levels by including dilution air to regulate chamber

PM levels. Filter samples were collected from each

chamber and the system inlet for the PM exposures only

as sampling the filtered air chambers (O3 only and air

controls) provided insufficient sample mass for either ac-

curate weighing or detectable levels for chemical ana-

lysis. One filter, 37 mm Teflon for mass concentration in

the CAPs + O3 chamber on 8/17/11 failed during the ex-

posure so that gravimetric sample was lost. The loss of

the 37 mm Teflon mass sample did not affect PM chem-

ical analysis or source apportionment modeling, which

were performed using data derived from 47 mm Teflon,

Nylasorb, and quartz filter samples. Chamber PM mass

concentration for that exposure was determined by com-

puting an average DustTrak (DT) calibration factor (DT

cal factor = Filter conc/Avg DT conc) for other runs of

PM filters vs average DT indicated concentrations and

applying the factor to DT data for the run with the failed

filter sample. Average ambient PM levels from filter

samples were ~13.7 ug/m3 for summer and ~8.4 ug/m3

for winter PM exposure days. Summer ambient source

PM size was larger than winter PM size producing better

concentrating effects in the CAPs system during sum-

mer exposure days (Table 1). Background O3 levels mea-

sured in the CAPs only and air control chambers ranged

from 2.5 to 10.5 ppb in the summer and winter. Cham-

ber CAPs and O3 concentrations and environmental

conditions for each group are reported in Table 1.

Chemical composition of CAPs

Group-averaged PM elemental and carbon fraction com-

position for summer and winter exposures are shown in

Tables 2 and 3. Two sets of units are required to de-

scribe the aerosol: μg PM component per g PM (Table 2)

shows seasonal differences in PM composition, and μg

PM component per cubic meter chamber air (Table 3)

shows chamber concentrations during exposures. When

 Airflow Trajectory 

Figure 1 A map of superimposed backward trajectories using the Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) at the
Real-Time Environmental Applications and Display sYstem (READY) website developed by the Air Resources Laboratory of the National Oceanic
and Atmospheric Administration. Archived meteorological data was utilized to model the direction and location of the test air mass for the
previous 24 hr before 10 am local time (2 pm UTC (Universal Time Coordinated)) of each exposure day. Each trajectory represents a different air
mass for each winter exposure day (2/28/12, and 2/29/12, and 3/07/12 and blue in color) and each summer exposure day (8/17/11 and 8/18/11
and red in color) and terminates at the exposure facility in A-Building of the US EPA campus in Durham, NC (indicated by a star). Triangle
symbols indicate time of day (UTC) in 6 hour increments with larger symbols corresponding to midnight UTC (8 pm local time) in each path.
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expressed as μg/g, PM composition differences between

summer and winter were pronounced. No elements were

enriched in summer relative to winter. Relative to sum-

mer, sodium, magnesium, and calcium were enriched at

levels of 4–6 times higher in winter PM, and levels of

another 15 elements were enriched by 2- 3-fold. How-

ever, expressing PM concentration in units of μg/m3 ex-

posure atmosphere takes into account the PM mass

concentrations, which were approximately 2 times

greater in summer. Table 3 shows that the overall elem-

ental levels in the inhalation chambers were largely the

same for both seasons’ exposures, with a few exceptions.

Chromium and sulfate levels were 2 to 3 times higher in

summer, while alkali elements sodium, magnesium, and

calcium were 2 to 3 times higher in winter.

Source apportionment analysis

Average source contributions to the CAPS and CAPS +

O3 mixtures are displayed in Figure 2 (Additional file 1:

Table S1 and Additional file 2: Figure S1, respectively,

show the same data in tabular and bar chart format);

daily samples used to calculate averages are also found

in Additional file 3: Table S2 and Additional file 4: Table

S3, respectively. Across both seasons and pollutant mix-

tures, the CMB model explained between 60-100% of

the particle mass (R2 ranged from 0.76 to 0.92). The fit

statistics including percent mass explained, R2, chi

Square, and T-statistic were within the recommended

values [19]. Nitrate data were not available for inclusion

in the CMB runs; therefore, some of the unresolved

mass may be due to secondary nitrate (Aneja et al. [14]

showed that nitrate levels in PM peak during winter

months in North Carolina). The largest sources during

both the summer and winter exposures included mobile

sources (14-17% by mass), wood combustion (12-30%),

and secondary sulfate (24-40%). Higher contributions of

wood combustion were found during the winter expo-

sures. Road dust and marine salt contributions were also

higher during the winter exposures. In particular for

marine salt, air flow trajectories (Figure 1) show that air

masses originated from the ocean on 2/29/12 and 3/7/

12. These observations are supported by the CMB re-

sults in which marine salt contributions were elevated

on those two days for both the CAPS and CAPS + O3

mixtures (Table S2).

Heart rate

Despite being acclimated to the exposure chambers on

non-exposure days, rats routinely demonstrate elevated

HR during baseline pre-exposure periods on exposure

days. This was evident in rats exposed to filtered air dur-

ing both summer and winter months. Figure 3 shows

group averages normalized to baseline pre-exposure

values (i.e. Exposure minus Pre-exposure Baseline). In

the summer, rats during exposure to O3, had a greater

decrease in HR than rats exposed to filtered air (p <

0.05). There were no significant effects of CAPS or

CAPS +O3 exposure relative to filtered air controls.

In the winter, unlike O3 exposure during the summer,

O3 did not cause a significant decrease in HR during ex-

posure. By contrast, CAPs exposure caused a greater de-

crease in HR than filtered air exposure (p < 0.05). CAPS +

O3 caused the opposite effect resulting in an increase in

HR relative to filtered air (p < 0.05).

HR did not change after exposure (i.e. 6-hour period

after exposure) when compared to baseline in any ex-

posure group during either season.

Table 1 Exposures concentrations, particle size and chamber and ambient weather conditions

Exposure dates Summer exposures Winter exposures

Air CAPs O3 CAPs + O3 Air CAPs O3 CAPs + O3

23 Aug11 17 Aug11 23 Aug11 17 Aug11 5 Mar12 28 Feb12 05 Mar12 28 Feb12

2 Aug11 18 Aug11 24 Aug11 18 Aug11 6 Mar12 29 Feb12 06 Mar12 29 Feb12

7 Mar12 7 Mar12

O3 (ppb) 5.8 4.8 197.1 203.1 2.5 10.5 199.4 198.3

PM Mass (μg/m3) — 168.7 — 174.9 — 78.5 — 91.3

Particle Size (nm) — 333.4 — 315.0 — 125.5 — 125.0

Geometric Mean — 316.1 — 295.8 — 125.5 — 125.0

Mode — 316.1 — 295.8 — 125.5 — 125.0

Geometric SD — 1.96 — 1.97 — 1.95 — 2.02

Chamber Temp (F) 72.6 72.5 70.8 70.4 73.6 72.3 71.2 69.6

Chamber RH (%) 51.3 50.3 51.3 56.5 46.7 42.6 51.0 47.1

Ambient Temp (F) 77.5 80 77.5 80 44.8 55.5 44.8 55.5

Ambient RH (%) 55 69.5 55 69.5 45.8 68.2 45.8 68.2
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Electrocardiographic parameters

In the summer, O3 exposure significantly increased PR

interval relative to filtered air controls (p < 0.05) (Figure 4).

By contrast CAPS exposure significantly decreased the PR

interval relative to filtered air controls (p < 0.05). CAPS +

O3 exposure produced no effect. During winter, no expos-

ure affected the PR interval. In addition, PR interval did

not change after exposure in any exposure group during

either season.

In the summer, there were no effects of CAPs or O3 ex-

posure on QTc interval relative to filtered air (Figure 5).

By contrast, CAPS +O3 exposure caused a significant in-

crease in QTc interval relative to filtered air (p < 0.05).

There was no significant effect in QTc interval in the win-

ter during exposure. However, CAPS +O3 exposure

caused a significant increase in QTc interval relative to fil-

tered air in the winter after exposure.

Heart rate variability

During both summer and winter, there were no effects

of CAPs or O3 exposure alone on SDNN relative to the

response in filtered air controls during both seasonal ex-

posures (Figure 6). By contrast, CAPs + O3 exposure

during both summer and winter caused a significant de-

crease in SDNN during exposure relative to filtered air

(p < 0.05). CAPs + O3 exposure during the winter also

caused a significant decrease in SDNN after exposure

relative to filtered air (p < 0.05), although the magnitude

change was smaller compared to the effect of co-

exposure during the summer.

Table 2 Group-averaged PM elemental composition in μg/g

Summer Winter Winter/Summer

Element (μg/g) CAPs CAPs + O3 CAPs CAPs + O3 Enrichment factor

Al 951 622 2303 2250 2.9

As 14.8 14.2 20.3 15.5 1.2

Ba 304 101 335 239 1.4

Ca 1159 1033 4548 4200 4.0

Cd 2.4 2.3 9.2 6.9 3.5

Co 7.6 1.9 3.6 5.3 0.9

Cr 39.6 44.8 56.6 38.4 1.1

Cu 848 360 683 540 1.0

Fe 5053 4695 14946 10027 2.6

K 3637 5018 10392 7128 2.0

Li 6.3 11.6 32.6 21.3 3.0

Mg 386 271 2304 1690 6.1

Mn 442 688 2273 1481 3.3

Mo 10.3 6.7 17.7 7.8 1.5

Na 2404 3899 17638 13795 5.0

Ni 17.8 18.0 48.2 31.3 2.2

P 312 78 234 494 1.9

Pb 133 79 220 157 1.8

SO4 276531 294486 240898 160234 0.7

Sb 39.8 27.9 88.8 63.4 2.2

Se 29.0 37.4 50.3 40.8 1.4

SiO2 3822 1705 11341 6179 3.2

Sn 33.7 18.2 66.3 48.3 2.2

Sr 14.1 7.5 38.4 29.6 3.1

Ti 140 80 279 242 2.4

V 9.8 12.6 43.0 32.5 3.4

Zn 367 534 1475 1128 2.9

Organic C 287078 341624 448280 357174 1.3

Elemental C 14582 25329 49299 34830 2.1
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CAPs + O3 exposure during the winter also caused a

significant decrease in RMSSD and a significant in-

crease in LF/HF after exposure relative to filtered air

controls (p < 0.05; Additional file 5: Table S4). O3 ex-

posure alone also caused an increase in LF/HF relative

to filtered air (p < 0.05).

Cardiac arrhythmia

There was no significant effect of exposure on the

total number of arrhythmias relative to filtered air

exposed controls with any exposure group during ei-

ther season (data not shown).

Sensitivity to aconitine One Day after exposure

During the summer, exposure to CAPs alone or O3

alone significantly increased sensitivity to triggering of

arrhythmia by escalating doses of aconitine as evidenced

by a decrease of the total dose of aconitine necessary to

elicit the first ventricular premature beat relative to fil-

tered air exposed controls (p < 0.05, Figure 7). CAPs, O3,

and CAPS +O3 each significantly decreased the total

dose of aconitine necessary to elicit the first episode of

ventricular tachycardia relative to filtered air exposed

controls (p < 0.05). There was no significant effect of ex-

posure on the total dose of aconitine necessary to elicit

Table 3 Group-averaged PM elemental levels in μg/m3

Summer Winter Winter/Summer

Element (μg/m3) CAPs CAPs + O3 CAPs CAPs + O3 Enrichment factor

Al 0.160 0.109 0.181 0.205 1.4

As 0.00249 0.00248 0.00159 0.00142 0.6

Ba 0.0513 0.0176 0.0263 0.0218 0.7

Ca 0.195 0.181 0.357 0.383 2.0

Cd 0.00041 0.00040 0.00072 0.00063 1.7

Co 0.00128 0.00034 0.00028 0.00048 0.5

Cr 0.00669 0.00784 0.00444 0.00351 0.5

Cu 0.143 0.0630 0.0536 0.0493 0.5

Fe 0.852 0.821 1.173 0.915 1.2

K 0.614 0.878 0.816 0.651 1.0

Li 0.00107 0.00204 0.00256 0.00194 1.4

Mg 0.0651 0.0475 0.1809 0.1543 3.0

Mn 0.0745 0.1203 0.1784 0.1352 1.6

Mo 0.00174 0.00117 0.00139 0.00071 0.7

Na 0.406 0.682 1.385 1.259 2.4

Ni 0.00301 0.00316 0.00378 0.00285 1.1

P 0.0526 0.0136 0.0184 0.0451 1.0

Pb 0.0225 0.0138 0.0173 0.0144 0.9

SO4 46.7 51.5 18.9 14.6 0.3

Sb 0.00671 0.00488 0.00697 0.00579 1.1

Se 0.00488 0.00654 0.00395 0.00373 0.7

SiO2 0.645 0.298 0.890 0.564 1.5

Sn 0.00568 0.00318 0.00521 0.00441 1.1

Sr 0.00238 0.00132 0.00301 0.00270 1.5

Ti 0.0237 0.0140 0.0219 0.0221 1.2

V 0.00165 0.00220 0.00337 0.00297 1.6

Zn 0.0619 0.0933 0.1158 0.1030 1.4

Organic C 48.43 59.75 35.19 32.61 0.6

Elemental C 2.46 4.43 3.87 3.18 1.0

OC/EC ratio 16.6 9.7
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the first episode of ventricular fibrillation or cardiac ar-

rest relative to air exposed controls.

There was no significant effect of exposure on acon-

tine arrhythmia sensitivity with any exposure group dur-

ing the winter. Interestingly, in a comparison of the

aconitine doses required to assess vulnerability to

arrhythmia across season, the dose required to trigger

arrhythmias in air-exposed rats during the winter was

significantly lower than air-exposed rats during the

summer.

Indicators of inflammation and injury in serum, plasma,

and bronchoalveolar lavage fluid one day after exposure

Exposure to CAPs + O3 during the winter significantly

increased N-Acety-D-glucosaminidase (NAG) and lac-

tate dehydrogenase (LDH) levels in the lung ling fluid

(p < 0.05) relative to filtered air (Figure 8). There were

no such changes in NAG in any of the exposure groups

during the summer. In addition, exposure to CAPS or

CAPs + O3 during the summer significantly decreased

lung LDH levels (p < 0.05) relative to filtered air. CAPs

+ O3 exposure during the winter also significantly in-

creased lung CuZn super oxide dismutase (CuZn SOD)

levels (p < 0.05) relative to filtered air. There was no

effect of co-exposure on CuZn SOD during the summer,

whereas, CAPs exposure alone significantly decreased

CuZn SOD levels (p < 0.05) relative to filtered air. Expos-

ure to CAPs alone significantly decreased Glutathione S-

Transferase (GST) levels during the summer (p < 0.05)

relative to filtered air, whereas O3 alone significantly in-

creased lung GST levels (p < 0.05) relative to filtered air.

There were no such changes in GST in any of the expos-

ure groups during the winter. There was no significant

effect of exposure in any other indicator of inflammation

in the lung, serum, or plasma or number of infiltrated

inflammatory cells in the lung lining fluid (data not

shown).

Discussion

Here we present evidence that season and ozone are ef-

fect modifiers for ambient PM-induced cardiovascular

responses in Spontaneous Hypertensive (SH) rats, a

strain of rat known to demonstrate exaggerated cardio-

vascular effects in response to inhaled ambient PM,

diesel exhaust particles, and acrolein [20-22]. Seasonal

differences in PM were consistent with earlier findings

[14], with new evidence of enrichment for anthropogenic

emissions and marine salt sources during winter season

Source Apportionment – Influence of Season and Co-pollutant 

Figure 2 Pie Charts illustrating sources contributing to the concentrated ambient particulate (CAPs) and CAPs + ozone (O3) mixtures during the
summer and winter exposures. Sources for each season were quantified using the EPA Chemical Mass Balance Model.
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exposures compared to summer exposures in central

North Carolina. Single pollutant cardiovascular effects

with CAPs and O3 were present during both summer

and winter exposures, with evidence of unique effects of

co-exposures with associated changes in autonomic tone

during both seasons.

Biogenic emissions, agricultural activity, vehicular traf-

fic, production of secondary organic aerosols and local

weather conditions largely determine the concentration

and chemical composition of North Carolina’s particu-

late pollution [14]. The physiochemical characteristics of

PM from the Research Triangle Park, NC air shed were

highly variable between summer and winter seasons. Dif-

ferences included particle mass concentrations, size,

organic:elemental carbon ratios, and sulfate levels and

are consistent with previous measurements [14]. Al-

though winter exposures had 50% less total PM mass

than summer exposures (85 vs. 171 μg/m3), enrichment

of metals on a μg/g basis in winter PM resulted in

equivalent summer and winter metal exposure concen-

trations. These findings were based on data from a lim-

ited number of exposure days (two summer CAPs

exposure days and three winter CAPs exposure days);

future studies will need to include more PM exposure

sampling days to increase robustness of analysis. Never-

theless, subsequent source apportionment analysis re-

vealed that winter exposures were enriched primarily by

wood combustion and to a lesser extent by road dust

and marine salt sources compared to summer exposures.

The relative impact of the enrichment of marine salt

sources is unclear given that only 4% of the total PM

mass was attributed to marine salt sources. PM within

or near the ultrafine range (0.1 to 0.6 μm) dominates

emissions from residential wood combustion while the

composition of the PM is dependent on combustion

conditions and furnace type, with multiple elements

Figure 3 Mean change in Heart rate (HR) from pre-exposure values during summer and winter exposures. HR values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded while
the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent mean change
in HR in beats per minute ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05). b - significantly greater than
filtered air control (p < 0.05).
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including potassium, sodium, magnesium, aluminum,

and zinc, and transition metals like chromium and

nickel present in appreciable quantities [23,24]. Exposure

to PM rich in transition metals has been associated with

increased cardiovascular mortality [25]. Moreover, the

proportion of anthropogenic metals is a critical deter-

minant of biological responses to PM including in-

creased pulmonary effects on days with higher metal

concentrations [26-28]. As well, summer PM, although

having higher mass, may have been diluted by less bio-

active compounds such as sulfates, which were present

at higher concentrations during the summer. In addition,

winter particle size was roughly one-third the size of

summer particles (125 vs. 324 nm). Smaller, near-ultra-

fine particles have greater relative surface area than lar-

ger particles at any given mass concentration and have

the capacity to penetrate deep into the lung and also

permeate plasma membranes of cells including alveolar

epithelial cells and capillary endothelium [29]. Further-

more, ultrafine PM may initiate inflammatory responses

in the lung or systemic circulation or enter the blood

stream and directly trigger vascular responses, either of

which may trigger downstream cardiac responses [29].

In mice exposed to ambient PM collected near a high-

way [30] and a peat wildfire [31], size-segregated, ambi-

ent ultrafine PM caused cardiac changes, while coarse

and fine PM from the same PM sample affected primar-

ily pulmonary endpoints.

Single pollutant cardiac effects were mostly observed

with summer exposures. With summer O3 exposure, the

effects included decreased HR, increased PR interval, an

increase in the HRV parameter LF/HF and increased

sensitivity to myocardial calcium loading, consistent with

our previous findings [16]. Summer CAPs exposure

Figure 4 Mean change in PR interval from pre-exposure values during summer and winter exposures. PR values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded
while the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent
mean change in PR interval in msec ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05). b - significantly
greater than filtered air control (p < 0.05).
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decreased PR interval and elevated sensitivity to myocar-

dial calcium loading. The opposing PR response with

summer CAPs exposure compared to summer O3 ex-

posure implicates pollutant specific disparate effects on

atrioventricular conduction, although each pollutant ul-

timately caused increased vulnerability to ventricular

arrhythmia. The relevance of the increased responses to

aconitine during the summer is uncertain given that ex-

posures to CAPs and/or O3 during the winter had no ef-

fect on this endpoint, the precise reason of which is

unclear. Nevertheless, winter time exposures caused a

CAPs-induced decrease in HR, and a CAPs + O3-in-

duced increase in lung lactate dehydrogenase and n-

acetyl B-D glucosaminidase and increased Cu-Zn

superoxide dismutase, although the relevance of these

findings are also uncertain given the decrease in some of

these endpoints with single pollutant exposure. The

decrease in HR with CAPs alone during the winter is

similar to the findings of Rohr et al. [32] who compared

the cardiac effects of winter and summer CAPS expo-

sures in Michigan in the same rat strain used in the

present study. Their study had additional effects that

were not found in the present study with CAPs alone in-

cluding linkage of the winter HR response with in-

creased HRV and opposing summer effects characterized

by increased HR and decreased HRV. The differences

between the Rohr et al. study and the present study may

reflect in part the differences in study design (the Rohr

et al. study consisted of thirteen 8-hour exposure days

vs. a single 4-hour exposure in the present study), expos-

ure concentrations (e.g. summer CAPs concentrations in

Rohr et al. averaged ~518 μg/m3; in present study,

~170 μg/m3) and/or local contributing air pollution

sources, among other factors. Moreover, the variability

Figure 5 Mean change in QTc interval from pre-exposure values during summer and winter exposures. QTc values for each animal at each time
point during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded
while the animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent
mean change in QTc interval in msec ± standard error of the mean (n = 6). b - significantly greater than filtered air control (p < 0.05).
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in the single pollutant responses in the present study

may reflect an insufficient short-term exposure required

to elicit a significant inflammatory response in the SH

rat. This possibility is consistent with epidemiological

and human exposure data that suggest that cardiovascu-

lar effects to short-term exposures are more likely trig-

gered by autonomic responses while long-term

exposures increase the likelihood of persistent inflamma-

tory responses [29].

With some parameters during both the summer and

winter seasons, CAPs + O3 exposure elicited unique re-

sponses that were not evident with exposure to either

pollutant alone. These included changes in SDNN,

RMSSD and QTc, during the summer, and changes in

HR, SDNN, QTc, and lung injury and oxidative re-

sponses during the winter. The changes in QTc and HR

during summer and winter exposures, respectively,

were each accompanied by a decrease in SDNN, which

reflects overall heart rate variability, and indicates a de-

crease in parasympathetic tone. In addition, summer

co-exposures caused post-exposure decreases in SDNN

and RMSSD, another indicator of parasympathetic tone.

Thus, decreased parasympathetic tone with co-expos-

ure to CAPs and O3 during both seasons reflects a shift

in autonomic balance towards increased sympathetic

tone. Summertime CAPs plus O3 co-exposure in a re-

cently conducted study in Michigan [12], characterized

by greater ambient concentrations of SO4, Ni, V, Zn,

and organic and elemental carbon than the present

study, yielded similar HRV findings in rats. The present

findings are also consistent and with other reports link-

ing low HRV with exposure to PM [33-36] and O3

[37,38]. Much of the evidence on the prognostic signifi-

cance of HRV points to increased cardiovascular risk

Figure 6 Mean change in SDNN from pre-exposure values during summer and winter exposures. SDNN values for each animal at each time point
during exposure or after exposure were subtracted from corresponding time-matched pre-exposure baseline data, which was recorded while the
animals were either in the chamber (for “during exposure” data) or in their home cages (for “after exposure” data). Values represent mean change
in SDNN in msec ± standard error of the mean (n = 6). a - significantly less than filtered air control (p < 0.05).
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with low HRV, including increased risk of arrhythmia

[39] and an increased mortality rate in people with

heart disease [40,41].

The autonomic responses with co-exposure may have

been triggered by activation of irritant nerve fibers, in-

cluding pulmonary C fibers, which trigger reflex cardio-

pulmonary responses via transient receptor potential

(TRP) channels. We recently showed that TRPA1 mediates

the increased sensitivity to aconitine-induced arrhythmia

after diesel exhaust exposure [22]. In addition, Taylor-

Clark and Undem [42] demonstrated that O3 exposure ac-

tivates airway C fibers expressing TRPA1. Summer and

winter CAPs exposures were rich in adsorbed elements in-

cluding Fe and Ni, which have been linked to production

of reactive oxygen species [7]. The potential involvement

of TRP receptors in biological responses induced by transi-

tion metals should be examined in future studies given

that reactive oxygen species are known activators of TRP

receptors [43].

While the specific class of components that drove the

observed cardiopulmonary responses is not certain, the

similarity in elemental levels in the winter and summer

PM due to elemental enrichment presents a plausible

explanation for the physiological responses observed.

More proinflammatory or irritating byproducts gener-

ated through atmospheric interaction between PM, its

components, and gases might potentiate cardiovascular

effects directly or via the alteration of dose distribution

in the lung. For example, Fe and V salts increase the pul-

monary irritancy of SO2 via formation of the more irri-

tating sulfate [44]. Moreover, PM including zinc oxide

and inert carbon black, when mixed with gases such as

SO2 or O3, cause greater than additive pulmonary effects

by potentially serving as a carrier for the reactive gases

enabling greater distribution into the deep lung [44].

Further research is required to define plausible mecha-

nisms and identify the nature of interactions between

specific components like metals and gases.

Seasonal differences in PM mass concentration and

size in this study precludes a direct comparison of the

physiological responses to ambient PM exposure be-

tween seasons. Although air flow patterns likely had lit-

tle influence, low ambient PM levels and a lower ratio of

fine to ultrafine particles during the winter prevented

Figure 7 Cumulative dose of infused aconitine necessary to trigger ventricular premature beats (VPB), ventricular tachycardia (VT), ventricular fibrillation
(VF), and cardiac arrest (CA) in rats one day after a single exposure. Values represent mean dose ± standard error of the mean (n = 5). a - significantly less
than filtered air control (p < 0.05).
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achievement of target concentrations comparable to

summer levels with our concentration system. Therefore,

one approach to control for seasonal differences in mass

is to lower target concentrations. Moreover, the size of

the particle is naturally an outcome of the type of local

air pollution sources, the level of air pollution and wea-

ther conditions. Future studies that focus on exposure to

ultrafine PM alone can obviate this concern.

Conclusions
These findings collectively point to marked seasonal ef-

fects on PM sources, mass, size, composition, and corre-

sponding impacts on cardiovascular responses. While

there was variability in some responses in this study,

particularly sensitivity to aconitine-induced arrhythmia

and indicators of inflammation/injury, there was evi-

dence of electrocardiographic and autonomic responses

that were unique to the CAPs and O3 co-exposure

group. This study, however, was limited by the small

number of PM sampling and exposure days, which pre-

cluded drawing conclusions about effects of entire sea-

sons. This is especially relevant given that winter

conditions often induce stable inversions that increase

levels of ambient PM. Moreover, because PM compos-

ition data was obtained from only a few samples in the

present study, an analysis of a potential association be-

tween cardiovascular responses and specific components

of PM was not possible. In addition, the absence of ni-

trogen species data provides some uncertainty in the

source apportionment analysis. Future studies that

examine the interactive effects of CAPs and O3 should

also mirror realistic seasonal O3 concentrations. Never-

theless, some evidence of unique co-pollutant effects

during both seasons suggests that a multipollutant ap-

proach to health effects assessment is warranted. Further-

more, seasonal variability in sources of anthropogenic

emissions and evidence for winter elemental enrichment

and smaller particle size suggest that PM size and com-

position may be as important as mass in determining its

potential for interactive health effects with other

pollutants.

Methods
Animals

Twelve week-old male SH rats (Charles River, Raleigh,

NC) were housed in plastic cages (one per cage), main-

tained on a 12-hr light/dark cycle at approximately 22°C

and 50% relative humidity in our Association for Assess-

ment and Accreditation of Laboratory Animal Care-ap-

proved facility, and held for a minimum of 1 week

before telemeter implantation. The Institutional Animal

Care and Use Committee of the U.S. Environmental Pro-

tection Agency approved all protocols. Food (Prolab

RMH 3000; PMI Nutrition International, St. Louis, MO)

Figure 8 N-acetyl B-D glucosaminidase, lactate dehydrogenase, CuZn superoxide dismutase, and glutathione S-transferase in lung lining fluid one
day after summer or winter exposures to concentrated ambient particulate (CAPs), ozone (O3), CAPs + O3, or filtered air. Bars represent means ± SEM
for each marker shown (n = 6/group). a - significantly less than filtered air control p < 0.05). b - significantly greater than filtered air control (p < 0.05).
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and water were provided ad libitum, and all rats were

grouped by weight. SH rats were selected because previ-

ous studies demonstrated exaggerated sensitivity to the

effects of air pollution compared to rats with normal

blood pressure [20,45,46].

Telemeter implantation

Animals (SH rats; n = 7 per group) were anesthetized

with ketamine/xylazine (80 mg/ml ketamine HCL and

12 mg/ml xylazine HCL; 1 ml/kg i.p.; Sigma Chemical

Co., St. Louis, MO), and were implanted with radiotele-

meters (Model TA11CTA-F40; Data Science Inter-

national, Inc., St. Paul, MN) in the abdominal cavity as

previously described [47]. Electrode leads were guided

through incisions made in the abdominal musculature.

Leads were tunneled subcutaneously and secured in a

lead II configuration. Body heat was maintained during

and after surgery using a heating pad. Animals recovered

for two weeks after surgery before inhalation studies.

Experimental design

SH rats (n = 6/group) surgically implanted with biopoten-

tial telemeters were exposed once for 4 hours to concen-

trated ambient particulate matter (target concentration

150 μg/m3) with or without 0.2 ppm ozone. To compare

the effects of season on health effects of this multipollu-

tant mixture, exposures were conducted in the summer

(August, 2011) and winter (February and March, 2012)

seasons. Telemetered signals included body temperature,

ECG, heart rate, and activity and were monitored before,

during, and after exposure in conscious, unrestrained rats.

All telemetered rats were euthanized one day after final

exposure. Aconitine challenge was performed to assess

sensitivity to the triggering of arrhythmia in a separate co-

hort of concurrently exposed rats one day after exposure.

Exposure schedule

A series of particulate matter and O3 exposures were

conducted in summer of 2011 and winter 2011–12. The

study protocol included single 4-hour exposures for

CAPs only, CAPs + O3, O3 only, and filtered air control

groups. Upstream of the CAPs only chamber, air passed

through a silica gel dryer that reacted with ambient O3

and helped keep background O3 levels in the CAPs only

chamber at levels similar to the filtered air control

chamber O3 levels. Animals were allowed 15 to 30 mi-

nutes to acclimate to the system’s noise and chamber en-

vironment then telemetry background measurements

were performed for ~45 min. Exposures were initiated at

about 7:30 am and continued until 11:30 am for each

animal group. For all exposures, initial target PM2.5 con-

centration was ~150 to 200 ug/m3 while the O3 target

concentration was 200 ppb. To facilitate telemetric mon-

itoring within each chamber CAPs and CAPs + O3

groups during the summer exposures were split into two

cohorts and exposed on either 8/17/11 or 8/18/11. The

O3 only and air groups were also split into two cohorts

and exposed on either 8/23/11 or 8/24/11. Winter CAPs

and CAPs + O3 exposures were carried out on 2/17/12,

2/18/12, and 3/7/12. Winter O3 only and air exposures

took place on 2/23/12 and 2/24/12. Each animal group

was acclimated to the exposure system and laboratory

environmental noises by housing in an exposure cham-

ber with room and CAPs systems operated to produce

background noise for a minimum of 1 hour a day for

2 days prior to the exposures.

Ambient weather patterns

Studies involving exposures of animals to concentrated

ambient air particles involve sampling outside air in

real-time. Local weather conditions and patterns can

have a dramatic effect on these real time studies. Ambi-

ent weather conditions were monitored during each ex-

posure using a weather station mounted on the roof

(Vantage Pro II, Davis Instruments, Hayward, CA) of the

U.S. EPA exposure facility in Durham, NC. Data col-

lected included temperature, relative humidity, dew

point, barometric pressure, wind speed and direction,

rainfall, and other variables providing information about

the air mass being drawn from outside into the system

during exposures. Data recorded during the times ani-

mals were resident in chambers were averaged to pro-

duce individual exposure values. Daily values were then

averaged to generate group average ambient weather

conditions. Exposure group averages are included in

Table 1. Additionally, backward trajectory air mass plots

were obtained from on-line resources developed by the

National Oceanic and Atmospheric Administration

(NOAA). Models queried included Hybrid Single Par-

ticle Lagrangian Integrated Trajectory Model (HYSPLIT)

using the Real-Time Environmental Applications and

Display sYstem (READY) [48], which utilized archived

meteorological data to model direction and temporal air

mass location. The resultant models indicate the path

and location of an air mass in 6 hour increments for the

24 hours local time leading up to each PM exposure.

Chamber systems

All exposures were conducted in the U. S. EPA’s Re-

search Triangle Park, NC Consolidated Research Facility

(CRF), Concentrated Air Particles (CAPs) Laboratory lo-

cated at 179 T.W. Alexander Dr., RTP, NC. EPA’s CAPs

exposure facility accommodated 3 Hinners style, stainless

steel and glass, 0.3 m3 whole body chambers (Figure 9).

Each chamber was modified to expose animals to ozone

and clean air as well as CAPs. The wire mesh animal cages

were modified and receivers positioned within each cham-

ber to maximize telemeter signal transmission and
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minimize effects on chamber PM distribution. Two CAPs

chambers were connected to the outlet of a PM2.5 fine

particle concentrator (Harvard Fine Particle Concentrator,

Harvard University, Boston, MA; HFPC) [49]. Stainless

steel tubing (3” diameter) with quick connecting joints

was used to transport Air/PM from the concentrator out-

let to the designated chamber(s). Transport tubing was

configured to deliver all CAPs to a single chamber, split

concentrated PM between two chambers, or to totally by-

pass chambers allowing for gas pollutant or clean air oper-

ation. Chamber temperature, relative humidity, air flow,

and static pressure and test agent concentrations for PM

and O3 were continuously monitored, displayed, and re-

corded by the lab’s computerized electronic data acquisi-

tion system. Clean, charcoal and HEPA filtered, and

conditioned dilution air was available from two sources

(Core Inhalator System (CIS) supply air, DP = ~55 F, 50%

relative humidity (RH), and Medical Grade Air, DP = ~ −

20 F, ~5% RH). The two dilution air streams were blended

to regulate chamber RH and peak PM concentrations.

Chamber environmental data, PM, and O3 concentrations

from multiple exposures within each group were averaged

to produce mean values for each exposure group.

PM concentrating system and PM monitoring and control

Outside ambient air containing PM was drawn into the

system inlet via a stainless steel duct. The air/PM mix-

ture passed through a custom Size Selective Inlet (SSI)

(2 sizing stages: 10 μm and 2.5 μm) (Harvard School of

Public Health, Boston, Ma) [50] which removed PM >

2.5 μm. The resulting mixture of Air/PM2.5 was trans-

ported to the exposure laboratory where it passed

through the HFPC operating with 3 stages of slit virtual

impactors and outputting ~50 Lpm of Air/CAPs as pre-

viously described [28].

CAPs chamber PM concentrations were monitored

using both filter weights and real-time electronic instru-

mentation. Filter samples were collected for all PM ex-

posures to provide gravimetric mass concentrations and

for subsequent chemical analysis. Samples included: Tef-

lon 47 mm (Pall Corp., TeFlo, R2PJ047, 2 μm pore) and

37 mm (Pall Corp., TeFlo, R2PJ037, 2 μm pore), Quartz

Exposure System Schematic

Figure 9 Schematic of concentrated ambient particulates (CAPs) and ozone (O3) co-exposure system showing concentrator, O3 generator, exposure
chambers, and particulate matter (PM) and O3 monitoring systems. Receivers were placed within each chamber to monitor electrocardiogram, heart
rate and body temperature. Particle concentration and sizing were tracked in real-time using a scanning mobility particle sizer and an aerodynamic
particle sizer. Additional aerosol monitors (DustTrak and P-Trak) were used to track PM levels in real-time.
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(Millipore, Quartz, AQFA04700, 47 mm), and Nylon

(PALL, Nylasorb, 66509, 47 mm) filters. Particle concen-

tration and sizing were tracked in real-time using scan-

ning mobility particle sizer (SMPS, TSI Inc., St. Paul,

MN) and aerodynamic particle sizer (APS, model 3321,

TSI Inc., St. Paul, MN). PM data were analyzed and

combined using particle data analytical software (Data

Merge, ver. 1.0.1, TSI Inc, St. Paul, MN) to provide com-

posite concentrations and particle size distributions rep-

resentative of the average chamber PM. Data from

multiple exposures was combined and averaged to pro-

vide concentrations and particle size distributions for

each group. Additional aerosol monitors (DustTrak

(DT), model 8520, TSI Inc., St. Paul, MN and P-Trak,

model 8525, TSI Inc., St. Paul, MN) were used to track

PM levels in real time. Peak PM concentrations, cham-

ber pressures, and RH were controlled by regulating in-

jection of conditioned, filtered dilution air upstream of

the chamber inlets. Filtered and conditioned air supplied

to the O3 and Air Control groups contained only trace

levels of PM with insufficient sample available for weigh-

ing or chemical analysis, therefore, no PM samples were

collected from those exposures.

Ozone generation, monitoring, and control

Source O3 was generated using O2 from compressed gas

cylinders fed through a silent arc O3 generator (OREC,

Osmonics Corp.). All wetted surfaces of the O3 generat-

ing and monitoring systems were either stainless steel or

Teflon. Flow through the generator was modulated so

an excess of gas was always flowing to keep stock O3

concentrations stable during exposures. Excess O3 gas

was continuously vented into the lab fume hood exhaust.

Chamber O3 supply flow was controlled to establish and

maintain target O3 concentration. Mass flow controllers

(MFC) (Tylan Corp., model FC260) were used to control

both excess and chamber O3 flows. Manual and auto-

mated MFC command signals were regulated by the

CAPs lab data acquisition system (DAS) running data

acquisition and control software (DASYLab Pro, version

9, MCC). O3 was injected counter current into the

chamber inlet air duct upstream of the dilution air inlet

to enhance mixing prior to entering the chamber. O3

concentration was manually and/or automatically regu-

lated via a feedback loop. Real-time O3 concentrations

for each group, including Air Controls, were monitored

during all exposures. A continuous O3 analyzer (TECO,

model 49, Thermo Electron Co.,) measured chamber O3

levels in the animal breathing zone and provided con-

centration signals to the laboratory’s data system. Our

laboratory operated under a strict quality assurance plan

for all exposures. For the duration of the study, O3 mon-

itoring was performed to manufacturer’s and EPA guide-

lines and under non-condensing conditions. The O3 Gas

analyzer was calibrated using a certified EPA/National

Institute of Standards and Technology O3 transfer stand-

ard prior to each study segment with routine zero and

span checks and post study calibration verifications. The

analyzer was preconditioned by continuous sampling of

lab air at 72 F / 50% RH. Clean, conditioned dilution air

regulated chamber RH and PM levels (therefore, O3

sample RH) which measured in the range 42.6% to

56.5% daily average during all exposures (Table 1). O3

sampling system included an inline PM filter (Teflon

47 mm, Pall Corp., TeFlo, R2PJ047, 2 μm pore). The

DAS monitored, displayed, recorded, and controlled

chamber O3 concentration and other system operating

variables such as temperature, RH, static pressure, and

chamber exhaust flow. Chamber O3 concentration was

controlled for the duration of each exposure to provide

a target final average concentration of ~200 ppb for each

run. During exposures, O3 flow control was periodically

set to manual and maintained at steady state while the

O3 analyzer was briefly cycled to monitor background

O3 chambers (CAPs only or Air Controls). After back-

ground levels were determined, O3 monitoring returned

to the O3 (or CAPs + O3) exposure chamber under DAS

automated control. Outside air passing through the

HFPC/CAPs PM concentrator contained naturally oc-

curring ambient O3. During CAPs only exposures it was

desirable to eliminate this naturally occurring O3 to the

extent possible without affecting CAPs chamber PM

levels. Upstream of the CAPs only chamber, air passed

through a silica gel dryer that reacted with ambient O3

and helped keep background O3 levels in the CAPs only

chamber at levels similar to the filtered air control

chamber O3 levels.

PM organic and elemental chemical analysis

Organic and elemental carbon contents of CAPs PM

collected on quartz filters during exposure were mea-

sured using National Institute of Occupational Health

(NIOSH) Method 5040 [51]. NIOSH 5040 is a thermo-op-

tical method, based on sequential pyrolytic vaporization

and detection of the carbon fractions. Elemental analysis

was performed on aqua regia digests of CAP collected on

Teflon filters. Prior to digestion, filter media were re-

moved from their polymethylpentene support rings using

Teflon blades. Filters were then submerged in 1 mL of

concentrated hydrochloric acid (Optima grade, Fisher Sci-

entific) in cleaned 15-ml polypropylene centrifuge tubes

(part number 05-539-5, Fisher Scientific; washed in 1%

Triton X-100, rinsed with ultrapure deionized water

(Milli-Q, Millipore Corporation) and dried in a Class 100

cleanbench). Tubes were sonicated three times in an ultra-

sonic bath (Model TI-H15, Elma GmbH&Co, Singen

Germany) at a frequency of 25 kHz at 200 W for 30 min

at 50C°. After each sonication, tubes were cooled to room
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temperature and vented in a fume hood. After the third

sonication and venting, tubes were heated in an oven

overnight at 60C°. The next morning, 0.33 mL of concen-

trated nitric acid (Optima grade, Fisher Scientific) was

added to the tubes to form 3:1 aqua regia, and the same

sonication and overnight heating procedure was per-

formed as the preceding day. The following morning,

10 ml of ultrapure water was added, and the teflon filters

removed from the tubes using cleaned Teflon forceps.

Samples were then analyzed by high-resolution inductively

coupled plasma-mass spectrometry (HR-ICP-MS, Element

2, Thermo Scientific).

Source apportionment analysis

Sources contributing to the CAPS and CAPS +O3 mix-

tures during the summer and winter exposures were

quantified using the EPA Chemical Mass Balance Model

(CMB 8.2; US EPA, 2004) [19]. The CMB estimates PM

sources using a weighted least squares regression. Input

data included elements, sulfate, organic carbon and

elemental carbon concentrations and uncertainties as

well as measured source profile concentrations and un-

certainties. The road dust and brake wear profiles were

obtained from Hildemann et al. [52] and the mobile

source profile (which includes gasoline and diesel emis-

sions) was obtained from Maykut et al. [53]. The wood

combustion profile was obtained from Fine et al. [54].

The secondary sulfate and marine salt profiles were ob-

tained from the EPA SPECIATE 4.4 Database. The same

profiles and species were used for the summer and win-

ter exposure mixtures.

Radiotelemetry data acquisition

Radiotelemetry methodology (Data Sciences Inter-

national, Inc.) allowed constant monitoring of electro-

cardiographic data in conscious and unrestrained rats

from implantation until sacrifice. Electrocardiographic

data was monitored by remote receivers (DataART3.01;

Data Sciences International, Inc.) positioned under the

home cages within the animal facility, and under the ex-

posure cages within the exposure chambers. In home

cages, sixty-second segments of ECG waveforms were

acquired and saved at 15-minute intervals from surgical

recovery through sacrifice not including the exposure

period. Pre-exposure baseline data was collected from

home cages, as well as a 45 min baseline in exposure

cages after acclimation for one hour. During the 4 hr ex-

posure, sixty-second segments were acquired and saved

at 5-minute intervals. After exposure, rats were moni-

tored in home cages until the next exposure. All rats

were monitored until the beginning of necropsy, ap-

proximately 18 hrs after exposure. HR was automatically

obtained from the ECG waveforms with data acquisition

software (DataART3.01; Data Sciences International,

Inc.).

Electrocardiogram, arrhythmia identification and heart

rate variability analysis

ECGAuto software (EMKA Technologies, Falls Church,

VA) was used for automated analyses of ECG wave am-

plitudes and segment durations and areas, as well as for

the visual identification and enumeration of arrhythmias

and HRV analysis. Several parameters were determined

for each ECG waveform: heart rate; PR interval; R ampli-

tude; QRS duration, amplitude, and area; ST interval,

amplitude, and area; and T-wave amplitude and area;

QT interval, Bazett’s heart rate–corrected QT interval

(QTc). ECG and HRV parameters were quantified in the

immediate 6-hour period after exposure and compared

to time-matched data before exposure while the rats

were unrestrained in their home cages. ECG parameters

during exposure were analyzed relative to baseline

(45 min recordings while in the exposure chambers im-

mediately before the beginning of exposure).

Cardiac arrhythmic events were identified in part by

using the Lambeth conventions [55] as a guideline for

the identification of arrhythmias in rats. Arrhythmias

were identified as atrial premature beats (APB), ventricu-

lar premature beats (VPB), sinoatrial block (SAB), atrio-

ventricular block (AVB), or ventricular tachycardia (VT).

Arrhythmias were quantified and totaled during the

4 hour exposure period and during the 6 hour period

after exposure and compared to pre-exposure counts.

Total arrhythmia counts during exposure were quanti-

fied (total of 48 one-minute segments during 4 h expos-

ure period).

For the analysis of HRV, rhythms were thoroughly

inspected to identify and exclude arrhythmias, arti-

facts, and 1-min ECG waveforms lacking distinguish-

able R waves for more than 30 sec. The analysis of

HRV generated HR and time-domain measures, in-

cluding mean time between adjacent QRS complex

peaks (the RR interval), a standard deviation of the RR

interval (SDNN), SDNN normalized for the effects of

heart rate [SDNN/(RR interval x 100)], and the square

root of the mean of squared differences of adjacent RR

intervals (RMSSD). The SDNN represents overall

HRV, whereas RMSSD represents parasympathetic in-

fluence over HR. The analysis of HRV also calculated

frequency domain parameters including the LF and

HF, and the ratio of these two frequency domains (LF/

HF). LF is generally believed to represent a combin-

ation of sympathetic and parasympathetic tones,

whereas HF indicates cardiac vagal (parasympathetic)

tone, and LF/HF serves as an index of sympathovagal

balance.
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Aconitine challenge

One day after exposure to CAPs, O3, CAPs + O3, or

filtered air, a separate cohort of animals were anesthe-

tized with urethane (1.5 g/kg, ip) and underwent the

aconitine challenge; supplemental doses of the anesthetic

were administered intravenously when necessary to abol-

ish pain reflex. Animal body temperature was maintained

at ~36°C with a heating pad. The left jugular vein was can-

nulated with P.E. 50 polyethylene tubing for the adminis-

tration of aconitine. Ten μg/ml aconitine was continuously

infused at a speed of 0.2 ml/min while ECG was continu-

ously monitored and timed. Sensitivity to arrhythmia was

measured as the threshold dose of aconitine required to

produce VPBs, VT, and VF, and was calculated using the

following formula:

Threshold dose μg=kgð Þ for arrhythmia
¼ 10μg=ml x 0:2ml=min

� time required for inducing arrhythmia minð Þ

=body weight kgð Þ

Necropsy, blood collection and lung lavage

Rats were deeply anesthetized with i.p. injection of

Euthasol (200 mg/kg sodium pentobarbital and 25 mg/

kg phenytoin; Virbac Animal Health, Ft. Worth Texas)

one day after exposure. Blood samples were collected

from the abdominal aorta. The trachea was cannulated

and the right lung (except for the caudal lobe) was

lavaged with a total volume of 20 ml/kg of Ca2+, Mg2+,

and phenol red-free Dulbecco’s phosphate buffered sa-

line (SAFC Biosciences, Lenexa MD) divided into 2

equal aliquots. The caudal lobe was collected for RNA

analysis. Cytospins and cells differentials on lavaged cell

samples, assays for total protein (Thermo Fisher Diag-

nostics, Rockford, IL), albumin (Diasorin, Stillwater,

MN), LDH (Thermo DMA, Louisville, CO), NAG

(Roche Diagnostics, Mannheim, Germany) superoxide

dismutase (Randox Laboratories LTD Crumlin, CO),

glutathione peroxidase, and glutathione S-transferase

(Glathione peroxidase and transferase were based on an

in-house automated analysis [56]) on lavage superna-

tants, serum C-reactive protein and fibrinogen (Diasorin,

Stillwater, MN), creatine kinase (Fisher Diagnostics,

Middletown, VA), sorbitol dehyrdogenase and creatin-

ine (Sekisui Diagnostics, Charlottetown Prince Edward

Island, Canada), high density (HDL) and low density

(LDL) lipoprotein cholesterol and plasma angiotensin

converting enzyme (Fisher Diagnostics, Middletown,

VA) were conducted as previously described [20].

Statistics

The statistical analyses of ECG, HRV, and biochemical

and inflammatory data in this study were performed

using SAS software version 9.2 (SAS Institute Inc, Cary,

NC). We used PROC MIXED of SAS because it offers

greater flexibility for the modeling of repeated measures

data than PROC GLM. It is also suitable for analysis of

large, unbalanced data with missing data at random. A

linear mixed model with restricted maximum-likelihood

estimation analysis, least squares means and repeated

measures ANOVA (analysis of variance) was used to de-

termine which TIME*TRT interactions were statistically

significant between baseline and exposure. Multiple

comparison adjustment for the p values and confidence

limits for the differences between the least squares

means was done using adjust = Tukey HSD (Honest

Significant Difference) test.
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ABSTRACT: This study was conducted to compare the cardiac effects
of particulate matter (PM)- (SA-PM) and ozone(O3)-enhanced (SA-
O3) smog atmospheres in mice. Based on our previous findings of
filtered diesel exhaust we hypothesized that SA-O3 would cause greater
cardiac dysfunction than SA-PM. Radiotelemetered mice were exposed
to either SA-PM, SA-O3, or filtered air (FA) for 4 h. Heart rate (HR)
and electrocardiogram were recorded continuously before, during and
after exposure. Both SA-PM and SA-O3 increased heart rate variability
(HRV) but only SA-PM increased HR. Normalization of responses to
total hydrocarbons, gas-only hydrocarbons and PM concentration were
performed to assess the relative contribution of each phase given the
compositional variability. Normalization to PM concentration revealed
that SA-O3 was more potent in increasing HRV, arrhythmogenesis, and causing ventilatory changes. However, there were no
differences when the responses were normalized to total or gas-phase only hydrocarbons. Thus, this study demonstrates that a
single exposure to smog causes cardiac effects in mice. Although the responses of SA-PM and SA-O3 are similar, the latter is more
potent in causing electrical disturbances and breathing changes potentially due to the effects of irritant gases, which should
therefore be accounted for more rigorously in health assessments.

■ INTRODUCTION

The association between air pollution exposure and cardiovas-
cular disease is well-established, particularly in people with
certain risk factors like high blood pressure or those with pre-
existing conditions.1 The picture is less clear for healthy
individuals and indeed there are still several unknowns with
regards to how air pollution mediates cardiovascular
dysfunction in this group, especially when there are no
observable symptoms. In addition, nationwide variations in
air pollution composition make it difficult to determine exactly
which components, or combination of components, drive the
response. This is the case for complex air pollution mixtures
like smog, which originates as a set of primary pollutants (e.g.,
nitrogen oxides, volatile organic compounds) that are released
from vehicles or industrial sources but thereafter transform after
reacting with ultraviolet light to produce secondary pollutants
like ozone and certain organic aerosols. Given these
uncertainties, research studies need to address the comparative
effects of multiple smog atmospheres and focus on determining
which compositions, and hence components, cause the most
serious health effects.

The American Heart Association cites several pathways by
which air pollution, especially particulate matter (PM), leads to
decrements in cardiovascular function.2,3 These include
elicitation of oxidative stress and inflammation, alteration of
vasomotor properties, translocation of certain pollutants into
the systemic circulation and modulation of autonomic controls
which regulate the heart and vasculature. Some of these may
not manifest as overt symptoms, especially in young healthy
individuals, but instead as shifts in normal physiological
function which render a person susceptible to subsequent
stressors or triggers of adverse responses. We previously
showed that exposure to a relatively low concentration of diesel
exhaust, which contains many of the same pollutants as smog,
caused increased arrhythmias and other cardiovascular effects
when healthy rats were challenged with an exercise-like
stressor.4,5 The insight gained from these and other studies is
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that exposure to complex air pollution mixtures results in latent
autonomic shifts which cause a decrease in cardiac performance
during exposure and even up to 1 day later.
Although many epidemiological studies point to PM as the

main cause of air pollution’s impacts on the cardiovascular
system,6−8 there are numerous human and rodent studies that
implicate ubiquitous gaseous irritants like ozone as well.9−11 In
fact, our previous studies have shown that cardiovascular
dysfunction occurs, sometimes at comparable levels or even
after PM is removed from a multipollutant mixture like diesel
exhaust.12−14 Furthermore, the magnitude of the response is
not just determined by the relative levels of PM and ozone but
also by the resulting physical and chemical interactions that
occur in the mixture. Therefore, the objective of this study was
to examine and compare the cardiovascular responses of mice
exposed to either a simulated high PM/low ozone (SA-PM) or
low PM/high ozone (SA-O3) smog atmosphere. These photo-
oxidized mixtures approximated urban and regional evaporative
pollutant emissions with similar Air Quality Health Index
values. We previously determined that filtered diesel exhaust
causes greater acute cardiac effects than whole diesel exhaust,
and so we hypothesized that although both smog mixtures
would elicit cardiac changes in mice, the atmosphere dominated
by gaseous irritants would be more potent, particularly in
causing electrical disturbances like arrhythmia.

■ MATERIALS AND METHODS

Animals. Female C57BL/6 (21 ± 1.1 g) mice between 13
and 15 weeks of age were used in this study (Jackson
Laboratory, Bar Harbor, ME). Mice were initially housed five
per cage and maintained on a 12 h light/dark cycle at
approximately 22 °C and 50% relative humidity in an
AAALAC−approved facility. Food (Prolab RMH 3000; PMI
Nutrition International, St. Louis, MO) and water were
provided ad libitum. All protocols were approved by the
Institutional Animal Care and Use Committee of the U.S.
Environmental Protection Agency and are in accordance with
the National Institutes of Health Guides for the Care and Use
of Laboratory Animals. Animals were randomly assigned to one
of the following groups after implantation of radiotelemeters:
(1) filtered air (FA), (2) SA-PM, or (3) SA-O3.
Surgical Implantation of Radiotelemeters. Mice were

implanted with radiotelemeters as previously described.15

Animals were anesthetized using inhaled isoflurane (Isothesia,
Butler Animal Health Supply, Dublin OH). Anesthesia was
induced by spontaneous breathing of 2.5% isoflurane in pure
oxygen at a flow rate of 1 L/min and then maintained by 1.5%
isoflurane in pure oxygen at a flow rate of 0.5 L/min; all animals
received the analgesic buprenorphrine (0.03 mg/kg, i.p.
manufacturer). Briefly, using aseptic technique, each animal
was implanted subcutaneously with a radiotelemeter (ETA-F10,
Data Sciences International, St Paul, MN), the transmitter was
placed under the skin to the right of the midline on the dorsal
side. The two electrode leads were then tunneled subcuta-
neously across the lateral dorsal sides, and the distal portions
were fixed in positions that approximated those of the lead II of
a standard electrocardiogram (ECG). Body heat was
maintained both during and immediately after the surgery.
Animals were given food and water postsurgery and were
housed individually. All animals were allowed 7−10 days to
recover from the surgery and reestablish circadian rhythms.
Radiotelemetery Data Acquistion. Radiotelemetry meth-

odology (Data Sciences International, Inc., St. Paul, MN) was

used to track changes in cardiovascular function by monitoring
heart rate (HR), and ECG waveforms immediately following
telemeter implantation, through exposure until 24 hours
postexposure. This methodology provided continuous monitor-
ing and collection of physiologic data from individual mice to a
remote receiver. Sixty-second ECG segments were recorded
every 15 min during the pre- and postexposure periods and
every 5 min during exposure (baseline and hours 1−4); HR
was automatically obtained from the waveforms (Dataquest
ART Software, version 3.01, Data Sciences International, St.
Paul, MN). All animals were acclimated to the exposure
chambers on two separate occasions, even then, an increase in
HR was always observed when animals were placed in the
chamber on the day of exposure.

Electrocardiogram Analysis. ECGAuto software (EMKA
Technologies USA, Falls Church VA) was used to visualize
individual ECG waveforms, analyze and quantify ECG segment
durations and areas, as well as identify cardiac arrhythmias as
previously described (Kurhanewicz et al. 2014). Briefly, using
ECGAuto, Pwave, QRS complex, and T-wave were identified
for individual ECG waveforms and compiled into a library.
Analysis of all experimental ECG waveforms was then based on
established libraries. The following parameters were determined
for each ECG waveform: PR interval (Pstart-R), QRS complex
duration (Qstart-S), ST segment interval (S-Tend) and QT
interval (Qstart-Tend). QT interval was corrected for HR using
the correction formula for mice QTc = QT/(RR/100)1/2.16

Pre-exposure assessments were measured as the exposure time-
matched 4 h of data from 24 h before exposure for each animal.
Immediately postexposure assessments were the 4 h of data
taken immediately postexposure. Twenty-four postexposure
assessments were the exposure time-matched 4 h of data taken
24 h after exposure.

Heart Rate Variability Analysis. Heart rate variability
(HRV) was calculated as the mean of the differences between
sequential RRs for the complete set of ECG waveforms using
ECGAuto. For each 1 min stream of ECG waveforms, mean
time between successive QRS complex peaks (RR interval),
mean HR, and mean HRV-analysis−generated time-domain
measures were acquired. The time-domain measures included
standard deviation of the time between normal-to-normal beats
(SDNN), and root mean squared of successive differences
(RMSSD). HRV analysis was also conducted in the frequency
domain using a Fast-Fourier transform. The spectral power
obtained from this transformation represents the total
harmonic variability for the frequency range being analyzed.
In this study, the spectrum was divided into low-frequency
(LF) and high-frequency (HF) regions. The ratio of these two
frequency domains (LF/HF) provides an estimate of the
relative balance between sympathetic (LF) and vagal (HF)
activity.

Whole-Body Plethysmography. Ventilatory function was
assessed in awake, unrestrained mice using a whole-body
plethysmograph (Buxco, Wilmington, NC). Assessments were
performed 1 day before exposure, immediately postexposure
and 24 h after exposure. The plethysmograph pressure was
monitored using Biosystems XA software (Buxco Electronics
Inc., Wilmington, NC). Using respiratory-induced fluctuations
in ambient pressure, ventilatory parameters including tidal
volume (VT), breathing frequency ( f), inspiratory time (Ti),
and expiratory time (Te), were calculated and recorded on a
breath-by-breath basis.
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Photochemical Smog Exposures. A gasoline blend was
combined with either α-pinene or isoprene to produce a
hydrocarbon mixture that was enhanced for particulate matter
(PM) or ozone (O3) during irradiation, respectively. Thus,
photochemical smog atmospheres with either high PM2.5 and
low O3/nitrogen oxide (NOx) concentrations (SA-PM) or low
PM2.5 and high O3/NOx (SA-O3) were generated in the Mobile
Reaction Chamber (MRC). Briefly, SA-PM was artificially
generated with 0.491 ppm nitrogen oxide (NO), 0.528 ppm of
NOx, 29.9 ppmC total hydrocarbons (THC), 24 ppmC
gasoline and 5.3 ppmC α -pinene as the initial conditions,
whereas SA-O3 was generated from 0.794 ppm of NO, 0.912
ppm of NOx, 12.4 ppmC THC, 5.2 ppmC isoprene and 7.21
ppmC gasoline. Each of the initial smog mixtures was then
irradiated with ultraviolet light. Smog was then transported
under vacuum to 0.3 m3 whole body inhalation chambers where
mice were exposed once for 4 h. Continuous gas and aerosol
sampling for carbon monoxide (CO), O3, NOx, THC and

particle mass concentration were conducted at both the MRC
unit as well as from the inhalation exposure systems. All PM
was formed as secondary organic aerosol (SOA) from the
photochemical reactions in the MRC. Particle size distributions
and gravimetric mass sampling was measured, and filter
sampling for gravimetric analysis were conducted for the entire
exposure time. Volatile organic compound (VOC) summa
cannisters were periodically collected and analyzed by gas
chromatography off-line to determine concentrations of various
volatile organic compounds (VOCs) in the exposure
atmosphere. Animals exposed to FA received room air, which
was transported to the chambers after being HEPA filtered.
Please refer to Krug et al. in this issue for complete exposure
details.

Statistics. All data are expressed as means ± SEM.
Statistical analyses were performed using Sigmaplot 13.0
(Systat Software, San Jose, CA) software. The delta values
(i.e., change during exposure from baseline) of HR, HRV and

Table 1. Concentrations of Criteria Pollutants and Air Quality Indexesa

PM2.5 (mg/m3) AQI NOx/AQI (ppm) AQI O3/AQI (ppm) AQI total hydrocarbons (ppmc) gas-phase (mgC/m3) AQHI

0.009 0.002

filtered air 37 (green) ND 1 (green) ND ND <1

SA-PM 1.0362 0.380 0.190 5.5 3.847 92.5

>500 (brown) 154 (orange) 287(red)

SA-O3 0.0523 0.647 0.448 6.1 3.125 102.6

142 (orange) 199 (red) >300 (purple)
aND, none detected. Green, AQ is satisfactory−little or no risk. Yellow, AQ is acceptable−moderate health concern for a very small number of
people who are unusually sensitive to air pollution. Orange, Sensitive people may experience health effects. Red, Everyone may experience health
effects; sensitive people at greater risk. Purple, Everyone may experience serious health effects. Brown, Health warnings at emergency conditions;
entire population will be affected.

Figure 1. Exposure to smog alters heart rate responses in mice. In general, mice experienced a steady decrease in HR (from baseline) over the first 2
h of exposure, which then leveled off in hours three and four. Mice exposed to SA-PM experienced a significant increase in HR during the first hour
and had less decrease in HR thereafter when compared to FA and SA-O3 (A.). However, there was no difference between SA-PM and SA-O3 when
the change in HR during exposure was normalized to total hydrocarbons (B.) or gas-phase hydrocarbons only (C.). In contrast, decrease in HR
during SA-O3 exposure was significantly greater than SA-PM when responses were normalized to PM concentration (D.). significantly different from
FA; • significantly different from SA-O3; ⧺ significantly different from SA-PM. p < 0.05.
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the ventilatory parameters were used and a two-way analysis of
variance (ANOVA) for repeated-measures was employed with
Bonferroni post hoc tests to determine statistical differences.
Raw ECG and arrhythmia count data were analyzed by two-way
ANOVA. Raw HR, HRV, ventilatory parameters, and
arrhythmia counts were also normalized to total hydrocarbons
(both particle and gas phases), gas-phase hydrocarbons only or
PM concentration by dividing the physiological parameters by
the pollutant concentrations. Normalizations were done to
compare the relative contribution of these components to the
physiological response to Smog A versus B and their relative
potencies; no statistical comparisons were made to FA
postnormalization. The statistical significance was set at P <
0.05.

■ RESULTS

Exposure Characteristics. Table 1 shows the inhalation
chamber concentrations of PM2.5 (i.e., secondary organic
aerosols), NOx, O3, as well as total hydrocarbons in the
complete smog mixture (particle and gas phases) and in the
gas-phase only for both SA-PM (enhanced PM2.5) and SA-O3

(enhanced O3). In addition, the respective air quality health
indexes (AQHI) and air quality indexes (AQI) along with their
color codes are also included to provide a health-risk
comparison between these atmospheres. These indices describe
the health risks from polluted air on individual days throughout
the year, either from independent pollutants as in the case of
AQI, or from a cumulative PM2.5, O3, and NOx perspective as
with AQHI. Refer to Krug et al. in this issue for a more
comprehensive comparison of SA-PM (MR044) and SA-O3

(MR059).
Heart Rate. There was no difference in the baseline HR,

which was the resting level measured in the home cages,
between any of the groups (FA = 588.0 ± 19.8 bpm; SA-PM =
568.6 ± 7.5 bpm; SA-O3 = 565.9 ± 9.4 bpm). In general, all
animals experienced a decrease in HR during the exposure;
although, SA-PM caused a significant increase in HR during
Hour1 and less HR decrease over the remaining exposure
period when compared to FA and SA-O3 (Figure 1A).
However, there was no difference between SA-PM and SA-
O3 when the responses were normalized to THC (Figure 1B)
or gas-phase hydrocarbons only (Figure 1C). On the other
hand, HR decrease was significantly greater during SA-O3 when
compared to SA-PM after normalization to PM concentration
(Figure 1D).
Arrhythmia. None of the animals experienced cardiac

arrhythmias during the pre-exposure period. Figure 2 shows the
raw arrhythmia counts during the 4 h exposure. Overall,
exposure to SA-O3 increased the incidence of arrhythmias when
compared to FA (Figure 2A−D) but there was no difference
with respect to SA-PM in the denormalized (Figure 2A) and
THC normalized (Figure 2B) responses. In contrast, SA-O3

caused significantly more arrhythmias than SA-PM when the
responses were normalized to gas-phase hydrocarbons (Figure
2C) or PM concentrations (Figure 2D).
Heart Rate Variability. Figures 3-5 show the changes in

HRV during exposure. There were no significant differences in
the baseline HRV measures between any of the groups (FA −

SDNN = 7.4 ± 0.7 ms, RMSSD = 4.0 ± 0.5 ms, LF/HF = 8.4 ±
0.7 ms2; SA-PM − SDNN = 7.9 ± 0.7 mscec, RMSSD = 5.3 ±

0.6 ms, LF/HF = 7.1 ± 0.6 ms2; SA-O3−SDNN = 8.7 ± 0.7 ms,
RMSSD = 5.5 ± 0.7 ms, LF/HF = 6.7 ± 0.6 ms2). SDNN
decreased in the first hour of exposure in control animals; this

was likely due to sympathetic modulation from the stress of
handling and placement in the chamber. Animals exposed to
either SA-PM or SA-O3 had a significant increase in SDNN
(Figure 3A) when compared to FA and a similar trend was
observed for RMSSD (Figure 4A). Both time-domain measures
showed minimal to no effects for either SA-PM or SA-O3 when
the responses were normalized to THC (Figure 3B and 4B) or
gas-phase hydrocarbons only (Figure 3C and 4C). However,
the increase in SDNN and RMSSD during SA-O3 exposure was
significantly greater than SA-PM when the data were
normalized to PM concentration (Figure 3D and 4D). On
the other hand, there were no significant effects in the
frequency-domain measures (i.e., LF/HF) for either smog
atmosphere with or without normalization of responses (Figure
5).

Ventilatory Function. Whole-body plethysmography was
performed on all animals during the baseline period as well as
immediately and 1 day after exposure; results shown in Figure 6
compare the changes in ventilatory parameters from baseline
between the groups. Baseline values did not differ between the
groups (FA − f = 475.1 ± 13.1 breaths/min, VT = 0.24 ± 0.01
mL, Ti = 0.06 ± 0.002 s, Te = 0.08 ± 0.002 s; SA-PM − f =
509.8 ± 6.3 breaths/min, VT = 0.24 ± 0.01 mL, Ti = 0.05 ±

0.001 s, Te = 0.07 ± 0.001 s; SA-O3 − f = 499.7 ± 12.1
breaths/min, VT = 0.25 ± 0.01 mL, Ti = 0.06 ± 0.002 s, Te =
0.07 ± 0.002 s). There were no differences in f, VT, Ti or Te
between any of the groups in the unnormalized results (Figure
6A). However, normalizing to THC (Figure 6B) or gas-phase
only hydrocarbons (Figure 6C) revealed a significant decrease
in f, and increase in VT and Ti in SA-PM and SA-O3

Figure 2. Exposure to O3-enhanced smog increases cardiac
arrhythmias in mice. Overall, exposure to SA-O3 caused a significant
increase in the number of cardiac arrhythmias in mice when compared
to FA. There was no difference between SA-O3 and SA-PM in the
denormalized (A.) and THC-normalized (B.) responses; however, SA-
O3 caused significantly more arrhythmias than SA-PM when the
responses were normalized to gas-phase hydrocarbons (C.) or PM
concentration (D.). significantly different from FA; • significantly
different from SA-PM. p < 0.05.
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immediately after exposure when compared to controls. Some

of these responses relative to FA persisted 1 day after exposure

but there was no difference between SA-PM and SA-O3. In

contrast, normalization to PM concentrations revealed a

significant increase in f, and decrease in VT and Ti immediately

after exposure in SA-O3-exposed animals when compared to

SA-PM (Figure 6D); only the changes in f and VT persisted 24

h later.
Electrocardiogram. There were no baseline differences in

any ECG parameters between any of the groups. Changes in

Figure 3. Exposure to smog increases SDNN in mice. SDNN decreased during the first hour of FA exposure probably due to stress. On the other
hand, mice exposed to either SA-PM or SA-O3 experienced a significant increase in SDNN (A.) when compared to FA. There was no difference in
SDNN between SA-PM and SA-O3 in the denormalized (A.), THC- (B.) or gas-phase only hydrocarbon (C.) normalized responses. In contrast,
SDNN was significantly increased during SA-O3 exposure when compared to SA-PM when responses were normalized to PM concentration (D.).
significantly different from FA; • significantly different from SA-PM. p < 0.05.

Figure 4. Exposure to O3-enhanced smog increases RMSSD in mice. There was no effect of SA-PM or SA-O3 on RMSSD when compared to FA
although a trend of increase was observed for both (A.). There was no difference in RMSSD between SA-PM and SA-O3 in the THC- (B.) or gas-
phase only hydrocarbon (C.) normalized responses. On the other hand, RMSSD was significantly increased during SA-O3 exposure when compared
to SA-PM when responses were normalized to PM concentration (D.). significantly different from FA; • significantly different from SA-PM. p < 0.05.
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ECG during exposure were restricted to a PR interval
prolongation in mice exposed to SA-PM, which were
significantly higher than FA and SA-O3 (Table 2).

■ DISCUSSION

The results of this study demonstrate that a single inhalation
exposure to atmospheric smog causes acute cardiovascular
dysfunction in mice, irrespective of whether it is comprised
predominantly of PM or O3. Our findings also suggest that
multipollutant mixtures which have a higher irritant gas
composition are likely to cause more potent acute cardiac
effects than those with higher PM/lower gases. Unfortunately,
the relative toxicity of only the SOA in each of the atmospheres
was not assessed, this would have provided greater information
about their contributions to the differential health effects we
observed. In either case, it is not possible to firmly conclude
whether PM in general plays a greater role in causing cardiac
effects or not because SOA is not necessarily the same as
ambient PM. However, in an effort to compare the effects of
SA-PM and SA-O3 relative to their whole compositions, we
normalized the data from this study to total hydrocarbons, gas-
phase hydrocarbons only and PM concentration. Normalization
of the results showed that there was no difference in heart rate,
heart rate variability or cardiac arrhythmias between SA-PM
and SA-O3 when differences in total hydrocarbons or gas-phase
only hydrocarbons were taken into account. In contrast, SA-O3

caused significantly greater cardiac effects than SA-PM when
results were normalized to PM concentration indicating that
the difference in response was mediated by the gaseous
components. Thus, these findings point to the complexity of
interactions between air pollution components and the
reactions that determine the composition of the final mixture
and the resulting cardiovascular response.

Real-time cardiovascular measurements and responses to
exposure as derived here from radiotelemetry often include
stress-related effects (e.g., from handling, noise, etc). This was
observed in all animals as a transient increase in heart rate upon
placement in the exposure chamber, which occurred despite
two separate one-hour acclimatizations. In controls, the overall
heart rate progressively decreased per hour of exposure as the
animals calmed down in the chambers. Similar responses were
observed with SA-O3 but with a trend of greater decrease in
heart rate. Although this result was not statistically significant, it
is not entirely surprising that SA-O3 would have this effect
given it was rich in irritant gases like O3, NOx and reactive
aldehydes, which have the ability to activate airway sensory
nerves, elicit autonomic reflexes and modulate parasympathetic
function.17−19 On the other hand, SA-PM caused a significant
increase in heart rate in the first hour of exposure and less
decrease (i.e., HR remained elevated above normal) over the
remaining exposure period when compared to controls and SA-
O3. These disparate effects of SA-PM and SA-O3 are not
unusual. We previously showed that exposure to particle-
filtered diesel exhaust caused greater decrements in heart rate
than whole diesel exhaust while particle-rich air pollution has
been shown to increase heart rate.13,20,21 Thus, it appears from
our data that decreases in heart rate during such exposures are
related to the composition and concentration of gases in the
complex air pollution mixture. Notice that normalization of the
heart rate to total or gas-phase only hydrocarbons did not
reveal any difference between SA-PM and SA-O3, yet when the
“effects” of PM were eliminated through normalization SA-O3

caused a significant decrease in heart rate when compared to
SA-PM.
The composition of the smog atmospheres may not have

been the only determinant of this response, variations in the

Figure 5. Change in LF/HF during smog exposure. There were no significant effects of SA-PM or SA-O3 on LF/HF when compared to FA or when
either smog atmosphere was compared to the other (A.). Normalization of the responses to THC- (B.), gas-phase only hydrocarbons (C.), or PM
concentrations (D.) did not reveal any significant difference between SA-PM and SA-O3 except in (D.) where a trend of increase was observed in SA-
O3-exposed mice.
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smell of SA-PM and SA-O3 could have contributed as well. SA-
PM had a very potent smell when compared to SA-O3 and this
may have caused an increase in the heart rate. This effect has
been demonstrated previously, particularly with burnt or
unpleasant smells,22 and appears to be mediated by an increase
in sympathetic modulation or decrease in heart rate variability.
It is likely that in addition to smell, several smog factors could
have triggered responses and altered autonomic function
simultaneously, particularly given the complexity of the
atmosphere (e.g., potent “burnt” smell + chemical airway
irritation + secondary activation due to inflammation). The

autonomic nervous system controls the heart and vasculature
through a dynamic ebb and flow of both parasympathetic and
sympathetic influence and tends to lean in the direction of one
or the other based on the physiological circumstances. Thus,
returning to the issue of composition, the difference in response
between a predominantly gaseous mixture and one that is high
in particles would depend on the sum of all the factors that
impact autonomic function, and hence the resulting direction
would be determined by which factor(s) dominates.
Although our data do not necessarily demonstrate this (i.e.,

parasympathetic/sympathetic activation) directly, it is possible

Figure 6. O3-enhanced smog alters breathing in mice immediately after exposure. There was no effect of SA-PM (filled circles) or SA-O3 (open
triangles) on any ventilatory parameters when compared to FA (open circles) (A.) and there were no differences observed between SA-PM and SA-
O3 in the THC- (B.) or gasphase only hydrocarbon (C.) normalized responses. However, f was increased, and VT and Ti were significantly
decreased after SA-O3 exposure when compared to SA-PM when responses were normalized to PM concentration (D.). significantly different from
FA; • significantly different from SA-PM. p < 0.05.
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that irritant gases drove a predominantly parasympathetic
response whereas the PM-rich mixture caused a stress-induced
sympathetic modulation. We observed a greater increase in
SDNN and RMSSD, which is indicative of parasympathetic
modulation, during SA-O3 exposure when compared to SA-PM.
This response was due to the effects of the gas-phase
components given the difference in these parameters between
the two smog atmospheres became evident when we
normalized to PM concentration. As far as PM is concerned,
studies have demonstrated, as stated previously, that it not only
increases heart rate, blood pressure, low frequency blood
pressure variability and noradrenalin release (i.e., stress), but
also causes a decrease in heart rate variability.3,23 All of these
changes point to sympathetic modulation and a perceived
increase in cardiac risk. However, we observed an increase in
SDNN and RMSSD even with the PM-enhanced SA-PM
mixture. This might be explained by the fact that SA-PM also
contained irritant gases, some of which were present in high
concentrations (see Krug et al. in this issue) and could have
opposed the sympathetic modulatory effect of the PM. A lack
of response in the LF/HF ratio suggests this parasympathetic-
sympathetic push and pull.24

Comparisons between SA-PM and SA-O3 also included the
air quality health index or AQHI, which indicates the health risk
of both atmospheres. The equation for this index provides the
relative contribution of the PM2.5 and the oxidant gases toward
the health metric. In the case of SA-O3, oxidant gases
contributed to 97% of the AQHI with a negligible amount
coming from PM, once again pointing to the fact that it is
effects were predominantly mediated by irritant gases. In
contrast, PM contributed to almost 70% of the AQHI of SA-
PM, yet it also had a fairly significant contribution (30%) from
the oxidant gases as well (see Krug et al. this issue). These
results seem to confirm our conclusions that although the
effects of SA-O3, which included a significant decrease in heart
rate and increase in heart rate variability, were almost entirely
driven by gases, SA-PM’s effects were likely driven by both. The
implications for human health are important, particularly given
most of the research over the past decade has focused on PM-

driven cardiovascular effects. For example, both an increase of 6
ug/m3 in fine PM and 20 ppb O3 resulted in a significant
increase in the risk of out of hospital heart attacks.25

Furthermore, exposure to 0.3 ppm of O3 caused similar HRV
changes in healthy young individuals to what we observed in
this study, suggesting gases like O3 may not cause overt
symptoms but rather underlying changes.26

While an increasing or decreasing heart rate or heart rate
variability during exposure merely indicates a physiological
change, one could potentially infer cardiac dysfunction when it
is a deviation from the control response. It represents
fluctuations that can normally happen in mammals (e.g.,
exercise or physical exertion). Sometimes these responses
reflect adverse cardiac issues more strongly when observed in
conjunction with cardinal signs of dysfunction like arrhythmia.
This may be the case for what we observed in the mice exposed
to these smog atmospheres. We have shown that gaseous air
pollution is more arrhythmogenic than one with a high
concentration of PM and the same appears to be the case in
this study.12,27 SA-O3, particularly when normalized to PM
concentration, caused a significantly greater number of
sinoatrial (SA) node dysfunction than SA-PM. Furthermore,
we found that SA-O3 was more arrhythmogenic than SA-PM
even when normalized to gas-phase hydrocarbons suggesting
PM had very little effect. This form of arrhythmia or
dysrhythmia, which can increase the risk of escape beats and
cardiac insufficiency in humans, is due to an abnormal delay in
the firing of the SA node and manifests as blocked p-waves and
alternating runs of bradycardia followed by tachycardia..
Interestingly, some of the causes behind this phenomenon
include an increase in vagal tone and airway irritation which
leads to dyspneic breathing and airway spasm, both of which
were observed in our animals.28,29

Exposure to SA-PM did cause a prolongation of the PR
interval, which in some cases is normal but also can indicate a
cardiac conduction abnormality. However, in the absence of
other effects (e.g., arrhythmia) it would be hard to say that
there was any real dysfunction in these mice. Indeed, even
changes in breathing impact the heart on a breath-by-breath
basis and through this physiological coupling the heart is able to
maintain proper function.30 Thus, alterations in breathing due
to airway irritation and airflow obstruction have the potential to
cause adverse cardiac events. Yet, we did not observe any
remarkable differences in ventilatory parameters either
immediately following the exposure or 1 day later for either
SA-PM or SA-O3. Normalization to total or only gas-phase
hydrocarbons did not reveal any differences but SA-O3 caused a
significant increase in breathing frequency, and decreases in
tidal volume and inspiratory time when the results were
normalized to PM concentration. Thus, once again it appears
that the gases in SA-O3 caused a rapid shallow breathing in
mice possibly due to irritation.
In conclusion, the results of this study demonstrate that

inhalation exposure to a complex smog atmosphere causes
acute cardiac effects in mice, and that the composition of the
pollution mixture likely plays a key role in determining the
degree of responsiveness. Although the PM-enhanced smog
caused a change in cardiac function, it is likely that a single
exposure was not enough to elicit worsening symptoms in our
relatively young healthy animals. This is particularly true for the
relatively low number of cardiac arrhythmias observed in those
animals. It is entirely likely however that repeated exposures
would have had a more pronounced impact. In contrast, the

Table 2. Electrocardiographic Parameters

air PR interval (msec) QRS duration (msec) QTc (msec)

baseline 36.1 ± 0.5 14.7 ± 1.9 94.2 ± 3.0

hour 1 33.4 ± 1.8 13.9 ± 0.5 92.7 ± 1.5

hour 2 35.7 ± 1.4 14.6 ± 0.4 92.9 ± 1.5

hour 3 35.9 ± 0.6 14.8 ± 0.4 94.9 ± 3.0

hour 4 37.5 ± 1.0 15.3 ± 0.4 94.5 ± 2.0

24 h postexp 36.0 ± 0.7 16.3 ± 0.3 94.6 ± 4.0

SA-PM

baseline 32.8 ± 0.6 14.6 ± 0.3 88.2 ± 1.5

hour 1 40.7 ± 1.0*⧫ 13.3 ± 0.2 91.0 ± 4.6

hour 2 42.3 ± 1.1*⧫ 13.4 ± 0.4 93.3 ± 4.1

hour 3 43.3 ± 0.9*⧫ 13.7 ± 0.2 91.7 ± 2.6

hour 4 42.8 ± 1.2*⧫ 13.6 ± 0.3 99.3 ± 7.0

24 h postexp 33.4 ± 0.5 14.4 ± 0.2 81.5 ± 1.4

SA-O3

baseline 33.6 ± 0.9 13.4 ± 1.1 89.9 ± 1.8

hour 1 34.4 ± 1.1 11.8 ± 2.2 95.9 ± 3.4

hour 2 36.3 ± 0.8 11.0 ± 2.4 91.5 ± 3.6

hour 3 36.6 ± 0.7 9.6 ± 3.2 92.7 ± 4.9

hour 4 37.1 ± 0.7 10.1 ± 2.8 92.4 ± 2.9

24 h postexp 34.2 ± 0.6 14.4 ± 0.8 88.9 ± 0.8

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b04880
Environ. Sci. Technol. 2018, 52, 3071−3080

3078



O3-enhanced smog caused a set of physiological changes which
if considered with the increased incidence of arrhythmia suggest
an acute irritant gas-mediated autonomic modulation and
electrical disturbance. Even though the former is not
considered a “toxicological” response, it does reflect a change
from the homeostatic normal state of the body. These short-
lived reversible effects probably do not pose a serious hazard to
the body on their own, but when combined with an additional
stressor could predispose the heart to dysfunction, particularly
during in the 24 h following exposure.
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ABSTRACT

Air pollution is a complex mixture of particulate matter and gases linked to adverse clinical outcomes. As such, studying

responses to individual pollutants does not account for the potential biological responses resulting from the interaction of

various constituents within an ambient air shed. We previously reported that exposure to high levels of the gaseous

pollutant acrolein perturbs myocardial synchrony. Here, we examined the effects of repeated, intermittent co-exposure to

low levels of concentrated ambient particulates (CAPs) and acrolein on myocardial synchrony and the role of transient

receptor potential cation channel A1 (TRPA1), which we previously linked to air pollution-induced sensitization to triggered

cardiac arrhythmia. Female B6129 and Trpa1�/�mice (n ¼ 6/group) were exposed to filtered air (FA), CAPs (46 mg/m3 of

PM2.5), Acrolein (0.42 ppm), or CAPsþAcrolein for 3 h/day, 2 days/week for 4 weeks. Cardiac ultrasound was conducted to

assess cardiac synchronicity and function before and after the first exposure and after the final exposure. Heart rate

variability (HRV), an indicator of autonomic tone, was assessed after the final exposure. Strain delay (time between peak

strain in adjacent cardiac wall segments), an index of myocardial dyssynchrony, increased by 5-fold after the final

CAPsþAcrolein exposure in B6129 mice compared with FA, CAPs, or Acrolein-exposed B6129 mice, and CAPsþAcrolein-

exposed Trpa1�/� mice. Only exposure to acrolein alone increased the HRV high frequency domain (5-fold) in B6129 mice,

but not in Trpa1�/�mice. Thus, repeated inhalation of pollutant mixtures may increase risk for cardiac responses

compared with single or multiple exposures to individual pollutants through TRPA1 activation.

Key words: air pollution; particulate matter; acrolein; TRPA1; myocardial synchrony; heart rate variability.

Poor air quality is an important modifiable risk factor for cardio-

vascular morbidity and mortality (Argacha et al., 2018;

Bhatnagar, 2017; Brook and Rajagopalan, 2017; Cohen et al.,

2017; Newby et al., 2015). However, attempts to quantify the car-

diovascular health burden of air pollution is difficult given the

complexity of particulate matter (PM), gas, and volatile organic
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compound mixtures, the relative quantities of which depend on

local geography, proximity to emission sources, time of day,

and weather conditions. Furthermore, the colocalization of pol-

lutants promotes gas-particle interactions, potentially yielding

additive, synergistic, or even antagonistic biological responses

that may underlie the health effects of air pollution (Mauderly

and Samet, 2009). For example, co-exposure to PM and ozone

(O3) has been linked to dispersion of ventricular repolarization

in humans (Sivagangabalan et al., 2011), as well as decreased

heart rate variability (HRV) (Farraj et al., 2015; Wagner et al.,

2014) and epicardial adipose inflammation in rats (Sun et al.,

2013). PM co-exposure with NO2 has been shown to alter T-

wave amplitude and low-frequency components of HRV in

healthy volunteers, which were not present with exposure to ei-

ther pollutant alone (Huang et al., 2012).

Less is known about potential interactive effects between

PM and acrolein (C@CAC@O), a ubiquitous aldehyde produced

during the combustion of organic material like tobacco, wood,

fats, and fuels (Henning et al., 2017). Acrolein is an upper airway

irritant with reactive electrophilic properties and well-

documented adverse cardiopulmonary effects, some of which

are mediated by transient receptor potential cation channel A1

(TRPA1) (ATSDR, 2007; Bautista et al., 2006; Conklin, 2016;

Henning et al., 2017). Due to the colocalization of PM and acro-

lein in ambient airsheds, PM and acrolein may interact in a way

that modifies the health effects of either pollutant alone, espe-

cially given that PM-adsorbed electrophiles have been shown to

activate TRPA1 (Deering-Rice et al., 2011; Fariss et al., 2013; Ghelfi

et al., 2008). TRP channels are expressed on pulmonary C-fibers

(Lee et al., 2015; Lin et al., 2010) and when activated in the nose

and lung trigger autonomic reflexes that drive cardiopulmonary

effects like apnea, bronchospasm, hypotension, and bradycar-

dia (Pozsgai et al., 2010). TRPA1 involvement in acute air

pollution-induced sensory nerve activation, initiation of auto-

nomic reflexes, and cardiovascular dysfunction has been exten-

sively described in Conklin et al. (2017), Henning et al. (2017),

Hooper et al. (2016), and Kurhanewicz et al. (2017). TRPA1-

mediated effects have been reported with aerosol mixtures

known to contain both PM and acrolein, including cigarette

smoke-induced alteration of mouse tracheal ring responses

(Kichko et al., 2015) and diesel exhaust-induced increased sensi-

tivity to triggered cardiac arrhythmia in rats (Hazari et al., 2011).

In our previous work, we determined that acrolein inhala-

tion (3.0 ppm) in mice decreased myocardial synchrony when

measured 1 and 24 h after exposure (Thompson et al., 2017).

Myocardial synchrony is a measure of heart muscle contractile

coordination, which we have proposed as a potentially sensitive

indicator of air pollution health effects. Moreover, myocardial

synchrony requires coordinated propagation of membrane de-

polarization, excitation-contraction coupling, and contraction

mechanics, all of which are heavily influenced by changes in

autonomic tone (Gimelli et al., 2014). Given (a) the reports link-

ing air pollution, altered cardiac autonomic activity and TRPA1

(Conklin et al., 2017; Hazari et al., 2011; Kunkler et al., 2015;

Kurhanewicz et al., 2017) and (b) the lack of information regard-

ing the interactive health effects of particulates and aldehydes,

the purpose of this study was to compare the cardiovascular

impacts of intermittent, repeated exposure to low levels of con-

centrated ambient particulate matter (CAPs), acrolein, or CAPs

plus acrolein in wild-type and TRPA1 knockout mice. We hy-

pothesized that co-exposure to CAPs and acrolein would in-

crease myocardial dyssynchrony and alter cardiac autonomic

tone when compared with exposure to either pollutant alone,

and that such responses would be absent in TRPA1 knockout

mice. Cardiac strain data, heart function and dimensions, and

transmitral blood flow were investigated using high-frequency

ultrasound before exposures, 1 day after the first exposure, and

1 day after the final exposure. Exposure-induced functional

changes were coupled with measures of HRV for assessment of

cardiac autonomic responses. Furthermore, because the effects

of CAPS and acrolein co-exposure on overall cardiopulmonary

well-being have not been reported before, we also measured

several indicators of pulmonary and systemic inflammation

and injury and examined for nasal, lung, and heart histopathol-

ogy. Effects were related to PM composition and contributing

sources by analysis of PM elemental data and quantification of

PM sources using a chemical mass balance model.

MATERIALS AND METHODS

Sample size analysis. Sample size analysis was conducted using R

Studio software (version 3.1.2) with the “pwr” package (https://

cran.r-project.org/web/packages/pwr/pwr.pdf, last accessed

November 14, 2018) and “pwr.anova.test” command. Data from

a previous study of myocardial synchronicity after acrolein

inhalation in mice was used to calculate sample size

(Thompson et al., 2017). The expected effect size for this study

was an increase in myocardial strain delay by 5% of the cardiac

cycle, which was the approximate increase observed in the pre-

vious study with acrolein inhalation. Also, the largest control

group standard deviation (SD) from the multiple time points

assessed in the previous study was 3.4%. Cohen’s equation for

effect size (d) and effect size index (f) was calculated as follows

(Cohen, 1988):

d ¼ effect range/control SD

d ¼ 5/3.4

d ¼ 1.47

f ¼ 0.5 * (d)

f ¼ 0.5 * (1.47)

f ¼ 0.74

For group size (n) determinations, we set k (number of

groups) ¼ 4 because we were planning for 3 experimental

groups and 1 air control group in each mouse strain, signifi-

cance level ¼ .05, and power ¼ .8. The sample size analysis

yielded n ¼ 6.

Animals. Twenty-four female B6129PF2/J mice (B6129), strain

code 100903, and 24 female B6; 129P-Trpa1tm1Kykw/J (Trpa1�/�),

strain code 006401 (Jackson Laboratories, Bar Harbor, Maine),

were housed in plastic cages (three per cage), maintained on a

12-h light/dark cycle at approximately 22�C and 50% relative hu-

midity (RH) in our Association for Assessment and

Accreditation of Laboratory Animal Care-approved facility, and

held for a minimum of 2 weeks before exposures. The

Institutional Animal Care and Use Committee of the U.S.

Environmental Protection Agency approved all protocols.

Female mice were used in accordance with a previous study

(Kurhanewicz et al., 2017). The age range for the B6129 mice was

19–21 weeks and that for the Trpa1�/� mice, 21–28 weeks. Two

42-week-old Trpa1�/� mice were also used due to limited avail-

ability of younger mice. The two 42-week old mice, were, how-

ever, split into separate groups. That is, one of these mice was

placed in the Acrolein-exposed Trpa1�/� group and one was

placed in the CAPS-exposed Trpa1�/� group.

Experimental design. Mouse inhalation exposures were conducted

within the U.S. Environmental Protection Agency’s Concentrated
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Air Particles Laboratory at the Consolidated Research Facility in

Research Triangle Park, North Carolina. To avoid restraint-stress

we selected a whole-body inhalation method. Fine CAPs concen-

trations were targeted to be low enough to approximate peak

concentrations in a typical urban environment (100 lg/m3). We

targeted an acrolein concentration of 0.300 ppm because it is only

three times the recommended exposure limit established by the

National Institute of Occupational Safety and Health of the

United States Center for Disease Control and Prevention (ie, 0.1

ppm 10-h time weighted average; NIOSH, 2005) and is a concen-

tration that can be reliably measured by our gas chromatograph.

To reflect natural short-term and repeated, intermittent exposure

to spikes in air pollution as experienced in the ambient environ-

ment by humans, mice were exposed for 3-h each day, 2 days per

week (Monday and Wednesday or Tuesday and Thursday) for 4

consecutive weeks for a total of 8 exposures during November

and December of 2014. Cardiac ultrasounds were performed on

each mouse 1 week prior to beginning exposures, 1 day after the

first exposure, and 1 day after the final exposure. Mice were

necropsied immediately after the last ultrasound.

PM concentrating system. Ambient air (5000 L/min) was drawn

into the exposure laboratory through a 2 stage, size selective

inlet restricting PM larger than 10 mm and 2.5 mm diameters. Air

with the resulting fine mode PM2.5 fraction exited the size selec-

tive inlet and was transported via stainless steel ductwork to

the CAPs laboratory where it entered a 3 stage Harvard Fine

Particle Concentrator (HFPC) (Gupta et al., 2004). The HFPC was

configured with 3 concentrating stages of slit virtual impactors

and was operated at a vacuum of �9 to �10 inH2O, producing

50 L/min of CAPs air as previously described in Kodavanti et al.

(2005). Plumbing was configured to allow the HFPC to function

in “chamber exposure” or “chamber bypass” modes (see

Figure 1). For FA and Acrolein exposure groups, the HFPC was

operated in “chamber bypass” mode so that all mice experi-

enced the same level of noise generated by the HFPC, thus

eliminating system noise as a potential experimental

confounder.

Exposure chambers. During operation of the HFPC in chamber

exposure mode, 50 L/min CAPs air at �9 to �10 in H2O static

pressure was split and 20 L/min were directed toward each of

two Cannon nose-only chambers. The remaining 10 L/min were

used for PM monitoring. Mice were exposed in rat-sized nose-

only tubes with rear stoppers mounted to chamber ports, allow-

ing for “whole-body” exposure conditions. More details are

provided in the Supplementary material.

Acrolein supply. Acrolein gas was injected upstream of the cham-

ber supply air inlet of one chamber. Gas was metered from a cyl-

inder of known acrolein concentration (537 ppm acrolein,

balance N2) and the gas flow rate was precisely monitored.

CAPs DAS (Data acquisition software) regulated and monitored

gas flow continuously as well as providing safety cutoff control

of acrolein if necessary. The gas supply line included a solenoid

valve and manual valves to isolate gas supply from the chamber

and allowed operators to purge the supply line with breathing

grade air for safety.

Chamber monitoring. HFPC and Cannon exposure chamber air

parameters were monitored and recorded using CAPs lab DAS.

Various analytical instruments, filter collections, GC sampling,

and real-time monitors were utilized for analyses of chamber

PM size and concentration, acrolein concentration, temperature,

RH, airflow, and other system parameters, allowing for continu-

ous control of chamber conditions. More details are provided in

the Supplementary material.

PM2.5 elemental, organic, and ion analysis. Due to limited airflow

and low PM concentrations filters were collected after 4 weeks

of exposure (1 filter per month), to collect sufficient PM mass for

extraction and analysis. This allowed us to assess potential dif-

ferences in PM content between November and December.

Elemental analysis was performed on aqua regia digests of PM

collected on Teflon filters as previously described in Farraj et al.

(2015). Samples were analyzed by high-resolution inductively

coupled plasma-mass spectrometry (HR-ICP-MS, Element 2,

Thermo Fisher Scientific, Waltham, Massachusetts).

Chemical mass balance (CMB) source apportionment. To predict

potential sources and estimates of their contributions to the

PM2.5 collected on filters during November and December of

2014, we tested sample chemical analysis profiles against the

EPA Chemical Mass Balance Model (CMB8.2; US EPA, 2004). PM

chemical composition data at the inlet of CAPs system alone

were used for this source-receptor modeling. Source profiles to

represent motor vehicles, biomass burning, secondary aerosol

production, road dust, and marine aerosol were taken from EPA

SPECIATE 4.3 Database (https://cfpub.epa.gov/speciate).

Echocardiography and electrocardiogram data collection. ECG wave-

form acquisition was performed using a Vevo 2100 ultrasound

system immediately prior to ultrasound sonography (FujiFilm

VisualSonics, Inc, Toronto, Canada). Isoflurane-anesthetized

mice were placed in dorsal recumbency with paws grounded to

the electrodes of a heated Vevo Mouse Handling Table (FujiFilm

VisualSonics, Inc). Four cineloops optimized to collect approxi-

mately 12–13 s of ECG data each (approximately 50 s total) were

recorded from each subject. Ultrasound scans were performed

as previously described in Thompson et al. (2017) in accordance

with the guidelines of the American Society of

Echocardiography (Lang et al., 2005; Quinones et al., 2002). The

sonographer was blinded to experimental groups. Scans were

made using a Vevo 2100 ultrasound system (FujiFilm

VisualSonics, Inc) and a MS550D transducer set to a 40 MHz

sample rate in B-mode and M-mode, and 32 MHz for pulsed

wave Doppler measurements. Data were collected at baseline

(the week before exposures), 1 day after the first exposure, and

1 day after the final (8th) exposure. Parasternal short-axis views

at the level of the left ventricular papillary muscles were col-

lected in B-mode and M-mode. The apical 4-chamber view was

used for pulsed wave Doppler measurements of transmitral

valve blood flow. Three cineloops from each view were collected

for data analysis. Anesthesia induction, subject preparation,

data collection, and recovery from anesthesia ranged from 15 to

20 min per animal.

Ultrasound analysis and heart rate variability assessment.

Ultrasound data analyses were also performed under blinded

conditions, as previously described in Thompson et al. (2017).

Circumferential strain delay, peak circumferential strain, time

to peak (TPk) strain, peak diastolic circumferential strain rate,

and TPk diastolic strain rate were each evaluated using B-mode

data. Left ventricular stroke volume, cardiac output, ejection

fraction, fractional shortening, end diastolic volume, end sys-

tolic volume, as well as wall and chamber dimensions were

calculated from M-mode data. Left ventricular isovolumic con-

traction time (IVCT), aortic ejection time (AET), and isovolumic
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relaxation time (IVRT) were calculated form pulsed wave

Doppler recordings. Myocardial performance Tei index was

calculated with the following equation: (IVCTþIVRT)/AET (Tei

et al., 1995).

HRV was measured and calculated as previously described

in Kurhanewicz et al. (2017). Briefly, the mean of the differences

between sequential RRs for each set of ECG waveforms were cal-

culated using ECGAuto (v3.3.5.10; EMKA Technologies S.A.S.,

Paris, France). Time-domain measures of HRV included stan-

dard deviation of the time between normal-to-normal beats

(SDNN) and root mean squared of successive differences

(RMSSD). SDNN represents overall HRV, whereas RMSSD repre-

sents parasympathetic influence over HR (Rowan et al., 2007).

The frequency domain of HRV was also analyzed including low-

frequency (LF: 0.15–1.5 Hz), representing a combination of sym-

pathetic and parasympathetic tone, and high-frequency (HF:

1.5–5 Hz), indicating parasympathetic tone, and the ratio of

these two (LF/HF), indicating sympathovagal balance (Rowan

et al., 2007). Thorough visual inspection was conducted to iden-

tify and exclude arrhythmias and artifacts.

Necropsy, bronchoalveolar lavage, tissue collection, and analyses.

Mice were anesthetized with pentobarbital (200 mg/kg) and phe-

nytoin (25 mg/kg) given by intraperitoneal injection (Euthasol,

Virbac Animal Health, Fort Worth, Texas). Blood was collected

from the abdominal vena cava, placed in serum separator tubes,

and after centrifugation serumwas stored at �80�C. The trachea

was cannulated and the right lung minus the caudal lobe was

lavaged with cold Hanks’ balanced salt solution (GIBCO HBSS,

Thermo Fisher Scientific). The caudal lobe was tied off before

lavage and snap frozen for tissue banking. Cytospins were

used for cell differentials and supernatants were stored at

�80�C. A transverse midsection of the left ventricle, the left

lung, and nose was collected for histological examination.

Bronchoalveolar lavage (BAL) cell pellets were resuspended in

fresh HBSS, 500 ml were used for cytospins and 500 ml were used

to determine total cell counts using a Beckman Coulter Z2

(Beckman Coulter Life Sciences, Brea, California). Cytospins

were stained with modified Wright-Giemsa stain (#036-221,

Fisher Scientific, Hampton, New Hampshire) and were counted

microscopically to 300 cells per slide, with percentages multi-

plied by total cell counts to calculate final cell numbers.

Histopathology. Hearts, lungs, and heads (for nasal airway) were

fixed in 4% fresh paraformaldehyde for histopathological evalu-

ation (see additional detail in Supplementary Methods). The

heart was sectioned transversely at the level of the mid-

ventricle. The left lung lobe was first perfused intratracheally at

a pressure of 30 cm of fixative and sectioned longitudinally. The

nasal cavity of each mouse was transversely sectioned at three

specific anatomic locations. Fixed tissues were paraffin-

embedded, sectioned at approximately 5 mm, and stained with

Figure 1. CAPs plus acrolein multipollutant exposure system. Particles entered via size selective inlet for 2.5 mm diameters or less and concentrated with a Harvard

Fine Mode Particle Concentrator. Mice were exposed in rat-sized nose-only tubes providing a whole-body exposure system. CAPs lab DAS and various analytical instru-

ments plus filters and GC sampling were utilized to monitor chamber PM concentration and size, Acrolein concentration, temperature and RH, chamber airflow, and

other system parameters. Acrolein gas flow was also monitored and controlled by the DAS and a mass flow controller (MFC). Due to inhalation chamber airflow

requirements, analytical sampling was carefully planned to get maximum PM2.5 composition information from minimum amount of airflow. PM mass concentrations

and inorganic elemental composition were measured using filters from the CAPs inlet, CAPs outlet, and both chambers. “A” marks the chamber used for acrolein only

and CAPs plus acrolein exposures. “B” marks the chamber used for filtered air only and CAPs only exposures.
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hematoxylin and eosin (H&E) using standard histologic proce-

dures at Experimental Pathology Laboratories (Research

Triangle Park, North Carolina). Stained sections were evaluated

via light microscopy by a certified pathologist (CW). Differences

in lesion incidence between treatment group and genotype

were evaluated using a two-sided Fisher’s exact test.

Statistical analyses. Data are reported as mean 6 SD or presented

as boxplots with all data points shown. Box edges identify the

interquartile range, the middle line identifies the median, the

“þ” identifies the mean, and the whiskers identify the mini-

mum and maximum data values. Data were analyzed and

graphed with Graphpad Prism 6 software version 6.07 (La Jolla,

California). For histopathology, differences in lesion incidence

among treatment group or genotype were evaluated using a

Fisher’s exact test. For single time point biological data, one-

way ANOVA with Tukey’s post-test and multiplicity adjusted p-

values were conducted. For repeated ultrasound assessments

two-way repeated measures ANOVA with Tukey’s post-test and

multiplicity adjusted p-values were conducted across exposure

groups within strain at each time point; Bonferroni’s post-test

was run across time and strain within exposure groups. For

these data, p-values are reported except for those < .0001 in

Figure 4. In Tables 3 and 4, p-values < .05 are denoted with *

versus FA, # versus Acrolein, † versus CAPs, and ‡ versus B6129.

RESULTS

Exposure Concentrations and Environmental Conditions

Chamber exposure conditions for each group are provided in

Table 1. Due to low ambient levels of PM, particle concentra-

tions achieved were only 46.3 and 45.4 mg/m3 for CAPs and

CAPsþAcrolein, respectively. Mean particle sizes were 168 and

172 nm in diameter in the CAPs and CAPsþAcrolein exposures,

respectively. In the acrolein alone and CAPsþAcrolein expo-

sures, acrolein concentrations were stable at around 0.42 ppm

and below the level of detection in the Filtered Air and CAPs

alone exposures. Chamber temperatures were stable at ap-

proximately 22�C and RH ranged from 30% to 50%. Lower hu-

midity in the CAPs and CAPsþAcrolein chambers was due to

mixing of dry eductor motive air with outside ambient air

drawn into the HFPC. Bubbler humidifiers in the eductor com-

pressed motive air supply helped raise the RH levels to achieve

approximately 30% chamber RH levels. Background O3 levels

were less than 5.0 ppb.

Wind Trajectories

The airshed origin, wind direction, and airflow elevation for

each CAPs exposure day during the study were obtained as pre-

viously described (Farraj et al., 2015) and are shown in Figure 2.

These were analyzed to identify contributing airsheds for

particulate matter in Research Triangle Park, NC, USA in

November and December of 2014. For both the November and

December exposures, winds originated predominately from

southwest to northwest, at elevations of < 2000 m in the atmo-

spheric boundary layer of the lower troposphere (Figure 2A).

Some of the PM delivered to the Raleigh/Durham area origi-

nated from the Chicago/Cincinnati airsheds (Figure 2B), and on

some other days originated from the Cleveland/Columbus area

and the Birmingham/Atlanta/Charlotte areas. The tracings pre-

sented in Figure 2A also illustrate that there was no uniform

pattern of exposure sources because the direction of the air

mass source changed daily.

Chemical Composition of CAPs

Table 2 compares the elemental compositions of PM2.5 collected

at the air inlet during November and December of 2014. The pre-

dominant components of the PM collected during this study

were organic carbon (OC) and ammonium sulfate (SO4). To im-

prove the mass balance estimations, we expressed elements as

oxides of the most common oxidation state. Also, the elemental

OC was multiplied by 1.6 to account for associated hydrogens,

oxygens, and nitrogens usually associated with the carbon frac-

tion (Turpin and Lim, 2001). In general, November and December

PM2.5 compositions were very similar regarding both the total

mass and constituents with the exception of cadmium in

November, which was still low overall. The ratio of November/

December microgram per cubic meter gravimetric ratios is 1.14

and the averaged analytes ratio is 1.18. Supplementary Table 1

also provides a comparison of CAPs elemental analyses of inlet

PM, outlet PM, CAPS chamber PM, and CAPsþAcrolein chamber

PM, thus verifying that the PM delivered to each CAPs exposure

chamber was consistent in chemical composition to ambient PM

in both November and December.

Source Apportionment Analysis

Source apportionment results for PM2.5 mass concentrations on

both exposure collections are displayed in Figure 3 (5-source

CMB model) and Supplementary Figure 1 (6-source CMB model),

which reveals marginal differences in secondary sulfate level,

motor vehicle exhaust, and biomass combustion sources be-

tween the November and December samples collected in 2014.

The CMB model explained up to 83%–85% of the PM2.5 mass col-

lected from the November and December PM filters. The frac-

tion of measured concentration variance (R2) was greater than

0.84 and the Chi square value was less than 2.5 for both sam-

ples, indicating a good fit between measured and modeled con-

centrations for both samples. Motor Vehicle Exhaust (26.4%,

31.3% by mass for November and December PM collections, re-

spectively), biomass combustion (22.1%, 16.2%), and secondary

sulfate (27.8%, 32.1%) were found to be the major sources of

both PM samples. Together, these 3 source types accounted for

Table 1. Exposures Concentrations, Particle Size and Chamber and Ambient Weather Conditions

Exposure and Weather Conditions

Filtered Air Acrolein CAPs CAPsþAcrolein HFPC Inlet

[PM mass] mg/m3 Below detection Below detection 46.3 6 0.2 45.4 6 2.3 6.4 6 0.6

Particle number Count/cc — — 6580 6900 4890

PM diameter nm — — 1696 134 172 6 139 76 6 84

[Acrolein] ppm Below detection 0.42 6 0.02 Below detection 0.42 6 0.01 Below detection

Temperature �C 21.8 6 0.2 226 0.4 21.6 6 0.3 22.3 6 0.4 24.6 6 13.3

Rel. humidity % 506 2.0 516 2.0 306 10 296 9.0 65 6 19
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76.2% and 79.7% of the fine PM during November and December,

respectively. Though minor, marine aerosol and wind-blown

crustal material were still consistent source contributors, ac-

counting for 2.4% and 3.9% PM2.5 mass, respectively.

Overt Toxicity

We found no evidence of overt toxicity (eg, lethargy, respiratory

distress, and/or > 10% weight loss) during the study in virtually

all animals. One B6129 mouse in the CAPsþAcrolein exposure

group did, however, present indications of lethargy and respira-

tory distress during the third week of exposure and, conse-

quently, was removed from the study. Prior to euthanasia, a

cardiac ultrasound was performed on this moribund mouse,

which indicated left ventricular hypertrophy (see

Supplementary Figure 2). Interestingly, this mouse presented

no clear evidence of health abnormalities at the beginning of

the study so data from the first two ultrasound scans were in-

cluded in the study. Mouse age and size related data at the time

of necropsy for all other mice are provided in Table 3. We found

no exposure related changes in food and water intake, body

mass, or heart weight. Trpa1�/� mice were significantly smaller

than B6129 mice and due to limited availability from the sup-

plier were also older by about 7 weeks on average (26 weeks old

vs 19 weeks old by the end of the study, respectively).

Bronchoalveolar Lavage Fluid Analysis and Cell Differentials

We compared potential pulmonary responses between the ex-

posure groups by collecting and analyzing bronchoalveolar la-

vage fluid collected after the study. Overall cellularity in

bronchoalveolar lavage was stable between groups.

CAPsþAcrolein exposure groups from both strains had the most

neutrophil and lymphocyte infiltration but the values were

highly variable and not statistically significant from FA controls

(Supplementary Table 2). There were also no significant differ-

ences in any biochemical indicators measured in bronchoalveo-

lar lavage fluid (Supplementary Table 3).

Serum Biochemical Analysis

Assays for biomolecule targets in serum revealed minimal dif-

ferences between exposure groups with two exceptions: HDL

was significantly lower in all Trpa1�/� groups compared with

the respective B6129 groups and LDL was significantly lower in

the B6129 CAPs group relative to the Trpa1�/� CAPs group

(Supplementary Table 4).

Histopathology

We found no histological evidence of lesions that would support

the possibility that co-exposure to PM with acrolein altered the

exposure distribution in the airway, at least at the concentra-

tions tested (Supplementary Tables 5–7). In the nasal cavity, the

incidence of minimal neutrophilic inflammation was modestly

higher following acrolein exposure in Trpa1�/� mice (p ¼ .03 vs

filtered air) but not in B6129 mice. Conversely, there was higher

incidence of cytoplasmic vacuolation in the nasal gland epithe-

lium surrounding the vomeronasal organ following CAPs expo-

sure in B6129 mice (p ¼ .03 vs filtered air) but not Trpa1�/�

mice. More details are provided in the Supplementary Results.

Cardiac Function and Dimensions and Myocardial Performance

Analysis results, including cardiac function and heart wall

dimensions, of parasternal short axis M-mode views at the level

Figure 2. Wind trajectories. For both the November and December 2014 expo-

sures, winds originated predominately from southwest to northwest, at eleva-

tions of < 2000 m in the atmospheric boundary layer of the lower troposphere.

Panel A shows back trajectory analysis for each day, including elevation in

meters (box). Lines 1–4 correspond to exposure days that occurred in November

and lines 5–10 correspond to exposure days in December. Triangles on each line

mark 6 h intervals of �24, �18, �12, and �6 h prior to exposure with the star

marking the time and location of the U.S. Environmental Protection Agency’s

Concentrated Air Particles Laboratory in Research Triangle Park, NC, USA

(Latitude: 35.88350; Longitude: �78.87460). Panel B shows an example of how air

flow can drift through various PM airsheds. This map was modified from the PM

air quality index map from Airnow.gov archives for November 22, 2014 with the

back trajectory overlaid. Shaded areas were determined to be of moderate 24 h

PM-based ambient air quality (12.1–35.4 mg/m3).
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of the papillary muscles, are reported in Table 4 and

Supplementary Table 8, respectively. In addition, myocardial

performance metrics derived from Doppler transmitral blood

flow measures are presented in Supplementary Table 9 and

Supplementary Figure 3. We found no differences in any cardiac

function, heart wall dimensions, or myocardial performance

parameters that were indicative of an exposure effect. In accor-

dance with the guidelines of the American Society of

Echocardiography (Lang et al., 2005; Quinones et al., 2002), we

verified blinded interobserver variability for M-mode data anal-

yses at 7.7% coefficient of variation.

Myocardial Synchronicity

The results of ultrasound analysis of myocardial synchronicity

are displayed in Figure 4, Supplementary Table 10 and

Supplementary Figure 4. Strain delay is a result of dyssynchro-

nous systolic contraction within the heart wall, in this case be-

tween two adjacent wall segments, the anterior free wall and

lateral wall. We found an increase in strain delay in B6129 mice

when measured 1 day after the final exposure to

CAPsþAcrolein; this increase ranged from around 3% of the car-

diac cycle to over 10% of the cardiac cycle within this group. The

increase in strain delay in the B6129 CAPsþAcrolein group was

Table 2. CAPs Chemical Composition Analysis

CAPs Chemical Composition Analysis

November December November/December November December November/December

Analyte mg/m3
mg/m3 Ratio mg/g mg/g Ratio

Inorganics

Ag2O 6.87e-6 6.55e-6 1.05 1.00 1.09 0.92

Al2O3 8.56e-2 9.32e-2 0.92 1.25e4 1.55e4 0.80

As2O3 <DL 4.23e-4 — <DL 70.4 —

BaO 1.79e-3 3.05e-3 0.59 2.61e2 5.08e2 0.51

CaO 5.48e-2 3.41e-2 1.61 8.00e3 5.68e3 1.41

CdO 2.32e-3 0.05e-3 48.7 3.39e2 7.94 42.7

Ce2O3 4.46e-5 4.58e-5 0.97 6.51 7.63 0.85

Cr2O3 8.61e-4 6.58e-4 1.31 1.26e2 1.10e2 1.15

Cs2O 3.32e-5 0.98e-5 3.40 4.85 1.63 2.98

CuO 1.41e-3 3.27e-3 0.43 2.05e2 5.45e2 0.38

FeO 5.79e-2 4.66e-2 1.24 8.45e3 7.77e3 1.09

K2O 6.60e-2 4.36e-2 1.51 9.62e3 7262 1.32

MgO 1.75e-2 1.13e-2 1.55 2.55e3 1878 1.36

MnO 1.87e-3 1.48e-3 1.26 2.72e2 247 1.10

MoO3 1.34e-4 2.28e-4 0.59 1.95e1 0.38e2 0.51

Na2O 0.11 0.10 1.10 1.65e4 1.71e4 0.96

NiO 5.28e-4 4.14e-4 1.28 0.77e2 6.89e1 1.12

P2O5 1.93e-2 0.01 1.94 2.81e3 1.66e3 1.70

PbO 1.26e-3 0.94e-3 1.34 1.83e2 1.57e2 1.17

Rb2O 1.65e-4 1.40e-4 1.18 2.40e1 2.32e1 1.03

SO4 2.03 1.62 1.26 2.97e5 2.70e5 1.10

Sb2O5 4.78e-4 8.52e-4 0.56 6.97e1 1.42e2 0.49

SeO3 1.60e-3 1.36e-3 1.18 2.34e2 2.26e2 1.03

SiO2 8.54e-2 5.25e-2 1.63 1.25e4 8.75e3 1.42

SnO2 3.45e-4 9.16e-4 0.38 5.04e1 1.53e2 0.33

SrO 2.64e-4 2.65e-4 1.0 3.85e1 4.41e1 0.87

TiO2 1.66e-3 1.96e-3 0.85 2.42e2 3.27e2 0.74

V2O5 3.19e-4 2.87e-4 1.11 4.66e1 4.79e1 0.97

ZnO 0.01.03e-2 0.98e-2 1.05 1.50e3 1.63e3 0.92

Carbon
aOrganic C 4.53 3.02 1.50 6.60e5 5.04e5 1.31

Elemental C 0.13 0.18 0.72 1.88e4 3.06e4 0.61

Ions

SO4� 1.21 1.205 1.00 1.76e5 2.01e5 0.88

Naþ 5.55e-2 0.0351 1.58 8.10e3 5.86e3 1.38

NHþ

4 0.41 0.44 0.93 6.03e4 73 728 0.82

Kþ 3.86e-2 0.03 1.29 5.63e3 5.00e3 1.13

Caþþ 6.40e-2 2.52e-2 2.54 9.34e3 4.20e3 2.22

Sum 7.63 5.68 1.11e6 9.48e5

Mass (mg/m3) 6.86 6.00 Analyte ratio 1.08

Ratio (sum/mass) 1.11 0.95

Analyte ratio 1.18

Mass ratio 1.14

aCwHxOyNz (empirical formula ¼ 1.6 � Organic C).

DL, detection limit.
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significantly different from all other B6129 exposure groups and

all Trpa1�/� exposed groups including the Trpa1�/�

CAPsþAcrolein group. Strain delay in the B6129 CAPsþAcrolein

group was also significantly different than earlier time points in

the same group.

Heart Rate Variability

Results from HRV analysis of ECG signals collected from anes-

thetized B6129 and Trpa1�/� mice 1 day after the 8th exposure

to Filtered Air, Acrolein, CAPs, or CAPsþAcrolein are presented

in Figure 5. No significant differences in SDNN were found

(Figure 5A). Whereas no significant differences in RMSSD were

found (Figure 5B), the difference in means between B6129 mice

exposed to Acrolein and B6129 mice exposed to Filtered Air

yielded a p ¼ .07. The high frequency domain of HRV increased

in B6129 mice exposed to Acrolein compared with B6129 mice

exposed to Filtered Air (Figure 5C). There was no such effect of

acrolein in Trpa1�/�mice, and the difference in means between

B6129 mice exposed to Acrolein and Trpa1�/� mice exposed to

Acrolein yielded a p ¼ .10.

DISCUSSION

This study shows for the first time that intermittent co-

exposure to ambient PM and acrolein in mice, using a novel

CAPs and acrolein co-exposure system, results in myocardial

dyssynchrony through a mechanism involving TRPA1. The loss

of myocardial synchrony after repeated, intermittent PM and

acrolein co-exposure is unique from the response to a single ex-

posure and from exposure to either pollutant alone, pointing to

interactive effects of the two pollutants. The absence of concur-

rent changes in HRV in CAPsþAcrolein-exposed B6129 mice

may point to molecular and cellular changes within the myo-

cardium, but do not necessarily preclude autonomic activity

that may have occurred earlier in the exposure regimen.

Interestingly, although acrolein had no impact on myocardial

synchronicity when measured, it did in fact increase an HRV in-

dex of parasympathetic tone in B6129 mice, an effect that was

absent in acrolein-exposed Trpa1�/� mice. Such a stark qualita-

tive difference in response pattern points to physiochemical

and/or biological mechanisms in PM and acrolein mixtures that

are either absent or activated to a lesser degree with exposure

to either alone. Whereas the physicochemical properties that

may underlie such exaggerated effects are unclear, activation of

pulmonary TRPA1, a prominent sensor of environmental irri-

tants, may have triggered the cascade of events leading to myo-

cardial dyssynchrony.

Elemental analysis showed that organic carbon and ammo-

nium sulfate were the predominant constituents of PM in this

study, along with alkalis sodium, calcium, potassium, silicon,

aluminum, and iron. Source apportionment found the majority

of sources to be attributable to secondary sulfates, motor vehicle

Figure 3. PM source apportionment. PM2.5 samples from CAPs inlet filters collected in November and December of 2014 were analyzed using the 5-source chemical

mass balance model (U.S. EPA). The results from our 5-source apportionment revealed 4%–6% differences in secondary sulfate, motor vehicle exhaust, and biomass

combustion sources between November (A) and December (B).

Table 3. BodyWeight and Heart Mass After Final Exposure

Mouse Age and Size Statistics at the Time of Necropsy

Filtered Air Acrolein CAPs CAPsþAcrolein

Age Weeks B6129 19.7 6 0.5 18.6 6 0.4 19.9 6 0.5 a19.1 6 0.6

Trpa1�/� 24.0 6 3.6 ‡ 28.2 6 5.8 ‡ 27.5 6 1.5 ‡ 25.5 6 1.6 ‡

Body mass g B6129 25.6 6 2.3 24.1 6 2.8 24.3 6 2.4 a25.1 6 2.7

Trpa1�/� 19.2 6 1.1 ‡ 19.8 6 1.7 ‡ 20.6 6 1.5 ‡ 20.1 6 2.3 ‡

Tibia length mm B6129 21.8 6 0.4 20.7 6 0.3 20.8 6 1.2 a20.9 6 0.9

Trpa1�/� 20.2 6 0.5 20.6 6 0.6 20.0 6 1.0 20.7 6 0.4

Heart mass mg B6129 106.7 6 20.7 91.8 6 3.9 98.0 6 17.9 a99.2 6 1.3

Trpa1�/� 89.0 6 9.7 ‡ 88.7 6 7.5 100.0 6 31.2 86.2 6 6.5

Mean 6 SD (n ¼ 6 unless denoted with a for n ¼ 5)

p < .05 noted with ‡ versus B6129.
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emissions, and biomass combustion. The physicochemical char-

acteristics of PM in this study were similar throughout the

November and December exposure days in 2014. During that

time, winds originated mostly from southwest to northwest at

elevations of < 2000 m in the atmospheric boundary layer of the

lower troposphere, bringing atmospheres derived from wind that

originated, or passed through, metropolitan airsheds en route to

Research Triangle Park, North Carolina. These derivative or sup-

plemental airsheds included Chicago IL, Cincinnati/Cleveland/

Columbus OH, Birmingham AL, Atlanta GA, and Charlotte NC.

Lower-elevation airsheds have historically brought higher levels

of particulates to North Carolina from regional combustion sour-

ces like biomass burning and power plants (Aneja et al., 2006).

The airshed of Research Triangle Park, North Carolina has been

Table 4. Echocardiography (M-Mode)—Cardiac Function

SAX M-Mode Evaluation at Baseline

Filtered Air Acrolein CAPs CAPsþAcrolein

Heart rate Beats/min B6129 443 6 27 392 6 33 410 6 41 420 6 42

Trpa1�/� 456 6 33 468 6 37 ‡ 463 6 29 # 437 6 38

ESV ml B6129 26.5 6 12.1 25.76 9.8 21.3 6 7.8 24.7 6 7.5

Trpa1�/� 19.3 6 7.9 18.76 6.7 27.1 6 7.3 21.9 6 8.6

EDV ml B6129 63.4 6 22.9 58.96 9.9 55.2 6 12.9 54.7 6 9.1

Trpa1�/� 45.8 6 12.0 45.76 11.3 61.7 6 20.2 47.4 6 9.9

SV ml B6129 36.9 6 11.1 33.26 4.3 33.9 6 9.0 30.1 6 5.1

Trpa1�/� 26.5 6 8.3 26.96 5.6 34.6 6 13.9 25.5 6 4.6

EF % B6129 59.1 6 4.9 57.36 9.7 61.9 6 11.2 55.5 6 7.4

Trpa1�/� 58.3 6 10.6 60.06 7.3 55.3 6 5.8 54.6 6 9.6

FS % B6129 30.9 6 3.2 29.86 6.3 33.2 6 8.5 28.5 6 4.7

Trpa1�/� 30.5 6 8.1 31.26 5.0 28.3 6 3.9 27.8 6 6.0

CO ml/min B6129 16.3 6 4.9 13.06 2.0 14.0 6 4.4 12.8 6 3.4

Trpa1�/� 12.0 6 3.7 12.56 2.1 16.2 6 7.6 11.1 6 2.0

Mean 6 SD (n ¼ 6)

SAX M-Mode Evaluation 1 Day After 1st Exposure

Heart rate Beats/min B6129 447 6 23 425 6 61 445 6 32 448 6 38

Trpa1�/� 500 6 31 480 6 48 476 6 33 459 6 21

ESV ml B6129 32.9 6 18.1 25.16 9.6 20.2 6 6.7 24.9 6 6.7

Trpa1�/� 17.7 6 4.4 ‡ 28.26 10.4 26.4 6 9.0 24.8 6 5.0

EDV ml B6129 66.1 6 25.0 52.46 14.7 50.6 6 11.3 57.6 6 11.9

Trpa1�/� 41.7 6 9.0 ‡ 57.16 11.9 57.1 6 16.1 52.0 6 8.5

SV ml B6129 33.2 6 7.1 27.46 7.3 30.4 6 7.8 32.7 6 7.0

Trpa1�/� 24.0 6 6.3 28.96 4.0 30.7 6 8.9 27.2 6 4.7

EF % B6129 52.7 6 8.4 53.36 9.1 60.4 6 8.9 57.1 6 6.1

Trpa1�/� 57.7 6 7.5 51.86 8.5 54.2 6 6.1 52.4 6 4.9

FS % B6129 26.8 6 5.0 27.06 5.5 31.8 6 6.4 29.5 6 4.0

Trpa1�/� 29.6 6 4.9 26.26 5.1 27.6 6 3.9 26.3 6 3.1

CO ml/min B6129 14.7 6 2.4 11.66 3.7 13.6 6 3.9 14.8 6 4.1

Trpa1�/� 12.1 6 3.6 13.96 2.5 14.6 6 4.5 12.5 6 2.2

Mean 6 SD (n ¼ 6)

SAX M-Mode Evaluation 1 Day After Final Exposure

Heart rate Beats/min B6129 454 6 33 401 6 31 *,† 453 6 40 # a431 6 28

Trpa1�/� 485 6 26 475 6 24 ‡ 486 6 15 477 6 40

ESV ml B6129 25.0 6 12.3 25.06 4.9 19.7 6 12.4 a24.2 6 10.0

Trpa1�/� 19.5 6 4.4 17.26 3.9 20.7 6 11.7 20.5 6 6.9

EDV ml B6129 57.6 6 18.6 55.06 7.7 55.0 6 27.2 a53.9 6 10.3

Trpa1�/� 47.6 6 6.9 44.36 9.1 54.0 6 21.5 47.1 6 7.8

SV ml B6129 32.6 6 7.9 30.06 4.8 35.4 6 15.7 a29.7 6 2.2

Trpa1�/� 28.1 6 3.9 27.16 5.7 33.4 6 11.1 26.5 6 3.2

EF % B6129 57.7 6 7.5 54.66 5.6 65.6 6 9.3 a56.5 6 9.0

Trpa1�/� 59.3 6 5.9 61.16 3.5 63.3 6 9.5 57.3 6 9.1

FS % B6129 29.9 6 5.1 27.76 3.6 35.8 6 7.7 a29.1 6 5.5

Trpa1�/� 30.9 6 4.1 31.96 2.4 34.0 6 7.7 29.6 6 6.1

CO ml/min B6129 14.9 6 4.2 11.96 1.5 16.2 6 7.8 a12.9 6 1.3

Trpa1�/� 13.6 6 1.9 12.96 2.9 16.3 6 5.9 12.6 6 1.5

Mean 6 SD (n ¼ 6 unless denoted with a for n ¼ 5)

p < .05 noted with *versus FA, #versus Acrolein, †versus CAPs, and ‡ versus B6129.

CO, cardiac output; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; FS, fractional shortening; SAX, short axis view; SV, stroke volume.
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characterized by pollutants from biogenic emissions, agricultural

activity, vehicular traffic, and secondary organic aerosols (Aneja

et al., 2006; Farraj et al., 2015).

Co-exposure to CAPs and acrolein, but not exposure to either

alone, in B6129 mice increased circumferential strain delay be-

tween the lateral and anterior free wall of the left ventricle,

which we use as a measure of myocardial dyssynchrony.

Regional contractile dyssynchrony in the myocardium has been

linked to clinical regional cardiac ischemia (Chen et al., 2012),

with cardiac ischemia-related hospitalizations being a docu-

mented effect of air pollution exposure (Cox, 2017; McGuinn

et al., 2017; Pope et al., 2015). Myocardial dyssynchrony could re-

sult from autonomic effects as repeated exposure to PM2.5 in

combination with organic aerosols has recently been reported

to influence autonomic nervous system regulation of heart

function (Carll et al., 2017). We have also reported autonomic

cardiovascular effects with PM2.5 alone (Carll et al., 2015) and

acrolein alone (Hazari et al., 2014; Kurhanewicz et al., 2017; Perez

et al., 2013, 2015), and have linked exposure to 3.0 ppm acrolein

alone with myocardial dyssynchrony (Thompson et al., 2017).

However, in this study, acrolein exposure alone at 0.4 ppm was

not sufficient to elicit myocardial dyssynchrony and B6129 mice

exposed to CAPsþAcrolein had myocardial dyssynchrony with-

out accompanying changes in HRV. The absence of altered auto-

nomic activity at the time heart function was assessed at the

end of the study does not preclude a role for autonomic nervous

system activity earlier in the exposure regimen, which, if pre-

sent, could have “programmed” the myocardium for dyssyn-

chronous contraction. For example, b-adrenergic stimulation

alters myocardial gap junction conductance and expression of

subtypes of connexins, key gap junction proteins involved in

inter-cardiomyocyte signal transduction, which can result in

electrical instability and predisposition to arrhythmia (Xia et al.,

2009). Alternatively, the loss of cardiac synchrony may have

resulted from variable distribution of local regulation of con-

tractile function within the myocardium secondary to oxidative

stress (Kelly and Fussell, 2017) and/or altered myocardial auto-

crine/paracrine signaling (Chan et al., 2016).

Although the precise physiological mechanism at play is

unclear, this study suggests that myocardial dyssynchrony in

CAPsþAcrolein-exposed B6129 mice resulted from activation of

TRPA1, given the absence of such responses in similarly ex-

posed Trpa1�/� mice. TRPA1 channels are expressed through-

out the airways on vagal afferent C-fibers (Achanta and Jordt,

2017) and are activated by oxidizing agents (Bessac et al., 2008),

environmental toxicants like acrolein (Bautista et al., 2006), and

sulfur-containing compounds (Stenger et al., 2017; Terada et al.,

2014). Previous reports describing exposure to single air pollu-

tants have linked TRPA1 to altered autonomic function (Hazari

et al., 2011; Kurhanewicz et al., 2017) and other cardiovascular

Figure 4. Myocardial synchrony. Panel A illustrates the derivation of circumferential strain delay including a schematic of a mouse heart oriented in the short axis

view at the level of the papillary muscles, modified from Lynch and Jaffe (2006) with the regions of the anterior free wall and lateral wall denoted, a representative im-

age of an echocardiographic short-axis view with the anterior free wall endocardium and the lateral wall endocardium, and software output for speckle-strain analysis

depicting circumferential strain in the anterior free wall endocardium and the lateral wall endocardium. Delay was calculated as the difference in time to peak strain

between the two regions or the time that elapsed between the occurrences of peak strain in the two regions. For reporting (%Cardiac Cycle), the ms value of strain delay

was then converted to a percent of the cardiac cycle. Panel B shows the quantified data indicating that a significant increase in myocardial strain delay between the lat-

eral and anterior free wall was found after the 8th exposure to CAPsþAcrolein in B6129 mice. Increases were not found with any other exposure group when compared

with baseline and was also not found in Trpa1�/� mice. Elapsed time between peak strain in the lateral and anterior free wall are reported as a percentage of the car-

diac cycle and normalized to baseline values. Data were compared by two-way ANOVA with Tukey (within strain) or Bonferroni (across strain) post-test. The p-values

for significant findings are < .0001.
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effects (Conklin, 2016; Conklin et al., 2017). We have also

recently reported that organic fractions of diesel exhaust partic-

ulate matter containing high levels of polar compounds,

including oxy- and nitro-polyaromatic hydrocarbons, caused

concentration-dependent irritant responses mediated by TRPA1

in an in vivo model (Stevens et al., 2018). In other reports, deliv-

ery of TRPA1 agonists into the airways has been shown to pro-

duce cardiovascular responses through autonomic reflexes

(Hooper et al., 2016; Pozsgai et al., 2010). Unsurprisingly, TRPA1

drove the acrolein-induced increases in HRV in B6129 mice, as

such effects were absent in Trpa1�/� mice. However, this find-

ing further highlights the qualitative divergence in single-

pollutant versus co-pollutant effects, as the HRV effect with

acrolein alone was not evident in CAPsþAcrolein-exposed

B6129 mice. Although the precise reasons for this divergence

are unclear, these data are consistent with our previous find-

ings that compared effects of single and multiple pollutant

exposures, which found that whole and particle-free diesel ex-

haust elicit varying physiological and autonomic responses

(Carll et al., 2012; Lamb et al., 2012).

The unique co-pollutant effects in this study may have been

driven by physicochemical interactions that modified the bio-

logical responses compared with exposure to either pollutant

alone. Fine PM usually reaches the deep lung and the reactive

properties of acrolein generally restrict it to the upper airways.

However, the addition of PM may allow acrolein to penetrate

the deep lung (Jakab, 1993) by serving as an acrolein pre-

concentrator and delivery agent, which as has been demon-

strated by use of surrogate organic PM samples, ie, mineral oil

aerosols (Ebersviller et al., 2012). Although it is unclear if this

took place during co-exposure in this study, measures of acro-

lein adducts in lung tissue in future studies would help assess

this possibility (Conklin et al., 2017). Alternatively, atmospheric

interaction between PM and acrolein could lead to the forma-

tion of more proinflammatory and irritating byproducts as has

been demonstrated with SO2 in the presence of various metals

(Amdur and Underhill, 1968; Vadjic et al., 1991).

Several limitations should be considered in this study. First,

low airflow and PM concentrations reduced the opportunity for

PM sample collection. The 4 weeks required to collect enough

PM mass to extract and analyze limited the temporal resolution

of PM elemental analysis and source apportionment, and con-

tributed to a loss of volatile PM constituents (eg, nitrate ions).

Organic speciation of PM in future studies could also reduce the

percentage of unidentified sources found in this study. In addi-

tion, the limited availability of Trpa1�/� mice required the use

of a larger subject age range than expected. In fact, two of the

Trpa1�/� mice were substantially older (ie, 3–4 months older)

than the remaining mice and had significantly higher baseline

strain delay. These two mice were, however, split into separate

groups to minimize any potential age-related impacts.

Moreover, given the use of female mice, estrous cycles among

the mice were not synched presenting some uncertainty with

respect to any potential impacts estrous had on the cardiovas-

cular responses in this study. Although others have noted that

cardiac function is in fact impacted by estrous (MacDonald et al.,

2014), the length of the exposure regimen (ie, 4 weeks), may

have diminished any such impact. Furthermore, assessing HRV

while under anesthesia may have dampened the degree of acti-

vation of the autonomic nervous system. In particular, isoflur-

ane induces bradycardia and although we targeted HR to 450

beats/min by adjusting the level of isoflurane anesthesia, HR it-

self demonstrated wide variation. Whether this variability in HR

played a role in the lower average HR and higher HRV in

acrolein-exposed B6129 mice compared with all other groups is

unclear. The HRV analysis was also limited by the short seg-

ment duration of data analyzed, which was due to the limited

capacity to acquire electrocardiogram data using the ultrasound

system. Although HRV segment length recommendations have

not been espoused for rodents, guidelines for human clinical

assessments recommend at least 5 min of continuous heart

rate data (Task Force, 1996). Nonetheless, the recordings were

nearly concurrent with measures of cardiac function, which

allowed for inferences about potential relationships between

the functional data and autonomic tone.

In conclusion, this study provides evidence that PM may in-

teract with gaseous air toxicants like acrolein to produce unique

health effects via TRPA1 activation. Moreover, this study lends

support to the possibility that exposure to air pollution mixtures

that include PM and volatile organics, like aldehydes, could in-

crease the severity of health effects beyond that resulting from

exposure to single pollutants alone, especially with repeated

Figure 5. Heart rate variability. We analyzed HRV using ECG signals recorded in anesthetized B6129 and Trpa1�/� mice 1 day after the 8th exposure to Filtered Air,

Acrolein, CAPs, or CAPsþAcrolein. A, No changes in SDNN were found. B, No significant differences in RMSSD were found but the change in mean between B6129 mice

exposed to Filtered Air and B6129 mice exposed to Acrolein produced a p ¼ .07. C, The high frequency domain of HRV increased in B6129 mice exposed to Acrolein com-

pared with B6129 mice exposed to Filtered Air. No other differences in High Frequency were found. Data were compared by two-way ANOVA with Tukey (within strain)

or Bonferroni (across strain) post-test. The p-values for significant differences and others near .05 are provided for clarity.
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intermittent exposure. The finding that co-exposure to PM and

acrolein in this study caused regional myocardial dyssynchrony

in the absence of any overt pathophysiology highlights the ca-

pacity for exposure to air pollution mixtures to produce subclin-

ical and latent effects, which may not register in conventional

measures, but may nonetheless have serious health ramifica-

tions. Thus, evaluation of myocardial synchronicity in human

populations prone to air pollution exposure or during controlled

human exposure studies may provide data that indicates early

manifestations of cardiovascular disease proclivity. Finally, fur-

ther elucidation of the precise mode of TRPA1 activation and

downstream effects including autonomic responses will in-

crease the plausibility for greater than additive effects with co-

pollutant exposure.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences

online.
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Justifications:

Justification 1:

This research supports US EPA’s goals to understand connections between healthy ecosystems,
healthy people, and healthy communities, including protecting and building upon public health
benefits associated with protecting environmental resources. The Sustainable and Healthy
Communities Research Program, in particular, has identified a need to evaluate the causal
relationships between ecosystem goods and services and human health (EPA 2018-2022 Strategic
Plan). This nomination presents two research studies designed to 1) develop a conceptual framework
and conduct a literature review to describe the causal relationships between ecosystem services and
human health outcomes, and 2) apply this framework for a specific application in Puerto Rico to
demonstrate how evidence for eco-health linkages can be applied and developed.

Ecosystem goods and services (EGS) are thought to play a role in protecting human health, but the
empirical evidence directly linking EGS to human health outcomes is limited, and our ability to
detect linkages is confounded by socio-economic factors. These limitations hinder opportunities to
develop greening and restoration strategies to complement existing health promoting efforts at the
community level. In order to better inform Eco-Health initiatives, the first nominated study (De Jesus
Crespo and Fulford 2018) conducted a “weight of evidence” analysis to identify: i) which
Eco-Health linkages are empirically supported and should be considered for management, ii) which
are theoretically plausible but need further research, and iii) which socio-economic confounding
factors should be accounted for when designing management plans. The results help to establish an
agenda to shape future Eco-Health research and define priorities for managing green spaces to
provide benefits to human health.

In a follow-up study, the research team applied the Eco-Health framework and evidence developed
in the literature review to investigate the role of natural infrastructure in minimizing flood impacts
and human health effects in Puerto Rico (De Jesus et al. 2019). Impoverished communities in Puerto
Rico have and continue to be exposed to frequent flooding and flood related illnesses. The extensive
flood impacts caused by Hurricane Maria on the Island in 2017 further underscore the potential for
weather hazards to severely impact human health, especially among vulnerable sectors. Having a
better understanding of the extent to which ecosystem services may help buffer environmental
hazards and protect human health, would help guide community-based management of flood prone
neighborhoods and justify conservation and restoration efforts focused on natural infrastructure. To
inform this effort, the research team used the previously described literature review to accumulate
evidence for the role of ecosystem services in relation to one of the most common health outcomes
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associated to flooding - acute gastrointestinal (GI) illness. From the literature review, however, it
was identified that no study had attempted to determine if the impact of floods on GI illness could be
prevented with flood protection ecosystem services. The research team therefore conducted a
statistical modeling study to evaluate the relationships between ecosystem services (i.e., rainfall
retention), flood claims, and GI symptoms in Medicare claims. The roles of socio-economic factors
and built infrastructure in mitigating flood claims and illness occurrence were also considered. The
results support a linkage between the ability of ecosystems to promote rainfall infiltration, flood
events, and GI illness. The results help inform planning strategies for future weather hazards,
accounting for the role of natural and built infrastructure on minimizing flood impacts and human
health effects.  

Taken together, the two studies expand the evidence-base for relationships between ecosystem
services and benefits to human health. The literature review provides evidence for causal
relationships between ecosystem services and human health outcomes, in support of EPA’s strategic
goals. The second study demonstrates an application of how evidence of eco-health linkages can be
applied to support environmental management and community decision-making in vulnerable
communities, including improving their resilience to natural hazards. This research supports EPA’s
strategic goal of improving our understanding of waterborne threats to human health, and providing
resources to help states and territories prevent harmful exposures (EPA 2018-2022 Strategic Plan).

https://www.epa.gov/sites/production/files/2019-09/documents/fy-2018-2022-epa-strategic-plan.pdf

Justification 2A:

This research supported efforts in EPA’s Sustainable and Healthy Communities Research Program to quantify

linkages between ecosystem services and human health and well-being through coordinated case studies in a

number of locations across the U.S. The literature review (De Jesus Crespo and Fulford 2018) was
conducted to identify relationships between ecosystem services and human health with potential for
use and transferability across a variety of decision contexts and locations by using a “weight of
evidence” analysis to identify: i) which Eco-Health linkages are empirically supported and should be
considered for management, ii) which are theoretically plausible but need further research, and iii)
which socio-economic confounding factors should be accounted for when designing management
plans. The framework and evidence developed in this review were applied to a specific example of
how greenspace might mitigate health impacts from coastal flooding for one of the coordinated case
studies in Puerto Rico (De Jesus Crespo et al. 2019). The research team used the literature review to
accumulate evidence for the role of ecosystem services in relation to one of the most common health

https://www.epa.gov/sites/production/files/2019-09/documents/fy-2018-2022-epa-strategic-plan.pdf
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outcomes associated to flooding in Puerto Rico - acute gastrointestinal (GI) illness. From the
literature review, however, it was identified that no study had attempted to determine if the impact of
floods on GI illness could be prevented with flood protection ecosystem services. The research team
therefore conducted a statistical modeling study to evaluate the relationships between ecosystem
services (i.e., rainfall retention), flood claims, and GI symptoms in Medicare claims. Lessons from
both studies were integrated into two EPA reports describing how EcoHealth evidence can be more
broadly applied in community decision-making (Yee et al. 2017; Johnston et al. 2017).

Justification 2B:

Richard Fulford; 2017 EPA Scientific and Technological Achievement Level III Award; R. Fulford,
D. Yoskowitz, M. Russell, D. Dantin, J. Rogers. Measuring sustainability through ecosystem
service-based valuation of coastal restoration projects. Fulford, R., D. Yoskowitz, M. Russell, D.
Dantin, AND Johne Rogers. Habitat and Recreational Fishing Opportunity in Tampa Bay: Linking
Ecological and Ecosystem Services to Human Beneficiaries. Ecosystem Services. Elsevier Online,
New York, NY, 17:64-74, (2016).

Susan Yee; 2015 EPA Scientific and Technological Achievement Award, Honorable Mention; Yee,
S.H., J.A. Dittmar, L.M. Oliver. 2014. Comparison of methods for quantifying reef ecosystem
services: a case study mapping services for St. Croix, USVI. Ecosystem Services 8:1-15.
http://dx.doi.org/10.1016/j.ecoser.2014.01.001

Susan Yee; 2015 EPA Scientific and Technological Achievement Award, Honorable Mention; Yee,
S.H., J. Carriger, W.S. Fisher, P. Bradley, B. Dyson. 2015. Developing scientific information to
support decisions for sustainable reef ecosystem services. Ecological Economics 115:39-50.
http://dx.doi.org/10.1016/j.ecolecon.2014.02.016

Justification 2C:

This nomination advances previously nominated work (Yee et al. 2014; Yee et al. 2015; Fulford et
al. 2017), which developed approaches to model ecosystem services production, by connecting
ecosystem services production to benefits on a human health through a literature review and a
specific application for coastal flooding in Puerto Rico. In addition to building upon previous work,
this effort to incorporate quantitative “weight-of-evidence” approaches to synthesize scientific
literature represents a novel contribution to the field of Eco-Health research.
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Justification 2D:

n/a

Justification 2E:

Some of the authors (Rebeca de Jesus Crespo, Susan Yee) have submitted a concurrent

nomination (De Jesus Crespo et al. 2018; Yee et al. 2019), which uses a field study and statistical

modeling to investigate the impacts of ecosystem services on vector-borne illness in the San Juan

Bay estuary watershed of Puerto Rico. Both nominations are similar in building the evidence base

for relationships between ecosystem services and benefits to human health. However, the

concurrent nomination demonstrates through a specific application for the San Juan Bay estuary

how an improved understanding of the relationships between environmental quality, ecosystem

services, and vector-borne illness can help inform decision-making in vulnerable communities.

Justification 3A:

In 2019, Dr. De Jesus Crespo was invited to present this research as the keynote speaker at the Puerto Rico

Watershed Symposium. As a result of this presentation, Dr. De Jesus Crespo was contacted by the West

Puerto Rico Watershed Initiative requesting additional information to help inform management efforts in the

Rio Grande de Anasco watershed (Supplement B1). Efforts to improve Puerto Rico’s resilience to flooding

were particularly heightened after 2017, when Hurricane Maria devastated the entire island of Puerto Rico.

·      De Jesus Crespo, R. Watershed Symposium Puerto Rico 2019: Keynote Speaker/Agricultura, Urbanización

y Plástico: Impacto y Manejo de Cuencas Tropicales Para la Salud y el Bienestar Público.

The research was highlighted as part of EPA’s “Science Matters” newsletter (Supplement B2).

https://www.epa.gov/sciencematters/are-greenspaces-good-your-heart

The authors collaborated with EPA’s EnviroAtlas to incorporate recent years from the literature review into an

update of the EcoHealth Browser. The Eco-Health Relationship Browser illustrates scientific evidence for

https://www.epa.gov/sciencematters/are-greenspaces-good-your-heart
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linkages between human health and ecosystem services. This interactive tool provides information about

several of our nation's major ecosystems, the services they provide, and how those services, or their

degradation and loss, may affect people.

·      https://www.epa.gov/enviroatlas/enviroatlas-eco-health-relationship-browser

The authors of this work have been invited to present this work at numerous conferences or symposiums. Two

of the co-authors (Fulford and de Jesus Crespo) organized a special session at A Community on Ecosystem

Services conference (ACES 2016, Jacksonville, FL) on “Evidence-based approaches for linkg ecosystem

services and human health”. The research was also included as part of a 2018 invited session on “Governance

Barriers and Opportunities for Integrating Ecosystem Services into Estuary and Coastal Management” at A

Community on Ecosystem Services conference (ACES, 2018, Washington DC), where environmental effects

on gastrointestinal illnesses were described alongside potential effects on asthma and vector-borne illness as

part of a broader description of potential health benefits of estuary management. Dr. de Jesus Crespo was

invited to present as the keynote speaker at the Odum School of Ecology Graduate Student Symposium

(Supplement B3).

·      Fulford, R. and R. DeJesus-Crespo. Applying eco-health science in environmental governance. A

Community on Ecosystem Services (ACES) Conference, Jacksonville, FL, December 05 - 09, 2016. 

https://conference.ifas.ufl.edu/aces16/presentations.html

·      Yee, S.H., R. de Jesus Crespo, D. Betancourt, T. Dean. 2018. Linking Ecosystem Services to Human

Health to Inform Estuary Management in Puerto Rico. A Community of Ecosystem Services 2018

Conference, Washington D.C. https://conference.ifas.ufl.edu/aces18/speaker-presentations.html

·      De Jesus Crespo, R. 2020. Zooming out and in: applying geo-spatial technology and stakeholder

engagement to study eco-health linkages in coastal communities. Odum School of Ecology Graduate Student

Symposium, Athens, Georgia, 2020. 

http://gsa.ecology.uga.edu/wp-content/uploads/2020/02/GSSProgram-2020.pdf

This research contributed to Dr. de Jesus Crespo being awarded an Early Career Fellowship from the National

Academies of Science Gulf Research Program (Supplement B4).

·      

https://www.nationalacademies.org/gulf/fellowships-and-grants/current-and-past-early-career-research-fellows

https://www.epa.gov/enviroatlas/enviroatlas-eco-health-relationship-browser
https://conference.ifas.ufl.edu/aces16/presentations.html
https://conference.ifas.ufl.edu/aces18/speaker-presentations.html
http://gsa.ecology.uga.edu/wp-content/uploads/2020/02/GSSProgram-2020.pdf
https://www.nationalacademies.org/gulf/fellowships-and-grants/current-and-past-early-career-research-fellows
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According to Google Scholar, these two articles have been cited 11 times in the past two years. Approaches

and lessons from the literature review were integrated into two EPA reports describing how EcoHealth

evidence can be applied in community decision-making (Yee et al. 2017 Supplement A1; Johnston et al. 2017

Supplement A2).

·      Ares, Á., Brisbin, M. M., Sato, K. N., Martín, J. P., Iinuma, Y., & Mitarai, S. (2019). Extreme

storm-induced run-off causes rapid, context-dependent shifts in nearshore subtropical bacterial communities.

BioRxiv, 801886.

·      Yu, Q., LI, N., DING, L., & WANG, Y. A New Methodology Developed to Assess the Impacts of Floods

on Environment.

·      Cochran, F., Jackson, L., Neale, A., Lovette, J., & Tran, L. (2019). A Community EcoHealth Index from

EnviroAtlas Ecosystem Services Metrics. International journal of environmental research and public health, 

16(15), 2760.

·      Wu, J., Rappazzo, K. M., Simpson Jr, R. J., Joodi, G., Pursell, I. W., Mounsey, J. P., ... & Jackson, L. E.

(2018). Exploring links between greenspace and sudden unexpected death: A spatial analysis. Environment

international, 113, 114-121.

·      Xu, Z., Wei, H., Fan, W., Wang, X., Zhang, P., Ren, J., ... & Kong, W. (2019). Relationships between

ecosystem services and human well-being changes based on carbon flow—A case study of the Manas River

Basin, Xinjiang, China. Ecosystem Services, 37, 100934.

·      Summers, J. K., Smith, L. M., Fulford, R. S., & de Jesus Crespo, R. (2018). The Role of Ecosystem

Services in Community Well-Being. Ecosystem Services and Global Ecology, 145.

·      Yee, S. H., Yee, D. A., de Jesus Crespo, R., Oczkowski, A., Bai, F., & Friedman, S. (2019).
Linking ewater quality to Aedes aegypti and Zika in flood-prone neighborhoods. EcoHealth, 16(2),
191-209.

·      Harwell, M.C. and C. Jackson. (2019) FY18 Output – SHC 2.61.3 – Incorporation of Ecosystem
Goods and Services into Community-Level Decision Support Using EnviroAtlas and Other Tools.
U.S. Environmental Protection Agency, Gulf Breeze, FL, EPA/600/R-19/087.
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·      Johnston, J.M. (2019) Quantitative and Qualitative Linkages Between Final Ecosystem Goods and
Services and Human Health. Sustainable and Healthy Communities Research Program Fact Sheet
2.61.4.

·      Yee, S., J. Bousquin, R. Bruins, T.J. Canfield, T.H. DeWitt, R. de Jesús-Crespo, B. Dyson, R.
Fulford, M. Harwell, J. Hoffman, C.J. Littles, J.M. Johnston, R.B. McKane, L. Green, M. Russell, L.
Sharpe, N. Seeteram, A. Tashie, and K. Williams. 2017. Practical Strategies for Integrating Final
Ecosystem Goods and Services into Community Decision-Making. U.S. Environmental Protection
Agency, Gulf Breeze, FL, EPA/600/R-17/266.

·      Johnston, J.M., R. de Jesus Crespo, M. Harwell, C. Jackson, M. Myer, N. Seeteram, K. Williams,
S. Yee, J. Hoffman. 2017. Valuing Community Benefits of Final Ecosystem Goods and Services:
Human Health and Ethnographic Approaches as Complements to Economic Valuation. US
Environmental Protection Agency, Washington, DC. EPA/600/R-17/309.

Justification 3B:

De Jesus and Fulford 2018 was submitted and accepted by the International Journal of Public Health.
The article followed EPA’s management clearance process, as well as journal editorial and
peer-review processes. The EPA review included the Branch Chief and Division Director internal
reviews, as well as an external review by Laura Jackson, an expert on EcoHealth science and key
developer of the EnviroAtlas EcoHealth Browser. The journal reviews were performed by the editor,
and two anonymous peer reviewers.

De Jesus et al. 2019 was submitted and accepted by the journal Science of the Total Environment.
The article followed EPA’s management clearance process, as well as journal editorial and
peer-review processes. The EPA review included the Branch Chief and Division Director internal
reviews, as well as an external review by Tim Wade, an expert on health science with the US
EPA. The journal reviews were performed by the editor, and two anonymous peer reviewers.
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Abstract

Objectives In the last decade, we saw an upsurge of studies

evaluating the role of ecosystem goods and services (EGS)

on human health (Eco-Health). Most of this work consists

of observational research of intermediate processes and

few address the full pathways from ecosystem to EGS to

human health, limiting our ability to assess causality.

Methods We conducted a causal criteria analysis of Eco-

Health literature using Eco-Evidence, a software tool that

helps evaluate evidence of cause–effect relationships. We

focus on the context of green spaces providing ‘‘buffering’’

EGS that may influence disease.

Results We found support for a causal linkage between

green spaces and all of the EGS tested, and sufficient

evidence linking EGS to gastro intestinal disease and heat

morbidities. Inconsistencies were found when assessing the

link between EGS to cardiovascular and respiratory dis-

eases. Few studies directly link green spaces to health.

Those that do, support a connection to cardiovascular

disease, and heat morbidities, but provide inconsistent

evidence regarding respiratory illness.

Conclusions Our results help establish an agenda to shape

future Eco-Health research and define priorities for

managing green spaces to provide human health benefits.

Keywords Ecosystem goods and services � Green spaces �
Disease � Causal criteria analysis

Introduction

Ecosystem goods and services (EGS) are the outputs of

ecological processes that directly or indirectly contribute to

social welfare (Munns et al. 2015). One of the key uncer-

tainties limiting the protection of EGS is the limited

knowledge of how they may relate to human health (Cor-

valan et al. 2005). Since the Millennium Ecosystem

Assessment (MEA 2005), there has been increasing interest

in addressing this information gap, and an upsurge in the

number of studies on the subject (Hartig et al. 2014).

The emerging body of literature relating EGS to human

health has been compiled in over fifty review articles

(Hartig et al. 2014), and captured in interactive tools, such

as the US-EPA’s Eco-Health Relationship Browser (Jack-

son et al. 2013). Although these compilations highlight

empirical evidence, the references to date do not neces-

sarily support causality, but rather focus on establishing

plausible associations (Jackson et al. 2013). Moreover, the

field is dominated by observational research and there is a

dearth of primary studies to establish causal associations

between EGS and health in a consistent and rigorous

manner (Hartig et al. 2014).

Notably, there are few studies directly linking the

presence of ecosystems to physical health and disease by

means of buffering EGS. Buffering EGS refers to the

ecosystem’s capacity to ‘‘buffer’’ against health impacts

Electronic supplementary material The online version of this
article (doi:10.1007/s00038-017-1020-3) contains supplementary
material, which is available to authorized users.
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by, for example, removing pollutants from air and water,

and mitigating heat and water hazards (Jackson et al.

2013). Most existing research links disease to intermediate

processes (e.g., air pollution, floods), which may be

attributed to anthropogenic impacts and not necessarily to

buffering EGS by ecosystems. Given that the ecosystem is

the operable management unit in the conservation of

buffering EGS for human health, a lack of empirical evi-

dence supporting a direct association could undermine the

effectiveness (and public support) of conservation plans.

There are few papers tracing the full pathways from

ecosystem, to EGS processes, to health outcomes, which

further limit our ability to demonstrate causality (Hartig

et al. 2014).

One solution to these limitations is the collective anal-

ysis of existing Eco-Health literature using causal criteria

analysis (CSA). CSA emerged in the field of epidemiology

due to the need for decision-making based on relatively

weak independent pieces of evidence (Weed 1997). Brad-

ford Hill’s criteria represent the most widely used guide for

assessing causality, and consist of standards, summarized

by Russo and Williamson (2007), into two categories: (1)

probabilistic evidence, or consistent cause–effect associa-

tion; and (2) mechanistic evidence, or a logical explanation

of how the causal association occurs. Norris et al. (2011)

subsequently applied causality criteria to develop a

framework for assessing cause–effect relationships in

environmental research. The premise is that isolated studies

may not offer a strong case for causality, but they may do

so if considered collectively.

We focus our CSA on the context of green spaces, its

effects on buffering EGS, and the impact of these on

human diseases. We address the following questions: (1)

which linkages are theoretically plausible but need further

research, (2) which diseases have been associated directly

with presence/absence of green spaces, and (3) which Eco-

Health linkages are best supported and should be consid-

ered for management. Addressing these questions will

better characterize the current state of knowledge, define

management priorities, and identify pending Eco-Health

research topics.

Methods

To conduct our CSA, we applied a numerical technique

that combines individual studies, weighted by research

design, into a single score for or against a given hypothesis

(Norris et al. 2011; Table 1). This method helps determine

whether the composite of existing research supports the

cause and effect relationship, or suggests inconsistent

evidence, or support for an alternative hypothesis. This

approach differs from meta-analysis as it is not meant to

measure effect sizes. Instead it helps determine the evi-

dence for a given causal linkage. It also allows consider-

ation of studies that do not report summary statistics, which

are needed for quantitative reviews (Norris et al. 2011).

This method represents an alternative to narrative reviews

as it allows for succinct literature synthesis and a system-

atic assessment of relative weight of evidence (Norris et al.

2011). This approach has been incorporated into an online

tool called Eco-Evidence, summarized here in four sec-

tions: context definition; cause and effect mechanism; lit-

erature review; and weighting the evidence (Webb et al.

2015).

Context definition

Our analysis focuses on diseases linked to buffering EGS

provided by green spaces (Fig. 1). Here, the term green

space refers to any vegetation within a human dominated

environment (Kabisch and Haase 2013). This includes

urban trees, green roofs, and wetlands.

We did not consider health promoting services (physical

activity, engagement with nature), or mental health out-

comes. Recent reviews describes the state of knowledge

regarding these topics (Lee and Maheswaran 2011;

Shanahan et al. 2015), while there is relatively less

Table 1 Factors considered and weight of evidence scores for causal

criteria analysis. Modified from Norris et al. (2011)

Factors considered Weight applied

Study design type

BACI or BARI MBACI 4

Gradient response model 3

Before vs after (no reference/control) 2

Reference vs control (no before) 2

After impact only 1

Number of independent control locations

0 0

1 2

1? 3

Number of independent impact locations

1 0

2 2

2? 3

Locations for gradient response model

3 0

4 2

5 4

5? 6

BACI before–after-control-impact, BARI before–after-reference-im-

pact, MBACI multiple before–after-control (or reference)-impact

82 R. de Jesus Crespo, R. Fulford
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information on the weight of evidence linking acute mor-

bidities such as gastrointestinal disease, respiratory illness,

cardiovascular disease, and heat morbidities to green-

space–EGS (Hartig et al. 2014). We selected these four

health endpoints for our assessment which followed two

approaches:

1. Evaluating intermediate linkages:

(a) Green space ? EGS (i.e., green spaces provid-

ing buffering EGS)

(b) EGS ? Health (i.e., exposure to environmental

hazards leading to disease).

2. Evaluating direct linkages:

(a) Green space ? Health (i.e., health benefits

associated to presence/extent of the ecosystem).

This approach allowed us to fully characterize the

cause–effect model (Fig. 1), and identify the greatest data

gaps and the strongest support.

Cause and effect mechanisms

Green spaces mitigate water hazards (e.g., floods, storm

surge) by increasing rainfall interception and infiltration

and by acting as a physical barrier to waves and storm

surges (Brody and Highfield 2013; Costanza et al. 2008).

Water hazard mitigation lowers exposure to polluted flood

waters that cause GI disease, and prevents flood prone

homes from harboring conditions that lead to mold growth

and asthma (Wade et al. 2004; Chew et al. 2006). Green

spaces remove infectious and toxic pollutants (Silva et al.

1990; Karim et al. 2004), helping to prevent GI disease

from drinking and recreational water (Araya et al. 2004;

Katukiza et al. 2014). They trap air contaminants (Räsänen

et al. 2013), which may otherwise lead to respiratory illness

and cardiovascular disease (Peters et al. 1997; Brook et al.

2004). Green spaces mitigate extreme temperatures

through shade and evapotranspiration, lowering heat mor-

bidities during heat waves (Bouchama and Knochel 2002).

Table 2 summarizes these cause–effect mechanisms.

Literature review

We examined 2756 publications regarding Eco-Health

linkages [(ESM 1) from years 2000 to 2016. First, we sear-

ched within an existing Eco-Health database (Jackson et al.

2013), N = 1434] and selected papers relevant to our focal

Eco-Health relationships (N = 112). We expanded this

database with a targeted keyword search (ESM 2). We

examined the titles and abstracts of all articles from the first

50 non-duplicative results per key-word combination

Fig. 1 Selected Eco-Health

linkages for causal criteria

analysis. We followed two

approaches for our analysis:

a Evaluating the intermediate

steps linking green spaces to

human health; b evaluating the

evidence linking green spaces

directly to human health. EGS

ecosystem goods and services,

GI disease gastro intestinal

disease, CVD cardio vascular

disease

Eco-Health linkages: assessing the role of ecosystem goods and services on human health… 83
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(N = 950), and eliminated non-relevant results (e.g., review

articles) for a total of 208 papers. We then evaluated study

methodology for all papers selected [N = 320 (112 ? 208)]

and excluded papers that were not primary research papers.

For example, we excluded papers that used modeling tech-

niques such as i-Tree (Nowak et al. 2008) as these tend to

infer provision of EGS from estimates made by previous

studies, and thus may not add new evidence. When available

we assessed articles that helped informed model develop-

ment (e.g., Pope et al. 2002). We also excluded articles that

looked at the green space–human health link through the lens

of physical activity or restorative theories, as our focus was

buffering EGS. Our final selection (N = 212, ESM 4) was

evaluated using CSA.

Weighting the evidence

Selected articles were classified using the weights descri-

bed in Table 1. We summed these weights to calculate an

evidence score for each cause and effect linkage. A score

of 20 was the threshold for rejecting or supporting the

causal linkage. This threshold implies that at least three

high-quality studies are needed to provide evidence for

causality, whereas in the case of low-quality research

studies, more articles may be needed to obtain the same

level of support (Norris et al. 2011). A score of 20 or more

for articles contradicting the hypothesis serves as basis for

rejecting the cause–effect relationship. Norris et al. 2011

chose this threshold after expert consultation and multiple

trials; however, Eco-Evidence allows modifying these

values if necessary. For our study, we applied the sug-

gested score of 20, with the following possible scenarios:

1. In Favor C20 ? Not in Favor B20 = Support for

Hypothesis.

2. In Favor \20 ? Not in Favor C20 = Support for

Alternate Hypothesis.

3. In Favor \20 ? Not in Favor \20 = Insufficient

Evidence.

4. In Favor C20 ? Not in Favor C20 = Inconsistent

Evidence.

Table 2 Cause and effect mechanisms for the intermediate steps of the selected Eco-Health linkages

Eco-Health linkages Cause–effect mechanism Mechanistic references #

Studies

Green spaces and EGS

Green spaces–clean

water

Green spaces provide physical barriers to the movement of pollutants in

water, change the soil’s condition to promote pollutant immobilization, or

capture pollutants in plant biomass

Silva et al. (1990), Karim

et al. (2004)

44

Green spaces–water

hazard mitigation

Green spaces reduce surface runoff by increasing rainfall interception and

infiltration. They also act as physical barriers to waves and storm surges

Brody and Highfield (2013),

Costanza et al. (2008)

19

Green spaces–clean

air

Green spaces provide physical barriers to the movement of pollutants in air

and absorb pollutants

Räsänen et al. (2013) 22

Green spaces–heat

hazard mitigation

Green spaces provide cooling through shade and evapotranspiration Pokorný et al. (2010), Kong

et al. (2014)

19

EGS and health

Clean water–GI

disease

Pathogenic microbes cause toxicity and infection, heavy metals like copper

cause vagal nerve stimulations which triggers GI symptoms

Araya et al. (2004),

Katukiza et al. (2014)

6

Water hazard

mitigation–GI

disease

Flood water mixes with waste water discharged into rivers, or other polluted

sources. Individuals in flood prone areas come in contact with

contaminated flood waters

Wade et al. (2004) 7

Water hazard

mitigation–

respiratory illness

The humidity and dampness in flood prone households lead to indoor mold

growth. Mold endotoxins cause respiratory conditions like asthma

Chew et al. (2006) 4

Clean air–respiratory

illness

Outdoor air pollutants (i.e., PM, O3, SO2 and NO2) cause oxidative stress and

airway inflammation. Other mechanisms causing respiratory illness include

increased susceptibility to infections and disruptions in oxygen transport

Kagawa (1985), Nel et al.

(2006) Reno et al. (2015)

28

Clean air–

cardiovascular

disease (CVD)

Airway inflammation and obstruction in oxygen transport caused by PM2.5

and PM10), O3, SO2 and NO2 leads to plaque formation and atherosclerosis.

Pollutants may also affect blood coagulation

Peters et al. (1997), Brook

et al. (2004)

23

Heat hazard

mitigation–heat

morbidities

Heated blood is transferred towards the surface of the body, increasing blood

output and activating sweating. This leads to dehydration, increases in heart

rate, and affects kidneys, liver and digestive systems as blood circulation is

transferred away from the organs and towards the skin

Bouchama and Knochel

(2002)

18

EGS ecosystem goods and services, GI disease gastrointestinal disease
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To determine the sensitivity of our conclusions to the

chosen threshold, we examined results at 5, 10, 15 and 20%

of the base value (e.g., when using a 20% variation in

threshold, scores of 16 and 24 were applied instead of 20).

Results

Weighting the evidence: intermediate linkages

Green spaces and buffering EGS

We reviewed 105 articles linking green spaces to clean

water, water hazard mitigation, clean air, and heat hazard

mitigation (Fig. 2; ESM 3).

We found 44 papers supporting the green spaces–clean

water linkage. Most of the studies assessed the role of

wetlands in removing copper and fecal coliform; we found

fewer studies assessing the capacity of other types of green

spaces (riparian vegetation, green roofs, urban trees) for

removing pollutants (ESM 3). We found 20 papers sup-

porting the role of green spaces in mitigating water haz-

ards. Studies linked this EGS to several types of green

spaces, including green roofs, wetlands and open spaces.

Indicators used to assess water hazard mitigation included

wave energy, surface runoff, and flood-related property

damages, in the presence and absence of green spaces

(ESM 3).

Our assessment supports the linkage between green

spaces and clean air. We reviewed 22 articles, where urban

trees (canopy cover, tree cover) were consistently shown to

remove air pollutants, most frequently particulate matter

(PM10 and PM2.5). We also found support for the role of

green spaces in heat hazard mitigation in 19 studies on the

subject. The indicators to assess Heat Hazard were mostly

temperature change and heat waves, while NDVI (Nor-

malized Difference Vegetation Index) and tree cover were

commonly used to measure green spaces.

Fig. 2 Results from causal criteria analysis. Interpreting possible

outcomes: (1) In Favor C20 ? Not in Favor B20 = Support for

Hypothesis; (2) In Favor \20 ? Not in Favor C20 = Support for

alternate Hypothesis; (3) In Favor \20 ? Not in Favor \20 = In-

sufficient Evidence; (4) In Favor C20 ? Not in Favor

C20 = Inconsistent Evidence. Negative values here represent evi-

dence not in favor, while positive values represent evidence in favor.

EGS ecosystem goods and services, GI disease gastro intestinal

disease, CVD cardiovascular disease
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EGS and health

GI disease We reviewed 6 papers providing sufficient

support for clean water–GI disease linkage. Swimming and

consumption were the two mechanisms of exposure in the

papers assessed, while surveys were used to characterize

GI disease occurrences.

For the water hazard mitigation–GI disease linkage, we

found 7 papers providing sufficient evidence in favor

(Fig. 2). Most studies correlated flood events to GI disease,

except for one which focused on rainfall. In this case, GI

disease occurrences were assessed using hospital admis-

sions or surveys.

Respiratory illness We found only 4 studies evaluating

the linkage between water hazard mitigation and respira-

tory illness (ESM 3). Three of the papers assessed asthma

as a response, and the fourth assessed bronchitis and cough.

To measure water hazards, authors looked at flood and

severe rainfall events, while health impacts were assessed

using surveys or insurance claims. These papers provided

insufficient evidence of a causal relationship (Fig. 2).

The linkage between respiratory illness and clean air has

been studied extensively (N = 27 papers reviewed). Of the

respiratory conditions assessed (bronchitis, cough, wheez-

ing, asthma) we found more evidence against the correla-

tion between air pollutants and asthma (not in favor = 93)

than the evidence in favor (in favor = 79; ESM 3). In

terms of indicators, most of the studies measured air pol-

lutants using data from monitoring stations, while hospital

admissions and surveys were commonly used to assess

health outcomes.

Cardiovascular disease (CVD) The link between clean

air and CVD had inconsistent evidence (Fig. 2). The

studies reviewed (N = 22) used a variety of indicators to

assess CVD, from blood pressure, to hospital admissions,

to indicators of inflammation. This variability in methods

may explain our inconsistent results. In terms of the air

pollution variables, studies mostly used data from moni-

toring stations, and indicators like PM10, PM2.5, and NO2.

Heat morbidities We reviewed 18 papers linking heat

hazards to health, which provided strong support for

causality. To measure heat hazards the authors used either

temperature fluctuations or specific heat wave events. The

health indicators used were hospital admissions and

emergency room visits, particularly those related to heat

(e.g., heat stroke), the renal system, or the circulatory

system.

Weighing the evidence: direct Eco-Health linkages The

evidence directly linking green spaces to health included 5

papers on Respiratory Conditions, 3 papers on heat mor-

bidities, and 2 papers on CVD (Fig. 2). We found sufficient

support for the role of green spaces in reducing heat

morbidities and CVD, with most papers reporting correla-

tions between green space cover and hospital admissions or

mortality related to these conditions. The evidence linking

green spaces to respiratory illness was inconsistent; most of

the inconsistencies were associated with the response of

asthma and/or allergies to green space cover (ESM 3). We

did not find papers associating green spaces with GI dis-

ease, so our results indicate insufficient evidence to support

this direct linkage (Fig. 2).

Sensitivity analysis Most relationships remained

unchanged when varying the threshold value by 5–20%,

with a few exceptions. Varying the threshold by 15% (i.e.,

a threshold of 17, or 23, instead of 20) would have changed

the conclusion regarding the green spaces–water hazard

mitigation and clean water linkage, from ‘‘sufficient’’ evi-

dence, to ‘‘inconsistent’’ evidence as we found a few

studies that found no support for the relationship. Varying

the threshold by 20% (i.e., threshold of 16, or 24) would

have changed the evidence supporting the green space

linkage to clean air from ‘‘sufficient’’ to ‘‘inconsistent’’

with two well-designed studies falsifying the hypothesis. A

20% threshold decrease would have altered the conclusions

regarding the water hazard mitigation–respiratory illness

relationship, going from ‘‘insufficient evidence’’ to ‘‘suffi-

cient evidence’’ as we found two well-designed studies and

a relatively poor study in support of the linkage. See ESM3

for details of the studies reviewed.

Discussion

Evidence for causality: Eco-Health linkages

GI disease

Green spaces are causally linked to clean water and water

hazard mitigation. Wetlands have been particularly well

studied for their role in providing clean water. Factors

determining their effectiveness include wetland type (De

Lacerda and Abrao 1984), the species involved (Yang et al.

2008), hydrological residence time, and season (Reinelt

and Horner 1995). For water hazard mitigation, several

types of urban vegetation, including open spaces and green

roofs, help reduce surface runoff and flooding (Bliss et al.

2009; Brody and Highfield 2013). Marshes and mangroves

have been linked mainly to storm surge reduction and wave

attenuation (Granek and Ruttenberg 2007; Möller et al.

2014); we found no papers assessing their role in mitigat-

ing urban floods. Our results correspond to findings by
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Shepard et al. (2011), and suggest this is an area that

remains unexplored.

Our review found sufficient evidence linking clean

water and water hazard mitigation to GI disease. The

impacts of water pollutants depend on exposure time,

concentration of pollutants, extent of exposure, and sensi-

tivity of exposed individuals (Araya et al. 2004; Wade et al.

2004; Collier et al. 2015). Most of the papers assessing

these linkages used self-reporting to characterize health

response. More objective indicators, such as medical

records, or hospital visitations, are less common and could

provide further support for this linkage.

We did not find studies addressing direct linkage

between Green-Space and GI disease, even though there is

sufficient evidence supporting intermediate processes

leading to this association, as detailed above. Future

research should focus on determining the effectiveness of

green spaces to mitigate environmental exposure to toxic

and pathogenic water pollutants in diverse contexts, such as

recreation, consumption and hazard events.

Respiratory illness

We found support for the role of green spaces in water

hazard mitigation (see ‘‘GI disease’’) and clean air, both of

which protect from respiratory illness. Urban trees have

been the focus of most studies assessing clean air EGS

(e.g., Cavanagh et al. 2009; Grundström and Pleijel 2014),

with evergreens showing greater effectiveness because of

year-long foliage retention and more complex leaf struc-

tures (Beckett et al. 2000; Nguyen et al. 2015). Hairiness,

stomatal density and leaf wettability are also factors that

seem to increase pollutant capture by trees and that should

be maximized for clean air EGS (Räsänen et al. 2013;

Weber et al. 2014).

The evidence linking water hazards to respiratory illness

was less clear. We found few papers linking floods to

asthma. Only three of the four papers reviewed supported

the linkage, while the fourth paper found a negative asso-

ciation (Park et al. 2013). Of the supporting papers, one

found that response was partially mediated by psycholog-

ical distress, and that asthma negatively correlated to

flooding depth, which contradicts their findings (Reacher

et al. 2004). The other two studies convincingly connected

flood, mold and asthma, but only one followed an experi-

mental approach (Dales et al. 1991), while the other con-

sisted of a single case study (Makaryus et al. 2015).

Therefore, the hypothesized linkage between flooding and

asthma, mediated by mold growth, remains to be explored.

From the studies assessing linkage between clean air and

respiratory illness, those using asthma as a response showed

inconsistent evidence for causality (ESM 3). The

inconsistencies are likely due to the types of indicators used

to measure cause and effect. For example, a widely used

clean air indicator is PM2.5 mass (e.g., lg/m3), while the

mechanism that links air pollutants to asthma is in part

mediated by oxidative stress and inflammation (Li et al.

2008). Certain particles have greater oxidative capacity than

others, and their relative concentration may be a better

indicator to assess respiratory impact than mass alone. Only

one paper assessed oxidative potential in the air as an

explanatory variable (Delfino et al. 2013); it found this was a

better predictor of asthma than PM2.5 mass. Other inconsis-

tencies were related to season, with more respiratory sus-

ceptibility in the winter months. This trend may be related to

more indoor pollutant exposure during winter (Walters et al.

1994), differences in pollution sources due to heating, or

meteorological patterns in winter (e.g., less rainfall) that

affect diffusion of pollutants (Zhen et al. 2013).

Accordingly, we found inconsistent evidence linking

green spaces to asthma and allergies. Some studies report

positive association between green space and asthma,

pointing toward the negative influence of pollen and other

allergens (Lovasi et al. 2013). Previous studies have found

that while trees help remove pollutants, sometimes these

pollutants get recirculated depending on location of

buildings, wind direction and flow dynamics (Wania et al.

2012). Therefore, careful selections of tree species, and the

use of flow dynamics modeling, are important considera-

tions for designing green space configurations as part of

restoration initiatives.

Cardio vascular disease (CVD)

We found inconsistent evidence for the link between clean

air and CVD. We can hypothesize potential reasons, such

as the use of various indicators in different studies and the

presence of confounding natural and demographic factors.

For example, in an experimental study by Hajat et al.

(2015), different pollutants were tested against indicators

of inflammation and blood clot formation with inconsistent

results among the combinations tested (ESM 3). This sig-

nals a need for better characterizing the physiological

mechanisms linking clean air to CVD to determine the best

indicators to detect this connection. Another study found

that age is an important factor, with the elderly showing

greater CVD response to pollution (Prescott et al. 2000).

Season may also play a role; in some instances, correla-

tions were observed in cold but not warm months (Chang

et al. 2015). Moreover, when looking at relationships that

have many associated studies (e.g., CVD–clean air), the

likelihood of finding inconsistencies increases (Norris et al.

2011). This does not imply that ‘‘inconsistent’’ connections

are not real; rather, the inconsistencies help refine
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hypotheses and future research questions (Norris et al.

2011).

We found support for a direct link between green space

and CVD. Although we tried to avoid papers focusing on the

health promoting benefits of green spaces, the studies we

used were correlative, without explicit assessments of the

mechanisms involved. The findings may in part be related to

promotion of physical activity, engagement with nature, and

the stress reducing potential of green spaces. In one of the

papers, Pereira et al. (2013) found that neighborhood vari-

ability of greenness had a stronger association to CVD than

absolute greenness, a finding that points toward physical

activity as a mediating factor, since non-green areas (e.g.,

sidewalks, parking lots) were also important. Donovan et al.

(2015) found that correlations between green space loss and

CVD were significant after controlling for exercise, indi-

cating that factors other than physical activity were impor-

tant. Nevertheless, these other factors could include stress

reduction from promotion of social engagement (EGS that

also reduce CVD risk) and not necessarily air quality. Based

on our review, we hypothesize that the benefits of trees to

CVD could be attributed to mechanisms other than sup-

porting air quality. In Fig. 3, we present this hypothesis by

illustrating risk factors for CVD, and the role of green spaces

using previous studies. Green spaces have been shown to

promote a 44% increase in physical activity, but provide on

average 0.11% air quality improvement via reduction of PM

(Richardson et al. 2013; Nowak et al. 2013). Although these

values come from studies with different methodologies, and

quantitative comparisons are not justified, the differences in

magnitude illustrate the relative influence of green spaces via

these two EGS. Moreover, a study by Lim et al. (2013)

showed that PM corresponds to 22% of the risk for CVD,

while physical activity accounts for 31% and influences

other important CVD drivers like stress and body mass

index. Considering the relative importance of green spaces

for physical activity vs clean air, and the relative importance

of physical activity vs clean air in CVD, we propose that

green spaces mainly influence CVD by promoting physical

activity. This is not suggesting that clean air is unimportant

for CVD, rather that green spaces likely play a modest pol-

lutant buffering role, and that emphasis should be placed

primarily on reducing pollution. In turn, management of

green spaces for health promoting services should align with

aspects of the built environment, such as access and safety

features. This is especially important for low income com-

munities, which face higher CVD risks (Fig. 3).

Heat morbidities

The link between green spaces and heat hazard mitigation

is unequivocal, both for direct health outcomes and for the

intermediate steps. Heat mitigation by trees has been

reported for cities with different types of green space and

ecosystems, and at multiple scales (Hou et al. 2013; Vail-

shery et al. 2013). Likewise, the protective value of green

cover on heat morbidities has been well-documented in

relation to heat waves and within arid environments at risk

of heat extremes (Vandentorren et al. 2006; Harlan et al.

2013). Consistently, studies confirm increased risk from

heat for vulnerable populations, such as elderly individuals

and those with impaired mobility (Vandentorren et al.

2006; Burkart et al. 2016). Although correlations have been

observed when documenting green cover at lower resolu-

tions (e.g., 30 m resolution, using indicators such as

NDVI), vegetation is most likely to be protective when it is

strategically placed near exposed households within the

urban context (Li et al. 2013).

In terms of management for heat hazard mitigation, the

amount of green space is the most important factor, but

there are other design considerations. Mixing tree species

along street corridors to avoid continuous canopies that

trap heat, and designing green roofs to have high leaf area

index and adequate irrigation, are strategies to enhance

the cooling effect (Norton et al. 2015). Urban greening

not only buffers against heat islands and heat waves, but

may also provide economic services to sectors that cannot

rely on air conditioning, while supporting efficient energy

use.

Limitations and recommendations

Limitations of the Eco-Evidence tool are discussed in detail

in Norris et al. (2011). The authors address criticisms

regarding the threshold value of 20, and advise that expert

judgement should always be included. From our sensitivity

analysis, we found that we would need to change the

threshold by 15–20% to alter our conclusions. Because

Norris et al. (2011) used trials and expert advice to develop

the threshold of 20, we feel compelled to adhere to this

value to maintain consistency, but we encourage readers to

consider these alternative results when interpreting our

findings. Another limitation is that the approach does not

differentiate studies by their attention to confounding fac-

tors, which in the case of Eco-Health studies could be

influential. Weighting studies by environmental or

socioeconomic confounders would be a much-needed

revision to the method (Norris et al. 2011). Lastly, while

Eco-Evidence is not a substitute for strictly quantitative

approaches such as meta-analyses, it allows weighting

evidence from a variety of studies, including those that do

not report summary statistics or cannot be combined due to

fundamental differences in datasets. The contribution of

Eco-Evidence is to help evaluate the knowledge base in

support of a given relationship, not the effect size of that

relationship, as in meta-analyses.
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Our results are partly determined by our strategy to

identify relevant scientific studies (ESM 2). We invite

readers to evaluate our review method and account for

potentially missing keywords when interpreting our con-

clusions. In addition, to maintain consistency in the quality

of material included, we only considered peer-reviewed

publications, and excluded book chapters and gray litera-

ture. Despite these limitations, our review allowed us to

make consistent comparisons, determine their relative state

of knowledge, refine hypotheses and define areas of

research need. Our findings support a proposed research

agenda (Table 3) to advance the management of EGS for

human health benefits.

Conclusions

We conducted a CSA to characterize Eco-Health literature.

Our study fills a void that previous reviews had identified

as crucial for valuing Eco-Health evidence: namely

reviewing the evidence for the full pathways between

ecosystem, ecosystem processes (e.g., EGS) and health

outcomes (Hartig et al. 2014).

Our work confirms that most current Eco-Health liter-

ature supports the intermediate steps of these pathways

(e.g., Ecosystem–EGS, EGS–Health), but few studies

trace linkages from ecosystem to disease. Of these, few

simultaneously address the pathways by which these

direct connections occur. Research that fully determines

if/how greening strategies deliver health benefits through

buffering EGS is generally lacking, and in need of

attention.

Despite identifying research needs, our review found

consistent evidence of a connection between green spaces

and buffering EGS, and between green spaces and certain

health outcomes such as cardiovascular disease and heat

morbidities. The role of green spaces in providing health

Fig. 3 Direct risk factors for cardiovascular disease (CVD, gray

boxes) and indirect mediators (white circles, green spaces and

poverty). The percentages represent the proportion of the effect

attributed to the cause. The causes for CVD or risk factors

(environmental, diet, behavior and physiological) were adapted from

Lim et al. (2013), who looked at ischemic heart disease, a common

type of CVD. The % of air quality improvement from trees was

adapted from Nowak et al. (2013), by averaging the estimates for the

ten US cities they assessed in their study. The percent in promotion of

physical activity comes from Richardson et al. (2013); Poverty

percentages come from Hulshof et al. (1991), and Galobardes et al.

(2001)

Eco-Health linkages: assessing the role of ecosystem goods and services on human health… 89

123



benefits is enhanced in cities if considered alongside design

aspects such as selection of tree species, attention to

placement and configuration of trees, and aspects of the

built environment that encourage use of green spaces. This

evidence should encourage green space planning within

cities by showing human health is an achievable objective

of restoration investments.
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• Extreme rain events in Puerto Rico cor-
relate with spikes in Gastro Intestinal
(GI) illness.

• Permeable karst soils help reduce flood
impacts and GI illnesses according to
FEMA and Medicare claims data.

• The benefits of karst soils are lost in
areas with a high percentage of people
living in flood zones.
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Floods are becoming increasingly influential in coastal cities due to the intensification of extremeweather events.
The impacts of flooding go beyond damages to infrastructure, it also affects human health. During floods, dis-
charge of sewage into streets increases exposure to pathogens causing gastrointestinal (GI) illnesses. A potential
strategy for coastal protection during weather hazards is the use of flood protection ecosystem services, but their
effectiveness at ameliorating the impact of floods on GI illnesses remain understudied. Here we explore the rela-
tionship between extreme rainfall, flood protection ecosystem services, and the occurrence of Medicare claims
for gastrointestinal (GI) illnesses in Puerto Rico. We first conducted model averaging to detect variables
explaining flood impact for the years (1999–2014), and then used these variables as predictors in a spatio-
temporal analysis of GI illness in the sameperiod (1999–2013). Our results show thatflood impact varies propor-
tionally with extreme rainfall, and inversely with flood protection ecosystem services, particularly due to the
presence of karst soils. The protective effect of karst soils is lost when there is a high percentage of people living
inflood prone areas, as suggested by a significant interaction effect between these two variables. In support of our
hypotheses, cases of GI illness also spike after extreme rainfall events and are affected by the interaction effect of
karst soils and people living in flood prone areas. Our results support the linkage between extreme weather
events, flood damages and GI illnesses, and suggests a buffering role of ecosystem services that promote rainfall
infiltration. The relevance of these ecosystem services, however, is affected by planning decisions such as
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residential development inflood prone areas. Our results help inform planning strategies for futureweather haz-
ards, accounting for the role of natural and built infrastructure on minimizing flood impacts and human health
effects.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Flood events are an increasingly important stressor in coastal com-
munities due to projected sea level rise, and frequent exposure to
weather hazards, particularly in the tropics (Vitousek et al., 2017). In
Latin America and the Caribbean, it is estimated that there are over 7.5
million people currently exposed to flooding, and around 300 billion
USD in built capital vulnerable to flood loss (Reguero et al., 2015). Island
nations are expected to suffer the greatest impact due to direct exposure
to tropical storms, and a strong dependency on coastal resources for
tourism and other economic sectors (Reguero et al., 2015; Vitousek
et al., 2017). Aside fromproperty damages and impacts to the economy,
floodhazards also have been associated to a variety of humanhealth im-
pacts such as vector borne illnesses, gastrointestinal infections, and
mental health effects such as PTSD (Post Traumatic Stress Disorder)
and Depression (Ahern et al., 2005). It is well established that the im-
pacts of natural disasters such as floods disproportionately affect
impoverished communities who are at higher risk of exposure
(Winsemius et al., 2015) and who lack access to adequate services and
resources to respond (Cutter et al., 2003). In this context, the need for
low cost, community driven alternatives to flood hazard protection, in-
cluding natural infrastructure and ecosystem services becomes particu-
larly important.

Here we explore the role of ecosystem services in relation to one of
the most common health outcomes associated to flooding, which is
acute gastrointestinal (GI) illness. During floods, untreated sewage
often mixes with storm water runoff, contaminating crops and house-
hold surfaces (Wade et al., 2014). Contaminated runoff may also come
into direct contact with people within flooded residences or those wad-
ing through flooded streets to reach higher grounds during an event.
Floods can also damage water treatment infrastructure, affecting the
availability of safe and potable water for drinking (Wade et al., 2014).
Families displaced by flooding often relocate to public shelters, where
unsanitary conditions and overcrowding often leads to disease out-
breaks (Wade et al., 2014; Huang et al., 2016).

Due to the multitude of pathways exposing people to pathogens
during and after floods, many studies have effectively documented
this linkage in a variety of settings (Curriero et al., 2001; Reacher et al.,
2004; Wade et al., 2004; Wade et al., 2014; Huang et al., 2016). Yet, to
date, no study has attempted to determine if the impact of floods on
GI illness could be prevented with flood protection ecosystem services
(De Jesus Crespo et al., 2018 A). Flood protection ecosystem services in-
clude rainfall interception and infiltration by natural land cover, which
results in reductions in surface runoff and flood impact (Brody and
Highfield, 2013a, 2013b, Xiao and McPherson, 2016). Interception and
infiltration also help filter runoff, reducing concentrations of disease-
causing pathogens available in storm water (Mallin et al., 2001; Yang
et al., 2008). If natural infrastructure helps purify water and reduce
surface runoff, and these flood related hazards are associated to GI
illness, then we hypothesize that there will be lower occurrences of GI
illness in flood prone regions that have flood protection ecosystem
services.

We address this hypothesis in coastal neighborhoods in Puerto Rico.
The extensive flood impacts caused by HurricaneMaria on the Island in
2017 underscores the potential for weather hazards to severely impact
human health, especially among vulnerable sectors. Even before this
event, impoverished communities in Puerto Rico had historically been
exposed to frequent flooding and flood related illnesses (Azar and
Rain, 2007, Briskin, 2016, De Jesus Crespo et al., 2018 B). Puerto Rico's

economic downturn over the last decade has also increased unemploy-
ment and poverty around the Island, leading tomassmigration of youn-
ger generations, and an increase in the median age of the remaining
residents (Abel andDeitz, 2014; Castro-Prieto et al., 2017), exacerbating
the vulnerability of the Island's population.

Focusing on the elderly, here we look at Medicare claims data over a
14-year period (1999–2013) to assess the associations between ex-
treme rainfall, flood impact, and ecosystem services on GI illness
(Fig. 1). We predicted that the impact of extreme rainfall on human
health would be mitigated by flood protection ecosystem services,
resulting in lower cases of GI illness. The role of ecosystems at providing
ecosystem services, and of flood protection ecosystem services at ame-
liorating GI illness occurrences, would be mediated by socio-economic
factors that determine the level of exposure to hazards and the adapta-
tions available through built infrastructure for preventing flood impact
and health effects (Fig. 1). Having a better understanding of the extent
to which ecosystem services may help buffer environmental hazards
and protect human health, would help guide community-based man-
agement of flood prone neighborhoods and justify conservation and
restoration efforts focused on natural infrastructure.

2. Methods

2.1. Study site

Puerto Rico (PR) is a US territory located in the Northeastern Carib-
bean Sea. It is the smallest Island of the Greater Antilles archipelago, but
also themost urbanized and densely populated (Lugo et al., 2012). Most
of its population is located along the coast, while the center mountain
range is more sparsely urbanized, and more heavily forested (Fig. 2B
and C, Parés-Ramos et al., 2008). Around 55% of Puerto Rico's area is
vegetation cover (USDA, 2017), most of which is secondary forest
resulting from a shift from intense farming up until the mid-20th cen-
tury, to an industrial economy (Larsen, 2017).

The maximum elevation in the central mountain range is 1338 m
(Fig. 2B, Larsen, 2017), and rainfall averages 1651 mm annually, with
the mountains receiving much greater precipitation than the coast
(Yuan et al., 2015). Due to orographic factors, rainfall is unevenly dis-
tributed through the island (Fig. 2A, Hernández Ayala et al., 2017).
These differences, driven by the configuration of the central mountain
range, lead to four distinct climatic regions in the north, south, east
and west (Warne et al., 2005). While the north and east receive abun-
dant orographic rainfall, influenced by the northeast trade winds, the
southern portion is relatively dry due to a rain shadow effect (Warne
et al., 2005). The western portion is rainy aswell, driven by an eastward
flow of air from the sea onto the land producing abundant afternoon
rainfall (Warne et al., 2005).

Around 55% of the Island is currently served by the Puerto Rico
Aqueduct and Sewer Authority (PRASA) waste water system
(Government of Puerto Rico, 2018). Many of PRASA's waste water in-
frastructure was developed in the 1950's, often making it obsolete to
manage modern demands (Hunter and Arbona, 1995). Lack of finan-
cial resources has limited infrastructure improvement projects, lead-
ing PRASA to be the subject of multiple federal fines for failure to
meet water quality regulations from its waste water treatment facil-
ities (PRASA, 2014).

We focused this study on thePR coast, where higher population den-
sities, lower elevations, and the potential for storm surges increaseflood
risk, and potential GI pathogen exposure. We included all coastal zip
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codes (N = 73) except for the municipalities of Vieques and Culebra.
These municipalities are separate islands, with distinct hydrological
traits that make their comparison to other sites more challenging.

2.2. Data sources and processing

We selected indicators from available datasets (Table 1) for each
component of our conceptual model (Fig. 1). Most estimates were
done at the zip-code level, but when feasible, we also estimated indica-
tors at theHUC-10watershed levels (USGS, 2017), especially for predic-
tor variables associated to hydrological patterns (e.g. rainfall, rain
retention, vegetation cover, and slope).

Prior to analysis, all predictor variables were centered by subtracting
the sample mean and dividing by the sample's standard deviation
(Becker et al., 1988). Collinearity was examined using Pearson correla-
tion coefficients (Supplementary material 1; SM1). Any correlation be-
tween explanatory variables of N0.60 was considered important and
accounted for in subsequent analysis.

2.2.1. Extreme weather

Daily rainfall in Puerto Rico was estimated for the years 1999–2014
using the NASA Daymet surface weather and climatological summary
dataset (Thornton et al., 1997). We generated 1 km spaced points
through the island and used these as coordinates for data extraction
with the “daymetr” R-package (Hufkens, 2014). Data were summarized
by zip code, and analyzed longitudinally, calculating 7-daymoving aver-
ages (allocated daily), and daily extreme events (90th, 95th and 99th
percentile rainfall). These rainfall extremes were classified with a 1, 2,

or 3 (representing 90, 95, 99% respectively), other days with a “0”. For
evaluating GI illness response, we assessed extreme rain events at a 7-
day lag to capture the incubation period for most GI illnesses caused
by waterborne pathogens (Jagai et al., 2015). Other studies have
assessed GI response to rainfall at different lag periods and found one
week lags to be representative (Jagai et al., 2015). To classify extreme
rain with lag periods, we used the rollapllyr function of the package
zoo in R. Since daily extreme events were classified as 1, 2, or 3, we cal-
culated amovingmaximumusing the previous 7 days as a basis. This re-
sulted in “1, 2, or 3” being applied to days that experienced any of these
events in the previous seven days (themaximum of these three values)
and “0” otherwise.

To model flood claim response, we used zip-code aggregated
weather data for the entire study period as predictor variables, includ-
ing average annual rainfall, as well as the magnitude of the 90th, 95th
or 99th rainfall percentiles. In this part of the analysis, we explored rain-
fall trends at different spatial scales. The same 1 km spaced point file
used to extract data at the zip code level, was used to summarize data
at the HUC-10 watershed level. We then created estimates of HUC-10
level rainfall for each zip code. In the case weremultiple HUC-10water-
sheds intersected a single zip code, a weighted average was calculated
so the rainfall in the watershed with greater spatial overlap with the
zip code would have higher influence (SM2).

2.2.2. Ecosystem services

We estimated flood protection ecosystem services using the EPA
H20 tool (Russell et al., 2015), which uses curve numbers (CN) to esti-
mate a rain retention index. The curve number method incorporates

Fig. 1. Conceptual model describing the association between extreme rainfall and GI disease.We predict that the impact of extreme rainfall on human health would bemitigated by flood
protection ecosystem services, resulting in lower cases of GI disease. The relationship between weather, floods, ecosystem services and GI disease would also be mediated by socio-
economic factors that determine the level of exposure to hazards, the adaptations available through built infrastructure to manage flood impacts, the effectiveness with which
ecosystems can deliver ecosystem services, and the relative importance of these ecosystem services to human health andwell-being. See alsoMyers et al., 2013, and Crimmins et al., 2016.
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soil infiltration characteristics and land cover water retention capacity
through infiltration, interception and evapotranspiration (USDA,
1986). For the context of this paper, the CN rain retention index is
used as an indicator of a reduction in surface runoff, which should result
in flood mitigation, and consequently lower exposure of individuals to
polluted waters.

Here we used SSURGO (USDA NRCS, 2004) layer for soil characteri-
zation and the Coastal Change Analysis Program C-CAP (DOC, 2010)
land cover layer to create a CN index at 100 m cell sizes. A table with
the CN values used for each land cover- soil combination can be found
in the supplemental material (SM3). Rain retention was summarized
at the zip code and the HUC-10 watershed scale. The HUC-10 estimates
were allocated to zip codes using area weighted averages (SM2).

In addition to the rain retention index, we also calculated % karst
soils (Alemán González, 2010), and % vegetation (i.e. combining the
vegetation categories defined in Puerto Rico CCAP categories, 11/
Mixed Forest and 12/Scrub/Shrub) in ArcGIS (ver. 10.3), as individual
model predictor variables. These land cover and soils classes represent
the land use/soil categories with higher retention values when calculat-
ing the CN index (USDA, 1986), and it was of our interest to determine
which component of the index was more predictive of flood impact
and/or GI illness. Percent vegetation was calculated at the HUC-10 wa-
tershed level, to account for the location of most of the vegetated
areas at high elevations and in headwater areas. Percent karst was cal-
culated at the zip code level only as most of the karst geology is located
along the coast rather than at higher elevations (Fig. 3). For the same
reason, percent wetlands (CCAP categories 13–18) was also estimated

as a predictor at the zip code level. While in the CN method wetlands
are considered as having low retention capacity due towater saturation,
we know fromprevious studies that they can play a role in flood protec-
tion ecosystem services (Broody, 2006; Brody et al., 2012) as well as re-
moval of pathogens that can cause GI illness (Yang et al., 2008).
Topography is another factor that could affect rainfall retention dynam-
ics. We calculated slope averages and maximums at the zip code and
HUC-10 watershed levels, using Digital Elevation Models (DEM, CRIM,
1998) in ArcGIS.

2.2.3. Socio-economic variables

We characterized socio-economic indicators that could mediate the
benefits derived from ecosystem services. Flood risk is influenced by the
proportion of people living in flood prone areas (Fig. 3). We calculated
this variable using population estimates (Sorichetta et al., 2015) and
the Federal Emergency Management Agency (FEMA) flood zone layer
(FEMA, 2009) in ArcGIS (ver 10.3). Sewage infrastructure alters the
fate and transfer of waste water, potentially influencing the level of ex-
posure to pathogens during flood events. While the sewage infrastruc-
ture in Puerto Rico has suffered from poor maintenance in the past
(PRASA, 2014), we infer that exposure towastewater pathogens during
floodswould be greater in un-sewered areas of the Island.We estimated
sewage cover density for each zip code using data from the Puerto Rico
Aqueduct and Sewage Authority (PRASA, 2015).

Whenever there is high population density in a flood prone area, the
type of housing could determine how many people are affected. For
people living in high rises and multi-family buildings, exposure may

Fig. 2. Study site, coastal zip codes in Puerto Rico. A) Rainy season (May-Nov) normal precipitation (inches). This map is derived from NOAA 1981–2010 U.S. Climate Normals, by
interpolating point data from weather stations through Puerto Rico (Arguez et al., 2012) using Inverse Distance Weighting in Arc GIS; B) Elevation index, derived from Digital
Elevation Model values (CRIM 1998), presented as a fraction of the maximum elevation in Puerto Rico (i.e. value/max elevation); C) Land cover classes adapted from the Coastal
Change Analysis Program C-CAP (DOC 2017).
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be limited to those in the ground floors who experience the flooding di-
rectly. To account for this, we calculated the proportion of people living
in multi-family units (5+ families in a building) using the American
Community Survey 5-year estimates (2008–2012; https://www.
census.gov/programs-surveys/acs/). This same dataset was used to esti-
mate median income as another socio-economic indicator, as it has
been shown that wealthy communities tend to be less vulnerable to en-
vironmental hazards and the loss of ecosystem services (Myers et al.,
2013).

2.2.4. Response variables

To estimate flood impact, we used data from the FEMA National
Flood Insurance Program. Flood claims were obtained from the agency
for the years 1999–2014. The agency summarized the data at the zip
code level to remove any personal identifiable information (PII).

To estimate GI illness, we used hospitalization data from the Centers
for Medicare and Medicaid Services (CMS), for the years 1999–2013.

We summarized weekly claims associated to infectious GI illnesses for
the selected zip codes and years, using the International Classification
of Illnesses, Ninth Revision, Clinical Modification coding system (ICD-
CM 9) for the following diagnosis: Cholera (ICD9-001), Salmonella
(ICD9-003), Shigella (ICD9-004), Other bacterial poisoning (ICD9-
005), Intestinal infection by other organisms (ICD9-008), and Ill-
defined intestinal infections (ICD9-009). We intentionally did not in-
clude ICD codes for broad symptoms of GI illnesses (e.g., nausea,
vomiting) as these could result from other types of illnesses and
would add unexplained noise to statistical analysis. Because the data ac-
quisition did not involve interaction with any individuals, and the data
did not contain PII, it was determined by theU.S. Environmental Protec-
tion Agency's Human Subjects Research Protocol Officer that this re-
search was exempt from Institutional Review Board review.

2.3. Data analysis

2.3.1. Flood protection EGS: FEMA flood claims

We evaluated the role of ecosystem services, and other variables on
FEMA flood claims per zip code. Flood claim data consisted of integers
ranging from 0 to over 400, and its distribution was heavily skewed to-
wards zero. Data was therefore modeled as counts, using quasi-Poisson
generalized linearmodels,which account for over dispersion.We devel-
oped a global quasi-Poissonmodel including all variables from each cat-
egory (Table 1), significant interactions among variables (Pr(N|z|) b

0.05; Table 1), and households per zip code (American Community Sur-
vey Summary, 2008–2012) as amodel offset. For variables that were in-
dicators of the same predictor, but at two different scales (e.g. zip code
99% rainfall vs HUC-10 99% rainfall), we only used the best predictor of
flood claims for inclusion in themodel averaging procedure. Highly cor-
related variables that were not indicators of the same phenomena (e.g.
%woody wetlands vs % people in flood zones), were kept in the global
model.

We used this global model for model averaging (Grueber et al.,
2011), which tested all possible variable combinations, and selected
the top models explaining flood claim response (R package MuMin,
Barton, 2009). To prevent overfitting, we limited the possible number
of variable combinations to 5 factors, including interaction effects. This
allowed us to have 10+ replicates per variable in accordance with rec-
ommended sample sizes for regressions (Vittinghoff and McCulloch,
2007; Austin and Steyerberg, 2015). The model averaging procedure
was set up to prevent having highly correlated variables, that were
not excluded from the global model (e.g. %woody wetlands vs % people
in flood zones), to be featured together on any given 5-variable model.
We used delta AICcN2 as a cut-off criterion for sub-model selection
(Burnham and Anderson, 2002) and then calculated the conditional av-
erage effect of each variable after accounting for all the best models
where that variable was included (Grueber et al., 2011). Variables
were considered ‘important’ if their inclusion improved model fit in at
least one of the selected sub-models. Results from model averaging
were used to generate predicted flood claim values per zip code.
These values were then regressed against observed FEMA claims to es-
timate the model's effectiveness at detecting flood impact.

2.3.2. Flood protection EGS and GI illness: Medicare claims

The variables that were selected as important predictors of flood
claims were also used to evaluate spatio-temporal trends in GI illness
response, with a few modifications. First, while the FEMA claims were
standardized by the estimated zip code households, Medicare claims
were analyzed controlling for the number of Medicare beneficiaries
per zip code for each year of the study period. Second, weather param-
eters used to analyze FEMA claims were summarized for the entire
study period, while Medicare Claims were analyzed in relation to daily
estimates of 7-day lag extreme events (see extreme weather section for
details), aggregated as weekly counts of 90, 95, or 99% rainfalls.

Table 1

Variables assessed, main indicators and sources.

Predictor variables evaluated (spatial
scale)

Sources

Weather hazards
90, 95, 99% Rainfall (Huc-10 Watershed
and Zip Code); Average Annual
Rainfall (Huc-10 Watershed and Zip
Code)

NASA Daymet; https://daac.ornl.
gov/cgi-bin/dsviewer.pl?ds_id=1328

Ecosystem goods and services
Rain Retention (Huc-10 Watershed and
Zip Code)

CCAP 2010 (NOAA, 2010); SSURGO
(USDA NRSC, 2004); EPA H20 tool
(Russell et al., 2015)

% Watershed Vegetation (Huc-10
Watershed)

CCAP 2010 (NOAA, 2010)

% Watershed Woody Wetlands (Zip
Code)

CCAP 2010 (NOAA, 2010

% Watershed Grassy Wetlands (Zip
Code)

CCAP 2010 (NOAA, 2010)

% Karst (Zip Code) Karst raster (Alemán González, 2010)

Natural controls
Average and Maximum Slopes (Huc-10
Watershed and Zip Code)

DEM (CRIM, 1998)

Socio-economic variables
Sewage Density (Zip Code) Sewer Lines PR Aqueduct and Sewer

Authority (PRASA, 2015)
% Multifamily Housing (5 households
or more); (Zip Code)

ACS 5-year estimates (2008–2012)
https://www.census.
gov/programs-surveys/acs/

Median Income (Zip Code) ACS 5-year estimates (2008–2012)
https://www.census.
gov/programs-surveys/acs/

% People living in flood zones (Zip
Code)

FEMA Flood Zones (FEMA, 2009);
Dasymetric Population (Sorichetta et al.,
2015)

Significant interactions
% Karst *% People living in flood zones
Huc-10 Watershed Rain Retention *%
People living in flood zones

Huc-10 Watershed Rain Retention
Watershed Rain Retention *% Woody
Wetlands

Huc-10 Watershed Rain Retention *%
Grassy Wetlands

% Karst *%Woody Wetlands
% Karst *%Grassy Wetlands

Response variables
FEMA flood claims (1999–2014) (Zip
Code)

National Flood Insurance Data/FEMA
National Flood Insurance Programs; Data
not publicly available.

Medicare GI disease claims
(1999–2013) (Zip Code)

The Centers for Medicare and Medicaid
Services Hospitalization Data;
Data not publicly available.
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To evaluate the relationship between extremeweather events, flood
impact predictors and GI illness, we used a Bayesian Integrated Nested
Laplace Approximation (INLA) and Stochastic Partial Differential Equa-
tion (SPDE) approach. INLA-SPDE has been shown to be an efficient ap-
proach to assess spatio-temporal trends of relatively rare disease
occurrences and develop robust models that are less computationally
demanding than commonly used approaches (Myer et al., 2017).

Our response, presence/absence of GI illness in Medicare beneficia-
ries in a zip code each week, was coded as a binary outcome, with a 1
representing at least one case of GI illness reported among Medicare
beneficiaries in a zip code that week, and a 0 representing no reported
GI cases. Reports of more than one GI case were too sparse to justify
modeling GI illness as a count response, so we elected to model the
presence/absence of at least one GI illness. Logistic regression is typi-
cally used to model binary responses and produces a logit-linear mea-
sure of the probability of a positive outcome, and we elected to use
binary logistic regression for this dataset.

The observational model for the spatiotemporal INLA SPDE model
can be written as follows:

y s; tð Þ j η s; tð Þ � Bernoulli π s; tð Þð Þ;

where the presence of GI illness y(s,t) at a particular location s andweek
t, given a vector of linear predictors η(s, t), is a binary outcome with
probability vector π(s, t). The linear predictor has the general form

η s; tð Þ ¼ β1X1 þ…þ βnXn þms þwt

where (β1,… , βn) are the regression coefficients for the predictor vari-
ables (X1, … ,Xn), ms is the spatial random effect at location s, wt is the
temporal random effect at week t, and the relationship between the lin-
ear predictor η(s, t) and the GI illness probability π(s,t) is the logit link

π s; tð Þ ¼ log
η s; tð Þ

1−η s; tð Þ

Spatial covariance ms was addressed in the SPDE model using a
Gaussian Markov random field based on a triangulation mesh repre-
sented as a labeled, undirected graph over the selected zip codes
(SM5), which estimates spatial effects on GI illness probability across
the study area using the Matérn covariance function (Musenge et al.,
2013; Cosandey-Godin et al., 2014).

Temporal covariancewas addressed using a first-order randomwalk
process (RW1), which models the effect of time as a function of pres-
ence in the previous week plus a random error term. The conceptual
model for the change in the ordinal vector of temporal coefficients
(w1, … ,wt) is of the form

∆wi ¼ wi−wi−1 � N 0; τ−1
� �

where τ is the precision parameter, estimated as a hyperparameter in
the INLA model.

Diffuse normal priors (precision= 0.001) were chosen for variables
in the linear predictor, reflecting no prior knowledge of their coeffi-
cients. For the spatial and temporal effects, we assigned the penalized
complexity prior, which is a weakly informative prior that accounts
for model complexity and has improved performance in SPDE models
(Fuglstad et al., 2015; Simpson et al., 2017).

Building from the set of important variables and interactions in the
flood claim analysis, we usedmodel comparison approaches to evaluate
whether models with ecosystem services variables provided signifi-
cantly better fit in predicting GI illness outcomes than models with
just weather hazards (counts of 90%, 95%, or 99% rainfall events), or
socio-economic variables (sewage infrastructure). Models with only
underlying spatial covariance (ms) and temporal covariance (wt), or
with the number of Medicare beneficiaries as a control variable were
used as baselines for comparing model fit.

Model ranking was conducted using Watanabe-Akaike Information
Criterion (WAIC) which is a preferred approach for comparing fully
Bayesian models (Gelman et al., 2014). Predictive fit was evaluated by
generating a receiver-operating characteristic (ROC) curve, using the R
package ROCR, (Sing et al., 2005), which plots the sensitivity (true pos-
itive rate) against 1-specificity (false positive rate), across all possible
cutoff points. The area under curve (AUC) valuewas computed to deter-
mine predictive fit, by integrating the ROC curve. The AUC value repre-
sents the probability that a randomly chosen GI illness positive
observation will have a higher modeled value than a randomly chosen
GI illness negative observation. An AUC value higher than 0.5 indicates
that themodel is better than chance at predicting the outcome. The op-
timized cutoff point to minimize false positives andmaximize true pos-
itives was determined bymaximizing Youden's index (i.e., sensitivity+
specificity -1).

Fig. 3. Location of karst areas, and flood prone areas across Puerto Rico. The interaction of these two variableswas a significant predictors of FEMA flood claims, and improvedmodel fit for
Medicare claims. The sources for these layers can be found in Table 1.
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All analyses were performed using the R package ‘INLA’ and R ver-
sion 3.4.4 statistical software.

3. Results

3.1. Flood protection EGS and flood claims

Details of the model parameters by zip code and as averages are in-
cluded in SM6. During our study period, a total of 4349 flood claims
were filed to FEMA's National Flood Insurance Program. The variables
best explaining FEMA claims were the magnitude of 99% rainfall at the
HUC-10 watershed level (p = 0.002), the proportion of people living
in multi-family units (p = 0.014), and average zip code slope (p =
0.009). The zip codes with the highest number of flood claims were in
the towns of Santa Isabel (00757, 407 claims) and Salinas (00751, 413
claims), both within the Coamo River watershed, and in San Juan
(00920, 333 claims), at the mouth of the Rio Puerto Nuevo, in the San
Juan Bay. These zip codes had N1.6 times as many flood claims as the
next largest zipcode, despite having comparable number of households
and population sizes to other study sites. Zip codes 00751 and 00757
also showed a high level of influence on final model selection, leading
to inflated residuals. Because of this, we repeated the analysis without
these zip codes (see SM4 for more details), and removed them from
sub-sequent analysis.

For the remaining study sites (N=70) the variables best explaining
flood claims were the magnitude of the 99% rainfall at the HUC-10 wa-
tershed level (p b 0.001), % karst (p = 0.02), % people living in flood
zones (p b 0.001), and the interaction effect of these latter two variables
(p b 0.001, Table 2). When exploring the significant interaction effect,
karst soils appear to help lower the number of flood claims per house-
hold, but this relationship is lost in places with a greater number people
living in flood prone areas (Fig. 4). In terms of rainfall, themagnitude of
the 99% rainfall events at the watershed level, led, as expected to a
higher number of FEMA claims per household. This model was the
only one selected through the model averaging process, as no other
model was comparable in terms of AIC model fit. The ability of the
model to predict flood cases was significant (R2 = 0.578, p b 0.001,
Fig. 5), and we found no evidence of significant spatial autocorrelation
of the model's residuals (Table 2).

3.2. Flood protection EGS and GI illness

For this part of the study we also focused on the zip codes that were
not considered as outliers. For these zip codes (N= 70), a total of 1917
Medicare claimswere submitted to the CMS for the selected GI illnesses

between 1999 and 2013 (Table 3). Themost common claims filed were
for Intestinal infection due to other organisms (ICD9–008), and Ill-
defined intestinal infections (ICD9-009).

There was a distinct temporal trend in the number of claims filed,
with a sharp drop observed after week 400, which roughly corresponds
to the year 2006 (Fig. 6A). Spatially, we observe higher than average ef-
fect of location onGI illness in the Southwest area of the Island, followed
by the rest of the West coast, (Fig. 6B). The East coast overall seems to
have a lower-than-average effect of location (Fig. 6B).

Controlling for these spatial and temporal covariances, we used the
variables selected as best predictors in the FEMA claims assessment to
evaluate GI illness trends. Controlling for the number of Medicare ben-
eficiaries, the best model explaining GI illness claims included 7-day
lag rainfall (90–99% events) and the interaction effect between % Karst
and % People in flood zones. The strongest predictor of GI illness claims
was the count of 90% + rainfall events within the last week (i.e. confi-
dence interval for model coefficient did not overlap zero). When
converting the coefficient of this relationship (see Table 4) from log
odds ratio to percentage, we see a 17% modeled increase in the odds
of GI Illness following 90% and above rainfall events. The best model's
WAIC weight was close to two times higher than the next best model
with other variable combinations (Table 4).

In general, we found that models with weather hazards performed
better (lower WAIC) than the baseline models with only spatial and
temporal covariance or the models that only control for the number of
Medicare beneficiaries (Table 4). GI illness claims tended to increase
with the number of beneficiaries and increase with the number of ex-
treme weather events. Model fit improved when adding % karst and
its interaction with the percentage of people living in flood zones but
decreasedwhen adding sewage density (Table 4). In terms of predictive
accuracy, the best model's AUC value was 0.70 (Fig. 7), indicating that
the model has a better than random chance at predicting GI illness.
The optimal cutoff point for classifying the response obtained by maxi-
mizing Youden's index was 0.03, resulting in a sensitivity of 0.66 and a
specificity of 0.63.

4. Discussion

Rainfall extremes in the coast of Puerto Rico (PR) have historically
caused property damages, and human health impacts that
disproportionally affect neighborhoods in flood prone areas. This
study is the first to document this trend empirically on an Island wide
basis. In the aftermath of the most extreme natural disaster to strike
PR in generations, Hurricane Maria, the importance of flooding, and
weather-related illnesses has gained more attention. Here we provide
evidence that someof the health problems associated toweather events
on the Island are not new and deserve sustained attention in the face of
potential increases on extreme rainfall in the future.

4.1. Flood protection ecosystem services and flood claims

Flood claims in Puerto Rico for the years 1999–2014 are closely tied
to the averagemagnitude of themost extreme rainfall events (99%). Our
final model predicted observed FEMA flood claims with reasonable ac-
curacy, and a strong model fit was found once we accounted for the
role of three outlier zip codes (SM4). The number of flood claims on
these locations was particularly high around two important rainfall
events. The first was a tropical storm in September of 2008 that resulted
in around 20 million dollars in damages (Puerto Rico Science Museum,
2011). The second was a historical rainfall event in November of 2009,
which caused record breaking river heights, and severe flooding in the
San Juan metropolitan area (NOAA NWS, 2009). Our estimated rainfall
values for these zip codes, however, was not any greater than that for
other nearby study sites. Therefore, unaccounted factors that have
been previously reported on these locations, such as housing quality
and the capacity of local water infrastructure to handle events of high

Table 2

Important variables selected through model averaging, with conditional averages of esti-
mated effects and p values.

Selected variables Estimate Std.
Error

t value Pr (N|t|)

(Intercept) −5.3011 0.1154 −45.934 b2e-16 ⁎⁎⁎

Huc-10 99Rain 0.4314 0.1138 3.789 0.000333
⁎⁎⁎

% Karst 0.3699 0.1563 2.367 0.020922 ⁎

% People living in flood zones 0.7395 0.1656 4.466 3.25e-05
⁎⁎⁎

% Karst ⁎% People living in flood
zones

0.9182 0.21843 2.406 0.001719 ⁎⁎

Dispersion parameter for
quasipoisson

32.8638

Null deviance 2894.2
Residual deviance 1613.0
df 65
Moran's Index (z-score; p value)a 0.1818; 0.8587

a Moran's Index was calculated in Arc GIS (ver. 10.3) to determine spatial autocorrela-
tion of model residuals.
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magnitude (Stockstill and Leech, 1990; Bush et al., 1995), may have led
to the observed trends, and should be determined throughmore exten-
sive studies on these zip codes.

Aswe predicted, the relationship observed between extreme rainfall
and floods is to some extent mitigated by natural structures, such as
karst soils (Fig. 3, Fig. 4). The karst formations in Puerto Rico promote
rapid infiltration of rainwater to underground conduits (Torres-
González et al., 1996), potentially contributing to flood risk reduction,
especially if rainfall retention features such as caves and sinkholes are
protected from debris accumulation or urbanization (Zhou, 2007). The
observed protective effect of karst soils is lost in areas where a high per-
centage of people live inflood zones (Fig. 4). Naturally infiltratedwaters
in karst soils re-emerge as surface water in springs, or wetlands, which
may cause flooding further downstream under certain conditions.
Therefore, flood protection services provided by karst soilsmay not pro-
tect neighborhoods located in the very same areas were infiltrated wa-
ters are naturally expected to re-surface. The role of karst hydrology and
its relationship to flood dynamics is still a subject in need of more re-
search (Gutiérrez et al., 2014; Naughton et al., 2018), and was not the

focus of the present work, sowe encourage further analysis of these ob-
served trends.

Aside from its infiltration capacity, the karst region is one of the few
areas of the Island with a firm legal basis for protection, as contained in
Law 292, Law to Protect the Karst Physiography of Puerto Rico (Vale-
Nieves, 2018). This law led to the establishment of a strict land use
framework, where around 33% of the karst extent fell under the highest
degree of protection possible (Vale-Nieves, 2018). This implies com-
plete restriction of activities such as landfills, and waste disposal sites,
prohibitions on the use of agrochemicals, and strict control of develop-
ment projects (Garcia-Padilla et al., 2013). Law 292's regulations how-
ever, are not equally restrictive across the entire karst extent,
including some karst municipalities with a high percentage of people
living in flood prone areas (e.g., Vega Baja, Vega Alta, Dorado, Toa Baja,
(Fig. 4, also see SM4, and CLCC, 2016). Therefore, the associations ob-
served between karst and flood claims, moderated by people living in
flood zones could also reflect regulatory disparities regarding hydrolog-
ical alteration and water resource pollution. More studies are needed to
establish a clear mechanism to explain these trends.

Fig. 4.Visualization of the interaction effects between %Karst * % People in Flood Zones, on FEMA flood claims (cases per household per zip code). The toppanel showsdifferent levels of the
% people in flood zones, the bottom panel represents the relationship between % karst and claims per household at each of these levels. The red line represents a locally weighted
scatterplot smoother (Cleveland, 1981).
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4.2. Flood protection EGS and GI illness

Extreme rainfall events were a strong predictor of GI illnesses, with
Medicare claims showing a 17% modeled increase in the odds of a GI-
related illness following a 90% (and above) rainfall event. The interac-
tion effect between % karst soils * % people living in flood zones greatly
improved the fit of the model linking GI illness to extreme rainfall
events. Because this interaction was also shown to be a good predictor
of FEMA flood claims, these results lend some support to our hypothesis
linking flood protection ecosystem services to a reduction in flood re-
lated health effects. This protective effect, however, seems very limited
and what the interaction effect suggests is that these natural features
are not effective at counteracting the level of exposure some communi-
ties face when located in flood prone neighborhoods.

Built adaptations, such as adequate sewage infrastructure should
provide protection from GI illness occurrences, but this parameter, did
not improve the fit of models linking GI illness to extreme weather
events. Ourmodels did not control for factors that could determine sew-
age system effectiveness, such as date of construction, maintenance

levels, or the capacity of the infrastructure relative to the magnitude
of the population served. In PR, these factors have been shown to affect
the performance of wastemanagement in the past (Hunter and Arbona,
1995; PRASA, 2014), and therefore, future studies could address inmore
detail which systems across the island are performing adequately with
respect to their influence on public health issues such as GI illness.

Aside from flooding, an alternative pathway of exposure to un-
treated sewage is recreational swimming. Previous studies in Puerto
Rico have shown correlations between rainfall and GI illness pathogens
in public beaches (Cordero et al., 2012; Laureano-Rosario et al., 2017).
Exposure to GI illness pathogens was also shown to be linked to recrea-
tional swimming and sewage infrastructure in one of the most impor-
tant beaches in Southwest Puerto Rico (Wade et al., 2018). As seen in
Fig. 6, the southwest of PR is themain regionwith a higher than average
odds of having spatially associated cases of GI illness. This area's econ-
omy is closely tied to marine recreational opportunities, and our study
supports previous research documenting public health concerns in
this important tourism destination that should be addressed.

Aside from the spatial patterns observed, we also detected a promi-
nent temporal pattern, where Medicare claims for GI illness dropped
after the year 2006. The influence of this pattern was accounted for in
our analysis. This drop in Medicare claims was not a reflection of any
changes in rainfall trends as far as we can tell from our weather data.
A potential explanation to this effect could be changes in Medicare pol-
icy affecting claim filing processes. For example, the Deficit Reduction
Act of 2005, led to a reduction in the number of claims filed for certain
hospital acquired infections (Kawai et al., 2015) and radiology referrals
(Levin et al., 2009), but it is not clearwhether thiswould have also led to
a decrease in reported GI illnesses in Puerto Rico. Another potential fac-
tor could be associated to improvements in storm and waste water
management in Puerto Rico around this time. Coincidentally, in 2006,
the EPA fined the Puerto Rico Sewage and Aqueduct Authority
(PRASA) for 15 violations to the Clean Water Act on wastewater and
drinking treatment plants, for the unprecedented amount of 9 million
dollars (USEPA, 2006). Remedial measures in the most polluting waste

Fig. 5. Predicted flood claims vs observed flood claims from model averaging results excluding outlier zip codes (R = 0.57, p b 0.001).

Table 3

GI diseases examined for coastal zip codes in PR International Classification of Disease,
Version 9 (ICD9).

Period Gastro intestinal diseases (ICD 9 Codes) Total
Medicare
claims

1999–2013 Cholera (ICD9-001) 0
Salmonella (ICD9-003) 273
Shigella (ICD9-004) 4
Other Bacterial Poisoning (ICD9-005) 113
Intestinal Infections due to Other Organisms
(ICD9-008)

788

Gastroenteritis (ICD9-009) 739
Total 1917
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Fig. 6. Temporal and spatial trends in GI disease claims over the study period. The y axis in Fig. 6A shows the coefficient of the temporal effect in log-odds for the selected study weeks
between the years 1999–2013. Fig. 6B shows the spatial coefficient, in log-odds, for coastal ZIP codes in Puerto Rico.

Table 4

Spatio-temporal regressions looking at the effect selected parameters on gastro-intestinal diseases in Puerto Rico (1999–2013).

Parameters* 0 1 2 3 4 5

Medicare beneficiaries 0.58
(0.51: 0.66)

0.58
(0.51: 0.66)

0.58
(0.51: 0.66)

0.58
(0.51–0.66)

0.58
(0.51: 0.66)

Weather hazards
90%+ Rainfall event 0.16

(0.03: 0.29)
0.16
(0.03: 0.29)

0.16
(0.04–0.29)

0.16
(0.04:0.29)

95%+ Rainfall event 0.03
(−0.09: 0.15)

0.03
(−0.09: 0.15)

0.03
(−0.09–0.15)

0.03
(−0.09: 0.15)

99%+ Rainfall event 0.07
(−0.11: 0.24)

0.07
(−0.11: 0.23)

0.07
(−0.11–0.23)

0.07
(−0.11: 0.24)

Sewage density 0.005
(−0.14: 0.15)

−0.0001
(−0.15: 0.15)

Ecosystem goods and services
(1) %Karstb ppl_FldPera 0.15

(−0.08–0.38)
0.15
(−0.08: 0.38)

%Karst −0.10
(−0.32–0.11)

−0.10
(−0.33: 0.12)

ppl_FldPera 0.14
(−0.01–0.29)

0.14
(−0.02: 0.29)

Hyperparameters
Range spatial effect 4.47

(2.8: 6.7)
32.04
(15.91:61.18)

32.58
(16.03:62.46)

32.13
(15.71:62.29)

32.58
(16.62–60.57)

32.01
(16.26:59.76)

STDEV spatial effect 1.29
(0.98:1.67)

0.47
(0.34:0.66)

0.48
(0.34:0.66)

0.48
(0.34:0.66)

0.48
(0.32–0.68)

0.48
(0.33–0.68)

Precision temporal effect 36.97
(6.85:133.27)

22.42
(5.70:65.28)

23.20
(5.94:67.89)

23.58
(6.00:68.92)

23.18
(5.92–67.62)

23.43
(5.97–67.94)

Number of Parameters 65.81 46.76 49.66 50.35 50.7 51.09
WAIC 14,767.43 14,751.14 14,750.9 14,752.14 14,745.18 14,746.49
WAIC weights 0.00 0.03 0.03 0.02 0.60 0.31

a Percentage of people living in flood areas. Variables with 95% CI not encompassing zero are considered as best predictors. Best model's WAIC weight is in bold. The range for spatial
refers to the distance in km at which spatial correlation becomes negligible. The precision for temporal effect refers to the inverse standard deviation for the RW1 error between week
values.

b Values for the model parameters are in log odds ratio units.
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water treatment facilities may have quickly ensued after this incident,
as PRASA was required to do so under the consent decree (USEPA,
2006). These potential explanations, however, are speculative and this
temporal pattern in GI illness should be further assessed.

4.3. Study limitations

Our study has several limitations. First, the weather estimates are
based on extrapolated data from existing meteorological stations,
which may be more representative in some parts of the island than
others. Studies assessing weather at a finer resolution could help
provide more details to the trends observed. Likewise, the scale at
which we analyzed our disease and flood claims (e.g. zip code) is
still very coarse and is not able to capture relationships that may
occur at the neighborhood level, in association to local rain retention
management initiatives. Unfortunately, disease data is rarely pub-
licly available at the neighborhood scale, so similar studies, using
survey instruments for example, could help supplement our results.
Moreover, while the Medicare claims system provides consistent
data through the states GI illnesses, for the most part, are under re-
ported, and we may have under estimated their occurrence. Incor-
rect reporting, and misclassification of Medicare claims, as well as
omission of certain ICD-9 codes from our analysis should also be con-
sidered as potential sources of bias in our results. Furthermore, be-
cause we used Medicare claims as an indicator of GI illness trends,
our study was mainly representative for the elderly demographic
(~19.7% of PR's current population, US Census, 2018), and should
be interpreted taking this factor into consideration. Previous studies
suggest that the elderly is the most sensitive group to weather re-
lated GI illnesses (Jagai et al., 2015). However, the associations be-
tween rainfall and GI illness among other sensitive groups, such as
young children, may need to be evaluated further.

In terms of our modeling approach, we tested parameters at mul-
tiple scales, and the selection of these scales were meant to respond
to our study objectives. However, estimating more landscape

parameters at the watershed level, or in association to health re-
sponses at the census tract or block group level, may help further ad-
dress the linkage between flooding, ecosystem services and GI illness
in the future. While our study did not find a statistically significant
relationship between vegetation cover, the rain retention index
and flood claims, we think this is still a question that needs to be
researched further, looking at more study locations, and assessing
this relationship at different spatial resolutions. At smaller spatial
scales, such as census blocks, it is possible that the presence of rain
retention gardens, riparian buffers and other locally managed
green spaces provide a level of small scale protection that would
have been difficult to capture in our study looking at zip codes. More-
over, a potential mismatch between the supply and demand of eco-
system services also needs to be considered, as places that are
more at risk of flooding tend to be more urbanized and located
within sprawling areas that are more likely to have lost more vegeta-
tion cover within their watersheds (Stürck et al., 2014). The context
of coastal zip codes in Puerto Rico, where a large proportion of the
population in flood zones are also downstream of the highly urban-
ized San Juan metropolitan area (Fig. 2, Fig. 3), provides a limited op-
portunity to test this hypothesis fully. Repeating this analysis in a
larger context, such as across coastal counties in the mainland US
could help address these questions further.

5. Conclusions

To our knowledge, this study is the first to explore the role of flood
protection ecosystem services on preventing GI illnesses. We found
that GI illnesses in PR spike after rain events, and that the natural infil-
tration provided by karst soilsmay help preventfloods andGI illness oc-
currences. The role of this ecosystem service is affected by planning
decisions in coastal communities, such as residential development in
flood prone areas, which undermines the protective effect of rainfall re-
tention from natural features. Built adaptations, such as adequate sew-
age infrastructure, are expected to provide a protective role on GI
illness occurrences, but we did not find evidence for this in our study.
Factors such as the age and capacity of sewage infrastructure across
the island needs to be accounted for in future research to better assess
its effectiveness on protecting from GI illness associated to weather
events. Aside from flooding, environmental exposure to disease patho-
gens after extreme weather events have been linked to recreational
swimming in PR. This relationship may be related to the observed spa-
tial association of GI illness to Southwest PR (a popular beach destina-
tion). This is a finding that supports previous studies and highlights
the importance of effective waste watermanagement and public health
protection on this location.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.04.287.
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Abstract

Objectives In the last decade, we saw an upsurge of studies

evaluating the role of ecosystem goods and services (EGS)

on human health (Eco-Health). Most of this work consists

of observational research of intermediate processes and

few address the full pathways from ecosystem to EGS to

human health, limiting our ability to assess causality.

Methods We conducted a causal criteria analysis of Eco-

Health literature using Eco-Evidence, a software tool that

helps evaluate evidence of cause–effect relationships. We

focus on the context of green spaces providing ‘‘buffering’’

EGS that may influence disease.

Results We found support for a causal linkage between

green spaces and all of the EGS tested, and sufficient

evidence linking EGS to gastro intestinal disease and heat

morbidities. Inconsistencies were found when assessing the

link between EGS to cardiovascular and respiratory dis-

eases. Few studies directly link green spaces to health.

Those that do, support a connection to cardiovascular

disease, and heat morbidities, but provide inconsistent

evidence regarding respiratory illness.

Conclusions Our results help establish an agenda to shape

future Eco-Health research and define priorities for

managing green spaces to provide human health benefits.

Keywords Ecosystem goods and services � Green spaces �
Disease � Causal criteria analysis

Introduction

Ecosystem goods and services (EGS) are the outputs of

ecological processes that directly or indirectly contribute to

social welfare (Munns et al. 2015). One of the key uncer-

tainties limiting the protection of EGS is the limited

knowledge of how they may relate to human health (Cor-

valan et al. 2005). Since the Millennium Ecosystem

Assessment (MEA 2005), there has been increasing interest

in addressing this information gap, and an upsurge in the

number of studies on the subject (Hartig et al. 2014).

The emerging body of literature relating EGS to human

health has been compiled in over fifty review articles

(Hartig et al. 2014), and captured in interactive tools, such

as the US-EPA’s Eco-Health Relationship Browser (Jack-

son et al. 2013). Although these compilations highlight

empirical evidence, the references to date do not neces-

sarily support causality, but rather focus on establishing

plausible associations (Jackson et al. 2013). Moreover, the

field is dominated by observational research and there is a

dearth of primary studies to establish causal associations

between EGS and health in a consistent and rigorous

manner (Hartig et al. 2014).

Notably, there are few studies directly linking the

presence of ecosystems to physical health and disease by

means of buffering EGS. Buffering EGS refers to the

ecosystem’s capacity to ‘‘buffer’’ against health impacts
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article (doi:10.1007/s00038-017-1020-3) contains supplementary
material, which is available to authorized users.

& Rebeca de Jesus Crespo

Dejesus-crespo.rebeca@epa.gov

Richard Fulford

Fulford.Richard@epa.gov

1 Gulf Ecology Division, National Health and Environmental

Effects Research Laboratory, US EPA, Office of Research

and Development, 1 Sabine Island Drive, Gulf Breeze,

FL 32561-5299, USA

123

Int J Public Health (2018) 63:81–92

https://doi.org/10.1007/s00038-017-1020-3



by, for example, removing pollutants from air and water,

and mitigating heat and water hazards (Jackson et al.

2013). Most existing research links disease to intermediate

processes (e.g., air pollution, floods), which may be

attributed to anthropogenic impacts and not necessarily to

buffering EGS by ecosystems. Given that the ecosystem is

the operable management unit in the conservation of

buffering EGS for human health, a lack of empirical evi-

dence supporting a direct association could undermine the

effectiveness (and public support) of conservation plans.

There are few papers tracing the full pathways from

ecosystem, to EGS processes, to health outcomes, which

further limit our ability to demonstrate causality (Hartig

et al. 2014).

One solution to these limitations is the collective anal-

ysis of existing Eco-Health literature using causal criteria

analysis (CSA). CSA emerged in the field of epidemiology

due to the need for decision-making based on relatively

weak independent pieces of evidence (Weed 1997). Brad-

ford Hill’s criteria represent the most widely used guide for

assessing causality, and consist of standards, summarized

by Russo and Williamson (2007), into two categories: (1)

probabilistic evidence, or consistent cause–effect associa-

tion; and (2) mechanistic evidence, or a logical explanation

of how the causal association occurs. Norris et al. (2011)

subsequently applied causality criteria to develop a

framework for assessing cause–effect relationships in

environmental research. The premise is that isolated studies

may not offer a strong case for causality, but they may do

so if considered collectively.

We focus our CSA on the context of green spaces, its

effects on buffering EGS, and the impact of these on

human diseases. We address the following questions: (1)

which linkages are theoretically plausible but need further

research, (2) which diseases have been associated directly

with presence/absence of green spaces, and (3) which Eco-

Health linkages are best supported and should be consid-

ered for management. Addressing these questions will

better characterize the current state of knowledge, define

management priorities, and identify pending Eco-Health

research topics.

Methods

To conduct our CSA, we applied a numerical technique

that combines individual studies, weighted by research

design, into a single score for or against a given hypothesis

(Norris et al. 2011; Table 1). This method helps determine

whether the composite of existing research supports the

cause and effect relationship, or suggests inconsistent

evidence, or support for an alternative hypothesis. This

approach differs from meta-analysis as it is not meant to

measure effect sizes. Instead it helps determine the evi-

dence for a given causal linkage. It also allows consider-

ation of studies that do not report summary statistics, which

are needed for quantitative reviews (Norris et al. 2011).

This method represents an alternative to narrative reviews

as it allows for succinct literature synthesis and a system-

atic assessment of relative weight of evidence (Norris et al.

2011). This approach has been incorporated into an online

tool called Eco-Evidence, summarized here in four sec-

tions: context definition; cause and effect mechanism; lit-

erature review; and weighting the evidence (Webb et al.

2015).

Context definition

Our analysis focuses on diseases linked to buffering EGS

provided by green spaces (Fig. 1). Here, the term green

space refers to any vegetation within a human dominated

environment (Kabisch and Haase 2013). This includes

urban trees, green roofs, and wetlands.

We did not consider health promoting services (physical

activity, engagement with nature), or mental health out-

comes. Recent reviews describes the state of knowledge

regarding these topics (Lee and Maheswaran 2011;

Shanahan et al. 2015), while there is relatively less

Table 1 Factors considered and weight of evidence scores for causal

criteria analysis. Modified from Norris et al. (2011)

Factors considered Weight applied

Study design type

BACI or BARI MBACI 4

Gradient response model 3

Before vs after (no reference/control) 2

Reference vs control (no before) 2

After impact only 1

Number of independent control locations

0 0

1 2

1? 3

Number of independent impact locations

1 0

2 2

2? 3

Locations for gradient response model

3 0

4 2

5 4

5? 6

BACI before–after-control-impact, BARI before–after-reference-im-

pact, MBACI multiple before–after-control (or reference)-impact
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information on the weight of evidence linking acute mor-

bidities such as gastrointestinal disease, respiratory illness,

cardiovascular disease, and heat morbidities to green-

space–EGS (Hartig et al. 2014). We selected these four

health endpoints for our assessment which followed two

approaches:

1. Evaluating intermediate linkages:

(a) Green space ? EGS (i.e., green spaces provid-

ing buffering EGS)

(b) EGS ? Health (i.e., exposure to environmental

hazards leading to disease).

2. Evaluating direct linkages:

(a) Green space ? Health (i.e., health benefits

associated to presence/extent of the ecosystem).

This approach allowed us to fully characterize the

cause–effect model (Fig. 1), and identify the greatest data

gaps and the strongest support.

Cause and effect mechanisms

Green spaces mitigate water hazards (e.g., floods, storm

surge) by increasing rainfall interception and infiltration

and by acting as a physical barrier to waves and storm

surges (Brody and Highfield 2013; Costanza et al. 2008).

Water hazard mitigation lowers exposure to polluted flood

waters that cause GI disease, and prevents flood prone

homes from harboring conditions that lead to mold growth

and asthma (Wade et al. 2004; Chew et al. 2006). Green

spaces remove infectious and toxic pollutants (Silva et al.

1990; Karim et al. 2004), helping to prevent GI disease

from drinking and recreational water (Araya et al. 2004;

Katukiza et al. 2014). They trap air contaminants (Räsänen

et al. 2013), which may otherwise lead to respiratory illness

and cardiovascular disease (Peters et al. 1997; Brook et al.

2004). Green spaces mitigate extreme temperatures

through shade and evapotranspiration, lowering heat mor-

bidities during heat waves (Bouchama and Knochel 2002).

Table 2 summarizes these cause–effect mechanisms.

Literature review

We examined 2756 publications regarding Eco-Health

linkages [(ESM 1) from years 2000 to 2016. First, we sear-

ched within an existing Eco-Health database (Jackson et al.

2013), N = 1434] and selected papers relevant to our focal

Eco-Health relationships (N = 112). We expanded this

database with a targeted keyword search (ESM 2). We

examined the titles and abstracts of all articles from the first

50 non-duplicative results per key-word combination

Fig. 1 Selected Eco-Health

linkages for causal criteria

analysis. We followed two

approaches for our analysis:

a Evaluating the intermediate

steps linking green spaces to

human health; b evaluating the

evidence linking green spaces

directly to human health. EGS

ecosystem goods and services,

GI disease gastro intestinal

disease, CVD cardio vascular

disease
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(N = 950), and eliminated non-relevant results (e.g., review

articles) for a total of 208 papers. We then evaluated study

methodology for all papers selected [N = 320 (112 ? 208)]

and excluded papers that were not primary research papers.

For example, we excluded papers that used modeling tech-

niques such as i-Tree (Nowak et al. 2008) as these tend to

infer provision of EGS from estimates made by previous

studies, and thus may not add new evidence. When available

we assessed articles that helped informed model develop-

ment (e.g., Pope et al. 2002). We also excluded articles that

looked at the green space–human health link through the lens

of physical activity or restorative theories, as our focus was

buffering EGS. Our final selection (N = 212, ESM 4) was

evaluated using CSA.

Weighting the evidence

Selected articles were classified using the weights descri-

bed in Table 1. We summed these weights to calculate an

evidence score for each cause and effect linkage. A score

of 20 was the threshold for rejecting or supporting the

causal linkage. This threshold implies that at least three

high-quality studies are needed to provide evidence for

causality, whereas in the case of low-quality research

studies, more articles may be needed to obtain the same

level of support (Norris et al. 2011). A score of 20 or more

for articles contradicting the hypothesis serves as basis for

rejecting the cause–effect relationship. Norris et al. 2011

chose this threshold after expert consultation and multiple

trials; however, Eco-Evidence allows modifying these

values if necessary. For our study, we applied the sug-

gested score of 20, with the following possible scenarios:

1. In Favor C20 ? Not in Favor B20 = Support for

Hypothesis.

2. In Favor \20 ? Not in Favor C20 = Support for

Alternate Hypothesis.

3. In Favor \20 ? Not in Favor \20 = Insufficient

Evidence.

4. In Favor C20 ? Not in Favor C20 = Inconsistent

Evidence.

Table 2 Cause and effect mechanisms for the intermediate steps of the selected Eco-Health linkages

Eco-Health linkages Cause–effect mechanism Mechanistic references #

Studies

Green spaces and EGS

Green spaces–clean

water

Green spaces provide physical barriers to the movement of pollutants in

water, change the soil’s condition to promote pollutant immobilization, or

capture pollutants in plant biomass

Silva et al. (1990), Karim

et al. (2004)

44

Green spaces–water

hazard mitigation

Green spaces reduce surface runoff by increasing rainfall interception and

infiltration. They also act as physical barriers to waves and storm surges

Brody and Highfield (2013),

Costanza et al. (2008)

19

Green spaces–clean

air

Green spaces provide physical barriers to the movement of pollutants in air

and absorb pollutants

Räsänen et al. (2013) 22

Green spaces–heat

hazard mitigation

Green spaces provide cooling through shade and evapotranspiration Pokorný et al. (2010), Kong

et al. (2014)

19

EGS and health

Clean water–GI

disease

Pathogenic microbes cause toxicity and infection, heavy metals like copper

cause vagal nerve stimulations which triggers GI symptoms

Araya et al. (2004),

Katukiza et al. (2014)

6

Water hazard

mitigation–GI

disease

Flood water mixes with waste water discharged into rivers, or other polluted

sources. Individuals in flood prone areas come in contact with

contaminated flood waters

Wade et al. (2004) 7

Water hazard

mitigation–

respiratory illness

The humidity and dampness in flood prone households lead to indoor mold

growth. Mold endotoxins cause respiratory conditions like asthma

Chew et al. (2006) 4

Clean air–respiratory

illness

Outdoor air pollutants (i.e., PM, O3, SO2 and NO2) cause oxidative stress and

airway inflammation. Other mechanisms causing respiratory illness include

increased susceptibility to infections and disruptions in oxygen transport

Kagawa (1985), Nel et al.

(2006) Reno et al. (2015)

28

Clean air–

cardiovascular

disease (CVD)

Airway inflammation and obstruction in oxygen transport caused by PM2.5

and PM10), O3, SO2 and NO2 leads to plaque formation and atherosclerosis.

Pollutants may also affect blood coagulation

Peters et al. (1997), Brook

et al. (2004)

23

Heat hazard

mitigation–heat

morbidities

Heated blood is transferred towards the surface of the body, increasing blood

output and activating sweating. This leads to dehydration, increases in heart

rate, and affects kidneys, liver and digestive systems as blood circulation is

transferred away from the organs and towards the skin

Bouchama and Knochel

(2002)

18

EGS ecosystem goods and services, GI disease gastrointestinal disease
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To determine the sensitivity of our conclusions to the

chosen threshold, we examined results at 5, 10, 15 and 20%

of the base value (e.g., when using a 20% variation in

threshold, scores of 16 and 24 were applied instead of 20).

Results

Weighting the evidence: intermediate linkages

Green spaces and buffering EGS

We reviewed 105 articles linking green spaces to clean

water, water hazard mitigation, clean air, and heat hazard

mitigation (Fig. 2; ESM 3).

We found 44 papers supporting the green spaces–clean

water linkage. Most of the studies assessed the role of

wetlands in removing copper and fecal coliform; we found

fewer studies assessing the capacity of other types of green

spaces (riparian vegetation, green roofs, urban trees) for

removing pollutants (ESM 3). We found 20 papers sup-

porting the role of green spaces in mitigating water haz-

ards. Studies linked this EGS to several types of green

spaces, including green roofs, wetlands and open spaces.

Indicators used to assess water hazard mitigation included

wave energy, surface runoff, and flood-related property

damages, in the presence and absence of green spaces

(ESM 3).

Our assessment supports the linkage between green

spaces and clean air. We reviewed 22 articles, where urban

trees (canopy cover, tree cover) were consistently shown to

remove air pollutants, most frequently particulate matter

(PM10 and PM2.5). We also found support for the role of

green spaces in heat hazard mitigation in 19 studies on the

subject. The indicators to assess Heat Hazard were mostly

temperature change and heat waves, while NDVI (Nor-

malized Difference Vegetation Index) and tree cover were

commonly used to measure green spaces.

Fig. 2 Results from causal criteria analysis. Interpreting possible

outcomes: (1) In Favor C20 ? Not in Favor B20 = Support for

Hypothesis; (2) In Favor \20 ? Not in Favor C20 = Support for

alternate Hypothesis; (3) In Favor \20 ? Not in Favor \20 = In-

sufficient Evidence; (4) In Favor C20 ? Not in Favor

C20 = Inconsistent Evidence. Negative values here represent evi-

dence not in favor, while positive values represent evidence in favor.

EGS ecosystem goods and services, GI disease gastro intestinal

disease, CVD cardiovascular disease
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EGS and health

GI disease We reviewed 6 papers providing sufficient

support for clean water–GI disease linkage. Swimming and

consumption were the two mechanisms of exposure in the

papers assessed, while surveys were used to characterize

GI disease occurrences.

For the water hazard mitigation–GI disease linkage, we

found 7 papers providing sufficient evidence in favor

(Fig. 2). Most studies correlated flood events to GI disease,

except for one which focused on rainfall. In this case, GI

disease occurrences were assessed using hospital admis-

sions or surveys.

Respiratory illness We found only 4 studies evaluating

the linkage between water hazard mitigation and respira-

tory illness (ESM 3). Three of the papers assessed asthma

as a response, and the fourth assessed bronchitis and cough.

To measure water hazards, authors looked at flood and

severe rainfall events, while health impacts were assessed

using surveys or insurance claims. These papers provided

insufficient evidence of a causal relationship (Fig. 2).

The linkage between respiratory illness and clean air has

been studied extensively (N = 27 papers reviewed). Of the

respiratory conditions assessed (bronchitis, cough, wheez-

ing, asthma) we found more evidence against the correla-

tion between air pollutants and asthma (not in favor = 93)

than the evidence in favor (in favor = 79; ESM 3). In

terms of indicators, most of the studies measured air pol-

lutants using data from monitoring stations, while hospital

admissions and surveys were commonly used to assess

health outcomes.

Cardiovascular disease (CVD) The link between clean

air and CVD had inconsistent evidence (Fig. 2). The

studies reviewed (N = 22) used a variety of indicators to

assess CVD, from blood pressure, to hospital admissions,

to indicators of inflammation. This variability in methods

may explain our inconsistent results. In terms of the air

pollution variables, studies mostly used data from moni-

toring stations, and indicators like PM10, PM2.5, and NO2.

Heat morbidities We reviewed 18 papers linking heat

hazards to health, which provided strong support for

causality. To measure heat hazards the authors used either

temperature fluctuations or specific heat wave events. The

health indicators used were hospital admissions and

emergency room visits, particularly those related to heat

(e.g., heat stroke), the renal system, or the circulatory

system.

Weighing the evidence: direct Eco-Health linkages The

evidence directly linking green spaces to health included 5

papers on Respiratory Conditions, 3 papers on heat mor-

bidities, and 2 papers on CVD (Fig. 2). We found sufficient

support for the role of green spaces in reducing heat

morbidities and CVD, with most papers reporting correla-

tions between green space cover and hospital admissions or

mortality related to these conditions. The evidence linking

green spaces to respiratory illness was inconsistent; most of

the inconsistencies were associated with the response of

asthma and/or allergies to green space cover (ESM 3). We

did not find papers associating green spaces with GI dis-

ease, so our results indicate insufficient evidence to support

this direct linkage (Fig. 2).

Sensitivity analysis Most relationships remained

unchanged when varying the threshold value by 5–20%,

with a few exceptions. Varying the threshold by 15% (i.e.,

a threshold of 17, or 23, instead of 20) would have changed

the conclusion regarding the green spaces–water hazard

mitigation and clean water linkage, from ‘‘sufficient’’ evi-

dence, to ‘‘inconsistent’’ evidence as we found a few

studies that found no support for the relationship. Varying

the threshold by 20% (i.e., threshold of 16, or 24) would

have changed the evidence supporting the green space

linkage to clean air from ‘‘sufficient’’ to ‘‘inconsistent’’

with two well-designed studies falsifying the hypothesis. A

20% threshold decrease would have altered the conclusions

regarding the water hazard mitigation–respiratory illness

relationship, going from ‘‘insufficient evidence’’ to ‘‘suffi-

cient evidence’’ as we found two well-designed studies and

a relatively poor study in support of the linkage. See ESM3

for details of the studies reviewed.

Discussion

Evidence for causality: Eco-Health linkages

GI disease

Green spaces are causally linked to clean water and water

hazard mitigation. Wetlands have been particularly well

studied for their role in providing clean water. Factors

determining their effectiveness include wetland type (De

Lacerda and Abrao 1984), the species involved (Yang et al.

2008), hydrological residence time, and season (Reinelt

and Horner 1995). For water hazard mitigation, several

types of urban vegetation, including open spaces and green

roofs, help reduce surface runoff and flooding (Bliss et al.

2009; Brody and Highfield 2013). Marshes and mangroves

have been linked mainly to storm surge reduction and wave

attenuation (Granek and Ruttenberg 2007; Möller et al.

2014); we found no papers assessing their role in mitigat-

ing urban floods. Our results correspond to findings by
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Shepard et al. (2011), and suggest this is an area that

remains unexplored.

Our review found sufficient evidence linking clean

water and water hazard mitigation to GI disease. The

impacts of water pollutants depend on exposure time,

concentration of pollutants, extent of exposure, and sensi-

tivity of exposed individuals (Araya et al. 2004; Wade et al.

2004; Collier et al. 2015). Most of the papers assessing

these linkages used self-reporting to characterize health

response. More objective indicators, such as medical

records, or hospital visitations, are less common and could

provide further support for this linkage.

We did not find studies addressing direct linkage

between Green-Space and GI disease, even though there is

sufficient evidence supporting intermediate processes

leading to this association, as detailed above. Future

research should focus on determining the effectiveness of

green spaces to mitigate environmental exposure to toxic

and pathogenic water pollutants in diverse contexts, such as

recreation, consumption and hazard events.

Respiratory illness

We found support for the role of green spaces in water

hazard mitigation (see ‘‘GI disease’’) and clean air, both of

which protect from respiratory illness. Urban trees have

been the focus of most studies assessing clean air EGS

(e.g., Cavanagh et al. 2009; Grundström and Pleijel 2014),

with evergreens showing greater effectiveness because of

year-long foliage retention and more complex leaf struc-

tures (Beckett et al. 2000; Nguyen et al. 2015). Hairiness,

stomatal density and leaf wettability are also factors that

seem to increase pollutant capture by trees and that should

be maximized for clean air EGS (Räsänen et al. 2013;

Weber et al. 2014).

The evidence linking water hazards to respiratory illness

was less clear. We found few papers linking floods to

asthma. Only three of the four papers reviewed supported

the linkage, while the fourth paper found a negative asso-

ciation (Park et al. 2013). Of the supporting papers, one

found that response was partially mediated by psycholog-

ical distress, and that asthma negatively correlated to

flooding depth, which contradicts their findings (Reacher

et al. 2004). The other two studies convincingly connected

flood, mold and asthma, but only one followed an experi-

mental approach (Dales et al. 1991), while the other con-

sisted of a single case study (Makaryus et al. 2015).

Therefore, the hypothesized linkage between flooding and

asthma, mediated by mold growth, remains to be explored.

From the studies assessing linkage between clean air and

respiratory illness, those using asthma as a response showed

inconsistent evidence for causality (ESM 3). The

inconsistencies are likely due to the types of indicators used

to measure cause and effect. For example, a widely used

clean air indicator is PM2.5 mass (e.g., lg/m3), while the

mechanism that links air pollutants to asthma is in part

mediated by oxidative stress and inflammation (Li et al.

2008). Certain particles have greater oxidative capacity than

others, and their relative concentration may be a better

indicator to assess respiratory impact than mass alone. Only

one paper assessed oxidative potential in the air as an

explanatory variable (Delfino et al. 2013); it found this was a

better predictor of asthma than PM2.5 mass. Other inconsis-

tencies were related to season, with more respiratory sus-

ceptibility in the winter months. This trend may be related to

more indoor pollutant exposure during winter (Walters et al.

1994), differences in pollution sources due to heating, or

meteorological patterns in winter (e.g., less rainfall) that

affect diffusion of pollutants (Zhen et al. 2013).

Accordingly, we found inconsistent evidence linking

green spaces to asthma and allergies. Some studies report

positive association between green space and asthma,

pointing toward the negative influence of pollen and other

allergens (Lovasi et al. 2013). Previous studies have found

that while trees help remove pollutants, sometimes these

pollutants get recirculated depending on location of

buildings, wind direction and flow dynamics (Wania et al.

2012). Therefore, careful selections of tree species, and the

use of flow dynamics modeling, are important considera-

tions for designing green space configurations as part of

restoration initiatives.

Cardio vascular disease (CVD)

We found inconsistent evidence for the link between clean

air and CVD. We can hypothesize potential reasons, such

as the use of various indicators in different studies and the

presence of confounding natural and demographic factors.

For example, in an experimental study by Hajat et al.

(2015), different pollutants were tested against indicators

of inflammation and blood clot formation with inconsistent

results among the combinations tested (ESM 3). This sig-

nals a need for better characterizing the physiological

mechanisms linking clean air to CVD to determine the best

indicators to detect this connection. Another study found

that age is an important factor, with the elderly showing

greater CVD response to pollution (Prescott et al. 2000).

Season may also play a role; in some instances, correla-

tions were observed in cold but not warm months (Chang

et al. 2015). Moreover, when looking at relationships that

have many associated studies (e.g., CVD–clean air), the

likelihood of finding inconsistencies increases (Norris et al.

2011). This does not imply that ‘‘inconsistent’’ connections

are not real; rather, the inconsistencies help refine
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hypotheses and future research questions (Norris et al.

2011).

We found support for a direct link between green space

and CVD. Although we tried to avoid papers focusing on the

health promoting benefits of green spaces, the studies we

used were correlative, without explicit assessments of the

mechanisms involved. The findings may in part be related to

promotion of physical activity, engagement with nature, and

the stress reducing potential of green spaces. In one of the

papers, Pereira et al. (2013) found that neighborhood vari-

ability of greenness had a stronger association to CVD than

absolute greenness, a finding that points toward physical

activity as a mediating factor, since non-green areas (e.g.,

sidewalks, parking lots) were also important. Donovan et al.

(2015) found that correlations between green space loss and

CVD were significant after controlling for exercise, indi-

cating that factors other than physical activity were impor-

tant. Nevertheless, these other factors could include stress

reduction from promotion of social engagement (EGS that

also reduce CVD risk) and not necessarily air quality. Based

on our review, we hypothesize that the benefits of trees to

CVD could be attributed to mechanisms other than sup-

porting air quality. In Fig. 3, we present this hypothesis by

illustrating risk factors for CVD, and the role of green spaces

using previous studies. Green spaces have been shown to

promote a 44% increase in physical activity, but provide on

average 0.11% air quality improvement via reduction of PM

(Richardson et al. 2013; Nowak et al. 2013). Although these

values come from studies with different methodologies, and

quantitative comparisons are not justified, the differences in

magnitude illustrate the relative influence of green spaces via

these two EGS. Moreover, a study by Lim et al. (2013)

showed that PM corresponds to 22% of the risk for CVD,

while physical activity accounts for 31% and influences

other important CVD drivers like stress and body mass

index. Considering the relative importance of green spaces

for physical activity vs clean air, and the relative importance

of physical activity vs clean air in CVD, we propose that

green spaces mainly influence CVD by promoting physical

activity. This is not suggesting that clean air is unimportant

for CVD, rather that green spaces likely play a modest pol-

lutant buffering role, and that emphasis should be placed

primarily on reducing pollution. In turn, management of

green spaces for health promoting services should align with

aspects of the built environment, such as access and safety

features. This is especially important for low income com-

munities, which face higher CVD risks (Fig. 3).

Heat morbidities

The link between green spaces and heat hazard mitigation

is unequivocal, both for direct health outcomes and for the

intermediate steps. Heat mitigation by trees has been

reported for cities with different types of green space and

ecosystems, and at multiple scales (Hou et al. 2013; Vail-

shery et al. 2013). Likewise, the protective value of green

cover on heat morbidities has been well-documented in

relation to heat waves and within arid environments at risk

of heat extremes (Vandentorren et al. 2006; Harlan et al.

2013). Consistently, studies confirm increased risk from

heat for vulnerable populations, such as elderly individuals

and those with impaired mobility (Vandentorren et al.

2006; Burkart et al. 2016). Although correlations have been

observed when documenting green cover at lower resolu-

tions (e.g., 30 m resolution, using indicators such as

NDVI), vegetation is most likely to be protective when it is

strategically placed near exposed households within the

urban context (Li et al. 2013).

In terms of management for heat hazard mitigation, the

amount of green space is the most important factor, but

there are other design considerations. Mixing tree species

along street corridors to avoid continuous canopies that

trap heat, and designing green roofs to have high leaf area

index and adequate irrigation, are strategies to enhance

the cooling effect (Norton et al. 2015). Urban greening

not only buffers against heat islands and heat waves, but

may also provide economic services to sectors that cannot

rely on air conditioning, while supporting efficient energy

use.

Limitations and recommendations

Limitations of the Eco-Evidence tool are discussed in detail

in Norris et al. (2011). The authors address criticisms

regarding the threshold value of 20, and advise that expert

judgement should always be included. From our sensitivity

analysis, we found that we would need to change the

threshold by 15–20% to alter our conclusions. Because

Norris et al. (2011) used trials and expert advice to develop

the threshold of 20, we feel compelled to adhere to this

value to maintain consistency, but we encourage readers to

consider these alternative results when interpreting our

findings. Another limitation is that the approach does not

differentiate studies by their attention to confounding fac-

tors, which in the case of Eco-Health studies could be

influential. Weighting studies by environmental or

socioeconomic confounders would be a much-needed

revision to the method (Norris et al. 2011). Lastly, while

Eco-Evidence is not a substitute for strictly quantitative

approaches such as meta-analyses, it allows weighting

evidence from a variety of studies, including those that do

not report summary statistics or cannot be combined due to

fundamental differences in datasets. The contribution of

Eco-Evidence is to help evaluate the knowledge base in

support of a given relationship, not the effect size of that

relationship, as in meta-analyses.
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Our results are partly determined by our strategy to

identify relevant scientific studies (ESM 2). We invite

readers to evaluate our review method and account for

potentially missing keywords when interpreting our con-

clusions. In addition, to maintain consistency in the quality

of material included, we only considered peer-reviewed

publications, and excluded book chapters and gray litera-

ture. Despite these limitations, our review allowed us to

make consistent comparisons, determine their relative state

of knowledge, refine hypotheses and define areas of

research need. Our findings support a proposed research

agenda (Table 3) to advance the management of EGS for

human health benefits.

Conclusions

We conducted a CSA to characterize Eco-Health literature.

Our study fills a void that previous reviews had identified

as crucial for valuing Eco-Health evidence: namely

reviewing the evidence for the full pathways between

ecosystem, ecosystem processes (e.g., EGS) and health

outcomes (Hartig et al. 2014).

Our work confirms that most current Eco-Health liter-

ature supports the intermediate steps of these pathways

(e.g., Ecosystem–EGS, EGS–Health), but few studies

trace linkages from ecosystem to disease. Of these, few

simultaneously address the pathways by which these

direct connections occur. Research that fully determines

if/how greening strategies deliver health benefits through

buffering EGS is generally lacking, and in need of

attention.

Despite identifying research needs, our review found

consistent evidence of a connection between green spaces

and buffering EGS, and between green spaces and certain

health outcomes such as cardiovascular disease and heat

morbidities. The role of green spaces in providing health

Fig. 3 Direct risk factors for cardiovascular disease (CVD, gray

boxes) and indirect mediators (white circles, green spaces and

poverty). The percentages represent the proportion of the effect

attributed to the cause. The causes for CVD or risk factors

(environmental, diet, behavior and physiological) were adapted from

Lim et al. (2013), who looked at ischemic heart disease, a common

type of CVD. The % of air quality improvement from trees was

adapted from Nowak et al. (2013), by averaging the estimates for the

ten US cities they assessed in their study. The percent in promotion of

physical activity comes from Richardson et al. (2013); Poverty

percentages come from Hulshof et al. (1991), and Galobardes et al.

(2001)
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benefits is enhanced in cities if considered alongside design

aspects such as selection of tree species, attention to

placement and configuration of trees, and aspects of the

built environment that encourage use of green spaces. This

evidence should encourage green space planning within

cities by showing human health is an achievable objective

of restoration investments.
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5.4. Ecological Benefits Functions 

In most cases, estimating the consequences of decisions on ecosystem services should include a 

direct connection from those services to human beneficiaries (EPFs to EBFs; Figure 5.1). This 

connection allows for more direct and meaningful assessments of impacts when production of 

FEGS may be affected by a decision. While benefits can be universally understood through a 

multi-dimensional concept of well-being (Munns et al. 2015a), impacts of ecosystem services on 

well-being may be measured in a number of different ways (see Chapter 4.2), and numerous 

approaches have been applied to quantify well-being.  

In this section we summarize ecological benefits functions from three dominant benefit 

viewpoints: 

• monetary value; 

• human health; and  

• human well-being.  

Note, these approaches are not independent and have significant overlap. Monetary values can be 

placed on human health (e.g., costs of health care), and environmental economists often consider 

Total Economic Value (TEV) as a way to quantify well-being. Human health endpoints (e.g., 

mortality or disease rates) are also commonly assessed as a measure of well-being for outcomes 

that are difficult to monetize (Reacher et al. 2004; Gariepy et al. 2014). The final approach, 

human well-being, attempts to provide a comprehensive non-monetary measure by integrating 

metrics of health and wealth with other factors such as culture, safety, and social cohesion 

(Summers et al. 2014; Dyrbye et al. 2016). All three approaches have strengths and weaknesses 

worth considering, and could be used individually or in combination when assessing benefits 

from FEGS.  

Strategy: Let objectives drive choice of methods for FEGS benefits analyses 

 

Choice of methods to estimate ecosystem services benefits (EBFs) should 

primarily be driven by 1) the benefits endpoints under consideration as objectives 

and 2) the depth of analysis required to make a decision. Tool assumptions and 

input data needs also influence whether implementation of a method is practical. 

 

The development of predictive or descriptive tools is similar across all three benefit categories, 

but the resulting tools are dependent on different assumptions and input data. Tools in general 

can be categorized across a continuum from: 

• conceptual tools that elucidate connections between ecosystem services and benefits 

(Eco-Health Relationship Browser; Jackson et al. 2013), but do not attempt to 

estimate outcomes; to 

• semi-quantitative tools that make predictions based on associative relationships (e.g., 

i-Tree, www.itreetools.org); to 

• fully quantitative models that predict outcomes (NOAA 2009; Dorn et al. 2014) 

optimally with some estimate of uncertainty appropriate for assessment of risk (Miller 

et al. 2005).  
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These are similar to ecological production functions discussed in the previous section (Section 

5.3), but have human benefit metrics as their output. The type of tool selected will depend on the 

specific benefits and management actions under consideration. Here we focus on data needs and 

outputs to compare different approaches for benefit functions.  

Monetary endpoints are by far the most dominant category in terms of available tools (Birol et al. 

2006; Johnston and Wainger 2015; Yoskowitz et al. 2016). This also includes endpoints that 

clearly represent economic markets (e.g., commercial fish harvest) from which a monetary value 

could easily be calculated or inferred. Aside from the plethora of choices, these tools are also 

useful for comparing benefit across disparate issues, as they focus on a common endpoint 

measure (e.g., monetary value). However, available valuation tools tend to be biased towards 

assessing benefits from consumptive services, as values of market goods are often more 

straightforward to quantify (Tuya et al. 2014). In cases of marketable commodities (e.g., natural 

resource products) this is a relatively straight forward exercise involving economic models of 

supply and demand (Ronnback 1999; Samonte-Tan et al. 2007; Fulford et al. 2015b). Yet, many 

ecosystem goods and services, such as habitat or carbon storage, are hard to monetize, as people 

do not buy and sell them directly. Instead, they provide non-consumptive services to a set of 

beneficiaries that is difficult to define. In the latter case, value is typically estimated based on 

preference models (Beaumont et al. 2008; Mangi et al. 2011; Appendix E5) that substitute stated 

or revealed preference of stakeholders for a more direct estimate of cost.  

An extensive literature exists on the subject of preference models and the application of such 

models to general monetary valuation is well-supported (Castro et al. 2016; Irvine et al. 2016; 

Romo-Lozano et al. 2017). However, these models can be controversial as a predictive tool, 

because of underlying assumptions and the large potential for bias resulting from an often 

inadequate beneficiary sampling frame (Brouwer 2006; Christie and Gibbons 2011). 

Beneficiaries are asked to convert their perceived preference for a good or service into monetary 

terms. However, many unstated or unmeasurable factors can influence the outcome, including 

proximity of respondents to the good or service, demographics of respondents, or even state of 

mind of respondents during the survey. Despite these issues, stated preference models remain a 

common tool for estimating value of ecosystem services to beneficiaries because they allow 

straightforward comparison of the results across beneficiary groups and decision contexts. 

Measures of health benefits from ecosystem goods and services are another prolific area of 

research and policy (Appendix E6). Human health endpoints bridge the gap between 

consumptive (e.g. diet) and non-consumptive (environmental quality) services (Reacher et al. 

2004; Gariepy et al. 2014). Health outcomes can be divided into two broad categories (Jackson et 

al. 2013):  

• acute or chronic health problems that could be buffered by natural ecosystems 

(Reacher et al. 2004; Wade et al. 2014); or  

• the health promotional role of nature on physical activity, mental health, and 

general healthiness (Gariepy et al. 2014; Lee and Duk-Chul. 2014).  

Most progress in development of health benefit functions has occurred in the former category 

where integrated public health and environmental research has generated abundant data linking 

environmental quality to health outcomes. Examples include the relationship between access to 
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green space and reductions in heat morbidity (Harlan et al. 2013). Here, the impact of preserving 

shading/transpiration capacity of greenspace can be clearly connected to changes in incidence of 

heat morbidity in urban ecosystems. A number of models and tools (e.g., i-Tree, BenMap†) exist 

to predict effects of ecosystem services on health outcomes, including respiratory diseases, heat-

related morbidity, cardiovascular diseases, and mortality (reviewed in Oosterbroek et al. 2016). 

However, many tools rely on proxies to quantify health impacts, and while some ecosystem 

services (i.e., air purification, natural hazard protection) are fairly well represented, there are 

few, if any, tools available for other kinds of health outcomes (e.g., mental disorders, injuries, 

infectious diseases) or other kinds of health-related ecosystem services, including biological 

control of infectious diseases and promotion of social interactions (Oosterbroek et al. 2016).  

Promotional benefits of the natural environment on general healthiness may be particularly hard 

to quantify (Breslow et al. 2016). Ecosystem services, such as swimmable water, clean air, and 

accessible green space, have well-accepted relationships to beneficiary activity level, fitness, and 

quality of life (Bryce et al. 2016), but data to effectively link these to measurable health benefits, 

particularly given the numerous social, economic, and behavioral correlates (e.g., regional 

differences in the popularity of outdoor activities), are challenging to collect. Some models and 

tools use proxies, such as reductions in the frequency of doctor visits or reduced healthcare costs, 

to quantify such promotional benefits (Oosterbroek et al. 2016). As a result, predictions of 

promotional health benefits to evaluate decision options are often based on qualitative 

relationships or educated guesses. Their quantification as causal relationships (or atleast robust 

correlations) is a promising area of research for development of benefit production functions.  

In cases where tools to link ecosystem services to health outcomes are lacking, approaches that 

leverage more general evidence-based assessments or expert opinion may be better suited. 

Health Impact Assessments (HIA; Appendix E7) are conducted on a community by community 

basis, and rely on expert opinions to predict likely health outcomes across a suite of decision 

options (Rhodus et al. 2013). A formal analysis, such as a metadata analysis, can be used to 

assess the degree of scientific evidence for potential health outcomes (Norris et al. 2011; de 

Jesús-Crespo and Fulford 2017).  

The final and most general category of ecological benefits functions includes functions that 

attempt to predict or quantify human well-being using non-monetary measures of well-being. 

Measures of well-being are typically composite indices of multiple metrics across a suite of 

categories developed based on expert opinion (Smith et al. 2013; Ferrara and Nistico 2015; 

Dyrbye et al. 2016). Measures of well-being are used globally to assess and summarize benefit in 

a consistent way across spatial areas or over time (e.g., Gallup Healthways Well-being Index, 

http://www.well-beingindex.com/; Canadian Index of Well-being, http://uwaterloo.ca/canadian-

index-well-being).  

Human well-being is a broad concept covering multiple benefits, including the monetary and 

health benefits previously discussed. The advantage of considering multiple types of well-being 

benefits is that it  

���������������������������������������� �������������������
† See List of Abbreviations and Symbols for full names of models. 
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• may be more closely aligned with what stakeholders value about their community 

than monetary measures (Fulford et al. 2016b; Appendix C5); 

• provides a method to quantify well-being holistically as a single objective – 

enabling comparisons with other types of objectives (e.g., cost of a project); and 

• provides a flexible approach for examining trade-offs across multiple objectives 

and their metrics of well-being that may not be amenable to standard cost-benefit 

analyses (e.g., living standards vs. connection to nature vs. social cohesion).  

Several efforts have been undertaken to connect the provisioning of ecosystem services to 

measures of well-being, paving the way for a well-being benefit function (Gordon and Folke 

2000; Pereira et al. 2005; Pinto et al. 2014). One example is the Human Well-Being Index 

(HWBI, Smith et al. 2013, Appendix E8), a compilation of metrics across eight domains of 

well-being. Recently developed models relate measures of economic, social, and ecosystem 

services to changes in HWBI, and can be applied to investigate how changes in ecosystem 

services might impact different domains of well-being, or well-being as a whole (Summers et al. 

2016). Though based on nationally consistent county-scale metrics, these models may be 

informative for predicting potential qualitative outcomes for well-being under different decision 

scenarios (e.g., an increase in greenspace), and provide a transferable approach for development 

of finer scale models, with alternative metrics where needed, if community-scale data is 

available.  

5.5. Data Availability and Model Transferability 

Developing models and techniques for quantifying impacts on FEGS and their benefits can be a 

complex, highly technical process that is time-consuming and data-intensive. Often, the timeline 

of decisions is faster than the pace of ecosystem services research (Granek et al. 2010). Decision-

makers are often faced with insufficient time to collect data specific to their site or develop 

models specific to their needs. 

Practitioners and researchers may need to be willing and ready to work with available data on 

projects. Appropriate information or technical data may be limited regarding the future 

biophysical state of the ecosystem (e.g., preferred land use, topography or bathymetry), and the 

ability to control a future biophysical state adds uncertainty to the FEGS assessment. Further, 

ecological and decision-scales may be poorly matched (e.g, fish habitat may function on a spatial 

scale far larger than the decision scale regarding future ecological restoration; Angradi et al. 

2016).  

Practitioners can explore the potential of transferring existing measurements or models from the 

original site for which they were collected or developed, to their current site. Inappropriately 

transferring models or measurements between sites can lead to inaccurate estimates of FEGS, 

and consequently, decisions based on inaccurate information. While benefit-transfer methods 

exist to transfer economic models and measurements (e.g., Johnston and Rosenberger 2010), a 

formal methodology for transferring ecological models and measurements has only recently been 

developed. That methodology is detailed in Appendix E9. 
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Appendix E6 
Measuring Health Outcomes 

Background 

Ecosystem services have been linked to a variety of physical and mental health benefits. For example, the 

recreation opportunities provided by nature promote greater physical activity and stress reduction, leading 

to lower rates of obesity and depression (Bell et al. 2008; Gariepy et al. 2014). The removal of air and 

water pollutants by trees and wetlands helps protect urban communities from respiratory, cardiovascular 

and gastrointestinal diseases (Yang et al. 2008; Nowak et al. 2013). Trees and wetlands also help mitigate 

weather hazards, ameliorating the impact of heat waves and flood events on human health (Reacher et al. 

2004; Harlan et al. 2013). Many of these connections have been well studied and as a result, there is a 

growing number of resources available for communities to incorporate ecosystem services into decision-

making for the benefit of human health. Here we list some of these resources and provide examples of 

how to apply these tools at the community level.  

Available Tools 

To understand the role of ecosystem services on human health, a good starting point is the Eco-Health 

Relationship Browser (Jackson et al. 2013), which compiles the evidence currently available, and displays 

linkages in a user friendly interface (Fig.E6.1).  

 

Figure E6.1. The Eco-Health Browser visualizes linkages between ecosystems and human health, 

and provides literature. Urban Ecosystems ���� Obesity, used in an example below, is highlighted.  
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Next, communities may be interested in knowing what environmental stressors they are exposed to, and 

what natural assets may protect them from these stressors. This type of information can be found in the 

EnviroAtlas at the National Level and for around 50 communities through the US. In addition, 

understanding the current health status of your community is key for establishing priorities, and assessing 

the impact of management decisions. The CDC’s Community Health Status Indicators (CHSI) provides 

information about disease trends at the county level, and visualization tools that help define how a 

specific place compares to the rest of the nation. For higher resolution, the CDC foundation recently 

launched the 500 cities project, which provides census block group health data, allowing communities to 

access information specific to their neighborhoods. For neighborhoods not featured in the 500 cities 

project, but that need information at a fine resolution, conducting Health Impact Assessments (HIA) may 

be the best alternative (see Appendix E7). The Eco-Health Browser and EnviroAtlas as well as CDC’s 

Healthy Places Initiative provide tools, conceptual models, and educational material to help guide this 

process. Lastly, modelling approaches such as i-Tree Eco and BenMap are useful for communities 

interested in quantitatively estimating health benefits/impacts at present conditions and under different 

scenarios. These modelling tools are mainly available for the most studied Eco-Health linkages such as 

the role of trees in preventing respiratory and cardiovascular diseases, as well as heat hazards.  

Example: Tree cover in Tampa Florida and Obesity Rate 

Tampa Florida, is featured in both the EnviroAtlas Community datasets and the 500 Cities Project, which 

allows for low scale visualizations of Eco-Health linkages. In this example, we used block group data 

from EnviroAtlas showing the percentage of tree cover within walkable streets. We compared this map 

layer with data on obesity rates from the 500 cities project (Figure E6.2).  

 

Figure E6.2. Descriptive analysis of obesity trends in relation to tree cover at the neighborhood 

scale. Data on tree cover comes from EnviroAtlas. Obesity data comes from the 500 Cities Project. 
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The resulting scatterplot suggests lower obesity rates on block groups with a high percentage of trees 

bordering walkable streets. This trend corresponds to the relationships shown in the Eco-Health browser, 

and may be used to set research priorities. For example, a follow up research question would be to ask if 

the relationship is driven more by walkability, by greenness or by the interaction of both elements. This 

and similar questions would help communities prioritize ecosystem service management for health 

promoting services.  

Transferability of Approach����

Many communities are not included on the high resolution datasets used for the example above. In such 

cases, County data may bring to attention larger trends to guide prioritization for research and 

management. For example, CHSI data for counties in Tampa, FL suggests lower physical in-activity and 

obesity rate for Pinellas vs Hillsborough County (Fig. E6.3). This finding may lead communities in 

Hillsborough to investigate potential drivers, such as the difference in proximity to green spaces observed 

in the same two counties at lower resolutions (Fig. E6.3).  

 

Figure E6.3. County level analysis. Data on Green Spaces comes from EnviroAtlas. Data on Obesity 

and Physical Inactivity comes from CHSI. 

Transferability may also be affected by socio-economic and behavioral differences among exposed 

populations, which may either exacerbate or ameliorate the impact of ecosystem services on health. 

Incorporating data from the U.S census or CDC’s behavioral risk factor surveillance system (BRFSS) 

could assist in identifying important confounding factors that may alter Eco-Health linkages.  

Summary 

Practical strategies discussed here for measuring health outcomes associated to Ecosystem Services are 

summarized in Table E6.1. 

�  
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Table E6.1. Examples of potential steps in measuring community level health outcomes. Not all steps 

need to be followed, and the list is not comprehensive.  

*These are just examples of practical tools, and not a comprehensive list 
**Health Impact Assessment (HIA) 
***Center for Disease Control (CDC) Community Health Status Indicators (CHSI).  

For More Information 

500 Cities Project https://www.cdc.gov/500cities/ 

Bell, J.F., J.S. Wilson, G.C. Liu. 2008. Neighborhood greenness and 2-year changes in Body Mass Index of children 

and youth. American Journal of Preventive Medicine 35(6):547-553 

BenMap Model: https://www.epa.gov/benmap 

Centers for Disease Control and Prevention (CDC) Behavioral Risk Factor Surveillance System (BRFSS): 

https://www.cdc.gov/brfss/ 

CDC Community Health Status Indicators (CHSI) https://www.cdc.gov/CommunityHealth/home 

Gariepy, G., A. Blair, Y. Kestens, N. Schmitz. 2014. Neighborhood characteristics and 10-year risk of depression in 

Canadian adults with and without a chronic illness. Health and Place 30:279-86 

Harlan, S.L., J.H. Declet-Barreto, W.L. Stefanov, D.B. Petitti. 2013. Neighborhood effects on heat deaths: social and 

environmental predictors of vulnerability in Maricopa County, Arizona. Environmental Health Perspectives 

(Online) 121(2):197. 

I-Tree Model: http://www.itreetools.org/ 

Jackson L.E., J. Daniel, B. McCorkle, A. Sears, K.F. Bush. 2013. Linking ecosystem services and human health: 

The Eco-Health Relationship Browser. International Journal of Public Health 58:747-755. 

Nowak, D.J., S. Hirabayashi, A. Bodine, R. Hoehn.. 2013. Modeled PM 2.5 removal by trees in ten US cities and 

associated health effects. Environmental Pollution 178:395-402. 

Reacher, M., K. McKenzie, C. Lane, T. Nichols, I. Kedge, A. Iversen, J. Simpson. 2004. Health impacts of flooding 

in Lewes: a comparison of reported gastrointestinal and other illness and mental health in flooded and non-

flooded households. Communicable Disease and Public Health, 7(1):39-46. 

U.S. Census: https://www.census.gov/  

U.S. Environmental Protection Agency. 2015. Health Impact Assessment & EnviroAtlas: Integrating Ecosystem 

Services into the Decision Making Process. Office of Research and Development, National Health and 

Environmental Effects Research Laboratory, Research Triangle Park, NC. EPA/600/RR-15/128.  

Yang, Q., N.F. Tam, Y.S. Wong, T.G. Luan, W.S. Su, C.Y. Lan, S.G. Cheung. 2008. Potential use of mangroves as 

constructed wetland for municipal sewage treatment in Futian, Shenzhen, China. Marine Pollution Bulletin 

57(6):735-743. 

�  

Steps Useful Tools* Scale 

Understand Eco-Health Linkages Eco-Health Browser All 

Evaluate Exposure to Environmental Stressors EnviroAtlas National-HUC/Community 

Determine Health Priorities CDC-500 Cities Community 

 HIA** Community 

 CDC-CHSI*** National-County 

Model Current and Future Impact to Health BenMap All 

 I-Tree All 
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Ελεχτρονιχ�Συππλεmενταρψ�Ματεριαλ�1.�Κεψωορδ�σεαρχη�σπεχιφιχατιονσ.�Wε�σεαρχηεδ�ιν�Γοογλε�Σχηολαρ�φορ�

α�χοmβινατιον�οφ�αλλ�κεψωορδσ�ιν�χολυmν�1�ωιτη�τηε�κεψωορδσ�ιν�χολυmν�2�το�ασσεσσ�Γρεεν�Σπαχερ

Εχοσψστεm�Γοοδσ�ανδ�Σερϖιχεσ�(ΕΓΣ)�λινκαγεσ.�Wε�υσεδ�α�χοmβινατιον�οφ�κεψωορδσ�ιν�χολυmν�2�ανδ�

χολυmν�3�το�ασσεσσ�ΕΓΣρΗεαλτη�λινκαγεσ,�ανδ�α�χοmβινατιον�οφ�κεψωορδσ�ιν�χολυmν�1�ανδ�χολυmν�3�το�

ασσεσσ�Γρεεν�ΣπαχερΗεαλτη�διρεχτ�λινκαγεσ.�Τηε�κεψωορδσ�σελεχτεδ�ωερε�βασεδ�ον�ινδιχατορσ�τηατ�ωε�

φουνδ�το�βε�ασσοχιατεδ�το�ΕχορΗεαλτη�λινκαγεσ�αφτερ�ρεϖισινγ�τηε�ΥΣΕΠΑ�Εχο�Ηεαλτη�βροωσερ�

(ηττπσ://ωωω.επα.γοϖ/ενϖιροατλασ/ενϖιροατλασρεχορηεαλτηρρελατιονσηιπρβροωσερ)��
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∗Αββρεϖιατιονσ:�ΠΜ2.5,10=�παρτιχυλατε�mαττερ�σmαλλερ�τηαν�2.5∝m,�ορ�10∝m;�ΝΟ2=�Νιτρογεν�διοξιδε;�ΣΟ2=�

Συλφυρ�διοξιδε;�ΧΟ=Χαρβον�mονοξιδε� �
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1.Γρεεν�Σπαχεσ� 2.Εχοσψστεm�Γοοδσ�ανδ�Σερϖιχεσ� 3.Πηψσιχαλ�Ηεαλτη�

τρεεσ� Χλεαν �Wατερ � ∗ΓΙ �Dισεασε �

ϖεγετατιον� φεχαλ�χολιφορm� γαστροριντεστιναλ�

γρεεν�σπαχεσ� χοππερ� διαρρηεα�

γρεενρροοφσ� Χλεαν �Αιρ � ϖοmιτ�

υρβαν�φορεστ� ∗ΠΜ2.5,10� Ρεσπιρατορψ � Ι λ λνεσσ �

ωετλανδσ� ∗ΝΟ2� ρεσπιρατορψ�

mανγροϖεσ� ∗ΣΟ2� βρονχηιτισ��

mαρσηεσ� ∗ΧΟ� αστηmα�
�

Wατερ �Ηαζαρδ �Μιτιγατιον � χουγη�
�

φλοοδ� ωηεεζε�
�

υρβαν�ρυνοφφ� Χαρδιο �ςασχυλαρ �Dισεασε �
�

στορmρσυργε� χαρδιοϖασχυλαρ�
�

ηυρριχανε� ηεαρτ�
�

ωαϖε�αττενυατιον� χιρχυλατορψ�
�

Ηεατ �Ηαζαρδ �Μιτιγατιον � Ηεατ �Μορβιδιτιεσ �
�

ηεατ� εξχεσσ�ηοσπιταλ�αδmισσιονσ�
�

ηεατρωαϖε�
�
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Ελεχτρονιχ�Συππλεmενταρψ�Ματεριαλ�2.�Λιτερατυρε�Ρεϖιεω�Προχεσσ��
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�

Συππλεmενταρψ�Ματεριαλ�3.�Dεταιλσ�οφ�αρτιχλεσ�εϖαλυατεδ�ανδ�ΕχορΕϖιδενχε�σχορεσ.�Αββρεϖιατιονσ:�ΓΙ�

Dισεασε=�Γαστρο�Ιντεστιναλ�Dισεασε;�ΧςD=Χαρδιοϖασχυλαρ�δισεασε;�ΕΓΣ=Εχοσψστεm�Γοοδσ�ανδ�Σερϖιχεσ;�

Ψ=Ψεσ;�Ν=Νο.��
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Αλλεν�2003� βιορετεντιον�φαχιλιτιεσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 4� 3� 5�

Αλλεν�2007� βιορετεντιον�φαχιλιτιεσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 2� 2� 4�

Αψαζ�ετ�αλ�2008� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 3� 3� 5�

Βιρχη�ετ�αλ�2004� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Βιρχη�ετ�αλ�2005� στορmωατερ�ινφιλτρατιον�
βασιν�

φεχαλ�βαχτερια�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Χαστεελ�ετ�αλ�
2005�

ριπαριαν�βυφφερ� φεχαλ�βαχτερια�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Χηενγ�ετ�αλ�
2002�

χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Χολεmαν�ετ�αλ�
2001�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 1� 2� 4� 3� 7�

Χοψνε�ετ�αλ�
1995�

γρασσ�φιλτερ�στριπσ� φεχαλ�Βαχτερια�Ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 2� 2� 4�

Dαλλασ�ετ�αλ�
2004�

ρεεδβεδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Dαϖιεσ�ανδ�
Βαϖορ�2000�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 1� 2� 1� 0� 5�

Dιαζ�ετ�αλ�2010� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 4� 3� 5�

Dορσεψ�ετ�αλ�
2010�

υρβαν�σαλτ�mαρση� φεχαλ�βαχτερια� Ν� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Εγερ�ανδ�
Λαπακκο�1988�

νατυραλ�ωετλανδσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Γερβα�ετ�αλ�
1999�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 2� 1� 3�

Ηιλλ�ανδ�Σοβσεψ�
2001�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 3� 3� 5�

ϑοηνστον�ετ�αλ�
1990�

λανδσχαπε�ωετλανδ�
χοϖερ�

φεχαλ�βαχτερια� Ψ� Γραδιεντ� 3� 0� 0� 15� 6� 9�

Καρατηανασισ�ετ�
αλ�2003�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 3� 3� 7�

Καρπισχακ�ετ�αλ�
1996�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 2� 1� 3�

Κηαν�ετ�αλ�2009� χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

ΚΝξ�ετ�αλ�2008� νατυραλ�ωετλανδσσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Κνοξ�ετ�αλ�2009� ιmπαχτεδ�ωετλανδ� φεχαλ�βαχτερια� Ν� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Λαυ�ανδ�Χηυ�
2000�

ωετλανδ�ενχλοσυρεσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 2� 1� 3�
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Λι�ανδ�Αλλεν�
2009�

βιορετεντιον�φαχιλιτιεσ� Χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 0� 0� 0�

Μαηενγε�2014� χονστρυχτεδ�
mανγροϖεσ�

φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Μαλλιν�ετ�αλ�
2001�

ωετλανδ�χοϖερ� χορρελατιον�βετωεεν�ραιν�ανδ�
φεχαλ�χολιφορm�χουντσ�

Ψ� Γραδιεντ� 3� 0� 0� 11� 6� 9�

Μαντοϖι�ετ�αλ�
2003�

ρεεδβεδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 2� 1� 3�

ΜυρραψρΓυλδε�
ετ�αλ�2005�

χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Μψερσ�ανδ�
Αmβροσε�2015�

υρβαν�σαλτ�mαρση� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Νελσον�ετ�αλ�
2006�

χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Νεραλλα�ετ�αλ�
2000�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 8� 3� 5�

Περκινσ�ανδ�
Ηυντερ�2000�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 4� 3� 5�

Θυι〉⌠νεζρDαζ� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ν� Βεφορε/α
φτερ�

2� 1� 2� 1� 0� 4�

Ρεα�ετ�αλ�2015� χοασταλ�ωετλανδ� φεχαλ�βαχτερια� Ψ� Γραδιεντ� 3� 0� 0� 4� 2� 5�

Ρεινελτ�ανδ�
Ηορνερ�1995�

παλυστρινε�ωετλανδ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 2� 1� 3�

Σχηολζ�ετ�αλ�
2002�

χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Σηυτεσ�ετ�αλ�
2001�

χονστρυχτεδ�ωετλανδσσ� χοππερ�ρεmοϖαλ� Ν� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Σλεψτρ�ετ�αλ�
2007�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ν� Βεφορε/α
φτερ�

2� 2� 3� 8� 3� 8�

Σονγ�ετ�αλ�2006� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 1� 0� 2�

Στεερ�ετ�αλ�2002� χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 21� 3� 5�

Ταm�ανδ�Wονγ�
1995�

mανγροϖε�mεσοχοσmσ� χοππερ�χονχεντρατιον� Ψ� Βεφορε/α
φτερ�

4� 6� 3� 6� 3� 1
0�

Τηυρστον�ετ�αλ�
2001�

χονστρυχτεδ�ωετλανδσ� φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 1� 2� 1� 0� 4�

ςιϕαψαραγηαϖαν�
ανδ�ϑοσηι�2014�

γρεεν�ροοφ� Χοππερ�ρεmοϖαλ� Ψ� Βεφορε/Α
φτερ�

2� 1� 2� 1� 0� 4�

Ψανγ�ετ�αλ�2008� χονστρυχτεδ�
mανγροϖεσ�

φεχαλ�βαχτερια� Ψ� Βεφορε/α
φτερ�

2� 0� 0� 3� 3� 5�

Γ
ρε
ε
ν
�Σ
π
α
χε
σρ
Χ
λε
α
ν
�Α
ιρ
�

Ηιλλ�1971� αλφαλφα�χανοπψ� ΣΟ2�ρεmοϖαλ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 1� 0� 2�

Μαρτιν�ανδ�
Βαρβερ�1967�

ηεδγε� ΣΟ2�ρεmοϖαλ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 4� 3� 1� 0� 5�

Χηαπαρρορ
Συαρεζ�ετ�αλ�
2011�

τρεε�χοϖερ� ΝΟ2� Ψ� ΒΑΧΙ� 4� 1� 2� 1� 0� 6�

Χοηεν�ετ�αλ�
2014�

τρεε�χοϖερ� ΝΟξ� Ψ� Γραδιεντ� 3� 0� 0� 3� 0� 3�

Γρυνδστρm�

ανδ�Πλειϕελ�
2014�

υρβαν�τρεεσ� ΝΟ2� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 1� 0� 2�

Σεταλα�ετ�αλ�
2012�

τρεε�χανοπψ� ΝΟ2� Ν� Ιmπαχτ�
Ρεφερενχ
ε�

2� 20� 3� 20� 3� 8�

Τακαηασηι�ετ�αλ�
2005�

τρεεσ� ΝΟ2� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 70� 3� 5�

Βεχκετττ�ετ�αλ�
2000�

τρεεσ� ΠΜ10,�2.5� Ψ� Ρεφερενχ
ε�χοντρολ�

2� 5� 3� 5� 3� 8�
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Χαϖαναγη�ετ�αλ�
2009�

υρβαν�φορεστ� ΠΜ10� Ψ� Γραδιεντ� 3� 0� 0� 8� 6� 9�

Χοηεν�ετ�αλ�
2014�

τρεε�χοϖερ� ΠΜ10� Ψ� Γραδιεντ� 3� 0� 0� 3� 0� 3�

Dαδϖανδ�ετ�αλ�
2015�

γρεεννεσσ� ΤραφφιχΡελατεδ�ΑιρΠολλυτιον� Ψ� Γραδιεντ� 3� 0� 0� 39� 6� 9�

Ισλαm�ετ�αλ�2012� χροων�δενσιτψ� ΤΣΠ�ρεmοϖαλ� Ψ� Γραδιεντ� 3� 0�
�

11� 6� 9�

Μανεσ�ετ�αλ�
2014�

υρβαν�τρεεσ� ΠΜ�10� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 1� 0� 4�

Μορι�ετ�αλ�2015� σηρυβ�σπεχιεσ� Τραφφιχ�Ρελατεδ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 6� 3� 5�

Αιρ�Πολλυτιον�

Νγυψεν�ετ�αλ�
2014�

υρβαν�φορεστ� ΠΜ�2.5� Ψ� Ιmπαχτ�
Ρεφερενχε�

1� 2� 5� 3� 5�

Ρασανεν�ετ�αλ�
2013�

χονιφερουσ�ϖσ�
βροαδλεαφ�

ΠΜ�� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 4� 3� 4� 3� 8�

Σβ�ετ�αλ�
2012�

ωοοδψ�Σπεχιεσ� ΠΜ�10,�2.5� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 2� 1� 3�

Σεταλα�ετ�αλ�
2012�

τρεε�χανοπψ� ΠΜ� Ν� Ιmπαχτ�
Ρεφερενχ
ε�

2� 20� 3� 20� 3� 8�

Σπεακ�ετ�αλ�
2012�

γρεεν�ροοφ� ΠΜ� Ψ� Ιmπαχτ�
Ρεφερενχ
ε�

2� 1� 2� 2� 1� 5�

Στερνβεργ�ετ�αλ�
2010�

γρεεν�ωαλλ/Ιϖψ� ΠΜ� Ψ� Ιmπαχτ�
Ρεφερενχ
ε�

2� 2� 3� 2� 1� 6�

Wεβερ�ετ�αλ�
2014�

ηερβαχεουσ�πλαντσ� ΠΜ� Ψ� Γραδιεντ� 3� 0� 0� 3� 0� 3�

Χηοι�ετ�αλ�2012� προξιmιτψ�το�γρεεν�
σπαχε�

υρβαν�Ηεατ� Ψ� Γραδιεντ� 3� 0� 0� 5� 4� 7�

Γ
ρε
ε
ν
�Σ
π
α
χε
ρΗ
ε
α
τ�
Η
α
ζα
ρδ
�Μ
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α
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ο
ν
�

Γροmκε�ετ�αλ�
2015�

γρεεν�σπαχε� Ηεατ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

ϑενερεττε�ετ�αλ�
2011�

ΝDςΙ� Συρφαχε�Τεmπερατυρε� Ψ� Γραδιεντ� 3� 0� 0� 500
0�

6� 9�

Ολιϖειρα�ετ�αλ�
2011�

γρεεν�σπαχε� Συρφαχε�Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� ?� ?� 1� 0�
�

ΣηασηυαρΒαρ�ετ�
αλ�2011�

τρεεσ,γρασσ� Τηερmαλ�Στρεσσ� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 2� 3� 2� 2� 7�

Σιmmονσ�ετ�αλ�
2008�

γρεεν�ροοφ� Συρφαχε�Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 6� 3� 18� 3� 8�

ςανδερτορρεν�
ετ�αλ�2006�

γρεεν�σπαχεσ� Ηεατ� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 25
7�

3� 257� 3� 8�

Dϖορακ�ετ�αλ�
2013�

συχχυλεντ�ροοφ�τοπσ� Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 3� 3� 9� 3� 8�

Ακβαρι�ετ�αλ�
1997�

γρεεν�σπαχε� Χοολινγ�Ενεργψ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 2� 2� 4�

Αmσον�ετ�αλ�
2012�

γρασσ�ανδ�τρεεσ� Συρφαχε�Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 3� 3� 7�

Χηανγ�ανδ�Λι�
2014�

χοολ�ισλανδ�παρκσ� Τεmπερατυρε� Ψ� Γραδιεντ� 3� 0� 0� 60� 6� 9�

Χηεν�ετ�αλ�2014� χοολ�ισλανδ�παρκσ� Τεmπερατυρε� Ψ� Γραδιεντ� 3� 0� 0� 108
9�

6� 9�

Φεψισα�ανδ�
Μιλβψ�2014�

ΝDςΙ�ανδ�παρκ�αρεα� Χοολινγ�� Ψ� Γραδιεντ� 3� 0� 0� 21� 6� 9�
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Κονγ�ετ�αλ�2014� αρεα�οφ�φορεστ�
ϖεγετατιον�

υρβαν�Χοολ�Ισλανδ�Ιντενσιτψ� Ψ� Γραδιεντ� 3� 0� 0� 153� 6� 9�

Ταν�ετ�αλ�2007� Ινχρεασεδ�υρβαν�γρεεν�
σπαχε�

Ηεατ�ωαϖε�mορταλιτψ� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 1� 0� 3�

ςαιλσηερψ�ετ�αλ�
2013�

στρεετ�τρεεσ� Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 3� 2� 8�

Ψανγ�ετ�αλ�2010� περχεντ�γρεενινγ� υρβαν�Ηεατ�Ισλανδ� Ν� Γραδιεντ� 3� 0� 0� 3� 0� 3�

Ηου�ετ�αλ�2013� διστανχε�το�υρβαν�
ωετλανδσ�

Νεαρ�Συρφαχε�αιρ�τεmπερατυρε� Ψ� Γραδιεντ� 3� 0� 0� 7� 6� 9�

Σονγ�ετ�αλ�2013� ροοφτοπρωετλανδσ� Τεmπερατυρε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 1� 0� 4�

Χοστανζα�ετ�αλ�
2008�

χοασταλ�ωετλανδσ� στορm�συργε�δαmαγε� Ψ� Γραδιεντ� 3� 0� 0� 34� 6� 9�

Γ
ρε
ε
ν
σπ
α
χε
ρW

α
τε
ρΗ
α
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ρδ
�Μ
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ν
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Γρανεκ�ανδ�
Ρυττενβεργ�
2007�

mανγροϖε� στορm�συργε�δαmαγε� Ψ� ΒΑΧΙ� 4� 7� 3� 7� 3� 1
0�

Κραυσσ�ετ�αλ�
2009�

χοασταλ�ωετλανδσ� ωατερ�λεϖελ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 4� 3� 5�

Μολλερ�ετ�αλ�
2016�

σαλτ�mαρσηεσ� ωαϖε�αττενυατιον� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 1� 2� 1� 0� 4�

Μολλερ�ετ�αλ�
1999�

σαλτ�mαρσηεσ� ωαϖε�ενεργψ� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 1� 2� 1� 0� 4�

Θυανγ�2011� mανγροϖε� ωαϖε�ηειγητ� Ψ� Γραδιεντ� 3� 0� 0� 32� 6� 9�

Μολλερ�ετ�αλ�
2014�

mαρσηεσ� στορm�συργε� Ψ� ΒΑΧΙ� 4� 1� 2� 1� 0� 6�

Ηιγηφιελδ�ανδ�
Βροοδψ�2006�

ινλανδ�ωετλανδσ� φλοοδσ� Ψ� Γραδιεντ� 3� 0� 0� 67� 6� 9�

Βροοδψ�εταλ�
2012�

ινλανδ�ωετλανδσ� φλοοδσ� Ψ� Γραδιεντ� 3� 0� 0� 144� 6� 9�

Βροοδψ�ετ�αλ�
2008�

ινλανδ�ωετλανδσ� φλοοδ�δαmαγε� Ψ� Γραδιεντ� 3� 0� 0� 423� 6� 9�

Χαρλτον�ετ�αλ�
2000�

ινλανδ�ωετλανδσ� χηανγεσ�ιν�φλοω� Ν� Ρεφερενχ
ερΙmπαχτ��

2� 3� 3� 33� 3� 8�

Βροοδψ�ανδ�
Ηιγηφιελδ�2013�

οπεν�σπαχεσ� φλοοδ�δαmαγεσ� Ψ� Γραδιεντ� 3� 0� 0� 450� 6� 9�

Ξιαο�ανδ�
ΜχΠηερσον�
2016�

τρεεσ� συρφαχε�ρυνοφφ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 20� 3� 5�

Λεε�ετ�αλ�2013� γρεεν�σπαχεσ� συρφαχε�ρυνοφφ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 1� 0� 2�

Στοϖιν�2009� γρεεν�σπαχεσ� συρφαχε�ρυνοφφ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 1� 0� 2�

Μεντενσ�ετ�αλ�
2006�

γρεεν�ροοφσ� συρφαχε�ρυνοφφ� Ν� Γραδιεντ� 3� 0� 0� 18� 6� 9�

Σιmmονσ�ετ�αλ�
2008�

γρεεν�ροοσ� συρφαχε�ρυνοφφ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 5� 3� 5�

ςανWοερτ�ετ�αλ�
2005�

γρεεν�ροοφσ� συρφαχε�ρυνοφφ� Ψ� ΒΑΧΙ� 4� 2� 3� 1� 0� 7�

Dεναρδο�2005� γρεεν�ροοφσ� συρφαχε�ρυνοφφ� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 3� 3� 5�

Βλισσ�ετ�αλ�2008� γρεεν�σπαχεσ� συρφαχε�ρυνοφφ� Ψ� ΒΑΧΙ� 4� 1� 2� 1� 0� 6�
� � � � � � � � � � �
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ΕΓΣρΗυmαν�Ηεαλτη�
� � � � � � � � � �

Χ
λε
α
ν
�W

α
τε
ρρ
Γ
Ι�
D
ισ
ε
α
σε
�

Αραψα�ετ�αλ�
2004�

Χοππερ� Γι�σψmπτοmσ� Ψ� Ρεφερενχ
ε/Ιmπαχ
τ�

2� 12
4�

3� 317� 3� 8�

Χολλιερ�ετ�αλ�
2015�

ωαστε�ωατερ�ιν�
βεαχηεσ�

ΓΙ�δισεασε� Ψ� Ρεφερενχ
ε/Ιmπαχ
τ�

2� 14
53
9�

3� 397
11�

3� 8�

ϑαγαι�2014� ραινφαλλ/χοmβινεδσεω
ερροϖερφλοωσ/δρινκινγ�
ωατερ�

ΓΙ�δισεασε� Ψ� Ρεφερενχ
ε/Ιmπαχ
τ�

2� 1� 2� 2� 2� 6�

Κνοβελοχη�ετ�αλ�
1994�

χοππερ� ΓΙ�υπσετσ� Ψ� Αφτερ�
ιmπαχτ�
ονλψ�

1� 0� 0� 5� 3� 4�

Θασιm�ετ�αλ�
2014�

ωατερβορνε�πατηογενσ� ΓΙ�δισεασε� Ψ� Ρεφερενχ
ε/Ιmπαχ
τ�

2� 13� 3� 252� 3� 8�

Τψαγι�ετ�αλ�2013� φεχαλ�χολιφορmσ� Wατερ�Βορνε�Ινφεχτιονσ� Ψ� Αφτερ�
ιmπαχτ�
ονλψ�

1� 0� 0� 1� 0� 1�

W
α
τε
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α
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�Μ
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ν
ρΓ
Ι�
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�

Wαδε�ετ�αλ�
2004�

φλοοδ� ΓΙ�δισεασε� Ψ� Χοντρολ/
Ρεφερενχ
ε�

2� 11
10�

3� 111
0�

3� 8�

Ρεαχηερ�ετ�αλ�
2004�

φλοοδ� ΓΙ�δισεασε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 10
4�

3� 103� 3� 8�

Ψυσοφ�ετ�αλ�
1991�

φλοοδ� ΓΙ�δισεασε� Ψ� Αφτερ�
Ιmπαχτ�

1� 0� 0� 467
40�

3� 4�

Dε�Μαν�ετ�αλ�
2015�

φλοοδ� ΓΙ�δισεασε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 149� 3� 7�

Μασακαζυ�ετ�αλ�
2016�

φλοοδ� ΓΙ�δισεασε� Ψ� Γραδιεντ� 3� 0� 0� 10� 6� 9�

ϑαγαι�2014� ραινφαλλ� ΓΙ�δισεασε� Ν� ΒΑΧΙ� 4� 1� 3� 1� 0� 7�

Ηασηιmοτο�ετ�
αλ�2014�

φλοοδ�δεπτη� ΓΙ�δισεασε� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 10� 3� 5�

� � � � � � � � � � �

W
α
τε
ρΗ
α
ζα
ρδ
�Μ

ιτ
ιγ
α
τι
ο
ν
ρΡ
ε
σπ
ιρ
α
το
ρψ
�

D
ισ
ε
α
σε
�

Dαλεσ�ετ�αλ�
1991�

φλοοδ/δαmπνεσσ� βρονχηιτισ�ανδ�χουγη� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 10
25
0�

3� 323
8�

3� 8�

Λακοϖου�ετ�αλ�
2015�

φλοοδ� αστηmα� Ψ� Αφτερ�
ιmπαχτ�

1� 0� 0� 1� 0� 1�

παρκ�ετ�αλ�2013� ραινφαλλ� αστηmα� Ν� Βεφορε/Α
φτερ�

2� 0� 0� 16� 3� 5�

Ρεαχηερ�ετ�αλ�
2004�

φλοοδ� αστηmα�εξαχερβατιονσ� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 10
4�

3� 103� 3� 8�

Χ
λε
α
ν
�Α
ιρ
ρΡ
ε
σπ
ιρ
α
το
ρψ
�Ι
λλ
ν
ε
σσ
�

Αδαm�ετ�αλ�
2015�

ΝΟ2,�ΠΜ10� Φορχεδ�Εξπιατορψ�ςολυmε�ανδ�
Φορχεδ�ςιταλ�Χαπαχιτψ�

Ψ� Γραδιεντ� 3� 0� 0� 5� 4� 7�

Αδαm�ετ�αλ�
2015�

ΠΜ2.5� Φορχεδ�Εξπιατορψ�ςολυmε�ανδ�
Φορχεδ�ςιταλ�Χαπαχιτψ�

Ν� Γραδιεντ� 3� 0� 0� 5� 4� 7�

ΒαψερρΟγλεσβψ�
ετ�αλ�2005�

ΠΜ10� Βρονχηιτισ,�Χηρονιχ�Χουγη,�
Χοmmον�Χολδ�

Ψ� Βεφορερ
Αφτερ�

2� 0� 0� 10� 3� 5�

ΒαψερρΟγλεσβψ�
ετ�αλ�2005�

ΠΜ10� Αστηmα,�Σνεεζινγ,�Ηαψ�Φεϖερ� Ν� Βεφορερ
Αφτερ�

2� 0� 0� 10� 3� 5�

Βραυνρ
Φαηρλνδερ�ετ�αλ�
1997�

ΠΜ10,�ΝΟ2,�ΣΟ2� Χηρονιχ�Χουγη,�Βρονχηιτισ,�Νιγητ�
χουγη�

Ψ� Γραδιεντ� 3� 0� 0� 10� 5� 8�
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Βραυνρ
Φαηρλνδερ�ετ�αλ�
1997�

ΠΜ10,�ΝΟ2,�ΣΟ3� Αστηmα,�Αλλεργιεσ� Ν� Γραδιεντ� 3� 0� 0� 10� 5� 8�

Βυρνεττ�ετ�αλ�
1997�

Οζονε� Ρεσπιρατορψ�Αδmισσιονσ� Ψ� Γραδιεντ� 3� 0� 0� 16� 5� 8�

Dελφινο�ετ�αλ�
2013�

ΠΜ2.5�Οξιδατιϖε�
ποτεντιαλ�,�ΝΟ2�

Αστηmα�(φραχτιοναλ�εξηαλεδ�
νιτριχ�οξιδε)�

Ψ� Γραδιεντ� 3� 0� 0� 45� 5� 8�

Dελφινο�ετ�αλ�
2013�

ΠΜ2.5�Μασσ� Αστηmα�(φραχτιοναλ�εξηαλεδ�
νιτριχ�οξιδε)�

Ν� Γραδιεντ� 3� 0� 0� 45� 5� 8�

Dοχκερψ�ετ�αλ�
1996�

Αχιδ�Αεροσολσ� βρονχηιτισ,�� Ψ� Γραδιεντ� 3� 0� 0� 24� 5� 8�

Dοχκερψ�ετ�αλ�
1996�

Αχιδ�Αεροσολσ� Αστηmα,�Χηρονιχ�Χουνγη,�
χηρονιχ�Πηλεγm�

Ν� Γραδιεντ� 3� 0� 0� 24� 5� 8�

Φαυστινι�ετ�αλ�
2013�

ΠΜ�10,�2.5,�ανδ�ΝΟ2� Ρεσπιρατορψ�ηοσπιταλιζατιονσ� Ψ� Γραδιεντ� 3� 0� 0� 6� 5� 8�

Γαο�ετ�αλ�2014� ΠΜ�10,�2.5,�ΣΟ2,�ΝΟ2,�
Ο3�

Wηεεζινγ�Βοψσ� Ψ� Ιmπαχτρ
Ρεφερενχ
ε�

2� 1� 2� 1� 0� 4�

Γαο�ετ�αλ�2014� ΠΜ�10,�2.5,�ΣΟ2,�ΝΟ2,�
Ο3�

Wηεεζινγ�Γιρλσ� Ν� Ιmπαχτρ
Ρεφερενχ
ε�

2� 1� 2� 1� 0� 4�

Γαο�ετ�αλ�2014� ΠΜ�10,�2.5,�ΣΟ2,�ΝΟ2,�
Ο3�

Χουγη,�Πηλεγm�ωιτη�Χολδ,�Βοψσ,�
Γιρλσ�

Ψ� Ιmπαχτρ
Ρεφερενχ
ε�

2� 1� 2� 1� 0� 4�

Γαο�ετ�αλ�2014� ΠΜ�10,�2.5,�ΣΟ2,�ΝΟ2,�
Ο3�

Αλλεργιεσ�Βοψσ�ανδ�Γιρλσ� Ν� Ιmπαχτρ
Ρεφερενχ
ε�

2� 1� 2� 1� 0� 4�

Γονζαλεσρ
Βαρχαλα�ετ�αλ�
2013�

προξιmιτψ�το�Τρυχκ�
Τραφφιχ�

Αστηmα�ιν�ψουνγ�Βοψσ� Ψ� Γραδιεντ� 3� 0� 0� >14
Κ�

5� 8�

Γονζαλεσρ
Βαρχαλα�ετ�αλ�
2013�

προξιmιτψ�το�Τρυχκ�
Τραφφιχ�

Αστηmα�ιν�Αδολεσχεντ�Βοψσ�ανδ�
Γιρλσ�

Ν� Γραδιεντ� 3� 0� 0� >14
Κ�

5� 8�

Γοραι�ετ�αλ�
2014�

ΠΜ�2.5,�ΣΟ2� Αστηmα�Αδmισσιονσ� Ψ� Γραδιεντ� 3� 0� 0� 62� 6� 9�

Γοραι�ετ�αλ�
2014�

Ο3� Αστηmα�Αδmισσιονσ� Ν� Γραδιεντ� 3� 0� 0� 62� 6� 9�

Γουδαρζι�ετ�αλ�
2013�

Ο3� ΧΟΠD� Ψ� Βεφορε�
ανδ�
Αφτερ�

2� 0� 0� 1� 0� 1�

Ηασυνυmα�ετ�αλ�
2014�

ΠΜ,�Νοξ� Αστηmα� Ψ� Γραδιεντ� 3� 0� 0� 28� 6� 9�

Ηασυνυmα�ετ�αλ�
2014�

ΠΜ,�Νοξ� Αλλεργιχ�Ρηινιτισ� Ν� Γραδιεντ� 3� 0� 0� 28� 6� 9�

ϑαχθυεmιν�ετ�αλ�
2015�

ΠΜ,�Νοξ� Αστηmα� Ν� Γραδιεντ� 3� 0� 0� 24� 6� 9�

Κιm�ετ�αλ�2015� προξιmιτψ�το�Τραφιχ�
Ροαδσ�

Αιρωαψ�Ηψπερρεσπονσιϖενεσσ� Ψ� Γραδιεντ� 3� 0� 0� 4� 2� 5�

Λιυ�ετ�αλ�2013� ΠΜ�10,�2.5�Νοξ� Αλλεργιχ�Ρηινιτισ,�Περσιστεντ�
Χουγη�ανδ�Πηλεγm,�Wηεεζινγ�ιν�
Γιρλσ�

Ψ� Γραδιεντ� 3� 0� 0� 25� 6� 9�

Λιυ�ετ�αλ�2013� ΠΜ�10,�2.5�Νοξ� Αλλεργιχ�Ρηινιτισ,�Περσιστεντ�
Χουγη�ανδ�Πηλεγm,�Wηεεζινγ�ιν�
Βοψσ�

Ν� Γραδιεντ� 3� 0� 0� 25� 6� 9�

Λιυ�ετ�αλ�2013� Εξποσυρε�το�ροαδσ�ανδ�
ινδοορ�πολλυτιον�

Ρεσπιρατορψ�σψmπτοmσ� Ψ� Γραδιεντ� 3� 0� 0� 673
0�

6� 9�

Μοραλεσ�ετ�αλ�
2015�

πρεναταλ�ΝΟ2�
εξποσυρε�

λυνγ�φυνχτιονρπρεσχηοολ�χηιλδρεν� Ψ� Γραδιεντ� 3� 0� 0� 620� 6� 9�

παρκ�ετ�αλ�2013� ΠΜ�10,�ΝΟ2� Αστηmατιχ�Ηοσπιταλ�Αδmισσιονσρ
Ελδερλψ�

Ψ� Γραδιεντ� 3� 0� 0� 7� 6� 9�

παρκ�ετ�αλ�2013� ΝΟ2� Αστηmατιχ�Ηοσπιταλ�Αδmισσιονσρ
Αδυλτσ�ανδ�Χηιλδρεν�

Ν� Γραδιεντ� 3� 0� 0� 7� 6� 9�
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Πονκα�ανδ�
ςιρτανεν�1994�

ΝΟ2,�ΣΟ2� εξαχερβατιον�οφ�χηρονιχ�
βρονχηιτισ�ορ�εmπηψσεmαρ
ελδερλψ�

Ν� Γραδιεντ� 3� 0� 0� 109
6�

6� 9�

Πονκα�ανδ�
ςιρτανεν�1994�

ΝΟ2� εξαχερβατιον�οφ�χηρονιχ�
βρονχηιτισ�ορ�εmπηψσεmαραδυλτσ�

Ψ� Γραδιεντ� 3� 0� 0� 109
6�

6� 9�

Πονκα�ανδ�
ςιρτανεν�1994�

ΣΟ2� εξαχερβατιον�οφ�χηρονιχ�
βρονχηιτισ�ορ�εmπηψσεmαραδυλτσ�

Ψ� Γραδιεντ� 3� 0� 0� 109
6�

6� 9�

Πρεσχοττ�ετ�αλ�
1998�

Βλαχκ�Σmοκε,�ΠΜ10,�
ΝΟ2�

Ρεσπιρατορψ�Μορταλιτψ�ελδερλψ� Ψ� Γραδιεντ� 3� 0� 0� 33� 6� 9�

Πρεσχοττ�ετ�αλ�
1998�

ΣΟ2,�ΧΟ,�Ο3,�Βλαχκ�
σmοκε,�ΝΟ2�

Ρεσπιρατορψ�Μορταλιτψ�ελδερλψ�
ανδ�αδυλτσ�

Ν� Γραδιεντ� 3� 0� 0� 33� 6� 9�

Πυεττ�ετ�αλ�
2014�

ΠΜ10.�2.5� Λυνγ�ΧανχερρΝυρσεσ�ηεαλτη�
στυδψ�

Ψ� Γραδιεντ� 3� 0� 0� 72� 6� 9�

Σεγαλα�ετ�αλ�
1998�

ΠΜ,�ΣΟ2,�ΝΟ2� Πρεϖαλεντ�ανδ�Ινχιδεντ�Αστηmα,�
Ρεσπιρατορψ�ινφεχτιονσ�αλλ�

Ψ� Γραδιεντ� 3� 0� 0� 84� 6� 9�

Σεγαλα�ετ�αλ�
1998�

ΠΜ,�ΝΟ2� Ινχιδεντ�ανδ�Πρεϖαλεντ�Wηεεζε�
Μιλδ�Αστηmατιχσ�

Ν� Γραδιεντ� 3� 0� 0� 43� 6� 9�

Σεγαλα�ετ�αλ�
1998�

ΠΜ,�ΝΟ2,�ΣΟ2� Ινχιδεντ�ανδ�Πρεϖαλεντ�Wηεεζε�� Ψ� Γραδιεντ� 3� 0� 0� 43� 6� 9�

ςανδινι�ετ�αλ�
2013�

ΠΜ10� ΡΣς� Ψ� Γραδιεντ� 3� 0� 0� 84� 6� 9�

ςανδινι�ετ�αλ�
2013�

ΠΜ2.5� ΡΣς� Ν� Γραδιεντ� 3� 0� 0� 84� 6� 9�

Wαλτερ�ετ�αλ�
1994�

ΣΟ2� Αστηmα�ιν�Σπρινγ�ανδ�Συmmερ� Ν�� Γραδιεντ� 3� 0� 0� >5� 6� 9�

Wαλτερ�ετ�αλ�
1994�

ΣΟ2� Αστηmα�ιν�Wιντερ�ανδ�Φαλλ� Ψ� Γραδιεντ� 3� 0� 0� >5� 6� 9�

Wαλτερ�ετ�αλ�
1994�

Σmοκε� Ρεσπιρατορψ�Αλλ/Αλλ�σεασονσ� Ψ� Γραδιεντ� 3� 0� 0� >5� 6� 9�

Wανγ�ετ�αλ�
2013�

ΠΜ10,�ΝΟ2,�ΣΟ2� Ρεσπιρατορψ�Αδmισσιονσ�Λοω�ανδ�
Μοδερατε�Τεmπερατυρεσ�

Ψ� Γραδιεντ� 3� 0� 0� >5� 6� 9�

Wανγ�ετ�αλ�
2013�

ΠΜ10,�ΣΟ2,ΝΟ2� Ρεσπιρατορψ�Αδmισσιονσ�Ηοτ�
Τεmπερατυρεσ�

Ν� Γραδιεντ� 3� 0� 0� >5� 6� 9�

Wινθυιστ�ετ�αλ�
2014�

ΠΜ2.5,�ΝΟ2,�Ο3�ωαρm�

σεασον�
Πεδιατριχ�Αστηmα�αδmισσιονσ� Ψ� Γραδιεντ� 3� 0� 0� 119

6�
6� 9�

Wινθυιστ�ετ�αλ�
2014�

ΠΜ2.5,�ΝΟ2,�Ο3�χολδ�
σεασον�

Πεδιατριχ�Αστηmα�αδmισσιονσ� Ν� Γραδιεντ� 3� 0� 0� 114
8�

6� 9�

Ψαmαζακι�ετ�αλ�
2013�

ΠΜ2.5,�Ο3,�ΝΟ2� Πεδιατριχ�Αστηmα�ϖισιτσ�ανδ�
Πεδιατριχ�Ηοσπιταλ�Αδmισσιονσ�

Ν� Γραδιεντ� 3� 0� 0� 124
ρ

243��

6� 9�

Ψαmαζακι�ετ�αλ�
2014�

Ο3� Ηοσπιταλ�αδmισσιονσ�αστηmα� Ψ� Γραδιεντ� 3� 0� 0� 210� 6� 9�

Ζηου�ετ�αλ�2015� ΠΜ10� Ρεσπιρστορψ�mορταλιτψ�αδυλτσ� Ν� Γραδιεντ� 3� 0� 0� 32� 6� 9�

Ζηου�ετ�αλ�2015� ΠΜ10� Ρεσπιρστορψ�mορταλιτψ�ελδερλψ�� Ψ� Γραδιεντ� 3� 0� 0� 32� 6� 9�

Ποπε�εταλ�2002� ΣΟ2,�ΠΜ� Λυνγ�Χανχερ� Ψ� Γραδιεντ� 3� 0� 0� 51� 6� 9�
� � � � � � � � � � �

Χ
λε
α
ν
�Α
ιρ
ρΧ
ς
D
�

Βαβιση�ετ�αλ�
2014�

ΠΜ2.5� Ηψπερτενσιον� Ψ� Γραδιεντ� 3� 0� 0� 416
6�

3� 9�

Βιλενκο�ετ�αλ�
2015�

ΠΜ10,2.5,�ΣΟ2� Βλοοδ�Πρεσσυρε� Ν� Γραδιεντ� 3� 0� 0� 143
2�

3� 9�

Χηανγ�ετ�αλ�
2015�

ΠΜ2.5� ΧςD�αδmισσιονσ�ον�χοολ�δαψσ� Ψ� Γραδιεντ� 3� 0� 0� >15
00�

3� 9�

Χηανγ�ετ�αλ�
2015�

ΠΜ2.5� ΧςD�αδmισσιονσ�ον�ωαρm�δαψσ� Ν� Γραδιεντ� 3� 0� 0� >15
01�

3� 9�

Χηανγ�ετ�αλ�
2013�

ΠΜ�2.5� Μψοχαρδιαλ�ινφαρχτιον� Ψ� Γραδιεντ� 3� 0� 0� >15
00�

3� 9�

Dονγ�ετ�αλ�2013� ΠΜ10,�ΣΟ2� ΧςD�συρϖεψ� Ν�� Γραδιεντ� 3� 0� 0� 248
45�

3� 9�

φορεστερ�ετ�αλ�
2014�

ΝΟ2� Βλοοδ�Πρεσσυρε� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 12
22�

3� 704� 3� 8�
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Φυκσ�ετ�αλ�2014� Τραφφιχ�λοαδ�100m�φροm�

ρεσιδενχε�
Βλοοδ�Πρεσσυρε� Ψ� Γραδιεντ� 3� 0� 0� 113

000�
6� 9�

Ηαϕατ�ετ�αλ�2012� ΝΟξ� �Βλοοδ�Χλοτσ�(φιβρινογεν)� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηαϕατ�ετ�αλ�2013� ΝΟξ� �Ινφλαmατιον�(ΧΡΠ,�ΙΛ6,�Ερ
σελεχτινγ,�ΣΙΧαm),�Βλοοδ�Χλοτσ�
(DρDιmερ)�

Ν� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηαϕατ�ετ�αλ�2015� ΠΜ2.5� Ινφλαmατιον�(ΧΡΠ,�ΙΛ6,�Ερ
σελεχτινγ)�ανδ�Βλοοδ�Χλοτσ�
(φιβρινογεν)�

Ψ� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηαϕατ�ετ�αλ�2015� ΠΜ2.5� Ινφλαmατιον�(ΣιΧαm)�ανδ�Βλοοδ�
Χλοτσ�(DρDιmερ)�

Ν� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηαϕατ�ετ�αλ�2015� ΝΟ2� Ινφλαmατιον�(ΧΡΠ,�ΙΛ6,�Ερ
σελεχτινγ,�ΣΙΧαm)�ανδ�Βλοοδ�
Χλοτσ�(φιβρινογεν)�

Ν� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηαϕατ�ετ�αλ�2015� ΝΟ2� �Βλοοδ�Χλοτσ�(Dρδιmερ)� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 3� 9�

Ηεννινγ�ετ�αλ�
2014�

ΠΜ2.5,�10� Ινφλαmατιον�(ΧΡΠ)Χ.Ρεαχτιϖε�
Προτειν�

Ψ� Βεφορερ
Αφτερ�

2� 0� 0� >4κ� 3� 5�

Καϕβαφζαδεη�ετ�
αλ�2015�

ΠΜ2.5�Τραφφιχ� Σψστεmιχ�ινφλαmατιον:ΧςD�
mορβιδιτψ�

Ν� Ρεφερενχ
ερ
Χοντρολ�

2� 48� 3� 48� 3� 8�

Καϕβαφζαδεη�ετ�
αλ�2015�

ΠΜ2.5�WοοδΣmοκε� Σψστεmιχ�ινφλαmατιον:ΧςD�
mορβιδιτψ�

Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 20� 3� 20� 3� 8�

Καλσχη�ετ�αλ�
2014�

ΠΜ� Τοραχιχ�Αορτιχ�Χαλχιφιχατιον�
(αρτηεροσχλεροσισ�ινδιχατορ)�

Ψ� Γραδιεντ� 3� 0� 0� >4κ� 6� 9�

Λινκ�ετ�αλ�2013� ΠΜ�2.5�2�ηρ�πριορ� Ατριαλ�Φιβριλατιον� Ψ� Γραδιεντ� 3� 0� 0� 4� 2� 5�

Λιυ�ετ�αλ�2014� ΠΜ2.5,�ΝΟ2� Βλοοδ�Πρεσσυρε� Ν� Γραδιεντ� 3� 0� 0� 236
8�

6� 9�

Μιλλερ�ετ�αλ�
2007�

ΠΜ�2.5�� Χαρδιϖασχυλαρ�Εϖεντ�� Ψ� Γραδιεντ� 3� 0� 0� 36� 6� 9�

Νυϖολονε�ετ�αλ�
2013�

Ο3� αχυτε�χοροναρψ�εϖεντ� Ν� Γραδιεντ� 3� 0� 0� >50
0�

6� 9�

Νυϖολονε�ετ�αλ�
2014�

Ο3� ουτ�οφ�ηοσπιταλ�χοροναρψ�δεατη� Ψ� Γραδιεντ� 3� 0� 0� >50
1�

6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Ο3� αχυτε�mψοχαρδιαλ�ινφαρχτιον� Ν� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Βλαχκ�Σmοκε,�ΧΟ,�ΣΟ2� αχυτε�mψοχαρδιαλ�ινφαρχτιον� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Βλαχκ�Σmοκε,�ΧΟ,�ΣΟ2,�
Ο3�

Χαρδιαχ�Αρρηψτmιασ� Ν� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

ΝΟ2� Χαρδιαχ�Αρρηψτmιασ� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

ΧΟ� Ανγινα�Πεχτορισ� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Βλαχκ�Σmοκε,�ΣΟ2,�Ο3,�
Ν02�

Ανγινα�Πεχτορισ� Ν� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Βλαχκ�Σmοκε,�ΧΟ,�ΣΟ2,�
ΝΟ2�

Χοmβινεδ�Χιρχυλατορψ�Dισεασεσ� Ψ� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1997�

Ο3� Χοmβινεδ�Χιρχυλατορψ�Dισεασεσ� Ν� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πολονιεχκι�ετ�αλ�
1998�

Βλαχκ�Σmοκε,�ΧΟ,�ΣΟ2,�
ΝΟ2,�Ο3�

Ηεαρτ�Φαιλυρε� Ν� Γραδιεντ� 3� 0� 0� >2κ� 6� 9�

Πρεσχοττ�ετ�αλ�
1998�

ΠΜ10�>65� χαρδιο�αδmισσιονσ� Ψ� Γραδιεντ� 3� 0� 0� >36� 6� 9�

Πρεσχοττ�ετ�αλ�
1999�

ΠΜ10�<65� χαρδιο�αδmισσιονσ� ν
ο�

Γραδιεντ� 3� 0� 0� >36� 6� 9�

Πρεσχοττ�ετ�αλ�
1999�

Ο3,�Βλαχκ�Σmοκε,�Σο2,�
ΝΟ2�αλλ�

χαρδιο�αδmισσιονσ� ν
ο�

Γραδιεντ� 3� 0� 0� >36� 6� 9�

Σχηωαρτζ�ετ�αλ�
1999�

ΧΟ�ανδ�ΠΜ10� χαρδιο�αδmισσιονσ�mεδιχαρε� Ψ� Γραδιεντ� 3� 0� 0� >60
0�

6� 9�

Τοννε�ανδ�
Wιλκινσον�2013�

ΠΜ�2.5� χαρδιαχ�mορταλιτψ� Ψ� Γραδιεντ� 3� 0� 0� >6� 6� 9�
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Τοννε�ανδ�
Wιλκινσον�2013�

ΠΜ�10,�Νοξ� χαρδιαχ�mορταλιτψ� ν
ο�

Γραδιεντ� 3� 0� 0� >7� 6� 9�

Ζηανγ�ετ�αλ�
2014�

ΠΜ�10� χαρδιο�mορταλιτψ�(εσπεχιαλλψ�ΙΗD)� Ψ� Γραδιεντ� 3� 0� 0� ∼11� 6� 9�

� � � � � � � � � � �

Η
ε
α
τ�
Η
α
ζα
ρδ
ρΗ
ε
α
τ�
Μ
ο
ρβ
ιδ
ιτ
ιε
σ�

Μαmου�ετ�αλ�
2013�

Ηεατ� Συνβυρν,�Dεηψδρατιον,�Ηεατ�
Στροκε�

Ψ� ΒΑΧΙ� 4� 4� 3� 4� 3� 1
0�

Χηαν�ετ�αλ�2013� Ηεατ� Ρεσπιρατορψ/Ινφεχτιουσ�δισεασε�
ιν�ηοτ�σεασον�

Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 1� 2� 1� 0� 4�

Γυιργυισ�ετ�αλ�
2014�

Ηεατ� Ηοσπιταλ�Αδmισσιονσ� Ψ� Βεφορε/Α
φτερ�

2� 1� 2� 19� 3� 7�

Βισηοπ�ετ�αλ�
2015�

Ηεατ� Ηοσπιταλ�Αδmισσιονσ� Ψ� ΒΑΧΙ� 4� 6� 3� 3� 3� 1
0�

Νιτσχηκε�ετ�αλ�
2011�

Ηεατ� Ηοσπιταλ�Αδmισσιονσ� Ψ� Ρεφερενχ
ερ
Χοντρολ�

2� 2� 3� 1� 0� 5�

ϑονεσ�εταλ�1982� 1980�Ηεατ�Wαϖε� Ηεατ�Στροκε� Ψ� Βεφορε/Α
φτερ�

2� 2� 3� 2� 2� 7�

Κνοωλτον�ετ�αλ�
2008�

Ηεατ�Wαϖε� Ηοσπιταλ�Αδmισσιονσ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 6� 3� 5�

Σεmενζα�ετ�αλ�
1999�

Ηεατ�Wαϖε� Dεηψδρατιον,�Ηεατ�Στροκε,�Ηεατ�
Εξηαυστιον�

ν
ο�

Βεφορε/Α
φτερ�

2� 0� 0� 1� 0� 2�

Βρυνεττι�ετ�αλ�
2013�

Ηεατ�Wαϖε� Τελεχαρδιολογψ� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 24� 3� 6� 3� 8�

Γρολυνδ�ετ�αλ�
2014�

Ηεατ�Wαϖε� Ηοσπιταλ�Αδmισσιονσ�Μεδιχαρε� Ψ� Γραδιεντ� 3� 0� 0� 114� 6� 9�

Ηεσσ�ετ�αλ�2014� Τεmπερατυρε�
Ανοmαλιεσ�

Εmεργενχψ�Dεπαρτmεντ�ςισιτσ� Ψ� Γραδιεντ� 3� 0� 0� 5� 4� 7�

ϑονεσ�ετ�αλ�
1982�

1980�Ηεατ�Wαϖε� Ηοσπιταλ�ςισιτσ� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 2� 2� 4�

κινγσλεψ�εταλ�
2016�

Τεπερατυρε�χηανγε� Ηοσπιταλ�αδmισσιονσ� Ψ� Γραδιεντ� 3� 0� 0� 126
0�

6� 9�

Σmιτη�ετ�αλ�
2012�

Ηεατ�Wαϖε� ΕD�ςισιτσ� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 3� 3� 1� 0� 5�

Στοτζ�ετ�αλ�2014� Τεmπερατυρε�Ινχρεασε� Βλοοδ�ΠρεσσυρερΗεαρτ�Ρατε� Ψ� Βεφορε/Α
φτερ�

2� 0� 0� 26� 3� 5�

Τασιαν�ετ�αλ�
2014�

Τεmπερατυρε� Κιδνεψ�Στονεσ� Ψ� Γραδιεντ� 3� 0� 0� >21
90�

6� 9�

Ξυ�ετ�αλ�2014� Εξτρεmε�
Τεmπερατυρεσ�

Πεδιατριχ�ΕD�ϖισιτσ� Ψ� Γραδιεντ� 3� 0� 0� >21
90�

6� 9�

Ζηανγ�ετ�αλ�
2014�

Τεmπερατυρε� ΧαρδιαχρΣενιλε�Μιχε� Ψ� Ρεφερενχ
ε/Χοντρο
λ�

2� 6� 3� 6� 3� 8�

� � � � � � � � � � �

γρεεν�σπαχερΗυmαν�Ηεαλτη�
� � � � � � � � � �

Γ
ρε
ε
ν
�Σ
π
α
χε
ρΡ
ε
σπ
ιρ
α
το
ρψ
�Ι
λλ
ν
ε
σσ
�

Dονοϖαν�ετ�αλ�
2013�

γρεεν�σπαχε�� ΜορταλιτψρΛοωερ�Ρεσπιρατορψ�
Τραχτ�

Ψ� Γραδιεντ� 3� 0� 0� 129
6�

6� 9�

Λεε�ετ�αλ�2014� φορεστ�ϖσ�Χιτψ�Wαλκινγ� Ρεσπιρατορψ�ΡισκρΠυλmοναρψ�
Φυνχτιον�Dεχρεασε�

Ψ� ΒΑΧΙ� 4� 19� 3� 43� 3� 1
0�

Λοϖασι�ετ�αλ�
2013�

τρεε�χανοπψ�χοϖερ� Αστηmα/Αλλεργιεσ� Ν� Γραδιεντ� 3� 0� 0� 549� 6� 9�

Dαδϖανδ�ετ�αλ�
2014�

προξιmιτψ�το�παρκσ� Αστηmα� Ν� Γραδιεντ� 3� 0� 0� 317
8�

6� 9�

Φυερτεσ�ετ�αλ�
2014�

Ρεσιδεντιαλ�γρεεννεσσ� Αλλεργιεσ� Ν� Γραδιεντ� 3� 0� 0� 253
1�

6� 9�

Φυερτεσ�ετ�αλ�
2015�

Ρεσιδεντιαλ�γρεεννεσσ� Αλλεργιεσ� Ψ� Γραδιεντ� 3� 0� 0� 200
7�

6� 9�

� � � � � � � � � � �
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Γ
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ν
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π
α
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α
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Μ
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ιδ
ιτ
ιε
σ�

Ηαρλαν�ετ�αλ�
2013�

ςεγετατιον� Ηεατ�Μορταλιτψ� Ψ� Γραδιεντ� 3� 0� 0� 208
1�

6� 9�

ςανδερτορρεν�
ετ�αλ�2006�

γρεεν�σπαχε� Ηεατ�Μορταλιτψ� Ψ� ΒΑΧΙ� 4� 26
2�

3� 315� 3� 8�

Βυρκαρτ�ετ�αλ�
2015�

ΝDςΙ� Ηεατ�Μορταλιτψ� Ψ� Γραδιεντ� 3� 0� 0� 203� 6� 9�

Γ
ρε
ε
ν
�Σ
π
α
χε
ρΧ
ς
D
�

Dονοϖαν�ετ�αλ�
2013�

γρεεν�σπαχε� ΧςD�Μορταλιτψ� Ψ� Γραδιεντ� 3� 0� 0� 129
6�

6� 9�

Dονοϖαν�ετ�αλ�
2013�

γρεεν�σπαχε� Χς�Dισεασε� Ψ� Γραδιεντ� 3� 0� 0� 534
891�

6� 9�

Περειρα�ετ�αλ�
2012�

γρεεν�σπαχε/ΝDςΙ� Χοροναρψ�Ηεαρτ�Dισεασε� Ψ� Γραδιεντ� 3� 0� 0� 114
04�

6� 9�

�

Ελεχτρονιχ�Συππλεmενταρψ�Ματεριαλ�4:�Φυλλ�Βιβλιογραπηψ�
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Flood protection ecosystem services in the coast of Puerto Rico:
Associations between extreme weather, flood hazard mitigation and
gastrointestinal illness
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H I G H L I G H T S

• Extreme rain events in Puerto Rico cor-
relate with spikes in Gastro Intestinal
(GI) illness.

• Permeable karst soils help reduce flood
impacts and GI illnesses according to
FEMA and Medicare claims data.

• The benefits of karst soils are lost in
areas with a high percentage of people
living in flood zones.
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Floods are becoming increasingly influential in coastal cities due to the intensification of extremeweather events.
The impacts of flooding go beyond damages to infrastructure, it also affects human health. During floods, dis-
charge of sewage into streets increases exposure to pathogens causing gastrointestinal (GI) illnesses. A potential
strategy for coastal protection during weather hazards is the use of flood protection ecosystem services, but their
effectiveness at ameliorating the impact of floods on GI illnesses remain understudied. Here we explore the rela-
tionship between extreme rainfall, flood protection ecosystem services, and the occurrence of Medicare claims
for gastrointestinal (GI) illnesses in Puerto Rico. We first conducted model averaging to detect variables
explaining flood impact for the years (1999–2014), and then used these variables as predictors in a spatio-
temporal analysis of GI illness in the sameperiod (1999–2013). Our results show thatflood impact varies propor-
tionally with extreme rainfall, and inversely with flood protection ecosystem services, particularly due to the
presence of karst soils. The protective effect of karst soils is lost when there is a high percentage of people living
inflood prone areas, as suggested by a significant interaction effect between these two variables. In support of our
hypotheses, cases of GI illness also spike after extreme rainfall events and are affected by the interaction effect of
karst soils and people living in flood prone areas. Our results support the linkage between extreme weather
events, flood damages and GI illnesses, and suggests a buffering role of ecosystem services that promote rainfall
infiltration. The relevance of these ecosystem services, however, is affected by planning decisions such as
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residential development inflood prone areas. Our results help inform planning strategies for futureweather haz-
ards, accounting for the role of natural and built infrastructure on minimizing flood impacts and human health
effects.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Flood events are an increasingly important stressor in coastal com-
munities due to projected sea level rise, and frequent exposure to
weather hazards, particularly in the tropics (Vitousek et al., 2017). In
Latin America and the Caribbean, it is estimated that there are over 7.5
million people currently exposed to flooding, and around 300 billion
USD in built capital vulnerable to flood loss (Reguero et al., 2015). Island
nations are expected to suffer the greatest impact due to direct exposure
to tropical storms, and a strong dependency on coastal resources for
tourism and other economic sectors (Reguero et al., 2015; Vitousek
et al., 2017). Aside fromproperty damages and impacts to the economy,
floodhazards also have been associated to a variety of humanhealth im-
pacts such as vector borne illnesses, gastrointestinal infections, and
mental health effects such as PTSD (Post Traumatic Stress Disorder)
and Depression (Ahern et al., 2005). It is well established that the im-
pacts of natural disasters such as floods disproportionately affect
impoverished communities who are at higher risk of exposure
(Winsemius et al., 2015) and who lack access to adequate services and
resources to respond (Cutter et al., 2003). In this context, the need for
low cost, community driven alternatives to flood hazard protection, in-
cluding natural infrastructure and ecosystem services becomes particu-
larly important.

Here we explore the role of ecosystem services in relation to one of
the most common health outcomes associated to flooding, which is
acute gastrointestinal (GI) illness. During floods, untreated sewage
often mixes with storm water runoff, contaminating crops and house-
hold surfaces (Wade et al., 2014). Contaminated runoff may also come
into direct contact with people within flooded residences or those wad-
ing through flooded streets to reach higher grounds during an event.
Floods can also damage water treatment infrastructure, affecting the
availability of safe and potable water for drinking (Wade et al., 2014).
Families displaced by flooding often relocate to public shelters, where
unsanitary conditions and overcrowding often leads to disease out-
breaks (Wade et al., 2014; Huang et al., 2016).

Due to the multitude of pathways exposing people to pathogens
during and after floods, many studies have effectively documented
this linkage in a variety of settings (Curriero et al., 2001; Reacher et al.,
2004; Wade et al., 2004; Wade et al., 2014; Huang et al., 2016). Yet, to
date, no study has attempted to determine if the impact of floods on
GI illness could be prevented with flood protection ecosystem services
(De Jesus Crespo et al., 2018 A). Flood protection ecosystem services in-
clude rainfall interception and infiltration by natural land cover, which
results in reductions in surface runoff and flood impact (Brody and
Highfield, 2013a, 2013b, Xiao and McPherson, 2016). Interception and
infiltration also help filter runoff, reducing concentrations of disease-
causing pathogens available in storm water (Mallin et al., 2001; Yang
et al., 2008). If natural infrastructure helps purify water and reduce
surface runoff, and these flood related hazards are associated to GI
illness, then we hypothesize that there will be lower occurrences of GI
illness in flood prone regions that have flood protection ecosystem
services.

We address this hypothesis in coastal neighborhoods in Puerto Rico.
The extensive flood impacts caused by HurricaneMaria on the Island in
2017 underscores the potential for weather hazards to severely impact
human health, especially among vulnerable sectors. Even before this
event, impoverished communities in Puerto Rico had historically been
exposed to frequent flooding and flood related illnesses (Azar and
Rain, 2007, Briskin, 2016, De Jesus Crespo et al., 2018 B). Puerto Rico's

economic downturn over the last decade has also increased unemploy-
ment and poverty around the Island, leading tomassmigration of youn-
ger generations, and an increase in the median age of the remaining
residents (Abel andDeitz, 2014; Castro-Prieto et al., 2017), exacerbating
the vulnerability of the Island's population.

Focusing on the elderly, here we look at Medicare claims data over a
14-year period (1999–2013) to assess the associations between ex-
treme rainfall, flood impact, and ecosystem services on GI illness
(Fig. 1). We predicted that the impact of extreme rainfall on human
health would be mitigated by flood protection ecosystem services,
resulting in lower cases of GI illness. The role of ecosystems at providing
ecosystem services, and of flood protection ecosystem services at ame-
liorating GI illness occurrences, would be mediated by socio-economic
factors that determine the level of exposure to hazards and the adapta-
tions available through built infrastructure for preventing flood impact
and health effects (Fig. 1). Having a better understanding of the extent
to which ecosystem services may help buffer environmental hazards
and protect human health, would help guide community-based man-
agement of flood prone neighborhoods and justify conservation and
restoration efforts focused on natural infrastructure.

2. Methods

2.1. Study site

Puerto Rico (PR) is a US territory located in the Northeastern Carib-
bean Sea. It is the smallest Island of the Greater Antilles archipelago, but
also themost urbanized and densely populated (Lugo et al., 2012). Most
of its population is located along the coast, while the center mountain
range is more sparsely urbanized, and more heavily forested (Fig. 2B
and C, Parés-Ramos et al., 2008). Around 55% of Puerto Rico's area is
vegetation cover (USDA, 2017), most of which is secondary forest
resulting from a shift from intense farming up until the mid-20th cen-
tury, to an industrial economy (Larsen, 2017).

The maximum elevation in the central mountain range is 1338 m
(Fig. 2B, Larsen, 2017), and rainfall averages 1651 mm annually, with
the mountains receiving much greater precipitation than the coast
(Yuan et al., 2015). Due to orographic factors, rainfall is unevenly dis-
tributed through the island (Fig. 2A, Hernández Ayala et al., 2017).
These differences, driven by the configuration of the central mountain
range, lead to four distinct climatic regions in the north, south, east
and west (Warne et al., 2005). While the north and east receive abun-
dant orographic rainfall, influenced by the northeast trade winds, the
southern portion is relatively dry due to a rain shadow effect (Warne
et al., 2005). The western portion is rainy aswell, driven by an eastward
flow of air from the sea onto the land producing abundant afternoon
rainfall (Warne et al., 2005).

Around 55% of the Island is currently served by the Puerto Rico
Aqueduct and Sewer Authority (PRASA) waste water system
(Government of Puerto Rico, 2018). Many of PRASA's waste water in-
frastructure was developed in the 1950's, often making it obsolete to
manage modern demands (Hunter and Arbona, 1995). Lack of finan-
cial resources has limited infrastructure improvement projects, lead-
ing PRASA to be the subject of multiple federal fines for failure to
meet water quality regulations from its waste water treatment facil-
ities (PRASA, 2014).

We focused this study on thePR coast, where higher population den-
sities, lower elevations, and the potential for storm surges increaseflood
risk, and potential GI pathogen exposure. We included all coastal zip
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codes (N = 73) except for the municipalities of Vieques and Culebra.
These municipalities are separate islands, with distinct hydrological
traits that make their comparison to other sites more challenging.

2.2. Data sources and processing

We selected indicators from available datasets (Table 1) for each
component of our conceptual model (Fig. 1). Most estimates were
done at the zip-code level, but when feasible, we also estimated indica-
tors at theHUC-10watershed levels (USGS, 2017), especially for predic-
tor variables associated to hydrological patterns (e.g. rainfall, rain
retention, vegetation cover, and slope).

Prior to analysis, all predictor variables were centered by subtracting
the sample mean and dividing by the sample's standard deviation
(Becker et al., 1988). Collinearity was examined using Pearson correla-
tion coefficients (Supplementary material 1; SM1). Any correlation be-
tween explanatory variables of N0.60 was considered important and
accounted for in subsequent analysis.

2.2.1. Extreme weather

Daily rainfall in Puerto Rico was estimated for the years 1999–2014
using the NASA Daymet surface weather and climatological summary
dataset (Thornton et al., 1997). We generated 1 km spaced points
through the island and used these as coordinates for data extraction
with the “daymetr” R-package (Hufkens, 2014). Data were summarized
by zip code, and analyzed longitudinally, calculating 7-daymoving aver-
ages (allocated daily), and daily extreme events (90th, 95th and 99th
percentile rainfall). These rainfall extremes were classified with a 1, 2,

or 3 (representing 90, 95, 99% respectively), other days with a “0”. For
evaluating GI illness response, we assessed extreme rain events at a 7-
day lag to capture the incubation period for most GI illnesses caused
by waterborne pathogens (Jagai et al., 2015). Other studies have
assessed GI response to rainfall at different lag periods and found one
week lags to be representative (Jagai et al., 2015). To classify extreme
rain with lag periods, we used the rollapllyr function of the package
zoo in R. Since daily extreme events were classified as 1, 2, or 3, we cal-
culated amovingmaximumusing the previous 7 days as a basis. This re-
sulted in “1, 2, or 3” being applied to days that experienced any of these
events in the previous seven days (themaximum of these three values)
and “0” otherwise.

To model flood claim response, we used zip-code aggregated
weather data for the entire study period as predictor variables, includ-
ing average annual rainfall, as well as the magnitude of the 90th, 95th
or 99th rainfall percentiles. In this part of the analysis, we explored rain-
fall trends at different spatial scales. The same 1 km spaced point file
used to extract data at the zip code level, was used to summarize data
at the HUC-10 watershed level. We then created estimates of HUC-10
level rainfall for each zip code. In the case weremultiple HUC-10water-
sheds intersected a single zip code, a weighted average was calculated
so the rainfall in the watershed with greater spatial overlap with the
zip code would have higher influence (SM2).

2.2.2. Ecosystem services

We estimated flood protection ecosystem services using the EPA
H20 tool (Russell et al., 2015), which uses curve numbers (CN) to esti-
mate a rain retention index. The curve number method incorporates

Fig. 1. Conceptual model describing the association between extreme rainfall and GI disease.We predict that the impact of extreme rainfall on human health would bemitigated by flood
protection ecosystem services, resulting in lower cases of GI disease. The relationship between weather, floods, ecosystem services and GI disease would also be mediated by socio-
economic factors that determine the level of exposure to hazards, the adaptations available through built infrastructure to manage flood impacts, the effectiveness with which
ecosystems can deliver ecosystem services, and the relative importance of these ecosystem services to human health andwell-being. See alsoMyers et al., 2013, and Crimmins et al., 2016.
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soil infiltration characteristics and land cover water retention capacity
through infiltration, interception and evapotranspiration (USDA,
1986). For the context of this paper, the CN rain retention index is
used as an indicator of a reduction in surface runoff, which should result
in flood mitigation, and consequently lower exposure of individuals to
polluted waters.

Here we used SSURGO (USDA NRCS, 2004) layer for soil characteri-
zation and the Coastal Change Analysis Program C-CAP (DOC, 2010)
land cover layer to create a CN index at 100 m cell sizes. A table with
the CN values used for each land cover- soil combination can be found
in the supplemental material (SM3). Rain retention was summarized
at the zip code and the HUC-10 watershed scale. The HUC-10 estimates
were allocated to zip codes using area weighted averages (SM2).

In addition to the rain retention index, we also calculated % karst
soils (Alemán González, 2010), and % vegetation (i.e. combining the
vegetation categories defined in Puerto Rico CCAP categories, 11/
Mixed Forest and 12/Scrub/Shrub) in ArcGIS (ver. 10.3), as individual
model predictor variables. These land cover and soils classes represent
the land use/soil categories with higher retention values when calculat-
ing the CN index (USDA, 1986), and it was of our interest to determine
which component of the index was more predictive of flood impact
and/or GI illness. Percent vegetation was calculated at the HUC-10 wa-
tershed level, to account for the location of most of the vegetated
areas at high elevations and in headwater areas. Percent karst was cal-
culated at the zip code level only as most of the karst geology is located
along the coast rather than at higher elevations (Fig. 3). For the same
reason, percent wetlands (CCAP categories 13–18) was also estimated

as a predictor at the zip code level. While in the CN method wetlands
are considered as having low retention capacity due towater saturation,
we know fromprevious studies that they can play a role in flood protec-
tion ecosystem services (Broody, 2006; Brody et al., 2012) as well as re-
moval of pathogens that can cause GI illness (Yang et al., 2008).
Topography is another factor that could affect rainfall retention dynam-
ics. We calculated slope averages and maximums at the zip code and
HUC-10 watershed levels, using Digital Elevation Models (DEM, CRIM,
1998) in ArcGIS.

2.2.3. Socio-economic variables

We characterized socio-economic indicators that could mediate the
benefits derived from ecosystem services. Flood risk is influenced by the
proportion of people living in flood prone areas (Fig. 3). We calculated
this variable using population estimates (Sorichetta et al., 2015) and
the Federal Emergency Management Agency (FEMA) flood zone layer
(FEMA, 2009) in ArcGIS (ver 10.3). Sewage infrastructure alters the
fate and transfer of waste water, potentially influencing the level of ex-
posure to pathogens during flood events. While the sewage infrastruc-
ture in Puerto Rico has suffered from poor maintenance in the past
(PRASA, 2014), we infer that exposure towastewater pathogens during
floodswould be greater in un-sewered areas of the Island.We estimated
sewage cover density for each zip code using data from the Puerto Rico
Aqueduct and Sewage Authority (PRASA, 2015).

Whenever there is high population density in a flood prone area, the
type of housing could determine how many people are affected. For
people living in high rises and multi-family buildings, exposure may

Fig. 2. Study site, coastal zip codes in Puerto Rico. A) Rainy season (May-Nov) normal precipitation (inches). This map is derived from NOAA 1981–2010 U.S. Climate Normals, by
interpolating point data from weather stations through Puerto Rico (Arguez et al., 2012) using Inverse Distance Weighting in Arc GIS; B) Elevation index, derived from Digital
Elevation Model values (CRIM 1998), presented as a fraction of the maximum elevation in Puerto Rico (i.e. value/max elevation); C) Land cover classes adapted from the Coastal
Change Analysis Program C-CAP (DOC 2017).
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be limited to those in the ground floors who experience the flooding di-
rectly. To account for this, we calculated the proportion of people living
in multi-family units (5+ families in a building) using the American
Community Survey 5-year estimates (2008–2012; https://www.
census.gov/programs-surveys/acs/). This same dataset was used to esti-
mate median income as another socio-economic indicator, as it has
been shown that wealthy communities tend to be less vulnerable to en-
vironmental hazards and the loss of ecosystem services (Myers et al.,
2013).

2.2.4. Response variables

To estimate flood impact, we used data from the FEMA National
Flood Insurance Program. Flood claims were obtained from the agency
for the years 1999–2014. The agency summarized the data at the zip
code level to remove any personal identifiable information (PII).

To estimate GI illness, we used hospitalization data from the Centers
for Medicare and Medicaid Services (CMS), for the years 1999–2013.

We summarized weekly claims associated to infectious GI illnesses for
the selected zip codes and years, using the International Classification
of Illnesses, Ninth Revision, Clinical Modification coding system (ICD-
CM 9) for the following diagnosis: Cholera (ICD9-001), Salmonella
(ICD9-003), Shigella (ICD9-004), Other bacterial poisoning (ICD9-
005), Intestinal infection by other organisms (ICD9-008), and Ill-
defined intestinal infections (ICD9-009). We intentionally did not in-
clude ICD codes for broad symptoms of GI illnesses (e.g., nausea,
vomiting) as these could result from other types of illnesses and
would add unexplained noise to statistical analysis. Because the data ac-
quisition did not involve interaction with any individuals, and the data
did not contain PII, it was determined by theU.S. Environmental Protec-
tion Agency's Human Subjects Research Protocol Officer that this re-
search was exempt from Institutional Review Board review.

2.3. Data analysis

2.3.1. Flood protection EGS: FEMA flood claims

We evaluated the role of ecosystem services, and other variables on
FEMA flood claims per zip code. Flood claim data consisted of integers
ranging from 0 to over 400, and its distribution was heavily skewed to-
wards zero. Data was therefore modeled as counts, using quasi-Poisson
generalized linearmodels,which account for over dispersion.We devel-
oped a global quasi-Poissonmodel including all variables from each cat-
egory (Table 1), significant interactions among variables (Pr(N|z|) b

0.05; Table 1), and households per zip code (American Community Sur-
vey Summary, 2008–2012) as amodel offset. For variables that were in-
dicators of the same predictor, but at two different scales (e.g. zip code
99% rainfall vs HUC-10 99% rainfall), we only used the best predictor of
flood claims for inclusion in themodel averaging procedure. Highly cor-
related variables that were not indicators of the same phenomena (e.g.
%woody wetlands vs % people in flood zones), were kept in the global
model.

We used this global model for model averaging (Grueber et al.,
2011), which tested all possible variable combinations, and selected
the top models explaining flood claim response (R package MuMin,
Barton, 2009). To prevent overfitting, we limited the possible number
of variable combinations to 5 factors, including interaction effects. This
allowed us to have 10+ replicates per variable in accordance with rec-
ommended sample sizes for regressions (Vittinghoff and McCulloch,
2007; Austin and Steyerberg, 2015). The model averaging procedure
was set up to prevent having highly correlated variables, that were
not excluded from the global model (e.g. %woody wetlands vs % people
in flood zones), to be featured together on any given 5-variable model.
We used delta AICcN2 as a cut-off criterion for sub-model selection
(Burnham and Anderson, 2002) and then calculated the conditional av-
erage effect of each variable after accounting for all the best models
where that variable was included (Grueber et al., 2011). Variables
were considered ‘important’ if their inclusion improved model fit in at
least one of the selected sub-models. Results from model averaging
were used to generate predicted flood claim values per zip code.
These values were then regressed against observed FEMA claims to es-
timate the model's effectiveness at detecting flood impact.

2.3.2. Flood protection EGS and GI illness: Medicare claims

The variables that were selected as important predictors of flood
claims were also used to evaluate spatio-temporal trends in GI illness
response, with a few modifications. First, while the FEMA claims were
standardized by the estimated zip code households, Medicare claims
were analyzed controlling for the number of Medicare beneficiaries
per zip code for each year of the study period. Second, weather param-
eters used to analyze FEMA claims were summarized for the entire
study period, while Medicare Claims were analyzed in relation to daily
estimates of 7-day lag extreme events (see extreme weather section for
details), aggregated as weekly counts of 90, 95, or 99% rainfalls.

Table 1

Variables assessed, main indicators and sources.

Predictor variables evaluated (spatial
scale)

Sources

Weather hazards
90, 95, 99% Rainfall (Huc-10 Watershed
and Zip Code); Average Annual
Rainfall (Huc-10 Watershed and Zip
Code)

NASA Daymet; https://daac.ornl.
gov/cgi-bin/dsviewer.pl?ds_id=1328

Ecosystem goods and services
Rain Retention (Huc-10 Watershed and
Zip Code)

CCAP 2010 (NOAA, 2010); SSURGO
(USDA NRSC, 2004); EPA H20 tool
(Russell et al., 2015)

% Watershed Vegetation (Huc-10
Watershed)

CCAP 2010 (NOAA, 2010)

% Watershed Woody Wetlands (Zip
Code)

CCAP 2010 (NOAA, 2010

% Watershed Grassy Wetlands (Zip
Code)

CCAP 2010 (NOAA, 2010)

% Karst (Zip Code) Karst raster (Alemán González, 2010)

Natural controls
Average and Maximum Slopes (Huc-10
Watershed and Zip Code)

DEM (CRIM, 1998)

Socio-economic variables
Sewage Density (Zip Code) Sewer Lines PR Aqueduct and Sewer

Authority (PRASA, 2015)
% Multifamily Housing (5 households
or more); (Zip Code)

ACS 5-year estimates (2008–2012)
https://www.census.
gov/programs-surveys/acs/

Median Income (Zip Code) ACS 5-year estimates (2008–2012)
https://www.census.
gov/programs-surveys/acs/

% People living in flood zones (Zip
Code)

FEMA Flood Zones (FEMA, 2009);
Dasymetric Population (Sorichetta et al.,
2015)

Significant interactions
% Karst *% People living in flood zones
Huc-10 Watershed Rain Retention *%
People living in flood zones

Huc-10 Watershed Rain Retention
Watershed Rain Retention *% Woody
Wetlands

Huc-10 Watershed Rain Retention *%
Grassy Wetlands

% Karst *%Woody Wetlands
% Karst *%Grassy Wetlands

Response variables
FEMA flood claims (1999–2014) (Zip
Code)

National Flood Insurance Data/FEMA
National Flood Insurance Programs; Data
not publicly available.

Medicare GI disease claims
(1999–2013) (Zip Code)

The Centers for Medicare and Medicaid
Services Hospitalization Data;
Data not publicly available.
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To evaluate the relationship between extremeweather events, flood
impact predictors and GI illness, we used a Bayesian Integrated Nested
Laplace Approximation (INLA) and Stochastic Partial Differential Equa-
tion (SPDE) approach. INLA-SPDE has been shown to be an efficient ap-
proach to assess spatio-temporal trends of relatively rare disease
occurrences and develop robust models that are less computationally
demanding than commonly used approaches (Myer et al., 2017).

Our response, presence/absence of GI illness in Medicare beneficia-
ries in a zip code each week, was coded as a binary outcome, with a 1
representing at least one case of GI illness reported among Medicare
beneficiaries in a zip code that week, and a 0 representing no reported
GI cases. Reports of more than one GI case were too sparse to justify
modeling GI illness as a count response, so we elected to model the
presence/absence of at least one GI illness. Logistic regression is typi-
cally used to model binary responses and produces a logit-linear mea-
sure of the probability of a positive outcome, and we elected to use
binary logistic regression for this dataset.

The observational model for the spatiotemporal INLA SPDE model
can be written as follows:

y s; tð Þ j η s; tð Þ � Bernoulli π s; tð Þð Þ;

where the presence of GI illness y(s,t) at a particular location s andweek
t, given a vector of linear predictors η(s, t), is a binary outcome with
probability vector π(s, t). The linear predictor has the general form

η s; tð Þ ¼ β1X1 þ…þ βnXn þms þwt

where (β1,… , βn) are the regression coefficients for the predictor vari-
ables (X1, … ,Xn), ms is the spatial random effect at location s, wt is the
temporal random effect at week t, and the relationship between the lin-
ear predictor η(s, t) and the GI illness probability π(s,t) is the logit link

π s; tð Þ ¼ log
η s; tð Þ

1−η s; tð Þ

Spatial covariance ms was addressed in the SPDE model using a
Gaussian Markov random field based on a triangulation mesh repre-
sented as a labeled, undirected graph over the selected zip codes
(SM5), which estimates spatial effects on GI illness probability across
the study area using the Matérn covariance function (Musenge et al.,
2013; Cosandey-Godin et al., 2014).

Temporal covariancewas addressed using a first-order randomwalk
process (RW1), which models the effect of time as a function of pres-
ence in the previous week plus a random error term. The conceptual
model for the change in the ordinal vector of temporal coefficients
(w1, … ,wt) is of the form

∆wi ¼ wi−wi−1 � N 0; τ−1
� �

where τ is the precision parameter, estimated as a hyperparameter in
the INLA model.

Diffuse normal priors (precision= 0.001) were chosen for variables
in the linear predictor, reflecting no prior knowledge of their coeffi-
cients. For the spatial and temporal effects, we assigned the penalized
complexity prior, which is a weakly informative prior that accounts
for model complexity and has improved performance in SPDE models
(Fuglstad et al., 2015; Simpson et al., 2017).

Building from the set of important variables and interactions in the
flood claim analysis, we usedmodel comparison approaches to evaluate
whether models with ecosystem services variables provided signifi-
cantly better fit in predicting GI illness outcomes than models with
just weather hazards (counts of 90%, 95%, or 99% rainfall events), or
socio-economic variables (sewage infrastructure). Models with only
underlying spatial covariance (ms) and temporal covariance (wt), or
with the number of Medicare beneficiaries as a control variable were
used as baselines for comparing model fit.

Model ranking was conducted using Watanabe-Akaike Information
Criterion (WAIC) which is a preferred approach for comparing fully
Bayesian models (Gelman et al., 2014). Predictive fit was evaluated by
generating a receiver-operating characteristic (ROC) curve, using the R
package ROCR, (Sing et al., 2005), which plots the sensitivity (true pos-
itive rate) against 1-specificity (false positive rate), across all possible
cutoff points. The area under curve (AUC) valuewas computed to deter-
mine predictive fit, by integrating the ROC curve. The AUC value repre-
sents the probability that a randomly chosen GI illness positive
observation will have a higher modeled value than a randomly chosen
GI illness negative observation. An AUC value higher than 0.5 indicates
that themodel is better than chance at predicting the outcome. The op-
timized cutoff point to minimize false positives andmaximize true pos-
itives was determined bymaximizing Youden's index (i.e., sensitivity+
specificity -1).

Fig. 3. Location of karst areas, and flood prone areas across Puerto Rico. The interaction of these two variableswas a significant predictors of FEMA flood claims, and improvedmodel fit for
Medicare claims. The sources for these layers can be found in Table 1.
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All analyses were performed using the R package ‘INLA’ and R ver-
sion 3.4.4 statistical software.

3. Results

3.1. Flood protection EGS and flood claims

Details of the model parameters by zip code and as averages are in-
cluded in SM6. During our study period, a total of 4349 flood claims
were filed to FEMA's National Flood Insurance Program. The variables
best explaining FEMA claims were the magnitude of 99% rainfall at the
HUC-10 watershed level (p = 0.002), the proportion of people living
in multi-family units (p = 0.014), and average zip code slope (p =
0.009). The zip codes with the highest number of flood claims were in
the towns of Santa Isabel (00757, 407 claims) and Salinas (00751, 413
claims), both within the Coamo River watershed, and in San Juan
(00920, 333 claims), at the mouth of the Rio Puerto Nuevo, in the San
Juan Bay. These zip codes had N1.6 times as many flood claims as the
next largest zipcode, despite having comparable number of households
and population sizes to other study sites. Zip codes 00751 and 00757
also showed a high level of influence on final model selection, leading
to inflated residuals. Because of this, we repeated the analysis without
these zip codes (see SM4 for more details), and removed them from
sub-sequent analysis.

For the remaining study sites (N=70) the variables best explaining
flood claims were the magnitude of the 99% rainfall at the HUC-10 wa-
tershed level (p b 0.001), % karst (p = 0.02), % people living in flood
zones (p b 0.001), and the interaction effect of these latter two variables
(p b 0.001, Table 2). When exploring the significant interaction effect,
karst soils appear to help lower the number of flood claims per house-
hold, but this relationship is lost in places with a greater number people
living in flood prone areas (Fig. 4). In terms of rainfall, themagnitude of
the 99% rainfall events at the watershed level, led, as expected to a
higher number of FEMA claims per household. This model was the
only one selected through the model averaging process, as no other
model was comparable in terms of AIC model fit. The ability of the
model to predict flood cases was significant (R2 = 0.578, p b 0.001,
Fig. 5), and we found no evidence of significant spatial autocorrelation
of the model's residuals (Table 2).

3.2. Flood protection EGS and GI illness

For this part of the study we also focused on the zip codes that were
not considered as outliers. For these zip codes (N= 70), a total of 1917
Medicare claimswere submitted to the CMS for the selected GI illnesses

between 1999 and 2013 (Table 3). Themost common claims filed were
for Intestinal infection due to other organisms (ICD9–008), and Ill-
defined intestinal infections (ICD9-009).

There was a distinct temporal trend in the number of claims filed,
with a sharp drop observed after week 400, which roughly corresponds
to the year 2006 (Fig. 6A). Spatially, we observe higher than average ef-
fect of location onGI illness in the Southwest area of the Island, followed
by the rest of the West coast, (Fig. 6B). The East coast overall seems to
have a lower-than-average effect of location (Fig. 6B).

Controlling for these spatial and temporal covariances, we used the
variables selected as best predictors in the FEMA claims assessment to
evaluate GI illness trends. Controlling for the number of Medicare ben-
eficiaries, the best model explaining GI illness claims included 7-day
lag rainfall (90–99% events) and the interaction effect between % Karst
and % People in flood zones. The strongest predictor of GI illness claims
was the count of 90% + rainfall events within the last week (i.e. confi-
dence interval for model coefficient did not overlap zero). When
converting the coefficient of this relationship (see Table 4) from log
odds ratio to percentage, we see a 17% modeled increase in the odds
of GI Illness following 90% and above rainfall events. The best model's
WAIC weight was close to two times higher than the next best model
with other variable combinations (Table 4).

In general, we found that models with weather hazards performed
better (lower WAIC) than the baseline models with only spatial and
temporal covariance or the models that only control for the number of
Medicare beneficiaries (Table 4). GI illness claims tended to increase
with the number of beneficiaries and increase with the number of ex-
treme weather events. Model fit improved when adding % karst and
its interaction with the percentage of people living in flood zones but
decreasedwhen adding sewage density (Table 4). In terms of predictive
accuracy, the best model's AUC value was 0.70 (Fig. 7), indicating that
the model has a better than random chance at predicting GI illness.
The optimal cutoff point for classifying the response obtained by maxi-
mizing Youden's index was 0.03, resulting in a sensitivity of 0.66 and a
specificity of 0.63.

4. Discussion

Rainfall extremes in the coast of Puerto Rico (PR) have historically
caused property damages, and human health impacts that
disproportionally affect neighborhoods in flood prone areas. This
study is the first to document this trend empirically on an Island wide
basis. In the aftermath of the most extreme natural disaster to strike
PR in generations, Hurricane Maria, the importance of flooding, and
weather-related illnesses has gained more attention. Here we provide
evidence that someof the health problems associated toweather events
on the Island are not new and deserve sustained attention in the face of
potential increases on extreme rainfall in the future.

4.1. Flood protection ecosystem services and flood claims

Flood claims in Puerto Rico for the years 1999–2014 are closely tied
to the averagemagnitude of themost extreme rainfall events (99%). Our
final model predicted observed FEMA flood claims with reasonable ac-
curacy, and a strong model fit was found once we accounted for the
role of three outlier zip codes (SM4). The number of flood claims on
these locations was particularly high around two important rainfall
events. The first was a tropical storm in September of 2008 that resulted
in around 20 million dollars in damages (Puerto Rico Science Museum,
2011). The second was a historical rainfall event in November of 2009,
which caused record breaking river heights, and severe flooding in the
San Juan metropolitan area (NOAA NWS, 2009). Our estimated rainfall
values for these zip codes, however, was not any greater than that for
other nearby study sites. Therefore, unaccounted factors that have
been previously reported on these locations, such as housing quality
and the capacity of local water infrastructure to handle events of high

Table 2

Important variables selected through model averaging, with conditional averages of esti-
mated effects and p values.

Selected variables Estimate Std.
Error

t value Pr (N|t|)

(Intercept) −5.3011 0.1154 −45.934 b2e-16 ⁎⁎⁎

Huc-10 99Rain 0.4314 0.1138 3.789 0.000333
⁎⁎⁎

% Karst 0.3699 0.1563 2.367 0.020922 ⁎

% People living in flood zones 0.7395 0.1656 4.466 3.25e-05
⁎⁎⁎

% Karst ⁎% People living in flood
zones

0.9182 0.21843 2.406 0.001719 ⁎⁎

Dispersion parameter for
quasipoisson

32.8638

Null deviance 2894.2
Residual deviance 1613.0
df 65
Moran's Index (z-score; p value)a 0.1818; 0.8587

a Moran's Index was calculated in Arc GIS (ver. 10.3) to determine spatial autocorrela-
tion of model residuals.
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magnitude (Stockstill and Leech, 1990; Bush et al., 1995), may have led
to the observed trends, and should be determined throughmore exten-
sive studies on these zip codes.

Aswe predicted, the relationship observed between extreme rainfall
and floods is to some extent mitigated by natural structures, such as
karst soils (Fig. 3, Fig. 4). The karst formations in Puerto Rico promote
rapid infiltration of rainwater to underground conduits (Torres-
González et al., 1996), potentially contributing to flood risk reduction,
especially if rainfall retention features such as caves and sinkholes are
protected from debris accumulation or urbanization (Zhou, 2007). The
observed protective effect of karst soils is lost in areas where a high per-
centage of people live inflood zones (Fig. 4). Naturally infiltratedwaters
in karst soils re-emerge as surface water in springs, or wetlands, which
may cause flooding further downstream under certain conditions.
Therefore, flood protection services provided by karst soilsmay not pro-
tect neighborhoods located in the very same areas were infiltrated wa-
ters are naturally expected to re-surface. The role of karst hydrology and
its relationship to flood dynamics is still a subject in need of more re-
search (Gutiérrez et al., 2014; Naughton et al., 2018), and was not the

focus of the present work, sowe encourage further analysis of these ob-
served trends.

Aside from its infiltration capacity, the karst region is one of the few
areas of the Island with a firm legal basis for protection, as contained in
Law 292, Law to Protect the Karst Physiography of Puerto Rico (Vale-
Nieves, 2018). This law led to the establishment of a strict land use
framework, where around 33% of the karst extent fell under the highest
degree of protection possible (Vale-Nieves, 2018). This implies com-
plete restriction of activities such as landfills, and waste disposal sites,
prohibitions on the use of agrochemicals, and strict control of develop-
ment projects (Garcia-Padilla et al., 2013). Law 292's regulations how-
ever, are not equally restrictive across the entire karst extent,
including some karst municipalities with a high percentage of people
living in flood prone areas (e.g., Vega Baja, Vega Alta, Dorado, Toa Baja,
(Fig. 4, also see SM4, and CLCC, 2016). Therefore, the associations ob-
served between karst and flood claims, moderated by people living in
flood zones could also reflect regulatory disparities regarding hydrolog-
ical alteration and water resource pollution. More studies are needed to
establish a clear mechanism to explain these trends.

Fig. 4.Visualization of the interaction effects between %Karst * % People in Flood Zones, on FEMA flood claims (cases per household per zip code). The toppanel showsdifferent levels of the
% people in flood zones, the bottom panel represents the relationship between % karst and claims per household at each of these levels. The red line represents a locally weighted
scatterplot smoother (Cleveland, 1981).
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4.2. Flood protection EGS and GI illness

Extreme rainfall events were a strong predictor of GI illnesses, with
Medicare claims showing a 17% modeled increase in the odds of a GI-
related illness following a 90% (and above) rainfall event. The interac-
tion effect between % karst soils * % people living in flood zones greatly
improved the fit of the model linking GI illness to extreme rainfall
events. Because this interaction was also shown to be a good predictor
of FEMA flood claims, these results lend some support to our hypothesis
linking flood protection ecosystem services to a reduction in flood re-
lated health effects. This protective effect, however, seems very limited
and what the interaction effect suggests is that these natural features
are not effective at counteracting the level of exposure some communi-
ties face when located in flood prone neighborhoods.

Built adaptations, such as adequate sewage infrastructure should
provide protection from GI illness occurrences, but this parameter, did
not improve the fit of models linking GI illness to extreme weather
events. Ourmodels did not control for factors that could determine sew-
age system effectiveness, such as date of construction, maintenance

levels, or the capacity of the infrastructure relative to the magnitude
of the population served. In PR, these factors have been shown to affect
the performance of wastemanagement in the past (Hunter and Arbona,
1995; PRASA, 2014), and therefore, future studies could address inmore
detail which systems across the island are performing adequately with
respect to their influence on public health issues such as GI illness.

Aside from flooding, an alternative pathway of exposure to un-
treated sewage is recreational swimming. Previous studies in Puerto
Rico have shown correlations between rainfall and GI illness pathogens
in public beaches (Cordero et al., 2012; Laureano-Rosario et al., 2017).
Exposure to GI illness pathogens was also shown to be linked to recrea-
tional swimming and sewage infrastructure in one of the most impor-
tant beaches in Southwest Puerto Rico (Wade et al., 2018). As seen in
Fig. 6, the southwest of PR is themain regionwith a higher than average
odds of having spatially associated cases of GI illness. This area's econ-
omy is closely tied to marine recreational opportunities, and our study
supports previous research documenting public health concerns in
this important tourism destination that should be addressed.

Aside from the spatial patterns observed, we also detected a promi-
nent temporal pattern, where Medicare claims for GI illness dropped
after the year 2006. The influence of this pattern was accounted for in
our analysis. This drop in Medicare claims was not a reflection of any
changes in rainfall trends as far as we can tell from our weather data.
A potential explanation to this effect could be changes in Medicare pol-
icy affecting claim filing processes. For example, the Deficit Reduction
Act of 2005, led to a reduction in the number of claims filed for certain
hospital acquired infections (Kawai et al., 2015) and radiology referrals
(Levin et al., 2009), but it is not clearwhether thiswould have also led to
a decrease in reported GI illnesses in Puerto Rico. Another potential fac-
tor could be associated to improvements in storm and waste water
management in Puerto Rico around this time. Coincidentally, in 2006,
the EPA fined the Puerto Rico Sewage and Aqueduct Authority
(PRASA) for 15 violations to the Clean Water Act on wastewater and
drinking treatment plants, for the unprecedented amount of 9 million
dollars (USEPA, 2006). Remedial measures in the most polluting waste

Fig. 5. Predicted flood claims vs observed flood claims from model averaging results excluding outlier zip codes (R = 0.57, p b 0.001).

Table 3

GI diseases examined for coastal zip codes in PR International Classification of Disease,
Version 9 (ICD9).

Period Gastro intestinal diseases (ICD 9 Codes) Total
Medicare
claims

1999–2013 Cholera (ICD9-001) 0
Salmonella (ICD9-003) 273
Shigella (ICD9-004) 4
Other Bacterial Poisoning (ICD9-005) 113
Intestinal Infections due to Other Organisms
(ICD9-008)

788

Gastroenteritis (ICD9-009) 739
Total 1917
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Fig. 6. Temporal and spatial trends in GI disease claims over the study period. The y axis in Fig. 6A shows the coefficient of the temporal effect in log-odds for the selected study weeks
between the years 1999–2013. Fig. 6B shows the spatial coefficient, in log-odds, for coastal ZIP codes in Puerto Rico.

Table 4

Spatio-temporal regressions looking at the effect selected parameters on gastro-intestinal diseases in Puerto Rico (1999–2013).

Parameters* 0 1 2 3 4 5

Medicare beneficiaries 0.58
(0.51: 0.66)

0.58
(0.51: 0.66)

0.58
(0.51: 0.66)

0.58
(0.51–0.66)

0.58
(0.51: 0.66)

Weather hazards
90%+ Rainfall event 0.16

(0.03: 0.29)
0.16
(0.03: 0.29)

0.16
(0.04–0.29)

0.16
(0.04:0.29)

95%+ Rainfall event 0.03
(−0.09: 0.15)

0.03
(−0.09: 0.15)

0.03
(−0.09–0.15)

0.03
(−0.09: 0.15)

99%+ Rainfall event 0.07
(−0.11: 0.24)

0.07
(−0.11: 0.23)

0.07
(−0.11–0.23)

0.07
(−0.11: 0.24)

Sewage density 0.005
(−0.14: 0.15)

−0.0001
(−0.15: 0.15)

Ecosystem goods and services
(1) %Karstb ppl_FldPera 0.15

(−0.08–0.38)
0.15
(−0.08: 0.38)

%Karst −0.10
(−0.32–0.11)

−0.10
(−0.33: 0.12)

ppl_FldPera 0.14
(−0.01–0.29)

0.14
(−0.02: 0.29)

Hyperparameters
Range spatial effect 4.47

(2.8: 6.7)
32.04
(15.91:61.18)

32.58
(16.03:62.46)

32.13
(15.71:62.29)

32.58
(16.62–60.57)

32.01
(16.26:59.76)

STDEV spatial effect 1.29
(0.98:1.67)

0.47
(0.34:0.66)

0.48
(0.34:0.66)

0.48
(0.34:0.66)

0.48
(0.32–0.68)

0.48
(0.33–0.68)

Precision temporal effect 36.97
(6.85:133.27)

22.42
(5.70:65.28)

23.20
(5.94:67.89)

23.58
(6.00:68.92)

23.18
(5.92–67.62)

23.43
(5.97–67.94)

Number of Parameters 65.81 46.76 49.66 50.35 50.7 51.09
WAIC 14,767.43 14,751.14 14,750.9 14,752.14 14,745.18 14,746.49
WAIC weights 0.00 0.03 0.03 0.02 0.60 0.31

a Percentage of people living in flood areas. Variables with 95% CI not encompassing zero are considered as best predictors. Best model's WAIC weight is in bold. The range for spatial
refers to the distance in km at which spatial correlation becomes negligible. The precision for temporal effect refers to the inverse standard deviation for the RW1 error between week
values.

b Values for the model parameters are in log odds ratio units.
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water treatment facilities may have quickly ensued after this incident,
as PRASA was required to do so under the consent decree (USEPA,
2006). These potential explanations, however, are speculative and this
temporal pattern in GI illness should be further assessed.

4.3. Study limitations

Our study has several limitations. First, the weather estimates are
based on extrapolated data from existing meteorological stations,
which may be more representative in some parts of the island than
others. Studies assessing weather at a finer resolution could help
provide more details to the trends observed. Likewise, the scale at
which we analyzed our disease and flood claims (e.g. zip code) is
still very coarse and is not able to capture relationships that may
occur at the neighborhood level, in association to local rain retention
management initiatives. Unfortunately, disease data is rarely pub-
licly available at the neighborhood scale, so similar studies, using
survey instruments for example, could help supplement our results.
Moreover, while the Medicare claims system provides consistent
data through the states GI illnesses, for the most part, are under re-
ported, and we may have under estimated their occurrence. Incor-
rect reporting, and misclassification of Medicare claims, as well as
omission of certain ICD-9 codes from our analysis should also be con-
sidered as potential sources of bias in our results. Furthermore, be-
cause we used Medicare claims as an indicator of GI illness trends,
our study was mainly representative for the elderly demographic
(~19.7% of PR's current population, US Census, 2018), and should
be interpreted taking this factor into consideration. Previous studies
suggest that the elderly is the most sensitive group to weather re-
lated GI illnesses (Jagai et al., 2015). However, the associations be-
tween rainfall and GI illness among other sensitive groups, such as
young children, may need to be evaluated further.

In terms of our modeling approach, we tested parameters at mul-
tiple scales, and the selection of these scales were meant to respond
to our study objectives. However, estimating more landscape

parameters at the watershed level, or in association to health re-
sponses at the census tract or block group level, may help further ad-
dress the linkage between flooding, ecosystem services and GI illness
in the future. While our study did not find a statistically significant
relationship between vegetation cover, the rain retention index
and flood claims, we think this is still a question that needs to be
researched further, looking at more study locations, and assessing
this relationship at different spatial resolutions. At smaller spatial
scales, such as census blocks, it is possible that the presence of rain
retention gardens, riparian buffers and other locally managed
green spaces provide a level of small scale protection that would
have been difficult to capture in our study looking at zip codes. More-
over, a potential mismatch between the supply and demand of eco-
system services also needs to be considered, as places that are
more at risk of flooding tend to be more urbanized and located
within sprawling areas that are more likely to have lost more vegeta-
tion cover within their watersheds (Stürck et al., 2014). The context
of coastal zip codes in Puerto Rico, where a large proportion of the
population in flood zones are also downstream of the highly urban-
ized San Juan metropolitan area (Fig. 2, Fig. 3), provides a limited op-
portunity to test this hypothesis fully. Repeating this analysis in a
larger context, such as across coastal counties in the mainland US
could help address these questions further.

5. Conclusions

To our knowledge, this study is the first to explore the role of flood
protection ecosystem services on preventing GI illnesses. We found
that GI illnesses in PR spike after rain events, and that the natural infil-
tration provided by karst soilsmay help preventfloods andGI illness oc-
currences. The role of this ecosystem service is affected by planning
decisions in coastal communities, such as residential development in
flood prone areas, which undermines the protective effect of rainfall re-
tention from natural features. Built adaptations, such as adequate sew-
age infrastructure, are expected to provide a protective role on GI
illness occurrences, but we did not find evidence for this in our study.
Factors such as the age and capacity of sewage infrastructure across
the island needs to be accounted for in future research to better assess
its effectiveness on protecting from GI illness associated to weather
events. Aside from flooding, environmental exposure to disease patho-
gens after extreme weather events have been linked to recreational
swimming in PR. This relationship may be related to the observed spa-
tial association of GI illness to Southwest PR (a popular beach destina-
tion). This is a finding that supports previous studies and highlights
the importance of effective waste watermanagement and public health
protection on this location.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.04.287.
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Justifications:

Justification
1:

This research supports US EPA’s goals to revitalize vulnerable communities and understand connections between healthy ecosystems and healthy people.
Additionally, the 2019-2022 EPA Strategic Plan recognizes that disease vectors carried by pests create challenges, and calls for working closely with public health
officials and researchers to weigh risks and determine effective methods of pesticide use. In particular, mosquito borne diseases represent a significant health and
economic burden to communities around the world. The emergence of serious vector mediated viruses, such as Zika and dengue, underscores the need to find safe and
effective strategies for vector control and mosquito eradication. With growing concerns of how strategies such as aerial spraying may indirectly impact humans and
wildlife, researchers are increasingly interested in sustainable approaches for safe vector population management, including approaches that consider multiple aspects
of the transmission cycle.

This research presents innovative work in the Caño Martín Peña (CMP) community in San Juan, Puerto Rico, linkin
mosquito-vectored diseases. The CMP is an impoverished sector, historically prone to environmental hazards related to poor wa
diseases. This collaborative research between EPA ORD, the University of Southern Mississippi, and local partners (e.g., EPA Re
for Disease Control, the San Juan Bay Estuary, and University of Puerto Rico), targeted vector borne diseases, one of the most pre
community. Habitat alterations and land-use development have disrupted the natural flow of water throughout the San Juan Ba
neighborhoods to frequent flooding events, exacerbated by the effects of wastewater discharges and polluted runoff. The research
field work and statistical models to investigate the role of wetland ecosystem services, including temperature regulation, wa
protection, in mediating vector capacity and disease occurrences.

The research team conducted spatial modelling studies using historical data on dengue fever to assess the relationship between envir
the landscape level and vector borne disease control (de Jesús Crespo et al., 2018). Looking at the CMP community and other coas
linked wetland ecosystem services to dengue occurrences during the largest dengue epidemic on the Island. According to the study
may help reduce dengue cases primarily by reducing surface temperature, a factor which has been shown to promote dengue in 
wetlands in mitigating vector-borne illness may include biological control of vectors, viral dilution through the presence of alter
regulation. Dengue incidence was also associated with water quality. This supports the role of ecosystem services as an effective m
diseases in an environmental justice (EJ) community.

A field study (Yee et al. 2019) was conducted during the 2016 Zika epidemic, which affected over 40,000 individuals in Puerto Rico that year. The research team
undertook community engagement efforts to strategically place mosquito sampling traps in the CMP and other flood-zone communities during the summers of 2016
and 2017. The study investigated whether flooding events and associated debris, in addition to creating mosquito breeding habitat, could provide nutrient inputs to
existing larval breeding sites depending on the water quality of adjacent waterbodies. Field data were used to identify whether there was a relationship between the
viral load and nutrient content of adult mosquitos with water quality in larval habitats to determine the potential effects of nutrient enrichment in promoting disease
transmission (Yee et al., 2019). The study provided preliminary evidence that environmental variability in nutrient inputs can influence the acquisition of virus by
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mosquito vectors. This suggests that management actions to reduce flooding and improve water quality could go hand-in-hand with more traditional methods, such as
aerial spraying, to help control spread of vector-borne diseases in EJ communities.

https://www.epa.gov/sites/production/files/2019-09/documents/fy-2018-2022-epa-strategic-plan.pdf

Justification
2A:

In 2016, the research team initiated the statistical modeling study, using secondary data on dengue incidence and environmental factors, to explore relationships between a variety of

ecosystem services, socio-economic condition, and dengue incidence in humans (De Jesus Crespo et al. 2018). In summer of 2016, when Puerto Rico was impacted by the Zika

outbreak, the research team made a decision to leverage the unique short-term opportunity to gather field data on Zika infected mosquitos after a recent flooding event in the Caño

Martín Peña community (Yee et al. 2019). Though less comprehensive than the statistical study, the field study afforded the opportunity to mechanistically link water quality to viral

load in larval mosquito containers, larvae, and adults. The results of both studies supported a potential linkage between water quality (i.e., nitrogen levels), viral titer in mosquitos, and

disease incidence. However, results of the statistical study emphasize that other ecosystem services (e.g., temperature regulation) and protective socio-economic factors (e.g.,

income-level) also have strong influences on how infection rates in mosquitos ultimately translate to disease incidence in humans. 

Justification
2B:

Susan Yee; 2015 EPA Scientific and Technological Achievement Award, Honorable Mention; Yee, S.H., J.A. Dittmar, L.M. Oliver. 2014. Comparison of methods for
quantifying reef ecosystem services: a case study mapping services for St. Croix, USVI. Ecosystem Services 8:1-15. http://dx.doi.org/10.1016/j.ecoser.2014.01.001

Susan Yee; 2015 EPA Scientific and Technological Achievement Award, Honorable Mention; Yee, S.H., J. Carriger, W.S. Fisher, P. Bradley, B. Dyson. 2015.
Developing scientific information to support decisions for sustainable reef ecosystem services. Ecological Economics 115:39-50.
http://dx.doi.org/10.1016/j.ecolecon.2014.02.016

Justification
2C:

This nomination advances previously nominated work (Yee et al. 2014; Yee et al. 2015), which developed approaches to model ecosystem services production, by
connecting ecosystem services production to benefits on a human health issue of major concern, vector-borne diseases, in a specific application for flood-impacted
vulnerable communities of Puerto Rico.

Justification
2D:

n/a

https://www.epa.gov/sites/production/files/2019-09/documents/fy-2018-2022-epa-strategic-plan.pdf
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Justification
2E:

Some of the authors (Rebeca de Jesus Crespo, Susan Yee) have submitted a concurrent nomination (De Jesus Crespo et al. 2018; De Jesus Crespo et al. 2019), which
conducts a literature review assessing evidence for relationships between ecosystem services and human health outcomes, and then conducts a follow-up statistical
analysis for one understudied relationship of relevance to Puerto Rico, namely impacts of flood-regulation ecosystem services on GI disease. Both nominations are
similar in building the evidence base for relationships between ecosystem services and benefits to human health. The current nomination, however, demonstrates
through a specific application for the San Juan Bay estuary how an improved understanding of the relationships between environmental quality, ecosystem services,
and vector-borne illness can help inform decision-making in vulnerable communities.

 

Justification
3A:

During the Zika outbreak of 2016, the local Caño Martín Peña community group argued against using aerial spraying of Naled to the Puerto Rico Department of
Health, citing discussions with the research team and some of the very early preliminary results of the field study to argue that efforts to improve water quality and
remove debris that could be providing mosquito habitats were potentially more sustainable solutions (Supplement A1). In 2017, Hurricane Maria devastated the entire
island of Puerto Rico. Concerns over vector borne diseases increased island-wide due to deforestation, high accumulation of debris, widespread flooding, and
deteriorated housing infrastructure (Supplement A2). Members of the research team consulted with EPA Region 2 and local community groups about possible
interventions to minimize the potential impacts of mosquito outbreaks on the local communities. The final journal articles were shared with EPA Region 2, San Juan
Bay Estuary Program, the Caño Martín Peña community group, and the San Juan Urban Long-term Research Area (Supplement B1). Co-authors from the University
of Southern Mississippi have continued mosquito field sampling efforts in Caño Martín Peña after 2017 to further tease apart socio-economic impacts on dengue
incidence, impacts of Hurricane Maria on mosquito populations, and mechanistically understand relationships between mosquito stochiometry (i.e., nitrogen content)
and vector capacity.

This research has been highlighted in a number of news articles. EPA profiled how this research is helping to support the National Estuary Program (Supplement A3) to

simultaneously improve the health and sustainability of neighborhoods adjacent to the estuary. University of Southern Mississippi collaborator Dr. Donald Yee was interviewed by

Reveal News shortly after field sampling in 2016, where he described the potential linkages between water quality and Zika, as well as the engagement effort working with members

of the Martin Peña community to conduct sampling (Supplement A4).

·      https://www.epa.gov/eco-research/epa-research-supports-national-estuary-program

·      https://www.revealnews.org/episodes/from-a-to-zika/

The authors of this work have been invited to present this work at numerous conferences or symposiums. In an invited presentation to the ”One Health” session at the Society for

Environmental Toxicology and Chemistry North America 39th Annual Meeting (SETAC, Sacramento, California 2018), the two studies were used as examples to illustrate how the

https://www.epa.gov/eco-research/epa-research-supports-national-estuary-program
https://www.revealnews.org/episodes/from-a-to-zika/
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DPSIR (Driver-Pressure-State-Impact-Response) framework can be used to link influences of environment, society, and economic status in vector-borne diseases, and to identify

actions to mitigate disease risk.  The research was also included as part of an invited session on “Governance Barriers and Opportunities for Integrating Ecosystem Services into

Estuary and Coastal Management” at A Community on Ecosystem Services conference (ACES, 2018, Washington DC), where environmental effects on vector-borne illness were
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described alongside potential effects on asthma and gastrointestinal illnesses as part of a broader description of potential health benefits of estuary management. Dr. de Jesus Crespo

was invited to present the research at the Society of Vector Ecology Conference in San Juan, Puerto Rico in 2019 as part of a special session on “Surveillance and ecology of

mosquitoes in Puerto Rico”, as well as being invited to present as the keynote speaker at the Odum School of Ecology Graduate Student Symposium (Supplement B2).

·      Fisher, W., R. DeJesus-Crespo, and S. Yee. 2018. A Health and Ecological Systems Framework for Vector-Borne Diseases in Puerto Rico. Society for Environmental Toxicology

and Chemistry North America 39th Annual Meeting, Sacramento, CA, November 04 - 08, 2018.

·      Yee, S.H., R. de Jesus Crespo, D. Betancourt, T. Dean. 2018. Linking Ecosystem Services to Human Health to Inform Estuary Management in Puerto Rico. A
Community of Ecosystem Services 2018 Conference, Washington D.C. https://conference.ifas.ufl.edu/aces18/speaker-presentations.html

·      De Jesus Crespo, R. 2019. The role of ecosystem services on species assemblages and arbovirus disease transmission along urban-rural gradients in Puerto Rico.
Society for Vector Ecology Conference, San Juan, Puerto Rico.

·      De Jesus Crespo, R. 2020. Zooming out and in: applying geo-spatial technology and stakeholder engagement to study eco-health linkages in coastal communities.
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Lessons learned from this study are being applied by researchers at Louisiana State University to the city of New Orleans, which like San Juan is a highly urbanized
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https://www.lsureveille.com/news/lsu-professor-studies-virus-carrying-mosquitoes-conducting-research-in-new/article_72d49a9a-cdd4-11e9-a76b-37a549633101.html
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Justification
3B:

De Jesus et al. 2018 was invited by Brent Murry (U.S. Fish and Wildlife Service) as an article contribution for a special issue on “Landscape Approaches to Wetland
Management” for the journal Wetlands. The article followed EPA’s management clearance process, as well as journal editorial and peer-review processes. The EPA
review included the Branch Chief and Division Director internal reviews, as well as an external review by the special issue organizer, Brent Murry. The journal
reviews were performed by the editor, and two anonymous peer reviewers.
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Yee et al. 2019 was submitted and accepted by the journal EcoHealth. The article followed EPA’s management clearance process, as well as journal editorial and
peer-review processes. The EPA review included the Branch Chief and Division Director internal reviews, as well as an external review by Dr. Paul Leisnham, a
mosquito ecologist at the University of Maryland. The journal reviews were performed by the editor, one anonymous peer reviewer, and one self-identified peer
reviewer, Dr. John Drake, a distinguished research professor of infectious disease ecology at the University of Georgia.
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Linking Water Quality to Aedes aegypti and Zika in Flood-Prone
Neighborhoods

Susan Harrell Yee,1 Donald A. Yee,2 Rebeca de Jesus Crespo,1 Autumn Oczkowski,3

Fengwei Bai,2 and Stephanie Friedman1

1Gulf Ecology Division, National Health and Environmental Effects Research Laboratory, U.S. Environmental Protection Agency, 1 Sabine Island Drive,

Gulf Breeze, FL 32561
2Department of Biological Sciences, University of Southern Mississippi, Hattiesburg, MS 39406
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02882

Abstract: The ability of ecosystems to regulate water quality and flood events has been linked to health

outcomes, including mosquito-borne illnesses. In the San Juan Bay Estuary watershed of Puerto Rico, habitat

alterations and land-use development have disrupted watershed hydrology, exacerbating wastewater discharges

and subjecting some neighborhoods to frequent flooding events. In 2016, the mosquito-borne illness Zika

became a new cause for concern. We hypothesized that nutrient-enriched flood water could provide pulses of

supplemental nutrients to local mosquito populations. We conducted a field study in six neighborhoods

adjacent to the estuary to assess whether environmental variability of nutrient inputs could be linked to

breeding habitat containers, Aedes aegypti larvae and adults, and the acquisition of Zika virus by adult mos-

quitoes. The most frequently flooded neighborhood had consistently higher levels of nitrogen in estuary water,

leaf detritus, containers, and adult mosquitoes compared to other neighborhoods. Adult body nitrogen was

significantly related to both nitrogen content of containers and leaf detritus from the local trapping area.

Disseminated Zika concentration in adult Ae. aegypti tended to decrease as body carbon and nitrogen in-

creased. Our study provides preliminary evidence that environmental variability in nutrient inputs can

influence viral acquisition by mosquito vectors. This suggests that management actions to reduce flooding and

improve water quality should go hand-in-hand with more traditional vector control methods, such as aerial

spraying, to help control spread of vector-borne diseases.

Keywords: Aedes aegypti, Nitrogen, Carbon, Stable isotopes, Zika

INTRODUCTION

Decision makers are increasingly framing environmental

management issues within the context of benefits to the

health and well-being of stakeholders (Rhodus et al. 2013;

Korfmacher et al. 2015; Oosterbroek et al. 2016). Land-use

change, climate change, and point and nonpoint source
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runoff alter the state of ecosystems and their services,

including disservices, leading to subsequent effects on hu-

man health (Myers et al. 2013). The ability of ecosystems to

regulate water quality and flood events has been linked to

decreases in a number of health outcomes, including

infectious and parasitic diseases, mental disorders, and

respiratory illnesses (Hinga and Batchelor 2005; Ivers and

Ryan 2006; Oosterbroek et al. 2016; De Jesus Crespo and

Fulford 2017). In coastal communities, greenspaces such as

wetlands may play a role in mitigating mosquito-borne

illnesses by moderating flooding events or regulating water

quality (Carver et al. 2015; De Jesus Crespo et al. 2018).

With growing concerns about the health risks of aerial

spraying for mosquitoes, alternative management strategies

that leverage these natural ecosystem services may provide

more sustainable approaches to managing mosquito vec-

tors.

Estuary management programs, in particular, have

been linking actions to improve the habitat and water

quality of the estuary to goals of improving human health

and public safety (SJBEP 2000). For example, the San Juan

Bay estuary, Puerto Rico, comprises a connected system of

bays, lagoons, and canals in a highly urbanized watershed

of over half a million residents, with socioeconomic con-

ditions varying widely across neighborhoods (Azar and

Rain 2007). Habitat alterations and land-use development

have disrupted the natural flow of water throughout the

estuary system, subjecting some neighborhoods to frequent

flooding events and exacerbating the effects of wastewater

discharges, including untreated sewage and stormwater

runoff into areas of the bay (SJBEP 2000). A recent Health

Impact Assessment identified vector-borne illnesses,

including dengue, as a major health concern for flood-

impacted communities neighboring the estuary (Sheffield

et al. 2014; Korfmacher et al. 2015), and supported efforts

to reduce flooding and debris that create mosquito breed-

ing sites (Ahern et al. 2005; Pires and Gleiser 2010).

Most recently, the mosquito-borne illness Zika has

become a cause for concern. Zika virus (ZIKV) is a fla-

vivirus, closely related to other arboviruses like dengue,

West Nile, and yellow fever, and was originally isolated in

Uganda, Africa (Dick et al. 1952; Musso and Gubler 2016).

ZIKV was first detected in the Americas in Brazil in 2015

(Zanluca et al. 2015) and spread explosively throughout the

Americas in 2016 (WHO 2016a). The first confirmed case

of locally acquired Zika infection in Puerto Rico was re-

ported in December 2015 (WHO 2016b), and Zika cases

continued to increase rapidly, peaking in August 2016 with

as many as 2500 confirmed cases per week (Puerto Rico

Department of Health 2017). In North America, Aedes

aegypti and Ae. albopictus are the only mosquitoes known

to be competent vectors of ZIKV (Chouin-Carneiro et al.

2016), with only Ae. aegypti known to have an established

distribution in Puerto Rico (Sharp et al. 2013).

Like other arboviruses, transmission of Zika virus is

influenced by a complex array of interactions among hu-

mans, wildlife, mosquito vectors, and the environment

(Thomas et al. 2017). Mosquitoes become exposed to virus

when they take a blood meal from an infected person

(Gratz 2004), or wildlife that may serve as pathogen

reservoirs (Gonzalez-Salazar et al. 2017). The virus then

replicates in the mosquito’s midgut and salivary glands,

and after an incubation period, may be spread when the

infectious mosquito takes its next blood meal (Musso and

Gubler 2016). The capacity of a mosquito vector to spread

a virus depends on factors such as the probability of

acquiring and transmitting the pathogen, the proportion of

vectors acquiring the pathogen, and the density of vectors

per human host (Anderson and Rico-Hesse 2006; Klemp-

ner et al. 2007). Environmental factors, such as larval

nutrition (Nasci and Mitchell 1994), larval density (Alto

et al. 2005; 2008a; Reiskind and Lounibos 2009), adult

nutrition (Canyon et al. 1999), adult body size (Scott et al.

2000; Alto et al. 2008b), and seasonality and climate (Al-

meida et al. 2005), have all been shown to affect virus

acquisition for mosquitoes. Moreover, a handful of studies

have directly linked water quality factors, such as nutrient

enhancement through fertilizer runoff (Mutero et al. 2004)

or water chemistry in septic systems (Burke et al. 2010), to

the abundance of mosquito larvae and adults. To our

knowledge, however, no studies have assessed whether local

variability in water quality can be linked to variability in the

acquisition of virus by adult mosquitoes. As a result, the

degree to which proposed actions in the San Juan Bay

watershed to reduce sewage discharges, improve stormwa-

ter drainage, and restore natural flow could mitigate vec-

tor-borne illnesses (Sheffield et al. 2014; Korfmacher et al.

2015) is challenging to ascertain.

We hypothesized that variability in point and nonpoint

source runoff creates variability in estuary water quality

(Fig. 1). During extreme rainfall events, larval habitat

containers, such as buckets, food containers, or discarded

vehicle tires, may experience inputs of flood waters as

rivers, canals, or lagoons overflow (Hashizume et al. 2012).

Normally, larval containers are filled through precipitation

events, and allochthonous inputs from leaf or animal

S. H. Yee et al.



detritus are important sources of nutrients (Kling et al.

2007). In areas where waterbodies are subjected to runoff

or wastewater discharges, flood water could provide pulses

of supplemental nutrients to local mosquito populations,

dependent on the frequency of flooding. In larval con-

tainers, nutrients such as nitrogen are often limiting, such

that the growth, survival, and mass of larvae, and conse-

quently of adults, are crucially affected by allochthonous

inputs (Carpenter 1983; Yee and Juliano 2006). Nutrition

and mass subsequently affect the acquisition and multi-

plication rates of virus within adult mosquitoes (Nasci and

Mitchell 1994; Canyon et al. 1999; Scott et al. 2000; Alto

et al. 2008b) and ultimately, along with the abundance of

infected mosquitoes (Klempner et al. 2007), transmit to

humans.

We conducted a field study in neighborhoods bor-

dering water bodies within the San Juan Bay estuary system

in June 2016, when confirmed Zika cases in Puerto Rico

were approximately 672 per week and were rapidly

increasing (Puerto Rico Department of Health 2016). In

each neighborhood, we assessed the particulate nitrogen

and carbon content of estuary water, leaf detritus, water

from larval containers, Ae. aegypti larvae within containers,

and local adult Ae. aegypti populations, to determine the

degree to which environmental variability in nutrients is

carried through to adult mosquitoes. Sampling locations

were chosen to cover a range of variability in water quality,

observed in periodic water quality monitoring data (SJBEP

2016), in order to maximize our potential to detect dif-

ferences. Finally, we tested adults for ZIKV to determine

whether adult nutrition affects acquisition of Zika virus. By

simultaneously collecting field data on water quality, leaf

detritus, larval habitat, mosquito larvae, mosquito adults,

and virus, our study is one of the first to attempt to connect

environmental variability to the capacity of mosquito vec-

tors to spread disease.

Study Area

The San Juan Bay Estuary (SJBE) is an interconnected

system of channels and lagoons, many of which have been

severely altered by human activity (Brandeis et al. 2014).

The SJBE is the only tropical estuary in the US National

Estuary Program, and is the most highly urbanized, with

approximately 82% of the watershed developed. The

remaining watershed is dominated by moist forest and

wetlands, including the most extensive contiguous man-

grove forest in Puerto Rico (Brandeis et al. 2014). We se-

lected neighborhoods adjacent to six waterbodies: La

Malaria channel, Martin Peña channel, Suarez channel,

Torrecilla Lagoon, Piñones Lagoon, and Rio Piedras

(Fig. 2). Waterbodies were chosen to reflect a range of

water quality parameters, including salinity (0.17–34.03

PSS; SJBEP 2016), nitrogen (0.23–35.6 Kjeldahl nitrogen

mg/L; SJBEP 2016), and carbon (0.122–7.475 TOC mg/L;

SJBEP 2016). Cumulative Zika cases up to June 2016 were

comparable across the four municipios (i.e., county-

equivalent areas) covered by the study area (Puerto Rico

Department of Health 2016; Cataño municipio, 175 cases

per 100,000 inhabitants; San Juan municipio, 293 cases per

100,000 inhabitants; Carolina municipio 156 cases per

100,000 inhabitants; Loiza municipio: 136 cases per 100,000

inhabitants).

We focused our most intensive sampling efforts on the

Martin Peña neighborhood, with the five other waterbodies

included for comparison. The Martin Peña neighborhood

comprises eight distinct adjoining communities, but is re-

ferred to as a single neighborhood as the sampling unit for

the purpose of this study. Decades of unregulated dumping

and construction into the severely blocked Martin Peña

Channel, along with deficient sewage infrastructure and

direct discharges of untreated residential wastewater, has

led to frequent flood events during which residents are

Figure 1. Causal flow diagram illustrating how nitrogen and carbon inputs into mosquito larval containers through flooding events and

detrital inputs could influence viral load in adult mosquitoes and ultimately disease transmission to humans. Solid paths were tested with field

data; dashed paths were inferred.
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exposed to polluted surface waters in their homes and

roadways (Korfmacher et al. 2015). As many as 70% of

residents report flooding in or near their home in a given

year, with some residents reporting their homes flooded

upwards of 20 times per year (Sheffield et al. 2014). Flood

waters often reach heights greater than 30 cm, sufficient to

cover accumulated trash from illegal dumping or other

containers. The Martin Peña neighborhood experienced

such a flood event two weeks prior to our June 2016

sampling. Sampled neighborhoods from other waterbodies

were also within established flood zones (FEMA 2009;

Fig. 2), though it is unknown whether they had experi-

enced flooding recent to our field sampling.

Study Design

A sampling site within each neighborhood was defined by

the placement of an adult mosquito trap within 50–150 m

of the adjacent waterbody and any sampled larval container

habitats within 150 m of that trap (Fig. 2). All trap loca-

tions were adjacent to water sources within the estuarine

watershed, with similar vegetation and canopy cover. With

the exception of a state forest location near Piñones Lagoon

(PN1), all trap locations were within the San Juan

metropolitan area in neighborhoods with dense housing.

Across the six neighborhoods, we placed a total of 12 adult

mosquito traps, with between 1 and 5 traps placed per

neighborhood. We searched for water-filled containers with

larvae in the 150 m radial area surrounding each trap, with

between 1 and 4 larval containers located and sampled per

trap (Table 1). Container sampling was highly dependent

on our ability to find containers in accessible areas (e.g.,

not in a private yard), and we cannot assume potential

sources for adults were exhaustively sampled. However,

adult Ae. aegypti typically disperse less than 150 m (Har-

rington et al. 2005), so larval containers at each sampling

site were assumed to be a representative source of adult

mosquitoes in that area. Sites were sampled on June 7 and

Figure 2. Water, larval habitats, and adult mosquitoes were sampled from FEMA flood zones (gray shaded areas) in and around San Juan,

Puerto Rico. Mosquito trap locations (stars) and estuary sampling locations (solid circles) were sited within each of six sampled neighborhoods.

Larval habitat containers were located and sampled within 150 meters of traps. Two tire piles (concentric circles) were also sampled for

comparison to dispersed containers.
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8, 2016, with approximately half of the sites sampled each

day.

To collect adult mosquitoes, we used BG-Sentinel traps

(Biogents AG, Regensburg, Germany), baited with a human

scent lure (BG-Lure; Biogents AG). BG-Sentinel traps are

effective at capturing host-seeking adult Ae. aegypti (Ma-

ciel-de-Freitas et al. 2006), which are likely to have taken a

blood meal and thus been exposed to virus. A battery-

operated fan prevents adults from escaping after they have

entered the trap. Efforts were made to centrally locate each

trap among paired sampled containers, dependent on the

ability to place traps in a secure location, such as the gated

yard of a homeowner, to minimize disturbance. Traps were

left out for a 48-h period before adults were collected. One

trap malfunctioned (LM1; Fig. 2) and therefore did not

capture any adults. Collected adults were identified to sex

and species, with 0–30 female Ae. aegypti collected per trap

(Table 1). Only adult female Ae. aegypti were used for

subsequent analysis. Adults were frozen and transported to

the respective laboratories for nutrient and ZIKV analysis.

For each trap location, we collected three 50 mL

samples of surface water from each waterbody, within the

shortest direct distance of the approximate center of that

site. Water samples were filtered on site through 2.5-cm

glass fiber filters (Whatman GF/F), with filters immediately

placed on ice and then in a drying oven within a few hours

of collection each day. Because water samples are highly

dynamic, varying daily with recent precipitation, runoff, or

waterflow, we also collected three leaf samples from the

dominant vegetation (i.e., typically mangrove) directly

adjacent to the water sampling location as a long-term,

more stable proxy of local waterbody nutrients. Leaves were

placed in a drying oven within a few hours of collection.

For a few locations (RP2, LM1, SU1), leaf or water samples

could not be collected due to accessibility issues. All sam-

ples were dried at 65�C for approximately 48 h before being

transported to the continental USA.

We similarly filtered three 50 mL water samples from

any accessible larval container habitats that could be lo-

cated at each sampling site. Containers included discarded

Table 1. Number of Estuary Water Samples and Mosquito Larvae Containers Sampled Corresponding to Each Trap Location, as Well

as the Number of Adult Aedes aegypti.

Neighborhood Trap

location

Flood

composite

index

Estuary

water

samples

Leaf

samples

Larval container samples Female Ae.

aegypti

per trap

Fraction Ae.

aegypti infected

with ZIKV

Martin Peña

Channel

MP1 3.25 3 4 1 Tire 18 0/18

MP2 7.21 2a 3 3 Tires, 1 bucket 13 0/13

MP3 7.65 3 4 1 Tire, 1 bucket, 1 small tub 0 –

MP4 6.14 3 3 1 Tire, 1 small tub 16c 0/15

MP5 2.50 3 4 2 Buckets 27c 0/12

Piñones Lagoon PN1 8.90 3 5 1 Large boat, 1 large bin 7 0/7

Rio Piedras RP1 3.00 3b 3 1 Tire 10 6/10

RP2 1.03 0 0 0 4 1/4

La Malaria channel LM1 3.18 3 0 1 Tire, 1 small boot,

1 small pan

Trap malfunction

Suárez channel SU1 2.48 1a 0 1 small bin 2 1/2

SU2 3.00 3 4 0 3 1/3

Torrecilla Lagoon TO1 5.21 3 4 0 30 9/30

Tire Pile 1 – 7.71 – – 5 Tires – –

Tire Pile 2 – 2.93 – – 5 Tires – –

aAdditional samples with peak areas of < 0.5 nA were removed from analysis.
bAll samples had peak areas < 0.5 nA, but were included in analysis to prevent total loss of data.
cNot all females were tested for virus due to methodological limitations.
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plastic food containers, buckets, rubber boots, plant trays,

and discarded vehicle tires, and had to contain live Ae.

aegypti larvae to be included. Subsamples of approximately

5–10 Ae. aegypti larvae were collected from each container

and placed on a filter in the drying oven at the end of each

collection day. In addition to scattered containers, we also

sampled water and larvae from tires from two tire shops

within the Martin Peña neighborhoods (Table 1). Because

tire shops experience frequent turnover, we treated them as

separate sampling locations from scattered discarded con-

tainers which, based on visual inspection, likely spent a

much longer time in the environment and had a greater

likelihood of having received environmental inputs. For

example, although used tires at the shop near MP3 (Tire 1;

Fig. 2) had been flooded with water approximately 0.5

meters high in the week prior to our study, they had already

been removed for recycling, with the more recent tires that

we sampled having not been exposed to flood water (per-

sonal communication with shop employee).

Nutrient Analysis

Filtered contents from waterbody and container water, leaf

samples, larvae samples, and adults were analyzed for

particulate nitrogen (N) and carbon (C) content. Due to

low body weight, 5–10 larvae were analyzed as a single

sample. After removing heads for ZIKV analysis, individual

adult mosquitoes were analyzed separately.

We hypothesize that nutrient content (%N, %C, C:N)

of larval container habitats and subsequent adult mosqui-

toes would be similar to nutrient content of adjacent

waterbodies, either directly via flood water or indirectly

through detritus, such that containers or adults from the

same trap location are more similar to one another than

those from other locations. Additionally, nitrogen (d15N)

and carbon (d13C) stable isotopes were used to track the

unique source locations of nutrients. Stable isotopes pro-

vide a record of assimilation, processing, and recycling of

nutrients, such that samples collected from different loca-

tions can have unique isotopic signatures, particularly from

anthropogenic sources such as fertilizer or sewage dis-

charges (Oczkowski et al. 2009, 2011). Similar isotope

values between waterbodies and larval containers or adults

would provide further support that local waterbodies were

sources for nutrients, above and beyond any similarities in

nutrient content.

Carbon and nitrogen stable isotopes were measured

using an Elementar Vario Micro elemental analyzer con-

nected to a continuous-flow Isoprime 100 isotope ratio

mass spectrometer (Elementar Americas, Mt. Laurel, NJ) at

the Environmental Protection Agency in Narragansett,

Rhode Island. Replicate analyses of isotopic standard ref-

erence materials USGS 40 (d13C = - 26.39%; d
15N =

- 4.52%) and USGS 41 (d13C = 37.63%; d15N = 47.57%)

were used to normalize isotopic values of working stan-

dards (blue mussel homogenate) to the air (d15N) and

Vienna Pee Dee Belemnite (d13C) scales (Paul et al. 2007).

Isotope values are expressed in d notation following the

formula dX (%) = [(Rsample/Rstandard) - 1] 9 103, where

X is 13C or 15N and R is 13C/12C or 15N/14N isotopic ratio,

respectively. Working standards were analyzed after every

24 samples to monitor instrument performance and check

data normalization. The precision of the laboratory stan-

dards was better than ± 0.3% for C and N. A few samples

with peaks less than 0.5 were excluded from analysis to

improve accuracy, except where removal would result in

the complete elimination of a sampling site (RP1). Analyses

in which RP1 was included were consistent with those

where it was removed.

The sample particulate N and C content was calculated

from area/mass relationships, determined during

stable isotope analysis, for replicate standards of known N

and C (Oczkowski et al. 2009, 2011). The relationship be-

tween the N and C contents of the standards and their

analytical peak areas were used to determine the N and C

contents of the samples via the peak areas of the samples.

For adult mosquitoes, larvae, and leaf detritus, sample N or

C was divided by total sample mass to determine the %N or

%C. For particulate matter, N and C content was expressed

in mg/L by dividing the mg of N and C by the volume of

water filtered (usually 50 mL).

ZIKV Processing

To quantify the level of infection with ZIKV, heads from

individual adult females were analyzed to assess dissemi-

nated virus rather than viruses that might be within a blood

meal in the midgut. Total RNA in individual mosquito

heads was isolated using TRI-reagent (Molecular Research

Center, Inc., Cincinnati, OH, USA). Complementary DNA

(cDNA) was synthesized using the iSCRIPT cDNA Syn-

thesis Kit (Bio-Rad Laboratories, Inc.), and RT-qPCR as-

says were performed in a CFX96 Real-Time System (Bio-

Rad Laboratories, Inc.) using iTaq Universal Probe

Supermix (Bio-Rad Laboratories, Inc.). The RT-qPCR

procedure was performed twice for each sample. Primers
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and a probe specific to the Envelope gene of ZIKV were

designed and synthesized according to the previous work

(Acharya et al. 2016). Due to methodological and cost

restrictions, we were limited to testing two batches of 57

individual female adults for ZIKV, for a total of 114 tested

adults. After 40 PCR cycles, zero or trace amounts of ZIKV

near or below threshold detection limits were considered as

zeros (< 1.2 ZIKV E copies/ng total RNA), with values

greater than 18 ZIKV E copies/ng total RNA considered as

true positives for Zika.

In anticipation of a second Zika outbreak in summer

2017, we repeated the adult mosquito trapping in June

2017 (Appendix A) with the intention of comparing the

relationships between adult body nutrients and ZIKV from

2016 to 2017. However, by then, confirmed Zika cases in

humans had dropped to less than ten per week across all of

Puerto Rico and were continuing to decline (Puerto Rico

Department of Health 2017). We detected no virus in

trapped adult Ae. aegypti from June 2017 (Appendix A).

Therefore, here we focus our analysis solely on June 2016

data.

Statistical Analysis

To assess potential linkages between environmental vari-

ability in nutrients and ZIKV in adult mosquitoes (Fig. 1),

we first assessed whether there was significant natural

spatial variability in nutrients from either estuary water or

potential leaf detritus, in body nutrients of larval or adult

mosquitoes, and in ZIKV concentration. Second, we used

multiple regressions to explore whether nutrient variability

and ZIKV concentration in mosquitoes could be explained

by nutrient variability in the local environment.

We used nested Multivariate Analysis of Variance

(MANOVA) to test if trap locations or neighborhoods

differed significantly in nutrients, including N, C, d13C,

d
15N, and the ratio of C to N, for waterbody water samples,

leaf detritus samples, container water samples, larvae

samples, or adult samples. Adult mass was included as an

additional dependent variable along with nutrient variables

in the adult MANOVA. Trap locations were nested within

each neighborhood. If MANOVAs were significant, we

followed up with univariate ANOVAs to determine which

nutrient variables were most likely contributing to any

significant differences. Due to unbalanced sampling design,

with a variable number of replicates per location, we used

Type II Sums of Squares to assess significance. The sam-

pling units for each trap location were the individual 50 mL

waterbody water samples (1–3 per location), individual

leaves (1–3 per location), the average of the replicate water

samples from each container (1–5 per location), the com-

bined larval value per container (1–5 per location), or

individual adults (2–30 per location). Data were tested for

normality and Box–Cox-transformed as needed to nor-

malize data prior to analysis. Significant differences be-

tween pairs of trap locations or neighborhoods were

assessed using Tukey-adjusted least squares means. MAN-

OVAs were conducted in R (www.r-project.org) using the

‘‘stats’’ and ‘‘lsmeans’’ libraries.

To test whether ZIKV concentration differed signifi-

cantly across locations or neighborhoods, we used general

linear models (GLMs) with a Tweedie distribution because

ZIKV concentration data were not normal due to a high

frequency of zeroes in non-infected mosquitoes. The

Tweedie distributions describe a family of distributions

characterized by a power parameter, p, which includes the

special cases of Poisson or gamma distribution for P = 1 or

P = 2, respectively. For 1 < P < 2, the distribution is a

compound Poisson-gamma distribution, which allows for

bimodal distributions where variables are described by

different underlying processes, namely a discrete Poisson

distribution (e.g., the number of mosquitoes positive for

ZIKV) with a continuous gamma distribution (e.g., ZIKV

concentration levels within positive mosquitoes). The

Tweedie distribution is a good choice for bimodal or zero-

inflated data that contain a large number of zeros (Shono

2008). We first estimated the power parameter, p, of the

Tweedie function for the ZIKV concentration data using

maximum likelihood and then used this fitted distribution,

with a log-link power function, in the GLM. The sampling

unit was individual adult mosquitoes (2–30 per location),

with trap locations nested within neighborhoods. Analyses

were conducted in R (www.r-project.org) using the package

‘‘tweedie’’ within ‘‘statmod.’’ Results were consistent with a

standard logistic regression analysis on the fraction of Zika-

positive adults per trap (GLM with a binomial distribution,

not shown).

We used a series of multiple regressions to determine

whether differences in container nutrients, larval nutrients,

adult nutrients, adult mass, or ZIKV concentration could

be explained by differences in the nutrient concentrations

from potential nutrient sources. To minimize the number

of possible explanatory variables under consideration, we

limited fixed effects in each regression to the most proxi-

mate potential source for nutrients (Fig. 1): (1) waterbody

nutrients or leaf detritus nutrients were considered as
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explanatory variables for container nutrient content, (2)

container nutrients were considered as explanatory vari-

ables for larval nutrient content, (3) larval nutrients were

considered as explanatory variables for adult nutrient

content, (4) adult nutrient content was considered as

explanatory variables for adult mass, and (5) adult nutrient

content or mass was considered as explanatory variables for

ZIKV concentration. Because trapped adults did not di-

rectly originate from sampled larvae, we also included the

average container nutrients, leaf detrital nutrients, and

waterbody nutrients within each neighborhood as potential

predictors of adult nutrient content.

In addition to nutrient sources, we considered the

influence of flooding and container availability (i.e., type

and number) on the dependent variables in regressions.

Sampled containers were categorized as tires, 5-gallon

buckets, small miscellaneous containers (e.g., boots, food

tubs), and large miscellaneous containers (e.g., boat, plastic

bin). Because we could not definitively know whether

individual sampled containers had flooded recently, we

instead used the Flood Hazard Composite Index (NOAA

2018) as a proxy for the likelihood of neighborhood

flooding (Table 1). The Composite Index counts the

number out of 10 flood hazard data sets, including FEMA

flood zones, shallow coastal flooding, and storm surge, that

intersect each pixel, which we then averaged to estimate a

single value for a 150-m radius around each trap location.

Because inputs of containers into nutrients are idiosyn-

cratic and potential inputs from flooding would depend on

waterbody nutrients, we did not expect that nutrient con-

tent would be significantly related to container type or

flood risk (e.g., smaller containers have lower nitrogen;

flooded sites have higher nitrogen). Indeed, preliminary

analysis with these variables as fixed effects in regressions

confirmed no significant relationships between container

type or flood risk and nutrient content of containers, lar-

vae, or adults. However, frequent flooding or container

type could impact the variability in nutrient content across

samples. For example, recently flooded containers may be

similar to one another; small containers may be more

variable than larger ones; adults emerging from sites with

numerous container habitats may be more variable than

adults originating from sites with few. Moreover, tires and

recently flooded sites in Martin Peña were more heavily

sampled than other sites or types of containers, con-

tributing to heteroscedasticity in fitted models. Hence, we

tested whether homogeneity of residuals significantly im-

proved when model variance was allowed to vary with ei-

ther container type, container count around each adult

trapping site, or flood risk. Variance structure was modeled

in R using ‘‘varPower’’ for continuous effects (flood risk,

container count) and ‘‘varIdent’’ for categorical effects (i.e.,

container type).

Because there were multiple replicates (e.g., containers,

adults per trap) within each sampling site, we accounted for

repeated measures in regression analysis by treating trap

location as a random effect. Replicates (e.g., waterbody

water samples) were averaged to produce a single value to

be paired with each sample (e.g., container) at each trap

location. For sites MP3 and MP5, including nearby tire

piles in container and larval averages as potential sources

for adult nutrients did not change results (not shown).

Locations with incomplete data (e.g., no leaf samples due to

inaccessibility) were dropped from regressions. All variables

were Box–Cox-transformed to adhere to assumptions of

normality and minimize nonlinear relationships that can

arise from non-normal data. Variables were then stan-

dardized (mean-centered and scaled by standard deviation)

to facilitate the comparison of model coefficients for vari-

ables of different magnitude, such that mean relationships

with each variable can be interpreted by setting other fixed

effects in the fitted regression equation to their standard-

ized mean of zero. Highly correlated variables (Pearson

correlation coefficient, r > 0.5) were prohibited from

simultaneously being allowed as predictor variables to

prevent issues with collinearity (e.g., C or N with C:N ra-

tio). Regressions were conducted in R using procedure

‘‘lme’’ within package ‘‘nlme’’ for nutrients and mass,

assuming a normal distribution, and with procedure

‘‘glmer’’ within package ‘‘lme4’’ for ZIKV, assuming a

Tweedie distribution. For regression analyses, we followed a

basic mixed-effects modeling protocol (Zuur et al. 2009;

Lima 2017): i) fit the full model with all fixed effects and

random effect (location) using maximum likelihood (ML),

ii) test for heteroscedasticity and the significance of vari-

ability weights (container type, container count, or flood

risk) in improving homogeneity of residuals to optimize

the variability structure in subsequent models, iii) test the

significance of fixed effects using ML estimation and like-

lihood ratio tests, and iv) estimate the final optimal model

coefficients using restricted maximum likelihood (REML)

estimation, which are unbiased compared to ML, but are

meaningless for comparing fixed effects. Goodness of fit for

fixed effects in the final model were calculated using

‘‘r.squaredGLMM’’ of the package ‘‘MuMIN’’ in R;
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regression lines and confidence intervals were plotted using

‘‘visreg.’’

RESULTS

Nutrient Availability at Trapping Locations

Trap locations and neighborhoods differed significantly in

nutrients in both estuarine water and leaf detritus, estab-

lishing that there was a range of potential availability of

nitrogen and carbon to larval containers from different trap

locations and neighborhoods (MANOVA; Table 2; Fig. 3a,

b). Likewise, nutrient content of larval container water also

differed significantly among neighborhoods, although

containers within a neighborhood were similar to one an-

other (MANOVA; Table 2; Fig. 3c). Despite significant

neighborhood differences in container water nutrients, Ae.

aegypti larvae inhabiting those containers were not signif-

icantly different in nutrient content between neighbor-

hoods or trap locations (MANOVA; Table 2; Fig. 3d).

However, earlier instar larvae grown on mixed resources

tend to be most similar in nutrient content, with differ-

ential effects of nutrient availability not appearing until

later developmental stages (D. Yee, unpublished laboratory

data for different life stages grown on mixed resources: first

instars: variance in %N = 0.11; fourth instars: variance in

%N = 0.50; adults: variance in %N = 2.5). Indeed, similar

to container habitats, adult Ae. aegypti did differ signifi-

cantly across neighborhoods in nitrogen and C:N ratios

(MANOVA; Table 2; Fig. 3e). Adults collected from dif-

ferent trapping locations also differed significantly in mass,

with the largest adults collected from Martin Peña (MP5),

Piñones (PN1), and Torrecilla (TO1).

Water samples from the neighborhood adjacent to the

Martin Peña channel, particularly MP4 and MP5, had the

highest concentrations of nitrogen and carbon in particu-

late matter compared to other locations (Fig. 3a). Martin

Peña sites were also among locations with the highest

concentrations of nitrogen and carbon in leaf detritus

samples. Container water in the Martin Peña neighborhood

also was significantly higher in N and C than most other

neighborhoods, and adults were among the highest in N

(Fig. 3e). Rio Piedras and Suarez Channel neighborhoods

also had high levels of N in adults, larvae, and nearby leaf

detritus. Adults collected from Piñones and Torrecilla had

the lowest %N values (Fig. 3e), comparable to lower values

Table 2. MANOVA Results, Followed by Univariate Tests, Evaluating Whether Particulate Carbon and Nitrogen Variables Differed

Among Trap Locations or Between Neighborhoods in San Juan, Puerto Rico, 2016.

Factor Estuary water Leaf sample Larval container Larval Ae. aegypti Adult Ae. aegypti

df Pillai df Pillai df Pillai df Pillai df Pillai

Trap location 5,19 1.77*** 4,25 1.06* 4,18 1.08 4,17 0.83 5102 0.45*

Neighborhood 5,19 2.05*** 4,25 1.97*** 6,18 1.86* 6,17 1.35 4102 0.46**

Variable F value Variable F value Variable F value Variable F value Variable F value

Trap location N mg/L 3.05* N% 0.16 N mg/L 0.46 N% 1.36 N% 0.48

Neighborhood 8.56*** 4.22** 2.79* 0.93 7.28***

Trap location C mg/L 2.76* C% 3.65* C mg/L 0.44 C% 1.22 C% 1.69

Neighborhood 9.11*** 27.69*** 2.02 0.92 1.23

Trap location d
15N 2.32@ d

15N 6.48** d
15N 1.72 d

15N 1.19 d
15N 1.03

Neighborhood 2.48@ 8.02*** 2.38@ 1.44 0.70

Trap location d
13C 3.21* d

13C 0.49 d
13C 0.80 d

13C 0.75 d
13C 1.70

Neighborhood 2.77* 4.30** 1.01 0.62 0.78

Trap location C:N 3.10* C:N 0.08 C:N 3.55* C:N 1.06 C:N 0.66

Neighborhood 9.02*** 1.63 6.12** 1.74 6.35***

Trap location – – – – – – – Mass 6.30***

Neighborhood – – – – – – – 3.28*

Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01; *0.01 � P < 0.05; @ 0.05 � P < 0.1.
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for nearby estuarine water, leaf samples, and containers

(Fig. 3a, b, c).

Relationships Between Nutrient Content

and Nutrient Sources

Particulate nitrogen and carbon content of larval container

water was significantly related to the nitrogen and carbon

content of leaf detritus at sampling locations (Table 3;

Fig. 4a). Larval nutrient content also tended to increase

with increasing nitrogen content of water from their natal

container habitats (Table 3; Fig. 4b). Adult nitrogen con-

tent was significantly related to the mean nitrogen content

of containers, as well as nitrogen content of leaf detritus at

the sampling location (Table 3; Fig. 4c). Differences in

adult mass across locations were not significantly explained

by adult nutrient content (Table 3).

Figure 3. Mean particulate carbon and nitrogen, ± SE, across trapping locations for, a estuary water samples (log-scale) and b leaf samples,

and across neighborhoods for c larval containers, d larval Ae. aegypti, and e adult Ae. aegypti. Symbol sizes indicate mean individual adult mass

in e. Mean ZIKV concentration, ± SE, per individual adult Ae. aegypti at each trap location is also given (f). Symbol shapes and colors visually

distinguish different neighborhoods (e.g., MP black circles; PN dark gray triangles).

S. H. Yee et al.



Trap locations covered a range of stable isotope signa-

tures (d15N, d13C) for both estuarine water and leaf detrital

samples (Fig. 5a, b), with significant differences across

locations and neighborhoods that could be used to track

potential sources of inputs to containers (MANOVA; Ta-

ble 2). However, we detected no corresponding significant

differences in stable isotopes across neighborhoods or loca-

tions for container habitats, larvae, or adult Ae. aegypti

(MANOVA; Table 2), although container water d
13C was

significantly positively correlated with nearby estuary d
13C

(Table 3). Within containers, larval stable isotopes were

strongly correlated with the stable isotope signatures of their

container water (Table 3; Fig. 5c, d), indicating that

stable isotopes can effectively be used to link larval nutrient

content to its most direct nutrient source. These differences

did not appear to persist to adults, however, as stable isotopes

in adults were not significantly related to those of potential

estuary, leaf, container, or larval sources (Table 3).

In general, the explanatory power of regression models

between nutrient content and nutrient sources did not

depend on flood risk at the trap location, the number of

sampled containers, or the variability in types of sampled

containers (Table 3). There was significantly higher vari-

ability in nitrogen concentration in container water from

tires than other types of containers, and accounting for this

variance structure improved model fit between leaf and

container nitrogen. Similarly, large containers from Pi-

ñones had significantly higher variability in d
13C. Vari-

Table 3. Significant Coefficients from Regression Analyses Comparing Relationships Between Most Proximate Source Nitrogen or

Carbon Variables on Container, Larval, or Adult Ae. aegypti Nitrogen or Carbon, Adult Mass, and ZIKV Concentration.

Variable N Variance structure Intercept Fixed-effects variables Fixed

effect

Container Flood Container type Estuary Leaf R2

N mg/L 15 NS T>B>S>L** - 0.11NS NS 0.61 9 %N** 0.16

C mg/L 15 NS NS 0.00NS NS 0.49 9 %C* 0.23

d
15N 15 NS NS 0.00NS NS NS 0.00

d
13C 15 NS L>S>T>B* 0.02NS 0.36 9 d

13C* NS 0.25

Larvae Flood Container type Container

%N 28 NS NS 0.06NS 0.33 9 mgN/L@ 0.10

%C 28 NS NS 0.05 NS NS 0.00

d
15N 28 NS NS 0.00NS 0.34 9 d

15N@ 0.11

d
13C 28 NS NS 0.04NS 0.75 9 d

13C*** 0.52

Adult Flood Container count Estuary Leaf Container Larvae

%N 74 NS NS 0.00NS NS 0.38 9 %N*** 0.23 9 mgN/L** NS 0.18

%C 74 NS - 0.37** 0.05NS NS NS NS NS 0.00

d
15N 74 0.38* - 0.34** 0.02NS NS NS NS NS 0.00

d
13C 74 0.45* NS - 0.09NS NS NS NS NS 0.00

Mass (mg) Flood Container count Adult N Adult C Adult C/N

112 NS NS - 0.05NS NS NS – 0.00

112 NS NS - 0.05NS – – NS 0.00

ZIKV Flood Container count Adult N Adult C Adult C/N Adult Mass

112 NS NS - 2.72NS 0.19 9 %N*** 0.14 9 %C** – NS 0.29

112 NS NS - 2.74NS – – NS 0.16 9 mg** 0.26

Dashed lines (—) indicate predictor variables not included in multiple regressions due to high covariance with other factors. Model variables are transformed to

adhere to normality and standardized. Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01; *0.01 � P < 0.05; @, 0.05 � P < 0.1.

Containers were classified as tires (T), buckets (B), small containers (S), or large containers (L).
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ability in adult nutrient content tended to decrease with the

number of sampled containers (%C, d15N) and increase at

locations with higher flood risk (%C, d13C). Accounting for

these higher variances, however, did not improve model fit

with source nutrients (Table 3).

Zika Concentration in Ae. aegypti

In total, 130 adult Ae. aegypti were collected from 11

functioning traps at the 12 sampled trap locations (Ta-

ble 1). Adult density per trap differed significantly across

neighborhoods (Poisson GLM; Chisq = 48.74; df = 4;

P < 0.001), with the Torrecilla trap TO1 having the

highest density, followed by the traps in the Martin Peña

neighborhood, and the Suárez channel traps having the

lowest density per trap. Adult density per trap was some-

what higher the first sampling night than the second (mean

of 13.2 adults per trap, first night; mean of 9.3 adults per

trap, second night).

Eighteen of the 114 tested adult Ae. aegypti were in-

fected with ZIKV in amounts ranging from 18 to 100 co-

pies/ng total RNA, a rate of 15.7 infected (Table 1). Traps

from San Juan municipio (MP, RP) had the lowest per-

centage of infected adult mosquitoes, about 9.7%, despite

being the municipio with the highest density of reported

human cases (293.2 per 100,000 people; Puerto Rico

Department of Health 2016). Adult mosquitoes collected

from Carolina municipio (SU) and Loiza municipio (PN,

TO) were 40% or 24.3% positive for Zika, respectively,

where the density of human cases was somewhat lower

(Carolina: 156.9 cases per 100,000 persons; Loiza: 136.4

cases per 100,000 persons; Puerto Rico Department of

Health 2016). No adults were collected from Cataño (LM)

due to a trap malfunction.

Figure 4. Relationships between source nutrients and particulate carbon or nitrogen for a containers, b larval, or c adult Ae. aegypti, and d

ZIKV concentration, as determined by multiple regressions (see Table 3). Adults from each trap were paired with the average leaf nitrogen value

for that trapping location (c). For regressions with more than one significant fixed effect (c, d), mean regression lines were plotted by fixing the

second variable in the fitted regression equation (Table 3) to its mean value for data either above (black lines; black circles) or below (gray lines;

gray circles) the standardized mean of zero (representing 4.7 mg N/L container in c or 49.2% C adult in d). Gray ribbons around regression

lines indicate 95% confidence intervals.
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ZIKV concentration in adult mosquitoes differed sig-

nificantly across neighborhoods (Tweedie GLM; df = 4,

104; F value = 27.67; P < 0.001) but were consistent

across locations within neighborhoods (Tweedie GLM;

df = 5, 104; F value = 0.56; P = 0.727). Adult mosquitoes

trapped adjacent to Rio Piedras, Torrecilla Lagoon, and

Suárez Channel had significantly higher ZIKV concentra-

tion than individuals trapped near Martin Peña or Piñones

Lagoon (Fig. 3f). Differences were both due to differences

between neighborhoods in adults being positive or negative

for zero (binomial GLM; F = 19.4; P < 0.001), as well as

differences among locations in ZIKV concentration only

within Zika-positive mosquitoes (normal GLM; F = 3.80;

P = 0.037).

ZIKV concentration increased significantly with both

adult C and N (Table 3; Fig. 4d). ZIKV concentration was

also positively related to individual adult mass, but this

variable did not explain significant variability when C and

N were also included in the final model (Table 3). To

confirm trap locations with Zika-negative mosquitoes were

not dominating the observed relationships between C, N,

and ZIKV, possibly due to an unmeasured location vari-

able, we ran regressions again but limiting data to locations

where Zika-positive mosquitoes were trapped. Regression

results were consistent, with ZIKV concentration increasing

significantly with both N and C (samples = 48;

2.95 + 0.17%N Adult + 0.16%C Adult; N: P < 0.001; C:

P < 0.001).

DISCUSSION

Although flooding events are widely perceived as creating

aquatic breeding sites for mosquito larvae (Ahern et al.

2005; Pires and Gleiser 2010), the role of floods as a

potential source of nutrients and the consequences for

disease outbreaks is largely underdeveloped. Our study

found significant differences across neighborhoods in the

nutrient content of larval habitat containers and ZIKV in

adult Ae. aegypti, which may in part reflect significant

environmental variability in estuary water from flooding

events and leaf detritus as potential inputs to containers.

Figure 5. Nitrogen and carbon stable isotope values, ± SE, in each neighborhood for estuary, leaf, and larval container samples (a, b), as well

as for larvae within each container (c, d) and corresponding fitted regression lines (see Table 3). Gray ribbons around regression lines indicate

95% confidence intervals.
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Containers can be highly variable in a number of fac-

tors, including type, size, detritus inputs, or age, that

contribute to high variability in nutrient content (e.g.,

Murrell et al. 2011; Yee et al. 2015a, b). Despite this, we

found significant differences in container nutrient content

among neighborhoods, which was significantly correlated

with the nitrogen and carbon content of leaf detritus in the

local area. Moreover, containers tended to have similar

d
13C signatures as waterbodies in the local area. The lack of

a significant relationship between container water and

estuary water nutrient content (N or C) broadly across

sampling locations may not be too surprising given the

dynamic nature of water quality with precipitation events,

wind, and runoff. Furthermore, even containers right next

to each other may or may not receive flood water,

depending on their specific height, orientation, and other

factors, and over time, flooded containers may begin to

diverge from one another through differential evaporation

or additional allochthonous inputs. In this sense, leaf

detritus may simply be a better proxy than estuarine water

for longer-term trends in local environmental inputs.

Martin Peña was the only neighborhood known to

have flooded in the weeks prior to sampling, and known to

experience frequent, periodic flooding. Containers from

neighborhoods adjacent to the Martin Peña channel had

higher nitrogen and carbon content than most other

neighborhoods, consistent with the higher nitrogen content

in water from the channel and in leaf detritus in the local

environment. Moreover, adult Ae. aegypti collected from

the Martin Peña neighborhood had higher body nitrogen

content relative to neighborhoods adjacent to other

waterbodies. Adult Ae. aegypti nutrient content in Martin

Peña was also remarkably consistent from 2016 to 2017,

compared to other neighborhoods, which were more

variable over time (Appendix A). These data provide tan-

talizing evidence for linkages among inputs from the sur-

rounding environment, containers, and mosquitoes

produced from those environments.

Nutrient content of larval Ae. aegypti was tightly linked

to the nutrient content of their container habitats, partic-

ularly d
15N and d

13C. Adult Ae. aegypti nitrogen content

was also positively related to both the nitrogen content of

typical containers in each sampling location, and the

nitrogen content of leaf detritus in each area. The relatively

small amount of variability explained may indicate other

unmeasured environmental factors, such as animal detritus,

which are influencing the availability of nutrients to larval

mosquitoes (Kling et al. 2007). Moreover, our inability to

exhaustively sample larval containers in each area, nor

conclusively determine whether adults trapped in a par-

ticular location originated from the sampled larval con-

tainers, also likely contributes to unexplained variability.

Indeed, ‘‘hidden’’ containers such as underground septic

systems can provide a significant source of adult Ae. aegypti

in Puerto Rico (Barrera et al. 2008). Furthermore, while

larval body nutrients were closely linked to the current

nutrient content of container water, adult body nitrogen

may be more closely related to the nutrient content of

container water 7–10 days prior when they were developing

as larvae. More extensive sampling, including changes in

container nutrients over time, is needed to more dynami-

cally link environmental variability in nutrients to that of

mosquitoes.

In addition to neighborhood differences in environ-

mental and mosquito nutrient content, we also found

neighborhood differences in ZIKV concentration. At the

time of sampling, the neighborhoods adjacent to Rio Pie-

dras, Torrecilla Lagoon, and Suárez channel had the highest

levels of ZIKV concentration in adult Ae. aegypti, with no

infected adults collected near Martin Peña channel or Pi-

ñones lagoon. Higher levels of nitrogen and carbon content

in adult bodies tended to be associated with higher ZIKV

concentration. Furthermore, the higher ZIKV concentra-

tions could not merely be attributed to a body size effect

(i.e., bigger mosquitoes take a greater blood meal and

consume more virus from infected hosts) because %N and

%C, scaled per unit body mass, explained greater variability

than adult body size. Moreover, in our field data, adult

mass was not significantly related to adult body nutrients.

Nitrogen has generally been associated with increased

severity of disease in other systems, often by providing

abundant building blocks needed for pathogen replication,

but underlying mechanisms and results are inconsistent

depending on the specific form of nitrogen and immunity-

related responses (Dordas 2008). Laboratory studies, par-

ticularly those discerning viral uptake, dissemination, and

infectiousness, are needed to tease apart the underlying

mechanisms by which nitrogen or carbon may be impact-

ing viral concentrations in mosquito vectors.

Our results are consistent with previous laboratory

studies that have found that larval nutrition, adult nutri-

tion, and body size can affect the ability of mosquitoes to

acquire dengue or Ross River virus (Nasci and Mitchell

1994; Alto et al. 2008b), and with modeling studies indi-

cating that environmental variability in nitrogen may

influence dengue cases (De Jesus Crespo et al. 2018). Our

S. H. Yee et al.



study, however, is one of the first field studies to identify a

pathway by which environmental variability in potential

nutrient inputs into container habitats can affect nutrient

content in mosquito larvae and adults, leading to variable

viral acquisition in adult mosquitoes.

It is important to note that higher levels of viral titer in

individual adult mosquitoes do not necessarily confer higher

rates of viral infection in humans. Our study focused on

dissemination of the pathogen but not the interaction with

vector density (Anderson and Rico-Hesse 2006, Klempner

et al. 2007). Indeed, two of the neighborhoods with the

highest ZIKV concentrations, Rio Piedras and Suárez chan-

nel, also had the lowest densities of mosquitoes caught per

trap. Additionally, the lack of Zika-positivemosquitoes from

Martin Peña is somewhat surprising, given the relatively high

nitrogen levels in adults at this location, as well as the high

density of human cases in the San Juan municipio (Puerto

Rico Department of Health 2016). Although our study fo-

cused on nutrient availability from the local environment,

other factors can influence the probability that a vector ac-

quires a pathogen, including host density, pathogen density

in hosts, and climatic or behavioral factors that influence

host-seeking or biting behavior (LaDeau et al. 2015). More

extensive sampling would be needed to more accurately as-

sess mosquito density, host density, biting behavior, and

other factors across the different neighborhoods, to be able to

rigorously understand the role environmental nutrient

variability plays on vectorial capacity.

Social and infrastructural factors can also buffer or en-

hance the susceptibility of people to health outcomes (Myers

et al. 2013; Oosterbroek et al. 2016). Age, housing density,

and access to air-conditioning are all factors that can influ-

ence transmission of dengue virus to humans (Méndez-Lá-

zaro et al. 2014; Barrera et al. 2011; De Jesus Crespo et al.

2018). Even less is known about the complex suite of eco-

logical and social factors influencing Zika transmission

(Thomas et al. 2017). Indeed, our sampling was a single

snapshot at a time when the spread of Zika was accelerating

through the San Juan metropolitan area and throughout

Puerto Rico. It is possible that the neighborhood differences

in ZIKV infection in adult mosquitoes reflect local acquisi-

tion patterns from the human population, such that certain

neighborhoods simply had not been affected yet. However,

because the neighborhoods where mosquitoes were strongly

positive for ZIKV (Torrecilla, Rio Piedras, Suárez channel)

are adjacent to the two neighborhoods where mosquitoes

were negative for ZIKV (Martin Peña, Piñones), we did not

see a strong spatial pattern (e.g., radiating from a source

point of local human acquisition) that would support this.

Furthermore, cumulative Zika cases by June 2016 were rea-

sonably similar across the threemunicipalities covered by the

study area (Puerto Rico Department of Health 2016). More

extensive temporal sampling is needed to tease apart the suite

of ecological and social factors affecting the spread of the

virus, and what role environmental variability in water and

detrital quality might play in that spread.

Our study provides preliminary evidence that environ-

mental variability in nutrient inputs can influence the

acquisition of virus by mosquito vectors. In addition to the

potential influence on viral titer, variability in leaf detrital

inputs has been demonstrated to influence survival, growth,

and competition among mosquito larvae (Yee et al. 2007;

Muturi et al. 2012). This suggests a mechanism by which

urban greenspaces, in addition to temperature regulation or

biological control (De Jesus Crespo et al. 2018), may influ-

ence vector-borne illnesses through detrital resource inputs.

Moreover, flooding events, in addition to providing pools of

short-term breeding habitat (Ahern et al. 2005; Pires and

Gleiser 2010), can also provide a pulse of nutrients to existing

larval containers depending on the water quality of nearby

waterbodies. This suggests that management actions to re-

duce flooding and improve water quality should go hand-in-

hand to help control spread of vector-borne diseases. As

such, environmental restoration of ecosystem services in the

urban landscape could be part of a sustainable solution to

help reduce vector disease transmission by mitigating

flooding events and regulating water quality (Carver et al.

2015; De Jesus Crespo et al. 2018).
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APPENDIX A

In June 2017, we sampled adult mosquito populations at

many of the same sampling locations to compare to the

June 2016 field collection (Table 4). As in 2016, adult

mosquitoes were collected using BG-Sentinel traps (Bio-

gents AG, Regensburg, Germany) baited with a human

scent lure (BG-Lure; Biogents AG). Traps were left out for a

48-h period before adults were collected. Collected adults

were identified to sex and species, with 0–32 female Ae.

aegypti collected per trap (Table 4). Only adult female Ae.

aegypti were used for subsequent analysis.

For the 2017 sampling, individual adult heads were

preserved in 1 mL RNAlater (Ambion, Austin, TX, USA)

within 6 h of field collection. Heads and bodies were then

frozen for transport to the continental USA. Adult mos-

quitoes were processed for particulate nutrient content

(%N, %C, C:N) and stable isotopes (d15 N, d13C) as de-

scribed in the main text. We used nested Multivariate

Analysis of Variance (MANOVA) to test whether trap

locations, neighborhoods, or years (2016 vs 2017) differed

significantly in nutrients, including N, C, d13C, d15 N, the

ratio of C to N, or adult mass.

In addition to ZIKV, we extended the viral analysis to

include chikungunya and dengue using the 2017 collected

mosquitoes. Following the removal of the RNAlater by

gentle pipetting, 200 lL of DMEM media (Gibco, no glu-

Table 4. Number of Adult Female Ae. aegypti Trapped and Processed in 2017, and Results of Viral Analysis.

Neighborhood Trap location Female Ae. aegypti

per trap

Ae. aegypti infected with ZIKV Ae. aegypti infected

with chikungunya

Ae. aegypti infected

with dengue

Martin Peña Channel MP1 0 – – –

MP2a 9 0 0 0

MP2b 5 0 0 0

MP3 7 0 0 0

MP4a 4 0 0 0

MP4b 4 0 0 0

MP5 0 – – –

MP6a 7 0 0 0

MP6b 0 – – –

Piñones Lagoon PN1 NS NS NS NS

Rio Piedras RP1 6 0 0 0

RP2 0 – – –

La Malaria Channel LM1a 16 0 0 0

LM1b 9 0 0 0

Suárez Channel SU1 7 0 0 0

SU2a 2 0 0 0

SU2b 2 0 0 0

SU2c 5 0 0 0

SU2d 8 0 0 0

Torrecilla Lagoon TO1a 21 0 0 0

TO1b 32 0 0 0

Traps were placed at the same locations as mapped in Figure 2, with more than one trap placed in some locations (e.g., front yard and back yard; labeled a–d).

One new location, MP6, situated roughly halfway between the two tire locations (Fig. 2), was sampled in 2017 but not 2016.

NS: Location not sampled in 2017.
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cose, no glutamine, no phenol red; Thermo Fisher Scientific,

Waltham, MA) was added to each mosquito head in RNase-

free tubes. Individual mosquito tissues were homogenized

using sterile, RNase-free disposable tissue grinders, cen-

trifuged for 5 min in the cold, and the supernatant was re-

moved for subsequent RNA extraction. RNA extractions

were performed immediately following tissue homogeniza-

tion using the QIAamp Viral RNA kit (Qiagen, German-

town, MD) according to manufacturer’s instructions with

minor modifications by adding additional washes with

Buffer AW1 and AW2 (Mbanzulu et al. 2017). The purified

RNA was analyzed for RNA integrity and concentration

using the BioAnalyzer RNA 6000 Nano Reagent kit (Agilent,

Santa Claire, CA) and stored at - 80�C. Real-time reverse

transcription-PCR (RT-qPCR) was performed for dengue,

chikungunya, and ZIKV using a multiplex viral kit (My-

BioSource, San Diego, CA). All of the above procedures were

performed aseptically using RNase-free materials.

In total, 144 adult female mosquitoes were collected in

traps (Table 4). Of the 144 adults tested for virus, not a

single individual was confirmed to have ZIKV, chikun-

gunya, or dengue. Results were consistent with public

health data that, in contrast to concerns of an anticipated

second outbreak of Zika, rates of arboviral cases in Puerto

Rico were quite low in June 2017, with less than 10 con-

firmed cases across all of Puerto Rico (Puerto Rico

Department of Health 2017). Adult nutrient content dif-

fered significantly from 2016 to 2017, but the effect differed

among neighborhoods (Neighborhood 9 Year; Table 5).

Adult mosquitoes from Martin Pena were remarkably

consistent in both %N and %C between 2016 and 2017,

despite a general pattern of lower %C and higher %N in

2017 for most other neighborhoods. Adult mass tended to

be lower in Martin Pena, consistently in both 2016 and

2017. There were no significant differences in stable iso-

topes across trap locations, neighborhoods, or years

(Fig. 6).

Table 5. MANOVA Results, Followed by Univariate Tests,

Evaluating Whether Particulate Carbon and Nitrogen Variables

Differed Among Trap Locations or Between Neighborhoods from

2016 to 2017 in San Juan, Puerto Rico.

Factor Adult Ae. aegypti

df Pillai

Trap location 15,224 0.47@

Neighborhood 6224 0.37***

Year 1224 0.17***

Neighborhood 9 Year 3224 0.16**

Variable F value

Trap location N% 1.87*

Neighborhood 5.1***

Year 4.98*

Neighborhood 9 Year 5.46**

Trap location C% 1.82*

Neighborhood 3**

Year 25.35***

Neighborhood 9 Year 2.91*

Trap location d15N 0.52

Neighborhood 1.46

Year 0.01

Neighborhood 9 Year 0.39

Trap location d13C 1.14

Neighborhood 2.05@

Year 0.58

Neighborhood 9 Year 1.04

Trap location C:N 0.71

Neighborhood 3.19**

Year 20.51***

Neighborhood 9 Year 5.8***

Trap location Mass 2.44**

Neighborhood 1.67

Year 4.83*

Neighborhood 9 Year 1.1

Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01;

* 0.01 � P < 0.05; @ 0.05 � P < 0.1.

Figure 6. Mean particulate carbon and nitrogen values, ± SE,

across neighborhoods for adult Ae. Aegypti in 2016 and 2017.

Symbol sizes indicate mean individual adult mass.
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Abstract

Mosquito-borne diseases are an increasingly important health concern, which pose great challenges for safe and sustainable
control and eradication. This reality calls for management approaches that consider multiple aspects of the transmission cycle
from a landscape and vector ecology perspective, to socio-economic elements that may increase exposure. This study seeks to
better understand these pathways using dengue fever in the San Juan Bay Estuary (SJBE), Puerto Rico. Dengue is transmitted by
Aedes aegypti, a species that thrives in cities. Here we ask which elements within the urban landscape could be managed to help
prevent dengue outbreaks. We studied the potential of coastal wetlands in the SJBE to buffer vector proliferation, hypothesizing
that wetland ecosystem services lead to lower dengue occurrence. We test this hypothesis using census-block level dengue data
from 2010-13, including the largest epidemic in Puerto Rican history. Our analytical model includes socio-economic factors and
environmental controls that may also affect dengue dynamics. Results from beta-binomial regressions and model averaging
indicated that dengue occurrence was lower in neighborhoods with higher wetland cover even after controlling for population
density and other socio-economic aspects. Our models suggest that heat hazardmitigation is partly responsible for the association
between wetlands and dengue.

Keywords Ecosystem Goods and Services . Coastal wetlands . Dengue . BVector-borne^ diseases . Urban landscape . San Juan
Bay Estuary

Introduction

Mosquito-borne diseases represent a significant health and
economic burden to cities around the world. The emergence
of serious vector mediated viruses, such as Zika, has recently
sparked the interest to find safe and effective strategies for
vector control and mosquito eradication. With growing con-
cerns of how strategies such as aerial spraying may indirectly
impact humans and wildlife, researchers are increasingly

interested in sustainable approaches for safe vector population
management. One of the most prominent mosquito vectors for
diseases like dengue, chikungunya, and Zika is Aedes aegypti.
A. aegypti thrives in the presence of water filled artificial con-
tainers, and mainly feeds on human blood, making the urban
environment, with abundant trash and dense populations, par-
ticularly suitable for its proliferation.

The proliferation of mosquito vectors in cities, as well as
vector disease transmission, is also intensified by other aspects
of the urban environment. Flood prone areas, exacerbated in
cities due to altered hydrology, may increase habitat availability.
Flood waters from urban runoff or overflowing rivers may fill
trash items such as discarded plastic containers, creating suitable
breeding sites for mosquito larvae (Hashizume et al. 2012).
Water chemistry, in turn, has been linked to A. aegypti nutrition
and consequently pupal and adult productivity (Barrera et al.
2006; Couret et al. 2014). Urban waters that contribute to filling
container habitat could therefore affectmosquito vectors indirect-
ly through nutrition enhancement from wastewater inputs. In
cities, high temperatures due to urban heat islands shorten pupal
development time and viral incubation period, and increases
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female biting and oviposition rate, all factors that promote vector
proliferation and dengue transmission ((Ibarra et al. 2013;
Méndez-Lázaro et al. 2014), Chang et al. 2015, (Morin et al.
2015)). Urbanized environments may also present habitat limi-
tations for predators and competitors which help control mosqui-
to vector populations ((Barrera et al. 2006; Cox et al. 2007),
Murugan et al. 2015).

The extent to which environmental factors such as heat
islands, floods, habitat loss, and water pollution, impact urban
environments may be determined, in part, by landscape man-
agement and design aspects, such as restoration and preserva-
tion of urban green spaces. Urban green spaces help control
temperature extremes by providing shade, and increasing
evapo-transpiration (Bouchama and Knochel 2002). They al-
so promote rainfall interception and infiltration ameliorating
the scale of urban flooding (Brody and Highfield 2013).
Green spaces clean surface water in cities and provide habitat
for wildlife, creating healthier ecosystems that may favor bio-
control of mosquitoes.

Ecosystem services in the urban landscape could help re-
duce vector disease transmission (Carver et al. 2015), but the
data correlating vegetation cover to mosquitoes and its related
diseases is conflicting. Some studies have found negative as-
sociations suggesting a protective role of vegetation against
Bmosquito-borne^ disease ((Cox et al. 2007); Cheong et al.
2014; Tiong et al. 2015; Myer et al. 2017). Other studies, have
found positive correlations (Sarfraz et al. 2012; Cheong et al.
2014; Stanforth et al. 2016) suggesting a disease promoting
effect. Possible reasons for these inconsistencies include dif-
ferent vegetation types contributing differently to the provi-
sion of ecosystem services or difference in the role of ecosys-
tem services for vector control in different environmental con-
texts. The relative importance of ecosystem services as a de-
terminant of Bvector-borne^ disease occurrence can also vary
depending on socio-economic factors. For example, vector
abundance is likely a bigger concern for residences built with
low quality construction material or lacking air conditioning
(Mulligan et al. 2015) which is commonly observed in poor
neighborhoods. Given these considerations, more studies are
needed that evaluate the role of vegetation on Bmosquito-
borne^ diseases while simultaneously measuring relevant eco-
system services and confounding socio-economic factors.

This study seeks to contribute by evaluating linkages be-
tween coastal wetlands and dengue fever occurrences on cen-
sus block groups of the San Juan Bay Estuary (SJBE), Puerto
Rico. Due to its high population density and favorable climate
for mosquitoes, the SJBE, has been a hotspot for Bvector-
borne^ diseases in Puerto Rico for decades, including a recent
Zika epidemic that affected over 40,000 individuals in 2016
(Puerto Rico Department of Health (PRDH) 2017).
Understanding how vectors and disease transmission vary
across environmental and socio-economic gradients is needed
to better guide the allocation of management resources among

communities and habitats during epidemics in the SJBE.
Moreover, as we now live in an interconnected world, were
viruses and vectors spread more rapidly than in previous cen-
turies, addressing these questions is of broader interest beyond
the context of Puerto Rico and the US.

We present our hypothesized relationship between ecosys-
tem services and dengue as a conceptual model in Fig. 1. We
hypothesize that greater wetland cover will promote heat and
water hazard mitigation, as well as cleaner water and more
habitat for species that predate and/or compete with mosqui-
toes. These ecosystem services should in turn negatively affect
dengue transmission, leading to a reduction in cases. We in-
corporate into our conceptual model socio-economic factors
that may influence this relationship. In particular, we build on
Myers et al.’s (Myers et al. 2013) concept of Binsulating
layers^, where infrastructure, technology, behaviors, and other
adaptations may protect certain groups from the potential
health impacts of ecosystem service lost (Myers et al. 2013).

Study Site

The San Juan Bay Estuary (SJBE, Fig. 2) has an average
temperature that ranges from 23.9 °C to 27.2 °C, and rainfall
from 1500 and 1700 mm (Lugo et al. 2011). It lies within a
Bmoist forest^ ecological life zone according to Holdridge’s
classification (Torres-Valcárcel et al. 2014). The SJBE is part
of the San Juan, Puerto Rico (PR) metropolitan area,
encompassing the most densely urbanized and populated re-
gion on the Island, with an estimated population of 2.5 million
people, according to the 2010 US Census (Brandeis et al.
2014). The SJBE comprises a total area of 216.58 km2, of
which around 82% is developed, and the rest is composed of
mangroves (~7%), grassy wetlands and water bodies (~6%),
and moist forest (~5%) (Brandeis et al. 2014). It is the only
tropical estuary included in the USNational Estuary Programs
(NEP) and is characterized by a series of interconnected la-
goons and channels, many of which have been severely al-
tered by human activity (Brandeis et al. 2014). The most
prominent natural features of the SJBE NEP are its coastal
wetlands, which include the most extensive contiguous man-
grove forest in Puerto Rico (Brandeis et al. 2014).

Here we focus on the role of these wetlands on ecosystem
services and disease. Therefore, we limited our analysis to
compare only neighborhoods that could potentially have had
coastal wetlands in the past (N=170). For this we selected
census block groups (United States Census Bureau 2015) that
intersected flood zones (Federal Emergency Management
Agency (FEMA) 2009) and that were below the 3m elevation
line (U.S. Geological Survey 1944). This cutoff was selected
based on historical maps from the SJBE showing the existence
of mangroves and marshes mainly between 0-3 meters above
sea level (masl) (U.S. Geological Survey 1941).
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Methods

To test our proposed Ecosystem Service-Dengue model (Fig.
1) we selected indicator variables from existing secondary
data and estimated the spatial distribution of the selected var-
iables in ArcGIS (version 10.3).

For the dengue response, we used laboratory confirmed
dengue cases for the SJBE from the passive dengue surveil-
lance system administered by the Center for Disease Control

and Prevention (CDC) and the Puerto Rico Department of
Health (years 2010-2013) (https://www.cdc.gov/dengue/
about/inpuerto.html). Cases were summarized by census-
block groups prior and standardized by population counts
for analysis using 5-year population summaries from the
American Community Survey (ACS 2011-2014, (United
States Census Bureau 2015)). Block group area ranged from
0.04 to 21 km2, with an average of 0.56km2. The dispersal
area of A. aegypti is estimated at less than 0.01 kilometers

Fig. 1 Hypothesized linkage between wetlands and Dengue ocurrence
through Ecosystem Services. Vectorial capacity refers to the mosquito’s
ability to spread disease accounting for host, virus, and vector interactions
(Liu-(Helmersson 2012)). This can be influenced by factors such as
mosquito growth rate, biting rate, the time it takes the virus to replicate
within the vector, all of which are affected by temperature. In this case, it

also incorporates the relative abundance of A. aegypti over other species
of mosquitoes that are less effective at transmitting dengue and prefer
more vegetated habitats (Cox et al.2007). Insulating factors refer to
socio-economic elements which can insulate certain populations, gener-
ally the wealthy, from the impacts of a loss in Ecosystem Services (see
(Myers et al. 2013))

Fig. 2 Study sites in the San Juan
Bay Estuary (SJBE), with water
quality collection points (SJBE
monitoring program), wetland
areas (PR GAP analysis) and
dengue cases per person by
census block group (CDC dengue
surveillance 2010-2013; ACS
community survey 2011-2014).
Pictures show examples of grassy
and woody wetlands in the SJBE
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(Harrington et al. 2005; Reiter et al. 1995). Therefore, it is
reasonable to treat each block group as independent study
units to assess disease trends.

To align our analysis with our conceptual model (Fig. 1) we
divided our explanatory variables into three main categories:
a) Ecosystem; b) Ecosystem Services; and c) Insulating
Layers. We also included a fourth category, Environment,
which characterizes natural variability unrelated to the ecosys-
tem or ecosystem services categories, but which could affect
dengue vectors.

Ecosystem

For the Ecosystem category we used the PR GAP project’s
land use layer (Gould et al. 2008). We extracted all wetlands
within the SJBE and classified them as Woody or Grassy.
Woody Wetlands consisted of all segments classified as
Mangrove+Shrubland or as Pterocarpus forest. Grassy
Wetlands consisted of segments classified as Emergent
Herbaceous or Seasonally Flooded Herbaceous (Fig. 2). The
percent of woody and grassy wetland cover was determined
by dividing wetland area over total area by census block
groups. The total area of each census block group was calculated
excluding water bodies (Centro de Recaudación de Ingresos
Municipales (CRIM) 2006), such as streams and lagoons, to
more accurately represent the area occupied by people.

Ecosystem Services

The Ecosystem Services group included heat hazard mitiga-
tion, clean water, and habitat. We did not include the ecosys-
tem service of water hazard mitigation because we could not
get data on flood occurrences. Instead, we included
georeferenced flood zones as part of our Environmental
Controls sub-model (see below).

For heat hazard mitigation we used land surface temperature
(LST; Fig. 3a) estimated from the Landsat 8 Operational Land
Imager sensor’s thermal infrared band (Band 10) on September
2013. The methods used to derive these estimates are described
in Mendez-Lazaro et al. (2017). For each census block group,
we calculated LST Mean, Minimum, and Maximum across 30
meter pixels using zonal statistics in ArcGIS (ver 10.3), and the
block group area (revised as described above).

The ecosystem service of clean water was assessed using
measures collected by the SJBE National Estuary Program
(NEP) water monitoring initiative. This project measures wa-
ter quality parameters through different areas of the SJBE
(Fig. 2) several times per year, spanning from 2011-2014
(San Juan Bay Estuary (SJBE) 2015). In this case we focused
on total nitrogen, as previous studies have shown that nitrogen
enrichment can increase mosquito and midge production

(Sanford et al. 2005). While the nitrogen concentrations used
to evaluate this ecosystem service come from water bodies
(e.g., streams, estuary) and not directly from A. aegypti habi-
tat, we posit that nutrients from these water bodies may enter
artificial containers in nearby block groups directly during
floods (e.g., (Pires and Gleiser 2010)), or indirectly through
allochthonous organic matter input from the associated vege-
tation (Kling et al. 2007). Here we selected the highest record-
ed total nitrogen per sampling station per year, and averaged
the results to get a composite value per station (Fig. 3b). These
composite values were used to create a raster surface of nitro-
gen levels using Inverse Distance Weighting (IDW) interpo-
lation (Philip et al. 1982, Watson et al. 1985) in Arc GIS (ver
10.3). IDW interpolation estimates regional measures based
on nearby sampling locations. In our case, we used a search
radius of the nearest 3 points on 30m pixels, and assigned a
weighting value of 3, on a scale of 0-3, where higher values
suggest a greater influence of the closest vs farthest points.
The resulting raster (30m pixel size) was then applied to cal-
culate a mean value with zonal statistics, using the census
block groups as the boundaries.

Lastly, vertebrate richness was used as our indicator of
habitat provisioning (Fig. 3c). Here we hypothesize that
healthy habitats should lead to bio-control of mosquito
vectors by promoting healthier predator and competitor pop-
ulations. We used the PRGAP vertebrate richness dataset,
which includes estimates for amphibian, reptile, bat and bird
richness using existing inventories, habitat suitability and
expert opinion (Gould et al. 2008). We calculated median
vertebrate richness by census block group using the
PRGAP vertebrate richness layer (15m pixel size) and zonal
statistics in Arc GIS.

Insulating Layers

The concept of insulating layers represents social elements
that could moderate the influence of ecosystem services on
health (Myers et al. 2013). We divided this group into two
categories: a) infrastructure and b) socio-economic factors.
Our infrastructure variables included sewage and road density,
calculated from the road and sewage layers (source: Portal
Datos Geográficos Gubernamentaleshttp://www2.pr.gov/
agencias/gis/Pages/default.aspx), divided over census block
group area (excluding water bodies), resulting in a measure
of linear meters over area per study unit. Sewage density was
included as previous studies have linked the presence of septic
tanks with vector mosquito habitat ((Burke et al. 2010;
Mackay et al. 2009). (Myer et al. 2017)). We predicted that
areas with lower sewage density would have higher number of
septic tanks, increasing vector habitat availability and the
potential for dengue transmission (Burke et al. 2010). Roads
and the environmental modifications they cause were also
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explored, as they can alter hydro-dynamics by increasing sur-
face runoff, potentially affecting water accumulation and hab-
itat creation.

For our socio-economic variables, we focused on demo-
graphic characteristics and wealth indicators. Our demographic
of choice was the percent of teenagers per block group because
previous studies on Dengue in the SJBE have shown that this is
the most vulnerable demographic (Méndez-Lázaro et al. 2014;
Sharp et al. 2013). We calculate the proportion of people from
the ages of 10-19 over total population using ACS data (ACS-
2011-2014, (United States Census Bureau 2015)). Also using
ACS data, we calculated median household income by census
block group, as an umbrella measure potentially representing
factors such as better housing quality, air conditioner use, waste
management, and infrastructure. Finally, we included population
density (population/m2) as a potential driver of higher dengue
transmission rates. This variable was calculated excluding areas
within the block group occupied by water bodies or wetlands.

Environment

Our Environment sub-model consists of environmental
Bcontrol^ variables that are not expected to be influenced by
the presence of the wetland ecosystems, and not related direct-
ly to ecosystem services, but that are expected to influence
Dengue. Here we include the flood area (Fig. 3d), which has
been suggested to create breeding sites for mosquito vectors
(World Health Organization (WHO) 2006). Our flood area
indicator is derived from FEMA flood zone maps (Federal
EmergencyManagement Agency (FEMA) 2009), which were
used to calculate % flood area within populated segments of
each block group, that is, excluding water bodies and areas
covered by wetlands. Although water hazard mitigation (e.g.

flood control) is an ecosystem service expected from wet-
lands, the flood zone map does not represent areas that get
flooded most often, but rather areas with potential of flooding.
Therefore, it cannot be used as an ecosystem services indicator,
hence its inclusion as an environmental Bcontrol^ instead. Our
second environmental control is salinity. Our second environ-
mental control is salinity. A. aegypti larvae can tolerate brackish
waters (Ramasamy et al. 2011), but oviposition and larvae sur-
vival are limited at salinity levels above 12-13% (Navarro et al.
2003). Since there are differences in salinities in the different
water bodies of the SJBE, we included it to account for its
potential influence. To calculate salinity by block group, we
followed the approach used for nitrogen (see above), using
NEP water monitoring data and the IDW tool in ArcGIS. As
with nitrogen, we focus on the premise that salinity from nearby
water systems may influence chemistry in container habitat
(Yee et al. 2014) via water inputs from flood events, or alloch-
thonous organic matter inputs from vegetation.

Data Analysis

We evaluated the relationship between ecosystems and eco-
system services using linear regressions between woody or
grassy wetlands and the ES indicators (nitrogen, richness,
LST). We then evaluated the role of Ecosystems, Ecosystem
Services, Insulating Layers and Environment on dengue preva-
lence (dengue cases per block group population) using beta-
binomial generalized linear models, accounting for over-
dispersion. Standard binomial regression (i.e. logistic regression)
models the presence or absence of disease in an individual as a
binary response variable (Quinn and Keough, 2002). Beta-
binomial regression is a modified version of binomial
regression that accounts for multiple samples (people) per

Fig. 3 Landscape scale patterns
across SJBE coastal
neighborhoods
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census block group (Venables andRipley 2003).We developed a
Bglobal^ beta-binomial model which included all variables from
each category (Table 1), standardized around their means and 1
standard deviations (Becker et al. 1988). In this global model we
also included significant interactions (Pr(>|z|)<0.05) between
ecological variables with BInsulating Layers^ indicators (with
main effects included). For this we ran individual beta-binomial
models between each factor included in the Insulating Layers
category interacting with each of the other variables, to test the
premise that these factors may mediate the role of the natural
environment (Ecosystem, Ecosystem Services, Environment)
on dengue occurrence.

We used this global model as basis for model averaging,
following the steps described in Grueber et al. (Grueber et al.
2011). The goal of this approach was to select the top variable
combinations that best explained dengue occurrence considering
all possible combinations. Variable combinations were limited to
8 factors in order to have at least 20 replicates per explanatory
variable, and prevent model overfitting. We used AICc > 4 as a
cut-off criterion for submodel selection (Burnham andAnderson
2002) and then calculated the conditional average effect of each
variable after accounting for all of the Bbest models^ where it
was featured (Grueber et al. 2011). Model averages were used to
represent the relative importance of each variable, determine an
average effect size and construct predictive models of dengue
prevalence.

Variables included in the Bbest models^were further analyzed
through a variation partitioning analysis. This analysis allowed
us to determine the fractions of variability explained indepen-
dently (pure effects) by each predictor, or jointly by the intersec-
tion of two or more predictors. In particular, we were interested
in whether the effect of wetlands on dengue prevalence could be
partly attributed to ecosystem services. We applied the subtrac-
tion approach described in detail in Ruiz-Fons et al. (Ruiz-Fons
et al. 2013). Briefly, this approach calculates the deviance ex-
plained by all the variables featured in the Bbest models^, and
then fractures that into individual components representing the
pure effects of each variable and the overlaid effects between
variables. For example, a model that has both % wetlands and
ecosystem service variables may not exhibit great reductions in
deviance relative to one that only has%wetlands because part of
the effect of ecosystem services is already captured by the%wet-
lands model. Here we wanted to test if there was such overlap,
and if so, determine the relative magnitude.

Prior to analysis, all explanatory variables were tested for
collinearity using Pearson correlation coefficients. If any im-
portant correlation was identified between explanatory vari-
ables (>0.60), we only selected the ones with a stronger rela-
tionship to the response variable for model selection (See
supplementary Table 1). Prior to model averaging, the global
model was tested for spatial autocorrelation applying the
Global Moran’s I procedure to residuals (supplementary
Table 2).

Analyses were conducted in R studio (ver. 3.2.2) and/or
ArcGIS (ver 10.3). The BAnalysis of Overdispersed
Data^(aod) package (ver 1.3, (Lesnoff and Lancelot 2012))
was used for beta-binomial model building, the MuMIn pack-
age (Bartoń 2009) was used for model averaging, and the
BmodEva^ package (ver 1.3.2, Barbosa et al., 2013) for vari-
ation partitioning analysis.

Results

Relationship between Ecosystems and Ecosystem
Services

Woody and grassy wetlands showed similar relationships to
the ecosystem services indicators of temperature (heat hazard
mitigation) and vertebrate richness (habitat). Increasing cover
of both types of wetlands was associated with significant in-
creases in vertebrate richness and significant reductions in land
surface temperature (Fig. 4). The relationship to nitrogen, our
Bclean water^ ecosystem services indicator differed. Both types
of wetlands showed a positive association to nitrogen which is
opposite to our prediction. This association was significant for
grassy wetlands (p<0.001), but not woody wetlands.

Dengue Prevalence Model Selection

Model averaging resulted in five models with equal support
following the AICc>4 criterion (Supplementary Table 3). The
variables featured or excluded from these models, and their
relative importance are listed in Table 1. From the
Becosystem^ category, we found that higher percentage of
woody wetlands associated significantly with lower dengue
prevalence (p=0.03). Moreover, grassy wetlands significantly
interacted with median income to explain dengue cases
(p<0.001): while % grassy wetlands seem to inversely relate
to dengue in low income neighborhoods, the trend is reversed
in high income areas (Fig. 5). The significant Becosystem
service^ indicators were Minimum Land Surface
Temperature (LST, hereinafter minimum temperature)
(p=0.002) and Nitrogen (p=0.01). Both variables showed a
positive association to Dengue cases. Maximum LST (herein-
after maximum temperature) significantly interactedwith pop-
ulation density to explain dengue cases (p=0.002), suggesting
that in areas with high population density, higher maximum
temperature was associated to higher number of cases, but that
the effect is reversed in more sparsely populated neighbor-
hoods (Fig. 5).

Both of the variables in the Benvironment^ category signifi-
cantly explained dengue occurrence. As predicted higher salinity
was associated to lower dengue (p=0.02), while higher % flood
area positively correlated to dengue (p=0.02). Salinity also
interacted with the % of teenagers (p=0.003), suggesting that
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in neighborhoods associated to higher salinities, the positive cor-
relation between teenagers and dengue weakens (Fig. 5). The
variables within the Binsulating layers^ category were not signif-
icantly associated to dengue, although we did find significant
interaction effects with some of these variables as discussed
above.

Variance partitioning analysis showed that the relationship
between wetlands and dengue may in part be attributed to the
ecosystem service of Bheat hazard mitigation^ (LST as indi-
cator). About 19% of the deviance explained by woody wet-
lands and about 50% of that explained by the interaction of
grassy wetlands and median income is also explained by min-
imum temperature (Fig. 6). There was no shared deviance
between wetlands and the other variables featured in the Bbest
models^ (See Supplementary Fig. 1), including nitrogen,
which was the other significant ecosystem service indicator
(Fig. 6).

We used the resulting variable estimates from the model
averaging procedure (Table 1) to develop predictive models of
the role of wetland ecosystem services on dengue occurrence.
For this we set all model variables to the mean, and varied
woody and grassy wetland cover on increments of 2%.
(Figure 7). Results suggest that at the current mean woody
wetland cover of 3.4%, there are approximately 9.3 cases of

Dengue per 1000 people. Increasing woody wetland cover by
10%would reduce Dengue cases by roughly 11%, resulting in
around 8.3 cases per 1000 people during a timeframe similar
to our dataset (3 years, one epidemic period). Closer to a 20%
increase in grassy wetland cover would be needed to achieve
the same effect. (Figure 7).

Discussion

To our knowledge, this is the first study to assess the role of
wetlands in the urban landscape on dengue occurrence
through the lens of ecosystem services. Wetlands in the San
Juan Bay Estuary, and in particular mangroves seem to pro-
vide a protective effect, being negatively correlated to dengue.
Part of that effect seems to be mediated by the ecosystem
service of heat hazard mitigation, as lower temperatures are
associated to higher mangrove cover and lower dengue. Our
study suggests that variables such as median income, popula-
tion density and demographics could play a mediating role in
the relationship between dengue occurrence and the natural
environment. These results support our hypothesis of a poten-
tial buffering effect of wetlands to Bvector-borne^ diseases in

Table 1 Descriptive statistics for treatment variables and their effect on dengue cases based on model averaging results (n=170)

Indicators Descriptive Statistics Model Averaging Results#

Categories Variables max min mean SD Avg.
Estimate

2.5% 97.5% P (>z) Relative Variable
Importance

Ecosystem %Woody Wetlands 58.98 0.00 3.35 9.23 -0.12 -0.23 -0.01 0.03 0.29

%GrassyWetlands 63.49 0.00 3.63 8.60 -0.04 -0.14 0.06 0.44 ^0.00

Ecosystem
Services

MinLST (0C) 47.00 35.00 39.34 3.94 0.18 0.07 0.29 0.002 0.62

MaxLST (0C) 63.00 36.00 48.47 3.87 -0.08 -0.23 0.07 0.31 ^0.00

MeanLST (0C) 52.54 35.25 44.06 3.40 n/a n/a n/a n/a n/a

Nitrogen (mg/L) 3.92 0.29 1.62 0.68 0.12 0.03 0.21 0.01 0.17

Vert.Rich.(Median) 50.00 20.00 26.21 6.29 n/a n/a n/a n/a n/a

Insulating Layers

Infrastructure Roads (m/m2) 0.04 0.00 0.02 0.01 n/a n/a n/a n/a n/a

Sewage (m/m2) 0.06 0.00 0.01 0.01 n/a n/a n/a n/a n/a

Socio Economic Median Income 83365.00 2499.00 24186.63 15373.27 -0.03 -0.13 0.08 0.60 ^0.00

% Teenagers 40.82 0.00 11.69 0.07 0.03 -0.06 0.12 0.51 ^0.00

Population per m2 0.02 0.00 0.01 0.00 -0.12 -0.23 0.003 0.06 ^0.00

Environment* Salinity (ppm) 39.44 3.43 24.20 9.67 -0.10 -0.19 -0.02 0.02 0.70

% Flood Area^ 100.00 3.62 59.37 35.92 0.10 0.02 0.18 0.02 0.28

Interactions GrassWetl*MedInc n/a n/a n/a n/a 0.26 0.15 0.38 <0.001 1.00

MaxLST*Popm() n/a n/a n/a n/a 0.18 0.07 0.29 0.002 1.00

Salinity*%Teens n/a n/a n/a n/a -0.12 -0.19 -0.04 0.003 0.06

*Environmental control variables not necessarily related to the Ecosystem or to tested Ecosystem Services; ^represents flood prone zones, not actual
flooded areas. ^ = This variable was only featured in models including it as part of an interaction term; see relative importance of its interaction term. #
Model averaging results are Bconditional averages^, derived from the models that include the variable of interest out of all the Bbest models^
(Supplementary Table 3). n/a (Not applicable; for model averaging results, it implies that the variable was never featured in the Bbest models^). LST
(Land Surface Temperature); Vert.Rich (Vertebrate Richness)
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Fig. 4 Scatterplots displaying relationships between wetland ecosystems and selected ecosystem services. The temperature measure selected here was
Minimum Land Surface Temperature, as it was the most closely related to dengue cases

Fig. 5 Significant interactions explaining dengue cases in the SJBE. Breakpoints for the two figures on each panel were based on the average (above and
below) of the variables: a) Median Income; b) Population Density; and C) Salinity See Supplementary Table 4 for more details
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coastal urbanized neighborhoods, even after controlling for
confounding environmental and socio-economic factors.

The role of temperature on dengue has been documented
before in the SJBE. As in our study, Méndez-Lázaro et al.
(Méndez-Lázaro et al. 2014) found that minimum tempera-
tures were positively associated to dengue in the municipality

of San Juan. Our study supports their findings at a lower
spatial resolution. Previous studies have shown that higher
temperatures promote dengue transmission, by means of re-
ductions in viral incubation period, and mosquito develop-
ment time, and increases in feeding and oviposition rate
(Morin et al. 2013). This relationship however is non-linear

Fig. 6 Variation partitioning
analysis of models explaining
Dengue cases. Values represent
the proportion of the deviance
explained by the variables of
interest individually and in
combination to other model
components. In this case, the
variables of interest are the
wetland ecosystems and the
Becosystem service^ indicators
Minimum Land Surface
Temperature (a, b) and Nitrogen
(c, d). The Bother^ circle
represents all variables featured in
the model averaging results aside
from the single predictors
concurrently being examined
(Table 1; Supplementary Table 3).
Negative explained variances are
artifacts of the VP procedure,
which mainly suggest no overlay
in the amount of deviance ex-
plained. Tested individually, none
of these other variables shared
deviance with wetlands. Results
from variation partitioning with
different variables of the model
and wetlands can be found in
Supplementary Fig. 1

Fig. 7 Predicted relationship
between grassy wetlands (a) and
woody wetlands (b) and dengue
cases in the SJBE
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and at extremely high temperatures mosquito activity and sur-
vival becomes negatively affected (Carrington et al. 2013;
Morin et al. 2013). This non-linearity became evident in our
result of a significant interaction between maximum tempera-
ture and population density. We observe (Fig. 5) that areas that
are more sparsely populated seem to reach much higher tem-
perature extremes, therefore becoming less suitable for den-
gue transmission. These lower population densities could cor-
respond to industrial zones, or sprawled development, with
lower residential greenery and more concrete surfaces that pro-
mote temperatures above the vector-dengue threshold. The
threshold for mosquito competence of dengue transmission
seems to lie between 30-350 Celsius in air temperature (note
here we used Land Surface Temperature, which tends to be
higher) (Carrington et al. 2013; Morin et al. 2013). Above this
temperature, different aspects of mosquito ecology become
negatively affected (Carrington et al. 2013; Morin et al. 2013).
The role that wetland ecosystem services play in promoting
optimal temperature ranges may therefore vary by context.
While in the SJBE it seems to be having a protective effect, in
drier, hotter environments, the presence of vegetation may ac-
tually help bring temperatures down to more suitable ranges,
and prevent evaporation of water from container habitats
(Barrera et al. 2006). These considerations should be taken into
account when applying these findings to other sites.

While temperature seems to partially describe the relation-
ship between wetlands and dengue in the SJBE, a proportion of
the deviance explained by wetlands remains un-attributed to
any of the other ecosystem services tested, according to our
variation partitioning analysis. A possible pathway may be
flood control. We found a positive correlation between % flood
area and dengue cases, and previous studies suggest that wet-
lands canmitigate floods in coastal cities (Brody et al. 2012). To
determine the effect of wetlands on preventing flood and con-
sequently on dengue, it would be necessary to document actual
flood events. While we did not have flood indicator data for the
scale of analysis of this study, this question may likely be ad-
dressed at coarser spatial resolutions in future studies, using for
example flood claims data for the San Juan metropolitan area.

Another potential explanation of the role of wetlands on
dengue may lie in bio-control pathways not evaluated through
this study. For example, while we included estimates of ver-
tebrate richness, we did not have an indicator of invertebrate
distributions. Invertebrates may act as predators and competi-
tors of Aedes aegypti (Quiroz-Martínez and Rodríguez-Castro
2007) and they may be positively affected by the presence of
wetlands. For example, a closely related species, Aedes
mediovittatus, potentially competes with A. aegypti, for re-
sources but prefers to live in woody environments (Cox et al.
2007).WhileA. mediovittatus could also transmit dengue, it is a
less competent vector because it is less susceptible to certain
dengue serotypes (Poole-Smith et al. 2015).Moreover, contrary
toA. aegypti, this mosquito commonly feeds on other mammals

besides humans (Barrera et al. 2012) potentially diluting dengue
transmission rates. The effect of this or other invertebrates within
the SJBE wetlands on dengue could be the subject of future
research.

The role that woody and grassy wetlands seem to play in
dengue occurrence is not equal. Grassy wetlands had the same
inverse correlation to dengue as woody wetlands but only in
low income neighborhoods. This result supports previous
studies showing that wealth moderates Bvector-borne^ disease
exposure (LaDeau et al. 2013) as well as the ecosystem
service-human health linkage (Myers et al. 2013). Like woody
wetlands, grassy wetlands also seem to provide heat hazard
mitigation, and so their presence could be preferentially
benefitting households more exposed to vectors than those
protected by air conditioning and better building material.
The stronger effect of woody wetlands, which seems to affect
all income classes, may be attributed to additional, unex-
plained factors such as the ones discussed above (e.g. bio-
control, flood control).

Another factor differentiating woody and grassy wetlands
may be their influence on water quality. We found that nitro-
gen levels were significantly associated to dengue, supporting
our prediction that water quality degradation could have an
effect mosquito vectors. However, contrary to our predictions,
we observed no correlation between water nitrogen concen-
tration and neighborhoodwoodywetland cover, and a positive
and significant correlation between water nitrogen concentra-
tion and the percentage of grassy wetlands. This result may
suggest that grassy wetlands are subjected to higher levels of
pollution, or that they process pollutant loads differently than
woody wetlands. Moreover, the role that other, un-measured,
water quality indicators that vary concomitantly with nitrogen
play, and their association to different wetland types needs
further evaluation.

Aside from nitrogen, we also included salinity as a water
quality Bcontrol^ variable. As predicted salinity had a negative
effect on dengue. High salinity concentrations seem to damp-
en the effect of dengue on certain vulnerable populations, as
we observed a significant interaction between this variable
and the % of teenagers (Fig. 5). As in previous studies
(Méndez-Lázaro et al. 2014), we found that dengue occur-
rence positively relates to % teens, but that this relationship
becomes weaker in areas of higher salinity. If brackish water
enters artificial containers, then container salinity levels could
rise, negatively affecting oviposition and larvae development.
In neighborhoods associated to coastal ecosystems of higher
salinity, it is plausible that high salinity levels in breeding
habitat ameliorates vector emergence, providing a level of
disease control among a vulnerable sector of the population.
While we can expect this effect to be relatively small in mag-
nitude (as we saw in our results), we also think it is plausible
and worth exploring further through field validation.
Hydrological alterations such as artificial drainage structures
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and channelization tend to reduce salinity levels in coastal
ecosystems (Lugo and Snedaker 1974), but sea level rise, is
expected to expand the extent of estuarine area in the SJBE,
promoting saltwater intrusion inland (Méndez-Lázaro et al.
2014). These altered salinity gradients could determine the
distribution of mosquito vectors and Dengue occurrence
across coastal neighborhoods of the SJBE and should de more
closely examined in the future, as our understanding of these
dynamics remains limited (Méndez-Lázaro et al. 2014).

Aside from the interactions cited in the preceding para-
graphs, the variables in our Binsulating layers^ category were
not significantly associated to dengue. Particularly noteworthy
is the lack of correlation of dengue to population density as a
main effect, suggesting that this variable is not mediating the
observed role of wetlands. The SJBE is more or less densely
populated through, and for the purpose of dengue transmis-
sion, the slight differences do not seem to have an impact.
Moreover, even in neighborhoods with high wetland cover,
we observe households congregating around densely devel-
oped zones, rather than scattered within or around the wetland
area.

Our study had several limitations. Many of the variables
used to assess ecosystem services were derived from extrapo-
lations, either from point measurements or remotely sensed
images. Therefore, there are uncertainties related to how these
measures represent conditions of our study units both in spa-
tial and temporal terms. The dengue cases used as a response
come from official confirmed occurrences. People with limit-
ed access to health care are likely underrepresented by this
dataset. We did not account for human mobility, and how this
factor may affect the disease-environment associations.
Accounting for block group employment rate, age structure,
and human behaviors that affect transmission and exposure to
dengue (see (Barrera et al. 2011)) could help contribute to
better understanding these relationships in the future. Our re-
sults are based on disease occurrence, while many of the hy-
potheses we test are related tomosquito vector ecology. Future
sampling of mosquito populations in the same neighborhoods
should be developed to support our findings. These efforts
should focus on monitoring adult female vectors, which are
superior disease risk indicators than larvae or non-specific
adult mosquito abundance ((Barrera et al. 2011), Bowman
et al 2014).

Aside from mosquito vector abundance other factors may
influence Dengue dynamics such as immunity due to previous
exposure, vector to person contact rate, and current level of
exposure risk. Our study attempted to include some indicators
to account for these factors, such as teenagers (10-19yo),
which are less likely to have acquired the immunity, median
income, which may indicate level of exposure due to housing
quality, waste management and access to air conditioning, and
population density, which increases contact between infected
individuals and vectors. Nevertheless, the path from vector to

disease is complex and is affected by a multitude of dynamics
which were not entirely captured by this analysis, so we en-
courage future studies to address our limitations to more ac-
curately represent dengue trends in the SJBE.

In spite of these limitations, our results are consistent with
our theoretical models and with previous studies on environ-
mental drivers of dengue fever. Furthermore, our results and
predictive models (Fig. 7) could be used as preliminary evi-
dence to help justify wetland restoration strategies for the ben-
efit of human health, and to evaluate potential gains and
tradeoffs of different landscape management scenarios in the
SJBE.
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0ΞΦΚ�ΡΙ�WΚΗ�ΟΡΦDΟ�ΗΦΡΘΡΠ∴�ςΞΥΥΡΞΘΓΛΘϑ�WΚΗ�7ΛΟΟDΠΡΡΝ�%D∴�ΗςWΞDΥ∴�Λς�ΣΥΡΨΛΓΗΓ�Ε∴
WΚΗ�ΦΡDςWDΟ�ΗΦΡς∴ςWΗΠ��WΚΗ�DΥΗD�Λς�D�ΚΡWςΣΡW�ΙΡΥ�ΦΡDςWDΟ�ΕΛΥΓΛΘϑ��ΚΡΠΗ�WΡ�D�ΥΛΦΚ
ΓΛΨΗΥςΛW∴�ΡΙ�ΠDΥΛΘΗ�ΙΛςΚ�DΘΓ�ΖΛΟΓΟΛΙΗ��DΘΓ�D�ΣΥΛ]ΗΓ�ΟΡΦDWΛΡΘ�ΙΡΥ�ΚDΥΨΗςWΛΘϑ�ΕD∴
ΦΟDΠς�DΘΓ�ΦΞΟWΞΥΛΘϑ�Ρ∴ςWΗΥς��%ΞW�WΚΗςΗ�ΕΗΘΗΙΛWς�DΥΗ�DW�ΛΘΦΥΗDςΛΘϑ�ΥΛςΝ�ΙΥΡΠ
ΗΘΨΛΥΡΘΠΗΘWDΟ�ΦΡΘΓΛWΛΡΘς�WΚDW�ΟΗDΓ�WΡ�DΟϑDΟ�ΕΟΡΡΠς��ΥΗΓΞΦΗΓ�Ρ[∴ϑΗΘ��DΘΓ�DΦΛΓΛΙΛΗΓ
ΖDWΗΥ�

∃ϑΗΘΦ∴�ΥΗςΗDΥΦΚΗΥς�DΥΗ�ΖΡΥΝΛΘϑ�ΖΛWΚ�WΚΗ�7ΛΟΟDΠΡΡΝ�(ςWΞDΥΛΗς�3DΥWΘΗΥςΚΛΣ�Dς�ΖΗΟΟ
Dς�ςWDΝΗΚΡΟΓΗΥς�DΦΥΡςς�WΚΗ�ΖDWΗΥςΚΗΓ�ΡΘ�D�ςΞΛWΗ�ΡΙ�ςWΞΓΛΗς�WΚDW�ΛΓΗΘWΛΙ∴�ςΡΞΥΦΗς�ΡΙ
ΠΛΦΥΡΕΛDΟ�ΣDWΚΡϑΗΘς�DΘΓ�Η[ΦΗςς�ΘΞWΥΛΗΘWς�ΙΟΡΖΛΘϑ�ΛΘWΡ�WΚΗ�ΗςWΞDΥ∴��ΤΞDΘWΛΙ∴
ΓΥΛΨΗΥς�ΡΙ�DΦΛΓΛΙΛΦDWΛΡΘ��DΘΓ�DςςΗςς�ΥΗΦΥΗDWΛΡΘDΟ�ΞςΗς�ΡΙ�WΚΗ�ΗςWΞDΥ∴��7ΚΗ�ϑΡDΟ�ΡΙ�WΚΗ
ΥΗςΗDΥΦΚ�Λς�WΡ�ΓΛΥΗΦWΟ∴�ςΞΣΣΡΥW�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΣΟDΘΘΛΘϑ�WΚDW�ΕDΟDΘΦΗς�WΚΗ�ςΞςWDΛΘΗΓ
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∃�)ΥDΠΗΖΡΥΝ�ΙΡΥ�6ΗWWΛΘϑ�∗ΡDΟς

3DΥWΘΗΥ��0DςςDΦΚΞςΗWWς�%D∴ς�1DWΛΡΘDΟ�(ςWΞDΥ∴�3ΥΡϑΥDΠ

3ΥΡΜΗΦW��0DΘDϑΛΘϑ�0ΞΟWΛΣΟΗ�%D∴ς�DΘΓ�(ςWΞDΥΛΗς

7ΚΗ�0DςςDΦΚΞςΗWWς�%D∴ς�1DWΛΡΘDΟ�(ςWΞDΥ∴�3ΥΡϑΥDΠ��0Dςς%D∴ς��ΚDς�ςΗW�ΡΞW�DΘ
DΠΕΛWΛΡΞς�ϑΡDΟ��ςΗWWΛΘϑ�ΗΘΨΛΥΡΘΠΗΘWDΟ�WDΥϑΗWς�DΘΓ�ΠDΘDϑΛΘϑ�WΚΗ����ΛΘΓΗΣΗΘΓΗΘW
ΗΠΕD∴ΠΗΘWς″ΚDΥΕΡΥς��ΕD∴ς��DΘΓ�ΦΡΨΗς″WΚDW�ΠDΝΗ�ΞΣ�WΚΗ�ΦΡDςWΟΛΘΗ��ΗDΦΚ�ΖΛWΚ
ΓΛΙΙΗΥΗΘW�ΖDWΗΥςΚΗΓ��ΟDΘΓςΦDΣΗ��DΘΓ�ΗΦΡς∴ςWΗΠ�ΕΗΘΗΙΛW�ΦΚDΥDΦWΗΥΛςWΛΦς�WΡ�ΠΗΗW
WΚΡςΗ�WDΥϑΗWς�

0Dςς%D∴ς�ΚDς�ΡΥϑDΘΛ]ΗΓ�WΚΗ�ΛΘΓΛΨΛΓΞDΟ�ΗΠΕD∴ΠΗΘWς�ΛΘWΡ�ΗΦΡΟΡϑΛΦDΟ�ΦΟDςςΗς�ΕDςΗΓ
ΡΘ�ΣΚ∴ςΛΦDΟ�ΣΥΡΣΗΥWΛΗς�DΘΓ�ΕΛΡΟΡϑΛΦDΟ�ΥΗςΡΞΥΦΗς�ςΞΦΚ�Dς�ςΗDϑΥDςς��ςDΟWΠDΥςΚ�ΡΥ
ςΚΗΟΟΙΛςΚ�ΕΗΓς��1ΡΖ��(3∃�ςΦΛΗΘWΛςWς�DΥΗ�ΖΡΥΝΛΘϑ�ΖΛWΚ�0Dςς%D∴ς∂�ςΦΛΗΘΦΗ�DΓΨΛςΡΥς
DΘΓ�ΟΡΦDΟ�ςWDΝΗΚΡΟΓΗΥς�WΡ�ΓΗΨΗΟΡΣ�D�ΙΥDΠΗΖΡΥΝ�WΚDW�ΚΛϑΚΟΛϑΚWς�WΚΗ�ΕΗΘΗΙΛWς�WΚDW
DΦΦΥΞΗ�ΙΥΡΠ�WΚΗςΗ�ΥΗςΡΞΥΦΗς�Dς�ΖΗΟΟ�Dς�WΚΗ�ΖDWΗΥςΚΗΓ�ςWΥΗςςΡΥς�WΚDW�WΚΥΗDWΗΘ�WΚΗΠ�
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ΦΡΠΠΞΘΛΦDWΗ�WΡ�ΟΡΦDΟ�ΓΗΦΛςΛΡΘΠDΝΗΥς�ΚΡΖ�ΗςWΞDΥΛΗς�ΣΥΡΨΛΓΗ�ςΡΦΛDΟ�DΘΓ�ΗΦΡΘΡΠΛΦ
ΕΗΘΗΙΛWς�WΡ�ΦΡΠΠΞΘΛWΛΗς�DΦΥΡςς�WΚΗ�ΖDWΗΥςΚΗΓ���
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7ΚΗ�ςDΟWΠDΥςΚ�ΚDΕΛWDWς�WΚDW�ϑΥΡΖ�DΟΡΘϑ�WΚΗ�ΗΓϑΗς�ΡΙ�ΗςWΞDΥΛΗς�ΣΥΡΨΛΓΗ�ΗςςΗΘWΛDΟ
ΥΗΙΞϑΗ�ΙΡΥ�ΙΛςΚ�DΘΓ�ΖΛΟΓΟΛΙΗ�DΘΓ�ΣΥΡWΗΦW�ςΚΡΥΗΟΛΘΗς�ΙΥΡΠ�ΗΥΡςΛΡΘ�Ε∴�ΕΞΙΙΗΥΛΘϑ�ΖDΨΗ
DΦWΛΡΘ�DΘΓ�WΥDΣΣΛΘϑ�ςΗΓΛΠΗΘWς��%ΞW�ΥΛςΛΘϑ�ςΗD�ΟΗΨΗΟς��ΛΘΦΥΗDςΗΓ�ςWΡΥΠ�ΛΘWΗΘςΛW∴�
ΘΞWΥΛΗΘW�ΣΡΟΟΞWΛΡΘ��DΘΓ�ΡWΚΗΥ�ςWΥΗςςΡΥς�ΟΛΘΝΗΓ�WΡ�ΚΞΠDΘ�DΦWΛΨΛWΛΗς�ΡΘ�WΚΗ
ςΞΥΥΡΞΘΓΛΘϑ�ΟDΘΓ�ΚDΨΗ�ςΣDΥΝΗΓ�ΓΗΦΟΛΘΗς�ΛΘ�ςDΟWΠDΥςΚΗς�DΦΥΡςς�WΚΗ�ϑΟΡΕΗ�

(3∃�ΥΗςΗDΥΦΚΗΥς�ΖΡΥΝΗΓ�ΖΛWΚ�WΚΗ�3DΥWΘΗΥςΚΛΣ�ΙΡΥ�WΚΗ�∋ΗΟDΖDΥΗ�(ςWΞDΥ∴�ΡΘ
ΠΗWΚΡΓς�WΡ�ΕΗWWΗΥ�ΣΥΡWΗΦW�ςDΟWΠDΥςΚΗς�DΘΓ�WΚΗ�ΕΗΘΗΙΛWς�WΚΗ∴�ΣΥΡΨΛΓΗ�WΚΥΡΞϑΚ
ΦΡΘςWΥΞΦWΛΡΘ�ΡΙ�ΟΛΨΛΘϑ�ςΚΡΥΗΟΛΘΗς″ΗΘϑΛΘΗΗΥΗΓ�ΚDΕΛWDW�ΗΘΚDΘΦΗΠΗΘWς�WΚDW�ΥΗΓΞΦΗ
ΗΥΡςΛΡΘ�ΖΚΛΟΗ�ΗΘΦΡΞΥDϑΛΘϑ�WΚΗ�ϑΥΡΖWΚ�ΡΙ�ΨΗϑΗWDWΛΡΘ�DΘΓ�ςΚΗΟΟΙΛςΚ�

7ΚΗ∴�ΦΡΘΓΞΦWΗΓ�D�ςWΞΓ∴�WΚDW�Η[ΣΟΡΥΗΓ�WΚΗ�ΗΙΙΗΦWΛΨΗΘΗςς�ΡΙ�ΦΡΛΥ�ΟΡϑς��ΦΡΦΡΘΞW�ΙΛΕΗΥ
ΥΡΟΟΗΓ�ΛΘ�ΕΞΥΟDΣ��WΡ�ΣΥΡWΗΦW�WΚΗ�ςΚΡΥΗΟΛΘΗ�ΙΥΡΠ�ΗΥΡςΛΡΘ��DΟΡΘϑ�ΖΛWΚ�ΣΟDΘWΗΓ�ΠΞςςΗΟ
ςΗΗΓΟΛΘϑς�WΡ�ΙΛΟWΗΥ�DΟϑDΗ�DΘΓ�ςΗΓΛΠΗΘW�ΙΥΡΠ�WΚΗ�ΖDWΗΥ��7ΚΗ�WΥΛDΟ�ςΚΡΖΗΓ�WΚDW�ΦΡΛΥ
ΟΡϑς�ΦΡΞΟΓ�ΣΥΡWΗΦW�WΚΗ�ςΚΡΥΗΟΛΘΗ�DΘΓ�ΕΞΛΟΓ�ΞΣ�ΠDΥςΚ�ΛΘ�∋ΗΟDΖDΥΗ�%D∴�ΕΗΦDΞςΗ�ΡΙ
ΚΛϑΚ�ςΗΓΛΠΗΘW�ςΞΣΣΟΛΗς�ΛΘ�WΚDW�ΗςWΞDΥ∴��ΕΞW�ΖΗΥΗ�ΠΞΦΚ�ΟΗςς�ΗΙΙΗΦWΛΨΗ�ΛΘ�1ΡΥWΚΗDςW
ΗςWΞDΥΛΗς�ΖΚΗΥΗ�ςΗΓΛΠΗΘW�ςΞΣΣΟ∴�ΖDς�ΛΘςΞΙΙΛΦΛΗΘW�WΡ�ΕΞΛΟΓ�ΠDΥςΚΗς��7ΚΗ�ΗΙΙΡΥW
ΣΥΡΨΛΓΗΓ�ΝΗ∴�ΛΘςΛϑΚWς�DΕΡΞW�ΚΡΖ�DΘΓ�ΖΚΗΥΗ�ΦΗΥWDΛΘ�ΟΛΨΛΘϑ�ςΚΡΥΗΟΛΘΗ�W∴ΣΗς�ΦΡΞΟΓ
ΥΗςWΡΥΗ�ςDΟWΠDΥςΚ�ΚDΕΛWDW��7ΚΛς�ΚDς�ΛΘΙΡΥΠΗΓ�ΓΗΦΛςΛΡΘς�ΙΡΥ�ΗςWΞDΥ∴�ΥΗςWΡΥDWΛΡΘ�DΘΓ
ΣΥΡWΗΦWΛΡΘ�DΦΥΡςς�1DWΛΡΘDΟ�(ςWΞDΥ∴�3ΥΡϑΥDΠς�

5ΛςΛΘϑ�WΡ�WΚΗ�&ΚDΟΟΗΘϑΗ��∃ςςΗςςΛΘϑ�6ΗΓΛΠΗΘW�∃ΣΣΟΛΦDWΛΡΘς�WΡ�6DΨΗ

∋ΥΡΖΘΛΘϑ�0DΥςΚΗς

3DΥWΘΗΥ��1DΥΥDϑDΘςΗWW�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ

3ΥΡΜΗΦW��5ΗςWΡΥΛΘϑ�6DΟWΠDΥςΚΗς
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6DΟWΠDΥςΚ�ΚDΕΛWDWς�DΥΗ�ΦΥΛWΛΦDΟ�WΡ�ΗςWΞDΥΛΘΗ�ΚΗDWΚ��7ΚΗ∴�DΥΗ�ΘΞΥςΗΥΛΗς��ΥΗΙΞϑΗς��DΘΓ
ΙΗΗΓΛΘϑ�ςWDWΛΡΘς�ΙΡΥ�ΗςWΞDΥΛΘΗ�ΟΛΙΗ��ΣΥΡWΗΦW�ςΚΡΥΗΟΛΘΗς��DΘΓ�ΦΟΗDΘ�ΖDWΗΥ�Ε∴�WΥDΣΣΛΘϑ
ςΗΓΛΠΗΘWς���:ΚΛΟΗ�ςDΟWΠDΥςΚΗς�ΙDΦΗ�ΠDΘ∴�ςWΥΗςςΡΥς��ςΗD�ΟΗΨΗΟ�ΥΛςΗ�DΘΓ�ΠDΥςΚ
ΙΟΡΡΓΛΘϑ�DΥΗ�D�ΣDΥWΛΦΞΟDΥ�ΦΡΘΦΗΥΘ�DΦΥΡςς�5ΚΡΓΗ�,ςΟDΘΓ�

(3∃�ςΦΛΗΘWΛςWς�ΖΡΥΝΗΓ�ΖΛWΚ�WΚΗ�1DΥΥDϑDΘςΗWW�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ��WΚΗ�5ΚΡΓΗ
,ςΟDΘΓ�&ΡDςWDΟ�5ΗςΡΞΥΦΗς�0DΘDϑΗΠΗΘW�&ΡΞΘΦΛΟ��WΚΗ�5ΚΡΓΗ�,ςΟDΘΓ�1DWΞΥDΟ�+ΛςWΡΥ∴
6ΞΥΨΗ∴��DΘΓ�WΚΗ�1DWΛΡΘDΟ�(ςWΞDΥΛΘΗ�5ΗςΗDΥΦΚ�5ΗςΗΥΨΗ�ΛΘ�5ΚΡΓΗ�,ςΟDΘΓ�WΡ�ΓΗςΛϑΘ�D
ςΗΓΛΠΗΘW�DΣΣΟΛΦDWΛΡΘ�ΣΥΡΜΗΦW��7ΚΗ�ΣΥΡΜΗΦW�ΦΡΘςΛςWΗΓ�ΡΙ�ΣΟDΦΛΘϑ�ΦΟΗDΘ�ΓΥΗΓϑΗ
ΠDWΗΥΛDΟ�ΡΘ�WΚΗ�ςΞΥΙDΦΗ�ΡΙ�D�ΓΥΡΖΘΛΘϑ�ΠDΥςΚ�WΚΛΦΝ�ΗΘΡΞϑΚ�WΡ�ΦΡΞΘWΗΥ�ΥΛςΛΘϑ�ςΗD�
�:ΛWΚ�WΚDW�ΛΘ�ΣΟDΦΗ��(3∃�Λς�ΣΥΡΨΛΓΛΘϑ�ςΦΛΗΘWΛΙΛΦ�ςΞΣΣΡΥW�ΙΡΥ�ΠΡΘΛWΡΥΛΘϑ�WΚΗ
ΛΠΣDΦWς��ΛΘΦΟΞΓΛΘϑ�ΨΗϑΗWDWΛΡΘ�ϑΥΡΖWΚ��ςΡΛΟς�Σ+��ςDΟΛΘΛW∴��ΣΗΥΦΗΘW�ΡΥϑDΘΛΦ�ΠDWWΗΥ�
DΘΓ�ΠΡΥΗ�

:ΚΛΟΗ�D�ΘΞΠΕΗΥ�ΡΙ�ςΛΠΛΟDΥ�ςΗΓΛΠΗΘW�DΣΣΟΛΦDWΛΡΘ�ΣΥΡΜΗΦWς�ΚDΨΗ�WDΝΗΘ�ΣΟDΦΗ�ΡΥ�DΥΗ
ΣΟDΘΘΗΓ�DΦΥΡςς�WΚΗ�86��WΚΛς�ΖΡΥΝ�Λς�ΡΘΗ�ΡΙ�ΡΘΟ∴�D�ΙΗΖ�WΚDW�ΚDΨΗ�ΛΘΦΟΞΓΗΓ�ςΦΛΗΘWΛΙΛΦ
ΠΡΘΛWΡΥΛΘϑ��ΠDΝΛΘϑ�ΛW�D�ΝΗ∴�ΦΡΘWΥΛΕΞWΡΥ�WΡ�ΙΞWΞΥΗ�ςΞΦΦΗςς�

&ΞΟWΛΨDWΛΘϑ�6ΦΛΗΘΦΗ�WΡ�5ΗΓΞΦΗ�1ΞWΥΛΗΘW�3ΡΟΟΞWΛΡΘ�DΘΓ�3ΥΡWΗΦW

6ΗDϑΥDςςΗς

3DΥWΘΗΥ��1DΥΥDϑDΘςΗWW�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ

3ΥΡΜΗΦW��3ΥΡWΗΦWΛΘϑ�6ΗDϑΥDςςΗς
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7ΡΡ�ΠDΘ∴�ΘΞWΥΛΗΘWς�ΙΟΡΖΛΘϑ�ΛΘWΡ�ΗςWΞDΥΛΗς�ΦDΘ�ΟΗDΓ�WΡ�ΛΘΦΥΗDςΗΓ�DΟϑDΟ�ϑΥΡΖWΚ�WΚDW
WΥΛϑϑΗΥς�D�ΦDςΦDΓΗ�ΡΙ�ΛΠΣDΦWς″ΟΡΖΗΥ�ΓΛςΡΟΨΗΓ�Ρ[∴ϑΗΘ�ΟΗΨΗΟς��DΦΛΓΛΙΛΦDWΛΡΘ��ΟΗςς
ςΞΘΟΛϑΚW�ΣΗΘΗWΥDWΛΘϑ�WΚΗ�ΖDWΗΥ�ΦΡΟΞΠΘ″ΛΠΣDΦWς�WΚDW�ΞΟWΛΠDWΗΟ∴�ΥΗΓΞΦΗ�ςΗDϑΥDςς
DΕΞΘΓDΘΦΗ��D�ΝΗ∴�ΚDΕΛWDW�ΙΡΥ�WΚΗ�ΚΗDΟWΚ�ΡΙ�WΚΗ�ΗΘWΛΥΗ�ΗΦΡς∴ςWΗΠ�

7Ρ�ΕΗWWΗΥ�DςςΗςς�WΚΗ�ΚΗDΟWΚ�ΡΙ�WΚΗ�ςΗDϑΥDςς�ΛΘ�1DΥΥDϑDΘςΗWW�%D∴�ΡΨΗΥ�WΛΠΗ��(3∃
ςΦΛΗΘWΛςWς��ΛΘ�ΣDΥWΘΗΥςΚΛΣ�ΖΛWΚ�WΚΗ�1DΥΥDϑDΘςΗWW�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ��DΘΓ�WΚΗ
8ΘΛΨΗΥςΛW∴�ΡΙ�5ΚΡΓΗ�,ςΟDΘΓ�ΦΡΠΣΛΟΗΓ�DΘΓ�DΘDΟ∴]ΗΓ�ΣΚΡWΡϑΥDΣΚς��ΗDΥΟ∴�ΦΚDΥWς��DΘΓ
ΡWΚΗΥ�ΚΛςWΡΥΛΦ�ΓΡΦΞΠΗΘWς��8ςΛΘϑ�WΚΛς�ΛΘΙΡΥΠDWΛΡΘ��WΚΗ∴�ΓΡΦΞΠΗΘWΗΓ�ΦΚDΘϑΗς�WΡ�WΚΗ
Η[WΗΘW��DΥΗD��ΡΙ�ςΗDϑΥDςς�ΦΡΨΗΥDϑΗ�DΦΥΡςς�WΚΗ�%D∴�ΙΥΡΠ������WΡ�������DΘΓ�WΚΗΘ
ΦΡΥΥΗΟDWΗΓ�WΚΛς�WΡ�ΘΞWΥΛΗΘW�ΛΘΣΞWς�ΡΨΗΥ�WΚDW�WΛΠΗ�ΣΗΥΛΡΓ��8ςΛΘϑ�WΚΛς�ΛΘΙΡΥΠDWΛΡΘ�
WΚΗ∴�ΓΡΦΞΠΗΘWΗΓ�WΚΗ�Η[WΗΘW��DΥΗD��ΡΙ�ςΗDϑΥDςς�ΦΡΨΗΥDϑΗ�DΦΥΡςς�WΚΗ�%D∴��DΘΓ�WΚΗΘ
ΦΡΥΥΗΟDWΗΓ�WΚΗ�ΦΚDΘϑΗς�WΚΗ∴�ΙΡΞΘΓ�ΖΛWΚ�ςΡΞΥΦΗς�ΡΙ�ΘΞWΥΛΗΘWς�ΗΘWΗΥΛΘϑ�WΚΗ�%D∴�

7ΚΗ�ΖΡΥΝ�ΚDς�ΟΗΓ�WΡ�D�ΕΗWWΗΥ�ΞΘΓΗΥςWDΘΓΛΘϑ�ΡΙ�ΚΡΖ�ΖDςWΗΖDWΗΥ�WΥΗDWΠΗΘW�ΞΣϑΥDΓΗς
ΚDΨΗ�ΦΡΘWΥΛΕΞWΗΓ�WΡ�ΟΡΖΗΥ�ΘΞWΥΛΗΘW�ΟΗΨΗΟς�DΘΓ�ΛΠΣΥΡΨΗΓ�WΚΗ�ΗΘΨΛΥΡΘΠΗΘW″
ΛΠΣΡΥWDΘW�ΛΘΙΡΥΠDWΛΡΘ�ΙΡΥ�ΟΡΦDΟ�ΦΡΠΠΞΘΛWΛΗς�ςΗDΥΦΚΛΘϑ�ΙΡΥ�ΗΙΙΗΦWΛΨΗ��ΦΡςW�ΗΙΙΛΦΛΗΘW
ςΡΟΞWΛΡΘς�

3DςW��3ΥΗςΗΘW��DΘΓ�)ΞWΞΥΗ��,ΘΘΡΨDWΛΨΗ�5ΗςΗDΥΦΚ�ΙΡΥ�7DΠΣD�%D∴

3DΥWΘΗΥ��7DΠΣD�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ

3ΥΡΜΗΦW��6ΗWWΛΘϑ�:DWΗΥ�4ΞDΟΛW∴�∗ΡDΟς
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7ΚΗ�7DΠΣD�%D∴�(ςWΞDΥ∴�3ΥΡϑΥDΠ��7%(3��ΚDς�ΗΠΕΥDΦΗΓ�WΚΗ�ΓDΞΘWΛΘϑ�ΦΚDΟΟΗΘϑΗ�ΡΙ
ΣΥΡWΗΦWΛΘϑ�WΚΗ�ΖDWΗΥ�ΤΞDΟΛW∴��ΚDΕΛWDW�DΘΓ�ΕΗΘΗΙΛWς�ΣΥΡΨΛΓΗΓ�Ε∴�7DΠΣD�%D∴�
)ΟΡΥΛΓD∂ς�ΟDΥϑΗςW�ΡΣΗΘ�ΖDWΗΥ�ΗςWΞDΥ∴��7Ρ�WΚΛς�ΗΘΓ��(3∃�ΥΗςΗDΥΦΚΗΥς�ΚDΨΗ�ΕΗΗΘ
ΖΡΥΝΛΘϑ�ΖΛWΚ�7%(3�DΘΓ�ΡWΚΗΥ�6WDWΗ�DΘΓ�ΟΡΦDΟ�ΣDΥWΘΗΥς�ΙΡΥ�ΠΡΥΗ�WΚDΘ����∴ΗDΥς�
3ΥΡΜΗΦWς�ΚDΨΗ�ΦΡΨΗΥΗΓ�D�ΖΛΓΗ�ΥDΘϑΗ�ΡΙ�ςΞΕΜΗΦWς��ΛΘΦΟΞΓΛΘϑ�ΘΞWΥΛΗΘW�DςςΗςςΠΗΘW�DΘΓ
ΠΡΘΛWΡΥΛΘϑ��DΤΞDWΛΦ�ΚDΕΛWDWς��DςςΗςςΛΘϑ�WΚΗ�ΕΗΘΗΙΛWς��ΗΦΡς∴ςWΗΠ�ςΗΥΨΛΦΗς��WΚDW�WΚΗ
ΗςWΞDΥ∴�ΣΥΡΨΛΓΗς��DΘΓ�ςΗWWΛΘϑ�ΠDΘDϑΗΠΗΘW�WDΥϑΗWς�ΙΡΥ�ΥΗΦΡΨΗΥ∴�DΘΓ�ΥΗςWΡΥDWΛΡΘ�

,Θ�ΡΘΗ�ΛΘΘΡΨDWΛΨΗ�ΣΥΡΜΗΦW��∃ϑΗΘΦ∴�ΥΗςΗDΥΦΚΗΥς�ΞςΗΓ�ΚΛςWΡΥΛΦ�ΓDWD�WΡ�ΓΡΦΞΠΗΘW�DΘΓ
ΛΟΟΞςWΥDWΗ�WΚΗ�ΟΡςς�ΡΙ�ςΗDϑΥDςς�ΚDΕΛWDW�ΡΨΗΥ�WΛΠΗ��WΚΗΘ�ΖΡΥΝΗΓ�ΖΛWΚ�ΟΡΦDΟ�ΣDΥWΘΗΥς�WΡ
ςΗW�ςΗDϑΥDςς�ΥΗςWΡΥDWΛΡΘ�WDΥϑΗWς��7ΚΗ�ΚΛςWΡΥΛΦ�ΓDWDςΗW�ΖDς�ΚΛϑΚΟ∴�ΛΘΙΟΞΗΘWΛDΟ�ΖΛWΚ
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2017 ORD HONOR AWARD RECIPIENTS 
 

 

 

 

 

Administrative, Operations, and Support Services Award 

National Center for Environmental Assessment 

Collaborative ORD Space Consolidation Team 

For exemplary administrative and operational support to major office moves for ORD.  

 

Philip Baker, OARM 

Shadawn Brooks, NCEA 

Richard Callan, NCER 

Shelia Davis, OSIM 

Lisa Doucet, NCER 

James Gentry, NCER 

Michael Hiscock, NCERAbdel-Razak 

Kadry, NCEA 

Keeley Dean, OSIM 

Jay Kress, OSIM 

Patrick Lau, NCER 

Danielle Lewis, OSIM 

Leslie Meadows, NCEA 

Lenee Morina, OARM 

Mel Peffers, NCER 

Michael Perry, OARM 

Brenda Randall, OARM 

Chris Saint, NCEA 

Crystal Samuels, NCEA 

Janice Sanchez, NCEA 

Helen Smith, OARM 

Preston Turner, OARM 

Luke Weber, NCER 

 

Marieka Boyd, NCEA 

 

For extraordinary administrative support to assure the NCEA-RTP program is highly efficient, 

effective and influential.  

 

Maureen Johnson, NCEA 

For exemplary support to the National Center for Environmental Assessment in developing the 

CADDIS website. 

 

National Exposure Research Laboratory 

Breanne Benton-Madonna, NERL 

For exceptional support in improved efficiency in processing "cleared" peer-reviewed technical 

manuscripts across NERL and standardizing entry into ORD's Scientific Technical Information 

Clearance System. 

 

Claudette W. Mitchell, NERL 

For her exceptional professionalism and dedication in support of ORD. 

 

 

National Health and Environmental Effects Research Laboratory 

Barbara A. Sherman, NHEERL 

In recognition of her sustained administrative excellence through efficiency, diligence, thrift, and 

skill in support of her division, colleagues, and research to protect the environment. 

 

Linda D. Lassiter, NHEERL 

For exceptional service in providing superior customer service to the National Health 

Environmental Effects Research Laboratory, and ORISE program. 

 



National Risk Management Research Laboratory 

 

 

 

EPA-Cincinnati Safety, Health, and Environmental Management Team (SHEM) 

For the EPA-Cincinnati SHEM team's outstanding support services resulting in efficiency, 

infrastructure, safety, and environmental performance improvements at the Laboratory Support 

Center. 

 

Gerard Henderson, NRMRL 

Steve Musson, NRMRL 

Jennifer Tant, NRMRL 

Joshua Weber, NRMRL 

Leslie Wilsong, NRMRL 

 

Suzanne Jackson, NRMRL 

In recognition of her exceptional operational administrative support for NRMRL and continued 

initiative to identify and solve issues before they arise. 

 

 

Office of Administrative and Research Support 

 

Agency Funds Control Officer (FCO) Workgroup  

For outstanding efforts to form an agency FCO Workgroup to facilitate information exchange 

and support consistent implementation of financial management practices. 

 

Katherine Berrey, OARM 

Carmelita Chadwick-Gallo, OCFO 

Jayna Alexander Cimonetti, OCFO 

Brent Eischen, OARS 

Donald Giamporcaro, OCFO 

Timothy Hinds, OEI 

Hamilton Humes, OCFO 

Vonda Jennette, OCFO 

Kennard Jones, OCFO 

Joseph Layman, OCFO 

Robin Lunsford, OARS 

Regina Milbeck, OARS 

Barbara Murphy, OEI 

Sharon Ridings, OARM 

Christine Robinson, OARM 

Jason Ruehl, OCFO 

Kelly Siegel, OCFO 

Cindy Spadaro, OCFO 

Shaun Trudeau, OGC 

Brian Webb, OCFO

OARS Budget Execution Division’s Services Branch 

For extraordinary initiative and team efforts to create and effectively deliver innovative 

customer-driven budget training 

 

Monica R. Brooks, OARS 

Azuree J. Cooksey, OARS 

Betty L. Hastings, OARS 

Naneka M. Mason, OARS 

Christine T. Snowden, OARS

 

ORD’s Simplified Acquisition Contracting Officers Team 

For outstanding acquisition results under the Simplified Acquisition Contracting Officers 

expansion program which mitigated an Agency enterprise risk and enabled accomplishment of 

ORD's research mission.  

 

Kevin Broadnax, OARS 

Renae Cochran, OARS 

Pam Daggs, OARS 

William Goins, OPARM 

Robin Harris, OARS 

Andrew Howe, OARS 

Sonya Mitchell, OARS 

Glennis Reslock, OARS 

Lisa Rogers, OARS 

William Sahli, OARS 



Office of Science Information Management 

 

 

 

 

 

ORD Computer Room Consolidation Team  

For outstanding support working to close ORD computer rooms in Edison, NJ, Chapel Hill, NC 

and Grosse Ile, MI. 

 

Brain Devir, OSIM 

Steve Greenfield, OSIM 

Craig Hammel, OSIM 

Sarah Lopez, OSIM 

Michael McDowell, OSIM  

Elroy Seegars, OSIM 

Barbara Sheedy, NHEERL 

David Shoffner, NHEERL 

Rick Smith, OSIM 

Debra Taylor, NHEERL 

 

ORD Virtual Computer Team  

For outstanding support to transition ORD Staff and business partners to ORD's Virtual 

Computing environment. 

 

Keeley Dean, OSIM 

Craig Hammel, OSIM 

Danielle Lewis, OSIM 

Michael McDowell, OSIM 

John Sykes, OSIM 

Melissa Tracy, OSIM  

 

 

Office of Science Policy 

Shared Administrative Resources Group 

For innovation in providing exceptional shared administrative support and ensuring consistency 

and creating efficiencies in administrative processes. 

 

Danielle Branch, IOAA 

Anna Champlin, IOAA 

Robin Clarke, IOAA 

Danielle Dixon, IOAA 

Anthony Grimm, OSP 

Tia Groves, IOAA 

Irving Matchen, OSP 

Rachel Matney, IOAA 

Patricia McGhee, IOAA 

Danielle Pope, OSA 

Ashley Ramsey, OPARM 

Brandon Walters, IOAA 

Bronze Medal Award 

National Center for Environmental Assessment 

IRIS Benzo[a]pyrene and Trimethylbenzene Assessment Team  

For exceptional and innovative scientific assessment work on the Benzo[a]pyrene and 

Trimethylbenzene IRIS Assessments. 

 

Lyle Burgoon, NCEA 

Christine Cai, NCEA 

Vincent Cogliano, NCEA 

Glinda Cooper, NCEA 

John Cowden, NCCT 

Allen Davis, NCEA 

Gary Foureman, NCEA 

Martin Gehlhaus, Region 3 

Catherine Gibbons, NCEA 

Kevin Hogan, NCEA 

Andrew Kraft, NCEA 

Eva McLanahan, ASTDR/CDC 

Kathleen Newhouse, NCEA 

Linda Phillips, NCEA 
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Abstract: The ability of ecosystems to regulate water quality and flood events has been linked to health

outcomes, including mosquito-borne illnesses. In the San Juan Bay Estuary watershed of Puerto Rico, habitat

alterations and land-use development have disrupted watershed hydrology, exacerbating wastewater discharges

and subjecting some neighborhoods to frequent flooding events. In 2016, the mosquito-borne illness Zika

became a new cause for concern. We hypothesized that nutrient-enriched flood water could provide pulses of

supplemental nutrients to local mosquito populations. We conducted a field study in six neighborhoods

adjacent to the estuary to assess whether environmental variability of nutrient inputs could be linked to

breeding habitat containers, Aedes aegypti larvae and adults, and the acquisition of Zika virus by adult mos-

quitoes. The most frequently flooded neighborhood had consistently higher levels of nitrogen in estuary water,

leaf detritus, containers, and adult mosquitoes compared to other neighborhoods. Adult body nitrogen was

significantly related to both nitrogen content of containers and leaf detritus from the local trapping area.

Disseminated Zika concentration in adult Ae. aegypti tended to decrease as body carbon and nitrogen in-

creased. Our study provides preliminary evidence that environmental variability in nutrient inputs can

influence viral acquisition by mosquito vectors. This suggests that management actions to reduce flooding and

improve water quality should go hand-in-hand with more traditional vector control methods, such as aerial

spraying, to help control spread of vector-borne diseases.

Keywords: Aedes aegypti, Nitrogen, Carbon, Stable isotopes, Zika

INTRODUCTION

Decision makers are increasingly framing environmental

management issues within the context of benefits to the

health and well-being of stakeholders (Rhodus et al. 2013;

Korfmacher et al. 2015; Oosterbroek et al. 2016). Land-use

change, climate change, and point and nonpoint source
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runoff alter the state of ecosystems and their services,

including disservices, leading to subsequent effects on hu-

man health (Myers et al. 2013). The ability of ecosystems to

regulate water quality and flood events has been linked to

decreases in a number of health outcomes, including

infectious and parasitic diseases, mental disorders, and

respiratory illnesses (Hinga and Batchelor 2005; Ivers and

Ryan 2006; Oosterbroek et al. 2016; De Jesus Crespo and

Fulford 2017). In coastal communities, greenspaces such as

wetlands may play a role in mitigating mosquito-borne

illnesses by moderating flooding events or regulating water

quality (Carver et al. 2015; De Jesus Crespo et al. 2018).

With growing concerns about the health risks of aerial

spraying for mosquitoes, alternative management strategies

that leverage these natural ecosystem services may provide

more sustainable approaches to managing mosquito vec-

tors.

Estuary management programs, in particular, have

been linking actions to improve the habitat and water

quality of the estuary to goals of improving human health

and public safety (SJBEP 2000). For example, the San Juan

Bay estuary, Puerto Rico, comprises a connected system of

bays, lagoons, and canals in a highly urbanized watershed

of over half a million residents, with socioeconomic con-

ditions varying widely across neighborhoods (Azar and

Rain 2007). Habitat alterations and land-use development

have disrupted the natural flow of water throughout the

estuary system, subjecting some neighborhoods to frequent

flooding events and exacerbating the effects of wastewater

discharges, including untreated sewage and stormwater

runoff into areas of the bay (SJBEP 2000). A recent Health

Impact Assessment identified vector-borne illnesses,

including dengue, as a major health concern for flood-

impacted communities neighboring the estuary (Sheffield

et al. 2014; Korfmacher et al. 2015), and supported efforts

to reduce flooding and debris that create mosquito breed-

ing sites (Ahern et al. 2005; Pires and Gleiser 2010).

Most recently, the mosquito-borne illness Zika has

become a cause for concern. Zika virus (ZIKV) is a fla-

vivirus, closely related to other arboviruses like dengue,

West Nile, and yellow fever, and was originally isolated in

Uganda, Africa (Dick et al. 1952; Musso and Gubler 2016).

ZIKV was first detected in the Americas in Brazil in 2015

(Zanluca et al. 2015) and spread explosively throughout the

Americas in 2016 (WHO 2016a). The first confirmed case

of locally acquired Zika infection in Puerto Rico was re-

ported in December 2015 (WHO 2016b), and Zika cases

continued to increase rapidly, peaking in August 2016 with

as many as 2500 confirmed cases per week (Puerto Rico

Department of Health 2017). In North America, Aedes

aegypti and Ae. albopictus are the only mosquitoes known

to be competent vectors of ZIKV (Chouin-Carneiro et al.

2016), with only Ae. aegypti known to have an established

distribution in Puerto Rico (Sharp et al. 2013).

Like other arboviruses, transmission of Zika virus is

influenced by a complex array of interactions among hu-

mans, wildlife, mosquito vectors, and the environment

(Thomas et al. 2017). Mosquitoes become exposed to virus

when they take a blood meal from an infected person

(Gratz 2004), or wildlife that may serve as pathogen

reservoirs (Gonzalez-Salazar et al. 2017). The virus then

replicates in the mosquito’s midgut and salivary glands,

and after an incubation period, may be spread when the

infectious mosquito takes its next blood meal (Musso and

Gubler 2016). The capacity of a mosquito vector to spread

a virus depends on factors such as the probability of

acquiring and transmitting the pathogen, the proportion of

vectors acquiring the pathogen, and the density of vectors

per human host (Anderson and Rico-Hesse 2006; Klemp-

ner et al. 2007). Environmental factors, such as larval

nutrition (Nasci and Mitchell 1994), larval density (Alto

et al. 2005; 2008a; Reiskind and Lounibos 2009), adult

nutrition (Canyon et al. 1999), adult body size (Scott et al.

2000; Alto et al. 2008b), and seasonality and climate (Al-

meida et al. 2005), have all been shown to affect virus

acquisition for mosquitoes. Moreover, a handful of studies

have directly linked water quality factors, such as nutrient

enhancement through fertilizer runoff (Mutero et al. 2004)

or water chemistry in septic systems (Burke et al. 2010), to

the abundance of mosquito larvae and adults. To our

knowledge, however, no studies have assessed whether local

variability in water quality can be linked to variability in the

acquisition of virus by adult mosquitoes. As a result, the

degree to which proposed actions in the San Juan Bay

watershed to reduce sewage discharges, improve stormwa-

ter drainage, and restore natural flow could mitigate vec-

tor-borne illnesses (Sheffield et al. 2014; Korfmacher et al.

2015) is challenging to ascertain.

We hypothesized that variability in point and nonpoint

source runoff creates variability in estuary water quality

(Fig. 1). During extreme rainfall events, larval habitat

containers, such as buckets, food containers, or discarded

vehicle tires, may experience inputs of flood waters as

rivers, canals, or lagoons overflow (Hashizume et al. 2012).

Normally, larval containers are filled through precipitation

events, and allochthonous inputs from leaf or animal

S. H. Yee et al.



detritus are important sources of nutrients (Kling et al.

2007). In areas where waterbodies are subjected to runoff

or wastewater discharges, flood water could provide pulses

of supplemental nutrients to local mosquito populations,

dependent on the frequency of flooding. In larval con-

tainers, nutrients such as nitrogen are often limiting, such

that the growth, survival, and mass of larvae, and conse-

quently of adults, are crucially affected by allochthonous

inputs (Carpenter 1983; Yee and Juliano 2006). Nutrition

and mass subsequently affect the acquisition and multi-

plication rates of virus within adult mosquitoes (Nasci and

Mitchell 1994; Canyon et al. 1999; Scott et al. 2000; Alto

et al. 2008b) and ultimately, along with the abundance of

infected mosquitoes (Klempner et al. 2007), transmit to

humans.

We conducted a field study in neighborhoods bor-

dering water bodies within the San Juan Bay estuary system

in June 2016, when confirmed Zika cases in Puerto Rico

were approximately 672 per week and were rapidly

increasing (Puerto Rico Department of Health 2016). In

each neighborhood, we assessed the particulate nitrogen

and carbon content of estuary water, leaf detritus, water

from larval containers, Ae. aegypti larvae within containers,

and local adult Ae. aegypti populations, to determine the

degree to which environmental variability in nutrients is

carried through to adult mosquitoes. Sampling locations

were chosen to cover a range of variability in water quality,

observed in periodic water quality monitoring data (SJBEP

2016), in order to maximize our potential to detect dif-

ferences. Finally, we tested adults for ZIKV to determine

whether adult nutrition affects acquisition of Zika virus. By

simultaneously collecting field data on water quality, leaf

detritus, larval habitat, mosquito larvae, mosquito adults,

and virus, our study is one of the first to attempt to connect

environmental variability to the capacity of mosquito vec-

tors to spread disease.

Study Area

The San Juan Bay Estuary (SJBE) is an interconnected

system of channels and lagoons, many of which have been

severely altered by human activity (Brandeis et al. 2014).

The SJBE is the only tropical estuary in the US National

Estuary Program, and is the most highly urbanized, with

approximately 82% of the watershed developed. The

remaining watershed is dominated by moist forest and

wetlands, including the most extensive contiguous man-

grove forest in Puerto Rico (Brandeis et al. 2014). We se-

lected neighborhoods adjacent to six waterbodies: La

Malaria channel, Martin Peña channel, Suarez channel,

Torrecilla Lagoon, Piñones Lagoon, and Rio Piedras

(Fig. 2). Waterbodies were chosen to reflect a range of

water quality parameters, including salinity (0.17–34.03

PSS; SJBEP 2016), nitrogen (0.23–35.6 Kjeldahl nitrogen

mg/L; SJBEP 2016), and carbon (0.122–7.475 TOC mg/L;

SJBEP 2016). Cumulative Zika cases up to June 2016 were

comparable across the four municipios (i.e., county-

equivalent areas) covered by the study area (Puerto Rico

Department of Health 2016; Cataño municipio, 175 cases

per 100,000 inhabitants; San Juan municipio, 293 cases per

100,000 inhabitants; Carolina municipio 156 cases per

100,000 inhabitants; Loiza municipio: 136 cases per 100,000

inhabitants).

We focused our most intensive sampling efforts on the

Martin Peña neighborhood, with the five other waterbodies

included for comparison. The Martin Peña neighborhood

comprises eight distinct adjoining communities, but is re-

ferred to as a single neighborhood as the sampling unit for

the purpose of this study. Decades of unregulated dumping

and construction into the severely blocked Martin Peña

Channel, along with deficient sewage infrastructure and

direct discharges of untreated residential wastewater, has

led to frequent flood events during which residents are

Figure 1. Causal flow diagram illustrating how nitrogen and carbon inputs into mosquito larval containers through flooding events and

detrital inputs could influence viral load in adult mosquitoes and ultimately disease transmission to humans. Solid paths were tested with field

data; dashed paths were inferred.
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exposed to polluted surface waters in their homes and

roadways (Korfmacher et al. 2015). As many as 70% of

residents report flooding in or near their home in a given

year, with some residents reporting their homes flooded

upwards of 20 times per year (Sheffield et al. 2014). Flood

waters often reach heights greater than 30 cm, sufficient to

cover accumulated trash from illegal dumping or other

containers. The Martin Peña neighborhood experienced

such a flood event two weeks prior to our June 2016

sampling. Sampled neighborhoods from other waterbodies

were also within established flood zones (FEMA 2009;

Fig. 2), though it is unknown whether they had experi-

enced flooding recent to our field sampling.

Study Design

A sampling site within each neighborhood was defined by

the placement of an adult mosquito trap within 50–150 m

of the adjacent waterbody and any sampled larval container

habitats within 150 m of that trap (Fig. 2). All trap loca-

tions were adjacent to water sources within the estuarine

watershed, with similar vegetation and canopy cover. With

the exception of a state forest location near Piñones Lagoon

(PN1), all trap locations were within the San Juan

metropolitan area in neighborhoods with dense housing.

Across the six neighborhoods, we placed a total of 12 adult

mosquito traps, with between 1 and 5 traps placed per

neighborhood. We searched for water-filled containers with

larvae in the 150 m radial area surrounding each trap, with

between 1 and 4 larval containers located and sampled per

trap (Table 1). Container sampling was highly dependent

on our ability to find containers in accessible areas (e.g.,

not in a private yard), and we cannot assume potential

sources for adults were exhaustively sampled. However,

adult Ae. aegypti typically disperse less than 150 m (Har-

rington et al. 2005), so larval containers at each sampling

site were assumed to be a representative source of adult

mosquitoes in that area. Sites were sampled on June 7 and

Figure 2. Water, larval habitats, and adult mosquitoes were sampled from FEMA flood zones (gray shaded areas) in and around San Juan,

Puerto Rico. Mosquito trap locations (stars) and estuary sampling locations (solid circles) were sited within each of six sampled neighborhoods.

Larval habitat containers were located and sampled within 150 meters of traps. Two tire piles (concentric circles) were also sampled for

comparison to dispersed containers.
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8, 2016, with approximately half of the sites sampled each

day.

To collect adult mosquitoes, we used BG-Sentinel traps

(Biogents AG, Regensburg, Germany), baited with a human

scent lure (BG-Lure; Biogents AG). BG-Sentinel traps are

effective at capturing host-seeking adult Ae. aegypti (Ma-

ciel-de-Freitas et al. 2006), which are likely to have taken a

blood meal and thus been exposed to virus. A battery-

operated fan prevents adults from escaping after they have

entered the trap. Efforts were made to centrally locate each

trap among paired sampled containers, dependent on the

ability to place traps in a secure location, such as the gated

yard of a homeowner, to minimize disturbance. Traps were

left out for a 48-h period before adults were collected. One

trap malfunctioned (LM1; Fig. 2) and therefore did not

capture any adults. Collected adults were identified to sex

and species, with 0–30 female Ae. aegypti collected per trap

(Table 1). Only adult female Ae. aegypti were used for

subsequent analysis. Adults were frozen and transported to

the respective laboratories for nutrient and ZIKV analysis.

For each trap location, we collected three 50 mL

samples of surface water from each waterbody, within the

shortest direct distance of the approximate center of that

site. Water samples were filtered on site through 2.5-cm

glass fiber filters (Whatman GF/F), with filters immediately

placed on ice and then in a drying oven within a few hours

of collection each day. Because water samples are highly

dynamic, varying daily with recent precipitation, runoff, or

waterflow, we also collected three leaf samples from the

dominant vegetation (i.e., typically mangrove) directly

adjacent to the water sampling location as a long-term,

more stable proxy of local waterbody nutrients. Leaves were

placed in a drying oven within a few hours of collection.

For a few locations (RP2, LM1, SU1), leaf or water samples

could not be collected due to accessibility issues. All sam-

ples were dried at 65�C for approximately 48 h before being

transported to the continental USA.

We similarly filtered three 50 mL water samples from

any accessible larval container habitats that could be lo-

cated at each sampling site. Containers included discarded

Table 1. Number of Estuary Water Samples and Mosquito Larvae Containers Sampled Corresponding to Each Trap Location, as Well

as the Number of Adult Aedes aegypti.

Neighborhood Trap

location

Flood

composite

index

Estuary

water

samples

Leaf

samples

Larval container samples Female Ae.

aegypti

per trap

Fraction Ae.

aegypti infected

with ZIKV

Martin Peña

Channel

MP1 3.25 3 4 1 Tire 18 0/18

MP2 7.21 2a 3 3 Tires, 1 bucket 13 0/13

MP3 7.65 3 4 1 Tire, 1 bucket, 1 small tub 0 –

MP4 6.14 3 3 1 Tire, 1 small tub 16c 0/15

MP5 2.50 3 4 2 Buckets 27c 0/12

Piñones Lagoon PN1 8.90 3 5 1 Large boat, 1 large bin 7 0/7

Rio Piedras RP1 3.00 3b 3 1 Tire 10 6/10

RP2 1.03 0 0 0 4 1/4

La Malaria channel LM1 3.18 3 0 1 Tire, 1 small boot,

1 small pan

Trap malfunction

Suárez channel SU1 2.48 1a 0 1 small bin 2 1/2

SU2 3.00 3 4 0 3 1/3

Torrecilla Lagoon TO1 5.21 3 4 0 30 9/30

Tire Pile 1 – 7.71 – – 5 Tires – –

Tire Pile 2 – 2.93 – – 5 Tires – –

aAdditional samples with peak areas of < 0.5 nA were removed from analysis.
bAll samples had peak areas < 0.5 nA, but were included in analysis to prevent total loss of data.
cNot all females were tested for virus due to methodological limitations.
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plastic food containers, buckets, rubber boots, plant trays,

and discarded vehicle tires, and had to contain live Ae.

aegypti larvae to be included. Subsamples of approximately

5–10 Ae. aegypti larvae were collected from each container

and placed on a filter in the drying oven at the end of each

collection day. In addition to scattered containers, we also

sampled water and larvae from tires from two tire shops

within the Martin Peña neighborhoods (Table 1). Because

tire shops experience frequent turnover, we treated them as

separate sampling locations from scattered discarded con-

tainers which, based on visual inspection, likely spent a

much longer time in the environment and had a greater

likelihood of having received environmental inputs. For

example, although used tires at the shop near MP3 (Tire 1;

Fig. 2) had been flooded with water approximately 0.5

meters high in the week prior to our study, they had already

been removed for recycling, with the more recent tires that

we sampled having not been exposed to flood water (per-

sonal communication with shop employee).

Nutrient Analysis

Filtered contents from waterbody and container water, leaf

samples, larvae samples, and adults were analyzed for

particulate nitrogen (N) and carbon (C) content. Due to

low body weight, 5–10 larvae were analyzed as a single

sample. After removing heads for ZIKV analysis, individual

adult mosquitoes were analyzed separately.

We hypothesize that nutrient content (%N, %C, C:N)

of larval container habitats and subsequent adult mosqui-

toes would be similar to nutrient content of adjacent

waterbodies, either directly via flood water or indirectly

through detritus, such that containers or adults from the

same trap location are more similar to one another than

those from other locations. Additionally, nitrogen (d15N)

and carbon (d13C) stable isotopes were used to track the

unique source locations of nutrients. Stable isotopes pro-

vide a record of assimilation, processing, and recycling of

nutrients, such that samples collected from different loca-

tions can have unique isotopic signatures, particularly from

anthropogenic sources such as fertilizer or sewage dis-

charges (Oczkowski et al. 2009, 2011). Similar isotope

values between waterbodies and larval containers or adults

would provide further support that local waterbodies were

sources for nutrients, above and beyond any similarities in

nutrient content.

Carbon and nitrogen stable isotopes were measured

using an Elementar Vario Micro elemental analyzer con-

nected to a continuous-flow Isoprime 100 isotope ratio

mass spectrometer (Elementar Americas, Mt. Laurel, NJ) at

the Environmental Protection Agency in Narragansett,

Rhode Island. Replicate analyses of isotopic standard ref-

erence materials USGS 40 (d13C = - 26.39%; d
15N =

- 4.52%) and USGS 41 (d13C = 37.63%; d15N = 47.57%)

were used to normalize isotopic values of working stan-

dards (blue mussel homogenate) to the air (d15N) and

Vienna Pee Dee Belemnite (d13C) scales (Paul et al. 2007).

Isotope values are expressed in d notation following the

formula dX (%) = [(Rsample/Rstandard) - 1] 9 103, where

X is 13C or 15N and R is 13C/12C or 15N/14N isotopic ratio,

respectively. Working standards were analyzed after every

24 samples to monitor instrument performance and check

data normalization. The precision of the laboratory stan-

dards was better than ± 0.3% for C and N. A few samples

with peaks less than 0.5 were excluded from analysis to

improve accuracy, except where removal would result in

the complete elimination of a sampling site (RP1). Analyses

in which RP1 was included were consistent with those

where it was removed.

The sample particulate N and C content was calculated

from area/mass relationships, determined during

stable isotope analysis, for replicate standards of known N

and C (Oczkowski et al. 2009, 2011). The relationship be-

tween the N and C contents of the standards and their

analytical peak areas were used to determine the N and C

contents of the samples via the peak areas of the samples.

For adult mosquitoes, larvae, and leaf detritus, sample N or

C was divided by total sample mass to determine the %N or

%C. For particulate matter, N and C content was expressed

in mg/L by dividing the mg of N and C by the volume of

water filtered (usually 50 mL).

ZIKV Processing

To quantify the level of infection with ZIKV, heads from

individual adult females were analyzed to assess dissemi-

nated virus rather than viruses that might be within a blood

meal in the midgut. Total RNA in individual mosquito

heads was isolated using TRI-reagent (Molecular Research

Center, Inc., Cincinnati, OH, USA). Complementary DNA

(cDNA) was synthesized using the iSCRIPT cDNA Syn-

thesis Kit (Bio-Rad Laboratories, Inc.), and RT-qPCR as-

says were performed in a CFX96 Real-Time System (Bio-

Rad Laboratories, Inc.) using iTaq Universal Probe

Supermix (Bio-Rad Laboratories, Inc.). The RT-qPCR

procedure was performed twice for each sample. Primers
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and a probe specific to the Envelope gene of ZIKV were

designed and synthesized according to the previous work

(Acharya et al. 2016). Due to methodological and cost

restrictions, we were limited to testing two batches of 57

individual female adults for ZIKV, for a total of 114 tested

adults. After 40 PCR cycles, zero or trace amounts of ZIKV

near or below threshold detection limits were considered as

zeros (< 1.2 ZIKV E copies/ng total RNA), with values

greater than 18 ZIKV E copies/ng total RNA considered as

true positives for Zika.

In anticipation of a second Zika outbreak in summer

2017, we repeated the adult mosquito trapping in June

2017 (Appendix A) with the intention of comparing the

relationships between adult body nutrients and ZIKV from

2016 to 2017. However, by then, confirmed Zika cases in

humans had dropped to less than ten per week across all of

Puerto Rico and were continuing to decline (Puerto Rico

Department of Health 2017). We detected no virus in

trapped adult Ae. aegypti from June 2017 (Appendix A).

Therefore, here we focus our analysis solely on June 2016

data.

Statistical Analysis

To assess potential linkages between environmental vari-

ability in nutrients and ZIKV in adult mosquitoes (Fig. 1),

we first assessed whether there was significant natural

spatial variability in nutrients from either estuary water or

potential leaf detritus, in body nutrients of larval or adult

mosquitoes, and in ZIKV concentration. Second, we used

multiple regressions to explore whether nutrient variability

and ZIKV concentration in mosquitoes could be explained

by nutrient variability in the local environment.

We used nested Multivariate Analysis of Variance

(MANOVA) to test if trap locations or neighborhoods

differed significantly in nutrients, including N, C, d13C,

d
15N, and the ratio of C to N, for waterbody water samples,

leaf detritus samples, container water samples, larvae

samples, or adult samples. Adult mass was included as an

additional dependent variable along with nutrient variables

in the adult MANOVA. Trap locations were nested within

each neighborhood. If MANOVAs were significant, we

followed up with univariate ANOVAs to determine which

nutrient variables were most likely contributing to any

significant differences. Due to unbalanced sampling design,

with a variable number of replicates per location, we used

Type II Sums of Squares to assess significance. The sam-

pling units for each trap location were the individual 50 mL

waterbody water samples (1–3 per location), individual

leaves (1–3 per location), the average of the replicate water

samples from each container (1–5 per location), the com-

bined larval value per container (1–5 per location), or

individual adults (2–30 per location). Data were tested for

normality and Box–Cox-transformed as needed to nor-

malize data prior to analysis. Significant differences be-

tween pairs of trap locations or neighborhoods were

assessed using Tukey-adjusted least squares means. MAN-

OVAs were conducted in R (www.r-project.org) using the

‘‘stats’’ and ‘‘lsmeans’’ libraries.

To test whether ZIKV concentration differed signifi-

cantly across locations or neighborhoods, we used general

linear models (GLMs) with a Tweedie distribution because

ZIKV concentration data were not normal due to a high

frequency of zeroes in non-infected mosquitoes. The

Tweedie distributions describe a family of distributions

characterized by a power parameter, p, which includes the

special cases of Poisson or gamma distribution for P = 1 or

P = 2, respectively. For 1 < P < 2, the distribution is a

compound Poisson-gamma distribution, which allows for

bimodal distributions where variables are described by

different underlying processes, namely a discrete Poisson

distribution (e.g., the number of mosquitoes positive for

ZIKV) with a continuous gamma distribution (e.g., ZIKV

concentration levels within positive mosquitoes). The

Tweedie distribution is a good choice for bimodal or zero-

inflated data that contain a large number of zeros (Shono

2008). We first estimated the power parameter, p, of the

Tweedie function for the ZIKV concentration data using

maximum likelihood and then used this fitted distribution,

with a log-link power function, in the GLM. The sampling

unit was individual adult mosquitoes (2–30 per location),

with trap locations nested within neighborhoods. Analyses

were conducted in R (www.r-project.org) using the package

‘‘tweedie’’ within ‘‘statmod.’’ Results were consistent with a

standard logistic regression analysis on the fraction of Zika-

positive adults per trap (GLM with a binomial distribution,

not shown).

We used a series of multiple regressions to determine

whether differences in container nutrients, larval nutrients,

adult nutrients, adult mass, or ZIKV concentration could

be explained by differences in the nutrient concentrations

from potential nutrient sources. To minimize the number

of possible explanatory variables under consideration, we

limited fixed effects in each regression to the most proxi-

mate potential source for nutrients (Fig. 1): (1) waterbody

nutrients or leaf detritus nutrients were considered as

Linking Water Quality to Zika in Ae. aegypti



explanatory variables for container nutrient content, (2)

container nutrients were considered as explanatory vari-

ables for larval nutrient content, (3) larval nutrients were

considered as explanatory variables for adult nutrient

content, (4) adult nutrient content was considered as

explanatory variables for adult mass, and (5) adult nutrient

content or mass was considered as explanatory variables for

ZIKV concentration. Because trapped adults did not di-

rectly originate from sampled larvae, we also included the

average container nutrients, leaf detrital nutrients, and

waterbody nutrients within each neighborhood as potential

predictors of adult nutrient content.

In addition to nutrient sources, we considered the

influence of flooding and container availability (i.e., type

and number) on the dependent variables in regressions.

Sampled containers were categorized as tires, 5-gallon

buckets, small miscellaneous containers (e.g., boots, food

tubs), and large miscellaneous containers (e.g., boat, plastic

bin). Because we could not definitively know whether

individual sampled containers had flooded recently, we

instead used the Flood Hazard Composite Index (NOAA

2018) as a proxy for the likelihood of neighborhood

flooding (Table 1). The Composite Index counts the

number out of 10 flood hazard data sets, including FEMA

flood zones, shallow coastal flooding, and storm surge, that

intersect each pixel, which we then averaged to estimate a

single value for a 150-m radius around each trap location.

Because inputs of containers into nutrients are idiosyn-

cratic and potential inputs from flooding would depend on

waterbody nutrients, we did not expect that nutrient con-

tent would be significantly related to container type or

flood risk (e.g., smaller containers have lower nitrogen;

flooded sites have higher nitrogen). Indeed, preliminary

analysis with these variables as fixed effects in regressions

confirmed no significant relationships between container

type or flood risk and nutrient content of containers, lar-

vae, or adults. However, frequent flooding or container

type could impact the variability in nutrient content across

samples. For example, recently flooded containers may be

similar to one another; small containers may be more

variable than larger ones; adults emerging from sites with

numerous container habitats may be more variable than

adults originating from sites with few. Moreover, tires and

recently flooded sites in Martin Peña were more heavily

sampled than other sites or types of containers, con-

tributing to heteroscedasticity in fitted models. Hence, we

tested whether homogeneity of residuals significantly im-

proved when model variance was allowed to vary with ei-

ther container type, container count around each adult

trapping site, or flood risk. Variance structure was modeled

in R using ‘‘varPower’’ for continuous effects (flood risk,

container count) and ‘‘varIdent’’ for categorical effects (i.e.,

container type).

Because there were multiple replicates (e.g., containers,

adults per trap) within each sampling site, we accounted for

repeated measures in regression analysis by treating trap

location as a random effect. Replicates (e.g., waterbody

water samples) were averaged to produce a single value to

be paired with each sample (e.g., container) at each trap

location. For sites MP3 and MP5, including nearby tire

piles in container and larval averages as potential sources

for adult nutrients did not change results (not shown).

Locations with incomplete data (e.g., no leaf samples due to

inaccessibility) were dropped from regressions. All variables

were Box–Cox-transformed to adhere to assumptions of

normality and minimize nonlinear relationships that can

arise from non-normal data. Variables were then stan-

dardized (mean-centered and scaled by standard deviation)

to facilitate the comparison of model coefficients for vari-

ables of different magnitude, such that mean relationships

with each variable can be interpreted by setting other fixed

effects in the fitted regression equation to their standard-

ized mean of zero. Highly correlated variables (Pearson

correlation coefficient, r > 0.5) were prohibited from

simultaneously being allowed as predictor variables to

prevent issues with collinearity (e.g., C or N with C:N ra-

tio). Regressions were conducted in R using procedure

‘‘lme’’ within package ‘‘nlme’’ for nutrients and mass,

assuming a normal distribution, and with procedure

‘‘glmer’’ within package ‘‘lme4’’ for ZIKV, assuming a

Tweedie distribution. For regression analyses, we followed a

basic mixed-effects modeling protocol (Zuur et al. 2009;

Lima 2017): i) fit the full model with all fixed effects and

random effect (location) using maximum likelihood (ML),

ii) test for heteroscedasticity and the significance of vari-

ability weights (container type, container count, or flood

risk) in improving homogeneity of residuals to optimize

the variability structure in subsequent models, iii) test the

significance of fixed effects using ML estimation and like-

lihood ratio tests, and iv) estimate the final optimal model

coefficients using restricted maximum likelihood (REML)

estimation, which are unbiased compared to ML, but are

meaningless for comparing fixed effects. Goodness of fit for

fixed effects in the final model were calculated using

‘‘r.squaredGLMM’’ of the package ‘‘MuMIN’’ in R;
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regression lines and confidence intervals were plotted using

‘‘visreg.’’

RESULTS

Nutrient Availability at Trapping Locations

Trap locations and neighborhoods differed significantly in

nutrients in both estuarine water and leaf detritus, estab-

lishing that there was a range of potential availability of

nitrogen and carbon to larval containers from different trap

locations and neighborhoods (MANOVA; Table 2; Fig. 3a,

b). Likewise, nutrient content of larval container water also

differed significantly among neighborhoods, although

containers within a neighborhood were similar to one an-

other (MANOVA; Table 2; Fig. 3c). Despite significant

neighborhood differences in container water nutrients, Ae.

aegypti larvae inhabiting those containers were not signif-

icantly different in nutrient content between neighbor-

hoods or trap locations (MANOVA; Table 2; Fig. 3d).

However, earlier instar larvae grown on mixed resources

tend to be most similar in nutrient content, with differ-

ential effects of nutrient availability not appearing until

later developmental stages (D. Yee, unpublished laboratory

data for different life stages grown on mixed resources: first

instars: variance in %N = 0.11; fourth instars: variance in

%N = 0.50; adults: variance in %N = 2.5). Indeed, similar

to container habitats, adult Ae. aegypti did differ signifi-

cantly across neighborhoods in nitrogen and C:N ratios

(MANOVA; Table 2; Fig. 3e). Adults collected from dif-

ferent trapping locations also differed significantly in mass,

with the largest adults collected from Martin Peña (MP5),

Piñones (PN1), and Torrecilla (TO1).

Water samples from the neighborhood adjacent to the

Martin Peña channel, particularly MP4 and MP5, had the

highest concentrations of nitrogen and carbon in particu-

late matter compared to other locations (Fig. 3a). Martin

Peña sites were also among locations with the highest

concentrations of nitrogen and carbon in leaf detritus

samples. Container water in the Martin Peña neighborhood

also was significantly higher in N and C than most other

neighborhoods, and adults were among the highest in N

(Fig. 3e). Rio Piedras and Suarez Channel neighborhoods

also had high levels of N in adults, larvae, and nearby leaf

detritus. Adults collected from Piñones and Torrecilla had

the lowest %N values (Fig. 3e), comparable to lower values

Table 2. MANOVA Results, Followed by Univariate Tests, Evaluating Whether Particulate Carbon and Nitrogen Variables Differed

Among Trap Locations or Between Neighborhoods in San Juan, Puerto Rico, 2016.

Factor Estuary water Leaf sample Larval container Larval Ae. aegypti Adult Ae. aegypti

df Pillai df Pillai df Pillai df Pillai df Pillai

Trap location 5,19 1.77*** 4,25 1.06* 4,18 1.08 4,17 0.83 5102 0.45*

Neighborhood 5,19 2.05*** 4,25 1.97*** 6,18 1.86* 6,17 1.35 4102 0.46**

Variable F value Variable F value Variable F value Variable F value Variable F value

Trap location N mg/L 3.05* N% 0.16 N mg/L 0.46 N% 1.36 N% 0.48

Neighborhood 8.56*** 4.22** 2.79* 0.93 7.28***

Trap location C mg/L 2.76* C% 3.65* C mg/L 0.44 C% 1.22 C% 1.69

Neighborhood 9.11*** 27.69*** 2.02 0.92 1.23

Trap location d
15N 2.32@ d

15N 6.48** d
15N 1.72 d

15N 1.19 d
15N 1.03

Neighborhood 2.48@ 8.02*** 2.38@ 1.44 0.70

Trap location d
13C 3.21* d

13C 0.49 d
13C 0.80 d

13C 0.75 d
13C 1.70

Neighborhood 2.77* 4.30** 1.01 0.62 0.78

Trap location C:N 3.10* C:N 0.08 C:N 3.55* C:N 1.06 C:N 0.66

Neighborhood 9.02*** 1.63 6.12** 1.74 6.35***

Trap location – – – – – – – Mass 6.30***

Neighborhood – – – – – – – 3.28*

Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01; *0.01 � P < 0.05; @ 0.05 � P < 0.1.
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for nearby estuarine water, leaf samples, and containers

(Fig. 3a, b, c).

Relationships Between Nutrient Content

and Nutrient Sources

Particulate nitrogen and carbon content of larval container

water was significantly related to the nitrogen and carbon

content of leaf detritus at sampling locations (Table 3;

Fig. 4a). Larval nutrient content also tended to increase

with increasing nitrogen content of water from their natal

container habitats (Table 3; Fig. 4b). Adult nitrogen con-

tent was significantly related to the mean nitrogen content

of containers, as well as nitrogen content of leaf detritus at

the sampling location (Table 3; Fig. 4c). Differences in

adult mass across locations were not significantly explained

by adult nutrient content (Table 3).

Figure 3. Mean particulate carbon and nitrogen, ± SE, across trapping locations for, a estuary water samples (log-scale) and b leaf samples,

and across neighborhoods for c larval containers, d larval Ae. aegypti, and e adult Ae. aegypti. Symbol sizes indicate mean individual adult mass

in e. Mean ZIKV concentration, ± SE, per individual adult Ae. aegypti at each trap location is also given (f). Symbol shapes and colors visually

distinguish different neighborhoods (e.g., MP black circles; PN dark gray triangles).

S. H. Yee et al.



Trap locations covered a range of stable isotope signa-

tures (d15N, d13C) for both estuarine water and leaf detrital

samples (Fig. 5a, b), with significant differences across

locations and neighborhoods that could be used to track

potential sources of inputs to containers (MANOVA; Ta-

ble 2). However, we detected no corresponding significant

differences in stable isotopes across neighborhoods or loca-

tions for container habitats, larvae, or adult Ae. aegypti

(MANOVA; Table 2), although container water d
13C was

significantly positively correlated with nearby estuary d
13C

(Table 3). Within containers, larval stable isotopes were

strongly correlated with the stable isotope signatures of their

container water (Table 3; Fig. 5c, d), indicating that

stable isotopes can effectively be used to link larval nutrient

content to its most direct nutrient source. These differences

did not appear to persist to adults, however, as stable isotopes

in adults were not significantly related to those of potential

estuary, leaf, container, or larval sources (Table 3).

In general, the explanatory power of regression models

between nutrient content and nutrient sources did not

depend on flood risk at the trap location, the number of

sampled containers, or the variability in types of sampled

containers (Table 3). There was significantly higher vari-

ability in nitrogen concentration in container water from

tires than other types of containers, and accounting for this

variance structure improved model fit between leaf and

container nitrogen. Similarly, large containers from Pi-

ñones had significantly higher variability in d
13C. Vari-

Table 3. Significant Coefficients from Regression Analyses Comparing Relationships Between Most Proximate Source Nitrogen or

Carbon Variables on Container, Larval, or Adult Ae. aegypti Nitrogen or Carbon, Adult Mass, and ZIKV Concentration.

Variable N Variance structure Intercept Fixed-effects variables Fixed

effect

Container Flood Container type Estuary Leaf R2

N mg/L 15 NS T>B>S>L** - 0.11NS NS 0.61 9 %N** 0.16

C mg/L 15 NS NS 0.00NS NS 0.49 9 %C* 0.23

d
15N 15 NS NS 0.00NS NS NS 0.00

d
13C 15 NS L>S>T>B* 0.02NS 0.36 9 d

13C* NS 0.25

Larvae Flood Container type Container

%N 28 NS NS 0.06NS 0.33 9 mgN/L@ 0.10

%C 28 NS NS 0.05 NS NS 0.00

d
15N 28 NS NS 0.00NS 0.34 9 d

15N@ 0.11

d
13C 28 NS NS 0.04NS 0.75 9 d

13C*** 0.52

Adult Flood Container count Estuary Leaf Container Larvae

%N 74 NS NS 0.00NS NS 0.38 9 %N*** 0.23 9 mgN/L** NS 0.18

%C 74 NS - 0.37** 0.05NS NS NS NS NS 0.00

d
15N 74 0.38* - 0.34** 0.02NS NS NS NS NS 0.00

d
13C 74 0.45* NS - 0.09NS NS NS NS NS 0.00

Mass (mg) Flood Container count Adult N Adult C Adult C/N

112 NS NS - 0.05NS NS NS – 0.00

112 NS NS - 0.05NS – – NS 0.00

ZIKV Flood Container count Adult N Adult C Adult C/N Adult Mass

112 NS NS - 2.72NS 0.19 9 %N*** 0.14 9 %C** – NS 0.29

112 NS NS - 2.74NS – – NS 0.16 9 mg** 0.26

Dashed lines (—) indicate predictor variables not included in multiple regressions due to high covariance with other factors. Model variables are transformed to

adhere to normality and standardized. Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01; *0.01 � P < 0.05; @, 0.05 � P < 0.1.

Containers were classified as tires (T), buckets (B), small containers (S), or large containers (L).
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ability in adult nutrient content tended to decrease with the

number of sampled containers (%C, d15N) and increase at

locations with higher flood risk (%C, d13C). Accounting for

these higher variances, however, did not improve model fit

with source nutrients (Table 3).

Zika Concentration in Ae. aegypti

In total, 130 adult Ae. aegypti were collected from 11

functioning traps at the 12 sampled trap locations (Ta-

ble 1). Adult density per trap differed significantly across

neighborhoods (Poisson GLM; Chisq = 48.74; df = 4;

P < 0.001), with the Torrecilla trap TO1 having the

highest density, followed by the traps in the Martin Peña

neighborhood, and the Suárez channel traps having the

lowest density per trap. Adult density per trap was some-

what higher the first sampling night than the second (mean

of 13.2 adults per trap, first night; mean of 9.3 adults per

trap, second night).

Eighteen of the 114 tested adult Ae. aegypti were in-

fected with ZIKV in amounts ranging from 18 to 100 co-

pies/ng total RNA, a rate of 15.7 infected (Table 1). Traps

from San Juan municipio (MP, RP) had the lowest per-

centage of infected adult mosquitoes, about 9.7%, despite

being the municipio with the highest density of reported

human cases (293.2 per 100,000 people; Puerto Rico

Department of Health 2016). Adult mosquitoes collected

from Carolina municipio (SU) and Loiza municipio (PN,

TO) were 40% or 24.3% positive for Zika, respectively,

where the density of human cases was somewhat lower

(Carolina: 156.9 cases per 100,000 persons; Loiza: 136.4

cases per 100,000 persons; Puerto Rico Department of

Health 2016). No adults were collected from Cataño (LM)

due to a trap malfunction.

Figure 4. Relationships between source nutrients and particulate carbon or nitrogen for a containers, b larval, or c adult Ae. aegypti, and d

ZIKV concentration, as determined by multiple regressions (see Table 3). Adults from each trap were paired with the average leaf nitrogen value

for that trapping location (c). For regressions with more than one significant fixed effect (c, d), mean regression lines were plotted by fixing the

second variable in the fitted regression equation (Table 3) to its mean value for data either above (black lines; black circles) or below (gray lines;

gray circles) the standardized mean of zero (representing 4.7 mg N/L container in c or 49.2% C adult in d). Gray ribbons around regression

lines indicate 95% confidence intervals.
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ZIKV concentration in adult mosquitoes differed sig-

nificantly across neighborhoods (Tweedie GLM; df = 4,

104; F value = 27.67; P < 0.001) but were consistent

across locations within neighborhoods (Tweedie GLM;

df = 5, 104; F value = 0.56; P = 0.727). Adult mosquitoes

trapped adjacent to Rio Piedras, Torrecilla Lagoon, and

Suárez Channel had significantly higher ZIKV concentra-

tion than individuals trapped near Martin Peña or Piñones

Lagoon (Fig. 3f). Differences were both due to differences

between neighborhoods in adults being positive or negative

for zero (binomial GLM; F = 19.4; P < 0.001), as well as

differences among locations in ZIKV concentration only

within Zika-positive mosquitoes (normal GLM; F = 3.80;

P = 0.037).

ZIKV concentration increased significantly with both

adult C and N (Table 3; Fig. 4d). ZIKV concentration was

also positively related to individual adult mass, but this

variable did not explain significant variability when C and

N were also included in the final model (Table 3). To

confirm trap locations with Zika-negative mosquitoes were

not dominating the observed relationships between C, N,

and ZIKV, possibly due to an unmeasured location vari-

able, we ran regressions again but limiting data to locations

where Zika-positive mosquitoes were trapped. Regression

results were consistent, with ZIKV concentration increasing

significantly with both N and C (samples = 48;

2.95 + 0.17%N Adult + 0.16%C Adult; N: P < 0.001; C:

P < 0.001).

DISCUSSION

Although flooding events are widely perceived as creating

aquatic breeding sites for mosquito larvae (Ahern et al.

2005; Pires and Gleiser 2010), the role of floods as a

potential source of nutrients and the consequences for

disease outbreaks is largely underdeveloped. Our study

found significant differences across neighborhoods in the

nutrient content of larval habitat containers and ZIKV in

adult Ae. aegypti, which may in part reflect significant

environmental variability in estuary water from flooding

events and leaf detritus as potential inputs to containers.

Figure 5. Nitrogen and carbon stable isotope values, ± SE, in each neighborhood for estuary, leaf, and larval container samples (a, b), as well

as for larvae within each container (c, d) and corresponding fitted regression lines (see Table 3). Gray ribbons around regression lines indicate

95% confidence intervals.
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Containers can be highly variable in a number of fac-

tors, including type, size, detritus inputs, or age, that

contribute to high variability in nutrient content (e.g.,

Murrell et al. 2011; Yee et al. 2015a, b). Despite this, we

found significant differences in container nutrient content

among neighborhoods, which was significantly correlated

with the nitrogen and carbon content of leaf detritus in the

local area. Moreover, containers tended to have similar

d
13C signatures as waterbodies in the local area. The lack of

a significant relationship between container water and

estuary water nutrient content (N or C) broadly across

sampling locations may not be too surprising given the

dynamic nature of water quality with precipitation events,

wind, and runoff. Furthermore, even containers right next

to each other may or may not receive flood water,

depending on their specific height, orientation, and other

factors, and over time, flooded containers may begin to

diverge from one another through differential evaporation

or additional allochthonous inputs. In this sense, leaf

detritus may simply be a better proxy than estuarine water

for longer-term trends in local environmental inputs.

Martin Peña was the only neighborhood known to

have flooded in the weeks prior to sampling, and known to

experience frequent, periodic flooding. Containers from

neighborhoods adjacent to the Martin Peña channel had

higher nitrogen and carbon content than most other

neighborhoods, consistent with the higher nitrogen content

in water from the channel and in leaf detritus in the local

environment. Moreover, adult Ae. aegypti collected from

the Martin Peña neighborhood had higher body nitrogen

content relative to neighborhoods adjacent to other

waterbodies. Adult Ae. aegypti nutrient content in Martin

Peña was also remarkably consistent from 2016 to 2017,

compared to other neighborhoods, which were more

variable over time (Appendix A). These data provide tan-

talizing evidence for linkages among inputs from the sur-

rounding environment, containers, and mosquitoes

produced from those environments.

Nutrient content of larval Ae. aegypti was tightly linked

to the nutrient content of their container habitats, partic-

ularly d
15N and d

13C. Adult Ae. aegypti nitrogen content

was also positively related to both the nitrogen content of

typical containers in each sampling location, and the

nitrogen content of leaf detritus in each area. The relatively

small amount of variability explained may indicate other

unmeasured environmental factors, such as animal detritus,

which are influencing the availability of nutrients to larval

mosquitoes (Kling et al. 2007). Moreover, our inability to

exhaustively sample larval containers in each area, nor

conclusively determine whether adults trapped in a par-

ticular location originated from the sampled larval con-

tainers, also likely contributes to unexplained variability.

Indeed, ‘‘hidden’’ containers such as underground septic

systems can provide a significant source of adult Ae. aegypti

in Puerto Rico (Barrera et al. 2008). Furthermore, while

larval body nutrients were closely linked to the current

nutrient content of container water, adult body nitrogen

may be more closely related to the nutrient content of

container water 7–10 days prior when they were developing

as larvae. More extensive sampling, including changes in

container nutrients over time, is needed to more dynami-

cally link environmental variability in nutrients to that of

mosquitoes.

In addition to neighborhood differences in environ-

mental and mosquito nutrient content, we also found

neighborhood differences in ZIKV concentration. At the

time of sampling, the neighborhoods adjacent to Rio Pie-

dras, Torrecilla Lagoon, and Suárez channel had the highest

levels of ZIKV concentration in adult Ae. aegypti, with no

infected adults collected near Martin Peña channel or Pi-

ñones lagoon. Higher levels of nitrogen and carbon content

in adult bodies tended to be associated with higher ZIKV

concentration. Furthermore, the higher ZIKV concentra-

tions could not merely be attributed to a body size effect

(i.e., bigger mosquitoes take a greater blood meal and

consume more virus from infected hosts) because %N and

%C, scaled per unit body mass, explained greater variability

than adult body size. Moreover, in our field data, adult

mass was not significantly related to adult body nutrients.

Nitrogen has generally been associated with increased

severity of disease in other systems, often by providing

abundant building blocks needed for pathogen replication,

but underlying mechanisms and results are inconsistent

depending on the specific form of nitrogen and immunity-

related responses (Dordas 2008). Laboratory studies, par-

ticularly those discerning viral uptake, dissemination, and

infectiousness, are needed to tease apart the underlying

mechanisms by which nitrogen or carbon may be impact-

ing viral concentrations in mosquito vectors.

Our results are consistent with previous laboratory

studies that have found that larval nutrition, adult nutri-

tion, and body size can affect the ability of mosquitoes to

acquire dengue or Ross River virus (Nasci and Mitchell

1994; Alto et al. 2008b), and with modeling studies indi-

cating that environmental variability in nitrogen may

influence dengue cases (De Jesus Crespo et al. 2018). Our
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study, however, is one of the first field studies to identify a

pathway by which environmental variability in potential

nutrient inputs into container habitats can affect nutrient

content in mosquito larvae and adults, leading to variable

viral acquisition in adult mosquitoes.

It is important to note that higher levels of viral titer in

individual adult mosquitoes do not necessarily confer higher

rates of viral infection in humans. Our study focused on

dissemination of the pathogen but not the interaction with

vector density (Anderson and Rico-Hesse 2006, Klempner

et al. 2007). Indeed, two of the neighborhoods with the

highest ZIKV concentrations, Rio Piedras and Suárez chan-

nel, also had the lowest densities of mosquitoes caught per

trap. Additionally, the lack of Zika-positivemosquitoes from

Martin Peña is somewhat surprising, given the relatively high

nitrogen levels in adults at this location, as well as the high

density of human cases in the San Juan municipio (Puerto

Rico Department of Health 2016). Although our study fo-

cused on nutrient availability from the local environment,

other factors can influence the probability that a vector ac-

quires a pathogen, including host density, pathogen density

in hosts, and climatic or behavioral factors that influence

host-seeking or biting behavior (LaDeau et al. 2015). More

extensive sampling would be needed to more accurately as-

sess mosquito density, host density, biting behavior, and

other factors across the different neighborhoods, to be able to

rigorously understand the role environmental nutrient

variability plays on vectorial capacity.

Social and infrastructural factors can also buffer or en-

hance the susceptibility of people to health outcomes (Myers

et al. 2013; Oosterbroek et al. 2016). Age, housing density,

and access to air-conditioning are all factors that can influ-

ence transmission of dengue virus to humans (Méndez-Lá-

zaro et al. 2014; Barrera et al. 2011; De Jesus Crespo et al.

2018). Even less is known about the complex suite of eco-

logical and social factors influencing Zika transmission

(Thomas et al. 2017). Indeed, our sampling was a single

snapshot at a time when the spread of Zika was accelerating

through the San Juan metropolitan area and throughout

Puerto Rico. It is possible that the neighborhood differences

in ZIKV infection in adult mosquitoes reflect local acquisi-

tion patterns from the human population, such that certain

neighborhoods simply had not been affected yet. However,

because the neighborhoods where mosquitoes were strongly

positive for ZIKV (Torrecilla, Rio Piedras, Suárez channel)

are adjacent to the two neighborhoods where mosquitoes

were negative for ZIKV (Martin Peña, Piñones), we did not

see a strong spatial pattern (e.g., radiating from a source

point of local human acquisition) that would support this.

Furthermore, cumulative Zika cases by June 2016 were rea-

sonably similar across the threemunicipalities covered by the

study area (Puerto Rico Department of Health 2016). More

extensive temporal sampling is needed to tease apart the suite

of ecological and social factors affecting the spread of the

virus, and what role environmental variability in water and

detrital quality might play in that spread.

Our study provides preliminary evidence that environ-

mental variability in nutrient inputs can influence the

acquisition of virus by mosquito vectors. In addition to the

potential influence on viral titer, variability in leaf detrital

inputs has been demonstrated to influence survival, growth,

and competition among mosquito larvae (Yee et al. 2007;

Muturi et al. 2012). This suggests a mechanism by which

urban greenspaces, in addition to temperature regulation or

biological control (De Jesus Crespo et al. 2018), may influ-

ence vector-borne illnesses through detrital resource inputs.

Moreover, flooding events, in addition to providing pools of

short-term breeding habitat (Ahern et al. 2005; Pires and

Gleiser 2010), can also provide a pulse of nutrients to existing

larval containers depending on the water quality of nearby

waterbodies. This suggests that management actions to re-

duce flooding and improve water quality should go hand-in-

hand to help control spread of vector-borne diseases. As

such, environmental restoration of ecosystem services in the

urban landscape could be part of a sustainable solution to

help reduce vector disease transmission by mitigating

flooding events and regulating water quality (Carver et al.

2015; De Jesus Crespo et al. 2018).
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APPENDIX A

In June 2017, we sampled adult mosquito populations at

many of the same sampling locations to compare to the

June 2016 field collection (Table 4). As in 2016, adult

mosquitoes were collected using BG-Sentinel traps (Bio-

gents AG, Regensburg, Germany) baited with a human

scent lure (BG-Lure; Biogents AG). Traps were left out for a

48-h period before adults were collected. Collected adults

were identified to sex and species, with 0–32 female Ae.

aegypti collected per trap (Table 4). Only adult female Ae.

aegypti were used for subsequent analysis.

For the 2017 sampling, individual adult heads were

preserved in 1 mL RNAlater (Ambion, Austin, TX, USA)

within 6 h of field collection. Heads and bodies were then

frozen for transport to the continental USA. Adult mos-

quitoes were processed for particulate nutrient content

(%N, %C, C:N) and stable isotopes (d15 N, d13C) as de-

scribed in the main text. We used nested Multivariate

Analysis of Variance (MANOVA) to test whether trap

locations, neighborhoods, or years (2016 vs 2017) differed

significantly in nutrients, including N, C, d13C, d15 N, the

ratio of C to N, or adult mass.

In addition to ZIKV, we extended the viral analysis to

include chikungunya and dengue using the 2017 collected

mosquitoes. Following the removal of the RNAlater by

gentle pipetting, 200 lL of DMEM media (Gibco, no glu-

Table 4. Number of Adult Female Ae. aegypti Trapped and Processed in 2017, and Results of Viral Analysis.

Neighborhood Trap location Female Ae. aegypti

per trap

Ae. aegypti infected with ZIKV Ae. aegypti infected

with chikungunya

Ae. aegypti infected

with dengue

Martin Peña Channel MP1 0 – – –

MP2a 9 0 0 0

MP2b 5 0 0 0

MP3 7 0 0 0

MP4a 4 0 0 0

MP4b 4 0 0 0

MP5 0 – – –

MP6a 7 0 0 0

MP6b 0 – – –

Piñones Lagoon PN1 NS NS NS NS

Rio Piedras RP1 6 0 0 0

RP2 0 – – –

La Malaria Channel LM1a 16 0 0 0

LM1b 9 0 0 0

Suárez Channel SU1 7 0 0 0

SU2a 2 0 0 0

SU2b 2 0 0 0

SU2c 5 0 0 0

SU2d 8 0 0 0

Torrecilla Lagoon TO1a 21 0 0 0

TO1b 32 0 0 0

Traps were placed at the same locations as mapped in Figure 2, with more than one trap placed in some locations (e.g., front yard and back yard; labeled a–d).

One new location, MP6, situated roughly halfway between the two tire locations (Fig. 2), was sampled in 2017 but not 2016.

NS: Location not sampled in 2017.
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cose, no glutamine, no phenol red; Thermo Fisher Scientific,

Waltham, MA) was added to each mosquito head in RNase-

free tubes. Individual mosquito tissues were homogenized

using sterile, RNase-free disposable tissue grinders, cen-

trifuged for 5 min in the cold, and the supernatant was re-

moved for subsequent RNA extraction. RNA extractions

were performed immediately following tissue homogeniza-

tion using the QIAamp Viral RNA kit (Qiagen, German-

town, MD) according to manufacturer’s instructions with

minor modifications by adding additional washes with

Buffer AW1 and AW2 (Mbanzulu et al. 2017). The purified

RNA was analyzed for RNA integrity and concentration

using the BioAnalyzer RNA 6000 Nano Reagent kit (Agilent,

Santa Claire, CA) and stored at - 80�C. Real-time reverse

transcription-PCR (RT-qPCR) was performed for dengue,

chikungunya, and ZIKV using a multiplex viral kit (My-

BioSource, San Diego, CA). All of the above procedures were

performed aseptically using RNase-free materials.

In total, 144 adult female mosquitoes were collected in

traps (Table 4). Of the 144 adults tested for virus, not a

single individual was confirmed to have ZIKV, chikun-

gunya, or dengue. Results were consistent with public

health data that, in contrast to concerns of an anticipated

second outbreak of Zika, rates of arboviral cases in Puerto

Rico were quite low in June 2017, with less than 10 con-

firmed cases across all of Puerto Rico (Puerto Rico

Department of Health 2017). Adult nutrient content dif-

fered significantly from 2016 to 2017, but the effect differed

among neighborhoods (Neighborhood 9 Year; Table 5).

Adult mosquitoes from Martin Pena were remarkably

consistent in both %N and %C between 2016 and 2017,

despite a general pattern of lower %C and higher %N in

2017 for most other neighborhoods. Adult mass tended to

be lower in Martin Pena, consistently in both 2016 and

2017. There were no significant differences in stable iso-

topes across trap locations, neighborhoods, or years

(Fig. 6).

Table 5. MANOVA Results, Followed by Univariate Tests,

Evaluating Whether Particulate Carbon and Nitrogen Variables

Differed Among Trap Locations or Between Neighborhoods from

2016 to 2017 in San Juan, Puerto Rico.

Factor Adult Ae. aegypti

df Pillai

Trap location 15,224 0.47@

Neighborhood 6224 0.37***

Year 1224 0.17***

Neighborhood 9 Year 3224 0.16**

Variable F value

Trap location N% 1.87*

Neighborhood 5.1***

Year 4.98*

Neighborhood 9 Year 5.46**

Trap location C% 1.82*

Neighborhood 3**

Year 25.35***

Neighborhood 9 Year 2.91*

Trap location d15N 0.52

Neighborhood 1.46

Year 0.01

Neighborhood 9 Year 0.39

Trap location d13C 1.14

Neighborhood 2.05@

Year 0.58

Neighborhood 9 Year 1.04

Trap location C:N 0.71

Neighborhood 3.19**

Year 20.51***

Neighborhood 9 Year 5.8***

Trap location Mass 2.44**

Neighborhood 1.67

Year 4.83*

Neighborhood 9 Year 1.1

Significance indicated in bold, where ***P < 0.001; **0.001 � P < 0.01;

* 0.01 � P < 0.05; @ 0.05 � P < 0.1.

Figure 6. Mean particulate carbon and nitrogen values, ± SE,

across neighborhoods for adult Ae. Aegypti in 2016 and 2017.

Symbol sizes indicate mean individual adult mass.
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Abstract

Mosquito-borne diseases are an increasingly important health concern, which pose great challenges for safe and sustainable
control and eradication. This reality calls for management approaches that consider multiple aspects of the transmission cycle
from a landscape and vector ecology perspective, to socio-economic elements that may increase exposure. This study seeks to
better understand these pathways using dengue fever in the San Juan Bay Estuary (SJBE), Puerto Rico. Dengue is transmitted by
Aedes aegypti, a species that thrives in cities. Here we ask which elements within the urban landscape could be managed to help
prevent dengue outbreaks. We studied the potential of coastal wetlands in the SJBE to buffer vector proliferation, hypothesizing
that wetland ecosystem services lead to lower dengue occurrence. We test this hypothesis using census-block level dengue data
from 2010-13, including the largest epidemic in Puerto Rican history. Our analytical model includes socio-economic factors and
environmental controls that may also affect dengue dynamics. Results from beta-binomial regressions and model averaging
indicated that dengue occurrence was lower in neighborhoods with higher wetland cover even after controlling for population
density and other socio-economic aspects. Our models suggest that heat hazardmitigation is partly responsible for the association
between wetlands and dengue.

Keywords Ecosystem Goods and Services . Coastal wetlands . Dengue . BVector-borne^ diseases . Urban landscape . San Juan
Bay Estuary

Introduction

Mosquito-borne diseases represent a significant health and
economic burden to cities around the world. The emergence
of serious vector mediated viruses, such as Zika, has recently
sparked the interest to find safe and effective strategies for
vector control and mosquito eradication. With growing con-
cerns of how strategies such as aerial spraying may indirectly
impact humans and wildlife, researchers are increasingly

interested in sustainable approaches for safe vector population
management. One of the most prominent mosquito vectors for
diseases like dengue, chikungunya, and Zika is Aedes aegypti.
A. aegypti thrives in the presence of water filled artificial con-
tainers, and mainly feeds on human blood, making the urban
environment, with abundant trash and dense populations, par-
ticularly suitable for its proliferation.

The proliferation of mosquito vectors in cities, as well as
vector disease transmission, is also intensified by other aspects
of the urban environment. Flood prone areas, exacerbated in
cities due to altered hydrology, may increase habitat availability.
Flood waters from urban runoff or overflowing rivers may fill
trash items such as discarded plastic containers, creating suitable
breeding sites for mosquito larvae (Hashizume et al. 2012).
Water chemistry, in turn, has been linked to A. aegypti nutrition
and consequently pupal and adult productivity (Barrera et al.
2006; Couret et al. 2014). Urban waters that contribute to filling
container habitat could therefore affectmosquito vectors indirect-
ly through nutrition enhancement from wastewater inputs. In
cities, high temperatures due to urban heat islands shorten pupal
development time and viral incubation period, and increases
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female biting and oviposition rate, all factors that promote vector
proliferation and dengue transmission ((Ibarra et al. 2013;
Méndez-Lázaro et al. 2014), Chang et al. 2015, (Morin et al.
2015)). Urbanized environments may also present habitat limi-
tations for predators and competitors which help control mosqui-
to vector populations ((Barrera et al. 2006; Cox et al. 2007),
Murugan et al. 2015).

The extent to which environmental factors such as heat
islands, floods, habitat loss, and water pollution, impact urban
environments may be determined, in part, by landscape man-
agement and design aspects, such as restoration and preserva-
tion of urban green spaces. Urban green spaces help control
temperature extremes by providing shade, and increasing
evapo-transpiration (Bouchama and Knochel 2002). They al-
so promote rainfall interception and infiltration ameliorating
the scale of urban flooding (Brody and Highfield 2013).
Green spaces clean surface water in cities and provide habitat
for wildlife, creating healthier ecosystems that may favor bio-
control of mosquitoes.

Ecosystem services in the urban landscape could help re-
duce vector disease transmission (Carver et al. 2015), but the
data correlating vegetation cover to mosquitoes and its related
diseases is conflicting. Some studies have found negative as-
sociations suggesting a protective role of vegetation against
Bmosquito-borne^ disease ((Cox et al. 2007); Cheong et al.
2014; Tiong et al. 2015; Myer et al. 2017). Other studies, have
found positive correlations (Sarfraz et al. 2012; Cheong et al.
2014; Stanforth et al. 2016) suggesting a disease promoting
effect. Possible reasons for these inconsistencies include dif-
ferent vegetation types contributing differently to the provi-
sion of ecosystem services or difference in the role of ecosys-
tem services for vector control in different environmental con-
texts. The relative importance of ecosystem services as a de-
terminant of Bvector-borne^ disease occurrence can also vary
depending on socio-economic factors. For example, vector
abundance is likely a bigger concern for residences built with
low quality construction material or lacking air conditioning
(Mulligan et al. 2015) which is commonly observed in poor
neighborhoods. Given these considerations, more studies are
needed that evaluate the role of vegetation on Bmosquito-
borne^ diseases while simultaneously measuring relevant eco-
system services and confounding socio-economic factors.

This study seeks to contribute by evaluating linkages be-
tween coastal wetlands and dengue fever occurrences on cen-
sus block groups of the San Juan Bay Estuary (SJBE), Puerto
Rico. Due to its high population density and favorable climate
for mosquitoes, the SJBE, has been a hotspot for Bvector-
borne^ diseases in Puerto Rico for decades, including a recent
Zika epidemic that affected over 40,000 individuals in 2016
(Puerto Rico Department of Health (PRDH) 2017).
Understanding how vectors and disease transmission vary
across environmental and socio-economic gradients is needed
to better guide the allocation of management resources among

communities and habitats during epidemics in the SJBE.
Moreover, as we now live in an interconnected world, were
viruses and vectors spread more rapidly than in previous cen-
turies, addressing these questions is of broader interest beyond
the context of Puerto Rico and the US.

We present our hypothesized relationship between ecosys-
tem services and dengue as a conceptual model in Fig. 1. We
hypothesize that greater wetland cover will promote heat and
water hazard mitigation, as well as cleaner water and more
habitat for species that predate and/or compete with mosqui-
toes. These ecosystem services should in turn negatively affect
dengue transmission, leading to a reduction in cases. We in-
corporate into our conceptual model socio-economic factors
that may influence this relationship. In particular, we build on
Myers et al.’s (Myers et al. 2013) concept of Binsulating
layers^, where infrastructure, technology, behaviors, and other
adaptations may protect certain groups from the potential
health impacts of ecosystem service lost (Myers et al. 2013).

Study Site

The San Juan Bay Estuary (SJBE, Fig. 2) has an average
temperature that ranges from 23.9 °C to 27.2 °C, and rainfall
from 1500 and 1700 mm (Lugo et al. 2011). It lies within a
Bmoist forest^ ecological life zone according to Holdridge’s
classification (Torres-Valcárcel et al. 2014). The SJBE is part
of the San Juan, Puerto Rico (PR) metropolitan area,
encompassing the most densely urbanized and populated re-
gion on the Island, with an estimated population of 2.5 million
people, according to the 2010 US Census (Brandeis et al.
2014). The SJBE comprises a total area of 216.58 km2, of
which around 82% is developed, and the rest is composed of
mangroves (~7%), grassy wetlands and water bodies (~6%),
and moist forest (~5%) (Brandeis et al. 2014). It is the only
tropical estuary included in the USNational Estuary Programs
(NEP) and is characterized by a series of interconnected la-
goons and channels, many of which have been severely al-
tered by human activity (Brandeis et al. 2014). The most
prominent natural features of the SJBE NEP are its coastal
wetlands, which include the most extensive contiguous man-
grove forest in Puerto Rico (Brandeis et al. 2014).

Here we focus on the role of these wetlands on ecosystem
services and disease. Therefore, we limited our analysis to
compare only neighborhoods that could potentially have had
coastal wetlands in the past (N=170). For this we selected
census block groups (United States Census Bureau 2015) that
intersected flood zones (Federal Emergency Management
Agency (FEMA) 2009) and that were below the 3m elevation
line (U.S. Geological Survey 1944). This cutoff was selected
based on historical maps from the SJBE showing the existence
of mangroves and marshes mainly between 0-3 meters above
sea level (masl) (U.S. Geological Survey 1941).
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Methods

To test our proposed Ecosystem Service-Dengue model (Fig.
1) we selected indicator variables from existing secondary
data and estimated the spatial distribution of the selected var-
iables in ArcGIS (version 10.3).

For the dengue response, we used laboratory confirmed
dengue cases for the SJBE from the passive dengue surveil-
lance system administered by the Center for Disease Control

and Prevention (CDC) and the Puerto Rico Department of
Health (years 2010-2013) (https://www.cdc.gov/dengue/
about/inpuerto.html). Cases were summarized by census-
block groups prior and standardized by population counts
for analysis using 5-year population summaries from the
American Community Survey (ACS 2011-2014, (United
States Census Bureau 2015)). Block group area ranged from
0.04 to 21 km2, with an average of 0.56km2. The dispersal
area of A. aegypti is estimated at less than 0.01 kilometers

Fig. 1 Hypothesized linkage between wetlands and Dengue ocurrence
through Ecosystem Services. Vectorial capacity refers to the mosquito’s
ability to spread disease accounting for host, virus, and vector interactions
(Liu-(Helmersson 2012)). This can be influenced by factors such as
mosquito growth rate, biting rate, the time it takes the virus to replicate
within the vector, all of which are affected by temperature. In this case, it

also incorporates the relative abundance of A. aegypti over other species
of mosquitoes that are less effective at transmitting dengue and prefer
more vegetated habitats (Cox et al.2007). Insulating factors refer to
socio-economic elements which can insulate certain populations, gener-
ally the wealthy, from the impacts of a loss in Ecosystem Services (see
(Myers et al. 2013))

Fig. 2 Study sites in the San Juan
Bay Estuary (SJBE), with water
quality collection points (SJBE
monitoring program), wetland
areas (PR GAP analysis) and
dengue cases per person by
census block group (CDC dengue
surveillance 2010-2013; ACS
community survey 2011-2014).
Pictures show examples of grassy
and woody wetlands in the SJBE
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(Harrington et al. 2005; Reiter et al. 1995). Therefore, it is
reasonable to treat each block group as independent study
units to assess disease trends.

To align our analysis with our conceptual model (Fig. 1) we
divided our explanatory variables into three main categories:
a) Ecosystem; b) Ecosystem Services; and c) Insulating
Layers. We also included a fourth category, Environment,
which characterizes natural variability unrelated to the ecosys-
tem or ecosystem services categories, but which could affect
dengue vectors.

Ecosystem

For the Ecosystem category we used the PR GAP project’s
land use layer (Gould et al. 2008). We extracted all wetlands
within the SJBE and classified them as Woody or Grassy.
Woody Wetlands consisted of all segments classified as
Mangrove+Shrubland or as Pterocarpus forest. Grassy
Wetlands consisted of segments classified as Emergent
Herbaceous or Seasonally Flooded Herbaceous (Fig. 2). The
percent of woody and grassy wetland cover was determined
by dividing wetland area over total area by census block
groups. The total area of each census block group was calculated
excluding water bodies (Centro de Recaudación de Ingresos
Municipales (CRIM) 2006), such as streams and lagoons, to
more accurately represent the area occupied by people.

Ecosystem Services

The Ecosystem Services group included heat hazard mitiga-
tion, clean water, and habitat. We did not include the ecosys-
tem service of water hazard mitigation because we could not
get data on flood occurrences. Instead, we included
georeferenced flood zones as part of our Environmental
Controls sub-model (see below).

For heat hazard mitigation we used land surface temperature
(LST; Fig. 3a) estimated from the Landsat 8 Operational Land
Imager sensor’s thermal infrared band (Band 10) on September
2013. The methods used to derive these estimates are described
in Mendez-Lazaro et al. (2017). For each census block group,
we calculated LST Mean, Minimum, and Maximum across 30
meter pixels using zonal statistics in ArcGIS (ver 10.3), and the
block group area (revised as described above).

The ecosystem service of clean water was assessed using
measures collected by the SJBE National Estuary Program
(NEP) water monitoring initiative. This project measures wa-
ter quality parameters through different areas of the SJBE
(Fig. 2) several times per year, spanning from 2011-2014
(San Juan Bay Estuary (SJBE) 2015). In this case we focused
on total nitrogen, as previous studies have shown that nitrogen
enrichment can increase mosquito and midge production

(Sanford et al. 2005). While the nitrogen concentrations used
to evaluate this ecosystem service come from water bodies
(e.g., streams, estuary) and not directly from A. aegypti habi-
tat, we posit that nutrients from these water bodies may enter
artificial containers in nearby block groups directly during
floods (e.g., (Pires and Gleiser 2010)), or indirectly through
allochthonous organic matter input from the associated vege-
tation (Kling et al. 2007). Here we selected the highest record-
ed total nitrogen per sampling station per year, and averaged
the results to get a composite value per station (Fig. 3b). These
composite values were used to create a raster surface of nitro-
gen levels using Inverse Distance Weighting (IDW) interpo-
lation (Philip et al. 1982, Watson et al. 1985) in Arc GIS (ver
10.3). IDW interpolation estimates regional measures based
on nearby sampling locations. In our case, we used a search
radius of the nearest 3 points on 30m pixels, and assigned a
weighting value of 3, on a scale of 0-3, where higher values
suggest a greater influence of the closest vs farthest points.
The resulting raster (30m pixel size) was then applied to cal-
culate a mean value with zonal statistics, using the census
block groups as the boundaries.

Lastly, vertebrate richness was used as our indicator of
habitat provisioning (Fig. 3c). Here we hypothesize that
healthy habitats should lead to bio-control of mosquito
vectors by promoting healthier predator and competitor pop-
ulations. We used the PRGAP vertebrate richness dataset,
which includes estimates for amphibian, reptile, bat and bird
richness using existing inventories, habitat suitability and
expert opinion (Gould et al. 2008). We calculated median
vertebrate richness by census block group using the
PRGAP vertebrate richness layer (15m pixel size) and zonal
statistics in Arc GIS.

Insulating Layers

The concept of insulating layers represents social elements
that could moderate the influence of ecosystem services on
health (Myers et al. 2013). We divided this group into two
categories: a) infrastructure and b) socio-economic factors.
Our infrastructure variables included sewage and road density,
calculated from the road and sewage layers (source: Portal
Datos Geográficos Gubernamentaleshttp://www2.pr.gov/
agencias/gis/Pages/default.aspx), divided over census block
group area (excluding water bodies), resulting in a measure
of linear meters over area per study unit. Sewage density was
included as previous studies have linked the presence of septic
tanks with vector mosquito habitat ((Burke et al. 2010;
Mackay et al. 2009). (Myer et al. 2017)). We predicted that
areas with lower sewage density would have higher number of
septic tanks, increasing vector habitat availability and the
potential for dengue transmission (Burke et al. 2010). Roads
and the environmental modifications they cause were also
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explored, as they can alter hydro-dynamics by increasing sur-
face runoff, potentially affecting water accumulation and hab-
itat creation.

For our socio-economic variables, we focused on demo-
graphic characteristics and wealth indicators. Our demographic
of choice was the percent of teenagers per block group because
previous studies on Dengue in the SJBE have shown that this is
the most vulnerable demographic (Méndez-Lázaro et al. 2014;
Sharp et al. 2013). We calculate the proportion of people from
the ages of 10-19 over total population using ACS data (ACS-
2011-2014, (United States Census Bureau 2015)). Also using
ACS data, we calculated median household income by census
block group, as an umbrella measure potentially representing
factors such as better housing quality, air conditioner use, waste
management, and infrastructure. Finally, we included population
density (population/m2) as a potential driver of higher dengue
transmission rates. This variable was calculated excluding areas
within the block group occupied by water bodies or wetlands.

Environment

Our Environment sub-model consists of environmental
Bcontrol^ variables that are not expected to be influenced by
the presence of the wetland ecosystems, and not related direct-
ly to ecosystem services, but that are expected to influence
Dengue. Here we include the flood area (Fig. 3d), which has
been suggested to create breeding sites for mosquito vectors
(World Health Organization (WHO) 2006). Our flood area
indicator is derived from FEMA flood zone maps (Federal
EmergencyManagement Agency (FEMA) 2009), which were
used to calculate % flood area within populated segments of
each block group, that is, excluding water bodies and areas
covered by wetlands. Although water hazard mitigation (e.g.

flood control) is an ecosystem service expected from wet-
lands, the flood zone map does not represent areas that get
flooded most often, but rather areas with potential of flooding.
Therefore, it cannot be used as an ecosystem services indicator,
hence its inclusion as an environmental Bcontrol^ instead. Our
second environmental control is salinity. Our second environ-
mental control is salinity. A. aegypti larvae can tolerate brackish
waters (Ramasamy et al. 2011), but oviposition and larvae sur-
vival are limited at salinity levels above 12-13% (Navarro et al.
2003). Since there are differences in salinities in the different
water bodies of the SJBE, we included it to account for its
potential influence. To calculate salinity by block group, we
followed the approach used for nitrogen (see above), using
NEP water monitoring data and the IDW tool in ArcGIS. As
with nitrogen, we focus on the premise that salinity from nearby
water systems may influence chemistry in container habitat
(Yee et al. 2014) via water inputs from flood events, or alloch-
thonous organic matter inputs from vegetation.

Data Analysis

We evaluated the relationship between ecosystems and eco-
system services using linear regressions between woody or
grassy wetlands and the ES indicators (nitrogen, richness,
LST). We then evaluated the role of Ecosystems, Ecosystem
Services, Insulating Layers and Environment on dengue preva-
lence (dengue cases per block group population) using beta-
binomial generalized linear models, accounting for over-
dispersion. Standard binomial regression (i.e. logistic regression)
models the presence or absence of disease in an individual as a
binary response variable (Quinn and Keough, 2002). Beta-
binomial regression is a modified version of binomial
regression that accounts for multiple samples (people) per

Fig. 3 Landscape scale patterns
across SJBE coastal
neighborhoods
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census block group (Venables andRipley 2003).We developed a
Bglobal^ beta-binomial model which included all variables from
each category (Table 1), standardized around their means and 1
standard deviations (Becker et al. 1988). In this global model we
also included significant interactions (Pr(>|z|)<0.05) between
ecological variables with BInsulating Layers^ indicators (with
main effects included). For this we ran individual beta-binomial
models between each factor included in the Insulating Layers
category interacting with each of the other variables, to test the
premise that these factors may mediate the role of the natural
environment (Ecosystem, Ecosystem Services, Environment)
on dengue occurrence.

We used this global model as basis for model averaging,
following the steps described in Grueber et al. (Grueber et al.
2011). The goal of this approach was to select the top variable
combinations that best explained dengue occurrence considering
all possible combinations. Variable combinations were limited to
8 factors in order to have at least 20 replicates per explanatory
variable, and prevent model overfitting. We used AICc > 4 as a
cut-off criterion for submodel selection (Burnham andAnderson
2002) and then calculated the conditional average effect of each
variable after accounting for all of the Bbest models^ where it
was featured (Grueber et al. 2011). Model averages were used to
represent the relative importance of each variable, determine an
average effect size and construct predictive models of dengue
prevalence.

Variables included in the Bbest models^were further analyzed
through a variation partitioning analysis. This analysis allowed
us to determine the fractions of variability explained indepen-
dently (pure effects) by each predictor, or jointly by the intersec-
tion of two or more predictors. In particular, we were interested
in whether the effect of wetlands on dengue prevalence could be
partly attributed to ecosystem services. We applied the subtrac-
tion approach described in detail in Ruiz-Fons et al. (Ruiz-Fons
et al. 2013). Briefly, this approach calculates the deviance ex-
plained by all the variables featured in the Bbest models^, and
then fractures that into individual components representing the
pure effects of each variable and the overlaid effects between
variables. For example, a model that has both % wetlands and
ecosystem service variables may not exhibit great reductions in
deviance relative to one that only has%wetlands because part of
the effect of ecosystem services is already captured by the%wet-
lands model. Here we wanted to test if there was such overlap,
and if so, determine the relative magnitude.

Prior to analysis, all explanatory variables were tested for
collinearity using Pearson correlation coefficients. If any im-
portant correlation was identified between explanatory vari-
ables (>0.60), we only selected the ones with a stronger rela-
tionship to the response variable for model selection (See
supplementary Table 1). Prior to model averaging, the global
model was tested for spatial autocorrelation applying the
Global Moran’s I procedure to residuals (supplementary
Table 2).

Analyses were conducted in R studio (ver. 3.2.2) and/or
ArcGIS (ver 10.3). The BAnalysis of Overdispersed
Data^(aod) package (ver 1.3, (Lesnoff and Lancelot 2012))
was used for beta-binomial model building, the MuMIn pack-
age (Bartoń 2009) was used for model averaging, and the
BmodEva^ package (ver 1.3.2, Barbosa et al., 2013) for vari-
ation partitioning analysis.

Results

Relationship between Ecosystems and Ecosystem
Services

Woody and grassy wetlands showed similar relationships to
the ecosystem services indicators of temperature (heat hazard
mitigation) and vertebrate richness (habitat). Increasing cover
of both types of wetlands was associated with significant in-
creases in vertebrate richness and significant reductions in land
surface temperature (Fig. 4). The relationship to nitrogen, our
Bclean water^ ecosystem services indicator differed. Both types
of wetlands showed a positive association to nitrogen which is
opposite to our prediction. This association was significant for
grassy wetlands (p<0.001), but not woody wetlands.

Dengue Prevalence Model Selection

Model averaging resulted in five models with equal support
following the AICc>4 criterion (Supplementary Table 3). The
variables featured or excluded from these models, and their
relative importance are listed in Table 1. From the
Becosystem^ category, we found that higher percentage of
woody wetlands associated significantly with lower dengue
prevalence (p=0.03). Moreover, grassy wetlands significantly
interacted with median income to explain dengue cases
(p<0.001): while % grassy wetlands seem to inversely relate
to dengue in low income neighborhoods, the trend is reversed
in high income areas (Fig. 5). The significant Becosystem
service^ indicators were Minimum Land Surface
Temperature (LST, hereinafter minimum temperature)
(p=0.002) and Nitrogen (p=0.01). Both variables showed a
positive association to Dengue cases. Maximum LST (herein-
after maximum temperature) significantly interactedwith pop-
ulation density to explain dengue cases (p=0.002), suggesting
that in areas with high population density, higher maximum
temperature was associated to higher number of cases, but that
the effect is reversed in more sparsely populated neighbor-
hoods (Fig. 5).

Both of the variables in the Benvironment^ category signifi-
cantly explained dengue occurrence. As predicted higher salinity
was associated to lower dengue (p=0.02), while higher % flood
area positively correlated to dengue (p=0.02). Salinity also
interacted with the % of teenagers (p=0.003), suggesting that
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in neighborhoods associated to higher salinities, the positive cor-
relation between teenagers and dengue weakens (Fig. 5). The
variables within the Binsulating layers^ category were not signif-
icantly associated to dengue, although we did find significant
interaction effects with some of these variables as discussed
above.

Variance partitioning analysis showed that the relationship
between wetlands and dengue may in part be attributed to the
ecosystem service of Bheat hazard mitigation^ (LST as indi-
cator). About 19% of the deviance explained by woody wet-
lands and about 50% of that explained by the interaction of
grassy wetlands and median income is also explained by min-
imum temperature (Fig. 6). There was no shared deviance
between wetlands and the other variables featured in the Bbest
models^ (See Supplementary Fig. 1), including nitrogen,
which was the other significant ecosystem service indicator
(Fig. 6).

We used the resulting variable estimates from the model
averaging procedure (Table 1) to develop predictive models of
the role of wetland ecosystem services on dengue occurrence.
For this we set all model variables to the mean, and varied
woody and grassy wetland cover on increments of 2%.
(Figure 7). Results suggest that at the current mean woody
wetland cover of 3.4%, there are approximately 9.3 cases of

Dengue per 1000 people. Increasing woody wetland cover by
10%would reduce Dengue cases by roughly 11%, resulting in
around 8.3 cases per 1000 people during a timeframe similar
to our dataset (3 years, one epidemic period). Closer to a 20%
increase in grassy wetland cover would be needed to achieve
the same effect. (Figure 7).

Discussion

To our knowledge, this is the first study to assess the role of
wetlands in the urban landscape on dengue occurrence
through the lens of ecosystem services. Wetlands in the San
Juan Bay Estuary, and in particular mangroves seem to pro-
vide a protective effect, being negatively correlated to dengue.
Part of that effect seems to be mediated by the ecosystem
service of heat hazard mitigation, as lower temperatures are
associated to higher mangrove cover and lower dengue. Our
study suggests that variables such as median income, popula-
tion density and demographics could play a mediating role in
the relationship between dengue occurrence and the natural
environment. These results support our hypothesis of a poten-
tial buffering effect of wetlands to Bvector-borne^ diseases in

Table 1 Descriptive statistics for treatment variables and their effect on dengue cases based on model averaging results (n=170)

Indicators Descriptive Statistics Model Averaging Results#

Categories Variables max min mean SD Avg.
Estimate

2.5% 97.5% P (>z) Relative Variable
Importance

Ecosystem %Woody Wetlands 58.98 0.00 3.35 9.23 -0.12 -0.23 -0.01 0.03 0.29

%GrassyWetlands 63.49 0.00 3.63 8.60 -0.04 -0.14 0.06 0.44 ^0.00

Ecosystem
Services

MinLST (0C) 47.00 35.00 39.34 3.94 0.18 0.07 0.29 0.002 0.62

MaxLST (0C) 63.00 36.00 48.47 3.87 -0.08 -0.23 0.07 0.31 ^0.00

MeanLST (0C) 52.54 35.25 44.06 3.40 n/a n/a n/a n/a n/a

Nitrogen (mg/L) 3.92 0.29 1.62 0.68 0.12 0.03 0.21 0.01 0.17

Vert.Rich.(Median) 50.00 20.00 26.21 6.29 n/a n/a n/a n/a n/a

Insulating Layers

Infrastructure Roads (m/m2) 0.04 0.00 0.02 0.01 n/a n/a n/a n/a n/a

Sewage (m/m2) 0.06 0.00 0.01 0.01 n/a n/a n/a n/a n/a

Socio Economic Median Income 83365.00 2499.00 24186.63 15373.27 -0.03 -0.13 0.08 0.60 ^0.00

% Teenagers 40.82 0.00 11.69 0.07 0.03 -0.06 0.12 0.51 ^0.00

Population per m2 0.02 0.00 0.01 0.00 -0.12 -0.23 0.003 0.06 ^0.00

Environment* Salinity (ppm) 39.44 3.43 24.20 9.67 -0.10 -0.19 -0.02 0.02 0.70

% Flood Area^ 100.00 3.62 59.37 35.92 0.10 0.02 0.18 0.02 0.28

Interactions GrassWetl*MedInc n/a n/a n/a n/a 0.26 0.15 0.38 <0.001 1.00

MaxLST*Popm() n/a n/a n/a n/a 0.18 0.07 0.29 0.002 1.00

Salinity*%Teens n/a n/a n/a n/a -0.12 -0.19 -0.04 0.003 0.06

*Environmental control variables not necessarily related to the Ecosystem or to tested Ecosystem Services; ^represents flood prone zones, not actual
flooded areas. ^ = This variable was only featured in models including it as part of an interaction term; see relative importance of its interaction term. #
Model averaging results are Bconditional averages^, derived from the models that include the variable of interest out of all the Bbest models^
(Supplementary Table 3). n/a (Not applicable; for model averaging results, it implies that the variable was never featured in the Bbest models^). LST
(Land Surface Temperature); Vert.Rich (Vertebrate Richness)
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Fig. 4 Scatterplots displaying relationships between wetland ecosystems and selected ecosystem services. The temperature measure selected here was
Minimum Land Surface Temperature, as it was the most closely related to dengue cases

Fig. 5 Significant interactions explaining dengue cases in the SJBE. Breakpoints for the two figures on each panel were based on the average (above and
below) of the variables: a) Median Income; b) Population Density; and C) Salinity See Supplementary Table 4 for more details
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coastal urbanized neighborhoods, even after controlling for
confounding environmental and socio-economic factors.

The role of temperature on dengue has been documented
before in the SJBE. As in our study, Méndez-Lázaro et al.
(Méndez-Lázaro et al. 2014) found that minimum tempera-
tures were positively associated to dengue in the municipality

of San Juan. Our study supports their findings at a lower
spatial resolution. Previous studies have shown that higher
temperatures promote dengue transmission, by means of re-
ductions in viral incubation period, and mosquito develop-
ment time, and increases in feeding and oviposition rate
(Morin et al. 2013). This relationship however is non-linear

Fig. 6 Variation partitioning
analysis of models explaining
Dengue cases. Values represent
the proportion of the deviance
explained by the variables of
interest individually and in
combination to other model
components. In this case, the
variables of interest are the
wetland ecosystems and the
Becosystem service^ indicators
Minimum Land Surface
Temperature (a, b) and Nitrogen
(c, d). The Bother^ circle
represents all variables featured in
the model averaging results aside
from the single predictors
concurrently being examined
(Table 1; Supplementary Table 3).
Negative explained variances are
artifacts of the VP procedure,
which mainly suggest no overlay
in the amount of deviance ex-
plained. Tested individually, none
of these other variables shared
deviance with wetlands. Results
from variation partitioning with
different variables of the model
and wetlands can be found in
Supplementary Fig. 1

Fig. 7 Predicted relationship
between grassy wetlands (a) and
woody wetlands (b) and dengue
cases in the SJBE
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and at extremely high temperatures mosquito activity and sur-
vival becomes negatively affected (Carrington et al. 2013;
Morin et al. 2013). This non-linearity became evident in our
result of a significant interaction between maximum tempera-
ture and population density. We observe (Fig. 5) that areas that
are more sparsely populated seem to reach much higher tem-
perature extremes, therefore becoming less suitable for den-
gue transmission. These lower population densities could cor-
respond to industrial zones, or sprawled development, with
lower residential greenery and more concrete surfaces that pro-
mote temperatures above the vector-dengue threshold. The
threshold for mosquito competence of dengue transmission
seems to lie between 30-350 Celsius in air temperature (note
here we used Land Surface Temperature, which tends to be
higher) (Carrington et al. 2013; Morin et al. 2013). Above this
temperature, different aspects of mosquito ecology become
negatively affected (Carrington et al. 2013; Morin et al. 2013).
The role that wetland ecosystem services play in promoting
optimal temperature ranges may therefore vary by context.
While in the SJBE it seems to be having a protective effect, in
drier, hotter environments, the presence of vegetation may ac-
tually help bring temperatures down to more suitable ranges,
and prevent evaporation of water from container habitats
(Barrera et al. 2006). These considerations should be taken into
account when applying these findings to other sites.

While temperature seems to partially describe the relation-
ship between wetlands and dengue in the SJBE, a proportion of
the deviance explained by wetlands remains un-attributed to
any of the other ecosystem services tested, according to our
variation partitioning analysis. A possible pathway may be
flood control. We found a positive correlation between % flood
area and dengue cases, and previous studies suggest that wet-
lands canmitigate floods in coastal cities (Brody et al. 2012). To
determine the effect of wetlands on preventing flood and con-
sequently on dengue, it would be necessary to document actual
flood events. While we did not have flood indicator data for the
scale of analysis of this study, this question may likely be ad-
dressed at coarser spatial resolutions in future studies, using for
example flood claims data for the San Juan metropolitan area.

Another potential explanation of the role of wetlands on
dengue may lie in bio-control pathways not evaluated through
this study. For example, while we included estimates of ver-
tebrate richness, we did not have an indicator of invertebrate
distributions. Invertebrates may act as predators and competi-
tors of Aedes aegypti (Quiroz-Martínez and Rodríguez-Castro
2007) and they may be positively affected by the presence of
wetlands. For example, a closely related species, Aedes
mediovittatus, potentially competes with A. aegypti, for re-
sources but prefers to live in woody environments (Cox et al.
2007).WhileA. mediovittatus could also transmit dengue, it is a
less competent vector because it is less susceptible to certain
dengue serotypes (Poole-Smith et al. 2015).Moreover, contrary
toA. aegypti, this mosquito commonly feeds on other mammals

besides humans (Barrera et al. 2012) potentially diluting dengue
transmission rates. The effect of this or other invertebrates within
the SJBE wetlands on dengue could be the subject of future
research.

The role that woody and grassy wetlands seem to play in
dengue occurrence is not equal. Grassy wetlands had the same
inverse correlation to dengue as woody wetlands but only in
low income neighborhoods. This result supports previous
studies showing that wealth moderates Bvector-borne^ disease
exposure (LaDeau et al. 2013) as well as the ecosystem
service-human health linkage (Myers et al. 2013). Like woody
wetlands, grassy wetlands also seem to provide heat hazard
mitigation, and so their presence could be preferentially
benefitting households more exposed to vectors than those
protected by air conditioning and better building material.
The stronger effect of woody wetlands, which seems to affect
all income classes, may be attributed to additional, unex-
plained factors such as the ones discussed above (e.g. bio-
control, flood control).

Another factor differentiating woody and grassy wetlands
may be their influence on water quality. We found that nitro-
gen levels were significantly associated to dengue, supporting
our prediction that water quality degradation could have an
effect mosquito vectors. However, contrary to our predictions,
we observed no correlation between water nitrogen concen-
tration and neighborhoodwoodywetland cover, and a positive
and significant correlation between water nitrogen concentra-
tion and the percentage of grassy wetlands. This result may
suggest that grassy wetlands are subjected to higher levels of
pollution, or that they process pollutant loads differently than
woody wetlands. Moreover, the role that other, un-measured,
water quality indicators that vary concomitantly with nitrogen
play, and their association to different wetland types needs
further evaluation.

Aside from nitrogen, we also included salinity as a water
quality Bcontrol^ variable. As predicted salinity had a negative
effect on dengue. High salinity concentrations seem to damp-
en the effect of dengue on certain vulnerable populations, as
we observed a significant interaction between this variable
and the % of teenagers (Fig. 5). As in previous studies
(Méndez-Lázaro et al. 2014), we found that dengue occur-
rence positively relates to % teens, but that this relationship
becomes weaker in areas of higher salinity. If brackish water
enters artificial containers, then container salinity levels could
rise, negatively affecting oviposition and larvae development.
In neighborhoods associated to coastal ecosystems of higher
salinity, it is plausible that high salinity levels in breeding
habitat ameliorates vector emergence, providing a level of
disease control among a vulnerable sector of the population.
While we can expect this effect to be relatively small in mag-
nitude (as we saw in our results), we also think it is plausible
and worth exploring further through field validation.
Hydrological alterations such as artificial drainage structures

Wetlands (2019) 39:1281–12931290



and channelization tend to reduce salinity levels in coastal
ecosystems (Lugo and Snedaker 1974), but sea level rise, is
expected to expand the extent of estuarine area in the SJBE,
promoting saltwater intrusion inland (Méndez-Lázaro et al.
2014). These altered salinity gradients could determine the
distribution of mosquito vectors and Dengue occurrence
across coastal neighborhoods of the SJBE and should de more
closely examined in the future, as our understanding of these
dynamics remains limited (Méndez-Lázaro et al. 2014).

Aside from the interactions cited in the preceding para-
graphs, the variables in our Binsulating layers^ category were
not significantly associated to dengue. Particularly noteworthy
is the lack of correlation of dengue to population density as a
main effect, suggesting that this variable is not mediating the
observed role of wetlands. The SJBE is more or less densely
populated through, and for the purpose of dengue transmis-
sion, the slight differences do not seem to have an impact.
Moreover, even in neighborhoods with high wetland cover,
we observe households congregating around densely devel-
oped zones, rather than scattered within or around the wetland
area.

Our study had several limitations. Many of the variables
used to assess ecosystem services were derived from extrapo-
lations, either from point measurements or remotely sensed
images. Therefore, there are uncertainties related to how these
measures represent conditions of our study units both in spa-
tial and temporal terms. The dengue cases used as a response
come from official confirmed occurrences. People with limit-
ed access to health care are likely underrepresented by this
dataset. We did not account for human mobility, and how this
factor may affect the disease-environment associations.
Accounting for block group employment rate, age structure,
and human behaviors that affect transmission and exposure to
dengue (see (Barrera et al. 2011)) could help contribute to
better understanding these relationships in the future. Our re-
sults are based on disease occurrence, while many of the hy-
potheses we test are related tomosquito vector ecology. Future
sampling of mosquito populations in the same neighborhoods
should be developed to support our findings. These efforts
should focus on monitoring adult female vectors, which are
superior disease risk indicators than larvae or non-specific
adult mosquito abundance ((Barrera et al. 2011), Bowman
et al 2014).

Aside from mosquito vector abundance other factors may
influence Dengue dynamics such as immunity due to previous
exposure, vector to person contact rate, and current level of
exposure risk. Our study attempted to include some indicators
to account for these factors, such as teenagers (10-19yo),
which are less likely to have acquired the immunity, median
income, which may indicate level of exposure due to housing
quality, waste management and access to air conditioning, and
population density, which increases contact between infected
individuals and vectors. Nevertheless, the path from vector to

disease is complex and is affected by a multitude of dynamics
which were not entirely captured by this analysis, so we en-
courage future studies to address our limitations to more ac-
curately represent dengue trends in the SJBE.

In spite of these limitations, our results are consistent with
our theoretical models and with previous studies on environ-
mental drivers of dengue fever. Furthermore, our results and
predictive models (Fig. 7) could be used as preliminary evi-
dence to help justify wetland restoration strategies for the ben-
efit of human health, and to evaluate potential gains and
tradeoffs of different landscape management scenarios in the
SJBE.
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-114

Research Category Primary: Health Effects Research and Human Health Risk Assessment (HE)

Research Category Secondary: Health Effects Research and Human Health Risk Assessment (HE)

Laboratory/Office Name: ORD

Nomination Entered By: Michael Hughes

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Reeder Sams

Nominating Official Title: DEPUTY DIRECTOR FOR MANAGEMENT, NERL

Nominating OfficialEmail: sams.reeder@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

Pyrethroids are a class of synthetic pesticides with a chemical structure based on the
pyrethrins, which are natural botanicals. The pyrethroids have greater insecticidal
activity and are more stable in the environment than the pyrethrins. The use of
pyrethroids is more common now as they are replacing organophosphate and
carbamate pesticides, which are more acutely toxic classes of pesticides to
mammals and birds than pyrethroids. There are about 20 pyrethroids that are
registered with EPA for use on food crops. Exposure to pyrethroids may occur via
inhalation or contact with the skin during spraying operations or ingestion when
consuming food contaminated with pyrethroid residues. Studies have also shown
that human exposure to multiple pyrethroids may occur. As EPA reregisters
pyrethroids for use over time, our research goals were to provide our partners in the
Office of Pesticide Programs with data from experimental studies to aid in the
development of risk assessments for these compounds. In the studies nominated
here, we examined 1) the bioavailability of bifenthrin in the rat; 2) the in vivo
dermal absorption of 3 pyrethroids in the rat and using the parallelogram approach
with in vitro data from a previous publication (see Supplemental Items) to estimate
human dermal absorption of these compounds; and 3) correlate blood and brain
concentrations of pyrethroids and neurobehavior, the latter measured as alteration in
motor activity in rats, following an acute oral administration of five pyrethroids as a
mixture. The research nominated provides information on the dosimetry and
bioavailability of bifenthrin. Determination of bioavailability provides information
on the extent that the parent compound bifenthrin, the presumed toxic species,
reaches the systemic circulation and distributes to tissues following oral exposure.
The dermal absorption research provides information on the distribution of
pyrethroids to tissues and elimination following exposure to skin and penetration
through it to reach the systemic circulation. The data from this research was used
with previously published in vitro data to estimate human dermal absorption of the
pyrethroid pesticides of which little is known. Correlating tissue concentrations of
pyrethroids to neurotoxicity provides valuable information for toxicity assessments
rather than solely relying on administered dose. Our results showed that blood
concentrations of pyrethroids administered orally as a mixture can be a surrogate for
brain concentrations of when assessing neurotoxic effect. Overall, this research has
provided valuable data and information to our partners in the Office of Pesticide
programs.

Justification 2A:
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Two areas of research we have focused on is assessing the disposition of pyrethroid
pesticides following oral, intravenous and dermal administration and correlating
tissue dose of the pyrethroids to neurotoxic endpoint, for example, motor activity in
rats. For our bifenthrin paper (published in Xenobiotica), we determined the
disposition of the compound following oral and intravenous administration to rats in
various tissues (blood, brain, etc.) and were able to estimate its bioavailability. For
the in vivo dermal absorption paper (published in Journal of Toxicology and
Environmental Health, Part A), we determined the disposition of 3 pyrethroids
following dermal administration in rats. In addition, using data from our in vitro
dermal absorption paper (see supplemental information), we were able to estimate
human dermal absorption of these compounds using the parallelogram approach. A
mathematical relationship is set up between the known in vitro dermal absorption
values in rat and human skin and the values from the in vivo rat dermal absorption
studies. Finally, in our pyrethroid tissue concentration and motor activity paper
(published in Toxicology), we quantitated the levels of pyrethroids administered
(multiple doses, one time point) orally to rat in blood and brain. From this
information we were able to correlate motor activity of the rats with concentration
of the pyrethroids in blood and brain (the target organ of the pyrethroids). We found
that determination of blood concentrations of the pyrethroids could serve as a
surrogate for pyrethroid concentration in brain. This may be an aid in future
neurotoxicology studies of the pyrethroid pesticides.

Justification 2B:

Michael Hughes - two STAA nominations in the previous five years:

1) 2016, Independent Data Validation of an In Vitro Method for theLevel II 1) 

Prediction of the Relative Bioavailability of Arsenic in Contaminated Soils; 2)
Mouse Assay for Determination of Arsenic Bioavailability in Contaminated Soils

2) 2015, Level III 1) Biogeographical Analysis of Chemical Co-Occurrence Data to
Identify Priorities for Mixtures Research, (2) Environmentally Relevant Mixtures in
Cumulative Assessments: an Acute Study of Toxicokinetics and Effects on Motor
Activity in Rats Exposed to a Mixture of Pyrethroids, and (3) A Pharmacokinetic
Model of Cis-and Trans-Permethrin Disposition in Rats and Humans with
Aggregate Exposure Application
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Kevin Crofton- four STAA nominations in the previous five years:

1) 2019 Level I STAA: 1) Development of a Thyroperoxidase Inhibition Assay for
High-Throughput Screening; 2) Tiered High-Throughput Screening Approach to
Identify Thyroperoxidase Inhibitors within the ToxCast Phase I and II Chemical
Libraries

2) 2019 Level III: A chemical and chemoinformatics foundation for ToxCast &
Tox21 research programs.

3) 2017 Honorable Mention: Expanding the Test Set: Chemicals with Potential to
Disrupt Mammalian Brain Development

4) 2015 Level III STAA: (1) Biogeographical Analysis of Chemical Co-Occurrence 

Data to Identify Priorities for Mixtures Research, (2) Environmentally Relevant
Mixtures in Cumulative Assessments: an Acute Study of Toxicokinetics and Effects

on Motor Activity in Rats Exposed to a Mixture of Pyrethroids, and (3) A 

Pharmacokinetic Model of Cis-and Trans-Permethrin Disposition in Rats and
Humans with Aggregate Exposure Application

5) 2015 Honorable Mention: (1) An Animal Model of Marginal Iodine Deficiency
During Development: The Thyroid Axis And Neurodevelopmental Outcome, and
(2) Evaluation of Iodide Deficiency In The Lactating Rat and Pup Using A
Biologically Based Dose-Response Model
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Michael DeVito, James Starr, David Ross, Edward Scollon, Marcelo Wolansky -
one STAA nomination in the last five years

1) 2015 Level III STAA: (1) Biogeographical Analysis of Chemical Co-Occurrence
Data to Identify Priorities for Mixtures Research, (2) Environmentally Relevant
Mixtures in Cumulative Assessments: an Acute Study of Toxicokinetics and Effects
on Motor Activity in Rats Exposed to a Mixture of Pyrethroids, and (3) A
Pharmacokinetic Model of Cis-and Trans-Permethrin Disposition in Rats and
Humans with Aggregate Exposure Application

Brenda Edwards - no STAA nominations in the past five years

Justification 2C:

The awards for all of the participants except for the 2015 Level III STAA are not
related to the current nomination. These awards are for the development of models
to determine the bioavailability of soil-contaminated arsenic, the role of iodine and
the thyroid axis in neurodevelopment, chemoinformatics for ToxCast and Tox21
research programs, and development of a high-throughput thyroperoxidaase
inhibition screening assay. The 2015 award had a mixtures research theme using the
pyrethroids as the example compounds. The overall outcomes of the studies
nominated in the 2015 award showed that the co-occurrence of pesticides such as
the pyrethroids in many settings is not random but highly structured resulting with
specific pesticide combinations; supported the additive model of pyrethroid effect
on motor activity in rats following an acute exposure (two doses, multiple time
points) to a mixture of pyrethroids; and physiologically based pharmacokinetic
models can be developed that simulate the disposition of cis- and trans-permethrin,
basically a mixture of permethrin, in the rat. The present nomination has a theme of
disposition of pyrethroid pesticides following oral, intravenous and dermal
administration and correlation of tissue concentration of pyrethroid pesticides
(multiple doses, one time point) administered as a mixture to motor activity, a
neurotoxic endpoint.

Justification 2D:
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One paper is added as supplemental information (In vitro dermal absorption of
pyrethroid pesticides in human and rat skin). It is authored by Hughes and Edwards,
published in 2010 in Toxicology and Applied Pharmacology. This study examined
the in vitro dermal absorption of 3 pyrethroid pesticides using rat and human
cadaver skin. The data from this study was used in the rat in vivo dermal absorption
study (published in the Journal of Toxicology and Environmental Health, Part A)
with the same 3 pyrethroid pesticides to estimate human in vivo absorption using
the parallelogram approach.

Justification 2E:

No concurrent nominations have been submitted by any of the authors.

Justification 3A:

Citations:

Hughes, M.F. and Edwards, B.C. (2016) In vivo dermal absorption of pyrethroid pesticides in the rat. Journal of

Toxicology and Environmental Health, Part A 79:83-91. Citations: 10 (Google Scholar)

Hughes, M.F., Ross, D.G., Edwards, B.C., DeVito, M.J. and Starr, J.M. (2016) Tissue time course and

bioavailability of the pyrethroid insecticide bifenthrin in the Long-Evans rat. Xenobiotica 46:430-438. 

Citations: 6 (Google Scholar)

Hughes, M.F., Ross, D.G., Starr, J.M., Scollon, E.J., Wolansky, M.J., Crofton, K.M. and DeVito, M.J. (2016)

Environmentally relevant pyrethroid mixtures: a study on the correlation of blood and brain concentration to

motor activity of a mixture of pyrethroid insecticides administered to rats. Toxicology 359:19-28. Citations:
10 (Google Scholar) 
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Posters presented at the Society of Toxicology Annual Meetings:

Ross, D.G., Starr, J.M., Edwards, B.C., Hutchison, J., DeVito, M.J. and Hughes, M.F. (2012) Toxicokinetics of

the pyrethroid pesticide bifenthrin in blood and brain of the rat. Toxicological Sciences (The Toxicologist)

126:404.

Hughes, M.F., Ross, D.G., Starr, J.M., Scollon, E.J., Wolansky, M.J., Crofton, K.M. and DeVito, M.J. (2013)

Dose-response relationship of an environmental mixture of pyrethroids following acute oral administration in

the rat. Toxicological Sciences (The Toxicologist) 132:104.

Justification 3B:

For the paper published in Journal of Toxicology and Environmental Health, Part A,
Dr. Gabriel Knudsen of NIEHS, and Drs. Rogelio Tornero-Velez and Jane Ellen
Simmons of EPA provided EPA internal reviews. For the paper published in
Xeniobiotica, Drs. Elaina Kenyon, Jane Ellen Simmons and Rogelio Tornero-Velez
of EPA provided EPA internal reviews. For the paper published in Toxicology, Drs.
Nicole Tulve, Hisham El-Masri and Jane Ellen Simmons of EPA provided EPA
internal reviews. All of the papers were edited based on comments from the various
reviewers before submission to the journals. Each manuscript was submitted to a
peer reviewed journal. There were four reviewers for the paper submitted to the
Journal of Toxicology and Environmental Health, three reviewers for Xenobiotica
and two reviewers for Toxicology. Comments from all reviewers were addressed,
edits to the manuscripts were made and the papers were subsequently accepted for
publication.

AUTHORS

Principal Author

Author Name: Michael F. Hughes

Professional Title: Salutation:
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In vivo dermal absorption of pyrethroid pesticides in the rat

Michael F. Hughes and Brenda C. Edwards

U.S. Environmental Protection Agency, Research Triangle Park, North Carolina, USA

ABSTRACT

Exposure to pyrethroid pesticides is a potential cause for concern. The objective of this study was
to examine the in vivo dermal absorption of bifenthrin, deltamethrin, and permethrin in the rat.
Dorsal hair on adult male Long-Evans rats was removed. The next day, the skin was dosed with
1750 nmol (312.5 nmol/cm2) of radiolabeled (5 µCi) bifenthrin, deltamethrin, or permethrin in
acetone. A nonoccluding plastic cover was glued over the dosing site. The animals were placed in
metabolism cages to collect excreta. At 24 h postdosing, the skin was washed with soap and
water, and rats in one group were euthanized and their tissues were collected. The skin was
removed and tape stripped. The remaining animals were returned to the metabolism cages after
the wash for 4 d. These rats were then euthanized and handled as already described. Excreta,
wash, tape strips, tissues, and carcass were analyzed for pyrethroid-derived radioactivity. The wash
and tape strips removed >50% of the dose and skin retained 9–24%. Cumulative radioactivity in
excreta was 0.5–7% at 24 h and 3–26% at 120 h. Radioactivity in tissues was <0.3% of the dose,
while carcass retained 2 to 5%. Assuming absorption equals cumulative recovery in skin (washed
and tape stripped), excreta, tissues, and carcass, absorption was permethrin ~ bifenthrin >
deltamethrin at 24 h and permethrin > deltamethrin > bifenthrin at 120 h. Using the parallelo-
gram approach with published in vitro data, human dermal absorption of these pyrethroids was
estimated to be <10% of the dose.
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The use of pyrethroid pesticides is more common-

place today in the United States than that of other

pesticide classes (Power and Sudakin, 2007). This

is due in part to the phasing out of the organopho-

sphate (OP) insecticides from residential uses.

Pyrethroid exposure may occur during their man-

ufacture, during their use in agricultural and resi-

dential settings, during their use as a veterinary or

medicinal agent, or from the diet. Pyrethroids are

detected in indoor surface wipes of child care

centers (Tulve et al., 2006) and personal residences

(Stout et al., 2009; Julien et al., 2008), indoor dusts

(Harnly et al., 2009; Starr et al., 2008; Quivrós-

Alcalá et al., 2011) and on fruits and vegetables

(U.S. Department of Agriculture [USDA], 2013).

Pyrethroid metabolites are found in urine at low

levels in adults and children who are not occupa-

tionally exposed and who had not used them in

the home (Heudorf and Angerer, 2001). Heudorf

and Angerer (2001) suggested that absorption of

pyrethroids and subsequent urinary elimination

resulted from dietary exposure.

The human health effects of acute exposure to

pyrethroids include respiratory, eye, and skin irri-

tation and dermal paresthesia (Saillenfait et al.,

2015). Hudson et al. (2014) assessed illnesses and

injuries associated with acute exposures to pyre-

thrin and pyrethroids from 2000 to 2008 in 11 states

within the United States and identified approxi-

mately 5000 cases of pyrethroid exposures. They

reported that the incidence rate in 2008 was low,

with 8 cases identified per million people. Eighty-

five percent of cases were classified as low severity.

Work-related effects of pyrethrin/pyrethroid expo-

sure were 34% of the total identified effects. The

most common illness of all reported cases from

exposure to either pyrethrins or pyrethroids or

both was respiratory effects such as cough, dyspnea,

wheeze, or lower respiratory pain/irritation

(Hudson et al. 2014). During this time period

(2000–2008), five fatalities (approximately 0.01%

of all cases examined) were associated with pyre-

thrin/pyrethroid exposure. Two cases were classi-

fied as definite (18-mo child and 76-yr-old woman),

CONTACT Michael Hughes, PhD hughes.michaelf@epa.gov Office of Research and Development, National Health and Environmental Effects
Research Laboratory, U.S. Environmental Protection Agency, Research Triangle Park, NC 27711, USA.
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two cases were probable (64-yr-old woman and

35-yr-old man, both asthmatics), and the final

case was classified as suspicious (10-mo-old child).

The “definite” cases were a result of the child ingest-

ing allethrin and the woman spraying permethrin/

tetramethrin over her head. The other cases were a

result of the individuals being in areas that had been

sprayed with pyrethroids. Effects from low-level

chronic exposure to pyrethroids are not well char-

acterized. Epidemiological studies suggested that

sperm quality, reproductive hormones, and preg-

nancy outcomes may be affected by this type

of exposure to pyrethroids (Saillenfait et al., 2015).

A mixture of permethrin/allethrin was found to

produce cytotoxicity and genotoxicity in human

peripheral blood lymphocytes (Ramos-Chaves

et al., 2015). In an extensive review, Wolansky and

Tornero-Velez (2013) described the neurotoxicity

associated with pyrethroid exposure.

The three main routes of chemical exposure

include oral, inhalation, and dermal are important

to consider for chemical risk assessments.

Regarding dermal exposure to pyrethroids, Zhang

et al. (1991) reported that dermal exposure was the

main route of absorption of the pyrethroids delta-

methrin and fenvalerate sprayed by workers onto

cotton fields. Military personnel and forestry work-

ers wearing clothing impregnated with permethrin

have an increased internal exposure to this pyre-

throid, based on elevation of excreted permethrin

urinary metabolites (Kegel et al., 2015; Rossbach

et al., 2014). Permethrin is used medicinally for

the treatment of scabies and lice (Taplin and

Meinking, 1990; Tomalik-Scharte et al., 2005; van

der Rhee et al., 1989) and was utilized in combina-

tion with N,N-diethyl-m-toluamide (DEET) during

the first Gulf War (Abu-Qare and Abou-Donia,

2003). Permethrin is systemically absorbed by this

medical use; approximately 0.5% of an applied dose

(1250 mg) of permethrin cream to skin was

excreted in urine over 48 h (van der Rhee et al.,

1989). Woollen et al. (1992) reported that in human

volunteers treated with cypermethrin on the back

approximately 1% of the applied dose was excreted

in urine following an 8-h exposure.

The objective of this study was to examine in vivo

dermal absorption of three radiolabeled pyrethroids,

bifenthrin, deltamethrin, and permethrin, in adult

male Long-Evans (LE) rats. The treated skin was

washed at 24 h to remove unabsorbed pyrethroid.

One group of rats was euthanized and tissues and

excreta were collected. A second group of similarly

treated rats was maintained for 4 additional days for

collection of daily excreta and tissues at 120 h post-

exposure. Collected tissues, wash, tape strips, and

excreta were analyzed for pyrethroid-derived radio-

activity. Pyrethroid disposition data following der-

mal exposure might aid in more accurate risk

assessment of this class of commonly used pesticides.

Materials and methods

Chemicals

[3H(G)]-Bifenthrin (specific activity 317 mCi/

mmol, radiochemical purity >98%) and [3H(G)]-

deltamethrin (specific activity 9 Ci/mmol, radioche-

mical purity >95%) were purchased from Perkin-

Elmer Life and Analytical Sciences, Inc. (Waltham,

MA). cis-[Cycloproprane-1-14C]-permethrin (speci-

fic activity 54 mCi/mmol, radiochemical purity

>98%) was purchased from Amersham Biosciences

(Piscataway, NJ). Radiochemical purity of the radi-

olabeled pyrethroids was confirmed by high-perfor-

mance liquid chromatography (HPLC) radio-flow

analysis as described by Hughes and Edwards

(2010). Unlabeled pyrethroids (purity >98%) were

purchased from Chem Service (West Chester, PA).

Ketamine hydrochloride was purchased from Fort

Dodge Laboratories (Fort Dodge, IA), and xylazine

was from Phoenix Scientific (St. Joseph, MO).

Animals

Adult male LE rats were purchased from Charles

River Laboratories (Portage, MI). The LE rat was

used because of collaborative neurotoxicology and

pharmacokinetic studies that used this strain

(Godin et al., 2010; Hughes and Edwards, 2010;

Scollon et al., 2011; Tornero-Velez et al., 2012;

Wolansky et al., 2006). Animals were housed indi-

vidually in polycarbonate cages with heat-treated

lab-grade pine shavings (Northeastern Products,

Warrensburg, NY) in an Association for the

Assessment and Accreditation of Laboratory

Animal Care-approved facility. Animals were pro-

vided with feed (Purina Rodent Chow 5001,

Barnes Supply Co., Durham, NC) and tap water
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for ad libitum consumption. Tap water (Durham,

NC) used in the animal facility was filtered

through sand and activated charcoal and rechlori-

nated to 4–5 ppm Cl−. All animal procedures were

approved by the Institutional Animal Care and

Use Committee of the National Health and

Environmental Effects Research Laboratory.

Experimental

Animals (approximately 70 d old; 270–326 g body

weight) were placed in individual metabolism cages

2 d before the experiment. The day before the

experiment, animals were anesthetized with isoflur-

ane via inhalation, and hair on their dorsal surface

was removed with an electric clipper (Oster Corp.,

Milwaukee, WI, size 40 blade). The skin was rinsed

with distilled water to remove extraneous material

and checked for abrasions and nicks. A Tygon

tubing collar secured with wire was placed behind

the forelegs of the rats. This was used to prevent the

animal from licking the clipped area and plastic

cover used once the chemical was applied. The

following day, rats were anesthetized with ketamine

(80 mg/kg) and xylazine (10 mg/kg) administered

ip. Once animals were anesthetized, the collar was

removed and a circular dosing site (area 5.6 cm2)

was drawn on the clipped skin with a felt tip pen.

Pyrethroid (5 µCi radiolabeled and unlabeled pyre-

throid were combined to prepare a dose of 1750

nmol) in acetone (250 μl) was applied within the

dosing site (5.6 cm2). Once the acetone dried, a

clear plastic cover punched with a few holes to

minimize occlusion was glued over the dosing site

with cyanoacrylate adhesive. The collar was reat-

tached behind the forelegs of the rats. Animals were

returned to metabolism cages for collection of urine

and feces. Twenty-four hours postexposure, rats

were anesthetized with the ketamine/xylazine solu-

tion. Once the animal was anesthetized, the top of

the plastic cover was cut away. The skin was washed

with 1 ml Ivory liquid soap:water (50:50) mixture

and a cotton ball three times, one wash with 1 ml of

water and a cotton ball, and a dry wash with a

cotton ball. The washes and cotton balls were

placed in scintillation vials and mixed with 10 ml

scintillant (Ultima Gold, PerkinElmer, Waltham,

MA). Animals were then euthanized by cardiac

puncture under CO2-induced anesthesia. The

following tissues were removed: treated skin, a

piece of untreated skin, liver, lung, kidneys, brain,

and perirenal fat. The blood, untreated skin, and

organs were weighed, frozen in liquid nitrogen, and

stored at –70ºC until processing for combustion in

a PerkinElmer model D307 oxidizer. These samples

were then assayed for radioactivity in a

PerkinElmer model 2560 liquid scintillation coun-

ter. The carcasses were weighed and stored at –70ºC

until processing. The carcasses were processed by

homogenization in liquid nitrogen in an industrial

blender (Waring Products Division, New Hartford,

CT). Aliquots of the carcass homogenate were

weighed, combusted, and analyzed for radioactivity.

Urine and feces were collected from each metabo-

lism cage at the time of euthanasia. Each metabo-

lism cage was washed with approximately 75 ml

10% (v/v) Count-Off (PerkinElmer). The wash

was mixed with urine and brought to a total volume

of 100 ml with water. Aliquots of the combined

urine and cage wash were mixed with scintillant

and assayed for radioactivity. The feces were

weighed and stored at –70ºC until processing. The

feces were processed by pulverizing each sample,

weighing aliquots (approximately 250 mg), com-

bustion, and assay for radioactivity. The treated

skin was allowed to dry overnight at room tempera-

ture and then stripped with clear cellophane tape 10

times. Each tape strip was placed in a scintillation

vial and mixed with scintillant before assay for

radioactivity. The stripped skin was then immedi-

ately combusted and assayed for radioactivity.

In a second study, rats were treated with pyre-

throid as already described. Their skin was washed

24 h postexposure under anesthesia. A second

plastic cap was glued over the original cap and

animals returned to metabolism cages for an addi-

tional 4 d. Urine and feces were collected daily.

Five days postexposure, animals were euthanized

by cardiac puncture under CO2-induced anesthe-

sia and the same tissues were removed as already

described. The excreta, tissues, treated skin, and

carcass were handled as already described.

Results

Pyrethroid-derived radioactivity was detected in

urine and feces at 24 h and increased over the course

of 120 h for the 3 pyrethroids (Table 1 and Figure 1).
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For permethrin, total excretion was highest of the

three pyrethroids examined. Total excretion was 7%

at 24 h and rose to 26% at 120 h. Urinary excretion

and fecal excretion of permethrin-derived radioac-

tivity were the same at 24 h, but at 120 h urinary

excretion was numerically higher. For bifenthrin,

total excretion increased from 3% at 24 to 10% at

120 h andwas greater in feces than urine at both time

points. Total excretion of deltamethrin was lowest

overall of the three pyrethroids examined. It was

0.5% at 24 h and rose to 3% at 120 h. The percentage

excreted was similar in both urine and feces at these

two time points. The skin was washed at 24 h post-

exposure for all treated animals, and detection of

radioactivity in excreta beyond this time indicates

that pyrethroid-derived radioactivity in skin was

available to diffuse into the systemic circulation

and eventually excreted.

The highest percentage of the dose was recov-

ered in the skin wash, ranging from 42 to 70%

(Table 2). Treated skin that was washed and tape

stripped displayed the second highest percentage,

ranging from 9 to 24% (Table 2). Radioactivity

removed by tape stripping the treated skin ranged

from 3.3 to 6.2% of the dose (Table 2). For the

organs collected and analyzed, pyrethroid-derived

radioactivity was < 0.3%. The rank order of pyre-

throid-derived radioactivity from highest to lowest

percent distribution trended toward fat > liver >

kidneys > lung > brain. Exceptions to this trend in

this study of percent distribution were deltame-

thrin at 120 h and permethrin at 24 h, where

liver > fat (Table 2). The percent dose in carcass

ranged from 3 to 5% of the dose (Table 2).

Recovery of pyrethroid-derived radioactivity in

wash, tape strips, excreta, tissues, and carcass ran-

ged from 87 to 98% (Table 2).

Concentration of pyrethroid-derived radioactiv-

ity was no greater than 0.01%/g for liver (bifen-

thrin) and kidneys (permethrin) at 24 h and fat

(bifenthrin) at 120 h (Table 3). The lowest con-

centration of radioactivity was detected in brain

Table 1. Cumulative Percent Dose of Pyrethroid-Derived
Radioactivity in Urine and Feces After Dermal Application of
Pyrethroids to Rats.

Pyrethroid Time (h) Urine Feces

Bifenthrin 24 0.6 ± 0.1 2.0 ± 0.7

120 2.6 ± 2.1 7.5 ± 2.7

Deltamethrin 24 0.2 ± 0.03 0.3 ± 0.2

120 1.4 ± 0.3 1.8 ± 1.0

Permethrin 24 3.5 ± 0.9 3.7 ± 1.6

120 14.6 ± 2.8 11.3 ± 2.9

Note. Dose of pyrethroid was 1750 nmol on 5.6 cm2 of skin; data

displayed are from time of euthanasia. Data represent mean ± SD,

n = 4, except for deltamethrin at 120 h, where n = 3.

Figure 1. Cumulative percent excretion of the dose of bifen-
thrin, deltamethrin and permethrin in urine (m) and feces (□)
over 5 d after dermal exposure to male rats. The skin of the rats
was washed on d 1. Data represent mean ± SD, n = 4 for
bifenthrin and cis-permethrin, n = 3 for deltamethrin. Data
displayed are only from animals euthanized at 120 h.
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Table 2. Distribution (Percent of Dose) Of Pyrethroid-Derived Radioactivity in Wash, Tape Strip, Carcass, and Tissues of Rats after Dermal Application.

Pyrethroid Time (h) Wash Tape strip Treated Skin Carcass Liver Lung Brain Kidney Fatc Recoveryd

Bifenthrin 24 52.3 ± 5.0 5.2 ± 2.0 24.1 ± 5.7 2.9 ± 2.2 0.08 ± 0.02 0.003 ± 0.003 0.002 ± 0.0003 0.006 ± 0.001 0.1 ± 0.03 87.3 ± 3.5%

120 70.0 ± 3.0a 6.2 ± 2.9b 9.2 ± 4.2 2.0 ± 3.0 0.05 ± 0.05 0.002 ± 0.002 0.0001 ± 0.0001 0.005 ± 0.005 0.1 ± 0.1 97.5 ± 1.0%

Deltamethrin 24 62.6 ± 3.6 3.6 ± 0.7 20.1 ± 2.4 2.8 ± 4.5 0.02 ± 0.003 0.003 ± 0.002 0.0007 ± 0.0003 0.002 ± 0.0004 0.048 ± 0.009 89.7 ± 2.9%

120 59.5 ± 4.9a 3.3 ± 1.2b 20.4 ± 6.1 2.6 ± 3.4 0.02 ± 0.02 0.0007 ± 0.0006 0.0002 ± 0.0001 0.003 ± 0.0004 0.014 ± 0.009 89.0 ± 5.3%

Permethrin 24 62.3 ± 4.2 5.1 ± 0.4 18.7 ± 3.8 4.9 ± 1.4 0.2 ± 0.08 0.004 ± 0.003 0.0001 ± 0.0002 0.02 ± 0.007 0.03 ± 0.01 98.4 ± 2.3%

120 52.1 ± 5.0a 4.7 ± 1.0b 11.3 ± 6.2 4.1 ± 3.3 0.07 ± 0.04 0.003 ± 0.002 0.0009 ± 0.0004 0.006 ± 0.004 0.18 ± 0.08 98.1 ± 5.5%

Note. Dose of pyrethroid was 1750 nmol on 5.6 cm2 of skin. Data represent mean ± SD, n = 4, except for deltamethrin at 120 h, where n = 3.
aWash conducted at 24 h.
bTape strip at 120 h.
cEstimated using 7.8% body fat (Simmons et al., 2002).
dRecovery includes data from Table 1.

Table 3. Concentration (Percent Dose/g Tissue) of Pyrethroid-Derived Radioactivity in Tissues of Rats After Dermal Application.

Pyrethroid Time (h) Blood Brain Fat Kidney Liver Lung Untreated skin

Bifenthrin 24 0.001 ± 0.0002 0.0009 ± 0.0001 0.004 ± 0.001 0.002 ± 0.0004 0.006 ± 0.001 0.003 ± 0.002 0.003 ± 0.002

120 0.0005 ± 0.0004 0.00007 ± 0.00008 0.006 ± 0.005 0.002 ± 0.001 0.004 ± 0.004 0.001 ± 0.0006 0.003 ± 0.005

Deltamethrin 24 0.0003 ± 0.0001 0.0004 ± 0.0001 0.002 ± 0.0003 0.0007 ± 0.0001 0.001 ± 0.0002 0.002 ± 0.001 0.0009 ± 0.0002

120 0.002 ± 0.00008 0.0001 ± 0.0001 0.0006 ± 0.0004 0.0009 ± 0.0002 0.002 ± 0.002 0.0005 ± 0.0001 0.003 ± 0.002

Permethrin 24 0.004 ± 0.003 0.00008 ± 0.00008 0.001 ± 0.0005 0.006 ± 0.002 0.01 ± 0.004 0.003 ± 0.002 0.002 ± 0.001

120 0.001 ±.0.0007 0.0004 ± 0.0002 0.008 ± 0.004 0.002 ± 0.001 0.002 ± 0.001 0.002 ± 0.001 0.005 ± 0.007

Note. Dose of pyrethroid was 1750 nmol on 5.6 cm2 of skin. Data represent mean ± SD, n = 4, except for deltamethrin at 120 h, where n = 3.
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for all tissues, pyrethroids, and times, except for

deltamethrin at 24 h. At this time, the concentra-

tion of deltamethrin in brain (0.0004% dose/g) was

numerically higher than in blood (0.0003%

dose/g).

A summary of the total percent pyrethroid-

derived radioactivity in excreta, treated skin, and

the body burden at 24 and 120 h postadministra-

tion is displayed in Table 4. A greater percentage

of the bifenthrin dose decreased in treated skin

than for permethrin and deltamethrin by 120 h.

The percent of dose of deltamethrin in skin

remained the same at 24 and 120 h. The body

burden of pyrethroid-derived radioactivity was

≤5% of the dose and decreased only slightly rela-

tive to the percent of the dose excreted in urine

and feces, suggesting fairly rapid clearance of pyr-

ethroids from the systemic circulation.

Figure 2 shows the absorption data for the

three pyrethroids at 24 and 120 h, as well as

data from our in vitro study at 24 h in rat and

human skin (Hughes and Edwards, 2010). An

equivalent dose, 312.5 nmol/cm2, was used in

the present study and in the in vitro study. The

term absorption includes chemical that (1) pene-

trated into the skin and could not be removed by

washing and tape stripping, and (2) chemical that

has completely penetrated the skin and detected

in tissues, carcass, and excreta for in vivo studies

or receptor fluid for in vitro studies. Absorption

in vivo ranged from approximately 25 to 30% at

24 h and 20 to 40% at 120 h for the 3 pyre-

throids. For deltamethrin and permethrin,

absorption increased from 24 to 120 h. A portion

of the pyrethroid in skin not removed by

the wash at 24 h penetrated further into the

skin to the systemic circulation. For bifenthrin,

percent absorption was less at 120 than at 24 h.

An explanation for this observation is that wash-

ing of the skin was less efficient for the 24- than

for the 120-h group. Alternatively, bifenthrin in

the epidermis may have diffused to the surface

and was removed by the tape stripping. The rat

in vitro absorption value at 24 h was 9–30% less

than the comparable in vivo value at 24 h for the

3 pyrethroids (Figure 2). Human in vitro absorp-

tion was 80–90% less than rat in vivo absorption

at 24 h. Using the parallelogram approach to

estimate human dermal absorption of chemicals

(% human absorption = (% rat in vivo/% rat in

vitro) × % human in vitro; van Ravenzwaay and

Leibold, 2004), the estimated absorption at 24 h

was 8.7, 2.4, and 5.4% for bifenthrin, deltame-

thrin, and permethrin, respectively.

Discussion

Human exposure to pyrethroid pesticides is

becoming a more common occurrence because of

Figure 2. Percent absorption of pyrethroids at 24 h (□) and 120
h (■) post dermal exposure to rats in vivo and 24 h postexpo-
sure to rat (▓) and human (░) skin in vitro. All skins from the
present and in vitro study received an equivalent pyrethroid
dose of 312.5 nmol/cm2. For in vivo data, absorption includes
pyrethroid-derived radioactivity detected in urine, feces, skin
(washed and tape stripped), carcass, liver, lung, kidneys, brain,
and perirenal fat. For in vitro data, absorption includes pyre-
throid-derived radioactivity in receptor fluid and skin (washed
and tape stripped) (data from Hughes and Edwards, 2010). Data
represents mean ± SD, n = 4, except for deltamethrin at 120 h
where n = 3.

Table 4. Pyrethroid-Derived Radioactivity (Percent of Dose) in
Excreta, Treated Skin, and Body of the LE rat 24 and 120 h
Postadministration.

Pyrethroid Time (h) Excertaa Treated skinb Body burdenc

Bifenthrin 24 2.7 ± 0.8d 24.1 ± 5.7 3.1 ± 2.3

120 10.1 ± 4.8 9.2 ± 4.2 2.2 ± 3.1

Deltamethrin 24 0.5 ± 0.2 20.1 ± 2.4 2.8 ± 4.5

120 3.2 ± 0.9 20.4 ± 6.1 2.6 ± 3.5

Permethrin 24 7.2 ± 2.4 18.7 ± 3.8 5.1 ± 1.5

120 25.8 ± 5.3 11.3 ± 6.2 4.3 ± 3.5
aSum of pyrethroid-derived radioactivity (% dose) in urine and feces.
bSum of pyrethroid-derived radioactivity (% dose) in washed and tape-

stripped treated skin.
cSum of pyrethroid-derived radioactivity (% dose) in brain, carcass, fat

(estimated), kidney, liver, and lung.
dData represent mean ± SD, n = 4 except for deltamethrin at 120 h,

where n = 3.
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their use for crop protection and in residences and

child care centers (Wolansky and Tornero-Velez,

2013). Exposure to pyrethroids may occur via

inhalation, ingestion, or dermal contact. The latter

exposure route may occur when pyrethroids are

sprayed or when humans come into contact with a

contaminated surface. Data in the present study

showed that pyrethroid pesticides bifenthrin, del-

tamethrin, and permethrin permeated rat skin and

were systemically absorbed following a 24-h expo-

sure. The pyrethroids distributed throughout the

animal and were excreted. Washing the skin

removed more than 50% of the dose for the 3

pyrethroids. A portion of the chemical that had

permeated the skin and was not removed by the

wash was available for absorption into the systemic

circulation, as evidenced by pyrethroid-derived

radioactivity detected in excreta out to 4 d post

washing the skin. Of the three pyrethroids exam-

ined, permethrin was absorbed to the greatest

extent in the rat. Absorption is defined as chemical

in excreta, tissues, carcass, and skin that could not

be removed by the wash and tape strips. Other

than the wash, the skin displayed the highest per-

centage of the dose for the three pyrethroids.

Evidence thus indicates the importance of includ-

ing treated skin when accounting for the study

compound in lab dermal exposure studies. It is

noteworthy that 9–20% of the dose was detected

in skin at 120 h. The results from the 5-d study

suggest that some fraction of pyrethroid in rat skin

may continue to be systemically absorbed past 5 d,

because radioactivity in excreta was still increasing

from d 4 to 5. However, not all of the chemical

retained in skin may be available for entry into the

systemic circulation. Highly lipophilic and high-

molecular-weight chemicals such as pyrethroids

that are retained in skin may be eliminated in

part as the epidermis turns over by desquamation

(Reddy et al., 2000).

Permethrin is commonly used as a mixture of

its cis and trans isomers. The physicochemical

parameters of cis- and trans-permethrin are fairly

similar. In this study the cis isomer of permethrin

was used. Because dermal absorption is a process

of passive diffusion, there should be limited dif-

ferences in dermal absorption between these two

permethrin isomers. An in vitro study by Franz

et al. (1996) that used guinea pig and human skin

fractions and an in vivo study by Sidon et al.

(1988) that used monkeys and rats confirmed

the lack of a difference in the dermal absorption

between cis- and trans-permethrin. However,

once absorbed into the systemic circulation and

distributed throughout the body, there may be

differences in disposition of the two isomers.

The trans isomer of permethrin is more easily

hydrolyzed by esterases than the cis isomer

(Soderlund and Casida, 1977). The cis isomer of

permethrin is more persistent than the trans iso-

mer in tissues of rats administered a mixture of

cis/trans-permethrin by the oral route because it

is less susceptible to hydrolysis by esterases

(Tornero-Velez et al., 2012).

Sidon et al. (1988) examined the in vivo dermal

absorption of cis- and trans-permethrin in mon-

keys and rats. There were no significant differ-

ences in total percent of the dose absorbed

between cis- and trans-permethrin applied as

each isomer to either the forearm and forehead

of monkeys or the dorsal region of rats. In rats,

following a 24-h exposure to permethrin (approxi-

mately 7 μg) in the dorsal region, approximately

45% of the dose was excreted in urine over 7 d. In

monkeys, absorption was no greater than 28% of

the dose (approximately 7 μg) and was dependent

on the site of application (absorption greater in

forehead than forearm). More recently, Reifenrath

et al. (2011) studied in vivo dermal absorption of

permethrin (cis:trans, 47:53) in male Sprague-

Dawley (SD) rats. At a dose of 500 nmol/cm2

(200 µg/cm2), Reifenrath et al. (2011) reported

28% absorption of permethrin at 24 h and 30%

absorption after 5 d. At a dose of 312.5 nmol/cm2

absorption of 31% at 24 h and 41% at 5 d was

noted in this investigation.

Human dermal absorption of permethrin,

assessed indirectly by measuring permethrin

metabolites excreted in urine, suggests absorption

based on percent applied dose is low (van der

Rhee et al., 1989; Tomalik-Scharte et al., 2005).

For example, approximately 0.5% of the applied

dose of permethrin (approximately 1.25 g) was

absorbed through the skin of scabies patients

(van der Rhee et al., 1989). Ross et al. (2011)

estimated human dermal absorption of perme-

thrin using the parallelogram approach based

upon data from SD rat for in vivo and in vitro
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studies. Using 3 dose levels (2–200 µg/cm2), Ross

et al. (2011) estimated human dermal absorption

of permethrin ranged from 1.5 to 3.3% at 24 h.

Our dose of permethrin was lower than the high

dose of Ross et al. (2011), but our estimated

human absorption values were similar (3.3 vs.

5.4%). Overall the human dermal absorption of

pyrethroids would appear to be low based on

percent of applied dose, but additional studies

are required to confirm this assumption.

In conclusion, in vivo dermal absorption of the

pyrethroids bifenthrin, deltamethrin, and perme-

thrin in the LE rat ranged from 23 to 31% at 24 h.

Greater than 50% of the dose of pyrethroid might

be removed by skin wash at 24 h. At this same

time, 19–24% of the dose was detected in the

treated skin dose site. Chemical in skin not

removed by the wash at 24 h ranged from 19 to

24%. Some of the dose in skin was absorbed into

the systemic circulation over a 4-d period after the

wash. The chemicals were widely distributed

throughout the body of the animals. Fat and liver

displayed the highest distribution of compound of

the tissues examined, but overall were low (<0.2%

of the dose). Of the organs examined, brain

showed the lowest distribution and concentration

of pyrethroid-derived radioactivity. Using these

data and previous findings from our lab (Hughes

and Edwards, 2010), human dermal absorption of

the pyrethroids examined in this study is estimated

to range from 5 to 9% of the applied dose at 24 h

postexposure.
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Abstract

1. Pyrethroids are neurotoxic and parent pyrethroid appears to be toxic entity. This study

evaluated the oral disposition and bioavailability of bifenthrin in the adult male Long-

Evans rat.
2. In the disposition study, rats were administered bifenthrin (0.3 or 3mg/kg) by oral gavage

and serially sacrificed (0.25 h to 21 days). Blood, liver, brain and adipose tissue were

removed. In the bioavailability study, blood was collected serially from jugular vein

cannulated rats (0.25 to 24 h) following oral (0.3 or 3mg/kg) or intravenous (0.3mg/kg)
administration of bifenthrin. Tissues were extracted and analyzed for bifenthrin by high-

performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).

3. Bifenthrin concentration in blood and liver peaked 1–2-h postoral administration and were

approximately 90 ng/ml (or g) and 1000 ng/ml (or g) for both tissues at 0.3 and 3mg/kg,
respectively. Bifenthrin was rapidly cleared from both blood and liver. Brain concentrations

peaked at 4–6 h and were lower than in blood at both doses (12 and 143 ng/g). Bifenthrin

in adipose tissue peaked at the collected time points of 8 (157 ng/g) and 24 (1145 ng/g) h
for the 0.3 and 3mg/kg doses, respectively and was retained 21 days postoral administra-

tion. Following intravenous administration, the blood bifenthrin concentration decreased

bi-exponentially, with a distribution half-life of 0.2 h and an elimination half-life of 8 h.

Bifenthrin bioavailability was approximately 30%. These disposition and kinetic bifenthrin
data may decrease uncertainties in the risk assessment for this pyrethroid insecticide.

Keywords

Bifenthrin, disposition, pharmacokinetics,
pyrethroids

History

Received 26 June 2015

Revised 5 August 2015

Accepted 6 August 2015

Published online 11 September 2015

Introduction

Human exposure to pyrethroid insecticides has increased

since 2000 in the United States principally due to the phase-

out of organophosphate insecticides in residential and agri-

cultural settings (Power & Sudakin, 2007). Tulve et al. (2006)

detected pyrethroids in indoor surfaces of childcare centers

and in surrounding soils of these facilities. Other investigators

found pyrethroids on floor wipes of residential homes and

apartments (Julien et al., 2008; Stout et al., 2009), indoor dust

(Harnly et al., 2009; Quivrós-Alcalá et al., 2011) and on fruits

and vegetables (USDA, 2013).

Pyrethroid insecticides are synthetic chemicals and their

structure is derived from the botanical insecticides, the pyreth-

rins (Soderlund et al., 2002). Allethrin, initially synthesized in

1949, was the first pyrethroid prepared for commercial use

(Casida, 1980). Allethrin and other first-generation pyrethroids

are sensitive to sunlight. Chemists synthetically modified the

structures of these pyrethroids to generate others which are

more photostable and have greater insecticidal activity. Thus,

these later generation pyrethroids are more effective in agricul-

tural applications (Casida, 1980). Among this later generation of

pyrethroids is bifenthrin (Figure 1).

Pyrethroids are basically classified into one of two types

(Soderlund et al., 2002). Type-I pyrethroids are distinguished

from type-II pyrethroids based on the absence or presence,

respectively, of an �-cyano group in the alcohol moiety and

acute neurobehavioral activity of rats following oral or

parenteral administration (Soderlund et al., 2002). Rats

exposed to type-I pyrethroids, such as bifenthrin (Figure 1),

display aggressive sparring, altered sensitivity to external

stimuli and fine tremor progressing to whole-body tremor and

prostration. Profuse salivation and writhing seizures are
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displayed in rats exposed to type-II pyrethroids. An example

of a type-II pyrethroid is deltamethrin.

It is important to understand the disposition and kinetics of

pyrethroid insecticides to assess the potential risks of

exposure to these compounds. Pyrethroids studied in rats

include deltamethrin (Anadón et al., 1996; Godin et al., 2010;

Gray & Rickard, 1982a; Kim et al., 2008; Mirfazaelian et al.,

2006; Ruzo et al., 1978), permethrin (Anadón et al., 1991;

Gaughan et al., 1977; Tornero-Velez et al., 2012), l-cyhalo-

thrin (Anadón et al., 2006) and more recently bifenthrin

(Gammon et al., 2014). Oral bioavailability of pyrethroids

ranges from 25% for deltamethrin (Godin et al., 2010) to 71%

for l-cyhalothrin (Anadón et al., 2006). Once systemically

absorbed, pyrethroids are distributed rapidly and widely

within the body, being detected in the brain, liver and adipose

tissue (Kaneko, 2011; Soderlund et al., 2002). Pyrethroids are

cleared from brain and liver but are retained in adipose tissue

with half-lives nearing 2–3 weeks. Pyrethroids are metabo-

lized by oxidation and hydrolysis, conjugated and excreted in

urine and feces. Absorption, bioavailability and ultimately the

neurotoxic effect of pyrethroids are influenced by the vehicle

used (e.g. corn oil, glycerol formal) (Crofton et al., 1995; Kim

et al., 2007) and vehicle volume (e.g. 1 vs. 5mL) (Wolansky

et al., 2007).

The objective of this study was to evaluate the oral

pharmacokinetics including bioavailability of the pyrethroid

insecticide bifenthrin in the Long-Evans rat. Our laboratory

and collaborators used this rat strain in several neurotoxicol-

ogy and disposition studies (Crofton et al., 1995; Godin et al.,

2010; Scollon et al., 2011; Tornero-Velez et al., 2012;

Wolansky et al., 2006, 2007). We administered bifenthrin by

oral gavage at two dose levels and studied the tissue

disposition of parent compound out to 21 days. Parent

compound was measured because laboratory studies suggest it

is the neurotoxic entity. Intracerebral administration of

pyrethroids in mice and rats results in the classic neurobe-

havioral endpoints (Gray & Rickard, 1982b; Lawrence &

Casida, 1982). The concentration of deltamethrin

(Anand et al., 2006; Kim et al., 2010; Rickard & Brodie,

1985) and bifenthrin (Scollon et al., 2011) in brain correlate

with neurobehavioral effects in rats. Also, tremors are

not observed in rats administered pyrethroid metabolites

(White et al., 1976).

Material and methods

Chemicals

All chemicals used in this study were of analytical grade or

better unless otherwise specified. Bifenthrin (CAS no. 82657-

0403, 2-methyl-1,1-biphenyl-3-yl-methyl-3-(2-chloro-3,3,3-

trifluoro-1-propenyl)-2,2-dimethyl cyclopropanecarboxylate,

98% purity) used in dosing solutions and as an analytical

standard was from Chem Service (West Chester, PA). The cis

isomer of bifenthrin was used in the study, and it is the

predominant stereoisomer found in the technical product.

Other analytical standards that were used included cis- (99%

purity) and trans-permethrin (3-phenoxybenzyl(1RS)-cis,-

trans-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropanecarbox-

ylate, 94% purity) and were also from Chem Service. Labeled

cis- and trans-permethrin (phenoxy-13C6) were purchased

from Cambridge Isotope Laboratories (Andover, MA) and

used as internal and surrogate standards, respectively.

Solvents including acetone, hexanes (Fisher Scientific,

Pittsburgh, PA) and methanol (VWR, West Chester, PA)

were pesticide grade quality. Corn oil, glycerol formal and

dextrose were from Sigma (St. Louis, MO), heparin from

Baxter Healthcare Corp. (Deerfield, IL) and saline from

Abbott Laboratories (North Chicago, IL).

Animals

Male Long-Evans rats (Charles River Laboratories, Inc.,

Wilmington, MA) were obtained at 55–58 days of age and

housed two per cage in standard polycarbonate hanging cages

(45 cm� 24 cm� 20 cm) containing heat-sterilized pine

Figure 1. Structure of bifenthrin.
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shavings (Northeastern Products, Inc., Warrensburg, NY).

Jugular-vein cannulated rats (Charles River) were housed

singly in the standard cages with pine shavings. Animals were

given a 5–9-day acclimation period and were maintained on a

12:12-h photoperiod (L/D, 0600:1800). Feed (Purina 5001

Lab Chow, Barnes Supply Co., Durham, NC) and tap water

were provided ad libitum. Tap water (Durham, NC) used in

the animal facility was filtered through sand and activated

charcoal and rechlorinated to 4–5 ppm Cl�. Animal-holding

rooms were maintained at 22± 2 �C and relative humidity at

50± 10% in an Association for Assessment and Accreditation

of Laboratory Animal Care approved facility. The

Institutional Animal Care and Use Committee of the US

EPA’s National Health and Environmental Effects Research

Laboratory approved all experimental protocols in advance.

Experimental

There were two experiments in this study, a tissue time course

(with serial sacrifice) and a serial blood sampling for

bioavailability assessment following administration of bifen-

thrin. For both experiments, rats were administered bifenthrin

at a dose of 0.3 or 3mg/kg in corn oil (1mL/kg) by oral (po)

gavage. Our group has used corn oil as a vehicle for the oral

administration of pyrethroids in several studies (Godin et al.,

2010; Tornero-Velez et al., 2012; Wolansky et al., 2006,

2007). The high dose of bifenthrin is equivalent to an oral

dose that decreases motor activity in a rat by 30% (Wolansky

et al., 2006). As part of the bioavailability study, rats were

also administered bifenthrin (0.3mg/kg, 0.1mL/kg) intraven-

ously in glycerol formal via the jugular vein catheter. After

intravenous dosing, the catheter was flushed with 300 mL

saline and filled with a void volume of heparinized dextrose to

maintain catheter patency. The weight of the rats on the day of

dosing (po and iv) ranged from 306.2 to 400.6 gm.

For the tissue time-course study, the animals were

sacrificed by cardiac puncture under CO2-induced anesthesia

at 0.25-, 0.5-, 1-, 2-, 4-, 6-, 8-, 12-, 24-, 48- (2 days), 168- (7

days), 336- (14 days) or 504 (21 days)-h postadministration.

Tissues (whole brain, liver and abdominal fat) were collected,

weighed and flash frozen in liquid nitrogen and stored at

�80 �C. For the bioavailability study, serial blood samples

were removed (300mL) via the catheter and immediately flash

frozen in liquid nitrogen. For the po-dosed animals, blood

samples were taken at 0.25-, 0.5-, 1-, 2-, 3-, 4-, 6-, 8- 12- and

24-h postadministration. For the iv-dosed animals, blood

samples were taken at 0.08-, 0.17-, 0.33-, 0.5-, 1-, 2-, 4-, 6-, 8-

, 12- and 24-h postadministration. A predose blood sample

was also withdrawn from all of the jugular vein cannulated

rats. Following each sampling, the catheters were flushed

with 300 mL of saline and filled with a void volume of

heparinized dextrose to maintain catheter patency. For the

tissue time course, there were 3–4 rats per time point and

dose. For the bioavailability experiments, there were 3–4 rats

per dose and route.

Tissue extraction

Tissue extraction of bifenthrin followed the procedure of Godin

et al. (2010). Frozen whole brain, liver and adipose tissue

were homogenized in a Spex CertiPrep 6850 freezer/mill

(Metuchen, NJ) apparatus to form a fine homogenous powder.

Replicate samples of pulverized tissue (300–500mg) and

thawed blood (2mL for time-course study) from the serial

sacrifice studywere vortex extractedwith 20:80 acetone/hexane.

The whole sample of blood (0.3mL) from the bioavailability

study was similarly extracted. About 25mL of 6mM labeled

trans-permethrin (phenoxy-13C6) in acetone was added prior to

the extraction of all samples as a surrogate. Samples were

vortexed for 10min in 16� 100-mm glass tubes with 5mL

solvent and centrifuged. The organic fractionwas collected. The

extraction was repeated two more times with 3mL solvent. The

pyrethroid-containing organic extracts were combined, dried

under a stream of nitrogen and reconstituted in 1mL hexane.

Reconstituted blood and brain extracts underwent solid-

phase extraction (SPE) using Sep-pak 500mg silica SPE

columns (Waters, Inc., Milford, MA). The solid-phase

cleanup was automated using a RapidTrace SPE

Workstation (Hopkinton, MA). SPE columns were washed

with 5mL hexane before sample loading. Analytes were

eluted with 5mL 94:6 hexane/ethyl acetate. Column eluants

were dried under a stream of nitrogen and reconstituted in

1mL of 90:10 methanol/water with 25 mL of 6mM labeled

cis-permethrin (phenoxy-13C6) added as an internal standard

of instrument efficiency for HPLC tandem mass spectrometry

analysis.

Reconstituted liver and adipose tissue extracts were

cleaned using styrene divinylbenzene gel permeation columns

(OI Analytical, College Station, TX) with a 70% ethyl

acetate and 30% cyclopentane mobile phase flowing at a rate

of 5mL/min. A 25mL fraction containing the pyrethroids was

collected with a fraction collector and then dried under a

stream of nitrogen. Samples were reconstituted in 3mL

hexane. These extracts were partitioned 3x against equal

volumes of hexane-saturated acetonitrile. The acetonitrile

fractions were combined, dried under a stream of nitrogen and

reconstituted in mobile phase with internal standard (25mL of

6 mM labeled cis-permethrin (phenoxy-13C6)).

Analytical

Sample analysis was performed using an AB SCIEX

(Framingham, MA) model API 4000TMliquid chromatog-

raphy-tandem mass spectrometer (LC/MS/MS) system con-

figured with a Turbo Ion Spray. Conditions and settings were

the same as those described by Scollon et al. (2011). The

mobile phase consisted of methanol/5mM ammonium acetate

in water (98:2) and flowed at a rate of 400 mL/min. An

analytical column (C18, 3.5mm, 150� 3mm) from Agilent

Technologies (Santa Clara, CA) was used. Two replicates

from the tissue time-course study were processed and

analyzed for each sample and the results were averaged.

When recovery of the surrogate (i.e. trans-permethrin

(phenoxy-13C6)) was within 80–120% of the expected value,

the value of the sample was considered acceptable. Samples

with surrogate recoveries above or below the acceptable range

were reanalyzed. If samples were still outside the acceptable

range, additional tissue was extracted and analyzed.

For each type of tissue, bifenthrin and the surrogate trans-

permethrin (phenoxy-13C6) were quantified using matrix

matched six-point calibration curve with cis-permethrin
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(phenoxy-13C6) as the internal standard for both analytes.

Matrices for the calibration standards were made by collect-

ing and processing appropriate tissue masses, or volumes,

from untreated rats. To provide more precise estimates of

tissue concentrations, ranges of bifenthrin concentrations used

for a calibration curve were generally limited to two orders of

magnitude. All samples were run initially against a curve

with bifenthrin concentrations ranging from 1 to 100 ng/mL.

Samples with concentrations outside these values were

reprocessed using relevant calibration curve concentrations

and the minimum and maximum bifenthrin concentrations

(all tissues) were 0.1 and 3000 ng/mL. After adjusting for the

mass of each tissue that was collected during tissue

harvesting (2mL blood, 0.33 g brain, 0.11 g liver and 0.11 g

adipose tissue), the limits of quantitation for bifenthrin

were; 0.05 ng/mL blood, 0.3 ng/g brain, 0.88 ng/g liver and

0.93 ng/g adipose tissue.

Data analysis

The data in the graphs are displayed as mean±SD (N¼ 3–4

rats). Concentration values> 0 but5LOQ were assigned a

value of ½ LOQ. Maximal concentration (Cmax) and the time

(Tmax) occurred were determined by observation of the

sampled time points (Supplemental Figures 1–4). Data from

the tissue time course study were dose-normalized. Data from

each dose and time point were averaged. These data were

analyzed by a two-way analysis of variance (ANOVA) with

time, dose and time� dose as factors (GraphPad Prism,

version 6.0, San Diego, CA). The level of significance was

p50.05. For a significant dose effect, differences in Cmax

were analyzed by a Tukey’s multiple comparison test. The

level of significance was p50.05. The kinetic parameters of

this normalized data were determined using a noncompart-

mental method of analysis (PK Solutions, version 2.0, Summit

Research Services, Montrose, CO). The following equation

was used for this analysis:

Concentration ¼ Ae��t þ De��t þ Ee��t

Where A, D, E represent the y-axis intercepts and �, � and �
represent the respective rate constants for the phases of

absorption, distribution and elimination, respectively.

The analysis for blood, brain and liver were truncated to

24, 48 and 12 h, respectively, in order to make dose

comparisons. Area under the curve (AUC) was determined

by the trapezoidal rule. Exponential terms were determined

by the method of residuals (i.e. curve stripping). The slope of

the apparent linear terminal phase was estimated using at least

three data points. The elimination rate constant (kel or �) was
determined by the following equation:

kel ¼ �2:303� slope of the apparent linear terminal phase

The elimination half-life (t½) was determined by the

following equation:

t½ ¼ 0:693=kel:

For the analysis of the data from serial blood sampling

(i.e. bioavailability study), the kinetic parameters for each

animal were determined and then averaged. The parameters

were determined using noncompartmental method of analysis

(PK Solutions, version 2.0, Summit Research Services,

Montrose, CO). The three-term equation described previously

was used for the analysis of the oral data and the following

equation was used for the intravenous data:

Concentration ¼ Ae��t þ Be��t
,

where A and B equal the y-intercepts and � and � represent

Figure 4. Dose-normalized concentration–time course of bifenthrin in
brain following 0.3 (*) or 3 (g) mg/kg dose by oral gavage. Animals
were serial sacrificed over time. Data points represent mean±SD,
N¼ 3–4 (animals).

Figure 2. Dose-normalized concentration–time course of bifenthrin in
blood following 0.3 (*) or 3 (g) mg/kg dose by oral gavage. Animals
were serial sacrificed over time. Data points represent mean±SD,
N¼ 3–4 (animals).

Figure 3. Dose-normalized concentration–time course of bifenthrin in
liver following 0.3 (*) or 3 (g) mg/kg dose by oral gavage. Animals
were serial sacrificed over time. Data points represent mean±SD, N¼ 4
(animals).
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the rate constants of the distribution and elimination phases,

respectively. AUC and area under the moment curve (AUMC)

were determined by the trapezoidal rule. Exponential terms

were determined by the method of residuals (i.e. curve

stripping). The volume of distribution at steadystate (Vss) was

determined by the following equation:

Vss ¼ Dose x AUMCð Þ= AUCð Þ2:

Bioavailability was determined by the following equation:

Bioavailability ¼ AUCpo=AUCiv

� �

� Doseiv=Dosepo
� �

x 100:

Clearance (Cl) was determined by the following equation:

Cl ¼ Bioavailability=100ð Þ � Dose=AUC:

Statistical analysis of the kinetic parameters of the oral

dose bioavailability group was done using a t-test (GraphPad

Prism ver.6.0, GraphPad Software, Inc., San Diego, CA) with

a level of significance of p50.05.

Results

Tissue time course following oral administration and

serial sacrifice

The absorption of bifenthrin into the blood following oral

administration was rapid (detected within 15min), peaked

early (1 h) and then started to decrease over time

(Supplemental Figure 1). Bifenthrin was not detected in

blood after 48- and 336-h postadministration for the 0.3 and

3mg/kg doses, respectively. There was an 11-fold difference

in the maximal concentration (Cmax) (Table 1). The dose-

normalized concentration–time course of bifenthrin in blood

is shown in Figure 2. The two-way ANOVA indicated that

there were significant effects on time (p50.0001). The

concentration of bifenthrin in blood for the two doses

appears to be within the linear dose range out to 24-h

postadministration. The elimination rate constants and half-

lives were similar for both normalized doses of bifenthrin

(Table 1) and showed the elimination of bifenthrin from

blood was rapid. The dose-normalized AUC0–24 h of

bifenthrin in blood was 9% greater for the low than the

high dose (Table 1).

Bifenthrin distributed rapidly to the liver as it was detected

within 15-min postadministration by the oral route (Figure 3).

The concentration of bifenthrin peaked 1–2 h postadministra-

tion for both doses (Table 1). There was an approximate

14-fold difference in bifenthrin Cmax between the two doses.

Bifenthrin in liver was not detected after 12- and 48-h

postadministration for the low and high dose, respectively

(Supplemental Figure 3). The dose-normalized concentration–

time course of bifenthrin in liver is shown in Figure 3. The two-

way ANOVA showed that there were significant effects of time

(p50.0001) and the interaction of dose� time (p¼ 0.044).

The concentration of bifenthrin in liver for the two normalized

doses appears to be within the linear dose range out to 12-h

postadministration. The elimination rate constant for the

normalized low dose of bifenthrin was about 50% greater

than the normalized high dose (Table 1). The elimination half-

life for bifenthrin was 1–2 h, indicating elimination of

bifenthrin from the liver was rapid. The dose-normalized

AUC0–12h for the high dose of bifenthrin was about 30%

greater than that for the low dose (Table 1).

The maximal concentration of bifenthrin in brain after oral

administration was lower and did not peak as early as in blood

and liver for both doses (Table 1, Supplemental Figure 3).

There was a 12-fold difference in bifenthrin Cmax in the brain

between the two doses. The dose-normalized concentration–

time course of bifenthrin in brain is shown in Figure 4. The

two-way ANOVA showed that there were significant effects

on time (p50.0001), dose (p¼ 0.0028) and the interaction of

dose� time (p¼ 0.028). However, there was no significant

difference in the Cmax between the two doses. The elimination

rate constants of bifenthrin in brain were similar, and the

elimination half-life was approximately 12–13 h (Table 1).

The dose-normalized AUC0–48 h for the high dose of

bifenthrin in brain was about 35% greater than that for the

low dose (Table 1).

Bifenthrin distributed more slowly to the adipose tissue

after oral administration and was retained unlike the other

tissues (Supplemental Figures 4A and 4B, Table 1). Peak

concentrations of bifenthrin in adipose tissue were at the

sampled time points of 8 and 24 h for the low and high dose,

respectively, and were the highest for each dose level of the

tissues analyzed. The dose-normalized concentration–time

course of bifenthrin in adipose tissue is shown in Figure 5.

The two-way ANOVA indicated that there were significant

time effects (p50.0001). The concentration of bifenthrin in

adipose tissue for the two doses appears to be within the linear

range out to 506-h postadministration. The elimination rate

constants for both normalized doses of bifenthrin were low at

0.001/h (Table 1). The half-life for both doses was high at

693 h, indicating elimination of bifenthrin from adipose tissue

was slow. The dose-normalized AUC0–506 h for the high dose

of bifenthrin was about 9% greater than that for the

normalized low dose (Table 1).

Serial blood sampling following oral and intravenous

administration

Bifenthrin was not detected in the blood collected before

dosing the rats with this insecticide. The bifenthrin blood

concentration–time course (Figure 6) following iv

Table 1. Pharmacokinetic parameters of bifenthrin in tissues of the rat
after oral administrationa.

Tissue
Dose

(mg/kg)

Cmax
a

(ng/mL or
ng/g)

Tmax
a

(h)
kel

b

(h�1) t½
b (h)

AUC0 to t
b

(ng-h/mL or
ng-h/g)

Blood 0.3 86.1 1 0.25 2.8 702.4
3 946.5 1 0.24 2.9 642.6

Liver 0.3 83.7 1 0.63 1.1 957.1
3 1146.0 2 0.24 2.9 1264.9

Brain 0.3 11.9 4 0.05 13.9 677.5
3 142.8 6 0.06 11.6 925.1

Adipose 0.3 157.1 8 1.0�10�3 693 1.67� 105

3 1445.3 24 1.0� 10�3 693 1.82� 105

aMaximum concentration in tissue and time it occurred from
Supplemental Figures 1–4.

bElimination rate, half-life and area under the curve data based on
normalized dose in Figures 2–5. The AUC was truncated at: blood,
24 h; liver, 12 h; brain, 48 h; adipose, 506 h.
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administration and serial blood sampling showed a rapid

distribution (t½a¼ 0.17± 0.08 h, mean± SD) out to about

30-min postadministration followed by a slower elimination

component with a half-life of approximately 8 h (Table 2).

Clearance of bifenthrin was 203mL/h and the volume of

distribution at steady state was approximately 560mL.

Following oral administration of bifenthrin and serial

blood sampling, peak concentration (Figure 7) was 2 h for the

0.3mg/kg dose and 1 h for the 3mg/kg dose. The elimination

half-life was about 3 times longer for the low dose than the

high dose (Table 2). The clearance values were essentially the

same, approximately 100mL/h, but the volume of distribution

at steady state was significantly greater for the low dose

(3660mL) than the high dose (1000mL) of bifenthrin.

The AUC for bifenthrin in blood in the oral bioavailability

study was approximately 266 and 4081 ng-h/mL for the 0.3

and 3mg/kg doses, respectively (Table 2). There was an

approximate 15-fold difference (p50.05) in the AUC

between these two doses. The iv AUC for bifenthrin in

blood was about 1078 ng-h/mL. The bioavailability for the

low and high dose of bifenthrin was 25 and 38%, respectively.

Discussion

The mammalian disposition of several type-I and type-II

pyrethroids such as permethrin (Anadón et al., 1991; Tornero-

Velez et al., 2012) and deltamethrin (Anadón et al., 1996;

Godin et al., 2010; Kim et al., 2008), respectively, have been

studied. However, information regarding the disposition of

many other pyrethroids that are also in use today, such as

bifenthrin, are not well characterized. Gammon et al. (2014)

recently compared the pharmacokinetics of bifenthrin in the

male Sprague-Dawley rat following inhalation, iv and po

administration. They analyzed plasma instead of blood for

bifenthrin as we report, and after oral administration, they

observed lower maximal levels in plasma (361 ng/ml) than

with blood (947 ng/ml), but nearly the same levels in brain

(83 ng/g) as we report (143 ng/g) in the present study. Data,

such as dose to target tissue, which are obtained from

chemical disposition and kinetic studies, are needed to allow

risk assessors to make informed decisions when evaluating

the potential health risk from exposure to pyrethroid

insecticides.

Bifenthrin kinetics in the rat have many similarities with

pyrethroids such as deltamethrin (Anadón et al., 1996; Godin

et al., 2010; Kim et al., 2008), permethrin (Anadón et al.,

1991; Tornero-Velez et al., 2012) and l-cyhalothrin (Anadón

et al., 2006) after oral administration. The similarities are

prompt absorption into the systemic circulation and clearance

from it. Pyrethroids, including bifenthrin, are rapidly

distributed to tissues such as the liver and brain after oral

administration. Bifenthrin was cleared fairly quickly from

liver (elimination half-life53 h). Tornero-Velez et al. (2012)

reported lower elimination half-lives for cis- and trans-

permethrin in liver (51.5 h) of the rat after oral administration

of a 40:60 mixture of cis:trans-permethrin (doses of 1 and

10mg/kg). In brain, the elimination of bifenthrin was slower

than observed in the liver; the levels of bifenthrin in brain

were detected out to 14 days at the 3mg/kg dose. Our tissue

analysis of bifenthrin did not differentiate between compound

in tissue and that in residual blood in tissue. The animals were

euthanized by exsanguination under anesthesia, which would

result in some blood being removed from the tissues. The area

under the curve data (Table 1) indicates the concentration of

bifenthrin was 36 to 100% higher in liver than in blood,

suggesting that bifenthrin had been absorbed into these

tissues. At the 3mg/kg dose, the concentration of bifenthrin in

brain exceeded the concentration in blood at 24-, 48- and

168-h postadministration (Supplemental Figure 5) suggesting

that bifenthrin was absorbed into brain. Gammon et al. (2014)

reported brain concentrations of bifenthrin after a po dose

(3.1mg/kg) out to 12-h postadministration, whereas we went

out to 48 h for the low dose and 336 h (14 days) for the high

dose. The brain concentration of bifenthrin at both doses was

constant from 4 to 24 h in the present study. In contrast, the

elimination of cis- and trans-permethrin from brain (elimin-

ation half-life55 h) was faster than bifenthrin (Tornero et al.,

2012), although levels of cis-permethrin were detected out to

48 h in this organ. Kim et al. (2008) also detected

deltamethrin (10mg/kg dose) in brain out to 48 h. The

levels of bifenthrin in brain began to decrease 24-h

postadministration. Peak motor activity effects of bifenthrin

Figure 5. Dose-normalized concentration–time course of bifenthrin in
adipose tissue following 0.3 (*) or 3 (g) mg/kg dose by oral gavage.
The inset shows the concentration–time course to 12 h. Animals were
serial sacrificed over time. Data points represent mean±SD, N¼ 3–4
(animals).

Figure 6. Time course of bifenthrin in serial-collected blood samples of
jugular vein-cannulated rats following 0.3mg/kg dose by intravenous
administration. Data points represent mean±SD, N¼ 3–4 (blood
samples).
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in the rat occur at 4-h postadministration when the dosing

volume is 1mL/kg (Wolansky et al., 2006, 2007). This is the

same volume used in this study. Although we did not measure

motor activity in this study, we did not observe any overt signs

of toxicity with the doses administered. Gammon et al. (2014)

also reported no signs of toxicity in Sprague-Dawley rats after

a similar oral dose (3.1mg/kg) or an equivalent inhalation

dose. Although bifenthrin was detected in brain out to 14 days

postadministration in the present study, Wolansky et al. (2006)

reported that the neurotoxic effects of orally administered

pyrethroids in the rat subside 24–48 h postadministration. This

suggests that there is a threshold dose of the pyrethroid that

must be attained in the brain for an effect to occur. Distribution

of bifenthrin and other pyrethroids to adipose tissue takes

somewhat longer (up to 24 h) to attain peak concentrations

(Godin et al., 2010; Kim et al., 2008; Tornero-Velez et al.,

2012); pyrethroids, including bifenthrin, are retained in this

tissue. Bifenthrin was detected in adipose tissue out to 21 days

postadministration in the present study. Following iv admin-

istration, bifenthrin in blood shows a rapid distribution phase

followed by a slower elimination phase, and these results are

similar as reported by Gammon et al. (2014). Similar kinetic

characteristics following iv administration are also observed in

the rat with permethrin, deltamethrin and l-cyhalothrin

(Anadón et al., 1991, 1996, 2006).

Bifenthrin was persistent in adipose tissue out to at least 21

days, which was the final time point in our study. Pyrethroids

such as deltamethrin, cis-permethrin and cis-cypermethrin

following oral administration persist in adipose tissue of rats

and mice (Crawford et al., 1981; Godin et al., 2010;

Hutson et al., 1981; Kim et al., 2008; Marei et al., 1982;

Tornero-Velez et al., 2012). Pyrethroids have fairly high log

octanol/water (Log P) partition coefficients (Laskowski,

2002). Bifenthrin has a measured and calculated Log P of

6.4 and 7.2, respectively (Laskowski, 2002). With its

physicochemical preference toward organic phases, it is

reasonable that bifenthrin distributes to adipose tissue and

accumulates to levels higher than observed in other organs or

tissues. Pyrethroids that persist within adipose tissue most

likely would not be metabolized, as lipases have no enzymatic

activity toward these insecticides (Ross et al., 2006). The

primary means of decreasing pyrethroid levels in adipose

tissue would be redistribution into the systemic circulation.

Once in the systemic circulation of the rat, pyrethroids could

be hydrolyzed by serum esterases or taken up by the liver and

metabolized by oxidation, hydrolysis or by both processes.

The persistence of pyrethroids in adipose tissue appears to

be dependent on the rate of metabolism of the pyrethroid.

Pyrethroids with the structure of a primary alcohol ester in the

trans configuration tend to be more readily metabolized,

particularly by hydrolysis, than their counterpart pyrethroids

in the cis configuration (Soderlund & Casida, 1977). Analysis

of rat adipose tissue following the administration of cis/trans-

permethrin or cis/trans-cypermethrin shows that the cis

isomer of these pyrethroids persists to a greater extent in

this tissue than the trans isomer (Crawford et al., 1981;

Rhodes et al., 1984; Tornero-Velez et al., 2012). In this study,

the cis isomer of bifenthrin was used. Bifenthrin in the cis

configuration is not hydrolyzed in rat hepatic microsomes

(Scollon et al., 2009) and the hydrolytic activity of recom-

binant carboxylesterases is low toward this pyrethroid

compared to trans-permethrin and trans-cypermethrin (Stok

et al., 2004; Nishi et al., 2006). The lower rate of metabolism

of pyrethroids in the cis configuration suggests that they are

more likely to persist in the body, particularly in lipid rich

tissues. The differences in metabolism and persistence of the

cis/trans pyrethroid isomers could be important if exposures

to pyrethroids are being reconstructed by analyzing adipose

tissue. Exposure to pyrethroids in the trans configuration

would be underestimated, and thus, the actual exposure to the

pyrethroid would be underestimated. This would lead to

misinformed health risk estimates from exposures to pyreth-

roid insecticides.

In previous work from our laboratory with deltamethrin

(Godin et al., 2010), we observed an approximate twofold

lower peak concentration of this pyrethroid in brain as in the

present study with bifenthrin, using the same route of

administration (oral) and dose (3mg/kg; molar dose: bifenthrin,

7.1mmole/kg; deltamethrin, 5.9mmole/kg). The neurotoxic

Table 2. Pharmacokinetic parameters of bifenthrin in serial collected blood over 24 h after intravenous or oral administration in jugular
vein-cannulated rats.

Route Dose (mg/kg) kel (h
�1) t½ (h) AUC (ng-h/ml) AUMC (ng-h2/ml) Vss (mL) Cl (mL/h)

iv 0.3 0.11± 0.051 8.2 ± 5.9 1077.6± 865.3 2314.5 ± 2926.0 562.9± 728.3 202.6± 200.3
Oral 0.3 0.07± 0.02 10.9 ± 3.2 265.5± 43.4 2260.0 ± 561.1 3658.1 ± 2030.6b 96.6 ± 14.5
Oral 3 0.18± 0.02 3.9 ± 0.6 4080.6± 570.4c 14879.0 ± 2360.0 1001.1 ± 276.0 102.5± 11.2

Mean±SD, N¼ 3–4.
b
t-test, significantly greater than 3mg/kg oral dose, p50.05.
c
t-test, significantly greater than 0.3mg/kg oral dose, p50.0001.

Figure 7. Time course of bifenthrin in serial-collected blood samples of
jugular vein-cannulated rats following 0.3 (*) or 3 (g) mg/kg dose by
oral gavage. Data points represent mean±SD, N¼ 3–4 (blood samples).

436 M. F. Hughes et al. Xenobiotica, 2016; 46(5): 430–438

D
o

w
n

lo
ad

ed
 b

y
 [

U
S

 E
P

A
 L

ib
ra

ry
] 

at
 0

5
:5

8
 1

9
 F

eb
ru

ar
y

 2
0

1
6

 



effect of the pyrethroids appears to be related to their

concentration in brain (Anand et al., 2006; Kim et al., 2010;

Rickard & Brodie, 1985; Scollon et al., 2011). Wolansky et al.

(2006) reported that bifenthrin had a higher effective dose30
than deltamethrin for a comparable decrease in motor activity

in the rat. Our bifenthrin brain concentration results support the

hypothesis that brain concentrations of pyrethroids are related

to neurotoxic effect. The differences in neurotoxic potency of

bifenthrin and deltamethrin may be due to differences in

pharmacokinetics, pharmacodynamics or both. In both studies,

the cis isomer of bifenthrin and deltamethrin was used. This

isomer is the predominant isomer found in insecticidal

formulations for these two pyrethroids. The higher concentra-

tion of bifenthrin in the brain suggests that deltamethrin is more

rapidly metabolized. Ghiasuddin and Soderlund (1984)

reported on the hydrolysis activity in the soluble fraction of

mouse brain homogenates. Greater activity was found in the

soluble fraction than the nuclear and microsomal fractions of

the brain. In their assays, Ghiasuddin and Soderlund examined

seven pyrethroids including cis- and trans-permethrin and

deltamethrin. Of these three pyrethroids, the hydrolysis rate of

trans-permethrin was about 4- and 8-fold greater than cis-

permethrin and deltamethrin, respectively. The liver is an

important metabolizing organ of pyrethroids. The hydrolysis

activity toward trans-permethrin in mouse liver is 57-fold

greater than in brain (Ghiasuddin & Soderlund, 1984). The role

of cytochrome P450s in metabolizing pyrethroids in brain is

not well characterized. An alternative explanation is that

deltamethrin is transported out of the brain more rapidly than

bifenthrin, but whether pyrethroids are substrates for trans-

porters in the brain is not known.

It does appear, however, that pyrethroids bind to transporter

proteins located in areas outside of the brain. Permethrin and

resmethrin, but not cypermethrin and deltamethrin, bind to and

inhibit ATPase activity of the human breast cancer resistance

protein efflux transporters (Bircsak et al., 2013). None of these

same pyrethroids inhibit ATPase activity of the human

multidrug resistance protein 1 (mdr1) efflux transporters

(Bircsak et al., 2013). The transport of tetramethylrosamine by

mdr1 isolated from plasma membrane of a Chinese hamster

ovary cell line that is multidrug resistant was inhibited by

cypermethrin and fenvalerate (Sreeramulu et al., 2007).

Transport of doxorubicin by human mdr1 was weakly

inhibited by fluvalinate and permethrin but not fenvalerate

(Bain & LeBlanc, 1996). Intestinal transport studies by Zastre

et al. (2013) using Caco-2 cells indicate that there is no efflux

of deltamethrin or cis/trans-permethrin by mdr1. While some

studies report that pyrethroids appear to bind to at least mdr1

and can inhibit this efflux transporter, it appears that

pyrethroids are not transported by mdr1.

The bioavailability of bifenthrin is not extensive in the rat,

as we observed values ranging from 25–38%. Similar values

(25–28%) are reported for deltamethrin by Godin et al.

(2010), whereas Anadón et al. (1996) and Kim et al. (2008)

are reported lower bioavailability values (14–18%).

Permethrin (61%) and l-cyhalothrin (67–71%) have higher

bioavailability values in the rat than bifenthrin and deltame-

thrin (Anadón et al., 1991, 2006). The lower bioavailability of

bifenthrin than permethrin and l-cyhalothrin could be due to

first-pass hepatic metabolism. This would most likely be by

cytochrome P450-dependent oxidative metabolism (Scollon

et al., 2009). Bifenthrin is not as readily hydrolyzed by

esterases (Nishi et al., 2006; Scollon et al., 2009; Stok et al.,

2004) such as occurs with trans-permethrin and bioresmethrin

(Ross et al., 2006). There is the possibility that bifenthrin is

excreted intact in the bile following absorption. However,

Kim et al. (2008) did not detect deltamethrin in feces

following iv administration to rats suggesting limited biliary

elimination of the parent compound. Kim et al. (2008) did

however observe about 40% of the dose of deltamethrin in

feces following oral administration, suggesting incomplete

absorption of this pyrethroid. Mirfazaelian et al. (2006)

proposed that deltamethrin is effluxed out of the gastrointes-

tinal tract by transporters lining this organ. Zastre et al. (2013)

report that there is no efflux of deltamethrin or cis/trans-

permethrin by mdr1 in experiments with Caco-2 cells.

Additional experiments by this group suggest a role for an

unspecified influx transporter. However, the permeability

coefficients of the pyrethroids tested by Zastre et al. (2013) in

their in vitro model system were similar to that of mannitol,

which is used as a marker for low permeability and low

absorption. Zastre et al. (2013) interpret their results to

indicate that deltamethrin and cis/trans-permethrin have low

potential for gastrointestinal absorption. Whether this occurs

with bifenthrin is not known and should be investigated.

Conclusions

Bifenthrin was rapidly absorbed by the rat following oral

administration. It was detected in blood, liver, brain and

adipose tissue. Bifenthrin was cleared rapidly from blood and

liver, persisted out to about 14 days in brain and was retained

in adipose tissue out to 21 days. Bioavailability of bifenthrin

was 25–38%. These data will aid risk assessors when

evaluating the potential for adverse health effects to humans

following exposure to bifenthrin by decreasing uncertainties

in the disposition of this pyrethroid pesticide.

Acknowledgements

The authors gratefully acknowledge Drs. E. Kenyon, J.E.

Simmons and M. Tornero-Velez for their comments on a

previous version of this manuscript. The authors thank Ms. J.

Hutchison for her technical assistance in this study. All

research was funded internally by the U.S. Environmental

Protection Agency.

Declaration of interest

The authors declare that there is no conflict of interest. This

article is reviewed in accordance with the policy of the

National Health and Environmental Effects Research labora-

tory, U.S. Environmental Protection Agency and the National

Institute of Environmental Health Sciences and approved for

publication. Approval does not signify that the contents

necessarily reflect the views and policies of the Agency, nor

does mention of trade names or commercial products

constitute endorsement or recommendation for use. This

article may be the work product of an employee of the

National Institute of Environmental Health Sciences

(NIEHS), National Institutes of Health (NIH); however, the

DOI: 10.3109/00498254.2015.1081710 Pharmacokinetics of bifenthrin in rat 437

D
o

w
n

lo
ad

ed
 b

y
 [

U
S

 E
P

A
 L

ib
ra

ry
] 

at
 0

5
:5

8
 1

9
 F

eb
ru

ar
y

 2
0

1
6

 



statements opinions or conclusions contained therein do not

necessarily represent the statements, opinions or conclusions

of NIEHS, NIH or the United States government.

References

Anand SS, Kim KB, Padilla S, et al. (2006). Ontogeny of hepatic and
plasma metabolism of deltamethrin in vitro: role in age-dependent
acute neurotoxicity. Drug Metab Dispos 34:389–97.
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Quivrós-Alcalá L, Bradman A, Nishioka M, et al. (2011). Pesticides in
house dust from urban and farmworker households in California: an
observational measurement study. Environ Health 10:19.

Rhodes C, Jones BK, Croucher A, et al. (1984). The bioaccumulation
and biotransformation of cis, trans-cypermethrin in the rat. Pestic Sci
24:471–80.

Rickard J, Brodie ME. (1985). Correlation of blood and brain levels of
the neurotoxic pyrethroid deltamethrin with the onset of symptoms in
rats. Pestic Biochem Physiol 23:143–56.

Ross MK, Borazjani A, Edwards CC, et al. (2006). Hydrolytic
metabolism of pyrethroids by human and other mammalian
carboxylesterases. Biochem Pharmacol 71:657–69.

Ruzo LO, Unai T, Casida JE. (1978). Decamethrin metabolism in rats. J
Agric Food Chem 27:918–25.

Scollon EJ, Starr JM, Crofton KM, et al. (2011). Correlation of tissue
concentrations of the pyrethroid bifenthrin with neurotoxicity in the
rat. Toxicology 290:1–6.

Scollon EJ, Starr JM, Godin SJ, et al. (2009). In vitro metabolism of
pyrethroid pesticides by rat and human hepatic microsomes and
cytochrome P450 isoforms. Drug Metab Dispos 37:221–8.

Soderlund DM, Casida JE. (1977). Effects of pyrethroid structure on
rates of hydrolysis and oxidation by mouse liver microsomal enzymes.
Pestic Biochem Physiol 7:391–401.

Soderlund DM, Clark JM, Sheets LP, et al. (2002). Mechanisms of
pyrethroid neurotoxicity: implications for cumulative risk assessment.
Toxicology 171:3–59.

Sreeramulu K, Liu R, Sharom FJ. (2007). Interaction of insecticides with
mammalian P-glycoprotein and their effect on its transport function.
Biochim Biophys Acta 1768:1750–7.

Stok JE, Huang H, Jones PD, et al. (2004). Identification, expression, and
purification of a pyrethroid-hydrolyzing carboxylesterase from mouse
liver microsomes. J Biol Chem 279:29863–9.

Stout II DM, Bradham KD, Egeghy PP, et al. (2009). American healthy
homes survey: a national study of residential pesticides measured
from floor wipes. Environ Sci Technol 43:4294–300.

Tornero-Velez R, Davis J, Scollon EJ, et al. (2012). A pharmacokinetic
model of cis- and trans-permethrin disposition in rats and humans
with aggregate exposure application. Toxicol Sci 130:33–47.

Tulve NS, Jones PA, Nishioka MG, et al. (2006). Pesticide measurements
from the first national environmental health survey of child care
centers using a multi-residue GC/MS analysis method. Environ Sci
Technol 40:6269–74.

USDA. (2013). Pesticide data program. Annual Summary Calendar Year
2011. United States Department of Agriculture, Agricultural
Marketing Service, Science and Technology Program. Available
from: http://www.ams.usda.gov/AMSv1.0/getfile?dDocName¼stelpr
dc5102692 [last accessed 9 Sep 2013].

White INH, Verschoyle RD, Moradian MH, et al. (1976). The
relationship between brain levels of cismethrin and bioresmethrin
in female rats and neurotoxic effects. Pestic Biochem Physiol 6:
491–500.

Wolansky MJ, Gennings C, Crofton KM. (2006). Relative potencies for
acute effects of pyrethroids on motor function in rats. Toxicol Sci 89:
271–7.

Wolansky MJ, McDaniel KL, Moser VC, Crofton KM. (2007). Influence
of dosing volume on the neurotoxicity of bifenthrin. Neurotoxicol
Teratol 29:377–84.

Zastre J, Dowd C, Bruckner J, et al. (2013). Lack of P-glycoprotein-
mediated efflux and the potential involvement of an influx
transport process contributing to the intestinal uptake of
deltamethrin, cis-permethrin, and trans-permethrin. Toxicol Sci 136:
284–93.

Supplementary materials available online

Supplemental Figures 1–5

438 M. F. Hughes et al. Xenobiotica, 2016; 46(5): 430–438

D
o

w
n

lo
ad

ed
 b

y
 [

U
S

 E
P

A
 L

ib
ra

ry
] 

at
 0

5
:5

8
 1

9
 F

eb
ru

ar
y

 2
0

1
6

 



Environmentally relevant pyrethroid mixtures: A study on the

correlation of blood and brain concentrations of a mixture of

pyrethroid insecticides to motor activity in the rat

Michael F. Hughesa,*, David G. Rossa, James M. Starrb, Edward J. Scollona,1,
Marcelo J. Wolanskyc,2, Kevin M. Croftona,3, Michael J. DeVitoa,4

aU.S. Environmental Protection Agency, Office of Research and Development, National Health and Environmental Effects Research Laboratory, Research

Triangle Park, NC, United States
bU.S. Environmental Protection Agency, Office of Research and Development, National Exposure Research Laboratory, Research Triangle Park, NC, United

States
cNational Research Council, Research Triangle Park, NC, United States

A R T I C L E I N F O

Article history:

Received 13 April 2016

Received in revised form 16 June 2016

Accepted 17 June 2016

Available online 18 June 2016

Keywords:

Pesticide

Pyrethroid

Neurotoxicity

Mixture

Dosimetry

A B S T R A C T

Human exposure to multiple pyrethroid insecticides may occur because of their broad use on crops and

for residential pest control. To address the potential health risk from co-exposure to pyrethroids, it is

important to understand their disposition and toxicity in target organs such as the brain, and surrogates

such as the blood when administered as a mixture. The objective of this study was to assess the

correlation between blood and brain concentrations of pyrethroids and neurobehavioral effects in the rat

following an acute oral administration of the pyrethroids as a mixture. Male Long-Evans rats were

administered a mixture of b-cyfluthrin, cypermethrin, deltamethrin, esfenvalerate and cis- and trans-

permethrin in corn oil at seven dose levels. The pyrethroid with the highest percentage in the dosing

solution was trans-permethrin (31% of total mixture dose) while deltamethrin and esfenvalerate had the

lowest percentage (3%). Motor activity of the rats was then monitored for 1 h. At 3.5 h post-dosing, the

animals were euthanized and blood and brain were collected. These tissues were extracted and analyzed

for parent pyrethroid using HPLC-tandem mass spectrometry. Cypermethrin and cis-permethrin were

the predominate pyrethroids detected in blood and brain, respectively, at all dosage levels. The

relationship of total pyrethroid concentration between blood and brain was linear (r = 0.93). The

pyrethroids with the lowest fraction in blood were trans-permethrin and b-cyfluthrin and in brain were

deltamethrin and esfenvalerate. The relationship between motor activity of the treated rats and summed

pyrethroid blood and brain concentration was described using a sigmoidal Emax model with the Effective

Concentration50 being more sensitive for brain than blood. The data suggests summed pyrethroid rat

blood concentration could be used as a surrogate for brain concentration as an aid to study the neurotoxic

effects of pyrethroids administered as a mixture under the conditions used in this study.

Published by Elsevier Ireland Ltd.

1. Introduction

Pyrethroids are a class of synthetic insecticides with a structure

based on the botanical pyrethrins. The structural commonality of

pyrethrins and pyrethroids are the acid and alcohol moieties that

are linked by an ester group. Another common feature of

pyrethrins and pyrethroids is that they may have 1–3 chiral

carbons and are isomeric (Soderlund et al., 2002). Consequently,

there may be differences in the metabolism of the isomers

(hydrolysis vs. oxidation) as well as insecticidal potency (Miya-

moto, 1990; Soderlund et al., 2002). In general, pyrethroids tend to

have greater insecticidal activity and are less susceptible to
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environmental degradation than pyrethrins (Bradberry et al.,

2005).

The many uses of pyrethroids including agricultural, commer-

cial and residential pest control, and veterinary and medical

practices (Amweg et al., 2005; Bradberry et al., 2005) may lead to

human exposure. Residues of multiple pyrethroids are detected in

surface wipe samples collected from child care centers (Tulve et al.,

2006) and residential homes (Stout et al., 2009), indoor air and

dust samples (Rudel et al., 2003), and on fruits and vegetables

(USDA, 2014). A biological monitoring study in Canada of a

metropolitan populace exposed to pyrethroids in the diet found

that the study population was mainly exposed to permethrin and

cypermethrin (Fortin et al., 2008). From their use in agriculture and

pest management, humans can be exposed to multiple pyrethroids

(Fortin et al., 2008; Heudorf and Angerer, 2001; Stout et al., 2009;

Tulve et al., 2006; Tornero-Velez et al., 2012).

Most pyrethroids are commonly classified into two groups,

termed Type I and II, based on chemical structure and neurotoxic

effects in rodents (Soderlund et al., 2002; Soderlund, 2012). Type I

pyrethroids (e.g., permethrin, bifenthrin) contain either a primary

or secondary alcohol, and their neurotoxic syndrome hallmark is

tremor. Type II pyrethroids (e.g., cypermethrin and deltamethrin)

are primary alcohols with a cyano group on the alpha-carbon of the

alcohol. Oral administration of exposure to Type II pyrethroids

results in choreoathetosis and salivation.

The mode of action of Type I and II pyrethroids appears to be

binding to and disruption of voltage-gated sodium channels in

targeted neurons (Soderlund et al., 2002; Soderlund, 2012).

Wolansky et al. (2006) conducted extensive dose-response assays

using motor activity as a neurobehavioral endpoint in rats exposed

to eleven pyrethroids administered by oral gavage individually; all

compounds produced a dose-related decrease in motor activity,

but the potency was variable, dependent upon the pyrethroid

administered. In a later study, Wolansky et al. (2009) reported

dose-additive effects in rats exposed to an eleven chemical mixture

of Type I and II pyrethroids for a decrease in motor activity. An in

vitro study by Cao et al. (2011) reported dose-additive effects in

inducing sodium influx in primary cultures of murine cerebro-

cortical neurons with this same pyrethroid mixture. However,

based on several other in vivo and in vitro studies, Breckenridge

et al. (2009) proposed that Type I and Type II compounds have

separate mechanisms of neurotoxicity. Nevertheless, the U.S.

Environmental Protection Agency in 2011 determined the pyreth-

roids share a common mechanism of action for a cumulative risk

assessment (US EPA, 2011).

The nervous system is the primary target tissue for the

neurotoxicity produced soon after acute exposure to pyrethroids

in laboratory animals. Mice and rats administered very low doses

of pyrethroids by direct infusion into the brain display pyrethroid

poisoning signs, including tremors (Lawrence and Casida, 1982;

Gray and Rickard, 1982a). Neurotoxicological endpoints such as

tremors and decreased motor activity in rats administered

deltamethrin (i.v.) (Gray and Rickard, 1982b) and bifenthrin (p.

o.) (Scollon et al., 2011), respectively, are correlated with brain

concentrations of these pyrethroids. As humans are exposed to

multiple pyrethroids (Fortin et al., 2008; Heudorf and Angerer,

2001; Stout et al., 2009; Tulve et al., 2006; Tornero-Velez et al.,

2012), it is important to understand the disposition of these

pesticides, particularly to target organs such as the brain. In the

present work we examined the distribution to blood and brain of

an environmentally-relevant mixture of five pyrethroid com-

pounds after an acute oral gavage in adult rats (Table 1). The

objectives of this study were to: (1) determine the blood and brain

concentrations of the test chemicals to characterize the relation-

ships between administered mixture dose and target tissue level;

(2) assess the correlation of blood and brain concentrations of the

administered pyrethroids to motor activity, a behavioral end point.

Only the concentrations of parent pyrethroids were determined as

metabolism is thought to be a principal detoxication mechanism in

pyrethroid intoxications in mammals (Soderlund et al., 2002).

Information on dose to target tissue of a mixture of pyrethroids and

relating it to a behavioral effect may reduce uncertainties in the

cumulative health risk assessment of this class of insecticides.

2. Materials and methods

2.1. Chemicals

The selection process for the five pyrethroids used in this study

has been described by Tornero-Velez et al. (2012). The choice of

pyrethroids used in this study was based on a national study of a

randomly selected set of 168 child-care centers from across the

United States (Tulve et al., 2006). Basically, the five pyrethroids had

a greater frequency of occurrence and made up roughly 95% of the

pyrethroid load found in the Tulve et al. (2006) study.

Each pyrethroid used in the dosing solution was provided by its

respective manufacturer as follows: permethrin and cypermethrin

(FMC Corporation, Philadelphia, PA); deltamethrin and b-cyflu-
thrin (Bayer CropScience, Research Triangle Park, NC); and

esfenvalerate (DuPont Crop Protection, Wilmington, DE). The

physical and chemical properties of the pyrethroids used in this

study have been described previously (Wolansky et al., 2006).

The solvents used for processing samples included acetone,

hexanes, ethyl acetate, methanol (Fisher Scientific, Pittsburgh, PA),

cyclopentane and acetonitrile (Honeywell Burdick & Jackson,

Muskegon, MI). These solvents were pesticide grade or better. The

water used for all sample analysis had a resistance of 18 MV. Corn

oil was purchased from Sigma (St. Louis, MO; Product Number

C8267).

Primary calibration standards including cis-permethrin (99%

purity), trans-permethrin (94%), deltamethrin (99%), cypermethrin

(98%), b-cyfluthrin (98%) and esfenvalerate (98%) were purchased

from Absolute Standards (Hamden, CT). Ring-labeled (phe-

noxy-13C6) pyrethroids, used as internal standards or surrogates,

were purchased from Cambridge Isotope Laboratories (Andover,

MA). These labeled standards included cis-permethrin, trans-

permethrin, b-cyfluthrin and cypermethrin.

2.2. Animals

Male Long-Evans rats (Charles River Laboratories, Wilmington,

MA) were obtained at 55–58 days of age, and housed two per cage

Table 1

Pyrethroid type, percentage of dose in mixture and potency of pyrethroids administered as a mixture to rats.

b-Cyfluthrin Cypermethrin Deltamethrin Esfenvalerate Permethrinb

Type II II II I I

% of total mixture dose 12.9 28.8 3.4 2.7 52.2

Relative potencya 1.136 0.235 1.000 2.092 0.059

a Relative potency based on a pyrethroid ED30 for effect on motor activity relative to deltamethrin as the index pyrethroid (Wolansky et al., 2006).
b Relative potency for permethrin determined from 40:60 cis:trans-permethrin.

20 M.F. Hughes et al. / Toxicology 359 (2016) 19–28



in standard polycarbonate hanging cages (45 cm � 24 cm � 20 cm)

containing heat-sterilized pine shavings (Northeastern Products,

Inc., Warrensburg, NY). All animals were given a 1–2 week

acclimation period and were maintained on a 12:12 h photoperiod

(0600:1800). Feed (Purina 5001 Lab Chow) and tap water were

provided ad libitum. Tap water (Durham, NC, city water) was

filtered through sand and activated charcoal filters, and then re-

chlorinated to 4–5 ppm Cl� before use. Colony rooms were

maintained at 22 � 2 �C and relative humidity at 55 � 20%. The

facility is approved by the American Association for Accreditation

of Laboratory Animal Care (AAALAC). All experimental protocols

were approved in advance by the National Health and Environ-

mental Effects Research Laboratory's Institutional Animal Care and

Use Committee.

2.3. Experimental

The treatment groups consisted of a corn oil control and seven

doses of the pyrethroid mixture prepared in corn oil. Concen-

trations of the pyrethroids for the highest or 1X dose in mg/kg

were: permethrin (40% cis, 60% trans), 14.3; cypermethrin, 7.89;

b-cyfluthrin, 3.54; deltamethrin, 0.93; esfenvalerate, 0.74. The

total pyrethroid dose in the 1X stock mixture was 27.4 mg/kg. As a

frame of reference, it is estimated that the daily exposure to

permethrin in a human adult male (70 kg) is 3.2 mg/day (ATSDR,

2003). The percentage of each pyrethroid in the dose and their%

potency for reduction in motor activity within the mixture are

shown in Table 1. In addition to the 1X stock solution, dilutions of

this stock included in the scheme were 0.01X, 0.04X, 0.1X, 0.33X,

0.5X and 0.66X (see Supplemental Table 1 for dose of pyrethroid at

each dilution). Each individual pyrethroid in the 1X stock solution

contributed low levels ranging from sub-threshold to low-effective

doses based on previously reported Effective Dose30 (ED30) levels

for motor activity in the rat computed by Wolansky et al. (2006).

Except for b-cyfluthrin at 0.66X (5% higher) and 1X (60% higher),

the doses of the individual pyrethroids examined in this study

were less than the individual ED30s determined by Wolansky et al.

(2006). Fresh stock mixtures were prepared by dissolving the

pyrethroids in corn oil before dosing. Mixture solutions were

stirred with intermittent heating (max. 40–45 �C) for at least

15 min before administration. All doses were delivered at a dose

volume rate of 1 mL/kg at room temperature. There were twelve

animals in each dose group.

Beginning at two hours post-dosing, the motor activity of each

animal was assessed for one hour (Wolansky et al., 2006). Previous

studies showed that the time of peak effect for cypermethrin and

permethrin was 1.5 h and 2 h for b-cyfluthrin, deltamethrin and

esfenvalerate (Wolansky et al., 2006; Crofton and Reiter, 1984,

1988). The animals were euthanized at 3.5 h post-dosing by

exsanguination (cardiac puncture) under CO2-induced anesthesia.

Whole blood was collected in 2 mL aliquots and frozen in a

methanol/dry ice bath. The brain was then removed from the

expired animals and placed in liquid nitrogen. Blood and brain

samples were stored at �80 �C until processed for extraction.

The method of Godin et al. (2010) was used to process and

extract the tissues for parent pyrethroids. Frozen brain was

pulverized in a Spex CertiPrep 6850 freezer/mill (Metuchen, NJ) to

form a fine homogeneous tissue powder. A portion of the

powdered brain was weighed (350–400 mg) before extraction.

For blood, two 2 mL aliquots were extracted. Prior to extraction,

both brain and blood samples were spiked with 13C6-trans-

permethrin that served as a surrogate standard. Samples were

extracted with acetone:hexane and the extracts were cleaned as

described by Starr et al. (2012). Cleaned extracts were dried under

nitrogen and reconstituted in 1 mL methanol:water (9:1, v:v).

Internal standards (13C6-cis-permethrin, 13C6-cyfluthrin and 13C6-

cypermethrin) were added and the samples were transferred to

autosampler vials. All samples were stored at �20 �C until analysis.

2.4. Instrumental analysis

Sample analysis was performed using an AB SCIEX (Framing-

ham, MA) model API 4000TM Liquid Chromatography-Tandem

Mass Spectrometry (LC–MS/MS) system configured with a Turbo

Ion Spray. Conditions and settings were the same as those

described by Starr et al. (2012). The mobile phase consisted of

methanol:5 mM ammonium acetate in water (98:2) and flowed at

a rate of 400 mL/min. An analytical column (C18, 3.5 mm,

150 � 3 mm) from Agilent Technologies (Santa Clara, CA) was

used. Under the conditions used, cis- and trans-permethrin were

separated, but the isomers for cypermethrin and b-cyfluthrin were

not resolved. Deltamethrin and esfenvalerate were essentially one

isomer each in the dosing solutions, so there were no isomers to

resolve for these two pyrethroids. The method of validation, limits

of detection and quantitation and quality control and assurance

procedures were the same as presented by Starr et al. (2012).\

2.5. Data analysis

Surrogate corrections were made to the calculated pyrethroid

blood and brain concentrations by dividing the detected pyre-

throid concentration by the recovered surrogate fraction. Several

pyrethroid tissue concentration values were less than the level of

quantitation (LOQ) (See Supplemental Table 2 for pyrethroid LOQs

in blood and brain). These samples were not included in the data

analysis.

The tissue response data were first analyzed by linear

regression using GraphPad Prism 6 (GraphPad Software, La Jolla,

CA). Analysis of dose effects on tissue concentrations was done

after normalizing tissue levels by dividing the tissue concentration

by the administered dose of pyrethroid. Normalized tissue

concentration levels were analyzed using linear regression with

a significance level of p < 0.05. Data were used in the dose effect

analysis only if the N � 3.

In assessing the correlation between blood and brain concen-

trations of pyrethroid, the measured concentrations of the

pyrethroids in each animal were summed to obtain a pyrethroid

load in blood and brain. Linear regression analysis was used with a

significance level of p < 0.05.

The effect of administered dose of total pyrethroid concentra-

tion on motor activity was assessed using a one-way analysis of

variance (ANOVA) (GraphPad Prism 6) with a significance level of

p < 0.05. The post-hoc test was a Dunnett’s multiple comparison

test with a significance level of p < 0.05.

Brain to blood concentration ratios for each pyrethroid were

calculated by dividing each individual pyrethroid brain concen-

tration by the respective blood concentration of each animal. The

data were then averaged within each dose group.

Non-linear regression analysis (GraphPad Prism) was used to

assess the relationship between blood or brain concentrations of

the summed pyrethroid concentration (i.e., load) and motor

activity. A sigmoidal Emax model was used for this analysis and

is given as:

Y = E0� [Emax� Xn]/[bn + Xn].

For this analysis, X is the total pyrethroid concentration in the

tissue, E0 is the estimated motor activity when X is 0, Emax is the

estimated maximum possible decrease in motor activity, b is the

estimated Effective Concentration50 (EC50) and n is a shape

parameter. When n equals 1, the dose-response relationship is

linear. When n is greater than 1, the dose-response relationship
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becomes threshold-like. The biologically important characteristics

of this function are that it has lower and upper extremes that are

determined by the biological response independent of the

concentration. For this study, E0 was constrained to be less than

130 and Emax was constrained to be less than 100 (Scollon et al.,

2011).

The theoretical relative percent contributions (RPC) of individ-

ual pyrethroids in brain that reduces motor activity were estimated

by the following equation:

RPCi = (Ci� RPi)/(
P

i = 1 to n Ci� RPi) � 100

Where RPCi is the relative percent contribution of pyrethroid i

to motor activity response, Ci is the brain concentration of

pyrethroid i, and RPi represents relative potency of pyrethroid i

(Table 1).

3. Results

The concentrations of pyrethroids in blood and brain increased

with administered dose (Fig. 1). Other than b-cyfluthrin in blood

(r = 0.85), the correlation coefficient values were � 0.95 for all

pyrethroids in both tissues (Fig. 1 and Table 2). The slopes of the

regression lines of all pyrethroids in both tissues were significantly

greater than zero (Table 2). While the slopes were all positive, in

blood, they varied from a low of 1.8 for trans-permethrin to a high

of 67.3 for deltamethrin; in brain, the slopes varied from a low of

2.4 for trans-permethrin to a high of 34.6 for cis-permethrin. In

Fig. 1. Relationship between administered dose of pyrethroid and concentration in blood (�) and brain (&). Data represents mean � SD, N = 1-12 (the N for each line can be

found in Tables 3 and 4). The solid and dashed lines represent the linear regression of the blood and brain data, respectively.
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addition, the slopes for b-cyfluthrin, cypermethrin, deltamethrin

and esfenvalerate were higher in blood than brain. For trans-

permethrin, the slopes were similar in both tissues. In contrast, the

slope was about 2-fold higher in brain than in blood for cis-

permethrin. Adjusting the tissue concentrations by administered

dose, showed that there were no significant dose effects on

pyrethroid blood concentrations (Table 3). For brain, significant

dose effects were detected for b-cyfluthrin, cypermethrin, and cis-

and trans-permethrin (Table 4). The general trend was that the

dose-adjusted pyrethroid brain concentration decreased with

increased administered dose.

The slope of the line describing the relationship of summed

pyrethroid concentration between blood and brain was signifi-

cantly different from zero (p < 0.0001; F value = 536.7; degrees of

freedom: 1, 82) and positively correlated (r = 0.93) (Fig. 2).

The fractional composition of the pyrethroid load (based on

weight) in blood and brain relative to administered dose is shown

in Fig. 3. There were differences between the pyrethroid fractions

in blood and brain. Within each tissue, the general trend was the

pyrethroid fractions were similar over the dose range adminis-

tered. For blood, the rank order from highest fraction to lowest

tended to be cypermethrin (approximate fraction of 0.6–0.8), cis-

permethrin (0.09–0.18), b-cyfluthrin and deltamethrin (approxi-

mately 0.05–0.12), esfenvalerate (0.02–0.05) and trans-permethrin

(0.01–0.02). The only exception was for b-cyfluthrin at the lowest

dose, which was not quantifiable. For brain, the fraction was

highest for cis-permethrin (0.6–0.7), followed by cypermethrin

(0.2), b-cyfluthrin and trans-permethrin (0.02–0.07), deltamethrin

(0.004–0.05) and esfenvalerate (0.03). Esfenvalerate was not

quantifiable in brain at the two lowest administered doses.

The brain:blood ratios of the pyrethroids are shown in Table 5.

There was preferential distribution of cis- and trans-permethrin in

brain, with ratios exceeding 1 at all administered doses. For

deltamethrin, the ratios were less than 1 for all doses, indicating

preferential distribution in the blood except at the lowest dose,

where the levels were below the LOQ. For b-cyfluthrin, cyper-

methrin and esfenvalerate, the lower doses had ratios of

approximately 1 and decreased to less than 1 with increased

dose, showing preferential distribution to the blood.

Motor activity of the rats was similar within the 0- (i.e.,

control)-to-0.33X mixture dose range, but declined at higher doses

(Fig. 4). The motor activity of the rats administered the 1X dose

decreased approximately 60%. The one-way ANOVA revealed a

significant dose-related decrease (p < 0.0001; F value = 9.915;

degrees of freedom: 7, 88) in motor activity with increased total

pyrethroid administered dose. The motor activity of the 0.66X and

1X groups were significantly less than control (p <0.01 and

p < 0.0001, respectively). The relative percent contributions (RPC,

see above for equation) of individual pyrethroids to decrease motor

activity were determined by multiplying the relative potency of

the specific pyrethroid by the brain concentration of that

pyrethroid divided by the sum of the relative potency multiplied

by the brain concentration for all pyrethroids. In the 0.66X group,

the RPCs were: b-cyfluthrin, 27%; esfenvalerate, 22%; cypermeth-

rin 21%; deltamethrin, 15%; cis-permethrin, 14%; and trans-

permethrin, 1%. At the 1X dose, the RPCs were b-cyfluthrin,
26%; esfenvalerate, 24%; cypermethrin, 21%; cis-permethrin, 14%;

deltamethrin, 14%; and trans-permethrin, 1%.

The effect of the pyrethroids on motor activity was assessed

versus summed pyrethroid concentration in blood and brain

(Fig. 5, Table 6). For concentrations less than approximately 100 ng/

mL or ng/g in blood or brain, respectively, the sigmoidal Emaxmodel

computed a nearly 100% (i.e., control-like) level of motor activity,

although there was variability among the animals at

Table 2

Level of significance of the slope (p value), F value, degrees of freedom (DF), correlation coefficient (r), and equation of the regression line of pyrethroid concentrations in blood

and brain following oral administration of a mixture of pyrethroids.a

b-Cyfluthrin Cypermethrin Deltamethrin Esfenvalerate cis-Permethrin trans-Permethrin

Blood

p value 0.0321 <0.0001 0.0023 0.0006 0.0003 0.001

F value 10.4 46.0 32.7 59.8 77.5 47.6

DF 1, 4 1, 5 1, 5 1, 5 1, 5 1, 5

r 0.85 0.95 0.98 0.96 0.97 0.95

equation y = 18.6x � 0.03 y = 45.2x + 2.6 y = 67.3x + 0.4 y = 41.5x � 0.2 y = 18.6x � 2.5 y = 1.8x � 1.1

Brain

p value <0.0001 <0.0001 0.0011 0.0058 <0.0001 <0.0001

F value 133.8 160.7 46.2 50.0 195.8 306.1

DF 1, 5 1, 5 1, 5 1, 3 1, 5 1, 5

r 0.98 0.98 0.95 0.97 0.99 0.99

equation y = 5.7x + 1.2 y = 9.6x + 2.5 y = 13.1x + 1.0 y = 10.7x + 2.1 y = 34x.6 + 9.5 y = 2.4x + 1.8

a Data from graphs in Fig. 1.

Table 3

Dose normalized blood concentrations (ng/mL/dose) at 3.5 h post-administration of a mixture of pyrethroids by oral gavage in rats.

Dose group b-Cyfluthrin Cypermethrin Deltamethrin Esfenvalerate cis-Permethrin trans-Permethrin

0.01X N.D.a 36.2 � 26.3 (12) 251.0 � 146.6 (4) 115.8, 126.8 (2) 14.6 � 5.1 (7) 2.7, 3.2 (2)

0.04X 12.7 � 8.7 (11)b 59.6 � 52.6 (12) 46.9 � 27.1 (10) 38.2 � 12.5 (5) 17.1 � 10.1 (12) 2.0 (1)

0.1X 11.2 � 6.8 (12) 41.2 � 14.5 (12) 56.3 � 21.0 (12) 34.5 � 19.0 (12) 17.6 � 10.0 (12) 0.9 � 0.4 (5)

0.33X 14.4 � 6.4 (12) 39.8 � 16.0 (12) 57.4 � 21.5 (12) 34.9 � 17.5 (12) 14.9 � 7.9 (12) 0.9 � 0.8 (9)

0.5X 14.8 � 5.6 (12) 39.0 � 12.2 (12) 54.7 � 20.9 (12) 31.4 � 12.4 (12) 11.7 � 4.2 (12) 0.7 � 0.4 (8)

0.66X 30.9 � 11.8 (12) 63.3 � 17.2 (12) 99.0 � 29.6 (12) 54.8 � 15.9 (12) 22.2 � 7.9 (12) 1.6 � 0.9 (11)

1X 14.7 � 9.0 (12) 40.3 � 15.4 (12) 59.0 � 28.5 (12) 38.5 � 16.5 (12) 18.0 � 9.3 (12) 1.8 � 1.4 (12)

Deviation from zeroc N.S.d N.S. N.S. N.S. N.S. N.S.

a Not Determined (all values below LOQ).
b mean � SD (N).
c Linear regression analysis on dose-normalized data for N � 3.
d Not Significant (p > 0.05).
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concentrations below this level. With increasing tissue concen-

trations greater than 100 ng/mL or ng/g in blood or brain,

respectively, the motor activity of the animals decreased. The

shape parameters of the model for both blood (3.7 � 2.2, mean �

SE) and brain (5.4 � 2.9) were greater than 1, indicating a

threshold-like effect of the pyrethroids on motor activity. The

estimated EC50 for decrease in motor activity was slightly lower in

brain (207 � 25 ng/g) than in blood (246 � 39 ng/g).

4. Discussion

Assessing the concentration of a toxicant in a target organ such

as the brain or a surrogate biological matrix such as the blood may

provide more valuable information for a toxicity assessment than

solely considering administered dose (Meador et al., 2008). In the

present paper the blood and brain concentrations of a mixture of

pyrethroid insecticides administered by oral gavage to rats were

determined. The concentrations of b-cyfluthrin, cypermethrin,

deltamethrin, esfenvalerate, and cis- and trans-permethrin in rat

blood and brain increased linearly with increased dose. However,

the rates of these increases were not equivalent. The differences in

slopes between the pyrethroids and tissues indicate that although

the chemical structures are similar, being based on the natural

pyrethrins, there are dispositional (absorption, distribution,

metabolism and excretion) differences among them. The uptake

into blood and brain of the pyrethroids did not correspond with the

Type I and Type II groupings or relative potencies, as previously

reported by Starr et al. (2012), who conducted a time course study

with the same proportional mixture of pyrethroids. Dispositional

differences may have an important influence on the neurotoxicity

of the test chemicals of this work as ED30s for decreased motor

activity have been found to vary from 1.2 to 42.7 mg/kg in the rat

(Wolansky et al., 2006).

The results presented here have several consistencies with two

studies by Starr et al. (2012, 2014). Starr et al. (2012) examined the

tissue (blood, brain, fat and liver) time course (2.5–24.5 h post-

administration) of the same mixture of pyrethroids at doses of 0.4X

and 1X. More recently, Starr et al. (2014) reported the time course

of this mixture in blood and brain at doses of 0.4X and 1.3X. In both

studies (Starr et al., 2012, 2014) no differences in the dose

normalized blood concentrations of the pyrethroids at 3.5 h were

reported as observed in the present study. In brain, no significant

differences in the dose normalized pyrethroid brain concentrations

at 2.5 h (3.5 h not reported) were observed by Starr et al. (2012) and

at 3.5 h by Starr et al. (2014). For deltamethrin and esfenvalerate in

the present study at 3.5 h, no significant differences in dose

normalized brain concentrations were found. However, significant

differences were observed for b-cyfluthrin, cypermethrin and cis-

and trans-permethrin. The trend was for higher dose normalized

concentrations at the low doses, which decreased as dose

increased. Although significantly different (p < 0.05), the decreases

in dose normalized brain concentrations were two-fold or less.

Experimental variability may explain the differences between the

studies. Starr et al. (2012, 2014) also reported that the relative

concentrations of pyrethroids in brain reflected that in the

administered dose if the permethrin isomer brain concentrations

are summed. A similar finding was observed in the present study.

In the administered pyrethroid mixture, trans-permethrin

changed the most with regard to fractional composition between

the dosing solution and the tissues, as reported by Starr et al. (2012,

2014). The fraction of trans-permethrin decreased greatly in blood,

but slightly less so in brain, relative to the dosing solution. One

explanation for this considerable decrease of trans-permethrin in

rat blood is that a serum carboxylesterase hydrolyzes trans-

permethrin much faster than cis-permethrin, deltamethrin and

esfenvalerate (Crow et al., 2007). Hydrolysis of pyrethroids by

carboxylesterases is an important elimination pathway for this

class of insecticides (Godin et al., 2006; Ross et al., 2006; Crow

et al., 2007; Scollon et al., 2009). In addition, the trans

configuration of pyrethroids with a primary alcohol, such as

trans-permethrin, are in general more readily hydrolyzed by

carboxylesterases than the trans isomers with a secondary alcohol

(e.g., cypermethrin) and pyrethroids in the cis configuration (e.g.,

cis-permethrin) (Abernathy et al., 1973; Ross et al., 2006). While rat

serum has carboxylesterase activity towards pyrethroids, human

serum is devoid of such activity (Crow et al., 2007; Godin et al.,

2007). This species difference in the metabolism of pyrethroids in

serum has implications in species extrapolation of pyrethroid

toxicity from rat to human. The rat serum carboxylesterase appears

to be a single isozyme with differential pyrethroid hydrolyzing

Table 4

Dose normalized pyrethroid brain concentrations (ng/g/dose) at 3.5 h post-administration of a mixture of pyrethroids by oral gavage in rats.

Dose group b-Cyfluthrin Cypermethrin Deltamethrin Esfenvalerate cis-Permethrin trans-Permethrin

0.01X 11.6 � 2.3 (4)a 18.2 � 11.7 (12) 28.4, 30.7 (2) N.D.b 74.7 � 30.9 (12) 17.3, 34.4 (2)

0.04X 7.8 � 2.7 (12) 15.4 � 4.7 (12) 13.3 � 4.3 (11) 18.6 � 9.0 (12) 57.0 � 17.9 (12) 4.8 � 2.6 (10)

0.1X 9.3 � 2.3 (12) 14.3 � 3.0 (12) 18.4 � 7.5 (12) 37.7 � 38.1 (9) 58.6 � 13.9 (12) 4.1 � 3.0 (12)

0.33X 8.2 � 2.2 (12) 10.4 � 3.2 (12) 22.2 � 8.1 (12) 17.8 � 5.9 (10) 41.9 � 10.9 (12) 3.4 � 1.5 (12)

0.5X 6.3 � 1.2 (12) 9.2 � 2.0 (12) 17.8 � 3.7 (12) 14.3 � 5.7 (10) 35.8 � 6.0 (12) 2.6 � 0.6 (12)

0.66X 7.1 � 2.2 (12) 12.0 � 2.2 (12) 17.1 � 6.9 (12) 17.3 � 3.9 (11) 43.0 � 9.7 (12) 2.9 � 0.9 (12)

1X 5.5 � 2.6 (12) 9.3 � 2.8 (12) 12.0 � 5.6 (12) 12.8 � 5.2 (12) 33.9 � 7.8 (12) 2.5 � 1.0 (12)

Deviation from zeroc p = 0.0344 p = 0.0306 N.S.d N.S. p = 0.019 p = 0.0163

a Mean � SD (N).
b Not determined (all values below LOQ).
c Linear regression analysis on dose-normalized data for N � 3.
d Not Significant (p > 0.05).

Fig. 2. The relationship between blood (ng/mL) and brain (ng/g) summed

pyrethroid concentration following oral administration of an environmental

mixture of pyrethroids in the rat. The closed circles represent individual data

points and the solid line the best fit line using a linear equation.
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activity; trans-permethrin is hydrolyzed efficiently by this enzyme,

whereas deltamethrin, esfenvalerate, cypermethrin (alpha isomer)

and cis-permethrin are hydrolyzed to a lesser extent (Crow et al.,

2007). The higher concentrations of the pyrethroids relative to that

of trans-permethrin in blood in the present study may be explained

by the higher activity of this enzyme towards trans-permethrin.

Pyrethroid-metabolizing carboxylesterases are also found in

the liver and intestines (Nishi et al., 2006; Crow et al., 2007). In rat

liver, hydrolase A and B are highly expressed carboxylesterase

isozymes and are part of the carboxylesterase 1 (CES1) family

(Hosokawa, 2008; Okura et al., 2014). These two isozymes have

differential hydrolytic activity towards deltamethrin and esfen-

valerate (Godin et al., 2006) and cis- and trans-permethrin (Ross

et al., 2006). The hydrolysis of trans-permethrin measured as

catalytic activity (kcat) is 5- and 10-fold greater than cis-permethrin

for hydrolase B and A, respectively (Ross et al., 2006). In human

liver, two predominant and highly expressed carboxylesterases

have been identified and are termed hepatic carboxylesterase-1

Fig. 3. Fractional composition of pyrethroids in blood and brain of rats administered a mixture of pyrethroids by oral gavage. Data extracted from Fig. 1. At 3.5 h post-

administration, the animals were sacrificed and blood and brain were collected. The tissue were extracted and analyzed for parent pyrethroid. The dose bar in Figs. 4A and 4 B

represents the fractional pyrethroid composition of the administered dose.

Table 5

Brain to blood ratio of pyrethroids in rats 3.5 h after administration of a mixture of pyrethroids by oral gavage.

Dose group b-Cyfluthrin Cypermethrin Deltamethrin Esfenvalerate cis-Permethrin trans-Permethrin

0.01X N.D.a 1.1 � 1.6 (12) N.D. N.D. 5.2 � 2.8 (7) N.D.

0.04X 1.0 � 1.1 (8)b 0.4 � 0.2 (12) 0.4 � 0.3 (10) N.D. 4.8 � 3.3 (11) N.D.

0.1X 1.1 � 0.6 (12) 0.4 � 0.1 (12) 0.4 � 0.4 (12) 1.3 � 1.2 (9) 4.1 � 1.6 (12) 4.0 � 2.6 (5)

0.33X 0.7 � 0.4 (12) 0.3 � 0.1 (12) 0.4 � 0.2 (12) 0.6 � 0.3 (10) 3.8 � 2.4 (12) 8.9 � 11.4 (9)

0.5X 0.5 � 0.2 (12) 0.3 � 0.1 (12) 0.4 � 0.2 (12) 0.5 � 0.1 (10) 3.5 � 1.4 (12) 4.4 � 1.9 (8)

0.66X 0.3 � 0.2 (12) 0.2 � 0.1 (12) 0.2 � 0.1 (12) 0.4 � 0.2 (11) 2.1 � 0.7 (12) 2.2 � 0.9 (11)

1X 0.5 � 0.3 (12) 0.3 � 0.1 (12) 0.2 � 0.1 (12) 0.4 � 0.3 (11) 2.3 � 0.9 (12) 2.0 � 1.2 (12)

a Not Determined (insufficient data to calculate a ratio).
b mean � SD (N).
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(hCE-1) and hepatic carboxylesterase-2 (hCE-2) (Brzezinski et al.,

1994; Pindel et al., 1997). Differential activity between these two

isozymes have been reported for deltamethrin and esfenvalerate,

with hCE1 having a higher hydrolytic specific activity towards

these two pyrethroids (Godin et al., 2006). Ross et al. (2006)

observed both isozymes have a higher activity toward trans-

permethrin than cis-permethrin.

Intestinal metabolism by rat carboxylesterases may also explain

the lower fraction of trans-permethrin relative to the other

pyrethroids in blood. Crow et al. (2007) incubated a pool of rat

intestinal microsomes with deltamethrin and trans-permethrin.

The specific activity for hydrolysis of trans-permethrin was � 0.2

nmole/min/mg protein and deltamethrin was not hydrolyzed.

Nakamura et al. (2007) reported that the hydrolysis rate of trans-

permethrin was 5-fold greater than that for cis-permethrin in rat

intestinal microsomes. Rat intestinal carboxylesterases appear to

contribute to the metabolic clearance of trans-permethrin to a

greater extent than cis-permethrin and deltamethrin, and may

explain in part for its low levels in blood relative to the other

pyrethroids.

While all of the pyrethroids in the mixture were absorbed

systemically into blood and brain, the role of uptake and efflux

transporters is not known. For the gastrointestinal tract, Mirfazae-

lian et al. (2006) proposed intestinal efflux transporters for

deltamethrin, based on modeling of fecal excretion data in the rat.

However, Godin et al. (2010) did not observe dose-dependent

bioavailability of deltamethrin in rats, suggesting that transporters

are not involved in intestinal transport of this pyrethroid. In in vitro

studies with Caco-2 cells, efflux of deltamethrin or cis/trans-

permethrin by multidrug resistant protein 1 was not observed

(Zastre et al., 2013). Exposure of resistant and sensitive ticks to

acaricides showed no difference in the LC50 for cypermethrin in the

presence and absence of ABC-transporter inhibitors (Pohl et al.,

2012). Furthermore, within the administered dose range used, the

fraction of each pyrethroid detected in the brain remained fairly

constant. The finding of an overall constant fraction suggests that

there was no interaction between the pyrethroids influencing

absorption into the brain. The constant fraction also does not give

any indication if transporters move pyrethroids into or out of the

brain. Presently, it appears that transporters are not involved in

intestinal and tissue uptake or efflux of pyrethroids. If transporters

are involved, an effect may become apparent at higher doses of

pyrethroids administered because of saturation of the transport

process.

There was a difference in the distribution of the pyrethroids

between blood and brain. The two permethrin isomers preferen-

tially partitioned into brain, whereas cypermethrin, b-cyfluthrin,
deltamethrin and esfenvalerate partitioned to a greater extent in

blood. These partitioning results are similar to those reported by

Starr et al. (2012, 2014), with one exception. The b-cyfluthrin brain

to blood ratio was 2.4 in Starr et al. (2012) and approximately 1 or

less (depending on the dose) in the present study. The test

pyrethroids have a fairly high lipid solubility (Log P > 4.5) and

contain no ionizable groups that could retard absorption. Brain to

blood partition coefficients of the pyrethroids were calculated by

Starr et al. (2012), with values ranging from 28.1 to 28.4. Thus high

partitioning of the pyrethroids into brain could be predicted.

However, the brain to blood partition values reported by Starr et al.

(2012, 2014) and observed in the present study were >3-fold lower

than those predicted. A potential reason for greater partitioning of

a chemical into blood over a tissue is blood protein binding. Abu-

Qare and Abou-Donia (2002) reported low binding of permethrin

(isomer not specified) to human serum albumin. Sethi et al. (2014)

more recently measured plasma protein and lipoprotein binding of

deltamethrin and cis- and trans-permethrin in rats and humans.

With increasing pyrethroid concentration (0.25–100 mM), they

observed an increased unbound fraction of pyrethroid. The lowest

concentration (0.25 mM) used by Sethi et al. (2014) corresponds

approximately to the highest concentrations of deltamethrin

Fig. 4. % Motor activity in rats versus pyrethroid mixture dose group administered

by oral gavage. Motor activity of the rats was monitored from 2 to 3 h post-

administration. Data represents mean � SD, N = 12 per dose group. **, p < 0.01; ****,

p < 0.0001.

Fig. 5. Summed pyrethroid concentration in blood (A) and brain (B) with respect to

% motor activity in rats. Animals were administered a mixture of pyrethroids at

different doses and assessed for motor activity from 2 to 3 h post-administration. At

3.5 h, the animals were sacrificed and blood and brain were removed. Tissues were

extracted and analyzed for parent pyrethroids by LC–MS/MS. Data points represent

individual animals. The solid line represents the results from the sigmoidal Emax

model analysis.
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(0.16 mM) and cis- (0.26 mM) and trans-permethrin (0.04 mM)

detected in blood in the present study. At 0.25 mM, Sethi et al.

(2014) reported approximately 20% of deltamethrin and cis- and

trans-permethrin were not bound to protein. If the observations of

Sethi et al. (2014) are consistent with pyrethroid concentrations

lower than 0.25 mM, the unbound fraction would be lower. This

suggests that at the pyrethroid blood concentrations determined in

this study, there would be less pyrethroid available for partitioning

into the brain. However, Starr et al. (2012) reported a trend of

higher partitioning of the pyrethroids into the brain for the lower

dose as observed in this study; partitioning of the pyrethroids into

brain decreased as dose increased. The reason for this partitioning

observation is not known, but perhaps the physicochemical

properties of the pyrethroids including their tertiary structure

have an important role here or there is an unknown transporter

involved in the uptake of the pyrethroids into the brain.

The correlation between summed pyrethroid tissue concentra-

tion and effect on motor activity in this study is consistent with the

results of previous five-pyrethroid mixture studies (Starr et al.,

2012, 2014). Similarly, b-cyfluthrin in brain had the highest

estimated relative percent contribution to decrease in motor

activity as reported by Starr et al. (2012, 2014). This study, those by

Starr et al. (2012, 2014) and that of Wolansky et al. (2009), who

studied an eleven pyrethroid mixture which contained the five

pyrethroids studied here, produced comparable results in that the

mixtures contained low effective concentrations of individual

pyrethroids, yet significant dose-response decreases in motor

activity were observed in rats administered the mixture. Further-

more, the present study shows that both blood and brain

concentrations of the pyrethroid load are predictive of motor

activity to a similar extent, although the results from brain appear

to be more sensitive. The EC50 for the pyrethroid concentration in

brain was lower than in blood, which supports the hypothesis that

brain is a target organ for the neurotoxic effects of pyrethroids. The

blood and brain concentrations of the pyrethroids were highly

correlated at the 3.5 h time point, so it stands to reason that blood

concentrations, as a surrogate for brain concentrations, could be an

acceptable predictor of motor activity in the rat. However, over

time, the concentration of pyrethroids in blood decrease and the

ability for blood concentrations to predict motor activity most

likely will decrease. For the pyrethroid bifenthrin, administered

singly, there was a good correlation between bifenthrin blood

concentration and motor activity at 4 h post-dosing (Scollon et al.,

2011). However, by 7 h the correlation of bifenthrin blood

concentration to motor activity decreased considerably. In the

brain, the correlations were similar at 4 and 7 h, suggesting there

was little efflux of bifenthrin out of the brain, minimal metabolism

in this organ during this time frame or both. This is supported by

the observation by Starr et al. (2012) that the pyrethroids have a

longer half-life in brain relative to that in blood and liver.

In summary, pyrethroids administered as a mixture to rats by

oral gavage were absorbed into blood and brain. With increased

dose, there was an increase in the concentration of pyrethroid in

blood and brain. There were differences between the fractions of

each pyrethroid in the dosing solution with those detected in

blood; the fractions in brain were very similar to the dosing

solution provided the permethrin isomer concentrations were

summed. The pyrethroids b-cyfluthrin, cypermethrin, deltameth-

rin and esfenvalerate primarily partitioned into blood, whereas cis-

and trans-permethrin primarily partitioned into brain. There was a

significant dose-dependent decrease in motor activity of the rats

administered the pyrethroid mixture. Further research is clearly

needed to explain this differential partitioning of the pyrethroids

between blood and brain and its relationship to neurotoxicity and

how it relates to the more than 35-fold range in relative potencies

among these five pyrethroids.
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Dermal exposure to pyrethroid pesticides can occur during manufacture and application. This study

examined the in vitro dermal absorption of pyrethroids using rat and human skin. Dermatomed skin from

adult male Long Evans rats or human cadavers was mounted in flow-through diffusion cells, and

radiolabeled bifenthrin, deltamethrin or cis-permethrin was applied in acetone to the skin. Fractions of

receptor fluid were collected every 4 h. At 24 h, the skins were washed with soap and water to remove

unabsorbed chemical. The skin was then solubilized. Two additional experiments were performed after

washing the skin; the first was tape-stripping the skin and the second was the collection of receptor fluid for

an additional 24 h. Receptor fluid, skin washes, tape strips and skin were analyzed for radioactivity. For rat

skin, the wash removed 53–71% of the dose and 26–43% remained in the skin. The cumulative percentage of

the dose at 24 h in the receptor fluid ranged from 1 to 5%. For human skin, the wash removed 71–83% of the

dose and 14–25% remained in the skin. The cumulative percentage of the dose at 24 h in the receptor fluid

was 1–2%. Tape-stripping removed 50–56% and 79–95% of the dose in rat and human skin, respectively, after

the wash. From 24–48 h, 1–3% and about 1% of the dose diffused into the receptor fluid of rat and human

skin, respectively. The pyrethroids bifenthrin, deltamethrin and cis-permethrin penetrated rat and human

skin following dermal application in vitro. However, a skin wash removed 50% or more of the dose from rat

and human skin. Rat skin was more permeable to the pyrethroids than human skin. Of the dose in skin, 50%

or more was removed by tape-stripping, suggesting that permeation of pyrethroids into viable tissue could

be impeded. The percentage of the dose absorbed into the receptor fluid was considerably less than the dose

in rat and human skin. Therefore, consideration of the skin type used and fractions analyzed are important

when using in vitro dermal absorption data for risk assessment.

Published by Elsevier Inc.

Introduction

Pyrethroids are a class of synthetic pesticides that have applica-

tions in agriculture, medicine, forestry, horticulture, and veterinary

practices. Exposure to pyrethroids has increased recently because of

regulatory restrictions placed on other insecticides (Power and

Sudakin, 2007). The American Association of Poison Control Centers

reported slightly more than 20,000 pyrethroid exposures in 2006

compared to about 3000 and 5000 exposures for carbamates and

organophosphates, respectively (Bronstein et al., 2007). Exposure to

pyrethroids can occur by oral, inhalation, or dermal routes. Oral

exposure to pyrethroids can occur by direct ingestion, either

intentional or accidental, from ingestion of pyrethroid-treated food

(e.g., fruit) (Schettgen et al., 2002) or hand-to-mouth activity of soil or

dust bound with pyrethroids (Morgan et al., 2007). Inhalation and

dermal exposure to pyrethroids may occur during their occupational

or residential use (Adamis et al., 1984; Chen et al., 1991; Zhang et al.,

1991; Chester et al., 1992; Hughes et al., 2008).

As a class of insecticides, the pyrethroids have relatively low

mammalian toxicity, but high insecticidal activity (Soderlund et al.,

2002; Bradberry et al., 2006). Pyrethroids are neurotoxicants and act by

blocking the voltage-sensitive sodium channel and possibly other ion

channels (Ray and Forshaw, 2000; Soderlund et al., 2002; Shafer and

Meyer, 2004; Ray and Fry, 2006). There are two basic signs of pyrethroid

toxicity in laboratory rodents (Ray and Forshaw, 2000; Soderlund et al.,

2002). The first sign is Type I or T syndrome, which is characterized by

whole-body tremor, aggressive behavior, hyperexcitation and ataxia.

The second sign is Type II, or CS syndrome, which is characterized by

choreoathetosis and profuse salivation. In general, pyrethroids without

anα-cyano group (e.g., bifenthrin and permethrin, Fig. 1) produce Type

I symptoms, and pyrethroids with this group (e.g., deltamethrin, Fig. 1)

produce Type II symptoms. In humans, the symptoms that may arise

from acute oral exposure to pyrethroids include dizziness, headache,

nausea, anorexia, fatigue, vomiting, mild disturbance of consciousness,

or muscular fasciculation in limbs (He et al., 1989). It is rare for an

individual to die from pyrethroid poisoning, although pulmonary

edema, convulsive attacks and coma have been recorded following

Toxicology and Applied Pharmacology 246 (2010) 29–37

⁎ Corresponding author. US EPA, MD B143-01, Research Triangle Park, NC 27711,

USA. Fax: +1 919 541 4284.

E-mail address: hughes.michaelf@epa.gov (M.F. Hughes).

0041-008X/$ – see front matter. Published by Elsevier Inc.

doi:10.1016/j.taap.2010.04.003

Contents lists available at ScienceDirect

Toxicology and Applied Pharmacology

j ourna l homepage: www.e lsev ie r.com/ locate /ytaap



Author's personal copy

exposure to high concentrations of pyrethroids (He et al., 1989). The

signs of overt dermal exposure to pyrethroids in humans include

burning, itching or tingling sensations of the skin (He et al., 1989).

One of themost studied pyrethroidswith regard to dermal absorption

is permethrin (Sidon et al., 1988; van der Rhee et al., 1989; Franz et al.,

1996; Bast et al., 1997; Baynes et al., 1997; Riviere et al., 2002; Tomalik-

Scharte et al., 2005). For in vitro studies, absorption of permethrin through

human skin appears to be lower than for animal skin (Franz et al., 1996;

Baynes et al., 1997; Riviere et al., 2002). After a 48 h exposure to

permethrin in vitro, less than 0.1% of the dose (1.2 μmol) was absorbed

through human skin (Franz et al., 1996). Correspondingly low levelswere

detected in epidermal and dermal fractions (Franz et al., 1996). About 5%

of the dose of permethrin (1.2 μmol) was absorbed through guinea pig

skin in vitro and similar percentageswere found in dermal and epidermal

fractions (Franz et al., 1996). Dermal absorption of permethrin is low in

humans in vivo (van der Rhee et al., 1989; Tomalik-Scharte et al., 2005).

For example, about 0.5%of the applieddose of permethrin (ca. 1.25 g)was

absorbed through the skin of scabies patients (van der Rhee et al., 1989).

Absorption in this case was assessed indirectly by measuring permethrin

metabolites excreted in urine. Sidon et al. (1988) reported higher dermal

absorption of permethrin in rats and monkeys. In rats, following a 24 h

exposure to permethrin (ca. 7 μg) on the midlumbosacral region,

approximately 45% of the dose was excreted in urine over 7 days. In

monkeys, absorption was no greater than 28% of the dose (ca. 7 μg) and

was dependent on the site of application (absorption greater in forehead

than forearm).

Because pyrethroids are used occupationally and residentially, it is

important to assess their dermal absorption. The objective of this

study was to examine the in vitro dermal absorption of three

pyrethroid insecticides, bifenthrin, deltamethrin, and permethrin, in

rat and human cadaver skin. In addition, extracts of pyrethroid-

treated skin were analyzed to determine if metabolism of the

pyrethroids had occurred.

Materials and methods

Chemicals. [3H(G)]-Bifenthrin (specific activity, 317 mCi/mmol, ra-

diochemical purityN98%) and [3H(G)]-deltamethrin (specific activity,

9 Ci/mmol, radiochemical purity N95%) were purchased from

PerkinElmer Life and Analytical Sciences, Inc. (Waltham, MA, USA).

cis-[cyclopropane-1-14C]-Permethrin (specific activity, 54 mCi/mmol,

radiochemical purity N98%) was purchased from Amersham Biosciences

(Piscataway, NJ, USA). Unlabeled pyrethroids (purity N98% for pyre-

throid) were purchased from Chem Service (West Chester, PA, USA).

Ketamine hydrochloride was purchased from Fort Dodge Laboratories

(Fort Dodge, IA, USA) and xylazine was from Phoenix Scientific (St.

Joseph,MO,USA). Some relevant chemical andphysical parameters of the

pyrethroids used in this study are displayed in Table 1. Because

pyrethroids contain chiral centers, stereoisomers of these pesticides

exist. However, some of the pyrethroids sold in the market are enriched,

in that specific isomers or enantiomers are isolated and used as the active

ingredient to increase insecticidal potency. For bifenthrin in this study, its

composition was 97% cis and 3% trans (note: this mixture consists of 4

enantiomers, two each at a 1:1 ratio for the cis and trans isomers of

bifenthrin). For deltamethrin in this study, its compositionwas 99% of the

cis enantiomer (S)-α-cyano-3-phenoxybenzyl-(1R,3R)-3-(2,2-

dibromovinyl)-2,2-dimethylcyclopropanecarboxylate. For cis-permeth-

rin, the composition consisted of a 1:1 ratio of the two cis enantiomers.

Animals. Adult male Long Evans rats were purchased from Charles

River Laboratories (Raleigh, NC, USA). The rats were approximately

70 days old. The strain, sex and age of the rats used in this study were

chosen because of their use in previous and on-going collaborative

research on the pyrethroids with regard to their neurotoxicity

(Crofton and Reiter, 1984, 1987, 1988; Peele and Crofton, 1987;

Sheets et al., 1994; Crofton et al., 1995; Wolansky et al., 2006, 2007,

2009) and metabolism (Godin et al., 2006, 2007, 2010; Scollon et al.,

2009). Our laboratory group has recently developed a diffusion-

limited physiologically-based pharmacokinetic model for

deltamethrin using data from in vitro metabolism and in vivo

pharmacokinetic (following oral exposure) studies that used this

same strain, sex and age of rat (Godin et al., 2010). Data from the

present in vitro dermal absorption study can be used in the

development of PBPK models of pyrethroids with a dermal route of

exposure. The animals were housed in an Association for the

Assessment and Accreditation of Laboratory Animal Care approved

facility and maintained according to the National Institutes of Health

Guide for the Care and Use of Laboratory Animals (1996). All animal

procedures were approved by the Institutional Animal Care and Use

Committee of the National Health and Environmental Effects Research

Laboratory. The animals were housed individually in polycarbonate

cages with heat-treated laboratory-grade pine shavings (Northeast-

ern Products, Warrensburg, NY, USA). Animals were provided with

feed (Purina Rodent Chow 5001, Barnes Supply Co., Durham, NC, USA)

and tap water ad libitum.

Human skin. Dorsal skin was obtained from adult male cadavers (U.

S. Tissue & Cell, Cincinnati, OH, USA and National Disease Research

Interchange, Philadelphia, PA, USA). Human cadaver skin was

obtained from two vendors because of its limited supply during the

course of this study. The skin was dermatomed to a thickness of

approximately 350–400 μm by the vendor. The skin was shipped and

stored frozen (−70 °C) until use.

Fig. 1. Structure of pyrethroids used in this study.
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Chromatography. An Agilent Technologies (Palo Alto, CA, USA)

Model 1100 high performance liquid chromatography system (HPLC)

was used with a PerkinElmer Model A500 Flow Scintillation Analyzer

(FSA) to analyze the purity of the radiolabeled pyrethroids. A Waters

(Milford, MA, USA) C18 μBondapak column (3.9 mm×150 mm, 10 μ)

was used along with a pre-column packed with Perisorb RP-18

(Upchurch Scientific, Oak Harbor WA, USA). The solvents were water

and methanol (10:90, water:methanol) flowing at a rate of 0.7 ml/

min. The system was set isocratically. The size of the flow cell in the

FSA was 0.5 ml. The flow rate of the scintillation fluid (Ultima Gold,

PerkinElmer) was 4.2 ml/min. In this system, bifenthrin has a

retention time of 4.8 min, deltamethrin a retention time of 3.7 min,

and cis-permethrin a retention time of 4.6 min.

In vitro dermal absorption apparatus. A flow-through diffusion cell

system (Crown Bio Scientific, Inc., Somerville, NJ, USA) and method-

ology as described by Bronaugh and Stewart (1985) and Bronaugh

and Maibach (1991) were used. Teflon Flo-Thru diffusion cells with a

diffusional area of 0.32 cm2 were used. Each cell was placed in a

PosiBloc Diffusion Cell Heater, which was heated by pumping water at

a temperature of 35 °C through it. A peristaltic pump was used to

pump receptor fluid at a rate of 1.5 ml/h from a reservoir through

Tygon tubing (R-3603, Fisher Scientific Co., Fair Lawn, NJ, USA) to the

flow-through cells. Scintillation vials (20 ml) were placed in a fraction

collector to collect the receptor fluid. All components of the diffusional

apparatus were sterilized with 70% ethanol solution and rinsed with

sterile receptor solution before placing the skin samples in the flow-

through cells.

Receptor fluid. HEPES-buffered Hanks' balanced salt solution, pH 7.4,

with 10% fetal bovine serum, was used as the receptor fluid. This fluid

has been shown by Collier et al. (1989) to maintain the viability of skin

for up to 24 h. The chemical composition of the receptor fluid included

sodium chloride, potassium chloride, calcium chloride (dihydrate),

magnesium sulfate (heptahydrate), dextrose, sodium bicarbonate, and

sodiumhydroxide, whichwere purchased from Sigma Chemical Co. (St.

Louis, MO, USA). Additional components were N-(2-hydroxyethyl)

piperazine-N′-(2-ethanesulfonic acid, sodium salt) (HEPES), fetal

bovine serum, and gentamicin sulfate, obtained from GIBCO (Grand

Island, NY, USA), and disodium hydrogen phosphate and potassium

dihydrogen phosphate, purchased from Scientific Products (McGraw

Park, IL, USA) and Matheson Coleman and Bell (Norwood, OH, USA),

respectively. The receptor fluid was prepared with distilled water and

sterilized by filtration (0.2 μm filter, Nalgene disposable filterware,

Sybron Corp., Rochester, NY, USA). A 10% solution (v/v) of fetal bovine

serum was prepared with the sterile receptor fluid. The receptor fluid

was continuously gassedwith 100% oxygen throughout the experiment.

Experimental procedure. Twenty-four hours before the experiment,

ratswere anesthetizedwith a solution (0.1 ml) of ketamine (20 mg/ml)

and xylazine (0.64 mg/ml) administered ip. Hair on the dorsal surface

was removed from these animals with electric clippers (Oster Corp.,

Model A2, Milwaukee, WI, USA) using a size 40 blade. The clipped area

was washed with distilled water to remove extraneous matter. The

following day the rats were killed by CO2 asphyxiation and the dorsal

skin was removed immediately. Skin sections of approximately 350 μm

thick were removed with a Padgett dermatome (Kansas City, MO, USA)

and placed in receptor fluid. Skin discs were cut from each skin with a

0.75-inch diameter bow punch. The thickness of each skin was

measured along its edge with microcalipers (Model D-1000, The

Dyer Co., Lancaster, PA, USA). The mean (±SD) skin thickness was

350(±30)μm. The discs were mounted epidermal side up in the flow-

through cells. Once all of the skin discsweremounted, the receptorfluid

pump was started. Each skin disc was rinsed with a small volume of

water and dried with Kim Wipe® paper three times.

Cadaver skin was thawed, and skin discs were prepared with a

0.75-inch bow punch. The mean (±SD) cadaver skin thickness was

360(±120)μm. Skin discs were mounted epidermal side up in the

flow-through cells as described above. The receptor fluid and

experimental conditions were as described above.

After an equilibration period of 30 min, the integrity of the skin's

barrier was tested with [3H]–H2O (New England Nuclear, Boston, MA,

USA). However, only skin to be treated with [14C]-permethrin was

tested. The procedure for skin integrity was as follows: [3H]–H2O (1 μCi,

100 μl) was applied to the skin with a Pipetman, the pump turned on,

and the receptor fluid was collected. The [3H]–H2O was removed with

Kim Wipe® paper 5 min after it was applied to the skin. The skin was

rinsedwith a small volume of nonradioactive water and driedwith Kim

Wipe® paper three times. Receptor fluid was collected for 1 h. The

collected receptor fluid was mixed with 10 ml of scintillation fluid and

analyzed for [3H] in a PerkinElmer Model 2700 liquid scintillation

analyzer. The mean percentage of the dose of [3H]–H2O detected in the

receptor fluid for the rat skin was 0.21±0.24% and for human cadaver

skin was 0.32±0.25%.

Each skin disc was treated with a pyrethroid in 15 μl acetone. At the

end of the experiment (24–48 h post-dosing), the peristaltic pumpwas

stopped. The epidermal surface (with the cell top in place) was washed

six times with 0.5 ml of a mixture of soap:water (1:1) to remove

unabsorbed chemical. A Pipetman® (Gilson, Middleton, WI, USA) was

used to apply and remove each skin wash twenty times. The skin wash

fractions were pooled into two vials and mixed with scintillation fluid.

The cell top and cell body were individually washed three times with

0.5 ml ethanol. The cell top was placed in a small weigh boat and a

Pipetman® was used to apply and remove each ethanol wash twenty

times. Each ethanolwash of the interior of the cell bodywas applied and

removed twenty times. The cell top and body washes and weigh boat

were kept in separate vials. Skin washes, cell top and body washes,

weigh boats and receptor fluid were mixed with scintillation fluid and

analyzed for radioactivity in the liquid scintillation analyzer. An

experiment was done to determine the wash efficiency using a

100 nmol dose of each of the three pyrethroids. Pyrethroid was applied

to the skin and after allowing the acetone to evaporate (ca. 5 min), the

skin was washed as described above. This wash procedure removed

72.8±11.1% (mean±SD, N=5) of the dose for bifenthrin, 70.4±8.0%

for deltamethrin and 79.5±3.0% for permethrin.

In the 24-h time course study, two and three dose levels of each

pyrethroid were used for human (0.5 μCi, 10 and 100 nmol, 31.3 and

312.5 nmol/cm2, respectively) and rat (0.5 μCi, 10, 30 and 100 nmol,

Table 1

Physical and chemical characteristics of bifenthrin, deltamethrin and permethrina.

Pyrethroid CAS no. MW Melting pointd Log P CLog Pe Vapor pressure (mm Hg) Water solubility (ppm) Hydrolysis t1/2, pH 7

Bifenthrin 826057-04-3 422.9 68–70 °C 6.4 7.2 1.8e−7 1.5e−8 stable

Deltamethrin 52918-63-5 505.2 98–101 °C 4.5 6.5 9.3e−11 2.0e−4 stable

Permethrinb 52645-53-1c 391.3 35 °C 6.1 6.9 1.5e−8 5.5e−3 stable

a Information from Laskowski (2002), except for melting point data.
b Information only available for permethrin, which consists of a mixture of cis- and trans-permethrin.
c CAS No. for cis-permethrin is 61949-76-6.
d Data from Farm Chemicals Handbook (2002).
e Calculated Log P.
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31.3, 93.8, 312.5 nmol/cm2, respectively), respectively. In a second

experiment, absorption was assessed for an additional 24 h following

the skin wash at 24 h (total 48 h). The dose level for this study was

100 nmol pyrethroid (0.5 μCi, 312.5 nmol/cm2) for both human and

rat skin. In a tape strip study, rat and human skins were dosed with

100 nmol pyrethroid (0.5 μCi, 312.5 nmol/cm2), washed at 24 h, and

the epidermal side stripped with cellophane tape ten times.

Skin was solubilized in 1 ml of Soluene 350 (PerkinElmer)

overnight in a water bath set at 37 °C. Hionic Fluor (PerkinElmer)

was added to the dissolved skin solution, which was then analyzed for

radioactivity in the liquid scintillation analyzer.

Skin disc analysis. In a skin metabolism study, rat skin was prepared

and mounted in the cells as described above. The skin was treated with

bifenthrin, deltamethrin or cis-permethrin (5 μCi, 100 nmol,

312.5 nmol/cm2) in acetone. Following a 24 h exposure, the skin was

washed as described above and then stored at−70 °C in a scintillation

vial until analyzed. For analysis, the skin was thawed, tape-stripped ten

times, and homogenized in 4 ml of receptor fluid (without fetal bovine

serum) using a polytron homogenizer. Ten milliliters of methanol were

added to the homogenate and then itwas vortexed vigorously, followed

by centrifugation. The supernatant was removed. Ten milliliters of

methanol were added to the pellet, followed by vortexing and

centrifugation. The supernatants were combined, taken to dryness

under a stream of nitrogen, reconstituted in 0.5 ml HPLC mobile phase

(water/methanol, 10/90) and centrifuged through a 0.2 µmfilter. These

samples were analyzed by HPLC as described above.

Data analysis. The data in the text, figures and tables are mean

±SD. Each N for the rat data represents an individual animal. Each N

for the human data represents an individual donor. However, for the

24-h study, two skin samples from each donor were used for each

dose and 4 skin samples from each donor were used for the 48-

h exposure and the tape-stripping experiments. The data for these

latter experiments were averaged for each individual.

The percent of the dose in the skin wash included the cell top wash

and weigh boat data. The percent of the dose in the receptor fluid

included the cell body washes. The maximal flux data was calculated

by determining the time period of maximal absorption into the

receptor fluid (e.g., 0–4 h), and converting the percent absorption for

each dose into micrograms and dividing by the area of diffusion

(0.32 cm2) and the time period of sample collection (4 h). Rat data at

24 h were analyzed by a one-way analysis of variance with Tukey–

Kramer Multiple Comparison (GraphPad Instat, v 3.05, San Diego, CA,

USA) for the post-hoc test if significant differences (pb0.05) were

detected. Human data at 24 h were analyzed by a two-tailed unpaired

t-test with a significance level of pb0.05.

Results

The in vitro dermal absorption of the pyrethroids bifenthrin,

deltamethrin and cis-permethrin were assessed in rat and human

cadaver skin.

Bifenthrin

Less than 2% of the applied dose of bifenthrin was detected in

receptor fluid 24 h after application to rat skin (Fig. 2, Table 2).

Bifenthrin-derived radioactivity was detected at the earliest time point

(4 h) of receptor fluid collection for all dose levels. No dose-dependent

differences in cumulative percent dose in the receptor fluid were

observed at 24 h. The skin wash removed 59–69% of the dose of

bifenthrin. The percent of the dose removed by the skin wash for the

100 nmol dose of bifenthrinwas significantly greater (pb0.05) than the

wash for the 10 nmol dose. Following the wash, 33–43% of the dose of

bifenthrin remained in the skin. The percent of the dose in the skin for

the 10 nmol dose was significantly greater (pb0.05) than the 100 nmol

dose. Slightly more than half of the dose of bifenthrin remaining in

washed skin of the rat was removed by 10 tape strips (Table 3). The

maximal flux increased with dose and ranged from about 6–56 µg/

cm2 h (Table 4). From 24 to 48 h, the percent of the dose of bifenthrin in

the receptorfluid increased from1 to 2% (Fig. 3). Analysis of the extracts

of rat skin treated with bifenthrin detected the parent compound only

(data not shown).

Fig. 2. Cumulative percent of the dose of [3H]-bifenthrin detected in the receptor fluid

over 24 h after application to rat or human skin. Doses of [3H]-bifenthrin were 10 (□),

30 (▲) (rat only) and 100 (○) nmol and were applied in acetone. Data represents

mean±SD, N=8 for rat skin and N=3 for human skin.

Table 2

Distribution (% of applied dose) of chemical-derived radioactivity in the skin wash, skin

and receptor fluid 24 h following application of radiolabeled pyrethroid to rat skin.

Pyrethroid Dose

(nmol)

Skin wash Skin Receptor fluid Recovery

Bifenthrin 10 59.4±6.9 42.6±5.9b 1.6±0.4 103.6±2.6

30 60.8±7.9 41.2±10.4 1.3±0.2 103.3±3.8

100 68.8±4.3a 32.9±5.7 1.4±0.3 103.1±2.1

Deltamethrin 10 69.0±6.1 26.0±4.9 4.3±1.9c 99.3±2.8

30 68.3±4.8 27.6±6.7 3.4±1.2b 99.3±3.5

100 70.9±3.2 26.9±4.7 1.5±0.7 99.3±2.4

Permethrin 10 56.5±4.8 36.6±4.5 5.2±1.7c 98.3±2.7

30 55.7±7.3 35.9±7.9 3.9±1.2 95.5±4.0

100 52.5±4.9 42.8±4.8 2.7±0.5 98.1±1.3

Data represents mean±SD, N=8. The specific doses for 10, 30 and 100 nmol are 31.3,

93.8 and 312.5 nmol/cm2, respectively.
a Significantly greater than 10 nmol, pb0.05.
b Significantly greater than 100 nmol, pb0.05.
c Significantly greater than 100 nmol, pb0.01.
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For human skin, approximately 1% of the dose of bifenthrin was

detected in the receptor fluid 24 h after application (Fig. 2, Table 5).

The major portion of the dose (75–83%) was removed by the skin

wash. Following the wash, the skin contained 14–21% of the applied

dose, with the 10 nmol dose being significantly greater (pb0.05) than

the 100 nmol dose of bifenthrin. The major portion of the dose (79%)

that remained in human skin following the wash was removed by 10

tape strips (Table 6). Themaximal flux increased from about 5–38 µg/

cm2 hwith increased dose (Table 7). After thewash, the percent of the

dose detected in the receptor fluid increased from about 0.6 to 1%

during the 24–48 h collection period (Fig. 3).

Deltamethrin

Two to 4% of the dose of deltamethrin was detected in the receptor

fluid 24 h after application to rat skin (Fig. 4, Table 2). Deltamethrin-

derived radioactivity was detected in the receptor fluid at the earliest

time point (4 h) for all dose levels. The percentage of the dose in the

receptor fluid for the 10 and 30 nmol doses were significantly greater

(pb0.01 and 0.05, respectively) than the 100 nmol dose of deltame-

thrin. The skinwash removed about 70% of the applied dose and about

27% remained in the skin (Table 2). Tape-stripping removed more

than half of the dose that was in the skin following the wash (Table 3).

The maximal flux increased with dose and ranged from about 17–

64 µg/cm2 h (Table 4). The percent of the dose of deltamethrin in the

receptor fluid increased from 2 to 4% during the 24–48 h collection

period after the skin wash (Fig. 3). Analysis of the extracts of rat skin

treated with deltamethrin detected the parent compound only (data

not shown).

Approximately 1% of the dose of deltamethrin was detected in the

receptor fluid 24 h after application to human skin (Fig. 4, Table 5). The

skin wash removed about 80% of the dose of deltamethrin and 14–15%

remained in human skin. Tape-stripping removedmost of the dose that

couldnot be removedby thewash (Table 6). Themaximalflux increased

from about 14–76 µg/cm2 h with increased dose (Table 7). The dose of

deltamethrin in receptor fluid during the 24 to 48 h collection after the

skin wash increased from about 0.5 to 1 % (Fig. 3).

Permethrin

At 24 h after application of permethrin to rat skin, approximately 3–

5% of the dose was detected in the receptor fluid (Fig. 5, Table 2).

Permethrin-derived radioactivity was detected in the receptor fluid at

the earliest time point (4 h) for all dose levels. The percentage of the

dose of permethrin in the receptor fluid was significantly greater

(pb0.05) in the 10 than the 100 nmol dose group. Slightly greater than

half of the applied dose was removed by the wash at 24 h. The

Table 3

Distribution (% of applied dose) of chemical-derived radioactivity in the skin wash, tape

strip, skin and receptor fluid 24 h following application of 100 nmol of radiolabeled

pyrethroid to rat skin.

Pyrethroid Skin wash Tape strip Skin Receptor fluid Recovery

Bifenthrin 52.6±12.7 24.4±14.7 19.5±5.1 1.6±0.1 98.1±1.6

Deltamethrin 53.2±16.2 22.0±17.5 18.6±10.6 2.2±0.4 95.9±3.4

Permethrin 53.9±6.2 19.1±12.0 19.3±8.5 3.6±0.4 96.0±0.8

Data represents mean±SD, N=4. The specific dose for 100 nmol is 312.5 nmol/cm2.

Table 4

Maximal flux and time of radiolabeled pyrethroids penetrating through rat skin.

Pyrethroid Dose (nmol) Maximum flux (µg/cm2 h) Time (h)

Bifenthrin 10 6.1±2.6a 4

30 14.9±3.7 4

100 56.0±16.0 4

Deltamethrin 10 16.9±6.3 24

30 45.4±16.9 24

100 63.7±17.7 24

Permethrin 10 14.6±17.2 4

30 36.8±12.1 20

100 67.8±17.6 4

a Data represents mean±SD, N=8. The specific doses for 10, 30 and 100 nmol are

31.3, 93.8 and 312.5 nmol/cm2, respectively.

Fig. 3. Cumulative percent of the dose of [3H]-bifenthrin (□), [3H]-deltamethrin (▲) or

[14C]-permethrin (○) detected in receptor fluid over 48 h after application to rat or

human skin. A dose of 100 nmol of each pyrethroid in acetone was applied to the skin.

At 24 h, the epidermal surface of the skin was washed with a mixture of soap:water

(1:1). After the wash, the cells were placed back in the holders and receptor fluid was

collected for an additional 24 h. Data represents mean±SD, N=8 for rat skin and N=3

for human skin.

Table 5

Distribution (% of applied dose) of chemical-derived radioactivity in the skin wash, skin

and receptor fluid 24 h following application of radiolabeled pyrethroid to human skin.

Pyrethroid Dose (nmol) Skin wash Skin Receptor fluid Recovery

Bifenthrin 10 75.4±3.2 20.7±3.8a 1.0±0.2 97.1±1.1

100 82.6±4.1 13.8±2.0 1.2±0.2 97.5±2.0

Deltamethrin 10 78.7±3.0 13.8±1.1 1.4±0.3 94.0±3.5

100 78.1±9.6 14.8±7.2 1.3±0.3 94.1±3.8

Permethrin 10 70.6±7.3 24.6±6.9 2.2±1.4 97.3±0.7

100 72.0±6.5 21.9±5.9 2.1±1.7 95.9±1.6

Data represents mean±SD, N=3. The specific doses for 10 and 100 nmol are 31.3 and

312.5 nmol/cm2, respectively.
a Significantly greater than 100 nmol dose (pb0.05).
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percentage of the dose that remained in the skin ranged from 36–43%.

Tape-stripping removed half of the dose that remained in rat skin

following the skinwash (Table 3). Themaximalflux increasedwithdose

and ranged from 15–68 µg/cm2 h (Table 4). The percentage of the dose

in the receptor fluid increased from 3 to 6% during the 24–48 h

collection period following the skin wash (Fig. 3). Analysis of the

extracts of rat skin treated with permethrin detected the parent

compound only (data not shown).

In human skin, 2% of the dose of permethrin was detected in the

receptor fluid for both dose levels at 24 h (Fig. 5, Table 5). About 70%

of the dose was removed by the skin wash and 22–25% remained in

the skin. Most of the dose in human skin could be removed by tape-

stripping (Table 6). The maximal flux increased from about 9–103 µg/

cm2 h with increased dose (Table 7). During the collection period of

24–48 h after the skin wash, the percent of the dose in the receptor

fluid increased from 1 to 1.4% (Fig. 3).

Discussion

Dermal exposure to pesticides such as pyrethroids can occur in

occupational and residential settings. In the present study, in vitro

exposure of rat and human skin to the pyrethroids bifenthrin,

deltamethrin, and permethrin resulted in their detection in skin and

receptor fluid, indicating that dermal absorption of these pesticides

occurred. Although there are no published data on the in vitro dermal

absorption of bifenthrin and deltamethrin, there are several studies

on the absorption of permethrin. Franz et al. (1996) used a static

diffusion system to investigate the in vitro absorption of permethrin

(1.2 μmol, trans/cis ratio, ca. 2.8:1) in guinea pig and human skin.

Guinea pig skin was more permeable than human skin, with about 5

and 1% of the dose, respectively, detected in receptor fluid 48 h after

application. The skin was washedwith isopropanol and sectioned into

dermis and epidermis. For both human and guinea pig skin, the major

Table 6

Distribution (% of applied dose) of chemical-derived radioactivity in the skin wash, tape

strip, skin and receptor fluid 24 h following application of 100 nmol of radiolabeled

pyrethroid to human skin.

Pyrethroid Skin wash Tape strip Skin Receptor fluid Recovery

Bifenthrin 69.7±6.3 19.8±5.0 5.4±3.6 1.0±0.7 96.0±1.0

Deltamethrin 68.1±2.5 24.9±1.0 1.2±0.3 1.1±0.7 95.3±2.1

Permethrin 66.9±7.5 24.9±5.6 1.8±0.4 2.1±1.6 95.8±1.2

Data represents mean±SD, N=3. The specific dose for 100 nmol is 312.5 nmol/cm2.

Table 7

Maximal flux and time of radiolabeled pyrethroids penetrating through human skin.

Pyrethroid Dose (nmol) Maximal flux (µg/cm2 h) Time (h)

Bifenthrin 10 4.7±1.5 4

100 38.0±8.4 4

Deltamethrin 10 13.4±9.2 4

100 75.5±20.7 4

Permethrin 10 8.8±11.8 4

100 103.0±102.7 4

Data represents mean±SD, N=3. The specific doses for 10 and 100 nmol are 31.3 and

312.5 nmol/cm2, respectively.

Fig. 4. Cumulative percent of the dose of [3H]-deltamethrin detected in receptor fluid

over 24 h after application to rat or human skin. Doses of [3H]-deltamethrin were 10

(□), 30 (▲) (rat only) and 100 (○) nmol and were applied in acetone. Data represents

mean±SD, N=8 for rat skin and N=3 for human skin.

Fig. 5. Cumulative percent of the dose of [14C]-permethrin detected in receptor fluid over

24 h after application to rat or human skin. Doses of [14C]-permethrinwere 10 (□), 30 (▲)

(rat only) and 100 (○) nmol and were applied in acetone. Data represents mean±SD,

N=8 for rat skin and N=3 for human skin.
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portion of the dose was in thewash (85–98%). In guinea pig skin, 5% of

the dose was in each skin fraction. In human skin, 0.2% was in the

dermis and 1.1% in the epidermis. Baynes et al. (1997), using a flow-

through cell system with rat and guinea pig skin, did not detect

permethrin (ca. 33 nmol, 102 nmol/cm2) in the receptor fluid over

8 h following its application. However, using mouse skin, they did

observe b2% of the dose in the receptor fluid over 24 h following its

application in acetone or dimethylsulfoxide. They did not report on

the percentage of the dose in the wash and skin. In another study by

Baynes et al. (2002), using pig skin in a flow-through cell system, b1%

of the dose (ca. 65 nmol, 102 nmol/cm2) was detected in the receptor

fluid after an 8 h exposure to permethrin. About 50–70% of the dose

was removed by a skin wash (soap/water), 10–20% was in the

stratum corneum (removed by tape-stripping), and 2–5% was in the

tape-stripped skin. The results of the studies described above have a

similar trend to those reported here with regard to permethrin,

bifenthrin, and deltamethrin. Fifty percent or more of the dose of the

pyrethroidswas removed by skin washing. The nextmajor percentage

of the dose was in skin, but 50% or more of the dose in skin could be

removed by tape-stripping the epidermal surface. A low percentage of

the dose of each pyrethroid was in the receptor fluid. However, there

are some differences in the absolute percentages between the

previously published studies described above and those reported in

the present study. Franz et al. (1996) reported a much higher

percentage of the dose removed by the skin wash. They used an

organic solvent, isopropanol, to wash the skin, whereas we used a

soap and water mixture. Since the pyrethroids are lipophilic, with a

log octanol:water partition coefficient (Log P) 4.5 or greater (Table 1),

it seems reasonable that a wash with an organic solvent would

remove a higher percentage of the dose than a wash with soap and

water. Other variations can be attributed to the types of apparatus

used (static vs. flow-through), species, vehicles and recovery of the

applied dose. The recovery of the applied dose in our study and that of

Franz et al. (1996) were essentially 100%, whereas that of Baynes et al.

(2002) was around 70%. Low recovery of the applied dose makes it

difficult to compare results across studies.

The in vitro absorption of these pyrethroidswas 3- to 10-fold greater

for rat than human skin, if absorption includesmaterial in receptorfluid

plus skin (or tape-stripped skin). The trend of greater permeability of

chemicals other than pyrethroids in rat than human skin in vitro has

been observed by several investigators (Sato et al., 1991; van

Ravenzwaay and Leibold, 2004; Yourick et al., 2008). The reason for

this difference between the in vitro dermal absorption of chemicals

between rat and human skin is not clear. Of 14 chemicals tested by van

Ravenzwaay and Leibold (2004), there was no physicochemical factor

(e.g., molecular weight, lipophilicity or aqueous solubility) of the

chemicals that could account for this difference between rat and human

skin. Bronaugh et al. (1982) measured the thickness of stratum

corneum, epidermis and whole skin of humans and rats. While the

thickness of the stratum corneum was similar (rat, 18 μm; human,

17 μm), the epidermis (human, 47 μm; rat, 32 μm) andwhole skinwere

thicker for human (human, 3 mm; rat, 2 mm). Because the stratum

corneum is considered the predominant barrier to permeability

(Scheuplein and Blank, 1971), and because there is no difference in

the thickness of the stratum corneum between rats and humans, the

greater permeability in rat skin may be due to differences in the

composition of the lipids in the stratum corneum of these species. Also,

follicular transport may be greater in rat than human skin, because rat

has a higher density of hair follicles (Bronaugh et al., 1982).

The physicochemical properties of a chemical can affect the extent

and rate of its dermal absorption (Guy and Hadgraft, 1991; Moss et al.,

2002). Some of these properties include lipophilicity, hydrogen

bonding and structural (e.g., molecular weight). The measured Log

Ps of the pyrethroids studied, ranged from 4.5 to 6.4, while the

calculated values ranged from 6.5 to 7.2 (Table 1). In both cases,

deltamethrin had the lower value, whilst bifenthrin had the highest.

There is a general trend in that chemicals with a Log P between 1 and 3

will have higher dermal absorption than chemicals outside of this

range (Guy and Hadgraft, 1991). An example of a chemical class that

displays this trend is the para-substituted phenols (Hinz et al., 1991;

Hughes et al., 1993). Also, chemicals with a high Log P tend to be

found to a greater extent in skin than in the receptor fluid. For

example, heptyloxyphenol has a higher Log P than phenol (4.6 vs.

1.45, respectively). About 22–33% of the applied dose of heptylox-

yphenol was in skin of rat and 46–63% in the receptor fluid (Hughes

et al., 1993). The value was dependent on the diffusion system used

(static vs. flow-through). In contrast, about 2% of the dose of phenol

was in skin and 95–98% was in the receptor fluid. The pyrethroids

have a high Lop P and this property is consistent with the higher levels

found in skin than in the receptor fluid of this in vitro study. The

differences in Log P between the pyrethroids used were not large

enough to result in large differences in the extent of their absorption,

which ranged from 21–23% for rat skin and 2–6% for human skin

(absorption being the sum of dose in tape-stripped skin and receptor

fluid). An increased ability of a chemical to hydrogen bond can result

in a slower diffusion of it through skin. The pyrethroids do not have

ionizable moieties that could participate in hydrogen bonding, but

have some functional groups (e.g., carboxyl) that are available for this

type of bonding. The differences in structure between bifenthrin,

deltamethrin and cis-permethrin are the halogens (Cl for permethrin,

Br for deltamethrin, Cl and F for bifenthrin), a cyano group in

deltamethrin, and a different aromatic group for bifenthrin. These

differences did not appear to affect the extent of dermal absorption of

these pyrethroids. The diffusional resistance of the stratum corneum

increases as the molecular weight of a chemical increases (Guy and

Hadgraft, 1991). The molecular weight of permethrin was the lowest

and that of deltamethrin the highest. But the differences in the

molecular weight of the pyrethroids were not enough to impact their

dermal absorption. Chemicals with a low melting point tend to be

absorbed to a greater extent in skin relative to chemicals with a higher

melting point (Guy and Hadgraft, 1991). Permethrin has the lowest

melting point of the three pyrethroids, yet its absorption was not that

much different from the other two chemicals examined.

Dose applied to skin can affect the dermal absorption of a chemical

(Wester and Maibach, 1993). In the experiments that varied dose

(10–100 nmol, 31.3–312.5 nmol/cm2), and just considering the dose

in receptor fluid, the percentage remained constant or decreased as

dose increased. However, the amount of chemical increased with the

dose applied to skin. This effect has been observed with testosterone,

benzoic acid, parathion, lindane and many other chemicals in human

and animal skin (Wester and Maibach, 1993).

Pyrethroids aremarketed as single isomers or as amixture of several

isomers. Both bifenthrin anddeltamethrin are single isomer pyrethroids.

Permethrin is generally usedasamixtureof its cis and trans isomers. This

mixture would include the four enantiomers (two each for the cis and

trans isomers) of permethrin. In the present study, only cis-permethrin

was used. However, we would not expect any differences between cis-

and trans-permethrin in their in vitro dermal absorption, which is a

process of passive diffusion. Franzet al. (1996) foundnodifference in the

trans:cis ratio of permethrin in guinea pig or human skin fractions or in

receptor fluid to that of the dosing formulation. Sidon et al. (1988)

examined the in vivo dermal absorption of cis- and trans-permethrin in

monkeys and rats. There were no significant differences in the total

percentage absorbed between cis- and trans-permethrin applied singly

to either the forearm and forehead of monkeys or the dorsal region of

rats.

Acetone was used as the vehicle to apply the pyrethroids to the

skin in this study. Acetone is a good choice to use as a vehicle in

dermal absorption studies because of its volatility and many

chemicals are soluble in it. Typically, the volume of acetone used in

dermal absorption studies ranges from 5–10 µl/cm2, although a wider

range has been used (5–36 µl/cm2) (Feldmann and Maibach, 1974).
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The volume of acetone used in this study was greater (47 µl/cm2)

than what is usually used. Deltamethrin was less soluble in acetone

than bifenthrin and cis-permethrin, so a greater volume of it was

needed. We decided to use the same volume of acetone for all three

chemicals. Acetone could potentially damage skin, which could lead to

greater penetration of chemical into the skin. For example, Bond and

Barry (1988) reported that a 2-min exposure to acetone (160 μl/cm2)

damaged the permeability of hairlessmouse skin to 5-fluorouracil, but

not that of human skin. Based on the results of Bond and Barry (1988),

the possibility exists that the absorption of the pyrethroids in rat skin

was enhanced by the use of acetone as a vehicle with its increased

volume. However, this same data suggests that the absorption of the

pyrethroids in human skin would not be affected by the larger volume

of acetone. Nevertheless, it is best to minimize the volume of volatile

organic vehicles used in dermal absorption studies such that the

penetration of the test chemical is not affected by its use.

A considerable percentage of the applied dose of the pyrethroids

was detected in rat and human skin after the wash (26–43% for rat,

14–25% for human). Because the percentage of the dose of pyrethroids

in the receptor fluid was low (1–5% for rat, 1–2% for human), the

chemical in skin could represent a reservoir or depot. Other

investigators have reported that the skin may act as a reservoir for

chemicals after dermal exposure (Kemppainen et al., 1991; Yourick

et al., 2004, 2008). It should be noted that the wash was not 100%

effective as evidenced by the pilot wash experiment. The soap/water

wash was chosen because this is a typical choice most people would

use for cleanup after the use of insecticides. The amount of pyrethroid

in skin was decreased by tape-stripping the epidermal surface, which

removed 50% or more from rat skin and greater than 80% from human

skin. This means a major portion of the dose in the skin was on top of

or in the stratum corneum and had not penetrated into the viable

regions of the epidermis. This material would not be considered

absorbed. However, there was chemical in the skin after tape-

stripping and could be a reservoir for further penetration. Potential

mechanisms of this reservoir effect are the binding of a chemical to a

macromolecule in skin or difficulties in partitioning from lipid regions

of the skin to the aqueous receptor fluid. For example, dihydroxyac-

etone, a color additive in sunless tanning products, was retained in

skin in vitro following its application (Yourick et al., 2004), probably as

a result of its binding to amine groups of macromolecules (Kurz,

1994), making it unavailable for absorption. Kraeling and Bronaugh

(1997) also noted that glycolic and lactic acid, which are polar

chemicals, are strongly retained in skin in vitro after a 24-h study.

Lipophilic compounds may be retained in skin artificially in in vitro

studies because of difficulty in partitioning from lipid areas in the skin

into aqueous receptor fluids. The pyrethroids examined in the present

study are lipophilic with measured Log Ps ranging from 4.5 to 6.4. We

did detect the pyrethroids in the receptor fluid during the 24–48 h

collection following the skin wash. The overall diffusion of pyrethroid

from skin to receptor fluid during this timewas low (1–3% for rat skin,

0.5–1% for human skin). This was no more than the amount absorbed

during the first 24-h collection period. Yourick et al. (2008) reported

that for retinol, 6% of the dose was in receptor fluid and 23% in rat skin

at 24 h, while at 72 h, 18%was in skin and 13% in receptor fluid. Thus a

portion of the chemical in the skin that has been washed is still

available for absorption.

In summary, the pyrethroids bifenthrin, deltamethrin and per-

methrin were absorbed in vitro into rat and human skin. The

absorption was greater in rat than in human skin. For both skin

types, more than 50% of the applied dose of the pyrethroids was

removed by a soap andwater wash at 24 h. A higher percentage of the

dosewas detected in rat and human skin than in the receptor fluid. For

rat and human skin, about 50% and 80% of the dose in the skin,

respectively, was removed by tape-stripping. A low percentage of the

dose in skin was able to diffuse into the receptor fluid during the first

24 h post-exposure and the 24–48 h collection period following the

wash. Only the parent chemical was detected in extracts of rat skins

treated with the pyrethroids. Because the exposure of pyrethroids to

skin is potentially high, examination of the dermal absorption of this

class of insecticides is important so that the risk of their exposure can

be adequately assessed.
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Justifications:

Justification 1:

Rager JE, Strynar MJ, Liang S, McMahen RL, Richard AM, Grulke CM,

Wambaugh JF, Isaacs KK, Judson R, Williams AJ, Sobus JR. Linking high

resolution mass spectrometry data with exposure and toxicity forecasts to

advance high-throughput environmental monitoring. Environ Int. 2016

Mar;88:269-280.

Background: The US EPA is responsible for ensuring the safety of ten-of-thousands
of chemicals used in commerce. Indeed, part of EPA’s Strategic Plan is to “Ensure
Safety of Chemicals in the Marketplace”. Over the past decade, EPA’s Office of
Research and Development (ORD) has developed projects to much more rapidly
assess chemical safety based on anticipated exposure and hazard. These projects,
known as “ToxCast” and “ExpoCast”, make use of high-throughput testing
strategies and model-based predictions to rapidly prioritize thousands of chemicals
based on anticipated risk. ExpoCast models suggest that most chemical exposure
occurs in the near-field environment; that is, within the home and workplace
through use of consumer products and contact with manufactured materials. Prior
laboratory research has shown dust to be a sink for various consumer product
chemicals present within the home. Research has further shown children to receive
larger chemical exposures from dust owing to crawling and hand-to-mouth
behaviors. Most laboratory analyses of dust, to date, have used targeted analytical
methods, focusing on relatively few (tens) chemicals predetermined to be of
high-interest. A need therefore exists to develop high-throughput monitoring
methods to better characterize to totality of chemical exposures emanating from
indoor dust. The goal of this work was to develop a non-targeted analysis (NTA)
method, based on high-resolution mass spectrometry (HRMS), that would enable
identification and prioritization of hundreds-to-thousands of poorly studied
chemicals in house dust using samples from across the US. 

Research Description: Samples were collected from 56 U.S. residences as part of
the American Healthy Homes Survey. Dust samples were seived, extracted, cleaned,
and analyzed using liquid chromatography (LC) time-of-flight (TOF) HRMS.
Molecular feature data obtained via LC-TOF HRMS were used to first tentatively
identify unknowns at the accurate mass and molecular formula levels. Predicted
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molecular formula were matched against version 2 of EPA’s Distributed
Structure-Searchable Toxicity (DSSTox) Database to retrieve candidate structures.
In total, more than 3,000 candidate structures were considered as being present in
the dust samples. Further prioritization of these >3,000 candidates was necessary to
produce a list of candidates that could be confirmed with authentic standards.
Prioritization of candidates was performed using a novel algorithm (with supporting
visualization software) that utilized experimental data about each candidate (i.e.,
detection frequency and mean intensity across the sample set), as well as existing
exposure and bioactivity values made available from the ExpoCast and
ToxCast/Tox21 programs, respectively. Standards were procured for 100 priority
compounds, of which 33 were confirmed as being present in study samples using
retention time and spectral matching. SciFinder searching of each confirmed
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compound (identified by CASRN) was performed to determine if compounds had
previously been reported in house dust, with 15 having not been reported in any
prior studies.

Impact: The publication of this work was a watershed moment for EPA’s ORD. A
year after its publication it was twice featured in the National Academies of Science
Report . AuthorsUsing 21st Century Science to Improve Risk-Related Evaluations

of the report commented that our method was an “…innovative approach for
identifying and setting priorities among chemicals for additional exposure
assessment, hazard testing, and risk assessment that complements the current
hazard-oriented paradigm”. The methods used in the article set the foundation for a
burgeoning NTA program within ORD. Specifically, this work led to the creation of
multiple dedicated research Outputs within two ORD National Research Programs
(Chemical Safety for Sustainability [CSS] and Sustainable and Health Communities
[SHC]), and further led to the creation of a dedicated Branch (i.e., the Advanced
Analytical Chemistry Methods Branch) within ORD’s Center for Computational
Toxicology and Exposure (CCTE). The work also led to a Pathfinder Innovation
Project Award to further develop and implement NTA methodologies. The impact
of this groundbreaking work is difficult to fully capture, as it has influenced
activities within and outside EPA, and has been cited in the peer-reviewed literature
more than 100 times (see supplemental article impact report ‘Sobus2016_AIR.pdf’.
This work will certainly continue to be heavily utilized and referenced by the
scientific community.

Sobus JR, Wambaugh JF, Isaacs KK, Williams AJ, McEachran AD, Richard

AM, Grulke CM, Ulrich EM, Rager JE, Strynar MJ, Newton SR. Integrating

tools for non-targeted analysis research and chemical safety evaluations at the

US EPA. J Expo Sci Environ Epidemiol. 2018 Sep;28(5):411-426.

Background: At the core of public health research is the quandary surrounding the
origins of long-term latency disease. For hundreds of years researchers have tried to
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identify and mitigate causes of chronic illness. Efforts over the past quarter century
have largely focused on genetic factors that influence disease incidence, but
mysteries remain surrounding environmental causes of disease. These mysteries
have driven research into the human exposome, which represents the totality of all
exposures experienced by an individual over their lifetime. Much exposome
research uses high-resolution mass spectrometry (HRMS) to identify important
exposures within biological samples from patients with disease. Here, non-targeted
analysis (NTA) techniques are the basis for identifying exposure of interest based
on HRMS data. While these studies have proven informative, they are retrospective
in nature, and thus work backwards from the diseased population to the causative
exposures. The US EPA has a regulatory mandate to ensure the safety of man-made
chemicals and must therefore prospectively consider possible deleterious effects of
chemical exposures. Moreover, the agency must consider these possible effects
across tens-of-thousands of chemicals (and non-chemical stressors), hundreds of
biological endpoints, and within a reasonable time frame. To meet these demands,
the US EPA’s Office of Research and Development (ORD) developed the Toxicity
Forecaster (ToxCast) and Exposure Forecaster (ExpoCast) projects, with the goal of
performing high-throughput provisional safety assessments across thousands of
potential stressors. Assessment decisions to date have been largely based on sparse
training and test data, leading to large uncertainties risk-related predictions. NTA
via HRMS has been proposed to drastically reduce these uncertainties by providing
exposure data on thousands of stressors across various environmental (e.g., drinking
water, consumer products) and biological media. Noting this opportunity, our team
  was explicitly asked by the current ORD Assistant Administrator to develop a
framework showing the potential for integration between exposomics efforts,
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activities within the ToxCast and ExpoCast programs, and HRMS-based NTA
research. We produced this article in direct response to the Assistant
Administrator’s request.

Research Description: The article has four primary components: 1) a review of
recent exposomic and HRMS-based NTA research efforts; 2) a review of chemical
screening data, models, and tools developed and used within ORD; 3) a summary of
an ORD-led NTA workshop and an introduction to an ORD-led NTA trial; and 4) a
detailed description of the integrated research framework. The exposomics and
NTA review section details the history of exposomics, the various types of
analytical instruments used to support NTA experiments, strategies for
communicating confidence in compound identifications, and databases and tools
commonly used in the exposomics and NTA fields. The section on ORD data,
models, and tools covers the history and applications of EPA’s ToxCast project,
ExpoCast project, Distributed Structure-Searchable Toxicity (DSSTox) database,
and CompTox Chemistry Dashboard. Specific attention is given to the types of data
that have been generated, stored, and made publicly available through each effort.
The section on the ORD-led workshop and trial describes how authors of this article
convened a two-day workshop in RTP, NC to: 1) discuss current efforts in
exposomics, NTA, and high-throughput chemical screening; and 2) highlight
opportunities for integration across the various related research domains. This
section further describes the genesis and design of EPA’s Non-Targeted Analysis
Trial (ENTACT), a collaborative study developed by authors of this article to foster
research integration and examine NTA performance capabilities. The final section
of the article describes the integrated research framework, detailing how NTA
experimental data can be prioritized using the CompTox Chemicals Dashboard (and
underlying DSSTox database) and existing ToxCast and ExpoCast data. The final
section further describes how the framework contains a feedback loop in which new
discoveries from NTA experiments inform the ToxCast and ExpoCast projects, thus
reducing uncertainty in risk-related decisions. The article concludes with an outlook
for future integrated research that makes full use of NTA data to enhance
exposomic studies and high-throughput chemical safety evaluations.

Impact: This work followed on the heels of the aforementioned publication and was
a means of formalizing and communicating the relationships between multiple
research enterprises within ORD. This article clearly showed ORD and EPA
managers, as well as the larger scientific community, how NTA research can
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integrate with ongoing efforts to rapidly screen known chemicals for potential risks.
Internally, this work cemented NTA research as a viable and beneficial discipline
and led to the creation of official research Products and Outputs within the
Chemical Safety for Sustainability (CSS) and Sustainable and Healthy Communities
(SHC) National Research Programs. It further led to the creation of the Advanced
Analytical Chemistry Methods Branch (AACMB) within ORD’s Center for
Computational Toxicology and Exposure (CTTE). NTA research being performed
within CSS and AACMS provide direct support to the ToxCast and ExpoCast
projects, which in turn provide direct support to agency program offices conducting
risk-based chemical prioritization under the Frank R. Lautenberg Chemical Safety
for the 21st Century Act. This specific publication has been recognized as one of the
Journal of Exposure Science and Environmental Epidemiology’s ‘Best Papers’ of
2018-2019 and cited over 50 times in the literature (in only two years) (see
supplemental article impact report ‘Sobus2018_AIR.pdf’). The contents of this
framework article will continue to provide the blueprint for NTA research within
ORD for years to come.

Justification 2A:

The first paper was a proof-of-concept using samples of house dust collected from
around the US. The article showed exactly what could be accomplished when
integrating NTA monitoring data with exposure and toxicity forecasts for the sake
of risk-based chemical prioritization. The second paper is very much an extension
of the first paper, and provides much needed detail and context sounding the
methods proposed in Paper 1. Importantly, the second paper provides a formalized
framework that is now the blueprint for integrated NTA research within ORD.

Justification 2B:

Jon Sobus:
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2016 STAA submission (not awarded) - Sobus JR, et al. Uses of NHANES
biomarker data for chemical risk assessment: Trends, challenges, and opportunities.
Environ Health Perspect. 2015 Oct;123(10):919-27.

2020 STAA Submission – “Temporal exposures of adults to pyrethroid insecticides,
pyrethroid degradates, and bisphenol A”. Individual papers: (1) Morgan M et al.
Distribution, variability, and predictors of urinary bisphenol-A levels in 50 North
Carolina adults over a six-week monitoring period. Environment International.
2018:112: 85-99.; (2) Morgan et al. Pyrethroid insecticides and their environmental
degradates in repeated duplicate-diet solid food samples of 50 adults.  Journal of
Exposure Science and Environmental Epidemiology. 2018: 28: 40-45. (3) Morgan
M et al. Temporal variability of pyrethroid metabolite levels in bedtime, morning,
and 24-hr urine samples for 50 adults in North Carolina. Environmental
Research. 2016: 144; 81-91.

John Wambaugh: 

2019 Level III Award - Biryol, Derya, et al. "High-throughput dietary exposure
predictions for chemical migrants from food contact substances for use in chemical
prioritization." Environment international 108 (2017): 185-194.

2019 Level III Award - Isaacs, Kristin K., et al. "SHEDS-HT: an integrated
probabilistic exposure model for prioritizing exposures to chemicals with near-field
and dietary sources." Environmental science & technology 48.21 (2014):
12750-12759.

2019 Level III Award - Isaacs, Kristin K., et al. "Characterization and prediction of
chemical functions and weight fractions in consumer products." Toxicology reports
3 (2016): 723-732.
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2019 Level III Award - Phillips, Katherine A., et al. "High-throughput screening of
chemicals as functional substitutes using structure-based classification models."
Green Chemistry 19.4 (2017): 1063-1074.

2014 Level II Award - Wambaugh, John F., et al. "High-throughput models for
exposure-based chemical prioritization in the ExpoCast project." Environmental
science & technology 47.15 (2013): 8479-8488.

2015 Level III Award - Wambaugh, John F., et al. "High throughput heuristics for
prioritizing human exposure to environmental chemicals." Environmental science &
technology 48.21 (2014): 12760-12767.

Kristin Isaacs:

2019 Level III Award: Advancing High-Throughput Chemical Exposure Models for
Consumer and Dietary Pathways

2019- Level III Award: High-throughput screening of chemicals as functional
substitutes using structure-based classification models

2016- Level III Award: (1) Air Pollution Exposure Model for Individuals (EMI) in
Health Studies: Evaluation for Ambient PM2.5 in Central North Carolina, (2)
GPS-based Microenvironment Tracker (MicroTrac) Model to Estimate
Time-Location of Individuals for Air Pollution Exposure Assessments: Model
Evaluation in Central North Carolina. (3) Modeling Spatial and Temporal
Variability of Residential Air Exchange Rates for the Near-Road Exposures and
Effects of Urban Air Pollutants Study (NEXUS)
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Ann Richard:

2019 Level III Award - Richard, Ann M., et al. "ToxCast chemical landscape:
paving the road to 21st century toxicology." Chemical research in toxicology 29.8
(2016): 1225-1251.

Richard Judson:

2019 Level I Award - Development and deployment of a high-throughput assay to
detect chemical disruptors of thyroid hormone synthesis.

2019 Level III Award -  A chemical and cheminformatics foundation for ToxCast &
Tox21 research programs

Justification 2C:

The current nomination has nothing in common with prior submissions by Sobus,
Isaacs, and Judson. Components of research discussed in Wambaugh et al. (2013 &
2014) and in Richard et al. (2016) inspired work in both articles of the current
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submission. Yet, the specific work described in all former articles and the two
current articles are complete distinct. That is, there is absolutely no overlap in the
work performed. 

Justification 2D:

n/a

Justification 2E:

The package submitted by Morgan et al. (Temporal exposures of adults to

 - for which Sobuspyrethroid insecticides, pyrethroid degradates, and bisphenol A

is a coauthor) has nothing in common with the articles in the present submission.
The work submitted by Morgan et al. details the findings of an observational study
of 50 adult participants with focus on exposure to specific pyrethroids and bisphenol
A. 

Justification 3A:

The first article (Rager et al. 2016) was twice featured in the National Academies of
Science Report Using 21st Century Science to Improve Risk-Related Evaluations.
Authors of the report commented that our method was an “…innovative approach
for identifying and setting priorities among chemicals for additional exposure
assessment, hazard testing, and risk assessment that complements the current
hazard-oriented paradigm”. This work led to an EPA Pathfinder Innovation Project
Award (3 separate competitive awards) to further develop and implement NTA
methodologies within ORD. The impact of this groundbreaking work is difficult to
fully capture, as it has influenced activities within and outside EPA, and has been
cited in the peer-reviewed literature more than 100 times (see supplemental article
impact report ‘Sobus2016_AIR.pdf’). I have personally given more than 10 invited
presentations (including international seminars) highlighting the methods and
findings of this work.
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The second article (Sobus et al. 2018) led to me being awarded the President’s Early
Career Award for Scientists and Engineers (PECASE). This is “…the highest honor
bestowed by the U.S. government on outstanding scientists and engineers beginning
their independent careers.” This article has been recognized as one of the Journal of
Exposure Science and Environmental Epidemiology’s ‘Best Papers’ of 2018-2019
and cited over 50 times in the literature (in only two years) (see supplemental article
impact report ‘Sobus2018_AIR.pdf’). I have personally given more than 12 invited
presentations (including international seminars) highlighting the methods and
findings of this work.

Justification 3B:

These articles were individually subjected to  review by internal EPA sciencead hoc

colleagues. Subsequently, they were subjected to the ORD internal peer review
policy which includes official internal technical review via standard EPA-363 forms
followed by policy review by the Division Director and the NERL Associate
Director for Health resulting in pre-submission approval via EPA-362 clearance
form. The articles were then submitted to their respective journals and were
subjected to rigorous external peer-review.  Upon successfully addressing several
rounds of external peer-reviewers’ comments, the authors received EPA approval
for the final draft, and subject to further editorial review at the journal, received
final acceptance for publication from the journal.
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-116

Research Category Primary: Review Articles (RA)

Research Category Secondary: Ecological Research (ER);Health Effects Research and Human Health Risk Assessment (HE)

Laboratory/Office Name: ORD

Nomination Entered By: William Boyes

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: David Diazsanchez

Nominating Official Title:

Nominating OfficialEmail: diaz-sanchez.david@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

Engineered nanomaterials (ENM) are a growing aspect of the global economy, and
their safe and sustainable development, use, and eventual disposal requires the
capability to forecast and avoid potential problems. This review provides a
framework to evaluate the health and safety implications of ENM releases into the
environment, including purposeful releases such as for antimicrobial sprays or
nano-enabled pesticides, and inadvertent releases as a consequence of other
intended applications. Considerations encompass product life cycles, environmental
media, exposed populations, and possible adverse outcomes. This framework is
presented as a series of compartmental flow diagrams that serve as a basis to help
derive future quantitative predictive models, guide research, and support
development of tools for making risk-based decisions. After use, ENM are not
expected to remain in their original form due to reactivity and/or propensity for
hetero-agglomeration in environmental media. Therefore, emphasis is placed on
characterizing ENM as they occur in environmental or biological matrices. In
addition, predicting the activity of ENM in the environment is difficult due to the
multiple dynamic interactions between the physical/chemical aspects of ENM and
similarly complex environmental conditions. Others have proposed the use of
simple predictive functional assays as an intermediate step to address the challenge
of using physical/chemical properties to predict environmental fate and behavior of
ENM. The nodes and interactions of the framework presented here reflect phase
transitions that could be targets for development of such assays to estimate kinetic
reaction rates and simplify model predictions. Application, refinement, and
demonstration of this framework, along with an associated knowledgebase that
includes targeted functional assay data, will allow better de novo predictions of
potential exposures and adverse outcomes.

Justification 2A:

n/a

Justification 2B:

Boyes, (2015) STAA level III. Evaluation of the developmental toxicity of inhaled
ethanol as a component of renewable automotive fuels. Boyes, W.K., Degn L.,
Martin S.A., Lyke D. F., and Herr D.W. Neurophysiological assessment of auditory,
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peripheral nerve, somatosensory, and visual system functions after developmental
exposure to ethanol vapors. Neurotoxicology and Teratology 43(0): 1-10, 2014.
(Unrelated to current nomination).

Hughes (2015) STAA Level III. Biogeographical Analysis of Chemical
Co-Occurrence Data to Identify Priorities for Mixtures Research Risk Analysis/Peer
Reviewed, 32(2):224-236 (2) Environmentally Relevant Mixtures in Cumulative
Assessments: an Acute Study of Toxicokinetics and Effects on Motor Activity in
Rats Exposed to a Mixture of Pyrethroids Toxicological Sciences/Peer Reviewed,
130(2):309-318 (3) A Pharmacokinetic Model of Cis-and Trans-Permethrin
Disposition in Rats and Humans with Aggregate Exposure Application
Toxicological Sciences/Peer Reviewed, 130(1):33-47. (Unrelated to current
nomination).

Hughes (2016} STAA Level II. Bradham, K.D., Scheckel. K.G., Nelson, C.M.,
Seales, P.E., Lee, G.E., Hughes, M.F., Miller, B.W., Yeow, A., Gilmore, T., Harper,
S., Thomas, D.J. (2011) Relative Bioavailability and Bioaccessibility and Speciation
of Arsenic in Contaminated Soils. Environ. Health Perspect. 119(11): 1629–1634.
(Unrelated to current nomination).

Justification 2C:

Current nomination is unrelated to previous submissions

Justification 2D:

n/a

Justification 2E:

Boyes, Zucker, Rogers and Hughes are also nominated for awards in other
categories (Health effects). the current nomination is a comprehensive review article
covering an expanse of issues related to the environmental and health effects of
engineered nanomaterials. The other nominations are related to original laboratory
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research covering very specific aspects of nanomaterials or other potential
environmental contaminants.

Justification 3A:

1.    . The following invited presentations resulted from this research:

·      Boyes WK. A Decision Support Framework for Environmental Health and
Safety Evaluation of Engineered Nanomaterials. Invited presentation to the
American Public Health Association Meeting, Denver, Oct 29- Nov 2, 2016.

·      Boyes, WK. Evaluating the Environmental Health and Safety Implications of
Engineered Nanomaterials. Conference Keynote Speaker. Nanosafety 2017.
Saarbrucken, Germany. Oct. 10-13, 2017.

·      Boyes, WK . A Framework for Evaluation of Engineered Nanomaterials. Invited
presentation to the Genetics and Environmental Mutagenesis Society, Research
Triangle Park, NC. May 2. 2018

·      Boyes, WK.  A Comprehensive Framework for Evaluation of Engineered
Nanomaterials. Invited webinar briefing for EPA Regional Science Liaisons. April
24. 2018         

·      Boyes, WK . Overview of EPA Office of Research and Development (ORD)
Research Activities Related to Nanomaterials. Webinar presented to the
Nanomaterial Environmental Health Implications (NEHI) subcommittee of the
National Nanotechnology Initiative (NNI). May 24. 2018

·      Boyes, WK . Evaluating the Environmental Health and Safety Impact of
Engineered Nanomaterials. North East Nanomaterials Meeting (NENM2018), Lake
Placid NY June 1-3. 2018. http://nny.sites.acs.org/2018nenanomeeting.htm

·      Boyes, WK.  Round Table Panel member. Connecting the Pieces: Linking
Manufacture and Use of Nanomaterials or Nanotechnology-Enabled Products with
Exposure, Outcome, and Risk. QEEN II: 2nd Quantifying Exposure to Engineered
Nanomaterials from Manufactured Products Workshop, Washington DC, Oct. 9-10.
2018.
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·      Boyes, WK.  Chair, Plenary Session. Exposure-Driven Risk Assessment for
Nanosafety Research. QEEN II: 2nd Quantifying Exposure to Engineered
Nanomaterials from Manufactured Products Workshop, Washington DC, Oct. 9-10.
2018.

·      Sheckel K. Application of X-ray Absorption Spectroscopy for Monitoring
Transformation of Nanomaterials.  2nd Quantifying Exposure to Engineered
Nanomaterials (QEEN) from Manufactured Products Workshop, Washington, DC,
2018.

·      K. Scheckel, E. Donner, R. Sekine, G. Brunetti, and E. Lombi. Environmental
Transformations of Silver and Zinc Oxide Nanoparticles Drive Risk Assessment
Understanding. 55th Annual Meeting of the Clay Minerals Society, Urbanna, IL,
2018.

·      Boyes, WK.  Nanosafety Research: The US EPA Perspective. Invited
presentation to a workshop entitled “Fostering EU-US cooperation in Nanosafety
Research” sponsored by the European Union. Harvard University, Boston
Mass. March 5-6. 2019       

·      Boyes, WK.  Invited Moderator, Respiratory Effects of Engineered
Nanomaterials in Relation to Physiochemical Properties. NanoEHS Webinar Series,
U.S. National Nanotechnology Initiative. September 10 , 2019.

·      Boyes, WK. Update on Nanomaterial Research at EPA. Invited seminar. Annual
meeting of the Center for Environmental Implications of Nanotechnology (CEINT),
Duke Univ., September 13, 2019.

  

Publication Number of

downloads/views

Number of citations

(Google Scholar)

Boyes et al., 2017 716 29
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Justification 3B:

The manuscript was peer-reviewed internally within ORD prior to receiving
clearance for journal submission . The internal peer review was conducted by two
senior scientists with knowledge of nanomaterial environmental and toxicological
actions. The manuscript was revised to address internal peer review, cleared for
submission by EPA management, and submitted for publication to Critical Reviews
in Toxicology. Extensive peer review comments were received from three
anonymous journal peer reviewers. The manuscript was revised to address all
reviewer comments and resubmitted to the journal along with a detailed accounting
of the responses to reviewer comments. The revised manuscript was then accepted
for publication.
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ABSTRACT

Engineered nanomaterials (ENM) are a growing aspect of the global economy, and their safe and sus-
tainable development, use, and eventual disposal requires the capability to forecast and avoid potential
problems. This review provides a framework to evaluate the health and safety implications of ENM
releases into the environment, including purposeful releases such as for antimicrobial sprays or nano-
enabled pesticides, and inadvertent releases as a consequence of other intended applications.
Considerations encompass product life cycles, environmental media, exposed populations, and possible
adverse outcomes. This framework is presented as a series of compartmental flow diagrams that serve
as a basis to help derive future quantitative predictive models, guide research, and support develop-
ment of tools for making risk-based decisions. After use, ENM are not expected to remain in their ori-
ginal form due to reactivity and/or propensity for hetero-agglomeration in environmental media.
Therefore, emphasis is placed on characterizing ENM as they occur in environmental or biological matri-
ces. In addition, predicting the activity of ENM in the environment is difficult due to the multiple
dynamic interactions between the physical/chemical aspects of ENM and similarly complex environmen-
tal conditions. Others have proposed the use of simple predictive functional assays as an intermediate
step to address the challenge of using physical/chemical properties to predict environmental fate and
behavior of ENM. The nodes and interactions of the framework presented here reflect phase transitions
that could be targets for development of such assays to estimate kinetic reaction rates and simplify
model predictions. Application, refinement, and demonstration of this framework, along with an associ-
ated knowledgebase that includes targeted functional assay data, will allow better de novo predictions
of potential exposures and adverse outcomes.
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Introduction

Engineered nanomaterials (ENM) are particles which are man-

ufactured to have at least one dimension between approxi-

mately 1 and 100 nm, and have other desirable novel

properties due to their size (Roco 1999). This classification

includes materials that were designed and built from the

ground up as well as those produced by other process, such

as grinding powders to a nanoscale. When particles are in

the nanometer size range they can develop a variety of

unique properties that make them valuable in a number of

commercial, industrial or biomedical applications. The produc-

tion and use of ENM are anticipated to be substantial compo-

nents of future global economic activity (PCAST 2014). As

nanotechnologies advance and grow, it is essential to ensure

that new products do not cause collateral adverse effects on

human health or the environment. Responsible development

should include an evaluation of the potential for release of

ENM across the life cycle of nanomaterial-enabled products,

transformations of these reactive materials in environmental

media, and both exposures and adverse effects of exposures

to humans and ecologically relevant or sensitive species.

Evaluating the effects of novel nanoscale materials and

their transformation products in complex environmental

matrices and biological media is extremely challenging. There

are many non-ENM industrial chemicals with insufficient toxi-

cological information, and the costs of performing traditional

toxicological evaluations are too high to address the tens of

thousands of materials now employed in commerce (NRC

2007). The increasing number and variety of ENM and ENM-

enabled products compounds this issue, as the number and

pace of ENM developments exceeds traditional testing cap-

acity. Furthermore, materials are developed at the nanometer

scale in order to take advantage of special nanoscale proper-

ties such as: elevated rates of reactivity caused by high sur-

face area to mass ratios, high tensile strength and durability,

and in some cases, added dispersion and mobility (Uskokovic

2013). These nanoscale properties may convey unique fate,

transport, and toxic properties not observed with bulk-sized

conventional materials. There is ongoing debate about

whether ENM possess special toxicological properties in add-

ition to those of the composite chemicals (Donaldson &

Poland 2013; Maynard 2014). It is clear, however, that the bio-

distribution and enhanced biological activity of nanoparticles

on a mass basis can differ from that of their bulk (i.e. micron-

sized or larger) counterparts and lead to potential unique tar-

get sites and effects (Garc�ıa-Alonso et al. 2014; Wang et al.

2014b). For these reasons, novel approaches are required to

determine whether there are concerns for present and future

uses of ENM. These approaches must be efficient and predict-

ive, so that applications of ENM with higher probability of

exposure or hazard can be quickly identified. Rapid and effi-

cient testing and predictive approaches could be mutually

beneficial to many resource-constrained sectors of the nano-

technology community, including regulatory decision makers,

industry, and other developers seeking opportunities for

innovation and commercialization. Using a tiered approach

would allow rapid and efficient screening of many materials

to identify a smaller number that are most likely to pose a

potential hazard. Those few materials could then be assessed

using more traditional and thorough approaches. Data from

the more extensive evaluations would then build the basis

for risk assessments as described by the National Research

Council (NRC 1983), with screening data becoming a compo-

nent of the traditional Hazard Identification stage of the risk

assessment process. The question is: what is the best

approach for screening to efficiently consider a myriad of

potential environmental effects across the life cycle of uses of

diverse and numerous nano-enabled products? To answer

this question will require a more comprehensive understand-

ing of ENM across the life cycle of nano-enabled products,

ENM movement in the environment, exposures, and effects,

and the critical points along these pathways in which the

fate and actions of ENM are determined.

Several strategies have been proposed in order to aid the

assessment of ENM, such as grouping of materials for

“read-across” risk assessment, and prioritization of toxicity

testing (Som et al. 2012; Hansen et al. 2013; Arts et al. 2014;

Oomen et al. 2014; Stone et al. 2014; Godwin et al. 2015).
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For example, NanoRiskCat (Table 1) is a model that catego-

rizes levels of potential risk and hazard in order to help deci-

sion makers even where data are lacking (Hansen et al. 2013).

Grieger et al. (2012) reviewed and evaluated a number of

frameworks for environmental health and safety risk analysis

and concluded that most were primarily applicable to occu-

pational settings with minor environmental considerations. In

addition, there are differences among frameworks as to their

threshold for concern. For example, one scheme considered

fibrous ENM with aspect ratios greater than 3:1 as candidates

for further testing (RCC-NI 2014), while another set the

boundary at 100:1 (Som et al. 2012). Arts et al. (2014)

reviewed the concept of grouping ENM as a means of

streamlining nanomaterial testing, and concluded that none

of the available approaches fully considered the nanomaterial

life cycle, material properties and biophysical interactions,

types of use, exposure, biokinetics, and early and apical toxi-

cological effects. Thomas et al. (2009) also emphasized the

need for evaluating potential exposure to ENM along with

hazard in risk assessments. A framework for Comprehensive

Environmental Assessment has been proposed that empha-

sizes a process for input from stakeholders and topical

experts to set research priorities for evaluating ENM (Powers

et al. 2016).

Environmental transformations or fate and transport of

ENM across media are considered by few frameworks. Oomen

et al. (2014) and Stone et al. (2014) provided approaches to

tiered prioritizations of nanomaterial testing, but their foci

were on testing materials and not on developing predictive

capability. Cohen et al. (2013b) offered an approach that

could become predictive based on high-throughput toxicity

data and in silico quantitative structure activity relationships

(QSAR) analyses. At this time, however, nano-QSAR are

limited by the extent of quality data available for modeling

(Ivask et al. 2013; Tantra et al. 2014; Oksel et al. 2015).

Similarly, case study assessments of ENM risks to human

health and the environment have limited data and are associ-

ated with high uncertainties (Aschberger et al. 2011). Toxicity

testing strategies have been proposed based on in vitro sys-

tems, including high-throughput systems (Nel et al. 2013) or

representing priority target tissues (Farcal et al. 2015) or toxic

mechanisms (Costa & Fadeel 2016). Among the challenges of

ENM alternative toxicity testing systems are selecting and

characterizing ENM for study, preparation of adequate disper-

sions, determining dose to target cells or tissues, and poten-

tial interference of ENM suspensions with optical readouts

(Johnston et al. 2013; Cohen et al. 2014). There is additional

complexity when considering nanomaterial life cycles within

a framework of higher level societal and economic systems

(Tolaymat et al. 2015).

A recent review of frameworks and tools for risk assess-

ment of nanomaterials developed eight criteria for evaluating

frameworks that included: nano-specific requirements (such

as physicochemical properties that may influence kinetics);

life cycle thinking (including changes in nanomaterial charac-

teristics across their life cycle); pre-assessment phase (screen-

ing to focus assessments); exposure driven approach (to

prioritize toxicity testing); transparency of objectives and

communication with stakeholders; documented applications;

and allowing for grouping or read-across assessments

(Hristozov et al. 2016). In their review, Hristozov et al. con-

cluded that none of the nanomaterial risk assessment frame-

works currently available satisfied all of these criteria.

The complexity of nanomaterial transformations, life cycles,

and environmental interactions further complicates environ-

mental health and safety assessments (Lowry et al. 2012;

Table 1. A list of supplementary models organized by evaluation area.

Model Description Reference

Life cycle emissions
prot�eg�e Models human near-field exposure across the life cycle Royce et al. (2014)

Fate & transport
NanoDUFLOW Links ENM processes to hydrologic model Quik et al. (2015)
WASP Mechanistic model being adapted to assess ENM exposure in aquatic

media
Knightes (2015)

Transport of TiO2 Nanoparticles into Leachate of Municipal Waste
Landfills

de Castro et al. (2012)

Exposure
PRoTEGE Models human near-field exposure across the life cycle Royce et al. (2014)
USEtox Models human far-field and fresh-water ecotoxicity exposure; evaluated

for organic chemicals (not ENM)
Rosenbaum et al. (2008)

SHEDS Stochastic Human Exposure and Dose Simulation (SHEDS) Model Isaacs et al. (2014)
NanoRiskCat Decision support tool to estimate exposure and hazard ratings for con-

sumer products containing ENM
Hansen et al. (2013)

Pharmacokinetic/dosimetric
MPPD Models particle deposition in the respiratory tract Asgharian et al. (2001) and Cassee et al. (2002)
PBPK Physiologically based pharmacokinetic models describe particle absorp-

tion, distribution and elimination based on physiological parameters;
Models have been published for Ag and TiO2 ENM, PLGA/mPEG
particles

Bachler et al. (2013, 2015) and Li et al. (2012)

ISDD In vitro Sedimentation, Diffusion and Dosimetry model; predicts particle
dosimetry for adherent cells in tissue culture systems

Teeguarden et al. (2007), Hinderliter et al. (2010),
and Cohen et al. (2014)

Effects
NanoRiskCat Decision support tool to estimate exposure and hazard ratings for con-

sumer products containing ENM
Hansen et al. (2013)
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Grassian et al. 2016). It is important to understand ENM in

complex realistic environments (Murphy et al. 2015). For

example, environmental transformations can potentially

modulate the toxicity of silver nanoparticles (Ag ENM) by

converting them to toxic silver ions, but Ag ENM may also be

produced with the reduction of ionic silver by natural organic

matter (Hou et al. 2013). TiO2 in either bulk pigment grade or

ENM forms may be coated with a substance such as AlOH3 to

improve dispersion and to prevent UV activation and subse-

quent product degradation (WHO-IARC 2010). When AlOH3-

coated TiO2 ENM, as incorporated into cosmetics or

sunscreens, is exposed to swimming pool water, however,

the coating can degrade increasing the potential phototoxic-

ity of the transformed ENM (Al-Abed et al. 2016). Thus, con-

sideration of ENM transformations and release from products

should play a central role in ascertaining and predicting how

ENM propagate through environmental systems to reach

important ecological and human receptors and their potential

actions at those receptors. In all, we are not aware of any

comprehensive frameworks to date that seek to build a quan-

titative and predictive capability using realistic environmental

and biological compartments, and also consider: potential

environmental release of ENM across product life cycles; ENM

fate, transport, and transformation in environmental media;

ENM exposure to receptor populations; and potential effects

in susceptible species or humans.

Here we propose a framework for the evaluation which is

organized to reflect the potential movement of ENM across

realistic environmental or biological systems. We discuss the

key phenomena captured in the framework and review the

literature related to characterizing these phenomena. Finally,

we identify key gaps in this knowledge and where we see

potential for methods development to address these gaps.

We believe that the consideration of environmental and bio-

logical compartments with associated parameters such as

transfer rates, affinity coefficients, dissolution rates, and other

relevant metrics, where applicable, will benefit the long-term

ability to develop and demonstrate relevant, quantitative,

predictive models of both ENM exposures and effects across

product life cycles. Data to fill such a vision are currently far

from complete. The framework will guide future research to

design efficient approaches for characterizing potential

impacts of ENM and ENM-enabled products and support risk-

based decisions.

Comprehensive framework structure

The overall framework is divided into four separate, but

linked, stages of assessment (Figure 1). The structure of these

stages resembles the topical layout proposed for comprehen-

sive environmental assessment (Powers et al. 2016), but here

the emphasis is on understanding and predicting the move-

ment, fate, and behavior of ENM across environmental com-

partments. The first of these evaluation stages addresses the

potential release of ENM across the life cycle of nano-enabled

products, including initial production of ENM, incorporation

of ENM into products, product use, and final disposal. The

second stage considers the movement, transformation, and

fate of ENM in environmental media, specifically air, soil, and

aquatic compartments. In the third stage, the focus is on

exposure to receptor populations, comprising aquatic and ter-

restrial species, including humans. This includes biokinetic

and biotransformation processes. The final stage concerns the

development of adverse effects along an adverse outcome

pathway (AOP) sequence, as recently suggested by Gerloff

et al. (2017). The concept of an AOP begins with a molecular

initiating event (MIE) and progresses to the generation of

adverse health outcomes in an individual or a population

(Ankley et al. 2010). An AOP is an analytical concept that ena-

bles linking mechanistic information into a predictive frame-

work (OECD 2016). The concept is independent of the

chemical or material that causes the MIE, and thus AOPs

developed for toxic chemicals in theory could also be applic-

able to nanoparticles causing the same MIE (Gerloff et al.

2017). These four evaluation stages are intended to identify

pathways of sequential compartments along which a nano-

material might travel, and the considerations – including

ENM physical and chemical properties – that might influence

them to take one path or another.

The framework, at present, is qualitative and reflects prob-

able routes of potential concern. We hope to identify a few

critical steps along these pathways that are key for predicting

the fate and transport of materials. A strategy for nanomate-

rial assessment has been proposed by Hendren et al. (2015)

in which a few functional assays could simplify attempts to

use a complex set of physical and chemical ENM parameters

to predict similarly complex environmental behaviors. For

example, they propose surface affinity and dissolution rate as

two examples of functional assays that would serve as critical

determinants of the environmental fate of ENM. Similarly,

Ivask et al. (2013) identified three factors determining the tox-

icity of silver, zinc oxide, and copper oxide ENM to relevant

environmental test species. These factors were dissolution (in

agreement with Hendren et al. 2015), organism-dependent

cellular uptake, and induction of oxidative stress and conse-

quent cellular damage. We propose a similar approach to

identify a few critical parameters along the four stages of our

framework. In this way, we hope that critical parameters

measured by standardized functional assays can be identified

that will serve as initial screening points for evaluating poten-

tial risks of novel materials.

The National Research Council has recommended develop-

ment of models that link behavior of ENM to their

Figure 1. An overview of the four over-arching evaluation areas considered in
this evaluation framework for engineered nanomaterial (ENM) safety. Each of
these evaluation areas – (1) life cycle emissions, (2) fate and transport, (3) expos-
ure, and (4) effects – is broken down into focus areas that will be described in
subsequent detail.
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characteristics and to properties of systems into which they

are released (NRC 2012, 2013). It may be possible to associate

rate parameters with these transition points (represented by

arrows in Figures 1–10), where applicable, so that the models

can become more quantitative and predictive. A number of

compartmental models for factors such as life cycle emissions,

environmental fate and transport, exposure, dosimetry, and

particle kinetics have been developed for chemicals or ambi-

ent particles that might be applied or adapted for ENM

(Table 1). We hope that the conceptual framework proposed

here will facilitate identification of needs for further model

development to adequately describe important mechanisms

unique to ENM so that resulting models can be applied and

demonstrated to predict potential for impacts across the ENM

life cycle.

With this manuscript, we hope to

� Establish a framework that could eventually be used to

screen ENM based on a minimal set of measured informa-

tion and then prioritize for more in depth testing and

evaluation.

� Identify key nodes in the framework that are critical

determinants of ENM behavior.

� Identify research needs where further information is

necessary to develop the structure of the model and/or

parameterize relevant functions.

� Evaluate knowledge gaps regarding nanomaterial envir-

onmental health and safety in a context that enables a

value of information assessment to better prioritize needs

for future research.

Additionally, with this framework, we hope in the future to

� Identify alternative testing methodologies for the key

nodes at which development of simple functional pre-

dictive assays will be possible.

� Achieve the ability to quantify transitions and rate functions

as a basis for development of quantitative predictive models.

� Develop quantitative predictive models for screening-

level evaluations of novel ENM.

� Foster a process for demonstration and refinement of the

framework and its associated knowledgebase.

The intended users of this framework include

� Regulatory authorities throughout the world who must

evaluate submissions for registration of novel ENM or new

uses of ENM in a short period of time and with little data.

� Research planners who need to determine where new

research is most needed and would most efficiently refine

and reduce uncertainties in the framework and its associ-

ated models and knowledgebase.

� Developers and engineers who are interested in design-

ing materials likely to be sustainable and not associated

with significant environmental impacts.

Life cycle

The potential for release of ENM into the environment

should be considered across the successive stages of a product

life cycle including manufacture, use, and disposal (Figure 2).

Figure 2. Potential pathways for ENM release across the ENM or product life cycle (manufacture, use, and disposal).
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Manufacture

The manufacture of ENM and ENM-enabled products

includes a risk of release of ENM into the workplace and

exposure to workers and surrounding environment. ENM

may be released inadvertently as a byproduct of synthesis,

application, recycling, and disposal of nanoparticles or ENM

enabled products. Manufacturing processes greatly influence

the potential for release of ENM into the environment.

Processes that are enclosed have low probability of releas-

ing ENM during routine operations, although materials can

be released during transport or handling, or during equip-

ment maintenance or failure. Processes that are not

enclosed have a greater potential for releasing materials

into the workplace where near-field exposure to workers

may occur. In addition, opened manufacturing has the

potential to release ENM into air, soil or aquatic environ-

mental media (Figure 2).

In the US, environmental concerns for the use of ENM are

regulated primarily through the Toxics Substances Control

Act (TSCA), which was recently updated as the Frank R.

Lautenberg Chemical Safety for the Twenty-first Century Act,

and under the Federal Insecticide, Rodenticide and

Fungicide Act (FIFRA). Neither TSCA nor FIFRA has the

authority to regulate commercial particles based solely on

particle size. Novel chemical structures must be registered

under TSCA prior to being manufactured or imported into

the US, which applies to ENM such as carbon nanotubes,

but not to materials such as TiO2 in a nanomaterial form,

because the chemical structure was previously registered

and used as a bulk material. With regard to pesticides, ENM

that are included in products for the express purpose of bio-

cidal activity must be registered under FIFRA, but manufac-

turers who use Ag ENM in products without claiming a

biocidal function are not legally required to register the

product under FIFRA. Currently, it is unclear the extent to

which non-registered ENM are being produced and perhaps

released into environmental media. To attain information

regarding broader application of ENM in commerce, EPA

published a rule in January 2017 under TSCA (8a) that

requests manufacturers and formulators to provide EPA with

information regarding their use of chemical substances

when manufactured or processed as nanoscale materials

which were not previously reported to EPA (EPA 2017). The

rule did not require companies to acquire data not currently

available, and did not have direct implications for controlling

the use of ENM in industry or commerce.

Inadvertent releases of registered or non-registered ENM

could include accidental releases during manufacturing or

plant maintenance, or spills from transportation or shipping

accidents. Such inadvertent or accidental releases cannot be

anticipated to any level of specificity, and the accuracy of

data on the historical frequency of chemical spills is in ques-

tion (McClure et al. 2013).

Although potential large scale transportation accidents

involving ENM has not been addressed in the literature to

our knowledge, modeling efforts for possible nanomaterial

exposure due to accidental release in a manufacturing facility

has been reported (Pilou et al. 2016).

Product use

Advancement in nanoparticle manufacturing, as well as a bet-

ter understanding of the unique properties that these materi-

als impart to products and processes, has significantly

increased the number and scope of ENM-enabled products in

recent years. Yet we know little concerning the number of

ENM-enabled products (in the US and worldwide) and the

amount and composition of ENM in these products. In the

US, manufacturers and distributors of consumer products are

not required to specify whether product ingredients are

nano-sized. We also know little concerning the release of par-

ticles, particle–polymer fragments, or dissolved ions during

typical use or misuse of ENM-enabled products. The ability to

derive quantitative transfer coefficients that reflect release of

ENM from products during their consumer usage is limited

by the small proportion of products and exposure scenarios

evaluated (Caballero-Guzman & Nowack 2016). This lack of

information at the product-use stage represents a significant

data gap in exposure and risk analyses.

There are a few publicly available international inventories

that list consumer products with “nano-claims”. These sources

(Table 2) include the joint Wilson Center and Virginia Tech

“[Nanotechnology] Consumer Products Inventory” (CPI)

(Project on Emerging Nanotechnologies 2013); the 2010 and

2012 (nanosilver-only) inventories by the European Consumer

Organization (BEUC) and the European Consumer Voice in

Standardisation (ANEC) (ANEC & BEUC 2010, 2012); “The

Nanodatabase” (Hansen et al. 2016); and the German BUND

database (BUND). The CPI and The Nanodatabase are cur-

rently curated for the addition of new products and removal

of discontinued products that are no longer commercially

available. Reviews and analyses of these databases have been

Table 2. Publically available inventories and/or databases of consumer products that claim to contain nanomaterials or nanotechnology.

Inventory/database name Organization Scope Source

Consumer Products Inventory (CPI) Wilson Center; Virginia Tech Global market; continuously updated
through wiki-style platform

Project on Emerging Nanotechnologies
(2013) and Vance et al. (2015)

The Nanodatabase DTU Environment; Danish Ecological
Council; Danish Consumer Council

European market; continuously updated;
includes pictorial overviews of poten-
tial exposure and hazard

Hansen et al. (2016)

ANEC/BEUC 2010 inventory European Consumer Voice in
Standardisation (ANEC); European
Consumer Organization (BEUC)

European market; last updated in 2010 ANEC and BEUC (2010)

ANEC/BEUC 2012 nanosilver
inventory

ANEC; BEUC European market (nanosilver only); last
updated in 2010

ANEC and BEUC (2012)

Nanoprodukt-datenbank des BUND BUND (Friends of the Earth Germany) German market; “continuously updated
and expanded”

BUND
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recently published and describe the wide range of ENM-

enabled or enhanced products (Yang & Westerhoff 2014;

Vance et al. 2015; Hansen et al. 2016).

Although there is evidence for the presence of ENM in

many products, most of these products do not advertise the

composition or in many cases even the presence of ENM

(Vance et al. 2015). Of those products where manufacturers

have disclosed the presence of ENM, information other than

composition is not often available. Consequently, information

concerning particle size, concentration, distribution (within

the product), and leaching of ENM during normal use is

unavailable except where added by a third party. Analyses of

products in the CPI with compositional information have sug-

gested that metal particles (primarily silver and to a lesser

extent titanium, zinc, and gold) were present in the greatest

number followed by products containing carbon and silicon

(Yang & Westerhoff 2014; Vance et al. 2015). The release of

ENM from consumer products has not been well described

for most common ENM in a wide range of products. In add-

ition, information on the relative penetration of nano-enabled

products in the marketplace, that is, what proportion of the

products sold in a given category, such as sunscreen, would

be those brands containing ENM, is not generally available.

Because there is considerable uncertainty regarding the

potential future uses of ENM, one screening level approach

to approximate potential release is to consider surrogate

chemicals that serve the intended purpose in the product

that will be assumed by the ENM. The potential for ENM-

release from products might be different than for chemical

releases from similar products, but a surrogate approach

based on consumer product usage data can at least bound

the estimates of the degree of use of ENM-enabled products.

In general, consumer product categories can be condensed

into (1) formulas, including liquids and sprays, where direct

consumer exposure may be possible; and (2) articles, includ-

ing hard surfaces and textiles such as furniture, where chemi-

cals or nanoparticles might be a component of the product,

but are typically less available for direct consumer exposure

(Isaacs et al. 2014; Figure 2). For ENM applications in which

the particles can be physically separated from their matrix

(i.e. a suspension), exposure can be considered in two steps:

the first being the release of particles from the product and

the second the contact of ENM with the target organism. For

ENM-enabled products intended to be ingested or applied to

the skin (typically liquid, cream, or gel suspensions), these

steps might be combined. Estimates of ENM exposure based

on chemical surrogates could be considered as a first pass

estimate of the potential levels of ENM usage.

Although there is minimal information concerning the char-

acterization and release of ENM present in consumer products,

research results have been reported for a limited number of

consumer products. For example, characterization and release

of nanosilver from a number of consumer products have been

reported (Benn & Westerhoff 2008; Benn et al. 2010; Quadros &

Marr 2011; Quadros et al. 2013; Tulve et al. 2015). Population-

level exposure to silver nanoparticles present in consumer

products was estimated on the basis of the Consumer Product

Inventory of the US-based Project on Engineered

Nanotechnologies (PEN) and a tiered life cycle analysis and

exposure modeling approach referred to as Prioritization/

Ranking of Toxic Exposures with GIS (geographic information

system) Extension (PRoTEGE) (Royce et al. 2014; Table 1).

One of the subcategories for consumer products is personal

care products. Depending on how they are categorized, these

nano-enabled consumer products comprise 39% of the 505

health and fitness products listed in the US Nanotechnology

Consumer Products Index (CPI) (Vance et al. 2015) or 233 out

of 2231 products listed in the European Union Nanodatabase

(Hansen et al. 2016). In both cases, nanoscale silver is the most

commonly reported ENM. Consumer products typically include

toothbrushes, lotions, mouthwashes, as well as hairstyling

tools and products (Vance et al. 2015). Depending on the par-

ticular product, the most dominant exposure route is dermal

followed by ingestion and inhalation (Hansen et al. 2016).

Because CPI focuses on ENM-enabled consumer products,

ENM-enabled industrial products used to improve construction

materials or energy-sector products have not been typically

covered by this database, but may be available elsewhere

(West et al. 2016). These applications include the use of

micronized copper in treated lumber (Santiago-Rodr�ıguez

et al. 2015; Platten III et al. 2016) and, for automobiles outside

the U.S., nanoscale cerium oxide added to diesel fuel (Cassee

et al. 2011; Gantt et al. 2014). The potential for release of car-

bon nanotubes (CNTs) from composite materials under a var-

iety of usage scenarios has been the focus of a multi-institute

research effort (Nowack et al. 2013; Froggett et al. 2014). There

are a number of products in which CNTs are embedded in pol-

ymers or resins. This project evaluated the potential for CNT

release either directly during manufacture or subsequently

from the matrix during various usage scenarios, including

those with substantial abrasion or other destructive conditions.

The potential for release was present during manufacturing;

however, this condition was best able to be controlled. For

most of the life cycle stages evaluated, the potential for CNT

release from a solid product matrix was low. One exception

was the use of CNTs in tires where abrasion could result in

their release into the environment. In addition, the proposed

use of CNTs in textiles could also lead to consumer exposures.

Another potential source of CNT release was identified during

recycling operations if polymers containing CNTs were mixed

for handling with other polymer materials.

Disposal

Landfills, waste incinerators, and wastewater treatment plants

(WWTPs) giving rise to biosolids are important routes of dis-

posal at the end of the ENM life cycle. These are, therefore,

key intermediaries between the usage phase of nano-enabled

products and the environment (Dale et al. 2015). Additional

releases of ENMs, may occur during recycling and recovery

processes.

Landfills

Landfills are the predominant global disposal option for ENM

across all use categories. Based on a market study of global

production rates and product life cycles, Keller et al. (2013a,

2013b) estimated that of 260,000–309,000 metric tons of
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ENM used in commercial or industrial applications world-

wide, 63–91% were eventually disposed of in landfills in

2010. Keller et al. incorporated high and low bound estimates

for rates of ENM release into the environment during manu-

facture, use, and disposal of ENM enabled products. Materials

released from ENM-enabled products would likely no longer

be in their original nanoscale form, depending on the ENM,

the product matrix, and use. Additionally, most of the ENM-

containing waste released during manufacturing (up to 80%)

ends up in landfills. It is likely that ENM would be affected

(e.g. aggregated, dissolved, destabilized, oxidized or reduced,

complexed with organic matter) by their interaction with

landfill leachate. In particular, the coating could be altered,

compromising the particles’ stability and reducing the poten-

tial to migrate into other media. Several factors have been

found to affect the surface charge and aggregation state of

Ag nanoparticles: pH, oxygen concentration, organic matter

content, chloride concentration, sulfide concentration, and

type of coating agent (El Badawy et al. 2010; Gitipour et al.

2013). This is important because if the ENM coating is not

affected by the landfill leachate, the particles would be stable

in the aqueous phase, potentially endangering the surround-

ing municipal solid waste aquifers and surface waters.

Bolyard et al. (2013) found that ZnO, TiO2, and Ag ENM

exposed to landfill leachate in a stirred reactor (humic acid

concentrations from 300 to 6500mg/L, pH 7.4–7.9) increased

Zn, Ti, and Ag concentrations in the aqueous phase, and that

released particles tended to agglomerate. Nevertheless, the

concentrations of dissolved metals were minimal because of

the small concentrations of ENM added onto the reactor and

the low solubility of the ENM in water. The authors also con-

cluded that ENM did not significantly change the ability of

microorganisms under aerobic or anaerobic conditions tested

to break down organic matter present in landfill leachate.

Zhu et al. (2014) concluded that at high ionic concentrations,

which is expected from landfill leachate, humic acid has a

bridging effect and promotes the aggregation and sedimen-

tation of TiO2 nanoparticles.

More research is required on the interaction of ENM with

landfill leachate, including high humic acid concentrations, and

how these interactions affect their coating and stability

(Bolyard et al. 2013). New and improved analytical techniques

are needed to determine ENM fate in landfills because current

methods do not allow ENM identification and quantification

in complex heterogeneous matrices such as landfill leachate.

This is an area of active research, however, and evolving

capabilities (Badireddy et al. 2012; Huynh et al. 2016). Less

than 1mg/L of ENMs (ZnO, TiO2, or Ag) added to leachate at

a concentration of approximately 100mg/L and incubated for

30 d under controlled experimental conditions, was predicted

to be in the free ionized metal form (Bolyard et al. 2013).

There is a need to standardize the sampling, separation and

quantification methods used for ENM. One of the most chal-

lenging aspects of ENM determination is how to differentiate

naturally occurring particles or those that are incidentally pro-

duced (such as in combustion) from purposefully manufac-

tured ENM (Wiesner et al. 2011; Part et al. 2015).

Since many ENM transform during wastewater treatment,

assessment of landfill disposal of biosolids or sludge

produced during wastewater treatment must consider these

transformed phases, which are distinctly different than pris-

tine ENM. Chemical speciation in the aqueous phase of sys-

tems containing ENM is currently being modeled in literature

using Visual Minteq or similar software (Bolyard et al. 2013;

MINTEQ 2013). Since the coating materials used to stabilize

ENM are not typically contained in software databases,

research could be conducted to determine the equilibrium

coefficients for these coating materials at different pH-Eh con-

ditions to improve the accuracy of estimations.

de Castro et al. (2012) modeled the behavior of TiO2 ENM

in landfill leachate in a 5-year period using a Fortran-based

code and evaluated the model with experimental data

obtained in column experiments. The results showed that

TiO2 ENM were adsorbed onto the soil within the protection

barriers of the landfill over the 5-year-simulated period.

Wastewater treatment

An inevitable pathway of ENM in consumer products is from

the home to the local WWTP. Several studies have shown that

ENM accumulate in biosolids during wastewater treatment;

TiO2 in particular has a high retention in sewage sludge – as

high as 99% (Judy et al. 2012; Tourinho et al. 2012).

Partitioning of Ag ENM in biosolids is typically greater than

90% and, in many cases, greater than 99% (Kaegi et al. 2011;

Impellitteri et al. 2013). The distribution of ENM in WWTP pri-

marily to solids is expected due to surface charges and react-

ive sites suitable to retain ENM; the small amount of particles

that remain suspended during clarification may pass through

to the effluent. Research on the impact of ENM in effluent

beyond the WWTP is limited, likely due to high retention in

biosolids, but the restricted continuation of ENM through

WWTP to drinking water distribution systems warrants further

research to be protective to drinking water supplies.

Upon entering the WWTP, ENM will encounter a unique

chemical and physical environment that includes primary and

secondary clarifiers where ENM will partition to other solids

in wastewater, followed by anaerobic digestion. If not trans-

formed to other phases by this point, anaerobic digestion

likely will act on redox sensitive ENM to form sulfides. Some

ENM, such as TiO2, are resistant to transformation, whereas

ENM like Ag, Zn, Cu, and Cd quantum dots are highly sensi-

tive to sulfidation change. After anaerobic digestion, the sew-

age sludge is further processed by composting or

stabilization to hinder microbial activity before being land

applied as biosolids for fertilization. Some of the transformed

ENM will remain unchanged during composting (i.e. Ag2S),

while others may transform again governed by the environ-

mental conditions of composting and aging (i.e. Zn and Cu)

(Table 3). It is important to note that this pathway begins in

the home with a consumer product containing ENM traveling

through home drains to a network of service lines connected

to the WWTP, which means ENM are not added at the end of

the process in the fresh or composted biosolids. In fact, con-

vincing research shows that sulfidation reactions occur in the

urban wastewater service line network prior to reaching the

WWTP (Kaegi et al. 2013; Thalmann et al. 2014). The fact that

ENM may be transformed in the sewage service line network
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Table 3. Examples of transformations of metallic ENM in biosolids systems.

ENM Study Analysis Transformation products Citation

Ag 2009 TNSSS Report. Source of Ag in the
sample is unknown

TEM-EDX a-Ag2S nano-clusters Kim et al. (2010a)

Ag Investigation of Ag ENM in a pilot scale
WWTP observed

TEM and XAS �90% Ag ENM partitioned of to bio-
solids with transformation to Ag2S

Kaegi et al. (2011)

Ag Three Ag ENM (citrate, PVS, and MSA
coated) and one AgCl ENM were
exposed to a pilot scale WWTP along
with a AgNO3 positive control.
Samples were evaluated as a function
of time within the WWTP system and
post-processing simulated composting
up to 6 months

XAS All ENM and AgNO3 were transformed
to Ag2S

Lombi et al. (2013)

Ag A full scale pilot WWTP consisting of a
primary clarifier (PC), aeration basin,
and secondary clarifier (SC) connected
to a municipal WWTP feed was uti-
lized to examine citrate coated Ag
ENM, Ag2S ENM, and AgNO3 in solids
from the PC and SC

XAS Ag2S in both the PC and SC. Impellitteri et al.
(2013)

Ag Plasma polymerization employed to
immobilize citrate, polyethylene glycol,
and polyethyleneimine capped Ag
ENM on a Kapton substrate (nanopar-
ticle in-situ deployment devices –
nIDDs) and deployed directly in a
municipal WWTP's primary sewage
sludge for 24 h

XAS, SEM/EDX Full conversion to Ag sulfide phases
was not observed; 14–60% of Ag
was retained as metallic Ag

Sekine et al. (2013)

Ag This study examines the speciation and
lability of Ag in archived, stockpiled,
and contemporary biosolids from the
UK, USA and Australia, and indicated
that biosolids Ag concentrations
decreased significantly over recent
decades. Reduced-sulfur binding envi-
ronments was important for Ag speci-
ation in materials ranging from freshly
produced sludge to biosolids weath-
ered under ambient environmental
conditions for more than 50 years

XAS Ag in biosolids was predominantly Ag
sulfides and had low lability
(0.0002–3.4%) upon land
application.

Donner et al. (2015)

ZnO Three ZnO ENM (OECD NM112, OECD
NM112 capric/caprylic triglyceride
capped, Co-doped ZnO) and ZnCl2
control were exposed to a pilot scale
WWTP. Samples were evaluated as a
function of time within the WWTP sys-
tem and post-processing simulated
composting up to 6 months

XAS ENM and ZnCl2 were transformed to
ZnS within the WWTP; however,
upon composting ZnS was re-trans-
formed to Zn-adsorbed to iron
oxides, Zn phosphate, and Zn
organic matter complexes

Lombi et al. (2012)

ZnO Utilizing an established full pilot scale
WWTP, ZnO nIDDs or ZnCl2 were
added to evaluate Zn transformations.
Application of nIDDs permits usage of
substrates with immobilized ENM in
relevant environmental systems with
recovery of the substrate for analytical
analysis

XAS, TEM Over the course of the study ZnO dis-
solved resulting in ZnS (�90%) and
Zn ligands (cysteine and citrate)

Brunetti et al. (2015)

CuO There have been no studies of CuO
nanoparticles in a pilot scale WWTP to
date; however, related studies can
provide potential insight. Ma et al.
(2014) examined the sulfidation of
CuO in sulfidized water. Donner et al.
(2011) examined native Cu in fresh
and aged (composted) biosolids from
5 WWTPs

XAS, XRD, and TEM Covelite (CuS) and amorphous CuxSy
in sulfidized water Cu speciation in
the fresh (direct from secondary
treatment) sludge was identified as
chalcocite (Cu2S), cubanite
(CuFe2S3), and Cu sorbed to
organic matter. However, upon
aging, Cu was further altered to
�70% Cu sorbed to organic matter
followed by cubanite, covelite, and
Cu phosphate

Ma et al. (2014)
Donner et al. (2011)

TiO2 Ti concentrations and Ti phase were
examined in effluent samples from
several WWTPs

SEM/EDX Ti particles ranging from 10s nm to
>0.7 lm. The particles comprised
of primarily Ti and O presuming
TiO2; some larger particles also
contained Si with Ti.

Kiser et al. (2009)

TiO2 Nano and larger TiO2 phases were identi-
fied in biosolids and biosolids
amended soils

SEM, TEM No phase transformations occur
within a WWTP for TiO2

Kim et al. (2012)
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(within hours) between the home and WWTP to species that

are typically less toxic provides some protection during sewer

overflow discharge resulting from excessive storm water and

groundwater input, that may account for 2–10% of total

inflow (Mueller & Nowack 2008).

In the US, 50–60% of biosolids are recycled for land-appli-

cation and are applied on less than one percent of farmland

(Gottschalk et al. 2009; EPA 2012). Land application of bio-

solids is regulated under Title 40 of the Code of Federal

Regulations (US 1999) with the goal to protect human health

and the environment from any reasonably anticipated

adverse effects of certain pollutants, including metals, which

might be present in biosolids. Table 4 shows documented

distributions of Ag, Zn, Ti, Cu, Ce, CNT, and fullerenes for

ranges and averages naturally in soils, results of the Targeted

National Sewage Sludge Survey (TNSSS) Report (EPA 2009),

and literature predictions of ENM concentrations in biosolids.

Information from the TNSSS report shows the range, average,

50th percentile, and 95th percentile for Ag, Zn, Ti, and Cu in

biosolids collected in 2006 and 2007 from 74 randomly

selected WWTP. This information can be very helpful in

designing experiments. For example, a number of studies of

Ag in biosolids or soils have utilized a value close to

1000mg/kg based on the maximum value of Ag (846mg/kg;

a documented outlier) in the TNSSS report. However, the

average Ag concentration in biosolids measured for the

report is only about 32mg/kg and the 50th percentile

(median) is approximately 14mg/kg. Likewise, biosolids are

often applied at a rate of 5–10 tonnes/hectare, which upon

mixing in the top 15 cm of topsoil results in a dilution factor

of 100–50, respectively. For example, while predicted contri-

butions of ZnO ENM to total biosolids concentration may be

on the order of 10mg/kg, the effective increase in soil con-

centration from ZnO ENM would range from 0.1 to 0.2mg/kg

per application. Quantitation of rate parameters such as these

will be essential for eventual quantitative modeling based on

this framework. Also worth noting about the TNSSS report in

relation to the predicted contribution of ENM to biosolids is

the fact that some native metal concentrations in biosolids

may be significantly higher than the input from ENM, making

the distinction of ENM-associated risk difficult to assess with

current procedures. Better methods for detection and charac-

terization of ENM in complex matrices are critically needed.

Incineration

Alternative disposal methods of biosolids include landfill (see

discussion above) and incineration. Approximately 20% of

sludge from wastewater treatment facilities is incinerated in

the US (Holder et al. 2013). Incineration of biosolids impacted

by ENM has received little attention (Impellitteri et al. 2013;

Meier et al. 2016), but historical research of metal-laden bio-

solids incineration is plentiful. One study examined the path

of Ag ENM through a pilot scale WWTP along with a AgNO3

control (Impellitteri et al. 2013). Samples were collected from

the primary clarifier (fresh biosolids) and the secondary clari-

fier (aged biosolids) and in each case the transformed Ag

species was primarily Ag2S with some Ag sulfhydryl and

metallic Ag phases as determined by X-ray absorption spec-

troscopy (XAS). The fresh and aged samples were then incin-

erated at 850 �C for 4 h and the residual ash examined by

XAS to determine changes in Ag speciation. Incineration

impacted Ag speciation by shifting Ag2S ! Ag sulfhydryl !

metallic Ag in the fresh and aged biosolids to metallic Ag !

Ag sulfhydryl ! Ag sulfate in the ash. Scanning electron

microscope images show accumulation of Ag clusters

(1–3 lm) in the incineration ash; however, the stability of

these clusters warrants further research. Since incineration

ash is typically landfilled, the caution above related to assess-

ing risk based on the transformed phases rather than the

pristine ENM is applicable. Recently, it was shown that Fe2O3

nanofiller in thermoplastics altered the shape and compos-

ition of residual incinerator ash to be more brittle and have

surface-exposed nanofillers when subjected to incinerator-like

thermo decomposition, although with CNT-enabled products

no carbon nanotubes were found to escape in the aerosol

form (Sotiriou et al. 2016). These results illustrate that infor-

mation on transformation products in the system being

assessed is required for sound decision making.

Recycling and recovery

A number of ENM-containing consumer products (electronics,

construction materials, batteries, textiles) may become

Table 4. Relevant concentrations of nano-based constituents in soils and biosolids, and predicted concentrations of ENM in biosolids.

Targeted National Sewage Sludge
Survey Report (mg/kg)b

Material
Common range
in soil (mg/kg)a

Average in soil
(mg/kg)a Range Average

50th
Percentile

95th
Percentile

Predicted ENM
contribution

(mg/kg) range in
biosolidsc

Predicted ENM
contribution

(mg/kg) range in
biosolidsd

Silver/Ag ENM 0.01–3.15 0.27 1.94–856 31.6 13.6 63.6 10�4
–101 10�5

–10�1

Zinc/ZnO ENM 3–2900 52 216–8550 994 784 2068 101 10�1
–101

Titanium/TiO2

ENM
210–54500 5720 11.6–4805 286 12.7 915 10�2

–104 10�–102

Copper/CuO ENM 1–256 14 115–1720 558 463 1248 ND ND
Cerium/CeO2

ENM
15–100 50 ND 10�5.5 ND

CNT ND 10�1 10�4
–10�1

Fullerenes ND 10�3
–10�1 10�4

–10�1

ND: not determined.
aSalminen et al. (2005).
bTNSSS Report (EPA 2009).
cGottschalk et al. (2013).
dSun et al. (2015).
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recycled. Caballero-Guzman et al. (2015) concluded that, dur-

ing the recycling process in Switzerland, most of the nano-

sized TiO2, ZnO, or Ag was not recovered for returning to

product re-manufacturing, but instead was subsequently

transferred to be incinerated or landfilled. The only ENM-con-

taining products that were traced back into the productive

process were small quantities of ENM that are part of con-

struction waste or plastics. Very small ENM release into waste-

water was found in the recycling process. The authors also

concluded that more research is needed focusing on occupa-

tional exposure, waste incineration, and landfills.

Fate, transport, and transformation

When ENMs are released into environmental media, these are

likely to react or heteroaggregate with constituents of the

environmental matrix (air, water, or soil), so that eventual

exposures to environmental species or humans, for the most

part, will not be to the original form of the material but

instead to highly diluted ENM transformation or degredation

products.

These environmental reactions will not occur under highly

constrained laboratory or manufacturing conditions, but

instead will be subject to a range of conditions and essen-

tially stochastic forces which will dynamically change across

time and location. Therefore, if exposures to environmental

transformation products of ENM occur, the exposures will

likely be to multiple forms of environmental transformations

including a range of particle agglomerates, sizes, and coat-

ings. Life cycle models for estimating chemical exposures

from multiple routes and sources have been developed (e.g.

USEtox, WASP; Table 1), and are beginning to be adapted to

estimate exposures to ENM (Pu et al. 2016).

Air

A large body of literature describes the behavior of ambient

air particles in the atmosphere that is largely applicable to

ENM (Oberd€orster et al. 2005; Bakand et al. 2012). When

released into the air, aerosolized particles are subject to abi-

otic and biotic transformations, including agglomeration and

photooxidation, and are transported with wind or air currents

(Figure 3). Advective transport involves the movement of

ENM by bulk movements of air, including indoor air currents,

wind, up currents, down currents, etc. Particles with smaller

aerodynamic diameter and lower mass remain suspended for

longer periods of time and can lead to far-field inhalation

exposures for humans or other breathing terrestrial species.

Airborne particles may also become deposited onto soil,

water and plant surfaces. It is estimated that only 0.1–1.5% of

globally produced ENM mass is released into ambient air

(Keller et al. 2013b). One potential source for the release of

EMNs into ambient air involves the use of nanoscale CeO2 as

an automotive diesel fuel additive (Cassee et al. 2011).

Nanoscale CeO2 is widely used in both off-road and on-road

vehicles in Europe but is currently only licensed for off-road

use in the US (Erdakos et al. 2014). The use of CeO2 as a fuel

additive has been shown to increase fuel efficiency and

decrease total particulate matter emissions. Despite a lower

total mass of particulate emissions, the number of particles in

the respirable size range increases, and the particles have

greater adverse pulmonary effects in animal models (Snow

et al. 2014).

Even though the release into ambient air represents only a

small portion of the ENM production volume, there are sev-

eral exposure scenarios where ENM release into air may pose

a potential risk of direct inhalation for humans or local depos-

ition for ecosystem exposure. These include occupational

exposure during manufacture, formulation or modification of

the ENM-enhanced polymer (through drilling, grinding, sand-

ing, etc.), use of ENM-containing building materials, or forma-

tion of aerosols during spray applications (Figure 2). Although

engineering control measures have been suggested to lower

exposure to airborne EMNs in occupational settings, monitor-

ing worker exposure and health effects remains a challenge

(Evans et al. 2010). Exposures to ENMs during manufacture

have presented a number of challenges to traditional

approaches for protecting worker health. Significant chal-

lenges are also involved in relating exposure to risk and

include issues such as small and often variable particulate

size (within the nano-size range), lung deposition, as well as

metrics that are used to measure exposure and effects (e.g.

particle mass, surface area or number) (Liao et al. 2014;

Eastlake et al. 2016a, 2016b). A battery of pulmonary and car-

diovascular disease markers as well as inflammatory and oxi-

dative stress markers, anti-oxidant enzymes, and genotoxicity

Figure 3. Potential pathways of ENM starting from release into ambient or
indoor air. ENM may eventually be transported to another environmental com-
partment – either media or a human or ecological receptor.
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markers were compared in nanomaterial-handling and unex-

posed workers at 14 manufacturing plants in Taiwan (Liao

et al. 2014). For this study, the ENM were associated with

manufacturing, fabrication or use, and included Ag, TiO2,

SiO2, Fe2O3, and CNT. Significant changes in several bio-

markers including antioxidant enzymes (superoxide dismu-

tase, glutathione peroxidase) and cardiovascular markers

(vascular cell adhesion molecule, paraoxonase) were associ-

ated with exposure at the 6-month follow-up for handlers of

carbon nanotubes, TiO2, SiO2, and Ag ENM. These results are

relevant to the current framework, indicating that oxidative

stress and inflammation represent key events along the AOP.

Another area where ENMs might be released into air is

through the application and eventual weathering of coatings

on building materials, or the remodeling or demolition of

those structures (Shandilya et al. 2015). Photocatalytic TiO2

ENM are released from ceramic building materials or coatings

during weathering or abrasion, (Shandilya et al. 2015). West

et al. (2016) documented over 450 construction products

reported to be nano-enabled. The most frequently reported

ENMs included TiO2, silica, ZnO, and CNT. A case study using

TiO2-coated ENM tiles suggested that local exhaust ventila-

tion during cutting and grinding of tiles significantly reduced

Ti-containing respirable dust in the personal breathing zone

and local construction areas. Recommendations also sug-

gested better quantification of worker exposure and the

effects of transformation and release over the product life

cycles (West et al. 2016).

In addition to the aerosol application of coatings involved

with building material surfaces, the use of ENM-enabled con-

sumer spray products as coatings or disinfectants also show

the potential for near-field human exposures. ENM-enabled

products are quite diverse in terms of intended uses as well

as the ENM employed. Examples of products that have been

described in the literature include; antiperspirants, anti-odor

shoe spray, and “plant-strengthening spray” (Lorenz et al.

2011) as well as anti-odor spray for hunters, surface disinfect-

ant and throat spray (Quadros & Marr 2011). These exposures

could be assessed according to the outline of Figure 2;

Product Use; Dispersive Formulation; leading to Direct

Consumer Exposures.

Soil

When ENM enter the soil environment, they are subject to

biotic and abiotic transformations as in other environmental

media, and they may either become bound and immobilized

in the soil matrix, or remain unbound and relatively available

for exposures or for transport to other environmental com-

partments (Figure 4). Assessing the fate and transport of ENM

in soils is complex due to highly varying soil physical, chem-

ical, and biological characteristics and processes, all of which

can react spatially (angstroms to landscapes), temporally

(instantaneous to geologic time steps), and biologically

(across scales from prions to ecosystems). The biogeochem-

istry of a soil at any given locale results from continuous

interactions among these characteristics and processes while

the soil also reacts to ever changing environmental factors.

Soil exposure to ENM may occur through direct deposition,

rainfall removal of excluded (non-bound) ENM from leaves, or

from decomposition of vegetation containing ENM. Soils con-

tain significant diversity in forms of organic matter, which

may bind and influence aggregation and availability to soil

flora and fauna.

Once in the soil, numerous transformations may occur,

including physicochemical, macromolecular, or biological

(Dwivedi et al. 2015). Other soil characteristics such as water

content, pH, mineral content, and bulk density may influence

chemical interactions in the soil, including homo- and hetero-

aggregation (Dwivedi et al. 2015). In some cases, metal ENM

such as Cu and Ag may solubilize and form other complexes.

The extent to which an ENM is chemically transformed are

constrained by the class and properties of the ENM, e.g. met-

als, metal oxides, carbon-based, quantum dots, ENM surface

coatings, etc., and soil properties; see Dwivedi et al. (2015)

for a more thorough discussion of the underlying mecha-

nisms that initiate the abiotic and biotic transformations of

ENM. Briefly, an assessment of ENM transformations in soil

needs to include the physicochemical processes of aggrega-

tion, stability, dissolution, and deposition, and the potential

for sunlight to induce photochemical reactions. Soil proper-

ties contributing to these processes and reactions include,

but are not limited to, the relative and absolute amounts of

organic matter of various qualities; soil inorganic particle size

distribution; ionic strength; cation exchange capacity; relative

soil hydrophobicity/hydrophilicity; type of salts; and the

valence of the associated cation, base cation saturation ratio,

water content, and pH.

Numerous substances are produced and released into the

soil as carbon and nutrient resources (and ENM) that move

Figure 4. Potential pathways of ENM starting from release into natural or agri-
cultural soil. ENM may eventually be transported to another environmental com-
partment – either media or a human or ecological receptor.
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along the bidirectional pathway, e.g. ions, organic acids,

amino acids, polypeptides, enzymes, and catalysts, all of

which will influence the biotic and abiotic transformations

of ENM.

Physical processes also contribute to the bound/unavailable

and unbound/available status of ENM. Several factors contrib-

ute to the fate of ENM on any particular site, such as protocols

for soil managment; soil particle size distribution; the absolute

and relative quantities of various quality fractions of soil

organic matter; and the uptake, translocation, and potential for

re-release of ENM by organisms throughout the plant–soil

food web. These factors will determine whether ENM remain

on-site or will be transported to another environmental com-

partment. Reviews and more thorough discussions on the roles

of soil organic matter, humic, and fulvic acids, and soil colloidal

chemistry and physics are available (Hunter 2001; Kleber &

Johnson 2010; Essington 2015). Examples of off-site transport

include soil removal via actions of wind and water, consump-

tion by mobile consumers [e.g. squirrels eating mushrooms,

bird and mammal foraging, uptake of ENM into human food

resources (plants and animals), etc.]. The myriad of ways ENM

can be transported to another environmental compartment

leads to the potential for ENM to be transferred to the atmos-

phere, ground and surface waters, thereby creating additional

pathways of potential exposure to terrestrial species and

humans.

The application of biosolids to land is estimated to be the

main source of ENM emissions into soil (Tourinho et al. 2012;

Gottschalk et al. 2013; Keller et al. 2013a, 2013b; Sun et al.

2014; Figure 4). As discussed earlier, many ENM will be chem-

ically and physically altered during wastewater treatment.

Sulfidation of metal and metal oxide ENM is generally the

end-product in fresh biosolids, and some of these sulfidation

products are further transformed during composting, aging,

and stockpiling prior to land application. Pristine ENM are

unlikely to enter the soil environment from the consumer !

WWTP ! soil pathway.

Direct application of ENM as nano-formulated pesticides,

or some spray applications such as surface coatings, may

result in direct exposure of ENM to soils. Additionally, direct

release of ENM as a result of storage or transportation acci-

dents should be considered. Exposure estimates that utilize

broad averaging methods to divide nanomaterial potential

releases over large geographical areas or environmental com-

partments may arrive at low estimated exposure concentra-

tions. However, receptors might encounter pockets of higher

concentrations of ENM due to latent chronic releases, concen-

trated intentional distribution, or spills. For these reasons, it is

important to be mindful of the implicit assumptions behind

exposure scenario descriptions, and assure that they are

appropriate reflections of the cases being considered.

Several literature studies have attempted to examine ENM

reactions in soils either through the consumer-to-WWTP-to-

soil pathway or direct release. Unfortunately, many of these

studies employ ENM concentrations that are disproportion-

ately high in relation to probabilistic modeling of ENM

release to soil systems, or spike ENM into processed biosolids

without taking into account physiochemical reactions that

occur in a WWTP (Priester et al. 2012; Colman et al. 2013).

Historical research on biosolids application to soil, with par-

ticular emphasis on metal risks, highlights the complexity of

understanding contaminant chemistry. Metal spiking in soils

causes what is called the “salt effect”. When metals (or ENM)

work their way through a WWTP, the chemical reactions are

buffered after the biosolids product has equilibrated for sev-

eral months before land application. However, spiking a

metal salt (i.e. Zn2þ) directly into soil or processed biosolids

results in forms of Zn that are not similar to Zn phases in the

WWTP-reacted, composted biosolid. Further, the spiked Zn2þ

seeks equilibrium and, through hydrolysis (Zn2þþ 2H2O !

Zn(OH)2þ 2Hþ), causes soil acidification that is not encoun-

tered in the equilibrated, composted biosolids. While spiking

metal salts or ENM directly into soil would provide the worst

case scenario for risk assessment, application, and interpret-

ation of such results is challenging. There are limited

examples examining the impact of ENM-influenced biosolids

land application as well as realistic direct exposure of ENM

in soils.

A case study of Ag salt and Ag ENM spiking directly in soil

can be drawn from recent studies (Settimio et al. 2014;

Sekine et al. 2015) which examined the lability of Ag2S ENM

represented in biosolids in comparison with labile AgNO3 and

metallic Ag ENM. Regardless of soil pH, AgNO3 spiked soils

observed more labile Ag than those treated with metallic Ag

ENM. The Ag2S ENM demonstrated virtually no Ag lability.

Since the application of biosolids to land is estimated to be

the main source of ENM emissions into soil and the primary

form of Ag in biosolids is Ag2S (Kim et al. 2010a; Kaegi et al.

2011; Impellitteri et al. 2013; Lombi et al. 2013), the chemical

stability and low Ag lability from Ag2S should drive the long-

term risks of Ag toxicity in the soil environment.

Aquatic

Once an ENM is introduced into the aquatic environment, a

series of processes begin that ultimately affect its fate and

potential to cause adverse ecological and human health

effects (Figure 5). Most fundamentally, and regardless of the

source to the aquatic environment (e.g. soil groundwater

intrusion, atmospheric deposition, and/or in-flow of surface

waters), the ENM will distribute between the surface water

and either suspended solids, dissolved organic carbon (DOC)

or some other partitioning phase, and ultimately through

depositional processes, may be deposited into sediments

(Klaine et al. 2008; Praetorius et al. 2012; Dale et al. 2015;

Velzeboer et al. 2014, Wang et al. 2014b). However, through

competing dynamic processes, including resuspension, an

ENM in the sediment may be returned to the surface waters

only to be returned again to the sediments when the resus-

pension event ends. In the surface water or sediment, the

ENM will be distributed between the aqueous phase and

some form of particulate phase (i.e. heteroaggregation).

Heteroaggregation is a process that occurs predominately

between colloidal particles. By the time particles reach the

microscale, they start to precipitate out in many systems. In

the surface waters, this means the ENM will be either sus-

pended in the aqueous phase or associated with suspended
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colloids, DOC, or some other phase (Hyung et al. 2007; Klaine

et al. 2008; Chang & Bouchard 2016). In the water located

between sediment particles, the ENM will remain similarly

suspended in the aqueous phase or associated with DOC, col-

loids, other ligands, and sediment particles.

For ENM in surface waters, transport and transformation

will be governed by parameters such as ionic strength, tem-

perature, pH, light intensity, and the concentrations of sus-

pended particle matter (SPM), colloids, and DOC. These

parameters affect ENM aggregation state, deposition on surfa-

ces (Hyung et al. 2007; Saleh et al. 2008; Chang & Bouchard

2013), and transformation rates (Lowry et al. 2012; Hou et al.

2013, 2015; Chen & Zepp 2015; Chowdhury et al. 2015a;

Mitrano et al. 2015). While the literature is well populated

with reports of ENM–ENM interactions (i.e. homoaggregation),

there is a growing consensus that heteroaggregation, the

interaction of ENM with naturally occurring particles, will be

the dominant particle interaction process in most natural sys-

tems (Koelmans et al. 2009; Praetorius et al. 2012; Bouchard

et al. 2015). The reason for heteroaggregation dominance is

that naturally occurring particles will greatly outnumber ENM

in most environmental waters (Figure 5).

Relative to transport mechanisms, ENM released into a

water body will interact with SPM, colloids and DOC and will

then be subject to advective transport with water flow (e.g.

stream and riverine flow, tidal motion) and to a lesser degree

diffusive transport. Eventually ENM will be deposited to

stream, lake or estuary bed with settleable SPM. Once depos-

ited, the SMP-ENM aggregate may be buried in sediments or

resuspended in the water column depending on water body

Figure 5. Potential pathways of ENM starting from release into surface water, groundwater, or sediment. ENM are less likely to transport to another form of environ-
mental media. ENM will likely come into contact with an ecological receptor.
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hydrodynamics. Within the sediment interstitial water, the

aqueous phase ENM may also be transported by diffusive

processes which may result in ENM exiting the interstitial

water at the sediment water interface and entering the sur-

face water. Along with the physicochemical and transport

processes just discussed, there are also abiotic and biotic

transformations (e.g. photodegradation, microbial degrad-

ation) that may affect ENM. For example, Chowdhury et al.

(2013) reported that graphene oxide, a modified form of gra-

phene, was stable and did not precipitate for days in natural

and synthetic surface waters.

Given the extensive research and development that have

produced the currently available contaminant transport and

diffusive models (see Table 1 for examples), novel ENM mod-

els should not need to be developed. Rather, existing trans-

port and diffusive parameters may be modified to address

processes that differ between traditional dissolved contami-

nants (solutes) and ENM. One important difference is that

most existing contaminant transport models use equilibrium

solute partitioning to describe solute interactions with envir-

onmental particle surfaces, whereas ENM interactions are clas-

sically described using particle attachment kinetics. It is

important to consider the complexity and interconnected

nature of the various environmental compartments and the

biota within them in determining fate (and toxicity) of the

ENM. Sediments are the final sink for many anthropogenic

contaminants including ENM. In many aquatic systems, par-

ticularly marine systems, ENM enter the water column and in

a relatively short time frame move to the sediment phase via

heteroaggregation and precipitation (Figure 5).

Hendren et al. (2013) have assessed the utility and limita-

tions of existing contaminant transport and fate models for

their application to ENM. There is a small but growing litera-

ture on ENM transport in surface waters. Streambed-water

column exchange of TiO2 nanoparticles has been modeled

using particle–particle interactions and stream bed filtration

processes (Boncagni et al. 2009) and ENM-specific processes

have been linked to a spatially explicit hydrologic model

(Quik et al. 2015). In an application of heteroaggregation

attachment efficiencies, TiO2–SPM interactions and TiO2 con-

centrations in the water column and in sediments have been

estimated (Praetorius et al. 2012). As these types of modeling

approaches progress, data from ENM transformation and

biota response studies should be incorporated into simulation

models to provide more thorough estimates of the environ-

mental distribution and potential for adverse effects from

ENM released to water bodies.

In aquatic systems, as in other complex media, environ-

mental transformations of ENM have important effects on

their transport and toxicity (Lowry et al. 2012; Mitrano et al.

2015). Transformations are typically dependent on the chem-

ical and biological conditions surrounding the ENM, so rates

and products vary throughout the life cycles. Transformations

are likely to be most varied during the use phase of life

cycles due to the high variability of environmental conditions

that apply during use. Mathematical models are one poten-

tially useful tool for evaluating the variable effects of transfor-

mations on human and ecological exposures to ENM. For

example, the Water Quality Analysis Simulation Program

(WASP) is a mechanistic fate and transport water quality

model that includes transformation processes (Table 1). WASP

has been widely utilized for modeling the fate of traditional

contaminants, but is now being updated to allow simulation

of ENM exposures in aquatic environment (Knightes 2015).

Process descriptors and data (e.g. for aggregation, deposition

and transformations) and data inputs for conditions prevalent

in aquatic environments are incorporated into WASP to pro-

vide improved understanding of the factors that influence

exposure to ENM. Transformed (i.e. aged) ENM or ENM

released during product use typically no longer have the

same characteristics of their pristine counterparts (Lowry

et al. 2012; Froggett et al. 2014; Kingston et al. 2014; Mitrano

et al. 2015).

Considerations of carbon ENM illustrate the varied poten-

tial impacts of transformations on exposures and toxicity of

ENM. These changes can be mediated by aggregation of the

ENM. Increases in ionic strength alter the aggregation of

CNTs and these changes may alter phototoxicity by increas-

ing photoproduction of toxic singlet oxygen by the CNTs

(Chen & Zepp 2015). Environmental transformation of the

ENM released from products such as plastic composites can

be initiated by sunlight (Froggett et al. 2014; Kingston et al.

2014; Mitrano et al. 2015). Direct and indirect processes are

both competitively involved in the environmental phototrans-

formation of ENM. For example, graphene oxide (GO) – a

promising precursor to graphene-based materials – strongly

absorbs sunlight in the ultraviolet and visible spectral regions,

making direct photochemical reactions an important deter-

minant of the persistence of these materials (Hou et al. 2015).

Light-induced transformations of GO ENM produce much

more hydrophobic, and likely more toxic, polycyclic aromatic

hydrocarbons (Chowdhury et al. 2015a, Hou et al. 2015).

Transformations can be driven by photochemical reactions,

oxidation reactions, and biological processes, all of which

affect their environmental transport (Chowdhury et al. 2015a).

In the case of GO in natural waters, direct photoreaction

likely dominates the initial phototransformation of GO into

reduced graphene oxide species, low molecular weight

(LMW) species and CO2; these photoproducts are significantly

less photoreactive, however, and persist under direct photoly-

sis conditions. Thus, indirect photolysis initiated by natural

organic matter is likely to dominate the secondary photo-

transformation process, ultimately converting reduced gra-

phene oxide and LMW species into CO2 (Hou et al. 2015).

During this mineralization process, the intermediate species

exhibit decreasing size and higher carboxyl group concentra-

tions, and greater stability against aggregation and reduced

surface deposition, indicating they would be more mobile

than parent GO (Chowdhury et al. 2015a). This information

combined with rate data can be used to model the fate of

the GO ENM outlined in Figure 5.

Information on transformation processes can be used as

inputs to water quality models such as WASP to evaluate the

drivers of exposure concentrations in various compartments

of aquatic environments such as rivers, ponds, lakes, estua-

ries, and coastal environments. Transformations can be

responsible for evaluating exposure concentration changes in

aquatic systems, including changes in the toxicity of ENM.
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This information can be useful in designing monitoring and

remediation strategies for contaminated systems. Also

changes such as potential releases of ENM from plastics and

related effects on ENM distribution and biological uptake can

be evaluated using this modeling approach. Graphene oxide

provides a good example of an ENM that can be evaluated

using this modeling approach. Changes caused by photo-

transformations can alter the persistence, mobility, and tox-

icity of graphene oxide residues (Hou et al. 2015, 2016).

CNT’s have been shown to be stabilized in water by DOC,

which acts like a surfactant to keep the CNT’s suspended in the

aqueous phase (Hyung et al. 2007; Kennedy et al. 2009). For

graphene family materials, GO, with its substantial oxygen con-

tent is readily suspendable in water (Chowdhury et al. 2015b).

In natural waters, particularly those with high DOC contents,

carbon-based ENM can be stable in the water column result-

ing in organism exposures. Regarding transport and uptake

of CNTs in water and soil, these materials are usually incorpo-

rated as composites with various matrices such as plastics in

many commercial products and these composites have differ-

ent fate and transport characteristics than pristine (pure)

CNTs. It is now recognized that plastics have become widely

distributed in aquatic environments and incorporated into

food webs. Also, it has been shown that CNTs can be

released from the composites by weathering and abrasion.

Some ENM release truly dissolved materials which are

readily bioavailable, but arguably are no longer ENM.

Nevertheless, because nano-scaled particles have a signifi-

cantly larger surface area per unit mass and dissolve more

rapidly than their micron-scale counterparts, the rapid release

of toxic ions at the biological interface is a mechanistic con-

sideration for ENM. A good example in consumer products is

copper which is often in the chemical form of copper carbo-

nates (CuCO3) (e.g. pressure treated lumber), and releases the

readily bioavailable and toxic Cu2þ (Parks et al. 2015). Silver

ENM are often used in commercial products as vehicles for

controlled release of silver ion at biological interfaces. Very

low free Ag ion concentrations might be expected for fresh

water or estuary environments that are likely to contain

chloride, phosphate, and carbonate ions. Dissolution and

transformation of Ag ENM in suspension compared with

those interacting with bacteria and other aquatic organisms

presents a significant uncertainty. Contact with aquatic organ-

isms may increase the release of silver ions within the organ-

ism’s local membrane environment (Fabrega et al. 2011). As a

consequence, biotic as well as abiotic effects on dissolution

and transformation should be considered in assessing risk of

ENM to ecosystem targets (Navarro et al. 2008b).

Exposure and biodistribution

The determination of potential risk from ENM-enabled prod-

ucts requires assessments of exposure and hazard. As a sim-

plistic example, a highly hazardous type of ENM may rarely

be encountered by a target organism – or by contrast, a tar-

get organism may be chronically exposed to an ENM that

shows only a moderate acute toxicological response. In any

case, risk-based decisions will consider relative potential for

exposure and hazard.

Exposure and biodistribution to terrestrial species, includ-

ing humans, is depicted in Figure 6. Terrestrial fungi and

microbes, as well as the roots of terrestrial plants, may

become exposed to ENM in the soil. Terrestrial plants may

also become exposed through the foliage after aerosol

deposition or the application of nano-enabled agricultural

products. Following such contact, the ENM may be absorbed,

adsorbed, or excluded. Absorbed and adsorbed materials

may be translocated to the interior of the organism leading

to cellular level exposures, or they may be released or

excreted causing a transfer to other environmental compart-

ments. Exposures to terrestrial animals, including humans,

through inhalation, oral, or dermal routes can lead to trans-

formations at the point of contact, and perhaps either trans-

location across the biological barriers to the interior of the

organism, or exclusion. Nanoparticles that reach pulmonary

fluid, the gut, or the blood plasma typically will be coated

with a protein corona, as discussed below. In vitro modeling

of gastrointestinal digestion for polystyrene nanoparticles

influenced the protein corona composition and increased

translocation of these particles into Caco-2 and HT29-MTX

cells. Variations in the protein corona and translocation rates

were dependent on the biochemical surface modification of

the polystyrene nanoparticles (Walczak et al. 2015). The com-

position of the corona may include opsonin or other proteins

which can trigger macrophage phagocytosis leading to

degredation or excretion. The protein corona also may influ-

ence distribution across biological barriers and cellular

uptake. Modification of the surface of nanoparticles with

polyethylene glycol (PEG) can alter binding of proteins to the

nanoparticles, and thus impacts protein corona formation.

This modification of the nanoparticles using PEG results in

decreased uptake by macrophages and prolonged tissue resi-

dence time (Pearson et al. 2014). Such changes in particle

coatings could change rate constants for nanoparticle transi-

tions for systemic absorption, distribution, and clearance

(Figure 6). Particle aerodynamic diameter influences the

region of deposition in the respiratory tract, but the effect of

particle size on macrophage uptake may not be a factor.

Blank et al. (2013) have shown that there was no difference

in murine alveolar macrophage uptake between 20 and

1000 nm sized polystyrene nanoparticles.

Human exposure

The exposure of humans or indicator organisms to ENM or

ENM-enabled products may occur at numerous points along

the product life cycle. One way to consider human exposure

assessment is through analysis of activities along the nano-

material life cycle that bring these materials into contact with

receptors. In addition to estimating these activities, it is

important to consider the magnitude, frequency and duration

of exposure to an agent, along with the number and charac-

teristics of the exposed population (Zartarian et al. 2004).

These factors are part of the exposure assessment for a risk

assessment for any chemical or physical agents. Two sources

of human exposure to airborne ENM are during manufactur-

ing and use of ENM-enabled construction products (coatings,

cements, and concrete). Given the relatively high number
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(70–80%) of construction workers who are unaware of the

presence of nanomaterials in the products that they routinely

spray, cut, or sand, the potential use of personal protective

equipment or use of engineering controls are likely to be lim-

ited (West et al. 2016).

Occupational exposure can occur during the synthesis,

application, recycling and disposal of nanoparticles or ENM-

enabled products. Workers may be among the first people

exposed to new ENM, and may have higher levels of expos-

ure than do other segments of the population (Schulte et al.

2014). Occupational safety and health achieved through limit-

ing worker exposures to ENM is an area of focus for the

responsible development and use of nanotechnology. One

particular area of focus has been the potential for inhalation

exposure to poorly soluble particles and fibers (Kuempel

et al. 2012). As the current paper primarily concerns environ-

mentally mediated exposures, interested readers may find

detailed considerations of occupational safety issues else-

where (Pietroiusti & Magrini 2014; Schulte et al. 2014;

Thompson et al. 2015; Boonruksa et al. 2016; Brouwer et al.

2016; Larese Filon et al. 2016). Although occupational expos-

ure concentrations may be higher than those of the general

public, the number of individuals potentially exposed in the

general population is larger than in the workplace, and

includes individuals with greater potential susceptibility such

as the young, elderly, or those with other compromising

health conditions.

The main routes of exposure for particles from ENM-

enabled products are shown in Figure 6. Due to the relatively

limited total volumes of most manufactured ENM and the

limited time that most ENM have been in production (in the

absence of a large spill), human exposures from far-field sour-

ces (arising from environmental background) are not likely to

become a significant contribution to overall exposure in the

near future. Consequently, the most significant exposures for

humans in a non-occupational setting are expected to be

near-field (arising from interaction with ENM-enabled con-

sumer products), as opposed to far-field scenarios. Where

nanomaterial composition was identified, analysis of nano-

enabled consumer product inventories suggested that the

greatest number of currently listed products contain metal-

based ENM (Ag or Ti), followed by Si- and carbon-based ENM

(Vance et al. 2015; Hansen et al. 2016).

Estimation of an individual’s exposure to ENM from the

use of ENM-enabled consumer products requires information

concerning the product composition (magnitude of

Figure 6. Potential terrestrial species exposure and biouptake pathways, including pharmacokinetic distribution routes that continue up to contact with cells.

CRITICAL REVIEWS IN TOXICOLOGY 17



exposure), how often it is likely to be used (frequency of

exposure events), the pattern of product use (duration and

potential exposure route), and potential for ENM release from

the product matrix. Population exposure modeling requires

input on market penetration of the product. Modeling of

cumulative exposure can be considered for target popula-

tions using multiple products containing similar ENM using

integrated probabilistic techniques such as the Stochastic

Human Exposure and Dose Simulation (SHEDS) Model (Isaacs

et al. 2014). Human exposure pathways to ENM include der-

mal/ocular contact, inhalation, and oral ingestion. The dermal

route has the highest probability of exposure to consumer

products (Vance et al. 2015). Ingestion and inhalation routes

follow, with about half of the number of reported products

being metal-ENM, followed by silicon and carbon-based ENM.

Inhalation exposure can result from occupational and envir-

onmental sources and, of the three pathways, is most likely

to occur and poses the greatest risk of adverse outcomes.

Oral ingestion could occur from dietary sources or drinking

water contaminated with ENM, hand-to-mouth activity follow-

ing dermal contact of ENM contaminated surfaces, or from

swallowing mucous and macrophages containing inhaled

ENM that were cleared from the lung by the mucociliary tract

lining the conducting airways of this organ. Given the signifi-

cant changes in matrix conditions that occur along the GI

tract including the acidic environment in the stomach

and complex intestinal components, transformation is

an important consideration for ENM bioavailability (Alger

et al. 2014). Silver nanoparticles have been shown to aggre-

gate, react with chloride and sulfide as well as form protein

aggregates and coronas (Mwilu et al. 2013; Walczak et al.

2013). In addition, copper carbonate nanoparticles associated

with treated lumber have been shown to dissolute into ions

in the presence of simulated stomach fluid (Santiago-

Rodr�ıguez et al. 2015). Dermal contact may occur through

unintentional or intentional exposure – the latter from, for

example, applying sunscreen that contains ENM. Although

transport of ENM through skin is typically limited, damaged

skin may facilitate increased rates of transdermal transport

(Baroli 2010).

Human biodistribution (dosimetry)

The pharmacokinetics (PKs) of chemicals including ENM

involves aspects of the rate and extent of their absorption,

distribution, metabolism, and excretion (ADME) from the

body (Figure 6). The role each process has in the disposition

of an ENM is dependent on the route of exposure, character-

istics of the individual exposed (e.g. age, health status), and

properties of the ENM (e.g. size, surface properties, etc.) and

exposure medium (e.g. water, soil, etc.). Publications by Elder

et al. (2009), Hagens et al. (2007), Landsiedel et al. (2012), Lin

et al. (2015), and Riviere (2009) review the PKs of ENM.

Overall, exposure of ENM to terrestrial mammalian species

can occur by inhalation, ingestion or contact with the skin

(Figure 6). The Multiple-Path Particle Dosimetry Model (MPPD;

Table 1) calculates deposition in the respiratory tract based

on airway geometry and physical/chemical properties of aero-

sol or particle. Once exposed to the lung, gastrointestinal

tract or skin, different extracellular interactions may occur

with the ENM between proteins, lipids, and microbiota within

the different fluids of each organ. Transformation of nanopar-

ticles in biological fluids depends on the core particle com-

position, particle coating, and biological fluid. Simulated

gastrointestinal exposure to CdSe-core/ZnS-shell quantum

dots resulted in solublization of Zn and to a lesser extent Cd

(Wiecinski et al. 2009). Similar treatment of Ag ENM resulted

in aggregation and formation of a AgCl coating on the par-

ticle aggregates (Rogers et al. 2012). The extent of this trans-

formation was dependent on the initial coating used to

stabilize the Ag ENM (Mwilu et al. 2013). Biological fluids

such as artificial sweat and urine solubilize Ag ions from Ag

ENM-enabled fabrics to a greater extent than water or simu-

lated saliva (Quadros et al. 2013).

Translocation of the ENM through each organ may or may

not occur (Baroli et al. 2007; George et al. 2014).

Translocation is the result of crossing an epithelial barrier and

the ENM is absorbed systemically (Larese et al. 2009). The

ENM may then interact with proteins and other biomolecules

forming a protein corona. The ENM may then distribute to

other organs, requiring crossing another barrier eventually

being delivered to a cell within an organ (Baroli et al. 2007;

George et al. 2014). Systemically absorbed ENM may also be

excreted in the urine or bile for eventual fecal elimination.

The commonality of the exposure pathways described

above leading to absorption of ENM is that these materials

must cross an epithelial barrier. However, the epithelial bar-

riers of the lungs, gastrointestinal (GI) tract and skin

(Figure 6) are different in many ways (Elder et al. 2009).

Epithelial cell types include columnar, cuboidal, squamous,

and others which vary within each organ/system (GI tract

consists of several organs) and each cell type has a different

function. While the cells that line the lungs and gastrointes-

tinal tract are viable, the outer layer of the skin, the stratum

corneum is non-viable. The microenvironment of each organ

system differs with respect to hydration, pH, air:surface inter-

face and other factors. Immune cells are integrated differently

within each organ system and provide unique means and

abilities which may limit absorption of ENM.

Absorption: portals of entry

The outer layer of the skin, the stratum corneum, is non-

viable epidermal tissue (Baroli 2010). The stratum corneum

consists of keratinocytes filled with the protein keratin sur-

rounded by a lipid membrane. The means of absorption

through the skin is passive diffusion. The epidermis contains

pores and shunts, which ENM may enter. ENM have been

detected in the pores, cracks and hair shafts of skin (Baroli

2010). The results of most dermal absorption studies of ENM

indicate that these materials may penetrate to lower levels of

the epidermis, which are viable, but rarely penetrate into the

dermis, which underlies the epidermis and is the vascularized

tissue of the skin. With intact skin, most studies indicate ENM

are excluded from entering the body (Pflucker et al. 2001;

Monteiro-Riviere et al. 2011). However, if the stratum cor-

neum is damaged from, for example, sunburn, cuts or
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abrasions, further penetration of the ENM through the skin

may occur with potential systemic absorption (Larese et al.

2009).

Inhalation of ENM can result in their deposition in con-

ducting and respirable airways. The particle size determines

the location of deposition in the respiratory tract. Inhaled par-

ticles of about 20 nm in size have the highest proportional

deposition in the alveolar region (�50%) (Oberd€orster et al.

2005; Elder et al. 2009). Conducting airways (bronchi) are

lined with mucous and epithelial cells with cilia. Particles that

deposit in the mucous are moved up (i.e. cleared) in the

respiratory tract by action of the cilia to the trachea, where

they are eventually swallowed and translocated to the gastro-

intestinal tract. ENM that deposit in the respirable region of

the lungs can be absorbed through epithelium of the alveoli.

The distance between the outer surface of the alveoli

and the capillaries ranges from 0.36 to 2.5 lm (Elder et al.

2009). The ENM may enter the vascular or lymphatic system.

The size of ENM particles is a determinant for systemic

absorption, with particles <55 nm diameter having greater

penetration through the alveoli than particles of 200 nm or

greater (Elder et al. 2009). If the alveoli/blood vessel interface

is inflamed, absorption of the ENM may be potentially

increased (Elder et al. 2009). If not absorbed, ENM may be

phagocytized by macrophages, which may be cleared by the

mucociliary tract and eventually swallowed and translocated

to the gastrointestinal tract. Multiwalled carbon nanotubes

(MWCNT) that reach the alveoli may eventually translocate to

the pleural cavity (Mercer et al. 2013), as has been found

with asbestos fibers (Donaldson et al. 2010; Xu et al. 2014).

Length and shape of the MWCNT appears to affect its trans-

location to the pleural cavity (Xu et al. 2014). There is also

evidence of absorption of ENM via the olfactory nervous sys-

tem following inhalation exposure, where particles may enter

the brain without crossing the blood–brain barrier (BBB)

(Oberdorster et al. 2004; De Lorenzo 2008).

The GI tract is the anatomical organ system exposed to

ENM following their ingestion and includes esophagus, stom-

ach, small and large intestine and colon. The cells lining the

GI tract, even though epidermal, change in structure, and

function as the GI tract progresses from the esophagus to

the colon. The pH of the GI tract also changes from acidic

conditions in the stomach to slightly basic in the intestine

which can affect the physicochemical properties of the ENM

(Elder et al. 2009). Surface charge of the ENM can affect GI

absorption, as positively charged ENM seem to be absorbed

to a greater extent than neutral or negatively charged ENM

(Hagens et al. 2007). As for conventional chemicals, most

absorption of ENM in the GI tract takes place in the intestine.

This is due in part to the large surface area of the intestine,

the longer residence time of the ENM within it than in other

parts of the gastrointestinal tract, and the epithelial cell type

favoring absorption. It appears the most common mechanism

of uptake of ENM in intestinal epithelial cells is by endocyto-

sis (Frohlich & Roblegg 2012). Paracellular uptake may also be

involved, but may be less than endocytosis because the area

available for the former uptake to occur is much less (Hagens

et al. 2007). Particle size may affect intestinal absorption, as

Desai et al. (Desai et al. 1996, 1997) have reported polylactic

polyglycolic acid co-polymer particles of size 100 nm–10 lm

show decreased absorption with increased size of particle

in vitro whether in the rat in situ intestinal loop model or in

Caco-2 cells (Desai et al. 1997).

Distribution

ENM absorbed into the systemic circulation are distributed to

organs within the body (Figure 6) (Almeida et al. 2011;

Stapleton & Nurkiewicz 2014). Studies have essentially found

that systemically absorbed ENM are distributed to most, if

not all, organs, but the levels detected in the organs vary

greatly (Hillyer & Albrecht 2001; Oberdorster et al. 2002;

Fabian et al. 2008; Landsiedel et al. 2012). Factors that influ-

ence the distribution of ENM include route of administration,

physicochemical properties of the ENM, physiological environ-

ment where the ENM enters the systemic circulation and the

morphology of the endothelium (i.e. blood vessel wall) within

that organ. Because the physical flow of blood changes with

the size of the blood vessel, when the vessel becomes

<300lm, the smaller solutes tend to move towards the ves-

sel wall (Stapleton & Nurkiewicz 2014). Thus, the size of the

ENM is an important determinant of its ability to pass

through the endothelium of different morphologies. A con-

tinuous endothelium is essentially found in lung and muscle

capillaries. The endothelium of kidneys is fenestrated, and

that of liver and spleen discontinuous (Almeida et al. 2011).

Proteins and other biochemicals in blood may surround

ENM to form a corona. The characteristics of the corona are

dependent on the physicochemical properties of the ENM

(e.g. size, surface properties) and the biochemicals and pro-

teins that interact and bind to the ENM. As ENM are phagocy-

tized by macrophages and monocytes, the blood and organs

that possess macrophages such as liver, spleen, lymph nodes,

and bone marrow are some of the first organs that sequester

ENM (Almeida et al. 2011). ENM may also be absorbed into

the lymphatic system and be distributed as well, although lit-

tle is known about this aspect of ENM distribution. Stapleton

and Nurkiewicz (2014) contend that ENM in lymphatics may

contribute to inflammation to a greater degree than in the

circulatory system. This is because ENM would be in higher

concentrations in lymphatics than in blood, their residence

time would be longer due to a lower flow rate, and they

could interact with neutrophils and propagate inflammatory

signals to a greater extent.

Metabolism

Mammalian biological transformations of ENM are not well

characterized or known (Hagens et al. 2007). The available

information on fullerenes and silica ENM indicates that these

materials are not biotransformed (Landsiedel et al. 2012).

Metal-based ENM can be in various oxidation states, so there

is the potential that these materials could be oxidized or

reduced in situ based on the pH and oxidation state of the

tissue environment. Metal-based ENM taken up by cells via

phagocytosis or endocytosis are exposed to enzymes and

changes in pH within the endosome/lysosome. These

enzymes may degrade corona proteins and the acidic envir-

onment of these vesicles may degrade a metal-based ENM
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with release of metallic ions (Soenen et al. 2015).

Functionalized single-walled carbon nanotubes (SWCNT)

in vitro are susceptible to degradation by human myeloperox-

idase and eosinophil peroxidase (Kagan et al. 2010; Andón

et al. 2013). Overall, more studies are needed to understand

the metabolism of ENMs.

Elimination and excretion

Systemically absorbed ENM are eliminated via urinary elimin-

ation, fecal excretion or both (Landsiedel et al. 2012). The

extent of the elimination by these routes is dependent on the

physicochemical characteristics such as size, surface chemistry,

and charge of the ENM and the route of administration (Lin

et al. 2015). Urinary elimination involves filtration of blood

plasma through the glomerulus. Although ENM are found in

urine, not all ENM are able to pass through the glomerulus.

Choi et al. (2007) report that quantum dots (CdSe/ZnS core/

shell) with a hydrodynamic diameter less than 5.5 nm, when

administered i.v. to mice, are rapidly and efficiently eliminated

via the urine. The adsorption of serum proteins to the quan-

tum dots, which could be prevented by zwitterionic or neutral

organic coatings on the dots, tended to increase the hydro-

dynamic diameter and thus retard their urinary elimination.

Intravenous administration of Ag ENM (approximately 8 nm

size) to rabbits was followed by low urinary excretion (Lee

et al. 2012). This suggests that factors in addition to size of

ENM can influence elimination of the particle from the body.

Functionalized SWCNT and MWCNT have also been detected

in urine of laboratory animals administered these carbon-

based ENM (Landsiedel et al. 2012). Whether ENM are secreted

or absorbed by the renal tubules is not known.

After being absorbed, ENM may be transported via the

bile to the gastrointestinal tract and eliminated in the feces.

For an ENM to be excreted into the bile, it would have to

cross the cell membrane of the hepatocyte, and then be

excreted into the biliary tract. Ag ENM were detected in feces

of rabbits administered Ag ENM intravenously, suggesting bil-

iary excretion of these particles (Lee et al. 2012). Low levels

of polystyrene nanospheres (50 nm diameter) have been

detected in rat bile following intravenous administration

(Ogawara et al. 1999). The mechanism of the ENM entry into

the bile is not known.

Some ENM dissolve to smaller constituents or ions over a

time course of days, while other ENM can be strongly persist-

ent. For example, 90 d after i.v. infusion of 30-nm sized CeO2

in rats, there was little decrease in cerium concentration in

any tissue (Yokel et al. 2012).

Physiologically based PK modeling

PK models use mathematical formulas to describe the move-

ment of a chemical or drug in the body. A progression of PK

models is the inclusion of physiological, anatomical, biochem-

ical, and other specific aspects in mathematical terms (tissue

volumes, flow rates, etc.) to build physiologically based PK

(PBPK) models. PBPK models have several advantages over PK

models in terms of extrapolating dose, exposure duration,

route-to-route and species. A strength of PBPK models is that

they can be used for hypothesis testing, to understand

mechanisms of toxicity, and to make predictions of move-

ment of a chemical in humans using in vitro and in vivo PK

animal data. PBPK models are extremely useful for regulators

because of the information they can gather from this predict-

ive tool. PBPK models have been applied primarily to inor-

ganic and organic compounds, such as drugs, with a MW less

than approximately 900Da. The PKs of small molecules are

different from ENM in areas of diffusion, active transport,

metabolism, and excretion. The physiological, biochemical,

and metabolic processes that the body imposes upon ENM

are generally different than those for non-particulate or small

molecules (Li et al. 2012). For these reasons, only a few PBPK

models have been published for ENM and include those on

Ag (Bachler et al. 2013), ZnO (Chen et al. 2015), and TiO2

(Bachler et al. 2015) (Table 1).

The Ag ENM PBPK model (Bachler et al. 2013) included

structures for ionic and nanoparticulate Ag and were based

on PK data from intravenous studies in rats. The modeling

results, within the confines of particle sizes (15–150 nm) and

coatings (polyvinylpyrrolidone and carboxymethyl cellulose),

indicate that particle size and coating had minimal impact on

the distribution and organ uptake of the Ag ENM; dissolution

to Ag ions was not significant; the ENM were stored as insol-

uble salt particles; and uptake of Ag ENM by macrophages

was of minimal significance for relevant human exposure

levels. The ZnO PBPK model (Chen et al. 2015) was based on

previous PK studies using ZnO ENM (10 and 71 nm) and

ZnNO2 (soluble) administered to mice. The modeling efforts

showed that the tissue partition coefficients of ZnO ENM

were greater than those of soluble zinc; the excretion and

elimination rates in liver and gastrointestinal tract of 71 nm

ZnO ENM and soluble Zn were important determinants of

their PKs; ZnO ENM decomposed to soluble Zn after 1 week

in the body. The TiO2 PBPK model (Bachler et al. 2015) was

based on published PK data of mice and rats administered

TiO2 ENM intravenously. The modeling results showed that

particle size (15–150 nm) and crystalline structure of nano-

TiO2 had limited impact on the distribution; and the nanopar-

ticles agglomerated at high concentrations and were

engulfed by macrophages (Bachler et al. 2015). Extrapolating

the results to human oral exposures to nano-TiO2, Bachler

et al. (2015) reported that the organ concentrations of titan-

ium at the 95th percentile level were lower than concentra-

tions in in vitro studies that resulted in toxic effects.

There has been a great research effort to understand the

biodistribution and dosimetry of ENM over the past

10–15 years. Certainly the physical and chemical properties of

the ENM, such as chemical composition, size, coatings, have a

tremendous impact on how the body interacts with these

particles regarding their absorption, distribution, metabolism,

and excretion. But the most critical ENM property affecting

biodistribution and dosimetry has not been clearly defined,

and represents a significant data gap. With all of the different

types of ENM (e.g. metals, metal oxides, SW-, and MWCNT)

currently in use and with their transformation/degradation in

the environment to a variety of products, it may not be pos-

sible delineate a specific property of the ENM that has the

greatest impact on its biodistribution and dosimetry within

the body.
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Testing the potential toxicity of ENM frequently includes

in vitro assessments as a component of the testing strategy.

Understanding dosimetry to cells in vitro has become an

important consideration (Teeguarden et al. 2007). Typically the

cells to be tested are adherent to the bottom of a flash or well

and the nanomaterial suspension is added to the media over

the cells, with the dose expressed as the mass concentration

per unit volume. However, the amount of nanoparticles reach-

ing the cell layer can differ substantially from the added con-

centration. The behavior of ENM suspended in media is

dependent on forces of diffusion, where particles tend to

remain in suspension, and sedimentation, where particles tend

to settle gravimetrically (Teeguarden et al. 2007; Hinderliter

et al. 2010). Computational models (Table 1) have been devel-

oped to predict dose delivered over time to the celluar layer,

including the In vitro Sedimentation, Diffusion and Dosimetry

(ISDD) model (Hinderliter et al. 2010). Subsequently, proce-

dures were standardized for preparations of particle suspen-

sions (Cohen et al. 2013a, 2014), and estimating density of

particle agglomerates (DeLoid et al. 2014) with corresponding

model updates, to better estimate in vitro particle dosimetry.

Extracellular interactions

Protein corona/opsonization

Once introduced into a biological fluid such as blood, ENM

interact with a variety of cells, proteins and other biochemicals.

The interaction of ENM with proteins in blood in vivo or

serum in vitro results in formation of a protein corona

(Figure 7) (Nel et al. 2009; Zhu et al. 2012; Fleischer & Payne

2014; Pearson et al. 2014; Treuel et al. 2014). Proteins that

have been found in the corona include albumin, immunoglo-

bulins, apolipoproteins, and fibrinogen (Lundqvist et al. 2008).

In some circumstances, over 80 proteins have been associ-

ated with citrate stabilized Ag ENM (Shannahan et al. 2015).

The formation of these complexes is a dynamic process that

is dependent on surface characteristics of the ENM, properties

of the suspending media (e.g. salts and multivalent ions), the

solid-liquid interface (e.g. surface hydration and dehydration)

and the ENM–protein interface (e.g. conformational change in

protein) (Nel et al. 2009; Ritz et al. 2015). The adsorption of

proteins to ENM occurs at various rates because of differing

affinities the proteins have towards the surface of the ENM

(Ritz et al. 2015). It was proposed that eventually, a “hard”

corona is formed with proteins that have a high affinity

towards the surface of the ENM and an overlaying “soft” cor-

ona, consisting of proteins having a lower affinity to the ENM

(Lynch et al. 2007). Others find the protein coronas to be

unstable and reversible, similar to other forms of heteroag-

gregation (Liu et al. 2013). The forces controlling the interac-

tions between ENM and protein include hydrodynamic,

electrodynamic, electrostatic, solvent, steric, and polymer

bridging (Nel et al. 2009). The formation of the ENM-protein

corona complex may alter the physicochemical properties of

Figure 7. Potential aquatic species exposure and biouptake pathways, including pharmacokinetic distribution routes that continue up to contact with cells.
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the ENM such as zeta potential and agglomeration of the

ENM (Pearson et al. 2014; Treuel et al. 2014). Conformational

changes in the protein as a result of this interaction with an

ENM may result in exposure of new epitopes (leading to

potential allergenicity), altered function (protein no longer

recognized by cellular receptors), and changes in avidity (Nel

et al. 2009; Shannahan et al. 2015). Knowledge of the

ENM–protein corona complex and how it is formed will

enable an understanding how ENM are internalized into cells,

as these complexes can bind to specific receptors involved

with cellular uptake.

Opsonization is a biological process that promotes, but

does not always result in, clearance of ENM from the systemic

circulation. Complement proteins adsorbed to the ENM are

recognized by receptors on macrophages (Walkey et al.

2012). Macrophages internalize the ENM-protein corona com-

plex via receptor mediated phagocytosis. Remarkably, modify-

ing an ENM with polyethylene glycol (PEG) will reduce uptake

of the ENM by macrophages (Pearson et al. 2014). The uptake

of gold ENM by murine macrophages is decreased by 75% or

more when the density of polyethylene glycol grafted on to

the gold nanoparticles reaches 0.32 PEG/nm2 (Walkey et al.

2012). This effectively increases the systemic circulation time

of the ENM. PEGylation of ENM reduces binding of proteins

to the ENM. Because of differences in the physicochemical

properties of ENM, such as size, the effect of PEGylation on

the ENM must be made on a case by case basis.

Biological barriers (e.g. BBB, placenta)

ENM that have reached the systemic circulation following

oral, pulmonary, or dermal exposure have translocated

through an epithelial barrier. To translocate from the systemic

circulation into internal organs, ENM must pass through an

endothelial barrier – the wall of the blood vessel. The lining

of blood vessels by the endothelium, which varies from organ

to organ, is continuous, fenestrated, or discontinuous. Organs

such as the liver and spleen have a discontinuous endothelial

cell lining and are more “leaky” than other organs. This allows

for substances in the blood to be absorbed more easily by

these organs. Other organs such as the brain have a continu-

ous endothelium that is more specialized. This distinctive lin-

ing limits the absorption of many exogenous chemicals in

these organs and provides a level of protection.

The brain is a unique and sensitive target organ for toxi-

cants because of its limited ability to regenerate cells and tis-

sue after toxic insult. The uptake of many exogenous

chemicals including ENM from the systemic circulation into

the brain may be limited due to its specialized barrier, the

BBB (Bhaskar et al. 2010). The endothelial cells of the vascula-

ture within the brain are connected by special protein com-

plexes that form tight junctions between the cells (Pietroiusti

et al. 2013). Efflux transporter proteins also line the endothe-

lium that carries xenobiotics out of the brain (Tamai & Tsuji

2000). However, the role of transporters eliminating ENM out

of the brain is not well defined. Despite the BBB, chemicals

including ENM are still absorbed into this organ following

oral administration or intra-tracheal instillation (He et al.

2010; Hu et al. 2010; Kim et al. 2010b; Park et al. 2010; Yang

et al. 2010; Schleh et al. 2012). Molecules of low molecular

mass (<400–500Da) and lipophilic compounds may cross the

BBB and enter the brain tissue by passive diffusion (Bhaskar

et al. 2010). Although not quite clear, ENM may be absorbed

into the brain by receptor-mediated endocytosis or pinocyt-

osis (Bhaskar et al. 2010; Zhao et al. 2011). ENM from extra-

vascular sources that enter the body are absorbed to a very

limited extent if at all into the brain (<0.03% of the adminis-

tered dose) (Pietroiusti et al. 2013). However, animal studies

have shown damage to brain (e.g. inflammation, altered

morphology of neurons, perturbations in neurotransmitter

secretion) following administration of ENM such as carbon

black, TiO2, and SWCNT following intra-tracheal instillation,

oral administration, and inhalation (Wang et al. 2007; Hu

et al. 2010; Jackson et al. 2011; Pietroiusti et al. 2013;

Karmakar et al. 2014). ENM are also being developed for

intravascular administration targeting the brain for purposes

of medical imaging or as a carrier of therapeutic drugs

(Bhaskar et al. 2010; Dom�ınguez et al. 2014), indicating that

the BBB is not impermeable to ENM.

Male germ cells mature in the seminiferous tubules within

the testes. The blood–testis barrier (BTB) protects these germ

cells from exposure to potential toxicants. This epithelial bar-

rier consists of Sertoli cells, with specialized proteins (tight

junction, desmosome, basal ectoplasmic specialization, and

gap junction) between adjacent cells (Cheng et al. 2011;

Cheng & Mruk 2012). An anatomical feature that enhances

protection to the seminiferous tubules is that they are not

infiltrated by blood vessels, lymph vessels, or nerves.

Nevertheless, despite this epithelial barrier, animal studies

have shown translocation of several ENM (Ag, CeO2, Fe2O3)

from the systemic circulation to the testes and damage to

this organ as well (carbon black, TiO2, SiO2) (Pietroiusti et al.

2013). Relative to the BBB, the BTB appears to be less effect-

ive as a long-term barrier to ENM. This may be due to dam-

age to the Sertoli cells, decreased ability to translocate ENM

out of the Sertoli cells, or both (Pietroiusti et al. 2013).

The developing fetus is extremely vulnerable and suscep-

tible to toxic insults from a variety of toxicants. Toxicants in

the mother’s systemic circulation have the ability to distribute

to the fetus. ENM that adversely interact with the placenta

itself may affect the developing fetus. Knowledge on the abil-

ity of ENM to cross the placenta is limited. The placenta is a

“short-term” barrier, unlike the BBB and BTB (Saunders 2009).

It is present in the mother only for the term of the fetus.

Nutrients from the mother are transferred through the pla-

centa for the growth and development of the fetus. The pla-

centa also metabolizes endogenous and exogenous

compounds, exchanges gas between mother and fetus, plays

a role in immune function and removes waste products from

the fetus (Saunders 2009). The barrier is the trophoblast, a

continuously fused non-replicating epithelial tissue derived

from the fetus. The trophoblast is immersed in the maternal

blood, and pores within it are thought to be no greater than

10 nm (Saunders 2009). To reach the fetal circulation, chemi-

cals must traverse the trophoblast (which consists of two

layers of cells), basement membrane, connective tissue, and

endothelial wall of the fetal blood vessel. The placental bar-

rier changes over time, from a hemodichorial architecture in
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the first trimester to a hemomonochorial architecture during

the second and third trimesters (Juch et al. 2013). The barrier

thus becomes thinner and presumably more permeable as

the fetus develops. Translocation of chemicals is thought to

be primarily by diffusion, but mechanisms including receptor-

mediated endocytosis, phagocytosis, and transporter proteins

may also be involved (Saunders 2009). Several studies in

which pregnant rodents were administered ENM (e.g. SiO2,

TiO2, fullernes, Au, SWCNT) reported translocation and/or tox-

icity to the embryo/fetus/pup (Pietroiusti et al. 2013). These

outcomes were dependent on the type of ENM used (metal-

loid, metal, metal oxide, carbon nanotube), dose adminis-

tered, route of administration (sc, oral, iv), and day of

gestation (single or multiple days) (Takahashi & Matsuoka

1981; Lim et al. 2011; Pietroiusti et al. 2011; Yamashita et al.

2011).

Cellular uptake and intracellular fate

A simple schematic depicting uptake and distribution of ENM

at the cellular level is presented in Figure 8. The physical and

chemical interactions among the nanoparticle, its protein cor-

ona, and the cell membrane surface determine the probabil-

ity that the particle will enter the cell or be excluded from it

(Verma & Stellacci 2010; Zhao et al. 2011; Zhu et al. 2012; Oh

& Park 2014).

The uptake of ENM into cells has been an active area of

drug development research because ENM may enable drugs

to enter cells or cross biological barriers where they other-

wise would not. Cellular uptake of ENM is also a key deter-

minant of nanotoxicity (Ivask et al. 2013). Although studies of

cellular uptake frequently use electron microscopy (e.g.

Chithrani & Chan 2007) uptake of fluorescently labeled ENM

has been observed using fluorescent or confocal microscopy

(Davda & Labhasetwar 2002; Treuel et al. 2013). Cellular

uptake of nanoparticles composed of materials that reflect

light, such as Ag or Ti, can be observed with dark-field

microscopy and quantified using flow cytometry (Zucker

et al. 2010). Plasmonic resonance of Ag ENM in a cellular

matrix also presents an opportunity to detect ENM with a

larger signal to noise ratio than by using light scattering

(Zucker et al. 2013). Much of the nano-pharmaceutical under-

standing of mechanisms through which cells internalize par-

ticles, and the influence of nanoparticle physical and

chemical parameters, can be applied to considerations for

nanotoxicology. Numerous factors influence cellular uptake

pathways including particle size, shape, charge, hydrophobi-

city, surface modifications, and dissolution.

Mammalian cells have mechanisms for particle uptake,

although different types of cells take up particles to differ-

ent degrees. The uptake mechanisms are distinguished by

the size of particles processed, the signaling and enzymatic

pathways involved and the destination of the internalized

materials. In addition to direct penetration through the

membrane, which occurs primarily for very small particles,

the following uptake pathways have been described:

phagocytosis, through which macrophages and other

phagocytic cells engulf foreign materials, including nanopar-

ticles; pinocytosis, through which cells engulf fluids,

nutrients and other materials; and endocytosis, membrane

receptor-mediated processes involving either clathrin (cla-

thrin-mediated endocytosis), caveolin (caveolin-mediated

endocytosis), or neither (clathrin/caveolin-independent endo-

cytosis). Detailed reviews and diagrams of these cellular

uptake pathways are available elsewhere (Dobrovolskaia &

McNeil 2007; Jin et al. 2009; Zhao et al. 2011; Canton &

Battaglia 2012; Zhu et al. 2012; Adjei et al. 2014; Oh &

Park 2014).

Figure 8. Potential pathways between cellular contact with a biologically transformed ENM and potential molecular perturbations, including molecular initiating
events (MIE). Labelled branches indicate directional selectivity based on ENM physicochemical (P/C) properties.
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Endocytosis

In clathrin-mediated endocytosis, clathrin is a membrane resi-

dent receptor protein that recognizes ligands for absorption,

including opsonin-bound particles (Canton & Battaglia 2012;

Oh & Park 2014). Caveolin-dependent endocytosis involves

invaginations of the cell membrane that enclose primarily

sphingolipids bound to cholesterol or the protein caveolin in

the membrane (Nabi & Le 2003). The composition of the

ENM and its coating influence which endocytic pathway are

involved.

In clathrin-mediated endocytosis, biomechanical thermo-

dynamic modeling indicates that ENM of around 55 nm have

the fastest membrane wrapping time and are taken up more

rapidly and efficiently than bigger or smaller particles (Gao

et al. 2005). Gold ENM that were spherical and 50 nm in

diameter were taken up to a greater extent than 14 nm

spherical particles or rod shaped gold ENM (Chithrani et al.

2006; Chithrani & Chan 2007). Smaller ENM cluster on the cell

membrane until there is sufficient thermodynamic energy to

overcome membrane elastic resistance and the entropic

energy barrier to form vesicles for endocytosis (Chithrani &

Chan 2007; Jin et al. 2009). Smaller ENM are taken up by

endocytosis more slowly and in batches that are then pack-

aged together in membrane bound vesicles. These vessels

fuse together after uptake to contain higher number of par-

ticles per vessel. This results in larger particle agglomerates

inside of cells than outside.

Pinocytosis

Pinocytosis is a process by which cells intake fluids by

extending the cell membrane to surround a portion of the

extracellular space and engulf the fluids along with solutes

and suspended materials as well including ENM (Buono et al.

2009). Pinocytosis can take up a wide range of particle sizes

(up to 10 lm) (Adjei et al. 2014). Pinocytosis may be the pri-

mary uptake mechanism for small particles (<25 nm) where,

at reasonable exposure concentrations, it is unlikely that suffi-

cient numbers of the particles co-locate on proximate recep-

tors to trigger clathrin-mediated endocytosis (Adjei et al.

2014). Nanoparticles taken up by pinocytosis do not need to

interact with cell membrane receptors, but the amount taken

up in this way is lower than that through receptor mediated

endocytosis pathways.

Phagocytosis

Phagocytosis is a process present primarily in cells with

immunological or similar functions to defend against patho-

gens or to cleanup waste and debris (Zhu et al. 2012). These

cells include phagocytes such as macrophages, neutrophils,

and monocytes. Particles that are first coated with opsonin,

immunoglobulin, complement, or serum proteins are subject

to phagocytosis. The opsonized nanoparticles bind to cell sur-

face receptors; the cell membrane forms a cup-shaped exten-

sion and internalizes the material into membrane bound

phagosomes. The phagosomes are transported internally and

fuze with lysosomes, transferring the vesicle contents to the

acidic environment of the lysosome that also contains

enzymes to digest and destroy the contents. Phagocytosis of

ENM by cells in the immune system may trigger production

of inflammatory cytokines and inflammatory reactions

(Dobrovolskaia & McNeil 2007; Kim & Choi 2012).

Intracellular destination

The intracellular destination of ENM is determined by several

factors, as discussed subsequently, one of which is the poten-

tial for dissolution. Some metal or metal-oxide ENM are prone

for dissolving and releasing metallic ions, where others are

relatively insoluble and stable in the intracellular environ-

ment. Particles that dissolve can release toxic ions, such as

Ag (Singh & Ramarao 2012) or Zn (Shen et al. 2013). Materials

that are insoluble can be removed from the cell by exocytosis

(Sakhtianchi et al. 2013; Wang et al. 2013; Oh & Park 2014). If

the rate of uptake exceeds that of removal, ENM could bio-

accumulate inside cells, however, feedback mechanisms may

exist to reduce further cellular uptake when ENM accumulate

in cells (Gunduz et al. 2017). The release of toxic soluble com-

ponents, or bioaccumulation of persistent materials, could

lead to a MIE which then begins a sequence of key events

leading to an adverse outcome (Gerloff et al. 2017).

Nanomaterials packaged in endosomes may merge, lead-

ing to agglomeration into larger sized particles. Endosomes

may be transferred to the endoplasmic reticulum or Golgi

apparatus and the contents can become packaged in lyso-

somes. Over time nanoparticles accumulate in lysosomes

where low pH and proteolytic enzymes digest opsonin coat-

ings and soluble nanomaterial components. Nanoparticles

composed of soluble metals, such as silver, iron, or zinc, may

dissolve in a lysosomal environment and release ionic forms

of the metals. Dissolution rates depend on both cellular and

material factors. Cellular compartments vary in terms of pH,

ionic strength, and concentration. Materials with core/shell

composition dissolve layer by layer. Other factors influencing

dissolution include surface area (smaller particles dissolve

faster than larger), diffusion coefficient of the material; vol-

ume of solution, and thickness of diffusion layer.

Nanoparticles composed of relatively insoluble materials, such

as TiO2 or CeO2, may resist dissolution, even in an acidic lyso-

somal environment. Depending on rates of uptake and

removal, particles may persist in cells for weeks or months

and accumulate into large intracellular deposits (Zucker et al.

2010). Small particles may cross the nuclear membrane

through the nuclear pore complex which is 20–50 nm in

diameter (Tkachenko et al. 2003). ENM absorbed cellularly, if

not retained, can be re-packaged for expulsion from the cell

by exocytosis (Frohlich 2016).

Exocytosis

In comparison with the large number of studies on endocyto-

sis and other uptake pathways, there has been relatively less

research evaluating ENM exocytosis. Removal by exocytosis

involves fusion of an exosomal vessel with the cell wall and

expulsion of the vessel contents into the extracellular space.

For transferrin-coated gold ENM, smaller particles were

removed from HeLa cells by exocytosis at a faster rate than
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larger particles, as the rate of exocytosis was inversely pro-

portional to particle surface area (Chithrani & Chan 2007). The

rate of exocytosis varies substantially across different types of

cells (Sakhtianchi et al. 2013). Particle shape and coatings

influence the rate of exocytosis; however, the literature is

mixed as to the influence of rod shape and aspect ratios rela-

tive to spherical particles (Oh & Park 2014). In addition to

exocytosis, the ENM content of cells may be reduced by cell

death releasing nanomaterials into the extracellular space,

cell division where daughter cells may inherit the parent cell

ENM content, through dissolution or degredation of the ENM,

or via transcytosis where ENM are transferred directly to

another cell avoiding the extracellular space (Frohlich 2016).

Terrestrial exposure and biodistribution

ENM exposure to terrestrial ecosystems can occur through

air, soil or water (see Figures 3–5 for illustrations of related

fate and transport). In all cases, interactions in the soil, and

on plant and animal surfaces, can influence the activity and

likelihood of uptake into terrestrial organisms. The biological

processes and ecology of soil organisms, viewed as a func-

tioning ecosystem, also are complex (Coleman et al. 2004).

Generally, soil biota can be organized by functional groups,

and for some organisms within groups as guilds, all of which

are situated along a multi-level trophic-gradient food web.

Carbon produced through photosynthesis is transferred from

primary producers (e.g. green plants) to an extensive array of

consumers in the food web along a carbon utilization path-

way whereby the end products of each sequential consump-

tion step become more resistant to decomposition

(Stevenson & Cole 1999). A nutrient utilization pathway proc-

esses resources in the opposite direction, i.e. from the soil

biogeochemical matrix, along the pathway, to the primary

producers. Once consumed, and depending on the niche and

life history of the consumer, ENM may be transformed,

sequestered, or re-released to the soil environment via

internal physiological processes and/or turnover/food web

consumption/decomposition processes. At each release of an

ENM, it may be become bound again and unavailable

(adsorbed/absorbed), or may it be transformed remaining

unbound and available for further biological acquisition

(Figure 4). It is anticipated that ENMs may be acquired intern-

ally (adsorbed and/or absorbed) by any of the innumerable

species deployed throughout the food web, similar to other

particles, however to our knowledge no studies have yet

examined ENM fate and transfer in the soil food web organ-

isms. Although the number of studies is currently limited,

there are some examples of ENM being transferred through

the food chain. Holbrook et al. (2008) showed quantum dots

being transferred from protozoans to rotifers in a simple

aquatic food chain. Biomagnification of cadmium selenide

quantum dots was observed in an experimental microbial

food chain (Werlin et al. 2011). In a terrestrial food chain,

Judy et al. (2011) demonstrated the transfer of Au ENM from

tobacco plants to the tobacco hornworm. Because of the

small number of studies available on the dynamics of ENM in

food chains, it is too soon to state definitively whether or not

ENM move up food chains.

Release of ENM to soil can lead to exposure of soil micro-

fauna and flora (Figure 6). Free-living fungi, micro- and mac-

roinvertebrates, and bacteria in soil form a unique ecosystem

comprised of high structural and functional diversity.

Terrestrial plants and animals

When ENM enter the environment, they may interact directly

with plants via deposition to foliage, or to soil, wherein they

may be taken up through roots (Dietz & Herth 2011). At the

surface of roots, ENM uptake is a complex and poorly under-

stood process, in large part due to the heterogeneity of soils

and the complexity of rhizosphere interactions. Several stud-

ies have found differential uptake by plant species (Ma et al.

2010; Rico et al. 2011; Judy et al. 2012). Judy et al. (2011)

suggested that differential uptake may be related to the

types of root exudates present in the rhizosphere, an area

where more research is needed. Many of these exudates play

important roles in nutrient acquisition and sequestration by

plants. For example, Manceau et al. (2008) found that Cu was

transformed into metallic nanoparticles in the rhizosphere of

wetland plants. They also found that arbuscular mycorrhizal

(AM) fungi were involved in the chemical transformation. It is

possible that root exudates and symbiotic AM associates

have developed these rhizosphere compounds as a means to

avoid copper toxicity. Given the range and surface chemis-

tries of the ENM in production, additional research is needed

to better elucidate how rhizosphere chemistry influences

ENM transformation and exposure at the root surface.

Foliar deposition does not necessarily mean that the ENM

will be taken up into the leaves; some particles may tightly

bind to cell walls or lipophilic surface cuticles, but not move

intracellularly across the plasmalemma (living cell membrane).

They also may be actively excluded through various mecha-

nisms. There may be uptake into the substomatal cavity

through stomates, leading to direct exposure of internal

mesophyll cells (Navarro et al. 2008a). Regardless of site of

deposition, particles may be adsorbed, absorbed, or excluded

(Figure 6).

If particles are not bound or taken up into cells (i.e.

excluded), then they may move to another terrestrial com-

partment either through wind dispersal or by rainfall removal.

They also may be transported to other terrestrial organisms

or compartments following consumption by grazers

(Figure 6).

Regardless of whether the particle is taken up through

roots or through leaves, terrestrial organisms that feed on

vegetation may be exposed to ENM. Recent studies have

shown that there can be biomagnification of ENM by organ-

isms feeding on plant foliage (Judy et al. 2011). For example,

Majumdar et al. (2016) found significant biomagnification of

CeO2 from kidney bean plants to Mexican bean beetles to

spined soldier bugs. Overall, however, there has been little

research into biomagnification in terrestrial food webs or on

the potential entry of ENM into the human food chain

through various agricultural products (Rico et al. 2011).

Wheat did not take up ENM CeO2 via the plant roots, but

barley did, although it was unclear whether uptake was in

the particle or ionic form (Rico et al. 2017).
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In addition to ingestion, terrestrial animals also may be

exposed to ENM through inhalation and dermal absorption

(Figure 6). Many of the studies examining routes of exposure

to terrestrial animals have been done using species such as

mice and rats as human analogs (Mitchell et al. 2009; Larsen

et al. 2016). As a result, there is considerable understanding

of ENM effects on mammals (i.e. typical laboratory study spe-

cies), however information on the extent of exposure of

native populations of animals in terrestrial ecosystems is

lacking.

Aquatic species exposure and biodistribution

Once an ENM is introduced into the aquatic environment, a

series of processes begin that ultimately affect its fate and

potential to cause adverse ecological and human health

effects (Figure 7). For aquatic and terrestrial species, including

humans and plants, exposure to ENM may occur from surface

waters directly, the sediment interstitial water, or whole sedi-

ment. Uptake may occur through foliage, roots, ingestion,

gills, and direct contact with skin or tissues. Each of these

processes is described in more detail below. Much of the bio-

availability literature indicates that traditional contaminants

associated with SPM, colloids, DOC, ligands related to ionic

strength, and sediment are not as bioavailable as the aque-

ous form of the chemical (Di Toro et al. 1991). However, once

associated with an environmental particle, an ENM may be

more easily taken-up by filter- or deposit-feeding organisms

(although not necessarily in a bioavailable form). Learning

from existing traditional materials and understanding the dif-

ferences in the relationships between the transport pathways

of specific ENM in aquatic systems and observed ecological

effects is critical. Ultimately, all these environmental processes

will affect the likelihood of the ENM being exposed to organ-

isms (e.g. aquatic and terrestrial species as well as humans)

via the surface waters directly, the sediment interstitial water,

or whole sediment.

Although sediments will be a primary route of aquatic

exposure to ENM, water column exposure should not be

overlooked as organisms can be exposed as ENM pass

through the aqueous phase or remain suspended in the

water column due to functionalization of the ENM, episodic

discharges or pseudo-persistence (when concentrations of

degradable or removable chemicals persist in the environ-

ment through continual input) (Holden et al. 2016). Such

pseudo persistence could be modeled in the Framework as a

chronic exposure.

When considering exposures to aquatic organisms, it is

helpful to differentiate between carbon-based and metallic

ENM. Exposure investigations with carbon-based ENM, specif-

ically SWCNT and MWCNT, so far indicate that little actual

exposure to aquatic organisms occurs before the CNTs pre-

cipitate from the overlying water and are buried in the sedi-

ments in a non-bioavailable form (Petersen et al. 2011; Parks

et al. 2014). However, in fresh waters with significant DOC

contents, CNTs may be quite stable and remain suspended in

the water column. Furthermore, if the carbon-based ENM are

ingested by an aquatic organism (e.g. associated with sedi-

ment particles), indirect evidence suggests that the carbon-

based ENM pass through the organism’s digestive tract,

which are then deposited into the sediment as pseudo-feces

(Parks et al. 2014). Little exposure research in the aquatic

environment has been performed on non-functionalized

fullerene and graphene carbon-based ENM, although it is

likely they will behave in a similar fashion to the SWCNT

and MWCNT.

A source of uncertainty regarding the exposure of aquatic

organisms to carbon-based ENM is associated with the modi-

fied forms of SWCNT, MWCNT, fullerenes, and graphene.

While most of the current research has been performed on

pristine versions of carbon-based ENM, the materials used in

products are often modified, altering their physicochemical

behavior to make them more water soluble. This makes ENM

less likely to associate with sediment particles and potentially

increases exposures and bioavailability. A measure of hetero-

aggregation in natural water models might help quantify

such behavior. Gaps in understanding of this aspect of

aquatic organism exposure to carbon-based ENM remain.

In contrast to carbon-based ENM, metallic ENM have been

shown to be bioavailable to aquatic organisms. Exposure can

occur via skin (dermal), gill, or ingestion of contaminated

prey or sediment. For many aquatic organisms, particularly

invertebrates, internal organs are bathed directly by overlying

water or pore-water. Compared with terrestrial organisms,

this blurring of internal and external exposure results in less

of a division for aquatic organisms between dermal and non-

dermal exposure. For example, in bivalves the pericardial cav-

ity, gonads and ganglion epidermis may be exposed directly

to ENM in water that enters the shell. Uptake of ENM in mol-

lusks also may occur through filtration or ingestion of

suspended sediments to which ENM are associated. Bivalves

can selectively filter particles sizes ranging from 2 to 10lm

(Kraeuter & Castagna 2001), and ENM heteroaggregation in

marine waters can increase the size of individual nanopar-

ticles to microparticles within hours of introduction to marine

systems (Wang et al. 2014a). This increases the possibility of

ENM exposure to bivalves and other invertebrate filter

feeders. For fish and other vertebrates, exposure to sus-

pended ENM can occur primarily via gills and ingestion. The

occurrence of dermal exposure may be less than in terrestrial

organisms as fish are often protected by a mucous layer that

is difficult to penetrate (Handy et al. 2008).

In aquatic organisms, the gills are often a targeted tissue

for ENM exposure. The gills necessarily have a high exposure

to large volumes of water and nanoparticles can be

entrapped in gill tissue. For example, exposure to TiO2 ENM

resulted in damage to fish gills including edema, thickening

of the lamellae, decreases in NaþKþ-ATPase activity, and

increased levels of thiobarbituric acid reactive substances

(TBARS) and glutathione (GSH) (Federici et al. 2007). There is

also evidence that metal nanoparticles interact differently

than metal ions in gills (K�ad�ar et al. 2010; Gomes et al. 2011),

and that gill damage from ENM particles goes beyond solu-

bilization of metals from nano-copper or nano-silver particles

(Griffitt et al. 2007, 2009; Shaw & Handy 2011; Trevisan et al.

2014).

Because of the difficulty in detecting ENM within organ-

isms, there are many knowledge gaps in assessing exposure
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to and distribution of ENM in aquatic organisms. In fish, the

gills, gut, liver, and brain may be target organs, but stream-

lined methods of detecting ENM within organisms need to

be developed. Not surprisingly, the surface properties of ENM

affect the movement through the organism (Wang et al.

2014b, Zhu et al. 2010). Metallic ENM move through the walls

of the digestive tract and into the body of organisms.

Researchers have shown that Au ENM are internalized into

the cytoplasm and co-localized with DNA in nuclei (Joubert

et al. 2013). Titanium ENM have been found in bivalve hemo-

cytes (Marisa et al. 2015) and Cu, Ag, and Ti ENM have been

identified in the lysosomes and lumen of digestive glands

(Jimeno-Romero et al. 2012). Overall, in mollusks, the digest-

ive gland or hepatopancreas appears to be a target organ for

metallic ENM (Gomes et al. 2012); however, more research is

needed on the systemic biodistribution of ENM in aquatic

organisms.

Uptake of ENM whether through ingestion or other proc-

esses, may increase the availability of ENM transferred

through the food web. Researchers have shown that Au ENM

can easily pass from the water column into the food web

with mollusks taking up the majority of the ENM (Ferry et al.

2009). The bioavailability of ENM will be affected by environ-

mental conditions, like suspended sediments, and will reduce

exposures. In contrast, some ENM, depending on their physi-

cochemical characteristics, will be bioavailable. If ENMs do

not enter the body, either absorbed through the gut, skin or

gills, they could pass through the digestive tract of aquatic

organisms where they are also bioprocessed (i.e. repackaged

into different sized metallo-organic molecules) (Hull et al.

2011; Pan et al. 2012) that will have varying fate pathways

compared to pristine ENM. The fate of bioprocessed ENM is

unknown, however, if ENM enter the mollusk body, there is a

good chance they would enter the food web as the mollusk

flesh is often consumed whole by predators including

humans.

Effects

Consideration of adverse effects follows the potential for

ENM exposures. A sequence of steps is described between

external exposure to the material and the PK and pharmaco-

dynamic steps that lead to the occurrence of a MIE (Figures

5–8). The AOP sequence, then, progresses from a MIE

through a sequence of key events (KE) occurring at progres-

sively higher levels of organization including cellular, organ

level, and whole organism responses (Figure 9). The AOP

sequence can continue to describe effects at the population

level if ecosystem effects are of concern (Figure 10). Here we

use AOP as a conceptual progression under which to organ-

ize information, and are not proposing specific AOP sequen-

ces for any particular adverse outcome. This prevents more

specific delineation of an AOP pathway. The effects of ENM

on organisms have been studied primarily in mammalian sys-

tems, with a few notable exceptions such as the relatively

extensive testing of zebrafish (Fako & Furgeson 2009; Harper

et al. 2011; Muller et al. 2015; Wehmas et al. 2015;

Chakraborty et al. 2016), and a some other aquatic species

(Petersen et al. 2015). The discussion below considers

Figure 9. Potential ENM effects on organisms from the molecular initiating event (MIE) to individual adverse health outcomes.
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primarily mammalian species where the majority of the

mechanistic-level research has occurred.

MIE/cellular, organ response

A schematic concept of an AOP for the toxic effects of expos-

ure to ENM at the cellular level is depicted in Figure 9.

Ankley et al. (2010) produced a conceptual framework of an

AOP leading to the production of a toxic or adverse event.

The AOP concept is anchored by an MIE that is linked

through a series of Key Events to an adverse outcome with

significance to risk assessment. Conceptually, AOPs are inde-

pendent of a specific chemical trigger, so that any potential

toxicant causing a MIE would be expected to trigger the

sequence of events in the AOP and potentially lead to the

adverse outcome. In this way, observations of mechanistic or

molecular toxic events can be projected to their potential

adversity and aid in the support and interpretation of mech-

anistic data for risk assessment purposes (Gerloff et al. 2017).

Because AOPs theoretically apply to multiple chemicals, it

could be argued that development of AOPs for ENM are irrele-

vant if the ENM induces the same MIE as a toxic chemical.

Here we limit the discussion to MIE or KE that have been

attributed to ENM and AOP frameworks in which they have

been applied.

Recently published studies on CuO ENM and MWCNT have

included the concept of AOPs in their toxicological evalu-

ation. Muller et al. (2015) examined the effect of CuO ENM

on hatching in zebrafish and reported that CuO ENM elevated

the Cu level in the hatchlings (the perivitelline space) at a

greater rate relative to Cu salts. The MIE was considered to

be inhibition of Zebrafish Hatching Enzyme 1 (ZHE1) by

released Cu2þ ions.

Labib et al. (2016) applied toxicogenomics to the AOP

framework for lung fibrosis in mice exposed to three individ-

ual MWCNT. The MWCNT had different physicochemical prop-

erties, yet comparable biological pathways were perturbed

across dose and time. The transcriptional bench mark dose

values for the MWCNT were similar to the values for lung

fibrotic lesions induced by these materials. The authors con-

cluded the genomic data in an AOP framework could be

used to estimate levels of exposure that would be acceptable

in the absence of epidemiological data (Labib et al. 2016).

Multiple pathways leading to lung fibrosis were considered

by which carbon nanotubes could induce fibrosis, including

release of pro-inflammatory or pro-fibrotic mediators, oxida-

tive stress, and direct effects on fibroblasts (Vietti et al. 2016).

In mammalian cells, changes in signaling pathways and

microRNAs indicated effects of TiO2 on a number of pathways

including cell-cycle regulation, apoptosis, calcium signaling,

Nrf2 responses, IGF1 signaling, RAS signaling, PI3K/AKT signal-

ing, cytoskeleton remodeling, cell adhesion, BMP signaling,

and inflammatory responses (Thai et al. 2015). Rat dopamin-

ergic cells exposed to Ag ENM showed genomic response

pathways generally indicative of mitochondrial disruption

(Chorley et al. 2014). Gerloff et al. (2017) proposed an AOP

framework for hepatic toxicity that could be suitable for

metal oxide ENM. Gerloff et al. (2017) point out that MIEs for

chemicals or ENM can vary widely and may not be com-

pletely understood, and, therefore, it may make more sense

to use Key Events rather than MIEs as linking factors when

trying to map ENMs to chemical-derived AOPs.

Oxidative stress

Nanomaterial exposures in biological systems are strongly

linked to generation of reactive oxygen species (ROS) and, to

a much lesser extent, reactive nitrogen species (RNS). For

ENM exposures, higher degrees of positive association and/or

causality are available for ROS species like superoxide, hydro-

gen peroxide and hydroxyl radical. One way ENM produce

ROS is by a direct property of the nanomaterial itself, and

another is via an interaction between the ENM and the bio-

logical system. Examples include electron donation from the

nanomaterial to molecular oxygen to produce superoxide,

redox cycling of quinones, semiquinones and other organics,

Fenton chemistry, band gap (energy difference between con-

ducting and valence bond electrons), and UV light producing

electron hole pairs in ENM (Nel et al. 2006).

For ROS production by ENM, determinants of outcome

include ENM chemical composition, surface area, surface

reactivity, agglomerated size, and dose to target organ

(Kitchin et al. 2011). ENM surface area was associated with

depletion of lung cell GSH for four ENM (carbon black, TiO2,

Co, and Ni) as well as for four other larger particles (TiO2, car-

bon black, BaSO4, and alpha quartz) (Monteiller et al.

2007). In tissues or organisms with UVA exposure, photoacti-

vation may be a dominant causal factor such as with photo-

activatable forms of TiO2 (Sanders et al. 2012; Ma & Diamond

2013).

Figure 10. Cascade of potential effects from individual adverse health outcomes to greater potential subsequent effects on relevant populations, communities, and
ecosystems.
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There are many commonly used biomarkers for oxidative

stress including molecular redox probes, such as 20,70-dichlor-

ofluorescein diacetate, Mitosox, isoprostanes, lipid peroxida-

tion markers, membrane damage (e.g. lactic dehydrogenase

enzyme leakage), phagocytic oxidative bursts, and decreased

antioxidant defenses (GSH concentration, superoxide dismu-

tase, and glutathione peroxidase).

Associations between oxidative stress and adverse out-

come have been made in many cases including DNA damage

(Xie et al. 2011), mutation (Xie et al. 2011), cancer (Klaunig

et al. 2011); and in multiple tissues: skin (Shukla et al. 2011),

central nervous system (Sayre et al. 2008; Skalska et al. 2016),

lung (Li et al. 2008; Madl et al. 2014), liver (Kim et al. 2009;

Shukla et al. 2013), and kidney (Liang et al. 2009; Guan et al.

2012). For SWCNT or MWCNT in lung tissues, oxidative stress

may be a mediator of inflammation and fibrosis, with a

potential to progress to pleural malignant mesothelioma and

lung tumors (Muller et al. 2005; Chou et al. 2008; Kim et al.

2014; Suzui et al. 2016).

Ion toxicity after dissolution of nanomaterials

Metal ions may be released from ENM that are composed

of metals, metal oxides, or inorganic carbon containing

residual metal catalysts (e.g. MWCNT). If this happens, a

relatively high concentration of metal ions could occur

near the site where the nanomaterial is located, with the

ENM releasing toxic metal ions acting as a “Trojan horse”.

Enhanced uptake of CuO ENM, followed by local release of

Cu2þ ions to inhibit Zebrafish Hatching Enzyme, was con-

sidered as the mechanism for impaired Zebrafish hatching

(Muller et al. 2015). Similarly, adverse effects could result in

a number of organ systems, including mammalian lungs

and blood vessels (reviewed in Rodriguez-Ya~nez et al.

2013).

Metal responsive genes that can act as biomarkers of

metal ion exposure include heme oxygenase-1, metallothio-

neins, and catalase. For reasons of specificity and sensitivity,

analytical chemistry measures of metals (such as ICP-MS) are

often used as measures of exposure.

Altered cell physiology: altered cell cycle, growth

ENM also may impair cell-cycle progression and proliferation,

dependent on the chemical composition, particle size, and

other physical/chemical properties (Mahmoudi et al. 2011;

Marano et al. 2011; Asharani et al. 2012). At low concentra-

tions, increased cell proliferation in vitro is dependent on the

ENM chemical composition, size, surface reactivity, agglomer-

ated size, dispersion medium, and activation of different sig-

naling pathways. For example, Unfried et al. (2008) reported

that carbon ENM (nano-particulate carbon black) and silica

ENM (amorphous SiO2), both with a median diameter of

14 nm, induced proliferation in a rat lung epithelial cell line.

Huang et al. (2009) showed that exposure to non-toxic con-

centrations of TiO2 ENM enhanced cell proliferation and

growth of cultured fibroblast cells (NIH3T3).

When the concentrations of ENM are high enough to

induce oxidative stress, they will generally alter many differ-

ent stress response/metabolic/signaling pathways including

inflammation, NRF-2 mediated stress response, and protein

and lipid peroxidation. These alterations may in turn lead to

changes in cell cycle progression/proliferation, some may

even result in cell cycle arrest or cell death. These ENM

include metals and metal oxides (Au, Ag, Cu, Zn, Ti, Fe, Pd,

Ni, and Ce), SiO2, and carbon nanotubes (Huang et al. 2010;

Mahmoudi et al. 2011; Manke et al. 2013). There are also

reports of cell-cycle alteration caused by SWCNT and MWCNT

in vitro (Zhang & Yan 2012; Chen et al. 2012; Zeni et al.

2015). While both carboxylated and pristine MWCNT caused

cell cycle arrest, carboxylated MWCNT seemed to induce less

apoptosis (Liu et al. 2015).

Cytotoxicity

Cytotoxicity can be an outcome of ENM exposure either

in vitro or in vivo. Either the necrotic or apoptotic pathways

could be dominant depending on the exposure. ENM can

exert toxicity either from outside or inside of cells. Generally,

the most important factors in determining cytotoxicity are

the ENM chemical composition, dose, dose rate, surface

reactivity, surface area, and agglomerated size.

There are many approaches to quantifying a response to

nanomaterial exposure such as the in vitro approaches of dye

exclusion (trypan blue), dye uptake (neutral red, propidium

iodide, and ethidium bromide), cellular reductive enzymes

(calcein-AM, MTT, MTS, or alamar blue), ATP content, and

DNA-based stains. Enzymes that are released from membrane

damaged or dead cells can be useful indicators of effect such

as lactate dehydrogenase, alanine aminotransferase, or aspar-

tate aminotransferase. Cell-based assays that are reliant on

fluorescent or luminance quantification may be subject to

optical interference from nanoparticles in suspension, and

should be used with appropriate controls (Kroll et al. 2009;

Guadagnini et al. 2015).

Genotoxicity

Genotoxicity encompasses any change to cellular DNA that

has the potential to interfere with the transmission of gen-

etic information, either through impacts on replication or

on transcription. Genotoxicity is important to assessing the

potential health risks posed by exposure to ENM because it

represents an important early molecular event in the induc-

tion of cancer, and is strongly associated with other

adverse health outcomes such as atherosclerosis (Mercer

et al. 2010). The ability to induce genotoxic effects has

been well studied for a variety of ENM, and several recent

reviews are available (Kumar & Dhawan 2013; Magdolenova

et al. 2014; Golbamaki et al. 2015; Guo & Chen 2015).

Genotoxicity studies on ENM have generally focused on the

induction of DNA damage, the induction of mutations, or

on induction of expression of DNA damage response genes

or functional alteration of DNA damage response proteins

in exposed cells.

The most frequently used approach for the assessment of

ENM-induced DNA damage is the single-cell gel electrophor-

esis, or Comet assay. The assay is capable of detecting a var-

iety of types of DNA damage, including single strand breaks,
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double strand breaks, abasic sites, and other alkali-labile

types of DNA damage. When the assay is modified by incor-

porating in vitro digestion with DNA-damage specific nucle-

ases or glycosylases, the range of types of damage detectable

can be extended. In general, the enzyme enhanced version of

the assay yields a higher sensitivity for detecting DNA dam-

age induced by ENM. Additional assays for DNA damage

include the observation of chromosome level effects, such as

the micronucleus (MN) assay, and the chromosomal aberra-

tion (CA) assay. In vitro, ENM have been found to induce MN

in more cases than CA, while in vivo the situation appears to

be reversed, although fewer ENM have been evaluated for CA

(Guo & Chen 2015). The agglomeration state of ENM and

treatment media may influence assays of genotoxicity differ-

ently (Prasad et al. 2013, 2014). Other approaches for directly

measuring DNA damage, such as 32P-postlabeling and ELISA,

have also been used (Foldbjerg et al. 2011).

A recent review found that the most commonly used gen-

otoxicity/mutagenicity tests for ENM were (a) Comet assay

(19 studies), (b) micronucleus (14 studies), and the Ames test

(6 studies) (Golbamaki et al. 2015 ). These authors offered

seven recommendations for genotoxicity testing of ENM: (a)

know what nanomaterial has been tested and in what form,

(b) recognize that ENM are not all the same, (c) consider

uptake and distribution of ENM, (d) take ENM-specific proper-

ties into account, (e) use standardized methods, (f) use in

vivo studies to correlate in vitro results, and (g) learn about

the mechanism of ENM genotoxic effects. The key difference

between these recommendations for ENM and general rec-

ommendations for assessing the genotoxic effects of chemi-

cals lies in the need for rigorous characterization of the

physical properties of the ENM being tested in addition to

their chemical properties. Relative to the uptake of various

nanomaterial in the bacteria Salmonella typhimurium (Ames

test), bacterial uptake was reported for ENM composed of

ZnO and TiO2 as measured by transmission electron micros-

copy (TEM), scanning electron microscopy (SEM), and flow

cytometry (Kumar et al. 2011). In contrast, uptake of TiO2 in

Salmonella typhimurium was not demonstrated by others,

who questioned the TEM results of Kumar et al. (2011)

regarding mismatch of the reported particle sizes and lack of

chemical component analysis (Woodruff et al. 2012). Further,

Woodruff et al. argue that ENM cannot enter bacterial cells,

probably due to a lack of endocytosis mechanisms, and have

a cell wall unlike eukaryotic cells, and, therefore, the Ames

assay may be an inappropriate assay for ENM genotoxicity.

Subsequently, however, uptake of Au, CeO2, SWCNT, and

MWCNT by Salmonella typhimurium was reported, but with-

out showing mutagenicity (Clift et al. 2013).

The inference of DNA damage from monitoring cellular

DNA damage response pathways provides useful indirect evi-

dence for the genotoxic potential of ENM. Focal accumulation

of phosphorylated c-H2AX is diagnostic for double strand

breaks in DNA and has been documented for a variety of

ENM (Petersen & Nelson 2010). Silica ENM have been shown

to activate the Chk1-dependent G2/M checkpoint DNA dam-

age response signaling pathway (Duan et al. 2013) and both

SWCNT and MWCNT induce the Erk1/2 signaling pathway,

which is involved in cell proliferation and is also induced by

asbestos exposure (Pacurari et al. 2010).

Inflammation

ENM cause inflammation in many organs, with the lungs

being the most studied. The biological purpose of inflamma-

tion is to eliminate the cause of cell injury (e.g. bacteria).

With biopersistent ENM like CeO2, there may be no “off”

switch to stop the inflammation process and the inflamma-

tion would become persistent. Many potential determining

factors for ENM-induced inflammation have been studied

including dose, surface reactivity, surface area, pulmonary

deposition and clearance, agglomerated size, chemical com-

position, surface charge, dissolution rate (solubility), hydro-

phobicity, hydrophilicity, shape, primary particle size, purity,

and crystal structure (Braakhuis et al. 2014). Cells types medi-

ating the inflammatory response include macrophages, mast

cells, eosinophils, neutrophils, and dendritic cells. The infusion

of neutrophils into tissues is a common measure of inflamma-

tion. Other commonly used inflammatory biomarkers are the

cytokines (e.g. interferons, interleukins, TNF-alpha, IL-10, and

TGF-beta), chemokines (e.g. IL-8 and MCP-1), NF-kB, and

prostaglandins.

In normal aging, chronic inflammation may lead to many

diseases, such as atherosclerosis, rheumatoid arthritis, and

cancer. ENM exposures have been linked to inflammation in

several organs, particularly in the lung, liver, and skin (Murray

et al. 2009; Braakhuis et al. 2014; Sadeghi et al. 2015). Various

degrees of organ effects have been observed in the central

nervous system, lung, liver, gastrointestinal tract, heart,

spleen, blood vessels, and skin following carbon nanotube

exposures (Rodriguez-Ya~nez et al. 2013). In lungs, inflamma-

tion, granuloma formation, fibrosis, alveolitis, genotoxicity,

and cancer have been observed; while in blood vessels,

endothelial cell activation, platelet activation, thrombus for-

mation, and changes in blood pressure have been seen

(Morimoto et al. 2013; Rodriguez-Ya~nez et al. 2013; Kasai

et al. 2015).

Cross-kingdom effects – MIE/cellular responses

Most of what is currently known about MIEs induced by ENM

exposure has been developed through studies on human and

animal systems. As described above, plants in a variety of

habitats are also likely to be exposed to ENM inadvertently

through aerial deposition and water runoff or purposefully by

application of wastewater sludge to soils. Now, there is an

increasing recognition that altered survival, development, and

reproduction of plants may be affected by exposure to ENM.

Furthermore, such impacts to plants could have economic,

ecological, and health consequences for people as well. An

understanding of ENM-induced MIEs in plants is only begin-

ning to emerge and is an area where there is a clear need for

more research.

Early studies evaluated changes in plant transcriptomes

following exposures to ENM and dose levels required for tox-

icity (reviewed in Park et al. 2014). These papers, however,

generally did not link exposure and gene expression change
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MIEs to altered plant physiology/morphology. More recently,

some of the first associations between transcriptomic

responses and phenotypic development were established in

TiO2 and CeO2 ENM exposed Arabidopsis plants (Tumburu

et al. 2015). The authors reported significant EMN-induced

regulation of genes that are responsive to abiotic and biotic

stress and control DNA metabolism, hormone metabolism,

tetrapyrrole synthesis, photosynthesis, and root development.

They also demonstrated that the ENM exposures resulted in

increased percentages of germinating seeds and early growth

of leaves.

Surprising follow-up work showed CeO2 ENM induction of

Arabidopsis DREB transcription factor genes (Tumburu et al.

2017). These responses were remarkable because DREBs are

known for initiating cascades of gene expression and cellular

restructuring that results in cold-acclimation (Liu et al. 2000;

Agarwal et al. 2006; Knight & Knight 2012). CeO2 ENM up-

regulation of DREBs was not expected. Within these experi-

ments, development of exposed plants also mimicked cold-

acclimatization responses with delayed growth and increased

leaf number. Superficially, such changes might not seem like

adverse outcomes; however, downstream effects could

include reduced fecundity of exposed plants. Transcription of

DREB genes is rapidly triggered by a transient increase in

cytosolic Ca2þ (Knight & Knight 2012; Miura & Furumoto

2013), which suggests that the MIE of CeO2 EMN exposure in

plants affects Ca2þ signaling. Whether or not similar

responses would be observed under more natural conditions

or in more distantly related plant species or animals remains

to be determined.

Identification of ENM that are capable of causing MIEs

linked to adverse outcomes across large taxonomic groups

is of high interest. The greater the conservation of molecu-

lar, cellular and structural features among organisms, the

higher the likelihood of comparable MIEs and downstream

responses. Plant and animal cells appear to have more

characteristics in common than those that differentiate

them, but the most recent common ancestor of plants and

animals was a single celled organism that existed more

than 1 billion years ago. It is accepted that multicellularity

evolved independently within each lineage. So, there is

substantial divergence between the plant and animal mem-

brane-bound receptors and signaling pathways that affect

homeostasis, development and reproduction (Alberts et al.

2002). This points to the possibility that ENM which bring

about the same generalized MIEs in many species (e.g.

photoactivated toxicity beginning with reactive singlet oxy-

gen causing oxidative damage to a wide variety of bio-

logical molecules) could very well produce distinct adverse

outcomes in plants and animals. Another scenario to con-

sider is that mitochondria are found in both cell types, but

chloroplasts are unique to phototrophs. Thus, if an ENM

affects a mitochondrial-centric process, there may be a

greater likelihood for “broad” cross species fidelity in MIEs.

Conversely, if an ENM affects a chloroplast-centric process,

at least among phototrophs there may be broad common-

alities, but shared MIEs between phototrophs and non-pho-

totrophs may not occur (Figure 9). The range of responses

across species may become more important to consider in

risk assessments of certain EMNs where there is potential

for wide-spread exposure.

Whole organism terrestrial and aquatic species effects

The AOP concept is a sequence of events beginning with a

MIE and acting at a cellular level (Figure 9), which continues to

build until adverse effects occur at the levels of the organ,

individual, population, and community or ecosystem level

(Holden et al. 2013; Figure 10). Community-level effects can

involve terrestrial or aquatic systems (or both). A search per-

formed in August 2016 in the Web of Science database yielded

473 references when querying for titles, abstracts, and key

words with the topical terms “aquatic”, “environmental”,

“organism”, “toxicity”, and “nanomaterials” in publications

released from 1990 to August 2016. This number of references

suggests strongly that nanomaterials will cause adverse effects

to whole organisms. Among the references were several

recent review articles discussing responses to a range of ENM.

For example, ENM described in the review articles include Ag

(Walters et al. 2014; Xin et al. 2015), TiO2 (in seawater)

(Minetto et al. 2014), CNT (Petersen et al. 2011; Boncel et al.

2015), and nanowires (Kwak & An 2015), as well as all-inclusive

reviews of multiple ENM (Nowack & Bucheli 2007; Handy et al.

2008; Klaine et al. 2008; Radhika et al. 2010; Kumar et al. 2015)

and Canesi and Corsi’s (2016) review of nanomaterial effects

on marine invertebrates. In addition, Hou et al. (2013)

reviewed the accumulation of ENM by organisms under the

assumption that, in general, accumulation of the ENM must

first occur before effects will be observed.

In their comprehensive review, Klaine et al. (2008) reported

toxicity to bacteria caused by fullerenes, SWCNT, MWCNT,

metallic Cu and Ag, and metal oxides including Ti, Ce, Zn,

and Si. Specific toxic effects to bacteria were described as

antibacterial and bactericidal impacts. Similarly, freshwater

and marine plants, invertebrates, and vertebrates demon-

strated toxicity from exposure to a range of ENM including

fullerenes, SW- and MWCNT, metallic copper and silver, and

the metal oxides titanium and zinc, and quantum dots

(Handy et al. 2008; Klaine et al. 2008). Toxic effects included

some increases in mortality and evidence of reductions in

growth and development, as well as a wide range of sub-

lethal cellular insults. The highly variable effects on bacteria

suggest that their susceptibility needs to be examined in

order to fully understand community and ecosystem-level

effects (Figure 10). Reviews of the literature performed con-

currently to Klaine et al. (2008) and those that were pub-

lished later, demonstrated similar findings of evidence of

toxic effects to a range of organisms resulting from exposure

to multiple types of ENM. However, some of these findings

have been modified. For example, for carbon nanotubes,

most recent data suggest that because of their limited bio-

availability, toxic effects are unlikely to occur in the environ-

ment except at very high and unrealistic concentrations, such

as 1000mg/kg and 100mg/L (OECD 2000, 2004) for sediment

and water, respectively (Petersen & Nelson 2010).

Relative to the exposure of ENM to aquatic plants and

algae, there is a “moderate” amount of literature on algae and

less so aquatic plants. Researchers have reported TiO2 toxicity
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of algae ranging from low mg/L to over 100mg/L (Hund-Rinke

& Simon 2006; Aruoja et al. 2009; Hall et al. 2009). Zn and CuO

nanoparticles are also noted to elicit toxicity in algae in the

low mg/L range (Aruoja et al. 2009). In addition, trophic trans-

fer of Cd-based quantum dots has been observed between

algae and Cerodaphnia dubia (Bouldin et al. 2008). Much of

this work has focused on short-term studies, often with trad-

itional toxicity tests in monoculture. These tests offer little aid

in evaluating how ENM affect complex aquatic systems (i.e.

food chain, competitive interactions, carbon and nitrogen

cycling, etc.). Overall, how ENM affect algae and aquatic plants

in an ecological context is not well known.

Terrestrial plants

If ENM are bound on the surface or in the cuticle (e.g.

adsorbed), they may not alter cellular properties but they may

influence light harvesting properties of leaves through either

photoactivity or reflection of specific light wavelengths. Yang

et al. (2006, 2007) found that TiO2 on spinach leaves may inter-

act with N2 to form reduced nitrogen compounds that can be

subsequently taken up and increase plant growth. ENM may

also be taken into internal plant organs but remain in the apo-

plast (non-living) portion of the plant, where additional bind-

ing and dissolution may occur. Bound particles also may

influence cell wall chemistry and interact with other surface

particles to influence uptake of other materials and gasses.

Finally, certain particles may alter cuticular waxes, which may

affect the hydrodynamics of the leaf.

If ENM are taken up into living cells into the symplast (e.g.

absorption), there may be further interactions that alter the

characteristics of the particle, such as binding or dissolution.

Once in the symplast or living portion of the plant, particles

may initiate a cascade of events leading to altered biochemis-

try, physiology, and growth (Figure 8). There is currently very

little information regarding the fate and effects of ENM taken

up through foliage (Rico et al. 2011; Chichiricc�o & Poma 2015).

Plant studies have shown a variety of responses to ENM

including growth reductions, increases, or no effect at all,

depending on the nanomaterial and plant species being

studied (Ma et al. 2010; Kumar et al. 2013). Klaine et al.

(2008) reported toxicity to terrestrial plants (e.g. corn, cucum-

ber, lettuce, radish, mustard rape, radish, and ryegrass) from

ENM including fullerenes and MWCNT, metallic aluminum

and zinc, aluminum, titanium and zinc oxides. Alternatively,

CNTs, Au, CeO2, and TiO2 have been found to enhance seed

germination and early plant development in some studies

(Zheng et al. 2005; Kumar et al. 2013; Tumburu et al. 2015),

but not others (L�opez-Moreno et al. 2010). In some cases, the

variable responses may be due to the composition of the

ENM and whether or not it is soluble: ENM forms of Fe, Cu,

and Zn, for example, may enhance growth via improved

plant nutrition since they are required plant nutrients. In

other cases, the presence of ENM forms of Ag and Cu, for

example, may provide some plant protection from pathogens

in the root zone, resulting in enhanced growth. Interpreting

the conflicting results is often complicated by differences in

methodology, poor characterization, or unrealistically high

doses of ENM exposure. In order to better understand effects

on plant growth and development, there is a need for lon-

ger-term studies with ENMs that incorporate natural soil

microbial communities (Ge et al. 2016).

Whole-organism effects can also lead to changes in how

individuals interact as members of an ecosystem. Disruption of

specific structural or functional groups by ENM may lead to

changes in community structure and function, altering import-

ant ecosystem processes such as nutrient cycling (Dinesh et al.

2012; Rodrigues et al. 2013; Simonin & Richaume 2015).

Organisms compete for resources throughout their life cycle,

and differential sensitivity to ENM may alter the competitive

nature of interspecies interactions. There is currently insuffi-

cient information available for most species to be able to pre-

dict effects at larger scales.

Discussion

Some general conclusions drawn from the literature that may

become starting places for further research are as follows:

1. If ENM are released into environmental media, they will

likely react or heteroaggregate with constituents of the

environmental matrix (air, water, or soil), and be dis-

persed into a relatively large receiving compartment, so

that eventual exposures to environmental species or

humans, for the most part, will not be to the original

form of the material but instead to highly diluted ENM

transformation or degredation products.

2. These environmental reactions will not occur under

highly constrained laboratory or manufacturing condi-

tions, but instead will be subject to a range of condi-

tions and stochastic forces which will dynamically

change across time and location. Therefore, if exposures

to environmental transformation products of ENM

occur, the exposures will likely be to multiple forms of

these products including a range of particle agglomer-

ates, sizes and coatings.

3. We currently have insufficient information regarding (i)

the uses of ENM in industry and commerce, (ii) the

penetration of ENM-enabled products into the market-

place, (iii) the potential for release of ENM from prod-

ucts, or (iv) the form of ENM that may be released.

Notably, these limitations are also characteristic of the

uses of standard industrial chemicals. Such uncertainties

hamper accurate assessments of ENM exposure as they

do for conventional materials.

4. For the general population, near-field exposures from

consumer use of ENM products, particularly with disper-

sive applications, will likely be higher than far-field

exposures.

5. The predominant destiny of ENM emitted into waste-

water systems will likely be biosolids, over half of which

may be recycled through land application.

6. The predominant destiny of ENM emitted into solid

waste systems will be landfills.

7. The predominant destiny of ENM emitted into aquatic

ecosystems will be to become complexed with natural

organic matter or other constituents of the aquatic sys-

tem and subsequent deposition into sediments. An
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exception may be polarizable materials such as gra-

phene oxide that may have the ability to remain sus-

pended in the water column for long term transport. In

a decision framework, such polarizable suspended

materials may be considered a higher risk exposure to

organisms in the water column, as opposed to those

residing in the sediment.

8. Aquatic organisms residing in the sediments including

filter feeding organisms will likely experience higher lev-

els of exposure to ENM than will other aquatic species.

9. Soluble and reactive metal-based ENM, such as those

composed of silver, will likely react with constituents

such as sulfides in the environment to form less soluble

metallic salts. This is particularly relevant in wastewater

systems.

10. Rates of uptake of ENM may be low by oral and dermal

of exposure, but elimination rates of systemically

absorbed ENM may be even lower. By inhalation expos-

ure, ENM deposition in the respiratory tract may cause

local oxidative stress and inflammation, and systemic

absorption may become significant.

11. In biologic media, ENM will be coated with a protein

corona or similar biomolecules that influence the bioki-

netics of particles and reactions with cellular receptors.

12. Uptake and penetration barriers at the portal of entry

and within the body at important organs, such as the

brain and placenta, may limit the biodistribution of

absorbed ENM. Typically, these barriers are not abso-

lute, and serve to reduce, but not eliminate, diffusion or

translocation of materials.

13. Most mammalian cells have the ability to uptake par-

ticles through several pathways, although the rates of

uptake vary across cell types and are dependent on

numerous physical and chemical factors of the particles

such as size, coatings, surface charge, and biological

transformations.

14. ENM may initiate molecular events associated with

adverse outcomes such as induction of reactive oxygen

species, dissolution to toxic metal ions, or initiation of

inflammation.

15. The greater the conservation of molecular, cellular, and

structural features among organisms exposed to EMNs,

the higher the likelihood of comparable MIEs and

downstream responses.

16. Because there is substantial divergence between the

plant and animal membrane-bound receptors and sig-

naling pathways that affect homeostasis, development

and reproduction, ENM which bring about the same

generalized MIEs in many species could very well pro-

duce distinct adverse outcomes in plants and animals.

17. Potential adverse outcomes are not limited to effects

within cells or organs. They extend to whole organisms,

communities and ecosystems.

Conclusions

Nanotechnology and the production of ENM have the poten-

tial to significantly enhance future economic development

and to produce advanced capabilities that will benefit many

segments of society (PCAST 2014). We are at a time where

the informed development and use of these new materials

can be done in a way that avoids many of the mishaps of

the past such as those associated with the early development

of the chemical industry. The ability to forecast and avoid

potential environmental problems across the life cycle of

material development, including use and disposal, is required

if we are to achieve sustainable development of nanotechnol-

ogy. Here we propose a series of compartmental stages that

encompass the full life cycle of ENM, their potential release

into environmental media, their fate, transport, and trans-

formation in the environment, potential exposures to sensi-

tive species including humans, and the possibility to cause

adverse effects in those species. There are currently large

numbers of ENM used in industrial and commercial applica-

tions, but there is insufficient information about the potential

for those materials to enter the environment. Many potential

scenarios involve release of dissolved ions rather than nano-

particles, such as copper ions leaching from pressure treated

lumber or silver ions released from children’s clothing or

other products. Other scenarios of potential release, such as

sawing or sanding nano-enabled solid materials, are likely to

release ENM that are still attached to parts of the original

product matrix rather than release ENM in their originally

manufactured form. In other cases, the release of ENM in

nanoparticle form is possible, such as for nanoparticles sus-

pended in liquid or cream formulations including spray

cleaners, personal care products, or as nano-formulated pesti-

cides. A potential for a large release of ENM into the environ-

ment may be from road or rail accidents involving ENM

transporting vehicles. In recognition of the difficulty of mod-

eling the complex networks of ENM with novel physical and

chemical properties, we propose that critical nodes along

these pathways should be considered as the targets to

develop simple functional assays that can be used to effi-

ciently determine the likely behavior of ENM in these sys-

tems. The diagrams presented here may serve as guidance

for targeted assay development. In addition, this compart-

mental framework will assist in placing the results of specific

investigations into context for interpretation of broader envir-

onmental implications. These diagrams may also assist in

development of quantitative modeling as rates and trans-

formation functions for movement of particles across com-

partments are developed.

The framework described here currently addresses some,

but not all, of the criteria listed by Hristozov et al. (2016). The

framework can be said to consider their criteria in that it

includes nano-specific requirements, life cycle thinking, an

exposure-driven approach, an iterative and adaptive structure,

and transparency of objectives. The current framework is not

completed, however. At this point, it provides guidance for

development of functional assays and models that will even-

tually lead to a simplification of ENM evaluations, but does

not yet identify specific assays or models. Future implementa-

tion of the framework also should be amendable to grouping,

read across or other simplifying approaches to risk assess-

ment. The development of documented applications should
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await the definition of the critical nodes and functional

assays.

Although ENMs share a common size range, many of

their properties are as unique as the elements from which

they are composed. The properties they provide for a wide

variety of products vary greatly, as well as their potential

release, exposure, and mechanism of effect. Consequently

knowledge gaps with respect to release, exposure, and

effects are often ENM- and product specific. Never-the-less,

there are broad and general gaps of data and predictive

modeling which include: incomplete information regarding

ENM composition, concentration and potential releases

from ENM-enabled products; measuring and predicting

affinity of ENM for environmental substrates; dissolution

rates of metal-based ENM in environmental and biological

media; environmental transformation and degredation prod-

ucts; influence of environmental transformations on biodis-

tribution and toxicity; AOP specifications; as well as species

differences in uptake, biodistribution, and susceptibility.

Future research addressing these data gaps can be incorpo-

rated into the growing exposition of the pathways outlined

in the framework presented here.
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Φροm: Παυλ Ρψγιεωιχζ

Το: Ανδερσεν, Χηριστιαν

Χχ: Βοψεσ, Wιλλιαm

Συβϕεχτ: Ρε: ΣΤΑΑ αωαρδ Νοmινατιον

Dατε: Μονδαψ, Απριλ 27, 2020 5:34:07 ΠΜ

Χοντριβυτιον σουνδσ γοοδ το mε. 

Ι αm δοινγ ωελλ.  Τηε σηελτερινγ ιν πλαχε ηασ βεεν γοοδ ιν τηατ σο mανψ οφ mψ νεϖερ−φινισηεδ
προϕεχτσ αρε γεττινγ δονε !  

Σεντ φροm mψ ιΠαδ

Ον Απρ 27, 2020, ατ 8:49 ΑΜ, Ανδερσεν, Χηριστιαν
<Ανδερσεν.Χηριστιαν≅επα.γοϖ> ωροτε:

|

Ηι Παυλ− Wιλλ Βοψεσ ισ γοινγ το συβmιτ ουρ �Χοmπρεηενσιϖε

φραmεωορκ�� ρεϖιεω αρτιχλε φορ α ποσσιβλε ΣΤΑΑ αωαρδ.  Ασ παρτ οφ

τηε συβmισσιον προχεσσ, ηε ηασ το λιστ τηε προπορτιοναλ χοντριβυτιον

οφ εαχη αυτηορ το τηε mανυσχριπτ, ανδ τηεν ρεχειϖε αν εmαιλ

ινδιχατινγ τηατ αυτηορσ αγρεε ωιτη τηε περχενταγε ηε ηασ λιστεδ φορ

τηεm.  Wιλλ δεχιδεδ το σπλιτ τηε χοντριβυτιον εϖενλψ, σο αλλ αυτηορσ

ωιλλ βε λιστεδ ασ χοντριβυτινγ 5.5% το τηε εφφορτ. 

 

Ιφ ψου χουλδ ρεπλψ το τηισ εmαιλ το βοτη Wιλλ ανδ Ι τηατ ψου αγρεε ωιτη

τηε περχενταγε, τηατ ωουλδ βε γρεατ.  Ηοπε ψου αρε δοινγ ωελλ! Χηρισ

 
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

 

∀Φαχτσ δο νοτ χεασε το εξιστ βεχαυσε τηεψ αρε ιγνορεδ.∀  −  Αλδουσ Ηυξλεψ

 

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

 

Χηριστιαν Π. Ανδερσεν, ΠηD

Πλαντ Πηψσιολογιστ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Παχιφιχ Εχολογιχαλ Σψστεmσ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

200 ΣW 35τη Στ.

Χορϖαλλισ, ΟΡ 97333

541−754−4791



 

 



Φροm: Ανδερσεν, Χηριστιαν

Το: Βοψεσ, Wιλλιαm; Ρειχηmαν, ϑαψ

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 6:08:16 ΠΜ

Ηι Wιλλ− τηισ λοοκσ γρεατ, τηανκσ φορ πυττινγ ιτ τογετηερ.  Σεεmσ λικε ψου ανδ Λιλα

διδ mοστ οφ τηε ηεαϖψ λιφτινγ ον τηατ παπερ, Ι δον�τ τηινκ ανψονε ωουλδ βε υπσετ

ατ α ηιγηερ περχενταγε φορ ψου.  Αλσο, Παυλ Ρψγιεωιχζ ισ ρετιρεδ− Ι χαν τρψ το γετ

αηολδ οφ ηιm, βυτ ηε ισ α βιτ οφφ τηε γριδ (ηε δοεσν�τ τψπιχαλλψ ρεσπονδ θυιχκλψ). 

Dο ψου νεεδ αν εmαιλ φροm ηιm εϖεν τηο ηε ωον�τ βε γεττινγ ανψ οφ τηε

αωαρδ?  Ι ωιλλ τρψ το χονταχτ ηιm ιφ ψου ωαντ.  Χηρισ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 2:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ



Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Βυργεσσ, Ροβερτ

Το: Βοψεσ, Wιλλιαm

Χχ: Βυργεσσ, Ροβερτ

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 6:30:07 ΠΜ

Wιλλ,

 

Τηε νοmινατιον λοοκσ γρεατ ανδ Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ.

 

Βεστ οφ λυχκ ανδ τηανκ ψου φορ πρεπαρινγ τηε νοmινατιον.

 

Σταψ ωελλ,

 

Ροβ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον



Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ηυγηεσ, ΜιχηαελΦ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 6:02:26 ΠΜ

Ηι Wιλλ,

 

Ι αγρεε ωιτη mψ λεϖελ οφ εφφορτ ον τηισ παπερ.  Τηανκ ψου φορ πυττινγ τηισ αππλιχατιον τογετηερ. 

Ηοπε ψου ανδ ψουρ φαmιλψ αρε ηεαλτηψ.

 

Βεστ ρεγαρδσ,

Μικε

 

Μιχηαελ Φ. Ηυγηεσ, ΠηD, DΑΒΤ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

ΟΡD/ΧΧΤΕ/ΧΧΕD/ΕΤΤΒ

ΜD Β105−03

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

(Τ): 919−541−2160; (Φ): 919−541−4284

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε
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ABSTRACT

Engineered nanomaterials (ENM) are a growing aspect of the global economy, and their safe and sus-
tainable development, use, and eventual disposal requires the capability to forecast and avoid potential
problems. This review provides a framework to evaluate the health and safety implications of ENM
releases into the environment, including purposeful releases such as for antimicrobial sprays or nano-
enabled pesticides, and inadvertent releases as a consequence of other intended applications.
Considerations encompass product life cycles, environmental media, exposed populations, and possible
adverse outcomes. This framework is presented as a series of compartmental flow diagrams that serve
as a basis to help derive future quantitative predictive models, guide research, and support develop-
ment of tools for making risk-based decisions. After use, ENM are not expected to remain in their ori-
ginal form due to reactivity and/or propensity for hetero-agglomeration in environmental media.
Therefore, emphasis is placed on characterizing ENM as they occur in environmental or biological matri-
ces. In addition, predicting the activity of ENM in the environment is difficult due to the multiple
dynamic interactions between the physical/chemical aspects of ENM and similarly complex environmen-
tal conditions. Others have proposed the use of simple predictive functional assays as an intermediate
step to address the challenge of using physical/chemical properties to predict environmental fate and
behavior of ENM. The nodes and interactions of the framework presented here reflect phase transitions
that could be targets for development of such assays to estimate kinetic reaction rates and simplify
model predictions. Application, refinement, and demonstration of this framework, along with an associ-
ated knowledgebase that includes targeted functional assay data, will allow better de novo predictions
of potential exposures and adverse outcomes.
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Introduction

Engineered nanomaterials (ENM) are particles which are man-

ufactured to have at least one dimension between approxi-

mately 1 and 100 nm, and have other desirable novel

properties due to their size (Roco 1999). This classification

includes materials that were designed and built from the

ground up as well as those produced by other process, such

as grinding powders to a nanoscale. When particles are in

the nanometer size range they can develop a variety of

unique properties that make them valuable in a number of

commercial, industrial or biomedical applications. The produc-

tion and use of ENM are anticipated to be substantial compo-

nents of future global economic activity (PCAST 2014). As

nanotechnologies advance and grow, it is essential to ensure

that new products do not cause collateral adverse effects on

human health or the environment. Responsible development

should include an evaluation of the potential for release of

ENM across the life cycle of nanomaterial-enabled products,

transformations of these reactive materials in environmental

media, and both exposures and adverse effects of exposures

to humans and ecologically relevant or sensitive species.

Evaluating the effects of novel nanoscale materials and

their transformation products in complex environmental

matrices and biological media is extremely challenging. There

are many non-ENM industrial chemicals with insufficient toxi-

cological information, and the costs of performing traditional

toxicological evaluations are too high to address the tens of

thousands of materials now employed in commerce (NRC

2007). The increasing number and variety of ENM and ENM-

enabled products compounds this issue, as the number and

pace of ENM developments exceeds traditional testing cap-

acity. Furthermore, materials are developed at the nanometer

scale in order to take advantage of special nanoscale proper-

ties such as: elevated rates of reactivity caused by high sur-

face area to mass ratios, high tensile strength and durability,

and in some cases, added dispersion and mobility (Uskokovic

2013). These nanoscale properties may convey unique fate,

transport, and toxic properties not observed with bulk-sized

conventional materials. There is ongoing debate about

whether ENM possess special toxicological properties in add-

ition to those of the composite chemicals (Donaldson &

Poland 2013; Maynard 2014). It is clear, however, that the bio-

distribution and enhanced biological activity of nanoparticles

on a mass basis can differ from that of their bulk (i.e. micron-

sized or larger) counterparts and lead to potential unique tar-

get sites and effects (Garc�ıa-Alonso et al. 2014; Wang et al.

2014b). For these reasons, novel approaches are required to

determine whether there are concerns for present and future

uses of ENM. These approaches must be efficient and predict-

ive, so that applications of ENM with higher probability of

exposure or hazard can be quickly identified. Rapid and effi-

cient testing and predictive approaches could be mutually

beneficial to many resource-constrained sectors of the nano-

technology community, including regulatory decision makers,

industry, and other developers seeking opportunities for

innovation and commercialization. Using a tiered approach

would allow rapid and efficient screening of many materials

to identify a smaller number that are most likely to pose a

potential hazard. Those few materials could then be assessed

using more traditional and thorough approaches. Data from

the more extensive evaluations would then build the basis

for risk assessments as described by the National Research

Council (NRC 1983), with screening data becoming a compo-

nent of the traditional Hazard Identification stage of the risk

assessment process. The question is: what is the best

approach for screening to efficiently consider a myriad of

potential environmental effects across the life cycle of uses of

diverse and numerous nano-enabled products? To answer

this question will require a more comprehensive understand-

ing of ENM across the life cycle of nano-enabled products,

ENM movement in the environment, exposures, and effects,

and the critical points along these pathways in which the

fate and actions of ENM are determined.

Several strategies have been proposed in order to aid the

assessment of ENM, such as grouping of materials for

“read-across” risk assessment, and prioritization of toxicity

testing (Som et al. 2012; Hansen et al. 2013; Arts et al. 2014;

Oomen et al. 2014; Stone et al. 2014; Godwin et al. 2015).
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For example, NanoRiskCat (Table 1) is a model that catego-

rizes levels of potential risk and hazard in order to help deci-

sion makers even where data are lacking (Hansen et al. 2013).

Grieger et al. (2012) reviewed and evaluated a number of

frameworks for environmental health and safety risk analysis

and concluded that most were primarily applicable to occu-

pational settings with minor environmental considerations. In

addition, there are differences among frameworks as to their

threshold for concern. For example, one scheme considered

fibrous ENM with aspect ratios greater than 3:1 as candidates

for further testing (RCC-NI 2014), while another set the

boundary at 100:1 (Som et al. 2012). Arts et al. (2014)

reviewed the concept of grouping ENM as a means of

streamlining nanomaterial testing, and concluded that none

of the available approaches fully considered the nanomaterial

life cycle, material properties and biophysical interactions,

types of use, exposure, biokinetics, and early and apical toxi-

cological effects. Thomas et al. (2009) also emphasized the

need for evaluating potential exposure to ENM along with

hazard in risk assessments. A framework for Comprehensive

Environmental Assessment has been proposed that empha-

sizes a process for input from stakeholders and topical

experts to set research priorities for evaluating ENM (Powers

et al. 2016).

Environmental transformations or fate and transport of

ENM across media are considered by few frameworks. Oomen

et al. (2014) and Stone et al. (2014) provided approaches to

tiered prioritizations of nanomaterial testing, but their foci

were on testing materials and not on developing predictive

capability. Cohen et al. (2013b) offered an approach that

could become predictive based on high-throughput toxicity

data and in silico quantitative structure activity relationships

(QSAR) analyses. At this time, however, nano-QSAR are

limited by the extent of quality data available for modeling

(Ivask et al. 2013; Tantra et al. 2014; Oksel et al. 2015).

Similarly, case study assessments of ENM risks to human

health and the environment have limited data and are associ-

ated with high uncertainties (Aschberger et al. 2011). Toxicity

testing strategies have been proposed based on in vitro sys-

tems, including high-throughput systems (Nel et al. 2013) or

representing priority target tissues (Farcal et al. 2015) or toxic

mechanisms (Costa & Fadeel 2016). Among the challenges of

ENM alternative toxicity testing systems are selecting and

characterizing ENM for study, preparation of adequate disper-

sions, determining dose to target cells or tissues, and poten-

tial interference of ENM suspensions with optical readouts

(Johnston et al. 2013; Cohen et al. 2014). There is additional

complexity when considering nanomaterial life cycles within

a framework of higher level societal and economic systems

(Tolaymat et al. 2015).

A recent review of frameworks and tools for risk assess-

ment of nanomaterials developed eight criteria for evaluating

frameworks that included: nano-specific requirements (such

as physicochemical properties that may influence kinetics);

life cycle thinking (including changes in nanomaterial charac-

teristics across their life cycle); pre-assessment phase (screen-

ing to focus assessments); exposure driven approach (to

prioritize toxicity testing); transparency of objectives and

communication with stakeholders; documented applications;

and allowing for grouping or read-across assessments

(Hristozov et al. 2016). In their review, Hristozov et al. con-

cluded that none of the nanomaterial risk assessment frame-

works currently available satisfied all of these criteria.

The complexity of nanomaterial transformations, life cycles,

and environmental interactions further complicates environ-

mental health and safety assessments (Lowry et al. 2012;

Table 1. A list of supplementary models organized by evaluation area.

Model Description Reference

Life cycle emissions
prot�eg�e Models human near-field exposure across the life cycle Royce et al. (2014)

Fate & transport
NanoDUFLOW Links ENM processes to hydrologic model Quik et al. (2015)
WASP Mechanistic model being adapted to assess ENM exposure in aquatic

media
Knightes (2015)

Transport of TiO2 Nanoparticles into Leachate of Municipal Waste
Landfills

de Castro et al. (2012)

Exposure
PRoTEGE Models human near-field exposure across the life cycle Royce et al. (2014)
USEtox Models human far-field and fresh-water ecotoxicity exposure; evaluated

for organic chemicals (not ENM)
Rosenbaum et al. (2008)

SHEDS Stochastic Human Exposure and Dose Simulation (SHEDS) Model Isaacs et al. (2014)
NanoRiskCat Decision support tool to estimate exposure and hazard ratings for con-

sumer products containing ENM
Hansen et al. (2013)

Pharmacokinetic/dosimetric
MPPD Models particle deposition in the respiratory tract Asgharian et al. (2001) and Cassee et al. (2002)
PBPK Physiologically based pharmacokinetic models describe particle absorp-

tion, distribution and elimination based on physiological parameters;
Models have been published for Ag and TiO2 ENM, PLGA/mPEG
particles

Bachler et al. (2013, 2015) and Li et al. (2012)

ISDD In vitro Sedimentation, Diffusion and Dosimetry model; predicts particle
dosimetry for adherent cells in tissue culture systems

Teeguarden et al. (2007), Hinderliter et al. (2010),
and Cohen et al. (2014)

Effects
NanoRiskCat Decision support tool to estimate exposure and hazard ratings for con-

sumer products containing ENM
Hansen et al. (2013)
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Grassian et al. 2016). It is important to understand ENM in

complex realistic environments (Murphy et al. 2015). For

example, environmental transformations can potentially

modulate the toxicity of silver nanoparticles (Ag ENM) by

converting them to toxic silver ions, but Ag ENM may also be

produced with the reduction of ionic silver by natural organic

matter (Hou et al. 2013). TiO2 in either bulk pigment grade or

ENM forms may be coated with a substance such as AlOH3 to

improve dispersion and to prevent UV activation and subse-

quent product degradation (WHO-IARC 2010). When AlOH3-

coated TiO2 ENM, as incorporated into cosmetics or

sunscreens, is exposed to swimming pool water, however,

the coating can degrade increasing the potential phototoxic-

ity of the transformed ENM (Al-Abed et al. 2016). Thus, con-

sideration of ENM transformations and release from products

should play a central role in ascertaining and predicting how

ENM propagate through environmental systems to reach

important ecological and human receptors and their potential

actions at those receptors. In all, we are not aware of any

comprehensive frameworks to date that seek to build a quan-

titative and predictive capability using realistic environmental

and biological compartments, and also consider: potential

environmental release of ENM across product life cycles; ENM

fate, transport, and transformation in environmental media;

ENM exposure to receptor populations; and potential effects

in susceptible species or humans.

Here we propose a framework for the evaluation which is

organized to reflect the potential movement of ENM across

realistic environmental or biological systems. We discuss the

key phenomena captured in the framework and review the

literature related to characterizing these phenomena. Finally,

we identify key gaps in this knowledge and where we see

potential for methods development to address these gaps.

We believe that the consideration of environmental and bio-

logical compartments with associated parameters such as

transfer rates, affinity coefficients, dissolution rates, and other

relevant metrics, where applicable, will benefit the long-term

ability to develop and demonstrate relevant, quantitative,

predictive models of both ENM exposures and effects across

product life cycles. Data to fill such a vision are currently far

from complete. The framework will guide future research to

design efficient approaches for characterizing potential

impacts of ENM and ENM-enabled products and support risk-

based decisions.

Comprehensive framework structure

The overall framework is divided into four separate, but

linked, stages of assessment (Figure 1). The structure of these

stages resembles the topical layout proposed for comprehen-

sive environmental assessment (Powers et al. 2016), but here

the emphasis is on understanding and predicting the move-

ment, fate, and behavior of ENM across environmental com-

partments. The first of these evaluation stages addresses the

potential release of ENM across the life cycle of nano-enabled

products, including initial production of ENM, incorporation

of ENM into products, product use, and final disposal. The

second stage considers the movement, transformation, and

fate of ENM in environmental media, specifically air, soil, and

aquatic compartments. In the third stage, the focus is on

exposure to receptor populations, comprising aquatic and ter-

restrial species, including humans. This includes biokinetic

and biotransformation processes. The final stage concerns the

development of adverse effects along an adverse outcome

pathway (AOP) sequence, as recently suggested by Gerloff

et al. (2017). The concept of an AOP begins with a molecular

initiating event (MIE) and progresses to the generation of

adverse health outcomes in an individual or a population

(Ankley et al. 2010). An AOP is an analytical concept that ena-

bles linking mechanistic information into a predictive frame-

work (OECD 2016). The concept is independent of the

chemical or material that causes the MIE, and thus AOPs

developed for toxic chemicals in theory could also be applic-

able to nanoparticles causing the same MIE (Gerloff et al.

2017). These four evaluation stages are intended to identify

pathways of sequential compartments along which a nano-

material might travel, and the considerations – including

ENM physical and chemical properties – that might influence

them to take one path or another.

The framework, at present, is qualitative and reflects prob-

able routes of potential concern. We hope to identify a few

critical steps along these pathways that are key for predicting

the fate and transport of materials. A strategy for nanomate-

rial assessment has been proposed by Hendren et al. (2015)

in which a few functional assays could simplify attempts to

use a complex set of physical and chemical ENM parameters

to predict similarly complex environmental behaviors. For

example, they propose surface affinity and dissolution rate as

two examples of functional assays that would serve as critical

determinants of the environmental fate of ENM. Similarly,

Ivask et al. (2013) identified three factors determining the tox-

icity of silver, zinc oxide, and copper oxide ENM to relevant

environmental test species. These factors were dissolution (in

agreement with Hendren et al. 2015), organism-dependent

cellular uptake, and induction of oxidative stress and conse-

quent cellular damage. We propose a similar approach to

identify a few critical parameters along the four stages of our

framework. In this way, we hope that critical parameters

measured by standardized functional assays can be identified

that will serve as initial screening points for evaluating poten-

tial risks of novel materials.

The National Research Council has recommended develop-

ment of models that link behavior of ENM to their

Figure 1. An overview of the four over-arching evaluation areas considered in
this evaluation framework for engineered nanomaterial (ENM) safety. Each of
these evaluation areas – (1) life cycle emissions, (2) fate and transport, (3) expos-
ure, and (4) effects – is broken down into focus areas that will be described in
subsequent detail.
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characteristics and to properties of systems into which they

are released (NRC 2012, 2013). It may be possible to associate

rate parameters with these transition points (represented by

arrows in Figures 1–10), where applicable, so that the models

can become more quantitative and predictive. A number of

compartmental models for factors such as life cycle emissions,

environmental fate and transport, exposure, dosimetry, and

particle kinetics have been developed for chemicals or ambi-

ent particles that might be applied or adapted for ENM

(Table 1). We hope that the conceptual framework proposed

here will facilitate identification of needs for further model

development to adequately describe important mechanisms

unique to ENM so that resulting models can be applied and

demonstrated to predict potential for impacts across the ENM

life cycle.

With this manuscript, we hope to

� Establish a framework that could eventually be used to

screen ENM based on a minimal set of measured informa-

tion and then prioritize for more in depth testing and

evaluation.

� Identify key nodes in the framework that are critical

determinants of ENM behavior.

� Identify research needs where further information is

necessary to develop the structure of the model and/or

parameterize relevant functions.

� Evaluate knowledge gaps regarding nanomaterial envir-

onmental health and safety in a context that enables a

value of information assessment to better prioritize needs

for future research.

Additionally, with this framework, we hope in the future to

� Identify alternative testing methodologies for the key

nodes at which development of simple functional pre-

dictive assays will be possible.

� Achieve the ability to quantify transitions and rate functions

as a basis for development of quantitative predictive models.

� Develop quantitative predictive models for screening-

level evaluations of novel ENM.

� Foster a process for demonstration and refinement of the

framework and its associated knowledgebase.

The intended users of this framework include

� Regulatory authorities throughout the world who must

evaluate submissions for registration of novel ENM or new

uses of ENM in a short period of time and with little data.

� Research planners who need to determine where new

research is most needed and would most efficiently refine

and reduce uncertainties in the framework and its associ-

ated models and knowledgebase.

� Developers and engineers who are interested in design-

ing materials likely to be sustainable and not associated

with significant environmental impacts.

Life cycle

The potential for release of ENM into the environment

should be considered across the successive stages of a product

life cycle including manufacture, use, and disposal (Figure 2).

Figure 2. Potential pathways for ENM release across the ENM or product life cycle (manufacture, use, and disposal).
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Manufacture

The manufacture of ENM and ENM-enabled products

includes a risk of release of ENM into the workplace and

exposure to workers and surrounding environment. ENM

may be released inadvertently as a byproduct of synthesis,

application, recycling, and disposal of nanoparticles or ENM

enabled products. Manufacturing processes greatly influence

the potential for release of ENM into the environment.

Processes that are enclosed have low probability of releas-

ing ENM during routine operations, although materials can

be released during transport or handling, or during equip-

ment maintenance or failure. Processes that are not

enclosed have a greater potential for releasing materials

into the workplace where near-field exposure to workers

may occur. In addition, opened manufacturing has the

potential to release ENM into air, soil or aquatic environ-

mental media (Figure 2).

In the US, environmental concerns for the use of ENM are

regulated primarily through the Toxics Substances Control

Act (TSCA), which was recently updated as the Frank R.

Lautenberg Chemical Safety for the Twenty-first Century Act,

and under the Federal Insecticide, Rodenticide and

Fungicide Act (FIFRA). Neither TSCA nor FIFRA has the

authority to regulate commercial particles based solely on

particle size. Novel chemical structures must be registered

under TSCA prior to being manufactured or imported into

the US, which applies to ENM such as carbon nanotubes,

but not to materials such as TiO2 in a nanomaterial form,

because the chemical structure was previously registered

and used as a bulk material. With regard to pesticides, ENM

that are included in products for the express purpose of bio-

cidal activity must be registered under FIFRA, but manufac-

turers who use Ag ENM in products without claiming a

biocidal function are not legally required to register the

product under FIFRA. Currently, it is unclear the extent to

which non-registered ENM are being produced and perhaps

released into environmental media. To attain information

regarding broader application of ENM in commerce, EPA

published a rule in January 2017 under TSCA (8a) that

requests manufacturers and formulators to provide EPA with

information regarding their use of chemical substances

when manufactured or processed as nanoscale materials

which were not previously reported to EPA (EPA 2017). The

rule did not require companies to acquire data not currently

available, and did not have direct implications for controlling

the use of ENM in industry or commerce.

Inadvertent releases of registered or non-registered ENM

could include accidental releases during manufacturing or

plant maintenance, or spills from transportation or shipping

accidents. Such inadvertent or accidental releases cannot be

anticipated to any level of specificity, and the accuracy of

data on the historical frequency of chemical spills is in ques-

tion (McClure et al. 2013).

Although potential large scale transportation accidents

involving ENM has not been addressed in the literature to

our knowledge, modeling efforts for possible nanomaterial

exposure due to accidental release in a manufacturing facility

has been reported (Pilou et al. 2016).

Product use

Advancement in nanoparticle manufacturing, as well as a bet-

ter understanding of the unique properties that these materi-

als impart to products and processes, has significantly

increased the number and scope of ENM-enabled products in

recent years. Yet we know little concerning the number of

ENM-enabled products (in the US and worldwide) and the

amount and composition of ENM in these products. In the

US, manufacturers and distributors of consumer products are

not required to specify whether product ingredients are

nano-sized. We also know little concerning the release of par-

ticles, particle–polymer fragments, or dissolved ions during

typical use or misuse of ENM-enabled products. The ability to

derive quantitative transfer coefficients that reflect release of

ENM from products during their consumer usage is limited

by the small proportion of products and exposure scenarios

evaluated (Caballero-Guzman & Nowack 2016). This lack of

information at the product-use stage represents a significant

data gap in exposure and risk analyses.

There are a few publicly available international inventories

that list consumer products with “nano-claims”. These sources

(Table 2) include the joint Wilson Center and Virginia Tech

“[Nanotechnology] Consumer Products Inventory” (CPI)

(Project on Emerging Nanotechnologies 2013); the 2010 and

2012 (nanosilver-only) inventories by the European Consumer

Organization (BEUC) and the European Consumer Voice in

Standardisation (ANEC) (ANEC & BEUC 2010, 2012); “The

Nanodatabase” (Hansen et al. 2016); and the German BUND

database (BUND). The CPI and The Nanodatabase are cur-

rently curated for the addition of new products and removal

of discontinued products that are no longer commercially

available. Reviews and analyses of these databases have been

Table 2. Publically available inventories and/or databases of consumer products that claim to contain nanomaterials or nanotechnology.

Inventory/database name Organization Scope Source

Consumer Products Inventory (CPI) Wilson Center; Virginia Tech Global market; continuously updated
through wiki-style platform

Project on Emerging Nanotechnologies
(2013) and Vance et al. (2015)

The Nanodatabase DTU Environment; Danish Ecological
Council; Danish Consumer Council

European market; continuously updated;
includes pictorial overviews of poten-
tial exposure and hazard

Hansen et al. (2016)

ANEC/BEUC 2010 inventory European Consumer Voice in
Standardisation (ANEC); European
Consumer Organization (BEUC)

European market; last updated in 2010 ANEC and BEUC (2010)

ANEC/BEUC 2012 nanosilver
inventory

ANEC; BEUC European market (nanosilver only); last
updated in 2010

ANEC and BEUC (2012)

Nanoprodukt-datenbank des BUND BUND (Friends of the Earth Germany) German market; “continuously updated
and expanded”

BUND
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recently published and describe the wide range of ENM-

enabled or enhanced products (Yang & Westerhoff 2014;

Vance et al. 2015; Hansen et al. 2016).

Although there is evidence for the presence of ENM in

many products, most of these products do not advertise the

composition or in many cases even the presence of ENM

(Vance et al. 2015). Of those products where manufacturers

have disclosed the presence of ENM, information other than

composition is not often available. Consequently, information

concerning particle size, concentration, distribution (within

the product), and leaching of ENM during normal use is

unavailable except where added by a third party. Analyses of

products in the CPI with compositional information have sug-

gested that metal particles (primarily silver and to a lesser

extent titanium, zinc, and gold) were present in the greatest

number followed by products containing carbon and silicon

(Yang & Westerhoff 2014; Vance et al. 2015). The release of

ENM from consumer products has not been well described

for most common ENM in a wide range of products. In add-

ition, information on the relative penetration of nano-enabled

products in the marketplace, that is, what proportion of the

products sold in a given category, such as sunscreen, would

be those brands containing ENM, is not generally available.

Because there is considerable uncertainty regarding the

potential future uses of ENM, one screening level approach

to approximate potential release is to consider surrogate

chemicals that serve the intended purpose in the product

that will be assumed by the ENM. The potential for ENM-

release from products might be different than for chemical

releases from similar products, but a surrogate approach

based on consumer product usage data can at least bound

the estimates of the degree of use of ENM-enabled products.

In general, consumer product categories can be condensed

into (1) formulas, including liquids and sprays, where direct

consumer exposure may be possible; and (2) articles, includ-

ing hard surfaces and textiles such as furniture, where chemi-

cals or nanoparticles might be a component of the product,

but are typically less available for direct consumer exposure

(Isaacs et al. 2014; Figure 2). For ENM applications in which

the particles can be physically separated from their matrix

(i.e. a suspension), exposure can be considered in two steps:

the first being the release of particles from the product and

the second the contact of ENM with the target organism. For

ENM-enabled products intended to be ingested or applied to

the skin (typically liquid, cream, or gel suspensions), these

steps might be combined. Estimates of ENM exposure based

on chemical surrogates could be considered as a first pass

estimate of the potential levels of ENM usage.

Although there is minimal information concerning the char-

acterization and release of ENM present in consumer products,

research results have been reported for a limited number of

consumer products. For example, characterization and release

of nanosilver from a number of consumer products have been

reported (Benn & Westerhoff 2008; Benn et al. 2010; Quadros &

Marr 2011; Quadros et al. 2013; Tulve et al. 2015). Population-

level exposure to silver nanoparticles present in consumer

products was estimated on the basis of the Consumer Product

Inventory of the US-based Project on Engineered

Nanotechnologies (PEN) and a tiered life cycle analysis and

exposure modeling approach referred to as Prioritization/

Ranking of Toxic Exposures with GIS (geographic information

system) Extension (PRoTEGE) (Royce et al. 2014; Table 1).

One of the subcategories for consumer products is personal

care products. Depending on how they are categorized, these

nano-enabled consumer products comprise 39% of the 505

health and fitness products listed in the US Nanotechnology

Consumer Products Index (CPI) (Vance et al. 2015) or 233 out

of 2231 products listed in the European Union Nanodatabase

(Hansen et al. 2016). In both cases, nanoscale silver is the most

commonly reported ENM. Consumer products typically include

toothbrushes, lotions, mouthwashes, as well as hairstyling

tools and products (Vance et al. 2015). Depending on the par-

ticular product, the most dominant exposure route is dermal

followed by ingestion and inhalation (Hansen et al. 2016).

Because CPI focuses on ENM-enabled consumer products,

ENM-enabled industrial products used to improve construction

materials or energy-sector products have not been typically

covered by this database, but may be available elsewhere

(West et al. 2016). These applications include the use of

micronized copper in treated lumber (Santiago-Rodr�ıguez

et al. 2015; Platten III et al. 2016) and, for automobiles outside

the U.S., nanoscale cerium oxide added to diesel fuel (Cassee

et al. 2011; Gantt et al. 2014). The potential for release of car-

bon nanotubes (CNTs) from composite materials under a var-

iety of usage scenarios has been the focus of a multi-institute

research effort (Nowack et al. 2013; Froggett et al. 2014). There

are a number of products in which CNTs are embedded in pol-

ymers or resins. This project evaluated the potential for CNT

release either directly during manufacture or subsequently

from the matrix during various usage scenarios, including

those with substantial abrasion or other destructive conditions.

The potential for release was present during manufacturing;

however, this condition was best able to be controlled. For

most of the life cycle stages evaluated, the potential for CNT

release from a solid product matrix was low. One exception

was the use of CNTs in tires where abrasion could result in

their release into the environment. In addition, the proposed

use of CNTs in textiles could also lead to consumer exposures.

Another potential source of CNT release was identified during

recycling operations if polymers containing CNTs were mixed

for handling with other polymer materials.

Disposal

Landfills, waste incinerators, and wastewater treatment plants

(WWTPs) giving rise to biosolids are important routes of dis-

posal at the end of the ENM life cycle. These are, therefore,

key intermediaries between the usage phase of nano-enabled

products and the environment (Dale et al. 2015). Additional

releases of ENMs, may occur during recycling and recovery

processes.

Landfills

Landfills are the predominant global disposal option for ENM

across all use categories. Based on a market study of global

production rates and product life cycles, Keller et al. (2013a,

2013b) estimated that of 260,000–309,000 metric tons of
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ENM used in commercial or industrial applications world-

wide, 63–91% were eventually disposed of in landfills in

2010. Keller et al. incorporated high and low bound estimates

for rates of ENM release into the environment during manu-

facture, use, and disposal of ENM enabled products. Materials

released from ENM-enabled products would likely no longer

be in their original nanoscale form, depending on the ENM,

the product matrix, and use. Additionally, most of the ENM-

containing waste released during manufacturing (up to 80%)

ends up in landfills. It is likely that ENM would be affected

(e.g. aggregated, dissolved, destabilized, oxidized or reduced,

complexed with organic matter) by their interaction with

landfill leachate. In particular, the coating could be altered,

compromising the particles’ stability and reducing the poten-

tial to migrate into other media. Several factors have been

found to affect the surface charge and aggregation state of

Ag nanoparticles: pH, oxygen concentration, organic matter

content, chloride concentration, sulfide concentration, and

type of coating agent (El Badawy et al. 2010; Gitipour et al.

2013). This is important because if the ENM coating is not

affected by the landfill leachate, the particles would be stable

in the aqueous phase, potentially endangering the surround-

ing municipal solid waste aquifers and surface waters.

Bolyard et al. (2013) found that ZnO, TiO2, and Ag ENM

exposed to landfill leachate in a stirred reactor (humic acid

concentrations from 300 to 6500mg/L, pH 7.4–7.9) increased

Zn, Ti, and Ag concentrations in the aqueous phase, and that

released particles tended to agglomerate. Nevertheless, the

concentrations of dissolved metals were minimal because of

the small concentrations of ENM added onto the reactor and

the low solubility of the ENM in water. The authors also con-

cluded that ENM did not significantly change the ability of

microorganisms under aerobic or anaerobic conditions tested

to break down organic matter present in landfill leachate.

Zhu et al. (2014) concluded that at high ionic concentrations,

which is expected from landfill leachate, humic acid has a

bridging effect and promotes the aggregation and sedimen-

tation of TiO2 nanoparticles.

More research is required on the interaction of ENM with

landfill leachate, including high humic acid concentrations, and

how these interactions affect their coating and stability

(Bolyard et al. 2013). New and improved analytical techniques

are needed to determine ENM fate in landfills because current

methods do not allow ENM identification and quantification

in complex heterogeneous matrices such as landfill leachate.

This is an area of active research, however, and evolving

capabilities (Badireddy et al. 2012; Huynh et al. 2016). Less

than 1mg/L of ENMs (ZnO, TiO2, or Ag) added to leachate at

a concentration of approximately 100mg/L and incubated for

30 d under controlled experimental conditions, was predicted

to be in the free ionized metal form (Bolyard et al. 2013).

There is a need to standardize the sampling, separation and

quantification methods used for ENM. One of the most chal-

lenging aspects of ENM determination is how to differentiate

naturally occurring particles or those that are incidentally pro-

duced (such as in combustion) from purposefully manufac-

tured ENM (Wiesner et al. 2011; Part et al. 2015).

Since many ENM transform during wastewater treatment,

assessment of landfill disposal of biosolids or sludge

produced during wastewater treatment must consider these

transformed phases, which are distinctly different than pris-

tine ENM. Chemical speciation in the aqueous phase of sys-

tems containing ENM is currently being modeled in literature

using Visual Minteq or similar software (Bolyard et al. 2013;

MINTEQ 2013). Since the coating materials used to stabilize

ENM are not typically contained in software databases,

research could be conducted to determine the equilibrium

coefficients for these coating materials at different pH-Eh con-

ditions to improve the accuracy of estimations.

de Castro et al. (2012) modeled the behavior of TiO2 ENM

in landfill leachate in a 5-year period using a Fortran-based

code and evaluated the model with experimental data

obtained in column experiments. The results showed that

TiO2 ENM were adsorbed onto the soil within the protection

barriers of the landfill over the 5-year-simulated period.

Wastewater treatment

An inevitable pathway of ENM in consumer products is from

the home to the local WWTP. Several studies have shown that

ENM accumulate in biosolids during wastewater treatment;

TiO2 in particular has a high retention in sewage sludge – as

high as 99% (Judy et al. 2012; Tourinho et al. 2012).

Partitioning of Ag ENM in biosolids is typically greater than

90% and, in many cases, greater than 99% (Kaegi et al. 2011;

Impellitteri et al. 2013). The distribution of ENM in WWTP pri-

marily to solids is expected due to surface charges and react-

ive sites suitable to retain ENM; the small amount of particles

that remain suspended during clarification may pass through

to the effluent. Research on the impact of ENM in effluent

beyond the WWTP is limited, likely due to high retention in

biosolids, but the restricted continuation of ENM through

WWTP to drinking water distribution systems warrants further

research to be protective to drinking water supplies.

Upon entering the WWTP, ENM will encounter a unique

chemical and physical environment that includes primary and

secondary clarifiers where ENM will partition to other solids

in wastewater, followed by anaerobic digestion. If not trans-

formed to other phases by this point, anaerobic digestion

likely will act on redox sensitive ENM to form sulfides. Some

ENM, such as TiO2, are resistant to transformation, whereas

ENM like Ag, Zn, Cu, and Cd quantum dots are highly sensi-

tive to sulfidation change. After anaerobic digestion, the sew-

age sludge is further processed by composting or

stabilization to hinder microbial activity before being land

applied as biosolids for fertilization. Some of the transformed

ENM will remain unchanged during composting (i.e. Ag2S),

while others may transform again governed by the environ-

mental conditions of composting and aging (i.e. Zn and Cu)

(Table 3). It is important to note that this pathway begins in

the home with a consumer product containing ENM traveling

through home drains to a network of service lines connected

to the WWTP, which means ENM are not added at the end of

the process in the fresh or composted biosolids. In fact, con-

vincing research shows that sulfidation reactions occur in the

urban wastewater service line network prior to reaching the

WWTP (Kaegi et al. 2013; Thalmann et al. 2014). The fact that

ENM may be transformed in the sewage service line network
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Table 3. Examples of transformations of metallic ENM in biosolids systems.

ENM Study Analysis Transformation products Citation

Ag 2009 TNSSS Report. Source of Ag in the
sample is unknown

TEM-EDX a-Ag2S nano-clusters Kim et al. (2010a)

Ag Investigation of Ag ENM in a pilot scale
WWTP observed

TEM and XAS �90% Ag ENM partitioned of to bio-
solids with transformation to Ag2S

Kaegi et al. (2011)

Ag Three Ag ENM (citrate, PVS, and MSA
coated) and one AgCl ENM were
exposed to a pilot scale WWTP along
with a AgNO3 positive control.
Samples were evaluated as a function
of time within the WWTP system and
post-processing simulated composting
up to 6 months

XAS All ENM and AgNO3 were transformed
to Ag2S

Lombi et al. (2013)

Ag A full scale pilot WWTP consisting of a
primary clarifier (PC), aeration basin,
and secondary clarifier (SC) connected
to a municipal WWTP feed was uti-
lized to examine citrate coated Ag
ENM, Ag2S ENM, and AgNO3 in solids
from the PC and SC

XAS Ag2S in both the PC and SC. Impellitteri et al.
(2013)

Ag Plasma polymerization employed to
immobilize citrate, polyethylene glycol,
and polyethyleneimine capped Ag
ENM on a Kapton substrate (nanopar-
ticle in-situ deployment devices –
nIDDs) and deployed directly in a
municipal WWTP's primary sewage
sludge for 24 h

XAS, SEM/EDX Full conversion to Ag sulfide phases
was not observed; 14–60% of Ag
was retained as metallic Ag

Sekine et al. (2013)

Ag This study examines the speciation and
lability of Ag in archived, stockpiled,
and contemporary biosolids from the
UK, USA and Australia, and indicated
that biosolids Ag concentrations
decreased significantly over recent
decades. Reduced-sulfur binding envi-
ronments was important for Ag speci-
ation in materials ranging from freshly
produced sludge to biosolids weath-
ered under ambient environmental
conditions for more than 50 years

XAS Ag in biosolids was predominantly Ag
sulfides and had low lability
(0.0002–3.4%) upon land
application.

Donner et al. (2015)

ZnO Three ZnO ENM (OECD NM112, OECD
NM112 capric/caprylic triglyceride
capped, Co-doped ZnO) and ZnCl2
control were exposed to a pilot scale
WWTP. Samples were evaluated as a
function of time within the WWTP sys-
tem and post-processing simulated
composting up to 6 months

XAS ENM and ZnCl2 were transformed to
ZnS within the WWTP; however,
upon composting ZnS was re-trans-
formed to Zn-adsorbed to iron
oxides, Zn phosphate, and Zn
organic matter complexes

Lombi et al. (2012)

ZnO Utilizing an established full pilot scale
WWTP, ZnO nIDDs or ZnCl2 were
added to evaluate Zn transformations.
Application of nIDDs permits usage of
substrates with immobilized ENM in
relevant environmental systems with
recovery of the substrate for analytical
analysis

XAS, TEM Over the course of the study ZnO dis-
solved resulting in ZnS (�90%) and
Zn ligands (cysteine and citrate)

Brunetti et al. (2015)

CuO There have been no studies of CuO
nanoparticles in a pilot scale WWTP to
date; however, related studies can
provide potential insight. Ma et al.
(2014) examined the sulfidation of
CuO in sulfidized water. Donner et al.
(2011) examined native Cu in fresh
and aged (composted) biosolids from
5 WWTPs

XAS, XRD, and TEM Covelite (CuS) and amorphous CuxSy
in sulfidized water Cu speciation in
the fresh (direct from secondary
treatment) sludge was identified as
chalcocite (Cu2S), cubanite
(CuFe2S3), and Cu sorbed to
organic matter. However, upon
aging, Cu was further altered to
�70% Cu sorbed to organic matter
followed by cubanite, covelite, and
Cu phosphate

Ma et al. (2014)
Donner et al. (2011)

TiO2 Ti concentrations and Ti phase were
examined in effluent samples from
several WWTPs

SEM/EDX Ti particles ranging from 10s nm to
>0.7 lm. The particles comprised
of primarily Ti and O presuming
TiO2; some larger particles also
contained Si with Ti.

Kiser et al. (2009)

TiO2 Nano and larger TiO2 phases were identi-
fied in biosolids and biosolids
amended soils

SEM, TEM No phase transformations occur
within a WWTP for TiO2

Kim et al. (2012)
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(within hours) between the home and WWTP to species that

are typically less toxic provides some protection during sewer

overflow discharge resulting from excessive storm water and

groundwater input, that may account for 2–10% of total

inflow (Mueller & Nowack 2008).

In the US, 50–60% of biosolids are recycled for land-appli-

cation and are applied on less than one percent of farmland

(Gottschalk et al. 2009; EPA 2012). Land application of bio-

solids is regulated under Title 40 of the Code of Federal

Regulations (US 1999) with the goal to protect human health

and the environment from any reasonably anticipated

adverse effects of certain pollutants, including metals, which

might be present in biosolids. Table 4 shows documented

distributions of Ag, Zn, Ti, Cu, Ce, CNT, and fullerenes for

ranges and averages naturally in soils, results of the Targeted

National Sewage Sludge Survey (TNSSS) Report (EPA 2009),

and literature predictions of ENM concentrations in biosolids.

Information from the TNSSS report shows the range, average,

50th percentile, and 95th percentile for Ag, Zn, Ti, and Cu in

biosolids collected in 2006 and 2007 from 74 randomly

selected WWTP. This information can be very helpful in

designing experiments. For example, a number of studies of

Ag in biosolids or soils have utilized a value close to

1000mg/kg based on the maximum value of Ag (846mg/kg;

a documented outlier) in the TNSSS report. However, the

average Ag concentration in biosolids measured for the

report is only about 32mg/kg and the 50th percentile

(median) is approximately 14mg/kg. Likewise, biosolids are

often applied at a rate of 5–10 tonnes/hectare, which upon

mixing in the top 15 cm of topsoil results in a dilution factor

of 100–50, respectively. For example, while predicted contri-

butions of ZnO ENM to total biosolids concentration may be

on the order of 10mg/kg, the effective increase in soil con-

centration from ZnO ENM would range from 0.1 to 0.2mg/kg

per application. Quantitation of rate parameters such as these

will be essential for eventual quantitative modeling based on

this framework. Also worth noting about the TNSSS report in

relation to the predicted contribution of ENM to biosolids is

the fact that some native metal concentrations in biosolids

may be significantly higher than the input from ENM, making

the distinction of ENM-associated risk difficult to assess with

current procedures. Better methods for detection and charac-

terization of ENM in complex matrices are critically needed.

Incineration

Alternative disposal methods of biosolids include landfill (see

discussion above) and incineration. Approximately 20% of

sludge from wastewater treatment facilities is incinerated in

the US (Holder et al. 2013). Incineration of biosolids impacted

by ENM has received little attention (Impellitteri et al. 2013;

Meier et al. 2016), but historical research of metal-laden bio-

solids incineration is plentiful. One study examined the path

of Ag ENM through a pilot scale WWTP along with a AgNO3

control (Impellitteri et al. 2013). Samples were collected from

the primary clarifier (fresh biosolids) and the secondary clari-

fier (aged biosolids) and in each case the transformed Ag

species was primarily Ag2S with some Ag sulfhydryl and

metallic Ag phases as determined by X-ray absorption spec-

troscopy (XAS). The fresh and aged samples were then incin-

erated at 850 �C for 4 h and the residual ash examined by

XAS to determine changes in Ag speciation. Incineration

impacted Ag speciation by shifting Ag2S ! Ag sulfhydryl !

metallic Ag in the fresh and aged biosolids to metallic Ag !

Ag sulfhydryl ! Ag sulfate in the ash. Scanning electron

microscope images show accumulation of Ag clusters

(1–3 lm) in the incineration ash; however, the stability of

these clusters warrants further research. Since incineration

ash is typically landfilled, the caution above related to assess-

ing risk based on the transformed phases rather than the

pristine ENM is applicable. Recently, it was shown that Fe2O3

nanofiller in thermoplastics altered the shape and compos-

ition of residual incinerator ash to be more brittle and have

surface-exposed nanofillers when subjected to incinerator-like

thermo decomposition, although with CNT-enabled products

no carbon nanotubes were found to escape in the aerosol

form (Sotiriou et al. 2016). These results illustrate that infor-

mation on transformation products in the system being

assessed is required for sound decision making.

Recycling and recovery

A number of ENM-containing consumer products (electronics,

construction materials, batteries, textiles) may become

Table 4. Relevant concentrations of nano-based constituents in soils and biosolids, and predicted concentrations of ENM in biosolids.

Targeted National Sewage Sludge
Survey Report (mg/kg)b

Material
Common range
in soil (mg/kg)a

Average in soil
(mg/kg)a Range Average

50th
Percentile

95th
Percentile

Predicted ENM
contribution

(mg/kg) range in
biosolidsc

Predicted ENM
contribution

(mg/kg) range in
biosolidsd

Silver/Ag ENM 0.01–3.15 0.27 1.94–856 31.6 13.6 63.6 10�4
–101 10�5

–10�1

Zinc/ZnO ENM 3–2900 52 216–8550 994 784 2068 101 10�1
–101

Titanium/TiO2

ENM
210–54500 5720 11.6–4805 286 12.7 915 10�2

–104 10�–102

Copper/CuO ENM 1–256 14 115–1720 558 463 1248 ND ND
Cerium/CeO2

ENM
15–100 50 ND 10�5.5 ND

CNT ND 10�1 10�4
–10�1

Fullerenes ND 10�3
–10�1 10�4

–10�1

ND: not determined.
aSalminen et al. (2005).
bTNSSS Report (EPA 2009).
cGottschalk et al. (2013).
dSun et al. (2015).
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recycled. Caballero-Guzman et al. (2015) concluded that, dur-

ing the recycling process in Switzerland, most of the nano-

sized TiO2, ZnO, or Ag was not recovered for returning to

product re-manufacturing, but instead was subsequently

transferred to be incinerated or landfilled. The only ENM-con-

taining products that were traced back into the productive

process were small quantities of ENM that are part of con-

struction waste or plastics. Very small ENM release into waste-

water was found in the recycling process. The authors also

concluded that more research is needed focusing on occupa-

tional exposure, waste incineration, and landfills.

Fate, transport, and transformation

When ENMs are released into environmental media, these are

likely to react or heteroaggregate with constituents of the

environmental matrix (air, water, or soil), so that eventual

exposures to environmental species or humans, for the most

part, will not be to the original form of the material but

instead to highly diluted ENM transformation or degredation

products.

These environmental reactions will not occur under highly

constrained laboratory or manufacturing conditions, but

instead will be subject to a range of conditions and essen-

tially stochastic forces which will dynamically change across

time and location. Therefore, if exposures to environmental

transformation products of ENM occur, the exposures will

likely be to multiple forms of environmental transformations

including a range of particle agglomerates, sizes, and coat-

ings. Life cycle models for estimating chemical exposures

from multiple routes and sources have been developed (e.g.

USEtox, WASP; Table 1), and are beginning to be adapted to

estimate exposures to ENM (Pu et al. 2016).

Air

A large body of literature describes the behavior of ambient

air particles in the atmosphere that is largely applicable to

ENM (Oberd€orster et al. 2005; Bakand et al. 2012). When

released into the air, aerosolized particles are subject to abi-

otic and biotic transformations, including agglomeration and

photooxidation, and are transported with wind or air currents

(Figure 3). Advective transport involves the movement of

ENM by bulk movements of air, including indoor air currents,

wind, up currents, down currents, etc. Particles with smaller

aerodynamic diameter and lower mass remain suspended for

longer periods of time and can lead to far-field inhalation

exposures for humans or other breathing terrestrial species.

Airborne particles may also become deposited onto soil,

water and plant surfaces. It is estimated that only 0.1–1.5% of

globally produced ENM mass is released into ambient air

(Keller et al. 2013b). One potential source for the release of

EMNs into ambient air involves the use of nanoscale CeO2 as

an automotive diesel fuel additive (Cassee et al. 2011).

Nanoscale CeO2 is widely used in both off-road and on-road

vehicles in Europe but is currently only licensed for off-road

use in the US (Erdakos et al. 2014). The use of CeO2 as a fuel

additive has been shown to increase fuel efficiency and

decrease total particulate matter emissions. Despite a lower

total mass of particulate emissions, the number of particles in

the respirable size range increases, and the particles have

greater adverse pulmonary effects in animal models (Snow

et al. 2014).

Even though the release into ambient air represents only a

small portion of the ENM production volume, there are sev-

eral exposure scenarios where ENM release into air may pose

a potential risk of direct inhalation for humans or local depos-

ition for ecosystem exposure. These include occupational

exposure during manufacture, formulation or modification of

the ENM-enhanced polymer (through drilling, grinding, sand-

ing, etc.), use of ENM-containing building materials, or forma-

tion of aerosols during spray applications (Figure 2). Although

engineering control measures have been suggested to lower

exposure to airborne EMNs in occupational settings, monitor-

ing worker exposure and health effects remains a challenge

(Evans et al. 2010). Exposures to ENMs during manufacture

have presented a number of challenges to traditional

approaches for protecting worker health. Significant chal-

lenges are also involved in relating exposure to risk and

include issues such as small and often variable particulate

size (within the nano-size range), lung deposition, as well as

metrics that are used to measure exposure and effects (e.g.

particle mass, surface area or number) (Liao et al. 2014;

Eastlake et al. 2016a, 2016b). A battery of pulmonary and car-

diovascular disease markers as well as inflammatory and oxi-

dative stress markers, anti-oxidant enzymes, and genotoxicity

Figure 3. Potential pathways of ENM starting from release into ambient or
indoor air. ENM may eventually be transported to another environmental com-
partment – either media or a human or ecological receptor.
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markers were compared in nanomaterial-handling and unex-

posed workers at 14 manufacturing plants in Taiwan (Liao

et al. 2014). For this study, the ENM were associated with

manufacturing, fabrication or use, and included Ag, TiO2,

SiO2, Fe2O3, and CNT. Significant changes in several bio-

markers including antioxidant enzymes (superoxide dismu-

tase, glutathione peroxidase) and cardiovascular markers

(vascular cell adhesion molecule, paraoxonase) were associ-

ated with exposure at the 6-month follow-up for handlers of

carbon nanotubes, TiO2, SiO2, and Ag ENM. These results are

relevant to the current framework, indicating that oxidative

stress and inflammation represent key events along the AOP.

Another area where ENMs might be released into air is

through the application and eventual weathering of coatings

on building materials, or the remodeling or demolition of

those structures (Shandilya et al. 2015). Photocatalytic TiO2

ENM are released from ceramic building materials or coatings

during weathering or abrasion, (Shandilya et al. 2015). West

et al. (2016) documented over 450 construction products

reported to be nano-enabled. The most frequently reported

ENMs included TiO2, silica, ZnO, and CNT. A case study using

TiO2-coated ENM tiles suggested that local exhaust ventila-

tion during cutting and grinding of tiles significantly reduced

Ti-containing respirable dust in the personal breathing zone

and local construction areas. Recommendations also sug-

gested better quantification of worker exposure and the

effects of transformation and release over the product life

cycles (West et al. 2016).

In addition to the aerosol application of coatings involved

with building material surfaces, the use of ENM-enabled con-

sumer spray products as coatings or disinfectants also show

the potential for near-field human exposures. ENM-enabled

products are quite diverse in terms of intended uses as well

as the ENM employed. Examples of products that have been

described in the literature include; antiperspirants, anti-odor

shoe spray, and “plant-strengthening spray” (Lorenz et al.

2011) as well as anti-odor spray for hunters, surface disinfect-

ant and throat spray (Quadros & Marr 2011). These exposures

could be assessed according to the outline of Figure 2;

Product Use; Dispersive Formulation; leading to Direct

Consumer Exposures.

Soil

When ENM enter the soil environment, they are subject to

biotic and abiotic transformations as in other environmental

media, and they may either become bound and immobilized

in the soil matrix, or remain unbound and relatively available

for exposures or for transport to other environmental com-

partments (Figure 4). Assessing the fate and transport of ENM

in soils is complex due to highly varying soil physical, chem-

ical, and biological characteristics and processes, all of which

can react spatially (angstroms to landscapes), temporally

(instantaneous to geologic time steps), and biologically

(across scales from prions to ecosystems). The biogeochem-

istry of a soil at any given locale results from continuous

interactions among these characteristics and processes while

the soil also reacts to ever changing environmental factors.

Soil exposure to ENM may occur through direct deposition,

rainfall removal of excluded (non-bound) ENM from leaves, or

from decomposition of vegetation containing ENM. Soils con-

tain significant diversity in forms of organic matter, which

may bind and influence aggregation and availability to soil

flora and fauna.

Once in the soil, numerous transformations may occur,

including physicochemical, macromolecular, or biological

(Dwivedi et al. 2015). Other soil characteristics such as water

content, pH, mineral content, and bulk density may influence

chemical interactions in the soil, including homo- and hetero-

aggregation (Dwivedi et al. 2015). In some cases, metal ENM

such as Cu and Ag may solubilize and form other complexes.

The extent to which an ENM is chemically transformed are

constrained by the class and properties of the ENM, e.g. met-

als, metal oxides, carbon-based, quantum dots, ENM surface

coatings, etc., and soil properties; see Dwivedi et al. (2015)

for a more thorough discussion of the underlying mecha-

nisms that initiate the abiotic and biotic transformations of

ENM. Briefly, an assessment of ENM transformations in soil

needs to include the physicochemical processes of aggrega-

tion, stability, dissolution, and deposition, and the potential

for sunlight to induce photochemical reactions. Soil proper-

ties contributing to these processes and reactions include,

but are not limited to, the relative and absolute amounts of

organic matter of various qualities; soil inorganic particle size

distribution; ionic strength; cation exchange capacity; relative

soil hydrophobicity/hydrophilicity; type of salts; and the

valence of the associated cation, base cation saturation ratio,

water content, and pH.

Numerous substances are produced and released into the

soil as carbon and nutrient resources (and ENM) that move

Figure 4. Potential pathways of ENM starting from release into natural or agri-
cultural soil. ENM may eventually be transported to another environmental com-
partment – either media or a human or ecological receptor.
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along the bidirectional pathway, e.g. ions, organic acids,

amino acids, polypeptides, enzymes, and catalysts, all of

which will influence the biotic and abiotic transformations

of ENM.

Physical processes also contribute to the bound/unavailable

and unbound/available status of ENM. Several factors contrib-

ute to the fate of ENM on any particular site, such as protocols

for soil managment; soil particle size distribution; the absolute

and relative quantities of various quality fractions of soil

organic matter; and the uptake, translocation, and potential for

re-release of ENM by organisms throughout the plant–soil

food web. These factors will determine whether ENM remain

on-site or will be transported to another environmental com-

partment. Reviews and more thorough discussions on the roles

of soil organic matter, humic, and fulvic acids, and soil colloidal

chemistry and physics are available (Hunter 2001; Kleber &

Johnson 2010; Essington 2015). Examples of off-site transport

include soil removal via actions of wind and water, consump-

tion by mobile consumers [e.g. squirrels eating mushrooms,

bird and mammal foraging, uptake of ENM into human food

resources (plants and animals), etc.]. The myriad of ways ENM

can be transported to another environmental compartment

leads to the potential for ENM to be transferred to the atmos-

phere, ground and surface waters, thereby creating additional

pathways of potential exposure to terrestrial species and

humans.

The application of biosolids to land is estimated to be the

main source of ENM emissions into soil (Tourinho et al. 2012;

Gottschalk et al. 2013; Keller et al. 2013a, 2013b; Sun et al.

2014; Figure 4). As discussed earlier, many ENM will be chem-

ically and physically altered during wastewater treatment.

Sulfidation of metal and metal oxide ENM is generally the

end-product in fresh biosolids, and some of these sulfidation

products are further transformed during composting, aging,

and stockpiling prior to land application. Pristine ENM are

unlikely to enter the soil environment from the consumer !

WWTP ! soil pathway.

Direct application of ENM as nano-formulated pesticides,

or some spray applications such as surface coatings, may

result in direct exposure of ENM to soils. Additionally, direct

release of ENM as a result of storage or transportation acci-

dents should be considered. Exposure estimates that utilize

broad averaging methods to divide nanomaterial potential

releases over large geographical areas or environmental com-

partments may arrive at low estimated exposure concentra-

tions. However, receptors might encounter pockets of higher

concentrations of ENM due to latent chronic releases, concen-

trated intentional distribution, or spills. For these reasons, it is

important to be mindful of the implicit assumptions behind

exposure scenario descriptions, and assure that they are

appropriate reflections of the cases being considered.

Several literature studies have attempted to examine ENM

reactions in soils either through the consumer-to-WWTP-to-

soil pathway or direct release. Unfortunately, many of these

studies employ ENM concentrations that are disproportion-

ately high in relation to probabilistic modeling of ENM

release to soil systems, or spike ENM into processed biosolids

without taking into account physiochemical reactions that

occur in a WWTP (Priester et al. 2012; Colman et al. 2013).

Historical research on biosolids application to soil, with par-

ticular emphasis on metal risks, highlights the complexity of

understanding contaminant chemistry. Metal spiking in soils

causes what is called the “salt effect”. When metals (or ENM)

work their way through a WWTP, the chemical reactions are

buffered after the biosolids product has equilibrated for sev-

eral months before land application. However, spiking a

metal salt (i.e. Zn2þ) directly into soil or processed biosolids

results in forms of Zn that are not similar to Zn phases in the

WWTP-reacted, composted biosolid. Further, the spiked Zn2þ

seeks equilibrium and, through hydrolysis (Zn2þþ 2H2O !

Zn(OH)2þ 2Hþ), causes soil acidification that is not encoun-

tered in the equilibrated, composted biosolids. While spiking

metal salts or ENM directly into soil would provide the worst

case scenario for risk assessment, application, and interpret-

ation of such results is challenging. There are limited

examples examining the impact of ENM-influenced biosolids

land application as well as realistic direct exposure of ENM

in soils.

A case study of Ag salt and Ag ENM spiking directly in soil

can be drawn from recent studies (Settimio et al. 2014;

Sekine et al. 2015) which examined the lability of Ag2S ENM

represented in biosolids in comparison with labile AgNO3 and

metallic Ag ENM. Regardless of soil pH, AgNO3 spiked soils

observed more labile Ag than those treated with metallic Ag

ENM. The Ag2S ENM demonstrated virtually no Ag lability.

Since the application of biosolids to land is estimated to be

the main source of ENM emissions into soil and the primary

form of Ag in biosolids is Ag2S (Kim et al. 2010a; Kaegi et al.

2011; Impellitteri et al. 2013; Lombi et al. 2013), the chemical

stability and low Ag lability from Ag2S should drive the long-

term risks of Ag toxicity in the soil environment.

Aquatic

Once an ENM is introduced into the aquatic environment, a

series of processes begin that ultimately affect its fate and

potential to cause adverse ecological and human health

effects (Figure 5). Most fundamentally, and regardless of the

source to the aquatic environment (e.g. soil groundwater

intrusion, atmospheric deposition, and/or in-flow of surface

waters), the ENM will distribute between the surface water

and either suspended solids, dissolved organic carbon (DOC)

or some other partitioning phase, and ultimately through

depositional processes, may be deposited into sediments

(Klaine et al. 2008; Praetorius et al. 2012; Dale et al. 2015;

Velzeboer et al. 2014, Wang et al. 2014b). However, through

competing dynamic processes, including resuspension, an

ENM in the sediment may be returned to the surface waters

only to be returned again to the sediments when the resus-

pension event ends. In the surface water or sediment, the

ENM will be distributed between the aqueous phase and

some form of particulate phase (i.e. heteroaggregation).

Heteroaggregation is a process that occurs predominately

between colloidal particles. By the time particles reach the

microscale, they start to precipitate out in many systems. In

the surface waters, this means the ENM will be either sus-

pended in the aqueous phase or associated with suspended
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colloids, DOC, or some other phase (Hyung et al. 2007; Klaine

et al. 2008; Chang & Bouchard 2016). In the water located

between sediment particles, the ENM will remain similarly

suspended in the aqueous phase or associated with DOC, col-

loids, other ligands, and sediment particles.

For ENM in surface waters, transport and transformation

will be governed by parameters such as ionic strength, tem-

perature, pH, light intensity, and the concentrations of sus-

pended particle matter (SPM), colloids, and DOC. These

parameters affect ENM aggregation state, deposition on surfa-

ces (Hyung et al. 2007; Saleh et al. 2008; Chang & Bouchard

2013), and transformation rates (Lowry et al. 2012; Hou et al.

2013, 2015; Chen & Zepp 2015; Chowdhury et al. 2015a;

Mitrano et al. 2015). While the literature is well populated

with reports of ENM–ENM interactions (i.e. homoaggregation),

there is a growing consensus that heteroaggregation, the

interaction of ENM with naturally occurring particles, will be

the dominant particle interaction process in most natural sys-

tems (Koelmans et al. 2009; Praetorius et al. 2012; Bouchard

et al. 2015). The reason for heteroaggregation dominance is

that naturally occurring particles will greatly outnumber ENM

in most environmental waters (Figure 5).

Relative to transport mechanisms, ENM released into a

water body will interact with SPM, colloids and DOC and will

then be subject to advective transport with water flow (e.g.

stream and riverine flow, tidal motion) and to a lesser degree

diffusive transport. Eventually ENM will be deposited to

stream, lake or estuary bed with settleable SPM. Once depos-

ited, the SMP-ENM aggregate may be buried in sediments or

resuspended in the water column depending on water body

Figure 5. Potential pathways of ENM starting from release into surface water, groundwater, or sediment. ENM are less likely to transport to another form of environ-
mental media. ENM will likely come into contact with an ecological receptor.
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hydrodynamics. Within the sediment interstitial water, the

aqueous phase ENM may also be transported by diffusive

processes which may result in ENM exiting the interstitial

water at the sediment water interface and entering the sur-

face water. Along with the physicochemical and transport

processes just discussed, there are also abiotic and biotic

transformations (e.g. photodegradation, microbial degrad-

ation) that may affect ENM. For example, Chowdhury et al.

(2013) reported that graphene oxide, a modified form of gra-

phene, was stable and did not precipitate for days in natural

and synthetic surface waters.

Given the extensive research and development that have

produced the currently available contaminant transport and

diffusive models (see Table 1 for examples), novel ENM mod-

els should not need to be developed. Rather, existing trans-

port and diffusive parameters may be modified to address

processes that differ between traditional dissolved contami-

nants (solutes) and ENM. One important difference is that

most existing contaminant transport models use equilibrium

solute partitioning to describe solute interactions with envir-

onmental particle surfaces, whereas ENM interactions are clas-

sically described using particle attachment kinetics. It is

important to consider the complexity and interconnected

nature of the various environmental compartments and the

biota within them in determining fate (and toxicity) of the

ENM. Sediments are the final sink for many anthropogenic

contaminants including ENM. In many aquatic systems, par-

ticularly marine systems, ENM enter the water column and in

a relatively short time frame move to the sediment phase via

heteroaggregation and precipitation (Figure 5).

Hendren et al. (2013) have assessed the utility and limita-

tions of existing contaminant transport and fate models for

their application to ENM. There is a small but growing litera-

ture on ENM transport in surface waters. Streambed-water

column exchange of TiO2 nanoparticles has been modeled

using particle–particle interactions and stream bed filtration

processes (Boncagni et al. 2009) and ENM-specific processes

have been linked to a spatially explicit hydrologic model

(Quik et al. 2015). In an application of heteroaggregation

attachment efficiencies, TiO2–SPM interactions and TiO2 con-

centrations in the water column and in sediments have been

estimated (Praetorius et al. 2012). As these types of modeling

approaches progress, data from ENM transformation and

biota response studies should be incorporated into simulation

models to provide more thorough estimates of the environ-

mental distribution and potential for adverse effects from

ENM released to water bodies.

In aquatic systems, as in other complex media, environ-

mental transformations of ENM have important effects on

their transport and toxicity (Lowry et al. 2012; Mitrano et al.

2015). Transformations are typically dependent on the chem-

ical and biological conditions surrounding the ENM, so rates

and products vary throughout the life cycles. Transformations

are likely to be most varied during the use phase of life

cycles due to the high variability of environmental conditions

that apply during use. Mathematical models are one poten-

tially useful tool for evaluating the variable effects of transfor-

mations on human and ecological exposures to ENM. For

example, the Water Quality Analysis Simulation Program

(WASP) is a mechanistic fate and transport water quality

model that includes transformation processes (Table 1). WASP

has been widely utilized for modeling the fate of traditional

contaminants, but is now being updated to allow simulation

of ENM exposures in aquatic environment (Knightes 2015).

Process descriptors and data (e.g. for aggregation, deposition

and transformations) and data inputs for conditions prevalent

in aquatic environments are incorporated into WASP to pro-

vide improved understanding of the factors that influence

exposure to ENM. Transformed (i.e. aged) ENM or ENM

released during product use typically no longer have the

same characteristics of their pristine counterparts (Lowry

et al. 2012; Froggett et al. 2014; Kingston et al. 2014; Mitrano

et al. 2015).

Considerations of carbon ENM illustrate the varied poten-

tial impacts of transformations on exposures and toxicity of

ENM. These changes can be mediated by aggregation of the

ENM. Increases in ionic strength alter the aggregation of

CNTs and these changes may alter phototoxicity by increas-

ing photoproduction of toxic singlet oxygen by the CNTs

(Chen & Zepp 2015). Environmental transformation of the

ENM released from products such as plastic composites can

be initiated by sunlight (Froggett et al. 2014; Kingston et al.

2014; Mitrano et al. 2015). Direct and indirect processes are

both competitively involved in the environmental phototrans-

formation of ENM. For example, graphene oxide (GO) – a

promising precursor to graphene-based materials – strongly

absorbs sunlight in the ultraviolet and visible spectral regions,

making direct photochemical reactions an important deter-

minant of the persistence of these materials (Hou et al. 2015).

Light-induced transformations of GO ENM produce much

more hydrophobic, and likely more toxic, polycyclic aromatic

hydrocarbons (Chowdhury et al. 2015a, Hou et al. 2015).

Transformations can be driven by photochemical reactions,

oxidation reactions, and biological processes, all of which

affect their environmental transport (Chowdhury et al. 2015a).

In the case of GO in natural waters, direct photoreaction

likely dominates the initial phototransformation of GO into

reduced graphene oxide species, low molecular weight

(LMW) species and CO2; these photoproducts are significantly

less photoreactive, however, and persist under direct photoly-

sis conditions. Thus, indirect photolysis initiated by natural

organic matter is likely to dominate the secondary photo-

transformation process, ultimately converting reduced gra-

phene oxide and LMW species into CO2 (Hou et al. 2015).

During this mineralization process, the intermediate species

exhibit decreasing size and higher carboxyl group concentra-

tions, and greater stability against aggregation and reduced

surface deposition, indicating they would be more mobile

than parent GO (Chowdhury et al. 2015a). This information

combined with rate data can be used to model the fate of

the GO ENM outlined in Figure 5.

Information on transformation processes can be used as

inputs to water quality models such as WASP to evaluate the

drivers of exposure concentrations in various compartments

of aquatic environments such as rivers, ponds, lakes, estua-

ries, and coastal environments. Transformations can be

responsible for evaluating exposure concentration changes in

aquatic systems, including changes in the toxicity of ENM.
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This information can be useful in designing monitoring and

remediation strategies for contaminated systems. Also

changes such as potential releases of ENM from plastics and

related effects on ENM distribution and biological uptake can

be evaluated using this modeling approach. Graphene oxide

provides a good example of an ENM that can be evaluated

using this modeling approach. Changes caused by photo-

transformations can alter the persistence, mobility, and tox-

icity of graphene oxide residues (Hou et al. 2015, 2016).

CNT’s have been shown to be stabilized in water by DOC,

which acts like a surfactant to keep the CNT’s suspended in the

aqueous phase (Hyung et al. 2007; Kennedy et al. 2009). For

graphene family materials, GO, with its substantial oxygen con-

tent is readily suspendable in water (Chowdhury et al. 2015b).

In natural waters, particularly those with high DOC contents,

carbon-based ENM can be stable in the water column result-

ing in organism exposures. Regarding transport and uptake

of CNTs in water and soil, these materials are usually incorpo-

rated as composites with various matrices such as plastics in

many commercial products and these composites have differ-

ent fate and transport characteristics than pristine (pure)

CNTs. It is now recognized that plastics have become widely

distributed in aquatic environments and incorporated into

food webs. Also, it has been shown that CNTs can be

released from the composites by weathering and abrasion.

Some ENM release truly dissolved materials which are

readily bioavailable, but arguably are no longer ENM.

Nevertheless, because nano-scaled particles have a signifi-

cantly larger surface area per unit mass and dissolve more

rapidly than their micron-scale counterparts, the rapid release

of toxic ions at the biological interface is a mechanistic con-

sideration for ENM. A good example in consumer products is

copper which is often in the chemical form of copper carbo-

nates (CuCO3) (e.g. pressure treated lumber), and releases the

readily bioavailable and toxic Cu2þ (Parks et al. 2015). Silver

ENM are often used in commercial products as vehicles for

controlled release of silver ion at biological interfaces. Very

low free Ag ion concentrations might be expected for fresh

water or estuary environments that are likely to contain

chloride, phosphate, and carbonate ions. Dissolution and

transformation of Ag ENM in suspension compared with

those interacting with bacteria and other aquatic organisms

presents a significant uncertainty. Contact with aquatic organ-

isms may increase the release of silver ions within the organ-

ism’s local membrane environment (Fabrega et al. 2011). As a

consequence, biotic as well as abiotic effects on dissolution

and transformation should be considered in assessing risk of

ENM to ecosystem targets (Navarro et al. 2008b).

Exposure and biodistribution

The determination of potential risk from ENM-enabled prod-

ucts requires assessments of exposure and hazard. As a sim-

plistic example, a highly hazardous type of ENM may rarely

be encountered by a target organism – or by contrast, a tar-

get organism may be chronically exposed to an ENM that

shows only a moderate acute toxicological response. In any

case, risk-based decisions will consider relative potential for

exposure and hazard.

Exposure and biodistribution to terrestrial species, includ-

ing humans, is depicted in Figure 6. Terrestrial fungi and

microbes, as well as the roots of terrestrial plants, may

become exposed to ENM in the soil. Terrestrial plants may

also become exposed through the foliage after aerosol

deposition or the application of nano-enabled agricultural

products. Following such contact, the ENM may be absorbed,

adsorbed, or excluded. Absorbed and adsorbed materials

may be translocated to the interior of the organism leading

to cellular level exposures, or they may be released or

excreted causing a transfer to other environmental compart-

ments. Exposures to terrestrial animals, including humans,

through inhalation, oral, or dermal routes can lead to trans-

formations at the point of contact, and perhaps either trans-

location across the biological barriers to the interior of the

organism, or exclusion. Nanoparticles that reach pulmonary

fluid, the gut, or the blood plasma typically will be coated

with a protein corona, as discussed below. In vitro modeling

of gastrointestinal digestion for polystyrene nanoparticles

influenced the protein corona composition and increased

translocation of these particles into Caco-2 and HT29-MTX

cells. Variations in the protein corona and translocation rates

were dependent on the biochemical surface modification of

the polystyrene nanoparticles (Walczak et al. 2015). The com-

position of the corona may include opsonin or other proteins

which can trigger macrophage phagocytosis leading to

degredation or excretion. The protein corona also may influ-

ence distribution across biological barriers and cellular

uptake. Modification of the surface of nanoparticles with

polyethylene glycol (PEG) can alter binding of proteins to the

nanoparticles, and thus impacts protein corona formation.

This modification of the nanoparticles using PEG results in

decreased uptake by macrophages and prolonged tissue resi-

dence time (Pearson et al. 2014). Such changes in particle

coatings could change rate constants for nanoparticle transi-

tions for systemic absorption, distribution, and clearance

(Figure 6). Particle aerodynamic diameter influences the

region of deposition in the respiratory tract, but the effect of

particle size on macrophage uptake may not be a factor.

Blank et al. (2013) have shown that there was no difference

in murine alveolar macrophage uptake between 20 and

1000 nm sized polystyrene nanoparticles.

Human exposure

The exposure of humans or indicator organisms to ENM or

ENM-enabled products may occur at numerous points along

the product life cycle. One way to consider human exposure

assessment is through analysis of activities along the nano-

material life cycle that bring these materials into contact with

receptors. In addition to estimating these activities, it is

important to consider the magnitude, frequency and duration

of exposure to an agent, along with the number and charac-

teristics of the exposed population (Zartarian et al. 2004).

These factors are part of the exposure assessment for a risk

assessment for any chemical or physical agents. Two sources

of human exposure to airborne ENM are during manufactur-

ing and use of ENM-enabled construction products (coatings,

cements, and concrete). Given the relatively high number
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(70–80%) of construction workers who are unaware of the

presence of nanomaterials in the products that they routinely

spray, cut, or sand, the potential use of personal protective

equipment or use of engineering controls are likely to be lim-

ited (West et al. 2016).

Occupational exposure can occur during the synthesis,

application, recycling and disposal of nanoparticles or ENM-

enabled products. Workers may be among the first people

exposed to new ENM, and may have higher levels of expos-

ure than do other segments of the population (Schulte et al.

2014). Occupational safety and health achieved through limit-

ing worker exposures to ENM is an area of focus for the

responsible development and use of nanotechnology. One

particular area of focus has been the potential for inhalation

exposure to poorly soluble particles and fibers (Kuempel

et al. 2012). As the current paper primarily concerns environ-

mentally mediated exposures, interested readers may find

detailed considerations of occupational safety issues else-

where (Pietroiusti & Magrini 2014; Schulte et al. 2014;

Thompson et al. 2015; Boonruksa et al. 2016; Brouwer et al.

2016; Larese Filon et al. 2016). Although occupational expos-

ure concentrations may be higher than those of the general

public, the number of individuals potentially exposed in the

general population is larger than in the workplace, and

includes individuals with greater potential susceptibility such

as the young, elderly, or those with other compromising

health conditions.

The main routes of exposure for particles from ENM-

enabled products are shown in Figure 6. Due to the relatively

limited total volumes of most manufactured ENM and the

limited time that most ENM have been in production (in the

absence of a large spill), human exposures from far-field sour-

ces (arising from environmental background) are not likely to

become a significant contribution to overall exposure in the

near future. Consequently, the most significant exposures for

humans in a non-occupational setting are expected to be

near-field (arising from interaction with ENM-enabled con-

sumer products), as opposed to far-field scenarios. Where

nanomaterial composition was identified, analysis of nano-

enabled consumer product inventories suggested that the

greatest number of currently listed products contain metal-

based ENM (Ag or Ti), followed by Si- and carbon-based ENM

(Vance et al. 2015; Hansen et al. 2016).

Estimation of an individual’s exposure to ENM from the

use of ENM-enabled consumer products requires information

concerning the product composition (magnitude of

Figure 6. Potential terrestrial species exposure and biouptake pathways, including pharmacokinetic distribution routes that continue up to contact with cells.
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exposure), how often it is likely to be used (frequency of

exposure events), the pattern of product use (duration and

potential exposure route), and potential for ENM release from

the product matrix. Population exposure modeling requires

input on market penetration of the product. Modeling of

cumulative exposure can be considered for target popula-

tions using multiple products containing similar ENM using

integrated probabilistic techniques such as the Stochastic

Human Exposure and Dose Simulation (SHEDS) Model (Isaacs

et al. 2014). Human exposure pathways to ENM include der-

mal/ocular contact, inhalation, and oral ingestion. The dermal

route has the highest probability of exposure to consumer

products (Vance et al. 2015). Ingestion and inhalation routes

follow, with about half of the number of reported products

being metal-ENM, followed by silicon and carbon-based ENM.

Inhalation exposure can result from occupational and envir-

onmental sources and, of the three pathways, is most likely

to occur and poses the greatest risk of adverse outcomes.

Oral ingestion could occur from dietary sources or drinking

water contaminated with ENM, hand-to-mouth activity follow-

ing dermal contact of ENM contaminated surfaces, or from

swallowing mucous and macrophages containing inhaled

ENM that were cleared from the lung by the mucociliary tract

lining the conducting airways of this organ. Given the signifi-

cant changes in matrix conditions that occur along the GI

tract including the acidic environment in the stomach

and complex intestinal components, transformation is

an important consideration for ENM bioavailability (Alger

et al. 2014). Silver nanoparticles have been shown to aggre-

gate, react with chloride and sulfide as well as form protein

aggregates and coronas (Mwilu et al. 2013; Walczak et al.

2013). In addition, copper carbonate nanoparticles associated

with treated lumber have been shown to dissolute into ions

in the presence of simulated stomach fluid (Santiago-

Rodr�ıguez et al. 2015). Dermal contact may occur through

unintentional or intentional exposure – the latter from, for

example, applying sunscreen that contains ENM. Although

transport of ENM through skin is typically limited, damaged

skin may facilitate increased rates of transdermal transport

(Baroli 2010).

Human biodistribution (dosimetry)

The pharmacokinetics (PKs) of chemicals including ENM

involves aspects of the rate and extent of their absorption,

distribution, metabolism, and excretion (ADME) from the

body (Figure 6). The role each process has in the disposition

of an ENM is dependent on the route of exposure, character-

istics of the individual exposed (e.g. age, health status), and

properties of the ENM (e.g. size, surface properties, etc.) and

exposure medium (e.g. water, soil, etc.). Publications by Elder

et al. (2009), Hagens et al. (2007), Landsiedel et al. (2012), Lin

et al. (2015), and Riviere (2009) review the PKs of ENM.

Overall, exposure of ENM to terrestrial mammalian species

can occur by inhalation, ingestion or contact with the skin

(Figure 6). The Multiple-Path Particle Dosimetry Model (MPPD;

Table 1) calculates deposition in the respiratory tract based

on airway geometry and physical/chemical properties of aero-

sol or particle. Once exposed to the lung, gastrointestinal

tract or skin, different extracellular interactions may occur

with the ENM between proteins, lipids, and microbiota within

the different fluids of each organ. Transformation of nanopar-

ticles in biological fluids depends on the core particle com-

position, particle coating, and biological fluid. Simulated

gastrointestinal exposure to CdSe-core/ZnS-shell quantum

dots resulted in solublization of Zn and to a lesser extent Cd

(Wiecinski et al. 2009). Similar treatment of Ag ENM resulted

in aggregation and formation of a AgCl coating on the par-

ticle aggregates (Rogers et al. 2012). The extent of this trans-

formation was dependent on the initial coating used to

stabilize the Ag ENM (Mwilu et al. 2013). Biological fluids

such as artificial sweat and urine solubilize Ag ions from Ag

ENM-enabled fabrics to a greater extent than water or simu-

lated saliva (Quadros et al. 2013).

Translocation of the ENM through each organ may or may

not occur (Baroli et al. 2007; George et al. 2014).

Translocation is the result of crossing an epithelial barrier and

the ENM is absorbed systemically (Larese et al. 2009). The

ENM may then interact with proteins and other biomolecules

forming a protein corona. The ENM may then distribute to

other organs, requiring crossing another barrier eventually

being delivered to a cell within an organ (Baroli et al. 2007;

George et al. 2014). Systemically absorbed ENM may also be

excreted in the urine or bile for eventual fecal elimination.

The commonality of the exposure pathways described

above leading to absorption of ENM is that these materials

must cross an epithelial barrier. However, the epithelial bar-

riers of the lungs, gastrointestinal (GI) tract and skin

(Figure 6) are different in many ways (Elder et al. 2009).

Epithelial cell types include columnar, cuboidal, squamous,

and others which vary within each organ/system (GI tract

consists of several organs) and each cell type has a different

function. While the cells that line the lungs and gastrointes-

tinal tract are viable, the outer layer of the skin, the stratum

corneum is non-viable. The microenvironment of each organ

system differs with respect to hydration, pH, air:surface inter-

face and other factors. Immune cells are integrated differently

within each organ system and provide unique means and

abilities which may limit absorption of ENM.

Absorption: portals of entry

The outer layer of the skin, the stratum corneum, is non-

viable epidermal tissue (Baroli 2010). The stratum corneum

consists of keratinocytes filled with the protein keratin sur-

rounded by a lipid membrane. The means of absorption

through the skin is passive diffusion. The epidermis contains

pores and shunts, which ENM may enter. ENM have been

detected in the pores, cracks and hair shafts of skin (Baroli

2010). The results of most dermal absorption studies of ENM

indicate that these materials may penetrate to lower levels of

the epidermis, which are viable, but rarely penetrate into the

dermis, which underlies the epidermis and is the vascularized

tissue of the skin. With intact skin, most studies indicate ENM

are excluded from entering the body (Pflucker et al. 2001;

Monteiro-Riviere et al. 2011). However, if the stratum cor-

neum is damaged from, for example, sunburn, cuts or
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abrasions, further penetration of the ENM through the skin

may occur with potential systemic absorption (Larese et al.

2009).

Inhalation of ENM can result in their deposition in con-

ducting and respirable airways. The particle size determines

the location of deposition in the respiratory tract. Inhaled par-

ticles of about 20 nm in size have the highest proportional

deposition in the alveolar region (�50%) (Oberd€orster et al.

2005; Elder et al. 2009). Conducting airways (bronchi) are

lined with mucous and epithelial cells with cilia. Particles that

deposit in the mucous are moved up (i.e. cleared) in the

respiratory tract by action of the cilia to the trachea, where

they are eventually swallowed and translocated to the gastro-

intestinal tract. ENM that deposit in the respirable region of

the lungs can be absorbed through epithelium of the alveoli.

The distance between the outer surface of the alveoli

and the capillaries ranges from 0.36 to 2.5 lm (Elder et al.

2009). The ENM may enter the vascular or lymphatic system.

The size of ENM particles is a determinant for systemic

absorption, with particles <55 nm diameter having greater

penetration through the alveoli than particles of 200 nm or

greater (Elder et al. 2009). If the alveoli/blood vessel interface

is inflamed, absorption of the ENM may be potentially

increased (Elder et al. 2009). If not absorbed, ENM may be

phagocytized by macrophages, which may be cleared by the

mucociliary tract and eventually swallowed and translocated

to the gastrointestinal tract. Multiwalled carbon nanotubes

(MWCNT) that reach the alveoli may eventually translocate to

the pleural cavity (Mercer et al. 2013), as has been found

with asbestos fibers (Donaldson et al. 2010; Xu et al. 2014).

Length and shape of the MWCNT appears to affect its trans-

location to the pleural cavity (Xu et al. 2014). There is also

evidence of absorption of ENM via the olfactory nervous sys-

tem following inhalation exposure, where particles may enter

the brain without crossing the blood–brain barrier (BBB)

(Oberdorster et al. 2004; De Lorenzo 2008).

The GI tract is the anatomical organ system exposed to

ENM following their ingestion and includes esophagus, stom-

ach, small and large intestine and colon. The cells lining the

GI tract, even though epidermal, change in structure, and

function as the GI tract progresses from the esophagus to

the colon. The pH of the GI tract also changes from acidic

conditions in the stomach to slightly basic in the intestine

which can affect the physicochemical properties of the ENM

(Elder et al. 2009). Surface charge of the ENM can affect GI

absorption, as positively charged ENM seem to be absorbed

to a greater extent than neutral or negatively charged ENM

(Hagens et al. 2007). As for conventional chemicals, most

absorption of ENM in the GI tract takes place in the intestine.

This is due in part to the large surface area of the intestine,

the longer residence time of the ENM within it than in other

parts of the gastrointestinal tract, and the epithelial cell type

favoring absorption. It appears the most common mechanism

of uptake of ENM in intestinal epithelial cells is by endocyto-

sis (Frohlich & Roblegg 2012). Paracellular uptake may also be

involved, but may be less than endocytosis because the area

available for the former uptake to occur is much less (Hagens

et al. 2007). Particle size may affect intestinal absorption, as

Desai et al. (Desai et al. 1996, 1997) have reported polylactic

polyglycolic acid co-polymer particles of size 100 nm–10 lm

show decreased absorption with increased size of particle

in vitro whether in the rat in situ intestinal loop model or in

Caco-2 cells (Desai et al. 1997).

Distribution

ENM absorbed into the systemic circulation are distributed to

organs within the body (Figure 6) (Almeida et al. 2011;

Stapleton & Nurkiewicz 2014). Studies have essentially found

that systemically absorbed ENM are distributed to most, if

not all, organs, but the levels detected in the organs vary

greatly (Hillyer & Albrecht 2001; Oberdorster et al. 2002;

Fabian et al. 2008; Landsiedel et al. 2012). Factors that influ-

ence the distribution of ENM include route of administration,

physicochemical properties of the ENM, physiological environ-

ment where the ENM enters the systemic circulation and the

morphology of the endothelium (i.e. blood vessel wall) within

that organ. Because the physical flow of blood changes with

the size of the blood vessel, when the vessel becomes

<300lm, the smaller solutes tend to move towards the ves-

sel wall (Stapleton & Nurkiewicz 2014). Thus, the size of the

ENM is an important determinant of its ability to pass

through the endothelium of different morphologies. A con-

tinuous endothelium is essentially found in lung and muscle

capillaries. The endothelium of kidneys is fenestrated, and

that of liver and spleen discontinuous (Almeida et al. 2011).

Proteins and other biochemicals in blood may surround

ENM to form a corona. The characteristics of the corona are

dependent on the physicochemical properties of the ENM

(e.g. size, surface properties) and the biochemicals and pro-

teins that interact and bind to the ENM. As ENM are phagocy-

tized by macrophages and monocytes, the blood and organs

that possess macrophages such as liver, spleen, lymph nodes,

and bone marrow are some of the first organs that sequester

ENM (Almeida et al. 2011). ENM may also be absorbed into

the lymphatic system and be distributed as well, although lit-

tle is known about this aspect of ENM distribution. Stapleton

and Nurkiewicz (2014) contend that ENM in lymphatics may

contribute to inflammation to a greater degree than in the

circulatory system. This is because ENM would be in higher

concentrations in lymphatics than in blood, their residence

time would be longer due to a lower flow rate, and they

could interact with neutrophils and propagate inflammatory

signals to a greater extent.

Metabolism

Mammalian biological transformations of ENM are not well

characterized or known (Hagens et al. 2007). The available

information on fullerenes and silica ENM indicates that these

materials are not biotransformed (Landsiedel et al. 2012).

Metal-based ENM can be in various oxidation states, so there

is the potential that these materials could be oxidized or

reduced in situ based on the pH and oxidation state of the

tissue environment. Metal-based ENM taken up by cells via

phagocytosis or endocytosis are exposed to enzymes and

changes in pH within the endosome/lysosome. These

enzymes may degrade corona proteins and the acidic envir-

onment of these vesicles may degrade a metal-based ENM
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with release of metallic ions (Soenen et al. 2015).

Functionalized single-walled carbon nanotubes (SWCNT)

in vitro are susceptible to degradation by human myeloperox-

idase and eosinophil peroxidase (Kagan et al. 2010; Andón

et al. 2013). Overall, more studies are needed to understand

the metabolism of ENMs.

Elimination and excretion

Systemically absorbed ENM are eliminated via urinary elimin-

ation, fecal excretion or both (Landsiedel et al. 2012). The

extent of the elimination by these routes is dependent on the

physicochemical characteristics such as size, surface chemistry,

and charge of the ENM and the route of administration (Lin

et al. 2015). Urinary elimination involves filtration of blood

plasma through the glomerulus. Although ENM are found in

urine, not all ENM are able to pass through the glomerulus.

Choi et al. (2007) report that quantum dots (CdSe/ZnS core/

shell) with a hydrodynamic diameter less than 5.5 nm, when

administered i.v. to mice, are rapidly and efficiently eliminated

via the urine. The adsorption of serum proteins to the quan-

tum dots, which could be prevented by zwitterionic or neutral

organic coatings on the dots, tended to increase the hydro-

dynamic diameter and thus retard their urinary elimination.

Intravenous administration of Ag ENM (approximately 8 nm

size) to rabbits was followed by low urinary excretion (Lee

et al. 2012). This suggests that factors in addition to size of

ENM can influence elimination of the particle from the body.

Functionalized SWCNT and MWCNT have also been detected

in urine of laboratory animals administered these carbon-

based ENM (Landsiedel et al. 2012). Whether ENM are secreted

or absorbed by the renal tubules is not known.

After being absorbed, ENM may be transported via the

bile to the gastrointestinal tract and eliminated in the feces.

For an ENM to be excreted into the bile, it would have to

cross the cell membrane of the hepatocyte, and then be

excreted into the biliary tract. Ag ENM were detected in feces

of rabbits administered Ag ENM intravenously, suggesting bil-

iary excretion of these particles (Lee et al. 2012). Low levels

of polystyrene nanospheres (50 nm diameter) have been

detected in rat bile following intravenous administration

(Ogawara et al. 1999). The mechanism of the ENM entry into

the bile is not known.

Some ENM dissolve to smaller constituents or ions over a

time course of days, while other ENM can be strongly persist-

ent. For example, 90 d after i.v. infusion of 30-nm sized CeO2

in rats, there was little decrease in cerium concentration in

any tissue (Yokel et al. 2012).

Physiologically based PK modeling

PK models use mathematical formulas to describe the move-

ment of a chemical or drug in the body. A progression of PK

models is the inclusion of physiological, anatomical, biochem-

ical, and other specific aspects in mathematical terms (tissue

volumes, flow rates, etc.) to build physiologically based PK

(PBPK) models. PBPK models have several advantages over PK

models in terms of extrapolating dose, exposure duration,

route-to-route and species. A strength of PBPK models is that

they can be used for hypothesis testing, to understand

mechanisms of toxicity, and to make predictions of move-

ment of a chemical in humans using in vitro and in vivo PK

animal data. PBPK models are extremely useful for regulators

because of the information they can gather from this predict-

ive tool. PBPK models have been applied primarily to inor-

ganic and organic compounds, such as drugs, with a MW less

than approximately 900Da. The PKs of small molecules are

different from ENM in areas of diffusion, active transport,

metabolism, and excretion. The physiological, biochemical,

and metabolic processes that the body imposes upon ENM

are generally different than those for non-particulate or small

molecules (Li et al. 2012). For these reasons, only a few PBPK

models have been published for ENM and include those on

Ag (Bachler et al. 2013), ZnO (Chen et al. 2015), and TiO2

(Bachler et al. 2015) (Table 1).

The Ag ENM PBPK model (Bachler et al. 2013) included

structures for ionic and nanoparticulate Ag and were based

on PK data from intravenous studies in rats. The modeling

results, within the confines of particle sizes (15–150 nm) and

coatings (polyvinylpyrrolidone and carboxymethyl cellulose),

indicate that particle size and coating had minimal impact on

the distribution and organ uptake of the Ag ENM; dissolution

to Ag ions was not significant; the ENM were stored as insol-

uble salt particles; and uptake of Ag ENM by macrophages

was of minimal significance for relevant human exposure

levels. The ZnO PBPK model (Chen et al. 2015) was based on

previous PK studies using ZnO ENM (10 and 71 nm) and

ZnNO2 (soluble) administered to mice. The modeling efforts

showed that the tissue partition coefficients of ZnO ENM

were greater than those of soluble zinc; the excretion and

elimination rates in liver and gastrointestinal tract of 71 nm

ZnO ENM and soluble Zn were important determinants of

their PKs; ZnO ENM decomposed to soluble Zn after 1 week

in the body. The TiO2 PBPK model (Bachler et al. 2015) was

based on published PK data of mice and rats administered

TiO2 ENM intravenously. The modeling results showed that

particle size (15–150 nm) and crystalline structure of nano-

TiO2 had limited impact on the distribution; and the nanopar-

ticles agglomerated at high concentrations and were

engulfed by macrophages (Bachler et al. 2015). Extrapolating

the results to human oral exposures to nano-TiO2, Bachler

et al. (2015) reported that the organ concentrations of titan-

ium at the 95th percentile level were lower than concentra-

tions in in vitro studies that resulted in toxic effects.

There has been a great research effort to understand the

biodistribution and dosimetry of ENM over the past

10–15 years. Certainly the physical and chemical properties of

the ENM, such as chemical composition, size, coatings, have a

tremendous impact on how the body interacts with these

particles regarding their absorption, distribution, metabolism,

and excretion. But the most critical ENM property affecting

biodistribution and dosimetry has not been clearly defined,

and represents a significant data gap. With all of the different

types of ENM (e.g. metals, metal oxides, SW-, and MWCNT)

currently in use and with their transformation/degradation in

the environment to a variety of products, it may not be pos-

sible delineate a specific property of the ENM that has the

greatest impact on its biodistribution and dosimetry within

the body.
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Testing the potential toxicity of ENM frequently includes

in vitro assessments as a component of the testing strategy.

Understanding dosimetry to cells in vitro has become an

important consideration (Teeguarden et al. 2007). Typically the

cells to be tested are adherent to the bottom of a flash or well

and the nanomaterial suspension is added to the media over

the cells, with the dose expressed as the mass concentration

per unit volume. However, the amount of nanoparticles reach-

ing the cell layer can differ substantially from the added con-

centration. The behavior of ENM suspended in media is

dependent on forces of diffusion, where particles tend to

remain in suspension, and sedimentation, where particles tend

to settle gravimetrically (Teeguarden et al. 2007; Hinderliter

et al. 2010). Computational models (Table 1) have been devel-

oped to predict dose delivered over time to the celluar layer,

including the In vitro Sedimentation, Diffusion and Dosimetry

(ISDD) model (Hinderliter et al. 2010). Subsequently, proce-

dures were standardized for preparations of particle suspen-

sions (Cohen et al. 2013a, 2014), and estimating density of

particle agglomerates (DeLoid et al. 2014) with corresponding

model updates, to better estimate in vitro particle dosimetry.

Extracellular interactions

Protein corona/opsonization

Once introduced into a biological fluid such as blood, ENM

interact with a variety of cells, proteins and other biochemicals.

The interaction of ENM with proteins in blood in vivo or

serum in vitro results in formation of a protein corona

(Figure 7) (Nel et al. 2009; Zhu et al. 2012; Fleischer & Payne

2014; Pearson et al. 2014; Treuel et al. 2014). Proteins that

have been found in the corona include albumin, immunoglo-

bulins, apolipoproteins, and fibrinogen (Lundqvist et al. 2008).

In some circumstances, over 80 proteins have been associ-

ated with citrate stabilized Ag ENM (Shannahan et al. 2015).

The formation of these complexes is a dynamic process that

is dependent on surface characteristics of the ENM, properties

of the suspending media (e.g. salts and multivalent ions), the

solid-liquid interface (e.g. surface hydration and dehydration)

and the ENM–protein interface (e.g. conformational change in

protein) (Nel et al. 2009; Ritz et al. 2015). The adsorption of

proteins to ENM occurs at various rates because of differing

affinities the proteins have towards the surface of the ENM

(Ritz et al. 2015). It was proposed that eventually, a “hard”

corona is formed with proteins that have a high affinity

towards the surface of the ENM and an overlaying “soft” cor-

ona, consisting of proteins having a lower affinity to the ENM

(Lynch et al. 2007). Others find the protein coronas to be

unstable and reversible, similar to other forms of heteroag-

gregation (Liu et al. 2013). The forces controlling the interac-

tions between ENM and protein include hydrodynamic,

electrodynamic, electrostatic, solvent, steric, and polymer

bridging (Nel et al. 2009). The formation of the ENM-protein

corona complex may alter the physicochemical properties of

Figure 7. Potential aquatic species exposure and biouptake pathways, including pharmacokinetic distribution routes that continue up to contact with cells.
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the ENM such as zeta potential and agglomeration of the

ENM (Pearson et al. 2014; Treuel et al. 2014). Conformational

changes in the protein as a result of this interaction with an

ENM may result in exposure of new epitopes (leading to

potential allergenicity), altered function (protein no longer

recognized by cellular receptors), and changes in avidity (Nel

et al. 2009; Shannahan et al. 2015). Knowledge of the

ENM–protein corona complex and how it is formed will

enable an understanding how ENM are internalized into cells,

as these complexes can bind to specific receptors involved

with cellular uptake.

Opsonization is a biological process that promotes, but

does not always result in, clearance of ENM from the systemic

circulation. Complement proteins adsorbed to the ENM are

recognized by receptors on macrophages (Walkey et al.

2012). Macrophages internalize the ENM-protein corona com-

plex via receptor mediated phagocytosis. Remarkably, modify-

ing an ENM with polyethylene glycol (PEG) will reduce uptake

of the ENM by macrophages (Pearson et al. 2014). The uptake

of gold ENM by murine macrophages is decreased by 75% or

more when the density of polyethylene glycol grafted on to

the gold nanoparticles reaches 0.32 PEG/nm2 (Walkey et al.

2012). This effectively increases the systemic circulation time

of the ENM. PEGylation of ENM reduces binding of proteins

to the ENM. Because of differences in the physicochemical

properties of ENM, such as size, the effect of PEGylation on

the ENM must be made on a case by case basis.

Biological barriers (e.g. BBB, placenta)

ENM that have reached the systemic circulation following

oral, pulmonary, or dermal exposure have translocated

through an epithelial barrier. To translocate from the systemic

circulation into internal organs, ENM must pass through an

endothelial barrier – the wall of the blood vessel. The lining

of blood vessels by the endothelium, which varies from organ

to organ, is continuous, fenestrated, or discontinuous. Organs

such as the liver and spleen have a discontinuous endothelial

cell lining and are more “leaky” than other organs. This allows

for substances in the blood to be absorbed more easily by

these organs. Other organs such as the brain have a continu-

ous endothelium that is more specialized. This distinctive lin-

ing limits the absorption of many exogenous chemicals in

these organs and provides a level of protection.

The brain is a unique and sensitive target organ for toxi-

cants because of its limited ability to regenerate cells and tis-

sue after toxic insult. The uptake of many exogenous

chemicals including ENM from the systemic circulation into

the brain may be limited due to its specialized barrier, the

BBB (Bhaskar et al. 2010). The endothelial cells of the vascula-

ture within the brain are connected by special protein com-

plexes that form tight junctions between the cells (Pietroiusti

et al. 2013). Efflux transporter proteins also line the endothe-

lium that carries xenobiotics out of the brain (Tamai & Tsuji

2000). However, the role of transporters eliminating ENM out

of the brain is not well defined. Despite the BBB, chemicals

including ENM are still absorbed into this organ following

oral administration or intra-tracheal instillation (He et al.

2010; Hu et al. 2010; Kim et al. 2010b; Park et al. 2010; Yang

et al. 2010; Schleh et al. 2012). Molecules of low molecular

mass (<400–500Da) and lipophilic compounds may cross the

BBB and enter the brain tissue by passive diffusion (Bhaskar

et al. 2010). Although not quite clear, ENM may be absorbed

into the brain by receptor-mediated endocytosis or pinocyt-

osis (Bhaskar et al. 2010; Zhao et al. 2011). ENM from extra-

vascular sources that enter the body are absorbed to a very

limited extent if at all into the brain (<0.03% of the adminis-

tered dose) (Pietroiusti et al. 2013). However, animal studies

have shown damage to brain (e.g. inflammation, altered

morphology of neurons, perturbations in neurotransmitter

secretion) following administration of ENM such as carbon

black, TiO2, and SWCNT following intra-tracheal instillation,

oral administration, and inhalation (Wang et al. 2007; Hu

et al. 2010; Jackson et al. 2011; Pietroiusti et al. 2013;

Karmakar et al. 2014). ENM are also being developed for

intravascular administration targeting the brain for purposes

of medical imaging or as a carrier of therapeutic drugs

(Bhaskar et al. 2010; Dom�ınguez et al. 2014), indicating that

the BBB is not impermeable to ENM.

Male germ cells mature in the seminiferous tubules within

the testes. The blood–testis barrier (BTB) protects these germ

cells from exposure to potential toxicants. This epithelial bar-

rier consists of Sertoli cells, with specialized proteins (tight

junction, desmosome, basal ectoplasmic specialization, and

gap junction) between adjacent cells (Cheng et al. 2011;

Cheng & Mruk 2012). An anatomical feature that enhances

protection to the seminiferous tubules is that they are not

infiltrated by blood vessels, lymph vessels, or nerves.

Nevertheless, despite this epithelial barrier, animal studies

have shown translocation of several ENM (Ag, CeO2, Fe2O3)

from the systemic circulation to the testes and damage to

this organ as well (carbon black, TiO2, SiO2) (Pietroiusti et al.

2013). Relative to the BBB, the BTB appears to be less effect-

ive as a long-term barrier to ENM. This may be due to dam-

age to the Sertoli cells, decreased ability to translocate ENM

out of the Sertoli cells, or both (Pietroiusti et al. 2013).

The developing fetus is extremely vulnerable and suscep-

tible to toxic insults from a variety of toxicants. Toxicants in

the mother’s systemic circulation have the ability to distribute

to the fetus. ENM that adversely interact with the placenta

itself may affect the developing fetus. Knowledge on the abil-

ity of ENM to cross the placenta is limited. The placenta is a

“short-term” barrier, unlike the BBB and BTB (Saunders 2009).

It is present in the mother only for the term of the fetus.

Nutrients from the mother are transferred through the pla-

centa for the growth and development of the fetus. The pla-

centa also metabolizes endogenous and exogenous

compounds, exchanges gas between mother and fetus, plays

a role in immune function and removes waste products from

the fetus (Saunders 2009). The barrier is the trophoblast, a

continuously fused non-replicating epithelial tissue derived

from the fetus. The trophoblast is immersed in the maternal

blood, and pores within it are thought to be no greater than

10 nm (Saunders 2009). To reach the fetal circulation, chemi-

cals must traverse the trophoblast (which consists of two

layers of cells), basement membrane, connective tissue, and

endothelial wall of the fetal blood vessel. The placental bar-

rier changes over time, from a hemodichorial architecture in
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the first trimester to a hemomonochorial architecture during

the second and third trimesters (Juch et al. 2013). The barrier

thus becomes thinner and presumably more permeable as

the fetus develops. Translocation of chemicals is thought to

be primarily by diffusion, but mechanisms including receptor-

mediated endocytosis, phagocytosis, and transporter proteins

may also be involved (Saunders 2009). Several studies in

which pregnant rodents were administered ENM (e.g. SiO2,

TiO2, fullernes, Au, SWCNT) reported translocation and/or tox-

icity to the embryo/fetus/pup (Pietroiusti et al. 2013). These

outcomes were dependent on the type of ENM used (metal-

loid, metal, metal oxide, carbon nanotube), dose adminis-

tered, route of administration (sc, oral, iv), and day of

gestation (single or multiple days) (Takahashi & Matsuoka

1981; Lim et al. 2011; Pietroiusti et al. 2011; Yamashita et al.

2011).

Cellular uptake and intracellular fate

A simple schematic depicting uptake and distribution of ENM

at the cellular level is presented in Figure 8. The physical and

chemical interactions among the nanoparticle, its protein cor-

ona, and the cell membrane surface determine the probabil-

ity that the particle will enter the cell or be excluded from it

(Verma & Stellacci 2010; Zhao et al. 2011; Zhu et al. 2012; Oh

& Park 2014).

The uptake of ENM into cells has been an active area of

drug development research because ENM may enable drugs

to enter cells or cross biological barriers where they other-

wise would not. Cellular uptake of ENM is also a key deter-

minant of nanotoxicity (Ivask et al. 2013). Although studies of

cellular uptake frequently use electron microscopy (e.g.

Chithrani & Chan 2007) uptake of fluorescently labeled ENM

has been observed using fluorescent or confocal microscopy

(Davda & Labhasetwar 2002; Treuel et al. 2013). Cellular

uptake of nanoparticles composed of materials that reflect

light, such as Ag or Ti, can be observed with dark-field

microscopy and quantified using flow cytometry (Zucker

et al. 2010). Plasmonic resonance of Ag ENM in a cellular

matrix also presents an opportunity to detect ENM with a

larger signal to noise ratio than by using light scattering

(Zucker et al. 2013). Much of the nano-pharmaceutical under-

standing of mechanisms through which cells internalize par-

ticles, and the influence of nanoparticle physical and

chemical parameters, can be applied to considerations for

nanotoxicology. Numerous factors influence cellular uptake

pathways including particle size, shape, charge, hydrophobi-

city, surface modifications, and dissolution.

Mammalian cells have mechanisms for particle uptake,

although different types of cells take up particles to differ-

ent degrees. The uptake mechanisms are distinguished by

the size of particles processed, the signaling and enzymatic

pathways involved and the destination of the internalized

materials. In addition to direct penetration through the

membrane, which occurs primarily for very small particles,

the following uptake pathways have been described:

phagocytosis, through which macrophages and other

phagocytic cells engulf foreign materials, including nanopar-

ticles; pinocytosis, through which cells engulf fluids,

nutrients and other materials; and endocytosis, membrane

receptor-mediated processes involving either clathrin (cla-

thrin-mediated endocytosis), caveolin (caveolin-mediated

endocytosis), or neither (clathrin/caveolin-independent endo-

cytosis). Detailed reviews and diagrams of these cellular

uptake pathways are available elsewhere (Dobrovolskaia &

McNeil 2007; Jin et al. 2009; Zhao et al. 2011; Canton &

Battaglia 2012; Zhu et al. 2012; Adjei et al. 2014; Oh &

Park 2014).

Figure 8. Potential pathways between cellular contact with a biologically transformed ENM and potential molecular perturbations, including molecular initiating
events (MIE). Labelled branches indicate directional selectivity based on ENM physicochemical (P/C) properties.
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Endocytosis

In clathrin-mediated endocytosis, clathrin is a membrane resi-

dent receptor protein that recognizes ligands for absorption,

including opsonin-bound particles (Canton & Battaglia 2012;

Oh & Park 2014). Caveolin-dependent endocytosis involves

invaginations of the cell membrane that enclose primarily

sphingolipids bound to cholesterol or the protein caveolin in

the membrane (Nabi & Le 2003). The composition of the

ENM and its coating influence which endocytic pathway are

involved.

In clathrin-mediated endocytosis, biomechanical thermo-

dynamic modeling indicates that ENM of around 55 nm have

the fastest membrane wrapping time and are taken up more

rapidly and efficiently than bigger or smaller particles (Gao

et al. 2005). Gold ENM that were spherical and 50 nm in

diameter were taken up to a greater extent than 14 nm

spherical particles or rod shaped gold ENM (Chithrani et al.

2006; Chithrani & Chan 2007). Smaller ENM cluster on the cell

membrane until there is sufficient thermodynamic energy to

overcome membrane elastic resistance and the entropic

energy barrier to form vesicles for endocytosis (Chithrani &

Chan 2007; Jin et al. 2009). Smaller ENM are taken up by

endocytosis more slowly and in batches that are then pack-

aged together in membrane bound vesicles. These vessels

fuse together after uptake to contain higher number of par-

ticles per vessel. This results in larger particle agglomerates

inside of cells than outside.

Pinocytosis

Pinocytosis is a process by which cells intake fluids by

extending the cell membrane to surround a portion of the

extracellular space and engulf the fluids along with solutes

and suspended materials as well including ENM (Buono et al.

2009). Pinocytosis can take up a wide range of particle sizes

(up to 10 lm) (Adjei et al. 2014). Pinocytosis may be the pri-

mary uptake mechanism for small particles (<25 nm) where,

at reasonable exposure concentrations, it is unlikely that suffi-

cient numbers of the particles co-locate on proximate recep-

tors to trigger clathrin-mediated endocytosis (Adjei et al.

2014). Nanoparticles taken up by pinocytosis do not need to

interact with cell membrane receptors, but the amount taken

up in this way is lower than that through receptor mediated

endocytosis pathways.

Phagocytosis

Phagocytosis is a process present primarily in cells with

immunological or similar functions to defend against patho-

gens or to cleanup waste and debris (Zhu et al. 2012). These

cells include phagocytes such as macrophages, neutrophils,

and monocytes. Particles that are first coated with opsonin,

immunoglobulin, complement, or serum proteins are subject

to phagocytosis. The opsonized nanoparticles bind to cell sur-

face receptors; the cell membrane forms a cup-shaped exten-

sion and internalizes the material into membrane bound

phagosomes. The phagosomes are transported internally and

fuze with lysosomes, transferring the vesicle contents to the

acidic environment of the lysosome that also contains

enzymes to digest and destroy the contents. Phagocytosis of

ENM by cells in the immune system may trigger production

of inflammatory cytokines and inflammatory reactions

(Dobrovolskaia & McNeil 2007; Kim & Choi 2012).

Intracellular destination

The intracellular destination of ENM is determined by several

factors, as discussed subsequently, one of which is the poten-

tial for dissolution. Some metal or metal-oxide ENM are prone

for dissolving and releasing metallic ions, where others are

relatively insoluble and stable in the intracellular environ-

ment. Particles that dissolve can release toxic ions, such as

Ag (Singh & Ramarao 2012) or Zn (Shen et al. 2013). Materials

that are insoluble can be removed from the cell by exocytosis

(Sakhtianchi et al. 2013; Wang et al. 2013; Oh & Park 2014). If

the rate of uptake exceeds that of removal, ENM could bio-

accumulate inside cells, however, feedback mechanisms may

exist to reduce further cellular uptake when ENM accumulate

in cells (Gunduz et al. 2017). The release of toxic soluble com-

ponents, or bioaccumulation of persistent materials, could

lead to a MIE which then begins a sequence of key events

leading to an adverse outcome (Gerloff et al. 2017).

Nanomaterials packaged in endosomes may merge, lead-

ing to agglomeration into larger sized particles. Endosomes

may be transferred to the endoplasmic reticulum or Golgi

apparatus and the contents can become packaged in lyso-

somes. Over time nanoparticles accumulate in lysosomes

where low pH and proteolytic enzymes digest opsonin coat-

ings and soluble nanomaterial components. Nanoparticles

composed of soluble metals, such as silver, iron, or zinc, may

dissolve in a lysosomal environment and release ionic forms

of the metals. Dissolution rates depend on both cellular and

material factors. Cellular compartments vary in terms of pH,

ionic strength, and concentration. Materials with core/shell

composition dissolve layer by layer. Other factors influencing

dissolution include surface area (smaller particles dissolve

faster than larger), diffusion coefficient of the material; vol-

ume of solution, and thickness of diffusion layer.

Nanoparticles composed of relatively insoluble materials, such

as TiO2 or CeO2, may resist dissolution, even in an acidic lyso-

somal environment. Depending on rates of uptake and

removal, particles may persist in cells for weeks or months

and accumulate into large intracellular deposits (Zucker et al.

2010). Small particles may cross the nuclear membrane

through the nuclear pore complex which is 20–50 nm in

diameter (Tkachenko et al. 2003). ENM absorbed cellularly, if

not retained, can be re-packaged for expulsion from the cell

by exocytosis (Frohlich 2016).

Exocytosis

In comparison with the large number of studies on endocyto-

sis and other uptake pathways, there has been relatively less

research evaluating ENM exocytosis. Removal by exocytosis

involves fusion of an exosomal vessel with the cell wall and

expulsion of the vessel contents into the extracellular space.

For transferrin-coated gold ENM, smaller particles were

removed from HeLa cells by exocytosis at a faster rate than
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larger particles, as the rate of exocytosis was inversely pro-

portional to particle surface area (Chithrani & Chan 2007). The

rate of exocytosis varies substantially across different types of

cells (Sakhtianchi et al. 2013). Particle shape and coatings

influence the rate of exocytosis; however, the literature is

mixed as to the influence of rod shape and aspect ratios rela-

tive to spherical particles (Oh & Park 2014). In addition to

exocytosis, the ENM content of cells may be reduced by cell

death releasing nanomaterials into the extracellular space,

cell division where daughter cells may inherit the parent cell

ENM content, through dissolution or degredation of the ENM,

or via transcytosis where ENM are transferred directly to

another cell avoiding the extracellular space (Frohlich 2016).

Terrestrial exposure and biodistribution

ENM exposure to terrestrial ecosystems can occur through

air, soil or water (see Figures 3–5 for illustrations of related

fate and transport). In all cases, interactions in the soil, and

on plant and animal surfaces, can influence the activity and

likelihood of uptake into terrestrial organisms. The biological

processes and ecology of soil organisms, viewed as a func-

tioning ecosystem, also are complex (Coleman et al. 2004).

Generally, soil biota can be organized by functional groups,

and for some organisms within groups as guilds, all of which

are situated along a multi-level trophic-gradient food web.

Carbon produced through photosynthesis is transferred from

primary producers (e.g. green plants) to an extensive array of

consumers in the food web along a carbon utilization path-

way whereby the end products of each sequential consump-

tion step become more resistant to decomposition

(Stevenson & Cole 1999). A nutrient utilization pathway proc-

esses resources in the opposite direction, i.e. from the soil

biogeochemical matrix, along the pathway, to the primary

producers. Once consumed, and depending on the niche and

life history of the consumer, ENM may be transformed,

sequestered, or re-released to the soil environment via

internal physiological processes and/or turnover/food web

consumption/decomposition processes. At each release of an

ENM, it may be become bound again and unavailable

(adsorbed/absorbed), or may it be transformed remaining

unbound and available for further biological acquisition

(Figure 4). It is anticipated that ENMs may be acquired intern-

ally (adsorbed and/or absorbed) by any of the innumerable

species deployed throughout the food web, similar to other

particles, however to our knowledge no studies have yet

examined ENM fate and transfer in the soil food web organ-

isms. Although the number of studies is currently limited,

there are some examples of ENM being transferred through

the food chain. Holbrook et al. (2008) showed quantum dots

being transferred from protozoans to rotifers in a simple

aquatic food chain. Biomagnification of cadmium selenide

quantum dots was observed in an experimental microbial

food chain (Werlin et al. 2011). In a terrestrial food chain,

Judy et al. (2011) demonstrated the transfer of Au ENM from

tobacco plants to the tobacco hornworm. Because of the

small number of studies available on the dynamics of ENM in

food chains, it is too soon to state definitively whether or not

ENM move up food chains.

Release of ENM to soil can lead to exposure of soil micro-

fauna and flora (Figure 6). Free-living fungi, micro- and mac-

roinvertebrates, and bacteria in soil form a unique ecosystem

comprised of high structural and functional diversity.

Terrestrial plants and animals

When ENM enter the environment, they may interact directly

with plants via deposition to foliage, or to soil, wherein they

may be taken up through roots (Dietz & Herth 2011). At the

surface of roots, ENM uptake is a complex and poorly under-

stood process, in large part due to the heterogeneity of soils

and the complexity of rhizosphere interactions. Several stud-

ies have found differential uptake by plant species (Ma et al.

2010; Rico et al. 2011; Judy et al. 2012). Judy et al. (2011)

suggested that differential uptake may be related to the

types of root exudates present in the rhizosphere, an area

where more research is needed. Many of these exudates play

important roles in nutrient acquisition and sequestration by

plants. For example, Manceau et al. (2008) found that Cu was

transformed into metallic nanoparticles in the rhizosphere of

wetland plants. They also found that arbuscular mycorrhizal

(AM) fungi were involved in the chemical transformation. It is

possible that root exudates and symbiotic AM associates

have developed these rhizosphere compounds as a means to

avoid copper toxicity. Given the range and surface chemis-

tries of the ENM in production, additional research is needed

to better elucidate how rhizosphere chemistry influences

ENM transformation and exposure at the root surface.

Foliar deposition does not necessarily mean that the ENM

will be taken up into the leaves; some particles may tightly

bind to cell walls or lipophilic surface cuticles, but not move

intracellularly across the plasmalemma (living cell membrane).

They also may be actively excluded through various mecha-

nisms. There may be uptake into the substomatal cavity

through stomates, leading to direct exposure of internal

mesophyll cells (Navarro et al. 2008a). Regardless of site of

deposition, particles may be adsorbed, absorbed, or excluded

(Figure 6).

If particles are not bound or taken up into cells (i.e.

excluded), then they may move to another terrestrial com-

partment either through wind dispersal or by rainfall removal.

They also may be transported to other terrestrial organisms

or compartments following consumption by grazers

(Figure 6).

Regardless of whether the particle is taken up through

roots or through leaves, terrestrial organisms that feed on

vegetation may be exposed to ENM. Recent studies have

shown that there can be biomagnification of ENM by organ-

isms feeding on plant foliage (Judy et al. 2011). For example,

Majumdar et al. (2016) found significant biomagnification of

CeO2 from kidney bean plants to Mexican bean beetles to

spined soldier bugs. Overall, however, there has been little

research into biomagnification in terrestrial food webs or on

the potential entry of ENM into the human food chain

through various agricultural products (Rico et al. 2011).

Wheat did not take up ENM CeO2 via the plant roots, but

barley did, although it was unclear whether uptake was in

the particle or ionic form (Rico et al. 2017).
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In addition to ingestion, terrestrial animals also may be

exposed to ENM through inhalation and dermal absorption

(Figure 6). Many of the studies examining routes of exposure

to terrestrial animals have been done using species such as

mice and rats as human analogs (Mitchell et al. 2009; Larsen

et al. 2016). As a result, there is considerable understanding

of ENM effects on mammals (i.e. typical laboratory study spe-

cies), however information on the extent of exposure of

native populations of animals in terrestrial ecosystems is

lacking.

Aquatic species exposure and biodistribution

Once an ENM is introduced into the aquatic environment, a

series of processes begin that ultimately affect its fate and

potential to cause adverse ecological and human health

effects (Figure 7). For aquatic and terrestrial species, including

humans and plants, exposure to ENM may occur from surface

waters directly, the sediment interstitial water, or whole sedi-

ment. Uptake may occur through foliage, roots, ingestion,

gills, and direct contact with skin or tissues. Each of these

processes is described in more detail below. Much of the bio-

availability literature indicates that traditional contaminants

associated with SPM, colloids, DOC, ligands related to ionic

strength, and sediment are not as bioavailable as the aque-

ous form of the chemical (Di Toro et al. 1991). However, once

associated with an environmental particle, an ENM may be

more easily taken-up by filter- or deposit-feeding organisms

(although not necessarily in a bioavailable form). Learning

from existing traditional materials and understanding the dif-

ferences in the relationships between the transport pathways

of specific ENM in aquatic systems and observed ecological

effects is critical. Ultimately, all these environmental processes

will affect the likelihood of the ENM being exposed to organ-

isms (e.g. aquatic and terrestrial species as well as humans)

via the surface waters directly, the sediment interstitial water,

or whole sediment.

Although sediments will be a primary route of aquatic

exposure to ENM, water column exposure should not be

overlooked as organisms can be exposed as ENM pass

through the aqueous phase or remain suspended in the

water column due to functionalization of the ENM, episodic

discharges or pseudo-persistence (when concentrations of

degradable or removable chemicals persist in the environ-

ment through continual input) (Holden et al. 2016). Such

pseudo persistence could be modeled in the Framework as a

chronic exposure.

When considering exposures to aquatic organisms, it is

helpful to differentiate between carbon-based and metallic

ENM. Exposure investigations with carbon-based ENM, specif-

ically SWCNT and MWCNT, so far indicate that little actual

exposure to aquatic organisms occurs before the CNTs pre-

cipitate from the overlying water and are buried in the sedi-

ments in a non-bioavailable form (Petersen et al. 2011; Parks

et al. 2014). However, in fresh waters with significant DOC

contents, CNTs may be quite stable and remain suspended in

the water column. Furthermore, if the carbon-based ENM are

ingested by an aquatic organism (e.g. associated with sedi-

ment particles), indirect evidence suggests that the carbon-

based ENM pass through the organism’s digestive tract,

which are then deposited into the sediment as pseudo-feces

(Parks et al. 2014). Little exposure research in the aquatic

environment has been performed on non-functionalized

fullerene and graphene carbon-based ENM, although it is

likely they will behave in a similar fashion to the SWCNT

and MWCNT.

A source of uncertainty regarding the exposure of aquatic

organisms to carbon-based ENM is associated with the modi-

fied forms of SWCNT, MWCNT, fullerenes, and graphene.

While most of the current research has been performed on

pristine versions of carbon-based ENM, the materials used in

products are often modified, altering their physicochemical

behavior to make them more water soluble. This makes ENM

less likely to associate with sediment particles and potentially

increases exposures and bioavailability. A measure of hetero-

aggregation in natural water models might help quantify

such behavior. Gaps in understanding of this aspect of

aquatic organism exposure to carbon-based ENM remain.

In contrast to carbon-based ENM, metallic ENM have been

shown to be bioavailable to aquatic organisms. Exposure can

occur via skin (dermal), gill, or ingestion of contaminated

prey or sediment. For many aquatic organisms, particularly

invertebrates, internal organs are bathed directly by overlying

water or pore-water. Compared with terrestrial organisms,

this blurring of internal and external exposure results in less

of a division for aquatic organisms between dermal and non-

dermal exposure. For example, in bivalves the pericardial cav-

ity, gonads and ganglion epidermis may be exposed directly

to ENM in water that enters the shell. Uptake of ENM in mol-

lusks also may occur through filtration or ingestion of

suspended sediments to which ENM are associated. Bivalves

can selectively filter particles sizes ranging from 2 to 10lm

(Kraeuter & Castagna 2001), and ENM heteroaggregation in

marine waters can increase the size of individual nanopar-

ticles to microparticles within hours of introduction to marine

systems (Wang et al. 2014a). This increases the possibility of

ENM exposure to bivalves and other invertebrate filter

feeders. For fish and other vertebrates, exposure to sus-

pended ENM can occur primarily via gills and ingestion. The

occurrence of dermal exposure may be less than in terrestrial

organisms as fish are often protected by a mucous layer that

is difficult to penetrate (Handy et al. 2008).

In aquatic organisms, the gills are often a targeted tissue

for ENM exposure. The gills necessarily have a high exposure

to large volumes of water and nanoparticles can be

entrapped in gill tissue. For example, exposure to TiO2 ENM

resulted in damage to fish gills including edema, thickening

of the lamellae, decreases in NaþKþ-ATPase activity, and

increased levels of thiobarbituric acid reactive substances

(TBARS) and glutathione (GSH) (Federici et al. 2007). There is

also evidence that metal nanoparticles interact differently

than metal ions in gills (K�ad�ar et al. 2010; Gomes et al. 2011),

and that gill damage from ENM particles goes beyond solu-

bilization of metals from nano-copper or nano-silver particles

(Griffitt et al. 2007, 2009; Shaw & Handy 2011; Trevisan et al.

2014).

Because of the difficulty in detecting ENM within organ-

isms, there are many knowledge gaps in assessing exposure
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to and distribution of ENM in aquatic organisms. In fish, the

gills, gut, liver, and brain may be target organs, but stream-

lined methods of detecting ENM within organisms need to

be developed. Not surprisingly, the surface properties of ENM

affect the movement through the organism (Wang et al.

2014b, Zhu et al. 2010). Metallic ENM move through the walls

of the digestive tract and into the body of organisms.

Researchers have shown that Au ENM are internalized into

the cytoplasm and co-localized with DNA in nuclei (Joubert

et al. 2013). Titanium ENM have been found in bivalve hemo-

cytes (Marisa et al. 2015) and Cu, Ag, and Ti ENM have been

identified in the lysosomes and lumen of digestive glands

(Jimeno-Romero et al. 2012). Overall, in mollusks, the digest-

ive gland or hepatopancreas appears to be a target organ for

metallic ENM (Gomes et al. 2012); however, more research is

needed on the systemic biodistribution of ENM in aquatic

organisms.

Uptake of ENM whether through ingestion or other proc-

esses, may increase the availability of ENM transferred

through the food web. Researchers have shown that Au ENM

can easily pass from the water column into the food web

with mollusks taking up the majority of the ENM (Ferry et al.

2009). The bioavailability of ENM will be affected by environ-

mental conditions, like suspended sediments, and will reduce

exposures. In contrast, some ENM, depending on their physi-

cochemical characteristics, will be bioavailable. If ENMs do

not enter the body, either absorbed through the gut, skin or

gills, they could pass through the digestive tract of aquatic

organisms where they are also bioprocessed (i.e. repackaged

into different sized metallo-organic molecules) (Hull et al.

2011; Pan et al. 2012) that will have varying fate pathways

compared to pristine ENM. The fate of bioprocessed ENM is

unknown, however, if ENM enter the mollusk body, there is a

good chance they would enter the food web as the mollusk

flesh is often consumed whole by predators including

humans.

Effects

Consideration of adverse effects follows the potential for

ENM exposures. A sequence of steps is described between

external exposure to the material and the PK and pharmaco-

dynamic steps that lead to the occurrence of a MIE (Figures

5–8). The AOP sequence, then, progresses from a MIE

through a sequence of key events (KE) occurring at progres-

sively higher levels of organization including cellular, organ

level, and whole organism responses (Figure 9). The AOP

sequence can continue to describe effects at the population

level if ecosystem effects are of concern (Figure 10). Here we

use AOP as a conceptual progression under which to organ-

ize information, and are not proposing specific AOP sequen-

ces for any particular adverse outcome. This prevents more

specific delineation of an AOP pathway. The effects of ENM

on organisms have been studied primarily in mammalian sys-

tems, with a few notable exceptions such as the relatively

extensive testing of zebrafish (Fako & Furgeson 2009; Harper

et al. 2011; Muller et al. 2015; Wehmas et al. 2015;

Chakraborty et al. 2016), and a some other aquatic species

(Petersen et al. 2015). The discussion below considers

Figure 9. Potential ENM effects on organisms from the molecular initiating event (MIE) to individual adverse health outcomes.
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primarily mammalian species where the majority of the

mechanistic-level research has occurred.

MIE/cellular, organ response

A schematic concept of an AOP for the toxic effects of expos-

ure to ENM at the cellular level is depicted in Figure 9.

Ankley et al. (2010) produced a conceptual framework of an

AOP leading to the production of a toxic or adverse event.

The AOP concept is anchored by an MIE that is linked

through a series of Key Events to an adverse outcome with

significance to risk assessment. Conceptually, AOPs are inde-

pendent of a specific chemical trigger, so that any potential

toxicant causing a MIE would be expected to trigger the

sequence of events in the AOP and potentially lead to the

adverse outcome. In this way, observations of mechanistic or

molecular toxic events can be projected to their potential

adversity and aid in the support and interpretation of mech-

anistic data for risk assessment purposes (Gerloff et al. 2017).

Because AOPs theoretically apply to multiple chemicals, it

could be argued that development of AOPs for ENM are irrele-

vant if the ENM induces the same MIE as a toxic chemical.

Here we limit the discussion to MIE or KE that have been

attributed to ENM and AOP frameworks in which they have

been applied.

Recently published studies on CuO ENM and MWCNT have

included the concept of AOPs in their toxicological evalu-

ation. Muller et al. (2015) examined the effect of CuO ENM

on hatching in zebrafish and reported that CuO ENM elevated

the Cu level in the hatchlings (the perivitelline space) at a

greater rate relative to Cu salts. The MIE was considered to

be inhibition of Zebrafish Hatching Enzyme 1 (ZHE1) by

released Cu2þ ions.

Labib et al. (2016) applied toxicogenomics to the AOP

framework for lung fibrosis in mice exposed to three individ-

ual MWCNT. The MWCNT had different physicochemical prop-

erties, yet comparable biological pathways were perturbed

across dose and time. The transcriptional bench mark dose

values for the MWCNT were similar to the values for lung

fibrotic lesions induced by these materials. The authors con-

cluded the genomic data in an AOP framework could be

used to estimate levels of exposure that would be acceptable

in the absence of epidemiological data (Labib et al. 2016).

Multiple pathways leading to lung fibrosis were considered

by which carbon nanotubes could induce fibrosis, including

release of pro-inflammatory or pro-fibrotic mediators, oxida-

tive stress, and direct effects on fibroblasts (Vietti et al. 2016).

In mammalian cells, changes in signaling pathways and

microRNAs indicated effects of TiO2 on a number of pathways

including cell-cycle regulation, apoptosis, calcium signaling,

Nrf2 responses, IGF1 signaling, RAS signaling, PI3K/AKT signal-

ing, cytoskeleton remodeling, cell adhesion, BMP signaling,

and inflammatory responses (Thai et al. 2015). Rat dopamin-

ergic cells exposed to Ag ENM showed genomic response

pathways generally indicative of mitochondrial disruption

(Chorley et al. 2014). Gerloff et al. (2017) proposed an AOP

framework for hepatic toxicity that could be suitable for

metal oxide ENM. Gerloff et al. (2017) point out that MIEs for

chemicals or ENM can vary widely and may not be com-

pletely understood, and, therefore, it may make more sense

to use Key Events rather than MIEs as linking factors when

trying to map ENMs to chemical-derived AOPs.

Oxidative stress

Nanomaterial exposures in biological systems are strongly

linked to generation of reactive oxygen species (ROS) and, to

a much lesser extent, reactive nitrogen species (RNS). For

ENM exposures, higher degrees of positive association and/or

causality are available for ROS species like superoxide, hydro-

gen peroxide and hydroxyl radical. One way ENM produce

ROS is by a direct property of the nanomaterial itself, and

another is via an interaction between the ENM and the bio-

logical system. Examples include electron donation from the

nanomaterial to molecular oxygen to produce superoxide,

redox cycling of quinones, semiquinones and other organics,

Fenton chemistry, band gap (energy difference between con-

ducting and valence bond electrons), and UV light producing

electron hole pairs in ENM (Nel et al. 2006).

For ROS production by ENM, determinants of outcome

include ENM chemical composition, surface area, surface

reactivity, agglomerated size, and dose to target organ

(Kitchin et al. 2011). ENM surface area was associated with

depletion of lung cell GSH for four ENM (carbon black, TiO2,

Co, and Ni) as well as for four other larger particles (TiO2, car-

bon black, BaSO4, and alpha quartz) (Monteiller et al.

2007). In tissues or organisms with UVA exposure, photoacti-

vation may be a dominant causal factor such as with photo-

activatable forms of TiO2 (Sanders et al. 2012; Ma & Diamond

2013).

Figure 10. Cascade of potential effects from individual adverse health outcomes to greater potential subsequent effects on relevant populations, communities, and
ecosystems.
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There are many commonly used biomarkers for oxidative

stress including molecular redox probes, such as 20,70-dichlor-

ofluorescein diacetate, Mitosox, isoprostanes, lipid peroxida-

tion markers, membrane damage (e.g. lactic dehydrogenase

enzyme leakage), phagocytic oxidative bursts, and decreased

antioxidant defenses (GSH concentration, superoxide dismu-

tase, and glutathione peroxidase).

Associations between oxidative stress and adverse out-

come have been made in many cases including DNA damage

(Xie et al. 2011), mutation (Xie et al. 2011), cancer (Klaunig

et al. 2011); and in multiple tissues: skin (Shukla et al. 2011),

central nervous system (Sayre et al. 2008; Skalska et al. 2016),

lung (Li et al. 2008; Madl et al. 2014), liver (Kim et al. 2009;

Shukla et al. 2013), and kidney (Liang et al. 2009; Guan et al.

2012). For SWCNT or MWCNT in lung tissues, oxidative stress

may be a mediator of inflammation and fibrosis, with a

potential to progress to pleural malignant mesothelioma and

lung tumors (Muller et al. 2005; Chou et al. 2008; Kim et al.

2014; Suzui et al. 2016).

Ion toxicity after dissolution of nanomaterials

Metal ions may be released from ENM that are composed

of metals, metal oxides, or inorganic carbon containing

residual metal catalysts (e.g. MWCNT). If this happens, a

relatively high concentration of metal ions could occur

near the site where the nanomaterial is located, with the

ENM releasing toxic metal ions acting as a “Trojan horse”.

Enhanced uptake of CuO ENM, followed by local release of

Cu2þ ions to inhibit Zebrafish Hatching Enzyme, was con-

sidered as the mechanism for impaired Zebrafish hatching

(Muller et al. 2015). Similarly, adverse effects could result in

a number of organ systems, including mammalian lungs

and blood vessels (reviewed in Rodriguez-Ya~nez et al.

2013).

Metal responsive genes that can act as biomarkers of

metal ion exposure include heme oxygenase-1, metallothio-

neins, and catalase. For reasons of specificity and sensitivity,

analytical chemistry measures of metals (such as ICP-MS) are

often used as measures of exposure.

Altered cell physiology: altered cell cycle, growth

ENM also may impair cell-cycle progression and proliferation,

dependent on the chemical composition, particle size, and

other physical/chemical properties (Mahmoudi et al. 2011;

Marano et al. 2011; Asharani et al. 2012). At low concentra-

tions, increased cell proliferation in vitro is dependent on the

ENM chemical composition, size, surface reactivity, agglomer-

ated size, dispersion medium, and activation of different sig-

naling pathways. For example, Unfried et al. (2008) reported

that carbon ENM (nano-particulate carbon black) and silica

ENM (amorphous SiO2), both with a median diameter of

14 nm, induced proliferation in a rat lung epithelial cell line.

Huang et al. (2009) showed that exposure to non-toxic con-

centrations of TiO2 ENM enhanced cell proliferation and

growth of cultured fibroblast cells (NIH3T3).

When the concentrations of ENM are high enough to

induce oxidative stress, they will generally alter many differ-

ent stress response/metabolic/signaling pathways including

inflammation, NRF-2 mediated stress response, and protein

and lipid peroxidation. These alterations may in turn lead to

changes in cell cycle progression/proliferation, some may

even result in cell cycle arrest or cell death. These ENM

include metals and metal oxides (Au, Ag, Cu, Zn, Ti, Fe, Pd,

Ni, and Ce), SiO2, and carbon nanotubes (Huang et al. 2010;

Mahmoudi et al. 2011; Manke et al. 2013). There are also

reports of cell-cycle alteration caused by SWCNT and MWCNT

in vitro (Zhang & Yan 2012; Chen et al. 2012; Zeni et al.

2015). While both carboxylated and pristine MWCNT caused

cell cycle arrest, carboxylated MWCNT seemed to induce less

apoptosis (Liu et al. 2015).

Cytotoxicity

Cytotoxicity can be an outcome of ENM exposure either

in vitro or in vivo. Either the necrotic or apoptotic pathways

could be dominant depending on the exposure. ENM can

exert toxicity either from outside or inside of cells. Generally,

the most important factors in determining cytotoxicity are

the ENM chemical composition, dose, dose rate, surface

reactivity, surface area, and agglomerated size.

There are many approaches to quantifying a response to

nanomaterial exposure such as the in vitro approaches of dye

exclusion (trypan blue), dye uptake (neutral red, propidium

iodide, and ethidium bromide), cellular reductive enzymes

(calcein-AM, MTT, MTS, or alamar blue), ATP content, and

DNA-based stains. Enzymes that are released from membrane

damaged or dead cells can be useful indicators of effect such

as lactate dehydrogenase, alanine aminotransferase, or aspar-

tate aminotransferase. Cell-based assays that are reliant on

fluorescent or luminance quantification may be subject to

optical interference from nanoparticles in suspension, and

should be used with appropriate controls (Kroll et al. 2009;

Guadagnini et al. 2015).

Genotoxicity

Genotoxicity encompasses any change to cellular DNA that

has the potential to interfere with the transmission of gen-

etic information, either through impacts on replication or

on transcription. Genotoxicity is important to assessing the

potential health risks posed by exposure to ENM because it

represents an important early molecular event in the induc-

tion of cancer, and is strongly associated with other

adverse health outcomes such as atherosclerosis (Mercer

et al. 2010). The ability to induce genotoxic effects has

been well studied for a variety of ENM, and several recent

reviews are available (Kumar & Dhawan 2013; Magdolenova

et al. 2014; Golbamaki et al. 2015; Guo & Chen 2015).

Genotoxicity studies on ENM have generally focused on the

induction of DNA damage, the induction of mutations, or

on induction of expression of DNA damage response genes

or functional alteration of DNA damage response proteins

in exposed cells.

The most frequently used approach for the assessment of

ENM-induced DNA damage is the single-cell gel electrophor-

esis, or Comet assay. The assay is capable of detecting a var-

iety of types of DNA damage, including single strand breaks,
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double strand breaks, abasic sites, and other alkali-labile

types of DNA damage. When the assay is modified by incor-

porating in vitro digestion with DNA-damage specific nucle-

ases or glycosylases, the range of types of damage detectable

can be extended. In general, the enzyme enhanced version of

the assay yields a higher sensitivity for detecting DNA dam-

age induced by ENM. Additional assays for DNA damage

include the observation of chromosome level effects, such as

the micronucleus (MN) assay, and the chromosomal aberra-

tion (CA) assay. In vitro, ENM have been found to induce MN

in more cases than CA, while in vivo the situation appears to

be reversed, although fewer ENM have been evaluated for CA

(Guo & Chen 2015). The agglomeration state of ENM and

treatment media may influence assays of genotoxicity differ-

ently (Prasad et al. 2013, 2014). Other approaches for directly

measuring DNA damage, such as 32P-postlabeling and ELISA,

have also been used (Foldbjerg et al. 2011).

A recent review found that the most commonly used gen-

otoxicity/mutagenicity tests for ENM were (a) Comet assay

(19 studies), (b) micronucleus (14 studies), and the Ames test

(6 studies) (Golbamaki et al. 2015 ). These authors offered

seven recommendations for genotoxicity testing of ENM: (a)

know what nanomaterial has been tested and in what form,

(b) recognize that ENM are not all the same, (c) consider

uptake and distribution of ENM, (d) take ENM-specific proper-

ties into account, (e) use standardized methods, (f) use in

vivo studies to correlate in vitro results, and (g) learn about

the mechanism of ENM genotoxic effects. The key difference

between these recommendations for ENM and general rec-

ommendations for assessing the genotoxic effects of chemi-

cals lies in the need for rigorous characterization of the

physical properties of the ENM being tested in addition to

their chemical properties. Relative to the uptake of various

nanomaterial in the bacteria Salmonella typhimurium (Ames

test), bacterial uptake was reported for ENM composed of

ZnO and TiO2 as measured by transmission electron micros-

copy (TEM), scanning electron microscopy (SEM), and flow

cytometry (Kumar et al. 2011). In contrast, uptake of TiO2 in

Salmonella typhimurium was not demonstrated by others,

who questioned the TEM results of Kumar et al. (2011)

regarding mismatch of the reported particle sizes and lack of

chemical component analysis (Woodruff et al. 2012). Further,

Woodruff et al. argue that ENM cannot enter bacterial cells,

probably due to a lack of endocytosis mechanisms, and have

a cell wall unlike eukaryotic cells, and, therefore, the Ames

assay may be an inappropriate assay for ENM genotoxicity.

Subsequently, however, uptake of Au, CeO2, SWCNT, and

MWCNT by Salmonella typhimurium was reported, but with-

out showing mutagenicity (Clift et al. 2013).

The inference of DNA damage from monitoring cellular

DNA damage response pathways provides useful indirect evi-

dence for the genotoxic potential of ENM. Focal accumulation

of phosphorylated c-H2AX is diagnostic for double strand

breaks in DNA and has been documented for a variety of

ENM (Petersen & Nelson 2010). Silica ENM have been shown

to activate the Chk1-dependent G2/M checkpoint DNA dam-

age response signaling pathway (Duan et al. 2013) and both

SWCNT and MWCNT induce the Erk1/2 signaling pathway,

which is involved in cell proliferation and is also induced by

asbestos exposure (Pacurari et al. 2010).

Inflammation

ENM cause inflammation in many organs, with the lungs

being the most studied. The biological purpose of inflamma-

tion is to eliminate the cause of cell injury (e.g. bacteria).

With biopersistent ENM like CeO2, there may be no “off”

switch to stop the inflammation process and the inflamma-

tion would become persistent. Many potential determining

factors for ENM-induced inflammation have been studied

including dose, surface reactivity, surface area, pulmonary

deposition and clearance, agglomerated size, chemical com-

position, surface charge, dissolution rate (solubility), hydro-

phobicity, hydrophilicity, shape, primary particle size, purity,

and crystal structure (Braakhuis et al. 2014). Cells types medi-

ating the inflammatory response include macrophages, mast

cells, eosinophils, neutrophils, and dendritic cells. The infusion

of neutrophils into tissues is a common measure of inflamma-

tion. Other commonly used inflammatory biomarkers are the

cytokines (e.g. interferons, interleukins, TNF-alpha, IL-10, and

TGF-beta), chemokines (e.g. IL-8 and MCP-1), NF-kB, and

prostaglandins.

In normal aging, chronic inflammation may lead to many

diseases, such as atherosclerosis, rheumatoid arthritis, and

cancer. ENM exposures have been linked to inflammation in

several organs, particularly in the lung, liver, and skin (Murray

et al. 2009; Braakhuis et al. 2014; Sadeghi et al. 2015). Various

degrees of organ effects have been observed in the central

nervous system, lung, liver, gastrointestinal tract, heart,

spleen, blood vessels, and skin following carbon nanotube

exposures (Rodriguez-Ya~nez et al. 2013). In lungs, inflamma-

tion, granuloma formation, fibrosis, alveolitis, genotoxicity,

and cancer have been observed; while in blood vessels,

endothelial cell activation, platelet activation, thrombus for-

mation, and changes in blood pressure have been seen

(Morimoto et al. 2013; Rodriguez-Ya~nez et al. 2013; Kasai

et al. 2015).

Cross-kingdom effects – MIE/cellular responses

Most of what is currently known about MIEs induced by ENM

exposure has been developed through studies on human and

animal systems. As described above, plants in a variety of

habitats are also likely to be exposed to ENM inadvertently

through aerial deposition and water runoff or purposefully by

application of wastewater sludge to soils. Now, there is an

increasing recognition that altered survival, development, and

reproduction of plants may be affected by exposure to ENM.

Furthermore, such impacts to plants could have economic,

ecological, and health consequences for people as well. An

understanding of ENM-induced MIEs in plants is only begin-

ning to emerge and is an area where there is a clear need for

more research.

Early studies evaluated changes in plant transcriptomes

following exposures to ENM and dose levels required for tox-

icity (reviewed in Park et al. 2014). These papers, however,

generally did not link exposure and gene expression change
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MIEs to altered plant physiology/morphology. More recently,

some of the first associations between transcriptomic

responses and phenotypic development were established in

TiO2 and CeO2 ENM exposed Arabidopsis plants (Tumburu

et al. 2015). The authors reported significant EMN-induced

regulation of genes that are responsive to abiotic and biotic

stress and control DNA metabolism, hormone metabolism,

tetrapyrrole synthesis, photosynthesis, and root development.

They also demonstrated that the ENM exposures resulted in

increased percentages of germinating seeds and early growth

of leaves.

Surprising follow-up work showed CeO2 ENM induction of

Arabidopsis DREB transcription factor genes (Tumburu et al.

2017). These responses were remarkable because DREBs are

known for initiating cascades of gene expression and cellular

restructuring that results in cold-acclimation (Liu et al. 2000;

Agarwal et al. 2006; Knight & Knight 2012). CeO2 ENM up-

regulation of DREBs was not expected. Within these experi-

ments, development of exposed plants also mimicked cold-

acclimatization responses with delayed growth and increased

leaf number. Superficially, such changes might not seem like

adverse outcomes; however, downstream effects could

include reduced fecundity of exposed plants. Transcription of

DREB genes is rapidly triggered by a transient increase in

cytosolic Ca2þ (Knight & Knight 2012; Miura & Furumoto

2013), which suggests that the MIE of CeO2 EMN exposure in

plants affects Ca2þ signaling. Whether or not similar

responses would be observed under more natural conditions

or in more distantly related plant species or animals remains

to be determined.

Identification of ENM that are capable of causing MIEs

linked to adverse outcomes across large taxonomic groups

is of high interest. The greater the conservation of molecu-

lar, cellular and structural features among organisms, the

higher the likelihood of comparable MIEs and downstream

responses. Plant and animal cells appear to have more

characteristics in common than those that differentiate

them, but the most recent common ancestor of plants and

animals was a single celled organism that existed more

than 1 billion years ago. It is accepted that multicellularity

evolved independently within each lineage. So, there is

substantial divergence between the plant and animal mem-

brane-bound receptors and signaling pathways that affect

homeostasis, development and reproduction (Alberts et al.

2002). This points to the possibility that ENM which bring

about the same generalized MIEs in many species (e.g.

photoactivated toxicity beginning with reactive singlet oxy-

gen causing oxidative damage to a wide variety of bio-

logical molecules) could very well produce distinct adverse

outcomes in plants and animals. Another scenario to con-

sider is that mitochondria are found in both cell types, but

chloroplasts are unique to phototrophs. Thus, if an ENM

affects a mitochondrial-centric process, there may be a

greater likelihood for “broad” cross species fidelity in MIEs.

Conversely, if an ENM affects a chloroplast-centric process,

at least among phototrophs there may be broad common-

alities, but shared MIEs between phototrophs and non-pho-

totrophs may not occur (Figure 9). The range of responses

across species may become more important to consider in

risk assessments of certain EMNs where there is potential

for wide-spread exposure.

Whole organism terrestrial and aquatic species effects

The AOP concept is a sequence of events beginning with a

MIE and acting at a cellular level (Figure 9), which continues to

build until adverse effects occur at the levels of the organ,

individual, population, and community or ecosystem level

(Holden et al. 2013; Figure 10). Community-level effects can

involve terrestrial or aquatic systems (or both). A search per-

formed in August 2016 in the Web of Science database yielded

473 references when querying for titles, abstracts, and key

words with the topical terms “aquatic”, “environmental”,

“organism”, “toxicity”, and “nanomaterials” in publications

released from 1990 to August 2016. This number of references

suggests strongly that nanomaterials will cause adverse effects

to whole organisms. Among the references were several

recent review articles discussing responses to a range of ENM.

For example, ENM described in the review articles include Ag

(Walters et al. 2014; Xin et al. 2015), TiO2 (in seawater)

(Minetto et al. 2014), CNT (Petersen et al. 2011; Boncel et al.

2015), and nanowires (Kwak & An 2015), as well as all-inclusive

reviews of multiple ENM (Nowack & Bucheli 2007; Handy et al.

2008; Klaine et al. 2008; Radhika et al. 2010; Kumar et al. 2015)

and Canesi and Corsi’s (2016) review of nanomaterial effects

on marine invertebrates. In addition, Hou et al. (2013)

reviewed the accumulation of ENM by organisms under the

assumption that, in general, accumulation of the ENM must

first occur before effects will be observed.

In their comprehensive review, Klaine et al. (2008) reported

toxicity to bacteria caused by fullerenes, SWCNT, MWCNT,

metallic Cu and Ag, and metal oxides including Ti, Ce, Zn,

and Si. Specific toxic effects to bacteria were described as

antibacterial and bactericidal impacts. Similarly, freshwater

and marine plants, invertebrates, and vertebrates demon-

strated toxicity from exposure to a range of ENM including

fullerenes, SW- and MWCNT, metallic copper and silver, and

the metal oxides titanium and zinc, and quantum dots

(Handy et al. 2008; Klaine et al. 2008). Toxic effects included

some increases in mortality and evidence of reductions in

growth and development, as well as a wide range of sub-

lethal cellular insults. The highly variable effects on bacteria

suggest that their susceptibility needs to be examined in

order to fully understand community and ecosystem-level

effects (Figure 10). Reviews of the literature performed con-

currently to Klaine et al. (2008) and those that were pub-

lished later, demonstrated similar findings of evidence of

toxic effects to a range of organisms resulting from exposure

to multiple types of ENM. However, some of these findings

have been modified. For example, for carbon nanotubes,

most recent data suggest that because of their limited bio-

availability, toxic effects are unlikely to occur in the environ-

ment except at very high and unrealistic concentrations, such

as 1000mg/kg and 100mg/L (OECD 2000, 2004) for sediment

and water, respectively (Petersen & Nelson 2010).

Relative to the exposure of ENM to aquatic plants and

algae, there is a “moderate” amount of literature on algae and

less so aquatic plants. Researchers have reported TiO2 toxicity
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of algae ranging from low mg/L to over 100mg/L (Hund-Rinke

& Simon 2006; Aruoja et al. 2009; Hall et al. 2009). Zn and CuO

nanoparticles are also noted to elicit toxicity in algae in the

low mg/L range (Aruoja et al. 2009). In addition, trophic trans-

fer of Cd-based quantum dots has been observed between

algae and Cerodaphnia dubia (Bouldin et al. 2008). Much of

this work has focused on short-term studies, often with trad-

itional toxicity tests in monoculture. These tests offer little aid

in evaluating how ENM affect complex aquatic systems (i.e.

food chain, competitive interactions, carbon and nitrogen

cycling, etc.). Overall, how ENM affect algae and aquatic plants

in an ecological context is not well known.

Terrestrial plants

If ENM are bound on the surface or in the cuticle (e.g.

adsorbed), they may not alter cellular properties but they may

influence light harvesting properties of leaves through either

photoactivity or reflection of specific light wavelengths. Yang

et al. (2006, 2007) found that TiO2 on spinach leaves may inter-

act with N2 to form reduced nitrogen compounds that can be

subsequently taken up and increase plant growth. ENM may

also be taken into internal plant organs but remain in the apo-

plast (non-living) portion of the plant, where additional bind-

ing and dissolution may occur. Bound particles also may

influence cell wall chemistry and interact with other surface

particles to influence uptake of other materials and gasses.

Finally, certain particles may alter cuticular waxes, which may

affect the hydrodynamics of the leaf.

If ENM are taken up into living cells into the symplast (e.g.

absorption), there may be further interactions that alter the

characteristics of the particle, such as binding or dissolution.

Once in the symplast or living portion of the plant, particles

may initiate a cascade of events leading to altered biochemis-

try, physiology, and growth (Figure 8). There is currently very

little information regarding the fate and effects of ENM taken

up through foliage (Rico et al. 2011; Chichiricc�o & Poma 2015).

Plant studies have shown a variety of responses to ENM

including growth reductions, increases, or no effect at all,

depending on the nanomaterial and plant species being

studied (Ma et al. 2010; Kumar et al. 2013). Klaine et al.

(2008) reported toxicity to terrestrial plants (e.g. corn, cucum-

ber, lettuce, radish, mustard rape, radish, and ryegrass) from

ENM including fullerenes and MWCNT, metallic aluminum

and zinc, aluminum, titanium and zinc oxides. Alternatively,

CNTs, Au, CeO2, and TiO2 have been found to enhance seed

germination and early plant development in some studies

(Zheng et al. 2005; Kumar et al. 2013; Tumburu et al. 2015),

but not others (L�opez-Moreno et al. 2010). In some cases, the

variable responses may be due to the composition of the

ENM and whether or not it is soluble: ENM forms of Fe, Cu,

and Zn, for example, may enhance growth via improved

plant nutrition since they are required plant nutrients. In

other cases, the presence of ENM forms of Ag and Cu, for

example, may provide some plant protection from pathogens

in the root zone, resulting in enhanced growth. Interpreting

the conflicting results is often complicated by differences in

methodology, poor characterization, or unrealistically high

doses of ENM exposure. In order to better understand effects

on plant growth and development, there is a need for lon-

ger-term studies with ENMs that incorporate natural soil

microbial communities (Ge et al. 2016).

Whole-organism effects can also lead to changes in how

individuals interact as members of an ecosystem. Disruption of

specific structural or functional groups by ENM may lead to

changes in community structure and function, altering import-

ant ecosystem processes such as nutrient cycling (Dinesh et al.

2012; Rodrigues et al. 2013; Simonin & Richaume 2015).

Organisms compete for resources throughout their life cycle,

and differential sensitivity to ENM may alter the competitive

nature of interspecies interactions. There is currently insuffi-

cient information available for most species to be able to pre-

dict effects at larger scales.

Discussion

Some general conclusions drawn from the literature that may

become starting places for further research are as follows:

1. If ENM are released into environmental media, they will

likely react or heteroaggregate with constituents of the

environmental matrix (air, water, or soil), and be dis-

persed into a relatively large receiving compartment, so

that eventual exposures to environmental species or

humans, for the most part, will not be to the original

form of the material but instead to highly diluted ENM

transformation or degredation products.

2. These environmental reactions will not occur under

highly constrained laboratory or manufacturing condi-

tions, but instead will be subject to a range of condi-

tions and stochastic forces which will dynamically

change across time and location. Therefore, if exposures

to environmental transformation products of ENM

occur, the exposures will likely be to multiple forms of

these products including a range of particle agglomer-

ates, sizes and coatings.

3. We currently have insufficient information regarding (i)

the uses of ENM in industry and commerce, (ii) the

penetration of ENM-enabled products into the market-

place, (iii) the potential for release of ENM from prod-

ucts, or (iv) the form of ENM that may be released.

Notably, these limitations are also characteristic of the

uses of standard industrial chemicals. Such uncertainties

hamper accurate assessments of ENM exposure as they

do for conventional materials.

4. For the general population, near-field exposures from

consumer use of ENM products, particularly with disper-

sive applications, will likely be higher than far-field

exposures.

5. The predominant destiny of ENM emitted into waste-

water systems will likely be biosolids, over half of which

may be recycled through land application.

6. The predominant destiny of ENM emitted into solid

waste systems will be landfills.

7. The predominant destiny of ENM emitted into aquatic

ecosystems will be to become complexed with natural

organic matter or other constituents of the aquatic sys-

tem and subsequent deposition into sediments. An
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exception may be polarizable materials such as gra-

phene oxide that may have the ability to remain sus-

pended in the water column for long term transport. In

a decision framework, such polarizable suspended

materials may be considered a higher risk exposure to

organisms in the water column, as opposed to those

residing in the sediment.

8. Aquatic organisms residing in the sediments including

filter feeding organisms will likely experience higher lev-

els of exposure to ENM than will other aquatic species.

9. Soluble and reactive metal-based ENM, such as those

composed of silver, will likely react with constituents

such as sulfides in the environment to form less soluble

metallic salts. This is particularly relevant in wastewater

systems.

10. Rates of uptake of ENM may be low by oral and dermal

of exposure, but elimination rates of systemically

absorbed ENM may be even lower. By inhalation expos-

ure, ENM deposition in the respiratory tract may cause

local oxidative stress and inflammation, and systemic

absorption may become significant.

11. In biologic media, ENM will be coated with a protein

corona or similar biomolecules that influence the bioki-

netics of particles and reactions with cellular receptors.

12. Uptake and penetration barriers at the portal of entry

and within the body at important organs, such as the

brain and placenta, may limit the biodistribution of

absorbed ENM. Typically, these barriers are not abso-

lute, and serve to reduce, but not eliminate, diffusion or

translocation of materials.

13. Most mammalian cells have the ability to uptake par-

ticles through several pathways, although the rates of

uptake vary across cell types and are dependent on

numerous physical and chemical factors of the particles

such as size, coatings, surface charge, and biological

transformations.

14. ENM may initiate molecular events associated with

adverse outcomes such as induction of reactive oxygen

species, dissolution to toxic metal ions, or initiation of

inflammation.

15. The greater the conservation of molecular, cellular, and

structural features among organisms exposed to EMNs,

the higher the likelihood of comparable MIEs and

downstream responses.

16. Because there is substantial divergence between the

plant and animal membrane-bound receptors and sig-

naling pathways that affect homeostasis, development

and reproduction, ENM which bring about the same

generalized MIEs in many species could very well pro-

duce distinct adverse outcomes in plants and animals.

17. Potential adverse outcomes are not limited to effects

within cells or organs. They extend to whole organisms,

communities and ecosystems.

Conclusions

Nanotechnology and the production of ENM have the poten-

tial to significantly enhance future economic development

and to produce advanced capabilities that will benefit many

segments of society (PCAST 2014). We are at a time where

the informed development and use of these new materials

can be done in a way that avoids many of the mishaps of

the past such as those associated with the early development

of the chemical industry. The ability to forecast and avoid

potential environmental problems across the life cycle of

material development, including use and disposal, is required

if we are to achieve sustainable development of nanotechnol-

ogy. Here we propose a series of compartmental stages that

encompass the full life cycle of ENM, their potential release

into environmental media, their fate, transport, and trans-

formation in the environment, potential exposures to sensi-

tive species including humans, and the possibility to cause

adverse effects in those species. There are currently large

numbers of ENM used in industrial and commercial applica-

tions, but there is insufficient information about the potential

for those materials to enter the environment. Many potential

scenarios involve release of dissolved ions rather than nano-

particles, such as copper ions leaching from pressure treated

lumber or silver ions released from children’s clothing or

other products. Other scenarios of potential release, such as

sawing or sanding nano-enabled solid materials, are likely to

release ENM that are still attached to parts of the original

product matrix rather than release ENM in their originally

manufactured form. In other cases, the release of ENM in

nanoparticle form is possible, such as for nanoparticles sus-

pended in liquid or cream formulations including spray

cleaners, personal care products, or as nano-formulated pesti-

cides. A potential for a large release of ENM into the environ-

ment may be from road or rail accidents involving ENM

transporting vehicles. In recognition of the difficulty of mod-

eling the complex networks of ENM with novel physical and

chemical properties, we propose that critical nodes along

these pathways should be considered as the targets to

develop simple functional assays that can be used to effi-

ciently determine the likely behavior of ENM in these sys-

tems. The diagrams presented here may serve as guidance

for targeted assay development. In addition, this compart-

mental framework will assist in placing the results of specific

investigations into context for interpretation of broader envir-

onmental implications. These diagrams may also assist in

development of quantitative modeling as rates and trans-

formation functions for movement of particles across com-

partments are developed.

The framework described here currently addresses some,

but not all, of the criteria listed by Hristozov et al. (2016). The

framework can be said to consider their criteria in that it

includes nano-specific requirements, life cycle thinking, an

exposure-driven approach, an iterative and adaptive structure,

and transparency of objectives. The current framework is not

completed, however. At this point, it provides guidance for

development of functional assays and models that will even-

tually lead to a simplification of ENM evaluations, but does

not yet identify specific assays or models. Future implementa-

tion of the framework also should be amendable to grouping,

read across or other simplifying approaches to risk assess-

ment. The development of documented applications should
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await the definition of the critical nodes and functional

assays.

Although ENMs share a common size range, many of

their properties are as unique as the elements from which

they are composed. The properties they provide for a wide

variety of products vary greatly, as well as their potential

release, exposure, and mechanism of effect. Consequently

knowledge gaps with respect to release, exposure, and

effects are often ENM- and product specific. Never-the-less,

there are broad and general gaps of data and predictive

modeling which include: incomplete information regarding

ENM composition, concentration and potential releases

from ENM-enabled products; measuring and predicting

affinity of ENM for environmental substrates; dissolution

rates of metal-based ENM in environmental and biological

media; environmental transformation and degredation prod-

ucts; influence of environmental transformations on biodis-

tribution and toxicity; AOP specifications; as well as species

differences in uptake, biodistribution, and susceptibility.

Future research addressing these data gaps can be incorpo-

rated into the growing exposition of the pathways outlined

in the framework presented here.
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Φροm: Βοψεσ, Wιλλιαm

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΦW: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Τυεσδαψ, Απριλ 28, 2020 1:53:45 ΠΜ

Ατταχηmεντσ: ΑΤΠ Σχαν Ιν Προγρεσσ.mσγ

Ι αγρεε ωιτη τηε περχενταγε αλλοχατιον οφ ρεσουρχεσ � εθυαλ φορ αλλ αυτηορσ

 

Wιλλιαm Κ Βοψεσ

 

Φροm: Βοψεσ, Wιλλιαm 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ελαινε Χοηεν−Ηυβαλ (ηυβαλ.ελαινε≅επα.γοϖ) <ηυβαλ.ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>;

Ηυγηεσ, ΜιχηαελΦ <Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ,

Κιm <Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ

<Τηαι.Σηεαυ−Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ

<Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε



Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ηο, Καψ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 9:32:07 ΑΜ

Ι  αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ αυτηορσ.

 

Τηανκ ψου

 
 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711



 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Σχηεχκελ, Κιρκ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 10:37:09 ΑΜ

Ατταχηmεντσ: ιmαγε002.πνγ

Ηι Wιλλ,

 

Τηε ωριτε υπ λοοκσ γρεατ.  Ιφ ιτ ηελπσ, βελοω αρε τωο mορε ρεχεντ ινϖιτεδ πρεσεντατιονσ:

 

Αππλιχατιον οφ Ξ−ραψ Αβσορπτιον Σπεχτροσχοπψ φορ Μονιτορινγ Τρανσφορmατιον οφ

Νανοmατεριαλσ. Κ. Σχηεχκελ. 2νδ Θυαντιφψινγ Εξποσυρε το Ενγινεερεδ Νανοmατεριαλσ (ΘΕΕΝ)

φροm Μανυφαχτυρεδ Προδυχτσ Wορκσηοπ, Wασηινγτον, DΧ, 2018.

 

Ενϖιρονmενταλ Τρανσφορmατιονσ οφ Σιλϖερ ανδ Ζινχ Οξιδε Νανοπαρτιχλεσ Dριϖε Ρισκ Ασσεσσmεντ

Υνδερστανδινγ. Κ. Σχηεχκελ, Ε. Dοννερ, Ρ. Σεκινε, Γ. Βρυνεττι, ανδ Ε. Λοmβι. 55τη Αννυαλ

Μεετινγ οφ τηε Χλαψ Μινεραλσ Σοχιετψ, Υρβαννα, ΙΛ, 2018.

 

Τηανκ ψου φορ τακινγ α λεαδ ιν τηισ ανδ Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ

φορ αλλ αυτηορσ).

 

Ρεγαρδσ,

Κιρκ

 

Κιρκ Γ. Σχηεχκελ, Πη.D. 

Dιρεχτορ, Λανδ Ρεmεδιατιον & Τεχηνολογψ Dιϖισιον

Υνιτεδ Στατεσ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ & Εmεργενχψ Ρεσπονσε

26 Wεστ Μαρτιν Λυτηερ Κινγ Dριϖε, Οφφιχε 191

Χινχιννατι, ΟΗ  45268

Οφφιχε:    (513) 487−2865               Σχηεχκελ.Κιρκ≅επα.γοϖ

Χελλ:       (513) 405−5086                ωωω.επα.γοϖ
 

                     

Χελεβρατινγ ΕΠΑ�σ 50τη Αννιϖερσαρψ

            ηττπ://ωωω.επα.γοϖ/50

 



 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Βοψεσ, Wιλλιαm

Το: Λιλα Τηορντον; Αλ−Αβεδ, Σουηαιλ; Ανδερσεν, Χηριστιαν; Βυργεσσ, Ροβερτ; Ελαινε Χοηεν−Ηυβαλ
(ηυβαλ.ελαινε≅επα.γοϖ); Ηο, Καψ; Ηυγηεσ, ΜιχηαελΦ; Ρειχηmαν, ϑαψ; Ρογερσ, Κιm; Σχηεχκελ, Κιρκ; Τηαι, Σηεαυ−
Φυνγ; Ζεππ, Ριχηαρδ; Ζυχκερ, Ροβερτ

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 5:40:00 ΠΜ

Ατταχηmεντσ: 2020 ΣΤΑΑ Νοmινατιον ρεϖιεωσ.δοχξ
Βοψεσ ετ αλ 2017_ Α χοmπρεηενσιϖε φραmεωορκ φορ εϖαλυατινγ....πδφ

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ζεππ, Ριχηαρδ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: Συβmισσιον οφ ρεϖιεω φορ ΣΤΑΑ αωαρδ

Dατε: Φριδαψ, Απριλ 24, 2020 5:51:25 ΠΜ

Ηι Wιλλ:

 

Ι αγρεε ωιτη συβmισσιον οφ ουρ ρεϖιεω, �Α χοmπρεηενσιϖε φραmεωορκ φορ εϖαλυατινγ τηε

ενϖιρονmενταλ ηεαλτη ανδ σαφετψ ιmπλιχατιονσ οφ ενγινεερεδ νανοmατεριαλσ� φορ αν

ΣΤΑΑ αωαρδ.  Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ αυτηορσ).

Τηανκ ψου φορ ψουρ εφφορτσ ον τηε παπερ ανδ πυττινγ τογετηερ τηε αωαρδ συβmισσιον!

 

Ριχηαρδ Γ. Ζεππ

Υ.Σ. ΕΠΑ

ΟΡD/ΧΕΜΜ

960 Χολλεγε Στατιον Ρδ.

Ατηενσ, Γεοργια  30605

ΥΣΑ

Εmαιλ:  ζεππ.ριχηαρδ≅επα.γοϖ

Τελ.  (706)− 355−8117

Φαξ  (706)−355−8007

 





Φροm: Παυλ Ρψγιεωιχζ

Το: Ανδερσεν, Χηριστιαν

Χχ: Βοψεσ, Wιλλιαm

Συβϕεχτ: Ρε: ΣΤΑΑ αωαρδ Νοmινατιον

Dατε: Μονδαψ, Απριλ 27, 2020 5:34:07 ΠΜ

Χοντριβυτιον σουνδσ γοοδ το mε. 

Ι αm δοινγ ωελλ.  Τηε σηελτερινγ ιν πλαχε ηασ βεεν γοοδ ιν τηατ σο mανψ οφ mψ νεϖερ−φινισηεδ
προϕεχτσ αρε γεττινγ δονε !  

Σεντ φροm mψ ιΠαδ

Ον Απρ 27, 2020, ατ 8:49 ΑΜ, Ανδερσεν, Χηριστιαν
<Ανδερσεν.Χηριστιαν≅επα.γοϖ> ωροτε:

|

Ηι Παυλ− Wιλλ Βοψεσ ισ γοινγ το συβmιτ ουρ �Χοmπρεηενσιϖε

φραmεωορκ�� ρεϖιεω αρτιχλε φορ α ποσσιβλε ΣΤΑΑ αωαρδ.  Ασ παρτ οφ

τηε συβmισσιον προχεσσ, ηε ηασ το λιστ τηε προπορτιοναλ χοντριβυτιον

οφ εαχη αυτηορ το τηε mανυσχριπτ, ανδ τηεν ρεχειϖε αν εmαιλ

ινδιχατινγ τηατ αυτηορσ αγρεε ωιτη τηε περχενταγε ηε ηασ λιστεδ φορ

τηεm.  Wιλλ δεχιδεδ το σπλιτ τηε χοντριβυτιον εϖενλψ, σο αλλ αυτηορσ

ωιλλ βε λιστεδ ασ χοντριβυτινγ 5.5% το τηε εφφορτ. 

 

Ιφ ψου χουλδ ρεπλψ το τηισ εmαιλ το βοτη Wιλλ ανδ Ι τηατ ψου αγρεε ωιτη

τηε περχενταγε, τηατ ωουλδ βε γρεατ.  Ηοπε ψου αρε δοινγ ωελλ! Χηρισ

 
∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

 

∀Φαχτσ δο νοτ χεασε το εξιστ βεχαυσε τηεψ αρε ιγνορεδ.∀  −  Αλδουσ Ηυξλεψ

 

∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

 

Χηριστιαν Π. Ανδερσεν, ΠηD

Πλαντ Πηψσιολογιστ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Παχιφιχ Εχολογιχαλ Σψστεmσ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

200 ΣW 35τη Στ.

Χορϖαλλισ, ΟΡ 97333

541−754−4791



 

 



Φροm: Ανδερσεν, Χηριστιαν

Το: Βοψεσ, Wιλλιαm; Ρειχηmαν, ϑαψ

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 6:08:16 ΠΜ

Ηι Wιλλ− τηισ λοοκσ γρεατ, τηανκσ φορ πυττινγ ιτ τογετηερ.  Σεεmσ λικε ψου ανδ Λιλα

διδ mοστ οφ τηε ηεαϖψ λιφτινγ ον τηατ παπερ, Ι δον�τ τηινκ ανψονε ωουλδ βε υπσετ

ατ α ηιγηερ περχενταγε φορ ψου.  Αλσο, Παυλ Ρψγιεωιχζ ισ ρετιρεδ− Ι χαν τρψ το γετ

αηολδ οφ ηιm, βυτ ηε ισ α βιτ οφφ τηε γριδ (ηε δοεσν�τ τψπιχαλλψ ρεσπονδ θυιχκλψ). 

Dο ψου νεεδ αν εmαιλ φροm ηιm εϖεν τηο ηε ωον�τ βε γεττινγ ανψ οφ τηε

αωαρδ?  Ι ωιλλ τρψ το χονταχτ ηιm ιφ ψου ωαντ.  Χηρισ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 2:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ



Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Βυργεσσ, Ροβερτ

Το: Βοψεσ, Wιλλιαm

Χχ: Βυργεσσ, Ροβερτ

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 6:30:07 ΠΜ

Wιλλ,

 

Τηε νοmινατιον λοοκσ γρεατ ανδ Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ.

 

Βεστ οφ λυχκ ανδ τηανκ ψου φορ πρεπαρινγ τηε νοmινατιον.

 

Σταψ ωελλ,

 

Ροβ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον



Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ηυγηεσ, ΜιχηαελΦ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 6:02:26 ΠΜ

Ηι Wιλλ,

 

Ι αγρεε ωιτη mψ λεϖελ οφ εφφορτ ον τηισ παπερ.  Τηανκ ψου φορ πυττινγ τηισ αππλιχατιον τογετηερ. 

Ηοπε ψου ανδ ψουρ φαmιλψ αρε ηεαλτηψ.

 

Βεστ ρεγαρδσ,

Μικε

 

Μιχηαελ Φ. Ηυγηεσ, ΠηD, DΑΒΤ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

ΟΡD/ΧΧΤΕ/ΧΧΕD/ΕΤΤΒ

ΜD Β105−03

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

(Τ): 919−541−2160; (Φ): 919−541−4284

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 



Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ρογερσ, Κιm

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 2:04:04 ΠΜ

Ι αγρεε ωιτη τηε αλλοχατιον οφ εφφορτ.

 

Κιm Ρογερσ, Πη.D.

ΜΜΒ/WΕΧD/ΧΕΜΜ

Υ.Σ. ΕΠΑ, ΡΤΠ, ΝΧ

Χελλ:  702−374−3284

ε−mαιλ:  ρογερσ.κιm≅επα.γοϖ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04



Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ζυχκερ, Ροβερτ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε Ζυχκερ

Dατε: Φριδαψ, Απριλ 24, 2020 6:12:38 ΠΜ

Dεαρ ωιλλ

Ι αππροϖε οφ τηε διϖισιον οφ λαβορ ον τηισ φανταστιχ συβmισσιον το ΣΤΑΑ

Βοβ Ζυχκερ

 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 



Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Λιλα Τηορντον

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: Ρε: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 5:48:45 ΠΜ

Ατταχηmεντσ: ΑΤΤ00001.τξτ

Νο ωορριεσ, αν αωαρδ ωουλδ στιλλ βε νιχε!

 

Λιλα

 

Φροm: ∀Βοψεσ, Wιλλιαm∀ <Βοψεσ.Wιλλιαm≅επα.γοϖ>

Dατε: Φριδαψ, Απριλ 24, 2020 ατ 5:46 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>, ∀Αλ−Αβεδ, Σουηαιλ∀ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>,

∀Ανδερσεν, Χηριστιαν∀ <Ανδερσεν.Χηριστιαν≅επα.γοϖ>, ∀Βυργεσσ, Ροβερτ∀

<Βυργεσσ.Ροβερτ≅επα.γοϖ>, ∀Ηυβαλ, Ελαινε∀ <Ηυβαλ.Ελαινε≅επα.γοϖ>, ∀Ηο, Καψ∀

<Ηο.Καψ≅επα.γοϖ>, ∀Ηυγηεσ, ΜιχηαελΦ∀ <Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>, ∀Ρειχηmαν, ϑαψ∀

<Ρειχηmαν.ϑαψ≅επα.γοϖ>, ∀Ρογερσ, Κιm∀ <Ρογερσ.Κιm≅επα.γοϖ>, ∀Σχηεχκελ, Κιρκ∀

<Σχηεχκελ.Κιρκ≅επα.γοϖ>, ∀Τηαι, Σηεαυ−Φυνγ∀ <Τηαι.Σηεαυ−Φυνγ≅επα.γοϖ>, ∀Ζεππ, Ριχηαρδ∀

<Ζεππ.Ριχηαρδ≅επα.γοϖ>, ∀Ζυχκερ, Ροβερτ∀ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ



109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Βοψεσ, Wιλλιαm

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΦW: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Τυεσδαψ, Απριλ 28, 2020 1:53:45 ΠΜ

Ατταχηmεντσ: ΑΤΠ Σχαν Ιν Προγρεσσ.mσγ

Ι αγρεε ωιτη τηε περχενταγε αλλοχατιον οφ ρεσουρχεσ � εθυαλ φορ αλλ αυτηορσ

 

Wιλλιαm Κ Βοψεσ

 

Φροm: Βοψεσ, Wιλλιαm 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ελαινε Χοηεν−Ηυβαλ (ηυβαλ.ελαινε≅επα.γοϖ) <ηυβαλ.ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>;

Ηυγηεσ, ΜιχηαελΦ <Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ,

Κιm <Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ

<Τηαι.Σηεαυ−Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ

<Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε



Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 





Φροm: Βοψεσ, Wιλλιαm

Το: Λιλα Τηορντον; Αλ−Αβεδ, Σουηαιλ; Ανδερσεν, Χηριστιαν; Βυργεσσ, Ροβερτ; Ελαινε Χοηεν−Ηυβαλ
(ηυβαλ.ελαινε≅επα.γοϖ); Ηο, Καψ; Ηυγηεσ, ΜιχηαελΦ; Ρειχηmαν, ϑαψ; Ρογερσ, Κιm; Σχηεχκελ, Κιρκ; Τηαι, Σηεαυ−
Φυνγ; Ζεππ, Ριχηαρδ; Ζυχκερ, Ροβερτ

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Φριδαψ, Απριλ 24, 2020 5:40:00 ΠΜ

Ατταχηmεντσ: 2020 ΣΤΑΑ Νοmινατιον ρεϖιεωσ.δοχξ
Βοψεσ ετ αλ 2017_ Α χοmπρεηενσιϖε φραmεωορκ φορ εϖαλυατινγ....πδφ

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Σχηεχκελ, Κιρκ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 10:37:09 ΑΜ

Ατταχηmεντσ: ιmαγε002.πνγ

Ηι Wιλλ,

 

Τηε ωριτε υπ λοοκσ γρεατ.  Ιφ ιτ ηελπσ, βελοω αρε τωο mορε ρεχεντ ινϖιτεδ πρεσεντατιονσ:

 

Αππλιχατιον οφ Ξ−ραψ Αβσορπτιον Σπεχτροσχοπψ φορ Μονιτορινγ Τρανσφορmατιον οφ

Νανοmατεριαλσ. Κ. Σχηεχκελ. 2νδ Θυαντιφψινγ Εξποσυρε το Ενγινεερεδ Νανοmατεριαλσ (ΘΕΕΝ)

φροm Μανυφαχτυρεδ Προδυχτσ Wορκσηοπ, Wασηινγτον, DΧ, 2018.

 

Ενϖιρονmενταλ Τρανσφορmατιονσ οφ Σιλϖερ ανδ Ζινχ Οξιδε Νανοπαρτιχλεσ Dριϖε Ρισκ Ασσεσσmεντ

Υνδερστανδινγ. Κ. Σχηεχκελ, Ε. Dοννερ, Ρ. Σεκινε, Γ. Βρυνεττι, ανδ Ε. Λοmβι. 55τη Αννυαλ

Μεετινγ οφ τηε Χλαψ Μινεραλσ Σοχιετψ, Υρβαννα, ΙΛ, 2018.

 

Τηανκ ψου φορ τακινγ α λεαδ ιν τηισ ανδ Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ

φορ αλλ αυτηορσ).

 

Ρεγαρδσ,

Κιρκ

 

Κιρκ Γ. Σχηεχκελ, Πη.D. 

Dιρεχτορ, Λανδ Ρεmεδιατιον & Τεχηνολογψ Dιϖισιον

Υνιτεδ Στατεσ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ & Εmεργενχψ Ρεσπονσε

26 Wεστ Μαρτιν Λυτηερ Κινγ Dριϖε, Οφφιχε 191

Χινχιννατι, ΟΗ  45268

Οφφιχε:    (513) 487−2865               Σχηεχκελ.Κιρκ≅επα.γοϖ

Χελλ:       (513) 405−5086                ωωω.επα.γοϖ
 

                     

Χελεβρατινγ ΕΠΑ�σ 50τη Αννιϖερσαρψ

            ηττπ://ωωω.επα.γοϖ/50

 



 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711

 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ

 

 



Φροm: Ζεππ, Ριχηαρδ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: Συβmισσιον οφ ρεϖιεω φορ ΣΤΑΑ αωαρδ

Dατε: Φριδαψ, Απριλ 24, 2020 5:51:25 ΠΜ

Ηι Wιλλ:

 

Ι αγρεε ωιτη συβmισσιον οφ ουρ ρεϖιεω, �Α χοmπρεηενσιϖε φραmεωορκ φορ εϖαλυατινγ τηε

ενϖιρονmενταλ ηεαλτη ανδ σαφετψ ιmπλιχατιονσ οφ ενγινεερεδ νανοmατεριαλσ� φορ αν

ΣΤΑΑ αωαρδ.  Ι αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ αυτηορσ).

Τηανκ ψου φορ ψουρ εφφορτσ ον τηε παπερ ανδ πυττινγ τογετηερ τηε αωαρδ συβmισσιον!

 

Ριχηαρδ Γ. Ζεππ

Υ.Σ. ΕΠΑ

ΟΡD/ΧΕΜΜ

960 Χολλεγε Στατιον Ρδ.

Ατηενσ, Γεοργια  30605

ΥΣΑ

Εmαιλ:  ζεππ.ριχηαρδ≅επα.γοϖ

Τελ.  (706)− 355−8117

Φαξ  (706)−355−8007

 



Φροm: Ηο, Καψ

Το: Βοψεσ, Wιλλιαm

Συβϕεχτ: ΡΕ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

Dατε: Μονδαψ, Απριλ 27, 2020 9:32:07 ΑΜ

Ι  αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ αυτηορσ.

 

Τηανκ ψου

 
 

Φροm: Βοψεσ, Wιλλιαm <Βοψεσ.Wιλλιαm≅επα.γοϖ> 

Σεντ: Φριδαψ, Απριλ 24, 2020 5:41 ΠΜ

Το: Λιλα Τηορντον <λιλα.τηορντον≅δυκε.εδυ>; Αλ−Αβεδ, Σουηαιλ <αλ−αβεδ.σουηαιλ≅επα.γοϖ>;

Ανδερσεν, Χηριστιαν <Ανδερσεν.Χηριστιαν≅επα.γοϖ>; Βυργεσσ, Ροβερτ <Βυργεσσ.Ροβερτ≅επα.γοϖ>;

Ηυβαλ, Ελαινε <Ηυβαλ.Ελαινε≅επα.γοϖ>; Ηο, Καψ <Ηο.Καψ≅επα.γοϖ>; Ηυγηεσ, ΜιχηαελΦ

<Ηυγηεσ.ΜιχηαελΦ≅επα.γοϖ>; Ρειχηmαν, ϑαψ <Ρειχηmαν.ϑαψ≅επα.γοϖ>; Ρογερσ, Κιm

<Ρογερσ.Κιm≅επα.γοϖ>; Σχηεχκελ, Κιρκ <Σχηεχκελ.Κιρκ≅επα.γοϖ>; Τηαι, Σηεαυ−Φυνγ <Τηαι.Σηεαυ−

Φυνγ≅επα.γοϖ>; Ζεππ, Ριχηαρδ <Ζεππ.Ριχηαρδ≅επα.γοϖ>; Ζυχκερ, Ροβερτ <Ζυχκερ.Ροβερτ≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ νοmινατιον φορ ρεϖιεω αρτιχλε

 

Ηι Αλλ,

 

Ι τηουγητ ιτ ωουλδ βε α γοοδ ιδεα το συβmιτ ουρ 2017 ρεϖιεω αρτιχλε φορ αν ΣΤΑΑ αωαρδ.  Ι ηαϖε

ενχλοσεδ α δραφτ οφ τηε αωαρδ νοmινατιον ανδ τηε οριγιναλ παπερ.  Ονλψ ΕΠΑ αυτηορσ αρε ελιγιβλε φορ α

χαση αωαρδ (σορρψ Λιλα).

 

1. Πλεασε σενδ mε ανψ ρεϖισιονσ το τηε νοmινατιον φορm./

2. Πλεασε σενδ mε αν Εmαιλ τηατ ψου αγρεε ωιτη τηε προπορτιοναλ διϖισιον οφ εφφορτ (εθυαλ φορ αλλ

αυτηορσ).

 

Ι ηοπε ψου αε αλλ ωελλ ανδ σταψινγ σαφε δυρινγ τηεσε στρανγε τιmεσ.

 

Ιφ ανψονε ισ ιν χονταχτ ωιτη τηε ρετιρεδ ΕΠΑ αυτηορσ πλεασε ειτηερ φορωαρδ τηισ mεσσαγε το τηεm ορ

σενδ mε α χυρρεντ Ε−mαιλ αδδρεσσ � Τηανκσ!

 

Wιλλ

 

Wιλλιαm Κ. Βοψεσ, Πη.D.

Νευρολογιχαλ ανδ Ενδοχρινε Τοξιχολογψ Βρανχη

Πυβλιχ Ηεαλτη ανδ Ιντεγρατεδ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Μαιλ Χοδε Β105−04

Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 Τ.W. Αλεξανδερ Dριϖε

Ρεσεαρχη Τριανγλε Παρκ, ΝΧ 27711



 

Πηονε: 919−541−7538

Μοβιλε (αλτερνατε ωορκσιτε χονταχτ): 919−417−2105

βοψεσ.ωιλλιαm≅επα.γοϖ
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Justifications:

Justification 1:

Water reservoirs, created when rivers are dammed, provide many important societal
services including flood control, drinking water, low cost transportation networks
for commerce, and hydropower. These benefits come along with adverse social and
ecological effects, however, including enhanced greenhouse gas (GHG)
emissions. Methane (CH ), a GHG 34 times more powerful than carbon dioxide, is4

produced in aquatic sediments through natural decomposition processes. These
natural processes are greatly enhanced when free flowing rivers are converted to
reservoirs. Furthermore, the flooding of dry lands surrounding the original river
channel can convert soils from GHG sinks to GHG sources. Cumulatively, these
effects lead to a net increase in the GHG footprint of the flooded area. As recently
as 2010 the magnitude of reservoir GHG emissions was largely unknown, making it
difficult to incorporate these emissions into national GHG inventories or impact
assessments for proposed reservoirs. The research described in this nomination
paved the way for improved estimates of reservoir GHG emissions and identified
novel management actions to mitigate these emissions.

In 2011, when the nominees began working in this research area, the best available
data indicated that reservoir GHG emissions decrease exponentially from equatorial
regions toward the poles. This was largely attributed to patterns in air and water
temperatures across this global latitudinal gradient. At the time, very few
measurements had been made in mid-latitude regions, however, with most work
having been conducted in boreal and tropical biomes. We hypothesized that
mid-latitude reservoirs in the midwestern U.S. supported higher emission rates than
predicted from their latitude. This prediction was based on differences in land-use
conditions between the largely undeveloped watersheds surrounding the boreal and
tropical reservoirs included in previous studies, and the predominantly agricultural
watersheds in the midwestern U.S.. Erosion and nutrient runoff from agricultural
soils is likely to promote oxygen depletion and algal blooms in reservoirs. These
conditions are likely to stimulate CH  production because 1) CH  is only produced4 4

in low oxygen environments and 2) algal derived carbon (C) is readily converted to
CH  in aquatic ecosystems. To test this hypothesis we measured CH4 emission rates4

from Harsha Lake, a reservoir draining a watershed managed for soy and corn
production in Ohio. We found that Harsha Lake emitted CH4 at rates that were
among the highest ever reported in the literature, equivalent to those observed in
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tropical systems. We also found a striking spatial pattern in emission rates, with
areas near tributary inputs having emission rates that were an order of magnitude
greater than elsewhere in the reservoir (see Supporting Materials Beaulieu et al.
2014). These results indicated that 1) mid-latitude reservoirs may play a larger role
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in GHG inventories than previously recognized, and 2) accurate emission estimates
for individual waterbodies require spatially explicit survey designs that accurately
capture emissions from hotspot areas.

Given the important implications of our 2014 paper, we conducted a follow-up
study that focused on better quantifying the spatial distribution of emission rates
within the reservoir (nominated paper Beaulieu et al. 2016). For this study, we
expand the research team to include a spatial ecologist from the National Center for
Ecological Assessment (NCEA) and designed a statistical survey that included 115
sampling sites in Harsha Lake, as compared to six sites in the original 2014
paper. The reservoir-scale emission rate estimated from the more thorough spatial
sampling was very similar to that reported in the first paper, reinforcing our finding
that mid-latitude reservoirs can emit more CH4 than previously recognized. We also
confirmed that areas located immediately below tributary inflows supported much
higher emission rates than other areas of the reservoir. Although these areas occupy
only 12% of the reservoir surface area in Harsha Lake, they emit 41% of the CH4
emanating from the reservoir. This finding demonstrates that it is critically
important that investigators account for hot spots in emission rate estimates.

An important contribution of the 2016 paper is that it offered a statistically robust
method for measuring GHG emission rates in reservoirs that 1) accounts for the
spatial distribution of emission hot spots, 2) allows for rigorous population level
estimates of mean and variance, and 3) generates emission rate estimates that can be
compared across different waterbodies. Earlier investigations of reservoir GHG
emissions often entailed monitoring at one location in the waterbody, usually the
deepest location, and used poorly defined methods for upscaling to the entire
reservoir surface area. This approach likely resulted in emission estimates that were
biased low because emission hot spots were overlooked. Furthermore,
inconsistencies in survey designs and upscaling procedures made it difficult to
compare emission rates across studies, hindering progress in this area of
research. The nominated publication, published in a special issue of Limnology and
Oceanography on CH  emissions from aquatic ecosystems, has been cited 16 times4

and has contributed to the rapid improvement in the quality of emission rate
estimates more recent literature.
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The two studies at Harsha Lake demonstrated that the system has a persistent
pattern of elevated emission rates near tributaries, but the reason for the pattern
wasn’t clear. It also wasn’t clear to what extent other reservoirs might exhibit
similar patterns. To better understand the mechanisms leading to this spatial pattern,
we measured CH4 production rates and a suite of biogeochemical indicators from
sediment cores collected at 15 sites within the reservoir (nominated paper Berberich
et al. 2019). Stable isotope and molecular indicators revealed that sediments in
hot-spot areas have a mix of carbon (C) derived from terrestrial sources (e.g.,
erosion from agricultural soils) and algal blooms. Terrestrially derived organic
matter likely provides a steady background supply of C for CH4 production while
higher quality C derived from algae is converted to CH4 more quickly. Both C
sources are particularly abundant at the river mouth where sedimentation rates are
highest and nutrients from the inflowing river stimulate large algae blooms, leading
to the high rates of CH4 production consistently observed in this area. These
patterns are likely a common feature of reservoirs draining agricultural watersheds
suggesting that CH4 hot spots near river mouths may be a persistent feature of these
systems.

The previously discussed papers demonstrate that Harsha Lake supports much
higher CH4 emission rates than previously expected. We estimate that if all U.S.
reservoirs draining watersheds managed for corn and soybean production emitted
CH4 at rates equivalent to that of Harsha Lake, these systems would be the fourth
largest anthropogenic CH4 source in the country; equivalent to half of the CH4
emitted from all U.S. landfills. While accurately estimating the magnitude of CH4
emissions from reservoirs is an important research objective, EPA is also committed
to providing solutions to environmental problems. In the next phase of the research
we partnered with the U.S. Army Corps of Engineers (USACE) to develop
mitigation strategies. Specifically, we considered whether water-level management
could be used as a tool for CH4 mitigation. An important mechanism for CH4
release from sediments is ebullition, or the release of CH4 rich bubbles. Aquatic
sediments, including those in reservoirs, often contain large volumes of stored
gas. This is well known to anyone who has stepped into muddy sediments at the
edge of a lake or river and saw (or smelled!) bubbles emerging from the
water. These bubbles are typically held within sediments by the pressure of the
overlying water column (hydrostatic pressure) but can be released during periods of
water level decline. To quantify the degree to which CH4 emissions are regulated
by water level change, we conducted an experiment at Harsha Lake. We partnered
with the dam operators (USACE) and implemented a water level management plan
that entailed relatively constant water levels during the summer months, followed
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by a 2 foot drop in water levels over a 24 hour period in early Fall. We found that
the experimental drop in water levels triggered a 10-fold increase in bubbling rates
across the reservoir.  While these bubbling rates were extraordinarily high, they
were short lived and constituted only a minor component of annual CH4 emissions
because the reservoir has quite high bubbling rates even during periods of constant
water levels. This is in contrast to reservoirs with cleaner water and much lower
algal abundance where bubbling is largely confined to periods of water level
decline. Our conclusion is that water-level management can be an effective tool for
mitigating CH4 emissions from clear-water reservoirs, but not in systems with poor
water quality, large algae blooms and high bubbling rates. It appears that the only
way to mitigate emissions from eutrophic systems is to implement watershed-scale
nutrient management plans to reduce nutrient loading, algae blooms, and C
availability in the reservoir.

Collectively, these papers represent important scientific advancements. First, we
have shown that mid-latitude reservoirs play a much larger role in
regional/national/global CH4 budgets than previously recognized. This is likely due
to land-use conditions that load reservoirs with carbon and nutrients, leading to high
rates of CH4 production, particularly near river inflows where these materials first
enter reservoirs. Secondly, we demonstrated how tools developed by spatial
ecologists can be used to design statistically robust survey designs, allowing for
upscaling from point measurements to entire reservoirs, and facilitating comparison
among different studies. Finally, our works suggests that these emissions can be
mitigated through watershed-scale nutrient management in eutrophic reservoirs, and
water-level management in less productive reservoirs.

This work has played a pivot role in advancing EPA/Office of Air and Radiation’s
(OAR) efforts to include reservoirs as an anthropogenic GHG source in the U.S.

. The inventory is compiledInventory of Greenhouse Gas Emissions and Sinks

annually by OAR and reported to the Intergovernmental Panel on Climate Change
(IPCC) in compliance with the nation’s treaty obligations under the United Nations
Framework Convention on Climate Change. OAR nominated Jake Beaulieu to serve
as a subject matter expert during several meetings of the IPCC, culminating with
Dr. Beaulieu serving as a Lead Author on the IPCC methodology for estimating
reservoir emissions. Dr. Beaulieu is now working with OAR to measure CH4
emissions from over 100 reservoirs distributed across the US. These data will form
the basis of the first national-scale estimate of reservoir CH4 emissions for the US.
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This work also led to an invitation to publish in a special issue of Limnology and
Oceanography highlighting aquatic CH4 emissions, an invited talk at the 2015
meeting of the Association for the Sciences of Limnology and Oceanography
(ASLO), and to co-chair special sessions on aquatic GHG fluxes at the 2019 and
2020 ASLO meetings. Beaulieu has also served on committees for PhD and Masters
students working in this area of research.  

Justification 2A:

The three nominated publications, and one supporting publication, build off one
another, as described in Justification 1. The supporting publication describes our
2012 survey of methane emission rates from Harsha Lake. The survey described in
the nominated 2016 publication follows up on the 2012 survey using improved
spatial resolution and a more robust statistical survey design. The nominated 2019
publication describes a study where we investigated the mechanisms leading to the
spatial patterns observed in the earlier Harsha Lake surveys. Finally, the nominated
2018 paper describes a study of management actions that might be used to mitigate
methane emissions from the lake.

Justification 2B:

Beaulieu

2018

 

Level III for An investigation of the effects of urban stream burial on nitrogen
uptake and ecosystem metabolism.
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Beaulieu, J. J., H. E. Golden, C. D. Knightes, P. M. Mayer, S. S. Kaushal, M. J. Pennino, C. P.

Arango, D. A. Balz, C. M. Elonen, K. M. Fritz, and B. H. Hill. 2015. Urban Stream Burial Increases

Watershed-Scale Nitrate Export. PLoS ONE 10:e0132256.

Pennino, M. J., S. S. Kaushal, J. J. Beaulieu, P. M. Mayer, and C. P. Arango. 2014. Effects of urban

stream burial on nitrogen uptake and ecosystem metabolism: implications for watershed nitrogen and

carbon fluxes. Biogeochemistry 121:247-269.

Beaulieu, J. J., P. M. Mayer, S. S. Kaushal, M. J. Pennino, C. P. Arango, D. A. Balz, T. J. Canfield, C.

M. Elonen, K. M. Fritz, B. H. Hill, H. Ryu, and J. W. S. Domingo. 2014. Effects of urban stream burial

on organic matter dynamics and reach scale nitrate retention. Biogeochemistry 121:107-126.

2017

Level II for an Investigation of the Role of Reservoirs in Removing Excess
Reactive Nitrogen from the Environment

Beaulieu, J. J., R. L. Smolenski, C. T. Nietch, A. Townsend-Small, M. S. Elovitz, and J. P.

Schubauer-Berigan. 2014. Denitrification alternates between a source and sink of nitrous oxide in the

hypolimnion of a thermally stratified reservoir. Limnology and Oceanography 59:495-506.

Beaulieu, J. J., C. T. Nietch, and J. L. Young. 2015. Controls on nitrous oxide production and

consumption in reservoirs of the Ohio River Basin. Journal of Geophysical Research-Biogeosciences 

120:1995-2010.

2016
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Honorable Mention for ‘Continuous Monitoring Reveals Multiple Controls on
Ecosystem Metabolism in a Suburban Stream’

Beaulieu, J. J., C. P. Arango, D. A. Balz, and W. D. Shuster. 2013. Continuous monitoring reveals

multiple controls on ecosystem metabolism in a suburban stream. Freshwater Biology 58:918-937.

Hall, R. O., and J. J. Beaulieu. 2013. Estimating autotrophic respiration in streams using daily

metabolism data. Freshwater Science:507-516.

2015

Honorable Mention for ‘A Demonstration of Enhanced Methane-Gas
Transfer for a Large River’.

Beaulieu, J. J., W. D. Shuster, and J. A. Rebholz. 2012. Controls on gas transfer velocities in a large

river. J. Geophys. Res. 117:G02007.

Balz

2018

Level III for An investigation of the effects of urban stream burial on nitrogen
uptake and ecosystem metabolism.

Nominated publications:
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Beaulieu, J. J., H. E. Golden, C. D. Knightes, P. M. Mayer, S. S. Kaushal, M. J. Pennino, C. P.

Arango, D. A. Balz, C. M. Elonen, K. M. Fritz, and B. H. Hill. 2015. Urban Stream Burial Increases

Watershed-Scale Nitrate Export. PLoS ONE 10:e0132256.

Pennino, M. J., S. S. Kaushal, J. J. Beaulieu, P. M. Mayer, and C. P. Arango. 2014. Effects of urban

stream burial on nitrogen uptake and ecosystem metabolism: implications for watershed nitrogen and

carbon fluxes. Biogeochemistry 121:247-269.

Beaulieu, J. J., P. M. Mayer, S. S. Kaushal, M. J. Pennino, C. P. Arango, D. A. Balz, T. J. Canfield, C.

M. Elonen, K. M. Fritz, B. H. Hill, H. Ryu, and J. W. S. Domingo. 2014. Effects of urban stream burial

on organic matter dynamics and reach scale nitrate retention. Biogeochemistry 121:107-126.

Berberich

N/A

Birchfield

N/A

Buffam

N/A

Hamilton

N/A
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Harrison

N/A

McManus

Nietch

2017

2017 Level III for Comparing Drinking Water Treatment Costs to Source
Water Protection

Nominated publication:

Costs Using Time Series Analysis (Heberling, M., C. Nietch, H. Thurston, M. Elovitz, K. Birkenhauer,

S. Panguluri, B. Ramakrishnan, E. Heiser, T. Neyer), 2018

2017

Level II for an Investigation of the Role of Reservoirs in Removing Excess
Reactive Nitrogen from the Environment

Beaulieu, J. J., R. L. Smolenski, C. T. Nietch, A. Townsend-Small, M. S. Elovitz, and J. P.

Schubauer-Berigan. 2014. Denitrification alternates between a source and sink of nitrous oxide in the

hypolimnion of a thermally stratified reservoir. Limnology and Oceanography 59:495-506.
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Beaulieu, J. J., C. T. Nietch, and J. L. Young. 2015. Controls on nitrous oxide production and

consumption in reservoirs of the Ohio River Basin. Journal of Geophysical Research-Biogeosciences 

120:1995-2010.

2016

Level II for Development and Application of Test Methods Using a More
Relevant and Sensitive Mayfly Species for Assessing Toxicity (Weaver,
Paul; Struewing, Katherine; Nietch, Christopher; Lazorchak, James;
Johnson, Brent; Funk, David; DeCelles, Susanna; Buchwalter, David)

Platz

N/A

Squier

N/A

Waldo

N/A

Walker

2015
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Level III, “Linking Agricultural Crop Management and Air-Quality Models for
Regional-to-National-Scale Nitrogen Assessments”

Nominated publications:

Walker, J.T., Jones, M.R., Bash, J.O., Myles, L., Meyers, T., Schwede, D., Herrick, J., Nemitz, E., Robarge, W.,

2013. Processes of ammonia air-surface exchange in a fertilized Zea mays canopy. Biogeosciences, 10, 981-998.

Bash, J.O., Cooter, E.J., Dennis, R.L., Walker, J.T., Pleim, J.E. 2012. Evaluation of a regional air-quality model

with bi-directional NH3 exchange coupled to an agro-ecosystem model. Biogeosciences, 10, 1635-1645

Cooter, E.J., Bash, J.O., Benson, V., Ran, L-M., 2012. Linking Agricultural Management and Air-Quality

models for Regional to National-Scale Nitrogen Deposition Assessments. Biogeosciences, 9, 4023-4035.

 

White

N/A

Young

2017

Level II for an Investigation of the Role of Reservoirs in Removing Excess
Reactive Nitrogen from the Environment
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Nominated publications:

Beaulieu, J. J., R. L. Smolenski, C. T. Nietch, A. Townsend-Small, M. S. Elovitz, and J. P.

Schubauer-Berigan. 2014. Denitrification alternates between a source and sink of nitrous oxide in the

hypolimnion of a thermally stratified reservoir. Limnology and Oceanography 59:495-506.

Beaulieu, J. J., C. T. Nietch, and J. L. Young. 2015. Controls on nitrous oxide production and

consumption in reservoirs of the Ohio River Basin. Journal of Geophysical Research-Biogeosciences 

120:1995-2010.

Justification 2C:

The 2017 Level II award for an Investigation of the 'Role of Reservoirs in
Removing Excess Reactive Nitrogen from the Environment' also pertains to
biogeochemical cycling in reservoirs, but focuses on nitrogen processing,
whereas the current nomination focuses on carbon cycling. The nominations
represent distinct research efforts resulting in independent publications
supports different Agency programmatic needs.

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

This work led to Dr. Jake Beaulieu becoming an internationally recognized subject
matter expert. Most prominently, Beaulieu was invited to serve as Lead Author on
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the methodology report used by the Intergovernmental Panel on Climate Change
(IPCC) to estimate the magnitude of methane emissions from reservoirs. This work
also led to an invitation to publish in a special issue of Limnology and
Oceanography highlighting aquatic methane emissions, an invited talk at the 2015
meeting of the Association for the Sciences of Limnology and Oceanography
(ASLO), and to co-chair special sessions on aquatic GHG fluxes at the 2019 and
2020 ASLO meetings.  Beaulieu has also served on committees for PhD and
Masters students working in this area of research.  

Justification 3B:

The nominated publications were subject to peer review via the journal's peer
review process. Each article was reviewed by 2 -3 reviewers and the editor. All
reviewer comments were addressed and the revision submitted to the journal. In
some cases a second round of revisions were required, while in others the revised
manuscript was accepted.

AUTHORS

Principal Author

Author Name: Jake J. Beaulieu

Professional Title: Salutation:

Email: beaulieu.jake@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 16



Page 16 of 24

Contributing Author

Author Name: Hamilton

Professional Title: Salutation:

Email: trinityh@umn.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: Waldo

Professional Title: Salutation:

Email: sarahrwaldo@gmail.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6



Page 17 of 24

Contributing Author

Author Name: Buffam

Professional Title: Salutation:

Email: buffamii@ucmail.uc.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: Harrison

Professional Title: Salutation:

Email: john_harrison@wsu.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6



Page 18 of 24

Contributing Author

Author Name: David Balz

Professional Title: Salutation:

Email: balz.adam@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: Berberich

Professional Title: Salutation:

Email: berberichme@gmail.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6



Page 19 of 24

Contributing Author

Author Name: Birchfield

Professional Title: Salutation:

Email: mkeithbirch@wsu.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: Squier

Professional Title: Salutation:

Email: squier.bill@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 6



Page 20 of 24

Contributing Author

Author Name: Young

Professional Title: Salutation:

Email: jade.l.young@usace.army.mil Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: Nietch

Professional Title: Salutation:

Email: nietch.christopher@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 6



Page 21 of 24

Contributing Author

Author Name: Platz

Professional Title: Salutation:

Email: platzmc05@gmail.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 6

Contributing Author

Author Name: McManus

Professional Title: Salutation:

Email: mcmanus.michael@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 6



Page 22 of 24

Contributing Author

Author Name: Walker

Professional Title: Salutation:

Email: walker.johnt@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 6

Contributing Author

Author Name: White

Professional Title: Salutation:

Email: white.karenm@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 6



Page 23 of 24

PUBLICATIONS

Publication 1:

Publication Title:
Spatial variability of sediment methane production and methanogen communities
within a eutrophic res

Publication Date: Wed Dec 04 00:00:00 GMT 2019

Journal/Publication
Method:

online

All Author(s):

Volume: n/a Number: n/a

Pages: 23
Immediately
Index:

Immediately
Index:

Citation ½ Life: 8.4 Impact Factor: 4.325

Publication 2:

Publication Title:
Effects of an Experimental Water-level Drawdown on Methane Emissions from a
Eutrophic Reservoir.

Publication Date: Tue Sep 05 00:00:00 GMT 2017

Journal/Publication
Method:

online/print

All Author(s):

Volume: 21 Number: n/a

Pages: 657-674
Immediately
Index:

Immediately
Index:

Citation ½ Life: 10.2 Impact Factor: 4.555



Page 24 of 24

Publication 3:

Publication Title:
Estimates of reservoir methane emissions based on a spatially balanced
probabilistic-survey.

Publication Date: Tue Apr 05 00:00:00 GMT 2016

Journal/Publication
Method:

online/print

All Author(s):

Volume: 61 Number: n/a

Pages: 27-40
Immediately
Index:

Immediately
Index:

Citation ½ Life: 8.4 Impact Factor: 4.3254

Publication 4:

Publication Title:
High Methane Emissions from a Midlatitude Reservoir Draining an
Agricultural Watershed.

Publication Date: Tue Aug 26 00:00:00 GMT 2014

Journal/Publication
Method:

print/online

All Author(s):

Volume: 48 Number: n/a

Pages: 100-108
Immediately
Index:

Immediately
Index:

Citation ½ Life: 7.1 Impact Factor: 7.149





Throughout the decomposition process, fermenting bacteria and

archaea convert complex OM molecules to smaller substrates

such as acetate or C1 compounds (methanol, methyl-amines,

etc.) that can be utilized by methanogenic archaea (meth-

anogens) in the terminal stages of decomposition to produce

CH4 (see Liu andWhitman 2008).

The chemical composition of OM can be used to infer ori-

gin (i.e., OMterr vs. OMaq; e.g., McKnight et al. 2001; Stedmon

et al. 2003; Hood et al. 2005; Mladenov et al. 2010) and deter-

mines, in part, the bioavailability of the material (e.g., Sun

et al. 1997). For example, algae and aquatic microorganisms,

components of OMaq, are generally composed primarily of

protein, and contain variable amounts of both lipids and car-

bohydrates (Bianchi and Canuel 2011). Higher plants, a com-

ponent of OMterr, are composed mainly of cellulose and

structural compounds, and contain a lower fraction of pro-

teins (Bianchi and Canuel 2011). During biodegradation,

aquatic OM, which is associated with aliphatic and peptide-

like compounds (Kellerman et al. 2018), is generally consid-

ered to be more labile than terrestrial-derived OM (del Giorgio

and Davis 2003) that can be comprised of complex structural

polysaccharides and phenolic aromatic compounds such as

those found in lignin. Therefore, OM source and OM quality

are often discussed in conjunction.

Methanogens and the potential role OM plays in shaping

microbial communities in freshwater environments (Fagervold

et al. 2014) underlie the relationship between OM source and

methane production. Little is known about the response of the

methanogenic community’s composition and activity to varia-

tions in OM source or quantity in freshwater ecosystems, despite

the significant role methanogens play in the global carbon

cycle. Discrete taxonomic groups of methanogens vary in their

ability to use different substrates (Liu and Whitman 2008); thus,

variation in substrate availability in freshwater sediment likely

affects methanogen community structure and activity, includ-

ing the pathway utilized by methanogens to generate CH4.

Reservoirs are ideal ecosystems for investigating the rela-

tionship between OM dynamics and CH4 production due to

the predictable patterns of OM input across their length. Res-

ervoirs are comprised of three functional zones—riverine,

transitional, and lacustrine—characterized by differences in

depth, thermal stratification, sediment composition, primary

productivity, and water velocity (Thornton et al. 1990). The

quantity of OM in the sediment is expected to vary across res-

ervoir zones, as is the relative contribution of OMaq and

OMterr to the sediments. Further, reservoir tributary inlets and

depositional zones have been demonstrated to be hot spots

for CH4 emissions across the air-water interface (DelSontro

et al. 2011; Grinham et al. 2011; Maeck et al. 2013; Beaulieu

et al. 2014a; Beaulieu et al. 2016), suggesting these deposi-

tional zones may be hot spots for sediment CH4 production.

OM additions to lake sediments in laboratory experiments

have been shown to increase CH4 production rates (Schwarz

et al. 2008; West et al. 2012, 2015a; Grasset et al. 2018), but

our understanding of the contribution of OMterr and OMaq to

CH4 production rates at an ecosystem scale is not well con-

strained. Specifically, it is unknown if, at an ecosystem scale,

CH4 hot spots reflect inputs of presumed-labile OMaq or envi-

ronmental conditions that facilitate the degradation of more

complex molecules derived from OMterr into methanogenic

substrates. In several lab studies, OMaq stimulated an increase

in CH4 production (Schwarz et al. 2008; West et al. 2012,

2015a), including a greater increase in CH4 production com-

pared to OMterr additions (West et al. 2012). This is consistent

with reports that sediment CH4 production rates across differ-

ent lakes are positively correlated with lake productivity and

sediment OM derived from OMaq (Duc et al. 2010; West et al.

2015b), and that reservoir productivity and CH4 emissions

from the air-water interface are positively correlated at a global

scale (Deemer et al. 2016; DelSontro et al. 2018). In contrast,

other recent studies demonstrate the importance of OMterr

and ancient terrestrial OM to carbon cycling in aquatic sys-

tems. Grasset et al. (2018) showed that additions of OMterr to

lake sediments can stimulate CH4 production to the same

degree as additions of OMaq, and ancient terrestrial OM has

been shown to support aquatic respiration and food webs

(McCallister and del Giorgio 2012; Guillemette et al. 2017a).

Due to the complex nature of OM and OM degradation, the

categorization of OM into source is a useful approach to address

the major compositional differences expected in aquatic

vs. terrestrial derived OM, and to categorize assumed lability.

Further, for managed systems such as reservoirs, this grouping

provides a framework to assess potential CH4 mitigation efforts.

For example, if CH4 production is driven primarily by OMterr,

efforts aiming to reduce CH4 emissions should focus on the

management of watershed OM inputs such as no-till agricul-

tural practices and stream bank stabilization. On the other

hand, if CH4 production is driven primarily by OMaq, efforts

should focus on management of algal and cyanobacterial pro-

duction, possibly through agricultural best management prac-

tices to reduce nutrient loading.

To address the role of carbon source (OMterr vs. OMaq) and

quantity on sediment CH4 production, we investigated

methanogenesis rates, sediment OM characteristics, and meth-

anogen communities across 15 sites within Harsha Lake, a eutro-

phic reservoir located in the midwestern United States, in the late

spring of 2016. The objectives of the study were to: (1) establish if

the three functional reservoir zones (lacustrine, transitional, and

riverine) exhibit predictable patterns in CH4 production rates,

bulk sediment characteristics, sediment OM composition, and

sediment methanogen communities, (2) determine the relative

influence of OM source, including OMterr vs. OMaq, and OM

quantity on sediment CH4 production rates, and (3) identify the

variables that best explain spatial variation in CH4 production

rates from a suite of sediment, water column, and methanogen

community measurements. We expected that sediment

methanogenesis rates would be highest in the riverine zone,

intermediate in the transition zone, and lowest in the lacustrine
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zone. Based on direct and indirect evidence of the relationship

between aquatic-derived carbon and methanogenesis rates, we

hypothesized that the source of OM would best predict

methanogenesis rates, with the highest rates associated with high

sediment OMaq content due to its presumed greater lability as

compared to OMterr. Methanogen abundance was expected to be

highest in sites with high CH4 production rates, and methanogen

community composition was expected to vary spatially along the

riverine-lacustrine gradient.

METHODS

Site description

William H. Harsha Lake is a reservoir in southwest Ohio that

was built on the East Fork of the Little Miami River in 1978.

Harsha Lake is located in the ancestral homelands of the Miami,

Shawnee, Deleware, and Ojibwe people. The primary functions

of this reservoir include flood control, drinking water supply,

recreation, and wildlife habitat. It has a surface area of 7.9 km2,

is dimictic, and reaches 32.8 m at its maximum depth. Harsha

Lake’s watershed is 882 km2, with agriculture (including corn,

soybean and pasture) as the dominant land-use (Beaulieu et al.

2016). Harsha Lake was an ideal system for this study because

the surface CH4 emission rates of this reservoir have been quan-

tified previously, and emission hot spots have been identified

(Beaulieu et al. 2014a, 2016; Beaulieu et al. 2018). Both CH4

emissions and summer chlorophyll a concentrations are typi-

cally highest in the riverine zone near the main tributary of the

reservoir (Beaulieu et al. 2016; Beck et al. 2017).

Sample collection

Triplicate sediment cores, water samples, and water column

measurements were collected from 15 sites across the reservoir

(Fig. 1). Sites were selected to span the length of the reservoir

Fig. 1. Harsha Lake sampling sites and site categories. The legend indicates which sites were assigned to the riverine, transitional, and lacustrine zones,

and where sediment traps were deployed.
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and encompass a range of water depths, temperature, oxygen,

productivity, and inputs to the sediment. Sites were catego-

rized into reservoir zones (riverine, transitional, or lacustrine)

based on thermal stratification from temperature-depth pro-

files measured at each site in July 2016, when stratification

was expected to be strongest. Thermally stratified sites with a

hypolimnion thickness >1 m were defined as lacustrine.

Weakly stratified sites with a hypolimnion thickness <1 m

were categorized as transitional, and sites that were not strati-

fied were defined as riverine (Saji 2008). Sediment and water

sampling was conducted on three separate dates within a

7-day window in late May 2016. On each date, three 5 cm

diameter sediment cores were collected from each of five sites

distributed across the three reservoir zones using a K-B Corer

(Wildco®). Shallow (0.1 m below water surface) and deep

(0.5–2 m above sediment) water samples were collected at

each site using a Niskin bottle. At each site, depth profiles of

water temperature, pH, dissolved oxygen, specific conductivity

were measured using a ProDSS multiparameter sonde (YSI),

and depth profiles of chromophoric dissolved organic matter

(CDOM), in vivo chlorophyll a, and turbidity were measured

using a C3 Submersible Fluorometer (Turner Designs). Secchi

depth and depth profiles of photosynthetically active radia-

tion (PAR) (LiCor LI-250A) were also measured.

Water sample processing

Water samples collected from each site for chlorophyll a,

total nitrogen (TN) and total phosphorus (TP) analyses were

stored at 5�C and analyzed within 24 h, or frozen and analyzed

within 28 d. Water samples for dissolved CH4 were subsampled

from the Niskin bottle—collected at both the shallow and deep

water depths. Dissolved CH4 was sampled using the headspace

equilibration method, as described by Beaulieu et al. (2018).

The spectrophotometric method was used to measure chloro-

phyll a following filtration (0.45 μm pore size) and acetone

extraction (APHA 2012). TP was measured following acid

persulfate digestion (Boren 2001) and TN was measured follow-

ing alkaline persulfate digestion (Smith and Bogren 2003) using

automated colorimetry (Lachat Instruments QuickChem 8000

Flow Injection Autoanalyzer).

Sediment processing

Sediment cores were sectioned and processed within 24 h of

collection. The top 5 cm of each core was extruded, homoge-

nized, and subsampled in a glove box under N2 atmosphere.

Subsamples of sediment were used for CH4 potential produc-

tion rate assays, sediment characterization, porewater collec-

tion, and nucleic acid extraction. The top sediment section was

chosen for our study following similar sediment depths used for

CH4 potential production assays in previous studies

(e.g., Schwarz et al. 2008; Duc et al. 2010; Grasset et al. 2018),

and after conducting a pilot study to determine sample depth

(Supporting Information Table S1). One slurry was prepared

from each sediment core, resulting in three slurries per site.

Sediment slurries for CH4 potential production assays were pre-

pared in the glove box by adding 15 mL of sediment and 15 mL

of overlying core water to a 120 mL serum bottle using syringes

with the tips cut off. Slurries were then capped with a rubber

stopper, crimp sealed, and wrapped in aluminum foil. After

subsampling for DNA extraction and sediment characterization,

sediment was frozen at −80�C (for DNA extraction) or −20�C

(for sediment characterization) until further analysis. Samples

for porewater collection were stored at 4�C until the porewater

was extracted (within 24 h of core subsampling).

Sediment slurries—CH4 potential production rates

After removing the capped slurries from the glove box, the

bottles were shaken vigorously for 2 min and purged with N2

gas for 5 min to remove the initial dissolved CH4. All slurries

were stored in the dark at room temperature (~23�C) during

the 9-day incubation. Eleven milliliter gas samples were taken

on days 1, 2, 3, 5, 7, and 9. An equal volume of 11 mL of N2

gas was returned to the serum bottle after each sampling to

maintain pressure during the incubation. Gas samples were

analyzed on a gas chromatograph (Bruker 450) equipped with

a flame ionization detector (FID). Methane potential produc-

tion rates for the slurries were calculated by accounting for

dilution during sampling, then determining the change in

moles of CH4 over time. Methane potential production rates

were expressed either normalized to sediment volume, sedi-

ment dry mass, or mass of sediment organic matter per slurry.

Mass of sediment OM per slurry was calculated from the dry

mass of the slurry multiplied by the percent OM determined

from LOI of a sediment subsample taken from the core specifi-

cally for that purpose. Details of calculations are available at

the Center for Open Science Open Science Framework (OSF)

project page (https://osf.io/59hnj/).

δ
13C in CO2 and CH4 CH4 production pathway

Stable isotope ratios of carbon (δ13C) in CO2 and CH4 were

measured from gas sampled on the last day (day 9) of a subset of

the CH4 production assays to discern between dominant CH4

production pathways. Analysis was carried out at the UC Davis

Stable Isotope Facility. 13C CO2 was measured on a Thermo-

Scientific GasBench system interfaced to a ThermoScientific Delta

V Plus isotope ratio mass spectrometer (IRMS) (ThermoScientific),

and δ13C CH4 was measured on a ThermoScientific Precon con-

centration unit system interfaced to a ThermoScientific Delta V

Plus IRMS (ThermoScientific). Precision of the 13C CO2 measure-

ment is 0.1‰, and of the 13C CH4 measurement is 0.2‰

(stableisotopefacility.ucdavis.edu, accessed 01 September 2019).

The apparent fractionation factor (αC) of δ
13C in CO2 and

CH4 was used to estimate the dominant methanogenesis path-

way (Whiticar et al. 1986; Conrad 2005) (Eq. 1):

αC =
δCO2 +10

3
� �

δCH4 +10
3

� � ð1Þ
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Apparent fractionation factor values greater than 1.065

indicate that hydrogenotrophic methanogenesis is the domi-

nant pathway, while αC < 1.055 are indicative of acetoclastic

methanogenesis (Whiticar et al. 1986; Whiticar 1999;

Conrad 2005).

Sediment characterization

Sediment was dried at 60�C for 3 d or until constant

weight, and the difference between the wet and dry sediment

weight was used to determine water content. Dried sediment

was ground with a ceramic mortar and pestle prior to all other

analyses. Elemental analysis and stable isotope analysis (13C

and 15N) were conducted using an elemental analyzer coupled

to an isotope ratio mass spectrometer (EA-IRMS). Sediment

was fumigated with hydrochloric acid prior to C and 13C anal-

ysis to removed carbonates (Harris et al. 2001). Analysis with

EA-IRMS was conducted at the UC Davis Stable Isotope Facil-

ity (Elementar Vario EL Cube, Elementar Analysensysteme

GmbH interfaced to a PDZ Europa 20–20 isotope ratio mass

spectrometer, Sercon Ltd.) or the Stable Isotope Geochemistry

Lab in the Department of Geology in the University of Cincin-

nati (Costech Instruments Elemental Analyzer periphery inter-

faced to a Thermo Scientific Delta V Advantage Isotope Ratio

Mass Spectrometer). An analytical intercomparison between

laboratories verified that the different instruments used gave

consistent elemental and isotopic results. Precision of the 13C

and 15N measurements are 0.2‰ and 0.3‰, respectively (see

stableisotopefacility.ucdavis.edu, accessed 01 September

2019). Reference standards USGS-40 and USGS-41 were used

to calibrate δ13C and δ15N values and checked with previously

quantified internal lab standards (glycine and organic wheat).

NIST Standard 2710 was used for linearity corrections for both

δ13C and δ15N at the University of Cincinnati. Density was

calculated from the wet weight of a known volume of sedi-

ment. OM content was calculated by determining weight loss

after ignition (550�C, 4 h). Elemental and isotopic composi-

tion of sediment was used to determine the proportion of

OMaq and OMterr (see Mixing model).

Porewater analyses

Porewater was extracted from a subsample of sediment

cores for determination of volatile fatty acids (VFA), dissolved

organic carbon (DOC), and for excitation emission matrix

(EEMs) fluorescence. Porewater was extracted by centrifuging

sediment in 50 mL polypropylene centrifuge tubes at

7800 rpm. The porewater was filtered at 0.45 μm prior to mea-

surement of optical absorbance and fluorescence using a scan-

ning spectrofluorometer (Horiba Aqualog UV-800). The

optical data were used to calculate the fluorescence index (FI),

biological index (BIX), relative fluorescence efficiency (RFE),

humification index (HIX), and the specific ultraviolet absor-

bance at 254 nm (SUVA254), all of which provide information

about the composition and source of DOM. FI is calculated as

the ratio of emission wavelengths 470 nm/520 nm at

excitation 370 (McKnight et al. 2001). BIX is the ratio of emis-

sion wavelengths 380 nm/430 nm at excitation 310 nm

(Huguet et al. 2009). RFE is the ratio of fluorescence at excita-

tion 370 nm and emission 460 nm to the absorbance at

370 nm (Downing et al. 2009). HIX is defined as the area

under the emission spectra between 435 and 480 nm divided

by the sum of the peak area at 300–345 nm and 435–480 nm

at excitation 254 nm (Ohno 2002). Due to lack of available

excitation emission pairs at every wavelength combination,

we used a slight modification of the HIX calculation with all

values within 2 nm of the published method (Ohno 2002).

SUVA254 is the absorbance at 254 nm divided by DOC concen-

tration (Weishaar et al. 2003). A summary of these and other

optical properties is described by Hansen et al. (2016).

Sediment traps

Sediment traps were deployed at three of the 15 sampling

sites (one per reservoir zone, Fig. 1) to determine sedimenta-

tion rates and composition of the water column particulates.

Sediment traps were deployed for 6 weeks during the summer

of 2016, with the initial deployment in early June 2016. Traps

were constructed using 5 cm PVC pipe that were capped at

the bottom with a height to diameter ratio of 5:1 (following

Bloesch and Burns 1980), and were deployed 2 m from the

sediment surface for the transitional and lacustrine sites, and

1.5 m above the sediment for the riverine site due to the shal-

low water depth at this location. Preservatives to prevent deg-

radation of the material in the sediment traps were not used,

but traps were sampled weekly to minimize OM decomposi-

tion. During trap sampling, samples were stored on ice or at

4�C in the dark until filtered (within 24 h). If necessary, the

tubes were scrubbed with a brush before redeployment of

the trap. Sedimentation rates were determined by calculating

the total solids (TS) per sediment trap area and dividing by the

number of days the trap was deployed. OM, chlorophyll a, ele-

mental composition (C, N) and stable isotope composition

(13C and 15N) for a subset of the samples were measured to

evaluate the composition of the sediment trap material, using

the methods described earlier.

DNA extraction

DNA was extracted from ~500 mg (wet weight) of sediment

from each core using a MoBio PowerSoil® DNA Isolation Kit

(MoBio) following the manufacturer’s protocol. DNA concen-

tration was determined using a Qubit dsDNA HS Assay kit and

a Qubit 3.0 Fluorometer (Invitrogen). DNA was used in Micro-

bial community analysis and qPCR.

Microbial community analysis

The V4 region of the 16S rRNA gene was amplified and

sequenced using the paired-end Illumina MiSeq sequencing

platform with the primers 515f and 806rB (Caporaso et al.

2012; Apprill et al. 2015). All sequencing was performed at the

Center for Bioinformatics & Functional Genomics at Miami
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University. The resulting sequences were subjected to quality

control, alignment to the SILVA (v128) database, chimera

check, and classification of operational taxonomic units

(OTUs) at a sequence identity of 97% using the mothur soft-

ware (v1.39.5) (Schloss et al. 2009) following the MiSeq SOP

protocol from Kozich et al. 2013 (accessed 28 February 2017).

All sequences from two sediment cores (one from site T2 and

one from site T5) were removed during quality control steps

in mothur and were not included in the results. One OTU

from an unclassified methanogen order with only one identi-

fied sequence was excluded from analysis. Figures for visualiz-

ing community data were generated using phyloseq v.1.20.0

(McMurdie and Holmes 2013) and ampvis v.1.27.0. (Albertsen

et al. 2015). Raw sequence reads for each sample are available

on NCBI Short Read Archive (SRA) under the BioProject num-

ber PRJNA532292.

qPCR

Quantitative polymerase chain reactions (qPCR) were per-

formed to determine the abundance of mcrA (a biomarker for

methanogens), and archaeal 16S rRNA genes on a StepOne

Plus ™ Real-Time PCR System. mcrA encodes a protein neces-

sary for methanogenesis and has been widely used as a marker

for methanogens (Luton et al. 2002). mcrA was quantified

using the degenerate primers mcrA-F(50-GGTGGTGTMGGATT

CACACARtAYGCWACAGC-30) and mcrA-R (50-TTCATTGC

RTAGTTWGGRTAGTT-30) (Luton et al. 2002). Each 20 μL

SYBR qPCR reaction contained 2x SYBR Green PCR Universal

Master Mix (Applied Biosystems), 2 μL of DNA (prediluted to

2 ng/μL), and 500 nM of the forward and reverse primers

using the following cycling conditions: 40 cycles of 15 s at

95�C followed by 60 s at 55�C. A TaqMan probe and primer

set developed by Yu et al. (2005) were used to quantify total

archaea. TaqMan qPCR assays (20 μL final volume) consisted

of 2x TaqMan PCR Universal Master Mix (Applied Bio-

systems), 500 nM of the forward and reverse primers, 200 nM

of the TaqMan probe, and 2 μL of DNA (prediluted to 2 ng/μL)

and were performed using the following cycling conditions:

45 cycles of 15 s at 95�C followed by 60 s at 60�C. The stan-

dard curve for the SYBR green assay was constructed using an

mcrA clone (Promega pGEM® -T Easy Vector with JM109 High

Efficiency Competent Cells) from environmental DNA. Briefly,

mcrA was PCR-amplified from a Harsha Lake sediment DNA

sample, purified (Wizard® PCR Preps DNA Purification System,

Applied Biosystems), inserted into a vector, transformed into

JM109 High Efficiency Competent Cells, and then the vector

was isolated (Wizard® Plus SV Minipreps DNA Purification Sys-

tem, Applied Biosystems). Manufacturer’s instructions were

followed for each step. Standard curves for archaeal 16S rRNA

genes were constructed from a PCR-amplified 16S rRNA gene

from a pure archaeal culture and purified (Wizard® PCR Preps

DNA Purification System). The vector and purified PCR prod-

uct were quantified as described earlier. The copy number of

each gene was normalized by the concentration of DNA and

the grams of sediment (wet weight) used in the DNA

extraction.

Statistical methods and data analysis

All statistical analyses were performed using R version 3.4.0

(R Core Team 2017). Mixed effects (ME) linear models with

Satterthwaite approximations for degrees of freedom (Luke

2017) were used to evaluate the effect of reservoir zone on

CH4 potential production and sediment characteristics using

the lme4 package (Bates et al. 2015), and differences among

least squares means of the zones were compared using the

lmerTest package (Kuznetsova et al. 2016). This model struc-

ture nests replicate cores within each of the 15 sampling sites,

thereby accounting for the likelihood that measurements from

replicate cores are more likely to be related to each other than

to measurements from cores at other sites.

To evaluate the factors that best explain variation in CH4

potential production rates, an information-theory approach

was used (Anderson 2008). ME linear models with site as a

random factor were created using the nlme package (Pinheiro

et al. 2017) as described in Zuur et al. (2009). Mixed effects lin-

ear models were generated to represent the following working

hypotheses: (1) CH4 production rates are best explained by

OM source, (2) CH4 production rates are best explained by

OM quantity, and (3) CH4 production rates are best explained

by the combination of OM source and quantity. All models

used CH4 potential production rates per unit volume of sedi-

ment as the response variable. Candidate predictor variables

included a large suite of measurements of water column and

sediment characteristics at each site, partitioned into variables

indicating “OM quantity” or “OM source.” All predictors were

considered in the “source and quantity model.” The full list of

variables can be found in Supporting Information Table S2 or

at the OSF repository (https://osf.io/59hnj/). Multicollinearity

among predictor variables for each model was assessed using

variance inflation factor (VIF) scores, and variables with scores

higher than 3 were excluded from models (Zuur et al. 2010).

Variable selection for each model was conducted using a back-

ward selection approach (Diggle et al. 2002) and all models

were compared against the “null” (intercept-only) model. The

final model representing each hypothesis was ranked based on

AIC score corrected for the number of estimated parameters

(AICc). Akaike weights (wi) representing the relative likelihood

of the model, evidence ratios (Ei,j), and AICc values were calcu-

lated as described by Anderson (2008).

In addition, partial least square (PLS) regression analysis

was used to investigate which measured parameters best

explained variation in CH4 potential production rates. PLS

regression was conducted using the R package “plsdepot”

(Sanchez 2012). One response variable, CH4 potential produc-

tion rates per unit sediment volume (μmol CH4 cm−3 d−1), was

used. Explanatory variables included water column variables

(water chemistry, temperature, dissolved oxygen, chlorophyll,

etc.), sediment variables (density, OM content, OM source,
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etc.), and biological variables (percentage of different meth-

anogen genera). The full list of variables can be found in

Supporting Information Table S3 and at the OSF repository

(https://osf.io/59hnj/).

Mixing model for determining contribution of OMaq and

OMterr to sediment OM

A Bayesian mixing model was used to determine the pro-

portion of OMaq and OMterr found in each sediment sample.

The mixing model was generated using the MixSIAR package

version 3.1.7 (Stock and Semmens 2013) in R. In this R pack-

age, estimation uncertainty of the means and variances for

end-members is incorporated into the model (Stock et al.

2018). Uncertainty associated with each of the predicted

values (proportion of OMaq for each core) is estimated, and

the values presented here are mean proportion estimates. Ter-

restrial and aquatic end-members were collected, and elemen-

tal N:C ratios and δ15N were analyzed using EA-IRMS (see

sediment characterization). Terrestrial end-member samples

were collected from the surrounding watershed and included

stream-bank soil, leaf litter, corn field soil, and corn stalk litter

from tributary streams and a field along the perimeter of the

reservoir. Aquatic end-members were from shallow water sam-

ples from each of the 15 sites collected at the same time of

sediment sampling (collected as described earlier). Between

60 and 200 mL of water were filtered through preashed 0.7 μm

Whatman GF/F glass fiber filters and dried at 55�C before

packing into capsules for elemental and isotopic analysis.

Shallow water samples from all sites were included in the

determination of N:C ratios and δ15N values for the aquatic

end-member to account for potential compositional variation

of algae and cyanobacteria across the reservoir. Chlorophyll

a (as determined by both in vivo fluorescence and extracted

pigment absorbance) was greater than 16.0 μg L−1 at all but

one of the sites at the time of sampling, indicating that a sub-

stantial fraction of the OM was algal or cyanobacterial

biomass.

RESULTS

Site characteristics

The water column depth at the sampling sites ranged from

2.5 to 31 m (Table 1). The depth of the water column averaged

3.6 m in the riverine zone, 9.6 m in the transitional zone, and

20.3 m in the lacustrine zone. All sites were nutrient rich, with

surface TN concentrations ranging from 1210 to 2040 μg L−1

and TP concentrations ranging from 166 to 232 μg L−1. The

riverine zone had the highest average TN and TP concentra-

tions at the surface (1745 and 210 μg L−1, respectively), and

the lacustrine zone had the lowest average concentrations

(1380 and 180 μg L−1, respectively). Similarly, average surface

chlorophyll a, measured by in vivo fluorescence and from

extracted pigment absorbance was highest in the riverine zone

(4128 RFUB and 47.6 μg L−1, respectively), lowest in the

transitional zone (1021 RFUB and 21.8 μg L−1), and intermedi-

ate in the lacustrine zone (1877 RFUB and 24.3 μg L−1). Secchi

depth increased from the riverine zone (average 0.33 m) to the

lacustrine zone (average 0.78 m). The full suite of chemical

and physical measurements at each site can be found in the

OSF repository.

Methane potential production rates among reservoir zones

Methane potential production rates normalized by sedi-

ment volume and by quantity of OM were greater in the river-

ine zone as compared to the transitional or lacustrine zones

(μmol CH4 cm−3 d−1; F2,12 = 12.89, p = 0.001, and μmol CH4 g

OM−1 d−1; F2,12 = 10.26, p = 0.003) (Fig. 2a,b). Methane poten-

tial production rates normalized by dry weight of the sedi-

ment slurry were not statistically different among the zones

(F2,12 = 2.03, p = 0.2; Fig. 2c). The rate most comparable to

CH4 emissions from the air–water interface, the areal CH4

potential production rate, was 3.79 μmol CH4 cm−2 d−1 (mean

for all cores; range: 0.79–8.56 μmol CH4 m−2 d−1), assuming

an active sediment depth of only 5 cm. As the areal CH4

potential production rate was determined by multiplying the

volume-normalized rate by the sampled depth (5 cm for all

cores), the spatial variation in areal rate was the same as for

the volume-normalized rate, that is, higher in the riverine

zone than the other two zones (F2,12 = 12.89, p = 0.001).

Sediment characteristics among reservoir zones

Sediment density was greatest in the riverine zone, inter-

mediate in the transitional zone, and lowest in the lacustrine

zone (Table 2), and while the ME model indicated significant

differences among zones (F2,12 = 12.3, p = 0.001), the differ-

ences between the lacustrine and transitional zone were not

statistically significant (p = 0.24). Particulate sediment OM

trended toward greater abundance in the riverine zone, but

the pattern was not significant (F2,12 = 2.02, p = 0.18; Fig. 3a).

The concentration of DOC in the sediment porewaters was

greatest in the riverine zone (F2,12 = 5.52, p = 0.02; Fig. 3b).

Stable isotope and elemental composition data indicated that

the source of OM varied significantly among reservoir zones

(Fig. 4). The ME linear model indicated that reservoir zone was

significant in explaining variation in the proportion of OMaq

(calculated from the mixing model) in the bulk sediment

(F2,12 = 8.06, p = 0.006). OMaq was lowest in the riverine zone,

intermediate in the transitional zone, and highest in the lacus-

trine zone, though the riverine and transitional zone were not

significantly different (p = 0.13; Fig. 4).

The ratio of elemental C:N in the bulk sediment can indi-

cate OM source, with higher C:N ratios resulting from terres-

trial OM sources due to high C content of structural plant

material, and lower C:N ratios resulting from algal and micro-

bial sources. The average C:N ratio of sediment from the river-

ine zone was 9.6 � 1.1, while the transitional and lacustrine

zones had slightly lower ratios of 7.5 � 1.0 and 7.4 � 0.7,

respectively (Table 2).
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Table 1. Physical and chemical water column properties for each of the sampling sites. Mean values for each zone are shown in bold at the bottom of the table.

Site

Site
Depth
(m)

Reservoir
zone

Secchi
depth
(m)

Sample
depth
(m)

Temperature
(�C)

Dissolved
oxygen

(% saturation) pH
Chlorophyll
a (μg L−1)

Chlorophyll
a (in vivo)
(RFUB*)

CDOM
(RFUB*)

TN
(μg L−1)

TP
(μg L−1)

Dissolved
CH4

(μM)
SO4

2−

(mg L−1)

R1 2.5 Riverine 0.22 0.1 27.3 76.1 7.91 - 457 1743 1210 172 7.50 -

1.5 26.7 58.7 7.56 - 526 1994 1488 210 2.28 16.2

R2 3.0 Riverine 0.38 0.1 22.9 90.3 8.20 4.8 346 2102 2000 232 0.92 -

2.0 16.3 74.5 7.81 3.2 455 2176 2240 244 1.09 21.7

R3 4.0 Riverine 0.33 0.1 24.1 174.2 8.98 74.2 6958 2036 2040 227 1.33 -

3.0 19.1 39.3 7.58 1.8 437 2170 2280 287 3.19 18.3

R4 5.0 Riverine 0.40 0.1 22.7 163.5 8.90 63.9 8750 1926 1730 210 1.41 -

4.0 21.9 133.7 8.47 31.6 8054 2068 1600 185 2.23 17.6

T1 9.0 Transitional 0.52 0.1 27.0 139.5 8.80 - 430 2197 1410 182 1.09 -

8.0 17.2 3.0 7.45 - 352 2133 1475 216 0.87 16.1

T2 9.0 Transitional 0.68 0.1 26.7 147.3 8.83 - 495 2182 1400 201 0.88 -

8.0 17.2 3.8 7.35 - 346 2174 1288 203 3.89 15.5

T3 9.0 Transitional 0.73 0.1 22.8 84.0 7.85 18.6 779 1894 1490 220 0.37 -

8.0 17.1 35.5 7.39 1.7 387 2076 1510 211 0.11 17.7

T4 10.0 Transitional 0.53 0.1 20.4 108.7 8.29 30.4 2333 2184 1490 199 0.47 -

9.0 16.8 31.7 7.39 5.4 436 2091 1490 216 0.18 17.4

T5 11.0 Transitional 0.80 0.1 19.8 85.5 8.12 16.4 1068 1954 1400 194 0.09 -

10.0 16.9 31.5 7.36 1.8 286 2140 1520 220 0.00 16.5

L1 12.0 Lacustrine 0.60 0.1 21.4 122.4 8.78 29.2 3620 1983 1380 166 0.28 -

10.5 16.7 30.4 7.15 0.8 303 2146 1710 B.D. 0.16 21.4

L2 14.0 Lacustrine 0.53 0.1 21.7 143.0 8.56 32.0 3035 1951 1330 167 0.31 -

12.0 15.6 12.0 7.08 1.9 288 2105 1710 194 0.00 19.7

L3 16.5 Lacustrine 1.04 0.1 27.7 232.7 9.25 - 418 1937 1750 185 0.28 -

13.5 14.7 1.0 7.28 - 255 1910 1249 215 1.39 13.7

L4 22.5 Lacustrine 0.87 0.1 26.5 198.0 9.25 - 286 1995 1250 188 0.18 -

19.0 11.0 8.2 7.28 - 237 1968 4575 46 9.23 13.3

L5 26.0 Lacustrine 1.00 0.1 19.5 82.7 7.90 16.0 1078 1881 1320 195 0.23 -

24.0 10.4 9.5 7.04 0.5 225 1898 1270 248 3.89 13.7

L6 31.0 Lacustrine 0.67 0.1 21.6 133.3 8.57 19.9 2827 1831 1250 177 0.20 -

24.5 10.3 0.9 6.81 0.5 232 1891 1330 254 0.27 14.4

3.6 Riverine 0.33 Surface 24.3 126.0 8.50 47.6 4128 1952 1745 210 2.79 -

Deep 21.0 76.6 7.86 12.2 2368 2102 1902 231 2.19 18.5

9.6 Transitional 0.65 Surface 23.3 113.0 8.38 21.8 1021 2082 1438 199 0.58 -

Deep 17.0 21.1 7.39 3.0 362 2123 1457 213 1.01 16.6

20.3 Lacustrine 0.78 Surface 23.1 152.0 8.72 24.3 1877 1930 1380 180 0.25 -

Deep 13.1 10.3 7.11 0.9 257 1986 1974 191 2.49 16.0

Cells with no values were not measured for the given parameter. B.D. values were below detection.

*RFUB are blank-subtracted raw fluorescence units from a submersible fluorometer.
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Optical properties of the porewater dissolved OM showed

some evidence of differences in DOM source across reservoir

zones (Fig. 5; Table 3). Mean site FI values ranged from 1.60 to

1.74, which is on the upper end of the range found in natural

waters (1.2–1.8; Hansen et al. 2016), with higher FI values

indicating DOM derived from microbial sources (e.g., bacteria

and algae) and lower values indicating DOM derived from ter-

restrial OM (McKnight et al. 2001; Cory et al. 2010). FI values

were highest in the riverine zone, indicating a higher propor-

tion of microbial sources as compared to the lacustrine and

transitional zones (F2,12.2 = 14.02, p = 0.0007). BIX values, an

indicator of autotrophic productivity, did not vary among res-

ervoir zones (F2,12.1 = 1.53, p = 0.2), with site averages ranging

from 0.59 to 0.71 (Table 3). A BIX of 0.6–0.7 indicates a low

autochthonous component, 0.7–0.8 an intermediate autoch-

thonous component, and higher values indicate increasing

contribution of autochthonous sources (Huguet et al. 2009).

HIX and SUVA254 are both representative of the amount of

processing that the DOM has undergone, with higher values

representing more humification and higher aromatic content

of the OM, respectively (Hansen et al. 2016). The HIX values

present in Harsha Lake sediment porewaters were explained

by reservoir zone, with averages of 0.72, 0.83, and 0.82 for riv-

erine, transitional, and lacustrine sites (F2,12.2 = 6.51, p = 0.01),

respectively. The riverine zone had lower HIX values than the

transitional (p = 0.006) and lacustrine (p = 0.009) zones, while

the transitional and lacustrine zones did not differ from each

other (p = 0.73; Fig. 5). Differences in porewater SUVA254

values across all zones were statistically significant

(F2,12.9 = 10.74, p = 0.002; Fig. 5). Mean SUVA254 was

2.7 L mg-C−1 m−1 in the riverine zone, 4.2 L mg-C−1 m−1 in

the transitional zone, and 5.5 L mg-C−1 m−1 in the

lacustrine zone.

Sediment deposition rates and deposited sediment

composition

Over the 6-week sediment trap deployment period, average

sediment deposition rates were highest in the riverine sedi-

ment trap site, and lowest in the lacustrine sediment trap site

(Table 4). Similar to the benthic sediment, the percent OM of

the deposited sediment was lowest in the riverine site (12.3%),

intermediate in the transitional site (16.7%), and highest in

the lacustrine site (22.5%), but due to the high sedimentation

rates, the riverine sediment trap had the highest OM deposi-

tion rates. Further, the mean rate of chlorophyll deposition in

the riverine sediment trap for the 6-week period exceeded that

of the transitional and lacustrine sites (Table 4).

Methanogen communities among reservoir zones

Abundance of the mcrA gene and a region of the 16S rRNA

gene targeting archaea were determined using qPCR. Copies

of mcrA ranged from 1.4 × 101 to 3.8 × 104 ng DNA−1 g sedi-

ment−1 (wet weight), with a mean of 3.7 × 103. There were no

differences among reservoir zones in copy number for either

the mcrA gene (F2,12.4 = 0.06, p = 0.94) or the archaeal 16S

rRNA gene (F2,12.1 = 1.28, p = 0.31).

From 16S rRNA gene sequencing, 5708 archaeal OTUs were

observed across 44 sediment cores. Of the 5708 archaeal OTUs,

939 were assigned to methanogens (16%). Sequences affiliated

with four of the six known orders of methanogens were recov-

ered from the Harsha Lake sediments: Methanomicrobiales

(606 OTUs), Methanosarcinales (218 OTUs), Methanobacteriales

(105 OTUs), and Methanocellales (9 OTUs). On average, meth-

anogens represented 35% of total archaea when calculated from

16S rRNA sequence data, and 34% of total archaea when calcu-

lated from qPCR data. Representative OTUs from the order Met-

hanomicrobiales accounted for 53%, 77%, and 76% of total

(a) (b) (c)

Fig. 2. Methane potential production rates from sediment slurries in each of the reservoir zones, normalized to sediment volume (a), sediment organic

matter (b), and sediment dry mass (c). Dots represent the potential CH4 production rate calculated from each sediment core by a sediment slurry assay.

Different lowercase letters indicate significant differences between reservoir zones.
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Table 2. Bulk sediment characteristics for each of the 15 sites. Values are reported as mean � SD. Mean values for each zone are in bold.

Site

Reservoir

zone

CH4 production

rates

(μmol cm−3 d−1) %Corg

δ
13Corg

(‰) %N

δ
15N

(‰) Corg:N(g:g)

OM

(% dry

weight)

Density

(g mL−1)

Proportion

autochthonous

OM

R1 Riverine 1.10�0.05 1.90�0.11 −26.11�0.42 0.19�0.01 5.35�0.04 10.01�0.79 6.02�0.45 1.66�0.26 0.54�0.00

R2 Riverine 1.36�0.30 2.22�0.18 −26.20�1.10 0.22�0.02 5.25�0.34 10.03�1.76 6.93�0.44 1.36�0.08 0.54�0.01

R3 Riverine 1.31�0.11 1.90�0.26 −25.44�0.28 0.21�0.03 5.68�0.10 8.91�0.76 5.23�0.99 1.45�0.06 0.56�0.00

R4 Riverine 1.16�0.02 2.37�0.15 −25.84�0.52 0.25�0.01 5.68�0.05 9.34�0.79 7.91�0.16 1.35�0.02 0.56�0.00

T1 Transitional 0.97�0.16 2.2�0.22 −25.44�0.47 0.28�0.02 5.75�0.25 8.00�1.00 9.02�0.68 1.2�0.03 0.56�0.01

T2 Transitional 0.55�0.01 2.16�0.24 −25.79�0.51 0.29�0.00 5.86�0.22 7.54�0.92 9.32�0.12 1.2�0.03 0.56�0.01

T3 Transitional 0.36�0.18 1.98�0.40 −25.72�0.26 0.27�0.01 6.01�0.40 7.32�1.30 8.41�0.32 1.27�0.01 0.56�0.01

T4 Transitional 0.67�0.16 2.41�0.28 −25.82�0.41 0.34�0.01 5.73�0.10 7.04�1.06 10.67�0.58 1.21�0.01 0.55�0.01

T5 Transitional 0.23�0.06 1.92�0.23 −26.54�0.38 0.26�0.00 6.23�0.13 7.39�0.95 7.73�0.26 1.26�0.01 0.57�0.01

L1 Lacustrine 0.86�0.1 2.29�0.24 −25.32�0.49 0.29�0.01 6.25�0.18 7.86�0.99 9.34�0.11 1.29�0.01 0.58�0.00

L2 Lacustrine 0.72�0.06 2.51�0.3 −25.38�0.48 0.34�0.01 6.12�0.18 7.49�1.16 10.85�0.21 1.23�0.03 0.57�0.00

L3 Lacustrine 0.26�0.09 2.46�0.03 −26.43�0.46 0.31�0.01 6.38�0.02 7.89�0.24 9.62�0.38 1.08�0.02 0.58�0.00

L4 Lacustrine 0.65�0.14 2.72�0.19 −25.95�0.73 0.37�0.01 6.14�0.34 7.44�0.62 11.49�0.77 1.13�0.03 0.57�0.01

L5 Lacustrine 0.66�0.22 2.90�0.28 −26.17�1.14 0.44�0.02 6.06�0.30 6.63�0.37 11.73�1.12 1.17�0.01 0.56�0.01

L6 Lacustrine 0.54�0.19 3.27�0.11 −26.24�1.13 0.45�0.00 6.24�0.25 7.21�0.20 12.90�0.26 1.05�0.02 0.57�0.01

Riverine 1.23�0.18 2.1�0.26 −25.9�0.64 0.22�0.03 5.49�0.25 9.57�1.07 6.52�1.16 1.45�0.18 0.55�0.01

Transitional 0.56�0.29 2.15�0.3 −25.86�0.52 0.29�0.03 5.92�0.28 7.46�0.95 9.03�1.09 1.23�0.03 0.56�0.01

Lacustrine 0.62�0.22 2.7�0.37 −25.91�0.79 0.37�0.06 6.19�0.24 7.42�0.73 11.02�1.34 1.16�0.09 0.57�0.01
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methanogen sequences from the riverine, transitional, and

lacustrine zones, respectively (Fig. 6). The order Methano-

sarcinales comprised 34%, 16%, and 17% of riverine, transi-

tional, and lacustrine methanogens, respectively. The two most

abundant methanogen genera in all three zones were Met-

hanoregula and Methanosaeta. Methanobacterium was relatively

abundant in all three zones, whereas Methanosarcina and

Methanospirillum composed a greater proportion of methanogen

genera in the riverine than in other zones.

Methane production pathway

δ13C of CH4 ranged from −56.7 to −48.0‰, and values were

not explained by reservoir zone (F2,7 = 4.52, p = 0.06; Fig. 7a).

Apparent fractionation factors (αC) were consistent with

acetoclastic methanogenesis across all zones (range 1.040–1.050).

The isotope fractionation trended slightly higher in the lacustrine

zone relative to the riverine zone (higher αC; Fig. 7b), suggesting

an increased contribution of hydrogenotrophic methanogenesis

in the lacustrine zone compared to the other two zones.

Influence of OM source and quantity on CH4 potential

production rates

The ME model relating CH4 potential production rates to a

combination of OM source and quantity indices was

supported more strongly by the data than the models rep-

resenting the “OM source” only or the “OM quality” only

(a) (b)

Fig. 3. Comparison of the quantity of OM among reservoir zones. (a) The amount of OM found in the bulk sediment, normalized to sediment volume.

(b) The concentration of the dissolved fraction of OM found in the sediment porewater, measured as dissolved organic carbon (DOC). One riverine value

with an exceptionally high DOC concentration (310 mg L−1) was excluded from the plot for readability. Different lowercase letters indicate significant dif-

ferences between reservoir zones.

(a) (b)

Fig. 4. (a) Plot of δ15N vs. N:C elemental ratios of terrestrial and aquatic OM sources, and the sediment mixtures for each core across the three reservoir

zones. The center dots for the two sources represent the mean values (n = 13 for terrestrial sources, n = 16 for aquatic sources), and error bars represent

the standard deviation. (b) The proportion of autochthonous (aquatic) OM found in each core grouped by reservoir zones, as calculated from the stable

isotope mixing model. Different lowercase letters indicate significant differences among reservoir zones.
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hypotheses (model probability of 0.989, marginal R2 = 0.70,

Table 5). The best predictor variables for the “OM source”

hypothesis were: (1) the proportion of OMaq in the sediment

and (2) BIX (biological index calculated from porewater DOM

fluorescence). The best model for the “OM quantity” hypothe-

sis included a single interaction term between the variables:

(a) (b)

(c) (d)

Fig. 5. Optical indices of dissolved organic matter. Higher FI values (a) indicate DOM from microbial sources, and higher BIX values (b) indicate a stron-

ger OMaq signature. Higher HIX (c) and SUVA254 (d) values represent higher degrees of humification and aromatic content of the OM. Different lower-

case letters indicate significant differences between reservoir zones.

Table 3. Concentration and optical properties of the porewater DOM for each of the 15 sites. Values are reported as mean � SD.
Mean values for each zone are in bold.

Site Reservoir zone DOC (mg L−1) FI BIX RFE HIX SUVA254 (mg C−1 m−1)

R1 Riverine 28.73�2.24 1.73�0.01 0.65�0.00 1.33�0.06 0.74�0 2.89�0.32
R2 Riverine 134.49�152.23 1.73�0.04 0.69�0.07 1.09�0.18 0.64�0.22 1.59�1.32
R3 Riverine 39.26�5.47 1.72�0.02 0.69�0.02 0.7�0.18 0.68�0.03 3.01�0.86
R4 Riverine 26.79�9.34 1.74�0.02 0.69�0.01 0.9�0.07 0.8�0.01 3.21�0.90

T1 Transitional 23.9�1.47 1.69�0.02 0.65�0.01 1.28�0.13 0.85�0.02 3.31�0.04
T2 Transitional 24.59�2.21 1.66�0.01 0.64�0.01 0.82�0.1 0.84�0.03 3.84�0.08
T3 Transitional 21.45�2.77 1.65�0.03 0.63�0.02 0.89�0.02 0.82�0.04 4.37�0.33
T4 Transitional 24.76�2.04 1.66�0.01 0.67�0.00 0.63�0.06 0.78�0.01 5.04�0.59
T5 Transitional 19.27�1.42 1.64�0.01 0.61�0.02 0.89�0.09 0.84�0.02 4.56�0.11

L1 Lacustrine 22.9�3.56 1.69�0.01 0.70�0.00 0.51�0.26 0.8�0.01 6.08�2.44
L2 Lacustrine 19.23�0.53 1.66�0.04 0.69�0.00 0.57�0.16 0.83�0.03 6.52�1.01
L3 Lacustrine 20.85�1.75 1.60�0.01 0.59�0.01 0.83�0.37 0.87�0.02 5.03�1.67
L4 Lacustrine 26.75�7.04 1.61�0.02 0.61�0.01 1.08�0.08 0.87�0.02 3.49�0.37
L5 Lacustrine 26.09�1.56 1.65�0.01 0.70�0.00 0.38�0.14 0.75�0.03 5.96�1.13
L6 Lacustrine 17.87�4.17 1.66�0.04 0.71�0.05 0.38�0.15 0.77�0.02 6.85�1.46

Riverine 57.32�80.16 1.73�0.02 0.68�0.04 1.01�0.27 0.72�0.11 2.67�1.03
Transitional 22.8�2.8 1.66�0.02 0.64�0.02 0.9�0.23 0.83�0.03 4.22�0.67
Lacustrine 22.52�4.92 1.64�0.04 0.66�0.05 0.65�0.33 0.82�0.05 5.54�1.73
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Table 4. Sediment trap data. Sediment traps were deployed during the summer of 2016.

Sediment

deposition

rates (g m−2 d−1)

Chlorophyll

a deposition

rates (mg m−2 d−1)

OM

deposition

rates (g OM m−2 d−1)

Sediment

OM (%) δ
15N δ

13Corg %N %Corg

Corg:N

(g:g)

Riverine (R1) 473.02 67.77 63.51 12.32 5.87 −27.24 0.57 4.00 6.78

Transitional(T1) 60.34 10.05 9.46 16.70 6.03 −27.81 0.69 4.71 6.71

Lacustrine (L3) 16.33 4.87 3.76 22.52 4.59 −27.15 0.99 6.49 6.71

Fig. 6. Heat map showing relative abundance of methanogen genera in sediments, by reservoir zone. Row labels show the genus and order abbrevia-

tion in parentheses. Note that values are normalized to total number of sequences of all methanogens (not to total archaea), and that percentages are

averages of all samples within a group (within the zone).

(a) (b)

Fig. 7. Carbon isotope signature in CH4 (a) and the apparent fractionation factors (b) across reservoir zones. The blue horizontal line in (c) indicates the

cutoff between hydrogenotrophic (above) and acetoclastic (below) methanogenesis. Methane production pathway was estimated at 10 of the 15 sam-

pling sites (n = 30 sediment cores). Different lowercase letters indicate significant differences between reservoir zones.
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(1) porewater DOC concentration and (2) g OM per unit volume

of sediment. The best model for the “OM source + quantity”

hypothesis included all four of the above variables. In each of

the three mixed effects models, all terms were significant. The

proportion of OMaq was negatively correlated with CH4 poten-

tial production rates (univariate correlation: R2 = 0.38,

p < 0.0001; Supporting Information Fig. S1). All other variables

had positive correlations with CH4 potential production rates,

regardless of the model (Supporting Information Fig. S1). Uni-

variate correlations between the predictor variables and CH4

potential production rates were all significant (BIX: R2 = 0.31,

p < 0.0001; DOC: R2 = 0.25, p < 0.001; g OM per sediment vol-

ume: R2 = 0.36, p < 0.0001). Despite the “OM quantity” model

having a slightly lower model probability and rank than the

“OM source” model, the marginal R2 was higher for the “OM

quantity” model, indicating more explained variance (48% for

the OM quantity model vs. 33% for the OM quality model).

Contextual parameters that explain spatial variation in

CH4 production rates

PLS analysis confirmed that the three reservoir zones have

distinct sediment, water column, and microbial community

characteristics, and that the triplicate cores at a given location

show tight grouping within their respective zones, with a few

exceptions (Fig. 8). The first and second components from PLS

regression explained 67.0% and 17.9% of the variance among

cores, respectively, and CH4 production was strongly posi-

tively correlated with both of these components, especially

axis 1. Axis 1 depicts the main gradient in the data, which

shows the transition from terrestrial (riverine) to lacustrine

sites across many covarying variables and is reflected in CH4

potential production rates that increase across the gradient

from lacustrine to terrestrial/riverine (Fig. 8b, Supporting

Information Table S3). Variables with high positive loadings

on axis 1 were indicative of strong terrestrial influence, and

included sediment characteristics (high bulk density, OM den-

sity, C:N), porewater DOM characteristics (high FI, DOC), and

water column characteristics (high turbidity, conductivity,

and CDOM from deep water samples). Variables with strong

negative loadings on axis 1 were indicative of deeper, lacus-

trine sites with minimal terrestrial influence, and included

bulk sediment characteristics (high OM%, OMaq%, N%, δ15N)

as well as site physical and water column characteristics (deep

secchi depth and site depth). Two methanogen taxa were also

associated with this axis, with Methanosarcina associated with

the “riverine” sites (positive on axis 1), and Methanoregula

associated with the “lacustrine/transitional” sites (negative on

axis 1). Axis 2 was also positively associated with high CH4

potential production rates and appeared to represent a second-

ary gradient of in situ productivity, not associated with the

terrestrial-lacustrine gradient. The lacustrine sites were dis-

criminated from the transitional sites on this axis, with lacus-

trine sites positively associated with axis 2. High values on

axis 2 seemed to indicate sites (or cores) with high productiv-

ity, as indicated by high positive loadings on this axis of water

column chlorophyll concentrations, surface pH, porewater

BIX, and bulk sediment %Corg. Surface nutrient concentra-

tions (TRP, NH4
+) were negatively associated with this axis,

which could indicate a drawdown of soluble inorganic nutri-

ents at high productivity sites. The methanogen taxa

Methanolinea was also negatively correlated with axis 2 of the

PLS (see Fig. 8b, Supporting Information Table S3).

Table 5. Results of model hypothesis testing. The response variable was methane production rates (μmol CH4 cm−3 d−1). Arrows next
to predictor variables indicate a positive (") or negative (#) relationship with the response variable. K is the number of estimated parame-
ters, AICc is a second order AIC score used to account for the number of estimated parameters. Δi values are AICc differences (compared
to the best model). Model probabilities (wi), otherwise called Akaike weights, are estimates of the probability of the model being the
best K-L (Kullback–Leibler) model, given the data and set of competing models (see Anderson 2008). The evidence ratios (Ei,j) measure
the strength of evidence of the hypotheses and represent the relative likelihood of hypothesis i vs. j. In this case they represent the likeli-
hood of the best model (H3) relative to the other models. Marginal R2 describes the proportion of variance explained by fixed factors
alone, and the conditional R2 describes the proportion of variance explained by both fixed and random effects. Note that ranks, model
probabilities, and evidence ratios (Ei,j) are relative to the set of models and dependent on the data used to create the models.

H Hypothesis Model K log(L) AIC AICc Rank ∆i

Model

probability

wi Ei,j

Marginal

R2
Conditional

R2

H1 Source OM Autochthonous OM

(#)+BIX (")

5 13.53 −17.06 −15.56 2 9.6 0.0080 123.8 0.33 0.85

H2 Quantity OM log(DOC) (") * g OM

slurry−1 (")

6 13.76 −15.52 −13.37 3 11.8 0.0027 370.6 0.48 0.87

H3 Source OM+

Quantity

OM

Autochthonous OM

+ log(DOC) * g

OM slurry−1 + BIX

8 22.55 −29.09 −25.20 1 0.0 0.9893 0.70 0.89
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Discussion

Spatial variability of sediment measurements across the

reservoir

Harsha Lake exhibited strong spatial heterogeneity in sedi-

ment characteristics related to longitudinal gradients in reser-

voir morphology, water velocity, and water residence times

(Fig. 8; Supporting Information Table S3). Suspended sediment

in the inflowing river rapidly settles out in the riverine zone,

resulting in high sedimentation rates, primarily of dense inor-

ganic materials (Table 4), although OM and chlorophyll

a deposition rates were also much greater than in the transi-

tional or lacustrine zones. Sediments in the riverine zone con-

tained the same amount of OM per unit volume as sediment

in downstream portions of the reservoir (Fig. 3a), reflecting

(a)

(b)

Fig. 8. Multivariate ordination (a) of each observation (core) taken in May of 2016 using the first two PLS components (T-components); ovals surround-

ing the cores for each zone added for visualization purposes. Circle of correlation from partial least square (PLS) analysis (b). This illustrates the correlation

of predictor variables (blue lines) with methane production rates (orange line). Water column data, sediment composition, and methanogen taxonomic

data were included in the PLS analysis. See Supporting Information Table S3 for full list of variables included in the PLS analysis.
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the high rates of inorganic and organic deposition. Porewater

DOC was higher in the riverine zone, possibly reflecting high

rates of OM deposition in this zone relative to the other zones

(Table 4). Sedimentation rates in the transition and lacustrine

zones were lower and the deposited material contained a

smaller proportion of inorganic material than in the riverine

zone (Table 4). This was reflected in lower sediment density

and higher sediment %OM in these downstream reservoir

zones (Table 2). These differences in OM quantity and quality

across the longitudinal gradient coincided with distinct pat-

terns in CH4 production potential and microbial community

composition (Fig. 8). Sediment CH4 potential production

rates, expressed on a volumetric basis, were higher in the river-

ine than transitional or lacustrine zones (Fig. 2), which is con-

sistent with previous reports of higher CH4 emission rates in

the riverine zone compared to other areas of this reservoir

(Beaulieu et al. 2014a, 2016; Beaulieu et al. 2018).

The sediment slurry method used to generate CH4 potential

production rates does not represent in situ production rates

due to factors including incubation temperature that differs

from environmental conditions and the restriction of our

assays to the top 5 cm of sediment. Therefore, the data gener-

ated from these assays should not be indiscriminately used for

upscaling. Acknowledging these limitations, we find it infor-

mative to compare results from this study with the published

estimates of surface methane emission from the same reser-

voir, based on thorough spatial and temporal sampling

(Beaulieu et al. 2014a, 2016, Beaulieu et al. 2018). The follow-

ing discussion uses volumetric CH4 potential production rates

that were converted to estimated areal rates by assuming an

active sediment depth of 5 cm. Previously published areal sur-

face CH4 emission rates from the Harsha Lake riverine zone

(Beaulieu et al. 2016) and the average of our measured riverine

zone sediment CH4 potential production rates from this study

were in close agreement; Beaulieu et al. (2016) estimated mean

CH4 emissions from the tributary area to be 33.0 mg CH4

m−2 h−1 (95% CI 19.41–46.53 mg CH4 m−2 h−1) while our

mean sediment CH4 potential production was 41.2 mg CH4

m−2 h−1 (range 35.2–57.2 mg CH4 m−2 h−1) in the riverine

zone. However, CH4 surface emission rates in the riverine

zone in Harsha can be sixfold (Beaulieu et al. 2016) to 2 orders

of magnitude (Beaulieu et al. 2014a) higher than other areas

of the reservoir, while sediment CH4 potential production

rates were only twofold higher in the riverine zone compared

to other zones. This difference between CH4 potential produc-

tion rates and field-measured emission rates is likely due to

methane processing that occurs in the reservoir, such as CH4

oxidation in the water column, water mixing regimes, and dis-

solution of ebullitive CH4 bubbles that increase with water

depth (McGinnis et al. 2006). The lacustrine zone, and to a

lesser extent the transitional zone, were thermally stratified

during the study and most of the CH4 that diffuses out of the

sediment remains in the hypolimnion due to low rates of dif-

fusion and advection across the thermocline (Beaulieu et al.

2014b), resulting in limited CH4 evasion across the air–water

interface. Furthermore, in the stratified areas of the reservoir,

approximately 25% of the small fraction of hypolimnetic CH4

that diffuses into the epilimnion is oxidized to CO2 by

methanotrophic bacteria (Beaulieu et al. 2014a) rather than

evading to the atmosphere (Beaulieu et al. 2014b).

Methane potential production rates were consistent with or

higher than those reported in other lakes and reservoirs at

similar sediment depths. For instance, Eller et al. (2005) found

that in the top 6 cm of sediment of a dimictic lake in northern

Germany, average CH4 potential production rates were

0.95 � 0.10 μmol CH4 g dry weight−1 d−1, and decreased with

depth, while values for Harsha Lake averaged 1.56 (range

0.33–2.69) μmol CH4 g dry weight−1 d−1 in the top 5 cm of

sediment. However, Harsha Lake incubations were conducted

at a higher temperature than those reported by Eller et al.

(2005). In an oligotrophic and a mesotrophic lake, CH4 poten-

tial production rates were lower than those in our eutrophic

lake, producing 0.062 � 0.018 and 0.054 � 0.024 μmol CH4 g

dry weight−1 d−1, respectively. These incubations were also

conducted at lower temperatures (12�C) and evaluated a

deeper sediment depth of 15–20 cm, which the authors deter-

mined to be more active for methanogenesis in their systems

(Fuchs et al. 2016). The average CH4 potential production

rates from the top 5 cm of sediment from 8 northern temper-

ate and boreal lakes was 0.344 μmol CH4 g dry weight−1 d−1

(range: 0.012–1.369 μmol CH4 g dry weight−1 d−1) for slurries

incubated at 20�C (Duc et al. 2010). These values were still

lower than the average found at Harsha Lake, despite having a

similar incubation temperature. Few studies evaluate differ-

ences in sediment production rates across a reservoir; how-

ever, Rodriguez et al. (2018) found that in unamended

sediment slurries from the top 10 cm of sediment from Ita-

parica, a large hydropower reservoir in Brazil, the littoral site

had the lowest rates (0.032 μmol CH4 g dry weight−1 d−1; no

range or SE available), the intermediate (transitional) site had

intermediate rates (0.054 μmol CH4 g dry weight−1 d−1), and

the profundal (lacustrine) site had the largest potential pro-

duction rates (0.56 μmol CH4 g dry weight−1 d−1). These data

contrast our results where the riverine (most comparable to

the littoral site) and lacustrine (most comparable to the

profundal site) zones had the highest rates of CH4 potential

production when normalized to sediment dry weight (Fig. 2c).

This qualitative difference in CH4 production in the riverine/

littoral zone between studies could be due to the different

nature of the “shallow” sites in the two studies. In our study,

the shallow riverine sites are specifically in the path of the

major tributary entering the reservoir, and thus experience

very high sediment (and OM) deposition rates. In contrast, in

the study of Itaparica by Rodriguez et al. (2018), the shallow

site in the littoral zone may not be subject to the same deposi-

tional conditions.

Although volumetric CH4 potential production rates were

higher in the riverine than transitional or lacustrine zones
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(Fig. 2a), rates did not differ among reservoir zones when

expressed per gram dry mass (Fig. 2c). This illustrates that differ-

ences in sediment density contribute to the spatial patterns in

volumetric CH4 potential production rates. Sediment density in

the riverine zone was 18–25% greater than in the other reservoir

zones and therefore contained more material per unit volume

that might enhance CH4 production. While inorganic fractions

of the sediment may provide surface area for microbiota attach-

ment, the organic fraction is the energy source fueling

methanogenesis. When normalized to sediment OM, the riverine

zone had higher CH4 potential production rates than the other

reservoir zones (Fig. 2c), indicating that OM is more readily

converted to CH4 in the sediments of the riverine zone than in

the downstream reservoir zones. This could be due to numerous

factors including differences among reservoir zones in the quality

of the OM or the composition of microbial communities.

Based on satellite and field measurements indicating greater

water column chlorophyll concentration in the riverine than

transitional or lacustrine zones in Harsha Lake (Beck et al.

2017), we had predicted that OM in the riverine zone sedi-

ment would contain a greater proportion of aquatic derived

carbon than elsewhere in the system. However, this prediction

was not borne out by the data. In fact, although the riverine

zone had the greatest water column chlorophyll a during the

survey (Table 1) and chlorophyll a sedimentation rates were

6–13 times greater than the other reservoir zones (Table 4),

the proportion of aquatic derived material in the riverine sedi-

ment OM was lower than other portions of the reservoir. This

pattern reflects the large input of OMterr that enters the reser-

voir via the river inflow and is subsequently deposited in the

riverine zone, effectively diluting the OMaq carbon signature

in the sediment. The OMaq carbon signature in the riverine

sediment could also reflect preferential microbial degradation

of this labile material. Despite having summer chlorophyll

a sedimentation rates that are up to an order of magnitude

greater than the other reservoir zones, the sediment OM con-

tent (g OM cm−3) in the riverine zone sediment cores was no

different than the other sites (Fig. 3a).

Characterization of methanogen communities and CH4

production pathways

Similar to results of other studies in freshwater systems, we

found no correlation between methanogen abundance and

CH4 potential production rates (West et al. 2012; Chaudhary

et al. 2017). This indicates that CH4 production rates in Harsha

Lake were not limited by methanogen abundance, but instead

are linked to other environmental factors such as substrate

quantity and/or quality. The variation in substrate availability

likely affects methanogen activity, rather than methanogen

abundance, and thus determines rates of methanogenesis.

The two methanogen genera with the highest relative abun-

dances across all zones in Harsha Lake, Methanoregula and

Methanosaeta, are the two genera of methanogens that are most

frequently encountered in freshwater lakes (Borrel et al. 2011).

Combined, sequences from these two genera accounted for

67.3% of total methanogen sequences in the riverine zone,

84.7% in the transitional zone, and 83.5% in the lacustrine zone.

The riverine zone had four genera that were each responsible for

10% or more of total methanogen sequences (Methanoregula,

Methanosaeta, Methanosarcina, and Methanobacterium), while the

transitional and lacustrine zone only had two genera

(Methanoregula and Methanosaeta) that were responsible for 10%

or more of total methanogen sequences. Methanoregula are

hydrogenotrophic methanogens, while Methanosaeta are

acetoclastic methanogens.

The most notable differences in methanogen communities

among reservoir zones were the relatively high abundance of

Methanosarcina, a genus of the Methanosarcinales order capable

of both acetoclastic and methylotrophic methanogenesis,

and the presence of methylotrophic methanogens Methanolobus

and Methanomethylovorans, in the riverine zone (Fig. 6).

Methanosarcina comprised an average of 15.4% of methanogens

at the riverine sites, but less than 1% of methanogens in the tran-

sition and lacustrine zones, possibly reflecting the metabolic

diversity of this genera. Methanosarcina can generate CH4

through acetoclastic and methylotrophic pathways, can utilize a

diverse range of substrates to produce CH4, and may be more

abundant in the riverine zone due to the diverse mix of terrestrial

and aquatic derived material present in this area of the reservoir.

Methanolobus and Methanomethylovorans can only utilize

methylated compounds. These compounds are derived from

the degradation of lignin-containing OM (Penger et al. 2012),

as well as degradation of compounds such as pectin (Schink

and Zeikus 1982) and cholin (Borrel et al. 2011). Though these

compounds were not directly quantified in the sediment sam-

ples, lignin is found primarily in terrestrial vascular plants,

and our mixing model results indicated a higher proportion of

terrestrial derived OM in the riverine sediments. Pectin is a

polymer that is found in both plant leaves, as well as cell walls

of green algae and cyanobacterial sheaths (Kertesz 1951).

Thus, the high relative abundance of Methanosarcina in the

riverine zone and the presence of Methanolobus and

Methanomethylovorans could be a result of metabolism of

methyl substrates originating from terrestrial plant OM, but

could also be indicative of pectin metabolism from both ter-

restrial and aquatic sources. For example, the riverine zone

had high overall OM deposition rates, but also had higher

chlorophyll a deposition rates compared to the other zones

(Table 4). The presence of these genera may indicate a higher

functional diversity in terms of methanogenic metabolism in

this zone due to the likely presence of a diverse assortment of

organic compounds derived from both terrestrial and aquatic

sources.

Though our method for estimating the methanogenesis

pathway only provides a coarse estimate of the production

pathway, our results indicated that acetoclastic methanogenesis

was dominant in Harsha Lake, despite the hydrogenotrophic

methanogen Methanoregula being the most abundant
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methanogen in all zones. This is consistent with expectations

for freshwater systems (Conrad 1999), but contradicts some

reports indicating that hydrogenotrophic methanogenesis may

play an important role in freshwater systems (e.g., Murase and

Sugimto 2001; Blair et al. 2018).

Combined, the isotope fractionation and methanogen com-

munity data indicate that acetoclastic methanogenesis may play

a larger role in the riverine zone relative to the rest of the reser-

voir. This is supported by a higher relative abundance of

acetoclastic methanogens (Methanosaeta and Methanosarcina)

and the lower apparent fractionation factor (Fig. 7b) in the river-

ine zone than in other zones. Concurrent decreases in the con-

tribution of acetoclastic methanogenesis to total methane

production and relative abundance of acetoclastic methanogens

have been observed with sediment depth, likely as a result of

decreased availability of easily degradable OM (Liu et al. 2017).

This pattern is observed laterally in Harsha Lake, and could also

be a result of spatial variation in OM quality, at that larger scale.

Relationships between sediment characteristics and CH4

potential production rates

Methane potential production rates were positively corre-

lated with the quantity of particulate sediment OM and dis-

solved OM (Supporting Information Fig. S1), both of which

were greatest in the riverine zone. This relationship likely

reflects greater substrate availability for methanogens in

organic rich environments; it is consistent with reports of cor-

relation between DOC concentration and diffusive CH4 fluxes

from northern lake and ponds (Wik et al. 2016), and correla-

tion between dissolved CH4 and DOC concentrations in a

eutrophic lake in China (Zhou et al. 2018). Both Duc et al.

(2010) and our study found negative correlations between sed-

iment organic carbon (%) and CH4 production, and water

content and CH4 production; however Duc et al. (2010) report

that lower %OM (and high CH4 production) corresponded

with algal C:N sediment signatures, while sediment from

Harsha Lake showed the opposite pattern.

The relationship between carbon source and CH4 potential

production rates was different between the solid and dissolved

fraction of OM. In the dissolved portion of carbon, potential

production rates were positively correlated with BIX, an indi-

cator of OMaq, which is consistent with several reports that

algal biomass is a labile carbon source readily utilized by meth-

anogens (Schwarz et al. 2008; Duc et al. 2010; West et al.

2012; Grasset et al. 2018). The CH4 rates were also negatively

correlated with HIX and SUVA254, indices that represent

humified and aromatic DOM. In the bulk sediment in our

study, the estimated proportion of OMaq was negatively corre-

lated to potential production rates. This relationship was

driven by the high CH4 production rates and relatively low

proportion of OMaq material in the riverine zone sediment,

despite high chlorophyll a deposition rates in this zone

(Table 4). There are several potential explanations for these

results:

1. There are high rates of mineralization in the riverine zone,

so OMaq material is more readily and rapidly degraded and

less is recovered from the bulk sediment, shifting the sedi-

ment OM to a more terrestrial signature. In the riverine

zone, the labile OMaq material fuels high CH4 production

rates, while at the same time the high sedimentation rates

result in sediments with a higher proportion of terrestrial

OM (e.g., Guillemette et al. 2017b).

2. The dissolved fraction of OM is what primarily drives CH4

production; therefore, the relationship that is seen between

CH4 potential production rates and the solid fraction of

OM is less relevant. This would suggest that of the total

bulk pool of OM in the sediments, the aquatic-derived por-

tion is more readily solubilized and made available for

methanogens.

3. Both aquatic and terrestrial derived OM may be important

for CH4 production. OMaq sources may be rapidly degraded

while terrestrial OM is degraded over both short and longer

time scales (see Guillemette et al. 2017a; Grasset et al.

2018). Overall, the riverine zone receives more OM than

the other zones, including substantially greater amounts of

terrestrial OM. Therefore the high rates of CH4 potential

production can be explained by a slow sustained break-

down of terrestrial OM over time, on top of the higher rates

sponsored by OMaq.

While the quantities of OMaq and OMterr (i.e., g OMaq or

OMterr cm
−3) can be calculated and both exhibit positive rela-

tionships with CH4 potential production rates (correlations

not shown), the quantity of OM from a specific source

includes measures of both OM source and quantity, and is

therefore not as useful for describing source alone relative to

the proportion of OMaq or OMterr. Without more direct evi-

dence, we cannot definitively say what the relative influence

of each source of OM is in contributing degradation products

that fuel methanogenesis with our data set. However, based

on our regression analysis, both OM source and quantity are

important predictors of CH4 production rates, much more so

than either the source or quantity of OM alone. The predictor

variables that were included in the model with source and

quantity included the proportion of OMaq in the sediment,

BIX of porewater DOM, porewater DOC concentration, and

the mass of OM per volume of sediment. The inclusion of

DOC concentration and the BIX optical property in the model

indicates that the dissolved fraction of OM was important for

CH4 production in terms of both quantity and source. Impor-

tantly, all of the models included variables that represented

both the particulate and dissolved fractions of OM, suggesting

that both pools play a role in CH4 production.

Our data indicate there may be a link between particulate

terrestrial OM and CH4 production in Harsha Lake. C:N ratios

from bulk sediment were positively correlated to CH4 poten-

tial production rates. These results contrast with another study

of boreal and northern temperate lake sediments in central
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Sweden, which found a negative correlation between CH4 pro-

duction rates and C:N ratios (Duc et al. 2010). However, their

study was an interlake comparison with a larger range of C:N

ratios (8.6–23.4) than the C:N ratios found within Harsha Lake

(range 6.6–10.0). Further, Duc et al. (2010) noted that the sedi-

ments in their study with the lowest methane production had

high C:N ratios and were comprised of peat or flocculated

humic matter. The positive correlation between C:N and CH4

potential production in Harsha Lake aligns with the observa-

tion that the highest production rates occurred in the riverine

zone, which also receives the highest terrestrial inputs and has

the highest proportion of OMterr in the sediments. Thus, the

riverine zone is an exceptionally active deposition zone for

both OMaq and OMterr, and this material sponsors very high

CH4 production rates relative to other parts of the reservoir.

Summary and conclusion

Sediment methane potential production varied spatially

across reservoir zones. Categorizing sites into zones aided in

conceptualizing the differences in methane-generating pro-

cesses across the reservoir. Further, this approach provides a

generalizable framework for comparison with other reservoirs.

The riverine zone differed from the other areas of the reser-

voir, and was characterized by high CH4 potential production

rates, high terrestrial carbon inputs, high autotrophic produc-

tion, dense sediments, and porewater DOM that was less

humified, less aromatic, and more aquatic derived relative to

other zones. Research on reservoir biogeochemistry should

encompass this zone with a goal of understanding gradients

and spatial variation across the reservoir continuum. Both

source and quantity of OM appeared to be important for CH4

potential production rates. This has important implications

for global carbon cycling, as the amount of sediment OM

transported to reservoirs is expected to increase and the num-

ber of reservoirs globally are increasing (Downing et al. 2006;

Zarfl et al. 2015). In Harsha Lake, relatively recently produced

and less aromatic DOM from aquatic and microbial sources

appears to fuel CH4 production in the zone with the highest

potential production rates, though compounds derived from

terrestrial OM may contribute to these high rates. While OMaq

is recognized as a key driver of high methane production rates,

the role of the degradation of more complex compounds typi-

cally associated with OMterr in contributing to CH4 production

and emission “hot spots” in lacustrine systems warrants fur-

ther study. These compounds may become bioavailable due to

some combination of photodegradation or biological

processing that could be occurring in the oxygenated water

column.

Although methanogen abundance did not vary specifically

among reservoir zones or with CH4 production rates, meth-

anogen communities did have some variation among zones—

largely due to one taxonomic group, Methanosarcina; this

group added functional diversity to the riverine zone. The

methanogen community composition may help explain

differences in CH4 production rates and pathways between

the riverine zone and the rest of the reservoir.

Cumulatively, our results indicate that both aquatic and

terrestrial sources of OM are important in driving high meth-

ane production in the riverine zone of the main reservoir

inlet. This has implications for reservoir management,

suggesting that both watershed-scale soil erosion control and

nutrient reductions may help reduce reservoir methane pro-

duction. From this study we recognize the potential of terres-

trial OM to contribute to “hot spots” of reservoir CH4

production, particularly in depositional/riverine zones—with

many questions remaining to be addressed on the topic. The

results presented here contribute to our understanding of

environmental factors that may influence spatial variation in

CH4 production and methanogen community composition in

freshwater sediments.
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ABSTRACT

Reservoirs are a globally significant source of me-

thane (CH4) to the atmosphere. However, emission

rate estimates may be biased low due to inadequate

monitoring during brief periods of elevated emis-

sion rates (that is, hot moments). Here we inves-

tigate CH4 bubbling (that is, ebullition) during

periods of falling water levels in a eutrophic reser-

voir in the Midwestern USA. We hypothesized that

periods of water-level decline trigger the release of

CH4-rich bubbles from the sediments and that these

emissions constitute a substantial fraction of the

annual CH4 flux. We explored this hypothesis by

monitoring CH4 ebullition in a eutrophic reservoir

over a 7-month period, which included an experi-

mental water-level drawdown. We found that the

ebullitive CH4 flux rate was among the highest ever

reported for a reservoir (mean = 32.3 mg CH4 m-2

h-1). The already high ebullitive flux rates in-

creased by factors of 1.4–77 across the nine moni-

toring sites during the 24-h experimental water-

level drawdown, but these emissions constituted

only 3% of the CH4 flux during the 7-month

monitoring period due to the naturally high ebul-

litive CH4 flux rates that persist throughout the

warm weather season. Although drawdown emis-

sions were found to be a minor component of an-

nual CH4 emissions in this reservoir, our findings

demonstrate a link between water-level change

and CH4 ebullition, suggesting that CH4 emissions

may be mitigated through water-level manage-

ment in some reservoirs.

Key words: methanogenesis; biogeochemistry;

carbon; anthropogenic; management; aquatic.
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INTRODUCTION

Methane (CH4) is a potent greenhouse gas and the

second largest contributor to climate change (IPCC

2013). Reservoirs, which are created when land-

scapes are flooded behind dams, are a globally sig-

nificant source of CH4 to the atmosphere (Barros and

others 2011; Bastviken and others 2011; Deemer

and others 2016). Reservoirs are extremely numer-

ous, covering more than 30 million ha of the earth’s

land surface (Downing and others 2006), and the

global surface area of reservoirs is expected to in-

crease substantially over the coming decades as

developing countries turn to hydropower to meet

growing energy demands (Zarfl and others 2015).

Methane is created in reservoirs through methano-

genesis, a type of microbial metabolism that yields

energy from the degradationof organicmatter in low

oxygen environments. Reservoir sediments are of-

ten enriched with organic matter derived from river

inflows and internal algal production, among other

sources. Relative to lakes, organic matter loading to

reservoirs from river inflows can be particularly high

due to their characteristically large ratio of catch-

ment area to lake area (Kimmel and others 1990;

Knoll and others 2014; Hayes and others 2017).

Furthermore, the bottom waters of reservoirs are

often anoxic during periods of thermal stratification,

providing the mix of high organic matter and low

oxygen conditions conducive to CH4 production.

Efforts to use published data to estimate re-

gional/global scale CH4 emissions from reservoirs, or

to identify large-scale factors driving emission rates

(that is, latitude, reservoir age), have been compli-

cated by uncertainty in emission rate measurements

(Barros and others 2011; Bastviken and others 2011;

Deemer and others 2016). An important source of

uncertainty is the degree to which individual studies

address highemission rates associatedwith spatial hot

spots and temporalhotmoments (McClainandothers

2003; Schilder and others 2013; Schilder and others

2016; Wik and others 2016). Methane emission rates

can exhibit extreme intra-reservoir spatial hetero-

geneity. For example, river–reservoir transition zones

can be CH4 emission hot spots due partly to high

sedimentation rates which promote the delivery of

organic matter to anoxic sediments (DelSontro and

others 2011; Beaulieu and others 2014; Beaulieu and

others 2016). Grinham and others (2011) reported

that 97% of the CH4 emitted from the surface of a

subtropical reservoirwas derived fromapproximately

5% of the reservoir surface area located immediately

downstream of the main tributary input. Similarly,

low water depths, which promote the transfer of

CH4-rich bubbles from the sediment to the atmo-

sphere, and organic-rich sediments in littoral zones,

can also lead to emission hot spots in reservoirs

(Juutinen and others 2003; Hofmann 2013). Me-

thane emission rates in reservoirs can also exhibit hot

momentswhere elevated rates occur for brief periods.

For example, CH4 that accumulates under ice in

winter, or in the hypolimnion during periods of

thermal stratification, can vent to the atmosphere

during short windows following spring ice melt and

fall turnover, respectively (Michmerhuizen and oth-

ers 1996; Schubert and others 2012). These lake

mixing patterns give rise to brief periods of intense

emissions that have been shown to account for up to

45% of annual emissions (Michmerhuizen and oth-

ers 1996; Bastviken and others 2004). Improving our

understanding of spatiotemporal patterns in reser-

voir-CH4 emissions is critical to including these sys-

tems in greenhouse gas (GHG) inventories (IPCC

2006; Fearnside 2015) and assessing the GHG foot-

print of hydropower (Hertwich 2013; Scherer and

Pfister 2016).

Another process which may give rise to periods of

elevated CH4 emission rates in reservoirs is water-

level drawdown. Water-level drawdowns are fre-

quently conducted in reservoirs to increase flood

storage capacity, generate hydropower, or to per-

form dam maintenance, among other reasons

(Harrison and others 2017; Hayes and others 2017).

Changes in water levels translate to shifts in hydro-

static pressure, which can play an important role in

regulating CH4 emissions. Here we treat hydrostatic

pressure as the pressure at the sediment–water

interface due to the weight of the overlying column

of water and the atmosphere. Under conditions of

constant hydrostatic pressure, gases produced via

microbial activity dissolve in sediment porewaters

until the combined partial pressures of the dissolved

gases exceed the hydrostatic pressure, atwhichpoint

bubbles are formed (Chanton and Whiting 1995). A

fraction of these bubbles will grow large enough for

their buoyancy to overcome the combined hydro-

static pressure and cohesive strength of the sedi-

ment, at which point they will migrate upward

through the sediment. Rates of gas production via

microbial activity often exceed rates of gas loss via

ebullition during warm weather months, however,

leading to the accumulation of large volumes of gas

in reservoir sediment (Martinez andAnderson 2013;

Tyroller and others 2016). When water levels fall,

the hydrostatic pressure holding the bubbles in place

diminishes, potentially leading to the release of a

large fraction of the stored CH4 to the atmosphere.

This phenomenon is well documented in marine

systems where tide-driven fluctuations in water le-
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vels can trigger the release of CH4 bubbles from

coastal marsh sediments (Chanton and others 1989)

and seafloor CH4 seeps (Boles and others 2001).

Water-level declines have also been shown to

trigger ebullition in reservoirs (Eugster and others

2011; Deshmukh and others 2014; Harrison and

others 2017). Harrison and others (2017) recently

demonstrated that ebullition during drawdown

events can constitute more than 90% of annual

CH4 emissions from reservoirs in the Pacific

Northwest (PNW) of the USA, suggesting that

monitoring emissions during periods of water-level

decline may be critical to constructing accurate

annual CH4 budgets.

In this research, we investigated spatial and

temporal patterns in CH4 emission rates from Har-

sha Lake, a reservoir draining an agricultural

watershed in the Midwestern USA. Like the PNW

reservoirs, water levels in Harsha Lake are drawn

down in the fall to increase winter flood storage

capacity. Unlike the PNW reservoirs, however,

Harsha Lake supports a very high ebullitive CH4

flux during the summer months (Beaulieu and

others 2014, 2016), when the reservoir is managed

for constant water levels. It was unclear whether

the already high ebullition rate would be further

enhanced by falling water levels in the fall.

We instituted an ecosystem-scale experiment by

loweringwater levels 27 times faster than normal for

the first 24 h of the 3-month drawdown and then

reducing the drawdown rate to that prescribed by

the management schedule for the balance of the

drawdown. Although the experimental drawdown

rate (0.46 m day-1) was much higher than that

prescribed by the management schedule, it is real-

istic for this and other reservoirs. For example, the

experimental drawdown rate is similar to drawdown

rates that occur when floodwaters are released from

the reservoir following large storms and is compa-

rable to drawdown rates reported for seven PNW

reservoirs (0.12–0.66 m day-1) (Harrison and oth-

ers 2017). We monitored ebullition at nine sites

spanning the length of the reservoir allowing us to

determine (1) whether ebullition rates are related to

rate of water-level decline and (2) whether the

ebullitive response to the drawdown varied across

the reservoir (that is, shallow vs deep waters).

METHODS

Site Description

William H. Harsha Lake is a 7.9-km2 eutrophic

reservoir draining an 882 km2 watershed in Ohio,

USA (Figure 1). The reservoir was constructed in

1978, has a water storage capacity of 1.1 9 108 m3, a

maximum depth of 32.8 m during the summer

months, and is monomictic. Large portions of the

watershed are managed for agricultural production

(63% cultivated crops and pasture), and the reservoir

is frequently on the state’s advisory list for recre-

ational contact due to theabundanceofharmful blue-

green algae (http://epa.ohio.gov/habalgae.aspx).

The water-level management plan for the reser-

voir, known as the guide curve, targets a pool

elevation of 223.4 m above mean sea level (m-msl)

from May 1 through September 1 (that is, summer

pool), at which point the pool is lowered at a

constant rate to 221.9 m-msl by Dec. 1 (that is,

winter pool), for a total drawdown of 1.5 m over a

3-month period. This period of water-level decline

is commonly referred to as the ‘fall drawdown.’

Winter pool is maintained until April 1, at which

point the water level is raised at a constant rate to

summer pool by May 1. Low water levels are

maintained during the winter, in part, to enhance

flood protection.

To test the hypothesis that ebullition rates are

dependent on the rate of water-level decline, we

imposed an experimental treatment on the guide

curve. We delayed the fall drawdown until 9:00 am

on September 14, 2015, and then dropped the

water level by 0.46 m over 24 h, a drawdown rate

27-fold greater than dictated by the guide curve.

After the experimental drawdown, the rate of wa-

ter-level decline was reduced to that prescribed by

the guide curve.

Sampling Strategy

Nine monitoring sites were established across the

reservoir (Figure 1). Six of the sites (EOF, EMB,

EFL, EEB, ECP, and ENN) were collocated with

long-term water quality monitoring sites sampled

by the US Environmental Protection Agency and

the US Army Corps of Engineers. Two additional

sites (EUS2 and EUS3) were located along the riv-

er–reservoir transition zone, a known ebullition

hot spot (Beaulieu and others 2014, 2016). The

ninth site (EEB) was added to better characterize

the strong east to west gradient in CH4 emissions

previously documented for the eastern basin.

Routine Sampling Campaign

All sites were sampled every other week from May

1 to July 6 and weekly from July 15, 2015, to

December 11, 2015. Continuously recording gas

traps (for example, automated traps, see ‘Ebullition

rate measurement’ below) were used to measure

volumetric ebullition rates, and discrete gas sam-
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ples were collected from the traps for analysis of gas

composition. Dissolved gas samples were collected

from near the air–water interface and used to

estimate diffusive CH4 emission.

Drawdown Measurement Campaign

Ebullition rates were measured during the week of

the drawdown experiment (September 10–15,

2015) using a version of the gas trap that accom-

modated higher ebullition rates, but was not

equipped for continuous data logging (that is, pas-

sive traps, see ‘Ebullition ratemeasurement’ below).

As with the routine sampling campaign, gas samples

were collected from the traps for composition anal-

ysis. Emission rates were also measured using an

eddy covariance systembeginning 2 days before and

ending 2 days after the drawdown experiment

(September 12–17, 2015). Although diffusive CH4

emissions were included in the eddy covariance-

based estimates of CH4 flux, dissolved gas concen-

trations and diffusive emissions were not directly

monitored during the drawdown experiment.

Ebullition Rate Measurement

We measured ebullition rates using automated gas

traps, with the exception of the week of the

drawdown experiment (September 10–15, 2015)

when we used passive gas traps. The design of the

automated traps is described in Varadharajan and

others (2010). Briefly, the automated trap consists

of an inverted funnel (0.56 m diameter) suspended

from a buoy and connected to a 0.97 m long by

1.25- or 2.5-cm-diameter vertical pipe that serves

as a collection chamber. Accumulating gas caused

the pressure in the collection chamber to increase,

which was recorded every 5 min using a differen-

tial pressure sensor (Honeywell) and datalogger

(U12–013, Onset Systems, Massachusetts, USA).

The automated trap provides continuous mea-

surements of gas volume until the signal from the

differential pressure sensor reaches a maximum

value, which occurs at a gas column height of 53–

80 cm, depending on differences in the condition of

individual sensor circuits. The sensors reached their

maximum values in hours to days during this study

(see Results below). The 1.25 and 2.5 cm collection

chambers held up to 250 and 600 ml of gas,

respectively, before overflowing into the funnel.

The relationship between the voltage readings

from the differential pressure sensor and the height

of the gas column in the collection chamber was

established for each sensor circuit using laboratory

calibrations performed at the beginning and end of

the monitoring period. The height of the gas col-

umn in the trap (hg; m) is calculated as:

hg ¼ mðVout � VZeroÞ ð1Þ

where m = sensor-specific laboratory calibration

(m V-1), Vout = voltage output from the differential

pressure sensor, and Vzero = voltage output from

the differential pressure sensor when there is no

Figure 1. William H.

Harsha Lake (Harsha

Lake), tributaries, outlet,

and sampling sites.
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gas in the trap immediately following deployment.

The volume of gas (Vg; m
3) in the traps was cal-

culated by multiplying hg by the cross sectional area

of the collection chamber.

During the drawdown experiment, we replaced

the gas collection chamber and electronics on the

automated traps with a 5-m length of 5.7-cm-di-

ameter tubing. These ‘passive’ traps, whichwere not

equipped to automatically record gas volumes, were

designed to accommodate the high ebullition rates

anticipated during the experimental drawdown. The

anticipated ebullition rateswould have quickly filled

the smaller gas collection chambers on the auto-

mated traps, thereby greatly reducing themaximum

deployment duration. Although we did not conduct

a direct comparison of passive and automated gas

traps, the systems only differed in the dimensions of

the collection chamber (that is, identical funnels,

buoys,weights, rope, anchor, etc.),which is unlikely

to have affected the measured ebullition rates. The

top of the collection chambers on both automated

andpassive trapswas equippedwith a rubber septum

through which the accumulated gas was sampled

with a syringe and needle.

Both automated and passive traps were deployed

approximately 0.5 m below an anchored buoy. At

each sampling visit, the total volume of gas in the

automated or passive trap was measured and up to

three 20 ml gas samples were collected in pre-

evacuated 12-ml screw-top soda glass vials capped

with a silicone-coated Teflon septa stacked on top

of a chlorobutyl septa (Labco Ltd., UK). Gas sam-

ples were analyzed for CH4 concentration using a

gas chromatograph equipped with an autosampler,

250 ll sample loop, and flame ionization detector

(Bruker 450 GC, USA). Mean variability among

triplicate field samples was 1.9%.

Ebullitive CH4 flux (mg CH4 m-2 h-1) is calcu-

lated as:

Ebullitive CH4 flux ¼
Vg½CH4�

TF � TIð ÞAF
ð2Þ

where Vg is the volume of gas in the trap (l), [CH4]

is the CH4 concentration in the gas (mg CH4 l
-1), TI

is the time the trap was deployed, and AF is the

cross-sectional area of the funnel (m2). For passive

traps, TF is the time the trap was sampled at the end

of a deployment. For automated traps, TF is either

the time the pressure sensor maxed out, or the time

the trap was sampled, depending on whether or not

the pressure sensor was saturated during the

deployment. The calculated ebullition rate there-

fore represents an integration of the total gas cap-

tured between TI and TF. The 5-min logging

interval was used to accurately determine the date

and time that the pressure sensor reached it max-

imum value (TF), rather than to calculate ebullition

rates at a 5-min frequency.

Root-sum-squared error propagation was used to

estimate uncertainty in ebullitive CH4 flux (equa-

tion 2) based on uncertainty in Vg. For the passive

traps, Vg was directly measured using syringes and

uncertainty was determined by the precision of the

syringes, which was 0.5 and 1.0 ml for the 30- and

140-ml syringes, respectively. Uncertainty in Vg for

the automated traps was calculated by propagating

error in m and electronic noise through equation 1

as described in Varadharajan and others (2010). The

automated trap Vg error term also includes a 2-ml

deadvolumeerror,which accounts for gas that could

be trapped in the fittings at the top of the collection

chamber. Error in the other terms in equation 2 was

negligible in comparison with the error in Vg.

We used control traps to assess the effect of gas

exchange across the air–water interface in the col-

lection chamber on the composition of gas stored in

the traps. Control traps consisted of an automated

trap (see above) with a 1 m 9 1 m plexiglass sheet

suspended below the funnel to prevent bubbles

from entering the collection chamber. On five

separate occasions, we added a mix of 90% CH4

and 10% CO2 to the control traps at the beginning

of a 5- to 9-day deployment. The mean rate of

change of the CH4 partial pressure in the control

traps (-0.28% day-1) during the deployments was

not significantly different than 0 (one-sided t test,

p = 0.15), indicating that the CH4 content of trap-

ped bubbles was stable for at least 9 days. Harrison

and others (2017) report that the CH4 content of

stored gas remained constant for 55 days in similar

traps.

Data from deployments where the pressure sen-

sor had not yet reached the maximum value at the

time of sampling were used to compare the volume

estimates derived from the sensor to those mea-

sured manually. The sensor-derived volume esti-

mates were well correlated with manual

measurements (r2 = 0.98), and the slope of the

regression between the two volume estimates was

not statistically different than 1 (0.96 ± 0.059)

(Figure S1), indicating that the sensor-derived

estimates are precise and accurate.

Eddy Covariance Tower

Eddy covariance (EC) measurements of CH4 fluxes

from the river–reservoir transition zone

(39�01¢37.08¢¢N, 84�05¢26.82¢¢W; Figure 1) started

on September 12, 2015, at 8:30 pm, approximately
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36 h before the experimental drawdown began and

continued through September 17, 2015, at

4:30 pm, for a total of 232 30-min flux measure-

ment periods. The EC system was mounted at

1.22 m above the pre-drawdown water surface by

attaching the instrumentation to a large stable tree

stump that protruded �2 m above the water sur-

face. An ultrasonic anemometer was used to mea-

sure 3-dimensional wind speed and direction

(Model 81000, R. M. Young Company, Traverse

City, MI, USA), and an LI-7700 open-path gas

analyzer was used for fast measurements of CH4

partial pressure (LI-COR Inc., Lincoln, NE, USA).

Carbon dioxide (CO2) and H2O partial pressures

were measured with an open-path infrared gas

analyzer (LI7500A, LI-COR Inc., Lincoln, NE,

USA), and the flux data were logged at 10 Hz using

the LI7550 control unit (LI-COR Inc., Lincoln, NE,

USA). The gas analyzers were mounted on either

side of the ultrasonic anemometer so that the

center of the optical paths was at the same height as

the center of the ultrasonic anemometer (that is,

vertical separation of zero). The horizontal distance

between the ultrasonic anemometer and each gas

analyzer was 30 cm. The system was powered with

solar panels and 12 V batteries.

Data Processing

Fluxes of CH4, CO2, sensible heat and latent heat

were calculated from the 10 Hz data using the

software package EddyPro� (Version 6.1.0, LI-COR

Inc., Lincoln, NE) and a flux-averaging interval of

30 min. An optimal averaging interval is as short as

possible to characterize temporal patterns in fluxes,

but long enough to measure flux contributions

from low-frequency eddies. Previous work has

shown that low-frequency contributions to turbu-

lent fluxes typically converge at 30 min. Absolute

limits were applied to the raw data, which were

also de-spiked (Vickers and Mahrt 1997) and de-

trended using block averaging. Time lags were de-

tected and compensated for via covariance maxi-

mization. The Webb, Pearman, Leuning (WPL)

correction for density effects was applied for both

CH4 and CO2 fluxes (Webb and others 1980), and

the McDermitt and others (2011) spectroscopic

correction for absorption line broadening due to

temperature, pressure, and water vapor effects was

applied to the LI-7700 CH4 measurements. Spectral

corrections for high- and low-pass filtering were

applied (Moncrieff and others 1997, 2004), and

flux footprints were estimated using the method of

Kormann and Meixner (2001) and Kljun and oth-

ers (2004). The flux calculations took into account

the increase in the sensor height above the water

surface as the lake level was drawn down using a

dynamic metadata file in EddyPro�.

Several quality assurance criteria were applied to

the 30-min CH4 fluxes. Time periods that did not

meet the requirements for stationarity and devel-

oped turbulent conditions were filtered (Foken and

Wichura 1996; Deshmukh and others 2014). Me-

thane fluxes were also filtered to exclude periods

where the received signal strength indicator (RSSI)

for the LI-7700 was less than 30% (Podgrajsek and

others 2014), and periods where it was determined

that greater than 10% of the flux footprint were

from outside the lake. The minimum wind speed

filter of 1 m s-1 used by Podgrajsek and others

(2014) was not applicable to this study because of

the lower measurement height.

Physicochemical Parameters and
Diffusive Emission Rates

Unfiltered water samples were collected from a

depth of 0.1 m at six sites (Figure 1; EOF, EFL,

EMB, ECP, ENN, and EUS) every 3 weeks and

analyzed for total phosphorus (TP), total nitrogen

(TN), and chlorophyll a. Automated colorimetry

(Lachat Instruments QuickChem 8000 Flow Injec-

tion Autoanalyzer, Loveland, CO, USA) was used

to measure TP (Prokopy 1992) and TN (American

Public Health Association 1995, followed by Wendt

1995) following acid persulfate and alkaline per-

sulfate digestion, respectively. Chlorophyll samples

were filtered (0.45 lm pore size) and the filtrate

extracted with acetone. The absorbance of the ex-

tract was measured at 664, 647, and 630 nm with a

spectrophotometer, and the chlorophyll a concen-

tration was calculated using the trichromatic

method (American Public Health Association

2012).

Dissolved oxygen and water temperature were

measured at 1.5 m depth intervals at the deepest

site (EOF) every two weeks using a data sonde

(YSI, Yellow Springs, OH). Dissolved oxygen and

water temperature were also measured at a depth

0.1 m below the water surface and 1 m above the

sediment–water interface each time a trap was

sampled.

A sample for dissolved CH4 analysis was collected

from a depth of 0.1 m during all trap visits from

July 1 through December 11, 2015, with the

exception of the traps sampled during the week of

the experimental drawdown. Dissolved CH4 sam-

ples were also collected at 1 m depth intervals at

the deepest site (EOF) on four dates (July 8, August

26, September 30, and December 12, 2015). Dis-
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solved CH4 was sampled via headspace equilibra-

tion after collecting a 120-ml water sample using a

140-ml plastic syringe equipped with a 2-way

stopcock. Immediately after the sample was col-

lected, 20 ml of ultra-high-purity helium was ad-

ded to the syringe that was then shaken for 5 min,

and the headspace gas transferred to a pre-evacu-

ated 12-ml screw-top soda glass vial capped with a

silicone-coated Teflon septa stacked on top of a

chlorobutyl septa (Labco Ltd, UK). The CH4 partial

pressure in the gas sample was measured via gas

chromatography (see above), and the CH4 con-

centration in the water was calculated from a mass

balance of the liquid and gas in the syringe fol-

lowing:

ðCH0
4;liqÞðVliqÞ ¼ ðCH4;liqÞðVliqÞ þ ðCH4;gasÞðVgasÞ

ð3Þ

where CH4,liq
0 is the CH4 concentration (lmol l-1)

in the original water sample, Vliq and Vgas are the

volumes (l) of liquid and gas in the syringe, and

CH4,liq and CH4,gas are the CH4 concentrations

(lmol l-1) in the liquid and gas, respectively, after

the headspace equilibration. CH4,liq was calculated

from CH4,gas, the CH4 Bunsen solubility coefficient

for the temperature of the headspace equilibration,

and the pressure of the headspace equilibration,

which was assumed to be equal to that of the

atmosphere. Atmospheric pressure was monitored

continuously at the EFL sampling station (Solinst).

The equilibrium-dissolved CH4 concentration in

the reservoir (CH4,eq; lmol l-1) at the time of the

dissolved gas sampling is calculated as:

CH4;eq ¼ ðCH4;AtmÞðbTÞðPAtmÞ ð4Þ

where CH4,Atm is the global average CH4 partial

pressure in the atmosphere (1.85 ppm, http://

www.esrl.noaa.gov/gmd/ccgg/trends_CH4/), bT is

the Bunsen solubility coefficient for CH4 at the

temperature of the water, and PAtm is the atmo-

spheric pressure (atm).

Diffusive CH4 flux (mg CH4 m-2 day-1) is cal-

culated according to:

Diffusive CH4 flux ¼ kCH4
ðCH0

4;liq � CH4;eqÞ0:16

ð5Þ

where kCH4 (cm h-1) is the CH4 gas transfer

velocity (Wanninkhof and others 2009) and 0.16 is

a unit conversion constant. kCH4 was assumed to be

equal to the mean kCH4 measured in a survey of

115 sites in Harsha Lake (7.3 ± 0.9 cm h-1) in

2014 (Beaulieu and others 2016).

Total Flux Scaled to Lake

A previous survey of CH4 fluxes from 115 sites in

Harsha Lake demonstrated that the river–reservoir

transition zone is the source of 41% of total CH4

emissions from the reservoir (Beaulieu and others

2016). We used this scaling factor to generate a

system-scale estimate of the CH4 flux rate from the

measurements made at the nine monitoring sta-

tions following:

System scale CH4 flux ¼ ½tributary flux� 0:41�

þ ½open water flux� 0:59�

ð6Þ

where the tributary flux is the mean flux measured

at EUS, EUS2, and EUS3. Open water flux is the

mean flux measured at the remaining sites.

Statistical Analysis

The effect of water-level change on the ebullitive

CH4 flux was determined separately for the

experimental drawdown and periods outside of the

drawdown. The effect of the experimental draw-

down was assessed by comparing the ebullitive CH4

fluxes immediately prior to the experiment to those

measured during the experiment. The effect of

changes in water level and barometric pressure

outside of the experimental drawdown was as-

sessed using linear models. The dependent variable

was the ebullitive CH4 flux during each deploy-

ment at each station (n = 254), and the indepen-

dent variable was the change in water level or

barometric pressure during each deployment. The

linear models also include ‘site’ as a main effect and

the interaction of site and ‘atmospheric pressure

change’ or ‘water-level change.’

The emptying of the pool following large pre-

cipitation events in June and July led to several

periods when the rate of water-level decline was

similar to that during the experimental drawdown

(Figure 2B). To determine whether these falling

water levels increased the ebullitive CH4 flux, we

compared the ebullitive CH4 flux during these

periods of water-level declines to those measured

immediately prior to the decline. All statistical

analyses were performed using R (R Development

Core Team 2016).

RESULTS

Physical and Biogeochemical Setting

Harsha Lake was thermally stratified from late

May, when the first depth profile was collected,
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through mid-October (Figure S2). Dissolved oxy-

gen was less than 0.1 mg l-1 in the hypolimnion

during the period of stratification and less than

3 mg l-1 throughout the lake during fall turnover.

Dissolved CH4 concentration in the hypolimnion

progressively increased during the period of ther-

mal stratification, exceeding 1000 lmol l-1 by the

end of September (Figure S3).

Mean TN and TP at a depth of 0.1 m were 1370

and 144 lg l-1, respectively, across sites and dates

(Table 1). Chlorophyll a was low in April

(mean = 9 lg l-1), high during the warm months

(June–September mean = 50.1 lg l-1) and re-

turned to low levels in the fall (October–December

mean = 5.9 lg l-1). Dissolved CH4 was supersatu-

rated in the surface waters at all sites and sampling

dates. Dissolved CH4 at a depth of 0.1 m ranged

from 0.03 to 70.2 lmol l-1 with an overall mean of

1.51 lmol l-1. On average, the surface waters were

supersaturated with CH4 by a factor of 544 relative

to the mean equilibrium concentration of

0.0027 lmol l-1.

Below average precipitation in May and early

June (Figure 2A) caused the pool elevation to fall

0.3 m below the management target (Figure 2B),

but several large precipitation events in late June

and July caused water levels to rise, reaching a

maximum value 2.4 m above the management

target. The pool elevation largely followed the

guide curve in August, but strongly deviated from

the guide curve during the experimental treatment

in the first half of September. On September 5,

9 days prior to the planned drawdown experiment,

the watershed received 1.95 inches of rain causing

the pool elevation to rise by 0.17 m. This pool

elevation was maintained until 9:00 am on

September 14, at which point 0.46 m of water was

spilled off the pool in 24 h. After the experimental

treatment, the pool elevation fell at a rate closely

approximating the guide curve.

Ebullitive and Diffusive Flux

There were 254 individual automated trap

deployments during the study with a median

deployment duration of 6.97 days. In 69% of the

deployments, the differential pressure sensor

reached its maximum value and stopped collecting

useful data before the trap was sampled. The

median period of time over which the pressure

sensor collected useful data (that is, integration

period) was 14 h for the three traps with a 2.5-cm-

diameter collection chamber deployed in the river–

reservoir transition zone (EUS, EUS2, and EUS3).

The median integration period for all other auto-

mated traps was 41 h.

Uncertainty in the circuit calibration and the

magnitude of the electronic noise are propagated

through equation 2 to estimate uncertainty in the

ebullitive CH4 flux. All circuit calibrations had an r2

of at least 0.994, and the mean standard deviation

among pre- and post-deployment calibrations was

0.0635 cm V-1, equivalent to 2.1% of the mean

calibration coefficient (30.41 cm V-1). The mean

electronic noise from long-term deployments un-

der constant differential pressure was 0.0005 V.

These error terms resulted in an uncertainty in the

ebullitive CH4 flux of 8.2%, on average.

Methane partial pressure in collected bubbles

ranged from 15.6 to 91.7% (mean = 64%) and was

Figure 2. A Precipitation

and B water levels at

William H. Harsha Lake

from May through

December 2015. The

dashed black line in panel B

represents the

management target and

the black line represents

the observed water levels.

The vertical gray line

represents the duration of

the experimental water-

level drawdown (Color

figure online).
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greater in the three sites located near the river inlet

(EUS, EUS2, EUS3; mean = 72.4%) than the other

sites (mean = 58.8%) (Table 2). Mean ebullitive

CH4 fluxes across the study (that is, site means

across the 7-month observation period, excluding

drawdown experiment) ranged from 4.0 to

109.7 mg CH4 m-2 h-1 were highest in the river–

reservoir transition zone (EUS, EUS2, ESU3) and

Table 1. Monthly Mean (SE) Total Nitrogen (TN; lg N l-1), Total Phosphorus (TP; lg P l-1), Chlorophyll a
(Chl a; lg l-1), Dissolved Methane (CH4; lmol l-1), and Dissolved Oxygen (DO; mg l-1) at the Monitoring
Sites

April May June July August September October November December

EOF

TN 1385 (35) 998 (41) 1220 (112) 1630 1030 765 (53) 998 1125 (115) 1120

TP 261 (14) 97 (21) 95 (9) 106 82 84 (22) 137 93 (4) 91

Chl a 4 (1) 23 (2) 34 (19) 48 33 24 (1) 11 7 (2) 1

CH4 NA NA NA 0.5 (0.3) 0.2 (0) 0.4 (0.1) 0.3 (0.1) 0.1 (0.04) 0.1

DO NA NA NA 15.7 (2.04) 8.48 (0.56) 11.1 (1.1) 4.21 (1.58) 4.46 (0.13) 6.85

EMB

TN 1686 (227) 1170 (116) 1489 (58) 1467 (133) 1047 (124) 873 (78) 1447 (279) 1300 (223) 1581 (395)

TP 382 (93) 163 (46) 85 (14) 129 (34) 118 (47) 113 (33) 302 (103) 177 (85) 217 (87)

Chl a 8 (1) 21 (4) 66 (5) 60 (5) 41 (3) 24 (3) 7 (2) 5 (1) 1 (0)

CH4 NA NA NA 0.6 (0.3) 0.3 (0.1) 0.3 (0.1) 0.4 (0.1) 0.09 (0.03) 0.05

DO NA NA NA 14.97 (1.65) 8.37 (0.92) 8.76 (2.17) 4.62 (0.86) 5.06 (0.27) 6.78 (0.75)

EFL

TN 2193 (70) 1417 (145) 1591 (74) 1500 (121) 1017 (141) 916 (94) 1810 1923 (33) 1913

TP 587 (14) 222 (67) 124 (23) 126 (34) 122 (59) 139 (52) 480 426 (20) 436

Chl a 5 (1) 22 (5) 70 (8) 60 (3) 34 (3) 30 (4) 12 6 (3) 1

CH4 NA NA NA 0.4 (0.1) 0.3 (0) 3.1 (2.8) 0.5 (0.2) 0.14 (0.03) 0.04

DO NA NA NA 14.93 (1.31) 7.31 (0.91) 7.08 (2.65) 4.84 (0.96) 5.81 (0.31) 5.95

EEB

CH4 NA NA NA 1.1 (0.8) 0.5 (0.1) 0.6 (0.1) 0.4 (0.1) 0.14 (0.05) 0.6 (0.2)

DO NA NA 17.61 11.6 (1.43) 9.85 (1.07) 9.88 (2.04) 4.43 (0.85) 5.8 (0.21) 7.18 (0.01)

ECP

TN 1258 (12) 828 (12) 1873 (315) 1280 1002 781 (85) 957 1139 (26) 1195

TP 249 (14) 69 (6) 163 (28) 170 107 74 (3) 128 93 (7) 98

Chl a 8 (7) 13 (1) 34 (10) 118 47 32 (11) 12 6 (1) 1

CH4 NA NA NA 0.4 (0.2) 0.5 (0.1) 0.3 (0) 0.4 (0.2) 0.11 (0.06) 0.4 (0.1)

DO NA NA NA 10.93 (1.18) 9.76 (1.13) 6.96 4.81 (0.68) 5.66 (0.41) 7.01 (0.15)

ENN

TN 1315 (45) 1035 (46) 1716 (109) 1388 (195) 918 (47) 827 (36) 949 1125 (85) 1220

TP 249 (23) 92 (9) 106 (11) 141 (11) 97 (7) 81 (6) 125 97 (10) 101

Chl a 11 (3) 28 (10) 80 (6) 53 (2) 48 (4) 38 (5) 12 6 (2) 1

CH4 NA NA NA 0.6 (0.4) 0.6 (0.2) 0.8 (0.3) 0.4 (0.1) 0.2 (0.1) 0.4 (0.2)

DO NA NA NA 11.02 (0.94) 10.8 (1.29) 9.96 (2.82) 5.29 (0.44) 6.21 (0.26) 7.06 (0.12)

EUS2

CH4 NA NA NA 3.2 (2.3) 1.5 (0.1) 2.3 (0) 19.4 (16.9) 3.1 (0.5) 3.8 (3.1)

DO NA NA NA 9.85 (1.31) 10.13 (1.05) 4.41 (2.71) 6.5 (0.53) 6.71 (0.56) 9.29 (0.31)

EUS

TN 1480 (210) 1260 (0) 2837 (490) 1200 1150 1268 (342) 1290 1295 (45) 1490

TP 255 (23) 182 (15) 264 (28) 165 166 199 (67) 192 131 (24) 168

Chl a 16 (4) 52 (1) 92 (26) 66 59 62 (38) 29 5 (0) 1

CH4 NA NA NA 2.4 (1.7) 1.3 (0.4) 1.5 (0.2) 1.8 (0.3) 3.1 (0.8) 4.1 (3.3)

DO NA NA NA 8.36 (0.99) 9.43 (0.44) 8.46 (0.12) 6.43 (0.52) 6.66 (0.54) 8.56 (1.1)

EUS3

CH4 NA NA NA 2.8 (2.3) 1.8 (0.5) 1.6 (0) 2 (0.6) 3.7 (0.9) 3.5 (2.8)

DO NA NA 16.09 9.35 (2.19) 9.93 (0.88) 8.87 (0.73) 6.56 (0.75) 6.84 (0.59) 9.65 (0.03)

Samples were collected from a depth of 0.1 m. NA indicates data not available. No standard error provided if only one sample was collected in a month.
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lowest in the deeper waters in the west basin

(Figure 3). The mean system-scale ebullitive CH4

flux during the study, excluding the drawdown

experiment, was 32.3 mg CH4 m-2 h-1. The mean

diffusive CH4 flux ranged from 0.39 to 6.75 mg CH4

m-2 h-1 across the nine monitoring sites, with the

highest rates occurring in the river–reservoir tran-

sition zone (Figure 4). At the system scale, diffusive

emissions (mean = 2.0 mg CH4 m-2 h-1) com-

prised 6% of the total mean flux (ebullitive + dif-

fusive; mean = 34.3 mg CH4 m-2 h-1).

Ebullitive CH4 fluxes increased by a factor of 1.4–

77 during the experimental water-level drawdown,

but returned to background levels within 1 week

(Figure 4). Diffusive emission rates were not mea-

sured during the drawdown experiment.

Correlation with Other Forcing Factors

When observations from the drawdown experi-

ment were excluded, ebullitive CH4 flux was

unrelated to changes in barometric pressure

(p = 0.58), but increased with falling water levels

(p = 0.006). The effect of water-level change varied

by site (significant site*water-level change inter-

action, p < 0.001) was strongest in the three

shallowest sites (EUS, EUS2, and EUS3) and had

the greatest effect at EUS3 (increase of 71 mg CH4

m-2 h-1 per 1 m decline in water level at EUS3).

Eddy Flux Results

The EC measurement footprint is a function of

sensor height, atmospheric stability, surface

roughness, and wind direction (Kljun and others

2004). Both wind speed and direction displayed a

strong diurnal pattern during the drawdown peri-

od. Low-speed winds (mean = 0.7 m s-1) from the

east by northeast direction were prevalent at night

(8:00 pm–8:00 am), whereas moderate-wind

speeds (mean = 1.3 m s-1) from the south were

prevalent during the day (9:00 am–5:00 pm) (Fig-

ure S4A). This resulted in EC measurement foot-

prints that extended an average of 142 m to the

south during the day and 45 m to the east by

northeast at night (Figure 5A). The EC measure-

ment footprint that captured 90% of the con-

tributing area extended over land in only five of the

232 half-hour CH4 flux estimates, and these periods

were filtered from the final dataset. Applying this

filter along with the other quality control checks

outlined in the methods resulted in acceptance of

94.8% of the 30-min CH4 flux data.

This acceptance rate is high relative to studies in

terrestrial systems, but similar to the acceptance

rates reported in other reservoir studies (Liu and

others 2012, 2016). Over land, an important con-

tributor to lower acceptance rates is the filtering of

stable nighttime periods that do not pass the test for

Table 2. Mean (SD) Methane (CH4) Content of Collected Bubbles During the Study

EOF EMB EFL EEB ECP ENN EUS EUS2 EUS3

CH4 (%) 62.5 (8.2) 60.9 (12.1) 62.9 (11.4) 52.9 (17.3) 54.9 (15.0) 59.2 (18.5) 69.0 (18.5) 75.2 (11.8) 72.9 (11.8)

Figure 3. Mean

ebullitive methane (CH4)

flux rate measured at the

nine monitoring stations

during the study. The

reservoir perimeter is

indicated in black on the

xy plane, and the

magnitude of the flux is

indicated by the height of

the black line according

the scale on the z-axis.
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developed turbulent conditions (Foken and Wi-

chura 1996) or when the friction velocity (u*) is

below a certain threshold (Barr and others 2013).

In aquatic systems, heat transfer from the water

surface to the overlying air at night leads to con-

vective mixing and unstable atmospheric condi-

tions. Although we did not measure water surface

temperature in this study, both the sensible and

latent heat fluxes (H and LE, respectively) were

positive at night (Figure S4B, C), indicating heat

transfer from the water surface to the air. The

friction velocity was low at night (u*, Figure S4D),

but since u* is a measure of mechanically generated

turbulence it is not a good indicator of stability

regime over water bodies where buoyancy plays a

larger role. Therefore, heat loss to the atmosphere

at night and resulting buoyancy-generated turbu-

lence lead to the overall high data acceptance rates

in this study.

Prior to the drawdown (September 12, 8:30 pm–

September 14, 8:30 am), the average (±SE) CH4

flux was 133 ± 5.4 mg CH4 m-2 h-1 (Figure 5B).

The average CH4 flux during the 24-h experimental

drawdown (September 14, 9:30 am–September 15,

9:00 am) was 370 ± 20 mg CH4 m-2 h-1, with a

maximum emission rate of 646 mg CH4 m-2 h-1

observed on September 14 at 6:00 pm. The average

CH4 flux after the experimental drawdown

(September 15, 9:30 am–September 17, 4:00 pm)

was 212 ± 5.9 mg CH4 m-2 h-1.

DISCUSSION

Methane fluxes from Harsha Lake were approxi-

mately tenfold greater in the river–reservoir tran-

sition zone (mean = 72.8 mg CH4 m-2 h-1,

excluding drawdown) than in the main body of the

reservoir (mean = 7.6 mg CH4 m-2 h-1, excluding

drawdown) (Figures 3, 6). This is consistent with

previous surveys in Harsha Lake, which have

shown that the river–reservoir transition zone is a

disproportionately important CH4 source in the

system (Beaulieu and others 2014, 2016). This

spatial pattern has been documented for a wide

variety of reservoirs including subtropical systems

in Australia (Grinham and others 2011; Musenze

Figure 4. Ebullitive and diffusive methane (CH4) flux time series at each of the nine monitoring sites. The name and

depth of the sampling site are shown in the gray header at the top of each panel. Error bars represent the 95% confidence

interval. The vertical gray line in each panel represents the duration of the experimental drawdown, and the dark gray line

indicates the pool elevation. Arrows highlight observations made when water levels were falling due to the release of stored

storm water.
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and others 2014; Sturm and others 2014), reser-

voirs in the Pacific Northwest of the USA (Harrison

and others 2017), and a large tropical reservoir

(5400 km2 surface area) in Africa (DelSontro and

others 2011). River–reservoir transition zones are

characterized by decreasing water velocities and

the deposition of suspended sediment (Thornton

1990). When the sedimentation rate exceeds the

carbon mineralization rate, labile carbon can be

buried into deeper sediments where anoxia and

methanogenesis are prevalent, thereby stimulating

CH4 production (Sobek and others 2009; Maeck

and others 2013). This mechanism, combined with

shallow water depths and low hydrostatic pressure,

may account for the persistently high ebullitive

CH4 flux below the tributary inputs.

The mean system-scale total CH4 flux (ebulli-

tion + diffusion) during the study (34.3 mg CH4

m-2 h-1) is higher than previously reported for

Harsha Lake during the warm weather months

(6.5–8.3 mg CH4 m-2 h-1; Beaulieu and others

2014, 2016), possibly due to methodological dif-

ferences among studies. The earlier studies mea-

sured CH4 fluxes (ebullitive and diffusive) using

short-term (5–12 min) floating chamber deploy-

ments, whereas the current work utilized contin-

uous monitoring over hours to days. Short-term

monitoring may miss rare, but large, ebullition

events, thereby underestimating ebullition rates

(Varadharajan and Hemond 2012; Maeck and

others 2014). Furthermore, the flux rates measured

using the EC tower in the current study are

somewhat higher than those measured using in-

verted funnels at the three monitoring stations lo-

cated within the EC tower footprint (Figures 5B,

Figure 6. Cumulative methane (CH4) emissions from

the nine monitoring stations from May through

December 2015. The vertical gray line represents the

duration of the 24-h drawdown experiment.

Figure 5. A The eddy covariance (EC) measurement footprint that includes 90% of the contributing area for each half-

hour averaging period. The distance and angle between a point and the flux tower indicate the maximum extent and

orientation, respectively, of the footprint during one half-hour averaging period. EC footprint areas extending to the

south, east, and other directions are indicated by yellow, blue, and gray dots, respectively. The inset image is the flux tower

deployed over the water surface. B Methane (CH4) flux, C wind speed, and D water-level time series during the EC tower

deployment. The blue dashed lines indicate the start and end of the experimental drawdown. The color of the markers in B

corresponds to the orientation of the EC footprint area (see panel A) (Color figure online).
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S5), possibly due to discrete hot spots affecting the

tower and not the funnels, suggesting that the in-

verted funnel method is not overestimating the

ebullitive CH4 flux in this study.

The mean system-scale total CH4 flux (ebulli-

tion + diffusion; 34.3 mg CH4 m-2 h-1) observed

during this study is the highest yet reported for a

reservoir (Figure S6), which contradicts earlier

findings that high emission rates are restricted to

tropical areas (Barros and others 2011). Our data

join a growing body of the literature, indicating

that temperate zone reservoirs in Europe and the

USA can support CH4 emission rates as high as

those reported for the tropics (DelSontro and others

2010; Gruca-Rokosz and others 2011; Maeck and

others 2013; Harrison and others 2017).

The high CH4 fluxes from Harsha Lake may be

linked to the high algal primary productivity of the

reservoir. Methane emission rates have been

shown to correlate with reservoir productivity at

regional (West and others 2016; Harrison and

others 2017) and global scales (Deemer and others

2016), suggesting that reservoir productivity may

exert a strong control on CH4 emission rates. Algal

productivity could directly enhance CH4 emissions

by providing a source of labile carbon to metha-

nogens. For example, laboratory studies have

shown that additions of algal-derived carbon to

aquatic sediments can stimulate CH4 production

(West and others 2012). Algal productivity could

also indirectly enhance CH4 emissions by promot-

ing the development of anoxic conditions, which

can stimulate methanogenesis and inhibit

methanotrophy. Although CH4 emission rates were

not related to dissolved oxygen (p = 0.17) in this

study, CH4 concentrations in the anoxic hypo-

limnion exceeded 1000 lmol l-1 by late September

(Figure S2), indicating substantial CH4 production

and accumulation in anoxic waters.

Emission Rate Response to Experimental
Drawdown

The gas traps indicated that the experimental wa-

ter-level drawdown at Harsha Lake triggered a

synchronous system-wide increase in the ebullitive

CH4 flux (Figure 4). At most sites, ebullitive CH4

flux during the drawdown was the highest re-

corded at any time during the 7-month monitoring

period and exceeded fluxes observed during the 2–

3 days immediately prior to the experiment at all

sites. The CH4 flux rates measured with the EC

tower were also higher during the drawdown,

increasing by a factor of 5 relative to the average

pre-drawdown flux rate. The EC flux data also

indicated a strong diurnal cycle, with higher flux

rates observed during the day than at night. This

diurnal pattern in flux rates coincided with a

diurnal pattern in wind speed, wind direction, and

turbulent mixing, resulting in a southerly EC

footprint during the day and an easterly footprint at

night (Figure 5A). The diurnal pattern in flux rates

could therefore be partly attributed to higher CH4

production rates in areas south of the EC tower

than areas east of the tower, rather than a temporal

pattern in CH4 flux. Nevertheless, flux rates from

both the southerly-daytime and easterly-nighttime

footprints were higher during the drawdown

compared to the day before the drawdown, indi-

cating that declining water levels triggered ebulli-

tion from both footprint areas.

The experiment clearly demonstrated that rapid

decreases in water level can trigger ebullition in

Harsha Lake, likely due to the release of sediment

gas bubbles following the drop in hydrostatic

pressure. Although ebullition rates were higher at

all sites during the drawdown, the shallow sites

responded most strongly (Figure 7). This pattern

was also evident when the drawdown data were

excluded from the analysis and is consistent with

reports from a subtropical reservoir (Nam Theun 2,

Southeast Asia) where the effect of water-level

change was stronger in shallow than deep sites

(Deshmukh and others 2014). This pattern may be

partly explained by differences in the proportional

change in hydrostatic pressure for a given change

in water level among the sites. The 0.46 m drop in

Figure 7. Relationship between the increase in the

ebullitive methane (CH4) flux rate during the 24-h

drawdown experiment and water depth. The drawdown

effect is calculated as the difference between the maxi-

mum ebullitive CH4 flux during the experimental

drawdown and that observed the day prior to the

experiment.
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water level during the drawdown resulted in less

than a 2% decrease in hydrostatic pressure at the

sediment surface at the 30-m deep site compared to

a 10% decrease at the shallow sites.

Relationship with Water-Level Variation
Outside of Drawdown

The rapid emptying of the pool following large

precipitation events in June and July led to several

periods when the rate of water-level decline was

similar to that during the experimental drawdown.

Ebullitive CH4 fluxes during these periods of water-

level decline were on average fivefold greater than

the preceding week (Figure 4). One potential

explanation for this pattern is that the increase in

hydrostatic pressure that accompanied the rising

water levels allowed additional CH4 gas to accu-

mulate in the sediments. This gas was subsequently

released to the water column when water levels

dropped and the system equilibrated to the less-

ened hydrostatic pressure.

Although rapidly falling water levels following

precipitation events triggered elevated ebullitive

CH4 fluxes, at most sites the magnitude of the re-

sponse was only a fraction of that observed during

the experimental drawdown, despite the fact that

water levels dropped by as much as 2.4 m following

storms, whereas water levels dropped by only

0.46 m during the experimental drawdown. One

difference between these periods of water-level

decline is the duration that the pool was held at the

pre-spill water level. The volume of gas released

from sediments during periods of water-level de-

cline will be related to the difference between the

amount of gas stored in the sediments prior to the

drawdown and the storage capacity of the sedi-

ments after the drawdown. While storms caused

water levels to rise significantly, the pool was

maintained at these high levels for only a brief

period, and it is possible that the duration was too

short for microbial gas production to substantially

increase the volume of gas stored in the sediment.

Therefore, the difference between the pre-draw-

down gas storage and post-drawdown gas holding

capacity may not have been great during the post-

storm drawdowns. By contrast, the experimental

drawdown dropped the pool to the lowest level in

5 months. The pervasive ebullition observed at all

monitoring stations prior to the drawdown indi-

cates that the gas holding capacity of the sediments

was fully saturated at this time. Therefore, the

difference between the pre-drawdown gas storage

and post-drawdown gas holding capacity of the

sediment was likely greater during the experi-

mental drawdown than the post-storm draw-

downs, possibly explaining why the fall drawdown

triggered a much stronger response in the ebullitive

CH4 flux. The drawdown response may have been

further enhanced by the 0.17 m rise in pool ele-

vation that occurred nine days before the experi-

ment. This change in pool elevation resulted from

water that was stored in response to a 2 in storm

event, rather than as a component of the experi-

mental design. Nevertheless, the elevated hydro-

static pressure at the higher pool elevation likely

allowed for additional gas to accumulate in the

sediments, which was subsequently released to the

water column during the drawdown.

Water levels continued to fall after the experi-

mental drawdown, but at the much lower rate

prescribed by the guide curve. Interestingly, there

is little evidence in the data that the ebullitive CH4

flux was elevated during this period, possibly be-

cause the rate of water-level decline was too low to

trigger a detectable increase in ebullition. It is also

likely that falling water temperatures during the

2.5-month drawdown caused sediment CH4 pro-

duction rates to decrease (Juutinen and others

2009; DelSontro and others 2010; Marotta and

others 2014; Rasilo and others 2015), potentially

offsetting the stimulatory effect of falling water le-

vels on ebullition.

Cumulative Emissions

Although the ebullitive CH4 flux increased by as

much as an order of magnitude during the exper-

imental drawdown, these elevated emission rates

were short lived and constituted only 3.3% of

cumulative CH4 emissions from the sites during the

study period (Figure 6). These results contrast

markedly with results from Lacamas Lake, a eu-

trophic reservoir located in the Pacific Northwest

USA where CH4 emissions during an annual water-

level drawdown constituted more than 90% of

annual CH4 emissions (Harrison and others 2017).

Annual drawdowns in Lacamas Lake were deeper

(1.5–2 m) and sustained for longer periods (1–

2 weeks) than the experimental drawdown in this

study, both factors which may help explain the

divergent results between these two studies.

Importantly, background ebullitive CH4 flux rates

differ markedly between Harsha and Lacamas

lakes. In Lacamas, where ebullition rates were

measured at multiple sites including the river–

reservoir transition zone, rates outside of the

drawdown periods were generally quite low,

whereas the background ebullitive CH4 flux rate at

Harsha Lake is among the highest reported for any

670 J. J. Beaulieu and others



reservoir (Figure S6). Given the high ebullitive CH4

flux rates at Harsha Lake throughout the warm

weather season, short-term increases during peri-

ods of rapidly falling water levels do not greatly

increase annual emissions from the reservoir.

Although the one-time short-term period of ra-

pidly falling water levels did not greatly increase

annual CH4 emissions from Harsha Lake, the effect

of multiple periods of rapidly falling water levels

should be considered. While this scenario is rare at

Harsha Lake, it is the norm at nearby C. J. Brown

reservoir where the fall drawdown consists of rapid

water-level declines during the weekends to pro-

vide recreational flows to a downstream whitewa-

ter park (http://www.lrl-wc.usace.army.mil/plots/

cbr.htm). Similarly, hydropower reservoirs man-

aged for ‘hydropeaking,’ a process whereby river

flows are increased during the day when energy

demand is high and decreased at night when de-

mand is low (Førsund 2007), are subject to regular

periods of rapid water-level decline. Additional

research is required to assess the impact of multiple

drawdown events on annual CH4 emissions.

Management Implications

Although this study did not test management

strategies for reducing reservoir-CH4 emissions, it

adds to the growing body of evidence that water-

level drawdowns can stimulate ebullitive CH4 flux

in reservoirs (Deshmukh and others 2014; Harrison

and others 2017), thereby establishing a connec-

tion between water-level management and CH4

emissions. Changes to water-level drawdown pro-

cedures could reduce annual scale emissions if the

changes increase the fraction of CH4 that is oxidized

by methanotrophs (CH4-oxidizing bacteria) to CO2,

a much less potent greenhouse gas (IPCC 2013).

Aerobic CH4 oxidation at the metalimnion and

anaerobic CH4 oxidation in the hypolimnion can be

important CH4 sinks in stratified lakes and reser-

voirs (Rudd and Hamilton 1978; Fallon and others

1980; Guérin and Abril 2007; Sturm and others

2016). Methane oxidation can also be a substantial

CH4 sink during fall overturn when oxygen-rich

surface waters mix into deeper CH4-rich waters

(Kankaala and others 2006, 2007). Overall,

methanotrophs have been shown to oxidize up to

95% of the CH4 produced during the stratified

period, substantially reducing CH4 emissions to the

atmosphere (Rudd and Hamilton 1978; Fallon and

others 1980; Guérin and Abril 2007; Bastviken and

others 2008). However, the proportion of produced

CH4 that is oxidized to CO2 can be greatly dimin-

ished in systems with active ebullition because

rising bubbles rapidly pass through the water col-

umn and are largely unaffected by CH4 oxidation

(Bastviken and others 2008), especially in shallow

waters (McGinnis and others 2006). Water-level

drawdowns that trigger ebullition may therefore

increase the fraction of CH4 that escapes oxidation

and is emitted to the atmosphere. In the absence of

a drawdown, this CH4 may dissolve into sediment

pore water, diffuse into the water column, and be

oxidized to CO2. This may be particularly relevant

in the fall, when water-level drawdowns are fre-

quently conducted, because decreasing water

temperature will enhance CH4 dissolution into

porewaters. Furthermore, the temperature sensi-

tivity of methanogens is much greater than that of

methanotrophs (Borrel and others 2011) and fall-

ing water temperatures may cause the rate of CH4

oxidation to approach and even exceed the rate of

CH4 production. The combined effects of falling

water temperature on CH4 production, oxidation,

and dissolution may cause a growing fraction of

sediment CH4 gas to be oxidized to CO2 during the

fall, assuming that the gas is not stripped from the

sediment via drawdown-induced ebullition.

Therefore, the management objective should be to

retain CH4 gas within the sediments as long as

possible in order to maximize CH4 oxidation. This

might be accomplished by (1) delaying fall draw-

downs until after the sediment CH4 gas load has

been exhausted, or (2) conducting the drawdown

at a rate of water-level decline that is too low to

substantially enhance ebullition. Both of these ap-

proaches could be experimentally tested.

Taken together, the reservoir drawdown research

conducted in the PNW (Harrison and others 2017)

and this study suggest that altered water-level

management has the greatest potential to mitigate

CH4 emissions from reservoirs that are subject to

frequent drawdown events or have background

ebullition rates substantially lower than those in

Harsha Lake. Recent work in unproductive reser-

voirs in the southeastern region of the USA indi-

cates that these systems have low ebullitive CH4

fluxes during the summer months (0–0.7 mg CH4

m-2 h-1) and undergo water-level drawdown ev-

ery fall (0.3–16 m) (Bevelhimer and others 2016).

These systems meet the criteria for reservoirs where

altered water-level management might mitigate

emissions, and future research should determine

whether emissions during the period of water-level

drawdown constitute a disproportionate share of

annual CH4 emissions.

Water-level management represents one ap-

proach for mitigating emissions from reservoirs.

Another approach that may be effective for reser-
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voirs with high background ebullition rates, such as

Harsha Lake, is watershed nutrient management.

Several studies have shown a correlation between

CH4 emission rates and reservoir productivity

(Deemer and others 2016; Harrison and others

2017), suggesting that watershed management

strategies aimed at reducing nutrient loading to

reservoirs may also reduce CH4 emissions. A careful

consideration of the suite of management options

for mitigating CH4 emissions from reservoirs will

help minimize the greenhouse gas footprint of

these important ecosystems.
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Abstract

Global estimates of methane (CH4) emissions from reservoirs are poorly constrained, partly due to the

challenges of accounting for intra-reservoir spatial variability. Reservoir-scale emission rates are often esti-

mated by extrapolating from measurement made at a few locations; however, error and bias associated with

this approach can be large and difficult to quantify. Here, we use a generalized random tessellation survey

(GRTS) design to generate unbiased estimates of reservoir-CH4 emissions rates (695% CI) for areas below trib-

utary inflows, open-waters, and at the whole-reservoir scale. Total CH4 emission rates (i.e., sum of ebullition

and diffusive emissions) were 4.8 (62.1), 33.0 (610.7), and 8.3 (62.2) mg CH4 m22 h21 in open-waters, tribu-

tary-associated areas, and the whole-reservoir for the period in August 2014 during which 115 sites were

sampled across an 7.98 km2 reservoir in Southwestern, Ohio, U.S.A. Tributary areas occupy 12% of the reser-

voir surface, but were the source of 41% of total CH4 emissions, highlighting the importance of riverine-

lacustrine transition zones. Ebullition accounted for>90% of CH4 emission at all spatial scales. Overall, CH4

emission rates were high for a temperate zone reservoir, possibly because earlier studies underestimated ebul-

lition or did not include emission hot spots. Confidence interval estimates that incorporated spatial pattern

in CH4 emissions were up to 29% narrower than when spatial independence is assumed among sites. The use

of GRTS, or other probabilistic survey designs, can improve the accuracy and precision of reservoir emission

rate estimates, which is needed to better constrain uncertainty in global scale emission estimates.

Methane (CH4) is an important greenhouse gas account-

ing for approximately 40% of global radiative forcing due to

anthropogenic activities (Stocker et al. 2013). Microbial deg-

radation of organic matter in reservoirs is a significant source

of CH4 to the atmosphere, but estimates of the magnitude of

this source are poorly constrained, ranging from 20 Tg CH4

yr21 to 70 Tg CH4 yr21 (St. Louis et al. 2000; Bastviken et al.

2011), partly due to the large range of CH4 emission rates

reported for reservoirs. Some of the variability in reported

emission rates among systems can be attributed to differen-

ces in water temperature, reservoir age, and productivity

(Barros et al. 2011; West et al. 2012), but another potentially

large source of variability among studies is differences in

how intra-reservoir spatial patterns in emission rates are

assessed and incorporated into system-scale estimates. This

source of variability is attributable to methodology, rather

than true differences in emission rates, and therefore

obscures spatial and temporal patterns in emission rates and

adds uncertainty to emission rate estimates.

The factors that govern CH4 production and emission from

aquatic systems can lead to pronounced spatial patterns in

CH4 emission rates. Methane is produced in reservoirs from

the degradation of organic matter under anoxic conditions,

therefore one factor that governs CH4 production rates is the

quantity and quality of carbon delivered to the sediments

(Sobek et al. 2012). Sediment deposition rates in reservoirs are

often greatest in the transition zone between tributaries and

open waters where water velocities rapidly decrease and sus-

pended solids consequently settle (Thornton 1990). Also,
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littoral zone sediments are frequently enriched in organic

material from senesced macrophytes (Polunin 1984) and dam

forebays can be sites of rapid sediment accumulation in run of

the river reservoirs (Maeck et al. 2013), all of which can lead to

localized areas of elevated CH4 production.

An important mechanism for the transport of CH4 from

sediments to the atmosphere is ebullition. Ebullition occurs

when biogenic gas production raises the total dissolved gas

pressure in sediment pore water above the hydrostatic pres-

sure, leading to the formation of sedimentary gas bubbles.

These bubbles can be released from the sediments, typically

following a physical perturbation (Joyce and Jewell 2003),

and dissolve in the water column as they rise toward the

water surface where the residual content of the bubble is

released to the atmosphere. The degree of dissolution that

occurs is positively related to water depth, therefore a larger

fraction of the original bubble mass directly escapes to the

atmosphere in shallow compared with deep waters, leading

to higher emissions from shallow waters. Additional spatial

patterns in CH4 emission rates within reservoirs can result

from large plumes of inflowing river water with low CH4

content (Hofmann 2013), point source discharges from waste

water treatment plants with high organic matter content

(DelSontro et al. 2010; Gonzalez-Valencia et al. 2014), and

patterns in sediment cohesiveness that partially regulate the

release of sedimentary gas bubbles (Joyce and Jewell 2003).

Together, these spatial patterns in reservoir CH4 emissions

complicate efforts to generate system-scale estimates.

Estimating system-scale emission rates is problematic for

two reasons. First, most investigations of reservoir CH4 emis-

sions include only 2–8 sampling sites per reservoir (Chen

et al. 2011; Beaulieu et al. 2014; Gonzalez-Valencia et al.

2014; Musenze et al. 2014; Sturm et al. 2014), which can lead

to large uncertainties in emission rate estimates. Recent

advances in hydroacoustics (Ostrovsky et al. 2008; Maeck

et al. 2013) and air-side CH4 sensors (Grinham et al. 2011)

can allow for higher sampling densities, but these approaches

face several limitations that restrict their application includ-

ing high detection limits and minimum water-depth require-

ments. Second, many studies that have detected spatial

patterns have used judgment or convenience sampling to

locate sites. How representative those samples are of the sys-

tem is unknown and this can introduce a bias into estimates

of reservoir emissions (Lohr 2010; Reynolds 2012).

Generating system-scale estimates of CH4 emission rates

for reservoirs is a problem that can be addressed using statis-

tical survey designs. A key feature of a strong survey design

is that the samples (i.e., sample sites) are representative of

the population (i.e., whole-reservoir), so that population

level estimates can be made with a known degree of accu-

racy (Lohr 2010). One approach for generating representative

samples is probability sampling, in which each unit in the

population has a known probability of selection and a ran-

domization procedure is used to choose the specific sample

units. A probability sampling approach that has been widely

used to assess the status of lakes, estuaries, rivers, and

streams in the United States (US Environmental Protection

Agency 2009, 2012, 2013) is a generalized random tessella-

tion survey design (GRTS) (Stevens and Olsen 2004; Olsen

et al. 2012). An important feature of GRTS designs is that

they are spatially balanced, meaning that the samples have a

spatial distribution similar to that of the population, whereas

random sampling designs can produce clusters of sample

sites. GRTS designs can also utilize spatial patterns in the

process of interest to generate estimates with less uncertainty

than simpler survey designs (Stevens and Olsen 2003).

The focus of this study was William H. Harsha Lake (here-

after called Harsha Lake) located in southwest Ohio, U.S.A.

Previous research has shown that total CH4 emission rates

(i.e., sum of ebullition and diffusive emissions) are up to 1000

times greater in areas below the largest tributary inflow than in

open-water portions of the reservoir (Beaulieu et al. 2014), but

this was based on measurements made at only six sites. The

objective of this study was to generate a system-scale estimate

of the mean (695% confidence interval) diffusive, ebullitive,

and total (i.e., diffusion1 ebullition) CH4 emission rate for the

reservoir. To meet this objective we used a GRTS design. We

modified the basic GRTS design to accommodate an “open-

water” and “tributary” stratum, which allowed for comparison

of emission rates between these areas of the reservoir.

Methods

Site description

The study was conducted at Harsha Lake, a monomictic

reservoir located in Ohio, U.S.A. (Fig. 1). Harsha Lake was

constructed in 1978 for flood control, water supply, recrea-

tion, and wildlife habitat. It has a surface area of 7.9 km2,

water storage capacity of 1.1 3 108 m3, max depth of

32.8 m, and mean depth of 12.8 m at summer pool eleva-

tion. Harsha Lake drains an 882 km2 watershed managed pri-

marily for agriculture (63% cultivated crops and pasture) and

is frequently on the state’s advisory list for recreational con-

tact due to the abundance of harmful blue-green algae

(http://epa.ohio.gov/habalgae.aspx).

Survey design

The sample frame for a GRTS design is a geographic infor-

mation system (GIS) layer (Olsen et al. 2012). We used a

polygon shapefile of Harsha Lake obtained from the high

resolution National Hydrography Dataset (http://nhd.usgs.

gov) with an Albers equal area projection. We partitioned

the reservoir into “open-water” and “tributary” strata. The

tributary stratum contained areas of the reservoir extending

from the points where the 13 largest tributaries enter the res-

ervoir out to a depth of 8 m (Fig. 1) and covered 0.97 km2 of

the reservoir surface (Table 1). The boundary between the

open-water and tributary strata was based on previous work
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which indicated that emission rates rapidly decreased at

depths>8 m (Beaulieu et al. 2014). All other portions of the

reservoir were included in the open-water stratum which

covered 7.01 km2 of reservoir surface. We allocated sample

sites across the sample frame using a GRTS survey design. To

ensure that the design included sample points in some of

the smaller areas of the reservoir, such as the upstream tips

of the tributary-associated areas, the open-water and

tributary-associated strata were subdivided into 5 and 20 pol-

ygons, respectively. Using an unequal probability GRTS sur-

vey design, we specified the number of sample sites to be

allocated to each polygon. Previous research indicated that

CH4 emission rates were more spatially variable below tribu-

taries than in open-waters in Harsha Lake (Beaulieu et al.

2014), we therefore adopted a sample density that was 10-

fold greater in the tributary than open-water stratum. The

multiple constraints we placed on the design (i.e., allocation

of sample points to many separate tributary areas, sample

points along the length of the largest tributary areas, etc.)

resulted in a survey that included 65 and 50 sites in the

open-water and tributary strata, respectively (Fig. 1). The

GRTS survey was designed using the spsurvey package (Kin-

caid and Olsen 2015) in the statistical software R (R Develop-

ment Core Team 2015).

The GRTS algorithm in the spsurvey package imposes a

series of nested grids across the sample frame (i.e., reservoir

surface area) which are used to map two-dimensional space

into one-dimensional space. Sample sites are then allocated

to a subset of these grids using a hierarchical randomization

process which ensures a spatially well-balanced sample. The

probability that a sample will be located in a specific grid

cell is proportional to the area of the resource contained

Fig. 1. William H Harsha Lake (Harsha Lake), tributaries, outlet, and sampling sites. Colors differentiate the open-water and tributary strata. Sample

sites were allocated to the polygons within each stratum using an unequal probability GRTS survey design. Letters identify the 13 areas below tributary

inputs that were sampled.
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within the cell. The specific location of a sample point

within a cell is determined by selecting random x and y-

coordinates while ensuring the coordinates fall within the

resource (i.e., within the reservoir). The result is a spatially

balanced probabilistic survey design. Consult Olsen et al.

(2012), Stevens and Olsen (2004), and Kincaid and Olsen

(2015) for a detailed description of the GRTS algorithm.

Methane and CO2 emission rates, dissolved CO2, dis-

solved CH4, dissolved oxygen, alkalinity, pH, specific con-

ductivity, water temperature, barometric pressure, and air

temperature were measured once at each site between 18

August 2014 and 27 August 2014. Chlorophyll a (Chl a) sam-

ples were collected from one tributary and five open-water

sites on 12 August 2014 and 02 September 2014.

Water sample collection

Samples for dissolved CH4 analysis were collected in

160 mL glass infusion bottles. The infusion bottles were pre-

pared in the laboratory by first adding 130 lL of a saturated

mercuric chloride solution to the bottles, capping the bottles

with gray butyl septa and aluminum crimps, and alternately

evacuating to 6.6 Pa and filling with ultra-high purity dinitro-

gen (UHP N2) to 101.3 kPa (101.3 kPa51 atm). After the

third evacuation, 40 mL of UHP N2 was added to each bottle.

Water samples were collected in the field by suspending

the bottle below the water surface, puncturing the septa

with a 27 gauge needle and allowing the vacuum in the bot-

tle to draw water through the needle until the headspace

pressure in the bottle was equal to the hydrostatic pressure

at the needle inlet. The needle was removed underwater and

the sample bottle stored in an opaque box during transport

to the laboratory.

Within 10 d of collection, the infusion bottles were

placed on a shaker table for 1 h to equilibrate the gases

between the aqueous and gas phase. Immediately after the

headspace equilibration, the septa was punctured with a 27

gauge needle connected to a two-way stopcock and 60 mL

syringe. The syringe plunger was withdrawn to 40 mL, the

stopcock closed, and the plunger allowed to relax until the

pressure in the syringe was equal to that of the lab atmos-

phere, typically resulting in a 25 mL gas sample at approxi-

mately 101.3 kPa (101.3 kPa51 atm) pressure. Twenty

milliliters of the sample was then transferred to a pre-

evacuated (<6.6 Pa) 12 mL glass vial capped with a teflon

backed silicon septa stacked on top of a chlorobutyl septa

(order code 736W, Labco Ltd, UK) for analysis. Gas samples

were analyzed for CH4 partial pressure (PCH4
) using a gas

chromatograph (Bruker 450, Massachusetts, U.S.A.) equipped

with an autosampler (PAL LHX-xt, CTC Analytics, Switzer-

land) and flame ionization detector. The dissolved CH4 con-

centration in the original water sample was calculated from

the Bunsen solubility coefficient at the temperature of the

headspace equilibration and a mass-balance for the head-

space equilibration system.

The mercuric chloride preservative depressed the pH of

the water sample in the infusion bottles, therefore dissolved

CO2 in the reservoir could not be determined from the head-

space equilibration. We calculated dissolved CO2 from alka-

linity, water temperature, pH, and specific conductivity

using the seacarb package (Gattuso et al. 2015) in R.

Alkalinity was measured on unfiltered water samples using

the titration method and Chl a was measured via the spectro-

photometric method following acetone extraction (APHA

2012). We measured pH, water temperature, dissolved oxygen,

and specific conductivity using a data sonde (YSI 6600, Yellow

Springs, Ohio, U.S.A.). Air temperature was measured using an

alcohol thermometer and pressure was measured using a

barometer (YSI MDS, Yellow Springs, Ohio, U.S.A.).

Emission rate measurements

We measured CO2 and CH4 emission rates using 20 L float-

ing acrylic chambers tethered to a drifting boat via a 1 m long

boom. The chamber headspace was recirculated through a

portable CH4 and CO2 analyzer (Ultraportable Greenhouse

Gas Analyzer, Los Gatos Research, Los Gatos, Colorado,

U.S.A.) carried on-board the boat and powered with a 12 V bat-

tery. The analyzer measures CO2 and CH4 partial pressures

(PCO2
and PCH4

, respectively) at 1 Hz using off-axis integrated

cavity output spectroscopy. To minimize analytical noise, we

averaged partial pressure measurements made at a frequency

of 1 Hz for 20 s before recording a value. The chamber was

deployed for 5 min at each site, resulting in 15 recorded partial

pressure values per deployment.

We calculated diffusive CO2 and CH4 emissions, and

when possible, CH4 ebullition. Methane ebullition was appa-

rent as an abrupt PCH4
increase in the chamber headspace,

whereas diffusive emissions caused PCH4
and PCO2

to change

at a relatively constant rate (Supporting Information Fig. S1).

Diffusive emission rates (Egas,D) were calculated from a

Table 1. Watershed drainage area and reservoir surface area
associated with the 13 largest tributaries draining into Harsha
Lake. Tributary labels correspond to the site map in Fig. 1.

Tributary Surface area (km2) Drainage area (km2)

A 0.47 665.0

B 0.30 110.6

C 0.13 65.0

D 0.003 10.0

E 0.010 9.1

F 0.007 5.2

G 0.009 3.5

H 0.024 3.1

I 0.003 2.6

J 0.011 2.6

K 0.002 2.0

L 0.002 2.0

M 0.007 1.0
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minimum of five partial pressure measurements recorded

prior to ebullition following:

Egas;D5
dPgas

dT

V

A

� �

P

RT

� �

(1)

where
dPgas

dT is the rate of change of PCH4
or PCO2

in the cham-

ber headspace, V is the chamber volume, A is the area of the

chamber opening, P is the pressure in the chamber head-

space, R is the universal gas constant, and T is temperature

in the chamber headspace. The rate of change of Pgas in the

chamber headspace was calculated using simple linear regres-

sion and a non-linear model. Linear models underestimate
dPgas

dT at t50 when the rate of change of Pgas decreases during

the deployment, which can occur in response to the lessen-

ing of the concentration gradient between the headspace

and the water body during the deployment. The non-linear

model took the form:

Pgas;t5Pgas;max– ½ Pgas;max–Pgas;0

� �

exp 2Kt
� �

(2)

where Pgas,t and Pgas,0 are PCH4
or PCO2

at time5 t and time50,

respectively, Pgas,max is the maximum PCH4
or PCO2

observed

during the deployment, and K is a rate constant (Demello and

Hines 1994; Stolk et al. 2009). These terms are regression

parameters that were estimated using non-linear curve fitting

procedures in the minpack.lm library (Elzhov et al. 2013) in

the statistical software R. The regression parameters were used

to calculate the rate of change of Pgas at t50 following:

dPgas

dT
5K Pgas;max2Pgas;0

� �

(3)

Akaike information criterion (AIC) was used to determine

whether the linear of non-linear model best described the

data and only models with an r2>0.9 were retained.

When fewer than five PCH4
measurements were recorded

prior to a CH4 ebullition event, or the CH4 model had an

r2<0.9, ECH4 ;D was calculated from the measured dissolved

CH4 concentration and an estimated CH4 gas transfer veloc-

ity (kCH4
):

ECH4;D5kCH4
ðCCH4;W2CCH4;eqÞ (4)

where CCH4;W is the measured CH4 concentration in the

water (see below) and CCH4;eq is the concentration of CH4 in

the surface water at equilibrium with the atmosphere (Wan-

ninkhof et al. 2009). The equilibrium dissolved CH4 concen-

tration was calculated from the CH4 partial pressure in the

atmosphere (assuming 100% humidity) and the temperature

specific Bunsen solubility coefficient (Colt 2012). The CH4

gas transfer velocity was calculated one of two ways. In the

first approach, kCH4
was estimated from kCO2

which was cal-

culated by rearranging Eq. 4 and substituting CO2 for CH4.

This approach was employed when the chamber data

allowed for the calculation of ECO2;D and the water pH<8.5.

At high pH, kCO2
is enhanced relative to kCH4

by the reaction

of CO2 with hydroxide, which maintains a steeper CO2 con-

centration profile at the air–water interface (Schindler et al.

1972; Bade and Cole 2006; Wanninkhof et al. 2009). The

CH4 gas transfer velocity was calculated from kCO2
according

to:

kCH4
5kCO2

ScCH4

ScCO2

� �

20:5

(5)

where Sc is the Schmidt number for CH4 (ScCH4
) and CO2

(ScCO2
) (Wanninkhof et al. 2009). Schmidt numbers were cal-

culated following Wanninkhof (1992). If ECO2;D could not be

calculated or the water pH>8.5, kCH4
was assumed to be

equal to the average of the kCH4
values measured at the 2–3

closest sites on the same day.

The total CH4 emission rate (ECH4;T ) represents the sum of

the ebullitive (ECH4;E) and diffusive (ECH4;D) emission rates. In

the instances where no ebullition was observed, ECH4;T was

equal to ECH4;D. When ebullition was observed, however,

ECH4;T was calculated from the difference between the initial

and final PCH4
measurement. The ebullition rate was calcu-

lated as the difference between ECH4;T and ECH4;D.

Data analysis

We calculated population level estimates of the mean

ECH4;T , ECH4;E, and ECH4 ;D at the stratum (i.e., open-water,

tributary) and whole-reservoir scale using an approach based

on the Horvitz–Thompson theorem as described in Stevens

and Olsen (2003). Population level estimates of variance

(i.e., 95% confidence interval) were calculated using the local

neighborhood variance estimator (95% CILN) (Stevens and

Olsen 2003) and the Horvitz–Thompson variance estimator,

which is based on the assumption of independent random

sampling (95% CIIRS). The local neighborhood variance esti-

mator is designed for surveys conducted over space as it can

incorporate spatial patterns of the data thereby producing

narrower confidence limits than other variance estimators

(Stevens and Olsen 2003). Differences in emission rates

between the open-water and tributary strata were deter-

mined to be statistically significant if the population mean-

695% CILN did not overlap. Population level estimates were

made using the spsurvey package (Kincaid and Olsen 2015)

in R.

We calculated extent estimates of the proportion of the

three spatial areas (e.g., open-water, tributary, and whole-res-

ervoir) that supported ebullition. The analysis was based on

whether or not ebullition was observed at each site (i.e.,

coded as True or False) and was executed using the cat.analy-

sis function in spsurvey package.

To detect spatial patterns in CH4 ebullition, we created

Thiessen polygons around the sample sites, clipped those
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polygons to the contour of the lake, and used the polygons

to define neighborhoods around the sampling sites based on

rook-style contiguity (Bivand et al. 2008). We used a join

count statistic to determine if the presence or absence of

ebullition in the polygons exhibited spatial autocorrelation

(de Smith et al. 2013).

To determine whether differences in CH4 emission rates

between strata could be explained by depth, or whether fac-

tors other than depth played a role, we used a generalized

least squares model to compare CH4 emission rates measured

at similar depths in the two stratum. We only used observa-

tions made at sites with water depths that were represented

in both strata, therefore all sites<1 m (i.e., sites<1 m deep

occurred exclusively in the tributary stratum) and>4 m (i.e.,

sites>4 m deep occurred predominantly in the open-water

stratum) in depth were excluded from the analysis. The anal-

ysis was done using the nlme package (Pinheiro et al. 2011)

in R.

To examine the relationship between sampling effort and

population estimates of the total CH4 emission rate, we cal-

culated the mean and 95% CILN using subsets of the survey

data. Each sample subset was created by selecting the first

“n” and “m” points from the list of open-water and tributary

sites used in the full survey, respectively. Each sample subset

created in this manner represents a spatially balanced proba-

bilistic survey design. Each sample subset had the same ratio

of open-water to tributary sites (65: 50) used in the full

survey.

Results

Dissolved gases and water chemistry

Dissolved CH4 was supersaturated at all sites (range; 139–

3117% saturation) and concentrations ranged from 0.14–3.1

lM in the open-water stratum and 0.31–2.9 lM in the tribu-

tary stratum (Table 2). Carbon dioxide was undersaturated at

all open-water sites (range: 8–54% saturation, 0.9–5.8 lM),

but was more variable in the tributary-area stratum with con-

centrations ranging from 0.8 lM to 129 lM (7.5–11,470%

saturation; median5129% saturation). All sites in the open-

water stratum had a pH in excess of 8.8 (range: 8.8–9.4),

while lower pH values were observed at some sites in the

tributary-area stratum (range: 7.5–9.4). Alkalinity ranged

from 82 to 144 mg CaCO3 (mean: 96 mg CaCO3), and was

very similar among strata. Dissolved oxygen saturation

ranged from 51% to 166% (3.4–10.5 mg L21) across the res-

ervoir and tended to be higher in the open-water (mean:

128%) than tributary-area (mean: 104%) stratum. The mean

surface water temperature was 27.38C and was very similar

among strata. Mean Chl a was 26 lg L21 and 20 lg L21 on

12 August 2014 and 02 September 2014, respectively.

Emission rates

Linear and non-linear models were fit to the 86 chamber

deployments where five or more PCH4
measurements were

recorded prior to ebullition. Forty five of these 86 PCH4
pro-

files were best described by the non-linear model, according

to AIC, and the others were best described by the linear

model. Only two of the models had an r2 value<0.90 (0.80

and 0.89) and the mean r2 of the best model was 0.98.

In 29 of the 115 chamber deployments, four or fewer PCH4

measurements were recorded prior to rising bubbles emerg-

ing into the chamber headspace. Since we required five or

more PCH4
measurements to calculate diffusive emissions (see

“Emission rate measurements” section) from the chamber

deployments, ECH4;D was calculate using an alternative

method. In six of these instances, ECH4;D was estimated from

KCO2
and the dissolved CH4 concentration. All six chamber

PCO2
profiles used to calculate KCO2

had r2 values>0.93. In

the remaining 23 sites, plus the two sites where the model

fit to the PCH4
data had an r2<0.9, ECH4;D was estimated

from KCH4
measured at nearby sites.

Diffusive CH4 emission rates were more variable in the

tributary-areas (range (sd): 0.07–6.18 (1.38) mg CH4 m2 h21;

Fig. 2A) than open-water areas (range (sd): 0.03–2.18 (0.43) mg

CH4 m2 h21). The population mean ECH4 ;D (695% CILN) was

0.47 (60.16), 1.61 (60.95), and 0.60 (60.25) mg CH4 m2 h21

in the open-water, tributary, and whole-reservoir areas,

respectively (Table 3). The tributary-areas were the source

of 22% of diffusive emissions at the reservoir scale.

There was significant positive spatial autocorrelation in

the presence or absence of ebullition across the 115 sites

Table 2. Mean, range, and standard deviation (SD) of dissolved methane (CH4), dissolved carbon dioxide (CO2), pH, alkalinity,
dissolved oxygen (DO), and water temperature at the study sites.

Open-water Tributary-area

Mean Range SD Mean Range SD

Dissolved CH4 (lM) 0.39 0.14–3.12 0.38 1.08 0.31–2.94 0.6

Dissolved CO2 (lM) 2.4 0.9–5.8 1.2 22 0.8–129 25

pH 9.1 8.8–9.4 0.2 8.5 7.5–9.4 0.5

Alkalinity (mg CaCO3 L21) 91 84–98 5 102 82–144 15

DO (mg L21) 8.3 5.8–10.5 1 6.72 3.4–9.9 1.5

Water temperature (8C) 27.2 24.8–30.1 1.1 27.4 25.7–30.8 1.3
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(Fig. 3). Sites that had ebullition were more likely to have

neighboring sites with ebullition than predicted by chance

alone (Join count525.1, p<0.0001) and sites without ebulli-

tion were more likely to have neighboring sites without

ebullition than predicted by chance alone (Join count513.6,

p<0.0001). The population extent estimate (695% CILN) for

the occurrence of ebullition was 47% (610), 84% (69), and

51% (69) for the open-water, tributary, and reservoir areas,

respectively. Ebullition rates ranged from 0–136.1 mg CH4

m2 h21 in the open-water areas and 0–186.1 mg CH4 m2 h21

in the tributary-areas. Ebullition rates were highly variable at

sites<10 m deep (range: 0–186.1 mg CH4 m2 h21), although

the highest rates (i.e., those in the upper 15th percentile of

the distribution) were strictly limited to these shallow waters

(Fig. 4A). Overall, ebullition rates were weakly correlated

with water depth (Spearman’s q520.15). The population

mean ECH4;E (695% CILN) was 4.4 (62.1), 31.4 (610.8), and

7.7 (62.2) mg CH4 m22 h21 in the open-water, tributary

areas, and reservoir strata, respectively (Table 3). The

tributary-areas were the source of 43% of the ebullitive CH4

emissions at the reservoir scale.

Total CH4 emissions reflect the sum of diffusive emissions

and ebullition (Fig. 2). The population mean ECH4 ;T (695%

CILN) was 4.8 (62.1), 33.0 (610.7), and 8.3 (62.2) mg CH4

m2 h21 in the open-water, tributary, and reservoir areas,

respectively (Table 3). The gls model indicated that ECH4;T at

1–4 m depths was greater in the tributary than open-water

stratum (p50.0006, Fig. 4B). Ebullition represented>90% of

Fig. 2. Total methane emission rates measured at the 115 sample sites across Harsha Lake. The reservoir perimeter is indicated in black on the xy

plane and the magnitude of the emission rate is indicated by the size of the circle and the height of the black line according the scale on the z-axis.

Table 3. Population estimates of the mean and 95% confidence interval (mg CH4 m22 h21) methane emission rate for the reser-
voir, open-water, and tributary stratum. Confidence interval is calculated with the local neighborhood variance estimator (95% CILN)
and the independent random sample estimator (95% CIIRS). Percent reduction is the CILN estimate compared with the CIIRS estimate.

Stratum Emission type Population mean 95% CIIRS 95% CILN Percent reduction

Reservoir Diffusion 0.60 0.48–0.73 0.51–0.7 24

Open-water 0.47 0.36–0.57 0.38–0.55 19

Tributary-area 1.61 1.09–2.13 1.13–2.08 9

Reservoir Ebullition 7.66 4.54–10.79 5.43–9.9 28

Open-water 4.38 1.84–6.92 2.28–6.48 17

Tributary-area 31.4 17.8–44.93 20.55–42.18 20

Reservoir Total 8.27 5.11–11.42 6.04–10.5 29

Open-water 4.84 2.3–7.39 2.74–6.94 18

Tributary-area 33.0 19.41–46.53 22.27–43.67 21
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total CH4 emissions from each strata and the tributary stra-

tum was the source of 42% of total CH4 emissions at the res-

ervoir scale.

All emission pathways (i.e., diffusion, ebullition, and total

emissions) exhibited a strong spatial pattern with the highest

rates generally occurring in the three large eastern tributary

arms and the lowest rates occurring in the western open-

water basin (Figs. 2, 3). The local neighborhood variance

estimator took advantage of these patterns and produced

confidence intervals that were up to 29% lower than those

calculated using the IRS procedure (Table 3).

Discussion

In this study, we used a spatially balanced probabilistic

survey design to estimate the mean (695% CI) CH4 emission

rate for a reservoir at multiple spatial scales (e.g., whole-

reservoir, tributary stratum, open-water stratum). The results

support our hypothesis that reservoir areas below tributary

inflows support higher and more variable emission rates than

open-water areas, highlighting the importance of including

tributary areas in reservoir CH4 surveys. We also found that

ebullition comprised >90% of total CH4 emissions at all spatial

scales, indicating that surveys which only capture diffusive

emissions, such as those based on measurement of dissolved

CH4 concentration (Hofmann 2013), may greatly underesti-

mate total CH4 emissions. Finally, we demonstrate how GRTS,

a well-developed and readily accessible statistical survey design,

can be used to generate system-scale estimates of CH4 emis-

sions rates that (1) build on expert knowledge through the

incorporation of strata hypothesized to be important in the

system and (2) utilize spatial patterns to reduce uncertainty.

Fig. 3. Thiessen polygons for each sampling point. Polygons are color coded based on whether or not ebullition was observed at the sampling site.

Sites where ebullition was observed were more likely to have neighboring sites with ebullition than predicted by chance alone. Similarly, sites where

ebullition was absent were more likely to have neighboring sites without ebullition than predicted by chance alone.
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tributary area suggests that these areas should be well charac-

terized in efforts to generate system-scale estimates.

We also observed variability in CH4 emission rates among

the 13 tributary areas sampled in this survey (Fig. 4A). Nine of

the ten highest emission rates observed in the tributary stra-

tum occurred below the three tributaries with the largest

drainage areas (Fig. 4A; Table 1), suggesting that watershed

area might play a role in regulating CH4 emission rates from

areas below tributary inflows, possibly because the amount of

organic matter transported by rivers scales with watershed area

(Moeller et al. 1979). Not only did the areas below the three

largest tributaries support the highest emission rates observed

within the tributary stratum, they also comprise over 90% of

the cumulative surface area of the 13 tributary areas (Table 1).

This suggests that the vast majority of CH4 emissions from the

tributary stratum emanated from the areas below the three

largest tributaries with the remaining 10 tributary areas mak-

ing a comparatively small contribution. From a survey design

perspective, this finding indicates that whether these 10

smaller areas were included in the tributary stratum and allo-

cated sampling points, as was done here, or merged with the

open-water stratum and sampled on an equal probability basis,

would have little effect on the system-scale emission estimate.

Therefore to optimize the trade-off between sampling effort

and obtaining a constrained variance estimate in this reser-

voir, survey designs should include the greatest sampling den-

sity below the largest tributaries where emission rates are

highest and most variable, while sampling the balance of the

reservoir at a lower density.

The ideal survey design will vary among individual reser-

voirs based on numerous factors, but practitioners should

carefully consider whether the system of interest is likely to

contain CH4 emission hot spots. Even relatively small hot-

spots can be the dominant source of reservoir-scale emis-

sions and should be included in survey designs. In an

extreme example of this pattern, Grinham et al. (2011)

reported that the 2–7% of the surface area of a reservoir

below the main tributary in a subtropical reservoir in Aus-

tralia was the source of up to 97% of reservoir-scale emis-

sions. Emission hot spots are not always confined to the

areas below tributaries, however. Sediment trapping immedi-

ately above dams in small reservoirs separated by stretches of

flowing waters along rivers can lead to CH4 emission hot

spots (DelSontro et al. 2010; Sobek et al. 2012; Maeck et al.

2013). Others have reported emission hot spots associated

with shallow littoral (Keller and Stallard 1994) and draw

down (Chen et al. 2009) zones.

Relative importance of ebullition and diffusion

The highest ebullition rates (i.e.,>30 mg CH4 m22 h21)

were restricted to sites with water depths<10 m (Fig. 4A),

which is consistent with reports from many other lakes and

reservoirs (Ostrovsky et al. 2008; Gunkel 2009; DelSontro

et al. 2011). This pattern is generally attributed to lower

hydrostatic pressure at shallow depths which allows bubble

formation to occur at lower total dissolved gas pressures in

sediment porewaters (Bastviken et al. 2004; Ostrovsky et al.

2008; Sturm et al. 2014). Furthermore, CH4 diffuses from

bubbles into the surrounding water as they rise through the

water column. The amount of CH4 that is removed from

bubbles during their rise is proportional to the rise height,

such that the fraction of the original bubble-CH4 transported

to the water surface is inversely related to water depth

(Ostrovsky et al. 2008). While previous studies have used the

negative relationship between depth and ebullition rates to

upscale ebullition to an entire water body (Bastviken et al.

2004; Martinez and Anderson 2013), we found that the cor-

relation was relatively weak (Spearman’s q520.15) in this

study, partly due to the extreme variability of ebullition rates

in the shallow waters. This suggests that while water depth

may exert a strong control on ebullition rates, other factors,

such as sedimentation rates, are also important (Joyce and

Jewell 2003; DelSontro et al. 2015). An important implica-

tion of the high variability of ebullition rates in shallow

waters observed in this study is that survey designs should

include a high density of sampling sites in these areas to

reduce uncertainty in population estimates. This is high-

lighted by the twofold larger 95% CI for the tributary strata

as compared with the open-water strata, despite the tributary

strata being sampled at a 10-fold greater density than the

open-waters.

The population extent estimates indicate that ebullition

was pervasive throughout the tributary stratum (i.e., 84% of

the surface area emitting bubbles), which is consistent with

reports for tributary associated areas in other reservoirs (Del-

Sontro et al. 2011; Grinham et al. 2011). The proportion of the

open-water stratum emitting bubbles (i.e., 47% of surface area)

was surprisingly high, however. For example, ebullition was

found to be very uncommon in bays (max depth: 20 m depth)

not receiving direct river inflows in a tropical reservoir (Del-

Sontro et al. 2011) and at depths greater than 12 m in a sub-

tropical reservoir (Grinham et al. 2011). The relatively high

frequency of ebullition in the open water stratum in Harsha

Lake may be a result of high algal biomass densities which

enrich the sediments with autochthonous carbon that can

greatly stimulate CH4 production (West et al. 2012, 2015).

Although ebullition extent and CH4 flux was much lower in

the open-water than tributary stratum, ebullition was the

source of 90% of total open-water CH4 emissions and 93% of

whole-reservoir CH4 emissions. This finding is consistent with

reports that ebullitive emissions far exceed diffusive emissions

in many temperate, subtropical, and tropical reservoirs (Keller

and Stallard 1994; Joyce and Jewell 2003; DelSontro et al.

2010; DelSontro et al. 2011; Grinham et al. 2011; Sobek et al.

2012; Sturm et al. 2014), highlighting the importance of

including ebullition in emission surveys. It should be noted,

however, that emissions from cold and well oxygenated boreal
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reservoirs appear to be dominated by diffusive emissions (Teo-

doru et al. 2012).

Comparison to other studies

Several literature reviews suggest that total CH4 emission

rates from temperate reservoirs are typically less than 1 mg

CH4 m22 h21 (Barros et al. 2011; Bastviken et al. 2011). The

total CH4 emission rate reported here (8.362.2 mg CH4 m2

h21) is well above that value and is in the range more fre-

quently reported for tropical reservoirs. However, recent stud-

ies that included hot spots in temperate zone reservoirs have

reported emission rates ranging from 4 mg CH4 m2 h21 to

13 mg CH4 m2 h21 (DelSontro et al. 2010; Maeck et al. 2013;

Beaulieu et al. 2014) (excluding CH4 released during passage

through the dam), suggesting that emissions from temperate

systems may have been systematically underestimated.

Bias in the selection of sample sites can affect system-

scale estimates, possibly contributing to some of the variabil-

ity among previously published estimates. To explore poten-

tial bias in emission estimates for Harsha Lake, we calculated

the total CH4 emission rate following the survey design pre-

sented in Beaulieu et al. (2014). In this study, one sampling

site was established in the largest tributary area and five sites

in open-water areas. Reservoir scale estimates were calculated

by weighting the tributary site by 0.05, the proportion of the

reservoir surface attributed to the tributary area. Using meas-

urements made at locations nearby these six sites in this

study, we calculate total CH4 emission rates ranging from

4.1 mg CH4 m2 h21 to 7.1 mg CH4 m2 h21, depending on

which site is used to represent the tributary area [i.e., three

sites in this study are located nearby the tributary site used

in Beaulieu et al. (2014)]. This range of values reflects the

spatial variability in the tributary areas, further highlighting

the importance of sampling these areas at a high spatial den-

sity. Regardless of which site is used to represent the tribu-

tary area, the estimates are biased low compared with the

GRTS results (8.362.2 mg CH4 m2 h21) and this bias would

be even more extreme if the original survey had not

included a tributary site (2.1 mg CH4 m2 h21). While this

analysis highlights how judgment samples can produce

biased estimates, it also demonstrates how judgment samples

can be critically important for identifying spatial patterns

(i.e., hot spots) that can inform the design of subsequent

probabilistic survey designs.

The survey design used in this work included more sam-

ple sites and a higher sample density than any previously

published investigation using similar measurement methods.

One reason for the large sample size is that we placed multi-

ple constraints on the survey design including the require-

ment that samples be distributed throughout the length of

the largest tributary areas and within many separate tribu-

tary areas (i.e., 13 areas, Table 1). As discussed above, the

inclusion of very small tributary areas likely did not improve

system-scale estimates, suggesting that future surveys could

employ fewer samples with minimal loss of information.

Given limited resources, investigators must optimize survey

designs to meet their data quality needs with the minimum

sample size. This consideration becomes even more apparent

when designs are expanded to include a temporal element

(i.e., detection of seasonal patterns or long-term trends). Our

analysis of subsets of the survey data indicate that estimates

of the mean total CH4 emission rate stabilized at sample

sizes of �15 and �20 in the tributary and open-water stra-

tum, respectively (Fig. 5); however, at this sample size the

confidence interval for the system-scale emission rate was a

factor of 1.15 greater than the mean (i.e., 9.6265.53 mg

CH4 m22 h21). With further increases in sampling effort the

95% CILN declined to a minimum of 54% of the mean at a

sample size of 115. These results suggest that generating

well-constrained emission estimates requires a larger sam-

pling effort than is needed to generate accurate estimates,

therefore investigators should consider their data quality

needs with respect to both accuracy and precision when

designing surveys. We recommend conducting preliminary

surveys to generate information regarding spatial patterning

and variability that can be used to design efficient surveys

that meet data quality needs (Reynolds 2012).

Spatial pattern and monitoring

System-scale estimate of CH4 emission rates convey little

information if not accompanied by clearly defined and well-

constrained estimates of uncertainty. One feature of GRTS

designs is that they allow for uncertainty estimation using a

local neighborhood (LN) variance estimator (Stevens and

Fig. 5. Population mean (6 95% CILN) methane emission rate as a

function of sample size for the tributary stratum, open-water stratum,

and whole-reservoir.
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Olsen 2003) which utilizes spatial pattern to produce better

constrained uncertainty estimates than approaches that

ignore spatial pattern. This approach has been used to improve

uncertainty estimation for a broad range of ecological proper-

ties including the biological condition of aquatic ecosystems

in the United States (US Environmental Protection Agency

2009), lake evaporation rates (Brooks et al. 2014), and chloro-

phyll density within a reservoir (Stevens and Olsen 2003). In

this study, all emission pathways (i.e., diffusion, ebullition,

and total emissions) exhibited a strong spatial pattern with the

highest rates generally occurring in the three large eastern trib-

utary arms and the lowest rates occurring in the western open-

water basin (Figs. 2, 3). This spatial pattern was reflected in LN

uncertainty estimates that were up to 29% more constrained

than estimates that ignored spatial pattern (Table 3).

Spatial patterns in CH4 emission rates within reservoirs

may be induced by spatial patterns in the factors that con-

trol CH4 production and evasion (sensu Fortin et al. 2002).

For example, spatial patterns in water depth and sediment

characteristics (Pearson and Rose 2001) likely conspire to

generate spatial patterns in CH4 emission rates. Spatial pat-

terns in CH4 emission rates have been reported by numerous

investigators and may be quite common. For example, Hof-

mann (2013) reported a strong offshore-directed gradient in

CH4 emissions between the littoral and open-water areas of a

reservoir in Western Europe. Several investigators have

reported a gradient in emission rates between river inflows

and open-water areas (DelSontro et al. 2011; Grinham et al.

2011; Musenze et al. 2014; Sturm et al. 2014) while others

have reported spatial gradients between dams and river seg-

ments in run of the river reservoirs (Maeck et al. 2013). In

all of these cases, uncertainty estimation could benefit from

a computational approach that utilizes spatial patterns.

Conclusions

In this study, we used a spatially balanced probabilistic sur-

vey design to estimate the mean (695% CI) CH4 emission rate

at multiple spatial scales within a reservoir. We found that

emission rates from areas below tributary inflows are greater

than those in open-water areas and that ebullition was the

dominant emission mechanism throughout the reservoir,

despite relatively deep waters in portions of the system. The

reservoir-scale CH4 emission rate estimate was relatively high

for a temperate zone reservoir, likely because our survey

included emission hot-spots, suggesting that previous investi-

gations have underestimated emissions from these systems.

Our survey results are consistent with numerous literature

reports indicating that CH4 emission rates can exhibit strong

intra-reservoir variability and highlight the need to account

for spatial patterns in reservoir-scale emission estimates.

While several approaches are available for designing spatial

surveys, we used a GRTS design to generate CH4 emission rate

estimates at multiple spatial scales. GRTS designs produce

unbiased estimates and have the added benefit of reducing

uncertainty by incorporating spatial pattern into variance esti-

mates. The use of GRTS, or other probabilistic survey designs,

can improve the accuracy and precision of reservoir emission

rate estimates, which is needed to identify the factors that

control reservoir-CH4 emission rates and to better constrain

uncertainty in global scale emission estimates.
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ABSTRACT: Reservoirs are a globally significant source of methane (CH4), although most measurements have been made in
tropical and boreal systems draining undeveloped watersheds. To assess the magnitude of CH4 emissions from reservoirs in
midlatitude agricultural regions, we measured CH4 and carbon dioxide (CO2) emission rates from William H. Harsha Lake
(Ohio, U.S.A.), an agricultural impacted reservoir, over a 13 month period. The reservoir was a strong source of CH4 throughout
the year, emitting on average 176 ± 36 mg C m−2 d−1, the highest reservoir CH4 emissions profile documented in the United
States to date. Contrary to our initial hypothesis, the largest CH4 emissions were during summer stratified conditions, not during
fall turnover. The river−reservoir transition zone emitted CH4 at rates an order of magnitude higher than the rest of the
reservoir, and total carbon emissions (i.e., CH4 + CO2) were also greater at the transition zone, indicating that the river delta
supported greater carbon mineralization rates than elsewhere. Midlatitude agricultural impacted reservoirs may be a larger source
of CH4 to the atmosphere than currently recognized, particularly if river deltas are consistent CH4 hot spots. We estimate that
CH4 emissions from agricultural reservoirs could be a significant component of anthropogenic CH4 emissions in the U.S.A.

■ INTRODUCTION

Methane (CH4) is a potent greenhouse gas (GHG) with a heat
trapping capacity 34 times greater than that of carbon dioxide
(CO2) on a 100 year time scale.1 Human activities have more
than doubled atmospheric CH4 concentrations since the
preindustrial era and current levels are unprecedented in at
least the last 650 000 years. Known anthropogenic sources of
CH4 include livestock production, rice agriculture, landfills, and
natural gas mining,2 but current inventories may underestimate
CH4 emissions in the United States,3 suggesting that additional
sources may exist.
An important source of CH4 is microbial activity in the

sediments of aquatic ecosystems. Methane can be transported
from sediments via gas bubble ebullition, molecular diffusion,
or advection through plant stems.4 Ebullition and plant stems
can be important transport mechanisms in shallow waters
and wetlands, but diffusion is typically the dominant evasion

pathway in deeper waters. Methane can also be oxidized to CO2

via methanotrophic bacteria in areas where dissolved CH4 and
oxygen co-occur.4

The evasion of CH4 to the atmosphere from the surfaces of
reservoirs constructed for hydropower and other purposes may
account for up to 20% of the global anthropogenic budget,5 but
these estimates are largely based on measurements made in
undeveloped watersheds in tropical and boreal regions.
Relatively little is known about emission rates from midlatitude
systems, although ∼30% of all reservoirs are located in this
region.6 Global estimates assume that reservoir CH4 emissions
decrease exponentially from the tropics to boreal regions, a
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pattern that is largely attributed to differences in temperature.6

A few studies of midlatitude systems support this pattern;7

however, local scale characteristics, such as watershed land use
or reservoir morphology, may cause CH4 emissions to deviate
from this pattern.
Microbial respiration in oxic sediments mainly produces

CO2, but under anoxic conditions, respiration can also produce
CH4. Impounding river networks promotes sediment anoxia,
and this may be particularly true for midlatitude agricultural
impacted reservoirs that are subject to high nutrient and
sediment loading rates. Watershed soil erosion can stimulate
CH4 production by providing microbial communities with a
large source of carbon (C) that can deplete sediment oxygen
and fuel CH4 production. Algal blooms from excessive nutrient
loading can further enrich reservoir sediments with labile C.9

These factors may result in CH4 emission rates that are much
higher than predicted from the generalized relationship
between latitude and CH4 emissions.6 However, low rates of
methanogenesis during winter may balance high CH4 emission
rates during the summer months, complicating efforts to
predict the magnitude of CH4 emissions from midlatitude
reservoirs.
To assess the possible importance of agricultural impacted

reservoirs in the U.S. anthropogenic CH4 budget, we con-
structed an annual CH4 budget for William H. Harsha Lake,
a eutrophic, seasonally stratified reservoir in southwestern
Ohio (U.S.A.). Methane and CO2 emissions were measured
approximately monthly in six locations throughout the lake
using floating chambers, with increased sampling frequency
in fall to assess the importance of CH4 release during the

ventilation of hypolimnetic waters. We combined the measure-
ments with a conservative estimate of the areal extent of
agricultural impacted reservoirs in the United States to produce a
national scale estimate of CH4 emissions from agricultural
reservoirs.

■ MATERIALS AND METHODS

Study Site.William H Harsha Lake (hereafter referred to as
Harsha Lake) is a 8.74 km2

flood control reservoir built in 1978
on the East Fork Little Miami River in southwestern Ohio
(U.S.A.) (Figure 1). The dam control structure allows for water
withdrawal depths ranging from near the sediment−water
interface to 3 m below the water surface. The reservoir is
located within a state park, where it supports a recreational
fishery, swimming beaches, and drinking water withdrawals.
This warm monomictic reservoir ranges from ca. 4 m deep at
the most upstream portions to 30 m near the dam and has a
storage volume of 111 × 106 and 101.3 × 106 m3 at the summer
and winter pool elevations, respectively. Mean outflows from
the reservoir are 78 × 103 and 369 × 103 m3 day−1 at summer
and winter pool elevations, respectively, corresponding to mean
water residence times of 1424 and 274 days. The reservoir
receives substantial nutrient and sediment loading from the
watershed (64% row crop agriculture) and is frequently on the
state’s advisory list for recreational contact due to excessive
blue-green algae (http://epa.ohio.gov/habalgae.aspx).
Six sites (upstream (UP), east narrows (EN), west narrows

(WN), midpoint (MP), drinking water intake (DW), and out-
fall (OF)) were established to characterize spatial patterns in
CH4 and CO2 dynamics. Sampling began in October 2011 and

Figure 1. William H. Harsha Lake (Harsha Lake), tributaries, outlet, routine sampling sites, and one-time spatial survey sites. The different pool
elevations reflect the change in surface area between the summer and winter pool elevations (224 m and 222 m, respectively). The area upstream of
the line labeled ‘downstream limit of UP site influence’, was used to calculate the portion of the reservoir defined as having a methane (CH4)
emission rate equal to that measured at UP. Results of the CH4 emission rates (± SE, mg C m−2 d−1) measured during the one-time spatial survey,
completed on 8 January 2013 in the eastern portion of the reservoir, are reported adjacent to each sampling point as a mean ± SE.

Environmental Science & Technology Article

dx.doi.org/10.1021/es501871g | Environ. Sci. Technol. 2014, 48, 11100−1110811101



continued on a monthly basis until June 2012, when the
frequency was increased to every 3 weeks. Sampling fre-
quency was further increased to weekly from October 2012
to November 2012 to better characterize emissions during
fall turnover, defined as the period between when thermal
stratification begins to degrade and isothermal conditions are
achieved.
On 08 January 2013, we measured CH4 emission rates from

two of the routine sampling sites (UP and EN) and an addi-
tional 8 sites in the upstream reaches of the reservoir (Figure 1).
The objective of this sampling was to determine if bays with
tributaries had higher CH4 emission rates than open water sites.
Water Sample Collection. Water samples were collected

for dissolved CH4 analysis from 0.1 m below the surface and
1 m above the sediment at all sites. During summer stratifica-
tion (9 May 2012 to 24 Oct 2012) additional samples were
collected at 5 m increments throughout the water column
at the OF site. At least 10% of the samples were collected in
duplicate. Water samples were collected in 125 mL serum
bottles and preserved with 1000 μL of saturated mercuric
chloride solution. Bottles were capped with gray butyl rubber
septa and stored at 5 °C until sample analysis. During the
summer of 2013 (24 July, 27 August) seven water samples were
collected from throughout the water column at the OF site and
analyzed for CH4 concentration and δ13CCH4.
We extracted dissolved gases from the water samples using

headspace equilibration.10 The headspace equilibration was
conducted at room temperature by injecting 20 mL of ultra
high purity dinitrogen (N2) into the sample serum vial, while
allowing an equivalent volume of water to be displaced from
the bottle through a vent needle. The water bottles were then
shaken for at least 1 h before the headspace was analyzed. The
original dissolved gas concentration was calculated using the
measured headspace gas concentration and temperature specific
Bunsen solubility coefficients.11,12 Equilibrium dissolved CH4

concentrations were calculated for each sampling date using
water temperature, barometric pressure, and their average
global atmospheric concentration.13 Dissolved gas saturation
ratio was calculated as the ratio of measured to equilibrium
dissolved gas concentrations.
We measured water temperature and dissolved oxygen using

a data sonde (YSI 600 OMS, Yellow Springs, Ohio, U.S.A.) at
each depth where a water sample was collected. Atmospheric
pressure was measured using an electronic barometer on each
sampling date (YSI 650 MDS, Yellow Springs, OH, U.S.A.). We
measured CH4 and CO2 using a Shimadzu GC-2014 (Kyoto,
Japan) or Bruker 450 (Billerica, MA, U.S.A.) gas chromato-
graph equipped with a methanizer and flame ionization detector
(FID) (additional details in the extended methods section in the
SI). Methane δ13CCH4 was measured at the University of
California Davis Stable Isotope Facility.14

CH4 and CO2 Emissions. Methane and CO2 emission rates
were measured using the floating chamber technique, as pre-
viously described.15 At each of the six sites, three 20 L
acrylic chambers were supported by air filled flotation collars,
tethered to the boat, and allowed to drift with the boat. Gas
samples (30 mL) were withdrawn from the chamber head-
space every 3 min for 12 min and stored in pre-evacuated glass
vials. Emission rates were computed from the linear regression
of headspace CH4 or CO2 partial pressure against time, after
accounting for the headspace volume and surface area of the
reservoir enclosed by the chamber. Emission rates were only

calculated for chambers where the linear regression was significant
at the p < 0.15 level (see Supporting Information, SI, Methods).
The piston velocity (k; cm hr−1) describes the physical

forcing component of air−water gas exchange and can indicate
whether rising bubbles or diffusive emissions were captured by
the floating chambers. We calculated k from the CH4 and CO2

data for each chamber deployment according to the following:

= −k C Cemission rate/[ ]w eq (1)

where Cw (mg C m−3) and Ceq (mg C m−3) are the measured
and equilibrium dissolved gas concentrations near the water
surface (10 cm).15 If the emissions were purely diffusive, then
piston velocities calculated from CH4 and CO2 should be
identical when normalized to a Schmidt number of 600 (k600).
Values of k600-CH4

that far exceed those of k600-CO2
can occur

when the chambers capture CH4 rich bubbles and were used as
an indicator of ebullition (see SI Extended Methods).
We calculated average reservoir-wide CH4 emission rates for

each sampling date as follows:

= ΣE PReservoir wide emission rate i i (2)

where Ei and Pi are the measured emission rate and proportion
of the reservoir surface area associated with site i, respectively.
The reservoir surface area associated with the UP site was de-
fined as extending from the upstream extent of the impounded
waters along the East Fork Little Miami River, the main
tributary, downstream to the area where the reservoir widens
and the depth reaches 8 m (Figure 1). This boundary was
selected based on the spatial survey conducted in the fall of
2012. The other five routine sampling sites were weighted
equally, because there was no significant difference in emission
rates between these sites.
Reservoir-wide CH4 emissions were estimated for each day

of the study by assuming the emission rate on days between
sampling events was equal to the emission rate measured on the
closest sampling date, and multiplying the reservoir-wide rate
by the reservoir surface area. Daily reservoir surface area was
calculated from the reported elevation of the water surface and
0.3 m resolution elevation data (0.58 m2 grid size) using a
geographic information system (ESRI, Redlands, California,
U.S.A.). An annual reservoir-wide CH4 emission rate was
calculated by summing the daily emissions across the year and
normalizing them to the mean annual reservoir surface area.
The standard deviation of the reservoir-wide annual CH4

emission rate was calculated as the average coefficient of varia-
tion (CV) of the replicate emission rate measurements made at
each site and date, multiplied by the estimated reservoir-wide
annual emission rate (i.e., standard deviation = CV*mean). Stan-
dard error was calculated by dividing the standard deviation by the
square root of the number of sampling dates.
We estimated the total surface area of agricultural impacted

reservoirs in the U.S.A. using data from the National Inventory
of Dams16 and agricultural statistics from the National Agri-
cultural Statistics Service.17 All reservoirs located in counties
with greater than 40 km2 of corn and soybean were defined as
agricultural. This approach does not account for reservoirs
affected by other types of agricultural activities, including
pastures and confined animal feed lots that could deliver
nutrients and sediments to reservoirs.

CH4 Degassing. We estimated CH4 degassing as water
passed through the dam as the product of daily depth-specific
withdrawal rates (provided by the U.S. Army Corps of Engineers)
and the dissolved CH4 concentration at the depth from which
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water was being withdrawn. We used measured CH4 concen-
trations at the “OF” site which was located ca. 150 m from the
withdrawal structure. Linear interpolation was used to extrapolate
CH4 concentration between sampling depths. For dates when
dissolved CH4 was not measured, the CH4 concentration from the
nearest sampling date was used. We assumed that all dissolved
CH4 was emitted (degassed) during transit through the outlet
structure or further downstream.
Hypolimnion CH4 Accumulation, Oxidation, Diffusion,

And Production. We estimated the hypolimnion CH4

production rate (MPhypo) at the OF site during the period of
stratification as the sum of hypolimnion CH4 accumulation
(MAhypo), hypolimnion CH4 oxidation (MOXhypo), and CH4

diffusion from the hypolimnion into the epilimnion (MDhypo).
Detailed descriptions of the calculations can be found in the SI
Extended Methods. The hypolimnion CH4 accumulation rate
was calculated from the depth profiles of CH4 concentration
during stratification as previously described.18 The fraction of
CH4 entering the hypolimnion that was oxidized ( fox) was
estimated from the δ13CCH4 depth profiles at the OF site
using an open-system steady-state model.19,20 The rate of CH4

oxidation in the hypolimnion was calculated as follows:

= ×fMOX MAhypo ox hypo (3)

Methane diffusion across the thermocline from the hypo-
limnion (MDhypo) was calculated from the vertical diffusion
coefficient (K, m2 d−1) and the CH4 concentration gradient
between the top of the hypolimnion and the epilimnion.21

Statistics. We used generalized least-squares (gls) to test for
differences in emission rates among sampling sites and to test
for a relationship between CH4 emission rates and water tem-
perature. Heterogeneity in model residuals was reduced by
adding variance covariates.22 We tested for temporal auto-
correlation by comparing the Akaike’s information criterion
(AIC)23 of models with and without a first-order autoregressive
(AR1) temporal correlation structure.22 The model with the
lowest AIC was retained. When emission rates were found to
differ by site, pairwise comparisons were made using the
Tukey’s test. All statistical analysis were conducted using R.24

The gls models were built with the nlme package25 and Tukey’s
tests were conducted using the multcomp package.26

■ RESULTS

Hydrology, Water Temperature, and Dissolved Oxygen.
Reservoir water levels were close to the management targets of
222.3 and 223.5 m during the winter and summer, respectively
(SI Figure S1). Water levels were dropped to 221 m in April
2012 before the reservoir was filled to the summer management
target. Water levels transitioned between the seasonal manage-
ment targets during fall and were temporarily elevated
following precipitation events during the winter and spring.
The water column was isothermal from 6 Dec 2011 to 9 May
2012, and some degree of thermal stratification was observed
during the balance of the study (SI Figure S2A). The water
column was oxygenated until the onset of thermal stratification,
when the dissolved oxygen (DO) saturation fell to 0.2−3.8% in
the hypolimnion, but remained above 100% in the epilimnion
(SI Figure S2B). During fall turnover, DO was approximately
30% saturated throughout the water column.
Piston Velocities. The median gas piston velocities (k600

in cm h−1) were 4.2 and 27.2 for CO2 and CH4, respectively
(Figure 2). In the 97 instances where k600‑CH4

and k600‑CO2
were

measured in the same chamber (see the SI Methods for data
acceptance criteria), k600‑CH4

was a median factor of 21 times
greater than k600‑CO2

, suggesting that the chambers intercepted
CH4 rich bubbles rising to the water surface. The difference
between the CH4 and CO2 k600 values was most extreme at the
shallowest sites (EN and UP) (p < 0.005).

Methane and Carbon Dioxide. Methane was super-
saturated with respect to atmospheric equilibrium throughout
the study (SI Table S1). Methane concentration ranged from
0.16 to 250 μg CH4 L

−1 in the epilimnion (saturation ratio of
3 to 6800), highest in summer and lowest in the winter (Figure 3).
Hypolimnion CH4 concentration increased exponentially
from the thermocline to the sediment−water interface during
stratification at the deepest site (OF), reaching a maximum
value of 18 500 μg CH4 L

−1 (saturation ratio = 374 700) on 24
Oct 2012 (Figure 4). Differences in CH4 concentration between
shallow and deep waters declined with overall site depth and no
consistent difference was observed at the shallowest site (UP). See
the SI Extended Methods for QA/QC data.
On 24 July and 27 August 2013, δ13CH4 near the sediment

water interface at the OF site ranged from −63.4 to −61.8‰
and increased to −57.5‰ at the top of the hypolimnion
(SI Figure S3), equating to fox values of 0.29 and 0.23,
respectively. We therefore assumed an fox value of 0.25 during
the period of thermal stratification in 2012. Hypolimnion CH4

accumulation (MAhypo) rates at the OF site ranged from 719 to
1531 mg C m−2 d−1 (median =792) (Table 1). Hypolimnion
CH4 oxidation (MOXhypo), calculated as the product of fox and
MAhypo, ranged from 180−383 mg C m−2 d−1 (median =198)
(Table 1). Rates of CH4 diffusion across the thermocline (MDhypo)
ranged from 6−106 mg C m−2 d−1 and increased through-
out the period of thermal stratification (Table 1; see SI

Figure 2. Histogram of (A) piston velocities calculated from dissolved
CH4 concentration and CH4 emission rates (k600‑CH4

), and (B) piston

velocities calculated from dissolved CO2 concentration and CO2 emission
rates (k600‑CO2

). Panels A and B have binwidths of 50 and 0.5, respectively.
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Table S1 for details). Hypolimnion CH4 production (MPhypo)
ranged from 908−1934 mg C m−2 d−1 (median = 1061) (Table 1).
Of 333 chamber deployments, 49 CH4 and 30 CO2 emission

rate calculations resulted in regression models with p values
greater than 0.15 and were assigned an emission rate of 0.
The median coefficient of determination (r2) for the CH4 and
CO2 regression models was 0.94 (range: 0.56−0.99) and 0.97
(range: 0.58−0.99), respectively (SI Figure S4). The mean daily
CH4 emission rate (±SE) at the most upstream site (UP) was
2353 ± 495 mg C m−2 d−1, was one to 2 orders of magnitude
greater than the other sites (p < 0.001; Figure 5A, SI Table S2).
The CH4 emission rates observed near the tributaries during
the one-time spatial survey on 8 Jan 2013 were on average
six times higher than EN, the open water site, but were an order

of magnitude lower than at UP (rates reported alongside
sampling sites in Figure 1). Methane emission rates increased
by 3.5 mg C m−2 d−1 per degree increase in water temperature
(p < 0.001, SI Figure S5). A linear model containing site and
water temperature explained 47% of the variation in CH4

emission rates.
The mean annual CO2 emission rate was lowest at UP (1.3 ±

0.3 g C m−2 d−1) and the rates among the other sites did not
differ, p < 0.001 Figure 5A, SI Table S2). Total carbon emis-
sions (CO2 + CH4), an index for total carbon mineralization,
were greater at UP (mean ± SE: 3.7 ± 0.6 g C m−2 d−1) than
all other sites except EN (p < 0.001; mean ± SE of all sites
excluding UP: 2.2 ± 0.3 g C m−2 d−1) (Figure 5A). The
proportion of mineralized C emitted as CH4 was also greater at
UP (0.60 ± 0.07) than all other sites (p < 0.001, mean ± SE of
all sites excluding UP: 0.11 ± 0.05).

Figure 3. Dissolved methane (CH4) concentration at ∼0.1m depth at
the six sampling sites in Harsha Lake from 25 Oct 2011 to 24 Oct 2012.

Figure 4. Depth profiles of dissolved methane concentration on given
sampling dates at the OF site.

Table 1. Hypolimnion Methane (CH4) Accumulation, Oxidation, Trans-Thermocline Diffusion, And Production Rates
Measured at the Deepest Site (OF) during the 2012 Period of Thermal Stratification

period

hypolimnion CH4
accumulation

(mg CH4−C m−2 d−1)

hypolimnion CH4
oxidationa

(mg CH4−C m−2 d−1)

trans-thermocline
CH4 diffusion

b

(mg CH4−C m−2 d−1)

hypolimnion CH4
productionc

(mg CH4−C m−2 d−1)

05 Jun to 26 Jun 1409 352 6 1777

26 Jun to 17 Jul 719 180 9 908

17 Jul to 07 Aug 1531 383 21 1934

07 Aug to 28 Aug 792 198 35 1024

28 Aug to 03 Oct 764 190 106 1060

aHypolimnion CH4 oxidation calculated as the product of fox and the hypolimnion CH4 accumulation rate. We assigned a value of 0.25 to fox based
on δ13CCH4 data collected during the summer of 2013 (See SI Figure S3). bMethane diffusion is reported as the mean of the diffusion rates
calculated for the first and last day of the measurement period. Positive values indicate net diffusion from hypolimnion into epilimnion.
cHypolimnion CH4 production is calculated as the sum of hypolimnion CH4 accumulation, oxidation, and trans-thermocline diffusion.

Figure 5. (A) Mean (+SE) methane (CH4) and carbon dioxide (CO2)
emission rates at the 6 routine sampling sites. The star denotes that
CH4 emission rates at UP were significantly different than the other
sites (p < 0.001). Methane emission rates did not differ among other
sites. (B) Reservoir-wide CH4 emission rates (±SE) on each sampling
date (solid line, open circles, primary y-axis) and cumulative CH4

emissions from 6 Dec 2011 through 15 Nov 2012 (dashed line,
secondary y-axis).
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After accounting for spatial and temporal variability, we
estimated the mean annual reservoir-wide CH4 emission rate as
176 ± 36 mg C m−2 d−1. Reservoir wide CH4 emission rates
were relatively low during the winter (mean daily emission
rate = 64 mg C m−2 d−1, Figure 5B). Rates increased through
the spring to a seasonal mean of 117 mg C m−2 d−1 and
reached a maximum of 859 mg C m−2 d−1 during the warmest
months. When the lake was undergoing fall turnover (11 Oct
2012−15 Nov 2012), the daily emission rates varied greatly
(47−447 mg C m−2 d−1), but had a mean daily emission rate of
157 mg C m−2 d−1. Approximately half (51%) of the annual
CH4 emissions occurred during the summer. Spring and fall
accounted for 23% and 22% of annual emissions, respectively,
while winter accounted for only 6%.
Release of CH4 to the atmosphere resulting from water

passing through the dam control structure was a relatively small
part of the annual CH4 budget. We estimate that an annual
average of 10.7 kg CH4C d−1 was lost as the water degassed
during transit through the Harsha Lake dam, equivalent to only
0.8% of the total emissions, or 1.22 mg C m−2 d−1.

■ DISCUSSION

Harsha Lake was a consistent source of atmospheric CH4

throughout the year. Despite low CH4 emission rates during
the winter months, average annual CH4 emissions were higher
than previously reported for temperate reservoirs in the United
States and comparable to those reported for tropical reservoirs.6

The furthest upstream portions of the reservoir supported CH4

emissions one to 2 orders of magnitude greater than other
portions of the system, highlighting the importance of including
river deltas in reservoir CH4 budgets.
CH4 Emissions. Seasonal patterns in CH4 emission rates

were characterized by relatively low emissions during the winter
months, maximum rates in the summer months, and small
peaks superimposed on declining emissions during fall turnover
(Figure 5B). Winter emissions were likely limited by low water
temperature and greater O2 availability in bottom waters and
sediments, which reduces the metabolic activity of metha-
nogens.27 The reservoir stratified during the warm summer
months and CH4 progressively accumulated in the hypolimin-
ion, reaching concentrations in excess of 18 000 μg L−1

(saturation ratio >300 000; Figure 4). Despite strong thermal
stratification that prevented the advective transport of CH4

from the hypolimnion to the epilimnion, surface emissions also
reached a maximum during late summer. Sources of CH4 to the
air−water interface during periods of thermal stratification
include diffusion from the hypolimnion,21 lateral transport from
the catchment28 and littoral zone,29 microbial CH4

production in the oxic epilimnion, and ebullition.30 Rates of
CH4 diffusion from the hypolimnion into the epilimnion were
equivalent to a median of 44% (range: 6−481%) of the emis-
sion rate at OF during stratification, indicating that diffusion
was, at times, an important source of CH4 to the epilimnion.
Presumably lateral transport and oxic CH4 production
accounted for the balance, and ebullition may contribute a
significant portion of CH4 emissions, particularly at shallower
sites (see below).
The thermocline progressively sank during fall turnover

(SI Table S1, Figure S2A), causing hypolimnetic CH4 to mix
into the epilimnion where it was either oxidized to CO2 or
emitted to the atmosphere. We expected the greatest reservoir-
wide emission rates to occur during turnover,31 but the
maximum emission rate during turnover (447 mg C m−2 d−1)

was only half the highest rate observed during summer
(860 mg C m−2 d−1), likely because cooler water temperatures
during turnover depressed CH4 production at the shallow sites
more than mixing enhanced CH4 emissions from the deeper
sites. Despite the relatively low rates observed during turnover,
22% of annual CH4 emissions occurred during this time.32

Methane emission rates at the sampling site located near
the delta at the river−reservoir transition zone (UP site)
were consistently one to 2 orders of magnitude greater than the
other sampling sites (Figure 5A). This site was typically the
shallowest included in the study (mean depth = 4.25 m) and
did not stratify during the summer. Shallow waters have been
previously identified as CH4 emission hot spots in lakes and
reservoirs4,29 due partly to low water-column CH4 oxidation
rates. The water residence time of CH4 in shallow waters is
much less than in deeper waters, resulting in reduced methane
oxidation efficiencies leading to an “epilimnetic shortcut”.4 This
scenario is supported by the high ratio of CH4 to CO2

emissions at the upstream site, which suggests that a larger
fraction of the sedimentary CH4 is evading to the atmosphere,
rather than being oxidized to CO2 (Figure 5A).
High rates of CH4 ebullition likely contributed to enhanced

emissions at the UP site. Ebullition rates tend to be highest in
shallow areas because short water residence times limit the
dissolution of CH4 rich bubbles released from the sediment.33

The floating chambers captured both ebullition and diffusive
gas emissions and the k values provide insight into the relative
importance of these emission mechanisms. Piston velocities cal-
culated from CO2 (k600‑CO2

; median = 4.2 cm hr−1, Figure 2B)
were consistent with values previously reported for diffusive
emissions,4,15 suggesting that diffusion was the dominant CO2

emission pathway and that the floating chambers did not arti-
ficially enhance emissions by disturbing the air−water interface.34

Some CH4 piston velocities (k600‑CH4
; median = 27.2 cm hr−1,

Figure 2A) were too large to be attributed strictly to diffusion
and were likely enhanced by surfacing CH4-rich bubbles. The
ratio of k600‑CH4

and k600‑CO2
(median = 21) was greatest at

the two shallowest sites (UP and EN), suggesting that bubble
ebullition was greatest at those sites. The magnitude of the
difference between k600‑CH4

and k600‑CO2
was too large to be

attributed to surfacing microbubbles, which can enhance CH4

gas transfer by 5−9 cm hr−1,15,35 and is likely the result of CH4-
rich macrobubbles.
Another explanation for the high CH4 emissions from the

river delta is that sediment CH4 production at UP was greater
than at the other sites. This is consistent with our finding that
CH4 emissions from the UP site were on average ca. 2.7 times
greater (median =1.6) than rates of CH4 production at OF,
the most downstream and deepest site, possibly because high
loadings and rapid burial of organic matter in river deltas fosters
high rates of sediment CH4 production, as described in the
“deltaic zone” hypothesis.36 This may be particularly important
in reservoirs draining agricultural basins which often have
high rates of soil erosion and subsequent sediment loading to
receiving waters.37 During an additional survey of CH4 emis-
sions near tributaries in Harsha Lake (data reported alongside site
locations in Figure 1), none of the other delta sites had rates as
high as UP, possibly because the other tributaries drained much
smaller basins (60−80 km2) with a lower intensity of agricultural
activity. However, the rates were generally 6 times greater than the
mid reservoir site (EN), providing additional evidence that river
deltas have higher CH4 emissions than open waters. The UP site
also had higher overall respiration rates than the other sites, as
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Σχιενχε�Αδϖισορψ�Βοαρδ�(ΣΑΒ)�προϖιδεσ�τηε�σχιεντιφιχ�ανδ�τεχηνολογιχαλ�εϖαλυατιον.��Τηισ�ψεαρ�Ι�πλαν�το�νοmινατε�

τηε�τηρεε�παπερσ�λιστεδ�βελοω.��Ασ�χοαυτηορσ,�ψου�ωιλλ�αλλ�ρεχειϖε�α�χερτιφιχατε�ιφ�ουρ�νοmινατιον�ισ�αωαρδεδ.��ΕΠΑ�

χοαυτηορσ�ωιλλ�αλσο�βε�ελιγιβλε�φορ�α�χαση�πριζε.��Dιστριβυτιον�οφ�τηε�χαση�αωαρδ�ωιλλ�βε�βασεδ�ον�ψουρ�περχεντ�
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Βεαυλιευ, ϑακε

Φροm: Βαλζ, Αδαm

Σεντ: Τυεσδαψ, Απριλ 28, 2020 2:56 ΠΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Αδαm Βαλζ

ϑακε,�

��Ι�αγρεε�ωιτη�mψ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον�οφ�6%�ον�τηε�φολλοωινγ�παπερσ:�

Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ mετηανε προδυχτιον ανδ 

mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ σουρχε ανδ θυαντιτψ. Λιmνολογψ ανδ 

Οχεανογραπηψ. 

Βεαυλιευ, ϑ. ϑ., D. Α. Βαλζ, Μ. Κ. Βιρχηφιελδ, ϑ. Α. Ηαρρισον, Χ. Τ. Νιετχη, Μ. Χ. Πλατζ, W. Χ. Σθυιερ, Σ. Wαλδο, ϑ. Τ. Wαλκερ, Κ. Μ. Wηιτε, ανδ ϑ. Λ. 

Ψουνγ. 2018. Εφφεχτσ οφ αν Εξπεριmενταλ Wατερ−λεϖελ Dραωδοων ον Μετηανε Εmισσιονσ φροm α Ευτροπηιχ Ρεσερϖοιρ. Εχοσψστεmσ 21:657−

674. 

Βεαυλιευ, ϑ. ϑ., Μ. Γ. ΜχΜανυσ, ανδ Χ. Τ. Νιετχη. 2016. Εστιmατεσ οφ ρεσερϖοιρ mετηανε εmισσιονσ βασεδ ον α σπατιαλλψ βαλανχεδ 

προβαβιλιστιχ−συρϖεψ. Λιmνολογψ ανδ Οχεανογραπηψ 61:Σ27−Σ40. 

���������Τηανκσ�φορ�αλλοωινγ�mε�το�βε�α�mεmβερ�οφ�τηε�τεαm!�

Αδαm�Βαλζ�

Αδαm Βαλζ 
Ενϖιρονmενταλ Σχιεντιστ 
Πεγασυσ Τεχηνιχαλ Σερϖιχεσ, Ινχ. 
Ον−Σιτε Χοντραχτορ το Υ.Σ. ΕΠΑ 
26 W. Μαρτιν Λυτηερ Κινγ Dριϖε 
Χινχιννατι, ΟΗ 45268 
Πηονε: (513) 569 7107 
ε−mαιλ: βαλζ.αδαm≅επα.γοϖ

Φροm:�Βεαυλιευ,�ϑακε�<Βεαυλιευ.ϑακε≅επα.γοϖ>��

Σεντ:�Τυεσδαψ,�Απριλ�28,�2020�9:30�ΑΜ�

Το:�βερβεριχηmε≅γmαιλ.χοm;�Τρινιτψ�Ηαmιλτον�<τρινιτψη≅υmν.εδυ>;�σαραηρωαλδο≅γmαιλ.χοm;�Ισηι�(βυφφαmιι)�Βυφφαm�

<βυφφαmιι≅ΥΧΜΑΙΛ.ΥΧ.ΕDΥ>;�Βαλζ,�Αδαm�<βαλζ.αδαm≅επα.γοϖ>;�Βιρχηφιελδ,�Κειτη�<mκειτηβιρχη≅ωσυ.εδυ>;�Ηαρρισον,�

ϑοην�<ϕοην_ηαρρισον≅ωσυ.εδυ>;�Νιετχη,�Χηριστοπηερ�<Νιετχη.Χηριστοπηερ≅επα.γοϖ>;�Μιχηελλε�Πλατζ�

(πλατζmχ05≅γmαιλ.χοm)�<πλατζmχ05≅γmαιλ.χοm>;�Σθυιερ,�Βιλλ�<σθυιερ.βιλλ≅επα.γοϖ>;�Wαλκερ,�ϑοηνΤ�

<Wαλκερ.ϑοηντ≅επα.γοϖ>;�Wηιτε,�ΚαρενΜ�<Wηιτε.Καρενm≅επα.γοϖ>;�Ψουνγ,�ϑαδε�Λ�ΛΡΛ�

<ϑαδε.Λ.Ψουνγ≅υσαχε.αρmψ.mιλ>;�ΜχΜανυσ,�Μιχηαελ�<ΜχΜανυσ.Μιχηαελ≅επα.γοϖ>�

Συβϕεχτ:�Νοmινατιον�φορ�ΕΠΑ�αωαρδ�

Dεαρ�χολλεαγυεσ,�

Εαχη�ψεαρ�τηε�ΕΠΑ�αχχεπτσ�νοmινατιονσ�φορ�τηε�Σχιεντιφιχ�ανδ�Τεχηνολογιχαλ�Αχηιεϖεmεντ�Αωαρδσ�(ΣΤΑΑ)�προγραm.��Τηε�

ΣΤΑΑ�προγραm�προmοτεσ�ανδ�ρεχογνιζεσ�σχιεντιφιχ�ανδ�τεχηνολογιχαλ�αχηιεϖεmεντσ�βψ�ΕΠΑ�εmπλοψεεσ�Αγενχψρωιδε.��ΟΡD�

προϖιδεσ�ανδ�mαναγεσ�αδmινιστρατιϖε�οϖερσιγητ�οφ�τηε�προγραm,�ωηιλε�ΕΠΑ�σ�Σχιενχε�Αδϖισορψ�Βοαρδ�(ΣΑΒ)�προϖιδεσ�τηε�

σχιεντιφιχ�ανδ�τεχηνολογιχαλ�εϖαλυατιον.��Τηισ�ψεαρ�Ι�πλαν�το�νοmινατε�τηε�τηρεε�παπερσ�λιστεδ�βελοω.��Ασ�χοαυτηορσ,�ψου�



3

Βεαυλιευ, ϑακε

Φροm: Μεγαν Βερβεριχη <βερβεριχηmε≅γmαιλ.χοm>

Σεντ: Τυεσδαψ, Απριλ 28, 2020 1:05 ΠΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Μεγαν Βερβερχη

Ηι�ϑακε,�

�

Γρεατ�το�ηεαρ�αβουτ�τηε�νοmινατιον�φορ�τηε�αωαρδ�ρ�τηανκ�ψου�φορ�ινχλυδινγ�ουρ�ωορκ!�Ι�αγρεε�ωιτη�τηε�δεσιγνατεδ�

περχενταγε�οφ�χοντριβυτιον�(6%)�φορ�τηε�νοmινατεδ�πυβλιχατιονσ:�

ξ Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ mετηανε προδυχτιον 

ανδ mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ σουρχε ανδ θυαντιτψ. Λιmνολογψ ανδ 

Οχεανογραπηψ.�

ξ Βεαυλιευ, ϑ. ϑ., D. Α. Βαλζ, Μ. Κ. Βιρχηφιελδ, ϑ. Α. Ηαρρισον, Χ. Τ. Νιετχη, Μ. Χ. Πλατζ, W. Χ. Σθυιερ, Σ. Wαλδο, ϑ. Τ. Wαλκερ, Κ. Μ. Wηιτε, 

ανδ ϑ. Λ. Ψουνγ. 2018. Εφφεχτσ οφ αν Εξπεριmενταλ Wατερ−λεϖελ Dραωδοων ον Μετηανε Εmισσιονσ φροm α Ευτροπηιχ Ρεσερϖοιρ. 

Εχοσψστεmσ 21:657−674.�

ξ Βεαυλιευ, ϑ. ϑ., Μ. Γ. ΜχΜανυσ, ανδ Χ. Τ. Νιετχη. 2016. Εστιmατεσ οφ ρεσερϖοιρ mετηανε εmισσιονσ βασεδ ον α σπατιαλλψ βαλανχεδ 

προβαβιλιστιχ−συρϖεψ. Λιmνολογψ ανδ Οχεανογραπηψ 61:Σ27−Σ40.�

�

Μψ�ναmε�ανδ�χυρρεντ�οργανιζατιον:�

Μεγαν�Βερβεριχη�

Ιντερνατιοναλ�Ινστιτυτε�οφ�Τροπιχαλ�Φορεστρψ,�ΥΣDΑ�Φορεστ�Σερϖιχε�

ΟνρΣιτε�Χοντραχτορ�

Λυθυιλλο,�Πυερτο�Ριχο�

�

Ιφ�ψου�νεεδ�mψ�παστ�οργανιζατιον,�πλεασε�λετ�mε�κνοω�ανδ�Ι�χαν�mοδιφψ.��

�

Τηανκ�ψου,�

Μεγαν�

�

�
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Βεαυλιευ, ϑακε

Φροm: Τρινιτψ Ηαmιλτον <τρινιτψη≅υmν.εδυ>

Σεντ: Τυεσδαψ, Απριλ 28, 2020 12:57 ΠΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: �Ρεχορδ οφ Περχενταγε Αγρεεmεντ�, Τρινιτψ Ηαmιλτον

Τρινιτψ Ηαmιλτον�

�

Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ 
mετηανε προδυχτιον ανδ mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ 
σουρχε ανδ θυαντιτψ. Λιmνολογψ ανδ Οχεανογραπηψ.�

�

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. �

�

Γοοδ λυχκ! �

Τρινιτψ �

�

ρρ��

Τρινιτψ Λ Ηαmιλτον�
Προνουνσ: Σηε/Ηερ�
Ασσισταντ Προφεσσορ�
Πλαντ ανδ Μιχροβιαλ Βιολογψ �
Χολλεγε οφ Βιολογιχαλ Σχιενχεσ�
Υνιϖερσιτψ οφ Μιννεσοτα�
Στ. Παυλ, ΜΝ 55108�
Τηε−Φρινγε−Λαβ.χοm�

ΡεσεαρχηΓατε�
Γοογλε�Σχηολαρ�
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Βεαυλιευ, ϑακε

Φροm: ΜχΜανυσ, Μιχηαελ

Σεντ: Τυεσδαψ, Απριλ 28, 2020 11:13 ΑΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Μιχηαελ ΜχΜανυσ

Μιχηαελ�ΜχΜανυσ�

ΥΣ�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Ενϖιρονmενταλ�Μεασυρεmεντ�&�Μοδελινγ�

�

Νοmινατεδ�Πυβλιχατιονσ�

Βερβεριχη,�Μ.�Ε.,�ϑ.�ϑ.�Βεαυλιευ,�Τ.�Λ.�Ηαmιλτον,�Σ.�Wαλδο,�ανδ�Ι.�Βυφφαm.�2019.�Σπατιαλ�ϖαριαβιλιτψ�οφ�σεδιmεντ�mετηανε�

προδυχτιον�ανδ�mετηανογεν�χοmmυνιτιεσ�ωιτηιν�α�ευτροπηιχ�ρεσερϖοιρ:�Ιmπορτανχε�οφ�οργανιχ�mαττερ�σουρχε�ανδ�

θυαντιτψ.�Λιmνολογψ�ανδ�Οχεανογραπηψ.�

Βεαυλιευ,�ϑ.�ϑ.,�D.�Α.�Βαλζ,�Μ.�Κ.�Βιρχηφιελδ,�ϑ.�Α.�Ηαρρισον,�Χ.�Τ.�Νιετχη,�Μ.�Χ.�Πλατζ,�W.�Χ.�Σθυιερ,�Σ.�Wαλδο,�ϑ.�Τ.�Wαλκερ,�Κ.�

Μ.�Wηιτε,�ανδ�ϑ.�Λ.�Ψουνγ.�2018.�Εφφεχτσ�οφ�αν�Εξπεριmενταλ�Wατερρλεϖελ�Dραωδοων�ον�Μετηανε�Εmισσιονσ�φροm�α�

Ευτροπηιχ�Ρεσερϖοιρ.�Εχοσψστεmσ�21:657ρ674.�

Βεαυλιευ,�ϑ.�ϑ.,�Μ.�Γ.�ΜχΜανυσ,�ανδ�Χ.�Τ.�Νιετχη.�2016.�Εστιmατεσ�οφ�ρεσερϖοιρ�mετηανε�εmισσιονσ�βασεδ�ον�α�σπατιαλλψ�

βαλανχεδ�προβαβιλιστιχρσυρϖεψ.�Λιmνολογψ�ανδ�Οχεανογραπηψ�61:Σ27ρΣ40.�

�

Ι�αγρεε�ωιτη�mψ�δεσιγνατεδ�περχενταγε�οφ�χοντριβυτιον.�

Μικε�

�

�

Μιχηαελ�ΜχΜανυσ�

Εχολογιστ,�Πη.D.�

ΥΣ�Ενϖιρονmενταλ�Προτεχτιον�Αγενχψ�

Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

Χεντερ�φορ�Ενϖιρονmενταλ�Μεασυρεmεντ�&�Μοδελινγ�

26�W.�Μαρτιν�Λυτηερ�Κινγ�Dριϖε�(ΜΣρ587)�

Χινχιννατι�ΟΗ�45268�

Οφφιχε:��513.569.7994�

Χελλ:��513.376.3380�

�
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Βεαυλιευ, ϑακε

Φροm: Wαλκερ, ϑοηνΤ

Σεντ: Τυεσδαψ, Απριλ 28, 2020 10:42 ΑΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − ϑοην Wαλκερ

Νοmινατεδ�πυβλιχατιονσ�φορ�2020�ΣΤΑΑ:�

�

Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ mετηανε προδυχτιον ανδ 

mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ σουρχε ανδ θυαντιτψ. Λιmνολογψ ανδ 

Οχεανογραπηψ. 

 

Βεαυλιευ, ϑ. ϑ., D. Α. Βαλζ, Μ. Κ. Βιρχηφιελδ, ϑ. Α. Ηαρρισον, Χ. Τ. Νιετχη, Μ. Χ. Πλατζ, W. Χ. Σθυιερ, Σ. Wαλδο, ϑ. Τ. Wαλκερ, Κ. Μ. Wηιτε, ανδ ϑ. Λ. 

Ψουνγ. 2018. Εφφεχτσ οφ αν Εξπεριmενταλ Wατερ−λεϖελ Dραωδοων ον Μετηανε Εmισσιονσ φροm α Ευτροπηιχ Ρεσερϖοιρ. Εχοσψστεmσ 21:657−

674. 

 

Βεαυλιευ, ϑ. ϑ., Μ. Γ. ΜχΜανυσ, ανδ Χ. Τ. Νιετχη. 2016. Εστιmατεσ οφ ρεσερϖοιρ mετηανε εmισσιονσ βασεδ ον α σπατιαλλψ βαλανχεδ 

προβαβιλιστιχ−συρϖεψ. Λιmνολογψ ανδ Οχεανογραπηψ 61:Σ27−Σ40. 

�

Ι�αγρεε�ωιτη�mψ�δεσιγνατεδ�περχενταγε�χοντριβυτιον�(6%)�το�τηισ�ΣΤΑΑ�παχκαγε.�

�

ϑοην�Τ.�Wαλκερ�

Χεντερ�φορ�Ενϖιρονmενταλ�Μεασυρεmεντ�ανδ�Μοδελινγ�

Υ.Σ.�ΕΠΑ�Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ�

�
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Βεαυλιευ, ϑακε

Φροm: Βυφφαm, Ισηι (βυφφαmιι) <βυφφαmιι≅ΥΧΜΑΙΛ.ΥΧ.ΕDΥ>

Σεντ: Τυεσδαψ, Απριλ 28, 2020 9:46 ΑΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ Ισηι Βυφφαm

Ναmε�ανδ�Αφφιλιατιον:�Ισηι�Βυφφαm,�Υνιϖερσιτψ�οφ�Χινχιννατι�(νοω�ατ�Σωεδιση�Υνιϖερσιτψ�οφ�Αγριχυλτυραλ�Σχιενχεσ)�

Τιτλε:�Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ mετηανε προδυχτιον ανδ mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ 

οργανιχ mαττερ σουρχε ανδ θυαντιτψ�

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον.�

−Ισηι Βυφφαm�

�

Φροm:�Βεαυλιευ,�ϑακε�<Βεαυλιευ.ϑακε≅επα.γοϖ>�

Σεντ:�Τυεσδαψ,�Απριλ�28,�2020�3:29�ΠΜ�

Το:�βερβεριχηmε≅γmαιλ.χοm�<βερβεριχηmε≅γmαιλ.χοm>;�Τρινιτψ�Ηαmιλτον�<τρινιτψη≅υmν.εδυ>;�

σαραηρωαλδο≅γmαιλ.χοm�<σαραηρωαλδο≅γmαιλ.χοm>;�Βυφφαm,�Ισηι�(βυφφαmιι)�<βυφφαmιι≅ΥΧΜΑΙΛ.ΥΧ.ΕDΥ>;�Βαλζ,�Αδαm�

<βαλζ.αδαm≅επα.γοϖ>;�Βιρχηφιελδ,�Κειτη�<mκειτηβιρχη≅ωσυ.εδυ>;�Ηαρρισον,�ϑοην�<ϕοην_ηαρρισον≅ωσυ.εδυ>;�Νιετχη,�

Χηριστοπηερ�<Νιετχη.Χηριστοπηερ≅επα.γοϖ>;�Μιχηελλε�Πλατζ�(πλατζmχ05≅γmαιλ.χοm)�<πλατζmχ05≅γmαιλ.χοm>;�Σθυιερ,�

Βιλλ�<σθυιερ.βιλλ≅επα.γοϖ>;�Wαλκερ,�ϑοηνΤ�<Wαλκερ.ϑοηντ≅επα.γοϖ>;�Wηιτε,�ΚαρενΜ�<Wηιτε.Καρενm≅επα.γοϖ>;�Ψουνγ,�

ϑαδε�Λ�ΛΡΛ�<ϑαδε.Λ.Ψουνγ≅υσαχε.αρmψ.mιλ>;�ΜχΜανυσ,�Μιχηαελ�<ΜχΜανυσ.Μιχηαελ≅επα.γοϖ>�

Συβϕεχτ:�Νοmινατιον�φορ�ΕΠΑ�αωαρδ��

��

Dεαρ�χολλεαγυεσ,�

��

Εαχη�ψεαρ�τηε�ΕΠΑ�αχχεπτσ�νοmινατιονσ�φορ�τηε�Σχιεντιφιχ�ανδ�Τεχηνολογιχαλ�Αχηιεϖεmεντ�Αωαρδσ�(ΣΤΑΑ)�προγραm.��Τηε�

ΣΤΑΑ�προγραm�προmοτεσ�ανδ�ρεχογνιζεσ�σχιεντιφιχ�ανδ�τεχηνολογιχαλ�αχηιεϖεmεντσ�βψ�ΕΠΑ�εmπλοψεεσ�Αγενχψρωιδε.��ΟΡD�

προϖιδεσ�ανδ�mαναγεσ�αδmινιστρατιϖε�οϖερσιγητ�οφ�τηε�προγραm,�ωηιλε�ΕΠΑ�σ�Σχιενχε�Αδϖισορψ�Βοαρδ�(ΣΑΒ)�προϖιδεσ�τηε�

σχιεντιφιχ�ανδ�τεχηνολογιχαλ�εϖαλυατιον.��Τηισ�ψεαρ�Ι�πλαν�το�νοmινατε�τηε�τηρεε�παπερσ�λιστεδ�βελοω.��Ασ�χοαυτηορσ,�ψου�

ωιλλ�αλλ�ρεχειϖε�α�χερτιφιχατε�ιφ�ουρ�νοmινατιον�ισ�αωαρδεδ.��ΕΠΑ�χοαυτηορσ�ωιλλ�αλσο�βε�ελιγιβλε�φορ�α�χαση�

πριζε.��Dιστριβυτιον�οφ�τηε�χαση�αωαρδ�ωιλλ�βε�βασεδ�ον�ψουρ�περχεντ�χοντριβυτιον�το�τηε�προϕεχτ�(σεε�ταβλε�βελοω).��Πλεασε�

νοτε�τηατ�δεφινινγ�περχεντ�χοντριβυτιονσ�αmονγ�σο�mανψ�χοαυτηορσ,�αλλ�οφ�ωηοm�mαδε�ιmπορταντ�χοντριβυτιονσ�το�τηε�

προϕεχτ,�ισ�διφφιχυλτ.��Ρατηερ�τηαν�γεττινγ�ιντο�τηε�ωεεδσ�ον�τηισ,�Ι�δεφαυλτεδ�το�αν�εθυαλ�χοντριβυτιον�αmονγ�χοαυτηορσ.���

��

Περ�ρεθυιρεmεντσ�οφ�τηε�αωαρδ�προγραm,�πλεασε�σενδ�mε�αν�ερmαιλ�ωιτη��Ρεχορδ�οφ�Περχενταγε�Αγρεεmεντ��ιν�τηε�

συβϕεχτ�λινε,�φολλοωεδ�βψ�ψουρ�φιρστ�ανδ�λαστ�ναmε.�Τηε�βοδψ�οφ�τηε�δοχυmεντ�σηουλδ�χονταιν�ψουρ�ναmε�ανδ�

οργανιζατιον,�τηε�τιτλεσ�οφ�τηε�νοmινατεδ�πυβλιχατιονσ,�ανδ�α�βριεφ�στατεmεντ�τηατ�ψου�αγρεε�ωιτη�ψουρ�δεσιγνατεδ�

περχενταγε�οφ�χοντριβυτιον.��Πλεασε�προϖιδε�ψουρ�χονχυρρενχε�τοδαψ�(4/28),�ιφ�ποσσιβλε.�

��

Τηανκσ�φορ�ψουρ�χολλαβορατιον�οϖερ�τηε�ψεαρσ.��Wε�ηαϖε�βεεν�α�προδυχτιϖε�γρουπ!�

��

ϑακε�

��

��

Νοmινεε�

Περχεντ 

Χοντριβυτιον�

Βερβεριχη� 6�

Ηαmιλτον� 6�

Wαλδο� 6�

Βυφφαm� 6�
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Βεαυλιευ, ϑακε

Φροm: Νιετχη, Χηριστοπηερ

Σεντ: Τυεσδαψ, Απριλ 28, 2020 9:42 ΑΜ

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ − Χηριστοπηερ Νιετχη

Ηελλο�ϑακε,��

Ι,�Χηριστοπηερ�Νιετχη,�Ρεσεαρχη�Εχολογιστ,�ΥΣΕΠΑρΟΡDρΧΕΜΜρWΕΧDρWΜΒ,�αγρεε�ωιτη�ψουρ�δεσιγνατεδ�περχενταγε�

χοντριβυτιον�ον�τηε�φολλοωινγ�νοmινατεδ�παπερσ:�

�

Βεαυλιευ,�ϑ.�ϑ.,�D.�Α.�Βαλζ,�Μ.�Κ.�Βιρχηφιελδ,�ϑ.�Α.�Ηαρρισον,�Χ.�Τ.�Νιετχη,�Μ.�Χ.�Πλατζ,�W.�Χ.�Σθυιερ,�Σ.�Wαλδο,�ϑ.�Τ.�Wαλκερ,�Κ.�

Μ.�Wηιτε,�ανδ�ϑ.�Λ.�Ψουνγ.�2018.�Εφφεχτσ�οφ�αν�Εξπεριmενταλ�Wατερρλεϖελ�Dραωδοων�ον�Μετηανε�Εmισσιονσ�φροm�α�

Ευτροπηιχ�Ρεσερϖοιρ.�Εχοσψστεmσ�21:657ρ674.�

�

Βεαυλιευ,�ϑ.�ϑ.,�Μ.�Γ.�ΜχΜανυσ,�ανδ�Χ.�Τ.�Νιετχη.�2016.�Εστιmατεσ�οφ�ρεσερϖοιρ�mετηανε�εmισσιονσ�βασεδ�ον�α�σπατιαλλψ�

βαλανχεδ�προβαβιλιστιχρσυρϖεψ.�Λιmνολογψ�ανδ�Οχεανογραπηψ�61:Σ27ρΣ40.�

�

Σινχερελψ,�

Χηρισ�

�

�

============================================================================= 

Χηριστοπηερ Τ. Νιετχη, Πη.D. |�Ρεσεαρχη�Εχολογιστ�|�Υ.Σ.�ΕΠΑ�|�Οφφιχε�οφ�Ρεσεαρχη�ανδ�Dεϖελοπmεντ 
Χεντερ�φορ�Ενϖιρονmενταλ�Μεασυρεmεντ�ανδ�Μοδελλινγ�|�Wατερσηεδ�ανδ�Εχοσψστεm�Χηαραχτεριζατιον�Dιϖισιον��

Wατερσηεδ�Μαναγεmεντ�Βρανχη�|�Εξπεριmενταλ�Στρεαm�Φαχιλιτψ��

26�W.�ΜΛΚ�Dρ.,�Χινχιννατι,�ΟΗ�45268�|�1003�ΥΣ�ΗWΨ�50,�Μιλφορδ,�ΟΗ�45150�

513ρ569ρ7460�(Οφφιχε)�|�513ρ453ρ5424�(ΕΣΦ)�|�513ρ317ρ9394�(Μοβιλε)�

�



Φροm: Ηαρρισον, ϑοην

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ: ϑοην Ηαρρισον

Dατε: Τηυρσδαψ, Απριλ 30, 2020 7:26:12 ΠΜ

Ηι ϑακε,

Ασ ρεθυεστεδ, Ι αm ωριτινγ το εξπρεσσ mψ αγρεεmεντ ωιτη τηε δεσιγνατεδ περχενταγε οφ
αγρεεmεντ φορ χοντριβυτιον το τηε φολλοωινγ πυβλιχατιονσ:

Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ
ϖαριαβιλιτψ οφ σεδιmεντ mετηανε προδυχτιον ανδ mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ
ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ σουρχε ανδ θυαντιτψ. Λιmνολογψ ανδ Οχεανογραπηψ.
Βεαυλιευ, ϑ. ϑ., D. Α. Βαλζ, Μ. Κ. Βιρχηφιελδ, ϑ. Α. Ηαρρισον, Χ. Τ. Νιετχη, Μ. Χ. Πλατζ, W. Χ.
Σθυιερ, Σ. Wαλδο, ϑ. Τ. Wαλκερ, Κ. Μ. Wηιτε, ανδ ϑ. Λ. Ψουνγ. 2018. Εφφεχτσ οφ αν
Εξπεριmενταλ Wατερ−λεϖελ Dραωδοων ον Μετηανε Εmισσιονσ φροm α Ευτροπηιχ Ρεσερϖοιρ.
Εχοσψστεmσ 21:657−674.
Βεαυλιευ, ϑ. ϑ., Μ. Γ. ΜχΜανυσ, ανδ Χ. Τ. Νιετχη. 2016. Εστιmατεσ οφ ρεσερϖοιρ mετηανε
εmισσιονσ βασεδ ον α σπατιαλλψ βαλανχεδ προβαβιλιστιχ−συρϖεψ. Λιmνολογψ ανδ Οχεανογραπηψ
61:Σ27−Σ40

Λετ mε κνοω ιφ ψου νεεδ ανψτηινγ ελσε, ανδ γοοδ λυχκ ωιτη τηισ!

Βεστ,

ϑοην

ϑοην Ηαρρισον
Εδωαρδ Ρ. Μεψερ Προφεσσορ
Σχηοολ οφ τηε Ενϖιρονmεντ
Wασηινγτον Στατε Υνιϖερσιτψ, ςανχουϖερ
14204 ΝΕ Σαλmον Χρεεκ Αϖενυε
ςανχουϖερ, WΑ 98686

Πηονε: 360−546−9210
Εmαιλ: ϕοην_ηαρρισον≅ωσυ.εδυ
Wεβ:ηττπ://ρεσεαρχη.ϖανχουϖερ.ωσυ.εδυ/γχωβλαβ

Ον Απρ 28, 2020, ατ 6:29 ΑΜ, Βεαυλιευ, ϑακε <Βεαυλιευ.ϑακε≅επα.γοϖ> ωροτε:

Dεαρ χολλεαγυεσ,

 

Εαχη ψεαρ τηε ΕΠΑ αχχεπτσ νοmινατιονσ φορ τηε Σχιεντιφιχ ανδ Τεχηνολογιχαλ

Αχηιεϖεmεντ Αωαρδσ (ΣΤΑΑ) προγραm.  Τηε ΣΤΑΑ προγραm προmοτεσ ανδ ρεχογνιζεσ

σχιεντιφιχ ανδ τεχηνολογιχαλ αχηιεϖεmεντσ βψ ΕΠΑ εmπλοψεεσ Αγενχψ−ωιδε.  ΟΡD

προϖιδεσ ανδ mαναγεσ αδmινιστρατιϖε οϖερσιγητ οφ τηε προγραm, ωηιλε ΕΠΑ�σ Σχιενχε

Αδϖισορψ Βοαρδ (ΣΑΒ) προϖιδεσ τηε σχιεντιφιχ ανδ τεχηνολογιχαλ εϖαλυατιον.  Τηισ ψεαρ Ι

πλαν το νοmινατε τηε τηρεε παπερσ λιστεδ βελοω.  Ασ χοαυτηορσ, ψου ωιλλ αλλ ρεχειϖε α

χερτιφιχατε ιφ ουρ νοmινατιον ισ αωαρδεδ.  ΕΠΑ χοαυτηορσ ωιλλ αλσο βε ελιγιβλε φορ α χαση



Φροm: Σαραη W

Το: Βεαυλιευ, ϑακε

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ, Σαραη Wαλδο

Dατε: Τυεσδαψ, Μαψ 5, 2020 7:20:01 ΠΜ

Dεαρ Dρ. Βεαυλιευ,

Ιτ ηασ βεεν α πλεασυρε το χολλαβορατε ωιτη ψου ον τηε φολλοωινγ πεερ−ρεϖιεωεδ πυβλιχατιονσ:

Βερβεριχη, Μ. Ε., ϑ. ϑ. Βεαυλιευ, Τ. Λ. Ηαmιλτον, Σ. Wαλδο, ανδ Ι. Βυφφαm. 2019. Σπατιαλ ϖαριαβιλιτψ οφ σεδιmεντ mετηανε

προδυχτιον ανδ mετηανογεν χοmmυνιτιεσ ωιτηιν α ευτροπηιχ ρεσερϖοιρ: Ιmπορτανχε οφ οργανιχ mαττερ σουρχε ανδ

θυαντιτψ. Λιmνολογψ ανδ Οχεανογραπηψ.

 

Βεαυλιευ, ϑ. ϑ., D. Α. Βαλζ, Μ. Κ. Βιρχηφιελδ, ϑ. Α. Ηαρρισον, Χ. Τ. Νιετχη, Μ. Χ. Πλατζ, W. Χ. Σθυιερ, Σ. Wαλδο, ϑ. Τ. Wαλκερ, Κ. Μ.

Wηιτε, ανδ ϑ. Λ. Ψουνγ. 2018. Εφφεχτσ οφ αν Εξπεριmενταλ Wατερ−λεϖελ Dραωδοων ον Μετηανε Εmισσιονσ φροm α Ευτροπηιχ

Ρεσερϖοιρ. Εχοσψστεmσ 21:657−674.

 

Ι, Σαραη Wαλδο, αγρεε το τηε δεσιγνατεδ περχενταγε χοντριβυτιον οφ 6%. 

Ατ τηε τιmε οφ mψ χοντριβυτιον Ι ωασ αφφιλιατεδ ωιτη ΕΠΑ ΟΡD ασ α φεδεραλ ποστδοχ, βυτ αm χυρρεντλψ εmπλοψεδ ωιτη τηε

Πυγετ Σουνδ Χλεαν Αιρ Αγενχψ. 

Βεστ,

Σαραη Wαλδο, Πη.D.

Αιρ Μονιτορινγ Σπεχιαλιστ

Πυγετ Σουνδ Χλεαν Αιρ Αγενχψ
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Justifications:

Justification 1:

The U.S. Clean Water Act (CWA) grants regulatory authority to the EPA to protect
the chemical, physical, and biological integrity of the Nation’s waters. Protection of
biological communities requires both an understanding of what constitutes a
“natural” community that is undisturbed by human activities, as well as how
communities change in response to human-related (anthropogenic) stress. The
manuscripts nominated for STAA contribute to understanding responses of coral
reef ecosystems to anthropogenic stress, through development and application of

, including the application of a Biologicalmulti- and integrated-stressor models
Condition Gradient (BCG). The BCG is a framework to relate biological condition
to a gradient of increasing stress that can be applied in the CWA regulatory context.
Successful development of a BCG requires biological assessment methods that
measure attributes of a community’s biological condition, such as species diversity
and richness, necessary for natural structure and function of the community.
Relevant stressors that are known to negatively impact the biological community
must also be quantified using the best available data at a scale corresponding to
appropriate regulatory authority. Adoption of a BCG approach by state or territorial
jurisdictions supports monitoring of the biological resource so that degradation
below a threshold of biological integrity can be detected, and action can then be
taken to identify putative stressors and mitigation strategies to restore community
integrity. As such, the research presented in this nomination empowers the EPA to
meet its regulatory charge under the CWA in a framework that is scalable to
regions, states and territorial jurisdictions. 

Developing a BCG to support coral reef protection presents challenges not
encountered in precedent approaches implemented for protection of streams and
aquatic communities of benthic macroinvertebrates. Stream flow is unidirectional,
so stress from anthropogenic pollutant discharge can generally be characterized as
decreasing with increasing distance downstream from a pollutant source. Coral reefs
subject to high levels of anthropogenic stress are usually located near coastal areas
with dense human populations. Point and nonpoint pollution sources are often
identifiable, and some extent of dilution is assumed with increasing distance. Unlike
stream flow, coastal stressor gradients are difficult to quantify due to complex
bathymetry, ocean currents, and even wind that influence pollutant transport to
coastal biotic communities including coral reefs, mangroves, and seagrass beds.
Additionally, a given center of human disturbance (such as a population center)
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usually imparts multiple stressors (such as enhanced sedimentation from land
conversion to impervious surface), introduction of contaminants, and physical
disruption to critical habitat. Approaches developed for stressor characterization
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have multiple applications and utilize data sources that, in some cases, are available
for the entire planet, creating high potential for transferability both within and
outside the U.S.

2016 Santavy et al.: Successful development of a BCG requires not only stressor
indicators to be developed, but biocriteria (measurements of components essential
to natural structure and function of an ecosystem) must be related to a stressor
gradient. Santavy et al. 2016 presented both the transferable methodology for
developing stressor gradients (in general) and timely results from deliberations of a
coral ecology expert panel charged with developing narrative and draft quantitative
attributes of coral reefs ranging from pristine to degraded condition. The expert
panel, comprised of scientists and resource managers from academia and multiple
environmental regulatory agencies, has worked for years to develop a coral BCG
that is defensible and based upon not only on published literature but on the
collective experiences of the experts. Dr. Santavy and EPA partners in the OW and
Region 2 have been involved in panel member selection, workshop design, and
in-person and virtual deliberations from the start of this effort. As described in the
manuscript, a series of workshops achieved deep engagement of the experts using
structured elicitation of their collective knowledge and systematic distillation of this
information with the ultimate goal of developing consensus on components of a
healthy coral reef ecosystem and multiple levels of degradation. This process gives
maximal credibility to not only coral community biocriteria but to benthic
assemblage biocriteria, an outcome generated by deep discussions among coral reef
experts described in the Santavy et al. 2016.

ORD has been developing biocriteria for coral reefs using the BCG model
framework in collaboration with EPA Office of Water (OW: OST & OWOW) and
Region 2’s Caribbean Environmental Protection Division (CEPD) and Clean Water
Division (CWD). The BCG model rules are used to develop thresholds for coral reef
biocriteria, by using biological responses to an anthropogenic stressor gradient.
Changes and impacts of anthropogenic stress to coral reef communities can be made
by relating water quality parameters with changes in the biological condition of
scleractinian coral, fish, algae, and other sessile benthic organisms with increasing
distance from the effluent. The BCG approach establishes threshold values for
evaluating the biological integrity of a waterbody as a response to increasing levels
of anthropogenic stress which can aid in developing permissible levels of different
pollutants for regulatory applications intended to be protective of coral reef
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environments. Currently, most CWA numeric criteria applied to marine waters have
not considered the restrictive oligotrophic conditions required to maintain healthy
and functional coral reef communities.

Responsibilities related to coral reef conservation and protection are shared by
several federal, state, and territorial and local agencies, with issues related to
protection from water quality degradation under the primary purview of EPA OW.
Ultimately, the territories are responsible for specific policies and regulations to: (1)
establish designated uses for which the quality of the water bodies shall be
maintained and protected; (2) promulgate the water quality standards required to
sustain the designated uses; (3) identify other rules and regulations applicable to
sources of pollution that may affect the quality of the waters; and (4) establish other
measures necessary for achieving and maintaining the quality of the waters. The
addition of biological criteria, such as those derived based on the results of BCG
models (e.g., BCG numeric models for fish and benthic coral reef assemblages), to
the chemical and physical numeric criteria that are adopted into the Water Quality
Standards Regulations (WQSR) can become a part of regular water quality
assessment protocols and will be implemented by various water programs within the
Region to comply with reporting requirements by the CWA. Additionally, the BCG
is a tool which allows EPA OW and Regions to communicate and estimate the
expected change in aquatic and biological conditions resulting from management
actions.

Caribbean coral reef ecosystems around the USVI and Puerto Rico are unique to
EPA Region 2 and protection of these sensitive ecosystems is important to the
Region. Coral reef biocriteria, derived from the numeric coral reef BCG models, are
being used by Region 2 to develop water quality thresholds protective for coral
reefs and derive corresponding biocriteria applicable for U.S. territories in
Caribbean marine waters. EPA Region 2, working with the USVI Department of
Planning and Natural Resources (USVI DPNR), the USVI Coastal Zone
Management (USVI CZM), the Puerto Rico Environmental Quality Board (PR
EQB), and the Puerto Rico Department of Natural and Environmental Resources
(PR DNER), whose territorial jurisdiction includes marine coastal waters, are
applying model rules for coral reef biocriteria to adopt into USVI and PR Water
Quality Standards Regulations (WQSR). They intend to integrate biocriteria into
their regular water quality assessment protocols to be implemented by various water
programs (WQSR; National Pollutant Discharge Elimination Systems (NPDES)
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permits; CWA 305(b)/303(d) assessment/listing and 301(h) waivers (exemptions
from secondary treatment requirements for effluent discharged into marine waters);
and TMDLs. The information integrated into the biocriteria tool support USEPA
OW efforts to estimate the expected change in aquatic condition which result from
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different management actions, especially with waste-water treatment effluent and
other land-based run off. Results used to derive and implement biocriteria will be
transferable to USVI and EPA Regions 2, 4, 6, and 9.

2016 Oliver et al.: This is a companion to complement Santavy et al. 2016
presenting a hybrid approach to stressor indicator development was presented in this
manuscript. Spatially explicit data was presented for the near-coastal waters of
Puerto Rico for each of three important coral reef stressors individually, and an
Integrated Stressor Index was also developed and mapped for the area. Narrative
stressor descriptions were developed for three hypothetical levels of anthropogenic
disturbance based on the approach used to develop narratives for coral reef
condition along a gradient from pristine to severely degraded. This approach
includes stressors of concern such as wastewater outflows and associated nutrient
pollution for which applicable empirical data was not available. 

Three stressors chosen for this manuscript are highly relevant to coral reefs and
were determined by years of research experience by the authors, invaluable
professional contacts, and discussions by the BCG coral reef expert panel. (1) The
dataset employed for temperature stress is available from the NOAA, and presenting
it in an integrated stressor estimate represented a novel application of the sea
surface temperature anomaly (SSTA) metric which is widely available for the
world’s oceans. Coral bleaching events are predicted with high certainty by the
SSTA. (2) Overfishing is well-studied in coral literature as a deleterious influence
on reef health due to reduced grazing of macrophytes that compete with coral for
habitat and other ecological interactions disrupted by excess fishing. The fishing
pressure estimate applied for Puerto Rico was obtained as a professional courtesy
from an academic expert in Puerto Rico and was also a new application of this
dataset. (3) Inclusion of the Landscape Development Intensity (LDI) Index is
well-founded by previous demonstrations of relationships between increased human
activity in watersheds and reduced coral extent and condition (Oliver et al., 2011),
and the 2016 manuscript presents watershed LDI values combined with a
distance-from-shoreline function, to account for expected dilution of altered
landscape effects further from the source. Overall, Oliver et al. 2016 demonstrates a
flexible approach to stressor characterization that can be tailored to specific
stressors of concern for a given area and emphasizes inclusion of new data to
capture changes in land use, mitigation efforts, and regulatory changes such as
recreational fishing laws in Puerto Rico. 
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2018 Oliver et al.: Additional efforts to develop multi- and integrated-stressor
models came to fruition in the Oliver et al. 2018 with the application of spatially
explicit stressor measurements to coral survey data collected along the south shore
of St. Thomas, USVI in 2009. In order to examine coral condition along a gradient
of human disturbance, this study was designed around an obvious source of human
activity in Charlotte Amalie, St. Thomas, USVI. Stations were selected for coral
reef surveys along the south shore of St. Thomas to the East and West of Charlotte
Amalie at similar depths, so that depth effects on community composition would be
minimized. Survey logistics were implemented that have generated community
indicators associated with anthropogenic stressors in previous Caribbean surveys.
The spatial indicators of human influence applied presented a distillation of research
efforts on the relevance of stressor to specific areas and their predictive
relationships with coral condition indicators. The original study design used
stressors ranked for each site as 0, 1, 2, or 3 based on observations made during the
survey and general knowledge about the area. Analysis presented in the manuscript
built on a ranked approach and applied the watershed landscape development
intensity (LDI) index, modeled land-based sedimentation threat (WRI and NOAA,
2006), and an impaired water quality (WQ) index based on proximity to impaired
water bodies. Water quality impairment data used for the index was reported by the
USVI Department of Planning and Natural Resources to the EPA under authority of
the CWA and includes impairment from low dissolved oxygen, high enterococci
bacteria and elevated nutrient levels, all of which can reduce coral condition. As
such, this approach is readily transferrable for it uses data on water quality problems
unique to an area. Additionally, an Integrated Stressor Index (a ranking of the
summed stressors) was developed to examine the relative power of individual
stressors and ISI to be examined for their relative power to predict coral reef
condition.

Oliver et al. 2018 builds upon previous work (e.g., Oliver et al. 2011) that
demonstrated statistically significant relationships between increased anthropogenic
impact and impaired resource condition, and Oliver et al. (2016). Overall, this body
of work develops and demonstrates a transferrable approach that can inform a range
of applications that require quantification of anthropogenic stress, including the
BCG. Publicly available land use/land cover data and EPA data on impaired water
bodies are broadly available and this approach demonstrates how these can be
applied in a quantitative way to represent human impacts on ecosystems.
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Responsible regulation must consider potential impacts on ecosystems and the
services they provide within the context of economic reality and ecosystem service
prioritization.

The EPA OW and Region 2 is using the science behind the landscape development intensity

work from the Oliver et al. 2018 (Research Gate: 140 views and 8 citations) as a proxy for

USVI watershed-level impairment to develop nutrient criteria development under the CWA.

In one example application resulting from this work, the Office of Water identified the

potential utility of fine-scale hydrologic unit code (HUC) LDI calculations for to identify

relatively unimpaired and human-influenced areas to steer monitoring efforts. The lead

STAA author developed, QA/QC’d, and provided both data and shapefiles for all the USVI

islands as part of providing valuable ORD technical support to the OW. 

References:

Oliver, Lehrter, J, Fisher. 2011. Relating landscape development intensity to coral
reef condition in the watersheds of St. Croix, US Virgin Islands. Marine Ecology

, 427, 293-302.Progress Series

World Resources Institute, NOAA. 2006. Land-based sources of threat to coral reefs
in the U.S. Virgin Islands. Wash. DC.

Justification 2A:

The two 2016 ICRS papers were natural building blocks that led to the 2018 Oliver
et al. paper. Analyses of biocriteria, BCG thresholds, and stressor indicators all
evolved and developed over time as a result of the researchers ongoing and
cumulative investments to ensure the efforts: (a) captured the best science; and (b)
worked to advance the state-of-science in coral assessments to most meaningfully
inform coral management efforts.

Justification 2B:
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Susan Yee; 2015 EPA Scientific and Technological Achievement Award,
Honorable Mention; Yee, S.H., J.A. Dittmar, L.M. Oliver. 2014. Comparison of
methods for quantifying reef ecosystem services: a case study mapping services for
St. Croix, USVI. Ecosystem Services 8:1-15.
http://dx.doi.org/10.1016/j.ecoser.2014.01.001

Susan Yee; 2015 EPA Scientific and Technological Achievement Award,
Honorable Mention; Yee, S.H., J. Carriger, W.S. Fisher, P. Bradley, B. Dyson.
2015. Developing scientific information to support decisions for sustainable reef
ecosystem services. Ecological Economics 115:39-50.
http://dx.doi.org/10.1016/j.ecolecon.2014.02.016

Justification 2C:

This nomination advances previously nominated work (Yee et al. 2015 “Developing
scientific information to support decisions for sustainable reef ecosystem services”
Honorable Mention; and Yee et al. 2015 “Comparison of methods for quantifying
reef ecosystem services: a case study mapping services for St. Croix, USVI”
Honorable Mention) by continuing to develop a multi- and integrated-stressor
model approaches (including BCG) for coral reef assessment to inform coral
management. Both Yee et al. 2015 STAA awards focus on development of the
connections between ecosystem condition and the benefits of coral ecosystems to
people (ecosystem services). This nomination extends the importance of the
established connections between coral environments and people by explicitly
connecting environmental assessments to tangible environmental decision making
efforts.

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:
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The Oliver et al. (2018) Environmental Monitoring and Assessment article has had 140 views and 8 citations

(Research Gate). ICRS conference organizers’ original plan was that conference presentations would be

developed into manuscripts to comprise a dedicated issue of Coral Reefs. These papers were peer-reviewed and

formatted to meet Coral Reefs journal standards, but unexpectedly were published in ICRS proceedings instead

and as such, citation numbers are not available.   

Both Oliver et al. contributions apply datasets that are available on a broad spatial scale in novel ways to inform

integrated stressor assessments. The Oliver 2016 ICRS paper used NOAA SST data that is available for the

world’s oceans and the specific SSTA index mapped for Puerto Rico as a proxy for thermal stress has been

associated with coral bleaching events around the world.  Continual advances in this dataset are planned that

aim to integrate retrospective data from older satellite technology. The Summit to Sea sediment threat model

applied in the EMA paper validates this model’s application in terms of predictive potential for resource

condition.

The larger scientific contribution from this body of work has been demonstrated through acceptance and

utilization outside of the original group of researchers, including considerable efforts to reach out to 

stakeholders, primarily through the use of webinars at numerous forums to inform stakeholders about EPA’s

role for utilizing the CWA to influence shore-based activities that deleteriously impact coral reef environments.

In collaborations between OW, ORD, and Region 2 the following outreach activities have recently been made,

after invitations from the sponsors of each venue to present EPAs work on biocriteria and the BCG models for

coral reefs:

 

·      Invited presentation to the US Coral Reef Task Force (March 10, 2020) with members from the All Islands

Committee (representatives from all US states and territories in Pacific (HA, American Samoa, Guam, U.S.

Marshall Islands and other U.S. jurisdictions) and Caribbean (Puerto Rico, USVI, Florida, and Texas). The

presentation addressed: indicators and metrics for assessing coral reef condition; setting water quality goals and

restoration targets; measuring incremental improvements; informing the development and implementation of

biological criteria; and communication to managers and the public. Topics specific to using coral reef BCG to

support territorial biological monitoring, included assessment and criteria programs; and how to develop cross

agency standardization, agreement, and endorsement from other federal and territorial representatives.
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·      Invited presentation to the US EPA Academy of Water Quality Standards (March 31, 2020) training to over

100 class members to present tools used in CWA activities. focusing on development, application, and

implementation of the BCG for coral reefs.

·      Invited presentation by NOAA Coral Reef Protection Program (April 2020) to present how NOAA’s 

programs and data were used to develop coral reef BCG towards developing better partnerships for design and

implementation of their National Coral Reef Monitoring Programs in the future.

·      Invited presentation by NOAA National Marine Fisheries Service (NMFS) Southeast Region (SERO) 

Acropora Recovery Implementation Team (May 6, 2020) to brief their team members on the coral reef BCG

projects in PR and USVI.

This body of work is being applied to environmental management of corals. US EPA ORD, OW and Region 2

have partnered and provided technical support to both USVI (USVI Department of Planning and Natural

Resources (DPNR); USVI Coastal Zone Management (CZM))and Puerto Rico (Puerto Rico Environmental

Quality Board (PR EQB), Puerto Rico Department of Natural and Environmental Resources (PR DNER))

whose territorial jurisdiction includes marine coastal waters are applying model rules for coral reef biocriteria to

adopt into USVI and PR Water Quality Standards Regulations (WQSR). The USVI DPNR promulgated coral

reef biocriteria narrative standards into their WQSR Title 12 in 2010, with Puerto Rico EQB drafting

amendments containing both narrative and numeric biocriteria into their revisions that have been postponed due

to the natural disaster emergencies from hurricanes and earthquakes.  Both territories intend to integrate

biocriteria into their regular water quality assessment protocols to be implemented by various water programs

(WQSR, National Pollutant Discharge Elimination Systems (NPDES) permits, 305(b)/303(d) assessment/listing,

CWA 301(h) waivers (exemptions from secondary treatment requirements for effluent discharged into marine

waters) and TMDLs). The information integrated into the biocriteria tool (BCG) support USEPA OW.

 

The U.S. Virgin Islands (Department of Planning and Natural Resources, Division of Environmental Protection,

has applied this research by adopting coral reef “designated uses” into their Water Quality Standards, a step

towards applying reef condition standards in regulatory decisions.

Justification 3B:
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All manuscripts were reviewed by an external technical reviewer, the Division’s

Quality Assurance manager, the lead author’s first-line supervisor (Branch Chief),

and the Division Director according to ORD’s scientific and technical information

clearance process prior to submission to :(1) Environmental Monitoring and

Assessment; and (2 & 3) International Society for Reef Studies. Each of the

manuscripts were further peer reviewed by the journal’s corresponding editor and

at least one anonymous reviewer as assigned by the  editor prior to acceptance

and publication.
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Abstract Coral reef condition on the south shore of St.

Thomas, U.S. Virgin Islands, was assessed at various

distances from Charlotte Amalie, the most densely pop-

ulated city on the island. Human influence in the area

includes industrial activity, wastewater discharge, cruise

ship docks, and impervious surfaces throughout the

watershed. Anthropogenic activity was characterized

using a landscape development intensity (LDI) index,

sedimentation threat (ST) estimates, and water quality

(WQ) impairments in the near-coastal zone. Total three-

dimensional coral cover, reef rugosity, and coral diver-

sity had significant negative coefficients for LDI index,

as did densities of dominant species Orbicella

annularis, Orbicella franksi, Montastraea cavernosa,

Orbicella faveolata, and Porites porites. However,

overall stony coral colony density was not significantly

correlated with stressors. Positive relationships between

reef rugosity and ST, between coral diversity and ST,

and between coral diversity and WQ were unexpected

because these stressors are generally thought to nega-

tively influence coral growth and health. Sponge density

was greater with higher disturbance indicators (ST and

WQ), consistent with reports of greater resistance by

sponges to degraded water quality compared to stony

corals. The highest FoRAM (Foraminifera in Reef As-

sessment andMonitoring) indices indicating good water

quality were found offshore from the main island and

outside the harbor. Negative associations between stony

coral metrics and LDI index have been reported else-

where in the Caribbean and highlight LDI index poten-

tial as a spatial tool to characterize land-based anthro-

pogenic stressor gradients relevant to coral reefs. Fewer

relationships were found with an integrated stressor

index but with similar trends in response direction.

Keywords Coral reefs . Landscape development

intensity . Sedimentation . Impairedwater quality

Introduction

Coral reefs of the U.S. Virgin Islands (USVI) are heavily

impacted by multiple human influences at varying

scales (Gardner et al. 2003; Smith et al. 2008; Rogers

et al. 2008; Friedlander et al. 2013; Pait et al. 2013a, b;

Pittman et al. 2013; Whitall et al. 2014). Global condi-

tions such as elevated ocean temperature have led to

coral bleaching and disease, causing stony coral mortal-

ity across broad reef areas of the Caribbean Sea. Local

resource managers and decision-makers have little
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influence over global-scale anthropogenic pressures

such as rising ocean temperature, ocean acidification,

and elevated ultraviolet light levels. However, they do

have some influence over local stressors, such as sedi-

ment, contaminants, nutrients, and physical injuries, that

can interact with global pressures in additive or syner-

gistic ways (Knowlton and Jackson 2008; Wooldridge

and Done 2009; Brown et al. 2013; Ban et al. 2014).

Managing stressors that are within local authority can

slow the cascade of negative impacts and better sustain

reef-derived ecosystem services such as coastal protec-

tion from storm surge, habitat provision for commercial

and recreational fisheries, and revenue from reef-related

tourism (Moberg and Folke 1999; Principe et al. 2012).

Effective management requires identifying which

stressors are human-generated so that activities can be

modified to reduce their adverse effects.

The Clean Water Act (CWA) provides a mechanism

to set chemical, physical, and biological criteria for the

protection of aquatic ecosystems (Bradley et al. 2009;

Fore et al. 2009; Bradley et al. 2010). As part of a

process to establish biological water quality standards

or biocriteria, the U.S. Virgin Islands government has

explicitly identified coral reefs and reef functions as

CWA-designated uses and defined biological integrity

to lay the foundation for setting condition thresholds

(biocriteria) for coral reefs (USVI 2010). This action

was spawned in part by the demonstration of stony coral

sensitivity to disturbance gradients using various mea-

sures of anthropogenic stress. For example, measures of

coral reef condition including taxa richness, average

colony size, and total and live topographic coral surface

area showed significant positive relationships with in-

creasing distance from human disturbance in St. Croix

(Fisher et al. 2008). Negative relationships of coral

condition with increased watershed land development

were demonstrated in St. Croix (Oliver et al. 2011),

Hawaii (Rodgers et al. 2012), St. Lucia (Bégin et al.

2016), and Thailand (Golbuu et al. 2008). Because the

reefs around St. Thomas, USVI, are located near areas

of high human activity (Ennis et al. 2016), they present

another opportunity to explore potential links between

reef condition and anthropogenic activity.

The USVI economy depends heavily on tourism

revenues with an estimated 60–80% of gross domestic

product linked to tourism-related activities (Abt

Associates 2016). Nearly twomillion cruise ship tourists

visited the USVI annually from 2000 to 2005, and the

majority of cruise ships visit St. Thomas (van Beukering

et al. 2011). The area of shallowwater coral reefs around

St. Thomas covers approximately 42 km2 and comprises

mostly linear coral reefs and colonized pavement, with

scattered patch reefs farther offshore (Kendall et al.

2001). Stony corals provide important ecosystem ser-

vices due to the structural reef habitat which supports

diverse fish and invertebrate species valued by divers,

snorkelers, and recreational and commercial fishers and

provides shoreline protection from extreme weather

events (van Beukering et al. 2011). Without stony

corals, these ecosystem services would be lost or com-

promised, yet pressure from coastal development, cruise

ship and recreational boat activity, and land use change

on the 74-km2 island may threaten the very resource to

which visitors are drawn.

Charlotte Amalie on the south shore is the largest city

on St. Thomas with a population of approximately

18,481 (2010 US Census). The Charlotte Amalie water-

shed has 34% impervious surface and nearly no shore-

line riparian buffer at either the St. Thomas Harbor or

Inner Harbor where two cruise ship ports operate.With a

hardened shoreline, presence of power and wastewater

treatment plants, and multiple active cruise ship and

shipping ports, this area was chosen to represent a center

of human disturbance likely to adversely influence ad-

jacent coral reef communities. We hypothesized that

coral reef communities near this concentrated human

disturbance would be degraded relative to reefs further

away, and used two approaches to characterize anthro-

pogenic disturbance. First, we developed three indepen-

dent measures of potential stress to coral reefs: the

watershed landscape development intensity (LDI) in-

dex, modeled land-based sedimentation threat (ST),

and impaired water quality (WQ) index based on prox-

imity to impaired water bodies. These spatial proxies

represent reef stressors that can be managed to some

degree, and it would be valuable to discern their relative

influence to assist managers in optimizing decisions to

invest in the most effective remediation actions. Mea-

sures of density, size, and condition of benthic inverte-

brates including stony corals, gorgonians, sponges,

macroinvertebrates, fishes, and foraminifera were

assessed for potential responsiveness to these stressors.

The reef metrics selected either showed a response to

anthropogenic influence in previous studies or are suit-

able candidates based on their connection to an ecosys-

tem service (e.g., rugosity). Second, stressors were

rescaled from 0 to 1 and summed to generate an inte-

grated stressor index (ISI), allowing results from
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individual stressors and ISI to be compared for relative

power to predict coral reef condition.

Materials and methods

Survey design

Survey sites (n = 13) were selected along the south

shoreline of St. Thomas and spanned approximately

10 km (Fig. 1a). To control for the effect of natural site

differences, we consistently selected sites on or near

rocky points of land from Fortuna Bay in the west to

Frenchman Bay in the east. All sites were identified as

coral reef and colonized hardbottom habitat by Kendall

et al. (2001). We also targeted a narrow range of depth

from 5.5 to 9.1 m (mean 6.9 m) to minimize habitat

differences that could affect coral community composi-

tion (Morelock et al. 2001). Based on field observations

and knowledge of the area, we assumed Charlotte

Amalie Harbor to be the greatest source of intense

human disturbance in the area.

Data collection and calculation of reef indicators

Multiple-assemblage surveys were conducted during

March 2009 as described by Fisher (2007) and Santavy

et al. (2012). All surveys were conducted around a

common 25-m transect line stretched along the sea floor.

A fish survey was conducted first in a 4 × 25 m transect

area (100 m2 in total), with divers identifying to species,

counting and estimating the length of all fish > 5 cm in

length (Menza et al. 2006). Macroinvertebrates identi-

fied were queen conch, spiny and slipper lobsters, sea

urchins (Diadema and others), and crabs. These were

counted within either 1 or 2 m (due to diver inconsis-

tency) on either side of the transect line for a total area of

50 or 100 m2. Average reef rugosity index (RI) was

calculated from five measurements made at the 0-, 5-,

10-, 15-, and 20-m marks along the transect line using

the draped chain method d / l, where d is the linear chain

distance when draped over coral reef and l is the con-

stant chain length of 6 m (Risk 1972). Stony coral

colonies at least 10 cm in any dimension were counted

along one side of the transect line using a 1-m stick

placed parallel to the line as a guide. Colonies were

measured for height, maximum diameter, and percent

live in 10% increments and identified to spe-

cies (Humann and DeLoach 2002). Sponges and

gorgonians were counted in 5 × 1 m2 quadrants located

at 1-, 5-, 10-, 15-, and 20-m transect marks. Each colony

was measured for height and diameter, and morphology

was recorded as one of nine possible shapes for gorgo-

nians and nine for sponges (Santavy et al. 2012, 2013).

Stony coral three-dimensional (3D) colony surface

areas (SAs) were calculated using a modified hemisphere

formula SA=mπR2, wherem is a constant (1–4) based on

relative morphological complexity and R is the height-

adjusted colony radius calculated as ((diameter / 2) +

height) / 2 (Santavy et al. 2012). Regression equations

developed for sponges and gorgonians were used to cal-

culate colony SA (Santavy et al. 2013), except SA formula

for a circle (πr2) was used for encrusting sponges and in

cases where very small colony measurements result in

negative SA using regression equations. Average values

for each station from 5 × 1m2 quadrats were calculated for

SA and abundance of sponges and gorgonians.

Fish lengths were estimated in 5-cm increments. The

median value of each increment was assigned to indi-

vidual fish; for example, 5–10-cm fish were assigned

7.5 cm length except for fish in the smallest size class (<

5 cm) which were assigned 3 cm. Biomass was calcu-

lated using the formulaW =α × Lβwith species-specific

constants α and β supplied by Froese and Pauly (2013).

Invertebrate counts were standardized per square meter.

Foraminifera samples were collected in triplicate at each

site, and results were averaged to calculate a FoRAM

(Foraminifera in Reef Assessment and Monitoring) in-

dex based on the methods of Hallock et al. (2003).

Stressor estimates

Land-based anthropogenic activity

A LDI index was calculated as a measure of land-based

anthropogenic activity using a 2.4-m resolution land use

layer produced for 2007 by NOAACoastal Change Anal-

ysis Program (www.csc.noaa.gov/digitalcoast/data

/ccapregional/index.html) and corresponding Emergy

coefficients (Brown and Vivas 2005; Oliver et al. 2011).

Stations were assigned the LDI value of the adjacent

Hydrologic Unit Code (HUC)14 watershed (Islands Re-

sources Foundation et al. 2001), and for stations near a

watershed border, the eastward watershed LDI value was

used to account for the predominant coastal current

(Nemeth and Nowlis 2001). Land use, station locations,

and adjacent watershed LDI values along the southern St.

Thomas coastline are shown in Fig. 1a, b.

Environ Monit Assess (2018) 190: 213 Page 3 of 16 213



Sedimentation threat

Benthic sediment threat values were obtained from the

World Resources Institute and National Oceanic and

Atmospheric Administration Summit to Sea model

(WRI and NOAA 2006). Summit to Sea is a GIS model

that incorporates 30-m resolution land use/land cover

data (NASA Geocover-LC 2000), soil type and

Fig. 1 a Land use/land cover (LULC) and coral reef stations

sampled in St. Thomas, USVI, around Charlotte Amalie. Num-

bered black circles indicate sampling stations. Ports are indicated

by anchor symbols. b HUC14 watersheds are indicated by black

lines, and their corresponding LDI values are indicated within

watershed polygons. Letters show locations of water bodies which

exceeded chemical or physical criteria as reported to USVI DPNR:

FoB Fortuna Bay, PB Perseverance Bay, BrB Brewers Bay, LB

Lindberg Bay, KBKrumBay, CBCrowne Bay ST, ST St. Thomas

Harbor, FB Frenchman Bay. Triangular symbols grade from light

to dark blue, indicating an increasing average number of impaired

conditions from 2000 to 2010. Black circles indicate sampling

stations
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associated erodibility factor (US Department of

Agriculture/Natural Resources Conservation Service,

Soil Service Geographic Database), slope (digital eleva-

tion model), and precipitation (NOAANational Climate

Data Center, maximum monthly precipitation for the

10-year period (January 1990–January 2001)). Summit

to Sea data sources and processing steps are available at

ht tps: / /data.nodc.noaa.gov/coris /data/NOAA

/nos/Summit2Sea/USVirginIslands/.

In short, ST was calculated for USVI reef habitats

from relative erosion potential for watersheds, adjusted

for watershed size, and modeled to correspond with

pour points or Bguts.^ Dissipation of sediment into

coastal areas employed an ArcView v3.2 Point Density

tool with a maximum distance from shore of 5 km.

Water quality

Water quality impairments reported by the USVI Depart-

ment of Planning and Natural Resources (DPNR 2010)

to the U.S. Environmental Protection Agency as required

by the Clean Water Act include low dissolved oxygen,

high enterococci bacteria, and elevated nutrient concen-

trations which may all negatively influence coral condi-

tion (Villanueva et al. 2006; Kaczmarsky et al. 2005;

Voss and Richardson 2006). However, specific loadings

and stressor-coral interactions are not understood well

enough to weigh the individual stressors for relative

importance, hydrologic transport to reefs is unknown,

and bays are monitored for water quality exceedances

only twice per year. Included in this water quality anal-

ysis from west to east were Perseverance Bay (PB),

Brewer’s Bay (BrB), Lindberg Bay (LB), Krum Bay

(KB), St. Thomas Harbor (ST), Inner Harbor (IN), and

Frenchman Bay (FB) (Fig. 1b). We assumed that only

impaired water bodies east of a station would impact it

due to the dominant westward current (Nemeth and

Nowlis 2001), that impairment would dissipate with

greater distance between station and water body, and that

beyond 3 km, no impact would occur. First, the distance

between each station and mid-bay shoreline was mea-

sured using ArcMap v9.3, and if two bays were within

3 km of a station, distances were summed. Distance

values were transformed to (1/distance to bay) so that

final WQ value increased with proximity to bays with

WQ impairments. This transformation also achieved a

nonlinear function assuming that WQ contaminants dis-

sipate rapidly from the source (Fig. 2), although in reality,

transport of runoff-borne pollutants to reef habitats is

dependent on multiple factors such as precipitation, river

density, storms, and wind (Warne et al. 2005).

Data analysis

Reef indicator values for stony corals, gorgonians,

sponges, fish, and macroinvertebrates were calculated

for each station using SAS© (Cary, North Carolina),

except the Shannon-Weiner diversity index which was

calculated using PRIMER© (Clark and Gorley 2006).

The Spearman nonparametric correlation analysis was

used to test for relationships between the three stressors.

Distribution of reef indicators was evaluated using the

Shapiro-Wilk statistic, and either log10 or rank transfor-

mations were applied to correct for deviations from

normal distribution. Stepwise regression was employed

to discern whether LDI, ST, and WQ were significant

predictors of reef indicators with inclusion requirement

of p < 0.25 and retention requirement of p < 0.20.

An ISI was calculated by first rescaling station stress-

or data values from 0 to 1, then assuming equal effects,

the rescaled values were added. The Spearman correla-

tion analysis was conducted with reef metrics and ISI for

comparison with stepwise regression results. No correc-

tion for multiple comparisons was applied; instead, all

results significant at p < 0.05 are reported. For all three

stressors and ISI, quartile values were assigned for the

purpose of comparing relative stressor levels at each

station in the gradient.

Results

Station and stressor summary

Stations ranged in depth from 5.5 to 9.1 m and were

within 0.1 km from land, with ten stations along the St.

Thomas shoreline, two near Water Island and one near

Hassel Island (Fig. 1). The lowest LDI values were

found in the western portion of the study area with the

exception of uninhabited Hassel Island near Charlotte

Amalie Harbor, which also had low LDI. The highest

LDI values were in the center of the study area near

Charlotte Amalie Harbor and the airport where imper-

vious surface covers most of the land and numerous

industries are present along the coast. Eastern stations

were adjacent to an intermediate-LDI watershed. Some

stations had common LDI values because they were

adjacent to the same HUC14 watershed (Fig. 1b).
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Sedimentation threat was lowest at station 11 on

Hassel Island, and ST was highest at station 10 near

Charlotte Amalie Harbor and second highest at station

13 on the eastern edge. A WQ impairment estimate

based on distance from impaired bays ranged from 0 at

four stations (which exceeded the maximum distance

from an impaired bay under our assumptions) to high

values at stations 5 and 6 in the center of the study area.

The ISI ranged from 0.40 to 2.37 with an average of

1.23. The lowest values were found at the western edge

of the study area and at Hassel Island and the highest

values at stations 5, 6, and 10 (Table 1). Station stressor

values grouped into quartiles show the most consistent

estimates of high human impact were at stations nearest

the harbor and at the eastern edge, and most consistent

low impact was at western stations and Hassel Island.

However, no stations were in the lowest quartile for all

stressor estimates. Station values for these three

stressors were not significantly correlated with one

another.

Stony corals

A total of 1330 stony coral colonies representing 26 taxa

were observed and measured. Of these, 52 colonies were

not identifiable to species and were eliminated from taxa

richness counts and calculation of the Shannon-Weiner

diversity index. Most colonies (81.8%) had hemispherical
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Fig. 2 Water quality (WQ)

function used to estimate stress

from proximity to St. Thomas

bays which are listed as impaired

under the Clean Water Act 303(d)

program

Table 1 Stressor values and quartiles for landscape development intensity (LDI), sedimentation threat (ST), and impaired water quality

(WQ) for 13 stations along the south coast of St. Thomas, USVI

Station LDI Quartile ST Quartile WQ Quartile ISI Quartile

1 1.93 2 14,844.3 2 0 1 0.486 1

2 1.93 2 14,844.3 2 0.395 2 0.700 1

3 1.44 1 12,670.0 1 1.193 3 0.882 2

4 1.44 1 21,868.8 3 1.449 4 1.190 3

5 3.40 3 24,166.0 3 1.843 4 2.305 4

6 3.72 4 8055.6 1 1.583 4 2.007 4

7 2.23 2 20,708.1 2 0 1 0.728 2

8 3.72 4 22,381.4 3 1.080 3 1.998 3

9 2.23 2 0.4 1 0 1 0.346 1

10 3.72 4 54,359.0 4 0.685 2 2.371 4

11 1.58 1 2364.3 1 0.538 2 0.397 1

12 2.75 3 27,719.0 4 0 1 1.086 2

13 2.75 3 31,225.6 4 0.813 3 1.591 3

ISI is the sum of individual stressors which were rescaled from 0 to 1
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morphology, 15.7% were branching, and 2.5% were flat,

and no living Acropora colonies were observed. Two

colonies (Orbicella annularis and Orbicella faveolata)

were observed at station 13, and one O. faveolata colony

at station 3 exceeded the average (live + dead) stony coral

SA + 3 standard deviations, so these were considered

outliers. These colonies were excluded from indicator

calculations and subsequent analyses. Eight stony coral

species comprised 82% of colony density (Table 2).

Coral density varied from 0.6/m2 at station 9 near

Water Island to 9.1 at stations 1 and 5 (Table 3). Despite

low colony density at station 9, those corals present

were large with highest CSA_Av and LCSA_Av (see

Table 3 for variable names and abbreviations). Coral 3D

total cover (3DTC) which includes dead coral ranged

from 0.12 to 0.99 m2 coral/m2 sea floor, and 3D live

cover (3DLC) ranged from 0.05 to 0.59 (Table 3). Due

to high correlation (r2 = 0.794, p < 0.0001) between

3DTC and 3DLC, only 3DTC was included in regres-

sion models and correlation tests with ISI. The total

structure of the reef at all five stations west of Charlotte

Amalie was largest with higher 3DTC and 3DLC, and

stony coral taxa richness (SC_Tx) was also high at these

stations relative to most others. Both total and live

average colony size varied little except for relatively

high values at stations 9 and 3. Average coral LT ranged

from lowest values around 55% at stations 3, 8, and 9 to

high values over 80% at stations 2, 5, 11, and 13. The

CSA_CVof total coral colony size was lowest at stations

8 and 10 and highest at stations 2 and 13.

Increased watershed LDI was negatively related to

stony coral reef structure measured by 3DTC and ru-

gosity (Table 4). LDI was also negatively associated

with coral diversity (Shannon-Weiner diversity index,

SC_H′). Sedimentation threat was significant with reef

rugosity and SC_H′with positive relationships, andWQ

had a positive relationship with SC_H′. While not sig-

nificant for total colony density, LDI was negatively

related to colony density of five of eight dominant coral

species (Table 5). Water quality had a significant posi-

tive relationship with Porites porites density (Table 5).

The composite ISI did not correlate with any

population-level stony coral metrics. Colony densities

of Orbicella annularis and Orbicella franksi were neg-

atively correlated with ISI with r values = − 0.502 and −

0.49 and p < 0.08 and 0.09, respectively.

Gorgonians and sponges

Gorgonians were observed at seven of the 13 stations

(Table 6) with a total of 47 colonies exhibiting eight

morphologies. The circle SA formula was applied to

Table 2 Stony coral species and density (no./m2 sea floor) counted at 13 stations along the southern St. Thomas coast (unidentifiable/dead

colonies not presented or included in total)

Station: 1 2 3 4 5 6 7 8 9 10 11 12 13

Agaricia agaricites 0.48 0.16 0.12 0.04 0.04 0.04 0.04 0.04

Agaricia fragilis 0.04 0.04 0.08

Agaricia lamarcki 0.04

Colpophyllia natans 0.04 0.04 0.08 0.04

Dendrogyra cylindrus 0.04 0.04 0.08 0.04

Dichocoenia stokesi 0.08

Pseudodiploria labyrinthiformis 0.56 0.48 0.08 0.32 0.12 0.04 0.04

Diploria strigosa 1.24 0.44 0.04 0.08 0.04 0.08 0.24 0.16

Eusmilia fastigiata 0.04 0.20 0.16 0.04

Madracis decactis 0.04 0.08 0.04 0.08

Madracis mirabilis 0.08

Manicina areolata 0.04

Meandrina meandrites 0.04 0.04 0.04 0.20 0.36 0.04 0.04 0.16 0.04 0.04

Millepora complanata 0.20 0.12 0.52 0.24 0.12 0.04

Orbicella annularis 0.44 0.48 0.60 0.36 0.16 0.08 0.36 0.20 0.04 0.04 0.08

Montastraea cavernosa 0.24 0.32 0.16 0.28 0.12 0.04 0.04 0.08 0.04 0.64 0.28 0.04

Orbicella faveolata 0.44 0.72 0.36 0.04 0.24 0.04 0.04 0.04 0.04 0.04 0.16 0.08

Orbicella franksi 0.48 0.20 0.12 0.16 0.20 0.04 0.36 0.08 0.04 0.44

Porites astreoides 1.48 1.08 0.52 0.36 2.32 0.68 0.28 0.2 1.08 0.12 0.44 0.36

Porites colonensis 0.12 0.04 0.04

Porites divaricata 0.12 0.20 0.04 0.08 0.04

Porites furcata 0.04 0.04 0.16 0.12 0.04 0.04 0.20 0.08

Porites porites 0.12 0.20 0.24 0.56 0.04 0.20 0.12 0.28 0.16 0.04 0.24

Siderastrea siderea 2.36 0.36 0.52 1.00 3.28 1.04 0.12 0.12 0.12 0.76 1.08 1.68 0.24

Solenastrea bournoni 0.12

Stephanocoenia intersepta 0.32 0.16 0.04 0.04 0.20 0.08

Total Abundance: 8.56 5.00 3.16 3.60 8.08 2.36 1.72 1.12 0.52 2.92 3.24 2.80 1.20

Stations in 1st (lowest) LDI quartile have no shading, 2nd LDI quartile in bold font, 3rd LDI quartile shaded light gray, and 4th LDI (highest)

quartile shaded dark gray

Environ Monit Assess (2018) 190: 213 Page 7 of 16 213



two sea plumes < 26 cm in height. Sea rods were dom-

inant, accounting for about 60% of the abundance and

79% of the SA of gorgonians. The highest gorgonian

density and SA were found at station 1 (Table 6). Re-

gression analysis detected no significant relationships

between any stressors and average gorgonian surface

area or gorgonian density. Correlation analysis with ISI

revealed no significant relationships with gorgonian

metrics.

Sponges were found at all 13 stations (Table 6) with a

total of 139 colonies exhibiting seven different morphol-

ogies. The most common sponge morphologies were

rods (56), mounds (39), and encrusting types (20), with

rods contributing 96% of total sponge SA. Three Bvase^

sponge colonies < 10 cm in height yielded negative SA

using regressions, so the formula for a circle was used to

estimate SA for these exceptions.

Sedimentation threat and WQ were positively signif-

icantly related to sponge colony density (Table 4).

Sponge colony density was positively correlated with

ISI (r2 = 0.395, p < 0.02).

Fish

A total of 1968 fish belonging to 25 families were

observed, and eight families comprised 92% of total

abundance (highest abundance to lowest): Labridae,

Scaridae, Pomacentridae, Acanthuridae, Gobiidae,

Haemulidae, Serranidae, and Lutjanidae. These domi-

nant eight families comprised 88% of total biomass

(highest biomass to lowest): Scaridae, Serranidae,

Acanthuridae, Pomacanthidae, Haemulidae,

Pomacentridae, Lutjanidae, and Labridae. From 67 dif-

ferent species, the ten species comprising 70% of total

abundance were (from highest to lowest) bluehead,

masked/glass goby, striped parrotfish, ocean surgeon-

fish, blue tang, redband parrotfish, cocoa damselfish,

French grunt, and bridled goby. Fish abundance ranged

from 45 to 231 in the 100-m2 survey area. Piscivores

were rare and constituted less than 1% of abundance.

Zooplanktivores constituted 16%, invertivores 49%,

and herbivores 45%.

Station metrics for total fish abundance, total bio-

mass, taxa richness, and Shannon-Weiner diversity in-

dex are presented in Table 6. No fish metrics were

related to individual stressors, and no significant corre-

lations with ISI were found.

Foraminifera and Macroinvertebrates

The FoRAM index was lowest (2.83) at station 10 near

Charlotte Amalie Harbor. Stations 7 and 9 near Water

Island had the highest FoRAM values of 6.48 and 4.88,

and the remaining station values ranged from 3.06 to

3.84 (Table 6). Sea urchins of various species comprised

98% of macroinvertebrates observed at all stations. Of

Table 3 Station depths and mean stony coral indicators: density

(SC_Den; no. of colonies/m2), colony surface area (CSA_Av; m2

coral), live colony surface area (LCSA_Av; m2 coral), percent live

tissue (LT; %), 3D total cover (3DTC; m2 coral/m2 seafloor), 3D

live cover (3DLC;m2 coral/m2 seafloor), coefficient of variation of

colony surface area (CSA_CV), number of taxa (SC_Tx; no. of

taxa/m2), Shannon-Weiner index of diversity (SC_H′), and reef

rugosity (RI)

Station Depth (m) SC_Den CSA_Av LCSA_Av LT 3DTC 3DLC CSA_CV SC_Tx SC_H′ RI

1 7.62 9.12 0.11 0.06 75.57 0.975 0.557 241.5 0.72 2.24 1.66

2 7.01 8.24 0.09 0.07 82.43 0.757 0.542 321.6 0.68 2.02 1.45

3 9.14 3.32 0.30 0.09 58.43 0.986 0.310 149.1 0.68 2.36 1.66

4 6.71 3.60 0.11 0.05 68.22 0.378 0.186 194.3 0.52 2.22 1.57

5 6.71 9.12 0.10 0.06 81.43 0.869 0.589 198.0 0.76 1.94 1.41

6 7.01 2.44 0.07 0.03 74.92 0.162 0.073 246.7 0.48 1.61 1.35

7 7.62 3.60 0.10 0.05 73.22 0.360 0.182 208.7 0.52 1.94 1.54

8 6.71 1.12 0.11 0.04 54.46 0.121 0.046 124.0 0.44 2.14 1.34

9 6.40 0.64 0.54 0.13 52.50 0.345 0.082 182.8 0.24 1.44 1.28

10 6.40 2.92 0.09 0.07 78.49 0.264 0.199 167.6 0.56 1.93 1.50

11 6.71 4.32 0.09 0.05 81.39 0.373 0.219 287.1 0.60 2.03 1.32

12 5.49 3.52 0.08 0.03 74.20 0.273 0.123 178.7 0.36 1.47 1.45

13 6.10 1.12 0.17 0.07 82.14 0.196 0.074 288.5 0.36 1.89 1.59
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Table 4 Results of stepwise regression testing relationships between coral reef indicators and stressors: landscape development intensity (LDI) index, sedimentation threat (ST), and water

quality (WQ) with inclusion of p < 0.25 and retention of p < 0.20. Transformation indicated to meet requirement for normal distribution

Indicator Transformation LDI ST WQ Equation

p value Partial r2 p value Partial r2 p value Partial r2

3DTC log10 0.080 0.252 ns ns 3DTC = (LDI × − 0.05054)

RI none 0.012 0.156 0.015 0.392 ns RI = (LDI × − 0.1088) + (ST × 0.00000659)

SC_H′ none 0.083 0.224 0.187 0.122 0.125 0.185 SC_H′ = (LDI × − 0.24242) + (ST × 0.0000082) + (WQ × 0.21111)

Sp_Den log10 ns 0.010 0.471 0.194 0.088 Sp_Den = (ST × 0.00001022) + (WQ × 0.09406)

Equation coefficients show direction of relationship

3DTC three-dimensional total cover (live + dead coral), RI rugosity index, SC_H′ Shannon-Weiner diversity index, Sp_Den density of sponge colonies
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all macroinvertebrates, 67% were found at stations 1–5,

west of Lindberg Bay (Table 6). Only seven spiny

lobsters (five at station 10) were found, and no slipper

lobsters, juvenile queen conch, and adult conch were

observed at all. Neither the FoRAM index nor inverte-

brate density showed significant relationships in regres-

sions with individual stressors or in correlation analysis

with ISI.

Discussion

Human disturbance on the south shore of St. Thomas

was characterized using three independent spatial mea-

sures of stressors known to adversely impact coral reefs.

The stressors harm coral reefs either directly (Loya

1976; Rogers 1979; Rogers 1990; Fabricius 2005) or

synergistically through interaction with other factors

Table 5 Results of stepwise regression testing relationships between colony density of dominant stony coral species and stressors (see

Table 4 and text) with inclusion of p < 0.25 and retention of p < 0.20. Transformation indicated to meet requirement for normal distribution

Stony coral species Transformation LDI ST WQ Equation

p

value

Partial

r2
p

value

Partial

r2
p

value

Partial

r2

Orbicella annularis none 0.0089 0.4773 ns ns LDI × − 4.02511

Montastraea

cavernosa

none 0.0436 0.3208 ns ns LDI × − 2.86174

Orbicella faveolata log10 0.1469 0.1812 ns ns LDI × − 0.18755

Orbicella franksi none 0.0866 0.2409 ns ns LDI × − 2.33885

Porites astreoides none ns ns ns ns

Siderastrea siderea none ns ns ns ns

Pseudodiploria

strigosa

log10 ns ns ns ns

Porites porites none 0.0415 0.2822 ns 0.0258 0.2016 (LDI × − 2.39872) + (WQ × 3.61828)

Equation coefficients show direction of relationship

ns not significant

Table 6 Station indicators FoRAM index (FI), invertebrate den-

sity (In_Den; no. of invertebrates/m2 sea floor), gorgonian density

(Gorg_Den; no. of gorgonians/m2), average gorgonian surface

area (GSA_Av; m2 gorgonian SA), sponge density (Sp_Den; no.

of sponges/m2), average sponge surface area (SSA_Av; m2 sponge

SA), fish abundance (F_Abun; no. of fish/transect), fish biomass

(F_Biom; total g/transect), F_Tx (number of fish taxa/transect),

and Shannon-Weiner index of diversity for fish (F_H′)

Station FI In_Den Gorg_Den GSA_Av Sp_Den SSA_Av F_Abun F_Biom F_Tx F_H′

1 3.38 0.80 5.4 0.19 0.6 0.03 213 796.1 21 1.87

2 3.15 3.00 0.6 0.20 0.8 0.08 134 2501.8 20 2.14

3 3.22 0.11 0.0 0.0 2.2 5.85 109 316.8 16 2.29

4 3.06 0.37 0.8 0.05 2.0 0.04 231 3046.7 19 1.98

5 3.72 0.31 1.2 0.06 3.4 0.18 151 2810.3 24 2.56

6 3.46 0.16 0 0 1.6 0.01 148 1644.8 21 2.47

7 6.48 0.04 0 0 1.6 0.01 132 1476.8 24 2.53

8 3.84 0.02 0 0 2.0 0.40 156 3509.4 19 2.47

9 4.88 0.09 0 0 0.4 0.10 176 2440.2 25 2.82

10 2.83 0.12 0.2 0.07 7.4 0.69 166 2664.6 22 2.25

11 3.34 0.02 0 0 2.0 0.10 153 5799.7 21 2.52

12 3.69 1.78 0 0 3.0 0.09 45 367.1 14 1.99

13 3.65 0.01 1.2 0.11 0.8 0.06 154 638.0 25 2.31
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(Carilli et al. 2009; Vega Thurber et al. 2013). High

stressor values at stations closest to Charlotte Amalie

Harbor validated selection of the area as an anthropo-

genic disturbance center where numerous human im-

pacts occur. Our approach included comparing predic-

tive power of individual stressors with a composite

stressor index, the latter assuming additive effects as

used to model reef stressors on a worldwide scale

(Halpern et al. 2008). Land-based human activity repre-

sented by watershed LDI (Brown and Vivas 2005) had

the most significant relationships with reef rugosity,

coral diversity, and coral taxa richness exhibiting con-

sistent negative coefficients in regression models. This

supported the hypothesis that increased intensity of

human development on land (high LDI) is associated

with poor condition of coral reefs adjacent to high-LDI

watersheds, as demonstrated in other Caribbean areas

(Rogers 1979; Smith et al. 2008; Oliver et al. 2011),

Hawaii (Rodgers et al. 2012), and Indonesia (Golbuu

et al. 2008). The capability of LDI to predict ecosystem

condition in wetlands and nutrient loading in watersheds

(Brown and Vivas 2005) extends to predicting charac-

teristics of coral reef condition such as stony coral

colony size, species colony density, species diversity,

topographic reef complexity, and benthic habitat com-

position at multiple watershed scales (Pittman et al.

2013). Some of these coral indicators have been related

to distance to disturbance or other stress proxies (Fisher

et al. 2008; Smith et al. 2008; Rodgers et al. 2012), and

our results reinforce their application in stressor-

response characterizations.

Stations near high-LDI watersheds had lower stony

coral 3D cover and reef rugosity and reduced colony

density for five dominant reef-building species (Tables 4

and 5). Total coral colony density and taxa richness were

not statistically associated with LDI, but stations adja-

cent to highest-quartile LDI watersheds tended to have

fewer colonies and fewer taxa compared to those near

low-quartile LDI watersheds. Also, coral communities

at the high-LDI stations were dominated by Bweedy^

species like Porites astreoides and Siderastrea siderea

(Table 2), which have shown greater resistance to stress

in Puerto Rico and other Caribbean areas (Torres and

Morelock 2002; Green et al. 2008; Smith et al. 2013),

but do not provide the habitat complexity of branching

species (e.g., Acropora) nor the reef structure of massive

corals (e.g., Orbicella and Montastraea). There were

significantly fewer Orbicella sp. at stations with higher

LDI, a finding that highlights a conclusion similar to

Smith et al. (2008) and Ennis et al. (2016), who reported

that reduced coral cover near human influence was

driven by fewer O. annularis, O. franksi, and

O. faveolata. There is particular concern about loss of

prime reef-building species (Morelock et al. 2001) and

the compromise of multiple ecosystem services that

ultimately depend on reef structure (Principe et al.

2012; Alvarez-Filip et al. 2009; Burke and Maidens

2004). Montastraea cavernosa, another massive reef-

building coral, is thought to be relatively resistant to

stress but was also more abundant with lower LDI.

These results underscore the importance of species-

specific coral monitoring methods to detect community

shifts caused by varied tolerance to stressors. Multivar-

iate methods to detect changes across reef assemblages

have also been applied to characterizing reef-stressor

relationships (Jupiter et al. 2008). Even with well-

designed methods, detecting stressor-response relation-

ships requires a broad range of biological conditions

possible (Karr and Chu 1997) and locating USVI reefs

representative of Breference condition for biological

integrity^ (or zero human impact) is challenging as most

USVI coral reefs are probably affected in some way by

human influence (Rothenberger et al. 2008; Friedlander

et al. 2013; Pait et al. 2013a, b; Pittman et al. 2013;

Whitall et al. 2014; Jackson et al. 2014).

There was a significant, but weak, negative relation-

ship of modeled ST with average stony coral colony

size. There were also significant but positive relation-

ships of STwith reef rugosity and coral diversity index,

countering a common premise that high sediment load-

ing adversely affects stony coral condition (Rogers

1979; Fabricius 2005). However, all of these results

may have little interpretive potential because the range

of ST values in this study was relatively small. In

addition to testing a wide range of biological responses,

the stressor gradient ideally incorporates multiple stress-

or levels from near-pristine to severe human disturbance

levels (Karr and Chu 1997). But here, the highest ST

was 54,359 (station 10), which is relatively small com-

pared to the maximum Summit to Sea ST in the region

of 251,714. Thresholds of sediment exposure are not

well understood (Rogers 1990), and even if they were,

the ST model does not convert to actual sediment con-

centrations. A positive coefficient found for ST and

sponge density is consistent with other studies showing

some sponge species to be relatively tolerant to stress

from excess sediments (Powell et al. 2014). If so, this

could indicate a possible phase shift in impacted
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environments from coral-dominated habitats to sponge-

dominated, and a loss of many ecosystem services

(Ward-Paige et al. 2005; Norström et al. 2009).

For coral reefs near Charlotte Amalie, a more rele-

vant source of sediment exposure for corals might be

pulsed resuspension of sediments associated with cruise

ship traffic in and out of ports in Crowne Bay and

Charlotte Amalie Harbor (Kisabeth et al. 2014). Ship

traffic creates plumes of resuspended sediment which

substantially increase turbidity and total suspended

solids compared to undisturbed levels (Kisabeth et al.

2014; Jones et al. 2016). This daily recurring activity is

not captured in the ST model, which relies on landscape

features, precipitation, and soil erodibility. It may be

necessary to adjust sediment delivery models like Sum-

mit to Sea to account for factors like ship traffic to

improve predictive capabilities. Many other nuances of

sediment effects on corals not included in ST are grain

size of the sediment, with finer grains generally causing

greater harm (Acevedo et al. 1989; Weber et al. 2006),

and whether exposure occurs in pulsed or steady sedi-

ment regimes (Browne et al. 2015).

As proxy for impaired water quality, a spatial esti-

mate based on distance to disturbance (Fisher et al.

2008) was developed using data reported to the U.S.

EPA under the Clean Water Act 305(b) and 303(d)

programs (DPNR 2010). Assuming no effect beyond

3 km, three stations were too far away from impaired

bays to be affected, and stations 5 and 6 located in the

center of the study area had potential impact from

three and two bays, respectively, where impaired wa-

ter quality was reported. Significant positive relation-

ships between WQ and coral diversity index and be-

tween WQ and P. porites colony density did not indi-

cate that proximity to bays with WQ issues had neg-

ative effects on coral reefs. Estimates of WQ stress to

benthic organisms could be improved with additional

field data to better define potential relationships be-

tween specific WQ stressors like turbidity, total

suspended solids (TSSs), and low DO on corals. Field

measurements such as TSS and nutrients are needed to

validate remotely sensed satellite products which can

more accurately characterize exposure to WQ condi-

tions over time compared with occasional measure-

ments (Brodie et al. 2010). Fine-scale data on water

currents would inform predictions of transport of ma-

terials to reef habitats and exposure of coral reefs to

WQ stressors. Our distance-based WQ approach de-

tected positive relationship with sponge colony

density; more sponge colonies were present closer to

bays with WQ impairments. This is similar to results

from a study of sponges and land-based nutrient inputs

in the Florida Keys (Ward-Paige et al. 2005) and is

consistent with the concept of phase shifts from stony

corals to sponges with increasing anthropogenic

stress.

Modeling environmental stressor gradients is in-

herently difficult for several reasons. Co-occurrence

of stressors in areas of high human disturbance is

common, which makes it difficult to discern which

stressors are responsible for reduced biological con-

dition. The LDI is one type of composite index that

is generated on a watershed basis, integrating inputs

of nonrenewable energy to land use parcels (Odum

1996). Watershed management for coral health is not

a new concept; for example, many Pacific Island

cultures practice Bridge-to-reef^ stewardship which

assumes a connection between land-based human

activities and health of adjacent marine communities

(Richmond et al. 2007). Yet, management options

may not be obvious using LDI as a predictor unless

specific land use types associated with reduced bio-

logical condition can be identified. Characterizing

all operative stressors regarding a system of interest

is likely impossible. Models that incorporate multi-

stressor data across broad scales (Halpern et al.

2008; Burke et al. 2011) may provide more compre-

hensive stressor information, but these scales make

the data less useful for small islands like St. Thom-

as. For some areas of the Caribbean, data about

coral reef stressors such as fishing pressure

(Shivlani and Koeneke 2010), chemical contami-

nants (Whitall et al. 2014), and ocean temperature

anomalies (Novoa et al. 2012; Liu et al. 2014) could

improve forecasting and clarify management op-

tions. Development of spatially explicit, comprehen-

sive data on multiple stressors impacting coral reefs

and accounting for potential synergistic, additive, or

antagonistic effects would best serve reef manage-

ment needs.

Three westward stations adjacent to sparse human

population and undisturbed lands had consistent low

stressor estimates below 50% of the mean and among

the highest total and live stony coral cover, taxa rich-

ness, and colony density. Watersheds adjacent to these

stations had high coverage of forest and other natural

lands (Fig. 1). Progressing to the east, different patterns

were seen depending on the stressor. For example,
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station 4 is adjacent to a low-LDI watershed but fits the

4th (highest) quartile for ST due in part to adjacent bare

landscape and increased likelihood for runoff. Stressor

values for station 13 located farthest east from the center

of disturbance indicate greater human influence than

might be assumed by its distance from Charlotte

Amalie. This station had second-highest LDI and ST

values and may combine with another human activity

source to the east. Influences such as an unlined landfill

located 0.1 km from shore in Bovani Bay (Horsely

Witten Group 2013) are not represented in our stressor

estimates and could have a large impact. Station 8 with

highest LDI values also had the lowest stony coral cover

and low percent live tissue. In contrast, station 11 locat-

ed near uninhabited Hassel Island had low LDI and

intermediate coral indicator values. Although uninhab-

ited, Hassel Island is close to the harbor and probably

receives resuspended sediment from ship traffic.

Although nonsignificant in regressions and corre-

lations, the FoRAM index was highest (best condi-

tion) at stations 7 and 9, located away from the coast

and human influences, and lowest at station 10 near

Charlotte Amalie Harbor. The FoRAM has shown to

be responsive to eutrophication (Hallock et al. 2003)

and distance to disturbance (Oliver et al. 2014) and

may have a value in reef monitoring protocols. Fish

populations may associate with reef structure but are

not expected to associate directly with stressors be-

cause fish are mobile; a lack of significant findings

with stressors is not surprising.

Healthy coral reefs benefit the people and economy

of St. Thomas by providing ecosystem services. Al-

though causality cannot be directly determined, a human

impact signature was evident from LDI associations

with reef condition indicators at 13 stations, showing

that reefs around Charlotte Amalie are proportionally

affected by human development activities in adjacent

watersheds. Management steps to reduce human distur-

bances can lessen direct impacts on corals, as well as

additive or synergistic effects from tropical storms and

hurricanes, global-scale ocean temperature anomalies

(Hughes and Connell 1999; Maina et al. 2011; Gurney

et al. 2013), and ocean acidification (Wooldridge and

Done 2009; Ban et al. 2014).

Cost-effective mitigation options to reduce sedimen-

tation for example, have been demonstrated in the USVI

(Ramos-Scharrón 2012), and effective spatial mapping

of reef stressors can prioritize where such actions are

most needed. A balanced approach to coastal

management decision-making, which incorporates

available scientific research to better characterize

stressors and understand their influence, can help protect

coral reef ecosystems and the economic, ecological, and

esthetic benefits they provide.
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Developing a multi-stressor gradient model for coral reefs of Puerto 

Rico  
 

Leah M. Oliver, Deborah L. Santavy, Patricia Bradley 

 

 

Abstract   Coral reefs worldwide are threatened by multiple anthropogenic stressors, yet 

understanding reef responses to multiple stressor gradients is complicated by interactive stressor 

effects, co-occurrence of some stressors, and inconsistent data availability.  Indirect protection of 

aquatic life under the US Clean Water Act (CWA) may occur through requirements for effluent 

discharge permits and provisions for setting chemical and physical criteria based on designated 

waterbody uses for humans.  Biological water quality criteria ΡΥ�≥ΕΛΡΦΥΛWΗΥΛD×�established under 

the CWA offers a direct means to protect corals.  Biocriteria are quantitative thresholds or 

narrative descriptions of coral reef ecosystem attributes needed to maintain biological integrity.  

Biocriteria development involves defining the biological community associated with a wide 

range of ecosystem conditions ranging from a pristine, undisturbed state to severe disturbance by 

human activities.  As part of this process for Puerto Rico, Caribbean coral reef ecosystem experts 

prioritized anthropogenic stressors to coral reef ecosystems as land-based sources of pollution, 

fishing pressure, and global climate change-related thermal anomalies.  Spatial data representing 

these stressors were mapped, showing some areas where all three stressors were high and also 

areas where the magnitude of stressors contrasted.  In northeast Puerto Rico, urban development 

around San Juan resulted ΛΘ�WΚΗ�ΛςΟDΘΓ∂ς�ΚΛϑΚΗςW�ΖDWΗΥςΚΗΓ�ΓΗvelopment index, which co-

occurred with high fishing pressure.  In contrast, southwest Puerto Rico had high fishing pressure 

but low watershed development and ocean temperatures compared to other coastal areas.  

Narrative descriptions were also developed to incorporate stressors for which spatial data is 

absent or limited.  Future expert workshops will refine this model by developing stressor 

weighting factors and by considering interactive effects.  This conceptual framework will 

contribute to developing a multi-stressor gradient model for the coral reefs of Puerto Rico, 

identify data needs, stimulate addition of new spatial data, and generate testable hypotheses to 

calibrate the stressor-response model. 

Keywords: coral reefs, land-based pollution, temperature anomalies, fishing pressure, stressor 

gradient 

_________________________________________________________________________ 
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Introduction  

Coral reefs are often found near coasts where multiple anthropogenic stressors co-occur at areas 

of high human disturbance.  Stressors range in scale of influence and relative manageability from 

point source discharges and unrestrained coastal development to thermal anomalies and ocean 

acidification stemming from global climate change (Hughes and Connell 1999; Kleypas et al. 

1999; Ban et al. 2014).  Understanding which human-induced stressors influence important coral 

reef attributes is critical to effect management actions that maximize benefits to reefs and the 

valuable ecosystem services they provide.  The US Clean Water Act (CWA) establishes a 

framework for regulating water quality and directs the EPA to set wastewater standards for 

industry, issue permits for industrial and municipal discharges, and coordinate with state and 

territorial governments to adopt water quality criteria to protect against harmful effects of 

pollutants.  Chemical and physical criteria are routinely established, yet the CWA also contains a 

provision for states and territories to set biocriteria, which are desired states of biological 

resources linked to designated uses (Bradley et al. 2009).  Designated uses are the formally 

promulgated uses for a given waterbody such as drinking water, fishing and fish consumption, 

swimming, and supporting aquatic life.  The CWA requires that water quality be able to support 

the designated use(s) for a given waterbody.  Based on the designated use(s), desired resource 

conditions may be customized, for example, biocriteria for lower quality ≥&ΟDςς�&×�waters with 

heavy human impact may allow for some loss of ecosystem structure and function while those 

for higher quality ≥&ΟDςs A× waters could require full ecosystem integrity on par with an 

undisturbed, undeveloped, and possibly historic condition indicative of a natural or non-degraded 

state (US EPA 2016).  Although it is not necessary to quantify all stressors which impact 

biological resources, biocriteria development requires development of relevant indicators for 
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most critical for coral reef ecosystems in Puerto Rico and the Caribbean.  Experts identified high 

sea temperatures and land-based pollution as primary stressors for corals, and fishing pressure 

and land-based pollution for fishes.  As part of the BCG development process in which 

anthropogenic stressor gradients are characterized and associated with different BCG levels, we  

ςΡΞϑΚW�WΡ�ΓΗΨΗΟΡΣ�D�ΦΡΘΦΗΣWΞDΟ�ΙΥDΠΗΖΡΥΝ�ΙΡΥ�DΘ�ΛΘWΗϑΥDWΗΓ�ςWΥΗςςΡΥ�ϑΥDΓΛΗΘW�ΙΡΥ�3ΞΗΥWΡ�5ΛΦΡ∂ς�

coral reef ecosystems, incorporating both quantitative data and narrative descriptions.  

  

Materials and methods 

Land-Based Sources of Pollution (LBSP) 

A Landscape Development Intensity Index (LDI) was calculated as a measure of land-based 

pollution using the method of Brown and Vivas (2005).  The LDI method integrates human 

impact associated with specific land use/land cover (LULC) types, proportional to cumulative 

inputs of nonrenewable energy (Emergy).  In brief, a 30m-resolution LULC dataset (Homer et al. 

2007) was reclassified to Emergy coefficients (Odum 1996) blended from Brown and Vivas 

(2005) and Florida land use cover and classification systems (Janicki 2013) (see Table 2 in 

Oliver et al. 2011).  LDI values were calculated for coastal Hydrologic Unit Code (HUC)-12 

watersheds, and weighted for % LULC.  Coastal watershed LDI values were extended into 

adjacent coastal segments or sea-sheds, by drawing cardinal lines from watershed borders in a 

10-km offshore buffer using ArcMap v10.  To address dilution of pollutants with increased 

distance from shore, LDI values were assigned unadjusted to coastal segments 0-2 km from 

shore, reduced by 50% in adjacent coastal segments 2-7 km from shore, and reduced by 70% in 

segments 7-10 km from shore.   

Thermal anomalies 

Satellite-derived, sea-surface temperature anomaly (SSTA) data was obtained from 12∃∃∂ς�

Coral Reef Watch website 

(http://www.coralreefwatch.noaa.gov/satellite/bleaching5km/index.php).  Annual composite, 5-

km resolution SSTA files included all currently available data from 2014 ± present day 2016.  

Files in NetCDF format were downloaded and converted to raster in ArcMap v10.3.  Rasters 

were cropped to the geographic extent of Puerto Rico and a mean SSTA raster was calculated.  
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SSTA represents positive or negative deviations from average monthly climatology, which is 

based on historical records of mean monthly night-time SST values (Liu 2014).   

Fishing pressure 

Geospatial layers of fishing intensity were obtained from Manoj Shivlani (Shivlani and Koeneke 

2011), who estimated commercial Puerto Rico fishing effort based on interviews with fishers.  

Participants were asked to map fishing areas they used, and the number of trips to each.  Total 

fishing effort is the maximum potential number of trips to grid cells of approximate area of 3.3 

km2 for all gears including nets, lines, traps and dive gears (dive gears include spear guns and 

hand gathering by skin diving or scuba). 

Integrated stressor index 

Stressor estimates were combined by first converting the LDI and fishing effort polygon layers 

into rasters.  Raster layers for LDI, fishing and SSTA were re-scaled from 0-1 using a linear 

function with the lowest values corresponding to 0 and the highest values to 1.  Rasters were 

added using the raster calculator tool in ArcMap v10.3, Spatial Analyst toolbox.   

Narrative stressor descriptions 

Narrative stressor descriptions were developed for undisturbed (pristine), moderately stressed, 

and severely degraded states of LBSP, thermal anomalies, and fishing pressure.  For LBSP these 

included land use characteristics for low, medium and high LDI watersheds, other conditions 

which were not represented by LDI such as runoff-related impaired water quality and sediment 

resuspension, and land conditions which exacerbate pollutant transport such as soil type and 

slope.  Fishing pressure was described in terms of both the fishing activity and also the resulting 

change in fish populations which is relevant to the health of associated reef-building corals. 

 

Results 

Coastal LDI watershed values ranged from 1.2 ± 5.7, with the highest values in North East 

Puerto Rico watersheds including the city of San Juan, the West coast near Mayaguez, and the 

South coast near Ponce, Santa Isabel, Salinas and Guayama (Fig. 2a).  High LDI values in 

Northern receiving sea-sheds were driven by adjacent land areas containing dense human 

population and those in Western and Southern sea-sheds were driven by a combination of 

population and row crop agriculture.   
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     Mean SSTA (2014 ± 2016) for Puerto Rico ranged from 0.29 ± 0.87oC, and a pattern of 

lowest SSTA on the West and South West coasts was observed (Fig. 2b).   

     Commercial fishing effort was highest on the West coast, Southwest near La Parguera, Cabo 

Rojo, and Puerto Real; and also around the central North coastal area (Fig. 2c).   

     Summed, rescaled stressor indices reflected high LDI and fishing pressure near San Juan on 

the North and South-central coasts, high fishing pressure on Southwest coast and Vieques (Fig. 

2d).  The West coastal area was intermediate for integrated stressor index but fishing pressure 

was high in the region.   

 

 

Fig. 2  a. Hydrologic Unit Code (HUC12) watersheds of Puerto Rico and associated LDI values.  

Offshore buffer zones show attenuated LDI value with increased distance from shore. b. NOAA 

Sea Surface Temperature Anomaly (SSTA), mean of monthly composites from 2014-2016. c. 

Total fishing effort modeled as maximum possible trips to each grid cell (Shivlani and Koeneke     
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Narrative stressor descriptions are presented in Table 1.  For LBPS, soil and terrain 

characteristics which tend to accelerate runoff and increase sediment and pollutant transport to 

benthic habitats were included.  Since the LDI is based on LULC, to avoid redundancy only 

those additional anthropogenic influences which are not LULC - related were included.  Elevated 

temperature thresholds associated with coral bleaching were derived from literature accounts 

correlating bleaching with both the magnitude and duration of exposure to elevated sea surface 

temperature (Eakin et al. 2010; Heron et al., 2016).  Fishing pressure was articulated in terms of 

relative fishing effort which pressures fishery sustainability, and also the resulting fish  

2011). d. Integrated stressor index was calculated by re-scaling all three stressors (0-1) and 

summing for a maximum possible value of 3 community expected under varying fishing 

pressures in order to illustrate the indirect stress to associated corals.  

Discussion 

Three anthropogenic stressors (land-based sources of pollution, thermal anomalies, and fishing 

pressure were assembled in a spatially-explicit framework for Puerto Rico coral reef and not 

fisheries ecosystems, an initial step to support development of biocriteria to protect these unique 

and important habitats (Fore et al. 2009).  Our expectation is that these stressor estimates will be 

fine-tuned and augmented as additional data becomes available.  The LDI index was chosen as a 

proxy for LBSP, in part due to previous associations with coral condition in St. Croix (Oliver et 

al. 2011) and with wetland condition in Florida (Brown and Vivas 2005) and Ohio (Mack 2006).      

      However our narrative description for LBSP highlights land-based stressors which are 

represented in the LDI.  For example, the presence of a wastewater treatment plant or coastal 

industry is represented in the LDI as a LULC class receiving a high LDI coefficient, but effluents 

originating from these facilities are not incorporated in LDI.  Elevated nutrients are important 

coral stressors which have been associated with decline of reefs in relatively close proximity to 

developed coasts (Ennis et al. 2016).  The LDI is based on 30-m resolution LULC data circa 

2001, but 1-m resolution LULC imagery for Puerto Rico is anticipated in 2016 from the NOAA 

Coastal Change Analysis Program, allowing finer resolution and more current land cover for new 

LDI calculations, and possible application of land use changes as an indicator.  In the future 

assumptions regarding the sea-shed transport of land-based pollutants should be refined by 

adjusting for ocean currents and river flow which affect distance and direction of offshore 
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Table 1 Narrative descriptions for three stressors representing undisturbed, moderately disturbed and 

severely disturbed states.  For fishing pressure, both fishing activities and resulting fish community are 

presented.  WWTP: Waste water treatment plant, BMP: best management practices 

1Section 303(d) of the US Clean Water Act requires states and territories to submit lists of 

impaired waters which do not meet water quality standards. 

 

Stressor 

Level 

Land-Based Sources of Pollution  Thermal 

Anomalies 

Fishing Pressure 

Undisturbed Natural landscape conditions present in 

coastal watersheds. Coastal vegetation such as 

mangroves and riparian vegetation is intact.  

Human development absent: no impervious 

surfaces or facilities such as WWTPs, 

industries, ports or associated shipping 

activity. Sediment entry to coastal waters is 

attenuated by absorbant soil types, presence of 

coastal vegetation, or both.  Area could be 

Marine Protected Area or Reserve.  LDI < 1 

Natural 

temperature 

regime for the 

area, no 

significant 

departures from 

normal 

climatology. 

DHW remains 

less than 4oC 

 

 

Fishing by humans is absent 

 

 

Fish Community: Undisturbed.  High 

diversity in taxa, balanced fish community 

in terms of size and abundance such that 

natural trophic interactions are sustained. 

 

Moderately 

Disturbed 

Low to medium density development, coastal 

industries and/or WWTPs may be present but 

if so, are compliant with discharge permits, 

have advanced levels of waste water 

treatment, and may incorporate biological 

filtration such as coastal wetlands.  

Impervious surfaces near the coast are 

considerable, and along with steep terrain and 

soils dominated by clays, result in frequent 

pulses of moderately elevated sediment levels 

to coastal benthic habitats.  Agriculture 

activity may be broad pasture areas or 

moderate row crop areas, and BMPs are not 

universally employed to limit sediment / 

pollutant transport to marine environment.  

LDI = 2.01 ± 3.0 

Departures from 

normal 

temperature 

regime 

occasionally 

exceed 4oC-

DHW but 

remain below 

8oC-DHW 

Fishing activities include a blend of 

commercial and recreational fishing at levels 

which are non-threatening to sustainable 

production.  Effective fishing management, 

enforcement or some combination prevents 

significant loss of ecosystem functional 

attributes. 

 

Fish Community: Evident changes in 

structure due to loss of some rare native 

taxa; shifts in relative abundance of taxa but 

sensitive-ubiquitous taxa are common and 

abundant; ecosystem functions are fully 

maintained through redundant attributes of 

the system. 

 

Severely 

Disturbed 

Degraded landscape conditions include high 

percent impervious surface and high-density, 

near-coastal human development. Near-

coastal row crop agriculture lacks BMPs.  

Sedimentation is severe due to degraded 

coastal and riparian vegetation and 

unmitigated land clearing practices, and 

sediment contains entrained nutrients and 

other chemical pollutants. Coastal WWTPs 

lack secondary treatment, and along with 

industrial discharges, 303(d)1 listings of 

impaired water bodies under the CWA are 

common.  Other human influences may 

include boat traffic in the form of shipping 

vessels, cruise ships, or recreational vessels 

which result in sediment resuspension in 

coastal benthic habitat areas.  LDI > 5 

Sustained 

elevated 

temperature 

relative to 

normal, periods 

exceeding 8oC-

DHW 

 

 

 

 

 

 

 

Intense commercial and recreational fishing 

pressure of reef fish species and pelagic 

species. Regulations to sustain fishery may 

be lacking or ignored; enforcement is 

nonexistent and illegal fishing is common. 

Gears used include fish traps or others with 

high bycatch mortality.  

 

 

 

Fish Community: Low species richness, 

diversity and abundance compared to other 

levels. Extremely high densities of tolerant 

opportunistic species may characterize these 

systems.  Herbivores and apex predators are 

absent.   
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influence, and incorporating shelf bathymetry which affects dispersal of runoff-transported 

sediment and other pollutants originating on land.  Here, we applied simple assumptions of 

graded influence decay at 2, 7 and 10 km offshore which represent only a coarse estimate.    

      This analysis used 5-km resolution SSTA data, currently available as annual average 

composites from 2014 ΡΘ��ΣΗΘΓΛΘϑ�12∃∃∂ς�release of additional blended satellite products 

which will increase ΥΗWΥΡςΣΗΦWΛΨΗ�ςΣDWΛDΟ�ΓDWD�ΣΥΗςΗΘWΗΓ�ΛΘ�ςΗΨΗΥDΟ�ΖD∴ς�ΡΘ�12∃∃∂ς�&ΡΥDΟ�5ΗΗΙ�

Watch website.  Although SSTA values may be positive or negative, NOAA presents positive 

deviations or HotSpot values, calculated by subtracting the maximum of monthly mean 

ΦΟΛΠDWΡΟΡϑ∴��DΘΓ�D�ΠΗDςΞΥΗ�ΡΙ�≥∋ΗϑΥΗΗ�+ΗDWΛΘϑ�:ΗΗΝς×��∋+:��ΖΚΛΦΚ�Λς�WΚΗ�ςΞΠ�ΡΙ�+ΡW6ΣΡW�

values exceeding 1oC for a preceding 12 week period.  We demonstrate the potential for SSTA at 

5-km resolution to integrate with land-based pollution and fishing data on a reef scale during a 

time period when thermal-anomaly related coral bleaching was not widespread in Puerto Rico.  

If the cooler SST values seen in western Puerto Rico (Fig. 2b) persist during a bleaching event, it 

is possible that corals in those areas might be afforded some degree of protection.  Narrative 

descriptions for thermal anomalies were informed by Eakin et al. (2010) and Heron et al. (2016) 

who demonstrated threshold DHW values associated with coral bleaching and related mortality, 

and also the potential for cumulative temperature stress over time to predict coral bleaching 

susceptibility. 

     Recreational fishing pressure is thought to be at least as important as commercial landings.  

We show spatial variation in commercial fishing effort that will be informed by new data when 

the recreational component of PΞΗΥWΡ�5ΛΦΡ∂ς�ΙΛςΚΛΘϑ�ΟDΖ�Λς�ΛΠΣΟΗΠΗΘWΗΓ�  In the interim, 

narrative stressor descriptions were developed for both commercial and recreational fishing 

activity, including regulatory effectiveness and enforcement capability (Table 1).  Indirect effects 

of fishing pressure on corals were also presented in terms of the associated fish community 

because with the exception of damage to the reef from fishing gear such as anchors or fishing 

line, fishing activities do not impact reef corals directly yet lead to ecological dysfunction from 

overall fishery decline, herbivore reduction and associated algal proliferation on the reef (Hughes 

et al. 2007).  Similarly, model development needs to include indirect effects of climate change-

associated anomalies on fish communities, related to bleaching-related coral mortality and loss 

of reef habitat upon which fish depend for recruitment, refugia, and feeding (Coker et al. 2012; 

Ainsworth and Mumby 2015).  
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     Simple assumptions (Davies and Jackson 2006) that ecosystem structure and function 

gradually falter with increased anthropogenic stress represent an accepted general pattern of 

ecosystem response which can generate testable hypotheses to refine single and cumulative-

stressor effects (Hughes and Connell 1999; Ban et al. 2014).  An approach to integrate world-

scale reef stressors (Halpern et al. 2008; Burke et al. 2011) was used here by summing re-scaled 

stressor values (Fig. 2d), but future model development needs to consider more complex stressor 

interactions including weighting, synergistic or antagonistic effects.  Observed contrasts in 

stressor patterns included South West Puerto Rico with low LDI and SSTA, yet high fishing 

pressure (Fig. 2a, 2b, 2c)  ∃�ΟDΥϑΗ�ΣΥΡΣΡΥWΛΡΘ�ΡΙ�3ΞΗΥWΡ�5ΛΦΡ∂ς�ΦΡΥDΟ�ΥΗΗΙς�DΥΗ�ΙΡΞΘΓ�in the South 

West and establishing a no-take reserve has been suggested.   

     Further development of this multi-stressor model will render it useful to develop biological 

attributes for BCG levels (US EPA 2016; Santavy et al. in review), inform management 

decisions, prioritize collection of reef condition data and stressor information, and support 

stressor-response research studies.  Recent guidance for BCG development (US EPA 2016) 

includes approaches and challenges to defining a generalized multi-stressor axis (x-axis of the 

BCG, Fig. 1) to represent the cumulative impact of anthropogenic stressors to reef ecosystems 

ranging from a pristine state to severely disturbed by human activities.  Publically available 

spatial datasets may be employed to represent additional stressors as has been done for the Great 

Lakes Environmental Indicators project (Danz et al. 2005).  Quantitative information on 

ecosystem condition and anthropogenic stressors for Puerto Rico coral reefs is limited by 

comparison, but initial steps can be taken.  The U.S. Virgin Islands government has identified 

coral reefs and reef functions as designated uses under the CWA and defined biological integrity 

in a narrative context (USVI 2010).  The foundation exists for Puerto Rico to take similar actions 

for setting condition thresholds or biocriteria, to protect its valuable coral reefs.   
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The biological condition gradient, a tool used for describing the 

condition of US coral reef ecosystems  

Deborah L. Santavy, Patricia Bradley, Jeroen Gerritsen, and Leah Oliver 

 

Abstract  Understanding the effects of human activity on coral reef ecosystems requires 

knowing what characteristics constitute a high quality coral reef and identifying measurable 

criteria. The Biological Condition Gradient (BCG) is a conceptual model that describes how 

biological attributes of coral reefs change along a gradient of anthropogenic stress. The BCG 

provides a framework using qualitative and quantitative reef attributes to determine current coral 

reef conditions. Experts in coral reef assemblages (coral, fish, sponge, gorgonian, and algae) 

have defined a BCG model for Puerto Rico. The model describes the full range of biological 

conditions resulting from human disturbance, including community structure, organism 

condition, ecosystem function and connectivity. Each condition level is defined in terms of 

biological integrity, which is the biological condition comparable to undisturbed or minimally 

disturbed conditions caused by human influence. Each level contains a detailed narrative and 

decision rules for translating the narrative into specific metric scores. Reference condition is a 

natural fully-functioning coral reef that serves as a non-shifting baseline that is established 

through expert consensus. Managers can use the BCG model to assess current conditions relative 

to high quality coral reefs, track changes in condition as responses to management actions, and 

communicate environmental condition and outcomes to the public. BCG levels can be aligned 

with designated aquatic life uses specified in water quality standards and used for protection and 

potential restoration of coral reefs. The BCG model will be broadly applicable to Caribbean 

reefs, and the process is transferable to other oceanic regions. 
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Introduction 

One of the most influential legal mechanisms available for aquatic resource protection is the U.S. 

Clean Water Act (CWA) (33 U.S.C. 1251 et seq. 1972), which grants regulatory authorities to 

the U.S. Environmental Protection Agency (USEPA) WΡ�ΣΥΡWΗΦW�WΚΗ�ΛΘWΗϑΥΛW∴�ΡΙ�WΚΗ�1DWΛΡΘ∂ς�

waters (USEPA 2016). The CWA purview includes biological components such as coral reefs 

that lie within the limit of the territorial seas (Jameson et al. 2001). One authority granted to 

USEPA is to prevent waterbody degradation or restore habitat quality through the CWA Section 

101 (a) (Frey 1977; USEPA 2002). This authority allows decisions to curtail or modify 

deleterious anthropogenic activities "to restore and maintain the chemical, physical and 

biological integrity of the nation's waters." Many facets of the CWA are already employed in 

maintaining high water quality imperative for coral reef persistence (USEPA 2016). However, 

the broad authority of the CWA is not being used to its full potential for reef protection (Fore et 

al. 2009; Bradley et al. 2010).   

     Understanding the effects of human activity on coral reefs requires knowing what attributes 

constitute high quality coral reefs and identifying measurable criteria. Restoring and maintaining 

biological integrity is a long-term CWA objective, and like its physical and chemical 

counterparts, biological criteria can be defined to protect valued biological communities (Davies 

and Jackson 2006).  Biological integrity is the capacity to support and maintain a balanced, 

integrated, and adaptive community of organisms having a species composition, diversity, and 

functional organization comparable to the natural habitats within a region (Karr and Dudley 

1981). The process includes classifying habitat types, using quantitative measures of species 

composition, diversity and functional organization; and comparing existing waterbody condition 

to natural or undisturbed reference conditions (Davis and Simon 2004). 

     To achieve CWA objectives, the USEPA, States, US Territories, regulated industries, 

municipalities, and public need comprehensive information about the biological integrity of 

aquatic environments to complement the physical and chemical integrity. The USEPA has 

worked with scientists to adapt a conceptual model known as the biological condition gradient 

(BCG) to protect the biological integrity of tropical Caribbean waters, including marine coastal 

habitats such as mangroves, seagrasses and coral reefs (Bradley et al. 2014; Bradley and Santavy 
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2016). The BCG is a conceptual model that describes how biological attributes of coral reefs 

change along a gradient of anthropogenic stress (Figure 1). The BCG relates the biological 

responses to increasing levels of anthropogenic stress relative to a baseline anchored in natural 

condition or minimally disturbed (Karr 1991; Davies and Jackson 2006; USEPA 2016). This 

framework defines qualitative and quantitative reef attributes to assess the biological condition 

and ecological state of a coral reef by defining multiple levels of biological responses to 

increasing anthropogenic stress.  BCG level 1 represents the highest condition level or full 

biological integrity with ideally no anthropogenic stress, and BCG level 6 represents the poorest 

biological condition impacted by the greatest anthropogenic stress (Fig. 1). Threshold levels can 

be both numeric values and narrative descriptions dependent on the scientific information 

available, and they are intended to be protective of the biological integrity of aquatic life 

inhabiting the waterbody. The BCG model provides guidance to decide whether the biological 

condition of a coral reef is improving or declining relative to these acceptable threshold levels.   

 

 

 

 

Put Fig. 1 here? 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Conceptual model of the biological condition gradient that describes how biological  

 attributes of coral reefs change along a gradient of anthropogenic stress 
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     The BCG framework allows biological condition to be interpreted independent of assessment 

methods. Currently, the BCG is used nationally for the management of freshwater ecosystems to 

communicate to the public and other interested stakeholders the status of aquatic resources and 

their potential for restoration. To date, almost all applications are in freshwater streams, rivers, 

and lakes bounded by land. A BCG model is formulated based on expert consensus using best 

professional judgment. An expert panel works together to define the thresholds at each biological 

condition level using narrative descriptions. Next, numeric thresholds are developed using 

bioassessment data to calculate threshold values grounded in the early narrative formulations. 

Application of the BCG conceptual framework, narrative descriptions developed by experts for 

qualitative rankings, habitat classifications, and assignment of important reef attributes are 

presented for fish and coral models. 

  

Materials and methods  

USEPA focused on southwestern Puerto Rico to test proof-of-concept, develop, calibrate, and 

eventually validate the BCG model to support biocriteria development for Caribbean coral reef 

systems. An expert panel of coral reef scientists participated in three workshops and multiple 

webinars to elicit best professional judgment to develop narrative and ultimately numeric 

biocriteria to define multiple BCG condition levels (Bradley et al 2014; Bradley and Santavy 

2016). In the first workshop, underwater videos and photographs were viewed by experts to elicit 

important coral reef attributes to define coral reef condition. This approach allowed experts to 

draw on their individual and combined knowledge and expertise, without getting mired in CWA 

and biocriteria concepts and terminology. Linear coral reefs were selected from habitat maps by 

Kendall et al. 2001. Sites selected for expert review spanned the full range of conditions 

observed in the data set. Experts rated coral reef condition for 12 stations as either good, fair or 

poor based on the photos and videos considering all aspects of reef condition and health. They 

were instructed to document specific characteristics indicative of conditions for corals, sponges, 

gorgonians, fish, algae, reef rugosity, and topographical heterogeneity. Afterwards, group 

deliberations used their individual evaluations to focus on identifying common attributes with 

narrative language to differentiate each level.  
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     During the second and third workshops, two separate BCG models were constructed 

independently - one for fish communities built by fish experts and the other for scleractinian 

corals built by coral experts. Each group worked from the narrative descriptive BCG model 

developed in the first workshop with the ultimate goal of creating a quantitative model with 

decision rules for threshold levels. Bioassessment data for fish and coral communities were used 

with sites located along a stressor gradient ranging from low to high land-based stressor levels in 

similar habitat types for each community (Santavy et al. 2012; Bradley and Santavy 2016). 

Ideally, data should include the full range of conditions and complement of stressors (e.g., 

pollution sources, fishing pressure, habitat disturbances, etc.) found at the regional level, such 

that the full gradient of the responses of the assemblages were included in model development. 

Since natural, regional, and habitat characteristics affect coral species composition of 

undisturbed waterbodies, a critical step required habitat classification of natural conditions to the 

extent they affect structures of fish and benthic communities (USEPA 2016).  

     The first step for BCG calibration was assigning taxa to BCG attributes I-V (Table 1), based 

on species sensitivity and tolerances to the most important stressors recommended by the 

experts. The BCG attribute definitions were those developed for freshwater systems (Table 1). 

Each taxon was evaluated for: sensitivity and tolerance to anthropogenic stressors, rarity, and 

endemism (Davies and Jackson; 2006; USEPA 2016). Experts assigned all fish and scleractinian 

coral taxa present in Puerto Rican bioassessment data from USEPA surveys in 2010 and 2011  

 

Table 1  Ecological attributes used in freshwater BCGs for fish and benthic infauna communities 

(USEPA 2016) 

 

Attribute Description 

I Historically documented, sensitive, long-lived or regionally endemic taxa 

II Highly sensitive taxa 

III Intermediate sensitive taxa  

IV Taxa of intermediate tolerance 

V Tolerant taxa 

VI Non-native species 

VII Organism condition 

VIII Ecosystem function 

IX Spatial and temporal extent of detrimental effects 

X Ecosystem connectivity 
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(Bradley and Santavy 2016). Next, experts assigned BCG biological condition levels (1-6) to 

each reef site using results from the more complex data-driven analyses and the BCG attribute (I-

V) assignments. As more sites were assigned to BCG condition levels, the experts were 

providing more complex data-driven analyses for improving and informing their judgements to 

rate additional sites. After condition assignments were made to multiple sites which represented 

D�ΥDΘϑΗ�ΡΙ�DΘWΚΥΡΣΡϑΗΘΛΦ�ςWΥΗςςΡΥς��WΚΗ�Η[ΣΗΥWς∂�ΥDWΛΡΘDΟΗ�ΙΡr their assignments were carefully 

documented. This allowed decision rules to emerge for distinguishing different quantitative BCG 

levels. 

 

Results and Discussion 

The first workshop provided proof of concept that the BCG framework could be adapted for 

coral reef ecosystems (Bradley et al. 2014). During the first workshop, the coral reef experts 

collectively developed preliminary narratives for defining four BCG condition levels ranging 

from very good to excellent, good, fair, and poor (Fig. 2) while documenting specific attributes. 

Using underwater videos, the experts defined eight individual traits into four levels of biological 

condition. They rated the first level as very good to excellent condition, representing full 

biological integrity, and it anchored the other condition levels. This condition level was 

considered by the experts as comparable to levels 1 and 2 of the BCG conceptual model. The 

second level was considered good condition by the experts as comparable to BCG Level 3. The 

third level was rated as fair condition and comparable to BCG level 4. The worst condition level 

was comparable to BCG levels 5 and 6 and considered to be highly degraded.  

     The experts identified eight narrative attributes used for describing each BCG level. The 

narrative attributes were: physical structure of the reef which is the topographical heterogeneity, 

roughness or rugosity of the reef surface; coral characteristics including species, shape, size, and 

population demographics; sponge and gorgonian characteristics of shape, size and potential for 

habitat provision; coral condition which is considered the amount of live tissue present and 

extent of disease, bleaching and tumors; fish abundance, biomass and trophic interactions; the 

presence of other vertebrates focusing on charismatic megafauna; selected invertebrates 

including Diadema antillarum, conchs, lobsters, and crabs; and finally algae ranging from 
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polychaetes and holothurians dominated the substrate with few or no reef invertebrates. If algae 

were present, it was fleshy macroalgae, with little or no turf or calcareous algae. Crustose 

coralline algae were absent.  

 

Table 2  Narrative descriptions for eight attributes proposed by coral reef experts to define four BCG 

condition levels for Puerto Rico linear reefs. (adapted from Davies and Jackson, 2006) 
 

 

Χονδιτιον 

λεϖελ 

Αττριβυτε δεσχριπτιονσ 

 

 

Very Good 

Excellent  

 

(approximate 

BCG Level 1±

2)  

Physical structure: High rugosity or 3D structure; substantial reef built above bedrock; 

many irregular surfaces provide habitat for fish; very clear water; no sediment, flocs or films  

Corals: High species diversity including rare; large old colonies (Orbicella) with high tissue 

coverage; balanced population structure (old and middle-sized colonies, recruits); Acropora 

thickets present  

Gorgonians: Gorgonians present but subdominant to corals 

Sponges: Large autotrophic and highly sensitive sponges abundant 

Fish: Populations have balanced species abundances, sizes and trophic interactions 

Large vertebrates: Large, long-lived species present and diverse (turtles, eels, sharks) 

Other invertebrates: Diadema, lobster, small crustaceans and polychaetes abundant; some 

large sensitive anemone species present  

Algae: Crustose coralline algae abundant; turf algae present but cropped and grazed by 

Diadema and herbivorous fish; low abundance of fleshy algae  

Condition: Low prevalence of disease and tumors; mostly live tissue on colonies 

Good  

 

(approximate  

BCG Level 3)  

Physical structure: Moderate to high rugosity; moderate reef built above bedrock; some 

irregular cover for fish habitat; water slightly turbid; low sediment, flocs or films on 

substrate  

Corals: Moderate coral diversity; large old colonies (Orbicella) with some tissue loss; 

varied population structure (usually old colonies, few middle aged and some recruits); 

Acropora thickets may be present; rare species absent  

Gorgonians: Gorgonians more abundant than Levels 1±2  

Sponges: Autotrophic species present but highly sensitive species missing  

Fish: Decline of large apex predators (e.g., groupers, snappers) noticeable; small reef fishes 

more abundant  

Large vertebrates: Large, long-lived species locally extirpated (turtles, eels)  

Other invertebrates: Diadema, lobster, small crustaceans and polychaetes less abundant 

than Levels 1±2; large sensitive anemone species absent  

Algae: Crustose coralline algae present but fewer than Levels 1±2; turf algae present and 

longer, more fleshy algae present than Levels 1±2  

Condition: Disease and tumor presence slightly above background level; more colonies 

have irregular tissue loss  

Fair  

 

(approximate  

Physical structure: Low rugosity; limited reef built above bedrock; erosion of reef structure 

obvious; water turbid; more sediment accumulation, flocs and films; Acropora usually gone 

or present as rubble for recruitment substrate  



556 

 

BCG Level 4) Corals: Reduced coral diversity; emergence of tolerant species, few or no living large old 

colonies (Orbicella); Acropora thickets gone, large remnants mostly dead with long 

uncropped turf algae  

Gorgonians: Gorgonians more abundant than Levels 1±3, replacing sensitive coral and 

sponge species  

Sponges: Mostly heterotrophic tolerant species and clionids  

Fish: Absence of small reef fishes (mostly Damselfish remain)  

Large vertebrates: Large, long-lived species locally extirpated (turtles, eels)  

Other invertebrates: Diadema absent; Palythoa overgrowing corals; crustaceans, 

polychaetes and sensitive anemones conspicuously absent  

Algae: Some coralline algae present but no crustose algae; turf is uncropped, covered in 

sediment; abundant fleshy algae (e.g., Dictyota) with high diversity  

Condition: High evidence of diseased corals, sponges, gorgonians; evidence high of 

mortality; usually less tissue than dead portions on colonies  

Poor  

 

(approximat

e  

BCG Level 

6)  

Physical structure: Very low rugosity; no or little reef built above bedrock; no or 

low relief for fish habitat; very turbid water; thick sediment film and thick floc 

covering bottom; no substrate for recruits  

Corals: Absence of colonies, those present are small; only highly tolerant species 

with little or no live tissue  

Gorgonians: Small and sparse colonies; mostly small sea fans; often diseased  

Sponges: Heterotrophic sponges buried deep in sediment; highly tolerant species  

Fish: No large fishes; only a few tolerant species remain; lack of multiple trophic levels  

Large vertebrates: Usually devoid of vertebrates other than fishes  

Other invertebrates: Few or no reef invertebrates; high abundance of sediment dwelling 

organisms such as polychaetes and holothurians  

Algae: High cover of fleshy algae (Dictyota); complete absence of crustose coralline algae  

Condition: High incidence of disease and low or no tissue coverage on small colonies of 

corals, sponges and gorgonians, if present  

 

     During the second and third workshop, the fish and coral experts worked on two separate 

BCG models. Development of the coral reef fish BCG model was more adaptable to the  

freshwater systems framework. Fish experts agreed upon two habitat classifications - sites 

containing coral reefs and all other hard-bottom habitats. Fish experts considered land-based 

sedimentation and fishing pressure as the two greatest threats to fish communities in this region, 

and they assigned 138 fish species to the five BCG attributes. The results from these assignments 

are too numerous to present here, but they are detailed in Bradley and Santavy 2016. The fish 

experts will be testing numeric criteria soon to test the fish BCG model for coral reefs to set 

preliminary model conditions for developing biocriteria for Puerto Rico.   
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     The application of the freshwater BCG tolerance attributes to coral taxa presented a much 

greater challenge. The coral experts agreed elevated sea temperature and land-based sources of 

pollution present the most serious threats for Caribbean scleractinian corals. Coral experts had 

lower confidence in scleractinian coral taxa assignments to BCG attributes I-V and chose to 

evaluate each taxon for each stressor separately (Bradley and Santavy 2016). During initial 

attempts to assign species to a BCG attribute, the coral experts contended with reef habitat 

classification. They held discussions focused on defining expectations of which coral species 

should be found in different reef zones. Many reef traits were considered because reefs have 

distinct horizontal and vertical zones created by differences in depth, wave and current energy, 

temperature, light, and many other habitat characteristics (Zitello et al. 2009). The experts 

considered several different reef classification systems in an attempt to incorporate most of the 

critical reef traits discussed (Adey and Burke 1976; Hubbard et al. 2009). They agreed to use the 

ΟDWΗςW�ΗΓΛWΛΡΘ�ΡΙ�12∃∃∂ς�benthic habitat reef classification as guidance (Zitello et al. 2009), and 

only use the fore-reef zone for assigning sites to BCG condition levels using the Costa et al. 2013 

definition. 

     The coral experts decided the stressor tolerance attributes (I±V) developed for the freshwater 

BCGs (Table 1), did not apply very well to coral reef benthic communities. The experts believed 

tolerances of scleractinian coral species varied based on the individual stressor, and when 

exposed to multiple stressors the effects could be additive, neutral or synergistic but are largely 

unknown. The coral experts ultimately recommended focusing on eight narrative attributes 

developed during the first workshop (Table 2) to assign sites to BCG condition levels. The coral 

experts all agreed additional benthic assemblages rather than just scleractinian corals should be 

used. They changed the coral BCG to the benthic BCG model, and recommended inclusion of 

sponges, gorgonians, algae, organism condition especially disease and coral bleaching, and other 

reef invertebrates.  

     Historically water quality management programs and regulatory agencies attempted to protect 

aquatic life primarily through chemical and physical water criteria alone (USEPA 2002, 2016). 

Unlike chemical or physical criteria, biocriteria do not require individual threshold values for 

each and every stressor. The biological response to its environment integrates cumulative 

impacts of multiple stressors which might be better indicators of ecosystem condition, rather than 

only relying on established nutrient or physical stressor limits, which might not be protective of 



558 

 

sensitive coral reefs (Bradley et al. 2010; Oliver et al. herein). Coral reef biocriteria are used to 

benchmark biological conditions required for aquatic life use, and allow bioassessment 

information to directly link management actions to desired biological goals and endpoints. Often 

the consequences of management decisions are far-reaching influencing not only inland 

watersheds but also coastal environments (Bradley et al. 2010). 
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Abstract Coral reef condition on the south shore of St.

Thomas, U.S. Virgin Islands, was assessed at various

distances from Charlotte Amalie, the most densely pop-

ulated city on the island. Human influence in the area

includes industrial activity, wastewater discharge, cruise

ship docks, and impervious surfaces throughout the

watershed. Anthropogenic activity was characterized

using a landscape development intensity (LDI) index,

sedimentation threat (ST) estimates, and water quality

(WQ) impairments in the near-coastal zone. Total three-

dimensional coral cover, reef rugosity, and coral diver-

sity had significant negative coefficients for LDI index,

as did densities of dominant species Orbicella

annularis, Orbicella franksi, Montastraea cavernosa,

Orbicella faveolata, and Porites porites. However,

overall stony coral colony density was not significantly

correlated with stressors. Positive relationships between

reef rugosity and ST, between coral diversity and ST,

and between coral diversity and WQ were unexpected

because these stressors are generally thought to nega-

tively influence coral growth and health. Sponge density

was greater with higher disturbance indicators (ST and

WQ), consistent with reports of greater resistance by

sponges to degraded water quality compared to stony

corals. The highest FoRAM (Foraminifera in Reef As-

sessment andMonitoring) indices indicating good water

quality were found offshore from the main island and

outside the harbor. Negative associations between stony

coral metrics and LDI index have been reported else-

where in the Caribbean and highlight LDI index poten-

tial as a spatial tool to characterize land-based anthro-

pogenic stressor gradients relevant to coral reefs. Fewer

relationships were found with an integrated stressor

index but with similar trends in response direction.

Keywords Coral reefs . Landscape development

intensity . Sedimentation . Impairedwater quality

Introduction

Coral reefs of the U.S. Virgin Islands (USVI) are heavily

impacted by multiple human influences at varying

scales (Gardner et al. 2003; Smith et al. 2008; Rogers

et al. 2008; Friedlander et al. 2013; Pait et al. 2013a, b;

Pittman et al. 2013; Whitall et al. 2014). Global condi-

tions such as elevated ocean temperature have led to

coral bleaching and disease, causing stony coral mortal-

ity across broad reef areas of the Caribbean Sea. Local

resource managers and decision-makers have little
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influence over global-scale anthropogenic pressures

such as rising ocean temperature, ocean acidification,

and elevated ultraviolet light levels. However, they do

have some influence over local stressors, such as sedi-

ment, contaminants, nutrients, and physical injuries, that

can interact with global pressures in additive or syner-

gistic ways (Knowlton and Jackson 2008; Wooldridge

and Done 2009; Brown et al. 2013; Ban et al. 2014).

Managing stressors that are within local authority can

slow the cascade of negative impacts and better sustain

reef-derived ecosystem services such as coastal protec-

tion from storm surge, habitat provision for commercial

and recreational fisheries, and revenue from reef-related

tourism (Moberg and Folke 1999; Principe et al. 2012).

Effective management requires identifying which

stressors are human-generated so that activities can be

modified to reduce their adverse effects.

The Clean Water Act (CWA) provides a mechanism

to set chemical, physical, and biological criteria for the

protection of aquatic ecosystems (Bradley et al. 2009;

Fore et al. 2009; Bradley et al. 2010). As part of a

process to establish biological water quality standards

or biocriteria, the U.S. Virgin Islands government has

explicitly identified coral reefs and reef functions as

CWA-designated uses and defined biological integrity

to lay the foundation for setting condition thresholds

(biocriteria) for coral reefs (USVI 2010). This action

was spawned in part by the demonstration of stony coral

sensitivity to disturbance gradients using various mea-

sures of anthropogenic stress. For example, measures of

coral reef condition including taxa richness, average

colony size, and total and live topographic coral surface

area showed significant positive relationships with in-

creasing distance from human disturbance in St. Croix

(Fisher et al. 2008). Negative relationships of coral

condition with increased watershed land development

were demonstrated in St. Croix (Oliver et al. 2011),

Hawaii (Rodgers et al. 2012), St. Lucia (Bégin et al.

2016), and Thailand (Golbuu et al. 2008). Because the

reefs around St. Thomas, USVI, are located near areas

of high human activity (Ennis et al. 2016), they present

another opportunity to explore potential links between

reef condition and anthropogenic activity.

The USVI economy depends heavily on tourism

revenues with an estimated 60–80% of gross domestic

product linked to tourism-related activities (Abt

Associates 2016). Nearly twomillion cruise ship tourists

visited the USVI annually from 2000 to 2005, and the

majority of cruise ships visit St. Thomas (van Beukering

et al. 2011). The area of shallowwater coral reefs around

St. Thomas covers approximately 42 km2 and comprises

mostly linear coral reefs and colonized pavement, with

scattered patch reefs farther offshore (Kendall et al.

2001). Stony corals provide important ecosystem ser-

vices due to the structural reef habitat which supports

diverse fish and invertebrate species valued by divers,

snorkelers, and recreational and commercial fishers and

provides shoreline protection from extreme weather

events (van Beukering et al. 2011). Without stony

corals, these ecosystem services would be lost or com-

promised, yet pressure from coastal development, cruise

ship and recreational boat activity, and land use change

on the 74-km2 island may threaten the very resource to

which visitors are drawn.

Charlotte Amalie on the south shore is the largest city

on St. Thomas with a population of approximately

18,481 (2010 US Census). The Charlotte Amalie water-

shed has 34% impervious surface and nearly no shore-

line riparian buffer at either the St. Thomas Harbor or

Inner Harbor where two cruise ship ports operate.With a

hardened shoreline, presence of power and wastewater

treatment plants, and multiple active cruise ship and

shipping ports, this area was chosen to represent a center

of human disturbance likely to adversely influence ad-

jacent coral reef communities. We hypothesized that

coral reef communities near this concentrated human

disturbance would be degraded relative to reefs further

away, and used two approaches to characterize anthro-

pogenic disturbance. First, we developed three indepen-

dent measures of potential stress to coral reefs: the

watershed landscape development intensity (LDI) in-

dex, modeled land-based sedimentation threat (ST),

and impaired water quality (WQ) index based on prox-

imity to impaired water bodies. These spatial proxies

represent reef stressors that can be managed to some

degree, and it would be valuable to discern their relative

influence to assist managers in optimizing decisions to

invest in the most effective remediation actions. Mea-

sures of density, size, and condition of benthic inverte-

brates including stony corals, gorgonians, sponges,

macroinvertebrates, fishes, and foraminifera were

assessed for potential responsiveness to these stressors.

The reef metrics selected either showed a response to

anthropogenic influence in previous studies or are suit-

able candidates based on their connection to an ecosys-

tem service (e.g., rugosity). Second, stressors were

rescaled from 0 to 1 and summed to generate an inte-

grated stressor index (ISI), allowing results from
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individual stressors and ISI to be compared for relative

power to predict coral reef condition.

Materials and methods

Survey design

Survey sites (n = 13) were selected along the south

shoreline of St. Thomas and spanned approximately

10 km (Fig. 1a). To control for the effect of natural site

differences, we consistently selected sites on or near

rocky points of land from Fortuna Bay in the west to

Frenchman Bay in the east. All sites were identified as

coral reef and colonized hardbottom habitat by Kendall

et al. (2001). We also targeted a narrow range of depth

from 5.5 to 9.1 m (mean 6.9 m) to minimize habitat

differences that could affect coral community composi-

tion (Morelock et al. 2001). Based on field observations

and knowledge of the area, we assumed Charlotte

Amalie Harbor to be the greatest source of intense

human disturbance in the area.

Data collection and calculation of reef indicators

Multiple-assemblage surveys were conducted during

March 2009 as described by Fisher (2007) and Santavy

et al. (2012). All surveys were conducted around a

common 25-m transect line stretched along the sea floor.

A fish survey was conducted first in a 4 × 25 m transect

area (100 m2 in total), with divers identifying to species,

counting and estimating the length of all fish > 5 cm in

length (Menza et al. 2006). Macroinvertebrates identi-

fied were queen conch, spiny and slipper lobsters, sea

urchins (Diadema and others), and crabs. These were

counted within either 1 or 2 m (due to diver inconsis-

tency) on either side of the transect line for a total area of

50 or 100 m2. Average reef rugosity index (RI) was

calculated from five measurements made at the 0-, 5-,

10-, 15-, and 20-m marks along the transect line using

the draped chain method d / l, where d is the linear chain

distance when draped over coral reef and l is the con-

stant chain length of 6 m (Risk 1972). Stony coral

colonies at least 10 cm in any dimension were counted

along one side of the transect line using a 1-m stick

placed parallel to the line as a guide. Colonies were

measured for height, maximum diameter, and percent

live in 10% increments and identified to spe-

cies (Humann and DeLoach 2002). Sponges and

gorgonians were counted in 5 × 1 m2 quadrants located

at 1-, 5-, 10-, 15-, and 20-m transect marks. Each colony

was measured for height and diameter, and morphology

was recorded as one of nine possible shapes for gorgo-

nians and nine for sponges (Santavy et al. 2012, 2013).

Stony coral three-dimensional (3D) colony surface

areas (SAs) were calculated using a modified hemisphere

formula SA=mπR2, wherem is a constant (1–4) based on

relative morphological complexity and R is the height-

adjusted colony radius calculated as ((diameter / 2) +

height) / 2 (Santavy et al. 2012). Regression equations

developed for sponges and gorgonians were used to cal-

culate colony SA (Santavy et al. 2013), except SA formula

for a circle (πr2) was used for encrusting sponges and in

cases where very small colony measurements result in

negative SA using regression equations. Average values

for each station from 5 × 1m2 quadrats were calculated for

SA and abundance of sponges and gorgonians.

Fish lengths were estimated in 5-cm increments. The

median value of each increment was assigned to indi-

vidual fish; for example, 5–10-cm fish were assigned

7.5 cm length except for fish in the smallest size class (<

5 cm) which were assigned 3 cm. Biomass was calcu-

lated using the formulaW =α × Lβwith species-specific

constants α and β supplied by Froese and Pauly (2013).

Invertebrate counts were standardized per square meter.

Foraminifera samples were collected in triplicate at each

site, and results were averaged to calculate a FoRAM

(Foraminifera in Reef Assessment and Monitoring) in-

dex based on the methods of Hallock et al. (2003).

Stressor estimates

Land-based anthropogenic activity

A LDI index was calculated as a measure of land-based

anthropogenic activity using a 2.4-m resolution land use

layer produced for 2007 by NOAACoastal Change Anal-

ysis Program (www.csc.noaa.gov/digitalcoast/data

/ccapregional/index.html) and corresponding Emergy

coefficients (Brown and Vivas 2005; Oliver et al. 2011).

Stations were assigned the LDI value of the adjacent

Hydrologic Unit Code (HUC)14 watershed (Islands Re-

sources Foundation et al. 2001), and for stations near a

watershed border, the eastward watershed LDI value was

used to account for the predominant coastal current

(Nemeth and Nowlis 2001). Land use, station locations,

and adjacent watershed LDI values along the southern St.

Thomas coastline are shown in Fig. 1a, b.
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Sedimentation threat

Benthic sediment threat values were obtained from the

World Resources Institute and National Oceanic and

Atmospheric Administration Summit to Sea model

(WRI and NOAA 2006). Summit to Sea is a GIS model

that incorporates 30-m resolution land use/land cover

data (NASA Geocover-LC 2000), soil type and

Fig. 1 a Land use/land cover (LULC) and coral reef stations

sampled in St. Thomas, USVI, around Charlotte Amalie. Num-

bered black circles indicate sampling stations. Ports are indicated

by anchor symbols. b HUC14 watersheds are indicated by black

lines, and their corresponding LDI values are indicated within

watershed polygons. Letters show locations of water bodies which

exceeded chemical or physical criteria as reported to USVI DPNR:

FoB Fortuna Bay, PB Perseverance Bay, BrB Brewers Bay, LB

Lindberg Bay, KBKrumBay, CBCrowne Bay ST, ST St. Thomas

Harbor, FB Frenchman Bay. Triangular symbols grade from light

to dark blue, indicating an increasing average number of impaired

conditions from 2000 to 2010. Black circles indicate sampling

stations
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associated erodibility factor (US Department of

Agriculture/Natural Resources Conservation Service,

Soil Service Geographic Database), slope (digital eleva-

tion model), and precipitation (NOAANational Climate

Data Center, maximum monthly precipitation for the

10-year period (January 1990–January 2001)). Summit

to Sea data sources and processing steps are available at

ht tps: / /data.nodc.noaa.gov/coris /data/NOAA

/nos/Summit2Sea/USVirginIslands/.

In short, ST was calculated for USVI reef habitats

from relative erosion potential for watersheds, adjusted

for watershed size, and modeled to correspond with

pour points or Bguts.^ Dissipation of sediment into

coastal areas employed an ArcView v3.2 Point Density

tool with a maximum distance from shore of 5 km.

Water quality

Water quality impairments reported by the USVI Depart-

ment of Planning and Natural Resources (DPNR 2010)

to the U.S. Environmental Protection Agency as required

by the Clean Water Act include low dissolved oxygen,

high enterococci bacteria, and elevated nutrient concen-

trations which may all negatively influence coral condi-

tion (Villanueva et al. 2006; Kaczmarsky et al. 2005;

Voss and Richardson 2006). However, specific loadings

and stressor-coral interactions are not understood well

enough to weigh the individual stressors for relative

importance, hydrologic transport to reefs is unknown,

and bays are monitored for water quality exceedances

only twice per year. Included in this water quality anal-

ysis from west to east were Perseverance Bay (PB),

Brewer’s Bay (BrB), Lindberg Bay (LB), Krum Bay

(KB), St. Thomas Harbor (ST), Inner Harbor (IN), and

Frenchman Bay (FB) (Fig. 1b). We assumed that only

impaired water bodies east of a station would impact it

due to the dominant westward current (Nemeth and

Nowlis 2001), that impairment would dissipate with

greater distance between station and water body, and that

beyond 3 km, no impact would occur. First, the distance

between each station and mid-bay shoreline was mea-

sured using ArcMap v9.3, and if two bays were within

3 km of a station, distances were summed. Distance

values were transformed to (1/distance to bay) so that

final WQ value increased with proximity to bays with

WQ impairments. This transformation also achieved a

nonlinear function assuming that WQ contaminants dis-

sipate rapidly from the source (Fig. 2), although in reality,

transport of runoff-borne pollutants to reef habitats is

dependent on multiple factors such as precipitation, river

density, storms, and wind (Warne et al. 2005).

Data analysis

Reef indicator values for stony corals, gorgonians,

sponges, fish, and macroinvertebrates were calculated

for each station using SAS© (Cary, North Carolina),

except the Shannon-Weiner diversity index which was

calculated using PRIMER© (Clark and Gorley 2006).

The Spearman nonparametric correlation analysis was

used to test for relationships between the three stressors.

Distribution of reef indicators was evaluated using the

Shapiro-Wilk statistic, and either log10 or rank transfor-

mations were applied to correct for deviations from

normal distribution. Stepwise regression was employed

to discern whether LDI, ST, and WQ were significant

predictors of reef indicators with inclusion requirement

of p < 0.25 and retention requirement of p < 0.20.

An ISI was calculated by first rescaling station stress-

or data values from 0 to 1, then assuming equal effects,

the rescaled values were added. The Spearman correla-

tion analysis was conducted with reef metrics and ISI for

comparison with stepwise regression results. No correc-

tion for multiple comparisons was applied; instead, all

results significant at p < 0.05 are reported. For all three

stressors and ISI, quartile values were assigned for the

purpose of comparing relative stressor levels at each

station in the gradient.

Results

Station and stressor summary

Stations ranged in depth from 5.5 to 9.1 m and were

within 0.1 km from land, with ten stations along the St.

Thomas shoreline, two near Water Island and one near

Hassel Island (Fig. 1). The lowest LDI values were

found in the western portion of the study area with the

exception of uninhabited Hassel Island near Charlotte

Amalie Harbor, which also had low LDI. The highest

LDI values were in the center of the study area near

Charlotte Amalie Harbor and the airport where imper-

vious surface covers most of the land and numerous

industries are present along the coast. Eastern stations

were adjacent to an intermediate-LDI watershed. Some

stations had common LDI values because they were

adjacent to the same HUC14 watershed (Fig. 1b).
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Sedimentation threat was lowest at station 11 on

Hassel Island, and ST was highest at station 10 near

Charlotte Amalie Harbor and second highest at station

13 on the eastern edge. A WQ impairment estimate

based on distance from impaired bays ranged from 0 at

four stations (which exceeded the maximum distance

from an impaired bay under our assumptions) to high

values at stations 5 and 6 in the center of the study area.

The ISI ranged from 0.40 to 2.37 with an average of

1.23. The lowest values were found at the western edge

of the study area and at Hassel Island and the highest

values at stations 5, 6, and 10 (Table 1). Station stressor

values grouped into quartiles show the most consistent

estimates of high human impact were at stations nearest

the harbor and at the eastern edge, and most consistent

low impact was at western stations and Hassel Island.

However, no stations were in the lowest quartile for all

stressor estimates. Station values for these three

stressors were not significantly correlated with one

another.

Stony corals

A total of 1330 stony coral colonies representing 26 taxa

were observed and measured. Of these, 52 colonies were

not identifiable to species and were eliminated from taxa

richness counts and calculation of the Shannon-Weiner

diversity index. Most colonies (81.8%) had hemispherical
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Fig. 2 Water quality (WQ)

function used to estimate stress

from proximity to St. Thomas

bays which are listed as impaired

under the Clean Water Act 303(d)

program

Table 1 Stressor values and quartiles for landscape development intensity (LDI), sedimentation threat (ST), and impaired water quality

(WQ) for 13 stations along the south coast of St. Thomas, USVI

Station LDI Quartile ST Quartile WQ Quartile ISI Quartile

1 1.93 2 14,844.3 2 0 1 0.486 1

2 1.93 2 14,844.3 2 0.395 2 0.700 1

3 1.44 1 12,670.0 1 1.193 3 0.882 2

4 1.44 1 21,868.8 3 1.449 4 1.190 3

5 3.40 3 24,166.0 3 1.843 4 2.305 4

6 3.72 4 8055.6 1 1.583 4 2.007 4

7 2.23 2 20,708.1 2 0 1 0.728 2

8 3.72 4 22,381.4 3 1.080 3 1.998 3

9 2.23 2 0.4 1 0 1 0.346 1

10 3.72 4 54,359.0 4 0.685 2 2.371 4

11 1.58 1 2364.3 1 0.538 2 0.397 1

12 2.75 3 27,719.0 4 0 1 1.086 2

13 2.75 3 31,225.6 4 0.813 3 1.591 3

ISI is the sum of individual stressors which were rescaled from 0 to 1

213 Page 6 of 16 Environ Monit Assess (2018) 190: 213



morphology, 15.7% were branching, and 2.5% were flat,

and no living Acropora colonies were observed. Two

colonies (Orbicella annularis and Orbicella faveolata)

were observed at station 13, and one O. faveolata colony

at station 3 exceeded the average (live + dead) stony coral

SA + 3 standard deviations, so these were considered

outliers. These colonies were excluded from indicator

calculations and subsequent analyses. Eight stony coral

species comprised 82% of colony density (Table 2).

Coral density varied from 0.6/m2 at station 9 near

Water Island to 9.1 at stations 1 and 5 (Table 3). Despite

low colony density at station 9, those corals present

were large with highest CSA_Av and LCSA_Av (see

Table 3 for variable names and abbreviations). Coral 3D

total cover (3DTC) which includes dead coral ranged

from 0.12 to 0.99 m2 coral/m2 sea floor, and 3D live

cover (3DLC) ranged from 0.05 to 0.59 (Table 3). Due

to high correlation (r2 = 0.794, p < 0.0001) between

3DTC and 3DLC, only 3DTC was included in regres-

sion models and correlation tests with ISI. The total

structure of the reef at all five stations west of Charlotte

Amalie was largest with higher 3DTC and 3DLC, and

stony coral taxa richness (SC_Tx) was also high at these

stations relative to most others. Both total and live

average colony size varied little except for relatively

high values at stations 9 and 3. Average coral LT ranged

from lowest values around 55% at stations 3, 8, and 9 to

high values over 80% at stations 2, 5, 11, and 13. The

CSA_CVof total coral colony size was lowest at stations

8 and 10 and highest at stations 2 and 13.

Increased watershed LDI was negatively related to

stony coral reef structure measured by 3DTC and ru-

gosity (Table 4). LDI was also negatively associated

with coral diversity (Shannon-Weiner diversity index,

SC_H′). Sedimentation threat was significant with reef

rugosity and SC_H′with positive relationships, andWQ

had a positive relationship with SC_H′. While not sig-

nificant for total colony density, LDI was negatively

related to colony density of five of eight dominant coral

species (Table 5). Water quality had a significant posi-

tive relationship with Porites porites density (Table 5).

The composite ISI did not correlate with any

population-level stony coral metrics. Colony densities

of Orbicella annularis and Orbicella franksi were neg-

atively correlated with ISI with r values = − 0.502 and −

0.49 and p < 0.08 and 0.09, respectively.

Gorgonians and sponges

Gorgonians were observed at seven of the 13 stations

(Table 6) with a total of 47 colonies exhibiting eight

morphologies. The circle SA formula was applied to

Table 2 Stony coral species and density (no./m2 sea floor) counted at 13 stations along the southern St. Thomas coast (unidentifiable/dead

colonies not presented or included in total)

Station: 1 2 3 4 5 6 7 8 9 10 11 12 13

Agaricia agaricites 0.48 0.16 0.12 0.04 0.04 0.04 0.04 0.04

Agaricia fragilis 0.04 0.04 0.08

Agaricia lamarcki 0.04

Colpophyllia natans 0.04 0.04 0.08 0.04

Dendrogyra cylindrus 0.04 0.04 0.08 0.04

Dichocoenia stokesi 0.08

Pseudodiploria labyrinthiformis 0.56 0.48 0.08 0.32 0.12 0.04 0.04

Diploria strigosa 1.24 0.44 0.04 0.08 0.04 0.08 0.24 0.16

Eusmilia fastigiata 0.04 0.20 0.16 0.04

Madracis decactis 0.04 0.08 0.04 0.08

Madracis mirabilis 0.08

Manicina areolata 0.04

Meandrina meandrites 0.04 0.04 0.04 0.20 0.36 0.04 0.04 0.16 0.04 0.04

Millepora complanata 0.20 0.12 0.52 0.24 0.12 0.04

Orbicella annularis 0.44 0.48 0.60 0.36 0.16 0.08 0.36 0.20 0.04 0.04 0.08

Montastraea cavernosa 0.24 0.32 0.16 0.28 0.12 0.04 0.04 0.08 0.04 0.64 0.28 0.04

Orbicella faveolata 0.44 0.72 0.36 0.04 0.24 0.04 0.04 0.04 0.04 0.04 0.16 0.08

Orbicella franksi 0.48 0.20 0.12 0.16 0.20 0.04 0.36 0.08 0.04 0.44

Porites astreoides 1.48 1.08 0.52 0.36 2.32 0.68 0.28 0.2 1.08 0.12 0.44 0.36

Porites colonensis 0.12 0.04 0.04

Porites divaricata 0.12 0.20 0.04 0.08 0.04

Porites furcata 0.04 0.04 0.16 0.12 0.04 0.04 0.20 0.08

Porites porites 0.12 0.20 0.24 0.56 0.04 0.20 0.12 0.28 0.16 0.04 0.24

Siderastrea siderea 2.36 0.36 0.52 1.00 3.28 1.04 0.12 0.12 0.12 0.76 1.08 1.68 0.24

Solenastrea bournoni 0.12

Stephanocoenia intersepta 0.32 0.16 0.04 0.04 0.20 0.08

Total Abundance: 8.56 5.00 3.16 3.60 8.08 2.36 1.72 1.12 0.52 2.92 3.24 2.80 1.20

Stations in 1st (lowest) LDI quartile have no shading, 2nd LDI quartile in bold font, 3rd LDI quartile shaded light gray, and 4th LDI (highest)

quartile shaded dark gray
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two sea plumes < 26 cm in height. Sea rods were dom-

inant, accounting for about 60% of the abundance and

79% of the SA of gorgonians. The highest gorgonian

density and SA were found at station 1 (Table 6). Re-

gression analysis detected no significant relationships

between any stressors and average gorgonian surface

area or gorgonian density. Correlation analysis with ISI

revealed no significant relationships with gorgonian

metrics.

Sponges were found at all 13 stations (Table 6) with a

total of 139 colonies exhibiting seven different morphol-

ogies. The most common sponge morphologies were

rods (56), mounds (39), and encrusting types (20), with

rods contributing 96% of total sponge SA. Three Bvase^

sponge colonies < 10 cm in height yielded negative SA

using regressions, so the formula for a circle was used to

estimate SA for these exceptions.

Sedimentation threat and WQ were positively signif-

icantly related to sponge colony density (Table 4).

Sponge colony density was positively correlated with

ISI (r2 = 0.395, p < 0.02).

Fish

A total of 1968 fish belonging to 25 families were

observed, and eight families comprised 92% of total

abundance (highest abundance to lowest): Labridae,

Scaridae, Pomacentridae, Acanthuridae, Gobiidae,

Haemulidae, Serranidae, and Lutjanidae. These domi-

nant eight families comprised 88% of total biomass

(highest biomass to lowest): Scaridae, Serranidae,

Acanthuridae, Pomacanthidae, Haemulidae,

Pomacentridae, Lutjanidae, and Labridae. From 67 dif-

ferent species, the ten species comprising 70% of total

abundance were (from highest to lowest) bluehead,

masked/glass goby, striped parrotfish, ocean surgeon-

fish, blue tang, redband parrotfish, cocoa damselfish,

French grunt, and bridled goby. Fish abundance ranged

from 45 to 231 in the 100-m2 survey area. Piscivores

were rare and constituted less than 1% of abundance.

Zooplanktivores constituted 16%, invertivores 49%,

and herbivores 45%.

Station metrics for total fish abundance, total bio-

mass, taxa richness, and Shannon-Weiner diversity in-

dex are presented in Table 6. No fish metrics were

related to individual stressors, and no significant corre-

lations with ISI were found.

Foraminifera and Macroinvertebrates

The FoRAM index was lowest (2.83) at station 10 near

Charlotte Amalie Harbor. Stations 7 and 9 near Water

Island had the highest FoRAM values of 6.48 and 4.88,

and the remaining station values ranged from 3.06 to

3.84 (Table 6). Sea urchins of various species comprised

98% of macroinvertebrates observed at all stations. Of

Table 3 Station depths and mean stony coral indicators: density

(SC_Den; no. of colonies/m2), colony surface area (CSA_Av; m2

coral), live colony surface area (LCSA_Av; m2 coral), percent live

tissue (LT; %), 3D total cover (3DTC; m2 coral/m2 seafloor), 3D

live cover (3DLC;m2 coral/m2 seafloor), coefficient of variation of

colony surface area (CSA_CV), number of taxa (SC_Tx; no. of

taxa/m2), Shannon-Weiner index of diversity (SC_H′), and reef

rugosity (RI)

Station Depth (m) SC_Den CSA_Av LCSA_Av LT 3DTC 3DLC CSA_CV SC_Tx SC_H′ RI

1 7.62 9.12 0.11 0.06 75.57 0.975 0.557 241.5 0.72 2.24 1.66

2 7.01 8.24 0.09 0.07 82.43 0.757 0.542 321.6 0.68 2.02 1.45

3 9.14 3.32 0.30 0.09 58.43 0.986 0.310 149.1 0.68 2.36 1.66

4 6.71 3.60 0.11 0.05 68.22 0.378 0.186 194.3 0.52 2.22 1.57

5 6.71 9.12 0.10 0.06 81.43 0.869 0.589 198.0 0.76 1.94 1.41

6 7.01 2.44 0.07 0.03 74.92 0.162 0.073 246.7 0.48 1.61 1.35

7 7.62 3.60 0.10 0.05 73.22 0.360 0.182 208.7 0.52 1.94 1.54

8 6.71 1.12 0.11 0.04 54.46 0.121 0.046 124.0 0.44 2.14 1.34

9 6.40 0.64 0.54 0.13 52.50 0.345 0.082 182.8 0.24 1.44 1.28

10 6.40 2.92 0.09 0.07 78.49 0.264 0.199 167.6 0.56 1.93 1.50

11 6.71 4.32 0.09 0.05 81.39 0.373 0.219 287.1 0.60 2.03 1.32

12 5.49 3.52 0.08 0.03 74.20 0.273 0.123 178.7 0.36 1.47 1.45

13 6.10 1.12 0.17 0.07 82.14 0.196 0.074 288.5 0.36 1.89 1.59
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Table 4 Results of stepwise regression testing relationships between coral reef indicators and stressors: landscape development intensity (LDI) index, sedimentation threat (ST), and water

quality (WQ) with inclusion of p < 0.25 and retention of p < 0.20. Transformation indicated to meet requirement for normal distribution

Indicator Transformation LDI ST WQ Equation

p value Partial r2 p value Partial r2 p value Partial r2

3DTC log10 0.080 0.252 ns ns 3DTC = (LDI × − 0.05054)

RI none 0.012 0.156 0.015 0.392 ns RI = (LDI × − 0.1088) + (ST × 0.00000659)

SC_H′ none 0.083 0.224 0.187 0.122 0.125 0.185 SC_H′ = (LDI × − 0.24242) + (ST × 0.0000082) + (WQ × 0.21111)

Sp_Den log10 ns 0.010 0.471 0.194 0.088 Sp_Den = (ST × 0.00001022) + (WQ × 0.09406)

Equation coefficients show direction of relationship

3DTC three-dimensional total cover (live + dead coral), RI rugosity index, SC_H′ Shannon-Weiner diversity index, Sp_Den density of sponge colonies
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all macroinvertebrates, 67% were found at stations 1–5,

west of Lindberg Bay (Table 6). Only seven spiny

lobsters (five at station 10) were found, and no slipper

lobsters, juvenile queen conch, and adult conch were

observed at all. Neither the FoRAM index nor inverte-

brate density showed significant relationships in regres-

sions with individual stressors or in correlation analysis

with ISI.

Discussion

Human disturbance on the south shore of St. Thomas

was characterized using three independent spatial mea-

sures of stressors known to adversely impact coral reefs.

The stressors harm coral reefs either directly (Loya

1976; Rogers 1979; Rogers 1990; Fabricius 2005) or

synergistically through interaction with other factors

Table 5 Results of stepwise regression testing relationships between colony density of dominant stony coral species and stressors (see

Table 4 and text) with inclusion of p < 0.25 and retention of p < 0.20. Transformation indicated to meet requirement for normal distribution

Stony coral species Transformation LDI ST WQ Equation

p

value

Partial

r2
p

value

Partial

r2
p

value

Partial

r2

Orbicella annularis none 0.0089 0.4773 ns ns LDI × − 4.02511

Montastraea

cavernosa

none 0.0436 0.3208 ns ns LDI × − 2.86174

Orbicella faveolata log10 0.1469 0.1812 ns ns LDI × − 0.18755

Orbicella franksi none 0.0866 0.2409 ns ns LDI × − 2.33885

Porites astreoides none ns ns ns ns

Siderastrea siderea none ns ns ns ns

Pseudodiploria

strigosa

log10 ns ns ns ns

Porites porites none 0.0415 0.2822 ns 0.0258 0.2016 (LDI × − 2.39872) + (WQ × 3.61828)

Equation coefficients show direction of relationship

ns not significant

Table 6 Station indicators FoRAM index (FI), invertebrate den-

sity (In_Den; no. of invertebrates/m2 sea floor), gorgonian density

(Gorg_Den; no. of gorgonians/m2), average gorgonian surface

area (GSA_Av; m2 gorgonian SA), sponge density (Sp_Den; no.

of sponges/m2), average sponge surface area (SSA_Av; m2 sponge

SA), fish abundance (F_Abun; no. of fish/transect), fish biomass

(F_Biom; total g/transect), F_Tx (number of fish taxa/transect),

and Shannon-Weiner index of diversity for fish (F_H′)

Station FI In_Den Gorg_Den GSA_Av Sp_Den SSA_Av F_Abun F_Biom F_Tx F_H′

1 3.38 0.80 5.4 0.19 0.6 0.03 213 796.1 21 1.87

2 3.15 3.00 0.6 0.20 0.8 0.08 134 2501.8 20 2.14

3 3.22 0.11 0.0 0.0 2.2 5.85 109 316.8 16 2.29

4 3.06 0.37 0.8 0.05 2.0 0.04 231 3046.7 19 1.98

5 3.72 0.31 1.2 0.06 3.4 0.18 151 2810.3 24 2.56

6 3.46 0.16 0 0 1.6 0.01 148 1644.8 21 2.47

7 6.48 0.04 0 0 1.6 0.01 132 1476.8 24 2.53

8 3.84 0.02 0 0 2.0 0.40 156 3509.4 19 2.47

9 4.88 0.09 0 0 0.4 0.10 176 2440.2 25 2.82

10 2.83 0.12 0.2 0.07 7.4 0.69 166 2664.6 22 2.25

11 3.34 0.02 0 0 2.0 0.10 153 5799.7 21 2.52

12 3.69 1.78 0 0 3.0 0.09 45 367.1 14 1.99

13 3.65 0.01 1.2 0.11 0.8 0.06 154 638.0 25 2.31
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(Carilli et al. 2009; Vega Thurber et al. 2013). High

stressor values at stations closest to Charlotte Amalie

Harbor validated selection of the area as an anthropo-

genic disturbance center where numerous human im-

pacts occur. Our approach included comparing predic-

tive power of individual stressors with a composite

stressor index, the latter assuming additive effects as

used to model reef stressors on a worldwide scale

(Halpern et al. 2008). Land-based human activity repre-

sented by watershed LDI (Brown and Vivas 2005) had

the most significant relationships with reef rugosity,

coral diversity, and coral taxa richness exhibiting con-

sistent negative coefficients in regression models. This

supported the hypothesis that increased intensity of

human development on land (high LDI) is associated

with poor condition of coral reefs adjacent to high-LDI

watersheds, as demonstrated in other Caribbean areas

(Rogers 1979; Smith et al. 2008; Oliver et al. 2011),

Hawaii (Rodgers et al. 2012), and Indonesia (Golbuu

et al. 2008). The capability of LDI to predict ecosystem

condition in wetlands and nutrient loading in watersheds

(Brown and Vivas 2005) extends to predicting charac-

teristics of coral reef condition such as stony coral

colony size, species colony density, species diversity,

topographic reef complexity, and benthic habitat com-

position at multiple watershed scales (Pittman et al.

2013). Some of these coral indicators have been related

to distance to disturbance or other stress proxies (Fisher

et al. 2008; Smith et al. 2008; Rodgers et al. 2012), and

our results reinforce their application in stressor-

response characterizations.

Stations near high-LDI watersheds had lower stony

coral 3D cover and reef rugosity and reduced colony

density for five dominant reef-building species (Tables 4

and 5). Total coral colony density and taxa richness were

not statistically associated with LDI, but stations adja-

cent to highest-quartile LDI watersheds tended to have

fewer colonies and fewer taxa compared to those near

low-quartile LDI watersheds. Also, coral communities

at the high-LDI stations were dominated by Bweedy^

species like Porites astreoides and Siderastrea siderea

(Table 2), which have shown greater resistance to stress

in Puerto Rico and other Caribbean areas (Torres and

Morelock 2002; Green et al. 2008; Smith et al. 2013),

but do not provide the habitat complexity of branching

species (e.g., Acropora) nor the reef structure of massive

corals (e.g., Orbicella and Montastraea). There were

significantly fewer Orbicella sp. at stations with higher

LDI, a finding that highlights a conclusion similar to

Smith et al. (2008) and Ennis et al. (2016), who reported

that reduced coral cover near human influence was

driven by fewer O. annularis, O. franksi, and

O. faveolata. There is particular concern about loss of

prime reef-building species (Morelock et al. 2001) and

the compromise of multiple ecosystem services that

ultimately depend on reef structure (Principe et al.

2012; Alvarez-Filip et al. 2009; Burke and Maidens

2004). Montastraea cavernosa, another massive reef-

building coral, is thought to be relatively resistant to

stress but was also more abundant with lower LDI.

These results underscore the importance of species-

specific coral monitoring methods to detect community

shifts caused by varied tolerance to stressors. Multivar-

iate methods to detect changes across reef assemblages

have also been applied to characterizing reef-stressor

relationships (Jupiter et al. 2008). Even with well-

designed methods, detecting stressor-response relation-

ships requires a broad range of biological conditions

possible (Karr and Chu 1997) and locating USVI reefs

representative of Breference condition for biological

integrity^ (or zero human impact) is challenging as most

USVI coral reefs are probably affected in some way by

human influence (Rothenberger et al. 2008; Friedlander

et al. 2013; Pait et al. 2013a, b; Pittman et al. 2013;

Whitall et al. 2014; Jackson et al. 2014).

There was a significant, but weak, negative relation-

ship of modeled ST with average stony coral colony

size. There were also significant but positive relation-

ships of STwith reef rugosity and coral diversity index,

countering a common premise that high sediment load-

ing adversely affects stony coral condition (Rogers

1979; Fabricius 2005). However, all of these results

may have little interpretive potential because the range

of ST values in this study was relatively small. In

addition to testing a wide range of biological responses,

the stressor gradient ideally incorporates multiple stress-

or levels from near-pristine to severe human disturbance

levels (Karr and Chu 1997). But here, the highest ST

was 54,359 (station 10), which is relatively small com-

pared to the maximum Summit to Sea ST in the region

of 251,714. Thresholds of sediment exposure are not

well understood (Rogers 1990), and even if they were,

the ST model does not convert to actual sediment con-

centrations. A positive coefficient found for ST and

sponge density is consistent with other studies showing

some sponge species to be relatively tolerant to stress

from excess sediments (Powell et al. 2014). If so, this

could indicate a possible phase shift in impacted
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environments from coral-dominated habitats to sponge-

dominated, and a loss of many ecosystem services

(Ward-Paige et al. 2005; Norström et al. 2009).

For coral reefs near Charlotte Amalie, a more rele-

vant source of sediment exposure for corals might be

pulsed resuspension of sediments associated with cruise

ship traffic in and out of ports in Crowne Bay and

Charlotte Amalie Harbor (Kisabeth et al. 2014). Ship

traffic creates plumes of resuspended sediment which

substantially increase turbidity and total suspended

solids compared to undisturbed levels (Kisabeth et al.

2014; Jones et al. 2016). This daily recurring activity is

not captured in the ST model, which relies on landscape

features, precipitation, and soil erodibility. It may be

necessary to adjust sediment delivery models like Sum-

mit to Sea to account for factors like ship traffic to

improve predictive capabilities. Many other nuances of

sediment effects on corals not included in ST are grain

size of the sediment, with finer grains generally causing

greater harm (Acevedo et al. 1989; Weber et al. 2006),

and whether exposure occurs in pulsed or steady sedi-

ment regimes (Browne et al. 2015).

As proxy for impaired water quality, a spatial esti-

mate based on distance to disturbance (Fisher et al.

2008) was developed using data reported to the U.S.

EPA under the Clean Water Act 305(b) and 303(d)

programs (DPNR 2010). Assuming no effect beyond

3 km, three stations were too far away from impaired

bays to be affected, and stations 5 and 6 located in the

center of the study area had potential impact from

three and two bays, respectively, where impaired wa-

ter quality was reported. Significant positive relation-

ships between WQ and coral diversity index and be-

tween WQ and P. porites colony density did not indi-

cate that proximity to bays with WQ issues had neg-

ative effects on coral reefs. Estimates of WQ stress to

benthic organisms could be improved with additional

field data to better define potential relationships be-

tween specific WQ stressors like turbidity, total

suspended solids (TSSs), and low DO on corals. Field

measurements such as TSS and nutrients are needed to

validate remotely sensed satellite products which can

more accurately characterize exposure to WQ condi-

tions over time compared with occasional measure-

ments (Brodie et al. 2010). Fine-scale data on water

currents would inform predictions of transport of ma-

terials to reef habitats and exposure of coral reefs to

WQ stressors. Our distance-based WQ approach de-

tected positive relationship with sponge colony

density; more sponge colonies were present closer to

bays with WQ impairments. This is similar to results

from a study of sponges and land-based nutrient inputs

in the Florida Keys (Ward-Paige et al. 2005) and is

consistent with the concept of phase shifts from stony

corals to sponges with increasing anthropogenic

stress.

Modeling environmental stressor gradients is in-

herently difficult for several reasons. Co-occurrence

of stressors in areas of high human disturbance is

common, which makes it difficult to discern which

stressors are responsible for reduced biological con-

dition. The LDI is one type of composite index that

is generated on a watershed basis, integrating inputs

of nonrenewable energy to land use parcels (Odum

1996). Watershed management for coral health is not

a new concept; for example, many Pacific Island

cultures practice Bridge-to-reef^ stewardship which

assumes a connection between land-based human

activities and health of adjacent marine communities

(Richmond et al. 2007). Yet, management options

may not be obvious using LDI as a predictor unless

specific land use types associated with reduced bio-

logical condition can be identified. Characterizing

all operative stressors regarding a system of interest

is likely impossible. Models that incorporate multi-

stressor data across broad scales (Halpern et al.

2008; Burke et al. 2011) may provide more compre-

hensive stressor information, but these scales make

the data less useful for small islands like St. Thom-

as. For some areas of the Caribbean, data about

coral reef stressors such as fishing pressure

(Shivlani and Koeneke 2010), chemical contami-

nants (Whitall et al. 2014), and ocean temperature

anomalies (Novoa et al. 2012; Liu et al. 2014) could

improve forecasting and clarify management op-

tions. Development of spatially explicit, comprehen-

sive data on multiple stressors impacting coral reefs

and accounting for potential synergistic, additive, or

antagonistic effects would best serve reef manage-

ment needs.

Three westward stations adjacent to sparse human

population and undisturbed lands had consistent low

stressor estimates below 50% of the mean and among

the highest total and live stony coral cover, taxa rich-

ness, and colony density. Watersheds adjacent to these

stations had high coverage of forest and other natural

lands (Fig. 1). Progressing to the east, different patterns

were seen depending on the stressor. For example,
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station 4 is adjacent to a low-LDI watershed but fits the

4th (highest) quartile for ST due in part to adjacent bare

landscape and increased likelihood for runoff. Stressor

values for station 13 located farthest east from the center

of disturbance indicate greater human influence than

might be assumed by its distance from Charlotte

Amalie. This station had second-highest LDI and ST

values and may combine with another human activity

source to the east. Influences such as an unlined landfill

located 0.1 km from shore in Bovani Bay (Horsely

Witten Group 2013) are not represented in our stressor

estimates and could have a large impact. Station 8 with

highest LDI values also had the lowest stony coral cover

and low percent live tissue. In contrast, station 11 locat-

ed near uninhabited Hassel Island had low LDI and

intermediate coral indicator values. Although uninhab-

ited, Hassel Island is close to the harbor and probably

receives resuspended sediment from ship traffic.

Although nonsignificant in regressions and corre-

lations, the FoRAM index was highest (best condi-

tion) at stations 7 and 9, located away from the coast

and human influences, and lowest at station 10 near

Charlotte Amalie Harbor. The FoRAM has shown to

be responsive to eutrophication (Hallock et al. 2003)

and distance to disturbance (Oliver et al. 2014) and

may have a value in reef monitoring protocols. Fish

populations may associate with reef structure but are

not expected to associate directly with stressors be-

cause fish are mobile; a lack of significant findings

with stressors is not surprising.

Healthy coral reefs benefit the people and economy

of St. Thomas by providing ecosystem services. Al-

though causality cannot be directly determined, a human

impact signature was evident from LDI associations

with reef condition indicators at 13 stations, showing

that reefs around Charlotte Amalie are proportionally

affected by human development activities in adjacent

watersheds. Management steps to reduce human distur-

bances can lessen direct impacts on corals, as well as

additive or synergistic effects from tropical storms and

hurricanes, global-scale ocean temperature anomalies

(Hughes and Connell 1999; Maina et al. 2011; Gurney

et al. 2013), and ocean acidification (Wooldridge and

Done 2009; Ban et al. 2014).

Cost-effective mitigation options to reduce sedimen-

tation for example, have been demonstrated in the USVI

(Ramos-Scharrón 2012), and effective spatial mapping

of reef stressors can prioritize where such actions are

most needed. A balanced approach to coastal

management decision-making, which incorporates

available scientific research to better characterize

stressors and understand their influence, can help protect

coral reef ecosystems and the economic, ecological, and

esthetic benefits they provide.
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Developing a multi-stressor gradient model for coral reefs of Puerto 

Rico  
 

Leah M. Oliver, Deborah L. Santavy, Patricia Bradley 

 

 

Abstract   Coral reefs worldwide are threatened by multiple anthropogenic stressors, yet 

understanding reef responses to multiple stressor gradients is complicated by interactive stressor 

effects, co-occurrence of some stressors, and inconsistent data availability.  Indirect protection of 

aquatic life under the US Clean Water Act (CWA) may occur through requirements for effluent 

discharge permits and provisions for setting chemical and physical criteria based on designated 

waterbody uses for humans.  Biological water quality criteria ΡΥ�≥ΕΛΡΦΥΛWΗΥΛD×�established under 

the CWA offers a direct means to protect corals.  Biocriteria are quantitative thresholds or 

narrative descriptions of coral reef ecosystem attributes needed to maintain biological integrity.  

Biocriteria development involves defining the biological community associated with a wide 

range of ecosystem conditions ranging from a pristine, undisturbed state to severe disturbance by 

human activities.  As part of this process for Puerto Rico, Caribbean coral reef ecosystem experts 

prioritized anthropogenic stressors to coral reef ecosystems as land-based sources of pollution, 

fishing pressure, and global climate change-related thermal anomalies.  Spatial data representing 

these stressors were mapped, showing some areas where all three stressors were high and also 

areas where the magnitude of stressors contrasted.  In northeast Puerto Rico, urban development 

around San Juan resulted ΛΘ�WΚΗ�ΛςΟDΘΓ∂ς�ΚΛϑΚΗςW�ΖDWΗΥςΚΗΓ�ΓΗvelopment index, which co-

occurred with high fishing pressure.  In contrast, southwest Puerto Rico had high fishing pressure 

but low watershed development and ocean temperatures compared to other coastal areas.  

Narrative descriptions were also developed to incorporate stressors for which spatial data is 

absent or limited.  Future expert workshops will refine this model by developing stressor 

weighting factors and by considering interactive effects.  This conceptual framework will 

contribute to developing a multi-stressor gradient model for the coral reefs of Puerto Rico, 

identify data needs, stimulate addition of new spatial data, and generate testable hypotheses to 

calibrate the stressor-response model. 

Keywords: coral reefs, land-based pollution, temperature anomalies, fishing pressure, stressor 

gradient 

_________________________________________________________________________ 
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Introduction  

Coral reefs are often found near coasts where multiple anthropogenic stressors co-occur at areas 

of high human disturbance.  Stressors range in scale of influence and relative manageability from 

point source discharges and unrestrained coastal development to thermal anomalies and ocean 

acidification stemming from global climate change (Hughes and Connell 1999; Kleypas et al. 

1999; Ban et al. 2014).  Understanding which human-induced stressors influence important coral 

reef attributes is critical to effect management actions that maximize benefits to reefs and the 

valuable ecosystem services they provide.  The US Clean Water Act (CWA) establishes a 

framework for regulating water quality and directs the EPA to set wastewater standards for 

industry, issue permits for industrial and municipal discharges, and coordinate with state and 

territorial governments to adopt water quality criteria to protect against harmful effects of 

pollutants.  Chemical and physical criteria are routinely established, yet the CWA also contains a 

provision for states and territories to set biocriteria, which are desired states of biological 

resources linked to designated uses (Bradley et al. 2009).  Designated uses are the formally 

promulgated uses for a given waterbody such as drinking water, fishing and fish consumption, 

swimming, and supporting aquatic life.  The CWA requires that water quality be able to support 

the designated use(s) for a given waterbody.  Based on the designated use(s), desired resource 

conditions may be customized, for example, biocriteria for lower quality ≥&ΟDςς�&×�waters with 

heavy human impact may allow for some loss of ecosystem structure and function while those 

for higher quality ≥&ΟDςs A× waters could require full ecosystem integrity on par with an 

undisturbed, undeveloped, and possibly historic condition indicative of a natural or non-degraded 

state (US EPA 2016).  Although it is not necessary to quantify all stressors which impact 

biological resources, biocriteria development requires development of relevant indicators for 
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most critical for coral reef ecosystems in Puerto Rico and the Caribbean.  Experts identified high 

sea temperatures and land-based pollution as primary stressors for corals, and fishing pressure 

and land-based pollution for fishes.  As part of the BCG development process in which 

anthropogenic stressor gradients are characterized and associated with different BCG levels, we  

ςΡΞϑΚW�WΡ�ΓΗΨΗΟΡΣ�D�ΦΡΘΦΗΣWΞDΟ�ΙΥDΠΗΖΡΥΝ�ΙΡΥ�DΘ�ΛΘWΗϑΥDWΗΓ�ςWΥΗςςΡΥ�ϑΥDΓΛΗΘW�ΙΡΥ�3ΞΗΥWΡ�5ΛΦΡ∂ς�

coral reef ecosystems, incorporating both quantitative data and narrative descriptions.  

  

Materials and methods 

Land-Based Sources of Pollution (LBSP) 

A Landscape Development Intensity Index (LDI) was calculated as a measure of land-based 

pollution using the method of Brown and Vivas (2005).  The LDI method integrates human 

impact associated with specific land use/land cover (LULC) types, proportional to cumulative 

inputs of nonrenewable energy (Emergy).  In brief, a 30m-resolution LULC dataset (Homer et al. 

2007) was reclassified to Emergy coefficients (Odum 1996) blended from Brown and Vivas 

(2005) and Florida land use cover and classification systems (Janicki 2013) (see Table 2 in 

Oliver et al. 2011).  LDI values were calculated for coastal Hydrologic Unit Code (HUC)-12 

watersheds, and weighted for % LULC.  Coastal watershed LDI values were extended into 

adjacent coastal segments or sea-sheds, by drawing cardinal lines from watershed borders in a 

10-km offshore buffer using ArcMap v10.  To address dilution of pollutants with increased 

distance from shore, LDI values were assigned unadjusted to coastal segments 0-2 km from 

shore, reduced by 50% in adjacent coastal segments 2-7 km from shore, and reduced by 70% in 

segments 7-10 km from shore.   

Thermal anomalies 

Satellite-derived, sea-surface temperature anomaly (SSTA) data was obtained from 12∃∃∂ς�

Coral Reef Watch website 

(http://www.coralreefwatch.noaa.gov/satellite/bleaching5km/index.php).  Annual composite, 5-

km resolution SSTA files included all currently available data from 2014 ± present day 2016.  

Files in NetCDF format were downloaded and converted to raster in ArcMap v10.3.  Rasters 

were cropped to the geographic extent of Puerto Rico and a mean SSTA raster was calculated.  
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SSTA represents positive or negative deviations from average monthly climatology, which is 

based on historical records of mean monthly night-time SST values (Liu 2014).   

Fishing pressure 

Geospatial layers of fishing intensity were obtained from Manoj Shivlani (Shivlani and Koeneke 

2011), who estimated commercial Puerto Rico fishing effort based on interviews with fishers.  

Participants were asked to map fishing areas they used, and the number of trips to each.  Total 

fishing effort is the maximum potential number of trips to grid cells of approximate area of 3.3 

km2 for all gears including nets, lines, traps and dive gears (dive gears include spear guns and 

hand gathering by skin diving or scuba). 

Integrated stressor index 

Stressor estimates were combined by first converting the LDI and fishing effort polygon layers 

into rasters.  Raster layers for LDI, fishing and SSTA were re-scaled from 0-1 using a linear 

function with the lowest values corresponding to 0 and the highest values to 1.  Rasters were 

added using the raster calculator tool in ArcMap v10.3, Spatial Analyst toolbox.   

Narrative stressor descriptions 

Narrative stressor descriptions were developed for undisturbed (pristine), moderately stressed, 

and severely degraded states of LBSP, thermal anomalies, and fishing pressure.  For LBSP these 

included land use characteristics for low, medium and high LDI watersheds, other conditions 

which were not represented by LDI such as runoff-related impaired water quality and sediment 

resuspension, and land conditions which exacerbate pollutant transport such as soil type and 

slope.  Fishing pressure was described in terms of both the fishing activity and also the resulting 

change in fish populations which is relevant to the health of associated reef-building corals. 

 

Results 

Coastal LDI watershed values ranged from 1.2 ± 5.7, with the highest values in North East 

Puerto Rico watersheds including the city of San Juan, the West coast near Mayaguez, and the 

South coast near Ponce, Santa Isabel, Salinas and Guayama (Fig. 2a).  High LDI values in 

Northern receiving sea-sheds were driven by adjacent land areas containing dense human 

population and those in Western and Southern sea-sheds were driven by a combination of 

population and row crop agriculture.   
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     Mean SSTA (2014 ± 2016) for Puerto Rico ranged from 0.29 ± 0.87oC, and a pattern of 

lowest SSTA on the West and South West coasts was observed (Fig. 2b).   

     Commercial fishing effort was highest on the West coast, Southwest near La Parguera, Cabo 

Rojo, and Puerto Real; and also around the central North coastal area (Fig. 2c).   

     Summed, rescaled stressor indices reflected high LDI and fishing pressure near San Juan on 

the North and South-central coasts, high fishing pressure on Southwest coast and Vieques (Fig. 

2d).  The West coastal area was intermediate for integrated stressor index but fishing pressure 

was high in the region.   

 

 

Fig. 2  a. Hydrologic Unit Code (HUC12) watersheds of Puerto Rico and associated LDI values.  

Offshore buffer zones show attenuated LDI value with increased distance from shore. b. NOAA 

Sea Surface Temperature Anomaly (SSTA), mean of monthly composites from 2014-2016. c. 

Total fishing effort modeled as maximum possible trips to each grid cell (Shivlani and Koeneke     
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Narrative stressor descriptions are presented in Table 1.  For LBPS, soil and terrain 

characteristics which tend to accelerate runoff and increase sediment and pollutant transport to 

benthic habitats were included.  Since the LDI is based on LULC, to avoid redundancy only 

those additional anthropogenic influences which are not LULC - related were included.  Elevated 

temperature thresholds associated with coral bleaching were derived from literature accounts 

correlating bleaching with both the magnitude and duration of exposure to elevated sea surface 

temperature (Eakin et al. 2010; Heron et al., 2016).  Fishing pressure was articulated in terms of 

relative fishing effort which pressures fishery sustainability, and also the resulting fish  

2011). d. Integrated stressor index was calculated by re-scaling all three stressors (0-1) and 

summing for a maximum possible value of 3 community expected under varying fishing 

pressures in order to illustrate the indirect stress to associated corals.  

Discussion 

Three anthropogenic stressors (land-based sources of pollution, thermal anomalies, and fishing 

pressure were assembled in a spatially-explicit framework for Puerto Rico coral reef and not 

fisheries ecosystems, an initial step to support development of biocriteria to protect these unique 

and important habitats (Fore et al. 2009).  Our expectation is that these stressor estimates will be 

fine-tuned and augmented as additional data becomes available.  The LDI index was chosen as a 

proxy for LBSP, in part due to previous associations with coral condition in St. Croix (Oliver et 

al. 2011) and with wetland condition in Florida (Brown and Vivas 2005) and Ohio (Mack 2006).      

      However our narrative description for LBSP highlights land-based stressors which are 

represented in the LDI.  For example, the presence of a wastewater treatment plant or coastal 

industry is represented in the LDI as a LULC class receiving a high LDI coefficient, but effluents 

originating from these facilities are not incorporated in LDI.  Elevated nutrients are important 

coral stressors which have been associated with decline of reefs in relatively close proximity to 

developed coasts (Ennis et al. 2016).  The LDI is based on 30-m resolution LULC data circa 

2001, but 1-m resolution LULC imagery for Puerto Rico is anticipated in 2016 from the NOAA 

Coastal Change Analysis Program, allowing finer resolution and more current land cover for new 

LDI calculations, and possible application of land use changes as an indicator.  In the future 

assumptions regarding the sea-shed transport of land-based pollutants should be refined by 

adjusting for ocean currents and river flow which affect distance and direction of offshore 
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Table 1 Narrative descriptions for three stressors representing undisturbed, moderately disturbed and 

severely disturbed states.  For fishing pressure, both fishing activities and resulting fish community are 

presented.  WWTP: Waste water treatment plant, BMP: best management practices 

1Section 303(d) of the US Clean Water Act requires states and territories to submit lists of 

impaired waters which do not meet water quality standards. 

 

Stressor 

Level 

Land-Based Sources of Pollution  Thermal 

Anomalies 

Fishing Pressure 

Undisturbed Natural landscape conditions present in 

coastal watersheds. Coastal vegetation such as 

mangroves and riparian vegetation is intact.  

Human development absent: no impervious 

surfaces or facilities such as WWTPs, 

industries, ports or associated shipping 

activity. Sediment entry to coastal waters is 

attenuated by absorbant soil types, presence of 

coastal vegetation, or both.  Area could be 

Marine Protected Area or Reserve.  LDI < 1 

Natural 

temperature 

regime for the 

area, no 

significant 

departures from 

normal 

climatology. 

DHW remains 

less than 4oC 

 

 

Fishing by humans is absent 

 

 

Fish Community: Undisturbed.  High 

diversity in taxa, balanced fish community 

in terms of size and abundance such that 

natural trophic interactions are sustained. 

 

Moderately 

Disturbed 

Low to medium density development, coastal 

industries and/or WWTPs may be present but 

if so, are compliant with discharge permits, 

have advanced levels of waste water 

treatment, and may incorporate biological 

filtration such as coastal wetlands.  

Impervious surfaces near the coast are 

considerable, and along with steep terrain and 

soils dominated by clays, result in frequent 

pulses of moderately elevated sediment levels 

to coastal benthic habitats.  Agriculture 

activity may be broad pasture areas or 

moderate row crop areas, and BMPs are not 

universally employed to limit sediment / 

pollutant transport to marine environment.  

LDI = 2.01 ± 3.0 

Departures from 

normal 

temperature 

regime 

occasionally 

exceed 4oC-

DHW but 

remain below 

8oC-DHW 

Fishing activities include a blend of 

commercial and recreational fishing at levels 

which are non-threatening to sustainable 

production.  Effective fishing management, 

enforcement or some combination prevents 

significant loss of ecosystem functional 

attributes. 

 

Fish Community: Evident changes in 

structure due to loss of some rare native 

taxa; shifts in relative abundance of taxa but 

sensitive-ubiquitous taxa are common and 

abundant; ecosystem functions are fully 

maintained through redundant attributes of 

the system. 

 

Severely 

Disturbed 

Degraded landscape conditions include high 

percent impervious surface and high-density, 

near-coastal human development. Near-

coastal row crop agriculture lacks BMPs.  

Sedimentation is severe due to degraded 

coastal and riparian vegetation and 

unmitigated land clearing practices, and 

sediment contains entrained nutrients and 

other chemical pollutants. Coastal WWTPs 

lack secondary treatment, and along with 

industrial discharges, 303(d)1 listings of 

impaired water bodies under the CWA are 

common.  Other human influences may 

include boat traffic in the form of shipping 

vessels, cruise ships, or recreational vessels 

which result in sediment resuspension in 

coastal benthic habitat areas.  LDI > 5 

Sustained 

elevated 

temperature 

relative to 

normal, periods 

exceeding 8oC-

DHW 

 

 

 

 

 

 

 

Intense commercial and recreational fishing 

pressure of reef fish species and pelagic 

species. Regulations to sustain fishery may 

be lacking or ignored; enforcement is 

nonexistent and illegal fishing is common. 

Gears used include fish traps or others with 

high bycatch mortality.  

 

 

 

Fish Community: Low species richness, 

diversity and abundance compared to other 

levels. Extremely high densities of tolerant 

opportunistic species may characterize these 

systems.  Herbivores and apex predators are 

absent.   
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influence, and incorporating shelf bathymetry which affects dispersal of runoff-transported 

sediment and other pollutants originating on land.  Here, we applied simple assumptions of 

graded influence decay at 2, 7 and 10 km offshore which represent only a coarse estimate.    

      This analysis used 5-km resolution SSTA data, currently available as annual average 

composites from 2014 ΡΘ��ΣΗΘΓΛΘϑ�12∃∃∂ς�release of additional blended satellite products 

which will increase ΥΗWΥΡςΣΗΦWΛΨΗ�ςΣDWΛDΟ�ΓDWD�ΣΥΗςΗΘWΗΓ�ΛΘ�ςΗΨΗΥDΟ�ΖD∴ς�ΡΘ�12∃∃∂ς�&ΡΥDΟ�5ΗΗΙ�

Watch website.  Although SSTA values may be positive or negative, NOAA presents positive 

deviations or HotSpot values, calculated by subtracting the maximum of monthly mean 

ΦΟΛΠDWΡΟΡϑ∴��DΘΓ�D�ΠΗDςΞΥΗ�ΡΙ�≥∋ΗϑΥΗΗ�+ΗDWΛΘϑ�:ΗΗΝς×��∋+:��ΖΚΛΦΚ�Λς�WΚΗ�ςΞΠ�ΡΙ�+ΡW6ΣΡW�

values exceeding 1oC for a preceding 12 week period.  We demonstrate the potential for SSTA at 

5-km resolution to integrate with land-based pollution and fishing data on a reef scale during a 

time period when thermal-anomaly related coral bleaching was not widespread in Puerto Rico.  

If the cooler SST values seen in western Puerto Rico (Fig. 2b) persist during a bleaching event, it 

is possible that corals in those areas might be afforded some degree of protection.  Narrative 

descriptions for thermal anomalies were informed by Eakin et al. (2010) and Heron et al. (2016) 

who demonstrated threshold DHW values associated with coral bleaching and related mortality, 

and also the potential for cumulative temperature stress over time to predict coral bleaching 

susceptibility. 

     Recreational fishing pressure is thought to be at least as important as commercial landings.  

We show spatial variation in commercial fishing effort that will be informed by new data when 

the recreational component of PΞΗΥWΡ�5ΛΦΡ∂ς�ΙΛςΚΛΘϑ�ΟDΖ�Λς�ΛΠΣΟΗΠΗΘWΗΓ�  In the interim, 

narrative stressor descriptions were developed for both commercial and recreational fishing 

activity, including regulatory effectiveness and enforcement capability (Table 1).  Indirect effects 

of fishing pressure on corals were also presented in terms of the associated fish community 

because with the exception of damage to the reef from fishing gear such as anchors or fishing 

line, fishing activities do not impact reef corals directly yet lead to ecological dysfunction from 

overall fishery decline, herbivore reduction and associated algal proliferation on the reef (Hughes 

et al. 2007).  Similarly, model development needs to include indirect effects of climate change-

associated anomalies on fish communities, related to bleaching-related coral mortality and loss 

of reef habitat upon which fish depend for recruitment, refugia, and feeding (Coker et al. 2012; 

Ainsworth and Mumby 2015).  
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     Simple assumptions (Davies and Jackson 2006) that ecosystem structure and function 

gradually falter with increased anthropogenic stress represent an accepted general pattern of 

ecosystem response which can generate testable hypotheses to refine single and cumulative-

stressor effects (Hughes and Connell 1999; Ban et al. 2014).  An approach to integrate world-

scale reef stressors (Halpern et al. 2008; Burke et al. 2011) was used here by summing re-scaled 

stressor values (Fig. 2d), but future model development needs to consider more complex stressor 

interactions including weighting, synergistic or antagonistic effects.  Observed contrasts in 

stressor patterns included South West Puerto Rico with low LDI and SSTA, yet high fishing 

pressure (Fig. 2a, 2b, 2c)  ∃�ΟDΥϑΗ�ΣΥΡΣΡΥWΛΡΘ�ΡΙ�3ΞΗΥWΡ�5ΛΦΡ∂ς�ΦΡΥDΟ�ΥΗΗΙς�DΥΗ�ΙΡΞΘΓ�in the South 

West and establishing a no-take reserve has been suggested.   

     Further development of this multi-stressor model will render it useful to develop biological 

attributes for BCG levels (US EPA 2016; Santavy et al. in review), inform management 

decisions, prioritize collection of reef condition data and stressor information, and support 

stressor-response research studies.  Recent guidance for BCG development (US EPA 2016) 

includes approaches and challenges to defining a generalized multi-stressor axis (x-axis of the 

BCG, Fig. 1) to represent the cumulative impact of anthropogenic stressors to reef ecosystems 

ranging from a pristine state to severely disturbed by human activities.  Publically available 

spatial datasets may be employed to represent additional stressors as has been done for the Great 

Lakes Environmental Indicators project (Danz et al. 2005).  Quantitative information on 

ecosystem condition and anthropogenic stressors for Puerto Rico coral reefs is limited by 

comparison, but initial steps can be taken.  The U.S. Virgin Islands government has identified 

coral reefs and reef functions as designated uses under the CWA and defined biological integrity 

in a narrative context (USVI 2010).  The foundation exists for Puerto Rico to take similar actions 

for setting condition thresholds or biocriteria, to protect its valuable coral reefs.   
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The biological condition gradient, a tool used for describing the 

condition of US coral reef ecosystems  

Deborah L. Santavy, Patricia Bradley, Jeroen Gerritsen, and Leah Oliver 

 

Abstract  Understanding the effects of human activity on coral reef ecosystems requires 

knowing what characteristics constitute a high quality coral reef and identifying measurable 

criteria. The Biological Condition Gradient (BCG) is a conceptual model that describes how 

biological attributes of coral reefs change along a gradient of anthropogenic stress. The BCG 

provides a framework using qualitative and quantitative reef attributes to determine current coral 

reef conditions. Experts in coral reef assemblages (coral, fish, sponge, gorgonian, and algae) 

have defined a BCG model for Puerto Rico. The model describes the full range of biological 

conditions resulting from human disturbance, including community structure, organism 

condition, ecosystem function and connectivity. Each condition level is defined in terms of 

biological integrity, which is the biological condition comparable to undisturbed or minimally 

disturbed conditions caused by human influence. Each level contains a detailed narrative and 

decision rules for translating the narrative into specific metric scores. Reference condition is a 

natural fully-functioning coral reef that serves as a non-shifting baseline that is established 

through expert consensus. Managers can use the BCG model to assess current conditions relative 

to high quality coral reefs, track changes in condition as responses to management actions, and 

communicate environmental condition and outcomes to the public. BCG levels can be aligned 

with designated aquatic life uses specified in water quality standards and used for protection and 

potential restoration of coral reefs. The BCG model will be broadly applicable to Caribbean 

reefs, and the process is transferable to other oceanic regions. 

Key Words:   biological condition gradient, biological criteria, biocriteria, protection coral reefs,  

            Clean Water Act, thresholds 

______________________________________________________________________________ 

Deborah L. Santavy, Leah Oliver 

US Environmental Protection Agency, Gulf Ecology Division, ORD, 1 Sabine Island Dr,Gulf Breeze, FL. 32561 

USA  

Patricia Bradley, Jeroen Gerritsen  

Tetra Tech, Inc., Owing Mills, MD., USA 



549 

 

Communicating author:  DL Santavy  santavy.debbie@epa.gov 
 

 

Introduction 

One of the most influential legal mechanisms available for aquatic resource protection is the U.S. 

Clean Water Act (CWA) (33 U.S.C. 1251 et seq. 1972), which grants regulatory authorities to 

the U.S. Environmental Protection Agency (USEPA) WΡ�ΣΥΡWΗΦW�WΚΗ�ΛΘWΗϑΥΛW∴�ΡΙ�WΚΗ�1DWΛΡΘ∂ς�

waters (USEPA 2016). The CWA purview includes biological components such as coral reefs 

that lie within the limit of the territorial seas (Jameson et al. 2001). One authority granted to 

USEPA is to prevent waterbody degradation or restore habitat quality through the CWA Section 

101 (a) (Frey 1977; USEPA 2002). This authority allows decisions to curtail or modify 

deleterious anthropogenic activities "to restore and maintain the chemical, physical and 

biological integrity of the nation's waters." Many facets of the CWA are already employed in 

maintaining high water quality imperative for coral reef persistence (USEPA 2016). However, 

the broad authority of the CWA is not being used to its full potential for reef protection (Fore et 

al. 2009; Bradley et al. 2010).   

     Understanding the effects of human activity on coral reefs requires knowing what attributes 

constitute high quality coral reefs and identifying measurable criteria. Restoring and maintaining 

biological integrity is a long-term CWA objective, and like its physical and chemical 

counterparts, biological criteria can be defined to protect valued biological communities (Davies 

and Jackson 2006).  Biological integrity is the capacity to support and maintain a balanced, 

integrated, and adaptive community of organisms having a species composition, diversity, and 

functional organization comparable to the natural habitats within a region (Karr and Dudley 

1981). The process includes classifying habitat types, using quantitative measures of species 

composition, diversity and functional organization; and comparing existing waterbody condition 

to natural or undisturbed reference conditions (Davis and Simon 2004). 

     To achieve CWA objectives, the USEPA, States, US Territories, regulated industries, 

municipalities, and public need comprehensive information about the biological integrity of 

aquatic environments to complement the physical and chemical integrity. The USEPA has 

worked with scientists to adapt a conceptual model known as the biological condition gradient 

(BCG) to protect the biological integrity of tropical Caribbean waters, including marine coastal 

habitats such as mangroves, seagrasses and coral reefs (Bradley et al. 2014; Bradley and Santavy 
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2016). The BCG is a conceptual model that describes how biological attributes of coral reefs 

change along a gradient of anthropogenic stress (Figure 1). The BCG relates the biological 

responses to increasing levels of anthropogenic stress relative to a baseline anchored in natural 

condition or minimally disturbed (Karr 1991; Davies and Jackson 2006; USEPA 2016). This 

framework defines qualitative and quantitative reef attributes to assess the biological condition 

and ecological state of a coral reef by defining multiple levels of biological responses to 

increasing anthropogenic stress.  BCG level 1 represents the highest condition level or full 

biological integrity with ideally no anthropogenic stress, and BCG level 6 represents the poorest 

biological condition impacted by the greatest anthropogenic stress (Fig. 1). Threshold levels can 

be both numeric values and narrative descriptions dependent on the scientific information 

available, and they are intended to be protective of the biological integrity of aquatic life 

inhabiting the waterbody. The BCG model provides guidance to decide whether the biological 

condition of a coral reef is improving or declining relative to these acceptable threshold levels.   

 

 

 

 

Put Fig. 1 here? 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Conceptual model of the biological condition gradient that describes how biological  

 attributes of coral reefs change along a gradient of anthropogenic stress 
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     The BCG framework allows biological condition to be interpreted independent of assessment 

methods. Currently, the BCG is used nationally for the management of freshwater ecosystems to 

communicate to the public and other interested stakeholders the status of aquatic resources and 

their potential for restoration. To date, almost all applications are in freshwater streams, rivers, 

and lakes bounded by land. A BCG model is formulated based on expert consensus using best 

professional judgment. An expert panel works together to define the thresholds at each biological 

condition level using narrative descriptions. Next, numeric thresholds are developed using 

bioassessment data to calculate threshold values grounded in the early narrative formulations. 

Application of the BCG conceptual framework, narrative descriptions developed by experts for 

qualitative rankings, habitat classifications, and assignment of important reef attributes are 

presented for fish and coral models. 

  

Materials and methods  

USEPA focused on southwestern Puerto Rico to test proof-of-concept, develop, calibrate, and 

eventually validate the BCG model to support biocriteria development for Caribbean coral reef 

systems. An expert panel of coral reef scientists participated in three workshops and multiple 

webinars to elicit best professional judgment to develop narrative and ultimately numeric 

biocriteria to define multiple BCG condition levels (Bradley et al 2014; Bradley and Santavy 

2016). In the first workshop, underwater videos and photographs were viewed by experts to elicit 

important coral reef attributes to define coral reef condition. This approach allowed experts to 

draw on their individual and combined knowledge and expertise, without getting mired in CWA 

and biocriteria concepts and terminology. Linear coral reefs were selected from habitat maps by 

Kendall et al. 2001. Sites selected for expert review spanned the full range of conditions 

observed in the data set. Experts rated coral reef condition for 12 stations as either good, fair or 

poor based on the photos and videos considering all aspects of reef condition and health. They 

were instructed to document specific characteristics indicative of conditions for corals, sponges, 

gorgonians, fish, algae, reef rugosity, and topographical heterogeneity. Afterwards, group 

deliberations used their individual evaluations to focus on identifying common attributes with 

narrative language to differentiate each level.  
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     During the second and third workshops, two separate BCG models were constructed 

independently - one for fish communities built by fish experts and the other for scleractinian 

corals built by coral experts. Each group worked from the narrative descriptive BCG model 

developed in the first workshop with the ultimate goal of creating a quantitative model with 

decision rules for threshold levels. Bioassessment data for fish and coral communities were used 

with sites located along a stressor gradient ranging from low to high land-based stressor levels in 

similar habitat types for each community (Santavy et al. 2012; Bradley and Santavy 2016). 

Ideally, data should include the full range of conditions and complement of stressors (e.g., 

pollution sources, fishing pressure, habitat disturbances, etc.) found at the regional level, such 

that the full gradient of the responses of the assemblages were included in model development. 

Since natural, regional, and habitat characteristics affect coral species composition of 

undisturbed waterbodies, a critical step required habitat classification of natural conditions to the 

extent they affect structures of fish and benthic communities (USEPA 2016).  

     The first step for BCG calibration was assigning taxa to BCG attributes I-V (Table 1), based 

on species sensitivity and tolerances to the most important stressors recommended by the 

experts. The BCG attribute definitions were those developed for freshwater systems (Table 1). 

Each taxon was evaluated for: sensitivity and tolerance to anthropogenic stressors, rarity, and 

endemism (Davies and Jackson; 2006; USEPA 2016). Experts assigned all fish and scleractinian 

coral taxa present in Puerto Rican bioassessment data from USEPA surveys in 2010 and 2011  

 

Table 1  Ecological attributes used in freshwater BCGs for fish and benthic infauna communities 

(USEPA 2016) 

 

Attribute Description 

I Historically documented, sensitive, long-lived or regionally endemic taxa 

II Highly sensitive taxa 

III Intermediate sensitive taxa  

IV Taxa of intermediate tolerance 

V Tolerant taxa 

VI Non-native species 

VII Organism condition 

VIII Ecosystem function 

IX Spatial and temporal extent of detrimental effects 

X Ecosystem connectivity 
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(Bradley and Santavy 2016). Next, experts assigned BCG biological condition levels (1-6) to 

each reef site using results from the more complex data-driven analyses and the BCG attribute (I-

V) assignments. As more sites were assigned to BCG condition levels, the experts were 

providing more complex data-driven analyses for improving and informing their judgements to 

rate additional sites. After condition assignments were made to multiple sites which represented 

D�ΥDΘϑΗ�ΡΙ�DΘWΚΥΡΣΡϑΗΘΛΦ�ςWΥΗςςΡΥς��WΚΗ�Η[ΣΗΥWς∂�ΥDWΛΡΘDΟΗ�ΙΡr their assignments were carefully 

documented. This allowed decision rules to emerge for distinguishing different quantitative BCG 

levels. 

 

Results and Discussion 

The first workshop provided proof of concept that the BCG framework could be adapted for 

coral reef ecosystems (Bradley et al. 2014). During the first workshop, the coral reef experts 

collectively developed preliminary narratives for defining four BCG condition levels ranging 

from very good to excellent, good, fair, and poor (Fig. 2) while documenting specific attributes. 

Using underwater videos, the experts defined eight individual traits into four levels of biological 

condition. They rated the first level as very good to excellent condition, representing full 

biological integrity, and it anchored the other condition levels. This condition level was 

considered by the experts as comparable to levels 1 and 2 of the BCG conceptual model. The 

second level was considered good condition by the experts as comparable to BCG Level 3. The 

third level was rated as fair condition and comparable to BCG level 4. The worst condition level 

was comparable to BCG levels 5 and 6 and considered to be highly degraded.  

     The experts identified eight narrative attributes used for describing each BCG level. The 

narrative attributes were: physical structure of the reef which is the topographical heterogeneity, 

roughness or rugosity of the reef surface; coral characteristics including species, shape, size, and 

population demographics; sponge and gorgonian characteristics of shape, size and potential for 

habitat provision; coral condition which is considered the amount of live tissue present and 

extent of disease, bleaching and tumors; fish abundance, biomass and trophic interactions; the 

presence of other vertebrates focusing on charismatic megafauna; selected invertebrates 

including Diadema antillarum, conchs, lobsters, and crabs; and finally algae ranging from 
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polychaetes and holothurians dominated the substrate with few or no reef invertebrates. If algae 

were present, it was fleshy macroalgae, with little or no turf or calcareous algae. Crustose 

coralline algae were absent.  

 

Table 2  Narrative descriptions for eight attributes proposed by coral reef experts to define four BCG 

condition levels for Puerto Rico linear reefs. (adapted from Davies and Jackson, 2006) 
 

 

Χονδιτιον 

λεϖελ 

Αττριβυτε δεσχριπτιονσ 

 

 

Very Good 

Excellent  

 

(approximate 

BCG Level 1±

2)  

Physical structure: High rugosity or 3D structure; substantial reef built above bedrock; 

many irregular surfaces provide habitat for fish; very clear water; no sediment, flocs or films  

Corals: High species diversity including rare; large old colonies (Orbicella) with high tissue 

coverage; balanced population structure (old and middle-sized colonies, recruits); Acropora 

thickets present  

Gorgonians: Gorgonians present but subdominant to corals 

Sponges: Large autotrophic and highly sensitive sponges abundant 

Fish: Populations have balanced species abundances, sizes and trophic interactions 

Large vertebrates: Large, long-lived species present and diverse (turtles, eels, sharks) 

Other invertebrates: Diadema, lobster, small crustaceans and polychaetes abundant; some 

large sensitive anemone species present  

Algae: Crustose coralline algae abundant; turf algae present but cropped and grazed by 

Diadema and herbivorous fish; low abundance of fleshy algae  

Condition: Low prevalence of disease and tumors; mostly live tissue on colonies 

Good  

 

(approximate  

BCG Level 3)  

Physical structure: Moderate to high rugosity; moderate reef built above bedrock; some 

irregular cover for fish habitat; water slightly turbid; low sediment, flocs or films on 

substrate  

Corals: Moderate coral diversity; large old colonies (Orbicella) with some tissue loss; 

varied population structure (usually old colonies, few middle aged and some recruits); 

Acropora thickets may be present; rare species absent  

Gorgonians: Gorgonians more abundant than Levels 1±2  

Sponges: Autotrophic species present but highly sensitive species missing  

Fish: Decline of large apex predators (e.g., groupers, snappers) noticeable; small reef fishes 

more abundant  

Large vertebrates: Large, long-lived species locally extirpated (turtles, eels)  

Other invertebrates: Diadema, lobster, small crustaceans and polychaetes less abundant 

than Levels 1±2; large sensitive anemone species absent  

Algae: Crustose coralline algae present but fewer than Levels 1±2; turf algae present and 

longer, more fleshy algae present than Levels 1±2  

Condition: Disease and tumor presence slightly above background level; more colonies 

have irregular tissue loss  

Fair  

 

(approximate  

Physical structure: Low rugosity; limited reef built above bedrock; erosion of reef structure 

obvious; water turbid; more sediment accumulation, flocs and films; Acropora usually gone 

or present as rubble for recruitment substrate  



556 

 

BCG Level 4) Corals: Reduced coral diversity; emergence of tolerant species, few or no living large old 

colonies (Orbicella); Acropora thickets gone, large remnants mostly dead with long 

uncropped turf algae  

Gorgonians: Gorgonians more abundant than Levels 1±3, replacing sensitive coral and 

sponge species  

Sponges: Mostly heterotrophic tolerant species and clionids  

Fish: Absence of small reef fishes (mostly Damselfish remain)  

Large vertebrates: Large, long-lived species locally extirpated (turtles, eels)  

Other invertebrates: Diadema absent; Palythoa overgrowing corals; crustaceans, 

polychaetes and sensitive anemones conspicuously absent  

Algae: Some coralline algae present but no crustose algae; turf is uncropped, covered in 

sediment; abundant fleshy algae (e.g., Dictyota) with high diversity  

Condition: High evidence of diseased corals, sponges, gorgonians; evidence high of 

mortality; usually less tissue than dead portions on colonies  

Poor  

 

(approximat

e  

BCG Level 

6)  

Physical structure: Very low rugosity; no or little reef built above bedrock; no or 

low relief for fish habitat; very turbid water; thick sediment film and thick floc 

covering bottom; no substrate for recruits  

Corals: Absence of colonies, those present are small; only highly tolerant species 

with little or no live tissue  

Gorgonians: Small and sparse colonies; mostly small sea fans; often diseased  

Sponges: Heterotrophic sponges buried deep in sediment; highly tolerant species  

Fish: No large fishes; only a few tolerant species remain; lack of multiple trophic levels  

Large vertebrates: Usually devoid of vertebrates other than fishes  

Other invertebrates: Few or no reef invertebrates; high abundance of sediment dwelling 

organisms such as polychaetes and holothurians  

Algae: High cover of fleshy algae (Dictyota); complete absence of crustose coralline algae  

Condition: High incidence of disease and low or no tissue coverage on small colonies of 

corals, sponges and gorgonians, if present  

 

     During the second and third workshop, the fish and coral experts worked on two separate 

BCG models. Development of the coral reef fish BCG model was more adaptable to the  

freshwater systems framework. Fish experts agreed upon two habitat classifications - sites 

containing coral reefs and all other hard-bottom habitats. Fish experts considered land-based 

sedimentation and fishing pressure as the two greatest threats to fish communities in this region, 

and they assigned 138 fish species to the five BCG attributes. The results from these assignments 

are too numerous to present here, but they are detailed in Bradley and Santavy 2016. The fish 

experts will be testing numeric criteria soon to test the fish BCG model for coral reefs to set 

preliminary model conditions for developing biocriteria for Puerto Rico.   
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     The application of the freshwater BCG tolerance attributes to coral taxa presented a much 

greater challenge. The coral experts agreed elevated sea temperature and land-based sources of 

pollution present the most serious threats for Caribbean scleractinian corals. Coral experts had 

lower confidence in scleractinian coral taxa assignments to BCG attributes I-V and chose to 

evaluate each taxon for each stressor separately (Bradley and Santavy 2016). During initial 

attempts to assign species to a BCG attribute, the coral experts contended with reef habitat 

classification. They held discussions focused on defining expectations of which coral species 

should be found in different reef zones. Many reef traits were considered because reefs have 

distinct horizontal and vertical zones created by differences in depth, wave and current energy, 

temperature, light, and many other habitat characteristics (Zitello et al. 2009). The experts 

considered several different reef classification systems in an attempt to incorporate most of the 

critical reef traits discussed (Adey and Burke 1976; Hubbard et al. 2009). They agreed to use the 

ΟDWΗςW�ΗΓΛWΛΡΘ�ΡΙ�12∃∃∂ς�benthic habitat reef classification as guidance (Zitello et al. 2009), and 

only use the fore-reef zone for assigning sites to BCG condition levels using the Costa et al. 2013 

definition. 

     The coral experts decided the stressor tolerance attributes (I±V) developed for the freshwater 

BCGs (Table 1), did not apply very well to coral reef benthic communities. The experts believed 

tolerances of scleractinian coral species varied based on the individual stressor, and when 

exposed to multiple stressors the effects could be additive, neutral or synergistic but are largely 

unknown. The coral experts ultimately recommended focusing on eight narrative attributes 

developed during the first workshop (Table 2) to assign sites to BCG condition levels. The coral 

experts all agreed additional benthic assemblages rather than just scleractinian corals should be 

used. They changed the coral BCG to the benthic BCG model, and recommended inclusion of 

sponges, gorgonians, algae, organism condition especially disease and coral bleaching, and other 

reef invertebrates.  

     Historically water quality management programs and regulatory agencies attempted to protect 

aquatic life primarily through chemical and physical water criteria alone (USEPA 2002, 2016). 

Unlike chemical or physical criteria, biocriteria do not require individual threshold values for 

each and every stressor. The biological response to its environment integrates cumulative 

impacts of multiple stressors which might be better indicators of ecosystem condition, rather than 

only relying on established nutrient or physical stressor limits, which might not be protective of 
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sensitive coral reefs (Bradley et al. 2010; Oliver et al. herein). Coral reef biocriteria are used to 

benchmark biological conditions required for aquatic life use, and allow bioassessment 

information to directly link management actions to desired biological goals and endpoints. Often 

the consequences of management decisions are far-reaching influencing not only inland 

watersheds but also coastal environments (Bradley et al. 2010). 
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Χονχυρρενχε Χορρεσπονδενχε: Ολιϖερ ετ αλ ΣΤΑΑ Νοmινατιον Παχκαγε, Απριλ 2020 

Οριγιναλ Εmαιλ ρεθυεστινγ χονχυρρενχε φροm χο−αυτηορσ: 

 

Φροm: Ολιϖερ, Λεαη <Ολιϖερ.Λεαη≅επα.γοϖ>  

Σεντ: Τυεσδαψ, Απριλ 28, 2020 1:45 ΠΜ 

Το: Σανταϖψ, Dεββιε <Σανταϖψ.Dεββιε≅επα.γοϖ>; Φισηερ, Βιλλ <Φισηερ.Wιλλιαm≅επα.γοϖ>; Πατριχια Βραδλεψ 

<πατβραδλεψ≅χοmχαστ.νετ>; ϑεροεν Γερριτσεν (ϕεροεν.γερριτσεν≅τετρατεχη.χοm) 

<ϕεροεν.γερριτσεν≅τετρατεχη.χοm>; λεσκα.φορε≅γmαιλ.χοm; Αmελια Σmιτη 

<αmελια.σmιτη4815≅γmαιλ.χοm> 

Συβϕεχτ: ΣΤΑΑ 2020 Συβmισσιον � νεεδ ρεπλψ βψ Wεδ νιγητ, πλεασε!  

 

Dεαρ Χολλεαγυεσ, 

 

Ι ηοπε ψου ανδ ψου φαmιλιεσ αρε ηεαλτηψ ανδ νοτ αφφεχτεδ βψ ΧΟςΙD−19.   

 

Ι αm πρεπαρινγ α συβmισσιον φορ τηε 2020 ΣΤΑΑ αωαρδσ φορ τηρεε mανυσχριπτσ φορ ωηιχη εαχη οφ ψου 

χοντριβυτεδ. Α ρεθυιρεmεντ οφ τηε συβmισσιον ισ αν ασσεσσmεντ οφ τηε χοντριβυτιον οφ εαχη αυτηορ το τηε 

πυβλιχατιονσ. Μψ ασσεσσmεντ ισ λιστεδ βελοω. Ιφ ψου αγρεε ωιτη mψ ασσεσσmεντ πλεασε σενδ α ρετυρν εmαιλ 

το mε στατεδ τηατ ψου αγρεε ωιτη τηε ασσεσσmεντ. Ι νεεδ το χοmπλετε αλλ τηε αωαρδσ παπερ βψ Τηυρσδαψ 

mορνινγ, σο πλεασε ρεπλψ βψ Wεδνεσδαψ νιγητ ιφ ατ αλλ ποσσιβλε.  Τηανκσ ιν αδϖανχε. 

 

(1) Ολιϖερ, Λ. Μ., Φισηερ, W. Σ., Φορε, Λ., Σmιτη, Α., & Βραδλεψ, Π. (2018). Ασσεσσινγ λανδ υσε, 

σεδιmεντατιον, ανδ ωατερ θυαλιτψ στρεσσορσ ασ πρεδιχτορσ οφ χοραλ ρεεφ χονδιτιον ιν Στ. Τηοmασ, ΥΣ 

ςιργιν Ισλανδσ. Ενϖιρονmενταλ Μονιτορινγ ανδ Ασσεσσmεντ, 190(4), 213. 
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        Φισηερ:  15 % 
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        Σmιτη:  25 % 
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(2) Ολιϖερ, Λ.Μ., Σανταϖψ, D.Λ., Βραδλεψ, Π. (2016) Dεϖελοπινγ α mυλτι−στρεσσορ γραδιεντ mοδελ φορ χοραλ 

ρεεφσ οφ Πυερτο Ριχο. 13τη ΙΧΡΣ, Ηονολυλυ. Πυβλισηεδ βψ τηε Ιντερνατιοναλ Σοχιετψ φορ Ρεεφ Στυδιεσ. 

245 � 257. Αϖαιλαβλε ατ: ηττπ://χοραλρεεφσ.οργ/πυβλιχατιονσ/ιχρσ−2016−προχεεδινγσ/ 

 

        Ολιϖερ: 50 % 



Σανταϖψ: 25 % 
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(3) Σανταϖψ, D.Λ., Βραδλεψ, Π., Γερριτσεν, ϑ., Ολιϖερ, Λ. (2016) Τηε βιολογιχαλ χονδιτιον γραδιεντ, α τοολ 

υσεδ φορ δεσχριβινγ τηε χονδιτιον οφ ΥΣ χοραλ ρεεφ εχοσψστεmσ. 13τη ΙΧΡΣ, Ηονολυλυ. Πυβλισηεδ βψ 

τηε Ιντερνατιοναλ Σοχιετψ φορ Ρεεφ Στυδιεσ. 548 � 559. Αϖαιλαβλε ατ: 

ηττπ://χοραλρεεφσ.οργ/πυβλιχατιονσ/ιχρσ−2016−προχεεδινγσ/  

 

Σανταϖψ: 40 % 

        Βραδλεψ:  20 % 
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Λεαη Ολιϖερ 

Ρεσεαρχη Αθυατιχ Βιολογιστ 

Υ.Σ. ΕΠΑ/ΟΡD/ΧΕΜΜ/ΓΕΜΜD 

1 Σαβινε Ισλανδ Dρ. 

Γυλφ Βρεεζε, ΦΛ 32501 

 

πη. 850 934−2470 

φαξ 850 934−2402 

 

  



Χο−Αυτηορ Ρεσπονσεσ: 

Σανταϖψ: ρεχειϖεδ Τυεσδαψ, Απριλ 28, 2020 ατ 1:55 πm 

Ηι Λεαη, 

               Ι αγρεε το τηε αυτηορ ασσεσσmεντ φορ mε βελοω.  ϑεροεν Γερριτσεν ηασ ρετιρεδ α νυmβερ οφ ψεαρσ 

αγο ανδ Ι δο νοτ ηαϖε α χυρρεντ εmαιλ αδδρεσσ, σορρψ.  Πατ mιγητ βε σλοω το ρεσπονδ σηε ισ ουτ ωιτη α 

mιγραινε.   Dεββιε  

 

Βραδλεψ: ρεχειϖεδ Τυεσδαψ, Απριλ 28, 2020 ατ 2:15 πm 

Λεαη − Ι χονχυρ ωιτη περχενταγεσ. 

 

Πατ 

 

 

Γερριτσεν: ρεχειϖεδ Τυεσδαψ, Απριλ 28, 2020 ατ 3:18 πm 

 

Ηι Λεαη, 

 

Ψεσ, Ι αγρεε ωιτη ψουρ εστιmατεσ οφ ρελατιϖε χοντριβυτιονσ. 

 

Πλεασε γιϖε mψ ρεγαρδσ το Dεββιε ανδ Βιλλ ασ ωελλ. 

 

Βεστ ρεγαρδσ, 

 

ϑεροεν Γερριτσεν  

  



Φισηερ: ρεχειϖεδ Wεδνεσδαψ, Απριλ 29, 2020 ατ 10:30 αm 

Ηι Λεαη, τηανκσ φορ τηε τεξτ ρεmινδερ�.οφ χουρσε τηισ ισ ΟΚ ωιτη mε. Τηανκσ το ψου ανδ Ματτ φορ 

ηανδλινγ. 

Αλλ�σ ωελλ ηερε ανδ ηοπε τηε σαmε φορ ψου� 

Βιλλ 

 

Φορε: ρεχειϖεδ Wεδνεσδαψ, Απριλ 29, 2020 ατ 10:43αm 

 

Ηι, Λεαη, ψεσ ωε αρε αλλ ωελλ ηερε. Νιχε το ηεαρ τηατ ψου αρε τοο. 

 

Τηισ βρεακδοων λοοκσ φινε το mε. Ι ρεσπονδ ∀ΟΚ!∀ 

 

Τηανκ ψου φορ ψουρ χοmmιτmεντ το βρινγινγ αλλ τηισ γοοδ σχιενχε φορωαρδ. 

 

Βεστ, 

Λεσκα 

 

Σmιτη: ρεχειϖεδ Wεδνεσδαψ, Απριλ 29, 2020 ατ 11:51 αm 

Λοοκσ γοοδ το mε! Τηανκσ, Λεαη! 

 

∼Αmψ 

 

Ολιϖερ: Wεδνεσδαψ, Απριλ 29 ατ 3:15 πm 

Ι χονχυρ ωιτη τηε % χοντριβυτιονσ φορ αλλ 3 mανυσχριπτσ ιν τηισ νοmινατιον. 
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United States Environmental Protection Agency

Washington, DC 20460
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General Information:
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Justifications:

Justification 1:

The nominated review paper publication provides a case study for the application of the mode

of action analysis approach to investigate the potential mechanisms and human relevance of

uranium induced non-cancer effects. The mode of action analysis in this paper also helped

reveal important data gaps and particularly vulnerable sections of the population. Uranium

exposure alters the processes of bone modeling and remodeling; thus, early life stages are

susceptible to uranium-induced osteotoxicity. Furthermore, during aging there is a shift in the

ratio of bone mineralization versus erosion in bone remodeling, resulting in decreased bone

mineralization and increased bone fragility; thus, the elderly may also represent a susceptible

population to uranium-induced bone toxicity. Therefore, in addition to assessing the potential

nephrotoxic effects of uranium in exposed human populations, epidemiological studies could

also consider evaluating indicators of mineral homeostasis and bone health such as Vitamin D,

BMD, and serum and urinary levels of biomarkers of bone formation and resorption.

This product furthers the Agency’s core mission to ensure that Americans have clean air, land

and water and that national efforts to reduce environmental risks are based on the best available

scientific information (https://www.epa.gov/aboutepa/our-mission-and-what-we-do) by

advancing improved hazard characterization and risk assessment practices. This publication has

been cited in 20 documents including primary research publications investigating

uranium-induced developmental and skeletal effects as well as several foreign government

guidelines and reports which reviewing the potential human health hazards associated with

uranium exposure (see citation list below). The research describe in this publication was funded

by the Office of Research and Development/National Center for Environmental

Assessment. This publication was not previously nominated for any EPA or external

award. According to Google Scholar this review paper has 17 citations, this does not include

citations from government agencies outside the US (see complete citation list below).

This work relies on a prior manuscript, published in 2010 and therefore not included in this

award application, that reviewed the epidemiological and experimental data on the renal effects

of exposure to depleted uranium (see Arzuaga et al 2010 in supporting documents).

1.    Banning, A., and M. Benfer. 2017. 'Drinking Water Uranium and Potential Health Effects

in the German Federal State of Bavaria', International Journal of Environmental Research and

Public Health, 14.

https://scholar.google.com/scholar?oi=bibs&hl=en&cites=5301911537421135538
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2.    Geoscience and Mines Branch. 2018. "A Review and Summary of Activities Related to

Uranium in Nova Scotia Well Water." In, edited by Nova Scotia Energy and Mines. Halifax,

Nova Scotia, Canada.

3.    Gritsaenko, T., V. Pierrefite-Carle, G. Creff, C. Vidaud, G. Carle, and S.

Santucci-Darmanin. 2018. 'Methods for Analyzing the Impacts of Natural Uranium on In Vitro

Osteoclastogenesis', Jove-Journal of Visualized Experiments.

4.    Gritsaenko, T., V. Pierrefite-Carle, T. Lorivel, V. Breuil, G. F. Carle, and S.

Santucci-Darmanin. 2017. 'Natural uranium impairs the differentiation and the resorbing

function of osteoclasts', Biochimica Et Biophysica Acta-General Subjects, 1861: 715-26.

5.    Gueguen, Y., L. Roy, S. Hornhardt, C. Badie, J. Hall, S. Baatout, E. Pernot, L. Tomasek,

O. Laurent, T. Ebrahimian, C. Ibanez, S. Grison, S. Kabacik, D. Laurier, and M. Gomolka.

2017. 'Biomarkers for Uranium Risk Assessment for the Development of the CURE (Concerted

Uranium Research in Europe) Molecular Epidemiological Protocol', Radiation Research, 187:

107-27.

6.    Hall, J., P. A. Jeggo, C. West, M. Gomolka, R. Quintens, C. Badie, O. Laurent, A. Aerts,

N. Anastasov, O. Azimzadeh, T. Azizova, S. Baatout, B. Baselet, M. A. Benotmane, E.

Blanchardon, Y. Gueguen, S. Haghdoost, M. Harms-Ringhdahl, J. Hess, M. Kreuzer, D.

Laurier, E. Macaeva, G. Manning, E. Pernot, J. L. Ravanat, L. Sabatier, K. Tack, S. Tapio, H.

Zitzelsberger, and E. Cardis. 2017. 'Ionizing radiation biomarkers in epidemiological studies -

An update', Mutation Research-Reviews in Mutation Research, 771: 59-84.

7.    Hao, Y. H., R. Gao, B. H. Lu, Y. H. Ran, Z. Y. Yang, J. Liu, and R. Li. 2018. 'Ghrelin

protects against depleted uranium-induced bone damage by increasing osteoprotegerin/RANKL

ratio', Toxicology and Applied Pharmacology, 343: 62-70.

8.    Health Canada. 2017. "Uranium in Drinking Water. Document for Public Consultation." In,

edited by Federal-Provincial-Territorial Committee on Drinking Water. Ottawa, Ontario,

Canada.

9.    Health Canada. 2019. "Guidelines for Canadian Drinking Water Quality. Guideline

Technical Document. Uranium." In, edited by Healthy Environments and Consumer Safety

Branch. Water and Air Quality Bureau. Ottawa, Ontario, Canada.

10. Hurault, L., G. Creff, A. Hagege, S. Santucci-Darmanin, S. Pagnotta, D. Farlay, C. Den

Auwer, V. Pierrefite-Carle, and G. F. Carle. 2019. 'Uranium Effect on Osteocytic Cells In

Vitro', Toxicological Sciences, 170: 199-209.
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11. Huynh, T. N. S., C. Vidaud, and A. Hagege. 2016. 'Investigation of uranium interactions

with calcium phosphate-binding proteins using ICP/MS and CE-ICP/MS', Metallomics, 8:

1185-92.

12. Lan, L., S. Y. Wu, S. D. Yu, J. J. Jiang, H. H. Chen, Y. F. Lou, and G. R. Fan. 2019. 'Fast

and direct determination of catechol-3, 6-bis(methyleiminodiacetic acid) prototype in beagle

dog plasma using liquid chromatography tandem mass spectrometry: A simplified and high

throughput in-vivo method for the metal chelator', Journal of Chromatography A, 1596: 84-95.

13. McDiarmid, M. A., M. Cloeren, J. M. Gaitens, S. Hines, E. Streeten, R. J. Breyer, C. H.

Brown, M. Condon, T. Roth, M. Oliver, L. Brown, M. Dux, M. R. Lewin-Smith, F. Strathmann,

M. A. Velez-Quinones, and P. Gucer. 2018. 'Surveillance results and bone effects in the Gulf

War depleted uranium-exposed cohort', Journal of Toxicology and Environmental Health-Part

a-Current Issues, 81: 1083-97.

14. Pierrefite-Carle, V., S. Santucci-Darmanin, V. Breuil, T. Gritsaenko, C. Vidaud, G. Creff, P.

L. Solari, S. Pagnotta, R. Al-Sahlanee, C. Den Auwer, and G. F. Carle. 2017. 'Effect of natural

uranium on the UMR-106 osteoblastic cell line: impairment of the autophagic process as an

underlying mechanism of uranium toxicity', Archives of Toxicology, 91: 1903-14.

15. United Nations Scientific Committee on the Effects of Atomic Radiation. 2016. "Sources,

Effects and Risks of Ionizing Radiation: UNSCEAR 2016 Report to the General Assembly,

Scientific Annexes A, B, C and D." United Nations. New York, United States of America.

16. Roller, L. K., and L. J. Baumgartner. 2016. 'Metals.' in S. D. Ray (ed.), Side Effects of

Drugs Annual: A Worldwide Yearly Survey of New Data in Adverse Drug Reactions, Vol 38.

17. Stojsavljevic, A., S. Borkovic-Mitic, L. Vujotic, D. Grujicic, M. Gavrovic-Jankulovic, and

D. Manojlovic. 2019. 'The human biomonitoring study in Serbia: Background levels for arsenic,

cadmium, lead, thorium and uranium in the whole blood of adult Serbian population',

Ecotoxicology and Environmental Safety, 169: 402-09.

18. Stojsavljevic, A., S. Skrivanj, J. Trifkovic, N. Djokovic, S. R. Trifunovic, S.

Borkovic-Mitic, and D. Manojlovic. 2019. 'The content of toxic and essential elements in

trabecular and cortical femoral neck: a correlation with whole blood samples', Environmental

Science and Pollution Research, 26: 16577-87.

19. Wu, X. M., Q. X. Huang, Y. Mao, X. X. Wang, Y. Y. Wang, Q. H. Hu, H. Q. Wang, and X.

K. Wang. 2019. 'Sensors for determination of uranium: A review', Trac-Trends in Analytical

Chemistry, 118: 89-111.
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Yue, Y. C., M. H. Li, H. B. Wang, B. L. Zhang, and W. He. 2018. 'The
toxicological mechanisms and detoxification of depleted uranium exposure',
Environmental Health and Preventive Medicine, 23.

Justification 2A:

N/A

Justification 2B:

N/A

Justification 2C:

N/A

Justification 2D:

N/A

Justification 2E:

N/A

Justification 3A:

According to Google Scholar the nominated review paper is has 17 citations, this
does not include citations from government agencies outside the US. This
publication has been cited in 20 documents including primary research publications
investigating uranium-induced developmental and skeletal effects as well as several
foreign government guidelines and reports which reviewing the potential human
health hazards associated with uranium exposure (see citation list below).

https://scholar.google.com/scholar?oi=bibs&hl=en&cites=5301911537421135538
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1.    Banning, A., and M. Benfer. 2017. 'Drinking Water Uranium and Potential Health Effects

in the German Federal State of Bavaria', International Journal of Environmental Research and

Public Health, 14.

2.    Geoscience and Mines Branch. 2018. "A Review and Summary of Activities Related to

Uranium in Nova Scotia Well Water." In, edited by Nova Scotia Energy and Mines. Halifax,

Nova Scotia, Canada.

3.    Gritsaenko, T., V. Pierrefite-Carle, G. Creff, C. Vidaud, G. Carle, and S.

Santucci-Darmanin. 2018. 'Methods for Analyzing the Impacts of Natural Uranium on In Vitro

Osteoclastogenesis', Jove-Journal of Visualized Experiments.

4.    Gritsaenko, T., V. Pierrefite-Carle, T. Lorivel, V. Breuil, G. F. Carle, and S.

Santucci-Darmanin. 2017. 'Natural uranium impairs the differentiation and the resorbing

function of osteoclasts', Biochimica Et Biophysica Acta-General Subjects, 1861: 715-26.

5.    Gueguen, Y., L. Roy, S. Hornhardt, C. Badie, J. Hall, S. Baatout, E. Pernot, L. Tomasek,

O. Laurent, T. Ebrahimian, C. Ibanez, S. Grison, S. Kabacik, D. Laurier, and M. Gomolka.

2017. 'Biomarkers for Uranium Risk Assessment for the Development of the CURE (Concerted

Uranium Research in Europe) Molecular Epidemiological Protocol', Radiation Research, 187:

107-27.

6.    Hall, J., P. A. Jeggo, C. West, M. Gomolka, R. Quintens, C. Badie, O. Laurent, A. Aerts,

N. Anastasov, O. Azimzadeh, T. Azizova, S. Baatout, B. Baselet, M. A. Benotmane, E.

Blanchardon, Y. Gueguen, S. Haghdoost, M. Harms-Ringhdahl, J. Hess, M. Kreuzer, D.

Laurier, E. Macaeva, G. Manning, E. Pernot, J. L. Ravanat, L. Sabatier, K. Tack, S. Tapio, H.

Zitzelsberger, and E. Cardis. 2017. 'Ionizing radiation biomarkers in epidemiological studies -

An update', Mutation Research-Reviews in Mutation Research, 771: 59-84.

7.    Hao, Y. H., R. Gao, B. H. Lu, Y. H. Ran, Z. Y. Yang, J. Liu, and R. Li. 2018. 'Ghrelin

protects against depleted uranium-induced bone damage by increasing osteoprotegerin/RANKL

ratio', Toxicology and Applied Pharmacology, 343: 62-70.

8.    Health Canada. 2017. "Uranium in Drinking Water. Document for Public Consultation." In,

edited by Federal-Provincial-Territorial Committee on Drinking Water. Ottawa, Ontario,

Canada.

9.    Health Canada. 2019. "Guidelines for Canadian Drinking Water Quality. Guideline

Technical Document. Uranium." In, edited by Healthy Environments and Consumer Safety

Branch. Water and Air Quality Bureau. Ottawa, Ontario, Canada.
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10. Hurault, L., G. Creff, A. Hagege, S. Santucci-Darmanin, S. Pagnotta, D. Farlay, C. Den

Auwer, V. Pierrefite-Carle, and G. F. Carle. 2019. 'Uranium Effect on Osteocytic Cells In

Vitro', Toxicological Sciences, 170: 199-209.

11. Huynh, T. N. S., C. Vidaud, and A. Hagege. 2016. 'Investigation of uranium interactions

with calcium phosphate-binding proteins using ICP/MS and CE-ICP/MS', Metallomics, 8:

1185-92.

12. Lan, L., S. Y. Wu, S. D. Yu, J. J. Jiang, H. H. Chen, Y. F. Lou, and G. R. Fan. 2019. 'Fast

and direct determination of catechol-3, 6-bis(methyleiminodiacetic acid) prototype in beagle

dog plasma using liquid chromatography tandem mass spectrometry: A simplified and high

throughput in-vivo method for the metal chelator', Journal of Chromatography A, 1596: 84-95.

13. McDiarmid, M. A., M. Cloeren, J. M. Gaitens, S. Hines, E. Streeten, R. J. Breyer, C. H.

Brown, M. Condon, T. Roth, M. Oliver, L. Brown, M. Dux, M. R. Lewin-Smith, F. Strathmann,

M. A. Velez-Quinones, and P. Gucer. 2018. 'Surveillance results and bone effects in the Gulf

War depleted uranium-exposed cohort', Journal of Toxicology and Environmental Health-Part

a-Current Issues, 81: 1083-97.

14. Pierrefite-Carle, V., S. Santucci-Darmanin, V. Breuil, T. Gritsaenko, C. Vidaud, G. Creff, P.

L. Solari, S. Pagnotta, R. Al-Sahlanee, C. Den Auwer, and G. F. Carle. 2017. 'Effect of natural

uranium on the UMR-106 osteoblastic cell line: impairment of the autophagic process as an

underlying mechanism of uranium toxicity', Archives of Toxicology, 91: 1903-14.

15. United Nations Scientific Committee on the Effects of Atomic Radiation. 2016. "Sources,

Effects and Risks of Ionizing Radiation: UNSCEAR 2016 Report to the General Assembly,

Scientific Annexes A, B, C and D." United Nations. New York, United States of America.

16. Roller, L. K., and L. J. Baumgartner. 2016. 'Metals.' in S. D. Ray (ed.), Side Effects of

Drugs Annual: A Worldwide Yearly Survey of New Data in Adverse Drug Reactions, Vol 38.

17. Stojsavljevic, A., S. Borkovic-Mitic, L. Vujotic, D. Grujicic, M. Gavrovic-Jankulovic, and

D. Manojlovic. 2019. 'The human biomonitoring study in Serbia: Background levels for arsenic,

cadmium, lead, thorium and uranium in the whole blood of adult Serbian population',

Ecotoxicology and Environmental Safety, 169: 402-09.

18. Stojsavljevic, A., S. Skrivanj, J. Trifkovic, N. Djokovic, S. R. Trifunovic, S.

Borkovic-Mitic, and D. Manojlovic. 2019. 'The content of toxic and essential elements in

trabecular and cortical femoral neck: a correlation with whole blood samples', Environmental

Science and Pollution Research, 26: 16577-87.
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19. Wu, X. M., Q. X. Huang, Y. Mao, X. X. Wang, Y. Y. Wang, Q. H. Hu, H. Q. Wang, and X.

K. Wang. 2019. 'Sensors for determination of uranium: A review', Trac-Trends in Analytical

Chemistry, 118: 89-111.

20. Yue, Y. C., M. H. Li, H. B. Wang, B. L. Zhang, and W. He. 2018. 'The toxicological

mechanisms and detoxification of depleted uranium exposure', Environmental Health and

Preventive Medicine, 23.

Justification 3B:

The nominated paper was submitted to Toxicology Letters (
https://www.journals.elsevier.com/toxicology-letters). According to the journal
website the “journal operates a single blind review process. All contributions will be
initially assessed by the editor for suitability for the journal. Papers deemed suitable
are then typically sent to a minimum of two independent expert reviewers to assess
the scientific quality of the paper. The Editor is responsible for the final decision
regarding acceptance or rejection of articles. The Editor's decision is final.”
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From: Strong, Jamie

To: Arzuaga, Xabier

Subject: RE: STAA award nomination for the uranium paper

Date: Thursday, April 23, 2020 3:37:43 PM

Ι τηινκ τηατ σουνδσ ριγητ, ηαρδ το ρεmεmβερ!  Ι ηοπε ψου αρε ωελλ ανδ βεινγ σαφε!

 

Φροm: Αρζυαγα, Ξαβιερ <Αρζυαγα.Ξαβιερ≅επα.γοϖ> 

Σεντ: Τυεσδαψ, Απριλ 21, 2020 1:59 ΠΜ

Το: Στρονγ, ϑαmιε <Στρονγ.ϑαmιε≅επα.γοϖ>

Συβϕεχτ: ΣΤΑΑ αωαρδ νοmινατιον φορ τηε υρανιυm παπερ

 

Hi Jamie,

I hope that you guys are OK and staying healthy.  We are doing well at home and have

established a routine for the kids.  So far its working well.  They do their school work

during the day and in the afternoons we will do something together.  Julian and

Sidney are also doing music and karate classes online.  I have joined in for the karate

and its lots of fun to do with a bunch of 6 year old kids.  I am putting together an

STAA award nomination for the uranium paper we published in 2015.  Please let me

know if you are agree with the estimated level of contribution below.  Thanks and stay

safe!

Xabier

 

Jamie Strong; U.S. EPA, Office of Water

Nominee’s name: Xabier Arzuaga

Publication title: "Modes of action associated with uranium induced adverse

effects in bone function

and development"

I agree with my designated level of contribution: 15%
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Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ
1200 Πεννσψλϖανια Αϖε, ΝW (Μαιλ Χοδε 8601Π) | Wασηινγτον, DΧ 20460
ΡΡΒ 71274 | Πηονε: (202) 564−1361
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From: Gehlhaus, Martin

To: Arzuaga, Xabier

Subject: RE: STAA award nomination for the uranium paper

Date: Tuesday, April 21, 2020 2:53:28 PM

Ξαβιερ!!! Γρεατ το ηεαρ φροm ψου. Wε�ρε δοινγ ωελλ... ορ ασ ωελλ ασ χαν βε εξπεχτεδ. Μψ ωιφε ανδ Ι αρε

ωορκινγ τηρουγηουτ τηε δαψ ανδ τηε κιδσ ηαϖε ανψωηερε φροm 3 το 5 ηουρσ οφ σχηοολ ωορκ... σο ωε

τενδ το φιγητ οϖερ τηε WιΦι. Λικε ψου ανδ ψουρ φαmιλψ, ωε�ϖε σεττλεδ ιντο α ρουτινε το τρψ ανδ mακε τηε

mοστ οφ τηε σιτυατιον.

 

Ι αγρεε ωιτη εστιmατεδ λεϖελ οφ χοντριβυτιον.

 

Τακε χαρε. Σταψ ωελλ.

 

Μαρτιν Γεηληαυσ

 

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Ρεγιον ΙΙΙ

Συπερφυνδ ανδ Εmεργενχψ Μαναγεmεντ Dιϖισιον

Ρισκ Ασσεσσmεντ Σεχτιον

3ΣD52

1650 Αρχη Στρεετ

Πηιλαδελπηια, ΠΑ 19103−2029

215−814−3359
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Hi Martyn,

I hope that you guys are OK and staying healthy.  We are doing well at home and have

established a routine for the kids.  So far its working well.  They do their school work

during the day and in the afternoons we will do something together.  I am putting

together an STAA award nomination for the uranium paper we published in 2015. 

Please let me know if you are agree with the estimated level of contribution below. 

Thanks and stay safe!

Xabier

 

Martin Gehlhaus; U.S. EPA, Region 3

Nominee’s name: Xabier Arzuaga

Publication title: "Modes of action associated with uranium induced adverse

effects in bone function and

development"

I agree with my designated level of contribution: 20%
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Elevated levels of naturally occurring uranium in groundwater have been found in small geo-
graphic areas throughout the world. Relevant research was reviewed pertaining to natural
and depleted uranium (DU) exposure and nephrotoxicity, including epidemiologic com-
munity-based and occupational studies, studies of Gulf War veterans exposed to DU, and
experimental studies in animals. Occupational cohort studies do not provide evidence of
an increased risk of kidney-related mortality among uranium-exposed workers. However,
occupational and community-based studies of populations chronically exposed to elevated
drinking-water concentrations of uranium provide some evidence of adverse renal effects,
as assessed by biomarkers of proximal tubule damage such as urinary levels of glucose, cal-
cium, and various low-molecular-weight proteins. Indications of proximal tubule effects, as
evidenced by increased urinary β2-microglobulin and retinol binding protein levels, were also
seen in the most recent follow-up surveillance study of Gulf War veterans exposed to DU. The
reported β2-microglobulin levels in these studies were generally considered to be within nor-
mal limits, but the long-term implications of the observed variation in these levels are not
established. The kidney was observed to be a target of uranium toxicity following oral and
implantation exposure routes in several animal species. The interpretation and importance
of the observed changes in biomarkers of proximal tubule function are important questions
that indicate the need for additional clinical, epidemiological, and experimental research.

Natural uranium (U) refers to uranium
compounds with a naturally occurring compo-
sition of radioisotopes uranium-234, uranium-
235, and uranium-238. Uranium is found in
all soils and rock, with higher concentrations
found in phosphate rock, lignite, and monazite
sands (ATSDR, 1999). Uranium enrichment
processes increase the concentration of U-235
from <1% to 2–4%. Depleted uranium (DU)
refers to the less radioactive form of uranium
remaining after enrichment. Depleted uranium
is approximately 60% less radioactive than nat-
urally occurring U because of decreased levels
of U-235 (Bleise et al., 2003), and U has been

This article is not subject to U.S. copyright.
The views expressed are those of the authors and do not necessarily reflect the views or policies of the U.S. EPA.
Address correspondence to Glinda S. Cooper, PhD, National Center for Environmental Assessment 8601-P, U.S. Environmental

Protection Agency, 1200 Pennsylvania Avenue, NW, Washington, DC 20460, USA. E-mail: cooper.glinda@epa.gov

used by the U.S. Department of Defense (DoD)
and Armed Forces for various weapons sys-
tems since the late 1970s (Arfsten et al., 2001;
Abu-Qare and Abou-Donia, 2002).

Elevated concentrations of U greater than
20 µg/L were detected in various Western
groundwater systems and scattered pock-
ets in the groundwaters of North Carolina,
Maine, Connecticut, and other Eastern states
(Orloff et al., 2004; U.S. EPA, 1985, 2000).
Areas of high U concentrations in water are
also found in many other countries glob-
ally, including Canada, Finland, the United
Kingdom, and India (WHO, 2001). According
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528 X. ARZUAGA ET AL.

to biomonitoring data collected by the Centers
for Disease Control (CDC, 2005) as part of the
Third National Report on Human Exposure to
Environmental Chemicals, the geometric mean
concentration of U in urine for the U.S. pop-
ulation (ages 6 yr and older) for survey years
2001–2002 was 0.009 µg/L (95th percentile:
0.046 µg/L).

Craft et al. (2004) summarized data per-
taining to a broad range of adverse health
effects due to natural U and DU, including neu-
rotoxicity, nephrotoxicity, reproductive effects,
cancer, and effects on other systems. Renal
effects were the focus of a recent case study
of a family in western Connecticut describing
the potential for nephrotoxicity from exposure
to well water containing elevated levels of nat-
urally occurring U, and the sensitivity of young
children resulting from their increased expo-
sure potential and their state of development
(Magdo et al., 2007). In this review, research
pertaining to U exposure and nephrotoxicity,
focusing on the available epidemiologic data
including (1) community-based and occupa-
tional studies of biomarkers of kidney damage,
(2) occupational studies of kidney-related mor-
tality, and (3) studies of soldiers exposed to DU,
is presented. The animal nephrotoxicity and
mechanism of action data have been reviewed
previously (ATSDR, 1999); a summary of this
and recent literature is also included later in this
article.

STUDIES IN HUMANS

Measures of Renal Function

Kidney disease varies in severity from kid-
ney failure requiring transplantation or dialysis
to a subclinical, asymptomatic phase where
some level of kidney damage may occur with-
out detectable decreases in renal function. In
clinical studies, such as prognostic studies of
patients with diabetes or other conditions with
a high risk of chronic kidney disease and its
related complications, renal function has often
been monitored by blood and 24-h urine sam-
ples allowing for the measurement of blood
urea nitrogen (BUN) levels, total protein in the
urine, and calculation of glomerular filtration

rate (GFR). In community-based studies, less
burdensome data collection techniques are
usually required, resulting in the collection of
a single urine sample at a study visit (a spot
urine sample) or an overnight urine sample
(i.e., first morning void). Another difference
between clinical and community-based studies
is that in the latter, it is more important that the
methodology is able to accurately assess vari-
ability in the earliest phases of disease, when
kidney function is still relatively high (Levey
et al., 2009).

In addition to general measures of kidney
function, other types of measures address spe-
cific types of damage that may occur. Larger
molecules, such as albumin, are filtered by
the glomeruli and reabsorbed by the proximal
tubule through receptor mediated endocyto-
sis (Birn and Christensen, 2006). Most of the
albumin reabsorbed by the proximal tubule
cells (approximately 95%) is returned to the
plasma. The remaining amount is degraded
in cell lysosomes and excreted in the urine
(Comper et al., 2006). Glomerular and tubu-
lar injury may result in increased levels of
urinary albumin. Tests of general glomeru-
lar function include creatinine clearance or
GFR, as well as determination of urinary
protein and urinary albumin concentrations,
with the latter two measures reflecting the
integrity of the glomerulus (i.e., the leakage
of molecules through the filter). Damage to
the proximal tubule decreases small-molecule
reabsorption and results in increased urinary
levels of glucose, calcium, and phosphate, and
of low-molecular-weight proteins such as β2-
microglobulin, protein human complex form-
ing (HC) [or α-microglobulin]), kappa chains,
and retinol binding protein (Emeigh & Kinter,
2005; Seldén et al., 2009). β2-Microglobulin
is an endogenous low-molecular-mass protein
(12 kD) that forms part of the class I major
histocompatibility complex and is located on
the surface of nucleated cells. During cell
turnover β2-microglobulin is released into the
extracellular fluid and normally filtered by the
glomerulus and reabsorbed in the proximal
tubule (Bagshaw et al., 2007; Tolkoff-Rubin
et al., 1988). Retinol binding protein (21 kD) is
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RENAL EFFECTS OF DEPLETED URANIUM EXPOSURE 529

primarily expressed in the liver and also reab-
sorbed by the proximal tubule (Bagshaw et al.,
2007). Enzyme activity levels have also been
used as markers of tissue damage at specific
sites, with alkaline phosphatase (AP), N-acetyl-
β-D-glucosaminidase (NAG), and γ -glutamyl
transferase (GGT) reflecting proximal tubular
tissue damage and other enzymes, such as lac-
tate dehydrogenase (LDH), more indicative of
damage to the distal tubule (Zalups et al., 1988;
Emeigh 2005; Zamora et al., 2009; Seldén
et al., 2009).

Community-Based Studies

Several studies of populations chronically
exposed to elevated drinking-water concentra-
tions of U were conducted (Kurttio et al., 2002;
Kurttio et al., 2006; Mao et al., 1995; Seldén
et al., 2009; Zamora et al., 1998; Zamora
et al., 2009). Three studies in Canada (in
Saskatchewan, Quebec, and Nova Scotia), two
in Finland, and one in Sweden evaluated renal
function in communities with high concentra-
tions of U in the drinking water supply (Table 1).
Mean or median U concentrations in the drink-
ing water of the exposed communities were
approximately 7 µg/L in Sweden, 15–20 µg/L
in Saskatchewan, 28 µg/L in Finland, 39 µg/L
in Quebec (based on the maximum level mea-
sured over a 15-yr period), and more than
100 µg/L in Nova Scotia (Figure 1); corre-
sponding values in the comparison nonexposed
communities were <1 µg/L. Uranium con-
centrations in urine also varied considerably
among these studies, with a median of 0.03
µg/L in Sweden, 0.078 µg/L in Finland, and
0.14 µg/L in Quebec.

The first of these studies, in Saskatchewan,
measured urinary albumin in a first morning
urine sample from 60 adults in 2 communi-
ties with elevated levels of U in drinking water
(means of 14.7 and 19.6 µg/L) and 40 controls
from a comparison (control) community (mean
drinking water U concentration of 0.71 µg/L)
(Mao et al., 1995). Cumulative intake was cal-
culated as the product of concentration of U in
water, average number of cups consumed per
day, and years at current residence; the mean

or range of this measure was not given. A corre-
lation was seen between cumulative intake and
urinary albumin, which was of marginal statis-
tical significance when adjusting for age and
diabetes history (Table 1).

Subsequent studies used a more exten-
sive array of urinary and serological mea-
sures to assess kidney function. The studies
from Canada were conducted in Nova Scotia
(Zamora et al., 1998) and in a Quebec First
Nations community (Zamora et al., 2009), with
30 and 54 exposed participants, respectively
(Table 1). The study in Nova Scotia calcu-
lated a daily U intake based on the product
of concentration of U in water or food and
the amount consumed (based on 3-d food
and water samples) and ranged from 3 to
570 µg/d in the exposed community and
from <1 to 20 µg/d in the control com-
munity. Urinary U and glucose, protein, and
creatinine concentrations were measured in
a 24-h urine sample, and ß2-microglobulin
levels were measured in an overnight urine
sample. Daily U intake correlated significantly
with markers of proximal tubule injury: uri-
nary glucose (rs = 0.40; p = 0.001), AP (rs

= 0.28; p = 0.05), and ß2-microglobulin
(rs = 0.39; p = 0.01). Weaker or no correla-
tions were seen with urinary NAG activity (rs

= 0.15; 0.29), protein (rs = 0.17; 0.23), crea-
tinine (rs = 0.11; 0.45), and LDH activity (rs

= 0.02; 0.89) levels, and a negative correla-
tion coefficient was seen with GGT activity (rs

= −0.22; 0.12).
In Quebec, the study protocol was similar

to that of the Nova Scotia study. Exposure was
measured or calculated as the maximum water
U concentration in prior 15 yr, cumulative
intake in prior 15 yr (median 87 mg), cumu-
lative intake in past 2.8 yr (median 22 mg), and
U concentration in urine (median 0.14 µg/L)
(Zamora et al., 2009). Adjusting exposure and
renal biomarker measures for fluid intake, U
concentration in urine was significantly corre-
lated with GGT activity (rs = 0.37) and ß2-
microglobulin (rs = 0.49). Weaker correlations
were seen with albumin (rs = 0.23), glucose
(rs = 0.14), AP activity (rs = 0.15), and NAG
activity (rs = 0.15).
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TABLE 1. Community-Based Studies of Markers of Renal Function in Relation to Exposure to Uranium in Drinking Water

Reference(s) Study location and participants Exposure measure(s) Primary positive results

Canada
Mao et al., 1995 Saskatchewan, Canada (n = 40 from one control

community, n = 60 from two exposed
communities). Mean age not reported, range 18 to
84 yr.

Cumulative intakea (range
not given)

Cumulative intake correlated with urine albumin (per
mmol creatinine levels, Beta = 0.13, p = .03; per
mg/L, Beta = 2.19, p = .07), adjusting for age and
diabetes history.

Zamora et al., 1998 Nova Scotia, Canada (n = 30 from a high exposure
eommunity (water uranium concentrations >100
µg/L), n = 20 from a low exposure community
(water uranium concentrations of <1 µg). Mean
age 37, range 13 to 87 yr.

Uranium concentration in
drinking water and daily
intakeb

Daily uranium intake correlated with markers of
proximal tubule injury: urinary glucose (rs = 0.40,
p = .001), alkaline phosphatas (rs = 0.28, p =

.05), and ß2-microglobulin (rs = 0.39, p = .01).

Zamora et al., 2009 Quebec First Nations Community (Kitigan Zibi),
Canada (n = 54). Mean age 38, range 12 to 73 yr.

Maximum water uranium
concentration in past 15 yr,
cumulative intake in past
15 yr, cumulative intake in
past 2.8 yr, urinary
uranium

In analyses adjusting exposure and renal biomarker
measures for fluid intake, urinary uranium
correlated with gamma glutamyl transferase (rs =

0.37, p = .0064) and ß2-microglobulin (rs = 0.49,
p = .0047).

Europe
Kurttio et al., 2002 Southern Finland (n = 325 from areas with high water

uranium levels). Mean age 52, range 15 to 82 yr.
Uranium concentration in

drinking water, daily
intake,c cumulative
intake,d and urinary
uranium

All uranium measures correlated with fractional
excretion of calcium and increased systolic and
diastolic blood pressure; urinary uranium measures
also correlated with fractional excretion of
phosphate and glucose.

Kurttio et al., 2006 Southern Finland (n = 193, subset of Kurttio et al.
2002). Mean age 56, range 18 to 81 yr.

Uranium concentration in
drinking water, daily
intake,c cumulative intaked

Glucose excretion associated with cumulative intake
measure (p = .02); urinary uranium associated
with increased systolic (p = .01) and diastolic
blood pressure (p = .07).

Seldén et al., 2009 Arjäng, Sweden (n = 301 exposed, n = 153
controls). Mean age 51 (exposed) and 55
(controls), range 18 to 74 yr.

Uranium concentration in
drinking water, cumulative
intake,d urinary uranium

Significant correlation between urinary uranium
concentrations and β2-microglobulin, protein HC,
and kappa chains; in males, cumulative intake was
associated with protein HC.

Note. See Figure 1 for more detailed description of water uranium concentrations in exposed communities.
aThe product of concentration of uranium in the water, average number of cups consumed per day, and years at current residence.
bThe product of concentration of uranium in the water or food and the amount consumed (based on 3-d food and water samples).
cThe product of concentration of uranium in the water and volume used per day.
dThe product of concentration of uranium in the water, volume used, and duration of water consumption.
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FIGURE 1. Uranium concentrations in drinking (µg/L) water
in community studies. Saskatchewan sites 1 and 2, Mao et al.
(1985), detection limit = 0.1 µg/L; Nova Scotia, Zamora et al.
(1998), detection limit = 0.0006 µg/L; Quebec, Zamora et al.
(2009), detection limit = 0.0006 µg/L (concentration values
based on table of unadjusted data in Zamora et al., 2009);
Finland, Kurttio et al. (2002, 2006), detection limit = 0.0004
µg/L; Sweden, Seldén et al. (2009), detection limit = 0.2 µg/L.
Control community drinking water uranium concentrations were
<1 µg/L.

Kurttio et al. (2002) conducted a study in
1999 of 325 individuals from areas in Finland
with high uranium levels in the drinking water
(Table 1). These individuals had used well
water for at least 1 yr, and completed a ques-
tionnaire that included information on residen-
tial history and water consumption, allowing for
calculation of measures of daily and cumulative
U intake from water. A drinking-water sam-
ple (for measurement of U levels), overnight
urine sample (for measurement of urinary
U, glucose, creatinine, calcium, phosphate,
and albumin), spot urine (for β2-microglobulin
measurement), and a nonfasting blood sam-
ple were collected. Daily intake ranged from
<1 to 4128 µg/d (median 39 µg/d), cumu-
lative intake ranged from <1 to 33,100 mg
(median 129 mg), and U concentration in

urine ranged from <1 to 5.65 µg/L (median
0.078 µg/L). Urinary U concentrations were
correlated with fractional excretion of calcium
(beta per 1 unit µg/mmol creatinine increase
in urinary uranium = 1.5, 95% CI 0.6–2.3)
and phosphate (beta = 13, 95% CI 1.4–25),
and more weakly with glucose (beta = 0.7,
95% CI 0.4–1.8); associations with systolic and
diastolic blood pressure (age, gender, body
mass index, and smoking-adjusted beta = 6.8
and 8.5, respectively) were also seen. Kurttio
et al. (2002) did not observe a relationship
between U exposure and creatinine clearance,
urinary albumin, or β2-microglobulin. The high
proportion (65%) of β2-microglobulin values
below the detection limit in the samples was a
limitation of this analysis. In a subsequent study,
Kurttio et al. (2006) recontacted the cohort
in 2003; 222 (68%) lived in the same house
as in 1999 and agreed to participate; 193 of
these provided water, an overnight urine, and
a blood sample for the follow-up study. β2-
Microglobulin was not measured in this study.
Median daily intake of U from drinking water
was 36 µg/L, similar to the mean of 39 µg/L
in the baseline study reported by Kurttio et
al. (2002). In the follow-up study, associations
were only seen between urinary U concentra-
tions and systolic and diastolic blood pressure,
and between the cumulative intake measure
and urinary glucose.

Another relatively large study included
301 participants from western Sweden liv-
ing in areas with elevated levels of uranium
in the drinking water obtained from wells
and 151 controls from a nearby city using
a city water supply (Seldén et al., 2009)
(Table 1). Questionnaire data pertaining to
drinking water consumption, smoking history,
and other potential exposures were collected,
and an overnight urine sample was collected
from all participants; the members of the
exposed groups and 15 randomly selected
members of the control group also provided
a water sample. Levels of cadmium (Cd), lead
(Pb) and mercury (Hg) in the water sam-
ples were low (means ≤ 0.50 µg/L) and
similar in both areas. The median U levels
in the water were 6.7 and <0.20 µg/L in
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532 X. ARZUAGA ET AL.

the exposed and control samples, respectively,
and the median U concentrations in urine
were 0.03 and 0.0047 µg/L in exposed and
controls, respectively. In the regression anal-
yses adjusting for age, gender, and smoking
and excluding 23 participants with diabetes,
levels of low-molecular-weight proteins (β2-
microglobulin, kappa chains, and protein HC)
were increased in relation to a 3-level variable
for U concentrations in urine (<0.003, 0.003–
0.0149 and ≥0.015 nmol/mmol creatinine).
For β2-microglobulin, the geometric mean was
approximately 50% higher (i.e., ratio of geo-
metric mean in the higher compared with
lowest group = 1.48, 95% CI 1.03–2.13), and
for kappa chains and protein HC, the elevations
were 30% (ratio 1.32, 95% CI 1.04–1.68) and
20% (ratio 1.21, 95% CI 1.01–1.44), respec-
tively. An association was also seen between
protein HC and cumulative intake in males
(ratio 1.40, 95% CI 1.08–1.81 in the middle
category and 1.45, 95% CI 1.00–2.08) in the
highest category of exposure). This pattern was
not seen in females.

Occupational Exposure Studies

An occupational exposure study evaluat-
ing renal function in workers in a Colorado
U mill also provides evidence of an associa-
tion between natural U exposure and increased
levels of urinary and serum β2-microglobulin
(Thun et al., 1985). In one area of this mill, the
yellowcake drying and packaging area, expo-
sure to air concentrations of U dust exceeded
occupational standards for several years. Mean
U concentrations in workers monitored were
65.2, 18.9, 20.5, and 19.1 µg/L urine in
1975, 1976, 1977, and 1978, respectively;
these levels fell to means of 9.1 and 6.2 µg/L
urine in 1980 and 1981 after the opening
of a new mill in 1979. Workers who had
worked at least 1 yr in the yellowcake area
(n = 30) and workers in the crushing area
(n = 12) were identified, and 39 of these 42
workers participated in the study. The expo-
sure in the crushing area was to a less solu-
ble form of U. A comparison group, matched
by race, gender, and age (within 2 yr), was

drawn from workers in a cement production
plant in the area; 43 of the identified matches
were recruited to the study but 7 of these
were subsequently excluded because they had
previously worked at the U mill. The final
sample included 36 controls and 33 matched
pairs. Cadmium levels were similar in the two
groups, but blood Pb levels were higher among
the controls (mean 0.45 and 0.78 µmol/L
in exposed and controls, respectively). Renal
function was evaluated through collection of an
8-h urine sample over the course of a workday,
and midshift blood samples. Specific measures
included serum creatinine and creatinine clear-
ance as markers of glomerular functions and
urinary β2-microglobulin levels as markers of
proximal tubular function. The ratio of the
β2-microglobulin clearance to creatinine clear-
ance, denoted the fractional excretion, was cal-
culated to represent the tubular component of
β2-microglobulin excretion. Urinary excretion
of β2-microglobulin was significantly increased
in the workers compared with controls: where
in the exposed group, mean (± standard devi-
ation, SD) β2-microglobulin concentration was
0.06 (± 0.38) mg/g creatinine, compared with
0.036 (± 0.031) in controls. Similar patterns
were seen with measures expressed as micro-
grams per liter, micrograms per hour, and
clearance (ml/min) (Table 2). Among the work-
ers at the U plant, relative clearance of β2-
microglobulin was markedly correlated with
duration of employment in the yellowcake
area. In contrast, the tendency shown in the
markers of glomerular function such as creati-
nine clearance was toward improved function
in the exposed workers (Table 2).

Several cohort studies of workers at ura-
nium processing facilities have examined mor-
tality risk. Most of the detailed analyses focus
on malignant diseases, but some data on mor-
tality due to chronic nephritis (International
Classification of Diseases, 9th revision, ICD-
9, code 582) or other forms of renal disease
are available (Table 3). The standardized
mortality ratio of chronic nephritis among
8 cohort studies ranged from 0.67 to 1.88,
each with relatively wide confidence inter-
vals, and was approximately evenly distributed
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RENAL EFFECTS OF DEPLETED URANIUM EXPOSURE 533

TABLE 2. Renal Function Measures in Uranium Mill Workers and a Comparison Group of Workers From a Cement Plant (Thun et al.,
1985)

Uranium mill, exposed (n = 39) Cement workers (n = 36)

Variable Mean SD Range Mean SD Range (p value)

β2-Microglobulina

Serum (µg/ml) 2.05 0.46 1.28–3.40 1.83 0.26 1.36–2.40 (.01)
Urine (µg/L) 54.9 38.7 4.0–140.0 37.6 39.2 1.0–170.0 (.06)
Urine (µg/h) 4.40 2.99 0.36–13.63 2.50 2.05 0.18–10.01 (.002)
Urine (mg/g creatinine) 0.060 0.38 0.004–0.189 0.036 0.031 0.002–0.164 (.004)
Clearance (ml/min) 0.038 0.27 0.002–0.116 0.023 0.019 0.002–0.087 (.01)

Creatinineb

Serum (mg/100 cm3) 1.15 0.15 0.92–1.74 1.22 0.11 0.91–1.40 (.02)
Urine (mg/100 cm3) 102.9 62.6 23.1–285.2 114.6 63.5 11.4–259.6 (.42)
Clearance (ml/min)c 95.6 20.6 48.8–172.2 88.4 13.0 39.1–116.6 (.08)

Relative clearanced 3.95 2.64 0.23–11.19 2.62 2.17 0.18–10.71 (.02)

a1 µg β2-microglobulin = 1 µmol × 11,600.
b1 mg creatinine = 1 mmol × 113.12.
cCreatinine standardized to a body surface area of 1.73 m2.
dβ2-Microglobulin clearance × 104/creatinine clearance.

between estimates greater than 1 (Boice et
al., 2008; Dupree-Ellis et al., 2000; Pinkerton
et al., 2004), around 1 (Frome et al., 1990;
McGeoghegan & Binks, 2000a), and less than 1
(Loomis & Wolf, 1996; McGeoghegan & Binks,
2000b; Polednak & Frome, 1981). The highest
relative risk (standardized mortality ratio [SMR]
= 1.88, based on 6 observed cases) was seen
in the study by Dupres-Ellis et al. (2000), but
the authors noted that the work environment
of 4 of these cases was likely to have included
high exposure to silica dust, which has also
been linked to chronic kidney disease. None of
these studies demonstrated an elevated risk for
the broader category of genitourinary disease,
and two studies observed a statistically signifi-
cant decreased mortality risk (McGeoghegan &
Binks, 2006; Loomis & Wolf, 1996).

Clinical Studies in Gulf War Veterans

Depleted uranium applications include
armor plating for military vehicles, munitions
used to penetrate armored targets, helicopter
blade rotor tips, and aircraft landing gear.
Approximately 10 and 300 tons of DU were
expended by the U.S. Armed Forces dur-
ing the Kosovo air campaign and the Persian
Gulf War, respectively (Arfsten et al., 2001).
Depleted uranium dusts and vapors, which
may be inhaled or ingested, are generated

during structure impact and perforation by DU
munitions (Arfsten et al., 2001; Parkhurst &
Guilmette, 2009). Several clinical studies evalu-
ated the effects of exposure to DU in Gulf War
veterans who had been mistakenly fired upon
by U.S. forces in incidents that took place in
February 1991. Exposure occurred via inhala-
tion and ingestion of DU dust in the imme-
diate aftermath of an incident, and through
embedded metal fragments in some individ-
uals who were hit by a high-density, pene-
trating device. In total, 74 soldiers who had
been in or on an Army vehicle during one of
these incidents have been followed through the
Baltimore Veterans Affairs Depleted Uranium
Follow-up program, initiated in 1993. This pro-
gram has followed the majority of the approxi-
mately 90 soldiers involved in these incidents
who survived and for whom contact infor-
mation was available. After the initial study
visit in 1994, biennial exams were conducted
in 1997, 1999, 2001, and 2003 (reviewed
in Squibb and McDiarmid, 2006), 2005, and
2007 (McDiarmid et al., 2007, 2009). The clin-
ical and laboratory evaluations included 24-h
urinary uranium concentration, with serum and
urinary renal function measures. Examination
of the 24-h urinary U concentration data over
the 14-yr follow-up period revealed continued
elevation of U, with levels ranging from 0.003
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TABLE 3. Studies of Noncancer Renal Disease Mortality Risk in Uranium Mill Workers

All genitourinary disease Chronic nephritis

Reference(s)a Sample size (n), inclusion criteria, follow-up, ICD revisionb Obs Exp SMR (CI) Obs Exp SMR (95% CI)

Oak Ridge facilities
Checkoway et al., 1988; Loomis and
Wolf, 1996

n = 8116, Tennessee Eastman Corporation, Y-12 plant, Oak
Ridge, TN. Worked ≥30 d between 1947 and 1974,
began work after 1947. Follow-up through 1990. ICD-8.

15 NR 0.59 (0.33, 0.97) 5 NR 0.83 (0.27, 1.95)

Frome et al., 1990 n = 28,008 white males, Tennessee Eastman Corporation,
several plants, Oak Ridge, TN. World War II workers.
Worked ≥30 d before 1948 and did not work after
January 1, 1948. Follow-up 1950 through 1979. ICD-8.

148 145.3 1.02 (NR) 52 52.65 0.99 (NR)

Polednak and Frome, 1981 n = 18,869 white males, Tennessee Eastman Corporation,
Y-12 plant, Oak Ridge, TN. World War II workers.
Worked ≥2 d between 1943 and 1947 and did not work
after January 1, 1948. Follow-up through 1974. ICD-8.

63 99.04 0.64 (NR) 30 39.14 0.77 (NR)

Other U.S. facilities
Boice et al., 2008 n = 718, Grants, NM uranium mill workers without mining

experience and with likely exposure to uranium. Worked
≥6 mo between 1955 and 2004; 28% worked ≥5 yr.
Follow-up through 2005. ICD-9.

NR 3 2.3 1.30 (0.27, 3.79)

Pinkerton et al., 2004; Waxweiler
et al., 1983

n = 1484, white males, 7 mills, Colorado Plateau. Worked
≥1 year in mill, never worked in uranium mine, worked
≥1 d after 1940. 43% worked <3 yr. Follow-up through
1998. Total person-years = 49,925. ICD-9.

13 13.03 1.00 (0.53, 1.71) 8 5.91 1.35 (0.58, 2.67)

Dupree-Ellis et al., 2000 n = 2514, white males, Mallinckrodt Chemical Works, St.
Louis, MO. Employed between 1942 and 1966. Average
work duration 5.2 yr. Follow-up through 1993. ICD-8.

14 NR 0.95 (0.53, 1.54) 6 NR 1.88 (0.75, 3.81)

Ritz et al., 2000 n = 2218, males, Rocketdyne/Atomics International.
Worked 1950–1993, monitored for radiation. Follow-up
through 1994. Total person-years = 56,610. ICD-8.

5 6.44 0.78 (0.25, 1.81) NR

United Kingdom facilities
McGeoghegan and Binks, 2000b n = 19,454 (n = 13,950 radiation workers and n = 5489

nonradiation workers), Springfields, Lancashire, United
Kingdom. Ever employed before 1996, follow-up
through 1995. ICD-8.

Total: 42 67.32 0.62 (NR)c

Rad: 28 48.94 0.57 (NR)c

Non-rad: 14 18.38 0.76 (NR)

Total: 15 22.50 0.67 (NR)
Rad: 10 16.48 0.61 (NR)

Non-rad: 5 6.02 0.83 (NR) (disease
category = chronic renal failure)

McGeoghegan and Binks, 2000a n = 12,544 (n = 3244 radiation workers and n = 9296
nonradiation workers), Capenhurst, Cheshire, United
Kingdom. Ever employed before 1996, follow-up
through 1995. ICD-8.

Total: 45 52.14 0.86 (NR)
Rad: 7 7.13 0.98 (NR)

Non-rad: 38 45.01 0.84 (NR)

Total: 19 17.17 1.1 (NR)
Rad: 4 2.20 1.8 (NR)

Non-rad:15 14.97 1.0 (NR)
(disease category = chronic renal

failure)

Note. Abbreviations: Obs = observed; Exp = expected; CI = confidence interval; ICD = International Classification of Disease; NR = not reported; Rad = radiation workers; Non-rad
= nonradiation workers.

aWhen more than one study is available for a cohort, the earlier references are noted but the results from the latest follow-up are provided in the table.
bIn the studies using ICD-8, all genitourinary disease is based on codes 580–629 and chronic nephritis is based on code 582. In Pinkerton et al. (2004), all genitourinary disease is based

on codes 580–629 and chronic nephritis is based on code 582–583 and 585–587. In Boice et al. (2008), the chronic nephritis category is based on code 580–589. McGeoghegan and
Binks (2000a, 2000b) do not specify the codes used in their tables of results; all genitourinary disease and the chronic nephritis correspond, respectively, to their categories of genitourinary
disease and chronic renal failure.

cSignificant at p < .01.
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to 44.1 µg/g creatinine (Squibb & McDiarmid,
2006). Levels above 0.1 µg/g creatinine (the
cut point used to define a high-exposure group)
were found in most of the individuals who
had retained DU shrapnel. Some indication of
renal damage was seen in the 2001 assessment,
with increased levels of urinary retinol bind-
ing protein (65.68 and 46.13 µg/g creatinine
in the high- and low-exposure groups, respec-
tively) and total protein (78.69 and 54.63
mg/g creatinine in the high- and low-exposure
groups, respectively) (Table 4). Serum creati-
nine was quantitatively decreased, however,
in the high-exposure group (mean 0.85 and
0.95 mg/dl in the high- and low-exposure
groups, respectively). There was little evidence
of renal damage in the 2003 and 2005 assess-
ments. In the latest assessment conducted in
2007, however, a trend of elevated urinary
retinol binding protein and increased urinary
β2-microglobulin levels was seen in the high-
exposure compared with the low-exposure
group (McDiarmid et al., 2009).

STUDIES IN ANIMALS

Studies in experimental animals involving
different routes and durations of exposure sup-
port the conclusion that the kidney is likely
to be a sensitive target organ for U toxicity.
In addition, data from experimental animals
suggest that U compounds of relatively higher
solubility are associated with greater kidney
damage (Craft et al., 2004; Dygert et al., 1949;
Hindin et al., 2005; Maynard et al., 1953).
In acute oral exposure studies with uranyl
acetate (exposure duration ranging from 1–5
d) changes in kidney function, as evidenced
by increases in urinary protein, blood creati-
nine, and BUN, were reported (Domingo et al.,
1987; Ozmen & Yurekli, 1998). Renal dam-
age reported in rabbits, rats, and dogs exposed
to uranyl nitrate in the diet for 30 d or less
included increased plasma protein plus degen-
erative changes (particularly of the proximal
tubular epithelium and glomeruli) and necro-
sis (Goel et al., 1980; Maynard & Hodge 1949;
Ortega et al., 1989).

The only investigation of chronic oral toxic-
ity of U compounds is the series of experiments
performed by Maynard and colleagues in sup-
port of the Manhattan Project (Maynard et al.,
1953; Maynard & Hodge, 1949). Rats and
dogs were exposed to uranyl fluoride, uranyl
tetrachloride, uranyl nitrate hexahydrate, ura-
nium dioxide, and uranium tetrafluoride in the
diet (or in dogs by capsule if the diet became
unpalatable) for 1 yr (dogs) or 2 yr (rats).
Exposure protocols are described in Table 5.
With the exception of exposure of rats to
uranium dioxide, all uranium compounds pro-
duced some degee of renal toxicity, which was
strongly influenced by compound solubility. For
example, administration of 0.5% uranyl nitrate
hexahydrate in the diet of rats (approximately
200 mg/kg-d U) produced degeneration of kid-
ney tubules, necrosis, and regeneration. Serial
sacrifices revealed that the tubular changes
observed after 6 wk of exposure showed no
appreciable progression even after 2 yr of
exposure (Maynard et al., 1953). More recent
subchronic (91-d) drinking-water studies of
uranyl nitrate in the rat and rabbit (Gilman
et al., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) provide an examination
of uranium compound toxicity at lower doses
(0.06 to 54 mg/kg-d). See Table 5 for a
more detailed summary of renal histopatho-
logic changes reported by these investigators.
McDonald-Taylor et al. (1992, 1997) reported
histopathologic changes in kidney proximal
tubules of rabbits at 1.7 mg/kg-d U, the lowest
dose tested. Gilman et al. (1998b, 1998c) sim-
ilarly reported histopathologic changes of the
kidney at the lowest doses tested in rabbits
and rats (0.05 and 0.06 mg/kg-d U, respec-
tively). The incidences of renal histopatho-
logic changes (including changes of the renal
tubules, glomeruli, and interstitium) reported
by Gilman et al. (1998b, 1998c), particular
in the rat, were elevated at all dose lev-
els; however, these changes showed a poor
dose-response relationship and little if any
rise in severity with increasing dose, despite
a 600-fold range between the low and high
doses used in this study and documentation
of a rise in kidney uranium residues with
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TABLE 4. Renal Function Measures in Biennial Evaluations of Gulf War Veterans Exposed to Depleted Uranium in 1991

Year of evaluation

2005

1999 2001 2003 Current exposure Cumulative exposure 2007

n low exposure, n high exposurea 37, 13 26, 13 19, 13 24, 10 24, 10 25, 10

p Value and direction of differenceb

Renal function measures—urinary
Creatinine 0.07 H < L 0.29 0.31 0.24 0.08 H < L 0.43
Calcium 0.35 0.79 0.59 0.56 0.14 L < H
Phosphate (PO4) 0.40 0.44 0.29 0.27 0.57
β2-Microglobulin 0.27 0.78 0.53 0.22 0.83 0.11 H > L
Intestinal alkaline phosphatase 0.85 0.67 0.52 0.38
N-Acetyl β-glucosaminidase 0.38 0.96 0.90 0.32
Total protein 0.89 0.01 H > L 0.21 0.50 0.25 0.49
Microalbumin 0.85 0.40 0.32 0.17 H > L
Retinol binding protein 0.15 H > L 0.06 H > L 0.54 0.25 0.56 0.07 H > L

Renal function measures—serum
Creatinine 0.14 H < L 0.03 H < L 0.11 H < L 0.72 0.56 0.11 H < L
Calcium 0.67 0.85 0.24 0.56 0.26
Phosphate (PO4) 0.63 0.03 H > L 0.70 0.64 0.57
Uric acid 0.12 H < L 0.45 0.32 0.10 H < L 0.03 H < L 0.17 H > L

Note. Sources: McDiarmid et al. (2001), McDiarmid et al. (2004), McDiarmid et al. (2006), McDiarmid et al. (2007), and McDiarmid et al. (2009) for the 1999, 2001, 2003,
2005, and 2007 evaluations, respectively.

aLow (L) exposure defined as <0.10 µg uranium/g creatinine and high (H) defined as ≥0.10 µg uranium/g creatinine; n for specific assays may vary by 1–2 participants because
of sample processing errors.

bDirection of difference given for tests in which the p value was ≤.20.
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TABLE 5. Summary of Subchronic and Chronic Oral Toxicity Studies of Uranium in Experimental Animals

Reference Uranium compound Species, sex, group size Exposure conditions Response and LOAEL

Subchronic studies
McDonald-Taylor et
al., 1992, 1997

Uranyl nitrate
hexahydrate

Rabbit, New Zealand, M
(3/group)

0, 24, 600 mg/L in drinking water (0, 1.7,
42 mg /kg-d U); 91 d. Followed by
recovery periods of 0, 45, or 91 d

Kidney histopathology, including
increases in glomerular basement
membrane thickness and changes in
proximal tubule cells seen in lowest
dose group.

Gilman et al., 1998c Uranyl nitrate
hexahydrate

Rat, Sprague-Dawley, M & F
(15/sex/group)

0, 0.96, 4.8, 24, 120, 600 mg/L in
drinking water (M: 0, 0.06, 0.31, 1.52,
7.54, 36.7 mg /kg-d U; F: 0, 0.09,
0.42, 2.01, 9.98, 53.6 mg /kg-d U); 91
d

Histopathologic lesions of the kidney
seen in lowest dose group; changes
included dilation of tubules, apical
displacement, and vesiculation of
tubular nuclei and cytoplasmic
vacuolation and degranulation in
males and capsular sclerosis and
reticulin sclerosis of tubular basement
membranes and interstitial scarring in
females.

Gilman et al., 1998b Uranyl nitrate
hexahydrate

Rabbit, New Zealand, M and
F (10/sex/group)

M: 0, 0.96, 4.8, 24, 120, 600 mg/L in
drinking water (0, 0.05, 0.20, 0.88,
4.82, 28.7 mg/kg-d U) F: 0, 4.8, 24,
600 mg/L in drinking water (0, 0.49,
1.32, 43.0 mg/kg-d U); 91 d

Histopathologic lesions of the kidney
(male) seen in lowest dose group.
Lesions included cytoplasmic
vacuolation, anisokaryosis, and nuclear
vesiculation.

Gilman et al., 1998a Uranyl nitrate
hexahydrate

Rabbit, SPF, M (5–8/group) 0, 24, 600 mg/L in drinking water (0, 1.4,
41.0 mg/kg-d U); 91 d followed by
recovery periods of 0, 8, 14, 45, or
91 d

Histopathologic lesions of the kidney
seen in 600 mg/L group, no
attenuation of effect seen with any
recovery period. Observed lesions
included cytoplasmic vacuolation,
anisokaryosis, nuclear hyperchromicity
and vesiculation, tubular dilation, and
reticulin sclerosis of the renal interstitial
tissue.

Ortega et al., 1989 Uranyl acetate
dihydrate

Rat, Sprague-Dawley, M
(8/group)

0, 2, 4, 8, or 16 mg uranyl acetate
dihydrate/kg-d (0, 1.1, 2.2, 3.4, 4.5,
9.0 mg/kg-d U); 28 d

Increase in total plasma protein seen in
lowest dose group; urinary
biochemical endpoints were not
significantly altered by uranium
treatment at any dose.

(Continued)
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TABLE 5. (Continued)

Reference Uranium compound Species, sex, group size Exposure conditions Response and LOAEL

Guéguen et al., 2007 Uranyl nitrate Rat, Sprague-Dawley, M
(3/group)

0, 40 mg/L in drinking water (0, 3.3
mg/kg-d U); 9 mo

Following single exposure to
acetominophen, increased renal
proximal tubular cell necrosis,
increased gene expression of
xenobiotic metabolizing enzymes in
kidney relative to animals not exposed
to uranium.

Chronic studies
Maynard et al., 1953 Uranyl fluoride Rat, Wistar, M and F

(15–25/group)
0, 0.01, 0.05, 0.1, 0.15, 0.25, 0.5% in

diet; up to 24 mo
Minimal renal changes in 0.15% diet

group (∼85 mg/kg-d U); marked
tubular atrophy with later regeneration
seen in 0.5% diet group (∼280
mg/kg-d U)

Uranyl nitrate
hexahydrate

0, 0.01, 0.05, 0.1, 0.5, 1, 2% in diet; up
to 24 mo

Slight traces of renal injury seen in 0.5%
diet group (∼200 mg/kg-d U); renal
abnormalities (tubular atrophy, and
increase in stroma and a narrowing of
the cortex in 2% diet group (∼700
mg/kg-d U)

Uranium dioxide 0, 0.5, 2, 20% in diet; up to 24 mo No effects seen at any dose
Uranium tetrafluoride 0, 0.5, 2, 20% in diet; up to 24 mo Mild renal tubular degeneration seen in

20% diet group (∼9200 mg/kg-d U)
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dose. McDonald-Taylor et al. (1992, 1997)
and Gilman et al. (1998a, 1998b, 1998c)
reported a significant increase in ultrastruc-
tural and histopathological alterations associ-
ated with with tubular cell necrosis (Greaves,
2007; Walling, 1991) in U-exposed ani-
mals. These effects included thickening of
the glomerular basement membrane. Neither
McDonald-Taylor et al. (1992) nor Gilman et al.
(1998a) found evidence of reversibility of kid-
ney histopathologic changes after 91-d recov-
ery periods.

The available subchronic and chronic oral
toxicity studies on U compounds included lim-
ited evaluation of biomarkers of kidney func-
tion. Gilman et al. (1998a, 1998b, 1998c)
examined urinary parameters in the rabbit, but
not rat. In the first rabbit study Gilman et al.
(1998b) measured various urinary parameters
including levels of urea nitrogen, glucose, cre-
atinine, total protein, and albumin as well as
activities of LDH avtivity and NAG. Gilman et
al. (1998a, 1998b, 1998c) found no marked
effects after exposure to 29 mg U/kg-d for
91 d, but reported urinary parameter effects
with the most persistent being increased glu-
cose excretion in a second study in male rabbits
exposed to 41 mg U/kg-d for 91 d (Gilman
et al., 1998a). A dye clearance test used to
assess renal function showed reduced rate of
phenolsulfonphthalein excretion in male rab-
bits exposed to ≥ 120 mg/L uranyl nitrate
(5 mg U/kg-d) but not in females (Gilman et al.,
1998b). Rabbits exposed to lower levels of U
in drinking water showed no marked changes
in urinary parameters (Gilman et al., 1998a,
1998b).

Two animal studies that explored the renal
effects of implanted DU particles in rats pro-
vide toxicity information relevant to the haz-
ard associated with exposure of soldiers to
embedded fragments of DU (Pellmar et al.,
1998, 1999; Zhu et al., 2009). Pellmar et
al. (1998, 1999) did not observe significant
changes in biochemical or histologic mark-
ers of renal damage, while Zhu et al. (2009)
reported that DU exposure led to increased
renal damage as measured by light and electron
microscopy including hypertrophy of epithelial

cells, necrosis, fibrosis, increased mitochondria
size, glomerulus thickening, and inflammatory-
cell infiltration, and biochemical assays as evi-
denced by increased urinary β2-microglobulin,
albumin, serum creatinine, and BUN. Although
both of these studies used similar methodolo-
gies for DU pellet implantation within the gas-
trocnemius muscle in the lower leg of Sprague-
Dawley rats, the actual doses of implanted DU
can not be compared based upon data pro-
vided. Pellmar et al. (1998, 1999) implanted
rats with 0, 4, 10, and 20 U pellets (pel-
let weights not reported). Zhu et al. (2009)
implanted rats with 0, 0.1, 0.2, and 0.3 g of DU
fragments. After 6 mo of exposure, the high-
est renal U concentration reported by Pellmar
et al. (1999) was 6920 ± 770 ng/g, while Zhu
et al. (2009) reported a renal U concentration
of 27,439 ± 2291 ng/g in the high-dose group.
The differences in U-induced renal toxicity
observed in these two studies may have been
due to differences in U dose, tissue uptake, or
diffusion from the implanted pellets.

STUDIES OF MECHANISMS OF RENAL
TOXICITY

The cellular, molecular, and biochemical
mechanisms for renal U uptake and toxic-
ity have been previously reviewed (ATSDR,
1999). Recent studies using proximal and dis-
tal tubule cell lines (MDCK and LLC-PK1

cells) suggest that U-induced renal toxicity is
dependent on the formation of uranyl phos-
phate complexes, specifically UO2(PO4)- and
UO2(HPO4), and their uptake by the sodium
dependent co-transporter NaPi-II and absorp-
tive endocytosis (Muller et al., 2006, 2008).
Furthermore, in vitro studies using isolated
human and murine kidney cortex tubules sug-
gest that U exposure inhibits cellular ATP con-
tent and gluconeogenesis through enzymatic
inhibition of LDH, pyruvate carboxylase, glu-
cose 6-phosphatase, and phoshoenolpyruvate
carboxykinase. Toxicogenomic and proteomic
studies using human renal HEK293 cells also
suggest that U exposure altered expression of
genes associated with calcium-dependent cell
signaling such as IP3 cascade kinases PI4KII
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and PIK3R1, the intracellular calcium receptor
calmodulin, and calmodulin-dependent pro-
teins and cell trafficking pathways such as the
potassium channel ABC subunits ATP6V1A1
and ABCC8 (Prat et al., 2005). Both in vivo
and in vitro experiments showed that U
exposure depleted cellular antioxidants such
as glutathione (GSH) and glutathione reduc-
tase activity, increased reactive oxygen species
(ROS) production and DNA damage, and pro-
moted apoptosis (Banday et al., 2008; Linares
et al., 2006; Thiebault et al., 2007). In vivo
toxicogenomic studies reported that chronic
exposure to U significantly enhanced expres-
sion of genes associated with oxidative stress
responses such as superoxide dismutase 1 and
ion transporters including NaPi-II and Slc34a1
(Taulan et al., 2004).

DISCUSSION

Some evidence of adverse renal effects,
particularly with respect to biomarkers
of proximal tubule damage, is seen in
community-based studies of populations
chronically exposed to elevated drinking
water concentrations of U. The biomarker for
which effects were most consistently seen was
urinary levels of β2-microglobulin (Zamora
et al., 1998, 2009; Seldén et al., 2009). The
study in Finland (Kurttio et al., 2002) did not
demonstrate an association of toxicity to U
with β2-microglobulin levels. Prat et al. (2009)
suggested that the calcium-dependent species
seen in speciation analyses of the Finnish water
samples may result in a low toxicity profile. It
should also be noted, however, that 65% of
the samples in Kurttio et al. (2002) were below
the β2-microglobulin limit of detection, and
in contrast to the other studies, this measure
was based on a spot urine rather than an
overnight urine sample. β2-Microglobulin
was not included in the measurements used
in the follow-up study in Finland (Kurttio
et al., 2006). Thun et al. (1985) also reported
strong associations between U exposure and
β2-microglobulin measures in urine and serum
among workers in a U processing mill. Two
of these studies included measures of other

metals (Cd and Pb in Seldén et al. [2009] and
Cd and Pb in Thun et al. [1985]), and there
was no indication that the associations seen
with U were the result of confounding by
these other exposures. In addition, in the most
recent follow-up surveillance study of Gulf
War veterans exposed to DU, some indications
of proximal tubule effects, as evidenced by
increased urinary β2-microglobulin and retinol
binding protein levels, were noted (McDiarmid
et al., 2009). Thus, although the subsets of
renal tests, sensitivity of assays, and type of
exposure measure varied across studies, as a
group these studies show considerable consis-
tency with respect to an indicator of proximal
tubule damage and either measures of intake
or U concentrations in urine. Occupational
cohort studies do not provide evidence of
an increased risk of kidney-related mortality
among U-exposed workers. This outcome
would be a relatively insensitive endpoint for
the detection of renal damage, however, as it
relies on cause of death as reported on death
certificates. The reliability of this recording for
chronic conditions, such as kidney disease,
is much lower than for most cancers and
acute events such as accidents and myocardial
infarction (Harteloh et al., 2010).

Studies in experimental animals confirm
that the kidney is a target of U toxicity following
oral and implantation exposure. Both routes of
exposure are relevant to human exposure situ-
ations. The available animal studies, however,
provide an incomplete characterization of the
dose-response relationship for kidney effects
associated with chronic exposure at low envi-
ronmental exposure levels. With the exception
of early (1940s) studies conducted in support
of the Manhattan Project (Dygert et al., 1949;
Maynard et al., 1953; Maynard and Hodge,
1949), animal studies are generally limited to
exposures of 90 d duration. Further, the major-
ity of subchronic oral toxicity studies (Gilman
et al., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) of U compounds failed
to identify a no-observed-adverse-effect level,
and the kidney effects reported by some inves-
tigators (Gilman et al., 1998b, 1998c) did not
exhibit a dose response. Investigation of clinical
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biomarkers of renal toxicity in experimental
animal studies is limited. Mechanistic studies
suggest that cell toxicity may result from altered
function of cell signaling pathways, increased
ROS production, and depletion of endogenous
cellular antioxidants.

In summary, various lines of evidence sug-
gest that relatively low levels of U exposure
may result in detectable changes in markers
of renal damage in humans. The epidemi-
ological studies do not provide evidence of
clinically diagnosed kidney disease or renal fail-
ure within the exposed populations. Given the
limited sample sizes and the potential selec-
tion of relatively healthy individuals in these
types of community-based and occupational
studies, the absence of the observation of this
type of kidney disease is not surprising. Rather,
these studies are better designed to examine
associations within what would be considered
the normal range of specific biomarkers of
renal function. The question of the interpre-
tation and importance of the observed effects
of biomarkers of proximal tubule function is
an important question that would benefit from
additional clinical, epidemiological, and exper-
imental research.
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Justifications:

Justification 1:

Nanotechnology, including the use of engineered nanomaterials (ENM), is a
growing part of commerce that is expected to make an ever increasing contribution
to global economic development (PCAST, 2014). Nanoparticles are being
incorporated into many applications, and although the uses and forms of
nanomaterials in many consumer products are unknown, inventories of products
suggest that silver nanomaterials (AgNP) are incorporated into more consumer
products than nanomaterials of other composition (Hansen et al., 2016; Vance et al.,
2015). Among the product categories that may contain silver nanoparticles are
personal care products, home and garden products, cosmetics, food and beverage
containers, lters, appliances, sporting goods, children's products, electronics,
automotive components, and dietary supplements. The variety of engineered
materials and their applications is growing at a pace more rapid than can be
evaluated for potential hazards in a conventional way. As is true for the large
number of conventional chemicals with inadequate toxicity and exposure data
(NRC, 2007), alternative approaches for evaluating potential hazards of ENM are
necessary if they are to be used in a responsible and sustainable fashion.

 

EPA has responsibilities for regulation of engineered nanomaterials primarily under
the Toxic Substances Control Act (TSCA) and the Federal Insecticide Fungicide
and Rodenticide Act (FIFRA). The 2016 reauthorization of TSCA as the Frank R.

Lautenberg Chemical Safety for the 21  Century Act, and recent guidance from thest

EPA Administrator emphasize the development of alternative testing approaches for
chemical safety assessment that are not based on traditional whole animal toxicity
testing. The need for  assessments of potential health effects from exposurein vitro

to ENM is as pressing as it is for traditional chemicals, and a special need for
understanding the dose of nanoparticles that reach cells in  test systems hasin vitro

become apparent. One of the primary differences between toxicity of nanoparticles
and traditional chemicals is biokinetics, the ability of particles to transition through
the body and reach target cells in different local concentrations and over a different
time course than do traditional chemicals. The dose reaching cells in vitro cannot be
assumed to be proportional to the concentration applied to the culture due to
differential dispersion and sedimentation of nanoparticles of different sizes and
densities.  The ability to measure and cellular dose and observe cellular distribution
of ENM In cell culture systems is the common theme linking the three nominated
publications. The critical parameter derived from these systems is determining
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cellular dose, an essential foundation of dose-response relationships. Accurate
determination of cellular dose is required for  extrapolations toin vitro/in vivo

predict potential human health effects. 

 

The first of the nominated manuscripts (Zucker et al., 2016) demonstrated that flow
cytometry can be used to determine concentrations and relative sizes of
nanoparticles in suspension for  test systems and to determine the amount ofin vitro

nanoparticles taken up by cells . The second of the nominated manuscriptsin vitro

(Ortenzio et al, 2019) evaluated different computational models for particle
deposition in a fluid media to estimate particle dose delivered to cells, and observed
that the size of silver particles was a primary component influencing dose delivered
to cells, with as much as 90% of the smaller sized particles remaining in suspension
in the cell culture media 24 hours after exposure. The third of the nominated
publications (Zucker et al., 2019) demonstrated the role of particle coatings on
cellular dose and toxicity, with positively charged coatings providing a higher dose
and being more toxic than either neutral or negatively charged surfaces. The
conceptual and technological advances provided in these publications will thereby
enhance EPA’s ability to request and interpret data from alternative test systems
when evaluating novel ENM for EPA registration under TSCA or FIFRA. 

1.    Citations for each publication nominated

a.  Zucker RM, Ortenzio JNR, Boyes WK. 2016. Characterization, detection,               

and counting of metal nanoparticles using flow cytometry. Cytometry Part A 89:
169-83. DOI: 10.1002/cyto.a.22793.

b. Ortenzio J, Degn L, Goldstein-Plesser A, McGee JK, Navratilova, Rogers K,              

Zucker RM, and Boyes WK. 2019. Determination of silver nanoparticle dose in
vitro. NanoImpact, 14: 100156. https://doi.org/10.1016/j.impact.2019.100156

c.               Zucker RM, Ortenzio J, Degn LL, Lerner JM, and Boyes WK. 2019.
Biophysical Comparison of Four Silver Nanoparticles Coatings using Microscopy,
Hyperspectral Imaging and Flow Cytometry.  PLOS ONE 14(7):
e0219078.  https://doi. org/10.1371/journal.pone.0219078

Justification 2A:

https://doi.org/10.1016/j.impact.2019.100156


Page 4 of 14

The first of the nominated manuscripts (Zucker et al., 2016) demonstrated that flow
cytometry can be used to determine concentrations and relative sizes of
nanoparticles in suspension for  test systems and to determine the amount ofin vitro

nanoparticles taken up by cells . The second of the nominated manuscriptsin vitro

(Ortenzio et al, 2019) evaluated different computational models for particle
deposition in a fluid media to estimate particle dose delivered to cells, and observed
that the size of silver particles was a primary component influencing dose delivered
to cells, with as much as 90% of the smaller sized particles remaining in suspension
in the cell culture media 24 hours after exposure. The third of the nominated
publications (Zucker et al., 2019) demonstrated the role of particle coatings on
cellular dose and toxicity, with positively charged coatings providing a higher dose
and being more toxic than either neutral or negatively charged surfaces. The
conceptual and technological advances provided in these publications will thereby
enhance EPA’s ability to request and interpret data from alternative test systems
when evaluating novel ENM for EPA registration under TSCA or FIFRA.

 

Justification 2B:

STAA Nominated publications previous six years

Boyes, 2015 STAA level III. Evaluation of the developmental toxicity of inhaled
ethanol as a component of renewable automotive fuels. (Unrelated to current
nomination)

Justification 2C:

Zucker-none

Boyes --STAA 2015 not related

Justification 2D:

NA
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Justification 2E:

Dr William Boyes has submitted a review paper on the field of nanoparticles. This
submission deals with basic research of nanoparticles. They are related.

Justification 3A:

1.    If research has been invited for presentation at national/international societies.

 The following invited presentations resulted from this research: the

·       Zucker, RM. 2016.  Guest Editor on the Special Cytometry Issue for the study of

nanoparticles submicron particles.: Measurement of Extracellular Vesicles and

Other Submicron Size Particles by Flow Cytometry. Joanne Lannigan, John P.

Nolan, Robert M. Zucker February 2016 Volume 89, Issue 2 Pages 101–220  

·       Zucker, RM. Organized workshops at CYTO international flow cytometry
meetings (ISAC) on nanoparticles and submicron particles at the following
meetings: Vancouver 2019 June 22-26, Prague 2018, June 15-19; Boston 2017, June
10-14; Seattle 2016, June 11-15. Invited to speak at each of these workshop
meetings.

·       Zucker, RM. Invited to speak at Research Triangle Association meeting on
detection of nanoparticles and submicron particles. NIEHS RTP, NC 2016

·       Zucker, RM. Invited to contribute 2 review chapters on EPA nanoparticle

research to be published in a book entitled “Nanoparticles in Biology and Medicine”.

These chapters summarized the last 5 years of our USEPA research,

1. Zucker, R.M. and Boyes W.E.  Combination of dark-field and confocal     

microscopy for the optical detection of Silver and Titanium Nanoparticles in
mammalian cells. Nanoparticles in Biology and Medicine. Book edited by Mikhail
Soloviev, Methods Mol Biol. 2118:395-414. 2020

2.     Zucker, R.M. and Boyes W.E. Detection of silver and TiO2 Nanoparticles in

Cells by Flow Cytometry in  Nanoparticles in Biology and Medicine. Book edited by

Mikhail Soloviev, Methods Mol Biol 2118, 414-436 2020
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·       Zucker, RM. Invited to speak at ISAC international meeting in Boston Mass

RM. Zucker, LL Degn, JR Ortenzio and WK. Boyes. CYTO 2017 June 13 Boston
Mass Hyperspectral Imaging, Flow Cytometry and Microscopic Morphology of
Silver Nanoparticle within Cells: Invited to speak at Cytometry meeting in Seattle
2016

·       Invited to speak at ISAC International meeting in Boston Mass

RM Zucker, LL Degn, JNR Ortenzio and WK Boyes.  The Cellular Fate and
Transport of Silver Nanoparticles: Hyperspectral Imaging, Flow Cytometry and
Morphology. CYTO 2016 June 11 Seattle Washington.

RM Zucker: Sub-micron and Nano-particle Characterization, Detection, and
Analysis in Flow Cytometry: Problem Focus and Key Questions: Flow Cytometry
(FCM) is a key technology that helps to investigate both cell-derived and synthetic.
Seattle, Washington, ISAC meeting workshop June 2016

·             Zucker, RM. Invited to speak at Southeast flow cytometry meeting in Mobile
Alabama March 2016

·       Boyes, WK. In vitro dosimetry modeling will be a critical step toward efficient
assessment of engineered nanomaterials for environmental health and safety. Invited
presentation for workshop entitled: In-vitro dosimetry of engineered nanomaterials:
Too complicated to consider too important to ignore. Annual Society of Toxicology
Meeting. New Orleans LA, March 2016.

·       Boyes, WK . Evaluating the Environmental Health and Safety Impact of
Engineered Nanomaterials. North East Nanomaterials Meeting (NENM2018), Lake
Placid NY June 1-3. 2018. http://nny.sites.acs.org/2018nenanomeeting.htm

·       Boyes, WK. Round Table Panel member. Connecting the Pieces: Linking
Manufacture and Use of Nanomaterials or Nanotechnology-Enabled Products with
Exposure, Outcome, and Risk. QEEN II: 2nd Quantifying Exposure to Engineered
Nanomaterials from Manufactured Products Workshop, Washington DC, Oct. 9-10.
2018.

·       Boyes, WK. Chair, Plenary Session. Exposure-Driven Risk Assessment for
Nanosafety Research. QEEN II: 2nd Quantifying Exposure to Engineered
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Nanomaterials from Manufactured Products Workshop, Washington DC, Oct. 9-10.
2018.

·       Boyes, WK.  Nanosafety Research: The US EPA Perspective. Invited
presentation to a workshop entitled “Fostering EU-US cooperation in Nanosafety
Research” sponsored by the European Union. Harvard University, Boston
Mass. March 5-6. 2019       

·       Boyes, WK.  Invited Moderator, Respiratory Effects of Engineered
Nanomaterials in Relation to Physiochemical Properties. NanoEHS Webinar Series,
U.S. National Nanotechnology Initiative. September 10        , 2019.

·       Boyes, WK. Update on Nanomaterial Research at EPA. Invited seminar. Annual
meeting of the Center for Environmental Implications of Nanotechnology (CEINT),
Duke Univ., September 13, 2019.

Justification 3B:

1.    Number of times the publication has been downloaded/viewed

2.    How many times it has been cited (Google Scholar)

 

Publication Number of

downloads/views

Number of citations

(Google Scholar)

Zucker et al., 2016 Not available
26

Ortenzio et al., 2019
7 1

Zucker et al., 2019 1
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Biophysical comparison of four silver
nanoparticles coatings usingmicroscopy,
hyperspectral imaging and flow cytometry
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Abstract

This study compared the relative cellular uptake of 80 nm silver nanoparticles (AgNP) with

four different coatings including: branched polyethyleneimine (bPEI), citrate (CIT), polyvinyl-

pyrrolidone (PVP), and polyethylene glycol (PEG). A gold nanoparticle PVP was also com-

pared to the silver nanoparticles. Biophysical parameters of cellular uptake and effects

included flow cytometry side scatter (SSC) intensity, nuclear light scatter, cell cycle distribu-

tions, surface plasmonic resonance (SPR), fluorescence microscopy of mitochondrial gross

structure, and darkfield hyperspectral imaging. The AgNP-bPEI were positively charged and

entered cells at a higher rate than the negatively or neutrally charged particles. The AgNP-

bPEI were toxic to the cells at lower doses than the other coatings which resulted in mito-

chondria being transformed from a normal string-like appearance to small round beaded

structures. Hyperspectral imaging showed that AgNP-bPEI and AgNP-CIT agglomerated in

the cells and on the slides, which was evident by longer spectral wavelengths of scattered

light compared to AgNP-PEG and AgNP-PVP particles. In unfixed cells, AgNP-CIT and

AgNP-bPEI had higher SPR than either AgNP-PEG or AgNP-PVP particles, presumably

due to greater intracellular agglomeration. After 24 hr. incubation with AgNP-bPEI, there

was a dose-dependent decrease in the G1 phase and an increase in the G2/M and S phases

of the cell cycle suggestive of cell cycle inhibition. The nuclei of all the AgNP treated cells

showed a dose-dependent increase in nanoparticles following non-ionic detergent treatment

in which the nuclei retained extra-nuclear AgNP, suggesting that nanoparticles were

attached to the nuclei or cytoplasm and not removed by detergent lysis. In summary, posi-

tively charged AgNP-bPEI increased particle cellular uptake. Particles agglomerated in the

peri-nuclear region, increased mitochondrial toxicity, disturbed the cell cycle, and caused

abnormal adherence of extranuclear material to the nucleus after detergent lysis of cells.

These results illustrate the importance of nanoparticle surface coatings and charge in deter-

mining potentially toxic cellular interactions.

PLOSONE | https://doi.org/10.1371/journal.pone.0219078 July 31, 2019 1 / 24
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Introduction

Engineered nanomaterials are increasingly used in industry and commerce for a wide range of

potentially beneficial and profitable applications. Commercial nanoparticles NP have been

designed for use in specific applications by varying their particle composition, size and coat-

ings. The applications of nanoparticles in products, and the particle properties, influence the

potential for release of particles from products and, in turn, the potential for inadvertent expo-

sures and toxic reactions [1]. The size and composition of nanoparticles are important factors

controlling their uptake into cells and potential for toxicity [2–10]. Because the primary inter-

face between a nanoparticle and a cell occurs at the surface of the nanomaterial, one of the

most influential features of nanoparticle bio-distribution and toxicity may be the particle sur-

face coatings. Among other things, the particle surface coatings control surface charge, hydro-

philic or hydrophobic nature, reactivity, agglomeration, dispersion stability in suspension

media and sedimentation [11–18]. These factors ultimately will determine the potential toxic-

ity of a particle.

The ability to study cellular uptake and distribution of nanoparticles requires the technolog-

ical capability to detect the location of nanoparticles in the cell and to quantify cellular nano-

particle uptake. Previously, using darkfield microscopy we observed that silver and titanium

dioxide nanoparticles readily accumulated with cells in tissue culture [19–25]. To enhance the

detection of small nanoparticles we illuminated nanoparticles with a UV and blue wavelength

rich Xenon light source in darkfield illumination. Because scatter intensity varies with the

inverse 4th power of the wavelength, shorter wavelength illumination will reveal smaller nano-

particles than red rich halogen illumination. By using a Xenon light source objects as small as

20 nm have been detected [21,26]. It was observed under darkfield imaging that TiO2 or Ag

nanoparticles entered the cytoplasm, formed peri-nuclear agglomerations that grew as the

exposure concentration increased, and eventually relocated in the lysosomes [18,27].

In addition to observing the location of nanoparticles within cells, it also is important to

quantify their uptake. There was a relatively linear relationship between the dose of particles

applied to cells and the uptake of particles measured by flow cytometry [22,23]. The relation-

ship between nanoparticle dose and flow cytometry side scatter (SSC) suggests that it was an

adequate descriptor of the number of nanoparticles absorbed by cells in culture [28–34].

The present studies evaluated the role of AgNP surface coatings on the nanoparticle’s cellu-

lar uptake, cellular disposition, and the interactions with cellular constituents. Darkfield

microscopy was combined with fluorescent imaging of subcellular organelles to reveal the

uptake and disposition/distribution of nanoparticles within the cell. Hyperspectral imaging

provided a measure of the configuration of these particles in the cell. Specifically, we studied

80 nm AgNP stabilized with one of four coatings: citrate (CIT), branched polyethyleneimine

(bPEI), polyvinylpyrrolidone (PVP), and polyethylene glycol (PEG)(S1 Table).

These particles have different surface charges with unique surfaces. In addition, one 80 nm

gold nanoparticle coated with PVP was also evaluated as a comparison to AgNP-PVP. A cul-

ture of human-derived retinal pigment epithelial cells APRE-19 was used in these studies [19–

23].

It was found that the incubation of both AgNP and AuNP with ARPE-19 cells resulted in a

dose-dependent increase in the number of intracellular particles that could be observed by

darkfield microscopy and flow cytometry. The flow cytometry intensity in the red fluorescence

channels increased after 24-hour incubation with silver nanoparticles. The hyperspectral imag-

ing of NP showed that intracellular nanoparticles had an increased wavelength of light

reflected from them compared to extracellular nanoparticles. This observation in conjunction

with a change in light scattering properties detected by hyperspectral imaging suggested that
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there was a change in the cellular nanoparticles’ agglomeration. This NP agglomeration change

was accompanied by an increase in SPR [23, 35–37].

Materials andmethods

Cell culture

Human-derived retinal pigment epithelial cells ARPE-19 cells ATCC, Manassas, Virginia were

grown in T75 culture flasks in a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium and

Ham’s F-12 Nutrient Mixture DMEM/F-12 with 10% fetal bovine serum FBS. After reaching

confluence, cells were trypsinized 0.05% trypsin, EDTA 0.02%, Sigma, and plated on cham-

bered glass tissue culture slides 1 ml cell suspension per chamber, 2×105 cells/ml. Cells were

incubated for 24 h 37˚C, 5% CO2 after plating, and then treated with nanoparticles.

Nanoparticles

Four different coatings of 80 nm silver nanoparticles (AgNP) were compared in these studies:

Branched Polyethyleneimine (AgNP-bPEI), citrate, (AgNP-CIT), Polyvinylpyrrolidone

AgNP-PVP, and Polyethylene Glycol AgNP-PEG. and 80 nm Gold (AuNP-PVP) was also

used as a metallic nanoparticle to compare with the 4 silver nanoparticles. Different suspen-

sions of AgNP were obtained from nanoComposix (San Diego CA). Lot-specific physical/

chemical characterization of each nanomaterial was provided by the supplier, including elec-

tron micrographic images and particle size distributions. The coated AgNP or the AuNP were

obtained as a 1 mg/ml aqueous suspension. The NP were diluted in cell culture media contain-

ing FBS. ARPE-19 cells were incubated with the different types of AgNP at concentrations

between 0.1 and 30 μg/ml for at 24 hr. prior to observation.

Staining, fixation, and mounting

To identify structures and organelles within the cells, the cells were transfected with the follow-

ing Invitrogen BacMan 2.0 reagents: Golgi GFP BacMan 2.0 (C10592), lysosome-RFP 2.0

(C10597), mitochondria-GFP 2.0 (C10600) or endoplasmic reticulum ER-GFP 2.0 (C10590)

[Invitrogen, Eugene, Oregon]. Prior to fixation, the cells were counterstained with Cell Mask

Orange Plasma stain (C10045, Invitrogen) to identify the cellular cytoplasmic area. The cells

were washed and fixed with an equal amount of warm 4% paraformaldehyde (PF) in phos-

phate-buffered saline (PBS). The slides were then mounted with Prolong Gold, containing

10 μg/ml DAPI (P36935, Invitrogen) to stain the nuclei. After the mounting medium dried,

the slides were sealed with Permount.

Microscopy

A Nikon Ni upright microscope was used to observe cells in darkfield and fluorescence illumi-

nation. Fluorescence excitation cubes were used for DAPI, FITC, TRITC and Cyan GFP. The

fifth cube holder space was intentionally left unoccupied to acquire a darkfield image without

distortion from filters. The darkfield images were about 100 times brighter than the fluores-

cence images determined by their relative exposure times. The fluorescent and darkfield

images were therefore taken sequentially at different exposure times and the images were com-

bined using Nikon Elements software. Co-localization of the optical system was established

with 0.5 μm Tetraspec beads and with 1 μm and 15 μmmulti-wavelength fluorescent ring

beads (Molecular Probes, Eugene Oregon). The xenon light supply was used with the darkfield

images to obtain a bright light source that was optimized for the shorter wavelength excitation
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and better detection sensitivity. A GG 420 filter was put in the eyepieces to protect the user’s

eyes from possible UV damage from the Xenon light source. [21–23].

A 60x Plan Fluor lens with an iris diaphragm to control the numerical aperture NA between

0.55 and 1.25 was used for imaging. Cellular details could be observed with this magnification

while the background scatter was controlled by adjusting the diaphragm. The lower NA

yielded good depth of field for bright nanoparticles, and the higher NA 1.25 yielded bright

fluorescence images of cellular components. By balancing the fluorescence and darkfield sig-

nals, a sequential image could be acquired with the same NA setting approximately 0.8 NA.

During this study, the darkfield images were obtained with a dry Plan Apo 20x lens (NA 0.75),

a 20x multi-immersion (NA 0.75,) and 60x Plan Fluor with iris diaphragm (NA 1.25–0.55).

PARISS hyperspectral imaging system overview

The Prism and Reflector Imaging Spectroscopy System (PARISS) (Lightform, Inc, Asheville,

NC, USA) is a “push broom” hyperspectral imaging system that mounts on the video port of a

microscope. The system is comprised of a prism-based imaging spectrograph, a CCD camera

to record spectra, and a classic imaging camera to record a “visual” image of a field of view

(FOV). All wavelengths in each spectrum are acquired and recorded simultaneously [38,39].

A computer-controlled microscope stage translates the sample on a slide, while a microscope

objective projects an image of the FOV onto the slit of the imaging spectrograph. Light passes

through the slit to the prism for spatially resolved spectral characterization. A typical translation

of the FOV takes from a single to thousands of acquisitions, with around 300 being typical. The

physical scan is only limited by the extent of objects of interest on the microscope slide. Follow-

ing data processing, individual acquisitions are combined to form the final hyperspectral image.

Using reference materials, such as nanoparticle inside and outside cells, PARISS records the

spectra of all objects that scatter light. The recorded spectra of all objects were classified using

either unsupervised or supervised Spectral Waveform Cross Correlation Analysis (SWCCA).

Selected classes were put into a “Reference Spectral Library" (RSL). Ubiquitous classes of spec-

tra such as background, or those appearing less than 1% of the time in the FOV, were either

deleted or “unchecked” to remove them from the final hyperspectral image.

Creating a hyperspectral image of coated nanoparticles

1) Prepared samples on slides were “push broom” scanned, and all spectra presented by light

scattering objects saved to disk. 2) Using SWCCA in either supervised or unsupervised, mode

all spectra were classified according to a Minimum Correlation Coefficient (MCC). Limits

were set on the number of possible classes by user selection of the MCC. 3) Classified spectra

were inserted into an RSL. 4) Each class of spectrum in the RSL was pseudo-colored with a

unique color of the operators choosing. Following completion of step 4 the system was ready

to characterize unknowns as a function of their correlation with RSL spectra. The MCC was

set to provide optimum correlation sensitivity.

Characterizing cells containing nanoparticles. Cells treated with the four coating types

of AgNP samples were incubated for 24 hours and then were fixed with paraformaldehyde.

Light scattered by AgNP located on the surface of the slide, and those that entered the cell were

targets to be characterized with the PARISS system. The microscope was configured with a

high NA oil condenser to maximize the photon density and increase the signal intensity. The

objective lenses were either a 20x Plan Apo multi-immersion lens NA = 0.75, or a 60x Plan

Fluor with a diaphragm iris collar NA 0.5–1.25 to adjust light for darkfield applications. A

75-watt Xenon light was used to illuminate the nanoparticles and act as the scattering light

source. Neutral density filters were used to control brightness of the illuminant.

Studies of silver nanoparticles using flow cytometry, microscopy and hyperspectral imaging
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After slide preparation, PARISS physically scanned the slide and stored the spectra pre-

sented by all objects across the area of the scan. These spectra were correlated at a user selected

MCC with spectra in the RSL. All spectra met the MCC were “painted” with the color of the

correlated RSL spectrum onto a hyperspectral image. Spectra that failed to meet the MCC

appeared in the hyperspectral image in gray. Clicking on a gray object in the hyperspectral

image revealed its spectrum and the option of adding it to the RSL (S1 Fig).

Flow cytometry

A Stratedigm S1000 flow cytometer (San Jose, California) containing 4 lasers 405 nm, 488 nm,

550nm, and 640nm was used. The flow cytometer was set up with a 488-nm excitation using a

50 mw 488 nm laser for scatter and fluorescence measurements and a 405nm 100 mw laser

was used for cell cycle DNAmeasurements. The detection angles for the forward scatter FSC

were between 1–8 degrees measured with a pin diode, while the side scatter SSC signal was

obtained using a 40x lens with numerical aperture NA of 1.2. This configuration for FSC and

SSC used quartz square flow cells like other flow cytometer analyzers. The analyzer instrument

electronics necessitated that the first trigger be either forward or side scatter signal derived

from the 488-nm laser. The unit contained a new generation of hybrid signal processing tech-

nology with a high signal-to-noise ratio, and high data acquisition speed. The doublet discrim-

ination detection electronics helped to remove particles that simultaneously entered the flow

cell during analysis.

This Stratedigm flow cytometer analyzer was checked daily for fluidic alignment using

either Thermo Scientific 3 μm alignment beads [Cyto-Cal Multifluor plus Violet Intensity Cal-

ibrator, FC3MV] or the manufacturer recommended 3 μm Stratedigm QA alignment beads.

The system was tested by the manufacturers QA procedures for the following parameters: flu-

idic flow, laser power, coefficient of variation CV in all the PMTs and the system electronics.

The CVs of the test beads were generally between 1 and 3% and did not change greatly between

the two flow rates: slow 25μL/min and fast 60μL/min. Both the CVs and mean values of the

beads serve as a reference for instrument functionality [40–43].

Measurement of cells and nuclei

The cells were measured with the following parameters. FSC, SSC, and 6 fluorescent parame-

ters. The SPR was measured using the sensitive PMT representing the 690/40 nm channel

which is equivalent to the FL3 detector 630 LP on a BD FACSCaliber used previously [23].

The cell cycle assay used mixed non-ionic detergent [NP-40 or Ipgal, Sigma, St. Louis, Mo]

with cells to lyse the cytoplasm to obtain nuclei. The nuclei were then stained with Propidium

Iodide (PI) 20 μg/ml or DAPI 10 μg/ml. The cells were lysed in 0.5% NP-40 or 0.5% Ipgal in

Dulbecco’s PBS without Ca/Mg at a dilution of 2 parts lysing buffer to 1-part cells. The sample

was put on ice after 20 minutes and then measured on the flow cytometer within a few hours.

[43–46]. In addition to measuring PI or DAPI intensity to generate the cell cycle data [G1, S

and G2/M], the scatter of nuclei was simultaneously obtained after nanoparticle treatment and

is compared to control nuclei as illustrated in S2 Fig. The data were quantified using FCS

express 6.0 with Multicycle to generate DNA cell cycle populations using the Dean and Jett

model [43–46]. The technique is illustrated in S2 Fig that shows a clean nucleus from a control

cell and nanoparticles attached to a cell that was treated with nanoparticles. This technique is

illustrated with microscopic images from a detergnt lysed nuclei in S3 Fig. The image shows

the cell accumulating clumped nanoparticles in the cytoplasm and after treatment with NP40

the image shows the nanoparticles are closely bound or associated with the nuclei.

Studies of silver nanoparticles using flow cytometry, microscopy and hyperspectral imaging
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Concentration of nanoparticles

The concentrations of nanoparticles in samples obtained from the supplier was determined

both from the manufacturer’s specifications and then checked in the laboratory by a procedure

developed to count concentrated nanoparticles in suspension on a flow cytometer [24].

According to the manufacturer there were approximately 1012 particles per ml in each sample.

The laboratory determination of particle counts involved sequentially dilution of samples with

a fixed concentration of 1μm polystyrene beads until a dilute concentration could be counted

on a flow cytometer without coincidence. The polystyrene beads were added to the cultures at

concentrations between 0.1 μg/ml and 30 μg/ml. The method could then yield the count of NP

per ml from the concentrated sample, and thereby allowed our laboratory to confirm the man-

ufacture’s specifications of NP concentrations.

All particle samples were diluted to concentrations that ensured yields between 1000 and

6000 counts/sec, as determined by the flow cytometer software event counter. This translated

to a concentration in the range of 106 and 107 counts per ml. If the concentration of particles

greatly exceeded 107, the observed count rate was reduced by the electronic circuitry of the

flow cytometer to eliminate doublet counting, that resulted in the instrument rejecting many

of the events that were deemed doublets by the suppression electronic software. The result was

an instrument that paradoxically yielded fewer counts/sec in a concentrated sample than in a

diluted sample. With this approach, we were able to minimize co-incident counting and obtain

an accurate particle concentration measurement.

These diluted 1μm beads were mixed with the unknown AgNP sample that resulted in

approximately 1000 counts/sec of beads which served as a reference in determining the proper

measurement conditions for Ag nanoparticles. A 1 μm PS bead [Thermo Scientific # 4010A]

was diluted to concentration that would yield about 400–500 counts/sec without Ag and Au

nanoparticles present. The concentration of the 1 μm bead suspension was determined by mix-

ing it with 2 μm counting beads 5x106 and then comparing the percentages of the two beads in

the SSC intensity histograms. With the 1 μm beads, the concentration of the diluent for the

metal nanoparticles used in the flow cytometer was approximately 2-5x106 particles/ml [24].

This was necessary to ensure that we were adding the same number of AgNP to each cell cul-

ture. The side scatter intensity data is dependent on the AgNP dose added to each culture.

Results

Four types of Ag nanoparticles with different surface coatings AgNP-bPEI, AgNP-CIT AgNP-

PEG and AgNP-PVP having unique properties were added at concentrations between 1 μg/ml

and 30 μg/ml to adherent ARPE-19 retinal epithelial cells for 24 hours (S1 Table). Au-PVP, a

metallic particle like silver metallic nanoparticles was also measured as a comparison to the 4

silver nanoparticles. After 24 hours, side scatter (SSC), forward scatter (FSC) and far red fluo-

rescence were measured on suspension cells using a flow cytometer. There was a dose depen-

dent increase in SSC for the four AgNP between 1 and 30 μg/ml doses (Figs 1 and 2 and

Table 1). Fig 1 shows the dose dependent uptake of AgNP-CIT (Fig 1A) and AgNP-bPEI (Fig

1B).

SSC vs. dose

Cells were treated with four types of AgNP and AuNP-PVP. The AgNP-bPEI had about 3-

6-fold more SSC than the other compounds. This observation was presumed to be related to

the cellular accumulation of AgNP.

Cells treated with AgNP-bPEI scatter more light at all doses than do cells treated with

AgNP-CIT. Cells treated with AgNP-PEG and AgNP-PVP were similar in their SSC dose

Studies of silver nanoparticles using flow cytometry, microscopy and hyperspectral imaging
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response to AgNP-CIT. The forward scatter decreased slightly with each of the four com-

pounds, as was previously reported with TiO2 and AgNP-PVP [22,23].

The relative SSC data comparing the four AgNP compounds and AuNP-PVP are shown in

Table 1. At all the NP dose levels tested, there was an increase in SSC of the AgNP treated cells

compared to control cells.

A comparison of the four types of AgNP are shown using doses of 10 μg/ml in Fig 2A and

1 μg/ml in Fig 2B. The AgNP-bPEI had more SSC than the other coatings at all comparable

Fig 1. Flow cytometry side scatter ssc measurements of AgNP treated cells. Side scatter SSCmeasurement of cells were made after treatment with
AgNP- CIT and AgNP-bPEI doses between 1μg/ml and 30 μg/ml for 24 hours. AgNP-CIT (Fig 1A, top) and AgNP-bPEI (Fig 1B, bottom).

https://doi.org/10.1371/journal.pone.0219078.g001
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doses tested (Figs 1 and 2 and Table 1). The SSC derived from AgNP-bPEI was about 3–6

times higher than the other AgNP compounds and about 15 times greater than control cells at

10 μg/ml (Table 1, Fig 1A). Gold nanoparticles (AuNP-PVP) scattered light like AgNP-PVP

and AgNP-PEG at equivalent doses.

If the concentration of AgNP-bPEI obtained from the supplier (nanoComposix) was much

greater than the other AgNP compounds, it would explain the observed increased SSC with

AgNP-bPEI. However, it was found that the concentrations of particles (1 mg/ml) determined

by flow cytometry was within the range reported by the manufacturer. The AgNP-bPEI was

even about 10% less in concentration than the other AgNP coated particles.

The size of the different 80 nm AgNP in suspension were similar (Fig 3). The 1μm counting

beads was measured simultaneous with the AgNP to insure the concentration of the particles

were in a measurable range and not generating artifacts from coincidence counting or

“Swarming” [47].

In addition to the side scatter measurements, emissions in the far-red channel (690/40 nm)

were simultaneously measured using a red sensitive photomultiplier tube (PMT). The far-red

fluorescent signal was designated as surface plasmonic resonance (SPR). The AgNP-CIT and

AgNP-bPEI displayed greater SPR than the AgNP-PVP or AgNP-PEG. At the 10 μg/ml dose,

the amount of SPR in the far-red channel (690/40nm, range 670–710 nm) was approximately

18 times greater for AgNP-CIT while AgNP-bPEI was about 10 times greater than control

cells. Cells treated with PVP and PEG had about 2–3 times greater intensity than control cells

treated at a dose of 10 μg/ml. Gold coated NP showed no increase in far red fluorescence,

resembling control cells SPR fluorescence intensity (Table 2).

Surface Plasmonic Resonance vs. dose

Surface Plasmonic Resonance (SPR) vs. dose of the 4 AgNP compounds and AuNP-PVP at

doses between 1 μg/ml and 30 μg/ml. The Ag-CIT had the most SPR followed by AgNP-bPEI,

Fig 2. SSCmeasurements of AgNP-bPEI treated cells compared to other AgNP treated cells. Comparison of SSC of the four AgNP compounds at 10 μg/ml A, left
and 1 μg/ml B, right. The AgNP-bPEI showed higher values suggesting greater accumulated than the other compounds at 1μg/ml and 10 μg/ml.

https://doi.org/10.1371/journal.pone.0219078.g002

Table 1. SSCmeasurements of cells treated with AgNP and AuNP.

Dose μg bPEI Citrate PVP PEG AU

1 5.2 2.3 ND ND ND

3 9.5 2.6 1.5 1.4 1.4

10 15.5 3.7 2.0 1.8 1.9

30 17.5 6.0 3.1 2.4 2.5

https://doi.org/10.1371/journal.pone.0219078.t001
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AgNP-PEG, and AgNP-PVP. AuNP-PVP showed no SPR. The AgNP-CIT treated cells were

about 100-fold greater than control cells while the AgNP-bPEI treated cells were about 55-fold

greater than control cells at the highest dose used 30 μg/ml.

Microscopic observation of the AgNP inside cells using darkfield microscopy revealed the

relative uptake of NP. Fig 4 shows that there was a greater uptake of 3 μg/ml nanoparticles in

the AgNP-bPEI treated cells compared to 3 μg/ml AgNP-CIT treated cells. The other AgNP

compounds showed similar decreased uptake compared to AgNP-bPEI treated cells (Fig 4).

Non-ionic detergent (NP-40 or Ipgal) was incubated with cells yielding nuclei that were

then stained with PI or DAPI generating the cell cycle data (G1, S and G2/M) using the flow

Fig 3. Comparison of nanoparticle SSC intensity of 4 AgNP and 1μm beads. Side scatter comparison of 4 types of 80 nm AgNP particles measured simultaneously
with 1μmmicron polystyrene beads. The AgNP-bPEI particles had slightly more SSC than the other 3 types of particles. These data were derived by diluting the AgNP
with a defined concentration of beads until the AgNP beads were successively diluted to 106 counts per ml.

https://doi.org/10.1371/journal.pone.0219078.g003

Table 2. Surface Plasmonic Resonance (SPR) vs dose.

Dose μg/ml BEPI Citrate PVP PEG AU-PVP

1 2.4 1.9 ND ND ND

3 3.5 2.8 1.1 1.2 1.1

10 9.5 17.8 3.5 2.8 0.9

30 55.5 104.6 16.3 25.0 .09

https://doi.org/10.1371/journal.pone.0219078.t002
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cytometer. The percentages of each phase in the cell cycle was generated using the Dean and

Jett model from the Multicycle program contained in the FCS Express 6 software [43]. In addi-

tion to measuring DNA intensity with DAPI (10μg/ml) staining, the side scatter of nuclei was

simultaneous obtained from the 488 nm laser. The data are displayed in both cytogram (Fig 5)

and histogram (Fig 6) formats. Fig 5 shows a sequential increase in scatter as the dose increases

from 3 μg/ml to 30 μg/ml for nuclei derived from cells treated with AgNP-bPEI and AgNP-

CIT. The Coefficient of variation (CV) of the G1population increased showing that some

nuclei had more scatter than others presumably due to having more nanoparticles attached to

the nuclei. Fig 6 shows the relative scatter difference of nuclei derived from cells treated with

different types of AgNP compounds. The AgNP-bPEI had greater scatter than the other AgNP

compounds. These particles were not observed inside the nucleus of AgNP treated cells under

darkfield microscopy suggesting that when the nuclei from treated cells are derived for cell

cycle analysis they may have peri-nuclear cytoplasmic tabs containing nanoparticles, which

ultimately increases the nuclear scatter.

S2 Fig and S3 Fig show the cells and detergent lysed nuclei with nanoparticles attached the

nuclei. The cells have nanoparticles contained in the cytoplasm while the nuclei have the nano-

particles associated closely with the surface of the nuclei either through a direct bond or in

cytoplasm remaining attached to nuclei after detergent non-ionic lysis.

The AgNP-bPEI showed the highest increased in nuclei side scatter which was related to

the increased particle accumulation shown with cells (Figs 1 and 2 and Table 1). As the dose

increased, the percentages of G1 for the bPEI treated cells decreased while the percentages for

S and G2/M increased. (Table 3). The CV of the G1 increased as the dose increased indicating

reduced accuracy in the DNA cell cycle modeling. It was not possible to acquire cell cycle dis-

tribution data from 30 μg/ml AgNP-bPEI. At higher concentrations, the Multicycle program

could not generate accurate cell cycle phases due to broadening CV of the G1 population.

In contrast to AgNP-bPEI the cell cycle phases (G1 and S and G2/M) of AgNP-CIT,

AgNP-PVP and AgNP-PEG did not vary greatly with the doses used. There was a slight

increase in S and G2/M as the dose increased from 3μg/ml to 30 μg/ml. In summary it appears

that the percentages of G1 decreased while the percentages of S and G2/M increased suggesting

Fig 4. Microscopic observation of bPEI and citrate coated NP.Microscopic images of cells incubated with AgNP-bPEI (Fig 4A) and AgNP-CIT (Fig 4B) for 24 hours.
The nuclei were stained with DAPI and the cytoplasm was stained with cell mask orange. The AgNP are represented by the white spots in the darkfield microscopy images.
es. Magnification 200x.

https://doi.org/10.1371/journal.pone.0219078.g004
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a retardation of the cell cycle progression with a block in the G2/M phases. The AuNP- PVP

had less nuclei scatter than the other compounds.

AgNP-bPEI cell cycle phases

The DNA histograms from AgNP-bPEI treated cells were used to calculate the percentages of

cells in each phase of the cell cycle using the Multicycle program located in FCS express 6. The

nuclei were derived by detergent lysis with NP40 and stained with DAPI (10μg/ml). There is a

decrease in G1 and an increase in S and G2/M as the dose increased from 1 to 30μg/ml.

The mitochondria-GFP staining was derived from transfecting the cells for 24 hours with

BacMan 2.0 reagents (Thermo-Fisher, Invitrogen). The mitochondria shape was different in the

AgNP-bPEI and the AgNP-citrate treated cells (Fig 7). The mitochondria in untreated cells and

AgNP-CIT treated cells were thin strands that underwent fusion and fission (Fig 7A). However,

after treatment with AgNP-bPEI the mitochondria changed shape and appeared as small beads

(Fig 7B). It has been reported that AgNP-bPEI is toxic to cells at high concentrations, and this

may be the reason for the observation that the mitochondria changed their shape [48].

The cytoplasm was stained with cell mask orange and the nuclei stained with DAPI. Lyso-

somes were stained with RFP-BacMan probes. These microscopic images showed higher

uptake of nanoparticles in the AgNP-bPEI compared to AgNP-CIT. The nanoparticles appear

to be embedded in the region surrounding the nucleus and occupied by the endoplasmic

Fig 5. Flow cytometry cytograms of nuclei treated with AgNP-bPEI and AgNP-CIT. Flow cytometry comparison of DAPI stained nuclei derived from cells treated
with AgNP-bPEI or AgNP-CIT at doses between 1μg/ml and 30 μg/ml. Each successive higher dose resulted in greater amount of side scatter. This was presumably due
to higher uptake of AgNP as shown in the cell scatter data (Figs 1 and 2) and the lack of complete cell lysis at all doses.

https://doi.org/10.1371/journal.pone.0219078.g005
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reticulum (Figs 7 and 8). The cell mask orange plasma stain was shown to stain membranes

which include both interior and exterior cellular membranes. An increased number of parti-

cles were observed with darkfield microscopy in Figs 4,7 and 8 as they reflect more light yield-

ing a brighter and more intense signal. This was correlated to increased light scatter intensity

measurements observed by flow cytometry with SSC illustrated in Figs 1 and 2.

Hyperspectral imaging

The four different types of nanoparticles were investigated using the PARISS hyperspectral

imaging system. To evaluate data derived from the PARISS hyperspectral imaging equipment

Fig 6. Comparison of nuclei SSC histograms fromNP treated cells.Histograms of nuclei derived from cells treated with the 4 types of AgNP at 10 μg/ml (Fig 6A)
and 30 μg/ml (Fig 6B). All samples demonstrated an increase of scatter after AgNP incubation for 24 hours at doses between 1 and 30 μg/ml. All the AgNP showed
greater SSC than the AuNP.

https://doi.org/10.1371/journal.pone.0219078.g006

Table 3. Cell cycle phases of AgNP-bPEI.

Dose μg/ml G1 S G2/M CV-G1

0 83.9 4.7 11.4 3.25

1 79.7 8.0 12.4 3.67

3 81.9 5.8 12.3 3.66

10 70 16.2 13.8 8.70

30 60 ND ND 14.7

https://doi.org/10.1371/journal.pone.0219078.t003
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the system was set up for darkfield illumination using a 75-watt xenon light source. A library

of spectra was derived from light that was scattered by AgNP within the cell and from particles

resting on the surface of the slide (Fig 9). The reflectance spectra had relatively shorter wave-

lengths designated by blue and green pseudo-colors outside of the cell while inside the cell the

NP reflectance spectra yielded longer wavelengths designated by orange and yellow pseudo-

colors.

A spectrum of the Xenon light source was obtained with no cells present on the slide and

this spectrum was divided into the individual spectra of the library to obtain reflectance spectra

library (Fig 9A). Observation of the nanoparticles on the slide surface and within the cells are

shown in a representative image of AgNP-PVP treated cells. The spectra of AgNP observed

outside the cell had shorter wavelengths than spectra derived from AgNP that entered the cell.

The dark-field scatter image of a cell is pseudo-colored using the spectral library (Fig 9B). The

histogram percentages of each spectra from the cell (Fig 9C) and the region outside of the cell

on the slide surface are shown in histograms format (Fig 9D) as percentages of different pixels

represented by the colors shown in Fig 9A. The region in the cell’s interior contains mostly

longer wavelength spectra designated by orange and yellow colors, while the regions outside

the cell on the slide surface is represented by blue and green spectra that peaked at shorter

wavelengths.

During these studies, many of the cells treated with AgNP had showed a circular structure

consisting of concentrated NP on the slides that was not associated with cells (Fig 10). Circles

consisting of nanoparticles NP were observed using darkfield illumination on the slides after

the ARPE-19 cells were exposed to each of the four compounds at 3 μg/ml NP (top row).

These NP circles were pseudo-colored with the spectral reference l library shown in Fig 9A

and were represented in the middle row of Fig 10. The percentages of each reference spectrum

appearing in these circular structures are shown in the corresponding histograms (bottom

row). The AgNP-bPEI and the AgNP-CIT circles had relatively longer wavelengths repre-

sented by primarily orange and yellow pseudo-colored spectra while the AgNP-PVP and

AgNP-PEG circles had relatively shorter wavelengths represented by primarily blue and green

Fig 7. Mitochondria microscopy from AgNP-PVP and AgNP-bPEI treated cells. Comparison of the mitochondria shapes derived from cells treated with
3 μg/ml of AgNP-PVP (Fig 7A) and AgNP-bPEI (Fig 7B). The AgNP-bPEI had beaded shapes while mitochondria derived from the AgNP-PVP treated cells
had a linear strand like formation of mitochondria. The cytoplasm is stained with cell mask orange (designated by red), the mitochondria transfected with GFP
(designated by green) and the nuclei are stained with DAPI (designated by blue). The NP (designated by white) are accumulated throughout the cytoplasm and
around the nuclei with the AgNP-bPEI samples. Magnification 600x.

https://doi.org/10.1371/journal.pone.0219078.g007
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pseudo-colored spectra. This implies that the agglomeration of the particles in the AgNP cir-

cles was different with the AgNP-bPEI and AgNP-CIT compared to the AgNP-PVP and Ag-

PEG. This agglomeration difference between the different AgNP indicated that the degree and

type of agglomeration occurred which could affect the scattering wavelength.

Upon the evaluation of the reflectance of light from these circles, it was found that

AgNP-PVP and AgNP-PEG had spectra that peaked in the shorter range while AgNP-CIT and

AgNP-bPEI had spectra that tended to peak in the longer range. The nanoparticle circles

derived from PVP, PEG, and citrate NP incubations with cells had a hollow core while the

branched had a circle the consisted of particles that had equally distributed concentrations

without a hollow core center. It is not clear what is generating these circular structures, but it

appears from past research in our laboratory that it may be due to adherent proteins that selec-

tively bind nanoparticles during the mitosis process. The positive charge AgNP-bPEI has a

Fig 8. Microscopic comparison between different AgNP.Microscopic comparison of mitochondria after AgNP uptake into cells treated. with AgNP-bPEI,
AgNP-PVP or AgNP-CIT for 24 hours. The AgNP-bPEI showed beaded structures of mitochondria at 0.3μg/ml (Fig 8A) and 3μg/ml (Fig 8B) while the
AgNP-PVP 3μg/ml, (Fig 8C) and AgNP-CIT 3μg/ml,(Fig 8D) showed an elongated formation of mitochondria (designated by green color). The NP
(designated by white color) are accumulated into the lysosomes (designated by red color) with the AgNP-bPEI samples while the NP are accumulated around
the nuclei (Fig 8C) or in the ER (Fig 8D) with the other AgNP coated samples. The cytoplasm was stained with cell mask orange (red) and the nuclei are stained
with DAPI (blue). Magnification 600x.

https://doi.org/10.1371/journal.pone.0219078.g008
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different pattern than the negatively or neutral charged particles and may be responsible for

the different patterns that was observed.

Discussion

The primary aim of this paper was to compare the cellular uptake and distribution of AgNP

with different capping agents. Four types of 80 nm AgNP were used: Branched Polyethylenei-

mine (bPEI), citrate (CIT), Polyvinylpyrrolidone (PVP), and Polyethylene Glycol (PEG) (S1

Table). An 80 nm gold NP (AuNP-PVP) was compared to the other AgNP metallic particles.

Fig 9. PARISS hyperspectral imaging of cell and exterior. The reference spectral library A was obtained by dividing the internal white xenon spectra with
the spectra derived from individual NP or regions of NPs. A region of interest (ROI) was made around in the cell and another ROI was made on the
exterior of the cell (Fig 9B) to determine the amount of reference spectra shown in Fig 9A that existed in these two regions that are expressed in a histogram
format (Fig 9C and 9D).

https://doi.org/10.1371/journal.pone.0219078.g009

Fig 10. Hyperspectral image comparison of 4 types of AgNP. The top row in Fig 10 consists of scattered images from the PARISS hyperspectral system, while the
middle row presents pseudo-colored images using the spectral library shown in Fig 9A. The percentage of each type of spectra is shown in the histograms displayed on
the bottom row of Fig 10. The magnification of the images was 600x.

https://doi.org/10.1371/journal.pone.0219078.g010
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Measures of NP uptake included flow cytometry, fluorescence, dark field microscopic imaging

and PARISS hyperspectral imaging.

The SSC signal was influenced by the type of coating agents i.e. the positively charged

AgNP-bPEI accumulated in cells to greater extent compared to the other AgNP studied. All

coating types of AgNP entered the cells and were detected by a dose dependent increase in the

SSC intensity. The AgNP-CIT and AgNP-bPEI agglomerates, both showed increased emis-

sions in far-red wavelengths indicative of a high surface plasmonic resonance. Silver nanopar-

ticles that settled on the surface of the slides could be observed with darkfield microscopy.

These NP on the slide surface reflected relatively shorter wavelengths of light indicating the

presence of individual particles or small agglomerates of AgNP. In contrast the silver nanopar-

ticles that entered the cells usually formed larger particles by agglomeration that reflected lon-

ger wavelengths of light.

In summary, our research studied the AgNP using the light scatter parameter of the flow

cytometer as a measure of cellular uptake [22,23]. The positive charged AgNP-bPEI was accu-

mulated more readily into cells than the other AgNP studied (Figs 1 and 2, Table 1). AgNP-

bPEI was associated with changes in mitochondrial shape, high level of nanoparticles binding

to the nucleus after non-ionic cell lysis, and interruption of normal cell cycling. Correlated

with the AgNP uptake, was the detection of SPR changes using flow cytometry. The degree of

agglomeration appeared to affect the SPR intensity detected by flow cytometry with AgNP-

bPEI and AgNP-CIT being much greater than AgNP-PEG and AgNP-PVP. Since the doses of

nanoparticles used were relatively low, (usually between 1–10μg/ml), there was only limited

cytotoxicity observed in 24 hours of cell culture. However, using a fluorescence microscopy,

mitochondria transfected with GFP were observed to be converted from long strands into

small round balls which is suggestive of toxicity and possibly a loss of function. Additional tox-

icity of AgNP-bPEI was demonstrated as a decrease in G1 phase and increase in G2/M and S

phases over a 24-hour period, suggesting an inhibition of the normal cell cycle progression.

Thus, the effects of AgNP in a cell culture system could be readily observed and measured,

enabling a comparative analysis of the influence of different types of nanoparticle coating

materials. A major conclusion from these studies was that the positively charged AgNP-bPEI

were accumulated more readily into cells and were generally more toxic to cells than AgNP

with other surface coatings.

The different capping agents of Ag nanoparticles contained unique surfaces that were

designed to help increase their stability in suspensions and enhance their use in specific appli-

cations [13, 14, 17]. For example, PEG coatings deter immunological identification of nano-

form drugs and thereby increase their biological half-lives. PVP coatings generally increase

stability of nanoparticle suspensions. Positively charged or negatively charged coatings (bPEI

and citrate, respectively) provide electrostatic advantages to attach oppositely charged mole-

cules to the nanoparticles, depending on the specific application desired (S1 Table). Thus, bio-

medical and commercial applications of nanoparticles could involve a large variety of coatings,

which profoundly influence the behavior of particles and their potential toxicity. Our data sug-

gests positively charged coatings will be associated with higher potential of accumulating

AgNP in cells, which should be a consideration for the AgNP production.

Flow cytometry data

Previously, our laboratory demonstrated that ARPE-19 cells incubated with either TiO2 or

AgNP absorbed particles inside the cells, which was detected as an increase of flow cytometer

light side scatter (22, 23). The research in this manuscript compared AgNP with four types of

capping agents that provided different surface charges and surface features. The uptake of
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AgNP-bPEI by the cell increased the side scatter of both whole cells (Figs 1 and 2) and isolated

nuclei (Fig 6). This positively charged AgNP-bPEI had the greatest increase in side scatter, sug-

gesting a high absorption of these particles. The negative and neutral compounds (AgNP-PEG,

AgNP-PVP and AgNP-CIT) did not scatter as much light as AgNP-bPEI and were thus

assumed not to be less absorbed by the cells compared to AgNP-bPEI.

There is an observation that NP attached to nuclei are increased in a does dependent manner

after detergent lysis. One hypothesis to explain the association between the nanoparticles and

nuclei is that the NP are imbedded in the ER and this bit of cytoplasm containing NP remains

attached to the nuclei after non-ionic treatment. Another hypothesis that may explain the data

is that the nuclei becomes extremely sticky binding free floating nanoparticles. There was an

increased SSC intensity of the 80nm AgNP-bPEI particles measured on the flow cytometer (Fig

3). This may be due to the surface of the AgNP-bPEI which has rough features as designated by

the branched name that suggests these NP will reflect more light than AgNP containing

smoother surfaces of the Citrate, PEG and PVP. It is not clear if this roughness parameter

effected the absorption or if the positive charge was the primary determinant for absorption.

PARISS hyperspectral imaging

The optical properties of gold and silver nanoparticles are sensitive to particle size, shape, con-

centration, agglomeration state, and refractive index near the nanoparticle surface, which

makes UV/VIS spectroscopy a valuable tool for identifying, characterizing, and studying nano-

materials. Other factors that might affect the wavelength spectra include the microscope con-

figuration, light sources, objectives and mounting media. For many types of nanoparticles, the

spectral wavelengths profiles can shift due to changes in the size, shape, coating, or agglomera-

tion state. Blue-shifting refers to an electromagnetic response that is shifted towards shorter

wavelengths (higher frequencies, higher energies) while red-shifting refers to shifts towards

longer wavelengths. In our studies, AgNP-bPEI and AgNP-CIT appear to clump more inside

the cells resulting in a red shift to longer wavelengths. By comparison AgNP-PVP and AgNP-

PEG, which do not clump as readily in cells or solution, show a shift toward relatively shorter

blue wavelengths. However, particle agglomeration will typically result in a spectral red shift.

The surfaces of PVP and PEG are hard and not displaceable, while citrate and bPEI have sur-

faces which can be modified and exchanged with other molecules making them useful for spe-

cific biological applications. These surface features may be partially responsible for the

biophysical differences that we observed with flow cytometry and PARISS imaging spectro-

photometer instruments.

Surface plasma resonance

The optical properties of silver nanoparticles change when the particles aggregate and the elec-

trons near the surface become delocalized and are then shared among adjacent particles.

When this occurs, the surface plasmon shifts to lower energies and the scattering peaks shifts

to longer spectra. The SPR occurs when the conduction electrons on the nanoparticle surface

undergo a collective oscillation after excitation at specific wavelengths of light [35,36]. This

results in a strong absorption of light followed by oscillation of plasmonic nanoparticles and

an increase in the scattering of light.

These SPR effects were observed to a greater amount with citrate and bPEI surface AgNP

coatings compared with PVP and PEG surface coatings (Table 2). In our studies, AgNP-CIT

demonstrated the most SPR fluorescence, followed by AgNP-bPEI, AgNP-PEG, and

AgNP-PVP. Cells treated with AuNP-PVP coated showed no SPR in contrast to AgNP-PVP

which did show some SPR in the far-red channel on a flow cytometer.

Studies of silver nanoparticles using flow cytometry, microscopy and hyperspectral imaging
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The PARISS hyperspectral imaging data on NP contained in the cells or on the slide showed

that AgNP-CIT and AgNP-bPEI shifted the exciting light to longer wavelength spectra sugges-

tive of higher agglomeration. In contrast, AgNP-PVP and AgNP-PEG shifted the light to rela-

tively shorter wavelengths which was suggestive of less agglomeration indicated by the

detection of less SPR intensity.

It appears that the PARISS hyperspectral imaging data correlates with the SPR flow cytome-

ter data. The greater agglomeration that was observed with AgNP-bPEI and AgNP-CIT using

the PARISS imaging equipment may be related to the flow cytometry data that showed an

increased SPR and increased SSC intensity measurements. In summary, both techniques were

influenced by the degree of particle agglomeration.

Darkfield microscopy

Dark-field microscopy illumination describes a technique that can be used to enhance contrast

in unstained samples. The incident beam is not captured directly by the objective lens, but the

light that has been scattered by the sample is captured which results in a bright image with a

dark background. Essentially, the scattered light that enters the objective lens will produce an

image while the direct light entering the objective is blocked.

Darkfield microscopy has the potential to observe objects below the diffraction limit of the

microscope (220 nm) and therefore is useful to observe nanoparticles that are less than 100 nm

in size [22,25–27]. However, the major limitation of darkfield microscopy is that the sample has

to be strongly illuminated. In the case of nanoparticles, blue biased light from xenon bulbs have

higher energy and lower wavelengths making xenon superior to the red biased light derived

from halogen bulbs. These halogen bulbs are contained in most microscopes as their primarily

bright field light source. Conventional microscopy using differential interference microscopy

(DIC) can only measure NP clumps which have physical sizes above the diffraction limits of the

microscope (around 220 nm). Darkfield microscopy can observe 20 nm AgNP.

The most observable difference between the four types of AgNP by fluorescence micros-

copy was that AgNP-bPEI caused mitochondria to change from long strands in control cells or

AgNP-PVP treated cells [Fig 7A] to a round shaped mitochondria in cells treated with AgNP-

bPEI (Fig 7B). This fluorescence microscopy observation of mitochondrial shape changes may

be related to the toxicity data that is present in the literature with AgNP-bPEI [49]. The

amount of AgNP uptake by cells was also observed by darkfield microscopy (Figs 4, 7 and 8).

There was a greater number of particles absorbed in cells l treated with AgNP-bPEI compared

to cells treated with AgNP-CIT at the same 3μg/ml dose (Fig 4). Future expanded studies on

mitochondria using TEMmay shed more detailed information on the internal configuration

of the mitochondria after interaction with positive and negative charged AgNP.

Green chemistry

The coatings on silver particles described in this manuscript were made with chemical and

physical synthesis by the supplier, nanoComposix. However, there is the possibility of stabiliz-

ing silver molecules by green synthesis with plant extracts and enzymes. These silver nanopar-

ticles synthesized by plant extracts are economical and cost effective and conceivably provide a

product that is better and safer and less toxic for humans and the environment. [50,51] The

molecules have been reduced and stabilized by a combination of biomolecules. These surfaces

on nanoparticles are ecofriendly and may be compatible with biological and pharmaceutical

applications.

With these advantages if would be useful to compare the “green synthesized particles” with

nanoComposix AgNP in regard to their toxicity, uptake, and flow cytometry light scatter and
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their effectiveness in biological applications. This comparison of green chemistry synthesized

nanoparticles with nanoComposix produced silver nanoparticles would be a useful endeavor

for our future research using the technology described in this manuscript.

Conclusions

NP uptake, intercellular agglomeration, and morphological effects were monitored by

microscopy, hyperspectral imaging, flow cytometry and surface plasmonic resonance. Flow

cytometry SSC was again shown to be a good dosimeter of the relative uptake of metallic nano-

particles into cells with some coatings of AgNP being accumulated at a greater rate than other

AgNP molecules. The flow cytometry measurements of side scatter of cells and nuclei showed

that AgNP-bPEI was absorbed more than other compounds at all doses (Table 1 and Fig 1).

The positive charged molecules were toxic to mitochondria. The agglomeration characteristics

of the particles on the surface of slides and within the cells could be studied by the PARISS

hyperspectral imaging system. These methods demonstrated an increase in SPR and a shift to

longer wavelengths with increased agglomeration. In future studies, these methods employed

in this manuscript may help in to understand how NP interact with cells. Future studies will

continue to explore how the different AgNP surfaces effect the potential health risk due to

their relative uptake and potential toxicity.

Supporting information

S1 Fig. PARISS imaging spectrophotometer work flow. An imaging spectrograph (PARISS)

acquires the spectra presented by a field of view (FOV) as it is translated on a computer-con-

trolled microscope stage. Spectral Waveform Cross Correlation Analysis (SWCCA) classifies

all acquired spectra. A reference spectral library of the classified spectra is generated which is

then used to classify and pseudo-color a hyperspectral image of the FOV.

(TIF)

S2 Fig. Nuclei detergent lysis method for cell cycle analysis. The cells that were treated with

AgNP show nanoparticles bound to the nucleus by microscopy and and increase in scatter by

flow cytometry. The flow cytometry data using either PI or DAPI staining shows a dose depen-

dent increase in side scatter in all phases of the cell cycle. The insert shows a cytogram repre-

senting the cell cycle stages with the black values being control and red values being the

cellular sample that was treated with AgNP. The cell cycle of the nuclei was evaluated with the

Multicycle program contained in the FCS express software (De Novo software, Los Angles,

Ca).

(TIF)

S3 Fig. Cells (A) were incubated with 10ug/ml TiO2 Degussa. The image on the left (B) shows

the nuclei stained with DAPI surrounded by nanoparticles with dispersed nanoparticles in the

cytoplasm. After detergent lysis the cytoplasm is largely removed and some of the nanoparti-

cles are attached to the nuclei. Images were acquired sequentially with fluorescence derived

from DAPI stained nuclei (blue) and nanoparticles (white) obtained from with darkfield illu-

mination. The two images were combined using Nikon Elements 5.0. About 30 images of the

round cells were taken with Nikon widefield imaging software allowing for the generation of a

“Z” stack. The images were sharpened using an extended depth focusing algorithm.

(TIF)

S1 Table. Characteristics of Ag coatings of nanoparticles. Derived from the nanoComposix

web site https://nanocomposix.com.

(TIF)
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A B S T R A C T

An important issue for interpreting in vitro nanomaterial testing is quantifying the dose delivered to target cells.
Considerations include the concentration added to the culture, the proportion of the applied dose that interacts
with the target cells, and the amount that is eventually absorbed by the target cells. Rapid and efficient tech-
niques are needed to determine delivered doses. Previously, we demonstrated that TiO2 and silver nanoparticles
(AgNP) were absorbed by cells in a dose dependent manner between 1 μg/ml and 30 μg/ml and were detected in
cells by light scatter using a flow cytometer. Here, we compare four potential indices of the dose of AgNP to cells,
including: inductively coupled plasma - mass spectrometry (ICP-MS); flow cytometry side scatter (SSC); and
amount of silver deposited to the cell layer as estimated with both an integrated Volumetric Centrifugation
Method - In Vitro Sedimentation, Diffusion and Dosimetry Model (VCM-ISDD) and a Distorted Grid (DG) model.
A retinal pigment epithelial cell line was exposed to 20 nm or 75 nm citrate-coated AgNP for 24 h. The re-
lationships between particle sizes and internalized doses varied according to the dose metric. Twenty-four hours
after exposure, the cell layer contained a greater mass of silver when treated with 75 nm AgNP than with 20 nm
AgNP. When the dose was expressed as the number of particles or as the total surface area of absorbed particles,
however, the reverse was true; the dose to the cells was higher after exposure to 20 than 75 nm AgNP. Flow
cytometry SSC increased with dose for both sizes of AgNP, and was correlated with Ag in cells measured by ICP-
MS. The rate of SSC increase was greater for 75 than for 20 nm AgNP, suggesting it could be used as an indicator
of cellular dose after accounting for particle size and composition. Silver was detected by ICP-MS in re-suspended
supernates of the isolated cell layer suggested that not all the silver deposited to the cell layer was absorbed by
the cells. Both the VCM-ISDD and DG models estimated the proportion of Ag deposited to the cellular layer,
which in both cases was greater than the amount of silver in the cells measured by ICP-MS. Modeled deposition
more closely compared to the total Ag deposition by ICP-MS, i.e. mass of silver in the cells plus the resuspended,
unabsorbed Ag from the cell layer. ICP-MS indicated the mass of silver in cells from AgNP treatment, but not
whether the Ag was in the form of particles or dissolved ions. Deposition models predicted the amount of AgNP
deposited to the cell layer, but not cellular uptake. Flow cytometry SSC was correlated to cellular uptake of
particle-form AgNP and could be calibrated against ICP-MS to indicate mass of cellular uptake. Therefore, a
combination of approaches may be required to accurately understand cellular dosimetry of in vitro nanotox-
icology experiments. In summary, cellular dosimetry is an important consideration for nanotoxicology experi-
ments, and not necessarily related to the applied dose.
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1. Introduction

Nanotechnology, including the use of engineered nanomaterials
(ENM), is a growing part of commerce that is expected to make an ever
increasing contribution to global economic development (PCAST,
2014). Nanoparticles are being incorporated into many applications,
and although the uses and forms of nanomaterials in many consumer
products are unknown, inventories of products suggest that silver na-
nomaterials (AgNP) are incorporated into more consumer products than
nanomaterials of other composition (Hansen et al., 2016; Vance et al.,
2015). Among the product categories that may contain silver nano-
particles are personal care products, home and garden products, cos-
metics, food and beverage containers, filters, appliances, sporting
goods, children's products, electronics, automotive components, and
dietary supplements. The variety of engineered materials and their
applications is growing at a pace more rapid than can be evaluated for
potential hazards in a conventional way. As is true for the large number
of conventional chemicals with inadequate toxicity and exposure data
(NRC, 2007), alternative approaches for evaluating potential hazards of
ENM are necessary if they are to be used in a responsible and sustain-
able fashion.

Several alternative testing strategies for ENM are being developed,
many of which rely on in vitro testing at some phase of a tiered testing
sequence (Arts et al., 2015; Arts et al., 2014; Cohen et al., 2013b; Evans
et al., 2017; Farcal et al., 2015; Godwin et al., 2015; Hartung and
Sabbioni, 2011; Oomen et al., 2014; Som et al., 2013; Stone et al.,
2014). With in vitro systems, the dose of nanomaterials reaching the
cells is an important consideration, and does not necessarily reflect the
concentration of materials added to the system (Hinderliter et al., 2010;
Schmid and Cassee, 2017; Teeguarden et al., 2007). Typically, in vitro

test systems involve cells that grow adherently to the bottom of cell
culture flasks, or wells of multi-well plates, and nanoparticles are dis-
persed in a suspension fluid added to the cell culture media above the
cell layer. Characteristics of nanoparticle suspensions are dependent on
dispersion method and composition of both the dispersed nanomaterial
and the dispersing media. In this situation, the dose of particles re-
ceived by cells is dependent upon processes occurring in the media
above the cells such as particle diffusion and sedimentation, which in
turn are governed by nanoparticle properties such as size, surface
charge, particle agglomeration, agglomerate density, media viscosity,
osmolarity and temperature (Cohen et al., 2013a; Cohen et al., 2014;
Hinderliter et al., 2010; Teeguarden et al., 2007). In a suspension ap-
plied to an in vitro system, size and density of nanomaterial agglom-
erates, along with stability of the suspension over time, affect the cel-
lular dose.

Several successive computational models of particle deposition and
dosimetry have been developed to estimate dose of ENM deposited to
the cell layer in vitro (Cohen et al., 2014; DeLoid et al., 2015;
Hinderliter et al., 2010; Thomas et al., 2018). The initial contribution to
this area was the In vitro Sedimentation, Diffusion and Dosimetry
(ISDD) model (Hinderliter et al., 2010) which featured equations for
particle diffusion, based on the Stokes-Einstein equation, and gravi-
metric sedimentation, based on the Stokes Law, while accounting for
particle size, particle density, agglomeration state, media viscosity and
temperature. A general observation from the ISDD model was that the
transport of small particles (<~10 nm) was governed primarily by
diffusion, larger particles (>~100 nm) primarily by sedimentation,
and transport of particles between 10 and 100 nm was governed by a
mixture of diffusion and sedimentation. The ISDD model provided
reasonable approximations of particle deposition to the cellular layer
compared to measured deposition of iron oxide, polystyrene and
amorphous silica particles. Deloid, Cohen and co-workers offered a
simple volumetric centrifugation method (VCM) to measure agglom-
erate density, and enhanced the original ISDD model to incorporate the
measurements (VCM-ISDD) (Cohen et al., 2014; DeLoid et al., 2014).
This was followed by the Distorted Grid (DG) model, which addressed a

parameter termed “stickiness” in the VCM-ISDD model. Stickiness refers
to the propensity of particles to adhere to the cell layer rather that
returning to the media by diffusion. Assuming a sticky lower boundary
creates a sink, artificially pulling particles downward due to the con-
centration gradient. Furthermore, it allowed for multiple agglomerate
size populations, considered potential dissolution of particles over time,
and modeled particle deposition among layered sections of the media as
well as at the cellular layer at the bottom of the well (DeLoid et al.,
2015). These models were critically reviewed in 2015 (Cohen et al.,
2015), and a recent version of ISDD incorporating potential dissolution
(ISD3) has become available (Thomas et al., 2018). Hinderliter and
colleagues note that experimental determination of cellular content of
nanomaterials is the “gold standard”, but that modeling deposition can
be a useful adjunct to such measurements (Hinderliter et al., 2010).

Experimental confirmation of cellular dose is not necessarily
straightforward. Where nanoparticles are composed of one or more
metals, a typical approach to quantitate dose delivered to cells is to
measure the concentration of the constituent metals in the cell layer
using techniques such as inductively coupled plasma - mass spectro-
metry (ICP-MS) or inductively coupled plasma - optical emission
spectrometry (ICP-OES). These methods can be time- and labor-in-
tensive, are not suitable for higher throughput sampling and cannot be
readily applied to carbon-based nanomaterials. Also, it may be difficult
to differentiate nanoparticles inside cells from extracellular particles on
the cell surface or otherwise deposited among the cell layer.
Furthermore, such measurements provide information only about the
amount of the ENM constituent elements present in the sample, and not
the form; for example, the data do not indicate whether the metal was
in a dissolved ionic or particle form.

Previously, a dose-dependent increase of flow cytometry SSC signal
was observed when cells were incubated with nanoparticles of TiO2,
silver or other reflective materials (Ha et al., 2018; Sanders et al., 2012;
Suzuki et al., 2007; Toduka et al., 2012; Zucker et al., 2013; Zucker
et al., 2010). It was apparent that the nanoparticles absorbed into the
cells were responsible for the increased reflected light comprising the
side-scatter signal, and that flow cytometry was responsive to the pre-
sence of nanoparticles rather than ionic components dissolved from the
particles. Recently, an international consortium demonstrated good
interlaboratory agreement using flow cytometry to measure cellular
uptake of fluorescently-labeled polystyrene nanoparticles (Salvati et al.,
2018). Flow cytometry was also a more rapid and efficient index of
cellular uptake of nanoparticles than ICP-MS. Not all nanoparticles are
fluorescent, however, making it necessary to use side scatter measure-
ments to indicate uptake of non-fluorescent particles. The SSC measures
the amount of reflected light from a cell and therefore, like fluores-
cence, is an indirect indicator of particle uptake rather than a direct
measure of mass or number of nanoparticles in a cell.

In the current work, cellular dose was evaluated using a human
derived retinal pigment epithelial cell line (ARPE-19). The ARPE-19
cells were used primarily to be consistent with previous work (Sanders
et al., 2012; Zucker et al., 2013; Zucker et al., 2010). Ocular exposure to
nanoparticles might occur either deliberately through application of
nano-enabled ophthalmic drugs (Andonova, 2016), or inadvertently
through topical or systemic exposure. Nanocarriers for ocular drug
delivery are being developed for both topical and systemic routs of
delivery (Diebold and Calonge, 2010). Following inadvertent exposure
including oral or inhalation exposure and subsequent systemic ab-
sorption, posterior portions of the eye could become exposed to nano-
materials via blood-borne delivery to the retinal choroid. The retinal
choroid features fenestrated arteries and receives 85% to the total
ocular blood flow, yielding the highest ratio of blood flow/mass of
tissue in the body. The retinal pigment epithelium serves as a diffusion
barrier between the retinal choroidal blood flow and the retinal pho-
toreceptor outer segments (Fox and Boyes, 2013). The retinal pigment
epithelial cells have a high rate of phagocytosis associated with daily
digestion of photoreceptor outer segments. Thus, systemic absorption of
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nanomaterials could readily lead to blood-borne RPE exposure. Also
important is the slow rate of ocular clearance. Song et al. (Song et al.,
2013) showed that 12 weeks after cessation of inhalation exposure to
silver nanoparticles, clearance of silver from the eye was slower than
from most other tissues except perhaps the brain and, for females, the
ovaries. Thus, the high rate of choroidal blood flow, the high rate of
RPE phagocytosis and the slow rate of ocular clearance make the pos-
terior segment of the retina and the RPE cell layer a potential target for
ENM exposure.

The current experiments evaluated the dose to ARPE-19 cells 24 h
after treatment of 20 or 75 nm citrate-coated AgNP. The results of the
current experiments demonstrated that particle size was an important
factor in cellular dosimetry due to differential partitioning of particles
between the culture media and the cell layer. More silver remained in
the media 24 h after treatment than was deposited to the cell layer, and
more silver remained suspended for 20 than 75 nm AgNP. Conversely, a
greater mass of silver was deposited onto the cell layer for 75 than
20 nm AgNP. There were linear relationships between the mass of Ag in
cells measured by ICP-MS and flow cytometry SSC, but the relationships
differed for different sized AgNP. The VCM-ISDD and DG models esti-
mated a greater mass of silver deposition than was measured by ICP-MS
in the cellular layer, a difference reflecting AgNP deposited to the cell
layer but not absorbed by the cells. The results indicate that flow cy-
tometry SSC can serve as a rapid index of cellular uptake of light-re-
flective nanoparticles. Overall, they illustrate the importance of in-
dependent confirmation of cellular dose for in vitro nanotoxicology
research.

2. Materials and methods

2.1. Silver nanoparticles

Biopure AgNP (20 nm and 75 nm) coated with citrate were obtained
from NanoComposix (Santa Cruz, CA) as 1mg/ml suspensions. Each lot
of AgNP was characterized by the supplier who provided lot-specific
TEM images, particle size distributions, and ultraviolet-visible (UV-Vis)
spectroscopy, among other characterization parameters (Supplemental
materials, Figs. S1 and S2).

2.2. AgNP suspensions

Dilutions of nanoparticle suspensions were prepared immediately
before treating cells and used within 10min of preparation. The 1mg/
ml stock suspension of AgNP received from the supplier was vortexed (2
5-s bursts), and 1-ml of stock suspension was added to 9ml of cell
culture medium in a 50-ml centrifuge tube. Further dilutions of 3, 10
and 30 μg/ml were made from the resulting 100 μg/ml suspension, and
vortexed again immediately prior to cell treatments.

2.3. Characterization of AgNP in cell media

It was important to determine the stability of AgNP in cell culture
media over time related to potential dissolution of particles to silver
ions, or to formation of agglomerates. The stability of 20 or 75 nm
AgNP in assay media over the time of incubation was investigated by
dynamic light scattering (DLS), centrifugal ultrafiltration, Nanoparticle
Tracking Analysis (NTA), UV−Vis absorption, and by single particle
ICP-MS (spICP-MS). A Zetasizer Nano ZS (Malvern Instruments, Ltd.,
Worcestershire, UK) was used to evaluate hydrodynamic size distribu-
tions by DLS, stability and zeta potentials of AgNP in cell culture
medium.

Nanoparticle Tracking Analysis (NTA) was performed with a
NanoSight NS500 instrument (NanoSight, UK), using procedures de-
scribed elsewhere (Rogers et al., 2018).

For UV-Vis evaluations, AgNP were dispersed in cell culture media
at a concentration of 10 μg/ml and maintained at 37 °C in a heating

cabinet. AgNO3 was added to media as a control for total dissolution. At
the time points of 0 and 24 h, a 5ml sub-sample was taken and sub-
sequently filtered through a 10 kDa centrifugation filter (Amicon Ultra-
15, 10 K, Millipore, Bedford, MA) at 6000 g for 20min. The total silver
concentration in the filtrates was measured by ICP-OES after acid di-
gestion.

The surface plasmon resonance of the AgNP suspensions in deio-
nized water and media was investigated by measuring UV−Vis ab-
sorption spectra at the time points 0 and 24 h. UV-Vis spectra were
collected over a wavelength range of 200–800 nm. Media blank and
AgNP in de-ionized water served as control samples.

The size of the AgNP after 24 h in media was also evaluated by
spICP-MS (Degueldre and Favarger, 2003). Prior to the analysis, all
samples were diluted to the final silver concentration of 10 ng/L and
analyzed in spICP-MS mode. Gold nanoparticle reference material
(NIST 8013), with reference value of 60 nm, was diluted to 5 ng/L gold
concentration and used for the evaluation of nebulization efficiency.

2.4. Cell culture

A human derived retinal pigment epithelial cell line (ARPE-19 cells;
ATCC; Manassas, VA) was selected for comparison with previous work
(Al-Abed et al., 2016; Sanders et al., 2012; Zucker et al., 2013; Zucker
et al., 2010). The ARPE-19 cells were grown in DMEM/F12 (pH 7.4),
without phenol red (Life Technologies, Grand Island, NY), containing
10% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, and in-
cubated at 37 °C in 95% air and 5% CO2 (Sanders et al., 2012). The cells
were obtained from the supplier at passage 21 and used for experiments
at passage 28. Four T-25 cm2

flasks containing ARPE-19 cells grown to
confluence were treated with either 0, 3, 10, or 30 μg/ml of 20 or 75 nm
citrate-coated AgNP in cell culture medium. All suspensions of AgNP
were thoroughly vortexed prior to application. To treat cells, flasks
were gently tipped vertically without disturbing the layer of adherent
cells, growth media was removed from the culture flask and replaced
with media containing the appropriate concentration of AgNP. After
24 h, samples from flasks with cells were split for analysis by ICP-MS
and flow cytometry. Four identical flasks, containing no cells, were also
treated with each dose of AgNP and submitted to ICP-MS. A schematic
diagram of the experimental design is presented in Supplemental Fig.
S3.

2.5. Dosimetry modeling

The deposition of AgNP to the cell layer was estimated through
established particle kinetic models. The VCM-ISDD and DG models
were used to calculate the fraction of the applied dose deposited to the
cell layer as a function of time after treatment (Cohen et al., 2013a;
DeLoid et al., 2015; Hinderliter et al., 2010). For the AgNP suspensions,
effective density of the agglomerates (ρev) was measured by volumetric
centrifugation (MIDSCI; St. Louis, MO) as described by Deloid (DeLoid
et al., 2015). In addition to effective density, the model inputs included
the hydrodynamic diameter measured by DLS (Table 1), the media
volume (5ml), height within the flask (4mm), temperature (310 K),
media density (1.0062 g/cm3), media viscosity (0.685 cP), and con-
centration of the initial suspension. For comparison, the VCM-ISDD and
DG models were also run with the hydrodynamic diameter values de-
rived from the NTA evaluation.

2.6. Cytotoxicity

Cell viability was assessed with a live/dead assay staining with
calcein-AM and propidium iodide (PI) (Invitrogen, Carlsbad, CA) as
reported elsewhere (Sanders et al., 2012).
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2.7. Sample collection for ICP-MS and flow cytometry

The uptake of AgNP into cells was measured experimentally.
Treatment suspension, original and spent: 100 μl of each original
treatment suspension was placed into a pre-weighed tube for ICP-MS
analysis. After 24 h, 300 μl of spent treatment suspension was recovered
from each flask and placed into a pre-weighed tube for ICP-MS analysis.
All flasks were rinsed with 5ml of Hank's Balanced Salt Solution
(HBSS); a 300-μl aliquot of this rinsate was put into pre-weighed tubes
for ICP-MS analysis.

Supernatant: One ml of trypsin/EDTA (0.05%/0.02%) in HBSS was
added to each flask and incubated at 37 °C with 95% air and 5% CO2 for
7.5 min. Flasks were then washed twice with 5ml of HBSS.
Resuspended washes from each flask were collected in centrifuge tubes
and centrifuged at 800 g for 7.5 min at room temperature to separate
cells from medium. A 300-μl aliquot of each supernatant was added to
the corresponding pre-weighed tube for ICP-MS analysis.

Cell Pellet: The remaining supernatant was removed from the cen-
trifuge tubes and discarded. Each cell pellet was resuspended in 500 μl
of fresh medium and the resulting cell suspension was divided into two,
250 μl aliquots. One of the aliquots was pipetted into a pre-weighed
ICP-MS tube and the other aliquot was saved for analysis by flow cy-
tometry.

2.8. ICP-MS

ICP-MS analysis was performed as described elsewhere (Prasad
et al., 2013). Briefly, the samples were digested in an HNO3:HCl acid
mixture (Daskalakis et al., 1997), sonicated, and cooled to room tem-
perature. Following overnight heating in a 60 °C oven, samples were
diluted in 0.4% HCl in milli-ultrapure water. Silver content was mea-
sured with Inductively Coupled Plasma–Mass Spectrometry (ICP-MS,
Model ELAN6000, PerkinElmer, Shelton, CT) according to EPA Method
200.8rev5.4 (US-EPA, 1994).

2.9. Flow cytometry

A flow cytometer (S1000, Stratedigm, San Jose CA) containing a
100mW 488 nm laser and a 100mW 405 nm laser was used. The de-
tection of the scatter intensity signals was measured with a forward
scatter (FSC) diode detector, and the SSC photomultiplier tube (PMT)
detector. Prior to each experiment, the instrument was checked for
resolution and sensitivity with Duke 3.0 μm alignment beads (Shapiro,
2001; Zucker, 2008) and with Stratedigm QA beads to insure the ma-
chine alignment met specifications. The cytometer was set up to mea-
sure FSC and SSC logarithmically using 488 nm trigger laser and
405 nm laser for side scatter detection, as the shorter wavelength pro-
vided better resolution. A total of 5000 cells were counted for each
sample. The data were analyzed using Stratedigm and FCS Express

software. The photomultiplier tube voltage was optimized to use four
decades of log amplifiers. Ranges for the maximum SSC signal and
minimum FSC signal were set by running the highest dose of nano-
particles first, followed by the control cells. Values for the AgNP-treated
cells were normalized to control and expressed as an increase relative to
control.

3. Results

3.1. Characterizing nanoparticles and nanoparticle suspensions

The AgNP had a uniform size and spherical shape. Lot-specific TEM
images of AgNP obtained from the supplier are presented in
Supplemental Figs. S1 and S2.

The dispersions of AgNP in FBS-containing cell culture media were
determined at 0 and 24 h after preparation of the suspensions using the
Dynamic Light Scattering (DLS), which provided both a measure of
hydrodynamic diameter and a poly-dispersion index (PDI), by
Nanoparticle Tracking Analysis (NTA) (Table 1). There was little dif-
ference between time 0 and 24 h measurements within either DLS or
NTA assessments, indicating that the AgNP suspensions in cell culture
media were stable over the duration of the experiment. The hydro-
dymnamic diameters measured by DLS were larger than those mea-
sured by NTA, reflecting the different analytic approaches used by the
two instruments, as discussed below.

The potential dissolution or agglomeration of AgNP was measured
in cell culture media. The filtrates observed from the centrifugal ul-
trafiltration experiment were analyzed after acid digestion by ICP-OES;
however, all data observed from media spiked with AgNP were below
the method detection limit for silver (10 μg/L). After filtration of assay
media spiked with AgNO3, 91% of silver was recovered in the filtrates.
These results suggest that there was little dissolution of AgNP into silver
ions. In case of AgNO3 prepared in deionized water, 100% of silver was
recovered in the filtrates, suggesting that the presence of proteins al-
tered the filtration process and bound what free silver ions existed,
causing incomplete recovery of silver ions in the assay media.

To clarify the agglomeration behavior, AgNP were incubated in
media over the experimental time course and analyzed using UV-Vis
spectrophotometry. Although no loss in the distinctive yellow color of
AgNP was observed in media by the end of the study, UV−Vis ab-
sorbance spectra showed changes that were in some cases indicative of
particle agglomeration (Fig. 1). In the case of 20 nm AgNP upon addi-
tion of cell culture media, an immediate loss in absorbance at 400 nm
was observed compared to AgNP in DI water. This change in plasmon
resonance absorbance was followed by a slight broadening and less
intense peak after 24 h. The loss of absorbance, broadening of the peak,
and slight shift toward longer wavelengths were also accompanied by
the appearance of an absorbance peak around 550 nm, all of which are
indicative of particle agglomeration.

For the 75 nm AgNP in water or media at time zero and 24 h, the
AgNP showed little change in the absorbance peak at about 440 nm.
Nevertheless, the plasmon resonance absorbance peak shifted slightly
toward the red after 24 h incubation in media, indicating only minor
agglomeration of the large particles (Fig. 1).

Single particle ICP-MS analyses were performed on both 20 and
75 nm particles incubated in cell suspension media for 24 h. Assuming
the spherical shape and knowing the molecular mass of Ag, the
equivalent sphere diameter was calculated and compared with the TEM
data provided by supplier. The size detection limit of the spICP-MS
method for AgNP was determined to be 18 ± 5 nm. The data from the
analysis of the 20 nm AgNP in cell media after 24 h incubation were
fitted with the log normal function resulting in mean value of 51 nm
(compared to the manufacturer TEM analysis, Supplemental Fig. S1,
19 nm) suggesting partial aggregation of the 20 nm nanoparticles after
24 h (Supplemental Fig. S4).

By contrast, the 75 nm AgNP in media for 24 h showed Gaussian

Table 1

Silver nanoparticle agglomerate size determinations by DLS, NTA and spICP-
MS.

Nominal
size nm

Matrix Incubation
time (hrs)

DLS
nm (SD)

PDI NTA
nm (SD)

spICP-MS
nm

AgNP 20 DI NA 53 (4) 0.41 99 (53) NA
AgNP 20 Cell media 0 244 (14) 0.28 100 (57) NA
AgNP 20 Cell media 24 251 (18) 0.29 90 (51) 51
AgNP 75 DI NA 94 (8) 0.19 84 (31) NA
AgNP 75 Cell media 0 338 (25) 0.18 104 (40) NA
AgNP 75 Cell media 24 388 (26) 0.18 116 (44) 67

Abbreviations: AgNP - silver nanoparticles; DLS – dynamic light scattering; SD –

standard deviation; PDI – poly-dispersion Index; NTA – nanoparticle tracking
analysis; spICP-MS – single particle inductively-coupled plasma – mass spec-
troscopy; DI – distilled deionized water; NA - not available or not applicable.
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distribution with a mean value of 67 nm (compared to the manufacturer
TEM centered around 75 nm). The results suggested that the 75 nm
AgNP showed little agglomeration.

3.2. Modeling AgNP deposition

The VCM-ISDD and DG models were used to predict particle sedi-
mentation over time and estimate dose delivered to the cell layer fol-
lowing treatment with either 20 or 75 nm AgNP. The effective density
of the agglomerates (ρev) in cell culture media measured by volumetric
centrifugation for 20 nm AgNP was ρev=2.41 g/cm3, and for 75 nm
AgNP was ρev= 3.45 g/cm3. The percentage of particle deposition
predicted by the VCM-ISDD and DG models for each population of
agglomerated silver particles is presented in Fig. 2. Over 24 h, the VCM-
ISDD model predicted the total deposition to the cellular layer of 26%
of the applied does for 20 nm AgNP and nearly 100% of the applied
dose for 75 nm AgNP. The DG model, assuming a non-sticky parameter,
estimated 20% fraction deposited for 20 nm AgNP and 59% for 75 nm
AgNP.

3.3. Measuring Ag mass deposition and distribution

The mass of silver was measured by ICP-MS in the cell layer, su-
pernatant post trypsinization, cell media and washes of the cell layer
24 h after treatment with either 20 or 75 nm AgNP. Silver content in the
media and cell layer are presented in Fig. 3. Silver was present in the
spent treatment suspension, the cell pellet, and supernatant, but no
silver was detected in the HBSS or media washes. The potential loss of
particles to the flask walls was evaluated by calculating % recovery
from the ICP-MS samples. Recovery of the applied dose of silver added
to the flasks ranged from 94 to 99% for 20 nm AgNP, and 86–93% for
75 nm AgNP. By ICP-MS, the amount of silver in the cell pellet 24 h
after treatment averaged 9% of applied dose for 20 nm AgNP and 35%
of applied dose for 75 nm AgNP. As the supernatant reflected deposited
but not internalized AgNP, the average total fraction deposited was
13% and 40% for 20 nm and 75 nm AgNP, respectively. In both cases,
most of silver remained in the media 24 h after treatment, and the
percentage of silver in the media was greater following 20 nm (88%)
than 75 nm (60%) AgNP.

The fraction of silver deposited to the cell layer, estimated by the

VCM-ISDD and DG models, was compared to the total measured frac-
tion deposited (cell pellet and supernatant) by ICP-MS 24 h after ex-
posure to 20 or 75 nm AgNP (Fig. 2). The fraction of silver deposited in
the cell layer estimated by DG was 39% higher than the ICP-MS mea-
sured concentration of silver in the ARPE-19 cells for 20 nm AgNP, and
estimated by VCM-ISDD was 52% more than the ICP-MS measured
amount. For 75 nm AgNP both models overestimated the fraction de-
posited, by 32% in the case of DG and 59% for VCM-ISDD.

The amount of silver measured in the cell pellet by ICP-MS was used

Fig. 1. UV-Vis absorbance of 20 nm (Panel A) or 75 nm (Panel B) AgNP. Data represent readings from the cell culture media blank (black), citrate-AgNP in media at
time point 0 h (red) or 24 h (blue), or citrate-AgNP in deionized water at 0 h (green). The 20 nm signal showed a reduction in the 400 nm peak when moving from DI
water to media, and between 0 and 24 h in media, indicating a reduction of individual particles in suspension. These was a simultaneous increase in surface plasmon
resonance between 500 and 600 nm, which reflects an increase of agglomerated particles. The 75 nm signal, in contrast, was stable across media and over time,
indicating a lack of agglomeration of the 75 nm particles. The stability of the 75 nm signal suggests that there was relatively little dissolution to silver ions over the
24 h period. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Fractional deposition of Ag to the cellular layer 24 h after treatment
with 20 or 75 nm AgNP. Deposition was measured by ICP-MS and modeled by
both the ISDD and DG models. The quantity measured by ICP-MS was a sum of
that measured in the cells and that measured in the supernatant from the cell
layer sample, which represents Ag deposited to the bottom of the culture plate
but not absorbed by the cells. The ICP-MS data reflect the mean (± SEM) of the
three applied concentrations tested (3, 10 and 30 μg/ml). The deposition frac-
tion estimated by both models did not vary by added initial concentration. Both
models overestimated the proportion of silver deposited, but the DG model was
a closer approximation of measured deposition than the ISDD model. Both
models provided closer approximations of deposition for 20 than for 75 nm
AgNP.
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Fig. 3. Ag in cell layer and media measured
by ICP-MS as a function of the concentration
of either 20 nm (Panel A) or 75 nm AgNP
(Panel B) applied to the cells. After 24 h,
much of the silver mass remained in the
media, and the amount depended on par-
ticle size. More of the silver remained in
suspended in the media for 20 than 75 nm
AgNP, Data are from one T-25 flask per
dose. Standard deviation error bars from 6
replicate ICP-MS analyses are smaller than
the plotted lines.

Fig. 4. Dose to the cell layer 24 h after treatment with either AgNP, where dose was expressed as mass (Panel A), particle number (Panel B), or surface area (Panel C).
Smaller diameter particles have a higher surface area to mass ratio, and a higher particle number to mass ratio than larger particles. Different measures of dose can
lead to opposite conclusions, when expressed as mass, the dose to the cells was higher for 75 and 20 nm AgNP, but the opposite was true for the other two measures of
dose.

Fig. 5. Flow cytometry side scatter measured 24 h after treatment with either 20 (Panel A) or 75 nm AgNP (Panel B). The cells were counted in a Stratedigm flow
cytometer measuring the forward scatter and side scatter cluster. The side scatter intensity signal was approximately proportional to the amount of Ag citrate that was
applied to the cell cultures. The 75 nm particles scattered a greater amount of light than the 20 nm particles at all doses.
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to calculate three internalized dose measures under the assumption that
the particles were of uniform spherical shape and size. The dose mea-
sures included: silver mass expressed as μg, number of particles, and
total surface area (nm2) (Fig. 4). Expressing the dose to the cells in these
three ways led to different conclusions. When measured as mass, the
dose to the cells was higher following treatment with 75 nm than 20 nm
AgNP. The reverse was true, however, with the other two measures. The
comparable dose to cells was higher following 20 than 75 nm AgNP
when expressed as either particle count or surface area.

3.4. Cytotoxicity

The toxicity of AgNP on ARPE-19 cells was studied through a live-
dead stain assay (Sanders et al., 2012). There were no decreases in cell
viability at dose levels below 55 μg/ml (Supplemental Fig. S5). These
data assured that deposition and uptake measurements following dose
levels at or below 30 μg/ml were not confounded by cytotoxicity.

3.5. Measuring AgNP cellular uptake

Side scatter (SSC) intensity was measured from ARPE-19 cells 24 h
after treatment with 20 or 75 nm AgNP at 0, 3, 10 or 30 μg/ml. For both
20 and 75 nm AgNP, there was a dose-dependent increase in SSC in-
tensity (Fig. 5). Cells treated with 75 nm NPs showed greater relative
increase in SSC intensity than cells treated with the same applied dose
of 20 nm AgNP.

The relative flow cytometry side scatter values of cells treated with
20 or 75 nm AgNP are plotted against the mass of silver measured by
ICP-MS in split samples from the same batches of treated cells (Fig. 6).
For both 20 and 75 nm AgNP, there was an approximately linear re-
lationship between the mass of silver in the samples and the amount of
side scatter light reflected from the cells in the samples. The slope of the
relationships between silver mass and side scatter differed for the dif-
ferent particle sizes, consistent with the fact that larger sized particles
reflect more light than smaller sized particles.

4. Discussion

4.1. Major outcomes

The current experiments demonstrated that there was a substantial
difference between the dose of nanoparticles added to an in vitro test
system and the dose delivered to the cells. The results of the ICP-MS
assay showed that the amount of silver taken up by the target cells 24 h
after treatment differed considerably from the dose applied to the cell
culture wells, and varied considerably based on particle size. As much
as 87% of the silver applied to the culture as 20 nm AgNP remained
suspended in the media 24 h after treatment. The discrepancy between
applied and intracellular doses was less extreme for 75 nm AgNP, but
still a substantial portion (~60%) of the applied dose remained in
suspension at 24 h after treatment. This discrepancy between applied
and delivered doses illustrates the peril of using applied concentration
as the dose measure in in vitro nanotoxicology experiments.

To determine the dose of AgNP delivered to cells, several ap-
proaches were evaluated. First it was necessary to determine if the
AgNP had dissolved to silver ions or remained in particle form. This was
evaluated by filtration, UV-Vis and spICP-MS assays, all of which in-
dicated that little dissolution occurred. Next it was necessary to assess
the dispersion and agglomeration state of the particles in suspension
using DLS and NTA assays. Both assays indicated formation of larger
hydrodynamic structures, with the apparent agglomerate size being
larger by DLS than NTA. Values of agglomeration diameter and density
were used as input parameters to model deposition of AgNP to the
bottom of the cell culture plates using two deposition models VCM-
ISDD and DG. Those deposition results were compared to measure-
ments of silver concentrations in the cell layer by ICP-MS. Finally, flow
cytometry was used to confirm AgNP uptake in cells and calibrated
against ICP-MS measurements of silver content in cells liberated from
the cell layer. The deposition model results overestimated ICP-MS mass
of intracellular silver but agreed reasonably with the summed in-
tracellular and unadsorbed but deposited silver, revealing the im-
portance of accounting for deposited but unabsorbed AgNP. Finally,
flow cytometry SSC was linearly related to intracellular silver mass by
ICP-MS and could be useful as an efficient surrogate measure for the
absorbed cellular dose of nanoparticles.

4.2. Stability of particles

One possibility to account for the relatively large proportion of
silver remaining in the media 24 h after treatment was that the AgNP
dissolved into silver ions. Potential dissolution of AgNP over the course
of 24 h in cell culture media was evaluated by filtration. Although silver
nitrate solution readily passed the filter, no silver was detected in fil-
trate of AgNP suspensions, suggesting that little particle dissolution
occurred. The data from both the UV-Vis and spICP-MS assays were also
consistent with the continued presence of silver in the nanoparticle
form after 24 h in media.

The state of particle agglomeration in cell culture media was eval-
uated by UV-Vis absorbance, and spICP-MS. The UV-Vis analysis in-
dicated agglomeration of the 20 nm particles in cell culture media over
24 h but showed little evidence of agglomeration for 75 nm AgNP. The
spICP-MS data suggested a primary particle size of 51 nm for the 20 nm
AgNP and 67 nm for the 75 nm AgNP, which indicates that the 75 nm
particles were primarily un-agglomerated. The spICP-MS results for
20 nm particles suggested agglomeration of the particles by 24 h to
form clusters of approximately 50 nm in diameter.

Suspensions of AgNP in cell media that contain proteins typically
result in the formation of a ‘protein corona’ which increases the AgNP
hydrodynamic diameter. The DLS and NTA data indicated that both 20
and 75 nm particles in media formed structures with larger hydro-
dynamic diameters, however, notably different agglomerate sizes were
reported by the two methods. The output of the DLS is based on an

Fig. 6. Comparison of silver concentration in the cell layer as measured by ICP-
MS and the relative side scatter signal from flow cytometry. Side scatter signal
was linearly related to silver mass concentration in the cell layer, but the
functions differed by particle size. Linear regressions equations (y=b[0]+ b
[1] x) were fit to data for 20 nm (b[0]=1.04, b[1]= 0.08, r2=0.99), and
75 nm (b[0]= 1.76, b[1]= 0.15, r2=0.93).
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intensity weighted distribution, meaning that smaller sized populations
of agglomerate have the potential to be overlooked. This is especially
the case if the most abundant population is significantly larger than any
other. Agglomeration of particles to each other or to nanoscale proteins
or micelles can result in poly-dispersed particle collections, especially
for small (> 20 nm) particles. DLS provides a polydispersity index (PDI)
with every sample. The PDI is a measure of the relative distribution of
population sizes within a sample. A smaller PDI indicates a less di-
versely populated sample. While DLS calculations may overestimate the
average particle hydrodynamic diameter in polydisperse suspensions
due to the significantly greater scattering signal from larger particles,
NTA reflects averages of individual particles in a sample rather than
global average and is there for less prone to influence of large ag-
glomerates.

4.3. Comparison of methods to measure dose

Clearly, procedures to determine cellular nanoparticle dose are de-
sirable, but the determination of dose to cells is not straightforward.
The dose of particles delivered to cells is affected by competing forces of
diffusion and sedimentation, which differentially influence different
particles. The rates of diffusion and sedimentation are a function of
multiple factors including: particle size, agglomeration, density and
charge, and media osmolarity, temperature and viscosity. Because ex-
pressing dose in nanotoxicology experiments as the applied con-
centration is inadequate, we compared experimental and modeling
approaches to determine cellular dose.

The experimental approaches included ICP-MS and flow cytometry
SSC. There is a dose-related increase in flow cytometry SSC after cells
absorb light-reflective nanomaterials (Ha et al., 2018; Ibuki and
Toyooka, 2012; Sanders et al., 2012; Suzuki et al., 2007; Toduka et al.,
2012; Zucker et al., 2013; Zucker et al., 2010). Here we show that SSC
was correlated with measurements of silver mass in the cellular layer
determined by ICP-MS. Flow cytometry measures the relative amount
of light reflected from cells and their intracellular constituents, the most
relevant of which were intracellular particles of silver. Silver nano-
particles reflect light, where dissolved ionic silver does not, meaning
that side scatter light is indicative of the particulate form of Ag in the
cellular layer. The ICP-MS, in contrast, measured silver mass in cells,
and did not distinguish silver ions from particles. Flow cytometry has an
additional advantage of providing measurements from individual cells,
enabling computation of uptake variation among cells and other po-
pulation statistics if desired. The slope of the functions between SSC and
silver mass was dependent on particle size, being greater for 75 than
20 nm AgNP, since larger sized particles reflect a greater amount of
light than smaller particles. The 75 nm AgNP gave a larger signal than
the 20 nm AgNP and had a better signal to noise ratio. Because the
slopes differ by particle sizes, it would not be possible to compare in-
ternal cellular doses across different particle sizes directly using only
SSC. Once calibrated for particle composition and size against ICP-MS,
however, flow cytometry SSC could be an economical and rapid in-
dicator of the number or mass of light-reflective particles taken up by
cells.

Two modeling approaches to estimate dose delivered to cells were
also evaluated: the VCM-ISDD and DG models (Cohen et al., 2014;
DeLoid et al., 2015; Hinderliter et al., 2010; Teeguarden et al., 2007).
These models were used instead of the ISD3 model because there was
little evidence of AgNP dissolution in the current conditions, and the
ISD3 model introduced complexities that were unnecessary where dis-
solution was not a significant factor (Thomas et al., 2018). Both the
version of VCM-ISDD and the DG models used here featured agglom-
erate diameter measured by DLS and effective density measured by
VCM as input parameters. VCM, while providing a simple, cheap, and
accessible method for determining the agglomerate density, has a sig-
nificant flaw. The method depends on precisely measuring the volume
of a small pellet by eye with a sliding fine-scale ruler. A difference of

a< 1mm changed the density by> 5%, which in turn changed esti-
mated deposition the VCM-ISDD model by 9% and the DG by 11% in
the case of the 20 nm AgNP. Thus, there was a relatively high sensitivity
of the deposition models to small measurement variations of VCM.

Particle deposition modeling should be evaluated against measure-
ments in the system being used. In this case, deposition model results
were compared against silver deposition measured by ICP-MS. There is
an important distinction between delivered dose and intracellular dose.
Silver was measured by ICP-MS in the media aspirated off the dosed
cells, and after trypsinizing in the supernatant from the cells, and the
cells themselves. The presence of silver in the supernatant fraction re-
vealed that there was silver deposited onto the cell layer that was not
taken up by the cells. Overall, both models reasonably predicted silver
deposition to the cell layer, which was greater that the cellular dose of
silver due to deposited, but unabsorbed, AgNP.

4.4. Dose metrics

Three dose metrics, based on mass, particle count and particle
surface area were compared. Note that particle count and surface area
were calculated based on ICP-MS measured mass in the cell fraction, the
molecular weight of silver, and the volume and surface area of spheres
the size of the particles. For simplicity, the calculation did not consider
possible agglomeration. Unsurprisingly, the measurement metric of
delivered dose was important. Comparing 20 and 75 nm AgNP, the
larger particles deposited greater mass on cells, but fewer particles and
a smaller surface area. The issue of which measure of dose is most
predictive of nanomaterial toxicity has been debated previously, with a
common conclusion that surface area is the preferred measure
(Oberdörster, 2012). The data presented here (Fig. 4) reinforces how
influential the measure of dose can be. Supposing that equivalent
toxicity was observed following the same applied doses of 20 and 75 nm
AgNP, if the dose was expressed as mass concentration, then the con-
clusion would be that 20 nm was more potent since the delivered dose
was lower to produce the same toxic effect. On the other hand, if dose
was expressed as either surface area or particle number, the conclusion
would be that 75 nm AgNP was more potent since the number of par-
ticles and the surface area in the cells required to produce the effect was
less. In most cases, it is observed that smaller particles are more toxic
than larger particles when based on an applied dose mass concentra-
tion. This can be attributed to higher surface area of the smaller par-
ticles in the dose delivered to the cells, as shown in Fig. 4.

4.5. Use of in vitro models in risk assessment

Toxicity testing of newly developed engineered nanoparticles likely
will rely on in vitro test systems as an early screening step in future
tiered testing strategies. For those studies, the dose delivered to the
target cells is an important consideration for interpreting the results of
toxicity assays. Among the potential uses of in vitro nanotoxicity data
are: ranking of relative potential hazards of different particles; prior-
itizing materials for further testing; informing structure activity re-
lationships; performing read-across risk assessments; and facilitating
the design of safer nanomaterials (Arts et al., 2015; Arts et al., 2014;
Godwin et al., 2015; Oomen et al., 2014; Som et al., 2013; Stone et al.,
2014). The goal of in vitro testing in all these strategies is to efficiently
test potential toxicity. To make such determinations from in vitro data,
an important consideration is relating any adverse effects observed to
the dose of the material, and the dose delivered to the cells differed
from the dose added to the system. The reliance on applied con-
centrations may substantially misrepresent the actual dose to the target
cells and could cause misrepresentation of the relative hazards of dif-
ferently sized materials.

Liu and coworkers compared relative toxicity rankings of seven
uncapped metal oxide nanoparticles based on applied vs. deposited
doses, and concluded that the relative toxicity rankings were not
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altered substantially by expressing dose as delivered rather than applied
(Liu et al., 2015). However, the seven metal oxide materials selected for
analysis in that study deposited readily to the cell layer by the time of
testing 24 h after treatment (Zhang et al., 2012). As noted by Liu et al.,
there was a high correlation between their applied and delivered doses,
since almost all the applied material settled to the cellular layer by the
time of testing. Therefore, the relative toxicity rankings did not differ
greatly when based on two highly correlated measures of applied and
delivered dose. The case presented here is different because a con-
siderable portion of the applied silver, especially for the smaller 20 nm
AgNP, remained suspended in the media 24 h after treatment. The
differential amounts of settling between 20 and 75 nm AgNP led to
proportional differences between applied and deposited doses. In a case
where a significant portion of the applied dose never reached the target
cells, expressing the dose as delivered dose is preferred.

4.6. Summary and conclusions

The accurate determination of dose-response relationships is fun-
damental to toxicological sciences, however, the dose of nanoparticles
delivered to cells for in vitro testing can be very uncertain. It is im-
portant to independently determine the intracellular dose to target
tissues for nanotoxicology experiments conducted in vitro, rather than
rely on the concentration added to the system. Four alternative ap-
proaches to estimate delivered dose were compared for two different
sizes of nanoparticles. The mass of silver in cells could be determined by
ICP-MS, but not whether the Ag was in the form of particles or dissolved
ions. Computational models predicted deposition of AgNP to the cell
layer, but not cellular uptake. Light scatter from flow cytometry in-
dicated the cellular uptake of nanoparticles, but not directly the mass.
Flow cytometry SSC was correlated to ICP-MS mass, and could be ca-
librated against ICP-MS to indicate mass of cellular uptake. Flow cy-
tometry was an inexpensive and fast method to determine in the
number of particles absorbed. By accounting for deposited but not ab-
sorbed particles, and the influence of particle size on light scatter, it was
possible to use SSC as an effective index of particles taken up into cells.
While none of the examined approaches by itself provided an un-
ambiguous determination of cellular AgNP dose, a combination of ap-
proaches could provide a means of establishing the amount and nature
of particles absorbed by cells and would be preferred to the expression
of nanotoxicology results as a function of applied concentrations.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.impact.2019.100156.
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Characterization, Detection, and Counting of

Metal Nanoparticles Using Flow Cytometry

Robert M. Zucker,1* Jayna N.R. Ortenzio,2 William K. Boyes1

� Abstract
There is a need to accurately detect, characterize, and quantify nanoparticles in suspen-
sions. This study helps to understand the complex interactions between similar types of
nanoparticles. Before initiating a study of metal nanoparticles, five submicron PS beads
with sizes between 200 nm and 1 mm were used to derive a reference scale that was useful
in evaluating the flow cytometer for functionality, sensitivity, resolution, and reproduci-
bility. Side scatter intensity (SSC) from metal nanoparticles was obtained simultaneously
from 405 nm and 488 nm lasers. The 405 nm laser generally yielded histogram distribu-
tions with smaller CVs, less side scatter intensity, better separation indices between beads
and decreased scatter differences between different sized particles compared with the
488 nm laser. Submicron particles must be diluted to 106 and 107 particles/mL before
flow cytometer analysis to avoid coincidence counting artifacts. When particles were too
concentrated the following occurred: swarm, electronic overload, coincidence counting,
activation of doublet discrimination and rejection circuitry, increase of mean SSC histo-
gram distributions, alterations of SSC and pulse width histogram shape, decrease and
fluctuations in counting rate and decrease or elimination of particulate water noise and 1
mm reference bead. To insure that the concentrations were in the proper counting range,
the nanoparticle samples were mixed with a known concentration of 1mm counting
beads. Sequential dilutions of metal nanoparticles in a 1 mm counting bead suspension
helped determine the diluted concentration needed for flow cytometer analysis. It was
found that the original concentrated nanoparticle samples had to be diluted, between
1:10,000 and 1:100,000, before characterization by flow cytometry. The concentration of
silver or gold nanoparticles in the undiluted sample were determined by comparing them
with a known concentration (1.9 3 106 beads/mL) of 1 mm polystyrene reference
beads. VC 2015 International Society for Advancement of Cytometry

� Key terms
flow cytometry; nanoparticles; submicron particles; swarm; silver nanoparticles; gold
nanoparticles; gold; silver; TiO2; side scatter; forward scatter; fluorescence

METALLIC nanoparticles may become potential toxicants to animals or humans.

Exposure to silver nanoparticles has been associated with inflammatory, oxidative,

genotoxic, and cytotoxic consequences in in vivo and in vitro toxicity studies (1).

There is concern that nanoparticle exposures may lead to pulmonary disease, cancer,

or other human health disorders (2–5). In order to study the impact of nanoparticles

on human health, it is important to develop new methods to quantify those particles

in biological media, and to devise better laboratory test methods for understanding

the dynamics of nanoparticles in suspension and toxicity of nanoparticles to cells

(6–27).

Submicron particles are defined as particles with sizes below 1 mm in diameter,

while nanoparticles are generally defined as particles that have a diameter between 1

and 100 nm in at least one dimension. Currently, a number of microscopic and bio-

physical techniques are used to characterize submicron and nanoparticles (21–47).

Unfortunately, there is not a universal “gold” standard test that can be used to quan-

tify and characterize submicron and nanoparticles in suspension. Thus, there is a
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need to develop rapid, sensitive, and economical methods to

detect, characterize, and quantify submicron and nanopar-

ticles in suspensions, cells, and tissues (45–49). These new

methods could be used initially in laboratory settings where

the variables are easier to control

A number of investigators have proposed using flow

cytometers for the detection, counting, and characterization of

submicron particles derived from blood samples (5–27,46–49).

However, there are numerous artifacts that occur in the analysis

of these submicron particles that also exist when analyzing sus-

pensions of engineered nanomaterials by flow cytometry. This

manuscript incorporates the use of submicron polystyrene beads

as standards and 1 mm counting beads as reference particles to

study metal nanoparticles. This article investigates some of the

problems that can occur in characterizing unknown populations

of submicron particles or nanoparticles using a flow cytometer.

If the flow cytometer is operated incorrectly it could generate

artifacts that would ultimately lead to incorrect conclusions.

Some of these factors that influence the data generation have

been previously described by Nolan and Stoner (15), Robert and

coworkers (6–10), Nolte-t’ Hoen and coworkers (24–26), and

others in their attempts to bring clarity and reproducibility

when counting submicron particles (13–16,23–27,46–49). The

generation of potential artifacts is complicated as different flow

cytometers have unique configurations of hardware, electronics,

and software which effect the data acquisition. The data

obtained and the potential artifacts will not necessarily be iden-

tical on all machines. With this in mind, the following major

items should be considered when using a flow cytometer to

study submicron and nanoparticles: 1) detection range of PS

particle sizes, 2) reference particles used for calibration, and 3)

concentrations of submicron particles measured.

Detection Range of Particle Sizes

At the lower size limits of detection, it is often difficult to

determine if the particles under consideration give a real sig-

nal or if the signal merely represents the system noise. If possi-

ble, it is advantageous to include channels lower than the

smallest particle, as this separation of signal from background

can serve as a check to ensure that the particle is, in fact, real

and not noise. It is important to consider the detection size

range, as it is not always possible to count very small particles

on the same scale as larger particles due to electronic and log

decade scale limitation. If reference beads are needed for

counting, it is important to select a size of particle that can be

displayed on the scale with the submicron particles that are

being measured.

Reference Beads

The use of five PS submicron particles helped determine

the optimal trigger and set up conditions. The side scatter

intensity measurement is more sensitive than the forward

scatter intensity, but the cytogram displays two scatter signals

simultaneously serving as a reference pattern for the determi-

nation of machine functionality. Having one or two of the ref-

erence particles that are fluorescent can be helpful in locating

the bead signals and ensuring that all the particles are detected

with the trigger parameters that are used.

Concentrations of Submicron Particles Measured

When the concentration of sample particles is too high,

coincident counts will occur, which will affect the accurate mea-

surement of individual submicron particles in the sample

(15–17,23). Particles that enter the flow cell at too high of a

concentration will generate a flow cytometry artifact entitled

“swarm” yielding false and misleading data. The nanoparticle

sample concentration can be evaluated by making sequential

dilutions that will reduce coincident counting. Sequential dilu-

tions reduce the chance that multiple particles simultaneously

enter the flow cell and lower particle concentrations permit the

system’s electronics to operate without activating the internal

abort circuitry (15). Our improvement on this sequential dilu-

tion protocol was to use a known concentration (2 3 106) of

1 or 2 mm PS counting beads that was used for all sample dilu-

tions. This particle dilution procedure permitted the determi-

nation of the original nanoparticle particle concentration and

the concentrations of that were diluted into a range in which

they could be measured without coincidence counting.

MATERIALS AND METHODS

Flow Cytometry

A Stratedigm S1000 (San Jose, CA) flow cytometer con-

taining two lasers (405 nm and 488 nm) was used. The flow

cytometer was set up with a 488 nm excitation using a 50 mW

488 nm laser and with a 405 nm excitation using a 100 mW

laser. A 405/10 nm band pass filter was used in place of the

445/60 to obtain 405 nm side scatter. The channel normally

used for DAPI fluorescence (445/60) was fitted with a

405/10 nm band pass filter to obtain 405 nm side scatter). In

the case of the Stratedigm instrument, SSC was a more sensitive

signal than FSC. This flow cytometer system was operated by

having 488 nm side scatter as the primary trigger. The 405 nm

scatter measurement was obtained after the particles passed

through the 488 nm laser and were detected with a 488 nm scat-

ter trigger. The detection angles for the forward scatter (FSC)

were between 1 and 8 degrees measured with a pin diode, while

the side scatter (SSC) signal was obtained using a 403 lens with

numerical aperture (NA) of 1.2. This configuration for FSC and

SSC used quartz square flow cells similar to other flow cytome-

ter analyzers. The analyzer instrument electronics necessitated

that the first trigger be forward or side scatter derived from the

488 nm laser. A primary trigger with the 405 nm second laser

path was not possible but a secondary trigger with a FSC parti-

cle or fluorescent parameter could be used for added gating.

The flow cytometer was configured to enhance the acqui-

sition and counting of submicron particles by improving the

sensitivity, detection, and electronics of the system. The unit

contained a new generation of hybrid signal processing tech-

nology with a high signal-to-noise ratio, and high data acqui-

sition speed. The doublet discrimination detection electronics

helped to remove particles that simultaneously entered the

flow cell during analysis. The specific architecture of the Strat-

edigm electronics responsible for the doublet discrimination

is not available until the manufacturer receives the associated

patents.
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Some unique features of the Stratedigm flow cytometer

included the following: 1) increased signal-to-noise ratio with

doublet discrimination appropriate for small and large par-

ticles and 2) true pulse width histogram measurements and

counting rates. The result of these electronic features was high

sensitivity with low thresholding capabilities which were criti-

cal for dim signals and studying submicron particles. The

pulse width parameter has not previously been used in many

research studies but has been shown to be useful in cell cycle

studies for removing G1 doublets from G2/M cells, and in

some cases to detect high fluorescence objects located in a cell

(50). In the current studies, pulse width was measured directly

and not used as a calculated ratio between other signal param-

eters (i.e. area and height). Although the maximum event rate

was approximately 10,000 counts/s with a 2 to 4% rejection

rate, the samples in this study were measured at a count rate

of approximately 6,000 counts/s to help reduce the possibility

of doublets and particle rejection. The parameters of pulse

width and counting rates were useful to monitor as the par-

ticles were counted. The barrier filters in the Stratedigm 1000

system were the following: 445/60, 530/30, 580/30, 615/30,

690/40, and 740 LP. A stable fluidic stream with either fast

(60 mL/mL) and slow (25 mL/mL) flow rates was used with

SSC as a primary trigger. The SSC dynamic range could

measure 200 nm to 7 mm polystyrene beads with a PMT value of

31%. The ranges useful for smaller nanoparticles was approxi-

mately 150 nm to 1.5 mmwith a PMT value set to 100%.

Flow Cytometry QA

This analyzer was checked daily for fluidic alignment using

either Thermo Scientific 3 mm alignment beads (Cyto-Cal Mul-

tifluor plus Violet Intensity Calibrator, FC3MV) or the manu-

facturer recommended 3 mm Stratedigm QA alignment beads

to help reduce the possibility of doublets. The system was

extensively tested for the following by the manufactures QA

procedures: fluidic flow, laser power, coefficient of variation

(CV) in all of the PMTs and the system electronics. The CVs of

the test beads were generally between 1 and 3% and did not

change greatly between the two flow rates: slow (25 mL/min)

and fast (60 mL/min). Both the CVs and mean values of the

beads serve as a reference for machine functionality (32,51–55).

The sensitivity of the machine was checked by measuring the

means and standard deviations (SD) of the two smaller bead

peaks (for example, 200 nm and 300 nm) using the following

separation index (SI) formula:

SI5
Mean2002Mean300

SD2001SD300

This parameter was similar to the Fisher’s Discriminant

Ratio (Rd) value measurement, which is a measure of the sta-

tistical separation between two populations using their means

and standard deviations (51–53). The Rd has been previously

described for flow and image cytometers (51–55).

Operation of the Flow Cytometer

In counting nanoparticles or submicron particles, it is

critical to have low background and a relatively high particle

concentration in order to separate the contribution of particle

events from background. If the sheath fluid had too many

background counts, it would influence the reference bead sig-

nature and the absolute count of beads and nanoparticles. To

reduce background, the sheath tank contained 0.1% sodium

azide (diluted from 5% (w/v): catalog# 7144.8–16, Ricca

Chemical Co, Arlington, TX). Deionized or distilled filtered

water (0.1 mm) was used to reduce background particle noise.

Before the use of the flow cytometer the sheath was replaced

with distilled and deionized water that was freshly filtered (0.1

mm) using a Minntech 0.05 fiber flow filter (cat L1-050-A).

The machine was then run for a 1 to 3 h with filtered water to

ensure the count rate was below 100 counts/s at a slow flow

rate of approximately 25 mL/min. The background count was

in the range of 100 events/s at the settings that were used to

measure 200 to 1,000 nm PS reference beads.

Establishing a Polystyrene Bead Reference Scale

Before using a flow cytometer for submicron particle

counting, the limits of size detection on the lower and upper

end of the PMT scale were established. A relative size scale

using nonfluorescent polystyrene beads of different submicron

sizes was made to characterize the number and size of submi-

cron particles. The following National Institute of Standards

and Technology (NIST) beads obtained from Thermo Scien-

tific were used: [200 nm (3200A) 300 nm (3300A), 500 nm

(3500A), 800 nm (3800A), and 1 mm (4010A); Thermo Scien-

tific, Richmond, CA]. Approximately 0.25 mL of this cocktail

was added to 2 mL of water to yield a count of between 2,000

and 6,000 events/s on the flow cytometer at a slow flow rate

(25 lL/min). A fresh dilution of the submicron bead cocktail

was prepared daily. Storing the beads as concentrated suspen-

sions limited possible clumping, bacterial growth, and changes

in bead characteristics that might result from prolonged stor-

age in a diluted state.

To check the dynamic range of the SSC PMT, beads in

the micron range were used. These included the following: 1

mm (4010A), 2 mm (4202A), 3 mm (4203A), 5 mm (4205A),

and 7 mm (4207A) beads (Thermo Scientific). After modifica-

tions to the machine electronics, the flow cytometer could

detect beads that ranged between 200 nm and 7 mm by side

scatter on the same PMT scale using approximately 3.5 deca-

des of useful dynamic range. To increase the size detection

range, the PMT SSC was increased to maximum (100%)

value. This yielded an equivalent bead range from approxi-

mately 150 nm to 1.5 mm. It was found that when a FSC PMT

was used in place of the FSC diode the system will partially

resolve the 200 nm and 300 nm bead populations (personal

communication Dr. Mike Mooberry, UNC).

Concentration of Nanoparticles

A combination of different measurable parameters was

used to help evaluate the counting process which included:

counting rate, pulse width histogram, and SSC height inten-

sity histogram, counting rate, and noise suppression. It was

important to determine that the particle suspensions were at

the right concentration during measurement. All the particle

samples were diluted to concentrations between 1,000 and

6,000 events/s as determined by the event count meter built

Original Article
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into the software. This concentration of particles was in the

range between 106 and 107 counts per mL. If the count

exceeded the 10,000 counts per second, the count meter needle

was at a maximum value suggesting coincidence counting was

occurring. If the concentration of particles greatly exceeded 107

particles/mL, the observed count rate was actually reduced due

to activation of the electronic circuitry to eliminate doublet

counting resulting in the machine spending too much of the

time in a noncounting mode and rejecting many of the events

that were deemed doublets by the software. The result was a

machine that yielded fewer counts/s in a concentrated sample

than when counting a diluted sample.

If the count was too low, the system noise and solution

noise from the sheath fluid could interfere with counting.

Under high particle concentration counting conditions, the

particles in the sheath and sample were actually reduced,

yielding a cytogram size distribution with minimal noise.

The following three steps were taken to ensure the particles

did not saturate the electronics of the flow cytometer: 1) a

number of sequential 5 to 10-fold dilutions with water were

made, 2) if increasing the side scatter threshold increased the

count instead of decreasing the count, it would imply that the

sample was too concentrated and should be diluted. Similarly,

if reducing the threshold decreased the sample counts/s, it

would imply that the sample was too concentrated and the

sample should be diluted, 3) an aliquot of 2 mm Thermo Scien-

tific beads (5 3 108 beads/mL, Product #4k-02, lot # 41429)

was diluted 1:100 (500 mL in 49.5 mL of filtered H2O to make a

5 3 106 beads/mL) and this suspension was used as the diluent

for the concentrated silver samples. If necessary, a concentrated

sample of 1 mm Thermo Scientific beads (Thermo Scientific

4010A) can be mixed with the known diluted 2 mm concen-

trated sample to derive a known concentration of 1 mm beads

that can then be used as the media to dilute the nanoparticles.

The ratio of beads to nanoparticles in the display was a quick

test to determine if the dilution was in the correct range.

Counting Beads

A mixture of 1 or 2 mm beads was made that resulted in

approximately 1,000 counts/s of beads. This solution served as a

reference for determining the proper measurement conditions

to count Ag nanoparticles. The concentrations of 2 lm counting

beads from Thermo scientific were checked using a Stratedigm

flow cytometer with an automatic sample handler that moni-

tored the volume of liquid that passed the flow illumination

points. It was found that the count was within 2% of the

Thermo Scientific bead reported values. The concentration of

the 1 or 2 mm PS bead solution used to dilute the metal nano-

particles should be approximately 2 to 5 3 106 beads per mL. If

2 mm sized counting beads were too large to simultaneously

observe the nanoparticles and counting beads on the same rela-

tive PMT scale, then a smaller 1 mm counting bead was used in

place of the 2 mm bead as a reference particle. The 1 mm PS bead

(Thermo Scientific 4010A) was diluted to concentration that

would also yield about 1,000 counts/s without Ag and Au nano-

particles being present. The concentration of the 1 mm bead sus-

pension was determined by mixing it with 2 mm counting beads

(5 3 106) and then comparing the percentages of the two beads

in the SSC intensity histograms. The SSC intensity and pulse

width histogram showed two district peaks representing beads

and nanoparticles. When the nanoparticle sample was at a

desired counting concentration, there were approximately equal

heights of 1 to 2 mm counting reference beads and unknown

nanoparticle samples in the SSC histograms. This resulted in

about six to eightfold more nanoparticles than reference

beads that were counted. A complete list of the beads and nano-

particles used in these experiments are shown in Supporting

Information Tables 2, 7A and 7B.

Metal (Ag and Au) Nanoparticles

BioPure Silver (Ag) Nanoparticles with a polyvinylpyrroli-

done (PVP) coating were obtained from NanoComposix (San

Diego, CA) in diameters of 50 nm, 60 nm, 75 nm, 80 nm,

100 nm, and 110 nm. Bio Pure Gold (Au) nanoparticles with a

PVP coating were obtained from NanoComposix (San Diego,

CA) in diameters of 60 nm, 80 nm, and 100 nm polyvinylpyrro-

lidone is a polymer that binds strongly to the silver nanoparticle

surface. Different sizes (40 nm, 60 nm, 80 nm, and 100 nm) and

coatings of silver and gold nanoparticles were obtained from

another manufacturer, Ted Pella (abbreviated TED; Ted Pella,

Redding, CA). Econix (PVP-coated Ag NP) and the Lipoic acid

capped Ag nanoparticles were also compared with the BioPure

PVP Ag. Silica particles were obtained from Spherotech in sizes

of 600 nm and 1.2 mm. The particles used in this study are listed

in Supporting Information Table 7A-7B.

TiO2 Nanoparticles Suspension, and Treatment

Five different types of TiO2 primary particles (10 nm, 25

nm, 32 nm, 200 nm, and 200–400 nm) were obtained includ-

ing: 10 nm anatase (catalog # 39953, Alfa Aesar, Wardfill, MA),

25 nm anatase/rutile (Aeroxide
VR
TiO2 P25, Degussa, Alphar-

etta, GA), 32 nm anatase (catalog # 4469059 nm), anatase/

rutile, 30–40 nm NanoAmor, (catalog # 5485HT, Houston,

TX), 200 nm anatase (catalog # 21358; Acros, Morris Plains,

NJ), and 200–400 nm rutile (catalog # MKN-TiO2-R250,

Mknano, Mississauga, Ontario, Canada). Nanoparticles were

added to water and sonicated for 1 h. After sonication, the par-

ticles were analyzed either in water or tissue culture media

(3,22). Only the 200 nm and 200 to 400 nm TiO2 particles

yielded distinct scatter populations distinguishable from the

water noise of the system.

RESULTS

Establishing a Polystyrene (PS) Bead Reference Scale

A cocktail of five submicron nonfluorescent PS beads

diluted to approximately 20% served as a relative reference

scale for subsequent nanoparticle measurements and to moni-

tor daily reproducibility of flow cytometry to detect submi-

cron events. Figure 1 shows the SSC intensity histogram and

SSC versus FSC cytogram pattern of the five different sized

nonfluorescent beads (200 nm, 300 nm, 500 nm, 800 nm, and

1,000 nm beads) that comprised the reference bead cocktail.

The data are displayed in both cytogram contour plot (Fig.

1A, FSC vs. SSC) and a SSC intensity histogram (Fig. 1B).
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Both of these display formats were useful to rapidly observe

system performance. The SSC intensity histograms show

mean positions, percentages of each population, and popula-

tion CVs, while the cytograms show the position of the bead

clusters and the particle noise in the system. Increasing the

PMT amplification to maximum (100% value) allowed the

200 nm beads to be placed at channel 84 with the lowest

nanoparticle sizes being detected between channels 10 and 80.

The amount of side scatter intensity measurements derived

from the individual bead populations was nonlinear across

the 488 nm log scale (Fig. 1B).

The five bead cocktail was made by mixing the same per-

centage of five different sized beads together (each approxi-

mately 20%) to generate a SSC histogram distribution of the

five bead populations with approximately the same peak

heights (percentage values shown in Supporting Information

Table 1). When each of the five bead populations had approxi-

mately the same 20% of the total and were at the same height

in the histogram it facilitated evaluating the machine’s ability

to count small-sized and large-sized beads simultaneously at

the chosen specific PMT values. The bead percentages do not

always add up to 100% as there was some particle noise

counts located between the five peaks.

The Stratedigm flow cytometer measures four decades of

data with all the parameters and about three decades if the

SSC is used to trigger the events. The Stratedigm machine has

a micro particle circuitry that permitted simultaneous evalua-

tion of 200 nm and 5 mm PS beads on the same SSC PMT

dynamic scale using a PMT setting of 31% and approximately

three decades of log amplification. In order to measure the

smallest nanoparticles or submicron particles, the SSC PMT

was set at a value of 100% which placed the 1 lm bead in the

middle of the fourth decade (Fig. 1, approximately channel

3,500) and the 200 nm in the second decade (mean at channel

89, Supporting Information Table 1). The appearance of some

noise events using debris and particles in the sheath and sam-

ples that are located below the lowest bead size (200 nm in

these studies) helps to determine the lower range of particle

sizes that can effectively be detected. The addition of a 140 nm

bead to the cocktail of five beads population helped to deter-

mine the lower level of detection and system sensitivity. As

seen in Supporting Information Figure 2, there is a separation

between the 140 nm and 200 nm suggesting the system meas-

ured events below the 200 nm bead size range. However, since

there did not appear to be any counts below the 140 nm peak

with these settings, the limit of detection with this flow

cytometry system was approximately 140 nm. There appeared

to be some system noise or submicron particle noise mixed in

with the 140 nm population (Supporting Information Fig. 2).

The separation index between the 140 nm and the 200 nm

bead was 4.7 for 488 nm and 3.9 for the 405 nm excitation

suggesting that the system was slightly more sensitive using

the 488 nm laser line excitation.

Two types of bead relative reference scales were used in

these studies. For a large dynamic range scale the PMT was

adjusted to 31% that measured PS bead sizes between slightly

below 200 nm to 5 lm. Alternatively adjusting the PMT value

to 100% allowed the smallest submicron particles to be detected

with a range between 140 nm and around 1.5 lm (Figs. 1 and 5

and Supporting Information Fig. 2). When the PMT voltage

value was set at 100%, the 200 nm bead population was placed

at a channel value of 89 (second decade) and the 1,000 nm bead

population had a mean channel value of 3,545 (fourth decade)

(Figs. 1 and 5 and Supporting Information Table 1).

Figure 1. Reference scale of NIST PS submicron beads. A mixture of five different PS beads (sizes: 200, 300, 500, 800, and 1,000 nm) is

shown occupying the second, third, and fourth log decades in cytogram (A) and histogram (B). Beads that are displayed with histograms

and cytograms formats generate a useful reference display patterns that helps determine the detection limits of the flow cytometer. The

200 nm and 300 nm beads cannot be resolved by FSC (A) in the cytogram, but can be resolved by SSC (histogram, B). The PS bead means,

SI and CV values are shown in Supporting Information Table 1. The concentration of bead particles was approximately 107 and the count-

ing rate was <6,000 counts a second at a flow rater of 25 lL/min. The first decade represents dead channels that are used for the SSC trig-

ger and setting the equipment threshold levels.
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405 nm SSC Versus 488 nm SSC

It has been suggested that better resolution for submicron

particles will be obtained by using 405 nm SSC intensity

instead of using 488 nm SSC intensity. The SSC intensity com-

parison of the means and CVs of the five bead populations

derived with 488 nm (50 mW) and 405 nm (100 mW) excita-

tion are shown in Supporting Information Figure 1 and the

corresponding Supporting Information Table 1. The relative

channel position of the SCC intensity derived from the beads

and the separation of the peaks between different beads were

dependent on the excitation wavelength (488 nm vs.405 nm,

shown in Supporting Information Fig. 1 and Supporting

Information Table 1). The CVs of the PS beads derived from

the 405 nm laser were generally smaller compared with those

derived from the 488 nm laser (Fig. 1, Supporting Informa-

tion Fig. 1 and Supporting Information Table 1). However,

the mean channel separation between different sized beads

was greater with the 488 nm laser compared with that of the

405 nm laser, suggesting that there was more scatter intensity

with the 488 nm laser. The separation index (SI) between the

200 nm and 300 nm (a measuring system for sensitivity) was

9.9 for the 405 nm laser and 5.4 for the 488 nm laser suggest-

ing that the 405 nm had better sensitivity (Supporting Infor-

mation Fig. 1 and Supporting Information Table 1). The SI

values between adjacent beads are shown in Supporting Infor-

mation Table 1. In summary, the histogram SSC intensity dis-

tributions showed higher peaks and narrower CVs for the PS

beads using the 405 nm laser compared with the 488 nm laser

(Supporting Information Fig. 1 and Supporting Information

Table 1). Although the 405 nm laser yielded better histogram

CVs (less value), the scatter intensity between the micron

sized beads was noticeably less with 405 nm compared with

the 488 nm laser. This effect is shown with the 500 nm, 800

nm and 1um nanoparticles where the distance between the

particles is greater in 488 nm excitation compared with 405

excitation. The effect is more pronounced with 3 and 5 lm

particles (data not shown).

Measuring Metal Nanoparticles

The SSC histogram distributions of 60 nm, 80 nm, and

100 nm sized Ag PVP and Au PVP coated nanoparticles and

five-peak submicron polystyrene beads are shown in Figure 2.

The corresponding histogram distributions from the 405 nm

excitation are shown in Supporting Information Figure 3. The

SSC intensity of different sized Ag and Au nanoparticles

increased as the TEM-designated physical size increased (Fig.

2D). The relationship between Ag, Au, and five different sized

PS beads shown in panels A, B, and C are displayed in Figure

2D. As a relative size reference, a submicron PS bead reference

scale derived from the mixture of the five beads shown in Fig-

ure 1 is displayed as a less intense gray light background for

the nanoparticles histograms in Figure 2 (488 nm scatter) and

Supporting Information Figure 3 (405 nm scatter). These PS

beads represent a relative reference scale that can be used to

quickly compare the SSC intensity from different sized metal

(Ag and Au) nanoparticles and other particles (i.e. silica) to a

relative PS intensity reference. The corresponding mean and

CV numerical values from the 405 nm and 488 nm excitation

of Ag PVP and Au PVP coated nanoparticles is shown in Sup-

porting Information Table 2.

The silver particles were generally monodispersed with

CVs becoming narrower as the nanoparticle size increased

(Fig. 2A). In contrast, the gold nanoparticles showed a

bimodal distribution for the 80 nm and 100 nm particles, and

a monodispersed peak for the 60 nm particle (Fig. 2B). The

gold histogram CVs became larger as the population size

increased; presumably due to the presence of a bimodal peak

which increased in size with the 100 nm nanoparticles com-

pared with 80 nm and 60 nm Au nanoparticles. The monodis-

persed population of 60 nm gold may suggests that the entire

bimodal population was not detected due to their small size,

or alternatively that the interaction of the laser beam with the

smaller 60 nm particle was different than the larger sized

80 nm and 100 nm gold nanoparticles. A small part of the

60 nm silver histogram distribution and a larger part of the 60

to 80 nm gold NP were located in channels below the mean

SSC intensity peak of the 200 nm bead (mean channel 89).

From the histogram data displayed in Figure 2 for the metal

nanoparticles, it was not clear if the entire population of

60 nm and 80 nm gold particles were captured because the

means of the 60 nm and 80 nm gold nanoparticles were below

the mean of 200 nm reference PS bead. The lowest detection

channels of the 60 nm gold approached the lower SSC detec-

tion channels and threshold detection limit of the flow cytom-

eter with the current settings (SSC PMT 100%). When the

Stratedigm engineers increased the PMT electronic amplifica-

tion voltage scale in demo mode, it showed that the 60 nm

gold peak was actually a bimodal distribution. The smaller

intensity values of 60 nm Au are not being displayed when the

PMT is set to 100% in a commercial machine.

In contrast to Au nanoparticles, the relative histogram

size changes observed between 60 nm and 100 nm Ag nano-

particles were greater with the 488 nm excitation in Figure 2

(488 nm) compared with 405 nm excitation (Supporting

Information Fig. 3; 405 nm). In contrast to Ag, the Au histo-

gram distributions derived from the 405 nm laser were similar

in size and shape to those derived from the 488 nm laser. This

difference between Au and Ag nanoparticle histograms was

presumably due to unique interactions and wavelength

absorption between these metal nanoparticles with different

excitation laser light wavelengths

Counting Nanoparticles

In order to measure nanoparticles on a flow cytometer two

requirements must be met: 1) correct concentration and 2) be

large enough in size to scatter a sufficient amount of light for

detection. For the flow cytometry system to handle the electronic

pulses correctly, the concentration should be in the range of

approximately 106 and 107 particles/mL. To eliminate the poten-

tial of fluidic “swarm” effects that can occur with high sample

concentrations, the samples were sequentially diluted to a con-

centration that ranged between 106 and 107 counts per sec

(15–17,23). In addition to using sequential dilutions, different

cytometric observations helped to determine the proper
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nanoparticle concentration of the sample. These parameters

included the width and SSC shape histogram distributions and

SSC mean population size increases. However, the easiest param-

eter to use to insure the proper sample concentration for analysis

was sequential dilutions of the nanoparticles with a known con-

centration of 1 mm or 2 mm non fluorescent PS counting beads.

These beads served as a quick reference to dilute the Ag or Au

nanoparticle samples to a suitable concentration without coin

incidence artifacts for counting. Data using these 1 mm reference

particles is shown throughout this article (Figs. 2–4 and Support-

ing Information Figs. 3–6 and Supporting Information

Tables 3–5). This dilution procedure yielded SSC intensity and

width histograms that consisted of beads and nanoparticles at

approximately the same peak height when the dilution was

approximately 107 particles/mL. This ensured that the metal

nanoparticles were counted as an individual particles.

Counting and Determining the Concentration of

Nanoparticles

Adjustment of the nanoparticles to the correct concentra-

tion for analysis was made by sequential dilutions using a sus-

pension of 1 mm PS beads (2 3 106 beads/mL) as the diluent

instead of using filtered water (illustrated in Figs. 3 and 4 and

Supporting Information Figs. 4–6 and Supporting Informa-

tion Tables 3–5). By using 1 or 2 lm beads (2 to 5 3 106

beads/mL) as the diluting medium, it ensured that each

unknown dilution of the nanoparticles had the same quantity

of 1 or 2 mm reference beads. After the nanoparticle samples

were sufficiently diluted, the amount of the beads counted

would be equivalent to the bead sample without nanoparticles

present. If the electronic abort circuitry is activated, or if

simultaneous counting of particles occurs, the result would be

a reduction in the count of 1–2 mm reference beads, nanopar-

ticles, water debris and system noise that was measured.

Figure 2. Comparison of SSC from 488 nm excitation of silver and gold nanoparticles (60 nm 80 nm and 100 nm). The 488 nm side scatter of

60 nm, 80 nm, and 100 nm PVP-coated silver (A) and PVP-coated gold (B) nanoparticles were each measured simultaneously with 1 mm PS

counting beads. The five reference beads are displayed in a cytogram of FSC versus SSC, (C) and in the background of histograms A and B.

The comparison between the observed mean SSC intensity from the Au, Ag and PS beads (x-axis) versus the manufactured designated sizes

(y-axis). (D) The mode of 60 nm Ag is located at the same peak channels as the 200 nm bead, while the mode of the 60 nm and 80 nm Au NP

are located below the 200 nm bead. The concentration of all nanoparticles particles measured was approximately 107 particles per mL. They

were calculated to be the following: 60 nm Ag, 13.8 3 106; 80 nm Ag, 25.2 3 106; 100 nm Ag, 7.5 3 106; 60 nm Au, 7.6 3 106; 80 nm Au, 12.2

3 106; 100 nm Au, 14.83 106; and PS bead mix, 7.23 106.
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These experiments were carried out by initially counting

the background, and then counting a 1 or 2 mm bead dilution

(2 to 5 3106 beads/sec) for a fixed time period (30 s) with the

total number of beads and noise particles recorded. The beads

had a count rate of approximately 1,000/s and the particle

water noise had a count rate at approximately 100/s. The Ag

sample was then sequentially diluted with a 1 mm bead diluent

solution. This sequential dilutions resulted in a decrease in the

Ag nanoparticles (Figs. 3 and 4, Supporting Information Figs.

4–6, Supporting Information Tables 3–5), and a subsequent

increase in the bead count. When the concentration of the

beads in the diluted Ag sample was approximately equal to the

beads without Ag present, the sample was sufficiently diluted

to analyze. This procedure was a key point in determining the

proper concentration of nanoparticles that could be counted

without coincident artifacts.

As a rapid assessment of the nanoparticle concentration

in a tube, it was observed that when the histogram peaks of

each population were approximately equal height and the Ag

could be counted without coincident counting artifacts (Figs.

3 and 4 and Supporting Information Tables 3–5). Since the

CV of the beads was smaller than the CV of Ag nanoparticles,

a smaller amount of beads in the solution would yield similar

peak heights of Ag particles in the histogram. When there

were approximately six to eight times more nanoparticles

than beads in the suspension, the modes of the two popula-

tions in the histograms were almost equal (Fig. 4; Supporting

Information Figs. 4 and 5).

The total count, AgNP count and bead count were meas-

ured at different dilutions for 30 s [(Supporting Information

Table 3, Ag 60 nm); Supporting Information Table 4 (Ag

80 nm); Supporting Information Table 5 (Ag 100 nm)]. Sup-

porting Information Tables 3 to 5 shows the dilution, the per-

centage of beads and Ag nanoparticles in each dilution, the

bead and Ag count in each dilution and the calculated Ag

count. An estimate of the Ag count in the original suspension

was be determined by diluting the nanoparticle sample suffi-

ciently so the amount of beads counted in the mixed sample

was equivalent to counting beads in diluent cocktail without

any silver nanoparticles present. This procedure could deter-

mine not only the dilution necessary for counting Ag nano-

particles without major coincidence counting, but also could

determine the original Ag nanoparticle concentration. The

calculations determined the Ag concentration to be approxi-

mately 1,010 to 1,012 particles/mL, which was the same range

reported by the NanoComposix, the manufacturer of the Ag

particles. Some errors in our data particle calculation may

arise from the background counts occurring in the Ag size

regions at low Ag concentrations, coincidence counting of the

Ag nanoparticle bead mixture at higher dilutions, and possible

Figure 3. Sequential dilution of 80 nm Ag nanoparticles with 1 mm PS beads. Sequential dilutions of concentrated 80 nm Ag nanoparticles

(3.6 3 1011) were made with a diluent that contained 1 mm beads (1.9 3 106 beads/mL). The dilutions of 1:100, 1:1,000, 1:10,000 and

1:40,000 are displayed in the four horizontal histogram panels representing 488 nm SSC intensity (top) and pulse width (bottom). The his-

tograms representing 10,000 and 40,000 dilutions show the 1 mm PS bead and the 80 nm Ag nanoparticles. The first two panels (1:100 and

1:1,000) show a SSC intensity histogram distribution that has a mean size that is larger than the mean size of populations with dilutions of

10,000 or 40,000. The pulse width histogram distribution does not show a Gaussian histogram of particles or beads below 10,000 counts,

but does show the PS beads and a Gaussian distribution for Ag nanoparticles above 10,000 fold dilution. The mixture was counted for

30 s at a slow flow rate (25 lL/min).
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human pipetting errors with small samples. The coincidence

counting and background counting were not subtracted from

the raw data as they vary greatly with Ag concentration.

In the initial experiments with the 100 nm and 110 nm

Ag particles, a 2 mm bead was used with the SSC PMT value

set at a gain of 31%. However, for the maximum detection of

small 60 nm Ag metal nanoparticles, the SSC PMT value was

set to 100%, and it was necessary to use a small 1 mm counting

bead in place of the 2 mm bead as the relative reference count-

ing bead.

Water Purity

A critical step in measuring submicron particles was to

reduce the amount of particles contained in the sheath and

the sample suspending medium. If the sheath and suspending

water contained submicron particles, their size usually

appeared as two clusters: one located under the 200 to 300 nm

and one located under the 500 nm SSC peak on the FSC ver-

sus SSC cytogram. The position of the clusters suggests that

they have the same forward scatter intensity as PS beads but

smaller SSC intensity as they are observed as a subpopulation

below the 200 to 500 nm bead clusters. Figure 5 shows data

from a relatively clean system (<100 counts/s) without many

background particles (Fig. 5A), and from a system that had

particulate matter and bacterial growth in the sheath (Fig.

5B). If there was a high degree of particle counts in the sheath

fluid, the histogram distribution of submicron PS beads or

metal nanoparticles was affected as these background submi-

cron particles are displayed in the same channels on the histo-

grams (between 200 and 500 nm on FSC (Fig. 5). In order to

reduce the amount of background particle counts to approxi-

mately 100–200 counts/s range, the machine was cleaned with

a decontamination cycle, a de-bubble cycle and then flushed

for a few hours with particle free distilled water before use. It

was helpful to purify the water using a 200 nm Pall filter fol-

lowed by a 50 nm Millitech filter.

Measurement of TiO2 Submicron Particles

TiO2 nanoparticle standards in suspension consist of a

mixture of different sized particles due to clumping of nano-

particles in suspension (3). It was found that particles in the

200 nm size range could be detected as unique clusters by

measuring side and forward scatter. TiO2 particles in the

nanoparticle size range could not be measured due to the

diversity of their sizes. The smallest pulses were in the range

of the noise. Incubation of TiO2 particles in serum was used

to reduce clumping; however, it also decreased the amount of

light scatter generated by TiO2 particles (data not shown).

Comparison of Different Coatings of Ag and Au

Submicron Particles

The coatings of Ag and Au nanoparticles changed the

intensity of SSC and the histogram size distribution. A low

CV suggests more homogeneity in the scatter. Comparing

TED nanoparticles with NanoComposix showed that TED

scattered more light, presumably due to the type of coatings

on the surface (Supporting Information Fig. 8). Lipoic acid

coated particles (100 nm) from NanoComposix had a

decrease in mean size and CVs, suggesting that they were

more homogenous than their equivalent sized PVP-coated

particle. This coating was put on to reduce particle clumping

in suspension and in cells. Econix is another version of PVP-

coated Ag nanoparticles from NanoComposix that was found

to have a lower CVs and scatter more light than the equivalent

sized BioPure nanoparticle. However, the same result would

be observed if the Econix particle was actually slightly larger

than the more expensive BioPure Ag nanoparticle. The

560 nm to 1.2 mm silica particles were much larger in size

than the metal nanoparticles. The 1.2 lm silica particle scat-

tered the same amount of light as the 100 nm nanosized silver

or 400 nm PS bead due to the difference in the interaction

between the particles and light. The CVs from the silica par-

ticles were smaller than CVs of silver NP. This suggested that

the combination of less variability in the silica scatter signal

Figure 4. Sequential dilutions of 80 nm nanoparticles with 1 mmPS beads. Concentrated 80 nm Ag nanoparticles (3.63 1011) were sequentially

diluted with a mixture of 1.9 3 106 beads per/mL. (A) Concentration of silver particles, while (B) shows the concentration of PS 1 mm particles

counted at each dilution. The normalized Ag count5 (Ag count) 3 (dilution factor). The normalized bead count5 (bead count) 3 (dilution fac-

tor). The amount of beads and Ag nanoparticles was determined from their respective regions in the Figure 3 histogram. At high particle con-

centrations there was a suppression of the nanoparticle and bead counts. By sequentially diluting the nanoparticles with 1 mm beads, the bead

count eventually approached the levels of beads without nanoparticles present. The 80 nm Ag original concentration from the NanoComposix

web site was 3.863 1011; and the flow cytometry calculation was in the same range with a calculated value of 2.163 1011. A decrease in mean

SSC intensity with the dilutions is shown in (C). The intensity of the 80 nm particles decreased approximately sixfold. This change in mean

intensity can be used as an indicator for the presence of excessive particle concentrations.
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compared with Ag nanoparticles and different RIs between

silica and Ag particles may be responsible for the difference

(Supporting Information Table 2). It should also be noted

that the silver nanoparticles ranged between 60 nm and

100 nm while the silica particles ranged between 560 nm and

1.2 lm. The interaction of light was different between the

plasmonic resonator silver and the larger silica particles.

Silver Plasmonic Resonators

A series of NanoXact nonspherical silver nanoplates

(1 mg/mL) that were plasmonic resonators (40–43) designed

to resonate and emit at 550 nm, 650 nm, 750 nm, 850 nm,

and 950 nm were obtained (all from NanoComposix). The

particles were discs with an approximate thickness of 10 to

20 nm and length between 45 nm and 150 nm. These particles

could not be measured simultaneously in a flow cytometer

with 2 mm PS reference beads and then compared with the sil-

ver 50 to 200 nm silver spherical particles. These particles

present problems for the flow cytometer due to their asym-

metrical shape (43,56). The particles going through the flow

cell had a high aspect ratio and did not scatter a sufficient

amount of light to be detected above the threshold value. Ori-

entation problems exist with these particles which were simi-

lar to the effects observed when measuring asymmetrical

biological objects like sperm or nucleated chicken RBC (56).

DISCUSSION

This article describes a methodology to detect, charac-

terize, and count nonfluorescent metal nanoparticles and

other submicron particles using a flow cytometry side scatter

trigger. Before measuring nanoparticles by flow cytometry,

there were a number of questions and variables that needed

to be addressed. The following factors were considered: 1)

type of reference particles, 2) development of a reference scale

using multisized micron and submicron PS beads, 3) use of a

large SSC range to simultaneously detect small and large size

particles, 4) SSC trigger for nonfluorescent particles or a dual

trigger for fluorescence particles (SSC1 FL), 5) use of clean

filtered (0.1 micron) water to reduce background counts, 6)

reduction of system noise, 7) comparing resolution and sen-

sitivity of 405 nm SSC and 488 nm SSC excitation for detect-

ing nanoparticles, and 8) a method to determine the proper

concentration of nanoparticles by sequential dilutions with

either a 1 of 2 mm bead diluent suspensions. A number of

these technical issues were addressed during the course of

these experiments to ensure that the flow cytometer was cor-

rectly configured to count nanoparticles without artifacts

occurring.

When these experiments with nanoparticles were initi-

ated, many factors in observing submicron particles involving

the use of the equipment were not completely known and a

number of methods were proposed to try to achieve increased

sensitivity and resolution with the flow cytometer. Some of

the factors that needed to be considered included the follow-

ing: hardware, software, FSC angle, 488 nm SSC, 405 nm SSC,

FSC PMT and sample preparation. It was not clear whether

the trigger signal should be either a fluorescent parameter,

FSC, SSC or an intermediate angle between 0 degrees (FSC)

and 90 degrees (SSC). The need for a FSC PMTwas also con-

sidered to increase submicron resolution and provide extra

sensitivity and resolution instead of the less sensitive standard

FSC diode that is used with most flow cytometers. Evaluation

of the FSC PMT on a similar Stratedigm 1000 machine dem-

onstrated that the FSC PMT did yield slightly better resolution

for detecting small particles (200 nm and 300 nm beads),

however the benefit of this hardware addition should be care-

fully evaluated relative to the cost, as it appeared the increase

in resolution was small (Dr. Mike Mooberry, personal com-

munication, UNC). The data from this study have confirmed

by other laboratories that show that SSC is preferable to use

instead of FSC as a trigger parameter when using nonfluores-

cent particles (11,15,23–26,47).

Figure 5. Particles in sheath water. The five PS submicron beads were measured on a machine using sheath filtered (50 nm filter) water

with <100 counts/s (A) and with a machine that used deionized sheath water that contained numerous particles (B). These particles may

be bacteria, parts of bacteria, or air bubbles. The particles in the sheath water had less side scatter than the PS beads but interference with

the FSC and SSC histograms.
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The suggestion of using a fluorescent trigger has been

proposed by Nolan and Stoner to reduce the noise in the sys-

tem (15,23,46,47). If a fluorescent trigger can be used, it is

usually advantageous as it will greatly reduce the background

particle counts in the sheath which are generally not fluores-

cent. However, the studies on nanoparticles reported in this

article used a Stratedigm flow cytometer necessitating a SSC

light scatter trigger as the primary trigger as the Ag and Au

nanoparticles did not contain a fluorescent component that

could be used as a primary trigger parameter. Since fluores-

cence was not available for a primary trigger parameter and

nanoparticles were not fluorescent, it was necessary to opti-

mize the equipment for a scatter trigger that reduced the noise

in the samples and sheath.

The cytograms and histograms in Figure 1 shows that

SSC can differentiate between the 200 and 300 nm particles

while the FCS can only differentiate between the 300 nm and

500 nm particles. This is consistent with the general flow

cytometry understanding that even though the SSC has less

intensity than FSC, it appears to be a more useful signal for

detecting small submicron particles as the SSC signal to noise

ratio is better than that of FSC signal to noise ratio (31,32).

Another variable that was addressed was whether the SSC

derived from the 405 nm versus the 488 nm lasers would yield

better resolution and sensitivity. Normally, 405 nm scatter

being a shorter wavelength should be superior to 488 nm in

detecting SSC and small particles. In these studies the 405 nm

excitation usually yielded smaller CVs compared with 488 nm

light excitation. However, the scatter intensity of submicron

and micron beads was greater with the 488 nm laser than the

405 nm laser excitation. The 405 nm laser excitation actually

appeared to yield less resolution between larger sized micron

beads due to the specific particle absorption and scattering

differences that occur between the 405 nm and 488 nm laser

lines. The separation index was greater with the 405 nm than

the 488 nm showing there was better resolution and sensitivity

with the 405 nm laser exaction.

Counting

When attempting to use a flow cytometer to measure sub-

micron particles, it is important to determine if a sample is at

the proper concentration. There are some cytometric parame-

ters that could possibly be used to indicate high sample con-

centrations. The following changes were observed when a

sample was too concentrated: increased SSC mean and mode,

reduced noise counts, distorted pulse widths histogram distri-

butions, reduced counting rates, and fluctuations in the count-

ing rate. In this report it was shown that by diluting a

concentrated nanoparticle sample the following occurred: a

decrease in SSC intensity histogram size (Figs. 4 and 5 and

Supporting Information Figs. 4, 5, and 7 and Supporting

Information Table 6); reduced pulse spiking during counting

(data not shown), increased cell counts after dilution (60 nm

Supporting Information Table 3; 80 nm Supporting Informa-

tion Table 4; 100 nm Supporting Information Table 5); and

changes in the Gaussian-shaped pulse width histograms (Fig. 4

and Supporting Information Figs. 4 and 5). As shown in Figure

5, a very high concentration of particles actually decreased the

counting rate due to the increased electronic abortion rates,

activation of the double discrimination circuitry, and over-

loading the counting electronics of the flow cytometer (Fig. 4,

Supporting Information Figs. 5 and 6 and Supporting Infor-

mation Tables 3–5). A concentrated submicron particle sample

showed occasional spiking and instability of the counting rate

instead of a continuous linear counting rate that occurred with

a sample diluted into the 107 particle/mL range.

In order to determine if the concentration of metal nano-

particles was suitable for counting without measurement arti-

facts, a procedure was employed that diluted the nanoparticle

sample with a known 1 mm bead concentration (approxi-

mately 23 106 beads/mL). The counting rate of the 1 lm par-

ticles was approximately 1,000 counts/s at a slow flow rate (25

lL/min). All of the sequential dilutions were made with a

cocktail of these 1 mm beads, which served as an internal refer-

ence for this counting procedure. At the proper dilution for

analysis, the number of beads counted in a mixed sample for

30 s should have an approximately the same number as beads

counted for 30 s without nanoparticles present. Due to the

different SSC CVs of the nanoparticles and 1 mm beads, both

populations appeared at similar heights in the histograms

(Fig. 3; 40,000 dilution). The nanoparticles are about six to

eightfold more concentrated than PS beads when they are at

the proper dilutions for characterization. This procedure was

also effective in diluting different Ag and Au nanoparticle

samples to the proper concentration for analysis. It is essential

that the nanoparticles are measured at the right concentration,

which was found to be between approximately 106 and 107

particles/mL on the Stratedigm flow cytometer at a slow flow

rate of 25 mL/min. If the concentration of nanoparticles is

higher than 107 particles/mL, coincidence artifacts will occur

in the counting procedure.

Particle Concentration and “Swarm” Concept

This research helps to clarify the data in some publica-

tions that involve the counting of submicron particles and

described the phenomenon entitled “swarm” (15–27,46–48).

In our opinion, there have been many articles published that

have measured submicron particles at excessively high concen-

trations which resulted in the measurement of clumps and

coincidence counting of multiple particles instead of meas-

uring only individual particles. When too many particles

arrive simultaneously in the flow cell, the flow cytometer elec-

tronics becomes overworked and unable to process all the

pulses generated from the individual particles. A flow cytome-

ter operated with excessively high concentrations of particles

introduces many individual particles simultaneously into the

flow cell which usually activates of the double discrimination

electronic circuitry resulting in a rejection of many doublet

counts. However, sometimes an event is counted that contains

multiple individual particles in the flow cell that actually

bypasses the doublet discrimination circuitry and the software

that was devised to reject these multiple particles in the flow

cell. Thus, some of these particles that entered the flow cell

simultaneously are actually counted as a single larger particle
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which results in the mead and mode of the histogram to be

increased. In the Stratedigm 1000 flow cytometer system,

there is an abort system in the software that senses whether

individual or multiple particles arrive almost simultaneously

in the flow cell. Other flow cytometry systems may address

this problem of concentrated samples in the flow cell in differ-

ent ways. It was not the scope of this article to try to compare

these different systems.

In summary, the physical presence of multiple particles

in the flow cell will not only create a “swarm” of particles but

it will create problems for the proper functioning of the sys-

tem electronics and software. These counts have actually been

described as a “swarm” of particles measured simultaneously.

Nolan and Stoner has stated that much of the data in the field

of submicron particle counting may be artificial due to this

type of coincidence counting (15). Our research, confirms

that of Nolan and his collaborators in demonstrating that the

“swarm” phenomenon is an artifact from the coincidence

counting of small particles. The data derived from a machine

that is counting an excessive high amount of particles simulta-

neously (“swarm”) maybe misinterpreted by investigators to

yield flow cytometry data and concepts on submicron par-

ticles that are incorrect (5–12,15–21,23,46–48).

Submicron Particles in the Water

One important consideration in measuring submicron

particles involves particulate matter impurities contained in

the water. These particles become a problem as there is over-

lap between the metal nanoparticles being measured and the

background particle counts in the water. All sheath fluids and

samples have some degree of noise due to small particles and

perhaps bacteria in the water. The noise can be reduced by

using distilled water that is filtered through a 50 to 100 nm fil-

ter before use. Even with this procedure, the water may still

have around 100 counts/s with the size distribution of these

counts usually occurs below the 200 to 300 nm reference beads

and sometimes below the 500 nm bead peak, which may be

equivalent to the size of bacteria (Fig. 5). The noise in this

region may also be due to microbubbles detected by scatter

but not fluorescence. One must be aware that systems can

show an absence of noise in the lower channels which is not

due to clean water but may be due to excessively high counts,

which reduces the counting of all particles including back-

ground sheath particles. If possible, a fluorescent trigger

should be used to eliminate water noise as these water par-

ticles are not fluorescent.

Determine a Reference Scale with Submicron Beads

It would be useful to be able to count and size submicron

particles and nanoparticles easily, rapidly, and reproducibly

with statistical accuracy. In order to accomplish this task, a PS

reference bead scale with five different sizes of beads between

200 nm and 1 mm were chosen to create a relative PS bead ref-

erence intensity scale (Fig. 1 and Supporting Information

Table 1). The unknown submicron particles could then be

characterized according to their relative side scatter values

compared with the PS bead standards. It should be empha-

sized that this is a relative PS bead intensity scale moments

and not an accurate representation of the nanoparticle size

but represents a SSC intensity. These five reference beads can

also serve as a QA standard to check system noise and system

reproducibility. Since all of the metal nanoparticles used in

this study were nonfluorescent, it was important to use QA

particles that could be triggered with a SSC trigger.

The use of five PS submicron particles can help deter-

mine the suitable trigger and set up conditions to measure

these bead sizes and relate them to SSC intensity. Having one

or two of the reference particles that are fluorescent can be

helpful in finding the particles and ensuring that all the par-

ticles are counted. It is also useful to know the relative concen-

trations of the reference particles as some particles may be

discriminated from the count by either system sensitivity or

triggering issues (Supporting Information Table 1). By using

either similar numbers of particles in each of the five bead

populations or similar peak heights in the log distributions of

the bead populations, it can be rapidly ascertained if all the

bead populations are being measured in the PMT dynamic

scale. Knowing the relative amounts of the five bead popula-

tions in the reference material is helpful in case there is selec-

tive discrimination of either relatively small or large bead

sizes. This effect was observed in early configuration of the

machine and has since been resolved by the manufacture. To

evaluate sensitivity and the ability of the machine to detect

the smallest submicron particles, it was beneficial to increase

the SSC PMT settings to a maximum value of 100% and then

add a bead smaller than the 200 nm to determine the noise

and lower levels of relative PS detection. In these experiments,

a 140 nm bead was added to the five-bead mix (Supporting

Information Fig. 2) and the separation index between the

140 nm and 200 nm bead was determined to yield a value for

machine sensitivity and also to determine the lower level of

particle size detection.

Relative not Absolute PS Bead Scale

Side scatter derived from a flow cytometer is not an abso-

lute measure of size, but it is only a relative measure of inten-

sity that is based on the unique characteristics of the particles

and the interaction of the particles with the specific wave-

length of light. The refractive index (RI) of the particles varies

as a function of surface composition such that gold, silver,

silica and PS beads will each yield different scatter intensity

for a similar particle size. Gold and silver metal nanoparticles

had unique scatter distributions dependent on the wavelength

of light excitation, the size of the particle, and the metallic

composition of the particle. It should be emphasized that the

scatter, provides a relative measure of intensity based on how

the surface composition of the particle interacts with the spe-

cific wavelength of light and is not an accurate measure of size

determined by electron microscopy, or by particle tracking

equipment.

Polystyrene beads between 200 nm and 1 mm can be used

to create a relative scale based on the scattering properties of

PS beads. Some investigators have compared the PS histogram

distribution derived by scatter as a measure of the direct size

of particles to be used as a comparison to size other particles.
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The PS bead scale is useful to compare relative intensities of

particles which roughly relate to the physical size of the parti-

cle. To assume that forward scatter is directly related to cell

size and side scatter is related to granularity is an oversimplifi-

cation (31,32). Generally the larger particle of a given material

will generally scatter more light than a smaller particle. The

scattered light is not a size measurement but it is an intensity

measurement based on the physical properties of the particle

and its interaction with laser light. The nonlinearity of scale is

clearly indicated by comparing the 405 nm and 488 nm excita-

tion of PS beads. Although there are usually better CVs with

the 405 nm laser than the 488 nm laser, the intensity of scatter

with micron sized particles is not linear and the resolution

between larger sized micron particles is much less with the

405 nm laser.

Nanoparticle Light Scatter

Light scatter is a very complex signal and its intensity is

based not only on the size of the particle but its composition.

Light scatter is an integral part in the operation of a flow

cytometer in detecting different types of particles. Since the

inception of flow cytometry, investigators have used light scat-

ter to discriminate the different types of blood cells by their

relative size and granularity. This article studies the interaction

of these specific laser wavelengths (405 nm and 488 nm) with

metal nanoparticles and PS submicron beads. The interaction

of light with silver is dependent on the size of the particle, the

RI of the particle and the excitation wavelength. The amount

of light scattered from the interaction between light and nano-

particle is proportional to the inverse fourth power of the

wavelength and the sixth power of its size (31,32,38–43).

Metallic Au and Ag nanoparticles absorb and scatter light

efficiently by stimulating surface electrons to oscillation. This

scattering is also dependent on other factors which include the

wavelength of light, nanoparticle diameter, surface coatings,

molecules consistency, and unique specific characteristics of the

particle. Larger sized nanoparticle will absorb a higher wave-

length of light compared with smaller particles which results in

more scattered light and a more homogenous distribution (less

of the CV). The 405 nm laser light is exciting silver subopti-

mally and the differences in sizes (resolution) are not as large as

that observed with 488 nm excitation. Gold has maximum

absorption at 530 nm yielding histogram patterns with both

405 nm and 488 nm excitation that are similar suggesting that

the Au sizes are relatively invariant to the excitation wavelength.

Modification on the nanoparticle surface by different

coatings will affect the local environment of the particle and

thus will affect the amount of light scattered. Different nano-

materials of different sizes and surface coatings will interact

with the 405 nm and 488 nm laser light in a unique manner

to yield a scatter histogram with different shapes and distribu-

tions (Fig. 2 and Supporting Information Fig. 3 and Support-

ing Information Table 2). These characteristics of light

interacting with specific types and sizes of nanoparticles were

demonstrated by the gold nanoparticles yielding a bimodal

histogram distribution while the silver particles had only a

single peak distribution.

Light interacting with small particles is scattered in all

directions (Rayleigh scattering) if the particles are small rela-

tive to the wavelength (below 250 nm). If the light source is a

laser, and thus is monochromatic and coherent, the scattering

intensity may fluctuate over time due to the small molecules

in solutions undergoing Brownian motion and changing their

orientation relative to the laser light. The scattered light can

undergo either constructive or destructive interference from

the surrounding neighboring particles (38–44). Our data

demonstrates a higher CV with smaller Ag nanoparticles sug-

gestive of greater variability of the light with the particle. In

contrast to silver nanoparticles, gold nanoparticles (60 nm, 80

nm and 100 nm) show a bimodal distribution resulting from

light interacting with particles in a different manner than sil-

ver. Generally, different materials of nanoparticles reflect light

dependent on their absorption and reflectively. In our studies,

Ag was much brighter than Au using either 405 nm or 488 nm

excitation laser light.

Small nanoparticles with sizes below the wavelength

(488 nm) of excitation light scatter laser light using Raleigh

scattering principles while particles larger than the wavelength

of light (around 500 nm and larger) scatter light by Mie scat-

tering. Raleigh scattering is strongly affected by the wavelength

of light, absorption, refractive index of medium, and the angle

of collection. The light scatter from silver nanoparticles, gold

nanoparticles and silica particles is dependent not only on the

size of the particles but the composition of the particles and

how their dipoles interact with different wavelengths of laser

light. A comparison of the mean sizes and histogram distribu-

tion of similar sized gold and silver nanoparticles shows that

the silver scatters more light at both the 488 nm and 405 nm

laser beams than gold nanoparticles. Silica has a different RI

than the metal particles and does not scatter as much light as

the metal nanoparticles for an equivalent physical size. How-

ever, the CV of silica particle’s distribution is much smaller

than the metal nanoparticles illustrating that different materi-

als with different sizes will interact with light in a unique man-

ner and scatter different amounts of light (Supporting

Information Table 2). Larger polystyrene beads do not have

the dipole moments similar to metal nanoparticles. Thus,

larger PS bead sizes are needed to scatter the same amount of

light as smaller metal nanoparticles. Silica particles have less

RI compared with PS beads and thus larger silica particles are

needed to scatter the same amount of light as PS submicron

beads. The scattering phenomenon observed with metal nano-

particles on a flow cytometer appears to be due to the unique

interaction that metal dipoles moments have with a specific

wavelength of light that does not occur with PS beads or silica

beads.

It has been shown that silver nanoparticle absorption and

scattering properties can be adjusted by controlling the parti-

cle size, shape, and the local refractive index near the particle

surface as was shown by the production of silver discs. How-

ever, in our flow cytometer system there was an insufficient

amount of light absorbed and scattered by the particles due to

their orientation in the flow cell yielding an insufficient signal

to create a unit above background. Other nanoparticles that
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are smaller without a metal component will not scatter

enough light to be detected by our flow cytometry system.

The limits of scatter detection in a commercial Stratedigm

1000 system with the current electronic PMT settings

appeared to be about 40 nm for silver and 60 nm for gold

about 150 nm for PS beads. Fluorescent triggering of PS beads

can reduce the size of PS particle to about 100 nm by elimi-

nating much of the water scatter noise.

Tips and Tricks

Before measuring samples one must be confident that

they are actually counting nanoparticles and submicron par-

ticles and not clumps or particle coincidence. The following

variables should be addressed in any experiment: sample prep-

aration, reference PS beads scale, dynamic PMT range, system

electronics, water purity, and trigger signal and particle num-

ber/mL.

Some factors to address are the following:

1. Observe a distinct distribution away from the noise of the

system.

2. Dilute sample and show that the peaks are still located in

the same channels.

3. Use a 1 mm reference bead suspension for serial dilutions

of the nanoparticle sample

4. Add a known concentration of 1 to 2 mm counting beads

to sample to determine if all the beads and sample par-

ticles are counted in a given time unit.

5. Increase the baseline threshold: a rising count indicates

that particles are too concentrated and effecting the count-

ing electronics.

6. Decease the baseline threshold: falling count indicates particles

are too concentrated and effecting the counting electronics.

7. Be aware of trigger parameter and lower level discriminator.

8. Clean the machine extensively to reduce background par-

ticle counts. Use filtered water as sheath that has only 100

to 200 counts/mL at slow flow rates (25 lL/min).

Summary

Submicron sized beads between 140 nm and 1 mm were

used as relative reference scale to determine the lower and

upper limits of PS particle size detection limits and to deter-

mine the dynamic range of the SSC PMTs used for measure-

ment. Silver and gold nanoparticles between 50 nm and

110 nm were detected, characterized, and counted using a

flow cytometer with a 488 nm side scatter trigger. It was found

that 405 nm excitation usually yielded better CVs and separa-

tion indices compared with the 488 nm light excitation, but

had less dynamic range in detecting differences between the

larger sized particles.

These sequential dilutions of the metal nanoparticles

with 1 mm counting beads (2 to 5 3 106) ensured that the

machine was in the proper detection range for nanoparticles

thus eliminating potential electronic artifacts caused by the

high concentrations. This allowed the investigator to detect,

count, and measure submicron particles with greater accuracy

and minimizing potential counting artifacts. The methodol-

ogy developed to detect, characterize and count silver and

gold nanoparticles could also be applicable to submicron bio-

logical particles.
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Justifications:

Justification 1:

This study employs an innovative approach which identified source signatures for
Category 3 (C3) marine engines before and after the implementation of fuel sulfur
limits in order to understand air quality improvements attributable to these fuel
limits. Understanding the impacts of regulatory and voluntary programs on air
pollution concentrations is critical to evaluating the effectiveness of air pollution
control programs. Source apportionment techniques are an important tool for
determining how specific sources affect ambient air quality. The fuel limits studied
in this analysis are International Convention for the Prevention of Pollution from
Ships (MARPOL) Annex VI fuel sulfur limits in the EPA’s North American
Emissions Control Area (NA ECA) and are a key component of EPA’s coordinated
strategy to reduce emissions from ocean-going vessels. Beginning in 2015, the
sulfur content of the fuel used onboard ships operating in the NA ECA, foreign or
domestic, may not exceed 1,000 ppm. This affects the large cargo-carrying ships
that operate in U.S. coasts and waters and, if properly implemented, will result in
significant particulate emission reductions extending well into the interior of the
country. 

The author used positive matrix factorization (PMF), a source apportionment
methodology, in a novel way to evaluate particulate matter (PM) reductions from
the NA ECA fuel change in U.S. coastal waters. Specifically, the author identified
chemical signatures from burning residual fuel oil (RFO) and low-sulfur diesel fuel
and applied these signatures to analyze chemically speciated monitoring data from
EPA’s IMPROVE network. Utilizing the change in chemical signatures, which is
related to fuel switching to comply with the NA ECA, the author quantified the pre-
and post-NA ECA contribution to ambient PM  from C3 engines. This2.5

scientifically sound and unique application of a source apportionment methodology
quantifies the impact of the NA ECA in a way that hasn’t been conducted
previously. The results of this analysis highlight the significant air quality
improvements that result from the NA ECA fuel sulfur limits and the corresponding
environmental and public health benefits. This study adds to EPA’s understanding
of the impacts of our programs and confirms the importance of careful
implementation and oversight of such a control program. In addition to the utility of
the results, the documentation of the methodology, data handling and analysis,
makes it clear that the work is of high quality and rigor, and advances our
understanding on how this type of source apportionment can be applied. 



Page 3 of 6

Justification 2A:

N/A The nomination is only for one publication.

Justification 2B:

Robert Kotchenruther, "A Regional Assessment of Marine Vessel PM2.5 Impacts in
the U.S. Pacific Northwest Using a Receptor-Based Source Apportionment Method"
and "The Effects of Marine Vessel Fuel Sulfur Regulations on Ambient PM2.5
Along the West Coast of the U.S.", 2015, Honorable Mention STAA award.

Justification 2C:

This publication includes a time period when the fuel limits, and extent of where the
fuel limits applied, changed in all coastal waters of the continental U.S. Earlier
papers had focused on only one region, the U.S. west coast, and the level and extent
of the fuel limits were smaller. The analysis time frame and domain for this paper
allows at least a year of data from each phase of the fuel limit regulation to be
included and statistically significant differences in air pollutant contribution to be
identified from all coasts of the continental U.S. 

Justification 2D:

N/A Previously submitted nominated articles are listed as supplemental information
for the current nomination, but previously submitted supplemental information is
not listed as supplemental information for the current nomination.

Justification 2E:

N/A The author has not submitted a concurrent nomination to another research
category.

Justification 3A:
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The author was an invited speaker at the 2016 U.S.-China Green Ports and Vessels
Initiative (GPVI) Workshop, held December 5-8, 2016 in Seattle WA. The GPVI is
a bi-lateral collaboration between the United States and China, and is led by the
Ministry of Environmental Protection, Ministry of Transport and the United States
Environmental Protection Agency. The purpose was to share knowledge and
expertise on port and vessel emission control policies, green technologies,
enforcement, compliance, and emission inventories. Note, at the time of the
conference, the paper had been just been accepted by Atmospheric Environment for
publication. 

The author also presented this paper’s findings at the 2017 annual meeting of the
Northwest International Air Quality Environmental Science and Technology
Consortium (NW-AIRQUEST), June 14-16, 2017, at Washington State
University. This is a Pacific Northwest consortium of air quality scientists,
including Canadian scientists from British Columbia. The author has also presented
this work internally within EPA, both in EPA R10, and for the Office of
Transportation and Air Quality (OTAQ).  

According to Google Scholar, on April 29, 2020, the paper has been cited 15 times.
On April 29, 2020 the Atmospheric Environment website notes that the paper has
been captured 44 times.

Justification 3B:

The journal which published this study, Atmospheric Environment, has an
established peer review process. 

This journal operates a single blind review process. All contributions are initially
assessed by the editor for suitability for the journal. Papers deemed suitable are then
typically sent to a minimum of two independent expert reviewers to assess the
scientific quality of the paper. The Editor is responsible for the final decision
regarding acceptance or rejection of articles. 
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The effects of marine vessel fuel sulfur regulations on ambient PM2.5

at coastal and near coastal monitoring sites in the U.S.

Robert A. Kotchenruther

U.S. Environmental Protection Agency Region 10, Office of Environmental Review and Assessment, 1200 Sixth Avenue, Mailstop OEA-140, Seattle, WA, 98101,

USA

h i g h l i g h t s

� PM2.5 source apportionment was performed for 22 sites in U.S. Coastal States.

� PM2.5 impacts from marine vessel residual fuel oil combustion were quantified.

� Ambient effects from implementing an emissions control area were determined.

� Reductions in PM2.5 from residual fuel oil combustion aligned with regulations.

� Significant reductions in PM2.5 from residual fuel oil combustion were found.
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a b s t r a c t

In August of 2012 the U.S. began implementing fuel sulfur limits on certain large commercial marine

vessels within 200 nautical miles (nm) of its coasts as part of a North American Emissions Control Area

(NA-ECA). The NA-ECA limited fuel sulfur use in these vessels to below 1% in 2012 and to below 0.1%

starting in 2015. This work uses ambient PM2.5 monitoring data from the U.S. IMPROVE network and

Positive Matrix Factorization (PMF) receptor modeling to assess the effectiveness of the NA-ECA at

reducing ambient PM2.5 from high-sulfur residual fuel oil (RFO) use. RFO combustion emissions of PM2.5

are known to have a fairly unique vanadium (V) and nickel (Ni) trace metal signature. To determine if

IMPROVE sites were affected by residual fuel oil combustion, V and Ni data from 65 IMPROVE sites in

coastal States of the U.S. were analyzed from 2010 to 2011, the two years prior to NA-ECA imple-

mentation. 22 of these IMPROVE sites had a V and Ni correlation coefficient (r2) greater than 0.65 and

were selected for further analysis by PMF. The slopes of the correlations between V and Ni at these 22

sites ranged from 2.2 to 4.1, consistent with reported V:Ni emission ratios from RFO combustion. Each of

the 22 IMPROVE sites was modeled independently with PMF, using the available PM2.5 chemical

speciation data from 2010 to 2015. PMF model solutions for the 22 sites contained from 5 to 9 factors,

depending on the site. At every site a PMF factor was identified that was associated with RFO com-

bustion, however, 9 sites had PMF factors where RFO combustion was mixed with other aerosol sources.

For the remaining 13 sites, PM2.5 from RFO combustion was analyzed for three time periods; 2010e2011

representing the time period prior to the NA-ECA implementation (pre-NA-ECA), 2013e2014 repre-

senting the time period where fuel sulfur was limited to 1.0% (NA-ECA 1.0% S), and 2015 representing the

time period where fuel sulfur was limited to 0.1% (NA-ECA 0.1% S). All 13 sites indicated statistically

significant reductions in the contribution of RFO combustion to PM2.5 between the pre-NA-ECA period

and the two periods of fuel sulfur control. The average decrease in annual average PM2.5 from RFO

combustion from the pre-NA-ECA to NA-ECA 1% S period was 50.2% (range, 29.0%e65.4%) and from the

pre-NA-ECA to NA-ECA 0.1% S period was 74.1% (range, 33.0%e90.4%).

Published by Elsevier Ltd.

1. Introduction

Human exposure to fine particulatematter (PM2.5, particles with

aerodynamic diameter <2.5 mm) has been linked to cardiovascular

and pulmonary disease (Künzli et al., 2005), and lung cancer andE-mail address: Kotchenruther.Robert@epa.gov.

Contents lists available at ScienceDirect

Atmospheric Environment

journal homepage: www.elsevier .com/locate/atmosenv

http://dx.doi.org/10.1016/j.atmosenv.2016.12.012

1352-2310/Published by Elsevier Ltd.

Atmospheric Environment 151 (2017) 52e61



premature mortality (Pope and Dockery, 2006). Anthropogenic

emissions of PM2.5 also play a role in climate forcing (IPCC, 2014)

and deposition of anthropogenic PM can have adverse effects on

ecosystem health (Geiser et al., 2010).

Examining air emissions from large commercial marine vessels

(CMVs) has been an active area of investigation because these

sources typically burn residual fuel oil (RFO), which has a very high

sulfur content and high emissions of PM2.5, SO2, and NOx

(Moldanova et al., 2009), and also because CMVs aremobile sources

impacting both urban areas and remote coastal areas that have few

other direct sources of anthropogenic emissions. RFO is one of

several products produced from oil refinery residuum, the residue

left over after crude oil distillation. Environmental regulations in

developed countries have contributed to a significant decline in on-

shore applications of RFO as a fuel source. Excluding maritime

applications, between 1986 and 2010 the use of RFO as a fuel source

in OECD countries has declined by nearly 70% (Ramberg and Van

Vactor, 2014). However, until recently, RFO use as a fuel source

for CMVs in most areas of the world has been unregulated, and

during the same 1986 to 2010 period RFO use as a marine fuel has

increased by about 100% (Ramberg and Van Vactor, 2014).

Globally, approximately 60,000 cardiopulmonary and lung

cancer deaths annually have been attributed to exposure to marine

vessel emissions (Corbett et al., 2007). Regulating marine vessel

fuel sulfur content is a typical approach to reducing emissions.

Previous studies have shown that significant reductions in PM2.5

and SO2 occur when ocean going vessels switch from high to low

sulfur fuels (Kasper et al., 2007; Khan et al., 2012) and Winebrake

et al. (2009) have shown that significant reductions in premature

mortality from marine vessel emissions can be achieved by regu-

lating fuel sulfur content below the assumed uncontrolled fuel

sulfur content of 2.7%.

Concerns over health and ecological effects of marine vessel

emissions led the United States (U.S.) and Canadian governments in

2009 to propose to the International Maritime Organization (IMO)

the inclusion of North America in an Emissions Control Area (ECA).

In March of 2010 the IMO amended the International Convention

for the Prevention of Pollution from Ships (MARPOL) to designate

specific portions of North American waters as an ECA (U.S. EPA,

2010). Other existing ECAs include the Baltic Sea and North Sea.

Beginning in August 2012, the North American ECA (NA-ECA)

required marine vessels within 200 nautical miles (nm) of North

American coasts, inwaters subject to U.S. and Canadian jurisdiction,

to use fuels with sulfur content below 10,000 ppm (1%). Starting in

2015 the NA-ECA required a 0.1% fuel sulfur limit in the designated

coastal regions. IMOMARPOL regulations have also set aworldwide

fuel sulfur limit of 3.5% starting in 2012, and 0.5% starting in 2020.

Regionally within the U.S., in July 2009 the State of California

(CA) implemented their Ocean-Going Vessel Clean Fuel Regulation

(CA-CFR, http://www.arb.ca.gov/ports/marinevess/ogv.htm). Phase

I of the regulation became effective July 1, 2009 and required

ocean-going vessels within 24 nm of the CA coast to use distillate

fuels with sulfur content at or below 1.5% and after August 1, 2012

to use distillate fuels at or below 1.0%. Starting January 1, 2014,

Phase II of the regulation required distillate fuels at or below 0.1%

sulfur.

Compliance with the NA-ECA and CA-CFR are expected to come

predominantly through fuel switching to lower sulfur liquid fuels.

However, utilization of liquefied natural gas or SOx scrubbing may

also be means by which vessel operators seek to meet the regula-

tory requirement. Regardless of the methods used, all are expected

to result in significant reductions in PM2.5 from marine vessels.

Previous Positive Matrix Factorization (PMF) receptor modeling

studies have demonstrated the ability to quantify the contribution

of marine vessel RFO combustion to PM2.5 (Kotchenruther, 2013,

2015; and references therein) and quantified PM2.5 reductions

that occurred along the U.S. West Coast as a result of implementing

the initial phases of the NA-ECA and CA-CFR (Kotchenruther, 2015).

In this work, PM2.5 from U.S. monitoring sites along the East, West,

and Gulf coasts of the U.S. are analyzed spanning a period from

2010 through 2015, which includes a year or more of data through

each phase of the NA-ECA regulation (unregulated, 1.0% sulfur, and

0.1% sulfur limit). PMF receptor modeling is used to quantify the

PM2.5 contribution from marine vessel RFO combustion, and sta-

tistical analysis is used to determine if changes in the contribution

of RFO combustion to PM2.5, as a result of NA-ECA implementation,

are statistically significant.

2. Methods

2.1. Chemically speciated PM2.5 data

Chemically speciated PM2.5 data were obtained from the Inter-

agency Monitoring of Protected Visual Environments (IMPROVE)

Network. IMPROVE samplers collect 24-h integrated PM2.5 mass

and are operated on a once every third day schedule. Information

about the IMPROVE network can be found on the IMPROVEweb site

(http://vista.cira.colostate.edu/improve/).

Data were analyzed from January 1, 2010 through December 31,

2015. This data record includes three distinct periods with respect

to marine vessel fuel sulfur regulations from the NA-ECA; a 31

month period (1/2010 to 7/2012) prior to implementation of the

NA-ECA (2.7% world-wide sulfur average), a 29 month period (8/

2012 to 12/2014) after implementation of the initial phase of the

NA-ECA (1.0% fuel sulfur limit), and a 12 month period (1/2015 to

12/2015) after implementation of the second phase of the NA-ECA

(0.1% sulfur limit). These three time periods will be subsequently

referred to as the pre-NA-ECA, NA-ECA 1.0% S, and NA-ECA 0.1% S,

respectively.

2.2. Monitoring site selection

All IMPROVE sites in U.S. States along the West, East, and Gulf

coasts as well as Hawaii were considered for PMF analysis as long as

sites had a monitoring record spanning the full study period. The

geographic distribution of sites considered within the continental

U.S. is shown in Fig. 1, and information about the resulting 65

IMPROVE sites is listed in a table in the Supplemental materials. Of

the 65 sites initially considered, site selection for PMF modeling

was further narrowed based on vanadium (V) and nickel (Ni) cor-

relation coefficients (r2). V and Ni are well known trace metals

associated with RFO combustion emissions, with V:Ni emission

ratios in marine vessel RFO combustion tests typically ranging

between 2 and 4.5 (Popovicheva et al., 2012; Agrawal et al., 2008). V

and Ni linear r2 and best fit slopes were computed for the 65 sites

based on data from 2010 to 2011, the two years prior to imple-

mentation of the NA-ECA. A table listing the V and Ni linear r2 and

best fit slopes for these sites is provided in the Supplemental

materials. Sites were selected for PMF analysis if the V:Ni r2 was

greater than 0.65. This resulted in 22 IMPROVE sites, which are

listed in Table 1 and identified in Fig. 1. The V:Ni linear best fit

slopes for these 22 sites ranged between 2.2 and 4.1, which is

consistent with reported V:Ni emissions ratios for marine vessel

RFO combustion. For each of the sites listed in Table 1, 48 h back-

trajectories were computed for the ten days with highest V þ Ni

concentrations in 2010 and 2011 using the HYSPLIT model (Stein

et al., 2015). These trajectories are provided in the Supplemental

materials and demonstrate that air with high V þ Ni impacting

the sites on these days was overwhelmingly of marine origin,

further suggesting a marine vessel origin for the V and Ni.
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2.3. Data preparation and treatment

IMPROVE datasets were processed to correct for missing or

negative values, data completeness issues, and species double

counting. A detailed discussion of these data preparations is pro-

vided in a previous publication by Kotchenruther (2015) and briefly

summarized here. Chemical species were omitted in PMFmodeling

if more than 40% of samples had missing data. For remaining

chemical species, missing values were replaced with median con-

centrations and the uncertainty set to a very high value compared

to measured data, typically four times the species median con-

centration, to minimize the influence of the replaced data on the

model solution. Any negative concentrations were reset to zero.

The uncertainty of each measurement was estimated based on the

measured analytical uncertainty plus 1/3 of the method detection

limit. The signal-to-noise (S/N) ratio was also used to evaluate

whether chemical species should be included in the PMFmodeling,

and was used to adjust the data uncertainty. Chemical species were

omitted in PMF modeling if the S/N ratio was less than 0.5. For

chemical species with S/N between 0.5 and 1.0, data uncertainties

were multiplied by a factor of 3 to down-weight the influence of

these species in the model solution (Norris et al., 2014). For chlo-

rine, measured in the IMPROVE network by both elemental (Cl) and

ion analyses (Cl-), Cl-data was used because of better S/N ratios and

Cl not used to avoid double counting. Also, the reported lowest

temperature fraction of EC, EC1, is actually the sum of pyrolyzed

Fig. 1. IMPROVE sites used in this analysis.

Table 1

IMPROVE monitoring sites modeled with PMF in this study.

IMPROVE site name Abbreviation State Latitude Longitude Elevation (m)

U.S. West Coast Sites

North Cascades NOCA WA 48.7316 �121.0646 569

Olympic OLYM WA 48.0065 �122.9727 600

Puget Sound PUSO WA 47.5696 �122.3119 98

Snoqualmie Pass SNPA WA 47.4220 �121.4259 1 049

Mount Rainier NP MORA WA 46.7583 �122.1244 439

Point Reyes National Seashore PORE CA 38.1224 �122.9085 97

Pinnacles NM PINN CA 36.4833 �121.1568 302

Agua Tibia AGTI CA 33.4636 �116.9706 508

U.S. Gulf Coast Sites

Big Bend NP BIBE TX 29.3027 �103.1780 1 067

Breton Island BRIS LA 30.1086 �89.7617 �7

St. Marks SAMA FL 30.0926 �84.1614 8

Chassahowitzka NWR CHAS FL 28.7484 �82.5549 4

U.S. East Coast Sites

Moosehorn NWR MOOS ME 45.1259 �67.2661 78

Penobscot PENO ME 44.9480 �68.6479 45

Acadia NP ACAD ME 44.3771 �68.2610 157

Casco Bay CABA ME 43.8325 �70.0644 27

Cape Cod CACO MA 41.9758 �70.0242 49

Martha's Vineyard MAVI MA 41.3309 �70.7846 3

Brigantine NWR BRIG NJ 39.4650 �74.4492 5

Swanquarter SWAN NC 35.4510 �76.2075 �4

Cape Romain NWR ROMA SC 32.9410 �79.6572 5

Okefenokee NWR OKEF GA 30.7405 �82.1283 48

R.A. Kotchenruther / Atmospheric Environment 151 (2017) 52e6154



organic carbon (OP) and low temperature combusting EC. Hence,

EC1 was recalculated as EC1-OP and the measured OP value was

used, so as not to double count measured OP.

2.4. Source apportionment

Source apportionment modeling was performed using EPA PMF

5.0 (Norris et al., 2014). A discussion of the mathematical equations

underlying EPA PMF can be found in Paatero and Hopke (2003) and

Norris et al. (2014). Data from each monitoring site was modeled

independently. In each case, the model was run in the robust mode

with 20 repeat runs to insure the model least-squares solution

represented a global rather than local minimum and the rotational

FPEAK variable was held at the default value of 0.0. The model so-

lution with the optimum number of factors was determined

somewhat subjectively and was based on inspection of the factors

in each solution, the quality of the least-squares fit (analysis of

QRobust and QTrue values), and the results from three error estima-

tion methods available in PMF 5.0; bootstrapping (BS), displace-

ment (DISP), and bootstrapping with displacement (BS-DISP)

(Norris et al., 2014; Paatero et al., 2014). The scaled residuals for

final model solutions were generally normally distributed, falling

into the recommended range of þ3 to �3.

PMF factors can represent a single source or source category

(e.g., RFO combustion, wood burning), a chemical composition (e.g.,

ammonium nitrate, sea salt), or mixtures of sources and composi-

tions. During PMF modeling of each of the 22 sites in this work, it

was sometimes the case that the solution that appeared to present

the best delineation of sources and compositions, was in fact shown

to have too much solution instability after analysis with DISP, BS,

and BS-DISP (e.g., factor swaps; Brown et al., 2015). In cases like

this, reducing the number of factors often led to improved solution

stability, but also caused some factors to combine and become

mixtures of sources, or sources and compositions. Preference in

PMF solutions was given to the number of factors with improved

solution stability, even if that lead to reduced source delineation.

Further information on how the model solution with the optimal

number of factors was selected is provided in the Supplemental

materials.

3. Results and discussion

3.1. Identified PM2.5 sources and compositions

PMF modeling for each of the 22 sites resulted in solutions with

from 5 to 9 factors, depending on the site. Table 2 lists the 12

different sources and compositions that were identified at the 22

sites, at how many sites each source or composition was identified,

and how often theywere identified in a factor by themselves versus

in a factor mixed with other sources or compositions. A table in the

Supplemental materials lists each site, the number of factors found,

and the factor attributions using the source or composition iden-

tifiers listed in Table 2. PMF factor mass time series and factor

chemical profiles for each site are also provided in the

Supplemental materials. The chemical profiles presented in the

Supplemental materials are those after the factor chemical

composition from each site was normalized. A factor chemical

composition was normalized by first assuming an organic mass

(OMC) to OC ratio of 1.8 (i.e., multiplying all OC fraction by 1.8). An

OMC to OC ratio of 1.8 is a common ratio used for rural and remote

monitoring sites and is used to account for the full mass of organic

material, not just the carbon portion. Second, in order to fully ac-

count for all sulfate and nitrate mass, sulfate and nitrate were

assumed to be fully neutralized and present as ammonium sulfate

and ammonium nitrate. Ammonium ion is not measured in the

IMPROVE network, but given the rural and remote locations of most

monitors, full neutralization is a reasonable assumption. Third, to

fully account for the mass of fugitive dust, for factors associated

with fugitive dust a metal oxide to metal ratio was assumed for

aluminum (Al, ratio of 2.2), calcium (Ca, 1.63), iron (Fe, 2.42), tita-

nium (Ti, 1.94), and silicon (Si, 2.49) based on the ratios used in the

IMPROVE network (Solomon et al., 2014). Lastly, all of these com-

ponents and the remaining measured species were summed and

each chemical component was divided by the sum to normalize the

chemical profile. Presenting the normalized chemical profiles gives

a better representation of the importance of each chemical species

to the overall profile, and is needed for profile comparisons across

multiple sites.

The sources and compositions listed in Table 2 were identified

by comparing the chemical composition of PMF factors with

chemical profiles in EPA's SPECIATE database of source emissions

test data (https://www3.epa.gov/ttnchie1/software/speciate/),

comparison with similar PMF factor chemical compositions iden-

tified in existing published studies, knowledge of the seasonal

emissions patterns of aerosol sources, and composition of aerosols

found in the natural environment (e.g., fugitive dust, sea salt). The

sections below describe how each source or composition was

identified, and for the 7 most commonly found, Fig. 2 depicts the

average PMF factor chemical profile from multiple sites. Average

profiles were calculated only from those factors that were deter-

mined not to be a mixture. The number of individual profiles

making up the average profiles in Fig. 2 ranged from 6 to 21, and

depended on how well resolved the source or composition was in

the modeling results across all sites. Data tables for the average

profiles are provided in the Supplemental materials. The average

factor profiles were taken after the PMF factor chemical profile

Table 2

Sources and chemical compositions identified by PMF, and the number of sites where appearing as a single PMF factor, or in a factormixed with other listed sources or chemical

compositions.

Source or composition identifier Identified source or composition Number of sites

where appears

Number of sites

where a single factor

Number of sites

where in a mixed factor

1 Residual Fuel Oil Combustion 22 13 9

2 Ammonium Sulfate 22 18 4

3 Wood Smoke and Secondary Organic Carbon 22 12 10

4 Fugitive Dust 22 16 6

5 Motor Vehicles 21 6 15

6 Sea Salt 21 21 0

7 Ammonium Nitrate 19 13 6

8 Aged Sea Salt 5 1 4

9 Potassium Rich Ammonium Sulfate 5 2 3

10 Unidentified Organic Aerosol 4 1 3

11 Calcium Rich Fugitive Dust 1 1 0

12 Iron Rich 1 1 0
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from each site was normalized as described above. Average profiles

offer a more robust representation of the chemical composition of

an aerosol source than do results from a single PMF solution, and

could be useful for comparison to other source apportionment

analyses, or even used as source profile inputs in Chemical Mass

Balance receptor modeling.

3.1.1. PMF factors associated with residual fuel oil combustion

A PMF factor containing RFO combustionwas identified at all 22

sites modeled. This was expected because these sites were chosen

based on strong V:Ni correlations and had correlation slopes in the

ambient data similar to marine vessel RFO emissions ratios. At 9

sites, inspection of the chemical composition of the factor

Fig. 2. Average and standard deviation of chemical profiles from PMF factors from multiple sites associated with (a) residual fuel oil combustion, (b) ammonium sulfate, (c) wood

smoke and secondary OC, (d) fugitive dust, (e) motor vehicles, (f) sea salt, and (g) ammonium nitrate.
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associated with RFO combustion resulted in the determination that

the factor represented amixture of other sources in addition to RFO

combustion. At the 13 remaining sites, the factor associated with

RFO combustion was judged not to be mixed with other sources. At

these 13 sites, the V:Ni ratio in the PMF chemical profiles ranged

from 2.4 to 3.9 with an average value of 2.9. These V:Ni ratios were

similar that from the ambient measurements, which ranged from

2.2 to 3.7 with an average of 3.0 (see Supplemental materials) and

are similar to ratios found in Kotchenruther (2015). The average

chemical profile from PMF factors at these 13 sites is shown in

Fig. 2a.

Other than several categories of stationary sources, no other

significant sources of V and Ni have V:Ni emissions ratios above 1.0

in the EPA SPECIATE database. While contributions from stationary

sources cannot be completely ruled out, the coastal and remote

locations of most sites considered here, along with the marine

origin of back-trajectories on high V þ Ni monitored days in

2010e2011, suggests RFO combustion from marine vessels is the

likely dominant source of V and Ni.

Sulfate is an important component of all PMF factors that were

associated with RFO combustion. However, sulfate is a ubiquitous

component of ambient PM2.5 whenever chemical speciation of

PM2.5 is performed, and there are often many sources of environ-

mental sulfate. In order to ensure that changes in RFO combustion

factor concentrations were not associated with changes in emis-

sions from other sources of environmental sulfate, model results for

marine vessel RFO combustion are only used to analyze the effect of

the NA-ECA if PMF modeling passed acceptable performance

criteria from all three uncertainty estimation methods (BS, DISP,

and BS-DISP) recommended in the PMF 5.0 user's guide (Norris

et al., 2014) and a separate ammonium sulfate factor was found

at that site. A previous publication (Kotchenruther, 2015) demon-

strated that when these criteria were met, statistically significant

changes in the contribution of RFO combustion to PM2.5 only

occurred in areas where fuel sulfur was being regulated, even

though all sites had shown a statistically significant reduction in

ambient sulfate. This gave confidence in the previous published

results that changes in the contribution of RFO combustion to PM2.5

identified by PMF were not associated with sulfur reduction mea-

sures implemented in other source sectors. Adhering to the same

performance criteria in this work bolsters a similar confidence.

For 4 of the 9 sites mentioned abovewhere RFO combustionwas

found to be part of a factor mixed with other sources, this deter-

mination was made because no separate factors were identified

containing secondary sulfate. In these cases, it was assumed that

the sulfate component of the factor associated with RFO combus-

tion representedmultiple sources of environmental sulfate, not just

from RFO combustion. Hence, these factors were deemed to be

from a mixture of sources. At 3 of the 9 sites, RFO combustion was

determined to be mixed with other sources of organic aerosol, and

at 2 of the 9 sites RFO combustionwas determined to bemixedwith

aged sea salt.

3.1.2. PMF factors associated with ammonium sulfate

Themain chemical constituent in this factor was sulfate andwas

assumed to be fully neutralized by ammonium. This factor typically

had a seasonal pattern of higher mass attributions in summer

months. The average chemical profile from PMF factors at 18 sites

where this source was not mixed with other sources is shown in

Fig. 2b.

3.1.3. PMF factors associated with wood smoke and secondary

organic carbon

A factor mixing secondary organic aerosol with wood smoke

emissions. This factor occurred, unmixed with other sources, at 12

sites and was characterized by a chemical profile dominated by

organic carbon (OC), elemental carbon (EC), and potassium and a

PM2.5 mass time series at most sites having occasional spikes above

5 mg/m3 on top of continuous contributions between 0.5 and 1 mg/

m3. The average chemical profile from PMF factors at 12 sites where

this source was not mixed with other sources is shown in Fig. 2c.

3.1.4. PMF factors associated with fugitive dust

The principal chemical constituents in this factor were Al, Ca, Fe,

and Si. Significant trace constituents were Ti and K. The typical

seasonal pattern of mass is higher in late summer and lower in

winter and spring and corresponds to the typical seasons with less

and more precipitation, respectively. The average chemical profile

from PMF factors at 16 sites where this source was not mixed with

other sources is shown in Fig. 2d. The fractional contributions of the

principal and trace chemical constituents in the average profile are

similar to that of numerous soil dust profiles in EPA's SPECIATE

database.

3.1.5. PMF factors associated with motor vehicles

The principal chemical constituents in this factor were EC1, OC2,

OC3, OC4, and OP. Significant trace constituents were zinc (Zn), lead

(Pb), copper (Cu), and Fe. The average chemical profile from PMF

factors at 6 sites where this source was not mixed with other

sources is shown in Fig. 2e. The dominant chemical constituents are

similar to those found for motor vehicles in previous publications

(Zhao and Hopke, 2004; Kim and Hopke, 2006; Hwang and Hopke,

2007). The significant trace metal constituents match those

commonly found in PM2.5 associatedwithmotor vehicles (Song and

Gao, 2011; Pant and Harrison, 2013). These factors represent a

mixture of vehicle exhaust and non-exhaust (e.g., tire wear)

emissions. The near ubiquity of this source at the sites in this study

matches the conceptual understanding of motor vehicles as a

common source of particulate pollution. Separate factors for gaso-

line and diesel vehicles were not found in this study, and this factor

likely represents a combination of these sources.

3.1.6. PMF factors associated with sea salt

This factor was dominated by Na and Cl. Significant trace con-

stituents were magnesium (Mg) and Ca. Mass impacts for this

factor had no discernable seasonal pattern, suggesting these factors

are from natural sources rather than winter road salting. The

average chemical profile from PMF factors at 21 sites where this

source was not mixed with other sources is shown in Fig. 2f.

3.1.7. PMF factors associated with ammonium nitrate

Themain chemical constituent in this factor was nitrate andwas

assumed to be fully neutralized by ammonium. The typical seasonal

pattern of mass impacts showed high winter and low summer

impacts, which is indicative of secondary formation, and likely from

multiple sources of NOx. The average chemical profile from PMF

factors at 13 sites where this source was not mixed with other

sources is shown in Fig. 2g.

3.1.8. PMF factors associated with aged sea salt

This factor had the same identifying features as Sea Salt, but

with little or no Cl and the addition of a significant contribution

from nitrate. The replacement of Cl with nitrate is typical of sea salt

after aging (Adachi and Buseck, 2015).

3.1.9. PMF factors associated with potassium rich ammonium

sulfate

The main chemical constituent in this factor was sulfate with a

significant contribution from potassium. Sulfate was assumed to be

fully neutralized by ammonium.
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3.1.10. PMF factors associated with unidentified organic aerosol

This classification was given to factors that contained a signifi-

cant amount of organic mass that could not otherwise be identified.

Most factors showed higher concentrations in summer, which

could indicate an association with secondary organic aerosol. 4 of

the 22 sites had factors like this.

3.1.11. PMF factors associated with calcium rich fugitive dust

This factor was similar to fugitive dust, but with a significantly

higher calcium concentration than the typical fugitive dust chem-

ical profile.

3.1.12. PMF factors associated with iron rich

This factor was dominated by Fe, OC2, OC3, OC4, and EC1. Sig-

nificant trace constituents were chromium, Cu, Zn, and manganese.

This factor was only found in Seattle. It is likely this factor is related

to metal fabrication or other industrial activity.

3.2. PMF results and NA-ECA effectiveness at reducing RFO

combustion from marine vessels

The effectiveness of the NA-ECA at reducing contributions from

marine vessel RFO combustion to PM2.5 was assessed at the 13 sites

where PMF results indicated a well delineated factor associated

with RFO combustion (see Section 2.4 above). NA-ECA effectiveness

could not be easily assessed at those 9 sites where mixed factors

containing RFO combustion were identified. NA-ECA effectiveness

was assessed by determining if statistically significant reductions in

PM2.5 from RFO combustion had occurred. Significance testing was

performed using the nonparametric Wilcoxon-Mann-Whitney

(WMW) test (ProUCL version 5.0; https://www.epa.gov/land-

research/proucl-software).

The distribution of mass impacts for PMF factors associated with

RFO combustion was compared between three time periods asso-

ciated with differing NA-ECA fuel sulfur regulation; 24 months (1/

2010 to 12/2011) in the pre-NA-ECA period, 24 months (1/2013 to

12/2014) in the NA-ECA 1.0% S period, and 12months (1/2015 to 12/

2015) in the NA-ECA 0.1% S period. Full annual time periods were

compared in the statistical analyses, either 12 or 24 months,

because PMF factors associated with RFO combustion at many sites

had a pronounced seasonal cycle with higher summer values and

lower winter values. This seasonal cycle can be explained by

increased stability in the summertime marine boundary layer

compared to winter. The heightened stability in the summer ma-

rine boundary layer more efficiently traps marine vessel exhaust

plumes, and as these plumes transition from over water to over

land they undergo coastal fumigation. Because a similar seasonal

cycle is observed in the ambient V and Ni measurements, the

seasonal cycle is not thought to be significantly related to elevated

secondary production of sulfate in summer. However, increased

summertime marine vessel activity may contribute to the observed

season cycle in some locations, such as locations impacted by

seasonal cruise ship activity.

Fig. 3 shows three examples of time series of PMF factors

associatedwith RFO combustion, the PM2.5 fromRFO combustion at

OLYM, BRIS, and CACO IMPROVE monitoring sites. Decreases in

PM2.5mass from RFO combustion are apparent in each period of the

NA-ECA regulation. Time series of mass impacts for all factors can

be found in the Supplemental materials.

Table 3 shows the annualized (the average of 24 or 12 monthly

averages) average RFO mass contribution to PM2.5 at the 13

IMPROVE sites for the pre-NA-ECA, NA-ECA 1.0% S, and NA-ECA 0.1%

S periods. Table 3, Fig. 4, and Fig. 5 show the percent change in

annualized average RFO mass from the pre-NA-ECA to NA-ECA 1% S

periods and from the pre-NA-ECA to NA-ECA 0.1% S periods.

Changes in RFO mass between these periods were all found to be

statistically significant at the 99% confidence interval using the

WMW test.

To isolate the effect of the NA-ECA regulation from the CA-CFR

regulation, results for the 2 sites in CA were excluded. For the

remaining 11 sites, the average decrease in PM2.5 from RFO com-

bustionwas 50.2% from the pre-NA-ECA to NA-ECA 1% S period and

74.1% from the pre-NA-ECA to NA-ECA 0.1% S period.

Decreases in PM2.5, from the pre-NA-ECA baseline period of

2010e2011 to the NA-ECA 0.1% S period in 2015, were greater than

77.2% at every site except for the two U.S. Gulf Coast IMPROVE sites

of SAMA and CHAS, which only showed reductions of 33.0% and

35.4%, respectively. It is unclear why these two sites did not see

similar reductions as the other sites. Potential explanations include

that there may be other sources of RFO combustion besides marine

vessels that are impacting these sites, that there may be lax

compliance with the NA-ECA in this region, or that the ECA zone

near the southeastern Florida coast narrows to much less than

200 nm because the ECA cannot be enforced in the territorial wa-

ters of other counties. Hence, unregulated emissions outside of that

narrowed ECA zone may be impacting these sites. Further study

and tracking is recommended.

3.3. Other possible factors influencing the PMF results for changes

in annual PM2.5 from RFO combustion

In addition to the implementation of marine vessel fuel sulfur

regulations, annual changes in marine vessel traffic could affect the

amount of marine vessel PM2.5 contributing to ambient monitors.

To address this concern, data for annual waterborne shipping

tonnage in U.S. costal states and annual shipping container traffic

volume at major ports were analyzed from 2010 to the latest year of

available data, 2014 (US Army Corps of Engineers, 2016). Both data

sets showed that annual ship traffic was relatively steady over the

5-year period. Data tables for shipping tonnage and shipping

container traffic are provided in the Supplemental data. In regards

to passenger vessel traffic such as from cruise ships, annual cruise

ship port calls in many ports have also remained relatively constant

in the 2010e2015 period covered in this study (e.g., Port of Seattle,

2016; Port Tampa Bay, 2016).

The chemical composition of fuels used by ocean-going vessels

can also vary. This study assumes that, in the absence of fuel sulfur

regulations, most marine vessels capable of using RFO fuels will do

so because of the low cost. However, RFO is a general term for

residual fuels that can have varying chemical compositions. While

the global average sulfur content of RFO used by marine vessels

has been relatively stable between 2.6 and 2.7% in recent years,

the sulfur content of RFO on individual ships can vary depending

on the fuels' source region (IMO, 2011). The V and Ni concentra-

tions in RFO can span a wide range (Kasper et al., 2007; Khan

et al., 2012), however, as noted above the V to Ni ratio in RFO

combustion tests typically ranges between 2 and 4.5. While

temporal changes in the chemical composition of RFO used along

the U.S. coasts could not be determined with available data

sources, given that the global average sulfur content has been

relatively stable during the time period of this study, it is likely

that chemical composition changes implemented to meet the fuel

sulfur regulations are significantly larger than the temporal fluc-

tuations in average RFO chemical composition used in the U.S.

coastal regions.

Change inmeteorology between the years analyzed in this study

is also a source of potential variability effecting these results. The

most influential meteorological variables are likely precipitation,

wind speed, wind direction, and factors effecting coastal fumiga-

tion dynamics. However, given the temporal and geographic scope
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Fig. 3. Time series of PMF factors associated with RFO combustion at the OLYM, BRIS, and CACO IMPROVE monitoring sites.

Table 3

Annualized average RFO combustion emissions contribution to PM2.5 for the pre-NA-ECA, NA-ECA 1% S, and NA-ECA 0.1% S periods and percent change in RFO combustion

emissions contribution between the annualized average periods.

IMPROVE monitor

abbreviation

pre-NA-ECA (2010e2011)

RFO mass (mg/m3)

NA-ECA 1% S (2013e2014)

RFO mass (mg/m3)

NA-ECA 0.1% S (2015)

RFO mass (mg/m3)

pre-NA-ECA to NA-ECA 1% S

RFO mass change (%)

pre-NA-ECA to NA-ECA 0.1% S

RFO mass change (%)

U.S. West Coast Sites

OLYM 0.205 0.119 0.039 �41.9 �81.0

PUSO 0.511 0.286 0.104 �44.0 �79.7

PORE 0.005 0.003 0.001 �51.7 �81.6

AGTI 0.235 0.081 0.040 �65.6 �83.0

U.S. Gulf Coast Sites

BRIS 0.108 0.051 0.021 �53.2 �80.9

SAMA 1.124 0.797 0.753 �29.0 �33.0

CHAS 0.806 0.552 0.521 �31.5 �35.4

U.S. East Coast Sites

PENO 0.060 0.031 0.009 �48.6 �84.4

ACAD 0.019 0.008 0.002 �57.0 �87.4

CABA 0.735 0.258 0.167 �64.9 �77.3

CACO 0.459 0.159 0.053 �65.4 �88.6

BRIG 0.454 0.169 0.044 �62.7 �90.4

ROMA 0.916 0.425 0.209 �53.6 �77.2
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of this work, a detailed meteorological analysis for each site is

beyond the scope of this study.

4. Conclusions

This work uses ambient PM2.5 monitoring data from the U.S.

IMPROVE network and PMF receptor modeling to assess the

effectiveness of the NA-ECA at reducing ambient PM2.5 frommarine

vessel RFO combustion. V and Ni data from 65 IMPROVE sites in

coastal States of the U.S. were analyzed to identify sites with PM2.5

contributions from RFO combustion, and 22 of these sites were

selected for PMF receptor modeling. Each site was modeled inde-

pendently with PMF, obtaining from 5 to 9 factors depending on the

site. Every site resolved a PMF factor associated with RFO com-

bustion, but these factors at some sites contained RFO combustion

mixed with other aerosol sources. 13 sites were deemed to have

PMF factors associated with RFO combustion that were not mixed

with other sources. For these 13 sites, PM2.5 from RFO combustion

Fig. 4. Percent change in annual average PM2.5 from marine vessel RFO combustion from the pre-NA-ECA (2010e2011) to NA-ECA 1% S (2013e2014) periods.

Fig. 5. Percent change in annual average PM2.5 from marine vessel RFO combustion from the pre-NA-ECA (2010e2011) to NA-ECA 0.1% S (2015) periods.
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was analyzed for three time periods related to various levels of fuel

sulfur control under the NA-ECA; pre-NA-ECA, NA-ECA 1.0% S, and

NA-ECA 0.1% S. Implementation of the NA-ECA was found to be

effective at reducing PM2.5 from RFO combustion, with all 13 sites

indicating statistically significant reductions in PM2.5 from RFO

combustion between the pre-NA-ECA period and the two periods

of fuel sulfur control. The average decrease in annual average PM2.5

from RFO combustion resulting from the NA-ECA implementation

was 50.2% from the pre-NA-ECA to NA-ECA 1% S period and 74.1%

from the pre-NA-ECA to NA-ECA 0.1% S period.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://

dx.doi.org/10.1016/j.atmosenv.2016.12.012.
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A regional assessment of marine vessel PM2.5 impacts in the U.S.
Pacific Northwest using a receptor-based source apportionment
method
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h i g h l i g h t s

< PM2.5 source apportionment was performed for 36 sites in the northwest U.S.

< Residual fuel oil factors at 14 locations were linked to marine vessel emissions.

< Monthly average PM2.5 impacts from marine vessel emissions are quantified.

< Results are just prior to the start of the North American Emissions Control Area.

< Results set a baseline to measure progress in emissions reductions.
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a b s t r a c t

This work reports results from a receptor-based source apportionment analysis using the Positive Matrix

Factorization (PMF) model on chemically speciated PM2.5 data from 36 urban and rural monitoring sites

within the U.S. Pacific Northwest. The approach taken is to model each site independently, treats monitor

datasets with a common data preparation protocol, and uses a common modeling protocol. Comple-

mentary data from two monitoring networks, the urban Chemical Speciation Network (CSN) and rural

Interagency Monitoring of Protected Visual Environments (IMPROVE) Network, was modeled for the

period of 2007e2011.15 different factor types were found for CSN sites and 17 for IMPROVE sites, however

many factors occurred at only a few locations. Only 3 factor types were common in both networks: sulfate/

sulfur rich, nitrate rich, and soil. However, for coastal and near coastal monitoring sites there were three

additional factors common in both networks: sea salt, aged sea salt, and residual fuel oil combustion (RFO).

This work presents annual average PM2.5 mass impacts for all sites and factors found and the results for

RFO are explored in greater depth. The association between RFO results and commercial marine vessel

emissions ismade based on similarities between factor chemical profiles and published emissions profiles,

comparisons with emissions inventories, and the similarity in the spatial extent of RFO factor locations to

that of the other marine aerosols identified in this study, sea salt and aged sea salt. All 14 monitoring sites

with marine vessel RFO factors showed a seasonal cycle of mass impacts, with lower impacts in winter

months (monthly average PM2.5 between 0.1 mg m�3 and 0.9 mg m�3 in January) and higher impacts in

summer months (monthly average PM2.5 between 0.3 mg m�3 and 2.7 mg m�3 in August). These results set

a baseline to measure progress in emissions reductions that are expected from implementation of the

North American Emissions Control Area (ECA) beginning in August 2012.

Published by Elsevier Ltd.

1. Introduction

Human health studies have shown that there is a relationship

between exposure to fine particulate matter (PM2.5, particles with

aerodynamic diameter <2.5 mm) and adverse health effects such as

cardiovascular and pulmonary disease (Künzli et al., 2005), and

lung cancer and premature mortality (Pope and Dockery, 2006).

The preponderance of health studies suggest that there is no PM

exposure threshold below which adverse health effects do not

occur (Pope and Dockery, 2006), which implies that anthropogenic

PM impacts should be of concern even in areas currently meeting

national ambient air quality standards. In addition to human health
* Tel.: þ1 206 553 6218; fax: þ1 206 553 0119.
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effects, deposition of anthropogenic PM has also been linked to

adverse effects on ecosystem health (Geiser et al., 2010).

PM2.5 emissions from commercial marine vessels has been an

active area of investigation because these sources typically burn

residual fuel oil (RFO), which has a very high sulfur content,

produces large amounts of PM2.5, SO2, and NOx (Moldanova et al.,

2009), and are mobile sources that can impact urban areas as

well as remote coastal areas having few other direct sources of

anthropogenic emissions. Health studies targeted at seafarers have

shown an increased rate of cancer incidence depending on length

of time employed (Kaerlev et al., 2005), while globally among the

general populationmarine vessel emissions have been estimated to

cause approximately 60,000 cardiopulmonary and lung cancer

deaths annually (Corbett et al., 2007). Regulating marine vessel fuel

sulfur content is a common approach to reducing emissions.

Winebrake et al. (2009) have shown that significant reductions in

premature mortality frommarine vessel emissions can be achieved

by regulating fuel sulfur content at amounts lower than an assumed

uncontrolled fuel sulfur content of 2.7%.

Concerns over health and ecological effects of marine vessel

emissions led the United States (U.S.) and Canadian governments in

2009 to propose to the International Maritime Organization (IMO)

the inclusion of North America in an Emissions Control Area (ECA).

In March of 2010 the IMO amended the International Convention

for the Prevention of Pollution from Ships (MARPOL) to designate

specific portions of North American waters as an ECA (U.S. EPA,

2010). Beginning in August 2012, the ECA requires marine vessels

within 200 nautical miles of North American coasts to use fuels

with sulfur content no higher than 10,000 ppm (1%) andworldwide

no higher than 35,000 ppm (3.5%). Starting in 2015, the ECA will

require fuel sulfur content no higher than 1000 ppm (0.1%) within

200 nautical miles of North American coasts.

ECA controls on fuel sulfur content are expected to significantly

reduce marine vessel emissions. Analysis of environmental aerosol

data in coastal regions using receptor-based source apportionment

techniques has often been able to identify impacts from marine

vessels burning RFO due to high sulfur and significant Ni and V

trace metal content in their emissions (Agrawal et al., 2008).

Previous source apportionment studies in the U.S. Pacific North-

west have identified marine vessel RFO impacts at several urban

and rural locations (Maykut et al., 2003; Wu et al., 2007; Kim and

Hopke, 2008a, 2008b). Recent studies in Los Angeles (Minguillon

et al., 2008) and the Netherlands (Mooibroek et al., 2011) used

receptor-based techniques to analyze data from multiple moni-

toring sites and explored the spatial extent and magnitude of

marine vessel impacts, however, the number of sites analyzed were

relatively few and within the same airshed.

Multi-site receptor-based studies have approached the source

apportionment task by either grouping the data into a larger

dataset or analyzing data from each site independently. When

monitoring sites share a common airshed and are expected to share

the same aerosol sources, combining data from multiple sites can

be an efficient approach that also increases the sample size, which

can be important for receptor models like Positive Matrix Factor-

ization (PMF). However, if there is no expectation of common

aerosol sources, then combining data frommultiple sites could lead

to misidentification of source contributions at sites where they, in

reality, do not contribute.

A regional assessment of aerosol source impacts is often

addressed using source-oriented methods like photochemical grid

modeling that predicts source impacts from emissions inventories,

emissions modeling, meteorological simulations, and chemical

transport modeling (Wagstrom et al., 2008). While there are clear

benefits to source-oriented methods, the results are limited by

uncertainties in emissions, errors and biases in meteorological

simulations, grid resolution, and uncertainties and simplifications

in the representation of atmospheric chemistry.

A regional assessment using receptor-based methods might be

assembled from existing published studies. However, while there

are many of these studies, most report results for only a few

monitoring sites, cover different time periods, and for many

monitors there are no published results. Also, when approaching

a receptor-based source apportionment analysis there are many

decisions that need to be made with regards to data preparation,

whichmodel to choose, what modeling protocol to follow, and how

to interpret results (Reff et al., 2007). Differences in these choices

between researchers can make it difficult to compare results

between studies.

In this work a regional receptor-based source apportionment

analysis is performed using the PMFmodel on chemically speciated

PM2.5 data from 36 sites within the U.S. Pacific Northwest. The

approach taken is to model each site independently, to treat data

from all sites with a common data preparation protocol, and to use

a consistent modeling protocol. The benefits of this approach are

that results between sites are as comparable as possible since site-

to-site data and modeling have undergone the same treatments.

Annual average results are presented for all sites and source factors

and the results for RFO from marine vessels are explored in more

depth. Marine vessel emissions are well suited to this approach

because of their relatively unique chemical signature, they are

a large regional source, and are a mobile source with a wide

geographic extent. The results presented here for marine vessel

impacts are timely because they cover a time period just prior to

implementation of the North American ECA, and therefore provide

a baseline of source impacts fromwhich ‘on the ground’ progress in

emissions reductions can be assessed.

2. Methods

2.1. PM2.5 chemical speciation data

Two monitoring networks in the U.S. Pacific Northwest

routinely collect chemically speciated 24-h integrated PM2.5 mass:

the Chemical Speciation Network (CSN) and the Interagency

Monitoring of Protected Visual Environments (IMPROVE) Network.

The CSN is one of several urban and suburbanmonitoring networks

funded by the U.S. Environmental Protection Agency (EPA) and

operated by state and local agencies. CSN samplers are operated on

a daily, every third day, or every sixth day schedule depending on

the site. Quality assured CSN data are housed in EPA’s Air Quality

System (AQS) database. Detailed information about the CSN

network and AQS database can be found on the Technology

Transfer Network, Ambient Monitoring Technology Information

Center section of EPA’s web site (http://www.epa.gov/ttn/amtic/).

The IMPROVE network is a chemically speciated PM2.5 monitoring

program associated with the Regional Haze Rule of the U.S. Clean

Air Act. IMPROVE samplers are typically sited at remote locations

and are operated on a once every third day schedule. Quality

assured IMPROVE data are housed in The Visibility Information

Exchange Web System (VIEWS). Detailed information about the

IMPROVE network and VIEWS can be found on the IMPROVE web

site (http://vista.cira.colostate.edu/improve/). While measurement

and analytical techniques used to quantify aerosol ionic and

elemental concentrations are comparable between the two

networks (Chen et al., 2010), elemental and organic carbon (EC and

OC, respectively) data have historically been difficult to compare

because of differences in carbon sampler design and analytical

measurement protocols (Chow et al., 2004). To address this

problem and better harmonize the two monitoring networks, EPA

replaced all CSN carbon samplers between 2007 and 2009 tomatch
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those of the IMPROVE program and also switched to IMPROVE-

based carbon analytical measurement protocols at the same time

(U.S. EPA, 2009).

Information about the monitoring sites analyzed in this work is

listed in Tables 1 and 2, for CSN and IMPROVE sites, respectively,

and also shown in Fig. 1. The start date for data used from the CSN

monitors was based on when each site converted to IMPROVE-

based carbon sampling methods and the start date for IMPROVE

monitors was January 2007. The end date for both networks

represents the most recent data available at the time data were

extracted. The date range for data from both monitoring networks

was chosen tomaximize the total amount of available samples from

each monitor and to cover the broadest period of temporal overlap

after the change in CSN carbon methods.

2.2. Data preparation and treatment

Prior to source apportionment analysis the downloaded data-

sets were processed to correct for field blanks (CSN only), missing/

negative values, data completeness issues, poor signal-to-noise (S/

N) ratios, and species double counting. The uncertainty of each

reported measurement was also estimated. A detailed discussion of

data preparation and treatment is provided in the supplementary

materials Section S.1.

2.3. Source apportionment

PMF source apportionment modeling was performed using EPA

PMF 3.0 (Norris et al., 2008). A discussion of the mathematical

equations underlying EPA PMF can be found in Paatero and Hopke

(2003) and Norris et al. (2008). Data from each CSN and IMPROVE

monitoring site was modeled independently. In each case, the

model was run in the robust modewith 20 repeat runs to insure the

model least-squares solution represented a global rather than local

minimum and the rotational FPEAK variable was held at the default

value of 0.0. The model solution with the optimum number of

factors was determined somewhat subjectively based on inspection

of the factors in each solution, but also from the quality of the least-

squares fit (analysis of QRobust and QTrue values) in themodel output.

The scaled residuals for final model solutions were generally nor-

mally distributed, falling into the recommended range of þ3 to �3.

PMF is a receptor model that approaches the task source

apportionment through ‘factor analysis’, that is, the use of mathe-

matical constructs to reduce the overall dataset into a smaller

number of ‘factors’ that can explain the majority of data variability.

PMF ‘factors’ are then related to ‘sources’ by comparing the

chemical composition of factors with chemical profiles from

anthropogenic source test data or the natural environment (e.g.,

soil, sea salt). PMF does not typically provide an exact source

apportionment result because factors are often associated with

multiple sources. A PMF factor could represent a single source (e.g.,

industrial point source), multiple sources with similar emissions

profiles (e.g., gasoline vehicles), or multiple sources with insuffi-

cient variability in the observed dataset or insufficient chemical

uniqueness to be separated by the model (e.g., sulfate rich, nitrate

rich). PMF factors are also not necessarily mutually exclusive. For

example, a factor identified as predominantly ammonium sulfate

aerosol is likely from a combination of primary and secondary

sources including diesel engines and industrial facilities, even

though these sources may also have separately identified PMF

factors. Hence, caution should be used in interpreting factor source

classifications too literally or with exclusivity.

3. Results and discussion

3.1. Source apportionment results

Tables 3 and 4 list the number of PMF factors determined for each

monitoring site for CSNand IMPROVEmonitors, respectively, aswell

as factor names, annual average mass attributions for each factor,

and annual averagemeasured PM2.5. The annual averages presented

in Tables 3 and 4 represent multiyear averages based on the date

rangeof data presented inTables 1 and2, respectively. Because some

sites had an uneven distribution of samples throughout the annual

cycle, monthly average mass attributions were computed and the

annual average was calculated from the 12 monthly averages. A

description of factors and the rationale for factor names are

described in the supplementary materials Sections S.2eS.4.

The uncertainty and robustness of the PMF results were

assessed through a bootstrap analysis, where the original data was

resampled and the bootstrap PMF results are compared to the

original. The number of bootstrap model runs that can be mapped

back to the original result is a measure of solution robustness and

the variability in bootstrap mass allocations is a measure of

uncertainty. The PMF result for each monitoring site was subjected

to 200 bootstrap model runs and the factor mapping results for all

sites and factor types are provided in the supplementary materials

Section S.5. The RFO factor results were found to be generally

robust with an average of 96% of bootstrap results mapping back to

the original RFO factor. The variability in bootstrap factor mass

allocations and percentage of species allocations for RFO factors are

provided in the supplementary materials Section S.6. Additionally,

because the distribution of sulfur mass between factors will have

a significant influence on the amount of mass attributed to RFO, the

G-space plots between RFO and sulfur/sulfate rich factors were

examined when both factors were identified at a monitoring site.

Oblique edges in the G-space plot, if present, suggest that the

solution obtained by the given rotation may not be the most

Table 1

CSN monitoring sites modeled in this study.

Site name/city Date range modeled Number of samples State AQS number Latitude Longitude

Boise 5/3/07e9/12/11 532 ID 160010010 43.6003 �116.3479

Klamath Falls 7/6/09e3/28/11 88 OR 410350004 42.1889 �121.7225

Lakeview 10/4/09e3/28/11 83 OR 410370001 42.1889 �120.3519

Oakridge 7/6/09e3/28/11 100 OR 410392013 43.7444 �122.4805

Portland 5/3/07e8/4/11 513 OR 410510080 45.4965 �122.6034

Vancouver 4/1/09e9/6/11 149 WA 530110013 45.6483 �122.5869

Seattle_DW (Duwamish) 11/2/08e9/6/11 174 WA 530330057 47.5632 �122.3405

Seattle_BH (Beacon Hill) 5/3/07e9/12/11 435 WA 530330080 47.5683 �122.3081

Tacoma_SL (South L St.) 5/6/07e9/6/11 260 WA 530530029 47.1864 �122.4517

Tacoma_AL (Alexander Ave.) 11/2/08e9/6/11 174 WA 530530031 47.2656 �122.3858

Marysville 4/7/09e9/6/11 145 WA 530611007 48.0543 �122.1715

Yakima 11/8/07e9/6/11 202 WA 530770009 46.5968 �120.5122
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plausible. Of the 7 sites indicating both RFO and sulfate rich factors,

only the OLYM IMPROVE site had an apparent oblique edge in the

G-space plot between these two factors (G-space plots for these 7

sites are provided in the supplementary materials Section S.7). This

oblique edge was insensitive to variations in rotation using the

model FPEAK variable, suggesting the original OLYM site solution

has limited rotational freedom.

While the focus of this work is the RFO factor results and the

connection to marine vessels, it is worth briefly discussing some of

the similarities and differences between PMF results for CSN and

IMPROVE sites as a whole as well as comparing these results to

those of other published studies. Tables 3 and 4 show that there

were 15 different factor types found for CSN sites and 17 different

factor types for IMPROVE sites. The larger number of factor types

found across IMPROVE sites is understandable given that there are

twice as many IMPROVE as CSN sites and the IMPROVE sites

represent a wider geographic scope. That said, there were an

average of 9 factors found at CSN sites compared to only 6 at

IMPROVE sites, which is indicative of urban areas typically having

a larger number of PM2.5 sources relative to the rural IMPROVE

network.

Between the two networks, there were nine factor types that

had similar enough chemical profiles to be given the same factor

names in both the CSN and IMPROVE results (see supplementary

materials Sections S.2eS.4). Of these nine factor types, only three

were commonly found at both CSN and IMPROVE sites throughout

the U.S. Pacific Northwest: sulfate/sulfur rich, nitrate rich, and soil.

However, for coastal and near coastal monitoring sites (sites west of

the Cascade Mountain range), there were three additional factors

common to both CSN and IMPROVE sites: sea salt, aged sea salt, and

RFO. RFO appears to be the only factor commonly found at both CSN

and IMPROVE monitoring locations in the U.S. Pacific Northwest

that can be clearly associated with a particular source of pollution,

that is, marine vessels (see Section 3.2).

Previous studies have reported aerosol source apportionment

results for some of the monitoring locations also analyzed in this

study. Results for Seattle’s Beacon Hill monitoring site have been

previously reported in a number of published studies. Maykut et al.

(2003) reported an 8 factor solution using PMF and found an

average RFO contribution of 0.9 mg m�3 for data from the period

1997e1999, Kim and Hopke (2008a) reported a 10 factor solution

using PMF and found an average RFO contribution of 0.47 mg m�3

for data from 2000 to 2005, and Wu et al. (2007) reported a 10

factor solution usingME2 and found an average RFO contribution of

0.78 mg m�3 for data from 2000 to 2004. In this work, RFO was

found to contribute an average of 1.0 mg m�3 at the Beacon Hill site

for the period 2007e2011. While the average contribution of RFO

for the Seattle Beacon Hill site is higher in this work than in

previous studies, marine vessel activity data from the Port of Seattle

indicates that the number of annual vessel calls at the Port have

increased an average of 39% from the periods of 2002e2005 to

2007e2011 and total tonnage of shipping has increased an average

Table 2

IMPROVE network monitoring sites modeled in this study.

Site name Date range modeled Number of samples State Class 1 area Latitude Longitude

CRMO 1/6/07e12/31/10 452 ID Craters of the Moon 43.4605 �113.5551

SAWT 1/3/07e12/31/10 414 ID Sawtooth 44.1705 �114.9271

CABI 1/12/07e12/31/10 446 MT Cabinet Mountains 47.9549 �115.6709

FLAT 1/3/07e12/31/10 451 MT Flathead 47.7734 �114.2690

GLAC 1/3/07e12/28/10 441 MT Glacier 48.5105 �113.9966

MONT 1/3/07e12/31/10 443 MT Monture 47.1222 �113.1544

JARB 1/3/07e12/31/10 453 NV Jarbidge Wilderness 41.8926 �115.4261

CRLA 1/3/07e12/31/10 432 OR Crater Lake 42.8958 �122.1361

HECA 1/3/07e12/31/10 420 OR Hells Canyon 44.9702 �116.8438

KALM 1/3/07e12/31/10 465 OR Kalmiopsis 42.5520 �124.0589

MOHO 1/3/07e12/31/10 465 OR Mount Hood 45.2888 �121.7837

STAR 1/6/07e12/31/10 478 OR Starkey 45.2249 �118.5129

THSI 1/3/07e12/31/10 463 OR Three Sisters Wilderness 44.2910 �122.0434

LABE 1/3/07e12/31/10 457 CA Lava Beds 41.7117 �121.5068

REDW 1/3/07e12/31/10 420 CA Redwood 41.5608 �124.0839

COGO 1/3/07e12/31/10 435 WA Columbia Gorge 45.5693 �122.2103

CORI 1/3/07e12/31/10 475 WA Columbia River Gorge 45.6644 �121.0008

MAKA 1/3/07e10/23/10 414 WA Makah Tribe 48.3719 �124.5950

MORA 1/3/07e12/31/10 458 WA Mount Rainier 46.7583 �122.1244

NOCA 1/6/07e12/31/10 450 WA North Cascades 48.7316 �121.0646

OLYM 1/3/07e12/31/10 466 WA Olympic 48.0065 �122.9727

PASA 1/3/07e12/31/10 453 WA Pasayten 48.3877 �119.9275

SNPA 1/3/07e12/31/10 473 WA Snoqualmie Pass 47.4220 �121.4259

WHPA 1/3/07e12/31/10 461 WA White Pass 46.6243 �121.3881

Fig. 1. CSN and IMPROVE PM2.5 monitoring sites in the U.S. Pacific Northwest.
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Table 3

Annual average PM2.5 (mg m�3) and source apportionment results for PMF factors found at CSN monitoring sites in the U.S. Pacific Northwest.

Site name Number of

factors found

Measured

average PM2.5

Calcium

rich

Copper

rich

Gasoline

vehicles

Iron

rich

Nitrate

rich

Organic

pyrolysis

(OP) rich

Potassium

rich

Sea

salt

Aged

sea salt

Soil Sulfur

rich

Residual

fuel oil

Urban

unidentified

Wood

smoke

Zinc

rich

Boise 8 6.9 0.9 1.3 0.9 0.3 1.0 0.9 0.4 1.2

Klamath_Falls 5 10.7 0.7 2.1 1.1 0.6 6.4

Lakeview 7 8.5 0.7 1.4 0.6 0.9 0.4 0.5 4.2

Oakridge 7 8.0 1.3 1.5 0.3 0.4 0.8 3.8

Portland 8 8.3 2.5 0.7 0.6 0.4 0.5 1.0 0.8 1.8

Vancouver 8 7.1 0.1 0.6 1.0 0.3 0.4 1.2 1.6 2.2

Seattle_DW 11 7.9 0.4 1.6 0.9 0.7 0.3 0.3 0.9 0.5 1.1 1.3 0.2

Seattle_BH 11 6.6 0.0 1.3 0.8 0.6 0.6 0.2 0.9 0.2 1.0 0.4 0.7

Tacoma_SL 10 9.2 2.0 0.6 0.5 0.8 0.3 0.8 0.3 0.8 0.7 2.8

Tacoma_AL 9 8.0 1.9 0.3 0.9 0.2 0.5 0.8 1.3 0.5 1.9

Marysville 9 8.8 1.8 0.9 0.3 0.3 1.0 0.6 0.9 0.4 2.8

Yakima 10 8.8 1.7 0.4 1.8 0.9 0.3 0.3 0.9 1.0 1.5 0.5

Table 4

Annual average PM2.5 (mg m�3) and source apportionment results for PMF factors found at IMPROVE network monitoring sites in the U.S. Pacific Northwest.

Site

name

Number of

factors found

Measured

average

PM2.5

Iron

rich

Mixed,

nitrate &

sulfate

Mixed, OC,

EC & sulfate

Mixed, OC &

nitrate

Mixed, OC &

soil (Ca rich)

Mixed,

sulfate

& soil

Mixed,

sulfate &

soil (Ca rich)

Nitrate

rich

Organic

pyrolysis

(OP) rich

Sea

salt

Aged

sea salt

Secondary organic

aerosol & wood

smoke

Soil Soil (Ca

rich)

Sulfate

rich

Residual

fuel oil

Zinc

rich

CRMO 6 2.6 0.2 0.0 1.3 0.6 0.5 0.0

SAWT 6 3.1 0.1 0.1 2.0 0.6 0.3 0.0

CABI 5 2.7 0.1 1.5 0.5 0.6 0.1

FLAT 4 3.0 0.1 1.7 0.4 0.6

GLAC 5 4.3 0.2 0.2 2.5 0.7 0.8

MONT 4 3.4 0.2 2.0 0.6 0.6

JARB 6 2.8 0.1 1.2 0.9 0.4 0.2 0.0

CRLA 4 2.2 1.4 0.3 0.4 0.1

HECA 5 3.6 0.2 2.1 0.3 0.8 0.0

KALM 6 3.1 0.3 0.5 1.5 0.2 0.7 0.0

MOHO 4 2.0 0.4 0.3 0.0 1.2

STAR 5 3.0 0.2 0.2 1.8 0.3 0.4

THSI 4 2.8 0.2 1.5 0.6 0.5

LABE 7 2.8 0.1 0.1 0.1 1.7 0.4 0.4 0.0

REDW 5 3.4 0.1 1.2 0.2 1.2 0.9

COGO 9 4.3 0.4 0.3 0.2 0.4 1.6 0.4 0.8 0.3 0.0

CORI 7 4.8 0.1 0.6 0.6 1.8 0.9 0.8 0.2

MAKA 7 4.6 0.2 0.7 0.6 1.9 0.2 0.9 0.5

MORA 7 2.8 0.1 0.2 1.2 0.2 0.6 0.5 0.1

NOCA 5 2.2 0.2 1.1 0.2 0.1 0.7

OLYM 7 2.7 0.2 0.2 0.4 1.2 0.6 0.2 0.1

PASA 5 2.1 0.0 1.3 0.3 0.5 0.0

SNPA 7 2.5 0.2 0.3 1.1 0.2 0.3 0.4 0.1

WHPA 5 1.8 0.8 0.2 0.4 0.4 0.0
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of 29% for the same periods (Port of Seattle, 2012). The reported

increase in vessel activity is consistent with the increased RFO

contribution found in this work.

Source apportionment results for the Seattle Duwamish moni-

toring site were reported by Kim and Hopke (2008a) for data

covering the period of 2000e2005. They reported 11 PMF factors

and found an average RFO contribution of 0.44 mgm�3. In this work,

RFO was found to contribute an average of 1.1 mg m�3 at the

Duwamish site for the period of 2007e2011. The higher RFO

contribution reported here, over that of Kim and Hopke, can be

partially explained by the increased port activity reported above.

Additionally, the slightly higher RFO impacts at the Duwamish site

over Beacon Hill reported in this work are consistent with the

Duwamish site being both closer to Port of Seattle facilities and

sited in the Duwamish valley, nearer the same elevation as the Port,

compared to the Beacon Hill site.

Kim and Hopke (2008b) reported PMF source apportionment

results for the Olympic IMPROVE monitoring site using data from

2001 to 2004. They report finding 8 factors, with RFO (oil

combustion, in that work) contributing an average of 0.50 mgm�3 to

total PM2.5. In this work, RFO was found to contribute an average of

0.2 mg m�3 at the Olympic site for the period 2007e2010. The

smaller attribution of RFO mass in this work for the more recent

period, compared to Kim and Hopke, is inconsistent with the

previously discussed marine vessel port call data reported by the

Port of Seattle as well as total annual waterborne shipping tonnage

data for Washington State (U.S. Corps of Engineers, 2012), which

indicates that total tonnage shipped has increased 8.2% in Wash-

ington from the periods of 2001e2004 to 2007e2010. The

discrepancy in results between this work and Kim and Hopke for

the Olympic site is not well understood.

Source apportionment results for the Portland Oregon CSN

monitoring site were reported by Kim and Hopke (2008b) for data

from 2002 to 2005. They reported 10 PMF factors and, like this

work, did not identify a factor related to RFO.

Hwang and Hopke (2007) reported PMF source apportionment

results for the Kalmiopsis IMPROVE site in southwestern Oregon. In

that work they used data from 2000 to 2004 and found 9 factors,

but did not identify a RFO factor. In this work RFO was found to

contribute an annual average of 0.7 mg m�3 to total PM2.5 for the

2007e2010 period. The difference between Hwang and Hopke and

this work likely stems from differing interpretations of the source

of the high sulfate factor. Hwang and Hopke labeled their high

sulfate factor secondary sulfate, but did not attribute that to RFO

sources as in this work.

3.2. Results for RFO and linkage to marine vessels

3.2.1. PMF results for RFO and comparison with source test data

Chemically speciated source profiles of primary PM2.5 emissions

covering a wide range of sources are available through the EPA

SPECIATE database Version 4.3 (Hsu and Divita, 2011). The

SPECIATE database has two emissions profiles for marine vessels

using RFO, profiles 5676 and 5674. The V:Ni ratio in these profiles is

2.6 and 2.3, the weight percent of the sum of V and Ni is 2.5% and

2.2%, the weight percent of sulfate is 44% and 38%, and the weight

percent OC is 1.7% and 11.3%, respectively. Additionally, a V:Ni ratio

of 4.5 was reported by Agrawal et al. (2008) for marine vessels

using RFO. While not reported in the SPECIATE database, marine

vessels using RFO also emit volatile organic compounds (VOCs),

NOx, and large amounts of SO2 due to the very high fuel sulfur

content (Agrawal et al., 2008; Moldanova et al., 2009). Downwind

of marine vessel emissions, it is expected that the ratio of V:Ni will

be maintained but the absolute concentration of sulfate, OC, V, and

Ni associated with this source may shift as SO2, VOCs, and other co-

emitted gases undergo photochemistry and gas-to-particle

conversion.

Of the 36 sites analyzed in this study, 14 sites had factors that

matched the chemical signature of RFO based on high sulfur/sulfate

content in the chemical profile, attribution of a significant

percentage of measured V and Ni to the factor, and a V:Ni ratio near

that reported for RFO. Figs. 2 and 3 show the RFO PMF factor

chemical profiles from CSN and IMPROVE sites, respectively. The

ratio of V:Ni in these factors ranged from 2.4 to 3.9 for CSN sites and

2.3e5.4 for IMPROVE sites and had an average value of 3.0 and 3.2

for CSN and IMPROVE sites, respectively. A map indicating the

location of sites where RFO factors were found is shown in Fig. 4.

It should be noted that while all RFO factors have a significant

sulfur/sulfate mass attribution, there is large variability in the

amount of OC, EC and nitrate attributed to the factors. Some of this

variation can be attributed to differences in photochemistry

effecting upwind RFO source emissions, but some is also likely

associated with factor uncertainty.

3.2.2. Comparison with 2008 emissions inventories

In April of 2012 EPA published Version 2 of its 2008 National

Emissions Inventory (NEI). The NEI is a comprehensive and detailed

county, state, and nationwide estimate of emissions for a wide

range of air pollutants and is prepared every three years by EPA in

collaboration with State, Local, and Tribal air agencies (U.S. EPA,

2012a). Of interest for this study is that the 2008 NEI includes

0

20

40

60

80

100

A
s A
l
B
r
C
a
C
r
C
o
C
u C
l
F
e
P
b
M
n N
i

M
g T
i V S
i

A
g
Z
n S K
N
a

N
H
4

N
O
3

O
C
1

O
C
2

O
C
3

O
C
4
O
P

E
C
1

E
C
2

E
C
3

1E-4

1E-3

0.01

0.1

1

0

20

40

60

80

100

1E-4

1E-3

0.01

0.1

1

0

20

40

60

80

100

1E-4

1E-3

0.01

0.1

1

0

20

40

60

80

100

1E-4

1E-3

0.01

0.1

1

0

20

40

60

80

100

A
s A
l
B
r
C
a
C
r
C
o
C
u C
l
F
e
P
b
M
n N
i

M
g T
i V S
i

A
g
Z
n S K
N
a

N
H
4

N
O
3

O
C
1

O
C
2

O
C
3

O
C
4
O
P

E
C
1

E
C
2

E
C
3

1E-4

1E-3

0.01

0.1

1

Seattle (DW)

Seattle (BH)

Tacoma (SL)

Tacoma (AL)

Marysville

M
a

ss
 F

ra
ct

io
n

P
ercen

ta
g

e o
f S

p
ecies M

a
ss (%

)

Fig. 2. Residual fuel oil combustion PMF factors for CSN monitoring sites. Vertical bars

indicate the fractional contribution (left vertical scale) of chemical species to factor
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observed at each location attributed to residual fuel oil.

R.A. Kotchenruther / Atmospheric Environment 68 (2013) 103e111108



estimates of primary particulate Ni emissions and SO2 gaseous

emissions (primary particulate V and sulfate are not reported).

While comparison of county level emissions estimates with PMF

results can be informative, it should also be noted that county level

emissions represent a broad geographic area whereas the PMF

results are specific to a particular monitoring station and the NEI

represents emissions from 2008 whereas the PMF results are for

2007e2011. Differences between the two can also be caused by

differences in the atmospheric lifetimes of emissions, uncertainties

in the emissions estimates, and uncertainties in the PMF results.

ForNi emissions the 2008NEI indicates thatWashington, Oregon

and Idaho emitted 30,017 lbs, 5617 lbs, and 1933 lbs, respectively. Of

those statewide totals, commercial marine vessels contributed 86%

(25,901 lbs), 55% (3107 lbs), and 0% (0 lbs), respectively.

Smaller sources of Ni in the 2008 NEI for Washington State are

oil fired industrial boilers (6%, 1806 lbs) and petroleum refinery

operations (2%, 546 lbs). The V:Ni ratio in the SPECIATE profiles for

of oil fired boilers range from 0.2 to 0.7 and the V:Ni ratio for

petroleum refinery operations is 1.6. Given these V:Ni ratios and the

relatively small contribution to total Washington State Ni emis-

sions, it is unlikely that these sources significantly contribute to the

PMF factors identified as RFO.

Smaller sources of Ni in the 2008 NEI for Oregon are coal fired

electrical generation (20%, 1113 lbs) and non-ferrous metal indus-

trial processes (9%, 500 lbs). Oregon had one coal fired power plant

in operation from 2007 to 2011, the Portland General Electric plant

in Boardman Oregon. The SPECIATE database lists 5 emissions

profiles from coal fired power plants using the same emissions

control technology as the Boardman plant. The V:Ni emissions ratio

in these profiles ranged from 1.6 to 3.6, with an average value of 2.2.

While these V:Ni ratios are similar to that of RFO, it is unlikely that

the Boardman plant is contributing to the factors identified as RFO

because of its location. Boardman Oregon lies along the Columbia

river approximately 100 km east of the CORI IMPROVE monitor and

200 km east of the COGO IMPROVE monitor (both CORI and COGO

are also along the Columbia river). However, no RFO factor was

identified at the closer CORI site whereas RFO was identified at the

farther COGO site. Regarding the other smaller source of Ni in

Oregon, non-ferrous metal industrial processes, all of these emis-

sions are attributed to one source located outside of Albany OR.

While there is no representative emissions profile for this source

available in the SPECIATE database, its location also suggests that it

is unlikely to be contributing to factors identified as RFO in this
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Fig. 3. Residual fuel oil combustion PMF factors for IMPROVE monitoring sites. Vertical
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Fig. 4. Monitoring sites where PMF factors for residual fuel oil were found and

monitoring sites where PMF factors for either sea salt or aged sea salt were found.
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work. This source lies 125 km southwest and 250 km north of the

COGO and KALM IMPROVE monitors, respectively, and closer

monitors (Portland, MOHO, THSI, Oakridge, and CRLA) show no RFO

impacts.

For SO2 emissions the 2008 NEI indicates that Washington,

Oregon and Idaho emitted 36,902 tons, 26,697 tons, and

20,654 tons, respectively. Of those statewide totals, commercial

marine vessels contributed 38% (14,094 tons), 6% (1682 tons), and

0% (0 tons), respectively.

Within the 12 Washington State counties bordering Puget

Sound and the Strait of Juan de Fuca, commercial marine vessels

contributed 49% (12,370 tons) of total SO2 emissions. Smaller

sources of SO2 in these counties came from industrial point sources

including non-ferrous metal facilities in Whatcom County (18%,

4523 tons), petroleum refineries in Whatcom and Skagit Counties

(6%, 1552 tons), and industrial oil boilers in Whatcom, Skagit,

Clallam and Jefferson Counties (5%, 1389 tons). On-road and non-

road mobile sources contributed a combined 8% (1968 tons) of

SO2 emissions in these counties.

In the 5 Oregon and Washington counties bordering the

Columbia River near Portland Oregon, commercial marine vessels

contributed 39% (2551 tons) of total SO2 emissions. Smaller sources

of SO2 in these counties came from industrial sources including

pulp and paper manufacturing (29%, 1891 tons) and industrial

boilers using biomass fuel (7%, 481 tons). On-road and non-road

mobile sources contributed a combined 9% (564 tons) of SO2

emissions in these counties.

For the 3 coastal counties in Oregon and California in the

proximity of the KALM and REDW IMPROVE monitoring sites,

commercial marine vessels contributed only 6% (114 tons) of total

SO2 emissions. The majority of SO2 emissions in these counties

were attributed towild and prescribed fires (83%, 1625 tons). While

commercial marine vessel SO2 contributions for these counties is in

apparent disagreement with the PMF results at the KALM and

REDW sites, it should be noted that the 2008 NEI attributes only

near-coastal commercial marine emissions to states and counties

(default is emissions within 3 nautical miles, U.S. EPA, 2012b).

Hence, the coastal county emissions inventories do not fully

account for all commercial marine vessel activity off coastal waters.

The NEI data for both Ni and SO2 indicate that 2008 commercial

marine vessel emissions were approximately an order of magni-

tude larger in Washington State compared to Oregon, and nonex-

istent in Idaho. These emissions inventory data indicate that both

the relative magnitude and spatial allocation of commercial marine

vessel emissions in the 2008 NEI are consistent with the number

and location of monitoring sites where PMF factors for RFO were

found in Washington and Oregon (Fig. 4).

3.2.3. Spatial extent of residual fuel oil factors

Fig. 4 shows a map indicating the monitoring sites where RFO

factors were identified and also shows those sites where either sea

salt or aged sea salt factors were identified. Fig. 4 shows that the

spatial extent of sites impacted by RFO is very similar to the spatial

extent of impacts from sea salt and aged sea salt. The similarity in

spatial extent between these three factors is consistent with the

hypothesis that the RFO originates from marine sources, namely,

marine vessel emissions.

3.2.4. Monthly average contributions from marine vessels using

RFO

Based on the evidence presented above, RFO factors identified in

this work are attributed to marine vessel emissions. Fig. 5 shows

the monthly average PM2.5 mass attributed by PMF to RFO emis-

sions from marine vessels for the 14 monitoring sites where this

factor was identified. The monthly averages shown in Fig. 5

represent multiyear averages based on the monitoring periods

listed in Tables 1 and 2. The bold lines in Fig. 5 represent urban CSN

monitors, generally have the highest mass impacts throughout the

annual cycle, and are consistent with the majority of these moni-

tors being close to major marine vessel ports where there is

a higher density of marine vessel emissions compared to IMPROVE

monitors. All monitoring sites show a seasonal cycle in marine

vessel impacts, with lower impacts in winter months (monthly

average PM2.5 between 0.1 mg m�3 and 0.9 mg m�3 in January) and

higher impacts in summer months (monthly average PM2.5

between 0.3 mg m�3 and 2.7 mg m�3 in August). This seasonal

pattern is consistent with more photochemical production of

secondary PM2.5 from co-emitted gaseous emissions in summer,

but also to a smaller extent reflects an average summer increase in

cargo traffic of 12% as reported by the Port of Metro Vancouver and

the Port of Tacoma (2008e2011 and 2009e2011 data, respectively;

Port Metro Vancouver, 2012; Port of Tacoma, 2012) and summer-

time cruise ship activity. The seasonal pattern may also be influ-

enced by seasonal changes in the prevailing wind patterns. Fig. 6

shows the percent contribution of RFO emissions from marine
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vessels to total monthly average PM2.5 for the 14 monitoring sites

where this factor was identified. The seasonal cycle of percent

contributions shows smaller contributions from marine vessels in

winter (between 3% and 23% of total monthly average PM2.5 in

January) and larger contributions in summer (between 9% and 47%

of total monthly average PM2.5 in June). The highest percent

impacts from marine vessel emissions throughout the seasonal

cycle occur at comparatively clean IMPROVE sites, which is indic-

ative of relatively few anthropogenic sources impacting the remote

IMPROVE sites compared to the urban CSN locations.

4. Conclusions

This work presents a regional-scale multi-site source appor-

tionment analysis of PM2.5 using PMF on data from 36 urban and

rural monitoring sites in the U.S. Pacific Northwest covering the

period 2007e2011. Results for 14 of the 36 sites indicated a RFO

factor that is associated with marine vessel emissions. Most sites

west of the Cascade Mountains indicated some level of impact from

marine vessel emissions. The spatial extent of marine vessel

emissions impacts was found to be similar to the other marine

related aerosols, sea salt and aged sea salt, and consistent with

emissions inventories. Monitoring sites indicating marine vessel

emissions impacts show a seasonal cycle, with lower impacts in

winter months (monthly average PM2.5 between 0.1 mg m�3 and

0.9 mg m�3 in January) and higher impacts in summer months

(monthly average PM2.5 between 0.3 mg m�3 and 2.7 mg m�3 in

August). The percent contribution to total monthly average PM2.5

from marine vessels had a similar seasonal cycle, with smaller

contributions in winter (between 3% and 23% of total monthly

average PM2.5 in January) and larger contributions in summer

(between 9% and 47% of total monthly average PM2.5 in June). These

results for marine vessels, representing data just prior to the

implementation of the North American ECA, provide a baseline

assessment of marine vessel emissions impacts from which prog-

ress in ECA emissions reductions can be assessed.
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The effects of marine vessel fuel sulfur regulations on ambient PM2.5
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Robert A. Kotchenruther

U.S. Environmental Protection Agency Region 10, Office of Environmental Assessment, 1200 Sixth Avenue, Mailstop OEA-140, Seattle, WA 98101, USA

h i g h l i g h t s

� Ambient effects from two marine vessel fuel sulfur regulations were investigated.

� Ambient V and Ni data from 31 U.S. west coast sites was analyzed.

� PM2.5 source apportionment was performed for 9 sites.

� V þ Ni mass and marine vessel PM2.5 reductions align with regulated areas.
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a b s t r a c t

This work uses PM2.5 data and Positive Matrix Factorization (PMF) modeling to explore the effects of two

marine vessel fuel sulfur regulations along the west coast of the United States (US); California's (CA)

Ocean-Going Vessel Clean Fuel Regulation (CA-CFR) implemented in July 2009 and the North American

Emissions Control Area (NA-ECA) implemented in August 2012. Data from 31 chemically speciated PM2.5

monitors along the US west coast were analyzed and 9 sites with strong linear correlations between

vanadium and nickel were selected for PMF modeling. The 9 sites were modeled independently and for 8

sites, 3 in CA and 5 in Washington State (WA), a well-defined factor linked to marine vessel residual fuel

oil (RFO) combustion was identified. For these 8 sites, model results were subdivided into three time

periods; a three year period prior to implementation of the CA-CFR, a three year period after the CA-CFR

but prior to the NA-ECA, and a one year period after implementation of the NA-ECA. Marine vessel PM2.5

distributions were compared between the three time periods to determine if statistically significant

reductions had occurred. Comparing marine vessel PM2.5 for the three years before and after CA-CFR

implementation, all CA sites indicated statistically significant reductions, with reductions in annual-

ized average marine vessel PM2.5 from 30 to 52% (0.09e0.78 mg/m3). Comparing marine vessel PM2.5 for

the three years before NA-ECA implementation and the 1 year after, 2 of 5 WA sites indicated statistically

significant reductions in annualized average impacts (45e50%, 0.12e0.23 mg/m3) and 1 of 3 sites in CA

(46%, 0.04 mg/m3). These results demonstrate that marine vessel fuel sulfur regulations on the west coast

of the US have been effective at reducing PM2.5 impacts from marine vessel RFO combustion at some

locations, with the implementation of the CA-CFR showing more success than the NA-ECA. The greater

observed success of the CA-CFR is, to some extent, probably the result of a longer 3-year implementation

time compared to only 1 year for the NA-ECA.

Published by Elsevier Ltd.

1. Introduction

Emissions of fine particulate matter (PM2.5, particles with

aerodynamic diameter <2.5 mm) have been shown to have wide

ranging adverse effects. Human exposure to PM2.5 has been linked

to cardiovascular and pulmonary disease (Künzli et al., 2005), and

lung cancer and premature mortality (Pope and Dockery, 2006).

Anthropogenic emissions of PM2.5 play direct and indirect roles in

climate forcing (IPCC, 2013) and deposition of anthropogenic PM

can have adverse effects on ecosystem health (Geiser et al., 2010).

PM2.5 emissions from commercial marine vessels has been an

active area of investigation because these sources typically burn

residual fuel oil (RFO), which has a very high sulfur content and
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produces large amounts of PM2.5, SO2, and NOx (Moldanova et al.,

2009), and are mobile sources that can impact both urban areas

and remote coastal areas having few other direct sources of

anthropogenic emissions.

Globally, approximately 60,000 cardiopulmonary and lung

cancer deaths annually have been attributed to exposure to marine

vessel emissions (Corbett et al., 2007). Regulating marine vessel

fuel sulfur content is a common approach to reducing emissions.

Winebrake et al. (2009) have shown that significant reductions in

premature mortality frommarine vessel emissions can be achieved

by regulating fuel sulfur content at amounts lower than an assumed

uncontrolled fuel sulfur content of 2.7%.

Several fuel sulfur regulations have recently been implemented

effecting marine vessels operating along the west coast of the

United States (US). In July 2009 California (CA) implemented their

Ocean-Going Vessel Clean Fuel Regulation (CA-CFR, http://www.

arb.ca.gov/ports/marinevess/ogv.htm). Phase I of the regulation

became effective July 1, 2009 and required ocean-going vessels

within 24 nautical miles (nm) of the CA coast to use fuels with

sulfur content at or below 1.5% and after August 1, 2012 to use fuels

at or below 1.0%. Starting January 1, 2014, Phase II of the regulation

required fuel sulfur content at or below 0.1%. In a separate regula-

tion, beginning August 1, 2012 the North American Emissions

Control Area (NA-ECA; US EPA, 2010) required marine vessels

within 200 nm of North American coasts up to 60� latitude to use

fuels with sulfur content no higher than 1%. Starting in 2015, the

NA-ECA will require fuel sulfur content no higher than 0.1%.

Previous studies have shown that significant reductions in PM2.5

and SO2 occur when ocean going vessels switch from high to low

sulfur fuels (Kasper et al., 2007; Khan et al., 2012). However, only a

few studies have demonstrated the benefits of implementing fuel

sulfur regulations on ambient pollution concentrations. These

studies focused on areas near major ports where the largest re-

ductions are expected. Schembari et al. (2012) attributed declines

in ambient SO2 in Mediterranean harbors with implementation of

European Union in-port fuel sulfur limits (EC, 2005) and Velders

et al. (2011) associated decreases in SO2 in Rotterdam with the

combined effects of a North Sea ECA (MARPOL, 2008) and the Eu-

ropean Union in-port fuel sulfur limits. In North America, Tao et al.

(2013) associated declines in SO2 and PM2.5 in San Francisco, CA

with implementation of the CA-CFR.

Several photochemical modeling studies have estimated

regional-scale air quality benefits from implementing marine

vessel fuel sulfur regulations (Matthias et al., 2010; M€olders et al.,

2013), but no known published studies have demonstrated air

quality improvements in remote areas through analysis of ambient

measurements.

Previous receptor modeling studies at sites along the US west

coast have demonstrated the ability to quantify marine vessel PM2.5

impacts (Kotchenruther, 2013 and references therein). In this work

PM2.5 from select US west coast sites are analyzed in conjunction

with Positive Matrix Factorization (PMF) receptor modeling to

quantify PM2.5 impacts from marine vessel RFO emissions. Marine

vessel impacts are compared for three time periods; a three year

period prior to the CA-CFR, a three year period after the CA-CFR but

prior to the NA-ECA, and a one year period after implementation of

the NA-ECA.

2. Methods

2.1. PM2.5 data

Chemically speciated PM2.5 data were obtained from the Inter-

agency Monitoring of Protected Visual Environments (IMPROVE)

Network. IMPROVE samplers collect 24-h integrated PM2.5 mass

and are operated on a once every third day schedule. Information

about the IMPROVE network can be found on the IMPROVEweb site

(http://vista.cira.colostate.edu/improve/).

2.2. Time period analyzed

Data were analyzed from June 1, 2006 through August 31, 2013.

This data record includes three distinct periods with respect to

marine vessel fuel sulfur regulations; a 37 month period (6/2006 to

6/2009) prior to implementation of the CA-CFR, a 37 month period

(7/2009 to 7/2012) after implementation of the CA-CFR but prior to

the implementation of the NA-ECA, and a 13 month period after

implementation of the NA-ECA. These three time periods will be

subsequently referred to as the pre-regulation (pre-reg), CA-CFR,

and NA-ECA periods, respectively.

2.3. Monitoring site selection

All IMPROVE sites in the US west coast states of CA, Oregon (OR),

and Washington (WA) were analyzed as long as sites had a moni-

toring record spanning the full study period. Monitoring sites in

states further east were not considered because previous PMF an-

alyses of US Pacific Northwest sites demonstrated that marine

vessel PM2.5 impacts were detected only in coastal states

(Kotchenruther, 2013). The sites considered here are listed north to

south in Table 1 and depicted in Fig. 1.

All sites were considered for PMF analysis. Vanadium (V) and

nickel (Ni) linear correlation coefficients (r2) and best fit slopes

were computed after outlier removal (see Table 1). Sites were

selected for PMF analysis if the V:Ni r2 was greater than 0.75. The

V:Ni linear best fit slopes for the resulting 9 sites ranged between

2.1 and 2.8, which is consistent with reported V:Ni emissions ratios

for marine vessel RFO combustion (Agrawal et al., 2008). All nine

sites are coastal or near-coastal (see Fig. 1), further suggesting that

the V and Ni impacts were from marine vessels.

2.4. Data assessment methods

Two methods were used to determine if significant reductions

in ambient impacts from marine vessels had occurred.

First, changes in V, Ni, and sulfate (SO4) concentrations were

assessed. As noted above, V and Ni are established trace metals

associated with emissions from marine vessels using RFO and RFO

emissions have high concentrations of SO4. Distillate fuels have

much lower V, Ni, and SO4 emissions compared to RFO

(Popovicheva et al., 2012; Tao et al., 2013). Hence, distillate fuels or

distillate-RFO blends used to meet marine vessel fuel sulfur re-

quirements can be expected to reduce emissions of V, Ni, and SO4.

Because emissions of V and Ni are more uniquely associated

with marine vessel RFO combustion than SO4, this first method

focuses mainly on changes in V and Ni concentrations. If other

sources of environmental V and Ni remain relatively unchanged,

then reductions in marine vessel RFO use associated with fuel

sulfur regulations should lead to decreases in V and Ni at monitors

impacted by primary emissions from marine vessels. However,

even if decreases in V and Ni are found, they cannot easily be

translated into changes in overall PM2.5 impacts.

The second method, PMF modeling, is better suited to address

changes in total PM2.5 impacts frommarine vessels. For sites where

PMF identifies a factor linked to marine vessel RFO, then modeled

marine vessel PM2.5 can be compared for each period associated

with varying fuel sulfur regulations to determine if significant re-

ductions have occurred.
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Table 1

IMPROVEmonitoring sites, V and Ni linear correlation results, annualized average VþNi and SO4 concentrations, andWilcoxon-Mann-Whitney (WMW) p-values testing for significant reductions (bold face, significant at the 99%

confidence interval).

Site name Abbreviation State Latitude Longitude Number

of

samples

Sample

outliersa

removed

for V:Ni

correlation

V:Ni linear

correlation

coefficient

(r2)

V:Ni linear

correlation

slope

Pre-reg

annualized

average

V þ Ni (ng/

m3)

CA-CFR

annualized

average

V þ Ni (ng/

m3)

NA-ECA

Annualized

average

V þ Ni (ng/

m3)

Pre-reg to

CA-CFR

V þ Ni

WMW p-

value

CA-CFR to

NA-ECA

V þ Ni

WMW p-

value

Pre-reg

annualized

average

SO4 (mg/

m3)

CA-CFR

annualized

average

SO4 (mg/

m3)

NA-ECA

annualized

average

SO4 (mg/

m3)

Pre-reg

to CA-

CFR SO4

WMWp-

value

CA-CFR

to NA-

ECA SO4

WMW p-

value

North

Cascades

NOCA WA 48.7316 �121.0646 819 0 0.805 2.342 0.39 0.46 0.28 0.334 0.170 0.46 0.39 0.32 0.000 0.115

Pasayten PASA WA 48.3877 �119.9275 830 1 0.053 0.334 0.13 0.13 0.11 0.584 0.221 0.35 0.28 0.23 0.000 0.049

Olympic OLYM WA 48.0065 �122.9727 859 2 0.862 2.733 1.72 1.79 0.94 0.271 0.000 0.59 0.50 0.40 0.000 0.000

Puget Sound PUSO WA 47.5696 �122.3119 809 3 0.737 2.104 6.17 6.59 3.44 0.215 0.000 0.99 0.80 0.63 0.000 0.003

Snoqualmie

Pass

SNPA WA 47.422 �121.4259 861 3 0.801 2.415 0.46 0.47 0.31 0.020 0.191 0.44 0.39 0.34 0.002 0.075

Mount

Rainier

MORA WA 46.7583 �122.1244 836 2 0.815 2.362 0.62 0.61 0.37 0.271 0.075 0.51 0.44 0.37 0.002 0.078

White Pass WHPA WA 46.6243 �121.3881 835 1 0.422 1.399 0.15 0.16 0.12 0.449 0.184 0.32 0.24 0.23 0.000 0.405

Columbia

River

Gorge

CORI WA 45.6644 �121.0008 869 1 0.105 0.818 0.48 0.47 0.31 0.674 0.001 0.72 0.55 0.67 0.000 0.750

Mount

Hood

MOHO OR 45.2888 �121.7837 855 2 0.232 0.699 0.19 0.20 0.29 0.560 1.000 0.36 0.31 0.26 0.003 0.238

Starkey STAR OR 45.2249 �118.5129 858 0 0.023 0.352 0.15 0.16 0.12 0.623 0.079 0.42 0.37 0.33 0.024 0.102

Hells

Canyon

HECA OR 44.9702 �116.8438 799 1 0.067 0.329 0.15 0.14 0.11 0.600 0.083 0.45 0.39 0.37 0.002 0.283

Three

Sisters

THSI OR 44.291 �122.0434 854 3 0.363 1.369 0.19 0.22 0.19 0.599 0.270 0.39 0.33 0.26 0.002 0.028

Crater Lake CRLA OR 42.8958 �122.1361 828 3 0.022 0.251 0.12 0.14 0.11 0.801 0.232 0.33 0.27 0.25 0.001 0.557

Kalmiopsis KALM OR 42.552 �124.0589 850 3 0.488 1.343 0.28 0.22 0.20 0.017 0.700 0.46 0.39 0.35 0.002 0.236

Lava Beds LABE CA 41.7117 �121.5068 833 1 0.057 0.387 0.15 0.14 0.16 0.178 0.897 0.38 0.32 0.29 0.003 0.229

Redwood REDW CA 41.5608 �124.0839 811 3 0.579 1.536 0.41 0.26 0.19 0.000 0.193 0.59 0.43 0.43 0.000 0.496

Trinity TRIN CA 40.7864 �122.8046 752 3 0.221 0.753 0.22 0.17 0.16 0.090 0.575 0.44 0.33 0.31 0.001 0.406

Lassen

Volcanic

LAVO CA 40.5398 �121.5768 835 1 0.133 0.575 0.21 0.17 0.15 0.011 0.530 0.43 0.33 0.31 0.000 0.555

Bliss BLIS CA 38.9761 �120.1025 832 1 0.101 0.678 0.18 0.16 0.14 0.031 0.118 0.47 0.38 0.37 0.005 0.327

Point Reyes PORE CA 38.1224 �122.9085 800 2 0.834 2.298 1.53 0.73 0.40 0.000 0.000 1.05 0.82 0.68 0.000 0.128

Hoover HOOV CA 38.0881 �119.1771 788 0 0.004 0.044 0.21 0.25 0.22 0.989 0.263 0.43 0.35 0.37 0.000 0.520

Yosemite YOSE CA 37.7133 �119.7061 844 1 0.223 0.986 0.29 0.20 0.20 0.001 0.342 0.61 0.51 0.55 0.006 0.860

Kaiser KAIS CA 37.2207 �119.1546 796 3 0.177 0.583 0.23 0.20 0.20 0.054 0.377 0.56 0.48 0.52 0.020 0.629

Fresno FRES CA 36.7818 �119.7732 802 2 0.075 1.269 2.47 1.22 0.52 0.000 0.000 1.39 1.08 0.99 0.000 0.383

Sequoia SEQU CA 36.4894 �118.8291 860 1 0.247 1.316 0.44 0.32 0.31 0.000 0.377 1.14 0.97 0.96 0.000 0.562

Pinnacles PINN CA 36.4833 �121.1568 852 3 0.769 2.266 0.89 0.51 0.29 0.000 0.000 0.89 0.67 0.63 0.000 0.315

Dome Lands DOME CA 35.7278 �118.1377 759 1 0.155 0.942 0.35 0.29 0.28 0.071 0.479 0.92 0.74 0.76 0.003 0.656

San Rafael RAFA CA 34.7339 �120.0074 801 1 0.778 2.184 0.92 0.46 0.32 0.000 0.001 0.99 0.70 0.72 0.000 0.357

San

Gorgonio

SAGO CA 34.1939 �116.9132 843 1 0.609 2.593 0.85 0.46 0.30 0.000 0.000 0.84 0.62 0.68 0.000 0.794

Joshua Tree JOSH CA 34.0695 �116.3889 830 3 0.567 2.768 0.78 0.51 0.39 0.000 0.013 0.85 0.66 0.75 0.000 0.786

Agua Tibia AGTI CA 33.4636 �116.9706 754 1 0.833 2.785 1.95 1.18 0.58 0.000 0.000 1.56 1.07 1.01 0.000 0.405

a Outliers were identified as data with studentenized residuals greater than 6 or less than �6.
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2.5. Data preparation for PMF modeling

IMPROVE datasets were processed to correct for missing or

negative values, data completeness issues, and species double

counting. A detailed discussion of these data preparations is pro-

vided in a previous publication by Kotchenruther (2013).

2.6. PMF modeling

PMF source apportionment modeling was performed using EPA

PMF 5.0 (http://www.epa.gov/heasd/research/pmf.html). A dis-

cussion of the mathematical equations underlying EPA PMF can be

found in Paatero and Hopke (2003) and Norris et al. (2014). Data

from each monitoring site was modeled independently. In each

case, the model was run in the robust mode with 20 repeat runs to

insure the model least-squares solution represented a global rather

than local minimum and the rotational FPEAK variable was held at

the default value of 0.0. The model solution with the optimum

number of factors was determined somewhat subjectively and was

based on inspection of the factors in each solution, the quality of

the least-squares fit (analysis of QRobust and QTrue values), and the

results from three error estimation methods available in PMF 5.0

(DISP, BS, and BS-DISP; Norris et al., 2014). The scaled residuals for

final model solutions were generally normally distributed, falling

into the recommended range of þ3 to �3. Observed vs. predicted V

and Ni comparedwell, with an average r2 of 0.79 for V for the 9 sites

(range, 0.58e0.98) and 0.72 for Ni (range, 0.50e0.90). Sites with

lower observed vs. predicted r2 were sites with lower observed

concentrations, and therefore higher data scatter.

3. Results and discussion

3.1. Analysis of V, Ni, and SO4

Data distributions for the pre-reg, CA-CFR, and NA-ECA periods

were tested to determine if statistically significant reductions in

concentration had occurred. V, Ni, and SO4 concentrations

measured at west coast IMPROVE sites have a strong annual cycle,

with higher concentrations in the summer and lower in the winter.

Hence, in order not to bias statistical significance testing, the first

month of data from each time period was removed so that the

analysis was performed on data encompassing one or three annual

cycles. The resulting time periods analyzed were the 36 months

from July 2006 through June 2009 for the pre-reg period, the 36

months from August 2009 through July 2012 for the CA-CFR period,

and the 12 months from September 2012 through August 2013 for

the NA-ECA period.

Because V and Ni are trace metals associated with marine vessel

RFO combustion, the statistical analysis conducted here was per-

formed on the sum of V þ Ni concentrations. Significance tests for

reductions in V þ Ni concentrations, and separately for SO4 con-

centrations, were performed using the nonparametric Wilcoxon-

Mann-Whitney (WMW) test (ProUCL version 5.0; http://www.

epa.gov/osp/hstl/tsc/software.htm). Table 1 lists the significance

test p-values and annualized average V þ Ni and SO4 concentra-

tions for each data set and time period (annualized averages are the

average of 12 or 36 monthly averages, depending on the period). P-

values less than 0.01, indicating significant reductions at the 99%

confidence level (CL), are listed in bold font in Table 1.

Comparing data between the pre-reg and CA-CFR periods, sig-

nificant reductions in Vþ Ni were only observed at CA sites. Table 1

shows that significant V þ Ni reductions were at CA coastal loca-

tions (REDW, PORE, PINN, RAFA, AGTI) or sites in western portions

of CA (YOSE, FRES, SEQU, SAGO, JOSH). The absence of significant

V þ Ni reductions in WA, OR, and sites in the eastern portions of CA

is consistent with CA-CFR regulations reducing V þ Ni concentra-

tions by reducing the overall amount of RFO combustion from

marine vessels. Of the CA sites showing significant V þ Ni re-

ductions, the FRES site had high V þ Ni concentrations but poor

V:Ni correlation, suggesting that V þ Ni reductions at the FRES site

could be related to emissions reductions from non-RFO sources. In

contrast to the V þ Ni data, all but two sites showed significant

reductions in SO4 at the 99% CL, and every site at the 95% CL. This is

likely a result of nation-wide regulations to reduce sulfur emissions

from many source categories.

Comparing data between CA-CFR and NA-ECA periods, signifi-

cant reductions in V þ Ni were observed in multiple states. In WA

the PUSO, OLYM, and CORI sites indicated significant V þ Ni re-

ductions at the 99% CL. However, the NOCA, SNPA, WHPA, MORA,

Fig. 1. IMPROVE sites used in this analysis.
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and KALM sites identified in a previous publication as impacted by

marine vessel RFO (Kotchenruther, 2013), did not indicate signifi-

cant V þ Ni reductions at the 99% or 95% CL. In CA, 6 of the 10 sites

that indicated significant V þ Ni reductions from the pre-reg to the

CA-CFR period also showed significant further reductions (99% CL)

in the first year of the NA-ECA. Comparing SO4 data between CA-

CFR and NA-ECA periods, only 2 sites in WA (PUSO and OLYM)

indicated significant reductions at the 99% CL.

The more widespread success in CA in reducing V þ Ni con-

centrations from implementation of the CA-CFR may be because

the CA-CFR has had 3 years of implementation time compared to

only 1 year since the implementation of the NA-ECA. It should also

be noted that the Canadian government only authorized Canadian

enforcement of the NA-ECA in May 2013 (Canada Gazette, 2013),

ten months after taking effect in the US. The delay in Canadian

enforcement may have resulted in reduced compliance in Canadian

waters during a portion of the NA-ECA period analyzed in this study

and therefore may have impacted V þ Ni and SO4 concentrations

observed in WA.

3.2. PMF results

Tables 2aec show PMF results for 9 IMPROVE sites sorted by

latitude north to south, and show the annualized average PMF

factor PM2.5 concentrations for the pre-reg, CA-CFR and NA-ECA

periods, respectively. The annualized averages were computed as

the average of 12 or 36 monthly averages, as described above.

11 different PMF factor types were identified during PMF

modeling of the 9 sites, with between 5 and 9 factors being iden-

tified at individual sites. 3 factor types were ubiquitous: fugitive

dust, gasoline engines, and sea salt. 4 factors occurred at most sites:

secondary organic aerosol plus wood smoke, marine vessel RFO,

secondary nitrate (NO3), and secondary SO4. 4 remaining factors

were less common, occurring at one or only a few sites: marine

vessel RFO plus secondary SO4, metal processing, diesel engines,

and secondary SO4 plus aged sea salt. Section 3.3 describes each

factor type and its major identifying features. Detailed PMF results

including factor chemical profiles, concentration time series, and

error estimation analyses can be found in the supplementary

materials Sections S.1eS.9.

3.3. PMF factor identification

11 PMF factor types were identified among the 9 sites analyzed.

Factor identificationwas based on factor chemical profiles, seasonal

factor concentration patterns, previous published studies, and

comparisons with source profiles in the EPA SPECIATE database

(http://www.epa.gov/ttnchie1/software/speciate/).

3.3.1. Secondary organic aerosol plus wood smoke

A factor mixing secondary organic aerosol with primary wood

smoke emissions. This factor occurred at 7 sites and was charac-

terized by a chemical profile dominated by organic carbon (OC),

elemental carbon (EC), and potassium and a PM2.5 mass time series

with occasional spikes above 5 mg/m3 on top of continuous con-

tributions between 0.5 and 1 mg/m3.

3.3.2. Fugitive dust

This factor occurred at all sites and was characterized by a

chemical profile dominated by the crustal elements aluminum,

calcium, iron, and titanium.

3.3.3. Marine vessel RFO

This factor occurred at 8 sites and was characterized by a

chemical profile containing significant SO4 and trace metal con-

tributions from V and Ni. The chemical profile V:Ni ratio ranged

between 2.4 and 3.4 across the 8 sites, which is consistent with

previous studies of marine vessel RFO combustion (Popovicheva

et al., 2012; Agrawal et al., 2008).

3.3.4. Marine vessel RFO plus secondary SO4

This factor occurred at only the RAFA site and was identified by a

chemical profile with V:Ni ratio of 2.7 typical of marine vessel RFO

emissions, a strong SO4 component, and the absence of a separate

PMF factor for secondary SO4. It is likely this factor results from PMF

being unable to separate RFO sources from other SO4 sources.

3.3.5. Metal processing

This factor occurred at only the PUSO site and was characterized

by a chemical profile with SO4, EC, and significant trace metal

contributions from chromium and manganese.

3.3.6. Mobile, diesel dominant

This factor occurred at 4 sites and was characterized by a

chemical profile similar to the mobile, gasoline dominant factor but

with higher contributions from EC relative to OC and significant

trace metal contributions from zinc (Zn) (Mazzei et al., 2008).

3.3.7. Mobile, gasoline dominant

This factor occurred at all sites and was characterized by a

chemical profile similar to the mobile, diesel engine dominant

factor but with a higher contribution from OC relative to EC and

significant trace elemental contributions from Zn, copper, lead, and

bromine. These trace elements have been previously associated

with mobile source emissions (Mazzei et al., 2008).

3.3.8. Sea salt

This factor occurred at all sites and was characterized by a

chemical profile dominated by sodium (Na), chloride ion (Chl), and

Table 2a

PMF factor average mass (mg/m3) for the pre-reg period July 2006eJune 2009.

Site Secondary organic

aerosol plus wood

smoke

Fugitive

dust

Marine

vessel

RFO

Marine vessel RFO

plus secondary

sulfate

Metal

processing

Mobile,

diesel

dominant

Mobile,

gasoline

dominant

Sea

salt

Secondary

nitrate

Secondary

sulfate

Secondary sulfate

plus aged sea salt

Measured

PM2.5

NOCA 0.78 0.12 0.47 0.31 0.23 0.32 2.13

OLYM 0.61 0.13 0.23 0.01 0.63 0.22 0.21 0.57 0.23 2.76

PUSO 1.09 0.50 0.50 0.18 1.74 0.43 1.16 0.99 6.67

SNPA 0.92 0.21 0.45 0.08 0.15 0.13 0.18 0.44 2.58

MORA 1.09 0.22 0.74 0.39 0.16 0.42 2.98

PORE 0.30 0.18 0.65 3.12 0.75 1.00 5.86

PINN 1.30 0.35 0.98 0.20 0.28 0.44 0.37 0.82 4.81

RAFA 0.70 1.88 1.43 0.48 0.31 5.09

AGTI 0.49 0.68 1.85 0.06 1.19 0.30 0.62 0.97 6.11
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magnesium (Mg).

3.3.9. Secondary NO3

This factor occurred at 7 sites and was characterized by a

chemical profile dominated by NO3. This factor typically had a

seasonal pattern of higher mass attributions in winter months.

3.3.10. Secondary SO4

This factor occurred at 6 sites and was characterized by a

chemical profile dominated by SO4. This factor typically had a

seasonal pattern of higher mass attributions in summer months.

3.3.11. Secondary SO4 plus aged sea salt

This factor occurred at 3 sites and was characterized by a

chemical profile dominated by aged sea salt with secondary SO4.

Aged sea salt was identified by the importance of Na, Mg, and NO3

in the chemical profile, but the absence of Chl. This factor typically

had a seasonal pattern of higher mass attributions in summer

months.

3.4. Delineation of marine vessel RFO from other sources

A marine vessel RFO combustion factor was identified at 9 sites.

This was expected because these sites were chosen based on strong

V:Ni correlations and correlation slopes similar to marine vessel

RFO emissions ratios. The V:Ni ratio in the 9 PMF profiles for RFO

combustion ranged from 2.4 to 3.4 with an average value of 2.7. This

ratio was generally higher than that from the ambient measure-

ments, which ranged from 2.1 to 2.8 with an average of 2.4

(Table 1). This difference is likely caused by differing amounts of

environmental sources of V compared to Ni, external to RFO.

Other than several categories of stationary sources, no other

significant sources of V and Ni have V:Ni emissions ratios above

about 1.0 in the EPA SPECIATE database. While impacts from sta-

tionary sources cannot be completely ruled out, the coastal and

remote locations of most sites considered here makes RFO com-

bustion frommarine vessels the likely dominant source of V and Ni.

In addition to a marine vessel RFO factor, PMF modeling also

produced a separate factor for secondary sulfate at all but the RAFA

site. The PMF version used here has three uncertainty estimation

methods, and a summary of the results for each PMF run is pro-

vided in supplemental data sections S.1eS.9. All uncertainty esti-

mation results fell within the suggested guidelines (Norris et al.,

2014) and provide added confidence that marine vessel RFO fac-

tors were well delineated from secondary SO4 sources, with the

exception of the RAFA site. Further evidence of good source sepa-

ration between marine vessel RFO and secondary SO4 is provided

when comparing the significance testing results for measured SO4

(Table 1) with the testing results for significant declines in marine

vessel RFO impacts (Table 3, further discussed in Section 3.5). While

significant declines in SO4 are virtually ubiquitous from the pre-reg

to CA-CFR period, declines in PMF factor marine vessel RFO impacts

Table 2b

PMF factor average mass (mg/m3) for the CA-CFR period August 2009eJuly 2012.

Site Secondary organic

aerosol plus wood

smoke

Fugitive

dust

Marine

vessel

RFO

Marine vessel RFO

plus secondary

sulfate

Metal

processing

Mobile,

diesel

dominant

Mobile,

gasoline

dominant

Sea

salt

Secondary

nitrate

Secondary

sulfate

Secondary sulfate

plus aged sea salt

Measured

PM2.5

NOCA 0.78 0.11 0.47 0.27 0.21 0.26 2.14

OLYM 0.48 0.10 0.24 0.00 0.52 0.22 0.15 0.45 0.19 2.37

PUSO 0.87 0.35 0.52 0.10 1.59 0.43 0.82 0.79 5.45

SNPA 0.84 0.20 0.41 0.06 0.11 0.15 0.14 0.38 2.24

MORA 0.92 0.19 0.67 0.32 0.16 0.40 2.69

PORE 0.27 0.09 0.49 2.91 0.63 0.75 5.40

PINN 1.03 0.29 0.68 0.13 0.25 0.48 0.25 0.72 3.88

RAFA 0.64 1.28 1.09 0.50 0.23 3.86

AGTI 0.39 0.57 1.07 0.04 1.20 0.28 0.40 0.95 5.02

Table 2c

PMF factor average mass (mg/m3) for the NA-ECA period September 2012eAugust 2013.

Site Secondary organic

aerosol plus wood

smoke

Fugitive

dust

Marine

vessel

RFO

Marine vessel RFO

plus secondary

sulfate

Metal

processing

Mobile,

diesel

dominant

Mobile,

gasoline

dominant

Sea

salt

Secondary

nitrate

Secondary

sulfate

Secondary sulfate

plus aged sea salt

Measured

PM2.5

NOCA 0.83 0.11 0.37 0.22 0.18 0.22 2.08

OLYM 0.41 0.11 0.12 0.00 0.44 0.18 0.16 0.40 0.17 2.09

PUSO 0.79 0.32 0.29 0.10 1.28 0.37 0.90 0.61 4.87

SNPA 1.61 0.20 0.34 0.06 0.10 0.09 0.15 0.33 3.01

MORA 1.02 0.16 0.70 0.33 0.11 0.37 2.90

PORE 0.22 0.05 0.29 3.01 0.27 0.59 5.09

PINN 0.97 0.34 0.65 0.13 0.22 0.44 0.25 0.66 3.78

RAFA 0.61 1.32 0.92 0.52 0.23 3.76

AGTI 0.35 0.56 0.85 0.05 1.09 0.24 0.36 1.03 4.79

Table 3

Change in RFO factor annualized mass between fuel sulfur regulatory periods and

significance testing results.

Site

name

Pre-reg to

CA-CFR,

change in

annualized

average RFO

mass (mg/

m3)

CA-CFR to

NA-ECA,

change in

annualized

average RFO

mass (mg/

m3)

Pre-reg to

CA-CFR,

change in

annualized

average

RFO mass

(%)

CA-CFR to

NA-ECA,

change in

annualized

average

RFO mass

(%)

Pre-reg

to CA-

CFR RFO

mass

WMW

p-value

CA-CFR

to NA-

ECA RFO

mass

WMW

p-value

NOCA 0.00 �0.10 �0.4 �22.1 0.055 0.318

OLYM 0.01 �0.12 4.7 �49.6 0.357 0.000

PUSO 0.01 �0.23 2.8 �44.7 0.336 0.000

SNPA �0.04 �0.07 �9.0 �16.4 0.134 0.108

MORA �0.07 0.03 �9.5 4.1 0.363 0.345

PORE �0.09 �0.04 �51.9 �46.5 0.000 0.000

PINN �0.30 �0.03 �30.3 �4.2 0.000 0.624

AGTI �0.78 �0.22 �42.0 �20.9 0.000 0.168
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only occur in areas where fuel sulfur regulations have been applied.

For the RAFA site, PMFmodeling was unable to resolve RFO from

other sources of SO4, so the RAFA sites was excluded from the an-

alyses in Section 3.5.

3.5. Testing for significant reductions in marine vessel RFO impacts

Similar to significance testing described above for V þ Ni and

SO4 measurements, marine vessel RFO factor results were tested to

determine if there were statistically significant reductions between

time periods associated with varying fuel sulfur regulations. Table 3

and Fig. 2 show changes in marine vessel RFO annual average mass

and Table 3 lists the WMW p-values, testing for significant mass

reductions, with p-values less than 0.01 listed in bold font (signif-

icant reductions at the 99% CL).

Similar to results for V þ Ni measurements, only sites in CA

showed significant reductions in marine vessel RFO between pre-

reg and CA-CFR periods. Since CA-CFR regulations were only

applicable in CA waters, this provides evidence of the effectiveness

of the CA-CFR regulations compared to unregulated waters.

Comparing marine vessel RFO results between CA-CFR and NA-

ECA periods, 2 of 5 sites in WA showed significant reductions

(OLYM and PUSO) and one site in CA (PORE) showed significant

additional reductions beyond those achieved in the transition from

pre-reg to CA-CFR. The lack of significant marine vessel RFO mass

reductions at the WA sites NOCA, SNPA, and MORA may be due to

lower than expected initial compliance rates, as vessel operators

adapt to the new regulations, as well as the 10 month delay of

enforcement authority in Canadian waters. The lack of significant

further observed marine vessel RFO reductions at the PINN and

AGTI sites may be a result of the relative similarity in fuel sulfur

standards between the CA-CFR and the first phase of the NA-ECA as

well as the relatively short implementation time since adoption of

the NA-ECA.

3.6. Other factors influencing the V þ Ni and PMF results

In addition to the implementation of marine vessel fuel sulfur

regulations, annual changes in marine vessel traffic could affect the

amount of V þ Ni and marine vessel PM2.5 impacting ambient

monitors. To address this concern, data for annual waterborne

shipping tonnage in WA, OR and CA and annual shipping container

traffic volume at major ports were analyzed from 2006 to 2012 (US

Corps of Engineers, 2014). Both datasets showed that annual ship

traffic was relatively steady over the 7-year period except for 2009

when volumes dropped by about 15%. Data tables for shipping

tonnage and shipping container traffic are provided in the

supplemental data, section S.10.

The chemical composition of fuels used by ocean-going vessels

can also vary. This study assumes that, in the absence of fuel sulfur

regulations, marine vessels capable of using RFO fuels will do so

because of the low cost. However, RFO is a general term for residual

fuels that can have varying chemical compositions. While the

global average sulfur content of RFO used by marine vessels has

been relatively stable between 2.6 and 2.7% in recent years, the

sulfur content of RFO on individual ships can vary depending on the

fuels' source region (IMO, 2011). The V and Ni concentrations in RFO

can span a wide range (Kasper et al., 2007; Khan et al., 2012),

however the V to Ni ratio in RFO combustion tests typically ranges

between 2 and 4.5 (Popovicheva et al., 2012; Agrawal et al., 2008).

While temporal changes in the chemical composition of RFO used

along the U.S. west coast could not be determined with available

data sources, given that the global average sulfur content has been

relatively stable during the time period of this study, it is likely that

chemical composition changes implemented tomeet the fuel sulfur

regulations are significantly larger than the temporal fluctuations

in average RFO chemical composition used in the U.S. west coast

region.

Change in meteorology is also a source of potential variability

effecting these results. The most influential meteorological vari-

ables are likely precipitation, wind speed, wind direction, and

factors effecting coastal fumigation dynamics. However, given the

temporal and geographic scope of this work a detailed meteoro-

logical analysis is beyond the scope of this study.

4. Conclusions

This work presents an analysis of ambient PM2.5 data and uses

PMF modeling to explore the air quality impact from imple-

mentation of the CA-CFR and NA-ECA marine vessel fuel sulfur

regulations. Data from three time periods were analyzed repre-

senting three differing periods of regulatory control over marine

fuel sulfur on the US west coast. The locations of statistically sig-

nificant reductions in V þ Ni concentrations and marine vessel RFO

impacts were consistent with locations where fuel sulfur regula-

tions were in effect. However, not all sites impacted by marine
Fig. 2. The percent change in marine vessel PM2.5 impacting US west coast IMPROVE

sites from before and after implementation of (a) the CA-CFR and (b) the NA-ECA.
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vessels showed statistically significant reductions after the regu-

lations went into effect. Implementation of the CA-CFR was found

more effective than that of the NA-ECA, but this is likely connected

with the longer 3-year implementation time compared to only 1

year for the NA-ECA and also with delayed enforcement of the NA-

ECA in Canadian waters. Annualized decreases in marine vessel

PM2.5 impacts associated with implementation of the CA-CFR were

between 30 and 52% (0.09e0.78 mg/m3) for sites in CA. Annualized

decreases in marine vessel PM2.5 impacts associated with imple-

mentation of the NA-ECAwere between 45 and 50% (0.12e0.23 mg/

m3) for 2 of 5 sites inWA and 46% (0.04 mg/m3) for 1 site in CA, but 3

WA sites and 2 CA sites showed no statistically significant

reduction.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://

dx.doi.org/10.1016/j.atmosenv.2014.12.040.
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-124

Research Category Primary: Review Articles (RA)

Research Category Secondary: Health Effects Research and Human Health Risk Assessment (HE)

Laboratory/Office Name: ORD

Nomination Entered By: Erin Hines

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: David Diazsanchez

Nominating Official Title:

Nominating OfficialEmail: diaz-sanchez.david@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification
1:

The publication "Exposure to Perfluorinated Alkyl Substances and Health Outcomes in Children: A Systematic Review of the Epidemiologic Literature"
is innovative and important in advancing the scientific knowledge or technology relevant to the EPA's mission to protect human health and the
environment.

A systematic review paradigm is used as a novel tool to explain widespread PFAS exposure in association with health outcomes
in children by relying on the epidemiologic literature.

The new evidence presented in this publication provides a novel synthesis of which children’s health outcomes are associated with PFAS
exposure in the published literature. Six categories of health outcomes emerged in this review article after a thorough examination of the
published literature. These categories were: immunity/infection/asthma, cardio-metabolic, neurodevelopmental/attention, thyroid, renal,
and puberty onset. While there are a limited number of studies for any one particular health outcome, this review showed that there is
evidence for positive associations between PFAS and dyslipidemia, immunity (including vaccine response), renal function, and age at
menarche.  Dyslipidemia is also an outcome also associated with PFAS exposure in adults, but many of these outcomes are unique to
children. Our recently published invited review summarizes the strong epidemiologic or human evidence underlying multiple laboratory
findings. This review provides a summary of the health outcomes in the published literature and associated concentrations in multiple
cohorts with quantified PFAS exposure. Some of the cohorts are from highly exposed populations including children who have lived near a
point source of PFAS exposure due to industrial exposure but many of these cohorts are from children who receive exposure from
background everyday exposures.

Epidemiologic Evidence of Effects on Children’s Health were compiled in a concise review for use by the public and federal or
state partners:

States and federal partners often look to vulnerable or at risk groups including children when considering risk assessment determinations for drinking
water standards (i.e. maximum contaminant levels or MCLs) or superfund sites. This review has provided a compilation of children’s health data in a
streamlined and concise manner that allows for outside stakeholders to readily access outcomes and epidemiologic data. These studies and their
associated data have been cited by multiple states in their regulatory documents and numerous state regulators have thanked us via personal
communication for our efforts in compiling this document for use at the policy level. This publication has been cited in US House Briefings and a UK
parliament report.  

Justification
2A:

This STAA application only includes one highly cited publication. It has been cited 77 times. There are not multiple publications for discussion.
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1.  

Justification
2B:

Kristen Rappazzo and Evan Coffman have no previous STAA nominations/awards.

Erin Hines

STAA 2015, Level III, Providing critical models and information needed for exposure and risk assessment of environmental chemicals in infants

(1) Improving Infant Exposure and Health Risk Estimates:

Using Serum Data to Predict Polybrominated Diphenyl Ether

Concentrations in Breast Milk

Environmental Science and Technology, 47:4787-4795

(2) Environmental Chemicals in Breast Milk

Book Chapter in Reference Module in Earth Systems and

Environmental Sciences, Elsevier 2013, :1-13

2.  Honorable Mention, Persistent Environmental Chemicals in Human Milk, (1) Concentrations of Environmental Phenols and Parabens in STAA 2016,

Milk, Urine and Serum of Lactating North Carolina Women.

Published by Reproductive Toxicology.

(2) Improving the Risk Assessment of Lipophilic Persistent

Environmental Chemicals in Breast Milk. Published by Critical

Reviews in Toxicology.

(3) Environmental Chemicals and Mammary Gland

Development. Book chapter published in Encyclopedia of
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Toxicology, published by Elsevier, Inc.

3. Honorable Mention, NHANES Lead, Blood Pb Air Pb Extrapolations, STAA 2016, 

(1) The Influence of Declining Air Lead Levels on Blood Lead-Air Lead Slope Factors in Children. Published by Environmental Health Perspectives.
(2) A Multi-level Model of Blood Lead as a Function of Air Lead. Published by Science of the Total Environment. (3) Effect Measure Modification of
Blood Lead-Air Lead Slope Factors. Published by Journal of Exposure Science and Environmental Epidemiology

Justification
2C:

The previous STAA awards were for

1) NHANES blood lead research.

2) Breast milk and environmental chemicals research, biomonitoring women for background chemical exposure information.

3) Breast milk, environmental chemicals and mathematical modeling to understand risk from exposure to environmental chemicals.

The current research is about an emerging class of chemicals, the per and polyfluorinated chemicals or PFAS, and the associations of the PFAS with
children's health outcomes like puberty timing, neurodevelopmental outcomes, cardiometabolic effects, immunization effectiveness and kidney function.
This new STAA nominations is for a disparate body of research that does not overlap with previous awards.

Justification
2D:

N/A

Justification
2E:

N/A

Justification
3A:
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The Recognition section is also contained within the application system as an attached form, which provides more visual documentation to support this
STAA application.

This publication has been cited by other publications 77 times. Altmetric lists this publication in the top 5% of his publication has been recognized by
the Altmetrics citation tool as being in the top 5% of all research outputs it has evaluated.

This submission was recruited to the journal IJERPH for inclusion in the Special Issue on Environmental Chemical Mixtures at Low Concentration and
Children’s Health.

Recognition by Scientific Societies:

1. This publication was recruited for an invited presentation at the 43rd Annual Meeting of the Developmental Neurotoxicology Society: Held in      

Conjunction with the 59th Annual Meeting of the Teratology Society. I presented the neurological outcomes from our systematic review in a talk
entitled, “Developmental Neurotoxicology of PFAS” in San Diego, Ca, June 2019. Presented by Erin Pias Hines.

National Recognition:

1. USA Congressional Briefing: Our publication was cited during a US Congressional briefing before the US House Environment Subcommittee on      

Oversight and Government Reform On Per- and Poly- Fluoroalkyl Substances (PFAS), November 19, 2019. 
https://www.congress.gov/116/meeting/house/110236/witnesses/HHRG-116-GO28-Wstate-FaberS-20191119.pdf

2. USA Congressional Briefing, Our publication was cited during a Health Subcommittee Meeting of the House Energy and Commerce Committee,      

On H.R. 2827, PFAS in Food Containers, https://docs.house.gov/meetings/IF/IF14/20200129/110423/HHRG-116-IF14-Bio-BeneshM-20200129.pdf,
January 29, 2020.

International Recognition: UK Parliament: Our publication was cited in the UK Parliament Briefing notes from July 2018.

State Policy Recognition:

https://www.congress.gov/116/meeting/house/110236/witnesses/HHRG-116-GO28-Wstate-FaberS-20191119.pdf
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1. The state of NJ recently developed Maximum Contaminant Levels (MCL) for PFOA and PFOS in drinking water. They cited our publication in      

their “Technical Analysis of New Jersey’s Proposed Health-Based Maximum Contaminant Level (MCL)for Perfluorooctane Sulfonate (PFOS)” that
was used in support of determinations of the MCLs. https://www.nj.gov/dep/watersupply/pdf/pfos-comment-4b.pdf

2.  The State of Pennsylvania’s Department of Health recently generated a PFAS Exposure Assessment Technical Toolkit (PEATT) Pilot Project and      

in its Final Report (
https://www.health.pa.gov/topics/Documents/Environmental%20Health/PEATT%20Pilot%20Project%20Final%20Report%20April%2029%202019.pdf
), it cited our publication.

3. State of Washington cited our work in its recent pilot project: See attached figure      

Community Recognition: The National Research Defense Council (NRDC) cited our publication in its fact sheet about PFAS in drinking water.

News: Seven news outlets have cited our publication including CNN, the Intercept and EHP.

Justification
3B:

This paper is published in a top level environmental public health journal in  the International Journal of Environmental Research and

Public Health. This nominated paper followed the manuscript clearance criteria. Upon completion of writing and before submission to the
journal, papers were internally reviewed by scientists from NHEERL and NCEA. Two scientists reviewed each of these papers in detail as
a requirement for internal review. All reviewers commended on the synthesis provided by the systematic review and the novelty of
compiling children’s health outcomes associated with per- and polyfluorinated chemical (PFAS) exposure. Suggestions were made by
these reviewers and were addressed prior to submission to the journal for publication. All suggested changes were made in all three
papers prior to submission to IJERPH. This submission was recruited to this journal IJERPH for inclusion in the Special Issue on
Environmental Chemical Mixtures at Low Concentration and Children’s Health. Once submitted to the journal, the paper was assigned to
one of the associate editors in the field and then underwent external peer review process for its value and suitability for publication by two
or three external reviewers that were experts in their respective fields. While all papers were suggested to be revised by the reviewers of
each paper, appropriate revisions were made. The review reflected the importance of the study and the value of the findings. All reviewers’
questions and suggestions were addressed. After submission of the revised manuscripts, the manuscripts were promptly accepted for
publication in IJERPH. Within days after the acceptance, these papers were published first on-line and then subsequently in the print form
of the journal.

https://www.health.pa.gov/topics/Documents/Environmental%20Health/PEATT%20Pilot%20Project%20Final%20Report%20April%2029%202019.pdf
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This publication is in  the International Journal of Environmental Research and Public Health. International Journal of Environmental

Research and Public Health (IJERPH) (ISSN1660-4601) is a peer-reviewed scientific journal that publishes original articles, critical
reviews, research notes, and short communications in the interdisciplinary area of environmental health sciences and public health. It links
several scientific disciplines including biology, biochemistry, biotechnology, cellular and molecular biology, chemistry, computer science,
ecology, engineering, epidemiology, genetics, immunology, microbiology, oncology, pathology, pharmacology, and toxicology, in an
integrated fashion, to address critical issues related to environmental quality and public health. Therefore, IJERPH focuses on the
publication of scientific and technical information on the impacts of natural phenomena and anthropogenic factors on the quality of our
environment, the interrelationships between environmental health and the quality of life, as well as the socio-cultural, political, economic,
and legal considerations related to environmental stewardship, environmental medicine, and public health. As a comprehensive
multi-disciplinary journal, IJERPH is comprised of twenty-four major sections including the following: Children's Health, Climate Change
and Health, Digital Health, Ecology and the Environment, Environmental Analysis and Methods, Environmental Chemistry and
Technology, Emerging Contaminants, Environmental Health, Environmental Microbiology, Environmental Remediation and Management,
Environmental Science and Engineering, Global Health, Health Behavior, Chronic Disease and Health Promotion, Health Care Sciences
and Services, Health Communication, Health Economics, Industrial Ecology

Infectious Disease Epidemiology, Mental Health, Occupational Safety and Health, Public Health Statistics and Risk Assessment, Toxicology and Public
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Abstract: Perfluoroalkyl substances (PFAS), chemicals used to make products stain and stick resistant,

have been linked to health effects in adults and adverse birth outcomes. A growing body of literature

also addresses health effects in children exposed to PFAS. This review summarizes the epidemiologic

evidence for relationships between prenatal and/or childhood exposure to PFAS and health outcomes

in children as well as to provide a risk of bias analysis of the literature. A systematic review was

performed by searching PubMed for studies on PFAS and child health outcomes. We identified

64 studies for inclusion and performed risk of bias analysis on those studies. We determined that

risk of bias across studies was low to moderate. Six categories of health outcomes emerged. These

were: immunity/infection/asthma, cardio-metabolic, neurodevelopmental/attention, thyroid, renal,

and puberty onset. While there are a limited number of studies for any one particular health

outcome, there is evidence for positive associations between PFAS and dyslipidemia, immunity

(including vaccine response and asthma), renal function, and age at menarche. One finding of note

is that while PFASs are mixtures of multiple compounds few studies examine them as such, therefore

the role of these compounds as complex mixtures remains largely unknown.

Keywords: children’s health; perfluorooctane sulfonate (PFOS); perfluorooctanoate (PFOA);

puberty; immunity

1. Introduction

Perfluoroalkyl substances (PFAS) are highly stable carbon fluorine compounds that have

been used since the 1940s as surfactants in products for stain-proof and grease-proof applications.

Through biomonitoring the US population, it is known that certain PFAS are ubiquitous in the US

population [1]. These compounds include perfluorooctanoate (PFOA), perfluorooctane sulfonate

(PFOS), and perfluorononanoic acid (PFNA), among others. Primary exposure routes to PFAS include

food and water [2]. Like many other environmental compounds, it has been demonstrated that children

have a higher body burden, i.e., elevated serum concentrations of a PFAS, versus adults [1,3]. This is

thought to be due to mouthing behaviors, time spent on the floor closer to dust sources, different

body size to surface area ratios across ages, exposure through placental transfer, or breastfeeding [4].

The increased burden of PFAS in children has the potential to affect health throughout childhood,
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development and potentially later in life. The current and future health of a child can be affected

by his/her physical environment, in utero experience, nutrition, socio-economic status, educational

level, and the built environment [5–9]. It is increasingly understood that exposure to environmental

chemicals during sensitive windows has the potential to permanently alter a child’s risk of future

morbidity, even at doses that have little effect in adults.

Multiple potential mechanisms of action exist for PFAS. Because PFOA and PFOS have been

studied most extensively in laboratory animals, most is known about these PFAS. Of special interest

to this review are mechanisms that may affect the developing organism. Potential mechanisms of

action include peroxisome proliferation [10], mitochondrial dysfunction and oxidative stress [11,12],

effects on reproductive hormones including progesterone [HE1] [13,14], estrogen [14], inhibin [13],

and testosterone [15], loss of gap junction intercellular communication [16], and interruption of

thyroid function [17]. In the liver, peroxisome proliferation is much stronger in laboratory rodents

than in humans [10], likely contributing to inter-species cholesterol differences with PFCs including

hypolipidemia or decreased cholesterol in mice and hyperlipidemia in humans. Thus many potential

mechanisms could contribute to PFAS-dependent effects on children’s health.

Environmental chemicals like PFAS are often studied as individual compounds but in fact exist as

complex mixtures in the environment. These mixtures can change over time as older chemistries are

phased out and replacement chemistries are introduced. Legacy chemicals with long half-lives can

be persistent in the environment and humans long after they are phased out. Many perfluorinated

chemicals have been measured in human biological samples, some of which are found ubiquitously

in serum of greater than 99% of people sampled in national surveys. Mechanisms of action may be

similar or disparate for chemicals within a PFAS mixture, may affect similar signaling pathways or

may disrupt developing tissues or metabolic pathways. Many of the PFAS exist in humans and the

environment as mixtures, but little is known of the role of these compounds as complex mixtures.

The purpose of this review is to capture and characterize peer-reviewed epidemiologic literature

examining associations between PFAS in biological media from children or pregnant women and

various health outcomes in children.

2. Methods

A systematic review of the literature was performed by searching PubMed for studies on

perfluorinated compounds and child health outcomes; returned references had to include both a PFAS

term and a child health outcome term. Search terms included an extensive list of perfluorinated

compounds and health/exposure terms ranging from general (e.g., child or children) to specific

(e.g., Attention Deficit Hyperactivity Disorder (ADHD)) and were based on authors’ knowledge of

topic and key terms from known research (see Supplementary Materials Table S1 for search term

string). Searches were performed by joining two parenthetical terms with an AND operator. The first

term was comprised of PFAS terms linked with OR operators, and the second with health/other terms

linked with OR operators. We conducted the search in two forms: (1) “simple” wherein PFAS terms

were limited to PFOA, PFOS, PFAS, and PFC and full where all PFAS terms (Table S1) were used.

Duplicates were removed from results. Limits applied to the search included human subjects and

English language. The initial search returned over 1953 articles that were screened by authors for

inclusion first based on title and abstract. Of these, 42 articles were retained for further screening

based on the full article, and 38 were included in the final review. The search was updated through

June 05, 2017 and 27 new studies were added, and one study was removed due to academic dishonesty

concerns (the supervising author Anoop Shankar was discovered in 2012 to have falsified his resume,

regarding his degrees and publication history. The removed study was accepted before this occurred

and was in an area with few other studies (kidney function). He is also an author on two other papers

that we decided to include in this review as they were published in 2014 and in outcomes that had

a more substantial body of work (cardiometabolic)), for a total of 64 included studies. For inclusion

in this review we required serum, blood, or breast milk concentrations of PFAS that were measured
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concomitantly with the health outcome (e.g., serum PFAS and triglyceride concentrations) or early

in life and associated with a later health outcome (e.g., PFAS in cord blood and behavioral outcomes

in children). Studies were also required to report effect estimates in children under 18 years of age

(selected effect estimates are presented in Supplementary Materials Table S1). Because there have been

several recent reviews of birth outcomes, specifically of fetal growth, in association with PFAS, birth

outcomes were not included as part of this review [18–20].

A risk of bias analysis was performed to evaluate the methodological design and implementation

of the studies included in our review (see Supplementary Materials, PFAS Children’s Health Risk of Bias

Criteria). Risk of bias criteria were derived and adapted from a systematic review of PFOA effects on

fetal growth [21], which developed its risk of bias framework from the Cochrane Collaboration’s Risk of

bias tool and the Agency for Healthcare Research and Quality’s criteria [22,23]. Seven criteria for risk of

bias were considered: selection bias, exposure assessment, outcome assessment, confounding, missing

data, conflict of interest, and “other”. The studies included in our review were assigned a risk of bias

score for each of the seven categories of interest. Risk of bias scores, determined by a single reviewer

(Evan Coffman) according to the set of guidelines for each category, were assigned as “low risk”,

“probably low risk”, “moderate or unclear risk”, “probably high risk”, or “high risk”. The assigned

scores and justification of the scores were evaluated by the other two reviewers (Kristen M. Rappazzo

and Erin P. Hines), and any disagreements were resolved by selecting the most conservative judgment,

as outlined by Johnson, Sutton, Atchley, Koustas, Lam, Sen, Robinson, Axelrad and Woodruff [19].

3. Results

All included studies are summarized in Supplementary Materials Tables S2–S7. Study designs

of included articles are primarily cohort or cross-sectional. Study populations tended to be of the

general population, including several longitudinal cohort studies such as the Danish National Birth

Cohort—a large cohort of pregnant women established to examine exposures during pregnancy and

early life, and health outcomes throughout life [24]. Alternatively, study populations also included

those with known increased exposure to PFAS, such as the C8 cohort, a population from the mid-Ohio

valley with documented elevated body burdens of PFOA due to living near point sources of known

PFAS release into the environment [25]. Several population sources are examined repeatedly in the

studies included in this review. These include the C8 cohort (n = 8) and the Danish National Birth

Cohort (n = 7), as well as the United States National Health and Nutrition Survey (NHANES, n = 8),

among others. PFAS concentrations had considerable variability across the study, with mean values

ranging from 0.57 to 111 ng/mL across studies for PFOA and PFOS. Measurement of PFAS occurred

primarily in serum (including maternal serum) rather than blood, and only a single study used breast

milk as a medium. Studies occurred predominantly in the United States (US), Taiwan, or Scandinavian

countries, and covered periods from the late 1970s through the early 2010s. Outcomes covered by

the included studies include: neurodevelopment and attention (n = 19), cardio-metabolic measures

(n = 16), asthma, infection, and immunity (n = 13), pubertal onset indicators (n = 6), thyroid function

(n = 7), and renal function (n = 4).

3.1. Neurodevelopment and Attention

The brain and nervous system development is a dynamic process, occurring over various lifestages

with important programming and vulnerability at each stage of development [26,27]. Alterations in

neurodevelopment have the potential for life-long impact on quality of life. Multiple studies have

examined associations between PFAS and neurological outcomes in children, including effects on

attention, behavior, motor activity, learning, cognition, and development. Summaries of studies in

neurodevelopment and attention are presented in Supplementary Materials Table S2.

Studies that examined childhood developmental milestones or neurodevelopment report

primarily null results, though some observed positive associations. In the Danish National Birth

Cohort, prenatal PFOA or PFOS concentrations (measured in plasma from maternal blood taken
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during the 1st trimester) were not associated with changes in timing to developmental milestones

in infants including measures of fine motor control, attention, cognition, and language at 18 months

of age [28]. One measure of gross motor control (sitting without support) had inverse hazard ratios

with increasing PFOS exposures, and to a lesser degree with PFOA [28]. In an examination of the

same cohort at age 7, no associations were found between prenatal PFOS or PFOA and behavioral or

motor/coordination problems [29]. In a cohort of newborns, Donauer, et al. [30] observed increased

odds ratios (OR) for hypotonicity (low muscle tone, aka “floppy baby syndrome”) with log increases

in PFOA (maternal serum), though confidence intervals were not reported. Neither PFOA nor PFOS

had associations with attention in this cohort [30]. In children from the Taiwan Birth Panel Study, cord

blood PFAS were assessed for association with neurodevelopment in 2 year-old children using the

Comprehensive Developmental Inventory for Infants and Toddlers, a test with subdomains of cognitive,

language, motor, social and self-help; both change in score and odds of poor performance were

examined [31]. Chen et al. (2013) [31] observed no association with PFOA and the neurodevelopmental

markers examined, but positive ORs of poor performance were observed with increasing PFOS, though

linear score changes were less pronounced. In contrast, a Norwegian study that also examined both

cognitive and psychomotor development scores and behavioral problems reported generally null

associations for PFOA or PFOS with outcomes; though PFAS were measured in breast milk rather than

cord blood [32]. Goudarzi, et al. [33] used the Hokkaido Study on Environmental and Children’s Health

to examine prenatal PFAS in maternal serum and indices of psychomotor or mental development at 6

and 18 months, finding no evidence of associations. They did observe a negative association with PFOA

levels and the mental development index in girls at 6 months, but it did not persist at 18 months [33].

In the Ohio Valley C8 cohort, neither PFOA measured in utero or in childhood (serum) was associated

with any IQ measure (full, verbal, or performance), academic measure, neuropsychological function

score, or attention measure [34]. Likewise, Wang, et al. [35] generally found null results for maternal

serum PFAS, including PFOA and PFOS and IQ in the Taiwan Maternal and Infant Cohort Study.

In the C8 study, Stein and Savitz [36] found inverse ORs of learning problems with increasing levels of

serum PFOS and PFNA, and potentially inverse ORs with PFOA. In another Ohio based cohort, the

Health Outcomes and Measures of the Environment (HOME) Study, natural log increases in maternal

serum PFOS were associated with increased odds of poorer behavioral regulation, metacognition,

and global executive function, while other PFAS were not [37]. In a Danish cohort, Strom, et al. [38]

observed no associations between scholastic achievement and maternal serum PFAS.

Nine studies examined either ADHD or related indicators of impulsivity; in general, results

for these studies are mixed. In a cross-sectional U.S. study, Gump, et al. [39] found lower response

inhibition/impulsivity was associated with increasing PFAS exposures (blood); associations with PFOA

were of lower magnitude than associations with other PFAS. One cross-sectional study of NHANES

data observed increased odds of parent-reported ADHD with increased serum PFOA, PFOS, and

perfluorohexane sulfonate (PFHxS) [40]. Stein and Savitz [36] reported positive associations in the C8

cohort between PFOS and PFHxS, but not PFOA or PFNA, and ADHD after adjusting for medication

use. In a cohort across Greenland, the Ukraine, and Poland, Hoyer, et al. [41] observed log-increases in

maternal serum PFOA to be associated with increases in both hyperactivity and behavioral problems,

and log-increases in maternal PFOS to be associated with hyperactivity. Liew, et al. [42] reported

potential positive associations between ADHD and maternal plasma PFOA in the Danish National

Birth Cohort, though some associations were only observed when examining quartiles of exposure.

In a cohort created by combining data from the Taiwan birth panel study and the Taiwan early-life

cohort, Lien, et al. [43] found cord blood PFNA concentrations to be associated with inattention,

impulsivity/hyperactivity, and oppositional defiant disorder as measured by the Swanson, Nolan, and

Pelham IV scale but not neurobehavioral symptoms measured by the Child Behavior Checklist (CBC)

or the Strengths and Difficulties Questionnaire. They also found only null associations between PFOA,

PFOS, and PFNA and neurobehavioral symptoms of ADHD [43]. Quaak, et al. [44], using the Dutch

Linking Maternal Nutrition to Child Health cohort (PFAS measured in cord blood), found higher
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PFOA tertiles associated with potential decreases in externalizing behavior using the CBC, but no

associations with the ADHD scale, and no associations with PFOS concentrations; however, they did

observe potential negative associations between summed PFAS and both externalizing behavior and

ADHD. Other studies have also observed null or negative associations. Ode, et al. [45] reported null

ORs between cord serum PFAS and ADHD in a case-control study of Swedish children. In a Danish

cohort, Strom, Hansen, Olsen, Haug, Rantakokko, Kiviranta and Halldorsson [38] observed inverse

ORs for ADHD with maternal serum PFOA and PFOS, though confidence intervals were large. A study

of C8 children examined serum PFOA with mother and teacher reports of executive function, ADHD

like behavior, and behavioral problems using standardized score metrics [46]. This study found that

associations depended on who was reporting and that associations differed by child’s sex. If mothers

were reporting, boys had lower scores (indicated fewer behavioral issues) and girls had higher scores

with doubling of PFOA concentrations. If teachers were reporting, boys still had lower scores with

increasing PFOA, but no associations were observed in girls [46].

One study also examined autism in a case-control study from the Danish National Birth cohort,

and found no association with maternal plasma PFOA, PFNA, perfluoroheptanesulfonate (PFHpS),

or perfluorodecanoic acid (PFDA) concentrations [42]. PFOS and PFHxS had elevated ORs, although

PFOS confidence intervals were wide [42].

Effects for observed neurological outcomes across studies are inconsistent; while some studies

observe positive associations for both ADHD and neurodevelopment, there are also several studies

that observe negative and null associations. Recent reviews on prenatal exposures to environmental

chemicals in association with children’s neurodevelopment report similar findings [47,48]. There is

some evidence of neurodevelopmental impairments in animals exposed to PFAS. Johansson, et al. [49]

demonstrated neurobehavioral deficits in adult mice after neonatal PFOA and PFOS exposure, where

spontaneous behavior of adult mice manifested as hyperactivity and inability to habituate. In other

toxicological models, fish showed early attainment of habituation with PFOS exposure but elevated

spontaneous activity; mechanistic understanding of these changes via pharmaceutical manipulation

revealed that multiple neurotransmitter systems including norepinephrine, serotonin, and dopamine

were involved in these changes [50]. Also in fish, chronic PFOS-dependent behavioral effects were

lifestage specific and spilled over into the next generation [51]. Despite the evidence from animal

literature, the mixed nature of findings in humans precludes firm conclusions for the effects of PFAS

on neurological outcomes.

3.2. Cardiometabolic

A number of cardiometabolic outcomes, a clustering of conditions that increase the risk for

coronary artery disease, stroke, and type 2 diabetes, have been studied in association with PFAS

exposure, including overweight or obesity status; factors relating to glucose regulation and metabolic

syndrome; and measures of dyslipidemia, abnormal levels of serum total cholesterol, low-density

lipoprotein cholesterol (LDL-C), high density lipoprotein-cholesterol (HDL-C), or triglycerides.

Overweight or obesity status is itself associated with many poor health outcomes, and puts a child

at greater risk for adult morbidity. Disruption of glucose regulation may lead to serious conditions

such as Type 2 diabetes. Dyslipidemia in children may lead to earlier development of atherosclerosis

and cardiovascular disease [52]. Summaries of studies of cardiometabolic outcomes are presented in

Supplemental Materials Table S3.

Nine studies examined anthropometric outcomes, such as weight; of these, eight have

done so using prenatal or maternal PFAS concentrations. In studies examining prenatal PFAS

concentrations and anthropometric measures of children in the Danish National Birth Cohort (plasma),

Andersen, et al. [53] observed null associations between weight, height, or BMI at 5 or 12 months

of age with PFOA or PFOS. In a follow up study with the children at 7 years of age, BMI and waist

circumference continued to have no associations with PFOA or PFOS [54]. However, overweight status

had inverse ORs, with wide CIs, with increasing quartiles of PFOS [54]. In the Ohio based HOME study,
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maternal serum PFOA concentrations were associated with higher risk of overweight/obesity at 8 years

of age, and with BMI z-score, waist circumference, and body fat percentage; these associations were

non-linear, with the 2nd tertile effect estimate being higher than the 3rd [55]. In Bristol England, the

Avon Longitudinal Study of Parents and Children (ALSPAC) examination of prenatal PFAS (maternal

serum) and weight in girls at 20 months of agefound an increase in weight of 580 g (301, 858 g) when

adjusting for birthweight and height at 20 months for the highest tertile ofPFOS compared to the

lowest; they observed no associations between PFOA or PFHxS and weight at 20 months in girls,

Maisonet, et al. [56]. Alternately, a study examining the children from the Danish Pregnancy Cohort,

with a mean age at follow-up of 20 years, observed positive ORs (BMI and waist circumference) with

increasing prenatal PFOA exposure (serum) in female offspring but null associations in males and in

association with prenatal PFOS [57]. In a cohort from Greenland and the Ukraine, Hoyer, et al. [58]

observed only slightly elevated ORs with maternal plasma PFOA and no associations with PFOS for

overweight status, but both were associated with increased odds of waist-to-hip ratio >0.5 at five to

nine years of age. Height z-score, but not weight, was negatively associated with 3rd trimester maternal

serum concentrations of several PFAS (excepting PFOA) for children aged 2 to 11, particularly in girls,

in the Taiwan Maternal and Infant Cohort study [59]. In a cross-sectional study, Timmermann, et al. [60]

found no associations between serum PFOA or PFOS at age 8 years and anthropometric measures,

including BMI. A Danish pregnancy cohort from 1988 to 1989 reported BMI significantly increased

across tertile of maternal serum PFOA measured at gestational week 30 in female offspring at age 20,

though no effect estimates were reported and interquartile ranges were within normal values [61].

Five cross-sectional studies examined dyslipidemia. In adolescents from NHANES, increases in

PFOA, PFOS, or total PFAS serum concentrations were positively associated with high total cholesterol

(>170 mg/dL) and high LDL-C; PFAS were not associated with clinically abnormal HDL-C and

triglyceride levels [62]. Linear associations were similar, with increases in PFAS associated with

increases in total cholesterol and LDL-C, and no associations with triglycerides or HDL-C, though

HDL-C levels did show small decreases with increases in plasma PFOA levels [62]. Also in NHANES,

Lin et al. [63] found no associations between PFASs and HDL-C or triglyceride levels examined as

components of metabolic syndrome in NHANES adolescents. Children and adolescents from the

Ohio Valley C8 population had PFOS and PFOA serum concentration associated with increased

odds of abnormal total cholesterol and LDL-C; PFOS was also associated with decreased odds of

abnormal HDL-C [64]; Linear changes in lipids were also examined, with [64] reporting positive

though non-linear trends between PFOS and total cholesterol, LDL-C, and HDL-C. A Danish study

found no associations between serum PFOA or PFOS and triglycerides in normal weight children,

but did find increases in PFOA or PFOS associated with increases in triglycerides in overweight

children [60]. A study in Taiwan found log increases in serum PFOA, PFOS, and PFNA associated

with increases in total cholesterol, LDL-C, and triglyceride concentrations [65]. In the ALSPAC cohort

examination of lipids in association with maternal serum PFAS, Maisonet, et al. [66] observed positive,

though non-linear and non-monotonic, associations with increases in maternal serum PFOA and PFOS

and total and LDL-cholesterol.

In a cross-sectional analysis of metabolic syndrome components and indicators among NHANES

adolescents (12–17 years), Lin, Chen, Lin and Lin [63] observed a positive association between doubling

of serum PFNA concentrations and the glucose component of metabolic syndrome, defined as glucose

levels ≥5.55 mmol/L or a self-reported use of anti-hyperglycemic medications (OR: 3.15 (1.39–7.12));

however, other metabolic components and overall metabolic syndrome had inverse or null ORs

with PFNA. PFNA was also associated with decrements in measures of insulin resistance and B cell

function [63]. Other PFAS (PFOA, PFOS, and perfluorohexanesulfonic acid (PFHS) had null or negative

associations with metabolic syndrome components and primarily null associations between biomarker

measures [63]. In a small Taiwanese cohort, metabolic indicators (insulin, glucose, etc.) were not

associated with increasing serum concentrations of PFOA, PFOS, PFNA, or perfluoroundecanoic acid

(PFUA) [67]. A cross-sectional study in Denmark observed no associations between serum PFOA or
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PFOS and percent change in insulin concentrations in normal weight children, but among overweight

children both PFOA and PFOS were associated with increased insulin concentration, higher B-cell

activity, and elevated insulin resistance [60]. In the 20 years follow-up of the Danish Pregnancy Cohort,

there were positive associations with percent changes of insulin and leptin association and log-unit

increases in prenatal serum PFOS [57]. Studies also examined adiponectin, a hormone that plays a role

in glucose regulation and fatty acid oxidation, and is important for metabolic homeostasis. In a cohort

of hypertensive young people from Taiwan (aged 12–30), higher PFNA serum concentration was

associated with elevated serum adiponectin concentration, while PFOA, PFOS, and PFUA were not [67].

Although in this study only the p-value for trend and mean response values were reported, rather

than comparison effect estimates and the population included adults. In the Danish Pregnancy Cohort,

prenatal PFOA exposure (serum) was negatively associated with adiponectin concentrations [57].

Both the study of the Danish Pregnancy Cohort and a cross-sectional study in Denmark observed no

associations between PFOS and adiponectin [57,60].

A single study of NHANES examined blood pressure and hypertension in children, finding no

associations between blood pressure measurements and increases in serum PFOA or PFOS [52].

Another cross-sectional study examined carotid artery intima-media thickness in a Taiwanese

population of which 38% had elevated blood pressure during childhood, finding increased carotid

artery intima-media thickness in adolescents aged 12–19 with increasing quartiles of plasma PFOS [68].

Carido-metabolic effects in children were reported in multiple studies. Analyses reported

generally higher or abnormal levels of total cholesterol and LDL-C in association with PFAS serum

concentration. Some mechanistic analyses have also been performed by Fletcher et al. (2013) [69],

who found changes in the expression of genes involved in cholesterol metabolism (transport and

mobilization) to be associated with serum PFAS in the C8 population. The evidence for effects on weight

or BMI in children across PFAS is mixed with PFOA most frequently associated with overweight status

in females but some PFOA studies also show null results. It may be that small positive associations,

such as those reported by Maisonet, Terrell, McGeehin, Christensen, Holmes, Calafat and Marcus [56],

have cumulative effects over time, which lead to being overweight in adulthood. Rodent models

of glycemic control with perinatal exposure to PFAS affected glucose tolerance in adult offspring,

including enhanced effects on a high-fat diet [70], and altered signaling pathways like leptin [71]. It is

important to note that most of the studies reviewed here are cross-sectional, so temporality cannot be

established, and do not account for dietary intake, which can be an import source of PFAS [72] and

therefore a potential confounder. Studies of glucose regulation in children have generally reported

mixed effects, with limited agreement between studies. A single study of carotid artery intima-media

thickness in adolescents found an association with PFOS concentration. The strongest evidence for

a relationship between PFAS exposure and cardiometabolic effects in children comes from studies

of dyslipidemia.

3.3. Immunity, Allergic Response, Infection, and Asthma

Children are protected from infectious agents by innate and adaptive immunity, which is

increasingly understood to be modifiable by our environment. Allergic and immunological

responses can also be modulated by exposure to exogenous environmental compounds. Vaccinations

substantially reduce disease, disability, death and inequity worldwide [73]. Recent work shows

that inoculation with the measles vaccination is associated with an elevated level of protection

against other infectious diseases [74]. Because the efficacy of a vaccine depends on the quality of

the immune response, it is important to understand if environmental exposures may modulate this

response. Summaries of studies in immunity, allergic response, infection, and asthma are presented in

Supplementary Materials Table S4.

Three studies examined suppression of vaccine-mediated antibody response in association with

PFAS. In a Faroe Islands birth cohort, Grandjean, et al. [75] examined serum PFAS concentrations

prenatally and at age 5 in association with tetanus and diphtheria serum antibody titers at age 5
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(prior to vaccination booster) and at age 7 (after booster). Antibody concentrations at age 5 were

generally not associated with combined PFAS concentrations, except diphtheria where a doubling of

prenatal PFAS concentration was associated with a substantial decrease in antibody concentrations [75].

PFAS concentrations at age 5, including when adjusting for prenatal PFAS, have strong negative

associations with antibody concentrations for both tetanus and diphtheria at age 7 [75]. For individual

PFAS, associations with antibody concentrations at age 7 are congruent with the results for total

PFCs [75]. However, prenatal PFOS showed a strong negative association with diphtheria antibody

concentration at age 5; prenatal PFNA and PFDA also had negative associations with diphtheria

antibody concentrations at age 5. Grandjean, Andersen, Budtz-Jorgensen, Nielsen, Molbak, Weihe

and Heilmann [75] also examined odds of antibody levels falling below a clinically protective level

(0.1 IU/mL), observing positive ORs for diphtheria and tetanus at age 7 with a two-fold increase in

PFOS at age 5; results were similar for PFOA. People from the Faroe Islands have higher persistent

organic pollutant (i.e., PCB) and methylmercury serum concentrations than those from the general

US population [76]; in this study, PFAS and PCB concentrations were not correlated with each other,

and adjustment for PCBs in this model did not appreciably change the results [75]. Granum, et al. [77]

also examined antibody concentrations in a subcohort of the Norwegian Mother and Child Cohort

Study (MoBa) study. Increases in maternal plasma PFAS concentrations at delivery (PFOA, PFOS,

PFNA, PFHxS) were negatively associated with children’s anti-rubella antibody titer at three years

of age [77]. They also observed potential associations between PFOS and PFOA and measles vaccine

antibody concentrations, however these associations were unadjusted for potential confounders [77].

In NHANES (1999–2000 and 2003–2004), Stein et al., (2016) [78] found serum PFOA and PFOS to be

associated with decreases in rubella and mumps antibodies in children 12–19 years old. These studies

show some effect of PFAS serum concentration on suppression of antibody response to vaccination.

Six recent studies have examined asthma in association with PFAS. In the Taiwanese Genetics

and Biomarkers study for Childhood Asthma, Dong, et al. [79] found positive ORs and increasing

trends for asthma with serum PFOA, PFOS, PFDA, PFHxS, and PFNA. Perfluorobutanesulfonic acid

(PFBS) and perfluorododecanoic acid (PFDoA) had positive ORs for asthma, though without a clear

trend or only at the highest exposure levels [79]. In this study, asthmatic children were recruited

from hospitals, while non-asthmatic children were recruited from schools. If the school population

was not similar to the population that gave rise to the asthmatic population bias may have been

introduced [79]. In a subset of the same population, Qin et al., [80] observed decrements in metrics of

lung function (forced expiratory volume, forced expiratory flow 25–75%, and forced vital capacity)

with doubling of several PFAS concentrations (PFOA, PFOS, PFHxS, PFNA) in children with asthma

but not in children without asthma. In a cross-sectional study using adolescent NHANES participants,

Humblet, et al. [81] observed a positive OR between self-report of ever having asthma and increasing

serum PFOA concentration; PFNA also had a positive OR but a wide CI. Generally null associations

were observed for other PFAS (PFOS and PFHxS) and ever asthma, or for any PFAS and current asthma

or wheeze [81]. In a subset of that population (NHANES 2005–2006) Stein et al., [78] found similar

elevated ORs with wide CIs for PFOA, PFNA and asthma; they also reported elevated ORS with PFOS,

but not PFHxS. In another cross-sectional analysis of asthmatic and non-asthmatic children in Taiwan,

increasing quartiles of serum PFOA were associated with increasing odds of asthma [82]. PFOS, PFBS,

PFDA, PFHxS, and PFNA were also associated with asthma, for some PFAS the associations were

divergent by sex (PFOS only associated with asthma in males) or potentially sex divergent (PFBS had

stronger effect in males), while the others had similar effects across sexes [82]. In a cohort across

Greenland and the Ukraine Smit, et al. [83] reported generally null associations between asthma or

wheeze and a factor representing maternal plasma PFAS concentrations.

Five studies looked at allergies or similar outcomes, generally finding null results. In the two

analyses of the Hokkaido Study on Environment and Children’s Health, no associations with maternal

serum PFOA or PFOS and food allergies or eczema, and null to potentially negative associations with

total allergies, were observed [84,85]. A cohort in Greenland and the Ukraine reported no association
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between a factor representing maternal plasma PFAS concentrations and current or ever eczema in

children [83]. Wang et al. (2011) [86] observed no associations with increasing quartiles of cord blood

serum PFOA and atopic dermatitis; they did report positive associations with PFOS and PFNA, though

both had large confidence limit ratios, indicating low precision, and no trends. In a cross-sectional

analysis of NHANES data, Stein et al., [78], observed associations with increased PFOA, PFOS and

rhinitis; there was some evidence for associations with allergy as well, but no PFAS were associated

with wheeze.

In addition to vaccination antibodies, Granum, Haug, Namork, Stolevik, Thomsen, Aaberge,

van Loveren, Lovik and Nygaard [77] also examined allergen-specific IgE antibodies, using a test

that distinguishes atopic and non-atopic status, reporting no associations between atopic status and

concentrations of any PFAS (plasma) in the Norwegian cohort. Newborn immune function markers

were examined in a cohort of 10 Canadian cities and generally null associations were observed between

immune function and any maternal serum PFAS [87]. In a Japanese cohort, increasing maternal serum

PFOA concentrations were negatively associated with cord blood IgE in 18 months old girls but not

boys [85]. In the Taiwan Birth Panel cohort study, IgE levels at 2 years of age were not associated

with PFOA, PFOS, or PFNA in cord blood serum [86]. Wang, Hsieh, Chen, Fletcher, Lien, Chiang,

Chiang, Wu and Chen [86] also observed positive associations between PFOS and PFOA and IgE

levels, both measured in cord blood, but only in boys. Another study in Taiwan examined IgE levels in

children with and without asthma, reporting statistically significant p-values for trend with increasing

concentrations of serum PFAS (PFOA, PFOS, PFDA, PFDoA, PFNA, and PFTA), though linear changes

were not reported [79]. In a cross-sectional analysis of asthmatic boys, Zhu et al. [82] observed higher

levels of IgE, and Th1 and TH2 cytokines, which might have contributed to asthma development, with

higher levels of serum PFOS, PFOA, and PFDA.

Two studies examined susceptibility to infections or diseases. In the Danish National Birth Cohort,

Fei, et al. [88] saw no associations between prenatal exposure to PFOA or PFOS (serum) and risk of

hospitalizations for infectious disease in the first year of life. Granum, Haug, Namork, Stolevik, Thomsen,

Aaberge, van Loveren, Lovik and Nygaard [77] observed positive associations between maternal plasma

PFOA and PFNA and common cold incidence in the first 3 years of life and between PFOA and PFHxS

and gastroenteritis. However, these associations were unadjusted for potential confounders [77].

Studies of individual health outcomes are limited in number, therefore conclusions should be made

with caution; current evidence potentially suggests that antibody response to vaccination and asthma

may be influenced by PFAS. The studies of vaccine response were well done cohort study designs and

despite the small number offer compelling evidence. The asthma studies are less consistent and include

a broader range of study designs and quality. There is no evidence for relationships between PFAS and

IgE levels, allergy, and infection. In the one study that looked across these outcomes, several positive

associations were observed and these in combination may indicate that prenatal PFAS exposure is

linked to childhood humoral immunomodulation [77], which is supported by animal studies [89].

3.4. Pubertal Onset Indicators

Puberty is the process of sexual maturation, occurring over several years. Early onset or delayed

onset puberty can be considered an important indicator of endocrine disruption, and has been

associated with altered risk of adult disease: diabetes mellitus, heart disease, bone disease, substance

abuse, and asthma [90–93].

Six studies examined pubertal onset indicators (see Supplementary Materials Table S5). Two used

data from the ALSPAC cohort; one study focused on menarche before 11.5 years of age while the other

examined hormone levels in a subset of girls. The other studies examined both age at menarche and other

pubertal parameters, such as hormone levels, using case-control and cross-sectional designs [61,94–96].

Kristensen, Ramlau-Hansen, Ernst, Olsen, Bonde, Vested, Halldorsson, Becher, Haug and Toft [61]

examined fetal exposure, through maternal serum at gestational week 30, to PFAS in a longitudinal

cohort from Denmark, and observed a one-month delay in menarche per tertile increase of PFOA
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(or a 5.3 months delay from highest to lowest tertile of PFOA); no associations were observed with other

reproductive parameters examined (e.g., cycle length, follicle stimulating hormone levels, etc.). Fetal

PFOS levels were not associated with age at menarche [61]. A cross-sectional analysis of boys and girls

in the C8 cohort found delayed menarche associated with both serum PFOA and PFOS concentrations,

which held true after adjustment for the other PFAS [95]. Doubling of PFOS was associated with

serum testosterone in males and estradiol in females indicating lack of sexual maturation (i.e., inverse

odds ratios (OR) for levels above specified cut-offs), while increases in PFOA were not associated with

estradiol or testosterone levels [95]. In a further examination of the C8 cohort, [97] found insulin-like

growth factor, a marker of pubertal onset, to be negatively associated with serum PFOA (in girls), PFOS

and PFNA (both boys and girls). It is important to note that menstrual blood loss is a potential route

of PFAS excretion, thus in cross-sectional studies of girls with later pubertal onset may have higher

PFAS levels than girls with earlier pubertal onset. Examining age at menarche from a different angle,

Christensen, Maisonet, Rubin, Holmes, Calafat, Kato, Flanders, Heron, McGeehin and Marcus [94] used

age at menarche before 11.5 years as their outcome in a case-control study of ALSPAC, finding null

associations with most PFAS levels measured in maternal serum during pregnancy, but inverse ORs

with PFOS. Inverse ORs may indicate the potential for delayed menarche with PFOS, or that girls with

higher exposure to PFOS during fetal development were less likely to have early menarche. In a subset

of the same population as Christensen, Maisonet, Rubin, Holmes, Calafat, Kato, Flanders, Heron,

McGeehin and Marcus [94], higher levels of PFOA, PFOS, and PFHxS were associated with higher levels

of total testosterone in girls, while no associations were observed with sex hormone-binding globulin

concentrations [96]. A cross-sectional study in Taiwan examined follicle stimulating hormone levels in

association with serum PFAS in 12–17 year olds, finding decreased FSH associated with increasing PFOS

in boys and PFUA in girls; there was no evidence of associations for PFOA and PFNA [98].

The six studies of pubertal onset indicators have generally mixed results and varied study design.

The most consistent evidence is for later age at menarche associated with either PFOA or PFOS

exposure or both. This is supported by toxicological evidence from mouse models in which female

offspring had delayed mammary gland development [99] and vaginal opening [100] with in utero and

peri-pubertal exposure to PFOA, respectively.

3.5. Thyroid Function

Thyroid hormones are essential in regulating growth, development and metabolism and are

especially vital for proper brain development early in life, with impairment known to affect

neurological endpoints, including intelligence quotient (IQ). Five studies evaluated thyroid function in

children in association with PFAS exposure (see Supplementary Materials Table S6).

In a cross-sectional analysis of the Ohio Valley C8 cohort children, Lopez-Espinosa, Mondal,

Armstrong, Bloom and Fletcher [17] observed positive associations between clinical hypothyroidism

and serum PFOA, while neither PFOS nor PFNA were associated with hypothyroidism. In children

with no diagnosed thyroid disease, null associations were observed with PFOA and thyroid stimulating

hormone (TSH) and total thyroxine (TT4) levels; TSH and TT4 levels were elevated with the highest

concentrations of PFOS, and TT4 levels increased with increasing PFNA concentrations in participants

without thyroid disease [17]. Lin, et al. [101] examined thyroid hormones and serum PFAS in a subset

of a cohort of adolescents and young adults (12–30 year olds) from Taiwan with abnormal urinalysis

(positive tests for any two of: proteinuria, glucosuria, or hematuria). Only PFNA was associated with

free T4 levels, though the change was small (0.004 ng/dL (95%CI: 0.001–0.007)) per 1 ng/mL increase

in PFNA) and was seen without a concomitant decrease in TSH that would be clinically expected [101].

No other PFAS were associated with thyroid hormone levels in this study. In a study of 52 boys and 31

girls in the Netherlands, increasing T4 levels in girls were associated with increasing cord blood PFOA

concentrations [102]. No associations with T4 were observed with PFOS or with PFOA in boys [102].

In a cross-sectional analysis of the Taiwan Birth Panel study, doubling of cord blood plasma PFOS

was associated with decreased T4 in boys, and increased TSH in both boys and girls though effects
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appeared to be non-linear and magnitude of effects was higher in boys [103]. PFOA, PFNA, PFUnDA

were generally not associated with thyroid hormone concentrations [103]. A small South Korean study

examined correlations between maternal PFAS during pregnancy and fetal T3, T4 and TSH measured

in cord blood [104]. Fetal T3 was negatively correlated with PFOS and perfluorotridecanoic acid

(PFTrDA), and had small negative correlations with PFOA and PFHxS [104]. Fetal TSH was positively

correlated with PFOS and PFTrDA, while T4 was not substantially correlated with any PFAS [104]. In

a Japanese study of 392 mother-infant pairs, maternal cord blood PFOS was positively associated with

infant TSH levels, but not free thyroxine, and PFOA was not associated with either [105]. In another

small South Korean study, infants with congenital hypothyroidism had higher mean serum levels of

PFOA, PFNA, PFDA, PFUnDA, and total PFASs compared to healthy infants [106].

While some associations are observed between thyroid hormones and PFAS, no clear patterns

emerge. There is some evidence for hypothyroidism, a finding that has also been observed in an adult

NHANES population [107], but not in other studies of PFAS and thyroid function. Given the limited

number of studies and the variability in the responses, no conclusions can be reached with certainty.

3.6. Renal Function

The function of the kidneys, or renal function, contributes to the normal homeostatic maintenance

of blood pressure, removal of waste products from the body, red blood cell production and electrolyte

balance. The long-term health risks of impaired kidney function can be substantial and can be

exacerbated in children who are malnourished or those who are overweight or obese.

Four studies have investigated associations between PFAS and renal function in children

(see Supplementary Materials Table S7). Two cross-sectional studies in the United States found

associations between renal function and PFAS. Watkins, et al. [108] examined estimated glomerular

filtration rate (eGFR) in association with serum concentrations of several PFAS, finding decrements

in eGFR associated with increases in PFOA and PFOS concentrations and with log-increases in

PFNA and PFHxS. Kataria, et al. [109], also using NHANES (2003–2010), found serum PFOA to be

associated with eGFR and uric acid concentrations after adjustment for PFOS, while PFOS associations

were attenuated after adjustment for PFOA. PFNA and PFHxS were not associated with eGFR or

uric acid concentrations, and no PFAS were associated with serum creatinine concentrations [109].

Qin, et al. [110] examined 225 non-asthmatic children in Taiwan, finding serum concentrations of

several PFASs associated with increased odds of high uric acid levels, including PFOA, PFOS, PFBS,

PFDA, PFHxS, and PFNA. In a side analysis of a cohort of Taiwanese adolescents and young adults

who had abnormal urinalysis, serum PFUA concentrations were higher in children with chronic renal

failure [101], though only mean levels and p-values were reported, making quantitative interpretation

difficult. While all studies of PFAS and kidney function in children to date have been cross-sectional,

results from these studies provide evidence for interesting potential associations between PFAS and

renal function in children using multiple different markers of kidney function.

3.7. Risk of Bias Analysis

Based on the implementation of our risk of bias criteria, we determined there to be a low to

moderate risk of bias in the studies included in our review. While all of the reviewed studies had

potential biases relating to at least one of the seven categories of interest (Figure 1), the majority of

these instances were classified as “moderate risk” or lower (Figure 2). Of the sources of bias considered,

selection bias, exposure assessment, and conflict of interest were most commonly judged to present

the highest risks. Participation and non-response bias were the greatest concerns within the selection

bias domain. However, studies with high non-participation or non-response rates were determined to

comprise lower risk if they had analyses demonstrating minimal differences between participants and

non-participants. Although PFAS generally have long half-lives in humans [111], there is uncertainty

regarding the use of concurrent PFAS levels as a surrogate for historical PFAS levels during the

susceptible time range for the development of the outcome of interest. Due to the abundance of
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cross-sectional studies included in our review, many studies were found to have a moderate risk of

exposure error, as timing of the exposure could not be ascertained.

1

Figure 1. Classification of potential biases within each study.
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1

Figure 2. Distribution of potential sources of bias across included studies.

4. Discussion

This systematic review summarizes childhood health outcomes associated with PFAS exposure

from peer-reviewed studies that compare associations between measured concentrations in serum,

cord blood, or breast milk in early life and a health outcome. Environmental chemicals like PFAS are

often studied as individual compounds but exist as complex mixtures in the environment, and the

role of these mixtures in children’s health is captured herein. The outcomes reported in the published

literature with PFAS concentration measurements are diverse and include: cardiometabolic effects,

anthropometric measurements, neurological, neurodevelopmental, and attention effects, asthma and

immune response, thyroid changes, altered timing of puberty onset, and renal function. Physiological

changes in childhood have the potential to alter adult disease risk and contribute to altered risk for

adult morbidity and mortality. While there are a limited number of studies for any one particular

health outcome, there is evidence for positive associations between PFAS and dyslipidemia, immunity

(including vaccine response and asthma), renal function, and age at menarche.

The studies included in this review cover a number of health topics across childhood development.

This gives a better, though not complete, picture of the potential for chronic health effects associated

with PFAS exposure. These studies also cover both highly exposed populations, such as the C8

cohort, and populations from the general public. These populations may have discordant health

outcomes due to differences in exposure or body burden of PFAS, and it is important to examine both

types to best inform specific health outcomes. It also appears that some of the health associations

observed in these studies show outcomes that differ by sex with only males or females as responders.

Thus, it is important to examine effect measure modification on associations by sex when differential

responses are suspected or expected. Overall the literature covers a substantial area of research and

informs the knowledge of the overall potential impact of serum PFAS concentrations early in life on

health outcomes.

Limitations of the studies reviewed here include, in particular, issues of selection bias, exposure

assessment, and the potential for conflict of interest. Many studies had non-response issues or loss to

follow-up. This is mitigated somewhat in that some studies demonstrate that the non-responders did

not differ substantially from the included subjects. However, there are may be underlying, unknown

differences leading to the non-response, which may in turn lead to bias in effect estimates if these

differences are related to both PFAS exposure and the health outcome of interest. For exposure

assessment, the largest concern is the issue of timing of exposure. Many of the findings are obtained
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from cross-sectional studies with associations reported between serum PFAS concentration and

measured health outcome, which have the potential to be affected by bias due to reverse causality,

unlike a longitudinal study with repeated measurements over time. Some of the studies under review

are funded by non-governmental sources, leading to concern over conflict of interest. As described

by the Institute of Medicine Roundtable on Environmental Health Sciences, Research, and Medicine

Institute of Medicine Roundtable on Environmental Health Sciences and Medicine [112], conflicts of

interest do not inherently represent an inadequacy of a publication or signal any level of misconduct,

but rather describe a set of circumstances under which researchers may rely on the judgment of

an outside force, or be influenced by considerations for such parties. The failure to avoid being

compromised by these dependencies and influences may lead to a number of biases, including

publication bias or selective reporting of outcomes.

More generally for studies of PFAS, their concentrations are likely to be affected by when, and

in whom, they are measured, introducing the potential for exposure misclassification. Measures

during pregnancy are taken in maternal serum or cord blood. However, not all PFAS are equally

transferred across the placenta [113]. Therefore, concentrations of PFAS in maternal serum are likely to

differentially represent fetal PFAS, and there will be differential representation based on specific PFAS

and placental transfer ability [113]. As well, maternal blood volume expands during pregnancy, leading

to the potential for different periods of pregnancy to have different maternal serum concentrations of

PFAS due to blood volume changes. Blood samples may also be taken from either fasting or non-fasting

participants, which may make between study comparison of cardiovascular and lipid-related makers

difficult. These potential sources of exposure misclassification may attenuate health effect estimates, as

they are likely non-differential by outcome.

In addition, the potential exists for non-monotonic dose response curves for PFAS, some of which

are known endocrine disrupting compounds. It is possible that lower concentrations/exposures

may have a more disruptive effect than high concentrations/exposures, in particular with outcomes

connected to the endocrine system such as thyroid function or pubertal development.

Relatedly, the toxicological effects of PFASs as a mixture of potentially dozens to hundreds of

compounds are generally unknown [114]. Only a handful of studies covered in this review examined

PFASs using a mixture method, and this was either a summed value or a factor representing PFAS

exposure [44,52,75,83]. While these studies provide some context for effects of PFASs as a mixture, they

are limited in number and not performed for all health outcomes. A summed or representative metric

of PFAS exposure also cannot inform researchers about potential interactions between individual

PFASs. A more through exploration of how PFASs interact with one another, both in a toxicological

manner and in effect measure modification, would help the understanding of how these exposures

may or may not lead to adverse health outcomes.

With cross-sectional studies, temporality cannot be established. Therefore, it is not possible to

determine whether observed health effects are due to PFAS exposure, or if underlying health conditions

lead to a buildup of PFAS. Optimal study design to address this challenge would be longitudinal

studies with repeated measurements before and after disease onset, which would establish temporality

between PFAS exposure and health effects.

Design of studies involving thyroid disease and thyroid hormone concentrations are complicated

by disease status and medication use. Those with known thyroid disease should be separated from

those who are disease-free for comparison. Patients with thyroid disease are likely monitored and

medicated to have thyroid hormone levels in a therapeutic range and comparisons of T4 or TSH

with this population’s PFAS concentration would not be informative. Autoimmune status and iodine

sufficiency are also informative when included in models.

Within the published literature, there is an incomplete assessment of pubertal onset in girls.

Epidemiologic publications for pubertal onset in girls across PFAS concentrations look at age at

menarche, but lack information on thelarche or the onset of female breast development. Breast

development has been shown to be sensitive to PFAS exposure in laboratory animals and the dearth
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of information on this endpoint in developing human populations is an area that could be expanded

to allow for better cross-species comparison. Existing cohorts of US girls with data on these pubertal

endpoints could be mined to understand these associations. The small number of studies for particular

health outcomes limits our ability to draw conclusions based on the body of literature. Even general

categories of childhood health outcomes (e.g., cardiometabolic) included only a few studies, though

the neurodevelopmental literature has grown substantially even in just the past year. In addition,

some of the same outcomes were classified or measured differently in different studies, making direct

comparisons across studies more difficult. A focus on particular outcomes of import could help define

the literature and direct future research in directions of interest and utility, and prompt more direct

mechanistic studies.

5. Conclusions

On the basis of our systematic evaluation of PFAS exposure and childhood health outcomes, we

observed generally consistent evidence for PFAS’ association with dyslipidemia, immunity including

vaccine response and asthma, renal function, and age at menarche. Similar to this evaluation,

the National Toxicology Program Office of Health Assessment and Translation recently performed

a systematic review on the immunotoxicology associated with exposure to PFOA or PFOS and

concluded that PFOA or PFOS is “presumed to be an immune hazard to humans” (NTP, 2016).

While the body of literature of PFAS and childhood health outcomes continues to develop, there are

several areas that could be addressed. One important consideration is the need for more longitudinal

studies where timing of exposure versus outcome can be firmly established. Another important factor

to consider in future research is the variability in outcome measurement. Cohesive measurement

or definition of health outcomes under study would strengthen conclusions based on the whole of

the literature. As exposure to certain PFAS is ubiquitous in the US population, it is important to

understand the health effects associated with exposure to the mixtures of PFAS, especially in children.
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Συππλεmενταρψ Ματεριαλσ: Εξποσυρε το Περφλυορινατεδ 
Αλκψλ Συβστανχεσ ανδ Ηεαλτη Ουτχοmεσ ιν Χηιλδρεν: Α 
Σψστεmατιχ Ρεϖιεω οφ τηε Επιδεmιολογιχ Λιτερατυρε 

Κριστεν Μ. Ραππαζζο, Εϖαν Χοφφmαν, ανδ Εριν Π. Ηινεσ 

Επιδεmιολογιχ Εϖιδενχε οφ Ρελατιονσηιπσ βετωεεν Περφλυορινατεδ Χηεmιχαλ Εξποσυρε ανδ 

Ρεπροδυχτιϖε ορ Χηιλδ Ηεαλτη Ουτχοmεσ 

Ταβλε Σ1. Σεαρχη τερmσ υσεδ φορ σψστεmατιχ ρεϖιεω. 

Εξποσυρε/ΠΦΑΣ Σεαρχη Τερmσ Ουτχοmε/Οτηερ Σεαρχη Τερmσ 

Περφλυορινατεδ Χηιλδρεν 

περφλυοροοχτανε συλφονατε χηιλδ 

περφλυοροοχτανοατε mεναρχηε 

πολψφλυοροαλκψλ χοmπουνδσ δεϖελοπmεντ 

Πολψφλυοροαλκψλ χηεmιχαλσ mαλε ρεπροδυχτιϖε ηεαλτη 

Περφλυορινατεδ χηεmιχαλσ τεστοστερονε 

Περφλυοροοχτανοιχ αχιδ ρεπροδυχτιον 

περφλυοροοχτανε συλφονιχ αχιδ χορδ βλοοδ 

περφλυορινατεδ αχιδ Ματερναλ βλοοδ 

φλυοροχαρβονσ Πρεναταλ εξποσυρε 

Περφλυορινατεδ αλκψλ συβστανχεσ Φεταλ εξποσυρε 

Περφλυοροηεξανε συλφονατε Πρεναταλ εξποσυρε δελαψεδ εφφεχτσ 

περφλυοροαλκψλ αχιδσ mενταλ δεϖελοπmενταλ mιλεστονεσ 

φλυορινατεδ οργανιχ χοmπουνδσ mοτορ δεϖελοπmενταλ mιλεστονεσ 

ΠΦΟΑ νευροδεϖελοπmεντ 

ΠΦΟΣ Αττεντιον Dεφιχιτ Ηψπεραχτιϖιτψ Dισορδερ, ΑDΗD  

ΠΦΑΑ οφφσπρινγ οβεσιτψ 

ΠΦΝΑ οϖερωειγητ 

ΠΦΧ σερυm λιπιδσ 

ΠΦΗξΣ Αδιποσιτψ 

ΠΦΟΣΑ Γλψχεmιχ Χοντρολ 

 ιmmυνιτψ 

 ιmmυνε 

 εΓΦΡ 

 κιδνεψ φυνχτιον 

 Τ4 

 Τηψροιδ δισεασε 

 Τηψροιδ ηορmονεσ 

 Τηψροιδ στιmυλατινγ ηορmονε, ΤΣΗ 

  

 
Βοολεαν Σεαρχη εξαmπλεσ 

Σεαρχηεσ ωερε περφορmεδ βψ ϕοινινγ τωο παρεντηετιχαλ τερmσ ωιτη αν ΑΝD οπερατορ. Τηε φιρστ τερm 

ωασ χοmπρισεδ οφ ΠΦΑΣ τερmσ λινκεδ ωιτη ΟΡ οπερατορσ, ανδ τηε σεχονδ ωιτη ηεαλτη/οτηερ τερmσ λινκεδ 

ωιτη ΟΡ οπερατορσ. Βοτη �σιmπλε� (ωηερειν ΠΦΑΣ τερmσ ωερε λιmιτεδ το ΠΦΟΑ, ΠΦΟΣ, ανδ ΠΦΑΣ ορ ΠΦΧ) 

ανδ φυλλ (αλλ ΠΦΑΣ τερmσ) ωερε περφορmεδ. 

 

Σιmπλε σεαρχη ωιτη λιmιτεδ εξποσυρε τερmσ, ινιτιαλ σεαρχη ωασ: (ΠΦΟΑ ΟΡ ΠΦΟΣ ΟΡ ΠΦΑΣ) ΑΝD (χηιλδ 



Ιντ. ϑ. Ενϖιρον. Ρεσ. Πυβλιχ Ηεαλτη Σ2 οφ Σ39 

ΟΡ χηιλδρεν) 

(ΠΦΟΑ[Αλλ Φιελδσ] ΟΡ ΠΦΟΣ[Αλλ Φιελδσ] ΟΡ ΠΦΑΣ[Αλλ Φιελδσ]) ΑΝD ((�������[ΜεΣΗ Τερmσ] ΟΡ 

�χηιλδ�[Αλλ Φιελδσ]) ΟΡ (�χηιλδ�[ΜεΣΗ Τερmσ] ΟΡ �χηιλδ�[Αλλ Φιελδσ] ΟΡ �χηιλδρεν�[Αλλ Φιελδσ])) ΑΝD 

(�ηυmανσ�[ΜεΣΗ Τερmσ] ΑΝD Ενγλιση[λανγ]) 

 

Φυλλ σεαρχη, αλλ τερmσ ινχλυδεδ 

(Περφλυορινατεδ[Αλλ Φιελδσ] ΟΡ (�περφλυοροοχτανε συλφονιχ αχιδ�[Συππλεmενταρψ Χονχεπτ] ΟΡ 

�περφλυοροοχτανε συλφονιχ αχιδ�[Αλλ Φιελδσ] ΟΡ �περφλυοροοχτανε συλφονατε�[Αλλ Φιελδσ]) ΟΡ 

(�περφλυοροοχτανοιχ αχιδ�[Συππλεmενταρψ Χονχεπτ] ΟΡ �περφλυοροοχτανοιχ αχιδ�[Αλλ Φιελδσ] ΟΡ 

�περφλυοροοχτανοατε�[Αλλ Φιελδσ]) ΟΡ (πολψφλυοροαλκψλ[Αλλ Φιελδσ] ΑΝD χοmπουνδσ[Αλλ Φιελδσ]) ΟΡ 

(Πολψφλυοροαλκψλ[Αλλ Φιελδσ] ΑΝD χηεmιχαλσ[Αλλ Φιελδσ]) ΟΡ (Περφλυορινατεδ[Αλλ Φιελδσ] ΑΝD χηεmιχαλσ[Αλλ 

Φιελδσ]) ΟΡ (�περφλυοροοχτανοιχ αχιδ�[Συππλεmενταρψ Χονχεπτ] ΟΡ �περφλυοροοχτανοιχ αχιδ�[Αλλ Φιελδσ]) 

ΟΡ (�περφλυοροοχτανε συλφονιχ αχιδ�[Συππλεmενταρψ Χονχεπτ] ΟΡ �περφλυοροοχτανε συλφονιχ αχιδ�[Αλλ 

Φιελδσ]) ΟΡ (περφλυορινατεδ[Αλλ Φιελδσ] ΑΝD (�αχιδσ�[ΜεΣΗ Τερmσ] ΟΡ �αχιδσ�[Αλλ Φιελδσ] ΟΡ �αχιδ�[Αλλ 

Φιελδσ]) ΑΝD (�φλυοροχαρβονσ�[ΜεΣΗ Τερmσ] ΟΡ �φλυοροχαρβονσ�[Αλλ Φιελδσ])) ΟΡ (Περφλυορινατεδ[Αλλ 

Φιελδσ] ΑΝD αλκψλ[Αλλ Φιελδσ] ΑΝD συβστανχεσ[Αλλ Φιελδσ]) ΟΡ ((�περφλεξανε�[Συππλεmενταρψ Χονχεπτ] ΟΡ 

�περφλεξανε�[Αλλ Φιελδσ] ΟΡ �περφλυοροηεξανε�[Αλλ Φιελδσ]) ΑΝD (�αλκανεσυλφονατεσ�[ΜεΣΗ Τερmσ] ΟΡ 

�αλκανεσυλφονατεσ�[Αλλ Φιελδσ] ΟΡ �συλφονατε�[Αλλ Φιελδσ])) ΟΡ (περφλυοροαλκψλ[Αλλ Φιελδσ] ΑΝD 

(�αχιδσ�[ΜεΣΗ Τερmσ] ΟΡ �αχιδσ�[Αλλ Φιελδσ])) ΟΡ (φλυορινατεδ[Αλλ Φιελδσ] ΑΝD (�οργανιχ 

χηεmιχαλσ�[ΜεΣΗ Τερmσ] ΟΡ (�οργανιχ�[Αλλ Φιελδσ] ΑΝD �χηεmιχαλσ�[Αλλ Φιελδσ]) ΟΡ �οργανιχ 

χηεmιχαλσ�[Αλλ Φιελδσ] ΟΡ (�οργανιχ�[Αλλ Φιελδσ] ΑΝD �χοmπουνδσ�[Αλλ Φιελδσ]) ΟΡ �οργανιχ 

χοmπουνδσ�[Αλλ Φιελδσ])) ΟΡ ΠΦΟΑ[Αλλ Φιελδσ] ΟΡ ΠΦΟΣ[Αλλ Φιελδσ] ΟΡ ΠΦΑΑ[Αλλ Φιελδσ] ΟΡ ΠΦΝΑ[Αλλ 

Φιελδσ] ΟΡ ΠΦΧ[Αλλ Φιελδσ] ΟΡ ΠΦΗξΣ[Αλλ Φιελδσ] ΟΡ (�περφλυοροοχτανε συλφονιχ αχιδ�[Συππλεmενταρψ 

Χονχεπτ] ΟΡ �περφλυοροοχτανε συλφονιχ αχιδ�[Αλλ Φιελδσ] ΟΡ �πφοσα�[Αλλ Φιελδσ])) ΑΝD (εΓΦΡ[Αλλ Φιελδσ] 

ΟΡ ((�κιδνεψ�[ΜεΣΗ Τερmσ] ΟΡ �κιδνεψ�[Αλλ Φιελδσ]) ΑΝD (�πηψσιολογψ�[Συβηεαδινγ] ΟΡ 

�πηψσιολογψ�[Αλλ Φιελδσ] ΟΡ �φυνχτιον�[Αλλ Φιελδσ] ΟΡ �πηψσιολογψ�[ΜεΣΗ Τερmσ] ΟΡ �φυνχτιον�[Αλλ 

Φιελδσ])) ΟΡ Τ4[Αλλ Φιελδσ] ΟΡ (�τηψροιδ δισεασεσ�[ΜεΣΗ Τερmσ] ΟΡ (�τηψροιδ�[Αλλ Φιελδσ] ΑΝD 

�δισεασεσ�[Αλλ Φιελδσ]) ΟΡ �τηψροιδ δισεασεσ�[Αλλ Φιελδσ] ΟΡ (�τηψροιδ�[Αλλ Φιελδσ] ΑΝD �δισεασε�[Αλλ 

Φιελδσ]) ΟΡ �τηψροιδ δισεασε�[Αλλ Φιελδσ]) ΟΡ (�τηψροιδ ηορmονεσ�[ΜεΣΗ Τερmσ] ΟΡ (�τηψροιδ�[Αλλ 

Φιελδσ] ΑΝD �ηορmονεσ�[Αλλ Φιελδσ]) ΟΡ �τηψροιδ ηορmονεσ�[Αλλ Φιελδσ]) ΟΡ (�τηψροτροπιν�[ΜεΣΗ 

Τερmσ] ΟΡ �τηψροτροπιν�[Αλλ Φιελδσ] ΟΡ (�τηψροιδ�[Αλλ Φιελδσ] ΑΝD �στιmυλατινγ�[Αλλ Φιελδσ] ΑΝD 

�ηορmονε�[Αλλ Φιελδσ]) ΟΡ �τηψροιδ στιmυλατινγ ηορmονε�[Αλλ Φιελδσ]) ΟΡ ΤΣΗ[Αλλ Φιελδσ] ΟΡ (�αττεντιον 

δεφιχιτ δισορδερ ωιτη ηψπεραχτιϖιτψ�[ΜεΣΗ Τερmσ] ΟΡ (�αττεντιον�[Αλλ Φιελδσ] ΑΝD �δεφιχιτ�[Αλλ Φιελδσ] 

ΑΝD �δισορδερ�[Αλλ Φιελδσ] ΑΝD �ηψπεραχτιϖιτψ�[Αλλ Φιελδσ]) ΟΡ �αττεντιον δεφιχιτ δισορδερ ωιτη 

ηψπεραχτιϖιτψ�[Αλλ Φιελδσ] ΟΡ (�αττεντιον�[Αλλ Φιελδσ] ΑΝD �δεφιχιτ�[Αλλ Φιελδσ] ΑΝD �ηψπεραχτιϖιτψ�[Αλλ 

Φιελδσ] ΑΝD �δισορδερ�[Αλλ Φιελδσ]) ΟΡ �αττεντιον δεφιχιτ ηψπεραχτιϖιτψ δισορδερ�[Αλλ Φιελδσ]) ΟΡ 

(�αττεντιον δεφιχιτ δισορδερ ωιτη ηψπεραχτιϖιτψ�[ΜεΣΗ Τερmσ] ΟΡ (�αττεντιον�[Αλλ Φιελδσ] ΑΝD 

�δεφιχιτ�[Αλλ Φιελδσ] ΑΝD �δισορδερ�[Αλλ Φιελδσ] ΑΝD �ηψπεραχτιϖιτψ�[Αλλ Φιελδσ]) ΟΡ �αττεντιον δεφιχιτ 

δισορδερ ωιτη ηψπεραχτιϖιτψ�[Αλλ Φιελδσ] ΟΡ �αδηδ�[Αλλ Φιελδσ]) ΟΡ (οφφσπρινγ[Αλλ Φιελδσ] ΑΝD 

(�οβεσιτψ�[ΜεΣΗ Τερmσ] ΟΡ �οβεσιτψ�[Αλλ Φιελδσ])) ΟΡ (�οϖερωειγητ�[ΜεΣΗ Τερmσ] ΟΡ �οϖερωειγητ�[Αλλ 

Φιελδσ]) ΟΡ ((�σερυm�[ΜεΣΗ Τερmσ] ΟΡ �σερυm�[Αλλ Φιελδσ]) ΑΝD (�λιπιδσ�[ΜεΣΗ Τερmσ] ΟΡ 

�λιπιδσ�[Αλλ Φιελδσ])) ΟΡ (�αδιποσιτψ�[ΜεΣΗ Τερmσ] ΟΡ �αδιποσιτψ�[Αλλ Φιελδσ]) ΟΡ (Γλψχεmιχ[Αλλ Φιελδσ] 

ΑΝD (�πρεϖεντιον ανδ χοντρολ�[Συβηεαδινγ] ΟΡ (�πρεϖεντιον�[Αλλ Φιελδσ] ΑΝD �χοντρολ�[Αλλ Φιελδσ]) ΟΡ 

�πρεϖεντιον ανδ χοντρολ�[Αλλ Φιελδσ] ΟΡ �χοντρολ�[Αλλ Φιελδσ] ΟΡ �χοντρολ γρουπσ�[ΜεΣΗ Τερmσ] ΟΡ 

(�χοντρολ�[Αλλ Φιελδσ] ΑΝD �γρουπσ�[Αλλ Φιελδσ]) ΟΡ �χοντρολ γρουπσ�[Αλλ Φιελδσ])) ΟΡ 

(�ιmmυνιτψ�[ΜεΣΗ Τερmσ] ΟΡ �ιmmυνιτψ�[Αλλ Φιελδσ]) ΟΡ ιmmυνε[Αλλ Φιελδσ] ΟΡ (�φεταλ βλοοδ�[ΜεΣΗ 

Τερmσ] ΟΡ (�φεταλ�[Αλλ Φιελδσ] ΑΝD �βλοοδ�[Αλλ Φιελδσ]) ΟΡ �φεταλ βλοοδ�[Αλλ Φιελδσ] ΟΡ (�χορδ�[Αλλ 

Φιελδσ] ΑΝD �βλοοδ�[Αλλ Φιελδσ]) ΟΡ �χορδ βλοοδ�[Αλλ Φιελδσ]) ΟΡ ((�mοτηερσ�[ΜεΣΗ Τερmσ] ΟΡ 
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�mοτηερσ�[Αλλ Φιελδσ] ΟΡ �mατερναλ�[Αλλ Φιελδσ]) ΑΝD (�βλοοδ�[Συβηεαδινγ] ΟΡ �βλοοδ�[Αλλ Φιελδσ] ΟΡ 

�βλοοδ�[ΜεΣΗ Τερmσ])) ΟΡ ((�πρεναταλ χαρε�[ΜεΣΗ Τερmσ] ΟΡ (�πρεναταλ�[Αλλ Φιελδσ] ΑΝD �χαρε�[Αλλ 

Φιελδσ]) ΟΡ �πρεναταλ χαρε�[Αλλ Φιελδσ] ΟΡ �πρεναταλ�[Αλλ Φιελδσ]) ΑΝD εξποσυρε[Αλλ Φιελδσ]) ΟΡ 

((�φετυσ�[ΜεΣΗ Τερmσ] ΟΡ �φετυσ�[Αλλ Φιελδσ] ΟΡ �φεταλ�[Αλλ Φιελδσ]) ΑΝD εξποσυρε[Αλλ Φιελδσ]) ΟΡ 

(�πρεναταλ εξποσυρε δελαψεδ εφφεχτσ�[ΜεΣΗ Τερmσ] ΟΡ (�πρεναταλ�[Αλλ Φιελδσ] ΑΝD �εξποσυρε�[Αλλ Φιελδσ] 

ΑΝD �δελαψεδ�[Αλλ Φιελδσ] ΑΝD �εφφεχτσ�[Αλλ Φιελδσ]) ΟΡ �πρεναταλ εξποσυρε δελαψεδ εφφεχτσ�[Αλλ Φιελδσ]) 

ΟΡ (mενταλ[Αλλ Φιελδσ] ΑΝD δεϖελοπmενταλ[Αλλ Φιελδσ] ΑΝD mιλεστονεσ[Αλλ Φιελδσ]) ΟΡ (mοτορ[Αλλ Φιελδσ] 

ΑΝD δεϖελοπmενταλ[Αλλ Φιελδσ] ΑΝD mιλεστονεσ[Αλλ Φιελδσ]) ΟΡ νευροδεϖελοπmεντ[Αλλ Φιελδσ] ΟΡ 

(�χηιλδ�[ΜεΣΗ Τερmσ] ΟΡ �χηιλδ�[Αλλ Φιελδσ] ΟΡ �χηιλδρεν�[Αλλ Φιελδσ]) ΟΡ (�χηιλδ�[ΜεΣΗ Τερmσ] ΟΡ 

�χηιλδ�[Αλλ Φιελδσ]) ΟΡ (�mεναρχηε�[ΜεΣΗ Τερmσ] ΟΡ �mεναρχηε�[Αλλ Φιελδσ]) ΟΡ (�γροωτη ανδ 

δεϖελοπmεντ�[Συβηεαδινγ] ΟΡ (�γροωτη�[Αλλ Φιελδσ] ΑΝD �δεϖελοπmεντ�[Αλλ Φιελδσ]) ΟΡ �γροωτη ανδ 

δεϖελοπmεντ�[Αλλ Φιελδσ] ΟΡ �δεϖελοπmεντ�[Αλλ Φιελδσ]) ΟΡ ((�mαλε�[ΜεΣΗ Τερmσ] ΟΡ �mαλε�[Αλλ 

Φιελδσ]) ΑΝD (�ρεπροδυχτιϖε ηεαλτη�[ΜεΣΗ Τερmσ] ΟΡ (�ρεπροδυχτιϖε�[Αλλ Φιελδσ] ΑΝD �ηεαλτη�[Αλλ 

Φιελδσ]) ΟΡ �ρεπροδυχτιϖε ηεαλτη�[Αλλ Φιελδσ])) ΟΡ (�τεστοστερονε�[ΜεΣΗ Τερmσ] ΟΡ �τεστοστερονε�[Αλλ 

Φιελδσ]) ΟΡ (�ρεπροδυχτιον�[ΜεΣΗ Τερmσ] ΟΡ �ρεπροδυχτιον�[Αλλ Φιελδσ])) ΑΝD (�ηυmανσ�[ΜεΣΗ 

Τερmσ] ΑΝD Ενγλιση[λανγ]) 

Γυιδελινεσ φορ Μακινγ Ρισκ οφ Βιασ Dετερmινατιονσ ιν Επιδεmιολογιχ Στυδιεσ οφ Περφλυορινατεδ 

Χηεmιχαλ Εξποσυρε ανδ Χηιλδ Ηεαλτη Ουτχοmεσ 

Τηε φολλοωινγ γυιδελινεσ ουτλινε τηε χριτερια ωε υσεδ το εϖαλυατε τηε mετηοδολογιχαλ δεσιγν ανδ 

ιmπλεmεντατιον οφ τηε στυδιεσ ινχλυδεδ ιν ουρ ρεϖιεω. Τηε ρισκ οφ βιασ χριτερια ιν ουρ γυιδελινεσ ωερε 

διρεχτλψ αδαπτεδ φροm α σψστεmατιχ ρεϖιεω οφ ΠΦΟΑ εφφεχτσ ον φεταλ γροωτη [ϑοηνσον ετ αλ., 2014], ωηιχη 

δεϖελοπεδ ιτσ ρισκ οφ ����1�����€���1����1���1��������1���������������1����1��1����1����1��δ τηε Αγενχψ 

���1
���������1��������1���1������′��1��������1
������1���1	����ð1ΞςWW∫1���€�������1��1��ð1ΞςWΞ1���1

γυιδελινεσ ουτλινε σεϖεν ποτεντιαλ βιασεσ ωιτη σπεχιφιχ χριτερια φορ α λοω ρισκ οφ βιασ δετερmινατιον ωιτηιν 

εαχη χατεγορψ. Συβσεθυεντλψ, τηερε ισ α γενεραλ συmmαρψ οφ τηε χριτερια φορ ηιγηερ ρισκσ οφ βιασ. 

1. Σελεχτιον Βιασ 

Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

ξ Στυδψ παρτιχιπαντσ ωερε ρεχρυιτεδ/σελεχτεδ φροm τηε σαmε ποπυλατιον ατ τηε σαmε τιmε φραmε; ορ: 

ξ Στυδψ παρτιχιπαντσ ωερε νοτ αλλ ρεχρυιτεδ φροm τηε σαmε ποπυλατιον, βυτ προπορτιονσ οφ 

παρτιχιπαντσ φροm εαχη ποπυλατιον ιν εαχη στυδψ γρουπ αρε υνιφορm;  

ΑΝD:  

ξ Λοσσ το φολλοω−υπ ιν λονγιτυδιναλ στυδιεσ ισ mινιmιζεδ ανδ ανψ λοσσ το φολλοω−υπ ισ νοτ εξπεχτεδ 

το διφφερ γρεατλψ βετωεεν λεϖελσ οφ εξποσυρε ανδ/ορ ουτχοmε; ανδ: 

ξ �����1�������1��1���������1���������1����1���1������≤��1��ð1���������1����ð1�����������1����ð1

ινχιδενχε−πρεϖαλενχε βιασ, ϖολυντεερ/σελφ−σελεχτιον βιασ) 

2. Εξποσυρε Ασσεσσmεντ 

Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

�Τηε ρεϖιεωερσ ϕυδγε τηατ τηερε ισ λοω ρισκ οφ εξποσυρε mισχλασσιφιχατιον ανδ ανψ ονε οφ τηε φολλοωινγ:  

ξ Τηερε ισ ηιγη χονφιδενχε ιν τηε αχχυραχψ οφ τηε εξποσυρε ασσεσσmεντ mετηοδσ; ορ: 

ξ Λεσσ−εσταβλισηεδ ορ λεσσ διρεχτ εξποσυρε mεασυρεmεντσ αρε ϖαλιδατεδ αγαινστ ωελλ−εσταβλισηεδ ορ 

διρεχτ mετηοδσ�  

3. Ουτχοmε Ασσεσσmεντ 
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Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

Τηε ρεϖιεωερσ ϕυδγε τηατ τηερε ισ λοω ρισκ οφ ουτχοmε mισχλασσιφιχατιον ανδ ανψ ονε οφ τηε φολλοωινγ:  

ξ Τηερε ισ ηιγη χονφιδενχε ιν τηε αχχυραχψ οφ τηε ουτχοmε ασσεσσmεντ mετηοδσ (ε.γ., χλινιχαλ 

διαγνοσισ, λαβορατορψ τεστινγ, σενσιτιϖε ινστρυmεντ); ορ: 

ξ Λεσσ−εσταβλισηεδ ορ λεσσ διρεχτ ουτχοmε mεασυρεmεντσ αρε ϖαλιδατεδ αγαινστ ωελλ−εσταβλισηεδ ορ 

διρεχτ mετηοδσ; ορ: 

ξ Ιφ σελφ− ορ παρενταλ−ρεπορτεδ ουτχοmεσ αρε βεινγ υσεδ, τηερε ισ ηιγη χονφιδενχε ιν τηε αχχυραχψ οφ 

τηοσε ρεπορτσ; ορ: 

ξ Ιφ α προξψ mεασυρε ισ βεινγ υσεδ, τηε ουτχοmε βεινγ mεασυρεδ προϖιδεσ α ρεασοναβλε συρρογατε 

φορ τηε ουτχοmε οφ ιντερεστ  

4. Χονφουνδινγ 

Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

�Τηε στυδψ αχχουντεδ φορ (ι.ε., mατχηεδ, στρατιφιεδ, mυλτιϖαριατε αναλψσισ ορ οτηερωισε στατιστιχαλλψ 

χοντρολλεδ φορ) ιmπορταντ ποτεντιαλ χονφουνδερσ, ορ ρεπορτεδ τηατ ποτεντιαλ χονφουνδερσ ωερε 

εϖαλυατεδ ανδ οmιττεδ βεχαυσε ινχλυσιον διδ νοτ συβσταντιαλλψ αφφεχτ τηε ρεσυλτσ.� Τηε δετερmινατιον 

οφ σπεχιφιχ χονφουνδερσ τηατ σηουλδ βε αδϕυστεδ φορ ωιλλ δεπενδ ον τηε δεταιλσ οφ τηε ινδιϖιδυαλ 

στυδιεσ, ανδ εϖαλυατιον ωιλλ βε συβϕεχτ το τηε ϕυδγmεντ οφ τηε ρεϖιεωερ. Ηοωεϖερ, τηε φολλοωινγ ισ α 

γενεραλ λιστ οφ ποτεντιαλλψ ιmπορταντ χονφουνδερσ: 

ξ Αγε, Σεξ, Ραχε, Ματερναλ Αγε ατ Dελιϖερψ, Ματερναλ Εδυχατιον, Φαmιλψ Ινχοmε, ΕΤΣ, Ματερναλ 

Αλχοηολ Υσε DΠ, Ματερναλ Σmοκινγ DΠ, ανδ Βρεαστ Φεεδινγ 

5. Μισσινγ Dατα 

Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

�Παρτιχιπαντσ ωερε φολλοωεδ λονγ ενουγη το οβταιν ουτχοmε mεασυρεmεντσ ανδ ανψ ονε οφ τηε 

φολλοωινγ:  

ξ Νο mισσινγ ουτχοmε δατα; ορ: 

ξ Ρεασονσ φορ mισσινγ ουτχοmε δατα υνλικελψ το βε ρελατεδ το τρυε ουτχοmε (φορ συρϖιϖαλ δατα, 

χενσορινγ υνλικελψ το βε ιντροδυχινγ βιασ); ορ: 

ξ Μισσινγ ουτχοmε δατα βαλανχεδ ιν νυmβερσ αχροσσ εξποσυρε γρουπσ, ωιτη σιmιλαρ ρεασονσ φορ 

mισσινγ δατα αχροσσ γρουπσ; ορ: 

ξ Φορ διχηοτοmουσ ουτχοmε δατα, τηε προπορτιον οφ mισσινγ ουτχοmεσ χοmπαρεδ ωιτη οβσερϖεδ 

εϖεντ ρισκ νοτ ενουγη το ηαϖε α βιολογιχαλλψ ρελεϖαντ ιmπαχτ ον τηε ιντερϖεντιον εφφεχτ εστιmατε; 

ορ: 

ξ Φορ χοντινυουσ ουτχοmε δατα, πλαυσιβλε εφφεχτ σιζε (διφφερενχε ιν mεανσ ορ στανδαρδιζεδ 

διφφερενχε ιν mεανσ) αmονγ mισσινγ ουτχοmεσ νοτ ενουγη το ηαϖε α βιολογιχαλλψ ρελεϖαντ ιmπαχτ 

ον οβσερϖεδ εφφεχτ σιζε; ορ: 

ξ Μισσινγ δατα ηαϖε βεεν ιmπυτεδ υσινγ αππροπριατε mετηοδσ�  

6. Χονφλιχτ οφ Ιντερεστ 

Χριτερια φορ α �λοω ρισκ οφ βιασ� ϕυδγmεντ:  

�Τηε στυδψ διδ νοτ ρεχειϖε συππορτ φροm α χοmπανψ, στυδψ αυτηορ, ορ οτηερ εντιτψ ηαϖινγ α φινανχιαλ 

ιντερεστ ιν τηε ουτχοmε οφ τηε στυδψ. Εξαmπλεσ ινχλυδε τηε φολλοωινγ:  

ξ Φυνδινγ σουρχε ισ λιmιτεδ το γοϖερνmεντ, νον−προφιτ οργανιζατιονσ, ορ αχαδεmιχ γραντσ φυνδεδ βψ 

γοϖερνmεντ, φουνδατιονσ ανδ/ορ νον−προφιτ οργανιζατιονσ;  
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ξ Χηεmιχαλσ ορ οτηερ τρεατmεντ υσεδ ιν στυδψ ωερε πυρχηασεδ φροm α συππλιερ;  

ξ Χοmπανψ αφφιλιατεδ σταφφ αρε νοτ mεντιονεδ ιν τηε αχκνοωλεδγεmεντσ σεχτιον; 

ξ Αυτηορσ ωερε νοτ εmπλοψεεσ οφ α χοmπανψ ωιτη α φινανχιαλ ιντερεστ ιν τηε ουτχοmε οφ τηε στυδψ;  

ξ Χοmπανψ ωιτη α φινανχιαλ ιντερεστ ιν τηε ουτχοmε οφ τηε στυδψ ωασ νοτ ινϖολϖεδ ιν τηε δεσιγν, 

χονδυχτ, αναλψσισ, ορ ρεπορτινγ οφ τηε στυδψ ανδ αυτηορσ ηαδ χοmπλετε αχχεσσ το τηε δατα;  

ξ Στυδψ αυτηορσ mακε α χλαιm δενψινγ χονφλιχτσ οφ ιντερεστ;  

ξ Στυδψ αυτηορσ αρε υναφφιλιατεδ ωιτη χοmπανιεσ ωιτη φινανχιαλ ιντερεστ, ανδ τηερε ισ νο ρεασον το 

βελιεϖε α χονφλιχτ οφ ιντερεστ εξιστσ; ΟΡ 

ξ Αλλ στυδψ αυτηορσ αρε αφφιλιατεδ ωιτη α γοϖερνmεντ αγενχψ (αρε προηιβιτεδ φροm ινϖολϖεmεντ ιν 

προϕεχτσ φορ ωηιχη τηερε ισ α χονφλιχτ οφ ιντερεστ ορ αν αππεαρανχε οφ χονφλιχτ οφ ιντερεστ).� 

Γενεραλ Χριτερια φορ Συβσεθυεντ Ρισκ οφ Βιασ ϑυδγmεντσ 

α) Προβαβλψ λοω ρισκ οφ βιασ:  

ξ Α σmαλλ πορτιον οφ τηε �λοω ρισκ οφ βιασ� χριτερια ισ ϖιολατεδ, ανδ/ορ τηερε ισ ρελεϖαντ ινφορmατιον 

ορ αναλψσεσ συγγεστινγ τηατ τηε ϖιολατεδ χριτερια αρε υνλικελψ το ιντροδυχε βιασ. 

β) Μοδερατε ορ υνχλεαρ ρισκ οφ βιασ:  

ξ Α λαργερ πορτιον οφ τηε �λοω ρισκ οφ βιασ� χριτερια ηασ βεεν ϖιολατεδ, βυτ τηερε ισ εϖιδενχε τηατ τηε 

ϖιολατεδ χριτερια αρε υνλικελψ το ιντροδυχε βιασ; ορ:  

ξ Τηερε ισ νοτ ενουγη ινφορmατιον ιν τηε στυδψ το δετερmινε τηε ρισκ οφ βιασ φορ α σπεχιφιχ χατεγορψ. 

χ) Προβαβλψ ηιγη ρισκ οφ βιασ:  

ξ Τηε �λοω ρισκ οφ βιασ� χριτερια αρε ϖιολατεδ, βυτ τηερε ισ σοmε ινδιχατιον τηατ τηε ϖιολατεδ χριτερια 

mαψ νοτ ιντροδυχε συβσταντιαλ βιασ. 

δ) Ηιγη ρισκ οφ βιασ: 

ξ Τηε �λοω ρισκ οφ βιασ� χριτερια αρε ϖιολατεδ ανδ τηερε ισ νο εϖιδενχε τηατ τηε ϖιολατεδ χριτερια αρε 

υνλικελψ το ιντροδυχε συβσταντιαλ βιασ. 
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Ταβλε Σ2. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ νευροδεϖελοπmενταλ ανδ αττεντιον ρελατεδ ουτχοmεσ 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

Ματριξ 

Εξποσυρε Χοντραστ 

νγ/mΛ (Μεαν ορ 

Μεδιαν) 

Συmmαρψ οφ Ρεσυλτσ Σελεχτεδ Εφφεχτ Εστιmατεσ 

Ηοφφmαν 

ετ αλ. 

(2010) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=571) 

1999−2000, 2003−2004 

ΝΗΑΝΕΣ 

Σερυm 
1 ∝γ/Λ 

(ΠΦΟΑ: 4.4) 
Ποσιτιϖε ασσοχιατιον ωιτη ΑDΗD ανδ ΠΦΟΑ. 

ΠΦΟΑ 

ΑDΗD (ΟΡ) 

1.12 (1.01, 1.23) 

Μεδιχατιον υσε αδϕυστεδ 

1.19 (0.95, 1.49) 

   (ΠΦΟΣ: 22.6) 
Ινχρεασεσ ιν ΠΦΟΣ ασσοχιατεδ ωιτη ινχρεασεδ οδδσ οφ 

ΑDΗD. 

ΠΦΟΣ 

ΑDΗD (ΟΡ) 

1.03 (1.01, 1.05) 

Αδϕυστεδ φορ mεδιχατιον υσε 

1.05 (1.02, 1.08) 

Στειν ανδ 

Σαϖιτζ 

(2011) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=10546) 

2005−2006 

Χ8 

Σερυm 

ΠΦΟΑ 

Θ1: <13.0  

Θ2: 13.0 −<28.2 

Θ3: 28.2 −<65.3 

Θ4: >65.3 

Νυλλ ορ ποτεντιαλλψ ινϖερσε ασσοχιατιονσ ωιτη παρεντ−

ρεπορτεδ ΑDΗD ορ λεαρνινγ προβλεmσ ανδ ΠΦΟΑ. 

ΠΦΟΑ 

ΑDΗD (ΟΡ) 

Αγε 12−15 

Θ1: ρεφ 

Θ2: 1.18 (0.91, 1.53) 

Θ3: 0.93 (0.71, 1.21) 

Θ4: 0.79 (0.60, 1.04) 

   

ΠΦΟΣ 

Θ1: < 14.8 

Θ2: 14.8−20.1 

Θ3:20.2−27.9 

Θ4: > 27.9 

ΑDΗD ασσοχιατεδ ωιτη ΠΦΟΣ ωιτη αδϕυστmεντ φορ 

mεδιχατιον υσε. Ινϖερσε ΟΡσ φορ λεαρνινγ προβλεmσ 

ωιτη ινχρεασινγ ΠΦΟΣ. 

ΑDΗD (ΟΡ), αγε 12−15 

Θ1: ρεφ   

Θ2: 0.91 (0.70, 1.19) 

Θ3: 0.92 (0.71, 1.21) 

Θ4: 0.99 (0.76, 1.30) 

ΑDΗD + mεδιχατιον υσε (ΟΡ), αγε 12−

15 

Θ1: ρεφ 

Θ2: 1.40 (0.94, 2.08) 

Θ3: 1.38 (0.92, 2.06) 

Θ4: 1.32 (0.88, 1.99) 

   

ΠΦΗξΣ 

Θ1: <2.9 

Θ2: 2.9 − 5.1 

Θ3: 5.2 − 10.1 

Θ4: >10.1 

 

ΠΦΝΑ 

Θ1: <1.2 

Θ2: 1.2 − 1.4 

ΑDΗD ποσιτιϖελψ ασσοχιατεδ ωιτη ΠΦΗξΣ. ΠΦΝΑ νοτ 

ασσοχιατεδ ωιτη ΑDΗD. 

ΠΦΗξΣ 

ΑDΗD (ΟΡ), αγε 12−15  

Θ1: ρεφ   

Θ2: 1.46 (1.10, 1.93) 

Θ3: 1.45 (1.10, 1.91) 

Θ4: 1.53 (1.15, 2.04) 

ΑDΗD + mεδιχατιον υσε (ΟΡ), αγε 12−

15 

Θ1: ρεφ 
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Θ3: 1.5 . 2.0 

Θ4: >2.0 

 

Θ2: 1.32 (0.87, 1.99) 

Θ3: 1.32  (0.88, 1.97) 

Θ4: 1.42 (0.94, 2.13) 

Οδε ετ αλ. 

(2014) 

Χασε−χοντρολ 

Σωεδεν 

(ν = 206 χασεσ, 206 

χοντρολσ) 

1978 − 2005 

Χορδ σερυm 
ΠΦΟΑ: 1 (1.80, 1.83) 

 
Νο ασσοχιατιονσ βετωεεν ΑDΗD διαγνοσισ ανδ ΠΦΟΑ. 

ΑDΗD (ΟΡ) 

ΠΦΟΑ:  

0.98 (0.92, 1.04) 

 

   
ΠΦΟΣ: 1 (6.92, 6.77) 

 
Νο ασσοχιατιονσ βετωεεν ΑDΗD διαγνοσισ ανδ ΠΦΟΣ. 

ΠΦΟΣ:  

0.98 (0.94, 1.02) 

   

ΠΦΝΑ: 

ΛΟD (0.2) 

 

Νο ασσοχιατιονσ βετωεεν ΑDΗD διαγνοσισ ανδ ΠΦΝΑ. 

ΠΦΝΑ: 

<ΛΟD: ρεφ 

>= ΛΟD: 1.1 (0.75, 1.7) 

Dοναυερ ετ 

αλ. (2015) 

Χοηορτ 

Υνιτεδ Στατεσ 

(ν  = 327) 

Μαρ 2003 . ϑαν 2006 

Ηεαλτη Ουτχοmεσ ανδ 

Μεασυρεσ οφ τηε 

Ενϖιρονmεντ Στυδψ 

Ματερναλ 

σερυm 

1−λογ υνιτ 

(ΠΦΟΑ: 5.49) 

 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΑ ανδ νευροβεηαϖιοραλ 

mεασυρεσ. Ποσιτιϖε ασσοχιατιον ωιτη ηψποτονιχ στατυσ 

ανδ ΠΦΟΑ, ΧΙσ νοτ ρεπορτεδ.  

ΠΦΟΑ 

Αττεντιον (Βετα (ΣΕ)) 

0.01 (0.06) 

Ηψποτονιχιτψ (Βετα (ΣΕ)) 

0.14 (0.07) 

Ηψποτονιχ στατυσ (ΟΡ) 

3.785 

   
(ΠΦΟΣ: 13.25) 

 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΣ ανδ νευροβεηαϖιοραλ 

mεασυρεσ. 

ΠΦΟΣ 

Αττεντιον (Βετα (ΣΕ)) 

0.01 (0.06) 

Ηψποτονιχιτψ (Βετα (ΣΕ)) 

0.04 (0.07) 

Ηψποτονιχ στατυσ (ΟΡ) 

1.780 

Στειν ετ αλ. 

(2014) 

Χοηορτ 

Υνιτεδ Στατεσ 

(ν=321) 

2005−2006, 2009−2010 

Χ8 

Σερυm 
1 Λν−υνιτ 

(35.1) 

Οβσερϖεδ εφφεχτσ φορ ΑDΗD σχορεσ δεπενδεδ υπον 

ωηο ωασ ρεπορτινγ. Ιφ mοτηερσ, βοψσ ηαδ ιmπροϖεδ 

σχορεσ ανδ γιρλσ ηαδ ωορσε ωιτη ινχρεασινγ ΠΦΟΑ. Ιφ 

τεαχηερσ, σεξ διφφερενχεσ αρε λεσσ προνουνχεδ, ανδ 

ποτεντιαλλψ ιmπροϖεδ σχορεσ ωιτη ινχρεασινγ ΠΦΟΑ αρε 

οβσερϖεδ. 

ΠΦΟΑ 

�����1�����1� 

Μοτηερ συρϖεψ 

−0.08 (−1.05, 0.89) 

Βοψσ ονλψ 

−1.76 (−3.23, −0.29) 

Γιρλσ ονλψ 

1.09 (−0.14, 2.32) 

Τεαχηερ συρϖεψ 

−1.32 (−3.10, 0.47) 

Βοψσ ονλψ 

−2.82 (−4.96, −0.68) 

Γιρλσ ονλψ 

−0.48 (−2.81, 1.85) 
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Στροm ετ 

αλ. (2014) 

Χοηορτ 

Dενmαρκ 

(ν=876) 

1988−2010 

Dανιση Φεταλ Οριγινσ 

1988 

Ματερναλ 

σερυm 

ΠΦΟΑ 

Τ1: <=3.13 

Τ2: >3.13.4.39 

Τ3: >4.39 

 

Ποτεντιαλ ινϖερσε ασσοχιατιονσ βετωεεν ΠΦΟΑ ανδ 

ΑDΗD, ωιτη ωιδε ΧΙ. ΟΡσ φορ δεπρεσσιον αρε ποσιτιϖε 

ονλψ φορ τηε mιδδλε τερτιλε ανδ ρετυρν το νυλλ ατ τηε 

ηιγηεστ εξποσυρε. Νο ασσοχιατιον σχηολαστιχ 

αχηιεϖεmεντ σχορε.  

ΠΦΟΑ 

ΑDΗD (ΟΡ) 

Τ1: ρεφ 

Τ2: 0.48 (0.18, 1.28) 

Τ3: 0.74 (0.29, 1.87) 

 

Dεπρεσσιον (ΟΡ) 

Τ1: ρεφ 

Τ2: 1.37 (0.85, 2.21) 

Τ3: 1.03 (0.61, 1.73) 

    

Ποτεντιαλ ινϖερσε ασσοχιατιον βετωεεν ΠΦΟΣ ανδ 

ΑDΗD ατ ηιγηεστ τερτιλε οφ εξποσυρε. ΟΡσ φορ 

δεπρεσσιον αρε ποσιτιϖε ονλψ φορ τηε mιδδλε τερτιλε ανδ 

ρετυρν το νυλλ ατ τηε ηιγηεστ εξποσυρε. Νο ασσοχιατιον 

σχηολαστιχ αχηιεϖεmεντ σχορε. 

ΠΦΟΣ 

ΑDΗD (ΟΡ) 

Τ1: ρεφ 

Τ2: 1.05 (0.43, 2.53) 

Τ3: 0.54 (0.19, 1.53) 

 

Dεπρεσσιον (ΟΡ) 

Τ1: ρεφ 

Τ2: 1.61 (0.99, 2.61) 

Τ3: 1.16 (0.69, 1.95) 

Ηοψερ ετ 

αλ. (2015α) 

Χοηορτ 

Γρεενλανδ, Υκραινε, 

ανδ Πολανδ 

(ν=1106) 

ΙΝΥΕΝDΟ 

2002−2004 

Ματερναλ 

σερυm 

1 λογ−υνιτ 

(ΠΦΟΑ: 1.4) 

Λογ−ινχρεασεσ ιν ΠΦΟΑ ασσοχιατεδ ωιτη βεηαϖιοραλ 

προβλεmσ ανδ ηψπεραχτιϖιτψ.  

ΠΦΟΑ 

Βεηαϖιοραλ προβλεmσ (ΟΡ) 

1.5 (0.9, 2.6) 

Ηψπεραχτιϖιτψ (ΟΡ) 

1.6 (0.9, 2.8) 

 

   (ΠΦΟΣ: 10.0) 
Λογ−ινχρεασεσ ιν ΠΦΟΣ ασσοχιατεδ ωιτη ινχρεασεδ οδδσ 

οφ ηψπεραχτιϖιτψ βυτ νοτ βεηαϖιοραλ προβλεmσ. 

ΠΦΟΣ 

Βεηαϖιοραλ προβλεmσ (ΟΡ) 

1.1 (0.6, 2.0) 

Ηψπεραχτιϖιτψ (ΟΡ) 

1.7 (0.9, 3.2) 

Λιεω ετ αλ. 

(2015) 

Χασε−χοντρολ 

Dενmαρκ 

(χασεσ = 220 φορ εαχη 

ουτχοmε, χοντρολσ = 

550) 

1996−2002 

Dανιση Νατιοναλ Βιρτη 

Χοηορτ 

Ματερναλ 

πλασmα 

1 λν−υνιτ 

(ΠΦΟΑ: 4.00) 

Ποτεντιαλ ποσιτιϖε ασσοχιατιον βετωεεν ιν ΠΦΟΑ ανδ 

ΑDΗD, φορ βοτη λν−λινεαρ ανδ θυαρτιλε ινχρεασεσ. Νο 

ασσοχιατιον ωιτη αυτισm.    

ΠΦΟΑ 

ΑDΗD (ΟΡ) 

1.21 (0.84, 1.74) 

Αυτισm (ΟΡ) 

1.15 (0.68, 1.93) 

   (ΠΦΟΣ: 27.40) 

Ειτηερ νο ορ ινϖερσε ασσοχιατιον βετωεεν ΠΦΟΣ ανδ 

ΑDΗD, σλιγητλψ ελεϖατεδ ΟΡσ φορ αυτισm βυτ 

χονφιδενχε ιντερϖαλσ αρε ϖερψ ωιδε.  

ΠΦΟΣ 

ΑDΗD (ΟΡ) 

1.04 (0.70, 1.56) 
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Αυτισm (ΟΡ) 

1.21 (0.69, 2.13) 

    

Οτηερ ΠΦΑΣσ σηοω πριmαριλψ ινϖερσε ορ νυλλ 

ασσοχιατιονσ.  

ΠΦΗξΣ ηασ ινχρεασινγ ΟΡ φορ αυτισm ωιτη βοτη λν−

λινεαρ ανδ θυαρτιλε ινχρεασεσ.  

ΠΦΝΑ σηοωσ ποσιτιϖε ασσοχιατιον ωιτη ΑDΗD ονλψ 

ωιτη θυαρτιλε ινχρεασεσ. 

ΠΦΗξΣ 

ΑDΗD (ΟΡ) 

1.05 (0.91, 1.20) 

Αυτισm (ΟΡ) 

1.26 (1.00, 1.58) 

 

ΠΦΝΑ 

ΑDΗD (ΟΡ) 

0.99 (0.58, 1.7) 

Αυτισm(ΟΡ) 

0.84 (0.48, 1.49) 

Φει ετ αλ. 

(2008) 

Χοηορτ 

Dενmαρκ 

(ν = 1400) 

1996−2002 

Dανιση Νατιοναλ Βιρτη 

Χοηορτ 

Πλασmα φροm 

mατερναλ 

βλοοδ δυρινγ 

1στ τριmεστερ 

ΠΦΟΑ 

Θ1: <3.91  

Θ2: 3.91−5.20 

Θ3: 5.21 . 6.96 

Θ4: >6.96 

Νο ασσοχιατιονσ βετωεεν �δεϖελοπmενταλ mιλεστονεσ� 

ανδ ΠΦΟΑ. Σλιγητ νεγατιϖε ασσοχιατιον ωιτη �σιττινγ 

ωιτηουτ συππορτ�. 

ΠΦΟΑ 

Wαλκ ωιτηουτ συππορτ (Ηαζαρδ ρατιο 

(ΗΡ))  

Θ1: ρεφ 

Θ2: 1.10 (0.94, 1.28) 

Θ3: 1.04 (0.88, 1.22) 

Θ4: 0.94 (0.80, 1.12) 

   

ΠΦΟΣ 

Θ1: <26.1  

Θ2: 26.1−33.3 

Θ3: 33.4 . 43.2 

Θ4: >43.2 

Γενεραλλψ νυλλ ασσοχιατιονσ ορ νεγατιϖε ασσοχιατιονσ 

ωιτη λαργε χονφιδενχε ιντερϖαλσ βετωεεν δεϖελοπmενταλ 

mιλεστονεσ ανδ ΠΦΟΣ. �Σιττινγ ωιτηουτ συππορτ� ηαδ 

ινϖερσε ΗΡσ ωιτη ΠΦΟΣ.  

ΠΦΟΣ 

Αττεντιον (ΗΡ)  

Θ1: ρεφ 

Θ2: 1.13 (0.75, 1.69) 

Θ3: 1.05 (0.69, 1.59) 

Θ4: 0.94 (0.61, 1.44) 

Σιττινγ ω/ουτ συππορτ (ΗΡ) 

Θ1: ρεφ 

Θ2: 0.93 (0.79.1.08) 

Θ3: 0.85 (0.72.0.99) 

Θ4: 0.86 (0.73.1.01) 

Χηεν ετ αλ. 

(2013) 

Χοηορτ 

Ταιωαν 

(ν=239) 

2004 

Ταιωαν Βιρτη Πανελ 

Στυδψ 

Χορδ βλοοδ 
10  

(ΠΦΟΑ: 2.6) 

Νο ασσοχιατιον βετωεεν νευροδεϖελοπmενταλ mαρκερσ 

ανδ ΠΦΟΑ. 

ΠΦΟΑ 

Χοmπρεηενσιϖε Dεϖελοπmενταλ 

Ινϖεντορψ φορ Ινφαντσ ανδ Τοδδλερσ 

�������1�1����� 

−2.4 (−8.9, 4.1) 

Ποορ−περφορmανχε, οϖεραλλ (ΟΡ) 

0.6 (0.08, 4.8) 

   (ΠΦΟΣ: 7.4) 

Οδδσ οφ ποορ−περφορmανχε ον δεϖελοπmενταλ τεστ 

mεασυρεσ αρε ινχρεασεδ ωιτη ΠΦΟΣ, τηουγη τηε 

ασσοχιατιονσ φορ χηανγεσ ιν σχορεσ αρε λεσσ προνουνχεδ.  

ΠΦΟΣ 

Wηολ�1����1�1����� 

−2.3 (−5.1, 0.4) 

Wηολε τεστ (ΟΡ ποορ περφορmανχε) 
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1.3 (0.7, 2.4) 

Γροσσ−�����1������1�1����� 

−4.9 (−8, −1.7) 

Γροσσ−mοτορ σκιλλσ (ΟΡ ποορ 

περφορmανχε) 

2.2 (1.2, 3.9) 

Φει ανδ 

Ολσεν 

(2011) 

Χοηορτ 

Dενmαρκ 

(ν=1400) 

1996−2002, 2005−2010 

Dανιση Νατιοναλ Βιρτη 

Χοηορτ 

Πλασmα φροm 

mατερναλ 

βλοοδ δυρινγ 

1στ τριmεστερ 

ΠΦΟΑ 

Θ1: <3.95 

Θ2: 3.96 . 5.32 

Θ3: 5.33 . 7.11 

Θ4: >7.11 

Νυλλ ασσοχιατιονσ φορ ΠΦΟΑ ωιτη λαργε χονφιδενχε 

ιντερϖαλσ, τηερε αρε σοmε ινϖερσε ασσοχιατιονσ.  

ΠΦΟΑ 

Στρενγτησ ανδ Dιφφιχυλτιεσ 

Θυεστιονναιρε/Dεϖελοπmενταλ 

Χοορδινατιον Dισορδερ Θυεστιονναιρε  

Τοταλ Dιφφιχυλτιεσ (ΟΡ) 

Θ1: ρεφ 

Θ2: 0.56 (0.27, 1.19) 

Θ3: 0.36 (0.15, 0.82) 

Θ4: 0.91 (0.43, 1.92) 

   

ΠΦΟΣ 

Θ1: <26.5 

Θ2: 26.5−34.3 

Θ3: 34.4−44.3 

Θ4: >44.3 

Νο ασσοχιατιον ωιτη ΠΦΟΣ ανδ βεηαϖιοραλ ανδ mοτορ 

χοορδινατιον προβλεmσ. 

Τοταλ διφφιχυλτιεσ (ΟΡ) 

Θ1: ρεφ 

Θ2: 0.95 (0.47, 1.91) 

Θ3: 0.56 (0.25, 1.22) 

Θ4: 0.92 (0.45, 1.87) 

Λιεν ετ αλ. 

(2016) 

Χοηορτ 

Ταιωαν 

(ν=1526) 

2004−2005 

Ταιωαν Βιρτη Πανελ 

Στυδψ ανδ τηε Ταιωαν 

Εαρλψ−Λιφε Χοηορτ 

Χορδ βλοοδ 

ΠΦΟΑ 

50τη περχεντιλε: 0.75 

75τη: 2.09 

90τη: 3.78 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΑ ανδ νευροβεηαϖιοραλ 

σψmπτοmσ ρελατεδ το ΑDΗD mεασυρεδ τηρουγη τηε 

Σωανσον, Νολαν, 

ανδ Πεληαm Ις σχαλε (ΣΝΑΠ−Ις), τηε Χηιλδ Βεηαϖιορ 

Χηεχκλιστ (ΧΒΧΛ), ανδ τηε Στρενγτησ ανδ Dιφφιχυλτιεσ 

Θυεστιονναιρε (ΣDΘ) θυεστιονναιρεσ. 

ΣΝΑΠ−Ις  

�����������1�1�����) 

 

ΠΦΟΑ 

<50τη περχεντιλε: ρεφ 

50τη−74τη: −2.29 (−3.09, −1.48) 

75τη−89τη: −1.8 (−3.04, −0.55) 

>90τη: −1.39 (−2.84, 0.07) 

   

ΠΦΟΣ 

50τη περχεντιλε: 3.7 

75τη: 5.76 

90τη: 8.45 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΣ χονχεντρατιονσ ανδ 

νευροβεηαϖιοραλ σψmπτοmσ.  

ΠΦΟΣ 

<50τη περχεντιλε: ρεφ 

50τη−74τη: 0.4 (−0.81, 1.6) 

75τη−89τη: −0.51 (−1.95, 0.92) 

>90τη: −0.69 (−2.43, 1.04) 

 

   

ΠΦΝΑ 

50τη περχεντιλε: 1.29 

75τη: 4.69 

90τη: 14.2 

 

ΠΦΥΑ 

50τη περχεντιλε: 2.86 

75τη: 11.7 

Ινχρεασινγ περχεντιλε χατεγοριεσ οφ ΠΦΝΑ ωερε 

ασσοχιατεδ ωιτη Ιναττεντιον, ηψπεραχτιϖιτψ/ιmπυλσιϖιτψ, 

ανδ οπποσιτιοναλ δεφιαντ δισορδερ mεασυρεδ βψ ΣΝΑΠ−

Ις. Νο ασσοχιατιονσ βετωεεν ΠΦΝΑ ανδ 

νευροβεηαϖιοραλ σψmπτοmσ mεασυρεδ βψ ΧΒΧΛ ορ 

ΣDΘ. Νο ασσοχιατιονσ βετωεεν ΠΦΥΑ ανδ 

νευροβεηαϖιοραλ σψmπτοmσ. 

ΠΦΝΑ 

<50τη περχεντιλε: ρεφ 

50τη−74τη: −0.14 (−1.33, 1.06) 

75τη−89τη: −1.03 (−2.33, 0.26) 

>90τη: −2.11 (−3.99, −0.23) 

 

ΠΦΥΑ 

<50τη περχεντιλε: ρεφ 
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90τη: 21.18 50τη−74τη: −0.52 (−1.56, 0.52) 

75τη−89τη: −1.38 (−2.75, −0.01) 

>90τη: −0.84 (−2.34, 0.66) 

Θυαακ ετ 

αλ. (2016)∗ 

Χοηορτ 

Τηε Νετηερλανδσ 

(ν=76) 

2011−2013 

Λινκινγ Ματερναλ 

Νυτριτιον το Χηιλδ 

Ηεαλτη χοηορτ 

Χορδ βλοοδ 

ΠΦΟΑ 

1στ τερτιλε: <0.64 

2νδ: 0.64 . 1.00 

3ρδ: >1.00  

Ποτεντιαλ ασσοχιατιονσ βετωεεν εξτερναλιζινγ βεηαϖιορ, 

mεασυρεδ βψ τηε Χηιλδ Βεηαϖιορ Χηεχκλιστ (ΧΒΧΛ) ανδ 

ηιγηερ τερτιλεσ οφ ΠΦΟΑ. Νο ασσοχιατιονσ ωιτη ΑDΗD 

σχαλε.  

Εξτερναλιζινγ βεηαϖιορ σχαλε (�1����� 

ΠΦΟΑ 

1στ τερτιλε: ρεφ 

2νδ: −3.33 (−7.65, 0.29) 

3ρδ: −2.3 (−6.88, 1.55) 

   

ΠΦΟΣ 

1στ τερτιλε: <1.2 

2νδ: 1.2 . 1.8 

3ρδ: >1.8 

Νο ασσοχιατιονσ βετωεεν εξτερναλιζινγ βεηαϖιορ ορ 

ΑDΗD σχαλεσ ανδ ΠΦΟΣ 

ΠΦΟΣ 

1στ τερτιλε: ρεφ 

2νδ: −1.23 (−5.68, 3.85) 

3ρδ: −2.43 (−6.55, 1.93) 

   

Συm ΠΦΑΣ 

1στ τερτιλε: <0.64 

2νδ: 0.64 . 1.00 

3ρδ: >1.00 

Ποτεντιαλ ασσοχιατιονσ βετωεεν ινχρεασινγ τερτιλεσ οφ 

συmmεδ ΠΦΑΣ ανδ ΑDΗD σχαλε ανδ ΧΒΧΛ.  

��
�1�����1� 

1στ τερτιλε: ρεφ 

2νδ: −0.72 (−1.96, 0.59) 

3ρδ: −0.99 (−2.14, 0.18) 

 

Εξ�������≤���1��������1�����1�1����� 

1στ τερτιλε: ρεφ 

2νδ: −1.59 (−5.27, 2.5) 

3ρδ: −3.31 (−6.55, 0.28) 

Γυmπ ετ 

αλ. (2011) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=83) 

ΝΡ 

Βλοοδ 

1 στανδαρδ δεϖιατιον 

 

ΠΦΟΑ: 1.30 

Ποτεντιαλ ασσοχιατιονσ ωιτη λοωερ ρεσπονσε ινηιβιτιον 

ανδ ινχρεασινγ ΠΦΟΑ.  

ΠΦΟΑ 

Ιντερ−��������1�����1� 

0−5 mιν βιν 

−0.03 [−0.24, 0.18]  

6−10 mιν βιν 

−0.11 [−0.34, 0.11]  

11−15 mιν βιν 

−0.20 [−0.41, 0.01] 

16−20 mιν βιν  

−0.17 [−0.39, 0.05] 

   ΠΦΟΣ: 6.09 ΠΦΟΣ ασσοχιατεδ ωιτη λοωερ ρεσπονσε ινηιβιτιον.  

ΠΦΟΣ 

Ιντερ−��������1�����1� 

0−5 mιν βιν 

−0.05 [−0.26, 0.16] 

6−10 mιν βιν 

−0.18 [−0.40, 0.04] 

11−15 mιν βιν 

−0.25 [−0.46, −0.04] 

16−20 mιν βιν  
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−0.20 [−0.42, 0.02] 

   

ΠΦΝΑ: 0.56 

ΠΦDΑ: 0.13 

ΠΦΗξΣ: 8.03 

ΠΦΟΣΑ: 0.57 

ΠΦΑΣσ γενεραλλψ ασσοχιατεδ ωιτη λοωερ ρεσπονσε 

ινηιβιτιον.  

ΠΦΝΑ 

Ιντερ−��������1�����1� 

0−5 mιν βιν 

−0.07 (−0.29, 0.14) 

6−10 mιν βιν 

−0.24 (−0.46, −0.02) 

11−15 mιν βιν 

−0.15 ([−0.38, 0.07) 

16−20 mιν βιν  

−0.05 (−0.28, 0.18) 

Στειν ετ αλ. 

(2013) 

Χοηορτ 

Υνιτεδ Στατεσ 

(ν=320) 

2005−2006, 2009−2010 

Χ8 

Σερυm 
1 Λν−υνιτ 

(15.3) 

Νο ασσοχιατιονσ ωιτη ΠΦΟΑ ανδ νευροπσψχηολογιχαλ 

τεστσ  

ΠΦΟΑ 

��1� 

0.83 (−0.13, 1.79) 

����1�������1�����1� 

0.5 (−0.4, 1.41) 

 

Φορνσ ετ αλ. 

(2015) 

Χοηορτ 

Νορωαψ 

(ν=843−896) 

2003−2009  

ΗΥΜΙΣ 

 

Βρεαστ mιλκ, 1 

mοντη ποστ 

δελιϖερψ 

ΠΦΟΑ 

ΙΘΡ:37 

Μεδιαν: 40 

 

Νο ασσοχιατιονσ φορ αβνορmαλ σχορε (ΑΣ) ιν χογνιτιϖε 

ανδ πσψχηοmοτορ δεϖελοπmεντ ωιτη ηιγηερ ΠΦΟΑ. Νο 

ασσοχιατιονσ βετωεεν βεηαϖιοραλ προβλεmσ ανδ ΠΦΟΑ. 

 

ΠΦΟΑ 

ΑΣ, 6 mοντησ (ΟΡ) 

Περ ΙΘΡ: 1.05 (0.77, 1.44) 

>Μεδιαν: 1.14 (0.71, 1.80) 

 

ΑΣ, 24 mοντησ (ΟΡ) 

Περ ΙΘΡ: 1.00 (0.78, 1.28) 

>Μεδιαν: 1.25 (0.81, 1.95) 

   

ΠΦΟΣ 

ΙΘΡ:77 

Μεδιαν: 110 

 

Νο ασσοχιατιονσ φορ αβνορmαλ σχορε ιν χογνιτιϖε ανδ 

πσψχηοmοτορ δεϖελοπmεντ ωιτη ηιγηερ ΠΦΟΣ. Νο 

ασσοχιατιονσ βετωεεν βεηαϖιοραλ προβλεmσ ανδ ΠΦΟΣ. 

 

ΠΦΟΣ 

ΑΣ, 6 mοντησ (ΟΡ) 

Περ ΙΘΡ: 0.96 (076, 1.20) 

>Μεδιαν: 0.93 (0.60, 1.44) 

 

ΑΣ, 24 mοντησ (ΟΡ) 

Περ ΙΘΡ: 0.93 (0.74, 1.17) 

>Μεδιαν: 0.99 (0.64, 1.52) 

Wανγ ετ 

αλ. (2015) 

Χοηορτ 

Ταιωαν 

(ν = 120) 

Dεχ 2000 . Νοϖ 2001 

Ματερναλ 

σερυm 

1 λογ−2 υνιτ 

(ΠΦΟΑ: 2.50) 
Νο ασσοχιατιον βετωεεν ΠΦΟΑ ανδ ΙΘ. 

����1�����1��1⊇1����� 

ΠΦΟΑ 

1.2 (−1.0, 3.5) 

 

 

Ταιωαν Ματερναλ ανδ 

Ινφαντ Χοηορτ Στυδψ 

 

 (ΠΦΟΣ: 13.25) Νο ασσοχιατιον βετωεεν ΠΦΟΣ ανδ ΙΘ. 
ΠΦΟΣ 

−1.9 (−4.3, 0.5) 

   
(Ρανγεσ φροm 0.38 το 

3.42) 
Νο ασσοχιατιονσ βετωεεν οτηερ ΠΦΑΣσ ανδ ΙΘ. 

ΠΦΝΑ 

−0.2 (−2.1, 1.7) 
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ΠΦΗξΣ 

0.4 (−2.4, 3.1) 

Γουδαρζι 

ετ αλ. 

(2016) 

Χοηορτ 

ϑαπαν 

(ν = 422) 

ϑυλψ 2002 − Οχτ 2005 

Ηοκκαιδο Στυδψ ον 

Ενϖιρονmεντ ανδ 

����������1
����� 

 

Ματερναλ 

σερυm 

1 λογ−10−υνιτ 

(ΠΦΟΑ: 1.2) 

Νο ασσοχιατιον βετωεεν ΠΦΟΑ ανδ mενταλ 

δεϖελοπmεντ ινδεξ (ΜDΙ) ορ πσψχηοmοτορ 

δεϖελοπmενταλ ινδεξ (ΠDΙ) ατ 6 ορ 18 mοντησ. Σmαλλ 

νεγατιϖε ασσοχιατιον ωιτη ΜDΙ ιν γιρλσ ατ 6 mοντησ, βυτ 

δοεσ νοτ περσιστ. 

  

ΜDΙ ατ 6 mοντησ ⊇1����� 

 

ΠΦΟΑ 

�����〉1≡ςςΖ[1≡ΖΨΨ1��1Ξ[∴ 

��′�〉1ςWWς1≡ΨΨW1��1]WΖ 

	����〉1≡ςΞ_∴1≡WW_∴1��1≡ς∴⊥Ξ 

   (ΠΦΟΣ: 5.7) 
Νο Ασσοχιατιον βετωεεν ΠΦΟΣ ανδ ΜDΙ ορ ΠDΙ ατ 6 ορ 

18 mοντησ.  

ΠΦΟΣ 

�����〉1ςςW⊥1≡Ζ[Ξ1��1[[_ 

��′�〉1≡ςWΖW1≡WWΞ∴1��1ΨΖ[ 

Γιρλσ: ςς]Ξ1≡[W_1��1_Ψ⊥ 

ςυονγ ετ 

αλ. (2016) 

Χοηορτ 

Υνιτεδ Στατεσ 

(ν  = 256) 

Μαρ 2003 . Φεβ 2006 

Ηεαλτη Ουτχοmεσ ανδ 

Μεασυρεσ οφ τηε 

Ενϖιρονmεντ Στυδψ 

Ματερναλ 

σερυm 

1 λν−υνιτ 

(ΠΦΟΑ: 5.4) 

Νο ασσοχιατιον βετωεεν ΠΦΟΑ ανδ βεηαϖιοραλ 

ρεγυλατιον, mεταχογνιτιον, ορ γλοβαλ εξεχυτιϖε φυνχτιον. 

 

Ποορερ γλοβαλ εξεχυτιϖε φυνχτιον (ΟΡ) 

 

ΠΦΟΑ 

1.06 (−1.33, 3.45) 

   (ΠΦΟΣ: 13.2) 

ΠΦΟΣ ασσοχιατεδ ωιτη ινχρεασεδ οδδσ οφ ποορερ 

βεηαϖιοραλ ρεγυλατιον, mεταχογνιτιον, ανδ γλοβαλ 

εξεχυτιϖε φυνχτιον. 

 

ΠΦΟΣ 

3.38 (0.86, 5.9) 

   
(Ρανγεσ φροm 0.1 το 

3.6) 

Νο ασσοχιατιονσ βετωεεν ΠΦΗξΣ, ΠΦΝΑ, ορ ΠΦDεΑ ανδ 

νευροδεϖελοπmενταλ ουτχοmεσ. 

ΠΦΗξΣ 

1.36 (−0.41, 3.12) 

∗: Στυδψ τηατ εξαmινεδ ΠΦΑΣ ασ α mιξτυρε 
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Ταβλε Σ3. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ χαρδιοmεταβολιχ ρελατεδ ουτχοmεσ. 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

mατριξ 
Χονχ νγ/mΛ Συmmαρψ οφ ρεσυλτσ Σελεχτεδ εφφεχτ εστιmατεσ 

Ανδερσεν ετ αλ. (2010) 

Χοηορτ 

Dενmαρκ 

(ν=1400) 

1996−2002 

Dανιση Νατιοναλ βιρτη χοηορτ 

Ματερναλ 

βλοοδ 
1 

Νο mεανινγφυλ ασσοχιατιονσ 

βετωεεν ΠΦΟΑ ανδ ωειγητ, 

ηειγητ ορ ΒΜΙ ατ 5 ορ 12 mοντησ 

οφ αγε. 

ΠΦΟΑ 

������1��1[1������1��1 

−9.4 (−28.6, 9.9) 


�����1��1WΞ1������1��� 

0.049 (−0.026, 0.124) 

    

Νο ασσοχιατιον βετωεεν ΠΦΟΣ 

ανδ ωειγητ, ηειγητ ορ ΒΜΙ ατ 5 ορ 

12 mοντησ οφ αγε. 

ΠΦΟΣ 

������1��1[1������1�� 

−0.8 (−4.2, 2.6) 


�����1��1WΞ1������1��� 

0.010 (−0.003, 0.023) 

Ανδερσεν ετ αλ. (2013) 

Χοηορτ 

Dενmαρκ 

(ν=1400) 

1996−2002 

Dανιση Νατιοναλ βιρτη χοηορτ 

Πλασmα 
1 

(ΠΦΟΑ: 5.12, 5.31) 

Νο ασσοχιατιονσ βετωεεν πρεναταλ 

ΠΦΟΑ ανδ ΒΜΙ, ωαιστ 

χιρχυmφερενχε, ορ οϖερωειγητ 

στατυσ ατ αγε 7. 

���1��1���1]1�1���� 

Βοψσ: −0.049 (−0.117, 0.02) 

Γιρλσ: −0.019 (−0.098, 0.058) 

   

ΠΦΟΣ 

Θ1: <25.5 

Θ2: 25.6 . 33.5 

Θ3: 33.6 . 43.4 

Θ4: >43.4 

ΟΡσ οφ οϖερωειγητ ποτεντιαλλψ 

ινϖερσε ιν βοτη βοψσ ανδ γιρλσ 

ωιτη ινχρεασινγ ΠΦΟΣ. ΒΜΙ ανδ 

ωαιστ χιρχυmφερενχε ατ αγε 7 νοτ 

ασσοχιατεδ ωιτη ΠΦΟΣ.  

���1��1]1�1���� 

Βοψσ: −0.008 (−0.016, 0.009) 

Γιρλσ: −0.005 (−0.019, 0.008) 

Οϖερωειγητ (ΟΡ),  

ΠΦΟΣ, γιρλσ 

Θ1: ρεφ 

Θ2: 1.04 (0.45, 2.41) 

Θ3: 0.87 (0.37, 2.02) 

Θ4: 0.60 (0.24, 1.49) 

Μαισονετ ετ αλ. (2012) 

Χοηορτ 

Ενγλανδ 

(ν=447) 

1991−1992 

ΑΛΣΠΑΧ 

Ματερναλ 

σερυm 

Τ1: <3.1 

Τ2: 3.1−4.4 

Τ3: >4.4 

Νο ασσοχιατιον βετωεεν ωειγητ ατ 

20 mοντησ ανδ mατερναλ ΠΦΟΑ. 

ΠΦΟΑ 

������1��1Ξς1������1�� 

Τ1: ρεφ 

Τ2: −174.31 (−550.55, 201.94) 

Τ3: 9.48 (−405.48, 424.44) 

Αδϕυστεδ φορ βιρτη ωειγητ & ηειγητ 

ατ 20 mοντησ 

Τ1: ρεφ 

Τ2: −184.21 (−465.90, 97.48) 

Τ3: 128.40 (−180.94, 437.74) 

   

Τ1: <16.6 

Τ2: 16.6−23.0 

Τ3: >23.0 

Ινχρεασε ιν ωειγητ ατ 20 mοντησ 

ασσοχιατεδ ωιτη ινχρεασινγ 

mατερναλ ΠΦΟΣ. 

ΠΦΟΣ 

������1��1Ξς1������1�� 

Τ1: ρεφ 

Τ2: 100.93 (−282.81, 484.68) 

Τ3: 364.35 (−15.14, 743.83) 



Ιντ. ϑ. Ενϖιρον. Ρεσ. Πυβλιχ Ηεαλτη Σ15 οφ Σ39 

Αδϕυστεδ φορ βιρτη ωειγητ & ηειγητ 

ατ 20 mοντησ 

Τ1: ρεφ 

Τ2: 310.64 (27.19, 594.08) 

Τ3: 579.82 (301.40, 858.25) 

   

ΠΦΗξΣ 

Τ1: <1.3 

Τ2: 1.3−2.0 

Τ3: >2.0 

Νο ασσοχιατιον βετωεεν ωειγητ ατ 

20 mοντησ ασσοχιατεδ ωιτη 

ινχρεασινγ mατερναλ ΠΦΗξΣ. 

ΠΦΗξΣ 

������1��1Ξς1������1�� 

Τ1: ρεφ 

Τ2: −31.84 (−416.87, 353.20) 

Τ3: 62.86 (−326.68, 452.40) 

Αδϕυστεδ φορ βιρτη ωειγητ & ηειγητ 

ατ 20 mοντησ 

Τ1: ρεφ 

Τ2: 12.33 (−275.56, 300.22) 

Τ3: 115.4 (−176.69, 407.50) 

Wανγ ετ αλ. (2016) 

Χοηορτ 

Ταιωαν 

(ν = 223) 

2000 . 2012 

Ταιωαν Ματερναλ ανδ Ινφαντ 

Χοηορτ Στυδψ 

Ματερναλ 

σερυm, 3ρδ 

τριmεστερ 

1 λν−υνιτ 

(ΠΦΟΑ: 1.98) 

Νο ασσοχιατιον βετωεεν ΠΦΟΑ 

ανδ ωειγητ ορ ηειγητ ζ−σχορε. 

Ηειγητ ζ−σχορε (�1�����1���� 

Γιρλσ: −0.15 (−0.38, 0.08) 

Βοψσ: 0.01 (−0.24, 0.25) 

   
(Ρανγεσ φροm 0.28 

το 2.89) 

ΠΦDεΑ, ΠΦΥνDΑ, ανδ ΠΦDοDΑ 

ασσοχιατεδ ωιτη δεχρεασεδ ηειγητ 

ζ−σχορε ιν γιρλσ. ΠΦΝΑ ποτεντιαλλψ 

νεγατιϖελψ ασσοχιατεδ ωιτη ηειγητ 

ιν βοτη βοψσ ανδ γιρλσ. Νο 

ασσοχιατιονσ ωιτη ωειγητ ιν βοψσ 

ορ γιρλσ.  

ΠΦΝΑ 

Γιρλσ: −0.21 (−0.42, 0) 

Βοψσ: −0.15 (−0.37, 0.08) 

 

ΠΦDεΑ 

Γιρλσ: −0.52 (−0.8, −0.24) 

Βοψσ: −0.05 (−0.34, 0.23) 

Βραυν ετ αλ. (2016) 

Χοηορτ 

Υνιτεδ Στατεσ 

(ν  = 256) 

Μαρ 2003 . Φεβ 2006 

Ηεαλτη Ουτχοmεσ ανδ 

Μεασυρεσ οφ τηε Ενϖιρονmεντ 

Στυδψ 

Ματερναλ 

σερυm 

ΠΦΟΑ 

1στ τερτιλε: 

0.5−4.2νγ/mΛ 

2νδ τερτιλε: 

4.3−6.4νγ/mΛ 

3ρδ τερτιλε: 

6.6−25 νγ/mΛ 

Νον−λινεαρ ασσοχιατιονσ βετωεεν 

ΠΦΟΑ ανδ ΒΜΙ ζ−σχορε, ωαιστ 

χιρχυmφερενχε ανδ βοδψ φατ 

περχενταγε ατ 8 ψεαρσ, ωιτη 

mιδδλε τερτιλε σηοωινγ ηιγηερ 

οδδσ. Ποσιτιϖε ΟΡσ φορ 

οϖερωειγητ/οβεσιτψ ανδ ΠΦΟΑ. 

ΠΦΟΑ 

���′1���1�������1� 

1: ρεφ 

2: 3.6 (1.8, 5.5) 

3: 1.5 (−0.4, 3.4) 

 

Οϖερωειγητ/Οβεσε (ΡΡ) 

1: ρεφ 

2: 1.84 (0.97, 3.5) 

3: 1.54 (0.77, 3.07) 

 

   

ΠΦΟΣ 

1: 0.6 (0.1−0.7) 

2: 0.9 (0.8−1.0) 

Νο ασσοχιατιον βετωεεν ΠΦΟΣ 

ανδ χηιλδ αδιποσιτψ ατ αγε 8. 

ΒΜΙ ζ−�����1�1����� 

ΠΦΟΣ 

1: ρεφ 
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3: 1.3 (1.1−2.9) 2: −0.12 (−0.43, 0.19) 

3: −0.05 (−0.36, 0.26) 

   

ΠΦΗξΣ 

1: 0.7 (0.1−0.9) 

2: 1.4 (1.0−1.9) 

3: 2.9 (2.0−33) 

Νο ασσοχιατιονσ βετωεεν ΠΦΝΑ 

ορ ΠΦΗξΣ ανδ αδιποσιτψ ατ αγε 8. 

ΠΦΗξΣ 

1: ρεφ 

2: 0.22 (−0.10, 0.54) 

3: 0.12 (−0.21, 0.45) 

Ηαλλδορσσον ετ αλ. (2012) 

Χοηορτ 

Dενmαρκ 

(ν = 665) 

1988−89, 2008−2009 

Σερυm 

ΠΦΟΑ: 

Θ1: <2.8 

Θ2: 2.8−<3.7 

Θ3: 3.7−4.8 

Θ4: >4.8 

 

1 Λογ−υνιτ 

Dιϖεργεντ ΟΡσ φορ mαλεσ (νυλλ) 

ανδ φεmαλεσ (ποσιτιϖε) φορ 

οϖερωειγητ ανδ ωαιστ 

χιρχυmφερενχε ατ ηιγηεστ ΠΦΟΑ 

θυαρτιλε εξποσυρεσ. Ποσιτιϖε 

ασσοχιατιονσ ωιτη %χηανγε 

ινσυλιν ανδ λεπτιν, ανδ νεγατιϖε 

ασσοχιατιονσ ωιτη αδιπονεχτιν ανδ 

λογ−υνιτ ινχρεασεσ οφ ΠΦΟΑ.  

Οϖερωειγητ (ΟΡ) ΠΦΟΑ: 

Φεmαλε: 

Θ1: ρεφ 

Θ2: 1.5 (0.6, 3.5) 

Θ3: 2 (0.9, 4.7) 

Θ4: 3.1 (1.4, 6.9)  

Μαλε: 

Θ1: ρεφ 

Θ2: 1.2 (0.6, 2.6) 

Θ3: 1.0 (0.4, 2.2) 

Θ4: 1.1 (0.5, 2.6) 

Λεπτιν (% χηανγε) ΠΦΟΑ: 

Φεmαλε: 4.8 (0.5, 9.4) 

Μαλε: 4.5 (−2.6, 12.1) 

   

ΠΦΟΣ:  

Θ1: <12.4  

Θ2: 12.4−21.5 

Θ3: 21.5−30.6 

Θ4: >30.6 

ΠΦΟΣ ιν γεστατιοναλ νοτ 

ασσοχιατεδ ωιτη αντηροποmετριχ 

mεασυρεσ ιν 20 ψεαρ ολδσ 

ΝΡ 

Ηοψερ ετ αλ. (2015β) 

Χοηορτ 

Γρεενλανδ ανδ Υκραινε 

(ν = 1,023) 

Μαψ 2002 το Φεβ 

2004 

ΙΝΕΥΝDΟ 

Ματερναλ 

πλασmα 

1 λογ−υνιτ 

(ΠΦΟΑ: 1.0 . 1.8) 

Ποτεντιαλ ποσιτιϖε ασσοχιατιον 

βετωεεν ΠΦΟΑ ανδ οϖερωειγητ 

στατυσ ατ 5−9 ψεαρσ.  Λογ−ινχρεασεσ 

ιν ΠΦΟΑ ασσοχιατεδ ωιτη 

ινχρεασεδ οδδσ οφ ωαιστ−το−ηιπ 

ρατιο >0.5 ατ 5−9 ψεαρσ οφ αγε. 

ΠΦΟΑ 

Οϖερωειγητ (ΟΡ) 

1.11 (0.88, 1.38) 

Wαιστ−το−ηιπ ρατιο >0.5 (ΟΡ) 

1.30 (0.97, 1.74) 

   (ΠΦΟΣ: 5.0 . 20.2) 

ΠΦΟΣ νοτ ασσοχιατεδ ωιτη 

οϖερωειγητ στατυσ, βυτ ποσιτιϖε 

ΟΡσ οβσερϖεδ φορ ωαιστ−το−ηιπ 

ρατιο >0.5 ατ 5−9 ψεαρσ. 

ΠΦΟΣ 

Οϖερωειγητ (ΟΡ) 

0.97 (0.78, 1.21) 

Wαιστ−το−ηιπ ρατιο >0.5 (ΟΡ) 

1.38 (1.05, 1.82) 

Τιmmερmανν ετ αλ. (2014) 

Χροσσ−σεχτιοναλ 

Dενmαρκ 

(ν=590) 

1997 

ΕΨΗΣ 

Σερυm 
10 

(ΠΦΟΑ: 9.3) 

Ποσιτιϖε ασσοχιατιονσ βετωεεν 

mαρκερσ οφ γλψχεmιχ χοντρολ ανδ 

ΠΦΟΑ οβσερϖεδ ονλψ ιν 

οϖερωειγητ στρατα, τηουγη λαργε 

χονφιδενχε ιντερϖαλσ. Νο 

ασσοχιατιονσ ωιτη αδιποσιτψ. 

Ινσυλιν (% χηανγε) ΠΦΟΑ 

Νορmαλ ωειγητ: 0.7 (−3.6, 5.2) 

Οϖερωειγητ: 16.2 (5.2, 28.3) 

ΒΜΙ (% χηανγε) ΠΦΟΑ 

−2.6 (−25.8, 28) 
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   (ΠΦΟΣ: 41.5) 

Ινχρεασεδ λεϖελσ οφ γλψχεmιχ 

χοντρολ mαρκερσ ασσοχιατεδ ωιτη 

ΠΦΟΣ αmονγ οϖερωειγητ συβϕεχτσ. 

Νο ασσοχιατιονσ βετωεεν 

αντηροποmετριχ mεασυρεσ ανδ 

ΠΦΟΣ. 

Ινσυλιν (% χηανγε) ΠΦΟΣ 

Νορmαλ ωειγητ 

0.8 (−3.2, 5) 

Οϖερωειγητ 

16.2 (5.2, 28.3) 

Γειγερ ετ αλ. (2014α)∗ 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=815) 

1999−2008 

ΝΗΑΝΕΣ 

Σερυm 
1 Λογ−υνιτ 

(ΠΦΟΑ: 4.2) 

Ινχρεασεδ ΛDΛ−Χ ανδ τοταλ 

χηολεστερολ, ανδ δεχρεασεδ ΗDΛ−

Χ ασσοχιατεδ ωιτη λογ−υνιτ ανδ 

ινχρεασεσ ιν ΠΦΟΑ. 

 

ΠΦΟΑ 

�����1�����������1�〉1Ζ[[1ς_ςð1⊥Ξς 

ΛDΛ−Χ: 5.75 (2.16, 9.33) 

ΗDΛ−Χ: −1.52 (−3.02, −0.03) 

   (ΠΦΟΣ: 17.7) 

Ινχρεασεδ ΛDΛ−Χ ασσοχιατεδ ωιτη 

λογ−υνιτ ινχρεασεσ ιν ΠΦΟΣ. Νο 

ασσοχιατιον ωιτη ΗDΛ−Χ, ορ 

τριγλψχεριδεσ. 

ΠΦΟΣ 

�����1�����������1�〉1ςς∴1ςςΞð10.10) 

ΛDΛ−Χ: 4.28 (1.60, 6.95) 

Τριγλψχεριδεσ: −1.85 (−5.61, 1.91) 

 

    

Ινχρεασεδ ΛDΛ−Χ, ΗDΛ−Χ τοταλ 

χηολεστερολ, ανδ τριγλψχεριδεσ 

ασσοχιατεδ ωιτη λογ−υνιτ ινχρεασεσ 

ιν ΠΦΑΣ. 

ΠΦΑΣ 

ΛDΛ−�1�1WΖ⊥1WW[ð1W_ς 

ΗDΛ−Χ:  1.03 (0.70, 1.53) 

Τριγλψχεριδεσ 0.90 (0.56, 1.43) 

Λιν ετ αλ. (2011) 

Χοηορτ 

Ταιωαν 

(ν = 287) 

2006−2008 

Σερυm 

ΠΦΟΑ: 

<50τη περχεντιλε: 0.75 

. 2.37 

50−74τη: 2.39 . 5.92 

75−89τη: 6.01 . 9.62 

>90τη: >9.62 

Νο ασσοχιατιονσ βετωεεν 

ινχρεασινγ ΠΦΟΑ ανδ 

αδιπονεχτιν, γλυχοσε, ινσυλιν, 

ΗΟΜΑ−ΙΡ, ΗDΛ−Χ, ΤΓ, ορ ΧΡΠ 

χονχεντρατιονσ.  

ΝΡ − Ονλψ π φορ τρενδ ρεπορτεδ 

    
Νο ασσοχιατιονσ βετωεεν ΠΦΟΣ 

ανδ mεταβολιχ ινδιχατορσ. 
 

    

Λογ−ινχρεασεσ ιν σερυm ΠΦΝΑ 

ασσοχιατεδ ωιτη λογ−ινχρεασεσ ιν 

αδιπονεχτιν. Οτηερ χοmπουνδσ 

ηαδ νυλλ ασσοχιατιονσ. 

 

Νο ασσοχιατιονσ βετωεεν ΠΦΥΑ 

ανδ mεταβολιχ ινδιχατορσ. 

 

Φρισβεε ετ αλ. (2010) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 12,476) 

2005−2006 

Χ8 

Σερυm 

Θυιντιλε 

χονχεντρατιονσ νοτ 

ρεπορτεδ. 

Μεαν (ΣD) 

ΠΦΟΑ: 69.2 (111.9) 

Ασσοχιατιονσ ωιτη αβνορmαλ ΛDΛ 

χηολεστερολ ανδ φαστινγ 

τριγλψχεριδεσ (νον−λινεαρ). Νο 

ασσοχιατιον ωιτη ΗDΛ χηολεστερολ 

Αβνορmαλ ΛDΛ−Χ (ΟΡ) 

ΠΦΟΑ 

Θ1: ρεφ 

Θ2: 1.2 (1.0, 1.5) 

Θ3: 1.2 (1.0, 1.4) 

Θ4: 1.2 (1.0, 1.4) 

Θ5: 1.4 (1.2, 1.7) 
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   ΠΦΟΣ: 22.7 (12.6) 

Ποσιτιϖε ασσοχιατιονσ φορ ΛDΛ ανδ 

τοταλ χηολεστερολ ασσοχιατεδ ωιτη 

ΠΦΟΣ. Νεγατιϖε ασσοχιατιονσ φορ 

ΗDΛ χηολεστερολ, ανδ νεαρ νυλλ 

φορ φαστινγ τριγλψχεριδεσ. 

ΗDΛ−χηολεστερολ (ΠΟΡ) 

ΠΦΟΣ 

Θ1: ρεφ   

Θ2: 0.9 (0.8, 1.1) 

Θ3: 0.8 ( 0.7, 1.0) 

Θ4: 0.8 ( 0.7, 0.9) 

Θ5: 0.7 ( 0.6, 0.9) 

ΛDΛ−χηολεστερολ (ΠΟΡ) 

ΠΦΟΣ 

Θ1: ρεφ 

Θ2: 1.2 (1.0, 1.5) 

Θ3: 1.2 ( 1.0, 1.5) 

Θ4: 1.3 ( 1.1, 1.6) 

Θ5: 1.6 ( 1.3, 1.9) 

Μαισονετ ετ αλ. (2015β) 

Χοηορτ, συβσετ 

Αϖον, ΥΚ 

(ν = 111, αγε 7             ν = 88, 

αγε 15) 

1991−1992, ρεχρυιτmεντ 

ΑΛΣΠΑΧ 

Ματερναλ 

σερυm 
ΝΡ 

Ρεπορτεδ ποσιτιϖε, τηουγη νον−

λινεαρ ανδ νον−mονοτονιχ, 

ασσοχιατιονσ ωιτη τοταλ χηολεστερολ 

ανδ ΛDΛ−χηολεστερολ ωιτη ΠΦΟΑ 

ανδ ΠΦΟΣ. Ρεσυλτσ ωερε ρεπορτεδ 

φροm υναδϕυστεδ mοδελσ.   

Ρεπορτεδ ασ φιγυρεσ. Χοντραστσ νοτ 

ρεπορτεδ. 

Λιν ετ αλ. (2009) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=474) 

1999−2000 

ΝΗΑΝΕΣ 

Σερυm 
1 Λογ−υνιτ 

(λογ ΠΦΟΑ: 1.51) 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΑ 

ανδ γλυχοσε ηοmεοστασισ ανδ 

ινδιχατορσ οφ mεταβολιχ σψνδροmε. 

ΟΡσ φορ mεταβολιχ σψνδροmε ανδ 

χοmπονεντσ ωερε νυλλ ορ 

νεγατιϖε, ωιτη ωιδε χονφιδενχε 

ιντερϖαλσ. 

	������1�1���� 

−0.03 (−0.13, 0.07) 

Λογ−�������1�1���� 

0.08 (−0.57, 0.21) 

   (λογ ΠΦΟΣ: 3.11) 

Λογ ΗΟΜΑ−ΙΡ χονχεντρατιονσ 

ποσιτιϖελψ ασσοχιατεδ ωιτη λογ−

ινχρεασεσ ιν ΠΦΟΣ. Ποτεντιαλ 

ποσιτιϖε ασσοχιατιονσ φορ λογ 

ινσυλιν ανδ λογ Β−χελλ 

χονχεντρατιονσ ωιτη ΠΦΟΣ. Νο 

ασσοχιατιον φορ γλυχοσε 

χονχεντρατιον ανδ ΠΦΟΣ.  

ΟΡσ φορ mεταβολιχ σψνδροmε ανδ 

χοmπονεντσ ωερε νυλλ ορ 

νεγατιϖε, ωιτη ωιδε χονφιδενχε 

ιντερϖαλσ. 

	������1�1���� 

−0.03 (−0.1476, 0.0876) 

���1�������1�1���� 

0.15 (−0.0068, 0.3068) 

Λογ ΗΟΜΑ−��1�1���� 

0.15 (0.0128, 0.2872) 

Λογ Β−χελλ ΠΦΟΣ 

0.13 (−0.0464, 0.3064) 

  

   

(λογ ΠΦΗΣ: 0.95) 

(λογ ΠΦΝΑ:       −

0.35) 

Νεγατιϖε ασσοχιατιονσ βετωεεν 

ΠΦΝΑ ανδ λογ−ινσυλιν, λογ−

ΗΟΜΑ, ανδ λογ−Β−χελλ 

	������1�1���� 

0.07 (−0.01, 0.15) 

���1�������1�1���� 
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χονχεντρατιονσ; νο ασσοχιατιονσ 

ωιτη γλυχοσε. Ποσιτιϖε ασσοχιατιον 

βετωεεν ΠΦΗΣ ανδ λογ−ινσυλιν; 

νυλλ ασσοχιατιονσ οτηερωισε. 

Λογ ΠΦΝΑ χονχεντρατιον 

ινχρεασεσ ασσοχιατεδ ωιτη 

ινχρεασεδ ΟΡσ φορ γλυχοσε >= 5.55 

mmολ/λ ορ α σελφ−ρεπορτ οφ τακινγ 

αντιηψπεργλψχεmιχ mεδιχατιονσ. 

Οτηερ ΠΦΝΑ ανδ ΠΦΗΣ 

ασσοχιατιονσ νυλλ ορ νεγατιϖε. 

−0.10 (−0.20, 0.00) 

Λογ ΗΟΜΑ−��1�1���� 

−0.08 (−0.16, 0.00) 

Λογ Β−χελλ, ΠΦΝΑ 

−0.12 (−0.24, 0.00) 

  

Ζενγ ετ αλ. (2015) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν=225) 

2009−2010 

Γενετιχ ανδ Βιοmαρκερσ 

στυδψ φορ Χηιλδηοοδ Αστηmα 

(ΓΒΧΑ) 

Σερυm 
1 Λν−υνιτ 

(ΠΦΟΑ: 0.92, 1.1) 

Λν−υνιτ ινχρεασεσ ιν ΠΦΟΑ ωερε 

ασσοχιατεδ ωιτη ινχρεασεσ ιν τοταλ 

χηολεστερολ, ΛDΛ−Χ, ανδ 

τριγλψχεριδε χονχεντρατιονσ. 

ΠΦΟΑ 

Τοταλ−�1� 

6.57 (2.72, 10.42) 

ΗDΛ−�1� 

−1.56 (−3.2, 0.08) 

ΛDΛ−�1� 

4.66 (1.67, 7.65) 

�����′�������1�1 

19.63 (14.82, 24.34) 

   (ΠΦΟΣ: 32.4, 34.2) 

Λν−υνιτ ινχρεασεσ ιν ΠΦΟΣ ωερε 

ασσοχιατεδ ωιτη ινχρεασεσ ιν τοταλ 

χηολεστερολ, ΛDΛ−Χ, ανδ 

τριγλψχεριδε χονχεντρατιονσ, 

τηουγη ινχρεασεσ ωερε σmαλλ. 

ΠΦΟΣ 

Τοταλ−�1� 

0.31 (0.18, 0.45) 

ΗDΛ−�1� 

−0.01 (−0.07, 0.05) 

ΛDΛ−�1� 

0.28 (0.18, 0.38) 

�����′�������1�1 

0.19 (0, 0.38) 

   
(Ρανγεσ φροm 0.4 το 

30.7) 

Λν−υνιτ ινχρεασεσ ιν ΠΦΝΑ ωερε 

ασσοχιατεδ ωιτη ινχρεασεσ ιν τοταλ 

χηολεστερολ, ΛDΛ−Χ, ανδ 

τριγλψχεριδε χονχεντρατιονσ. Λιπιδ 

λεϖελσ ωερε νοτ ασσοχιατεδ ωιτη 

ΠΦΒΣ, ΠΦDΑ, ΠΦDοΑ, ΠΦΗξΑ, 

ΠΦΗξΣ, ορ ΠΦΤΑ. 

ΠΦΝΑ 

Τοταλ−�1� 

12.92 (0.73, 25.1) 

ΗDΛ−�1� 

−2.35 (−7.49, 2.79) 

ΛDΛ−�1� 

9.63 (0.2, 19.06) 

�����′�������1�1 

23.01 (6.49, 39.52) 

 

ΠΦDΑ 

Τοταλ−�1� 

−1.29 (−9.01, 6.42) 

ΗDΛ−�1� 



Ιντ. ϑ. Ενϖιρον. Ρεσ. Πυβλιχ Ηεαλτη Σ20 οφ Σ39 

−1.12 (−4.4, 2.05) 

ΛDΛ−�1� 

−0.56 (−6.53, 5.41) 

�����′�������1�1 

0.57 (−9.97, 11.11) 

Γειγερ ετ αλ. (2014β) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν=1655) 

1999−2000, 2003−2008 

ΝΗΑΝΕΣ 

Σερυm 
1 Λν−υνιτ 

(ΠΦΟΑ: 4.4) 

Νο ασσοχιατιον βετωεεν χηανγεσ 

ιν σψστολιχ (ΣΒΠ) ορ διαστολιχ 

(DΒΠ) βλοοδ πρεσσυρε ανδ ΠΦΟΑ. 

Οδδσ φορ ηψπερτενσιον ωερε 

δεχρεασεδ ωιτη ινχρεασεσ ιν 

ΠΦΟΑ. 

ΠΦΟΑ 

���1���
�〉1 

−1.22 (−2.74, 0.31) 

���1���
�〉1 

0.36 (−0.99, 1.71) 

Ηψπερτενσιον (ΟΡ):  

0.76 (0.53, 1.10) 

 

   (ΠΦΟΣ: 18.4) 

Νο ασσοχιατιον βετωεεν ΣΒΠ ορ 

DΒΠ ανδ ΠΦΟΣ. Οδδσ φορ 

ηψπερτενσιον ωερε δεχρεασεδ 

ωιτη ινχρεασεσ ιν ΠΦΟΣ. 

ΠΦΟΣ 

���1���
�〉1 

−0.04 (−1.19, 1.12) 

���1���
�〉1 

0.47 (−0.81, 1.74) 

Ηψπερτενσιον (ΟΡ):  

0.83 (0.58, 1.19) 

Λιν ετ αλ. (2013α) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν=228) 

2006−2008 

Ψουνγ Ταιωανεσε Χοηορτ 

Στυδψ 

Πλασmα 

ΠΦΟΣ 

�W〉1ℜ[ΖW 

Θ2: 5.42 − 8.65 

Θ3: 8.66 −13.52 

Θ4: >13.52 

Ινχρεασεσ ιν mεαν χαροτιδ αρτερψ 

ιντιmα−mεδια τηιχκνεσσ ωιτη 

ινχρεασινγ θυαρτιλεσ οφ ΠΦΟΣ. 

Ρεπορτεδ ασ mεαν (ΣD) ανδ π φορ 

τρενδ.  

∗: Στυδψ τηατ εξαmινεδ ΠΦΑΣ ασ α mιξτυρε 
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Ταβλε Σ4. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ ιmmυνιτψ, ινφεχτιον, ανδ αστηmα ρελατεδ ουτχοmεσ. 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

Ματριξ 
Χονχ νγ/mΛ Συmmαρψ οφ Ρεσυλτσ Σελεχτεδ Εφφεχτ Εστιmατεσ 

Αστηmα/αλλεργψ/ινφεχτιον      

Dονγ ετ αλ. (2013) 

Χασε−χοντρολ 

Ταιωαν 

(ν = 231 αστηmατιχ, 225 

νον−αστηmατιχ χηιλδρεν) 

2009−2010 

Γενετιχ ανδ Βιοmαρκερσ 

στυδψ φορ Χηιλδηοοδ 

Αστηmα (ΓΒΧΑ) 

Σερυm 

ΠΦΟΑ 

Μεδιαν χασεσ: 1.2 

Μεδιαν χοντρολ: 

0.5  

Ποσιτιϖε ασσοχιατιονσ ανδ 

ινχρεασινγ τρενδ οβσερϖεδ φορ 

αστηmα ανδ ινχρεασινγ ΠΦΟΑ  

Αστηmα (ΟΡ) 

 

ΠΦΟΑ 

Θ1: ρεφ 

Θ2: 1.58 (0.89, 2.8) 

Θ3: 2.67 (1.49, 4.79) 

Θ4: 4.05 (2.21, 7.42) 

 

   

ΠΦΟΣ 

Μεδιαν χασεσ: 33.9  

Μεδιαν χοντρολ: 

28.9 

 

Αστηmα ασσοχιατεδ ωιτη ηιγηερ 

χονχεντρατιονσ οφ ΠΦΟΣ. 

ΠΦΟΣ 

Θ1: ρεφ 

Θ2: 1.96  (1.11, 3.47) 

Θ3: 1.32 (0.75, 2.32) 

Θ4: 2.63 (1.48, 4.69) 

    

Αστηmα ποσιτιϖελψ ασσοχιατεδ 

ωιτη ΠΦΒΣ, ΠΦDΑ, ΠΦDοΑ, 

ΠΦΗξΣ, ανδ ΠΦΝΑ. Νεγατιϖε 

ασσοχιατιον ωιτη ΠΦΤΑ. 

ΠΦΗξΣ 

Θ1: ρεφ 

Θ2: 1.12 (0.66, 1.91) 

Θ3: 2.63 (1.54, 4.49) 

Θ4: 3.30 (1.92, 5.67) 

Ηυmβλετ ετ αλ. (2014) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 1877) 

1999−2000, 2003−2008 

ΝΗΑΝΕΣ 

Σερυm 
1 

(ΠΦΟΑ: 4.0) 

Ποσιτιϖε ΟΡ βετωεεν ΠΦΟΑ 

ανδ εϖερ αστηmα. Νο 

ασσοχιατιον ωιτη χυρρεντ 

αστηmα ορ ωηεεζε. 

Εϖερ αστηmα (ΟΡ) 

ΠΦΟΑ 

1.06 (1.00, 1.11) 

   (ΠΦΟΣ: 16.8) 

Νο ασσοχιατιον βετωεεν εϖερ 

ορ χυρρεντ αστηmα, ωηεεζε ανδ 

ΠΦΟΣ.  

ΠΦΟΣ 

0.99 (0.96, 1.02) 

   
(ΠΦΝΑ: 0.8 

ΠΦΗξΣ: 2.0) 

Ποτεντιαλ ποσιτιϖε ασσοχιατιον 

βετωεεν εϖερ αστηmα ανδ 

ΠΦΝΑ. Νο ασσοχιατιον βετωεεν 

ΠΦΝΑ ανδ εϖερ αστηmα ορ 

ωηεεζε. Νο ασσοχιατιονσ 

βετωεεν ΠΦΗΣ ανδ εϖερ ορ 

χυρρεντ αστηmα ανδ ωηεεζε. 

ΠΦΝΑ 

1.05 (0.89, 1.23) 

ΠΦΗΣ 

0.99 (0.98, 1.01) 

Σmιτ ετ αλ. (2015)∗ 

Χοηορτ 

Γρεενλανδ & Υκραινε 

(ν = 1024) 

2002−2004 

ΙΝΥΕΝDΟ 

Ματερναλ 

πλασmα 

1 Στανδαρδ 

δεϖιατιον 

Νο ασσοχιατιονσ βετωεεν 

στανδαρδ δεϖιατιον ινχρεασεσ ιν 

φαχτορσ ρεπρεσεντινγ ΠΦΑΣσ.  

Φαχτορ ρεπρεσεντινγ ΠΦΟΑ, 

ΠΦΗπΑ, ανδ ΠΦΟΣ 

 

Εϖερ αστηmα (ΟΡ) 

0.83 (0.63.1.10) 
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Εϖερ εχζεmα (ΟΡ) 

0.94 (0.77.1.14) 

Εϖερ ωηεεζε (ΟΡ) 

0.91 (0.75.1.11) 

Χυρρεντ ωηεεζε (ΟΡ) 

1.05 (0.82.1.35) 

Χυρρεντ εχζεmα (ΟΡ) 

0.94 (0.73.1.22) 

Στειν ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 640) 

1999−2000, 2003−2004 

ΝΗΑΝΕΣ  

Σερυm 

1 Λογ(2)−υνιτ 

(ΠΦΟΑ: 0.97, 1.79) 

 

ΠΦΟΑ ινχρεασεσ ασσοχιατεδ 

ωιτη ρηινιτισ ανδ ποτεντιαλλψ 

ωιτη αστηmα ανδ αλλεργψ. Νο 

ασσοχιατιον ωιτη ωηεεζε. 

Αστηmα (ΟΡ) 

 

ΠΦΟΑ 

1.28 (0.81, 2.04) 

   (ΠΦΟΣ: 4.88, 20.6) 

ΠΦΟΣ ινχρεασεσ ποτεντιαλλψ 

ασσοχιατεδ ωιτη ρηινιτισ ανδ 

αστηmα, νο ασσοχιατιον ωιτη 

ωηεεζε ορ αλλεργψ. 

ΠΦΟΣ 

1.20 (0.88, 1.63) 

   
(ΠΦΝΑ: 0.62, 0.73 

ΠΦΗξΣ: 1.53, 2.14) 

ΠΦΝΑ ινχρεασεσ ποτεντιαλλψ 

ασσοχιατεδ ωιτη αστηmα, 

αλλεργψ, ανδ ρηινιτισ.  

Νο εϖιδενχε φορ ασσοχιατιονσ 

βετωεεν ΠΦΗξΣ ινχρεασεσ ανδ 

οδδσ οφ αστηmα, ωηεεζε, 

αλλεργψ, ορ ρηινιτισ.  

ΠΦΝΑ 

1.26 (0.79, 2.01) 

 

ΠΦΗξΣ 

0.98 (0.51, 1.87) 

Ζηυ ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν = 231 αστηmατιχ χηιλδρεν, 

225 νον−αστηmατιχ 

χηιλδρεν) 

2009−2010 

Γενετιχ ανδ Βιοmαρκερσ 

στυδψ φορ Χηιλδηοοδ 

Αστηmα (ΓΒΧΑ) 

Σερυm (ΠΦΟΑ: 1.00) 

Ινχρεασινγ θυαρτιλεσ οφ ΠΦΟΑ 

ωερε ασσοχιατεδ ωιτη 

ινχρεασινγ οδδσ οφ αστηmα. 

Ρεσυλτσ ρεπορτεδ ασ φιγυρεσ. 

   (ΠΦΟΣ: 33.39) 

ΠΦΟΣ χονχεντρατιονσ ωερε 

ασσοχιατεδ ωιτη οδδσ οφ 

αστηmα ιν mαλεσ, βυτ νοτ ιν 

φεmαλεσ.  

 

   
(Ρανγεσ φροm 0.48 

το 2.10) 

ΠΦΒΣ, ΠΦDΑ, ΠΦΗξΣ, ΠΦΝΑ 

ωερε αλλ ασσοχιατεδ ωιτη οδδσ 

οφ αστηmα. Τηερε ισ σοmε 

ποτεντιαλ φορ διϖεργεντ εφφεχτσ 

βασεδ ον σεξ (ε.γ., ΠΦΒΣ).  
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Θιν ετ αλ. (2017) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν=132 αστηmατιχ χηιλδρεν, 

186 νον−αστηmατιχ 

χηιλδρεν) 

2009−2010 

Γενετιχσ ανδ Βιοmαρκερσ 

στυδψ φορ Χηιλδηοοδ 

Αστηmα  

Σερυm 

1 λν−υνιτ 

 

Μεδιανσ ιν 

χασε/χοντρολσ 

ΠΦΟΑ: 1.02/0.50 

 

Ινχρεασινγ λν−ΠΦΟΑ ασσοχιατεδ 

ωιτη ινχρεασινγ οδδσ οφ 

αστηmα, φορχεδ εξπιρατορψ 

ϖολυmε ιν 1 σ (ΦΕς1) ανδ 

φορχεδ εξπιρατορψ φλοω 25.75% 

(ΦΕΦ25−75) βυτ νοτ φορχεδ ϖιταλ 

χαπαχιτψ (ΦςΧ) ορ πεακ 

εξπιρατορψ φλοω (ΠΕΦ) ιν 

χηιλδρεν ωιτη αστηmα. Νο 

ασσοχιατιονσ βετωεεν λυνγ 

φυνχτιον ανδ ΠΦΟΑ ιν χηιλδρεν 

ωιτηουτ αστηmα. 

ΠΦΟΑ 

Αστηmα (ΟΡ): 

2.76 (1.82, 4.17) 

ΦΕς1 (��〉1 

−0.10 (−0.19, −0.02) 

���1��〉1 

−0.07 (−0.17, 0.03) 

   ΠΦΟΣ: 31.51/28.83 

Ινχρεασινγ λν−ΠΦΟΣ ασσοχιατεδ 

ωιτη ινχρεασινγ οδδσ οφ 

αστηmα, ανδ δεχρεασινγ ΦΕς1 

ανδ ΦςΧ ιν χηιλδρεν ωιτη 

αστηmα. Νο ασσοχιατιον 

βετωεεν ΠΕΦ ανδ ΦΕΦ25−75 ιν 

χηιλδρεν ωιτη αστηmα, ορ λυνγ 

φυνχτιον mετριχσ ιν χηιλδρεν 

ωιτηουτ αστηmα.  

ΠΦΟΣ 

Αστηmα (ΟΡ): 

1.30 (1.00, 1.69) 

���W1��〉1 

−0.10 (−0.19, −0.02) 

���1��〉1 

−0.06 (−0.10, −0.01) 

   

ΠΦΒΣ: 0.48 

ΠΦDΑ: 1.13/0.93 

ΠΦΗξΑ: 0.20/0.18 

ΠΦΗξΣ: 2.38/1.07 

ΠΦΝΑ: 1.00/0.80 

ΠΦΤΑ: 2.65/4.52 

Ινχρεασινγ ΠΦΗξΣ ανδ ΠΦΝΑ 

χονχεντρατιονσ ωερε ασσοχιατεδ 

ωιτη δεχρεασεσ ιν λυνγ 

φυνχτιον ιν αστηmατιχ χηιλδρεν. 

Νο ΠΦΑΣσ ωερε ασσοχιατεδ 

ωιτη λυνγ φυνχτιον ιν νον−

αστηmατιχ χηιλδρεν.   

���W1��〉1 

ΠΦΒΣ: 1.06 (0.93, 1.20) 

ΠΦDΑ: 1.24 (0.97, 1.58) 

ΠΦΗξΑ: 0.99 (0.80, 1.21) 

ΠΦΗξΣ: 2.14 (1.48, 3.11) 

ΠΦΝΑ: 1.61 (1.12, 2.31) 

ΠΦΤΑ: 1.14 (1.06, 1.23) 

 

���W1�� 

ΠΦΒΣ: 0.10 (−0.11, 0.30) 

ΠΦDΑ: −0.05 (−0.15, 0.04) 

ΠΦΗξΑ: −0.03 (−0.10, 0.04) 

ΠΦΗξΣ: −0.10 (−0.17, −0.04) 

ΠΦΝΑ: −0.20 (−0.34, −0.06) 

ΠΦΤΑ: −0.02 (−0.05, 0.01) 

Φει ετ αλ. (2010) 

Χοηορτ 

Dενmαρκ  

(ν=1400) 

1996−2002, 2002−2008 

Dανιση Νατιοναλ Βιρτη 

Χοηορτ 

Σερυm 

ΠΦΟΑ 

Θ1: <26.1 

Θ2: 26.1−33.3 

Θ3: 33.4−43.2 

Θ4: >43.2 

 

 

Ποσιτιϖε ασσοχιατιονσ ωιτη 

ΠΦΟΑ ανδ ηοσπιταλιζατιον δυε 

το ινφεχτιον ιν γιρλσ ανδ 

πριmιπαρουσ ωοmεν, νεγατιϖε 

ασσοχιατιονσ ιν βοψσ ανδ 

mυλτιπαρουσ ωοmεν. 

Ηοσπιταλιζατιον δυε το ινφεχτιον 

(ΙΡΡ) 

 

ΠΦΟΑ 

Γιρλσ: 1.21 (1.04, 1.42) 

Μυλτιπαρουσ: 0.87 (0.76, 1.00) 
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ΠΦΟΣ 

Θ1: <3.91 

Θ2: 3.91−5.20 

Θ3: 5.21−6.96 

Θ4: >6.96 

Ποσιτιϖε ασσοχιατιονσ ωιτη 

ΠΦΟΣ ανδ ηοσπιταλιζατιον δυε 

το ινφεχτιον ιν γιρλσ ανδ 

πριmιπαρουσ ωοmεν, νεγατιϖε 

ασσοχιατιονσ ιν βοψσ ανδ 

mυλτιπαρουσ ωοmεν. 

ΠΦΟΣ 

Γιρλσ: 1.18 (1.03, 1.36) 

Βοψσ: 0.90 (0.80, 1.02) 

Πριmιπαρουσ: 1.10 (0.96, 1.27) 

Μυλτιπαρουσ: 0.93 (0.83,  1.05) 

Οκαδα ετ αλ. (2014) 

Χοηορτ 

ϑαπαν 

(ν=2063) 

2003−2009 

Ηοκκαιδο Στυδψ ον 

Ενϖιρονmεντ ανδ 

Χηιλδρεν∋σ Ηεαλτη 

Σερυm 

ΠΦΟΑ 

Θ1: <1.31 

Θ2: 1.31−2.01 

Θ3: 2.01−3.26 

Θ4: >3.26 

Νεγατιϖε ασσοχιατιονσ ωιτη 

ηιγηερ θυαρτιλεσ οφ ΠΦΟΑ φορ 

αλλεργιεσ ανδ εχζεmα. 

ΠΦΟΑ 

Τοταλ αλλεργιεσ 

Θ1: ρεφ 

Θ2: 1.05 (0.81, 1.37) 

Θ3: 0.80 (0.61, 1.06) 

Θ4: 0.79 (0.59, 1.04) 

   

ΠΦΟΣ 

Θ1: <3.71 

Θ2: 3.71−5.01 

Θ3: 5.02−6.82 

Θ4: >6.82 

Ποτεντιαλ νεγατιϖε ασσοχιατιονσ 

ωιτη τοταλ αλλεργιχ δισεασεσ ανδ 

εχζεmα ωιτη ινχρεασινγ ΠΦΟΣ. 

ΠΦΟΣ 

Τοταλ αλλεργιχ δισεασεσ (ΟΡ) 

Θ1: ρεφ 

Θ2: 0.97 (0.75, 1.26) 

Θ3: 0.80 (0.61, 1.04) 

Θ4: 0.86 (0.66, 1.13) 

Οκαδα ετ αλ. (2012) 

Χοηορτ 

ϑαπαν 

(ν=268) 

2003−2005 

Ηοκκαιδο Στυδψ ον 

Ενϖιρονmεντ ανδ 

Χηιλδρεν∋σ Ηεαλτη 

Σερυm 

1 Λογ(10)−υνιτ 

χυβιχ 

(ΠΦΟΑ: 1.4) 

Νεγατιϖε ασσοχιατιονσ ωιτη ΙγΕ 

λεϖελσ ανδ ΠΦΟΑ ρεπορτεδ φορ 

γιρλσ, νυλλ ασσοχιατιονσ φορ 

βοψσ.   

Ρεπορτεδ ασ φιγυρεσ.  

   (ΠΦΟΣ: 5.6) 
Νο ασσοχιατιον βετωεεν ΠΦΟΣ 

ανδ χορδ βλοοδ ΙγΕ λεϖελσ.  
Ρεπορτεδ ασ φιγυρεσ 

Wανγ ετ αλ. (2011) 

Χοηορτ 

Ταιωαν 

(ν = 239) 

2004 

Ταιωαν Βιρτη Πανελ Στυδψ 

Χορδ βλοοδ 

ΠΦΟΑ 

Θ1: <0.085  

Θ2: 0.085 − 0.57 

Θ3: 0.57 − 1.085 

Θ4: >1.085 

Νο ασσοχιατιονσ βετωεεν 

ΠΦΟΑ λεϖελσ ανδ ατοπιχ 

δερmατιτισ ορ σερυm ΙγΕ ατ 2 

ψεαρσ οφ αγε. Ποσιτιϖε 

ασσοχιατιον ωιτη χορδ βλοοδ 

ΙγΕ λεϖελσ ιν βοψσ. 

ΠΦΟΑ 

Ατοπιχ δερmατιτισ (ΟΡ) 

Θ1: ρεφ 

Θ2: 0.84 (0.28, 2.48) 

Θ3: 1.03 (0.42, 2.56) 

Θ4: 0.58 (0.22, 1.58) 

   

ΠΦΟΣ 

Θ1: <1.25 

Θ2: 1.25 .1.835 

Θ3: 1.835−2.775 

Θ4: >2.775 

Ποτεντιαλ ποσιτιϖε ασσοχιατιονσ 

ωιτη ηιγηεστ θυαρτιλεσ οφ ΠΦΟΣ 

ανδ ατοπιχ δερmατιτισ ορ σερυm 

ΙγΕ ατ 2 ψεαρσ οφ αγε. Ποσιτιϖε 

ασσοχιατιον ωιτη χορδ βλοοδ 

ΙγΕ λεϖελσ ιν βοψσ. 

ΠΦΟΣ 

Θ1: ρεφ 

Θ2: 0.68 (0.20, 2.30) 

Θ3: 2.34 (0.86, 6.41) 

Θ4: 2.19 (0.78, 6.17) 

   
ΠΦΝΑ 

Θ1: <0.14 

Ποτεντιαλ ποσιτιϖε ασσοχιατιονσ 

βετωεεν ΠΦΝΑ ανδ ατοπιχ 

ΠΦΝΑ 

Θ1: ρεφ 
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Θ2: 0.140 − 0.765 

Θ3: 0.765 − 2.515 

Θ4: >2.515 

δερmατιτισ, τηουγη λοω 

πρεχισιον ανδ νο τρενδσ. Νο 

ασσοχιατιον ωιτη σερυm ΙγΕ ατ 2 

ψεαρσ οφ αγε.  

Θ2: 1.46 (0.35, 6.07) 

Θ3: 1.53 (0.59, 3.93) 

Θ4: 0.72 (0.23, 2.21) 

 

Ασηλεψ−Μαρτιν ετ αλ. (2015) 

Χοηορτ 

10 Χαναδιαν χιτιεσ 

(ν = 1258) 

2008−2011 

ΜΙΡΕΧ 

Ματερναλ 

σερυm 

1 λογ−∝γ/Λ 

(ΠΦΟΑ: 1.7) 

Νο ασσοχιατιονσ βετωεεν 

ΠΦΟΑ ανδ νεωβορν ιmmυνε 

φυνχτιον mαρκερσ. 

ΠΦΟΑ 

��������1℘⊥ς�1��−33/ΤΣΛΠ (ΟΡ) 

1.1 (0.6, 1.8) 

��������1℘ς[��&�1���1�� 

1.1 (0.6, 1.9) 

 

   (ΠΦΟΣ: 4.7) 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΣ 

ανδ νεωβορν ιmmυνε 

φυνχτιον mαρκερσ. 

ΠΦΟΣ 

ΙΛ−33/ΤΣΛΠ 

1.1 (0.6, 1.9) 

ΙγΕ  

1.1 (0.6, 1.9) 

 

   (ΠΦΗξΣ: 1.0) 

Νο ασσοχιατιονσ βετωεεν 

ΠΦΗξΣ ανδ νεωβορν ιmmυνε 

φυνχτιον mαρκερσ. 

ΠΦΗξΣ 

Ιλ−33/ΤΣΛΠ 

1.0 (0.7, 1.4) 

ΙγΕ 

1.0 (0.7, 1.4) 

Γρανυm ετ αλ. (2013) 

Χοηορτ 

Νορωαψ 

(ν=99, 56) 

2007−2011 

ΜοΒα  

Ματερναλ 

πλασmα 

1 

(ΠΦΟΑ: 1.1) 

Ασσοχιατιονσ αρε υναδϕυστεδ 

φορ ποτεντιαλ χονφουνδερσ, 

ποσιτιϖε χρυδε ασσοχιατιονσ 

φουνδ φορ νυmβερ οφ χολδσ ανδ 

γαστροεντεριτισ επισοδεσ ανδ 

ΠΦΟΑ. 

ΠΦΟΑ 

Χ����1�⇔ 

3ρδ ψεαρ οφ λιφε: 0.42 (0.16, 0.72) 

	��������������1��������1�⇔ 

1στ−3ρδ ψεαρσ: 0.31 (0.00, 0.61) 

   (ΠΦΟΣ: 5.6) 

Ασσοχιατιονσ αρε υναδϕυστεδ 

φορ ποτεντιαλ χονφουνδερσ, νο 

ασσοχιατιονσ φουνδ φορ νυmβερ 

οφ χολδσ ανδ γαστροεντεριτισ 

επισοδεσ ανδ ΠΦΟΣ. 

ΠΦΟΣ 

�����1�⇔ 

3ρδ ψεαρ οφ λιφε: 0.03 (−0.03,  0.10) 

	��������������1��������1�⇔ 

1στ−3ρδ ψεαρσ: 0.03 (−0.04, 0.10) 

   
(ΠΦΝΑ: 0.3, 

ΠΦΗξΣ: 0.3) 

Νυmβερ οφ χολδσ ποσιτιϖελψ 

ασσοχιατεδ ωιτη ΠΦΝΑ ανδ 

ΠΦΗξΣ. Γαστροεντεριτισ 

επισοδεσ ποσιτιϖελψ ασσοχιατεδ 

ονλψ ωιτη ΠΦΗξΣ. 

ΠΦΝΑ 

�����1�⇔ 

3ρδ ψεαρ οφ λιφε: 1.24 (0.08, 2.40) 

	��������������1��������1�⇔ 

1στ−3ρδ ψεαρσ: −0.10 (−1.36, 1.17) 

ςαχχινατιον ρεσπονσε      

Γρανδϕεαν ετ αλ. (2012)∗ 

Χοηορτ 

Φαροε Ισλανδσ 

(ν=587) 

1997−2000, 2008 

Σερυm, 

mατερναλ 

ανδ χηιλδ ατ 

5 ψεαρσ 

1 Λογ(2) υνιτ  

(ΠΦΟΑ: 3.20) 

Νεγατιϖε ασσοχιατιονσ βετωεεν 

τετανυσ ανδ διπητηερια 

αντιβοδψ λεϖελσ ατ 7 ψεαρσ ανδ 

ΠΦΟΑ χονχεντρατιον ατ 5 ψεαρσ, 

ΠΦΟΑ 

�������1����������1�� 

Αγε 7, Ματερναλ σερυm: 

WΞΨ1≡⊥∴1��1Ψ⊥W 



Ιντ. ϑ. Ενϖιρον. Ρεσ. Πυβλιχ Ηεαλτη Σ26 οφ Σ39 

αδϕυστινγ φορ αντιβοδψ λεϖελσ ατ 

5 ψεαρσ. Νο ασσοχιατιονσ ωιτη 

mατερναλ ΠΦΟΑ λεϖελσ. 

Αγε 7, χηιλδ σερυm  

≡Ψ[⊥1≡[W_1��1≡WΖΞ 

Αγε 7, χηιλδ σερυm & αδϕυστεδ 

≡Ξ⊥Ξ1≡ΖΞ]1��1≡WςW 

 

   (ΠΦΟΣ: 27.3) 

Ματερναλ ΠΦΟΣ ασσοχιατεδ ωιτη 

ινχρεασε ιν τετανυσ αντιβοδιεσ 

χονχεντρατιον ατ 5 ανδ 7 ψεαρσ, 

ποτεντιαλ νεγατιϖε ασσοχιατιον 

ωιτη διπητηερια αντιβοδιεσ. 

Χηιλδ σερυm ΠΦΟΣ ποτεντιαλλψ 

νεγατιϖελψ ασσοχιατεδ ωιτη 

τετανυσ ανδ διπητηερια 

αντιβοδιεσ.  

ΠΦΟΣ 

�������1����������1�� 

Αγε 7, Ματερναλ σερυm: 

Ψ[Ψ1≡Ψ_ð1_ς∴ 

Αγε 7, χηιλδ σερυm  

−23.8 (−44.3, 4.2) 

Αγε 7, χηιλδ σερυm & αδϕυστεδ φορ 

αγε 5  

≡WWΖ1≡Ψς[ð1WΞ⊥ 

   
(Ρανγεσ φροm 0.28 

. 4.41) 

Νεγατιϖε ασσοχιατιονσ ωιτη 

ινχρεασινγ ΠΦΗξΣ, ΠΦΝΑ, ανδ 

ΠΦDΑ χονχεντρατιονσ ανδ 

τετανυσ ανδ διπητηερια 

αντιβοδψ χονχεντρατιονσ, 

πριmαριλψ ωιτη ΠΦΑΣσ 

mεασυρεδ ατ αγε 5, τηουγη 

σοmε ασσοχιατιονσ ωιτη 

mατερναλ χονχεντρατιονσ ασ 

ωελλ.  

�������1����������1�� 

Αγε 7, χηιλδ σερυm  

ΠΦΗξΣ 

−19.7 (−31.6, −5.7) 

ΠΦΝΑ 

−17.4 (−34.1, 3.6) 

ΠΦDΑ 

−22.3 (−35.8, −5.8) 

 

    

Λατεντ φαχτορ ρεπρεσεντινγ 

ΠΦΟΣ, ΠΦΟΑ, ανδ ΠΦΗξΣ ωασ 

χρεατεδ ανδ δουβλινγ οφ 

χονχεντρατιον ατ αγε 5 (πρε−

βοοστερ) ωασ ασσοχιατεδ ωιτη 

δεχρεασεδ αντιβοδψ 

χονχεντρατιονσ φορ τετανυσ ανδ 

διπητηερια ατ αγε 7 (ποστ−

βοοστερ). Ματερναλ ΠΦΑΣ 

νεγατιϖελψ ασσοχιατεδ ωιτη 

διπητηερια αντιβοδιεσ ατ βοτη 

αγε 5 ανδ αγε 7, βυτ νοτ 

τετανυσ.   

Τετανυσ αντιβοδιεσ, αγε 5 πρε−

βοοστερ �� 

Ματερναλ : −20.2 (−49.2, 25.2) 

5 ψεαρ ολδ: −20.5 (−44.4, 13.6) 

5 ψεαρ ολδ, αδϕυστεδ φορ mατερναλ: 

−17.2 (−42.1, 18.5) 

 

Τετανυσ αντιβοδιεσ, αγε 7 ποστ−

�������1�� 

Ματερναλ : 35.1 (−25.4, 144.6) 

5 ψεαρ ολδ: −55.2 (−73.3, −25) 

5 ψεαρ ολδ, αδϕυστεδ φορ mατερναλ: 

−58.8 (−76, −29.3) 

Γρανυm ετ αλ. (2013) 

Χοηορτ 

Νορωαψ 

(ν=99, 56) 

2007−2011 

ΜοΒα 

Ματερναλ 

πλασmα 

1 

(ΠΦΟΑ: 1.1) 

Dεχρεασε ιν ρυβελλα αντιβοδιεσ 

ασσοχιατεδ ωιτη ινχρεασινγ 

ΠΦΟΑ χονχεντρατιον. Ποτεντιαλ 

δεχρεασε φορ mεασλεσ 

αντιβοδιεσ, βυτ νοτ αδϕυστεδ 

ΠΦΟΑ 

Ρυβελλα ϖαχχινε ����������1� 

−0.40 (−0.64, −0.17) 

�������1�������1����������1� 

−0.13 (−0.35, 0.09) 
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φορ ποτεντιαλ χονφουνδερσ. Νο 

ασσοχιατιον ωιτη ΗιΒ ορ τετανυσ 

αντιβοδιεσ ανδ ΠΦΟΑ. 

   (ΠΦΟΣ: 5.6) 

ΠΦΟΣ νεγατιϖελψ ασσοχιατεδ 

ωιτη ρυβελλα ανδ mεασλεσ 

αντιβοδιεσ. Νο ασσοχιατιον 

ωιτη Ηιβ ορ τετανυσ αντιβοδιεσ.  

ΠΦΟΣ 

�������1�������1����������1� 

−0.08 (−0.14, −0.02) 

�������1�������1����������1� 

−0.05 (−0.10, 0.01) 

 

   
(ΠΦΝΑ: 0.3, 

ΠΦΗξΣ: 0.3) 

Ρυβελλα αντιβοδιεσ νεγατιϖελψ 

ασσοχιατεδ ωιτη ΠΦΝΑ ανδ 

ΠΦΗξΣ. Μεασλεσ Ηιβ ανδ 

τετανυσ αντιβοδιεσ νοτ 

ασσοχιατεδ ωιτη ΠΦΝΑ ορ 

ΠΦΗξΣ. 

ΠΦΝΑ 

Ρυβελλα ϖαχχινε αντιβο����1� 

−1.38 (−2.35, −0.40) 

�������1�������1����������1� 

−0.55 (−1.51, 0.41) 

Στειν ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 640) 

1999−2000, 2003−2004 

ΝΗΑΝΕΣ  

σερυm 
1 Λογ(2)−υνιτ 

(ΠΦΟΑ: 3.59) 

Νο ασσοχιατιον βετωεεν 

δουβλινγ οφ ΠΦΟΑ ανδ mεασλεσ 

αντιβοδιεσ. Dεχρεασεσ ιν 

ρυβελλα αντιβοδιεσ ωιτη ΠΦΟΑ 

δουβλινγ ωερε οβσερϖεδ ιν 

σεροποσιτιϖε ινδιϖιδυαλσ. 

ΠΦΟΑ ινχρεασεσ ωερε 

νεγατιϖελψ ασσοχιατεδ ωιτη 

mυmπσ αντιβοδιεσ.   

ΠΦΟΑ 

Μυmπσ �������1����������1� 

Αλλ: −6.0 (−12.4, 0.9) 

Σεροποσιτιϖε: −6.6 (−11.7, −1.5) 

�������1�������1����������1�1 

Αλλ: −0.1 (−13.8, 15.6) 

Σεροποσιτιϖε: −3.4 (−16.7, 11.9) 

 

   (ΠΦΟΣ: 15.0) 

Dουβλινγ οφ ΠΦΟΣ ωασ 

ασσοχιατεδ ωιτη δεχρεασεσ ιν 

mυmπσ ανδ ρυβελλα αντιβοδιεσ. 

Νο ασσοχιατιονσ ωιτη mεασλεσ 

αντιβοδιεσ.    

ΠΦΟΣ 

�������1�������1����������1� 

Αλλ: −8.4 (−17.9, 2.1) 

Σεροποσιτιϖε: −13.3 (−19.9, −6.2) 

 

   
(ΠΦΝΑ: 0.929,  

ΠΦΗξΣ: 2.09) 

Νο ασσοχιατιον βετωεεν 

mεασλεσ, mυmπσ, ορ ρυβελλα 

αντιβοδιεσ ανδ ΠΦΝΑ. ΠΦΗξΣ 

ωασ ασσοχιατεδ ωιτη ρυβελλα 

αντιβοδιεσ ιν σεροποσιτιϖε 

ινδιϖιδυαλσ, βυτ mεασλεσ ανδ 

mυmπσ ωερε νοτ. 

ΠΦΝΑ 

�����1�������1����������1� 

Αλλ: −2.7 (−7.2, 2.0) 

Σεροποσιτιϖε: −2.7 (−8.4, 3.4) 

ΠΦΗξΣ 

�������1�������1����������1� 

Αλλ: −50 (−10.8, 1.2) 

Σεροποσιτιϖε: −6.0 (−9.6, −2.2) 

∗: Στυδψ τηατ εξαmινεδ ΠΦΑΣ ασ α mιξτυρε 
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Ταβλε Σ5. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ πυβερτψ ρελατεδ ουτχοmεσ. 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

Ματριξ 
Χονχ (νγ/mΛ) Συmmαρψ οφ Ρεσυλτσ Σελεχτεδ Εφφεχτ Εστιmατεσ 

Χηριστενσεν ετ αλ. (2011) 

Χασε−χοντρολ 

Υνιτεδ Κινγδοm 

(χασεσ = 218,  

χοντρολσ = 230) 

1991−2004 

ΑΛΣΠΑΧ 

Ματερναλ 

σερυm 

1 λογ−υνιτ 

(ΠΦΟΑ: 3.7) 

Νο ασσοχιατιον φορ mεναρχηε 

ονσετ βεφορε αγε 11.5 ωιτη ΠΦΟΑ. 

Μεναρχηε βεφορε αγε 11.5 (Οδδσ 

ρατιο (ΟΡ)) 

ΠΦΟΑ: 1.01 (0.61, 1.68) 

 

   (ΠΦΟΣ: 19.8) 

Νεγατιϖε ασσοχιατιον βετωεεν αγε 

ατ mεναρχηε βεφορε 11.5 ψεαρσ ανδ 

ΠΦΟΣ. 

ΠΦΟΣ: 0.68 (0.40, 1.13) 

   
(Ρανγεσ φροm 0.2 το 

21.7) 

Νο ασσοχιατιον ωιτη ΠΦΝΑ, 

ΠΦΗξΣ, ΠΡΟΣΑ, Ετ−ΠΦΟΣΑ−

ΑχΟΗ, συλφοναmιδε εστερσ, ορ 

χαρβοξψλατεσ. Ποτεντιαλ νεγατιϖε 

ασσοχιατιονσ φορ Με−ΠΦΟΣΑ−

ΑχΟΗ ορ συλφονατεσ. 

ΠΦΝΑ: 0.91 (0.59, 1.4)  

Συλφονατεσ: 0.66 (0.4, 1.08) 

Κριστενσεν ετ αλ. (2013) 

Χοηορτ 

Dενmαρκ 

(ν = 343) 

1988−2008 

Dανιση Πρεγνανχψ Χοηορτ 

Ματερναλ 

σερυm ατ 

γεστατιοναλ 

ωεεκ 30 

ΠΦΟΑ 

Τ1: <3.0 

Τ2: 3.0 . 4.3 

Τ3: >4.3 

 

ΠΦΟΑ ασσοχιατεδ ωιτη λατερ αγε ατ 

mεναρχηε, νο ασσοχιατιονσ ωιτη 

οτηερ ρεπροδυχτιϖε παραmετερσ 

εξαmινεδ. 

���1��1��������1�1������1���1

τερτιλε ινχρεασε  

ΠΦΟΑ: 1.01 (0.22, 1.89) 

 

   

ΠΦΟΣ 

Τ1: <18.0 

Τ2: 18.0 . 23.6 

Τ3: >23.6 

Νο ασσοχιατιον ωιτη αγε ατ 

mεναρχηε, mενστρυαλ χψχλε 

λενγτη, φολλιχλε νυmβερ ορ 

ρεπροδυχτιϖε ηορmονε 

χονχεντρατιονσ ανδ ΠΦΟΣ. 

Αγε ατ mενα����1�1������1���1

τερτιλε ινχρεασε 

ΠΦΟΣ: 0.12 (−0.10, 0.34) 

�′���1������1�1��′�ð1��������1��1

ηορmοναλ βιρτη χοντρολ περ τερτιλε 

ινχρεασε 

ΠΦΟΣ: 0.001 (−0.007, 0.008) 

Λοπεζ−Εσπινοσα ετ αλ. (2011) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 3076 βοψσ, 2931 γιρλσ) 

2005−2006 

Χ8 

Σερυm 
1 λν−υνιτ 

(ΠΦΟΑ: 23) 

Λατερ αγε ατ mεναρχηε ανδ ηιγηερ 

χονχεντρατιονσ οφ πυβερταλ 

ινδιχατορσ ασσοχιατεδ ωιτη ΠΦΟΑ 

ιν γιρλσ. Νο ασσοχιατιονσ ωιτη 

πυβερταλ ινδιχατορσ ανδ ΠΦΟΑ ιν 

βοψσ. 

Μεναρχηε στατυσ (ΟΡ) 

ΠΦΟΑ: 0.83 (0.73, 0.95) 

ΠΦΟΑ, αδϕυστεδ φορ ΠΦΟΣ:  

0.87 (0.75, 1.00) 

   (ΠΦΟΣ: 19.4) 

Νεγατιϖε ασσοχιατιονσ φορ 

ηορmονε χονχεντρατιονσ 

(τεστοστερονε ανδ εστραδιολ) ανδ 

mεναρχηε ωιτη ΠΦΟΣ. 

ΠΦΟΣ: 0.49 (0.36, 0.67) 

ΠΦΟΣ, αδϕυστεδ φορ ΠΦΟΑ: 

0.67 (0.48, 0.93) 

Μαισονετ ετ αλ. (2015α) 

 

Χοηορτ, συβσετ 

Αϖον, ΥΚ 

Ματερναλ 

σερυm 

Τερτιλεσ 

ΠΦΟΑ 

Ηιγηερ τερτιλεσ οφ ΠΦΟΑ 

ασσοχιατεδ ωιτη ηιγηερ λεϖελσ οφ 

�����1������������1�1����&� 
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(ν = 72 γιρλσ) 

1991−1992, ρεχρυιτmεντ 

ΑΛΣΠΑΧ 

 

Τ1: <2.9 

Τ2: 2.9−4.1 

Τ3: >4.1 

τοταλ τεστοστερονε ιν γιρλσ. Νο 

ασσοχιατιον ωιτη σερυm σεξ 

ηορmονε−βινδινγ γλοβυλιν 

χονχεντρατιονσ. 

ΠΦΟΑ 

Τ1: ρεφ 

Τ2: 0.15 (−0.02, 0.32) 

Τ3: 0.24 (0.05, 0.43) 

   

ΠΦΟΣ 

Τ1: <15.9 

Τ2: 15.9−22.6 

Τ3: >22.6 

Ηιγηερ τερτιλεσ οφ ΠΦΟΣ ασσοχιατεδ 

ωιτη ηιγηερ λεϖελσ οφ τοταλ 

τεστοστερονε ιν γιρλσ. Νο 

ασσοχιατιον ωιτη σερυm σεξ 

ηορmονε−βινδινγ γλοβυλιν 

χονχεντρατιονσ. 

ΠΦΟΣ 

Τ1: ρεφ 

Τ2: 0.1 (−0.07, 0.28) 

Τ3: 0.18 (0.01, 0.35) 

   

ΠΦΗξΣ 

Τ1: <1.3 

Τ2: 1.3−1.9 

Τ3: >1.9 

 

ΠΦΝΑ 

Τ1: <0.5 

Τ2: 0.5−0.6 

Τ3: >0.6 

ΠΦΗξΣ ασσοχιατεδ ωιτη ινχρεασεδ 

τεστοστερονε, νο ασσοχιατιον ωιτη 

σεξ ηορmονε−βινδινγ γλοβυλιν. 

ΠΦΝΑ νοτ ασσοχιατεδ ωιτη ειτηερ. 

ΠΦΗξΣ 

Τ1: ρεφ 

Τ2: 0.18 (0.00, 0.37) 

Τ3: 0.18 (0.00, 0.35) 

 

ΠΦΝΑ 

Τ1: ρεφ 

Τ2: 0.08 (−0.10, 0.25) 

Τ3: 0.05 (−0.14, 0.24) 

Λοπεζ−Εσπινοσα ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 2292) 

2005−2006 

Χ8 

Σερυm 

ΙΘΡ (mεδιαν) 

 

ΠΦΟΑ 

Βοψσ: 1.68 (34.8) 

Γιρλσ: 1.70 (30.1) 

ΠΦΟΑ χονχεντρατιονσ ωερε 

ασσοχιατεδ ωιτη δεχρεασεδ (λογ 

τρανσφορmεδ) λεϖελσ οφ ινσυλιν−λικε 

γροωτη φαχτορ−1 (ΙΓΦ−1) ιν γιρλσ. Ιν 

βοτη σεξεσ, ΠΦΟΑ ωασ ποτεντιαλλψ 

ασσοχιατεδ ωιτη δεχρεασεδ τοταλ 

τεστοστερονε ανδ ινχρεασεδ λν−

εστραδιολ.   

ΙΓΦ−1 (% διφφερενχε) 

ΠΦΟΑ 

Βοψσ: −0.4 (−3.4, 2.7) 

Γιρλσ: −3.6 (−6.6, −0.5) 

   

ΠΦΟΣ 

Βοψσ: 0.66 (22.4) 

Γιρλσ: 0.65 (20.9) 

ΠΦΟΣ ωασ νεγατιϖελψ ασσοχιατεδ 

ωιτη τοταλ τεστοστερονε, ανδ ΙΓΦ−1. 

Ιν βοψσ ονλψ ΠΦΟΣ ωασ νεγατιϖελψ 

ασσοχιατεδ ωιτη εστραδιολ. 

ΠΦΟΣ 

Βοψσ: −5.9 (−8.3, −3.3) 

Γιρλσ: −5.6 (−8.2, −2.9) 

   

ΠΦΝΑ 

Βοψσ: 0.57 (1.7) 

Γιρλσ: 0.61 (1.7) 

  

ΠΦΗξΣ 

Βοψσ: 1.40 (8.1) 

Γιρλσ: 1.29 (7.0) 

ΠΦΝΑ ωασ νεγατιϖελψ ασσοχιατεδ 

ωιτη ΙΓΦ−1. 

Τηερε ωασ νο εϖιδενχε οφ 

ασσοχιατιονσ ωιτη ΠΦΗξΣ ανδ σεξ 

ηορmονεσ ορ ΙΓΦ−1 

ΠΦΝΑ 

Βοψσ: −3.5 (−6.0, −1.0) 

Γιρλσ: −3.8 (−6.4, −1.2) 

Τσαι ετ αλ. (2015) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν = 540) 

2006−2008 

Σερυm (ΠΦΟΑ: 2.74) 

Ινχρεασινγ ΠΦΟΑ περχεντιλε 

χατεγοριεσ ωερε νοτ ασσοχιατεδ 

ωιτη λογ τρανσφορmεδ φολλιχλε 

στιmυλατινγ ηορmονε (ΦΣΗ) 

Εφφεχτσ αρε ρεπορτεδ ασ mεαν λεϖελσ 

ανδ π−ϖαλυε φορ τρενδ ονλψ. 
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χονχεντρατιονσ αmονγ 12−17 ψεαρ 

ολδσ.    

   (ΠΦΟΣ: 7.78) 

ΠΦΟΣ ωασ ασσοχιατεδ ωιτη 

δεχρεασεδ ΦΣΗ ιν 12−17 ψεαρ ολδ 

mαλεσ. 

 

   
(ΠΦΝΑ: 1.10 

ΠΦΥΑ: 5.84) 

ΠΦΝΑ ωασ νοτ ασσοχιατεδ ωιτη 

ΦΣΗ, ωηιλε ΠΦΥΑ ωασ νεγατιϖελψ 

ασσοχιατεδ ωιτη ΦΣΗ ιν 12−17 ψεαρ 

ολδ φεmαλεσ.  

 

      

      

Ταβλε Σ6. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ τηψροιδ ρελατεδ ουτχοmεσ. 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

mατριξ 
Χονχ νγ/mΛ Συmmαρψ οφ ρεσυλτσ Σελεχτεδ εφφεχτ εστιmατεσ 

Λοπεζ−Εσπινοσα ετ αλ. (2012) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 4713) 

2005−2006 

Χ8 

Σερυm 

 

ΙΘΡ ινχρεασε 

 

ΠΦΟΑ 

Θ1: <13.1  

Θ2: 13.1 − 29.2 

Θ3: 29.3 . 67.6 

Θ4: >67.6 

Ηψπερτηψροιδισm ασσοχιατεδ ωιτη 

ΠΦΟΑ. 

Νο ασσοχιατιονσ βετωεεν τηψροιδ 

ηορmονε λεϖελσ ανδ ΠΦΟΑ.  

Ηψποτηψροιδισm (ΟΡ) 

ΠΦΟΑ: 1.54 (1.00, 2.37) 

ΤΣΗ (λογ− ���&��1 

ΠΦΟΑ: 

Θ1: ρεφ 

Θ2: 1.0 (.1.9, 4.0) 

Θ3: 1.0 (.2.0, 4.1) 

Θ4: 2.4 (.0.6, 5.5) 

   

ΠΦΟΣ 

Θ1: <14.5 

Θ2: 14.5−19.9 

Θ3: 20.0−27.7 

Θ4: >27.7 

Ινχρεασεσ ιν ΤΣΗ ανδ ΤΤ4 ατ 

ηιγηεστ ΠΦΟΣ χονχεντρατιονσ 

ονλψ.  

Ηψποτηψροιδισm (ΟΡ) 

ΠΦΟΣ: 0.91 (0.63, 1.31) 

ΤΣΗ (λογ− ���&�� 

ΠΦΟΣ:  

Θ1: ρεφ 

Θ2: 0.3 (−2.6, 3.2) 

Θ3: −1.3 (−4.2, 1.7) 

Θ4: 3.1 (0, 6.2) 

   

ΠΦΝΑ:  

Θ1: <1.2 

Θ2: 1.2−1.4 

Θ3: 1.5−1.9 

Θ4: >1.9 

Νο ασσοχιατιονσ βετωεεν ΤΣΗ 

λεϖελσ ανδ ΠΦΝΑ. ΤΤ4 λεϖελσ 

σηοω ινχρεασεσ ωιτη ινχρεασινγ 

ΠΦΝΑ. 

Ηψποτηψροιδισm (ΟΡ) 

ΠΦΝΑ: 1.11 (0.77, 1.60) 

ΤΣΗ (λογ− ���&�� 

ΠΦΝΑ:  

Θ1: ρεφ 

Θ2: 0.4 (−2.6, 3.5) 

Θ3: −0.3 (−3.2, 2.6) 

Θ4: 1.5 (−1.6, 4.6) 

Λιν ετ αλ. (2013β) 
Χοηορτ 

Ταιωαν 
Σερυm 

1  

(ΠΦΟΑ: 3.64) 

Νο ασσοχιατιον βετωεεν λεϖελσ οφ 

φρεε Τ4 ανδ λογ−ΤΣΗ ανδ ΠΦΟΑ 

Φρεε Τ4 (νγ/δΛ) 

ΠΦΟΑ: 0.001 (−0.002, 0.003) 
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(ν = 531) 

1999−2000 

Ψουνγ Ταιωανεσε 

Χαρδιοϖασχυλαρ Χοηορτ Στυδψ 

Λογ−ΤΣΗ (m ΙΥ/Λ) 

ΠΦΟΑ: −0.006 (−0.019, 0.008) 

   (ΠΦΟΣ: 5.47) 
Νο ασσοχιατιον βετωεεν λεϖελσ οφ 

φρεε Τ4 ανδ λογ−ΤΣΗ ανδ ΠΦΟΣ 

Φρεε Τ4 (νγ/δΛ) 

ΠΦΟΣ: 0.001 (0.000−0.002) 

Λογ−ΤΣΗ (m ΙΥ/Λ) 

ΠΦΟΣ: 0.006 (−0.013−0.025) 

   
(ΠΦΥΑ: 1.50 

ΠΦΝΑ: 1.2) 

Νο ασσοχιατιον βετωεεν λεϖελσ οφ 

φρεε Τ4 ανδ λογ−ΤΣΗ ανδ ΠΦΥΑ. 

ΠΦΝΑ ηασ σmαλλ ποσιτιϖε 

ασσοχιατιον ωιτη φρεε Τ4 βυτ νο 

ασσοχιατιον ωιτη ΤΣΗ. Σοmε 

ποτεντιαλ ποσιτιϖε ΟΡσ φορ 

ηψποτηψροιδισm ωιτη βοτη ΠΦΝΑ 

ανδ ΠΦΥΑ, ηοωεϖερ χασε 

νυmβερσ αρε σmαλλ ανδ 

χονφιδενχε ιντερϖαλσ ϖερψ ωιδε.  

Φρεε Τ4 (νγ/δΛ) 

ΠΦΝΑ: 0.004 (0.001−0.007) 

Λογ−ΤΣΗ (m ΙΥ/Λ) 

ΠΦΝΑ: −0.006 (−0.019, 0.008) 

 

Φρεε Τ4 (νγ/δΛ) 

ΠΦΥΑ: 0.000(0.000−0.001) 

Λογ−ΤΣΗ (m ΙΥ/Λ) 

ΠΦΥΑ: 0.001 (−0.004−0.007) 

δε Χοχκ ετ αλ. (2014) 

Χοηορτ 

Τηε Νετηερλανδσ 

(ν = 83) 

2011−2013 

Χορδ βλοοδ 

ΠΦΟΑ 

Θ1: <0.059 

Θ2: 0.059 . 0.865 

Θ3: 0.865 . 1.20 

Θ4: >1.20 

Ποτεντιαλ ποσιτιϖε ασσοχιατιον 

βετωεεν ΠΦΟΑ ανδ Τ4 λεϖελσ ιν 

γιρλσ, βυτ σαmπλε σιζε ανδ 

εξποσυρε ϖαριαβιλιτψ αρε σmαλλ.  

�Ζ1������1�1����&� 

ΠΦΟΑ, βοψσ 

Θ1: ρεφ 

Θ2: 7.9 (−18.04, 33.92) 

Θ3: −2.1 (−20.94, 16.78) 

Θ4: 6.2 (−16.08, 28.5) 

ΠΦΟΑ, γιρλσ 

Θ1: ρεφ 

Θ2: −5.9 (−26.75, 14.94) 

Θ3: 11.8 (−19.08, 42.72) 

Θ4: 38.6 (13.34, 63.83) 

   

ΠΦΟΣ 

Θ1: <1.03 

Θ2: 1.03 . 1.60 

Θ3: 1.60 . 2.18 

Θ4: 2.18 

Νο ασσοχιατιονσ βετωεεν ΠΦΟΣ 

ανδ Τ4 λεϖελσ. 

ΠΦΟΣ, βοψσ 

Θ1: ρεφ 

Θ2: −7.9 (−31.56, 15.74) 

Θ3: −16.5 (−40.32, 7.34) 

Θ4: −9.6 (−32.57, 13.31) 

ΠΦΟΣ, γιρλσ 

Θ1: ρεφ 

Θ2: −1.3 (−30.45, 27.94) 

Θ3: 4.5 (−25.95, 34.92) 

Θ4: 15.9 (−10.67, 42.4)  

Κιm ετ αλ. (2011) 

Χροσσ−σεχτιοναλ 

Σουτη Κορεα 

(ν = 44) 

Χορδ βλοοδ 
Μεδιαν  

ΠΦΟΑ: 1.46 

Σmαλλ νεγατιϖε χορρελατιονσ 

βετωεεν ΠΦΟΑ ανδ τηψροιδ 

ηορmονεσ φροm χορδ βλοοδ. 

Αδϕυστεδ Πεαρσον χορρελατιον 

Ματερναλ ΠΦΟΑ:  

Φεταλ Τ3: −0.240 
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8/2008 . 3/2009 Φεταλ Τ4: −0.157 

Φεταλ ΤΣΗ: 0.089 

   ΠΦΟΣ: 2.93 

Νεγατιϖε χορρελατιονσ βετωεεν 

mατερναλ ΠΦΟΣ ανδ φεταλ Τ3 

ποσιτιϖε χορρελατιον ωιτη φεταλ 

ΤΣΗ. 

Ματερναλ ΠΦΟΣ  

Φεταλ Τ3: −0.414 

Φεταλ Τ4: −0.071 

Φεταλ ΤΣΗ: 0.443 

   

ΠΦΝΑ: 0.44 

ΠΦDΑ: 0.31 

ΠΦΗξΣ: 0.55 

ΠΦΗπΣ: 0.09 

ΠΦΥνDΑ: 0.60 

ΠΦΤρDΑ: 0.24 

Ματερναλ ΠΦΤρDΑ νεγατιϖελψ 

χορρελατεδ ωιτη φεταλ Τ3 ανδ Τ4. 

ΠΦΗξΣ σmαλλ νεγατιϖε χορρελατιον 

ωιτη Τ3.  

Ματερναλ ΠΦΗξΣ  

Φεταλ Τ3: −0.261 

Φεταλ Τ4: 0.030 

Φεταλ ΤΣΗ: 0.091 

Ματερναλ ΠΦΤρDΑ  

Φεταλ Τ3: −0.380 

Φεταλ Τ4: −0.441 

Φεταλ ΤΣΗ: 0.288 

Κιm ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Σουτη Κορεα 

(ν = 27 χασεσ, 13 χοντρολσ) 

ϑυλψ 2009− Φεβ 2010 

Σερυm 
(ΠΦΟΑ: 2.12, 5.398) 

(ΠΦΟΣ: 4.05, 5.326) 

Μεαν λεϖελσ οφ ΠΦΟΑ, ΠΦΝΑ, 

ΠΦDΑ, ΠΦΥνDΑ, ανδ τοταλ ΠΦΑΣσ 

ωερε ηιγηερ ιν ινφαντσ ωιτη 

χονγενιταλ ηψποτηψροιδισm τηαν 

ιν ηεαλτη ινφαντσ. 

Ρεπορτεδ ασ φιγυρεσ. 

Κατο ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

ϑαπαν 

(ν = 392 mοτηερ−ινφαντ παιρσ) 

2002 . 2005 

Ηοκκαιδο Στυδψ ον τηε 

�����������1���1����������1

Ηεαλτη 

Ματερναλ 

σερυm 

λογ(10)−υνιτ 

(ΠΦΟΑ: 1.2) 

ΠΦΟΑ ωασ νοτ ασσοχιατεδ ωιτη 

ινφαντ λεϖελσ οφ τηψροιδ 

στιmυλατινγ ηορmονε (ΤΣΗ) ορ 

φρεε τηψροξινε (ΦΤ4). 

ΠΦΟΑ 

��Ζ1�1���Wς1��&��〉 

0.003 (π = 0.960) 

��
1�1���Wς1��&��〉 

−0.014 (π = 0.801)  

   (ΠΦΟΣ: 5.2) 

Λογ(10) ινχρεασεσ ιν ΠΦΟΣ ωερε 

ασσοχιατεδ ωιτη ινχρεασεσ ιν ΤΣΗ, 

βυτ νοτ ΦΤ4.  

ΠΦΟΣ  

��Ζ1�1���Wς1��&��〉 

−0.043 (π = 0.452) 

��
1�1���Wς1��&��〉 

0.177 (π = 0.001) 

Τσαι ετ αλ. (2017) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν = 118 mοτηερ−ινφαντ παιρσ) 

Απριλ 2004 . ϑανυαρψ 2005 

Ταιωαν Βιρτη Πανελ Στυδψ 

Χορδ βλοοδ 

πλασmα 

1 Λογ−υνιτ 

(ΠΦΟΑ: 3.14)  

Νο ασσοχιατιον βετωεεν 

χονχεντρατιον οφ ΠΦΟΑ ανδ Τ4, 

ΤΣΗ, ορ Τ3 ιν ειτηερ βοψσ ορ γιρλσ.  

 

ΠΦΟΑ 

�Ζ1�1���1��&��ð1��′� 

−0.082 (−0.643, 0.48) 

 

 

   (ΠΦΟΣ: 7.24) 

Ινχρεασινγ λογ−ΠΦΟΣ ασσοχιατεδ 

ωιτη δεχρεασινγ λογ−Τ4 ιν βοψσ, 

βυτ νοτ ιν γιρλσ. Ινχρεασινγ λογ−

ΠΦΟΣ αλσο ασσοχιατεδ ωιτη 

ινχρεασινγ λογ−ΤΣΗ ιν βοτη βοψσ 

ανδ γιρλσ, βυτ περχεντιλε αναλψσεσ 

ΠΦΟΣ 

Τ4 (�1���1��&��ð1��′� 

−0.667 (−1.283, −0.05) 

>90τη περχεντιλε ϖ. <30τη:        −2.115 (−

3.622, −0.608) 
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σηοω νον−λινεαρ ρεσπονσε ανδ 

στρονγερ mαγνιτυδε οφ εφφεχτσ ιν 

βοψσ. ΠΦΟΣ νοτ ασσοχιατεδ ωιτη 

Τ3 ιν βοψσ, ποτεντιαλ ποσιτιϖε 

ασσοχιατιον ιν γιρλσ.  

�Ζ1�1���1��&��ð1����� 

0.033 (−0.707, 0.773) 

>90τη περχεντιλε ϖ. <30τη: 0.808 (−0.954, 

2.571) 

 

��
1�1���1���&��ð1 

Βοψσ: 0.333 (0.012, 0.678) 

Γιρλσ: 0.36 (−0.033, 0.753) 

 

   

 (ΠΦΥνDΑ: 15.94) 

(ΠΦΝΑ: 7.55) 

 

Νο ασσοχιατιον βετωεεν 

χονχεντρατιον οφ ΠΦΥνDΑ ανδ Τ4 

ορ Τ3 ιν ειτηερ βοψσ ορ γιρλσ. 

Ποτεντιαλ ποσιτιϖε ασσοχιατιον 

ωιτη ΤΣΗ ιν βοψσ ονλψ. 

Νο ασσοχιατιον βετωεεν 

χονχεντρατιον οφ ΠΦΝΑ ανδ Τ4, 

ΤΣΗ, ορ Τ3 ιν ειτηερ βοψσ ορ γιρλσ.  

ΠΦΥνDΑ 

Τ4 (�1���1��&��1 

Βοψσ: −0.082 (−0.485, 0.321) 

 

��
1�1���1���&�� 

Βοψσ: 0.142 (−0.062, 0.346) 

 

Ταβλε Σ7. Στυδιεσ οφ περφλυορινατεδ χοmπουνδσ ανδ ρεναλ ρελατεδ ουτχοmεσ. 

Στυδψ Στυδψ Χηαραχτεριστιχσ 
Εξποσυρε 

mατριξ 
Χονχ νγ/mΛ Συmmαρψ οφ ρεσυλτσ Σελεχτεδ εφφεχτ εστιmατεσ 

Wατκινσ ετ αλ. (2013) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 9660) 

2005−2006 

Χ8 

Σερυm ΠΦΟΑ: 1.63 
Ινχρεασεσ ιν ΠΦΟΑ ασσοχιατεδ 

ωιτη δεχρεασεδ εΓΦΡ. 

εΓΦΡ �1���� 

 

ΠΦΟΑ 

−0.73 (−1.38, −0.08) 

   ΠΦΟΣ: 0.64 
Ινχρεασεσ ιν ΠΦΟΣ ασσοχιατεδ 

ωιτη δεχρεασεδ εΓΦΡ. 

ΠΦΟΣ 

−1.34 (−1.91, −0.77) 

   

ΠΦΝΑ: 0.51 

ΠΦΗξΣ: 1.27 

Λν−υνιτ 

Ινχρεασεσ ιν λογ−χονχεντρατιονσ 

οφ ΠΦΑΣσ νεγατιϖελψ ασσοχιατεδ 

ωιτη εΓΡΦ. 

ΠΦΝΑ  

−0.88 (−1.41, −0.36) 

 

ΠΦΗξΣ  

−1.02 (−1.64, −0.40) 

Λιν ετ αλ. (2013β) 

Χοηορτ 

Ταιωαν 

(ν = 531) 

1999−2000 

Ψουνγ Ταιωανεσε 

Χαρδιοϖασχυλαρ Χοηορτ 

Στυδψ 

Σερυm 

(ΠΦΟΑ: 3.64) 

(ΠΦΟΣ: 5.47) 

(ΠΦΥΑ: 1.50) 

(ΠΦΝΑ: 1.2) 

ΠΦΥΑ λεϖελσ ηιγηερ ιν χηιλδρεν 

ωιτη χηρονιχ ρεναλ φαιλυρε. 

ΠΦΥΑ, νγ/mΛ γεοmετριχ mεαν 

(ΣD) 

Νο ρεναλ φαιλυρε: 5.68 (2.92) 

Χηρονιχ ρεναλ φαιλυρε: 11.07 (2.64) 
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Καταρια ετ αλ. (2015) 

Χροσσ−σεχτιοναλ 

Υνιτεδ Στατεσ 

(ν = 1960) 

2003−2010 

ΝΗΑΝΕΣ 

Σερυm 

ΠΦΟΑ 

Θ1: <2.5 νγ/mΛ 

Θ2: 2.5−3.5 

Θ3: 3.5−4.7 

Θ4: >=4.7 

Ινχρεασεσ ιν ΠΦΟΑ ωερε 

νεγατιϖελψ ασσοχιατεδ ωιτη 

εΓΦΡ ανδ ποσιτιϖελψ ασσοχιατεδ 

ωιτη υριχ αχιδ χονχεντρατιονσ, 

τηισ ηελδ τρυε αφτερ αδϕυστινγ 

φορ ΠΦΟΣ ασ ωελλ. Νο 

ασσοχιατιονσ ωιτη χρεατινινε. 

εΓΦΡ (�1���� 

 

ΠΦΟΑ 

Θ1: ρεφ 

�Ξ〉1≡Ξ⊥W1≡]W∴ð1W[Ψ 

�Ψ〉1≡[[ς1≡WW[ςð1ς[ς 

�Ζ〉1≡∴⊥Ζ1≡WWΖ⊥ð1≡ΞW_ 

   

ΠΦΟΣ 

Θ1: <7.9 

Θ2: 7.9−12.8 

Θ3: 12.8−19.4 

Θ4: >=19.4 

Ινχρεασεσ ιν ΠΦΟΣ ωερε 

νεγατιϖελψ ασσοχιατεδ ωιτη 

εΓΦΡ ανδ ποσιτιϖελψ ασσοχιατεδ 

ωιτη υριχ αχιδ χονχεντρατιονσ. 

Τηισ ωασ αττενυατεδ αφτερ 

αδϕυστmεντ φορ ΠΦΟΑ. 

ΠΦΟΣ 

Θ1: ρεφ 

�Ξ〉1≡[Ψ_1≡_⊥]ð1≡ς_Ξ 

�Ψ〉1≡]Ξ[1≡WΞΞ[ð1≡ΞΞ[ 

�Ζ〉1≡_∴_1≡WΖ]⊥ð1≡Ζ[_ 

   

ΠΦΝΑ 

Θ1: <0.7 

Θ2: 0.7−1.0 

Θ3: 1.0−1.5 

Θ4: >=1.5 

ΠΦΝΑ ανδ ΠΦΗξΣ ωερε νοτ 

ασσοχιατεδ ωιτη , εΓΦΡ, 

χρεατινινε, ορ υριχ αχιδ 

χονχεντρατιον. 

ΠΦΝΑ 

Θ1: ρεφ 

�Ξ〉1WΞ[1≡ΖΨςð1∴⊥ς 

�Ψ〉1Ξ[_1≡W⊥_ð1]ς⊥ 

�Ζ〉1≡WΞ1≡[∴Ξð1ΨΞΞ 

Θιν ετ αλ. (2016) 

Χροσσ−σεχτιοναλ 

Ταιωαν 

(ν = 225 νον−αστηmατιχσ) 

2009−2010 

Γενετιχσ ανδ Βιοmαρκερσ 

στυδψ φορ Χηιλδηοοδ 

Αστηmα (ΓΒΧΑ) 

Σερυm 
Θυαρτιλε ινχρεασε 

(ΠΦΟΑ: 0.5) 

Ινχρεασινγ ΠΦΟΑ ωασ 

ασσοχιατεδ ωιτη ινχρεασεδ οδδσ 

��1����1����1����1�����1℘∴1

mγ/δΛ). Ποτεντιαλλψ ηιγηερ 

οδδσ ιν βοψσ τηαν γιρλσ.   

Ηιγη υριχ αχιδ λεϖελ (ΟΡ) 

 

ΠΦΟΑ 

2.16 (1.29, 3.61) 

   (ΠΦΟΣ: 28.9) 

ΠΦΟΣ ωασ ποτεντιαλλψ 

ασσοχιατεδ ωιτη ηιγη υριχ αχιδ 

λεϖελ. 

ΠΦΟΣ 

1.35 (0.95, 1.93) 

   
(Ρανγεσ φροm 0.2 

το 5.0) 

ΠΦΒΣ, ΠΦDΑ, ΠΦΗξΣ, ανδ 

ΠΦΝΑ ωερε ποτεντιαλλψ 

ασσοχιατεδ ωιτη ηιγη υριχ αχιδ 

λεϖελ. ΠΦDΟΑ, ΠΦΗξΑ, ανδ 

ΠΦΤΑ ωερε νοτ ασσοχιατεδ ωιτη 

ηιγη υριχ αχιδ λεϖελ. 

ΠΦΝΑ 

1.28 (0.83, 1.96) 

 

ΠΦΤΑ 

0.97 (0.69, 1.36) 
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Justifications:

Justification 1:

This manuscript describes the application of passive sampling at several U.S. EPA Superfund sites. A
key tool for assessing the degree of environmental degradation occurring at Superfund sites as a result of
the presence of legacy contaminants is the performance of the ecological risk assessment. The risk
assessment has two main components: the effects and the exposures. While the effects component is
beyond the scope of this nomination, the exposure component is highly relevant. For a risk assessment to
be as cost-effective, logistically sound, and scientifically robust as possible, it is critical for the exposure
measurement to be highly accurate. For making measurements of the exposure concentrations of legacy
contaminants in both water column and sediment matrices, traditionally whole water or sediment
measurements would be performed. Over the years, it has become increasingly evident these whole
matrix measurements are inaccurate for a variety of reasons including artifacts associated with the
measurements themselves and because they do not reliably consider the bioavailability of the
contaminants. Both sources of error result in over- or under-estimating the exposure concentrations.
Modelling the exposure concentrations of legacy contaminants in the water column and sediment
matrices has been extensively investigated but can also suffer from inaccuracies when critical model
parameters are not well understood or available (e.g., partition coefficients).

Over the last decade, passive sampling has been increasingly shown to effectively estimate exposure
concentrations of legacy contaminants in water column and sediment matrices while limiting the artifacts
associated with other monitoring methods and considering the importance of contaminant bioavailability.
Scientific consensus is that the best surrogate for capturing the bioavailable concentrations of legacy
contaminants in water column and sediment systems is by measuring the freely dissolved concentration
(Cfree). During a passive sampler deployment in the environment, it is the Cfree that the passive sampler
measures. Consequently, by using passive sampling-based measurements of legacy contaminants, the
best surrogate measurements of the bioavailable contaminant is measured. These Cfree values can be
used as the exposure concentrations in the ecological risk assessment at a given Superfund site.

This STAA nomination describes the application of passive sampling to measure Cfree at three marine
Superfund sites around the United States. The study described in the paper had two main objectives. The
first was to compare the performance of several different passive samplers with a range of contaminants
to demonstrate the robustness of the passive sampling methods. However, the second, and arguably, more
important objective was to illustrate to the reader, and more specifically, the remedial project managers
(RPMs) at Superfund sites tasked with managing the site' risk, how effectively passive samplers can be
used to measure Cfree and therefore exposure. In this way, the manuscript seeks to inform the RPMs of
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the most accurate way to assess the ecological risk at their sites. In separate studies, in the Supporting

 section, we discuss analogous research at another U.S. EPA Superfund site (i.e., Fernandez etDocuments

al. 2012, 2014). In addition, the manuscript explores the statistical relationship between the
bioaccumulation of legacy contaminants and uptake by the passive samplers. In this way, the STAA
nomination addresses a second critical question: can the passive sampler polymer be used as a surrogate
for the bioaccumulation of target contaminants. This question has real-world relevance under
circumstances where insufficient organism mass is available at a contaminated site (e.g., benthic bivalves
or polychaetes) to assess bioaccumulation or biomonitoring organisms (e.g., mussels) are not available
for deployment at a site to assess remediation effectiveness. In both of these applications, the passive
sampler may ultimately be shown to serve as an effective surrogate for organism' bioaccumulation. This
is a topic we explored further in one of the papers in the  section (i.e., Joyce et al.Supporting Documents

2016).

In conclusion, this nomination provides a robust example of the use of passive sampling for measuring
Cfree for legacy contaminants to be used in the performance of ecological risk assessments at U.S. EPA
Superfund sites. The research addressed by this nomination is also a topic supported in the current
Sustainable and Healthy Communities (SHC) Strategic Research Action Plan (specifically SHC Output

).2.1: Methods, Tools, and Guidance on Remediation Options

Justification 2A:

n/a

Justification 2B:

U.S. EPA

Authors

Publication Title Nomination

Year

STAA

Award

Level

Comment
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DR Katz, MG
Cantwell,

MM Perron,
RM Burgess,
KT Ho, MC

Pelletier

Katz DR, MG Cantwell, JC Sullivan,
MM Perron, RM Burgess, KT Ho, MA
Charpentier. 2013. Factors regulating
the accumulation and spatial distribution
of the emerging contaminant Triclosan
in the sediments of an urbanized
estuary: Greenwich Bay, Rhode Island,
USA. .Science of the Total Environment

443:123-133.

 

Ho KT, A Chariton, LM Portis, D
Proestou, MG Cantwell, J Baguley, RM
Burgess, SL Simpson, MC Pelletier,
MM Perron, C Gunsch, H Bik, A
Kamikawa. 2013. Use of a novel
sediment exposure to determine the
effects of Triclosan on estuarine benthic
communities.  Environmental
Toxicology and Chemistry 32:384-392.

 

Perron, MM, RM Burgess, EM
Suuberg, MG Cantwell, KG Pennell.
2013. Performance of passive samplers
for monitoring estuarine water column
concentrations 2. Emerging
contaminants. Environmental
Toxicology and Chemistry 32(10):
2190-2196.

 

2015 No Award Unrelated to
current

submission

RM Burgess,
WJ Berry, DR

Mount, KT
Ho

Burgess RM, WJ Berry, DR Mount, DM 

Di Toro. 2013. Critical Review:
Mechanistic sediment quality guidelines
based on contaminant bioavailability:

2016

 

No Award

 

Unrelated to
current

submission
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KT Ho, RM
Burgess

Equilibrium partitioning Sediment
Benchmarks (ESBs). Environmental

Toxicology and Chemistry. 32:102-114.

 

KT Ho and RM Burgess. 2013. Critical
Review: What’s causing toxicity in
sediments? Results of 20 years of
toxicity identification evaluations.
Environmental Toxicology and
Chemistry 32:2424-2432

 

Burgess RM, KT Ho, W Brack, M
Lamoree. 2013.  Focus Article: Effects
directed analysis (EDA) and toxicity
identification evaluation (TIE):
complementary but different approaches
for diagnosing causes of environmental
toxicity.  Environmental Toxicology
and Chemistry 32:1935-1945

 

 

 

 

 

2016

 

 

 

 

 

Level III
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Unrelated to
current

submission

No
Submission

- 2017 - -

STAA
Program

Cancelled

- 2018 - -

No
Submission

- 2019 - -
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Justification 2C:

Previous STAA nominations during the last five years involved manuscripts focusing on the aquatic
toxicity of the antibacterial chemical triclosan, developing benchmarks for sediment contaminants, and
identifying the causes of aquatic toxicity. These topics are very different from the current 2020 STAA
nomination. As discussed previously, this nomination addresses measuring the bioavailable
concentrations of legacy contaminants at Superfund sites.

Justification 2D:

n/a

Justification 2E:

William Boyes submitted the following paper to this year's STAA in the  category:Review Article

Boyes W, L Thornton, S Al-Abed, C Andersen, D Bouchard, RM Burgess, E Hubal, K Ho, M
Hughes, K Kitchin, J Reichman, K Rogers, J Ross, P Rygiewicz, K Scheckel, S Thai, R Zepp, R
Zucker. 2017. Decision-support framework for evaluating the environmental health and safety
implications of engineered nanomaterials. Critical Reviews in Toxicology 47:767-810.

Robert Burgess is also an author on this submission. This article discusses a framework for
assessing the environmental and human health effects of nanomaterials. The topic of this
manuscript is very different from the current STAA nomination in terms of topic (i.e., passive
sampling versus nanomaterials) and structure (i.e., review article versus research article).

Justification 3A:
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Based on Google Scholar, the nominated paper has been cited 28 times in scientific peer-reviewed
journals since publication. That level of citation averages to nearly six citations per year since publication
in 2015. Unfortunately, the publisher of the journal does notEnvironmental Toxicology and Chemistry 

provide a summary of the number of downloads or reads for papers published in their journals.

In addition, this publication and its content resulted in two invited presentations, one domestic and the
other international:

Burgess RM, Lohmann R, Schubauer-Berigan JP, Reitsma P, Perron MM, Lefkovitz L, Cantwell MG. 2015.

Application of passive sampling for measuring dissolved concentrations of organic contaminants in the water

column at three U.S. EPA marine Superfund sites. Platform presentation annual meeting of Society of

Environmental Toxicology and Chemistry – Europe, Barcelona, Catalonia, Spain. 

Burgess RM, Lohmann R, Schubauer-Berigan JP, Reitsma P, Perron MM, Lefkovitz L, Cantwell MG. 2015.

Application of passive sampling for measuring dissolved concentrations of organic contaminants in the water

column at three U.S. EPA marine Superfund sites. Platform presentation at the annual meeting of the National

Environmental Monitoring Conference, Chicago, IL, USA.

as well as a series of in person and web-based presentations sponsored by the U.S. EPA Superfund Program's

National Remedial Project Managers (NARPM) organization and the San Francisco Estuary Institute (SFEI):

Burgess RM. 2016. Passive sampling for measuring freely dissolved contaminants in sediments: basics, concepts

and principles. Platform presentation at the Porewater Concentrations and Bioavailability: How You Can Measure

Them and Why They Influence Contaminated Sediment Remediation workshop, U.S. EPA 2016 NARPM meeting,

Pittsburgh, PA, USA.                  

Cantwell MG, RM Burgess. 2016. Passive sampling methods for measuring metals in sediment porewaters.

Platform presentation at the Porewater Concentrations and Bioavailability: How You Can Measure Them and Why
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They Influence Contaminated Sediment Remediation workshop, U.S. EPA 2016 NARPM meeting, Pittsburgh, PA,

USA.

Burgess RM. 2017. Passive sampling for measuring freely dissolved contaminant concentrations: An overview.

Webinar presentation for the San Francisco Estuary Institute Regional Monitoring Program for Water Quality in

San Francisco Bay: Passive and Alternative Sampling Methods. San Francisco, CA, USA.

Burgess RM. 2017. Passive sampling for measuring freely dissolved contaminants in sediments: basics, principles

& applications. Platform presentation at the Using Bioavailability to Assess Contaminated Sediment Risk: Passive

Sampling and Porewater Remedial Guidelines (PWRGs) workshop, U.S. EPA 2017 NARPM meeting, Denver, CO,

USA.

Burgess RM. 2018. Passive sampling for measuring freely dissolved contaminants in sediments: basics, principles

& applications. Part of NARPM Presents...Using Bioavailability to Assess Contaminated Sediment Risk: Passive

Sampling and Porewater Remedial Goals (PWRGs). CLUIN Webinar, U.S. EPA, Office of Superfund Remediation

and Technology Innovation (OSRTI), Technology Innovation and Field Services Division. Washington, DC, USA.

Justification 3B:

Following the internal review process at our Division, the manuscript was distributed to three external
reviewers by the journal's Associate Editor. Following the review, the manuscript was revised by the first
author with input from the other five authors and re-submitted to the Associate Editor. Upon receipt, the
journal's Associate Editor performed a review to assess the author's responsiveness to the reviewers and
accepted the manuscript for publication. Finally, the manuscript underwent review by the Copy Editor
before publication.

AUTHORS

Principal Author

Author Name: Robert M. Burgess
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Abstract: Currently, there is an effort underway to encourage remedial projectmanagers at contaminated sites to use passive sampling to
collect freely dissolved concentrations (Cfree) of hydrophobic organic contaminants to improve site assessments. The objective of the
present studywas to evaluate the use of passive sampling formeasuringwater columnCfree for several hydrophobic organic contaminants
at 3 US Environmental Protection Agency Superfund sites. Sites investigated included New Bedford Harbor (New Bedford, MA, USA),
Palos Verdes Shelf (Los Angeles, CA, USA), and Naval Station Newport (Newport, RI, USA); and the passive samplers evaluated were
polyethylene, polydimethylsiloxane-coated solid-phase microextraction fibers, semipermeable membrane devices, and polyoxy-
methylene. In general, the different passive samplers demonstrated good agreement, with Cfree values varying by a factor of 2 to 3.
Further, at New Bedford Harbor, where conventional water sample concentrations were also measured (i.e., grab samples), passive
sampler–based Cfree values agreed within a factor of 2. These findings suggest that all of the samplers were experiencing and measuring
similar Cfree during their respective deployments. Also, at New Bedford Harbor, a strong log-linear, correlative, and predictive
relationship was found between polyethylene passive sampler accumulation and lipid-normalized blue mussel bioaccumulation of
polychlorinated biphenyls (r2¼ 0.92, p< 0.05). The present study demonstrates the utility of passive sampling for generating
scientifically accurate water column Cfree values, which is critical for making informed environmental management decisions at
contaminated sediment sites.Environ Toxicol Chem 2015;34:1720–1733. Published 2015 SETAC. This article is a USGovernment work
and is in the public domain in the USA.

Keywords: Passive sampling Bioavailability Freely dissolved concentration Superfund program Dissolved concentration

INTRODUCTION

Studies over the last few decades have demonstrated that

many aquatic organisms, including fish and wildlife, are

exposed to anthropogenic contaminants present in the water

column that originate from contaminated sediments [1,2].

Consequently, to accurately and holistically assess exposures at

contaminated sediment sites, including US Environmental

Protection Agency (USEPA) Superfund sites, it is critical to

measure the water column concentrations directly. Exposure of

aquatic organisms to hydrophobic organic chemicals such as

polychlorinated biphenyls (PCBs), polycyclic aromatic hydro-

carbons (PAHs), polybrominated diphenyl ethers (PBDEs),

polychlorinated dibenzo-p-dioxins and dibenzofurans, and

chlorinated pesticides in the water column is most strongly

correlated to the freely dissolved concentration (Cfree), whereas

uptake from environmental sorptive phases such as colloids or

suspended particles is often limited [3,4]. Consequently, Cfree is

considered a strong surrogate measurement for the bioavailable

concentrations of many hydrophobic organic contaminants.

However, measuring the Cfree in the water column in the field

remains technically challenging because of the relatively low

concentrations of contaminants, potential for contamination

from the sorptive phases, and losses to collection gear. Several

recently developed passive sampling methods selectively

measure Cfree for hydrophobic organic contaminants [5]

including polyethylene (PE)- and triolein-based semipermeable

membrane devices (SPMDs) [6,7], polydimethylsiloxane

(PDMS)-based solid-phase microextraction (SPME) [8–10],

polyoxymethylene (POM) [11–13], and PE alone [14–21].

All of these passive sampling methods use essentially the

same approach for samplingCfree. In this approach, contaminants

partition betweenCfree (nanograms per liter) in the aqueous phase

and some form of passive sampling absorptive carbon-based

polymer or liquid phase (CPS; nanograms per liter):

Cfree $ CPS ð1Þ

Under equilibrium conditions, the relationship between the

passive sampler phase and the dissolved phase can be expressed

as a passive sampler–dissolved phase partition coefficient

(KPS-free; liters per liter) and used to estimate the Cfree of a given

contaminant:

Cfree ¼
CPS

KPS�free

ð2Þ

All Supplemental Data may be found in the online version of this article.
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If equilibrium conditions cannot be assumed or demonstrat-

ed, Equation 2 can be adjusted to estimate equilibrium

concentrations using performance reference compounds similar

in physicochemical behavior to the target contaminants [17,22].

Performance reference compounds are introduced to the passive

sampler before deployment in the environment and partition

into the aqueous phase at a rate comparable to the partitioning of

the target contaminants into the polymer. In principle, with these

techniques, only the Cfree contaminants partition into the passive

sampler. Therefore, uptake of contaminants into the passive

sampler reflects the bioavailable concentration and can be

compared with bioaccumulation by water column and sediment

deployed biomonitoring organisms (e.g., blue mussels, poly-

chaetes) and/or used to estimate hydrophobic organic contam-

inants Cfree exposed to organisms using Equation 2 [12,16,23–

25]. This type of exposure information is very important for

understanding the direct exposure to water column organisms

(e.g., fish) and serves as input information for modeling

bioaccumulation and assessing risk to human and ecological

health higher in the food chain (e.g., avians, wildlife).

Therefore, to successfully predict exposures to water column

organisms andmodel higher-level impacts, it is critical to ensure

that measurements of Cfree are as accurate and scientifically

robust as possible.

In recent years, the use of passive sampling for measuring

Cfree at USEPA Superfund sites has been encouraged as a

scientifically robust tool for assessing exposure (e.g.,

USEPA [26,27] and Greenberg et al. [28]), and in a limited

number of cases, remedial project managers at Superfund sites

have applied passive sampling (e.g., Fernandez et al. [18,19]

and Schubauer-Berigan et al. [29]). To this end, the present

study evaluates the application of passive samplers at 3 USEPA

Superfund sites for measuring water column Cfree of target

contaminants, including PCBs, PAHs, and PBDEs. The

Superfund sites investigated included New Bedford Harbor

(NBH; New Bedford, MA, USA), the Naval Station Newport

(NSN; Newport, RI, USA), and Palos Verdes Shelf (PVS; Los

Angeles, CA, USA). Risk at each of these sites is driven by

concerns over human consumption of contaminated seafood as

well as adverse ecological effects of exposure to dissolved

concentrations of bioavailable contaminants (i.e., Cfree). In

general, studies were designed to compare the performance of

different types of passive samplers (e.g., SPME, PE, POM,

SPMD) to each other and, in some cases, to biomonitoring

organisms (e.g., blue mussels, Mytilus edulis) under field

conditions. The present study also had regulatory objectives,

which included establishing baseline water column Cfree of

target contaminants at the sites (e.g., NBH,NSN) and evaluating

the feasibility of using passive samplers at a deep-water

Superfund site (PVS). At theNBHSuperfund site, water column

samples were also collected and extracted using conventional

techniques (i.e., grab sample with liquid–liquid extraction with

organic solvents) and solid-phase extraction for comparison

with passive sampling–based findings. The results are intended

to encourage remedial project managers at contaminated

sediment sites to use passive sampling as an additional tool

for making informed environmental management decisions.

MATERIALS AND METHODS

Study designs

New Bedford Harbor Superfund site. To assess baseline

water column concentrations of total PCB Cfree, 2 deployments

were performed. Passive samplers were deployed at NBH2 and

NBH4, which are 2 long-term USEPA monitoring locations

(Table 1; Supplemental Data, Figure S1). In each deployment,

passive samplers were deployed 1m above the sediment bed in 4

temporal intervals: day 0 to day 7, day 0 to day 14, day 0 to day

21, and day 0 to day 28 or day 29. Water samples were also

collected 1m above the sediment bed at the time of passive

sampler recovery. In the first study (fall), triplicate PE attached

by stainless steel wire to the mooring lines were deployed from

10 October 2007 to 7 November 2007, for a total of 28 d. For

comparative purposes, bagged blue mussels (M. edulis), also

suspended 1m above the bottom, were exposed for 33 d at

stations NBH2 and NBH4 from 19 October 2007 to 21

November 2007. In the second deployment (winter), at each

station, SPMD, SPME and PE were deployed on triplicate

moorings. On day 0 at each station, a total of 12 SPMD and

SPME (in canisters) and wire-attached PE passive samplers

were deployed on individual moorings (Supplemental Data,

Figure S2A). The monitoring period extended from 19

November 2007 through 18 December 2007, for a total of

29 d. Three SPMD and SPME containing canisters and 3 PE

polymer strips were recovered from the moorings on each of

the 4 following time periods: 7 d, 14 d, 21 d, and 29 d after

Table 1. Superfund sites, sampling station deployment locations, water depths, and sample types: Polyethylene, solid-phase microextraction,
polyoxymethylene, and semipermeable membrane devices

Superfund site Station
Latitude
(NAD 83)

Longitude
(NAD 83)

Water depth
(m; low tide)

Height above
bottom sediment (m)

Deployment
duration (d) Sample types

New Bedford Harbor NBH2 41.39386 –70.55047 3.4 1.0 28–29 Total water, C18 water, PE,
SPME, SPMD, mussels

NBH4 41.37511 –70.54513 2.6 1.0 28–29 Total water, C18 water, PE,
SPME, SPMD, mussels

Palos Verdes Shelf PVS1 (B1) 33.7209 –118.344683 19 1.2–1.6 145 PE
PVS2 (B2) 33.716783 –118.347517 29 3.5–4.0 119 PE
PVS3 (B3A) 33.709967 –118.354167 55 1.5–1.8 86 PE
PVS4 (B3B) 33.710967 –118.3563 54 3.8–4.8 86 PE
PVS5 (B5) 33.6942 –118.329883 65 4.4–5.2 119 PE
PVS6 (B6A) 33.683833 –118.312717 60 1.4–1.6 120 PE
PVS7 (B6B) 33.685583 –118.312717 57 4.7 127 PE

Naval Station Newport NSN1 41.524124 –71.312347 4.3 1.0 21 PE, POM
NSN2 41.527735 –71.313494 10.1 1.0 21 PE, POM
NSN3 41.526807 –71.317836 10.7 1.0 21 PE, POM
NSN4 41.529331 –71.318495 10.4 1.0 21 PE, POM

NAD83¼North American datum 1983; NBH¼New Bedford Harbor; NSN¼Naval Station Newport; PE¼ polyethylene; POM¼ polyoxymethylene;
PVS¼Palos Verdes Shelf; SPMD¼ semipermeable membrane device; SPME¼ solid-phase microextraction.
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deployment. As in the fall deployment, water samples were also

collected on a weekly basis.

Palos Verdes Shelf Superfund site. For the present study,

3-mo to 5-mo deployments were performed at 7 stations at

depths ranging from 19m to 65m (Table 1; Supplemental Data,

Figure S1), with PCBs as the target contaminant. To assess the

effectiveness of passive sampling at this deep-water site,

individual PE samplers were deployed, fastened using stainless

steel wire to US Geological Survey acoustic Doppler current

profilers resting on the sediment surface (Supplemental Data,

Figure S2B). Samplers were attached 1.2m to 5.2m above the

sediment surface, often with multiple samplers on a given

profiler (Table 1).

Naval Station Newport Superfund site. At this site, 1

deployment was performed at 4 stations with PCBs, PAHs,

and PBDEs as the target contaminants (Table 1; Supplemental

Data, Figure S1). Two types of passive samplers, PE and POM,

were deployed for 21 d in extended minnow traps (Supplemen-

tal Data, Figure S2C) to assess baseline Cfree in the water

column prior to initiation of remediation of portions of the site.

All samplers were deployed 1m above the sediment surface.

Additional information about each site is provided in the

Supplemental Data.

Passive sampler design, deployment, and recovery

For NBH deployments, SPMDs were composed of 91.4-cm-

long, 2.5-cm-wide, flat, hollow, low-density PE ribbons (70–95

mm thick) containing 1mL pure (99%), high–molecular weight

lipid glyceryl trioleate (triolein; Sigma-Aldrich) in a thin film.

Prior to deployment, a performance reference compound

mixture containing chlorinated biphenyl (CB) 38 and CB50

was prepared in hexane at Battelle and shipped to Environmen-

tal Sampling Technologies. At Environmental Sampling

Technologies, SPMD PE tubing was triple washed with optima

grade hexane, injected with performance reference compound–

loaded triolein, and heat-sealed. Triolein had been amended

with the performance reference compound mixture for a final

concentration of approximately 25 ng/mL triolein in each of

CB38 and CB50. The SPMDs were loaded onto stainless steel

deployment rigs (“spiders”); packed in airtight, precleaned

aluminum containers; and shipped to Battelle. Packages

containing the SPMD deployment spiders were stored at –4

8C until the day of deployment. Spiders consisted of a stainless

steel plate equipped with a central hole and several Teflon or

stainless steel posts. Canisters were deployed in triplicate per

deployment period and were constructed from stainless steel–

containing ports for ample movement and circulation of the

water column through the device.

For NBH deployments, disposable SPMEs consisted of 2.5-

cm-long pieces of optical fiber with a 210-mm silica core and a

10-mm PDMS coating (equivalent to 0.000173mL PDMS;

Fiberguide). Prior to deployment, fibers and protective stainless

steel pouches (3 cm � 4 cm) were soaked in analytical-grade

methanol for at least 10min, dried at ambient temperatures, and

wrapped in aluminum foil. Samplers were then placed in storage

containers (e.g., solvent-rinsed glass jars) and shipped to the

site. Each SPME replicate consisted of 15 or 30 fibers (total of

0.0026mL or 0.0052mL PDMS) per pouch affixed to the top of

the SPMD spider inside a canister using stainless steel wire and

nylon zip ties. There were 3 replicate SPMEs deployed at

each station per deployment period. On recovery, SPMD

canisters and SPME pouches were kept on ice, returned to the

laboratory, and stored at –4 8C until extraction and chemical

analysis.

All PE and POM samplers were precleaned by soaking in

acetone or hexane for 24 h and then in dichloromethane for

24 h. For NBH deployments, PEs were prepared from 51-mm-

thick, 30.5-cm-long, and 7.62-cm-wide PE film (1.19mL PE;

Carlisle Plastics). Polyethylene was deployed in triplicate

approximately 1m above the sediment surface for each

exposure interval using an anchor and flotation buoys. Prior to

deployment, these PEs were amended with performance

reference compounds in 80:20 methanol and deionized water

solution including 2,5-dibromobiphenyl, 2,20,5,50-tetrabromo-

biphenyl, and 2,20,4,5,6-pentabromobiphenyl at approximate-

ly 21 ng/mL, 14 ng/mL, and 9.0 ng/mL PE, respectively, using

methods described by Booij et al. [22]. In addition, for a

subset of NBH deployments, 2 thicknesses (i.e., 25 mm and 51

mm, 0.58mL vs 1.19mL PE) of PE were evaluated for

assessing equilibrium. For the PVS deployments, 50-cm-long

and 10-cm-wide PE strips (51 mm thick, 2.55mL; Carlisle

Plastics) were fastened using stainless steel wire to the US

Geological Survey acoustic Doppler current profilers. Prior to

the deployments, as with the NBH deployments, the same 3

dibromophenyls and concentrations were used as performance

reference compounds. For NSN deployments, low-density PE

(25 mm thickness; Covalence Plastics) and POM (75 mm; CS

Hyde) were prepared in 15 cm � 40 cm (1.5mL PE) and 6 cm

� 40 cm (1.8mL POM) films, respectively. Prior to deploy-

ments, PE and POM were amended with stable carbon

performance reference compounds including 13C-CB28,
13C-CB52, and 13C-CB138 in 80:20 methanol:water solutions

for at least 21 d on an orbital shaker using the methods

described in Perron et al. [20]. Films of PE and POM

were attached to stainless steel wire (diameter¼ 0.081 cm;

Malin) fastened inside galvanized extended minnow traps

(diameter¼ 22 cm, length¼ 76.2 cm; Tackle Factory). Inside

each trap, 3 strips of PE and POM were arranged to maximize

their surface area. Samplers were deployed using an anchor

and flotation buoys on a shore-fastened mooring line. On

recovery, all PE and POM films were immediately wrapped in

precleaned metallic foil or placed in precleaned glass jars,

stored on ice or ice packs, and transferred to the laboratory for

storage at –4 8C in the dark until extraction and analysis.

Water sample collections

At the NBH stations, discrete water samples (1 L) were

collected in triplicate on a weekly basis, following the retrieval

or deployment of passive samplers during the fall and winter

deployments. Because of logistic issues, samples were not

collected on day 14 (3 December 2007) in the winter

deployment. Water samples were collected using a 12-volt

Teflon diaphragm pump and a length of tygon tubing to reach

the sampling depth (1m above the bottom) of the passive

sampling devices and stored in clean glass containers.

Following sample collection, the pump and tubing were purged

twice with deionized water and 1 rinsate blank was collected.

Samples were placed on ice for transport to the laboratory. Once

at the laboratory, water samples were filtered through solvent-

rinsed glass fiber filters (1mm effective pore size) within 24 h of

collection. As described in the Supplemental Data, water

samples were analyzed and reported in 2 ways: as “total” (i.e.,

dissolved and colloidal) and “C18-based.” The C18-based

technique is an alternative approach for measuring Cfree.

For discussion, these 2 measurements of PCB concentrations

will be referred to jointly as “aqueous” PCB measurements.

Prior to extraction and chemical analysis, the samples were

stored at 4 8C.
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Mussel deployments

For the fall NBH deployment, blue mussels (M. edulis)

collected from clean sites in coastal Sandwich (MA, USA) were

selected by size (�5–7 cm) and placed in mesh plastic bags

(�25 mussels/bag). Deployments consisted of 3 to 4 replicate

bags exposed at each station positioned 1m above the bottom.

After the 33-d exposure, mussels were recovered, returned to the

laboratory in coolers on ice, frozen at –4 8C, and stored in the

dark until chemical analysis.

Chemical analyses

Passive samplers, tissues, and water samples were analyzed

using gas chromatography/mass spectroscopy for selected

PCBs, PAHs, and PBDEs. Total PCBs was defined as the

sum of measured PCB congeners at each Superfund site: total

PCB values at NBH, PVS, and NSN were the sums of 18, 29,

and 26 congeners, respectively (Supplemental Data). Water

samples from the NBH deployments were also analyzed for

dissolved organic carbon (DOC). Preparation, extraction, and

instrumental analysis are described in the Supplemental Data.

Calculation of passive sampler–based dissolved concentrations

(Cfree)

When assuming equilibrium conditions, Cfreewas calculated

using Equation 2. For nonequilibrium conditions, Cfree values

based on PE and POM deployments were calculated using the

performance reference compound with the equation

Cfree ¼
Cps

1� e�Ketð ÞKps�free

ð3Þ

where ke is the performance reference compound transfer

coefficient (1/d) and t (days) is the duration of the deployment

ke ¼
ln

CPRCi

CPRCf

t
ð4Þ

and CPRCi and CPRCf are the initial and final concentrations

(nanograms per gram) in the polymer, respectively, of the

performance reference compounds during the deployment.

Performance reference compound percentage equilibration (i.e.,

ke � 100) values were regressed against performance reference

compound octanol–water partition coefficient (KOW) values to

develop correlative relationships for estimating percentage

equilibration values for target contaminants. If target contami-

nant percentage equilibration values were <10%, Cfree values

were not calculated because of insufficient evidence of

equilibration of those compounds between the polymer and

environmental phases. Sources of partition coefficients for each

type of polymer used in the present study are provided in the

Supplemental Data.

For calculating Cfree based on mussel bioaccumulation of

PCBs, the lipid–water partition coefficient (Klipid-free) was

derived for each PCB congener using the log Klipid-free to log

KOW linear free energy relationship reported by Schwarzenbach

et al. [30] (log Klipid-free¼ 0.91 � log KOW þ 0.5). The Cfree

based on mussel lipid concentrations was calculated based on

Equation 5

Cfree ¼
Clipid

Klipid�free

ð5Þ

where Clipid is the lipid-normalized PCB concentration

measured in the mussel tissues [5].

Statistical analyses

Unless otherwise noted, themean and 1 standard deviation of

3 replicates are reported for passive sampler, water sample,

DOC, and mussel data. Statistical comparisons were performed

using analysis of variance followed by protected least

significant difference multiple comparison tests (SAS Institute)

if more than 2 treatments were being analyzed. Differences

between treatments were considered statistically significant

using an alpha set at �0.05.

RESULTS AND DISCUSSION

Comparison of Cfree measurements

New Bedford Harbor. During the fall deployments, total

PCB Cfree ranged from 25 ng/L to 360 ng/L for NBH4 and

NBH2, respectively, based on PE measurements (Figure 1).

Aqueous measurements of total PCB concentrations, based on

the total water extractions and C18-based measurements, ranged

from 21 ng/L to 120 ng/L at the same stations, with total water

extractions and C18-based measurements found to be similar

(i.e., 5–18%). Further, PE-based Cfree values at NBH4 were

relatively similar to the aqueous measurements—that is, within

20%—whereas PECfree values were 3 times larger than aqueous

concentrations at NBH2. Finally, mussel-based estimates of

Cfree, based on Equation 5, at NBH2 were also fairly similar to

PE-based Cfree, 400 ng/L versus 360 ng/L, whereas at station

NBH4 mussel-based Cfree, 58 ng/L, was approximately 2 times

greater than PE-based Cfree (25 ng/L). At NBH2, statistical

analysis found that mussel and PE Cfree values were not

significantly different; similarly, water- and C18-based Cfree

values were also not significantly different from each other.

However, mussel Cfree was significantly greater than Cfree from

the other 3 treatments at NBH4. A more detailed comparison of

mussel bioaccumulation and PE accumulation of PCBs will be

discussed in Comparing passive sampler uptake and mussel

bioaccumulation.

In the winter deployments, passive sampler–based total PCB

Cfree values ranged from 76 ng/L to 170 ng/L and from 7.7 ng/L

to 31 ng/L at stations NBH2 and NBH4, respectively (Figure 1).

For comparison, aqueous measurements of total PCBs ranged

from 53 ng/L to 97 ng/L and from 16 ng/L to 30 ng/L at NBH2

and NBH4, respectively. Within the passive sampler–based

measurements of Cfree, PE generated the largest Cfree values

compared with SPME and SPMD. For example, at NBH2, PE-

based Cfree was 170 ng/L, whereas SPME and SPMD Cfree

values were 110 ng/L and 76 ng/L, respectively. At NBH4, PE-

based Cfree values were 31 ng/L and SPME and SPMD Cfree

values were 18 ng/L and 7.7 ng/L, respectively. Statistical

analysis of the winter deployment data was more complicated to

interpret than the fall deployment. At NBH2, Cfree for PE was

significantly different from all other treatments, whereas Cfree

values based on SPME and total water were not different, total

water and SPMD Cfree values were also not different; and,

finally, SPMD and C18-based Cfree values were not different.

The NBH4Cfree values were not different for PE and total water,

SPME and C18-based, and SPMD and C18-based.

Despite the range of Cfree values, all of the passive sampler–

based concentrations were generally within approximately a

factor of 2 to 3 of each other, suggesting they were

“experiencing” (i.e., exposed to) and measuring similar truly
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dissolved concentrations of PCBs in the ambient water column

of the 2 stations in New Bedford Harbor during their respective

deployments. This finding is encouraging and suggests that the

samplers will provide comparable Cfree data for PCBs even

though they are deployed and analyzed in different ways using

various designs and gear, partition coefficients, and assumptions

regarding equilibrium status. For example, as discussed above,

for SPME, equilibrium was assumed for the winter deployment,

whereas the PE data were adjusted for nonequilibrium

conditions based on the performance reference compound

concentrations using Equation 3. With the exception of CB206

and CB209, which had <10% equilibrium and for which Cfree

values are not reported, the degree of PE nonequilibration by

congener ranged from 20% to 96%, resulting in a relatively

minor difference in the unadjusted and equilibrium-adjusted

Cfree for total PCBs after the 29-d winter deployment

(i.e., adjusting for nonequilibrium conditions based on the

performance reference compounds increased total PCB Cfree

by only 4–8%).

In general, SPMD data would also be adjusted for

nonequilibrium conditions based on performance reference

compound recovery. As discussed, the performance reference

compounds selected for the SPMD in the winter deployment

were CB38 and CB50, 2 congeners not usually found in the

commercial Aroclor mixtures known to contaminate NBH.

Unfortunately, following deployments, analysis of the SPMD

extracts detected concentrations of both congeners at levels

close to (NBH4) or exceeding (NBH2) their original amend-

ment concentrations. These results indicate that both CB38 and

CB50 were present unexpectedly in the NBH water column or

Figure 1. Total polychlorinated biphenyl (PCB) freely dissolved concentrations (Cfre) measured in the water column of the New Bedford Harbor Superfund site
(NBH; New Bedford, MA, USA) during the fall and winter deployments of polyethylene (PE), solid-phase microextraction (SPME), semipermeable membrane
devices (SPMD), the collection of total and C18-based grab water samples, and mussels. Total PCB is equivalent to the sum of measured PCB congeners.
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matrix interference with similar molecular weights was present.

In either case, the performance reference compound data were

not viable, and equilibrium of the SPMD data was assumed for

calculation of Cfree. This demonstrates a weakness in using non-

Aroclor PCB congeners as performance reference compounds

for target PCBs, especially at very contaminated sites, such as

Superfund sites, where there may be unexpected sources of rare

congeners. For PE, which used brominated biphenyls as

performance reference compounds, there was no evidence of

a background presence of these compounds in the NBH water

column.

As noted in the Introduction, the value of conventionally

collected total PCBwater concentrations is debatable because of

the artifacts that can plague such samples. However, they do

serve as a potentially useful point of comparison with passive

sampler–inferred Cfree. Similarities in water concentrations of

total PCBs, based on total water extraction or C18 solid-phase

extraction, and passive sampler Cfree varied by station and

deployment. For example, in the fall deployment at NBH4, PE

Cfree and aqueous measurements were similar, ranging from

21 ng/L to 25 ng/L (Figure 1). Similarly, in the winter

deployment at NBH4, PE Cfree values were fairly comparable

to water concentrations, with passive sampler Cfree values

ranging from 7.7 ng/L to 31 ng/L and aqueous concentrations

ranging from 16 ng/L to 30 ng/L (Figure 1). In contrast, at NBH2

in the winter deployment, passive sampler Cfree values ranged

more widely, 76 ng/L to 170 ng/L, whereas aqueous concen-

trations were 53 ng/L to 97 ng/L. As discussed, the SPMD data

was not adjusted for nonequilibrium and may represent

underestimations of Cfree (76 ng/L), resulting in the coincidental

similarity to the lower trending water concentrations.

Palos Verdes Shelf. Total PCB Cfree across this site ranged

from 45 pg/L to 430 pg/L (Figure 2). Stations closer to shore

(PVS1 and PVS2) had the lowest total PCB Cfree (45–86 pg/L)

at the site. Stations PVS3, PVS4, and PVS5, all in the vicinity

of the Los Angeles County Sanitation District outfalls,

demonstrated the highest Cfree, with values ranging from

220 pg/L to 430 pg/L. In addition to the general distribution of

Cfree in the water column, the data in Figure 2 indicate, as

expected, that PCBs are originating from the sediments of the

site and diffusing from the interstitial water into the water

column over time. For example, at all stations where PE

samplers were deployed at multiple depths on the current

profilers, except PVS6, total PCB Cfree values were observed

to increase when approaching the sediment. A second

observation is the spatial distribution of total PCB Cfree.

The dominant oceanic current along this section of the Pacific

Ocean coastline is the California Current, which follows the

California coast 200 km to 300 km offshore with a depth of

300m moving in a southeastern direction [31]. However, in

the area of the California coast where the PVS Superfund site

is located (i.e., the Southern California Bight), the Southern

California Countercurrent forms the Southern California

Eddy, which deflects water in a direction counter to the

California Current, that is, in a northwestern direction [32]. As

a consequence, the concentrations of water column PCBs and

other contaminants associated with sedimentary sources at

the site increase in a northwestern direction from the Los

Angeles County Sanitation District outfalls. For example, the

Cfree at stations PVS3 and PVS4 reflect these higher values

(250–430 pg/L), whereas stations PVS6 and PVS7 (directly

to the southeast of the outfalls) show lower Cfree values

(90–180 pg/L). Using passive sampling, Fernandez et al. [18]

observed similar depth and spatial distribution trends for

dichlorodiphenyltrichloroethane (DDT) and PCBs in the

water column at the PVS site.

A principal goal of the present study was to evaluate the

deployment of passive samplers in deep water without using

elaborate deployment gear. As can be seen in Supplemental

Data, Figure S2B, for this deployment, PE samplers were

simply attached to the current profilers with stainless steel wire.

Of the 21 samplers deployed, all were recovered successfully

(although 3 were lost or compromised after recovery),

demonstrating the versatility and robustness of the PE and

simple deployment system. In another study examining water

column concentrations using PE and SPME passive samplers

deployed at 11 stations at the PVS Superfund site, Fernandez

et al. [18] lost several samplers in the middle and upper water

column where the current is the strongest. The losses were

attributed to fatigue of the aluminum wire used to secure the

samplers to the deployment gear. In the same study, the SPME

attached to the gear by stainless steel hose clamps were

successfully recovered [18], as were the SPME samplers Zeng

et al. [33] deployed, also using stainless steel hose clamps, in

another study in the Southern California Bight.

Naval Station Newport. Baseline Cfree was determined for 3

categories of target contaminants of regulatory concern,

including high–molecular weight PAHs, benzo[a]pyrene

(BaP), and total PCBs (Figure 3). In addition, total PAHs and

total PBDEs were investigated (Supplemental Data, Figure S3).

The Cfree of high–molecular weight PAHs ranged from 8.9 ng/L

to 16 ng/L and 3.2 ng/L to 6.0 ng/L based on PE and POM,

respectively, demonstrating an approximate factor of 2

difference in Cfree between polymers. Using PE, BaP, a

component of the high–molecular weight PAHs, Cfree values

ranged from 100 pg/L to 780 pg/L compared with POM-based

Cfree values, which ranged from 100 pg/L to 220 pg/L. The BaP

Cfree values showed at most a factor of 3 difference between

polymers (e.g., NSN2). Total PCB Cfree values ranged from

110 pg/L to 170 pg/L based on PE, whereas Cfree values using

POMwere much lower, ranging across the site from 5.8 pg/L to

11 pg/L. Total PCB Cfree values were the lowest at this

Superfund site compared with the other 2 Superfund sites in the

present study. Total PAH and PBDEs Cfree values ranged from

25 ng/L to 48 ng/L and 130 pg/L to 230 pg/L, respectively, for

the PE-based measures. These values are very similar to the

POM-based measures of Cfree across the site: 16 ng/L to 40 ng/L

for total PAHs and 160 pg/L to 170 pg/L for total PBDEs

(Supplemental Data, Figure S3). Differences in total PCB Cfree

between the PE- and POM-based estimates are the largest we

found across this entire investigation. Analysis of POM for PCB

congeners foundmuch lower accumulation than in the PE: POM

Cfree were, on average, only 6% of PE Cfree. In addition, POM

accumulated a smaller diversity of PAH molecules compared

with PE. Furthermore, performance reference compound data

for the POM were problematic when used for adjusting any of

the target contaminants for nonequilibrium conditions. Conse-

quently, for POM, Cfree was calculated using Equation 2, which

assumes the target contaminants have attained equilibrium with

the polymer. In this case, it is uncertain if that assumption is

accurate. It is unclear what caused the problems when working

with POM and performance reference compounds in the present

study, but the loss of performance reference compounds

from the polymer was not found to be linearly correlated

with contaminant molecular weight or KOW. In a previous

deployment, Perron et al. [20] also reported difficulties working

with performance reference compounds and POM when trying

to calculate Cfree for PCBs. Arp et al. [34] recently reported that,
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among other variables, incomplete extraction may result in

underestimation of target contaminant concentrations in POM.

This observation may explain our results for POM and PCBs.

In general, as shown in NBH, Cfree values based on different

samplers were relatively similar, lending weight to the

conclusion that the samplers experienced and measured

similar Cfree in the water column. Supplemental Data,

Table S1 shows the results of statistical analyses comparing

Cfree by passive sampler type and station. Specific trends

from the analysis include that total PCB Cfree values, as well

as high–molecular weight PAH Cfree values, based on PE and

POM were always statistically different. Further, PE- and

POM-based total PAH Cfree values were never significantly

different. Between these extremes, significant differences in

PE and POM Cfree values occurred at 50% of the stations for

BaP and total PBDEs.

Passive sampler equilibrium at the New Bedford Harbor

Superfund site

Deployments performed at the NBH Superfund site offer a

unique opportunity to assess passive sampler equilibrium status.

This is because several different types of samplers were

deployed over multiple time periods. As discussed in

Comparison of Cfree measurements, New Bedford Harbor,

equilibrium was assumed for SPMDs and SPMEs, whereas for

PE performance reference compounds were used to adjust Cfree

for nonequilibrium conditions. It should be noted that for the

SPMDs, because of the polymer thickness on 2 sides (i.e., tube

Figure 2. Total polychlorinated biphenyl (PCB) freely dissolved concentrations (Cfree) measured in the water column of the Palos Verdes Shelf Superfund site
(PVS; CA, USA) during polyethylene deployments. Total PCB is equivalent to the sum of measured PCB congeners. Height, on the y axis, refers to the distance
above sediment surface where the sampler was deployed.
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configuration), this assumption is suspect and the reported

concentrationsmay represent underestimates. Beyond assuming

equilibrium or using performance reference compounds, other

empirical approaches for assessing the equilibrium status of the

passive sampler can be used. One is to perform a temporal series

analysis, collecting passive samplers over time to assess when

target contaminant concentrations no longer show statistically

significant changes in the passive sampler polymer. As

discussed, a time series analysis was performed with PE,

SPME, and SPMD in the winter deployments at NBH. Figure 4

Figure 3. High–molecular weight polycyclic aromatic hydrocarbon (PAH; A), benzo[a]pyrene (B), and total polychlorinated biphenyl (PCB; C) freely
dissolved concentrations (Cfree) measured in the water column of the Naval Station Newport Superfund site (NSN; Newport, RI, USA) during the polyethylene
(PE) and polyoxymethylene (POM) deployments. High–molecular weight PAH was equivalent to the sum of pyrene, fluoranthene, chrysene, benzo[a]pyrene,
benz[a]anthracene, and dibenz[a,h]anthracene. Total PCB is equivalent to the sum of measured PCB congeners. Concentrations of benzo[a]pyrene and total
PCBs are in picograms per liter and high–molecular weight PAH concentrations are in nanograms per liter.
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shows the concentrations of total PCBs over the 29-d

deployment at 7-d intervals for each sampler. In general, all 3

samplers showed similar trajectories for total PCB uptake. For

example, by day 29, concentrations of total PCBs ranged from

29 000 ng/mL to 39 000 ng/mL polymer and 3200 ng/mL to

7500 ng/mL polymer at stations NBH2 and NBH4, respectively.

Statistical analysis indicated that the SPMD samplers were

continuing to accumulate PCBs at NBH2 after 21 d but had

achieved equilibrium after day 21 at NBH4 (i.e., no statistically

significant difference between polymer and triolein concen-

trations on day 21 and day 29; Figure 4A). In contrast, after 14 d

at NBH2, the SPME samplers were at equilibrium, whereas at

NBH4 day 21 and day 29 were significantly different and

equilibration had not been achieved (Figure 4B). Finally,

analysis of the winter PE samplers suggests equilibrium was

achieved after 14 d and 21 d at NBH2 and NBH4, respectively

(Figure 4C). This finding agrees with the relatively small

performance reference compound–based correction (<10%)

applied to the winter PE to adjust for nonequilibrium conditions

discussed above in in Comparison of Cfree measurements, New

Bedford Harbor. A similar analysis is provided in the

Supplemental Data section for selected PCB congeners

(Supplemental Data, Figures S4 and S5).

For a seasonal comparison, Figure 4D shows the accumula-

tion of total PCBs by the PE in the fall deployment, indicating

equilibrium by day 21 and day 14 at NBH2 and NBH4,

respectively. At NBH4, the final deployment period (day 28)

was similar to the final concentration in the winter deployment

(day 29): 7700 ng/mL PE versus 7500 ng/mL PE. However, at

NBH2 and unlike NBH4, concentrations of total PCBs were

much higher in the fall relative to the winter deployment:

84 000 ng/mL PE versus 39 000 ng/mL PE. Interestingly, the

total water and C18-based measures of total PCBs indicated that

during the fall deployment NBH2 and NBH4 concentrations

were often also elevated compared with the winter deployment

(Figure 5A and B).

Figure 4. Total polychlorinated biphenyls (PCBs) accumulated by (A)
semipermeable membrane device, (B) solid-phase microextraction, and
(C) polyethylene during the winter deployment, and (D) polyethylene
during the fall deployment over multiple sampling periods at the New
Bedford Harbor Superfund site (NBH). �Statistically significant differences
(a¼ 0.05) between sampler concentrations for the last deployment period
(day 28 or day 29) and previous deployment periods. Total PCB is
equivalent to the sum of measured PCB congeners. PDMS¼ polydi-
methylsiloxane; PE¼ polyethylene.

Figure 5. Total polychlorinated biphenyls (PCB) based on total water and
C18-based measurements during fall and winter sampling periods at stations
(A) NBH2 and (B) NBH4 of the New Bedford Harbor Superfund site
(NBH). Total PCB is equivalent to the sum of measured PCB congeners.
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One other approach for assessing equilibrium status is to

measure the concentration of target contaminants in polymers of

different thicknesses. The premise for this approach is that as

target contaminants accumulate, they will partition homo-

geneously within the polymer. Therefore, when expressed on a

mass or volume basis, for 2 different polymer thicknesses, equal

concentrations would indicate equilibrium. This type of analysis

was performed with 2 PE thicknesses (i.e., 25mm and 51mm) in

both fall and winter deployments at NBH2 and NBH4. At both

stations, after 29 d in the winter, there were no statistical

differences between thicknesses, suggesting the PE was at

equilibrium (Figure 6A and B). Conversely, at both NBH2 and

NBH4, after 28 d in the fall, the 2 thicknesses were statistically

different, suggesting equilibrium had not yet been achieved

(Figure 6A and B). As noted previously, relatively higher total

water concentrations of PCBs in the fall deployment were

observed during some of the collections (Figure 5).

Comparing passive sampler uptake and mussel bioaccumulation

Thus far, the focus of the present study has been on

examining contaminant Cfree (i.e., PCBs, PAHs, PBDEs) in the

water column at 3 Superfund sites and assessing equilibrium

based on the concentration of PCBs in the polymer at the NBH

Superfund site. However, another very valuable type of

information that passive samplers can provide is an estimate

of concentrations of target contaminants that organisms are

likely to bioaccumulate. Currently, biomonitoring organisms,

such as marine polychaetes and mussels and freshwater and

marine fish, are used to determine the amount of bioavailable

contaminants in the water column and interstitial waters of

Superfund sites [35]. This information has been used for several

purposes, including assessing the effectiveness of remediation

and the performance of long-termmonitoring [35,36]. However,

there are limitations to using organisms for measuring

bioavailable concentrations. These include field conditions

(e.g., high or low water temperatures, low dissolved oxygen, ice

formation) adversely affecting biomonitoring organisms,

seasonal unavailability of biomonitoring organisms, and

logistical challenges and financial costs associated with

deploying living organisms [37]. The concept of using passive

samplers as surrogates for biomonitoring organisms when such

limitations are an issue has a great deal of appeal. Scientific data

comparing biomonitoring organisms and passive samplers

continue to be collected to evaluate this approach [12,16,23–

25,38]. In the present study, mussels were deployed during the

fall passive sampler deployment at NBH and provide an

opportunity to compare mussel bioaccumulation with passive

sampler accumulation of PCBs at 2 stations.

Mean concentrations of total PCBs in deployed mussels at

NBH2 and NBH4were 350 000 ng/g lipid and 64 000 ng/g lipid,

respectively. By comparison, total PCB PE concentrations

adjusted for nonequilibrium conditions were 110 000 ng/g PE

and 9300 ng/g PE for samplers at NBH2 and NBH4,

respectively. This difference results in a mussel bioaccumula-

tion to PE accumulation ratio of 3.2 and 6.9 for NBH2 and

NBH4, respectively. In their study at NBH,Hofelt and Shea [38]

reported total PCB ratios for mussel bioaccumulation to SPMD

accumulation ranging from approximately 1.2 to 4.8. Based on

Equation 5, these tissue concentrations, expressed on a mussel

lipid basis, are equivalent to mussel-based Cfree of 404 000 pg/L

and 58 000 pg/L at NBH2 andNBH4, respectively. These values

compare relatively well to PE-based Cfree of 360 000 pg/L and

25 000 pg/L at NBH2 and NBH4, respectively. However, to

more directly compare mussel bioaccumulation to passive

sampler accumulation, Figure 7 shows mussel and PE

concentrations of individual PCB congeners at NBH2 and

NBH4. There were 27 congeners that had matching accumula-

tion data for both mussels and PE. If mussels and PE

accumulated PCB molecules identically, the data points in

Figure 7 would fall on the 1:1 line. Instead, a mean offset of

approximately 8.6 is observed, indicating that, in general,

the mussels accumulated PCBs approximately 9 times more

than the PE. In addition, the offset suggests a concentration

dependency on the amount of PCB congeners in the overlying

water. In other words, at NBH4, where Cfree is relatively low

(Figure 1), the offset ranges from a factor of 2.9 to 22; and at

NBH2, where Cfree is relatively high (Figure 1), the offset range

is a factor of 1.5 to 15. Despite the offset, summary statistics

demonstrate a strong correlative log-linear relationship between

mussel bioaccumulation and PE accumulation:

Log PBCbioaccumulation ðng=g lipidÞ

¼ 0:74� log PBC accumulation ðng=g PEÞ þ 1:62ðr2

¼ 0:92; n ¼ 27; p < 0:05Þ ð6Þ

Further, the log-linear correlation indicates that the

relationship between bioaccumulation and PE accumulation is

highly significant, with p values much less than 0.05 (Figure 7).

In a similar comparison of PCB passive sampler accumulation

versus bioaccumulation, using the marine polychaete Nereis

virens exposed to NBH sediment, Friedman et al. [24] also

reported a strong linear relationship (r2¼ 0.88, n¼ 48). In

addition, Gschwend et al. [16], using PCB-contaminated

sediments from the Hunter’s Point Naval Station in San

Francisco Bay (CA, USA) exposed to the marine polychaete

Neanthes arenaceodentata, under 2 exposure regimens (mixed

Figure 6. Total polychlorinated biphenyls (PCB) in polyethylene passive
samplers of different thicknesses (e.g., 25 mm and 51 mm) at (A) NBH2 and
(B) NBH4 in the fall and winter deployments. �Significant statistical
differences (a¼ 0.05) between thicknesses at a given station and season.
Total PCB is equivalent to the sum of measured PCB congeners.
NBH¼New Bedford Harbor; PE¼ polyethylene.
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and passive), reported linear relationships: r2¼ 0.64 (n ¼ 7)

and r
2
¼ 0.59 (n¼ 7), respectively. Interestingly, in the

Gschwend et al. [16] comparison of polychaete bioaccumu-

lation to passive sampler accumulation, the authors also

included PDMS-coated SPME fibers and POM. In all 4 cases,

they found an offset between the 1:1 line between

bioaccumulation and accumulation similar in behavior (i.e.,

linear and favoring bioaccumulation) and scale (i.e., an order

of magnitude) to that described in the present study. They

attributed the offset to the preferential partitioning of PCBs to

lipid compared with the polymers.

This representative selection of measures demonstrates that

PE accumulation is correlated with and potentially predictive of

organism bioaccumulation, which in turn suggests that PE could

be considered a surrogate for biomonitoring organisms (at least

at the NBH Superfund site with PCBs). In their evaluation of the

relationship between SPMD accumulation and bioaccumulation

from a review of 9 studies (including Hofelt and Shea [38]),

Booij et al. [39] recommended using passive sampling (in this

case SPMDs) for new biomonitoring programs because of the

associated advantages relative to the disadvantages of using

biomonitoring organisms. These advantages include the facts

that Klipid-free values show greater variability than KPS-free

values; that determining equilibrium status is more difficult with

organisms compared with passive samplers; and that the need to

use different organisms (to accommodate different habitats)

limits the standardization of methods across broad geographic

areas, whereas 1 type of passive sampler can be applied

everywhere. For existing monitoring studies, Booij et al. [39]

acknowledged that switching from biomonitoring organisms to

passive samplers is problematic because of the potential loss in

data consistency. However, they suggest the performance of

multiple comparative studies on a site-specific basis to develop

conversion factors between historic bioaccumulation and new

passive sampler accumulation data. Similarly, the concept of

the systematic global deployment of aquatic passive samplers

for monitoring purposes has recently been proposed in the

literature [40,41]. Despite the offset observed in this data set

and others (e.g., Gschwend et al. [16]), there is growing

evidence that passive sampler accumulation of PCBs is

linearly correlated with organismal bioaccumulation, suggest-

ing these are predictive relationships that could be useful in

instances when the deployment of biomonitoring organisms is

not viable.

Comparison of passive sampler–based Cfree to other studies

Of the 3 Superfund sites investigated, NBH has been the

most frequently studied using passive samplers. For example,

several studies have used passive samplers to examine the

distribution and bioavailability of contaminants in NBH

sediments. Specifically, Vinturella et al. [23], Friedman

et al. [24], and Lu et al. [25] evaluated PE and SPME as

surrogates for measuring the bioaccumulation of PCBs and

PAHs by a benthic polychaete (Nereis virens) and an

oligochaete (Ilyodrilus templetoni). Other than the present

study, only Hofelt and Shea [38] have used passive sampling to

estimate the Cfree of PCBs in the NBH water column. They

performed 30-d SPMD deployments at 5 stations inside and

outside of the harbor and detected several organochlorine

pesticides and PCBs. Total PCB Cfree based on SPMDs ranged

from 1400 pg/L to 17 000 pg/L (Table 2). By comparison, total

PCB Cfree in the present study was approximately an order of

magnitude greater: 25 000 pg/L to 359 000 pg/L based on PE,

18 000 pg/L to 107 000 pg/L based on SPME, and 8000 pg/L to

76 000 pg/L based on SPMD. Although the studies were

performed approximately 10 yr apart, they analyzed the same

PCB congeners to determine total PCBs. Consequently, it is not

clear why such large differences in total PCBCfree exist between

the investigations.

Three previous studies used passive sampling to investigate

the Cfree of total PCBs and DDTs at the PVS Superfund site.

Zeng et al. [33] applied SPME to estimate the Cfree of total

DDTs 2m above the sediment surface in 30-d deployments,

resulting in 4900 pg/L at a station close to the present study’s

stations (Table 2). In 1 of 2 studies at PVS, Fernandez et al. [18]

deployed PE and SPME samplers at 3 depths in the water

column at 11 stations. For samplers 5m above the sediment,

Cfree for total DDTs ranged from 260 pg/L to 1100 pg/L using

SPME and 750 pg/L to 2600 pg/L for PE. The differences in the

heights of the samplers above the sediments (5m vs 2m) may

explain the lower Cfree values in the present study compared

with the Zeng et al. [33] measurements. For total PCBs at PVS,

the present study found that Cfree ranged from 45 pg/L to

430 pg/L, whereas Fernandez et al. [18] reported 90 pg/L to

Figure 7. Concentration of polychlorinated biphenyl congeners accumulated by polyethylene (PE) passive samplers versus bioaccumulated by blue mussels
(Mytilus edulis) during the fall deployment at the New Bedford Harbor Superfund site (NBH). Open and full circles represent stations NBH2 and NBH4,
respectively. Polyethylene concentrations have been adjusted for equilibrium conditions.
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Table 2. Comparison of Cfree concentrations based on passive sampler measurements for several organic contaminants in the water column of the Superfund sites investigated in the present studya

Superfund site Contaminant Passive sampler

Cfree concentration range (pg/L)

Present study
Hofelt and
Shea [38]b

Zeng
et al. [33]c

Fernandez
et al. [18]d

Perron
et al. [20,21]f

Fernandez
et al. [19]g

New Bedford Harbor SPCBs (pg/L) PE 25 300–359 000 (Fall)
35 000–171 000 (Winter)

— — — — —

SPME 17 800–107 000 — — — —

SPMD 7670–76 000 1400–16 900 — — —

Palos Verdes Shelf SPCBs (pg/L) PE 45.1–429 — — 90–316 — 230–460
POM — — — — — 130–450
SPME — — — —

e
— —

e

SDDTs (pg/L) PE — — — 745–2610 — 26 000 –32 000
POM — — — — — 7800–16 000
SPME — — 4870 � 1510 255–1140 — 1700–4000

Naval Station Newport SPCBs (pg/L) PE 112–173 — — — 119
SPAHs (ng/L) PE 25.5–40.3 — — — 31.5
SPBDEs (pg/L) PE 156–234 — — — 39.8 —

SPCBs (pg/L) POM 5.8–10.7 — — — 38.2 —

SPAHs (ng/L) POM 15.8–39.9 — — — 91.4 —

SPBDEs (pg/L) POM 159–165 — — — 90.8 —

aPassive samplers included polyethylene, solid phase microextraction, polyoxymethylene, and semipermeable membrane devices. Available Cfree ranges observed in other studies using passive sampling are also presented.
bConcentrations calculated based on data from Hofelt and Shea’s [38] Table 2 for 5 stations using triolein-free partition coefficients (see Supplemental Data); stations were 1m above the bottom for a 30-d deployment; total
PCBs were the sum of 16 congeners; 25-mm-thick PE tubing.
cOne station (6C) 2m above the bottom for a 30-d deployment; total DDTs were the sum of 4 DDTs (o,p0-DDD, p,p0-DDD, o,p0-DDE, p,p0-DDE); PDMS was 100 mm thick.
dNine stations 5m above the bottom for a 32-d deployment; total PCBs were the sum of up to 27 congeners, and total DDTs were the sum of up to 6 compounds (o,p0-DDD, p,p0-DDD, o,p0-DDE, p,p0-DDE, o,p0-DDT, p,p0-
DDT); PE and PDMS were 25 mm and 100 mm thick, respectively.
eDeployed but contaminant not detected.
fA station in Newport Harbor; samplers deployed for 21 d 1m above the bottom; total PCBs, PAHs, and PBDEs used the same contaminants as applied in the present study; PE and POM were 25 mm and 76 mm thick,
respectively.
gFor PE and POM, deployments integrated 0–20 cm above the bottom, while SPMEs were 70 cm above the bottom. Deployments were for 43–44 d in duration at 4 stations; total PCBs were the sum of up to 15 congeners, and
total DDTs were the sum of up to 7 compounds (o,p0-DDD, p,p0-DDD, o,p0-DDE, p,p0-DDE, o,p0-DDT, p,p0-DDT, p,p0-DDMU); PE, PDMS, and POM were 25 mm, 100 mm, and 76 mm thick, respectively.
Cfree¼ freely dissolved concentration; DDD¼ dichlorodiphenyldichlorethane; DDE¼ dichlorodiphenyldichloroethylene; DDMU¼ 2,2-bis(chlorophenyl)-1-chloroethylene; DDT¼ dichlorodiphenyltrichloroethane;
PAH¼ polycyclic aromatic hydrocarbon; PBDE¼ polybrominated diphenyl ether; PCB¼ polychlorinated biphenyl; PE¼ polyethylene; POM¼ polyoxymethylene; SPMD¼ semipermeable membrane device;
SPME¼ solid-phase microextraction.
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320 pg/L for PE samplers deployed 5m above the sediment

surface. In a second study, Fernandez et al. [19] measured Cfree

of 230 pg/L to 460 pg/L and 130 pg/L to 450 pg/L with PE and

POM, respectively, located approximately 20 cm above the

sediment surface. For total PCBs, all of these Cfree values from

the different studies are relatively similar despite the use of

different types of passive samplers over a 10-yr period; for

example, high Cfree values ranged from 320 pg/L to 460 pg/L.

Further, any substantial differences can be explained by the

depth at which the samplers were deployed (i.e., higher in the

water column resulted in lower target contaminant concen-

trations), indicating the sediments serve as the primary source

of target contaminants at PVS. In addition, Fernandez et al. [19]

found total DDT Cfree in the water column ranging from

26 000 pg/L to 32 000 pg/L and 7800 pg/L to 16 000 pg/L using

PE and POM, respectively, in samplers deployed approximately

20 cm above the sediment surface. In the same study, SPME

deployed approximately 1m above the sediments measured

Cfree of 1700 pg/L to 4000 pg/L. Finally, in both Fernandez et al.

studies [18,19], SPME was deployed to monitor for total PCB

Cfree; however, unlike the total DDTs, no PCBs were detected

analytically. In contrast, both PE and POM were able to detect

total PCB Cfree in the water column at PVS. This difference in

the sampler’s performance most likely reflects the greater mass

of PE and POM that can be deployed compared with SPME.

Although SPME achieves equilibrium more rapidly than POM

or PE, the smaller mass of PDMS that is generally deployed is

sometimes unable to accumulate sufficient target contaminant

for detection by analytical instrumentation. However, other

configurations of PDMS can be deployed (e.g., Maenpaa

et al. [42]) and attain greater detection sensitivity than afforded

by SPME.

Finally, no previous studies using passive samplers have

investigated Cfree in the water column at the NSN Superfund

site. However, Perron et al. [20,21] reported Cfree total PCBs,

total PAHs, and total PBDEs of 38 pg/L to 120 pg/L, 32 ng/L to

91 ng/L, and 40 pg/L to 91 pg/L, respectively, using PE and

POM passive samplers for a station in Newport Harbor

approximately 5.5 km south of the Superfund site (Table 2).

In general, these concentrations compare relatively well with

the Cfree reported in the present study, where total PCBs, total

PAHs, and total PBDEs based on PEwere 110 pg/L to 170 pg/L,

26 ng/L to 40 ng/L, and 160 pg/L to 230 pg/L, respectively, and

based on POMwere 5.8 pg/L to 11 pg/L, 16 ng/L to 40 ng/L, and

160 pg/L to 170 pg/L, respectively. The decades of industrial

maritime activity and the resulting sediment contamination at

NSN make the higher total PCB Cfree there compared with

Newport Harbor unsurprising. Further, Newport Harbor is an

active commercial and recreation harbor; therefore, elevated

total PAH Cfree from boat engines and related sources is not

unexpected. However, the elevated Cfree values for total PBDEs

at NSN are of interest. These chemicals are used as flame

retardants in some consumer products and are undergoing

scrutiny in the United States and Europe because of concerns

with mammalian toxicity. The levels at NSN were up to 3 times

higher than those seen in Newport Harbor (and anywhere else in

Narragansett Bay [21]), suggesting there may be an unknown

source in the NSN that requires further investigation.

SUMMARY

In general, the different passive samplers demonstrated good

agreement in Cfreewith values varying by a factor of 2 to 3. This

level of agreement was clearly demonstrated at the PVS site

where Cfree determined by different passive samplers over

several years and deployments varied by less than a factor of 2.

Furthermore, in most instances where conventional water

samples were collected (i.e., grabs) and compared with passive

sampler Cfree values (i.e., NBH), values were alsowithin a factor

of 2 of aqueousmeasurements. Also, inmost cases inNBH, total

PCBs were approaching equilibrium in the samplers after nearly

30 d of deployment. These findings suggest that all of the

samplers were experiencing and measuring the same Cfree

during their respective deployments and that the remedial

project manager’s selection of which passive samplers to use at

a site can be based on variables such as costs, availability, and

logistics rather thanwhich passive sampler is more scientifically

accurate. More importantly, passive sampling will enable the

remedial project manager to determine both the spatial and

the temporal trends of target contaminants, key factors for

successfully remediating a contaminated site. At NBH, a strong

log-linear, correlative, and predictive relationship was found

between passive sampler accumulation and mussel bioaccu-

mulation. Finally, all of the Superfund site investigations

discussed here, except for the SPMD deployments, used

unsophisticated deployment gear and passive samplers. This

evaluation demonstrates the practical utility of passive sampling

for generating scientifically accurate water column Cfree, which

is critical for making informed environmental management

decisions at contaminated sediment sites.
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ABSTRACT: Passive sampling was used to deduce water concentrations of persistent organic
pollutants (POPs) in the vicinity of a marine Superfund site on the Palos Verdes Shelf,
California, USA. Precalibrated solid phase microextraction (SPME) fibers and polyethylene
(PE) strips that were preloaded with performance reference compounds (PRCs) were
codeployed for 32 d along an 11-station gradient at bottom, surface, and midwater depths.
Retrieved samplers were analyzed for DDT congeners and their breakdown products (DDE,
DDD, DDMU, and DDNU) and 43 PCB congeners using GC-EI- and NCI-MS. PRCs were
used to calculate compound-specific fractional equilibration achieved in situ for the PE
samplers, using both an exponential approach to equilibrium (EAE) and numerical integration
of Fickian diffusion (NI) models. The highest observed concentrations were for p,p′-DDE,
with 2200 and 990 pg/L deduced from PE and SPME, respectively. The difference in these
estimates could be largely attributed to uncertainty in equilibrium partition coefficients,
unaccounted for disequilibrium between samplers and water, or different time scales over
which the samplers average. The concordance between PE and SPME estimated
concentrations for DDE was high (R2 = 0.95). PCBs were only detected in PE samplers, due to their much larger size.
Near-bottom waters adjacent to and down current from sediments with the highest bulk concentrations exhibited aqueous
concentrations of DDTs and PCBs that exceeded Ambient Water Quality Criteria (AWQC) for human and aquatic health,
indicating the need for future monitoring to determine the effectiveness of remedial activities taken to reduce adverse effects of
contaminated surface sediments.

■ INTRODUCTION

Sediments of the Palos Verdes Shelf (PVS) off the coast of
California are heavily contaminated with persistent organic
pollutants (POPs), specifically, organochlorine pesticides
(including dichlorodiphenyltrichloroethane (DDT) and its
breakdown products) and polychlorinated biphenyls
(PCBs).1−6 Swartz et al.7 found the presence of these
contaminants likely contributed to elevated whole sediment
acute toxicity to marine amphipods exposed to sediments from
PVS. These contaminants are primarily the legacy of industrial
wastes released to the shelf through the outfall of the Joint
Water Pollution Control Plant (JWPCP), a wastewater
treatment facility operated by the Los Angeles County
Sanitation Districts (LACSD).8 The prevailing coastal currents
and wave activity carry remnants of the discharge in a
northwesterly direction from the outfall, located off White
Point (Figure 1).9 As for many contaminated sites, sediments
on the shelf continue be a source of chemicals to the water
column, and biota living within and above it, long after the
most polluted industrial releases have ended.10−13 To protect
human and ecological health, the U.S. Environmental

Protection Agency has explored remedial alternatives for the
site.8

Capping of the most contaminated sediments near the outfall
has been selected as the preferred remedial alternative.8

Monitoring of POP concentrations in the water column before
(i.e., baseline conditions), during, and after the capping is
necessary to evaluate the effectiveness of the remediation as
well as any adverse side effects (e.g., resuspension-caused
contaminant release). Measurement of dissolved concentrations
ranging from femtograms per liter to tens of nanograms per
liter for individual compounds, however, is technically
challenging and time-consuming using traditional techniques,
requiring pumping and filtering of large volumes of water
(hundreds to thousands of liters) in order to collect analytically
detectable contaminant masses on sorptive material (e.g.,
octadecyl resin or polyurethane foam).12,14,15
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In situ passive sampling methods, including solid-phase
microextraction (SPME) and low-density polyethylene (PE)
strips reduce the labor involved in sampling and postcollection
processing, while allowing for dissolved POP measurement at
very low concentrations. Further, passive sampling avoids many
of the artifacts associated with traditional methods that result in
over- and under-estimating dissolved concentrations. In
general, passive samplers allow dissolved concentrations to be
deduced from concentrations in equilibrated polymeric phases
using polymer−water partition coefficients (e.g., KPEW and
Kf).

16,17

Zeng et al.16 applied SPMEs, polydimethylsiloxane (PDMS)
coated glass fibers, to measure DDT breakdown products (p,p′-
DDE, o,p′-DDE, and p,p′-DDD) dissolved in the water column
of the PVS. Concentrations in the range of tens of picograms
per liter to nanograms per liter matched those measured using
the traditional pumping, filtering, and solid phase extraction of
999 L of seawater. SPME were believed to be equilibrated with
the PVS water DDTs after 18 d deployments, as no statistically
significant differences in concentration were seen in SPME
exposed for 18 and 30 d. Similarly, Adams18 and Adams et al.17

used PE strips, exposed for 15 d and assuming sampler/water
equilibration, to sample PCB congener #52 in Boston Harbor
and lower Hudson River estuary in the range of pictograms per
liter. To monitor the effectiveness of remedial efforts on the
PVS, water concentrations for individual PCB congeners will
have to be detectable to the range of tens of femtograms per
liter.
In this work, both SPME and PE passive samplers are used

simultaneously to measure selected DDT and PCB concen-
trations at eleven stations along the PVS and at a background
station with historically lower detectable POP concentrations.
By using large strips of PE, it is expected that even highly
chlorinated PCBs, which have previously been measured in the
sediments, but not detectable in the water column due to
extremely low solubility, could be measured (expected range of
tens to hundreds of femtograms per liter). These data will allow
benchmark, time-averaged concentrations to be set for the PVS,
to which water column concentrations, measured using similar
methods during and after remedial activity at the site, may be
compared. Co-deployment of the two types of samplers will
allow for a direct comparison of estimated concentrations
providing confidence in the techniques where results are
consistent, and highlighting necessary adjustments to their
methods of use where results are inconsistent. Finally, an
alternative method for calibrating the fractional equilibration of
membrane samplers is presented and compared with a
frequently used, existing method. This alternative method
may be used with any sampler material and thickness and may
be useful in predicting fractional equilibrations before deploy-
ment, helping to improve the design of sampling campaigns.

■ THEORY

Dissolved concentrations, CW, may be deduced using data from
both types of passive samplers. First, SPME-water partition
coefficients, Kf (LW/LPDMS), may be used to calculate CW (ng/
L) from the mass of analyte sorbed to the fiber, Nf (ng),
assuming the fibers and water are fully equilibrated:

=C N K V/( )W f f f (1)

where Vf (LPDMS) is the volume of the sorptive coating.

Because equilibrium between PE samplers and water cannot
always be assumed for very hydrophobic compounds, such as
some DDTs (e.g., DDD, DDE, and DDT) and highly
chlorinated PCBs, following short deployments (days to
weeks), performance reference compounds (PRCs) are used
to correct for nonattainment of equilibrium conditions.17,19

Similarly to SPME, CW may be calculated from the
concentration of analyte taken up by the PE strips, while
accounting for disequilibrium using PRCs that are similar to the
analyte in terms of diffusivities and partitioning coefficient:

=
∞C C K/W PE PEW (2)

=
∞C C f/PE PE t eq, (3)

and

= −f C C C( )/
eq PRC PRC t PRC

0
,

0

(4)

where C∞
PE is the equilibrium analyte concentration in the PE

in ng/kgPE, KPEW is the compound-specific polyethylene−water
partition coefficient (LW/kgPE), CPE,t is the concentration in the
PE after deployment, C0

PRC is the initial concentration of PRC
in the sampler, CPRC,t is the concentration of PRC in the
sampler after deployment, and feq is the fractional equilibration
of the sampler to the water.
Challenges to using PRCs are encountered when wishing to

interpolate between, or extrapolate from, PRCs to compounds
that differ in terms of diffusivity and partitioning behavior.
Existing methods are based on an exponential approach to
equilibrium (EAE) models that were originally developed for
semipermeable membrane devices (SPMDs).20,21 Constant
mass transfer coefficients are assumed and uptake/release by
polymeric passive samplers is often described as being either
polymer-side controlled, or water-side boundary layer con-
trolled, depending on the diffusion rates across each layer.
While semiempirical models for specific samplers have been
developed to predict the contributions to mass-transfer
resistance of the polymer and water-side boundary layers,22,23

a more generic method, which could be used with any sampler
material and thickness, may simplify the application of polymer
films as passive samplers.
An alternative to using EAE models may be found in the

numerical integration of explicit, finite-difference modeling of
Fickian, mass diffusion across both polymer and water layers,
while accounting for the no flux boundary at the center of the
polymer film (NI method). Using a stagnant film model to
describe the water-side boundary layer (BL), one-dimensional
Fickian diffusion in a system consisting of a PE sheet, BL, and a
well mixed infinite bath is described in the Supporting
Information (following Crank24). While polymer membrane
thicknesses are known, BL thicknesses are unknown for any
given deployment, and can change with flow rates and
turbulence.20,21 However, data from multiple PRCs may be
used to find the best fit modeled BL. The same model, with a
best-fit BL, may then be used to find feq for compounds which
do not have matching PRCs (complete description of model in
Supporting Information).24 For the purposes of this work, BL
dependence on a compound’s diffusivity in water is neglected.

■ MATERIALS AND METHODS

Passive Sampler Preparation. PE strips (10 cm ×100
cm) were prepared from low-density polyethylene sheets (25
μm, ACE Hardware Corp., Oak Brook, IL, USA) and solvent
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cleaned as described previously.25 Each sampler was then
soaked in an aqueous PRC solution (13C-labeled p,p′-DDT,
p,p′-DDE, p,p′-DDD, PCB#28, PCB#52, PCB#118, and
PCB#128 (Cambridge Isotope, Andover, MA, USA)) in a 1-
L amber glass jar for at least 20 weeks before deployment. To
streamline analysis, target PRC concentrations in PE were
approximately ten times the expected concentrations of target
chemicals so that all concentrations would fall within the same
range, assuming up to 90% loss of PRC during deployment.
Finally, samplers were threaded onto solvent-rinsed aluminum
wires, wrapped in aluminum foil, and stored at −20 °C or on
ice until deployed.
SPME (100-μm PDMS-coated silica fibers, Supelco,

Bellefonte, PA, USA) were prepared and handled as described
previously.16 Briefly, newly purchased SPME fibers were
preconditioned at 250 °C for 0.5 h prior to assembly into
individual perforated copper casings for protection during
deployment. Each fiber/casing assembly was kept in a sealed
glass vial in a freezer at −20 °C and shipped on ice until
deployment.
Field Deployment and Retrieval. In September 2010, PE

and SPME samplers, prepared as described above, were
codeployed at multiple stations along the 45 and 60 m isobaths
of the PVS, from just up current of the JWPCP outfall, to
approximately 10 km down current (Figure 1), and at a
background station (T11) approximately 24 km SE of the
outfall (station labels reflect those used in previous monitoring

of PVS sediment and water). Samplers were codeployed at
three depths per station: 5 m below the surface (“surface”); 5 m
above the bottom (“near bottom”), and 30−35 m below the
surface (“mid-depth”). PE samplers were deployed in triplicate
at each depth for all 12 stations shown in Figure 1. SPME
samplers were deployed in quadruplicate at each depth for 10
of the 12 stations (excluding BA5DC and BA9DC). Both types
of samplers were retrieved after 32 days. Because the aluminum
wire on which PE were threaded broke for the shallower
samplers, only PEs from the near bottom depth were recovered
from eight stations, with the addition of the mid-depth samplers
at stations BA4C and BA5DC. Copper or stainless steel wire
would have been more appropriate for this application. All
SPME samplers were recovered. Water temperature and salinity
were measured using conductivity, temperature, and depth
meter (CTD) casts at time of deployment. Dissolved organic
carbon (DOC) was determined on discrete water samples
collected at depth using a Niskin bottle. Analyses for DOC
were performed on a Shimadzu TOC-VCSH analyzer (Kyoto,
Japan). All samplers were returned to the laboratory on ice and
remained frozen until analyzed.

Sampler Analysis. PE strips were wiped with laboratory
tissues to remove adhering particles and biofilms, cut with clean
scissors into small pieces, placed in solvent-rinsed 500-mL
amber glass bottles, and spiked with recovery surrogates,
dibromooctafluorobiphenyl (DBOFB) and PCB208. PE were
then extracted three times by sonicating in 300 mL of

Figure 1. Black triangles indicate sampling stations off Palos Verdes, California (USA). PE and SPME were codeployed at stations BA1C, BA3C,
BA4C, BA5C, BA7C, BA7DC, BA8C, BA8DC, BA9C, and T11 (not shown). Only PE samplers were deployed at stations BA5DC and BA9DC.
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dichloromethane (DCM) for 15 min. The combined extract
was dried with precombusted Na2SO4 and concentrated to ∼5
mL using a TurboVap II Concentration Workstation (Caliper
Life Sciences, Hopkinton, MA, USA). Extracts were then
solvent exchanged into hexane and concentrated to 0.5 mL.
After the addition of internal standards, PCB 30 and PCB 205,
extracts were analyzed by GC/MSD (see Supporting
Information for details). SPME fibers were manually injected
on the GC/MSD, and two fibers from each station/depth were
analyzed using EI and NCI ionization modes. Target
compounds included p,p′- and o,p′- congeners of DDT,
DDE, and DDD, p,p′-DDMU, p,p′-DDNU, and 43 PCB
congeners (Table 2).
Partition Coefficients. The polyethylene−water partition

coefficients (KPEW) used in this work were based on laboratory
measurements (in seawater) and published values (Supporting
Information). For this study, PRCs in PE samplers were
assumed to have equivalent KPEW and diffusivities to the
non-13C-labeled compounds. Compound-specific SPME−water
partition coefficients (Kf) were also measured in seawater, for
DDTs and their breakdown products (M. Pirogovsky,
unpublished data). Calculation of temperature effects on
partition coefficients indicated only small (<20%) differences
were expected, thus no site-specific temperature corrections
were made in this work.26

■ RESULTS

Dissolved DDT and PCB Concentrations using SPME.
The highest dissolved concentrations measured at each station
were of p,p′-DDE, ranging from 36 pg/L in the surface waters
at station 9C, just up-current of the outfall, to 990 pg/L in near

bottom water at station BA7C, just down-current of the outfall.
At each station, DDE concentrations increased with depth, with
the surface water concentrations averaging 16% of the
concentrations measured in the bottom waters (Table 1),
consistent with the trend observed using SPME water column
samplers deployed in 2003−04.27 Of the remaining com-
pounds, only o,p′-DDE and p,p′-DDMU were detected
frequently, and were 10% (<1 to 170 pg/L) to 30% (<4 to
230 pg/L) of the p,p′-DDE concentration at each station and
depth, respectively. If detected, a contaminant followed the
same depth to concentration trend noted above for p,p′-DDE;
that is, the highest concentrations were observed at the bottom
and decreased toward the surface. The presence of DDE and
DDMU reflect the process of sequential reductive dechlorina-
tion of DDT in the sediments,6 and transport of the more
water-soluble metabolite DDMU into the water column. Due
to the very low concentrations and low polymer mass on
SPME, PCB concentrations were all below detection limits (5−
200 pg/L depending on the congener). Within the range of
DOC detected, 0.2−2.9 mg/L, no corrections for SPME
performance were necessary.16

Fractional Equilibration of PE Samplers. The fractional
equilibration (eq 4) of 13C-labeled PCB28, PCB52, PCB118,
PCB128, p,p′-DDE, p,p′-DDD, and p,p′-DDT in each of the
samplers was used as the fractional equilibration of the 3, 4, 5,
and 6 chlorine PCBs, DDE, DDD, and DDT congeners,
respectively. These feq averaged 85% (±6%), 80% (±7%), 18%
(±20%), and 12% (±25%) for PCB28, PCB52, PCB118, and
PCB128, respectively, and 31% (±5%), 80% (±4%), and 94%
(±6%) for DDE, DDD, and DDT, respectively (uncertainty
equal to 1 SD, N = 26). Although only two field blank samplers

Table 1. SPME-Derived C
W
in pg/L for Samplers Deployed at Three Depths (Mean of Two Fibers)

station

compounda depth BA1C BA3C BA4C BA5C BA7C BA7DC BA8C BA8DC BA9C T11

DDNU 5 m below surface ≤12 ≤9 ≤6 ≤3 ≤6 <40 <40 <40 <40 <40

mid-depth ≤14 ≤14 ≤6 ≤9 ≤12 <40 <40 <40 ≤6 <40

5 m off bottom ≤17 ≤17 ≤14 ≤12 ≤9 <40 <40 <40 ≤3 <40

o,p′-DDE 5 m below surface 7 12 8 24 15 24 5 8 5 <1

mid-depth 21 17 16 44 53 49 33 29 21 <1

5 m off bottom 37 45 170 120 150 100 49 48 25 <1

DDMU 5 m below surface 15 15 14 41 <4 26 <4 18 <4 <4

mid-depth 27 35 22 61 69 82 39 58 28 <4

5 m off bottom 45 120 230 140 180 150 66 70 43 <4

p,p′-DDE 5 m below surface 54 94 68 110 93 140 46 70 36 <9

mid-depth 170 130 130 300 390 280 280 160 180 <9

5 m off bottom 330 410 790 810 990 560 420 280 230 <5

o,p′-DDD 5 m below surface <14 <14 <14 <14 <14 <14 <14 <14 <14 <14

mid-depth <14 <14 <14 <14 <14 <14 <14 <14 <14 <14

5 m off bottom <14 <14 <14 31 23 <14 <14 <14 <14 <14

o,p′-DDT 5 m below surface <16 <16 <16 <16 <16 <16 <16 <16 <16 <16

mid-depth <14 <16 <16 <16 <16 <16 <16 <16 <16 <16

5 m off bottom <16 <16 <16 <16 <16 <16 <16 <16 <16 <16

p,p′-DDD 5 m below surface <70 <70 <70 <70 <70 <70 <70 <70 <70 <70

mid-depth <70 <70 <70 <70 <70 <70 <70 <70 <70 <70

5 m off bottom <70 <70 <70 <70 <70 <70 <70 <70 <70 <70

p,p′-DDT 5 m below surface <30 <30 <30 <30 <30 <30 <30 <30 <30 <30

mid-depth <30 <30 <30 <30 <30 <30 <30 <30 <30 <30

5 m off bottom <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
aDDNU = 1-phenylethenylbenzene; o,p′-DDE = o,p′-dichlorodiphenyldichloroethylene; DDMU = 1-chloro-4-[2-chloro-1-(4-chlorophenyl)-
ethenyl]benzene; p,p′-DDE = p,p′-dichlorodiphenyldichloroethylene; o,p′-DDD = o,p′-dichlorodiphenyl dichloroethane; o,p′-DDT = o,p′-
dichlorodiphenyltrichloroethane; p,p′-DDD = p,p′-dichlorodiphenyl dichloroethane; p,p′-DDT = p,p′-dichlorodiphenyltrichloroethane.
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Table 2. PE-Derived C
W
5 m above Bottom in pg/L Measured in This Work, and Bulk Sediment Concentrations (μg/kg) of Total PCB and Total DDTs Measured by U.S. EPA

in 2009 (Average for Top 6 cm)a

station

compound BA1C BA4C BA5C BA5DC BA7DC BA8C BA8DC BA9C BA9DC T11

DDNU 120 ± 20 230 ± 50 190 ± 40 220 ± 50 180 ± 40 140 ± 30 160 ± 30 98 ± 21 120 ± 20 <60

o,p-DDE 130 ± 30 350 ± 70 310 ± 60 230 ± 50 230 ± 50 200 ± 40 160 ± 30 79 ± 16 130 ± 30 4.3 ± 0.9

DDMU 230 ± 50 410 ± 80 410 ± 80 290 ± 60 280 ± 60 310 ± 60 250 ± 50 130 ± 30 180 ± 40 <5

p-p′-DDE 970 ± 170 2200 ± 400 2100 ± 400 1500 ± 300 1600 ± 300 1400 ± 200 1300 ± 200 650 ± 120 950 ± 170 37 ± 7

o,p′-DDD 9.3 ± 2.1 21 ± 5 13 ± 3 11 ± 2 11 ± 2 14 ± 3 11 ± 2 5.4 ± 1.2 7.8 ± 1.8 <2

o,p′-DDT <7 <7 <7 <7 <7 <7 <7 <7 <7 <7

p,p′-DDD 20 ± 4 42 ± 8 34 ± 7 24 ± 5 27 ± 5 33 ± 6 29 ± 5 11 ± 2 18 ± 3 <6

p,p′-DDT <8 <8 <8 <8 <8 <8 <8 <8 <8 <8

total PCBb 156 316 217 198 174 163 158 90 119 50

PCB8 <17 <17 <17 <17 <17 <17 <17 <17 <17 <17

PCB18 <13 <13 <13 <13 <13 <13 <13 <13 <13 <13

PCB28 <6 <6 <6 <6 <6 <6 <6 <6 <6 <6

PCB52 6.4 ± 1.1 14 ± 3 14 ± 2 16 ± 3 15 ± 3 9.3 ± 1.7 15 ± 3 8.1 ± 1.5 12 ± 2 5.9 ± 1.1

PCB49 7.1 ± 0.9 7.9 ± 1.0 12 ± 2 19 ± 2 15 ± 2 9.7 ± 1.3 8.6 ± 1.1 9.2 ± 1.2 7.8 ± 1.0 <6

PCB44 8.7 ± 1.0 9.7 ± 1.2 14 ± 2 16 ± 2 <4 <4 <4 <4 <4 <4

PCB37 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3

PCB74 4.1 ± 0.7 7.4 ± 1.3 7.2 ± 1.3 5.8 ± 1.0 5.1 ± 1.0 3.9 ± 0.7 4.6 ± 0.8 <1.5 2.3 ± 0.4 <1.5

PCB70 7.0 ± 1.2 16 ± 3 14 ± 3 9.5 ± 1.7 9.1 ± 1.7 11 ± 2 8.5 ± 1.5 3.9 ± 0.7 6.0 ± 1.1 <1.3

PCB66 6.0 ± 3.0 15 ± 8 11 ± 5 8.0 ± 3.9 7.1 ± 3.9 8.0 ± 3.5 6.3 ± 3.0 1.3 ± 1.4 4.9 ± 2.1 <1.8

PCB101 15 ± 4 35 ± 9 22 ± 6 18 ± 5 17 ± 5 17 ± 4 14 ± 4 6.7 ± 1.7 10 ± 3 <2

PCB99 8.1 ± 3.0 18 ± 7 11 ± 4 9.1 ± 3.4 9.3 ± 3.5 8.7 ± 3.2 15 ± 6 3.5 ± 1.3 5.9 ± 2.2 <3

PCB119 1.1 ± 0.4 1.7 ± 0.6 1.1 ± 0.4 <1 <1 <1 <1 <1 <1 <1

PCB87 5.3 ± 1.5 14 ± 4 8.2 ± 2.3 6.4 ± 1.8 6.7 ± 1.9 6.9 ± 1.9 5.6 ± 1.6 0.94 ± 0.26 3.8 ± 1.1 <0.34

PCB110 13 ± 4 32 ± 9 19 ± 6 15 ± 5 15 ± 5 15 ± 5 11 ± 3 5.9 ± 1.8 7.7 ± 2.4 <2

PCB81 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

PCB151 1.3 ± 0.4 2.0 ± 0.5 1.4 ± 0.4 1.2 ± 0.4 1.1 ± 0.4 1.1 ± 0.31 0.88 ± 0.24 0.47 ± 0.15 0.70 ± 0.20 0.13 ± 0.04

PCB77 0.71 ± 0.33 1.2 ± 0.6 1.0 ± 0.5 0.81 ± 0.38 2.5 ± 0.4 0.86 ± 0.41 3.3 ± 1.5 0.15 ± 0.07 0.58 ± 0.27 <0.06

PCB149 1.2 ± 0.4 2.8 ± 1.5 1.4 ± 0.6 1.2 ± 0.4 1.1 ± 0.4 1.2 ± 0.4 0.94 ± 0.32 0.47 ± 0.19 0.68 ± 0.24 0.13 ± 0.05

PCB123 1.9 ± 0.6 6.7 ± 2.1 2.4 ± 0.8 2.0 ± 0.7 2.0 ± 0.7 1.9 ± 0.6 1.6 ± 0.5 0.81 ± 0.26 1.2 ± 0.4 <0.2

PCB118 14 ± 5 53 ± 17 19 ± 6 16 ± 5 15 ± 5 15 ± 5 13 ± 4 6.2 ± 2.0 9.1 ± 2.9 <0.2

PCB114 0.58 ± 0.14 1.1 ± 0.3 0.70 ± 0.17 0.61 ± 0.15 0.58 ± 0.14 0.56 ± 0.13 0.46 ± 0.11 0.22 ± 0.05 0.34 ± 0.08 <0.07

PCB153/168 5.2 ± 1.5 6.8 ± 1.7 5.3 ± 1.7 5.1 ± 1.3 4.2 ± 1.1 4.2 ± 1.3 3.4 ± 1.0 1.9 ± 0.6 2.8 ± 0.8 0.67 ± 0.19

PCB105 5.7 ± 1.5 13 ± 4 7.9 ± 2.1 6.4 ± 1.7 6.2 ± 1.7 6.3 ± 1.7 5.2 ± 1.4 2.4 ± 0.7 3.6 ± 1.0 0.51 ± 0.14

PCB138 4.6 ± 1.3 6.7 ± 1.8 4.8 ± 1.5 4.1 ± 1.1 3.6 ± 0.9 3.6 ± 1.0 2.9 ± 0.8 1.6 ± 0.5 2.2 ± 0.6 0.47 ± 0.14

PCB158 0.59 ± 0.16 0.83 ± 0.21 0.68 ± 0.19 0.54 ± 0.14 0.45 ± 0.12 0.47 ± 0.13 0.36 ± 0.10 0.20 ± 0.06 0.29 ± 0.09 0.056 ± 0.008

PCB187 1.6 ± 0.4 2.0 ± 0.5 1.7 ± 0.4 1.4 ± 0.4 1.1 ± 0.3 1.3 ± 0.3 1.1 ± 0.3 0.77 ± 0.19 0.93 ± 0.23 0.23 ± 0.06

PCB183 0.59 ± 0.14 0.75 ± 0.19 0.64 ± 0.16 0.50 ± 0.13 0.42 ± 0.11 0.45 ± 0.11 0.36 ± 0.09 0.27 ± 0.07 0.31 ± 0.09 0.063 ± 0.015

PCB126 0.16 ± 0.06 0.60 ± 0.24 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

PCB128 1.2 ± 0.5 3.4 ± 0.9 1.2 ± 0.4 1.1 ± 0.35 0.93 ± 0.31 0.93 ± 0.34 0.75 ± 0.26 0.43 ± 0.18 0.64 ± 0.23 0.22 ± 0.07

PCB167 0.30 ± 0.08 3.7 ± 0.9 0.26 ± 0.08 0.24 ± 0.07 0.22 ± 0.05 0.21 ± 0.06 0.17 ± 0.05 0.095 ± 0.031 0.14 ± 0.04 <0.03
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Table 2. continued

station

compound BA1C BA4C BA5C BA5DC BA7DC BA8C BA8DC BA9C BA9DC T11

PCB177 0.64 ± 0.16 2.0 ± 0.5 0.66 ± 0.17 0.51 ± 0.12 0.42 ± 0.11 0.47 ± 0.12 0.38 ± 0.10 0.28 ± 0.07 0.33 ± 0.08 0.074 ± 0.019

PCB200 0.081 ± 0.020 0.18 ± 0.05 0.065 ± 0.016 0.049 ± 0.012 0.048 ± 0.012 0.057 ± 0.014 <0.04 <0.04 <0.04 <0.04

PCB156 0.58 ± 0.18 0.84 ± 0.21 0.57 ± 0.19 0.50 ± 0.14 0.43 ± 0.12 0.46 ± 0.14 0.35 ± 0.10 0.19 ± 0.06 0.27 ± 0.08 0.053 ± 0.015

PCB157 0.21 ± 0.06 0.22 ± 0.06 0.17 ± 0.06 0.13 ± 0.04 0.13 ± 0.04 0.14 ± 0.05 0.11 ± 0.04 0.044 ± 0.011 0.067 ± 0.023 0.062 ± 0.020

PCB180 1.7 ± 0.4 5.8 ± 1.5 2.0 ± 0.5 1.5 ± 0.4 1.3 ± 0.32 1.4 ± 0.4 1.2 ± 0.3 0.83 ± 0.21 0.98 ± 0.25 0.16 ± 0.04

PCB170 0.76 ± 0.19 0.96 ± 0.31 0.82 ± 0.20 0.61 ± 0.15 0.51 ± 0.13 0.58 ± 0.15 0.46 ± 0.12 0.33 ± 0.08 0.39 ± 0.10 0.083 ± 0.021

PCB201 0.56 ± 0.14 0.65 ± 0.15 0.56 ± 0.14 0.42 ± 0.11 0.36 ± 0.09 0.40 ± 0.10 0.32 ± 0.08 0.26 ± 0.07 0.30 ± 0.08 0.11 ± 0.03

PCB169 0.17 ± 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

PCB189 0.14 ± 0.04 0.071 ± 0.018 0.063 ± 0.015 0.054 ± 0.014 0.081 ± 0.020 0.063 ± 0.016 0.063 ± 0.016 0.075 ± 0.019 <0.05 <0.05

PCB194 0.39 ± 0.10 0.77 ± 0.19 0.30 ± 0.08 0.20 ± 0.05 0.23 ± 0.06 0.25 ± 0.06 0.17 ± 0.04 0.16 ± 0.04 0.16 ± 0.04 0.099 ± 0.025

PCB206 0.46 ± 0.11 0.33 ± 0.08 0.37 ± 0.09 0.30 ± 0.10 0.34 ± 0.09 0.34 ± 0.09 0.30 ± 0.08 0.29 ± 0.06 0.30 ± 0.08 0.27 ± 0.07

PCB209 <18 <18 <18 <18 <18 <18 <18 <18 <18 <18

bulk sediment concentrations (ug/kg)

total DDTsd 2400 2100 2100 540 330 100 000 2200 1100 710

total PCBsc 100 120 110 35 3.8 2100 52 71 42
aUncertainty reflects the propagated error of initial and post-deployment PE concentrations (expressed as one standard deviation (1 SD)). bTotal PCB = sum of congeners reported. One half of the
detection limit was included in sum for congeners below detection limit. cTotal PCBs = sum of PCB8, PCB18, PCB28, PCB44, PCB52, PCB66, PCB77, PCB81, PCB101, PCB105, PCB114, PCB118,
PCB123, PCB126, PCB128, PCB138/158, PCB153, PCB157, PCB167, PCB169, PCB170, PCB180, PCB187, PCB189, PCB195, PCB206, and PCB209. dTotal DDTs = sum of p,p-DDT, o,p′-DDT, p,p′-
DDE, o,p′-DDE, p,p′-DDD, o,p′-DDD, p,p′-DDMU, and p,p′-DDNU.
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Figure 2. continued
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were analyzed for initial PRC concentrations, agreement
between the two was good. Measurements agreed within 5%
for all PRCs except PCB28, which agreed within 16%. For
analytes without a matching PRC (i.e., p,p′-DDMU, p,p′-
DDNU, and PCBs with 2, 7, 8, 9, and 10 chlorines), feq was
modeled, using explicit, finite-difference numerical techniques
following Crank24 (NI method) (details and sample Matlab
code available in Supporting Information). Diffusivities for
DDTs and PCBs in polyethylene were taken from Hale et al.28

and Rusina et al.,29 respectively. Diffusivities in water were
estimated from their molar volume following Schwarzenbach et
al.30

As similar PRC losses were measured in the 26 PE samplers,
average values were used to model an average BL, which was
then used to calculate the fractional equilibration of PE and
waters for compounds without a matching PRC. Modeled BL
for the six PRCs, excluding 13C-p,p′-DDT ranged from 190 to
340 μm. No trend with diffusivity in water was observed. The
modeled BL using 13C-p,p′-DDT data was only 64 μm,
however. The higher than expected, but very consistent loss of
most of the 13C-p,p′-DDT PRC during deployment (94% on
average), suggests that the compound is being transformed
during deployment. For this reason, 13C-p,p′-DDT was left out
when finding an average BL for the samplers. An average
modeled BL thickness of 230 μm (SD = 90 μm) was used with
the NI model to estimate the fractional equilibration of p,p′-
DDMU, p,p′-DDNU, and PCB congeners with 2, 7, 8, 9, and
10 chlorines.

This mass-transfer modeling indicated that samplers were
equilibrated (>99%) with water column for PCBs of low
chlorination level (up to 2 Cl), and for DDNU. DDMU were
76% equilibrated with water column, while PCB congeners with
seven or more chlorines were less than 4% equilibrated with
water column, 3%, 1%, 0.3%, and 0.1% for PCBs with 7, 8, 9,
and 10 Cl, respectively.

Dissolved DDT and PCB Concentrations using PE. Due
to the much larger polymer mass in the PE samplers as
compared to the SPME, detection limits (DL) ranged from
0.01 to 18 pg/L for individual PCBs and 0.4 to 60 pg/L for the
individual DDTs (Table 2). As with SPMEs, the compound
measured at the highest concentration at every station with PE
samplers was p,p′-DDE, with a maximum at station BA4C
(2200 ± 70 pg/L) (Table 2). Similar to SPME, o,p′-DDE
concentrations were observed to be 12−16% of the p,p′-DDE
concentrations at each station (10% on average for SPME), and
p,p′-DDMU concentrations were 17−24% of the p,p′-DDE
concentrations (30% on average for SPME). Even with the
large polymer mass of PE relative to the SPME, some DDT
congeners remained below detection limits (i.e., 7 and 8 pg/L,
for o,p′-DDT and p,p′-DDT, respectively). The reported
uncertainties in PE deduced CW are the propagated
uncertainties (1 SD) in the initial and postdeployment PE
concentrations.
The PCB congeners measured at the highest concentrations

at each station were the pentachlorobiphenyls PCB101,
PCB110, and PCB118, with a maximum of 53 pg/L for
PCB118 in the bottom waters at station BA4C (Table 2).

Figure 2. Dissolved concentrations (pg/L) 5 m above the sediment surface: (a) SPME-based p,p′-DDE concentrations; (b) PE-based p,p′-DDE
concentrations; and (c) PE-based ΣPCB concentrations. Sediment response surface concentrations are based on U.S. EPA unpublished data using a
radial basis function. Black columns indicate concentration exceeded the human health ambient water quality criteria (AWQC), and gray columns
indicate concentration exceeded both human health and aquatic life AWQC.
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Summing the congeners measured in this study (counting one-
half of the DL for compounds below the DL), ΣPCBs in the
bottom waters ranged from 90 pg/L at station BA9C to 316
pg/L at station BA4C. This station also had the highest p,p′-
DDE concentration at 2.2 ng/L. At the two stations where mid-
depth PE samplers were recovered, ΣPCB concentrations were
lower than those observed at the near bottom depth as
demonstrated earlier by the SPME results for the detectable
DDTs. At the background station, T11 (near bottom), ΣPCB
concentrations were 50 pg/L, and the only detectable DDT
compounds were p,p′- and o,p′-DDE, at 37 and 4 pg/L,
respectively.

■ DISCUSSION

Dissolved concentrations measured in this work are similar to
those measured in previous studies. For example, Zeng et al.16

first measured p,p′-DDE at 2 m above the sediment−water
interface at station BA6C (between stations BA5C and BA7C
in this work) in 2003 and reported concentrations of 2.8 to 4.5
ng/L using SPME and 3.2 ng/L using a method of high-volume
pumping and solid phase extraction. Dissolved p,p′-DDE
measured in this work 5 m above the sediment−water interface
at station BA5C were 2.1 and 0.81 ng/L using PE and SPME,
respectively.
Horizontal Concentration Gradients. Without the

influence of horizontal advection, we may expect samplers
above the most contaminated sediments to have the highest
contaminant concentrations. However, it is interesting to note
that with both types of passive samplers DDTs and ΣPCBs
were at the highest water concentrations downcurrent of the
most contaminated sediments (BA8C) (U.S. EPA, unpublished
data): station BA4C for PE and station BA7C for SPME (Table
2) (Figure 2). As demonstrated previously by Zeng et al.,27 the
plume of DDT- and PCB-contaminated waters is carried
northwestward by the current, resulting in the highest detected
concentrations just downcurrent of the outfall station (i.e.,
BA8C) and a subsequent decrease with increasing distance
away from the Palos Verdes peninsula and into Santa Monica
Bay proper.
Relationship of Measured Dissolved Concentrations

to Ambient Water Quality Criteria (AWQC). Human and
aquatic life AWQC values for DDT are 220 and 1000 pg/L,
respectively, and for ΣPCB are 64 and 30 000 pg/L,
respectively (http://water.epa.gov/scitech/swguidance/
standards/current/index.cfm). To capture the worst case
scenario, stations located 5 m above the bottom that exceeded
these criteria are shown in Figure 2 (assuming similar toxicity
values for p,p′-DDE, the predominant compound in ΣDDT at
this site). Dissolved concentrations of p,p′-DDE based on
SPME and PE show that all stations where samplers were
deployed, except the background station (T11), exceeded the
human health AWQC (Figure 2a,b). Based on the PE,
dissolved concentrations of p,p′-DDE also exceeded both
human health and aquatic life AWQC at several stations
(Figure 2b). Further, based on SPME, many stations, exceeded
the AWQC for p,p′-DDE up into midwater-column depth
(Table 1).
PE estimates of dissolved ΣPCB concentrations indicated

that all stations, except the background station (T11), exceeded
the human health AWQC but none exceeded the aquatic life
AWQC (Figure 2c). As noted above, and in agreement with the
hypothesis that the sediments serve as the primary source of
water column PCBs and DDTs, most AWQC exceedances

were associated with samplers close to the sediment−water
interface. Future efforts in this project will follow the
concentrations of DDTs and PCBs in the water column during
and after remediation to assess how effective capping is on
decreasing the types of exceedances reported above.

Comparison of Sampler Calibration Methods. With the
aim of assessing the performance of numerical integration
techniques for interpreting PRC data, both NI and EAE
methods were used to predict the average fractional
equilibration of the PRCs. In general, both methods predicted
the measured feq well (within a factor of 2 for all PRCs) (Figure
SI2, Supporting Information). As mentioned above, the feq of
13C-p,p′-DDT was not included in the analysis due to very high
loss of the PRC, suggesting transformation of the compound
during deployment. Either EAE or NI method would have
yielded similar results in this investigation. However, using a
reasonable range of BL values, feq for the target compounds
could have been predicted before deployment began informing
the design of the sampling campaign in terms of the thickness
of PE used or duration of deployment.

SPME and PE Comparisons. PE-deduced dissolved o,p′-
and p,p′-DDE water concentrations (the compounds for which
the most comparable data are available) averaged three times
greater than the SPME deduced water concentrations (Figure
3). Part of this difference is likely due to PE data being PRC-

corrected (by factors ranging from 2.4 to 4.5) while SPME are
assumed to be equilibrated (no correction). Using the NI
method to model diffusion of DDE between a PDMS layer
(100-μm thickness with no-flux boundary on one side) and
water across a 200-μm thick BL for 32 d results in an integrated
mass in the PDMS that is 70% of the equilibrium value
(assuming DPDMS of 10−6.9 cm2/s, extrapolated from PCB
diffusivities,29 and DW of 10−5.3 cm2/s,30 and ignoring
cylindrical geometry of SPME). “Correcting” the SPME-
deduced CW by this fraction has the effect of nudging the
PE- and SPME-deduced CW values closer together. On the
other hand, if the fast equilibration assumption for SPME is
correct, SPME and PE are time-averaging concentrations over
different times. If concentrations of DDE vary with time in the
water colmn, then the two methods should give different values
for CW. In addition to kinetic considerations in situ, the

Figure 3. Comparisons of o,p′- and p,p′-DDE PE deduced, CW vs
SPME (squares), in waters near the bottom at stations BA1C, BA4C,
BA5C, BA7DC, BA8C, BA8DC, and BA9C.
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difference in concentrations may be due to uncertainties in
KPEW and Kf values.
With or without PRC correction, the PE- and SPME-

deduced concentrations correlate very well (R2 = 0.95),
indicating that with appropriate corrections, these samplers
are capable of converging on in situ dissolved concentrations.
Future work should focus on reducing the uncertainties
associated with both determination of equilibrium parameters
(i.e., K values) and correction factors for nonequilibrium
exposure scenarios, including testing the full equilibration
assumption for SPME samplers.

■ ASSOCIATED CONTENT

*S Supporting Information
(1) GC/MSD sample analysis method; (2) polyethylene−
water partition coefficients for this work; (3) model describing
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and NI methods. This material is available free of charge via the
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ABSTRACT: Passive samplers were deployed to the seafloor at a marine
Superfund site on the Palos Verdes Shelf, California, USA, and used to
determine water concentrations of persistent organic pollutants (POPs) in the
surface sediments and near-bottom water. A model of Fickian diffusion across
a thin water boundary layer at the sediment-water interface was used to
calculate flux of contaminants due to molecular diffusion. Concentrations at
four stations were used to calculate the flux of DDE, DDD, DDMU, and
selected PCB congeners from sediments to the water column. Three passive
sampling materials were compared: PE strips, POM strips, and SPME fibers.
Performance reference compounds (PRCs) were used with PE and POM to
correct for incomplete equilibration, and the resulting POP concentrations,
determined by each material, agreed within 1 order of magnitude. SPME fibers,
without PRC corrections, produced values that were generally much lower (1
to 2 orders of magnitude) than those measured using PE and POM, indicating
that SPME may not have been fully equilibrated with waters being sampled. In addition, diffusive fluxes measured using PE strips
at stations outside of a pilot remedial sand cap area were similar to those measured at a station inside the capped area: 240 to 260
ng cm−2 y−1 for p,p′-DDE. The largest diffusive fluxes of POPs were calculated at station 8C, the site where the highest sediment
concentrations have been measured in the past, 1100 ng cm−2 y−1 for p,p′-DDE.

■ INTRODUCTION

Much of the Palos Verdes Shelf (PVS) Superfund site, off of the
coast of California, USA, is under more than 50 m of water.
The water column and sediments at the site are contaminated
with persistent organic pollutants (POPs), including dichlor-
odiphenyltrichloroethane (DDT), its breakdown products (e.g.,
dichlorodiphenyldichloroethylene (DDE), dichlorodiphenyldi-
chloroethane (DDD), and 1-chloro-4-[2-chloro-1-(4-
chlorophenyl)benzene (DDMU)), and polychlorinated biphen-
yls (PCBs).1−6 These contaminants are the legacy of industrial
wastes produced throughout the mid-20th century and released
through the wastewater outfall of the Joint Water Pollution
Control Plant, operated by the Los Angeles County Sanitation
Districts (LACSD).7 Like other sites where industrial sources of
environmental contamination have been controlled or elimi-
nated, the sediments, originally a sink for contaminants, have
become a continuing source of contamination to the water
column.8−12

The flux of POPs between the sediment bed and water
column may occur through many different mechanisms.13

Compounds may desorb from sediment solids to the water
column during resuspension events or as benthic organisms
pump overlying water through their burrows (i.e., bioirriga-
tion). In areas where groundwater discharges through sedi-

ments to the overlying water, contaminants can be carried in
the advective flow either dissolved or sorbed to colloids.14 An
additional flux, due to molecular diffusion, occurs at the
sediment-water interface, driven by the concentration gradient
between sediment porewater and overlying water across a
diffusion-controlled boundary layer.15 Of these mechanisms,
only molecular diffusion occurs in every sediment-water system.
For this reason, it can be considered a conservative baseline for
total flux. In addition, the gradient, which drives diffusive mass-
transfer, may also be used to calculate the scale of other flux
mechanisms such as bioirrigation and resuspension/desorption.
One remedial alternative that has been explored for the PVS

is capping the most contaminated sediments (those near station
8C and the outfall) with a clean layer of sand. It is believed that
this would have the effect of reducing contaminant flux during
resuspension events as well as reducing flux due to bioirrigation
by relocating benthic organisms to a cleaner sediment layer. In
2000, three 45-acre pilot sand caps (covering <0.5% of the
contaminated sediment area) were installed on the PVS in
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order to test cap placement techniques and economic
feasibility. Subsequent water sampling found comparable
dissolved concentrations of POPs above capped and uncapped
areas.7 Because advection from up-current areas along the shelf
is likely, water sampling is insufficient to determine the efficacy
of the caps in limiting flux of contaminants from the sediment
beds to the water column. Simultaneous measurement of
porewater and overlying water concentrations, however, would
allow for the assessment of fluxes due to concentration
gradients. By comparing measurements made within the pilot
cap to those made at uncapped stations nearby, the
effectiveness of the sand caps could be assessed.
Flux due to molecular diffusion of contaminants across the

sediment-water surface (F) is calculated using Fick’s first law of
diffusion

δ
= − −F

D
C C( )W

BL
W PW

(1)

where DW is the compound’s diffusivity in water, δBL is the
boundary layer thickness, CW is the concentration in the water
column, CPW is the porewater concentration at the surface of
the sediment bed, and positive F indicates flux from sediments

to water. Using this equation and porewater concentrations
estimated from sediment concentrations and an equilibrium
partitioning model (EqP), Sherwood et al.16 calculated diffusive
fluxes of p,p′-DDE (the most abundant compound in PVS
sediments) at PVS station 6C (Figure 1) ranging from 7,000 to
12,000 ng cm−2 y−1. The EqP model used to estimate
porewater concentration employed a sediment-water partition
coefficient that considers partitioning to a single organic carbon
pool. Many recent studies have shown, however, that estimating
sediment-water partitioning using only organic carbon can be
inaccurate, either because organic carbon−water partitioning
coefficients can vary over a large range (e.g., over 2 orders of
magnitude),17 or because other sorptive fractions (e.g., black
carbon) are included in the organic carbon fraction measure-
ment.18 Thus, calculations of F based on porewater
concentrations estimated using these models could be off by
orders of magnitude. In addition, concentrations in the water
column have been observed to increase with proximity to the
sediment surface.12 Because flux calculations are based on
concentrations on either side of a very thin diffusive boundary
layer (tens to hundreds of μm thick19), measuring water

Figure 1. Station locations for sediment sampling and/or passive sampler platform deployments off the coast of Los Angeles, California, USA. Lines
indicate depth, with stations 8C, 7C, 6C, and 3C located along the 60 m isobath and station LD27 on the 40 m isobath. The prevailing coastal
currents and wave activity carry remnants of the discharge in a northwesterly direction from the outfall, located off White Point. Sediments for
laboratory assessment of porewater concentrations were collected from stations 3C, 6C, and 8C (red and orange markers). Passive sampler benthic
platforms carrying PE, POM, and SPME were deployed at stations SMB FA7, LD27, 6C, 7C, and 8C (red and yellow markers). Station LD27 is
located within an area where a pilot sand cap was placed in 2000. Station SMB FA7 is outside and down-current of the PVS Superfund site. Station
names reflect those used in previous monitoring of sediment and water.
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concentrations as close to the sediment-water interface as
possible would improve the accuracy of calculations.
As alternatives to calculating porewater concentrations using

EqP models, passive samplers, including polyethylene (PE),
polyoxymethylene (POM), and solid-phase microextraction
fibers (SPME), have been used to measure both water12,20−24

and porewater25−30 concentrations. In a related investigation,
Eek et al.15 used passive sampling techniques to calculate
diffusive flux by equilibrating polymers with sediment slurries in
the laboratory to find CPW. In the current work, a different
approach was taken. By deploying PE and POM strips
simultaneously, in situ, across the sediment-water interface,26

and using performance reference compounds (PRCs) to
account for disequilibrium between the sampler and water or
porewater,12,20,25,26 CW and CPW bounding the diffusive layer
were deduced, making flux calculations more accurate. SPME
fibers, without PRCs, were also deployed to both sediment beds
and overlying water for the purpose of comparing sampler
results.
While the primary goal of this work was to investigate the

effects of a sand cap on the flux of POPs from the sediment to
the water column, the design of the newly developed benthic
deployment platform allowed additional objectives to be
addressed. These objectives included the following:
(1) observe dissolved POP porewater concentrations as a

function of depth at sites with and without a sand cap,
(2) use passive sampler derived concentration gradients to

calculate and compare diffusive flux of contaminants between
the sediments and water column at stations with and without
caps, and
(3) compare the performance of different types of polymeric

passive samplers (i.e., PE, POM, SPME) deployed together in
situ.
Four stations within the PVS Superfund site were selected

(Figure 1). It is expected that the direction of contaminant at
these stations would be from the sediment bed to water
column. One of these stations (LD27) was within a pilot sand
cap area. By comparing fluxes of contaminants at the station
within the pilot cap to those at nearby uncapped stations, the
effectiveness of the cap in reducing diffusive flux could be
assessed. A fifth station (SMB FA7) outside, and down-current,
of the PVS Superfund site was included in order to determine
the direction of flux at an offsite, less-contaminated station.

■ MATERIALS AND METHODS

Chemicals. All solvents were Baker Ultraresi-analyzed
(Philipsburg, NJ, USA). Laboratory water was treated with an
ion-exchange and activated carbon system (Aries Vaponics,
Rockland, MA, USA) until 18 MOhm-cm resistance was
achieved, followed by UV exposure (TOC reduction unit,
Aquafine Corporation, Valencia, CA, USA). DDTs and their
breakdown products will be jointly referred to as DDX for the
remainder of this work. DDX and PCB standards were
purchased from Ultra Scientific (North Kingston, RI, USA)
in acetone or methanol. 13C-labeled PRCs and internal
standards were purchased from Cambridge Isotope Laborato-
ries, Inc. (Andover, MA, USA) in nonane.
PE, POM, and SPME Samplers. PE strips (10 cm × 50

cm) were prepared from low-density polyethylene sheets (25
μm thick, ACE Hardware Corp., Oak Brook, IL, USA). POM
strips (10 cm × 50 cm) were prepared from polyoxymethylene
sheets (76 μm thick, CS Hyde Company, Lake Villa, IL, USA).
All polymer strips were cleaned and pre-equilibrated with PRCs

as described in previous work.25,26 Briefly, strips were cleaned
by soaking twice, for 24 h, in dichloromethane, followed by
soaking twice, for 24 h, in methanol, followed by soaking twice
for 24 h in water. Samplers were then soaked in water
containing seven PRCs (13C labeled- p,p′-DDT, -p,p′-DDE,
-p,p′-DDD, -2,4,4′-trichlorobiphenyl (PCB28), -2,2′,5,5′-tetra-
chlorobiphenyl (PCB52), -2,3′,4,4′,5-pentachlorobiphenyl
(PCB118), and -2,2′,3,3′,4,4′-hexachlorobiphenyl (PCB128))
and equilibrated for three months before deployment.
SPME fibers (100-μm PDMS coated silica fiber, Supelco,

Bellefonte, PA, USA) were also prepared as previously
described.12,22,29 Briefly, newly purchased SPME fibers were
preconditioned at 250 °C for 0.5 h prior to assembly into
individual perforated copper casings for protection during
deployment. Each fiber/casing assembly was kept in a sealed
glass vial in a freezer at −20 °C and shipped on ice until
deployment.

Ex Situ PRC Method Testing. While the PRC method to
determine fractional equilibration ( feq) of PE samplers in
sediments has been tested using deuterium labeled polycyclic
aromatic hydrocarbons in the past,25,26 a preliminary test using
13C-labeled DDX and PCB compounds was conducted in the
laboratory. The details of these tests and their results are
available in the Supporting Information.

Field Deployment and Retrieval. Deployment platforms
were designed and built to carry triplicate PE and POM
samplers, and duplicate SPME samplers, to the sediment bed,
allowing samplers to penetrate sediments to depths of up to 20
cm (Figures SI1 and SI2). Portions of each PE and POM
sampler remained exposed to the water column, and two
additional SPME fibers were positioned approximately 70 cm
above the sediment-water interface. Platform bases were
constructed of stainless steel, while aluminum frames holding
PE and POM were secured using PVC spacers, washers, and
steel bolts. Platforms were deployed from the sea surface and
lowered into position above the seafloor by cable and then
released. Each platform carried lead ballast to promote
penetration of sampler frames into the sediment bed. Retrieval
systems, consisting of a buoy, line, and acoustic release
mechanism were attached to the upper portion of each
platform. Using these platforms, PE and POM samplers were
deployed across the sediment-water interface in triplicate (PE
and POM) or duplicate (SPME), at five stations, between July
25 and 27, 2011 (Figure 1). A remotely operated vehicle
(ROV), controlled by a team from the LACSD, was used to
confirm proper placement of the deployment platform at each
station (Figure SI3).
Platforms were retrieved from the sediments following 43 to

44 d deployments, where deployment times were selected
based on modeled time required for measurable mass exchange
between sampler and sediment, and the availability of the
research vessel. Polymer strips were immediately cut from their
frames, while marking the location of the sediment water
interface (Figure SI4). Copper casings containing the SPME
fibers were removed from the platforms, quickly rinsed with
seawater, placed into clean capped glass vials, transferred to
SCCWRP (Costa Mesa, CA, USA) on ice the same day as the
recovery, and stored at −4 °C in the dark until analyzed. Field
blanks (PRC loaded, unexposed samplers) were held in the air
for approximately 5 min at each station to replicate the time
samplers were exposed to air during deployment and recovery.
Samplers and field blanks were placed in foil envelopes, stored
on ice for overnight shipment to the Gschwend Laboratory
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(Massachusetts Institute of Technology, Cambridge, MA,
USA), and then stored in a freezer (−4 °C) in the dark until
sectioned and extracted.
Sampler Analysis. PE and POM samplers were water

rinsed, patted dry using Kim-wipe tissues (Kimberly-Clark
Corp., Irving, TX, USA), and sectioned in the laboratory. The
top of each sampler, exposed to the water above the sediment
bed, was cut into two sections (10 to 18 cm in length,
depending on the depth of penetration into the sediment bed).
Sediment exposed portions of each sampler were cut in 1 to 2
cm sections using a razor blade and an aluminum sheet as a
straight-edge. Internal (surrogate) standards (100 ng each of
13C labeled-o,p′-DDE, -2,4′-dichlorobiphenyl (PCB8),
-3,3′,4,4′-tetrachlorobiphenyl (PCB77), and -2,2′,4,4′,5,5′-hex-
achlorobiphenyl (PCB153)) were added to each section before
extracting three times in 15 to 200 mL of dichloromethane.
Combined extracts were reduced in volume using a rotary
evaporator (Buchi Rotavapor-R, Brinkman Instruments, West-
bury, NY, USA) and concentrated to a final volume of
approximately 1 mL under a gentle stream of ultra pure grade
nitrogen (Airgas, Chicago, IL, USA). Injection standard (d12-
chrysene) was added to each extract before final analysis.
All extracts were analyzed using gas chromatography−mass

spectrometry (GCMS, JEOL GCmate, JEOL Ltd., Tokyo,
Japan). On column injections (1 μL) were made onto a 30 m
J&W Scientific DB-XLB capillary column (0.32 mm internal
diameter with a 0.25 μm film thickness, Agilent Technologies,
Santa Clara, CA, USA). The injector port temperature was
initially set at 35 °C and then increased with oven temperature
at a rate of 25 °C min−1 until 200 °C was reached. The
temperature was then increased at 4 °C min−1 until a
temperature of 275 °C was reached and held for 8 min. The
MS was operated in selected ion monitoring (SIM) and EI+
modes. Calibration standards containing all target compounds
(Table 1), PRCs, and internal and injection standards were run
every 4 to 9 sample measurements to monitor instrument
stability, determine response factors, and confirm that measure-
ments remained within the linear range for the instrument.
Using a thermal desorption extraction system, SPME fibers
were manually injected on an Agilent 7890 GC/EI-MS system
(Agilent Technologies, Santa Clara, CA, USA). Five-point
external standard calibration curves were used to quantify the
compounds.12

Partition Coefficients. Polyethylene-water partition co-
efficients, KPEW, were taken from a log KOW vs log KPEW

relationship used in previous work12 and following Lohmann
and Muir.31 Polyoxymethylene-water partition coefficients
(KPOM‑W) were taken from Endo et al.32 Both were corrected
for temperature and salinity following Lohmann33 (Table 1).
Calculation of Dissolved Concentrations. For equili-

brium passive sampling (i.e., field-deployed SPME and PE
mixed with sediment slurries in the laboratory (see the SI)),
water column and porewater concentrations were calculated
from the mass of POP taken up by the sampler. SPME-water
partition coefficients, Kf (LW/LPDMS), were used to calculate CW

(ng L−1) from the mass of analyte sorbed to the fiber, Nf (ng)

=C
N

K V( )
W

f

f f (2)

where Vf (LPDMS) is the volume of the sorptive polydimethylsi-
loxane (PDMS) coating.

For nonequilibrium sampling (i.e., PE inserted to jars in
laboratory (see the SI), and PE and POM strips exposed in the
field), PRC and target compound concentrations in PE and
POM sampler sections were used to calculate dissolved
concentrations of target compound in the water column and
pore waters12,25,26

=

∞

‐

C
C

K
W

polymer
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=

−

f
C C

C
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eq

PRC PRC t

PRC

0
,

0
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where C∞
polymer is the equilibrium analyte concentration in the

PE or POM in ng kg−1, KPolymer‑W is the compound-specific
polymer−water partition coefficient (KPEW or KPOMW (L kg−1)),
Cpolymer,t is the concentration in the PE or POM after
deployment, C0

PRC is the initial concentration of PRC in the
sampler, CPRC,t is the concentration of PRC in the sampler after

Table 1. Compounds Measured in This Study with Octanol-
Water (K

OW
) (L/L), Polyethylene-Water (K

PEW
) (L/kg), and

Polyoxymethylene-Water (K
POM‑W

) (L/kg) Partition
Coefficients

compound KOW
a

log
KPEW

b

T and salinity
corrected log

KPEW
c

log
KPOM‑W

d

T and salinity
corrected log
KPOM‑W

c

o,p′-DDE 5.46 5.76 5.16 5.46

p,p′-
DDMU

5.5e 5.26 5.56 4.96 5.26

p,p′-DDE 5.7f 5.46 5.76 5.16 5.46

o,p′-DDD 5.26 5.56 4.96 5.26

o,p′-DDT 5.93 6.23 5.65 5.95

p,p′-DDD 5.5g 5.26 5.56 4.96 5.26

p,p′-DDT 6.19g 5.93 6.23 5.65 5.95

PCB8 5.07 4.85 5.15 4.52 4.82

PCB18 5.24 5.01 5.31 4.69 4.99

PCB28 5.67 5.43 5.73 5.13 5.43

PCB52 5.84 5.59 5.89 5.30 5.60

PCB44 5.75 5.51 5.81 5.21 5.51

PCB66 6.2 5.94 6.24 5.66 5.96

PCB77 6.36 6.10 6.40 5.82 6.12

PCB101 6.38 6.12 6.42 5.84 6.14

PCB118 6.74 6.46 6.76 6.21 6.51

PCB105 6.65 6.38 6.68 6.12 6.42

PCB126 6.89 6.61 6.91 6.36 6.66

PCB153 6.92 6.64 6.94 6.39 6.69

PCB138 6.83 6.55 6.85 6.30 6.60

PCB128 6.74 6.46 6.76 6.21 6.51

PCB187 7.17 6.88 7.18 6.64 6.94

PCB180 7.36 7.07 7.37 6.83 7.13

PCB170 7.27 6.98 7.28 6.74 7.04

PCB195 7.56 7.26 7.56 7.04 7.34

PCB206 8.09 7.77 8.07 7.57 7.87

PCB209 8.18 7.86 8.16 7.66 7.96
alog KOW for PCBs from Hawker and Connell.35 b25 °C, no salt.12 c12
°C, 0.5 M salt. dEndo et al.32 eEPISuite estimate.36 fPontolillo and
Eganhouse.37 gSchwarzenbach et al.38
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Figure 2. Water column and porewater concentration profiles with depth of p,p′-DDE, p,p′-DDD, p,p′-DDMU, and PCB52 at each station. Values
are the average of those generated using three PE passive samplers. Error bars reflect standard error. Values in black are the calculated flux from
sediment porewater to the water column in ng cm−2 y−1. PCB52 was not detected in the porewaters at the SMB station. Blue background indicates
water column matrix and beige background indicates sediment matrix. The x-axis scales are different for each station and compound to improve
resolution of vertical trends.
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deployment, and feq is the fractional equilibration of the POPs
between the sampler and water. Polymer−water partition
coefficients (Table 1) were corrected for the temperature and
salinity previously observed in the waters and sediments of
PVS34 following methods described by Lohmann.33

The feq of the
13C-labeled p,p′-congeners of DDX compounds

were used to determine the fraction equilibration for both p,p′-
and o,p′-forms of the target compounds. The feqs of

13C-PCB28,
13C-PCB52, 13C-PCB118, and 13C-PCB128 were used as the
feqs for di- and trichlorobiphenyl (PCB8, -18, and -28),
tetrachlorobiphenyl (PCB52, -44, and -66), pentachlorobiphen-
yl (PCB101, -118, and -105), and hexa- and septachlorobi-
phenyl (PCB153, -138, -128, -187, -180, and -170) target
compounds, respectively.
DDX and PCB concentration data from the water column

and porewater at the sediment surface of each station were used
to calculate diffusive flux for several compounds using eq 1. A
boundary layer thicknesses, δBL, of 0.02 cm was used for all
compounds and all stations based on calculations following
Sherwood et al.16 and Chen19 (kinematic viscosity of 0.013 cm2

s−1 and friction velocity of 0.5 cm s−1 were used to calculate
δBL).

■ RESULTS

Fractional equilibration of PRCs in field exposed samplers
varied by compound, sampler type, and environmental matrix
(Tables SI1 and SI2). Except for DDT, feq tended to decrease
with increasing polymer−water partition coefficient within each
class of compound. 13C-labeled DDT was more depleted in PE
exposed to sediments than expected. In most cases, there was
better agreement among PE samplers than POM samplers in
terms of feq. Slightly greater feq were observed in water-side
samplers than in sediment side samplers for the more water-
soluble compounds, while the trend reversed for the less
soluble, penta- and hexachlorobiphenyls.
Water and porewater concentrations were calculated using

data from three types of passive samplers for DDXs and PCBs.
Water concentrations from PE and POM reflect integrated
values over two sections (0 to 10−15 cm above the sediment-
water interface, and 10−15 to 20−30 cm above the interface),
while SPME sampled water approximately 70 cm above the
interface. Porewater concentrations from PE and POM reflect
integrations over 1 to 2 cm intervals, to a maximum depth of 20
cm (Tables SI3 and SI4 and Figure 2), while SPME generated
porewater concentrations reflect integrations over a 10 cm
window at depths between 0 and 20 cm depending on the
station. In each set of data, the contaminant observed at the
highest concentrations at every station, in either the water
column or porewater, was p,p′-DDE. Using PE generated
concentrations, p,p′-DDE averaged 86 (±6)% of the total
combined DDX concentrations. The PCBs observed at the
highest concentrations were the tri- and tetrachlorobiphenyls,
PCB18, -28, -44, and -52, in the range of nanograms per liter in
the porewaters at station 8C. Larger PCBs, such as hexa- and
septachlorobiphenyls (PCB128, 138, 153, -180 and -187) were
calculated to be in the range of 3 to 110 pg L−1 in the
porewater at the same station but below detection limits (1 to
40 pg L−1 for these PCBs) at other stations.
POP concentrations measured just above the sediments at

each station were about ten times greater than those measured
5 m above the sediment-water interface a year earlier.12 This is
consistent with observations of increasing dissolved concen-
trations with depth in the water column. Also, dissolved DDE

concentrations just above the sediments are 2 to 5 orders of
magnitude greater than background concentrations calculated
from measurements in floating PE debris collected from the
Northern Pacific Gyre.39

Field-Deployed Sampler Comparisons. In general,
dissolved POP concentrations determined using PE and
POM agreed within 1 order of magnitude. Given uncertainties
of 0.2 to 0.5 log units reported for measured and estimated
partition coefficients,20,32,33 agreement within only an order of
magnitude is not surprising. More specifically, concentrations of
DDXs measured using the two samplers agreed within a factor
of 5, with p,p′-DDD showing the closest agreement (Figure 3).

Dissolved concentrations of DDEs and DDMU generated from
PE measurements were always greater than those generated
from POM, while dissolved concentrations of DDDs generated
from PE measurement were most often lower than those
generated from POM. PE generated PCB concentrations were
most often greater than those generated from POM data, with
the greatest divergence seen in the septachlorobiphenyl
PCB180 (Figure 4). These general trends for differences in
calculated water concentrations, for specific compounds, using
the two sampler materials, are expected where partition
coefficients are uncertain as described above.
Because SPME samplers were exposed to water almost a

meter above the sediment water interface, direct comparison of
resulting dissolved concentrations to those resulting from PE
and POM samplers, exposed within 20 cm of the interface, is
not reasonable. In a previous study using PE and SPME
samplers in the water column at the PVS Superfund site,
concentrations of DDE were observed to increase with depth.12

SPME derived dissolved concentrations of p,p′-DDE measured
approximately 70 cm above the sediment-water interface in this
work are 2 to 5 times greater at stations 7C and 8C than those
measured using SPME suspended 5 m above the sediment
water interface in 2010. These measurements would be
consistent with a trend of increasing concentrations with
approach to sediment bed.

Figure 3. Water column and porewater concentrations generated
using field deployed (in situ) POM and PE samplers for DDX
compounds. Dashed line indicates 1:1 agreement between values.
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PE and SPME derived porewater concentrations, however,
were very different. Porewater concentrations determined using
PE were up to 230 times larger than those determined using
SPME. This large discrepancy may have been due to the way
SPME were deployed to the sediment beds. We suspect that
attaching SPME copper casings inside of L-shaped steel bars
did not allow for sufficient contaminant mass-transfer between
porewater and the SPME fibers. As in previous work,12 another
reason calculated dissolved concentrations may differ between
the types of samplers deployed is that PE and POM were
corrected for nonequilibrium using PRCs, while SPME fibers
were assumed to be fully equilibrated. No experiments were
conducted, however, that would confirm that SPME deployed
in this manner would have reached equilibrium with sediment
porewaters within the 43 to 44 d deployment times.

■ DISCUSSION

Laboratory versus Field Measurements. As previously
observed for sediments containing polycyclic aromatic hydro-
carbons,25,26 the experiments conducted in the laboratory using
field-collected sediments confirmed that the method of using
PRCs to account for disequilibrium between PE and water or
porewater is effective (Figures SI5, SI6, and SI7). In addition,
laboratory and field exposed PE samplers yielded similar results.
Porewater concentrations of p,p′-DDE measured using PE
(with PRCs) in the laboratory were 170 and 84 ng L−1 at
stations 8C and 6C, respectively, while porewater concen-
trations measured in the surface sediments following in situ PE
deployment were 160 and 51 ng L−1 at stations 8C and 6C,
respectively. Similar agreement was seen for o,p′-DDE and p,p′-
DDMU in the same samples.
POP Flux between Sediments and Water Column.

While the passive sampling methods used in this work could
not resolve the dissolved concentrations at the same scale as the
calculated diffusive boundary layer (100 μm scale), the
concentrations could be measured much closer to those

boundaries than have been attempted in the past (cm scales).
Also, because passive samplers are time integrative, temporal
variability in water concentrations advecting past each station
could not be detected. Concentrations near the sediment-water
interface at the PVS stations were assumed to be constant for
the calculation of diffusive flux. As expected, the station with
the highest previously measured sediment concentrations
(8C)40 was calculated to have the greatest flux of POPs from
sediment to water column (Figure 2 and Table 2). Calculated
fluxes for DDX were similar at each of the other stations on the
PVS (7C, 6C, and LD27). At the off-site station (SMB FA7),
fluxes were too small to calculate (concentrations in water and
porewater were the same within uncertainty).
The diffusive flux at station 6C calculated using the data

collected for this work was more than an order of magnitude

Figure 4. Water column and porewater concentrations generated using field deployed (in situ) POM and PE samplers for selected PCBs. Dashed
line indicates 1:1 agreement between values.

Table 2. Calculated Flux in ng cm−2 y−1 for DDX and
Selected PCB Congeners Calculated from PE Sampler
Resultsa

station

compound 8C 7C 6C LD27

o,p′-DDE 190 (±90) 42 (±19) 43 (±22) 33 (±5)

p,p′-DDMU 1600 (±300) 100 (±66) 140 (±90) 270 (±10)

p,p′-DDE 1100 (±300) 240 (±150) 260 (±140) 240 (±40)

o,p′-DDD 52 (±30) 0.71 (±0.46) 1.4 (±0.4) 0.88 (±0.27)

p,p′-DDD 180 (±70) 2.1 (±1.6) 2.4 (±1.5) 3.0 (±0.4)

PCB28 28 (±5) 1.7 (±0.4)

PCB52 18 (±1) 1.1 (±0.4) 2.9 (±1.6) 1.6 (±0.2)

PCB101 5.9 (±1.1) 0.62 (±0.35) 0.68 (±0.40) 0.78 (±0.18)

PCB153 0.7 (±0.2) 0.14 (±0.05) 0.25 (±0.03)

aPositive values indicated flux from sediment porewater to water
column. Blank values indicate no flux could be calculated because
gradient was within uncertainty. Uncertainty calculated from
propagation of error (1 SD, n = 3) of dissolved concentrations in
porewater and bottom water.

Environmental Science & Technology Article

dx.doi.org/10.1021/es404475c | Environ. Sci. Technol. 2014, 48, 3925−39343931



lower than that calculated by Sherwood et al.16 using porewater
concentrations estimated from sediment concentrations and
organic carbon fractions. Considering the assumptions of the
EqP model used in the Sherwood et al. estimate, this is not
surprising. Because the same EqP model was used in their work
to calculate desorption during resuspension events, the
modeled flux due to resuspension events may also be
proportionally off. Even if a field campaign for making in situ
measurements as described here is not viable, determining
dissolved concentrations using passive samplers exposed to
bulk sediment in the laboratory could improve calculations of
site-specific sediment-water partition coefficients, Kd, used in
the calculation of fluxes due to molecular diffusion and
resuspension/desorption.
Sediment Porewater Concentration Gradients. While

only the surface sediment porewater concentrations (0−2 cm)
were used in calculating diffusive flux of POPs between
sediment and water, porewater concentrations profiles with
depths were collected (Figure 2). Although the highest
sediment concentrations observed in cored samples from
stations 8C, 7C, and 6C were found at depths of 20 to 42 cm
(U.S. EPA, unpublished data), samplers in this work only
reached a maximum depth of 20 cm. Slight gradients with
depth may be observed for DDD and DDMU at the uncapped
PVS stations, while DDE concentrations appear to be more
uniform within the top 20 cm of sediments. The capped site
(LD27) shows sharply higher concentrations of DDE, DDMU,
and PCB in the top sediment section (0−2 cm depth) similar
to those observed at nearby station 6C, while the deeper
porewaters had about half the concentration observed at station
6C. While a layer of higher concentration may have formed as
sediment, disturbed during the cap placement, resettled, it may
also have been generated by sediments from another location
settling following resuspension events since cap placement. The
second alternative is more consistent with observations made
during monitoring of the capped area. While the cap depth at
this station is expected to be between 4 and 16 cm,41 it is not
possible to determine if the sampler crossed the sand cap into
the original sediment bed.
Effects of the Sand Cap on Flux. Flux calculations based

on concentration gradients between the surface sediment layer
and the water column above the sediments indicate that the
exchange of POPs between sediment and water in the sand
capped area due to molecular diffusion is similar to that at
nearby stations (Figure 2 and Table 2) (240 ng cm−2 y−1 at
station LD27 vs 260 ng cm−2 y−1 at station 6C). Assuming that
the porewater concentrations at this station are representative
of the capped area, the sediments in the capped zone continue
to be a source of contamination to the water column in terms
of diffusive flux. If the surface layer of sediments with relatively
higher porewater concentrations of DDE, DDMU, and PCBs
were not present (i.e., surface porewater concentrations were
those measured below 2 cm depth in sediments), it could be
assumed that the diffusive flux at the station would be reduced
by about one-half.
While we did not directly investigate the effects of the sand

cap on desorption during resuspension events or on the tissue
concentrations of benthic organisms, the porewater concen-
tration data can inform estimates of those effects. Porewater
concentrations in the sediment surface layer indicate the
maximum concentration the water in contact with resuspended
particles would reach. These data can be combined with
desorption kinetics models to refine calculations of flux due to

resuspension events. Also, tissue concentrations of benthic
organisms have been shown to correlate with dissolved
porewater concentrations.42 Depending on the sediment
horizon with which benthic organisms in the capped area are
most associated, and assuming that sediments below the cap are
like those at nearby station 6C, the cap could have the effect of
lowering tissue concentrations by half (for organisms associated
with sediments below 2 cm thick surface layer, but within
capping material) or could have no effect (for organisms
associated with sediments in the top 2 cm). Consequently,
given these considerations, the cap has the potential to be an
effective tool for separating contaminated sediments at PVS
from the water column except that the cap itself has been
“capped” by contaminated sediments, presumably from another
part of the PVS or by sediments disturbed during cap
placement. An effective remedy would require the cap to be
placed over the most contaminated sediments, using methods
that avoid resettling of sediment on cleaner cap material.

Future Work. Although it is expected that the qualities of
organic sorbents present in the sediment bed vary across the
PVS, the results of this work could contribute to the general
accounting of contaminant mass into and out of the water
column above the PVS. Porewater concentrations calculated in
this work could be combined with bulk sediment concen-
trations and organic carbon fractions measured previously40 to
produce representative organic carbon−water partition coef-
ficients, KOC, PVS for PVS sediments. These partition coefficients
combined with organic carbon fractions and POP concen-
trations in sediments and water column12 could be used to
account for shelf wide contaminant mass transfers. These types
of analyses will be the subjects of continued work. In addition,
passive samplers and deployment platforms, like those used in
this work, could be used to investigate the efficacy of remedial
efforts in sediments or to determine the magnitude of
sediments as a source or sink for POPs in other aquatic
systems.
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ABSTRACT: This Critcal Review evaluates passive sampler uptake of
hydrophobic organic contaminants (HOCs) in water column and
interstitial water exposures as a surrogate for organism bioaccumula-
tion. Fifty-seven studies were found where both passive sampler
uptake and organism bioaccumulation were measured and 19 of these
investigations provided direct comparisons relating passive sampler
uptake and organism bioaccumulation. Polymers compared included
low-density polyethylene (LDPE), polyoxymethylene (POM), and
polydimethylsiloxane (PDMS), and organisms ranged from poly-
chaetes and oligochaetes to bivalves, aquatic insects, and gastropods.
Regression equations correlating bioaccumulation (CL) and passive
sampler uptake (CPS) were used to assess the strength of observed
relationships. Passive sampling based concentrations resulted in log−
log predictive relationships, most of which were within one to 2 orders of magnitude of measured bioaccumulation. Mean
coefficients of determination (r2) for LDPE, PDMS, and POM were 0.68, 0.76, and 0.58, respectively. For the available raw,
untransformed data, the mean ratio of CL and CPS was 10.8 ± 18.4 (n = 609). Using passive sampling as a surrogate for organism
bioaccumulation is viable when biomonitoring organisms are not available. Passive sampling based estimates of bioaccumulation
provide useful information for making informed decisions about the bioavailability of HOCs.

■ INTRODUCTION

Anthropogenic hydrophobic organic compounds (HOCs), like
polychlorinated biphenyls (PCBs), some polycyclic aromatic
hydrocarbons (PAHs), chlorinated pesticides, such as dichlor-
odiphenyltrichloroethane (DDT) and its metabolites, poly-
brominated diphenyl ethers (PBDEs), and polychlorinated
dioxins and furans are found throughout the environment.
These types of compounds often bioaccumulate in aquatic
organisms, undergo trophic transfer, and, in some cases,
biomagnify up the aquatic food chain.1 In addition, some
HOCs at sufficiently elevated concentrations, will cause toxicity
to these organisms.2 Because of their low water solubility and
high affinity for organic matter, most HOCs are concentrated in
the sediment organic and black carbon reservoirs and in

organismal lipid reserves.2 Over time, sediments can release
these legacy HOCs back into the water column via sorption/
desorption mechanisms and diffusive and advective processes as
well as bioaccumulation-based transfers. Therefore, sediments
can serve as a major source of ecosystem and human exposure
to HOCs.3 Continued environmental monitoring of these types
of chemicals is essential for identifying historical as well as
current HOC sources and evaluating the efficacy of remediation
and emission reduction programs.
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Measuring the bioaccumulation of HOCs in aquatic systems
(i.e., biomonitoring) provides direct evidence of a chemical’s
potential for ecological and human health risks by demonstrat-
ing the contaminant’s bioavailability. That is, HOCs are present
in many different environmental phases (e.g., particulate,
dissolved, colloidal), bioavailable HOCs are freely dissolved
in the aqueous phase and are able to pass through biological
membranes for uptake by organisms.4 Bioavailable contami-
nants accumulated in an organism’s lipids demonstrates those
HOCs’ large affinity for the lipid phase.5 The bioaccumulated
concentration is often expressed on a lipid basis and is used to
calculate partition coefficients, such as the bioaccumulation
factor (BAF) (L/g lipid)

=
C

C
BAF L

free (1)

and the biota-sediment accumulation factor (BSAF) (g organic
carbon (OC)/g lipid)

=
C

C
BSAF L

OC (2)

where CL is the lipid-normalized concentration of a given HOC
(ng/g lipid) accumulated by an organism, Cfree is the freely
dissolved water concentration of the HOC (ng/L), and COC is
the organic carbon normalized concentration of the HOC in
the exposure sediment (ng/g OC). Conventionally, bioavail-
ability has been measured through the monitoring of aquatic
organism bioaccumulation and several long-term biomonitoring
programs have been established using bivalves to track water
column HOCs6−9 and assess the effectiveness of contaminated
site remediation.10,11

Evaluating the bioavailability of HOCs can also be performed
by studying the physicochemical characteristics of the environ-
ment since the magnitude of a particular HOC’s bioavailability
is related to its chemical activity in the system.12,13 Similar to
tissue concentration normalization by lipid content, normaliz-
ing the total sediment particle concentration (CP) (ng/kg
sediment dry) of a HOC by the fraction of organic carbon
(f OC) (kg OC/kg sediment dry) has been shown to be effective
for predicting the Cfree. Specifically, the Cfree of a given sediment
is calculated by incorporating the HOC’s organic carbon
normalized-water partitioning coefficient (KOC) (L/kg OC) as
illustrated in eq 3.2,14 This equilibrium partitioning approach is
based on the concept that HOCs strongly bound to sediments
(e.g., particulate organic carbon, black carbon) are often not as
readily bioavailable and do not directly contribute to the
environmental exposure of the contaminant when compared to
Cfree

=
·

C
C

f K
free

P

OC OC (3)

Another environmental phase affecting the bioavailability of
HOCs is sedimentary black carbon. The calculation of Cfree in
eq 3 can be modified to incorporate the role of black carbon

=

· + · ·
−

C
C

f K f K C
nfree

P

OC OC BC BC free
1

(4)

where f BC is the fraction of black carbon in the sediment (kg
black carbon (BC)/kg sediment dry), KBC is the black carbon
normalized partition coefficient (L/kg BC), and n is the unitless
Freundlich exponent, which captures the nonlinear adsorption

of HOCs to black carbon.15 Both approaches for calculating
Cfree are useful for estimating bioavailability, but for several
reasons, including uncertainty associated with the KOC and KBC

values and confidence in f BC measurements, eq 3 tends to
overestimate Cfree, while eq 4 will often underestimate Cfree.

16

Recently, passive sampling has been shown to be a successful
tool for a more direct measurement of Cfree in comparison to
using physicochemical characteristics of the environment.17,18

Passive sampling provides an integrated measure of HOC Cfree

by considering contaminant activity across all of the relevant
environmental phases (e.g., water, sediments, dissolved organic
carbon, colloids, and organisms), often providing a more
accurate estimate of bioavailability than sediment-based or
lipid-based measurements alone as shown in eqs 3 and 4 for
sediments and eqs 1 and 2 for lipids.19,20 Passive samplers
function by concentrating freely dissolved HOCs in the water
column or sediment interstitial water into a polymer phase (i.e.,
the passive sampler) as a result of differences in the HOC’s
chemical activity among the polymer and different environ-
mental phases. At equilibrium, the HOC concentration ratio
between the polymer and the water, expressed by the passive
sampler-water partition coefficient (KPS; Lwater/kgpolymer or
Lwater/Lpolymer) is constant. The relationship is

=K
C

C
PS

PS

free (5)

where CPS (ng/kg polymer or ng/L polymer) is the
concentration of the HOC in the polymer phase at equilibrium.
The Cfree can be estimated by rearranging eq 5 using KPS (based
on literature or empirical values) and measuring CPS directly.
Passive sampling became popular in the 1990s with the

introduction of semipermeable membrane devices (SPMDs)21

and solid-phase microextraction (SPME).22 Much research has
been dedicated to optimizing and simplifying their use in the
water column and sediment interstitial water.23−27 In North
America, three polymers are most popular for sampling HOCs
in the water column and sediment interstitial waters:
polydimethylsiloxane (PDMS) (used in SPME) and other
silicones, low-density polyethylene (LDPE), and polyoxy-
methylene (POM).28 Other polymers, including ethylene
vinyl acetate (EVA)29,30 and polyacrylate,31,32 are also available
but are applied to a lesser extent than PDMS, LDPE, and POM.
There are a number of publications describing the develop-

ment and utility of PDMS,25 LDPE,24 and POM33,34 as passive
samplers and comprehensive reviews of their application in
water column and sediment deployments have been
published.26,28,35−39 In addition to demonstrating passive
sampler dependability and effectiveness in measuring Cfree,
these reviews also discuss passive sampling’s potential value as a
surrogate for biomonitoring organisms. The concentration of
HOCs accumulated by the polymer (CPS) allows for the
calculation of Cfree but CPS can also be compared to the
concentration of HOCs bioaccumulated by organisms (CL).
Recent research has directly compared passive sampler uptake
to bioaccumulation by organisms both in situ (i.e., in the field)
and ex situ (i.e., in the laboratory). This type of comparison
investigates a mechanistic assumption that the passive sampler
polymer and the organism lipid have a similar, proportional
affinity for a given HOC (i.e., CPS ≈ CL). This paradigm stems
from the concept that HOCs partition into PDMS, LDPE, and
POM in a similar proportionality as they partition into lipids.
These similarities are illustrated by the following linear free
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Table 1. Data Used to Compare Tissue Bioaccumulation HOC Concentrations with Passive Sampler HOC Concentrationsa

ref target contaminant
passive
sampler

equilibrium
status organism

field (F) or
laboratory (L)

study equation

Vinturella et al.78 PAHs LDPE assumed marine polychaete Nereis
virens

L log(CL) = 0.6 log(CPS) + 1.8

r2 = 0.65

Gschwend et al.70 PCBs LDPE adjusted marine polychaete Neanthes
arenaceodentata

L log(CL) = log(CPS) + 0.722

r2 = 0.59

Gschwend et al.70 PCBs LDPE established marine polychaete Neanthes
arenaceodentata

L log(CL) = log(CPS) + 1.00

r2 = 0.64

Friedman et al.71 PCBs LDPE adjusted marine polychaete Nereis
virens

L log(CL) = 0.82 log(CPS) + 0.79

r2 = 0.94

p < 0.0001

Burgess et al.72 PCBs LDPE adjusted marine blue mussel Mytilus
edulis

F log (CL) = 0.74 log(CPS) + 1.62

r2 = 0.92

p < 0.0001

Fernandez and
Gschwend68

PAHs LDPE adjusted marine soft shell clam Mya
arenaria

F log (CL) = 0.33 log(CPS) + 2.07

r2 = 0.31

Joyce et al.74 DDT LDPE adjusted marine blue mussel Mytilus
californianus

F log(CL) = 0.91 log(CPS) + 0 43

r2 = 0.72

p < 0.0001

PBDEs log (CL) = 0.91 log(CPS) + 0 17

r2 = 0.54

p = 0.0012

this study PCBs LDPE adjusted marine polychaete Nereis
virens

L log(CL) = 0.84 log(CPS) + 1.05

r2 = 0.82

p < 0.0001

Smedes65 PCBs silicone-
sheeting

adjusted marine blue mussel Mytilus
edulis

F log(CL) = 1.03 log(CPS) + 0.178

r2 = 0.80

p < 0.0001

Smedes65 PAHs silicone-
sheeting

adjusted marine blue mussel Mytilus
edulis

F log(CL) = 0.831 log(CPS) + 1.09

r2 = 0.78

p < 0.0001

Trimble et al.69 PCBs PDMS-
SPME

established freshwater oligochaete
Lumbriculus variegatu

L log(CL) = 1.09 log(CPS) + 0.51

r2 = 0.86

Gschwend et al.70 PCBs PDMS-
SPME

adjusted marine polychaete Neanthes
arenaceodentata

L log(CL) = log(CPS) + 1.3

r2 = 0.91

Harwood et al.79 pyrethroid
pesticides

PDMS-
SPME

assumed freshwater oligochaete
Lumbriculus variegatus

L log(CL) = 0.81 log(CPS) − 0.122

freshwater burrowing mayfly
Hexagenia sp.

r2 = 0.73

Muijs and Jonker77 PAHs PDMS-
SPME

assumed freshwater oligochaete
Lumbriculus variegatus

F log (CL) = 0.77 log(CPS) + 2.06

r2 = 0.66

p < 0.0001

Bao et al.73 DDTs PDMS-
SPME

adjusted marine polychaete Neanthes
arenaceodentata

L p,p′-DDE:
log(CL) = 0.763 log(CPS) + 0.496

r2 = 0.84

p,p′-DDD:
log(CL) = 0.662 log(CPS) + 1.09

r2 = 0.83

Pirogovsky75 DDTs PDMS-
SPME

assumed marine blue mussel Mytilus
californianus

F log(CL) = 1.02 log(CPS)+ 1.2

r2 = 0.64

p < 0.0001

Li et al.80 PBDE 209 and
dechlorane plus

PDMS-
SPME

established freshwater oligochaete
Lumbriculus variegatus

L log(CL) = 1.10 log(CPS) + 1.28

r2 = 0.77

Maruya et al.76 DDTs PDMS-
SPME

assumed marine clam Macoma nasuta L log(CL) = 0.61 log(CPS) + 2.7

r2 = 0.59

p = 0.0005

Cornelissen et al.18 PAHs POM assumed marine gastropod Hinia
reticulata

L log(CL) = 0.64 log(CPS) + 1.6

r2 = 0.39

p = 0.0002

marine polychaete Nereis
diversicolor

log(CL) = 1.1 log(CPS) + 0.64

r2 = 0.57

p < 0.0001
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energy relationships (eqs 6−9) for lipid and each of the
polymers discussed using the readily available octanol−water
partition coefficient (KOW) as the independent variable (eq 6,
ref 40; eqs 7−9, ref 28)

= − =
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⎝
⎜

⎞

⎠
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free
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where the ratios of CPDMS, CLDPE, and CPOM over Cfree are the
polymer−water partition coefficients for PDMS, LDPE, and
POM, respectively, and r2 is the coefficient of determination.
Because there can be uncertainties associated with KOW values,
whenever possible, it is prudent to use the most measurable
data and plot CL versus CPS directly. Because of the variations in
the reported slopes and intercepts in the equations above, CL

and CPS are unlikely to be equivalent but because the slopes and
intercepts are of a similar scale, it is reasonable to expect that CL

and CPS will agree within an order of magnitude.
There are several reasons for considering the use of passive

samplers as surrogates for biomonitoring organisms. Perhaps
most important, passive samplers can be deployed under many
environmental conditions unsuitable for living biomonitoring
organisms; for example, low dissolved oxygen, high or low
water temperatures, and elevated toxicity (especially in
sediment studies). Further, biomonitoring organisms are not
always readily available from commercial suppliers or clean
reference sites (e.g., episodic blue mussel die-offs caused by
toxic algal blooms and pathogens limit numbers for
biomonitoring). Booij et al. propose that passive samplers are
superior monitoring tools because they can be deployed in
essentially any aquatic environment and then readily compared
to one another.41 Biomonitoring organisms are limited to
specific habitats that do not allow for wider regional or global
comparisons.

This review focuses on the use of passive samplers in the
water column and sediment interstitial waters as monitoring
tools for assessing the bioavailability and bioaccumulation of
HOCs. The objectives of this review are to (1) provide a brief
overview of the state of the science for passive sampling−
focusing on PDMS, LDPE, and POM, and bioaccumulation;
(2) critically review the relationship between aquatic organism
bioaccumulation and passive sampler uptake of HOCs by
conventional biomonitoring organisms (e.g., polychaetes,
oligochaetes, bivalves) when codeployed or exposed to the
same environmental matrices (e.g., water, sediments); and (3)
discuss research data gaps that need to be addressed to
successfully implement passive sampling as a surrogate for
biomonitoring using organisms.

■ BACKGROUND AND METHODS

Data Collection and Analysis. A literature search was
performed using the ProQuest and American Chemical Society
SciFinder systems based on the search terms “bioaccumula-
tion”, “biouptake”, “biomagnification” and “passive sampling”
on peer-reviewed reports published from 1990 to the present.
The search provided 57 individual reports where HOCs were
quantified in PDMS, LDPE, or POM, as well as within living
organisms in the marine or freshwater environment (in situ) or
in the laboratory (ex situ). As mentioned SPMDs are another
popular passive sampling medium, because SPMDs have a
biphasic sampling system (e.g., polyethylene and triolein) CPS is
more difficult to define as compared to single phase samplers
like PDMS, LDPE, and POM. Further, SPMDs can be difficult
to deploy in sediments because of the risk of losing triolein if
the polyethylene tubing tears. For these reasons, SPMD will not
be discussed in this review. Contaminants included PCBs,
PAHs, DDTs, and a selection of contaminants of emerging
concern (e.g., pyrethroid pesticides, flame retardants). A
summary of these publications and relevant experimental
details are given in the Supporting Information (Tables S1a,
b). Of these reports, 19 provided a direct comparison of tissue
and passive sampler concentrations including regression
equations which we used as the primary comparison metric.
Unpublished data from a study performed at our laboratory
(U.S. EPA, Atlantic Ecology Division, Narragansett, Rhode
Island, USA) investigating the uptake of PCBs by LDPE and
POM, and the marine polychaete Nereis virens, from dilutions of
a contaminated sediment, are also included in this data set

Table 1. continued

ref target contaminant
passive
sampler

equilibrium
status organism

field (F) or
laboratory (L)

study equation

Gschwend et al.70 PCBs POM assumed marine polychaete Neanthes
arenaceodentata

L log(CL) = log(CPS) + 0.74

r2 = 0.75

Janssen et al.67 PCBs POM assumedb marine polychaete Neanthes
arenaceodentata

F log(CL) = 0.72 log(CPS) + 1.07

r2 = 0.44

Beckingham and
Ghosh3

PCBs POM assumed freshwater oligochaete
Lumbriculus variegatus

F log(CL) = 1.2 log(CPS) + 2.05

r2 = 0.56

p = 0.03

this study PCBs POM assumed marine polychaete Nereis
virens

L log (CL) = 0.69 log(CPS) + 2.07

r2 = 0.76

p < 0.0001

Meloche et al.44 PCBs EVA assumed marine clam Macoma
balthica

L log(CL) = 0.97 log(CPS) − 0.88

r2 = 0.98
aEquations are reported as presented in the figures. In cases where raw data were available, p values were calculated. bPRCs added but not used to
correct for disequilibrium conditions.
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(Table S2a, b). This study used the approach and methods
described by Parks et al.42 To compare the different studies, all
regression equations were adjusted to express CL in ng/g lipid
and CPS in ng/g polymer and were correlated in a logarithmic
form. A PDMS density of 0.97 g/mL was used to convert
volume to mass. A summary of these 19 publications and the
equations relating tissue concentrations to passive sampler
polymer concentrations is provided in Table 1.
Passive Sampling and Bioaccumulation. Passive

Sampling. Two sampling configurations predominate when
using PDMS, LDPE, and POM: thin film sheeting and thin
fiber coatings (SPME). These configurations allow for
optimization tailored to a particular application’s needs. For
instance, if shorter deployment times are necessary, a thin
PDMS fiber coating or a relatively thin sheet would perform
better, or if very low environmental concentrations are
expected, a thicker or a larger sheet along with a longer
deployment can result in lower detection limits. Sheets of EVA
have been used as a passive sampling polymer but there have
been few studies published including the deployment of both
EVA and organisms.29,30,43,44

Thin sheets or films are commercially available for LDPE,
POM, and PDMS (or silicone rubber). LDPE sheets can often
be purchased from local hardware stores. They are
commercially available in several different thicknesses: the 25
(1 mil), 51 (2 mil), and 76 μm (3 mil) thicknesses are
commonly used in the current passive sampling literature.
Custom LDPE is available from Brentwood Plastics, Inc. (St.
Louis, MO, USA). POM is also commonly deployed as a thin
sheet and is commercially available from the CS Hyde and
Company (Lake Villa, IL, USA) and is often deployed in 25
and 76 μm thicknesses. Blocks of POM can also be purchased
and then sliced to the desired thickness using the appropriate
equipment. Manufacturers of silicone or PDMS film sheets are
Specialty Silicone Products, Inc. (Ballston Spa, NY, USA), Altec
Products Limited (Bude, UK), and Silex Ltd. (Linford,
Hampshire, UK). The films that are available commercially
range from 20 to 1016 μm in thickness.
SPME, a thin polymer coating usually on a silica fiber, is

another common configuration for passive sampling, frequently
used with PDMS. The small configuration allows for a relatively
simple postrecovery extraction or even direct injection into a
gas chromatograph (GC) injection port. Disposable and
reuseable SPME fibers are commercially available (e.g., Supelco,
St Louis, MO, USA; Fiberguide Industries, Stirling, NJ, USA) in
several different polymer thicknesses (∼10−100 μm) and types
of polymers.
Thin sheet and SPME passive samplers have been deployed

in several different environmental settings. Within the context
of this review, they are well suited to measure Cfree in fresh and
marine water environments and can be used in sediment
interstitial water and water column deployments.26,28,37 They
can also be used to determine the flux of HOCs from the
interstitial waters into the water column45 and from the water
column into the atmosphere.46,47

The effective use of passive samplers requires that the target
contaminant achieves equilibrium between the sampler and
other environmental phases or the sampler concentration (CPS)
is adjusted for nonequilibrium conditions. However, establish-
ing that the target contaminants have achieved equilibrium
between all of the environmental phases (including the passive
sampler) is not trivial. There are at least four approaches to
addressing the equilibrium status of the target contaminants.48

First, assume that equilibrium has been established based on
previous data. Second, perform a temporal sampling, in which
passive samplers are collected over time until a significant
change in the concentration of the target contaminant in the
passive sampler is not detected between time points. Third,
deploy passive samplers of different thicknesses, if the samplers
with different thicknesses have the same concentrations for a
given target contaminant on a mass or volume polymer basis,
equilibrium is assumed to have been achieved for that target
contaminant. Each of these approaches has liabilities; for
example, different deployments and sites require more or less
deployment time, so assuming equilibrium based on past
experience can be problematic. Both the second and third
approaches require multiple analyses and/or field trips resulting
in extra expense and time. A fourth approach, using
performance reference compounds (PRCs) avoids these
liabilities.49,50 In this approach, chemicals that behave like the
target contaminants are absorbed into the samplers before the
deployment. During the deployment, the passive sampler
desorbs the PRCs from the polymer into the environment at a
rate comparable to the absorbing target contaminants. The
equilibrium status of the target contaminants can be calculated
and used to adjust for nonequilibrium conditions by measuring
the loss of PRCs following the deployment. There are currently
at least three approaches recommended for making the
nonequilibrium calculations using the raw PRC concentrations
including a first order equation,51−53 a diffusion-based
model,49,54,55 and a sampling rate-based correction.56 When
using PRCs, it is worth noting that for highly hydrophobic
contaminants, the passive sampler may accumulate relatively
low concentrations while under nonequilibrium conditions
making quantification analytically challenging. This sensitivity
loss is potentially problematic and makes considering analytical
sensitivity an objective when determining deployment duration.
For the analysis of passive sampler data reported here, we note
in Table 1, if the equilibrium status of the passive sampler has
been ‘Assumed,’ “Established” (i.e., equilibrium between the
environmental phases has been demonstrated analytically), or
“Adjusted” (i.e., using one of the PRC-based approaches
described above).

Bioaccumulation. In general, the studies cited in this report
used some combination of established bioaccumulation
methods. Studies with whole sediment exposures using
polychaetes, oligochaetes and benthic bivalves were often
based on American Society for Testing and Materials (ASTM),
the Organization of Economic Cooperation and Development
(OECD), and U.S. EPA bioaccumulation guidance.57−59

Similarly, many of the whole sediment studies with freshwater
organisms were based on U.S. EPA freshwater bioaccumulation
guidance.60 Finally, mussel bioaccumulation methods have been
conducted for decades and continue to be a powerful
biomonitoring tool in programs such as “Mussel
Watch”6,61−63 and generally followed methods described in
Bergen et al.,64 Smedes,65 and ASTM.66 Studies which did not
follow the approaches described above applied methods
discussed in each publication.19,67,68 Bioaccumulation studies
with whole sediments were most frequently performed in the
laboratory under static-renewal or flow-through conditions,
whereas mussel deployments were most often conducted in the
water column in the field. Bioaccumulation studies were usually
approximately 30 days in duration although, in some cases, the
exposures were longer and target contaminants were assumed
to have achieved equilibrium with organismal lipids. It is
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recognized that this assumption may not always be true for
higher molecular weight target contaminants.

■ RESULTS AND DISCUSSION

Passive Sampler: Bioaccumulation Relationships. To
reduce the complexity of the data analysis, sampler-organism
comparisons were organized by contaminant class: PCBs, DDT
and its metabolites, PAHs, and contaminants of emerging
concern (CEC) (Figure 1). The regression lines were
considered to be the preferable expression of the relationship
between organism bioaccumulation and sampler uptake for
comparison purposes. In the vast majority of cases, the
regression equations were taken from the published papers as
reported. Each regression depicted in the figures represents the
relationship spanning only the range of data in the source
publication. Because some of these studies measured several
different HOCs and were performed at or with sediment
samples from different sites, the lipid and polymer concen-
trations measured ranged several orders of magnitude. To
visualize all of this data on one plot, the figures are shown using
a logarithmic scale.

Along with the sampler-organism regression lines, a gray
shaded band representing the 1:1 correlation plus or minus a
factor of 10 was superimposed onto the figures as a visual aid to
indicate where the data would have occurred if the organism
bioaccumulation and passive sampler uptake agreed within an
order of magnitude, throughout the discussion this band will be
referred to as the “10× band”. A regression line falling within
the 10× band supports the mechanistic assumption that a
passive sampler’s affinity for a given HOC is similar to that of
an organism’s lipids.

PCBs. These contaminants were the most commonly studied
class for comparing polymer accumulation with organism lipid
bioaccumulation. In total, there were 12 studies with five
species of polychaetes and bivalves. The comparisons show
that, in general, the lipid concentrations were higher than the
polymer concentrations and many of the resulting regressions
reported slopes of approximately one (Figure 1a). Several
studies illustrate a correlation between CL and CPS which
roughly agree within an order of magnitude (Smedes,65

Trimble et al.,69 Gschwend et al.,70 Friedman et al.,71 Burgess
et al.,72 Janssen et al.,67 and the current study (for LDPE)). In

Figure 1. Uptake relationships between lipid-normalized tissue HOC concentrations (CL) and passive sampler polymer HOC concentrations (CPS).
The gray band represents a 1:1 correlation plus or minus a factor of 10. Solid lines, dotted lines, and dashed lines reflect experiments performed
using PDMS, LDPE or POM, respectively. Contaminants are plotted by (a) PCBs: two LDPE studies were conducted by Gschwend et al.,70 one in
which CP was established (est.) by tumbling the LDPE in sediment until the polymers had reached equilibrium (CL = 10.2CPS) and one study in
which CP was adjusted (adj.) using PRCs upon static exposure to sediments (CL = 5.28CPS), (b) DDTs metabolites, (c) PAHs, and (d) contaminants
of emerging concern: the dotted-dashed line represents a study using ethylene vinyl acetate (EVA) as a passive sampler. Because of the limited
number of publications and correlations using EVA, Meloche et al.44 was grouped with the contaminants of emerging concern. See Table S1 for
more experimental details.
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other studies, the regressions suggest that the relationship
between CL and CPS differed by more than 1 order of
magnitude (Beckingham and Ghosh,3 the current study
(POM), and Gschwend et al. (PDMS)70). The regressions
from Beckingham and Ghosh and the current study fell outside
of the 10× band especially as CPS decreased. In the case of
Beckingham and Ghosh,3 the organism lipid percentages were
very small compared to the other studies which may contribute
substantially to the behavior of the regression line. These low
lipid percentages may have resulted from the presence of
activated carbon used during the study which does not provide
the same amount of organism nutrition as natural sediments
not containing the activated carbon. Overall, not one polymer
or organism displayed data readily distinguishable or anomalous
relative to the others.
DDTs. Four studies were found to correlate DDT and its

metabolite’s lipid bioaccumulation in mussels, polychaetes, and
bivalves with polymer concentrations, resulting in five
regression lines (Figure 1b). Of these regression relationships,
three fell within the 10× band over the majority of the
measured data (Bao et al.73 and Joyce et al.74). These regression
equations were comparable to those reported for PCBs in terms
of the magnitude for both the slopes and intercepts (Table S3).
The other two studies report regression equations with
regression lines above the 10× band. In the study by
Pirogovsky, several DDT metabolites (e.g., DDE, DDD,
DDMU, and DDNU) were measured in PDMS-SPME and
mussel tissues, the reported slope (1.02) is in agreement with
other studies; however, the intercept (1.2) is slightly larger than
reported in the other studies.75 This discrepancy may be due to
the low water column concentrations and relatively high
detection limits of the SPMEs used in that study. In the study
conducted by Maruya et al.,76 although the reported slope
(0.61) for the regression is similar to other relationships for the
DDTs, the intercept was 2.7. In this study, the measured CL for
the data set ranged 3 orders of magnitude, while the CPS ranged
over five, resulting in the lower than average slope, the high
intercept may be exacerbated due to an outlier with a very low
CPS value and a high CL value (Figure S9c).
PAHs. The literature yielded five studies in which PAH

bioaccumulation was compared with polymer uptake. Six
different regressions were reported including studies with a
gastropod, two using polychaetes, an oligochaete, and two using
mussels (Figure 1c). Generally, the slopes demonstrated similar
behavior to that observed for the PCBs and DDTs (Table S3).
Four of these studies fell within the 10× band (Cornelissen et
al.,18 Smedes,65 and Fernandez and Gschwend68). The study by
Muijs and Jonker77 found the regression between CL and CPS

above the 10× band for the entire data span while the study by
Vinturella et al.78 observed a CL and CPS relationship greater
than ten only at lower concentrations. These elevated
relationships are likely due to the elevated sediment
contaminant concentrations used in each study and are
discussed further in the Highly Contaminated Sediments
section.
CECs. Reports were also published comparing passive

sampler uptake with other classes of compounds most notably
PBDE flame retardants and pyrethroid pesticides (Figure 1d).
Two such reports were found in the literature search, one
comparing oligochaetes with PDMS-SPME and one comparing
mussel bioaccumulation with LDPE. Figure 1d also includes a
regression relating bivalve bioaccumulation of PCBs with an
EVA passive sampler. This regression is included in Figure 1d

because studies with EVA are less prevalent in the literature.
The majority of the reported data falls within the 10× band.
However, unlike the regression lines for the PCBs, DDTs, and
PAHs, the CECs resulted in regression lines that reflected
higher polymer concentrations than the corresponding lipid
concentrations (Meloche et al.,44 Harwood et al.79). Spec-
ulatively, the regression from Harwood et al. may indicate
higher concentrations in the polymer due to biotransformations
(and thus lower concentrations) in the organisms during the
exposures.79 Because no other regression relationships between
lipid bioaccumulation and EVA accumulation were found in the
literature, it is difficult to critically compare the data from
Meloche et al.44 to the other PCB regressions (Figure 1a) given
that the polymer EVA is more polar than PDMS, LDPE, and
POM. However, the expansive linear range of these values and
the high r2 observed (0.98) shows promise for using EVA
passive sampling uptake to estimate HOC bioaccumulation
(including CECs) and these relationships should be further
explored. The regression relationship reported for PBDEs by
Joyce et al.74 fell within the 10× band. Li et al.80 also reported a
correlation for PBDE 209, this regression line lies above the
10× band suggesting CL values were often more than an order
of magnitude higher than measured CPS values. This relatively
large discrepancy may, in part, be due to the very lengthy
passive sampler equilibrium times required with PBDE 209.
For all classes of HOCs, slopes for the regressions ranged

from 0.33 to 1.2 and the intercepts ranged from −0.88 to 2.70
(Table S3). General agreement was observed between all
compound classes and polymers studied. Relative to general
trends, in many cases studies with a higher intercept (>1) were
associated with lower slopes (<0.8). Further, as demonstrated
in Figure 1, organism and polymer HOC concentrations
correlated in a relatively reproducible fashion between
contaminant classes without any outliers that could not be, at
least, partially explained (see the Highly Contaminated
Sediments section below).
In a second analysis, the data were plotted by polymer type.

This approach will be discussed in lesser detail given the same
regression lines are examined closely in the first approach
described above. Using this approach to sort the data, there
were nine PDMS regressions, three for PCBs, two for DDTs,
two for PAHs, and two for CECs (Figure S1). Four of the lines
were within the 10× band with most relationships above a 1:1
relationship while the remaining five regressions were above the
10× band. For LDPE, there were a total of nine regression
lines: five, one, two, and one for PCBs, DDTs, PAHs, and
CECs, respectively (Figure S2). Most of the regression lines
were within the 10× band and higher than a 1:1 relationship.
Finally, POM had six regression lines with four for PCBs and
two for PAHs. Three lines were within the 10× band, all above
a 1:1 relationship. The other regression lines were either
entirely outside of the 10× band or included parts above of the
10× band (Figure S3), suggesting POM may have a lower
sorption capacity than lipids and the other samplers reviewed.
In a third analysis, the data were plotted by organism for the

two types of organisms with the largest data sets: marine
mussels and aquatic worms (Figures S4 and S5, respectively).
There were seven studies resulting in nine regressions with
bivalve data and 11 studies resulting in 16 regressions for the
aquatic worm data. Of the bivalve data, all but three were within
the 10× band for the majority of the data measured. Two
regressions were above the 10× band, and one below (EVA
study). This data set represents PDMS (n = 4), LDPE (4), and
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EVA (1) polymers measuring PCBs (3), PAHs (2), DDTs (3),
and CECs (1). A larger fraction of the studies with aquatic
worms were above the 10× band. PDMS (6), LPDE (5), and
POM (5) were all used to compare uptake with aquatic worms
for all the compound classes discussed in this review. About half
of the regressions showed all or a substantial portion of the
regressions above the 10× band. The larger percentage of
aquatic worm studies above the 10× band may be due to the
higher concentrations of target contaminants present in the
sediments leading to higher reported intercepts as discussed
below in the Highly Contaminated Sediments section. Another
possible explanation for higher proportions of aquatic worm
studies exceeding the 10× band as compared to bivalves is the
feeding mechanisms of the animal tested. In a recent study,
filter feeders (bivalves) were found to accumulate less PCBs
relative to other deposit feeders (aquatic worms) under
synonymous exposure conditions.81 Studies by the same
group have shown that species specific traits including: body
size, lipid content, diet, digestive process, as well as ingestion
and differentiation between sediment and suspended solid
particles also play a significant role in bioaccumulation and
should be considered when determining the extent of
bioaccumulation from the sediment.81,82 Further, fractions of
phospholipids and other sterols that may be present in lipids in
different concentrations in different species may also reduce the
sorption capacity of some HOCs, and therefore bias some of
the observed CL values.

83

Highly Contaminated Sediments. Nine of the regressions
exhibited data that fell outside of the 10x band. These “outliers”
were not explained by the type of contaminant or the kind of
polymer as PCBs, DDTs, and PAHs, as well as PDMS and

POM all demonstrated high regressions. However, all but two
of these studies (Li et al., and Pirogovsky) occurred in sediment
exposures in highly contaminated sediments (>600 ng/g dry).
This observation suggests that highly contaminated sediments
may lead to regressions in which CL to CPS relationships differ
by more than a factor of 10. Four of these studies resulted in
unexpectedly high intercepts: the current study (with POM),
Muijs and Jonker,77 Maruya et al.,76 and Beckingham and
Ghosh,3 where reported intercepts ranging from 2.1 to 2.7
(Table 1). Muijs and Jonker77 worked with field sediments
from an abandoned manufactured gas plant with total PAH
concentrations approaching 50,000 mg/kg dry.84 This point
can be further illustrated using data from the current study.
PCB contaminated sediments from New Bedford Harbor with
total PCBs approaching 400 mg/kg dry41 were diluted with a
clean reference sediment resulting in the following exposures:
25%, 50%, 75%, and 100% contaminated sediments. As the
amount of contaminated sediment is diluted to lower PCB
concentrations, the regression intercepts for POM decrease
from 2.9 to 1.2 and the slopes increase from 0.56 to 0.75 for the
100% and 25% treatments, respectively (Figure S6a). Similar
trends were observed in this study when LDPE was used as well
(although the intercepts are smaller) (Figure S6b). In both
studies the regressions moved toward the center of the 10×
band with decreasing sediment contaminant concentrations.
Explanations for this behavior are not entirely apparent;
however, given biomonitoring is frequently performed at highly
contaminated sediment sites, research to better understand the
relationship between passive sampler uptake and bioaccumu-
lation is warranted.

Figure 2. Uptake relationships between lipid-normalized tissue HOC concentrations (CL) and passive sampler polymer HOC concentrations (CPS)
sorted by sampler equilibrium correction method: black lines, equilibrium was established (est.) using temporal sampling; orange lines, equilibrium
was assumed based on previous experiments; blue lines, adjusted (adj.) to estimate CPS using modeling (e.g., based on PRCs or other methods).
Solid lines, dotted lines, and dashed lines reflect experiments performed using PDMS, LDPE, or POM, respectively. Two LDPE studies were
conducted by Gschwend et al.,70 one in which CPS was established by tumbling the LDPE in sediment until the polymers had reached equilibrium
(CL = 10.2CPS) and one study in which CPS was adjusted using PRCs based upon static exposure to sediments (CL = 5.28CPS). See Table S1 for more
experimental details.
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Effects of Equilibrium Status. The results of this review
were also analyzed to evaluate how the determination of
equilibrium status of the passive samplers affected the estimated
CPS values. Each regression relationship was categorized by how
equilibrium CPS was determined: established via temporal
sampling; corrected or adjusted using PRCs; or equilibrium was
assumed (Table 1, Figure 2). Two of the three studies in which
equilibrium was established had regression lines within the 10×
band over the entire measured data set. Studies in which CPS

was adjusted to estimate equilibrium concentrations (n = 12)
also generally fell within the 10× band. The 11 regressions in
which equilibrium was assumed for CPS resulted in more data
trending above the 10× band. This particular method for
determining CPS represents studies using all three of the
reviewed polymers, as well as each type of organism present
within this Critical Review, and encompasses contaminants
from each class of HOCs reviewed (e.g., PCBs, DDTs, PAHs,
CECs). As such, it is not surprising that studies in which
equilibrium was assumed resulted in correlations with the most
variable results as well as the highest and the lowest
concentrations trends. Regressions in which equilibrium was
assumed resulted in lines with the highest CL concentrations
when compared to CPS for PDMS, LDPE, and POM. This
finding suggests some target contaminants may not have
actually achieved equilibrium with the passive sampling
polymer in some of these studies.
The success demonstrated by temporal sampling to confirm

equilibrium is noteworthy, but it can also be the most
challenging approach for assessing equilibrium status. Consid-
erable variation was also observed for regressions in which CPS

was determined using PRCs. This variation may be due to
increased uncertainty that is associated with using PRCs to
correct for nonequilibrium conditions as well as the differences
in the models currently used to adjust passive sampling data
based on the PRCs. It should be noted that the study using
EVA is not included in Figure 2 as it is unclear if the position of
the observed regression line is due to how CPS was determined
(e.g., assumed equilibrium, established equilibrium, or adjusted
equilibrium concentrations) or because EVA regressions have
lower CL to CPS ratios.

44

Predictive Power of Organism Lipid−Polymer Rela-
tionships. In most cases, strong logarithmic relationships
existed between bioaccumulation and polymer uptake which is
indicative of a predictive relationship. These relationships were
not precisely 1:1 but were very often within a factor of
approximately ten (Figure 2); which does not disqualify the
relationships from being predictive but means that regressions
will need to be considered on a passive sampler, target
contaminant, and organism basis, suggesting that a “universal”
equation cannot be applied across a range of passive samplers,
target contaminants, and organisms to predict bioaccumulation
from passive sampler uptake.
The strength of the various relationships in Table 1 and

Figures 1 and 2 can be assessed by examining the coefficients of
determination (r2), which express the proportion of variability
in the data captured by the modeled log−log regressions. For
LDPE, the nine studies had r2 values ranging from 0.31 to 0.92
with a mean of 0.68 ± 0.20 while the 11 PDMS r2 values ranged
from 0.59 to 0.91 and had a mean of 0.76 ± 0.10 (SI Table S4).
The six r2 values for POM ranged from 0.39 to 0.76 and had a
mean of 0.58 ± 0.15. Finally, EVA had one reported r2 of 0.98.
These r2 values suggest that polymer uptake effectively
describes much of the bioaccumulation-uptake variability and

should provide confidence that using the modeled relationships
has merit for all polymers reviewed in this study. Another useful
summary statistic describing these relationships is the “p” value.
This value indicates whether the relationship between organism
bioaccumulation and passive sampler uptake is statistically
significant with values equal to or less than 0.05 generally
accepted as indicating a significant relationship. When the raw
data was available, p values were calculated, and in each case
indicated a significant relationship between CL and CPS (Table
1) and selected data sets are plotted in SFigure S9a−g.

Organism Lipid−Polymer Relationships versus Target
Contaminant Hydrophobicity. The log (CL/CPS) ratio was
calculated for the raw data that was available and plotted versus
target contaminant hydrophobicity (expressed as the log KOW).
This ratio provided another way of expressing the slope of the
relationship between polymer uptake and bioaccumulation and,
in principle, should be consistent for all data regardless of the
target contaminant or physiochemical properties. A log (CL/
CPS) equal to 0 would indicate that the uptake into the two
phases was identical. Overall, the ratio averaged 0.51 ± 0.71 (n
= 609). To investigate how this ratio varied with the target
contaminants physiochemical properties, ratios were separated
by compound class: DDTs and PCBs (combined) and PAHs.
The average and standard deviation were calculated for all
ratios with a common log KOW and the data was plotted
(Figures 3a and b, S7, and S8). For the PCBs and DDTs, the

average log (CL/CPS) for all compounds was 0.52 ± 0.49 (n =
317) (Figure 3a). The individual ratios as well as their standard
deviations appear to increase slightly with increasing log KOW.
This increase in standard deviation could be due to the
contaminants not being at equilibrium with the polymers or
increased variation associated with PRC corrections. For PAHs,

Figure 3. Lipid normalized tissue HOC concentration−passive
sampler polymer HOC concentration ratios plotted against log KOW

for (a) PCBs and DDTs and (b) PAHs. Ratios plotted are the mean
and standard deviation. Log KOW values for PCBs were taken from
Hawker and Connell,110 DDTs were generated from SPARC (http://
www.archemcalc.com/sparc.html),111 and PAHs from Smedes.65 See
Supporting Information for more experimental details.
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the average of all log (CL/CPS) was 0.50 ± 0.90 (n = 292)
(Figure 3b). There is a relatively large ratio and large standard
deviations for the lower KOW PAHs like anthracene and
phenanthrene. Values for both log (CL/CPS) and standard
deviations then decreased for moderate log KOW (5.5−6)
molecules then increased for the higher log KOW PAHs (≥6).
The variability observed for the low KOW PAHs is likely due to
a combination of organism metabolism of the PAHs and low
analytical recoveries of these volatile compounds.85−87 Causes
of the variation observed for the higher KOW PAHs is likely
error associated with passive sampler nonequilibrium and PRC
corrections.
Basic and Conceptual Data Gaps. Analysis of the

relationship between passive sampler uptake and aquatic
organism bioaccumulation suggests that passive samplers are
promising surrogates for estimating bioaccumulation, though
there are basic and conceptual data gaps that require further
research and reporting. Addressing these data gaps will improve
the future application of passive sampling in the scientific and
regulatory arenas.
Basic Data Gaps. An array of target contaminants,

organisms, field or laboratory conditions, and equilibrium
status approaches were used in the studies discussed in this
review and are summarized in Table S5. PDMS, LDPE, and
POM have been widely used in comparisons with organism
bioaccumulation for a wide range of target contaminants
including PCBs, PAHs, and DDTs, as well as pyrethroid
pesticides and brominated flame retardants. There is one
notable data gap, POM has not been evaluated with DDTs or
bivalves. Regarding the organisms used in these comparisons,
LDPE and POM have been compared primarily to marine
organisms. While there is little reason to conclude that
freshwater and marine organisms will differ substantially in CL

under equilibrium conditions, having a balance of representa-
tive studies would be beneficial to support the use of passive
samplers for predicting bioaccumulation. The types of
organisms used in these comparisons range from oligochaetes
and polychaetes to bivalves and gastropods to a small number
of insects with PDMS demonstrating the greatest diversity of
organisms. Relative to field versus laboratory studies, all of the
passive samplers had more laboratory studies than field studies.
This imbalance is likely due to the logistical, time, and cost
challenges associated with conducting in situ field deployments
compared to laboratory-based studies. Finally, all of the POM
comparisons assumed equilibrium conditions for CPS, while
LDPE and PDMS also applied estimates based on temporal
sampling and PRC corrections. To address these basic data
gaps more studies with LDPE and POM using freshwater
organisms including insects and amphipods are needed. In
addition, more field studies using PDMS and POM applying
temporal sampling should be performed. Another basic data
gap is reporting of the types of summary statistics discussed
above that assist in assessing the predictive strength of the
bioaccumulation-uptake relationships. In the future, researchers
should include, at the least, the r2 and p values for their
regressions. Species-specific traits and a more quantitative
analysis of the lipid make up should be considered in
bioaccumulation studies and may improve observed relation-
ships with passive sampler uptake.81−83

Conceptual Data Gaps. It remains unclear how effectively
passive sampling captures bioaccumulation resulting from
dietary ingestion of contaminated sediments. This particular
data gap is part of the ongoing debate of what environmental

phases represent the principle sources of exposure to aquatic
organisms. In 1991, Di Toro et al. described the equilibrium
partitioning (EqP) model for explaining the distribution of
HOCs in the aquatic environment.14 The model describes a
system in which at equilibrium the chemical activity of a given
HOC is equal across all phases, for example

= = =a a a afree PS L P (10)

where afree, aPS, aL, and aP are the respective chemical activities
of a given HOC for the Cfree, CPS, CL, and the total sediment
particle concentration CP. In this model, if one knows the HOC
concentration in any phase and the partition coefficients
quantifying the HOC’s distribution between phases (e.g., KPS,

KOC, KL), the concentration in any other phase can be
determined. Consequently, if one knows the value of Cfree based
on passive sampling measurements then the concentrations in
the other phases can be determined including the CL. This
paradigm has served as the basis for the U.S. EPA’s Equilibrium
Partitioning Sediment Benchmarks (ESBs)2,88,89 and accurately
predicts toxicity and bioaccumulation for several classes of
HOCs.90−92 However, there have been studies suggesting that
eq 10 does not accurately describe the chemical activity of some
HOCs. For example, Friedman and Lohmann concluded that
for higher log KOW HOCs, CL could not be completely
explained by Cfree and that is was likely there were other
contributing factors to the measured CL.

93 Other studies have
reported similar findings that question the universality of the
EqP model.82,94,95 However, if Cfree is found to not be an
effective predictor of CL for higher KOW HOCs, the utility of
passive sampling for predicting the CL for these same HOCs
may be thrown into doubt. This data gap is a fertile area for
further research.
Within the passive sampling literature, there is also a lack of

consensus on whether field or laboratory studies are more
appropriate for comparing passive sampler uptake and
organism bioaccumulation. Janssen et al. concluded that
laboratory studies are the best way to evaluate equilibrium
interstitial water concentrations which, most accurately
represent target contaminant bioavailability. However, field
studies may be necessary to account for the most relevant “real
world” exposure conditions.67 Ghosh et al. reached a similar
conclusion stating that equilibrium between the passive sampler
and various environmental phases can be achieved more readily
under laboratory conditions, but there is a loss of environ-
mental reality attainable only under field conditions.28 In
addition, comparisons utilizing field conditions can be difficult
because target contaminants may take months or longer to
reach equilibrium with the passive samplers. As discussed
above, lengthy field deployments have been circumvented by
using PRCs with passive samplers including LDPE,49,56,96

POM,97 and PDMS.73,98 However, interpolating PRC data is
not always straightforward. In addition, PRCs can be expensive
and may introduce additional variability to the estimates of
target contaminant concentrations that can adversely affect the
passive sampler uptake to organism bioaccumulation relation-
ship.48

Perhaps the most environmentally significant application,
actual passive sampling studies bridging trophic levels are very
limited. All of the studies discussed in this review involved
organisms that primarily accumulate target contaminants
directly from contaminated water or sediment and not via
feeding on prey. In this way, the transfer of target contaminants
from the relevant environmental phases to the organism’s lipids
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is relatively simple (e.g., bivalves filtering contaminated water).
To apply the full potential of passive samplers it would be
desirable to use CPS data to estimate CL for higher trophic level
organisms (e.g., pelagic fish, wildlife, humans). The most likely
route to accomplish this goal would involve using passive
sampler CPS data as an input term to bioaccumulation models
like those developed by Gobas et al.5,99,100 The CPS would serve
the same role as the lower trophic level organism
bioaccumulation CL data ordinarily collected for inclusion in
such models. However, very little of this type of passive sampler
CPS data utilization has yet been performed.101,102 In a related
series of studies, investigations have compared measurements
of contaminant uptake into silicone (PDMS) coated inside jars.
In these experiments, contaminated sediments were tumbled in
the PDMS-coated jars and the equilibrium PDMS accumulation
compared to the actual bioaccumulation by fish sampled from
the areas where the contaminated sediments were col-
lected.103−107 Results demonstrated strongly predictive linear
correlations between the silicone estimates of bioaccumulation
and actual fish bioaccumulation. However, the fish bioaccumu-
lation was often less than the silicone-based estimates of
bioaccumulation suggesting, that the organisms were not at
equilibrium with the sediments in the field. These results may
indicate that the fish in the environment are being exposed to
contaminants from several other sources along with the
contaminated sediments (including contaminated sediments
from other locations) and not exposed to contaminants in
uncontaminated areas. Alternatively, these findings may simply
highlight differences in the sorptive capacities of the lipid versus
PDMS. This innovative work highlights one of the challenges
associated with using passive samplers with bioaccumulation
modeling to predict higher trophic level organism bioaccumu-
lation, higher trophic level organisms are seldom sessile, and
they do move around and can be exposed to multiple sources of
contamination while passive samplers are generally stationary.
This challenge and others will need to be addressed if passive
sampling is to be used successfully to predict higher trophic
level bioaccumulation.
Implications. This review and analysis of the passive

sampler uptake and bioaccumulation data indicates that based
on the regression relationships in the majority of the 27
regressions in Table 1, passive samplers accumulated target
contaminants within one or two orders of magnitude of the
organisms, and, when raw data was available for testing, each of
these regressions yielded a statistically significant relationship
between CL and CPS based on the p values. This finding
suggests that in many applications, passive samplers can be
applied as surrogates for biomonitoring organisms if they are
not available or their deployment is problematic (e.g., low
dissolved oxygen), with the following caveats. First, in most
cases, the CPS, while within an order of magnitude of the CL,
were often lower than the CL values. In studies, where
equilibrium was assumed, this bias becomes more prevalent and
may be a reflection of the potential for the target contaminants
to not be fully at equilibrium with the polymer. For cases where
equilibrium with the polymer was established or adjusted for
using PRCs, the results of the regression analyses indicate that
the relationship between CL and CPS were not identical but
were predictive. Second, the increase in variability observed
between the CL and CPS ratio with increasing log KOW for PCBs
and DDTs (Figure 3a), shows that extra care should be taken
when interpreting passive sampler data for the larger, higher
KOW target contaminants. This is because the uncertainty

associated with the resulting estimated CL values will be larger
than for lower KOW target contaminants. Unfortunately, these
larger KOW HOCs, while less bioavailable than smaller
contaminants, are often the HOCs of most interest in terms
of trophic transfer and toxicity to higher trophic organisms
including pelagic fish, wildlife and humans.108,109 While Figure
3a indicates the variability in the CL and CPS relationship
increases with increasing KOW, it does not necessarily mean that
the use of passive samplers as surrogates is flawed, but
highlights the challenges with accurately and precisely
measuring CPS and CL for these larger KOW contaminants. By
comparison, the level of variability observed in the ratio for
PAHs, across molecules (Figure 3b), is likely due to a
combination of metabolism and the same issues affecting
other high KOW contaminants. This variability occurred despite
the relatively good correlations between PAH uptake by passive
samplers and bioaccumulation by organisms.
For scientific and regulatory applications, specifically for the

classes of HOCs discussed in this review, the use of passive
samplers as surrogates for biomonitoring organisms is
recommended when necessary (e.g., when biomonitoring
organisms are not available). As the relatively high r2 values
reported in this review show, using passive samplers will yield
similar spatial trends as well as detect temporal changes in
water column and interstitial water concentrations similar to
those acquired in a conventional biomonitoring program. The
accuracy of this approach will improve if passive sampler
equilibrium status is confirmed and the practice is limited to the
low and medium log KOW (i.e., 4−7) target HOCs. Passive
sampling based concentrations resulted in predictive relation-
ships, most of which were within one to two orders of
magnitude of the directly measured bioaccumulation (see
Figure 2). Finally, the conclusions reached here will only be
strengthened with the performance of more comparisons of
passive sampler uptake and organism bioaccumulation.
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(35) Seethapathy, S.; Goŕecki, T.; Li, X. Passive sampling in
environmental analysis. Journal of Chromatography A 2008, 1184 (1−
2), 234−253.
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Justifications:

Justification 1:

Municipal drinking water storage tanks (MDWSTs) are an important component of
the distribution system infrastructure. To date, there is limited documentation on
pathogen occurrence in MDWSTs, due to complexities and cost associated with
sampling of MDWST sediments. Our study on waterborne pathogens in MDWSTs 
is the original and only survey across the United States. Considering the challenge
for collecting sediment samples, we were still able to obtain samples through our
established network with storage tank cleaning companies, regional offices, and
local health department. This novel method is an early approach of community
citizen science.

Considering Legionella pneumophila is the species responsible for the majority (
>90%) of cases of Legionnaires' disease and more than 58% of outbreaks associated
with drinking water, the focus of this study was on the detection of Legionella spp.
and L. pneumophila in MDWSTs. To conduct accurate detection of this pathogen,
we designed novel qPCR assays for detecting Legionella spp., L. pneumophila and 
L. pneumophila sgr.1 (suppl-1). Those new assays were developed with high
coverage, specificity, and sensitivity based on the pathogen’s virulence factor genes
(sidF, rtxA and mipA). Those assays served not only for this MDWST study, but
also were applied in other studies (not described here) on a municipal drinking
water distribution system (Lu et al. 2016) and in a shower water system (Lu et al.
2017). The overall success achieved from our study on detecting Legionella spp. in
drinking water systems, have resulted in the development of protocols for the rapid
detection of L. pneumophila that were provided to EPA’s National Homeland
Security Research Center (NHSRC).

The innovative findings are as follows. (1) High occurrence of potential
opportunistic pathogens was found to be prevalent within MDWST sediments. They
could act as a source of microbial contamination for downstream drinking water
users. (2) There was cooccurrence of Legionella spp. and potential host 
Acanthamoeba spp. The opportunistic pathogens and microbial communities were
associated with some elements derived from corrosion. The organic-matter-rich
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sediments contained high opportunistic pathogens. (3) Diverse Legionella species
were found and some L. pneumophila, L. pneumophila sg1 and L. anisa)
were legionellosis-related, 

Significance and Impact of the Study are as follows. (1) The information was
needed for NHSRC to understand the biological background for assessment of the
biological risk in the event of future emergency of biological agent attacks via
MDWSTs. Based on this study, we continued our key research collaborations with
NHSRC for developing a protocol to detect Legionella and L. pneumophila within
drinking water distribution systems. (2) The occurrence and ecological aspects of
opportunistic pathogens provided key scientific support for the Office of Water to
develop the Legionella guidance document (EPA 810-R-16-001, EPA Office of
Water), and now are the one of the key research priorities of US EPA research
(SSWR 2019-2022). (3) The outcome of this study provided critical data for 
Legionella to be considered as one of the microbial contaminants for the
Contaminant Candidate List (CCL) 5 published by UEPA’s Office of Water’s
Office of Ground Water and Drinking Water. Furthermore, this study can provide
basic data for whether there should be guidance or regulation for regular
maintenance of tanks and sediment removal. 

Justification 2A:

Both publications described the investigations of opportunistic pathogens in 
MDWST sediments and included the occurrence of opportunistic pathogens
detected using qPCR. Publication 1 described the occurrence and quantity of
potential opportunistic pathogens across the United States, while the publication 2
were the further continuing investigations including not only the occurrence and
densities, but also the microbial community structure, and their associations with
sediment elements from smaller scale of sampling sites.

Justification 2B:

1. J. Lu, J. Santo Domingo, J. N. Ashbolt (2014) Impact of drinking water
conditions and copper materials on downstream biofilm microbial communities and 
Legionella pneumophila colonization. 2017 EPA STAA (Nominee: Jingrang Lu,
Contributing authors: Jorge Santo Domingo, J. N. Ashbolt, etc.) 
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2. J. Lu, J. N. Ashbolt (2014). Preferential colonization and release of Legionella

pneumophila from mature drinking water biofilms grown on copper versus
Unplasticized polyvinylchloride coupons. 2017 EPA STAA (Nominee: Jingrang Lu,
Contributing authors: J. N. Ashbolt etc.) 

3. J. Lu, J. N. Ashbolt (2013). Legionella pneumophila transcriptional response
following exposure to CuO nanoparticles. 2018-2019 EPA STAA (Nominee:
Jingrang Lu, Contributing authors: J. N. Ashbolt etc.) 

.

Justification 2C:

            This nominee’s publications described the studies on opportunistic
pathogens in MDWSTs and their associations with sediment factors and are
significantly different from the previous publications for the studies on the copper
impact on Legionella and other opportunistic pathogens in drinking water by these
authors. 

Justification 2D:

The supplemental information for the current nomination doesn’t include any previously submitted

supplemental information.

Justification 2E:

            None of the authors has submitted a concurrent nomination to another Research Category.

Justification 3A:

The manuscripts have received considerable interest and have already been cited 42 and 10 times,

respectively, to date, in various academic manuscripts. In addition, the invitations of publications

and presentations for this topic have been received (supplemental documents). Finally, the

manuscript’s authors have given poster presentations describing this work at an ASM conference and

WQTC.

Justification 3B:
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        The manuscript was internally reviewed, in accordance with NERL quality assurance clearance

procedure, prior to submission to the journals, “Journal of Applied Microbiology” and “MDPI

Pathogens”. A blind review of the manuscript was conducted by the journal editors and external

reviewers in accordance with their peer review policy. The manuscripts were then accepted for

publication. 
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more likely. However, due to complexities and cost asso-

ciated with sampling of MDWST sediments, there is lim-

ited documentation of pathogen detection in MDWST

across the United States. Historically, public health mea-

sures have been directed to enteric pathogens in drinking

water systems, including Shigella spp., Salmonella enterica,

Yersinia enterocolitica, Campylobacter jejuni, Escherichia

coli O157, Giardia intestinalis, Cryptosporidium spp. and

several viruses (Ashbolt 2015). However, opportunistic

pathogens including members within Pseudomonas aeru-

ginosa, Legionella pneumophila, NTM, Naegleria fowleri

and some genogroups of Acanthamoeba spp. are now

generally considered to cause a higher health burden than

enteric pathogens via drinking water exposures (Craun

et al. 2010; Biyela et al. 2012; Collier et al. 2012). Other

free-living amoebae (FLA) of interest: Vermamoeba (for-

merly Hartmanella) vermiformis, along with various Acan-

thamoeba spp. appear critical to the growth of

opportunistic intracellular bacterial pathogens and even

virulence increase, such as with Leg. pneumophila and

various NTM (Thomas and Ashbolt 2011; Valster et al.

2011; Biyela et al. 2012; Delafont et al. 2014).

The detection of potential opportunistic pathogens is

complicated partly because of the time consuming meth-

ods and labour costs, and partly because of viable but

nonculturable forms in drinking water systems (Moore

et al. 2001; Garduno et al. 2002; Giao et al. 2009;

Wingender and Flemming 2011; Wang et al. 2012).

Molecular testing, especially qPCR, has many advantages

vs culture-based approaches, as it provides high through-

put, sensitivity, specificity and cost-efficiency, compared

to traditional culture-based approaches (Lee et al. 2011).

Although qPCR is not definitive in differentiating live

from dead bacteria (Y�a~nez et al. 2011), which might lead

to false positives, qPCR has been used by many research

groups as a first screening approach for the range of tar-

gets, therefore, it is also considered in the current study.

To date, surveys for these opportunistic bacterial patho-

gens appear to be limited to small in-premise storage

containers, such as those in hospitals (Stout et al. 1985;

Walker et al. 1995) and homes (Mathys et al. 2008; Lim

et al. 2011). The objectives of this study were to examine

the prevalence and quantity of potential pathogens in

MDWST sediments across the United States to evaluate

whether there may be a need to reduce microbial risks

via tank cleaning or improved management practices.

Materials and methods

Sample collection

A total of 87 samples from 18 MDWSTs (1–5 million

gallons in capacity) across ten states were examined with

five replicates from each tank except NJ2 (n = 3) and NC

(n = 4), which were collected from April 2012 to May

2014 (Fig. 1 and Table S1). The locations were selected

to include five different regions of the United States.

(Northeast, East Coast, Midwest, South and West Coast)

(Fig. 1). Each sediment sample (approx. 100 ml) from

the assigned five replicate subsampling points (East, West,

South, North and Centre of the tank base) was collected

with a sterile plastic spatula into a 125 ml sterile plastic

bottle from completely drained tanks. The samples were

placed in a cooler containing ice and immediately

shipped overnight to the laboratory at Cincinnati, OH,

for further processing. After removing liquid from the

top of the sediment, aliquots (10 g) were transferred to

separate tubes and processed using PowerMax� Soil DNA

Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA).

Total community DNA was obtained per manufacturer’s

instructions. General parameters like water temperatures

and source of raw water were recorded for each tank

(Table S1). In addition, where 8-l sediment samples were

available in seven locations (Table S2), other physical and

chemical sediment characterization was undertaken (total

organic carbon, TOC; total organic matter, TOM; Particle

size; pH and total exchange capacity: TEC) using EPA

standard or comparable methods (Table S3). Due to the

incapability of on-site measurements by cleaning compa-

nies, the chlorine concentrations were obtained from

local county water quality reports, where the storage

tanks were located. Of the 18 locations sampled, all tanks

contained chlorinated drinking water meeting US EPA

regulated chlorine concentrations (detectable residual dis-

infectant, maximum level <4 mg l�1), and their sources

of water were 61% from ground water and 39% from

surface water, while their water temperatures ranged from

2�2– 28�9°C with mean of 15�1 � 7�0°C (Table S1).

qPCR analysis

A panel of 12 genus- or species-specific qPCR assays was

used in order to screen and quantify selected micro-

organisms. Previously published assays were used except

for Legionella spp. and Leg. pneumophila (in order to

cover most of the sequences retrieved from environmen-

tal samples in NCBI) (Table S4). The qPCR performances

were evaluated with cultures of Leg. pneumophila Phi 1

(ATCC 33152), Mycobacterium avium (ATCC 25291),

Ps. aeruginosa (ATCC 10145), Bacteroides thetaiotaomi-

cron (ATCC29148), Camp. jejuni (ATCC 29428),

Salm. enterica (ATCC 13076), E. coli O157:H7 (ATCC

43895), Acanthamoeba polyphaga (ATCC 30461), Verm-

amoeba vermiformis (ATCC 50237), N. fowleri (ATCC

30863) and oo/cysts of Cryptosporidium parvum and

Giardia duodenalis, which are representative of six enteric

Journal of Applied Microbiology 119, 278--288 © 2015 The Society for Applied Microbiology 279
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and six potential opportunistic pathogens and amoeba

hosts. The novel Legionella primers and qPCR conditions

were tested and optimized by running annealing tempera-

ture gradients and using serial dilutions (10–107) of

Leg. pneumophila Phi 1 DNA templates. The primers

were tested for host specificity against DNA extracted

from the bacteria listed in Tables S5 and S6. The assays

for Ps. aeruginosa and E. coli O157:H7 utilized TaqMan

kits (Life Technology, Carlsbad, CA), so the primer

sequences are not available (so not listed in Table S4).

Three replicates of serially diluted Leg. pneumophila

Phi 1 (107 CFU ml�1) were spiked into the sediment

(250 mg ml�1) previously tested as negative for

Leg. pneumophila, and filtered and autoclaved Cincinnati

tap water, respectively, DNA was isolated independently,

qPCR was conducted from each DNA, and standard

curves of the assays targeted to the genes of serogroup

(sg1) associated with virulence factors: mipA, sidF, rtxA,

cegC1 and LPS cluster (Table S4) were prepared. The

assays targeting sidF, rtxA and cegC1 were used to con-

firm the presence of Leg. pneumophila Phi 1 for those

samples with weak signals, because they are more sensi-

tive than the LPS cluster (data not shown). By comparing

the Ct values targeting those Leg. pneumophila assays,

there was no significant differences in detection limits

and the Ct values at each dilution level between spiking

Leg. pneumophila in sediments and in the water. For

other pathogen surrogates, approx. 107–101 (bacteria) or

105–101 (eukaryotes) of cultured cells/cysts were spiked

and diluted in filtered and autoclaved Cincinnati tap

water. All independent DNA extracts were examined in

two sets: an original and a 10-fold dilution, both in

duplicate, to ascertain inhibition by comparing (i) the

difference in Ct values between the original DNA extracts

and 10-fold dilutions and (ii) the correlations between Ct

values and log numbers of the surrogates spiked. For

example, if there was no or low inhibition from the origi-

nal sample, there was a highly significant correlation

between Ct values and log Leg. pneumophila concentra-

tions or a slope between 3�58 and 3�10. Target cells in the

extracts were reported as numbers of spiked cell/cyst

equivalents (CE). If there was no significant inhibition,

the data recorded from the experiments were used to

generate standard curves, and the qPCR detection limit

was estimated (Table S4). This inhibition check protocol

has been used for various environmental samples, and

inhibition was not commonly found in drinking water

and tank sediment samples, so herein factors for correc-

tion of inhibition was not described.

All qPCR assays were performed using a 7900 HT Fast

Real-Time Sequence Detector (Applied Biosystems, Foster

City, CA). Reaction mixtures (20 ll) contained 10 ll 29

qPCR master mix (Applied Biosystems): Power SYBR�

Master Mix for qPCR without probe and TaqMan� Envi-

ronmental Master Mix 2.0 for qPCR with 0�08 lmol l�1

TaqMan probe (final concentration), 0�2 lmol l�1 prim-

ers and 2 ll of template DNA. DNA was treated with

Uracil-N-Glycosylase for 2 min at 50°C to prevent carry-

over contamination. The sample was then held for

10 min at 95°C to denature the template DNA. The fol-

lowing quantification cycling protocol was used: 40 cycles

at 95°C for 15 s and various Tm (Table S4) for 30 s with

an extension at 72°C for 30 s, and a final hold at 72°C

for 5 min. To assay for qPCR inhibitors from the sample

DNA, an original and a 10-fold dilution of each DNA

extract were assayed. In addition, the TaqMan Exogenous

Internal Positive Control Reagents (a VIC-labelled probe)

manufactured by ABITM (Life Technology) was also used

as a secondary confirmation. The qPCR for each assay

was run on a 96-well plate, which included a serial of

AL1

PA1

OH1

OH2

ARAZ1

NCTN

CA2CA3

AL2

IL

PA2 NJ1

AZ2

AZ3

NJ2

CA1

Figure 1 Sampling locations.
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DNA extracts described above for specific target standard

curve in the first row of the 96-well plate, and a no-tem-

plate control for each row of each 96-well plate assayed.

Data were analysed with the SEQUENCE DETECTION SYSTEMS

software program (ver. 2.3) (Life Technology, Carlsbad,

CA). The baseline cycles were set from three to 15 and

the threshold value at the point where fluorescence

exceeded ten times the standard deviation of the mean

baseline emission. According to this standard, a setting of

threshold 0�2 were frequently used. Samples in which

both the duplicates had a threshold cycle (Ct) value

below 40 were regarded as positive. The initial estimates

of microbial quantities were produced automatically

against a serial of standard DNA, and then the estimates

were divided by wet weight (g) of the sediments used for

DNA extraction to obtaining the final numbers.

Cloning and sequencing

Amplicons from the samples showing positive signals of

Legionella spp., Campylobacter spp., Acanthamoeba spp.

and V. vermiformis by qPCR screening, genus-specific

PCR (Table S4) were cloned into pCR4.1 TOPO (Life

Technology) and then individual clones (20 colonies for

each library) were sequenced by using BigDye Terminator

chemistry (Life Technology), in order to confirm the tar-

gets. Raw sequences were edited using Sequencher (Gene

Codes Corp., Ann Arbor, MI). Chimeric sequences were

identified using UCHIME (Edgar et al. 2011) and DECI-

PHER (Wright et al. 2012), and removed from further

analyses. Phylogenetic trees were constructed from the

alignments of 16S or 18S rRNA gene sequences based on

the maximum likelihood method. The software MEGA

v5.03 (Tamura et al. 2011) was used to build trees using

1000 replicates to develop bootstrap confidence values.

Representative Legionella 16S rRNA gene sequences from

clone libraries were deposited in GenBank with accession

numbers: KM624063–KM624177.

Statistical analysis for qPCR data

MICROSOFT EXCEL 2003 and SAS SYSTEMS ver. 9.2 (SAS,

Cary, NC) were used for data management and calcula-

tions. Correlations used to determine the relationship

between Legionella spp., Acanthamoeba spp. and temper-

ature and correspondence analysis with two dimensions

to determine the association between the quantity of

Legionella spp. and other independent variables (TOC,

TOM, Particle size: sand, silt and clay, pH and TEC)

along locations were performed. In the correspondence

analysis, inertia (variance) is defined as the total Pearson

Chi-square for the two-way table divided by the total

sum.

Results

The highest frequency of detection was withMycobacterium

spp. (88�9%), followed by Legionella spp. (66�7%), Acantha-

moeba spp. (38�9%), Ps. aeruginosa (22�2%) and V. vermi-

formis (5�6%). For Campylobacter spp. and V. vermiformis,

some qPCR signals near the detection limit were seen, yet

they were later confirmed as true positives. The campylob-

acters were largely identified as Camplylobacter lari (95% of

clone sequences), with a few Camp. jejuni (5% of clone

sequences) present from AR (Fig. 1). Of the Vermamoeba,

99% were identical to V. vermiformis (from OH1 and AZ3).

There was no other positive signal for the other targeted

bacteria (human-specific HF183 Bacteroides, Campylobacter

spp., Salm. enterica, E. coliO157:H7) and protozoan patho-

gens (Cryptosporidium spp. Giardia spp. and N. fowleri),

indicating the absence of enteric pathogens and warm chlo-

rine-free conditions for N. fowleri, but potential opportu-

nistic pathogens were generally present in the sediments

sampled (Table 1). The quantities of cell equivalence

(CE g�1) averaged 6�7 9 104 (SD: 8�5 9 104) forMycobac-

terium spp., 5�2 9 103 (SD: 5�9 9 103) for Legionella spp.,

250 (SD: 880) for Ps. aeruginosa and 53 (SD: 70) for Acan-

thamoeba. The highest detections for Legionella spp., Acan-

thamoeba spp. andMycobacterium spp. occurred in NJ1, yet

all three genera were also high at the IL, NJ2, AL1, AZ1, TN

and NC sites. There was a significant correlation between

Legionella and Acanthamoeba spp. across all sites

(R2
= 0�61, n = 87, P = 0�0001, Fig. 2). The correlation

was especially demonstrated by the coincidence of the high

quantity of both Legionella and Acanthamoeba spp. at the

NJ1, IL, OH2 and NJ2 sites (Table 1, Fig 1). More than

100 CE g�1 of Acanthamoeba spp. were obtained for all the

locations (IL, OH2, NJ1 and NJ2) that contained more than

103 CE g�1 of Legionella spp., although Acanthamoeba was

not detected at locations, with a low level of Legionella spp.

To examine potential associations among variables, corre-

spondence analysis was performed using two-dimension

Chi-square data analysis and significant differences were

observed across site categories (Fig. 3). Over 61 and 35% of

the total Chi-square was explained by dimension 1 and 2

(i.e. horizontal and vertical dimensions), respectively. It

seemed there were associations between Legionella spp. and

Acanthamoeba spp. and some chemical- and physical-

parameters (particle sizes, TOC, TOM, TEC and pH) within

the locations. For example, Legionella was possibly associ-

ated with Acanthamoeba, OH2, TN and AL1 along Dimen-

sion 1, while Legionella and Acanthamoeba were associated

with clay, silt, TOC, NC and AZ1 along Dimension 2.

Importantly, all sites positive for Legionella spp. by the

screening qPCR assay were confirmed positive by

sequence analysis. It indicated the specificity of both the

qPCR and PCR assays designed in this study to target
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Legionella 16S rRNA gene, which covered 99�9% out of

1000 Legionella-related sequences in the NCBI database.

Furthermore, Legionella diversity was high and a total of

115 unique operational taxonomic units (OTU) were

identified, of which unknown Legionella sequences (38%)

dominated in many sites. The dominant sequences were

as follows: (10%) similar to Legionella impletisoli (iden-

tity: 99%) at AL1, AZ1 and OH2, and there were 6 and

5% sequences similar to Legionella anisa (identity: 99%)

at NJ1, and to Leg. pneumophila or even Leg. pneumophil-

a sg1 (identity: 99%) at TN and NJ1, respectively, which

confirmed the qPCR results described hereafter. The Leg-

ionella phylogenetic diversities varied across sites. For

example, the highest OTUs (n = 36) was in NJ1 and next

highest at IL (n = 16) (Table S7, Fig. 4).

The detection of Leg. pneumophila (33%) (sites AL1,

AZ3, IL, OH2, NJ1, NJ2 and TN) and Leg. pneumophila

sg1 (28%) across the United States (sites AL1, IL, OH2

and TN) was consistent with several serogroup 1 specific

assays (sidF, rtxA, cegC1 and P65/66), and confirmed by

clone sequencing. For example, one of the positive TN

samples was also positive to the panel of assays specific

to Leg. pneumophila (mip) and Leg. pneumophila sg1,

although the qPCR signals were generally low. Consider-

ing the differences in sensitivities for the gene-specific

assays developed, the detection and confirmation for

Leg. pneumophila or Leg. pneumophila sg1 was conducted

using multiple assays, and the positive samples were

recorded, when the qPCR for one or more assays showed

strong signals. For example, samples from OH1, OH2

and AL1 were positive by mipA, and samples from NC

and IL were positive by sidF or/and rtxA targeted qPCR

(Table 2).

Table 1 The quantity (cell equivalent, CE wet g�1) of potential opportunistic pathogens in sediments using qPCR in five replicates

Target
Legionella spp.

Acanthamoeba

spp.

Vermamoeba

vermiformis Mycobacterium spp.

Pseudomonas

aeruginosa

Assay
16sF1c/R1c/Leg probe1

AcF1/R1/

taqAcP1

Hv1227F/

1728R 23SmycoF/R/23SP2 ecfX F/R

Location* Mean SD Mean SD Mean SD Mean SD Mean SD

AL1 600 483 0 0 0 0 2�23 9 105 3�59 9 105 0 0

AL2 0 0 0 0 0 0 216 194 3670 3720

AR 0 0 0 0 0 0 0 0 0 0

AZ1 304 226 0 0 0 0 2�71 9 104 9�92 9 103 0 0

AZ2 22 49 0 0 0 0 1�42 9 104 1�74 9 104 6 11

AZ3 51 114 22 50 17 23 6�64 9 104 6�06 9 104 0 0

CA1 0 0 25 19 0 0 7�45 9 104 5�20 9 104 659 777

CA2 0 0 0 0 0 0 5�58 9 103 5�87 9 103 59 92

CA3 30 59 0 0 0 0 2�56 9 103 5�45 9 103 0 0

IL 8�66 9 103 4�59 9 103 151 82 0 0 0 0 0 0

NC 275 207 10 12 0 0 6�24 9 104 1�85 9 104 0 0

OH1 0 0 0 0 0 0 1�92 9 103 2�04 9 103 0 0

OH2 1�00 9 103 519 209 185 0 0 8�30 9 104 6�39 9 104 0 0

TN 696 1108 0 0 0 0 156 252 0 0

PA1 0 0 0 0 0 0 39 88 0 0

PA2 113 213 0 0 0 0 1�19 9 104 2�65 9 104 67 111

NJ1 7�989104 2�49 9 104 391 243 0 0 6�15 9 105 1�16 9 105 0 0

NJ2 1�63 9 103 383 133 68 0 0 1�99 9 104 4�51 9 103 0 0

*See Fig. 1 and Table S1.
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Figure 2 Scatter plot of quantities of Legionella spp. (X-axis) and

Acanthamoeba spp. (Y-axis) and linear regression analysis (solid line)

with 95% confidence interval (dash lines) showing the relationship

between Legionella spp. and Acanthamoeba spp. (R2 = 0�61, n = 87,

P = 0�0001).
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Acanthamoeba spp. were also confirmed for the IL and

OH2 samples in which high densities of Legionella spp.

co-occurred. They were similar to Acanthamoeba sp.

(identity: 99%), which was an Acanthamoeba isolate from

infected corneas of amoebic keratitis patients in Korea

(Kim, S.Y., Yu, H.S., Moon, E.K., Kong, H.H., Hahn,

T.W. and Chung, D.I. unpublished data at the NCBI

Website). More importantly, Leg. pneumophila was

detected in various locations (AL1, AZ1 and TN), where

both Acanthamoeba and V. vermiformis were undetected

and Legionella was in low level.

Discussion

This study is the first nationwide survey reported for

microbial pathogens associated with MDWST sediments.

Based on the results, it would seem that sediments within

MDWSTs across the United States may support and

allow the growth of Leg. pneumophila, other legionellae,

NTM, Ps. aeruginosa and Acanthamoeba spp., all of which

potentially contain opportunistic pathogenic members. In

contrast, enteric pathogens including E. coli O157:H7,

Salmonella spp., Giardia intestinalis and Cryptosporidium

spp., were undetected, as was the sewage-associated Bacte-

roides marker, but there was a trace detection of

Camp. jejuni (Table 1). Generally, Legionella and NTM

species have been considered more of a problem associ-

ated with large building plumbing systems and in the use

of drinking water supporting cooling towers or humidifi-

ers (Buse et al. 2012; Donohue et al. 2014), rather than

drinking water distribution systems. However, this study

and others (Wang et al. 2012; van der Wielen and van

der Kooij 2013) suggest that nonenteric pathogens may

be a concern for water storage tanks and potentially other

locations where sediments accumulate within drinking

water distribution networks. In addition, pathogenic

members are often associated with amoebae (Thomas

et al. 2010) as was seen in this study. Mounting evidence

exists (Thomas and Ashbolt 2011; Biyela et al. 2012) that

amoebae are critical to intracellular pathogen amplifica-

tion and even increased virulence of these opportunistic

pathogens.

A recent review of microbial disease outbreaks associ-

ated with drinking water by the Centers for Disease Con-

trol and Prevention (CDC) indicates that L. pneumophila

is an aetiological agent of major concern (Craun et al.

2010), and along with the NTM account for the majority

of drinking water associated pathogen hospitalization

costs in the United States (Collier et al. 2012). Also of

concern reported by CDC are increasing Acanthamoeba-

related eye infections (Yoder et al. 2012); noting that in

the current study clinically relevant Acanthomoebae were

identified (Table 1). Other concerns were that Acantha-

moeba correlated with our finding of high Legionella den-

sities compared to most other organisms detected in the

sediments (Fig. 2) and that the Acanthomoebae may also

support replication of various other intracellular patho-

gens (Greub et al. 2004; Thomas et al. 2010). Hence, pre-

emptive monitoring of amoebal numbers may provide a

useful warning of conditions that could support opportu-

nistic bacterial pathogens (Codony et al. 2012).

The diversity of unique OTUs (total of 115) related to

Legionella spp. from the MDWST sediment samples

requires further study to ascertain their clinical relevance.

Legionella species identified included not only those com-

monly found in distribution systems, such as Leg. pneu-

mophila and non-Leg. pneumophila (Yu et al. 2002; Lee

et al. 2010), but also many unique sequences (38%). For

Leg. pneumophila, the occurrence of sg 1, present in 28%

of the locations in which Legionella spp. were detected,

was higher than the 9% reported from a previous drink-

ing water treatment/distribution system study (Loret and

Greub 2010). However, these levels of Leg. pneumophila

seemed lower than those reported from public buildings.

1·0

TN

OH2
NC

AZ1

AL1

AR

TOM

Sand

pH

Clay

TOC
Silt

TEC

Legionella

Acanthamoeba

0·5

0·0

–0·5

–0·5 0·0 0·5

Dimension 1 (54·48%)
D

im
e
n
s
io

n
 2

 (
2
5
·3

3
%

)
1·0 1·5

Figure 3 Correspondence analysis showing

associations among Legionella spp.,

Acanthamoeba spp. and chemical- and

physical- parameters (TOC, TOM, TEC, pH

and particle sizes: sand, clay and silt) along

locations. Possible associations can be seen

among those variables, e.g. Legionella

associated with Acanthamoeba, OH2, TN and

AL1 along Dimension 1, while Legionella and

Acanthamoeba associated with clay, silt,

TOC, NC and AZ1 along Dimension 2.
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Figure 4 Unrooted neighbour-joining tree of

16S rRNA gene amplified for Legionella

spp.sequences obtained from clone libraries.

Sequences were aligned, and the bootstrap

consensus tree was created with MEGA6 (1%

divergence).
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For example, Leg. pneumophila sg1 was detected in nearly

half of 68 public and private water taps across the United

States using qPCR assays targeted 16S rRNA gene (Don-

ohue et al. 2014). For the non-Leg. pneumophila identi-

fied in the current study, Leg. anisa and Legionella

bozemanii were previously reported to predominate

among this category in drinking water (48�1 and 21�0%

respectively) (Lee et al. 2010). Although it is estimated

that some 84% (out of 6868 cases) of legionellosis in the

United States are caused by the Leg. pneumophila sg1,

some non-Leg. pneumophila could also cause human

health risk, such as Pontiac fever caused by various spe-

cies including Leg. anisa (Fallon and Stack 1990; Fenster-

sheib et al. 1990) or hospital-acquired Legionnaires

disease (Bornstein et al. 1989). Therefore, the detection

of Leg. anisa in water samples should be considered an

important indication that the water system has been

colonized by potentially pathogenic Legionella species,

including Leg. pneumophila (Yu et al. 2002; van der

Mee-Marquet et al. 2006). Understanding the clinical sig-

nificance of various non-Leg. pneumophila strains warrant

further investigation for their human health risk.

The results showed high variations in the densities of

detected opportunistic pathogens along different geo-

graphical locations, indicating their distributions might

have been impacted with some physicochemical factors.

Current physicochemical data available for this study

did not explain the geographical differences observed.

Previously, temperature, FLA and biofilm have been

noted as key factors for the growth of Legionella, in

addition to residual disinfectants. In this study, the dis-

infectant, free chlorine, which was used for all the sys-

tems investigated in this study and kept at the level

approx. 1 mg l�1, was probably not a major factor

influencing the variations observed. Also, Legionella is

able to survive or/and grow at temperature ranged from

20–50°C in distribution systems (Stout et al. 1985;

Wadowsky et al. 1985). We also found no significant

relationship between temperature and Legionella quanti-

ties of qPCR targets, noting that Legionella occurred in

locations where temperatures ranged from 2�2–28�9°C

with a mean of 15�1 � 7�0°C, yet those with higher

densities (>103 CE l�1) were presented in the locations

with temperatures >10�6°C. The lack of a possible effect

of temperature, may have been influenced by our sam-

pling plan, which did not focus on each season, but

rather to address opportunities to sample across geo-

graphically diverse locations. It is also reported that the

growth of Legionella is positively supported by FLA, bio-

film and algae (Tison et al. 1980; Wadowsky et al. 1988;

Greub and Raoult 2004), as well as the presence of

metal ions (Raki�c et al. 2011). In distribution system,

positive correlations between V. vermiformis and totalT
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bacteria, NTM and V. vermiformis, and Legionella and

V. vermiformis have been reported (Wang et al. 2012;

Delafont et al. 2014). In addition to our reporting of

the co-occurrence between the quantity of Acanthamoeba

spp. and Legionella spp., NTM also co-occurs in

MDWST sediments, some of which may be opportunis-

tic pathogens (Falkinham III 2011). For other factors,

van der Wielen and van der Kooij reported a positive

association between Leg. pneumophila and assimilable

organic carbon, and further noted that the samples that

contained Leg. pneumophila, also contained Ps. aeruginosa

or Stenotrophomonas maltophilia (Wadowsky et al. 1988;

van der Wielen and van der Kooij 2013). In the current

study, although limited physical–chemical data were avail-

able (Table S2), correspondence analysis indicated that

some sediment characteristics, such as TOC, clay and silt,

seemed favourable to Legionella presence. Collectively, Leg-

ionella spp. with high species diversity and including

potential pathogenic species were detected in more than

half of the sediment samples, and other potential patho-

gens (NTM and Ps. aeruginosa) and their potential hosts

(Acanthamoeba spp.) were also present. Future work needs

to focus on possible environmental factors that may influ-

ence MDWSTs to support microbial community that har-

bour opportunistic pathogens and identify ways to

manage these potential pathogen issues.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Locations, dates, water temperatures and

water sources of sediment samples.

Table S2 Sediment parameters across seven sampling

sites.

Table S3 Screening analyses and methods performed

on sediment samples.

Table S4 Oligonucleotide taqMan qPCR primer

sequences used to screen pathogens and human-faecal

indicator Bacteroidetes and PCR primer sequences for

clone sequencing.

Table S5 Legionella strains used to test PCR coverage.

Table S6 Bacterial strains used to check the specificity

of the PCR and qPCR assays for Legionella.

Table S7 Total clone numbers, unique OTUs and

dominant sequences in those sediments showing positive

for Legionella spp.
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Table S1. Locations, dates, water temperatures and water sources of sediment samples  

 

Locations Date of sampling Temperature  (°C) Source of water 

AL1 6/23/2012 28.9 surface 

AL2 6/5/2013 26.7 ground 

AR 10/15/2012 17.2 surface 

AZ1 11/6/2012 23.9 ground 

AZ2 1/14~1/18/2014 12.2 ground 

AZ3 1/15/2014 11.7 ground 

CA1 3/15/2013 17.8 surface 

CA2 3/15/2013 17.8 surface 

CA3 1/21/2014 11.1 surface 

IL 9/23/2013 15.6 surface 

NC 11/9/2012 8.3 ground 

NJ1 4/25/2014 15.5 ground 

NJ2 4/14/2014 20.2 ground 

OH1 9/25/2012 10.6 ground 

OH2 9/26/2012 10.6 surface 

PA1 6/26/2012 16.1 ground 

PA2 1/15/2014 5.6 ground 

TN 12/12/2012 2.2 ground 



Table S2. Sediment parameters across seven sampling sites  

Tank 

Location 

Particle Size 

pH 

Total 

Exchange 

Capacity 

(ME/100g) 

TOC 

(%) 

Organic 

Matter 

(%) 

Source 

water 

% Clay % Silt 
% 

Sand 

TN 0.4 1.06 98.54 8.2 3 0.42 0.43 ground 

NC 7.63 23.39 68.98 7.6 110.8 3.11 5.45 ground 

OH1 1.36 6.7 91.94 7.1 26.7 0.25 0.89 ground 

AL1 2.73 2.33 94.94 7.8 12.2 0.42 0.88 surface 

AR 3.91 14.44 81.65 6.7 12.17 2.78 11.45 surface 

OH2 1.68 21.67 76.65 6.6 57.34 2.09 5.9 surface 

AZ1 7.35 34.34 58.31 6.7 154.14 9.42 4.08 ground 

 

  



Table S3. Screening analyses and methods performed on sediment samples 

Test parameter Method 
Total organic carbon Automated instrumental analysis of carbon and 

nitrogen in plant and soil samples (1)  (Comparable 

to EPA Method 9060A) (2). 
Total organic matter Estimation of soil organic matter by weight, 

loss on ignition (3) (Comparable to EPA 

Method 160.4 (4).  
Particle size analysis (sand, silt, and clay)  ASTM D422 (5) (sieve/hydrometer)  
pH EPA Method 9045C rev 3 (6) 

Total exchange capacity U.S. EPA, EPA Method 9080, Cation 

Exchange Capacity in Soils, Rev. 0, 1986 (7). 

 

References 

1. McGeehan, S.L., and D.V. Naylor. 1988. Automated instrumental analysis of carbon and 

nitrogen in plant and soil samples. Commun. Soil Sci. Plant Anal. 19:493-505. 

2. U.S. EPA, EPA Method 9060A, Total Organic Carbon, Rev. 1, November 2004. 

3. Schulte, E.E., and B.G. Hopkins. 1996. Estimation of soil organic matter by weight Loss-

On-Ignition. P. 21-32; in: Soil Organic Matter: Analysis and interpretation. (ed.) F.R. 

Magdoff, M.A. Tabatabai, and E.A. Hanlon, Jr. Special publication No. 46. Soil Sci. Soc. 

Am. Madison, WI.  

4. U.S. EPA, EPA Method 160.4, Volatile Residue, Rev. 1, 1971 in Methods for Chemical 

Analysis of Water and Wastes, EPA/600/4-79/020, March 1983.  

5. ∃670�6WDΘΓDΥΓ�∋�����������≥6WDΘΓDΥΓ�7ΗςW�0ΗWΚΡΓ�ΙΡΥ�3DΥWΛΦΟΗ-6Λ]Η�∃ΘDΟ∴ςΛς�ΡΙ�6ΡΛΟς�× 
ASTM International, West Conshohocken, PA, www.astm.org. 

6. U.S. EPA, EPA Method 9045C, pH in Liquid and Soils, Rev. 1, 2000. 

7. U.S. EPA, EPA Method 9080, Cation Exchange Capacity in Soils, Rev. 0, 1986. 8. 

  



 

Table S4. Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-

fecal indicator Bacteroidetes and PCR primer sequences for clone sequencing 

Target Oligo 

name 

Sequences (5'-3') Tm 

(°C) 

Detection 

limit (CE 

per 

reaction) 

Reference 

Human-specific 

HF183  

Bacteroidales 

(qPCR) 

HF183F ATCATGAGTTCACATGTCCG 60  2 Bernhard and 

Field (2000) 

BthetP1 FAM-

CTGAGAGGAAGGTCCCCCACATTG

GA-TAMRA 

Shanks et al. 

(2008) 

BthetR1 CGTAGGAGTTTGGACCGTGT Converse et 

al. (2009) 

Campylobacter 

spp. (qPCR) 

CampF2 CACGTGCTACAATGGCATAT 58 1 Lund et al. 

2004 CampR2 GGCTTCATGCTCTCGAGTT 

CampP2 FAM-

CAGAGAACAATCCGAACTGGGACA

-TAMRA 

Campylobacter 

spp. (PCR) 

CampF GGA TGA CAC TTT TCG GAG C 60 2 Linton, 1996 

CampR CAT TGT AGC ACG TGT GTC 

Legionella spp. 

(qPCR) 

Leg F1c TAGTGGAATTTCCGGTGTA 50 2 This study 

Leg R1c CCAACAGCTAGTTGACATC 

Leg-

probe 

6Fam-

CGGCTACCTGGCCTAATACTGA-

Tamra 

Legionella spp. 

(PCR) 

LegF GATTAGCCTGCGTCCGATTAG 64 2 This study 

LegR1 GAAATTCCACTACCCTCTCCCA 

LegR3 AGTGTCAGTATTAGGCCAGGTAGC 

L. pneumophila 

(qPCR) 

mipF1a AGGATAAGTTGTCTTATAGCA 60 2 This study 

mipR1 

TTAAGAACGTCTTTCA

TTTG 

mipProbe 6FAM-

TAATCCGGAAGCAATGGCTAA-

Tamra 

L. pneumophila 

(CYBR-Green 

qPCR) 

rpsLf 

 

GAAAGCCTCGTGTGGACGTA  

 

64 2 Lu, et al. 

2013 

rpsLr 

 

CAACCTTACGCATAGC

TGAGTTA 

L. pneumophila 

(CYBR-Green 

qPCR) 

rtxAf 

ATTGCGCCTGGCAAACTTTAGGTG 

 

64 2 Lu, et al. 

2013 

rtxAr GGCGCAAATCGTTTCCACCTTGTA 

L. pneumophila 

(CYBR-Green 

qPCR) 
sidFf 

ATTGTTCGCGAGGGTATGAAAGC

G  
 

64 2 Lu, et al. 

2013 

sidFr 

TCTTTCCAAGACAGACTCTCGCGT  

 

L. pneumophila 

(CYBR-Green 

qPCR) 

cegC1-F TGCCTAAACGGTATGACCGCATCA  64 2 Faucher et al. 

2011 

cegC1-R 

GGCATATGCACCAAAC

CACCGAAT 

L. pneumophila 

(qPCR) P65f 

CAAAGGGCGTTACAGT

CAAACC 

60 2 Lp-lg1,75bp, 

60C, Mérault 

2011 

P66r 

CAAACACCCCAACCGT

AATCA 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sg1-pb 

FAM-

TCTTGGGATTGGGTTG

GGTTATTTTAACTCCT-

BHQ 

Salmonella spp. 

(qPCR) 

invA_176

F 

CAACGTTTCCTGCGGT

ACTGT 

60 4 Gonzalez-

Escalona, N., 

et al. 2009 invA-

Tx_208 

FAM-

CTCTTTCGTCTGGCATTATCGATCA

GTACCA-TAMRA 

invA_291

R 

CCCGAACGTGGCGATAATT 

Mycobacterium 

spp. (ID) 

T-39  GCGAACGGGTGAGTAACACG   50  Talaat et al. 

(1997). 

 T-13 TGCACACAGGCCACAAGGGA 

Mycobacterium 

spp. (qPCR) 

23Smyco

F 

GGG GTGTGGTGTTTGAG 62 1 Bruijnesteijn 

van 

Coppenraet, 

2004 
23Smyco

R 

CTCCCACGTCCTTCATC 

23Smyco

Probe 

6-carboxyfluorescein-

TGGATAGTGGTTGCGAGCATC-

BHQ1 

Acanthamoeba 

spp. (qPCR) 

TaqAcF1 CGACCAGCGATTAGGAGACG 60 2 Riviere et al. 

2006 TaqAcR1 CCGACGCCAAGGACGAC 

TaqAcP1 FAM-

TGAATACAAAACACCACCATCGGC

GC-TAMRA 

Vermamoeba  

vermiformis 

(qPCR) 

Hv1227F TTA CGA GGT CAG GAC ACT GT 56 2 Kuiper et al. 

2006 Hv1728R GAC CAT CCG GAG TTC TCG 

Acanthamoeba 

spp. (PCR) 

JDP1 

 

GGCCCAGATCGTTTACCGTGA A 

 

60 2 Schroeder et 

al. 2001 

JDP2  TCTCACAAGCTGCTAGGGAGTCA 

Cryptosporidium 

spp. (qPCR) 

CRU18Sf GAG GTA GTG ACA AGA AAT AAC 

AAT ACA GG 

60 2 Hadfield et al 

2011 

r CTG CTT TAA GCA CTC TAA TTT 

TCT CAA AG 

P 6FAM-TAC GAG CTT TTT AAC TGC 

AAC AA-BHQ 

JVA18S f ATG ACG GGT AAC GGG GAA T 60 2 Hill et al. 

2007 r CCA ATT ACA AAA CCA AAA AGT 

CC 

p CGC GCC TGC TGC CTT CCT TAG 

ATG 

Giardia spp. 

qPCR 

�-Giardin 

P241 F 

CATCCGCGAGGAGGTCAA 60 2 Guy, 2003 

R GCAGCCATGGTGTCGATCT 

P FAM/AAGTCCGCCGACAACATGTA

CCTAACGA/BHQ-1 

Naegleria 

fowleri 

NaegIF19

2 

GTG CTG AAA CCT AGC TAT TGT 

AAC TCA GT 

63 1 Qvarnstrom 

et al. 2006 

NaegIR3

44  

CAC TAG AAA AAG CAA ACC TGA 

AAG G 

NfowlP  HEX-AT AGC AAT ATA TTC AGG 

GGA GCT GGG C-BHQ1 
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Table S5. Legionella strains used to test PCR coverage 

Name ATCC # Dεσιγνατιον Source Assay 

(F2/R1) 

Legionella 

cincinnatiensis            

   

43753 72-OH-0  human lung tissue, 

Cincinnati, OH 

+ 

Legionella dumoffii   33279  NY23  Cooling tower, New 

York 

+ 

Legionella feeleii 

                   

35849 91-WI-H,   human lung tissue, 

Wisconsin 

+ 

Legionella gormanii 

  

33297 LS-13 

[ALLO3],  

soil from creek bank, 

Atlanta, GA 

+ 

Legionella hackeliae                 35250 Lansing 2  human bronchial 

biopsy, Ann Arbor, MI 

+ 

Legionella 

jamestowniensis  

35298 JA-26-G1-E2  wet soil, Jamestown, 

NY 

+ 

Legionella longbeacheae 33462 Long Beach 4        human lung + 

 Legionella maceachernii       35300 PX-1-G2-E2 water in home 

evaporator cooler, 

Phoenix, AZ 

+ 

L. micdadei [Tatlockia 

micdadei]                             

33218  TATLOCK blood-human (human 

blood via yolk sac) 

+ 

Legionella oakridgensis       33761 Oak Ridge 10 industrial cooling tower 

water, PA 

+ 

Legionella quinlivanii  43830 1442-AUS-E water in bus air 

conditioner, Austrailia 

+ 

Legionella rubrilucens        35304  WA-270A-C2 tap water, Los Angeles, 

CA 

+ 

Legionella sainthelensis

   

35248 MSH-4 spring water, Mt. St. 

Helens, WA 

+ 



        

Legionella wadsworthii                                                                                                                      33877 Wadsworth 81-

716A  

sputum, South Carolina 

Dept of Health and  

Environmental Control  

+ 

L. pneumophila strain 

Lp02 

 n/a  + 

L. pneumophila subsp. 

pneumophila  strain 

Philadelphia-1 

33152  human lung + 

L. pneumophila subsp. 

pneumophila strain 

Bloomington-2 

33155  creek water + 

L.  pneumophila subsp. 

fraseri  strain Dallas 1E 

33216  cooling tower + 

L. pneumophila; subsp. 

pneumophila strain 

Chicago 2 

33215  human lung biopsy + 

 

  



Table S6 Bacterial strains used to check the specificity of the PCR and qPCR assays for Legionella 

 Strains Source  Strains  Source 

Acinetobacter baumannii  ATCC 19606 Micrococcus luteus  ATCC 10240 

Aeromonas hydrophila ATCC 7966T Proteus mirabilis ATCC 12453 

Aeromonas hydrophila ATCC 7966 Proteus vulgaris                       ATCC 29905 

Aeromonas cavae ATCC 15468 Pseudomonas aeruginosa ATCC 10145 

Bacillus cereus ATCC 10876 Salmonella enteriditis

  

ATCC 13076 

Burkholderia cepacia ATCC 25416 Serratia marcescens ATCC 14756 

Burkholderia cepacia ATCC 25416 Serratia marcescens                 ATCC 13880 

Campylobacter jejuni

  

ATCC 29428 Shewanella putrefaciens ATCC 49138 

Citrobacter freundii

  

ATCC 4391 Shigella sonnei   ATCC 25931 

Citrobacter freundii

  

ATCC 8090 Shigella sonnei ATCC 9290 

Enterobacter aerogenes ATCC 13048 Staphylococcus aureus ATCC 25923 

Enterobacter aerogenes ATCC 13048 Staphylococcus aureus ATCC 25923 

Enterobacter cloacae               ATCC 13047 Streptococcus pyogenes ATCC 19615 

Enterococcus faecalis ATCC 29302 Yersinia enterocolitica ATCC 23715 

Enterococcus faecalis

  

ATCC 19433  Escherichia coli EPA isolate 8 

Enterococcus faecium   ATCC 19434 E. coli EPA isolate AD#1 

Lactobacillus acidophilus ATCC 314 E. coli EPA isolate 58 

Klebsiella oxytoca                    ATCC 13182 E. coli EPA isolate 59 

Klebsiella pneumoniae ATCC 13882 E. coli  EPA isolate 62 

Klebsiella pneumoniae ATCC 31488  Legionella pneumophila 

strain Lp02 

33152 

Listeria monocytogenes Scott O2 L. pneumophila subsp. 

pneumophila  strain 

Philadelphia-1 

 

 



Table S7. Total clone numbers, unique OTUs and dominant sequences in those sediments 

showing positive for Legionella spp. 

Site 

Total 

clone OTU# Dominant % 

AL1 67 6 L impletisoli str OA1 1 (AB233209) 22 

   unknown 72 

AZ1 23 7 L impletisoli str OA1 1 (AB233209) 30 

   unknown 26 

AZ2 24 4 L impletisoli str OA1 1 (AB233209) 29 

   L adelaidensis (Z49716) 21 

   unknown 17 

IL 58 16 unknown 93 

NC 25 12 unknown 64 

NJ1 62 36 L pneumophila subsp pneumophila str Philadelphi 2 

   L anisa strain 31 

   L rubrilucens 42 

NJ2 36 9 L rubrilucens 64 

   L brunensis 11 

     

OH2 17 13 L impletisoli 18 

   L cincinnatiensis 12 

   L brunensis 18 

PA2 9 6 S. lyticum 89 

TN 15 6 L pneumophila subsp pneumophila str Philadelphi 100 
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Abstract: The occurrence and densities of opportunistic pathogens (OPs), the microbial community

structure, and their associations with sediment elements from eight water storage tanks in

Ohio, West Virginia, and Texas were investigated. The elemental composition of sediments

was measured through X-ray fluorescence (XRF) spectra. The occurrence and densities of OPs

and amoeba hosts (i.e., Legionella spp. and L. pneumophila, Mycobacterium spp., P. aeruginosa,

V. vermiformis, Acanthamoeba spp.) were determined using genus- or species-specific qPCR assays.

Microbial community analysis was performed using next generation sequencing on the Illumina

Miseq platform. Mycobacterium spp. were most frequently detected in the sediments and water

samples (88% and 88%), followed by Legionella spp. (50% and 50%), Acanthamoeba spp. (63% and

13%), V. vermiformis (50% and 25%), and P. aeruginosa (0 and 50%) by qPCR method. Comamonadaceae

(22.8%), Sphingomonadaceae (10.3%), and Oxalobacteraceae (10.1%) were the most dominant families by

sequencing method. Microbial communities in water samples were mostly separated with those in

sediment samples, suggesting differences of communities between two matrices even in the same

location. There were associations of OPs with microbial communities. Both OPs and microbial

community structures were positively associated with some elements (Al and K) in sediments mainly

from pipe material corrosions. Opportunistic pathogens presented in both water and sediments,

and the latter could act as a reservoir of microbial contamination. There appears to be an association

between potential opportunistic pathogens and microbial community structures. These microbial

communities may be influenced by constituents within storage tank sediments. The results imply

that compositions of microbial community and elements may influence and indicate microbial water

quality and pipeline corrosion, and that these constituents may be important for optimal storage tank

management within a distribution system.

Keywords: Legionella; opportunistic pathogen; storage tank sediment; microbial community;

element; corrosion

1. Introduction

Drinking water distribution systems (DWDS) contain complex microbial communities based

on both measured by composition [1,2] and genetic network [3]. While drinking water treatment

and disinfection considerably reduces risk of exposure, opportunistic pathogens (OP) are often

detected in different parts of DWDS. Although most of the attention has been given to the

Pathogens 2017, 6, 54; doi:10.3390/pathogens6040054 www.mdpi.com/journal/pathogens
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microbiology of drinking water in premise plumbing and biofilms on pipes, drinking water storage

tank sediment has also been shown to harbor OPs [4,5]. Many of these OP, such as Legionella spp.,

Mycobacterium spp., Pseudomonas aeruginosa, and some of Acanthamoeba spp. can pose significant risks

to immunocompromised people [6–10]. Free-living amoeba (FLA), such as Vermamoeba vermiformis,

and some groups of Acanthamoeba spp. are also relevant to public health as they are potential hosts to

several OPs [7].

Microbial growth within DWDS biofilms has been associated with corrosion of pipes, and the

production of various elements in water and sediments in DWDS [11–13]. Teng et al. (2008)

found that biofilm can greatly affect element composition and the crystalline phase of corrosion

scales. Also, studies have shown that iron-oxidizing bacteria can accelerate corrosion early on,

while iron-reducing bacteria (IRB) may inhibit corrosion in later stages, processes that may be

influenced by changes in biofilm microbial diversity [12]. DWDS sediments are mainly composed

of iron, sulfur, total organic carbon (TOC), calcium, total inorganic carbon (TIC), phosphorous,

manganese, magnesium, aluminum, and zinc, and can concentrate trace regulated contaminants

such as arsenic and radium [14–16]. The properties distribution system sediment such as elemental

composition may impact the composition and structure of their microbial communities. Stein et al.

(2001), for example, found that iron- and manganese-enriched sediments also contained two groups

related to known metal-oxidizing genera, Leptothrix of the β-Proteobacteria and Hyphomicrobium

of the α-Proteobacteria, and a Fe(III)-reducing group related to the Magnetospirillum genus of the

α-Proteobacteria [17]. White et al. (2011) reported on the microbiological community structure of

sediment and corrosion by-products associated with a DWDS lead pipe using rRNA gene sequencing.

They identified bacteria species that have previously reported in heavy-metal-contaminated soils that

could potentially impact metal mobility [18].

Elements associated with corrosion by-products can also have an impact in the survival of

OPs [19–22]. If elements can protect and promote growth of OPs in storage tank sediments, they may

potentially be released into DWDS [23]. Microbial communities could also be impacted by elemental

composition of sediments and the redox condition [24–26]. However, relatively little is known on the

microbial community in sediments in drinking water storage tanks due to sampling, because samples

can only be obtained randomly from tank clean companies [2]. To address this, we examined the

occurrence and densities of OPs, the microbial community structure, and their associations with

sediment elements. We detected OPs using qPCR [4] and determined the microbial community

compositions using next generation sequencing.

2. Materials and Methods

2.1. Sample Collection

Water and sediment samples were collected while industrial storage & water tank cleaning

companies were conducting tank cleaning. The samples were collected from eight water storage

tanks (16 sediments and water samples) in Ohio (D39-42), West Virginia (D43), and Texas (D50, D53

and D54). For microbial community analysis, an additional sample from Ohio was processed (D84,

sediment samples only, collected in triplicate). Sediment and water samples were transferred to

sterile containers using aseptic techniques. Collected samples were then placed into ice coolers and

shipped overnight to the EPA laboratory (Cincinnati, OH, USA) for different analyses. Water from

sediment samples was first removed via centrifugation at 2844× g for 3 min using a Swing Bucket

Rotor on a Thermo Sorvall® Legend® T Plus centrifuge (Thermo Fisher Scientific., Waltham, MA,

USA) and 0.25 g was used to extract DNA using PowerSoil® DNA Isolation Kit (MoBio, Carlsbad,

CA, USA) following the manufacturer’s instruction. Water samples (1 L) were filtered using EMD

Millipore DuraporeTM membrane filter (0.40 µm, MilliPore, Foster City, CA, USA). The filtered biomass

was lysed using a Beadbeater (BioSpec Products, Inc., Bartlesville, OK, USA) for 1 min. Tubes were

centrifuged at 12,000× g for 5 min and the supernatant transferred to sterile microcentrifuge tubes.
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The DNA extraction was completed using the Master Pure Complete DNA and RNA Purification

Kit (Epicentre Technologies Corp., Madison, WI, USA). Extracted DNA was resuspended in 50 µL of

molecular grade water. DNA concentrations were measured using Nanodrop 2000 spectrophotometer

(NanoDrop Technologies, Inc., Wilmington, DE, USA). Remaining sediment samples were air dried

for a period of three days after which elemental composition, and their bulk and particle density

were measured with graduated cylinder and mass balance. For the bulk density, about 2 to 3 g of

the sample were weighed and the mass was recorded. Then, the sample was placed in a graduated

cylinder and the volume was recorded. This volume was the bulk volume because it included the pore

spaces between particles. The bulk density was then calculated by dividing the recorded mass by the

recorded volume. The procedure was the same for the particle density except the particle volume was

determined by the displacement of water.

Porosity was calculated by the following equation:

Porosity = 1 −
bulkdensity

particledensity

The elemental composition of the sediments was measured through X-ray fluorescence (XRF)

of the pressed dried sediments pellets using a Panalytical Axios Instrument (Panalytical, Almelo,

The Netherlands).

2.2. qPCR Analysis

The occurrence and densities of OPs and amoeba hosts (i.e., Legionella spp. and L. pneumophila,

Mycobacterium spp., P. aeruginosa, V. vermiformis, Acanthamoeba spp.) were determined using genus-

or species-specific qPCR assays, as previously described [2]. Briefly, qPCR assays were performed

on a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with

reaction mixtures. To prevent carryover contamination, an initial incubation at 50 ◦C for 2 min with

uracil-N-glycosylase (UNG) at the onset of the cycling program was conducted before the one cycle of

denaturation and enzyme activation at 95 ◦C for 10 min. The following cycling conditions were used as

40 cycles at 95 ◦C for 15 s and at the specific Tm (◦C) listed in Table S1 for 30 s with an extension at 72 ◦C

for 30 s and a final hold at 72 ◦C for 5 min, with qPCR reactions for each DNA sample undertaken in

duplicate. The standard curves were generated using genomic DNA from each of the targeted groups.

Target cells in the extracts are reported as genome copy numbers (GN). The presence of potential qPCR

inhibitors was determined using 10-fold dilution of each extract. DNA standards and no-template

controls were included on each PCR run.

2.3. Next Generation Sequencing

Sequencing libraries were constructed using water and sediment DNA extracts as PCR templates

coupled with barcoded primers targeting the V3–V4 region of the 16S rRNA gene [27]. The reactions

used to generate the sequencing libraries were performed in 25 µL volumes using the Ex Taq kit

(Takara) with 200 nM for each of the forward and reverse primer and 2 µL of nucleic acid template.

Cycling conditions involved an initial 5 min denaturing step at 94 ◦C, followed by 30 cycles of 45 s

at 94 ◦C, 60 s at 50 ◦C, and 90 s at 72 ◦C, and a final elongation step of 10 min at 72 ◦C. Agarose gel

electrophoresis was used to confirm the size of the amplification products. PCR products were then

pooled and size selected prior to multiplex sequencing on an Illumina MiSeq benchtop sequencer

using paired-end 250 bp kits at the Cincinnati Children’s Hospital DNA Core facility. Sequence

reads were processed using MOTHUR software [28] as described earlier [3]. Briefly, before analysis,

sequence reads with overall low quality scores, or containing homopolymers (>8 nucleotides) and

ambiguous base calls (N’s), were removed from further analysis [29]. MOTHUR aligned and sorted

reads with >97% similarity into operational taxonomic units (OTUs). Chimeric OTUs were screened

out by the UCHIME algorithm built within MOTHUR.
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2.4. Data Analysis

Statistical analyses were performed using Rstudio (https://www.rstudio.com/). Paired t-test

was performed to test if there was any significant difference between genome copy number of OP

in sediment and water samples. Pearson’s linear correlation coefficients were calculated to test the

correlation within OP and between OP and environmental physical parameters. For the microbial

community analysis, one-way ANOVA was performed to test if there were significant differences

between sediment and water samples. Nonmetric multidimensional scaling (NMDS, which acted to

visualize the community structure and correlated physicochemical conditions using metaMDS function

in the ‘vegan’ package) was used to cluster microbial communities based on the similarity of OTU

distribution. Multiple response permutation procedure (mrpp) analysis was performed to test if there

were significant differences in the NMDS plot between water and sediment samples (i.e., if there were

two different groups). Correlation coefficients were calculated to check if there was any environmental

factor that could explain clustering on the NMDS plot at a statistically significant level.

3. Results

3.1. Opportunistic Pathogens

Mycobacterium spp. were the most frequently detected OPs in the sediments and water samples

(88% and 88%, respectively), followed by Legionella spp. (50% and 50%), Acanthamoeba spp. (63%

and 13%), V. vermiformis (50% and 25%), and P. aeruginosa (0 and 50%). The occurrence of free living

amoebae was higher in sediment than in water. L. pneumophila was also detected in both sediment

(25%) and water (13%) (Table 1). Mycobacterium spp., Legionella spp., and FLA constituted major OPs,

and there were significant correlations between Legionella spp. and Mycobacterium spp. The major

OPs in the sediments presented the highest densities in Texas samples (D53 and D54), followed by

Ohio samples (D39 and D40). However, in the water samples, the highest densities of the major OPs

occurred in Ohio samples (D39 and D40), followed by the West Virginia sample (D43) and one Texas

sample (D50). It should be noted that FLA and L. pneumophila occurred more frequently in sediments

than in water; P. aeruginosa occurred more frequently in water than in sediments (Table 1).

The major elements measured in sediments were Zn (18.7%), Fe (16.0%), Si (7.1%), Mn (3.6%),

Al (3.4%), and Ca (3.2%) (Table S2). Element densities were different among samples and locations.

For example, particle densities, porosities, Ca, Mg, and Zn were higher in OH samples (D39–42) than

in TX samples (D50–54) (Table S3). The Pearson’s linear correlation coefficients for each of the OPs

studied with the sediment elements measured are listed in Table 2. It showed that OPs were associated

with some sediment elements. Specifically, V. vermiformis, Mycobacterium, Legionella, and L. pneumophila

were positively associated with Al and K. (Table 2).
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Table 1. The quantity of opportunistic pathogens in sediments and water of storage tanks using qPCR in two replicates.

Matrix Location ID
Acanthamoeba

spp.
Vermamoeba
vermiformis

Mycobacterium
spp.

Pseudomonas
aeruginosa

Legionella spp.
L. pneumophila

(rtxA)
L. pneumophila

(sidF)

Sediment
(GN G−1:

genome copy
number per

gram sediment)

D39S 5 ± 1 0 (2.73 ± 0.68) × 104 0 335 ± 31 0 0

D40S 1 ± 1 4 (8.10 ± 1.16) × 103 0 923 ± 34 0 0

D41S 28 ± 7 0 (8.00 ± 1.20) × 101 0 0 0 0

D42S 0 0 (8.47 ± 10.04) × 103 0 0 0 0
D43S 0 0 0 0 0 0 0
D50S 0 14 ± 22 (2.00 ± 4.00) × 101 0 1 ± 3 0 0

D53S 7 99 ± 60 (2.39 ± 2.24) × 103 0 282 ± 113 25 ± 51 85 ± 69

D54S 3 120 ± 43 (2.57 ± 0.88) × 105 0 (7.20 ± 3.31) × 104 300 ± 38 173 ± 87

Average 6 29 3.79 × 104 0 9.19 × 103 41 32

Occurrence 63% 50% 88% 0 50% 25% 25%

Water (GN L−1:
genome copy

number per liter
water)

D39w 0 0 (2.33 ± 3.28) × 105 70 ± 91 (1.24 ± 1.70) × 104 0 0

D40w 0 0 (5.63 ± 7.74) × 104 0 (6.93 ± 9.76) × 104 0 0

D41w 50 0 6.91 × 103 0 0 0 0

D42w 0 0 3.37 × 104 0 0 0 0

D43w 0 0 2.52 × 103 0 1.50 × 103 0 0

D50w 0 480 ± 670 (5.07 ± 0.03)×103 2770 ± 14 (1.84 ± 1.46) × 104 82 ± 117 36 ± 52
D53w 0 0 0 83 ± 117 0 0 0
D54w 0 98 ± 136 (2.68 ± 2.84) × 103 371 ± 150 0 0 0

Average 6 613 4.25 × 104 412 1.27 × 104 10 4

Occurrence 13% 25% 88% 50% 50% 13% 13%

Table 2. Pearson’s linear correlation coefficients (R2) of opportunistic pathogens (OPs) with sediment elements in significant level 95% (p < 0.05).

Elements

Pathogens

Acanthamoeba
Vermamoeba
vermiformis

Mycobacterium Legionella spp. L. pneumophila (rtxA) L. pneumophila (sidF)

R2 P R2 P R2 P R2 P R2 P R2 P
Al 0.93 <0.001 0.93 <0.001 0.92 <0.001 0.80 0.017

K 0.75 <0.031 0.77 <0.025 0.75 <0.031
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3.2. Microbial Community

A total of 25 bacterial families were observed among the OTUs with relative abundance

>1% (Figure 1). Pseudomonadaceae (19.4%) Comamonadaceae (18.5%), Sinobacteraceae (15.5%),

and Sphingomonadaceae (13.0%) were the most dominant, but that of Mycobacteriaceae was less

than 1%. There were associations of microbial communities between the sediment and water

in the same site (Table S4). Many families like Sphingomonadaceae presented both in water and

sediments in many sites (Table S4). Dominant OTUs varied with samples or locations. For OH

samples, Comamonadaceae dominated in D39 of both sediments (48.9%) and water samples (90.6%),

and water samples in D40 (42.8%) and D41 (38.9%). The dominance of Comamonadaceae in water

and sediment samples has been previously documented [30,31], probably due to their abilities to

restrain other competitors [32]. Syntrophobacteraceae, anaerobic sulfur-reducing bacteria [33] prevalent

in sediments and soil [34,35], was most abundant in D40 sediments (28.0%). Oxalobacteraceae,

a ubiquitous family found in drinking water systems [36], dominated in D41 sediment samples

(47.5%) and D42 water samples (60.1%), while Bradyrhizobiaceae (18.3%) were most abundant in D42

sediment samples. For TX samples, Pseudomonadaceae (59.8%) dominated in D53 sediment samples,

while Oxalobacteraceae (45.12%) represented the majority in water samples. The most abundant families

in terms of OTUs percentage in D54 sediment and water samples were Nitrospiraceae (57.4%) and

Sphingomonadaceae (50.2%), respectively.
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Figure 1. The 25 most abundant families presented in all the samples.

The samples sequenced in both water and sediment were clustered into one major group and

several smaller groups according to relative abundance of the 25 families (Figure 2a). The sample

type (water and sediment) could be one of the factors explaining microbial community structure.

All the sediment samples except for D41 and D42 were in the major group. In sediment samples,

the family (Solibacteraceae) was significantly higher in sediment than water (6.2% vs. 0.2%, p = 0.02,

D40, etc.). The location of water system could be another factor, as shown by the two distinct clusters.

Two samples from one city (D41 and D42) were clustered together separately from other samples

(Figure 2b).

When considering the element’s impact on community structure, most microbial communities in

water samples (circled with a dash line) were separated from those in sediment samples (with a solid

line) (Figure 3a), as inferred from the analysis of NMDS. Only the communities in D39 and D42 water

and sediment, which were positioned within the overlap of the two circled areas, were not separated
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by the element factor. With the matrices of OTU numbers and relative abundance of each OTU against

relative abundance of elements and opportunistic pathogen densities by qPCR in water and sediment

samples, it showed significant relationships between the microbial community structures and the

densities of Mycobacterium spp., and two functional Legionella pneumophila genes (i.e., sidF and rtxA,

p = 0.05) (Figure 3a). At p = 0.1 level, the community composition was also related positively with

the densities of Legionella (Figure 3b). The vector direction of Zn was in opposite direction of other

abiotic parameters including Al, K, Mn and Si, as well as biotic factors including concentrations of

V. vermiformis, and sidF, and rtxA genes (Figure 4).

(α)

(β)

Figure 2. Cluster dendrogram of both sediment and water samples (a); and only sediment samples

(b) based on microbial community structures. Values on the edges of the clustering are p-values (%).

Top left values are approximately unbiased (AU) p-values, and top right values are bootstrap probability

(BP) values. Clusters with AU larger than 95% are strongly supported by data.
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(α)

 
(β)

Figure 3. Nonmetric multidimensional scaling (NMDS) of paired water (W) and sediment (S) samples

(Ohio: D39-42, West Virginia: D43, and Texas: D50, D53, and D54) based on microbial community

structures with operational taxonomic unit (OTU) numbers and relative abundance of each OTU

against relative abundance of elements and opportunistic pathogen densities by qPCR at significant

level 10% (a) and 5% (b). The solid circles represent the central tendency of all OTUs detected in

each sample from the sediment and water samples, respectively. Symbols that are closer to each other

with a dash circle depict samples that contain similar taxa detected by the sequencing. A biplot is

overlaid on the ordination to identify environmental parameters that were correlated with the microbial

community structure. The length of the line corresponds to the degree of the correlation.
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Figure 4. NMDS of sediment (S) samples (Ohio: D39-42, West Virginia: D43, and Texas: D50, D53,

and D54) based on microbial community structures with OTU numbers and relative abundance of each

OTU against relative abundance of elements and opportunistic pathogen densities by qPCR. The solid

circles represent the central tendency of all OTUs detected in each sample from the sediment and

water samples, respectively. Symbols that are closer to each other with a dash circle depict samples

that contain similar taxa detected by the sequencing. A biplot is overlaid on the ordination to identify

environmental parameters that were correlated with the microbial community structure. The length of

the line corresponds to the degree of the correlation. Only variables that had a significant correlation

(p < 0.05) are depicted.

4. Discussion

4.1. OPs in the Samples of Tank Water and Sediments

In this study the occurrences and densities of OPs were investigated and their associations

with element concentrations was examined. The occurrences of Mycobacterium spp., Legionella spp.,

and L. pneumophila detected in this study were comparable to previous studies that investigated storage

tank sediments [4] and drinking water distribution system [2]. In addition, higher occurrences of

amoebae were also detected in the samples of sediment than those of water detected (Table 1). The free

living amoebae may be beneficial to OPs [7]. Acanthamoeba, V. vermiformis, and other amoebae can serve

as hosts for amoeba-resisting bacteria (ARB) like Legionella and Mycobacterium spp. [37,38]. The higher

occurrences of amoebae in sediments than in water for the same storage tank suggest that they are

more tightly bound to sediments and could be considered a reservoir of OPs. The targeted two genes
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(rtxA [39] and sidF [40]) encoding toxins can reflect virulence of L. pneumophila. Their co-occurrences

and similar level of quantities in D50 water and D53 and D54 sediment samples, which belong to

a Texas metropolitan area, indicated the presence of L. pneumophila. It has been reported that the growth

of Legionella is positively supported by FLA, biofilm, and algae [41–43]. Positive correlations between

V. vermiformis and total Legionella have been shown for drinking water samples [2]. The co-occurrence

of amoebae, Legionella spp., and L. pneumophila in the sediments, and their relatively higher densities

in the sediment samples than in water, suggest that sediments can serve as reservoirs of OPs in storage

tank water, and therefore can potentially be released into the distribution system. Taken together,

our study reveals the importance of sediments as reservoirs for OPs which should be considered as

an important risk factor when developing microbial risk assessment models for various drinking water

systems, especially for Mycobacterium and Legionella spp. The results further stress the importance of

maintaining a good disinfectant residual throughout the drinking water distribution system including

storage tanks.

4.2. Microbial Communities and Their Relationship with Elements

Dominant OTUs reported in this study shared similarities with other reports focused on

DWDS. Pseudomonadaceae (mainly Pseudomonas spp.) were ubiquitously present in DWDS and

proposed as an indicator of potential regrowth [44]. Aerobic heterotrophs Comamonadaceae and/or

Sphingomonadaceae were documented as dominant groups in biofilms [45,46], purified water [47],

chlorine treated water [48], and household water tanks [49]. Sinobacteraceae (Nevskia spp.) were found

dominant in biofilms [50]. Nevertheless, the shared microbial compositions between the water and

sediment in the same location samples indicated the close associations and interactions between these

two different matrices. The bacterial flora attached to sediment could re-enter the water matrix due to

normal activity or water flow.

Both the qPCR results of Mycobacterium spp. and Legionella spp. were significantly associated

with the microbial community composition. D39 water samples in OH had the second highest amount

of Mycobacterium spp. It should be noticed that relative abundance of Mycobacterium spp. in microbial

community was less than 1%, although it had high prevalence by qPCR. That community had a single

dominant family of Comamonadaceae, which accounted for 75% of the total OTUs. D39 water samples

also had the third highest amount of Legionella spp. of all the groups. The highest densities of

Mycobacterium spp. and Legionella spp. were observed in D54 from Texas. The community featured

with a couple of dominant families, with Nitrospiraceae accounting for 18.6% of total OTUs.

The role that elements play in the microbial community structure of drinking water systems has

been poorly documented. In our study we showed that for the sediment samples, elements such

as Al, K, Mn and Si (Figure 4), as well as V. vermiformis and L. pneumophila detected by sidF and

rtxA genes, correlated with the community structures in a similar way, which was the opposite with

the heavy metal Zn. That may indirectly suggest which elements could be beneficial or harmful to

Legionella. Additionally, cluster analysis revealed there was a high association of microbial community

structure dominated with Pseudomonas spp. (33.5%) and Al and K in D54 (Figure 4), which, in part, is in

agreement with previous findings on Pseudomonas spp. tolerance to aluminum [51,52]. Interestingly,

while Al (III) and S could be reduced simultaneously by Desulfovibrio [53], Desulfovibrio was very

scarce (<0.1%) in total OTUs. The unique community structure dominated by Geothrix (belonging to

family Holophagaceae) (18.0%) and Sulfuritalea (17%) significantly associated with the highest iron (III)

(50.0%) in D50, which is not surprising as these are known as Fe+3 reducing bacteria [54]. Freshwater

sediments often contain large quantities of iron and manganese that undergo rapid cycling between

reduced and oxidized states [17]. The cycling of these metals is driven by diffusion of soluble Mn2+

and Fe2+ into oxygenated environments, followed by oxidation and sedimentation of solid Mn4+ and

Fe3+ elements to reducing regions. Microbial communities are thought to play a significant role in both

the oxidation and reduction of manganese and iron [55,56].
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It was well documented that magnesium had the potential to function as antibiotics to inhibit the

growth of P. aeruginosa [20] and that iron is a key nutrient for pseudomonads [19]. That may explain

the relationships between the qPCR results of P. aeruginosa and relative concentrations of magnesium

and iron in sediments. On the other hand, since V. vermiformis is a potential host of Legionella spp.

and Mycobacterium spp. [2], it is also possible that P. aeruginosa was hosted by V. vermiformis. Similarly,

the associations of element Al with the quantities of L. pneumophila, representative of two genes

rtxA and sidF in the sediments, also reflected the impact of metal on them. According to a previous

study [57,58], the growth of L. pneumophila requires certain amounts of magnesium, cobalt, copper, iron,

manganese, molybdenum, vanadium, or zinc to stimulate growth, while higher level of trace metal

would inhibit the growth of L. pneumophila [59]. However, higher level of trace metal requirement was

found for the growth of P. aeruginosa and its growth was stimulated by only four metals: calcium, iron,

magnesium, and zinc [58].

Supplementary Materials: The following are available online at www.mdpi.com/2076-0817/6/4/54/s1, Table S1:
Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-fecal indicator Bacteroidetes
and PCR primer sequences for clone sequencing, Table S2: Element compositions of storage tank sediments,
Table S3: Element components in sediments of different locations, Table S4: major bacterial compositions with the
relative abundance of OTUs >1% in any samples at 97% similarity level).
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Table S1. Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-

fecal indicator Bacteroidetes and PCR primer sequences for clone sequencing 

 

 

 

 

 

 

 

 

Target Oligo 

name 

Sequences (5'-3') Tm 

( °C) 

Detection 

limit (CE 

per 

reaction) 

Reference 

Legionella spp. 

(qPCR) 

Leg F1c TAGTGGAATTTCCGGTGTA 50 2 This study 

Leg R1c CCAACAGCTAGTTGACATC 

Leg-

probe 

6Fam-

CGGCTACCTGGCCTAATACTGA-

Tamra 

L. pneumophila 

(qPCR) 

mipF1a AGGATAAGTTGTCTTATAGCA 60 2 This study 

mipR1 

TTAAGAACGTCTTTCA

TTTG 

mipProbe 6FAM-

TAATCCGGAAGCAATGGCTAA-

Tamra 

L. pneumophila 

(CYBR-Green 

qPCR) 

rtxAf 

ATTGCGCCTGGCAAACTTTAGGTG 

 

64 2 Lu, et al. 

2013 

rtxAr GGCGCAAATCGTTTCCACCTTGTA 

L. pneumophila 

(CYBR-Green 

qPCR) 
sidFf 

ATTGTTCGCGAGGGTATGAAAGC

G  
 

64 2 Lu, et al. 

2013 

sidFr 

TCTTTCCAAGACAGACTCTCGCGT  

 

Mycobacterium 

spp. (qPCR) 

23Smyco

F 

GGG GTGTGGTGTTTGAG 62 1 Bruijnesteijn 

van 

Coppenraet, 

2004 
23Smyco

R 

CTCCCACGTCCTTCATC 

23Smyco

Probe 

6-carboxyfluorescein-

TGGATAGTGGTTGCGAGCATC-

BHQ1 

Acanthamoeba 

spp. (qPCR) 

TaqAcF1 CGACCAGCGATTAGGAGACG 60 2 Riviere et al. 

2006 TaqAcR1 CCGACGCCAAGGACGAC 

TaqAcP1 FAM-

TGAATACAAAACACCACCATCGGC

GC-TAMRA 

Vermamoeba  

vermiformis 

(qPCR) 

Hv1227F TTA CGA GGT CAG GAC ACT GT 56 2 Kuiper et al. 

2006 Hv1728R GAC CAT CCG GAG TTC TCG 



Table S2. Element compositions of storage tank sediments 

 

 

 

 

 

 

 

 

  

Common 

Element 

Occurrence Average Standard 

Deviation 

Minimum 

Result 

Median 

Result 

Maximum 

Result 

Al (wt%) 87.5% 3.35 3.26 0.01 2.00 10.43 

Ca (wt%) 87.5% 3.17 2.39 0.59 2.05 6.50 

Cl (wt%) 25% 0.96 0.04 0.93 0.96 0.98 

Fe (wt%) 100% 15.96 15.52 1.36 13.31 49.98 

K (wt%) 25% 0.77 0.16 0.65 0.77 0.88 

Mg (wt%) 37.5% 0.61 0.08 0.54 0.65 0.65 

Mn (wt%) 37.5% 3.63 1.84 1.62 4.04 5.22 

Na (wt%) 62.5% 2.13 1.30 0.96 1.65 4.05 

O (wt%) 100% 24.09 4.83 17.72 23.89 33.39 

Si (wt%) 100% 7.07 5.94 2.13 5.21 20.60 

Zn (wt%) 75% 18.71 14.91 3.01 17.53 41.54 



 

 Table S3.  Element components in sediments of different locations

Sample 

Coefficient 

of 

Uniformity 

Coefficient 

of Curvature 

Bulk 

Density 

Particle 

Density 
Porosity 

Al 

(wt%) 

Ca 

(wt%) 

Cl 

(wt%) 

Fe 

(wt%) 

K 

(wt%) 

Mg 

(wt%) 

Mn 

(wt%) 

Na 

(wt%) 

O 

(wt%) 

Si 

(wt%) 

Zn 

(wt%) 

D39 3.35 0.64 0.54 2.68 0.80 2.26 2.05  19.93     23.47 5.42 19.35 

D40 4.33 0.57 0.51 3.58 0.86 2.31 4.33  19.54  0.65   22.86 5 15.71 

D41 5.75 0.46 0.75 2.26 0.67 1.17 5.93  1.36     17.72 2.13 41.54 

D42 4.37 0.61 0.70 1.39 0.50 1.74 6.5  3.72  0.65  1.65 18.92 3.93 29.03 

D43 2.53 0.81    4.12 1.42 0.98 17.53 0.65 0.52 4.04 2.84 24.30 7.94 0.41 

D50 5.56 1.33 1.02 1.22 0.17  0.59  49.98    1.13 26.44 2.71 3.62 

D53 9.39 0.46 0.45 1.17 0.62 1.45 1.4 0.93 6.56   5.22 4.05 33.39 20.6 3.01 

D54 2.93 0.74 0.83 1.24 0.33 10.43   9.08 0.88  1.62 5.96 25.58 8.86 0.03 



Table S4. major bacterial compositions with the relative abundance of OTUs > 1% in any 

samples at 97% similarity level) 

Sample Name 1st abundant Percentage 2nd abundant Percentage Correlation 

(R2) 
D39 Water Unclassified 

Comamonadaceae 

73.7 Unclassified 

Sphingomonadaceae 

6.3 0.69 

D39 Sediment Unclassified 

Sphingomonadaceae 

23.1 Unclassified 

Comamonadaceae 

20.8 

D40 Water Unclassified 

Comamonadaceae 

23.7 Reyranella massiliensis 6.4 0.47 

D40 Sediment Unclassified 

Syntrophobacteraceae 

12.2 Unclassified 

Solibacterales 

7.7 

D41 Water Pseudomonas veronii 34.2 Unclassified 

Comamonadaceae 

16.0 0.88 

D41 Sediment Pseudomonas veronii 49.4 Unclassified Massilia 17.4 

D42 Water Pseudomonas veronii 46.5 Unclassified Massilia 14.9 0.98 
D42 Sediment Pseudomonas veronii 37.7 Unclassified Massilia 7.7 

D43 Water Unclassified 

Pseudomonas 

21.5 Unclassified MLE1-12 10.1 n/a 

D43 Sediment n/a    

D50 Water Unclassified 

Novosphingobium 

26.1 Unclassified 

Comamonadaceae 

6.4 0.38 

D50 Sediment Unclassified Geothrix 18.0 Unclassified 

Sulfuritalea 

17.4 

D51 Water Unclassified 

Acinetobacter 

49.6 Unclassified 

Pseudomonadaceae 

7.0  

D51 Sediment Sphingomonas 

wittichii 

38.0 Unclassified 

Comamonadaceae 

18.3 

D53 Water Blastomonas natatoria 26.5 Unclassified 

Acinetobacter 

11.9 0.11 

D53 Sediment unclassified PK29 9.2 unclassified s-70 8.6 

D54 Water Unclassified 

Pseudomonas 

48.9 Unclassified 

Comamonadaceae 

6.8 0.07 

D54 Sediment Unclassified 

Nitrospira 

15.7 Unclassified Gemm-1 13.1 

D55 Water Nevskia ramosa 93.4 Unclassified 

Sphingomonadaceae 

2.0  

D55 Sediment Unclassified 

Sphingomonadaceae 

42.1 Unclassified 

Comamonadaceae 

24.2 

D56 Water Unclassfied 

Enterobacteriaceae 

17.2 Unclassified 

Pseudomonas 

6.3  

D56 Sediment Sphingomonas 

asaccharolytica 

15.8 Dongia mobilis 8.1 

D60 Sediment Unclassified 

Novosphingobium 

33.0 Peredibacter starrii 19.9  
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�
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3ΟΗDςΗ�ςΗΘΓ�DΘ�ΗΠDΛΟ�ςWDWΛΘϑ�∴ΡΞΥ�DϑΥΗΗΠΗΘW�WΡ�WΚΗ���ΦΡΘWΥΛΕΞWΛΡΘ��
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∋ΗDΥ�∋Υ��6DΘWΡ�∋ΡΠΛΘϑΡ��
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ς �

6ΦΛΗΘWΛΙΛΦ�DΘΓ�7ΗΦΚΘΡΟΡϑΛΦDΟ�∃ΦΚΛΗΨΗΠΗΘW�∃ΖDΥΓ�DΘΓ�ΡΘΗ�ΡΙ�WΚΗ�ΥΗΤΞΛΥΗΠΗΘWς�Λς�WΚDW�DΟΟ�DΞWΚΡΥς�ΠΞςW�DϑΥΗΗ�ΡΘ�

WΚΗ�ΣΗΥΦΗΘWDϑΗ�ΡΙ�ΗDΦΚ�DΞWΚΡΥ
ς�ΦΡΘWΥΛΕΞWΛΡΘ�WΡ�WΚΗ�ΕΡΓΛΗς�ΡΙ�ΖΡΥΝ��7ΚΗ�ΣΞΕΟΛΦDWΛΡΘς�DΥΗ� �
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/ΗϑΛΡΘΗΟΟD�ςΣΣ���0∴ΦΡΕDΦWΗΥΛΞΠ�ςΣΣ���3ςΗΞΓΡΠΡΘDς�DΗΥΞϑΛΘΡςD�DΘΓ�DΠΡΗΕD�ΚΡςWς�ΛΘ�ΠΞΘΛΦΛΣDΟ�ΓΥΛΘΝΛΘϑ�ΖDWΗΥ�

ςWΡΥDϑΗ�WDΘΝ�ςΗΓΛΠΗΘWς��−ΡΞΥΘDΟ�ΡΙ�DΣΣΟΛΗΓ�ΠΛΦΥΡΕΛΡΟΡϑ∴�������������������
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,�ΚDΨΗ�D�ΣΥΗΟΛΠΛΘDΥ∴�ΕΥΗDΝΓΡΖΘ�ΡΙ�ΗDΦΚ�DΞWΚΡΥ
ς���ΦΡΘWΥΛΕΞWΛΡΘ�DΦΦΡΥΓΛΘϑ�WΡ�WΚΗ�ΦDΟΦΞΟDWΛΡΘ �

ΞςΛΘϑ�WΚΗ�DWWDΦΚΗΓ�ςΣΥΗDΓςΚΗΗW�WΡ�WΚΗ�ΠDΘΞςΦΥΛΣWς�ΕΗΟΡΖ��
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&ΡΘϑΥDWΞΟDWΛΡΘς�WΡ�ΗΨΗΥ∴ΡΘΗ�DΘΓ�,
Π�ΚΡΣΛΘϑ�WΚDW�ΗΨΗΥ∴ΡΘΗ
ς�ΗΙΙΡΥW�ΖΛΟΟ�ΕΗ�ΥΗΦΡϑΘΛ]ΗΓ�Ε∴�WΚΗ�∃ϑΗΘΦ∴�DΘΓ�ΕΗ�

DΖDΥΓΗΓ�ΙΡΥ�WΚΗΛΥ�ΚDΥΓ�ΖΡΥΝ��

3ΟΗDςΗ�ΚΗΟΣ�ΠΗ�ΦΡΠΣΟΗWΗ�WΚΗ�ΘΡΠΛΘDWΛΡΘ�ΙΡΥΠ��
��

7ΚΗ�ΓΗDΓΟΛΘΗ�ΙΡΥ�ςΞΕΠΛςςΛΡΘ�WΡ�ΡΞΥ�ΡΙΙΛΦΗ�Λς�∃ΣΥΛΟ�����������:Η�ΘΗΗΓ�WΡ�ΦΡΠΣΟΗWΗ�WΚΗ�

DΣΣΟΛΦDWΛΡΘ�Ε∴�WΚDW�WΛΠΗ��

3ΟΗDςΗ�ςΗΘΓ�DΘ�ΗΠDΛΟ�ςWDWΛΘϑ�∴ΡΞΥ�DϑΥΗΗΠΗΘW�WΡ�WΚΗ���ΦΡΘWΥΛΕΞWΛΡΘ��

7ΚΗ�ΦΡΘWΥΛΕΞWΛΡΘ�ΕΥΗDΝΓΡΖΘ��

−ΛΘϑΥDΘϑ�/Ξ�������86(3∃�&(00�:(&∋Β%0%�

,DΘ�6WΥΞΗΖΛΘϑ�������∋∴ΘDΠDΦ�,ΘΦ��ΓΞΥΛΘϑ�WΚΗ�ςWΞΓ∴��&ΞΥΥΗΘWΟ∴�86�(3∃��

6ΚΗΥΡΘ�<ΗΟWΡΘ�������∋∴ΘDΠDΦ�,ΘΦ��ΓΞΥΛΘϑ�WΚΗ�ςWΞΓ∴�
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−ΡΥϑΗ�6DΘWΡ�∋ΡΠΛΘϑΡ�������86(3∃�25∋�

1ΛΦΚΡΟDς�−��∃ςΚΕΡΟW�������6ΦΚΡΡΟ�ΡΙ�3ΞΕΟΛΦ�+ΗDΟWΚ��5ΡΡΠ�����∋��6ΡΞWΚ�∃ΦDΓΗΠΛΦ�%ΞΛΟΓΛΘϑ��
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WΚΗ�ΣΗΥΦΗΘWDϑΗ�ΡΙ�ΗDΦΚ�DΞWΚΡΥ
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more likely. However, due to complexities and cost asso-

ciated with sampling of MDWST sediments, there is lim-

ited documentation of pathogen detection in MDWST

across the United States. Historically, public health mea-

sures have been directed to enteric pathogens in drinking

water systems, including Shigella spp., Salmonella enterica,

Yersinia enterocolitica, Campylobacter jejuni, Escherichia

coli O157, Giardia intestinalis, Cryptosporidium spp. and

several viruses (Ashbolt 2015). However, opportunistic

pathogens including members within Pseudomonas aeru-

ginosa, Legionella pneumophila, NTM, Naegleria fowleri

and some genogroups of Acanthamoeba spp. are now

generally considered to cause a higher health burden than

enteric pathogens via drinking water exposures (Craun

et al. 2010; Biyela et al. 2012; Collier et al. 2012). Other

free-living amoebae (FLA) of interest: Vermamoeba (for-

merly Hartmanella) vermiformis, along with various Acan-

thamoeba spp. appear critical to the growth of

opportunistic intracellular bacterial pathogens and even

virulence increase, such as with Leg. pneumophila and

various NTM (Thomas and Ashbolt 2011; Valster et al.

2011; Biyela et al. 2012; Delafont et al. 2014).

The detection of potential opportunistic pathogens is

complicated partly because of the time consuming meth-

ods and labour costs, and partly because of viable but

nonculturable forms in drinking water systems (Moore

et al. 2001; Garduno et al. 2002; Giao et al. 2009;

Wingender and Flemming 2011; Wang et al. 2012).

Molecular testing, especially qPCR, has many advantages

vs culture-based approaches, as it provides high through-

put, sensitivity, specificity and cost-efficiency, compared

to traditional culture-based approaches (Lee et al. 2011).

Although qPCR is not definitive in differentiating live

from dead bacteria (Y�a~nez et al. 2011), which might lead

to false positives, qPCR has been used by many research

groups as a first screening approach for the range of tar-

gets, therefore, it is also considered in the current study.

To date, surveys for these opportunistic bacterial patho-

gens appear to be limited to small in-premise storage

containers, such as those in hospitals (Stout et al. 1985;

Walker et al. 1995) and homes (Mathys et al. 2008; Lim

et al. 2011). The objectives of this study were to examine

the prevalence and quantity of potential pathogens in

MDWST sediments across the United States to evaluate

whether there may be a need to reduce microbial risks

via tank cleaning or improved management practices.

Materials and methods

Sample collection

A total of 87 samples from 18 MDWSTs (1–5 million

gallons in capacity) across ten states were examined with

five replicates from each tank except NJ2 (n = 3) and NC

(n = 4), which were collected from April 2012 to May

2014 (Fig. 1 and Table S1). The locations were selected

to include five different regions of the United States.

(Northeast, East Coast, Midwest, South and West Coast)

(Fig. 1). Each sediment sample (approx. 100 ml) from

the assigned five replicate subsampling points (East, West,

South, North and Centre of the tank base) was collected

with a sterile plastic spatula into a 125 ml sterile plastic

bottle from completely drained tanks. The samples were

placed in a cooler containing ice and immediately

shipped overnight to the laboratory at Cincinnati, OH,

for further processing. After removing liquid from the

top of the sediment, aliquots (10 g) were transferred to

separate tubes and processed using PowerMax� Soil DNA

Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, CA).

Total community DNA was obtained per manufacturer’s

instructions. General parameters like water temperatures

and source of raw water were recorded for each tank

(Table S1). In addition, where 8-l sediment samples were

available in seven locations (Table S2), other physical and

chemical sediment characterization was undertaken (total

organic carbon, TOC; total organic matter, TOM; Particle

size; pH and total exchange capacity: TEC) using EPA

standard or comparable methods (Table S3). Due to the

incapability of on-site measurements by cleaning compa-

nies, the chlorine concentrations were obtained from

local county water quality reports, where the storage

tanks were located. Of the 18 locations sampled, all tanks

contained chlorinated drinking water meeting US EPA

regulated chlorine concentrations (detectable residual dis-

infectant, maximum level <4 mg l�1), and their sources

of water were 61% from ground water and 39% from

surface water, while their water temperatures ranged from

2�2– 28�9°C with mean of 15�1 � 7�0°C (Table S1).

qPCR analysis

A panel of 12 genus- or species-specific qPCR assays was

used in order to screen and quantify selected micro-

organisms. Previously published assays were used except

for Legionella spp. and Leg. pneumophila (in order to

cover most of the sequences retrieved from environmen-

tal samples in NCBI) (Table S4). The qPCR performances

were evaluated with cultures of Leg. pneumophila Phi 1

(ATCC 33152), Mycobacterium avium (ATCC 25291),

Ps. aeruginosa (ATCC 10145), Bacteroides thetaiotaomi-

cron (ATCC29148), Camp. jejuni (ATCC 29428),

Salm. enterica (ATCC 13076), E. coli O157:H7 (ATCC

43895), Acanthamoeba polyphaga (ATCC 30461), Verm-

amoeba vermiformis (ATCC 50237), N. fowleri (ATCC

30863) and oo/cysts of Cryptosporidium parvum and

Giardia duodenalis, which are representative of six enteric
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and six potential opportunistic pathogens and amoeba

hosts. The novel Legionella primers and qPCR conditions

were tested and optimized by running annealing tempera-

ture gradients and using serial dilutions (10–107) of

Leg. pneumophila Phi 1 DNA templates. The primers

were tested for host specificity against DNA extracted

from the bacteria listed in Tables S5 and S6. The assays

for Ps. aeruginosa and E. coli O157:H7 utilized TaqMan

kits (Life Technology, Carlsbad, CA), so the primer

sequences are not available (so not listed in Table S4).

Three replicates of serially diluted Leg. pneumophila

Phi 1 (107 CFU ml�1) were spiked into the sediment

(250 mg ml�1) previously tested as negative for

Leg. pneumophila, and filtered and autoclaved Cincinnati

tap water, respectively, DNA was isolated independently,

qPCR was conducted from each DNA, and standard

curves of the assays targeted to the genes of serogroup

(sg1) associated with virulence factors: mipA, sidF, rtxA,

cegC1 and LPS cluster (Table S4) were prepared. The

assays targeting sidF, rtxA and cegC1 were used to con-

firm the presence of Leg. pneumophila Phi 1 for those

samples with weak signals, because they are more sensi-

tive than the LPS cluster (data not shown). By comparing

the Ct values targeting those Leg. pneumophila assays,

there was no significant differences in detection limits

and the Ct values at each dilution level between spiking

Leg. pneumophila in sediments and in the water. For

other pathogen surrogates, approx. 107–101 (bacteria) or

105–101 (eukaryotes) of cultured cells/cysts were spiked

and diluted in filtered and autoclaved Cincinnati tap

water. All independent DNA extracts were examined in

two sets: an original and a 10-fold dilution, both in

duplicate, to ascertain inhibition by comparing (i) the

difference in Ct values between the original DNA extracts

and 10-fold dilutions and (ii) the correlations between Ct

values and log numbers of the surrogates spiked. For

example, if there was no or low inhibition from the origi-

nal sample, there was a highly significant correlation

between Ct values and log Leg. pneumophila concentra-

tions or a slope between 3�58 and 3�10. Target cells in the

extracts were reported as numbers of spiked cell/cyst

equivalents (CE). If there was no significant inhibition,

the data recorded from the experiments were used to

generate standard curves, and the qPCR detection limit

was estimated (Table S4). This inhibition check protocol

has been used for various environmental samples, and

inhibition was not commonly found in drinking water

and tank sediment samples, so herein factors for correc-

tion of inhibition was not described.

All qPCR assays were performed using a 7900 HT Fast

Real-Time Sequence Detector (Applied Biosystems, Foster

City, CA). Reaction mixtures (20 ll) contained 10 ll 29

qPCR master mix (Applied Biosystems): Power SYBR�

Master Mix for qPCR without probe and TaqMan� Envi-

ronmental Master Mix 2.0 for qPCR with 0�08 lmol l�1

TaqMan probe (final concentration), 0�2 lmol l�1 prim-

ers and 2 ll of template DNA. DNA was treated with

Uracil-N-Glycosylase for 2 min at 50°C to prevent carry-

over contamination. The sample was then held for

10 min at 95°C to denature the template DNA. The fol-

lowing quantification cycling protocol was used: 40 cycles

at 95°C for 15 s and various Tm (Table S4) for 30 s with

an extension at 72°C for 30 s, and a final hold at 72°C

for 5 min. To assay for qPCR inhibitors from the sample

DNA, an original and a 10-fold dilution of each DNA

extract were assayed. In addition, the TaqMan Exogenous

Internal Positive Control Reagents (a VIC-labelled probe)

manufactured by ABITM (Life Technology) was also used

as a secondary confirmation. The qPCR for each assay

was run on a 96-well plate, which included a serial of

AL1

PA1

OH1

OH2

ARAZ1

NCTN

CA2CA3

AL2

IL

PA2 NJ1

AZ2

AZ3

NJ2

CA1

Figure 1 Sampling locations.
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DNA extracts described above for specific target standard

curve in the first row of the 96-well plate, and a no-tem-

plate control for each row of each 96-well plate assayed.

Data were analysed with the SEQUENCE DETECTION SYSTEMS

software program (ver. 2.3) (Life Technology, Carlsbad,

CA). The baseline cycles were set from three to 15 and

the threshold value at the point where fluorescence

exceeded ten times the standard deviation of the mean

baseline emission. According to this standard, a setting of

threshold 0�2 were frequently used. Samples in which

both the duplicates had a threshold cycle (Ct) value

below 40 were regarded as positive. The initial estimates

of microbial quantities were produced automatically

against a serial of standard DNA, and then the estimates

were divided by wet weight (g) of the sediments used for

DNA extraction to obtaining the final numbers.

Cloning and sequencing

Amplicons from the samples showing positive signals of

Legionella spp., Campylobacter spp., Acanthamoeba spp.

and V. vermiformis by qPCR screening, genus-specific

PCR (Table S4) were cloned into pCR4.1 TOPO (Life

Technology) and then individual clones (20 colonies for

each library) were sequenced by using BigDye Terminator

chemistry (Life Technology), in order to confirm the tar-

gets. Raw sequences were edited using Sequencher (Gene

Codes Corp., Ann Arbor, MI). Chimeric sequences were

identified using UCHIME (Edgar et al. 2011) and DECI-

PHER (Wright et al. 2012), and removed from further

analyses. Phylogenetic trees were constructed from the

alignments of 16S or 18S rRNA gene sequences based on

the maximum likelihood method. The software MEGA

v5.03 (Tamura et al. 2011) was used to build trees using

1000 replicates to develop bootstrap confidence values.

Representative Legionella 16S rRNA gene sequences from

clone libraries were deposited in GenBank with accession

numbers: KM624063–KM624177.

Statistical analysis for qPCR data

MICROSOFT EXCEL 2003 and SAS SYSTEMS ver. 9.2 (SAS,

Cary, NC) were used for data management and calcula-

tions. Correlations used to determine the relationship

between Legionella spp., Acanthamoeba spp. and temper-

ature and correspondence analysis with two dimensions

to determine the association between the quantity of

Legionella spp. and other independent variables (TOC,

TOM, Particle size: sand, silt and clay, pH and TEC)

along locations were performed. In the correspondence

analysis, inertia (variance) is defined as the total Pearson

Chi-square for the two-way table divided by the total

sum.

Results

The highest frequency of detection was withMycobacterium

spp. (88�9%), followed by Legionella spp. (66�7%), Acantha-

moeba spp. (38�9%), Ps. aeruginosa (22�2%) and V. vermi-

formis (5�6%). For Campylobacter spp. and V. vermiformis,

some qPCR signals near the detection limit were seen, yet

they were later confirmed as true positives. The campylob-

acters were largely identified as Camplylobacter lari (95% of

clone sequences), with a few Camp. jejuni (5% of clone

sequences) present from AR (Fig. 1). Of the Vermamoeba,

99% were identical to V. vermiformis (from OH1 and AZ3).

There was no other positive signal for the other targeted

bacteria (human-specific HF183 Bacteroides, Campylobacter

spp., Salm. enterica, E. coliO157:H7) and protozoan patho-

gens (Cryptosporidium spp. Giardia spp. and N. fowleri),

indicating the absence of enteric pathogens and warm chlo-

rine-free conditions for N. fowleri, but potential opportu-

nistic pathogens were generally present in the sediments

sampled (Table 1). The quantities of cell equivalence

(CE g�1) averaged 6�7 9 104 (SD: 8�5 9 104) forMycobac-

terium spp., 5�2 9 103 (SD: 5�9 9 103) for Legionella spp.,

250 (SD: 880) for Ps. aeruginosa and 53 (SD: 70) for Acan-

thamoeba. The highest detections for Legionella spp., Acan-

thamoeba spp. andMycobacterium spp. occurred in NJ1, yet

all three genera were also high at the IL, NJ2, AL1, AZ1, TN

and NC sites. There was a significant correlation between

Legionella and Acanthamoeba spp. across all sites

(R2
= 0�61, n = 87, P = 0�0001, Fig. 2). The correlation

was especially demonstrated by the coincidence of the high

quantity of both Legionella and Acanthamoeba spp. at the

NJ1, IL, OH2 and NJ2 sites (Table 1, Fig 1). More than

100 CE g�1 of Acanthamoeba spp. were obtained for all the

locations (IL, OH2, NJ1 and NJ2) that contained more than

103 CE g�1 of Legionella spp., although Acanthamoeba was

not detected at locations, with a low level of Legionella spp.

To examine potential associations among variables, corre-

spondence analysis was performed using two-dimension

Chi-square data analysis and significant differences were

observed across site categories (Fig. 3). Over 61 and 35% of

the total Chi-square was explained by dimension 1 and 2

(i.e. horizontal and vertical dimensions), respectively. It

seemed there were associations between Legionella spp. and

Acanthamoeba spp. and some chemical- and physical-

parameters (particle sizes, TOC, TOM, TEC and pH) within

the locations. For example, Legionella was possibly associ-

ated with Acanthamoeba, OH2, TN and AL1 along Dimen-

sion 1, while Legionella and Acanthamoeba were associated

with clay, silt, TOC, NC and AZ1 along Dimension 2.

Importantly, all sites positive for Legionella spp. by the

screening qPCR assay were confirmed positive by

sequence analysis. It indicated the specificity of both the

qPCR and PCR assays designed in this study to target
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Legionella 16S rRNA gene, which covered 99�9% out of

1000 Legionella-related sequences in the NCBI database.

Furthermore, Legionella diversity was high and a total of

115 unique operational taxonomic units (OTU) were

identified, of which unknown Legionella sequences (38%)

dominated in many sites. The dominant sequences were

as follows: (10%) similar to Legionella impletisoli (iden-

tity: 99%) at AL1, AZ1 and OH2, and there were 6 and

5% sequences similar to Legionella anisa (identity: 99%)

at NJ1, and to Leg. pneumophila or even Leg. pneumophil-

a sg1 (identity: 99%) at TN and NJ1, respectively, which

confirmed the qPCR results described hereafter. The Leg-

ionella phylogenetic diversities varied across sites. For

example, the highest OTUs (n = 36) was in NJ1 and next

highest at IL (n = 16) (Table S7, Fig. 4).

The detection of Leg. pneumophila (33%) (sites AL1,

AZ3, IL, OH2, NJ1, NJ2 and TN) and Leg. pneumophila

sg1 (28%) across the United States (sites AL1, IL, OH2

and TN) was consistent with several serogroup 1 specific

assays (sidF, rtxA, cegC1 and P65/66), and confirmed by

clone sequencing. For example, one of the positive TN

samples was also positive to the panel of assays specific

to Leg. pneumophila (mip) and Leg. pneumophila sg1,

although the qPCR signals were generally low. Consider-

ing the differences in sensitivities for the gene-specific

assays developed, the detection and confirmation for

Leg. pneumophila or Leg. pneumophila sg1 was conducted

using multiple assays, and the positive samples were

recorded, when the qPCR for one or more assays showed

strong signals. For example, samples from OH1, OH2

and AL1 were positive by mipA, and samples from NC

and IL were positive by sidF or/and rtxA targeted qPCR

(Table 2).

Table 1 The quantity (cell equivalent, CE wet g�1) of potential opportunistic pathogens in sediments using qPCR in five replicates

Target
Legionella spp.

Acanthamoeba

spp.

Vermamoeba

vermiformis Mycobacterium spp.

Pseudomonas

aeruginosa

Assay
16sF1c/R1c/Leg probe1

AcF1/R1/

taqAcP1

Hv1227F/

1728R 23SmycoF/R/23SP2 ecfX F/R

Location* Mean SD Mean SD Mean SD Mean SD Mean SD

AL1 600 483 0 0 0 0 2�23 9 105 3�59 9 105 0 0

AL2 0 0 0 0 0 0 216 194 3670 3720

AR 0 0 0 0 0 0 0 0 0 0

AZ1 304 226 0 0 0 0 2�71 9 104 9�92 9 103 0 0

AZ2 22 49 0 0 0 0 1�42 9 104 1�74 9 104 6 11

AZ3 51 114 22 50 17 23 6�64 9 104 6�06 9 104 0 0

CA1 0 0 25 19 0 0 7�45 9 104 5�20 9 104 659 777

CA2 0 0 0 0 0 0 5�58 9 103 5�87 9 103 59 92

CA3 30 59 0 0 0 0 2�56 9 103 5�45 9 103 0 0

IL 8�66 9 103 4�59 9 103 151 82 0 0 0 0 0 0

NC 275 207 10 12 0 0 6�24 9 104 1�85 9 104 0 0

OH1 0 0 0 0 0 0 1�92 9 103 2�04 9 103 0 0

OH2 1�00 9 103 519 209 185 0 0 8�30 9 104 6�39 9 104 0 0

TN 696 1108 0 0 0 0 156 252 0 0

PA1 0 0 0 0 0 0 39 88 0 0

PA2 113 213 0 0 0 0 1�19 9 104 2�65 9 104 67 111

NJ1 7�989104 2�49 9 104 391 243 0 0 6�15 9 105 1�16 9 105 0 0

NJ2 1�63 9 103 383 133 68 0 0 1�99 9 104 4�51 9 103 0 0

*See Fig. 1 and Table S1.
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Figure 2 Scatter plot of quantities of Legionella spp. (X-axis) and

Acanthamoeba spp. (Y-axis) and linear regression analysis (solid line)

with 95% confidence interval (dash lines) showing the relationship

between Legionella spp. and Acanthamoeba spp. (R2 = 0�61, n = 87,

P = 0�0001).
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Acanthamoeba spp. were also confirmed for the IL and

OH2 samples in which high densities of Legionella spp.

co-occurred. They were similar to Acanthamoeba sp.

(identity: 99%), which was an Acanthamoeba isolate from

infected corneas of amoebic keratitis patients in Korea

(Kim, S.Y., Yu, H.S., Moon, E.K., Kong, H.H., Hahn,

T.W. and Chung, D.I. unpublished data at the NCBI

Website). More importantly, Leg. pneumophila was

detected in various locations (AL1, AZ1 and TN), where

both Acanthamoeba and V. vermiformis were undetected

and Legionella was in low level.

Discussion

This study is the first nationwide survey reported for

microbial pathogens associated with MDWST sediments.

Based on the results, it would seem that sediments within

MDWSTs across the United States may support and

allow the growth of Leg. pneumophila, other legionellae,

NTM, Ps. aeruginosa and Acanthamoeba spp., all of which

potentially contain opportunistic pathogenic members. In

contrast, enteric pathogens including E. coli O157:H7,

Salmonella spp., Giardia intestinalis and Cryptosporidium

spp., were undetected, as was the sewage-associated Bacte-

roides marker, but there was a trace detection of

Camp. jejuni (Table 1). Generally, Legionella and NTM

species have been considered more of a problem associ-

ated with large building plumbing systems and in the use

of drinking water supporting cooling towers or humidifi-

ers (Buse et al. 2012; Donohue et al. 2014), rather than

drinking water distribution systems. However, this study

and others (Wang et al. 2012; van der Wielen and van

der Kooij 2013) suggest that nonenteric pathogens may

be a concern for water storage tanks and potentially other

locations where sediments accumulate within drinking

water distribution networks. In addition, pathogenic

members are often associated with amoebae (Thomas

et al. 2010) as was seen in this study. Mounting evidence

exists (Thomas and Ashbolt 2011; Biyela et al. 2012) that

amoebae are critical to intracellular pathogen amplifica-

tion and even increased virulence of these opportunistic

pathogens.

A recent review of microbial disease outbreaks associ-

ated with drinking water by the Centers for Disease Con-

trol and Prevention (CDC) indicates that L. pneumophila

is an aetiological agent of major concern (Craun et al.

2010), and along with the NTM account for the majority

of drinking water associated pathogen hospitalization

costs in the United States (Collier et al. 2012). Also of

concern reported by CDC are increasing Acanthamoeba-

related eye infections (Yoder et al. 2012); noting that in

the current study clinically relevant Acanthomoebae were

identified (Table 1). Other concerns were that Acantha-

moeba correlated with our finding of high Legionella den-

sities compared to most other organisms detected in the

sediments (Fig. 2) and that the Acanthomoebae may also

support replication of various other intracellular patho-

gens (Greub et al. 2004; Thomas et al. 2010). Hence, pre-

emptive monitoring of amoebal numbers may provide a

useful warning of conditions that could support opportu-

nistic bacterial pathogens (Codony et al. 2012).

The diversity of unique OTUs (total of 115) related to

Legionella spp. from the MDWST sediment samples

requires further study to ascertain their clinical relevance.

Legionella species identified included not only those com-

monly found in distribution systems, such as Leg. pneu-

mophila and non-Leg. pneumophila (Yu et al. 2002; Lee

et al. 2010), but also many unique sequences (38%). For

Leg. pneumophila, the occurrence of sg 1, present in 28%

of the locations in which Legionella spp. were detected,

was higher than the 9% reported from a previous drink-

ing water treatment/distribution system study (Loret and

Greub 2010). However, these levels of Leg. pneumophila

seemed lower than those reported from public buildings.
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Figure 3 Correspondence analysis showing

associations among Legionella spp.,

Acanthamoeba spp. and chemical- and

physical- parameters (TOC, TOM, TEC, pH

and particle sizes: sand, clay and silt) along

locations. Possible associations can be seen

among those variables, e.g. Legionella

associated with Acanthamoeba, OH2, TN and

AL1 along Dimension 1, while Legionella and

Acanthamoeba associated with clay, silt,

TOC, NC and AZ1 along Dimension 2.
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Figure 4 Unrooted neighbour-joining tree of

16S rRNA gene amplified for Legionella

spp.sequences obtained from clone libraries.

Sequences were aligned, and the bootstrap

consensus tree was created with MEGA6 (1%

divergence).
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For example, Leg. pneumophila sg1 was detected in nearly

half of 68 public and private water taps across the United

States using qPCR assays targeted 16S rRNA gene (Don-

ohue et al. 2014). For the non-Leg. pneumophila identi-

fied in the current study, Leg. anisa and Legionella

bozemanii were previously reported to predominate

among this category in drinking water (48�1 and 21�0%

respectively) (Lee et al. 2010). Although it is estimated

that some 84% (out of 6868 cases) of legionellosis in the

United States are caused by the Leg. pneumophila sg1,

some non-Leg. pneumophila could also cause human

health risk, such as Pontiac fever caused by various spe-

cies including Leg. anisa (Fallon and Stack 1990; Fenster-

sheib et al. 1990) or hospital-acquired Legionnaires

disease (Bornstein et al. 1989). Therefore, the detection

of Leg. anisa in water samples should be considered an

important indication that the water system has been

colonized by potentially pathogenic Legionella species,

including Leg. pneumophila (Yu et al. 2002; van der

Mee-Marquet et al. 2006). Understanding the clinical sig-

nificance of various non-Leg. pneumophila strains warrant

further investigation for their human health risk.

The results showed high variations in the densities of

detected opportunistic pathogens along different geo-

graphical locations, indicating their distributions might

have been impacted with some physicochemical factors.

Current physicochemical data available for this study

did not explain the geographical differences observed.

Previously, temperature, FLA and biofilm have been

noted as key factors for the growth of Legionella, in

addition to residual disinfectants. In this study, the dis-

infectant, free chlorine, which was used for all the sys-

tems investigated in this study and kept at the level

approx. 1 mg l�1, was probably not a major factor

influencing the variations observed. Also, Legionella is

able to survive or/and grow at temperature ranged from

20–50°C in distribution systems (Stout et al. 1985;

Wadowsky et al. 1985). We also found no significant

relationship between temperature and Legionella quanti-

ties of qPCR targets, noting that Legionella occurred in

locations where temperatures ranged from 2�2–28�9°C

with a mean of 15�1 � 7�0°C, yet those with higher

densities (>103 CE l�1) were presented in the locations

with temperatures >10�6°C. The lack of a possible effect

of temperature, may have been influenced by our sam-

pling plan, which did not focus on each season, but

rather to address opportunities to sample across geo-

graphically diverse locations. It is also reported that the

growth of Legionella is positively supported by FLA, bio-

film and algae (Tison et al. 1980; Wadowsky et al. 1988;

Greub and Raoult 2004), as well as the presence of

metal ions (Raki�c et al. 2011). In distribution system,
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bacteria, NTM and V. vermiformis, and Legionella and

V. vermiformis have been reported (Wang et al. 2012;

Delafont et al. 2014). In addition to our reporting of

the co-occurrence between the quantity of Acanthamoeba

spp. and Legionella spp., NTM also co-occurs in

MDWST sediments, some of which may be opportunis-

tic pathogens (Falkinham III 2011). For other factors,

van der Wielen and van der Kooij reported a positive

association between Leg. pneumophila and assimilable

organic carbon, and further noted that the samples that

contained Leg. pneumophila, also contained Ps. aeruginosa

or Stenotrophomonas maltophilia (Wadowsky et al. 1988;

van der Wielen and van der Kooij 2013). In the current

study, although limited physical–chemical data were avail-

able (Table S2), correspondence analysis indicated that

some sediment characteristics, such as TOC, clay and silt,

seemed favourable to Legionella presence. Collectively, Leg-

ionella spp. with high species diversity and including

potential pathogenic species were detected in more than

half of the sediment samples, and other potential patho-

gens (NTM and Ps. aeruginosa) and their potential hosts

(Acanthamoeba spp.) were also present. Future work needs

to focus on possible environmental factors that may influ-

ence MDWSTs to support microbial community that har-

bour opportunistic pathogens and identify ways to

manage these potential pathogen issues.

Acknowledgements and disclaimer

This research was supported by EPA ORD’s Safe and Sus-

tainable Water Resources Program and EPA’s National

Homeland Security Research Center (NHSRC). Thanks to

Scott Minamyer at NHSRC, Ryan R James at Battelle

Memorial Institute, and Darren Lytle at EPA ORD for

organizing the project sampling, and Ann Grimm and

Gerard Stelma at EPA ORD for their valuable comments.

The United States Environmental Protection Agency

through its Office of Research and Development funded

and managed the research described here. It has been

subjected to Agency review and approved for publication.

Mention of trade names or commercial products does

not constitute endorsement or recommendation for use.

Conflict of Interest

No conflict of interest declared.

References

Ashbolt, N.J. (2015) Microbial contamination of drinking

water and human health from community water systems.

Curr Environ Health Rep 2, 95–106.

Biyela, P.T., Ryu, H., Brown, A., Alum, A., Abaszadegan, M.

and Rittmann, B.E. (2012) Distribution systems as

reservoirs of Naegleria fowleri and other amoebae. J Am

Water Works Assoc 104, E66–E72.

Bornstein, N., Mercatello, A., Marmet, D., Surgot, M.,

Deveaux, Y. and Fleurette, J. (1989) Pleural infection

caused by Legionella anisa. J Clin Microbiol 27, 2100–

2101.

Buse, H.Y., Schoen, M.E. and Ashbolt, N.J. (2012) Legionellae

in engineered systems and use of quantitative microbial

risk assessment to predict exposure. Water Res 46,

921–933.

Codony, F., P�erez, L.M., Adrados, B., Agust�ı, G., Fittipaldi, M.

and Morat�o, J. (2012) Amoeba-related health risk in

drinking water systems: could monitoring of amoebae be a

complementary approach to current quality control

strategies? Future Microbiol 7, 25–31.

Collier, S., Stockman, L., Hicks, L., Garrison, L., Zhou, F. and

Beach, M. (2012) Direct healthcare costs of selected

diseases primarily or partially transmitted by water.

Epidemiol Infect 140, 2003–2013.

Craun, G.F., Brunkard, J.M., Yoder, J.S., Roberts, V.A.,

Carpenter, J., Wade, T., Calderon, R.L., Roberts, J.M.

et al. (2010) Causes of outbreaks associated with drinking

water in the United States from 1971 to 2006. Clin

Microbiol Rev 23, 507–528.

Delafont, V., Mougari, F., Cambau, E., Joyeux, M., Bouchon,

D., H�echard, Y. and Moulin, L. (2014) First evidence of

amoebae–mycobacteria association in drinking water

network. Environ Sci Technol 48, 11872–11882.

Donohue, M.J., O’Connell, K., Vesper, S.J., Mistry, J.H., King,

D., Kostich, M. and Pfaller, S. (2014) Widespread

molecular detection of Legionella pneumophila Serogroup

1 in cold water taps across the United States. Environ Sci

Technol 48, 3145–3152.

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C. and Knight,

R. (2011) UCHIME improves sensitivity and speed of

chimera detection. Bioinformatics 27, 2194–2200.

Falkinham, J.O. III (2011) Nontuberculous mycobacteria from

household plumbing of patients with nontuberculous

mycobacteria disease. Emerg Infect Dis 17, 419.

Fallon, R.J. and Stack, B.H. (1990) Legionnaires’ disease due

to Legionella anisa. J Infect 20, 227–229.

Fenstersheib, M.D., Miller, M., Diggins, C., Liska, S., Detwiler,

L., Werner, S.B., Lindquist, D., Thacker, W.L. et al. (1990)

Outbreak of Pontiac fever due to Legionella anisa. Lancet

336, 35–37.

Garduno, R.A., Garduno, E., Hiltz, M. and Hoffman, P.S.

(2002) Intracellular growth of Legionella pneumophila gives

rise to a differentiated form dissimilar to stationary-phase

forms. Infect Immun 70, 6273–6283.

Giao, M., Wilks, S., Azevedo, N., Vieira, M. and Keevil, C.

(2009) Incorporation of natural uncultivable Legionella

pneumophila into potable water biofilms provides a

Journal of Applied Microbiology 119, 278--288 © 2015 The Society for Applied Microbiology286

Microbial pathogens in water tank sediments J. Lu et al.



protective niche against chlorination stress. Biofouling 25,

345–351.

Greub, G. and Raoult, D. (2004) Microorganisms

resistant to free-living amoebae. Clin Microbiol Rev 17,

413–433.

Greub, G., La Scola, B. and Raoult, D. (2004) Amoebae-

resisting bacteria isolated from human nasal swabs by

amoebal coculture. Emerg Infect Dis 10, 470–477.

Lee, H.K., Shim, J.I., Kim, H.E., Yu, J.Y. and Kang, Y.H.

(2010) Distribution of Legionella species from

environmental water sources of public facilities and

genetic diversity of L. pneumophila serogroup 1 in South

Korea. Appl Environ Microbiol 76, 6547–6554.

Lee, J., Lai, S., Exner, M., Lenz, J., Gaia, V., Casati, S.,

Hartemann, P., L€uck, C. et al. (2011) An international

trial of quantitative PCR for monitoring Legionella

in artificial water systems. J Appl Microbiol 110, 1032–

1044.

Lim, Y., Kek, Y.R., Lim, P., Yap, H., Goh, T.V. and Ng, L.

(2011) Environmental surveillance and molecular

characterization of Legionella in tropical Singapore. Trop

Biomed 28, 149–159.

Loret, J.F. and Greub, G. (2010) Free-living amoebae:

biological by-passes in water treatment. Int J Hyg Environ

Health 213, 167–175.

Mathys, W., Stanke, J., Harmuth, M. and Junge-Mathys, E.

(2008) Occurrence of Legionella in hot water systems of

single-family residences in suburbs of two German cities

with special reference to solar and district heating. Int J

Hyg Environ Health 211, 179–185.

van der Mee-Marquet, N., Domelier, A.S., Arnault, L., Bloc,

D., Laudat, P., Hartemann, P. and Quentin, R. (2006)

Legionella anisa, a possible indicator of water

contamination by Legionella pneumophila. J Clin Microbiol

44, 56–59.

Moore, J., Caldwell, P. and Millar, B. (2001) Molecular

detection of Campylobacter spp. in drinking, recreational

and environmental water supplies. Int J Hyg Environ

Health 204, 185–189.

Raki�c, A., Peri�c, J. and Foglar, L. (2011) Influence of

temperature, chlorine residual and heavy metals on the

presence of Legionella pneumophila in hot water

distribution systems. Ann Agric Environ Med 19,

431–436.

Stout, J., Yu, V. and Best, M. (1985) Ecology of Legionella

pneumophila within water distribution systems. Appl

Environ Microbiol 49, 221–228.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M.

and Kumar, S. (2011) MEGA5: molecular evolutionary

genetics analysis using maximum likelihood, evolutionary

distance, and maximum parsimony methods. Mol Biol

Evol 28, 2731–2739.

Thomas, J.M. and Ashbolt, N.J. (2011) Do free-living amoebae

in treated drinking water systems present an emerging

health risk? Environ Sci Technol 45, 860–869.

Thomas, V., McDonnell, G., Denyer, S.P. and Maillard, J.Y.

(2010) Free-living amoebae and their intracellular

pathogenic microorganisms: risks for water quality. FEMS

Microbiol Rev 34, 231–259.

Tison, D., Pope, D., Cherry, W. and Fliermans, C. (1980) Growth

of Legionella pneumophila in association with blue-green algae

(cyanobacteria). Appl Environ Microbiol 39, 456–459.

Valster, R.M., Wullings, B.A., van den Berg, R. and van der

Kooij, D. (2011) Relationships between free-living

protozoa, cultivable Legionella spp., and water quality

characteristics in three drinking water supplies in the

Caribbean. Appl Environ Microbiol 77, 7321–7328.

Wadowsky, R.M., Wolford, R., McNamara, A. and Yee, R.B.

(1985) Effect of temperature, pH, and oxygen level on the

multiplication of naturally occurring Legionella pneumophila

in potable water. Appl Environ Microbiol 49, 1197–1205.

Wadowsky, R., Butler, L., Cook, M., Verma, S., Paul, M.,

Fields, B., Keleti, G., Sykora, J. et al. (1988) Growth-

supporting activity for Legionella pneumophila in tap water

cultures and implication of hartmannellid amoebae as

growth factors. Appl Environ Microbiol 54, 2677–2682.

Walker, J., Mackerness, C., Mallon, D., Makin, T., Williets, T.

and Keevil, C. (1995) Control of Legionella pneumophila in

a hospital water system by chlorine dioxide. J Ind

Microbiol 15, 384–390.

Wang, H., Edwards, M., Falkinham, J.O. 3rd and Pruden, A.

(2012) Molecular survey of the occurrence of Legionella

spp., Mycobacterium spp., Pseudomonas aeruginosa, and

amoeba hosts in two chloraminated drinking water

distribution systems. Appl Environ Microbiol 78, 6285–6294.

van der Wielen, P.W. and van der Kooij, D. (2013)

Nontuberculous mycobacteria, fungi, and opportunistic

pathogens in unchlorinated drinking water in The

Netherlands. Appl Environ Microbiol 79, 825–834.

Wingender, J. and Flemming, H.-C. (2011) Biofilms in

drinking water and their role as reservoir for pathogens.

Int J Hyg Environ Health 214, 417–423.

Wright, E.S., Yilmaz, L.S. and Noguera, D.R. (2012) DECIPHER,

a search-based approach to chimera identification for 16S

rRNA sequences. Appl Environ Microbiol 78, 717–725.

Y�a~nez, M.A., Nocker, A., Soria-Soria, E., M�urtula, R.,

Mart�ınez, L. and Catal�an, V. (2011) Quantification of

viable Legionella pneumophila cells using propidium

monoazide combined with quantitative PCR. J Microbiol

Methods 85, 124–130.

Yoder, J.S., Verani, J., Heidman, N., Hoppe-Bauer, J., Alfonso,

E.C., Miller, D., Jones, D.B., Bruckner, D. et al. (2012)

Acanthamoeba keratitis: the persistence of cases following

a multistate outbreak. Ophthalmic Epidemiol 19, 221–225.

Yu, V.L., Plouffe, J.F., Pastoris, M.C., Stout, J.E., Schousboe,

M., Widmer, A., Summersgill, J., File, T. et al. (2002)

Distribution of Legionella species and serogroups isolated

by culture in patients with sporadic community-acquired

legionellosis: an international collaborative survey. J Infect

Dis 186, 127–128.

Journal of Applied Microbiology 119, 278--288 © 2015 The Society for Applied Microbiology 287

J. Lu et al. Microbial pathogens in water tank sediments



Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Locations, dates, water temperatures and

water sources of sediment samples.

Table S2 Sediment parameters across seven sampling

sites.

Table S3 Screening analyses and methods performed

on sediment samples.

Table S4 Oligonucleotide taqMan qPCR primer

sequences used to screen pathogens and human-faecal

indicator Bacteroidetes and PCR primer sequences for

clone sequencing.

Table S5 Legionella strains used to test PCR coverage.

Table S6 Bacterial strains used to check the specificity

of the PCR and qPCR assays for Legionella.

Table S7 Total clone numbers, unique OTUs and

dominant sequences in those sediments showing positive

for Legionella spp.
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Abstract: The occurrence and densities of opportunistic pathogens (OPs), the microbial community

structure, and their associations with sediment elements from eight water storage tanks in

Ohio, West Virginia, and Texas were investigated. The elemental composition of sediments

was measured through X-ray fluorescence (XRF) spectra. The occurrence and densities of OPs

and amoeba hosts (i.e., Legionella spp. and L. pneumophila, Mycobacterium spp., P. aeruginosa,

V. vermiformis, Acanthamoeba spp.) were determined using genus- or species-specific qPCR assays.

Microbial community analysis was performed using next generation sequencing on the Illumina

Miseq platform. Mycobacterium spp. were most frequently detected in the sediments and water

samples (88% and 88%), followed by Legionella spp. (50% and 50%), Acanthamoeba spp. (63% and

13%), V. vermiformis (50% and 25%), and P. aeruginosa (0 and 50%) by qPCR method. Comamonadaceae

(22.8%), Sphingomonadaceae (10.3%), and Oxalobacteraceae (10.1%) were the most dominant families by

sequencing method. Microbial communities in water samples were mostly separated with those in

sediment samples, suggesting differences of communities between two matrices even in the same

location. There were associations of OPs with microbial communities. Both OPs and microbial

community structures were positively associated with some elements (Al and K) in sediments mainly

from pipe material corrosions. Opportunistic pathogens presented in both water and sediments,

and the latter could act as a reservoir of microbial contamination. There appears to be an association

between potential opportunistic pathogens and microbial community structures. These microbial

communities may be influenced by constituents within storage tank sediments. The results imply

that compositions of microbial community and elements may influence and indicate microbial water

quality and pipeline corrosion, and that these constituents may be important for optimal storage tank

management within a distribution system.

Keywords: Legionella; opportunistic pathogen; storage tank sediment; microbial community;

element; corrosion

1. Introduction

Drinking water distribution systems (DWDS) contain complex microbial communities based

on both measured by composition [1,2] and genetic network [3]. While drinking water treatment

and disinfection considerably reduces risk of exposure, opportunistic pathogens (OP) are often

detected in different parts of DWDS. Although most of the attention has been given to the

Pathogens 2017, 6, 54; doi:10.3390/pathogens6040054 www.mdpi.com/journal/pathogens
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microbiology of drinking water in premise plumbing and biofilms on pipes, drinking water storage

tank sediment has also been shown to harbor OPs [4,5]. Many of these OP, such as Legionella spp.,

Mycobacterium spp., Pseudomonas aeruginosa, and some of Acanthamoeba spp. can pose significant risks

to immunocompromised people [6–10]. Free-living amoeba (FLA), such as Vermamoeba vermiformis,

and some groups of Acanthamoeba spp. are also relevant to public health as they are potential hosts to

several OPs [7].

Microbial growth within DWDS biofilms has been associated with corrosion of pipes, and the

production of various elements in water and sediments in DWDS [11–13]. Teng et al. (2008)

found that biofilm can greatly affect element composition and the crystalline phase of corrosion

scales. Also, studies have shown that iron-oxidizing bacteria can accelerate corrosion early on,

while iron-reducing bacteria (IRB) may inhibit corrosion in later stages, processes that may be

influenced by changes in biofilm microbial diversity [12]. DWDS sediments are mainly composed

of iron, sulfur, total organic carbon (TOC), calcium, total inorganic carbon (TIC), phosphorous,

manganese, magnesium, aluminum, and zinc, and can concentrate trace regulated contaminants

such as arsenic and radium [14–16]. The properties distribution system sediment such as elemental

composition may impact the composition and structure of their microbial communities. Stein et al.

(2001), for example, found that iron- and manganese-enriched sediments also contained two groups

related to known metal-oxidizing genera, Leptothrix of the β-Proteobacteria and Hyphomicrobium

of the α-Proteobacteria, and a Fe(III)-reducing group related to the Magnetospirillum genus of the

α-Proteobacteria [17]. White et al. (2011) reported on the microbiological community structure of

sediment and corrosion by-products associated with a DWDS lead pipe using rRNA gene sequencing.

They identified bacteria species that have previously reported in heavy-metal-contaminated soils that

could potentially impact metal mobility [18].

Elements associated with corrosion by-products can also have an impact in the survival of

OPs [19–22]. If elements can protect and promote growth of OPs in storage tank sediments, they may

potentially be released into DWDS [23]. Microbial communities could also be impacted by elemental

composition of sediments and the redox condition [24–26]. However, relatively little is known on the

microbial community in sediments in drinking water storage tanks due to sampling, because samples

can only be obtained randomly from tank clean companies [2]. To address this, we examined the

occurrence and densities of OPs, the microbial community structure, and their associations with

sediment elements. We detected OPs using qPCR [4] and determined the microbial community

compositions using next generation sequencing.

2. Materials and Methods

2.1. Sample Collection

Water and sediment samples were collected while industrial storage & water tank cleaning

companies were conducting tank cleaning. The samples were collected from eight water storage

tanks (16 sediments and water samples) in Ohio (D39-42), West Virginia (D43), and Texas (D50, D53

and D54). For microbial community analysis, an additional sample from Ohio was processed (D84,

sediment samples only, collected in triplicate). Sediment and water samples were transferred to

sterile containers using aseptic techniques. Collected samples were then placed into ice coolers and

shipped overnight to the EPA laboratory (Cincinnati, OH, USA) for different analyses. Water from

sediment samples was first removed via centrifugation at 2844× g for 3 min using a Swing Bucket

Rotor on a Thermo Sorvall® Legend® T Plus centrifuge (Thermo Fisher Scientific., Waltham, MA,

USA) and 0.25 g was used to extract DNA using PowerSoil® DNA Isolation Kit (MoBio, Carlsbad,

CA, USA) following the manufacturer’s instruction. Water samples (1 L) were filtered using EMD

Millipore DuraporeTM membrane filter (0.40 µm, MilliPore, Foster City, CA, USA). The filtered biomass

was lysed using a Beadbeater (BioSpec Products, Inc., Bartlesville, OK, USA) for 1 min. Tubes were

centrifuged at 12,000× g for 5 min and the supernatant transferred to sterile microcentrifuge tubes.
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The DNA extraction was completed using the Master Pure Complete DNA and RNA Purification

Kit (Epicentre Technologies Corp., Madison, WI, USA). Extracted DNA was resuspended in 50 µL of

molecular grade water. DNA concentrations were measured using Nanodrop 2000 spectrophotometer

(NanoDrop Technologies, Inc., Wilmington, DE, USA). Remaining sediment samples were air dried

for a period of three days after which elemental composition, and their bulk and particle density

were measured with graduated cylinder and mass balance. For the bulk density, about 2 to 3 g of

the sample were weighed and the mass was recorded. Then, the sample was placed in a graduated

cylinder and the volume was recorded. This volume was the bulk volume because it included the pore

spaces between particles. The bulk density was then calculated by dividing the recorded mass by the

recorded volume. The procedure was the same for the particle density except the particle volume was

determined by the displacement of water.

Porosity was calculated by the following equation:

Porosity = 1 −
bulkdensity

particledensity

The elemental composition of the sediments was measured through X-ray fluorescence (XRF)

of the pressed dried sediments pellets using a Panalytical Axios Instrument (Panalytical, Almelo,

The Netherlands).

2.2. qPCR Analysis

The occurrence and densities of OPs and amoeba hosts (i.e., Legionella spp. and L. pneumophila,

Mycobacterium spp., P. aeruginosa, V. vermiformis, Acanthamoeba spp.) were determined using genus-

or species-specific qPCR assays, as previously described [2]. Briefly, qPCR assays were performed

on a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with

reaction mixtures. To prevent carryover contamination, an initial incubation at 50 ◦C for 2 min with

uracil-N-glycosylase (UNG) at the onset of the cycling program was conducted before the one cycle of

denaturation and enzyme activation at 95 ◦C for 10 min. The following cycling conditions were used as

40 cycles at 95 ◦C for 15 s and at the specific Tm (◦C) listed in Table S1 for 30 s with an extension at 72 ◦C

for 30 s and a final hold at 72 ◦C for 5 min, with qPCR reactions for each DNA sample undertaken in

duplicate. The standard curves were generated using genomic DNA from each of the targeted groups.

Target cells in the extracts are reported as genome copy numbers (GN). The presence of potential qPCR

inhibitors was determined using 10-fold dilution of each extract. DNA standards and no-template

controls were included on each PCR run.

2.3. Next Generation Sequencing

Sequencing libraries were constructed using water and sediment DNA extracts as PCR templates

coupled with barcoded primers targeting the V3–V4 region of the 16S rRNA gene [27]. The reactions

used to generate the sequencing libraries were performed in 25 µL volumes using the Ex Taq kit

(Takara) with 200 nM for each of the forward and reverse primer and 2 µL of nucleic acid template.

Cycling conditions involved an initial 5 min denaturing step at 94 ◦C, followed by 30 cycles of 45 s

at 94 ◦C, 60 s at 50 ◦C, and 90 s at 72 ◦C, and a final elongation step of 10 min at 72 ◦C. Agarose gel

electrophoresis was used to confirm the size of the amplification products. PCR products were then

pooled and size selected prior to multiplex sequencing on an Illumina MiSeq benchtop sequencer

using paired-end 250 bp kits at the Cincinnati Children’s Hospital DNA Core facility. Sequence

reads were processed using MOTHUR software [28] as described earlier [3]. Briefly, before analysis,

sequence reads with overall low quality scores, or containing homopolymers (>8 nucleotides) and

ambiguous base calls (N’s), were removed from further analysis [29]. MOTHUR aligned and sorted

reads with >97% similarity into operational taxonomic units (OTUs). Chimeric OTUs were screened

out by the UCHIME algorithm built within MOTHUR.
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2.4. Data Analysis

Statistical analyses were performed using Rstudio (https://www.rstudio.com/). Paired t-test

was performed to test if there was any significant difference between genome copy number of OP

in sediment and water samples. Pearson’s linear correlation coefficients were calculated to test the

correlation within OP and between OP and environmental physical parameters. For the microbial

community analysis, one-way ANOVA was performed to test if there were significant differences

between sediment and water samples. Nonmetric multidimensional scaling (NMDS, which acted to

visualize the community structure and correlated physicochemical conditions using metaMDS function

in the ‘vegan’ package) was used to cluster microbial communities based on the similarity of OTU

distribution. Multiple response permutation procedure (mrpp) analysis was performed to test if there

were significant differences in the NMDS plot between water and sediment samples (i.e., if there were

two different groups). Correlation coefficients were calculated to check if there was any environmental

factor that could explain clustering on the NMDS plot at a statistically significant level.

3. Results

3.1. Opportunistic Pathogens

Mycobacterium spp. were the most frequently detected OPs in the sediments and water samples

(88% and 88%, respectively), followed by Legionella spp. (50% and 50%), Acanthamoeba spp. (63%

and 13%), V. vermiformis (50% and 25%), and P. aeruginosa (0 and 50%). The occurrence of free living

amoebae was higher in sediment than in water. L. pneumophila was also detected in both sediment

(25%) and water (13%) (Table 1). Mycobacterium spp., Legionella spp., and FLA constituted major OPs,

and there were significant correlations between Legionella spp. and Mycobacterium spp. The major

OPs in the sediments presented the highest densities in Texas samples (D53 and D54), followed by

Ohio samples (D39 and D40). However, in the water samples, the highest densities of the major OPs

occurred in Ohio samples (D39 and D40), followed by the West Virginia sample (D43) and one Texas

sample (D50). It should be noted that FLA and L. pneumophila occurred more frequently in sediments

than in water; P. aeruginosa occurred more frequently in water than in sediments (Table 1).

The major elements measured in sediments were Zn (18.7%), Fe (16.0%), Si (7.1%), Mn (3.6%),

Al (3.4%), and Ca (3.2%) (Table S2). Element densities were different among samples and locations.

For example, particle densities, porosities, Ca, Mg, and Zn were higher in OH samples (D39–42) than

in TX samples (D50–54) (Table S3). The Pearson’s linear correlation coefficients for each of the OPs

studied with the sediment elements measured are listed in Table 2. It showed that OPs were associated

with some sediment elements. Specifically, V. vermiformis, Mycobacterium, Legionella, and L. pneumophila

were positively associated with Al and K. (Table 2).
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Table 1. The quantity of opportunistic pathogens in sediments and water of storage tanks using qPCR in two replicates.

Matrix Location ID
Acanthamoeba

spp.
Vermamoeba
vermiformis

Mycobacterium
spp.

Pseudomonas
aeruginosa

Legionella spp.
L. pneumophila

(rtxA)
L. pneumophila

(sidF)

Sediment
(GN G−1:

genome copy
number per

gram sediment)

D39S 5 ± 1 0 (2.73 ± 0.68) × 104 0 335 ± 31 0 0

D40S 1 ± 1 4 (8.10 ± 1.16) × 103 0 923 ± 34 0 0

D41S 28 ± 7 0 (8.00 ± 1.20) × 101 0 0 0 0

D42S 0 0 (8.47 ± 10.04) × 103 0 0 0 0
D43S 0 0 0 0 0 0 0
D50S 0 14 ± 22 (2.00 ± 4.00) × 101 0 1 ± 3 0 0

D53S 7 99 ± 60 (2.39 ± 2.24) × 103 0 282 ± 113 25 ± 51 85 ± 69

D54S 3 120 ± 43 (2.57 ± 0.88) × 105 0 (7.20 ± 3.31) × 104 300 ± 38 173 ± 87

Average 6 29 3.79 × 104 0 9.19 × 103 41 32

Occurrence 63% 50% 88% 0 50% 25% 25%

Water (GN L−1:
genome copy

number per liter
water)

D39w 0 0 (2.33 ± 3.28) × 105 70 ± 91 (1.24 ± 1.70) × 104 0 0

D40w 0 0 (5.63 ± 7.74) × 104 0 (6.93 ± 9.76) × 104 0 0

D41w 50 0 6.91 × 103 0 0 0 0

D42w 0 0 3.37 × 104 0 0 0 0

D43w 0 0 2.52 × 103 0 1.50 × 103 0 0

D50w 0 480 ± 670 (5.07 ± 0.03)×103 2770 ± 14 (1.84 ± 1.46) × 104 82 ± 117 36 ± 52
D53w 0 0 0 83 ± 117 0 0 0
D54w 0 98 ± 136 (2.68 ± 2.84) × 103 371 ± 150 0 0 0

Average 6 613 4.25 × 104 412 1.27 × 104 10 4

Occurrence 13% 25% 88% 50% 50% 13% 13%

Table 2. Pearson’s linear correlation coefficients (R2) of opportunistic pathogens (OPs) with sediment elements in significant level 95% (p < 0.05).

Elements

Pathogens

Acanthamoeba
Vermamoeba
vermiformis

Mycobacterium Legionella spp. L. pneumophila (rtxA) L. pneumophila (sidF)

R2 P R2 P R2 P R2 P R2 P R2 P
Al 0.93 <0.001 0.93 <0.001 0.92 <0.001 0.80 0.017

K 0.75 <0.031 0.77 <0.025 0.75 <0.031
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3.2. Microbial Community

A total of 25 bacterial families were observed among the OTUs with relative abundance

>1% (Figure 1). Pseudomonadaceae (19.4%) Comamonadaceae (18.5%), Sinobacteraceae (15.5%),

and Sphingomonadaceae (13.0%) were the most dominant, but that of Mycobacteriaceae was less

than 1%. There were associations of microbial communities between the sediment and water

in the same site (Table S4). Many families like Sphingomonadaceae presented both in water and

sediments in many sites (Table S4). Dominant OTUs varied with samples or locations. For OH

samples, Comamonadaceae dominated in D39 of both sediments (48.9%) and water samples (90.6%),

and water samples in D40 (42.8%) and D41 (38.9%). The dominance of Comamonadaceae in water

and sediment samples has been previously documented [30,31], probably due to their abilities to

restrain other competitors [32]. Syntrophobacteraceae, anaerobic sulfur-reducing bacteria [33] prevalent

in sediments and soil [34,35], was most abundant in D40 sediments (28.0%). Oxalobacteraceae,

a ubiquitous family found in drinking water systems [36], dominated in D41 sediment samples

(47.5%) and D42 water samples (60.1%), while Bradyrhizobiaceae (18.3%) were most abundant in D42

sediment samples. For TX samples, Pseudomonadaceae (59.8%) dominated in D53 sediment samples,

while Oxalobacteraceae (45.12%) represented the majority in water samples. The most abundant families

in terms of OTUs percentage in D54 sediment and water samples were Nitrospiraceae (57.4%) and

Sphingomonadaceae (50.2%), respectively.
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Figure 1. The 25 most abundant families presented in all the samples.

The samples sequenced in both water and sediment were clustered into one major group and

several smaller groups according to relative abundance of the 25 families (Figure 2a). The sample

type (water and sediment) could be one of the factors explaining microbial community structure.

All the sediment samples except for D41 and D42 were in the major group. In sediment samples,

the family (Solibacteraceae) was significantly higher in sediment than water (6.2% vs. 0.2%, p = 0.02,

D40, etc.). The location of water system could be another factor, as shown by the two distinct clusters.

Two samples from one city (D41 and D42) were clustered together separately from other samples

(Figure 2b).

When considering the element’s impact on community structure, most microbial communities in

water samples (circled with a dash line) were separated from those in sediment samples (with a solid

line) (Figure 3a), as inferred from the analysis of NMDS. Only the communities in D39 and D42 water

and sediment, which were positioned within the overlap of the two circled areas, were not separated
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by the element factor. With the matrices of OTU numbers and relative abundance of each OTU against

relative abundance of elements and opportunistic pathogen densities by qPCR in water and sediment

samples, it showed significant relationships between the microbial community structures and the

densities of Mycobacterium spp., and two functional Legionella pneumophila genes (i.e., sidF and rtxA,

p = 0.05) (Figure 3a). At p = 0.1 level, the community composition was also related positively with

the densities of Legionella (Figure 3b). The vector direction of Zn was in opposite direction of other

abiotic parameters including Al, K, Mn and Si, as well as biotic factors including concentrations of

V. vermiformis, and sidF, and rtxA genes (Figure 4).

(α)

(β)

Figure 2. Cluster dendrogram of both sediment and water samples (a); and only sediment samples

(b) based on microbial community structures. Values on the edges of the clustering are p-values (%).

Top left values are approximately unbiased (AU) p-values, and top right values are bootstrap probability

(BP) values. Clusters with AU larger than 95% are strongly supported by data.



Pathogens 2017, 6, 54 8 of 14
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Figure 3. Nonmetric multidimensional scaling (NMDS) of paired water (W) and sediment (S) samples

(Ohio: D39-42, West Virginia: D43, and Texas: D50, D53, and D54) based on microbial community

structures with operational taxonomic unit (OTU) numbers and relative abundance of each OTU

against relative abundance of elements and opportunistic pathogen densities by qPCR at significant

level 10% (a) and 5% (b). The solid circles represent the central tendency of all OTUs detected in

each sample from the sediment and water samples, respectively. Symbols that are closer to each other

with a dash circle depict samples that contain similar taxa detected by the sequencing. A biplot is

overlaid on the ordination to identify environmental parameters that were correlated with the microbial

community structure. The length of the line corresponds to the degree of the correlation.
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Figure 4. NMDS of sediment (S) samples (Ohio: D39-42, West Virginia: D43, and Texas: D50, D53,

and D54) based on microbial community structures with OTU numbers and relative abundance of each

OTU against relative abundance of elements and opportunistic pathogen densities by qPCR. The solid

circles represent the central tendency of all OTUs detected in each sample from the sediment and

water samples, respectively. Symbols that are closer to each other with a dash circle depict samples

that contain similar taxa detected by the sequencing. A biplot is overlaid on the ordination to identify

environmental parameters that were correlated with the microbial community structure. The length of

the line corresponds to the degree of the correlation. Only variables that had a significant correlation

(p < 0.05) are depicted.

4. Discussion

4.1. OPs in the Samples of Tank Water and Sediments

In this study the occurrences and densities of OPs were investigated and their associations

with element concentrations was examined. The occurrences of Mycobacterium spp., Legionella spp.,

and L. pneumophila detected in this study were comparable to previous studies that investigated storage

tank sediments [4] and drinking water distribution system [2]. In addition, higher occurrences of

amoebae were also detected in the samples of sediment than those of water detected (Table 1). The free

living amoebae may be beneficial to OPs [7]. Acanthamoeba, V. vermiformis, and other amoebae can serve

as hosts for amoeba-resisting bacteria (ARB) like Legionella and Mycobacterium spp. [37,38]. The higher

occurrences of amoebae in sediments than in water for the same storage tank suggest that they are

more tightly bound to sediments and could be considered a reservoir of OPs. The targeted two genes
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(rtxA [39] and sidF [40]) encoding toxins can reflect virulence of L. pneumophila. Their co-occurrences

and similar level of quantities in D50 water and D53 and D54 sediment samples, which belong to

a Texas metropolitan area, indicated the presence of L. pneumophila. It has been reported that the growth

of Legionella is positively supported by FLA, biofilm, and algae [41–43]. Positive correlations between

V. vermiformis and total Legionella have been shown for drinking water samples [2]. The co-occurrence

of amoebae, Legionella spp., and L. pneumophila in the sediments, and their relatively higher densities

in the sediment samples than in water, suggest that sediments can serve as reservoirs of OPs in storage

tank water, and therefore can potentially be released into the distribution system. Taken together,

our study reveals the importance of sediments as reservoirs for OPs which should be considered as

an important risk factor when developing microbial risk assessment models for various drinking water

systems, especially for Mycobacterium and Legionella spp. The results further stress the importance of

maintaining a good disinfectant residual throughout the drinking water distribution system including

storage tanks.

4.2. Microbial Communities and Their Relationship with Elements

Dominant OTUs reported in this study shared similarities with other reports focused on

DWDS. Pseudomonadaceae (mainly Pseudomonas spp.) were ubiquitously present in DWDS and

proposed as an indicator of potential regrowth [44]. Aerobic heterotrophs Comamonadaceae and/or

Sphingomonadaceae were documented as dominant groups in biofilms [45,46], purified water [47],

chlorine treated water [48], and household water tanks [49]. Sinobacteraceae (Nevskia spp.) were found

dominant in biofilms [50]. Nevertheless, the shared microbial compositions between the water and

sediment in the same location samples indicated the close associations and interactions between these

two different matrices. The bacterial flora attached to sediment could re-enter the water matrix due to

normal activity or water flow.

Both the qPCR results of Mycobacterium spp. and Legionella spp. were significantly associated

with the microbial community composition. D39 water samples in OH had the second highest amount

of Mycobacterium spp. It should be noticed that relative abundance of Mycobacterium spp. in microbial

community was less than 1%, although it had high prevalence by qPCR. That community had a single

dominant family of Comamonadaceae, which accounted for 75% of the total OTUs. D39 water samples

also had the third highest amount of Legionella spp. of all the groups. The highest densities of

Mycobacterium spp. and Legionella spp. were observed in D54 from Texas. The community featured

with a couple of dominant families, with Nitrospiraceae accounting for 18.6% of total OTUs.

The role that elements play in the microbial community structure of drinking water systems has

been poorly documented. In our study we showed that for the sediment samples, elements such

as Al, K, Mn and Si (Figure 4), as well as V. vermiformis and L. pneumophila detected by sidF and

rtxA genes, correlated with the community structures in a similar way, which was the opposite with

the heavy metal Zn. That may indirectly suggest which elements could be beneficial or harmful to

Legionella. Additionally, cluster analysis revealed there was a high association of microbial community

structure dominated with Pseudomonas spp. (33.5%) and Al and K in D54 (Figure 4), which, in part, is in

agreement with previous findings on Pseudomonas spp. tolerance to aluminum [51,52]. Interestingly,

while Al (III) and S could be reduced simultaneously by Desulfovibrio [53], Desulfovibrio was very

scarce (<0.1%) in total OTUs. The unique community structure dominated by Geothrix (belonging to

family Holophagaceae) (18.0%) and Sulfuritalea (17%) significantly associated with the highest iron (III)

(50.0%) in D50, which is not surprising as these are known as Fe+3 reducing bacteria [54]. Freshwater

sediments often contain large quantities of iron and manganese that undergo rapid cycling between

reduced and oxidized states [17]. The cycling of these metals is driven by diffusion of soluble Mn2+

and Fe2+ into oxygenated environments, followed by oxidation and sedimentation of solid Mn4+ and

Fe3+ elements to reducing regions. Microbial communities are thought to play a significant role in both

the oxidation and reduction of manganese and iron [55,56].
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It was well documented that magnesium had the potential to function as antibiotics to inhibit the

growth of P. aeruginosa [20] and that iron is a key nutrient for pseudomonads [19]. That may explain

the relationships between the qPCR results of P. aeruginosa and relative concentrations of magnesium

and iron in sediments. On the other hand, since V. vermiformis is a potential host of Legionella spp.

and Mycobacterium spp. [2], it is also possible that P. aeruginosa was hosted by V. vermiformis. Similarly,

the associations of element Al with the quantities of L. pneumophila, representative of two genes

rtxA and sidF in the sediments, also reflected the impact of metal on them. According to a previous

study [57,58], the growth of L. pneumophila requires certain amounts of magnesium, cobalt, copper, iron,

manganese, molybdenum, vanadium, or zinc to stimulate growth, while higher level of trace metal

would inhibit the growth of L. pneumophila [59]. However, higher level of trace metal requirement was

found for the growth of P. aeruginosa and its growth was stimulated by only four metals: calcium, iron,

magnesium, and zinc [58].

Supplementary Materials: The following are available online at www.mdpi.com/2076-0817/6/4/54/s1, Table S1:
Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-fecal indicator Bacteroidetes
and PCR primer sequences for clone sequencing, Table S2: Element compositions of storage tank sediments,
Table S3: Element components in sediments of different locations, Table S4: major bacterial compositions with the
relative abundance of OTUs >1% in any samples at 97% similarity level).
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Table S1. Locations, dates, water temperatures and water sources of sediment samples  

 

Locations Date of sampling Temperature  (°C) Source of water 

AL1 6/23/2012 28.9 surface 

AL2 6/5/2013 26.7 ground 

AR 10/15/2012 17.2 surface 

AZ1 11/6/2012 23.9 ground 

AZ2 1/14~1/18/2014 12.2 ground 

AZ3 1/15/2014 11.7 ground 

CA1 3/15/2013 17.8 surface 

CA2 3/15/2013 17.8 surface 

CA3 1/21/2014 11.1 surface 

IL 9/23/2013 15.6 surface 

NC 11/9/2012 8.3 ground 

NJ1 4/25/2014 15.5 ground 

NJ2 4/14/2014 20.2 ground 

OH1 9/25/2012 10.6 ground 

OH2 9/26/2012 10.6 surface 

PA1 6/26/2012 16.1 ground 

PA2 1/15/2014 5.6 ground 

TN 12/12/2012 2.2 ground 



Table S2. Sediment parameters across seven sampling sites  

Tank 

Location 

Particle Size 

pH 

Total 

Exchange 

Capacity 

(ME/100g) 

TOC 

(%) 

Organic 

Matter 

(%) 

Source 

water 

% Clay % Silt 
% 

Sand 

TN 0.4 1.06 98.54 8.2 3 0.42 0.43 ground 

NC 7.63 23.39 68.98 7.6 110.8 3.11 5.45 ground 

OH1 1.36 6.7 91.94 7.1 26.7 0.25 0.89 ground 

AL1 2.73 2.33 94.94 7.8 12.2 0.42 0.88 surface 

AR 3.91 14.44 81.65 6.7 12.17 2.78 11.45 surface 

OH2 1.68 21.67 76.65 6.6 57.34 2.09 5.9 surface 

AZ1 7.35 34.34 58.31 6.7 154.14 9.42 4.08 ground 

 

  



Table S3. Screening analyses and methods performed on sediment samples 

Test parameter Method 
Total organic carbon Automated instrumental analysis of carbon and 

nitrogen in plant and soil samples (1)  (Comparable 

to EPA Method 9060A) (2). 
Total organic matter Estimation of soil organic matter by weight, 

loss on ignition (3) (Comparable to EPA 

Method 160.4 (4).  
Particle size analysis (sand, silt, and clay)  ASTM D422 (5) (sieve/hydrometer)  
pH EPA Method 9045C rev 3 (6) 

Total exchange capacity U.S. EPA, EPA Method 9080, Cation 

Exchange Capacity in Soils, Rev. 0, 1986 (7). 
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Table S4. Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-

fecal indicator Bacteroidetes and PCR primer sequences for clone sequencing 

Target Oligo 

name 

Sequences (5'-3') Tm 

(°C) 

Detection 

limit (CE 

per 

reaction) 

Reference 

Human-specific 

HF183  

Bacteroidales 

(qPCR) 

HF183F ATCATGAGTTCACATGTCCG 60  2 Bernhard and 

Field (2000) 

BthetP1 FAM-

CTGAGAGGAAGGTCCCCCACATTG

GA-TAMRA 

Shanks et al. 

(2008) 

BthetR1 CGTAGGAGTTTGGACCGTGT Converse et 

al. (2009) 

Campylobacter 

spp. (qPCR) 

CampF2 CACGTGCTACAATGGCATAT 58 1 Lund et al. 

2004 CampR2 GGCTTCATGCTCTCGAGTT 

CampP2 FAM-

CAGAGAACAATCCGAACTGGGACA

-TAMRA 

Campylobacter 

spp. (PCR) 

CampF GGA TGA CAC TTT TCG GAG C 60 2 Linton, 1996 

CampR CAT TGT AGC ACG TGT GTC 

Legionella spp. 

(qPCR) 

Leg F1c TAGTGGAATTTCCGGTGTA 50 2 This study 

Leg R1c CCAACAGCTAGTTGACATC 

Leg-

probe 

6Fam-

CGGCTACCTGGCCTAATACTGA-

Tamra 

Legionella spp. 

(PCR) 

LegF GATTAGCCTGCGTCCGATTAG 64 2 This study 

LegR1 GAAATTCCACTACCCTCTCCCA 

LegR3 AGTGTCAGTATTAGGCCAGGTAGC 

L. pneumophila 

(qPCR) 

mipF1a AGGATAAGTTGTCTTATAGCA 60 2 This study 

mipR1 

TTAAGAACGTCTTTCA

TTTG 

mipProbe 6FAM-

TAATCCGGAAGCAATGGCTAA-

Tamra 

L. pneumophila 

(CYBR-Green 

qPCR) 

rpsLf 

 

GAAAGCCTCGTGTGGACGTA  

 

64 2 Lu, et al. 

2013 

rpsLr 

 

CAACCTTACGCATAGC

TGAGTTA 

L. pneumophila 

(CYBR-Green 

qPCR) 

rtxAf 

ATTGCGCCTGGCAAACTTTAGGTG 

 

64 2 Lu, et al. 

2013 

rtxAr GGCGCAAATCGTTTCCACCTTGTA 

L. pneumophila 

(CYBR-Green 

qPCR) 
sidFf 

ATTGTTCGCGAGGGTATGAAAGC

G  
 

64 2 Lu, et al. 

2013 

sidFr 

TCTTTCCAAGACAGACTCTCGCGT  

 

L. pneumophila 

(CYBR-Green 

qPCR) 

cegC1-F TGCCTAAACGGTATGACCGCATCA  64 2 Faucher et al. 

2011 

cegC1-R 

GGCATATGCACCAAAC

CACCGAAT 

L. pneumophila 

(qPCR) P65f 

CAAAGGGCGTTACAGT

CAAACC 

60 2 Lp-lg1,75bp, 

60C, Mérault 

2011 

P66r 

CAAACACCCCAACCGT

AATCA 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sg1-pb 

FAM-

TCTTGGGATTGGGTTG

GGTTATTTTAACTCCT-

BHQ 

Salmonella spp. 

(qPCR) 

invA_176

F 

CAACGTTTCCTGCGGT

ACTGT 

60 4 Gonzalez-

Escalona, N., 

et al. 2009 invA-

Tx_208 

FAM-

CTCTTTCGTCTGGCATTATCGATCA

GTACCA-TAMRA 

invA_291

R 

CCCGAACGTGGCGATAATT 

Mycobacterium 

spp. (ID) 

T-39  GCGAACGGGTGAGTAACACG   50  Talaat et al. 

(1997). 

 T-13 TGCACACAGGCCACAAGGGA 

Mycobacterium 

spp. (qPCR) 

23Smyco

F 

GGG GTGTGGTGTTTGAG 62 1 Bruijnesteijn 

van 

Coppenraet, 

2004 
23Smyco

R 

CTCCCACGTCCTTCATC 

23Smyco

Probe 

6-carboxyfluorescein-

TGGATAGTGGTTGCGAGCATC-

BHQ1 

Acanthamoeba 

spp. (qPCR) 

TaqAcF1 CGACCAGCGATTAGGAGACG 60 2 Riviere et al. 

2006 TaqAcR1 CCGACGCCAAGGACGAC 

TaqAcP1 FAM-

TGAATACAAAACACCACCATCGGC

GC-TAMRA 

Vermamoeba  

vermiformis 

(qPCR) 

Hv1227F TTA CGA GGT CAG GAC ACT GT 56 2 Kuiper et al. 

2006 Hv1728R GAC CAT CCG GAG TTC TCG 

Acanthamoeba 

spp. (PCR) 

JDP1 

 

GGCCCAGATCGTTTACCGTGA A 

 

60 2 Schroeder et 

al. 2001 

JDP2  TCTCACAAGCTGCTAGGGAGTCA 

Cryptosporidium 

spp. (qPCR) 

CRU18Sf GAG GTA GTG ACA AGA AAT AAC 

AAT ACA GG 

60 2 Hadfield et al 

2011 

r CTG CTT TAA GCA CTC TAA TTT 

TCT CAA AG 

P 6FAM-TAC GAG CTT TTT AAC TGC 

AAC AA-BHQ 

JVA18S f ATG ACG GGT AAC GGG GAA T 60 2 Hill et al. 

2007 r CCA ATT ACA AAA CCA AAA AGT 

CC 

p CGC GCC TGC TGC CTT CCT TAG 

ATG 

Giardia spp. 

qPCR 

�-Giardin 

P241 F 

CATCCGCGAGGAGGTCAA 60 2 Guy, 2003 

R GCAGCCATGGTGTCGATCT 

P FAM/AAGTCCGCCGACAACATGTA

CCTAACGA/BHQ-1 

Naegleria 

fowleri 

NaegIF19

2 

GTG CTG AAA CCT AGC TAT TGT 

AAC TCA GT 

63 1 Qvarnstrom 

et al. 2006 

NaegIR3

44  

CAC TAG AAA AAG CAA ACC TGA 

AAG G 

NfowlP  HEX-AT AGC AAT ATA TTC AGG 

GGA GCT GGG C-BHQ1 
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Naegleria fowleri. J Clin Microbiol 44, 3589-3595.   



Table S5. Legionella strains used to test PCR coverage 

Name ATCC # Dεσιγνατιον Source Assay 

(F2/R1) 

Legionella 

cincinnatiensis            

   

43753 72-OH-0  human lung tissue, 

Cincinnati, OH 

+ 

Legionella dumoffii   33279  NY23  Cooling tower, New 

York 

+ 

Legionella feeleii 

                   

35849 91-WI-H,   human lung tissue, 

Wisconsin 

+ 

Legionella gormanii 

  

33297 LS-13 

[ALLO3],  

soil from creek bank, 

Atlanta, GA 

+ 

Legionella hackeliae                 35250 Lansing 2  human bronchial 

biopsy, Ann Arbor, MI 

+ 

Legionella 

jamestowniensis  

35298 JA-26-G1-E2  wet soil, Jamestown, 

NY 

+ 

Legionella longbeacheae 33462 Long Beach 4        human lung + 

 Legionella maceachernii       35300 PX-1-G2-E2 water in home 

evaporator cooler, 

Phoenix, AZ 

+ 

L. micdadei [Tatlockia 

micdadei]                             

33218  TATLOCK blood-human (human 

blood via yolk sac) 

+ 

Legionella oakridgensis       33761 Oak Ridge 10 industrial cooling tower 

water, PA 

+ 

Legionella quinlivanii  43830 1442-AUS-E water in bus air 

conditioner, Austrailia 

+ 

Legionella rubrilucens        35304  WA-270A-C2 tap water, Los Angeles, 

CA 

+ 

Legionella sainthelensis

   

35248 MSH-4 spring water, Mt. St. 

Helens, WA 

+ 



        

Legionella wadsworthii                                                                                                                      33877 Wadsworth 81-

716A  

sputum, South Carolina 

Dept of Health and  

Environmental Control  

+ 

L. pneumophila strain 

Lp02 

 n/a  + 

L. pneumophila subsp. 

pneumophila  strain 

Philadelphia-1 

33152  human lung + 

L. pneumophila subsp. 

pneumophila strain 

Bloomington-2 

33155  creek water + 

L.  pneumophila subsp. 

fraseri  strain Dallas 1E 

33216  cooling tower + 

L. pneumophila; subsp. 

pneumophila strain 

Chicago 2 

33215  human lung biopsy + 

 

  



Table S6 Bacterial strains used to check the specificity of the PCR and qPCR assays for Legionella 

 Strains Source  Strains  Source 

Acinetobacter baumannii  ATCC 19606 Micrococcus luteus  ATCC 10240 

Aeromonas hydrophila ATCC 7966T Proteus mirabilis ATCC 12453 

Aeromonas hydrophila ATCC 7966 Proteus vulgaris                       ATCC 29905 

Aeromonas cavae ATCC 15468 Pseudomonas aeruginosa ATCC 10145 

Bacillus cereus ATCC 10876 Salmonella enteriditis

  

ATCC 13076 

Burkholderia cepacia ATCC 25416 Serratia marcescens ATCC 14756 

Burkholderia cepacia ATCC 25416 Serratia marcescens                 ATCC 13880 

Campylobacter jejuni

  

ATCC 29428 Shewanella putrefaciens ATCC 49138 

Citrobacter freundii

  

ATCC 4391 Shigella sonnei   ATCC 25931 

Citrobacter freundii

  

ATCC 8090 Shigella sonnei ATCC 9290 

Enterobacter aerogenes ATCC 13048 Staphylococcus aureus ATCC 25923 

Enterobacter aerogenes ATCC 13048 Staphylococcus aureus ATCC 25923 

Enterobacter cloacae               ATCC 13047 Streptococcus pyogenes ATCC 19615 

Enterococcus faecalis ATCC 29302 Yersinia enterocolitica ATCC 23715 

Enterococcus faecalis

  

ATCC 19433  Escherichia coli EPA isolate 8 

Enterococcus faecium   ATCC 19434 E. coli EPA isolate AD#1 

Lactobacillus acidophilus ATCC 314 E. coli EPA isolate 58 

Klebsiella oxytoca                    ATCC 13182 E. coli EPA isolate 59 

Klebsiella pneumoniae ATCC 13882 E. coli  EPA isolate 62 

Klebsiella pneumoniae ATCC 31488  Legionella pneumophila 

strain Lp02 

33152 

Listeria monocytogenes Scott O2 L. pneumophila subsp. 

pneumophila  strain 

Philadelphia-1 

 

 



Table S7. Total clone numbers, unique OTUs and dominant sequences in those sediments 

showing positive for Legionella spp. 

Site 

Total 

clone OTU# Dominant % 

AL1 67 6 L impletisoli str OA1 1 (AB233209) 22 

   unknown 72 

AZ1 23 7 L impletisoli str OA1 1 (AB233209) 30 

   unknown 26 

AZ2 24 4 L impletisoli str OA1 1 (AB233209) 29 

   L adelaidensis (Z49716) 21 

   unknown 17 

IL 58 16 unknown 93 

NC 25 12 unknown 64 

NJ1 62 36 L pneumophila subsp pneumophila str Philadelphi 2 

   L anisa strain 31 

   L rubrilucens 42 

NJ2 36 9 L rubrilucens 64 

   L brunensis 11 

     

OH2 17 13 L impletisoli 18 

   L cincinnatiensis 12 

   L brunensis 18 

PA2 9 6 S. lyticum 89 

TN 15 6 L pneumophila subsp pneumophila str Philadelphi 100 
 

 



Table S1. Oligonucleotide taqMan qPCR primer sequences used to screen pathogens and human-

fecal indicator Bacteroidetes and PCR primer sequences for clone sequencing 

 

 

 

 

 

 

 

 

Target Oligo 

name 

Sequences (5'-3') Tm 

( °C) 

Detection 

limit (CE 

per 

reaction) 

Reference 

Legionella spp. 

(qPCR) 

Leg F1c TAGTGGAATTTCCGGTGTA 50 2 This study 

Leg R1c CCAACAGCTAGTTGACATC 

Leg-

probe 

6Fam-

CGGCTACCTGGCCTAATACTGA-

Tamra 

L. pneumophila 

(qPCR) 

mipF1a AGGATAAGTTGTCTTATAGCA 60 2 This study 

mipR1 

TTAAGAACGTCTTTCA

TTTG 

mipProbe 6FAM-

TAATCCGGAAGCAATGGCTAA-

Tamra 

L. pneumophila 

(CYBR-Green 

qPCR) 

rtxAf 

ATTGCGCCTGGCAAACTTTAGGTG 

 

64 2 Lu, et al. 

2013 

rtxAr GGCGCAAATCGTTTCCACCTTGTA 

L. pneumophila 

(CYBR-Green 

qPCR) 
sidFf 

ATTGTTCGCGAGGGTATGAAAGC

G  
 

64 2 Lu, et al. 

2013 

sidFr 

TCTTTCCAAGACAGACTCTCGCGT  

 

Mycobacterium 

spp. (qPCR) 

23Smyco

F 

GGG GTGTGGTGTTTGAG 62 1 Bruijnesteijn 

van 

Coppenraet, 

2004 
23Smyco

R 

CTCCCACGTCCTTCATC 

23Smyco

Probe 

6-carboxyfluorescein-

TGGATAGTGGTTGCGAGCATC-

BHQ1 

Acanthamoeba 

spp. (qPCR) 

TaqAcF1 CGACCAGCGATTAGGAGACG 60 2 Riviere et al. 

2006 TaqAcR1 CCGACGCCAAGGACGAC 

TaqAcP1 FAM-

TGAATACAAAACACCACCATCGGC

GC-TAMRA 

Vermamoeba  

vermiformis 

(qPCR) 

Hv1227F TTA CGA GGT CAG GAC ACT GT 56 2 Kuiper et al. 

2006 Hv1728R GAC CAT CCG GAG TTC TCG 



Table S2. Element compositions of storage tank sediments 

 

 

 

 

 

 

 

 

  

Common 

Element 

Occurrence Average Standard 

Deviation 

Minimum 

Result 

Median 

Result 

Maximum 

Result 

Al (wt%) 87.5% 3.35 3.26 0.01 2.00 10.43 

Ca (wt%) 87.5% 3.17 2.39 0.59 2.05 6.50 

Cl (wt%) 25% 0.96 0.04 0.93 0.96 0.98 

Fe (wt%) 100% 15.96 15.52 1.36 13.31 49.98 

K (wt%) 25% 0.77 0.16 0.65 0.77 0.88 

Mg (wt%) 37.5% 0.61 0.08 0.54 0.65 0.65 

Mn (wt%) 37.5% 3.63 1.84 1.62 4.04 5.22 

Na (wt%) 62.5% 2.13 1.30 0.96 1.65 4.05 

O (wt%) 100% 24.09 4.83 17.72 23.89 33.39 

Si (wt%) 100% 7.07 5.94 2.13 5.21 20.60 

Zn (wt%) 75% 18.71 14.91 3.01 17.53 41.54 



 

 Table S3.  Element components in sediments of different locations

Sample 

Coefficient 

of 

Uniformity 

Coefficient 

of Curvature 

Bulk 

Density 

Particle 

Density 
Porosity 

Al 

(wt%) 

Ca 

(wt%) 

Cl 

(wt%) 

Fe 

(wt%) 

K 

(wt%) 

Mg 

(wt%) 

Mn 

(wt%) 

Na 

(wt%) 

O 

(wt%) 

Si 

(wt%) 

Zn 

(wt%) 

D39 3.35 0.64 0.54 2.68 0.80 2.26 2.05  19.93     23.47 5.42 19.35 

D40 4.33 0.57 0.51 3.58 0.86 2.31 4.33  19.54  0.65   22.86 5 15.71 

D41 5.75 0.46 0.75 2.26 0.67 1.17 5.93  1.36     17.72 2.13 41.54 

D42 4.37 0.61 0.70 1.39 0.50 1.74 6.5  3.72  0.65  1.65 18.92 3.93 29.03 

D43 2.53 0.81    4.12 1.42 0.98 17.53 0.65 0.52 4.04 2.84 24.30 7.94 0.41 

D50 5.56 1.33 1.02 1.22 0.17  0.59  49.98    1.13 26.44 2.71 3.62 

D53 9.39 0.46 0.45 1.17 0.62 1.45 1.4 0.93 6.56   5.22 4.05 33.39 20.6 3.01 

D54 2.93 0.74 0.83 1.24 0.33 10.43   9.08 0.88  1.62 5.96 25.58 8.86 0.03 



Table S4. major bacterial compositions with the relative abundance of OTUs > 1% in any 

samples at 97% similarity level) 

Sample Name 1st abundant Percentage 2nd abundant Percentage Correlation 

(R2) 
D39 Water Unclassified 

Comamonadaceae 

73.7 Unclassified 

Sphingomonadaceae 

6.3 0.69 

D39 Sediment Unclassified 

Sphingomonadaceae 

23.1 Unclassified 

Comamonadaceae 

20.8 

D40 Water Unclassified 

Comamonadaceae 

23.7 Reyranella massiliensis 6.4 0.47 

D40 Sediment Unclassified 

Syntrophobacteraceae 

12.2 Unclassified 

Solibacterales 

7.7 

D41 Water Pseudomonas veronii 34.2 Unclassified 

Comamonadaceae 

16.0 0.88 

D41 Sediment Pseudomonas veronii 49.4 Unclassified Massilia 17.4 

D42 Water Pseudomonas veronii 46.5 Unclassified Massilia 14.9 0.98 
D42 Sediment Pseudomonas veronii 37.7 Unclassified Massilia 7.7 

D43 Water Unclassified 

Pseudomonas 

21.5 Unclassified MLE1-12 10.1 n/a 

D43 Sediment n/a    

D50 Water Unclassified 

Novosphingobium 

26.1 Unclassified 

Comamonadaceae 

6.4 0.38 

D50 Sediment Unclassified Geothrix 18.0 Unclassified 

Sulfuritalea 

17.4 

D51 Water Unclassified 

Acinetobacter 

49.6 Unclassified 

Pseudomonadaceae 

7.0  

D51 Sediment Sphingomonas 

wittichii 

38.0 Unclassified 

Comamonadaceae 

18.3 

D53 Water Blastomonas natatoria 26.5 Unclassified 

Acinetobacter 

11.9 0.11 

D53 Sediment unclassified PK29 9.2 unclassified s-70 8.6 

D54 Water Unclassified 

Pseudomonas 

48.9 Unclassified 

Comamonadaceae 

6.8 0.07 

D54 Sediment Unclassified 

Nitrospira 

15.7 Unclassified Gemm-1 13.1 

D55 Water Nevskia ramosa 93.4 Unclassified 

Sphingomonadaceae 

2.0  

D55 Sediment Unclassified 

Sphingomonadaceae 

42.1 Unclassified 

Comamonadaceae 

24.2 

D56 Water Unclassfied 

Enterobacteriaceae 

17.2 Unclassified 

Pseudomonas 

6.3  

D56 Sediment Sphingomonas 

asaccharolytica 

15.8 Dongia mobilis 8.1 

D60 Sediment Unclassified 

Novosphingobium 

33.0 Peredibacter starrii 19.9  
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Subject: Opportunistic Pathogens and Microbial Communities and Their Associations with Sediment 

Physical Parameters in Drinking Water Storage Tank Sediments

Dr. Jingrang Lu: 

 

We are writing this mail with reference to your work on “Opportunistic Pathogens and Microbial Communities and Their 

Associations with Sediment Physical Parameters in Drinking Water Storage Tank Sediments”. The published article of 

your noteworthy research work brought us to your profile. We would like to know if you are interested to share your recent 

research with the global audience at "International Congress on Biotechnology" (Biocon-2019) during October 28-30, 2019 | 

Paris, France 

 

BIOCON-2019: https://biocon-conference.com/ 

 

Note: Biocon-2019 provides a chance for registered participants to publish their full length manuscripts in Elsevier Gene 

Reports Journal (SCImago indexed journal). The submitted papers will be subjected to review by the guest editors.  

 

Thanks in advance; we are always available with any queries whatsoever. 

 

Looking forward to hearing from you. 
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Nilesh Chopra 
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-127

Research Category Primary: Health Effects Research and Human Health Risk Assessment (HE)

Research Category Secondary: Sustainability and Innovation (SI)

Laboratory/Office Name: ORD

Nomination Entered By: Urmila Kodavanti

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: David Diazsanchez

Nominating Official Title:

Nominating OfficialEmail: diaz-sanchez.david@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov



Page 2 of 18

Justifications:

Justification 1:

Please see attached file STAA2020-AH-SS-UK-Justification.

Justification 2A:

Relatedness of three nominated papers

These three papers including one review paper involve the role of neuroendocrine

system in mediating environmental stressor effects. Two of the the three

publications included in the nomination are our original research papers of

interventional studies while the third paper – review - details the contribution of of

neuroendocrine system in air pollution health effects and how that can be important

in contributing to variations in susceptibility to environmental diseases. The first

paper addressed the concern that air pollution-induced pulmonary and systemic

effects can be modified/exacerbated by widely used therapeutic agents for

pulmonary diseases such as asthma and chronic obstructive pulmonary disease.

This was hypothesized because our previous studies showed that adrenal-derived

stress hormones were necessary to mediate injury and inflammation after ozone

exposure. These hormones that are increased after ozone exposure use the same

receptors as those occupied by bronchodilators (b2-adrenergic) and corticosteroids

(glucocorticoid) prescribed to asthmatics and chronic obstructive pulmonary

disease patients. The data show the importance of adrenergic and glucocorticoid

receptors and how they synergistically increase ozone-induced injury and

inflammation when animals are treated at therapeutically-relevant doses of

bronchodilators and steroids. The second paper shows how ozone induces

changes in the brain gene expression and how it is linked to secretion of

adrenal-derived hormones in the circulation that are involved in neuroendocrine

response. When circulating stress hormones, which act on adrenergic and

glucocorticoid receptors are removed from circulation using adrenalectomy, all

ozone-induced brain effects and hormonal effects are eliminated suggesting the

contribution of adrenal-derived hormones and their receptors in mediating ozone

neuroendocrine and systemic effects (paper #2). The evidence of the involvement

of neuroendocrine system is just emerging in mediating air pollution health effects.

Since this very neuroendocrine system is also linked to neurobehavioral disorders

and peripheral chronic diseases, the review paper (paper #3) explains the evidence

of neuroendocrine system in mediating environmental and non-chemical stressor

responses, and how any malfunction of this stress-response system may change
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the susceptibility for chronic diseases. Thus, all these three nominated papers are

addressing different aspects but based on the involvement of neuroendocrine

system. 

Justification 2B:

See attached file "STAA2020-AH-SS-UK -Previous STAA Justification 2B and 2C.

Justification 2C:

See attached file "STAA2020-AH-SS-UK -Previous STAA Justification 2B and 2C.

Justification 2D:

No

Justification 2E:

No listed authors have submitted concurrent STAA application.

Justification 3A:

Recognition of the work

(The nature of the external peer review of each of the paper below
demonstrates the importance and the quality of research, reflective of

recognition)

Specific notable recognitions are also listed below

1) The first nominated paper is published in Scientific Reports
November 2019 issue, a journal of Nature Publishing group. This is a highly
respected 11th most cited journal in the world, with more than 300,000
citations in 2018, and receives widespread attention in policy documents
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and the media. Partnering with extensive network of expert peer reviewers,
editorial team provides rigorous, objective and constructive peer review. 
Scientific Reports is led by the same ethical and editorial policy guidelines
as other Nature Research journals to ensure that all the research is
scientifically robust, original, and of the highest quality. As an open access
journal, the work is immediately accessible and highly discoverable across a
range of channels including nature.com, where the journal receives
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approximately 2 million visitors per month. The journal is indexed in Web of
Science, PubMed, PubMed Central, Scopus, Dimensions, Google Scholar,
DOAJ and SAO/NASA ADS.

Nature of external peer review of the first nominated paper published
in this journal:

Although changes in the manuscript were suggested by the external
reviewers, it was apparent that the paper was received with great
enthusiasm as one reviewer states, “The results are predictable, but
significant for clinical treatments”. Likewise, this is the statement from the
second reviewer, “This study is interesting and data were extensively
collected. In addition, this study has focused on a subject that is both
scientifically important and clinically relevant. Also, the manuscript
represents a large amount of work, which is laudable”.

2) The second nominated paper is published in Toxicological Sciences
, the official journal of the Society of Toxicology. The mission of 
Toxicological Sciences is to publish the most influential research in the field
of toxicology. Toxicological Science's primary focus is on original and
hypothesis-driven research articles. The journal also provides expert insight
via contemporary reviews, as well as forum articles and editorials that
address important topics in the field. The scope of Toxicological Sciences is
focused on a broad spectrum of impactful toxicological research that will
advance the multidisciplinary field of toxicology ranging from basic research
to model development and application, and decision making.

Nature of the external peer review of the second nominated paper:

This paper was also well received by three independent external reviewers
selected by the journal editor which suggested minor changes. To state
some of the comments from reviewers in their own words: Reviewer 1: “This
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very-well written manuscript describes an experimental study”. Second
Reviewer: “These results may have a meaningful impact on better
understanding the effects related to long-term exposures to ozone as well as
extra-pulmonary effects induced by ozone. Thus, this experimental study
adds to the research field of health effects induced by inhaled ozone.” The
third reviewer states: “Interesting publication with minor revisions needed.
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The authors continue their research in this area building from previous,
well-received, studies. This study was well-written and adequately
constructed and executed.”

3) The third nominated paper is an invited review published in
Toxicologic Pathology in late 2019. Toxicologic Pathology, the official
journal of the Society of Toxicologic Pathology, the British Society of
Toxicological Pathology and the European Society of Toxicologic Pathology,
will publish Original Research Articles, Symposium Articles, Review Articles,
Meeting Reports, New Techniques, and Position Papers that are relevant to
toxicologic pathology. Relevant topics include reports on safety assessment
of pharmaceuticals, chemicals, food additives, pesticides, environmentally
relevant chemicals, and medical devices; risk characterization of
xenobiotics; investigative studies that contribute to refinement of the safety
assessment process; mechanistic studies that provide a basis for
interpreting and predicting toxicologic outcome; emerging approaches and
methods in toxicologic pathology; spontaneous diseases that may influence
toxicology studies, and animal and alternative models relevant to toxicologic
pathology.

Nature of the external peer review of the third nominated paper:

This was an invited review and therefore the external peer reviewers were
likely friendlier than for the other papers, however some changes were
requested prior to acceptance. Here are the remarks of the external peer
reviewers of the paper. First reviewer: “This is an excellent review that
covers an important aspect of air pollution and health effects research,
namely the elucidation of, and mechanisms underlying, individual
susceptibility to inhaled air pollutant(s) exposures. The author has covered
the important, state-of-the art research in this area, especially highlighting
the work from her research team at the US EPA. This review also nicely
represents and extends the information presented by the author at the 2019
STP annual meeting.” The comments from the second reviewer: “Very nice
manuscript. It is clearly written and easily understood.”
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Additional awards and recognition for the nominated papers:

·        SOT- Immunotoxicology Specialty Section, Best Paper Award.
March 2020: Exacerbation of ozone-induced pulmonary and systemic
effects by 2-adrenergic and/or glucocorticoid receptor agonist/s. Sci Rep.

2019 Nov 29;9(1):17925.

Based on the subject matter and the novelty of research results in the
second paper in Scientific Reports, The Society of Toxicology,
Immunotoxicology Specialty section selected this paper as the best paper.
This ward was planned to be presented to authors at the Annual meeting in
Anaheim California during March 15-20, 2020 but this was cancelled with a
presentation of award with the virtual meeting.

1)   Plenary Lecture, National Society of Toxicologic Pathology, June 9,
2019, Raleigh, NC The author of the third nominated paper was invited 
invited to present a lecture on first plenary symposium session during June
2019 meeting. A number of other invited presentations were made by the
senior author at different institutions and in the past couple of years
emphasizing the role of neuroendocrine system in mediating pulmonary and
systemic effects of air pollution.

2)   Presidential Award for Research Competition (PARC), NC SOT, 2018
and associated invited presentation:  The research involving the second
nominated paper has led to a number of recognitions, including the PARC
award at the 2018, NC SOT meeting, October 2018, Research Triangle
Park, NC.

3)   Invitation to contribute to a review paper, STP The author was also
invited to submit a review paper which resulted in the third nominated
publication.
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Justification 3B:

The manuscript review process

These three papers are published in the three top level journals in the
respective fields, Scientific Reports, Toxicological Sciences and Toxicologic
Pathology-SAGE Journal. The purpose statements of each journal are
explained in the previous section. These nominated papers followed the
manuscript clearance criteria. Upon completion of writing and before
submission to the journal, papers were internally reviewed by scientists from
CPHEA and nearby institutions. Two scientists reviewed each of these
papers in detail as a requirement for internal review. All reviewers
commented on the new findings, novel data and brand new research
previously not considered in the air pollution field. Suggestions were made
by these reviewers and were addressed prior to submission to the journals
for publication. All suggested changes were made in in all three papers prior
to submission to Scientific Reports (paper #1), Toxicological Sciences 
(paper #2) and Toxicologic Pathology (paper #3, a review paper). Once
submitted to the respective journals, each paper was assigned to one of the
associate editors in the field and then underwent external peer review
process for its value and suitability for publication by two or three external
reviewers that were experts in their respective fields. While all papers were
suggested to be revised by the reviewers of each paper, appropriate
revisions were made. The reviews reflected the importance of the study and
the value of the findings. All reviewers’ questions and suggestions were
addressed. After submission of the revised manuscripts, the manuscripts
were promptly accepted for publication in each respective journal. Within
few days after the acceptance, these papers were published first on-line and
then subsequently in the print form of the journal. All three papers are
published in late 2019.

AUTHORS

Contributing Author
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Exacerbation of ozone-induced 
������������������������ϒ��������
βξ-adrenergic and/or glucocorticoid 
receptor agonist/s
Andres R. Henriquezω, Samantha J. Snowξ, Mette C. Schladweilerψ, Colette N. Millerω, 

Janice A. Dyeψ, Allen D. Ledbetterψ, Marie M. Hargroveω, Judy E. Richardsψ & 

Urmila P. Kodavantiψ�

Agonists of βξ adrenergic receptors (βξAR) and glucocorticoid receptors (GR) are prescribed to treat 

��������������������������������ϒ���������������������������������������������������
�〈����

hypothesized that the treatment of rats with relevant therapeutic doses of long acting βξAR agonist 

(LABA; clenbuterol; CLEN) and/or GR agonist (dexamethasone; DEX) would exacerbate ozone-

����������������������������������������������¤���������〈������ωξ������������������������������

������������������������������������������������〈�������ϖϖϖζ����ϖϖξ�������〈���������ϖϖξ����ϖω����

���������������������������������������〈��������������������〈�����������������������������������������

CLEN +��������������ϖϖϖ{����ϖϖξ��������������������������������������������������������������ϖ∼����

�����〈�ζ����������ξ�����������������������������〈�������������+ DEX did not induce lung injury or 

��♠��������〈����������������������+ DEX decreased circulating lymphocytes, spleen and thymus 

weights, increased free fatty acids (FFA) and produced hyperglycemia and glucose intolerance. Ozone 

�����������������������������������������������������������������♠�����������〈��������〈������������〈�

��|�������	α. Ozone decreased circulating lymphocytes, increased FFA, and induced hypeerglycemia  

and glucose intolerance. Drug treatment did not reverse ozone-induced ventillatory changes, 

�������〈�������ϒ���������������������������������〈���♠��������〈�������|����������������������������

by CLEN and CLEN + DEX pre-treatment in a dose-dependent manner (CLEN > CLEN + DEX). Systemic 

�ϒ�����������������������������+ DEX but not CLEN in air-exposed rats were analogous to and more 

��������������������������������������������������������������������������������������ϒ�����������

be exacerbated in people receiving LABA or LABA plus glucocorticoids.

Recently, we and others have shown that acute exposure to air pollutants, such as ozone, leads to a rapid release 
of stress hormones (i.e. epinephrine and cortisol/corticosterone) into the circulation through the activation of 
the neuroendocrine stress axes in rats1–4 and in humans5. We have further shown that systemic and pulmonary 
injury/in�ammation e�ects of ozone are reduced in adrenalectomized rats with diminished circulating epineph-
rine and corticosterone6. When the receptors for epinephrine (β-adrenergic receptor, βAR) and corticosterone 
(glucocorticoid receptor, GR) were blocked by propranolol and mifepristone, respectively, ozone-induced sys-
temic and pulmonary e�ects were inhibited in an antagonist-speci�c manner7. Speci�cally, ozone-induced vascu-
lar leakage was inhibited by each antagonist, but pulmonary neutrophilia was prevented only by βAR antagonist 
while lymphopenia was prevented by GR antagonist. Furthermore, when βAR and GR were activated by treating 
rats with high non-therapeutic doses of combined agonists, ozone-induced lung injury and in�ammation were 
exacerbated8.

Agonists and antagonists of AR and GR are widely used for chronic illnesses involving cardiovascular, pulmo-
nary and in�ammatory conditions. Speci�cally, β2AR and/or GR agonists are commonly prescribed as singular 

ωOak Ridge Institute for Science and Education, U.S. Department of Energy, Oak Ridge, Tennessee, United States of 
America. ξICF, Durham, North Carolina, United States of America. ψPublic Health and Integrated Toxicology Division, 
Center for Public Health and Environmental Assessment, U.S. Environmental Protection Agency, Research Triangle 
Park, North Carolina, United States of America. *email: kodavanti.urmila@epa.gov
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or dual therapies for chronic lung diseases such as asthma and COPD9. Activation of β2AR, one of the many 
receptors of catecholamines located preferentially in the smooth muscle of the airways, induces relaxation in 
bronchoconstricted patients10. Activation of GR is associated with immunosuppression through downregulation 
of pro-in�ammatory cytokine gene transcription, lymphocyte apoptosis, and migration of cells to/from lym-
phoid organs11. In the Salmeterol Multicenter Asthma Research Trial, death due to respiratory and asthma-related 
events was increased in patients taking a long acting β2AR agonist (LABA) monotherapy12. However, in a more 
recent study, LABA monotherapy was not associated with increased asthma-related events, and asthmatic patients 
taking LABA + inhaled corticosteroids experienced fewer asthma exacerbations than those using corticosteroids 
only13.

Given the role of AR and GR activation in acute air pollution-induced lung injury and in�ammation6–8,14, and 
the use of AR and GR agonists in treatment of chronic asthma and COPD, it is conceivable that patients receiv-
ing bronchodilators and/or immunosuppressants might have di�erential in�ammatory processes induced a�er 
acute air pollutant exposures15–18. For instance, it was found that asthmatic children living in Detroit have wors-
ened responses to ozone and �ne particulate matter when compared to those not receiving steroids19. Similarly, 
Gent and colleagues20 found that asthmatic children using maintenance medication were more vulnerable to 
ozone-induced pulmonary in�ammation when compared to asthmatic children who did not receive medication. 
In addition, β2AR agonists were shown to exacerbate particulate matter-induced pulmonary in�ammation and 
injury in mice through increased production of the pro-in�ammatory cytokine IL-621. More recently, Ritchie 
and collaborators22 demonstrated that β2AR agonists may promote lung in�ammation through activation of the 
cyclic adenosine monophosphate response element in epithelial cells, while producing bronchodilator e�ects in 
smooth muscle cells. �ese studies suggest that single and/or dual therapies might exacerbate acute pulmonary 
injury/in�ammation induced by air pollutants through activation of AR and GR. Our recent �ndings indicate that 
when rats were treated with relatively high non-therapeutic doses of LABA and corticosteroids given together 
(several folds higher than the therapeutic doses used for humans when adjusted to body weight), ozone-induced 
lung injury and in�ammation were exacerbated in rats8. �us, although we established the role of combined βAR 
and GR activation using higher (non-therapeutic) doses in ozone-induced pulmonary and systemic e�ects, the 
purpose of the current study was to examine if ozone-induced lung injury, in�ammation, lymphopenia and met-
abolic alterations were exacerbated in rats receiving more therapeutically relevant dosages of LABA (clenbuterol; 
CLEN) or the GR agonist, dexamethasone (DEX), as separate treatments. Moreover, since dual therapy involving 
LABA and steroids are o�en recommended over single therapy, and because the dosages of dual drug treatment 
used in prior study were in a non-therapeutic range8, in the second study herein, we examined the interactive 
e�ects of ozone and the combination therapy of CLEN and DEX at therapeutically relevant doses.

Materials and Methods
Animals. Male Wistar-Kyoto rats (10–11 weeks of age) from Charles River Laboratory (Raleigh, NC) were 
pair housed in cages containing beta chip bedding in a room under controlled relative humidity (55–65%), tem-
perature (21 °C), and dark/light cycle (12 h each). Rats were provided with water and standard Purina (5001) rat 
chow (Brentwood, MO) ad libitum unless stated. �e animal facility is approved by an Association for Assessment 
and Accreditation of Laboratory Animal Care. Our animal protocols were approved by the U.S. Environmental 
Protection Agency’s Institutional Animal Care and Use Committee and all methods were performed in accord-
ance with the relevant guidelines and regulations (NHEERL LAPR #19-05-002). We previously determined 
that 5–10% of male Wistar Kyoto rats develop spontaneous cardiac hypertrophy23 therefore, heart weights were 
recorded for all animals at necropsy. To avoid the in�uence of cardiac hypertrophy-related secondary pulmonary 
changes, those with a heart/body weight ratio above 20% of normal values were excluded from the study as we 
have reported in previous study8. �is resulted in n = 6–8 for most endpoints.

Drug treatments. Experimental designs for both studies are detailed in Fig. 1. For each study, rats were 
randomized by body weight into their respective groups (n = 8/group). In study 1, rats were injected intraperi-
toneally with sterile saline (1 ml/kg; vehicle), clenbuterol hydrochloride (CLEN, Sigma-Aldrich, St Louis, MO) 
using a low [0.004 mg/kg] or high [0.02 mg/kg] dose, or dexamethasone sodium phosphate (DEX, Henry Schein, 
Dublin OH) as a low [0.02 mg/kg] or high [0.1 mg/kg] dose. In study 2, rats were injected intraperitoneally with 
either saline (1 ml/kg; vehicle), or CLEN followed by DEX (CLEN + DEX; within 5–10 minutes of each other) 
using a low (both at 0.005 mg/kg) or high (both at 0.02 mg/kg) dose. For each study, daily vehicle/drug treatment 
began one day before starting air or ozone exposure and continued each day of exposure for a total of 3 daily 
injections. �e treatments occurred in the morning at ~06:30 AM followed by air or 0.8 ppm ozone exposures at 
~07:00 AM (4 hr/day for two consecutive days).

Although CLEN is not currently prescribed for humans as a bronchodilator in the U.S., it is used as a 
performance-enhancing drug and weight loss supplement in humans24,25. As we have explained in previous 
study8, the recommended bronchodilation dose of CLEN is 0.02–0.06 mg/day for an average 70 kg human, how-
ever up to 0.12 mg/day doses (~0.0017 mg/kg body weight) are used for inducing weight loss26. DEX is widely 
prescribed in human and veterinary clinical practices and used in research. �e recommended adult dose of 
DEX ranges from 0.75 to 9 mg which is taken every 6–12 hr for an average 70 kg human. At this level, DEX is 
anti-in�ammatory. However, approximately 0.15 mg/kg/day doses are recommended for adrenal insu�ciency27. 
�us, for these studies, in order to examine potential interaction with ozone, we used these drugs at near ther-
apeutic levels as indicated in Fig. 1, that did not produce lung injury or in�ammation in air-exposed animals. 
However, a�er determining the in�uence of the single drug treatment in study 1, we noted that both the low and 
high doses of DEX resulted in marked lymphopenia (immunosuppressive e�ect) while CLEN did not in�uence 
any of the parameters assessed. �erefore, for the combination treatment in study 2, we further lowered the DEX 
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doses (Fig. 1). We postulated that this regimen would be appropriate for examining the susceptibility of individu-
als receiving singular or combinational LABA and corticosteroid therapies to air pollution e�ects.

Ozone exposures. Rats were exposed whole body to �ltered air or 0.8 ppm ozone, 4 hr/day (~7–11 AM) for 
two consecutive days (Fig. 1)8. �is concentration of ozone was higher than what may occur environmentally. 
However, rats have faster lung clearance mechanisms and varied lung deposition patterns compared to humans 
and thus are likely to require higher doses to achieve the same level of in�ammatory insult28. Human clinical stud-
ies use 0.2 or even 0.3 ppm ozone during intermittent exercise5. In resting rats, the deposited ozone dose at 0.8 
ppm is comparable to 0.2 ppm ozone in exercising humans29. Two-day exposure regimen allowed us to assess glu-
cose tolerance immediately following day 1 exposure; and lung injury and in�ammation immediately following 
day 2 exposure since lung e�ects are expected to be maximal by the second day30. Ozone was generated, delivered 

Figure 1. Schema of experimental design for study 1 and 2. �e time line of drug treatments, exposures, 
and necropsies are indicated by arrows. Before air or ozone exposures began, rats were injected with vehicle 
(Saline, SAL), clenbuterol (CLEN), or dexamethasone (DEX) in study 1 and SAL or CLEN followed by DEX 
(CLEN + DEX) in study 2 at dose levels indicated. Injections were done in the mornings (~6–7 AM) daily 
starting one day prior to (D-1) and each day of exposure (D 1 and D 2). For both studies, animals were exposed 
to air or 0.8 ppm ozone (4 hr/day) for 2 consecutive days. Whole body plethysmography was performed within 
30–45 min a�er each exposure day. Glucose tolerance testing was performed within 0.5–2.5 hr following �rst 
day of ozone exposure (D 1) a�er plethysmography, while necropsy and tissue collection were performed within 
0.5–2.5 hr post second day of exposure (D 2) and plethysmography.
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to the chamber and monitored as previously described8. For study 1, the ozone chamber concentration was 
0.797 ± 0.010 ppm (mean ± SD). RH was 50.1 ± 0.4 and 46.2 ± 0.4%, temperature was 72.2 ± 0.2 and 73.6 ± 0.1 
°F, and air �ow was 260.5 ± 0.2 and 256 ± 0.1 L/min for �ltered air and ozone chambers, respectively. For study 
2, ozone concentration was 0.80 ± 0.002 ppm. RH was 48.0 ± 1.1 and 45.7 ± 1%, temperature was 73.0 ± 0.1 and 
73.4 ± 0.01 °F, and air �ow was 253.5 ± 0.3 and 255.9 ± 0.3 L/min for �ltered air and ozone chambers, respectively.

��������������������������� To evaluate possible drug-induced alterations in ventilation that could 
lead to changes in ozone dosimetry, rats were monitored using whole body plethysmography immediately a�er 
air or ozone exposure on D 1 and D 2. Rats were transported to a separate quiet room and placed in plethys-
mography chambers (n = 8 rats/run). �ey were allowed a 2 min acclimation period. Data were collected for an 
additional 5 min similar to our previous study8. In brief, spontaneous breathing parameters included (breathing 
frequency [f], tidal volume [TV], minute ventilation [MV], peak inspiratory �ow [PIF], peak expiratory �ow 
[PEF], and enhanced pause [Penh]). Penh is a composite parameter computed from the waveform of the box 
pressure signal during inspiration and expiration with the consideration of early and late expiration timings 
(Pause), and is generally indicative of labored breathing or bronchoconstriction31. All data were collected using 
EMKA iox 2 so�ware and analyzed (SCIREQ, Montreal, Canada).

Glucose tolerance test. Since glucose intolerance is one of the common systemic responses induced by the 
activation of neuroendocrine system, glucose tolerance testing was performed in fasted rats immediately a�er 
plethysmography as previously described6.

Necropsy and tissue samples collection. Rats were necropsied within 0.5–2.5 hr after the second 
exposure (D 2)following euthanesia using Fatal Plus (sodium pentobarbital, Virbac AH, Inc., Fort Worth, TX; 
>200 mg/kg, intraperitoneal). Blood samples from the abdominal aorta were collected in vacutainer serum sep-
arator tubes and EDTA tubes8. A complete blood count was performed on a Beckman-Coulter AcT blood ana-
lyzer (Beckman-Coulter Inc., Fullerton, California). �ymus and spleens were weighed.

�e right lung was lavaged and bronchoalveolar lavage �uid (BALF) total cell counts were performed using Z1 
Coulter Counter (Coulter, Inc., Miami, FL)8. Cytospin slides were stained and cell di�erentials were performed 
(300 cells/slide) as previously described8. Total protein, albumin, and N-acetyl-β-D-glucosaminidase (NAG) 
activity were measured in the cell-free BALF using a Konelab Arena 30 clinical analyzer (�ermo Chemical Lab 
Systems, Espoo, Finland) as described8.

Plasma and serum analysis. Epinephrine (adrenaline) and corticosterone plasma levels were measured 
using kits from Rocky Mountain Diagnostics (Colorado Springs, CO) and Arbor Assays (Ann Arbor, MI), respec-
tively. Serum free fatty acids were measured using kits from Cell Biolabs, Inc (San Diego, CA). Free fatty acids 
(total) protocol was adapted for use on a Konelab Arena 30 clinical analyzer (�ermo Chemical Lab Systems, 
Espoo, Finland).

���������������¤������� �e concentrations of BALF cytokines (IL-6 and TNF-α) were determined using 
a V-plex custom rat cytokine panel (Mesoscale Discovery Inc., Rockville, MD) and following manufacturer’s 
protocol. To increase the sensitivity for detection of cytokines, sample volume per well was increased from the 
recommended 50 µL to 150 µL. In BALF samples from air control animals, those with levels of TNF-α below the 
assay detection limit, the values were imputed using the lowest quanti�ed value in the group to avoid issues with 
the statistical analysis.

Statistics. For all endpoints, each drug treatment (CLEN or DEX, study 1; or CLEN + DEX, study 2) was 
independently analyzed. Two-way analysis of variance (ANOVA) was used to analyze the e�ect of drug treat-
ment and/or ozone exposure. �e two independent variables for each study were exposure and treatment. For 
some endpoints, if normal distribution and homoscedasticity were not achieved, data were log transformed using 
Shapiro-Wilk and Levene’s tests, respectively. Area under the curve estimates for glucose tolerance test were cal-
culated using the trapezoidal method. �e correction for all multiple comparisons was done using Holm-Sidak 
post-hoc test and when a p-value of ≤0.05 was achieved, the di�erences were considered signi�cant. �e data 
(mean ± SEM) depicted in graphs and tables represent n = 6–8 animals/group. GraphPad Prism 7 (version 7.04) 
and Statext 2.7 so�ware were used for statistical analysis and graph generation.

Results
Ozone exposure and drug treatments did not alter body weight but reduced thymic and splenic 
weights, and induced lymphopenia. In study 1, body weights were not signi�cantly changed by ozone 
exposure or by treatment with CLEN (Fig. 2A) or DEX (Fig. 2B). �ymic and splenic weights were assessed to 
characterize any immunosuppressive e�ects of the drug treatments or of the exposures. Ozone alone did not sig-
ni�cantly reduce thymic and splenic weights in SAL-treated rats (Fig. 2C,D). However, the treatment with DEX 
but not CLEN signi�cantly decreased thymus and spleen weights in a dose-dependent manner in both air and 
ozone-exposed rats when compared to SAL (Fig. 2C). Spleen weights were signi�cantly decreased in ozone-ex-
posed rats a�er high dose CLEN (Fig. 2D).

Ozone-induced lymphopenia has been reported in our previous studies6,7. In study 1, treatment with CLEN 
did not alter the number of circulating lymphocytes in air-exposed rats, however treatment with DEX at both dos-
ages signi�cantly depleted circulating lymphocytes in air-exposed rats (Fig. 2E). Ozone exposure also signi�cantly 
depleted circulating lymphocytes in SAL and CLEN-treated rats, however, and due to the robust dose-dependent 
DEX e�ect on lymphocyte depletion, and additional ozone-induced lymphopenia in DEX-treated animals was 
not detactable (Fig. 2E).
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In study 2, neither the CLEN + DEX treatment nor ozone exposure significantly affected body weights 
(Fig. 3A). However, CLEN + DEX did decrease thymus weight in both air and ozone-exposed rats (Fig. 3B) and 
spleen weights in ozone-exposed rats when compared to saline-treated rats (Fig. 3C).

In study 2, treatment with CLEN + DEX at both dosages signi�cantly depleted circulating lymphocytes in 
air-exposed rats (Fig. 3D). Ozone-induced depletion of circulating lymphocytes in CLEN + DEX-treated rats was 
not detectable at high dose due to the robust e�ect of this drug treatment (Fig. 3D).

Ozone-induced changes in ventilation were not reversed by concurrent drug treatments. To 
understand the e�ects of drug treatment on breathing and the potential to in�uence inhaled ozone dosime-
try, whole body plethysmography was performed immediately a�er each day of air or ozone exposure. No con-
sistent changes were observed in f or MV calculated in rats due to drug treatment or exposure conditions in 
either study (data not shown). In study 1, CLEN or DEX treatment alone did not signi�cantly alter ventilatory 
parameters in air-exposed rats on D 1 or D 2 (Fig. 4). A�er ozone exposure, TV was not signi�cantly changed, 
except for an increase in the high dose CLEN treatment group on D 2 (Fig. 4A,B). In general, ozone exposure 

Figure 2. Ozone and/or CLEN or DEX treatments did not alter body weights, however DEX treatment reduced 
thymic and spleen weights, while both ozone and DEX reduced circulating lymphocytes (study 1). Body weights 
were assessed in rats at one day prior to (D-1), D 1, D 2 before exposure, and at D 2 immediately a�er exposure 
in CLEN (A) and DEX treatment groups (B). �ymus (C) and spleen (D) weights, and circulating lymphocytes 
(E) were assessed in rats during necropsy in all groups. Line and bar graphs show mean ± SEM of n = 6–8 
animals/group. Signi�cant di�erences between groups (p value ≤ 0.05) are indicated by * for ozone e�ect when 
compared to corresponding air-exposed rats, † for drug e�ect when compared to corresponding vehicle (SAL; 
saline)-treated rats, and ‡ for drug dose e�ect for the same exposure.
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was associated with signi�cantly increased PIF (mainly at D 2, Fig. 4C,D), PEF and Penh (on both D 1 and D 2) 
(Fig. 4E,H). For a comparable breathing frequency, such changes are consistent with increased ventilatory e�ort. 
At D 2, rats receiving high dose CLEN treatment had exacerbated ozone-induced increases in both PIF and PEF 

Figure 3. Ozone and/or CLEN + DEX treatments did not alter body weights; CLEN + DEX treatment reduced 
thymus and spleen weights, while both ozone and CLEN + DEX decreased circulating lymphocytes (study 
2). Body weights (A) were assessed in rats at one day prior to (D-1), D 1, D 2 before exposure, and at D 2 
immediately a�er exposure. �ymus (B) and spleen (C) weights, and circulating lymphocytes (D) were assessed 
in rats during necropsy. Bar graphs show mean ± SEM of n = 6–8 animals/group. Signi�cant di�erences 
between groups (p value ≤ 0.05) are indicated by * for ozone e�ect when compared to corresponding air-
exposed rats, † for drug e�ect when compared to corresponding vehicle (SAL; saline)-treated rats, and ‡ for 
drug dose e�ect for the same exposure.



7SCIENTIFIC REPORTS |         (2019) 9:17925  | ��������������ωϖωϖψ∼��ζω{�∼ϖω�{ζξ|��

www.nature.com/scientificreportswww.nature.com/scientificreports/

(Fig. 4D,F). �e magnitude of these changes was greater by D 2, consistent with worsening of respiratory distress 
(i.e., labored breathing and/or bronchoconstriction). �e high dose CLEN group had proportionate increases 
in PIF and PEF which when combined with greater TV, suggests development of both expiratory e�ort (i.e. 

Figure 4. �e in�uence of CLEN or DEX treatments on ozone-induced changes in ventilatory parameters 
(study 1). Of all ventilatory parameters assessed in rats through whole body plethysmography immediately 
a�er each day of air or ozone (0.8 ppm) exposure, the data for tidal volume (TV, A,B), peak inspiratory �ow 
(PIF, C,D), peak expiratory �ow (PEF, E,F), and enhanced pause (Penh, G,H) are shown. Bar graphs show 
mean ± SEM of n = 6–8 animals/group. Signi�cant di�erences between groups (p value ≤ 0.05) are indicated by 
* for ozone e�ect when compared to corresponding air-exposed rats, and † for drug e�ect when compared to 
corresponding vehicle (SAL; saline)-treated rats.



8SCIENTIFIC REPORTS |         (2019) 9:17925  | ��������������ωϖωϖψ∼��ζω{�∼ϖω�{ζξ|��

www.nature.com/scientificreportswww.nature.com/scientificreports/

bronchoconstriction) and hyperpnea (i.e., increased TV with no corresponding decrease in breathing frequency). 
Such changes suggest development of a combination of pulmonary edema and air�ow obstruction. For study 
2, similar to study 1, CLEN + DEX treatment did not in�uence breathing parameters in air controls. However, 
ozone exposure again was associated with increased PIF (on D 2; Fig. 5C,D), PEF and Penh (on both D 1 and D 
2) (Fig. 5E–H). Importantly, ozone-induced changes in Penh were not reversed by CLEN + DEX treatment on D 
1 or D 2 (Fig. 5G,H).

���������������������������������������������������������������������������������-
ment. BALF protein and albumin were assessed to quantify pulmonary microvascular leakage, while BALF 
pro-in�ammatory cytokines, macrophage and neutrophil count were quanti�ed to assess pulmonary in�amma-
tion. In study 1, neither CLEN nor DEX treatment increased BALF protein or albumin leakage in air-exposed 
rats except for the high dose CLEN which modestly increased albumin levels. Ozone-induced increases in BALF 
protein and albumin were apparent in SAL-treated rats (Fig. 6A,B). CLEN, but not DEX, at the high dose exac-
erbated ozone-induced pulmonary protein and albumin leakage (Fig. 6A,B). CLEN or DEX treatment did not 
change BALF NAG activity (a marker of macrophage activation) in air-exposed rats except for a small increase 
in animals treated with high dose of CLEN. Ozone exposure was associated with increases in BALF NAG activity 
in SAL-treated rats. �is ozone e�ect on NAG activity was not signi�cantly a�ected by CLEN or DEX (Fig. 6C). 
Pro-in�ammatory cytokines IL-6 and TNF-α were quanti�ed in BALF to determine the degree and severity of 
the pulmonary in�ammatory response. In air-exposed rats, only high dose CLEN treatment increased BALF IL-6 
(Fig. 6D). IL-6 was increased a�er ozone exposure in SAL treated rats. CLEN but not DEX markedly exacerbated 
ozone-induced IL-6 increases in a dose-dependent manner (Fig. 6D). BALF TNF-α levels were not as consistent 
as IL-6 and high variability was noted in the data. Neither CLEN nor DEX treatments changed BALF TNF-α lev-
els in air-exposed rats. TNF-α levels were slightly increased by ozone in most treatment groups; however, levels 
were only signi�cantly increased in animals given high dose CLEN or low dose DEX (Fig. 6E). In air-exposed rats, 
there were no e�ects of either drug treatment on BALF macrophage numbers. BALF macrophages increased in 
those treated with high dose CLEN and exposed to ozone when compared to SAL (Fig. 6F). Ozone-induced 
pulmonary in�ammation in rats was characterized by the recruitment of neutrophils to the alveolar space. CLEN 
or DEX did not increase neutrophils in air-exposed rats, however, ozone induced-neutrophilia was apparent in 
all rats. CLEN but not DEX treatment exacerbated ozone-induced neutrophilia in a dose-dependent manner 
(Fig. 6G).

In study 2, CLEN + DEX did not increase BALF protein and albumin leakage in air-exposed rats (Fig. 7A,B). 
Ozone increased BALF protein and albumin in SAL-treated rats. High dose CLEN + DEX when compared to 
SAL potentiated ozone-induced vascular protein and albumin leakage (Fig. 7A,B). CLEN + DEX treatments 
did not change BALF NAG activity in air-exposed rats but ozone exposure increased BALF NAG activity sim-
ilarly in SAL and CLEN + DEX treated rats (Fig. 7C). CLEN + DEX treatment did not change BALF IL-6 in 
air-exposed rats (Fig. 7D). BALF IL-6 was increased a�er ozone exposure in SAL and CLEN + DEX-treated rats. 
High dose CLEN + DEX exacerbated ozone-induced IL-6 increase when compared with SAL treated-animals 
(Fig. 7D). BALF TNF-α did not change a�er CLEN + DEX treatment in air-exposed rats, however there was a 
small increase a�er ozone exposure in SAL and high dose CLEN + DEX-treated rats (Fig. 7E). BALF macrophage 
count was generally una�ected by CLEN + DEX or ozone exposure, except for a small decrease in air-exposed 
CLEN + DEX treated rats (Fig. 7F). BALF neutrophil numbers did not change by CLEN + DEX treatment in 
air-exposed rats however, ozone-induced neutrophilia was evident in all groups. Although not signi�cant, the 
neutrophil count was higher in high dose CLEN + DEX-treated animals exposed to ozone when compared to 
SAL-treated air-exposed rats (Fig. 7G).

Ozone-induced metabolic changes were exacerbated by DEX and CLEN + DEX treatments.  
Our prior studies have shown that acute ozone exposure induces neuroendocrine stress-mediated systemic met-
abolic alterations1,3, and therefore, we examined the interactive in�uence of stress hormone receptor agonists 
CLEN and DEX on ozone-induced changes in glucose metabolism. Glucose tolerance testing was performed in 
air- and ozone-exposed rats to determine the modifying e�ects of CLEN (Fig. 8A) or DEX (Fig. 8B) in study 1 
and CLEN + DEX (Fig. 9A) in study 2.

In study 1, DEX but not CLEN treatment produced hyperglycemia (baseline glucose levels at 0 min) and glu-
cose intolerance in air-exposed rats (Fig. 8A–D). Ozone exposure also caused hyperglycemia and glucose intol-
erance in SAL-treated rats where DEX e�ect was further exacerbated by ozone exposure (both hyperglycemia 
and glucose intolerance) (Fig. 8A–D). Area under the curve assessment con�rmed DEX e�ect and the exacerba-
tion of the ozone e�ect on glucose intolerance in DEX-treated rats (Fig. 8D). Acute increase in circulating free 
fatty acids in response to ozone exposure was indicative of adipose lipolysis likely mediated by glucocorticoids32. 
Treatment with DEX at both doses signi�cantly increased serum free fatty acids in air-exposed rats (Fig. 8E). 
Ozone tended to increase free fatty acids in SAL-treated rats. �is e�ect of ozone was signi�cant in CLEN-treated 
rats. Ozone-exposed DEX-treated rats had additive increases in circulating free fatty acids (Fig. 8E).

In study 2, high dose CLEN + DEX treatment produced hyperglycemia to a small degree but not glucose 
intolerance in air-exposed rats (Fig. 9B,C). Ozone exposure induced hyperglycemia and glucose intolerance 
in SAL-treated rats (Fig. 9A–C). Ozone-induced hyperglycemia (Fig. 9B) but not glucose intolerance response 
(Fig. 9C) was more pronounced in rats treated with high dose CLEN + DEX. Treatment with CLEN + DEX at 
the high dose signi�cantly increased serum free fatty acids in air-exposed rats (Fig. 9D). Ozone exposure also 
increased free fatty acids levels in SAL and CLEN + DEX-treated rats (Fig. 9D).
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Stress hormone levels were variably altered by ozone exposure and drug treatment. Although 
ozone exposure has been shown to increase circulating epinephrine and corticosterone in some of our prior 
studies1,3,6, in the present study, the e�ects were inconsistent. Ozone exposure and drug treatments had mixed 

Figure 5. �e in�uence of CLEN + DEX treatments on ozone-induced changes in ventilatory parameters 
(study 2). Of all ventilatory parameters assessed in rats through whole body plethysmography immediately 
a�er each day of air or ozone (0.8 ppm) exposure, the data for tidal volume (TV, A,B), peak inspiratory �ow 
(PIF, C,D), peak expiratory �ow (PEF, E,F), and enhanced pause (Penh, G,H) are shown. Bar graphs show 
mean ± SEM of n = 6–8 animals/group. Signi�cant di�erences between groups (p value ≤ 0.05) are indicated by 
* for ozone e�ect when compared to corresponding air-exposed rats, and † for drug e�ect when compared to 
corresponding vehicle (SAL; saline)-treated rats.
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e�ects on circulating epinephrine and corticosterone. In study 1, the individual CLEN or DEX treatment did not 
change levels of epinephrine; however, high dose CLEN + DEX in study 2 signi�cantly increased epinephrine 
in air-exposed rats (Table 1). Ozone exposure tended to increase epinephrine levels in SAL-treated rats. CLEN, 
DEX or CLEN + DEX had minimal e�ects on ozone-induced increases. Plasma levels of corticosterone were not 

Figure 6. CLEN but not DEX treatment exacerbated ozone-induced lung protein leakage, cytokine changes and 
neutrophilic in�ammation (study 1). BALF protein (A), albumin (B), NAG activity (C), IL-6 (D), TNF-α (E), 
macrophage numbers (F), and neutrophil numbers (G) were assessed in rats a�er the second day of air or ozone 
(0.8 ppm) exposure (4 hr/day for 2 consecutive days). Bar graphs show mean ± SEM of n = 6–8 animals/group. 
Signi�cant di�erences between groups (p value ≤ 0.05) are indicated by * for ozone e�ect when compared to 
corresponding air-exposed rats, † for drug e�ect when compared to corresponding vehicle (SAL; saline)-treated 
rats, and ‡ for drug dose e�ect for the same exposure.
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a�ected by CLEN but were signi�cantly decreased in all air and ozone-exposed rats treated with low and high 
doses of DEX in study 1 and high dose of CLEN + DEX in study 2. Ozone exposure in SAL rats did not signi�-
cantly change corticosterone levels (Table 1).

Figure 7. CLEN + DEX treatment exacerbated ozone-induced lung protein leakage, cytokine changes and 
neutrophilic in�ammation (study 2). BALF protein (A), albumin (B), NAG activity (C), IL-6 (D), TNF-α (E), 
macrophage numbers (F), and neutrophil numbers (G) were assessed in rats a�er the second day of air or ozone 
(0.8 ppm) exposure (4 hr/day for 2 consecutive days). Bar graphs show mean ± SEM of n = 6–8 animals/group. 
Signi�cant di�erences between groups (p value ≤ 0.05) are indicated by * for ozone e�ect when compared to 
corresponding air-exposed rats, † for drug e�ect when compared to corresponding vehicle (SAL; saline)-treated 
rats, and ‡ for drug dose e�ect for the same exposure.
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Discussion
Asthmatics receiving maintainance medication (such as LABA and/or glucocorticoids) experience exacerbated 
pulmonary injury and in�ammation when exposed to high levels of air pollution19,20. We have recently reported 
that the combination treatment of CLEN + DEX at non-therapeutic high doses (0.2 mg/kg/day and 2 mg/kg/day 
respectively for 3 days) ampli�ed ozone-induced pulmonary injury and in�ammation in sham and adrenalecto-
mized rats8. Building upon this, the goal of this study was to determine if β2AR and/or GR agonists when given 
at near therapeutic dose range, individually as singular therapy or as combination, (recommended by clinicians 
for asthma and COPD) would exacerbate acute ozone-induced lung injury/in�ammation and also systemic met-
abolic alterations that were not reported in our previous study8.

In brief, we previously showed that ozone exposure in vehicle-treated rats caused lung injury, in�ammation 
and BALF cytokine increases6–8. Similar to DEX treatment, ozone exposure also induced lymphopenia, decreased 
spleen weights and produced systemic metabolic alterations including hyperglycemia, glucose intolerance, and 
the release of free fatty acids into the circulation. Importantly, CLEN, even at the therapeutic concentrations used 
herein markedly exacerbated ozone-induced lung protein leakage and BALF cytokine release and neutrophilic 

Figure 8. DEX and/or ozone exposure but not CLEN treatment induced hyperglycemia, glucose intolerance, 
and increased free fatty acids (study 1). Glucose tolerance test for CLEN treatment (A) and DEX treatment 
(B), baseline glucose levels before glucose tolerance test (C) and area under the curve (AUC) from glucose 
tolerance test (D) were obtained within 0.5–2.5 hr following the �rst day of air or ozone (0.8 ppm) exposure in 
rats (4 hr/day). Circulating free fatty acids were analyzed in serum samples collected during necropsy (E). Bar 
graphs show mean ± SEM of n = 6–8 animals/group. Signi�cant di�erences between groups (p value ≤ 0.05) 
are indicated by * for ozone e�ect when compared to corresponding air-exposed rats, † for drug e�ect when 
compared to vehicle (SAL; saline)-treated rats, and ‡ for drug dose e�ect for the same exposure.
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in�ux seemingly, without exacerbating systemic e�ects of ozone. DEX, on the other hand, induced e�ects such as 
lymphopenia, hyperglycemia, glucose intolerance and free fatty acid release, that were similar to and more pro-
nounced than those induced by ozone exposure alone. In general, the combination of CLEN + DEX at therapeutic 
levels showed less remarkable exacerbation of ozone pulmonary and systemic e�ects relative to CLEN alone. 
�ese data demonstrate that ozone-induced pulmonary injury and neutrophilic in�ammation are exacerbated 
in rats receiving singular treatment of LABA (i.e. CLEN) at dose levels used, whereas, systemic immunological 
and metabolic alterations induced by ozone mimicked those of DEX with both producing additive e�ects. �us, 
the pulmonary and systemic health e�ects of irritant air pollutants in those using LABA and steroids individually 
or as combination might be exacerbated because ozone in�ammatory and metabolic e�ects are also mediated 
through the activation of AR and GR.

Ozone exposure has been shown to induce neuroendocrine-mediated release of adrenal-derived stress hor-
mones, however because of the ultradian �uctuations33,34 and the in�uence of other stressors, o�en the increases 
in circulating hormones are not evident as we have seen in the present study. However, we have shown that the 
activation of genes responsive to AR and GR as well as lymphopenia, likely mediated by epinephrine and corti-
costerone release are readily apparent a�er ozone exposure6,8,14. It is noteworthy that, the treatment with DEX was 
associated with marked reduction in circulating corticosterone but not epinephrine levels. DEX, has been shown 
to reduce corticosterone levels due to negative feedback control on the hypothalamus and pituitary to activate 
CRH-mediated ACTH release35,36.

Figure 9. CLEN + DEX treatment alone increased blood glucose and circulating free fatty acids, while ozone 
exposure induced hyperglycemia glucose intolerance, and increased free fatty acids (study 2). Glucose tolerance 
test for CLEN + DEX treatment (A), baseline glucose levels before glucose tolerance test (B) and area under 
the curve (AUC) from glucose tolerance test (C) were obtained within 0.5–2.5 hr following the �rst day of air 
or ozone (0.8 ppm) exposure in rats (4 hr/day). Circulating free fatty acids were analyzed in serum samples 
collected during necropsy (D). Bar graphs show mean ± SEM of n = 6–8 animals/group. Signi�cant di�erences 
between groups (p value ≤ 0.05) are indicated by * for ozone e�ect when compared to corresponding air-
exposed rats, † for drug e�ect when compared to vehicle (SAL; saline)-treated rats, and ‡ for drug dose e�ect for 
the same exposure.
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After ozone exposure, adrenal-derived stress hormones mediate their effects on homeostatic processes 
through AR and GR activation. In the present study, the exacerbation of ozone-induced pulmonary injury and 
in�ammation in rats receiving therapeutic doses of CLEN or CLEN + DEX could be due to the high a�nity of 
epinephrine for β2AR which represent ~80% of the total AR subtype in the airways and plays an important role 
in maintaining lung microvascular permeability, and airway smooth muscle as well as epithelial functions37. �e 
activation of β2AR in airways has been shown to induce in�ammatory changes associated with asthma phenotype 
in a mouse model38. We noted that ozone-induced pulmonary neutrophilia and increases in BALF IL-6 were 
exacerbated by CLEN or CLEN + DEX but not DEX. Although BALF TNF-α seem to show a small increase 
in CLEN-treated animals exposed to ozone, because of the inconsistency in ozone e�ects, and low level of this 
cytokine in BALF, its role in in�ammatory response in current experimental setting is unclear. �e lack of exacer-
bation or even slight dampening of ozone-induced neutrophilic in�ammation and IL-6 release by DEX might be 
due to its immunosuppressive e�ects in the absence of CLEN. �us, it is plausible that β2AR agonists use a similar 
mechanism as the endogenous epinephrine to exacerbate ozone-induced in�ammation. �e microvascular dila-
tion induced by epinephrine39 or CLEN could facilitate this process by longer retention of blood in the lung and 
thus, facilitating neutrophil extravasation to the interstitial spaces in ozone-primed lungs. Immunomodulation 
of neutrophil release, recruitment and extravasation are dynamically controlled by both glucocorticoids and 
catecholamines40,41.

Acute ozone exposure has been shown to induce ventilatory changes in sensitive rat strains such as Wistar 
Kyoto rats42 resulting in increased Penh8, which has been correlated with labored breathing31. We previously 
showed that a non-therapeutic high dose CLEN + DEX treatment resulted in minimal changes in ventilatory 
parameters when administered to air-exposed rats, however in ozone-exposed rats there were marked increases 
in pulmonary edema and corresponding ventilatory changes8. At the lower dosages of CLEN or CLEN + DEX 
used in the present study, we also did not observe signi�cant changes in ventilatory parameters in air-treated rats. 
However, despite using more clinically relevant dosages of CLEN, DEX or the combined treatment, we still were 
not able to demonstrate improvement in the ozone-induced ventilatory changes. Results suggest that the air�ow 
obstruction and lung injury/pulmonary edema induced by ozone are resistant to glucocorticoid or β2AR agonists 
treatment.

Although ozone has been shown to induce pulmonary protein leakage in many studies, the precise contribu-
tions of hemodynamic and non-hemodynamic mechanisms are unclear. Our previous study showed that a high 
dose of CLEN plus DEX even without ozone caused lung protein leakage8 suggesting the contribution of βAR 
and circulating epinephrine. �is is supported by the evidence that in the presence of therapeutic levels of CLEN, 
which did not produce edema in air-exposed rats, ozone-induced pulmonary vascular leakage was markedly 
exacerbated. In the adrenalectomized rats ozone-induced vascular leakage was minimal5. Epinephrine-mediated 
activation of βAR has been implicated in increased lung permeability43,44. Since, the predominant response in the 
lung of β2AR activation is likely to be vasodilation and bronchodilation, the increases in epinephrine together 
with CLEN and hemodynamic changes associated with ozone-induced bradycardia might promote �uid �lling 
in the microvasculature45,46. When DEX is combined with CLEN (CLEN + DEX) exacerbation of ozone-induced 
lung protein leakage is less dramatic than that occuring in rats with CLEN-only treatment, suggesting that GR 
and β2AR might interactively maintain homeostatic processes to reduce injury induced by a stressor. It may be 
relevant that, increased risk of asthma-related death by LABA monotherapy is not evident in asthmatic patients 
taking a combination of LABA plus corticosteroids12,47.

�e neuroendocrine response induced by ozone exposure is associated with the changes in systemic immu-
nological surveillance48. Increased numbers of activated macrophages have been found in the lung a�er ozone 
exposure49,50. Moreover, splenic macrophages have been shown to migrate to the lungs a�er ozone inhalation51. In 
this study, CLEN-alone treatment increased the number of BALF macrophages in ozone-exposed rats, suggesting 

STUDY 1

SAL CLEN LOW CLEN HIGH DEX LOW DEX HIGH

Epinephrine Air 59.4 ± 14.6 55.6 ± 27.8 35.3 ± 11 44 ± 9.8 46.9 ± 11.8

(pg/ml) Ozone 87.8 ± 16.1 49.8 ± 7.1 58 ± 12.3 72.2 ± 10.8 84.7 ± 12.7

Corticosterone Air 375.7 ± 77.2 368 ± 56.3 292.4 ± 80.5 18.8 ± 7.7† 10.2 ± 1†

(ng/ml) Ozone 462.5 ± 48.6 278.7 ± 24.7 319.1 ± 27.1 134.1 ± 32.6*
† 8.8 ± 0.5†‡

STUDY 2

SAL CLEN + DEX LOW CLEN + DEX HIGH

Epinephrine Air 57 ± 6.3 47.5 ± 5.7 205.6 ± 160.5

(pg/ml) Ozone 142.3 ± 13 92.3 ± 13.9 79.7 ± 5.2

Corticosterone Air 580.5 ± 93.7 328.4 ± 92.4 36.7 ± 16.4†‡

(ng/ml) Ozone 384.4 ± 95.2 166.3 ± 43.7 99.3 ± 41.8†

Table 1. Plasma stress hormone levels in drug treated animals following acute air or ozone exposure. Values 
represent mean ± SEM of n = 6–8/group. Signi�cant di�erences between groups (p value ≤ 0.05) are indicated 
by *for ozone e�ect when compared to corresponding air-exposed rats, †for drug e�ect when compared to 
corresponding vehicle (SAL)-treated rats, and ‡for drug dose e�ect for the same exposure. SAL – saline; CLEN – 
clenbuterol; DEX – dexamethasone.
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that it likely a�ected macrophage extravasation. Macrophages express β2AR and can be activated by LABA 
treatment52.

DEX at the concentrations used in both studies induced lymphopenia and reduced thymus and spleen weights, 
demonstrating the immunosuppressant property. Similar to DEX, ozone exposure has previously shown to 
induce lymphopenia6,7,53 and thymic involution54–56. In this study, we noted lymphopenia as well as small reduc-
tions in thymus and spleen weights a�er acute ozone exposure; e�ects that were clear in rats treated with DEX 
or CLEN + DEX. Concomitantly, GR blockade but not βAR inhibition, prevented ozone-induced lymphopenia7, 
suggesting that endogenous GR signaling was required. Both spleen and thymus T lymphocytes were decreased 
in ozone exposed mice54. Collectively, these data suggest that AR and GR, which are therapeutically modulated 
could a�ect ozone-induced pulmonary innate immune changes.

In addition to immune surveillance, the stress-induced neuroendocrine activation also orchestrates metabolic 
energy redistribution and conservation for future needs57. Ozone exposure has been shown to induce a shi� in 
metabolites distribution in multiple organs in rats and in humans1,3,5. In this study, although the use of β2AR 
speci�c agonist CLEN was targeted to understand its role in the lung tissue, we presumed that CLEN would also 
have systemic e�ects, since these receptors are distributed in vascular smooth muscle involved in vasodilation. 
However, we noted that DEX but not CLEN, independently induced hyperglycemia, glucose intolerance and 
lipolysis as evident by free fatty acids release. �e metabolic changes in CLEN + DEX-treated rats with or without 
ozone exposure were indicative of the predominant role of glucocorticoids. �e understanding of how chronic 
stimulation of these metabolic processes following long-term pollutant exposure lead to metabolic diseases is 
critical for causal evidence to support epidemiological associations58,59.

Some limitations are noted in this study. First, both CLEN and DEX were delivered intraperitoneally to pre-
cisely control the dose and to assess pulmonary as well as systemic e�ects. However, direct lung delivery, which is 
o�en used for asthma and COPD treatment, might result in di�erent outcomes. �e e�ectiveness of pulmonary 
delivery needs to be examined in future studies. Second, the rats are not sensitized or “asthmatic”, while people 
receiving β2AR agonists are primarily asthmatic individuals. Since asthmatic individuals are more sensitive to 
ozone-induced in�ammation19,20,60, it is possible that the exacerbation resulting from β2AR agonist usage during 
air pollution exposure might be of even greater magnitude. �e interactive e�ect of CLEN, DEX and ozone will 
need to be examined in an animal model of allergic asthma.

In conclusion, CLEN treatment at therapeutically-relevant dosages, exacerbated ozone-induced pulmonary 
injury/ in�ammation and BALF in�ammatory cytokine release through the activation of β2AR, likely the same 
mechanism by which ozone also induces vascular leakage and in�ammation. �e degree of CLEN-related exacer-
bation of ozone-induced pulmonary e�ects was reduced when rats were treated with CLEN + DEX combination, 
while DEX by itself did not in�uence this pulmonary outcome. However, even at lower than therapeutic dose 
levels, DEX treatment was associated with systemic metabolic and immunological e�ects in air-exposed rats 
that were similar to e�ects induced by ozone and o�en additive, suggesting a similar mode of action through the 
activation of GR. Clinically, the e�ect of LABA on β2AR is important as inner-city children, who are more prone 
to asthma and use bronchodilators, are likely to be exposed to high levels of air pollution61,62. �ese potential 
drug-air pollution interactions might be critical in those socioeconomically disadvantaged communities with 
disproportional exposure to elevated levels of air pollution, where high incidence of chronic lung and metabolic 
diseases coincide with the use of bronchodilators and/or steroids.
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SUPPLEMENTARY METHODS: 	��

Sham  and adrenalectomy surgeries in rats 	��

Male 12–13 weeks old rats were anesthetized by injection of ketamine (25–50 mg/kg in 	��

saline; i.p.). After confirmation of complete anesthesia, buprenorphine was administered 		�

(0.02 mg/kg/ml in saline; s.c.) for analgesia. Animals were placed in sternal recumbency 	
�

position, prepared for aseptic surgery procedure and given to trained veterinarians from 	��

Charles River Laboratories Inc. who performed surgeries under sterile conditions. 	��

Surgeries were performed using protocols established at Charles River Laboratories 	�

Inc. If needed, additional anesthesia was provided by nose-only inhalation of vaporized 	��

isoflurane (3%). Right and left glands were removed for ADREX group while for SH 	��

group the same surgical procedures were performed except that adrenals were not 
��

removed. Immediately after surgery, the rats were placed on heating pads and closely 
��

monitored by observing their movements. Once awake, rats were injected with 
��

meloxicam (0.2 mg/kg; s.c.) and for analgesia. Additionally, rats were injected with 
	�

buprenorphine (0.02 mg/ml/kg, s.c.) for two more times every 8-10 hrs for continued 

�

analgesia. After surgery, the animals were pair housed with Enviro Dry 
��

enrichment/nesting material. To maintain adequate fluid and electrolyte balance, AD 
��

rats were provided with saline (0.9% sodium chloride) while SH rats received normal tap 
�

water and both groups were provided with powdered as well as pelleted diets, both ad 
��

libitum except during exposure to air or ozone. Based on previous reports (Nicolaides et 
��

al., 2013; Sakakibara et al., 2014), rats were given a recovery period of 4–6 days prior ���

to any exposure. There were no signs of evident distress and food and water ���

consumption were similar for SH and AD groups (Miller et al., 2016a). ���

 �	�
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�

Brainstem and hypothalamus total RNA isolation and mRNA sequencing  �
�

The entire frozen hypothalamic and brainstem regions were processed for RNA ���

extraction (n=4 per group). Total RNA was isolated following manufacturer protocol ���

indicated by Direct-Zol RNA MiniPrep kit from Zymo Research (Irvine, CA, USA) and ��

quantified using Qubit RNA reagent (Invitrogen, Waltham, MA, USA). Using prepX ���

polyA mRNA Isolation Kit (Wafergen Biosystems, Fremont, CA, USA), the mRNA was ���

isolated from total RNA. Samples were run in Apollo324 automated sample processing ���

system for mRNA selection. RNA-Seq library was prepared with Wafergen's PrepX ���

mRNA 48 Protocol. cDNA libraries were amplified by 15 PCR cycles with indexing ���

primers according to Wafergen's protocol. dsDNA from each library was quantified by �	�

Qubit dsDNA HS Assay kit (Molecular Probes, Eugene, OR, USA) and the quality was �
�

checked by Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Each ���

library was diluted to 4 nM by estimating the average molecular sizes from Bioanalyzer ���

data and the concentration from Qubit measurement. Pooled and indexed libraries were ��

sequenced according to Illumina NextSeq 500 protocols (2.5-3.2 pM + 2% PhiX from ���

Illumina Inc., San Diego, CA, USA). The sequencing data were stored in Illumina's ���

BaseSpace-cloud.����

Nextseq data normalization and bioinformatics ��

Sequenced mRNA reads were mapped to the rat genome (rn6) using ensemble ��

release 83 in the Partek® Flow suite. R version 3.2.3 (2015-12-10). Differential gene 	�

expression was assessed in DESeq2 package in R (v. 1.10.1) (Love et al., 2014) 
�

rounding the count matrix to the nearest integer and considered different when the ��
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�

adjusted p value (FDR) was �0.1. Pathway heatmaps of normalized counts from ��

DESeq2 were created using the heatmap.2 function of the g-plots package (Warnes et �

al., 2015). Pathway/set enrichment was performed using the eXploring Genomic ��

Relations (XGR) package in R (http://xgr.r-forge.r-project.org/; Fang et al., 2016). ��

Pathway analyses were conducted using genes identified as differentially expressed at ���

adjusted p value < 0.10. Pathway ontologies were defined by the molecular signature ���

database hallmark gene set (MsigDBH; Liberzon et al., 2015) and the immunologic ���

signature gene sets (MsigDBC7). For each ontology set tested, pathway testing was �	�

considered significant at FDR < 0.10 for the enrichment statistic. Upstream analysis �
�

tools from Ingenuity Pathways Analysis® (IPA®, QIAGEN Redwood City, ���

www.qiagen.com/ingenuity) software were used to compare our results with previously ���

reported databases. By overlapping genes differentially expressed after ozone exposure ��

with genes differentially expressed by the action of multiple upstream regulators, it is ���

possible to obtain a p-value of the overlap. An activation score predicting an activated ���

state (changes similar to those induced by ozone) or an inhibited state (changes ���

dissimilar to those induced by ozone) is defined by an activation z-score of >2 or <-2, ���

respectively. ���
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Supplementary Figure 1: Hallmark gene sets significantly enriched after ozone ��	�

exposure in brainstem and hypothalamus of SHAM rats. Genes for each hallmark ��
�

gene sets are shown in heatmaps for those defining inflammatory response [200 genes] ����

(A), genes up-regulated by IL6 via STAT3 e.g. during acute phase response [87 genes] ����

(B), genes up-regulated in response to low oxygen (hypoxia) [200 genes] (C), and ���

genes up-regulated through activation of mTORC1 complex [200 genes] (D). ����





cross talks between multiple processes within a cell, dynamics

of these processes, and the communication between organ sys-

tems. At what step in the biological network, and in what organ

system the normal homeostatic processes activated by air pol-

lutants are interrupted due to abnormal host conditions,

becomes a critical determinant of the type and the degree of

variation in response. Perturbation in any one of the homeo-

static processes either due to a genetic defect or from chronic or

overstimulated responses will likely lead to cumulative or

organ-specific impact after exposure to environmental pollu-

tants. In this article, I will first briefly provide a historical

perspective on what we have learned using animal models with

defined susceptibilities/diseases by giving examples of air pol-

lutant exposures in these models. Recent work12 on the role of

neuroendocrine stress pathways in mediating response to air

pollutants will highlight how these new mechanisms will be

critical in identifying variations in individual susceptibilities.

Based on this body of work, a new mechanistic paradigm is

proposed that will be useful when determining causes of varia-

tions in susceptibility to air pollutants and the importance of

allostatic load. Experimental studies that provide insights into

the biological mechanisms of susceptibility variations (non-

communicable; noncancer effects) will be discussed in this

article but will not include models of infections, allergies, or

developmental stressors.

Historical Perspective on Susceptibility

Variations in Air Pollution Research

A variety of host conditions can modify the response to air

pollution exposure that can impact health (Figure 1). It is con-

ceivable that one who is susceptible to developing a disease

from unknown or known causes is likely to have increased

susceptibility to subsequent air pollutant exposure. Likewise,

when an individual is exposed chronically to a given air pollu-

tant, he or she will likely develop exposure-related disease over

time. However, the mechanisms by which air pollutants may

cause disease, or simply exacerbate the preexisting disease

condition may depend on each individual’s collective and indi-

vidually tailored response for survival. The understanding of

variations in each individual’s response is further complicated

by the fact that in ambient environmental conditions, individ-

uals are generally exposed to rather low levels of a diverse

range of pollutants that produce changes in homeostatic pro-

cesses through different mechanisms.

Most of the earlier research on air pollution nearly 50 years

ago focused on occupational exposures to source-enriched pol-

lutants at rather high concentrations. Because of the lack of

exposure controls, workers who were exposed to specific

source pollutants developed many types of pulmonary diseases

based on the nature of inhalants. Due to the dominance of

pulmonary effects, the acute and subtle effects on extrapulmon-

ary organs likely went unnoticed. For example, exposure to

silica in miners caused acute and chronic silicosis13; coal min-

ers’ exposures were associated with coal worker’s pneumoco-

niosis14; asbestos mining caused fibrotic lung disease referred

to as asbestosis, adenoma, and also pleural diseases with pla-

ques of fibrous tissue, calcification, and mesothelioma15; and

exposure of farm dust caused hypersensitivity pneumonitis,

often referred to as farmer’s lung.16 Some of these pollutants

were retained in the lungs with little clearance, and the diseases

occurred decades later. For example, mesothelioma occurs in

susceptible individuals decades after asbestos exposure.17 The

mechanisms of the delay in expression of disease still puzzle

researchers and new insights continue to emerge. It was

believed that air pollutants affected primarily the lung while

Figure 1. Host susceptibility factors that interactively produce variations in individual response to air pollution health effects.
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the knowledge of peripheral effects was limited or these effects

were considered nonspecific and therefore of lower signifi-

cance when examining pulmonary diseases. Thus, the experi-

mental studies mainly included lung pathologies and functional

impairment. Likewise, animal models of susceptibility used for

research were primarily of those with lung diseases.18–21

The October 1948 Donora Pennsylvania smog incident and

the December 1952 Great London Smog incident raised the

awareness that ambient-level air pollution can cause mortality

and morbidity, and influenced the creation of ambient air qual-

ity standards for criteria air pollutants.22 These episodes also

prompted epidemiological and toxicological studies to deter-

mine what type of pollutants were responsible for adverse

health effects and especially who was susceptible. Human mor-

tality and hospital admissions were primarily associated with

pulmonary complications of bronchitis and exacerbation of

COPD. Based on these observations, and along with the aware-

ness of cigarette smoke-related, allergic, and infectious lung

diseases in the population, the emphasis for research was

placed on the animal models of bronchitis, COPD, pneumonia,

and asthma.4,23–29 The research experiments included under-

standing of biological factors/host conditions that may increase

pulmonary susceptibility to inflammation and obstructive lung

diseases.

Host Genetics as the Contributor to

Variations in Air Pollution Health Effects

The contribution of genetic differences to the variations in

susceptibility to air pollution health effects continues to be

examined experimentally.20,30–33 Mouse models of different

genetic backgrounds have shown differential susceptibilities

to pulmonary inflammation after exposure to ozone and other

pollutants.34–37 Linkage analysis studies have provided insights

into the contribution of candidate genes within specific chro-

mosomal loci influencing response to air pollutants. For exam-

ple, in studies involving genetically diverse mouse strains, the

DNA sequences on chromosomes 4, 11, and 17 spanning Toll-

like receptor 4 and many inflammatory cytokines were linked

to increased ozone-induced lung injury and inflammation.38

The mutations in Toll-like receptor 4 and its contributions to

increased allergen-induced lung injury and inflammation were

also identified in mouse models as well as in humans.9

Although these studies provide insights for the gene targets

associated with specific pathological conditions, the under-

standing of collective contribution of gene networks and the

causal factors to observed susceptibility differences remains

sparse. The limited genetic diversity of laboratory rodents lim-

its the scope of investigations identifying mechanisms of bio-

logical variations among genetically diverse humans.

More recent studies have provided insights into the complex

interplay of genetic networks that might govern phenotypic

expression of disease or adverse health effects in each strain/

species of animals.39,40 The individual strain/species variability

in orchestrating transcriptional response will likely be a major

contributing factor to producing variability in ultimate disease

phenotype. The newer approach of collaborative cross of

mouse models to create highly variable genetic backgrounds,

which better represent the diversity seen in the human popula-

tion, will provide some insights. Their systematic assessment

using high-throughput platforms of genetic contribution to

each disease phenotype has already begun to provide break-

throughs in understanding how individual gene clusters influ-

ence the variability in susceptibility not only to air pollutants

but also to other types of environmental stressors.33,41,42

Use of Animal Models of Human

Cardiovascular Diseases in Air Pollution

Susceptibility Studies

The robust epidemiological evidence from the 1990s expand-

ing air pollution effects beyond the lung to the cardiovascular

system, and how these effects might be important in human

mortality and morbidity43 led to research interest in cardiovas-

cular effects and cardiopulmonary interactions. Likewise, the

focus of susceptibility variations expanded from lung disease

models to using animal models of cardiovascular diseases for

understanding how those with preexisting hypertension or

other cardiovascular complications might have exacerbated

responses to air pollutants.4,44–47 Guided by the epidemiologi-

cal associations between air pollution and cardiovascular dis-

eases, our introduction of the use of a spontaneously

hypertensive (SH) rat model in examining their susceptibility

to air pollutants has led to the use of these rats in many air

pollution studies.48 These rats are now used worldwide in

understanding of the key susceptibility attributes associated

with hypertensive disorder in exacerbating pulmonary and car-

diovascular effects of air pollutants.49–54

We have shown that relative to healthy normotensive rats,

SH rats have greater pulmonary injury and inflammation, espe-

cially when air pollution exposures occur at high concentra-

tions.48,49,55 They have compromised ability to increase lung

lining antioxidants when exposed to residual oil fly ash parti-

cles.48 Spontaneously hypertensive rats are not able to respond

to inhaled combustion source particles by increasing expres-

sion of genes involved in inflammation in the lung and the heart

as baseline expression of some of these genes is already high in

these rats.48 When global gene expression in the heart of nor-

motensive control Wistar Kyoto (WKY) rats was compared to

SH rats following diesel exhaust inhalation, WKY rats showed

remarkable changes in gene clusters reflecting cardiovascular

disease, and these expression changes mimicked the expression

pattern of the same genes at baseline in SH rats.56 Diesel

exhaust inhalation, however, was not able to further exacerbate

the transcriptome expression in SH rats, implying that their

ability to induce changes in response to pollutant exposure has

been compromised due to disease.56 When hypertensive rats

were made normotensive by treating them with hydralazine,

diesel exhaust inhalation–induced lung injury, inflammation,

and vascular effects were diminished.10 These data clearly

demonstrated the role of hypertension in exacerbating the
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effects of inhaled pollutants. However, what brings about

hypertension-associated physiological changes becomes an

important determinant of the susceptibility of SH rats to

pollutant-induced cardiopulmonary effects. These findings led

us to understand how susceptibility variations may depend on

the phenotypic outcome being selected for in a given genetic

background of SH rats and how underlying host conditions

might, in a complex and interactive manner, impact the

response to air pollution stress. In epidemiological studies, air

pollution has been variably linked to increases in blood pres-

sure among healthy and susceptible individuals.57,58

Numerous epidemiological studies have linked air pollution

to exacerbation of cardiovascular diseases. Since autonomic

imbalance can mediate cardiovascular effects of air pollu-

tants,59,60 the individuals with underlying cardiovascular dis-

eases might be impacted through effects on sensory and central

autonomic pathways. Using WKY, SH, and 6 other healthy and

cardiovascular and/or metabolically compromised rat mod-

els,46,61 we obtained insights into how underlying host genetics

and disease phenotype may influence the response to inhaled

ozone. Measures of breathing,62 injury, and inflammation var-

ied greatly even between healthy strains.63 Furthermore, alveo-

lar lining levels of antioxidants, namely ascorbate and

glutathione, at baseline64 were correlated with lung physiolo-

gical changes, protein leakage, and inflammation when the

theoretical ozone dose was plotted against levels of ascorbate

in the lung lavage fluid.11 It was apparent that strains with

highest levels of ascorbate in the lavage fluid were minimally

affected by ozone in terms of injury and inflammation.63 For

example, obese and insulin-resistant James C. Russell (JCR)

rats, which have a propensity to develop vascular disease, each

having received low ozone effective dose (based on theoretical

calculation) and high levels of ascorbate at baseline in the lung

lining fluid, were least affected by ozone-induced lung vascular

leakage and inflammation. On the contrary, the stroke-prone

SH rats, which had the lowest level of lung lining ascorbate and

received the highest effective ozone dose, were highly suscep-

tible to lung injury and inflammation from ozone exposure.11,63

These data collectively demonstrated that ascorbate and glu-

tathione, the first line of defense in the lung lining,65 are at least

one of the critical determinants of susceptibility variation in

how ozone may induce lung injury and inflammation. How-

ever, the causal mechanisms responsible for achieving differ-

ential lung lining antioxidant levels and the connectivity to

other cellular physiological processes require further

investigations.

When examining the global gene expression patterns of the

lung in 5 genetically related strains which included healthy

WKY, SH, stroke-prone SH, obese spontaneously hypertensive

heart failure (SHHF), and obese insulin resistant JCR rats with

vascular impairment,61 we observed marked strain-related dif-

ferences in transcriptome at baseline. We noted that the base-

line pulmonary expression patterns of genetically closer strains

(SH, SH-stroke-prone, and SHHF), which were cardiovascular

compromised, were similar and reflected more severe cardiac

complications.40 However, the lung gene expression pattern of

JCR rats (genetically somewhat distinct than other strains,

derived by crossing LA/N-cp and SH obese rats46) was gener-

ally the opposite of the other strains, implying a strain-specific

variation in the transcriptome. We noted that 2 obese strains

due to their leptin receptor mutation (JCR and SHHF) had

opposing patterns of expression for most gene clusters in the

lung including the genes involved in metabolic processes.39

When exposed to ozone, these 5 strains shifted their lung

expression in the same direction, albeit at different levels.39

These changes in different rat strains suggest that while inhaled

ozone induces similar effects on the lung, there are quantitative

differences in expression of specific gene clusters in each strain

based on their underlying condition.39 Ozone effects on genes

in the lung were primarily noted in SHR and stoke-prone SHR,

but not in severely compromised SHHF and JCR.39 The whole-

transcriptome analysis of WKY and SH after ozone exposure,39

unlike few inflammatory gene changes examined in these

strains after fly ash particle exposure,48 provided a different

picture and insights into greater effects in SH rats of ozone than

in WKY rats.

As in the lung, when baseline expression of genes in the

heart tissue was determined, it was further apparent that JCR

and SHHF had opposing expression profiles, whereas those

genetically closer strains SHR, stoke-prone SHR, and SHHF

showed similar expression of genes.40 These data clearly

emphasized that the phenotypic expression of disease might

be similar in 2 strains of rats; however, the mechanisms that

bring about these phenotypes depend on the underlying genetic

differences and individual variability in the transcriptional

response of regulatory networks. Because of these complex-

ities, the therapeutic interventions targeted for a given disease

phenotype might not be similarly effective in all individuals.

These studies emphasize that the susceptibility variations are

complex, and a systems-based approach with continued use of

high-throughput technologies and identification of patterns of

changes in gene expression, epigenetic regulators, and pheno-

types collectively will provide increased understanding of

mechanisms and guide personalized therapeutic interventions

that will be effective.

Use of Rodent Models of Metabolic

Alterations in Air Pollution Susceptibility

Studies

Research on air pollution further expanded to include meta-

bolic diseases as a risk factor for exacerbated air pollution

effects, as new epidemiological evidence began to emerge link-

ing air pollution to these diseases (ie,. diabetes, metabolic syn-

drome, obesity).66,67 The interest in how diet could modify

health effects of pollutants prompted studies that included

unhealthy diets as modifiers of air pollution health effects.

Since air pollution was linked to a wide array of systemic

effects, the quest to identify circulating mediators that produce

systemic effects was also apparent.68–70 Likewise, the choice of

animal models used for understanding mechanisms of
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susceptibility variations began to include diet-induced predispo-

sition to metabolic diseases, such as obesity and diabetes. A

number of studies have been published examining how ozone-

induced inflammation may be associated with greater production

of interleukin-33 in obese mice and the modulation through

interleukin-17A and the influence of gut microbiota in exacer-

bating ozone-induced airway hyperresponsiveness.71–73

Although these studies have shown increases in ozone-induced

inflammatory response in obese mice, our use of 2 rat models of

obesity with genetic predisposition to cardiovascular diseases

showed no exacerbation of net ozone–induced injury and inflam-

mation relative to healthy rats.63 This suggests that multiple host

factors including genetic background might be critical in the

exacerbation of the inflammatory response in obese models.

Moreover, the regulatory mechanisms that control obesity might

influence susceptibility to lung injury and inflammation differ-

ently in individuals.

Diet supplementations and nutrient deficiencies have been

examined as modifying factors of air pollution–induced cardi-

opulmonary health impairments.74–77 Feeding of a high-fat diet

in healthy rats has been linked to increased metabolic impair-

ment and insulin resistance after repeated particulate matter

instillation.78 In a mouse model, high-fat diet has been shown

to increase insulin resistance after repeated exposure to parti-

culate matter, which correlated with increased plasma to tissue

ratio of heat shock protein-70 that has been shown to be a

biomarker of systemic changes associated with type 2 dia-

betes.79 High-fat diet in a mouse model has also been shown

to exacerbate changes in blood–brain barrier integrity after

traffic-related motor vehicle exhaust exposures as evidenced

by increased expression of oxidized low density lipoprotein

signaling in the vasculature.80 High-fat or high-carbohydrate/

fructose diets in male and female Brown Norway rats, which

are resistant to developing diet-induced obesity, showed

increased body fat percentage relative to lean mass in males,81

but when exposed to ozone, diet did not significantly exacer-

bate lung injury or inflammation. These studies imply that that

diet-induced susceptibility differences are dependent on model

selection and biological end point.

Individuals consuming healthy dietary fats might have

reduced responsiveness to air pollutants. Based on the health

benefits of omega-6 and omega-3 fatty acids in a clinical study

showing decreases in particulate air pollution–induced vaso-

constriction,82 we demonstrated that rats fed an omega-3-rich

diet, similar to humans, had attenuated vascular contractility

response to ozone.75 However, these rats developed foamy

macrophage accumulation in the lung with impaired lipid

transporters expression, suggesting inhibition of lipid surfac-

tant clearance.75 Although it is likely that the type and the

concentration of dietary supplements might play a role in this

adverse effect, lipid-rich diets with several unsaturated binding

sites are likely to have impact on the lung as lipids can accu-

mulate in the form of surfactant. And constant exposure to

oxygen and oxidant pollutants also makes the lipids more sus-

ceptible to oxidation within the lung. Thus, not only host

factors but also the type of intervention can impact the effects

of air pollutants.

Air Pollution and Neurobehavioral Impact:

Use of Animal Models of Neural Diseases

In the past decade, significant epidemiological and experimen-

tal evidence has been accumulated pertaining to the effects of

air pollutants on various brain areas and neurobehavioral

alterations.83 In epidemiological studies, exposure to air pollu-

tants has been linked to Alzheimer disease,84 depression and

suicide,85 cognitive dysfunction,86 Parkinson disease,87 autism

spectrum disorder,88 and neurodegenerative diseases.89

Recently, short-term exposure to air pollution has also been

associated with increases in criminal activities.90 However, to

date, only limited experimental studies have used animal mod-

els of brain disorders to determine whether and how air pollu-

tants interactively exacerbate the disease phenotype. In one

study, exposure to diesel exhaust for 5 to 13 weeks in female

5X familial AD mice prone to Alzheimer disease has been

shown to accelerate amyloid-b plaque formation in the brain

without having significant systemic inflammation.91 In a

genetic stress-sensitive rat model of depression, the Flinders

Sensitive Line rat, repeated ozone exposure is associated with

exacerbated behavioral alterations and oxidative stress in the

hippocampus and frontal cortex, relative to control animals.92

These studies are beginning to emphasize the role of neural

regulation in health effects of air pollutants and how central

mechanisms may contribute to human susceptibility variations.

Evidence of the Role of Neuroendocrine

System in Mediating Air Pollutant Health

Effects and Its Implications in Susceptibility

Variations

It is well-documented that when a stress is encountered, a

highly conserved host response will involve the activation of

2 major survival mechanisms, that is (1) mobilization of energy

sources from storage sites and channeling of metabolite pre-

cursors to organs where they are needed the most and (2)

recognizing the location of stress and mobilizing immune cells

to the site of injury to fight invading organisms or creating an

innate immune response that removes unwanted or damaged

tissues/cells to initiate healing process in case of an injury or

tissue damage.93 The degree of host response to a stressor will

depend on the underlying physiological condition and genetic

variability. The peripheral autonomic sensory nerves recognize

stress in the body and relay the information to the brain centers

through the activation of stress responsive regions.94 The sym-

pathetic and parasympathetic arms nervous system are acti-

vated. This leads to the activation of neuroendocrine stress

response pathways involving sympathetic–adrenal–medullary

(SAM) and hypothalamus–pituitary–adrenal (HPA) axes,

which release adrenal-derived stress hormones, such as epi-

nephrine and corticosterone/cortisol, respectively.95,96 These
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are the hormones, which through their receptors in various tis-

sues, mediate cellular metabolic and immune changes to protect

the host from stress. When stress is no longer a threat, these same

hormones reverse acute stressor–induced effects through feed-

back inhibition.97 Because of selective distribution of the stress

hormone receptor subtypes in the brain centers, these hormones

also regulate learning and memory that is likely linked to an

adaptation/habituation response.95,98,99 These host survival

mechanisms, well characterized for bodily injuries and infec-

tions, are tailored to the type of stressor encountered and the

location of the injury in the body (Figure 2). Any variations in

these mechanisms100 might impact how individuals differ in

their susceptibility to stressors.

Although the neuroendocrine-mediated activation of SAM

and HPA stress axes in maintaining homeostatic balance are

well characterized, prior air pollution studies neither system-

atically examined their involvement in peripheral and local

health effects nor assessed their potential significance in dis-

ease causation or susceptibility variations. In inhalation toxi-

cology studies, these acute reversible physiological changes

have been often recognized but not characterized for their sys-

temic and pulmonary consequences.101 Air pollution effects on

autonomic nervous system, and sympathetic and parasympa-

thetic reflex cardiopulmonary changes, however, have been

well characterized102,103 such that air pollution regulations, in

part, rely on evidence of autonomically mediated cardiovascu-

lar changes in heart rate variability.104,105

The research effort for identifying circulating mediators

responsible for extrapulmonary effects of air pollutants

prompted us to examine a wide array of circulating cytokines,

acute phase proteins, and metabolic hormones in our experimen-

tal studies. The lack of increases in circulating cytokines, in

general, but striking increases in leptin and acute phase proteins

in many of our studies106–108 led us to consider neural effects and

subsequent peripheral changes. The Gackière et al109 paper of

2011 showing the activation of hypothalamic stress responsive

regions in rats acutely exposed to ozone served as a catalyst for

us to consider neural mechanisms, especially the neuroendocrine

stress pathways in examining air pollution health effects and

how this may be important in susceptibility variations.

Figure 2. The proposed schematic of the mechanisms by which chemical and nonchemical stressors affect multiple organs through the activation/

suppression of neuroendocrine axes. HPA indicates hypothalamic-pituitary-adrenal; HPG, hypothalamus–pituitary–gonadal axes; HPT, hypotha-

lamus–pituitary–thyroid; SAM, sympathetic–adrenal–medullary.
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Linking Peripheral Metabolic and Immune

Effects of Irritant Air Pollutants to

Neuroendocrine Stress Pathways

Our first few studies on neuroendocrine pathways focused on

circulating stress hormones and characterization of resultant

peripheral effects. We demonstrated that ozone exposure

increased circuiting epinephrine, corticosterone/cortisol, and

acute phase response proteins.70,107,108 A single exposure to

ozone also resulted in a series of metabolic effects together

with depletion of circulating lymphocytes in a reversible man-

ner. These effects were not associated with the release of cyto-

kines from the lung into the circulation as metabolic effects

occurred before detectable lung inflammation.107,108 These

effects were characterized by the release of numerous free fatty

acids into the circulation, likely through ozone-induced adipose

lipolysis, increases in circulating branched-chain amino acids

indicating muscle protein catabolism, increased gluconeogen-

esis, inhibition of lipid synthesis as indicated by downregulated

gene expressions in the liver, and inhibition of bile acids

release into the circulation with increased cholesterol, indicat-

ing inhibition of cholesterol breakdown.108 Ozone exposure

produced hyperglycemia, glucose intolerance, and diminished

glucose-mediated insulin secretion from pancreatic b

cells.70,107,108 Subsequently, published epidemiological studies

incorporating metabolic homeostasis markers have reported

association between air pollution and indices of altered glucose

homeostasis.110,111

Animal studies involving exposure to another irritant air

pollutant, acrolein, which deposits primarily in nasal airways,

also exhibited similar peripheral metabolic changes.112

Acrolein-induced nasal injury/inflammation and also lung

inflammation were associated with increases in circulating

stress hormones, with diabetic rats being more susceptible to

metabolic effects.112 In a human clinical study where ozone

exposure occurred during intermittent exercise, similar

increases in a variety of free fatty acids in the circulation and

metabolites of membrane lipid breakdown together with

increases in cortisol/corticosterone were shown.113 Virtually,

all pathways associated with lipid metabolism were altered as

evident by changes in circulating lipid metabolites in humans

exposed to ozone.113 Thus, we demonstrated that this stress

response to ozone was coherent between species. There are a

few other recent studies that have also examined the activation

of the neuroendocrine system, especially the HPA in mediating

ozone effects.114–116 One earlier study examining the effects of

concentrated ambient particles in rats with allergic airways

disease showed changes in the stress response pathway.117 All

these effects observed in rat models and in humans indicated

that SAM and HPA axes were stimulated by ozone and acrolein

exposures and caused peripheral effects.118 This fight-or-flight

response, induced by other host stressors or injuries, likely

contributes to variations in susceptibility to effects of air pollu-

tion. Epidemiological studies have begun examining the bio-

markers of HPA activation and subsequent associations with

circulating stress hormones as well as metabolic alterations

after exposure to increased levels of air pollutants.119

The confirmation of the role of circulating stress hormones

in mediating systemic and pulmonary effects of ozone was

initially made using the intervention of adrenalectomy, since

adrenals are the main source of adrenaline and glucocorticoids.

As expected, bilateral total adrenalectomy depleted circulating

corticosterone and epinephrine nearly completely, but norepi-

nephrine levels did not change as it is produced by nerve term-

inals and acts locally in a paracrine manner.120 To our surprise,

adrenalectomy resulted in near elimination of all ozone-

mediated systemic metabolic, immunological, and pulmonary

effects emphasizing the role of circulating adrenal-derived

stress hormones in mediating these effects.120,121 In follow-

up studies, we demonstrated that if the receptors of these stress

hormones (ie, adrenergic and glucocorticoid) are selectively

blocked using pharmacological treatments, ozone-induced lung

injury and inflammation were inhibited in an antagonist-

specific manner.122 It was evident that the effect of blocking

glucocorticoid receptors was more central and reduced all

metabolic effects and systemic immunosuppression effects of

ozone (ie, depletion of circulating lymphocytes). On the other

hand, as b-adrenergic receptors are densely distributed in the

lung and regulate respiratory muscle tone,123 the blockade of

these receptors was associated with reduced local lung vascular

leakage and extravasation of neutrophils at the site of stress.122

These data implied that the tissue distribution for adrenergic

and glucocorticoid receptors is a critical determinant of the

organ-specific effects of air pollution–induced stress response.

The roles of b-adrenergic and glucocorticoid receptors in med-

iating ozone-induced lung injury/inflammation and systemic

effects were further established by a gain-of-function experi-

ment where adrenalectomized rats were treated with b-adrener-

gic and glucocorticoid receptor agonists and exposed to

ozone.124 Thus, any variations in these receptors distribution

in specific organs or the alterations in receptors sensitivity can

contribute to variability in host response to environmental

stressors in peripheral organs.

The autonomic activation by air pollutants likely involves

stimulation of sensory vagus nerves in the lung and brain

regions including brain stem and hypothalamus,109 leading to

the activation of SAM and HPA axes. The vagus nerve inner-

vating the lung originates from jugular and nodose ganglion,

which receives projections from the nucleus tractus solitarius

(NTS) of the brain stem.125 The neural connection from NTS to

hypothalamus involves norepinephrine and glucagon-like pep-

tide-1 neurons.126 Although ozone has been shown to activate

these stress responsive regions, it is still not clear if ozone-

induced changes in the lung initiates changes in the brain

through vagal sensory nerves or if there are circulating media-

tors which reach and cross the blood–brain barrier to induce

discrete effects on different brain regions including the

hypothalamus. The key initiating event for systemic changes

is currently being actively investigated in the field of air pollu-

tion health effects.127
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Our recent study has shown that acute ozone exposure

induces a wide array of gene expression changes in the brain

stem and hypothalamus that are similar to those induced during

hypoxia (ie, interferon signaling and the activation of stress path-

ways).128 These ozone-induced gene expression changes in rats

are associated with increases in adrenaline and corticosterone

while depleting prolactin, luteinizing hormone, and also

thyroid-stimulating hormone, suggesting the concomitant inhi-

bition of hypothalamus–pituitary–gonadal (HPG) and hypotha-

lamus–pituitary–thyroid (HPT) axes. The activation of SAM and

HPA and associated inhibition of HPG and HPT axes have been

reported after application of other stressors.129 These data sug-

gest that air pollutants, especially those that induce lung irrita-

tion, impact all neuroendocrine axes leading to suppression of

thyroid and reproductive pathways along with the activation of

adrenal axes (Figure 2). Importantly, most of the ozone-induced

changes in hormones are not evident in adrenalectomized rats,

implying the contribution of circulating adrenal-derived stress

hormones in regulating brain effects of ozone. Circulating stress

hormones are needed to produce lung effects of ozone, and if no

lung effects occur due to lack of stress hormones, no changes in

brain regions are noted.128 Glucocorticoids in conjunction with

mineralocorticoids and catecholamines have been shown to

interactively regulate the process of adaptation and habituation

centrally.99 The regulatory roles of adrenergic and glucocorti-

coid receptors systems and feedback inhibition need to be further

examined in relation to health effects of acute and chronic air

pollution exposures and more importantly how neuroendocrine

response variations may lead to variations in human susceptibil-

ity to air pollution health effects.

The Potential Contribution of Stress

Hormones in Adaptation/Plasticity

and Susceptibility Variations

Once released into the circulation, stress hormones exert their

cellular effects through adrenergic and glucocorticoid recep-

tors.130,131 Subtypes of adrenergic receptors regulate cardiovas-

cular functionality, smooth muscle tone, and other homeostatic

processes.130 Impaired adrenergic receptor function in the brain

has been shown to contribute to chronic stress in the central and

peripheral organs.132–135 Glucocorticoid receptors are important

in homeostatic cellular metabolic and immunological response

of peripheral organs and also in regulating stress, memory, learn-

ing, and habituation centrally.98,136 Impaired regulation of adre-

nergic and glucocorticoid receptors in the brain has been linked

to chronic stress and a number of neurological disorders includ-

ing depression and posttraumatic stress disorder. For example,

glucocorticoid resistance has been noted in a variety of neuro-

pathies and inflammatory conditions.131,137 There is evidence

that the selective distribution of mineralocorticoid and glucocor-

ticoids receptors in limbic areas, which regulate stress response,

is involved in habituation and learning.99 However, the impacts

of air pollutants on these receptor pathways have been poorly

examined.

Reversibility of air pollution–induced changes and the loss

of effects upon repeated daily exposure (often referred to as

adaptation, habituation, or tolerance) to some pollutants, spe-

cifically ozone, has been the area of research interest with

limited understanding of the mechanisms.138,139 Based on the

role of adrenergic and glucocorticoid regulation of habitua-

tion, learning, and memory99,130,131 and the activation of

SAM and HPA axes after a single air pollution exposure, it

is conceivable that the adaptation that occurs upon repeated

exposure to ozone will involve the loss of neuroendocrine

activation through adrenergic and glucocorticoid mechan-

isms. The importance of the presence of catecholamines and

glucocorticoids in the peripheral circulation, their increases

following stress, and in mediation of systemic, pulmonary,

and even brain effects of air pollutants120,121,124,128 empha-

sizes their role in regulation of adaptive, homeostatic, and

pathological processes.131,132 It has been shown that after

applying psychological stress, the changes in peripheral stress

hormones is necessary for inducing inflammatory changes in

the brain,135 implying the regulatory role of peripheral stress

hormones in orchestrating brain response. Our recent study

showing the lack of ozone effects on brain in adrenalecto-

mized rats corroborates with these findings.128 Thus, the

potential interactions between underlying host neurobeha-

vioral disorders and air pollutant modification of susceptibil-

ity through neuroendocrine system are likely (Figure 3). The

role of developmental reprogramming of neuroendocrine

pathways has been proposed to increase susceptibility of chil-

dren to allergic respiratory diseases in epidemiological stud-

ies.140,141 The use of animal models with impaired activation

of neuroendocrine stress response will prove useful in under-

standing how loss of adaptation can impact chronic diseases

after exposure to air pollutants.

Figure 3. A flowchart of interactive effects of air pollutants and non-

chemical stressors. Air pollutant–induced neuroendocrine activation
producing a stress response, which when combined with the impact of

other stressors and host susceptibilities may still maintain plasticity
and lead to adaptation through adrenergic and glucocorticoid recep-

tors or produce an impairment.
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Neuroendocrine Activation and Allostatic

Load in Susceptibility Variations

The concepts of neuroendocrine-mediated allostasis, habitua-

tion/adaptation, homeostasis, and allostatic load are not new

and have been examined for decades in relation to the plasticity

or the lack thereof of neuroendocrine system to accelerate

disease.95,126,142–145 How poor socioeconomic conditions,

diets, environmental exposures, and psychosocial stressors

together with genetic predisposition can push the homeostatic

system to lose plasticity and increase the susceptibility to

chronic diseases, including acceleration of aging, has been

studied and incorporated in modeling approaches to quantify

health burden from stressful life conditions. However, this has

Figure 4. A proposed mechanistic paradigm of how air pollutants with other stressors contribute to individual variations in disease susceptibility.

Acute exposure to all air pollutants may produce reversible homeostatic systemic metabolic and immune effects in a stressor-specific manner
through neuroendocrine activation. Upon repeated encounter of stressors, however, there is likely a loss of adaptation/plasticity adding to allostatic

load which can exacerbate disease. The pollutants that accumulate in the lung over time and produce low chronic irritation in lung epithelial cells
additionally can induce local proliferative changes with the loss of adaptive stress response that can ultimately lead to active granuloma/fibrosis and/or

lung cancer. This can have added contribution to the allostatic load and contribute to variation in susceptibility. VOCs = volatile organic chemicals.
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not been done for air pollution as an environmental stressor.

The new epidemiological119,146 and experimental12 evidence

of the involvement of neuroendocrine system in mediating air

pollution effects necessitates its incorporation in allostatic load

modeling and assessing the contribution to human mortality

and morbidity.

Air pollutants are physicochemically diverse, and therefore,

their deposition, solubility, and retention can influence the

extent to which acute neuroendocrine stress response is pro-

duced after inhalation. When exposures occur repeatedly over a

long period of time or when chronic exposure leads to retention

of inhaled pollutants, local lung irritation can result in induc-

tion of fibrotic processes ultimately causing proliferative

changes or even cancer with some exposures (Figure 4). The

pollutants that activate central stress responsive regions and

the neuroendocrine axes will, based on host susceptibilities

or the presence of other stressors, induce systemic metabolic

and immunological changes to counteract stress. When over-

whelmed by repeated encounters of stressors or cumulative

impacts, the adrenergic and glucocorticoid functions can be

impaired. This can contribute to allostatic load, causing neural

dysregulation, chronic inflammation, and peripheral metabolic

disorders based on the preexisting conditions (Figure 4). Thus,

when examining susceptibility variations from exposure to air

pollutants, multiple host conditions, the contribution of neu-

roendocrine pathways, and chronicity of air pollution exposure

should be incorporated into study designs.

Future Perspective

The epidemiological studies have provided associations

between air pollution and biological as well as physiological

indicators of chronic pulmonary and cardiovascular dis-

eases,57,58 metabolic diseases (including obesity),66,67,146 neu-

ropsychiatric disorders, and even low birth weight

outcomes,147 suggesting a mechanistic link. Given the evi-

dence that the air pollutant effects are mediated through

changes in endocrine activities, that the impairment of neu-

roendocrine function is linked to virtually all chronic dieases,

and that the neurobehavioral disorders and chronic peripheral

diseases coexist, necessitates more focused studies along neu-

roendocrine axes using systems approach. Epidemiological

associations, such as those showing increases in blood glu-

cose148 and increases in pulmonary inflammation in children

who are receiving bronchodilators,149 can be linked to air pol-

lution–induced activation of neuroendocrine response and

release of stress hormones in the circulation.12,119,146 Thus, the

role of neuroendocrine system in air pollution and chronic

disease susceptibility is mechanistically plausible; however,

clear understanding of stressor-specific outcomes and interac-

tive role of neural regulation in susceptibility variations

remains an area needing further research. Although adrenergic

and glucocorticoid receptor systems have been widely manipu-

lated for currently used therapeutic interventions to treat

chronic diseases,150,151 further understanding of the role of

central neuroendocrine mechanisms in air pollution health

effects offers opportunities to identify new mechanistic path-

ways for therapeutic interventions. Other well-recognized

interventions that could improve health of susceptible individ-

uals include access to healthy living conditions, healthy diets,

and reduced psychosocial stressors that are linked to health

disparities.

Impaired neuroendocrine regulation of homeostasis can

contribute to host susceptibility in the presence of other stres-

sors, such as chronic diseases, obesity, psychosocial pressures,

poor diets, genetic predisposition, and air pollution. Epidemio-

logical association studies have begun to incorporate the allo-

static load concept in air pollution studies.152,153 The concepts

of chemical and nonchemical stressors, external and internal

exposomes, and one health have already emerged.154 Given the

role of neuroendocrine system in processing all perceived

stress signals centrally and producing stressor-specific meta-

bolic and immune responses through coordination of all organ

systems, one can presume that its malfunction can lead to

abnormal stress response and increase in host susceptibility.

Assessing the biological plausibility for interactive influence

of each of these risk factors and identifying the biological

indicators or group of indicators of stressor-induced suscept-

ibilities with or without air pollutants will contribute to

mechanistic understanding of the overall health out-

comes.145,155,156 As modeling approaches have been applied

to assess the risk of cumulative stressors on overall well-

being, health, and longevity, more emphasis is needed to under-

stand molecular mechanisms with systems concepts in mind.

New insights have also emerged in the biology of developmen-

tal processes, and therefore, the research on understanding how

early life stresses may predispose one to adulthood diseases has

grown157 (not covered in this article). The incorporation of the

neuroendocrine homeostatic mechanisms and dynamicity of

response with consideration of all life stressors, host physiol-

ogy, and genetics, with or without incorporating air pollutant

exposure, will be useful in understanding the mechanisms of

susceptibility variations.
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SUPPLEMENTARY METHODS: 	��

Sham  and adrenalectomy surgeries in rats 	��

Male 12–13 weeks old rats were anesthetized by injection of ketamine (25–50 mg/kg in 	��

saline; i.p.). After confirmation of complete anesthesia, buprenorphine was administered 		�

(0.02 mg/kg/ml in saline; s.c.) for analgesia. Animals were placed in sternal recumbency 	
�

position, prepared for aseptic surgery procedure and given to trained veterinarians from 	��

Charles River Laboratories Inc. who performed surgeries under sterile conditions. 	��

Surgeries were performed using protocols established at Charles River Laboratories 	�

Inc. If needed, additional anesthesia was provided by nose-only inhalation of vaporized 	��

isoflurane (3%). Right and left glands were removed for ADREX group while for SH 	��

group the same surgical procedures were performed except that adrenals were not 
��

removed. Immediately after surgery, the rats were placed on heating pads and closely 
��

monitored by observing their movements. Once awake, rats were injected with 
��

meloxicam (0.2 mg/kg; s.c.) and for analgesia. Additionally, rats were injected with 
	�

buprenorphine (0.02 mg/ml/kg, s.c.) for two more times every 8-10 hrs for continued 

�

analgesia. After surgery, the animals were pair housed with Enviro Dry 
��

enrichment/nesting material. To maintain adequate fluid and electrolyte balance, AD 
��

rats were provided with saline (0.9% sodium chloride) while SH rats received normal tap 
�

water and both groups were provided with powdered as well as pelleted diets, both ad 
��

libitum except during exposure to air or ozone. Based on previous reports (Nicolaides et 
��

al., 2013; Sakakibara et al., 2014), rats were given a recovery period of 4–6 days prior ���

to any exposure. There were no signs of evident distress and food and water ���

consumption were similar for SH and AD groups (Miller et al., 2016a). ���

 �	�
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�

Brainstem and hypothalamus total RNA isolation and mRNA sequencing  �
�

The entire frozen hypothalamic and brainstem regions were processed for RNA ���

extraction (n=4 per group). Total RNA was isolated following manufacturer protocol ���

indicated by Direct-Zol RNA MiniPrep kit from Zymo Research (Irvine, CA, USA) and ��

quantified using Qubit RNA reagent (Invitrogen, Waltham, MA, USA). Using prepX ���

polyA mRNA Isolation Kit (Wafergen Biosystems, Fremont, CA, USA), the mRNA was ���

isolated from total RNA. Samples were run in Apollo324 automated sample processing ���

system for mRNA selection. RNA-Seq library was prepared with Wafergen's PrepX ���

mRNA 48 Protocol. cDNA libraries were amplified by 15 PCR cycles with indexing ���

primers according to Wafergen's protocol. dsDNA from each library was quantified by �	�

Qubit dsDNA HS Assay kit (Molecular Probes, Eugene, OR, USA) and the quality was �
�

checked by Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Each ���

library was diluted to 4 nM by estimating the average molecular sizes from Bioanalyzer ���

data and the concentration from Qubit measurement. Pooled and indexed libraries were ��

sequenced according to Illumina NextSeq 500 protocols (2.5-3.2 pM + 2% PhiX from ���

Illumina Inc., San Diego, CA, USA). The sequencing data were stored in Illumina's ���

BaseSpace-cloud.����

Nextseq data normalization and bioinformatics ��

Sequenced mRNA reads were mapped to the rat genome (rn6) using ensemble ��

release 83 in the Partek® Flow suite. R version 3.2.3 (2015-12-10). Differential gene 	�

expression was assessed in DESeq2 package in R (v. 1.10.1) (Love et al., 2014) 
�

rounding the count matrix to the nearest integer and considered different when the ��
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�

adjusted p value (FDR) was �0.1. Pathway heatmaps of normalized counts from ��

DESeq2 were created using the heatmap.2 function of the g-plots package (Warnes et �

al., 2015). Pathway/set enrichment was performed using the eXploring Genomic ��

Relations (XGR) package in R (http://xgr.r-forge.r-project.org/; Fang et al., 2016). ��

Pathway analyses were conducted using genes identified as differentially expressed at ���

adjusted p value < 0.10. Pathway ontologies were defined by the molecular signature ���

database hallmark gene set (MsigDBH; Liberzon et al., 2015) and the immunologic ���

signature gene sets (MsigDBC7). For each ontology set tested, pathway testing was �	�

considered significant at FDR < 0.10 for the enrichment statistic. Upstream analysis �
�

tools from Ingenuity Pathways Analysis® (IPA®, QIAGEN Redwood City, ���

www.qiagen.com/ingenuity) software were used to compare our results with previously ���

reported databases. By overlapping genes differentially expressed after ozone exposure ��

with genes differentially expressed by the action of multiple upstream regulators, it is ���

possible to obtain a p-value of the overlap. An activation score predicting an activated ���

state (changes similar to those induced by ozone) or an inhibited state (changes ���

dissimilar to those induced by ozone) is defined by an activation z-score of >2 or <-2, ���

respectively. ���
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Supplementary Figure 1: Hallmark gene sets significantly enriched after ozone ��	�

exposure in brainstem and hypothalamus of SHAM rats. Genes for each hallmark ��
�

gene sets are shown in heatmaps for those defining inflammatory response [200 genes] ����

(A), genes up-regulated by IL6 via STAT3 e.g. during acute phase response [87 genes] ����

(B), genes up-regulated in response to low oxygen (hypoxia) [200 genes] (C), and ���

genes up-regulated through activation of mTORC1 complex [200 genes] (D). ����
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Justifications:

Justification 1:

Watersheds encompass all biotic and abiotic components— including
people—within their boundaries and provide a range of services valued by the
society. Thus, watersheds are a foundation of our cultural, economic, spiritual and
social well-being and, as such, a critical focus of water resource management.
Evaluating the integrity of a watershed represents a societal and a scientific
challenge, because watersheds are used and managed for a diverse, interrelated
range of activities. The concept of watershed integrity is challenging both in terms
of defining what it actually is and developing approaches and tools to allow its
evaluation. The assessment of watershed integrity also requires approaches that are
scale appropriate and enable strategic problem-solving. It has been said that the
ultimate challenge for watershed and river science is to integrate and synthesize
watershed and river information available from all levels of inquiry into an
understanding that is meaningful and can be used by managers and decision-makers.
This peer-reviewed publication represents a major step forward in this process in
that it provides an agency-reviewed and approved operational definition of the term
watershed integrity…and also provides a template for how it can be effectively and
efficiently measured.

There are a number of terms related to the aforementioned challenge (e.g. watershed
integrity, aquatic condition and watershed health) that have separate meanings.
However, these meanings are often blurred because of a lack of standardized
definitions. This manuscript, provides distinct definitions for these different terms,
which should allow the scientific community to better address the needs of
decision-makers. This includes the main focus of this paper, watershed integrity,
which was defined as ‘as the capacity of a watershed to support and maintain the

full range of ecological processes and functions essential to the sustainability of

’.biodiversity and of the watershed resources and services provided to society

Beyond defining the term “Watershed Integrity”, the paper developed an
operational index to evaluate the level of integrity. For this index, a human health
analogy was used to identify six key watershed functions (viz. hydrologic
regulation, regulation of water chemistry, sediment regulation, hydrologic
connectivity, temperature regulation and habitat provision) and the specific risk
factors, or stressors, which impact them. Examples of national datasets that can be
used to evaluate these risk factors were provided. The authors also derived a
mathematical expression that evaluates watershed integrity by combining the
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integrity of the six watershed functions, where the integrity of each is based on the
relative presence of specific stressors. This expression assumes the quantitative
relationships between multiple interacting stressors and the key functions are
known. Although such relationships do exist, the availability of this information is
limited and represents an ongoing need for additional research. However, the
authors also showed how first-order approximations can be used in the absence of
such information, given that many of these relationships are as yet unknown. The
derived approach can be iteratively applied and improved as these relationships
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become known and/or as new national datasets become available. A significant
aspect of the developed approach is that it allows users to avoid the use of least
degraded sites to describe reference condition.

A characteristic of the developed index is that it can be readily deconstructed in
support of strategic adaptive management; that is, the risk factors of the watershed
index score can be examined individually to evaluate how each is influencing the
overall index score. This affords managers the opportunity to examine how each
factor might be managed differently to better achieve overall objectives. For
example, if the index score for a given watershed is below an established threshold,
the factors bringing the overall index score down can easily be identified. If
multiple factors are negatively influencing the overall score, a cost–benefit analysis
of available management options then could be conducted to identify the best course
of action to achieve desirable management endpoints.

Previous efforts to assess the status of watersheds on larger scales, though limited in
number, have been undertaken in the USA and elsewhere. For example, in the USA,
the U.S. Fish and Wildlife Service, along with the National Marine Fisheries
Service and the Association of Fish and Wildlife Agencies, developed and
implemented the National Fish Habitat Action Plan. Its objective was to protect,
restore and enhance the nation’s fish and aquatic communities through partnerships
to foster fish habitat conservation. Similarly, the U.S. Forest Service developed the
Watershed Condition Framework, which employed an integrated, systems-based
approach for classifying watershed condition based on an evaluation of underlying
ecological, hydrological and geomorphic states. These programs focus solely on
identifying high-quality aquatic resources and make use of locally collected data
(e.g. biota and water quality) that are not available nationally. The author’s intent
was to develop a watershed integrity index that can be applied nationally. This
approach differs because it focuses on the functional attributes of these systems,
rather than simply relying on more easily obtainable state components. It also
differs technically through its use of appropriately scaled data that identify risk
factors that impact these key functions. Beyond informing on the biogeochemical
health of the immediate system, a focus on functional attributes provides
information that can be used to explain and predict the effects of watershed
discharges on downstream riverine and estuarine condition.
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Data resulting from the now complete national-scale mapping and assessment of
watershed integrity was completed using the StreamCat database. These data are of
value to states and watershed organizations initiating healthy watershed and other
programs. These programs augment the watershed approach with proactive, holistic
aquatic ecosystem conservation and protection designed to conserve critical
components of watersheds and, therefore, avoid additional water quality
impairments in the future. These national maps are also helping identify watersheds
with high integrity as well as those at risk and help to prioritize conservation and
restoration. The index of watershed integrity developed is providing high quality
information at a broad spatial scale that is allowing ecosystem management to focus
on achievable and measurable outcomes underpinned by quality science.

Justification 2A:

n/a

Justification 2B:

n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:
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The nominated paper has been cited by 45 other scientific papers (Google Scholar).
This includes papers authored from the countries of Albania, Australia,
Burkina-Faso, Canada, Chili, China, Germany, Ghana, Hungary, Indonesia, Iran,
Mexico, Portuguese, Russia, Switzerland, Thailand, and United Kingdom. The
application of the developed index was also mentioned in a 2016 United Nations
Environmental Program (UNEP) publication titled “International Water Quality
Guidelines for Ecosystems” as a tool useful in the desktop screening centered on
ecosystem health.

The Index of Watershed Integrity has also been the basis for multiple research
efforts at major universities. For example, Kearpack et al. 2020 (Colorado State
University; 
https://www.sciencedirect.com/science/article/abs/pii/S1470160X19310477) used it
as the basis for their research towards the develop of an Index of Floodplain
Integrity. And at Dartmouth, Jonathon Loos is using data generated by the Index to
explore links between biophysical parameters of watershed function to the human
systems of governance and institutional factors that impact them.

Researchers working on the IWI project have also been requested to lend
their expertise and lead efforts for applying the Index to watersheds of the
western Balkans, including rivers in Albania, Bosnia and Herzegovina,
Kosovo, North Macedonia, Montenegro, and Serbia (Aho et al. 2020) and
the Mat-Su basin in Alaska (Aho et al. 2020). Potential applications to the
European Union are of interest (collaborator: Miriam Glendell, The James
Hutton Institute) and a separate application for Poland (collaborator: Joanna
Zawiejska, Pedagogical University of Krakow, Poland). 

Justification 3B:

Given the high-profile nature of this project, this paper was submitted to extensive
U.S. EPA review prior to being submitted for external review by the journal. This
review process included scientists from within and outside of the Agency.
Reviewers from within the Agency, but outside the normal review process included
Gary Davis, Thomas Fontaine, Steve Paulsen and Walt Foster (ORD Senior
Scientists); Laura Gabanski, Richard Mitchell, Doug Norton, Joseph Tiago and

https://www.sciencedirect.com/science/article/abs/pii/S1470160X19310477
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Karen Metchis (Office of Water); Andy Gillespie (Associate Director for the
National Exposure Research Laboratory), and Suzanne van Drunick (National
Program Director for ORD’s Safe and Sustainable Water Research). Reviewers
from outside the agency included Chuck Hawkins (Utah State University), and
Murray Scown (University of New England, Australia); both of whom are well
recognized in their area of expertise.

After being cleared by U.S.EPA, the manuscript was submitted to River Research
and Applications for consideration. Upon the receipt by the journal, the
Editor-in-Chief recognized it as a candidate for ARENA designation by the journal.
ARENA is a designation reserved for papers of high significance. This designation
also means that the manuscript was critically reviewed by then Editor-in-Chief, Dr.
Geoffrey Petts, Vice-Chancellor and Rector of the University of Westminister. After
review and revision, the paper was indeed published as an ARENA paper.
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ARENA PAPER

A WATERSHED INTEGRITY DEFINITION AND ASSESSMENT APPROACH TO
SUPPORT STRATEGIC MANAGEMENT OF WATERSHEDS

J. E. FLOTEMERSCHa*, S. G. LEIBOWITZb, R. A. HILLc, J. L. STODDARDb, M. C. THOMSd AND R. E. THARMEe†
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b U.S. Environmental Protection Agency, National Health and Environmental Effects Research Laboratory, Corvallis, Oregon, USA

c ORISE post-doc, c/o USEPA, National Health and Environmental Effects Research Laboratory, Corvallis, Oregon, USA
d Riverine Landscapes Research Laboratory, University of New England, Armidale, NSW, Australia

e The Nature Conservancy, Derbyshire, UK

ABSTRACT

Watersheds are spatially explicit landscape units that contain a range of interacting physical, ecological and social attributes. They are social–
ecological systems that provide a range of ecosystem services valued by the society. Their ability to provide these services depends, in part,
on the degree to which they are impaired by human-related activity. An array of indicators is used by natural resource managers, both private
and government, to assess watersheds and their sub-components. Often these assessments are performed in comparison with a reference con-
dition. However, assessments can be hampered because natural settings of many systems differ from those sites used to characterize reference
conditions. Additionally, given the ubiquity of human-related alterations across landscapes (e.g. atmospheric deposition of anthropogenically
derived nitrogen), truly unaltered conditions for most, if not all, watersheds cannot be described. Definitions of ‘integrity’ have been devel-
oped for river ecosystems, but mainly at the reach or site scale and usually for particular species, such as fish or macroinvertebrates. These
scales are inappropriate for defining integrity at the watershed scale. In addition, current assessments of endpoints do not indicate the source
of impairment. Our definition of watershed ‘integrity’ is the capacity of a watershed to support and maintain the full range of ecological pro-
cesses and functions essential to the sustainability of biodiversity and of the watershed resources and services provided to society. To
operationalize this definition as an assessment tool, we identify key functions of unimpaired watersheds. This approach can then be used
to model and map watershed integrity by incorporating risk factors (human-related alterations or stressors) that have been explicitly shown
to interfere with and degrade key functions in watersheds. An advantage of this approach is that the index can be readily deconstructed to
identify factors influencing index scores, thereby directly supporting the strategic adaptive management of individual components that
contribute to watershed integrity. Moreover, the approach can be iteratively applied and improved as new data and information become
available. © 2015 The Authors. River Research and Applications published by John Wiley & Sons Ltd.

key words: index of watershed integrity; IWI; watershed management; scale; sustainability; healthy watersheds
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INTRODUCTION

Watersheds provide a range of ecosystem services that are
valued by the society (Costanza et al., 1997, 2014; TEEB
2010). These include supporting services (e.g. soil formation,
nutrients and primary production), provisioning goods and
services (e.g. food, water, wood, fibre and fuel), regulating
services (e.g. climate regulation, flood regulation and water
purification) and cultural services, such as recreation and spir-
itual activities (de Groot et al., 2002; Millennium Ecosystem
Assessment, 2005). Many of these services are directly related

to the flow and function of water and its constituents within
watersheds. Despite the recognition of the importance of these
functions, water in many regions is viewed primarily as an
exploitable commodity for human use, that is, a provisioning
service. As a result, the wider range of benefits of watershed
services has had limited recognition outside of scientific
circles. The quality and quantity of services generated by
watersheds are rapidly declining (Farber et al., 2002) because
of accelerating rates of land-use change, water consumption
and climate change inter alia. The deteriorating state of
freshwater biodiversity, globally, reflects these impacts
(Dudgeon et al., 2006; Butchart et al., 2010).
Governments recognize the stress that humans can place

on the finite natural resources of watersheds and have pro-
gressively implemented policies intended to assure greater
sustainability of water-dependent services. Early policies

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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†Present address: Riverfutures Inc., Derbyshire, UK.

RIVER RESEARCH AND APPLICATIONS

River Res. Applic. 32: 1654–1671 (2016)

Published online 23 October 2015 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/rra.2978

© 2015 The Authors. River Research and Applications published by John Wiley & Sons Ltd.



focused on specific impacts (e.g. point-source pollutants),
the overuse of certain resources, protection or habitat resto-
ration. However, these early efforts often failed to address
chronic problems that contribute to longer-term declines in
the structure and function of watersheds, such as pollutants
associated with non-point run-off from urbanized and
agricultural areas (USEPA, 1996). Moreover, the focus on
individual resources or habitats usually fails to recognize
watersheds as complete, intra-connected systems.
The advent of watershed initiatives in the 1990s brought

more holistic and interdisciplinary approaches to watershed
management (Mitchell, 1990; Cairns and Crawford, 1991;
Noss, 1995; Karr, 1996; Kenney, 1997; Hull et al., 2003).
This holistic view of watersheds was critical for several rea-
sons. First, watersheds are hierarchical systems that function
at different levels of organization and scale (Thoms et al.,
2007). A feature of hierarchical systems is that changes at
large scales have slower rates of behaviour while changes
at small scales occur more quickly (O’Neill and King,
1998). In addition, hierarchical systems exhibit emergent
properties, whereby properties and behaviours at higher
levels cannot be simply deduced from the collective func-
tioning of their parts (Allen and Starr, 1982). Thus, it may
be scientifically inappropriate to use information collected
at the site or reach scale to assess watershed-scale attributes
(Dollar et al., 2007). Second, watersheds are social–
ecological systems, and their ability to provide a range of
services is dependent on each component functioning and
interacting properly (Bunch et al., 2011; Walker and Salt,
2012). In other words, society depends on ecological sys-
tems to provide ecosystem goods and services (hereafter
referred to as ecosystem services; Malinga et al., 2015 and
references therein), and in turn, exploited ecological systems
depend on the society to maintain them in a way that ensures
their long-term functioning (Berkes, 2007).
Recently, the use of the term ‘watershed integrity’ to

identify and describe desirable watershed management end-
points has increased (USEPA, 1998, 2012c; Novotny, 2004;
Van Abs, 2013). However, ambiguity exists as to what this
term actually means. At one extreme, watershed integrity
has been used as an extension of biological and ecological
integrity, thus positioning it as a benchmark free from human
influences (Novotny, 2004; USEPA, 2012c). At the other
extreme, watershed integrity has been employed to describe
systems that support the sustainable flow of ecosystem
services to society, such that the term is not divorced from
human influence (USEPA, 1998; Van Abs, 2013).
A clear definition of watershed integrity can advance our

understanding and discussion of this concept, especially
within an interdisciplinary domain such as watershed sci-
ence (Noss, 1995; Wicklum and Davies, 1995; Karr, 1996;
Hull et al., 2003; Bennett et al., 2009). However, definitions
alone do not support the quantification of differences in

watershed character between areas, measurement of changes
in state over time or specification of the level at which
efforts could be made to preserve or restore integrity
(Noss, 1995). To do this, we must make the term ‘watershed
integrity’ operational—i.e. capable of being measured. Thus
we need to identify the individual features and processes
that maintain watershed integrity and identify human-related
factors that degrade these features and processes.
With these requirements in mind, we cover three objectives

in this paper. First, we provide a definition of watershed integ-
rity. To assist in this definition, we also discuss terms that are
closely related to watershed integrity;, including biological
integrity, ecological integrity, watershed health, healthy water-
sheds, aquatic condition, watershed resilience and watershed
sustainability. Without such context, watershed integrity may
be confused with other terms, creating ambiguity and skepti-
cism as to its value and possibly undermining watershed man-
agement strategies (Hull et al., 2003). Second, we identify key
functions that define unimpaired watersheds. Third, we make
watershed integrity operational by identifying risk factors
(i.e. human-related stressors) that are known to impact these
key functions interfering with and degrading the structure,
function and feedbacks of watersheds. Indicators for these
stressors are then used to construct an index to assess water-
shed integrity.

DEFINING WATERSHED INTEGRITY

Watershed integrity is similar to many terms common in the
fields of ecology and geomorphology (i.e. sustainability, health,
biodiversity and ecological integrity) in that it describes activi-
ties at the interface between sub-disciplines of environmental
science, policy and management (Hull et al., 2003). Successful
interdisciplinary research requires the ‘explicit joining of two or
more areas of understanding into a single conceptual-empirical
structure’ (Pickett et al., 1994), which can then generate com-
mon and agreed terms (Dollar et al., 2007). Watershed integrity
is a compound phrase, and to avoid confusion, misinterpreta-
tion or relegation to the status of a buzzword, it requires a
comprehensive definition (Wicklum and Davies, 1995). This
definition should include a statement of the word’s meaning,
intended use and how it may be measured or expressed quanti-
tatively or operationalized (Noss, 1990; Hull et al., 2003;
Lackey, 2003). Herein, the two separate words of watershed
integrity are examined independently and then collectively.

Watershed

A watershed is the landscape that contributes surface water
to a single location, such as a point on a stream or river, or
a single wetland, lake or other waterbody (Langbein and
Iseri, 1960; Dingman, 2002; Brutsaert, 2005). A watershed
comprises a set of physical, chemical and biological
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elements connected by the flow of water. This definition
is analogous to the terms ‘catchment’ and ‘drainage basin’.
Watersheds are delimited based on topographic divides;
thus, they represent areas that collect precipitation that
contribute water to a specific location. Commonly, these
surficial watershed boundaries are superimposed on aquifer
boundaries, and the two often do not align. Thus, the hy-
drology of a watershed is not just affected by precipitation
and surface water; groundwater also plays a major role. This
can be seen by considering what distinguishes ephemeral from
perennial and intermittent streams: ephemeral streams respond
directly to precipitation, while perennial and intermittent
streams receive groundwater inputs for all (perennial) or a por-
tion of (intermittent) the year (Mosley and McKerchar, 1993;
Winter et al., 1998; Rains and Mount, 2002; Rains et al.,
2006; Winter, 2007). Reconciling the alignment of surficial
and groundwater boundaries, understanding their interaction
and assessing how humans influence each are major
challenges. In this paper, we focus primarily on surficial
watersheds, but inclusion of groundwater/surface water inter-
actions is possible within this framework as consistent, nation-
wide datasets become available.
Watersheds are hierarchically organized (spatially nested)

systems, and their delineation depends on the context of the
question being asked and the scale of focus (Thoms et al.,
2007). For example, a watershed may represent the landscape
upstream of a single, first-order tributary or the area could be
as large as the Mississippi River, which drains about 42% of
the continental USA (Brown et al., 2005). While the watershed
for a given point on a stream network is dictated by the drain-
age divide, the question of which point to choose is a matter of
objectives. Therefore, any watershed characterization must be
scale-dependent, contain a description of how the area was de-
fined and include the questions, management objectives or
other factors that led to the watershed delineation.

Integrity

Integrity has two general definitions. First is a value judge-
ment of human character (e.g. adherence to moral and ethi-
cal principles, soundness of moral character and honesty),
and second is a judgement of condition. It can also be
defined as ‘the state of being whole, entire, or undiminished’
or ‘a sound, unimpaired, or perfect condition’ (Merriam-
Webster, 1993; Dictionary.com, 2014). Of these definitions,
‘judgement of condition’ is most consistent with how the
word is used with respect to the environment.
Aldo Leopold first used the term ‘integrity’ in an environ-

mental context, writing that ‘a thing is right when it tends to
preserve the integrity, stability, and beauty of the biotic
community. It is wrong when it tends otherwise’ (Leopold
1949; p 224–225). Since Leopold’s landmark essay, numer-
ous authors have contributed to the evolving definition of

integrity, especially biotic integrity (e.g. Frey, 1975; Karr
and Dudley, 1981; Karr et al., 1986; Angermeier and Karr,
1994). With these works as a foundation, Karr (1996)
defined biological integrity as ‘the capacity to support and
maintain a balanced, integrated, adaptive biological system
having the full range of elements (genes, species, assem-
blages) and processes (mutation, demography, biotic inter-
actions, nutrient and energy dynamics, and metapopulation
processes) expected in the natural habitat of a region’. Karr
(1981) explicitly linked the degradation of biological integ-
rity to human-related alterations of aquatic ecosystems. Fur-
thermore, he stated that natural variation, including natural
disturbance regimes, in these systems is not considered to
alter integrity. For example, streams are inherently dynamic
and floods or drought of particular magnitude, frequency
and duration may represent natural disturbances, but not
stressors (Resh et al., 1988, Allan and Castillo, 2007). A
similar distinction can be made for systems that are sus-
ceptible to other natural disturbance regimes, such as fires
(Shinneman et al., 2013) or hurricanes (Scatena et al.,
2012). In addition, biota within these systems exhibits a high
degree of adaptation to such disturbances (e.g. Shinneman
et al., 2013, Bae et al., 2014). Here, we likewise distinguish
natural disturbances from stressors imposed by human-
related activity. However, we recognize and consider human
activity that alters natural disturbance regimes to be stressors
(e.g. natural flooding disrupted by reservoir management).
Similarly, human-induced disturbance that emulates a natu-
rally occurring disturbance would also be considered a
stressor (e.g. human-initiated forest fires).
Some uses of the term integrity imply a condition with

little or no human-related alteration (Angermeier and Karr,
1994; Callicott et al., 1999). In reality, there are few, if
any, pristine watersheds (Oliveria and Cortes, 2006), and
the probability that altered watersheds could return to pre-
industrial conditions with the removal of human influence
is low. As such, the society must consider what level of
diminished integrity and potential loss of biodiversity is
acceptable in exchange for the services provided by water-
sheds. For some, the question narrows to the following:
what level of integrity must be maintained in a system to as-
sure the sustainable flow of services desired by the society?
Here, we define integrity in an environmental context as

the capacity of a system (and its sub-components) to support
and maintain the full range of ecosystem processes and
functions essential to the long-term sustainability of its it is
diversity and natural resources.

Watershed integrity

Using these separate definitions within an environmental
context, we define watershed integrity as the capacity of a
watershed to support and maintain the full range of
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ecological processes and functions essential to the sustain-
ability of biodiversity and of the watershed resources and
services provided to society. This definition positions water-
shed integrity as a management tool that can be used to ad-
dress whether or not existing watershed infrastructure is
capable of supporting sustainability goals. Note that while
this definition focuses on surface water, because of how a
watershed is defined, the effects of groundwater in contrib-
uting to watershed integrity are acknowledged.

RELATED TERMS

To distinguish watershed integrity as a management con-
struct and clarify its role in the larger context of watershed
management, a discussion of closely associated watershed
conservation terms is warranted.

Biological and ecological integrity

Since Karr’s seminal work (Karr 1981), biological integrity
has often been used interchangeably with ecological integrity
(e.g. Noss, 2004). While similar in concept, biological
(or biotic) integrity only refers to the integrity of the biotic
components of a system. Ecological integrity expands the
domain of focus to include both biological (e.g. species
abundance and composition) and physical (e.g. geological,
chemical, habitat, water and sediments) components
(cf. Barbour et al., 2000; Novotny, 2004). Initially, the con-
cept of ecological integrity suffered from a degree of vague-
ness but was clarified by Woodley (1993) who stated that
ecological integrity is optimized for its geographic location.
A definition put forth by Schofield and Davies (1996) further
clarified ecological integrity as the ‘ability of aquatic ecosys-
tems to support and maintain key ecological processes and
an adaptive community of organisms having a species compo-
sition, diversity, and functional organization comparable to
that of natural habitats of the same region’. Ecological integ-
rity has therefore emerged as a concept that encompasses the
needs of well-functioning landscapes (Fischman, 2004).
The value that the society places on biological or ecolog-

ical integrity is evidenced by the appearance of these terms
in policy. In the USA, biological or ecological integrity have
been stated as policy objectives in several national and
bi-national laws and agreements, including the U.S. Water
Quality Amendments of 1972. The Clean Water Act has
the objective to restore and maintain the chemical, physical
and biological integrity of the nation’s waters (33 USC § 1251).
The term biological integrity also appears in the National
Wildlife Refuge System Improvement Act of 1997, which
mandates that the U.S. Fish and Wildlife Service ‘ensure
that the biological integrity, diversity, and environmental
health of the System are maintained’ (16 USC § 668dd).

Aquatic condition

In environmental management, system condition is normally
defined as ‘the state of the system when compared to one or
more benchmarks and usually includes some form of refer-
ence to integrity’ (Stoddard et al., 2006). Monitoring of the
condition of aquatic resources within watersheds can help
detect trends over time, identify emerging problems, deter-
mine the success of watershed management programmes,
help direct efforts for stressor control to areas where they
are most needed and track the response of systems to emer-
gencies, such as floods and spills (USEPA, 2013). The actual
aquatic resource attributes included as part of a condition
assessment depend on the type and scale of the question(s)
being addressed by the data collection effort (Thorp et al.,
2013), as well as the resources available. For example,
bioassessment and monitoring data for reporting on the bio-
logical condition of fluvial systems are generally collected at
the reach scale (Flotemersch et al., 2006, 2011, Parsons et al.,
in press).
These data are frequently aggregated up to larger scales to

facilitate the reporting of average conditions across larger
geographies, such as a watershed, state or nation (e.g. USEPA,
2014; European Commission, 2014). Although these data
can be collected across the entire watershed, they are still
reach-scale data indicating the aquatic condition of reaches
throughout the watershed. This is in contrast to true
watershed-scale data, which would result from the kinds of
indicators discussed later in this paper.

Watershed resilience

The resilience of a system is defined as ‘the amount of
change a system can undergo (its capacity to absorb distur-
bance) and retain the same function, structure, and set of
feedbacks’ (cf. Holling, 1973; Walker and Meyers, 2004;
Walker and Salt, 2012). While this concept has general
acceptance within the scientific community, it is often
described using different terms. For example, Begon et al.
(2006) defined the concept using the term ‘stability’, which
encompasses both the ‘resistance’ of a system (i.e. its ability
to ‘avoid displacement in the first place’) and the ‘resilience’
of a system (i.e. the ability of a system that is influenced by
natural and anthropogenic alterations to recover to its previ-
ous state, once the disturbances and stressors are removed).
Herein, we have elected to use the term ‘resilience’.
Watersheds are influenced by natural and anthropogenic

stresses, and their ability to recover and adapt to new condi-
tions is dependent on their resilience (Walker and Salt,
2012). Managing a system to maintain resilience includes
protecting sensitive areas and minimizing threats (USEPA,
2012b). It also must include protecting those areas most
important to the system homeostasis. For watersheds, this
includes ensuring that the system has adaptive attributes
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such as river meander belts, riparian wetlands, floodplains,
terraces, groundwater recharge and discharge areas, and
material contribution areas, all of which function to increase
or maintain its natural resilience (USEPA, 2012b). These
adaptive attributes, if present in the appropriate amounts
for a given system, help absorb disturbance and stresses
and maintain the system in its current state (this is a property
of stress-adapted systems). For example, alterations to the
watershed may lead to changes in the timing, magnitude or
duration of discharge that are outside the natural range of
variability and predictability. In a resilient watershed, unless
large-scale in character, such perturbations are unlikely to
result in a permanent change to the system, because riparian
areas and floodplain wetlands would help to partially absorb
the disturbance and maintain its state. If the resilience is di-
minished because of loss of these buffering resources, then
the watershed may become vulnerable to such perturbations.

Watershed sustainability

While much has been written on environmental sustain-
ability in general, relatively little has been published in the
peer-reviewed literature specifically addressing the topic
of watershed sustainability. Recently, Sidle et al. (2013)
concluded that while sustainability has been defined in many
ways, all definitions commonly support ‘the harmonization
of environmental, economic, and social opportunities for
the benefit of present and future generations’. This definition
is in line with the goals outlined in the discussion of water-
shed health later in the text.

Watershed health and healthy watersheds

Watershed health is used as an extension of the concept of
ecological or ecosystem health at the watershed scale. Karr
and Chu (1999) defined ecosystem health as the preferred
state of ecosystems that have been modified by human ac-
tivity (e.g. farm land, urban environments and managed
forests). How this ‘preferred state’ is derived is unclear, but
it is assumed to be a consensus-driven social process and
within the limits of the prevailing laws. The watershed health
approach is consistent with other discussions of ecosystem
health that incorporate human activities and consequences
(Rapport et al., 1998a; Rapport et al., 1998b), including the
EU Water Framework Directive (European Commission,
2014), as well as those that consider which societal prefer-
ences will take precedence (Lackey, 2003). It is also useful
given that most ecosystems have been altered to some degree
by human activities (Westra, 1994; Flotemersch et al., 2006;
Oliveria and Cortes, 2006). A system in good health has the
ability to provide a sustainable flow of services (Rapport
et al., 1998a, 1998b) while maintaining functional and struc-
tural components at a level deemed acceptable by stake-
holders (Mageau et al., 1995; Ross et al., 1997). Karr and

Chu (1999) added that a healthy system should not degrade
the integrity of linked resources. In the context of nested
watersheds, a healthy watershed does not negatively impact
the larger encompassing watershed and ideally improves its
condition. This distinction is important because the defini-
tion of watershed health includes societal activities and judg-
ments, that is, it does not imply ‘natural’. When considering
watershed health, measures of watershed integrity may pro-
vide information on a given watershed’s ability to maintain
the ecological processes and functions essential to the long-
term sustainability of the resource. In contrast to watershed
health, healthy watersheds can refer to specific watershed
protection programmes (e.g. Boon, 1991; DEFRA, 2003;
USEPA, 2012a). For instance, building on the efforts of
many states and other organizations, the USEPA initiated
the Healthy Watersheds Program that places an emphasis
on helping states and others assess, identify and protect high
quality or ‘healthy watersheds’ (USEPA, 2012a). These
‘healthy watershed’ initiatives seek to be cost-effective,
non-regulatory means of protecting watershed resources in
contrast to regulatory actions, such as the Clean Water Act
of 1972. An additional objective of these programmes is to
protect areas that can serve as biological refugia that support
the recolonization of restored and reconnected aquatic
resources (USEPA 2012b).
Watershed health is a useful framework for discussing

the trade-offs made by the society when implementing eco-
logical policy at the watershed level (Calow, 1992; Lackey,
2003). H. T. Odum’s (1996) expositions on environmental
accounting established that any change in an environmental
system is made at the expense of other aspects of the system.
More simply, because everything in the environment was
already in use prior to any anthropogenic activities
(Campbell, 2013), any changes made to the environment
impact these pre-existing uses. In watersheds, the consider-
ation of trade-offs must include water scarcity, conversion
of natural lands to human use and ecological consequences
of introduced species, among other factors (Shrader-
Frechette, 1997). An assessment must be made of how such
trade-offs impact the ecological processes and functions
essential to the long-term sustainability of the resources
(i.e. watershed integrity).
The foregoing discussion illustrates that the literature

contains a number of related concepts that range from those
that are solely related to ecological benchmarks (e.g. the
integrity metrics and aquatic condition) to those that incor-
porate human values and goals (e.g. watershed sustainability
and health). All of these concepts have merit and applicabil-
ity, but their distinct meanings are often blurred because of a
lack of standardized definitions. For the remainder of this
paper, we focus on our definition of watershed integrity,
specifically how to make it operational so that it can be
estimated and applied to decision-making.
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MAKING WATERSHED INTEGRITY OPERATIONAL

An explicit definition of watershed integrity facilitates dis-
cussion when comparing assessed areas. However, a defini-
tion alone does not support the quantification of differences
in watershed characteristics between areas, measurement of
changes in state over time or specification of the level at
which efforts could be made to preserve or restore integrity
(Noss, 1995). To make the definition of watershed integrity
operational, we need to identify the key elements and pro-
cesses that must be present and intact to maintain watershed
production of services, determine the availability of data on
those elements and processes and then execute the assess-
ment of watershed integrity. Further, any operational defini-
tion must not require large resource investment in methods
development or construction of major new datasets. This
means that an assessment based on such an approach should
be able to utilize existing datasets that are broadly available
(e.g. nationally). We fully expect this to be an iterative pro-
cess; that is, initial efforts based on our approach herein will
be improved over time as additional data become available
and new research provides better information on the critical
relationships that are represented.
Given our definition of watershed integrity as the capacity

of a watershed to support and maintain the full range of eco-
logical processes and functions, we would like to be able to
assess the status of a given watershed relative to the state
required in order to fully provide this support. Such assess-
ments require that we know what the full range of processes
and functions is, or should be. One way of attaining this
information would be to have some standard for compari-
son, such as a set of watersheds with unaltered (i.e. reference
condition) characteristics and functions. This creates a
conundrum, because all watersheds are altered to some
degree. In the succeeding text, we discuss approaches to
defining reference condition, concluding that they do not
describe unaltered conditions. We then propose an approach
that obviates the need for reference watersheds and allows
estimation of expected values that can be used in assess-
ments of watershed integrity.
For individual aquatic entities, such as lakes, wetlands,

streams or estuaries, reference condition is typically esti-
mated using systems that are considered to be as close to
natural as possible within a region (Hawkins et al., 2010).
The characteristics of those reference sites (determined
through the collection of monitoring data) are then com-
pared against impacted sites within similar settings (Hughes
et al., 1986). However, practitioners have long recognized
that waterbodies in pristine condition rarely exist, and so
what is being described as ‘reference’ condition is actually
‘least degraded’ (Stoddard et al., 2006). In addition, the
degree to which a site represents reference condition also
varies regionally. For example, agricultural watersheds can

be highly altered, resulting in reference sites that are far from
reference condition (Kilgour and Stanfield, 2006). However,
even sites with only slight alterations might not reflect natu-
ral conditions (e.g. Hill et al., 2013), depending on how the
watershed responds to human-induced landscape alterations
(Figure 1). Whereas programmes such as the USEPA’s
National Aquatic Resource Surveys (http://water.epa.gov/
type/watersheds/monitoring/aquaticsurvey_index.cfm) pro-
vide field data to describe reference conditions for various
waterbodies/aquatic systems, no such programme provides
field-based, aquatic monitoring data at the whole-of-watershed
scale. Moreover, aggregating information from these surveys
to provide an estimate of watershed status may represent a
major challenge.
Researchers have focused on improving assessments by

selecting reference sites that maximize representativeness
of both unaltered conditions (Sánchez-Montoya et al.,
2009) and the environments of assessed sites (Johnson,
1999); hindcasting of reference condition in heavily altered
landscapes (Kilgour and Stanfield, 2006); and refining
modelling approaches to more precisely predict both biolog-
ical (Moss et al., 1999) and environmental reference condi-
tions (see review by Hawkins et al., 2010). At the same
time, our ability to use deviations from biological and envi-
ronmental reference conditions to map, quantify and link
human-related watershed alterations has improved substan-
tially in recent years (e.g. Falcone et al., 2010; Vander Laan
et al., 2013). Despite these improvements, assessments can
suffer from the fact that the natural condition of many
systems will differ from reference condition. Additionally,
given the ubiquity of human-related alterations across

Figure 1. Examples of different responses between watershed integ-
rity and watershed stressors: (a) low resiliency response; (b) nega-
tive linear response; (c) threshold (e.g. ‘tipping point’) response;
and (d) high resiliency response. Reference condition is represented
by the dashed line. This figure is available in colour online at

wileyonlinelibrary.com/journal/rra
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landscapes (e.g. atmospheric deposition of anthropogenic-
ally derived nitrogen), we cannot describe truly unaltered
conditions for most, if not all, watersheds. Therefore, we
need an approach that does not require the use of reference
watersheds.
We propose an approach for defining an operational

definition of watershed integrity that borrows from the
human health field (Van Sickle et al., 2006; Van Sickle and
Paulsen, 2008). To assess human health, medical practi-
tioners evaluate the condition of different vital systems, for
example the circulatory, pulmonary, nervous and endocrine
systems. Because the condition of these systems cannot
always be directly determined through routine screenings,
health practitioners often look for the presence of risk factors
as a complementary means of assessment. For example, high
cholesterol values, being overweight and inactive, and a
history of heart disease are all risk factors related to diseases
of the circulatory system. In a similar fashion, we identify
key functions that watersheds provide and then identify risk
factors (i.e. human-related stressors) that have been explic-
itly shown to interfere with and degrade these functions. In
the succeeding text, we describe both these key watershed
features and landscape stressors and then show how they
can be used to construct an index of watershed integrity.
Note that this approach partitions human stressors (e.g. urban
and agricultural land use and density of roads) from natural
disturbances (e.g. hurricanes, earthquakes and glaciers).
Thus, a watershed that is stressed because of only natural
factors could still possess high integrity (Karr, 1981).

Key watershed functions

We have identified six key functions that perform to various
degrees in watersheds. A high level of watershed integrity
exists when all of these functions are operating at levels that
support and maintain the full range of ecological processes
and functions essential to the long-term sustainability of
biodiversity and ecosystem services. The six key functions
are hydrologic regulation, regulation of water chemistry,
sediment regulation, hydrologic connectivity, temperature
regulation and habitat provision.

Hydrologic regulation (HYD). Water movement is a critical
element that defines watersheds. Watersheds function to
capture incoming precipitation for varying lengths of
time and discharge water as either surface run-off or
groundwater (Black, 1997). Below the surface, groundwater
and associated constituents move through local, intermediate
or regional flowpaths, which can depend on terrain and
the specific geologic and hydrologic properties of the
underlying soils and aquifers (Winter and LaBaugh, 2003).
The details of how these processes operate in a watershed
govern the supply, timing and other regime characteristics
of water downstream and set the context for the physical,

chemical and biological functions of the watershed.
Watersheds attenuate the energy of incoming precipitation.
Alterations to watershed components and their functions
through the construction of impervious surfaces (Shuster
et al., 2005), agricultural drainage (Naz et al., 2009) and
irrigation, impoundment (Richter et al., 1996), stream
channelization and levee construction, wetland and riparian
removal (Bruland et al., 2003), forest clear cutting, human-
caused fires and groundwater pumping all may modify the
effectiveness of this attenuation. Such modification results
in changes to infiltration, percolation, evapotranspiration,
groundwater recharge and surface water export.

Regulation of water chemistry (CHEM). The aquatic
chemistry of streams, rivers, lakes and wetlands reflects
the processes operating in their watersheds, including
physical weathering; plant interception, uptake and release
of nutrients; soil formation and transformation; and nutrient
retention by wetlands, forests and riparian areas (Grimm
et al., 1997). The volume, timing and routing of water
through a watershed has profound effects on the chemistry
of downstream waters (Bormann and Likens, 1979). The
retention of nitrogen (Stoddard, 1994; Mayer et al., 2007),
phosphorus (Richardson, 1985) and ions (i.e. electrical
conductivity; USEPA, 2011), in particular, is critical to
the downstream water quality and integrity of biota
(Minshall and Minshall, 1978). Human activities in the
watershed can affect the supply (e.g. fertilizer application
and mining), retention (removal of wetlands and/or
riparian vegetation and channelization of streams) and
processing (sewage and drinking water treatment) of these
key chemical elements. In addition, chemical constituents
can enter and contaminate groundwater, often with long
residence times (Yetiş, 2008).

Sediment regulation (SED). The volume and composition
of sediment moving through a watershed depends on
a balance between the rates of supply of sediment of
various sizes to the stream and the rate at which the flow
of water moves them downstream, that is, the stream’s
sediment transport capacity relative to its sediment supply
(Kaufmann et al., 2008). The supply rates and sizes of
sediment particles delivered to a stream by upslope erosion
and mass transport are influenced by basin characteristics,
including geology, topography, climate, vegetative cover,
run-off characteristics and land disturbances (Buffington
et al., 2004; Frappier and Eckert, 2007). Changes to
sediment regimes following catchment disturbance (either
through changed sediment supply, flow modifications or
physical barriers) can markedly alter the physical nature of
stream channels and consequently their ability to support
aquatic organisms (Norris and Thoms, 1999). In addition,
fine sediment deposition can smother gravels and disconnect
surface water–groundwater interactions within the hyporheic
zone of streams (Brunke and Gonser, 1997). Human-related
alterations of watersheds can either reduce (e.g. dam building)
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or increase (e.g. agricultural tilling, road building and
channelization) sediment transport.

Hydrologic connectivity (CONN). Connectivity is the
property that spatially and temporally integrates all of the
individual components of a watershed (USEPA 2015). The
concept of connectivity builds on classic ideas about how
river systems are integrated, such as the river continuum
(Vannote et al., 1980), serial discontinuity (Ward and
Stanford, 1995) and flood pulse (Junk et al., 1989)
concepts. This integration is achieved through various
transport mechanisms that function across multiple spatial
and temporal scales to deliver materials and energy between
watershed components. Connectivity can be described in
terms of the frequency, duration, magnitude, timing and
rate of change of energy, water, material and biotic fluxes,
which are naturally controlled by climate, geology and
terrain. A recent EPA report (USEPA 2015) found that
streams and wetlands can have strong influences on the
integrity of downstream waters through hydrological,
chemical or biological connectivity. However, the degree
of those connections varies depending on the environment
and human activities (Ward and Stanford, 1995).
Water is the dominant transport mechanism for move-

ment of energy and materials within watersheds. Hydrologic
connectivity describes the hydrologically mediated transfer
of matter, energy and/or organisms within or between
elements of the watershed (Pringle, 2003). Aquatic networks
are characterized by a high degree of spatial and temporal
heterogeneity with mass, energy and organisms flowing in
four dimensions (Nadeau and Rains, 2007): longitudinally
(i.e. downstream), laterally (i.e. channel to/from riparian
and/or floodplain areas), vertically (i.e. to/from groundwater
through the hyporheic zone) and over time. Human uses of
the watershed can decrease (e.g. by isolating streams and
wetlands from hyporheic zones through arroyo cutting;
Wallace et al., 1990) or increase (e.g. through ditching or
conversion of ephemeral to perennial streams by effluent
release) these linkages. Likewise, groundwater pumping
directly affects the surface water–groundwater connection
(Kirk and Herbert, 2002). Excessive pumping can deplete
aquifers and disconnect streams from groundwater sources
(Wallace et al., 1990). This disconnection can reduce base
flow in surface waters (Kirk and Herbert, 2002), thereby
increasing vulnerability to disturbances, such as drought
(Scanlon et al., 2012) and climate change (Hill et al.,
2014; Leibowitz et al., 2014).

Temperature regulation (TEMP). Temperature is a primary
control on the structure and function of ecological
communities (Brown et al., 2004) as well as the chemical
composition and transformations within a watershed (Demars
et al., 2011). The maintenance of coldwater (Epifanio, 2000)
and warmwater (Quinn and Kwak, 2003) fisheries, for instance,

are both affected by a watershed’s ability to regulate
water temperature. Watersheds intercept incoming solar
radiation and attenuate it through various processes,
including riparian shading and evaporative cooling,
variations in groundwater infiltration and input, and micro-
climatic effects (Caissie, 2006). Streamside vegetation
removal, dam operations (e.g. hypolimnetic versus epilimnetic
flow release), disruption of hydrologic connectivity, effluent
release (e.g. from power generation, wastewater or agricultural
return flows) and urbanization all have strong influences on
water temperature (Poole and Berman, 2001).

Habitat provision (HABT). Natural systems have the ability
to convert, transform and organize raw materials and energy
into a multitude of habitats that provide for the basic life
history requirements of organisms, such as food, shelter
and breeding areas. The physical habitat of streams, rivers,
wetlands and the near-shore areas of lakes and coastal
waters are strongly controlled by watershed structure and
function (Allan, 2004). While some aspects of aquatic
habitats (e.g. chemical composition and temperature) are
included in the previously discussed watershed functions,
creating and maintaining the physical structure of habitats
are additional critical functions of watersheds. For example,
the supply of large woody debris to streams is a key driver
of the habitat complexity necessary for native fish species
survival (Van Sickle and Gregory, 1990). The presence
of dams and reservoirs and impacts to riparian vegetation
through roads and urban and agricultural land use are
examples of stressors that can affect the habitat provision
function.

ASSESSING WATERSHED INTEGRITY: AN
OPERATIONAL APPROACH

Given these six functions, we can define an index of water-
shed integrity as the following:

WI ¼ WIHYD�WICHEM�WISED�WICONN�WITEMP�WIHABT

(1)

where WI represents the overall integrity of the watershed,
scaled between 0 and 1 (with higher values indicating
greater integrity), and WIi represents the integrity with
respect to the i-th function, with the subscripts referring to
the six previously described functions. Note that we take
the product of these six values, rather than the sum, because
each of these functions is a critical component of watershed
integrity and the functions are not substitutable (a complete
loss of any one component would cause watershed condition
to decline to zero). This is analogous to human health where,
for example the circulatory, pulmonary, nervous and endo-
crine systems are all essential to health, and the failure of
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any one of these systems can cause death. One result of
using a product, and the fact that each quotient is scaled from
zero to one, is that it is not necessary to include separate
weighting factors for each of the six terms in Equation (1).
Because we cannot describe the expected level of each of

these six functions for conditions that no longer exist, our
approach is to identify and evaluate human-related alterations
of watersheds that are known to modify these key functions
in ways that degrade watershed integrity (i.e. stressors;
Table I). As stressors—such as impervious surface, land use
change, wetland loss and stream channelization—are added
to a watershed, its integrity declines. The particular shape of
the curve (Figure 1) describing the response of watershed
condition to a stressor varies, depending on the sensitivity
of the watershed to a specific stressor and the mechanism
by which each stressor acts on watershed condition (Allan,
2004). For example, Norris and Thoms (1999) cited both
linear responses of stream biota (Marchant et al., 1997; Karr
and Chu, 1999) and non-linear responses of stream sediments
(Thoms, 1987) to stressors to develop a conceptual frame-
work of river health that is similar to our concept of water-
shed integrity (cf. Figure 1 of Norris and Thoms, 1999). In
addition, stressors can interact to exacerbate the responses
of stream biota to stressor gradients (e.g. Merovich and Petty,
2007; Townsend et al., 2008; Piggott et al., 2012; Lange
et al., 2014; Lawrence et al., 2014). It is critical to understand
how the presence of multiple stressors influences each of the
critical watershed functions, because stressors typically do
not occur or act in isolation.
In the simplest case, where a watershed is subject to a

single stressor j that impacts a single function i, the condition
of the watershed with respect to that function is given by

WI i ¼ f i;j
sj;obs

sj;max

� �

(2)

where sj,obs and sj,max are the observed and maximum values
of stressor j, respectively, and fi,j is a single-variable mathe-
matical function describing the relationship between function
i and stressor j (e.g. the curves in Figure 1). Note that sj,max is
used to scale the x-axis in Figure 1 and that sj,obs/sj,max ranges
from 0 (unaltered) to 1 (maximum impact). There is a nega-
tive relationship between fi,j and sj,obs/sj,max; that is, low
stressor values correspond to high WIi values (Figure 1).
Stressor values could include the number of dams, length of
roads and watershed imperviousness (see Table I for other
examples). For stressors such as impervious surface that are
based on a proportion, the value for sj,max would be 1. For
other stressors, there is no theoretical limit on the upper num-
ber that is possible; for example, there could be an arbitrarily
large number of roads per unit area. In such cases, sj,max could
be the maximum value observed regionally or nationally.
Alternatively, a maximum value could be assigned based on

what is considered to be the maximum feasible value, depen-
dent on what is physically or socially practical. Note that for
any unit where the observed value is equal to the maximum,
then watershed condition will be equal to zero, because sj,obs/
sj,max=1, WIi=0 and therefore WI=0 (from Equation (1)).
Although loss of natural infrastructure, such as wetlands,

can act as a stressor on the key watershed functions, we do
not include these as such, because we do not know the dis-
tribution of natural infrastructure under unaltered condi-
tions. While we could use least degraded reference sites to
estimate the natural distribution, this would defeat the pur-
pose of our approach, which was to avoid the use of such
sites. For stressors that result from losses of natural infra-
structure, we instead link these back to the human actions
causing those losses. For example, drainage ditches and tile
drainage, urbanization and agricultural conversion are
stressors causing wetland loss. Presence of built infrastruc-
ture can be measured in an absolute sense because it did
not exist in the unaltered watershed. For a situation with n

multiple stressors, Equation (2) is expanded as follows:

WI i ¼ ∑
n

j¼1
gi;j

sj;obs

sj;max

� �

sk∀k ≠ j

�

� (3)

where gi,j is a mathematical function similar to fi,j, except
that it incorporates the conditional effects of other stressors
on the response of WIi to sj; and the last terms mean given
(‘|’) the value of sk for all (‘∀’) k not equal to j (i.e. for all
other stressors besides sj). As the response ofWIi to sj is con-
ditioned by these other stressors, it is not necessary to add
weighting factors to each sum. Given this, we can combine
Equations (1) and (3) into the following:

WI ¼ ∏
6

i¼1
∑
n

j¼1
gi;j

sj;obs

sj;max

� �

sk∀k ≠ j

!�

�

�

�

�

 

(4)

where the product (‘∏’) is taken over the six watershed
functions.
To evaluate WI for watersheds nationally, the major

stressors affecting each of the six key functions must be
identified, landscape indicators of each stressor must exist
from nationally available datasets and the relationship
between each function and stressor (gi,j) must be known.
Table I contains a proposed list of the main stressors
affecting each of the six key functions. For each function,
stressors are organized by those occurring within and out-
side of the channel. Included with each stressor is a specific
national dataset that could be used to evaluate it. In some
cases, no such indicator exists. However, we still include
these stressors in Table I, in order to identify missing data
layers that need to be developed. Also, explicitly including
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Table I. Key functions that occur in unaltered watersheds and the major stressors affecting these functions

Key function Description

Major stressors

Within channel Outside channel

Hydrologic
regulation
(HYD)

Maintenance of the natural timing,
pattern, supply and storage of water
that flows through the watershed

• Presence and volumes
of reservoirs (NID)

• Percent of the watershed comprising urban
and/or agricultural land use (NLCD)

• Stream channelization
and levee construction
(NA)

• Total length and density of roads (TIGER)
• Total length and density of canals/ditches
(NHD)

• Percent imperviousness of human-related
landscapes (NLCD)

• Housing unit density (TIGER)
• Wetland and riparian removal*
(NHD, NLCD)

• Boundaries, depths and flows of aquifers
(NA)

• Groundwater use (GW)
Regulation
of water
chemistry
(CHEM)

Maintenance of the natural timing,
supply and storage of the major
chemical constituents of freshwaters:
nutrients (nitrogen and phosphorus),
salinity or conductivity, total dissolved
solids, hydrogen ions (pH) and
naturally occurring minor constituents
(e.g. heavy metals). Human-related
alterations can include deviations from
naturally occurring concentrations of
these constituents or the inclusion of
non-naturally occurring constituents,
such as pesticides and industrial
chemicals.

• Presence and volumes
of reservoirs (NID)

• Atmospheric deposition of anthropogenic
sources of nitrogen and acid rain (NADP)

• Stream channelization
and levee construction
(NA)

• Percent of watershed composed of urban
and agricultural land uses (NLCD)

• Percent imperviousness of human-related
landscapes (NLCD)

• Fertilizer application rates (FERT)
• Presence and density of wastewater
treatment facilities (NPDES), industrial
facilities (TRI), superfund sites
(SUPERFUND) and mines (MINES)

• Cattle density (CATTLE)
• Wetland and riparian removal*

(NHD, NLCD)
• Chemical constituents of groundwater
(NA)

Sediment
regulation
(SED)

Maintenance of the volume and size
composition of inorganic particles
that are stored or transported through
the stream or within lakes, wetlands
or estuaries.

• Presence and volumes
of reservoirs (NID)

• Alteration to and spatial arrangement of
riparian vegetation (LANDFIRE)

• Presence and density of mines (MINES),
logging (FOREST) and roads (TIGER)

• Stream channelization and
levee construction (NA)

• Agriculture (NLCD) weighted by soil
erodibility (STATSGO), landscape slope
(NED) and proximity to waterbodies
(NHD)

Hydrologic
connectivity
(CONN)

Presence of hydrologic pathways for
the transfer of matter, energy, genes
and organisms within watersheds.
Systems can vary naturally in their
hydrologic isolation (e.g. desert
springs) or connectedness (e.g. the
Everglades).

• Presence and height of
reservoirs (NID)

• Alteration to and spatial arrangement of
riparian vegetation (LANDFIRE)

• Density of ditches/canals (NHD)•Stream channelization and
levee construction (NA) • Groundwater use (GW)

• Road/stream intersections
(TIGER/NHD) weighted
by channel slope (NHD)

• Presence and density of wastewater
discharge sites (NPDES)

• Wetland and riparian removal*
(NHD, NLCD)

Temperature
regulation
(TEMP)

Maintenance of the full range of
natural landscape features (both
aquatic and terrestrial) required to
maintain temperatures that support
the aquatic chemistry and biota.

• Presence and volume
of reservoirs (NID)

• Alteration to and spatial arrangement of
riparian vegetation (LANDFIRE)

• Percent of watershed composed of urban
and/or agricultural land uses (NLCD)

• Percent imperviousness of human-related
landscapes (NLCD)

• Groundwater use (GW)
• Presence and density of wastewater
discharge sites (NPDES)

(Continues)
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them allows the effect of these missing stressors to be
considered.
The specific relationship between the key functions and

each stressor is largely unknown, although we may know
gi,j for specific functions and stressors in specific regions.
For example, Carlisle et al. (2009) found a non-linear
response between biological alteration and high-density
residential land cover within riparian zones of eastern US
highlands: there was a strong effect from 0% to 10%
high-density residential areas that reached an asymptote at
larger values (Figure 2). Note that, because the relationship
in Figure 2 is based on a partial dependence plot, the
response takes the conditional effect of other stressors into
account (Hastie et al., 2009), and so could serve as a g

function.
Given the reality that gi,j is largely unknown, we define

the following estimator of WI:

ŴI ¼ ∏
6

i¼1
∑
n

j¼1
1�

sj;obs

sj;max

� �

 !

(5)

wherêWI is our first-order estimate of WI, which assumes a
negative linear relationship for gi,j and independence among
stressors. This estimator provides us with an operational
definition of watershed integrity that can be incrementally
improved as either specific gi,j relationships are reported or
new datasets become available. Because Equation (5) does
not include the conditional effects of other stressors, an alter-
native approach would be to give stressors different weights:

ŴI ¼ ∏
6

i¼1
∑
n

j¼1
αi;j 1�

sj;obs

sj;max

� �� �

 !

(6)

where αi,j is a weighting factor for stressor j with respect to
function i.
If gi,j is known for some, but not all stressors, then a

hybrid version could be used that combines gi,j with the
first-order, weighted estimators. For example,

ŴI i ¼ ∑
m

j¼1
gi;j

sj;obs

sj;max

� �

sk∀k≠j þ ∑
n

j¼mþ1
αi;j 1�

sj;obs

sj;max

� �� �

�

�

�

�

�

(7)

Table I. (Continued)

Key function Description

Major stressors

Within channel Outside channel

Habitat
provision
(HABT)

Presence and maintenance of the full
range of natural landscape features
(both aquatic and terrestrial) that
represent the complete set of conditions
that are needed to maintain the
natural diversity and abundances
of aquatic biota.

• Presence, height and
volume of reservoirs
(NID)

• Alteration to and spatial arrangement of
riparian vegetation (LANDFIRE)

• Presence/absence of native vegetation
types within riparian zones (LANDFIRE)

• Density of human populations and housing
unit developments within riparian zones
(TIGER)

• Percent of watershed composed of urban
and agricultural land uses (NLCD)

• Density of road/stream intersections
(TIGER/NHD)

• Density of roads within riparian zones
(TIGER)

Data sources that can be used to evaluate the stressors are included parenthetically (see key at succeeding note).
*Indicators for wetland and riparian removal are linked back to the built infrastructure causing those losses, because wetland and riparian distribution under
unaltered conditions is generally not known.
CATTLE, USDA National Agriculture Statistics Service (http://www.nass.usda.gov/Charts_and_Maps/Cattle); FERT, County-level estimates of N & P
from commercial fertilizer (http://pubs.usgs.gov/sir/2012/5207); FOREST, University of Maryland Global Forest Change map 2000–2012 (http://
earthenginepartners.appspot.com/science-2013-global-forest/download.html); GW, Total groundwater usage by US county in yr. 2005 (http://water.usgs.
gov/watuse/data/2005); LANDFIRE, USFS and USDOI LANDFIRE Program (http://www.landfire.gov); MINES, USGS Mines Dataset (https://www.
sciencebase.gov/catalog/folder/4f4e4767e4b07f02db47e0ad); NA, No nationally available data are available for specified stressor to the best of our knowledge;
NAPD, National Atmospheric Deposition Program National Trends Network (http://nadp.sws.uiuc.edu/data/ntn); NED, National Elevation Dataset as distrib-
uted with NHD (http://www.horizon-systems.com/NHDPlus/NHDPlusV2_home.php); NHD, National Hydrography Dataset (http://www.horizon-systems.
com/NHDPlus/NHDPlusV2_home.php); NID, US Army Corps of Engineers National Inventory of Dams (http://geo.usace.army.mil/pgis/f?p=397:1:0:);
NLCD, National Land Cover Dataset (http://www.mrlc.gov/nlcd06_data.php); NPDES, USEPA National Pollutant Discharge Elimination System (http://
www.epa.gov/enviro/geo_data.html); STATSGO, USGS State Soil Geographic Data (http://datagateway.nrcs.usda.gov); SUPERFUND, USEPA Superfund
Sites (http://www.epa.gov/enviro/geo_data.html); TIGER, US Census Bureau TIGER/Line Program (http://www.census.gov/geo/maps-data/data/pdfs/tiger/
tgrshp2013/TGRSHP2013_TechDoc.pdf); TRI, National Toxic Release Inventory (http://www.epa.gov/enviro/geo_data.htm); All websites accessed June
18, 2014.
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where the index m refers to the number of stressors for
which gi,j is known.
Finally, we note that there may be instances where the

condition of a watershed with respect to a specific key func-
tion could be modelled directly. For example, Hill et al.
(2013) developed a stream temperature model for the USA
that, for an individual site, could estimate both the observed
temperature and the expected temperature at reference
condition. The relationship between these two could then
be used as a direct estimate of WITEMP:

WITEMP ¼
TEMPexp � TEMPobs

�

�

�

�

TEMPexp

(8)

where TEMPexp and TEMPobs are the expected (i.e. refer-
ence condition) and observed temperatures, respectively.
Equation (8) assumes that a positive deviation from the
expected value has the same effect as a negative deviation.
Other formulations are possible; for example, an equation
that has separate responses for TEMPobs greater and less than
TEMPexp could be used to give greater weight to warmer
temperatures. Equation (8) also assumes that the effects of
a given change in temperature are dependent on the expected
temperature; for example, a 2 °C change has worse effects
at warmer expected temperatures than for cooler expected
temperatures. Again, alternative formulations could be used;
for example, the expected temperatures could be scaled to
one to provide uniform results.
An approach such as Equation (8) is appealing, because

it reduces the complexity of dealing with multiple stressors
and avoids the problem of having to assume that gi,j is a

negative linear relationship. The problem is that this particu-
lar modelling approach used reference sites that represent
least degraded condition (Hill et al., 2013), because unal-
tered sites did not exist. As previously mentioned, these
sites do not fully reflect natural condition, depending on the
magnitude of the alteration and the watershed response
(Figure 1), which would result in biased WITEMP estimates.
Still, results from a model-based approach (e.g. Equation (8))
could be compared with results using the stressor-based
approach (use of Equation (3) with the negative linear as-
sumption) to better understand the strengths and weak-
nesses of each approach.
As a proof-of-concept study, we are conducting a national

assessment of watershed integrity based on this approach
and using the StreamCat dataset (Hill et al., in press), which
was developed, in part, for this purpose. StreamCat contains
over 160 landscape variables for all 2.6million National
Hydrography Dataset Plus Version 2 (NHDPlusV2; McKay
et al., 2012) catchments in the contiguous USA and is being
augmented to contain all of the available stressor variables
in Table I.

SUMMARY AND CONCLUSIONS

Watersheds encompass all biotic and abiotic components—
including people—within their boundaries (sensu Likens
1992) and provide a range of services valued by the society.
Thus, watersheds are a foundation of our cultural, economic,
spiritual and social well-being (Likens et al., 2009) and, as
such, a critical focus of water resource management. Evalu-
ating the integrity of a watershed represents a societal and a
scientific challenge, because watersheds are used and man-
aged for a diverse, interrelated range of activities. The con-
cept of watershed integrity is challenging both in terms of
defining what it actually is and developing approaches and
tools to allow its evaluation. The assessment of watershed
integrity also requires approaches that are scale appropriate
(Dollar et al., 2007) and enable strategic problem-solving.
To paraphrase Likens (1992), the ultimate challenge for
watershed and river science is to integrate and synthesize
watershed and river information available from all levels
of inquiry into an understanding that is meaningful and
can be used by managers and decision-makers.
There are a number of terms related to this challenge

(e.g. watershed integrity, aquatic condition and watershed
health) that have separate meanings. However, these mean-
ings are often blurred because of a lack of standardized
definitions. Here, we provide distinct definitions for these
different terms, which should allow the scientific community
to better address the needs of decision-makers. This includes
our main focus, watershed integrity, which we define ‘as the
capacity of a watershed to support and maintain the full

Figure 2. Partial dependence plot showing the relationship between
biological integrity and standardized high-density residential land
use within riparian zones of the eastern USA. Modified from
Carlisle et al., 2009. This figure is available in colour online at

wileyonlinelibrary.com/journal/rra
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range of ecological processes and functions essential to the
sustainability of biodiversity and of the watershed resources
and services provided to society’. We developed an opera-
tional index to evaluate the level of integrity. For this index,
we used a human health analogy to identify six key water-
shed functions (viz. hydrologic regulation, regulation of
water chemistry, sediment regulation, hydrologic connectiv-
ity, temperature regulation and habitat provision) and the
specific risk factors, or stressors, which impact them. Exam-
ples of national datasets that can be used to evaluate these
risk factors were provided. We derived a mathematical
expression (Equation (4)) that evaluates watershed integrity
by combining the integrity of the six watershed functions,
where the integrity of each is based on the relative presence
of specific stressors. This expression assumes the quantita-
tive relationships between multiple interacting stressors and
the key functions are known. Although such relationships
do exist (e.g. Figure 2), the availability of this information
is limited and represents an ongoing need for additional re-
search. However, we also show how first-order approxima-
tions can be used in the absence of such information, given
that many of these relationships are as yet unknown. The ap-
proach can be iteratively applied and improved as these rela-
tionships become known and/or as new national datasets
become available. For example, the version of the index that
uses first-order approximations (Equation (5)) could be re-
placed as information on weightings (Equation (6)) or condi-
tional effects of other factors (Equations (7)) becomes
available. A significant aspect of our approach is that it
allows us to avoid the use of least degraded sites to describe
reference condition.
A characteristic of our index is that it can be readily

deconstructed in support of strategic adaptive management;
that is, the risk factors of the watershed index score can be
examined individually to evaluate how each is influencing
the overall index score. This affords managers the opportu-
nity to examine how each factor might be managed differ-
ently to better achieve overall objectives. For example, if
the index score for a given watershed is below an established
threshold, the factors bringing the overall index score
down can easily be identified. If multiple factors are nega-
tively influencing the overall score, a cost–benefit analysis
of available management options then could be conducted
to identify the best course of action to achieve desirable
management endpoints.
Previous efforts to assess the status of watersheds on

larger scales, though limited in number, have been under-
taken in the USA and elsewhere (e.g. Garrido Pérez et al.,
2010, for México). For example, in the USA, the U.S. Fish
and Wildlife Service, along with the National Marine Fish-
eries Service and the Association of Fish and Wildlife Agen-
cies, developed and implemented the National Fish Habitat
Action Plan (Association of Fish and Wildlife Agencies,

2006). Its objective was to protect, restore and enhance the
nation’s fish and aquatic communities through partnerships
to foster fish habitat conservation. Similarly, the U.S. Forest
Service developed the Watershed Condition Framework
(USFS, 2011), which employed an integrated, systems-
based approach for classifying watershed condition based
on an evaluation of underlying ecological, hydrological
and geomorphic states. These programmes focus solely on
identifying high-quality aquatic resources and make use of
locally collected data (e.g. biota and water quality) that are
not available nationally. Our intent was to develop a water-
shed integrity index that can be applied nationally. This ap-
proach differs because it focuses on the functional attributes
of these systems, rather than simply relying on more easily
obtainable state components. It also differs technically
through its use of appropriately scaled data that identify risk
factors that impact these key functions. Beyond informing
on the biogeochemical health of the immediate system, a
focus on functional attributes provides information that can
be used to explain and predict the effects of watershed
discharges on downstream riverine and estuarine condition
(Gregory et al., 1991).
Data resulting from a national-scale mapping and assess-

ment of watershed integrity should be of value to states
and watershed organizations initiating healthy watershed
programmes (USEPA, 2012a). These programmes augment
the watershed approach with proactive, holistic aquatic
ecosystem conservation and protection designed to conserve
critical components of watersheds and, therefore, avoid addi-
tional water quality impairments in the future. A national
evaluation of watershed integrity that uses our approach—
which we are currently in the process of conducting, using
the StreamCat (Hill et al., submitted) database—would help
identify watersheds with high integrity as well as those at risk
and help to prioritize conservation and restoration. The index
of watershed integrity developed here should provide high-
quality information at a broad spatial scale that will help
allow ecosystem management to focus on achievable and
measureable outcomes underpinned by quality science.
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Φροm: Φλοτεmερσχη, ϑοσεπη

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Στατεmεντ οφ Αυτηορσηιπ Χοντριβυτιον

Dατε: Μονδαψ, Απριλ 27, 2020 3:24:18 ΠΜ

Φροm:    ϑοσεπη Φλοτεmερσχη

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χινχιννατι, ΟΗ

 

Ρε:         Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι ωασ α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε αυτηορσ

οφ τηισ παπερ ωερε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ, Ρεβεχχα Τηαρmε,

ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν 2016 ασ αν Αρενα

παπερ. Ι αλσο αγρεε ωιτη τηε περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

Ιτ σηουλδ βε νοτεδ τηατ ατ τηε τιmε οφ τηισ ωορκ, Ι ωασ αν ΟΡΙΣΕ ποστ−δοχ ωιτη τηε Υ.Σ.ΕΠΑ Νατιοναλ

Ηεαλτη ανδ Ενϖιρονmενταλ Εφφεχτσ Ρεσεαρχη Λαβορατορψ ιν Χορϖαλλισ, Ορεγον.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Σινχερελψ, ϑοσεπη Φλοτεmερσχη
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ϑοσεπη Ε. Φλοτεmερσχη, Πη.D.

Σενιορ Ενϖιρονmενταλ Σχιεντιστ

Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ ανδ Μοδελινγ

 

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

φλοτεmερσχη.ϕοσεπη≅επα.γοϖ | 513−569−7086

 

26 W. Μαρτιν Λυτηερ Κινγ Dρ., Μαιλ Χοδε 587, Χινχιννατι, ΟΗ 45268
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Φροm: Ηιλλ, Ρψαν Α

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Στατεmεντ οφ Αυτηορσηιπ Χοντριβυτιον

Dατε: Τυεσδαψ, Απριλ 28, 2020 3:00:10 ΠΜ

Φροm:    Ρψαν Ηιλλ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ

Παχιφιχ Εχολογιχαλ Σψστεmσ Dιϖισιον

200 ΣW 35τη Στρεετ

Χορϖαλλισ, ΟΡ 97333

 

Ρε:         Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι ωασ α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε αυτηορσ

οφ τηισ παπερ ωερε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ, Ρεβεχχα Τηαρmε,

ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν 2016 ασ αν Αρενα

παπερ. Ι αλσο αγρεε ωιτη τηε περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

Ιτ σηουλδ βε νοτεδ τηατ ατ τηε τιmε οφ τηισ ωορκ, Ι ωασ αν ΟΡΙΣΕ ποστ−δοχ ωιτη τηε Υ.Σ.ΕΠΑ Νατιοναλ

Ηεαλτη ανδ Ενϖιρονmενταλ Εφφεχτσ Ρεσεαρχη Λαβορατορψ ιν Χορϖαλλισ, Ορεγον.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Σινχερελψ,

Ρψαν Ηιλλ

 

 



Φροm: Λειβοωιτζ, Σχοττ

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ φορ ΣΤΑΑ Αωαρδ

Dατε: Μονδαψ, Απριλ 27, 2020 3:07:04 ΠΜ

Φροm:    Σχοττ Λειβοωιτζ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χορϖαλλισ, ΟΡ

 

Ρε:         Ρεχορδ οφ Περχενταγε Αγρεεmεντ φορ ΣΤΑΑ Αωαρδ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι ωασ α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε αυτηορσ

οφ τηισ παπερ ωερε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ, Ρεβεχχα Τηαρmε,

ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν 2016 ασ αν Αρενα

παπερ. Ι αλσο αγρεε ωιτη τηε περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Σινχερελψ, Σχοττ Λειβοωιτζ
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Φροm: Στοδδαρδ, ϑοην

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Στατεmεντ οφ Αυτηορσηιπ Χοντριβυτιον

Dατε: Μονδαψ, Απριλ 27, 2020 3:53:24 ΠΜ

Φροm:    ϑοην Στοδδαρδ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

Χορϖαλλισ, ΟΡ

 

Ρε:         Ρεχορδ οφ Περχενταγε Αγρεεmεντ φορ ΣΤΑΑ Αωαρδ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι ωασ α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε αυτηορσ

οφ τηισ παπερ ωερε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ, Ρεβεχχα Τηαρmε,

ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν 2016 ασ αν Αρενα

παπερ. Ι αλσο αγρεε ωιτη τηε περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Σινχερελψ,

ϑοην Λ. Στοδδαρδ

Υ.Σ. ΕΠΑ, 200 ΣW 35τη Στρεετ

Χορϖαλλισ, ΟΡ 97333

(541) 754−4441



Φροm: ρεβεχχατηαρmε≅ριϖερφυτυρεσ.χοm

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Στατεmεντ οφ Αυτηορσηιπ Χοντριβυτιον

Dατε: Μονδαψ, Απριλ 27, 2020 4:43:53 ΠΜ

Φροm:    Ρεβεχχα Τηαρmε

Dιρεχτορ οφ Ριϖερφυτυρεσ Λτδ.

Dερβψσηιρε, ΥΚ

 

Ρε:         Ρεχορδ οφ Περχενταγε Αγρεεmεντ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι ωασ α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε αυτηορσ

οφ τηισ παπερ ωερε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ, Ρεβεχχα Τηαρmε,

ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν 2016 ασ αν Αρενα

παπερ. Ι αγρεε ωιτη τηε περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Σινχερελψ, Ρεβεχχα Τηαρmε

 

 

ΛΕ ΣΤΥDΙΥΜ Λοιρε ςαλλεψ Ινστιτυτε φορ Αδϖανχεδ Στυδιεσ/Μαριε Σκσοδοωσκα−Χυριε Ρεσεαρχη Φελλοω

ΧΙΤΕΡΕΣ − Χιτσ, Τερριτοιρεσ, Ενϖιροννεmεντ ετ Σοχιτσ, ΧΝΡΣ/Υνιϖερσιτ δε Τουρσ, Φρανχε

 

Αδϕυνχτ Πρινχιπαλ Ρεσεαρχη Φελλοω

Αυστραλιαν Ριϖερσ Ινστιτυτε, Γριφφιτη Υνιϖερσιτψ, Αυστραλια

 

Dιρεχτορ

Ριϖερφυτυρεσ, Πεακ Dιστριχτ Νατιοναλ Παρκ, Dερβψσηιρε, ΥΚ

 



Φροm: Μαρτιν Τηοmσ

Το: Φλοτεmερσχη, ϑοσεπη

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ

Dατε: Μονδαψ, Απριλ 27, 2020 5:34:45 ΠΜ

ΥΣ ΕΠΑ

 

Τηισ εmαιλ ισ το χονφιρm τηατ Ι αm α χο−αυτηορ ον τηε mανυσχριπτ τιτλεδ �Α Wατερσηεδ Ιντεγριτψ

Dεφινιτιον ανδ Ασσεσσmεντ Αππροαχη το Συππορτ Στρατεγιχ Μαναγεmεντ οφ Wατερσηεδσ�. Τηε φυλλ

αυτηορ λιστ οφ τηισ mανυσχριπτ αρε ϑοσεπη Φλοτεmερσχη, Σχοττ Λειβοωιτζ, ϑοην Στοδδαρδ, Ρψαν Ηιλλ,

Ρεβεχχα Τηαρmε, ανδ Μαρτιν Τηοmσ. Τηισ παπερ ωασ πυβλισηεδ ιν Ριϖερ Ρεσεαρχη ανδ Αππλιχατιονσ ιν

2016 ασ αν Αρενα παπερ. Ι αγρεε ωιτη τηε φολλοωινγ περχενταγε οφ εφφορτ λιστεδ βεσιδε mψ ναmε.

 

ϑοσεπη Φλοτεmερσχη         40%

Σχοττ Λειβοωιτζ                 35%

ϑοην Στοδδαρδ                   10%

Ρψαν Ηιλλ                             5%

Ρεβεχχα Τηαρmε               5%

Μαρτιν Τηοmσ                   5%

 

Ρεγαρδσ

 

Μαρτιν Τηοmσ
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Justifications:

Justification 1:

The two nominated papers demonstrate the upgrading of biomass and chemical transformation using
environmental-friendly processes.

To preserve resources and maintain environmental and economic sustainability, researchers must develop more
efficient technologies for the chemical industry. Currently, they have focused on the lack of available non-renewable
organic feedstocks to demonstrate the importance of renewable resources. Upgrading biomass and the development of
chemical feedstocks from renewable resources are a sustainable method of reducing dependence on petroleum products.
Though upgrading and sustainable development hold many advantages for the environment when applied as a
petroleum alternative, they also present a significant challenge, since researchers must chemically modify the
bio-derived fuels to make them compatible with existing technology. To solve all these challenges, our first nominated
paper (Nadagouda, 2019) developed a technology of magnetically separable heterogeneous bimetallic catalysts for the
upgrading of lignin-derived guaiacol to cyclohexanol under visible light. The second nominated paper (Nadagouda,
2017) designed a novel method for supporting photoactive heterogeneous catalysis in organic reactions.

Overall, these two papers significantly justify EPA mission, for example, “Sustainable Materials Management (SMM)”
as these research articles demonstrate the utilization of sustainable protocols for the upgrading of biomass and chemical
t r a n s f o r m a t i o n .    (
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
). As we know, chemistry is very crucial for daily life and the extent of its application from the development of organic
scaffolds to treat various illnesses in the formation of innovative industrial developments. We develop clean,
sustainable methods to synthesize industrially relevant products in the prevention of pollution and the elimination of
hazardous waste.  

Justification 2A:

None of the three nominated or one supporting paper included in this STAA package have been submitted for STAA in
the past.   

While the STAA guidelines limit a nomination to three publications, the four research articles that are part of this
package either as nominees or supporting paper are unavoidably associated as they describe the utilization of different

https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
https://www.epa.gov/sites/production/files/2015-08/documents/sustainable_materials_management_the_road_ahead.pdf
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1.  
2.  

3.  

1.  

2.  

adsorbents for the same study.  As discussed in answer to Question 1, the strength of this study is the breadth of
investigations that were conducted in batch as well as column mode on the different cost-effective adsorbents for the
treatment of phosphate. 

Several efficient adsorbents such modified Bayoxide® E33 adsorbent (Nadagouda et al., 2015) utilized, modified iron
oxide-based sorbents (Nadagouda et al., 2016), calcium and magnesium-modified iron-based adsorbents (Nadagouda et
al., 2017), cellulose enhanced magnesium carbonate pellets as adsorbent (Nadagouda et al., 2018) were demonstrated
for the treatment of phosphate. Working together, these four manuscripts increase the national scale understanding of
contaminants of emerging concern in source waters as well as treated wastewater.

 

Justification 2B:

Response:

Mallikarjuna N. Nadagouda

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry

2017 Honorable Mention STAA

 

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
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1.  
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Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering

2019 Honorable Mention STAA

 

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

 

 

 

 

Rajender S. Varma

Evaluating Sustainable Pathway to Furanics from Biomass via Heterogeneous Organo-Catalysis Green Chemistry
Sustainable Strategy Utilizing Biomass: Visible Light-Mediated Synthesis of g-Valerolactone. Published in
ChemCatChem
Visible Light Mediated Upgrading of Biomass to Biofuel. Published in Green Chemistry
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1.  

2.  
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1.  
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2017 Honorable Mention STAA

 

The Oxidative C-H activation of amines using protuberant lychee-like goethite. Published in Nature Climate
Change
Photocatalytic C-H activation and oxidative esterification using Pd@g-C3N4. Published in Catalysis Today
Hydroxylation of benzene via C-H activation using bimetallic CuAg@g-C3N4. Published in ACS Sustainable
Chemistry and Engineering

2019 Honorable Mention STAA

 

Conversion of spent carbon dioxide into value-added products
A sustainable approach to empower the bio-based future: upgrading biomass to value-added products

2019 Level III STTA

 

Justification 2C:

Nadagouda’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA and 2019 Level III STTA) awards are
like the currently nominated work, which are directly connected to sustainable chemistry. However, the sustainable
process used in the first paper (Nadagouda 2019) utilizes the chitosan derived carbon nitride as catalyst support, and the
second paper demonstrates the oxidation of alcohols under visible light. These are new approaches that have been
utilized for the environmental upgrading of biomass and sustainable development in organic transformation,
respectively.    
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Varma’s (2017 Honorable Mention STAA, 2019 Honorable Mention STAA, and 2019 Level III STTA) awards are like
the currently nominated work, which are directly connected to sustainable chemistry. However, the sustainable process
used in the first paper (Nadagouda 2019) utilizes the chitosan derived carbon nitride as catalyst support, and the second
paper demonstrates the oxidation of alcohols under visible light. These are new approaches that have been utilized for
the environmental upgrading of biomass and sustainable development in organic transformation, respectively.

 

Justification 2D:

None of the supplemental information has been included in previous nominations.

 

Justification 2E:

There are no concurrent nominations by the authors on this nomination.

Justification 3A:

The first nominated paper (Nadagouda et al., 2019) has selected as a part of the themed collection "Green Biorefinery
Technologies based on Waste Biomass" by the Royal Society of Chemistry. It has been published in the prestigious
journal “Green Chemistry," which has an Impact Factor of 9.405 and has ranked#3 (h-index: 186) in the
“Environmental Science” category. This research work has already been cited in 5 research articles (Google citation
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search). Prof. Reina from Department of Chemical and Process Engineering Department, University of Surrey, United
Kingdom has adopted our work on the upgrading of biomass in his research article "Jin, W., Pastor-Pérez, L., Yu, J.,
Odriozola, J.A., Gu, S. and Reina, T.R., 2020. Cost-effective routes for Catalytic Biomass Upgrading. Current Opinion
in Green and Sustainable Chemistry”. Recently, Prof. Bhoi from Department of Mechanical Engineering, Georgia
Southern University, GA, USA has adopted and discussed our research work of AgPd/Fe@CNx catalyst for upgrading
of lignin-derived guaiacol to cyclohexanol (98%) under visible light irradiation in his article “Ouedraogo, A.S. and
Bhoi, P.R., 2020. Recent progress of metals supported catalysts for hydrodeoxygenation of biomass-derived pyrolysis
oil. Journal of Cleaner Production 253, 119957”

The second nominated paper (Nadagouda et al., 2017) has been published in the prestigious journal “Tetrahedron,"
which has an Impact Factor of 2.645 and has ranked#61 (h-index: 209) in the “Pharmacology, Toxicology and
Pharmaceutics” category. This research work has already been cited in 19 research articles (Google citation search) 

since its publication and highlighted in “Synfacts” (Polymer-Supported Synthesis) as Synfacts, 2017, 13(11), p.1222.

Recently, prof. Hong from South Korea has cited and highlighted our research work (Nadagouda et al., 2017) on his
reaserach article “Hong, K., Sajjadi, M., Suh, J.M., Zhang, K., Nasrollahzadeh, M., Jang, H.W., Varma, R.S. and
Shokouhimehr, M., 2020. Palladium Nanoparticles on Assorted Nanostructured Supports: Applications for Suzuki,
Heck, and Sonogashira Cross-Coupling Reactions. ACS Applied Nano Materials, 3(3), pp.2070-2103.”

Justification 3B:

All of the nominated and supporting manuscript underwent anonymous peer review by the journal to which it was
submitted for publication.
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Magnetic Ca and Mg-modified iron

oxide adsorbents were synthesized.

� PVA imparted magnetism to the ad-

sorbents for easy separation.

� Batch adsorption experiments were

carried out to gain insights on the

adsorption kinetics and equilibrium.

� The adsorbents effectively removed

phosphates from water at a capacity

of nearly 17 mg g�1.
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a b s t r a c t

Magnetic calcium (Ca) and magnesium (Mg)-modified iron oxide adsorbents were synthesized using

CaCl2, CaCO3, MgCl2, or MgCO3 by a simple combustion method for the remediation of phosphate.

Modification with Ca and Mg significantly improved the phosphate adsorption capacity of the magnetic

iron oxide adsorbents. Additionally, polyvinyl alcohol (PVA) was incorporated during synthesis to aid in

the magnetism of the samples, making the adsorbents easy to separate from solutions. Physicochemical

properties of the adsorbents were determined by characterization with X-ray diffraction (XRD), particle

analyzer, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high reso-

lution TEM (HR-TEM). Batch adsorption experiments were carried out to gain insight on the materials'

ability to remove phosphate from water supplies. Samples without the addition of PVA had higher

phosphate capacities (ranging from 16.92 to 16.97 mg g�1) compared to PVA-containing samples

(ranging from 12.39 to 16.74 mg g�1), yet the PVA-containing samples were magnetic and thus, easily

separable.

Published by Elsevier B.V.

1. Introduction

Phosphorous (P) is one of the essential elements for all life as it

is significantly associated with the DNA/RNA structure, cell mem-

brane formation, energy storage/transfer, as well as enzyme acti-

vation or deactivation [1,2]. Phosphorus is commonly found in

* Corresponding author.

E-mail address: Nadagouda.Mallikarjuna@epa.gov (M.N. Nadagouda).
1 Contributed equally to this work.
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sources of drinking water due to an inflow of urban and industrial

wastewater and agricultural run-offs, which contain phosphates

[3e7]. Phosphates entering into the nutrient limited aquatic envi-

ronment are significantly involved in eutrophication, which is

associated with the formation of massive algal blooms, excessive

growth of microorganisms, and depletion of dissolved oxygen

[8e10]. Moreover, massive algal blooms containing cyanobacteria

can be a potential hazard to humans and animals because some

species of cyanobacteria produce and release toxins, known as

cyanotoxins [11e13]. Therefore, it is of great interest to develop

reliable technologies for the removal of phosphates from water.

Currently, chemical precipitation [14], biological processes [15],

and adsorption [16] have beenwidely used for removing phosphate

from water, yet both chemical precipitation and biological pro-

cesses have disadvantages. While chemical precipitation has been

shown to reduce phosphorus concentrations by 60e95%, depend-

ing on many factors including influent water parameters and

coagulant dosage [17]; these methods involve high operating costs

as well as the production of large amounts of sludge, and the effi-

ciency of this method depends on the types of chemicals used for

phosphate removal [18,19]. Biological processes have several

drawbacks as well. In order to achievemaximal phosphate removal,

operating conditions and water quality parameters must be very

specific. For example, the system only functions optimally when

phosphate concentrations are �5e10 mg L�1 and when the ratio of

BOD to P is at least 35:1 [16]. Therefore, in order to improve the

efficiency of phosphate removal by chemical precipitation and

biological processes, enhanced biological phosphorus removal

(EBPR) has been extensively studied [20e22]. The removal of

phosphate was significantly improved by applying EBPR, which

employs designed communities of microorganisms (aka, phos-

phorus accumulating organisms (PAO)). High concentrations of

calcium (Ca) and magnesium (Mg) were recommended to achieve

high efficiency removal of phosphate in EBPR. The Ca attributes to

the formation of hydroxyapatite (Ca5(PO4)3OH), which is about 39%

of the phosphate precipitation in EBPR and Mg is associated with

precipitation of struvite (MgNH4PO4$6H2O) or newberyite

(MgHPO4) [20,23e25]. However, the formation of phosphate pre-

cipitates during EBPR operations have caused significant problems

including pipe blockage and precipitate accumulation on the sur-

face of equipment such as pumps and centrifuges in the treatment

system [26]. Also, ranges of phosphate accumulation vary widely

(i.e., from 20 to 80%) based on the PAO used [27]. Therefore,

adsorption has attracted much attention for phosphate removal

because of its simplicity, inexpensiveness, and low sludge produc-

tion. Also, adsorption is an appropriate method for removing low

concentrations of phosphate [28]. Thus, the use of Ca- and Mg-

modified adsorbents were explored as they have been shown

effective at improving the EBPR process and can form phosphate

precipitates.

2. Materials and methods

Herein, Ca- and Mg-modified ferrites as phosphate adsorbents

were synthesized by a simple combustion method using polyvinyl

alcohol (PVA). Iron(III) nitrate (Fe(NO3)3$9H2O, certified ACS, Fisher

Scientific), calcium or magnesium precursors, and PVA (MW

89,000e98,000, 99þ% hydrolyzed, Sigma-Aldrich) were mixed

together using 5mL ofmilli-Q gradewater. Then, themixtures were

calcined in a muffle furnace (Ney Vulcan, A-550) at 300 �C for 1 h.

Calcium carbonate (CaCO3, �99.0%, Sigma-Aldrich) or calcium

chloride (CaCl2$2H2O, 74.27%, Fisher Scientific), and magnesium

carbonate (MgCO3, Sigma-Aldrich) or magnesium chloride

(MgCl2$6H2O, ACS reagent, J. T. Baker) were used to prepare Ca-

ferrite and Mg-ferrite, respectively. Control iron oxide (Fe2O3) was

synthesized without Ca and Mg precursors or PVA. The detailed

information of the ingredients for the synthesis of Ca- and Mg-

modified ferrite are summarized in Table 1. Synthesized samples

were characterized by X-ray diffraction (XRD, Panalytical X'pert 2-

theta diffractometer, obtained from Panalytical, Almelo,

Netherlands at a wavelength of 1.54 Å and at 2-theta range 2-90�

under CuKa radiation), porosimetry (using a Tristar 3000 poros-

imeter analyzer, obtained from Micromeritics), scanning electron

microscopy (SEM, model Philips XL 30 ESEM-FEG, at an acceler-

ating voltage of 30 kV), transmission electron microscopy (TEM, a

FEI CM20 TEM operated at 200 kV was employed), and high reso-

lution TEM (HR-TEM, model JEM-2010F, obtained from JEOL, was

employed with a field gun emission gun at 200 kV). Prior to HR-

TEM characterization, the adsorbents were prepared and

dispersed by ultrasonication (2510R-DH, Bransonic) in 99.8% pure

isopropyl alcohol, obtained from Pharmco-AAPER for 30 min. Then,

on a carbon-coated copper grid (LC325-Cu, EMS), a drop of the

supernatant was fixed and dried at room temperature. The images

obtained from the HR-TEM were analyzed using ImageJ, an image

processing software (National Institutes of Health, Maryland, USA).

To evaluate the phosphate adsorption capacity of the prepared

samples, batch equilibrium experiments at pH 7 were conducted

using the buffer 3-(N-morpholino) propanesulfonic acid (MOPS),

obtained from Sigma-Aldrich. Variable dose isotherm studies were

conducted using different masses of adsorbent (ranging from 0.1 to

1.5 g) in 125 mL Nalgene polypropylene bottles with 100 mL of

phosphate solution. The stock phosphate solution was prepared by

dissolving 3 g of sodium phosphate monohydrate (NaH2PO4$H2O,

Sigma-Aldrich), obtained from Fisher Scientific, in 11 L of deionized

water at a target phosphate concentration of 200 mg L�1. The

concentrations of phosphate were measured by a standard color-

imetry EPA Method 365.1 [29].

3. Results and discussion

3.1. Adsorbent characterization

XRD characterization of the samples are shown in Fig. 1. The

XRD patterns of synthesized Ca- and Mg-modified samples were

identified with JCPDS 00-036-0398 for magnesioferrite (MgFe2O4),

00-006-0502 for hematite (a-Fe2O3), 00-025-1402 for maghemite

(g-Fe2O3), 00-047-1743 for calcite (CaCO3), 00-005-0628 for halite

(NaCl), 00-019-0629 for magnetite (Fe3O4), and 00-046-0291 for

calcium iron oxide (Ca0.15Fe2.85O4). As seen in Fig. 1(c), all peaks

corresponding to non-magnetic hematite were detected. This in-

dicates that PVA is necessary to convert non-magnetic iron oxide to

magnetic iron oxide (i.e., maghemite, magnetite, and ferrite). Un-

fortunately, no peaks corresponding to Ca or Mg were found.

Table 1

Ingredients for the synthesis of Ca- and Mg-modified ferrite.

Sample Fe(NO3)3 (g) Ca (g) Mg (g) PVA (g)

Control Fe2O3 25 0 0 0

Fe/CaCl2-No PVA 40.4 11.0 0 0

Fe/MgCl2-No PVA 40.4 0 9.5 0

Fe/CaCO3-No PVA 64.6 8.0 0 0

Fe/MgCO3-No PVA 64.6 0 6.7 0

Fe/CaCO3_PVA 1:1 40.4 7.4 0 47.8

Fe/CaCl2_PVA 1:1 40.4 11.1 0 51.5

Fe/CaCO3_PVA 1:5 4.04 0.74 0 23.9

Fe/CaCl2_PVA 1:5 4.04 1.11 0 25.8

Fe/MgCO3_PVA 1:1 20.2 0 4.2 24.4

Fe/MgCl2_PVA 1:1 20.2 0 5.1 25.3

Fe/MgCO3_PVA 1:5 4.04 0 0.8 24.2

Fe/MgCl2_PVA 1:5 4.04 0 1.0 25.3

Note: 5 mL of water was used to prepare all samples.
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However, Ca and Mg were found in the samples with EDS analysis

(see Fig. 2). The peaks for Ca and Mg could not be observed from

XRD characterization possibly because Ca and Mg exist in an

amorphous phase in the synthesized samples.

When PVAwas added during synthesis, hematite tomaghemite,

magnetite, or magnetic ferrite transformations were observed in all

samples after the combustion process (see Fig. 1(a) and (b)).

However, the formation of calcium iron oxide was not detected in

Ca-modified samples with CaCO3. It may result from different ion

sizes of Mg (Effective diameter ¼ 0.09 nm), Ca (Effective

diameter ¼ 0.14 nm), and Fe (Effective diameter ¼ 0.1 nm) [30].

Since the effective diameter of Mg ions is very similar to that of Fe

ions, Mg ions may easily replace Fe ions compared to Ca ions to

formMg-modified ferrite [30]. However, when chlorides (i.e., CaCl2
and MgCl2) were used, calcium iron oxide (Ca0.15Fe2.85O4) and

magnesioferrite (MgFe2O4) formed since chloride salts dissolve

well in water compared to carbonates like CaCO3 and MgCO3.

However, a small amount of Ca replaced Fe ions due to the large

effective diameter of Ca ions and thus, Ca0.15Fe2.85O4 formed instead

of CaFe2O4. Similar phenomena could be found in other studies

[12,31]. For example, since the ionic radius of sulfur (S2�) (0.17 nm)

is larger than oxygen (O2�) (0.122 nm), sulfur (S2�) could not easily

replace oxygen (O2�) and it requires more energy to synthesize

sulfur-doped titanium dioxide (TiO2) [12,31,32]. Moreover, peaks

corresponding to non-magnetic hematite observed in the samples

of Fe/CaCl2_PVA 1:1 and Fe/MgCl2_PVA 1:1 disappeared. The he-

matite completely transformed to magnetic ferrite or magnetite by

addingmore PVA (a ratio of 1:5). This indicates that the combustion

method provided enough energy required to synthesize magnetic

iron oxides.

SEM characterization of control Fe2O3 and the four synthesized

Ca- and Mg-modified samples without PVA are shown in Fig. S3.

Without Ca and Mg precursors, small spherical iron oxide particles

less than 1000 nm formed as shown in Fig. S3(a) and (b). Micro-

sized, larger aggregates formed when CaCl2 was used for the

modification of Fe2O3 as seen in Fig. S3(c). When CaCO3was used as

the Ca precursor, particle sizes decreased to less than 500 nm but

they still aggregated (see Fig. S3(d)). Interestingly, similar patterns

were observed during the preparation of Mg-modified samples.

When a carbonate was used, particle sizes significantly decreased

from 950 ± 500 nm to 180 ± 56 nm as seen in Fig. S3(e) and (f). Ca

and Mg precursors may affect the aggregation of particles during

the synthesis.

Fig. 3 shows the SEM images of Ca-modified samples with PVA.

Since CaCO3 has very low solubility inwater, the morphology of the

control Fe2O3 did not change during the combustion process with

the ratio of 1:1 (see Fig. S3(b) and Fig. 3(a)). However, it is not easy

to find the uniform spherical particles for the samples synthesized

with the ratio of 1:5 as shown in Fig. 3(b). The particles appeared to

be partially coated, thismay be the result of incomplete combustion

Fig. 1. XRD patterns for Ca- and Mg-modified samples: (a) Ca-modified ferrite with PVA, (b) Mg-modified ferrite with PVA and (c) Ca- and Mg-modified samples without PVA.
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of PVA during the synthesis process. However, as shown in Fig. 3(c)

and (d), sample size and shape changed by using CaCl2 since CaCl2
dissolves well in water. Larger aggregates formed compared to the

CaCO3 modified sample. For the samples prepared with the ratio of

1:5, large aggregates, with sizes ranging from 500 nm to 1 mm,

formed. Small nanoparticles ranging from 30 to 80 nm were trap-

ped in the large aggregates. In both cases of CaCO3 and CaCl2 with

the ratio of 1:5, carbon content highly increased after the com-

bustion (see the EDS analysis in Table 2). This may indicate PVAwas

not completely burned out from the synthesized samples and

coated nanoparticles to form larger aggregates.

The results of SEM analysis of Mg-modified samples using

MgCO3 and MgCl2 are shown in Fig. 4. As shown in Fig. 4(a) and (b),

nanoparticles with an average size of 53 ± 12 nm started forming

spherical aggregates with an average size of 270 ± 90 nm in the

samples prepared with MgCO3. With the ratio of 1:5, slightly larger

andmore uniform spherical aggregates of 290 ± 37 nm appeared to

form. Mg content analyzed by EDS in both large and small aggre-

gates was very similar which indicates Mg was uniformly incor-

porated into the samples during sample preparation. On the other

hand, large aggregates with an average size of 360 ± 55 nm formed

in the samples prepared using MgCl2 of 1:1 ratio. With a 1:5 ratio,

nanoparticles less than 20 nm formed and did not have a specific

structure.

The synthesized samples were also characterized with TEM. As

seen in Fig. S4(a), spherical nanoparticles with a diameter ranging

from 15 to 120 nm formed in the control Fe2O3. This is in good

agreement with the SEM analysis showing the formation of nano-

particles (<100 nm). By adding Ca and Mg precursors to modify the

control Fe2O3, the size and shape of the primary particles changed.

Nanoparticles and nanorods with irregular sizes and shapes were

synthesized in the Ca- and Mg-modified samples. Additionally,

magnetic Ca- and Mg-modified samples were analyzed with TEM

(see Figs. 5 and 6). By adding PVA, spherical nanoparticles formed in

Ca-modified samples. With excess PVA (i.e., ratio of 1:5), even

though small particles with an average diameter of 6.2 ± 1.6 nm for

Fe/CaCO3_PVA and 10.6 ± 4.1 nm for Fe/CaCl2_PVA formed, the

formed nanoparticles were capped into PVA resulting in a decrease

of BET surface area from 8.7 to 0.6 m2 g�1 for Fe/CaCO3_PVA and

from 31.4 to 17.5 m2 g�1 for Fe/CaCl2_PVA (see Fig. 5). For Mg-

modified samples, smaller and uniform particles formed with an

average size of 15.0 ± 4.8 nm for Fe/MgCO3_PVA and 19.5 ± 2.4 nm

for Fe/MgCl2_PVA in the presence of excess PVA (i.e., ratio of 1:5). In

these cases, the BET surface area of the samples decreased from 46.8

to 14.3m2 g�1 for Fe/MgCO3_PVAand from57.9 to 19.5m2 g�1 for Fe/

MgCl2_PVA at a higher loading of PVA due to an excess of PVA.

Further analysis on the synthesized samples was done using HR-

TEM to obtain lattice spacing information as seen in Figs. 7 and 8.

Fig. 2. EDS analysis for Ca- and Mg-modified samples without PVA. It shows the presence of Ca or Mg in the synthesized samples. The presence of gold (Au) was due to the Au

coating on the samples during a sputtering process.
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The measured lattice spacing of the control Fe2O3 sample was

0.250 nm, corresponding to (110) plane of a-Fe2O3 (see Fig. S1). This

confirms the results of XRD analysis reporting the formation of

non-magnetic hematite in control Fe2O3 samples. In Ca- and Mg-

modified samples without PVA, a lattice spacing of 0.250 nm, cor-

responding to (110) plane for a-Fe2O3 was observed, as shown in

Fig. 7(a)-(d). In Fig. 8(a) for the Fe/CaCO3_PVA 1:1 sample, the (104)

plane of CaCO3 with 0.304 nm was observed along with the

measured lattice spacing of 0.252 nm, corresponding to (119) plane

of magnetic g-Fe2O3. Since CaCO3 does not dissolve in water, Ca

could not be effectively incorporated into the iron oxide during the

synthesis but magnetic g-Fe2O3 formed since sufficient energy was

provided for phase transformation by PVA incineration. Otherwise,

Ca0.15Fe2.85O4 and Fe3O4 formed in the sample synthesized with

CaCl2. Due to the water solubility of CaCl2, Ca could be incorporated

into the iron oxides as seen in Fig. 8(b).

However, as discussed before, a small amount of Ca2þ ions could

be facilitated to form Ca0.15Fe2.85O4 due to the larger effective size of

Ca2þ compared to Fe ions. Interestingly, Mg was well incorporated

into the iron oxides in both cases using MgCO3 andMgCl2, resulting

in the formation of MgFe2O4 with the PVA assisted-synthesis

method (see Fig. 8(c) and (d)). Due to their similar effective

diameter (Mg ¼ 0.09 nm and Fe ¼ 0.1 nm) [30], Fe was effectively

replaced with Mg. These results are in good agreement with the

XRD analysis.

3.2. Adsorption experiments

Adsorption experiments were conducted using the synthesized

adsorbents to evaluate their affinity towards phosphate. For the

Mg-modified samples, as seen in Fig. 9, the addition of PVA nega-

tively impacted phosphate adsorption. Fe/MgCO3_PVA 1:1 and Fe/

MgCl2_PVA 1:1 removed 95.7 and 72.9% of phosphate, respectively.

However, Fe/MgCO3_PVA 1:5 and Fe/MgCl2_PVA 1:5 removed 26.3

and 10.0% of phosphate, respectively. Furthermore, the control

samples (with no PVA) removed higher percentages of phosphate

(99.5 and 99.8% for Fe/MgCO3eNo PVA and Fe/MgCl2-No PVA,

respectively) yet these samples were not magnetically separable. A

similar trend was observed for the Ca-modified samples, where

higher ratios of PVA negatively impacted phosphate adsorption. As

seen in Fig. 10, Fe/CaCO3_PVA 1:5 and Fe/CaCl2_PVA 1:5 removed

11.2 and 22.3% of phosphate, respectively. The samples with a 1:1

PVA ratio removed 98.5 and 93.0% of phosphate for Fe/CaCO3_PVA

1:1 and Fe/CaCl2_PVA 1:1. Again, with the Ca-modified adsorbents,

the samples with no PVA had the highest adsorption percentages.

Fe/CaCO3eNo PVA removed 99.6% of phosphate and Fe/CaCl2eNo

PVA removed 99.8% of phosphate. These may result from the pos-

itive surface charge of the adsorbent. The added Ca and Mg provide

more positive charges on the adsorbents and promote the

adsorption of phosphate [33e35]. The use of electrostatic interac-

tion to improve adsorption capacity for the removal of negatively or

positively charged contaminants has been extensively reported in

many studies [33e37]. Also, phosphate may react with slowly

released Ca2þ from the adsorbents and then precipitate in the

system [38] since iron oxides could dissolve in water at different

pHs, resulting in the improvement of phosphate removal.

Fig. 3. SEM images of Ca-modified samples with PVA: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCO3_PVA 1:5, (c) Fe/CaCl2_PVA 1:1, and (d) Fe/CaCl2_PVA 1:5.

Table 2

EDS analysis for Ca- and Mg-modified samples.

Sample Carbon (%) Ca (%) Mg (%)

Fe/CaCO3_PVA 1:1 18.8 11.9 e

Fe/CaCO3_PVA 1:5 86.5 5.8 e

Fe/CaCl2_PVA 1:1 16.7 8.9 e

Fe/CaCl2_PVA 1:5 66.7 2.4 e

Fe/MgCO3_PVA 1:1 17.0 e 1.2

Fe/MgCO3_PVA 1:5 79.0 e 6.0

Fe/MgCl2_PVA 1:1 31.5 e 5.0

Fe/MgCl2_PVA 1:5 75.1 e 0.8
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Table 3 summarizes the phosphate adsorption capacity of each

adsorbent, clearly indicating the impact PVA had on phosphate

adsorption. Apart from the samples without PVA, the best per-

forming samples were the 1:1 ratio carbonate-based adsorbents

followed by the chloride-based samples. The best performing

sample was Fe/CaCO3_PVA 1:1, followed by Fe/MgCO3_PVA 1:1, Fe/

CaCl2_PVA 1:1, and Fe/MgCl2_PVA 1:1, with phosphate adsorption

capacities of 16.74, 16.26, 15.81, and 12.39 mg g�1, respectively.

Fig. 4. SEM images of Mg-modified samples with PVA: (a) Fe/MgCO3_PVA 1:1, (b) Fe/MgCO3_PVA 1:5, (c) Fe/MgCl2_PVA 1:1, and (d) Fe/MgCl2_PVA 1:5.

Fig. 5. TEM images of Ca-modified samples with PVA: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCO3_PVA 1:5, (c) Fe/CaCl2_PVA 1:1, and (d) Fe/CaCl2_PVA 1:5.
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Fig. 6. TEM images of Mg-modified samples with PVA: (a) Fe/MgCO3_PVA 1:1, (b) Fe/MgCO3_PVA 1:5, (c) Fe/MgCl2_PVA 1:1, and (d) Fe/MgCl2_PVA 1:5.

Fig. 7. HR-TEM images of Ca- and Mg-modified samples without PVA: (a) Fe/CaCl2_No PVA, (b) Fe/CaCO3_PVA_No PVA, (c) Fe/MgCl2_No PVA, and (d) Fe/MgCO3_No PVA. Scale bar.

C. Han et al. / Materials Chemistry and Physics 198 (2017) 115e124 121



Based on the results for the 1:1 ratio adsorbents, these samples

were further investigated by adsorption isotherms.

The adsorption capacities of Ca- and Mg-modified ferrites were

compared to other adsorbents found in literature (Table S1). While

the Ca- and Mg-modified ferrite adsorbents did not have the

highest phosphate adsorption capacity, they performed much

better than other commonly used adsorbents including red mud

and steel slag.

The samples were evaluated with both the Langmuir [39] and

Freundlich [40] isotherm models. The results of the Langmuir

Fig. 8. HR-TEM images of Ca- and Mg-modified, magnetic samples: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCl2_PVA 1:1, (c) Fe/MgCO3_PVA 1:1, and (d) Fe/MgCl2_PVA 1:1.

Fig. 9. Adsorption of phosphate with respect to time using Mg-modified adsorbents

(C: Control Fe2O3, B: Fe/MgCl2-No PVA,;: Fe/MgCO3-No PVA, D: Fe/MgCl2_PVA 1:1,

-: Fe/MgCl2_PVA 1:5, ,: Fe/MgCO3_PVA 1:1, and A: Fg/MgCO3_PVA 1:5).

Fig. 10. Adsorption of phosphate with respect to time using Ca-modified adsorbents

(C: Control Fe2O3, B: Fe/CaCl2-No PVA, ;: Fe/CaCO3-No PVA, D: Fe/CaCl2_PVA 1:1,

-: Fe/CaCl2_PVA 1:5, ,: Fe/CaCO3_PVA 1:1, and A: Fg/CaCO3_PVA 1:5).
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isotherm models were found in the supporting information

(Fig. S2) and Table 4. Data were evaluated with the Freundlich

model by the linearized equation:

logqe¼ logKF þ
1

n
logCe

where KF is the Freundlich constant (mg g�1 (L mg�1)1/n) and 1/n is

a dimensionless constant which indicates sorption favourability.

The plot of log qe vs. log Ce, as seen in Fig. 11, provided the isotherm

constants as documented in Table 4.

When comparing regression coefficients between the two

isotherm models, it is clear that the Langmuir model provides the

best fit, with the exception of the Fe/CaCO3_PVA 1:1 sample which

had an R2 of 0.899 using the Freundlich model. However, as pre-

viously stated, this could be due to its extremely high capacity for

phosphate. Thus, based on adsorption experiments, it could be

determined that these materials best followed the Langmuir

isotherm, indicating a monolayer adsorption process.

4. Conclusions

Ca- and Mg-modified iron oxides using CaCl2, CaCO3, MgCl2, or

MgCO3 were successfully synthesized by a simple combustion

method. The samples became magnetic by the presence of PVA

during the calcination processes. Non-magnetic Ca- and Mg-

modified iron oxides demonstrated the highest phosphate

adsorption capacity of about 17 mg g�1 compared to that of control

Fe2O3 (7.49 mg g�1) under these experimental conditions. Inter-

estingly, magnetic Ca- and Mg-modified samples also showed a

high capacity of phosphate removal, which ranged from 12.4 to

16.74 mg g�1. Even though the values of qmax for Ca- and Mg-

modified samples without PVA were not calculated, the obtained

results indicate successful Ca and Mg modification significantly

improves the capacity of phosphate removal from water. Incorpo-

rated Ca or Mg into iron oxides may enhance the binding of

phosphate on iron oxide, resulting in the improvement of phos-

phate removal [41]. Moreover, innovative magnetic samples have

high potential for easy separation processes to avoid filtration,

which requires considerable energy and high costs during water

treatment processes.
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The adsorption of phosphate onto modified Bayoxide® E33 (E33) and underlying mechanisms were

comparatively investigated by batch kinetics, sorption isotherms, rapid small-scale column tests, and mate-

rial characterization. Synthesis of modified E33 was conducted by the addition of manganese and silver

nanoparticles on the surface of the goethite (α-FeOOH)-based E33. Upon successful adsorbent synthesis,

the materials were characterized using SEM, TEM, XRD, EDX, HR-TEM, and BET surface area analysis. The

adsorption kinetics is described by a fast initial adsorption stage followed by a slow adsorption stage,

complying with pseudo second-order kinetics and Elovich kinetics. Sorption isotherms revealed that the

equilibrium capacity of one of the modified adsorbents (E33/AgII) exceeded that of unmodified E33 likely

due to its increased BET surface area. Column experiments confirmed the results for adsorption kinetics

and equilibrium of phosphate sorption onto E33 and modified E33. This suggests that media modification

has the potential to improve phosphate removal properties.

1. Introduction

Phosphates are one of the common mineral nutrients found

in wastewaters.1 Both natural and anthropogenic sources

such as agricultural runoffs2,3 and urban4 and industrial

wastes5,6 act as major sources of phosphate in surface water

bodies. In aquatic systems, phosphates occur in various

forms, particulate, organically bound, or dissolved,7 of which

orthophosphates ĲPO4
3−) are found to be predominant.8

While it is an essential nutrient, higher concentrations of

phosphate in water bodies can be detrimental to aquatic life,

human health, and the environment.9 As a limiting nutrient

in the environment, increased loads of phosphates can result

in accelerated eutrophication or excessive growth of algae,

leading to increased treatment costs and reduced recreational

value.10 Therefore, phosphate removal from wastewaters has

become an area of emerging concern.

Conventional methods for phosphate removal include

physical, chemical, and biological processes; of which, chem-

ical precipitation11 and enhanced biological phosphate
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Water impact

As a limiting nutrient in the environment, increased loads of phosphates can result in accelerated eutrophication or excessive growth of algae, leading

to increased treatment costs and reduced recreational value. Therefore, phosphate removal from wastewater has become an area of emerging concern. In

this study, the removal of phosphate using newly surface-modified Bayoxide® E33 was thoroughly examined. Underlying mechanisms were comparatively

investigated by batch kinetics, sorption isotherms, rapid small-scale column tests, and material characterization. The adsorption kinetics is well described

by a fast initial adsorption stage followed by a slow adsorption stage, complying with pseudo second-order kinetics and Elovich kinetics. The results showed

potential for practical applications of the modified material for phosphate removal.
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removal (EBPR)12,13 are commonly used. However, due to a

number of factors including cost, sludge production,

required energy, and issues of reliability and stability,14,15

other methods are currently being explored. The quickest,

easiest, and most economically known method for the

removal of phosphate ions is adsorption.16 To date, a number

of different adsorbents have been investigated for phosphate

removal including metal oxides,16–22 red mud,23–25 steel

slag,26–28 and fly ash.29,30 Table 1 shows different phosphate

adsorbents and their reported adsorption capacity at differ-

ent parameters. Adsorption also has the benefits of applica-

bility at low concentrations, little to no sludge production,

and potential for both batch and continuous processes, and

the potential for adsorbent regeneration that could reduce

wastes and costs.31

One such highly adsorptive material for phosphate

removal is the iron oxide goethite ĲironĲIII) oxide-hydroxide).32–35

The affinity of phosphate adsorption on ironĲIII) oxide-

hydroxide is dependent on phosphate's complexing capacity

by ligand exchange as well as electrostatic interactions

with the surface.36 This process involves replacement of a

phosphate ion with one or more surface hydroxyl groups,

releasing surface structural OH2 and/or OH− into the bulk

solution,37 in which stoichiometric changes in the amount of

phosphate adsorbed and OH− released can provide clues on

the type of adsorption mechanism.38 IronĲIII) oxide-hydroxide

adsorption initially occurs rapidly, followed by a slow stage,39

attributed to micro/mesopore diffusion40 or particle aggrega-

tion,41 which is generally dependent on the crystallinity of

samples.42 Phosphate adsorption onto iron oxides involves a

ligand exchange mechanism,43 yet the exact mode of phos-

phate interaction is not known. IR studies revealed that each

adsorbed phosphate ion replaces two, singly coordinated OH

surface groups, indicating a bridging, binuclear complex.44,45

However, other studies have suggested that monodentate

surface complexes could exist at low adsorbate concentra-

tions.46 Using a combination of surface complexes to model

adsorption on iron oxides, Geelhoed et al.47 concluded that

the bidentate surface complex was most abundant at low to

intermediate values of pH.

Goethite (α-FeOOH) is one of the most thermodynamically

stable forms of iron oxide and thus is available in abundant

quantities.48 Due to its affinity for ion adsorption, AdEdge

Technologies Inc. (USA) has produced Bayoxide® E33 media

(E33), a commercially available goethite-based adsorbent for

environmental remediation. Although originally designed for

arsenic removal,49,50 E33 has been shown to adsorb a range

of ions including phosphates. While several studies have

shown that E33 adsorption is an effective technique for phos-

phate removal,51–53 surface modifications of E33 can enhance

overall adsorption. As adsorption is a surface-based phenom-

enon dependent on electrostatic interactions and covalent

bonding, the addition of di- and tri-valent metals to the sur-

face of E33 should correlate with increased phosphate

adsorption.

In this study, the surface of E33 media was modified with

manganese and silver. For the removal of phosphate, the

adsorptive properties of modified E33 were investigated and

then compared to those of the unmodified E33.

2. Experimental
2.1 Materials

The E33 used to study PO4
3− removal was obtained from

AdEdge Technologies Inc. (USA). Analytical grade sodium

phosphate monohydrate ĲNaH2PO4·ĲH2O)) was obtained from

Fisher Scientific and used as a stock solution. A stock phos-

phate solution at a concentration of ≈80 mg L−1 was pre-

pared by dissolving 1 g of NaH2PO4·ĲH2O) in 10 L of Milli-Q

water. The pH of the stock phosphate solution was

Table 1 Comparison of phosphate adsorption capacity of different adsorbents

Adsorbent Capacity ĲPO4
3− mg g−1) pH Temperature (°C) Reference

Metal oxides synthesized from manganese ore tailing 26.3 6.0 25 16
Titanium ion doped ordered mesoporous silica 4.5 7.0 21 17
Magnetic iron oxide nanoparticles 3.7 3.0 15 18
Zinc–aluminum layered double hydroxides 30.0 9.0 20 19
Iron oxide-coated crushed brick 1.8 5.0 20 20
Lithium-intercalated gibbsite 0.3 4.5 25 21
Fe-loaded biomass char 35.4 3.0 25 22
HCl-treated red mud 0.6 5.5 40 23
Red mud granular adsorbents 9.8 9.2 37 24
Red mud 0.5 4.0 25 25
Modified steel slag 11.1 8.0 25 26
Steel slag 5.3 5.5 25 27
Electric arc furnace (EAF) steel slag 2.2 6.0 23 28
Iron oxide/fly ash 27.4 3.0 25 29
Fly ash 18.9 3.0 25 29
Nanshi-modified fly ash 40.7 4.0 21 30
Nanshi-modified zeolite 47.2 4.0 21 30
E33 26.8 7.0 21 This study
E33/Mn 17.8 7.0 21 This study
E33/AgI 19.3 7.0 21 This study
E33/AgII 28.0 7.0 21 This study
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maintained constant at 6, 7 and 9, using 2-ĲN-morpholino)

ethanesulfonic acid (MES), 3-ĲN-morpholino) propanesulfonic

acid (MOPS), and N-tris (hydroxymethyl) methyl-3-amino-

propanesulfonic acid (TAPS), respectively, all obtained from

Sigma Aldrich. Reagent grade silver nitrate (AgNO3), sodium

borohydride (NaBH4), and manganese acetate tetrahydrate

ĲMnĲCH3COO)2·4H2O) were obtained from Sigma Aldrich and

used as received.

2.2 Synthesis of modified E33

For the synthesis of silver-modified E33, an initial mixture of

10 g of E33 and 35 mL of Milli-Q water was prepared in a

100 mL conical flask. Then, 2 mL of 0.1 N AgNO3 was added

to the flask and shaken by hand for 2 min to ensure thor-

ough mixing. To this initial mixture, two different adsorbents

were prepared, one using NaBH4 and the other using tea

extract, denoted respectively as (E33/AgI)50 and (E33/AgII)50.

For E33/AgI, 10 mL of 0.1 N NaBH4 was added to the initial

mixture, hand shaken for 2 min and allowed to react over-

night at room temperature. For E33/AgII, 2 g of tea powder

(Red Label, India) was boiled in 100 mL of Milli-Q water and

the solution was filtered through a 0.20 μm PTFE filter. Then,

20 mL of the tea extract solution was added to the initial

mixture, shaken by hand for 2 min, and allowed to react over-

night at room temperature. Following the overnight incuba-

tion, samples were twice washed with Milli-Q water and air-

dried at room temperature prior to characterization and

analysis.50

For the synthesis of manganese-coated E33 (E33/Mn), 50 g

of E33 was mixed with 20 mL of Milli-Q water in a china

crucible. Then, 10 g of manganese acetate tetrahydrate

ĲMnĲCH3COO)2·4H2O, Aldrich product) was added to the cru-

cible and the solution was hand-mixed with a spatula for

5 min to ensure proper mixing. After mixing was complete,

the sample was heated at 310 °C for 1 h in a china crucible

and then stored for later analysis and characterization.

2.3 Sample characterization

X-ray diffraction (XRD) analysis was performed using a

PANalytical (X'pert) 2-theta diffractometer (PANalytical, Almelo,

the Netherlands) in the 2-theta range of 2–90° under CuKα

radiation and a wavelength of 1.54 μm in order to determine

the adsorbent's crystal structure. An environmental scanning

electron microscope (ESEM, model Philips XL 30 ESEM-FEG)

at an accelerating voltage of 30 kV was used to characterize

the surface morphology of the adsorbents. An energy-

dispersive X-ray spectrophotometer (EDX) installed in the

ESEM was used to detect the distribution of elemental phos-

phorus as well as the percent of phosphate adsorbed. For

transmission electron microscopy (TEM), a FEI CM20 TEM

operated at 200 kV was employed. High-resolution TEM

(HR-TEM, JEM-2010F (JEOL)) with a field emission gun at

200 kV was also employed for the characterization of the pre-

pared surface-modified adsorbents. Free software (ImageJ,

National Institutes of Health, USA) was used for HR-TEM

image analysis. Adsorbent samples were prepared by ultrason-

ication (2510R-DH Bransonic) for 20 min in isopropyl alcohol

(99.8%, Pharmco), and then a drop of the supernatant was

fixed on a carbon-coated copper grid (FCF400-Cu, EMS) and

dried at room temperature. A Tristar 3000 porosimeter ana-

lyzer (Micromeritics) was used to determine the adsorbent's

BET surface area, total pore volume, and porosity. Samples

were first purged with nitrogen gas at 150 °C for 2 h using

Micromeritics FlowPrep 060.

2.4 Adsorption studies

To determine various adsorption parameters of the

surface-modified adsorbent, both batch and flow-through

column experiments were employed. Batch adsorption kinetic

studies were carried out to determine the amount of phos-

phate adsorbed with respect to time. Experiments were

conducted in 250 mL Nalgene polypropylene bottles given

the following conditions: (i) temperature: 20–25 °C, (ii) adsor-

bent amount: 5 g L−1, (iii) pH: 6, 7, and 9, (iv) influent phos-

phate concentration: ≈80 mg L−1. A constant pH in the batch

reactor was maintained using 5 mM MES, MOPS, and TAPS

buffer (for pH 6, 7, and 9, respectively) and was continually

mixed at a constant speed of 150 rpm (G10 Gyrotary shaker,

New Brunswick Scientific Co. Inc., USA). At higher mixing

speed, E33 samples started breaking down. Grab samples

were collected at various predetermined intervals (e.g. after 5,

10, 15, 30, 45 min and 1, 2, 3, 4, 5 h) and filtered using a

Whatman 0.45 μm nylon syringe filter. Experiments were

conducted in duplicate while each grab sample was a single

measurement.

Rapid small scale column tests were performed in Harvel

plastic columns 80 cm high and 1.9 cm in diameter. One

gram of adsorbent media with a fixed height of 1.27 cm, with

sand and gravel above and below, was placed in the columns

with a stainless steel sieve at the bottom end of the column

to prevent washout. Using a Thermo Scientific™ FH100M

Series Peristaltic pump, the phosphate solution was passed

through the column at a rate of 2 mL min−1 at room tempera-

ture. Similar to the kinetic study, solution pH was adjusted

initially and buffered to remain constant using 5 mM MES,

MOPS, and TAPS. The column effluent samples were col-

lected and analyzed for phosphate concentration at various

time periods and run until complete breakthrough (i.e. satu-

ration). Flow through experiments were conducted in dupli-

cate while each grab sample was a single measurement.

Variable-dose isotherm adsorption studies were conducted.

Different amounts of adsorbent (ranging from 100 to 600 mg)

were placed in 250 mL Nalgene polypropylene bottles. One

hundred milliliters of the same 80 mg L−1 phosphate solution

was then added to the bottles. Buffers (5 mM MES, MOPS,

and TAPS) were used to maintain constant pH conditions to

evaluate adsorption characteristics at varying pH values. The

sealed bottles were placed on a tabletop rotating shaker and

shaken at a constant 150 rpm at 21 ± 1 °C for 2 weeks, which

preliminary test results revealed was sufficient time for
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equilibrium to be reached. The phosphate concentration in

all experiments was analyzed by a colorimetric measurement

technique in which ammonium molybdate and potassium

antimonyl tartrate react in an acidic solution with orthophos-

phate to form phosphomopydbic acid which can be reduced

by ascorbic acid to form an intense blue color.54 The absor-

bance due to the blue complex was monitored at 880 nm

using UV-Vis spectrophotometry (Hach model number DR

2700). Experiments were conducted once and samples were

measured in triplicate and averaged.

3. Results
3.1 Adsorbent characterization

Table 2 summarizes the physical characteristics of E33 and

modified E33 samples. The BET surface area of E33 exceeded

that of the modified samples except for E33/AgII, which had

a slightly higher BET surface area (142.0 m2 g−1 compared to

140.4 m2 g−1). The manganese-coated E33 had a significantly

reduced BET surface area (102.8 m2 g−1) compared to E33.

This suggests that at least a portion of the manganese oxide

nanoparticles occupied the pore structure of E33. This table

also summarizes structural characteristics of the adsorbent

prior to and after phosphate adsorption. Fig. S1 (a) and (b)‡

show N2 adsorption and desorption isotherms for all sam-

ples before and after using for phosphate removal. They pres-

ent typical Type IV adsorption isotherms, indicating the

formation of mesoporous materials.55

3.1.1 SEM characterization. Fig. 1 illustrates SEM images

of E33 and modified E33. Fig. 1(a) and (b) represent

unmodified E33 at 12k and 50k magnification, respectively.

Based on Fig. 1(b), it could be determined that the particles are

spherical and, on average, 75 nm in diameter. Fig. 1(c) and (d)

illustrate the surface morphology of E33/Mn at 12k and 50k

magnification, respectively. As can be seen in Fig. 1(d), the

spherical particles range in size from 50 to 200 nm in

diameter. Also, several particle aggregates 500 nm in

diameter were present. Fig. 1(e) and (f) illustrate SEM images

of E33/AgI. Fig. 1(f) (at 50k magnification) reveals that the

average particle size was 75 nm which was similar to the

unmodified E33. Fig. 1(e) (at 12k magnification) reveals a

smoother surface when compared to the other adsorbents.

The surface morphology for E33/AgII is illustrated in

Fig. 1(g) and (h), at 12k and 50k magnification, respectively.

The average particle size was determined to be 100 nm, and all

particles were spherical in shape. The images for EDX

mapping show adsorbed phosphate (yellow) on the surface of

E33 and E33/AgII. More phosphate was detected on the

surface of E33/AgII compared to that of unmodified E33

(please see Fig. S2 in the ESI‡).

3.1.2 XRD analysis. Fig. 2 shows the XRD patterns of all

samples used for phosphate removal. The peaks for all

samples were defined using reference codes in XRD analysis

software corresponding to different materials such as

00-03-0249, 00-001-1053, 00-014-0557, and 00-036-0045 for

goethite, hematite, iron manganese oxide hydroxide, and iron

phosphate hydroxide, respectively. The XRD patterns of all

samples are shown in Fig. S3Ĳa)–Ĳd).‡ The well-defined peaks

demonstrated typical XRD patterns of goethite of iron oxides

in E33 and Ag-modified E33 in Fig. 2(a), indicating that Ag

modification did not affect the phase transformation of goe-

thite. Moreover, the pH of solution for phosphate removal

did not affect the goethite phase of iron oxide (see Fig. S3(a),

(c), and (d)‡). However, the peaks, which correspond to

Ag, were not detected due to low concentration of Ag (see

Fig. 2(a)). For Mn-modified E33, the peaks corresponding to

hematite of iron oxide were observed, indicating phase trans-

formation from goethite to hematite during the synthesis

process. Well-defined peaks corresponding to iron manga-

nese hydroxide were observed, indicating that the surface of

E33 was successfully modified with manganese (see Fig. 2(a)).

Fig. 2(b) shows XRD patterns of E33 and surface-modified

E33 after completion of the phosphate removal studies. The

peaks corresponding to iron phosphate hydroxide in E33 and

all surface-modified E33 were also observed, which indicates

that the media complexed with the dissolved phosphate in the

influent water.

3.1.3 TEM and HR-TEM characterization. Fig. 3 represents

TEM images at 100k magnification of E33 and the modified

adsorbents. The silver-modified adsorbents (E33/AgI and E33/

AgII), in Fig. 3(c) and (d), had a rod-like shape, similar to the

unmodified E33. These particles were determined to be, on

average, 150 nm long and 20 nm across. It seems that the

effect of silver modification on the morphological structure

of E33 is negligible. On the other hand, the manganese-

modified E33 had spherically shaped particles 50 nm in

diameter on average. In order to investigate the structure of

the crystal in detail, HR-TEM was employed. Fig. 4 shows the

images of HR-TEM analysis for unmodified and modified

E33 samples. Fig. 4(a) shows that the measured lattice

spacing of the sample was 0.42, 0.25, and 0.17 nm, which

correspond to the (110), (111), and (221) planes of goethite of

iron oxide, respectively.56 In Fig. 4(b), the lattice fringe with a

d-spacing of 0.27 nm for the (222) plane of Mn2O3 was

Table 2 Structural characteristics of E33 and modified E33 before and after PO4
3− adsorption

Sample

Before adsorption After adsorption

SBET (m2 g−1) Total pore volume (cm3 g−1) Porosity (%) SBET (m2 g−1) Total pore volume (cm3 g−1) Porosity (%)

E33 140.4 0.583 16.2 145.0 0.637 15.0
E33/AgI 124.6 0.456 12.6 136.8 0.449 11.1
E33/AgII 142.0 0.553 15.4 143.1 0.618 14.7
E33/Mn 102.8 0.441 12.3 99.5 0.623 14.8
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measured, which indicated the formation of Mn2O3 during

the surface modification of E33 with manganese.57–59 After

the surface modification of E33 with Ag, the presence of Ag

was detected with a lattice spacing of 0.24 nm, corresponding

to the (111) plane of Ag. The plane of (200) with a measured

lattice spacing of 0.20 nm was also observed, indicating that

the surface of E33 was successfully modified with Ag,56,60

although the peaks corresponding to Ag were not detected by

XRD analysis due to the low concentration of Ag on the sur-

face of E33.

3.2 Adsorption studies

3.2.1 Effect of contact time. Fig. 5 shows the removal of

phosphate as a function of reaction time from 0 up to 220 h.

Fig. 1 SEM images of E33 at 12k (a) and at 50k (b), E33/Mn at 12k (c) and at 50k (d), E33/AgI at 12k (e) and at 50k (f), and E33/AgII at 12k (g) and at

50k (h) magnification.
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The effluent presented a decreasing phosphate concentration

with increasing reaction times. While E33/Mn and E33/AgI

had lower reductions in phosphate concentration, E33/AgII

performed similarly to the unmodified E33. The phosphate

adsorption capacity of the different adsorbents correlates to

BET surface area (Table 2). The solution pH in the batch

reactor noticeably impacted the efficiency of adsorbents for

phosphate removal. For example, E33/AgII at pH 7 removed

roughly 65% of phosphate after a 3 h reaction time, yet only

about 35% at pH 9. Influent pH also impacted overall adsorp-

tion. E33/AgII at pH 7 reduced phosphate concentration

(initially at 82.66 mg L−1) to 1.71 mg L−1, while with an

influent of pH 9, phosphate concentration was reduced to

5.71 mg L−1. These graphs also show that E33/AgII removed

50% of the phosphate in the first hour of adsorption. It then

took nearly five more days to reach equilibrium (Fig. 5(b)).

3.2.2 Phosphate adsorption kinetics. The results of kinetic

experiments for phosphate adsorption are illustrated in

Fig. 6. It can be seen that the adsorption rates of E33 and

E33/AgII were slightly higher than those of E33/AgI and

E33/Mn. Yet all adsorbents portrayed the typical, two-stage

adsorption process, with a rapid initial phase and a slower

phase, which likely corresponds to interparticle diffusion. For

example, after 2 h of adsorption, the phosphate removal for

E33, E33/Mn, E33/AgI, and E33/AgII was 66, 54, 38, and 63%,

respectively.

The kinetic data for phosphate adsorption seen in Fig. 6

were fitted to several kinetic models including the pseudo-

Fig. 2 XRD patterns of E33 and surface-modified E33: (a) before and (b) after using for phosphate removal.

Fig. 3 TEM images at 100k magnification of adsorbent media (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII. (All scale bars: 50 nm.)
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second-order equation and the simple Elovich equation by

non-linear regression using SigmaPlot software. The kinetic

equations used and their estimated parameters, with the

correlation coefficient R2, are illustrated in Table 3. Based on

the values of R2, the kinetics of phosphate adsorption on E33

and modified E33 can be satisfactorily described by both

the pseudo-second-order equation and the simple Elovich

equation; thus, Fig. 6 has both equations plotted also. The

apparent applicability of the Elovich equation, which was

originally developed to describe chemisorption of gases on

heterogeneous solid surfaces,61 suggests that the sorption

sites involved in phosphate sorption are also of a heteroge-

neous nature. Obtained results were generally in agreement

with other results from the literature and can properly explain

the kinetics of phosphate adsorption onto commonly found

soil minerals such as goethite.62–64

3.2.3 Column study. Column experiments were conducted

to quantify the mechanism of phosphate adsorption as

would be seen in an industrial-scale fixed bed adsorber. The

breakthrough curves were constructed by plotting the ratio of

PO4
3− concentration at time t to the initial influent concen-

tration (C/C0) versus time (t). Fig. 7 shows the typical "S"

shape of the breakthrough curves indicating the effects of

mass transfer parameters as well as internal resistance within

the column. Phosphate adsorption was initially high, decreas-

ing with time until fully saturated. The impact of influent pH

on phosphate adsorption was also evident where at higher

pH (pH 9), breakthrough time (1.5 hr) was longer, while the

time to reach saturation was shorter (15 hr), as opposed to

the pH 7 where the breakthrough occurred after 1 hr, but

took 18 hr to reach full saturation. The cumulative adsorp-

tion capacity of the columns was determined. At pH 6, the

cumulative column adsorption capacity for E33, E33/Mn,

E33/AgI, and E33/AgII was 31.5, 28.5, 29.9, and 40.1 mg g−1,

respectively. These results show that the phosphate

adsorption capacity of the adsorbents in columns were much

higher when compared to batch experiments (e.g. E33/AgII

at pH 6 had a capacity of 17.0 mg g−1 for batch studies and

40.1 mg g−1 for column experiments). However, this is

likely due to the volume of solution treated. Batch experi-

ments were conducted using 0.1 L of phosphate solution

while the continuous column experiments passed nearly

3 L of phosphate solution through the sorbents. These

results indicate that E33/AgII provided a greater capacity

for phosphate adsorption when compared to E33 at high

(pH 9) and neutral (pH 6) pH values. The adsorption

capacities for both batch and column tests are summa-

rized in Table S1.‡

Fig. 4 HR-TEM analysis for unmodified and modified E33 used for phosphate removal: (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII. (All scale

bars: 2 nm.)
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3.2.4 Adsorption isotherm study. The following equation

was used to determine the amount of phosphate anions

adsorbed per unit weight of adsorbent (qe):

θ
χ χ ς

m
ε  

�( ∗)0

where c0 is the initial concentration (mg L−1), c* is the equi-

librium concentration (mg L−1), V is the solution volume (L),

and m is the adsorbent mass in grams. Table 1 illustrates the

phosphate adsorption capacity of a wide range of adsorbents

including metal oxides, red mud, steel slag, and fly ash, as

well as E33 and modified E33. The most efficient adsorbents

were the Nanshi-modified zeolite, the Nanshi-modified

fly ash, and Fe-loaded biomass char. However, the stock

solution influent pH for these adsorbents was maintained

atypically low (pH 3 and 4) to promote enhanced adsorption.

At neutral pH, E33/AgII had a phosphate adsorption capacity

of 28.0 mg PO4
3− g−1. This was slightly higher than that of

the unmodified E33 (26.3 mg PO4
3− g−1), likely due to the

increased BET surface area of the E33/AgII sample. The

capacities from this study compare favorably with the capaci-

ties of other adsorbents as reported in literature.

Adsorption isotherms are used to relate the bulk adsorbate

concentration and the amount adsorbed at the surface inter-

face. The isotherm results were analyzed using the Langmuir

and Freundlich isotherms. The Langmuir isotherm model,

which assumes monolayer saturation with no lateral inter-

action between adsorbed particles, has previously been

Fig. 5 Rate of E33 and modified E33 adsorption of phosphate at

various pH values: (a) pH 6, (b) pH 7, and (c) pH 9.

Fig. 6 Phosphate adsorption kinetic data for E33 and modified E33 at

20 °C, pH 7, and an influent concentration of 83 mg P L−1.

Table 3 Estimated parameters for the kinetic model of phosphate

adsorption on E33 and modified E33

Power function equation (q = atb)
a b R2

E33 8.259 0.1715 0.8718
E33/Mn 6.396 0.1793 0.9464
E33/AgI 5.728 0.2288 0.9343
E33/AgII 8.139 0.1742 0.8817

Simple Elovich equation (q = a + b ln t)
a b R2

E33 8.228 2.071 0.9600
E33/Mn 6.513 1.619 0.9894
E33/AgI 5.895 2.045 0.9645
E33/AgII 8.130 2.070 0.9645

Pseudo second-order equation (qt = k2qe
2t/1 + k2qet)

qe,cal k2 (g mg−1 min−1) R2

E33 16.34 0.0641 0.9725
E33/Mn 13.74 0.0645 0.9021
E33/AgI 15.46 0.0272 0.9547
E33/AgII 16.31 0.0616 0.9639
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employed in similar adsorption experiments.62–64 The Langmuir

adsorption model is mathematically expressed by:

θ
Θ Κ Χ

Κ Χ
ε

Λ ε

Λ ε

 
�
mαξ

1

where qe (mg g−1) is the amount of adsorbed phosphate per

unit mass of adsorbent, Ce (mg L−1) is the unadsorbed phos-

phate concentration in solution at equilibrium, Qmax is the

maximum amount of phosphate per unit mass of sorbent to

form a complete monolayer on the surface, and KL (L mg−1)

is a constant related to the affinity of the binding sites.

The Langmuir adsorption equation can be described by its

linearized form:

1 1 1 1

θ Κ Θ Χ Θε Λ ε

 
♣

♥
♦

•

≠
÷ �

mαξ mαξ

The linear plot of the above equation (Fig. 8) yields essen-

tial specifications of the system. The slope and intercept of

the plot were used to determine the Langmuir constants Qmax

and KL, which are presented in Table 4.

Fig. 7 Column experiments for E33 and modified E33 phosphate

adsorption at (a) pH 6, (b) pH 7, and (c) pH 9.

Fig. 8 Langmuir isotherm graphs for (a) pH 7 and (b) pH 9.

Table 4 Isotherm parameters at pH 7

Sample

Langmuir isotherm constants
Freundlich
isotherm constants

Qmax (mg g−1) KL (dm3 mg−1) R2 KF 1/n R2

E33 25.71 0.82 0.9999 14.72 0.15 0.7389
E33/Mn 18.73 0.24 0.9836 9.59 0.15 0.8133
E33/AgI 20.58 0.36 0.9642 12.87 0.10 0.6718
E33/AgII 28.01 0.69 0.9917 15.75 0.15 0.7893
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Essential characteristics of the Langmuir isotherm model

can be expressed in terms of a constant dimensionless sepa-

ration factor, RL, given by the equation:

Ρ
Κ Χ

Λ

Λ

 
�� �
1

1 0

where C0 (mg L−1) is the initial adsorbate concentration in

solution and KL (L mg−1) is the Langmuir constant. The value

of RL can indicate if adsorption is unfavorable (RL > 1), linear

(RL = 1), irreversible (RL = 0), or favorable (0 < RL < 1). RL

values for E33, E33/Mn, E33/AgI, and E33/AgII were 0.015,

0.050, 0.034, and 0.018, respectively. As all values computed

for RL were less than 1 and greater than 0, adsorption was

determined to be favorable.

The Freundlich isotherm is an empirical equation used to

explain heterogeneous systems. The Freundlich equation is

given by:

qe = KF(Ce)
1/n

where KF ((mg g−1) (L mg−1)1/n) is the adsorption capacity of

the adsorbent and n gives an indication of adsorption favor-

ability, for example, values of n > 1 indicate favorable adsorp-

tion. Freundlich isotherm constants KF and n can be deter-

mined by the linearization of the Freundlich equation and

graphing lnĲqe) vs. lnĲCe):

λν λνθ Κ
ν

Χε� �  � � � � �� �Φ ε

1

Values of KF and n can be determined from the intercept

and slope of the plot for the linearized Freundlich equation.

The linearized Freundlich isotherm plots for phosphate

adsorption onto E33 and modified E33 are presented in

Fig. 9. The Freundlich isotherm constants, KF and 1/n, were

determined by linear regression (Table 4).

Fig. 10 shows phosphate adsorption isotherms for E33

and modified E33 under identical conditions, i.e. DI water at

pH 7. The results show that E33/AgII had the highest capacity

of phosphate adsorption for the modified adsorbents as well

as unmodified E33. This is in accordance with BET surface

area analysis, which revealed that E33/AgII had the highest

specific surface area. Likewise, E33/Mn, which had the lowest

phosphate adsorption capacity, also had the lowest BET sur-

face area. Isotherm results were evaluated using both
Fig. 9 Freundlich isotherm graphs for influent pH values of (a) 7 and

(b) 9.

Fig. 10 Isotherm graph for phosphate adsorption at pH 7.
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Langmuir and Freundlich isotherm equations. The deter-

mined isotherm constants for both models are summarized

in Table 4. As can be seen from the coefficients of determina-

tion, the Langmuir isotherm appears better suited to explain

the adsorption equilibrium data.

4. Conclusion

Three modified adsorbents, based on the commercially avail-

able E33 adsorptive medium, were successfully synthesized

and characterized using SEM, TEM, XRD, porosimetry analy-

sis and EDX. The adsorption capacity of the synthesized sam-

ples was investigated for the removal of phosphate. The

results of the characterization of synthesized samples indi-

cated that the surface of E33 was successfully modified with

nanostructured Ag and manganese. In particular, for Ag-

modified E33, the phase of E33 was not affected by Ag modi-

fication while the transformation of goethite to hematite was

observed in Mn-modified E33.

Batch and column experiments were conducted to deter-

mine the adsorbents' capacity for phosphate adsorption. The

phosphate removal was influenced by the pH of solutions. As

the solution pH decreased, the amount of phosphate

adsorbed increased, presumably because the surface charge

of E33 is pH dependent, thus lower pH values correlate to a

more positive surface charge on the E33, thus promoting

increased PO4
3− adsorption. Of the modified adsorbents syn-

thesized, Ag-modified E33 using tea extract (E33/AgII) had a

slightly higher phosphate adsorption capacity compared to

unmodified E33. This increase in adsorptive capacity is likely

due to an increased BET surface area for E33/AgII. Although

Mn-modified E33 (E33/Mn) was believed to promote

increased adsorption, a reduction in BET surface area (likely

caused by the aggregation of particles resulting in a spherical

shape for the E33/Mn particles as revealed by TEM) resulted

in a pore blockage and lower phosphate adsorption capacity

when compared to unmodified E33. The increased adsorp-

tion for E33/AgII suggests the potential for improving the per-

formance of commercially available adsorbents for phosphate

removal.
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Phosphate adsorption using modified iron oxide-based sorbents
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� The adsorbent E33 was successfully
modified with silver and manganese
nanoparticles.

� One silver modified sorbent had
similar PO4

3� adsorption capacity
compared to E33.

� Phosphate desorption for its recovery
was accomplished by base leaching
with NaOH.
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a b s t r a c t

Adsorption behavior of Bayoxide� E33 (E33) and three E33-modified sorbents for the removal of
phosphate from lake water was investigated in this study. E33-modified sorbents were synthesized by
coating with manganese (E33/Mn) and silver (E33/AgI and E33/AgII) nanoparticles. Adsorbent character-
ization was done by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), surface area analyzer (BET), transmission electron microscopy (TEM), and high
resolution TEM (HR-TEM) analysis. Batch, equilibrium, and column experiments were conducted to
determine various adsorption parameters. Equilibrium data were fitted to different adsorption isotherms
and the Langmuir isotherm provided the best fit. Based on the Langmuir model, it was found that
E33/AgII had a slightly higher maximum monolayer adsorption capacity (38.8 mg g�1) when compared
to unmodified E33 (37.7 mg g�1). Data for adsorption kinetics were found to best fit with the pseudo-
second-order model, suggesting chemisorption is the mechanism of sorption. Intra-particle diffusion
studies indicated that the rate-limiting step for phosphate sorption onto E33 and modified E33 was
intra-particle diffusion. Although limited improvements were seen, the results of this study suggest that
the surface of E33 can be modified with nanoparticles to enhance the adsorption of phosphate from aque-
ous solutions and may give other advantages such as limiting biofouling over an extended lifetime of
numerous recovery/regeneration steps.

Published by Elsevier B.V.

1. Introduction

Phosphates (PO4
3�), as essential and often limiting nutrients in

most aquatic environments, can result in the acceleration of
eutrophication; leading to an increase in costs associated with
water treatment [1], decreased recreational value of the waterway
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[2], and the formation of harmful algal blooms (HABs) that may
pose a risk to human health from the production of cyanotoxins
[3]. Therefore, the remediation of phosphates from aquatic
ecosystems is a growing environmental concern. While phosphates
are naturally found in surface and waste water, anthropogenic
sources from agriculture [4] (fertilizer/animal feed run-off),
industry [5] (detergents), and sewage [6] have increased phosphate
loads in surface waters, thus accelerating eutrophication.

While conventional treatment techniques like chemical precip-
itation and biological phosphorus removal exist, problems remain.
Chemical precipitation is a costly process, requiring the purchasing,
transportation, and storage of chemical precipitants, and produces
vast quantities of sludge which must be properly disposed [7]. Bio-
logical processes like enhanced biological phosphorus removal
(EBPR) are quite sensitive to water parameters including influent
carbon source [8] (e.g., acetate, propionate, etc.) and temperature
[9], resulting in decreased stability and reliability. Yet, while phos-
phates act as pollutants at high concentrations, their demand is
growing for industrial purposes including fertilizer production
and the manufacturing of detergents. As a non-renewable resource
with no known alternatives, the need for phosphate recovery and
recyclingmay become necessary. Though experts disagree onwhen
(between 60 and 700 years) [10,11], it is acknowledged that our
phosphate reserves will eventually be depleted. Thus, future stud-
ies should focus on PO4

3� recovery as well as removal.
One technique that can both remove and recover phosphate is

adsorption. Adsorption is a surface-based phenomenon resulting
in the adhesion of an adsorbate on the surface of an adsorbent
through covalent bonding and electrostatic interactions [12,13].
Unlike chemical precipitation and biological removal processes,
adsorption is unique in that it can remove contaminants over a
wide pH range and at low concentrations [14]. The iron oxide
hydroxide goethite (a-FeOOH) is a highly adsorptive material for
phosphate remediation. As the most thermodynamically stable
iron oxide in most environmental conditions, goethite is the most
frequently encountered iron oxide in nature and occurs in almost
every soil type in every climatic region [15].

Iron oxides like goethite typically occur as poorly ordered,
minute crystals with large specific surface areas (50–300 m2 g�1)
[16] with hydroxide surface functional groups. These properties
substantially contribute to the specific adsorption of anions like
PO4

3� as inner sphere complexes. Phosphate adsorption results
from the completion of the ligand shell of surface Fe atoms, where
the PO4

3� ion reacts with two singly coordinated Fe–OH groups,
forming a bridging, binuclear, bidentate complex (Fe–O)2–PO2H
[17]. Due to goethite’s affinity for ion adsorption and relative avail-
ability, LANXESS Deutschland GmbH has produced Bayoxide� E33
Adsorption Media (E33), a goethite-based adsorbent which was
originally designed for arsenic remediation [18–20], yet studies
have shown the ability of E33 to sorb a wide range of ions, includ-
ing phosphates [21–23].

Previous research has explored phosphate adsorption equilib-
rium and adsorption kinetics of E33 and three surface modified
E33-based adsorbents using a stock phosphate solution [24]. In this
study, however, lake water was used to determine the effects of
competing species on phosphate removal. The phosphate
adsorption capacity and kinetics of E33 and modified E33 were
determined, as well as the desorption of phosphate to explore
possible reuse.

2. Experimental

2.1. Materials

The E33 adsorbent used to investigate phosphate adsorption
was acquired from LANXESS Deutschland GmbH. Lake water,

obtained from Winton Lake in Winton Woods (Cincinnati, OH),
was spiked with analytical grade sodium phosphate monohydrate
(NaH2PO4�H2O), obtained from Fisher Scientific, at a target concen-
tration of 140 mg L�1 and used in all experimentation. The pH of
the lake water was maintained constant at pH 7 using propanesul-
fonic acid (MOPS), obtained from Sigma Aldrich. Modified E33 was
synthesized by the deposition of either silver or manganese
nanoparticles to the surface of E33. Silver modified E33 was syn-
thesized using reagent grade silver nitrate (AgNO3, obtained from
Sigma Aldrich). Either sodium borohydride (NaBH4, Sigma Aldrich)
or tea powder (Red Label, India) were used as capping/reducing
agents. Manganese modified E33 was synthesized using man-
ganese acetate tetrahydrate (Mn(CH3COO)2�4H2O) obtained from
Sigma Aldrich. The synthesized adsorbents consisted of either
manganese or silver coated E33. The procedure for synthesis can
be found in our previous study [24].

2.2. Sample characterization

The crystal structure of the adsorbents was determined by X-ray
diffraction (XRD) analysis using a Panalytical (Expert) 2-theta
diffractometer (Panalytical, Almelo, Netherlands) at a wavelength
of 1.54 lm and at 2-theta range 2–90� under CuKa radiation. The
BET surface area, total pore volume, and porosity of the adsorbents
were determined using a Tristar 3000 porosimeter analyzer
(Micromeritics). Before analysis, the adsorbent samples were
purged with nitrogen gas for 2 h and at 150 �C using the
Micromeritics FlowPrep 060. For the characterization of the surface
morphology of the adsorbents, an environmental scanning electron
microscope (ESEM, Philips XL 30 ESEM-FEG), at an accelerating
voltage of 30 kV was used. Physical properties of the adsorbent
were also studied with transmission electron microscopy (TEM),
where a FEI CM20 TEM operated at 200 kV was employed. To fur-
ther characterize the physical properties of the surface-modified
adsorbents, high-resolution TEM (HR-TEM, JEM-2010F, obtained
from JEOL) was employed with a field emission gun at 200 kV. Prior
to characterization, the adsorbents were prepared and dispersed by
ultrasonication (2510R-DH, Bransonic) in 99.8% pure isopropyl
alcohol (obtained from Pharmco-AAPER) for 30 min. Then, on a
carbon-coated copper grid (LC325-Cu, EMS), a drop of the super-
natant was fixed and dried at room temperature. The images
obtained from the HR-TEM were analyzed using ImageJ, an image
processing software (National Institutes of Health, Maryland,
USA). Finally, as adsorption is highly dependent on the adsorbent
surface charge, the point of zero charge for the adsorbents was eval-
uated using a SurPass Surface Electrokinetic Analyzer (Anton Paar,
Australia). The zeta potential was measured at different pH values
to determine the point of zero charge for the samples. To explore
the stability of deposited nanoparticles onto the surface of E33,
the concentration of Mn and Ag were determined after adsorption
experiments using an Agilent Technologies Inc. (Santa Clara, CA)
7500cs Inductively Coupled Plasma-Mass Spectrometer (ICP-MS).
The solutions were first filtered through 0.45 lm Whatman nylon
syringe filters and solubilized using nitric acid.

2.3. Adsorption studies

Variable dose isotherm experiments were conducted to deter-
mine equilibrium adsorption parameters. Varying masses of adsor-
bent, ranging from 0.1 to 1.5 g, were placed in 125 mL Nalgene
polypropylene bottles with 100 mL of the lake water solution.
The solution was prepared by dissolving sodium phosphate
monohydrate (NaH2PO4�H2O) in Winton Lake lake water (at a
target concentration of 140 mg PO4

3� L�1). To this, 15 mM MOPS
buffer was added and pH was adjusted to 7.0 with 1 N NaOH.
The bottles were placed on a G10 Gyrotary shaker (New Brunswick
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Scientific Co. Inc., USA) at 150 rpm for 3 weeks. After adsorbent
saturation, samples were analyzed for phosphate concentration
remaining in solution.

Adsorption kinetic experiments were conducted to determine
various parameters of the adsorbents’ kinetics of adsorption. Batch
experiments were performed in 125 mL Nalgene polypropylene
bottles under the following conditions: (i) adsorbent amount
5 g L�1, (ii) temperature 21 �C, (iii) pH 7.0 ± 0.15, (iv) lake water
solution target phosphate concentration 140 mg L�1, and (v)
mixing speed 150 rpm. A constant pH was maintained using
15 mM MOPS buffer and bottles were shaken on a G10 Gyrotary
shaker for various times. Grab samples were collected at
pre-determined times, filtered using a 0.45 lm Whatman nylon
syringe filter, and analyzed for phosphate concentration remaining
in solution with respect to time.

Fixed bed column tests were conducted in 80 cm high and
1.9 cm diameter Harvel plastic columns. A gram of adsorbent
media was placed in the columns with sand and gravel above
and below. A stainless steel sieve was placed at the bottom of
the column to prevent washout. The lake water solution (at an ini-
tial target PO4

3� concentration of 140 mg L�1) was passed through
the column at a flow rate of 2 mL min�1 and at room temperature
using a Thermo ScientificTM FH100M Series Peristaltic pump. Simi-
lar to the kinetic and isotherm experiments, the pH of the solution
was initially adjusted and buffered to remain constant. The column
effluent solutions were collected and analyzed after various time
periods for phosphate concentration. All isotherm, kinetic, and col-
umn experiments were conducted once and sample measurements
were analyzed in triplicate and averaged.

2.4. Desorption studies

To evaluate the potential of phosphate recovery from the E33-
based adsorbents, PO4

3� desorption was investigated. As adsorption
is strongly dependent on the solution pH, and low pH values pro-
mote enhanced adsorption, NaOHwas used to increase the solution
pH and promote PO4

3� desorption. An initial adsorption isotherm
experiment was conducted (same as previous) and the spent sor-
bents were used for the desorption study. After batch equilibration,
the adsorbents were triple washed with DI water to remove any
unadsorbed phosphate. The spent adsorbents were then placed in
a 125 mL Nalgene bottles and 100 mL of desorption solution was
added. Twodifferent desorption solutionswereused and compared;
a 0.05 M NaOH solution and a 0.10 M NaOH solution. Samples were
mixed (at 150 RPM) for the same time as isotherm experiments
(3 weeks) at room temperature, and then filtered (0.45 lm PTFE)
and analyzed for phosphate concentration in solution using the
same colorimetric technique as previously described.

The phosphate concentration for all experiments was deter-
mined by a colorimetric measurement technique in which ammo-
nium molybdate and potassium antimonyl tartrate react in an
acidic solution with orthophosphate to form phosphomopydbic
acid which can be reduced by ascorbic acid to form an intense blue
color [25]. The absorbance due to the blue complex was monitored
at 880 nm using a UV–Vis spectrophotometry (HACH model num-
ber DR 2700).

3. Results

3.1. Adsorbent characterization

3.1.1. Physical characteristics

Physical properties of E33 and modified E33 are summarized in
Table 1. The BET surface areas (m2 g�1) of E33, E33/Mn, E33/AgI, and
E33/AgII were found to be 140.4, 102.8, 124.6, and 142.0 m2 g�1,

respectively. For unmodified E33, the company AdEdge Technolo-
gies [26] has reported the BET surface area to be from 120 to
200 m2 g�1, while Naeem et al. [27] and Trotz [28] reported the
BET surface area of E33 to be 128.0 and 151.3 m2 g�1, respectively.
The result reported herein for E33 is close to these values. For E33/
Mn and E33/AgI, the BET surface area was reduced when compared
to unmodified E33. Yet, as can be seen from the reduction in total
pore volume (cm3 g�1) of these adsorbents, it is speculated that
Mn and Ag nanoparticles adhered to the E33 surface at these pore
sites, thus reducing porosity and total pore volume, as well as over-
all BET surface area. However, unlike E33/AgI, E33/AgII had a slight
increase in BET surface area when compared to unmodified E33.
Results from ICP–MS indicated that the concentration of leached
Mn and Ag nanoparticles from the E33 surface were minimal and
well below the EPA Secondary Drinking Water Regulations MCL
(Table S2). This indicates the deposits are highly stable.

3.1.2. SEM characterization

SEM images of E33 and modified E33 are illustrated in Fig. 1.
The surface morphology for the different adsorbents were deter-
mined to be similar to results previously reported [24]. Table S1
represents the weight percent of iron (Fe), phosphorus (P), man-
ganese (Mn), and silver (Ag) on the adsorbents’ surfaces; results
were based on EDX analysis. While the adsorption capacity of
E33 and E33/AgII were similar (as documented later in this report),
the weight percent of phosphorus on the surface differed (see
Table S1). This indicates that the PO4

3� adsorption on E33/AgII
may be dependent on intra-particle diffusion, in which the
adsorbed species migrate into the pores of the adsorbent as
opposed to remaining sorbed on the outer surface.

3.1.3. TEM and HR-TEM characterization

Fig. 2 represents TEM images at 220 k magnification of E33 and
the modified adsorbents. Results were found to be similar to those
previously reported, where E33, E33/AgI, and E33/AgII had rod-like
structures and E33/Mn had formed oblong structures [24]. In order
to investigate the crystal structure of the adsorbents in detail, HR-
TEM was employed.

Fig. 3 shows HR-TEM images of E33 and surface modified E33
samples. The lattice spacing of 0.24 and 0.42 nm corresponding
to (111) and (110) plane of goethite of iron oxide, respectively,
was measured (see Fig. 3(a)) [29]. For the E33/AgI sample, the lat-
tice spacing of 0.22 nm for (221) plane of goethite and 0.42 nm for
(110) plane of goethite was measured [29]. The measured lattice
spacing in the surface-modified samples with Ag was 0.20 and
0.24 nm corresponding to (200) and (111) plane of Ag,
respectively, indicating the successful surface modification with
Ag [30,31] even though no peaks corresponding to Ag were
observed by XRD due to the surface-modification with low
concentration of Ag (see Section 3.1.4). In the sample modified
with Mn, the lattice spacing of 0.27 nm, which corresponds to
(222) plane of Mn2O3 was measured [32–34].

3.1.4. XRD analysis

After the phosphate removal in the lake water samples, XRD
analysis was conducted. The obtained peaks for all samples, shown
in Fig. 4, (i.e., E33, E33/AgI, E33/AgII, and E33/Mn) were consistent
with previous experiments which had shown that: (i) for E33,
E33/AgI, and E33/AgII, corresponding peaks demonstrated typical
XRD patterns for the iron oxide goethite (thus, the incorporation
of Ag did not impact the phase transformation of goethite), (ii)
peaks corresponding to Ag could not be detected, likely due to
the concentration of silver used for modification (0.1 N AgNO3),
and (iii) for E33/Mn, peaks corresponding to hematite were
detected, indicating a phase transformation [24].
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Table 1

Structural characteristics of E33 and modified E33 before and after PO4
3� adsorption.

Sample Before adsorption After adsorption

SBET (m2 g�1) Total pore volume (cm3 g�1) Porosity (%) SBET (m2 g�1) Total pore volume (cm3 g�1) Porosity (%)

E33 140.4 ± 0.2 0.583 22.6 141.3 ± 0.5 0.582 22.5
E33/Mn 102.8 ± 0.4 0.441 18.1 99.9 ± 0.3 0.447 18.3
E33/AgI 124.6 ± 0.2 0.456 18.6 132.7 ± 0.4 0.552 21.6
E33/AgII 142.0 ± 0.3 0.553 21.7 139.7 ± 0.5 0.673 25.2

Fig. 1. SEM images of (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII at 3.5 k magnification (all scale bars represent 5 lm).

Fig. 2. TEM images of (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII at 220 k magnification (all scale bars represent 50 nm).
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3.1.5. Point of zero charge

The point of zero charge (pHZPC) of the adsorbent was deter-
mined by measuring zeta potential as a function of pH. By interpo-
lating the plot of zeta potential versus pH, results provided an
estimate of pHZPC, which corresponds to the pH at which the zeta
potential is equal to zero. The pHZPC is important in adsorption
studies because, given the anionic character of phosphate, surface

Fig. 3. HR-TEM images of (a) E33, (b) E33/Ag I, (c) E33/Ag II, and (d) E33/Mn used for phosphate removal in real lake water solutions (all scale bars represent 5 lm).

Fig. 4. XRD patterns of unmodified and modified E33 after using for phosphate
removal in real lake water solution. Fig. 5. Zeta potential versus pH of E33 and modified E33.
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charge can play a significant role in terms of electrostatic interac-
tions between the adsorbent and adsorbate. When the solution pH
is above the pHZPC, for example, the surface charge on the iron
oxide material is negative, thus promoting anion repulsion. How-
ever, below the pHZPC, the adsorbents will have a net positive
charge, promoting electrostatic attraction of the negatively
charged phosphate ion. Fig. 5 shows the zeta potential changes of
unphosphated adsorbents with respect to pH. As pH increases from
4 to 12, the pHZPC of each adsorbent could be determined. For E33,
the pHZPC was found to be 9.5. Reported pHZPC values were found to
be slightly lower, ranging from 8.3 to 9.0 [26,35,36], yet for
goethite (the major constituent of E33) reported pHZPC values were
in the range of 7.2–9.7 [37–39]. The pHZPC for E33/Mn, E33/AgI, and
E33/AgII were determined to be equal to 10.4, 7.3, and 10.5, respec-
tively. These values illustrate the effective pH range for each adsor-
bent where the sorbent surface is positively charged.

3.2. Adsorption studies

3.2.1. Sorption isotherms

The specific relationship between the equilibrium adsorbate
concentration in the bulk and the amount adsorbed at the surface
can be revealed by sorption isotherms. The isotherm results for
phosphate adsorption onto E33 and modified E33 at a constant
temperature of 21 �C were analyzed using three common iso-
therms, the Langmuir, Freundlich, and Temkin isotherm models.
The Langmuir adsorption equation is based on the following
assumptions: (i) adsorption is limited to one monolayer, (ii) all sur-
face sites are equivalent (i.e., free of defects), and (iii) adsorption to
one site is independent of adjacent sites occupancy condition [40].
The Langmuir isotherm [41] is expressed as:

qe ¼
qmaxKLCe

1þ KLCe

where qe is the amount of adsorbate adsorbed per unit mass of
adsorbent (mg g�1), Ce is the amount of unadsorbed adsorbate con-

centration in solution at equilibrium (mg L�1), qmax is the maximum
amount of adsorbate per unit mass of adsorbent to form a complete
monolayer on the surface (mg g�1), and KL is a constant related to
the affinity of the binding sites (L mg�1). In its linear form, the Lang-
muir equation can be described as:

Ce

qe

¼
1

qmax

Ce þ
1

KLqmax

A linear plot of specific adsorption against equilibrium concen-
tration ((Ce qe

�1) vs. Ce) as seen in Fig. 6 indicates that phosphate
adsorption onto E33 and modified E33 obeys the Langmuir model.
The Langmuir constants qmax and KL, determined from the slope
and intercept of the plot, are presented in Table 2. The calculated
values for qmax indicate E33/AgII has a slightly higher capacity for
phosphate sorption when compared to unmodified E33. This is
consistent with the BET results in Table 1.

The dimensionless constant separation factor RL [42] can be
used to express essential characteristics of the Langmuir isotherm
according to the following equation:

RL ¼
1

1þ KLC0

where C0 is the initial adsorbate concentration (mg L�1) and KL is
the Langmuir constant (L mg�1). Values of RL can indicate the favor-
ability of adsorption; that is, for favorable adsorption, 0 < RL < 1; for
unfavorable adsorption, RL > 1; RL = 1 for linear sorption; and for
irreversible adsorption, RL = 0 [42]. Values of RL, documented in
Table 2, were in the range of 0–1, suggesting favorable adsorption
of phosphate onto E33 and modified E33.

The Freundlich isotherm [43], applicable for non-ideal adsorp-
tion on heterogeneous surfaces with multi-layer sorption, is
expressed as:

qe ¼ KFC
1=n
e

where KF is related to the adsorption capacity of the adsorbent
(mg g�1 (L mg�1)1/n) and n indicates sorption favorability [44]. The
KF and n constants can be determined by the linearized form of
the Freundlich equation:

log qe ¼ log KF þ
1
n
log Ce

The linear plot of the Freundlich isotherm for phosphate
adsorption onto E33 and modified E33 is shown in Fig. 7. The Fre-
undlich constants KF are related to the capacity of the adsorbent at
a concentration of 1, depending on units. In this case it is 1 mg/L.
The Freundlich constants are documented in Table 2. In this case,
the Freundlich KF is higher for the unmodified E33 as compared
to the E33/AgII. However, the capacity of the E33/AgII is higher
at other (lower) concentrations.

The effects of some indirect adsorbate/adsorbate interactions
on adsorption isotherms was considered by Temkin and Pyzhev
[45], who suggested that, due to these interactions, the heat of
adsorption of all adsorbates in the layer would decrease linearly
with respect to coverage. The Temkin isotherm is typically applied
in the form:

C
e
 (mg/L)
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e
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Fig. 6. Linear plot of Langmuir isotherm for phosphate sorption onto E33 and
modified E33.

Table 2

Isotherm parameters.

Sorbent Langmuir isotherm Freundlich isotherm Temkin isotherm

qmax (mg g�1) KL (L mg�1) RL R2 KF (mg g�1) (L mg�1)1/n 1/n R2 A (mg L�1) B R2

E33 37.74 1.359 0.006 0.998 18.92 0.17 0.758 311.7 3.8 0.891
E33/Mn 30.96 0.156 0.047 0.955 10.69 0.23 0.958 12.48 4.1 0.898
E33/AgI 25.52 0.440 0.017 0.996 12.22 0.16 0.846 113.6 2.7 0.920
E33/AgII 38.80 1.112 0.007 0.997 18.58 0.18 0.848 195.7 4.0 0.953
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qe ¼
RT

b

� �

lnðACeÞ

which can be linearized as:

qe ¼ B ln Aþ B ln Ce

where B is equal to RT b�1, b (J mol�1) is the Temkin constant related
to the heat of sorption, A (L/g) is the Temkin isotherm constant, R
(8.314 J mol�1 K�1) is the universal gas constant, and T is the abso-
lute temperature in Kelvin. Fig. 8 illustrates the linearized plot of
the Temkin isotherm for phosphate adsorption onto E33 and mod-
ified E33 at constant temperature (21 �C) and the Temkin constants
A and B were calculated using the slope and intercept of the plot
and are tabulated in Table 2.

Based on the results obtained from isotherm experiments, it
was determined that the adsorbents best followed the Langmuir
model, which assumes a monolayer adsorption process. According
to the model, E33/AgII and E33 had similar values of qmax (38.80
and 37.74 mg g�1, respectively) while for E33/AgI and E33/Mn,
qmax was equal to 25.52 and 30.96 mg g�1, respectively. Previous
studies explored the use of these adsorbents in phosphate spiked
deionized water where a similar trend of qmax was observed [24].
However, in this previous study, a different initial phosphate

concentration was used (i.e., 80 mg L�1). Yet in comparing the
maximum adsorption capacity with respect to initial phosphate
concentration (i.e., qmax/C0), the percentage of phosphate adsorbed
for each system could be determined. For the DI-spiked solution,
E33, E33/Mn, E33/AgI, and E33/AgII removed 31.1%, 22.6%, 24.9%,
and 33.9%, respectively while for the lake water solution, removal
percentages for the listed adsorbents were 27.0%, 22.1%, 18.2%, and
27.7%, respectively. The decreased phosphate removal percentages
was believed to be due to competing species in the lake water.
Therefore, the impact of co-existing species was investigated.

Surface and wastewaters generally contain common anions
including sulfates (SO4

2�) and nitrates (NO3
�) in addition to PO4

3�.
These anions may interfere in the adsorption of phosphate onto
E33 and E33-based adsorbents. Therefore, to evaluate the impact
these competing species have on phosphate adsorption, isotherm
experiments were conducted using equimolar concentrations of
SO4

2� or NO3
� in the presence of PO4

3�. The results in Table 3 show
that no significant change in phosphate adsorption onto E33 after
adding equimolar SO4

2� or NO3
�. This could be credited to specific

binding of phosphate onto the adsorbent’s specific active sites.
Thus, the decreased phosphate adsorption using the lake water
solution in comparison to previous studies [24] is believed to be
caused by the presence of dissolved organic matter (DOM) in the
lake water.

While enhanced phosphate adsorption was not observed for
E33/Mn and E33/AgI, these sorbents may have other benefits.
Silver-coated E33, for example, has shown to be a bacterial growth
inhibitor based on previous experiments. When subjected to a bac-
terial growth inhibition assay, silver-modified E33 (E33/AgI and
E33/AgII) had very high inhibition for Staphylococcus aureus and
moderate inhibition for Escherichia coli [46]. As E33 is commonly
used in column systems, issues related to biofouling can negatively
impact the overall performance of the column system. Thus, the
use of silver-modified E33 could alleviate these issues and result
in a better performing system. Furthermore, E33 was originally
designed for the remediation of arsenic. The Mn modified sample
was found to successfully oxidize the more toxic and mobile As
(III) to As(V) and simultaneously remove the As(V) from aqueous
solutions [47]. Thus, this adsorbent, while more expensive than
unmodified E33, could potentially be used (i.e., if a situation arises
where a waterway is contaminated with both As(III) and PO4

3�).

3.2.2. Kinetic studies

Batch experiments were conducted to explore the rate of phos-
phate adsorption onto E33 and modified E33 at pH 7.0, adsorbent
dose of 5 g L�1, and a target initial phosphate concentration of
140 mg L�1. Processing of kinetic adsorption data can be conducted
to understand adsorption dynamics in terms of the order of the
rate constant. The pseudo-first-order and pseudo-second-order
kinetic models were used to represent the kinetics of phosphate
adsorption onto goethite-based materials. The pseudo-first-order
model and pseudo-second-order model are expressed, respec-
tively, as:

logðqe � qtÞ ¼ logðqeÞ �
k1t

2:303

log (C
e
)
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Fig. 7. Linear plot of Freundlich isotherm for phosphate sorption onto E33 and
modified E33.
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Fig. 8. Linear plot of Temkin isotherm for phosphate sorption onto E33 and
modified E33.

Table 3

Effect of coexisting anions.

Concentration of anions
(mM)

% PO4
3� removal per adsorbent

PO4
3� SO4

2� NO3
� E33 E33/Mn E33/AgI E33/AgII

2 0 0 99.93 97.06 99.30 99.93
2 2 0 99.84 95.99 99.08 99.85
2 0 2 97.72 96.84 93.98 99.57
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t

qt

¼
1

k2q2
e

þ
t

qe

where qt and qe are the amount of phosphate adsorbed at time t and
at equilibrium, respectively, k1 (min�1) is the rate constant of
pseudo-first-order model adsorption, and k2 (g min�1 mg�1) is the
rate constant of pseudo-second-order model adsorption. If
pseudo-second-order kinetics is applicable, a plot of qt versus t

should provide a linear relationship and if pseudo-first-order
kinetics is applicable, a plot of log(qe � qt) versus t should be linear.
The calculated regression coefficients for the kinetic models are
documented in Table 4. Figs. SI1 and 9 show the plots of the
pseudo-first-order model and the pseudo-second-order model,
respectively.

The regression coefficients of the pseudo-second-order model
(P0.9980 for all adsorbents) revealed to be the best in represent-
ing phosphate adsorption onto E33 and modified E33, while the
pseudo-first-order model regression coefficients were below 0.9
(except for E33, R2 = 0.9796), indicating this model is not applica-
ble. The pseudo-second-order model assumes a monolayer adsorp-
tion system (which agrees with isotherm results as the Langmuir
model also assumes only monolayer adsorption), and that the
mechanism of adsorption is determined by chemisorption, as
opposed to physisorption. Chemisorption involves valence forces
where the adsorbent and adsorbate share or exchange electrons.
k2qe

2 is considered as the initial adsorption rate (mg g�1 min�1),
which was determined for E33, E33/Mn, E33/AgI, and E33/AgII
and documented in Table 4. Based on these results, while
E33/Mn had the lowest adsorption capacity, it had the fastest
initial rate of adsorption.

3.2.3. Intra-particle diffusion studies

The process of adsorption contains multiple steps including the
transport of molecules from the aqueous phase to the solid surface

and then, diffusion of solute molecules into the pores of the adsor-
bent. This process of pore diffusion is typically slow and thus, is
rate determining. The rate qt for intra-particle diffusion, provided
by Webber and Morris [48] is:

qt ¼ kpt
1=2 þ C

where qt is the amount of phosphate adsorbed per unit mass of
adsorbent (mg g�1) at time t, C is related to the thickness of the
boundary layer, and kp (mg g�1 min1/2) is the intra-particle diffusion
rate constant. A plot of phosphate adsorbed versus the square root
of time (qt vs. t

1/2) presents a multi-linearity correlation, as seen in
Fig. 10, indicating that two or more steps occurred during the
adsorption process. The first phase (i.e. the steeper portion) repre-
sents external mass transfer or film diffusion. If the lines pass
through the origin in this phase, then intra-particle diffusion is
the rate-controlling process. However, values of C (as seen in
Table 5) are larger than 0, and are proportional to the thickness of
the boundary layer. Thus, it is postulated that a combination of
intra-particle diffusion and film diffusion are rate-limiting. The sec-
ond phase is the equilibrium stage where intra-particle diffusion
begins to slow due to: (a) the pores for diffusion become smaller,
(b) the electrostatic repulsion of the adsorbent surface was
enhanced, and (c) the solute concentration in solution became very
low.

It is surmised that E33 and modified E33 rapidly adsorbed phos-
phate onto its external surface, then phosphate was slowly trans-
ported by intra-particle diffusion into the particle and retained in
the pores. The intra-particle rate constant, kp, and C were calcu-
lated from the plots in Fig. 10 and the results were reported in
Table 5.

While the lines for the plot of qt vs. t
1/2 are near the origin, further

data analysis can providemore insight into the rate-controlling step
by using the following equation:

F ¼ 1�
6
p2

expð�BtÞ

where F is the fraction of adsorbed solute at different times and Bt is
a function of F. F can be expressed by:

F ¼
qt

qe

where qt and qe represent the amount of phosphate adsorbed at any
time and at equilibrium or infinite time. Substituting the above
equations, the expression becomes:

Table 4

Kinetic model parameters.

Adsorbent Pseudo-second-order model

k2 (g mg�1 min�1) qe (mg g�1) R2 k2qe
2 (mg g�1 min�1)

E33 0.0098 27.47 0.999 102.1
E33/Mn 0.0080 24.39 0.999 125.0
E33/AgI 0.0096 22.42 0.998 104.5
E33/AgII 0.0091 27.25 0.999 109.4
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Fig. 9. Pseudo-second-order kinetic model for the adsorption of phosphate by E33
and modified E33.
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Bt ¼ �0:4977� ln 1�
qt

qe

� �

Therefore, the value of Bt can be calculated for each value of F
and these values were plotted against time as shown in Fig. 11.
Fig. 11 provides useful information for distinguishing between film
diffusion and intra-particle diffusion rates of adsorption. If Bt vs. t
is a straight line passing though the origin, then adsorption is gov-
erned by particle-diffusion. According to Fig. 11, it can be seen that
the plots do go through the origin; yet correlation coefficients were
low (0.9796, 0.8945, 0.7034, and 0.7145 for E33, E33/Mn, E33/AgI,
and E33/AgII, respectively). Thus, a combination of intra-particle
diffusion and film diffusion is believed to be the rate-limiting pro-
cess for all four adsorbents.

3.2.4. Fixed-bed column test

To evaluate the practical application of E33 andmodified E33 for
the continuous removal of phosphate from solution, fixed bed col-
umn tests were conducted. Fig. 12 shows the breakthrough curve
for each adsorbent. The breakthrough point for E33, E33/Mn, and
E33/AgI were similar and occurred after about 0.75 h, yet for E33/
AgII, breakthrough did not occur until about 1.5 h. This indicates
that E33/AgII can operate for longer times when compared to the
other adsorbents, which will reach saturation faster. E33/Mn had
the lowest BET surface area of the investigated adsorbents and
was the fastest adsorbent to reach saturation, followed by E33/AgI
(which had the second lowest BET surface area) while E33 and
E33/AgII reached saturation at nearly the same time. This indicates
that the adsorbents’ BET surface area plays an important role in
breakthrough time of adsorption. It is expected that the anti-
microbial aspects of the silver impregnated adsorbent (controlling
biofouling) would not affect the results from this experiment
because of the short time frame involved.

The process of phosphate adsorption in the columns can be
explained by the Yoon–Nelson model, an adsorption model widely
applied to single component systems, expressed as:

ln Ct=Ci � Ctð Þ ¼ KYNðt � sÞ

where Ct and Ci are the phosphate concentrations (mg L�1) at time
(t) in the effluent and in the influent, respectively, t is the column
service time (min), s is the time required for 50% adsorbate break-
through (min), and KYN is the proportionality constant (min�1). The
Yoon–Nelson model parameters (KYN and s) were calculated by a
plot of ln(Ct/Ci � Ct) vs. t using linear regression and presented in
Table 6. The values of s obtained from the model, as summarized
in Table 6, are in good agreement with those obtained from the col-
umn experiment, confirming the applicability of the Yoon–Nelson
model to this system.

3.3. Desorption studies

Phosphate desorption tests were conducted using spent adsor-
bents from isotherm experiments to evaluate the potential for
PO4

3� recovery. Desorbability is defined as the ratio of phosphate
desorbed over the total phosphate adsorbed by the sorbents. Thus,
PO4

3� desorbability can indicate the degree of phosphate desorption
from the different adsorbents. The impact of desorption solution
was investigated by using two different solutions, a 0.05 M NaOH
solution and a 0.10 M NaOH solution. The data in Table 7 show that
PO4

3� desorption using 0.05 M NaOH ranged from 30% to 67%, with
E33/Mn having the highest desorption percent and E33/AgII the
lowest. Also, an increase in the concentration NaOH corresponded
to an increase in PO4

3� desorption; where 60–80% of phosphate

Table 5

Intra-particle diffusion parameters.

Adsorbent Kp,1 (mg g�1 min�1/2) C (mg g�1) R2 Kp,2 (mg g�1 min�1/2) C (mg g�1) R2

E33 0.6441 2.153 0.971 0.0504 21.728 0.760
E33/Mn 0.6001 1.152 0.977 0.0539 17.826 0.948
E33/AgI 0.5906 0.751 0.990 0.0359 17.782 0.956
E33/AgII 0.6726 0.798 0.991 0.0336 23.040 0.680
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Fig. 11. Correlationship of Bt vs. t for phosphate adsorption onto E33 and modified
E33.

Fig. 12. Breakthrough curve of E33 and modified E33 for phosphate adsorption.

Table 6

Yoon–Nelson model parameters obtained from breakthrough curve fitting.

Adsorbent KYN (min�1) s (min) sexp (min) R2

E33 0.044 102.2 99.7 0.878
E33/Mn 0.057 84.6 70.2 0.883
E33/AgI 0.043 107.9 110.4 0.983
E33/AgII 0.033 139.3 158.1 0.840
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desorption was observed using 0.10 M NaOH. Interestingly, the
sorbents with the highest PO4

3� adsorption capacity (i.e. E33 and
E33/AgII) had lower values of phosphate desorption when com-
pared to the less sorptive samples (E33/Mn and E33/AgI). However,
this is most likely due to the types of bonds formed; indicating that
E33/Mn and E33/AgI formed weaker bonds with phosphate, mak-
ing desorption easier for these sorbents.

4. Conclusion

Variable dose isotherm experiments, conducted to determine
equilibrium adsorption parameters, indicated the Langmuir iso-
therm model was most applicable. The maximum adsorption
capacity of single monolayer for E33, E33/Mn, E33/AgI, and E33/
AgII, based on the Langmuir model, were 37.74, 30.96, 25.52, and
38.80 mg phosphate per gram of adsorbent, respectively. In com-
parison to previous studies using a DI-based system, results for
adsorption capacity herein were reduced. This is likely due to the
presence of DOM as neither sulfate nor nitrate proved to impact
phosphate adsorption using these adsorbents. Batch experiments
revealed the kinetics of adsorption followed the pseudo-second-
order model (R2 for all adsorbentsP 0.998).

Intra-particle diffusion studies indicated that phosphate
adsorption onto all studied adsorbents occurred in two different
steps; the first (film diffusion) occurred rapidly while the second
(intra-particle diffusion) was slow (e.g. for E33/AgII kp1 = 0.6726 -
mg g�1 min�1/2 while kp2 = 0.0336 mg g�1 min�1/2). Also, intra-
particle diffusion studies showed that, for E33, intra-particle diffu-
sion was the rate-limiting process, while for the three modified
sorbents (E33/Mn, E33/AgI, and E33/AgII), the rate-limiting process
was a combination of intra-particle diffusion and film diffusion.
Finally, column experiments revealed that the time for break-
through for E33/AgII was twice as long as for the other adsorbents
(i.e., 1.5 h compared to 45 min), which implies E33/AgII has a
greater phosphate adsorption capacity when compared to unmod-
ified E33. Though isotherm experiments revealed that the maxi-
mum adsorption capacity of E33 and E33/AgII were very similar
(37.7 vs. 38.8 mg g�1), the multifunctionality of E33/AgII could pro-
vide improved adsorption characteristics.

Also, E33/Mn and E33/AgI had higher phosphate desorption as
compared to E33 and E33/AgII. Though E33/Mn and E33/AgI had
a decreased capacity for phosphate sorption, their desorption per-
centages were much higher than E33 and E33/AgII indicating their
benefits of enhanced desorption for the recovery of phosphate.
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Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2015.08.114.
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Phosphate removal using modified Bayoxide®
E33 adsorption media†‡

Jacob Lalley,ab Changseok Han,ac Gayathri Ram Mohan,c Dionysios D. Dionysiou,b

Thomas F. Speth,a Jay Garlandd and Mallikarjuna N. Nadagouda*a

The adsorption of phosphate onto modified Bayoxide® E33 (E33) and underlying mechanisms were

comparatively investigated by batch kinetics, sorption isotherms, rapid small-scale column tests, and mate-

rial characterization. Synthesis of modified E33 was conducted by the addition of manganese and silver

nanoparticles on the surface of the goethite (α-FeOOH)-based E33. Upon successful adsorbent synthesis,

the materials were characterized using SEM, TEM, XRD, EDX, HR-TEM, and BET surface area analysis. The

adsorption kinetics is described by a fast initial adsorption stage followed by a slow adsorption stage,

complying with pseudo second-order kinetics and Elovich kinetics. Sorption isotherms revealed that the

equilibrium capacity of one of the modified adsorbents (E33/AgII) exceeded that of unmodified E33 likely

due to its increased BET surface area. Column experiments confirmed the results for adsorption kinetics

and equilibrium of phosphate sorption onto E33 and modified E33. This suggests that media modification

has the potential to improve phosphate removal properties.

1. Introduction

Phosphates are one of the common mineral nutrients found

in wastewaters.1 Both natural and anthropogenic sources

such as agricultural runoffs2,3 and urban4 and industrial

wastes5,6 act as major sources of phosphate in surface water

bodies. In aquatic systems, phosphates occur in various

forms, particulate, organically bound, or dissolved,7 of which

orthophosphates ĲPO4
3−) are found to be predominant.8

While it is an essential nutrient, higher concentrations of

phosphate in water bodies can be detrimental to aquatic life,

human health, and the environment.9 As a limiting nutrient

in the environment, increased loads of phosphates can result

in accelerated eutrophication or excessive growth of algae,

leading to increased treatment costs and reduced recreational

value.10 Therefore, phosphate removal from wastewaters has

become an area of emerging concern.

Conventional methods for phosphate removal include

physical, chemical, and biological processes; of which, chem-

ical precipitation11 and enhanced biological phosphate
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Water impact

As a limiting nutrient in the environment, increased loads of phosphates can result in accelerated eutrophication or excessive growth of algae, leading

to increased treatment costs and reduced recreational value. Therefore, phosphate removal from wastewater has become an area of emerging concern. In

this study, the removal of phosphate using newly surface-modified Bayoxide® E33 was thoroughly examined. Underlying mechanisms were comparatively

investigated by batch kinetics, sorption isotherms, rapid small-scale column tests, and material characterization. The adsorption kinetics is well described

by a fast initial adsorption stage followed by a slow adsorption stage, complying with pseudo second-order kinetics and Elovich kinetics. The results showed

potential for practical applications of the modified material for phosphate removal.
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removal (EBPR)12,13 are commonly used. However, due to a

number of factors including cost, sludge production,

required energy, and issues of reliability and stability,14,15

other methods are currently being explored. The quickest,

easiest, and most economically known method for the

removal of phosphate ions is adsorption.16 To date, a number

of different adsorbents have been investigated for phosphate

removal including metal oxides,16–22 red mud,23–25 steel

slag,26–28 and fly ash.29,30 Table 1 shows different phosphate

adsorbents and their reported adsorption capacity at differ-

ent parameters. Adsorption also has the benefits of applica-

bility at low concentrations, little to no sludge production,

and potential for both batch and continuous processes, and

the potential for adsorbent regeneration that could reduce

wastes and costs.31

One such highly adsorptive material for phosphate

removal is the iron oxide goethite ĲironĲIII) oxide-hydroxide).32–35

The affinity of phosphate adsorption on ironĲIII) oxide-

hydroxide is dependent on phosphate's complexing capacity

by ligand exchange as well as electrostatic interactions

with the surface.36 This process involves replacement of a

phosphate ion with one or more surface hydroxyl groups,

releasing surface structural OH2 and/or OH− into the bulk

solution,37 in which stoichiometric changes in the amount of

phosphate adsorbed and OH− released can provide clues on

the type of adsorption mechanism.38 IronĲIII) oxide-hydroxide

adsorption initially occurs rapidly, followed by a slow stage,39

attributed to micro/mesopore diffusion40 or particle aggrega-

tion,41 which is generally dependent on the crystallinity of

samples.42 Phosphate adsorption onto iron oxides involves a

ligand exchange mechanism,43 yet the exact mode of phos-

phate interaction is not known. IR studies revealed that each

adsorbed phosphate ion replaces two, singly coordinated OH

surface groups, indicating a bridging, binuclear complex.44,45

However, other studies have suggested that monodentate

surface complexes could exist at low adsorbate concentra-

tions.46 Using a combination of surface complexes to model

adsorption on iron oxides, Geelhoed et al.47 concluded that

the bidentate surface complex was most abundant at low to

intermediate values of pH.

Goethite (α-FeOOH) is one of the most thermodynamically

stable forms of iron oxide and thus is available in abundant

quantities.48 Due to its affinity for ion adsorption, AdEdge

Technologies Inc. (USA) has produced Bayoxide® E33 media

(E33), a commercially available goethite-based adsorbent for

environmental remediation. Although originally designed for

arsenic removal,49,50 E33 has been shown to adsorb a range

of ions including phosphates. While several studies have

shown that E33 adsorption is an effective technique for phos-

phate removal,51–53 surface modifications of E33 can enhance

overall adsorption. As adsorption is a surface-based phenom-

enon dependent on electrostatic interactions and covalent

bonding, the addition of di- and tri-valent metals to the sur-

face of E33 should correlate with increased phosphate

adsorption.

In this study, the surface of E33 media was modified with

manganese and silver. For the removal of phosphate, the

adsorptive properties of modified E33 were investigated and

then compared to those of the unmodified E33.

2. Experimental
2.1 Materials

The E33 used to study PO4
3− removal was obtained from

AdEdge Technologies Inc. (USA). Analytical grade sodium

phosphate monohydrate ĲNaH2PO4·ĲH2O)) was obtained from

Fisher Scientific and used as a stock solution. A stock phos-

phate solution at a concentration of ≈80 mg L−1 was pre-

pared by dissolving 1 g of NaH2PO4·ĲH2O) in 10 L of Milli-Q

water. The pH of the stock phosphate solution was

Table 1 Comparison of phosphate adsorption capacity of different adsorbents

Adsorbent Capacity ĲPO4
3− mg g−1) pH Temperature (°C) Reference

Metal oxides synthesized from manganese ore tailing 26.3 6.0 25 16
Titanium ion doped ordered mesoporous silica 4.5 7.0 21 17
Magnetic iron oxide nanoparticles 3.7 3.0 15 18
Zinc–aluminum layered double hydroxides 30.0 9.0 20 19
Iron oxide-coated crushed brick 1.8 5.0 20 20
Lithium-intercalated gibbsite 0.3 4.5 25 21
Fe-loaded biomass char 35.4 3.0 25 22
HCl-treated red mud 0.6 5.5 40 23
Red mud granular adsorbents 9.8 9.2 37 24
Red mud 0.5 4.0 25 25
Modified steel slag 11.1 8.0 25 26
Steel slag 5.3 5.5 25 27
Electric arc furnace (EAF) steel slag 2.2 6.0 23 28
Iron oxide/fly ash 27.4 3.0 25 29
Fly ash 18.9 3.0 25 29
Nanshi-modified fly ash 40.7 4.0 21 30
Nanshi-modified zeolite 47.2 4.0 21 30
E33 26.8 7.0 21 This study
E33/Mn 17.8 7.0 21 This study
E33/AgI 19.3 7.0 21 This study
E33/AgII 28.0 7.0 21 This study
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maintained constant at 6, 7 and 9, using 2-ĲN-morpholino)

ethanesulfonic acid (MES), 3-ĲN-morpholino) propanesulfonic

acid (MOPS), and N-tris (hydroxymethyl) methyl-3-amino-

propanesulfonic acid (TAPS), respectively, all obtained from

Sigma Aldrich. Reagent grade silver nitrate (AgNO3), sodium

borohydride (NaBH4), and manganese acetate tetrahydrate

ĲMnĲCH3COO)2·4H2O) were obtained from Sigma Aldrich and

used as received.

2.2 Synthesis of modified E33

For the synthesis of silver-modified E33, an initial mixture of

10 g of E33 and 35 mL of Milli-Q water was prepared in a

100 mL conical flask. Then, 2 mL of 0.1 N AgNO3 was added

to the flask and shaken by hand for 2 min to ensure thor-

ough mixing. To this initial mixture, two different adsorbents

were prepared, one using NaBH4 and the other using tea

extract, denoted respectively as (E33/AgI)50 and (E33/AgII)50.

For E33/AgI, 10 mL of 0.1 N NaBH4 was added to the initial

mixture, hand shaken for 2 min and allowed to react over-

night at room temperature. For E33/AgII, 2 g of tea powder

(Red Label, India) was boiled in 100 mL of Milli-Q water and

the solution was filtered through a 0.20 μm PTFE filter. Then,

20 mL of the tea extract solution was added to the initial

mixture, shaken by hand for 2 min, and allowed to react over-

night at room temperature. Following the overnight incuba-

tion, samples were twice washed with Milli-Q water and air-

dried at room temperature prior to characterization and

analysis.50

For the synthesis of manganese-coated E33 (E33/Mn), 50 g

of E33 was mixed with 20 mL of Milli-Q water in a china

crucible. Then, 10 g of manganese acetate tetrahydrate

ĲMnĲCH3COO)2·4H2O, Aldrich product) was added to the cru-

cible and the solution was hand-mixed with a spatula for

5 min to ensure proper mixing. After mixing was complete,

the sample was heated at 310 °C for 1 h in a china crucible

and then stored for later analysis and characterization.

2.3 Sample characterization

X-ray diffraction (XRD) analysis was performed using a

PANalytical (X'pert) 2-theta diffractometer (PANalytical, Almelo,

the Netherlands) in the 2-theta range of 2–90° under CuKα

radiation and a wavelength of 1.54 μm in order to determine

the adsorbent's crystal structure. An environmental scanning

electron microscope (ESEM, model Philips XL 30 ESEM-FEG)

at an accelerating voltage of 30 kV was used to characterize

the surface morphology of the adsorbents. An energy-

dispersive X-ray spectrophotometer (EDX) installed in the

ESEM was used to detect the distribution of elemental phos-

phorus as well as the percent of phosphate adsorbed. For

transmission electron microscopy (TEM), a FEI CM20 TEM

operated at 200 kV was employed. High-resolution TEM

(HR-TEM, JEM-2010F (JEOL)) with a field emission gun at

200 kV was also employed for the characterization of the pre-

pared surface-modified adsorbents. Free software (ImageJ,

National Institutes of Health, USA) was used for HR-TEM

image analysis. Adsorbent samples were prepared by ultrason-

ication (2510R-DH Bransonic) for 20 min in isopropyl alcohol

(99.8%, Pharmco), and then a drop of the supernatant was

fixed on a carbon-coated copper grid (FCF400-Cu, EMS) and

dried at room temperature. A Tristar 3000 porosimeter ana-

lyzer (Micromeritics) was used to determine the adsorbent's

BET surface area, total pore volume, and porosity. Samples

were first purged with nitrogen gas at 150 °C for 2 h using

Micromeritics FlowPrep 060.

2.4 Adsorption studies

To determine various adsorption parameters of the

surface-modified adsorbent, both batch and flow-through

column experiments were employed. Batch adsorption kinetic

studies were carried out to determine the amount of phos-

phate adsorbed with respect to time. Experiments were

conducted in 250 mL Nalgene polypropylene bottles given

the following conditions: (i) temperature: 20–25 °C, (ii) adsor-

bent amount: 5 g L−1, (iii) pH: 6, 7, and 9, (iv) influent phos-

phate concentration: ≈80 mg L−1. A constant pH in the batch

reactor was maintained using 5 mM MES, MOPS, and TAPS

buffer (for pH 6, 7, and 9, respectively) and was continually

mixed at a constant speed of 150 rpm (G10 Gyrotary shaker,

New Brunswick Scientific Co. Inc., USA). At higher mixing

speed, E33 samples started breaking down. Grab samples

were collected at various predetermined intervals (e.g. after 5,

10, 15, 30, 45 min and 1, 2, 3, 4, 5 h) and filtered using a

Whatman 0.45 μm nylon syringe filter. Experiments were

conducted in duplicate while each grab sample was a single

measurement.

Rapid small scale column tests were performed in Harvel

plastic columns 80 cm high and 1.9 cm in diameter. One

gram of adsorbent media with a fixed height of 1.27 cm, with

sand and gravel above and below, was placed in the columns

with a stainless steel sieve at the bottom end of the column

to prevent washout. Using a Thermo Scientific™ FH100M

Series Peristaltic pump, the phosphate solution was passed

through the column at a rate of 2 mL min−1 at room tempera-

ture. Similar to the kinetic study, solution pH was adjusted

initially and buffered to remain constant using 5 mM MES,

MOPS, and TAPS. The column effluent samples were col-

lected and analyzed for phosphate concentration at various

time periods and run until complete breakthrough (i.e. satu-

ration). Flow through experiments were conducted in dupli-

cate while each grab sample was a single measurement.

Variable-dose isotherm adsorption studies were conducted.

Different amounts of adsorbent (ranging from 100 to 600 mg)

were placed in 250 mL Nalgene polypropylene bottles. One

hundred milliliters of the same 80 mg L−1 phosphate solution

was then added to the bottles. Buffers (5 mM MES, MOPS,

and TAPS) were used to maintain constant pH conditions to

evaluate adsorption characteristics at varying pH values. The

sealed bottles were placed on a tabletop rotating shaker and

shaken at a constant 150 rpm at 21 ± 1 °C for 2 weeks, which

preliminary test results revealed was sufficient time for
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equilibrium to be reached. The phosphate concentration in

all experiments was analyzed by a colorimetric measurement

technique in which ammonium molybdate and potassium

antimonyl tartrate react in an acidic solution with orthophos-

phate to form phosphomopydbic acid which can be reduced

by ascorbic acid to form an intense blue color.54 The absor-

bance due to the blue complex was monitored at 880 nm

using UV-Vis spectrophotometry (Hach model number DR

2700). Experiments were conducted once and samples were

measured in triplicate and averaged.

3. Results
3.1 Adsorbent characterization

Table 2 summarizes the physical characteristics of E33 and

modified E33 samples. The BET surface area of E33 exceeded

that of the modified samples except for E33/AgII, which had

a slightly higher BET surface area (142.0 m2 g−1 compared to

140.4 m2 g−1). The manganese-coated E33 had a significantly

reduced BET surface area (102.8 m2 g−1) compared to E33.

This suggests that at least a portion of the manganese oxide

nanoparticles occupied the pore structure of E33. This table

also summarizes structural characteristics of the adsorbent

prior to and after phosphate adsorption. Fig. S1 (a) and (b)‡

show N2 adsorption and desorption isotherms for all sam-

ples before and after using for phosphate removal. They pres-

ent typical Type IV adsorption isotherms, indicating the

formation of mesoporous materials.55

3.1.1 SEM characterization. Fig. 1 illustrates SEM images

of E33 and modified E33. Fig. 1(a) and (b) represent

unmodified E33 at 12k and 50k magnification, respectively.

Based on Fig. 1(b), it could be determined that the particles are

spherical and, on average, 75 nm in diameter. Fig. 1(c) and (d)

illustrate the surface morphology of E33/Mn at 12k and 50k

magnification, respectively. As can be seen in Fig. 1(d), the

spherical particles range in size from 50 to 200 nm in

diameter. Also, several particle aggregates 500 nm in

diameter were present. Fig. 1(e) and (f) illustrate SEM images

of E33/AgI. Fig. 1(f) (at 50k magnification) reveals that the

average particle size was 75 nm which was similar to the

unmodified E33. Fig. 1(e) (at 12k magnification) reveals a

smoother surface when compared to the other adsorbents.

The surface morphology for E33/AgII is illustrated in

Fig. 1(g) and (h), at 12k and 50k magnification, respectively.

The average particle size was determined to be 100 nm, and all

particles were spherical in shape. The images for EDX

mapping show adsorbed phosphate (yellow) on the surface of

E33 and E33/AgII. More phosphate was detected on the

surface of E33/AgII compared to that of unmodified E33

(please see Fig. S2 in the ESI‡).

3.1.2 XRD analysis. Fig. 2 shows the XRD patterns of all

samples used for phosphate removal. The peaks for all

samples were defined using reference codes in XRD analysis

software corresponding to different materials such as

00-03-0249, 00-001-1053, 00-014-0557, and 00-036-0045 for

goethite, hematite, iron manganese oxide hydroxide, and iron

phosphate hydroxide, respectively. The XRD patterns of all

samples are shown in Fig. S3Ĳa)–Ĳd).‡ The well-defined peaks

demonstrated typical XRD patterns of goethite of iron oxides

in E33 and Ag-modified E33 in Fig. 2(a), indicating that Ag

modification did not affect the phase transformation of goe-

thite. Moreover, the pH of solution for phosphate removal

did not affect the goethite phase of iron oxide (see Fig. S3(a),

(c), and (d)‡). However, the peaks, which correspond to

Ag, were not detected due to low concentration of Ag (see

Fig. 2(a)). For Mn-modified E33, the peaks corresponding to

hematite of iron oxide were observed, indicating phase trans-

formation from goethite to hematite during the synthesis

process. Well-defined peaks corresponding to iron manga-

nese hydroxide were observed, indicating that the surface of

E33 was successfully modified with manganese (see Fig. 2(a)).

Fig. 2(b) shows XRD patterns of E33 and surface-modified

E33 after completion of the phosphate removal studies. The

peaks corresponding to iron phosphate hydroxide in E33 and

all surface-modified E33 were also observed, which indicates

that the media complexed with the dissolved phosphate in the

influent water.

3.1.3 TEM and HR-TEM characterization. Fig. 3 represents

TEM images at 100k magnification of E33 and the modified

adsorbents. The silver-modified adsorbents (E33/AgI and E33/

AgII), in Fig. 3(c) and (d), had a rod-like shape, similar to the

unmodified E33. These particles were determined to be, on

average, 150 nm long and 20 nm across. It seems that the

effect of silver modification on the morphological structure

of E33 is negligible. On the other hand, the manganese-

modified E33 had spherically shaped particles 50 nm in

diameter on average. In order to investigate the structure of

the crystal in detail, HR-TEM was employed. Fig. 4 shows the

images of HR-TEM analysis for unmodified and modified

E33 samples. Fig. 4(a) shows that the measured lattice

spacing of the sample was 0.42, 0.25, and 0.17 nm, which

correspond to the (110), (111), and (221) planes of goethite of

iron oxide, respectively.56 In Fig. 4(b), the lattice fringe with a

d-spacing of 0.27 nm for the (222) plane of Mn2O3 was

Table 2 Structural characteristics of E33 and modified E33 before and after PO4
3− adsorption

Sample

Before adsorption After adsorption

SBET (m2 g−1) Total pore volume (cm3 g−1) Porosity (%) SBET (m2 g−1) Total pore volume (cm3 g−1) Porosity (%)

E33 140.4 0.583 16.2 145.0 0.637 15.0
E33/AgI 124.6 0.456 12.6 136.8 0.449 11.1
E33/AgII 142.0 0.553 15.4 143.1 0.618 14.7
E33/Mn 102.8 0.441 12.3 99.5 0.623 14.8
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measured, which indicated the formation of Mn2O3 during

the surface modification of E33 with manganese.57–59 After

the surface modification of E33 with Ag, the presence of Ag

was detected with a lattice spacing of 0.24 nm, corresponding

to the (111) plane of Ag. The plane of (200) with a measured

lattice spacing of 0.20 nm was also observed, indicating that

the surface of E33 was successfully modified with Ag,56,60

although the peaks corresponding to Ag were not detected by

XRD analysis due to the low concentration of Ag on the sur-

face of E33.

3.2 Adsorption studies

3.2.1 Effect of contact time. Fig. 5 shows the removal of

phosphate as a function of reaction time from 0 up to 220 h.

Fig. 1 SEM images of E33 at 12k (a) and at 50k (b), E33/Mn at 12k (c) and at 50k (d), E33/AgI at 12k (e) and at 50k (f), and E33/AgII at 12k (g) and at

50k (h) magnification.
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The effluent presented a decreasing phosphate concentration

with increasing reaction times. While E33/Mn and E33/AgI

had lower reductions in phosphate concentration, E33/AgII

performed similarly to the unmodified E33. The phosphate

adsorption capacity of the different adsorbents correlates to

BET surface area (Table 2). The solution pH in the batch

reactor noticeably impacted the efficiency of adsorbents for

phosphate removal. For example, E33/AgII at pH 7 removed

roughly 65% of phosphate after a 3 h reaction time, yet only

about 35% at pH 9. Influent pH also impacted overall adsorp-

tion. E33/AgII at pH 7 reduced phosphate concentration

(initially at 82.66 mg L−1) to 1.71 mg L−1, while with an

influent of pH 9, phosphate concentration was reduced to

5.71 mg L−1. These graphs also show that E33/AgII removed

50% of the phosphate in the first hour of adsorption. It then

took nearly five more days to reach equilibrium (Fig. 5(b)).

3.2.2 Phosphate adsorption kinetics. The results of kinetic

experiments for phosphate adsorption are illustrated in

Fig. 6. It can be seen that the adsorption rates of E33 and

E33/AgII were slightly higher than those of E33/AgI and

E33/Mn. Yet all adsorbents portrayed the typical, two-stage

adsorption process, with a rapid initial phase and a slower

phase, which likely corresponds to interparticle diffusion. For

example, after 2 h of adsorption, the phosphate removal for

E33, E33/Mn, E33/AgI, and E33/AgII was 66, 54, 38, and 63%,

respectively.

The kinetic data for phosphate adsorption seen in Fig. 6

were fitted to several kinetic models including the pseudo-

Fig. 2 XRD patterns of E33 and surface-modified E33: (a) before and (b) after using for phosphate removal.

Fig. 3 TEM images at 100k magnification of adsorbent media (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII. (All scale bars: 50 nm.)
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second-order equation and the simple Elovich equation by

non-linear regression using SigmaPlot software. The kinetic

equations used and their estimated parameters, with the

correlation coefficient R2, are illustrated in Table 3. Based on

the values of R2, the kinetics of phosphate adsorption on E33

and modified E33 can be satisfactorily described by both

the pseudo-second-order equation and the simple Elovich

equation; thus, Fig. 6 has both equations plotted also. The

apparent applicability of the Elovich equation, which was

originally developed to describe chemisorption of gases on

heterogeneous solid surfaces,61 suggests that the sorption

sites involved in phosphate sorption are also of a heteroge-

neous nature. Obtained results were generally in agreement

with other results from the literature and can properly explain

the kinetics of phosphate adsorption onto commonly found

soil minerals such as goethite.62–64

3.2.3 Column study. Column experiments were conducted

to quantify the mechanism of phosphate adsorption as

would be seen in an industrial-scale fixed bed adsorber. The

breakthrough curves were constructed by plotting the ratio of

PO4
3− concentration at time t to the initial influent concen-

tration (C/C0) versus time (t). Fig. 7 shows the typical "S"

shape of the breakthrough curves indicating the effects of

mass transfer parameters as well as internal resistance within

the column. Phosphate adsorption was initially high, decreas-

ing with time until fully saturated. The impact of influent pH

on phosphate adsorption was also evident where at higher

pH (pH 9), breakthrough time (1.5 hr) was longer, while the

time to reach saturation was shorter (15 hr), as opposed to

the pH 7 where the breakthrough occurred after 1 hr, but

took 18 hr to reach full saturation. The cumulative adsorp-

tion capacity of the columns was determined. At pH 6, the

cumulative column adsorption capacity for E33, E33/Mn,

E33/AgI, and E33/AgII was 31.5, 28.5, 29.9, and 40.1 mg g−1,

respectively. These results show that the phosphate

adsorption capacity of the adsorbents in columns were much

higher when compared to batch experiments (e.g. E33/AgII

at pH 6 had a capacity of 17.0 mg g−1 for batch studies and

40.1 mg g−1 for column experiments). However, this is

likely due to the volume of solution treated. Batch experi-

ments were conducted using 0.1 L of phosphate solution

while the continuous column experiments passed nearly

3 L of phosphate solution through the sorbents. These

results indicate that E33/AgII provided a greater capacity

for phosphate adsorption when compared to E33 at high

(pH 9) and neutral (pH 6) pH values. The adsorption

capacities for both batch and column tests are summa-

rized in Table S1.‡

Fig. 4 HR-TEM analysis for unmodified and modified E33 used for phosphate removal: (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII. (All scale

bars: 2 nm.)
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3.2.4 Adsorption isotherm study. The following equation

was used to determine the amount of phosphate anions

adsorbed per unit weight of adsorbent (qe):

θ
χ χ ς

m
ε  

�( ∗)0

where c0 is the initial concentration (mg L−1), c* is the equi-

librium concentration (mg L−1), V is the solution volume (L),

and m is the adsorbent mass in grams. Table 1 illustrates the

phosphate adsorption capacity of a wide range of adsorbents

including metal oxides, red mud, steel slag, and fly ash, as

well as E33 and modified E33. The most efficient adsorbents

were the Nanshi-modified zeolite, the Nanshi-modified

fly ash, and Fe-loaded biomass char. However, the stock

solution influent pH for these adsorbents was maintained

atypically low (pH 3 and 4) to promote enhanced adsorption.

At neutral pH, E33/AgII had a phosphate adsorption capacity

of 28.0 mg PO4
3− g−1. This was slightly higher than that of

the unmodified E33 (26.3 mg PO4
3− g−1), likely due to the

increased BET surface area of the E33/AgII sample. The

capacities from this study compare favorably with the capaci-

ties of other adsorbents as reported in literature.

Adsorption isotherms are used to relate the bulk adsorbate

concentration and the amount adsorbed at the surface inter-

face. The isotherm results were analyzed using the Langmuir

and Freundlich isotherms. The Langmuir isotherm model,

which assumes monolayer saturation with no lateral inter-

action between adsorbed particles, has previously been

Fig. 5 Rate of E33 and modified E33 adsorption of phosphate at

various pH values: (a) pH 6, (b) pH 7, and (c) pH 9.

Fig. 6 Phosphate adsorption kinetic data for E33 and modified E33 at

20 °C, pH 7, and an influent concentration of 83 mg P L−1.

Table 3 Estimated parameters for the kinetic model of phosphate

adsorption on E33 and modified E33

Power function equation (q = atb)
a b R2

E33 8.259 0.1715 0.8718
E33/Mn 6.396 0.1793 0.9464
E33/AgI 5.728 0.2288 0.9343
E33/AgII 8.139 0.1742 0.8817

Simple Elovich equation (q = a + b ln t)
a b R2

E33 8.228 2.071 0.9600
E33/Mn 6.513 1.619 0.9894
E33/AgI 5.895 2.045 0.9645
E33/AgII 8.130 2.070 0.9645

Pseudo second-order equation (qt = k2qe
2t/1 + k2qet)

qe,cal k2 (g mg−1 min−1) R2

E33 16.34 0.0641 0.9725
E33/Mn 13.74 0.0645 0.9021
E33/AgI 15.46 0.0272 0.9547
E33/AgII 16.31 0.0616 0.9639

Environmental Science: Water Research & Technology Paper



104 | Environ. Sci.: Water Res. Technol., 2015, 1, 96–107 This journal is © The Royal Society of Chemistry 2015

employed in similar adsorption experiments.62–64 The Langmuir

adsorption model is mathematically expressed by:

θ
Θ Κ Χ

Κ Χ
ε

Λ ε

Λ ε

 
�
mαξ

1

where qe (mg g−1) is the amount of adsorbed phosphate per

unit mass of adsorbent, Ce (mg L−1) is the unadsorbed phos-

phate concentration in solution at equilibrium, Qmax is the

maximum amount of phosphate per unit mass of sorbent to

form a complete monolayer on the surface, and KL (L mg−1)

is a constant related to the affinity of the binding sites.

The Langmuir adsorption equation can be described by its

linearized form:

1 1 1 1

θ Κ Θ Χ Θε Λ ε
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The linear plot of the above equation (Fig. 8) yields essen-

tial specifications of the system. The slope and intercept of

the plot were used to determine the Langmuir constants Qmax

and KL, which are presented in Table 4.

Fig. 7 Column experiments for E33 and modified E33 phosphate

adsorption at (a) pH 6, (b) pH 7, and (c) pH 9.

Fig. 8 Langmuir isotherm graphs for (a) pH 7 and (b) pH 9.

Table 4 Isotherm parameters at pH 7

Sample

Langmuir isotherm constants
Freundlich
isotherm constants

Qmax (mg g−1) KL (dm3 mg−1) R2 KF 1/n R2

E33 25.71 0.82 0.9999 14.72 0.15 0.7389
E33/Mn 18.73 0.24 0.9836 9.59 0.15 0.8133
E33/AgI 20.58 0.36 0.9642 12.87 0.10 0.6718
E33/AgII 28.01 0.69 0.9917 15.75 0.15 0.7893
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Essential characteristics of the Langmuir isotherm model

can be expressed in terms of a constant dimensionless sepa-

ration factor, RL, given by the equation:

Ρ
Κ Χ

Λ

Λ

 
�� �
1

1 0

where C0 (mg L−1) is the initial adsorbate concentration in

solution and KL (L mg−1) is the Langmuir constant. The value

of RL can indicate if adsorption is unfavorable (RL > 1), linear

(RL = 1), irreversible (RL = 0), or favorable (0 < RL < 1). RL

values for E33, E33/Mn, E33/AgI, and E33/AgII were 0.015,

0.050, 0.034, and 0.018, respectively. As all values computed

for RL were less than 1 and greater than 0, adsorption was

determined to be favorable.

The Freundlich isotherm is an empirical equation used to

explain heterogeneous systems. The Freundlich equation is

given by:

qe = KF(Ce)
1/n

where KF ((mg g−1) (L mg−1)1/n) is the adsorption capacity of

the adsorbent and n gives an indication of adsorption favor-

ability, for example, values of n > 1 indicate favorable adsorp-

tion. Freundlich isotherm constants KF and n can be deter-

mined by the linearization of the Freundlich equation and

graphing lnĲqe) vs. lnĲCe):

λν λνθ Κ
ν

Χε� �  � � � � �� �Φ ε

1

Values of KF and n can be determined from the intercept

and slope of the plot for the linearized Freundlich equation.

The linearized Freundlich isotherm plots for phosphate

adsorption onto E33 and modified E33 are presented in

Fig. 9. The Freundlich isotherm constants, KF and 1/n, were

determined by linear regression (Table 4).

Fig. 10 shows phosphate adsorption isotherms for E33

and modified E33 under identical conditions, i.e. DI water at

pH 7. The results show that E33/AgII had the highest capacity

of phosphate adsorption for the modified adsorbents as well

as unmodified E33. This is in accordance with BET surface

area analysis, which revealed that E33/AgII had the highest

specific surface area. Likewise, E33/Mn, which had the lowest

phosphate adsorption capacity, also had the lowest BET sur-

face area. Isotherm results were evaluated using both
Fig. 9 Freundlich isotherm graphs for influent pH values of (a) 7 and

(b) 9.

Fig. 10 Isotherm graph for phosphate adsorption at pH 7.
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Langmuir and Freundlich isotherm equations. The deter-

mined isotherm constants for both models are summarized

in Table 4. As can be seen from the coefficients of determina-

tion, the Langmuir isotherm appears better suited to explain

the adsorption equilibrium data.

4. Conclusion

Three modified adsorbents, based on the commercially avail-

able E33 adsorptive medium, were successfully synthesized

and characterized using SEM, TEM, XRD, porosimetry analy-

sis and EDX. The adsorption capacity of the synthesized sam-

ples was investigated for the removal of phosphate. The

results of the characterization of synthesized samples indi-

cated that the surface of E33 was successfully modified with

nanostructured Ag and manganese. In particular, for Ag-

modified E33, the phase of E33 was not affected by Ag modi-

fication while the transformation of goethite to hematite was

observed in Mn-modified E33.

Batch and column experiments were conducted to deter-

mine the adsorbents' capacity for phosphate adsorption. The

phosphate removal was influenced by the pH of solutions. As

the solution pH decreased, the amount of phosphate

adsorbed increased, presumably because the surface charge

of E33 is pH dependent, thus lower pH values correlate to a

more positive surface charge on the E33, thus promoting

increased PO4
3− adsorption. Of the modified adsorbents syn-

thesized, Ag-modified E33 using tea extract (E33/AgII) had a

slightly higher phosphate adsorption capacity compared to

unmodified E33. This increase in adsorptive capacity is likely

due to an increased BET surface area for E33/AgII. Although

Mn-modified E33 (E33/Mn) was believed to promote

increased adsorption, a reduction in BET surface area (likely

caused by the aggregation of particles resulting in a spherical

shape for the E33/Mn particles as revealed by TEM) resulted

in a pore blockage and lower phosphate adsorption capacity

when compared to unmodified E33. The increased adsorp-

tion for E33/AgII suggests the potential for improving the per-

formance of commercially available adsorbents for phosphate

removal.
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� The adsorbent E33 was successfully
modified with silver and manganese
nanoparticles.

� One silver modified sorbent had
similar PO4

3� adsorption capacity
compared to E33.

� Phosphate desorption for its recovery
was accomplished by base leaching
with NaOH.
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a b s t r a c t

Adsorption behavior of Bayoxide� E33 (E33) and three E33-modified sorbents for the removal of
phosphate from lake water was investigated in this study. E33-modified sorbents were synthesized by
coating with manganese (E33/Mn) and silver (E33/AgI and E33/AgII) nanoparticles. Adsorbent character-
ization was done by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), surface area analyzer (BET), transmission electron microscopy (TEM), and high
resolution TEM (HR-TEM) analysis. Batch, equilibrium, and column experiments were conducted to
determine various adsorption parameters. Equilibrium data were fitted to different adsorption isotherms
and the Langmuir isotherm provided the best fit. Based on the Langmuir model, it was found that
E33/AgII had a slightly higher maximum monolayer adsorption capacity (38.8 mg g�1) when compared
to unmodified E33 (37.7 mg g�1). Data for adsorption kinetics were found to best fit with the pseudo-
second-order model, suggesting chemisorption is the mechanism of sorption. Intra-particle diffusion
studies indicated that the rate-limiting step for phosphate sorption onto E33 and modified E33 was
intra-particle diffusion. Although limited improvements were seen, the results of this study suggest that
the surface of E33 can be modified with nanoparticles to enhance the adsorption of phosphate from aque-
ous solutions and may give other advantages such as limiting biofouling over an extended lifetime of
numerous recovery/regeneration steps.

Published by Elsevier B.V.

1. Introduction

Phosphates (PO4
3�), as essential and often limiting nutrients in

most aquatic environments, can result in the acceleration of
eutrophication; leading to an increase in costs associated with
water treatment [1], decreased recreational value of the waterway
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[2], and the formation of harmful algal blooms (HABs) that may
pose a risk to human health from the production of cyanotoxins
[3]. Therefore, the remediation of phosphates from aquatic
ecosystems is a growing environmental concern. While phosphates
are naturally found in surface and waste water, anthropogenic
sources from agriculture [4] (fertilizer/animal feed run-off),
industry [5] (detergents), and sewage [6] have increased phosphate
loads in surface waters, thus accelerating eutrophication.

While conventional treatment techniques like chemical precip-
itation and biological phosphorus removal exist, problems remain.
Chemical precipitation is a costly process, requiring the purchasing,
transportation, and storage of chemical precipitants, and produces
vast quantities of sludge which must be properly disposed [7]. Bio-
logical processes like enhanced biological phosphorus removal
(EBPR) are quite sensitive to water parameters including influent
carbon source [8] (e.g., acetate, propionate, etc.) and temperature
[9], resulting in decreased stability and reliability. Yet, while phos-
phates act as pollutants at high concentrations, their demand is
growing for industrial purposes including fertilizer production
and the manufacturing of detergents. As a non-renewable resource
with no known alternatives, the need for phosphate recovery and
recyclingmay become necessary. Though experts disagree onwhen
(between 60 and 700 years) [10,11], it is acknowledged that our
phosphate reserves will eventually be depleted. Thus, future stud-
ies should focus on PO4

3� recovery as well as removal.
One technique that can both remove and recover phosphate is

adsorption. Adsorption is a surface-based phenomenon resulting
in the adhesion of an adsorbate on the surface of an adsorbent
through covalent bonding and electrostatic interactions [12,13].
Unlike chemical precipitation and biological removal processes,
adsorption is unique in that it can remove contaminants over a
wide pH range and at low concentrations [14]. The iron oxide
hydroxide goethite (a-FeOOH) is a highly adsorptive material for
phosphate remediation. As the most thermodynamically stable
iron oxide in most environmental conditions, goethite is the most
frequently encountered iron oxide in nature and occurs in almost
every soil type in every climatic region [15].

Iron oxides like goethite typically occur as poorly ordered,
minute crystals with large specific surface areas (50–300 m2 g�1)
[16] with hydroxide surface functional groups. These properties
substantially contribute to the specific adsorption of anions like
PO4

3� as inner sphere complexes. Phosphate adsorption results
from the completion of the ligand shell of surface Fe atoms, where
the PO4

3� ion reacts with two singly coordinated Fe–OH groups,
forming a bridging, binuclear, bidentate complex (Fe–O)2–PO2H
[17]. Due to goethite’s affinity for ion adsorption and relative avail-
ability, LANXESS Deutschland GmbH has produced Bayoxide� E33
Adsorption Media (E33), a goethite-based adsorbent which was
originally designed for arsenic remediation [18–20], yet studies
have shown the ability of E33 to sorb a wide range of ions, includ-
ing phosphates [21–23].

Previous research has explored phosphate adsorption equilib-
rium and adsorption kinetics of E33 and three surface modified
E33-based adsorbents using a stock phosphate solution [24]. In this
study, however, lake water was used to determine the effects of
competing species on phosphate removal. The phosphate
adsorption capacity and kinetics of E33 and modified E33 were
determined, as well as the desorption of phosphate to explore
possible reuse.

2. Experimental

2.1. Materials

The E33 adsorbent used to investigate phosphate adsorption
was acquired from LANXESS Deutschland GmbH. Lake water,

obtained from Winton Lake in Winton Woods (Cincinnati, OH),
was spiked with analytical grade sodium phosphate monohydrate
(NaH2PO4�H2O), obtained from Fisher Scientific, at a target concen-
tration of 140 mg L�1 and used in all experimentation. The pH of
the lake water was maintained constant at pH 7 using propanesul-
fonic acid (MOPS), obtained from Sigma Aldrich. Modified E33 was
synthesized by the deposition of either silver or manganese
nanoparticles to the surface of E33. Silver modified E33 was syn-
thesized using reagent grade silver nitrate (AgNO3, obtained from
Sigma Aldrich). Either sodium borohydride (NaBH4, Sigma Aldrich)
or tea powder (Red Label, India) were used as capping/reducing
agents. Manganese modified E33 was synthesized using man-
ganese acetate tetrahydrate (Mn(CH3COO)2�4H2O) obtained from
Sigma Aldrich. The synthesized adsorbents consisted of either
manganese or silver coated E33. The procedure for synthesis can
be found in our previous study [24].

2.2. Sample characterization

The crystal structure of the adsorbents was determined by X-ray
diffraction (XRD) analysis using a Panalytical (Expert) 2-theta
diffractometer (Panalytical, Almelo, Netherlands) at a wavelength
of 1.54 lm and at 2-theta range 2–90� under CuKa radiation. The
BET surface area, total pore volume, and porosity of the adsorbents
were determined using a Tristar 3000 porosimeter analyzer
(Micromeritics). Before analysis, the adsorbent samples were
purged with nitrogen gas for 2 h and at 150 �C using the
Micromeritics FlowPrep 060. For the characterization of the surface
morphology of the adsorbents, an environmental scanning electron
microscope (ESEM, Philips XL 30 ESEM-FEG), at an accelerating
voltage of 30 kV was used. Physical properties of the adsorbent
were also studied with transmission electron microscopy (TEM),
where a FEI CM20 TEM operated at 200 kV was employed. To fur-
ther characterize the physical properties of the surface-modified
adsorbents, high-resolution TEM (HR-TEM, JEM-2010F, obtained
from JEOL) was employed with a field emission gun at 200 kV. Prior
to characterization, the adsorbents were prepared and dispersed by
ultrasonication (2510R-DH, Bransonic) in 99.8% pure isopropyl
alcohol (obtained from Pharmco-AAPER) for 30 min. Then, on a
carbon-coated copper grid (LC325-Cu, EMS), a drop of the super-
natant was fixed and dried at room temperature. The images
obtained from the HR-TEM were analyzed using ImageJ, an image
processing software (National Institutes of Health, Maryland,
USA). Finally, as adsorption is highly dependent on the adsorbent
surface charge, the point of zero charge for the adsorbents was eval-
uated using a SurPass Surface Electrokinetic Analyzer (Anton Paar,
Australia). The zeta potential was measured at different pH values
to determine the point of zero charge for the samples. To explore
the stability of deposited nanoparticles onto the surface of E33,
the concentration of Mn and Ag were determined after adsorption
experiments using an Agilent Technologies Inc. (Santa Clara, CA)
7500cs Inductively Coupled Plasma-Mass Spectrometer (ICP-MS).
The solutions were first filtered through 0.45 lm Whatman nylon
syringe filters and solubilized using nitric acid.

2.3. Adsorption studies

Variable dose isotherm experiments were conducted to deter-
mine equilibrium adsorption parameters. Varying masses of adsor-
bent, ranging from 0.1 to 1.5 g, were placed in 125 mL Nalgene
polypropylene bottles with 100 mL of the lake water solution.
The solution was prepared by dissolving sodium phosphate
monohydrate (NaH2PO4�H2O) in Winton Lake lake water (at a
target concentration of 140 mg PO4

3� L�1). To this, 15 mM MOPS
buffer was added and pH was adjusted to 7.0 with 1 N NaOH.
The bottles were placed on a G10 Gyrotary shaker (New Brunswick

J. Lalley et al. / Chemical Engineering Journal 284 (2016) 1386–1396 1387



Scientific Co. Inc., USA) at 150 rpm for 3 weeks. After adsorbent
saturation, samples were analyzed for phosphate concentration
remaining in solution.

Adsorption kinetic experiments were conducted to determine
various parameters of the adsorbents’ kinetics of adsorption. Batch
experiments were performed in 125 mL Nalgene polypropylene
bottles under the following conditions: (i) adsorbent amount
5 g L�1, (ii) temperature 21 �C, (iii) pH 7.0 ± 0.15, (iv) lake water
solution target phosphate concentration 140 mg L�1, and (v)
mixing speed 150 rpm. A constant pH was maintained using
15 mM MOPS buffer and bottles were shaken on a G10 Gyrotary
shaker for various times. Grab samples were collected at
pre-determined times, filtered using a 0.45 lm Whatman nylon
syringe filter, and analyzed for phosphate concentration remaining
in solution with respect to time.

Fixed bed column tests were conducted in 80 cm high and
1.9 cm diameter Harvel plastic columns. A gram of adsorbent
media was placed in the columns with sand and gravel above
and below. A stainless steel sieve was placed at the bottom of
the column to prevent washout. The lake water solution (at an ini-
tial target PO4

3� concentration of 140 mg L�1) was passed through
the column at a flow rate of 2 mL min�1 and at room temperature
using a Thermo ScientificTM FH100M Series Peristaltic pump. Simi-
lar to the kinetic and isotherm experiments, the pH of the solution
was initially adjusted and buffered to remain constant. The column
effluent solutions were collected and analyzed after various time
periods for phosphate concentration. All isotherm, kinetic, and col-
umn experiments were conducted once and sample measurements
were analyzed in triplicate and averaged.

2.4. Desorption studies

To evaluate the potential of phosphate recovery from the E33-
based adsorbents, PO4

3� desorption was investigated. As adsorption
is strongly dependent on the solution pH, and low pH values pro-
mote enhanced adsorption, NaOHwas used to increase the solution
pH and promote PO4

3� desorption. An initial adsorption isotherm
experiment was conducted (same as previous) and the spent sor-
bents were used for the desorption study. After batch equilibration,
the adsorbents were triple washed with DI water to remove any
unadsorbed phosphate. The spent adsorbents were then placed in
a 125 mL Nalgene bottles and 100 mL of desorption solution was
added. Twodifferent desorption solutionswereused and compared;
a 0.05 M NaOH solution and a 0.10 M NaOH solution. Samples were
mixed (at 150 RPM) for the same time as isotherm experiments
(3 weeks) at room temperature, and then filtered (0.45 lm PTFE)
and analyzed for phosphate concentration in solution using the
same colorimetric technique as previously described.

The phosphate concentration for all experiments was deter-
mined by a colorimetric measurement technique in which ammo-
nium molybdate and potassium antimonyl tartrate react in an
acidic solution with orthophosphate to form phosphomopydbic
acid which can be reduced by ascorbic acid to form an intense blue
color [25]. The absorbance due to the blue complex was monitored
at 880 nm using a UV–Vis spectrophotometry (HACH model num-
ber DR 2700).

3. Results

3.1. Adsorbent characterization

3.1.1. Physical characteristics

Physical properties of E33 and modified E33 are summarized in
Table 1. The BET surface areas (m2 g�1) of E33, E33/Mn, E33/AgI, and
E33/AgII were found to be 140.4, 102.8, 124.6, and 142.0 m2 g�1,

respectively. For unmodified E33, the company AdEdge Technolo-
gies [26] has reported the BET surface area to be from 120 to
200 m2 g�1, while Naeem et al. [27] and Trotz [28] reported the
BET surface area of E33 to be 128.0 and 151.3 m2 g�1, respectively.
The result reported herein for E33 is close to these values. For E33/
Mn and E33/AgI, the BET surface area was reduced when compared
to unmodified E33. Yet, as can be seen from the reduction in total
pore volume (cm3 g�1) of these adsorbents, it is speculated that
Mn and Ag nanoparticles adhered to the E33 surface at these pore
sites, thus reducing porosity and total pore volume, as well as over-
all BET surface area. However, unlike E33/AgI, E33/AgII had a slight
increase in BET surface area when compared to unmodified E33.
Results from ICP–MS indicated that the concentration of leached
Mn and Ag nanoparticles from the E33 surface were minimal and
well below the EPA Secondary Drinking Water Regulations MCL
(Table S2). This indicates the deposits are highly stable.

3.1.2. SEM characterization

SEM images of E33 and modified E33 are illustrated in Fig. 1.
The surface morphology for the different adsorbents were deter-
mined to be similar to results previously reported [24]. Table S1
represents the weight percent of iron (Fe), phosphorus (P), man-
ganese (Mn), and silver (Ag) on the adsorbents’ surfaces; results
were based on EDX analysis. While the adsorption capacity of
E33 and E33/AgII were similar (as documented later in this report),
the weight percent of phosphorus on the surface differed (see
Table S1). This indicates that the PO4

3� adsorption on E33/AgII
may be dependent on intra-particle diffusion, in which the
adsorbed species migrate into the pores of the adsorbent as
opposed to remaining sorbed on the outer surface.

3.1.3. TEM and HR-TEM characterization

Fig. 2 represents TEM images at 220 k magnification of E33 and
the modified adsorbents. Results were found to be similar to those
previously reported, where E33, E33/AgI, and E33/AgII had rod-like
structures and E33/Mn had formed oblong structures [24]. In order
to investigate the crystal structure of the adsorbents in detail, HR-
TEM was employed.

Fig. 3 shows HR-TEM images of E33 and surface modified E33
samples. The lattice spacing of 0.24 and 0.42 nm corresponding
to (111) and (110) plane of goethite of iron oxide, respectively,
was measured (see Fig. 3(a)) [29]. For the E33/AgI sample, the lat-
tice spacing of 0.22 nm for (221) plane of goethite and 0.42 nm for
(110) plane of goethite was measured [29]. The measured lattice
spacing in the surface-modified samples with Ag was 0.20 and
0.24 nm corresponding to (200) and (111) plane of Ag,
respectively, indicating the successful surface modification with
Ag [30,31] even though no peaks corresponding to Ag were
observed by XRD due to the surface-modification with low
concentration of Ag (see Section 3.1.4). In the sample modified
with Mn, the lattice spacing of 0.27 nm, which corresponds to
(222) plane of Mn2O3 was measured [32–34].

3.1.4. XRD analysis

After the phosphate removal in the lake water samples, XRD
analysis was conducted. The obtained peaks for all samples, shown
in Fig. 4, (i.e., E33, E33/AgI, E33/AgII, and E33/Mn) were consistent
with previous experiments which had shown that: (i) for E33,
E33/AgI, and E33/AgII, corresponding peaks demonstrated typical
XRD patterns for the iron oxide goethite (thus, the incorporation
of Ag did not impact the phase transformation of goethite), (ii)
peaks corresponding to Ag could not be detected, likely due to
the concentration of silver used for modification (0.1 N AgNO3),
and (iii) for E33/Mn, peaks corresponding to hematite were
detected, indicating a phase transformation [24].
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Table 1

Structural characteristics of E33 and modified E33 before and after PO4
3� adsorption.

Sample Before adsorption After adsorption

SBET (m2 g�1) Total pore volume (cm3 g�1) Porosity (%) SBET (m2 g�1) Total pore volume (cm3 g�1) Porosity (%)

E33 140.4 ± 0.2 0.583 22.6 141.3 ± 0.5 0.582 22.5
E33/Mn 102.8 ± 0.4 0.441 18.1 99.9 ± 0.3 0.447 18.3
E33/AgI 124.6 ± 0.2 0.456 18.6 132.7 ± 0.4 0.552 21.6
E33/AgII 142.0 ± 0.3 0.553 21.7 139.7 ± 0.5 0.673 25.2

Fig. 1. SEM images of (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII at 3.5 k magnification (all scale bars represent 5 lm).

Fig. 2. TEM images of (a) E33, (b) E33/Mn, (c) E33/AgI, and (d) E33/AgII at 220 k magnification (all scale bars represent 50 nm).
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3.1.5. Point of zero charge

The point of zero charge (pHZPC) of the adsorbent was deter-
mined by measuring zeta potential as a function of pH. By interpo-
lating the plot of zeta potential versus pH, results provided an
estimate of pHZPC, which corresponds to the pH at which the zeta
potential is equal to zero. The pHZPC is important in adsorption
studies because, given the anionic character of phosphate, surface

Fig. 3. HR-TEM images of (a) E33, (b) E33/Ag I, (c) E33/Ag II, and (d) E33/Mn used for phosphate removal in real lake water solutions (all scale bars represent 5 lm).

Fig. 4. XRD patterns of unmodified and modified E33 after using for phosphate
removal in real lake water solution. Fig. 5. Zeta potential versus pH of E33 and modified E33.
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charge can play a significant role in terms of electrostatic interac-
tions between the adsorbent and adsorbate. When the solution pH
is above the pHZPC, for example, the surface charge on the iron
oxide material is negative, thus promoting anion repulsion. How-
ever, below the pHZPC, the adsorbents will have a net positive
charge, promoting electrostatic attraction of the negatively
charged phosphate ion. Fig. 5 shows the zeta potential changes of
unphosphated adsorbents with respect to pH. As pH increases from
4 to 12, the pHZPC of each adsorbent could be determined. For E33,
the pHZPC was found to be 9.5. Reported pHZPC values were found to
be slightly lower, ranging from 8.3 to 9.0 [26,35,36], yet for
goethite (the major constituent of E33) reported pHZPC values were
in the range of 7.2–9.7 [37–39]. The pHZPC for E33/Mn, E33/AgI, and
E33/AgII were determined to be equal to 10.4, 7.3, and 10.5, respec-
tively. These values illustrate the effective pH range for each adsor-
bent where the sorbent surface is positively charged.

3.2. Adsorption studies

3.2.1. Sorption isotherms

The specific relationship between the equilibrium adsorbate
concentration in the bulk and the amount adsorbed at the surface
can be revealed by sorption isotherms. The isotherm results for
phosphate adsorption onto E33 and modified E33 at a constant
temperature of 21 �C were analyzed using three common iso-
therms, the Langmuir, Freundlich, and Temkin isotherm models.
The Langmuir adsorption equation is based on the following
assumptions: (i) adsorption is limited to one monolayer, (ii) all sur-
face sites are equivalent (i.e., free of defects), and (iii) adsorption to
one site is independent of adjacent sites occupancy condition [40].
The Langmuir isotherm [41] is expressed as:

qe ¼
qmaxKLCe

1þ KLCe

where qe is the amount of adsorbate adsorbed per unit mass of
adsorbent (mg g�1), Ce is the amount of unadsorbed adsorbate con-

centration in solution at equilibrium (mg L�1), qmax is the maximum
amount of adsorbate per unit mass of adsorbent to form a complete
monolayer on the surface (mg g�1), and KL is a constant related to
the affinity of the binding sites (L mg�1). In its linear form, the Lang-
muir equation can be described as:

Ce

qe

¼
1

qmax

Ce þ
1

KLqmax

A linear plot of specific adsorption against equilibrium concen-
tration ((Ce qe

�1) vs. Ce) as seen in Fig. 6 indicates that phosphate
adsorption onto E33 and modified E33 obeys the Langmuir model.
The Langmuir constants qmax and KL, determined from the slope
and intercept of the plot, are presented in Table 2. The calculated
values for qmax indicate E33/AgII has a slightly higher capacity for
phosphate sorption when compared to unmodified E33. This is
consistent with the BET results in Table 1.

The dimensionless constant separation factor RL [42] can be
used to express essential characteristics of the Langmuir isotherm
according to the following equation:

RL ¼
1

1þ KLC0

where C0 is the initial adsorbate concentration (mg L�1) and KL is
the Langmuir constant (L mg�1). Values of RL can indicate the favor-
ability of adsorption; that is, for favorable adsorption, 0 < RL < 1; for
unfavorable adsorption, RL > 1; RL = 1 for linear sorption; and for
irreversible adsorption, RL = 0 [42]. Values of RL, documented in
Table 2, were in the range of 0–1, suggesting favorable adsorption
of phosphate onto E33 and modified E33.

The Freundlich isotherm [43], applicable for non-ideal adsorp-
tion on heterogeneous surfaces with multi-layer sorption, is
expressed as:

qe ¼ KFC
1=n
e

where KF is related to the adsorption capacity of the adsorbent
(mg g�1 (L mg�1)1/n) and n indicates sorption favorability [44]. The
KF and n constants can be determined by the linearized form of
the Freundlich equation:

log qe ¼ log KF þ
1
n
log Ce

The linear plot of the Freundlich isotherm for phosphate
adsorption onto E33 and modified E33 is shown in Fig. 7. The Fre-
undlich constants KF are related to the capacity of the adsorbent at
a concentration of 1, depending on units. In this case it is 1 mg/L.
The Freundlich constants are documented in Table 2. In this case,
the Freundlich KF is higher for the unmodified E33 as compared
to the E33/AgII. However, the capacity of the E33/AgII is higher
at other (lower) concentrations.

The effects of some indirect adsorbate/adsorbate interactions
on adsorption isotherms was considered by Temkin and Pyzhev
[45], who suggested that, due to these interactions, the heat of
adsorption of all adsorbates in the layer would decrease linearly
with respect to coverage. The Temkin isotherm is typically applied
in the form:

C
e
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Fig. 6. Linear plot of Langmuir isotherm for phosphate sorption onto E33 and
modified E33.

Table 2

Isotherm parameters.

Sorbent Langmuir isotherm Freundlich isotherm Temkin isotherm

qmax (mg g�1) KL (L mg�1) RL R2 KF (mg g�1) (L mg�1)1/n 1/n R2 A (mg L�1) B R2

E33 37.74 1.359 0.006 0.998 18.92 0.17 0.758 311.7 3.8 0.891
E33/Mn 30.96 0.156 0.047 0.955 10.69 0.23 0.958 12.48 4.1 0.898
E33/AgI 25.52 0.440 0.017 0.996 12.22 0.16 0.846 113.6 2.7 0.920
E33/AgII 38.80 1.112 0.007 0.997 18.58 0.18 0.848 195.7 4.0 0.953
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qe ¼
RT

b

� �

lnðACeÞ

which can be linearized as:

qe ¼ B ln Aþ B ln Ce

where B is equal to RT b�1, b (J mol�1) is the Temkin constant related
to the heat of sorption, A (L/g) is the Temkin isotherm constant, R
(8.314 J mol�1 K�1) is the universal gas constant, and T is the abso-
lute temperature in Kelvin. Fig. 8 illustrates the linearized plot of
the Temkin isotherm for phosphate adsorption onto E33 and mod-
ified E33 at constant temperature (21 �C) and the Temkin constants
A and B were calculated using the slope and intercept of the plot
and are tabulated in Table 2.

Based on the results obtained from isotherm experiments, it
was determined that the adsorbents best followed the Langmuir
model, which assumes a monolayer adsorption process. According
to the model, E33/AgII and E33 had similar values of qmax (38.80
and 37.74 mg g�1, respectively) while for E33/AgI and E33/Mn,
qmax was equal to 25.52 and 30.96 mg g�1, respectively. Previous
studies explored the use of these adsorbents in phosphate spiked
deionized water where a similar trend of qmax was observed [24].
However, in this previous study, a different initial phosphate

concentration was used (i.e., 80 mg L�1). Yet in comparing the
maximum adsorption capacity with respect to initial phosphate
concentration (i.e., qmax/C0), the percentage of phosphate adsorbed
for each system could be determined. For the DI-spiked solution,
E33, E33/Mn, E33/AgI, and E33/AgII removed 31.1%, 22.6%, 24.9%,
and 33.9%, respectively while for the lake water solution, removal
percentages for the listed adsorbents were 27.0%, 22.1%, 18.2%, and
27.7%, respectively. The decreased phosphate removal percentages
was believed to be due to competing species in the lake water.
Therefore, the impact of co-existing species was investigated.

Surface and wastewaters generally contain common anions
including sulfates (SO4

2�) and nitrates (NO3
�) in addition to PO4

3�.
These anions may interfere in the adsorption of phosphate onto
E33 and E33-based adsorbents. Therefore, to evaluate the impact
these competing species have on phosphate adsorption, isotherm
experiments were conducted using equimolar concentrations of
SO4

2� or NO3
� in the presence of PO4

3�. The results in Table 3 show
that no significant change in phosphate adsorption onto E33 after
adding equimolar SO4

2� or NO3
�. This could be credited to specific

binding of phosphate onto the adsorbent’s specific active sites.
Thus, the decreased phosphate adsorption using the lake water
solution in comparison to previous studies [24] is believed to be
caused by the presence of dissolved organic matter (DOM) in the
lake water.

While enhanced phosphate adsorption was not observed for
E33/Mn and E33/AgI, these sorbents may have other benefits.
Silver-coated E33, for example, has shown to be a bacterial growth
inhibitor based on previous experiments. When subjected to a bac-
terial growth inhibition assay, silver-modified E33 (E33/AgI and
E33/AgII) had very high inhibition for Staphylococcus aureus and
moderate inhibition for Escherichia coli [46]. As E33 is commonly
used in column systems, issues related to biofouling can negatively
impact the overall performance of the column system. Thus, the
use of silver-modified E33 could alleviate these issues and result
in a better performing system. Furthermore, E33 was originally
designed for the remediation of arsenic. The Mn modified sample
was found to successfully oxidize the more toxic and mobile As
(III) to As(V) and simultaneously remove the As(V) from aqueous
solutions [47]. Thus, this adsorbent, while more expensive than
unmodified E33, could potentially be used (i.e., if a situation arises
where a waterway is contaminated with both As(III) and PO4

3�).

3.2.2. Kinetic studies

Batch experiments were conducted to explore the rate of phos-
phate adsorption onto E33 and modified E33 at pH 7.0, adsorbent
dose of 5 g L�1, and a target initial phosphate concentration of
140 mg L�1. Processing of kinetic adsorption data can be conducted
to understand adsorption dynamics in terms of the order of the
rate constant. The pseudo-first-order and pseudo-second-order
kinetic models were used to represent the kinetics of phosphate
adsorption onto goethite-based materials. The pseudo-first-order
model and pseudo-second-order model are expressed, respec-
tively, as:

logðqe � qtÞ ¼ logðqeÞ �
k1t

2:303
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Fig. 7. Linear plot of Freundlich isotherm for phosphate sorption onto E33 and
modified E33.
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Table 3

Effect of coexisting anions.

Concentration of anions
(mM)

% PO4
3� removal per adsorbent

PO4
3� SO4

2� NO3
� E33 E33/Mn E33/AgI E33/AgII

2 0 0 99.93 97.06 99.30 99.93
2 2 0 99.84 95.99 99.08 99.85
2 0 2 97.72 96.84 93.98 99.57

1392 J. Lalley et al. / Chemical Engineering Journal 284 (2016) 1386–1396



t

qt

¼
1

k2q2
e

þ
t

qe

where qt and qe are the amount of phosphate adsorbed at time t and
at equilibrium, respectively, k1 (min�1) is the rate constant of
pseudo-first-order model adsorption, and k2 (g min�1 mg�1) is the
rate constant of pseudo-second-order model adsorption. If
pseudo-second-order kinetics is applicable, a plot of qt versus t

should provide a linear relationship and if pseudo-first-order
kinetics is applicable, a plot of log(qe � qt) versus t should be linear.
The calculated regression coefficients for the kinetic models are
documented in Table 4. Figs. SI1 and 9 show the plots of the
pseudo-first-order model and the pseudo-second-order model,
respectively.

The regression coefficients of the pseudo-second-order model
(P0.9980 for all adsorbents) revealed to be the best in represent-
ing phosphate adsorption onto E33 and modified E33, while the
pseudo-first-order model regression coefficients were below 0.9
(except for E33, R2 = 0.9796), indicating this model is not applica-
ble. The pseudo-second-order model assumes a monolayer adsorp-
tion system (which agrees with isotherm results as the Langmuir
model also assumes only monolayer adsorption), and that the
mechanism of adsorption is determined by chemisorption, as
opposed to physisorption. Chemisorption involves valence forces
where the adsorbent and adsorbate share or exchange electrons.
k2qe

2 is considered as the initial adsorption rate (mg g�1 min�1),
which was determined for E33, E33/Mn, E33/AgI, and E33/AgII
and documented in Table 4. Based on these results, while
E33/Mn had the lowest adsorption capacity, it had the fastest
initial rate of adsorption.

3.2.3. Intra-particle diffusion studies

The process of adsorption contains multiple steps including the
transport of molecules from the aqueous phase to the solid surface

and then, diffusion of solute molecules into the pores of the adsor-
bent. This process of pore diffusion is typically slow and thus, is
rate determining. The rate qt for intra-particle diffusion, provided
by Webber and Morris [48] is:

qt ¼ kpt
1=2 þ C

where qt is the amount of phosphate adsorbed per unit mass of
adsorbent (mg g�1) at time t, C is related to the thickness of the
boundary layer, and kp (mg g�1 min1/2) is the intra-particle diffusion
rate constant. A plot of phosphate adsorbed versus the square root
of time (qt vs. t

1/2) presents a multi-linearity correlation, as seen in
Fig. 10, indicating that two or more steps occurred during the
adsorption process. The first phase (i.e. the steeper portion) repre-
sents external mass transfer or film diffusion. If the lines pass
through the origin in this phase, then intra-particle diffusion is
the rate-controlling process. However, values of C (as seen in
Table 5) are larger than 0, and are proportional to the thickness of
the boundary layer. Thus, it is postulated that a combination of
intra-particle diffusion and film diffusion are rate-limiting. The sec-
ond phase is the equilibrium stage where intra-particle diffusion
begins to slow due to: (a) the pores for diffusion become smaller,
(b) the electrostatic repulsion of the adsorbent surface was
enhanced, and (c) the solute concentration in solution became very
low.

It is surmised that E33 and modified E33 rapidly adsorbed phos-
phate onto its external surface, then phosphate was slowly trans-
ported by intra-particle diffusion into the particle and retained in
the pores. The intra-particle rate constant, kp, and C were calcu-
lated from the plots in Fig. 10 and the results were reported in
Table 5.

While the lines for the plot of qt vs. t
1/2 are near the origin, further

data analysis can providemore insight into the rate-controlling step
by using the following equation:

F ¼ 1�
6
p2

expð�BtÞ

where F is the fraction of adsorbed solute at different times and Bt is
a function of F. F can be expressed by:

F ¼
qt

qe

where qt and qe represent the amount of phosphate adsorbed at any
time and at equilibrium or infinite time. Substituting the above
equations, the expression becomes:

Table 4

Kinetic model parameters.

Adsorbent Pseudo-second-order model

k2 (g mg�1 min�1) qe (mg g�1) R2 k2qe
2 (mg g�1 min�1)

E33 0.0098 27.47 0.999 102.1
E33/Mn 0.0080 24.39 0.999 125.0
E33/AgI 0.0096 22.42 0.998 104.5
E33/AgII 0.0091 27.25 0.999 109.4
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Fig. 9. Pseudo-second-order kinetic model for the adsorption of phosphate by E33
and modified E33.

t
1/2

 (hr
1/2

)

0 20 40 60 80 100 120 140

q
t (

m
g

/g
)

0

5

10

15

20

25

30

E33

E33/Mn

E33/AgI

E33/AgII

Fig. 10. Intra-particle diffusion kinetics for phosphate adsorption onto E33 and
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Bt ¼ �0:4977� ln 1�
qt

qe

� �

Therefore, the value of Bt can be calculated for each value of F
and these values were plotted against time as shown in Fig. 11.
Fig. 11 provides useful information for distinguishing between film
diffusion and intra-particle diffusion rates of adsorption. If Bt vs. t
is a straight line passing though the origin, then adsorption is gov-
erned by particle-diffusion. According to Fig. 11, it can be seen that
the plots do go through the origin; yet correlation coefficients were
low (0.9796, 0.8945, 0.7034, and 0.7145 for E33, E33/Mn, E33/AgI,
and E33/AgII, respectively). Thus, a combination of intra-particle
diffusion and film diffusion is believed to be the rate-limiting pro-
cess for all four adsorbents.

3.2.4. Fixed-bed column test

To evaluate the practical application of E33 andmodified E33 for
the continuous removal of phosphate from solution, fixed bed col-
umn tests were conducted. Fig. 12 shows the breakthrough curve
for each adsorbent. The breakthrough point for E33, E33/Mn, and
E33/AgI were similar and occurred after about 0.75 h, yet for E33/
AgII, breakthrough did not occur until about 1.5 h. This indicates
that E33/AgII can operate for longer times when compared to the
other adsorbents, which will reach saturation faster. E33/Mn had
the lowest BET surface area of the investigated adsorbents and
was the fastest adsorbent to reach saturation, followed by E33/AgI
(which had the second lowest BET surface area) while E33 and
E33/AgII reached saturation at nearly the same time. This indicates
that the adsorbents’ BET surface area plays an important role in
breakthrough time of adsorption. It is expected that the anti-
microbial aspects of the silver impregnated adsorbent (controlling
biofouling) would not affect the results from this experiment
because of the short time frame involved.

The process of phosphate adsorption in the columns can be
explained by the Yoon–Nelson model, an adsorption model widely
applied to single component systems, expressed as:

ln Ct=Ci � Ctð Þ ¼ KYNðt � sÞ

where Ct and Ci are the phosphate concentrations (mg L�1) at time
(t) in the effluent and in the influent, respectively, t is the column
service time (min), s is the time required for 50% adsorbate break-
through (min), and KYN is the proportionality constant (min�1). The
Yoon–Nelson model parameters (KYN and s) were calculated by a
plot of ln(Ct/Ci � Ct) vs. t using linear regression and presented in
Table 6. The values of s obtained from the model, as summarized
in Table 6, are in good agreement with those obtained from the col-
umn experiment, confirming the applicability of the Yoon–Nelson
model to this system.

3.3. Desorption studies

Phosphate desorption tests were conducted using spent adsor-
bents from isotherm experiments to evaluate the potential for
PO4

3� recovery. Desorbability is defined as the ratio of phosphate
desorbed over the total phosphate adsorbed by the sorbents. Thus,
PO4

3� desorbability can indicate the degree of phosphate desorption
from the different adsorbents. The impact of desorption solution
was investigated by using two different solutions, a 0.05 M NaOH
solution and a 0.10 M NaOH solution. The data in Table 7 show that
PO4

3� desorption using 0.05 M NaOH ranged from 30% to 67%, with
E33/Mn having the highest desorption percent and E33/AgII the
lowest. Also, an increase in the concentration NaOH corresponded
to an increase in PO4

3� desorption; where 60–80% of phosphate

Table 5

Intra-particle diffusion parameters.

Adsorbent Kp,1 (mg g�1 min�1/2) C (mg g�1) R2 Kp,2 (mg g�1 min�1/2) C (mg g�1) R2

E33 0.6441 2.153 0.971 0.0504 21.728 0.760
E33/Mn 0.6001 1.152 0.977 0.0539 17.826 0.948
E33/AgI 0.5906 0.751 0.990 0.0359 17.782 0.956
E33/AgII 0.6726 0.798 0.991 0.0336 23.040 0.680
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Fig. 11. Correlationship of Bt vs. t for phosphate adsorption onto E33 and modified
E33.

Fig. 12. Breakthrough curve of E33 and modified E33 for phosphate adsorption.

Table 6

Yoon–Nelson model parameters obtained from breakthrough curve fitting.

Adsorbent KYN (min�1) s (min) sexp (min) R2

E33 0.044 102.2 99.7 0.878
E33/Mn 0.057 84.6 70.2 0.883
E33/AgI 0.043 107.9 110.4 0.983
E33/AgII 0.033 139.3 158.1 0.840
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desorption was observed using 0.10 M NaOH. Interestingly, the
sorbents with the highest PO4

3� adsorption capacity (i.e. E33 and
E33/AgII) had lower values of phosphate desorption when com-
pared to the less sorptive samples (E33/Mn and E33/AgI). However,
this is most likely due to the types of bonds formed; indicating that
E33/Mn and E33/AgI formed weaker bonds with phosphate, mak-
ing desorption easier for these sorbents.

4. Conclusion

Variable dose isotherm experiments, conducted to determine
equilibrium adsorption parameters, indicated the Langmuir iso-
therm model was most applicable. The maximum adsorption
capacity of single monolayer for E33, E33/Mn, E33/AgI, and E33/
AgII, based on the Langmuir model, were 37.74, 30.96, 25.52, and
38.80 mg phosphate per gram of adsorbent, respectively. In com-
parison to previous studies using a DI-based system, results for
adsorption capacity herein were reduced. This is likely due to the
presence of DOM as neither sulfate nor nitrate proved to impact
phosphate adsorption using these adsorbents. Batch experiments
revealed the kinetics of adsorption followed the pseudo-second-
order model (R2 for all adsorbentsP 0.998).

Intra-particle diffusion studies indicated that phosphate
adsorption onto all studied adsorbents occurred in two different
steps; the first (film diffusion) occurred rapidly while the second
(intra-particle diffusion) was slow (e.g. for E33/AgII kp1 = 0.6726 -
mg g�1 min�1/2 while kp2 = 0.0336 mg g�1 min�1/2). Also, intra-
particle diffusion studies showed that, for E33, intra-particle diffu-
sion was the rate-limiting process, while for the three modified
sorbents (E33/Mn, E33/AgI, and E33/AgII), the rate-limiting process
was a combination of intra-particle diffusion and film diffusion.
Finally, column experiments revealed that the time for break-
through for E33/AgII was twice as long as for the other adsorbents
(i.e., 1.5 h compared to 45 min), which implies E33/AgII has a
greater phosphate adsorption capacity when compared to unmod-
ified E33. Though isotherm experiments revealed that the maxi-
mum adsorption capacity of E33 and E33/AgII were very similar
(37.7 vs. 38.8 mg g�1), the multifunctionality of E33/AgII could pro-
vide improved adsorption characteristics.

Also, E33/Mn and E33/AgI had higher phosphate desorption as
compared to E33 and E33/AgII. Though E33/Mn and E33/AgI had
a decreased capacity for phosphate sorption, their desorption per-
centages were much higher than E33 and E33/AgII indicating their
benefits of enhanced desorption for the recovery of phosphate.
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� Magnetic Ca and Mg-modified iron

oxide adsorbents were synthesized.

� PVA imparted magnetism to the ad-

sorbents for easy separation.

� Batch adsorption experiments were

carried out to gain insights on the

adsorption kinetics and equilibrium.

� The adsorbents effectively removed

phosphates from water at a capacity

of nearly 17 mg g�1.
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a b s t r a c t

Magnetic calcium (Ca) and magnesium (Mg)-modified iron oxide adsorbents were synthesized using

CaCl2, CaCO3, MgCl2, or MgCO3 by a simple combustion method for the remediation of phosphate.

Modification with Ca and Mg significantly improved the phosphate adsorption capacity of the magnetic

iron oxide adsorbents. Additionally, polyvinyl alcohol (PVA) was incorporated during synthesis to aid in

the magnetism of the samples, making the adsorbents easy to separate from solutions. Physicochemical

properties of the adsorbents were determined by characterization with X-ray diffraction (XRD), particle

analyzer, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high reso-

lution TEM (HR-TEM). Batch adsorption experiments were carried out to gain insight on the materials'

ability to remove phosphate from water supplies. Samples without the addition of PVA had higher

phosphate capacities (ranging from 16.92 to 16.97 mg g�1) compared to PVA-containing samples

(ranging from 12.39 to 16.74 mg g�1), yet the PVA-containing samples were magnetic and thus, easily

separable.

Published by Elsevier B.V.

1. Introduction

Phosphorous (P) is one of the essential elements for all life as it

is significantly associated with the DNA/RNA structure, cell mem-

brane formation, energy storage/transfer, as well as enzyme acti-

vation or deactivation [1,2]. Phosphorus is commonly found in
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sources of drinking water due to an inflow of urban and industrial

wastewater and agricultural run-offs, which contain phosphates

[3e7]. Phosphates entering into the nutrient limited aquatic envi-

ronment are significantly involved in eutrophication, which is

associated with the formation of massive algal blooms, excessive

growth of microorganisms, and depletion of dissolved oxygen

[8e10]. Moreover, massive algal blooms containing cyanobacteria

can be a potential hazard to humans and animals because some

species of cyanobacteria produce and release toxins, known as

cyanotoxins [11e13]. Therefore, it is of great interest to develop

reliable technologies for the removal of phosphates from water.

Currently, chemical precipitation [14], biological processes [15],

and adsorption [16] have beenwidely used for removing phosphate

from water, yet both chemical precipitation and biological pro-

cesses have disadvantages. While chemical precipitation has been

shown to reduce phosphorus concentrations by 60e95%, depend-

ing on many factors including influent water parameters and

coagulant dosage [17]; these methods involve high operating costs

as well as the production of large amounts of sludge, and the effi-

ciency of this method depends on the types of chemicals used for

phosphate removal [18,19]. Biological processes have several

drawbacks as well. In order to achievemaximal phosphate removal,

operating conditions and water quality parameters must be very

specific. For example, the system only functions optimally when

phosphate concentrations are �5e10 mg L�1 and when the ratio of

BOD to P is at least 35:1 [16]. Therefore, in order to improve the

efficiency of phosphate removal by chemical precipitation and

biological processes, enhanced biological phosphorus removal

(EBPR) has been extensively studied [20e22]. The removal of

phosphate was significantly improved by applying EBPR, which

employs designed communities of microorganisms (aka, phos-

phorus accumulating organisms (PAO)). High concentrations of

calcium (Ca) and magnesium (Mg) were recommended to achieve

high efficiency removal of phosphate in EBPR. The Ca attributes to

the formation of hydroxyapatite (Ca5(PO4)3OH), which is about 39%

of the phosphate precipitation in EBPR and Mg is associated with

precipitation of struvite (MgNH4PO4$6H2O) or newberyite

(MgHPO4) [20,23e25]. However, the formation of phosphate pre-

cipitates during EBPR operations have caused significant problems

including pipe blockage and precipitate accumulation on the sur-

face of equipment such as pumps and centrifuges in the treatment

system [26]. Also, ranges of phosphate accumulation vary widely

(i.e., from 20 to 80%) based on the PAO used [27]. Therefore,

adsorption has attracted much attention for phosphate removal

because of its simplicity, inexpensiveness, and low sludge produc-

tion. Also, adsorption is an appropriate method for removing low

concentrations of phosphate [28]. Thus, the use of Ca- and Mg-

modified adsorbents were explored as they have been shown

effective at improving the EBPR process and can form phosphate

precipitates.

2. Materials and methods

Herein, Ca- and Mg-modified ferrites as phosphate adsorbents

were synthesized by a simple combustion method using polyvinyl

alcohol (PVA). Iron(III) nitrate (Fe(NO3)3$9H2O, certified ACS, Fisher

Scientific), calcium or magnesium precursors, and PVA (MW

89,000e98,000, 99þ% hydrolyzed, Sigma-Aldrich) were mixed

together using 5mL ofmilli-Q gradewater. Then, themixtures were

calcined in a muffle furnace (Ney Vulcan, A-550) at 300 �C for 1 h.

Calcium carbonate (CaCO3, �99.0%, Sigma-Aldrich) or calcium

chloride (CaCl2$2H2O, 74.27%, Fisher Scientific), and magnesium

carbonate (MgCO3, Sigma-Aldrich) or magnesium chloride

(MgCl2$6H2O, ACS reagent, J. T. Baker) were used to prepare Ca-

ferrite and Mg-ferrite, respectively. Control iron oxide (Fe2O3) was

synthesized without Ca and Mg precursors or PVA. The detailed

information of the ingredients for the synthesis of Ca- and Mg-

modified ferrite are summarized in Table 1. Synthesized samples

were characterized by X-ray diffraction (XRD, Panalytical X'pert 2-

theta diffractometer, obtained from Panalytical, Almelo,

Netherlands at a wavelength of 1.54 Å and at 2-theta range 2-90�

under CuKa radiation), porosimetry (using a Tristar 3000 poros-

imeter analyzer, obtained from Micromeritics), scanning electron

microscopy (SEM, model Philips XL 30 ESEM-FEG, at an acceler-

ating voltage of 30 kV), transmission electron microscopy (TEM, a

FEI CM20 TEM operated at 200 kV was employed), and high reso-

lution TEM (HR-TEM, model JEM-2010F, obtained from JEOL, was

employed with a field gun emission gun at 200 kV). Prior to HR-

TEM characterization, the adsorbents were prepared and

dispersed by ultrasonication (2510R-DH, Bransonic) in 99.8% pure

isopropyl alcohol, obtained from Pharmco-AAPER for 30 min. Then,

on a carbon-coated copper grid (LC325-Cu, EMS), a drop of the

supernatant was fixed and dried at room temperature. The images

obtained from the HR-TEM were analyzed using ImageJ, an image

processing software (National Institutes of Health, Maryland, USA).

To evaluate the phosphate adsorption capacity of the prepared

samples, batch equilibrium experiments at pH 7 were conducted

using the buffer 3-(N-morpholino) propanesulfonic acid (MOPS),

obtained from Sigma-Aldrich. Variable dose isotherm studies were

conducted using different masses of adsorbent (ranging from 0.1 to

1.5 g) in 125 mL Nalgene polypropylene bottles with 100 mL of

phosphate solution. The stock phosphate solution was prepared by

dissolving 3 g of sodium phosphate monohydrate (NaH2PO4$H2O,

Sigma-Aldrich), obtained from Fisher Scientific, in 11 L of deionized

water at a target phosphate concentration of 200 mg L�1. The

concentrations of phosphate were measured by a standard color-

imetry EPA Method 365.1 [29].

3. Results and discussion

3.1. Adsorbent characterization

XRD characterization of the samples are shown in Fig. 1. The

XRD patterns of synthesized Ca- and Mg-modified samples were

identified with JCPDS 00-036-0398 for magnesioferrite (MgFe2O4),

00-006-0502 for hematite (a-Fe2O3), 00-025-1402 for maghemite

(g-Fe2O3), 00-047-1743 for calcite (CaCO3), 00-005-0628 for halite

(NaCl), 00-019-0629 for magnetite (Fe3O4), and 00-046-0291 for

calcium iron oxide (Ca0.15Fe2.85O4). As seen in Fig. 1(c), all peaks

corresponding to non-magnetic hematite were detected. This in-

dicates that PVA is necessary to convert non-magnetic iron oxide to

magnetic iron oxide (i.e., maghemite, magnetite, and ferrite). Un-

fortunately, no peaks corresponding to Ca or Mg were found.

Table 1

Ingredients for the synthesis of Ca- and Mg-modified ferrite.

Sample Fe(NO3)3 (g) Ca (g) Mg (g) PVA (g)

Control Fe2O3 25 0 0 0

Fe/CaCl2-No PVA 40.4 11.0 0 0

Fe/MgCl2-No PVA 40.4 0 9.5 0

Fe/CaCO3-No PVA 64.6 8.0 0 0

Fe/MgCO3-No PVA 64.6 0 6.7 0

Fe/CaCO3_PVA 1:1 40.4 7.4 0 47.8

Fe/CaCl2_PVA 1:1 40.4 11.1 0 51.5

Fe/CaCO3_PVA 1:5 4.04 0.74 0 23.9

Fe/CaCl2_PVA 1:5 4.04 1.11 0 25.8

Fe/MgCO3_PVA 1:1 20.2 0 4.2 24.4

Fe/MgCl2_PVA 1:1 20.2 0 5.1 25.3

Fe/MgCO3_PVA 1:5 4.04 0 0.8 24.2

Fe/MgCl2_PVA 1:5 4.04 0 1.0 25.3

Note: 5 mL of water was used to prepare all samples.
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However, Ca and Mg were found in the samples with EDS analysis

(see Fig. 2). The peaks for Ca and Mg could not be observed from

XRD characterization possibly because Ca and Mg exist in an

amorphous phase in the synthesized samples.

When PVAwas added during synthesis, hematite tomaghemite,

magnetite, or magnetic ferrite transformations were observed in all

samples after the combustion process (see Fig. 1(a) and (b)).

However, the formation of calcium iron oxide was not detected in

Ca-modified samples with CaCO3. It may result from different ion

sizes of Mg (Effective diameter ¼ 0.09 nm), Ca (Effective

diameter ¼ 0.14 nm), and Fe (Effective diameter ¼ 0.1 nm) [30].

Since the effective diameter of Mg ions is very similar to that of Fe

ions, Mg ions may easily replace Fe ions compared to Ca ions to

formMg-modified ferrite [30]. However, when chlorides (i.e., CaCl2
and MgCl2) were used, calcium iron oxide (Ca0.15Fe2.85O4) and

magnesioferrite (MgFe2O4) formed since chloride salts dissolve

well in water compared to carbonates like CaCO3 and MgCO3.

However, a small amount of Ca replaced Fe ions due to the large

effective diameter of Ca ions and thus, Ca0.15Fe2.85O4 formed instead

of CaFe2O4. Similar phenomena could be found in other studies

[12,31]. For example, since the ionic radius of sulfur (S2�) (0.17 nm)

is larger than oxygen (O2�) (0.122 nm), sulfur (S2�) could not easily

replace oxygen (O2�) and it requires more energy to synthesize

sulfur-doped titanium dioxide (TiO2) [12,31,32]. Moreover, peaks

corresponding to non-magnetic hematite observed in the samples

of Fe/CaCl2_PVA 1:1 and Fe/MgCl2_PVA 1:1 disappeared. The he-

matite completely transformed to magnetic ferrite or magnetite by

addingmore PVA (a ratio of 1:5). This indicates that the combustion

method provided enough energy required to synthesize magnetic

iron oxides.

SEM characterization of control Fe2O3 and the four synthesized

Ca- and Mg-modified samples without PVA are shown in Fig. S3.

Without Ca and Mg precursors, small spherical iron oxide particles

less than 1000 nm formed as shown in Fig. S3(a) and (b). Micro-

sized, larger aggregates formed when CaCl2 was used for the

modification of Fe2O3 as seen in Fig. S3(c). When CaCO3was used as

the Ca precursor, particle sizes decreased to less than 500 nm but

they still aggregated (see Fig. S3(d)). Interestingly, similar patterns

were observed during the preparation of Mg-modified samples.

When a carbonate was used, particle sizes significantly decreased

from 950 ± 500 nm to 180 ± 56 nm as seen in Fig. S3(e) and (f). Ca

and Mg precursors may affect the aggregation of particles during

the synthesis.

Fig. 3 shows the SEM images of Ca-modified samples with PVA.

Since CaCO3 has very low solubility inwater, the morphology of the

control Fe2O3 did not change during the combustion process with

the ratio of 1:1 (see Fig. S3(b) and Fig. 3(a)). However, it is not easy

to find the uniform spherical particles for the samples synthesized

with the ratio of 1:5 as shown in Fig. 3(b). The particles appeared to

be partially coated, thismay be the result of incomplete combustion

Fig. 1. XRD patterns for Ca- and Mg-modified samples: (a) Ca-modified ferrite with PVA, (b) Mg-modified ferrite with PVA and (c) Ca- and Mg-modified samples without PVA.
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of PVA during the synthesis process. However, as shown in Fig. 3(c)

and (d), sample size and shape changed by using CaCl2 since CaCl2
dissolves well in water. Larger aggregates formed compared to the

CaCO3 modified sample. For the samples prepared with the ratio of

1:5, large aggregates, with sizes ranging from 500 nm to 1 mm,

formed. Small nanoparticles ranging from 30 to 80 nm were trap-

ped in the large aggregates. In both cases of CaCO3 and CaCl2 with

the ratio of 1:5, carbon content highly increased after the com-

bustion (see the EDS analysis in Table 2). This may indicate PVAwas

not completely burned out from the synthesized samples and

coated nanoparticles to form larger aggregates.

The results of SEM analysis of Mg-modified samples using

MgCO3 and MgCl2 are shown in Fig. 4. As shown in Fig. 4(a) and (b),

nanoparticles with an average size of 53 ± 12 nm started forming

spherical aggregates with an average size of 270 ± 90 nm in the

samples prepared with MgCO3. With the ratio of 1:5, slightly larger

andmore uniform spherical aggregates of 290 ± 37 nm appeared to

form. Mg content analyzed by EDS in both large and small aggre-

gates was very similar which indicates Mg was uniformly incor-

porated into the samples during sample preparation. On the other

hand, large aggregates with an average size of 360 ± 55 nm formed

in the samples prepared using MgCl2 of 1:1 ratio. With a 1:5 ratio,

nanoparticles less than 20 nm formed and did not have a specific

structure.

The synthesized samples were also characterized with TEM. As

seen in Fig. S4(a), spherical nanoparticles with a diameter ranging

from 15 to 120 nm formed in the control Fe2O3. This is in good

agreement with the SEM analysis showing the formation of nano-

particles (<100 nm). By adding Ca and Mg precursors to modify the

control Fe2O3, the size and shape of the primary particles changed.

Nanoparticles and nanorods with irregular sizes and shapes were

synthesized in the Ca- and Mg-modified samples. Additionally,

magnetic Ca- and Mg-modified samples were analyzed with TEM

(see Figs. 5 and 6). By adding PVA, spherical nanoparticles formed in

Ca-modified samples. With excess PVA (i.e., ratio of 1:5), even

though small particles with an average diameter of 6.2 ± 1.6 nm for

Fe/CaCO3_PVA and 10.6 ± 4.1 nm for Fe/CaCl2_PVA formed, the

formed nanoparticles were capped into PVA resulting in a decrease

of BET surface area from 8.7 to 0.6 m2 g�1 for Fe/CaCO3_PVA and

from 31.4 to 17.5 m2 g�1 for Fe/CaCl2_PVA (see Fig. 5). For Mg-

modified samples, smaller and uniform particles formed with an

average size of 15.0 ± 4.8 nm for Fe/MgCO3_PVA and 19.5 ± 2.4 nm

for Fe/MgCl2_PVA in the presence of excess PVA (i.e., ratio of 1:5). In

these cases, the BET surface area of the samples decreased from 46.8

to 14.3m2 g�1 for Fe/MgCO3_PVAand from57.9 to 19.5m2 g�1 for Fe/

MgCl2_PVA at a higher loading of PVA due to an excess of PVA.

Further analysis on the synthesized samples was done using HR-

TEM to obtain lattice spacing information as seen in Figs. 7 and 8.

Fig. 2. EDS analysis for Ca- and Mg-modified samples without PVA. It shows the presence of Ca or Mg in the synthesized samples. The presence of gold (Au) was due to the Au

coating on the samples during a sputtering process.
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The measured lattice spacing of the control Fe2O3 sample was

0.250 nm, corresponding to (110) plane of a-Fe2O3 (see Fig. S1). This

confirms the results of XRD analysis reporting the formation of

non-magnetic hematite in control Fe2O3 samples. In Ca- and Mg-

modified samples without PVA, a lattice spacing of 0.250 nm, cor-

responding to (110) plane for a-Fe2O3 was observed, as shown in

Fig. 7(a)-(d). In Fig. 8(a) for the Fe/CaCO3_PVA 1:1 sample, the (104)

plane of CaCO3 with 0.304 nm was observed along with the

measured lattice spacing of 0.252 nm, corresponding to (119) plane

of magnetic g-Fe2O3. Since CaCO3 does not dissolve in water, Ca

could not be effectively incorporated into the iron oxide during the

synthesis but magnetic g-Fe2O3 formed since sufficient energy was

provided for phase transformation by PVA incineration. Otherwise,

Ca0.15Fe2.85O4 and Fe3O4 formed in the sample synthesized with

CaCl2. Due to the water solubility of CaCl2, Ca could be incorporated

into the iron oxides as seen in Fig. 8(b).

However, as discussed before, a small amount of Ca2þ ions could

be facilitated to form Ca0.15Fe2.85O4 due to the larger effective size of

Ca2þ compared to Fe ions. Interestingly, Mg was well incorporated

into the iron oxides in both cases using MgCO3 andMgCl2, resulting

in the formation of MgFe2O4 with the PVA assisted-synthesis

method (see Fig. 8(c) and (d)). Due to their similar effective

diameter (Mg ¼ 0.09 nm and Fe ¼ 0.1 nm) [30], Fe was effectively

replaced with Mg. These results are in good agreement with the

XRD analysis.

3.2. Adsorption experiments

Adsorption experiments were conducted using the synthesized

adsorbents to evaluate their affinity towards phosphate. For the

Mg-modified samples, as seen in Fig. 9, the addition of PVA nega-

tively impacted phosphate adsorption. Fe/MgCO3_PVA 1:1 and Fe/

MgCl2_PVA 1:1 removed 95.7 and 72.9% of phosphate, respectively.

However, Fe/MgCO3_PVA 1:5 and Fe/MgCl2_PVA 1:5 removed 26.3

and 10.0% of phosphate, respectively. Furthermore, the control

samples (with no PVA) removed higher percentages of phosphate

(99.5 and 99.8% for Fe/MgCO3eNo PVA and Fe/MgCl2-No PVA,

respectively) yet these samples were not magnetically separable. A

similar trend was observed for the Ca-modified samples, where

higher ratios of PVA negatively impacted phosphate adsorption. As

seen in Fig. 10, Fe/CaCO3_PVA 1:5 and Fe/CaCl2_PVA 1:5 removed

11.2 and 22.3% of phosphate, respectively. The samples with a 1:1

PVA ratio removed 98.5 and 93.0% of phosphate for Fe/CaCO3_PVA

1:1 and Fe/CaCl2_PVA 1:1. Again, with the Ca-modified adsorbents,

the samples with no PVA had the highest adsorption percentages.

Fe/CaCO3eNo PVA removed 99.6% of phosphate and Fe/CaCl2eNo

PVA removed 99.8% of phosphate. These may result from the pos-

itive surface charge of the adsorbent. The added Ca and Mg provide

more positive charges on the adsorbents and promote the

adsorption of phosphate [33e35]. The use of electrostatic interac-

tion to improve adsorption capacity for the removal of negatively or

positively charged contaminants has been extensively reported in

many studies [33e37]. Also, phosphate may react with slowly

released Ca2þ from the adsorbents and then precipitate in the

system [38] since iron oxides could dissolve in water at different

pHs, resulting in the improvement of phosphate removal.

Fig. 3. SEM images of Ca-modified samples with PVA: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCO3_PVA 1:5, (c) Fe/CaCl2_PVA 1:1, and (d) Fe/CaCl2_PVA 1:5.

Table 2

EDS analysis for Ca- and Mg-modified samples.

Sample Carbon (%) Ca (%) Mg (%)

Fe/CaCO3_PVA 1:1 18.8 11.9 e

Fe/CaCO3_PVA 1:5 86.5 5.8 e

Fe/CaCl2_PVA 1:1 16.7 8.9 e

Fe/CaCl2_PVA 1:5 66.7 2.4 e

Fe/MgCO3_PVA 1:1 17.0 e 1.2

Fe/MgCO3_PVA 1:5 79.0 e 6.0

Fe/MgCl2_PVA 1:1 31.5 e 5.0

Fe/MgCl2_PVA 1:5 75.1 e 0.8
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Table 3 summarizes the phosphate adsorption capacity of each

adsorbent, clearly indicating the impact PVA had on phosphate

adsorption. Apart from the samples without PVA, the best per-

forming samples were the 1:1 ratio carbonate-based adsorbents

followed by the chloride-based samples. The best performing

sample was Fe/CaCO3_PVA 1:1, followed by Fe/MgCO3_PVA 1:1, Fe/

CaCl2_PVA 1:1, and Fe/MgCl2_PVA 1:1, with phosphate adsorption

capacities of 16.74, 16.26, 15.81, and 12.39 mg g�1, respectively.

Fig. 4. SEM images of Mg-modified samples with PVA: (a) Fe/MgCO3_PVA 1:1, (b) Fe/MgCO3_PVA 1:5, (c) Fe/MgCl2_PVA 1:1, and (d) Fe/MgCl2_PVA 1:5.

Fig. 5. TEM images of Ca-modified samples with PVA: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCO3_PVA 1:5, (c) Fe/CaCl2_PVA 1:1, and (d) Fe/CaCl2_PVA 1:5.
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Fig. 6. TEM images of Mg-modified samples with PVA: (a) Fe/MgCO3_PVA 1:1, (b) Fe/MgCO3_PVA 1:5, (c) Fe/MgCl2_PVA 1:1, and (d) Fe/MgCl2_PVA 1:5.

Fig. 7. HR-TEM images of Ca- and Mg-modified samples without PVA: (a) Fe/CaCl2_No PVA, (b) Fe/CaCO3_PVA_No PVA, (c) Fe/MgCl2_No PVA, and (d) Fe/MgCO3_No PVA. Scale bar.

C. Han et al. / Materials Chemistry and Physics 198 (2017) 115e124 121



Based on the results for the 1:1 ratio adsorbents, these samples

were further investigated by adsorption isotherms.

The adsorption capacities of Ca- and Mg-modified ferrites were

compared to other adsorbents found in literature (Table S1). While

the Ca- and Mg-modified ferrite adsorbents did not have the

highest phosphate adsorption capacity, they performed much

better than other commonly used adsorbents including red mud

and steel slag.

The samples were evaluated with both the Langmuir [39] and

Freundlich [40] isotherm models. The results of the Langmuir

Fig. 8. HR-TEM images of Ca- and Mg-modified, magnetic samples: (a) Fe/CaCO3_PVA 1:1, (b) Fe/CaCl2_PVA 1:1, (c) Fe/MgCO3_PVA 1:1, and (d) Fe/MgCl2_PVA 1:1.

Fig. 9. Adsorption of phosphate with respect to time using Mg-modified adsorbents

(C: Control Fe2O3, B: Fe/MgCl2-No PVA,;: Fe/MgCO3-No PVA, D: Fe/MgCl2_PVA 1:1,

-: Fe/MgCl2_PVA 1:5, ,: Fe/MgCO3_PVA 1:1, and A: Fg/MgCO3_PVA 1:5).

Fig. 10. Adsorption of phosphate with respect to time using Ca-modified adsorbents

(C: Control Fe2O3, B: Fe/CaCl2-No PVA, ;: Fe/CaCO3-No PVA, D: Fe/CaCl2_PVA 1:1,

-: Fe/CaCl2_PVA 1:5, ,: Fe/CaCO3_PVA 1:1, and A: Fg/CaCO3_PVA 1:5).
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isotherm models were found in the supporting information

(Fig. S2) and Table 4. Data were evaluated with the Freundlich

model by the linearized equation:

logqe¼ logKF þ
1

n
logCe

where KF is the Freundlich constant (mg g�1 (L mg�1)1/n) and 1/n is

a dimensionless constant which indicates sorption favourability.

The plot of log qe vs. log Ce, as seen in Fig. 11, provided the isotherm

constants as documented in Table 4.

When comparing regression coefficients between the two

isotherm models, it is clear that the Langmuir model provides the

best fit, with the exception of the Fe/CaCO3_PVA 1:1 sample which

had an R2 of 0.899 using the Freundlich model. However, as pre-

viously stated, this could be due to its extremely high capacity for

phosphate. Thus, based on adsorption experiments, it could be

determined that these materials best followed the Langmuir

isotherm, indicating a monolayer adsorption process.

4. Conclusions

Ca- and Mg-modified iron oxides using CaCl2, CaCO3, MgCl2, or

MgCO3 were successfully synthesized by a simple combustion

method. The samples became magnetic by the presence of PVA

during the calcination processes. Non-magnetic Ca- and Mg-

modified iron oxides demonstrated the highest phosphate

adsorption capacity of about 17 mg g�1 compared to that of control

Fe2O3 (7.49 mg g�1) under these experimental conditions. Inter-

estingly, magnetic Ca- and Mg-modified samples also showed a

high capacity of phosphate removal, which ranged from 12.4 to

16.74 mg g�1. Even though the values of qmax for Ca- and Mg-

modified samples without PVA were not calculated, the obtained

results indicate successful Ca and Mg modification significantly

improves the capacity of phosphate removal from water. Incorpo-

rated Ca or Mg into iron oxides may enhance the binding of

phosphate on iron oxide, resulting in the improvement of phos-

phate removal [41]. Moreover, innovative magnetic samples have

high potential for easy separation processes to avoid filtration,

which requires considerable energy and high costs during water

treatment processes.
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H I G H L I G H T S

• Magnesium carbonate with cellulose

pellets were optimized for phosphate

adsorption.

• Adsorption best described by pseudo-

second-order kinetics and Langmuir

isotherm.

• Pellet with 15% cellulose showed best

result for phosphate removal across

studies.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O
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Recovery of phosphate from water

A B S T R A C T

Phosphorus is an essential and limited nutrient that is supplied by a depleting resource, mineral phosphate rock.

Eutrophication is occurring in many water bodies which provides an opportunity to recover this nutrient from

the water. One method of recovery is through adsorption; this study focused on fabricating a porous and granular

adsorptive material for the removal and recovery of phosphate. Magnesium carbonate was combined with

cellulose in varying weight ratios (0, 5, 10, 15, 20%) to synthesize pellets, which were then calcined to increase

internal surface area. Physiochemical properties such as surface area, surface morphology, elemental compo-

sition, and crystal structure of the materials were characterized using Brunauer, Emmett, and Teller (BET)

surface area analysis, X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray

spectroscopy (EDS). The pellet proved to be uniform in composition and an increase in BET surface area cor-

related with an increase in cellulose content until pellet stability was lost. Phosphate adsorption using the pellets

was studied via batch kinetics and sorption isotherms. The pseudo-second-order kinetics model fits best sug-

gesting that the adsorption occurring was chemisorption. The isotherm model that fit best was the Langmuir

isotherm, which showed that the maximum equilibrium adsorption capacity increased with an increase in cel-

lulose content between 10% and 20%. The average adsorption capacity achieved in the triplicate isotherm study

was 96.4 mg g−1 for pellets synthesized with 15% cellulose. Overall, using cellulose and subsequent calcination

created an additional internal surface area for adsorption of phosphate and suggested that granular materials can

be modified for efficient removal and recovery of phosphate from water.
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1. Introduction

As the limiting nutrient in most waterways, increased loads of

phosphorus (P) can cause eutrophication, which leads to hypoxia and

the proliferation of harmful algal blooms [1–5]. Additionally, while

viewed as a pollutant at excessive concentrations (i.e., > 20 µg L−1)

[6], phosphate (PO4
3−), the main species of phosphorus in the en-

vironment, is necessary for a range of industrial purposes including the

production of agricultural fertilizers, animal feeds, and chemical

pesticides [7]. Environmental Protection Agency (EPA) limit for ac-

ceptable phosphorus levels is only 0.1mg/L or lower. Phosphate re-

serves are quickly declining [8], making a recovery and reuse of PO4
3−

an essential component of phosphate remediation. Adsorption is a

technique which can both remove and recover PO4
3− from aqueous

suspensions and has been extensively studied. Adsorbents ranging from

modified iron oxide [9,10] to calcined waste eggshells [11], to mag-

nesium modified corn biochar [12] have been investigated for phos-

phate adsorption. However, adsorption suffers from the problem of

Fig. 1. Pellets were synthesized with magnesium carbonate and cellulose for

phosphate adsorption (photo by E. Martin).

Fig. 2. Line scan and cross-section scans of two 15% cellulose samples for carbon, oxygen, and magnesium; (a) line scan of sample 1, (b) cross-section scan of sample

1, (c) line scan of sample 2, (d) cross-section scan of sample 2.

Table 1

Physical characteristics of the 5 various pellet recipes (n= 100).

General Characteristics

Diameter 6.0mm ± 0.05

Length 17.0 mm ± 2.13

Surface area 377.0 mm2 ± 40.63

Volume 480.8 mm3 ± 61.56

Weight 0.4 g ± 0.05

Pellet specific characteristics Weight change from

calcination (%)

BET Surface Area

(m2 g−1)

0%17 −64 ± 2 27.5

5%1 −49 ± 2 33.2

10%2 −46 ± 2 36.9

15%1 −51 ± 2 43.1

20%2 −59 ± 4 37.6
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bottle-necking (i.e., after saturation, the adsorbent will no longer be

applicable) [13]. While the use of highly adsorptive fine powders,

which can desorb phosphate after remediation, is a growing area of

study [14], their removal from the solution after adsorption is difficult.

Therefore, the synthesis of highly adsorptive, inexpensive, and granular

sized sorbents, which can recycle PO4
3− would be extremely beneficial

to the problem of nutrient pollution.

Magnesium (Mg) has been widely used in the medical field as a

phosphate binder in dialysis patients as Mg can effectively bind PO4
3-

without the adverse health effects demonstrated by aluminum and

calcium [15–20]. Additionally, Mg salts have been used for environ-

mental applications in drinking and wastewater [21,22]. For example,

Mg has effectively been employed in enhanced biological phosphate

removal (EBPR) processes, which allow phosphorus accumulating or-

ganisms (PAOs) to release P under anaerobic conditions and then ex-

cessively uptake P under aerobic conditions. The addition of Mg salts in

EBPR processes under anaerobic conditions resulted in the formation of

phosphate precipitates including newberyite (MgHPO4) and struvite

(MgNH4PO4·6H2O) [23–25]. Newberyite and struvite can be used as

slow-release fertilizers making their formation during phosphate re-

mediation processes ideal for recycling PO4
3− [21,26–28].

For the above PO4
3− remediation processes, powdered, water-so-

luble Mg salts (e.g., magnesium chloride) were used [21,27]. Here,

magnesium carbonate (MgCO3) was selected to prepare pellets (i.e.,

6 mm×17mm) as phosphate adsorbents due to its very low water

solubility (i.e., 0.11 g L−1 at 25 °C) [29]. Mechanically stable pellets

were prepared by blending different ratios of MgCO3 and cellulose,

which acted as a binder. The cellulose binder was burned off to create

porosity in the pellet. After pellet stability in water was ensured,

phosphate adsorption was evaluated.

2. Experimental

2.1. Materials

Analytical grade MgCO3 powder (Fisher Scientific) was made into

pellets, 6 mm in diameter and 17mm in length on average, using the

MZL Flat Die Pellet Mill (Xuzhou Orient Industry) as seen in Fig. 1.

Varying amounts of a cellulose binder, with average particle size of

20 µm (Sigma Aldrich), was used to optimize the pellet design. Pellets

were made with a constant moisture content of 45% water to MgCO3

weight ratio. Cellulose was added in varying weight ratios from 0 to

20%. Conditions for the use of the pellet mill were kept as consistent as

possible, but the instrument did allow for variation as related to the

length of pellets made. After synthesis, the pellets were calcined at

300 °C to remove cellulose for additional porosity without complete

decomposition of the magnesium carbonate. Five specific pellet con-

ditions were selected for further study with regard to cellulose ratio and

calcination time: 0% cellulose calcined for 17 h (0%17), 5% cellulose

calcined for 1 h (5%1), 10% cellulose calcined for 2 h (10%2), 15%

cellulose calcined for 1 h (15%1) and 20% cellulose calcined for 2 h

(20%2). The calcination temperature was varied based upon the sta-

bility test conducted after each trial of pellet production. It is hard to

control the pellet uniformity such as how much pressure it can ex-

perience, water ratio inside and outside the pellet, cellulose distribu-

tion, etc. Due to these effects, the pellets were calcined at different

temperatures. The phosphate stock solution was created using analy-

tical grade sodium phosphate monobasic dihydrate (NaH2PO4·2H2O)

(Fisher Scientific).

Fig. 3. SEM images of (a) 0%17 pellet before adsorption, (b) 0%17 pellet after adsorption, (c) 10%2 pellet before adsorption and (d) 10%2 pellet after adsorption (all

scale bars represent 1 µm).
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2.2. Sample characterization

Pellet composition was examined using SEM-EDS (EDAX JEOL

7401) performing both a line scan and cross-section scan of the pellet

from each batch. The uniformity was determined by comparing the

percentage of carbon (C), oxygen (O) and Mg present across each scan.

The BET surface area was determined using the NOVA 2000e Surface

Area & Pore Size Analyzer (Quantachrome). Samples were first purged

with nitrogen gas at 150 °C overnight before analysis. The surface

morphology of the MgCO3 pellets was observed using SEM (Philips XL

30 ESEM-FEG), at an accelerating voltage of 30 kV. The crystal struc-

ture was determined using XRD (PANalytical X’Pert) with the 2-theta

diffractometer under CuK
α
radiation, and a wavelength of 1.54 µm and

the XRD patterns were analyzed using JADE software (MDI, Inc.,

Livermore, CA).

2.3. Adsorption studies

2.3.1. Kinetic studies

Kinetic experiments were conducted to understand the adsorption

Fig. 4. XRD patterns of the various pellets (a) before and (b) after adsorption isotherms were conducted.

Fig. 5. Fig. 5 presents the loss in weight as the samples were exposed to higher

temperatures under oxidative conditions.
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Table 2

# Phosphate adsorption capacity, surface area, pH, and temperature for various adsorbents.

Adsorbent Capacity (mg/g) Surface area (m2/g) pH Temperature (°C)

Kaolinite in Iran 0.32 3.66 2–10 25

Bentonite in Iran 0.28 84.98 2–10 25

Tunisian kaolinite 38.46 68.5 3–9 25

Tunisian smectite 42.19 106.2 3–9 25

Kanuma clay with corn starch and CaO tablet 4.39 15.401 2–12 288.15, 298.15, 308.15 K

Kanuma clay with corn starch, Fe powder, white cement and CaO tablet 3.61 15.59 2–12 288.15, 298.15, 308.15 K

Electrochemically modified Kanuma clay tablet 5.36 16.12 2–12 288.15, 298.15, 308.15 K

La modified bentonite 0.93 N/A 3–11 25

LaAl/Al pillared montmorillonite 13.022/10.307 N/A 3–8 25,30,35

Phoslock® 10.54 39.3 5–9 10,23,35,40

Zenith/Fe bentonite 11.15 N/A 5–9 15,25,35

Calcined Mg-Al-CO3 LDHs 187.1* 82.5–143 3–11 25

Calcined hydrotalcite at 500C 244.58 250–300 9 25,45,65

Calcined hydrotalcite at 400C 192.9 250–300 9 25,45,65

Calcined Zn-Al LDH 41.26 81.2 N/A 25

Calcined MgMn LDH in seawater 7.5 68 3–10 10,25,40

Mg LDH 61 202 3–12 25

Dolomite LDH 36 80 3–12 25

Synthetic hydrotalcite 47.3 N/A 7.8 25

Mg-Al LDH 26.4* 64.4 7 10,25,50

Hydrotalcite 60 44 9 25,45,65

Zeolite in Iran 0.37 13.83 2–10 25

Hydrated aluminum oxide modified natural zeolite 7 17.8 2–11 21

Zeolite/lanthanum hydroxide 71.94 55.69 2.5–10.5 25

Synthetic zeolite 52.91 74.5–174.4 3–9 25

La/Al modified zeolite 2.429 N/A 2–12 10,20,30

HUD synthetic zeolite 79.4 500 2.5–10 298 K

Al modified HUD zeolite 75.8 642 2.5–10 298 K

Zeolites from fly ash 11.79–47.17 29–91.49 1.58–12.11 25

Lanthanum hydroxide-doped carbon fiber 16.1 N/A 2–12 25

Commercial/synthesized lanthanum hydroxide 55.56/107.53 31.1/153.3 1.5–13 25

La doped silicate 26.7 763.2 2–12 25,35,45

La doped vesuvianite 6.7 N/A 3–13 5–35

La(OH)3 modified vermiculites 79.6 39.1 3–11 25,30,35,45

La loaded granular ceramic 0.9015 26.83 2–12 20,30,40

Monohydrocalcite 1.67–3.63* 16.4 8–9 15,25,35

Calcite in Iran 1.82 0.98 2–10 25

Calcined waste eggshell 23.02 19.32 2–10 25,35,45

Freshwater mussel shells 6.95 N/A 1.5–9.5 25

Wasted scallop shell 23 N/A 2–10 15,25,35,45

Recycled crab shells 108.9 N/A 2–10 15–45

Calcite/aragonite in seawater 0.4/1* N/A 7.2–9 5–45

Gas concrete 17.32 22 2,5,11.5 20,55

MgOH in situ from diatomite 52.08 72.53 5–10 288, 298, 308, 318 K

MgO microspheres made in water 3.17 1.82 5 30

MgO microspheres made in PSS 75.13 72.10 5 30

Natural palygorskite 3.73 206 4–9 25

Acid treated palygorskite 6.64 342 4–9 25

Acid/thermal treated palygorskite 8.31 287 4–9 25

Thermally treated palygorskite 42 47 3–9 25

Magnesium modified corn biochar 200–239 382–494 6–10 288,303,318 K

Magnesium amorphous calcium carbonate 199.44* 70.45 6–10 25

Ca-Mg loaded biochar made at 600C 326.63 487.49 4–10 288, 303, 318 K

Natural calcium-rich attapulgite 3.32 N/A 4,7,10 25

Half-burned dolomite 10 N/A 7.5–8.5 25

Dolomite 48 0.14 1–11 20,40,60

E33 37.74 140.4 7 21

E33 coated with Mn 30.96 102.8 7 21

E33 coated with Ag I/II 25.52/38.80 124.6/142.0 7 21

FeO tailings 8.21 47.9 3–10 5,20,35

FeO anion exchange resin 48 N/A 7.2–7.6 24

Goethite 144 316 5,6.7 25,45,65

Zr coated magnetite nanoparticles 42.19 152.46 3–10 N/A

Magnetic Fe-Zr binary oxide 13.65 106.2 3–11 25

Iron sludge 18.7 113 7.6 N/A

Mesoporous ZrO2 29.71 232 3–11 25

Calcite and Fe-rich calcareous soils 26 0.6 5–8 25

LaO on Fe3O4@SiO2 magnetic nanoparticles 27.8 47.73 2–12 25

2 sedimentary apatites 0.31/1.09 0.72/0.57 8 22

3 igneous apatites 0.41/0.37/0.28 0.53/0.48/0.58 8 22

Aluminumoxid S 34.57 200 6 25,45,65

Activated alumina/2 Al-impregnated silicates 53.7/81.9/58.8* 155/343/328 6.4–7.2 25

Dewatered alum sludge 3.5 N/A 4.3–9 20

Hydrothermally synthesized silicate nanoparticles 93.46 N/A 7 303–323 K

(continued on next page)
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reaction rates between adsorbate and adsorbent phosphate concentra-

tion. The initial conditions for the kinetic study were: (i) adsorbent

amount: one pellet (∼0.4 g), (ii) temperature: 22.7 °C ± 0.5, (iii) pH:

7.0 ± 0.1, (iv) target phosphate concentration: 160mg L−1, and (v)

mixing speed: 150 rpm. The study was conducted with 125mL of the

sodium phosphate monobasic dihydrate stock solution mixed with the

five different MgCO3 pellet compositions in 125mL Nalgene poly-

propylene bottles and placed on a G10 Gyratory shaker (New

Brunswick Scientific Co., Inc., USA). Samples were taken at various

times (1, 2, 3, 4, 7, 9, 11, 14, 18 and 25 days) to analyze for phosphate

concentration remaining in the solution. The samples were filtered

using a 0.45 µm nylon syringe filter (Whatman) and analyzed for

phosphate using a UV–Vis spectrophotometer (DR 2700, HACH) via the

US EPA PhosVer 3® (Ascorbic Acid) method at 880 nm. The experiment

was conducted once, and the phosphate samples were analyzed in du-

plicate and averaged.

2.3.2. Sorption studies

Next, an isotherm experiment was completed with varying sorbent

masses, from 1 (∼0.4 g) to 6 (∼2.4 g) pellets, to find the maximum

equilibrium adsorption capacity of each material. The phosphate con-

centration in the stock solution was raised to 330mg L−1 but, other-

wise, the conditions were the same as for the kinetics studies. The

various 125mL Nalgene bottles were left on the shaker for 25 days to

reach equilibration and then analyzed for phosphate concentration re-

maining in solution using the US EPA PhosVer 3®method. The isotherm

with all five pellet compositions was conducted once. An additional

isotherm experiment for the 15%1 pellet was conducted in triplicate.

Table 2 (continued)

Adsorbent Capacity (mg/g) Surface area (m2/g) pH Temperature (°C)

Alkaline residue (AR) 134.8 28.7 10.83 25

AR treated with NaOH 211.9 14.1 11.58 25

AR treated with HCl 2.2 100.6 3.96 25

AR calcined at 800C 139 29.31 2.5–11.5 25

Chitosan modified with zirconium ions 61.7 7.39 2–10 4,15,23

Drinking water treatment residuals 4.17–8.20 21–74 5,7,9 N/A

Calcined paper sludge ∼113.96* N/A 2–12 10,40,60

Fly ash 32 1.42 3,5,7,9,11 25,40,50,60

Slag 60 1.29 3,5,7,9,11 25,40,50,60

Portland cement 83 1.38 3,5,7,9,11 25,40,50,60

*Converted from original units.

# http://rave.ohiolink.edu/etdc/view?acc_num=ucin1490351099058308.

Fig. 6. Adsorptive capacity for the three different surface area conditions for (a) 5%1, (b) 10%2, (c) 15%1 and (d) 20%2.
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All of the phosphate analysis was conducted in duplicate and averaged.

2.4. Desorption experiment

The desorption experiments were conducted using 4–6 pellets from

the isotherm adsorption experiment in various solutions to analyze the

recovery of phosphate. Two solutions varied pH in an attempt to

achieve desorption: 0.1M HCl and 0.1M NaOH. Pellets were also

placed into the deionized water just to measure leaching without

changing pH. The spent adsorbents were placed in 125mL Nalgene

bottles with 125mL of each various solution and left on the shaker at a

mixing speed of 150 rpm for 25 days, as with the isotherm experiments.

The concentration of phosphate that returned to the solution was

measured using the US EPA PhosVer 3® Method mentioned in Section

2.3, and the desorption percentage of phosphate was calculated. This

experiment provided insight into the ability of the pellets to release

phosphate as a potential slow release fertilizer.

3. Results and discussion

3.1. Sample characterization

3.1.1. Physical characteristics

The first step for pellet characterization was to ensure that the

pellets had uniform composition. This was accomplished by in-

vestigating two separate batches of a pellet from the same recipe,

namely the 15%1 pellet. One pellet from each batch was analyzed using

SEM via a line scan as well as a cross-section scan. The elemental

composition of these pellets prior to adsorption was determined using

EDS for Mg, O, and C. Fig. 2 shows the percentage range of each ele-

ment across the particular scan of the pellet.

The two cross-section scans have the same distance scanned because

the diameters of the pellets were limited to the diameter of the die hole

on the pelletizer, which was about 6mm. The line scans show the

variety in length of the two pellets. Overall, the range of percentages of

each element was consistent for the two pellets in both the line scan and

the cross-section scan. The carbon and magnesium percentages ranged

from 15 to 35% and the oxygen ranged from 45 to 55%. This showed

uniform composition between the two batches and demonstrated the

random distribution of each element within the pellet.

Physical properties of the pellets are summarized in Table 1. The

BET surface areas for the 0%17, 5%1, 10%2, 15%1, and 20%2 pellets

were 27.5, 33.2, 36.9, 43.1, and 37.6m2 g−1, respectively. As the ratio

of cellulose increased, the BET surface area increased until the 20%2

sample. At this point, the stability of the pellet began to be lost which

could account for the decrease in surface area. The 20%2 sample had

Fig. 7. Adsorptive capacity for the three different surface area conditions for (a) 380mm3, (b) 430mm3, (c) 550mm3.

Fig. 8. Phosphate concentration remaining in solution over time as the various

pellet recipes reached adsorption capacity.
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more visual char that was clogging the pores and decreasing the surface

area. As expected, the addition of cellulose provided additional internal

surface area.

3.1.2. Surface morphology of the pellets

Fig. 3 shows SEM images of the surface of the 0% cellulose baseline

pellet and the 10% cellulose pellet before and after phosphate adsorp-

tion. Many particulate aggregates were observed on the surface of the

MgCO3 pellets before phosphate exposure. To confirm phosphate ad-

sorption on the surface of the pellet, the elemental composition was

checked with EDS. A clear peak was seen for phosphorus on the 10%2

pellet while the 0%17 pellet did not have such a clear peak. This illu-

strated that increased cellulose content resulted in an increase in

phosphate adsorption, as expected.

3.1.3. XRD analysis

Various magnesium phosphates can form depending upon the pH

and molar concentration and are listed below.

• Monomagnesium phosphate (Mg(H2PO4)2)

• Dimagnesium phosphate (MgHPO4)

• Magnesium phosphate tribasic (Mg3(PO4)2)

Amorphous magnesium phosphate.

The XRD patterns for each sample before and after an adsorption

isotherm showed that cellulose, periclase (MgO) and brucite (MgOH)

were present for the pellets before adsorption. As shown in Fig. 4a, the

pellets had both variations of magnesium present due to mixing mag-

nesium carbonate with water and then calcining the pellets. After

Fig. 9. Linearized (a) pseudo first-order kinetics model and (b) pseudo-second-

order model applied to the four various pellet recipes.

Table 3

Adsorption kinetic models, the corresponding linear forms and parameters of MgCO3 pellets with various amounts of cellulose for 4 different synthesis conditions

(percent cellulose and calcination time) with initial pH 7 at 23 °C.

Sorbent Pseudo-first-order Pseudo-second-order

− = −q q q k tlog( ) log( ) /2.303e t e 1 = +t q k q t q/ 1/ /t e e2
2

qe (mg g−1) k1 (h−1) R2 qe (mg g−1) k2 (g mg−1 h−1) R2

5%1 33.34 0.0095 0.9824 36.22 0.0004 0.9880

10%2 36.91 0.0084 0.9497 40.50 0.0003 0.9979

15%1 56.49 0.0118 0.9959 52.25 0.0003 0.9959

20%2 27.48 0.0071 0.9312 43.54 0.0005 0.9988

Fig. 10. Adsorption capacity comparison with 5 pellet recipes in two isotherm

experiments with initial concentration (a) 160mg L−1 and (b) 330mg L−1.
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adsorption experiments were conducted, magnesium variations were

detected mostly as hydromagnesite (Mg5(CO3)4(OH)2·4H2O) with some

remaining brucite and magnesium phosphate (as cattiite) as shown in

Fig. 4b. The pellet with the most phosphate present was the 15%1 pellet

as seen with the highest peak of cattiite. Finding magnesium phosphate

after the adsorption experiments further confirmed that adsorption

occurred and that the increased surface area from cellulose addition

was providing additional adsorption capacity.

3.1.4. Thermal stability of the pellets

The thermal stability of the pellets was investigated using thermo-

gravimetric analysis to determine the pellets made from different pro-

portions of cellulose-water-magnesium carbonate mixture affects the

decomposition temperature. The 0%17 pellet provided a good control

group to determine if adding cellulose alone affected the thermal sta-

bility. Fig. 5 presents the loss in weight as the sample was exposed to

higher temperatures.

The 0%17 pellet had a peak for onset degradation temperature at

319 °C as the baseline. The pellets with cellulose showed improvement

in onset decomposition temperature. The onset decomposition tem-

peratures for the 5%1, 10%2, 15%1, and 20%2 pellets were 384, 399,

364 and 403 °C, respectively. Cellulose provided binding and increased

the thermal stability up until the 15%1 pellet where porosity took

control and slightly decreased the stability. The 15%1 pellet still had a

higher temperature than the 0%17 pellet. The 20%2 pellet increase

thermal stability again because this pellet had more char present on the

surface and in the pores which added to thermal stability.

Fig. 11. Linearized (a) Langmuir model and (b) Freundlich model applied to

the four various pellet recipes.

Table 4

Adsorption isotherm models, the corresponding linear forms and parameters of MgCO3 pellets with various amounts of cellulose for 4 different synthesis conditions

with initial pH 7 at 23 °C.

Sorbent Langmuir isotherm Freundlich isotherm

= +C q q C K q/ 1/ 1/e e max e L max = +q K n Clog log 1/ loge F e

qmax (mg g−1) KL (L mg−1) R2 KF (mg g−1 (L mg−1)1/n) n−1 R2

5%1 18.69 −0.1264 0.9761 17.47 0.0683 0.8257

10%2 14.47 −0.1247 0.9381 20.61 0.1900 0.9513

15%1 28.17 −0.4517 0.9917 19.57 0.2126 0.7094

20%2 44.25 0.9741 0.9995 16.06 0.4031 0.9124

Fig. 12. Linearized (a) Langmuir model and (b) Freundlich model applied on

the triplicate isotherm experiment with 15%1 pellets.
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3.2. Adsorption studies

Table 2 represents various adsorptive materials used for recovering

phosphate from water categorized by the main element or base material

modified to create the adsorbents. The range of adsorption capacity is

from 0.28 to 326.63mg of phosphate adsorbed per gram of adsorbent.

3.2.1. Optimum surface area

To study the best dimensions for the physical size of the pellet,

pellets were studied with the varying surface area of 380mm3,

430mm3, and 550mm3 via cutting the pellets. Although the pellets

were cut, the overall mass used was kept consistent. The adsorption

experiment was run over just four days to investigate the change in

adsorption capacity of the three conditions, including the full pellet as a

reference baseline. Fig. 6 shows the change in adsorption capacity over

the four days for each surface area condition for the four pellet recipes.

Overall, each pellet recipe had a higher adsorption capacity with the

decrease in pellet length. This is expected since cutting the pellet ex-

posed another surface for adsorption and illustrated that adsorption is

occurring on the surface of the pellets. Fig. 7 illustrates that each var-

iation in the surface area still has the same overall trend in adsorption

capacity, namely that the capacity increases with the increase in cel-

lulose content.

3.2.2. Kinetic studies

An adsorption experiment was conducted to determine the equili-

brium time for the phosphate concentration remaining in the solution

after pellets had reached adsorption capacity. Fig. 8 shows how the

phosphate concentration in solution changed with respect to time and

suggested an apparent equilibrium time of 600 h or 25 days. Each recipe

removed a different overall percentage of phosphate; 0%17 removed

34%, 5%1 removed 80%, 10%2 removed 72%, 15%1 removed 95% and

20%2 removed 81%.

Batch experiments, with one pellet in 125mL of a solution with

target phosphate concentration of 160mg L−1, were conducted to de-

termine the rate of phosphate adsorption, specifically to find the order

of the rate constant. The kinetics of each of the five pellet recipes were

studied and compared with the pseudo-first-order (Fig. 9a) and pseudo-

second-order (Fig. 9b) kinetics models to find the best fit using linear

regression analysis.

The pseudo-first-order model and pseudo-second-order model are,

respectively, as follows:

− = −q q q k tlog( ) log( ) /2.303e t e 1 (1)

= +t q k q t q/ 1/ /t e e2
2

(2)

where qe is the amount of adsorbate adsorbed per unit mass of ad-

sorbent (mg g−1) at equilibrium, qt is the amount of adsorbate adsorbed

per unit mass of adsorbent (mg g−1) at time t, k1 (h−1) and k2
(g mg−1 h−1) are the rate constants for the pseudo-first-order model and

pseudo-second-order model, respectively. The linear forms of the

models, the parameters, and how the parameters correlate with each

model (R2) are listed in Table 3. The pellet recipe without cellulose is

not included since it is the baseline.

Overall the best fit model was the pseudo-second-order model with

R2 > 0.98 for all pellet recipes, but the pseudo-first-order model fit all

recipes with R2 > 0.93, so both models had a strong correlation, which

has been found in other phosphate adsorption experiments [12,30–36].

The pseudo-second-order model indicates that the adsorption that oc-

curred was chemisorption, which assumes monolayer adsorption. The

highest model adsorption capacity for both models occurred for the

15%1 pellet; qe was 56.49mg g−1 for pseudo-first-order and

52.25mg g−1 for pseudo-second-order. In the pseudo-second-order

model, k2qe
2 represents the initial adsorption rate. The rate for the 5%1,

10%2, 15%1 and 20%2 pellets were as follows: 0.492, 0.449, 0.823 and

1.021mg g−1 h−1, respectively. This means that although the 15%1

pellet has the highest adsorption capacity, the 20%2 recipes had the

fastest initial adsorption rate of 15%1 as a close second.

3.2.3. Sorption isotherms

Sorption isotherms describe the relationship between the equili-

brium adsorbate concentration in the solution and the amount of

phosphate adsorbed on the adsorbent. Batch experiments, with one to

six pellets in 125mL of a solution with target phosphate concentration

of 330mg L−1, were conducted to determine the maximum adsorption

capacity of the pellets.

The two studies were compared for overall adsorption capacity of

phosphate concentration from solution as the adsorbent mass was in-

creased. Fig. 10a and 10b represent the two isotherms for overall ad-

sorption capacity on a number of pellets basis.

The lower concentration was more easily removed using multiple

pellets than the higher concentration but the adsorption capacities were

higher overall in the solution with higher phosphate concentration

Table 5

Adsorption isotherm models, the corresponding linear forms and parameters of MgCO3 pellets with 15% cellulose with initial pH 7 at 23 °C. Data from triplicate

experimental runs.

Sorbent Langmuir isotherm Freundlich isotherm

= +C q q C K q/ 1/ 1/e e max e L max = +q K n Clog log 1/ loge F e

qmax (mg g−1) KL (L mg−1) R2 KF (mg g−1 (L mg−1)1/n) n−1 R2

15%1 91.74 0.3586 0.9657 28.95 0.2825 0.9457

15%1 116.28 0.5478 0.9785 36.46 0.4531 0.7824

15%1 81.30 0.4786 0.9944 29.89 0.2333 0.7358

Average 96.44 ± 18.0 0.46 ± 0.1 31.76 ± 4.1 0.32 ± 0.1

Table 6

Desorption of adsorbed phosphate using three different solutions.

Sorbent 0.1M HCl 0.1M NaOH DI Water

Adsorbed

PO4
3− (mg g−1)

Desorbed

PO4
3− (mg g−1)

Desorption

Percentage

Adsorbed

PO4
3− (mg g−1)

Desorbed

PO4
3− (mg g−1)

Desorption

Percentage

Adsorbed

PO4
3− (mg g−1)

Desorbed

PO4
3− (mg g−1)

Desorption

Percentage

5%1 7.29 0.26 3.6% 10.69 0.14 1.3% 8.93 0.01 0.1%

10%2 7.65 0.06 0.7% 11.98 0.23 1.9% 9.43 0.01 0.1%

15%1 8.32 0.08 1.0% 12.69 0.56 4.4% 10.44 0.01 0.1%

20%2 9.25 0.07 0.8% 13.91 0.35 2.5% 11.07 0.01 0.1%
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originally. Since the only option with the pellets was to increase the

mass used for the isotherm, the original concentration used in kinetics

for one pellet was not high enough to show a removal trend for multiple

pellets.

Isotherm data was fitted to both the Langmuir and Freundlich

models (see Figs. S1 and S2) to determine the best fit using regression

analysis as shown in Fig. 11a and b, respectively.

The linearized Langmuir equation is as follows:

= +C q q C K q/ 1/ 1/e e max e L max (3)

where qe is the amount of adsorbate adsorbed per unit mass of ad-

sorbent (mg g−1), Ce is the amount of unadsorbed adsorbate con-

centration in solution at equilibrium (mg L−1), qmax is the maximum

amount of adsorbate per unit mass of adsorbent to form a complete

monolayer on the surface (mg g−1), and KL is a constant related to the

affinity of the binding sites (L mg−1). Similarly, the linearized

Freundlich equation is as follows:

= +q K n Clog log 1/ loge F e (4)

where KF is the adsorption capacity of the adsorbent (mg g−1

(L mg−1)1/n) and n indicates sorption favorability. The parameters

found via plotting these linearized equations are shown in Table 4,

excluding the 0% cellulose baseline pellet.

Based on this analysis, the best fit for the isotherm studies was the

Langmuir model revealing that the adsorption occurred in a monolayer

fashion. This confirms the findings that the pseudo-second-order ki-

netics model fits best, which also assumes monolayer adsorption. The

maximum theoretical adsorption capacities found using the Langmuir

model were: 18.7, 14.5, 28.2, and 44.3 mg g−1 for 5%1, 10%2, 15%1

and 20%1 pellets, respectively. Here the 20%2 pellet had the highest

capacity, but this is the least stable pellet.

The final isotherm conducted was completed for the 15%1 pellet in

triplicate with the 330mg L−1 solution to find the reproducibility of the

adsorption capacity. The results were modeled with the linearized

Langmuir and Freundlich models as shown in Fig. 12a and b, respec-

tively. The parameters determined from these models are listed in

Table 5 (See Fig S3 for SEM and EDS data).

The triplicate analysis of the 15%1 pellet resulted in an average qmax

of 96.4mg g−1 with a standard deviation of 18mg g−1 and relative

standard deviation of 18.6% for the experiments. The variation in

predicted adsorption capacity from the kinetics and isotherm experi-

ments can be explained by the variation in diffusion and surface area of

pellets exposed to the solution. The bottles in the kinetics experiment

were moved from the shaker for each sample throughout the

Fig. 13. XRD patterns of the various pellets after (a) 0.1M HCl solution and (b) 0.1M NaOH solution desorption experiments were conducted.
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experiment whereas the bottles in the isotherm experiment were kept

on the table until the full 25 days had passed. During the movement for

the kinetics experiment, the pellet may have shifted in the solution and

exposed the additional surface area for adsorption.

3.3. Desorption experiment

Since the adsorption of phosphate was proven reasonably suc-

cessful, pellets from the isotherm were studied for the ability to recover

phosphate through desorption. Three different solutions were used to

try to achieve this: deionized water (pH∼ 6.6), 0.1 M HCl (pH < 2)

and 0.1M NaOH (pH∼ 12.4). Table 6 shows the percentage of deso-

rption seen after 25 days. This desorbability parameter is defined by the

ratio of phosphate desorbed over phosphate adsorbed and provides an

indicator for phosphate recovery potential.

Based on the results, leaching into the water without a desorption

aid was negligible. Even with the change in pH, only as much as 4% of

phosphate was desorbing. To further investigate what was occurring on

the surface of the pellet, XRD analysis was conducted on each pellet

after desorption in the acidic and basic solutions (Fig. 13a and b, re-

spectively).

From the figure, magnesium phosphate was no longer detected on

the pellets after the desorption period (25 days). On closer inspection of

the experiment with the acidic solution, phosphorus was detected via

EDS but may have been amorphous and not detectable by XRD. For the

basic solution desorption experiment, the XRD pattern was shifted

slightly such that the phosphate compound and hydromagnesite peaks

were not differentiable.

4. Conclusions

MgCO3 pellets prepared with varying amounts of cellulose were

found to be effective adsorbents for removing phosphate from aqueous

suspensions. The calcination of the pellets with higher cellulose ratios

proved to result in increased BET surface area until the pellet with 20%

cellulose. The highest surface area achieved was 43.1 m2 g−1 for the

15%1 pellet. The increased surface area corresponded to an increased

adsorption capacity as seen through the Langmuir models. Although the

highest theoretical adsorption capacity was 44.3 mg g−1 for the 20%2

pellet from the isotherm, the 15%1 pellet showed the most promise

from kinetics experiments and surface area analysis. The 20%2 pellet

was the least stable after calcination so the 15%1 pellet would provide

adsorption without the stability being lost. From the isotherm experi-

ments conducted for the 15%1 pellet, the adsorption capacity had an

average of 96.4 mg g−1. The surface of the pellets changed as phosphate

was adsorbed as shown by the SEM and XRD analysis. While enhanced

P availability might occur when exposed to the real world, the simple

dissolution/desorption experiment suggested quite a minimal release.

It, of course, says nothing about the very slow release.
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Ρεmοϖαλ οφ πηοσπηατε υσινγ χαλχιυm ανδ mαγνεσιυm−mοδιφιεδ ιρον−βασεδ αδσορβεντσ.
Πηοσπηατε ρεmοϖαλ υσινγ mοδιφιεδ Βαψοξιδε Ε33 αδσορπτιον mεδια.
Πηοσπηατε Αδσορπτιον υσινγ Μοδιφιεδ Ιρον Οξιδε−βασεδ Σορβεντσ ιν Λακε Wατερ: Κινετιχσ,
Εθυιλιβριυm, ανδ Χολυmν Τεστσ.

Τηανκ ψου,

ϑαχοβ Λαλλεψ

Ρεσεαρχη Ενϖιρονmενταλ Ενγινεερ

 

Ενϖιρονmενταλ Λαβορατορψ

ΥΣ Αρmψ Ενγινεερ Ρεσεαρχη ανδ Dεϖελοπmεντ Χεντερ

3909 Ηαλλσ Φερρψ Ροαδ

ςιχκσβυργ, ΜΣ 39180−6199

601−634−7480

 

mailto:jacobmlalley@gmail.com
mailto:nadagouda.mallikarjuna@epa.gov


Φροm: Γαρλανδ, ϑαψ

Το: Ναδαγουδα, Μαλλικαρϕυνα

Συβϕεχτ: ΡΕ:

Dατε: Wεδνεσδαψ, Απριλ 29, 2020 4:57:14 ΠΜ

Τηισ εmαιλ χονφιρmσ τηατ mψ χοντριβυτιον το τηε πυβλιχατιον τιτλεδ, �Πηοσπηατε ρεmοϖαλ υσινγ mοδιφιεδ

Βαψοξιδε→ Ε33 αδσορπτιον mεδια� ωασ 10% οφ τηε οϖεραλλ εφφορτ.

 

ϑαψ Λ. Γαρλανδ, Πη.D.

Ρεσεαρχη Σχιεντιστ, Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Οφφιχε οφ Ρεσεαρχη & Dεϖελοπmεντ, ΥΣ ΕΠΑ

Οφφιχε (513) 569−7334

Χελλ (513) 680−9264

Εmαιλ: γαρλανδ.ϕαψ≅επα.γοϖ

 

Φροm: Ναδαγουδα, Μαλλικαρϕυνα <ναδαγουδα.mαλλικαρϕυνα≅επα.γοϖ> 

Σεντ: Wεδνεσδαψ, Απριλ 29, 2020 3:10 ΠΜ

Το: Σπετη, Τηοmασ <Σπετη.Τηοmασ≅επα.γοϖ>; Γαρλανδ, ϑαψ <Γαρλανδ.ϑαψ≅επα.γοϖ>

Συβϕεχτ:

 

Ηι Τοm ανδ ϑαψ,

 

Χαν ψου στατε ψουρ χοντριβυτιον τοωαρδσ τηε βελοω παπερ ισ 10% ιν α σεπαρατε ε−mαιλ?

 

Τηανκσ,

 

Μαλλικαρϕυνα Ν. Ναδαγουδα Πη.D.

Υ. Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ
ΟΡD, Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε
Wατερ Ινφραστρυχτυρε Dιϖισιον/ Χηεmιχαλ Μετηοδσ ανδ Τρεατmεντ Βρανχη
26 Wεστ, Μαρτιν Λυτηερ Κινγ Dριϖε, ΜΣ 689, Χινχιννατι, ΟΗ 45268 ΥΣΑ
Ε−mαιλ: Ναδαγουδα.mαλλικαρϕυνα≅επα.γοϖ
Πη: (513)569−7232
 

mailto:Garland.Jay@epa.gov
mailto:nadagouda.mallikarjuna@epa.gov
mailto:Nadagouda.mallikarjuna@epa.gov


Φροm: Σπετη, Τηοmασ

Το: Ναδαγουδα, Μαλλικαρϕυνα

Συβϕεχτ: Παπερ ινπυτ

Dατε: Wεδνεσδαψ, Απριλ 29, 2020 3:58:48 ΠΜ

Ατταχηmεντσ: ιmαγε002.πνγ

Μαλλικ,

 

Μψ ινπυτ φορ τηε παπερ �Πηοσπηατε ρεmοϖαλ υσινγ mοδιφιεδ Βαψοξιδε Ε33 αδσορπτιον mεδια� ωασ

10% οφ τηε εφφορτ.

 

Τοm

 

Τηοmασ Φ. Σπετη, Πη.D., Π.Ε. (Οηιο)

Ασσοχιατε Dιρεχτορ

Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

26 Wεστ Μαρτιν Λυτηερ Κινγ Dρ.

Χινχιννατι, ΟΗ 45268

(513) 569−7208 Οφφιχε

(513) 658−1056 Χελλ

(513) 487−2543 Φαξ

Σπετη.Τηοmασ≅επα.γοϖ

 

mailto:Speth.Thomas@epa.gov
mailto:nadagouda.mallikarjuna@epa.gov


Φροm: Dιονψσιου, Dιονψσιοσ (διονψσδδ)

Το: Ναδαγουδα, Μαλλικαρϕυνα

Συβϕεχτ: Χοντριβυτιον ον αρτιχλεσ

Dατε: Wεδνεσδαψ, Απριλ 29, 2020 5:26:11 ΠΜ

Ατταχηmεντσ: Λαλλεψ ετ αλ−Ενϖιρονmενταλ Σχιενχε Wατερ Ρεσεαρχη & Τεχηνολογψ−ςολ. 1−ππ. 96−107−2015.πδφ
Λαλλεψ ετ αλ−ΧΕϑ−ςολ. 284−ππ. 1386−1396−2016.πδφ

Dεαρ Dρ. Ναδαγουδα,

 

Τηισ ισ το ινδιχατε mψ χοντριβυτιον το τηεσε τωο παπερσ ατταχηεδ ανδ λιστεδ βελοω ισ 10%. Πλεασε λετ

mε κνοω ιφ ψου νεεδ ανψ φυρτηερ ινφορmατιον.

 

ϑαχοβ Λαλλεψ, Χηανγσεοκ Ηαν, Γαψατηρι Ραm Μοηαν, Dιονψσιοσ D. Dιονψσιου, Τηοmασ Φ. Σπετη, ϑαψ

Γαρλανδ, ανδ Μαλλικαρϕυνα Ν. Ναδαγουδα, Πηοσπηατε Ρεmοϖαλ υσινγ Μοδιφιεδ Βαψοξιδε→ Ε33

Αδσορπτιον Μεδια, Ενϖιρονmενταλ Σχιενχε: Wατερ Ρεσεαρχη & Τεχηνολογψ 1 (2015) 96−107.

 

ϑαχοβ Λαλλεψ, Χηανγσεοκ Ηαν, Ξυαν Λι, Dιονψσιοσ D. Dιονψσιου, ανδ Μαλλικαρϕυνα Ν. Ναδαγουδα,

Πηοσπηατε Αδσορπτιον υσινγ Μοδιφιεδ Ιρον Οξιδε−βασεδ Σορβεντσ ιν Λακε Wατερ: Κινετιχσ,

Εθυιλιβριυm, ανδ Χολυmν Τεστσ, Χηεmιχαλ Ενγινεερινγ ϑουρναλ 284 (2016) 1386−1396.

 

Βεστ Ρεγαρδσ,

 

Dιονψσιοσ (Dιον) D. Dιονψσιου, Πη.D.

Φ. ΕυρΑΣχ, Φ. ΑΕΕΣΠ, Φ. ΑΧΣ, Φ. ΙWΑ, Φ. ΡΣΧ, Φ. ΧΣΠ, ΒΧΕΕΜ

ΥΝΕΣΧΟ Χο−Χηαιρ Προφεσσορ οφ �Wατερ Αχχεσσ ανδ Συσταιναβιλιτψ�

ανδ Προφεσσορ οφ Ενϖιρονmενταλ Ενγινεερινγ

Συσταιναβλε Σολυτιονσ Λαβορατοριεσ (ΣΣΛσ)

Χεντερ οφ Συσταιναβλε Υρβαν Ενγινεερινγ

Dρινκινγ Wατερ, Wατερ Συππλψ, Θυαλιτψ, ανδ Τρεατmεντ, ανδ

Ενϖιρονmενταλ Νανοτεχηνολογψ Λαβορατοριεσ

Ενϖιρονmενταλ Ενγινεερινγ ανδ Σχιενχε Προγραm

Dεπαρτmεντ οφ Χηεmιχαλ ανδ Ενϖιρονmενταλ Ενγινεερινγ (ΧηΕΕ)

705 Ενγινεερινγ Ρεσεαρχη Χεντερ

Υνιϖερσιτψ οφ Χινχιννατι

Χινχιννατι, ΟΗ 45221−0012

Πηονε (513) 556−0724

Φαξ (513) 556−4162

Οφφιχε Νυmβερ: ΕΡΧ 780

Εmαιλ: διονψσιοσ.δ.διονψσιου≅υχ.εδυ

Wεβ Παγε 1: ηττπσ://διον−λαβ.ωεεβλψ.χοm/

Wεβ Παγε 2: ηττπσ://ωωω.χεασ3.υχ.εδυ/προφιλεσ/διονψσδδ 

Wεβ Παγε 3: ηττπ://χεασ.υχ.εδυ/χηεmιχαλ−ενϖιρονmενταλ−ενγινεερινγ/Dρ_Dιονψσιοσ_Dιονψσιου.ητmλ

Νεωσ ανδ Οϖερϖιεω: (1) ηττπσ://ωωω.υχ.εδυ/νεωσ/αρτιχλεσ/λεγαχψ/ενεωσ/2018/05/ε26440.ητmλ

(2) ηττπσ://ωωω.υχ.εδυ/νεωσ/αρτιχλεσ/λεγαχψ/ενεωσ/2018/02/ε26131.ητmλ

(3) ηττπσ://ωωω.υχ.εδυ/νεωσ/αρτιχλεσ/2019/01/ν2059172.ητmλ

 

mailto:DIONYSDD@UCMAIL.UC.EDU
mailto:nadagouda.mallikarjuna@epa.gov
mailto:dionysios.d.dionysiou@uc.edu
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fdion-lab.weebly.com%2F&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670070592&sdata=95U8G4sfUu7ik8Hcz%2BY1nS%2FKjz8a7yOYD2KLc15dlHY%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.ceas3.uc.edu%2Fprofiles%2Fdionysdd&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670070592&sdata=LEYrtaHDTxKa6UNNbEo9AWFzntZ%2BsDYmCor95k5zNaw%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fceas.uc.edu%2Fchemical-environmental-engineering%2FDr_Dionysios_Dionysiou.html&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670080548&sdata=yNTAepPtOq9FDpeaUesnVFKAbuD2S71zTttcqDcUmyU%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.uc.edu%2Fnews%2Farticles%2Flegacy%2Fenews%2F2018%2F05%2Fe26440.html&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670080548&sdata=wdD6mhjGLMe1%2FDq4nDEk7MURfHIeLd7a8j5bciMNuoQ%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.uc.edu%2Fnews%2Farticles%2Flegacy%2Fenews%2F2018%2F02%2Fe26131.html&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670080548&sdata=XDRug4l4Q85X0Gdc5vAFcRDmMdD1VnWna3Cwdi8wzMI%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.uc.edu%2Fnews%2Farticles%2F2019%2F01%2Fn2059172.html&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C11957fb1d06e479b927908d7ec83eb19%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237923670090545&sdata=kWLOgPc99vLwqtss0vvpU%2BxjePCstW%2Fyl8EGEQMpcsE%3D&reserved=0


Φροm: Ηαν, Χηανγσεοκ (ηανχκ)

Το: Ναδαγουδα, Μαλλικαρϕυνα

Χχ: ννmαλλι≅ψαηοο.χοm

Συβϕεχτ: Χοντριβυτιον το τηε παπερσ

Dατε: Wεδνεσδαψ, Απριλ 29, 2020 6:19:28 ΠΜ

Dρ. Μαλλικ, 

Μψ χοντριβυτιον οφ τηε ωορκσ τιτλεδ ∀Ρεmοϖαλ οφ πηοσπηατε υσινγ χαλχιυm ανδ mαγνεσιυm−mοδιφιεδ ιρον−βασεδ

αδσορβεντσ∀, ∀Πηοσπηατε ρεmοϖαλ υσινγ mοδιφιεδ Βαψοξιδε Ε33 αδσορπτιον mεδια∀ ανδ ∀Πηοσπηατε αδσορπτιον υσινγ

mοδιφιεδ ιρον οξιδε−βασεδ σορβεντσ ιν λακε ωατερ: Κινετιχσ, εθυιλιβριυm, ανδ χολυmν τεστσ∀ ισ 10 %

Τηανκ ψου. 

Βεστ ρεγαρδσ, 

Χηανγσεοκ Ηαν, Πη.D.

 

Ασσισταντ Προφεσσορ

Dεπαρτmεντ οφ Ενϖιρονmενταλ Ενγινεερινγ

Χολλεγε οφ Ενγινεερινγ

ΙΝΗΑ Υνιϖερσιτψ

100 Ινηαρο, Μιχηυηολ−γυ Ινχηεον 22212, ΚΟΡΕΑ

Εmαιλ: ηανχκ≅ινηα.αχ.κρ (ορ χηανγσεοκ.ηαν94≅γmαιλ.χοm)

Οφφιχε: +82−32−860−7505

Χελλ Πηονε: +82−10−3288−1672

ηττπσ://σιτεσ.γοογλε.χοm/σιτε/αδϖανχεδωατερτρεατmεντλαβ/

ηττπσ://σιτεσ.γοογλε.χοm/σιτε/χηανγσεοκηαν79/

ηττπσ://σχηολαρ.γοογλε.χο.ιν/χιτατιονσ?υσερ=32ΘΜΑΑΕΑΑΑΑϑ&ηλ=εν

ηττπσ://ωωω.ρεσεαρχηγατε.νετ/προφιλε/Χηανγσεοκ_Ηαν

mailto:hanck@mail.uc.edu
mailto:nadagouda.mallikarjuna@epa.gov
mailto:nnmalli@yahoo.com
mailto:changseok.han94@gmail.com
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fsites.google.com%2Fsite%2Fadvancedwatertreatmentlab%2F&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C414fb39332be4034336108d7ec8b6112%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237955677987097&sdata=%2FX3KSbCsXgYcqMksK037dlpYO68z4gGhPkhaUIyD0C0%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fsites.google.com%2Fsite%2Fchangseokhan79%2F&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C414fb39332be4034336108d7ec8b6112%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237955677987097&sdata=g24p0pSKe1fzKfC4CqQAG6yuMMhwxAR8MNcTh9AQBpU%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.co.in%2Fcitations%3Fuser%3D32QMAAEAAAAJ%26hl%3Den&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C414fb39332be4034336108d7ec8b6112%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237955677997097&sdata=sQ%2BuPB%2BVGZXDDaKpr9Cdux0cyldZFP5dfvvseZQYFN8%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.researchgate.net%2Fprofile%2FChangseok_Han&data=02%7C01%7Cnadagouda.mallikarjuna%40epa.gov%7C414fb39332be4034336108d7ec8b6112%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637237955677997097&sdata=Q6W06p0FeBjwy3jJHeTwcR94zPSFyCBT44mxHrqyyOY%3D&reserved=0


Φροm: Ναδαγουδα, Μαλλικαρϕυνα

Το: Ναδαγουδα, Μαλλικαρϕυνα

Dατε: Τηυρσδαψ, Απριλ 30, 2020 12:58:07 ΠΜ

Μψ χοντριβυτιον το τηε βελοω παπερσ ισ 64%

 

Ρεmοϖαλ οφ πηοσπηατε υσινγ χαλχιυm ανδ mαγνεσιυm−mοδιφιεδ ιρον−βασεδ αδσορβεντσ.

Πηοσπηατε ρεmοϖαλ υσινγ mοδιφιεδ Βαψοξιδε Ε33 αδσορπτιον mεδια.

Πηοσπηατε Αδσορπτιον υσινγ Μοδιφιεδ Ιρον Οξιδε−βασεδ Σορβεντσ ιν Λακε Wατερ: Κινετιχσ,

Εθυιλιβριυm, ανδ Χολυmν Τεστσ.

 

Τηανκσ,

 

Μαλλικαρϕυνα Ν. Ναδαγουδα Πη.D.

Υ. Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ
ΟΡD, Χεντερ φορ Ενϖιρονmενταλ Σολυτιονσ ανδ Εmεργενχψ Ρεσπονσε
Wατερ Ινφραστρυχτυρε Dιϖισιον/ Χηεmιχαλ Μετηοδσ ανδ Τρεατmεντ Βρανχη
26 Wεστ, Μαρτιν Λυτηερ Κινγ Dριϖε, ΜΣ 689, Χινχιννατι, ΟΗ 45268 ΥΣΑ
Ε−mαιλ: Ναδαγουδα.mαλλικαρϕυνα≅επα.γοϖ
Πη: (513)569−7232
 

mailto:nadagouda.mallikarjuna@epa.gov
mailto:nadagouda.mallikarjuna@epa.gov
mailto:Nadagouda.mallikarjuna@epa.gov


Φροm: Ιψαννα, Νιδηι

Το: Ναδαγουδα, Μαλλικαρϕυνα

Συβϕεχτ: Χοντριβυτιον τοωαρδσ παπερ

Dατε: Τηυρσδαψ, Απριλ 30, 2020 12:25:27 ΠΜ

Ηελλο Dρ. Ναδαγουδα, 

 

Μψ χοντριβυτιον τοωαρδσ τηε παπερ ∀Ρεmοϖαλ οφ πηοσπηατε υσινγ χαλχιυm ανδ mαγνεσιυm−mοδιφιεδ

ιρον−βασεδ αδσορβεντσ� ισ λεσσ τηαν 10%. Ιτ ωασ α πλεασυρε ωορκινγ υνδερ ψουρ γυιδανχε. 

 

Τηανκ Ψου,

Νιδηι Ιψαννα 

mailto:NII7@pitt.edu
mailto:nadagouda.mallikarjuna@epa.gov
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-131

Research Category Primary: Health Effects Research and Human Health Risk Assessment (HE)

Research Category Secondary: Other Environmental Research (OR)

Laboratory/Office Name: ORD

Nomination Entered By: John Wright

Eligibility Checklist:

[N] The nominated publication(s) has not been submitted to a previous STAA competition.

[N] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[N] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[N] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Kristina Chialton

Nominating Official Title: SUPERVISORY BIOLOGIST

Nominating OfficialEmail: thayer.kris@epa.gov
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Justifications:

Justification 1:

Although disinfection of drinking water controls water-borne pathogens, the formation of, and exposure to hundreds of

disinfection byproducts (DBPs) has raised concerns for other adverse health consequences. The risks for adverse

reproductive and developmental effects in relation to DBP exposures remains nebulous, posing an ongoing challenge for

US EPA’s Stage 2 Rule 6-year Review efforts over the years. The evidence for teratogenicity of some DBPs has been

demonstrated in test animals but evidence in humans for specific types of birth defects has been limited. Epidemiological

assessment of birth defects related to DBPs has not been sufficiently studied because of many inherent study challenges

(e.g., rare outcomes and complex and temporally variable DBP mixture exposures). Previous epidemiological studies had

poor exposure assessment and only examined surrogate measures of trihalomethanes (THMs) or were based solely on

even more indirect measures such as the type of disinfected water consumed. Many of these studies have therefore been

limited in scope and statistical power and have also primarily focused on groups of combined endpoints which may not be

etiologically warranted (e.g., All Birth Defects; All Cardiac Defects). These limitations can lead to decreased study

sensitivity to detect associations that are present, which can be compounded by important sources of bias such as outcome

and exposure misclassification. 

In this manuscript entitled “Disinfection By-Product Exposures and the Risk of Specific Cardiac Birth Defects”, Dr.

Wright and colleagues examine an understudied area and help characterize the potential cardiac defect risk and specificity

to particular DBPs (e.g., bromoform, dibromochloromethane, and monobromoacetic acid) as well as for different DBP

surrogates such at THM4 (i.e., four regulated THMs). In this analysis, the increased risk of cardiac defects associated with

THM4 that was detected is remarkably consistent in magnitude with two other studies, and other brominated DBP (e.g., 

monobromoacetic acid) results have some coherence with animal toxicological data. The very consistent findings for

ventricular septal defects (VSDs) are rare in epidemiological examinations of heterogenous populations based on different

exposure metrics. The concordance of this epidemiological evidence with some toxicological data also adds credence to

these findings, suggesting that these are biologically plausible associations and not just statistical artifacts. Although no

individual epidemiological study by itself implies causality, this study adds to the existing weight of evidence for DBP

exposures and cardiac defects. Furthermore, this study represents the first epidemiological study of birth defects and DBPs

to examine several individual cardiac defects, different surrogate mixtures [THM4, brominated THMs, regulated

haloacetic acids (HAA5), and DBP9 (THM4+HAA5)], and various individual DBP species. This is only the second birth

defect study to evaluate exposure to brominated DBPs, which adds some specificity to the potential risks that have been

previously noted for THM4. Importantly, it lends additional evidence regarding both consistency and coherence to the

literature base, two key considerations when addressing causality in risk assessment based on epidemiologic data.

The nominated manuscript was accepted for publication by what is widely considered the top environmental health

journal, Environmental Health Perspectives (current Impact Factor of 8.05). This publication has been cited in 31 different

research papers as noted by Google Scholar and downloaded 352 times (as of 4-29-20). According to Environmental

Health Perspectives citation statistics: ”compared to other publications in the same field, this publication is extremely
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highly cited and has received approximately 10 times more citations than average”. The citations underscore the national

and international importance of this study and included prominent researchers from a variety of countries (e.g., China,

Cyprus, England, Canada, Sweden, Portugal, Australia, Germany, Spain, among others) interested in quantifying potential
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risks of exposure to DBPs. It has also been cited in recent reviews and weight of evidence evaluations from Canada and

the U.S. Given the challenges of characterizing risk to complex mixtures of DBPs, this research will be of increasing

importance for various entities engaged in or affected by DBP regulatory determination efforts.

The program areas developed by the nominee’s research has focused on quantifying risk and reducing uncertainty related

to DBP exposures. The primary impetus for Dr. Wright’s DBP exposure assessment and epidemiological research over the

years has been the demonstrated research gaps identified by US EPA’s Office of Water and others, who have evaluated the

reproductive and developmental evidence related to DBPs. As such, this epidemiological study was specifically designed

to address some of these limitations and elucidate the risk of individual cardiac defects to specific DBP exposures. Dr.

Wright has provided epidemiological and exposure assessment consultations to the Office of Water since 2002 in support

of the development of the Stage 2 Disinfection By-product Rule as well as subsequent iterations of their Six-Year

reviews. These have been influential in environmental decision-making. As part of this effort, Dr. Wright helped

characterize the potential health risk of fetal mortality that was associated with DBP regulations for a cost-benefit

analyses. These consultations as well as Dr. Wright’s research planning contributions were critical to developing research

programs and strategic goals in support of EPA’s Office of Water and Regional EPA office needs. The current research

has been responsive to Agency needs and provides an example of successful multidisciplinary research to support EPA’s

mission.  

              The research described here has been repeatedly vetted through the national and international scientific

communities, as well as accepted by a prestigious journal, has helped assure the highest quality scientific support to

protect human health and keep the nation’s drinking water safe.  Drs. Wright and Narotsky continued leadership in the

DBP field for over 20 and 25 years, respectively, is acknowledged by being invited participants to the biannual Gordon

Research Conference on DBPs since its inception in 2006. This has led to invitations to disseminate the findings from this

important work at that meeting in both 2015 and 2019. For this particular study, Dr. Wright and his co-authors have been

asked to give numerous oral presentations at other national and international fora. Additional invited talks were given by

him at different annual societal meetings including the Society for Risk Analysis and by another co-author (John

Kaufman) who delivered an oral presentation of these results at the International Society of Environmental Epidemiology

in 2014. Dr. Wright was also invited to present these important research findings to the Australia’s New South Wales

Ministry of Health in 2014. Most recently, Dr. Wright has included results from this study in briefings to the Office of

Water as well as the Federal-State Toxicology and Risk Analysis Committee in 2019. These invitations related to this

cardiac defect study shown here are a testament to the importance of this work.

              This work led by Drs. Wright and Narotsky have helped target more specific teratogenic DBPs in epidemiological

studies and other advances have helped increased the sensitivity of epidemiological studies to allow for effective detection

of associations and better integration of epidemiological data in weight of evidence considerations for risk

assessment. These efforts should provide valuable information to the Office of Water as part of the next iteration of the

6-year regulatory review of the DBP Stage 2 Rule. Regulators and policy makers at various federal agencies and

regulatory bodies inside and outside of the EPA have relied extensively upon Dr. Wright’s exposure assessment and
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epidemiological research supporting this program area. His previous epidemiological studies have been cited by Canada,

the World Health Organization, California EPA’s Office of Environmental Health Hazard Assessment as well as the US

EPA’s Drinking Water Criteria Document and the aforementioned DBP Stage 2 Rule. It is anticipated that this research

will have similar if not larger impact on these regulatory determinations.  This study also directly supports laws, such as

the Safe Drinking Water Act Amendments of 1996 and the Food Quality Protection Act of 1996, which mandate

consideration of complex mixtures in risk assessment. In the 2009 Science and Decisions: Advancing Risk assessment

(i.e., the “Silver Book”) report, the NAS’s Committee on Improving Risk Analysis encouraged integration of

epidemiological data and further methodological development to advance cumulative risk assessment efforts. This

nominated manuscript was the first epidemiological study of birth defects to examine a summary measure of 9 regulated

DBPs (i.e. DBP9) and represents the most extensive considerations of different DBP mixture measures considered in an

epidemiological study to date.  

              In summary, this publication has been influential in quantifying risks for distinct birth defects in relation to both

individual DBPs and different surrogate measures of DBP mixtures. The success of this paper and the leadership of the

ORD scientists to facilitate a successful multi-disciplinary epidemiological study is a model of cross-cutting research to

tackle a very challenging problem and demonstrated risk assessment need. This represents a culmination of a unique

collaboration between different epidemiological and toxicological research groups at the EPA’s Office of Research and

Development; the likes of which, while often highlighted as a demonstrated Agency need to integrate research interests,

rarely come to fruition with successful products that have considerable regulatory impact. The sustained leadership of the

co-authors in the DBP epidemiological and toxicological fields recognized within and outside of the agency exemplifies

ORD at its finest.  This research will continue to have potential important public health ramifications especially given the

ubiquitous nature of DBPs in treated drinking water worldwide.  

Justification 2A:

N/A

Justification 2B:

Dr. Wright-N/A

Dr. Narotsky- Awarded Level III STAA in 2016 for a submission of 2 manuscripts:
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- Comprehensive Assessment of a Chlorinated Drinking Water Concentrate in a Rat Multigenerational

Reproductive Toxicity Study. Environmental Science and Technology. 2013.

- Reproductive Toxicity of a Mixture of Regulated Drinking-Water Disinfection By-Products in a

Multigenerational Rat Bioassay. Environmental Health Perspectives. 2015.

Justification 2C:

The 2016 Level III STAA publications awarded to Dr. Narotsky both report the reproductive and developmental

toxicity of mixtures of DBPs in rodents. The current nominated manuscript is also concerned with the

developmental effects of DBPs, but it dramatically since it examines humans rather than animals. This

nominated paper is an epidemiological study of cardiac birth defects that was conducted based on primary data

in Massachusetts.

Justification 2D:

N/A

Justification 2E:

Dr. Wright is included in a nomination submitted under #9 Environmental Policy and Decision-Making

Studies. This manuscript entitled "Estimating Potential Increased Bladder Cancer Risk Due to

Increased Bromide Concentrations in Sources of Disinfected Drinking Waters published in

Environmental Science & Technology in 2015 (49(22): 13094-13102 (2015). Based on secondary

data, this other nominated manuscript addresses potential increased weight-of-evidence for bladder

cancer being associated with exposure from DBPs, particularly brominated THM species, that occur

as a result of drinking water chlorination practices. It specifically addresses risk estimation effort to

characterize the public health implications of bromide discharges from industrial sources in the

nation’s source drinking waters.

Justification 3A:

Citations:
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To date, according to Google Scholar, the paper has been cited 31

times. According to Environmental Health Perspectives, compared to other

publications in the same field, this publication is extremely highly cited and has

received approximately 10 times more citations than average.

Downloads and Journal Statistics:

Environmental Health Perspectives

Impact Factor: 8.05

5-Year Impact Factor: 9.99

Article Downloads: 352 (as of 4-29-20)

 

Article Immediacy index: 2.12

Article Cited half-life: 8.60

Invited Presentations

These research findings have been of great interest to those in the field; as such, we

have taken great care to vet our study results to many scientific bodies early in the

process. For example, preliminary results based on this study were first presented in a

poster by Dr. Rivera-Nunez at the International Society of Environmental Epidemiology

in 2012. Similar presentations occurred for the cardiac defect analysis in 2014 and

2015 by Dr. Wright and John Kaufman. These individuals have also given numerous

invited talks about these important findings as detailed below.

Invited Oral Presentations



Page 8 of 12

Wright JM. The Effect of Disinfection By-Product Exposure on the Risk of
Congenital Anomalies and Fetal Growth Restriction. October 15,
2019. Briefing for the US EPA’s Office of Water.

Wright JM. The Effect of Disinfection By-Product Exposure on the Risk of
Congenital Anomalies and Fetal Growth Restriction: New Epidemiological
Study Findings. August 31, 2019. South Hadley, MA. Gordon Research
Conference on DBPs. 

Kaufman JA, Wright JM. Associations between Disinfection Byproduct
Exposures and the Risk of Cardiac and Musculoskeletal Birth Defects.
October 2016. Utrecht, Netherlands. International Society for Exposure
Science Conference.

Wright JM. The Effect of Disinfection By-product Exposures on Risk of Birth
Defects. August 11, 2015. South Hadley, MA. Gordon Research Conference
on DBPs.

Wright JM. Developmental Effects of Disinfection Byproducts: Preliminary
Epidemiological Results from Massachusetts. December 15, 2014. Sydney,
Australia. Environmental Health Branch. New South Wales Ministry of
Health.

Wright JM. The Effect of Disinfection By-product Exposures on Risk of Birth
Defects. December 7, 2014. Denver, CO. Society for Risk Analysis
Conference. 

In addition to the presentations of this research at national/international
societies, the Gordon Research Conference on DBPs noted above
represent especially prestigious invitations. The Gordon Research
Conferences are a small, highly selective group of scientists and the subject
matter of each invited talk is selected to represent the latest research and to
address cutting edge issues and challenges. These meetings are by
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invitation only and there are a limited number of presentations provided at
each conference. The research briefings provided to the Office of Water and
other committees noted above is also considerable recognition of the impact
of the work.

Letter of Recommendation

Dr. Ed Ohanian, the Associate Director for Science at EPA’s Office of Water has

provided a letter of recommendation in support of this nomination (see attachment).

Justification 3B:

Environmental Health Perspective is considered the preeminent peer-reviewed
research journal on environmental health and epidemiology. The journal is known
in the field for a low acceptance rate and a very rigorous peer-review process. As
such, all manuscripts that are deemed acceptable by an initial screening of an
associate editor are sent for thorough external peer-review to experts in the
field. Manuscripts are typically evaluated by three or more experts and may include
multiple rounds of review. Based on the expertise of three peer-reviewers and the
editor, this manuscript was considered acceptable after one round of revisions. The
timeliness and importance of this work was recognized by the journal editors, as
they offered to fast-track this publication into their online systems following
acceptance of the revised manuscript including skipping the final substantive
journal review (that Environmental Health Perspectives does internally).

AUTHORS

Principal Author

Author Name: John M. (Michael) Wright

Professional Title: Salutation: Dr.

Email: wright.michael@epa.gov Organization:



Page 10 of 12

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 60

Contributing Author

Author Name: Amanda Evans

Professional Title: Salutation: Mr.

Email: amanda.evans@stelizabeth.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 10

Contributing Author

Author Name: John Kaufman

Professional Title: Salutation:

Email: kaufman.john.a@gmail.com Organization:



Page 11 of 12

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 10

Contributing Author

Author Name: Michael Narotsky

Professional Title: Salutation: Dr.

Email: narotsky.michael@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 10

Contributing Author

Author Name: Zorimar Rivera-Nunez

Professional Title: Salutation: Dr.

Email: zr69@eohsi.rutgers Organization:



Page 12 of 12

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 10

PUBLICATIONS



Environmental Health Perspectives • VOLUME 125 | NUMBER 2 | February 2017 269

Research
A Section 508–conformant HTML version of this article  

is available at http://dx.doi.org/10.1289/EHP103. 

Introduction
Cardiovascular defects (CVDs) are the most 
common type of birth defect, with an esti-
mated incidence in the United States of 
8 in 1,000 births (Go et al. 2013). CVDs 
can lead to a higher infant mortality rate 
among newborns, and their etiology is often 
unknown (Kurinczuk et al. 2010; Lee et al. 
2001). Some environmental hazards are 
known teratogens, such as methylmercury 
and radiation, but the existing evidence for 
associations between drinking-water contami-
nants and birth defects is mixed (Brent and 
Beckman 1990; Nieuwenhuijsen et al. 2009). 
Although the risk of CVDs in relation to 
specific disinfection by-products (DBPs) 
remains unclear, there is some evidence for 
associations between CVDs and a summary 
measure of trihalomethanes (THMs) called 
THM4 [i.e., sum of chloroform, bromo-
form, bromo dichloromethane (BDCM), 
and dibromo chloromethane (DBCM)]. 
Nieuwenhuijsen et al. (2009) conducted a 
meta-analysis of 5 case–control studies and 
10 retrospective cohort studies using THM 
concentration data or less direct exposure 
measures (e.g., treatment type/source water). 

�e authors reported a small but not statis-
tically significant odds ratio of 1.16 [95% 
confidence interval (CI): 0.98, 1.37] for 
major CVDs among those with high DBP 
exposures. A prospective cohort study from 
Lithuania based on first-trimester internal 
DBP dose estimates showed elevated odds 
ratios for CVDs, with exposure–response 
relationships detected for THM4, BDCM, 
and chloroform tertiles (Grazuleviciene 
et al. 2013). Slightly elevated odds ratios 
were noted in a study from England of 
major CVDs and the sum of three bromi-
nated THMs (i.e., THMBr) ≥ 20 versus 
< 10 µg/L [adjusted odds ratio (aOR) = 1.13; 
95% CI: 0.93, 1.37] and between bromo-
form ≥ 4 versus < 2 µg/L (aOR = 1.18; 
95% CI: 1.00, 1.39) and a restricted group of 
major CVDs (Nieuwenhuijsen et al. 2008). 
Stronger associations (aOR = 1.62; 95% CI: 
1.04, 2.51) have also been reported for CVDs 
and THM4 ≥ 130 versus < 60 µg/L in an 
Australian population using heavily bromi-
nated water (Chisholm et al. 2008). Studies 
with rats exposed to brominated THMs were 
negative for CVDs (Christian et al. 2001; 
Ruddick et al. 1983); however, one study 

examining monobromoacetic acid (MBAA) 
exposure reported increased incidence of 
CVDs (Randall et al. 1991). Another study 
in rats reported CVDs [e.g., ventricular 
septal defect (VSD), levocardia, right-sided 
aortic arch, and ductus arteriosus] following 
exposure to bromochloroacetonitrile (Christ 
et al. 1995).

�e strongest and most consistent asso-
ciations reported in epidemiological studies 
of birth defects and DBPs have been for 
VSDs. Similar to an earlier meta-analysis by 
Hwang et al. (2008), Nieuwenhuijsen et al. 
(2009) found a consistent excess risk for 
VSDs (OR = 1.59; 95% CI: 1.21, 2.07) in 
three studies using various THM and chlori-
nated water exposure measures (OR range: 
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Disinfection By-Product Exposures and the Risk of Specific Cardiac 
Birth Defects

J. Michael Wright,1 Amanda Evans,2 John A. Kaufman,3 Zorimar Rivera-Núñez,4 and Michael G. Narotsky5

1National Center for Environmental Assessment (NCEA), Office of Research and Development (ORD), U.S. Environmental Protection 
Agency (EPA), Cincinnati, Ohio, USA; 2School of Osteopathic Medicine, Campbell University, Lillington, North Carolina, USA; 
3ASPPH/EPA Environmental Health Fellowship Program, hosted by NCEA, ORD, U.S. EPA, Cincinnati, Ohio, USA; 4Radiation Oncology, 
Rutgers Cancer Institute of New Jersey, New Brunswick, New Jersey, USA; 5National Health and Environmental Effects Research 
Laboratory, ORD, U.S. EPA, Research Triangle Park, North Carolina, USA

BACKGROUND: Epidemiological studies suggest that women exposed to disinfection by-products 
(DBPs) have an increased risk of delivering babies with cardiovascular defects (CVDs).

OBJECTIVE: We examined nine CVDs in relation to categorical DBP exposures including bromo-
form, chloroform, dibromochloromethane (DBCM), bromodichloromethane (BDCM), mono-
bromoacetic acid (MBAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), and summary 
DBP measures (HAA5, THMBr, THM4, and DBP9).

METHODS: We calculated adjusted odds ratios (aORs) in a case–control study of birth defects in 
Massachusetts with complete quarterly 1999–2004 trihalomethane (THM) and haloacetic acid 
(HAA) data. We randomly matched 10 controls each to 904 CVD cases based on week of concep-
tion. Weight-averaged aggregate first-trimester DBP exposures were assigned to individuals based 
on residence at birth.

RESULTS: We detected associations for tetralogy of Fallot and the upper exposure categories for 
TCAA, DCAA, and HAA5 (aOR range, 3.34–6.51) including positive exposure–response relation-
ships for DCAA and HAA5. aORs consistent in magnitude were detected between atrial septal 
defects and bromoform (aOR = 1.56; 95% CI: 1.01, 2.43), as well as DBCM, chloroform, and 
THM4 (aOR range, 1.26–1.67). Ventricular septal defects (VSDs) were associated with the highest 
bromoform (aOR = 1.85; 95% CI: 1.20, 2.83), MBAA (aOR = 1.81; 95% CI: 0.85, 3.84), and 
DBCM (aOR = 1.54; 95% CI: 1.00, 2.37) exposure categories.

CONCLUSIONS: To our knowledge, this is the first birth defect study to develop multi-DBP adjusted 
regression models as well as the first CVD study to evaluate HAA exposures and the second 
to evaluate bromoform exposures. Our findings, therefore, inform exposure specificity for the 
 consistent associations previously reported between THM4 and CVDs including VSDs.

CITATION: Wright JM, Evans A, Kaufman JA, Rivera-Núñez Z, Narotsky MG. 2017. Disinfection 
by-product exposures and the risk of specific cardiac birth defects. Environ Health Perspect 
125:269–277; http://dx.doi.org/10.1289/EHP103
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1.43–1.81). An earlier study, not included in 
the published meta-analyses, did not report 
associations between THM exposure and 
VSD (Bove et al. 1995). A more recent Italian 
study also did not show an increased risk of 
VSD for chlorine dioxide DBPs, including 
chlorite and chlorate (Righi et al. 2012).

Exposure assessment limitations in 
epidemiological studies remain a critical 
challenge in evaluating causality in reported 
associations between DBPs and various 
reproductive outcomes given limited spatial 
and temporal resolution of monitoring data 
and the lack of direct exposure measures. 
Previous epidemiological studies of CVDs 
have not examined exposures beyond THMs 
and chlorine dioxide DBPs. This remains a 
key limitation given that animal develop-
mental toxicity studies of THMs are gener-
ally negative for teratogenicity (Graves et al. 
2001) and that the THMs may be poor 
surrogates for complex DBP mixtures in chlo-
rinated drinking-water systems. Furthermore, 
although haloacetic acids (HAAs) have not 
been examined in epidemiological studies 
of CVDs and DBPs to date, toxicological 
studies in rats have shown increased incidence 
of VSDs and conotruncal defects following 
exposure to dichloroacetic acid (DCAA) and 
trichloroacetic acid (TCAA) (Epstein et al. 
1992; Johnson et al. 1998; Smith et al. 
1989, 1992). Most epidemiological studies 
of DBPs also have limited exposure contrasts 
and insufficient statistical power to detect rare 
outcomes like CVDs. �is may preclude the 
ability to detect statistically significant asso-
ciations that are small in magnitude and to 
examine exposure–response relationships for 
individual CVDs and specific DBP species. 
To address some of these exposure assessment 
limitations and expand the scope of the birth 
defect and DBP combinations that have been 
previously examined, we assessed the risk of 
CVDs in relation to weighted first-trimester 
exposure estimates for nine individual DBPs 
and four DBP mixture surrogates.

Methods

Study Population

We conducted a case–control study of CVD 
cases in 68 Massachusetts towns with popula-
tions > 500 with complete THM4, HAA5 
[i.e., sum of monochloroacetic acid (MCAA), 
DCAA, TCAA, MBAA, and dibromoacetic 
acid (DBAA)], water source and disinfec-
tion data from 1999 to 2004. We restricted 
the analysis to nonchromosomal congenital 
anomalies of the heart and circulatory system 
(n = 904 cases) and individually matched 
10 controls per each case randomly selected 
(without replacement) from all live births in 
Massachusetts based on week of conception, 
for a total study population of 9,944.

Outcome Data
Birth records from 2000 through 2004 were 
provided by the Massachusetts Department 
of Public Health and the Massachusetts 
Birth Defects Monitoring Program. The 
Massachusetts birth defect registry system 
collects data from 53 birthing hospitals, 1 
tertiary care and 1 specialty hospital in 
Massachusetts, and 1 Rhode Island birth 
hospital and 1 Rhode Island tertiary care 
hospital near the border of these two states. 
�e registry system uses various data sources 
to ascertain and verify cases including birth 
certificates, fetal and infant death certificates, 
hospital discharge reports, hospital nurseries 
and neonatal units, and hospital surgical 
and pathology departments. This research 
was based on birth records data that did not 
contain personal identifiable information; 
therefore, institutional review board approval 
was not obtained nor was informed consent 
necessary because potential risk was consid-
ered to be minimal and no direct contact with 
study subjects occurred.

Birth defect cases were diagnosed up 
to age 1 year. Both cases and controls were 
singleton live births who weighed at least 
350 g and were between 22 and 44 gesta-
tional weeks. Cases were identified based on 
the International Classification of Diseases, 
9th Revision (ICD-9). These included atrial 
septal defect (ASD; ICD-9 code 745.5), 
VSD (745.4), pulmonary stenosis (746.02), 
tetralogy of Fallot (TOF; 745.2), and trans-
position of the great arteries (TGA; 745.10, 
745.11, 745.12, 745.19). We also examined 
birth defect group combinations including 
all congenital anomalies of the heart and 
circulatory system (All CVD; 745–747), and 
conotruncal heart defects (745.0, 745.10, 
745.11, 745.12, 745.2). Gestational age was 
derived from clinical estimates according to 
birth records and was subtracted from date 
of birth to determine week of conception for 
matching purposes.

Exposure Assessment

We linked town-level drinking-water source, 
disinfection treatment, and DBP data based 
on quarterly sampling (1999–2004) to birth 
records by town of residence and month of 
birth. �e exposure data were supplied by the 
Massachusetts Department of Environmental 
Protection and individual public water utili-
ties. Exposures were estimated for specific 
DBPs as well as summary measures of DBP 
mixtures including THM4, HAA5, DBP9 
(i.e., sum of THM4 and HAA5), and 
THMBr. We categorized maternal DBP 
exposure levels for the summary and indi-
vidual DBP measures into tertiles, quartiles, 
or quintiles based on the distribution of the 
available data. Due to a paucity of occurrence 
data, MCAA was dichotomized at the 97.5th 

percentile (0.04 µg/L), and bromoform 
(0.26 µg/L), DBCM (0.47 µg/L), and DBAA 
(1.53 µg/L) were dichotomized at the upper 
decile. Births in the lowest DBP exposure 
category served as the referent for comparison 
with the upper categories. This categorical 
approach allowed for evaluation of nonlinear 
relationships and potential effect measure 
modification using stratified analyses.

We averaged first-trimester DBP expo-
sures across all sample locations within a 
public drinking-water system based on quar-
terly monitoring data assigned to maternal 
ZIP codes for place of residence at birth. 
�e first-trimester DBP exposure scores were 
derived from the month of birth of the study 
participants and the timing of quarterly DBP 
samples with weighted averages calculated 
proportionally for multiple quarters that 
overlapped the first trimester. For example, 
an infant of 38 gestational weeks born in 
January of 2000 would have 2 first-trimester 
weeks that occurred in quarter 1 of 1999 
and the remaining 11 weeks occurring in 
quarter 2 of 1999. �us, their corresponding 
exposure score would be as follows: (0.15 
times the DBP concentration for quarter 1 
of 1999) + (0.85 times the DBP concentra-
tion for quarter 2 of 1999). In addition, 
residents relying on untreated groundwater 
(e.g., private wells) were assigned DBP 
 concentrations of zero.

Statistical Analysis

SAS (version 9.4; SAS Institute, Inc., Cary, 
NC) was used for the statistical analysis. We 
used Spearman correlation coefficients to 
compare the summary and individual DBP 
measures. Statistical significance was based 
on α ≤ 0.05. We used conditional logistic 
regression to estimate aORs and 95% CIs for 
each of the DBP exposure categories. Given 
the extensive amount of available covariate 
data, we used a change-in-estimate approach 
(> 10% change) to identify confounding vari-
ables. �ese covariates included type of water 
source and treatment, infant sex, infant birth 
weight, maternal weight gain, maternal race, 
maternal age, maternal education, marital 
status (not married vs. married, including 
within 300 days before birth), maternal 
smoking (cigarettes/day during pregnancy), 
parity, number of previous terminations, 
prenatal care source payment type, income, 
and various clinical factors (e.g., abruptio 
placenta, anemia, cardiac disease, chronic or 
gestational diabetes, chronic or gestational 
hypertension, eclampsia, hemoglobinopathy, 
hepatitis, hydramnios/oligohydramnios, 
incompetent cervix, labor/delivery compli-
cation, labor induction, lung disease, lupus, 
other maternal reproductive risk factors, phar-
maceutical inhibition of labor, previous infant 
> 4,000 g, previous infant with birth defect, 
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previous premature or small-for-gestational-
age infant, premature or prolonged rupture 
of membrane, renal disease, Rh sensitization, 
rubella infection, seizure disorder, sickle cell 
anemia, uterine bleeding). We examined a 
categorical health index (values ranging from 
0 to 5) that included presence of hydram-
nios/oligohydramnios, chronic hyperten-
sion, gestational hypertension, gestational 
diabetes, and nongestational diabetes. We 
also evaluated adequacy of prenatal care by 
the Kotelchuck Index (Kotelchuck 1994), 
which integrates information on the timing 
(i.e., first trimester vs. later during preg-
nancy) of initiation of prenatal care and the 
number of prenatal visits (< 9, 9–11, 12, 
13–15, > 15) from when prenatal care began 
until delivery. �ese two individual prenatal 
covariate constituents were examined sepa-
rately as confounders, as well as part of the 
Kotelchuck Index.

All of the covariates were based on the 
individual-level data obtained from birth 
records except for income and DBP data, 
as well as the information on type of water 
source and type of water treatment. Median 
household income for maternal residence 
at birth were obtained from the 2000 U.S. 
Census (Geolytics, Inc., East Brunswick, 
NJ). Aggregate-level income covariates were 
examined at three spatial scales: town, ZIP 
code, and census tract. We created a socio-
economic status index based on ZIP code–level 
income data combined with mother’s highest 
education level and prenatal care source of 
payment. The results presented here are also 
based on multi-pollutant models by adjusting 
for THM4 in all of the HAA models and 
adjusting for HAA5 in the THM models. 
Effect measure modification by infant sex was 
examined by stratification for the outcome and 
DBPs with most consistent and largest aORs 
(i.e., TOF and VSDs). We conducted a sensi-
tivity analysis of the impact of multiple birth 
defects, as well as an analysis of the All CVD 
category excluding patent ductus arteriosus.

Results

Among all reported births from 2000 to 2004 
in Massachusetts, there were 904 (45% of the 
total birth defects) CVDs. �e most common 
CVDs were ASDs (41%) and VSDs (37%). 
Forty-three percent (n = 390) of the birth 
defects examined here were isolated CVDs, 
whereas 57% (n = 514) of the cases had 
multiple defects. Among the 514 cases with 
multiple defects, 377 (73%) of them were 
CVDs only. As shown in Table 1, cases and 
controls were similar across most study char-
acteristics, with minor exceptions noted for 
health index scores and the Kotelchuck Index 
for adequacy of prenatal care. Controls were 
more likely to be born to healthier mothers 
based on our health index score. 

As shown in Table 2, median and inter-
quartile ranges (µg/L) for the nine predomi-
nant DBP metrics were as follows: DBP9 
(69.6; 44.1–92.1), THM4 (44.5; 29.3–61.4), 
chloroform (36.1; 17.4–51.0), THMBr (6.8; 
4.8–10.2), BDCM (6.1; 4.5–8.4), DBCM 
(0.6; 0–1.6), HAA5 (22.4; 11.3–31.2), 
TCAA (11.0; 5.4–16.3), and DCAA (10.4; 
5.3–13.7). We observed Spearman correla-
tion coefficients ≥ 0.9 for the following: 
DBP9 with THM4, HAA5, and chloroform; 

HAA5 with TCAA and DCAA; THM4 with 
chloroform; and THMBr with BDCM (see 
Table S1). We observed correlations between 
0.7 and 0.9 for the following: DBP9 with 
TCAA and DCAA; HAA5 with THM4 and 
chloroform; THM4 with TCAA and CCAA; 
DBCM with BDCM and THMBr; chloro-
form with TCAA and DCAA; and TCAA 
with DCAA. The strongest correlations 
among the individual brominated species 
were found between DBCM and BDCM 

Table 1. Study characteristics of cardiovascular defect (CVD) cases and controls [n (%)].

Characteristic Study population Cases Controls 

Total births 9,944 (100) 904 (100) 9,040 (100)
Infant sex

Male 5,119 (51.5) 468 (51.8) 4,651 (51.4)
Female 4,825 (48.5) 436 (48.2) 4,389 (48.6)

Maternal age (years)
≤ 20 907 (9.1) 82 (9.1) 825 (9.1)
> 20–25 1,733 (17.4) 169 (18.7) 1,564 (17.3)
> 25–30 2,648 (26.6) 223 (24.7) 2,425 (26.8)
> 30–35 3,008 (30.3) 273 (30.2) 2,735 (30.3)
> 35–40 1,384 (13.9) 122 (13.5) 1,262 (14.0)
> 40 264 (2.7) 35 (3.9) 229 (2.5)

Maternal race
White 6,614 (66.6) 589 (65.2) 6,025 (66.6)
African American 995 (10.0) 114 (12.6) 881 (9.7)
Asian 747 (7.5) 53 (5.9) 694 (7.7)
American Indian 22 (0.2) 5 (0.6) 17 (0.2)
Other 1,561 (15.7) 143 (15.8) 1,418 (15.7)

Maternal education
Below high school graduate/GED 1,166 (11.7) 119 (13.2) 1,047 (11.6)
High school graduate/GED 2,689 (27.0) 244 (27.0) 2,445 (27.0)
Some college or associates/technical degree 2,076 (20.9) 184 (20.4) 1,892 (20.9)
College or higher 4,013 (40.4) 357 (39.5) 3,656 (40.4)

Marital status
Married 6,886 (69.3) 602 (66.6) 6,284 (69.5)
Unmarried 3,041 (30.6) 300 (33.2) 2,741 (30.3)
Missing 17 (0.2) 2 (0.2) 15 (0.2)

Number of previous births
0 4,508 (45.4) 413 (45.7) 4,095 (45.3)
1 3,269 (32.9) 287 (31.7) 2,982 (33.0)
≥ 2 2,154 (21.7) 204 (22.6) 1,950 (21.6)

Maternal weight gain during pregnancy (lb) 
< 0 112 (1.1) 14 (1.5) 98 (1.1)
0–25 3,867 (39.1) 365 (40.4) 3,502 (38.7)
25–50 5,557 (56.2) 489 (54.1) 5,068 (56.1)
> 50 354 (3.6) 30 (3.3) 324 (3.6)

Maternal smoking during pregnancy (no. of cigarettes/day during pregnancy)
0 9,165 (92.2) 830 (91.8) 8,335 (92.2)
1–5 327 (3.3) 22 (2.4) 305 (3.4)
6–10 289 (2.9) 34 (3.8) 255 (2.8)
> 10 163 (1.6) 18 (2.0) 145 (1.6)

Prenatal care adequacy (Kotelchuck Index)
No prenatal care 48 (0.5) 6 (0.7) 42 (0.5)
Inadequate 886 (8.9) 92 (10.2) 794 (8.8)
Intermediate 713 (7.2) 41 (4.5) 672 (7.4)
Adequate 4,583 (46.1) 386 (42.7) 4,197 (46.4)
Adequate plus 3,714 (37.4) 379 (41.9) 3,335 (36.9)

Prenatal care source of payment
Public 2,611 (26.3) 277 (30.6) 2,334 (25.8)
Private 6,556 (65.9) 566 (62.6) 5,990 (66.3)
Other 777 (7.8) 61 (6.7) 716 (7.9)

Median household income (based on ZIP code from 2000)
$12,307–36,836 2,492 (25.1) 249 (27.5) 2,243 (24.8)
> $36,836–45,654 2,303 (23.2) 215 (23.8) 2,088 (23.1)
> $45,654–57,815 2,524 (25.4) 219 (24.2) 2,305 (25.5)
> $57,815–153,918 2,625 (26.4) 221 (24.4) 2,404 (26.6)

Note: GED, General Educational Development.
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(r = 0.6) and DBAA (r = 0.4), as well as 
between bromoform and DBCM (r = 0.5) 
and DBAA (r = 0.3).

We did not detect an increased risk 
for the overall CVD group (i.e., All CVD) 
and first-trimester THM4 exposures, but 
there was a statistically significant associa-
tion for dichotomized bromoform exposures 
(aOR = 1.43; 95% CI: 1.10, 1.86) and 
increased risks in the upper two DCAA quar-
tiles (aOR range, 1.21–1.23) and upper three 
HAA5 quintiles (aOR range, 1.18–1.42) 
(Table 3). We saw consistent evidence of 
associations for conotruncal defects in the 
upper three HAA quintiles (aOR range, 
1.77–3.76) and the upper three TCAA quar-
tiles (aOR range, 1.95–2.13). We detected 
stronger associations for TOF and the upper 
exposure categories for TCAA, DCAA, and 
HAA5 (aOR range, 3.34–6.51) including 
positive exposure–response relationships 
for DCAA and HAA5. We detected statis-
tically significant associations for TGA and 
bromoform exposure (aOR = 2.42; 95% CI: 
1.12, 5.23) and for the two intermediate 
HAA5 quintiles (aOR range, 4.26–4.54); 
the upper quintile was limited by a small 
number of cases (n = 9). Inverse associa-
tions among the upper exposure categories 
were detected between TGA and DBP9 and 
between TOF and chloroform, BDCM, 
THMBr, and THM4.

Increased aORs were detected for pulmo-
nary stenosis and bromoform exposures 
(aOR = 2.66; 95% CI: 1.30, 5.43), the upper 
two DCAA quartiles (aOR range, 1.65–2.02), 
as well as a positive exposure–response rela-
tionship for TCAA (aOR range, 1.47–3.45) 
(Table 4). aORs consistent in magnitude 
were detected for ASDs and bromoform 
(aOR = 1.56; 95% CI: 1.01, 2.43), DBCM 
(aOR = 1.26; 95% CI: 0.81, 1.97), and for 
each THM4 (aOR range, 1.28–1.59) and 
chloroform quintile (aOR range, 1.38–1.67).

Consistent elevated aORs were detected 
for VSDs and every DBP metric except chlo-
roform, TCAA, and HAA5 (Table 4). aORs 
were comparable between VSDs and each 
THM4 (aOR range, 1.39–1.77) and DBP9 
(aOR range, 1.33–1.70) quintile. Although 
not statistically significant, aORs smaller in 
magnitude were noted between VSDs and 
the highest BDCM tertile (aOR = 1.21; 
95% CI: 0.79, 1.85), the upper THMBr 
quintile (aOR = 1.34; 95% CI: 0.73, 2.46), 
and the upper DCAA quartiles (aOR = 1.18; 
95% CI: 0.65, 2.14). �e strongest associa-
tions for VSDs and brominated DBPs were 
found for bromoform (aOR = 1.85; 95% CI: 
1.20, 2.83), MBAA (aOR = 1.81; 95% CI: 
0.85, 3.84), and DBCM (aOR = 1.54; 
95% CI: 1.00, 2.37).

When we examined the most consis-
tent associations (i.e., TOF and VSDs) for 

potential effect measure modification by 
infant sex, no discernible patterns were seen 
between HAA5 quintiles and TOF. Larger 
aORs were detected among females for TOF 
and DCAA, whereas males had higher aORs 
for TCAA exposures (see Table S2). The 
aORs for MBAA and VSDs were three times 
higher among males, with smaller increases 
detected among males for bromoform, 
DBCM, and MCAA (see Table S3). aORs 
for the remaining DBP measures (DBP9, 
THM4, THMBr, BDCM, and chloroform) 
were considerably larger among females, 
including some relationships that were largely 
null for VSDs in the main analysis (e.g., 
BDCM and chloroform).

Discussion

Unlike a recent study and meta-analysis, 
we did not see any evidence for associations 
between first-trimester THM4 exposures and 
the All CVD group (Grazuleviciene et al. 
2013; Nieuwenhuijsen et al. 2009). The 
strongest association that we detected for indi-
vidual DBPs and All CVD was for dichoto-
mized bromoform exposures > 0.26 µg/L 
(aOR = 1.43; 95% CI: 1.10, 1.86). This 
is higher than that of the only other study 
published to date to examine bromoform by 
Nieuwenhuijsen et al. (2008), who found 
an aOR of 1.18 (95% CI: 1.00, 1.39) for a 
subset of etiologically similar cardiac defects 
and bromoform levels ≥ 4 µg/L (vs. < 2 µg/L). 
Given that CVDs are a heterogeneous group 
of outcomes with different underlying mecha-
nisms and etiologies, our primary focus was 
to examine individual CVDs and etiologically 
relevant groups in relation to DBPs.

We detected positive exposure–response 
relationships between TCAA exposure and 
pulmonary stenosis. �e strongest associations 
that we detected were for the conotruncal 
defects including TGA and TOF, although 
the only statistically significant association 
for TGA was detected for bromoform expo-
sures (aOR = 2.42; 95% CI: 1.12, 5.23). 

Stronger associations were detected between 
TOF and the upper exposure categories for 
TCAA, DCAA, and HAA5 (aOR range, 
3.34–6.51) including exposure–response 
relationships for DCAA and HAA5. These 
findings are consistent with animal data 
showing CVDs following TCAA and DCAA 
exposures (Epstein et al. 1992; Johnson et al. 
1998; Smith et al. 1989, 1992). The only 
epidemiological study of DBPs to examine 
conotruncal defects as a group saw some 
suggestion of increased risk only for THM4 
exposures (aOR = 1.5; 95% CI: 0.67, 3.50 
for 50–74 vs. 0 µg/L), although they did not 
have sufficient data to examine bromoform or 
HAA exposures (Shaw et al. 2003). A study 
in Norway examined TOF and THM4, but 
their data were hampered by very small cell 
sizes and a limited exposure contrast (Hwang 
et al. 2008). We also detected elevated 
aORs for ASDs and bromoform exposures 
(aOR = 1.56; 95% CI: 1.01, 2.43) and across 
every chloroform quintile (aOR range, 1.38–
1.67). The magnitude of these associations 
are consistent with the only other study to 
examine ASDs, although that study was based 
on very small sample sizes across THM4 
quartiles (Hwang et al. 2008).

Similar to a meta-analysis (OR = 1.59, 
95% CI: 1.21, 2.07) by Nieuwenhuijsen 
et al. (2009), we found consistently elevated 
aORs (aOR range, 1.39–1.77) for VSD across 
all exposure THM4 quintiles (beginning at 
concentrations of 23.05 µg/L) with an aOR 
of 1.57 (95% CI: 0.70, 3.53) for high THM4 
exposures (> 65.27 vs. ≤ 23.05 µg/L). In 
concordance with two previous VSD studies 
that evaluated THM4 exposures in the United 
Kingdom (aOR = 1.43; 95% CI: 1.0, 2.04 for 
> 60 vs. < 30 µg/L) and Norway (aOR = 1.81; 
0.98–3.35 for > 20 vs. ≤ 4 µg/L), our studies 
add to the consistency reported in epidemio-
logical studies of THMs and VSDs published 
to date (Hwang et al. 2008; Nieuwenhuijsen 
et al. 2008). We also saw consistent evidence 
of associations between VSD and various 

Table 2. First-trimester disinfection by-product (DBP) (μg/L) exposure levels for the study population.

DBP metric Mean ± SD 25th % 50th % 75th % 90th % 95th % Maximum

DBP9 65.07 ± 36.49 44.14 69.57 92.14 107.8 117.03 181.59
THM4 42.67 ± 24.05 29.26 44.53 61.37 72.71 76.63 125.32
THMBr 8.28 ± 6.51 4.75 6.75 10.17 17.87 21.20 42.48
Chloroform 34.39 ± 21.56 17.38 36.07 51.03 62.65 67.15 98.99
BDCM 6.85 ± 5.05 4.47 6.12 8.36 13.04 16.35 37.38
DBCM 1.32 ± 2.01 0.00 0.56 1.57 3.97 5.98 14.53
Bromoform 0.12 ± 0.46 0.00 0.00 0.00 0.26 0.86 7.06
HAA5 22.40 ± 14.89 11.34 22.38 31.18 42.52 47.49 100.00
TCAA 11.53 ± 8.42 5.40 11.01 16.30 22.16 26.37 73.39
DCAA 9.90 ± 6.61 5.30 10.38 13.67 18.61 21.29 38.89
MCAA 0.83 ± 3.05 0.00 0.05 0.84 1.53 2.13 62.39
DBAA 0.17 ± 0.70 0.00 0.00 0.00 0.47 1.06 21.78
MBAA 0.02 ± 0.26 0.00 0.00 0.00 0.00 0.00 10.63

Note: %, percentile; DBP9, sum of chloroform, bromodichloromethane (BDCM), dibromochloromethane (DBCM), 
bromoform, monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), monobromoacetic 
acid (MBAA), and dibromoacetic acid (DBAA); HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; THM4, sum of 
chloroform, BDCM, DBCM, and bromoform; THMBr, sum of BDCM, DBCM, and bromoform.
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brominated DBP exposure metrics, with 
the strongest associations noted for bromo-
form, MBAA, and DBCM (aOR range; 
1.54–1.85). The bromoform (aOR = 1.85; 
95% CI: 1.20, 2.83) and VSD associations 
are stronger than those of the only study to 

examine bromoform exposures (aOR = 1.27; 
95% CI: 0.89, 1.82) in relation to isolated 
VSDs (Nieuwenhuijsen et al. 2008). In our 
study, bromoform was consistently associated 
with elevated aORs for all the individual and 
group CVDs examined. �ese findings help 

inform the specificity of reported associations 
with DBPs and may explain some of the 
consistent results noted in previous studies for 
THM4 exposures.

A key study strength was our ability to 
evaluate numerous individual and summary 

Table 3. Adjusted odds ratios (aORs) between disinfection by-product (DBP) exposures and congenital anomalies of the heart and circulatory system (All CVD), 
conotruncal heart defects, transposition of the great arteries (TGA), and tetralogy of Fallot (TOF).

DBP metrics (μg/L)a
All CVDc Conotruncald TGAe TOFf

Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI)

THM4g

> 23.05–38.05 184 1.04 (0.72, 1.51) 37 0.96 (0.43, 2.14) 21 1.70 (0.58, 4.95) 17 0.32 (0.10, 1.05)
> 38.05–50.41 188 1.02 (0.67, 1.54) 45 1.19 (0.50, 2.82) 26 1.87 (0.57, 6.08) 19 0.51 (0.15, 1.74)
> 50.41–65.27 192 1.04 (0.67, 1.62) 32 0.68 (0.27, 1.74) 13 1.02 (0.28, 3.82) 19 0.31 (0.08, 1.21)
> 65.27–125.32 167 0.81 (0.51, 1.31) 31 0.50 (0.17, 1.48) 15 0.81 (0.17, 3.84) 16 0.19 (0.04, 0.88)

THMBrg

> 4.17–6.04 173 0.99 (0.65, 1.51) 39 0.72 (0.32, 1.60) 14 0.45 (0.13, 1.61) 25 1.00 (0.34, 2.98)
> 6.04–7.80 195 1.05 (0.71, 1.55) 39 0.60 (0.27, 1.30) 26 0.98 (0.35, 2.74) 12 0.23 (0.06, 0.91)
> 7.80–11.51 176 0.97 (0.66, 1.42) 32 0.47 (0.21, 1.02) 14 0.49 (0.16, 1.49) 18 0.45 (0.14, 1.39)
> 11.51–42.48 188 1.02 (0.71, 1.46) 34 0.39 (0.19, 0.80) 19 0.55 (0.20, 1.51) 16 0.26 (0.09, 0.76)

Chloroformg

> 12.07–29.99 181 1.05 (0.73, 1.50) 33 1.22 (0.56, 2.65) 19 1.49 (0.53, 4.24) 14 0.50 (0.16, 1.53)
> 29.99–42.17 197 1.03 (0.68, 1.55) 46 1.46 (0.62, 3.47) 25 1.69 (0.52, 5.50) 21 0.76 (0.22, 2.69)
> 42.17–55.41 184 0.94 (0.60, 1.47) 37 1.42 (0.53, 3.79) 15 1.28 (0.33, 4.95) 22 0.81 (0.20, 3.29)
> 55.41–98.99 167 0.77 (0.47, 1.25) 29 0.63 (0.21, 1.93) 15 0.55 (0.11, 2.83) 14 0.33 (0.07, 1.64)

Bromodichloromethane (BDCM)g

> 4.95–7.55 325 0.97 (0.73, 1.28) 61 0.73 (0.40, 1.34) 36 0.83 (0.37, 1.86) 24 0.49 (0.19, 1.24)
> 7.55–37.38 286 0.93 (0.72, 1.19) 51 0.49 (0.29, 0.82) 24 0.57 (0.27, 1.22) 28 0.38 (0.17, 0.82)

Dibromochloromethane (DBCM)g

> 3.93–14.53 87 1.01 (0.77, 1.33) 16 0.68 (0.36, 1.29) 10 1.01 (0.43, 2.39) 7 0.54 (0.20, 1.41)
Bromoformg

> 0.26–7.06 109 1.43 (1.10, 1.86) 25 1.30 (0.72, 2.33) 16 2.42 (1.12, 5.23) 10 1.14 (0.45, 2.87)
HAA5h

> 8.17–19.33 160 0.99 (0.69, 1.42) 38 1.18 (0.53, 2.66) 17 0.86 (0.28, 2.64) 21 2.13 (0.53, 8.65)
> 19.33–25.79 219 1.42 (0.95, 2.12) 49 3.19 (1.29, 7.89) 29  4.54 (1.26, 16.41) 21 4.98 (1.02, 24.35)
> 25.79–33.97 172 1.35 (0.87, 2.10) 37  3.76 (1.38, 10.24) 19  4.26 (1.02, 17.87) 17 5.88 (1.06, 32.57)
> 33.97–100.00 174 1.18 (0.75, 1.86) 24 1.77 (0.63, 4.97) 9 1.10 (0.23, 5.37) 16 6.51 (1.23, 34.59)

Trichloroacetic acid (TCAA)h

> 5.23–11.09 234 1.17 (0.86, 1.60) 59 2.09 (1.02, 4.29) 30 1.38 (0.53, 3.56) 28 2.72 (0.91, 8.13)
> 11.09–16.38 237 1.11 (0.76, 1.62) 44 2.13 (0.89, 5.14) 22 1.39 (0.40, 4.80) 22 4.30 (1.09, 16.88)
> 16.38–73.39 208 1.03 (0.69, 1.55) 36 1.95 (0.77, 4.92) 18 1.07 (0.29, 3.86) 19 3.89 (0.97, 15.66)

Dichloroacetic acid (DCAA)h

> 5.18–10.44 219 1.04 (0.78, 1.40) 48 1.07 (0.57, 2.04) 27 0.96 (0.41, 2.23) 22 1.39 (0.50, 3.88)
> 10.44–13.85 241 1.21 (0.86, 1.70) 52 1.60 (0.76, 3.36) 28 1.21 (0.43, 3.41) 24 3.08 (0.92, 10.34)
> 13.85–38.89 220 1.23 (0.85, 1.78) 34 1.16 (0.50, 2.70) 12 0.50 (0.14, 1.77) 21 3.34 (0.90, 12.43)

Monochloroacetic acid (MCAA)h

> 1.53–62.39 84 1.06 (0.80, 1.40) 9 0.85 (0.41, 1.77) 6 1.10 (0.43, 2.77) 4 0.83 (0.27, 2.54)
Monobromoacetic acid (MBAA)h

> 0.04–10.63 24 1.17 (0.66, 2.07) 4 0.77 (0.17, 3.48) 1 0.47 (0.06, 3.97) 3 0.80 (0.08, 7.48)
Dibromoacetic acid (DBAA)h

> 0.47–21.78 73 0.81 (0.61, 1.08) 19 0.72 (0.39, 1.33) 11 0.96 (0.41, 2.26) 7 0.59 (0.23, 1.54)
DBP9

> 33.07–59.95 187 1.37 (0.95, 1.97) 37 1.11 (0.52, 2.37) 21 1.22 (0.45, 3.31) 17 0.80 (0.24, 2.63)
> 59.95–79.13 196 1.30 (0.87, 1.92) 49 1.12 (0.51, 2.49) 24 0.87 (0.29, 2.61) 24 1.15 (0.32, 4.08)
> 79.13–97.67 194 1.37 (0.92, 2.05) 36 1.23 (0.54, 2.78) 19 1.02 (0.34, 3.11) 18 1.39 (0.39, 5.01)
> 97.67–181.59 160 0.96 (0.63, 1.46) 24 0.36 (0.14, 0.95) 10 0.08 (0.01, 0.46) 14 0.94 (0.23, 3.79)

Note: CI, confidence interval; DBP9, sum of chloroform, BDCM, DBCM, bromoform, MCAA, DCAA, TCAA, MBAA, and DBAA; HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; 
THM4, sum of chloroform, BDCM, DBCM, and bromoform; THMBr, sum of BDCM, DBCM, and bromoform. 
aFor each DBP metric, the referent for each model includes exposure scores of zero up to the lower bound of the lowest exposure category.
bThe numbers represent the case distribution across exposure groups before modeling.
cModels adjusted for the type of water source and treatment, infant birth weight, town-level income quartile, number of prenatal care visits (< 9, 9–11, 12, 13–15, > 15), health index 
(gestational diabetes, non-gestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal reproductive risk factors.
dModels adjusted for the type of water source and treatment, health index (gestational diabetes, non-gestational diabetes, chronic hypertension, gestational hypertension, and 
hydramnios/oligohydramnios), and other maternal reproductive risk factors.
eModels adjusted for the type of water source and treatment, number of prenatal care visits (< 9, 9–11, 12, 13–15, > 15), ZIP code–level income quartile, trimester prenatal care began 
(first, after first), health index (gestational diabetes, nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal 
reproductive risk factors.
fModels adjusted for the type of water source and treatment, infant birth weight, ZIP code–level income quartile, trimester prenatal care began (first, after first), health index (gesta-
tional diabetes, nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal reproductive risk factors.
gModels also include adjustment for HAA5 concentrations.
hModels also include adjustment for THM4 concentrations.
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DBP exposure metrics, because the limitation 
of examining THM4 and other surrogates 
is well established. This is the first study of 
CVDs to assess alternative DBP mixture 
surrogates including HAA5 and DBP9. 
The large sample size and sufficient DBP 
exposure gradients also enabled examination 
of individual birth defects in relation to low-
exposure referents for various DBP metrics. 
Statistical power was limited for some less 
prevalent DBP metrics (e.g., MCAA and 
MBAA) and the rarest CVDs such as TGA 
and TOF; this may have precluded detection 
of statistically significant associations small 
in magnitude as well as exposure–response 
relationships. Although we acknowledge that 
some of the results for different CVD and 
DBP combinations that were examined may 
be due to chance, our study does help address 
specificity of causal associations that have 
been identified in the toxicological literature.

Based on the extensive number of avail-
able covariates, we adjusted for various 
confounders including strong maternal risk 
factors for CVDs as well as other exposures 
related to DBPs, such as water source and 
disinfection type. �is is also the first birth 
defect study to develop multi-pollutant 
models to examine potential confounding by 
other DBP exposures. We used a matched 
case–control study design to increase statis-
tical efficiency and to control for time-varying 
confounding. An additional strength of our 
population-based case–control study is the 
low risk of selection bias, because the cases 
and controls were both drawn from the 
same study base of all underlying births in 
Massachusetts. We also saw no evidence to 
suggest that the CVD cases that were not 
included due to missing data or other exclu-
sion factors were disproportionately exposed 
to higher or lower DBP concentrations in 
drinking water.

One of the main limitations in many 
epidemiological studies of DBPs is the lack 
of individual-level exposure data which may 
better reflect internal dose. We relied on 
routinely monitored data that were collected 
at least quarterly for all water systems. 
Given the known seasonality detected for 
some DBPs such as the THMs, quarterly 
measures may not fully capture the extent 
of temporal variability that may influence 
exposure estimates. For example, the critical 
in utero exposure period for many of the 
CVDs is during the 3rd through 8th weeks 
of gestation, but we did not have samples that 
corresponded exactly with that time period. 
�us, our use of first-trimester average DBP 
exposure may result in exposure misclassifica-
tion, which we would expect to be nondif-
ferential in nature. Residential mobility may 
also lead to exposure misclassification if the 
address reported at birth differed from the 

first-trimester residence. A review of 14 envi-
ronmental epidemiological studies of preg-
nancy outcomes showed that most moves 
occurred during the second trimester among 

the 9–32% of pregnant women who reported 
moving residence (Bell and Belanger 2012). 
Previous research has shown that these moves 
are often short in distance, with only 8% of 

Table 4. Adjusted odds ratios (aORs) between disinfection by-product (DBP) exposures and atrial septal 
defects (ASDs), ventricular septal defects (VSDs), and pulmonary stenosis (PS).

DBP metrics (μg/L)a
ASDc VSDd PSe

Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI)

THM4f

> 23.05–38.05 78 1.31 (0.70, 2.46) 61 1.39 (0.72, 2.69) 24 0.61 (0.23, 1.61)
> 38.05–50.41 72 1.34 (0.67, 2.66) 80 1.77 (0.87, 3.59) 26 0.70 (0.24, 2.04)
> 50.41–65.27 86 1.59 (0.77, 3.26) 73 1.70 (0.80, 3.63) 18 0.35 (0.11, 1.19)
> 65.27–125.32 67 1.28 (0.58, 2.84) 58 1.57 (0.70, 3.53) 24 0.49 (0.14, 1.75)

THMBrf

> 4.17–6.04 78 0.73 (0.35, 1.52) 56 0.81 (0.39, 1.68) 21 0.84 (0.27, 2.63)
> 6.04–7.80 83 1.10 (0.58, 2.09) 73 0.79 (0.41, 1.55) 25 0.65 (0.24, 1.77)
> 7.80–11.51 67 0.99 (0.53, 1.88) 55 0.89 (0.47, 1.69) 24 0.46 (0.16, 1.29)
> 11.51–42.48 76 1.14 (0.63, 2.06) 82 1.34 (0.73, 2.46) 25 0.91 (0.36, 2.29)

Chloroformf

> 12.07–29.99 75 1.38 (0.73, 2.60) 61 1.05 (0.58, 1.90) 27 0.74 (0.29, 1.89)
> 29.99–42.17 86 1.67 (0.83, 3.38) 74 0.86 (0.43, 1.72) 28 0.73 (0.24, 2.27)
> 42.17–55.41 76 1.50 (0.69, 3.26) 75 1.00 (0.47, 2.12) 19 0.40 (0.12, 1.40)
> 55.41–98.99 68 1.42 (0.61, 3.27) 57 0.79 (0.35, 1.80) 20 0.37 (0.10, 1.44)

Bromodichloromethane (BDCM)f

> 4.95–7.55 139 1.19 (0.75, 1.90) 112 0.81 (0.50, 1.31) 39 0.59 (0.29, 1.23)
> 7.55–37.38 111 1.13 (0.74, 1.72) 116 1.21 (0.79, 1.85) 37 0.69 (0.35, 1.37)

Dibromochloromethane (DBCM)f

> 3.93–14.53 36 1.26 (0.81, 1.97) 40 1.54 (1.00, 2.37) 10 0.96 (0.41, 2.25)
Bromoformf

> 0.26–7.06 46 1.56 (1.01, 2.43) 43 1.85 (1.20, 2.83) 20 2.66 (1.30, 5.43)
HAA5g

> 8.17–19.33 61 0.50 (0.28, 0.90) 50 0.66 (0.37, 1.20) 20 0.72 (0.26, 1.98)
> 19.33–25.79 103 0.91 (0.48, 1.74) 74 1.00 (0.51, 1.94) 29 1.34 (0.42, 4.26)
> 25.79–33.97 65 0.63 (0.31, 1.29) 63 1.01 (0.49, 2.08) 24 1.48 (0.41, 5.36)
> 33.97–100.00 65 0.41 (0.19, 0.86) 78 1.02 (0.49, 2.12) 21 1.06 (0.28, 4.06)

Trichloroacetic acid (TCAA)g

> 5.23–11.09 100 0.69 (0.42, 1.15) 81 0.90 (0.55, 1.50) 29 1.47 (0.57, 3.74)
> 11.09–16.38 97 0.58 (0.31, 1.09) 83 0.81 (0.44, 1.51) 32 2.48 (0.82, 7.46)
> 16.38–73.39 79 0.36 (0.18, 0.70) 86 0.79 (0.41, 1.50) 29 3.45 (1.04, 11.39)

Dichloroacetic acid (DCAA)g

> 5.18–10.44 85 0.78 (0.48, 1.28) 72 0.84 (0.51, 1.39) 23 0.93 (0.38, 2.26)
> 10.44–13.85 103 0.88 (0.50, 1.54) 92 1.28 (0.72, 2.25) 40 2.02 (0.74, 5.50)
> 13.85–38.89 89 0.75 (0.41, 1.37) 88 1.18 (0.65, 2.14) 27 1.65 (0.52, 5.22)

Monochloroacetic acid (MCAA)g

> 1.53–62.39 31 1.08 (0.67, 1.73) 35 1.27 (0.81, 1.97) 7 0.49 (0.20, 1.19)
Monobromoacetic acid (MBAA)g

> 0.04–10.63 8 1.17 (0.49, 2.77) 13 1.81 (0.85, 3.84) 1 0.66 (0.08, 5.13)
Dibromoacetic acid (DBAA)g

> 0.47–21.78 27 0.81 (0.50, 1.32) 28 1.00 (0.63, 1.61) 7 0.38 (0.14, 1.02)
DBP9

> 33.07–59.95 76 1.12 (0.61, 2.08) 58 1.33 (0.71, 2.48) 26 1.12 (0.42, 2.99)
> 59.95–79.13 87 1.46 (0.77, 2.77) 79 1.70 (0.88, 3.26) 26 1.02 (0.35, 2.96)
> 79.13–97.67 84 1.37 (0.71, 2.64) 71 1.64 (0.83, 3.26) 19 0.63 (0.21, 1.93)
> 97.67–181.59 58 0.67 (0.33, 1.35) 63 1.48 (0.73, 2.98) 24 0.79 (0.25, 2.49)

Note: CI, confidence interval; DBP9, sum of chloroform, BDCM, DBCM, bromoform, MCAA, DCAA, TCAA, MBAA, and 
DBAA; HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; THM4, sum of chloroform, BDCM, DBCM, and bromoform; 
THMBr, sum of BDCM, DBCM, and bromoform. 
aFor each DBP metric, the referent for each model includes exposure scores of zero up to the lower bound of the lowest 
exposure category.
bThe numbers represent the case distribution across exposure groups before modeling.
cModels adjusted for the type of water source and treatment, infant birth weight, health index (gestational diabetes, 
nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other 
maternal reproductive risk factors.
dModels adjusted for the type of water source and treatment, maternal marital status (married, including within 300 days 
before birth; not married), maternal education category, maternal race category, health index (gestational diabetes, 
non-gestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other 
maternal reproductive risk factors.
eModels adjusted for the type of water source and treatment, ZIP code–level income quartile, trimester prenatal care 
began (first, after first), category of prenatal care source payment, health index (gestational diabetes, nongestational 
diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal repro-
ductive risk factors. 
fModels also include adjustment for HAA5 concentrations.
gModels also include adjustment for THM4 concentrations.
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cases moving to a different county during 
the pregnancy (Bell and Belanger 2012; 
Khoury et al. 1988). �is suggests that most 
moves during pregnancy often occur to resi-
dences that rely on the same water system. 
�e impact of mobility on our study results 
is difficult to determine, but a previous study 
of DBPs and neural-tube defects reported 
stronger associations among mothers with 
confirmed residences at conception compared 
with the overall population of confirmed 
and unconfirmed residences (Klotz and 
Pyrch 1999).

In addition to uncaptured temporal 
variability, measurement error may result in 
exposure misclassification from the use of 
town-average DBP estimates to estimate indi-
vidual exposures, because they do not include 
information on inter- and intraindividual vari-
ability in water use patterns. Town-average 
DBP concentrations from different sampling 
locations in water systems with considerable 
spatial variability may also not fully reflect 
residential values, although we are confi-
dent that our exposure assessment should 
largely capture relative categorical rankings 
of overall DBP exposures via drinking water. 
Nonetheless, we recognize that these poten-
tial sources of measurement error can lead to 
exposure misclassification, which may bias 
our results and distort any exposure–response 
 relationships that may exist.

Massachusetts maintains an active state-
wide, population-based birth defect registry 
system to track birth defects in the 1st year 
following pregnancy. Therefore, we would 
expect minimal case underascertainment to 
have occurred for CVDs that occur up to 
1 year, but are less certain about defects that 
are detected predominantly beyond the first 
year. There is some potential for outcome 
misclassification due to measurement error 
from the use of the ICD-9 codes (Cronk et al. 
2003; Holmes and Westgate 2012; Strickland 
et al. 2008). Inaccuracies attendant with the 
use of ICD-9 codes can vary substantially 
by birth defect subtype and can lead to false 
positives and false negatives. ICD-9 codes 
have been shown to be good at classifying 
certain heart defects, such as TOF (100%), 
coarctation of the aorta (100%), and VSD 
(84%), whereas others such as ASDs (50%) 
and patent ductus arteriosus (22%) are less 
accurate (Frohnert et al. 2005). Other studies 
have also reported variability in false positive 
rates from 2% for TOF to 49% for TGA 
(Strickland et al. 2008). Some less severe 
cardiac defects, such as small holes in the 
heart (e.g., ASDs or VSDs), may spontane-
ously close or repair themselves during preg-
nancy or shortly after birth. Such defects may 
in fact go undetected, so our study popula-
tion may be capturing fewer minor defects in 
general. We conducted a sensitivity analysis 

of the All CVD category excluding patent 
ductus arteriosus which, as noted above, is 
prone to misclassification. Following this 
restriction, comparable results were detected 
for bromoform and DCAA, with larger 
aORs found for the highest HAA5 exposure 
category (1.53 vs. 1.18) (see Table S4).

As with other epidemiological studies 
based on birth records, we cannot gauge the 
extent to which elective pregnancy termina-
tions may be related to the prevalence of birth 
defects among aborted fetuses. Although 
elective terminations can result in underas-
certainment of cases detected at birth based 
on vital records data, CVDs are not often the 
medical reason why abortions are pursued. 
For example, the reported elective termina-
tion rate when detected prenatally is < 5% for 
ASDs, VSDs, TGA, and TOF (Boldt et al. 
2002; Ethen and Canfield 2002; Papp et al. 
1995; Stoll et al. 1993; Wren et al. 2000). 
Because our study population comprises only 
live births, we may not be capturing all birth 
defect cases in this population, including 
those that resulted in miscarriages. However, 
many CVDs, such as ASDs, often occur 
among live births (Botto et al. 2001; Forrester 
and Merz 2004; Garne et al. 2001).

CVDs are often idiopathic and likely 
involve multiple etiological factors including 
genetics, lifestyle factors, and other envi-
ronmental determinants. We minimized 
the potential for false-positive associations 
between DBPs and CVDs through exclu-
sion of chromosomal abnormalities which 
resulted in a more homogenous study popu-
lation. We also minimized the influence 
of known cardiac birth defects risk factors 
such as rubella by use of statistical adjust-
ment in the confounding analysis. CVDs also 
represent a wide range of types of malforma-
tions, some of which are simple or complex 
in nature. Complex CVDs, such as TOF, 
include a combination of CVDs diagnosed 
together. Because they may obscure some 
of the relationships that were examined 
for individual defects, we also conducted a 
sensitivity analysis to examine the impact of 
multiple birth defects. �e sensitivity analysis 
was limited to CVDs with the strongest and 
most consistent associations. The aORs for 
isolated VSDs were slightly lower for the 
individual DBPs such as bromoform (1.42 
vs. 1.85) and MBA (1.41 vs. 1.81), but 
were larger for the DBP mixture surrogates 
THM4 (2.74 vs. 1.57) and DBP9 (2.14 vs. 
1.48) (see Table S5). In contrast to the main 
analysis, a positive exposure–response rela-
tionship for VSDs was detected for THM4 
with consistent associations in the upper 
three quintiles (aOR range, 2.41–2.74). �e 
associations for TOF were even stronger in 
magnitude for isolated TOF cases, where the 
aORs were from two to three times larger for 

the highest DCAA quartile (11.11 vs. 3.34), 
TCAA quartile (9.17 vs 3.89), and the HAA5 
quintile (12.37 vs. 6.51) (see Table S6).

As noted earlier, we were able to evaluate 
numerous risk factors for birth defects 
from the comprehensive information avail-
able from the birth records. The reliance 
on birth record data, however, may limit 
the ability to fully consider some potential 
confounders such as vitamin use, body mass 
index (BMI), alcohol use, passive smoking, 
and other socioeconomic indicators. Alcohol 
consumption, for example, is an important 
risk factor for some birth defects, but the 
Massachusetts Department of Public Health 
had advised that the birth data on maternal 
alcohol consumption are considered of poor 
quality and of questionable validity. Thus, 
we did not include maternal alcohol use in 
the analyses. �is is in contrast to reported 
smoking during pregnancy, which we have 
much more confidence in given that we 
previously demonstrated strong relationships 
between maternal cigarette use during preg-
nancy and different fetal growth measures 
(Rivera-Núñez and Wright 2013; Wright 
et al. 2004). Previous research also indi-
cates good agreement with cotinine levels 
and self-reported maternal cigarette use 
during pregnancy (Searles Nielsen et al. 
2014). Although we did not have reliable 
data for some potential CVD risk factors 
such as maternal alcohol use and prepreg-
nancy BMI, we do not expect these to be 
strongly associated with DBP exposures in 
our study. If present at all, any bias would 
likely result in negative confounding if 
DBP exposures and alcohol consumption 
are inversely associated. �erefore, we would 
expect any residual confounding from 
this and other inversely associated covari-
ates, such as obesity and BMI, to attenuate 
observed associations toward the null if they 
are not adjusted for or addressed in the study 
design phase. In addition, we did have data 
on maternal weight gain during pregnancy, 
which is likely related to obesity, BMI, and 
healthful behaviors during pregnancy. �us, 
statistical adjustment for weight gain may 
indirectly control for some of the potential 
confounding from maternal BMI.

We adjusted for income in most of the 
logistic regression models, because we saw 
fairly consistent evidence of confounding by 
aggregate income levels based on census data 
for towns, census tracts, or ZIP codes. Because 
individual-level income data was not avail-
able, we recognize that residual confounding 
is possible if the aggregate measures resulted 
in misclassification. However, we saw little 
evidence of confounding by a socioeconomic 
index that combined aggregate and individual-
level data, and our previous study found little 
evidence that aggregate socioeconomic indices 
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were associated with DBP concentrations in 
Massachusetts public drinking water systems 
(Evans et al. 2013). Given this and our exten-
sive confounding analysis including adjust-
ment for other individual-level correlates of 
socioeconomic status (e.g., education, marital 
status, prenatal care source of payment), we 
would suspect that any potential residual 
confounding by income would have minimal 
impact on our results.

Although many of our results were null, 
we found consistent results for bromoform 
and every cardiac birth defect that was 
examined as well as increased risks for VSDs 
and different DBPs. Toxicological evidence 
lends credence to our study findings given 
that dose-dependent VSDs and conotruncal 
defects have been shown in rats following 
DCAA and TCAA exposures (Epstein et al. 
1992; Johnson et al. 1998; Smith et al. 1989, 
1992). Bromochloroacetonitrile has also been 
reported to cause CVDs in rats (Christ et al. 
1995), but the haloacetonitriles have yet to be 
examined in an epidemiological study. This 
may be important given that bromochloro-
acetonitrile was shown to be highly correlated 
with some DBPs such as haloacetamides and 
the trihaloacetic acids (e.g., TCAA) in a study 
from the United Kingdom (Bond et al. 2015). 
Despite some findings that appear concordant 
with existing epidemiological and toxicological 
studies, more research is needed to further 
elucidate which DBPs or DBP mixtures 
may be responsible for the epidemiological 
 associations reported to date.

Conclusions

�is is the first epidemiological study of birth 
defects and DBPs to examine several indi-
vidual CVDs, different exposure surrogate 
mixtures (THM4, THMBr, HAA5, and 
DBP9), and various individual DBP species. 
Future analyses of CVDs and DBPs should 
expand upon this research and focus efforts 
to reduce exposure misclassification due to 
spatial and temporal variability including 
evaluation of smaller critical exposure 
windows and peak exposures. This may 
require more frequent distribution system 
sampling or temporal modeling/interpolation 
approaches using existing data. Residential-
level sampling or more spatially representative 
exposure estimates (e.g., geographic informa-
tion system–based approaches) would also 
help address spatial variability concerns.

There are fairly consistent results from 
epidemiological and toxicological studies 
for associations between DBP exposures 
and increased risk of some CVDs, espe-
cially VSDs. Because our study is only the 
second one to evaluate exposure to bromi-
nated DBPs, it adds some specificity to the 
potential risks that have been previously 
noted for THM4. However, further clarity 

on which of the co-occurring DBP species 
(or mixture combinations) to sample for and 
analyze is still needed and may benefit from 
additional toxicological studies and exposure 
assessment research. Given the ubiquitous 
nature of DBPs in treated drinking water, 
our findings have potential important public 
health ramifications. �us, further delineation 
of the potential impact of in utero exposure to 
environmental teratogens would help inform 
intervention efforts to reduce exposures 
during critical windows of pregnancy.
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Ενϖιρον Ηεαλτη Περσπεχτ  

DΟΙ: 10.1289/ΕΗΠ103 

�

Νοτε το ρεαδερσ ωιτη δισαβιλιτιεσ: ΕΗΠ στριϖεσ το ενσυρε τηατ αλλ ϕουρναλ χοντεντ ισ αχχεσσιβλε το αλλ 

ρεαδερσ. Ηοωεϖερ, σοmε φιγυρεσ ανδ Συππλεmενταλ Ματεριαλ πυβλισηεδ ιν ΕΗΠ αρτιχλεσ mαψ νοτ χονφορm το 

508 στανδαρδσ δυε το τηε χοmπλεξιτψ οφ τηε ινφορmατιον βεινγ πρεσεντεδ. Ιφ ψου νεεδ ασσιστανχε αχχεσσινγ 

ϕουρναλ χοντεντ, πλεασε χονταχτ εηπ508≅νιεησ.νιη.γοϖ. Ουρ σταφφ ωιλλ ωορκ ωιτη ψου το ασσεσσ ανδ mεετ 

ψουρ αχχεσσιβιλιτψ νεεδσ ωιτηιν 3 ωορκινγ δαψσ. 

Συππλεmενταλ Ματεριαλ 

Dισινφεχτιον Βψ−Προδυχτ Εξποσυρεσ ανδ τηε Ρισκ οφ Σπεχιφιχ Χαρδιαχ 

Βιρτη Dεφεχτσ 

 

ϑ. Μιχηαελ Wριγητ, Αmανδα Εϖανσ, ϑοην Α. Καυφmαν, Ζοριmαρ Ριϖερα−Ν〉εζ, ανδ Μιχηαελ Γ. 

Ναροτσκψ 

 

Ταβλε οφ Χοντεντσ 

Ταβλε Σ1. Σπεαρmαν Χορρελατιον Χοεφφιχιεντσ φορ Dισινφεχτιον Βψ−Προδυχτ Μετριχσ 

Ταβλε Σ2. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ ανδ 

Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ 

Ταβλε Σ3. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ ανδ 

ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ 

Ταβλε Σ4. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Αλλ Χαρδιοϖασχυλαρ Dεφεχτσ Εξχλυδινγ Πατεντ Dυχτυσ Αρτεριοσυσ  

Ταβλε Σ5. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Ισολατεδ ςεντριχυλαρ Σεπταλ Dεφεχτ Χασεσ 

Ταβλε Σ6. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ 

ανδ Ισολατεδ Τετραλογψ οφ Φαλλοτ Χασεσ 

  



Ταβλε Σ1.  Σπεαρmαν Χορρελατιον Χοεφφιχιεντσ φορ Dισινφεχτιον Βψ−Προδυχτ Μετριχσ 

  DΒΠ9 ΗΑΑ5 ΤΗΜ4 ΤΗΜΒρ ΒDΧΜ DΒΧΜ ΤΧΜ ΤΧΑΑ DΧΑΑ ΤΒΜ ΜΒΑΑ ΜΧΑΑ DΒΑΑ 

DΒΠ9 1.00             

ΗΑΑ5 0.90 1.00            

ΤΗΜ4 0.95 0.74 1.00           

ΤΗΜΒρ 0.40 0.25 0.50 1.00          

ΒDΧΜ 0.54 0.37 0.63 0.96 1.00         

DΒΧΜ 0.05 −0.05 0.13 0.85 0.72 1.00        

ΤΧΜ 0.94 0.76 0.97 0.33 0.47 −0.02 1.00       

ΤΧΑΑ 0.89 0.96 0.77 0.24 0.37 −0.08 0.79 1.00      

DΧΑΑ 0.84 0.93 0.70 0.23 0.34 −0.06 0.74 0.85 1.00     

ΤΒΜ −0.25 −0.28 −0.20 0.39 0.20 0.57 −0.30 −0.32 −0.28 1.00    

ΜΒΑΑ 0.03 0.04 0.02 0.03 0.03 0.04 0.02 0.04 0.02 0.03 1.00   

ΜΧΑΑ 0.50 0.57 0.42 0.26 0.30 0.07 0.42 0.46 0.55 −0.13 0.04 1.00  

DΒΑΑ −0.12 −0.09 −0.11 0.31 0.19 0.41 −0.18 −0.17 −0.07 0.54 0.15 0.01 1.00 

Νοτε: DΒΠ9 = συm οφ χηλοροφορm (ΤΧΜ), βροmοδιχηλοροmετηανε (ΒDΧΜ), διβροmοχηλοροmετηανε (DΒΧΜ), βροmοφορm (ΤΒΜ), 

mονοχηλοροαχετιχ αχιδ (ΜΧΑΑ), διχηλοροαχετιχ αχιδ (DΧΑΑ), τριχηλοροαχετιχ αχιδ (ΤΧΑΑ), βροmοαχετιχ αχιδ (ΜΒΑΑ), ανδ 

διβροmοαχετιχ αχιδ (DΒΑΑ); ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; ΤΗΜ4 = συm οφ ΤΧΜ, ΒDΧΜ, 

DΒΧΜ, ανδ ΤΒΜ; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, ανδ ΤΒΜ 

  



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β 

 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΤΗΜ4
χ
 

�23.05 15 ΡΕΦ  ΡΕΦ  ΡΕΦ  

>23.05�38.05  17 0.32 (0.10, 1.05) 1.52 (0.17, 13.13) 0.15 (0.01, 1.64) 

>38.05�50.41  19 0.51 (0.15, 1.74) 3.02 (0.30, 30.43) 0.16 (0.02, 1.47) 

>50.41�65.27  19 0.31 (0.08, 1.21) 1.53 (0.14, 16.62) 0.22 (0.02, 2.12) 

>65.27�125.32  16 0.19 (0.04, 0.88) 1.06 (0.09, 12.09) 0.05 (0.00, 0.72) 

ΤΗΜΒρ
χ
 

�4.17 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.17�6.04  25 1.00 (0.34, 2.98) 0.29 (0.04, 2.10) 5.21 (0.58, 46.62) 

>6.04�7.80  12 0.23 (0.06, 0.91) 0.19 (0.02, 1.81) 0.45 (0.03, 7.88) 

>7.80�11.51  18 0.45 (0.14, 1.39) 0.17 (0.02, 1.32) 1.64 (0.22, 12.36) 

>11.51�42.48  16 0.26 (0.09, 0.76) 0.27 (0.04, 1.83) 0.28 (0.03, 2.70) 

Χηλοροφορm
χ
 

�12.07 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>12.07�29.99  14 0.50 (0.16, 1.53) 1.06 (0.12, 9.48) 0.19 (0.02, 2.24) 

>29.99�42.17  21 0.76 (0.22, 2.69) 1.67 (0.17, 15.96) 0.23 (0.02, 3.32) 

>42.17�55.41  22 0.81 (0.20, 3.29) 1.91 (0.14, 26.80) 0.29 (0.02, 3.98) 

>55.41�98.99  14 0.33 (0.07, 1.64) 0.50 (0.03, 7.73) 0.06 (0.00, 1.46) 

Βροmοδιχηλοροmετηανε (ΒDΧΜ)
χ
 

�4.95 34 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.95�7.55  24 0.49 (0.19, 1.24) 0.73 (0.17, 3.09) 0.53 (0.10, 2.72) 

>7.55�37.38  28 0.38 (0.17, 0.82) 0.76 (0.24, 2.44) 0.30 (0.06, 1.40) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 79 ΡΕΦ ΡΕΦ ΡΕΦ 

>3.93�14.53  7 0.54 (0.20, 1.41) 0.34 (0.07, 1.55) 0.36 (0.05, 2.79) 

Βροmοφορm
χ
 

�0.26 76 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.26�7.06  10 1.14 (0.45, 2.87) 0.59 (0.15, 2.33) 3.00 (0.34, 26.50) 

  



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ Ποπυλατιον 

αΟΡ (95% ΧΙ)
β 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΗΑΑ5
δ
 

�8.17 11 ΡΕΦ ΡΕΦ ΡΕΦ 

>8.17�19.33  21 2.13 (0.53, 8.65) 2.59 (0.13, 50.10) 1.36 (0.11, 16.16) 

>19.33�25.79  21 4.98 (1.02, 24.35) 8.27 (0.25, 276.35) 6.14 (0.32, 118.72) 

>25.79�33.97  17 5.88 (1.06, 32.57) 2.95 (0.08, 114.41) 7.57 (0.30, 192.35) 

>33.97�100.00  16 6.51 (1.23, 34.59) 4.79 (0.16, 142.97) 2.97 (0.14, 62.87) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ)
δ
 

�5.23 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.23�11.09  28 2.72 (0.91, 8.13) 5.79 (0.60, 55.49) 3.35 (0.35, 32.18) 

>11.09�16.38  22 4.30 (1.09, 16.88) 6.82 (0.55, 83.94) 2.97 (0.20, 44.62) 

>16.38�73.39  19 3.89 (0.97, 15.66) 5.92 (0.51, 68.40) 2.25 (0.13, 39.31) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 17 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.18�10.44  22 1.39 (0.50, 3.88) 4.09 (0.52, 31.94) 0.87 (0.07, 11.29) 

>10.44�13.85  24 3.08 (0.92, 10.34) 2.31 (0.27, 19.90) 7.45 (0.34, 164.24) 

>13.85�38.89  21 3.34 (0.90, 12.43) 1.54 (0.11, 20.85) 26.35 (0.94, 737.88) 

Μονοχηλοροαχετιχ αχιδ (ΜΧΑΑ)
δ
 

�1.53 80 ΡΕΦ ΡΕΦ ΡΕΦ 

>1.53�62.39  4 0.83 (0.27, 2.54) 0.59 (0.09, 3.78) 0.47 (0.05, 4.67) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 81 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.04�10.63  3 0.80 (0.08, 7.48) 0.53 (0.01, 20.59) Ν/Ε 

Dιβροmοαχετιχ αχιδ (DΒΑΑ)
δ
 

�0.47 77 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.47�21.78  7 0.59 (0.23, 1.54) 0.64 (0.12, 3.38) 0.24 (0.03, 2.22) 



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ Ποπυλατιον 

αΟΡ (95% ΧΙ)
β 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

DΒΠ9 

�33.07 13 ΡΕΦ ΡΕΦ ΡΕΦ 

>33.07�59.95 17 0.80 (0.24, 2.63) 1.70 (0.19, 14.97) 0.97 (0.09, 10.84) 

>59.95�79.13  24 1.15 (0.32, 4.08) 2.62 (0.31, 22.08) 2.95 (0.20, 42.62) 

>79.13�97.67  18 1.39 (0.39, 5.01) 4.25 (0.43, 42.28) 0.26 (0.02, 4.49) 

>97.67�181.59  14 0.94 (0.23, 3.79) 0.74 (0.07, 7.34) 0.55 (0.03, 9.92) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιοσ; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, ανδ 

βροmοφορm; Ν/Ε = νοτ εστιmαβλε; ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; 

DΒΠ9 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, βροmοφορm, ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε ΤΟΦ χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ ανδ 

στρατιφιχατιον. 
β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, ινφαντ βιρτη ωειγητ, ΖΙΠ χοδε−λεϖελ ινχοmε 

θυαρτιλε, τριmεστερ πρεναταλ χαρε βεγαν (φιρστ, αφτερ φιρστ), ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−

γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), 

ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ. 
χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ. 

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ3. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ 

ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΤΗΜ4
χ
 

�23.05 62 ΡΕΦ ΡΕΦ ΡΕΦ 

>23.05�38.05  61 1.39 (0.72, 2.69) 1.85 (0.49, 6.93) 1.15 (0.49, 2.71) 

>38.05�50.41  80 1.77 (0.87, 3.59) 2.47 (0.60, 10.11) 1.69 (0.66, 4.34) 

>50.41�65.27  73 1.70 (0.80, 3.63) 1.93 (0.43, 8.62) 1.60 (0.59, 4.29) 

>65.27�125.32  58 1.57 (0.70, 3.53) 1.35 (0.29, 6.37) 2.08 (0.71, 6.12) 

ΤΗΜΒρ
χ
 

�4.17 67 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.17�6.04  56 0.81 (0.39, 1.68) 0.39 (0.12, 1.26) 1.70 (0.57, 5.04) 

>6.04�7.80  73 0.79 (0.41, 1.55) 0.48 (0.17, 1.38) 1.72 (0.63, 4.69) 

>7.80�11.51  55 0.89 (0.47, 1.69) 0.54 (0.20, 1.45) 1.96 (0.73, 5.23) 

>11.51�42.48  82 1.34 (0.73, 2.46) 0.96 (0.37, 2.46) 2.52 (0.99, 6.42) 

Χηλοροφορm
χ
 

�12.07 66 ΡΕΦ ΡΕΦ ΡΕΦ 

>12.07�29.99  61 1.05 (0.58, 1.90) 1.18 (0.38, 3.69) 1.06 (0.48, 2.34) 

>29.99�42.17  74 0.86 (0.43, 1.72) 0.79 (0.22, 2.88) 0.90 (0.34, 2.35) 

>42.17�55.41  75 1.00 (0.47, 2.12) 0.75 (0.18, 3.09) 1.04 (0.38, 2.84) 

>55.41�98.99  57 0.79 (0.35, 1.80) 0.32 (0.07, 1.43) 1.43 (0.48, 4.22) 

Βροmοδιχηλοροmετηανε (ΒDΧΜ)
χ
 

�4.95 105 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.95�7.55  112 0.81 (0.50, 1.31) 0.76 (0.34, 1.71) 1.01 (0.51, 2.01) 

>7.55�37.38  116 1.21 (0.79, 1.85) 1.07 (0.53, 2.17) 1.51 (0.84, 2.70) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 293 ΡΕΦ ΡΕΦ ΡΕΦ 

>3.93�14.53  40 1.54 (1.00, 2.37) 2.17 (1.06, 4.46) 1.61 (0.87, 2.96) 

Βροmοφορm
χ
 

�0.26 290 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.26�7.06  43 1.85 (1.20, 2.83) 2.23 (1.10, 4.52) 1.88 (1.01, 3.52) 

  



Ταβλε Σ3.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΗΑΑ5
δ
 

�8.17 69 ΡΕΦ ΡΕΦ ΡΕΦ 

>8.17�19.33  50 0.66 (0.37, 1.20) 0.75 (0.26, 2.16) 0.49 (0.21, 1.12) 

>19.33�25.79  74 1.00 (0.51, 1.94) 0.74 (0.22, 2.52) 0.85 (0.34, 2.13) 

>25.79�33.97  63 1.01 (0.49, 2.08) 1.65 (0.47, 5.79) 0.39 (0.13, 1.12) 

>33.97�100.00  78 1.02 (0.49, 2.12) 1.23 (0.33, 4.64) 0.62 (0.22, 1.75) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ)
δ
 

�5.23 80 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.23�11.09  81 0.90 (0.55, 1.50) 1.18 (0.47, 2.91) 0.63 (0.31, 1.27) 

>11.09�16.38  83 0.81 (0.44, 1.51) 1.01 (0.34, 3.00) 0.46 (0.19, 1.10) 

>16.38�73.39  86 0.79 (0.41, 1.50) 1.08 (0.34, 3.46) 0.43 (0.18, 1.08) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 78 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.18�10.44  72 0.84 (0.51, 1.39) 0.51 (0.21, 1.19) 0.79 (0.39, 1.59) 

>10.44�13.85  92 1.28 (0.72, 2.25) 1.02 (0.41, 2.53) 1.19 (0.52, 2.73) 

>13.85�38.89  88 1.18 (0.65, 2.14) 1.14 (0.45, 2.91) 0.83 (0.35, 1.95) 

Μονοχηλοροαχετιχ αχιδ (ΜΧΑΑ)
δ
 

�1.53 295 ΡΕΦ ΡΕΦ ΡΕΦ 

>1.53�62.39  35 1.27 (0.81, 1.97) 1.47 (0.72, 2.99) 1.06 (0.55, 2.04) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 317 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.04�10.63  13 1.81 (0.85, 3.84) 6.56 (1.60, 26.83) 1.92 (0.60, 6.16) 

Dιβροmοαχετιχ αχιδ (DΒΑΑ)
δ
 

�0.47 302 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.47�21.78  28 1.00 (0.63, 1.61) 1.09 (0.52, 2.28) 1.08 (0.56, 2.10) 



Ταβλε Σ3.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

DΒΠ9 

�33.07 63 ΡΕΦ ΡΕΦ ΡΕΦ 

>33.07�59.95  58 1.33 (0.71, 2.48) 1.13 (0.36, 3.48) 1.29 (0.57, 2.91) 

>59.95�79.13  79 1.70 (0.88, 3.26) 2.23 (0.68, 7.32) 1.64 (0.69, 3.91) 

>79.13�97.67  71 1.64 (0.83, 3.26) 1.45 (0.43, 4.91) 1.37 (0.55, 3.40) 

>97.67�181.59  63 1.48 (0.73, 2.98) 1.07 (0.32, 3.62) 1.49 (0.56, 3.94) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, 

ανδ βροmοφορm; ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; DΒΠ9 = συm οφ 

χηλοροφορm, ΒDΧΜ, DΒΧΜ, βροmοφορm, ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ ανδ 

στρατιφιχατιον. 
β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, mατερναλ mαριταλ στατυσ (mαρριεδ, 

ινχλυδινγ ωιτηιν 300 δαψσ πριορ το βιρτη; νοτ mαρριεδ), mατερναλ εδυχατιον χατεγορψ, mατερναλ ραχε 

χατεγορψ, ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, 

γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ 

φαχτορσ.
 

χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ. 

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ4.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ 

(DΒΠ) Εξποσυρεσ ανδ Αλλ Χαρδιοϖασχυλαρ Dεφεχτσ Εξχλυδινγ Πατεντ Dυχτυσ 

Αρτεριοσυσ  

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

Βροmοφορm
χ
 

�0.26 532 ΡΕΦ 

>0.26�7.06 79 1.50 (1.10, 2.04) 

ΗΑΑ5
δ
 

�8.17 118 ΡΕΦ 

>8.17�19.33 111 1.09 (0.71, 1.68) 

>19.33�25.79  153 1.57 (0.97, 2.55) 

>25.79�33.97 111 1.24 (0.72, 2.12) 

>33.97�100.00 119 1.53 (0.90, 2.61) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 142 ΡΕΦ 

>5.18�10.44  150 1.08 (0.76, 1.53) 

>10.44�13.85 169 1.26 (0.83, 1.89) 

>13.85�38.89 141 1.29 (0.84, 1.99) 

Νοτε:  ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΗΑΑ5 = συm οφ mονοχηλοροαχετιχ αχιδ, DΧΑΑ, τριχηλοροαχετιχ αχιδ, mονοβροmοαχετιχ αχιδ, 

ανδ διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, ηεαλτη ινδεξ (γεστατιοναλ 

διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, ανδ 

ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ. 
χ
Μοδελ αλσο ινχλυδεσ αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ.  

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 (συm οφ χηλοροφορm, βροmοδιχηλοροmετηανε, 

διβροmοχηλοροmετηανε, ανδ βροmοφορm) χονχεντρατιονσ. 

  



Ταβλε Σ5.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ 

(DΒΠ) Εξποσυρεσ ανδ Ισολατεδ ςεντριχυλαρ Σεπταλ Dεφεχτ Χασεσ 

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

ΤΗΜ4
χ
 

�23.05 22 ΡΕΦ 

>23.05�38.05  12 1.17 (0.39, 3.57) 

>38.05�50.41  21 2.41 (0.74, 7.82) 

>50.41�65.27  23 2.46 (0.66, 9.21) 

>65.27�125.32  23 2.74 (0.67, 11.22) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 89 ΡΕΦ 

>3.93�14.53  12 1.07 (0.48, 2.36) 

Βροmοφορm
χ
 

�0.26 87 ΡΕΦ 

>0.26�7.06  14 1.42 (0.68, 2.98) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 97 ΡΕΦ 

>0.04�10.63  3 1.41 (0.16, 12.43) 

DΒΠ9 

�33.07 22 ΡΕΦ 

>33.07�59.95  14 1.32 (0.46, 3.75) 

>59.95�79.13  21 2.08 (0.68, 6.42) 

>79.13�97.67  19 1.37 (0.41, 4.63) 

>97.67�181.59  25 2.14 (0.66, 6.98) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; DΒΠ9 = συm οφ χηλοροφορm, 

βροmοδιχηλοροmετηανε (ΒDΧΜ), DΒΧΜ, βροmοφορm, mονοχηλοροαχετιχ αχιδ, διχηλοροαχετιχ 

αχιδ, τριχηλοροαχετιχ αχιδ, ΜΒΑΑ, ανδ διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ ωατερ σουρχε ανδ τρεατmεντ τψπε, mατερναλ εδυχατιον χατεγορψ, mατερναλ 

mαριταλ στατυσ (mαρριεδ, ινχλυδινγ ωιτηιν 300 δαψσ πριορ το βιρτη; νοτ mαρριεδ), mατερναλ ραχε 

χατεγορψ, ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, 

γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε 

ρισκ φαχτορσ.  
χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 (συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ 

DΒΑΑ) χονχεντρατιονσ. 
δ
Μοδελ αλσο ινχλυδεσ αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ6.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Ισολατεδ Τετραλογψ οφ Φαλλοτ Χασεσ 

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

ΗΑΑ5 

�8.17 4 ΡΕΦ 

>8.17�19.33  6 2.64 (0.26, 26.86) 

>19.33�25.79  9 4.90 (0.40, 60.50) 

>25.79�33.97  6 3.61 (0.21, 63.15) 

>33.97�100.00  7 12.37 (0.75, 204.11) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ) 

�5.18 6 ΡΕΦ 

>5.18�10.44  6 1.44 (0.27, 7.54) 

>10.44�13.85  7 2.77 (0.34, 22.70) 

>13.85�38.89 11 11.11 (1.17, 105.86) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ) 

�5.23 5 ΡΕΦ 

>5.23� 11.09  8 6.30 (0.85, 46.84) 

>11.09�16.38  10 12.07 (1.02, 143.10) 

>16.38�73.39 7 9.17 (0.65, 129.15) 

Νοτε:  ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΗΑΑ5 = συm οφ mονοχηλοροαχετιχ αχιδ, DΧΑΑ, ΤΧΑΑ, mονοβροmοαχετιχ αχιδ, ανδ 

διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ ωατερ σουρχε ανδ τρεατmεντ τψπε, τριmεστερ πρεναταλ χαρε βεγαν (φιρστ, αφτερ 

φιρστ), βιρτη ωειγητ, ζιπ χοδε λεϖελ ινχοmε, οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ, ηεαλτη ινδεξ 

(γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, 

ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ ΤΗΜ4 (συm οφ χηλοροφορm, βροmοδιχηλοροmετηανε, 

διβροmοχηλοροmετηανε, ανδ βροmοφορm) χονχεντρατιονσ. 



April 24, 2020 
 
To Whom it May Concern: 
 

I am delighted to offer my full support to Dr. J. Michael Wright nomination for a 
well-deserved STAA award.  I have known Mike for over 19 years, having first met him 
ΖΚΗΘ�,�ςΗΥΨΗΓ�Dς�∃ΦWΛΘϑ�∋ΛΨΛςΛΡΘ�∋ΛΥΗΦWΡΥ�ΡΙ�86�(3∃∂ς�1DWΛΡΘDΟ�&ΗΘWΗΥ�ΙΡΥ�
Environmental Assessment Office in Cincinnati, Ohio in April 2001.  After returning to 
Π∴�ΣΗΥΠDΘΗΘW�ΣΡςΛWΛΡΘ�ΛΘ�86�(3∃∂ς�2ΙΙΛΦΗ�ΡΙ�:DWΗΥ��,�ΚDΨΗ�ΝΗΣW�ΞΣ�ΡΘ�0ΛΝΗ∂ς�
disinfection byproduct (DBP) important exposure assessment and epidemiological 
ΥΗςΗDΥΦΚ�ΗΙΙΡΥWς�ςΞΣΣΡΥWΛΘϑ�WΚΗ�1DWΛΡΘDΟ�:DWΗΥ�3ΥΡϑΥDΠ∂ς�ΥΗquirements.  Through 
various research updates and leadership briefings over the years, Mike has performed 
an outstanding job keeping the program office apprised of his epidemiological research 
on DBPs impacting risk assessment basis for drinking water regulations.   

Mike has been an invited participant to the biannual Gordon Research 
&ΡΘΙΗΥΗΘΦΗ�ΡΘ�∋%3ς�ςΛΘΦΗ�ΛW∂ς�ΛΘΦΗΣWΛΡΘ�ΛΘ������  As part of this and other 
presentations at national and internal settings, he has been asked to provide numerous 
oral presentations as discussant leader and session chair on multiple occassions.  

Part of the impetus for his work was the limited reproductive and developmental 
evidence identified in previous rounds of Stage 2 DBP Rule, since the regulations have 
been predominately based on epidemiological cancer findings.  Since then, Mike was 
proactive in obtaining exposure and birth outcome data to meet these needs addressing 
birth defects in relation to DBPs.  He has regularly published in the field and his 
publications have made important impact on advancing the science and helping 
characterize potential risk to DBPs.   

Some of his previous epidemiological studies have been considered as part of 
6DΙΗ�∋ΥΛΘΝΛΘϑ�:DWΗΥ�∃ΦW∂ς�6WDϑΗ���∋%3�5ΞΟΗ�ΥΗΨΛΗΖ�ΓΗΟΛΕΗΥDWΛΡΘς�DΘΓ�WΚΛς�ΖΡΥΝ�
continues to this day including this nominated manuscript.  This paper in question of 
cardiac birth defects and DBPs published in the top environmental health journal, 
Environmental Health Perspectives, may be his most important work to 
date.  Specifically, it represented the first epidemiological study of birth defects and 
DBPs to examine several individual cardiac defects, as well as different DBPs and DBP 
mixtures. Furthermore, it clearly demonstrated an increased risk for a  ventricular septal 
defect (VSD), a type of cardiac defect, for THM4 exposures as well as other brominated 
trihalomethanes and haloacetic acids. 

Ultimately, this nominated manuscript may be the one to move the risk 
assessment needle on reproductive and developmental effects as it demonstrates a 
very consistent increased risk of a VSD and THM4 exposures.  This observation has 
been confirmed through two other epidemiological publications as well a meta-
analysis.  This type of consistency in epidemiological research is rare and especially 
challenging given the heterogenous populations and DBP mixture scenarios examined 
across studies.  As noted in the manuscript, there is some coherence with toxicological 
research related to risk of some CVDs, especially ventricular septal defects.  The 
difference between his work and others is that, given his inside knowledge of risk 
assessment, his previous research has addressed efforts to reduce the potential for 



exposure misclassification and other types of biases and allow for the increased use of 
epidemiological studies in risk assessments.   

In sum, I have no doubt that Mike will continue to make important contribution to 
the field and strongly feel that his recognition of an STAA award is very timely fitting for 
a well-deserving manuscript (and career) that advances the field forward.  

 
Sincerely, 

 
 
       Edward V. Ohanian, Ph.D. 
       Associate Director for Science 
       Office of Water (MC: 4301T) 
       US EPA 
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Introduction
Cardiovascular defects (CVDs) are the most 
common type of birth defect, with an esti-
mated incidence in the United States of 
8 in 1,000 births (Go et al. 2013). CVDs 
can lead to a higher infant mortality rate 
among newborns, and their etiology is often 
unknown (Kurinczuk et al. 2010; Lee et al. 
2001). Some environmental hazards are 
known teratogens, such as methylmercury 
and radiation, but the existing evidence for 
associations between drinking-water contami-
nants and birth defects is mixed (Brent and 
Beckman 1990; Nieuwenhuijsen et al. 2009). 
Although the risk of CVDs in relation to 
specific disinfection by-products (DBPs) 
remains unclear, there is some evidence for 
associations between CVDs and a summary 
measure of trihalomethanes (THMs) called 
THM4 [i.e., sum of chloroform, bromo-
form, bromo dichloromethane (BDCM), 
and dibromo chloromethane (DBCM)]. 
Nieuwenhuijsen et al. (2009) conducted a 
meta-analysis of 5 case–control studies and 
10 retrospective cohort studies using THM 
concentration data or less direct exposure 
measures (e.g., treatment type/source water). 

�e authors reported a small but not statis-
tically significant odds ratio of 1.16 [95% 
confidence interval (CI): 0.98, 1.37] for 
major CVDs among those with high DBP 
exposures. A prospective cohort study from 
Lithuania based on first-trimester internal 
DBP dose estimates showed elevated odds 
ratios for CVDs, with exposure–response 
relationships detected for THM4, BDCM, 
and chloroform tertiles (Grazuleviciene 
et al. 2013). Slightly elevated odds ratios 
were noted in a study from England of 
major CVDs and the sum of three bromi-
nated THMs (i.e., THMBr) ≥ 20 versus 
< 10 µg/L [adjusted odds ratio (aOR) = 1.13; 
95% CI: 0.93, 1.37] and between bromo-
form ≥ 4 versus < 2 µg/L (aOR = 1.18; 
95% CI: 1.00, 1.39) and a restricted group of 
major CVDs (Nieuwenhuijsen et al. 2008). 
Stronger associations (aOR = 1.62; 95% CI: 
1.04, 2.51) have also been reported for CVDs 
and THM4 ≥ 130 versus < 60 µg/L in an 
Australian population using heavily bromi-
nated water (Chisholm et al. 2008). Studies 
with rats exposed to brominated THMs were 
negative for CVDs (Christian et al. 2001; 
Ruddick et al. 1983); however, one study 

examining monobromoacetic acid (MBAA) 
exposure reported increased incidence of 
CVDs (Randall et al. 1991). Another study 
in rats reported CVDs [e.g., ventricular 
septal defect (VSD), levocardia, right-sided 
aortic arch, and ductus arteriosus] following 
exposure to bromochloroacetonitrile (Christ 
et al. 1995).

�e strongest and most consistent asso-
ciations reported in epidemiological studies 
of birth defects and DBPs have been for 
VSDs. Similar to an earlier meta-analysis by 
Hwang et al. (2008), Nieuwenhuijsen et al. 
(2009) found a consistent excess risk for 
VSDs (OR = 1.59; 95% CI: 1.21, 2.07) in 
three studies using various THM and chlori-
nated water exposure measures (OR range: 
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Disinfection By-Product Exposures and the Risk of Specific Cardiac 
Birth Defects

J. Michael Wright,1 Amanda Evans,2 John A. Kaufman,3 Zorimar Rivera-Núñez,4 and Michael G. Narotsky5
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BACKGROUND: Epidemiological studies suggest that women exposed to disinfection by-products 
(DBPs) have an increased risk of delivering babies with cardiovascular defects (CVDs).

OBJECTIVE: We examined nine CVDs in relation to categorical DBP exposures including bromo-
form, chloroform, dibromochloromethane (DBCM), bromodichloromethane (BDCM), mono-
bromoacetic acid (MBAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), and summary 
DBP measures (HAA5, THMBr, THM4, and DBP9).

METHODS: We calculated adjusted odds ratios (aORs) in a case–control study of birth defects in 
Massachusetts with complete quarterly 1999–2004 trihalomethane (THM) and haloacetic acid 
(HAA) data. We randomly matched 10 controls each to 904 CVD cases based on week of concep-
tion. Weight-averaged aggregate first-trimester DBP exposures were assigned to individuals based 
on residence at birth.

RESULTS: We detected associations for tetralogy of Fallot and the upper exposure categories for 
TCAA, DCAA, and HAA5 (aOR range, 3.34–6.51) including positive exposure–response relation-
ships for DCAA and HAA5. aORs consistent in magnitude were detected between atrial septal 
defects and bromoform (aOR = 1.56; 95% CI: 1.01, 2.43), as well as DBCM, chloroform, and 
THM4 (aOR range, 1.26–1.67). Ventricular septal defects (VSDs) were associated with the highest 
bromoform (aOR = 1.85; 95% CI: 1.20, 2.83), MBAA (aOR = 1.81; 95% CI: 0.85, 3.84), and 
DBCM (aOR = 1.54; 95% CI: 1.00, 2.37) exposure categories.

CONCLUSIONS: To our knowledge, this is the first birth defect study to develop multi-DBP adjusted 
regression models as well as the first CVD study to evaluate HAA exposures and the second 
to evaluate bromoform exposures. Our findings, therefore, inform exposure specificity for the 
 consistent associations previously reported between THM4 and CVDs including VSDs.

CITATION: Wright JM, Evans A, Kaufman JA, Rivera-Núñez Z, Narotsky MG. 2017. Disinfection 
by-product exposures and the risk of specific cardiac birth defects. Environ Health Perspect 
125:269–277; http://dx.doi.org/10.1289/EHP103
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1.43–1.81). An earlier study, not included in 
the published meta-analyses, did not report 
associations between THM exposure and 
VSD (Bove et al. 1995). A more recent Italian 
study also did not show an increased risk of 
VSD for chlorine dioxide DBPs, including 
chlorite and chlorate (Righi et al. 2012).

Exposure assessment limitations in 
epidemiological studies remain a critical 
challenge in evaluating causality in reported 
associations between DBPs and various 
reproductive outcomes given limited spatial 
and temporal resolution of monitoring data 
and the lack of direct exposure measures. 
Previous epidemiological studies of CVDs 
have not examined exposures beyond THMs 
and chlorine dioxide DBPs. This remains a 
key limitation given that animal develop-
mental toxicity studies of THMs are gener-
ally negative for teratogenicity (Graves et al. 
2001) and that the THMs may be poor 
surrogates for complex DBP mixtures in chlo-
rinated drinking-water systems. Furthermore, 
although haloacetic acids (HAAs) have not 
been examined in epidemiological studies 
of CVDs and DBPs to date, toxicological 
studies in rats have shown increased incidence 
of VSDs and conotruncal defects following 
exposure to dichloroacetic acid (DCAA) and 
trichloroacetic acid (TCAA) (Epstein et al. 
1992; Johnson et al. 1998; Smith et al. 
1989, 1992). Most epidemiological studies 
of DBPs also have limited exposure contrasts 
and insufficient statistical power to detect rare 
outcomes like CVDs. �is may preclude the 
ability to detect statistically significant asso-
ciations that are small in magnitude and to 
examine exposure–response relationships for 
individual CVDs and specific DBP species. 
To address some of these exposure assessment 
limitations and expand the scope of the birth 
defect and DBP combinations that have been 
previously examined, we assessed the risk of 
CVDs in relation to weighted first-trimester 
exposure estimates for nine individual DBPs 
and four DBP mixture surrogates.

Methods

Study Population

We conducted a case–control study of CVD 
cases in 68 Massachusetts towns with popula-
tions > 500 with complete THM4, HAA5 
[i.e., sum of monochloroacetic acid (MCAA), 
DCAA, TCAA, MBAA, and dibromoacetic 
acid (DBAA)], water source and disinfec-
tion data from 1999 to 2004. We restricted 
the analysis to nonchromosomal congenital 
anomalies of the heart and circulatory system 
(n = 904 cases) and individually matched 
10 controls per each case randomly selected 
(without replacement) from all live births in 
Massachusetts based on week of conception, 
for a total study population of 9,944.

Outcome Data
Birth records from 2000 through 2004 were 
provided by the Massachusetts Department 
of Public Health and the Massachusetts 
Birth Defects Monitoring Program. The 
Massachusetts birth defect registry system 
collects data from 53 birthing hospitals, 1 
tertiary care and 1 specialty hospital in 
Massachusetts, and 1 Rhode Island birth 
hospital and 1 Rhode Island tertiary care 
hospital near the border of these two states. 
�e registry system uses various data sources 
to ascertain and verify cases including birth 
certificates, fetal and infant death certificates, 
hospital discharge reports, hospital nurseries 
and neonatal units, and hospital surgical 
and pathology departments. This research 
was based on birth records data that did not 
contain personal identifiable information; 
therefore, institutional review board approval 
was not obtained nor was informed consent 
necessary because potential risk was consid-
ered to be minimal and no direct contact with 
study subjects occurred.

Birth defect cases were diagnosed up 
to age 1 year. Both cases and controls were 
singleton live births who weighed at least 
350 g and were between 22 and 44 gesta-
tional weeks. Cases were identified based on 
the International Classification of Diseases, 
9th Revision (ICD-9). These included atrial 
septal defect (ASD; ICD-9 code 745.5), 
VSD (745.4), pulmonary stenosis (746.02), 
tetralogy of Fallot (TOF; 745.2), and trans-
position of the great arteries (TGA; 745.10, 
745.11, 745.12, 745.19). We also examined 
birth defect group combinations including 
all congenital anomalies of the heart and 
circulatory system (All CVD; 745–747), and 
conotruncal heart defects (745.0, 745.10, 
745.11, 745.12, 745.2). Gestational age was 
derived from clinical estimates according to 
birth records and was subtracted from date 
of birth to determine week of conception for 
matching purposes.

Exposure Assessment

We linked town-level drinking-water source, 
disinfection treatment, and DBP data based 
on quarterly sampling (1999–2004) to birth 
records by town of residence and month of 
birth. �e exposure data were supplied by the 
Massachusetts Department of Environmental 
Protection and individual public water utili-
ties. Exposures were estimated for specific 
DBPs as well as summary measures of DBP 
mixtures including THM4, HAA5, DBP9 
(i.e., sum of THM4 and HAA5), and 
THMBr. We categorized maternal DBP 
exposure levels for the summary and indi-
vidual DBP measures into tertiles, quartiles, 
or quintiles based on the distribution of the 
available data. Due to a paucity of occurrence 
data, MCAA was dichotomized at the 97.5th 

percentile (0.04 µg/L), and bromoform 
(0.26 µg/L), DBCM (0.47 µg/L), and DBAA 
(1.53 µg/L) were dichotomized at the upper 
decile. Births in the lowest DBP exposure 
category served as the referent for comparison 
with the upper categories. This categorical 
approach allowed for evaluation of nonlinear 
relationships and potential effect measure 
modification using stratified analyses.

We averaged first-trimester DBP expo-
sures across all sample locations within a 
public drinking-water system based on quar-
terly monitoring data assigned to maternal 
ZIP codes for place of residence at birth. 
�e first-trimester DBP exposure scores were 
derived from the month of birth of the study 
participants and the timing of quarterly DBP 
samples with weighted averages calculated 
proportionally for multiple quarters that 
overlapped the first trimester. For example, 
an infant of 38 gestational weeks born in 
January of 2000 would have 2 first-trimester 
weeks that occurred in quarter 1 of 1999 
and the remaining 11 weeks occurring in 
quarter 2 of 1999. �us, their corresponding 
exposure score would be as follows: (0.15 
times the DBP concentration for quarter 1 
of 1999) + (0.85 times the DBP concentra-
tion for quarter 2 of 1999). In addition, 
residents relying on untreated groundwater 
(e.g., private wells) were assigned DBP 
 concentrations of zero.

Statistical Analysis

SAS (version 9.4; SAS Institute, Inc., Cary, 
NC) was used for the statistical analysis. We 
used Spearman correlation coefficients to 
compare the summary and individual DBP 
measures. Statistical significance was based 
on α ≤ 0.05. We used conditional logistic 
regression to estimate aORs and 95% CIs for 
each of the DBP exposure categories. Given 
the extensive amount of available covariate 
data, we used a change-in-estimate approach 
(> 10% change) to identify confounding vari-
ables. �ese covariates included type of water 
source and treatment, infant sex, infant birth 
weight, maternal weight gain, maternal race, 
maternal age, maternal education, marital 
status (not married vs. married, including 
within 300 days before birth), maternal 
smoking (cigarettes/day during pregnancy), 
parity, number of previous terminations, 
prenatal care source payment type, income, 
and various clinical factors (e.g., abruptio 
placenta, anemia, cardiac disease, chronic or 
gestational diabetes, chronic or gestational 
hypertension, eclampsia, hemoglobinopathy, 
hepatitis, hydramnios/oligohydramnios, 
incompetent cervix, labor/delivery compli-
cation, labor induction, lung disease, lupus, 
other maternal reproductive risk factors, phar-
maceutical inhibition of labor, previous infant 
> 4,000 g, previous infant with birth defect, 
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previous premature or small-for-gestational-
age infant, premature or prolonged rupture 
of membrane, renal disease, Rh sensitization, 
rubella infection, seizure disorder, sickle cell 
anemia, uterine bleeding). We examined a 
categorical health index (values ranging from 
0 to 5) that included presence of hydram-
nios/oligohydramnios, chronic hyperten-
sion, gestational hypertension, gestational 
diabetes, and nongestational diabetes. We 
also evaluated adequacy of prenatal care by 
the Kotelchuck Index (Kotelchuck 1994), 
which integrates information on the timing 
(i.e., first trimester vs. later during preg-
nancy) of initiation of prenatal care and the 
number of prenatal visits (< 9, 9–11, 12, 
13–15, > 15) from when prenatal care began 
until delivery. �ese two individual prenatal 
covariate constituents were examined sepa-
rately as confounders, as well as part of the 
Kotelchuck Index.

All of the covariates were based on the 
individual-level data obtained from birth 
records except for income and DBP data, 
as well as the information on type of water 
source and type of water treatment. Median 
household income for maternal residence 
at birth were obtained from the 2000 U.S. 
Census (Geolytics, Inc., East Brunswick, 
NJ). Aggregate-level income covariates were 
examined at three spatial scales: town, ZIP 
code, and census tract. We created a socio-
economic status index based on ZIP code–level 
income data combined with mother’s highest 
education level and prenatal care source of 
payment. The results presented here are also 
based on multi-pollutant models by adjusting 
for THM4 in all of the HAA models and 
adjusting for HAA5 in the THM models. 
Effect measure modification by infant sex was 
examined by stratification for the outcome and 
DBPs with most consistent and largest aORs 
(i.e., TOF and VSDs). We conducted a sensi-
tivity analysis of the impact of multiple birth 
defects, as well as an analysis of the All CVD 
category excluding patent ductus arteriosus.

Results

Among all reported births from 2000 to 2004 
in Massachusetts, there were 904 (45% of the 
total birth defects) CVDs. �e most common 
CVDs were ASDs (41%) and VSDs (37%). 
Forty-three percent (n = 390) of the birth 
defects examined here were isolated CVDs, 
whereas 57% (n = 514) of the cases had 
multiple defects. Among the 514 cases with 
multiple defects, 377 (73%) of them were 
CVDs only. As shown in Table 1, cases and 
controls were similar across most study char-
acteristics, with minor exceptions noted for 
health index scores and the Kotelchuck Index 
for adequacy of prenatal care. Controls were 
more likely to be born to healthier mothers 
based on our health index score. 

As shown in Table 2, median and inter-
quartile ranges (µg/L) for the nine predomi-
nant DBP metrics were as follows: DBP9 
(69.6; 44.1–92.1), THM4 (44.5; 29.3–61.4), 
chloroform (36.1; 17.4–51.0), THMBr (6.8; 
4.8–10.2), BDCM (6.1; 4.5–8.4), DBCM 
(0.6; 0–1.6), HAA5 (22.4; 11.3–31.2), 
TCAA (11.0; 5.4–16.3), and DCAA (10.4; 
5.3–13.7). We observed Spearman correla-
tion coefficients ≥ 0.9 for the following: 
DBP9 with THM4, HAA5, and chloroform; 

HAA5 with TCAA and DCAA; THM4 with 
chloroform; and THMBr with BDCM (see 
Table S1). We observed correlations between 
0.7 and 0.9 for the following: DBP9 with 
TCAA and DCAA; HAA5 with THM4 and 
chloroform; THM4 with TCAA and CCAA; 
DBCM with BDCM and THMBr; chloro-
form with TCAA and DCAA; and TCAA 
with DCAA. The strongest correlations 
among the individual brominated species 
were found between DBCM and BDCM 

Table 1. Study characteristics of cardiovascular defect (CVD) cases and controls [n (%)].

Characteristic Study population Cases Controls 

Total births 9,944 (100) 904 (100) 9,040 (100)
Infant sex

Male 5,119 (51.5) 468 (51.8) 4,651 (51.4)
Female 4,825 (48.5) 436 (48.2) 4,389 (48.6)

Maternal age (years)
≤ 20 907 (9.1) 82 (9.1) 825 (9.1)
> 20–25 1,733 (17.4) 169 (18.7) 1,564 (17.3)
> 25–30 2,648 (26.6) 223 (24.7) 2,425 (26.8)
> 30–35 3,008 (30.3) 273 (30.2) 2,735 (30.3)
> 35–40 1,384 (13.9) 122 (13.5) 1,262 (14.0)
> 40 264 (2.7) 35 (3.9) 229 (2.5)

Maternal race
White 6,614 (66.6) 589 (65.2) 6,025 (66.6)
African American 995 (10.0) 114 (12.6) 881 (9.7)
Asian 747 (7.5) 53 (5.9) 694 (7.7)
American Indian 22 (0.2) 5 (0.6) 17 (0.2)
Other 1,561 (15.7) 143 (15.8) 1,418 (15.7)

Maternal education
Below high school graduate/GED 1,166 (11.7) 119 (13.2) 1,047 (11.6)
High school graduate/GED 2,689 (27.0) 244 (27.0) 2,445 (27.0)
Some college or associates/technical degree 2,076 (20.9) 184 (20.4) 1,892 (20.9)
College or higher 4,013 (40.4) 357 (39.5) 3,656 (40.4)

Marital status
Married 6,886 (69.3) 602 (66.6) 6,284 (69.5)
Unmarried 3,041 (30.6) 300 (33.2) 2,741 (30.3)
Missing 17 (0.2) 2 (0.2) 15 (0.2)

Number of previous births
0 4,508 (45.4) 413 (45.7) 4,095 (45.3)
1 3,269 (32.9) 287 (31.7) 2,982 (33.0)
≥ 2 2,154 (21.7) 204 (22.6) 1,950 (21.6)

Maternal weight gain during pregnancy (lb) 
< 0 112 (1.1) 14 (1.5) 98 (1.1)
0–25 3,867 (39.1) 365 (40.4) 3,502 (38.7)
25–50 5,557 (56.2) 489 (54.1) 5,068 (56.1)
> 50 354 (3.6) 30 (3.3) 324 (3.6)

Maternal smoking during pregnancy (no. of cigarettes/day during pregnancy)
0 9,165 (92.2) 830 (91.8) 8,335 (92.2)
1–5 327 (3.3) 22 (2.4) 305 (3.4)
6–10 289 (2.9) 34 (3.8) 255 (2.8)
> 10 163 (1.6) 18 (2.0) 145 (1.6)

Prenatal care adequacy (Kotelchuck Index)
No prenatal care 48 (0.5) 6 (0.7) 42 (0.5)
Inadequate 886 (8.9) 92 (10.2) 794 (8.8)
Intermediate 713 (7.2) 41 (4.5) 672 (7.4)
Adequate 4,583 (46.1) 386 (42.7) 4,197 (46.4)
Adequate plus 3,714 (37.4) 379 (41.9) 3,335 (36.9)

Prenatal care source of payment
Public 2,611 (26.3) 277 (30.6) 2,334 (25.8)
Private 6,556 (65.9) 566 (62.6) 5,990 (66.3)
Other 777 (7.8) 61 (6.7) 716 (7.9)

Median household income (based on ZIP code from 2000)
$12,307–36,836 2,492 (25.1) 249 (27.5) 2,243 (24.8)
> $36,836–45,654 2,303 (23.2) 215 (23.8) 2,088 (23.1)
> $45,654–57,815 2,524 (25.4) 219 (24.2) 2,305 (25.5)
> $57,815–153,918 2,625 (26.4) 221 (24.4) 2,404 (26.6)

Note: GED, General Educational Development.
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(r = 0.6) and DBAA (r = 0.4), as well as 
between bromoform and DBCM (r = 0.5) 
and DBAA (r = 0.3).

We did not detect an increased risk 
for the overall CVD group (i.e., All CVD) 
and first-trimester THM4 exposures, but 
there was a statistically significant associa-
tion for dichotomized bromoform exposures 
(aOR = 1.43; 95% CI: 1.10, 1.86) and 
increased risks in the upper two DCAA quar-
tiles (aOR range, 1.21–1.23) and upper three 
HAA5 quintiles (aOR range, 1.18–1.42) 
(Table 3). We saw consistent evidence of 
associations for conotruncal defects in the 
upper three HAA quintiles (aOR range, 
1.77–3.76) and the upper three TCAA quar-
tiles (aOR range, 1.95–2.13). We detected 
stronger associations for TOF and the upper 
exposure categories for TCAA, DCAA, and 
HAA5 (aOR range, 3.34–6.51) including 
positive exposure–response relationships 
for DCAA and HAA5. We detected statis-
tically significant associations for TGA and 
bromoform exposure (aOR = 2.42; 95% CI: 
1.12, 5.23) and for the two intermediate 
HAA5 quintiles (aOR range, 4.26–4.54); 
the upper quintile was limited by a small 
number of cases (n = 9). Inverse associa-
tions among the upper exposure categories 
were detected between TGA and DBP9 and 
between TOF and chloroform, BDCM, 
THMBr, and THM4.

Increased aORs were detected for pulmo-
nary stenosis and bromoform exposures 
(aOR = 2.66; 95% CI: 1.30, 5.43), the upper 
two DCAA quartiles (aOR range, 1.65–2.02), 
as well as a positive exposure–response rela-
tionship for TCAA (aOR range, 1.47–3.45) 
(Table 4). aORs consistent in magnitude 
were detected for ASDs and bromoform 
(aOR = 1.56; 95% CI: 1.01, 2.43), DBCM 
(aOR = 1.26; 95% CI: 0.81, 1.97), and for 
each THM4 (aOR range, 1.28–1.59) and 
chloroform quintile (aOR range, 1.38–1.67).

Consistent elevated aORs were detected 
for VSDs and every DBP metric except chlo-
roform, TCAA, and HAA5 (Table 4). aORs 
were comparable between VSDs and each 
THM4 (aOR range, 1.39–1.77) and DBP9 
(aOR range, 1.33–1.70) quintile. Although 
not statistically significant, aORs smaller in 
magnitude were noted between VSDs and 
the highest BDCM tertile (aOR = 1.21; 
95% CI: 0.79, 1.85), the upper THMBr 
quintile (aOR = 1.34; 95% CI: 0.73, 2.46), 
and the upper DCAA quartiles (aOR = 1.18; 
95% CI: 0.65, 2.14). �e strongest associa-
tions for VSDs and brominated DBPs were 
found for bromoform (aOR = 1.85; 95% CI: 
1.20, 2.83), MBAA (aOR = 1.81; 95% CI: 
0.85, 3.84), and DBCM (aOR = 1.54; 
95% CI: 1.00, 2.37).

When we examined the most consis-
tent associations (i.e., TOF and VSDs) for 

potential effect measure modification by 
infant sex, no discernible patterns were seen 
between HAA5 quintiles and TOF. Larger 
aORs were detected among females for TOF 
and DCAA, whereas males had higher aORs 
for TCAA exposures (see Table S2). The 
aORs for MBAA and VSDs were three times 
higher among males, with smaller increases 
detected among males for bromoform, 
DBCM, and MCAA (see Table S3). aORs 
for the remaining DBP measures (DBP9, 
THM4, THMBr, BDCM, and chloroform) 
were considerably larger among females, 
including some relationships that were largely 
null for VSDs in the main analysis (e.g., 
BDCM and chloroform).

Discussion

Unlike a recent study and meta-analysis, 
we did not see any evidence for associations 
between first-trimester THM4 exposures and 
the All CVD group (Grazuleviciene et al. 
2013; Nieuwenhuijsen et al. 2009). The 
strongest association that we detected for indi-
vidual DBPs and All CVD was for dichoto-
mized bromoform exposures > 0.26 µg/L 
(aOR = 1.43; 95% CI: 1.10, 1.86). This 
is higher than that of the only other study 
published to date to examine bromoform by 
Nieuwenhuijsen et al. (2008), who found 
an aOR of 1.18 (95% CI: 1.00, 1.39) for a 
subset of etiologically similar cardiac defects 
and bromoform levels ≥ 4 µg/L (vs. < 2 µg/L). 
Given that CVDs are a heterogeneous group 
of outcomes with different underlying mecha-
nisms and etiologies, our primary focus was 
to examine individual CVDs and etiologically 
relevant groups in relation to DBPs.

We detected positive exposure–response 
relationships between TCAA exposure and 
pulmonary stenosis. �e strongest associations 
that we detected were for the conotruncal 
defects including TGA and TOF, although 
the only statistically significant association 
for TGA was detected for bromoform expo-
sures (aOR = 2.42; 95% CI: 1.12, 5.23). 

Stronger associations were detected between 
TOF and the upper exposure categories for 
TCAA, DCAA, and HAA5 (aOR range, 
3.34–6.51) including exposure–response 
relationships for DCAA and HAA5. These 
findings are consistent with animal data 
showing CVDs following TCAA and DCAA 
exposures (Epstein et al. 1992; Johnson et al. 
1998; Smith et al. 1989, 1992). The only 
epidemiological study of DBPs to examine 
conotruncal defects as a group saw some 
suggestion of increased risk only for THM4 
exposures (aOR = 1.5; 95% CI: 0.67, 3.50 
for 50–74 vs. 0 µg/L), although they did not 
have sufficient data to examine bromoform or 
HAA exposures (Shaw et al. 2003). A study 
in Norway examined TOF and THM4, but 
their data were hampered by very small cell 
sizes and a limited exposure contrast (Hwang 
et al. 2008). We also detected elevated 
aORs for ASDs and bromoform exposures 
(aOR = 1.56; 95% CI: 1.01, 2.43) and across 
every chloroform quintile (aOR range, 1.38–
1.67). The magnitude of these associations 
are consistent with the only other study to 
examine ASDs, although that study was based 
on very small sample sizes across THM4 
quartiles (Hwang et al. 2008).

Similar to a meta-analysis (OR = 1.59, 
95% CI: 1.21, 2.07) by Nieuwenhuijsen 
et al. (2009), we found consistently elevated 
aORs (aOR range, 1.39–1.77) for VSD across 
all exposure THM4 quintiles (beginning at 
concentrations of 23.05 µg/L) with an aOR 
of 1.57 (95% CI: 0.70, 3.53) for high THM4 
exposures (> 65.27 vs. ≤ 23.05 µg/L). In 
concordance with two previous VSD studies 
that evaluated THM4 exposures in the United 
Kingdom (aOR = 1.43; 95% CI: 1.0, 2.04 for 
> 60 vs. < 30 µg/L) and Norway (aOR = 1.81; 
0.98–3.35 for > 20 vs. ≤ 4 µg/L), our studies 
add to the consistency reported in epidemio-
logical studies of THMs and VSDs published 
to date (Hwang et al. 2008; Nieuwenhuijsen 
et al. 2008). We also saw consistent evidence 
of associations between VSD and various 

Table 2. First-trimester disinfection by-product (DBP) (μg/L) exposure levels for the study population.

DBP metric Mean ± SD 25th % 50th % 75th % 90th % 95th % Maximum

DBP9 65.07 ± 36.49 44.14 69.57 92.14 107.8 117.03 181.59
THM4 42.67 ± 24.05 29.26 44.53 61.37 72.71 76.63 125.32
THMBr 8.28 ± 6.51 4.75 6.75 10.17 17.87 21.20 42.48
Chloroform 34.39 ± 21.56 17.38 36.07 51.03 62.65 67.15 98.99
BDCM 6.85 ± 5.05 4.47 6.12 8.36 13.04 16.35 37.38
DBCM 1.32 ± 2.01 0.00 0.56 1.57 3.97 5.98 14.53
Bromoform 0.12 ± 0.46 0.00 0.00 0.00 0.26 0.86 7.06
HAA5 22.40 ± 14.89 11.34 22.38 31.18 42.52 47.49 100.00
TCAA 11.53 ± 8.42 5.40 11.01 16.30 22.16 26.37 73.39
DCAA 9.90 ± 6.61 5.30 10.38 13.67 18.61 21.29 38.89
MCAA 0.83 ± 3.05 0.00 0.05 0.84 1.53 2.13 62.39
DBAA 0.17 ± 0.70 0.00 0.00 0.00 0.47 1.06 21.78
MBAA 0.02 ± 0.26 0.00 0.00 0.00 0.00 0.00 10.63

Note: %, percentile; DBP9, sum of chloroform, bromodichloromethane (BDCM), dibromochloromethane (DBCM), 
bromoform, monochloroacetic acid (MCAA), dichloroacetic acid (DCAA), trichloroacetic acid (TCAA), monobromoacetic 
acid (MBAA), and dibromoacetic acid (DBAA); HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; THM4, sum of 
chloroform, BDCM, DBCM, and bromoform; THMBr, sum of BDCM, DBCM, and bromoform.
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brominated DBP exposure metrics, with 
the strongest associations noted for bromo-
form, MBAA, and DBCM (aOR range; 
1.54–1.85). The bromoform (aOR = 1.85; 
95% CI: 1.20, 2.83) and VSD associations 
are stronger than those of the only study to 

examine bromoform exposures (aOR = 1.27; 
95% CI: 0.89, 1.82) in relation to isolated 
VSDs (Nieuwenhuijsen et al. 2008). In our 
study, bromoform was consistently associated 
with elevated aORs for all the individual and 
group CVDs examined. �ese findings help 

inform the specificity of reported associations 
with DBPs and may explain some of the 
consistent results noted in previous studies for 
THM4 exposures.

A key study strength was our ability to 
evaluate numerous individual and summary 

Table 3. Adjusted odds ratios (aORs) between disinfection by-product (DBP) exposures and congenital anomalies of the heart and circulatory system (All CVD), 
conotruncal heart defects, transposition of the great arteries (TGA), and tetralogy of Fallot (TOF).

DBP metrics (μg/L)a
All CVDc Conotruncald TGAe TOFf

Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI)

THM4g

> 23.05–38.05 184 1.04 (0.72, 1.51) 37 0.96 (0.43, 2.14) 21 1.70 (0.58, 4.95) 17 0.32 (0.10, 1.05)
> 38.05–50.41 188 1.02 (0.67, 1.54) 45 1.19 (0.50, 2.82) 26 1.87 (0.57, 6.08) 19 0.51 (0.15, 1.74)
> 50.41–65.27 192 1.04 (0.67, 1.62) 32 0.68 (0.27, 1.74) 13 1.02 (0.28, 3.82) 19 0.31 (0.08, 1.21)
> 65.27–125.32 167 0.81 (0.51, 1.31) 31 0.50 (0.17, 1.48) 15 0.81 (0.17, 3.84) 16 0.19 (0.04, 0.88)

THMBrg

> 4.17–6.04 173 0.99 (0.65, 1.51) 39 0.72 (0.32, 1.60) 14 0.45 (0.13, 1.61) 25 1.00 (0.34, 2.98)
> 6.04–7.80 195 1.05 (0.71, 1.55) 39 0.60 (0.27, 1.30) 26 0.98 (0.35, 2.74) 12 0.23 (0.06, 0.91)
> 7.80–11.51 176 0.97 (0.66, 1.42) 32 0.47 (0.21, 1.02) 14 0.49 (0.16, 1.49) 18 0.45 (0.14, 1.39)
> 11.51–42.48 188 1.02 (0.71, 1.46) 34 0.39 (0.19, 0.80) 19 0.55 (0.20, 1.51) 16 0.26 (0.09, 0.76)

Chloroformg

> 12.07–29.99 181 1.05 (0.73, 1.50) 33 1.22 (0.56, 2.65) 19 1.49 (0.53, 4.24) 14 0.50 (0.16, 1.53)
> 29.99–42.17 197 1.03 (0.68, 1.55) 46 1.46 (0.62, 3.47) 25 1.69 (0.52, 5.50) 21 0.76 (0.22, 2.69)
> 42.17–55.41 184 0.94 (0.60, 1.47) 37 1.42 (0.53, 3.79) 15 1.28 (0.33, 4.95) 22 0.81 (0.20, 3.29)
> 55.41–98.99 167 0.77 (0.47, 1.25) 29 0.63 (0.21, 1.93) 15 0.55 (0.11, 2.83) 14 0.33 (0.07, 1.64)

Bromodichloromethane (BDCM)g

> 4.95–7.55 325 0.97 (0.73, 1.28) 61 0.73 (0.40, 1.34) 36 0.83 (0.37, 1.86) 24 0.49 (0.19, 1.24)
> 7.55–37.38 286 0.93 (0.72, 1.19) 51 0.49 (0.29, 0.82) 24 0.57 (0.27, 1.22) 28 0.38 (0.17, 0.82)

Dibromochloromethane (DBCM)g

> 3.93–14.53 87 1.01 (0.77, 1.33) 16 0.68 (0.36, 1.29) 10 1.01 (0.43, 2.39) 7 0.54 (0.20, 1.41)
Bromoformg

> 0.26–7.06 109 1.43 (1.10, 1.86) 25 1.30 (0.72, 2.33) 16 2.42 (1.12, 5.23) 10 1.14 (0.45, 2.87)
HAA5h

> 8.17–19.33 160 0.99 (0.69, 1.42) 38 1.18 (0.53, 2.66) 17 0.86 (0.28, 2.64) 21 2.13 (0.53, 8.65)
> 19.33–25.79 219 1.42 (0.95, 2.12) 49 3.19 (1.29, 7.89) 29  4.54 (1.26, 16.41) 21 4.98 (1.02, 24.35)
> 25.79–33.97 172 1.35 (0.87, 2.10) 37  3.76 (1.38, 10.24) 19  4.26 (1.02, 17.87) 17 5.88 (1.06, 32.57)
> 33.97–100.00 174 1.18 (0.75, 1.86) 24 1.77 (0.63, 4.97) 9 1.10 (0.23, 5.37) 16 6.51 (1.23, 34.59)

Trichloroacetic acid (TCAA)h

> 5.23–11.09 234 1.17 (0.86, 1.60) 59 2.09 (1.02, 4.29) 30 1.38 (0.53, 3.56) 28 2.72 (0.91, 8.13)
> 11.09–16.38 237 1.11 (0.76, 1.62) 44 2.13 (0.89, 5.14) 22 1.39 (0.40, 4.80) 22 4.30 (1.09, 16.88)
> 16.38–73.39 208 1.03 (0.69, 1.55) 36 1.95 (0.77, 4.92) 18 1.07 (0.29, 3.86) 19 3.89 (0.97, 15.66)

Dichloroacetic acid (DCAA)h

> 5.18–10.44 219 1.04 (0.78, 1.40) 48 1.07 (0.57, 2.04) 27 0.96 (0.41, 2.23) 22 1.39 (0.50, 3.88)
> 10.44–13.85 241 1.21 (0.86, 1.70) 52 1.60 (0.76, 3.36) 28 1.21 (0.43, 3.41) 24 3.08 (0.92, 10.34)
> 13.85–38.89 220 1.23 (0.85, 1.78) 34 1.16 (0.50, 2.70) 12 0.50 (0.14, 1.77) 21 3.34 (0.90, 12.43)

Monochloroacetic acid (MCAA)h

> 1.53–62.39 84 1.06 (0.80, 1.40) 9 0.85 (0.41, 1.77) 6 1.10 (0.43, 2.77) 4 0.83 (0.27, 2.54)
Monobromoacetic acid (MBAA)h

> 0.04–10.63 24 1.17 (0.66, 2.07) 4 0.77 (0.17, 3.48) 1 0.47 (0.06, 3.97) 3 0.80 (0.08, 7.48)
Dibromoacetic acid (DBAA)h

> 0.47–21.78 73 0.81 (0.61, 1.08) 19 0.72 (0.39, 1.33) 11 0.96 (0.41, 2.26) 7 0.59 (0.23, 1.54)
DBP9

> 33.07–59.95 187 1.37 (0.95, 1.97) 37 1.11 (0.52, 2.37) 21 1.22 (0.45, 3.31) 17 0.80 (0.24, 2.63)
> 59.95–79.13 196 1.30 (0.87, 1.92) 49 1.12 (0.51, 2.49) 24 0.87 (0.29, 2.61) 24 1.15 (0.32, 4.08)
> 79.13–97.67 194 1.37 (0.92, 2.05) 36 1.23 (0.54, 2.78) 19 1.02 (0.34, 3.11) 18 1.39 (0.39, 5.01)
> 97.67–181.59 160 0.96 (0.63, 1.46) 24 0.36 (0.14, 0.95) 10 0.08 (0.01, 0.46) 14 0.94 (0.23, 3.79)

Note: CI, confidence interval; DBP9, sum of chloroform, BDCM, DBCM, bromoform, MCAA, DCAA, TCAA, MBAA, and DBAA; HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; 
THM4, sum of chloroform, BDCM, DBCM, and bromoform; THMBr, sum of BDCM, DBCM, and bromoform. 
aFor each DBP metric, the referent for each model includes exposure scores of zero up to the lower bound of the lowest exposure category.
bThe numbers represent the case distribution across exposure groups before modeling.
cModels adjusted for the type of water source and treatment, infant birth weight, town-level income quartile, number of prenatal care visits (< 9, 9–11, 12, 13–15, > 15), health index 
(gestational diabetes, non-gestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal reproductive risk factors.
dModels adjusted for the type of water source and treatment, health index (gestational diabetes, non-gestational diabetes, chronic hypertension, gestational hypertension, and 
hydramnios/oligohydramnios), and other maternal reproductive risk factors.
eModels adjusted for the type of water source and treatment, number of prenatal care visits (< 9, 9–11, 12, 13–15, > 15), ZIP code–level income quartile, trimester prenatal care began 
(first, after first), health index (gestational diabetes, nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal 
reproductive risk factors.
fModels adjusted for the type of water source and treatment, infant birth weight, ZIP code–level income quartile, trimester prenatal care began (first, after first), health index (gesta-
tional diabetes, nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal reproductive risk factors.
gModels also include adjustment for HAA5 concentrations.
hModels also include adjustment for THM4 concentrations.
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DBP exposure metrics, because the limitation 
of examining THM4 and other surrogates 
is well established. This is the first study of 
CVDs to assess alternative DBP mixture 
surrogates including HAA5 and DBP9. 
The large sample size and sufficient DBP 
exposure gradients also enabled examination 
of individual birth defects in relation to low-
exposure referents for various DBP metrics. 
Statistical power was limited for some less 
prevalent DBP metrics (e.g., MCAA and 
MBAA) and the rarest CVDs such as TGA 
and TOF; this may have precluded detection 
of statistically significant associations small 
in magnitude as well as exposure–response 
relationships. Although we acknowledge that 
some of the results for different CVD and 
DBP combinations that were examined may 
be due to chance, our study does help address 
specificity of causal associations that have 
been identified in the toxicological literature.

Based on the extensive number of avail-
able covariates, we adjusted for various 
confounders including strong maternal risk 
factors for CVDs as well as other exposures 
related to DBPs, such as water source and 
disinfection type. �is is also the first birth 
defect study to develop multi-pollutant 
models to examine potential confounding by 
other DBP exposures. We used a matched 
case–control study design to increase statis-
tical efficiency and to control for time-varying 
confounding. An additional strength of our 
population-based case–control study is the 
low risk of selection bias, because the cases 
and controls were both drawn from the 
same study base of all underlying births in 
Massachusetts. We also saw no evidence to 
suggest that the CVD cases that were not 
included due to missing data or other exclu-
sion factors were disproportionately exposed 
to higher or lower DBP concentrations in 
drinking water.

One of the main limitations in many 
epidemiological studies of DBPs is the lack 
of individual-level exposure data which may 
better reflect internal dose. We relied on 
routinely monitored data that were collected 
at least quarterly for all water systems. 
Given the known seasonality detected for 
some DBPs such as the THMs, quarterly 
measures may not fully capture the extent 
of temporal variability that may influence 
exposure estimates. For example, the critical 
in utero exposure period for many of the 
CVDs is during the 3rd through 8th weeks 
of gestation, but we did not have samples that 
corresponded exactly with that time period. 
�us, our use of first-trimester average DBP 
exposure may result in exposure misclassifica-
tion, which we would expect to be nondif-
ferential in nature. Residential mobility may 
also lead to exposure misclassification if the 
address reported at birth differed from the 

first-trimester residence. A review of 14 envi-
ronmental epidemiological studies of preg-
nancy outcomes showed that most moves 
occurred during the second trimester among 

the 9–32% of pregnant women who reported 
moving residence (Bell and Belanger 2012). 
Previous research has shown that these moves 
are often short in distance, with only 8% of 

Table 4. Adjusted odds ratios (aORs) between disinfection by-product (DBP) exposures and atrial septal 
defects (ASDs), ventricular septal defects (VSDs), and pulmonary stenosis (PS).

DBP metrics (μg/L)a
ASDc VSDd PSe

Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI) Casesb (n) aOR (95% CI)

THM4f

> 23.05–38.05 78 1.31 (0.70, 2.46) 61 1.39 (0.72, 2.69) 24 0.61 (0.23, 1.61)
> 38.05–50.41 72 1.34 (0.67, 2.66) 80 1.77 (0.87, 3.59) 26 0.70 (0.24, 2.04)
> 50.41–65.27 86 1.59 (0.77, 3.26) 73 1.70 (0.80, 3.63) 18 0.35 (0.11, 1.19)
> 65.27–125.32 67 1.28 (0.58, 2.84) 58 1.57 (0.70, 3.53) 24 0.49 (0.14, 1.75)

THMBrf

> 4.17–6.04 78 0.73 (0.35, 1.52) 56 0.81 (0.39, 1.68) 21 0.84 (0.27, 2.63)
> 6.04–7.80 83 1.10 (0.58, 2.09) 73 0.79 (0.41, 1.55) 25 0.65 (0.24, 1.77)
> 7.80–11.51 67 0.99 (0.53, 1.88) 55 0.89 (0.47, 1.69) 24 0.46 (0.16, 1.29)
> 11.51–42.48 76 1.14 (0.63, 2.06) 82 1.34 (0.73, 2.46) 25 0.91 (0.36, 2.29)

Chloroformf

> 12.07–29.99 75 1.38 (0.73, 2.60) 61 1.05 (0.58, 1.90) 27 0.74 (0.29, 1.89)
> 29.99–42.17 86 1.67 (0.83, 3.38) 74 0.86 (0.43, 1.72) 28 0.73 (0.24, 2.27)
> 42.17–55.41 76 1.50 (0.69, 3.26) 75 1.00 (0.47, 2.12) 19 0.40 (0.12, 1.40)
> 55.41–98.99 68 1.42 (0.61, 3.27) 57 0.79 (0.35, 1.80) 20 0.37 (0.10, 1.44)

Bromodichloromethane (BDCM)f

> 4.95–7.55 139 1.19 (0.75, 1.90) 112 0.81 (0.50, 1.31) 39 0.59 (0.29, 1.23)
> 7.55–37.38 111 1.13 (0.74, 1.72) 116 1.21 (0.79, 1.85) 37 0.69 (0.35, 1.37)

Dibromochloromethane (DBCM)f

> 3.93–14.53 36 1.26 (0.81, 1.97) 40 1.54 (1.00, 2.37) 10 0.96 (0.41, 2.25)
Bromoformf

> 0.26–7.06 46 1.56 (1.01, 2.43) 43 1.85 (1.20, 2.83) 20 2.66 (1.30, 5.43)
HAA5g

> 8.17–19.33 61 0.50 (0.28, 0.90) 50 0.66 (0.37, 1.20) 20 0.72 (0.26, 1.98)
> 19.33–25.79 103 0.91 (0.48, 1.74) 74 1.00 (0.51, 1.94) 29 1.34 (0.42, 4.26)
> 25.79–33.97 65 0.63 (0.31, 1.29) 63 1.01 (0.49, 2.08) 24 1.48 (0.41, 5.36)
> 33.97–100.00 65 0.41 (0.19, 0.86) 78 1.02 (0.49, 2.12) 21 1.06 (0.28, 4.06)

Trichloroacetic acid (TCAA)g

> 5.23–11.09 100 0.69 (0.42, 1.15) 81 0.90 (0.55, 1.50) 29 1.47 (0.57, 3.74)
> 11.09–16.38 97 0.58 (0.31, 1.09) 83 0.81 (0.44, 1.51) 32 2.48 (0.82, 7.46)
> 16.38–73.39 79 0.36 (0.18, 0.70) 86 0.79 (0.41, 1.50) 29 3.45 (1.04, 11.39)

Dichloroacetic acid (DCAA)g

> 5.18–10.44 85 0.78 (0.48, 1.28) 72 0.84 (0.51, 1.39) 23 0.93 (0.38, 2.26)
> 10.44–13.85 103 0.88 (0.50, 1.54) 92 1.28 (0.72, 2.25) 40 2.02 (0.74, 5.50)
> 13.85–38.89 89 0.75 (0.41, 1.37) 88 1.18 (0.65, 2.14) 27 1.65 (0.52, 5.22)

Monochloroacetic acid (MCAA)g

> 1.53–62.39 31 1.08 (0.67, 1.73) 35 1.27 (0.81, 1.97) 7 0.49 (0.20, 1.19)
Monobromoacetic acid (MBAA)g

> 0.04–10.63 8 1.17 (0.49, 2.77) 13 1.81 (0.85, 3.84) 1 0.66 (0.08, 5.13)
Dibromoacetic acid (DBAA)g

> 0.47–21.78 27 0.81 (0.50, 1.32) 28 1.00 (0.63, 1.61) 7 0.38 (0.14, 1.02)
DBP9

> 33.07–59.95 76 1.12 (0.61, 2.08) 58 1.33 (0.71, 2.48) 26 1.12 (0.42, 2.99)
> 59.95–79.13 87 1.46 (0.77, 2.77) 79 1.70 (0.88, 3.26) 26 1.02 (0.35, 2.96)
> 79.13–97.67 84 1.37 (0.71, 2.64) 71 1.64 (0.83, 3.26) 19 0.63 (0.21, 1.93)
> 97.67–181.59 58 0.67 (0.33, 1.35) 63 1.48 (0.73, 2.98) 24 0.79 (0.25, 2.49)

Note: CI, confidence interval; DBP9, sum of chloroform, BDCM, DBCM, bromoform, MCAA, DCAA, TCAA, MBAA, and 
DBAA; HAA5, sum of MCAA, DCAA, TCAA, MBAA, and DBAA; THM4, sum of chloroform, BDCM, DBCM, and bromoform; 
THMBr, sum of BDCM, DBCM, and bromoform. 
aFor each DBP metric, the referent for each model includes exposure scores of zero up to the lower bound of the lowest 
exposure category.
bThe numbers represent the case distribution across exposure groups before modeling.
cModels adjusted for the type of water source and treatment, infant birth weight, health index (gestational diabetes, 
nongestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other 
maternal reproductive risk factors.
dModels adjusted for the type of water source and treatment, maternal marital status (married, including within 300 days 
before birth; not married), maternal education category, maternal race category, health index (gestational diabetes, 
non-gestational diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other 
maternal reproductive risk factors.
eModels adjusted for the type of water source and treatment, ZIP code–level income quartile, trimester prenatal care 
began (first, after first), category of prenatal care source payment, health index (gestational diabetes, nongestational 
diabetes, chronic hypertension, gestational hypertension, and hydramnios/oligohydramnios), and other maternal repro-
ductive risk factors. 
fModels also include adjustment for HAA5 concentrations.
gModels also include adjustment for THM4 concentrations.
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cases moving to a different county during 
the pregnancy (Bell and Belanger 2012; 
Khoury et al. 1988). �is suggests that most 
moves during pregnancy often occur to resi-
dences that rely on the same water system. 
�e impact of mobility on our study results 
is difficult to determine, but a previous study 
of DBPs and neural-tube defects reported 
stronger associations among mothers with 
confirmed residences at conception compared 
with the overall population of confirmed 
and unconfirmed residences (Klotz and 
Pyrch 1999).

In addition to uncaptured temporal 
variability, measurement error may result in 
exposure misclassification from the use of 
town-average DBP estimates to estimate indi-
vidual exposures, because they do not include 
information on inter- and intraindividual vari-
ability in water use patterns. Town-average 
DBP concentrations from different sampling 
locations in water systems with considerable 
spatial variability may also not fully reflect 
residential values, although we are confi-
dent that our exposure assessment should 
largely capture relative categorical rankings 
of overall DBP exposures via drinking water. 
Nonetheless, we recognize that these poten-
tial sources of measurement error can lead to 
exposure misclassification, which may bias 
our results and distort any exposure–response 
 relationships that may exist.

Massachusetts maintains an active state-
wide, population-based birth defect registry 
system to track birth defects in the 1st year 
following pregnancy. Therefore, we would 
expect minimal case underascertainment to 
have occurred for CVDs that occur up to 
1 year, but are less certain about defects that 
are detected predominantly beyond the first 
year. There is some potential for outcome 
misclassification due to measurement error 
from the use of the ICD-9 codes (Cronk et al. 
2003; Holmes and Westgate 2012; Strickland 
et al. 2008). Inaccuracies attendant with the 
use of ICD-9 codes can vary substantially 
by birth defect subtype and can lead to false 
positives and false negatives. ICD-9 codes 
have been shown to be good at classifying 
certain heart defects, such as TOF (100%), 
coarctation of the aorta (100%), and VSD 
(84%), whereas others such as ASDs (50%) 
and patent ductus arteriosus (22%) are less 
accurate (Frohnert et al. 2005). Other studies 
have also reported variability in false positive 
rates from 2% for TOF to 49% for TGA 
(Strickland et al. 2008). Some less severe 
cardiac defects, such as small holes in the 
heart (e.g., ASDs or VSDs), may spontane-
ously close or repair themselves during preg-
nancy or shortly after birth. Such defects may 
in fact go undetected, so our study popula-
tion may be capturing fewer minor defects in 
general. We conducted a sensitivity analysis 

of the All CVD category excluding patent 
ductus arteriosus which, as noted above, is 
prone to misclassification. Following this 
restriction, comparable results were detected 
for bromoform and DCAA, with larger 
aORs found for the highest HAA5 exposure 
category (1.53 vs. 1.18) (see Table S4).

As with other epidemiological studies 
based on birth records, we cannot gauge the 
extent to which elective pregnancy termina-
tions may be related to the prevalence of birth 
defects among aborted fetuses. Although 
elective terminations can result in underas-
certainment of cases detected at birth based 
on vital records data, CVDs are not often the 
medical reason why abortions are pursued. 
For example, the reported elective termina-
tion rate when detected prenatally is < 5% for 
ASDs, VSDs, TGA, and TOF (Boldt et al. 
2002; Ethen and Canfield 2002; Papp et al. 
1995; Stoll et al. 1993; Wren et al. 2000). 
Because our study population comprises only 
live births, we may not be capturing all birth 
defect cases in this population, including 
those that resulted in miscarriages. However, 
many CVDs, such as ASDs, often occur 
among live births (Botto et al. 2001; Forrester 
and Merz 2004; Garne et al. 2001).

CVDs are often idiopathic and likely 
involve multiple etiological factors including 
genetics, lifestyle factors, and other envi-
ronmental determinants. We minimized 
the potential for false-positive associations 
between DBPs and CVDs through exclu-
sion of chromosomal abnormalities which 
resulted in a more homogenous study popu-
lation. We also minimized the influence 
of known cardiac birth defects risk factors 
such as rubella by use of statistical adjust-
ment in the confounding analysis. CVDs also 
represent a wide range of types of malforma-
tions, some of which are simple or complex 
in nature. Complex CVDs, such as TOF, 
include a combination of CVDs diagnosed 
together. Because they may obscure some 
of the relationships that were examined 
for individual defects, we also conducted a 
sensitivity analysis to examine the impact of 
multiple birth defects. �e sensitivity analysis 
was limited to CVDs with the strongest and 
most consistent associations. The aORs for 
isolated VSDs were slightly lower for the 
individual DBPs such as bromoform (1.42 
vs. 1.85) and MBA (1.41 vs. 1.81), but 
were larger for the DBP mixture surrogates 
THM4 (2.74 vs. 1.57) and DBP9 (2.14 vs. 
1.48) (see Table S5). In contrast to the main 
analysis, a positive exposure–response rela-
tionship for VSDs was detected for THM4 
with consistent associations in the upper 
three quintiles (aOR range, 2.41–2.74). �e 
associations for TOF were even stronger in 
magnitude for isolated TOF cases, where the 
aORs were from two to three times larger for 

the highest DCAA quartile (11.11 vs. 3.34), 
TCAA quartile (9.17 vs 3.89), and the HAA5 
quintile (12.37 vs. 6.51) (see Table S6).

As noted earlier, we were able to evaluate 
numerous risk factors for birth defects 
from the comprehensive information avail-
able from the birth records. The reliance 
on birth record data, however, may limit 
the ability to fully consider some potential 
confounders such as vitamin use, body mass 
index (BMI), alcohol use, passive smoking, 
and other socioeconomic indicators. Alcohol 
consumption, for example, is an important 
risk factor for some birth defects, but the 
Massachusetts Department of Public Health 
had advised that the birth data on maternal 
alcohol consumption are considered of poor 
quality and of questionable validity. Thus, 
we did not include maternal alcohol use in 
the analyses. �is is in contrast to reported 
smoking during pregnancy, which we have 
much more confidence in given that we 
previously demonstrated strong relationships 
between maternal cigarette use during preg-
nancy and different fetal growth measures 
(Rivera-Núñez and Wright 2013; Wright 
et al. 2004). Previous research also indi-
cates good agreement with cotinine levels 
and self-reported maternal cigarette use 
during pregnancy (Searles Nielsen et al. 
2014). Although we did not have reliable 
data for some potential CVD risk factors 
such as maternal alcohol use and prepreg-
nancy BMI, we do not expect these to be 
strongly associated with DBP exposures in 
our study. If present at all, any bias would 
likely result in negative confounding if 
DBP exposures and alcohol consumption 
are inversely associated. �erefore, we would 
expect any residual confounding from 
this and other inversely associated covari-
ates, such as obesity and BMI, to attenuate 
observed associations toward the null if they 
are not adjusted for or addressed in the study 
design phase. In addition, we did have data 
on maternal weight gain during pregnancy, 
which is likely related to obesity, BMI, and 
healthful behaviors during pregnancy. �us, 
statistical adjustment for weight gain may 
indirectly control for some of the potential 
confounding from maternal BMI.

We adjusted for income in most of the 
logistic regression models, because we saw 
fairly consistent evidence of confounding by 
aggregate income levels based on census data 
for towns, census tracts, or ZIP codes. Because 
individual-level income data was not avail-
able, we recognize that residual confounding 
is possible if the aggregate measures resulted 
in misclassification. However, we saw little 
evidence of confounding by a socioeconomic 
index that combined aggregate and individual-
level data, and our previous study found little 
evidence that aggregate socioeconomic indices 



Wright et al.

276 VOLUME 125 | NUMBER 2 | February 2017 • Environmental Health Perspectives

were associated with DBP concentrations in 
Massachusetts public drinking water systems 
(Evans et al. 2013). Given this and our exten-
sive confounding analysis including adjust-
ment for other individual-level correlates of 
socioeconomic status (e.g., education, marital 
status, prenatal care source of payment), we 
would suspect that any potential residual 
confounding by income would have minimal 
impact on our results.

Although many of our results were null, 
we found consistent results for bromoform 
and every cardiac birth defect that was 
examined as well as increased risks for VSDs 
and different DBPs. Toxicological evidence 
lends credence to our study findings given 
that dose-dependent VSDs and conotruncal 
defects have been shown in rats following 
DCAA and TCAA exposures (Epstein et al. 
1992; Johnson et al. 1998; Smith et al. 1989, 
1992). Bromochloroacetonitrile has also been 
reported to cause CVDs in rats (Christ et al. 
1995), but the haloacetonitriles have yet to be 
examined in an epidemiological study. This 
may be important given that bromochloro-
acetonitrile was shown to be highly correlated 
with some DBPs such as haloacetamides and 
the trihaloacetic acids (e.g., TCAA) in a study 
from the United Kingdom (Bond et al. 2015). 
Despite some findings that appear concordant 
with existing epidemiological and toxicological 
studies, more research is needed to further 
elucidate which DBPs or DBP mixtures 
may be responsible for the epidemiological 
 associations reported to date.

Conclusions

�is is the first epidemiological study of birth 
defects and DBPs to examine several indi-
vidual CVDs, different exposure surrogate 
mixtures (THM4, THMBr, HAA5, and 
DBP9), and various individual DBP species. 
Future analyses of CVDs and DBPs should 
expand upon this research and focus efforts 
to reduce exposure misclassification due to 
spatial and temporal variability including 
evaluation of smaller critical exposure 
windows and peak exposures. This may 
require more frequent distribution system 
sampling or temporal modeling/interpolation 
approaches using existing data. Residential-
level sampling or more spatially representative 
exposure estimates (e.g., geographic informa-
tion system–based approaches) would also 
help address spatial variability concerns.

There are fairly consistent results from 
epidemiological and toxicological studies 
for associations between DBP exposures 
and increased risk of some CVDs, espe-
cially VSDs. Because our study is only the 
second one to evaluate exposure to bromi-
nated DBPs, it adds some specificity to the 
potential risks that have been previously 
noted for THM4. However, further clarity 

on which of the co-occurring DBP species 
(or mixture combinations) to sample for and 
analyze is still needed and may benefit from 
additional toxicological studies and exposure 
assessment research. Given the ubiquitous 
nature of DBPs in treated drinking water, 
our findings have potential important public 
health ramifications. �us, further delineation 
of the potential impact of in utero exposure to 
environmental teratogens would help inform 
intervention efforts to reduce exposures 
during critical windows of pregnancy.
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Νοτε το ρεαδερσ ωιτη δισαβιλιτιεσ: ΕΗΠ στριϖεσ το ενσυρε τηατ αλλ ϕουρναλ χοντεντ ισ αχχεσσιβλε το αλλ 

ρεαδερσ. Ηοωεϖερ, σοmε φιγυρεσ ανδ Συππλεmενταλ Ματεριαλ πυβλισηεδ ιν ΕΗΠ αρτιχλεσ mαψ νοτ χονφορm το 

508 στανδαρδσ δυε το τηε χοmπλεξιτψ οφ τηε ινφορmατιον βεινγ πρεσεντεδ. Ιφ ψου νεεδ ασσιστανχε αχχεσσινγ 

ϕουρναλ χοντεντ, πλεασε χονταχτ εηπ508≅νιεησ.νιη.γοϖ. Ουρ σταφφ ωιλλ ωορκ ωιτη ψου το ασσεσσ ανδ mεετ 

ψουρ αχχεσσιβιλιτψ νεεδσ ωιτηιν 3 ωορκινγ δαψσ. 

Συππλεmενταλ Ματεριαλ 

Dισινφεχτιον Βψ−Προδυχτ Εξποσυρεσ ανδ τηε Ρισκ οφ Σπεχιφιχ Χαρδιαχ 
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Ταβλε οφ Χοντεντσ 

Ταβλε Σ1. Σπεαρmαν Χορρελατιον Χοεφφιχιεντσ φορ Dισινφεχτιον Βψ−Προδυχτ Μετριχσ 

Ταβλε Σ2. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ ανδ 

Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ 

Ταβλε Σ3. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ ανδ 

ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ 

Ταβλε Σ4. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Αλλ Χαρδιοϖασχυλαρ Dεφεχτσ Εξχλυδινγ Πατεντ Dυχτυσ Αρτεριοσυσ  

Ταβλε Σ5. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Ισολατεδ ςεντριχυλαρ Σεπταλ Dεφεχτ Χασεσ 

Ταβλε Σ6. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ 

ανδ Ισολατεδ Τετραλογψ οφ Φαλλοτ Χασεσ 

  



Ταβλε Σ1.  Σπεαρmαν Χορρελατιον Χοεφφιχιεντσ φορ Dισινφεχτιον Βψ−Προδυχτ Μετριχσ 

  DΒΠ9 ΗΑΑ5 ΤΗΜ4 ΤΗΜΒρ ΒDΧΜ DΒΧΜ ΤΧΜ ΤΧΑΑ DΧΑΑ ΤΒΜ ΜΒΑΑ ΜΧΑΑ DΒΑΑ 

DΒΠ9 1.00             

ΗΑΑ5 0.90 1.00            

ΤΗΜ4 0.95 0.74 1.00           

ΤΗΜΒρ 0.40 0.25 0.50 1.00          

ΒDΧΜ 0.54 0.37 0.63 0.96 1.00         

DΒΧΜ 0.05 −0.05 0.13 0.85 0.72 1.00        

ΤΧΜ 0.94 0.76 0.97 0.33 0.47 −0.02 1.00       

ΤΧΑΑ 0.89 0.96 0.77 0.24 0.37 −0.08 0.79 1.00      

DΧΑΑ 0.84 0.93 0.70 0.23 0.34 −0.06 0.74 0.85 1.00     

ΤΒΜ −0.25 −0.28 −0.20 0.39 0.20 0.57 −0.30 −0.32 −0.28 1.00    

ΜΒΑΑ 0.03 0.04 0.02 0.03 0.03 0.04 0.02 0.04 0.02 0.03 1.00   

ΜΧΑΑ 0.50 0.57 0.42 0.26 0.30 0.07 0.42 0.46 0.55 −0.13 0.04 1.00  

DΒΑΑ −0.12 −0.09 −0.11 0.31 0.19 0.41 −0.18 −0.17 −0.07 0.54 0.15 0.01 1.00 

Νοτε: DΒΠ9 = συm οφ χηλοροφορm (ΤΧΜ), βροmοδιχηλοροmετηανε (ΒDΧΜ), διβροmοχηλοροmετηανε (DΒΧΜ), βροmοφορm (ΤΒΜ), 

mονοχηλοροαχετιχ αχιδ (ΜΧΑΑ), διχηλοροαχετιχ αχιδ (DΧΑΑ), τριχηλοροαχετιχ αχιδ (ΤΧΑΑ), βροmοαχετιχ αχιδ (ΜΒΑΑ), ανδ 

διβροmοαχετιχ αχιδ (DΒΑΑ); ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; ΤΗΜ4 = συm οφ ΤΧΜ, ΒDΧΜ, 

DΒΧΜ, ανδ ΤΒΜ; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, ανδ ΤΒΜ 

  



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β 

 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΤΗΜ4
χ
 

�23.05 15 ΡΕΦ  ΡΕΦ  ΡΕΦ  

>23.05�38.05  17 0.32 (0.10, 1.05) 1.52 (0.17, 13.13) 0.15 (0.01, 1.64) 

>38.05�50.41  19 0.51 (0.15, 1.74) 3.02 (0.30, 30.43) 0.16 (0.02, 1.47) 

>50.41�65.27  19 0.31 (0.08, 1.21) 1.53 (0.14, 16.62) 0.22 (0.02, 2.12) 

>65.27�125.32  16 0.19 (0.04, 0.88) 1.06 (0.09, 12.09) 0.05 (0.00, 0.72) 

ΤΗΜΒρ
χ
 

�4.17 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.17�6.04  25 1.00 (0.34, 2.98) 0.29 (0.04, 2.10) 5.21 (0.58, 46.62) 

>6.04�7.80  12 0.23 (0.06, 0.91) 0.19 (0.02, 1.81) 0.45 (0.03, 7.88) 

>7.80�11.51  18 0.45 (0.14, 1.39) 0.17 (0.02, 1.32) 1.64 (0.22, 12.36) 

>11.51�42.48  16 0.26 (0.09, 0.76) 0.27 (0.04, 1.83) 0.28 (0.03, 2.70) 

Χηλοροφορm
χ
 

�12.07 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>12.07�29.99  14 0.50 (0.16, 1.53) 1.06 (0.12, 9.48) 0.19 (0.02, 2.24) 

>29.99�42.17  21 0.76 (0.22, 2.69) 1.67 (0.17, 15.96) 0.23 (0.02, 3.32) 

>42.17�55.41  22 0.81 (0.20, 3.29) 1.91 (0.14, 26.80) 0.29 (0.02, 3.98) 

>55.41�98.99  14 0.33 (0.07, 1.64) 0.50 (0.03, 7.73) 0.06 (0.00, 1.46) 

Βροmοδιχηλοροmετηανε (ΒDΧΜ)
χ
 

�4.95 34 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.95�7.55  24 0.49 (0.19, 1.24) 0.73 (0.17, 3.09) 0.53 (0.10, 2.72) 

>7.55�37.38  28 0.38 (0.17, 0.82) 0.76 (0.24, 2.44) 0.30 (0.06, 1.40) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 79 ΡΕΦ ΡΕΦ ΡΕΦ 

>3.93�14.53  7 0.54 (0.20, 1.41) 0.34 (0.07, 1.55) 0.36 (0.05, 2.79) 

Βροmοφορm
χ
 

�0.26 76 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.26�7.06  10 1.14 (0.45, 2.87) 0.59 (0.15, 2.33) 3.00 (0.34, 26.50) 

  



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ Ποπυλατιον 

αΟΡ (95% ΧΙ)
β 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΗΑΑ5
δ
 

�8.17 11 ΡΕΦ ΡΕΦ ΡΕΦ 

>8.17�19.33  21 2.13 (0.53, 8.65) 2.59 (0.13, 50.10) 1.36 (0.11, 16.16) 

>19.33�25.79  21 4.98 (1.02, 24.35) 8.27 (0.25, 276.35) 6.14 (0.32, 118.72) 

>25.79�33.97  17 5.88 (1.06, 32.57) 2.95 (0.08, 114.41) 7.57 (0.30, 192.35) 

>33.97�100.00  16 6.51 (1.23, 34.59) 4.79 (0.16, 142.97) 2.97 (0.14, 62.87) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ)
δ
 

�5.23 15 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.23�11.09  28 2.72 (0.91, 8.13) 5.79 (0.60, 55.49) 3.35 (0.35, 32.18) 

>11.09�16.38  22 4.30 (1.09, 16.88) 6.82 (0.55, 83.94) 2.97 (0.20, 44.62) 

>16.38�73.39  19 3.89 (0.97, 15.66) 5.92 (0.51, 68.40) 2.25 (0.13, 39.31) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 17 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.18�10.44  22 1.39 (0.50, 3.88) 4.09 (0.52, 31.94) 0.87 (0.07, 11.29) 

>10.44�13.85  24 3.08 (0.92, 10.34) 2.31 (0.27, 19.90) 7.45 (0.34, 164.24) 

>13.85�38.89  21 3.34 (0.90, 12.43) 1.54 (0.11, 20.85) 26.35 (0.94, 737.88) 

Μονοχηλοροαχετιχ αχιδ (ΜΧΑΑ)
δ
 

�1.53 80 ΡΕΦ ΡΕΦ ΡΕΦ 

>1.53�62.39  4 0.83 (0.27, 2.54) 0.59 (0.09, 3.78) 0.47 (0.05, 4.67) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 81 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.04�10.63  3 0.80 (0.08, 7.48) 0.53 (0.01, 20.59) Ν/Ε 

Dιβροmοαχετιχ αχιδ (DΒΑΑ)
δ
 

�0.47 77 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.47�21.78  7 0.59 (0.23, 1.54) 0.64 (0.12, 3.38) 0.24 (0.03, 2.22) 



Ταβλε Σ2.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Τετραλογψ οφ Φαλλοτ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ Ποπυλατιον 

αΟΡ (95% ΧΙ)
β 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

DΒΠ9 

�33.07 13 ΡΕΦ ΡΕΦ ΡΕΦ 

>33.07�59.95 17 0.80 (0.24, 2.63) 1.70 (0.19, 14.97) 0.97 (0.09, 10.84) 

>59.95�79.13  24 1.15 (0.32, 4.08) 2.62 (0.31, 22.08) 2.95 (0.20, 42.62) 

>79.13�97.67  18 1.39 (0.39, 5.01) 4.25 (0.43, 42.28) 0.26 (0.02, 4.49) 

>97.67�181.59  14 0.94 (0.23, 3.79) 0.74 (0.07, 7.34) 0.55 (0.03, 9.92) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιοσ; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, ανδ 

βροmοφορm; Ν/Ε = νοτ εστιmαβλε; ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; 

DΒΠ9 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, βροmοφορm, ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε ΤΟΦ χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ ανδ 

στρατιφιχατιον. 
β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, ινφαντ βιρτη ωειγητ, ΖΙΠ χοδε−λεϖελ ινχοmε 

θυαρτιλε, τριmεστερ πρεναταλ χαρε βεγαν (φιρστ, αφτερ φιρστ), ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−

γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), 

ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ. 
χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ. 

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ3. Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) Εξποσυρεσ 

ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΤΗΜ4
χ
 

�23.05 62 ΡΕΦ ΡΕΦ ΡΕΦ 

>23.05�38.05  61 1.39 (0.72, 2.69) 1.85 (0.49, 6.93) 1.15 (0.49, 2.71) 

>38.05�50.41  80 1.77 (0.87, 3.59) 2.47 (0.60, 10.11) 1.69 (0.66, 4.34) 

>50.41�65.27  73 1.70 (0.80, 3.63) 1.93 (0.43, 8.62) 1.60 (0.59, 4.29) 

>65.27�125.32  58 1.57 (0.70, 3.53) 1.35 (0.29, 6.37) 2.08 (0.71, 6.12) 

ΤΗΜΒρ
χ
 

�4.17 67 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.17�6.04  56 0.81 (0.39, 1.68) 0.39 (0.12, 1.26) 1.70 (0.57, 5.04) 

>6.04�7.80  73 0.79 (0.41, 1.55) 0.48 (0.17, 1.38) 1.72 (0.63, 4.69) 

>7.80�11.51  55 0.89 (0.47, 1.69) 0.54 (0.20, 1.45) 1.96 (0.73, 5.23) 

>11.51�42.48  82 1.34 (0.73, 2.46) 0.96 (0.37, 2.46) 2.52 (0.99, 6.42) 

Χηλοροφορm
χ
 

�12.07 66 ΡΕΦ ΡΕΦ ΡΕΦ 

>12.07�29.99  61 1.05 (0.58, 1.90) 1.18 (0.38, 3.69) 1.06 (0.48, 2.34) 

>29.99�42.17  74 0.86 (0.43, 1.72) 0.79 (0.22, 2.88) 0.90 (0.34, 2.35) 

>42.17�55.41  75 1.00 (0.47, 2.12) 0.75 (0.18, 3.09) 1.04 (0.38, 2.84) 

>55.41�98.99  57 0.79 (0.35, 1.80) 0.32 (0.07, 1.43) 1.43 (0.48, 4.22) 

Βροmοδιχηλοροmετηανε (ΒDΧΜ)
χ
 

�4.95 105 ΡΕΦ ΡΕΦ ΡΕΦ 

>4.95�7.55  112 0.81 (0.50, 1.31) 0.76 (0.34, 1.71) 1.01 (0.51, 2.01) 

>7.55�37.38  116 1.21 (0.79, 1.85) 1.07 (0.53, 2.17) 1.51 (0.84, 2.70) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 293 ΡΕΦ ΡΕΦ ΡΕΦ 

>3.93�14.53  40 1.54 (1.00, 2.37) 2.17 (1.06, 4.46) 1.61 (0.87, 2.96) 

Βροmοφορm
χ
 

�0.26 290 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.26�7.06  43 1.85 (1.20, 2.83) 2.23 (1.10, 4.52) 1.88 (1.01, 3.52) 

  



Ταβλε Σ3.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

ΗΑΑ5
δ
 

�8.17 69 ΡΕΦ ΡΕΦ ΡΕΦ 

>8.17�19.33  50 0.66 (0.37, 1.20) 0.75 (0.26, 2.16) 0.49 (0.21, 1.12) 

>19.33�25.79  74 1.00 (0.51, 1.94) 0.74 (0.22, 2.52) 0.85 (0.34, 2.13) 

>25.79�33.97  63 1.01 (0.49, 2.08) 1.65 (0.47, 5.79) 0.39 (0.13, 1.12) 

>33.97�100.00  78 1.02 (0.49, 2.12) 1.23 (0.33, 4.64) 0.62 (0.22, 1.75) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ)
δ
 

�5.23 80 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.23�11.09  81 0.90 (0.55, 1.50) 1.18 (0.47, 2.91) 0.63 (0.31, 1.27) 

>11.09�16.38  83 0.81 (0.44, 1.51) 1.01 (0.34, 3.00) 0.46 (0.19, 1.10) 

>16.38�73.39  86 0.79 (0.41, 1.50) 1.08 (0.34, 3.46) 0.43 (0.18, 1.08) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 78 ΡΕΦ ΡΕΦ ΡΕΦ 

>5.18�10.44  72 0.84 (0.51, 1.39) 0.51 (0.21, 1.19) 0.79 (0.39, 1.59) 

>10.44�13.85  92 1.28 (0.72, 2.25) 1.02 (0.41, 2.53) 1.19 (0.52, 2.73) 

>13.85�38.89  88 1.18 (0.65, 2.14) 1.14 (0.45, 2.91) 0.83 (0.35, 1.95) 

Μονοχηλοροαχετιχ αχιδ (ΜΧΑΑ)
δ
 

�1.53 295 ΡΕΦ ΡΕΦ ΡΕΦ 

>1.53�62.39  35 1.27 (0.81, 1.97) 1.47 (0.72, 2.99) 1.06 (0.55, 2.04) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 317 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.04�10.63  13 1.81 (0.85, 3.84) 6.56 (1.60, 26.83) 1.92 (0.60, 6.16) 

Dιβροmοαχετιχ αχιδ (DΒΑΑ)
δ
 

�0.47 302 ΡΕΦ ΡΕΦ ΡΕΦ 

>0.47�21.78  28 1.00 (0.63, 1.61) 1.09 (0.52, 2.28) 1.08 (0.56, 2.10) 



Ταβλε Σ3.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ ςεντριχυλαρ Σεπταλ Dεφεχτσ Στρατιφιεδ βψ Σεξ (χοντινυεδ) 

DΒΠ Μετριχσ (∝γ/Λ) 

Χασεσ 

(ν)
α
 

Τοταλ 

Ποπυλατιον 

αΟΡ (95% ΧΙ)
β
 

Μαλε 

αΟΡ (95% ΧΙ)
β
 

Φεmαλε 

αΟΡ (95% ΧΙ)
β
 

DΒΠ9 

�33.07 63 ΡΕΦ ΡΕΦ ΡΕΦ 

>33.07�59.95  58 1.33 (0.71, 2.48) 1.13 (0.36, 3.48) 1.29 (0.57, 2.91) 

>59.95�79.13  79 1.70 (0.88, 3.26) 2.23 (0.68, 7.32) 1.64 (0.69, 3.91) 

>79.13�97.67  71 1.64 (0.83, 3.26) 1.45 (0.43, 4.91) 1.37 (0.55, 3.40) 

>97.67�181.59  63 1.48 (0.73, 2.98) 1.07 (0.32, 3.62) 1.49 (0.56, 3.94) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; ΤΗΜΒρ = συm οφ ΒDΧΜ, DΒΧΜ, 

ανδ βροmοφορm; ΗΑΑ5 = συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ; DΒΠ9 = συm οφ 

χηλοροφορm, ΒDΧΜ, DΒΧΜ, βροmοφορm, ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ DΒΑΑ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ ανδ 

στρατιφιχατιον. 
β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, mατερναλ mαριταλ στατυσ (mαρριεδ, 

ινχλυδινγ ωιτηιν 300 δαψσ πριορ το βιρτη; νοτ mαρριεδ), mατερναλ εδυχατιον χατεγορψ, mατερναλ ραχε 

χατεγορψ, ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, 

γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ 

φαχτορσ.
 

χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ. 

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ4.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ 

(DΒΠ) Εξποσυρεσ ανδ Αλλ Χαρδιοϖασχυλαρ Dεφεχτσ Εξχλυδινγ Πατεντ Dυχτυσ 

Αρτεριοσυσ  

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

Βροmοφορm
χ
 

�0.26 532 ΡΕΦ 

>0.26�7.06 79 1.50 (1.10, 2.04) 

ΗΑΑ5
δ
 

�8.17 118 ΡΕΦ 

>8.17�19.33 111 1.09 (0.71, 1.68) 

>19.33�25.79  153 1.57 (0.97, 2.55) 

>25.79�33.97 111 1.24 (0.72, 2.12) 

>33.97�100.00 119 1.53 (0.90, 2.61) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ)
δ
 

�5.18 142 ΡΕΦ 

>5.18�10.44  150 1.08 (0.76, 1.53) 

>10.44�13.85 169 1.26 (0.83, 1.89) 

>13.85�38.89 141 1.29 (0.84, 1.99) 

Νοτε:  ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΗΑΑ5 = συm οφ mονοχηλοροαχετιχ αχιδ, DΧΑΑ, τριχηλοροαχετιχ αχιδ, mονοβροmοαχετιχ αχιδ, 

ανδ διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ τηε τψπε οφ ωατερ σουρχε ανδ τρεατmεντ, ηεαλτη ινδεξ (γεστατιοναλ 

διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, ανδ 

ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ. 
χ
Μοδελ αλσο ινχλυδεσ αδϕυστmεντ φορ ΗΑΑ5 χονχεντρατιονσ.  

δ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΤΗΜ4 (συm οφ χηλοροφορm, βροmοδιχηλοροmετηανε, 

διβροmοχηλοροmετηανε, ανδ βροmοφορm) χονχεντρατιονσ. 

  



Ταβλε Σ5.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ 

(DΒΠ) Εξποσυρεσ ανδ Ισολατεδ ςεντριχυλαρ Σεπταλ Dεφεχτ Χασεσ 

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

ΤΗΜ4
χ
 

�23.05 22 ΡΕΦ 

>23.05�38.05  12 1.17 (0.39, 3.57) 

>38.05�50.41  21 2.41 (0.74, 7.82) 

>50.41�65.27  23 2.46 (0.66, 9.21) 

>65.27�125.32  23 2.74 (0.67, 11.22) 

Dιβροmοχηλοροmετηανε (DΒΧΜ)
χ
 

�3.93 89 ΡΕΦ 

>3.93�14.53  12 1.07 (0.48, 2.36) 

Βροmοφορm
χ
 

�0.26 87 ΡΕΦ 

>0.26�7.06  14 1.42 (0.68, 2.98) 

Μονοβροmοαχετιχ αχιδ (ΜΒΑΑ)
δ
 

�0.04 97 ΡΕΦ 

>0.04�10.63  3 1.41 (0.16, 12.43) 

DΒΠ9 

�33.07 22 ΡΕΦ 

>33.07�59.95  14 1.32 (0.46, 3.75) 

>59.95�79.13  21 2.08 (0.68, 6.42) 

>79.13�97.67  19 1.37 (0.41, 4.63) 

>97.67�181.59  25 2.14 (0.66, 6.98) 

Νοτε: ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΤΗΜ4 = συm οφ χηλοροφορm, ΒDΧΜ, DΒΧΜ, ανδ βροmοφορm; DΒΠ9 = συm οφ χηλοροφορm, 

βροmοδιχηλοροmετηανε (ΒDΧΜ), DΒΧΜ, βροmοφορm, mονοχηλοροαχετιχ αχιδ, διχηλοροαχετιχ 

αχιδ, τριχηλοροαχετιχ αχιδ, ΜΒΑΑ, ανδ διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ ωατερ σουρχε ανδ τρεατmεντ τψπε, mατερναλ εδυχατιον χατεγορψ, mατερναλ 

mαριταλ στατυσ (mαρριεδ, ινχλυδινγ ωιτηιν 300 δαψσ πριορ το βιρτη; νοτ mαρριεδ), mατερναλ ραχε 

χατεγορψ, ηεαλτη ινδεξ (γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, 

γεστατιοναλ ηψπερτενσιον, ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ οτηερ mατερναλ ρεπροδυχτιϖε 

ρισκ φαχτορσ.  
χ
Μοδελσ αλσο ινχλυδε αδϕυστmεντ φορ ΗΑΑ5 (συm οφ ΜΧΑΑ, DΧΑΑ, ΤΧΑΑ, ΜΒΑΑ, ανδ 

DΒΑΑ) χονχεντρατιονσ. 
δ
Μοδελ αλσο ινχλυδεσ αδϕυστmεντ φορ ΤΗΜ4 χονχεντρατιονσ. 

  



Ταβλε Σ6.  Αδϕυστεδ Οδδσ Ρατιοσ (αΟΡσ) βετωεεν Dισινφεχτιον Βψ−Προδυχτ (DΒΠ) 

Εξποσυρεσ ανδ Ισολατεδ Τετραλογψ οφ Φαλλοτ Χασεσ 

DΒΠ Μετριχσ (∝γ/Λ) Χασεσ (ν)
α
 αΟΡ (95% ΧΙ)

β
 

ΗΑΑ5 

�8.17 4 ΡΕΦ 

>8.17�19.33  6 2.64 (0.26, 26.86) 

>19.33�25.79  9 4.90 (0.40, 60.50) 

>25.79�33.97  6 3.61 (0.21, 63.15) 

>33.97�100.00  7 12.37 (0.75, 204.11) 

Dιχηλοροαχετιχ αχιδ (DΧΑΑ) 

�5.18 6 ΡΕΦ 

>5.18�10.44  6 1.44 (0.27, 7.54) 

>10.44�13.85  7 2.77 (0.34, 22.70) 

>13.85�38.89 11 11.11 (1.17, 105.86) 

Τριχηλοροαχετιχ αχιδ (ΤΧΑΑ) 

�5.23 5 ΡΕΦ 

>5.23� 11.09  8 6.30 (0.85, 46.84) 

>11.09�16.38  10 12.07 (1.02, 143.10) 

>16.38�73.39 7 9.17 (0.65, 129.15) 

Νοτε:  ν = σαmπλε σιζε; αΟΡ = αδϕυστεδ οδδσ ρατιο; ΧΙ = χονφιδενχε ιντερϖαλ; ΡΕΦ = ρεφερεντ; 

ΗΑΑ5 = συm οφ mονοχηλοροαχετιχ αχιδ, DΧΑΑ, ΤΧΑΑ, mονοβροmοαχετιχ αχιδ, ανδ 

διβροmοαχετιχ αχιδ. 
α
Τηε νυmβερσ ρεπρεσεντ τηε χασε διστριβυτιον αχροσσ εξποσυρε γρουπσ πριορ το mοδελινγ. 

β
Μοδελσ αδϕυστεδ φορ ωατερ σουρχε ανδ τρεατmεντ τψπε, τριmεστερ πρεναταλ χαρε βεγαν (φιρστ, αφτερ 

φιρστ), βιρτη ωειγητ, ζιπ χοδε λεϖελ ινχοmε, οτηερ mατερναλ ρεπροδυχτιϖε ρισκ φαχτορσ, ηεαλτη ινδεξ 

(γεστατιοναλ διαβετεσ, νον−γεστατιοναλ διαβετεσ, χηρονιχ ηψπερτενσιον, γεστατιοναλ ηψπερτενσιον, 

ανδ ηψδραmνιοσ/ολιγοηψδραmνιοσ), ανδ ΤΗΜ4 (συm οφ χηλοροφορm, βροmοδιχηλοροmετηανε, 

διβροmοχηλοροmετηανε, ανδ βροmοφορm) χονχεντρατιονσ. 
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Abstract 

We introduce and validate the use of commercially-available human mobility datasets based on cell phone locations 

to estimate visitation to natural areas. By combining this data with on-the-ground observations of visitation to water 

recreation areas in New England, we fit a model to estimate daily visitation for four months to more than 500 sites. 

The results show the potential for this new big data source of human mobility to overcome limitations in traditional 

methods of estimating visitation and to provide consistent information at policy-relevant scales. However, the data 

ΣΥΡΨΛΓΗΥς∂�opaque and rapidly developing methods for processing locational information required a calibration and 

validation against data collected by traditional means to confidently reproduce the desired estimates of visitation.  

We found that with this calibration, the high-resolution information in both space and time provided by cell phone 

location-derived data creates opportunities for developing next-generation models of human interactions with the 

natural environment.  

 

Introduction 

People visit natural areas to view the scenery and wildlife or to engage in any number of recreational activities they 

enjoy. These areas are important to society, as shown through the sheer number of people who visit parks, beaches, 

walking trails, and other natural spaces and their significant contribution to the economy [1]. However, it is difficult 

to quantify the use of natural areas across the many, diverse locations and the timing of those visits. Observational 

counts are time consuming and expensive to conduct and traditional survey approaches have their own sampling 

complications for estimating visitation. Therefore, it is often unknown how many and what types of people visit 

natural areas -- critical information for managers or researchers to apply in natural resource damage assessments, 

park and urban planning, economic valuation studies, tourism studies, as well as to inform many other management 

decisions [2-3]. 

This paper demonstrates the use of commercially available anonymized and aggregated data on cellular device 

locations to estimate visitation to natural areas. For brevity, we refer to these cellular device location-based datasets 

generally as ≥ΦΗΟΟ�ΓDWD× in this paper. We investigated how cell data performs in providing the types of visitation 



 

 

information needed in policy applications, information on the temporal and spatial distribution of visits to natural 

areas. Specifically, we compared the cell data with on-the-ground daily visitation counts that we collected, along 

with other federal, state and town records for water recreation areas. We found that the cell data contained useful 

information for estimating visitor use, but it required a correction (calibration) to match the scale of the observations 

and to be confident with its wider application. We then built and applied a statistical model to estimate daily 

visitation with cell data to more than 500 water recreation areas in the northeastern United States for the primary 

four months of recreational use (June-September) of 2017.  

Our application demonstrates the potential for this emerging source of big data to provide comprehensive visitation 

information across many places and time windows, a feat that would be impractical with traditional methods. The 

high-resolution information in space and time provided by cell data expands opportunities for developing next-

generation models of human interactions with the natural environment. In addition, cell data provides the ability to 

know not just how many people are visiting specific locations, but also where visitors are coming from within 

aggregated geographies. This information allows for basic calculations of distance traveled to a location and a 

deeper understanding of the community composition of visitors. While these new data sources may potentially help 

overcome many logistical barriers to obtaining behavioral information at scale, our work highlights the ongoing 

need for traditional methods of collection for calibration and validation for these new data sources to be useful in 

common applications. 

 

Background 

Existing visitation information for natural areas is limited and currently comes from many different, often 

inconsistent, sources. There are visitation estimates derived from entrance fees, parking fees, lifeguard counts, car or 

people electronic counters, aerial surveys, remote sensing, or tailored observational sampling plans [4-14]. Each data 

source comes with its own nuances in terms of sampling issues and geographical and temporal coverage. Most 

ongoing visitation collection efforts only capture paying customers during the hours of fee collections, thereby 

providing only a subset of daily use. There are also detailed collections that coincide with a specific project or event, 

such as an oil spill, but the knowledge is often not generalizable past a particular region or time-period. Often, the 



 

 

need to obtain visitation information arises after an event has occurred, making the before and after comparison 

difficult [3]. These event-based data collections are also resource intensive [2]. 

Efforts to overcome these barriers using other types of digital records include estimates derived from photo-sharing 

or other types of social media posts [15-21]. These techniques have been useful in estimating visitation to large 

parks, attractions, and natural areas around the world over long periods of time by providing monthly, seasonal, or 

yearly visitation estimates. However, these data sources represent only the small fraction of the public that opt to use 

those specific social media outlets, and they lack adequate temporal and spatial resolution. These factors limit the 

ability of social-media based methods to inform broader policies or localized environmental management. Use of 

cellular devices is much more common and the resolution of the information provided is much finer in both time and 

space.  

Cell data come from the digital traces ΡΙ�ΣΗΡΣΟΗ∂ς�ΦΗΟΟ�ΣΚΡΘΗ�ΞςΗ and location. In the past, this was based on the 

location of the tower a device was communicating with or a triangulation from the device to various cellphone 

towers. This data provided information based on many people, but with locational and temporal accuracy issues 

related to connectivity to the cellphone tower network DΘΓ�ΣΗΡΣΟΗς∂�DΦWΛΨΗ�ΞςΗ�ΡΙ�WΚΗ�ΣΚΡΘΗ [22]. With the addition 

of GPS instrumentation and the growing ubiquity of smartphone-style cellular telephones, these digital traces have 

become more accurate, more frequent and represent an increasing proportion of the population [23-28]. The device-

level, raw data are collected by cellular telephone providers, GPS enabled devices and increasingly by smartphone 

applications. Several third-party providers on the commercial market combine this information and sell processed 

data in a variety of formats [28].  

Cell data in various forms have been used most widely in the transportation and urban planning fields to understand 

use of public infrastructure and commuting [23-26] and to assist in land use classifications [27]. This data has also 

been used to understand economic trends [29], restaurant choice [30] and in epidemiology and population research 

in developing countries [31-34]. Despite its promise, there are limited environmental applications of the data to date, 

with notable applications concerning natural disasters [32] and air quality [35-36].  

There are a few recent applications of cell data to understand behavior in and around natural areas [37-39]. Kubo et 

al. [37] used cell data to calculate the economic value of coastal tourism across Japan, but provided no ground truth 

to the visitation information. For an island park in Korea [38], Kim et al. applied cell data to analyze tradeoffs 



 

 

between visitation and biodiversity and showed decent correlations between the cell data and monthly estimates of 

visitation to several specific locations on the island. A study of parks in California, USA, is the closest to the work 

presented in this paper [39]. The study used a similarly processed cell data product from a third-party vendor to 

estimate daily park visitation. They calibrated the cell data with just one set of data, vehicle counts on a major 

nearby road, finding a unit-value correction factor. They then validated their estimates DϑDΛΘςW�D�ςΛΘϑΟΗ�ΣDΥΝ∂ς gate 

traffic and parking information. They found good agreement with their corrected cell data model and daily vehicle 

counts. From there, they used park-specific vehicle-to-people ratios to extrapolate to the number of visitors to the 

other twenty-one parks of interest. Our study differs by incorporating multiple visitation records representing counts 

of people to a wider set of locations: eighteen different water recreation areas. We find similar potential for this data 

source to provide useful, policy-relevant visitor use information at daily and site-level scales for water recreation 

areas. 

 

Data description 

We identified and purchased a dataset of visitation derived from cell phone locations for a set of geographies and 

time to understand the extent, temporal distribution, and value of water recreation for Cape Cod, Barnstable County, 

Massachusetts and New England, USA in general. The set of water recreation areas comprises a comprehensive list 

of all the public beaches and public access points to water (fresh and saltwater beaches, public access points, parks, 

ways to water, and boat ramps) for Barnstable County, Massachusetts, compiled from federal, state, county, and 

town GIS information (n=464), and an additional set of beaches across greater New England (n=113). The data we 

used consists of estimates of visitation to these water recreation areas over the summer months of 2017 (June 

through September).  

We purchased data products processed by a third-party provider, Airsage, Inc. This provider creates population-level 

estimates of human mobility derived from a panel of over 120 million devices using location information from 

smartphone applications (see Supporting information). The data provider processes this device-specific locational 

information. Before we receive it, the data is anonymized and aggregated to contain no personally identifiable 

information. We do not obtain any device-level information, nor raw device GPS locations, but instead, we obtain 



 

 

aggregated summaries of visitation by recreation site and ΗςWΛΠDWΗς�ΡΙ�WΚΗ�ΨΛςΛWΡΥς∂ origin census block-group 

geographies. The data provider translates their sample to population-level estimates using weights based on the 

share of the population their sample represents by census-tract geographies. The cellular device sample we 

purchased data from includes about 30% of the U.S. population but varies by tract and month.  

To obtain the cell data for the sample geographies of interest, we spatially buffered (added area) around the water-

access sites which were designated as line or point features in the original spatial databases. In consultation with the 

data provider and after attempting a range of spatial buffers, a 100-meter buffer was chosen to balance specificity in 

capturing water recreation visits (i.e., not capturing ancillary points of interest in geographies, like restaurants or 

stores, for example) with the accuracy of the locational information. We sent the defined water recreation areas to 

the data provider as a set of geographic extents, or polygons (see Fig 1 for examples of area definitions), and they 

returned the aggregated and anonymized processed data in tabular form. We include a sample of the dataset below 

(Table 1) and include the entirety of this dataset available with the code package associated with this work at 

https://github.com/USEPA/Recreation_Benefits.git. 

 

Table 1: Sample of dataset derived from cell phone locations 

POI DATE HH00 HH01 HH02 HH03 HH04 HH05 ↔ HH20 HH21 HH22 HH23 DEVICE_TOTAL 

1 20170601 251 96 47 0 171 488 ↔ 668 848 812 222 21895 

1 20170602 245 202 133 148 112 646 ↔ 594 604 1157 468 21526 

1 20170603 299 148 196 243 340 135 ↔ 922 1283 1100 759 19449 

1 20170604 658 332 117 372 414 395 ↔ 1071 186 404 286 19415 

2 20170601 0 0 0 0 0 0 ↔ 86 0 0 0 1103 

2 20170602 114 0 0 0 0 50 ↔ 138 312 0 48 2746 

2 20170603 0 0 0 0 0 0 ↔ 238 226 122 66 2247 

2 20170604 66 66 66 66 0 0 ↔ 156 33 0 54 2046 

Note: POI indexes the water access locations and each column represents estimated visitation in hourly windows, 

with HH00 being 12AM-1AM. DEVICE_TOTAL refers to the estimate of unique devices seen in any of the 24 

hours at that water access location.  

 

The locational accuracy of the device locations underpinning the data range depending on the source device and the 

smartphone application. The accuracy of reported locations from applications varies with ranges of 1-10 meters 



 

 

(GPS), 20-200 meters (Wi-Fi), and 100-2000 meters (cell tower-based) based on the method(s) each application uses 

to locate each device. We were not able to obtain an average locational accuracy for devices seen in our geographies 

in our specific dataset since the smartphone applications do not report the exact location methods to the data 

provider and we do not receive device-specific locational information. Given the potential range in location 

accuracy, visits attributed to a water recreation area could have actually been to a nearby attraction, or vice-versa. 

We chose a relatively small buffer around the recreation areas to be conservative in defining the area attributed to 

use of the site and to minimize any mis-located visits. Given this and other limitations, we relied on the calibration 

and validation to on-the-ground visitation counts to assess the usefulness and accuracy of the cell data for our 

application and the choice of spatial definitions and buffers around sites. 

 

 

Fig 1. Example Definition of Water Recreation Areas. Dowses Beach, Barnstable, Massachusetts, USA and 

nearby water access areas. Point and line features representing water recreation access were buffered by 100 meters 

to capture use at the sites. These geographic areas correspond to the sample of visitation estimates from the cell data.  

 



 

 

In total, the cell dataset includes visitation estimates for 51,511 days across 577 sites. A complete set would be 

70,394 days (577 sites x 122 days), but some of the days for some sites are missing due to low visitation and 

detection limits. A visit was defined as a device location history implying a stay estimated to be longer than five 

minutes at a geography that was not the home or work location of the device based on the behavior of that device 

over the month. Home was defined as the census block group where the device is most often seen over the month 

between 9PM-6AM (see Supporting Information).  

In addition to estimates of visits, the cell data for each area also includes the home location of those visitors, either at 

the census block-group level or categorized as international if the origin was outside of the United States. For 

example, the data may show 100 people visited beach x during a time period, with 30 of those people come from 

census block y, 20 from census block z, and so on. The monthly visitor origin-destination data contains 642,915 data 

points representing monthly trip totals (577 sites x origin census block groups, which vary by site and month). This 

total is not inclusive of the data representing zero trips to destinations originating from block groups implied by the 

full origin-destination matrix. Because of the geographic and temporal scope, collecting this same information with 

traditional methods would be prohibitively expensive, time consuming, and inconsistent.  

 

Methods 

7Ρ�ΛΘΨΗςWΛϑDWΗ�WΚΗ�ΦΗΟΟ�ΓDWD∂ς�DΕΛΟΛW∴�WΡ�ΥΗΣΥΡΓΞΦΗ�ΓDΛΟ∴�ΨΛςΛWDWΛΡΘ�ΦΡΞΘWς��ΖΗ�ΦΡΠΣDΥΗΓ�WΚΗ�ΦΗΟΟ�ΓDWD�WΡ�D�ςΗΥΛΗς�ΡΙ�

observational counts collected from three different, commonly recorded sources for beach and park visitations. We 

then calibrated a model to translate the cell data into consistent estimates of visitation across many sites in the region 

of interest and across many days. We purposely designed the calibration to cover a wide range of access location 

sizes and visitation totals to test the transferability of the cell data and models built from it. No visitation dataset 

alone was perfect for use in calibration across a wide range of locations due to differences in counting methods, 

which is a common limitation to visitation records to natural spaces, generally. Capturing visitation to natural areas 

is very challenging, and existing approaches all have their own limitations for capturing daily visitation [39]. The 

observational data that overlaps with the cell data consists of: 1) onsite counts of small access points to an estuary, 



 

 

���D�WΡΖΘ∂ς�ΨΛςΛWDWΛΡΘ�ΗςWΛΠDWΗς�ΙΡΥ�WΚΗΛΥ�ΠDΘDϑΗΓ�ΕΗDΦΚΗς��DΘΓ����ΗΘWΥDΘΦΗ�ΙΗΗς�ΦΡΟΟΗΦWΗΓ�Ε∴�D�WΡΖΘ�WΡ�D�ΠDΜΡΥ�

beach.   

Visitation observation methods also vary because the context for taking them differ. Although the objective may be 

the same, observing visitation at a major beach requires different methods than those used for a set of small access 

points around an estuary [41]. By comparing and calibrating our data to a combined set representing the variety of 

recreational visitation count methods that exist in the real world, we show the ability of cell data to both replicate the 

types of data that are traditionally used and to bridge the various observational visitation records common around 

natural resources. Each source of observational data is briefly described below. 

ξ Small: We quantified use of the Three Bays estuary system on Cape Cod, Massachusetts through 

observational sampling for eleven public access points within the estuary. The counts were taken as a 

combination of periodic people and car counts and sunrise-to-sunset counts of visitors and cars. The public 

access points include beaches, docks, boat ramps, and landings. Observational data from this study include 

visitation estimates for 11 public access points for seven days from June to August, 2017 [41]. (N=72) 

 

ξ Medium: The diverse set of beaches for Barnstable, Massachusetts, on Cape Cod includes saltwater and 

freshwater beaches accessible to either the public or to town residents only. The dataset provided by the 

7ΡΖΘ�ΡΙ�%DΥΘςWDΕΟΗ∂ς�5ΗΦΥΗDWΛΡΘ�∋ΛΨΛςΛΡΘ�ΛΘΦΟΞΓΗς�ΓDΛly visitation estimates from lifeguard counts for 

seven of their beaches from Memorial Day (May 29) to Labor Day (September 4), 2017. (N=234) 

 

ξ Large: Narragansett Town Beach in Rhode Island is a popular destination for tourists and residents. Access 

to this beach is divided into resident only and public entrances. The public entrance requires an entrance fee 

for each person providing an accurate dataset of daily visitation to the beach. However, these entrance fees 

are only collected for the public part of the beach. By missing those visitors with resident permits, the data 

provided by the town of Narragansett underestimates visitation to the whole beach. Therefore, based on a 

.85/1 ratio between public and resident use obtained through parking lot counts conducted in the public and 

resident parking lots, the data were adjusted to represent daily use for the whole beach (see Supporting 



 

 

Information for details). Daily visitation numbers are provided from Memorial Day to Labor Day, 2017. 

(N=86) 

 

  

Fig 2. Observational Counts Compared Against Cell Data. Observations of visitation (9AM-4PM) plotted 

against uncalibrated visitation estimated from the cell data for the same hours. 

 

Fig 2 shows how the cell data-derived counts and observational counts compare. The cell data-derived estimates 

correspond well, but overestimate the observed visitor counts by about four times. This overestimation is likely due 

to several confounding assumptions. These assumptions start with choices in how the data provider processes the 

raw cellular device level information to associate records with geographies in certain time windows and to 

extrapolate the sample of cellular devices to population level estimates through their estimates of market penetration 

(see Supporting Information).  

The cell data product did not provide counts for the block of time that corresponded to our visitation counts (9AM-

4PM), but rather by individual hours. Therefore, we had to translate these hourly counts to our time window by 

making assumptions on the length of stay of visitors, since the same device would be counted multiple times if it 

were to stay at the site for multiple hours. )ΡΟΟΡΖΛΘϑ�WΚΗ�ΓDWD�ΣΥΡΨΛΓΗΥ∂ς�DΓΨΛΦΗ�WΡ�ΠDWΦΚ the cell data-derived 



 

 

information to visitation observations, we used an assumption of a three-hour average stay to match the time-

window of our observations. We could have picked data on one hour in the window to be representative of the 

whole three hours, the end hour for instance, but this would discard information in the other hours. Instead, we 

calculated a moving average (three-hour window) of visitation for each hourly visitation estimate from the cell data 

for each site. We then summed the moving average of only the central hour of three-hour blocks from 8AM-4PM 

(9AM, 12PM, 3PM) (see Supporting Information for more details). This reduces the cell data counts due to multiple 

sightings, since we summed only one of the three hours in each window, but maintains the information in the hourly 

distribution of use through the day. 

An assumption of a shorter length of stay would have increased the cell data counts and vice-versa. For example, if 

we assumed a two-hour average length of stay, we would have used two-hour instead of three-hour windows in the 

daily sums, increasing the daily total. While three hours may be a long average length of stay for recreational visits 

to all the water access sites, the data reflecting this assumption were inputs to the calibration models. We sought to 

correct any bias and inaccuracies introduced by this assumption by using the calibration models fit to on-the-ground 

counts below. Similarly, there is a difference in the relationship across the three sizes of access points that can also 

be seen in Fig 2. The differences by group are likely due to differences in the observational counting methods and 

possibly how well cell data performs based on the size of the area. We control for both possible effects in the 

statistical models used to calibrate the data. 

 

Models and prediction 

Our objective was to develop a model that predicts visitation to a range of water recreation areas using the cell data 

and other explanatory variables that are easily compiled across many places. These covariates include weather 

(temperature and precipitation), the month, day of the week, and size of the water access. The model controls for the 

different counting methods in the observational data. We estimated a varied set of candidate regression models 

including several functional forms where we defined linear and log-linear relationships between the visitor counts 

and the cell data and other regressors in R [42]. Since we did not have any preconceived notion of the functional 

forms of the relationships between the covariates and the dependent variable, we also estimated a more general 



 

 

random forest model. A random forest model is a type of non-parametric model commonly used in the data science 

and machine learning fields. They have been shown to reproduce many functional forms and have superior 

predictive performance over standard multivariate regression models for many applications [43-44].  

The candidate model specifications were as follows: 

ξ Linear 

;⇐ Λ�⇓ �Ε�∨5%⇐ Ε �…⇔π�Ε�…⇐� Ε …⇑�� Ε ∨9#⇐ Ε Α⇐     (1) 

 

ξ Log-Linear 

����:;⇐; Λ�⇓ �Ε�∨5%⇐ Ε �…⇔π�Ε�…⇐� Ε …⇑�� Ε ∨9#⇐ Ε Α⇐            (2) 

 

ξ Random Forest 

;⇐  = Β:%⇐ 〈π 〈� 〈�⇐〈#⇐;       (3) 

Where, 

;⇐  ± Observed visits to site, Ε, on day, Π  

%⇐ ± cell data-derived estimate of visitation to site Ε on day Π 

π ± Matrix of dummy variables for the month, day of the week, weekend, holiday 

� ± Matrix of weather variables (precipitation, temperature, windspeed) for day Π from Barnstable Municipal 

Airport weather station. 

�⇐ ± Dummy variables for the source of observed visitation data (Narragansett Beach, Barnstable Town, Three 

Bays) 

#⇐ ± Area of site Ε 

⇓ -  intercept 

Α⇐ ± error term 



 

 

We compared the candidate models based on their predictive performance. To avoid selecting an overfit model and 

therefore being overconfident in its out-of-sample model performance, we conducted a cross validation by splitting 

the data into training (in-sample) and test (out-of-sample) sets. We fit the candidate models to the training sets of 

data, predicted the test sets, and calculated fit statistics on the out-of-sample observations. We did this for 10 random 

splits of the data using a k-fold cross validation and present the average model performances across the 10 test sets 

in Table 1 [45-46]. Using this cross-validation technique is a statistical check and a data science best practice. Given 

the predictive purposes of these classes of models, we suggest that, in the future, a similar cross-validation process 

should be performed when using proxy-types of data for predicting visitation.  Additional regression and random 

forest outputs, goodness-of-fit metrics, and details can be found in the Supporting Information as well as in the code 

package (https://github.com/USEPA/Recreation_Benefits.git). 

 

Ethics statement 

 This work was reviewed and deemed exempt by the Institutional Review Board (Study #17-3334) from the 

University of North Carolina at Chapel Hill.  

 

Results 

Using the cell data product from the data provider resulted in about a four-times overestimation of the type of 

recreational visitation we were looking to estimate when compared against observations. Despite the scale 

difference, we found the information contained in the cell data to be valuable to predict visitation across a diverse 

set of sites after calibration. From our models, there are a few ways to show that it is the information in the cell data 

that is providing most of the explanatory power as compared to the covariates (weather, area, source of the 

observational counts). Table 1 shows the regression results using just cell data (columns 1-2), then with additional 

covariates (columns 3-4). Just using cell data produces a decent model in linear form. The additional value of the 

covariates can be seen in the improved stats between column 1 and 3 and 2 and 4. In the random forest model, the 



 

 

cell data was by far the most useful in modeling visitation as seen by metrics of variable importance (see Supporting 

Information) 

 

 

Table 1: Regression results 

 

 Visits Log(Visits) Visits Log(Visits) 
 (1) (2) (3) (4) 

Cell data 0.245*** 0.0003*** 0.296*** 0.0002*** 
 (0.005) (0.0000) (0.007) (0.0000) 

Area (m2)   0.00003 0.000006*** 
   (0.0002) (0.0000006) 

Narragansett   -

646.796*** 
0.182 

   (72.136) (0.225) 

Town of 

Barnstable 
  -60.612 -0.409*** 

   (42.119) (0.131) 

Temperature 

(°F) 
  10.398*** 0.066*** 

   (2.567) (0.008) 

Precipitation 

(inches) 
  -26.180 -0.447*** 

   (47.250) (0.147) 

Constant 33.128* 4.320*** -334.114 0.539 

 (19.496) (0.064) (206.779) (0.644) 

Observation

s 
392 392 392 392 

R2 0.86 NA .89 NA 

ME .27 -430.96 .43 -74.35 

RMSE 318.08 3161.23 272.47 1030.21 

MAE 186.69 791.33 174.68 345.93 

 * p<0.10** p<0.05p***p<0.01 

Note: Dummy variables are included for month and day of the week 

in columns 3 and 4. Columns 2 and 4 are in log-linear form. See code 

and Supporting Information for additional details and candidate 



 

 

models. Goodness of fit statistics are from out-of-sample sets from a 

10-fold cross validation. Log-linear model predictions were 

converted to people terms for goodness of fit statistics. ME= mean 

error, RMSE = root mean squared error, MAE = mean absolute error. 

 

Table 2: Performance statistics for candidate models 

 ME RMSE MAE R-Squared 

Linear model 0.43 272.47 174.68 .89 

Log-linear model -74.35 1030.21 345.93 NA 

Random forest -3.78 262.48 154.84 .91 

Note: ME= mean error, RMSE = root mean squared error, MAE = mean absolute error. See 

Supporting Information for complete set of model output and performance statistics. 

 

Of the candidate models, we chose the random forest as the preferred model, given its predictive performance 

indicated by the lowest RMSE, MAE, and low bias (ME) during cross validation (see Table 2). To create the final 

comprehensive visitation dataset, we used the preferred random forest model to predict daily visitation to all  577 

water-access areas in our sample for the four summer months (June-September) of 2017. Fig 3 plots predicted 

visitation using the random forest model against observational counts, showing a tight overall in-sample fit. Our 

calibrated model produced daily visitation estimates with an out-of-sample mean absolute error of 155 people (Table 

2) based on the cross-validation.  



 

 

 

Fig 3. Cell Data Modeled Visitation Compared Against Observations. Predicted daily (9AM-4PM) visits from 

the cell data model compared to observed visitation at three sizes of water recreation areas in New England, USA.  

 

This model produced comprehensive visitation estimates across the region, but also at each individual site across 

days. The result of this work, a calibrated dataset of visitation including the code and data for producing the results 

in this paper can be found at https://github.com/USEPA/Recreation_Benefits.git. As examples of the usefulness of 

the broad geographical scope of the model and resulting database, Fig 4 shows daily visitation estimates to all public 

water-access points on Cape Cod for the summer months of 2017. Along with these types of landscape-scale results, 

the data and model provide focused site-specific information. Fig 5 shows daily visitation to a single beach across 

the season, information available for all sites and days across the four summer months.  

 



 

 

 

Fig 4. Visitation for Cape Cod, MA, USA for the Summer of 2017. Total predicted visits (9AM-4PM) to water 

recreation areas for the summer of 2017 (June, July, August, September) for Cape Cod (Barnstable County, MA, 

USA), using the cell data model. 

 



 

 

 

Fig 5. Narragansett Beach, RI, USA, Daily Visitation. Predicted daily (9AM-4PM) visits to 

Narragansett Town Beach (Narragansett, RI, USA) for the summer of 2017 using the cell data 

model. These daily predictions are compared to observed visits based on on-the-ground counts.  

 

Since we combined three different sources of visitation data to fit the model, we also ran candidate models on each 

visitation observation data source separately and the relationships between the cell data and each visitation dataset 

remained similar (see Supporting Information). The in-sample fit of those models varied, with the smaller access 

point dataset, Three Bays, the least well fit (R2 = .36), to better fits with the larger access point of Narragansett 

Beach (R2 = .96). The number of observations vary with the sources, as do specifics of how those observations were 

collected, but we suspect the cell data may be better at predicting visitation to larger areas, with more daily 

visitation. There are more cellular devices in a sample of a day at the more popular places to estimate visitation 

from, likely reducing noise in the estimate.   

We chose to use the most accurate and unbiased of the candidate statistical models for prediction. However, there 

are several sources of potential inaccuracies and biases in estimating visitation in this way that are not incorporated 



 

 

in the metrics of model goodness-of-fit. The observational visitation counts contain their own uncertainties and 

potential biases based on their sampling design and counting methods. By calibrating and validating to those counts, 

we may be carrying over those issues to our estimates of visitation. In addition, the cellular data contains 

uncertainties resulting from the geospatial accuracy of the device locations, our geographic definition of the sites, 

and the methods of expansion from the device sample to population level estimates. More applications using cell 

datasets are needed to understand these limitations combined with additional and more consistent collections of 

visitation observations are crucial to addressing these issues.  

The models we fit may also be susceptible to spatial autocorrelation issues resulting from the cell dataset if there are 

variations in how the data represents visitation geographically. Spatial autocorrelation in models potentially inflates 

goodness-of-fit estimates, can bias parameters and reduces predictive performance. We have controls in the models 

for each group of sites, which are geographically clustered. This may alleviate some of the potential issue. Similarly, 

collinearity in the covariates could potentially cause poor predictions, attributing predictive information to the wrong 

covariate, for example. We checked for this issue in a few ways, building up the model covariates sequentially 

starting with cell data alone and adding covariates. This led to little change in the relationships between observations 

and cell data counts (see Supporting Information for more model details and variations). We also consistently found 

good out-of-sample goodness-of-fit metrics in a cross validation, giving us more confidence that spatial 

DΞWΡΦΡΥΥΗΟDWΛΡΘ�DΘΓ�ΦΡΟΟΛΘΗDΥΛW∴�ΖΗΥΗ�ΟΛΝΗΟ∴�ΘΡW�DΘ�ΛςςΞΗ�ΛΘ�WΚΗ�ΠΡΓΗΟς∂�ΣΥΗΓΛΦWΛΨΗ�ΣΗΥΙΡΥΠDΘΦΗ��� 

 

Discussion 

We contend that the use of cell data provides a valuable method to quantify visitation across large numbers of areas 

and over time. When calibrated, the cell data provided an accurate and consistent way to estimate visitation to 

natural areas. It allowed us to produce a previously unavailable dataset of water visitation at a policy-relevant 

resolution, spatial extent, and consistency. The information provides visitation details for specific locations at a 

regional or sub-regional scale, the scale at which most decisions and policies regarding public natural areas are 

made. Understanding the scale and timing of visitor use of an area allows managers to determine and provide 

appropriate facilities and safety precautions and researchers to predict impacts of environmental change, measure 



 

 

effects of natural disasters, and conduct research on social and economic value of public access to natural areas. To 

date, no other methods for quantifying use have the same capacity for providing location-specific data across broad 

geographic areas at such a high temporal resolution.  

The data can inform landscape-level analyses of behavior to understand, at a broader scale, the impacts of changes 

in environmental quality across time as well as across access geography. The origin data can be used to better 

understand who visits an access point based on where they come from. This provides informative profiles regarding 

the characteristics of people and communities that are, or could be, affected by environmental degradation or 

improvements or other policy and management decisions. Taking advantage of variations in behavior and 

environmental quality across time, cell data∂ς�ΙΛΘΗ�WΗΠΣΡΥDΟ�ΥΗςΡΟΞWΛΡΘ opens avenues for longitudinal studies. For 

instance, it provides the ability to quantify the number of visitors affected and economic impacts incurred from 

beach closures, algal blooms, oil spills, or other events that typically are not captured consistently with current 

methods or lack baseline data for measuring impacts. 

Given our results, we suggest caution in using visitation estimates out-of-the-box from data providers without 

calibration. There is useful information in the datasets, but we found that calibration was necessary to confidently 

use the data for our purposes. In its delivered form, the data overestimated use of the type we were interested in 

quantifying, recreational visits to water-access areas. We hypothesized the need for this correction based on a few 

practical factors discussed below.  

We were only able to define recreation visitation by limiting the area of the requested geographies (the GIS 

information for the sites we requested from the data providers) where recreation would likely be the primary purpose 

for visiting the area and during time-windows of interest. Inherently, the on-the-ground visitation observations were 

more restrictive in capturing visits for recreation and not capturing ancillary or non-recreational visits to the 

geographies, like walking by the site on a nearby road. It is also reasonable to assume some observational counts 

may be conservative and under-report recreation visitation due to sampling constraints. 

Additionally, there is a cascade of statistical modeling assumptions that are made by the third-party providers to take 

raw device locational information to the anonymized and aggregated form delivered to the customers (see 

Supporting Information ΙΡΥ�WΚΗ�ΣΞΕΟΛΦΟ∴�DΨDΛΟDΕΟΗ�ΓΗςΦΥΛΣWΛΡΘ�ΡΙ�∃ΛΥςDϑΗ∂ς�ΣΥΡΦΗςς���7ΚΗ�Η[DΦW�ΓΗWDΛΟς�ΡΙ�each private 

ΣΥΡΨΛΓΗΥ∂ς�ΓDWD�ΣΥΡΦΗςςΛΘϑ�workflows are their intellectual property and protected as such. This opaqueness 



 

 

motivates the use of methods to judge performance critically and the construction of additional models based on 

common cell data products for popular environmental applications, such as the one described in this paper. Because 

the methods used by the data providers are constantly in development, estimating performance on common 

observational datasets and with common methods would provide more clarity and confidence (statistical and 

otherwise) for ΦΗΟΟ�ΓDWD∂ς�use in policy and management applications. In some cases, lack of cellular connectivity in 

some natural areas may also limit its usefulness, although GPS-based and application derived locational methods 

have overcome some of this limitation by passing along information when the device is reconnected to a network. It 

Λς�ΛΘ�D�ΞςΗΥ∂ς�ΕΗςW�ΛΘWΗΥΗςW�WΡ�ΦDΟΛΕΥDWΗ�WΚΗ�ΣΥΡΓΞΦW�for their application, when possible, or consider the uncalibrated 

information as a relative metric. We demonstrated a simple method to do a calibration in this paper and provide the 

data and code for others to work from and improve as more users apply these types of data products. 

While cell data-derived information is an exciting development for researchers and managers, counterintuitively, we 

found attempting to use it for a practical application only further motivated the need to take more accurate, 

consistent and unbiased observations of visitation using traditional methods. Modeling methods are hindered by the 

lack of availability of training datasets and would be greatly improved by larger and more uniformly collected 

observations. This is especially true regarding machine-learning algorithms [47]. For example, with small and 

practical tweaks in the way visitation records are collected at water-access areas, such as collecting periodic counts 

of cars and people at specific times, visitation records could become more harmonized and useful [12,41]. From 

there, visitation proxies like cell data or social media-based models can provide a platform for spatial and temporal 

extrapolation across broad geographies, as we demonstrate here. The need for such models is not confined to water-

access visitation, as it is relevant to many other similar policy contexts, for example, at national parks or urban 

green-spaces. The differences in how well our models fit depending on the visitation data source, with larger more 

popular locations fit better than small, should be cautionary to approaches applying the cell data-derived visitation 

estimates to settings where there is no similar observational data for comparison. 

 



 

 

 

Fig 6. Visitor Origins for Narragansett Beach, RI, USA. Count of visitors by census block group origins for 

visitors to Narragansett Town Beach, Narragansett RI, USA, (black star on the map) in August 2017. This monthly 

origin information exists for each of the 577 access points in our sample. 

 

In this paper we explored only a few dimensions of the information in the cell data-derived dataset, focusing on 

estimating visitation. The origin information provided about the visitors to the water-access sites--monthly visitation 

by site and census block groups in our case--provides the type of data needed for a myriad of travel-demand models 

for recreation [48]. Previous social media-based work [18] pointed out this potential opportunity, but travel-demand 

models typically require more spatially and temporally resolved information than what can be found currently in 

data derived from social media. Fig 6 displays origin-destination data for one site, Narragansett Beach, Rhode 

Island, for August 2017. Our dataset includes this information for all sites and months. More work is needed to 



 

 

calibrate and validate the origin-destination information provided by cell data products for environmental 

applications and more generally [49]. Validating the origin data and fitting travel-demand models is beyond the 

scope of this paper and is left for future work. We include the origin-destination data in the data package associated 

with this paper for any other users that wish to tackle this natural next step. As with the visitation estimates, the 

possibility of using new sources of data for origin-destination travel-demand models encourages implementation of 

more commonly-worded and formatted general population and visitor intercept surveys to provide the necessary 

corroborating and calibrating datasets.  

The visitation dataset resulting from the work in this paper is useful for federal, state and town managers and 

agencies in the region for any number of applications requiring visitor use information. For example, state managers 

may use this information to determine the allocation of beach monitoring resources, a town shellfish warden may 

use it to identify the most actively fished sites, or a tourism board could use it to understand the profile of visitors to 

popular natural attractions. Of broader interest in natural resource management and research, these types of models 

using cell data and a similar calibration process could be developed for other areas or for other purposes such as 

understanding the scale of ecosystem services, human-wildlife conflict, water consumption demand, or emergency 

response, for example. 
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Supplementary Table S1. Performance statistics for candidate models. Car counts of resident and 

public parking lots were used to find the ratio of resident and public use of the beach. This ratio was 

applied to daily counts from ticket receipts (public only) to estimate total daily visitation. 



 

 

Supplementary Table S2. Candidate regressions. Dummy variables are included for month and day of 

the week in each regression. Columns 2 and 4 are in log-linear form. See code for additional details and 

candidate models.  

Supplementary Table S3. Out-of-sample performance statistics for each candidate model. Each 

candidate model is presented with varying explanatory variables and functional form. ME= mean error, 

RMSE = root mean squared error, MAE = mean absolute error, MAPE = mean absolute percent error, R-

squared= % of out-of-sample variance explained.  

Supplementary Table S4: Linear regression results on each observational count source. Each 

column contains observations from each source of visitation observation information. Dummy variables 

are included in all regressions for month and day of the week. R-squared= % of in-sample variance 

explained. 

Supplementary Figure S1. Mean squared errors when considering a different 

number of candidate prediction variables at each split in a tree. 
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Abstract 

We introduce and validate the use of commercially-available human mobility datasets based on cell phone locations 

to estimate visitation to natural areas. By combining this data with on-the-ground observations of visitation to water 

recreation areas in New England, we fit a model to estimate daily visitation for four months to more than 500 sites. 

The results show the potential for this new big data source of human mobility to overcome limitations in traditional 

methods of estimating visitation and to provide consistent information at policy-relevant scales. However, the data 

ΣΥΡΨΛΓΗΥς∂�opaque and rapidly developing methods for processing locational information required a calibration and 

validation against data collected by traditional means to confidently reproduce the desired estimates of visitation.  

We found that with this calibration, the high-resolution information in both space and time provided by cell phone 

location-derived data creates opportunities for developing next-generation models of human interactions with the 

natural environment.  

 

Introduction 

People visit natural areas to view the scenery and wildlife or to engage in any number of recreational activities they 

enjoy. These areas are important to society, as shown through the sheer number of people who visit parks, beaches, 

walking trails, and other natural spaces and their significant contribution to the economy [1]. However, it is difficult 

to quantify the use of natural areas across the many, diverse locations and the timing of those visits. Observational 

counts are time consuming and expensive to conduct and traditional survey approaches have their own sampling 

complications for estimating visitation. Therefore, it is often unknown how many and what types of people visit 

natural areas -- critical information for managers or researchers to apply in natural resource damage assessments, 

park and urban planning, economic valuation studies, tourism studies, as well as to inform many other management 

decisions [2-3]. 

This paper demonstrates the use of commercially available anonymized and aggregated data on cellular device 

locations to estimate visitation to natural areas. For brevity, we refer to these cellular device location-based datasets 

generally as ≥ΦΗΟΟ�ΓDWD× in this paper. We investigated how cell data performs in providing the types of visitation 



 

 

information needed in policy applications, information on the temporal and spatial distribution of visits to natural 

areas. Specifically, we compared the cell data with on-the-ground daily visitation counts that we collected, along 

with other federal, state and town records for water recreation areas. We found that the cell data contained useful 

information for estimating visitor use, but it required a correction (calibration) to match the scale of the observations 

and to be confident with its wider application. We then built and applied a statistical model to estimate daily 

visitation with cell data to more than 500 water recreation areas in the northeastern United States for the primary 

four months of recreational use (June-September) of 2017.  

Our application demonstrates the potential for this emerging source of big data to provide comprehensive visitation 

information across many places and time windows, a feat that would be impractical with traditional methods. The 

high-resolution information in space and time provided by cell data expands opportunities for developing next-

generation models of human interactions with the natural environment. In addition, cell data provides the ability to 

know not just how many people are visiting specific locations, but also where visitors are coming from within 

aggregated geographies. This information allows for basic calculations of distance traveled to a location and a 

deeper understanding of the community composition of visitors. While these new data sources may potentially help 

overcome many logistical barriers to obtaining behavioral information at scale, our work highlights the ongoing 

need for traditional methods of collection for calibration and validation for these new data sources to be useful in 

common applications. 

 

Background 

Existing visitation information for natural areas is limited and currently comes from many different, often 

inconsistent, sources. There are visitation estimates derived from entrance fees, parking fees, lifeguard counts, car or 

people electronic counters, aerial surveys, remote sensing, or tailored observational sampling plans [4-14]. Each data 

source comes with its own nuances in terms of sampling issues and geographical and temporal coverage. Most 

ongoing visitation collection efforts only capture paying customers during the hours of fee collections, thereby 

providing only a subset of daily use. There are also detailed collections that coincide with a specific project or event, 

such as an oil spill, but the knowledge is often not generalizable past a particular region or time-period. Often, the 



 

 

need to obtain visitation information arises after an event has occurred, making the before and after comparison 

difficult [3]. These event-based data collections are also resource intensive [2]. 

Efforts to overcome these barriers using other types of digital records include estimates derived from photo-sharing 

or other types of social media posts [15-21]. These techniques have been useful in estimating visitation to large 

parks, attractions, and natural areas around the world over long periods of time by providing monthly, seasonal, or 

yearly visitation estimates. However, these data sources represent only the small fraction of the public that opt to use 

those specific social media outlets, and they lack adequate temporal and spatial resolution. These factors limit the 

ability of social-media based methods to inform broader policies or localized environmental management. Use of 

cellular devices is much more common and the resolution of the information provided is much finer in both time and 

space.  

Cell data come from the digital traces ΡΙ�ΣΗΡΣΟΗ∂ς�ΦΗΟΟ�ΣΚΡΘΗ�ΞςΗ and location. In the past, this was based on the 

location of the tower a device was communicating with or a triangulation from the device to various cellphone 

towers. This data provided information based on many people, but with locational and temporal accuracy issues 

related to connectivity to the cellphone tower network DΘΓ�ΣΗΡΣΟΗς∂�DΦWΛΨΗ�ΞςΗ�ΡΙ�WΚΗ�ΣΚΡΘΗ [22]. With the addition 

of GPS instrumentation and the growing ubiquity of smartphone-style cellular telephones, these digital traces have 

become more accurate, more frequent and represent an increasing proportion of the population [23-28]. The device-

level, raw data are collected by cellular telephone providers, GPS enabled devices and increasingly by smartphone 

applications. Several third-party providers on the commercial market combine this information and sell processed 

data in a variety of formats [28].  

Cell data in various forms have been used most widely in the transportation and urban planning fields to understand 

use of public infrastructure and commuting [23-26] and to assist in land use classifications [27]. This data has also 

been used to understand economic trends [29], restaurant choice [30] and in epidemiology and population research 

in developing countries [31-34]. Despite its promise, there are limited environmental applications of the data to date, 

with notable applications concerning natural disasters [32] and air quality [35-36].  

There are a few recent applications of cell data to understand behavior in and around natural areas [37-39]. Kubo et 

al. [37] used cell data to calculate the economic value of coastal tourism across Japan, but provided no ground truth 

to the visitation information. For an island park in Korea [38], Kim et al. applied cell data to analyze tradeoffs 



 

 

between visitation and biodiversity and showed decent correlations between the cell data and monthly estimates of 

visitation to several specific locations on the island. A study of parks in California, USA, is the closest to the work 

presented in this paper [39]. The study used a similarly processed cell data product from a third-party vendor to 

estimate daily park visitation. They calibrated the cell data with just one set of data, vehicle counts on a major 

nearby road, finding a unit-value correction factor. They then validated their estimates DϑDΛΘςW�D�ςΛΘϑΟΗ�ΣDΥΝ∂ς gate 

traffic and parking information. They found good agreement with their corrected cell data model and daily vehicle 

counts. From there, they used park-specific vehicle-to-people ratios to extrapolate to the number of visitors to the 

other twenty-one parks of interest. Our study differs by incorporating multiple visitation records representing counts 

of people to a wider set of locations: eighteen different water recreation areas. We find similar potential for this data 

source to provide useful, policy-relevant visitor use information at daily and site-level scales for water recreation 

areas. 

 

Data description 

We identified and purchased a dataset of visitation derived from cell phone locations for a set of geographies and 

time to understand the extent, temporal distribution, and value of water recreation for Cape Cod, Barnstable County, 

Massachusetts and New England, USA in general. The set of water recreation areas comprises a comprehensive list 

of all the public beaches and public access points to water (fresh and saltwater beaches, public access points, parks, 

ways to water, and boat ramps) for Barnstable County, Massachusetts, compiled from federal, state, county, and 

town GIS information (n=464), and an additional set of beaches across greater New England (n=113). The data we 

used consists of estimates of visitation to these water recreation areas over the summer months of 2017 (June 

through September).  

We purchased data products processed by a third-party provider, Airsage, Inc. This provider creates population-level 

estimates of human mobility derived from a panel of over 120 million devices using location information from 

smartphone applications (see Supporting information). The data provider processes this device-specific locational 

information. Before we receive it, the data is anonymized and aggregated to contain no personally identifiable 

information. We do not obtain any device-level information, nor raw device GPS locations, but instead, we obtain 



 

 

aggregated summaries of visitation by recreation site and ΗςWΛΠDWΗς�ΡΙ�WΚΗ�ΨΛςΛWΡΥς∂ origin census block-group 

geographies. The data provider translates their sample to population-level estimates using weights based on the 

share of the population their sample represents by census-tract geographies. The cellular device sample we 

purchased data from includes about 30% of the U.S. population but varies by tract and month.  

To obtain the cell data for the sample geographies of interest, we spatially buffered (added area) around the water-

access sites which were designated as line or point features in the original spatial databases. In consultation with the 

data provider and after attempting a range of spatial buffers, a 100-meter buffer was chosen to balance specificity in 

capturing water recreation visits (i.e., not capturing ancillary points of interest in geographies, like restaurants or 

stores, for example) with the accuracy of the locational information. We sent the defined water recreation areas to 

the data provider as a set of geographic extents, or polygons (see Fig 1 for examples of area definitions), and they 

returned the aggregated and anonymized processed data in tabular form. We include a sample of the dataset below 

(Table 1) and include the entirety of this dataset available with the code package associated with this work at 

https://github.com/USEPA/Recreation_Benefits.git. 

 

Table 1: Sample of dataset derived from cell phone locations 

POI DATE HH00 HH01 HH02 HH03 HH04 HH05 ↔ HH20 HH21 HH22 HH23 DEVICE_TOTAL 

1 20170601 251 96 47 0 171 488 ↔ 668 848 812 222 21895 

1 20170602 245 202 133 148 112 646 ↔ 594 604 1157 468 21526 

1 20170603 299 148 196 243 340 135 ↔ 922 1283 1100 759 19449 

1 20170604 658 332 117 372 414 395 ↔ 1071 186 404 286 19415 

2 20170601 0 0 0 0 0 0 ↔ 86 0 0 0 1103 

2 20170602 114 0 0 0 0 50 ↔ 138 312 0 48 2746 

2 20170603 0 0 0 0 0 0 ↔ 238 226 122 66 2247 

2 20170604 66 66 66 66 0 0 ↔ 156 33 0 54 2046 

Note: POI indexes the water access locations and each column represents estimated visitation in hourly windows, 

with HH00 being 12AM-1AM. DEVICE_TOTAL refers to the estimate of unique devices seen in any of the 24 

hours at that water access location.  

 

The locational accuracy of the device locations underpinning the data range depending on the source device and the 

smartphone application. The accuracy of reported locations from applications varies with ranges of 1-10 meters 



 

 

(GPS), 20-200 meters (Wi-Fi), and 100-2000 meters (cell tower-based) based on the method(s) each application uses 

to locate each device. We were not able to obtain an average locational accuracy for devices seen in our geographies 

in our specific dataset since the smartphone applications do not report the exact location methods to the data 

provider and we do not receive device-specific locational information. Given the potential range in location 

accuracy, visits attributed to a water recreation area could have actually been to a nearby attraction, or vice-versa. 

We chose a relatively small buffer around the recreation areas to be conservative in defining the area attributed to 

use of the site and to minimize any mis-located visits. Given this and other limitations, we relied on the calibration 

and validation to on-the-ground visitation counts to assess the usefulness and accuracy of the cell data for our 

application and the choice of spatial definitions and buffers around sites. 

 

 

Fig 1. Example Definition of Water Recreation Areas. Dowses Beach, Barnstable, Massachusetts, USA and 

nearby water access areas. Point and line features representing water recreation access were buffered by 100 meters 

to capture use at the sites. These geographic areas correspond to the sample of visitation estimates from the cell data.  

 



 

 

In total, the cell dataset includes visitation estimates for 51,511 days across 577 sites. A complete set would be 

70,394 days (577 sites x 122 days), but some of the days for some sites are missing due to low visitation and 

detection limits. A visit was defined as a device location history implying a stay estimated to be longer than five 

minutes at a geography that was not the home or work location of the device based on the behavior of that device 

over the month. Home was defined as the census block group where the device is most often seen over the month 

between 9PM-6AM (see Supporting Information).  

In addition to estimates of visits, the cell data for each area also includes the home location of those visitors, either at 

the census block-group level or categorized as international if the origin was outside of the United States. For 

example, the data may show 100 people visited beach x during a time period, with 30 of those people come from 

census block y, 20 from census block z, and so on. The monthly visitor origin-destination data contains 642,915 data 

points representing monthly trip totals (577 sites x origin census block groups, which vary by site and month). This 

total is not inclusive of the data representing zero trips to destinations originating from block groups implied by the 

full origin-destination matrix. Because of the geographic and temporal scope, collecting this same information with 

traditional methods would be prohibitively expensive, time consuming, and inconsistent.  

 

Methods 

7Ρ�ΛΘΨΗςWΛϑDWΗ�WΚΗ�ΦΗΟΟ�ΓDWD∂ς�DΕΛΟΛW∴�WΡ�ΥΗΣΥΡΓΞΦΗ�ΓDΛΟ∴�ΨΛςΛWDWΛΡΘ�ΦΡΞΘWς��ΖΗ�ΦΡΠΣDΥΗΓ�WΚΗ�ΦΗΟΟ�ΓDWD�WΡ�D�ςΗΥΛΗς�ΡΙ�

observational counts collected from three different, commonly recorded sources for beach and park visitations. We 

then calibrated a model to translate the cell data into consistent estimates of visitation across many sites in the region 

of interest and across many days. We purposely designed the calibration to cover a wide range of access location 

sizes and visitation totals to test the transferability of the cell data and models built from it. No visitation dataset 

alone was perfect for use in calibration across a wide range of locations due to differences in counting methods, 

which is a common limitation to visitation records to natural spaces, generally. Capturing visitation to natural areas 

is very challenging, and existing approaches all have their own limitations for capturing daily visitation [39]. The 

observational data that overlaps with the cell data consists of: 1) onsite counts of small access points to an estuary, 



 

 

���D�WΡΖΘ∂ς�ΨΛςΛWDWΛΡΘ�ΗςWΛΠDWΗς�ΙΡΥ�WΚΗΛΥ�ΠDΘDϑΗΓ�ΕΗDΦΚΗς��DΘΓ����ΗΘWΥDΘΦΗ�ΙΗΗς�ΦΡΟΟΗΦWΗΓ�Ε∴�D�WΡΖΘ�WΡ�D�ΠDΜΡΥ�

beach.   

Visitation observation methods also vary because the context for taking them differ. Although the objective may be 

the same, observing visitation at a major beach requires different methods than those used for a set of small access 

points around an estuary [41]. By comparing and calibrating our data to a combined set representing the variety of 

recreational visitation count methods that exist in the real world, we show the ability of cell data to both replicate the 

types of data that are traditionally used and to bridge the various observational visitation records common around 

natural resources. Each source of observational data is briefly described below. 

ξ Small: We quantified use of the Three Bays estuary system on Cape Cod, Massachusetts through 

observational sampling for eleven public access points within the estuary. The counts were taken as a 

combination of periodic people and car counts and sunrise-to-sunset counts of visitors and cars. The public 

access points include beaches, docks, boat ramps, and landings. Observational data from this study include 

visitation estimates for 11 public access points for seven days from June to August, 2017 [41]. (N=72) 

 

ξ Medium: The diverse set of beaches for Barnstable, Massachusetts, on Cape Cod includes saltwater and 

freshwater beaches accessible to either the public or to town residents only. The dataset provided by the 

7ΡΖΘ�ΡΙ�%DΥΘςWDΕΟΗ∂ς�5ΗΦΥΗDWΛΡΘ�∋ΛΨΛςΛΡΘ�ΛΘΦΟΞΓΗς�ΓDΛly visitation estimates from lifeguard counts for 

seven of their beaches from Memorial Day (May 29) to Labor Day (September 4), 2017. (N=234) 

 

ξ Large: Narragansett Town Beach in Rhode Island is a popular destination for tourists and residents. Access 

to this beach is divided into resident only and public entrances. The public entrance requires an entrance fee 

for each person providing an accurate dataset of daily visitation to the beach. However, these entrance fees 

are only collected for the public part of the beach. By missing those visitors with resident permits, the data 

provided by the town of Narragansett underestimates visitation to the whole beach. Therefore, based on a 

.85/1 ratio between public and resident use obtained through parking lot counts conducted in the public and 

resident parking lots, the data were adjusted to represent daily use for the whole beach (see Supporting 



 

 

Information for details). Daily visitation numbers are provided from Memorial Day to Labor Day, 2017. 

(N=86) 

 

  

Fig 2. Observational Counts Compared Against Cell Data. Observations of visitation (9AM-4PM) plotted 

against uncalibrated visitation estimated from the cell data for the same hours. 

 

Fig 2 shows how the cell data-derived counts and observational counts compare. The cell data-derived estimates 

correspond well, but overestimate the observed visitor counts by about four times. This overestimation is likely due 

to several confounding assumptions. These assumptions start with choices in how the data provider processes the 

raw cellular device level information to associate records with geographies in certain time windows and to 

extrapolate the sample of cellular devices to population level estimates through their estimates of market penetration 

(see Supporting Information).  

The cell data product did not provide counts for the block of time that corresponded to our visitation counts (9AM-

4PM), but rather by individual hours. Therefore, we had to translate these hourly counts to our time window by 

making assumptions on the length of stay of visitors, since the same device would be counted multiple times if it 

were to stay at the site for multiple hours. )ΡΟΟΡΖΛΘϑ�WΚΗ�ΓDWD�ΣΥΡΨΛΓΗΥ∂ς�DΓΨΛΦΗ�WΡ�ΠDWΦΚ the cell data-derived 



 

 

information to visitation observations, we used an assumption of a three-hour average stay to match the time-

window of our observations. We could have picked data on one hour in the window to be representative of the 

whole three hours, the end hour for instance, but this would discard information in the other hours. Instead, we 

calculated a moving average (three-hour window) of visitation for each hourly visitation estimate from the cell data 

for each site. We then summed the moving average of only the central hour of three-hour blocks from 8AM-4PM 

(9AM, 12PM, 3PM) (see Supporting Information for more details). This reduces the cell data counts due to multiple 

sightings, since we summed only one of the three hours in each window, but maintains the information in the hourly 

distribution of use through the day. 

An assumption of a shorter length of stay would have increased the cell data counts and vice-versa. For example, if 

we assumed a two-hour average length of stay, we would have used two-hour instead of three-hour windows in the 

daily sums, increasing the daily total. While three hours may be a long average length of stay for recreational visits 

to all the water access sites, the data reflecting this assumption were inputs to the calibration models. We sought to 

correct any bias and inaccuracies introduced by this assumption by using the calibration models fit to on-the-ground 

counts below. Similarly, there is a difference in the relationship across the three sizes of access points that can also 

be seen in Fig 2. The differences by group are likely due to differences in the observational counting methods and 

possibly how well cell data performs based on the size of the area. We control for both possible effects in the 

statistical models used to calibrate the data. 

 

Models and prediction 

Our objective was to develop a model that predicts visitation to a range of water recreation areas using the cell data 

and other explanatory variables that are easily compiled across many places. These covariates include weather 

(temperature and precipitation), the month, day of the week, and size of the water access. The model controls for the 

different counting methods in the observational data. We estimated a varied set of candidate regression models 

including several functional forms where we defined linear and log-linear relationships between the visitor counts 

and the cell data and other regressors in R [42]. Since we did not have any preconceived notion of the functional 

forms of the relationships between the covariates and the dependent variable, we also estimated a more general 



 

 

random forest model. A random forest model is a type of non-parametric model commonly used in the data science 

and machine learning fields. They have been shown to reproduce many functional forms and have superior 

predictive performance over standard multivariate regression models for many applications [43-44].  

The candidate model specifications were as follows: 

ξ Linear 

;⇐ Λ�⇓ �Ε�∨5%⇐ Ε �…⇔π�Ε�…⇐� Ε …⇑�� Ε ∨9#⇐ Ε Α⇐     (1) 

 

ξ Log-Linear 

����:;⇐; Λ�⇓ �Ε�∨5%⇐ Ε �…⇔π�Ε�…⇐� Ε …⇑�� Ε ∨9#⇐ Ε Α⇐            (2) 

 

ξ Random Forest 

;⇐  = Β:%⇐ 〈π 〈� 〈�⇐〈#⇐;       (3) 

Where, 

;⇐  ± Observed visits to site, Ε, on day, Π  

%⇐ ± cell data-derived estimate of visitation to site Ε on day Π 

π ± Matrix of dummy variables for the month, day of the week, weekend, holiday 

� ± Matrix of weather variables (precipitation, temperature, windspeed) for day Π from Barnstable Municipal 

Airport weather station. 

�⇐ ± Dummy variables for the source of observed visitation data (Narragansett Beach, Barnstable Town, Three 

Bays) 

#⇐ ± Area of site Ε 

⇓ -  intercept 

Α⇐ ± error term 



 

 

We compared the candidate models based on their predictive performance. To avoid selecting an overfit model and 

therefore being overconfident in its out-of-sample model performance, we conducted a cross validation by splitting 

the data into training (in-sample) and test (out-of-sample) sets. We fit the candidate models to the training sets of 

data, predicted the test sets, and calculated fit statistics on the out-of-sample observations. We did this for 10 random 

splits of the data using a k-fold cross validation and present the average model performances across the 10 test sets 

in Table 1 [45-46]. Using this cross-validation technique is a statistical check and a data science best practice. Given 

the predictive purposes of these classes of models, we suggest that, in the future, a similar cross-validation process 

should be performed when using proxy-types of data for predicting visitation.  Additional regression and random 

forest outputs, goodness-of-fit metrics, and details can be found in the Supporting Information as well as in the code 

package (https://github.com/USEPA/Recreation_Benefits.git). 
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Results 

Using the cell data product from the data provider resulted in about a four-times overestimation of the type of 

recreational visitation we were looking to estimate when compared against observations. Despite the scale 

difference, we found the information contained in the cell data to be valuable to predict visitation across a diverse 

set of sites after calibration. From our models, there are a few ways to show that it is the information in the cell data 

that is providing most of the explanatory power as compared to the covariates (weather, area, source of the 

observational counts). Table 1 shows the regression results using just cell data (columns 1-2), then with additional 

covariates (columns 3-4). Just using cell data produces a decent model in linear form. The additional value of the 

covariates can be seen in the improved stats between column 1 and 3 and 2 and 4. In the random forest model, the 



 

 

cell data was by far the most useful in modeling visitation as seen by metrics of variable importance (see Supporting 

Information) 

 

 

Table 1: Regression results 

 

 Visits Log(Visits) Visits Log(Visits) 
 (1) (2) (3) (4) 

Cell data 0.245*** 0.0003*** 0.296*** 0.0002*** 
 (0.005) (0.0000) (0.007) (0.0000) 

Area (m2)   0.00003 0.000006*** 
   (0.0002) (0.0000006) 

Narragansett   -

646.796*** 
0.182 

   (72.136) (0.225) 

Town of 

Barnstable 
  -60.612 -0.409*** 

   (42.119) (0.131) 

Temperature 

(°F) 
  10.398*** 0.066*** 

   (2.567) (0.008) 

Precipitation 

(inches) 
  -26.180 -0.447*** 

   (47.250) (0.147) 

Constant 33.128* 4.320*** -334.114 0.539 

 (19.496) (0.064) (206.779) (0.644) 

Observation

s 
392 392 392 392 

R2 0.86 NA .89 NA 

ME .27 -430.96 .43 -74.35 

RMSE 318.08 3161.23 272.47 1030.21 

MAE 186.69 791.33 174.68 345.93 

 * p<0.10** p<0.05p***p<0.01 

Note: Dummy variables are included for month and day of the week 

in columns 3 and 4. Columns 2 and 4 are in log-linear form. See code 

and Supporting Information for additional details and candidate 



 

 

models. Goodness of fit statistics are from out-of-sample sets from a 

10-fold cross validation. Log-linear model predictions were 

converted to people terms for goodness of fit statistics. ME= mean 

error, RMSE = root mean squared error, MAE = mean absolute error. 

 

Table 2: Performance statistics for candidate models 

 ME RMSE MAE R-Squared 

Linear model 0.43 272.47 174.68 .89 

Log-linear model -74.35 1030.21 345.93 NA 

Random forest -3.78 262.48 154.84 .91 

Note: ME= mean error, RMSE = root mean squared error, MAE = mean absolute error. See 

Supporting Information for complete set of model output and performance statistics. 

 

Of the candidate models, we chose the random forest as the preferred model, given its predictive performance 

indicated by the lowest RMSE, MAE, and low bias (ME) during cross validation (see Table 2). To create the final 

comprehensive visitation dataset, we used the preferred random forest model to predict daily visitation to all  577 

water-access areas in our sample for the four summer months (June-September) of 2017. Fig 3 plots predicted 

visitation using the random forest model against observational counts, showing a tight overall in-sample fit. Our 

calibrated model produced daily visitation estimates with an out-of-sample mean absolute error of 155 people (Table 

2) based on the cross-validation.  



 

 

 

Fig 3. Cell Data Modeled Visitation Compared Against Observations. Predicted daily (9AM-4PM) visits from 

the cell data model compared to observed visitation at three sizes of water recreation areas in New England, USA.  

 

This model produced comprehensive visitation estimates across the region, but also at each individual site across 

days. The result of this work, a calibrated dataset of visitation including the code and data for producing the results 

in this paper can be found at https://github.com/USEPA/Recreation_Benefits.git. As examples of the usefulness of 

the broad geographical scope of the model and resulting database, Fig 4 shows daily visitation estimates to all public 

water-access points on Cape Cod for the summer months of 2017. Along with these types of landscape-scale results, 

the data and model provide focused site-specific information. Fig 5 shows daily visitation to a single beach across 

the season, information available for all sites and days across the four summer months.  

 



 

 

 

Fig 4. Visitation for Cape Cod, MA, USA for the Summer of 2017. Total predicted visits (9AM-4PM) to water 

recreation areas for the summer of 2017 (June, July, August, September) for Cape Cod (Barnstable County, MA, 

USA), using the cell data model. 

 



 

 

 

Fig 5. Narragansett Beach, RI, USA, Daily Visitation. Predicted daily (9AM-4PM) visits to 

Narragansett Town Beach (Narragansett, RI, USA) for the summer of 2017 using the cell data 

model. These daily predictions are compared to observed visits based on on-the-ground counts.  

 

Since we combined three different sources of visitation data to fit the model, we also ran candidate models on each 

visitation observation data source separately and the relationships between the cell data and each visitation dataset 

remained similar (see Supporting Information). The in-sample fit of those models varied, with the smaller access 

point dataset, Three Bays, the least well fit (R2 = .36), to better fits with the larger access point of Narragansett 

Beach (R2 = .96). The number of observations vary with the sources, as do specifics of how those observations were 

collected, but we suspect the cell data may be better at predicting visitation to larger areas, with more daily 

visitation. There are more cellular devices in a sample of a day at the more popular places to estimate visitation 

from, likely reducing noise in the estimate.   

We chose to use the most accurate and unbiased of the candidate statistical models for prediction. However, there 

are several sources of potential inaccuracies and biases in estimating visitation in this way that are not incorporated 



 

 

in the metrics of model goodness-of-fit. The observational visitation counts contain their own uncertainties and 

potential biases based on their sampling design and counting methods. By calibrating and validating to those counts, 

we may be carrying over those issues to our estimates of visitation. In addition, the cellular data contains 

uncertainties resulting from the geospatial accuracy of the device locations, our geographic definition of the sites, 

and the methods of expansion from the device sample to population level estimates. More applications using cell 

datasets are needed to understand these limitations combined with additional and more consistent collections of 

visitation observations are crucial to addressing these issues.  

The models we fit may also be susceptible to spatial autocorrelation issues resulting from the cell dataset if there are 

variations in how the data represents visitation geographically. Spatial autocorrelation in models potentially inflates 

goodness-of-fit estimates, can bias parameters and reduces predictive performance. We have controls in the models 

for each group of sites, which are geographically clustered. This may alleviate some of the potential issue. Similarly, 

collinearity in the covariates could potentially cause poor predictions, attributing predictive information to the wrong 

covariate, for example. We checked for this issue in a few ways, building up the model covariates sequentially 

starting with cell data alone and adding covariates. This led to little change in the relationships between observations 

and cell data counts (see Supporting Information for more model details and variations). We also consistently found 

good out-of-sample goodness-of-fit metrics in a cross validation, giving us more confidence that spatial 

DΞWΡΦΡΥΥΗΟDWΛΡΘ�DΘΓ�ΦΡΟΟΛΘΗDΥΛW∴�ΖΗΥΗ�ΟΛΝΗΟ∴�ΘΡW�DΘ�ΛςςΞΗ�ΛΘ�WΚΗ�ΠΡΓΗΟς∂�ΣΥΗΓΛΦWΛΨΗ�ΣΗΥΙΡΥΠDΘΦΗ��� 

 

Discussion 

We contend that the use of cell data provides a valuable method to quantify visitation across large numbers of areas 

and over time. When calibrated, the cell data provided an accurate and consistent way to estimate visitation to 

natural areas. It allowed us to produce a previously unavailable dataset of water visitation at a policy-relevant 

resolution, spatial extent, and consistency. The information provides visitation details for specific locations at a 

regional or sub-regional scale, the scale at which most decisions and policies regarding public natural areas are 

made. Understanding the scale and timing of visitor use of an area allows managers to determine and provide 

appropriate facilities and safety precautions and researchers to predict impacts of environmental change, measure 



 

 

effects of natural disasters, and conduct research on social and economic value of public access to natural areas. To 

date, no other methods for quantifying use have the same capacity for providing location-specific data across broad 

geographic areas at such a high temporal resolution.  

The data can inform landscape-level analyses of behavior to understand, at a broader scale, the impacts of changes 

in environmental quality across time as well as across access geography. The origin data can be used to better 

understand who visits an access point based on where they come from. This provides informative profiles regarding 

the characteristics of people and communities that are, or could be, affected by environmental degradation or 

improvements or other policy and management decisions. Taking advantage of variations in behavior and 

environmental quality across time, cell data∂ς�ΙΛΘΗ�WΗΠΣΡΥDΟ�ΥΗςΡΟΞWΛΡΘ opens avenues for longitudinal studies. For 

instance, it provides the ability to quantify the number of visitors affected and economic impacts incurred from 

beach closures, algal blooms, oil spills, or other events that typically are not captured consistently with current 

methods or lack baseline data for measuring impacts. 

Given our results, we suggest caution in using visitation estimates out-of-the-box from data providers without 

calibration. There is useful information in the datasets, but we found that calibration was necessary to confidently 

use the data for our purposes. In its delivered form, the data overestimated use of the type we were interested in 

quantifying, recreational visits to water-access areas. We hypothesized the need for this correction based on a few 

practical factors discussed below.  

We were only able to define recreation visitation by limiting the area of the requested geographies (the GIS 

information for the sites we requested from the data providers) where recreation would likely be the primary purpose 

for visiting the area and during time-windows of interest. Inherently, the on-the-ground visitation observations were 

more restrictive in capturing visits for recreation and not capturing ancillary or non-recreational visits to the 

geographies, like walking by the site on a nearby road. It is also reasonable to assume some observational counts 

may be conservative and under-report recreation visitation due to sampling constraints. 

Additionally, there is a cascade of statistical modeling assumptions that are made by the third-party providers to take 

raw device locational information to the anonymized and aggregated form delivered to the customers (see 

Supporting Information ΙΡΥ�WΚΗ�ΣΞΕΟΛΦΟ∴�DΨDΛΟDΕΟΗ�ΓΗςΦΥΛΣWΛΡΘ�ΡΙ�∃ΛΥςDϑΗ∂ς�ΣΥΡΦΗςς���7ΚΗ�Η[DΦW�ΓΗWDΛΟς�ΡΙ�each private 

ΣΥΡΨΛΓΗΥ∂ς�ΓDWD�ΣΥΡΦΗςςΛΘϑ�workflows are their intellectual property and protected as such. This opaqueness 



 

 

motivates the use of methods to judge performance critically and the construction of additional models based on 

common cell data products for popular environmental applications, such as the one described in this paper. Because 

the methods used by the data providers are constantly in development, estimating performance on common 

observational datasets and with common methods would provide more clarity and confidence (statistical and 

otherwise) for ΦΗΟΟ�ΓDWD∂ς�use in policy and management applications. In some cases, lack of cellular connectivity in 

some natural areas may also limit its usefulness, although GPS-based and application derived locational methods 

have overcome some of this limitation by passing along information when the device is reconnected to a network. It 

Λς�ΛΘ�D�ΞςΗΥ∂ς�ΕΗςW�ΛΘWΗΥΗςW�WΡ�ΦDΟΛΕΥDWΗ�WΚΗ�ΣΥΡΓΞΦW�for their application, when possible, or consider the uncalibrated 

information as a relative metric. We demonstrated a simple method to do a calibration in this paper and provide the 

data and code for others to work from and improve as more users apply these types of data products. 

While cell data-derived information is an exciting development for researchers and managers, counterintuitively, we 

found attempting to use it for a practical application only further motivated the need to take more accurate, 

consistent and unbiased observations of visitation using traditional methods. Modeling methods are hindered by the 

lack of availability of training datasets and would be greatly improved by larger and more uniformly collected 

observations. This is especially true regarding machine-learning algorithms [47]. For example, with small and 

practical tweaks in the way visitation records are collected at water-access areas, such as collecting periodic counts 

of cars and people at specific times, visitation records could become more harmonized and useful [12,41]. From 

there, visitation proxies like cell data or social media-based models can provide a platform for spatial and temporal 

extrapolation across broad geographies, as we demonstrate here. The need for such models is not confined to water-

access visitation, as it is relevant to many other similar policy contexts, for example, at national parks or urban 

green-spaces. The differences in how well our models fit depending on the visitation data source, with larger more 

popular locations fit better than small, should be cautionary to approaches applying the cell data-derived visitation 

estimates to settings where there is no similar observational data for comparison. 

 



 

 

 

Fig 6. Visitor Origins for Narragansett Beach, RI, USA. Count of visitors by census block group origins for 

visitors to Narragansett Town Beach, Narragansett RI, USA, (black star on the map) in August 2017. This monthly 

origin information exists for each of the 577 access points in our sample. 

 

In this paper we explored only a few dimensions of the information in the cell data-derived dataset, focusing on 

estimating visitation. The origin information provided about the visitors to the water-access sites--monthly visitation 

by site and census block groups in our case--provides the type of data needed for a myriad of travel-demand models 

for recreation [48]. Previous social media-based work [18] pointed out this potential opportunity, but travel-demand 

models typically require more spatially and temporally resolved information than what can be found currently in 

data derived from social media. Fig 6 displays origin-destination data for one site, Narragansett Beach, Rhode 

Island, for August 2017. Our dataset includes this information for all sites and months. More work is needed to 



 

 

calibrate and validate the origin-destination information provided by cell data products for environmental 

applications and more generally [49]. Validating the origin data and fitting travel-demand models is beyond the 

scope of this paper and is left for future work. We include the origin-destination data in the data package associated 

with this paper for any other users that wish to tackle this natural next step. As with the visitation estimates, the 

possibility of using new sources of data for origin-destination travel-demand models encourages implementation of 

more commonly-worded and formatted general population and visitor intercept surveys to provide the necessary 

corroborating and calibrating datasets.  

The visitation dataset resulting from the work in this paper is useful for federal, state and town managers and 

agencies in the region for any number of applications requiring visitor use information. For example, state managers 

may use this information to determine the allocation of beach monitoring resources, a town shellfish warden may 

use it to identify the most actively fished sites, or a tourism board could use it to understand the profile of visitors to 

popular natural attractions. Of broader interest in natural resource management and research, these types of models 

using cell data and a similar calibration process could be developed for other areas or for other purposes such as 

understanding the scale of ecosystem services, human-wildlife conflict, water consumption demand, or emergency 

response, for example. 
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Supporting Information 

Supplementary Table S1. Performance statistics for candidate models. Car counts of resident and 

public parking lots were used to find the ratio of resident and public use of the beach. This ratio was 

applied to daily counts from ticket receipts (public only) to estimate total daily visitation. 



 

 

Supplementary Table S2. Candidate regressions. Dummy variables are included for month and day of 

the week in each regression. Columns 2 and 4 are in log-linear form. See code for additional details and 

candidate models.  

Supplementary Table S3. Out-of-sample performance statistics for each candidate model. Each 

candidate model is presented with varying explanatory variables and functional form. ME= mean error, 

RMSE = root mean squared error, MAE = mean absolute error, MAPE = mean absolute percent error, R-

squared= % of out-of-sample variance explained.  

Supplementary Table S4: Linear regression results on each observational count source. Each 

column contains observations from each source of visitation observation information. Dummy variables 

are included in all regressions for month and day of the week. R-squared= % of in-sample variance 

explained. 

Supplementary Figure S1. Mean squared errors when considering a different 

number of candidate prediction variables at each split in a tree. 
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R package Ranger. 
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Justifications:

Justification 1:

The nominated review paper publication provides a case study for the application of the mode of action

analysis approach to investigate the potential mechanisms and human relevance of uranium induced

non-cancer effects. The mode of action analysis in this paper also helped reveal important data gaps and

particularly vulnerable sections of the population. Uranium exposure alters the processes of bone modeling and

remodeling; thus, early life stages are susceptible to uranium-induced osteotoxicity. Furthermore, during aging

there is a shift in the ratio of bone mineralization versus erosion in bone remodeling, resulting in decreased

bone mineralization and increased bone fragility; thus, the elderly may also represent a susceptible population

to uranium-induced bone toxicity. Therefore, in addition to assessing the potential nephrotoxic effects of

uranium in exposed human populations, epidemiological studies could also consider evaluating indicators of

mineral homeostasis and bone health such as Vitamin D, BMD, and serum and urinary levels of biomarkers of

bone formation and resorption.

This product furthers the Agency’s core mission to ensure that Americans have clean air, land and water and

that national efforts to reduce environmental risks are based on the best available scientific information

(https://www.epa.gov/aboutepa/our-mission-and-what-we-do) by advancing improved hazard characterization

and risk assessment practices. This publication has been cited in 20 documents including primary research

publications investigating uranium-induced developmental and skeletal effects as well as several foreign

government guidelines and reports which reviewing the potential human health hazards associated with

uranium exposure (see citation list below). The research describe in this publication was funded by the Office

of Research and Development/National Center for Environmental Assessment. This publication was not

previously nominated for any EPA or external award. According to Google Scholar this review paper has 17

citations, this does not include citations from government agencies outside the US (see complete citation list

below).

This work relies on a prior manuscript, published in 2010 and therefore not included in this award application,

that reviewed the epidemiological and experimental data on the renal effects of exposure to depleted uranium

(see Arzuaga et al 2010 in supporting documents).

1.    Banning, A., and M. Benfer. 2017. 'Drinking Water Uranium and Potential Health Effects in the German

Federal State of Bavaria', International Journal of Environmental Research and Public Health, 14.

2.    Geoscience and Mines Branch. 2018. "A Review and Summary of Activities Related to Uranium in Nova

Scotia Well Water." In, edited by Nova Scotia Energy and Mines. Halifax, Nova Scotia, Canada.

https://scholar.google.com/scholar?oi=bibs&hl=en&cites=5301911537421135538
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=5301911537421135538
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3.    Gritsaenko, T., V. Pierrefite-Carle, G. Creff, C. Vidaud, G. Carle, and S. Santucci-Darmanin. 2018.

'Methods for Analyzing the Impacts of Natural Uranium on In Vitro Osteoclastogenesis', Jove-Journal of

Visualized Experiments.

4.    Gritsaenko, T., V. Pierrefite-Carle, T. Lorivel, V. Breuil, G. F. Carle, and S. Santucci-Darmanin. 2017.

'Natural uranium impairs the differentiation and the resorbing function of osteoclasts', Biochimica Et Biophysica

Acta-General Subjects, 1861: 715-26.

5.    Gueguen, Y., L. Roy, S. Hornhardt, C. Badie, J. Hall, S. Baatout, E. Pernot, L. Tomasek, O. Laurent, T.

Ebrahimian, C. Ibanez, S. Grison, S. Kabacik, D. Laurier, and M. Gomolka. 2017. 'Biomarkers for Uranium Risk

Assessment for the Development of the CURE (Concerted Uranium Research in Europe) Molecular

Epidemiological Protocol', Radiation Research, 187: 107-27.

6.    Hall, J., P. A. Jeggo, C. West, M. Gomolka, R. Quintens, C. Badie, O. Laurent, A. Aerts, N. Anastasov, O.

Azimzadeh, T. Azizova, S. Baatout, B. Baselet, M. A. Benotmane, E. Blanchardon, Y. Gueguen, S. Haghdoost,

M. Harms-Ringhdahl, J. Hess, M. Kreuzer, D. Laurier, E. Macaeva, G. Manning, E. Pernot, J. L. Ravanat, L.

Sabatier, K. Tack, S. Tapio, H. Zitzelsberger, and E. Cardis. 2017. 'Ionizing radiation biomarkers in

epidemiological studies - An update', Mutation Research-Reviews in Mutation Research, 771: 59-84.

7.    Hao, Y. H., R. Gao, B. H. Lu, Y. H. Ran, Z. Y. Yang, J. Liu, and R. Li. 2018. 'Ghrelin protects against

depleted uranium-induced bone damage by increasing osteoprotegerin/RANKL ratio', Toxicology and Applied

Pharmacology, 343: 62-70.

8.    Health Canada. 2017. "Uranium in Drinking Water. Document for Public Consultation." In, edited by

Federal-Provincial-Territorial Committee on Drinking Water. Ottawa, Ontario, Canada.

9.    Health Canada. 2019. "Guidelines for Canadian Drinking Water Quality. Guideline Technical Document.

Uranium." In, edited by Healthy Environments and Consumer Safety Branch. Water and Air Quality Bureau.

Ottawa, Ontario, Canada.

10. Hurault, L., G. Creff, A. Hagege, S. Santucci-Darmanin, S. Pagnotta, D. Farlay, C. Den Auwer, V.

Pierrefite-Carle, and G. F. Carle. 2019. 'Uranium Effect on Osteocytic Cells In Vitro', Toxicological Sciences,

170: 199-209.

11. Huynh, T. N. S., C. Vidaud, and A. Hagege. 2016. 'Investigation of uranium interactions with calcium

phosphate-binding proteins using ICP/MS and CE-ICP/MS', Metallomics, 8: 1185-92.
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12. Lan, L., S. Y. Wu, S. D. Yu, J. J. Jiang, H. H. Chen, Y. F. Lou, and G. R. Fan. 2019. 'Fast and direct

determination of catechol-3, 6-bis(methyleiminodiacetic acid) prototype in beagle dog plasma using liquid

chromatography tandem mass spectrometry: A simplified and high throughput in-vivo method for the metal

chelator', Journal of Chromatography A, 1596: 84-95.

13. McDiarmid, M. A., M. Cloeren, J. M. Gaitens, S. Hines, E. Streeten, R. J. Breyer, C. H. Brown, M. Condon,

T. Roth, M. Oliver, L. Brown, M. Dux, M. R. Lewin-Smith, F. Strathmann, M. A. Velez-Quinones, and P. Gucer.

2018. 'Surveillance results and bone effects in the Gulf War depleted uranium-exposed cohort', Journal of

Toxicology and Environmental Health-Part a-Current Issues, 81: 1083-97.

14. Pierrefite-Carle, V., S. Santucci-Darmanin, V. Breuil, T. Gritsaenko, C. Vidaud, G. Creff, P. L. Solari, S.

Pagnotta, R. Al-Sahlanee, C. Den Auwer, and G. F. Carle. 2017. 'Effect of natural uranium on the UMR-106

osteoblastic cell line: impairment of the autophagic process as an underlying mechanism of uranium toxicity',

Archives of Toxicology, 91: 1903-14.

15. United Nations Scientific Committee on the Effects of Atomic Radiation. 2016. "Sources, Effects and Risks

of Ionizing Radiation: UNSCEAR 2016 Report to the General Assembly, Scientific Annexes A, B, C and D."

United Nations. New York, United States of America.

16. Roller, L. K., and L. J. Baumgartner. 2016. 'Metals.' in S. D. Ray (ed.), Side Effects of Drugs Annual: A

Worldwide Yearly Survey of New Data in Adverse Drug Reactions, Vol 38.

17. Stojsavljevic, A., S. Borkovic-Mitic, L. Vujotic, D. Grujicic, M. Gavrovic-Jankulovic, and D. Manojlovic. 2019.

'The human biomonitoring study in Serbia: Background levels for arsenic, cadmium, lead, thorium and uranium

in the whole blood of adult Serbian population', Ecotoxicology and Environmental Safety, 169: 402-09.

18. Stojsavljevic, A., S. Skrivanj, J. Trifkovic, N. Djokovic, S. R. Trifunovic, S. Borkovic-Mitic, and D. Manojlovic.

2019. 'The content of toxic and essential elements in trabecular and cortical femoral neck: a correlation with

whole blood samples', Environmental Science and Pollution Research, 26: 16577-87.

19. Wu, X. M., Q. X. Huang, Y. Mao, X. X. Wang, Y. Y. Wang, Q. H. Hu, H. Q. Wang, and X. K. Wang. 2019.

'Sensors for determination of uranium: A review', Trac-Trends in Analytical Chemistry, 118: 89-111.

Yue, Y. C., M. H. Li, H. B. Wang, B. L. Zhang, and W. He. 2018. 'The toxicological mechanisms and

detoxification of depleted uranium exposure', Environmental Health and Preventive Medicine, 23.

Justification 2A:
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n/a

Justification 2B:

n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

According to Google Scholar the nominated review paper is has 17 citations, this does not include citations

from government agencies outside the US. This publication has been cited in 20 documents including primary

research publications investigating uranium-induced developmental and skeletal effects as well as several

foreign government guidelines and reports which reviewing the potential human health hazards associated with

uranium exposure (see citation list below).

1.    Banning, A., and M. Benfer. 2017. 'Drinking Water Uranium and Potential Health Effects in the German

Federal State of Bavaria', International Journal of Environmental Research and Public Health, 14.

2.    Geoscience and Mines Branch. 2018. "A Review and Summary of Activities Related to Uranium in Nova

Scotia Well Water." In, edited by Nova Scotia Energy and Mines. Halifax, Nova Scotia, Canada.

https://scholar.google.com/scholar?oi=bibs&hl=en&cites=5301911537421135538
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7.    Hao, Y. H., R. Gao, B. H. Lu, Y. H. Ran, Z. Y. Yang, J. Liu, and R. Li. 2018. 'Ghrelin protects against

depleted uranium-induced bone damage by increasing osteoprotegerin/RANKL ratio', Toxicology and Applied

Pharmacology, 343: 62-70.

8.    Health Canada. 2017. "Uranium in Drinking Water. Document for Public Consultation." In, edited by

Federal-Provincial-Territorial Committee on Drinking Water. Ottawa, Ontario, Canada.
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Ottawa, Ontario, Canada.

10. Hurault, L., G. Creff, A. Hagege, S. Santucci-Darmanin, S. Pagnotta, D. Farlay, C. Den Auwer, V.

Pierrefite-Carle, and G. F. Carle. 2019. 'Uranium Effect on Osteocytic Cells In Vitro', Toxicological Sciences,
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Page 8 of 10

The nominated paper was submitted to Toxicology Letters (
https://www.journals.elsevier.com/toxicology-letters). According to the journal
website the “journal operates a single blind review process. All contributions will be
initially assessed by the editor for suitability for the journal. Papers deemed suitable
are then typically sent to a minimum of two independent expert reviewers to assess
the scientific quality of the paper. The Editor is responsible for the final decision
regarding acceptance or rejection of articles. The Editor's decision is final.”

AUTHORS

Principal Author

Author Name: Xabier Arzuaga Andino

Professional Title: Salutation:

Email: arzuaga.xabier@epa.gov Organization:

Mailing Address:

Street Line 1:
1200 Pennsylvania Ave, NW
Washington, DC 20460

City: Washington

Zip Code: 20460 State: DC

At time of research was: EPA Employee

Separation Date:

% of Effort: 65

Contributing Author

Author Name: Martin Gehlhaus

Professional Title: Salutation:

https://www.journals.elsevier.com/toxicology-letters
https://www.journals.elsevier.com/toxicology-letters


Page 9 of 10

Email: gehlhaus.martin@epa.gov Organization:

Mailing Address:

Street Line 1:
USEPA REGION 3 1650 Arch Street
Mail Code: 3SD52 Philadelphia, PA
19103-2029

City: Philadelphia

Zip Code: 19103-2029 State: PA

At time of research was: EPA Employee

Separation Date:

% of Effort: 20

Contributing Author

Author Name: Jamie Strong

Professional Title: Salutation:

Email: strong.jamie@epa.gov Organization:

Mailing Address:

Street Line 1:

USEPA Headquarters William Jefferson
Clinton Building 1200 Pennsylvania
Avenue, N. W. Mail Code: 4304T
Washington, DC 20460

City: Washington

Zip Code: 20460 State: DC

At time of research was: EPA Employee

Separation Date:

% of Effort: 15

PUBLICATIONS



Page 10 of 10

Publication 1:

Publication Title:
Modes of action associated with uranium induced adverse effects in bone function
and development

Publication Date: Mon May 11 00:00:00 GMT 2015

Journal/Publication
Method:

Toxicology Letters

All Author(s):

Volume: 236 Number: 2

Pages: 123-130
Immediately
Index:

Immediately
Index:

Citation ½ Life: Arzuaga X, et al 2015. Toxicol Lett. 236(2):123-30 Impact Factor: 3.749



Mini review

Modes of action associated with uranium induced adverse effects in

bone function and development

Xabier Arzuaga, Martin Gehlhaus, Jamie Strong *

National Center for Environmental Assessment, U.S. Environmental Protection Agency, WA, DC 20460, USA

A R T I C L E I N F O

Article history:

Received 10 April 2015

Accepted 7 May 2015

Available online 11 May 2015

Keywords:

Uranium

Bone development

Osteotoxicity

Vitamin D

A B S T R A C T

Uranium, a naturally occurring element used in military and industrial applications, accumulates in the

skeletal system of animals and humans. Evidence from animal and in-vitro studies demonstrates that

uranium exposure is associated with alterations in normal bone functions. The available studies suggest

that upon absorption uranium directly affects bone development and maintenance by inhibiting

osteoblast differentiation and normal functions, and indirectly by disrupting renal production of

Vitamin D. Animal studies also provide evidence for increased susceptibility to uranium-induced bone

toxicity during early life stages. The objective of this review is to provide a summary of uranium-induced

bone toxicity and the potential mechanisms by which uranium can interfere with bone development and

promote fragility. Since normal Vitamin D production and osteoblast functions are essential for bone

growth and maintenance, young individuals and the elderly may represent potentially susceptible

populations to uranium-induced bone damage.

Published by Elsevier Ireland Ltd.
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1. Introduction

Uranium (U) is a naturally occurring alpha-emitting radioac-

tive metal that is present in soil at a concentration of 2–3 ppm

(ATSDR, 2013; Bleise et al., 2003; Craft et al., 2004). Naturally

occurring uranium is a mixture of three isotopes, U-234, U-235,

and U-238, all of which undergo radioactive decay by emitting

alpha particles accompanied by very small amounts of beta

particles and gamma emissions (ATSDR, 2013; IAEA, 2008).

Uranium is present in all geologic materials and, consequently, in

soil, water, plants, animals, food, and ambient air (ATSDR, 2013;

NRC, 2008).

The primary source of exposure for naturally occurring uranium

is through food and water consumption. However, due to its

ubiquitous presence in the environment individuals may be

exposed to uranium by multiple routes, including ingestion,

inhalation, and/or dermal contact (ATSDR, 2013; Keith et al., 2007;

Lariviere et al., 2013). Uranium uptake is low for all exposure

routes, but once absorbed it undergoes oxidation and forms soluble

complexes with bicarbonate plasma proteins (primarily transfer-

rin) and citrate (Bleise et al., 2003; Craft et al., 2004; Keith et al.,

2007). From the bloodstream, the dissolved uranium is rapidly
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distributed to target tissues, principally the kidney and bone, or

excreted in urine (Eidson, 1994).

Animal and human studies have demonstrated that uranium

accumulates in renal and osseous tissues (Adams and Spoor, 1974;

Durbin and Wrenn, 1975; Fisenne and Welford, 1986). In humans

and animals, uranium deposits in the skeleton in a dose- and time-

dependent fashion (Arruda-Neto et al., 2004; Lariviere et al., 2013;

Pellmar et al., 1999; Prado et al., 2008) and uranium accumulation

in bones occurs at a higher rate in young individuals (Lariviere

et al., 2007; Rodrigues et al., 2013). Thus, bone is considered to be

the most significant, long term deposit of uranium.

Once deposited in bone, uranium may be retained for long

periods of time (Brugge and Buchner, 2011; Zhu et al., 2009), with

half lives in bone ranging from 70 to 200 days (ATSDR, 2013).

Within the osseous tissue, uranium accumulates in areas of active

bone formation, specifically the calcifying zones of skeletal

cartilage, where it can mimic and replace calcium (Ca2+) (ATSDR,

2013; Rodrigues et al., 2013).

As described below, various studies using mammalian and cell

culture models report that uranium exposure interferes with

normal bone functions. Furthermore, a human study reported an

association between uranium exposure and biochemical indicators

of bone turnover (Kurttio et al., 2005). This review evaluates the

current evidence of uranium induced bone toxicity and the

potential modes of action by which uranium exposure leads to

adverse skeletal health.

2. Approach for literature search on uranium and bone toxicity

Medline, Web of Science and Toxline were searched for

epidemiological and animal studies informative to the potential

effects of uranium exposure in bones. The search terms used were:

uranium and bone or bone growth or bone formation or bone

toxicity or bone resorption or bone volume or bone remodeling or

bone density or bone mineralization or osteotixicity or osteoblasts

or Vitamin D or alkaline phosphatase. Titles and abstracts of

retrieved publications were reviewed for relevance to uranium and

bone health. The citation list of publications considered informa-

tive were evaluated to identify studies not captured in the scientific

databases mentioned above.

3. Bone formation and maintenance overview

A brief review of the biological processes of bone formation and

maintenance, which have been shown to be affected by exposure

to uranium and other osteotoxic heavy metals, is presented below.

This section is not meant to be an exhaustive review on bone

biology and development of the skeletal system. More in depth

reviews are cited herein.

The bones that comprise the skeletal system are rigid organs

whose function is to maintain systematic mineral homeostasis,

and to provide support, protection and mobility (Teti, 2011; Yang,

2009). The formation and growth of the skeletal system takes place

during embryonic development and childhood (Karsenty, 1999).

The process of bone formation and mineralization can be

categorized into two types:

1. Endochondral ossification, in which the mesenchymal cells

differentiate into chondrocytes which form the cartilage

template for future bone, and are then replaced by osteoblasts

(Karsenty, 1999; Teti, 2011).

2. Intramembranous ossification, in which bone formation occurs

directly within the membranous tissue without the formation of

a cartilage template (Franz-Odendaal, 2011; Mackie, 2003; Yang,

2009).

During early developmental stages, bones such as the skull, the

mandible, and the pectoral girdle are formed via intramembranous

ossification, while long bones are formed through endochondral

ossification (Franz-Odendaal, 2011; Teti, 2011). The process of

intramembranous ossification consists of three major stages:

(a) cell induction to the skeletogenic lineage in which mesenchy-

mal and epithelial cells interact and establish the eventual

pattern of the skeleton, (b) condensation formation, in which

mesenchymal cells aggregate until a critical size is reached, and

(c) cell differentiation of osteoblasts which secrete bone matrix

and promote bone mineralization (Franz-Odendaal, 2011; Olsen

et al., 2000).

In both endochondral and intramembranous ossification,

osteoblasts secrete bone matrix and the osteoblasts which

become entrapped in the bone matrix are called osteocytes

(Franz-Odendaal, 2011; Teti, 2011). Osteocytes form a network

through the mineralized bone and their function is to maintain

bone structure and metabolism by transducing stress signals

from bending and stretching of bone as well as microdamage

(Clarke, 2008; Teti, 2011).

Endochondral ossification consists of chondrocyte differentia-

tion, proliferation and hypertrophy, followed by bone matrix

secretion and mineralization. Enlarged chondrocytes secrete the

matrix and form the bone cartilage model (Mackie et al., 2008).

The hypertrophic chondrocytes then undergo apoptosis and are

replaced by osteoblasts. The osteoblasts secrete osteoid, the un-

mineralized organic component of bone matrix, while osteoclasts

remove the cartilage model (Karsenty, 1999; Mackie et al., 2008).

Finally, the cartilage model is replaced by mineralized bone

(Mackie et al., 2008).

Endochondral ossification also occurs during recovery from

bone fractures (Shapiro, 2008). The histological appearance and

molecular mechanisms involved in the process of fracture

recovery are similar to the ones that regulate fetal and childhood

skeletal development (Ferguson et al.,1999; Vortkamp et al., 1998).

The process of endochondral bone repair also involves

chondrocyte differentiation and hypertrophy, secretion of the

cartilage bone model, osteoblast recruitment, and bone minerali-

zation (Gerstenfeld et al., 2003; Shapiro, 2008). Endochondral bone

repair is considered to recapitulate bone development during early

life stages (Gerstenfeld et al., 2003) and, although fracture repair

studies are carried out in a postnatal setting, they may be

informative to the understanding of the effects of osteotoxic agents

on early developmental bone growth.

Bone modeling and remodeling are two lifelong processes

which allow growth and maintenance of the skeleton and damage

removal (Clarke, 2008; Seeman, 2009). Bone modeling refers to the

biological process by which bones change their shape and mineral

content in response to physiologic and/or mechanical stimulus.

Bone remodeling removes bone microdamage, maintains mineral

homeostasis, and manages the extracellular levels of Ca2+, and is

governed by bone resorbing osteoclasts and bone re-synthesizing

osteoblasts (Clarke, 2008; Seeman, 2009). During bone remodeling

osteoblasts activate osteoclast differentiation through increased

secretion of the cell membrane bound protein receptor activator of

nuclear factor kappa (RANKL) (Karsenty, 1999; Komori, 2014).

Upon erosion of the bone matrix by osteoclasts, the osteoblasts

then re-mineralize the bone matrix (Anderson et al., 2011; Turner

et al., 2012). Thus, osteoclasts remove the damaged portions of the

bone, while osteoblasts secrete the bone matrix which is

subsequently mineralized to form the new bone (Clarke, 2008;

Teti, 2011). Bone remodeling replaces bone without altering its

bone mineral content, with the exception of disease states such as

osteoporosis where bone resorption occurs at a higher rate than

deposition (Teti, 2011). Alterations in the rates of bone formation
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versus resorption may lead to increased susceptibility to bone

fractures (Clarke, 2008; Seeman, 2009).

Mineral homeostasis of the skeleton and blood calcium

concentration are hormonally regulated by Vitamin D and

parathyroid hormone (PTH) (Dusso et al., 2005; Norman, 2008).

Vitamin D is obtained through the diet and the action of sunlight

on the skin. The bioactive form of Vitamin D is produced by

sequential enzymatic reactions in the liver and kidney, which are

carried out by cytochrome P450 (CYP) enzymes (Dusso et al., 2005;

Haussler et al., 2013). Bone cells such as osteoblasts, osteocytes,

and osteoclasts have also been shown to metabolize Vitamin D to

its bioactive metabolite (Turner et al., 2012). In the liver,

cholecalciferol (Vitamin D3) is hydroxylated to 25 hydroxyVitamin

D3 [25 (OH)D3], which is then converted to the hormonally active

Vitamin D metabolite 1,25-dihydroxyVitamin D3 (1,25-(OH)2D3) in

the renal proximal tubule and/or bone cells (Anderson et al., 2013;

Clarke, 2008). Through activation of the Vitamin D receptor (VDR),

1,25-(OH)2D3 stimulates intestinal absorption of calcium and

phosphorous, renal calcium reabsorption, bone modeling and

remodeling, growth plate development of long bones, osteoblast

differentiation, and osteoclast proliferation and differentiation

(Anderson et al., 2013; Dusso et al., 2005; Haussler et al., 2013).

Alterations in Vitamin D metabolism and/or inadequate expression

of the VRD have been shown to be associated with skeletal

disorders such as Rickets disease in children and osteoporosis in

the elderly (Bacchetta et al., 2012; Haussler et al., 2013; Lanske and

Razzaque, 2007).

4. Uranium-induced bone toxicity

The majority of the available evidence of uranium-induced

adverse effects in osseous tissue has been generated from animal

bioassays, and various studies demonstrate that early life stages–

during which endochondral ossification and bone growth is most

active–are susceptible to uranium induced alterations in normal

bone functions and development. Wade-Gueye et al. (2012)

reported higher susceptibility to uranium induced bone toxicity

after exposure during early life stages (Wade-Gueye et al., 2012).

Uranium exposure can also decrease tooth eruption and develop-

ment in pre-pubertal Wistar rats, an effect which is indicative of

damage to cementoblasts and odontoblasts (Pujadas Bigi et al.,

2003; Pujadas Bigi and Ubios, 2007).

Uranium exposure can significantly alter the process of

endochondral ossification (Table 1). In Wistar rats, uranium

exposure reduced bone growth, volume, and mineralization of

the tibial metaphysis (Diaz Sylvester et al., 2002; Fukuda et al.,

2006; Guglielmotti et al., 1984; Ubios et al., 1994) and decreased

mandibular bone growth (Diaz Sylvester et al., 2002; Pujadas Bigi

and Ubios, 2007; Ubios et al., 1994). Similar effects have been

reported in the femoral metaphysis of Balb/c mice and the tibial

metaphysis of Wistar rats, in which uranium exposure was

associated with decreased growth cartilage, bone volume, bone

formation surfaces and mineralization (Bozal et al., 2005; Fukuda

et al., 2006; Guglielmotti et al., 1984) (see Supplementary

Table S1).

Cabrini et al. (1984), Guglielmotti et al. (1984, 1985, 1987), and

Ubios et al. (1991) observed that acute uranium exposure resulted

in decreased osteoblast activity and intramembranous ossification

in Wistar rats (Table 1) (Cabrini et al., 1984; Guglielmotti et al.,

1985, 1984; Ubios et al., 1990). A rat model was used to investigate

intramembranous bone formation. It consisted of alveolar bone

healing after tooth extraction (Jahangiri et al., 1998; Ubios et al.,

1990). Uranium induced delays in intramembranous ossification

and bone formation in the healing sockets of alveolar bones from

Wistar rats were characterized by decreased bone volume, bone

density, and bone formation (Cabrini et al., 1984; Guglielmotti

et al., 1985, 1987, 1984; Ubios et al., 1990) and by increased bone

resorption (Guglielmotti et al., 1987).

The processes of bone modeling and remodeling have also been

shown to be altered by uranium exposure (Table 1). Studies using

Wistar rats report that uranium exposure inhibited bone modeling

and remodeling in the alveolar and mandibular bones (Diaz

Sylvester et al., 2002; Pujadas Bigi et al., 2003; Pujadas Bigi and

Ubios, 2007; Ubios et al., 1991, 1994). Exposure to uranium

decreased bone formation in the lingual and vestibular (buccal)

side of the mandible, two sites where modeling and remodeling

take place, respectively (Pujadas Bigi et al., 2003; Ubios et al.,1991).

In young animals, uranium exposure also decreased mandibular

growth, a process dependent on adequate bone modeling and

remodeling, and endochondral ossification (Pujadas Bigi et al.,

2003; Pujadas Bigi and Ubios, 2007).

Animal studies have also reported that uranium can increase

bone resorption. In Wistar rats, Guglielmotti et al. (1987) and Ubios

et al. (1991) reported that bone resorption in the metaphysis of the

tibial bone was significantly increased at 60 days post-exposure to

a single uranium dose (Guglielmotti et al., 1987; Ubios et al., 1991).

Fukuda et al. (2006) reported similar findings in Wistar rats where

bone resorption measured in trabecular bone was significantly

increased at 28 days post exposure to a single dose of uranium, and

Bozal et al., 2005 observed that in Balb/c mice acute (48 h)

exposure to uranium increased bone resorption in the metaphysis

of the femoral bone (Bozal et al., 2005; Fukuda et al., 2006).

Furthermore, an epidemiological study by Kurttio et al. (2005)

reported an association between uranium exposure via drinking

Table 1

Uranium-induced adverse effects on bone development and maintenance.

Bone growth and maintenance process altered by

uranium

Evidence of uranium induced alterations Reference

Endochondral ossification # Tibial metaphysis bone formation surface Guglielmotti et al., 1984; Fukuda et al., 2006

# Tibial bone length Ubios et al., 1994

# Tibial metaphysis bone volume

# Mandible growth (length and height)

Ubios et al., 1994; Diaz-Sylvester et al., 2002; Pujadas Bigi and

Ubios, 2007

# Femoral bone volume in metaphysis

# Femoral growth cartilage width

# Femoral cell proliferation in growth cartilage

Bozal et al., 2005

Intramembranous ossification # Alveolar bone formation and volume in healing

sockets

Guglielmotti et al., 1984, 1985; Guglielmotti et al., 1987; Ubios

et al., 1990

# Alveolar bone volume in healing sockets Cabrini et al., 1984

Bone modeling and remodeling # Mandibular bone formation in lingual side

# Mandibular bone formation in vestibular side

Ubios et al., 1991; Pujadas Bigi et al., 2003, 2007

# Mandible growth (length and height) Diaz-Sylvester et al., 2002; Ubios et al, 1994
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water and increased serum levels of type I collagen carboxy

terminal telopeptide, a marker of bone resorption (ATSDR, 2013;

Kurttio et al., 2005).

Developmental toxicity studies have also demonstrated that

uranium exposure during early life stages impairs skeletal develop-

ment (Table S1). A dose-dependent association between uranium

exposure and altered development of the skeletal system, including

unossified sternebrae and reduced ossification in caudal, parietal,

occipital, carpal, vertebral, and metatarsal bones, was reported in

various studies where Swiss albino mice exposed during gestation

(Bosque et al., 1992, 1993a,b; Domingo et al., 1989). The uranium-

induced alterations in fetal bone development were among the most

sensitive developmental effects observed in the developing mouse

fetus (Bosque et al., 1993b; Domingo et al., 1989).

Overall, the available evidence from animal studies suggest that

uranium exposure can interfere with intramembranous and

endochondral ossification, bone modeling and remodeling, and

promote bone resorption. Furthermore, early life stage studies

demonstrate that uranium exposure impairs normal bone growth

in developing individuals.

5. Potential mechanisms of uranium-induced toxicity in bone

The in vivo and in vitro studies described below have

demonstrated that uranium can accumulate in osteoblasts, inhibit

osteoblast differentiation and normal functions, and alter produc-

tion and levels of Vitamin D (Fig. 1).

In vivo studies have demonstrated that uranium exposure can

decrease cell proliferation in areas of endochondral ossification

(Bozal et al., 2005), alter the cytoplasm and nuclei of active and

inactive osteoblasts (Tasat et al., 2007), decrease the number of

active osteoblasts (Bozal et al., 2005; Diaz Sylvester et al., 2002),

and inhibit the expression of genes associated with normal bone

development and mineralization (Wade-Gueye et al., 2012).

Furthermore, in vitro studies have reported that uranium can

induce and bind to osteoponin, a protein expressed in mineralized

tissues which has been proposed to play a role in mineral

homeostasis (Prat et al., 2010; Qi et al., 2014).

Studies using primary osteoblasts and immortalized human

osteoblast cell lines indicate that uranium can accumulate in

osteoblasts, promote cytotoxicity, alter cell phenotype, and reduce

the activity of alkaline phosphatase a marker of osteoblast

differentiation and bone mineralization (Milgram et al., 2008a,b;

Tasat et al., 2007; Xiang et al., 2007). Uranium exposure has also

been shown to increase reactive oxygen species (ROS) production

osteoblasts (Tasat et al., 2007). Although the precise molecular

mechanism for uranium-induced cellular responses has not been

fully elucidated, Tasat et al. (2007) proposed that increased

production of ROS may play a role in uranium-induced osteoblast

toxicity. This proposed mechanism is supported by cell culture

studies which have shown that excess ROS production can promote

osteoblast toxicity and disrupt their differentiation (Bai et al.,

2004; Mody et al., 2001).

These findings suggest that uranium disrupts osteoblast

differentiation and inhibits their normal functions. As described

above, osteoblasts are essential for bone formation, maintenance

and recovery from injury. By decreasing osteoblast differentiation

and proliferation, uranium exposure may alter the balance

between the bone mineralizing activities regulated by osteoblasts,

and the bone-resorptive activities of osteoclasts. This in turn may

delay development of the skeletal system and promote increased

bone fragility.

Animal studies have shown that uranium exposure may also

interfere with bone growth and functions indirectly via altered

metabolism and production of Vitamin D. Following short-term

exposure to uranium in drinking water, significant decreases in the

plasma levels of Vitamin D3, potassium, and parathyroid hormone

(a hormone which promotes renal Vitamin D3 metabolism) were

observed in adult rats (Tissandie et al., 2006). In a separate study,

Tissandie et al. (2007) reported that nine months of uranium

exposure in drinking water significantly decreased the plasma

levels of hormonally active form of Vitamin D (1,25-(OH) 2D3) and

the expression of CYP enzymes and nuclear receptor genes

associated with Vitamin D3 metabolism in the rat kidney and

brain. However, circulating levels of PTH, 25 (OH)D3 (the metabolic

precursor of 1,25-(OH) 2D3), and calcium and phosphate

Fig. 1. Modes of action for uranium-induced alterations in normal bone functions and development.
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concentrations were unaffected in the same study (Tissandie et al.,

2007). Decreased enzymatic activity of cytochrome P450 27B1

(CYP27B1), which catalyzes renal biosynthesis of the active

Vitamin D3 metabolite (Prosser and Jones, 2004), was observed

in rat kidneys following exposure to implanted uranium pellets

(Yan et al., 2011). Uranium exposure has also been shown to

significantly decrease VDR gene expression in the bones of young

animals (Wade-Gueye et al., 2012). Furthermore, two epidemio-

logical studies which evaluated the effects of depleted uranium

exposure on Gulf War military personnel report increased urinary

levels of calcium (McDiarmid et al., 2011), and altered serum levels

of 1,25-(OH) 2D3 and PTH (McDiarmid et al., 2011, 2009). As

described above, Vitamin D plays an essential role in regulation of

mineral homeostasis and osteoblast functions. Inhibition of

adequate VDR expression in bone cells could potentially reduce

responsiveness to Vitamin D-regulated processes in bone such as

osteoblast differentiation and bone mineralization. Overall, the

evidence generated from animal and cell culture studies suggests

that uranium exposure may promote bone toxicity directly by

disrupting osteoblast development and functions and promoting

cytotoxicity through increased ROS production, and indirectly by

reducing renal metabolism of Vitamin D to its active metabolite,

and reduced responsiveness to Vitamin D in osseous tissue (Fig. 1).

6. Discussion

Overall, evidence from animal and cell culture studies demon-

strate that uranium exposure disrupts normal bone functions,

including decreased endochondral and intramembranous ossifica-

tion, and altered bone modeling and re-modeling. These responses

result in delayed growth, increased bone resorption rates, reduced

bone volume and density, and increased fragility. Furthermore,

evidence from various animal studies suggest that early life stages

are susceptible to uranium-induced osteotoxicity (Bosque et al.,

1992, 1993a,b; Domingo et al., 1989; Pujadas Bigi et al., 2003;

Pujadas Bigi and Ubios, 2007; Wade-Gueye et al., 2012).

The uranium-induced bone effects described above and the

mechanisms associated with them are similar to those caused by

exposure to cadmium and/or lead; heavy metals which are

considered osteotoxic (ATSDR, 2012; Berglund et al., 2000;

Bhattacharyya, 2009; Holz et al., 2007). Exposure to lead or

cadmium is associated with impaired bone development, de-

creased mineralization and increased fragility (ATSDR, 2007, 2012;

Ronis et al., 2001). Similar to uranium, animal studies have shown

that exposure to these metals can promote bone toxicity directly by

disrupting bone cell differentiation and inhibiting normal bone cell

functions, and indirectly by altering renal metabolism of Vitamin D

to its hormonally active form (Berglund et al., 2000; Holz et al.,

2007). Furthermore, exposure to these metals can also cause

disruptions in normal bone functions including fracture repair,

endochondral ossification and bone modeling and remodeling;

thus promoting increased bone fragility during early life stages and

in the elderly (Berglund et al., 2000; Bhattacharyya, 2009;

Carmouche et al., 2005; Holz et al., 2007). The overall consistency

in the effects caused by uranium and known osteotoxic metals

such as cadmium and lead further supports the conclusion that

uranium is an osteotoxic heavy metal.

As described above, evidence from in vivo and cell culture

experiments suggests that uranium exposure can directly affect

normal bone function by targeting osteoblasts. Animal studies

have reported that uranium exposure disrupts osteoblast differ-

entiation and inhibits their function in areas of bone growth

(Cabrini et al., 1984; Guglielmotti et al., 1985, 1984; Wade-Gueye

et al., 2012) while cell culture studies report evidence of decreased

osteoblast function and increased cytotoxicity (Milgram et al.,

2008b; Tasat et al., 2007; Xiang et al., 2007). Furthermore, uranium

has been shown to promote ROS production in a human osteoblast

cell line (Tasat et al., 2007).

Uranium-induced toxicity to osteoblasts in sites of bone growth

is relevant to early life stages as adequate osteoblast function is

necessary for normal development of the skeletal system. The

available evidence from developmental toxicity studies suggests

that uranium can directly target osteoblasts, affect their differen-

tiation and function, and delay bone development during prenatal

and early postnatal life stages (Bosque et al., 1992, 1993a,b;

Domingo et al., 1989; Pujadas Bigi et al., 2003; Wade-Gueye et al.,

2012). Uranium has also been shown to cross the placenta and

accumulate in the bones, liver and kidney of developing fetuses

(Benson, 2001; Sanchez et al., 2006). Sanchez et al. (2006) reported

that uranium accumulation in the bones of exposed fetuses was

higher than in the fetal kidneys, an organ which is generally

considered to be a primary target of uranium toxicity (Arzuaga

et al., 2010; ATSDR, 2013). Uranium is also known to accumulate in

areas of bone growth (Neuman et al., 1948; Rodrigues et al., 2013;

Rowland and Farnham, 1969), where active calcification is

occurring (de Rey et al., 1984; Durbin and Wrenn, 1975).

Furthermore, ex-vivo studies using mouse preimplantation

embryos (Kundt et al., 2000), and in vivo studies using the non-

mammalian vertebrates Danio rerio and Xenopus laevis have shown

that uranium exposure reduces embryo growth (Bourrachot et al.,

2008; Mitchell et al., 2005). Taken together, the available studies

provides evidence for a direct effect of uranium in developing

animals. They strongly suggest that upon exposure uranium

crosses the placenta, accumulates in fetal bones, and inhibits bone

growth and development.

Additionally, an indirect pathway by which uranium could

affect normal bone growth and functions may be through

alterations in maternal Vitamin D metabolism. In vivo studies in

rats have shown that uranium exposure can alter renal Vitamin D

metabolism in adult and developing animals without significant

renal kidney toxicity (Tissandie et al., 2007, 2006; Wade-Gueye

et al., 2012; Yan et al., 2011). Gene expression and enzyme activity

assays performed in these studies suggest that alterations in

Vitamin D levels expression result from mRNA, protein, and

activity of metabolic enzymes critical for production of the active

Vitamin D metabolite.

Uranium-induced alterations in Vitamin D production and

levels may result in reduced bone growth and mineralization

during early life stages, and bone maintenance in the elderly. As

described above, Vitamin D promotes increased mineral uptake

and bone growth. Disorders in which Vitamin D metabolism and

production is inhibited are characterized by reduced bone growth

during fetal and early postnatal development (Bacchetta et al.,

2012; Kaushal and Magon, 2013), and decreased bone mineral

density in the elderly (Turner et al., 2012).

Uranium-induced alterations in maternal Vitamin D metabo-

lism may also disrupt bone growth in the developing fetus. As

discussed above, various developmental toxicity studies have

reported that gestational exposure to uranium can impair skeletal

development (Bosque et al., 1992, 1993a,b; Domingo et al., 1989). It

has been suggested that some of the observed effects in developing

fetuses are due, in part, to maternal toxicity (ATSDR, 2013;

Domingo, 2001). Although there is no sufficient evidence to

accurately determine which developmental effects are directly

associated with maternal toxicity, uranium-induced changes in

maternal production and levels of Vitamin D could contribute to

the osteotoxicity observed in developing fetuses. Vitamin D is

essential for fetal growth (Barrett and McElduff, 2010; Dror, 2011).

Reduced maternal levels of Vitamin D during pregnancy can lead to

decreased ossification in the developing human fetus, and has been

shown to result in skeletal effects that persist through childhood,

such as Rickets and low bone mineral density (Javaid et al., 2006;

X. Arzuaga et al. / Toxicology Letters 236 (2015) 123–130 127



Mahon et al., 2010; Viljakainen et al., 2010; Yorifuji et al., 2008).

Uranium-induced disruption of maternal Vitamin D metabolism–

resulting in decreased availability of the hormonally active

Vitamin D metabolite–may thus cause fetal osteotoxicity. Studies

evaluating the effects of uranium exposure on Vitamin D

metabolism during pregnancy were not identified in the literature.

Future studies should be aimed determining the potential role of

uranium-induced alterations in maternal and fetal Vitamin D

metabolism during this potentially susceptible life stage.

In addition to young individuals, the elderly may also represent

a susceptible population to uranium-induced bone toxicity. During

aging there is a shift in the ratio of bone mineralization versus

erosion in bone remodeling. This results in decreased bone

mineralization and increased bone fragility (Phan et al., 2004;

Woodward et al., 2010). As discussed above, in vivo studies have

shown that uranium exposure can alter bone remodeling resulting

in increased resorption (Bozal et al., 2005; Fukuda et al., 2006;

Guglielmotti et al., 1987; Kurttio et al., 2005; Ubios et al., 1991).

Although there are no available studies on the potential effects of

uranium exposure on aging bones, cadmium exposure has been

shown to promote bone toxicity and increase bone fragility in

elderly individuals (Bhattacharyya, 2009; Jarup et al., 1998) and to

inhibit osteoblast functions while promoting osteoclast differenti-

ation (Chen et al., 2009; Chen et al., 2012). Pb has also been shown

to delay endochondral ossification and bone healing, and inhibit

differentiation of osteoprogenitor cells (Carmouche et al., 2005).

Given the similarities in the bone effects caused by exposure to

these two metals, it is possible that uranium exposure may also

promote bone resorption in exposed elderly individuals.

In conclusion, the available evidence from in-vivo and cell

culture toxicity and mechanistic studies demonstrates that

uranium exposure results in bone toxicity and that these effects

may be caused by direct damage to osteoblast development and

function, and Vitamin D metabolism. However, significant data

gaps remain. Bone formation is a tightly regulated process which is

controlled by transcription factors, cytokines and growth factors

(Olsen et al., 2000; Yang, 2009), and the precise molecular and

biochemical mechanisms by which uranium exposure inhibits

osteoblast differentiation and bone mineralization have not been

described. Furthermore, the potential osteotoxic effects of uranium

exposure during pregnancy and in aging individuals are yet to be

assessed. Finally, in addition to assessing the potential nephrotoxic

effects of uranium in exposed human populations, epidemiological

studies could also consider evaluating indicators of mineral

homeostasis and bone health such as Vitamin D, BMD, and serum

and urinary levels of biomarkers of bone formation and resorption.
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Hi Jamie,

I hope that you guys are OK and staying healthy.  We are doing well at home and have

established a routine for the kids.  So far its working well.  They do their school work

during the day and in the afternoons we will do something together.  Julian and

Sidney are also doing music and karate classes online.  I have joined in for the karate

and its lots of fun to do with a bunch of 6 year old kids.  I am putting together an

STAA award nomination for the uranium paper we published in 2015.  Please let me

know if you are agree with the estimated level of contribution below.  Thanks and stay

safe!

Xabier

 

Jamie Strong; U.S. EPA, Office of Water

Nominee’s name: Xabier Arzuaga

Publication title: "Modes of action associated with uranium induced adverse

effects in bone function

and development"

I agree with my designated level of contribution: 15%
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Υ.Σ. ΕΠΑ, Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ,
Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ
1200 Πεννσψλϖανια Αϖε, ΝW (Μαιλ Χοδε 8601Π) | Wασηινγτον, DΧ 20460
ΡΡΒ 71274 | Πηονε: (202) 564−1361
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From: Gehlhaus, Martin

To: Arzuaga, Xabier

Subject: RE: STAA award nomination for the uranium paper

Date: Tuesday, April 21, 2020 2:53:28 PM

Ξαβιερ!!! Γρεατ το ηεαρ φροm ψου. Wε�ρε δοινγ ωελλ... ορ ασ ωελλ ασ χαν βε εξπεχτεδ. Μψ ωιφε ανδ Ι αρε

ωορκινγ τηρουγηουτ τηε δαψ ανδ τηε κιδσ ηαϖε ανψωηερε φροm 3 το 5 ηουρσ οφ σχηοολ ωορκ... σο ωε

τενδ το φιγητ οϖερ τηε WιΦι. Λικε ψου ανδ ψουρ φαmιλψ, ωε�ϖε σεττλεδ ιντο α ρουτινε το τρψ ανδ mακε τηε

mοστ οφ τηε σιτυατιον.

 

Ι αγρεε ωιτη εστιmατεδ λεϖελ οφ χοντριβυτιον.

 

Τακε χαρε. Σταψ ωελλ.

 

Μαρτιν Γεηληαυσ

 

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ
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Ρισκ Ασσεσσmεντ Σεχτιον

3ΣD52

1650 Αρχη Στρεετ

Πηιλαδελπηια, ΠΑ 19103−2029

215−814−3359
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Hi Martyn,

I hope that you guys are OK and staying healthy.  We are doing well at home and have

established a routine for the kids.  So far its working well.  They do their school work

during the day and in the afternoons we will do something together.  I am putting

together an STAA award nomination for the uranium paper we published in 2015. 

Please let me know if you are agree with the estimated level of contribution below. 

Thanks and stay safe!

Xabier

 

Martin Gehlhaus; U.S. EPA, Region 3

Nominee’s name: Xabier Arzuaga

Publication title: "Modes of action associated with uranium induced adverse

effects in bone function and

development"

I agree with my designated level of contribution: 20%
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Elevated levels of naturally occurring uranium in groundwater have been found in small geo-
graphic areas throughout the world. Relevant research was reviewed pertaining to natural
and depleted uranium (DU) exposure and nephrotoxicity, including epidemiologic com-
munity-based and occupational studies, studies of Gulf War veterans exposed to DU, and
experimental studies in animals. Occupational cohort studies do not provide evidence of
an increased risk of kidney-related mortality among uranium-exposed workers. However,
occupational and community-based studies of populations chronically exposed to elevated
drinking-water concentrations of uranium provide some evidence of adverse renal effects,
as assessed by biomarkers of proximal tubule damage such as urinary levels of glucose, cal-
cium, and various low-molecular-weight proteins. Indications of proximal tubule effects, as
evidenced by increased urinary β2-microglobulin and retinol binding protein levels, were also
seen in the most recent follow-up surveillance study of Gulf War veterans exposed to DU. The
reported β2-microglobulin levels in these studies were generally considered to be within nor-
mal limits, but the long-term implications of the observed variation in these levels are not
established. The kidney was observed to be a target of uranium toxicity following oral and
implantation exposure routes in several animal species. The interpretation and importance
of the observed changes in biomarkers of proximal tubule function are important questions
that indicate the need for additional clinical, epidemiological, and experimental research.

Natural uranium (U) refers to uranium
compounds with a naturally occurring compo-
sition of radioisotopes uranium-234, uranium-
235, and uranium-238. Uranium is found in
all soils and rock, with higher concentrations
found in phosphate rock, lignite, and monazite
sands (ATSDR, 1999). Uranium enrichment
processes increase the concentration of U-235
from <1% to 2–4%. Depleted uranium (DU)
refers to the less radioactive form of uranium
remaining after enrichment. Depleted uranium
is approximately 60% less radioactive than nat-
urally occurring U because of decreased levels
of U-235 (Bleise et al., 2003), and U has been

This article is not subject to U.S. copyright.
The views expressed are those of the authors and do not necessarily reflect the views or policies of the U.S. EPA.
Address correspondence to Glinda S. Cooper, PhD, National Center for Environmental Assessment 8601-P, U.S. Environmental

Protection Agency, 1200 Pennsylvania Avenue, NW, Washington, DC 20460, USA. E-mail: cooper.glinda@epa.gov

used by the U.S. Department of Defense (DoD)
and Armed Forces for various weapons sys-
tems since the late 1970s (Arfsten et al., 2001;
Abu-Qare and Abou-Donia, 2002).

Elevated concentrations of U greater than
20 µg/L were detected in various Western
groundwater systems and scattered pock-
ets in the groundwaters of North Carolina,
Maine, Connecticut, and other Eastern states
(Orloff et al., 2004; U.S. EPA, 1985, 2000).
Areas of high U concentrations in water are
also found in many other countries glob-
ally, including Canada, Finland, the United
Kingdom, and India (WHO, 2001). According
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528 X. ARZUAGA ET AL.

to biomonitoring data collected by the Centers
for Disease Control (CDC, 2005) as part of the
Third National Report on Human Exposure to
Environmental Chemicals, the geometric mean
concentration of U in urine for the U.S. pop-
ulation (ages 6 yr and older) for survey years
2001–2002 was 0.009 µg/L (95th percentile:
0.046 µg/L).

Craft et al. (2004) summarized data per-
taining to a broad range of adverse health
effects due to natural U and DU, including neu-
rotoxicity, nephrotoxicity, reproductive effects,
cancer, and effects on other systems. Renal
effects were the focus of a recent case study
of a family in western Connecticut describing
the potential for nephrotoxicity from exposure
to well water containing elevated levels of nat-
urally occurring U, and the sensitivity of young
children resulting from their increased expo-
sure potential and their state of development
(Magdo et al., 2007). In this review, research
pertaining to U exposure and nephrotoxicity,
focusing on the available epidemiologic data
including (1) community-based and occupa-
tional studies of biomarkers of kidney damage,
(2) occupational studies of kidney-related mor-
tality, and (3) studies of soldiers exposed to DU,
is presented. The animal nephrotoxicity and
mechanism of action data have been reviewed
previously (ATSDR, 1999); a summary of this
and recent literature is also included later in this
article.

STUDIES IN HUMANS

Measures of Renal Function

Kidney disease varies in severity from kid-
ney failure requiring transplantation or dialysis
to a subclinical, asymptomatic phase where
some level of kidney damage may occur with-
out detectable decreases in renal function. In
clinical studies, such as prognostic studies of
patients with diabetes or other conditions with
a high risk of chronic kidney disease and its
related complications, renal function has often
been monitored by blood and 24-h urine sam-
ples allowing for the measurement of blood
urea nitrogen (BUN) levels, total protein in the
urine, and calculation of glomerular filtration

rate (GFR). In community-based studies, less
burdensome data collection techniques are
usually required, resulting in the collection of
a single urine sample at a study visit (a spot
urine sample) or an overnight urine sample
(i.e., first morning void). Another difference
between clinical and community-based studies
is that in the latter, it is more important that the
methodology is able to accurately assess vari-
ability in the earliest phases of disease, when
kidney function is still relatively high (Levey
et al., 2009).

In addition to general measures of kidney
function, other types of measures address spe-
cific types of damage that may occur. Larger
molecules, such as albumin, are filtered by
the glomeruli and reabsorbed by the proximal
tubule through receptor mediated endocyto-
sis (Birn and Christensen, 2006). Most of the
albumin reabsorbed by the proximal tubule
cells (approximately 95%) is returned to the
plasma. The remaining amount is degraded
in cell lysosomes and excreted in the urine
(Comper et al., 2006). Glomerular and tubu-
lar injury may result in increased levels of
urinary albumin. Tests of general glomeru-
lar function include creatinine clearance or
GFR, as well as determination of urinary
protein and urinary albumin concentrations,
with the latter two measures reflecting the
integrity of the glomerulus (i.e., the leakage
of molecules through the filter). Damage to
the proximal tubule decreases small-molecule
reabsorption and results in increased urinary
levels of glucose, calcium, and phosphate, and
of low-molecular-weight proteins such as β2-
microglobulin, protein human complex form-
ing (HC) [or α-microglobulin]), kappa chains,
and retinol binding protein (Emeigh & Kinter,
2005; Seldén et al., 2009). β2-Microglobulin
is an endogenous low-molecular-mass protein
(12 kD) that forms part of the class I major
histocompatibility complex and is located on
the surface of nucleated cells. During cell
turnover β2-microglobulin is released into the
extracellular fluid and normally filtered by the
glomerulus and reabsorbed in the proximal
tubule (Bagshaw et al., 2007; Tolkoff-Rubin
et al., 1988). Retinol binding protein (21 kD) is
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RENAL EFFECTS OF DEPLETED URANIUM EXPOSURE 529

primarily expressed in the liver and also reab-
sorbed by the proximal tubule (Bagshaw et al.,
2007). Enzyme activity levels have also been
used as markers of tissue damage at specific
sites, with alkaline phosphatase (AP), N-acetyl-
β-D-glucosaminidase (NAG), and γ -glutamyl
transferase (GGT) reflecting proximal tubular
tissue damage and other enzymes, such as lac-
tate dehydrogenase (LDH), more indicative of
damage to the distal tubule (Zalups et al., 1988;
Emeigh 2005; Zamora et al., 2009; Seldén
et al., 2009).

Community-Based Studies

Several studies of populations chronically
exposed to elevated drinking-water concentra-
tions of U were conducted (Kurttio et al., 2002;
Kurttio et al., 2006; Mao et al., 1995; Seldén
et al., 2009; Zamora et al., 1998; Zamora
et al., 2009). Three studies in Canada (in
Saskatchewan, Quebec, and Nova Scotia), two
in Finland, and one in Sweden evaluated renal
function in communities with high concentra-
tions of U in the drinking water supply (Table 1).
Mean or median U concentrations in the drink-
ing water of the exposed communities were
approximately 7 µg/L in Sweden, 15–20 µg/L
in Saskatchewan, 28 µg/L in Finland, 39 µg/L
in Quebec (based on the maximum level mea-
sured over a 15-yr period), and more than
100 µg/L in Nova Scotia (Figure 1); corre-
sponding values in the comparison nonexposed
communities were <1 µg/L. Uranium con-
centrations in urine also varied considerably
among these studies, with a median of 0.03
µg/L in Sweden, 0.078 µg/L in Finland, and
0.14 µg/L in Quebec.

The first of these studies, in Saskatchewan,
measured urinary albumin in a first morning
urine sample from 60 adults in 2 communi-
ties with elevated levels of U in drinking water
(means of 14.7 and 19.6 µg/L) and 40 controls
from a comparison (control) community (mean
drinking water U concentration of 0.71 µg/L)
(Mao et al., 1995). Cumulative intake was cal-
culated as the product of concentration of U in
water, average number of cups consumed per
day, and years at current residence; the mean

or range of this measure was not given. A corre-
lation was seen between cumulative intake and
urinary albumin, which was of marginal statis-
tical significance when adjusting for age and
diabetes history (Table 1).

Subsequent studies used a more exten-
sive array of urinary and serological mea-
sures to assess kidney function. The studies
from Canada were conducted in Nova Scotia
(Zamora et al., 1998) and in a Quebec First
Nations community (Zamora et al., 2009), with
30 and 54 exposed participants, respectively
(Table 1). The study in Nova Scotia calcu-
lated a daily U intake based on the product
of concentration of U in water or food and
the amount consumed (based on 3-d food
and water samples) and ranged from 3 to
570 µg/d in the exposed community and
from <1 to 20 µg/d in the control com-
munity. Urinary U and glucose, protein, and
creatinine concentrations were measured in
a 24-h urine sample, and ß2-microglobulin
levels were measured in an overnight urine
sample. Daily U intake correlated significantly
with markers of proximal tubule injury: uri-
nary glucose (rs = 0.40; p = 0.001), AP (rs

= 0.28; p = 0.05), and ß2-microglobulin
(rs = 0.39; p = 0.01). Weaker or no correla-
tions were seen with urinary NAG activity (rs

= 0.15; 0.29), protein (rs = 0.17; 0.23), crea-
tinine (rs = 0.11; 0.45), and LDH activity (rs

= 0.02; 0.89) levels, and a negative correla-
tion coefficient was seen with GGT activity (rs

= −0.22; 0.12).
In Quebec, the study protocol was similar

to that of the Nova Scotia study. Exposure was
measured or calculated as the maximum water
U concentration in prior 15 yr, cumulative
intake in prior 15 yr (median 87 mg), cumu-
lative intake in past 2.8 yr (median 22 mg), and
U concentration in urine (median 0.14 µg/L)
(Zamora et al., 2009). Adjusting exposure and
renal biomarker measures for fluid intake, U
concentration in urine was significantly corre-
lated with GGT activity (rs = 0.37) and ß2-
microglobulin (rs = 0.49). Weaker correlations
were seen with albumin (rs = 0.23), glucose
(rs = 0.14), AP activity (rs = 0.15), and NAG
activity (rs = 0.15).
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TABLE 1. Community-Based Studies of Markers of Renal Function in Relation to Exposure to Uranium in Drinking Water

Reference(s) Study location and participants Exposure measure(s) Primary positive results

Canada
Mao et al., 1995 Saskatchewan, Canada (n = 40 from one control

community, n = 60 from two exposed
communities). Mean age not reported, range 18 to
84 yr.

Cumulative intakea (range
not given)

Cumulative intake correlated with urine albumin (per
mmol creatinine levels, Beta = 0.13, p = .03; per
mg/L, Beta = 2.19, p = .07), adjusting for age and
diabetes history.

Zamora et al., 1998 Nova Scotia, Canada (n = 30 from a high exposure
eommunity (water uranium concentrations >100
µg/L), n = 20 from a low exposure community
(water uranium concentrations of <1 µg). Mean
age 37, range 13 to 87 yr.

Uranium concentration in
drinking water and daily
intakeb

Daily uranium intake correlated with markers of
proximal tubule injury: urinary glucose (rs = 0.40,
p = .001), alkaline phosphatas (rs = 0.28, p =

.05), and ß2-microglobulin (rs = 0.39, p = .01).

Zamora et al., 2009 Quebec First Nations Community (Kitigan Zibi),
Canada (n = 54). Mean age 38, range 12 to 73 yr.

Maximum water uranium
concentration in past 15 yr,
cumulative intake in past
15 yr, cumulative intake in
past 2.8 yr, urinary
uranium

In analyses adjusting exposure and renal biomarker
measures for fluid intake, urinary uranium
correlated with gamma glutamyl transferase (rs =

0.37, p = .0064) and ß2-microglobulin (rs = 0.49,
p = .0047).

Europe
Kurttio et al., 2002 Southern Finland (n = 325 from areas with high water

uranium levels). Mean age 52, range 15 to 82 yr.
Uranium concentration in

drinking water, daily
intake,c cumulative
intake,d and urinary
uranium

All uranium measures correlated with fractional
excretion of calcium and increased systolic and
diastolic blood pressure; urinary uranium measures
also correlated with fractional excretion of
phosphate and glucose.

Kurttio et al., 2006 Southern Finland (n = 193, subset of Kurttio et al.
2002). Mean age 56, range 18 to 81 yr.

Uranium concentration in
drinking water, daily
intake,c cumulative intaked

Glucose excretion associated with cumulative intake
measure (p = .02); urinary uranium associated
with increased systolic (p = .01) and diastolic
blood pressure (p = .07).

Seldén et al., 2009 Arjäng, Sweden (n = 301 exposed, n = 153
controls). Mean age 51 (exposed) and 55
(controls), range 18 to 74 yr.

Uranium concentration in
drinking water, cumulative
intake,d urinary uranium

Significant correlation between urinary uranium
concentrations and β2-microglobulin, protein HC,
and kappa chains; in males, cumulative intake was
associated with protein HC.

Note. See Figure 1 for more detailed description of water uranium concentrations in exposed communities.
aThe product of concentration of uranium in the water, average number of cups consumed per day, and years at current residence.
bThe product of concentration of uranium in the water or food and the amount consumed (based on 3-d food and water samples).
cThe product of concentration of uranium in the water and volume used per day.
dThe product of concentration of uranium in the water, volume used, and duration of water consumption.
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FIGURE 1. Uranium concentrations in drinking (µg/L) water
in community studies. Saskatchewan sites 1 and 2, Mao et al.
(1985), detection limit = 0.1 µg/L; Nova Scotia, Zamora et al.
(1998), detection limit = 0.0006 µg/L; Quebec, Zamora et al.
(2009), detection limit = 0.0006 µg/L (concentration values
based on table of unadjusted data in Zamora et al., 2009);
Finland, Kurttio et al. (2002, 2006), detection limit = 0.0004
µg/L; Sweden, Seldén et al. (2009), detection limit = 0.2 µg/L.
Control community drinking water uranium concentrations were
<1 µg/L.

Kurttio et al. (2002) conducted a study in
1999 of 325 individuals from areas in Finland
with high uranium levels in the drinking water
(Table 1). These individuals had used well
water for at least 1 yr, and completed a ques-
tionnaire that included information on residen-
tial history and water consumption, allowing for
calculation of measures of daily and cumulative
U intake from water. A drinking-water sam-
ple (for measurement of U levels), overnight
urine sample (for measurement of urinary
U, glucose, creatinine, calcium, phosphate,
and albumin), spot urine (for β2-microglobulin
measurement), and a nonfasting blood sam-
ple were collected. Daily intake ranged from
<1 to 4128 µg/d (median 39 µg/d), cumu-
lative intake ranged from <1 to 33,100 mg
(median 129 mg), and U concentration in

urine ranged from <1 to 5.65 µg/L (median
0.078 µg/L). Urinary U concentrations were
correlated with fractional excretion of calcium
(beta per 1 unit µg/mmol creatinine increase
in urinary uranium = 1.5, 95% CI 0.6–2.3)
and phosphate (beta = 13, 95% CI 1.4–25),
and more weakly with glucose (beta = 0.7,
95% CI 0.4–1.8); associations with systolic and
diastolic blood pressure (age, gender, body
mass index, and smoking-adjusted beta = 6.8
and 8.5, respectively) were also seen. Kurttio
et al. (2002) did not observe a relationship
between U exposure and creatinine clearance,
urinary albumin, or β2-microglobulin. The high
proportion (65%) of β2-microglobulin values
below the detection limit in the samples was a
limitation of this analysis. In a subsequent study,
Kurttio et al. (2006) recontacted the cohort
in 2003; 222 (68%) lived in the same house
as in 1999 and agreed to participate; 193 of
these provided water, an overnight urine, and
a blood sample for the follow-up study. β2-
Microglobulin was not measured in this study.
Median daily intake of U from drinking water
was 36 µg/L, similar to the mean of 39 µg/L
in the baseline study reported by Kurttio et
al. (2002). In the follow-up study, associations
were only seen between urinary U concentra-
tions and systolic and diastolic blood pressure,
and between the cumulative intake measure
and urinary glucose.

Another relatively large study included
301 participants from western Sweden liv-
ing in areas with elevated levels of uranium
in the drinking water obtained from wells
and 151 controls from a nearby city using
a city water supply (Seldén et al., 2009)
(Table 1). Questionnaire data pertaining to
drinking water consumption, smoking history,
and other potential exposures were collected,
and an overnight urine sample was collected
from all participants; the members of the
exposed groups and 15 randomly selected
members of the control group also provided
a water sample. Levels of cadmium (Cd), lead
(Pb) and mercury (Hg) in the water sam-
ples were low (means ≤ 0.50 µg/L) and
similar in both areas. The median U levels
in the water were 6.7 and <0.20 µg/L in
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532 X. ARZUAGA ET AL.

the exposed and control samples, respectively,
and the median U concentrations in urine
were 0.03 and 0.0047 µg/L in exposed and
controls, respectively. In the regression anal-
yses adjusting for age, gender, and smoking
and excluding 23 participants with diabetes,
levels of low-molecular-weight proteins (β2-
microglobulin, kappa chains, and protein HC)
were increased in relation to a 3-level variable
for U concentrations in urine (<0.003, 0.003–
0.0149 and ≥0.015 nmol/mmol creatinine).
For β2-microglobulin, the geometric mean was
approximately 50% higher (i.e., ratio of geo-
metric mean in the higher compared with
lowest group = 1.48, 95% CI 1.03–2.13), and
for kappa chains and protein HC, the elevations
were 30% (ratio 1.32, 95% CI 1.04–1.68) and
20% (ratio 1.21, 95% CI 1.01–1.44), respec-
tively. An association was also seen between
protein HC and cumulative intake in males
(ratio 1.40, 95% CI 1.08–1.81 in the middle
category and 1.45, 95% CI 1.00–2.08) in the
highest category of exposure). This pattern was
not seen in females.

Occupational Exposure Studies

An occupational exposure study evaluat-
ing renal function in workers in a Colorado
U mill also provides evidence of an associa-
tion between natural U exposure and increased
levels of urinary and serum β2-microglobulin
(Thun et al., 1985). In one area of this mill, the
yellowcake drying and packaging area, expo-
sure to air concentrations of U dust exceeded
occupational standards for several years. Mean
U concentrations in workers monitored were
65.2, 18.9, 20.5, and 19.1 µg/L urine in
1975, 1976, 1977, and 1978, respectively;
these levels fell to means of 9.1 and 6.2 µg/L
urine in 1980 and 1981 after the opening
of a new mill in 1979. Workers who had
worked at least 1 yr in the yellowcake area
(n = 30) and workers in the crushing area
(n = 12) were identified, and 39 of these 42
workers participated in the study. The expo-
sure in the crushing area was to a less solu-
ble form of U. A comparison group, matched
by race, gender, and age (within 2 yr), was

drawn from workers in a cement production
plant in the area; 43 of the identified matches
were recruited to the study but 7 of these
were subsequently excluded because they had
previously worked at the U mill. The final
sample included 36 controls and 33 matched
pairs. Cadmium levels were similar in the two
groups, but blood Pb levels were higher among
the controls (mean 0.45 and 0.78 µmol/L
in exposed and controls, respectively). Renal
function was evaluated through collection of an
8-h urine sample over the course of a workday,
and midshift blood samples. Specific measures
included serum creatinine and creatinine clear-
ance as markers of glomerular functions and
urinary β2-microglobulin levels as markers of
proximal tubular function. The ratio of the
β2-microglobulin clearance to creatinine clear-
ance, denoted the fractional excretion, was cal-
culated to represent the tubular component of
β2-microglobulin excretion. Urinary excretion
of β2-microglobulin was significantly increased
in the workers compared with controls: where
in the exposed group, mean (± standard devi-
ation, SD) β2-microglobulin concentration was
0.06 (± 0.38) mg/g creatinine, compared with
0.036 (± 0.031) in controls. Similar patterns
were seen with measures expressed as micro-
grams per liter, micrograms per hour, and
clearance (ml/min) (Table 2). Among the work-
ers at the U plant, relative clearance of β2-
microglobulin was markedly correlated with
duration of employment in the yellowcake
area. In contrast, the tendency shown in the
markers of glomerular function such as creati-
nine clearance was toward improved function
in the exposed workers (Table 2).

Several cohort studies of workers at ura-
nium processing facilities have examined mor-
tality risk. Most of the detailed analyses focus
on malignant diseases, but some data on mor-
tality due to chronic nephritis (International
Classification of Diseases, 9th revision, ICD-
9, code 582) or other forms of renal disease
are available (Table 3). The standardized
mortality ratio of chronic nephritis among
8 cohort studies ranged from 0.67 to 1.88,
each with relatively wide confidence inter-
vals, and was approximately evenly distributed
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RENAL EFFECTS OF DEPLETED URANIUM EXPOSURE 533

TABLE 2. Renal Function Measures in Uranium Mill Workers and a Comparison Group of Workers From a Cement Plant (Thun et al.,
1985)

Uranium mill, exposed (n = 39) Cement workers (n = 36)

Variable Mean SD Range Mean SD Range (p value)

β2-Microglobulina

Serum (µg/ml) 2.05 0.46 1.28–3.40 1.83 0.26 1.36–2.40 (.01)
Urine (µg/L) 54.9 38.7 4.0–140.0 37.6 39.2 1.0–170.0 (.06)
Urine (µg/h) 4.40 2.99 0.36–13.63 2.50 2.05 0.18–10.01 (.002)
Urine (mg/g creatinine) 0.060 0.38 0.004–0.189 0.036 0.031 0.002–0.164 (.004)
Clearance (ml/min) 0.038 0.27 0.002–0.116 0.023 0.019 0.002–0.087 (.01)

Creatinineb

Serum (mg/100 cm3) 1.15 0.15 0.92–1.74 1.22 0.11 0.91–1.40 (.02)
Urine (mg/100 cm3) 102.9 62.6 23.1–285.2 114.6 63.5 11.4–259.6 (.42)
Clearance (ml/min)c 95.6 20.6 48.8–172.2 88.4 13.0 39.1–116.6 (.08)

Relative clearanced 3.95 2.64 0.23–11.19 2.62 2.17 0.18–10.71 (.02)

a1 µg β2-microglobulin = 1 µmol × 11,600.
b1 mg creatinine = 1 mmol × 113.12.
cCreatinine standardized to a body surface area of 1.73 m2.
dβ2-Microglobulin clearance × 104/creatinine clearance.

between estimates greater than 1 (Boice et
al., 2008; Dupree-Ellis et al., 2000; Pinkerton
et al., 2004), around 1 (Frome et al., 1990;
McGeoghegan & Binks, 2000a), and less than 1
(Loomis & Wolf, 1996; McGeoghegan & Binks,
2000b; Polednak & Frome, 1981). The highest
relative risk (standardized mortality ratio [SMR]
= 1.88, based on 6 observed cases) was seen
in the study by Dupres-Ellis et al. (2000), but
the authors noted that the work environment
of 4 of these cases was likely to have included
high exposure to silica dust, which has also
been linked to chronic kidney disease. None of
these studies demonstrated an elevated risk for
the broader category of genitourinary disease,
and two studies observed a statistically signifi-
cant decreased mortality risk (McGeoghegan &
Binks, 2006; Loomis & Wolf, 1996).

Clinical Studies in Gulf War Veterans

Depleted uranium applications include
armor plating for military vehicles, munitions
used to penetrate armored targets, helicopter
blade rotor tips, and aircraft landing gear.
Approximately 10 and 300 tons of DU were
expended by the U.S. Armed Forces dur-
ing the Kosovo air campaign and the Persian
Gulf War, respectively (Arfsten et al., 2001).
Depleted uranium dusts and vapors, which
may be inhaled or ingested, are generated

during structure impact and perforation by DU
munitions (Arfsten et al., 2001; Parkhurst &
Guilmette, 2009). Several clinical studies evalu-
ated the effects of exposure to DU in Gulf War
veterans who had been mistakenly fired upon
by U.S. forces in incidents that took place in
February 1991. Exposure occurred via inhala-
tion and ingestion of DU dust in the imme-
diate aftermath of an incident, and through
embedded metal fragments in some individ-
uals who were hit by a high-density, pene-
trating device. In total, 74 soldiers who had
been in or on an Army vehicle during one of
these incidents have been followed through the
Baltimore Veterans Affairs Depleted Uranium
Follow-up program, initiated in 1993. This pro-
gram has followed the majority of the approxi-
mately 90 soldiers involved in these incidents
who survived and for whom contact infor-
mation was available. After the initial study
visit in 1994, biennial exams were conducted
in 1997, 1999, 2001, and 2003 (reviewed
in Squibb and McDiarmid, 2006), 2005, and
2007 (McDiarmid et al., 2007, 2009). The clin-
ical and laboratory evaluations included 24-h
urinary uranium concentration, with serum and
urinary renal function measures. Examination
of the 24-h urinary U concentration data over
the 14-yr follow-up period revealed continued
elevation of U, with levels ranging from 0.003
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TABLE 3. Studies of Noncancer Renal Disease Mortality Risk in Uranium Mill Workers

All genitourinary disease Chronic nephritis

Reference(s)a Sample size (n), inclusion criteria, follow-up, ICD revisionb Obs Exp SMR (CI) Obs Exp SMR (95% CI)

Oak Ridge facilities
Checkoway et al., 1988; Loomis and
Wolf, 1996

n = 8116, Tennessee Eastman Corporation, Y-12 plant, Oak
Ridge, TN. Worked ≥30 d between 1947 and 1974,
began work after 1947. Follow-up through 1990. ICD-8.

15 NR 0.59 (0.33, 0.97) 5 NR 0.83 (0.27, 1.95)

Frome et al., 1990 n = 28,008 white males, Tennessee Eastman Corporation,
several plants, Oak Ridge, TN. World War II workers.
Worked ≥30 d before 1948 and did not work after
January 1, 1948. Follow-up 1950 through 1979. ICD-8.

148 145.3 1.02 (NR) 52 52.65 0.99 (NR)

Polednak and Frome, 1981 n = 18,869 white males, Tennessee Eastman Corporation,
Y-12 plant, Oak Ridge, TN. World War II workers.
Worked ≥2 d between 1943 and 1947 and did not work
after January 1, 1948. Follow-up through 1974. ICD-8.

63 99.04 0.64 (NR) 30 39.14 0.77 (NR)

Other U.S. facilities
Boice et al., 2008 n = 718, Grants, NM uranium mill workers without mining

experience and with likely exposure to uranium. Worked
≥6 mo between 1955 and 2004; 28% worked ≥5 yr.
Follow-up through 2005. ICD-9.

NR 3 2.3 1.30 (0.27, 3.79)

Pinkerton et al., 2004; Waxweiler
et al., 1983

n = 1484, white males, 7 mills, Colorado Plateau. Worked
≥1 year in mill, never worked in uranium mine, worked
≥1 d after 1940. 43% worked <3 yr. Follow-up through
1998. Total person-years = 49,925. ICD-9.

13 13.03 1.00 (0.53, 1.71) 8 5.91 1.35 (0.58, 2.67)

Dupree-Ellis et al., 2000 n = 2514, white males, Mallinckrodt Chemical Works, St.
Louis, MO. Employed between 1942 and 1966. Average
work duration 5.2 yr. Follow-up through 1993. ICD-8.

14 NR 0.95 (0.53, 1.54) 6 NR 1.88 (0.75, 3.81)

Ritz et al., 2000 n = 2218, males, Rocketdyne/Atomics International.
Worked 1950–1993, monitored for radiation. Follow-up
through 1994. Total person-years = 56,610. ICD-8.

5 6.44 0.78 (0.25, 1.81) NR

United Kingdom facilities
McGeoghegan and Binks, 2000b n = 19,454 (n = 13,950 radiation workers and n = 5489

nonradiation workers), Springfields, Lancashire, United
Kingdom. Ever employed before 1996, follow-up
through 1995. ICD-8.

Total: 42 67.32 0.62 (NR)c

Rad: 28 48.94 0.57 (NR)c

Non-rad: 14 18.38 0.76 (NR)

Total: 15 22.50 0.67 (NR)
Rad: 10 16.48 0.61 (NR)

Non-rad: 5 6.02 0.83 (NR) (disease
category = chronic renal failure)

McGeoghegan and Binks, 2000a n = 12,544 (n = 3244 radiation workers and n = 9296
nonradiation workers), Capenhurst, Cheshire, United
Kingdom. Ever employed before 1996, follow-up
through 1995. ICD-8.

Total: 45 52.14 0.86 (NR)
Rad: 7 7.13 0.98 (NR)

Non-rad: 38 45.01 0.84 (NR)

Total: 19 17.17 1.1 (NR)
Rad: 4 2.20 1.8 (NR)

Non-rad:15 14.97 1.0 (NR)
(disease category = chronic renal

failure)

Note. Abbreviations: Obs = observed; Exp = expected; CI = confidence interval; ICD = International Classification of Disease; NR = not reported; Rad = radiation workers; Non-rad
= nonradiation workers.

aWhen more than one study is available for a cohort, the earlier references are noted but the results from the latest follow-up are provided in the table.
bIn the studies using ICD-8, all genitourinary disease is based on codes 580–629 and chronic nephritis is based on code 582. In Pinkerton et al. (2004), all genitourinary disease is based

on codes 580–629 and chronic nephritis is based on code 582–583 and 585–587. In Boice et al. (2008), the chronic nephritis category is based on code 580–589. McGeoghegan and
Binks (2000a, 2000b) do not specify the codes used in their tables of results; all genitourinary disease and the chronic nephritis correspond, respectively, to their categories of genitourinary
disease and chronic renal failure.

cSignificant at p < .01.
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to 44.1 µg/g creatinine (Squibb & McDiarmid,
2006). Levels above 0.1 µg/g creatinine (the
cut point used to define a high-exposure group)
were found in most of the individuals who
had retained DU shrapnel. Some indication of
renal damage was seen in the 2001 assessment,
with increased levels of urinary retinol bind-
ing protein (65.68 and 46.13 µg/g creatinine
in the high- and low-exposure groups, respec-
tively) and total protein (78.69 and 54.63
mg/g creatinine in the high- and low-exposure
groups, respectively) (Table 4). Serum creati-
nine was quantitatively decreased, however,
in the high-exposure group (mean 0.85 and
0.95 mg/dl in the high- and low-exposure
groups, respectively). There was little evidence
of renal damage in the 2003 and 2005 assess-
ments. In the latest assessment conducted in
2007, however, a trend of elevated urinary
retinol binding protein and increased urinary
β2-microglobulin levels was seen in the high-
exposure compared with the low-exposure
group (McDiarmid et al., 2009).

STUDIES IN ANIMALS

Studies in experimental animals involving
different routes and durations of exposure sup-
port the conclusion that the kidney is likely
to be a sensitive target organ for U toxicity.
In addition, data from experimental animals
suggest that U compounds of relatively higher
solubility are associated with greater kidney
damage (Craft et al., 2004; Dygert et al., 1949;
Hindin et al., 2005; Maynard et al., 1953).
In acute oral exposure studies with uranyl
acetate (exposure duration ranging from 1–5
d) changes in kidney function, as evidenced
by increases in urinary protein, blood creati-
nine, and BUN, were reported (Domingo et al.,
1987; Ozmen & Yurekli, 1998). Renal dam-
age reported in rabbits, rats, and dogs exposed
to uranyl nitrate in the diet for 30 d or less
included increased plasma protein plus degen-
erative changes (particularly of the proximal
tubular epithelium and glomeruli) and necro-
sis (Goel et al., 1980; Maynard & Hodge 1949;
Ortega et al., 1989).

The only investigation of chronic oral toxic-
ity of U compounds is the series of experiments
performed by Maynard and colleagues in sup-
port of the Manhattan Project (Maynard et al.,
1953; Maynard & Hodge, 1949). Rats and
dogs were exposed to uranyl fluoride, uranyl
tetrachloride, uranyl nitrate hexahydrate, ura-
nium dioxide, and uranium tetrafluoride in the
diet (or in dogs by capsule if the diet became
unpalatable) for 1 yr (dogs) or 2 yr (rats).
Exposure protocols are described in Table 5.
With the exception of exposure of rats to
uranium dioxide, all uranium compounds pro-
duced some degee of renal toxicity, which was
strongly influenced by compound solubility. For
example, administration of 0.5% uranyl nitrate
hexahydrate in the diet of rats (approximately
200 mg/kg-d U) produced degeneration of kid-
ney tubules, necrosis, and regeneration. Serial
sacrifices revealed that the tubular changes
observed after 6 wk of exposure showed no
appreciable progression even after 2 yr of
exposure (Maynard et al., 1953). More recent
subchronic (91-d) drinking-water studies of
uranyl nitrate in the rat and rabbit (Gilman
et al., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) provide an examination
of uranium compound toxicity at lower doses
(0.06 to 54 mg/kg-d). See Table 5 for a
more detailed summary of renal histopatho-
logic changes reported by these investigators.
McDonald-Taylor et al. (1992, 1997) reported
histopathologic changes in kidney proximal
tubules of rabbits at 1.7 mg/kg-d U, the lowest
dose tested. Gilman et al. (1998b, 1998c) sim-
ilarly reported histopathologic changes of the
kidney at the lowest doses tested in rabbits
and rats (0.05 and 0.06 mg/kg-d U, respec-
tively). The incidences of renal histopatho-
logic changes (including changes of the renal
tubules, glomeruli, and interstitium) reported
by Gilman et al. (1998b, 1998c), particular
in the rat, were elevated at all dose lev-
els; however, these changes showed a poor
dose-response relationship and little if any
rise in severity with increasing dose, despite
a 600-fold range between the low and high
doses used in this study and documentation
of a rise in kidney uranium residues with
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TABLE 4. Renal Function Measures in Biennial Evaluations of Gulf War Veterans Exposed to Depleted Uranium in 1991

Year of evaluation

2005

1999 2001 2003 Current exposure Cumulative exposure 2007

n low exposure, n high exposurea 37, 13 26, 13 19, 13 24, 10 24, 10 25, 10

p Value and direction of differenceb

Renal function measures—urinary
Creatinine 0.07 H < L 0.29 0.31 0.24 0.08 H < L 0.43
Calcium 0.35 0.79 0.59 0.56 0.14 L < H
Phosphate (PO4) 0.40 0.44 0.29 0.27 0.57
β2-Microglobulin 0.27 0.78 0.53 0.22 0.83 0.11 H > L
Intestinal alkaline phosphatase 0.85 0.67 0.52 0.38
N-Acetyl β-glucosaminidase 0.38 0.96 0.90 0.32
Total protein 0.89 0.01 H > L 0.21 0.50 0.25 0.49
Microalbumin 0.85 0.40 0.32 0.17 H > L
Retinol binding protein 0.15 H > L 0.06 H > L 0.54 0.25 0.56 0.07 H > L

Renal function measures—serum
Creatinine 0.14 H < L 0.03 H < L 0.11 H < L 0.72 0.56 0.11 H < L
Calcium 0.67 0.85 0.24 0.56 0.26
Phosphate (PO4) 0.63 0.03 H > L 0.70 0.64 0.57
Uric acid 0.12 H < L 0.45 0.32 0.10 H < L 0.03 H < L 0.17 H > L

Note. Sources: McDiarmid et al. (2001), McDiarmid et al. (2004), McDiarmid et al. (2006), McDiarmid et al. (2007), and McDiarmid et al. (2009) for the 1999, 2001, 2003,
2005, and 2007 evaluations, respectively.

aLow (L) exposure defined as <0.10 µg uranium/g creatinine and high (H) defined as ≥0.10 µg uranium/g creatinine; n for specific assays may vary by 1–2 participants because
of sample processing errors.

bDirection of difference given for tests in which the p value was ≤.20.
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TABLE 5. Summary of Subchronic and Chronic Oral Toxicity Studies of Uranium in Experimental Animals

Reference Uranium compound Species, sex, group size Exposure conditions Response and LOAEL

Subchronic studies
McDonald-Taylor et
al., 1992, 1997

Uranyl nitrate
hexahydrate

Rabbit, New Zealand, M
(3/group)

0, 24, 600 mg/L in drinking water (0, 1.7,
42 mg /kg-d U); 91 d. Followed by
recovery periods of 0, 45, or 91 d

Kidney histopathology, including
increases in glomerular basement
membrane thickness and changes in
proximal tubule cells seen in lowest
dose group.

Gilman et al., 1998c Uranyl nitrate
hexahydrate

Rat, Sprague-Dawley, M & F
(15/sex/group)

0, 0.96, 4.8, 24, 120, 600 mg/L in
drinking water (M: 0, 0.06, 0.31, 1.52,
7.54, 36.7 mg /kg-d U; F: 0, 0.09,
0.42, 2.01, 9.98, 53.6 mg /kg-d U); 91
d

Histopathologic lesions of the kidney
seen in lowest dose group; changes
included dilation of tubules, apical
displacement, and vesiculation of
tubular nuclei and cytoplasmic
vacuolation and degranulation in
males and capsular sclerosis and
reticulin sclerosis of tubular basement
membranes and interstitial scarring in
females.

Gilman et al., 1998b Uranyl nitrate
hexahydrate

Rabbit, New Zealand, M and
F (10/sex/group)

M: 0, 0.96, 4.8, 24, 120, 600 mg/L in
drinking water (0, 0.05, 0.20, 0.88,
4.82, 28.7 mg/kg-d U) F: 0, 4.8, 24,
600 mg/L in drinking water (0, 0.49,
1.32, 43.0 mg/kg-d U); 91 d

Histopathologic lesions of the kidney
(male) seen in lowest dose group.
Lesions included cytoplasmic
vacuolation, anisokaryosis, and nuclear
vesiculation.

Gilman et al., 1998a Uranyl nitrate
hexahydrate

Rabbit, SPF, M (5–8/group) 0, 24, 600 mg/L in drinking water (0, 1.4,
41.0 mg/kg-d U); 91 d followed by
recovery periods of 0, 8, 14, 45, or
91 d

Histopathologic lesions of the kidney
seen in 600 mg/L group, no
attenuation of effect seen with any
recovery period. Observed lesions
included cytoplasmic vacuolation,
anisokaryosis, nuclear hyperchromicity
and vesiculation, tubular dilation, and
reticulin sclerosis of the renal interstitial
tissue.

Ortega et al., 1989 Uranyl acetate
dihydrate

Rat, Sprague-Dawley, M
(8/group)

0, 2, 4, 8, or 16 mg uranyl acetate
dihydrate/kg-d (0, 1.1, 2.2, 3.4, 4.5,
9.0 mg/kg-d U); 28 d

Increase in total plasma protein seen in
lowest dose group; urinary
biochemical endpoints were not
significantly altered by uranium
treatment at any dose.

(Continued)
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TABLE 5. (Continued)

Reference Uranium compound Species, sex, group size Exposure conditions Response and LOAEL

Guéguen et al., 2007 Uranyl nitrate Rat, Sprague-Dawley, M
(3/group)

0, 40 mg/L in drinking water (0, 3.3
mg/kg-d U); 9 mo

Following single exposure to
acetominophen, increased renal
proximal tubular cell necrosis,
increased gene expression of
xenobiotic metabolizing enzymes in
kidney relative to animals not exposed
to uranium.

Chronic studies
Maynard et al., 1953 Uranyl fluoride Rat, Wistar, M and F

(15–25/group)
0, 0.01, 0.05, 0.1, 0.15, 0.25, 0.5% in

diet; up to 24 mo
Minimal renal changes in 0.15% diet

group (∼85 mg/kg-d U); marked
tubular atrophy with later regeneration
seen in 0.5% diet group (∼280
mg/kg-d U)

Uranyl nitrate
hexahydrate

0, 0.01, 0.05, 0.1, 0.5, 1, 2% in diet; up
to 24 mo

Slight traces of renal injury seen in 0.5%
diet group (∼200 mg/kg-d U); renal
abnormalities (tubular atrophy, and
increase in stroma and a narrowing of
the cortex in 2% diet group (∼700
mg/kg-d U)

Uranium dioxide 0, 0.5, 2, 20% in diet; up to 24 mo No effects seen at any dose
Uranium tetrafluoride 0, 0.5, 2, 20% in diet; up to 24 mo Mild renal tubular degeneration seen in

20% diet group (∼9200 mg/kg-d U)
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dose. McDonald-Taylor et al. (1992, 1997)
and Gilman et al. (1998a, 1998b, 1998c)
reported a significant increase in ultrastruc-
tural and histopathological alterations associ-
ated with with tubular cell necrosis (Greaves,
2007; Walling, 1991) in U-exposed ani-
mals. These effects included thickening of
the glomerular basement membrane. Neither
McDonald-Taylor et al. (1992) nor Gilman et al.
(1998a) found evidence of reversibility of kid-
ney histopathologic changes after 91-d recov-
ery periods.

The available subchronic and chronic oral
toxicity studies on U compounds included lim-
ited evaluation of biomarkers of kidney func-
tion. Gilman et al. (1998a, 1998b, 1998c)
examined urinary parameters in the rabbit, but
not rat. In the first rabbit study Gilman et al.
(1998b) measured various urinary parameters
including levels of urea nitrogen, glucose, cre-
atinine, total protein, and albumin as well as
activities of LDH avtivity and NAG. Gilman et
al. (1998a, 1998b, 1998c) found no marked
effects after exposure to 29 mg U/kg-d for
91 d, but reported urinary parameter effects
with the most persistent being increased glu-
cose excretion in a second study in male rabbits
exposed to 41 mg U/kg-d for 91 d (Gilman
et al., 1998a). A dye clearance test used to
assess renal function showed reduced rate of
phenolsulfonphthalein excretion in male rab-
bits exposed to ≥ 120 mg/L uranyl nitrate
(5 mg U/kg-d) but not in females (Gilman et al.,
1998b). Rabbits exposed to lower levels of U
in drinking water showed no marked changes
in urinary parameters (Gilman et al., 1998a,
1998b).

Two animal studies that explored the renal
effects of implanted DU particles in rats pro-
vide toxicity information relevant to the haz-
ard associated with exposure of soldiers to
embedded fragments of DU (Pellmar et al.,
1998, 1999; Zhu et al., 2009). Pellmar et
al. (1998, 1999) did not observe significant
changes in biochemical or histologic mark-
ers of renal damage, while Zhu et al. (2009)
reported that DU exposure led to increased
renal damage as measured by light and electron
microscopy including hypertrophy of epithelial

cells, necrosis, fibrosis, increased mitochondria
size, glomerulus thickening, and inflammatory-
cell infiltration, and biochemical assays as evi-
denced by increased urinary β2-microglobulin,
albumin, serum creatinine, and BUN. Although
both of these studies used similar methodolo-
gies for DU pellet implantation within the gas-
trocnemius muscle in the lower leg of Sprague-
Dawley rats, the actual doses of implanted DU
can not be compared based upon data pro-
vided. Pellmar et al. (1998, 1999) implanted
rats with 0, 4, 10, and 20 U pellets (pel-
let weights not reported). Zhu et al. (2009)
implanted rats with 0, 0.1, 0.2, and 0.3 g of DU
fragments. After 6 mo of exposure, the high-
est renal U concentration reported by Pellmar
et al. (1999) was 6920 ± 770 ng/g, while Zhu
et al. (2009) reported a renal U concentration
of 27,439 ± 2291 ng/g in the high-dose group.
The differences in U-induced renal toxicity
observed in these two studies may have been
due to differences in U dose, tissue uptake, or
diffusion from the implanted pellets.

STUDIES OF MECHANISMS OF RENAL
TOXICITY

The cellular, molecular, and biochemical
mechanisms for renal U uptake and toxic-
ity have been previously reviewed (ATSDR,
1999). Recent studies using proximal and dis-
tal tubule cell lines (MDCK and LLC-PK1

cells) suggest that U-induced renal toxicity is
dependent on the formation of uranyl phos-
phate complexes, specifically UO2(PO4)- and
UO2(HPO4), and their uptake by the sodium
dependent co-transporter NaPi-II and absorp-
tive endocytosis (Muller et al., 2006, 2008).
Furthermore, in vitro studies using isolated
human and murine kidney cortex tubules sug-
gest that U exposure inhibits cellular ATP con-
tent and gluconeogenesis through enzymatic
inhibition of LDH, pyruvate carboxylase, glu-
cose 6-phosphatase, and phoshoenolpyruvate
carboxykinase. Toxicogenomic and proteomic
studies using human renal HEK293 cells also
suggest that U exposure altered expression of
genes associated with calcium-dependent cell
signaling such as IP3 cascade kinases PI4KII
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and PIK3R1, the intracellular calcium receptor
calmodulin, and calmodulin-dependent pro-
teins and cell trafficking pathways such as the
potassium channel ABC subunits ATP6V1A1
and ABCC8 (Prat et al., 2005). Both in vivo
and in vitro experiments showed that U
exposure depleted cellular antioxidants such
as glutathione (GSH) and glutathione reduc-
tase activity, increased reactive oxygen species
(ROS) production and DNA damage, and pro-
moted apoptosis (Banday et al., 2008; Linares
et al., 2006; Thiebault et al., 2007). In vivo
toxicogenomic studies reported that chronic
exposure to U significantly enhanced expres-
sion of genes associated with oxidative stress
responses such as superoxide dismutase 1 and
ion transporters including NaPi-II and Slc34a1
(Taulan et al., 2004).

DISCUSSION

Some evidence of adverse renal effects,
particularly with respect to biomarkers
of proximal tubule damage, is seen in
community-based studies of populations
chronically exposed to elevated drinking
water concentrations of U. The biomarker for
which effects were most consistently seen was
urinary levels of β2-microglobulin (Zamora
et al., 1998, 2009; Seldén et al., 2009). The
study in Finland (Kurttio et al., 2002) did not
demonstrate an association of toxicity to U
with β2-microglobulin levels. Prat et al. (2009)
suggested that the calcium-dependent species
seen in speciation analyses of the Finnish water
samples may result in a low toxicity profile. It
should also be noted, however, that 65% of
the samples in Kurttio et al. (2002) were below
the β2-microglobulin limit of detection, and
in contrast to the other studies, this measure
was based on a spot urine rather than an
overnight urine sample. β2-Microglobulin
was not included in the measurements used
in the follow-up study in Finland (Kurttio
et al., 2006). Thun et al. (1985) also reported
strong associations between U exposure and
β2-microglobulin measures in urine and serum
among workers in a U processing mill. Two
of these studies included measures of other

metals (Cd and Pb in Seldén et al. [2009] and
Cd and Pb in Thun et al. [1985]), and there
was no indication that the associations seen
with U were the result of confounding by
these other exposures. In addition, in the most
recent follow-up surveillance study of Gulf
War veterans exposed to DU, some indications
of proximal tubule effects, as evidenced by
increased urinary β2-microglobulin and retinol
binding protein levels, were noted (McDiarmid
et al., 2009). Thus, although the subsets of
renal tests, sensitivity of assays, and type of
exposure measure varied across studies, as a
group these studies show considerable consis-
tency with respect to an indicator of proximal
tubule damage and either measures of intake
or U concentrations in urine. Occupational
cohort studies do not provide evidence of
an increased risk of kidney-related mortality
among U-exposed workers. This outcome
would be a relatively insensitive endpoint for
the detection of renal damage, however, as it
relies on cause of death as reported on death
certificates. The reliability of this recording for
chronic conditions, such as kidney disease,
is much lower than for most cancers and
acute events such as accidents and myocardial
infarction (Harteloh et al., 2010).

Studies in experimental animals confirm
that the kidney is a target of U toxicity following
oral and implantation exposure. Both routes of
exposure are relevant to human exposure situ-
ations. The available animal studies, however,
provide an incomplete characterization of the
dose-response relationship for kidney effects
associated with chronic exposure at low envi-
ronmental exposure levels. With the exception
of early (1940s) studies conducted in support
of the Manhattan Project (Dygert et al., 1949;
Maynard et al., 1953; Maynard and Hodge,
1949), animal studies are generally limited to
exposures of 90 d duration. Further, the major-
ity of subchronic oral toxicity studies (Gilman
et al., 1998a, 1998b, 1998c; McDonald-Taylor
et al., 1992, 1997) of U compounds failed
to identify a no-observed-adverse-effect level,
and the kidney effects reported by some inves-
tigators (Gilman et al., 1998b, 1998c) did not
exhibit a dose response. Investigation of clinical
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biomarkers of renal toxicity in experimental
animal studies is limited. Mechanistic studies
suggest that cell toxicity may result from altered
function of cell signaling pathways, increased
ROS production, and depletion of endogenous
cellular antioxidants.

In summary, various lines of evidence sug-
gest that relatively low levels of U exposure
may result in detectable changes in markers
of renal damage in humans. The epidemi-
ological studies do not provide evidence of
clinically diagnosed kidney disease or renal fail-
ure within the exposed populations. Given the
limited sample sizes and the potential selec-
tion of relatively healthy individuals in these
types of community-based and occupational
studies, the absence of the observation of this
type of kidney disease is not surprising. Rather,
these studies are better designed to examine
associations within what would be considered
the normal range of specific biomarkers of
renal function. The question of the interpre-
tation and importance of the observed effects
of biomarkers of proximal tubule function is
an important question that would benefit from
additional clinical, epidemiological, and exper-
imental research.
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Justifications:

Justification 1:

The publication by Makris et al. (2016) addresses an issue that is critical to hazard evaluation, risk assessment,
risk communication, and risk management for the chemical trichloroethylene (TCE), a volatile and widely used
chlorinated solvent, specifically regarding regulatory decisions and actions that address a susceptible
population, i.e., pregnant women and their fetuses. The available database of toxicology, epidemiology, and
mechanistic information indicates that exposures to TCE during critical stages of prenatal development can
potentially result in cardiac malformations. Based upon the weight of available evidence, the 2011 EPA TCE
Integrated Risk Information System (IRIS) assessment established reference values for oral and inhalation
exposure to TCE, using developmental cardiac defects from a controversial drinking water study in rats
(Johnson et al., 2003).

In 2014, EPA initiated an Office of Research and Development (ORD) update on the potential for fetal cardiac
defects resulting from TCE exposures. The ORD work group conducted a transparent systematic review of the
data for all relevant studies, an extensive comparative analysis of the methodologies used to evaluate fetal
cardiac abnormalities in published studies, and a rigorous evaluation of the benchmark dose modeling
procedures and outcomes for cardiac malformations. Interviews with the lead author of the Johnson et al.
(2003) publication led to enhanced characterization of the study methodologies, especially regarding the
morphological evaluation of the fetuses. Additionally, a putative AOP was proposed by the ORD workgroup,
linking developmental pathways with one of the notable cardiac malformations observed with TCE
developmental exposure, i.e., ventricular septal defects. This was a novel and critical step forward in
demonstrating the biological plausibility of the relationship between  TCE exposures and fetal cardiacin utero

malformations.

The results of this evaluation were first reported in a memo to Dr. Robert Kavlock (Acting Assistant
Administrator of ORD), “TCE Developmental Cardiac Toxicity Assessment Update” dated April 30, 2014. The
information was then shared with other Offices within the EPA, and it was used immediately in support of
ongoing regulatory decisions.

The ORD work group subsequently published the expanded detailed findings from the TCE developmental
toxicology update analyses in Makris et al. (2016), thus providing public access to the work group conclusions.
The publication systematically reviews, evaluates, and synthesizes information on the individual studies, the
lines of evidence (epidemiological, toxicological, , , and mechanistic/AOP), and integrates thein vitro in ovo
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data into a cohesive, comprehensive, hypothesis-driven weight-of-evidence analysis that supports the Agency’s
conclusions on the potential for TCE exposures during  development to result in congenital heartin utero

defects (CHDs) in humans. Additionally, it clearly identifies strengths and limitations in the data, describes
residual uncertainties, and ascribes levels of confidence in the conclusions. Issues raised in public comments
about the adequacy of the Johnson et al. (2003) study for use in hazard characterization and reference value
derivation are specifically addressed, and expanded information is provided on the study design and
methodologies that were inadequately described in the published literature prior to the publication of the
Makris et al. (2016) study.

Makris et al. (2016) remains a primary source of information on the evaluation of potential risk for cardiac
malformations related to TCE exposure during pregnancy, and a basis of regulatory action. The evaluation of
developmental cardiac malformations conducted by the ORD team of experts provided Program Offices,
Regional Offices, and state environmental offices with an expanded rationale upon which to base
health-protective risk assessment decisions and risk management practices regarding the exposure of pregnant
women and their fetuses to TCE. Upon completion of the ORD developmental toxicity update assessment in
2014, OPPT immediately incorporated the conclusions into their TSCA Work Plan Chemical Risk Assessment
for “Trichloroethylene: Degreasing, Spot Cleaning and Arts & Crafts Uses” (EPA Document No. 740R14002,
June 2014; 
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/tsca-work-plan-chemical-risk-assessment-0
). These commercial and consumer uses of TCE were banned based on the findings of excessive risk to
pregnant women and their fetuses. Additionally, OLEM, EPA Regional Offices, and state environmental offices
have utilized the ORD conclusions in support of regulatory decisions for Superfund sites and relative to vapor
intrusion of TCE from contaminated soil and ground water in other localities. For example, EPA Region 7
directed the potentially responsible party at a groundwater contamination Superfund site in Franklin County,
Mo., to perform additional work to protect workers and visitors from potentially harmful exposures to TCE
vapors in nearby Meramec Caverns, a privately-owned tourist attraction near Stanton, MO. As a precautionary
step, Meramec Caverns ceased cave tours from March 2016 to August 2016 while controls were instituted to
reduce TCE vapor levels (USEPA Region 7 Fact Sheet, LaJolla Spring Cave Complex - Meramec Caverns,
Stanton, Missouri, September 2016).

Justification 2A:

N/A

Justification 2B:

Michael Narotsky: 2016 Level III:

https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/tsca-work-plan-chemical-risk-assessment-0
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1) 2013: Comprehensive Assessment of a Chlorinated Drinking Water Concentrate in a Rat Multigenerational Reproductive Toxicity

Study

2) 2015: Reproductive Toxicity of a Mixture of Regulated Drinking-Water Disinfection By-Products in a Multigenerational Rat

Bioassay

Thomas Knudsen:

1) 2015: 2014 Level II for “ExpoCast High Throughput Framework for Rapid Prioritization of Human
Exposure to Environmental Chemicals”.

2) 2016: 2015 Level III for “Using High-Throughput Screening Assays to Profile Enzymatic and Receptor
Signaling Activity of ToxCast Chemicals”.

3) 2016: 2015 Level III for “Classifying Toxic and Therapeutic Mechanisms by Phenotypic Screening of
ToxCast Chemicals”.

4) 2016: 2015 Level III for “Development of a Novel Experimental System to Evaluate Predictive-Toxicity
Signatures”.

5) 2020: 2019 Level III for “A chemical and cheminformatics foundation for ToxCast & Tox21 research
programs”.

All other authors (Makris, Scott, Fox, Euling, Arzuaga, Hotchkiss, Hunter, Abbott, Narotsky, Parsons, Jinot,
Hogan): no STAA nominations or awards in the past 5 years.

Justification 2C:

The current nomination is for a paper that addresses different subject matter than the papers for which Thomas
Knudsen and Michael Narotsky were co-authors and that had been previously nominated for and received
STAA awards.

Justification 2D:

N/A
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Justification 2E:

Five of the co-authors of Makris et al, (2016) (Arzuaga, Euling, Hogan, Hotchkiss, Makris) are also co-authors
on three publications on phthalate chemicals that are currently being nominated for STAA awards by Erin Yost
(ORD). These are independent research projects with no overlap in subject matter.

Justification 3A:

1) Susan Makris was invited to participate in a Roundtable presentation on the assessment: “Trichloroethylene
exposure and development of fetal cardiac malformations: What do the data tell us about inhalation exposures
resulting from vapor intrusion and potential health risks to pregnant women?” at the Society of Toxicology 55th
annual meeting, New Orleans, LA, March 13-17, 2016.

 

2) The publication by Makris et al. (2016) is cited extensively in external deliberations on regulatory
decision-making for TCE. It clearly summarizes studies in the TCE developmental toxicology database,
including the controversial study by Johnson et al. (2003), which is just one component of the extensive weight
of evidence demonstrating that exposures to TCE at critical stages of prenatal development can result in cardiac
malformations. Some organizations external to EPA support the EPA’s conclusions regarding cardiac
malformation and the use of the Johnson et al (2003) study in risk calculations, yet other organizations do
not. An example of this controversy was demonstrated at the March 2020 meeting of the EPA Scientific
Advisory Committee for Chemicals (SACC) on the OPPT TCE Risk Evaluation. Public comments from
environmental non-government organizations (NGOs), Safer Chemicals Healthy Families (SCHF),
Environmental Health Strategy Center, Earthjustice, and Natural Resources Defense Council supported EPA’s
conclusions regarding the weight of evidence for cardiac defects, while representative of industry consortia
discounted the same evidence. Makris et al. (2016) was cited in the comments, demonstrating the relevance of
this paper to the on-going discussion (Docket ID: EPA-HQ-OPPT-2019-0500;
https://www.regulations.gov/document?D=EPA-HQ-OPPT-2019-0500-0001)

Justification 3B:
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The Publisher (Elsevier) of Reproductive Toxicology assigned a special editor (Susan E. Maier, PhD, NIH) to
manage the peer review process, since one of the co-authors of the paper, Thomas Knudsen, was
Editor-in-Chief of the journal at that time. The editor assigned the paper to 3 independent, anonymous
reviewers.
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a  b  s  t  r a  c t

The 2011 EPA trichloroethylene (TCE) IRIS assessment, used developmental cardiac defects from a  con-

troversial drinking water study in rats (Johnson et al. [51]), along with several other studies/endpoints to

derive reference values. An  updated literature search of TCE-related developmental cardiac defects was

conducted. Study quality, strengths, and limitations were assessed. A putative adverse outcome pathway

(AOP) construct was developed to explore key events for the most commonly observed cardiac dys-

morphologies, particularly those involved with epithelial-mesenchymal transition (EMT) of endothelial

origin (EndMT); several candidate pathways were identified. A hypothesis-driven weight-of-evidence

analysis of epidemiological, toxicological, in vitro, in ovo, and mechanistic/AOP data concluded that TCE

has the potential to  cause cardiac defects in humans when exposure occurs at  sufficient doses during

a sensitive window of fetal development. The study by Johnson et al. [51] was reaffirmed as  suitable

for hazard characterization and reference value derivation, though acknowledging study limitations and

uncertainties.
Published by Elsevier Inc. This  is  an open access article under the CC  BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Trichloroethylene (TCE), CAS No. 79-01-6, is a  volatile chemi-

cal and widely used chlorinated solvent that is frequently found in

ground water and in soil at contaminated sites across the U.S. TCE

ranks 16th among hazardous substances most commonly found

at facilities on the federal National Priorities List [4].  At sites where

groundwater is contaminated and depending upon site-specific cir-

cumstances, TCE exposures and accompanying human health risks

may arise from: (1) movement of TCE vapors from subsurface loca-

tions into the indoor air of overlying and nearby buildings (i.e.,

vapor intrusion) [5]; and/or (2) use of groundwater as a  source

of drinking water, process water, or  irrigation water. A number

of health effects have been observed after exposure to TCE dur-

ing development, e.g., decreased fetal survival, impaired growth,

alterations in immune and nervous system function, and structural

defects, including ocular and cardiac malformations [16]. Here we

report on a focused review of the published literature, conducted

to update the information and critically evaluate the available data

relevant to the potential for cardiac defects resulting from devel-

opmental exposures to TCE. This effort was initiated because of

concerns raised about study quality and application of the reference

value to short term and pregnancy exposure scenarios.

EPA completed an IRIS Toxicological Review of TCE in September

2011 [87].  The most sensitive types of noncancer health effects

identified in this assessment were developmental, renal, and

immunological. A reference concentration (RfC)2 of 0.0004 ppm

(0.4 ppb or 2 �g/m3)  is derived in U.S. EPA [87],  based on route-to-

route extrapolated results from oral studies for the critical effects

of heart malformations in rats and immunotoxicity in mice, fur-

ther supported by route-to-route extrapolated results from an oral

study of nephropathy in rats. The reference dose (RfD) for non-

cancer effects of 0.0005 mg/kg-day is based on the critical effects

in oral studies of heart malformations in rats, adult immunolog-

ical effects in mice, and developmental immunotoxicity in mice.

The RfD is further supported by results from an oral study for the

effect of toxic nephropathy in rats and route-to-route extrapolated

2 A reference concentration (RFC) or dose (RfD) is an estimate of a  continuous

inhalation exposure (daily oral exposure) for a chronic duration (up to  a lifetime) to

the human population (including sensitive subgroups) that is likely to be without

an  appreciable risk of deleterious effects during a  lifetime.

results from an inhalation study for the effect of increased kidney

weight in rats ([87]; pages 6–43).

After the final IRIS document was  released, EPA and others real-

ized that because fetal adverse outcomes could potentially result

from short-term exposures or peaks in exposure during pregnancy,

one of the two endpoints used to  derive the RfC (the fetal cardiac

defects) is particularly important when evaluating whether TCE

exposure poses an immediate potential hazard and whether peak

exposures are a potential health concern. A study by Johnson et al.

[51],  which reports the results of research on TCE in drinking water,

including the findings of Dawson et al. [20],  is included in the group

of studies on which the reference values are based in the 2011 IRIS

assessment, and is one of several lines of evidence regarding the

hazard potential for developmental toxicity of TCE. Concerns have

been raised about the Johnson et al. [51] study and EPA’s use of this

study for risk evaluation [1,90,38].  Specific needs to  resolve these

concerns include: (1) a  systematic evaluation of study quality; (2)

more details in the description of the study design (e.g., the source

of concurrent controls); (3) a reexamination of the dose-response

relationship for cardiac defects; and (4) an evaluation of the study

results in light of other studies that did not observe cardiac defects

after in utero exposures. In  addition, concerns have been raised

regarding the interpretation of the epidemiological database for

cardiac defects associated with TCE exposures [13,1,90,38].

An updated literature search and analysis of the developmen-

tal cardiac toxicity data for TCE was conducted to address the

identified issues and to provide a focused, rigorous, systematic

scientific review of the available data on associations between

exposure to  TCE and fetal cardiac defects. The scope of this update

and analysis was limited to the fetal cardiac defects observed

following gestational exposures to TCE and/or its oxidative metabo-

lites, dichloroacetic acid (DCA) and trichloroacetic acid (TCA),

which have been specifically associated with cardiac malforma-

tions in rats [51,49,20,27,79,78], and does not include an update on

other developmental effects after TCE exposure, i.e., fetal growth

retardation, embryolethality, ocular malformations, developmen-

tal neurotoxicity, and developmental immunotoxicity. This update

of the fetal cardiac effects includes (1) a  systematic search to iden-

tify any recently published literature; (2) a detailed evaluation

of the available data; (3) a hypothesis-driven assessment of the

weight of evidence (evidence integration) for the association of TCE

exposures with cardiac malformations; (4) a  reexamination of the

dose-response relationship for cardiac malformations; and (5) a

transparent description of the evaluation. This process is aligned
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with the [64] recommendations for systematic review, evidence

integration (weight-of-evidence) evaluation, and presentation of

information to  increase transparency.

2. Materials and methods

2.1. Literature search update

A systematic literature search was conducted to identify all epi-

demiological, toxicological, and mechanistic studies relevant to

cardiac defects associated with developmental exposure to TCE

or its metabolites (TCA and DCA) that were published subsequent

to the final systematic literature search conducted by EPA during

completion of the 2011 IRIS assessment [87].  A date-delineated

search of PubMed, Toxline, and Web of Science (WoS) was  con-

ducted (January 2010–January 2015), using search terms designed

to identify any publications that addressed TCE or  its specified

metabolites. The search identified a  total of 1769 unique citations,

which were then screened using information contained in the title,

abstract, and/or full text. Citations excluded from further consider-

ation included studies that did not include an assessment of TCE or

its metabolites, studies that did not directly assess or were not per-

tinent to the evaluation of cardiac development, and publications

that did not include primary research data (e.g., reviews, press arti-

cles, meeting abstracts). The literature search did not identify any

new experimental animal toxicology studies of fetal cardiac defects,

but did identify two new epidemiological studies that assessed the

association of TCE or chlorinated solvent exposures with cardiac

defects [71,29] and two new studies that provided mechanistic

information relevant to  alterations of cardiac development follow-

ing TCE (or metabolite) exposures [58,66].

2.2. Study quality review

For each epidemiological and toxicological study in the develop-

mental toxicity database for TCE, whether previously included in

the EPA TCE assessment [87] or newly identified in the updated

literature search, a  formal detailed review of study quality was

conducted.

• Epidemiological data: Study quality evaluation criteria and a

general format for capturing epidemiological study data and

characterization have previously been developed by the IRIS pro-

gram and are summarized in the Guidelines for Developmental

Toxicity Risk Assessment [85]. These factors include study power,

potential bias in data collection, selection bias, measurement

biases associated with exposure and outcome, and consideration

of potential confounding and effect modification. This format was

used to summarize study information and observed strengths,

biases, and confounding factors for each study. An independent

review of the study quality conclusions presented here was con-

ducted by a working group that included eight EPA experts in the

field of epidemiology.
• Animal toxicology data: Study quality evaluation criteria for in

vivo, in vitro, and avian in ovo developmental toxicology stud-

ies were developed specifically for this effort. These criteria

included considerations described in U.S. EPA [85] and focused

on the adequacy of study design and documentation of infor-

mation on the test subjects (e.g., species, strain, source, sex,

age/lifestage/embryonic stage), environment (e.g., husbandry,

culture medium), test substance (e.g., identification, purity,

analytical confirmation of stability and concentration), treat-

ment (e.g., dose levels, controls, vehicle, group sizes, duration,

route of administration), endpoints evaluated (e.g., schedule of

evaluation, randomization and blinding procedures, assessment

methods), and reporting (quality and completeness). Two  sep-

arate reviewers conducted independent assessments of each

in vivo mammalian study, and seven toxicologists independently

evaluated study quality for four mammalian in vivo studies that

had  performed a  detailed evaluation of developmental cardiac

defects [15,51,28,20].

2.3. Characterization of hazard and dose-response information

• Hazard: Critical elements of the identified epidemiological and

toxicological studies were extracted and summarized in tabular

format. For epidemiological studies, the exposure measure and

range, outcome classification, participant selection and compa-

rability, consideration of likely confounding, data presentation

and analysis, and sample size were summarized. For animal

toxicology studies, the summary included information on the

test subjects (species, strain, sex, number of animals assigned

per group), exposure levels, timing, and duration, no-observed-

adverse-effect levels (NOAELs), lowest-observed-adverse-effect

levels (LOAELs), and treatment-related effects.
• Dose-response analysis:  The cardiac malformation data [51]

were reanalyzed using the Benchmark Dose Software (BMDS)

nested logistic model that was  used in the EPA TCE assessment

[87] as well as other BMDS models to evaluate uncertainty related

to model selection and modeling assumptions [88].  A benchmark

response (BMR) of 0.01 (1%) extra risk was used, justified by the

severity of the effect.

2.4. Mechanistic data on developmental pathways and processes

The 2011 IRIS assessment noted that many of the cardiac

defects observed in humans and laboratory species (primarily rats

and chickens) involved septal and valvular structures. To further

characterize the potential for alterations in cardiac development,

studies that evaluated aspects of valvulo-septal defects identi-

fied in the literature search, as well as mechanistic studies that

had been included in the 2011 IRIS TCE assessment, were exam-

ined for relevant information. The search and data evaluation

pointed to  alterations in endocardial cushion formation and devel-

opment. This prompted a search of the Mouse Genome Informatics

(MGI) database (http://www.informatics.jax.org/)  for genes associ-

ated with “abnormal cardiac epithelial to  mesenchymal transition”

[MP:0008825]. As a  consequence, newer mechanistic concepts

were explored.

2.5. Weight-of-evidence (WOE) evaluation

The WOE  (evidence integration) for fetal cardiac defects was

characterized according to the criteria described in the Frame-

work for Assessing Health Risk of Environmental Exposures to

Children [86],  a  scheme that was  adapted from principles of

causality assessment developed by [43].  Fig. 1  illustrates the

components (key factors) included in the WOE  analysis. Each

participant in the review independently assessed the WOE, and

through discussions arrived at a  group consensus of the evi-

dence supporting stronger and weaker weights of association

for each key factor.

3.  Results

3.1. Hazard for developmental cardiac defects

3.1.1. Epidemiological data

The epidemiological studies were reviewed for associations

between maternal exposure to TCE and cardiac defects. Seven
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Table 1

Study Summary and Quality Assessment for Epidemiologic Studies on TCE Exposure and Congenital Malformations.

Reference Exposure Measure and

Range

Outcome Classification Participant Selection

and Comparability

Consideration of Likely

Confounding

Data Presentation and

Statistical Analysis

Adequate Sample Size Additional Comments

Ruckart et al. [71] Individual level. Fate

and transport, and

water distribution

modeling, TCE, up to

1400 ppb; other

contaminates included

vinyl chloride,

1,2-dichloroethylene,

PCE, benzene. Average

monthly concentration

two months before and

after conception.

Self-reported, verified

by medical record;

NTD, oral clefts

prevalence,

conotruncal heart

defectsa .

United States.

n = 12,598 live births

among mothers

residing at  Camp

Lejeune during

pregnancy, identified

from birth certificates

and media

campaign/referral,

1968 – 1985. Referents

selected from children

without a birth defect

(∼1:10 ratio),

unmatched to cases.

Excluded 54 cases due

to lack of medical

verification, refusal to

provide medical

records, and verified

not to  have the

reported condition; 22

controls ineligible.

Bivariate analyses

adjusted for mother’s

age, previous

pregnancy, child’s sex,

child’s sibling with a

birth defect, father’s

occupational exposure

to  solvents, previous

pregnancy, alcohol use,

mother’s employment

status, use of prenatal

vitamins, or maternal

fevers.

Odds ratio and 95%

confidence interval;

unconditional logistic

regression.

106 cases of NTDs, oral

clefts and

leukemia/non-Hodgkin

lymphoma;

medically-verified: 35

NTDs, 42 oral clefts;

TCE exposed, 8 NTDs, 9

oral clefts.

Odds ratio not reported

for conotruncal heart

defects. Less than 3

conotruncal heart

malformations

observed.

Forand et al. [29] Area level. Maternal

residence in one of two

contaminated areas at

time of birth. Sample of

25% residences affected

by  soil vapor intrusion:

Area 1, indoor air TCE,

range−0.18–140

ug/m3 ,  median 16

ug/m3;  Area 2, indoor

PCE, range 0.1 –  24

ug/m3 .

Congenital

malformationsb ,

including cardiac

(ICD−9 745.0–747.9c),

in <2 year old children,

NYSDOH Congenital

Malformations

Registry.

United States. n = 1440

live singleton births

(1090 in TCE area, 350

in PCE area); referents,

1983–2000; 3.6 million

births in New York

State, excluding New

York City.

Adjusted for mother’s

age, education, race,

infant’s sex, number of

previous live births,

and adequate prenatal

care.

Rate ratios and 95%

confidence intervals,

Poisson regression.

61 children (44 in TCE

area, 17 in PCE area)

with at  least one

reportable birth defect.

TCE area, 25

surveillance defects, 15

cardiac malformations

(6 major, 3

conotruncal).

No births with NTDs or

oral clefts.

Yauck et al. [94] Area level. Maternal

residence within 1.32

miles from at least one

TCE emissions source

at time of birth.

Cardiac malformations,

excluding patent

ductus arteriosus,

persistent foramen

ovale, or peripheral

pulmonary stenosis,

hospital medical

record, Milwaukee

Children’s Hospital.

United States. n = 4025

infants, born

1997–1999; cases from

hospital or birth

records, population

referents from birth

certificates frequency

matched by  birth year;

excluded infants

≤23weeks, if  24–26

weeks, died within

48 h  of birth, or Down’s

syndrome diagnosis;

one birth selected from

multiple births.

Dichotomized by age

(<38 years, ≥38 years);

no differences found

for race, ethnicity,

maternal education,

parity, number of

prenatal visits, or

cigarette use.

Odds ratio, logistic

regression.

245 cases and 3780

controls; TCE exposed,

46 cases, 715 controls.

Pre-existing diabetes,

chronic hypertension,

and alcohol associated

with outcome and not

included in TCE

statistical model.

The poorly-defined

exposure surrogate and

lack of TCE exposure

monitoring makes

interpretation of

results difficult.



S
.L.

 M
a
k
ris

 et
 a

l.
 /

 R
ep

ro
d

u
ctiv

e
 T

o
x
ico

lo
g
y

 6
5

 (2
0

1
6

)
 3

2
1

–
3

5
8

 
3

2
5

Bove et al. [9];  Bove [8] Area level. Maternal

1st trimester exposure

to TCE, municipal

water supply, 75 towns

(55 ppb, maximum

monthly estimate; 5%

of study population

above MCL  of 5 ppb),

other TTHMs.

Congenital

malformationsd ,

including NTD, oral

clefts and cardiac

defects (ICD−9  745.0,

745.1, 745.2, 746.1,

746.3, 746.4, 746.7,

747.1, 747.3), NJDOH

Birth Defects Registry

and New Jersey fetal

death certificates.

United States.

n = 80,938 singleton

live-born infants and

594 singleton fetal

deaths, New Jersey

birth and death

records, 1985–1988.

Odds ratio adjusted if

differed from

unadjusted by ±15%

for maternal age, race,

education, parity

prenatal care, previous

stillbirth or

miscarriage, and child’s

sex.

Odds ratio, logistic

regression.

58 NTDs, 83 oral cleft,

108 major cardiac

defects; TCE >10 ppb, 4

NTDs, 9 oral cleft

defects, major cardiac

defects, including

ventricular septal

defects, NR.

Effect measure

estimates from

univariate analysis did

not differ by ±15% from

multivariate analyses.

Goldberg et al. [35] Family member

exposed to  municipal

well water

contaminated with TCE

(range: 6–239 ppb),

DCA, chromium.

Cardiac defects,

medically diagnosed

closest to  birth date,

excluding syndromes

associated with cardiac

abnormalities,

supraventricular

tachycardia or isolated

ectopic cardiac beats

without gross anatomic

cardiac lesions, patent

ductus arteriosus in

premature infants,

peripheral pulmonary

stenosis and bicuspid

aortic value without

stenosis or

regurgitation.

United States. n = 1363

live births, conceived

between 1969 and

1987 whose parents

live in Tucson Valley

for 1 month before and

during 1st trimester of

pregnancy, identified

from cardiologist’s

records, 218 lacking 1st

trimester addresses,

406 disqualified, 31 not

residing in Tucson

during 1st trimester.

Additional control

groups: Groups 1  and 2

were current residents,

selected using RDD in

(a) proportion to  all

telephone numbers or

(b) proportion to

population with

cardiac defects,

Compared to

non-contaminated

water area controls,

more cases were

Hispanic, case parents

were less educated and

were more likely

blue-collar, and fathers

were younger. No

adjustment for

potential confounders;

possible bias

introduced if

differential selection

between residents in

contaminated area and

rest of Tucson to

cardiologist.

Prevalence rates, odds

ratio.

707 families (246

exposed, 461

unexposed).

Population at  risk not

fully elucidated

because did not include

cases living in study

area who were treated

at hospitals outside

Tucson area or subjects

who moved during the

study period. NR if

interviewers were

blinded. Use of family

as a  control group

provides estimate of

the proportion of

households that had at

one member who

worked or resided in

the contaminated are,

not estimate of

exposure prevalence in

the birth population.

Lagakos et al. [56] Maternal exposure

during full period of

pregnancy to 32

V0Cs detected in 1979

in two drinking water

wells, including TCE:

267 �g/L,

tetrachloro-ethylene:

21 �g/L, and

chloroform: 12 �g/L.

Self-reported

congenital

malformationse ,

including heart defects

(ICD–9 425.3, 745.2,

745.4, 745.9, 746.6,

476.9, 747.1, 747.2,

785.2), 1960–1982.

United States. n = 6219

residences with

telephones in Woburn,

Massachusetts, 1149

refused interview and

60 non-English

speaking; 4396

self-reported

pregnancies.

Depending on

outcome, adjusted for

infant sex, maternal

smoking during

pregnancy, year

pregnancy ended,

maternal age, prior

peri–natal death, prior

low birth weight,

and/or prior

musculoskeletal

anomaly.

Odds ratio, Cox

proportional hazard.

3.467 pregnancies with

infant living >7 days,

177 congenital

anomalies, 5

pregnancies with

mother receiving water

from contaminated

wells.

Self-reporting of

outcomes, potential

recall bias, and lack of

exposure data for

susceptible periods

during pregnancy

makes interpretation

of results difficult.

Gm = grams; HCl = hydrochloric acid; IQ = interquartile; JEM =  job-exposure-matrix; NR = not reported; NYSDOH = New York State Department of Health; RDD =  random digit dialing; PCE =  tetrachloroethylene; SES =  socioeconomic

status; TTHM =  total trihalomethanes; VOC = voltile organic compounds.
aRuckert et al. [71] also studied childhood leukemia and non-Hodgkin lymphoma.

b Forand et al. [29] also studied term low birthweight, pre–term birth, and fetal growth restriction.
c Infants with patent ductus arteriosus (ICD-9 747.0) included if  birthweight ≥2500 gm.
d Bove et al. [9] and Bove [8] also studied low (<2500 gm) and very low birthweight (<1500 gm), small for gestational age, premature births examined but results not reported.
e Lagakos et al. [56] also studied perinatal death, low birth weight, and childhood disorders but did not report results.
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Table 2

Consideration of Biases, Confounding, and Chance in TCE – Cardiac Defect Epidemiology Studies.

Reference Selection bias Information bias,

Exposure

Information bias,

Outcome

Recall bias Chance Confounding

Forand et al. [29]

Cohort

Unlikely Likely, area–level

exposure assignment

but soil vapor intrusion

found throughout the

TCE study area

Unlikely, birth defects

registry study with

medically-verified

outcomes

Unlikely No Unlikely, adjusted for

important maternal

risk factors, including

prenatal care but not

folic acid intake

Yauck et al. [94]

Case-control

Unlikely Likely, area-level

exposure assignment;

poorly defined

exposure surrogate

Unlikely, birth

certificate and birth

defects registry study

Unlikely No Likely, univariate

statistical analyses not

adjusted for maternal

risk factors

Bove et al. [9]; Bove [8]

Cohort

Unlikely Likely, area–level

exposure assignment

Unlikely, registry

(birth, congenital

malformation) study

Unlikely Yes Unlikely, univariate

statistical analysis;

effect estimate from

multivariate analysis

adjusted for important

maternal risk factors,

but not folic acid

intake, not different by

±15% from univariate

Goldberg et al. [35]

Prevalence

Likely. Two  of three

control groups are

inappropriate and

sparse details on

selection of 3rd control

group

Likely, area-level

exposure assignment

Unlikely, cases

identified from

cardiologists files

Likely No Unable to assess; study

lacks details of

statistical analysis

Lagakos et al. [56]

Prevalence

Unlikely Likely, area-level

exposure assessment

Likely, self-reported

outcomes

Likely Yes Unlikely, age,

education, race,

prenatal care, and

parity evaluated as

potential confounders

reports from six epidemiological studies that investigated devel-

opmental cardiac birth defects in relation to estimated TCE

exposure during pregnancy were identified in the literature

[71,29,94,8,9,35,56]; five of the seven reports were reviewed in

the EPA’s 2011 Trichloroethylene Toxicological Review [87]. The

publication by Forand et al. [29] analyzed the same study popu-

lation described in the ATSDR [3,2] reports referenced in U.S. EPA

[87].  Bove [8] and Bove et al. [9] report twice on the same study

subjects. All of the studies examined outcomes in relation to oral

exposures with the exception of the inhalation exposure studies

from Forand et al. [29] and Yauck et al. [94]. The epidemiological

study summaries and quality assessments are presented in Table 1.

Consideration of bias, confounding, and chance are summarized in

Table 2.

The studies were of different populations, living in different

states, and of different epidemiological designs. Forand et al. [29]

is a retrospective cohort study of 1440 live births among New York

residents in an area contaminated with TCE via vapor intrusion.

Bove [8]/Bove et al. [9] is a cross-sectional study of 80,938 singleton

live-born infants and 594 singleton fetal deaths among residents in

northern New Jersey receiving TCE in municipal water supplies.

A strength of both studies is the use of state records, including

State Birth Defects Registries with clinically verified outcomes that

reduce information and subject recall bias, and the ability to con-

trol for potential confounding factors. Both of the studies observed

an elevated relative risk estimate for major cardiac defects: a  rela-

tive risk of 1.24 (a 50% confidence interval (CI) was reported: 0.75,

1.94) for >10 ppb TCE in municipal drinking water supplies com-

pared to TCE exposure ≤1 ppb in Bove [8]/Bove et al. [9]; and an

estimated relative risk of 2.40 (95% CI: 1.00, 5.77) compared to the

rest of New York State, excluding New York City in Forand et al.

[29].  Both studies report relative risk estimates for specific defects:

1.30 (50% CI: 0.88, 1.87) for ventricular septal defects and exposure

to >5 ppb TCE in drinking water compared to <1 ppb (Bove [8]/Bove

et al. [9]) and 4.91 (95% CI: 1.58, 15.24) for conotruncal defect in

the TCE-contaminated area compared to  the rest of New York State,

excluding New York City [29].  Yauck et al. [94], a case-control study

of 245 cases and 3780 controls, reported that living within 1.32

miles from at least one TCE emissions source in Wisconsin had a

strong relative risk estimate of 6.2 (95% CI: 2.6, 14.5) for cardiac

defects in infants born to mothers aged 38 years or  older after con-

trolling for potential confounding, but no association for cardiac

defects was  observed among infants of mothers aged less than 38

years (RR =  0.9, 95% CI: 0.6, 1.2). The original case-control study by

Goldberg et al. [35] reported that the likelihood of family exposure

to the contaminated water area among families with cardiac defects

was three times that of exposure among randomly selected families

in the same general locality. In a review article that included the

Goldberg et al. [35] study, Bove et al. [7] calculated an unadjusted

prevalence ratio of cardiac defects among residents of the contam-

inated area with first-trimester exposure compared with residents

in uncontaminated areas of 2.58 (95% CI: 2.0, 3.4). Ruckart et al. [71]

reported little detail on cardiac defects in a population exposed to

TCE-contaminated water but noted a  lower than expected num-

ber of conotruncal heart defects−although neither precise counts

nor confidence intervals were reported, and the authors did not

draw any conclusions concerning TCE exposure and the occurrence

of all cardiac defects or  conotruncal heart defects. Lagakos et al.

[56] reported no association (p =  0.91) between exposure to TCE-

contaminated water in Woburn, Massachusetts and a  much larger

categorical grouping of ‘cardiovascular anomalies’ which included

heart murmurs (15 of 43 anomalies) and only 2 conotruncal heart

defects.

Forand et al. [29] and Bove [8]/Bove et al. [9] provide evidence for

an association between maternal TCE exposure and cardiac defects.

A more mixed pattern of results is seen in three other studies with

greater potential for bias and confounding [94,35,56]; however,

the results of these studies are not necessarily inconsistent with

the association observed by Forand et al. [29] or Bove [8]/Bove

et al. [9] because, for the database as a whole, the epidemiolog-

ical studies are imprecise in estimating effects due to the small

number of cardiac defects. Additionally, information bias related
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Fig. 1. Conceptual view of a Weight-of-Evidence evaluation. Considerations within

a  WOE  evaluation of toxicity data are shown. The relative weight of each considera-

tion can vary, based upon the  data [86], Fig. 4-4). Temporality is the premise that the

exposure must occur prior to the outcome. Strength of association is the considera-

tion of study rigor and statistical power. Variability analysis considers the source of

variability within individual studies. Uncertainty analysis considers information or

data gaps in individual studies and in the comprehensive database of information.

Qualitative dose-response relationship is the  change in an effect, and the degree of

the change, as a function of exposure or dose. Experimental evidence is the alter-

ations in response or rate of response resulting from manipulation of exposure.

Reproducibility is the observation of specific effects under varied conditions. Bio-

logical plausibility is the determination of whether an observed outcome could be

attributed to the toxicological insult, given the currently known science. Alternative

or multiple explanations are other explanations for the observed outcome(s) follow-

ing the exposure of interest. Specificity refers to  determination of the relationship

between one exposure, the effect(s), and whether each effect is mediated through a

single or alternative MOAs. Coherence is the extent to  which the data are similar in

outcome and exposure/dose and whether they support each biologically plausible

hypothesis or MOA.

to the exposure assessment in these studies may provide alterna-

tive explanations for the apparent heterogeneity. As the exposure

assessment methods in these studies are at an aggregate level based

on locality (rather than based on individual-level measurements),

one can assume that the incumbent exposure measurement error

(also known as information bias) is  non-differential with respect

to cardiac defects. That is, any errors in exposure assessment are

expected to be independent of case status. Such non-differential

misclassification of exposure would typically result in bias towards

the null [70] and limit the ability of the studies to  detect some asso-

ciations and possibly exposure-response relationships. None of the

studies considered maternal folic acid intake, which may reduce

the risk of cardiac defects [45] and is thus a  potential confounder.

Because TCE has been shown to  induce folate deficiency in rats [22]

and in workers [36],  folate concentrations may be on the direct

causal pathway from TCE exposure to  cardiac defects. Thus it was

methodologically appropriate for these studies not to  control for

folic acid/folate as that would have induced bias towards the null.

Rather, women with low dietary intake of folic acid may represent

a susceptible sub-group. Both Forand et al. [29] and Bove [8]/Bove

et al. [9] adjust for other maternal risk factors, including adequate

prenatal care, as potential confounding factors. Observations in the

other studies are more uncertain compared to Forand et al. [29] and

Bove [8]/Bove et al. [9],  and the observed heterogeneity of results

may be due to alternative explanations, such as bias, chance, or

potential confounding. Use of hospital cases by Yauck et al. [94]

and cases identified from cardiologists’ records by Goldberg et al.

[35] may  introduce possible selection bias. It is difficult to  evalu-

ate control for potential confounding in Goldberg et al. [35] due to

limited reporting in the publication. The self-reporting of outcome

in Lagakos et al. [56] introduces uncertainty because of potential

selective reporting.

In  summary, epidemiologic data provide some support for the

possible relationship between maternal TCE exposure and car-

diac birth defects. Forand et al. [29] provide clear evidence of an

association between living in an area contaminated by TCE via

vapor intrusion and increased risk of conotruncal heart defects,

and Bove [8]/Bove et al. [9] provide limited evidence for an asso-

ciation between maternal exposure to TCE, or the combination of

TCE and other chlorinated solvents in drinking water, and cardiac

defects. However, there are uncertainties in the interpretation of

the epidemiological data on Bove [8]/Bove et al. [9] because of the

small number of observed TCE-exposed cardiac defect cases, sparse

reporting on TCE exposure and congenital heart defects (CHDs) in

both publications, and the study’s cross-sectional design that could

not establish temporality. Two  other studies with potential biases

also observed elevated risk estimates between TCE exposure and

cardiac defects [94,35] and these provide some corroboration of the

observations in Forand et al. [29].  The lack of supporting evidence

from Ruckart et al. [71] may be a  consequence of the small number

of reported cases. Additionally, because Lagakos et al. [56] exam-

ined a  much more broadly defined set of outcomes, their findings

are likely much less specific than conotruncal heart defects or even

cardiac defects as reported by the other investigators.

The limited finding of an association between TCE exposure

and conotruncal heart defects, in particular, and cardiac defects

more generally has coherence with the broader epidemiological

literature that reports association between maternal occupational

exposure to degreasing solvents or to organic solvents and CHDs

[11,34,93,83,84].  Although the reported associations between TCE

exposure and increased risks of cardiac defects were observed in

several studies [29,94,8,9,35],  overall, these epidemiologic studies

are not sufficient to  establish a  causal link between TCE exposure

and cardiac defects in humans. This conclusion is consistent with

other reviews of the epidemiological literature for TCE exposures

and CHD [13,90,38].  Additional research could better characterize

human exposures and health outcomes.

3.1.2. Toxicological data

The experimental toxicology database for the assessment

of developmental cardiac defects resulting from TCE exposure

includes in ovo chicken studies, in vitro assays, and rodent stud-

ies that assessed fetal morphology following in utero exposures

to TCE or  its oxidative metabolites. Summaries of studies that

assessed cardiac development in mammalian laboratory animal

models are presented in Table 3a (inhalation exposure to TCE),

Table 3b (oral exposures to TCE), and Table 3c (oral exposures to

DCA and TCA). Studies using non-mammalian or in vitro test sys-

tems to assess cardiac development following exposures to TCE,

DCA, or TCA are summarized in Table 3d. Study strengths and lim-

itations for the mammalian inhalation and oral studies of TCE or

its metabolites (DCA or TCA) are summarized in Table 4. Exposure-

response arrays for general categories of adverse developmental

outcomes (decreased survival, decreased growth, and altered mor-

phological development, including cardiac defects) are presented

in Figs. 2–4 for studies with gestational inhalation exposures to  TCE,

oral exposures to TCE, and oral exposures to DCA and TCA (respec-

tively). Incidence data for specific developmental findings are not

presented herein since that information is summarized in the IRIS

assessment [87].

3.1.2.1. Inhalation rodent and rabbit TCE studies. Five publications

reported the conduct of studies in which TCE was administered by

inhalation exposure to rats, using a prenatal developmental toxic-

ity study design [15,42,39,21,74]. The studies by Hardin et al. [39]

also included rabbits exposed to  TCE, and the study by Schwetz

et al. [74] also included mice exposed to TCE. None of these stud-

ies reported cardiac defects in fetuses following in utero exposures
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Table 3a

Summary of mammalian in vivo toxicity studies assessing cardiac development —  inhalation exposures.

Reference Species/strain/

sex/number

Exposure level/

Durationa

NOAEL; LOAELb Effects

Carney et al. [15] Rat, Sprague-Dawley, females,

27 dams/group

0, 50, 150, or 600 ppm

(600 ppm = 3.2 mg/L)c

(268.5, 805.5, 3222 mg/m3)

6  h/d;

GDs 6–20

Maternal NOAEL: 150 ppm

(805.5 mg/m3)

Maternal LOAEL: 600 ppm

(3222 mg/m3)

↓ Body weight gain (22% less

than control) on GDs  6–9 at

600 ppm.

Developmental NOAEL:

600 ppm (3222 mg/m3)

No evidence of developmental

toxicity, including heart

defects.

Dorfmueller et al. [21] Rat, Long-Evans, females, 30

dams/group

0 or 1800 ± 200 ppm

(9674 ± 1075 mg/m3)c

2  wks, 6 h/d, 5 d/wk; prior to

mating and/or on GDs 0–20

Maternal NOAEL:

1800 ± 200 ppm

(9674 ± 1075 mg/m3)

No maternal abnormalities.

Developmental LOAEL:

1800 ± 200 ppm

(9674 ± 1075 mg/m3)

Statistically significant ↑

skeletal and soft tissue

anomalies in  fetuses from

dams exposed during

pregnancy only. No statistically

significant treatment effects on

behavior of offspring 10, 20, or

100 d  postpartum. Body weight

gains statistically significant ↓

in pups from dams with

pre-gestational exposure.

Hardin et al. [39] Rat, Sprague-Dawley, female,

nominal 30/group

0 or 500 ppm

(0 or 2685 mg/m3)

6–7 h/d;

GDs 1–19

Maternal NOAEL: 500 ppm

(2685 mg/m3)

No maternal toxicity.

Developmental NOAEL:

500 ppm (2685 mg/m3)

No embryonic or fetal toxicity.

Rabbit, New Zealand white,

female, nominal 20/group

0 or 500 ppm

(0 or 2685 mg/m3)

6–7 h/d;

GDs 1–24

Maternal NOAEL: 500 ppm

(2685 mg/m3)

No maternal toxicity.

Developmental LOAEL:

500 ppm (2685 mg/m3)

Hydrocephaly observed in two

fetuses of two litters,

considered equivocal evidence

of  teratogenic potential.

Healy et al. [42] Rat, Wistar, females, 31–32

dams/group

0  or 100 ppm

(0 or 535 mg/m3)

4  h/d;

GDs 8–21

Maternal NOAEL: 100 ppm

(535 mg/m3)

No maternal abnormalities.

Developmental LOAEL:

100 ppm (535 mg/m3)

Litters with total resorptions

statistically significant ↑.

Statistically significant ↓ fetal

weight, and ↑  bipartite or

absent skeletal ossification

centers.

Schwetz et al. [74] Rat, Sprague-Dawley, female,

20–35/group

Mouse, Swiss-Webster,

females, 30–40 dams/group

0  or 300 ppm

(0 or 1611 mg/m3)

7  h/d;

GDs 6–15

Maternal LOAEL: 300 ppm

(1611 mg/m3)

4–5% ↓ maternal body weight

Developmental NOAEL:

300 ppm (1611 mg/m3)

No embryonic or fetal toxicity;

not teratogenic.

Developmental LOAEL:

150  ppm (805.5 mg/m3)

Specific gravity of brains

statistically significant ↓  at

PNDs 0, 10, and 20–22. Similar

effects at PNDs 20–22 in

occipital cortex and

cerebellum. No effects at 1 mo

of age.

a To convert concentrations in air (at 25 ◦C) from ppm to mg/m3:  mg/m3 = (ppm) × (molecular weight of the compound)/(24.45). For TCE: 1  ppm =  5.37 mg/m3 .

1000 mg/m3 = 1 mg/L (air). Source: U.S. EPA, Technology Transfer Network – Air Toxics Web Site, http://www.epa.gov/ttnatw01/hlthef/tri-ethy.html, last accessed 08-06-15.
b NOAEL and LOAEL are based upon reported study findings.

to TCE; however, of these, only the Carney et al. [15] and Schwetz

et al. [74] provided sufficient study detail to demonstrate that they

were conducted in accordance with good laboratory practices and

examined the fetuses using specific methods designed to detect

abnormalities of cardiac development.

3.1.2.2. Oral rodent TCE studies. Six studies reported the results of

oral administration of TCE to  rodents during fetal development

[51,28,61,62,20,18].  All studies were performed in rats, except

Cosby and Dukelow [18] which used mice. In all of these rodent

studies, TCE was administered by gavage, with the exception of the

Dawson et al. [20] and Johnson et al. [51] studies, in which TCE was

administered via drinking water. Only the two drinking water stud-

ies detected statistically significant treatment-related fetal cardiac

defects.

The gavage studies by Fisher et al. [28], Narotsky et al. [62], and

Narotsky and Kavlock [61] were conducted in accordance with good

laboratory procedures. While Fisher et al. [28] conducted their car-

diac evaluations with the same methods as described in Johnson

et al. [51],  and the first author of the Johnson et al. [51] paper par-

ticipated as a  member of the cardiac dissection team for the Fisher

et al. [28] study, TCE-related cardiac defects were not detected.

The studies by Narotsky et al. [62] and Narotsky and Kavlock [61]

evaluated neonatal growth and viability, and examined cardiac and

other soft tissue morphology only in pups that had died; no cardiac

defects were reported. The study by Cosby and Dukelow [18] did

not conduct a  detailed assessment of cardiac development.

3.1.2.3. Oral rodent metabolite studies. Detailed information on the

toxicokinetics of TCE is presented in the IRIS TCE assessment

[87,Chap. 3]. Data in humans and rodents indicate that TCE crosses
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Table 3b

Summary of mammalian in vivo toxicity studies assessing cardiac development—oral exposures.

Reference Species/strain/

sex/number

Dose level/exposure

durationa

Route/vehicle NOAEL; LOAELb Effects

Cosby and Dukelow [18] Mouse, B6D2F1, female,

28–62 dams/group

0, 24, or 240 mg/kg-d

GDs 1–5, 6–10, or 11–15

Gavage in corn oil Maternal NOAEL: 240 mg/kg-d No maternal toxicity.

Developmental NOAEL: 240

mg/kg-d

No effects on embryonic or fetal

development.

Dawson et al. [20] Rat, Sprague-Dawley, 116

females allocated to  11

groups

0, 1.5, or 1100 ppm (mg/L)

(0, 0.18 or 133 mg/kg-d)

2 mo  before mating and/or

during gestation

Drinking water Maternal NOAEL: 1100 ppm

(132 mg/kg-d)

No maternal toxicity.

Developmental LOAEL:

1.5 ppm (0.18 mg/kg-d)

Statistically significant ↑ in heart

defects, primarily atrial septal defects,

found at both dose levels in groups

exposed prior to pregnancy and during

pregnancy, as well as in group exposed

to  1100 ppm dose during pregnancy

only. No statistically significant ↑ in

congenital heart defects in groups

exposed prior to pregnancy only.

Fisher et al. [28] Rat, Sprague-Dawley,

female, 20–25 dams/group

0 or 500 mg/kg-d

GDs 6–15

Gavage in soybean oil Maternal NOAEL: 500 mg/kg-d No maternal toxicity.

Developmental NOAEL: 500

mg/kg-d

No developmental toxicity. The

incidence of heart malformations for

fetuses from TCE-treated dams (3–5%)

did not differ from negative controls.

No  eye defects observed.

Johnson et al. [51] Rat, Sprague-Dawley,

female, 9–13/group, 55 in

control group

0, 2.5, 250, 1.5, or

1100 ppm

(0, 0.00045, 0.048, 0.218, or

129 mg/kg-d)d

GDs 0–22

Drinking water Developmental NOAEL: 2.5 ppb

(0.00045 mg/kg-d)

Developmental LOAEL:

250 ppbb (0.048 mg/kg-d)

Statistically significant ↑ in percentage

of abnormal hearts and the percentage

of litters with abnormal hearts at

≥250 ppb.

Narotsky et al. [62] Rat, F344, females, 8–12

dams/group

0, 10.1, 32, 101, 320, 475,

633, 844, or 1125 mg/kg-d

GDs 6–15

Gavage in corn oil Maternal LOAEL: 475 mg/kg-d Statistically significant dose-related ↓

dam body weight gain at all dose levels

on GDs 6–8 and 6–20. Delayed

parturition at ≥475 mg/kg-d; ataxia at

≥633 mg/kg-d; mortality at

1125 mg/kg-d.

Developmental NOAEL:

32 mg/kg-d

Developmental LOAEL:

101 mg/kg-d

↑ full litter resorption and postnatal

mortality at  ≥425 mg/kg-d.

Statistically significant prenatal loss at

1125 mg/kg-d. Pup body weight ↓ (not

statistically significant) on PNDs 1 and

6. Statistically significant ↑ in pups

with eye defects at 1125 mg/kg-d.

Dose-related (not statistically

significant) ↑ in pups with eye defects

at  ≥101 mg/kg-d.

Narotsky and Kavlock [61] Rat, F344, females, 16–21

dams/group

0, 1125, or 1500 mg/kg-d

GDs 6–19

Gavage in corn oil Maternal LOAEL: 1125 mg/kg-d Ataxia, ↓ activity, piloerection;

dose-related ↓ body weight gain.

Developmental LOAEL:

1125 mg/kg-d

Statistically significant ↑ full litter

resorptions, ↓  live pups/litter;

statistically significant ↓ pup body

weight on PND 1; statistically

significant ↑ incidences of

microophthalmia and anophthalmia.

a For conversion of drinking water or dietary doses to mg/kg-d when no body weight or compound consumption data were available: mg/L in water x subacute conversion factor (0.121 for female rats, 0.191 for female mice);

mg/L  in water x subchronic conversion factor (0.093 for female rats, 0.164 for female mice); mg/kg (ppm) in feed x subacute conversion factor (0.117 for female rats, 0.224 for female mice); mg/kg (ppm) in feed x subchronic

conversion factor (0.091 for female rats, 0.215 for female mice). For developmental studies, offspring duration of exposure was used; subacute conversion factor was applied unless otherwise noted. Reference: EFSA [25].
b NOAEL and LOAEL are based upon reported study findings.
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Table 3c

DCA and TCA: Summary of mammalian in vivo toxicity studies assessing cardiac development—oral exposures.

Reference Species/strain/

sex/number

Dose level/

exposure duration

Route/vehicle NOAEL; LOAELa Effects

DCA

Smith et al. [79] Rat, Long Evans,

female, 19–21

dams/group

A: 0, 14, 140, or

400 mg/kg-d

B: 0, 900, 1400, 1900,

or 2400 mg/kg-d

GDs 6–15

Gavage in water Maternal LOAEL:

14 mg/kg-d

Increased adjusted liver weight

at ≥14 mg/kg-d; decreased

body weight gain at

≥140 mg/kg-d; increased

spleen and kidney weights at

≥400 mg/kg-d; mortality at

≥1400 mg/kg-day

Developmental LOAEL:

140 mg/kg-d

Increased soft tissue

malformations (primarily

cardiovascular, e.g., defects

between ascending aorta and

right ventricle) at

≥140 mg/kg-d; decreased fetal

weight and length at

≥400 mg/kg-d.; increased

resorptions and increased

orbital anomalies at

≥900 mg/kg-d

Fisher et al. [28] Rat, Sprague-Dawley,

female, 20 dams/group

0  or 300 mg/kg-d

GDs 6–15

Gavage in water Maternal LOAEL:

300 mg/kg-d

Decreased body weight gain

Developmental LOAEL:

300 mg/kg-d

Decreased fetal weight; no

significant difference from

control in percent fetuses with

cardiovascular malformations;

no increased resorptions

Epstein et al. [27] Rat, Long Evans,

female, 7–10

dams/group

0 or 1900 mg/kg-d

GDs 6–8, 9–11, or

12–15

0 or 2400 mg/kg-d

GDs 10, 11, 12, or 13

0 or 3500 mg/kg-d

GDs 9, 10, 11, 12, or 13

Gavage in water Maternal LOAEL: Not

characterized

Not reported

Developmental LOAEL:

1900 mg/kg-d

Increased interventricular

septal defects, membranous

type, and high interventricular

septal defects; fetal weight and

survival data not reported

TCA

Smith et al. [78] Rat, Long Evans,

female, 20–26

dams/group

0, 330, 800, 1200, or

1800  mg/kg-d

GDs 6–15

Gavage in water Maternal LOAEL:

330 mg/kg-d

Increased spleen and kidney

weights; decreased body

weight gain at

≥800 mg/kg-day.

Developmental LOAEL:

330 mg/kg-d

Decreased fetal weight and

length; soft tissue

malformations (primarily

cardiovascular, e.g.,

interventricular septal defect

and levocardia, at incidences

ranging from 5.4–95% in

treated groups); increased

postimplantation loss at

≥800 mg/kg-d; skeletal

malformations, mainly orbital

anomalies, at 1200 and

1800 mg/kg-day.

Fisher et al. [28] Rat, Sprague-Dawley,

female, 19  dams/group

0  or 300 mg/kg-d

GDs 6–15

Gavage in water Maternal LOAEL:

300 mg/kg-d

Decreased body weight gain

Developmental LOAEL:

300 mg/kg-d

Decreased fetal weight; no

significant difference from

control in percent fetuses with

cardiovascular malformations;

no increased resorptions

Johnson et al. [49] Rat, Long Evans,

female, 55  control, 11

TCA

0 or 2730 ppm

(291 mg/kg-d)

GDs 1–22

Drinking water Maternal LOAEL:

291 mg/kg-d

Decreased body weight gain

Developmental LOAEL:

291 mg/kg-d

Decreased fetal weight;

increased resorptions per

litter; increased percent

fetuses with abnormal hearts

(10.5% vs  2.15% in controls)

a NOAEL and LOAEL are based upon reported study findings.

the placenta following maternal inhalation exposure. The major

route of TCE biotransformation in humans and rodents is CYP-

dependent oxidative metabolism. Metabolic saturation occurs at

high oral dose levels in rodents (>1000 mg/kg-day), at  much higher

doses than those used in the Johnson et al. [51] study (i.e., rang-

ing from 0.048 to  129 mg/kg-day). Tissue distribution experiments

using various routes of administration produced time-course data

of TCE tissue concentrations that were used to develop a PBPK

model for all routes of exposure. Both the applied dose and the

PBPK-modeled internal dose-metrics of the oxidative metabolites
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Table 3d

Summary of non-mammalian and in vitro studies on  TCE and metabolites (DCA and TCA) assessing cardiac development.

Reference Species/strain/

sex/number

Dose level/

exposure duration

Route/vehicle NOAEL; LOAELa Effects

Avian In Ovo

Bross et al. [12] Chicken, white leghorn,

20–24 embryos/group

TCE: 0, 1, 5, 10, or 25 �mol/egg

Single injection on day 1 or 2

In ovo injection in

mineral oil

Developmental LOAEL:

1 �mol

Decreased survival at ≥1 �mol; increased edema, light

pigment, abnormal beak, club foot, and patchy feathers at

≥1  �mol; evisceration at ≥5  �mol; growth not affected;

visceral (including cardiac) development was not assessed

Drake  et al. [23] Chicken, white

leghorn, Babcock and

Bovan strains, 32–46

embryos/group

TCE: 0, 0.2, 4,  or 200 nmol/egg (0,

3, 60, or 3000 nM/egg)

Single injections on HH13, HH15,

HH17, and HH20; assessed on

HH24 and HH30

In ovo injection in

saline

Developmental LOAEL:

4 nmol

Decreased survival on HH30, increased proliferative index

in outflow tract (OFT) and atrioventricular canal (AVC)

cardiac cushion mesenchyme on HH24, increased mean

cushion cellularity, and decreased blood flow on HH24 at

≥4 nmol;

TCA: 0  or 4 nmol/egg (0 or

60 nM/egg)

Injections on HH13, HH15, HH17,

and HH20; assessed on HH24 and

HH30

In ovo injection in

saline

Developmental LOAEL:

4 nmol

Decreased survival on HH30, increased proliferative index

in OFT and AVC cardiac cushion mesenchyme on HH24,

increased mean cushion cellularity on HH24 at ≥4 nmol

Drake et al. [24] Chicken, white leghorn,

Bovan strain, 35–117

embryos/group

TCE and TCA: 0, 0.2, 2,  4, 20, or

200 nmol/egg (0, 3,  30, 60, 300, or

3000 nM/egg)

Single injections on HH13, HH15,

HH17, and HH20; assessed on

HH18, HH21, and HH23

In ovo injection in

saline

Developmental NOAEL:

0.2 nmol

No alterations in  cardiac development on HH18, HH21, or

HH23 were observed, since exposure was during period of

cardiac specification rather than during period of

valvuloseptal morphogenesis as in Drake et  al. [23]

Elovaara et al. [26] Chicken, white leghorn, SK

12  strain, 9–14

embryos/group

TCE: 0, 5, 25, 50, or 100 �mol/egg

Single injection on day 2 or 6

In ovo injection in olive

oil

Developmental LOAEL:

5 �mol

Increased malformations (exteriorization of viscera,

edema, eye abnormalities, and skeletal abnormalities) in

surviving 14- or 15-day embryos at ≥5  �mol; decreased

survival, weight, and length at 100 �mol; visceral

(including cardiac) development was not assessed

Loeber et al. [57] Chicken, white leghorn,

strain not reported, 91–128

treated embryos/group;

266-7 control

embryos/group

TCE: 0, 5, 10, 15, 20, or 25  �M/egg

Single injection on day 6, 12, 18, or

23; assessed at  HH29, HH 34, or

HH44

In ovo injection in

saline or mineral oil

Developmental LOAEL:

10 �M

Overall increased cardiac malformations and embryo

death in all treated embryos vs. control (categorized as

ectomesenchymal tissue migration abnormalities, ECM

abnormalities, and cell death abnormalities); increased

percent embryos with cardiac malformations at ≥10 �M;

Rufer et al. [72] Chicken, white leghorn,

Hyline strain W36, 35–117

embryos/group

TCE: 0, 0.2, 4,  40, 200, or 2000

nmol/egg (0, 0.4, 8, 80, 400, or

4000 ppb/egg)

Single injections on HH13, HH15,

HH17, HH20, or HH24; assessed on

HH24 and HH30

In ovo injection in

saline

Developmental LOAEL:

4 nmol

Decreased survival on HH30 following exposure on HH15

or HH17 at  ≥4  nmol; increased incidence of muscular

ventricular septal defects (VSD) in embryos treated on HH

17 (related blood flow abnormalities confirmed by Doppler

imaging); increased abnormalities of cardiac structure and

function noted by  echocardiography in HH28 treated

embryos (incidence data not provided).
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Table 3d (Continued)

Reference Species/strain/

sex/number

Dose level/

exposure duration

Route/vehicle NOAEL; LOAELa Effects

Zebra Fish

Hassoun et al. [41] Zebrafish (Danio rerio),  30

embryos/group

DCA: 0, 4,  8, 16, or 32 mM

Exposed from 4 to  144 h

post-fertilization (hpf)

Petri dish: 20 mL

buffered water, with

60 mg  sea salt/L

Developmental LOAEL:

4  mM

Dose-related increased mortality at ≥8  nM on 8–55 hpf;

hatching delayed at  55 hpf in ≥8 mM;  increased yolk sac

edema at ≥8 nM;  increased craniofacial (jaw and mouth)

abnormalities at  80 hpf: 5% at 4 and 8  mM,  75% at ≥16 mM;

skeletal muscle deformation and notochord/muscular

lordosis at ≥16 mM  by  144 hpf; abnormal feeding behavior

at  ≥4 mM by 144 hpf; increased heart rate at  ≥16 mM at

32, 55, and 80 hpf and decreased heart rate with near

cessation of peripheral blood flow at ≥16 mM at 144 hpf;

increased superoxide anion and nitric oxide production at

≥4  nM by  80 hpf

Williams et al. [91] Zebrafish (Danio rerio),  30

embryos/group

DCA: 0 or 32 mM

(Ellagic acid groups were also

conducted but are not described

here)

Exposed from 4 to  144 h

post-fertilization (hpf)

Petri dish: 20 mL

buffered water

Developmental LOAEL:

32  mM

At 32 mM: 100% mortality after 144 hpf; hatching rate

delayed at 55 hpf; yolk sac and/or cardiac edema at

55–144 hpf; increased craniofacial (jaw and mouth)

abnormalities at 80 hpf; skeletal muscle deformation and

notochord/muscular lordosis by 144 hpf; abnormal feeding

behavior at 144 hpf; increased heart rate at 32 and 55 hpf

and decreased heart rate at 80 hpf with near cessation of

peripheral blood flow at 144 hpf; increased superoxide

anion at 144 hpf and nitric oxide by 55 hpf

In  Vitro

Hunter et al. [44] Mouse, CD-1, 3–6 somites,

24 control and 10–18

treated embryos/group

DCA: 0,734, 1468, 4403, 4403,

5871, 7339, 11010, or 14680 �M

24 h exposure

Whole embryo culture Developmental LOAEL:

5871 �M

Increased % malformations and %  neural tube defects,

decreased mean number of somites at ≥5871 �M;

increased pharyngeal arch defects and heart defects at

≥7339 �M;  increased rotational defects, eye defects, and

somite dysmorphology at ≥11010 �M

Mouse, CD-1, 3–6 somites,

106 control and 10–56

treated embryos/group

TCA: 0, 500, 1000, 2000, 3000,

4000, or 5000 �M

24 h exposure

Whole embryo culture Developmental LOAEL:

2000 �M

Increased% malformations and% neural tube defects,

decreased mean number of somites at ≥2000 �M;

increased eye defects and heart defects at  ≥3000 �M;

increased somite dysmorphology at 4000 �M

Mishima et al. [60] Chicken, white leghorn,

strain not reported,

HH13-14, 40–104

embryos/group

TCE: 0, 10, 40, or 80 ppm

24  h exposure

Whole embryo culture Developmental LOAEL:

80 ppm

Decreased mesenchymal cell number in superior and

inferior AV cushions at 80 ppm

Saillenfait et al. [73] Rat, Sprague-Dawley, GD

10  explants, 4–7 somites,

20  embryos/group

TCE: 0, 2.5, 5,  10, 15, or 30 mM

46  h exposure

Whole embryo culture Developmental LOAEL:

5  mM

Decreased yolk sac diameter, crown-rump length, head

length, and% malformed (brain defects and reduction in

embryonic axis) at ≥5 mM;  increased malformations: bend

in embryonic axis, reduction in first brachial arch, otic

system defect, defective flexion, absence of hindlimb bud,

delayed yolk sac circulation at  ≥10 mM;  increased eye

defects and overall poor and abnormal development at

≥15 mM;  no  cardiac defects noted.

a NOAEL and LOAEL are based upon reported study findings.
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Table 4

Study Quality Summary for Toxicology Studies that Assessed TCE Exposure and Developmental Effects.

Reference Exposure Quality Test Subjects Study Design Endpoints Data &  Statistics Reporting

In Vivo Mammalian Inhalation Studies

Carney et al. [15] Strength Ambient air control and 3

exposure groups; relevant

route of administration

and duration of exposure.

Information on chemical

source provided. Inhalation

chamber characterized;

dynamic airflow; mean

chamber concentrations

reported.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups prior to  mating.

Adequate sample size (27

litters/group).

GLP, guideline prenatal

devtox study. All

litters/fetuses evaluated.

Fetal examination

conducted without

knowledge of treatment

group.

Relevant maternal and

fetal endpoints assessed.

Fetal visceral exam used

Staples method

(examination of internal

cardiac morphology) plus

free-hand sectioning of

head. Skeletal exam

evaluated both bone and

cartilage development.

Appropriate statistical

methods; litter used as

unit of statistical analysis.

Summary data for

maternal and fetal

endpoints reported.

Limitation Whole body exposure. Individual maternal and

fetal data NR.

Dorfmueller et  al. [21] Strength Filtered ambient air control

and 3 groups with a  single

high dose exposure level

over various durations;

relevant route of

administration and

duration of exposure.

Information on chemical

source provided. Inhalation

chamber characterized;

dynamic airflow; chamber

concentrations monitored

at 13 min  intervals.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups. Adequate sample

size (subset of 15

litters/group assigned to

c-section).

Study included groups

with exposures and

assessments similar to

EPA  guideline.

Relevant maternal and

fetal endpoints assessed.

Fetal visceral exam used

Wilson technique

(free-hand sectioning of

fetuses). Skeletal exam

evaluated bone

development.

Appropriate methods;

litter used as unit of

statistical analysis.

Summary data for

maternal and fetal

endpoints reported.

Limitation Technical grade solvent

containing 99% TCE and

0.2% epichlorhydrin. Whole

body exposure.

Information on facility

certification NR.

Non-random assignment

(based upon uterine

position) of 8

fetuses/litter to either

skeletal or visceral exam;

disposition of additional

fetuses NR

Fetal visceral exam did

not include in situ

dissection and

examination of cardiac

morphology.

Individual maternal and

fetal data NR.

Hardin et al. [39] Strength Control and 1  exposure

group; relevant route of

administration and

duration of exposure.

Species, strain, sex,

reported. Adequate sample

size: target was 30 rats or

20 rabbits/group; report

indicated difficulties in

some studies resulting in

15 rabbits/group.

Study design similar to

EPA guideline.

Relevant maternal and

fetal endpoints assessed.

Fetal visceral exam used

Wilson technique

(free-hand sectioning of

1/2 to 2/3 fetuses/litter).

Skeletal exam evaluated

bone development.

Limitation Whole body exposure.

Chemical characterization

and source NR. Control

exposure not

characterized. Exposure

chamber, conditions, and

measurement of

concentration NR. Duration

of exposure not

characterized for TCE.

Maternal source,

age/lifestage/BW, and

random assignment to  test

groups NR. Exact sample

size NR.

Information on facility

certification NR. The

report summarized

developmental toxicity

testing for 9 chemicals

including TCE; specific

study design details for

each test substance were

NR.

The exact distribution of

fetuses for visceral and

skeletal evaluation NR.

Random assignment to

evaluation procedure NR.

Whether Staples

dissection method

(examination of internal

cardiac morphology) was

used in the TCE studies

was NR.

Statistical methods NR. Study design details NR.

Summary data for

maternal and fetal

endpoints NR. With the

exception of a  brain

malformation in 2  rabbit

fetuses, study findings for

TCE were not discussed.
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Table 4 (Continued)

Reference Exposure Quality Test Subjects Study Design Endpoints Data &  Statistics Reporting

Healy et al. [42] Strength Ambient air control and 1

exposure group; relevant

route of administration

and duration of exposure.

Information on chemical

source provided. Inhalation

chamber characterized;

dynamic airflow; chamber

concentrations monitored

continuously.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups after mating.

Adequate sample size (31

control, 32 treated litters).

Study design similar to

EPA guideline. All fetuses

assessed for external,

visceral, and skeletal

effects.

Relevant maternal and

fetal endpoints assessed.

Fetal visceral exam used

fresh dissection and

examination of internal

organs. Skeletal exam

evaluated bone

development.

Appropriate statistical

methods for some

outcomes.

Summary data for

maternal and fetal

endpoints reported.

Limitation Whole body exposure.

Chamber concentration

data NR.

Information on facility

certification NR. Exposure

duration (4 h/day, GD

8–21) was insufficient in

daily duration and did not

cover the entire period of

organogenesis. No

indication that fetuses

were examined without

knowledge of treatment

group.

Fetal visceral examination

did not include brain or

reproductive organs. Fetal

cardiac exam did not

include internal

morphology.

No indication that litter

was  used as unit of

statistical analysis for

fetal anomalies.

Individual maternal and

fetal data NR.

Schwetz et al. [74] Strength Filtered ambient air control

and 1 exposure group;

relevant route of

administration and

duration of exposure.

Information on chemical

source provided. Inhalation

chamber characterized;

dynamic airflow; chamber

concentrations monitored

continuously and mean

concentrations reported.

Species, strain, sex,

age/lifestage/BW, reported.

Adequate sample size (30

control, 18 treated rats; 26

control, 12 treated mice).

Study design similar to

EPA guideline. All fetuses

assessed for external,

visceral, and skeletal

effects.

Relevant maternal and

fetal endpoints assessed.

Fetal visceral exam used

Wilson technique

(free-hand sectioning of

1/2 fetuses/litter) and

skeletal exam evaluated

bone development in ½

fetuses/litter. One

fetus/litter randomly

selected for whole-body

sagittal sectioning and

microscopic examination.

Appropriate statistical

methods; litter used as

unit of statistical analysis.

Summary data for some

maternal and fetal

endpoints reported.

Limitation Whole body exposure.

99.2% TCE; 0.76% inhibitors

and impurities.

Animal source NR. Random

assignment of maternal

animals to test groups NR.

Information on facility

certification NR. No

indication that fetuses

were examined without

knowledge of treatment

group.

Random assignment of

fetuses to  visceral or

skeletal evaluation

procedure NR. The use of

in situ dissection and

examination of cardiac

morphology NR.

Maternal BW data NR.

Individual maternal and

fetal data NR.

In  Vivo Mammalian Oral Studies

Cosby and Dukelow

[18]

Strength Vehicle control and 2

treatment groups; relevant

route of administration

and duration of exposure.

Information on chemical

source provided.

Formulations mixed

immediately prior to

dosing; formulation

methods enhanced

stability; concentration

tested. Dose

volume = 0.2 mL.

Species, strain, source, sex,

age/lifestage/BW, reported.

Adequate sample size

(7–12 litters/control

cohort,

10–12litters/treated

cohort).

Study designed to

examine effects on

reproductive success and

offspring birth and

postnatal outcome.

Relevant maternal and

offspring endpoints

assessed. All pups

examined. Random

selection of litters for PND

43 postmortem

evaluation.

Statistical analysis of data

conducted.

Summary gestation index

and litter size data

reported.
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Limitation Concentration data NR Females non-randomly

assigned to test groups

(based on BW) after

mating.

Corn oil vehicle. Dose

duration (5 daily prenatal

doses, initiating at GD 1,

6, or 11) do not cover the

entire  period of

organogenesis. No

indication that fetuses

were examined without

knowledge of treatment

group.

Litter size standardization

was implemented on PND

1 and 22; no indication of

random selection of pups

for culling.

Statistical methods not

fully characterized.

Replicate treatment data

sets were pooled for tests

of statistical significance.

No indication that the

litter was  used as unit of

statistical analysis.

Maternal BW and

postmortem data

NR. Offspring weight,

length, external

abnormalities, and

postmortem data NR.

Dawson et al. [19] Strength Vehicle control and 2

treatment groups per

metabolite; relevant

duration of exposure.

Information on chemical

source provided.

Species, strain, source, sex,

age/lifestage/BW, reported.

Adequate sample size

(10–17 dams/group).

Study designed

specifically to assess fetal

cardiac defects.

Detailed fetal cardiac

dissection, preservation,

and examination methods

provided.

Relevant fetal endpoints

assessed. Fetal cardiac

exam conducted without

knowledge of treatment

group. Positive cardiac

findings were confirmed

by unanimous agreement

of study authors.

Individual and summary

incidences of fetal cardiac

defects reported.

Limitation Route of administra-

tion =  intrauterine injection

(not relevant to

environmental exposures).

Surgery was performed on

GD 7 pregnant rats to

insert osmotic pump. DCA

and TCA purity, stability,

concentration data NR

No indication of random

assignment to test groups.

No information on

laboratory certification

status. Duration of study

conduct NR.

Maternal observations

consisted of monitoring

for  adverse consequences

of surgery.

Statistical methods NR

although significance was

reported.

Fetal BW and length NR;

variance for mean

implant and resorption

data not shown in bar

graph; litter incidence of

cardiac defects NR.

Dawson et al. [20]a Strength Vehicle control and 2

treatment groups; relevant

route of administration

and duration of exposure.

Information on chemical

source provided; stability

and concentration tested;

formulation methods

enhanced stability.

Drinking water

formulations mixed daily.

WC  measured daily. Dose

calculations based on

consumption,

concentration, and TCE

breakdown rates.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups after mating.

AAALAC-certified facility.

Study designed

specifically to assess fetal

cardiac defects.

Detailed fetal cardiac

dissection, preservation,

and examination methods

provided.

Relevant maternal and

fetal endpoints assessed.

Fetal cardiac exam

conducted without

knowledge of treatment

group. Positive cardiac

findings were confirmed

by unanimous agreement

of study authors.

Individual fetal cardiac

defect data were provided

to  EPA and analyzed using

the litter as unit of

statistical analysis.

Maternal endpoints

reported for treated

groups; individual fetal

cardiac defects reported;

litter associations for

cardiac defects were

provided to EPA.
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Table 4 (Continued)

Reference Exposure Quality Test Subjects Study Design Endpoints Data &  Statistics Reporting

Limitation Vehicle =  tap water

(unknown contaminants);

possible imprecision in WC

values since dams were

group housed; TCE purity,

stability, concentration

data NR

No. of fetuses/group

reported, but not number

of litters;b however,

Johnson et  al. reported the

number of litters in the

control (n = 13–15) and TCE

groups (n  =  9–13).a

Study conducted over

period of 3 years in 2

cohorts; study dates for

control animals

overlapped treated

groups but were not

exactly concurrent.

Fetal evaluation of

non-cardiac findings

(visceral and skeletal) was

not described.

Statistical analysis

conducted under contract

by study authors did not

use litter as unit of

statistical analysis.b

Maternal FC, WC,  clin obs,

placental wt, necropsy

data NR; fetal BW and

length, external and

skeletal data, and

non-cardiac visceral data

NR;  variance for mean

implant and resorption

data NR; cardiac defects

were not associated with

litter of origin.b

Epstein et al. [27] Strength 3 vehicle control groups

and 3 treatment groups per

exposure paradigm;

relevant route of

administration and

durations of exposure

(designed to identify

critical developmental

windows for cardiac

defects). Information on

chemical source provided;

purity and stability

confirmed; storage

procedures enhanced

stability.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups after mating.

Adequate sample size

(11–17 controls, 7–10

treated/group).

Study designed to identify

critical windows of effects

on cardiac development.

Relevant maternal and

fetal endpoints assessed.

Statistical analysis of data

conducted.

Incidence and mean (and

%/litter) fetal cardiac data

reported.

Limitation Information on facility

certification NR. Study

was conducted in 3

cohorts; dates of study

conduct NR.

No  indication that

offspring were examined

without knowledge of

treatment group.

No indication if  the litter

was used as unit of

statistical analysis.

Variance NR for mean

data. Maternal data NR.

Individual and summary

implantation, resorption,

fetal BW, length, sex, and

external evaluation data

NR.

Fisher et al. [28] Strength 2 vehicle controls and 1

treatment group per test

substance; relevant route

of  administration and

duration of exposure.

Information on chemical

source provided; weekly

stability and concentration

tested; storage procedures

enhanced stability. Dose

volumes were based on

maternal BW.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups after mating.

Adequate sample size

(19–25 litters/vehicle

control or treated group,

12 litters/positive control

group).

AAALAC-certified facility.

Study designed

specifically to assess fetal

cardiac defects.

All litters/fetuses

evaluated. Fetuses were

examined without

knowledge of treatment

group. Detailed fetal

cardiac dissection,

preservation, and

examination methods

provided. Positive control

group was included.

Cardiac dissection and

evaluation team included

Dr. Paula Johnson.

Relevant maternal and

fetal endpoints assessed.

Fetal cardiac exam

conducted without

knowledge of treatment

group. Cardiac evaluation

procedures were the

same as those used in

Dawson et al. [20] and

Johnson et  al. [51]; hearts

were also stained with

hematoxylin.

Appropriate statistical

methods; litter used as

unit of statistical analysis.

Summary data for

maternal and fetal

endpoints reported.

Limitation Stability schedule and data

NR. Concentration not

tested.

Individual maternal and

fetal data NR.
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3
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Johnson et al. [49] Strength Vehicle control and 1

treatment level for each of

7 metabolites; relevant

route of administration

and duration of exposure.

Administration methods

enhanced stability.

Drinking water

formulations mixed daily.

WC  measured daily.

Species, strain, source, sex,

age/lifestage/BW, reported.

Number of dams (litters)

reported: (55 controls,

10–20/high dose groups

(4); 3–4/low dose groups

(3).

AAALAC-certified facility.

Study designed

specifically to assess fetal

cardiac defects.

Detailed fetal cardiac

dissection, preservation,

and examination methods

provided.

Relevant maternal and

fetal endpoints assessed.

Fetal cardiac exam

conducted without

knowledge of treatment

group. Positive cardiac

findings were confirmed

by unanimous agreement

of study authors.

Statistical methods

provided. The litter was

used as unit of statistical

analysis.

Maternal mean WC, BW

and uterine data reported;

fetal mean resorptions

and incidence of cardiac

defects reported.

Limitation Information on source of

test substances NR. WC

values were for group

housed dams(4/cage);

purity, stability,

concentration data NR

No indication that dams

were randomly assigned to

test groups. Control group

was a combined cohort.b

Study dates for control

animals overlapped

treated groups but were

not all concurrent.b

Fetal evaluation of

non-cardiac visceral

findings was not

described.

Fetal BW and length,

external data, and

non-cardiac visceral data

NR; litter incidence of

cardiac malformations

NR; variance for mean

implantation and

resorption data NR.

Johnson et al. [51,52] Strength Vehicle control and 4

treatment groups; relevant

route of administration

and duration of exposure.

Information on chemical

source provided; stability

and concentration tested;

formulation methods

enhanced stability.

Drinking water

formulations mixed daily.

WC  measured daily. Dose

calculations based on

consumption,

concentration, and TCE

breakdown rates.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups after mating.

Number of fetuses and

litters, as well as dates of

study conduct, are

provided for each control

and treated cohort. Control

cohorts: n =  6–15); total

control n =  55; TCE group

cohorts: n =  9–13. Analysis

of  control cohort data was

used to justify combining

control cohorts.

AAALAC-certified facility.

Study designed

specifically to assess fetal

cardiac defects.

Detailed fetal dissection

and cardiac preservation

methods.

All fetuses examined

without knowledge of

treatment group.

Fetal evaluation methods

were consistent across

cohorts.

Relevant maternal and

fetal endpoints assessed.

Fetal cardiac exam

conducted without

knowledge of treatment

group. Positive cardiac

findings were confirmed

by unanimous agreement

of study authors.

Individual fetal cardiac

defect data were provided

to  EPA and analyzed using

the litter as unit of

statistical analysis.

Individual fetal cardiac

defects reported; litter

associations for cardiac

defects and maternal

endpoints for treated

groups; were provided to

EPA.

Limitation TCE purity, stability,

concentration NR

Data derived from Dawson

et al. [20] study were

treated with tap water

vehicle (unknown

contaminants).

Some gaps in concurrency

of treated groups and their

controls resulted in part

from random assignment

procedures.

Animals were placed on

study in small cohorts.

Study conducted over

period of 6 years in 5

cohorts; study data from

1994 to  1995 were

combined with Dawson

et al. [20] gestation-only

data from 1989 to 1993

plus control data from

metabolite studies

conducted from 1992 to

1994. Study dates for

control animals

overlapped treated

groups but were not

exactly concurrent.

Fetal evaluation of

non-cardiac findings

(visceral and skeletal) was

not described.

Statistical analysis

conducted under contract

by  study authors did not

consider litter effects.b

Maternal BW, FC, WC,  clin

obs, placental wt,

necropsy data,

resorptions and

implantations NR; fetal

BW and length, external

and skeletal data, and

non-cardiac visceral data

NR; cardiac defects

reported per 100-fetus

basis, but not associated

with litter of origin.b
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Table 4 (Continued)

Reference Exposure Quality Test Subjects Study Design Endpoints Data & Statistics Reporting

Narotsky et al. [62] Strength Vehicle control and 4

treatment groups; relevant

route of administration and

duration of exposure.

Information on  chemical

source provided; purity

reported. Storage methods

enhanced stability. Dose

volumes based  on  GD6  BW.

Species, strain, source, sex,

age/lifestage/BW, reported.

Adequate sample size (8–12

dams/group).

AAALAC-certified facility.

Modified Chernoff and

Kavlock devtox screening

study. Visceral examination

of dead pups consisted of

Wilson free-hand section of

head and dissection of

thoracic and abdominal

organs.

Relevant maternal and fetal

endpoints assessed.

Appropriate statistical

methods; litter used  as unit

of  statistical analysis.

Summary data for maternal

and fetal endpoints

reported.

Limitation Stability and concentration

analysis  NR

Random assignment to test

group NR

Protocol did not require

visceral or skeletal

evaluation of live pups.

Individual maternal and

fetal data NR.

Narotsky and  Kavlock

[61]

Strength Vehicle control and 2

treatment groups; relevant

route of administration and

duration of exposure.

Information on  chemical

source provided; purity

reported. Storage methods

enhanced stability. Dose

volumes based  on  GD6  BW.

Species, strain, source, sex,

age/lifestage/BW, reported.

Assignment to test group

after mating using unbiased

procedure to ensure

homogenous distribution of

BWs. Adequate sample size

(21 control, 16–17

treated/group).

AAALAC-certified facility.

Modified Chernoff and

Kavlock devtox screening

study. Visceral examination

of dead pups consisted of

Wilson free-hand section of

head and dissection of

thoracic and abdominal

organs.

Relevant maternal and fetal

endpoints assessed.

Appropriate statistical

methods; litter used  as unit

of  statistical analysis.

Summary data for maternal

and fetal endpoints

reported.

Limitation Stability and concentration

analysis  NR

Protocol did not require

visceral or skeletal

evaluation of live pups.

Individual maternal and

fetal data NR.

Smith  et al. [78] Strength Vehicle control and 4

treatment groups; relevant

route of administration and

duration of exposure.

Information on  chemical

source provided; purity,

stability and concentration

confirmed.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups. Adequate sample

size (26 controls, 20–21

treated/group).

Study design similar to EPA

guideline. All fetuses

assessed for external

findings; 2/3 fetuses

assigned to  visceral exam,

and 1/3 fetuses assigned to

skeletal exam (bone and

cartilage).

Relevant maternal and fetal

endpoints assessed.

Statistical analysis of data

conducted.

Maternal BW, uterine, and

organ weight data reported.

Mean (±SD) fetal weight,

length, and malformations

reported; fetal

malformation incidence

data reported.

Limitation Stability and concentration

data  NR

Information on facility

certification NR. No

indication whether fetuses

were randomly assigned to

visceral or skeletal

evaluation.

No indication that offspring

were examined without

knowledge of treatment

group.

No  indication if  the litter

was used  as  unit of

statistical analysis.

Individual maternal and

fetal data NR.

Smith  et al. [79] Strength Vehicle control and 7

treatment groups; relevant

route of administration and

duration of exposure.

Information on  chemical

source provided; purity,

stability and concentration

confirmed.

Species, strain, source, sex,

age/lifestage/BW, reported.

Randomly assigned to test

groups. Adequate sample

size (20 controls, 19–21

treated/group).

Study design similar to EPA

guideline. All fetuses

assessed for external

findings; 2/3 fetuses

assigned to  visceral exam,

and 1/3 fetuses assigned to

skeletal exam (bone and

cartilage).

Relevant maternal and fetal

endpoints assessed.

Statistical analysis of data

conducted.

Maternal BW and uterine

data reported. Mean (±SD)

fetal weight, length, and

malformations reported;

fetal  malformation

incidence data reported.

Limitation Stability and concentration

data  NR

Information on facility

certification NR. No

information provided

regarding whether fetuses

were randomly assigned to

visceral or skeletal

evaluation.

No indication that offspring

were examined without

knowledge of treatment

group.

No  indication if  the litter

was used  as  unit of

statistical analysis.

Individual maternal and

fetal data NR.

NR = Not Reported; BW =  body weight; FC = food consumption; WC  =  water consumption.
a For Dawson et al. [20] and Johnson et al. [49], a number of study details were also provided in Johnson et al. [51,53,52];  Johnson [47].
b Additional information and/or data provided to EPA mitigated the limitations or uncertainties identified in the study report.
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Fig. 2. TCE inhalation developmental toxicology studies. Effects on fetal/offspring survival, growth, and morphology following maternal inhalation exposures to TCE during

gestation. Boxes indicate the doses at which maternal toxicity was observed.

Fig. 3. TCE oral developmental toxicology studies. Effects on  fetal/offspring survival, growth, and morphology following maternal oral exposures to  TCE during gestation.

Boxes indicate the doses at which maternal toxicity was observed. 1Maternal toxicity was not reported in Johnson et  al. [51].  * Doses at which cardiac defects were observed.

relevant to cardiac defects are presented in the TCE IRIS assessment

[87], Tables 5–18).

Several studies were conducted in rats to  examine the effects

of developmental exposures to the TCE oxidative metabolites,

DCA and TCA. Studies by Smith et al. [79] and Epstein et al.

[27] observed cardiac defects following gavage administration of

DCA during pregnancy. Smith et al. [78] and Johnson et al. [49]

reported cardiac defects with TCA exposures administered during

gestation via gavage or  drinking water, respectively. However, a

study by Fisher et al. [28] did not detect cardiac defects follow-

ing gavage administration of DCA or TCA on GD 6–15. All of these

studies used dissection methods that were designed to visualize

the internal structures of the fetal heart. Other TCE metabolites

were evaluated by Johnson et al. [49] and found not to elicit

cardiac malformations following developmental exposures (i.e.,

carboxymethyl cysteine, dichloroacetaldehyde, dichloroethylene,

dichlorovinyl cysteine, monochloroacetic acid, trichloroacetalde-

hyde, and trichloroethanol). Although the proximate toxicant

which causes cardiac defects has not been identified, a  recent study

[6] identified 5-(1,2-dichlorovinyl)-l-cysteine as a key metabolite

in placental effects of TCE, suggesting that further consideration of

TCE metabolites may be warranted.

3.1.2.4. In ovo avian studies. Several studies examined cardiac

development following in ovo administration of TCE to  chicken

embryos [72,24,23,57]. Abnormalities of cardiac structure and/or

function were observed in each of these studies, at doses as low

as 2–8 ppb. Defects in valvulo-septal development were similar to

those that have been observed in rodents and humans, which is

coherent given that early stages of cardiac development are similar

across species [63].
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Fig. 4. DCA and TCA oral developmental toxicology studies. Effects on fetal/offspring survival, growth, and morphology following maternal oral exposures to  TCE metabolites,

DCA and TCA, during gestation. Boxes indicate the doses at  which maternal toxicity was observed. 1Maternal toxicity was not reported in Epstein et  al. [27]. *Doses at which

cardiac defects were observed.

3.1.2.5. In vitro assays. Whole embryo culture studies that exam-

ined cardiac development were conducted by Hunter et al. [44]

using 3–6 somite mouse embryos exposed to  DCA or TCA and

by Mishima et al. [60] using HH 13-14 chicken embryos exposed

to TCE. Dose-related alterations in cardiac development were

observed in both of these models, although at high (not environ-

mentally relevant) doses.

3.1.2.6. Evaluation of cardiac defects in the animal toxicology stud-

ies. As described, alterations in fetal cardiac development have

been observed in rodent studies following in utero exposure to TCE

and its oxidative metabolites. These findings are supported by the

detection of cardiac anomalies in chicken embryos exposed to  TCE

in ovo, and in whole embryo cultures (mouse and chicken) of TCE

and/or its metabolites. In spite of the concordant evidence that TCE

has been associated with cardiac defects, controversy centers on

the studies by Johnson et al. [51] and Dawson et al. [20], especially

with respect to the study design and methods, reporting inadequa-

cies, dose-response characteristics, and the lack of cardiac defect

findings in other laboratory studies in rodents following gavage or

inhalation exposures of TCE during development.

The Johnson et al. [51] publication reported the results of TCE

drinking water exposures on fetal cardiac development in Sprague-

Dawley rats from a  6-year-long academic research program. It

included data on two TCE treatment groups studied in 1989–1991

that had previously been published by Dawson et al. [20],  plus

the data from two lower dose TCE treatment groups studied in

1994–1995. Cardiac malformation incidence data were compared

between treated groups and combined control data from cohorts

studied concurrent to treated groups over the course of the 6-

year research program, including controls from studies on TCE

metabolites, published in Johnson et al. [49].  Other information on

the TCE studies reported in Johnson et al. [51] included published

communications [40,50], errata [53,52],  and individual cardiac mal-

formation findings and evaluation methods provided to EPA by the

primary study author (Dr. Paula Johnson, personal communications

[47,48]). The Johnson et al. [51] paper summarized the combined

results from the studies that administered TCE to  pregnant rats at

doses of 2.5 ppb, 250 ppb, 1.5 ppm, and 1100 ppm in drinking water

throughout gestation. Fetal cardiac defects, primarily valvular and

septal anomalies, were observed at ≥250 ppb.

The limitations and strengths of the toxicological studies were

identified (details provided in Table 4). Limitations identified in the

evaluation of the Johnson et al. [51] and Dawson et al. [20] studies

presented here are consistent with the study design and report-

ing issues identified in the IRIS assessment [87], peer-reviewed

publications such as Hardin et al. [38] and Watson et al. [90],

and public comments submitted to the U.S. EPA [1].  The corre-

sponding author for Johnson et al. [51] provided clarification on

a number of topics and a detailed description of study methods

beyond what had been previously published, including verification

that concurrent controls were used for each of the treated groups

(Fig. 5), information on fetal randomization and blinded cardiac

evaluation procedures, and details of animal husbandry (Dr. Paula

Johnson, personal communication, 2014). Subsequent to these dis-

cussions, the study author published an errata [53] to update the

public record regarding methodological issues for Johnson et al.

[51].  This information served to  increase confidence in the study

conduct and results. However, some study reporting and method-

ological details remain unknown, e.g., the precise dates that each

individual control animal was  on study, maternal body weight/food

consumption and clinical observation data, and the detailed results

of analytical chemistry testing for dose concentration. Additional

possible sources of uncertainty identified for these studies include

that the research was conducted over a 6-year period, that com-

bined control data were used for comparison to treated groups,

and that exposure characterization may be imprecise because tap

(rather than distilled) drinking water was  used in the Dawson et al.

[20] study and because TCE intake values were derived from water

consumption measures of group-housed animals. On the other

hand, the strengths of this study include the examination of fetal

hearts without knowledge of treatment (or control) group, stan-

dardized methods of fetal evaluation, examination of the gross (in

situ) and internal structure of the fetal hearts by a group of three

senior researchers/co-authors (P. Johnson, B. Dawson, and S. Gold-

berg), confirmation of cardiac anomalies by consensus agreement.

In addition, individual fetal and litter cardiac abnormality data for

treated groups were shared with EPA (Dr. Paula Johnson, personal
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Fig. 5. Control vs. TCE treatment groups and dates of exposure. During the duration of the University of Arizona (UA) research program on TCE (1989–1995), a  number of

developmental toxicology studies were conducted on TCE and its metabolites. Control animals (red blocks) were on study when treated animals (blue blocks) were being

exposed. The blocks are general representations of time frames and are not presented to exact scale. The dates that cohorts of animals were on study (as well as dose levels

and  the number of dams/litters for each cohort) are shown. In three cases, information on the exact month and day of animal receipt was not available (indicated by  dotted

lines). Exclusively pregnancy-only TCE-treated groups are included in this figure; however, other treatment regimens were also being conducted during the time period of

6/12/89 to 10/6/95 (i.e., 3 months pre-pregnancy-only, 2 months pre-pregnancy +  pregnancy). Additionally, during this time period, TCE metabolites and other toxicokinetically

related chemicals were studied: dichloroacetic acid (DCA), trichloroacetic acid (TCA), monochloroacetic acid (MCAA), trichloroethanol (TCEth), trichloroacetaldehyde (TCAld),

dichloroacetaldehyde (DCAld), carboxy methylcystine (CMC), dichlorovinyl cystine (DCVC), dichloroethylene (DCE). The control animal cardiac malformation incidence data

were combined for statistical comparison with incidence data for pregnancy-only TCE-treated groups. Sources of information used to  compile this figure: [53,52,50,51,49,20].

communication (2008)), thereby facilitating independent statisti-

cal analysis of the data.

Inconsistencies in the results of studies that assessed car-

diac development in rodents have been raised as an issue of

particular concern. In the case of a  number of these studies

[61,62,18,42,39,21,74],  a  variety of animal species and strains,

sources, and testing protocols were used (summarized in Table 5a),

which precludes direct comparisons. For several of the older stud-

ies, information that would allow a  valid comparison with the

Johnson et al. [51] and Dawson et al. [20] studies is not reported.

For example, detailed procedural details regarding fetal evalua-

tion were not provided for Schwetz et al. [74],  Dorfmueller et al.

[21], Healy et al. [42], and Hardin et al. [39].  There is no indication

whether fetuses were selected randomly for visceral evaluation,

or whether they were examined without knowledge of treatment

group (blinded assessment). Fetal cardiac evaluation methods were

not elucidated in any detail, and the performance of fresh dissec-

tion of the heart to evaluate internal cardiac morphology was not

mentioned. Hardin et al. [39] reported virtually no methodological

information. In  some studies, differences in overall study design

limited meaningful cross-study comparison, e.g., due to  limited

exposure durations [18] or the evaluation of delivered PND 1 pups

instead of fetuses [61,62]. The studies reported by Fisher et al. [28]

and Carney et al. [15] were well-conducted developmental toxicity

studies in rats and utilized procedures that facilitated evaluation

of fetal cardiac morphology. Fisher et al. [28] and Carney et al.

[15] did not observe treatment-related cardiac defects following

TCE gavage or inhalation exposures, respectively, during gesta-

tion. Detailed examination of the study protocols (summarized in

Table 5b) identified several variations in study design and conduct,

including but not limited to differences in route of administration,

and these differences may have contributed to the different study

outcome as compared to Johnson et al. [51] and Dawson et al. [20].

In the case of the Fisher et al. [28] study, as previously noted, care

was taken to follow the Johnson et al. [51] fetal evaluation proce-

dures as closely as possible, yet a  number of other differences in

study design and conduct remained. For example, the source of the

animals, the route of exposure, the vehicle/control substance, fetal

cardiac tissue preservation methods, and some fetal cardiac eval-

uation procedures were different. A comparison of typical cardiac

evaluation techniques used in developmental toxicology studies,

illustrating some potential differences in resolution of abnormal-

ities in the fetal heart, is presented in Table 6.  This includes the

procedures used by Carney et al. [15] and the procedures used by

Dawson et al. [20],  Johnson et al. [49],  and Johnson et al. [51],  as well

as by Fisher et al. [28].  One possibility is that the procedural differ-

ences in fetal cardiac evaluation techniques could have contributed

to differences in study outcome [90].  However, that explanation is

not supported by two  facts. First, the detailed description of the

cardiac dissection and evaluation techniques (as reported in Daw-

son et al. [20] is sufficiently comparable to the procedures used

by Carney et al. [15] (summarized in Table 6) to have facilitated

visualization of overt cardiac malformations such as septal defects.

Secondly, Fisher et al. [28] used the same cardiac evaluation tech-

niques reported by Dawson et al. [20],  Johnson et al. [49],  and

Johnson et al. [51], evaluated fetuses collaboratively with Dr.  John-

son, and yet did not detect treatment-related incidences of cardiac

defects.

In  summary, Johnson et al. [51] and Dawson et al. [20] observed

cardiac defects in fetal rats after gestational drinking water expo-

sures to TCE. These findings have not been confirmed in studies with

exposures to  TCE during gestation that were conducted by other

laboratories. However, none of the other studies have repeated

precisely the same study design used by Johnson et al. [51] and

Dawson et al. [20].  Differences in study methods such as the route

of exposure, vehicle, source or  strain of animals, or other unknown

factors may have contributed to  differences in the detection of car-

diac malformations, and at this point in time, it would be impossible

to  identify the specific reason. Designing and conducting an exact

replica of the Johnson et al. [51] study might be very difficult, if not

impossible. For example, it is possible that the study animals used

by Dawson et al. [19] and Johnson et al. [51] in the University of

Arizona (UA) research program on TCE in drinking water may  have

been particularly susceptible to perturbation of cardiac develop-

ment by TCE and its metabolites. The possibility of genetic drift

in the strain/source of rats over the past 10–20 years might pre-

clude designing and conducting a  study with comparable results.

Yet, such a  susceptibility in the animal models used by Dawson et al.

[20] and Johnson et al. [51] might have rendered those studies more

(or less) predictive of responses in susceptible individuals in the

human population, a  difficult assumption to  validate. In humans,

cardiovascular malformations are common birth defects with both
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Table 5a

Comparison of Methods Reported for Prenatal Developmental Toxicity Studies with TCE.

Schwetz et  al.  [74]  Dorfmueller et al.

[21]

Hardin et  al.  [39]  Healy et  al.  [42]  Cosby  and

Dukelow  [18]

Narotsky  and

Kavlock  [61]

Narotsky et  al.

[62]

Study Description/Objective

Guideline-type [GT] or  research [R]  protocol GT  GT  R  GT  GT  GT  R  R  R

Test Subjects

Species Rat Mouse  Rat Rat Rabbit Rat Mouse  Rat Rat

Strain SD  SW  LE  WIS or  SD  NZW WIS B6D2F1  Fischer 344 Fischer 344

Source  (company)  NR  NR  CRL NR  NR  NR  Jackson  Harlan  Harlan

Source (location) NR NR  NR NR  NR  NR  Bar  Harbor, ME Indianapolis,  IN  Indianapolis,  IN

Dates of  study conduct NR  NR  NR NR  NR  NR  NR NR NR

Day of  mating confirmation  (GD 0  or  GD  1) GD  0 GD  0  GD  1  NR  NR  NR  GD  1 GD  0 GD  0

Day of  cesarean section  GD  21 GD  18  GD  21  GD  21 GD  30 GD 21 Delivered Delivered Delivered

Treatment

Test Substance TCE  TCE  TCE  TCE TCE  TCE (Trilene) TCE  TCE  TCE

Source  Dow  Dow  Dow  NR  NR  ICI Aldrich  Aldrich  Aldrich

Purity  (%)  99.24%  99.24%  99%  NR  NR  NR  NR
>  99% > 99%

Route of  administration Inhalation a Inhalation a Inhalation a Inhalation b Inhalation  b Inhalation a Gavage  Gavage  Gavage

Negative control  (vehicle) Filtered room  air Filtered room  air Filtered air Air Air Ambient air Corn  oil  Corn  oil Corn  oil

Positive control N  N  N  N  N  N  N  N  N

No. of  treated groups 1 1  1  1  1  1  2  2  4

Group size (litters/group) 30, 18  26,  12  8–12  (30) (20)  31–32 (30)  16–21  8–12

Random  assignment of  test subjects  to  groups NR NR  Y  NR  NR  NR  NR Y  NR

Dose period (duration) GD  6–15 GD  6–15  GD  1–20  GD  1–19  GD  1–24  GD 8–21 GD  1–5, 6–10, or

11–15

GD  6–19 GD  6–15

Daily dosing  schedule 7  h/day,

7 days/wk

7 h/day,

7 days/wk

6 h/day,

7  days/wk

6–7  h/day,

7  days/wk

6–7 h/day,

7 days/wk

4  h/day,  days/wk

NR

1x/day 1x/day  1x/day

Maternal evaluation

In-life data (BW, FC,  WC, and/or clinobs) Y  Y  Y  NR  NR  Y  Y  Y  Y

Postmortem  data  (necropsy, organ wts,  pathology,  and/or  CL)  Y  Y  Y  Y  Y  Y  Y  N  N

Fetal evaluation

Implantations  and resorptions (early and  late)  Y  Y  Y  NR  NR  Y  N  N  N

Fetal weight, length, sex Y  Y  Y  NR  NR  Y  Y  (PND  1) Y  (PND 1) Y  (PND 1)

External fetal exam  Y  Y  Y  NR  NR  Y  Y  (PND  1) Y  (PND 1) Y  (PND 1)

Percent fetuses (litters) evaluated  for  external findings  100  (100)  100  (100)  100  (100)  NR  NR  100  (100) 100  (100)  100  (100) 100  (100)

Visceral  examination  Y  Y  Y  NR  Y  c Y  N  Y  d Y  d

Percent fetuses (litters) evaluated  for  visceral findings 50  (100)  50  (100)  ∼33  (100) e NR  NR  100  (100) NA NR (NR) NR  (NR)

Fresh dissection (in situ  organ examination)  N  N  N  NR  NR  Y  N  N  Y  f

Wilson exam (Bouins  fixation, free-hand sections) Y  Y  Y  NR  NR  N  N  Y  Y

Fetal  cardiac examination methods NR  NR  NR NR  NR  NR  N  N  N

Fresh dissection and  evaluation NR  NR  NR NR  NR  NR  N  N  N

Free-hand section of  decalcified fetuses Wilson  Wilson  Wilson  NR  NR  NR  N  Wilson  d  Wilson  d

Preservation Bouin’s

immersion

Bouin’s

immersion

Bouin’s

immersion

NR  NR  NR  N  Bodian’s

immersion

Bodian’s

immersion

Confirmation  of  findings  NR  NR  NR NR  NR  NR  N  N  N

Skeletal examination Y  Y  Y  NR  NR  Y  N  N  N

Percent  fetuses (litters) evaluated  for  skeletal findings  50  (100)  50  (100)  ∼33  (100) e NR  NR  100  (100) NA NA  NA

Bone  development  Y  Y  Y  NR  NR  Y  N  N  N

Cartilage development  N  N  N  NR  NR  N  N  N  N

Random  selection of  fetuses for  visceral or skeletal evaluation  NR  NR  N  NR  NR  NA  N  N  N

Assessment of  fetuses without knowledge  of treatment group NR  NR  NR NR  NR  NR  N  N  N

This table only includes mammalian studies with prenatal TCE exposures and an  evaluation of fetal morphology.

NR = not reported; NA =  not applicable; Y  =  yes, N =  No; DW = drinking water; GD =  gestation day; PND = postnatal day; RA =  retanoic acid; GLA  =  gluteraldehyde.

Test subject strain: SD = Sprague-Dawley, LE =  Long Evans, WIS =  Wistar, NZW =  New Zealand White, SW =  Swiss Webster.

Test subject Source: CRL =  Charles River Laboratories, Jackson =  Jackson Laboratories, Harlan =  Harlan Laboratories.

Group sizes are range of actual group size (i.e., no. of dams) on study; numbers in parentheses () indicate target group size.

a  = Whole-body exposure, dynamic air flow, analytical chamber concentrations.

b = Whole-body exposure, inadequately characterized.

c  = Visceral examination was NR; however, brain malformations in TCE-treated rabbit fetuses were discussed.

d  = Visceral examination of dead pups only; free-hand (Wilson’s) sectioning of head only.

e = Four fetuses/litter were assigned to  visceral examination and 4 fetuses/litter were assigned to  skeletal examination. (33% is an estimate based upon the presumption of 12 fetuses/litter.)

f  = Visceral evaluation of affected (i.e., abnormal) pups only.

Cardiac evaluation references: Staples exam: Stuckhardt and Poppe [82],  Staples [80], Wilson [92];  University of AZ exam: Johnson et al. [51], Dawson et al. [20].
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Table  5b

Comparison of Methods Reported for Prenatal Developmental Toxicity Studies with TCE.

Dawson et al. [20] Johnson et  al. [51] Fisher et  al. [28] Carney et al. [15]

Study Description/Objective

GLP; guideline [G], or research [R] protocol R R  R  GLP, G

Test Subjects

Species Rat Rat Rat Rat

Strain SD SD SD SD

Source (company) Harlan Harlan CRL CRL

Source (location Indianapolis, IN Indianapolis, IN Raleigh, NC Portage, MI

Dates of study conduct 1989–1990 1989–1995 NR NR

Day of mating confirmation (GD 0 or GD 1) NR NR GD 0  GD 0

Day of cesarean section GD 22  GD 22  GD 21 GD 21

Treatment

Test Substance TCE TCE TCE TCE

Source Aldrich Aldrich Aldrich Dow

Purity (%) NR NR NR 99%

Route of administration DW DW Gavage Inhalation a

Negative control (vehicle) Tap water Distilled water Soybean oil Ambient air

Positive control N N RA N

No.  of treated groups 2 4 1 3

Group size (litters/group) 9–15 9–12 19–25 27

Random assignment of test subjects to  groups Y  Y  Y  Y

Dose period (duration, gestation-only groups) GD 1–22 GD 1–22 GD 6–15 GD 6–20

Daily dosing schedule Ad libitum, 24 h/day Ad libitum, 24 h/day 1x/day 6 h/day, 7 days/wk

Maternal evaluation

In-life data (BW, FC, WC,  and/or clinobs) Y Y  Y  Y

Postmortem data (necropsy, organ wts, pathology, and/or CL) Y  Y  Y  Y

Fetal evaluation

Implantations and resorptions (early and late) Y  Y  Y  Y

Fetal weight, length, sex Y  Y  Y  Y

External fetal exam Y  Y  Y  Y

Percent fetuses (litters) evaluated for external findings 100 (100) 100 (100) 100 (100) 100 (100)

Visceral examination Y  Y  Y  Y

Percent fetuses (litters) evaluated for visceral findings 100 (100) 100 (100) 100 (100) 50 (100)

Fresh dissection (in situ organ examination) Y  (heart) Y  (heart) Y  (heart) Y  (viscera)

Wilson exam (Bouins fixation, free-hand sections) N N N Y  (head)

Fetal cardiac examination methods Y  Y  Y  Y

Fresh dissection and evaluation UA method UA method UA method Staples exam

Free-hand section of decalcified fetuses N N N N

Preservation GLA flush &  immersion GLA flush &  immersion formalin immersion NR

Confirmation of findings Y  b Y  b NR NR

Skeletal examination NR NR NR Y

Percent fetuses (litters) evaluated for skeletal findings NR NR NR 50 (100)

Bone development NR NR NR Y

Cartilage development NR NR NR Y

Random selection of fetuses for visceral or skeletal evaluation NA NA NA NA

Assessment of fetuses without knowledge of treatment group Y  Y  Y  Y

This table only includes mammalian studies with prenatal TCE exposures and an  evaluation of fetal morphology.

NR  = not reported; NA =  not applicable; Y =  yes, N =  No; DW =  drinking water; GD = gestation day; RA = retanoic acid; GLA =  gluteraldehyde; UA =  University of Arizona.

Test  subject strain: SD =  Sprague-Dawley.

Test subject Source: CRL = Charles River Laboratories; Harlan = Harlan Laboratories.

Group sizes are range of actual group size (i.e., no. of dams) on study; numbers in parentheses () indicate target group size.

a  = Whole-body exposure, dynamic air flow, analytical chamber concentrations.

b  = Unanimous agreement of cardiac diagnoses by  study investigators (a pathologist, a  pediatric cardiologist, and a veterinarian) was required before a  positive cardiac finding

was  diagnosed and recorded.

Cardiac evaluation references: Staples exam: Stuckhardt and Poppe [82],  Staples [80];  University of AZ exam: Johnson et  al. [51],  Dawson et  al. [20].

genetic predisposition and environmental exposures contributing

to the multifactorial etiology [68].

3.1.3. Mechanistic data on developmental pathways and

processes

Mechanistic mode-of-action data were discussed in the 2011

IRIS assessment [87] and provided one line of evidence regarding

the potential for TCE to cause cardiac defects. There was not an

explicit linkage to  the developmental pathways and processes driv-

ing CHD in general or valvulo-septal defects in particular. To expand

upon and refine this discussion, a  preliminary conceptual model

based on an Adverse Outcome Pathway (AOP) framework for CHD

would be useful. Although such AOP elucidation is beyond the scope

of the present review, data identified in the systematic literature

search and MGI  database search provides motivation for that future

activity. Information upon which a preliminary AOP  construct is

based supports the biological plausibility that TCE exposures dur-

ing development could lead to  disruption of key processes in the

development of cardiac valves and septa.

The most commonly reported cardiac defects associated

with gestational exposures to TCE and its metabolites TCA

and DCA in humans, rats, and chickens were valvulo-septal

defects (atrial septal defects [ASDs], muscular and membranous

ventricular septal defects [VSDs]) and pulmonary and aortic steno-

sis [16,29,94,51,49,8,9,20,19,35,57]. In particular, the period of

valvulo-septal morphogenesis defines a  window of TCE vulnerabil-

ity in avian systems; thus an AOP anchored to this dysmorphology

could identify relevant key events and key event relationships fol-
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Table 6

Comparison of cardiac evaluation methods.

Method Reference Description

Wilson Wilson [92] • Immersion fixation of whole fetus in Bouin’s solution

• Free-hand serial sectioning of fetuses (approximately 2 mm thickness), including sections

through the heart and great vessels

Staples Staples [80];  Stuckhardt and Poppe [82] • Dissection of unfixed decapitated or anesthetized fetus

• Examination of external structure of the heart and great vessels

•  Examination in situ of internal structure of the heart via two cuts:

© Incision made beginning to  the right of the ventral midline surface of the heart at the apex

and extending anteriorly and ventrally into the pulmonary artery (exposing the tricuspid

valve between the right atrium and right ventricle and the  3  cusps of the semilunar valve

of  the pulmonary artery); the interventricular septum examined for defects.

©  Incision made starting to  the  left of the ventral midline surface at the apex and extending

thorough the left ventricle into the ascending aorta (exposing the bicuspid valve between

the  left atrium and left ventricle and the  3 cusps of the semilunar valves of the aorta).

University of AZ Dawson et al. [20]; Johnson et al. [51] • Examination of the great vessels in situ, including pulmonary venous attachment to  the left

atrium and cranial and caudal vena caval connections to the right atrium

• Removal of the heart from the thorax; the heart is flushed and then immersion fixed with

2% gluteraldehyde

• Dissection of unfixed fetus

• Examination of external structure of the heart from dorsal and ventral aspects

• Examination of internal structure of the heart and vessels:

© Right atrial appendage excised to evaluate the atrial septum for defects (left atrial

appendage removed if the  atrial septum is not adequately visualized)

© Aorta and pulmonary vessels evaluated for course, caliber, and orientation, then excised at

valve rings

© All remaining atrial tissue removed to expose pulmonary, aortic, tricuspid, and mitral

valves; location of coronary ostium noted; each valve probed for patency, and formation of

each valve leaflet examined.

© Incision made ventrally through the tricuspid valve to the apex of the heart. Another

incision made through the pulmonary valve toward the  apex of the heart and joining the

cut made through the  tricuspid valve. Incision made from each edge of the  mitral valve

toward the apex, and the left ventricular free wall removed (allowing complete

visualization of the ventricular septum for evaluation of defects).

lowing exposure to TCE during the vulnerable period. In  normal

cardiac development, valvulo-septal morphogenesis is driven by

mesenchymal cells in the regions of the atrioventricular canal (AVC)

and outflow tract (OFT) regions. AVC cushions are formed as mes-

enchymal cells are derived from squamosal endothelial cells by

epithelial-mesenchymal transition [EMT], specifically of endothe-

lial origin [EndMT], and invade and populate the cardiac jelly

matrix. These mesenchymal cells subsequently proliferate and dif-

ferentiate to form the AV valves and membranous septum. They

also contribute to patterning the myocardium via directing vascu-

lar flow. Evidence points to a  stepwise EndMT cascade involving

the following key events [46,54,89]:

• initiation of EndMT by signal molecules elaborated from myocar-

dial cells into the cardiac jelly;
• disassembly of cell–cell junctions between squamosal endothe-

lial cells in the endocardium;
• delamination by loss of polarity, cytoskeletal rearrangement, and

breakdown of basal lamina;
• invasion of cardiac jelly by newly motile mesenchymal cells;
• proliferation of trans-differentiated mesenchyme to ‘cellularize’

and remodel the cardiac jelly;
• patterning of the AV myocardium by flow-mediated remodeling

of the looped heart;
• differentiation of cardiac valves and membranous septum.

A search of the MGI database (http://www.informatics.jax.org/)

for abnormalities in cardiac EMT  identified mouse knockouts with

developmental phenotypes similar to those reported for avian

studies with TCE, implicating the possibility of disruption of the

following genetic signals and responses by TCE exposure dur-

ing cardiac development. Candidate genes implicated pathways

such as TGF-beta signaling, ephrin signaling, Notch signaling, the

VEGF pathway, and RXR signaling. Potential molecular initiating

events, not yet evaluated experimentally, may involve a  cellular

initiation of vascular inflammatory signals, perhaps through an

LXR/RXR-mediated effect on cholesterol homeostasis, vulnerabil-

ity to  reactive oxygen species (ROS) [91,41,28], or disruption of the

downstream consequences of VEGF signaling [65].

In support of disruption of EndMT being a  potential key event

in TCE-induced valvulo-septal defects, embryonic TCE exposure

has been associated with inhibition of cell–cell separation and

mesenchymal formation [10],  alterations in mesenchymal cell

migration [60,75] and alterations in endocardial proliferation pat-

terns [24].  In ovo studies have shown that TCE and TCA can alter

cushion formation, cardiac function, and embryo survival [23], and

cushion cellularity can be altered as a function of concentration,

duration, and timing of exposure. The ephrin-EPH system might be

of high relevance to an AOP for TCE-induced valvulo-septal defects.

Loss of Ephrin-A1 in mice, a ligand for class A Eph receptor tyro-

sine kinases, results in thickened aortic and mitral valves. These

embryos display hypercellularity in outflow tract endocardial cush-

ions and elevated mesenchymal marker expression, suggesting

that excessive numbers of cells undergo EMT [30].  Ephrin-A1 and

its cognate receptor (EphA3) are expressed in adjacent cells in

the developing endocardial cushions. In contrast to  the ligand,

functional inactivation of EphA3 results in hypoplasia of AVC endo-

cardial cushions with fewer migrating mesenchymal cells [81].  As

such, disruption of Ephrin-A1 ligand or EphA3 receptor function

impacts endocardial cushion formation in different ways, poten-

tially leading to hypercellularity or hypocellularity, respectively.

Both effects have been described in in vitro models of TCE-induced

effects on endocardial cushions. Endocardial disruption may have

additional or  downstream consequences on the developing heart,
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related to dysregulation of cellular Ca2+ fluxes and cardiac contrac-

tility [58,66,59,14,76,17] or to  alterations in cardiac hemodynamics

[72].

3.1.4. Weight of evidence (WOE) for hazard

The WOE  (evidence integration) for fetal cardiac defects was

characterized according to the criteria described in A Framework

for Assessing Health Risk of Environmental Exposures to Children

[86], a scheme that is derived from principles of causality assess-

ment developed by Hill [43].  The key components (factors) of

the WOE  analysis were: temporality, strength of association, vari-

ability analysis, uncertainty analysis, qualitative dose-response,

experimental evidence, reproducibility (consistency), biological

plausibility, alternative or multiple explanations, specificity, and

coherence (Fig. 1). Independent assessments of the WOE  were

conducted by reviewers, and a  group consensus of the evidence

supporting stronger and weaker weights of association for each key

factor was derived. The evidence supporting stronger and weaker

weight of association for each key factor is presented in Table 7.

Despite the recognized uncertainties and limitations in the

TCE database, the evidence supports a  conclusion that TCE has

the potential to  cause cardiac defects in humans when exposure

occurs at sufficient doses during a sensitive period of fetal devel-

opment. This conclusion is warranted by the data that demonstrate

or suggest a potential hazard to cardiac development, includ-

ing epidemiological studies, developmental toxicology studies in

rodents with TCE and its metabolites (DCA and TCA), avian in

ovo studies, in vitro assays, and mechanistic data that form the

basis of a preliminary conceptual model of an AOP for valvulo-

septal defects resulting from TCE exposures. Limitations within

the database that increase the uncertainties regarding this conclu-

sion are acknowledged. These limitations are described in detail

above. The epidemiological studies provide evidence of associa-

tions between TCE, or TCE and other chlorinated solvents, and

cardiac defects, but these studies have limitations related mainly

to exposure measurement error and lower statistical power due to

the rarity of cardiac defects. The rodent developmental toxicology

studies conducted by Dawson et al. [20],  Johnson et al. [51],  and

Johnson et al. [49] that reported cardiac defects resulting from TCE

(and metabolite) drinking water exposures have study design and

reporting limitations. Additionally, two good quality (GLP) inhala-

tion and gavage rodent studies conducted in other laboratories,

Carney et al. [15] and Fisher et al. [28], respectively, have not

detected cardiac defects.

In accordance with the Guidelines for Developmental Toxicity

Risk Assessment [85],  the database is considered to be adequate to

support categorization of the health-related database for hazard

and dose-response, with the determination that there is “Suffi-

cient Experimental Animal Evidence” and “Limited Human Data”

for developmental cardiac toxicity. This category “includes data

from experimental animal studies and/or limited human data that

provide convincing evidence for the scientific community to judge

that a potential for developmental toxicity exists.” The minimum

evidence that would be necessary to  determine whether there is or

is not sufficient evidence of developmental toxicity is  the existence

of appropriate, well-conducted animal studies. The overall TCE

database met  this criterion, although limitations and uncertainties

in the primary study used in dose response [51] are acknowledged.

3.2. Dose-response assessment for developmental cardiac defects

Given the hazard conclusion that (despite uncertainties and

limitation in the database) TCE has the potential to cause cardiac

defects in humans when exposure occurs at sufficient doses dur-

ing a sensitive period of fetal development, the next critical issue

addressed by this update is the dose-response assessment.

3.2.1. Suitability of Johnson et al. [51] study for deriving a point

of departure for a  reference value

The Johnson et al. [51] study is the only available study poten-

tially useable for dose-response analysis of fetal cardiac defects.

On the whole, the Johnson et al. [51] study is considered suit-

able for use in deriving a  POD for the following reasons. The study

has an appropriate design. It was  conducted by a relevant route

of exposure (drinking water), covered the entire period of gesta-

tion which subsumes the developmental window for the initiation

of cardiac defects, and tested multiple exposure levels. Further

support was  derived from the finding of a robust, statistically sig-

nificant dose-response relationship. Additionally, this judgement

took into consideration the strengths and limitations of the study

and uncertainties identified in the WOE  analysis.

The study was conducted over a  period of 6 years, with exposed

animals and their concurrent controls distributed across time. This

design is not problematic per se; clinical trials and epidemiological

studies are frequently conducted similarly, with staggered entry

of subjects [31,69]. An  important consideration to address is the

potential for increased variability among litters owing to  temporal

drift and other possible factors.

Overdispersion, or greater variation among litters than is

expected based on within-litter variation among offspring, can be

dealt with by a standard method for clustered data [77,33,55,32,67].

This method deals effectively with between-litter variation from

all sources, assuming that within-litter variation (conditional on

the litter-mean) is approximately binomial. This method was

applied for significance tests and dose-response analyses (dis-

cussed below).

Another concern about the study design is that the two high-

est exposure levels and their associated controls were observed in

1989–93, and the two lowest exposures and their controls were

observed during 1993–1995 (Table 8; [53,52]). This raises a  ques-

tion whether temporal change rather than exposures can account

for the observed responses. We also note that the two highest TCE

doses and their controls, reported originally in Dawson et al. [20],

used tap water as a  vehicle and drinking water source. Hypothet-

ically, if teratogens in tapwater did increase cardiac defects, that

would likely increase the control response and perhaps impede the

ability to  observe a significant increase.

Employing all of the data, there is a highly significant (P < 0.001)

increasing dose-response trend (Fig. 6)  based on a Cochran-

Armitage trend test after adjusting for overdispersion. The trend

is also significant (P < 0.04) when the highest dose is dropped. The

temporal disjunction between the middle and high dose groups

prompts further examination. There is no significant trend for the

two low-dose groups and their controls. When the two high dose

groups and related controls (Table 8) were considered separately,

a significant trend (P <  0.03) was found.

Confidence that data from Johnson et al. [51] represent a  real

response is supported by the increasing trend in response (Fig. 6),

and the observations of higher percentages of cardiac malforma-

tions elicited by higher doses (500 mg/kg-day and higher) in studies

of rats exposed to  TCE metabolites, TCA and DCA [27,79,78].  The

highest dose in the Johnson et al. [51] study lies at the lower end

of doses that elicited substantial responses in these other studies.

Thus, a  hypothesis that the Johnson data represent a  false positive

or an anomalous dose-response pattern seems implausible, based

on trend tests and comparison with studies that used higher doses.

3.2.2. Dose-response modeling of the data from Johnson et al. [51]

Dose-response modeling of the cardiac malformation data from

Johnson et al. [51] was conducted using the nested log-logistic and

other BMDS models (http://www.epa.gov/ncea/bmds/) and a BMR

of 0.01 (1%) extra risk, the BMR  level that was used in the EPA 2011

TCE assessment [87].
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Table 7

WOE  Evaluation of the Potential for Development Exposures to TCE to  Result in Cardiac Defects.

Key Factora,b Type of evidence considered Data Evidence for stronger

weight of association

Evidence for weaker

weight of association

Comments

or Null Evidence

Temporality Timing of exposures and response Tox Studies in various species in which TCE (or

metabolites DCA or TCA) were

administered during a sensitive period of

in  utero cardiac development resulted in

morphological and/or functional

alterations.

• Drinking water administration of TCE to

rats on GD 1–22 resulted in a  statistically

significant treatment-related increase in

the incidence of cardiac defects [51,20].

• Drinking water administration of TCA

(the  TCE oxidative metabolite) to  rats on

GD 1–22 resulted in a  statistically

significant treatment-related increase in

the incidence of cardiac defects [49].

Gavage administration of TCE

metabolites (DCA and TCA) on GD 6–15

[78] or of DCA during discrete windows

of  time within GD 6–15 [27] resulted in

treatment-related increases in the

incidences of cardiac defects.

• Avian in ovo studies that administered

TCE or TCA during the  period of

valvuloseptal morphogenesis (e.g., HH

15–20) resulted in altered cardiac

morphology and/or function [72,23].

• A  study of DCA exposure to zebra fish

[41] demonstrated evidence of a

disruption in cardiac development

(pericardial edema and altered heart

rate).

•  Mouse whole embryo culture studies of

DCA and TCA administered at  the  period

of 3–6 somites detected cardiac defects

[44];  a  chicken whole embryo culture

study of TCE administered at  HH  13–14

detected alterations in AV cushion [60].

• Avian atrioventricular canal cell culture

(HH  16) study found evidence of

inhibited endothelial cell separation and

early events of mesenchymal cell

formation in  the  heart following TCE

exposures [10].

Some in vivo or in vitro studies rodent studies

in  which TCE (or metabolites DCA or  TCA) was

administered during a sensitive period of in

utero cardiac development resulted in no

morphological alterations.

• Gavage administration of TCE or metabolites

(DCA and TCA) to  rats on GD 6–15 did not

result in treatment-related cardiac defects

[28].

•  Inhalation exposures of TCE to  rats on GD

6–20 [15] or to rats and mice on GD 6–15

[74] did not result in treatment-related

cardiac defects.

• NE
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Exposure occurs before outcomes onset Epi • Four cohort or case-control studies

consider temporality [71,29,94,35].

Three studies observed an association

between the TCE exposure surrogate

and major cardiac defects [29,94,35].  An

association with conotruncal defects,

specifically, was  observed in Forand

et al. [29].

• Temporality was not considered in Bove

[8]/Bove et  al. [9],  Goldberg et al. [35], or

Lagakos et al. [56].

• The small numbers of conotruncal heart

defects in Ruckart et al. [71] precluded

any analysis of this endpoint and TCE

exposure.

Strength of association Study quality, including study strengths

and limitations

Tox • For Johnson et  al. [51], Dawson et al.

[20],  and Johnson et al. [49],  all of which

detected cardiac malformations, study

quality strengths include randomized

assignment to test group, detailed

description of fetal cardiac dissection

and evaluation procedures, evaluation of

fetal hearts without knowledge of

treatment group, and confirmation of all

cardiac defects by consensus of 3

experts. Statistical analysis of data from

this study was appropriately conducted

by EPA statisticians using individual

fetal and litter data that were provided

by the study author.

• The power of detection in the Johnson

et al. [51] study was enhanced by the

use of historical controls that did not

demonstrate a  temporal shift in cardiac

defects. A significant dose related trend

in cardiac defects was  observed even

without large group sizes.

• A strong association of exposure to

response was observed at  high dose

levels in multiple studies that identified

cardiac defects. In Johnson et al. [51]

there was a  highly significant positive

trend for cardiac defects.

• Potential confounding factors exist in

studies that did not identify cardiac

defects (e.g., different routes of

exposure, the  use of different rodent

strains or suppliers across studies, and

the use of soybean oil as a vehicle in

Fisher et  al. [28].

•  For Johnson et al. [51] major study quality

limitations include the use of data pooled

from separate study cohorts conducted over

an approximately 6-year period, the use of

tap water as the vehicle for some of control

and treated groups (as reported by Dawson

et al. [20] with no characterization of

possible contaminants and incomplete

reporting of study methods and results.

• While Dawson et al. [20] indicated that

levels of TCE in dose formulations were

tested by gas chromatography, the analytical

findings were not reported. Johnson et  al.

[51] did not report whether dose

formulations were analyzed. Further, levels

of TCE were not assessed in the vehicle

control water; therefore, it  is plausible that

TCE contaminated the water and that doses

were actually higher than measured.

•  The Dawson et al. [20] and Johnson et al.

[51] studies estimated doses based on the

average water consumption. This method

does not provide precise information to

calculate TCE dose because variability in

drinking water consumption among dams is

not characterized.

•  The dose selection for Johnson et  al. [51]

resulted in  a  NOAEL that is approximately

700-fold lower than the next highest dose.

• Some studies that did not identify

treatment-related cardiac defects following

developmental exposures to TCE, e.g.,

Carney et  al. [15],  Fisher et al. [28], and

Schwetz et al. [74], were well-conducted

and adequately-reported GLP and/or

guideline studies with no substantive

limitations identified.

•  One study [28] attempted to  replicate the

methods used in the Johnson et al. [51]

study, utilizing the same fetal cardiac

dissection and evaluation techniques, and

including one of the Johnson et al. [51] study

authors in the  assessment team, yet found

no treatment-related cardiac defects.

• Some studies that reported no cardiac

defects following TCE gestational

exposures [61,62,42,39] or avian in ovo

studies [12,26] did not indicate that

detailed evaluation of fetal hearts was

conducted.

•  A rat whole embryo culture study of TCE

administered at the  period of 4–7

somites detected no cardiac defects in a

study by [73];  however, the study

methods indicate that there was no

evaluation of the embryonic heart.
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Table 7 (Continued)

Key Factora,b Type of evidence considered Data Evidence for stronger

weight of association

Evidence for weaker

weight of association

Comments

or Null Evidence

Magnitude of the effect measure Epi • Increased risk estimates between all or

major cardiac defects ranged from 1.24

(95% CI: 0.75, 1.94) to 2.40 (95% CI: 1.27,

3.62) observed in 3 studies [29,9,35].

Stronger associations, observed with the

TCE exposure surrogate for conotruncal

defects and ventricular septal defects

than for major cardiac defects, a broader

category [29,9].  A fourth study observed

an increased risk estimate of 6.2 (95% CI:

2.6, 14.5) for cardiac defects in infants of

mothers aged ≥38 years and maternal

residence within 1.32 miles from at  least

one  TCE emissions source [94].

•  No association in  Yauck et al. [94] in

mothers <38 years of age and maternal

residence within 1.32 miles from at  least

one TCE emissions source nor in Lagakos

et al. [56],  which does not observe an

association with cardiac defects. Alternative

reasons such as lower statistical power may

explain these observations.

• NE

Variability analysis Sources of within- and cross-study

variability that contribute to uncertainty

Tox • Johnson et  al. [51] test subject source,

husbandry, and randomization

procedures were consistent across all

cohorts, i.e., including Dawson et  al. [20]

and metabolite studies Johnson et  al.

[51].  Fetal cardiac evaluation

methodology, which included evaluation

without knowledge of treatment group

and confirmation of all cardiac

anomalies by 3  expert scientists, was

also consistently applied across cohorts

and studies from the UA laboratory. This

had the result of reducing intra- and

inter-study variability in the assessment.

•  Johnson et  al. [51] reported that cardiac

defect incidences were consistent across

all control cohorts (55 litters over

approximately 6 years). An EPA review

of the available control data did not

observe unusual heterogeneity in

prevalence of malformations.

• Studies that reported cardiac defects

following administration of metabolites

(DCA and TCA) used randomized

assignment of maternal animals to test

group, thus reducing intra-study

variability.

•  Although Dawson et al. [20] and Johnson

et al. [51] identified cardiac defects

following exposures to TCE during

development, Carney et al. [15],  Fisher

et al. [28], and Schwetz et al. Schwetz

et al. (2006) did not find

treatment-related cardiac abnormalities.

This may be the result of differences in

the study design and assessment

methods. This includes such aspects as

animal strain, age, source, exposure

route and vehicle, duration of exposure,

and cardiac evaluation methods.

• The Johnson et al. [51] study reported data

from several cohorts of animals, which were

on study over a period of approximately 6

years. The data included control cohorts,

some of which were concurrent and some

that were non-concurrent to the TCE-treated

groups [53,52].  Data that definitively link

the individual control litter response data

with each particular cohort are no longer

available for independent examination.

•  Different study outcomes were observed in

studies that had many similarities in study

design and conduct, i.e., Dawson et al. [20]

and Johnson et  al. [51] identified exposure

related cardiac defects while Fisher et  al.

[28] did not. In the Fisher et  al. [28] study,

care was taken to ensure that the  same

cardiac evaluation methods were used as in

the  Dawson et al. [20] and Johnson et  al. [51]

studies, including fetal evaluation with

knowledge of treatment group, and one of

the study authors of Johnson et al. [51]

participated in the fetal examination.

•  The use of soy bean oil in the Fisher et  al.

[28] study vs.  water vehicle and control for

Johnson et  al. [51] and Dawson et al. [20]

studies.

•  The Johnson et al. [51] and Dawson et al.

[20] studies did not calculate variability in

TCE  dose by  measuring individual dam

water consumption.

• Based upon the toxicokinetic profile of

TCE [87], it is considered unlikely that

toxicokinetic factors contributed

significantly to differences in response

across study protocols.
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Sources of within- and cross-study

variability that contribute to uncertainty

Epi • NE (not considered in Hill analysis) • NE (not considered in Hill analysis) • Studies examined different populations,

exposure levels, gradients, and media.

Additionally, different sets of strengths

and uncertainties in this set of studies

would contribute to observed

cross-study variability.

Uncertainty analysis Missing information or data gaps, within

and across studies

Tox • For the studies conducted by  the UA

laboratory [51,20] that identified cardiac

defects following exposures to  TCE, DCA,

or TCA, detailed descriptions of

evaluation methods for assessment of

cardiovascular effects were provided.

•  Individual fetal and litter cardiac

findings data, as well as detailed

information on study conduct and fetal

evaluation methods, were provided to

the EPA for Johnson et al. [51] and

Dawson et al. [20].

•  The publications for studies conducted by

the UA laboratory that identified cardiac

defects following exposures to TCE, DCA, or

TCA [51,49,20] did not report essential study

details, and generally did not include

summaries of maternal data or fetal data for

endpoints other than cardiac defects.

•  For well-conducted studies that did not

detect cardiac defects following

developmental exposures to TCE or

metabolites [15,28] adequate descriptions of

study methodology and summary data for

maternal and fetal findings were reported.

• Mechanistic data for alterations in cardiac

development are limited and do not identify

initiating events for the putative AOP.

•  NE

Missing information or data gaps, within

and across studies

Epi • NE (not considered in Hill [43] analysis) • NE (not considered in Hill analysis) • NE

Qualitative

dose-response

Association between exposure/dose and

degree of effect

Tox • Alterations in cardiac development were

observed in  multiple studies at  high

dose levels following TCE, DCA, or TCA

exposures [51,49,20,79,78].

• The incidence of cardiovascular effects

increased as a function of dose in

Johnson et  al. [51].

• An association between exposure to TCE

(or DCA or TCA) and alterations in

cardiac development was reported in

various animal models, i.e., LE and SD

rats, CD-1 mice, chicken embryos, and

zebra fish [23,24,91,41,51,20,79,78].

• A BMDL for Johnson et  al. [51] was

derived by EPA statisticians from

individual cardiac defect data provided

to EPA. Litter contribution to the

outcome of interest was incorporated in

the analysis. A significant dose-response

trend was identified, whether or not the

high dose value was  included in the

analysis.

•  The dose response for cardiac defects

identified by Johnson et  al. [51] could only

be fit to a  model with elimination of the high

dose data from the analysis. The lowest dose

tested had a zero response for cardiac

defects, below the historical control

incidence. The doses tested were spaced

over several orders of magnitude, with wide

gaps.

•  Carney et al. [15] was the  only other study in

the database that evaluated developmental

effects of TCE over multiple dose levels. In

that study, no fetal toxicity and minimal

maternal toxicity was reported.

• TCE doses tested in Johnson et al. [51]

and Dawson et al. [20] (drinking water):

2.5 ppb, 250 ppb, 1.5 ppm, or 1100 ppm

(0, 0.00045, 0.048, 0.218, or

129 mg/kg-day)

• TCE doses tested in Fisher et al. [28]

(gavage): 500 mg/kg-day

• TCE doses tested in Carney et al. [15]

(inhalation): 50, 150, or 600 ppm (268.5,

805.5, or 3222 mg/m3)
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Table 7 (Continued)

Key Factora,b Type of evidence considered Data Evidence for stronger

weight of association

Evidence for weaker

weight of association

Comments

or Null Evidence

Exposure-response gradient: Association

between exposure/dose and degree of

effect

Epi • NE • Goldberg et al. [35] and Lagakos et  al. [56]

examined exposure-response; none

observed.

•  NE

Experimental evidence Hypothesis testing: manipulation of

exposure scenario with resulting

alterations in response

Tox • A  study by [27] administered the

metabolite DCA to  rats on varied days of

gestation and identified critical

windows of exposure for eliciting

cardiac developmental defects.

• No statistically significant increases in

congenital heart defects were observed

in  groups of rats that were exposed to

TCE  prior to pregnancy only [20].

• Drake et  al. [24] demonstrated that

cardiac defects did not occur in chick

embryos exposed to TCE and TCA during

the period of cardiac specification

(approximately GD 6 in rats) rather than

the period of valvuloseptal

morphogenesis.

• Studies in rodents that administered TCE via

drinking water detected an increase in

fetuses with cardiac defects [51,20];  studies

that administered TCE via other routes

(gavage and inhalation) were negative for

this response [15,28,74].

•  In a whole embryo culture (WEC) study of

DCA and TCA [44], that identified cardiac

defects, the acid nature of DCA and TCA may

have impacted dysmorphogenesis.

• Studies that manipulated the gestational

exposure period were not conducted

with TCE.

Association not observed once exposure

ceases

Epi • NE • No differences between observed and

expected numbers of cardiac defect cases

once wells were closed in contaminated area

[35].

• NE

Reproducibility

[Consistency]

Reproducibility: Corroboration across

studies, labs, routes of exposure, species,

etc.

Tox • Studies that administered TCE in

drinking water to rats on GD 1–22 were

conducted over a period of

approximately 6 years by researchers at

the same academic facility (UA, Tucson)

used the same cardiac evaluation

methods and identified treatment and

dose-related cardiac malformations

[51,49,20]. A preliminary screening

study that utilized intrauterine

administration of TCE also detected

cardiac defects [20].  The types of cardiac

malformations observed were similar

across study cohorts and treatment

groups throughout the duration of the

research program.

• Studies on TCE metabolites (TCA and

TCA) conducted in other laboratories

[27,79,78] identified cardiac defects

similar to  those observed in the  UA

studies.

•  Cardiac septal anomalies were observed

in avian in ovo studies [72,23],  and in

WEC  assays [60,44] with TCE and/or

metabolite exposures. Zebrafish studies

also demonstrated evidence of

alterations in cardiac development

[91,41].

• Studies conducted in other laboratories than

UA and that administered TCE by  gavage or

inhalation [15,28,74] did not identify

statistically significant increases in cardiac

defects. Fisher et al. [28] used the same

cardiac evaluation methods as the UA lab.

• Studies that did not identify cardiac

defects with TCE and/or metabolite

exposures [15,28,74] did not replicate all

aspects of the Johnson et  al. [51] study,

even though Fisher et al. [28] used the

same cardiac evaluation techniques as

[51] and Dawson et al. [20], and

therefore provide only limited evidence

of lack of reproducibility.
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Consistency: Association observed in

different populations, places, time and

circumstances.

Epi • Association between cardiac defects and

TCE exposure surrogate observed in four

studies. These studies were of different

populations living in different states

(NY, NJ) and covered slightly different

time periods (1983–2000, 1985–1988)

[29,8,9].  Two other studies of weaker

designs were of different populations

and carried out in  two different

locations in the United States, and

provide supporting evidence [94,35].

• Lagakos et al. [56] compared a  pregnancy

receiving contaminated residential well

water to  a pregnancy not receiving

residential water from contaminated wells

and does not observed an association

between cardiac defects and contaminated

drinking water.

• NE

Biological plausibility Observed outcome can be attributed to

toxic insult given the known science

Tox • Avian in ovo studies and atrioventricular

cell culture studies support the

biological plausibility of effects of TCE on

cardiac development, given that early

chick heart development is similar to

mammalian (including human),

particularly regarding the role of the

cardiac cushion in septation [63].

• Preliminary exploration of a possible

adverse outcome pathway (AOP) has

resulted in a reasonable conceptual

model for TCE-induced congenital heart

defects. In this construct, the vulnerable

period is defined by  endocardial

morphogenesis.

Endothelial–mesenchyme transition

(EMT) is disrupted in the area of the

atrioventricular canal, leading to septal

defects. Studies in knockout mice have

suggested the possible disruption of

genetic signals and response by  TCE

exposure during cardiac development.

Candidate genes have implicated

pathways such as TGF-beta, ephrins,

Notch signaling, VEGF pathway, and RXR

signaling. Potential molecular initiating

events may involve a cellular initiation

of vascular inflammatory signals,

perhaps through an LXR/RXR-mediated

effect on cholesterol homeostasis,

vulnerability to  reactive oxygen species

or disruption of the  downstream

consequences of VEGF signaling.

•  A definitive AOP for TCE-induced cardiac

defects, including a  putative initiating event,

has  not yet been characterized. Additional

mechanistic data are needed to  support the

hypothesized AOP.

• There are insufficient mechanistic data to

characterize additional potential MOAs

other than that hypothesized in the AOP

construct.

• It is possible that multiple modes of

action are involved in alterations to

cardiac development.
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Table 7 (Continued)

Key Factora,b Type of evidence considered Data Evidence for stronger

weight of association

Evidence for weaker

weight of association

Comments

or Null Evidence

Observed association plausible given the

known science

Epi • NE • NE • In vitro and in  vivo animal studies report

cardiac defects with TCE and

TCE-metabolite exposure.

Alternative or multiple

explanations

Other possible explanations for observed

outcome after the  exposure of interest

Tox • Given the presumed contribution of

both environmental exposures and

genetic predisposition in human

congenital heart disease [68], it  is

possible that the test subjects used in

the Johnson et al. [51] study and others

conducted in that laboratory may have

been particularly susceptible to

alterations in cardiac development.

• Other contributing factors or

confounding factors were not

specifically identified in the  evaluated

in-vivo studies.

• It is possible that the absence of

treatment-related cardiac defects in

well-conducted TCE studies [15,28] or

metabolite studies [28] was due to

confounding variables such as

differences in strain/source of animal

model, route of exposure, toxicokinetics,

vehicle [e.g., soybean oil in Fisher et  al.

[28]],  or differences in cardiac

evaluation methods.

•  It is unlikely that the cardiac defects

observed by Johnson et  al. [51] were an

artifact of the evaluation procedures

used, since a  study by Fisher et  al. [28],

using the same fetal cardiac evaluation

procedures, did not identify an

association between TCE exposure and

the incidence of cardiac defects.

• There is a  possibility that cardiac defects

detected in the Dawson et al. [20] study

were associated in part with the use of tap

water as a  control vehicle (i.e., possible

presence of contaminants).

• NE

Other possible explanations for observed

outcome after the  exposure of interest (not

considered in Hill analysis)

Epi • Potential maternal risk factors were

adjusted in  statistical analysis in Forand

et al. [29] and Yauck et al. [94] or were

not found in  statistical analyses to

influence observed association by ±15%

[8,9].

• Potential for confounding from another

exposure given the poor exposure definition

in Yauck et al. [94].  The positive association

in Goldberg et  al. [35] may result from likely

selection biases in controls.

• NE
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5
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Specificity Single cause and effect relationship resulting

from exposure to test substance

Tox • Cardiac defects in rats appear to  be attributable

to direct chemical exposure to TCE or

metabolites (DCA or TCA) and are unlikely to  be

the  result of secondary effect of maternal

toxicity. Johnson et  al. [51] reported that TCE

exposure via drinking water to  pregnant rats did

not result in maternal toxicity. Carney et al. [15]

reported minimal decreases in body weight gain

in dams, with no adverse fetal outcomes. In

fetuses, there was no indication of TCE-related

fetal weight deficits, external or skeletal

anomalies, or of soft tissue alterations other

than cardiac defects in Johnson et al. [51], nor in

any other study.

• The majority of the cardiac malformations

following TCE exposures to  rats [20] or chicks

[72,23] during sensitive periods of cardiac

development were ventricular septal defects,

valve defects, or outflow tract abnormalities.

Mechanistic data suggest a common etiology

(disruption of the cardiac cushion formation) for

the  observed cardiac defects [10].

• Studies conducted in other laboratories than

UA and that administered TCE by gavage or

inhalation [15,28,74] did not identify cardiac

defects. Fisher et  al. [28] used the same

cardiac evaluation methods as the UA lab.

• The cardiac defects detected in the Dawson

et al. [20] study might have been related to

the  use of tap water as a vehicle (i.e.,

possible contaminants).

NE

Single cause and effect relationship resulting

from exposure to test substance

Epi • NE • Specificity not as critical compared to other

Hill aspects since outcomes may have

several risk factors. Maternal risk factors,

specifically chemical risk factors, associated

with cardiac defects in  infants have not been

well studied.

• NE

Coherence Summary: Extent to which data are similar in

outcome and exposure across database

Tox • Multiple studies were conducted at UA

[51,49,20], in which rats were administered TCE

or  metabolites DCA or TCA in drinking water on

GD 1–22 and for which study design and cardiac

evaluation methodologies were consistent. The

outcomes of these studies (detection of cardiac

defects, particularly septal defects, valve

abnormalities, and outflow tract anomalies) are

consistent across these studies. Additionally,

these outcomes are supported by the results of

avian in ovo and in vitro studies, studies with

TCE  metabolites (DCA and TCA) in rodents,

in vitro whole embryo culture studies, and

mechanistic data.

• Developmental toxicity studies with TCE

that were conducted in other laboratories

[15,28,74] administered TCE to  rats of other

strains or sources, using different routes of

exposure (inhalation or gavage),

administered on different days of gestation

(i.e., not including GD 1–6) than the UA

studies and did not identify cardiac defects.

No other study in the  TCE database reported

cardiac defects at the low dose levels

reported by  Johnson et al. [51].

• NE

Cause and effect interpretation should not

conflict with the generally known facts of the

natural history and biology of the disease

Epi • Associations in  epidemiologic studies of cardiac

defects and maternal occupational exposure to

degreasing solvents or to organic solvents

[34,93,83,84].

• NE • NE

NE = No relevant evidence.

HH = Hamburger-Hamilton stages of chick development [37].

UA  = University of Arizona.

Tox = Animal toxicology studies; Epi =  Epidemiological studies.

Key Factor References.
a U.S. EPA [86].
b Hill [43].
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Table 8

Data analysis of cardiac abnormalities reported by Johnson et  al. [51].

Conc. in drinking water, ppm 0 0  0 0.0025 0.250 1.5 1100

Dose, mg/kg-d 0 0  0 0.00045 0.048 0.218 129

Internal dose metrica 0 0  0 0.00031 0.033 0.15 88

Dates 1989–93 1993–95 all 1994–95 1994–95 1989–90 1989–90

N  (litters)b 20 35 55 12 9 13 9

N  (fetuses)b 232 374 606 144 110 181 105

N  (fetuses with cardiac defect)b 7 6 13 0  5 9 11

p  (fetuses with cardiac defect) 0.0302 0.0160 0.0215 0  0.0455 0.0497 0.1048

a Total Oxidative Metabolism per unit (body weight)3/4; units are mg/wk-kg3/4 .
b For the purpose of this analysis, the control litters (fetuses) were designated as belonging to the 1989-93 or 1993-95 cohorts based upon an  analysis of the numbers of

control animals assigned to  study, the incidences of cardiac malformations reported, and individual animal identification numbers Dawson et al. [20]; Johnson [51,52,48];

Johnson (2008); Paula Johnson, personal communication.
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Fig. 6. Percent of Offspring with Cardiac Defects [51].  The dose is on log scale. The

inset figure shows the same data on the untransformed scale. Confidence limits

(95%) for percentages are also shown. The solid points identify the treated groups

and the open points identify the control.

The nested dose-response model accounts for overdispersion

using a beta-binomial model [88].  To confirm that approach, we

also applied a suite of models for dichotomous binomial data after

adjusting the data for clustering, using an estimated design effect

of 1.53 [77,33,55,67].

Given the uncertainties in the dose-response analysis related to

the nature of the data, the confidence in the POD based on Johnson

et al. [51] has limitations. Overall, however, the POD derived in the

2011 TCE assessment [87],  which used an approach consistent with

standard U.S. EPA dose-response practices, remains a reasonable

choice.

Several sources of uncertainty related to modeling assumptions

were examined:

(1) Do the data have a plateau at less than 100% response? The

evidence is equivocal and does not permit a  clear answer. Con-

sidering the confidence intervals for responses in Fig. 6, it is not

clear whether the response reaches a plateau or increases more

gradually. A number of National Toxicology Program (NTP)

studies of developmental toxicity also have a  low but significant

maximum response, although they differ in apparent pattern

of response.3 A model with a  plateau is plausible, but would

not substantially change the general conclusion and results.

(We used the dichotomous-Hill model in BMDS, which allows

a  plateau to be  estimated.)

(2) Is it better to drop or retain the high dose? For the 2011 TCE

assessment [87], the high dose was  dropped on the strength

of an examination of residuals at the low doses for the nested

model. The decision to drop the high dose is confirmed in

this re-examination, using non-nested dichotomous models

(adjusted for intralitter correlation using estimated design

effects [33]). Dropping the high dose leads to higher model

goodness of fit and better fit in the region of the BMD01 and

BMD05.

(3) Are there sufficient data in the low-dose region and near the

BMD01 to permit reliable inference about the dose-response

curve shape (which influences the BMD  and BMDL)? BMD  infer-

ence at the 1% extra-risk level is highly uncertain, because BMD

and BMDL values vary by several orders of magnitude depend-

ing on the modeling assumptions. This is attributed in part to

the lack of monotonicity at the lowest dose and the apparent

supralinearity of the overall exposure-response relationship.

Additional doses would be required to  better specify the curve

shape in the low-dose region. More reliable inference can be

made for higher BMRs.

3.2.3. Uncertainty in the point of departure (POD)

There is substantial model and parameter uncertainty at the 1%

level of extra risk, although 1% is the appropriate BMR  based on

severity of the effect (i.e., cardiac malformations). These uncertain-

ties can be attributed primarily to  having too few data points in the

low-dose range, where more data would be required to adequately

characterize the dose-response shape. Uncertainty decreases for

higher BMR  levels (5% and 10% extra risk), although 10% exceeds

the range of the data for some models.

• The BMDL01 0.0207 mg/kg-day (BMD01 0.0646) for the nested

log-logistic model selected in the 2011 TCE assessment (with

slope constrained and without the high dose group) [87] pro-

vides a  compromise value from the range of BMDLs derived from

the variety of models examined.
• With a  5% BMR  (i.e., 5-fold greater), the BMDL for the nested log-

logistic model (BMDL05 0.108 mg/kg-day; BMD05 0.337) [87] is

about 5-fold higher than the 2011 BMDL01.
• Model-averaged BMDL01 or BMDL05 for dichotomous mod-

els (using a Rao-Scott transformation to  adjust for intra-litter

3 These NTP studies have a  significant increase in malformations and

maximum response less than 10%: TER86091, mice, MeDOPA; TER84054,

rabbits, Carbon disulphide; TER82079, rats, Gentian Violet; TER84063, rats,

DEHP; TER84111, mice, theophylline. http://tools.niehs.nih.gov/ntp tox/index.

cfm?fuseaction=ntpsearch.allchemicalsforstudy&searchterm=Developmental.
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correlation; [33]) with the high dose dropped to achieve bet-

ter fit in the low-dose range yielded the following values:

BMD01 0.0809 mg/kg-day and BMDL01 0.0225 mg/kg-day, BMD05

0.282 mg/kg-day and BMDL05 0.178 mg/kg-day. This option

yields results similar to  that of the modeling approach used in

the 2011 TCE assessment [87].
• The LOAEL/NOAEL approach, although there is also uncertainty

about defining a  POD with this approach, uses either the sec-

ond highest dose (0.218 mg/kg-day) or the next lower dose

(0.048 mg/kg-day) as a  POD. These are biologically plausible as

LOAELs because the apparent extra risk values calculated from

the observed responses of 2.9% and 2.5%, respectively, exceed 1%,

the level identified as a  suitable BMR.

In summary, additional dose-response analyses were performed

to characterize the uncertainty in the POD. Alternative PODs were

derived based on use of alternative models, alternative BMR  levels,

or alternative procedures (such as a  LOAEL/NOAEL approach), each

with different strengths and limitations. These alternatives were

within about an order of magnitude of the POD derived in the 2011

TCE assessment [87].

Overall, taking into account the Johnson et al. [51] study design,

strengths and limitations, and uncertainties in the WOE, and in

spite of any reservations based upon considerations pertaining to

confidence in the dose response, a  majority of the expert partici-

pants in this update project agreed that the Johnson et al. [51] study

was suitable for use in deriving a  POD. The majority of the partici-

pants agreed that the results of the present analysis are consistent

with and further support the dose-response conclusions of the 2011

IRIS TCE assessment [87].

4. Discussion/conclusions

This updated systematic review and analysis was  conducted to

address the potential for exposure to  TCE and its metabolites dur-

ing critical windows of development to  result in cardiac defects.

The review developed: (1) an updated characterization of the avail-

able data and uncertainties in the TCE database for cardiac defects,

(2) an expanded consideration of the mechanistic database that

may support future research to develop an AOP for cardiac defects

resulting from TCE exposures, (3) documentation of data and WOE

evaluations (evidence integration) for hazard, and (4) an extended

characterization of the dose-response modeling.

4.1. Updated characterization of available data and uncertainties

One of the goals of this review was to  identify any new data (i.e.,

postdating the last literature search performed for the EPA 2011

TCE document [87]) that address cardiac malformations associated

with exposures to TCE, DCA, and TCA. A total of 1769 unique cita-

tions were identified and screened for relevance. Of these, only two

additional epidemiological studies and two mechanistic studies

met the established inclusion criteria. We  found no animal toxicol-

ogy studies (in vivo, in vitro, or  in ovo) that evaluated cardiac defects

with TCE (or metabolite) exposures and that had been published

since January 2010.

The epidemiological and toxicological studies that had been

considered in the 2011 TCE document [87] and the new studies

that were identified were evaluated for study quality in a trans-

parent and consistent manner, utilizing multiple reviewers with

relevant expertise. Study strengths were identified. The epidemio-

logical studies were examined in detail for considerations of bias,

confounding, and chance. Study flaws, inadequacies, and limita-

tions were described for the toxicological studies. These analyses

formed the basis for characterizing uncertainties in the epidemio-

logical and toxicological databases.

Several epidemiological studies observed evidence of an asso-

ciation between TCE exposures and CHDs. This was found to

be coherent with broader epidemiological literature reporting an

association between maternal occupational exposure to  degreas-

ing solvents or organic solvents and cardiac defects. The available

database of epidemiologic studies provided some support for an

association but is not sufficient to establish a causal link.

Evaluation of the toxicological data included targeted attention

given to  studies and issues that have been portrayed as controver-

sial in the published literature. This was particularly in regard to

the findings of cardiac defects identified by Dawson et al. [20] and

Johnson et al. [51]. A number of potential concerns associated with

these studies were dispelled, e.g., that inadequate or inappropri-

ate cardiac evaluation methods were used, control animals were

not on study concurrently with treated animals, fetuses were not

randomly assigned to evaluations, cardiac examinations were con-

ducted with knowledge of treatment group, and statistical analysis

of cardiac malformation data was  inappropriate. Detailed compar-

isons of methods used in the various developmental toxicology

studies to  evaluate potential cardiac defects helped to  facilitate this

analysis as well as to identify differences between the studies that

found cardiac defects with TCE exposures [51,20] and similarly-

conducted studies that did not [15,28]. The detailed methodological

evaluation led to the conclusion that differences in study methods

(e.g., route of exposure, vehicle, animal source or  strain, or  other fac-

tors) may  have contributed to differences in the detection of cardiac

malformations, an issue that can no longer be definitively resolved.

As noted previously in the 2011 TCE document [87],  some limita-

tions of these studies were found to be unresolvable, yet resulting

uncertainties were not judged to compromise the use of the studies

for hazard characterization and dose-response assessment.

4.2. Expanded consideration of the mechanistic database

Mechanistic data were considered as part of the WOE  analy-

sis for the 2011 TCE assessment [87]. However, those data did not

provide a  linkage to the developmental pathways and processes

responsible for observed cardiac defects. Further consideration

of data identified in the literature search and the MGI database

motivated exploration of the potential for identifying a  prelim-

inary conceptual model of an AOP framework. It was proposed

that an AOP anchored to the primary dysmorphologies associated

with gestational TCE, DCA, and TCA exposure (i.e., valvulo-septal

defects, muscular and membranous ventral septal defects, and

pulmonary and aortic stenosis) might identify key events and rela-

tionships. In this construct, the vulnerable period is defined by

endocardial morphogenesis. Endothelial–mesenchyme transition

(EMT) is disrupted in the area of the atrioventricular canal, lead-

ing to septal defects. Studies in knockout mice have suggested the

possible disruption of genetic signals and response by TCE expo-

sure during cardiac development. Candidate genes have implicated

pathways such as TGF-beta signaling, ephrin signaling, Notch sig-

naling, the VEGF pathway, and RXR signaling. Potential molecular

initiating events may involve a  cellular initiation of vascular inflam-

matory signals, perhaps through an LXR/RXR-mediated effect on

cholesterol homeostasis, vulnerability to reactive oxygen species

or disruption of the downstream consequences of VEGF signal-

ing. Although these hypothetical initiating events have not yet

been experimentally investigated, the disruption of EndMT is well-

supported as a  potential key event in valvulo-septal defects induced

by TCE exposures. Even at this preliminary stage of AOP develop-

ment, the potential construct provides support for the biological

plausibility of TCE exposures resulting in cardiac defects, and it

is a  significant achievement in defining research needs. Further
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research can provide opportunities to improve understanding of

the mechanism, including exploring linkages between proposed

AOPs for molecular targets and cellular processes underlying early

heart development, and using alternative experimental models and

methods to evaluate effects of TCE and its metabolites.

4.3. Documentation of the WOE  evaluation (evidence integration)

A structured approach to  the WOE evaluation for both epidemi-

ological and toxicological hazard was conducted according to  the

precepts of a published EPA evidence integration framework [86]

that is based upon criteria established by Hill [43].  The hypothesis-

based evidence for stronger and weaker weight of association was

summarized and evaluated.

Overall, the WOE supported the conclusion that TCE exposure at

sufficient doses during prenatal development has the potential to

cause cardiac defects in humans. In Johnson et al. [51],  the lowest

dose to rats that resulted in these outcomes was 0.048 mg/kg-day

TCE in drinking water.

This conclusion is based upon multiples lines of evidence:

• Epidemiological studies that identified a clear association

between cardiac defects and maternal TCE exposures via vapor

intrusion [29] and limited evidence for an association of TCE, or

TCE in combination with other solvents, in drinking water (Bove

[8]/Bove et al. [9]).
• Toxicology studies with TCE from one laboratory [51,20] that

identified treatment and dose-related defects in cardiac devel-

opment in rats following maternal drinking water exposures,

although study design and reporting deficiencies were noted, and

other laboratories were unable to replicate the findings using

different routes of exposure [15,28].
• Toxicology studies with metabolites of TCE from two  laboratories

that observed defects in cardiac development in rats after mater-

nal high-dose gavage or drinking water exposure to DCA [79,27]

or TCA [78,49].
• In ovo studies from two laboratories [72,23,24,57] that found

defects in cardiac structure or function in chicken embryos result-

ing from low-dose TCE exposures that disrupted valvulo-septal

development (a process highly conserved across species, includ-

ing humans)
• In vitro assays (whole embryo culture studies) from two laborato-

ries that identified alterations in cardiac development with high

doses of TCE [60] or its metabolites DCA and TCA [44] exposures

to chicken or mouse embryos, respectively.
• Mechanistic data, including a putative AOP construct, that is con-

sistent with the potential for TCE to  cause cardiac defects and

supports the biological plausibility of an effect on cardiac devel-

opment with exposure to  TCE.

The evidence was characterized as “Sufficient Experimental Ani-

mal  Evidence” and “Limited Human Evidence” in accordance with

the Guidelines for Developmental Toxicity Risk Assessment [85].

4.4. Extended characterization of the dose-response modeling

The dose-response relationship for cardiac defects in the John-

son et al. [51] study is robust and statistically significant. The study

design is unusual when compared with standard guideline devel-

opmental toxicology protocols. Treated and concurrent control

animals were evaluated over a  6-year period, there was  a  temporal

gap between the 2 lower dose groups and the 2 higher dose groups.

The possibility of increased variability among litters due to tempo-

ral drift and perhaps other factors across time (overdispersion), was

dealt with by using a  standard method for clustered data. The dose-

response trend was found to  be highly significant after adjusting

for overdispersion. Because the maximal observed response was

10%, models with plateaus of less than 100% were investigated and

were found to not substantially change the general conclusions and

results. Confidence in the dose-response relationship is supported

by the increasing trend in response and by metabolite studies that

demonstrate findings at higher dose levels. Despite uncertainties in

the dose-response analysis, the use of the Johnson et al. [51] study

for dose-response assessment remains a  reasonable choice.
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βυτ�ωιση�ψου�ωελλ�ιν�τηεσε�χηαλλενγινγ�δαψσ.�

�

Ρεγαρδσ,�Βαρβαρα�Αββοττ�

�

�

Σεντ�φροm�ΑΤ&Τ�Ψαηοο�Μαιλ�ον�Ανδροιδ�

�

Ον Τηυ, Απρ 23, 2020 ατ 1:45 ΠΜ, Μακρισ, Συσαν 
<Μακρισ.Συσαν≅επα.γοϖ> ωροτε: 

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

��

��

��

Χοαυτηορσ�

��

��

Περχεντ�

Χοντριβυτιον�

��

��

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

��

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� �� �� ��

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� �� �� ��

ϑοην�Φοξ�(Ε)� 8� �� �� ��

Τηοmασ�Β.�Κνυδσεν� 8� �� �� ��

Ανδρεω�Κ.�Ηοτχηκισσ� 8� �� �� ��

Ξαβιερ�Αρζυαγα� 8� �� �� ��

Συσαν�Ψ.�Ευλινγ� 8� �� �� ��

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� �� �� ��

ϑεννιφερ�ϑινοτ�(Ρ)� 5� �� �� ��

Καρεν�Α.�Ηογαν�(Ε)� 5� �� �� ��



2

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� �� �� ��

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� �� �� ��

Μιχηαελ�Γ.�Ναροτσκψ� 8� �� �� ��

Τοταλ� 100� �� �� ��

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

��

��

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

��



1

Μακρισ, Συσαν

Φροm: Αρζυαγα, Ξαβιερ

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 2:34 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι Συε,  
Τηανκ ψου ϖερψ mυχη φορ οργανιζινγ τηισ.  Ι αγρεε ωιτη τηε περχεντ χοντριβυτιον.  Αλσο, Ι ηαϖε νοτ βεεν 
νοmινατεδ φορ αν ΣΤΑΑ αωαρδ, βυτ Εριν ισ αλσο συβmιττινγ τηε DΙΒΠ παπερ ανδ Ι αm α χο−αυτηορ ον 
τηατ παπερ.  Τηανκσ! 
Ξαβιερ 
 
 

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�
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Ε�=�εmεριτυσ�

�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: Ευλινγ, Συσαν

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 2:58 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Τηανκ�ψου�φορ�ψουρ�ηαρδ�ωορκ�ον�τηε�αππλιχατιον.��

�

Ι�αγρεε�ωιτη�τηε�περχενταγε�ανδ�Ι�δο�νοτ�τηινκ�Ι�ωασ�παρτ�οφ�α�ΣΤΑΑ�αωαρδ�ιν�τηε�λαστ�5�ψεαρσ.�

�

Συε�

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�
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�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: Ηογαν, Καρεν

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 1:56 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι�Συε,�Γρεατ�τηατ�τηε�παπερ�ισ�ελιγιβλε!��Ι�αγρεε�ωιτη�ηαϖινγ�τηε�λοωεστ�περχεντ�χοντριβυτιον,�ανδ�ωουλδ�τακε�α�λοωερ�

αmουντ�σο�τηατ�τηε�λεαδ�αυτηορ�γετσ�mορε�αππροπριατε�χρεδιτ,�βυτ�ασσυmε�τηατ�5%�ισ�τηε�λοωεστ�οπτιον.�

Τηανκσ�φορ�τακινγ�τηισ�ον,�

Καρεν�

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� Ψεσ� Νο� Νο�

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�
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1

Μακρισ, Συσαν

Φροm: Ηοτχηκισσ, Ανδρεω

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 3:35 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι�Συε,��

�

Ι�ηοπε�αλλ�ισ�ωελλ�ωιτη�ψου.��Σεεmσ�λικε�φορεϖερ�σινχε�ωε�ηαϖε�βεεν�αβλε�το�χατχη�υπ.���

�

Τηανκσ�φορ�συβmιττινγ�τηισ.��Ι�αm�φινε�ωιτη�ωηατ�ψου�λιστ�βελοω�ανδ,�το�mψ�κνοωλεδγε,�τηισ�ανδ�τηε�πητηαλατε�

ΣΤΑΑ�αρε�τηε�ονλψ�ΣΤΑΑσ�Ι�ηαϖε�βεεν�νοmινατεδ�φορ�ιν�τηε�λαστ�5�ψεαρσ.��

�

Βεστ�ρεγαρδσ,�

Ανδρεω��

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �
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Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�

�
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202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�
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Μακρισ, Συσαν

Φροm: Ηυντερ, Σιδ

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 1:51 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Γοοδ�Μορνιν��

8%ρ�Ι�αγρεε�

Νο�ΣΤΑΑ�νοmινατιονσ�

ΤΗΑΝΚ�ΨΟΥ�φορ�δοινγ�τηισ!�

σιδ�

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�
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�

�
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Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: ϑεννιφερ ϑινοτ <ϕϕινοτ≅ηοτmαιλ.χοm>

Σεντ: Φριδαψ, Απριλ 24, 2020 9:20 ΑΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: Ρε: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι,�Συε.�Ηοπε�ψου∋ρε�δοινγ�ωελλ.�Ι�αm�φινε�ωιτη�τηε�χοντριβυτιον.�Ανδ,�σορρψ,�Ι�δον∋τ�ρεχαλλ�ωηετηερ�ορ�νοτ�Ι�ωασ�

νοmινατεδ�φορ�ορ�αωαρδεδ�αν�σταα�αωαρδ�ιν�τηε�παστ�5�ψεαρσ.�Ιτ∋σ�ποσσιβλε,�βυτ�Ι∋m�νοτ�συρε.�Dεφινιτελψ�νοτ�ιν�τηε�παστ�τωο�

ανδ�α�ηαλφ�ψεαρσ!�Βυτ�βεψονδ�τηατ�Ι�δον∋τ�ρεmεmβερ.�Τηανκσ�φορ�αττεmπτινγ�τηισ!�Ανδ�τακε�χαρε.��ϕϕ�

�

Γετ�Ουτλοοκ�φορ�Ανδροιδ�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>�

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45:16�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ�<αββοττ.βαρβαρα≅αττ.νετ>;�

ϕϕινοτ≅ηοτmαιλ.χοm�<ϕϕινοτ≅ηοτmαιλ.χοm>�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον��

��

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

��

��

��

Χοαυτηορσ�

��

��

Περχεντ�

Χοντριβυτιον�

��

��

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

��

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� �� �� ��

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� �� �� ��

ϑοην�Φοξ�(Ε)� 8� �� �� ��

Τηοmασ�Β.�Κνυδσεν� 8� �� �� ��

Ανδρεω�Κ.�Ηοτχηκισσ� 8� �� �� ��

Ξαβιερ�Αρζυαγα� 8� �� �� ��

Συσαν�Ψ.�Ευλινγ� 8� �� �� ��

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� �� �� ��

ϑεννιφερ�ϑινοτ�(Ρ)� 5� �� �� ��

Καρεν�Α.�Ηογαν�(Ε)� 5� �� �� ��

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� �� �� ��

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� �� �� ��

Μιχηαελ�Γ.�Ναροτσκψ� 8� �� �� ��

Τοταλ� 100� �� �� ��

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�
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Ε�=�εmεριτυσ�

��

��

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

��



Φροm: ϑοην Φοξ

Το: Μακρισ, Συσαν

Συβϕεχτ: Ρε: ΣΤΑΑ αωαρδ αππλιχατιον

Dατε: Φριδαψ, Απριλ 24, 2020 2:02:29 ΠΜ

Σορρψ, ι οϖερλοοκεδ τηε θυεστιονσ! 
Μορε φορmαλιν: 

1) ιφ ψου αγρεε ωιτη τηε περχεντ χοντριβυτιον ασσιγνεδ το ψου,

ΨΕΣ

2) ωηετηερ ψου ηαϖε βεεν νοmινατεδ φορ ορ ηαϖε ωον α ΣΤΑΑ αωαρδ ωιτηιν τηε παστ 5 ψεαρσ.

ΝΟ

_________________________
Ον Φριδαψ, Απριλ 24, 2020, 12:57:42 ΠΜ ΕDΤ, Μακρισ, Συσαν <mακρισ.συσαν≅επα.γοϖ> ωροτε:

Ηι ϑοην, Τηανκσ φορ τηε ινφο, ανδ φορ τηε λεϖιτψ!  Βυτ χουλδ ψου αλσο πλεασε ρεσπονδ το mψ εmαιλ mορε

φορmαλλψ ανδ σπεχιφιχαλλψ ανσωερ τηε 2 θυεστιονσ, σινχε ψουρ ρεσπονσε ισ νεεδεδ ασ δοχυmεντατιον φορ τηε

νοmινατιον προχεσσ.  Wε χαν χατχη υπ αγαιν λατερ!  Συε

Συσαν Μακρισ

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ, 1200 Πεννσψλϖανια Αϖε. ΝW, Μαιλχοδε 8623Ρ, Wασηινγτον, DΧ 20460

202−564−7332 (Ο), 202−697−2621 (Μ), 202−564−0296 (Φ), mακρισ.συσαν≅επα.γοϖ

Χουριερ αδδρεσσ: Ροναλδ Ρεαγαν Βλδγ., 1300 Πεννσψλϖανια Αϖε. ΝW, Ρm 71280, Wασηινγτον, DΧ 20004



Φροm: Μακρισ, Συσαν 

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 1:45 ΠΜ

Το: Ευλινγ, Συσαν <Ευλινγ.Συσαν≅επα.γοϖ>; Ηοτχηκισσ, Ανδρεω <Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;

Αρζυαγα, Ξαβιερ <Αρζυαγα.Ξαβιερ≅επα.γοϖ>; Κνυδσεν, Τηοmασ <Κνυδσεν.Τηοmασ≅επα.γοϖ>; Ηυντερ,

Σιδ <Ηυντερ.Σιδ≅επα.γοϖ>; Ναροτσκψ, Μιχηαελ <Ναροτσκψ.Μιχηαελ≅επα.γοϖ>; Παρσονσ, Χηριστψ

<Παρσονσ.Χηριστψ≅επα.γοϖ>; Φοξ, ϑοην <Φοξ.ϑοην≅επα.γοϖ>; Ηογαν, Καρεν

<Ηογαν.Καρεν≅επα.γοϖ>; αββοττ.βαρβαρα≅αττ.νετ; ϕϕινοτ≅ηοτmαιλ.χοm

Συβϕεχτ: ΣΤΑΑ αωαρδ αππλιχατιον

Γρεετινγσ εστεεmεδ χοαυτηορσ!   Ουρ πυβλιχατιον ον �Α σψστεmατιχ εϖαλυατιον οφ τηε ποτεντιαλ εφφεχτσ οφ

τριχηλοροετηψλενε εξποσυρε ον χαρδιαχ δεϖελοπmεντ�, πυβλισηεδ ιν 2016, ισ στιλλ ελιγιβλε το βε νοmινατεδ φορ

α ΣΤΑΑ αωαρδ.  Ι πλαν το συβmιτ τηε αωαρδ νοmινατιον βψ τηε Απρ 30 δεαδλινε.  Ι προποσε τηε φολλοωινγ

περχεντ χοντριβυτιονσ.   Πλεασε ρεσπονδ το τηισ εmαιλ ΑΣΑΠ, ανδ ινδιχατε 1) ιφ ψου αγρεε ωιτη τηε περχεντ

χοντριβυτιον ασσιγνεδ το ψου, ανδ 2) ωηετηερ ψου ηαϖε βεεν νοmινατεδ φορ ορ ηαϖε ωον α ΣΤΑΑ αωαρδ

ωιτηιν τηε παστ 5 ψεαρσ.  Τηανκ ψου ιν αδϖανχε φορ ψουρ προmπτ αττεντιον το τηισ τασκ!  Συε

Χοαυτηορσ Περχεντ

Χοντριβυτιον

Αγρεε ω/%

(Ψεσ/Νο)

Νοmινατεδ φορ

ΣΤΑΑ αωαρδ

ιν παστ 5 ψρσ

(Ψεσ/Νο)

Wον ΣΤΑΑ

αωαρδ ιν παστ

5 ψρσ

(Ψεσ/Νο)

Συσαν Λ. Μακρισ 13

Χηερψλ Σιεγελ Σχοττ (D) 8

ϑοην Φοξ (Ε) 8

Τηοmασ Β. Κνυδσεν 8

Ανδρεω Κ. Ηοτχηκισσ 8

Ξαβιερ Αρζυαγα 8

Συσαν Ψ. Ευλινγ 8

Χηριστινα Μ. Ποωερσ

(Παρσονσ)

5

ϑεννιφερ ϑινοτ (Ρ) 5

Καρεν Α. Ηογαν (Ε) 5

Βαρβαρα D. Αββοττ (Ρ) 8

Ε. Σιδνεψ Ηυντερ, ΙΙΙ 8

Μιχηαελ Γ. Ναροτσκψ 8

Τοταλ 100

D = δεχεασεδ

Ρ = ρετιρεδ

Ε = εmεριτυσ



Συσαν Μακρισ

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ, 1200 Πεννσψλϖανια Αϖε. ΝW, Μαιλχοδε 8623Ρ, Wασηινγτον, DΧ 20460

202−564−7332 (Ο), 202−697−2621 (Μ), 202−564−0296 (Φ), mακρισ.συσαν≅επα.γοϖ

Χουριερ αδδρεσσ: Ροναλδ Ρεαγαν Βλδγ., 1300 Πεννσψλϖανια Αϖε. ΝW, Ρm 71280, Wασηινγτον, DΧ 20004



1

Μακρισ, Συσαν

Φροm: Κνυδσεν, Τηοmασ

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 3:17 ΠΜ

Το: Μακρισ, Συσαν; Ευλινγ, Συσαν; Ηοτχηκισσ, Ανδρεω; Αρζυαγα, Ξαβιερ; Ηυντερ, Σιδ; Ναροτσκψ, Μιχηαελ; 

Παρσονσ, Χηριστψ; Φοξ, ϑοην; Ηογαν, Καρεν; αββοττ.βαρβαρα≅αττ.νετ; ϕϕινοτ≅ηοτmαιλ.χοm

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Συε,�

�

Σεε�βοξ�βελοω�

Γοοδ�λυχκ!�

�

Τηοmασ Β. Κνυδσεν, ΠηD 
Dεϖελοπmενταλ Σψστεmσ Βιολογιστ 
Χοmπυτατιοναλ Τοξιχολογψ ανδ Βιοινφορmατιχσ Βρανχη 
Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον 
Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε 
Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ 
Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ 

ΤΕΛ: 919−541−9776 
ΧΕΛΛ: 919−698−4308 
ΕΜΑΙΛ: κνυδσεν.τηοmασ≅επα.γοϖ 
Ιφ Ι αm νοτ τηε Φεδεραλ Χοντραχτινγ Οφφιχερ ορ Ρεπρεσεντατιϖε (ΧΟ/ΧΟΡ) ον ψουρ χοντραχτ πλεασε DΟ ΝΟΤ χονσιδερ τηισ τεχηνιχαλ 
διρεχτιον (ΤD). Ανψ ΤD ωιλλ βε φορmαλλψ ιδεντιφιεδ ανδ/ορ δοχυmεντεδ φροm ψουρ ΧΟ ορ ΧΟΡ. 

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� Ψεσ� Ψεσ� Ψεσ�

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �



2

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: Μακρισ, Συσαν

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 7:35 ΑΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΦW: ΣΤΑΑ αωαρδ αππλιχατιον

Ι�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�οφ�13%.��Ι�ηαϖε�νοτ�βεεν�νοmινατεδ�φορ�ορ�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�6�

ψεαρσ.��Συσαν�Μακρισ�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�

Φροm:�Μακρισ,�Συσαν��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�



2

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: Ναροτσκψ, Μιχηαελ

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 2:12 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι�Συε,�

�

Τηανκ�ψου�φορ�δοινγ�τηισ!�

�

Ι�m�φινε�ωιτη�τηε�περχεντ�χοντριβυτιονσ.��Ι�ωον�(αλονγ�ωιτη�18�χοαυτηορσ)�α�Λεϖελ�ΙΙΙ�ΣΤΑΑ�ιν�2016.��Ι�φιλλεδ�ιν�τηε�ταβλε�

βελοω.�

�

Ι�ωιλλ�κεεπ�mψ�φινγερσ�χροσσεδ�(εξχεπτ�ωηεν�ωασηινγ�ηανδσ)!�

�

Αλλ�τηε�βεστ,�

Μικε�

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�23�Απριλ,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� � � �

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� � � �

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �
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Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� Ψεσ� Ψεσ� Ψεσ�

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�



1

Μακρισ, Συσαν

Φροm: Παρσονσ, Χηριστψ

Σεντ: Τηυρσδαψ, Απριλ 23, 2020 4:00 ΠΜ

Το: Μακρισ, Συσαν

Συβϕεχτ: ΡΕ: ΣΤΑΑ αωαρδ αππλιχατιον

Ηι�Συε,�

�

Wονδερφυλ�το�ηεαρ�φροm�ψου�ανδ�τηανκσ�ϖερψ�mυχη�φορ�ψουρ�ωορκ�το�νοmινατε�τηισ�πυβλιχατιον.��

�

Μψ�ρεσπονσεσ�αρε�ιν�τηε�ταβλε�βελοω.�

�

Ηοπε�ψου�αρε�δοινγ�ωελλ�ανδ�σταψινγ�ηεαλτηψ���

Χηριστψ��

�

Φροm:�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�3:17�ΠΜ�

Το:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>;�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�

<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΡΕ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Συε,�

�

Σεε�βοξ�βελοω�

Γοοδ�λυχκ!�

�

Τηοmασ Β. Κνυδσεν, ΠηD 
Dεϖελοπmενταλ Σψστεmσ Βιολογιστ 
Χοmπυτατιοναλ Τοξιχολογψ ανδ Βιοινφορmατιχσ Βρανχη 
Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον 
Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε 
Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ 
Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ 
ΤΕΛ: 919−541−9776 
ΧΕΛΛ: 919−698−4308 
ΕΜΑΙΛ: κνυδσεν.τηοmασ≅επα.γοϖ 
Ιφ Ι αm νοτ τηε Φεδεραλ Χοντραχτινγ Οφφιχερ ορ Ρεπρεσεντατιϖε (ΧΟ/ΧΟΡ) ον ψουρ χοντραχτ πλεασε DΟ ΝΟΤ χονσιδερ τηισ τεχηνιχαλ 
διρεχτιον (ΤD). Ανψ ΤD ωιλλ βε φορmαλλψ ιδεντιφιεδ ανδ/ορ δοχυmεντεδ φροm ψουρ ΧΟ ορ ΧΟΡ. 

�

Φροm:�Μακρισ,�Συσαν�<Μακρισ.Συσαν≅επα.γοϖ>��

Σεντ:�Τηυρσδαψ,�Απριλ�23,�2020�1:45�ΠΜ�

Το:�Ευλινγ,�Συσαν�<Ευλινγ.Συσαν≅επα.γοϖ>;�Ηοτχηκισσ,�Ανδρεω�<Ηοτχηκισσ.Ανδρεω≅επα.γοϖ>;�Αρζυαγα,�Ξαβιερ�

<Αρζυαγα.Ξαβιερ≅επα.γοϖ>;�Κνυδσεν,�Τηοmασ�<Κνυδσεν.Τηοmασ≅επα.γοϖ>;�Ηυντερ,�Σιδ�<Ηυντερ.Σιδ≅επα.γοϖ>;�

Ναροτσκψ,�Μιχηαελ�<Ναροτσκψ.Μιχηαελ≅επα.γοϖ>;�Παρσονσ,�Χηριστψ�<Παρσονσ.Χηριστψ≅επα.γοϖ>;�Φοξ,�ϑοην�

<Φοξ.ϑοην≅επα.γοϖ>;�Ηογαν,�Καρεν�<Ηογαν.Καρεν≅επα.γοϖ>;�αββοττ.βαρβαρα≅αττ.νετ;�ϕϕινοτ≅ηοτmαιλ.χοm�

Συβϕεχτ:�ΣΤΑΑ�αωαρδ�αππλιχατιον�

�

Γρεετινγσ�εστεεmεδ�χοαυτηορσ!���Ουρ�πυβλιχατιον�ον��Α�σψστεmατιχ�εϖαλυατιον�οφ�τηε�ποτεντιαλ�εφφεχτσ�οφ�

τριχηλοροετηψλενε�εξποσυρε�ον�χαρδιαχ�δεϖελοπmεντ�,�πυβλισηεδ�ιν�2016,�ισ�στιλλ�ελιγιβλε�το�βε�νοmινατεδ�φορ�α�ΣΤΑΑ�



2

αωαρδ.��Ι�πλαν�το�συβmιτ�τηε�αωαρδ�νοmινατιον�βψ�τηε�Απρ�30�δεαδλινε.��Ι�προποσε�τηε�φολλοωινγ�περχεντ�

χοντριβυτιονσ.���Πλεασε�ρεσπονδ�το�τηισ�εmαιλ�ΑΣΑΠ,�ανδ�ινδιχατε�1)�ιφ�ψου�αγρεε�ωιτη�τηε�περχεντ�χοντριβυτιον�ασσιγνεδ�το�

ψου,�ανδ�2)�ωηετηερ�ψου�ηαϖε�βεεν�νοmινατεδ�φορ�ορ�ηαϖε�ωον�α�ΣΤΑΑ�αωαρδ�ωιτηιν�τηε�παστ�5�ψεαρσ.��Τηανκ�ψου�ιν�

αδϖανχε�φορ�ψουρ�προmπτ�αττεντιον�το�τηισ�τασκ!��Συε�

�

�

�

Χοαυτηορσ�

�

�

Περχεντ�

Χοντριβυτιον�

�

�

Αγρεε�ω/%�

(Ψεσ/Νο)�

Νοmινατεδ�φορ�

ΣΤΑΑ�αωαρδ�ιν�

παστ�5�ψρσ�

(Ψεσ/Νο)�

�

Wον�ΣΤΑΑ�

αωαρδ�ιν�παστ�5�

ψρσ�(Ψεσ/Νο)�

Συσαν�Λ.�Μακρισ� 13� � � �

Χηερψλ�Σιεγελ�Σχοττ�(D)� 8� � � �

ϑοην�Φοξ�(Ε)� 8� � � �

Τηοmασ�Β.�Κνυδσεν� 8� Ψεσ� Ψεσ� Ψεσ�

Ανδρεω�Κ.�Ηοτχηκισσ� 8� � � �

Ξαβιερ�Αρζυαγα� 8� � � �

Συσαν�Ψ.�Ευλινγ� 8� � � �

Χηριστινα�Μ.�Ποωερσ�(Παρσονσ)� 5� Ψεσ� Νο� Νο��

ϑεννιφερ�ϑινοτ�(Ρ)� 5� � � �

Καρεν�Α.�Ηογαν�(Ε)� 5� � � �

Βαρβαρα�D.�Αββοττ�(Ρ)� 8� � � �

Ε.�Σιδνεψ�Ηυντερ,�ΙΙΙ� 8� � � �

Μιχηαελ�Γ.�Ναροτσκψ� 8� � � �

Τοταλ� 100� � � �

D�=�δεχεασεδ�

Ρ�=�ρετιρεδ�

Ε�=�εmεριτυσ�

�

�

Συσαν�Μακρισ�

ΥΣΕΠΑ/ΟΡD/ΧΠΗΕΑ,�1200�Πεννσψλϖανια�Αϖε.�ΝW,�Μαιλχοδε�8623Ρ,�Wασηινγτον,�DΧ�20460�

202ρ564ρ7332�(Ο),�202ρ697ρ2621�(Μ),�202ρ564ρ0296�(Φ),�mακρισ.συσαν≅επα.γοϖ�

Χουριερ�αδδρεσσ:�Ροναλδ�Ρεαγαν�Βλδγ.,�1300�Πεννσψλϖανια�Αϖε.�ΝW,�Ρm�71280,�Wασηινγτον,�DΧ�20004�

�
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-135

Research Category Primary: Monitoring and Measurement Methods (MM)

Research Category Secondary: Transport and Fate (TF)

Laboratory/Office Name: ORD

Nomination Entered By: Richard Zepp
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[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Timothy Watkins

Nominating Official Title: DIRECTOR, NERL

Nominating OfficialEmail: watkins.tim@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

The nomination is related to one of the EPA Administrator’s Core Mission Objectives which is to “ensure new and

existing chemicals and pesticides are reviewed for their potential risks to human health and the environment and actions

are taken when necessary”. From the regulatory perspective many engineered nanomaterials (ENMs) are regarded as

“chemical substances” under the Toxic Substances Control Act (TSCA). EPA’s mission includes evaluation of ENMs

prior to their use by EPA’s Office of Pollution Prevention and Toxics (OPPT). Thus, EPA is required to gather

information about these materials including exposure and release information.  The evaluations of these commercial

submissions examine consumer exposures to ENMs, where both hard data and exposure models are largely absent or

inapplicable.   For these reasons this nomination includes particularly useful evaluations relevant to EPA’s mission. This

STAA nomination contributes to EPA’s CSS research on monitoring and modeling of environmental release of ENMs and

its assessment of human and ecological exposures to ENMs. In addition, the research contributes to the US National

Nanotechnology Initiative (NNI) which helps coordinate US government research on engineered nanomaterials

(ENMs). EPA plays a key role in the NNI research on environmental health and safety of ENMs. The research described

in this STAA application was highlighted as one of the products to be delivered by ORD from the FY19 CSS Emerging

Materials and Technology research in this area. This work is also directly relevant to the current research and regulatory

efforts of sister Agencies and Departments such as Consumer Products Safety Commission (CPSC), National Institute of

Occupational Safety and Health (NIOSH) and NIST who are also heavily engaged in evaluating human exposures to

ENMs.  

 

Our research effort focused on Graphene Oxide (GO) , a rapidly growing carbon nanomaterial. We used GO used to

develop generalizable approaches for research on this class of emerging chemicals. GO is an important precursor to

graphene, a one-atom thick, two-dimensional nanomaterial made of a special type of carbon that has received

unprecedented attention as a result of its fundamental properties and broad applications. The oxygen functionalities of GO

enhance dispersibility in the aqueous phase, making it suitable for biomedical applications in biosensor and drug carrier

materials and in environmental and energy applications such as photocatalysis or as sorbents for toxic pollutant removal

and water splitting.  Available results have shown that GO is more reactive in water than other carbon nanomaterials such

as carbon nanotubes. As a reactive nanomaterial, GO does not maintain its pristine form in the environment. For example,

reduction of GO to reduced graphene oxide (rGO) is one of its primary transformation pathways. Both GO and rGO are

transformed on exposure to sunlight, but rGO is much less reactive and thus builds up and persists in the environment.

One of the potential main pathways for transformations of these graphene derivatives involves reactions with reactive

oxygen species (ROS) produced by sunlight-induced photoreactions of natural substances such as the dissolved organic
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matter in lakes, rivers, and the ocean. This nomination provides creative new approaches for quantifying reactions of

graphene derivatives in aquatic environments with three ROS: hydroxyl radicals, singlet oxygen, and superoxide

radical anions.  Reactions mediated by ROS are generally referred to as “indirect” photoreactions. Current research

suggests that the reactivity of GO in indirect photoreactions may be crucial to regulating long-term exposure to rGO, the
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long-lived reduction product of GO. Our objectives here were to develop methods for quantifying the rates of reaction of

GO and rGO via these indirect pathways. The methods were used to provide data for simulations of the fate of GO and

other nanomaterials in aquatic environments using modeling tools such as WASP8.

 

Commercially available single-layer GO was used in the research. Reduced rGO was synthesized by irradiating a GO

dispersion in an Atlas Suntest CPS+ solar simulator. Both GO and rGO were dispersed in water by mild sonication then

irradiated in a solar simulator (equipped with 1 kW Xenon arc lamp) for different time intervals. The carbon contents of

GO and rGO dispersions were determined by measuring the dissolved organic carbon (DOC) which was used as the

concentration index. Reactive oxygen species were photoproduced and quantified using techniques that were developed in

our laboratory. Hydroxyl radicals were produced by photo-Fenton reaction in a rotating-turntable merry-go-round reactor

(MGRR) equipped with a Hanovia medium pressure mercury lamp and a temperature-controlled circulating water bath (25

± 2oC). The reaction samples contained Fe(ClO4)3, H2O2, and GO (or rGO) (~ 4 mg-C/L) at pH4.  Steady state

concentrations of OH radicals were measured by following reactions of the OH-probes p-chlorobenzoic acid or

terephthalic acid. The second order rate constant for reaction of GO or rGO with hydroxyl was determined by normalizing

the observed first-order rate constant for GO degradation to the OH concentration. Alternatively, competition kinetics

studies involving additions of hydroxyl scavengers (chemicals that react at well-defined rates with hydroxyl radicals) were

used to estimate second order rate constants for reaction of GO or rGO with hydroxyl).  Singlet oxygen, an excited form

of ordinary oxygen, was produced by irradiation of Rose Bengal as a photosensitizer.  Steady-state singlet oxygen 

concentrations were determined by dividing the pseudo-first-order decay rate of furfuryl alcohol (FFA, 0.1 mM) by its rate

constant for reaction with singlet oxygen. The second-order rate constant between GO and singlet oxygen was determined

by quantitation of the effects of added GO or rGO on the steady state singlet oxygen concentration. Superoxide anion was

produced by the chemical reaction between phenazine methosulfate and reduced-form -nicotinamide adenine dinucleotide

(NADH). Superoxide production was confirmed by formation of XTT (35 - 75 µM) formazan, a known product.  The

second-order rate constant of reaction of GA with superoxide was calculated by the inhibitory effect of GO or the

formation of XTT formazan.  This reaction was followed by changes in the absorbance of XTT formazan at 470 nm.

 

Major challenges in exposure assessment of graphene-based ENMs are their stability and susceptibility to different

reactive reagents in environment. This study provides new data and equations that apply to rates of sunlight-induced

transformations of GO and its reduced form, rGO, in water.  Although singlet oxygen is a widely-observed ROS produced

on sunlight-irradiation of the aquatic environment, our study demonstrated that reaction with singlet oxygen had a

negligible effect on transformation of GO with no effect on DOC, UV-vis spectra or particle size. In contrast, the results

indicated that hydroxyl radicals can quickly degrade not only GO, but also the less reactive rGO. The data show that rGO

has a similar reactivity to hydroxyl radical as GO.  Reaction with hydroxyl radicals resulted in mineralization of GO, with
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loss of color and formation of photoluminescent products.  Reaction with superoxide ions slightly reduced GO. Together,

these results suggest that an integrated understanding of ROS distribution and GO reactivity with ROS is needed to better

assess long-term exposure to GO and rGO. It may also prove valuable in designing GO or rGO in environmental

applications because high hydroxyl radical reactivity indicates stability of these types of nanomaterials cannot be

overlooked when used as catalysts or carriers.

 

To summarize, the methods developed by in this nominated research provide useful approaches for providing data that can

be used to predict the rates of transformations of graphene and other nanomaterials in aquatic environments. Importantly,

as risk is a function of the inherent hazards of a substance and the actual potential for exposure, data on transformation

dynamics from commercially relevant nanomaterials are a valuable starting point for consideration in fate and transport

modeling, exposure assessment, and risk assessment frameworks.  For example, water quality models such as WASP8.1

can use data and relationships from these studies for simulating the behavior of nanomaterials in aquatic environments and

WASP is one of the most widely used water quality models in the world.

 

 

 

 

Justification 2A:

N/A

Justification 2B:

 2019
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Richard Zepp. ““Sunlight-Driven Reduction of Silver Ions by Natural Organic
Matter.” 2019, Honorable Mention 

2018:

 

n/a

2017: 

Richard Zepp. “Understanding the fate and transport of human adenovirus in environmental

matrices.” 2017, Level I

 

Richard Zepp. “Measuring the impact of light exposure on transformations and aggregation of

emerging chemicals.” 2017, Level III

 

Richard Zepp. “Probing Photosensitization by Functionalized Carbon Nanotubes. “2017,

Honorable Mention

2016:

n/a
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2015:

Richard Zepp, “Photoreactivity of Unfunctionalized Single-Wall Carbon Nanotubes Involving

Hydroxyl Radical: Chiral Dependency and Surface Coating Effect”, 2015, Honorable Mention

2014:

Richard Zepp, “Release Characteristics of Selected Carbon Nanotube Polymer Composites”,

2014, Level III

Justification 2C:

The multipart nomination by Richard Zepp and co-workers. “Measuring the impact of light

exposure on transformations and aggregation of emerging chemicals.” 2017, Level III includes

discussion of direct photoreactions of graphene oxide. This earlier paper differed significantly

from the nominated Hsieh/Zepp paper which provides methods for measuring

concentrations of ROS, equations that describe the kinetics of reactions between ROS and

GO, and data for the rates of reaction of the ROS with GO and its reduction product, rGO

Justification 2D:

There is Supplemental Information submitted for the nomination by Hsieh and
Zepp, but this has not been previously used in any STAA nominations..

Justification 2E:

Zepp is a co-author on the nomination by Boyes et al "Comprehensive framework for

evaluating the environmental health and safety implications of engineered nanomaterials."
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This nomination is based on a review article that was published several years before the

paper by Hsieh and Zepp was published. It is a great review but there is little overlap

between the two papers.

Justification 3A:

The authors were invited to present talks on the material covered by nominated
paper at several national and international meetings during the 5-year period prior to
submission of this nomination:

Invited to a symposium on “Environmental Applications and Implications of
Graphene Based Nanomaterials” during the Environmental Chemistry
Division at the National Meeting of the American Chemical Society, Boston
in August 2015. Was lead speaker.
Invited to present this research at Johns Hopkins University on "Interactions
of Natural Organic Matter with Photochemical Reactions of Carbon
Nanoparticles in Aquatic Environments” in February 2016
Presented at the National American Chemical Society Meeting in San
Francisco, April 2017
Presented at the SETAC World Congress meeting, Orlando November 2016
Presented at the National American Chemical Society Meeting, Washington
DC August 2017
Presented at the Fall Meeting of the American Geophysical Union,
Wahington DC; December 2018
Presented at the National American Chemical Society Meeting in New
Orleans, March 2019
Invited to be presented at the National American Chemical Society Meeting
in Philadelphia March 2020; postponed until 2021 due to coronavirus
problem
Presented at UNEP meetings in New Zealand, September 2019 and Vermont
during September 2018

Justification 3B:
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The paper was reviewed and accepted for publication by three peer reviewers of
Environmental Science: Nano  a premier international journal that is one of the most
desirable publications for environmental research. Environmental Science: Nano 

has a high impact factor of 7.704, reflective of the quality of its external review
process. In addition, the research was subjected to peer review of papers and
discussions by the authors and other participants at the national and international
scientific meetings on nanomaterials and environmental science noted in Section
3A. The paper was internally reviewed for content and policy implications by Dr.
Tim Buckley, NERL/EMMD Director.

AUTHORS

Principal Author

Author Name: Richard G. Zepp

Professional Title: Salutation: Dr.

Email: zepp.richard@epa.gov Organization:

Mailing Address:

Street Line 1: 1270 Founders Lake Drive

City: Athens

Zip Code: 30606 State: GA

At time of research was: EPA Employee

Separation Date:

% of Effort: 50

Contributing Author
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Author Name: Hsin-Se Hsieh

Professional Title: Salutation: Dr.

Email: hsinse@gmail.com Organization:

Mailing Address:

Street Line 1:
No 3 Zhenping Lane, Erlin Township,
Changhua County, Taiwan, 52666

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 50

PUBLICATIONS

Publication 1:

Publication Title:
Reactivity of Graphene Oxide with Reactive Oxygen Species (Hydroxyl Radical,
Singlet Oxygen, and Sup

Publication Date: Tue Dec 01 00:00:00 GMT 2020

Journal/Publication
Method:

Environmental Science: Nano

All Author(s):

Volume: 6 Number: 12

Pages: 3734-3744
Immediately
Index:

Immediately
Index:

Citation ½ Life: 6.9 Impact Factor: 7.704

























1 

 

Supporting Information 1 

Reactivity of Graphene Oxide with Reactive Oxygen 2 

Species (Hydroxyl Radical, Singlet Oxygen, and 3 

Superoxide Anion) 4 

 5 

Ησιν−Σε Ησιεη�, Ριχηαρδ Ζεππ∗,�� 6 

 7 

 8 
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Ρεσεαρχη Dιϖισιον, Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ, Ατηενσ, Γεοργια 30605, Υνιτεδ Στατεσ 10 

��Νατιοναλ Εξποσυρε Ρεσεαρχη Λαβορατορψ, Εχοσψστεm Ρεσεαρχη Dιϖισιον, Υ.Σ. Ενϖιρονmενταλ 11 

Προτεχτιον Αγενχψ, Ατηενσ, Γεοργια 30605, Υνιτεδ Στατεσ 12 

∗Χορρεσπονδινγ αυτηορ.  Πηονε: (706)355−8117. Ε−mαιλ: ζεππ.ριχηαρδ≅επα.γοϖ 13 

Παγεσ: 13 14 

Φιγυρεσ: Σ1−Σ9 15 

 16 
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Χηεmιχαλσ 17 

    Ιρον(ΙΙΙ) περχηλορατε ηψδρατε (<0.005% Χλ−), ροσε βενγαλ (ΡΒ, 92%), φυρφυρψλ αλχοηολ (ΦΦΑ, 18 

98%), 4−χηλοροβενζοιχ αχιδ (πΧΒΑ, 99%), τερεπητηαλιχ αχιδ (ΤΠΑ, 98%), 2−ηψδροξψτερεπητηαλιχ 19 

αχιδ (ΗΤΑ, 97%), ποτασσιυm ηψδρογεν πητηαλατε (99.95%), Ν,Ν−διετηψλ−π−πηενψλενεδιαmινε 20 

συλφατε σαλτ (DΠD, 98%), 1,10−Πηεναντηρολινε (99%), �−Νιχοτιναmιδε αδενινε δινυχλεοτιδε 21 

ρεδυχεδ δισοδιυm σαλτ ηψδρατε (ΝΑDΗ, 97%), πηεναζινε mετηοσυλφατε (ΠΜΣ, 90%), ΞΤΤ σοδιυm 22 

σαλτ (90%), Νιτροτετραζολιυm βλυε χηλοριδε (ΝΒΤ2+, 98%), ηορσεραδιση περοξιδασε (ΗΡΠ), 23 

συπεροξιδε δισmυτασε (ΣΟD) φροm βοϖινε ερψτηροχψτεσ ωερε οβταινεδ φροm Σιγmα−Αλδριχη (Στ. 24 

Λουισ, ΜΟ). Σοδιυm οξαλατε, ηψδρογεν περοξιδε (30%), ηψδροξψλαmινε ηψδροχηλοριδε (96%), 25 

Ποτασσιυm Πηοσπηατε Μονοβασιχ, ανδ Ποτασσιυm Πηοσπηατε Dιβασιχ ωερε πυρχηασεδ φροm Τηερmο 26 

Φισηερ Σχιεντιφιχ Ινχ. (Πιττσβυργη, ΠΑ). 27 

  28 
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Χοmπετιτιον Κινετιχσ φορ Συπεροξιδε Ανιον  29 

At pH 8, the 2 µM PMS-catalyzed oxidation of NADH to 16
→? followed pseudo-first-order 30 

kinetics, with a rate constant Γ∩≡ℑ of 0.255 min-1 in the presence of probe (NBT or XTT),  31 

0#&∗
⊃∅⊂〈⇒↵″∝≠1⇔⇔⇔⇔⇔⇔⇔.16→?                                        (1) 32 

The time-dependent 16
→? production rate and NADH concentration are expressed as  33 

2∪.
→7 Λ Φ ⋅>∩≡ℑ?

⋅
Λ Γ∩≡ℑ>0#&∗?                 (2) 34 

>0#&∗? Λ >0#∗&?4Α?⇒↵″∝≠                         (3) 35 

 36 

For the second-order reaction of 16
→? with XTT and GO, 37 

16
→? Ε :66 ��⇒⊃⊕⊕1⇔⇔.:66�(ΚΝΙ=ς=ϑ                     (4) 38 

16
→? Ε )1 ��⇒÷ℵ1⇔.2ΝΚ≅Θ?Π                                     (5) 39 

The total 16
→? scavenging rate and XTT formazan (MF) production rate are written as 40 

�Σ.
→7 Λ :�∴ΞΞ>���?Ε �ΚΣ>
�?;>16→??                     (6) 41 

2∅↵ Λ �∴ΞΞ>���?>16→??                                            (7) 42 

Φ ⋅>∇⊆⊆?
⋅

Λ Γ∇⊆⊆>:66?>16→??                                     (8) 43 

 44 

Using quasi-steady-state approximation (QSSA), 2∪.→7 Λ �Σ.
→7 45 

 τΓ∩≡ℑ>0#&∗? Λ :��∴ΞΞ>���?Ε �ΚΣ>
�?;>16→??           (9) 46 

>16→?? Λ 6⇒↵″∝≠>∩≡ℑ?
�ιΤΠΠ>∴ΞΞ?>ιΧΚ>ΚΣ?                                                 (10) 47 

Using >16→?? in eq 10, to substitute it in eq 7 48 

2∅↵ Λ :�ιΤΠΠ>∴ΞΞ?;:⇒↵″∝≠>∩≡ℑ?;
�ιΤΠΠ>∴ΞΞ?>ιΧΚ>ΚΣ?                                         (11) 49 
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The absorbance ratio of MF in the absence and presence of GO equals the integral of MF 50 

production rate, which could be simplified as eteq? 12: 51 

↵≡03,〈,

↵≡03,

Λ ⊃•〈,⋅

⊃•⋅
Λ :⇒ϑ=≅D>∩≡ℑ?;⋅

λκαΤΠΠ>ΤΠΠ?οκ√↵″∝≠>↵″∝≠?ο
�αΤΠΠ>ΤΠΠ?6αΧΚ>ΧΚ? π⋅

Λ :>∩≡ℑ?,¬7√↵″∝≠⇓;�⋅
ΦκαΤΠΠ>ΤΠΠ?ο:>↵″∝≠?,∠7√↵″∝≠⇓;

�αΤΠΠ>ΤΠΠ?6αΧΚ>ΧΚ? Γ⋅
          52 

↵≡03,〈,

↵≡03,

Λ :¬7√↵″∝≠⇓;�⋅
Φ :∠7√↵″∝≠⇓;

−6:αΧΚ>ΧΚ?��αΤΠΠ>ΤΠΠ?;Γ⋅
                    (12) 53 

in which >:66?>⋅ Λ >:66? Φ D⇒ϑ=≅D:>∩≡ℑ?,¬7√↵″∝≠⇓;
5>:ιΧΚ>ΚΣ?��ιΤΠΠ>∴ΞΞ?⇓; Ε≅Π by combining eq 8 and 10. 54 

 55 

Since there is only one unknown parameter, Γℵ∪, in each competition experiment for 16
→?, 56 

the Γℵ∪ value could be obtained from least square-fitting by minimizing the sum of squared error 57 

(SSE) ΕΗWΖΗΗΘ�ΣΥΗΓΛΦWΗΓ�DΘΓ�ΠΗDςΞΥΗΓ�∃470,0�∃470. 58 

  59 
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*S Supporting Information

ABSTRACT: A commercially available, 3D printer nanocomposite
filament of carbon nanotubes (CNTs) and acrylonitrile−butadiene−
styrene (ABS) was analyzed with respect to its VOC emissions during
simulated fused deposition modeling (FDM) and compared with a regular
ABS filament. VOC emissions were quantified and characterized under a
variety of conditions to simulate the thermal degradation that takes place
during FDM. Increasing the residence time and temperature resulted in
significant increases in VOC emissions, and the oxygen content of the
reaction gas influenced the VOC profile. In agreement with other studies,
the primary emitted VOC was styrene. Multiple compounds are reported
in this work for the first time as having formed during FDM, including 4-
vinylcyclohexene and 2-phenyl-2-propanol. Our results show that printing
222.0 g of filament is enough to surpass the reference concentration for inhalation exposure of 1 mg/m3 according to the EPA’s
Integrated Risk Information System (IRIS). The presence of CNTs in the filament influenced VOC yields and product ratios
through three types of surface interactions: (1) adsorption of O2 on CNTs lowers the available O2 for oxidation of primary
backbone cleavage intermediates, (2) adsorption of styrene and other VOCs to CNTs leads to surface-catalyzed degradation,
and (3) CNTs act as a trap for certain VOCs and prevent them from entering vapor emissions. While the presence of CNTs in
the filament lowered the total VOC emission under most experimental conditions, they increased the emission of the most
hazardous VOCs, such as α-methylstyrene and benzaldehyde. The present study has identified an increased risk associated with
the use of CNT nanocomposites in 3D printing.

■ INTRODUCTION

There is a growing concern over hazardous emissions from 3D
printers using fused deposition modeling (FDM) as they
become more affordable and enter more workplaces and
consumer households. Three-dimensional printers operate at
borderline temperatures of thermal degradation reactions for
polymer filament feedstock. Despite design efforts to limit
exposure, printing emissions are still a threat to user health.1

Emissions from FDM can be grouped into two categories:
particulate matter (PM) and gas-phase compounds. Particulate
matter emitted from 3D printers has been studied across a
variety of size ranges,2−10 including nanoparticle emis-
sion.11−15 Studies involving gas-phase compounds usually
concern volatile organic compounds (VOCs). While some
studies quantify total VOCs,3,7 there have been few attempts to
fully characterize and quantify VOC emissions.5,6,16,17

Acrylonitrile−butadiene−styrene (ABS) is a common
polymer used in FDM (Figure 1). Thermal degradation of
ABS has been studied in the past under conditions of
extrusion18 and incineration.19 Three-dimensional printing
filaments often contain additives to adjust their physicochem-
ical properties. Common additives include dyes, plasticizers,
stabilizers, wood particles, metal particles, and carbon

allotropes. Many of these additives can either degrade into
VOCs or contribute to their formation. The effects of many
filament additives on VOC emissions during FDM has not
been studied.
Nanocomposites consisting of carbon nanotubes (CNTs)

and a variety of polymers can be made with unique mechanical
and electrical properties.20,21 These CNT nanocomposites are
used with 3D printers to produce conductive electrical
components.22 Despite the increasing usage of CNT nano-

Received: February 4, 2019
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Accepted: March 15, 2019
Published: March 15, 2019

Figure 1. Typical structure of colinear ABS polymer.
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composites, their influence on hazardous VOC emissions
during FDM has not been investigated. The adsorptive
properties of CNTs have also been extensively studied on
VOCs,23 including aromatic species.24,25 A thorough under-
standing of the role CNTs play in VOC formation in thermal
processes is critical to limiting health risks to 3D printer users.
In this work, two commercially available 3D printer

filaments, consisting of an ABS−CNT nanocomposite and a
plain ABS, were subjected to thermal conditions that simulate
FDM. VOC emissions from the simulated printing were
quantified and characterized to determine the effect of CNT
addition on hazardous emissions.

■ MATERIALS AND METHODS

Three-dimensional printer filaments were purchased from
3DXTech. The ABS filament is from the standard ABS product
line, and the nanocomposite ABS−CNT filament is from the
3DXNano ESD product line. The ABS−CNT filament is
advertised to contain CNTs, but the concentration is not
reported. Quartz sample baskets were made in the LSU
Chemistry Department glass-blowing shop. Pure reference
standards used for quantification were purchased from Sigma-
Aldrich and dissolved in dichloromethane (DCM) to create
calibration curves. HPLC-grade DCM was purchased from
Fisher Scientific.
All degradation experiments were performed using the

System for Thermal Diagnostic Studies (STDS).26 The STDS
is a custom-built, modular instrument that has been previously
used to provide thermal conditions for combustion of various
waste components.27,28 A diagram for the STDS can be found
in the Supporting Information (Figure S1). The STDS consists
of a ceramic furnace and quartz reactor housed within a gas
chromatograph (GC) oven. Gas-phase compounds leaving the
reactor pass through a heated transfer line into the injection
port of a second GC where they are separated and detected by
a mass spectrometer (MS). The advantages of the STDS
include being a closed system with direct transfer of products
into the detection module, which minimizes sample loss and
increases detection sensitivity. Approximately 50−100 mg of
filament was weighed and placed in a quartz sample holder
basket (15 mm × 4 mm i.d.) above the heated reactor. For
pyrolysis experiments, the sample was purged with N2 at room
temperature for 3 min. The sample was then lowered into the
preheated reactor, and pyrolysis began. During reaction, the
second, analytical GC oven was kept at −60 °C to condense all
compounds that passed through the 280 °C transfer line. Gas
flow rate was set at each temperature to maintain a vapor
residence time in the reactor of approximately 0.2 s. After
reaction completion, the transfer line was removed from the
injection port of the second GC and analysis of the reaction
products began. Analysis of reaction products was conducted
using an Agilent 6890N GC equipped with a DB5-MS column
(30 m × 0.25 mm × 0.25 μm) and a 5973N MS with an
electron impact (EI) ion source set at 70 eV. The temperature
program was as follows: −60 °C initial temperature held for
0.5 min, followed by heating at a rate of 15 °C/min to 130 °C,
held for 1 min, heated to 225 °C at a rate of 25 °C/min, and
finally heated to 300 °C at 10 °C/min and held for 7 min,
giving a total runtime of 32.47 min. The GC inlet and MS
quadrupole temperatures were 280 and 150 °C, respectively.
The split/splitless inlet was set to a constant split flow of 10
mL/min. The carrier gas used was ultrahigh-purity helium
(UHP, 99.999%) at a constant column flow of 1.0 mL/min.

However, during sample collection, the flow of N2 through the
transfer line was high enough to increase the column flow to 2
mL/min or above, with the remainder going out the split vent.
The mass spectrometer was operated in total ion count mode
(TIC) over a mass scan range of 50−500 amu. Identification of
pyrolysis products was performed using the Wiley and NIST
libraries and by comparison of retention times with those of
purchased standard compounds. VOC emissions were
calculated by dividing the emitted mass of each VOC by the
mass of filament used in the experiment and reported as μg/g.
Additional information on the quantification methods and
method detection limits can be found in the Supporting
Information. Mass loss was calculated by weighing the filament
prior to reaction and dividing by the filament mass after
reaction.
Reaction conditions were selected to simulate common 3D

printer parameters. The manufacturer recommended printing
temperatures are 220−240 °C for the ABS filament and 230−
260 °C for the ABS−CNT filament. A printing temperature of
230 °C was selected for consistency between samples, but
users often change printing temperatures to alter printed
objects, and extruder nozzles are unlikely to heat uniformly. To
account for user preference and nozzle construction,
degradation experiments were also performed at 200 and 300
°C. The residence time in the heated area of the printer is
based on the feed rate of the filament and the length of the
extruder nozzle. Feed rate is often changed by the user to affect
the quality of the printed object. Residence times of 1 and 3
min were investigated. The design of 3D printer nozzles can
lead to oxygen-deprived conditions inside the nozzle where
melted filament is exposed to the highest temperatures. To
better understand the role of oxygen in the thermal
degradation of 3D printer filament, experiments were carried
out in both pyrolytic (N2) and oxidative (4% O2/N2)
conditions.

■ RESULTS AND DISCUSSION

Degradation Products. Thermogravimetric studies of
ABS polymer do not show any significant mass loss at
temperatures below 325 °C.29 Despite mass loss during these
experiments being very low (<1% for all experiments),
simulated FDM has yielded emissions of several VOCs. The
major components of VOC emissions from simulated 3D
printing are shown in Table 1, and their associated structures
are presented in Table S1. All of these compounds, except for
2,6-di-tert-butylquinone and 2,4-di-tert-butylphenol, have been

Table 1. Major Components of VOC Emissions from
Thermal Degradation of ABS 3D Printer Filament

compound source

4-vinylcyclohexene butadiene monomer dimerization

ethylbenzene polymer backbone cleavage

styrene unreacted monomer/backbone cleavage

isopropylbenzene polymer backbone cleavage

benzaldehyde oxidation of backbone cleavage intermediate

α-methylstyrene polymer backbone cleavage

tetramethylsuccinonitrile polymerization byproduct

acetophenone oxidation of backbone cleavage intermediate

2-phenyl-2-propanol oxidation of backbone cleavage intermediate

2,6-di-tert-butylquinone 2,4-di-tert-butylphenol degradation

2,4-di-tert-butylphenol polymer UV stabilizer

Environmental Science & Technology Article
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found in previous studies involving ABS incineration and
heated extrusion.18,19 Studies involving VOC emissions from
ABS filament have shown different compound profiles and
VOC concentrations obtained from similar filaments from
different manufacturers.5 The emitted VOCs in the current
experiments are likely the result of either desorption of
unreacted monomer from the polymer matrix or slow
degradation/depolymerization of the ABS polymer. In this
work, styrene comprises a significant portion of total VOC
emissions and justifies the assumption of trapped monomer as
the primary VOC emission. Tetramethylsuccinonitrile
(TMSN) and 2,4-di-tert-butylphenol, a polymerization by-

product and polymer stabilizer, respectively, are likely part of
the polymer synthesis process and volatilized during heating.
Other compounds, unlikely to be present in pristine polymer

material, were also detected. Ethylbenzene is the most
commonly reported styrene degradation product,5,6,11,16 but
in this work we also report 4-vinylcyclohexene, isopropylben-
zene, benzaldehyde, α-methylstyrene, acetophenone, and 2-
phenyl-2-propanol. Figure 2 presents proposed pathways to the
observed thermal degradation products of ABS at low
temperatures. On the basis of the proposed pathways, the
depolymerization process is initiated through the cleavage of
polymer backbone at β-carbons with respect to either phenyl
or nitrile groups. The VOC sources in Table 1 are inferred

Figure 2. Pathways of the low-temperature depolymerization of ABS filament. Solid arrows signify primary polymer backbone degradation
products. Dashed arrows signify secondary products formed by the oxygenation of primary products.

Figure 3. VOC emissions from thermal degradation of ABS and ABS−CNT composite. Experiment names are generated from the temperature +
residence time + reaction gas + filament type.
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from these pathways based on where cleavage occurred on the
polymer backbone and whether additional oxygen atoms have
been incorporated into their structure.
VOC Emission. Emissions for VOCs from different reaction

temperatures, residence times, and oxygen contents are shown
in Figure 3. Complete data tables are presented in the
Supporting Information (Table S2). Interestingly, some
oxygenated products were observed under pyrolytic conditions
such as acetophenone and benzaldehyde. This may suggest
that oxygen is adsorbed to the polymer matrix.
Role of Residence Time. For all measured conditions,

increasing the residence time from 1 to 3 min led to increased
yields of all observed products. As seen in Figure 3, the
increase in VOC emissions was not directly proportional to the
increase in residence time. For 200 and 230 °C, styrene
emission increased by an order of magnitude when increasing
the residence time from 1 to 3 min. At 300 °C, tripling the
residence time increased styrene emission by a factor of
approximately four. The significant increase in the effect of
residence time seen at lower temperatures could indicate that a
residence time of 1 min is too short for accurate analysis due to
the time needed for the filament to equilibrate to the reactor
temperature. Therefore, the results for experiments with a
residence time of 3 min are more accurate predictions of actual
printer emissions.
Role of Temperature. Extrusion temperature in 3D

printers is typically selected through a combination of user
preference and manufacturer suggestions. Extrusion temper-
ature both is the most commonly adjusted printing parameter
and had the most significant effect on VOC emissions. Across
all parameter combinations, higher temperature resulted in
higher yields of every individual VOC. Figure 4 compares
VOC emissions from ABS filament in pure N2 at 200, 230, and
300 °C for 3 min.

Acetophenone and α-methylstyrene were typically not
detected until 300 °C under pyrolytic conditions. However,
both acetophenone and α-methylstyrene were formed at 230
°C by the addition of O2 and CNTs, respectively. Despite
temperature having the greatest effect, no individual parameter
can be used to predict VOC emissions.

Role of Oxygen. Depending on the design of the extruder
nozzle, melted filament may be exposed to oxygen-deprived
conditions prior to exiting the nozzle into air. Thus, the
construction of extruder nozzles likely yields emissions that
include products formed under both oxidative and oxygen-
deprived conditions. The presence of oxygen in the reaction
gas led to lower levels of emitted styrene and certain
degradation products (Table S2), primarily those that do not
contain oxygen in their formula. This decrease in emission can
be explained by (1) oxidation of polymer decomposition
products to low molecular weight products not analyzed in this
study (CO, CO2, and compounds with less than six carbons)
and (2) increased formation of oxygen-containing acetophe-
none and benzaldehyde. Contrary to acetophenone and
benzaldehyde (Figure 2, Path B), 2-phenyl-2-propanol yield
(Figure 2, Path A) is not affected by addition of gas-phase O2.
This may indicate that polymer-adsorbed oxygen plays a key
role in Path A, while gas-phase O2 forms secondary products in
Path B.

Role of Carbon Nanotubes. Studies have indicated that
incorporation of single-walled CNTs into ABS decreases the
activation energy of thermal degradation by up to 6 kcal/
mol.30 The mechanism of this effect is not clear. The presence
of CNTs in the filament affected both the total VOC emission
and the VOC profile. Overall, addition of CNTs slightly
decreased the emissions of VOCs (Figure 3), except for the
sample treated at 300 °C/3 min/N2, which showed the highest
emission due to the drastically increased emission of UV
stabilizer 2,4-di-tert-butylphenol. Figure 5 shows emissions of
five VOCs that best exemplify the differences between ABS
and ABS−CNT filament degradation. Despite still being the
most prevalent VOC, styrene emissions decreased in the
presence of CNTs (Figure 5A) except for pyrolytic conditions
at 300 °C, where the difference between ABS and ABS−CNT
was insignificant.
The sum of the products of Path A decomposition (Figure

2) did not change significantly for the ABS−CNT samples;
however, the product distribution within this group was
altered. The formation of α-methylstyrene was increased
(Figure 5B), and 2-phenyl-2-propanol was significantly sup-
pressed (Figure 5C). This change in product ratio away from
oxygenated products is explained by a change in available
oxygen in the system, possibly due to strong adsorption of O2

on CNTs.
Figure 6 shows the VOC yields of Path A and Path B

products only, with the exclusion of styrene and benzaldehyde.
Styrene is not included in the Path B product sum to
compensate for the presence of unreacted monomer, and
benzaldehyde was removed due to only being formed at the
highest temperature. The similarities between Path A and Path
B after the removal of styrene and benzaldehyde, particularly in
the CNT-containing filament, leads to the conclusion that the
majority of styrene emissions is from unreacted monomer and
not polymer backbone cleavage. Figure 6 also indicates that
CNTs do not have a significant effect on the preference for
Path A or Path B. The decrease in styrene emission in the
presence of CNTs is therefore likely due to adsorption and
subsequent surface-catalyzed degradation of unreacted styrene
monomer on CNTs. There may even be a synergistic effect
between adsorption of both O2 and VOCs on the surface of
CNTs as several compounds show significantly lower yields
when both O2 and CNTs are present, including 2-phenyl-2-
propanol, acetophenone, and isopropylbenzene.

Figure 4. Individual VOC emissions from pyrolysis of ABS filament
for 3 min in pure N2 at 200, 230, and 300 °C. Error bars represent ±
one standard deviation. ◊ = below method detection limit.
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CNTs could also be acting as sinks for certain VOCs.
Significantly lower yields for certain VOCs, such as 2-phenyl-2-
propanol, could be due to an increased affinity for adsorption
of phenolic compounds on CNTs.24 This would mean that
formation of these VOCs is not necessarily affected by CNTs
but that they are not detected once adsorbed to CNTs.
There is evidence that three types of surface interactions

may be responsible for the effect of CNTs on VOC emissions:
(1) strong adsorption of O2 on CNTs, lowering the amount of
O2 available for reaction with polymer backbone cleavage
intermediates, (2) adsorption of unreacted monomer styrene
to CNTs yielding different products compared to Path A and
Path B, and (3) increased affinity for certain aromatics leading
to CNTs acting as sinks for particular VOCs. These three
interactions can occur independently, compete, or even exhibit
synergy in altering VOC emissions.
Some VOC emissions are not the result of polymer

degradation. As seen in Figure 5D, TMSN was emitted in
greater concentrations in the presence of CNTs. TMSN is a
polymerization byproduct from the radical initiator 2,2′-azobis-
isobutyronitrile. Interestingly, a new group of VOCs was

Figure 5. Influence of CNTs on emissions of (a) styrene, (b) α-methylstyrene, (c) 2-phenyl-2-propanol, (d) tetramethylsuccinonitrile, and (e) 2,4-
di-tert-butylphenol. All values are in μg/g. ‡ = statistical significance between 230 and 300 °C, † = statistical significance between O2 and N2, * =
statistical significance between ABS and ABS−CNT, and ◊ = below method detection limit. Single symbol represents p value of <0.05, and double
symbol represents p value of <0.01. Statistical significance determined using ANOVA with a posthoc Tukey test. Error bars are ± one standard
deviation.

Figure 6. VOC emissions from Path A and Path B of the mechanism
in Figure 2. Unreacted monomer styrene removed from all conditions
and benzaldehyde removed from 300 °C/3 min/O2.
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observed for ABS−CNT filaments: 2,4-di-tert-butylphenol and
2,6-di-tert-butylquinone. Shown in Figure 5E, 2,4-di-tert-
butylphenol was only emitted from ABS−CNT filament. 2,4-
Di-tert-butylphenol is a common polymer stabilizer that
protects from UV damage. The structural and mechanical
changes caused by the addition of CNTs to ABS could
necessitate a different polymer formulation that incorporates
different polymerization initiators and stabilizers. It is not clear
whether this stabilizer is only added to ABS−CNT or if the
presence of CNTs triggers the release.
Environmental Implications. The Integrated Risk

Information System (IRIS) is an EPA-created tool for
categorizing chemicals and their associated health hazards.
IRIS contains entries for five of the measured VOCs from this
study, and three entries contain a reference concentration for
inhalation exposure (RfC). Table 2 shows the IRIS RfC values

for styrene, ethylbenzene, and isopropylbenzene (in IRIS as
cumene). The IRIS RfC for styrene is 1 mg/m3, which could
be easily reached after printing a few hundred grams of
filament depending on room size and ventilation. VOCs whose
formation is increased by CNTs also pose known inhalation
hazards, such as α-methylstyrene31 and benzaldehyde.32

The increasing utility and decreasing price of 3D printing is
leading to greater numbers of printers in households and
workplaces and, therefore, increased exposure of users to
hazardous emissions. Understanding the printing parameters
that have the greatest influence on VOC emissions can lead to
printer designs and that limit these emissions and recom-
mended printing locations that limit exposure to users. This
work has shown that filament additives such as CNTs can
influence VOC emissions, and their use in 3D printing should
be reevaluated. CNTs increase formation of more hazardous
VOC emissions and, if emitted in particulate, pose an added
inhalation hazard as adsorption sites for VOCs.
The variety of filament additives currently available on the

market includes wood fiber, transition metal particles, organic
dyes, metal-containing dyes, nanomaterials, and phosphor-
escent materials. Many of these materials either contain VOCs
or may catalyze VOC formation at printing temperatures.
Future work will involve prioritizing the risk posed by these
additives and investigating their influence on VOC emissions.
There is also a need to address particulate emissions from 3D
printers. While the STDS is not designed for particulate matter
collection, we are exploring other experimental setups to
capture and characterize particulate emissions with respect to
their morphology, metal content, and adsorbed organic
species. As the popularity of 3D printing grows and
applications spread from industry to the household, there is
a critical need to investigate filament additives to assess their
health risks.
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ABSTRACT: A commercially available, 3D printer nanocomposite
filament of carbon nanotubes (CNTs) and acrylonitrile−butadiene−
styrene (ABS) was analyzed with respect to its VOC emissions during
simulated fused deposition modeling (FDM) and compared with a regular
ABS filament. VOC emissions were quantified and characterized under a
variety of conditions to simulate the thermal degradation that takes place
during FDM. Increasing the residence time and temperature resulted in
significant increases in VOC emissions, and the oxygen content of the
reaction gas influenced the VOC profile. In agreement with other studies,
the primary emitted VOC was styrene. Multiple compounds are reported
in this work for the first time as having formed during FDM, including 4-
vinylcyclohexene and 2-phenyl-2-propanol. Our results show that printing
222.0 g of filament is enough to surpass the reference concentration for inhalation exposure of 1 mg/m3 according to the EPA’s
Integrated Risk Information System (IRIS). The presence of CNTs in the filament influenced VOC yields and product ratios
through three types of surface interactions: (1) adsorption of O2 on CNTs lowers the available O2 for oxidation of primary
backbone cleavage intermediates, (2) adsorption of styrene and other VOCs to CNTs leads to surface-catalyzed degradation,
and (3) CNTs act as a trap for certain VOCs and prevent them from entering vapor emissions. While the presence of CNTs in
the filament lowered the total VOC emission under most experimental conditions, they increased the emission of the most
hazardous VOCs, such as α-methylstyrene and benzaldehyde. The present study has identified an increased risk associated with
the use of CNT nanocomposites in 3D printing.

■ INTRODUCTION

There is a growing concern over hazardous emissions from 3D
printers using fused deposition modeling (FDM) as they
become more affordable and enter more workplaces and
consumer households. Three-dimensional printers operate at
borderline temperatures of thermal degradation reactions for
polymer filament feedstock. Despite design efforts to limit
exposure, printing emissions are still a threat to user health.1

Emissions from FDM can be grouped into two categories:
particulate matter (PM) and gas-phase compounds. Particulate
matter emitted from 3D printers has been studied across a
variety of size ranges,2−10 including nanoparticle emis-
sion.11−15 Studies involving gas-phase compounds usually
concern volatile organic compounds (VOCs). While some
studies quantify total VOCs,3,7 there have been few attempts to
fully characterize and quantify VOC emissions.5,6,16,17

Acrylonitrile−butadiene−styrene (ABS) is a common
polymer used in FDM (Figure 1). Thermal degradation of
ABS has been studied in the past under conditions of
extrusion18 and incineration.19 Three-dimensional printing
filaments often contain additives to adjust their physicochem-
ical properties. Common additives include dyes, plasticizers,
stabilizers, wood particles, metal particles, and carbon

allotropes. Many of these additives can either degrade into
VOCs or contribute to their formation. The effects of many
filament additives on VOC emissions during FDM has not
been studied.
Nanocomposites consisting of carbon nanotubes (CNTs)

and a variety of polymers can be made with unique mechanical
and electrical properties.20,21 These CNT nanocomposites are
used with 3D printers to produce conductive electrical
components.22 Despite the increasing usage of CNT nano-
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Figure 1. Typical structure of colinear ABS polymer.
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composites, their influence on hazardous VOC emissions
during FDM has not been investigated. The adsorptive
properties of CNTs have also been extensively studied on
VOCs,23 including aromatic species.24,25 A thorough under-
standing of the role CNTs play in VOC formation in thermal
processes is critical to limiting health risks to 3D printer users.
In this work, two commercially available 3D printer

filaments, consisting of an ABS−CNT nanocomposite and a
plain ABS, were subjected to thermal conditions that simulate
FDM. VOC emissions from the simulated printing were
quantified and characterized to determine the effect of CNT
addition on hazardous emissions.

■ MATERIALS AND METHODS

Three-dimensional printer filaments were purchased from
3DXTech. The ABS filament is from the standard ABS product
line, and the nanocomposite ABS−CNT filament is from the
3DXNano ESD product line. The ABS−CNT filament is
advertised to contain CNTs, but the concentration is not
reported. Quartz sample baskets were made in the LSU
Chemistry Department glass-blowing shop. Pure reference
standards used for quantification were purchased from Sigma-
Aldrich and dissolved in dichloromethane (DCM) to create
calibration curves. HPLC-grade DCM was purchased from
Fisher Scientific.
All degradation experiments were performed using the

System for Thermal Diagnostic Studies (STDS).26 The STDS
is a custom-built, modular instrument that has been previously
used to provide thermal conditions for combustion of various
waste components.27,28 A diagram for the STDS can be found
in the Supporting Information (Figure S1). The STDS consists
of a ceramic furnace and quartz reactor housed within a gas
chromatograph (GC) oven. Gas-phase compounds leaving the
reactor pass through a heated transfer line into the injection
port of a second GC where they are separated and detected by
a mass spectrometer (MS). The advantages of the STDS
include being a closed system with direct transfer of products
into the detection module, which minimizes sample loss and
increases detection sensitivity. Approximately 50−100 mg of
filament was weighed and placed in a quartz sample holder
basket (15 mm × 4 mm i.d.) above the heated reactor. For
pyrolysis experiments, the sample was purged with N2 at room
temperature for 3 min. The sample was then lowered into the
preheated reactor, and pyrolysis began. During reaction, the
second, analytical GC oven was kept at −60 °C to condense all
compounds that passed through the 280 °C transfer line. Gas
flow rate was set at each temperature to maintain a vapor
residence time in the reactor of approximately 0.2 s. After
reaction completion, the transfer line was removed from the
injection port of the second GC and analysis of the reaction
products began. Analysis of reaction products was conducted
using an Agilent 6890N GC equipped with a DB5-MS column
(30 m × 0.25 mm × 0.25 μm) and a 5973N MS with an
electron impact (EI) ion source set at 70 eV. The temperature
program was as follows: −60 °C initial temperature held for
0.5 min, followed by heating at a rate of 15 °C/min to 130 °C,
held for 1 min, heated to 225 °C at a rate of 25 °C/min, and
finally heated to 300 °C at 10 °C/min and held for 7 min,
giving a total runtime of 32.47 min. The GC inlet and MS
quadrupole temperatures were 280 and 150 °C, respectively.
The split/splitless inlet was set to a constant split flow of 10
mL/min. The carrier gas used was ultrahigh-purity helium
(UHP, 99.999%) at a constant column flow of 1.0 mL/min.

However, during sample collection, the flow of N2 through the
transfer line was high enough to increase the column flow to 2
mL/min or above, with the remainder going out the split vent.
The mass spectrometer was operated in total ion count mode
(TIC) over a mass scan range of 50−500 amu. Identification of
pyrolysis products was performed using the Wiley and NIST
libraries and by comparison of retention times with those of
purchased standard compounds. VOC emissions were
calculated by dividing the emitted mass of each VOC by the
mass of filament used in the experiment and reported as μg/g.
Additional information on the quantification methods and
method detection limits can be found in the Supporting
Information. Mass loss was calculated by weighing the filament
prior to reaction and dividing by the filament mass after
reaction.
Reaction conditions were selected to simulate common 3D

printer parameters. The manufacturer recommended printing
temperatures are 220−240 °C for the ABS filament and 230−
260 °C for the ABS−CNT filament. A printing temperature of
230 °C was selected for consistency between samples, but
users often change printing temperatures to alter printed
objects, and extruder nozzles are unlikely to heat uniformly. To
account for user preference and nozzle construction,
degradation experiments were also performed at 200 and 300
°C. The residence time in the heated area of the printer is
based on the feed rate of the filament and the length of the
extruder nozzle. Feed rate is often changed by the user to affect
the quality of the printed object. Residence times of 1 and 3
min were investigated. The design of 3D printer nozzles can
lead to oxygen-deprived conditions inside the nozzle where
melted filament is exposed to the highest temperatures. To
better understand the role of oxygen in the thermal
degradation of 3D printer filament, experiments were carried
out in both pyrolytic (N2) and oxidative (4% O2/N2)
conditions.

■ RESULTS AND DISCUSSION

Degradation Products. Thermogravimetric studies of
ABS polymer do not show any significant mass loss at
temperatures below 325 °C.29 Despite mass loss during these
experiments being very low (<1% for all experiments),
simulated FDM has yielded emissions of several VOCs. The
major components of VOC emissions from simulated 3D
printing are shown in Table 1, and their associated structures
are presented in Table S1. All of these compounds, except for
2,6-di-tert-butylquinone and 2,4-di-tert-butylphenol, have been

Table 1. Major Components of VOC Emissions from
Thermal Degradation of ABS 3D Printer Filament

compound source

4-vinylcyclohexene butadiene monomer dimerization

ethylbenzene polymer backbone cleavage

styrene unreacted monomer/backbone cleavage

isopropylbenzene polymer backbone cleavage

benzaldehyde oxidation of backbone cleavage intermediate

α-methylstyrene polymer backbone cleavage

tetramethylsuccinonitrile polymerization byproduct

acetophenone oxidation of backbone cleavage intermediate

2-phenyl-2-propanol oxidation of backbone cleavage intermediate

2,6-di-tert-butylquinone 2,4-di-tert-butylphenol degradation

2,4-di-tert-butylphenol polymer UV stabilizer
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found in previous studies involving ABS incineration and
heated extrusion.18,19 Studies involving VOC emissions from
ABS filament have shown different compound profiles and
VOC concentrations obtained from similar filaments from
different manufacturers.5 The emitted VOCs in the current
experiments are likely the result of either desorption of
unreacted monomer from the polymer matrix or slow
degradation/depolymerization of the ABS polymer. In this
work, styrene comprises a significant portion of total VOC
emissions and justifies the assumption of trapped monomer as
the primary VOC emission. Tetramethylsuccinonitrile
(TMSN) and 2,4-di-tert-butylphenol, a polymerization by-

product and polymer stabilizer, respectively, are likely part of
the polymer synthesis process and volatilized during heating.
Other compounds, unlikely to be present in pristine polymer

material, were also detected. Ethylbenzene is the most
commonly reported styrene degradation product,5,6,11,16 but
in this work we also report 4-vinylcyclohexene, isopropylben-
zene, benzaldehyde, α-methylstyrene, acetophenone, and 2-
phenyl-2-propanol. Figure 2 presents proposed pathways to the
observed thermal degradation products of ABS at low
temperatures. On the basis of the proposed pathways, the
depolymerization process is initiated through the cleavage of
polymer backbone at β-carbons with respect to either phenyl
or nitrile groups. The VOC sources in Table 1 are inferred

Figure 2. Pathways of the low-temperature depolymerization of ABS filament. Solid arrows signify primary polymer backbone degradation
products. Dashed arrows signify secondary products formed by the oxygenation of primary products.

Figure 3. VOC emissions from thermal degradation of ABS and ABS−CNT composite. Experiment names are generated from the temperature +
residence time + reaction gas + filament type.
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from these pathways based on where cleavage occurred on the
polymer backbone and whether additional oxygen atoms have
been incorporated into their structure.
VOC Emission. Emissions for VOCs from different reaction

temperatures, residence times, and oxygen contents are shown
in Figure 3. Complete data tables are presented in the
Supporting Information (Table S2). Interestingly, some
oxygenated products were observed under pyrolytic conditions
such as acetophenone and benzaldehyde. This may suggest
that oxygen is adsorbed to the polymer matrix.
Role of Residence Time. For all measured conditions,

increasing the residence time from 1 to 3 min led to increased
yields of all observed products. As seen in Figure 3, the
increase in VOC emissions was not directly proportional to the
increase in residence time. For 200 and 230 °C, styrene
emission increased by an order of magnitude when increasing
the residence time from 1 to 3 min. At 300 °C, tripling the
residence time increased styrene emission by a factor of
approximately four. The significant increase in the effect of
residence time seen at lower temperatures could indicate that a
residence time of 1 min is too short for accurate analysis due to
the time needed for the filament to equilibrate to the reactor
temperature. Therefore, the results for experiments with a
residence time of 3 min are more accurate predictions of actual
printer emissions.
Role of Temperature. Extrusion temperature in 3D

printers is typically selected through a combination of user
preference and manufacturer suggestions. Extrusion temper-
ature both is the most commonly adjusted printing parameter
and had the most significant effect on VOC emissions. Across
all parameter combinations, higher temperature resulted in
higher yields of every individual VOC. Figure 4 compares
VOC emissions from ABS filament in pure N2 at 200, 230, and
300 °C for 3 min.

Acetophenone and α-methylstyrene were typically not
detected until 300 °C under pyrolytic conditions. However,
both acetophenone and α-methylstyrene were formed at 230
°C by the addition of O2 and CNTs, respectively. Despite
temperature having the greatest effect, no individual parameter
can be used to predict VOC emissions.

Role of Oxygen. Depending on the design of the extruder
nozzle, melted filament may be exposed to oxygen-deprived
conditions prior to exiting the nozzle into air. Thus, the
construction of extruder nozzles likely yields emissions that
include products formed under both oxidative and oxygen-
deprived conditions. The presence of oxygen in the reaction
gas led to lower levels of emitted styrene and certain
degradation products (Table S2), primarily those that do not
contain oxygen in their formula. This decrease in emission can
be explained by (1) oxidation of polymer decomposition
products to low molecular weight products not analyzed in this
study (CO, CO2, and compounds with less than six carbons)
and (2) increased formation of oxygen-containing acetophe-
none and benzaldehyde. Contrary to acetophenone and
benzaldehyde (Figure 2, Path B), 2-phenyl-2-propanol yield
(Figure 2, Path A) is not affected by addition of gas-phase O2.
This may indicate that polymer-adsorbed oxygen plays a key
role in Path A, while gas-phase O2 forms secondary products in
Path B.

Role of Carbon Nanotubes. Studies have indicated that
incorporation of single-walled CNTs into ABS decreases the
activation energy of thermal degradation by up to 6 kcal/
mol.30 The mechanism of this effect is not clear. The presence
of CNTs in the filament affected both the total VOC emission
and the VOC profile. Overall, addition of CNTs slightly
decreased the emissions of VOCs (Figure 3), except for the
sample treated at 300 °C/3 min/N2, which showed the highest
emission due to the drastically increased emission of UV
stabilizer 2,4-di-tert-butylphenol. Figure 5 shows emissions of
five VOCs that best exemplify the differences between ABS
and ABS−CNT filament degradation. Despite still being the
most prevalent VOC, styrene emissions decreased in the
presence of CNTs (Figure 5A) except for pyrolytic conditions
at 300 °C, where the difference between ABS and ABS−CNT
was insignificant.
The sum of the products of Path A decomposition (Figure

2) did not change significantly for the ABS−CNT samples;
however, the product distribution within this group was
altered. The formation of α-methylstyrene was increased
(Figure 5B), and 2-phenyl-2-propanol was significantly sup-
pressed (Figure 5C). This change in product ratio away from
oxygenated products is explained by a change in available
oxygen in the system, possibly due to strong adsorption of O2

on CNTs.
Figure 6 shows the VOC yields of Path A and Path B

products only, with the exclusion of styrene and benzaldehyde.
Styrene is not included in the Path B product sum to
compensate for the presence of unreacted monomer, and
benzaldehyde was removed due to only being formed at the
highest temperature. The similarities between Path A and Path
B after the removal of styrene and benzaldehyde, particularly in
the CNT-containing filament, leads to the conclusion that the
majority of styrene emissions is from unreacted monomer and
not polymer backbone cleavage. Figure 6 also indicates that
CNTs do not have a significant effect on the preference for
Path A or Path B. The decrease in styrene emission in the
presence of CNTs is therefore likely due to adsorption and
subsequent surface-catalyzed degradation of unreacted styrene
monomer on CNTs. There may even be a synergistic effect
between adsorption of both O2 and VOCs on the surface of
CNTs as several compounds show significantly lower yields
when both O2 and CNTs are present, including 2-phenyl-2-
propanol, acetophenone, and isopropylbenzene.

Figure 4. Individual VOC emissions from pyrolysis of ABS filament
for 3 min in pure N2 at 200, 230, and 300 °C. Error bars represent ±
one standard deviation. ◊ = below method detection limit.
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CNTs could also be acting as sinks for certain VOCs.
Significantly lower yields for certain VOCs, such as 2-phenyl-2-
propanol, could be due to an increased affinity for adsorption
of phenolic compounds on CNTs.24 This would mean that
formation of these VOCs is not necessarily affected by CNTs
but that they are not detected once adsorbed to CNTs.
There is evidence that three types of surface interactions

may be responsible for the effect of CNTs on VOC emissions:
(1) strong adsorption of O2 on CNTs, lowering the amount of
O2 available for reaction with polymer backbone cleavage
intermediates, (2) adsorption of unreacted monomer styrene
to CNTs yielding different products compared to Path A and
Path B, and (3) increased affinity for certain aromatics leading
to CNTs acting as sinks for particular VOCs. These three
interactions can occur independently, compete, or even exhibit
synergy in altering VOC emissions.
Some VOC emissions are not the result of polymer

degradation. As seen in Figure 5D, TMSN was emitted in
greater concentrations in the presence of CNTs. TMSN is a
polymerization byproduct from the radical initiator 2,2′-azobis-
isobutyronitrile. Interestingly, a new group of VOCs was

Figure 5. Influence of CNTs on emissions of (a) styrene, (b) α-methylstyrene, (c) 2-phenyl-2-propanol, (d) tetramethylsuccinonitrile, and (e) 2,4-
di-tert-butylphenol. All values are in μg/g. ‡ = statistical significance between 230 and 300 °C, † = statistical significance between O2 and N2, * =
statistical significance between ABS and ABS−CNT, and ◊ = below method detection limit. Single symbol represents p value of <0.05, and double
symbol represents p value of <0.01. Statistical significance determined using ANOVA with a posthoc Tukey test. Error bars are ± one standard
deviation.

Figure 6. VOC emissions from Path A and Path B of the mechanism
in Figure 2. Unreacted monomer styrene removed from all conditions
and benzaldehyde removed from 300 °C/3 min/O2.
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observed for ABS−CNT filaments: 2,4-di-tert-butylphenol and
2,6-di-tert-butylquinone. Shown in Figure 5E, 2,4-di-tert-
butylphenol was only emitted from ABS−CNT filament. 2,4-
Di-tert-butylphenol is a common polymer stabilizer that
protects from UV damage. The structural and mechanical
changes caused by the addition of CNTs to ABS could
necessitate a different polymer formulation that incorporates
different polymerization initiators and stabilizers. It is not clear
whether this stabilizer is only added to ABS−CNT or if the
presence of CNTs triggers the release.
Environmental Implications. The Integrated Risk

Information System (IRIS) is an EPA-created tool for
categorizing chemicals and their associated health hazards.
IRIS contains entries for five of the measured VOCs from this
study, and three entries contain a reference concentration for
inhalation exposure (RfC). Table 2 shows the IRIS RfC values

for styrene, ethylbenzene, and isopropylbenzene (in IRIS as
cumene). The IRIS RfC for styrene is 1 mg/m3, which could
be easily reached after printing a few hundred grams of
filament depending on room size and ventilation. VOCs whose
formation is increased by CNTs also pose known inhalation
hazards, such as α-methylstyrene31 and benzaldehyde.32

The increasing utility and decreasing price of 3D printing is
leading to greater numbers of printers in households and
workplaces and, therefore, increased exposure of users to
hazardous emissions. Understanding the printing parameters
that have the greatest influence on VOC emissions can lead to
printer designs and that limit these emissions and recom-
mended printing locations that limit exposure to users. This
work has shown that filament additives such as CNTs can
influence VOC emissions, and their use in 3D printing should
be reevaluated. CNTs increase formation of more hazardous
VOC emissions and, if emitted in particulate, pose an added
inhalation hazard as adsorption sites for VOCs.
The variety of filament additives currently available on the

market includes wood fiber, transition metal particles, organic
dyes, metal-containing dyes, nanomaterials, and phosphor-
escent materials. Many of these materials either contain VOCs
or may catalyze VOC formation at printing temperatures.
Future work will involve prioritizing the risk posed by these
additives and investigating their influence on VOC emissions.
There is also a need to address particulate emissions from 3D
printers. While the STDS is not designed for particulate matter
collection, we are exploring other experimental setups to
capture and characterize particulate emissions with respect to
their morphology, metal content, and adsorbed organic
species. As the popularity of 3D printing grows and
applications spread from industry to the household, there is
a critical need to investigate filament additives to assess their
health risks.

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.est.9b00765.

Additional methods, instrument diagram, calibration
curves, and data table (PDF)

■ AUTHOR INFORMATION

Corresponding Author

*Phone: (513) 569-7849. Fax: (513) 569-7879. E-mail: al-
abed.souhail@epa.gov.

ORCID

Souhail R. Al-Abed: 0000-0002-5595-1300

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This research was funded and conducted by the National Risk
Management Research Laboratory of the U.S. Environmental
Protection Agency (EPA), Cincinnati, OH. This project was
supported, in part, by appointments in the Research
Participation Program at the Office of Research and Develop-
ment (ORD), EPA administered by the Oak Ridge Institute
for Science and Education (92431601) through an interagency
agreement between the DOE and the EPA. This manuscript
was subjected to EPA internal reviews and quality assurance
approval. The research results presented in this paper do not
necessarily reflect the views of the Agency or its policy.
Mention of trade names or products does not constitute
endorsement or recommendation for use.

■ REFERENCES

(1) Stefaniak, A. B.; LeBouf, R. F.; Duling, M. G.; Yi, J.; Abukabda,
A. B.; McBride, C. R.; Nurkiewicz, T. R. Inhalation exposure to three-
dimensional printer emissions stimulates acute hypertension and
microvascular dysfunction. Toxicol. Appl. Pharmacol. 2017, 335, 1−5.
(2) Stephens, B.; Azimi, P.; El Orch, Z.; Ramos, T. Ultrafine particle
emissions from desktop 3D printers. Atmos. Environ. 2013, 79, 334−
339.
(3) Afshar-Mohajer, N.; Wu, C. Y.; Ladun, T.; Rajon, D. A.; Huang,
Y. Characterization of particulate matters and total VOC emissions
from a binder jetting 3D printer. Building and Environment 2015, 93,
293−301.
(4) Zhou, Y.; Kong, X. R.; Chen, A. L.; Cao, S. J. Investigation of
Ultrafine Particle Emissions of Desktop 3D Printers in the Clean
Room. Procedia Eng. 2015, 121, 506−512.
(5) Azimi, P.; Zhao, D.; Pouzet, C.; Crain, N. E.; Stephens, B.
Emissions of Ultrafine Particles and Volatile Organic Compounds
from Commercially Available Desktop Three-Dimensional Printers
with Multiple Filaments. Environ. Sci. Technol. 2016, 50 (3), 1260−
1268.
(6) Steinle, P. Characterization of emissions from a desktop 3D
printer and indoor air measurements in office settings. J. Occup.
Environ. Hyg. 2016, 13 (2), 121−132.
(7) Mendes, L.; Kangas, A.; Kukko, K.; Molgaard, B.; Saamanen, A.;
Kanerva, T.; Flores Ituarte, I. F.; Huhtiniemi, M.; Stockmann-Juvala,
H.; Partanen, J.; Hameri, K.; Eleftheriadis, K.; Viitanen, A. K.
Characterization of Emissions from a Desktop 3D Printer. J. Ind. Ecol.
2017, 21, S94−S106.
(8) Rao, C. C.; Gu, F.; Zhao, P.; Sharmin, N.; Gu, H. B.; Fu, J. Z.
Capturing PM2.5 Emissions from 3D Printing via Nanofiber-based
Air Filter. Sci. Rep. 2017, 7, 10366.
(9) Stabile, L.; Scungio, M.; Buonanno, G.; Arpino, F.; Ficco, G.
Airborne particle emission of a commercial 3D printer: the effect of

Table 2. IRIS RfC Values for VOCs Emitted during 3D
Printinga

compound
RfC

(mg/m3) printed mass to achieve RfC (g)

styrene 1 222.0

ethylbenzene 1 2451.0

cumene/isopropylbenzene 0.4 2586.0
aCalculated “printed mass to achieve RfC” values based on highest
emission of individual VOC and a 37.5 m3 unventilated room.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b00765
Environ. Sci. Technol. 2019, 53, 4364−4370

4369



filament material and printing temperature. Indoor Air 2017, 27 (2),
398−408.
(10) Vance, M. E.; Pegues, V.; Van Montfrans, S.; Leng, W.; Marr, L.
C. Aerosol Emissions from Fuse-Deposition Modeling 3D Printers in
a Chamber and in Real Indoor Environments. Environ. Sci. Technol.
2017, 51 (17), 9516−9523.
(11) Kim, Y.; Yoon, C.; Ham, S.; Park, J.; Kim, S.; Kwon, O.; Tsai, P.
J. Emissions of Nanoparticles and Gaseous Material from 3D Printer
Operation. Environ. Sci. Technol. 2015, 49 (20), 12044−12053.
(12) Deng, Y. L.; Cao, S. J.; Chen, A. L.; Guo, Y. S. The impact of
manufacturing parameters on submicron particle emissions from a
desktop 3D printer in the perspective of emission reduction. Building
and Environment 2016, 104, 311−319.
(13) Yi, J. H.; LeBouf, R. F.; Duling, M. G.; Nurkiewicz, T.; Chen, B.
T.; Schwegler-Berry, D.; Virji, M. A.; Stefaniak, A. B. Emission of
particulate matter from a desktop three-dimensional (3D) printer. J.
Toxicol. Environ. Health, Part A 2016, 79 (11), 453−465.
(14) Kwon, O.; Yoon, C.; Ham, S.; Park, J.; Lee, J.; Yoo, D.; Kim, Y.
Characterization and Control of Nanoparticle Emission during 3D
Printing. Environ. Sci. Technol. 2017, 51 (18), 10357−10368.
(15) Zhang, Q.; Wong, J. P. S.; Davis, A. Y.; Black, M. S.; Weber, R.
J. Characterization of particle emissions from consumer fused
deposition modeling 3D printers. Aerosol Sci. Technol. 2017, 51
(11), 1275−1286.
(16) Stefaniak, A. B.; LeBouf, R. F.; Yi, J. H.; Ham, J.; Nurkewicz, T.;
Schwegler-Berry, D. E.; Chen, B. T.; Wells, J. R.; Duling, M. G.;
Lawrence, R. B.; Martin, S. B.; Johnson, A. R.; Virji, M. A.
Characterization of chemical contaminants generated by a desktop
fused deposition modeling 3-dimensional Printer. J. Occup. Environ.
Hyg. 2017, 14 (7), 540−550.
(17) Floyd, E. L.; Wang, J.; Regens, J. L. Fume emissions from a low-
cost 3-D printer with various filaments. J. Occup. Environ. Hyg. 2017,
14 (7), 523−533.
(18) Contos, D. A.; Holdren, M. W.; Smith, D. L.; Brooke, R. C.;
Rhodes, V. L.; Rainey, M. L. Sampling and Analysis of Volatile
Organic-Compounds Evolved during Thermal-Processing of Acryl-
onitrile-Butadiene-Styrene Composite Resins. J. Air Waste Manage.
Assoc. 1995, 45 (9), 686−694.
(19) Shapi, M. M.; Hesso, A. Gas-Chromatographic Mass-
Spectrometric Analysis of Some Potential Toxicants Amongst Volatile
Compounds Emitted during Large-Scale Thermal-Degradation of
Poly(Acrylonitrile Butadiene Styrene) Plastic. J. Chromatogr., Biomed.
Appl. 1991, 562 (1−2), 681−696.
(20) Coleman, J. N.; Khan, U.; Blau, W. J.; Gun’ko, Y. K. Small but
strong: A review of the mechanical properties of carbon nanotube-
polymer composites. Carbon 2006, 44 (9), 1624−1652.
(21) Breuer, O.; Sundararaj, U. Big returns from small fibers: A
review of polymer/carbon nanotube composites. Polym. Compos.
2004, 25 (6), 630−645.
(22) Acquah, S. F. A.; Leonhardt, B. E.; Nowotarski, M. S.; Magi, J.
M.; Chambliss, K. A.; Venzel, T. E. S.; Delekar, S. D.; Al-Hariri, L. A.
Carbon Nanotubes and Graphene as Additives in 3D Printing. Carbon
Nanotubes-Current Progress of Their Polymer Composites; InTech,
2016; pp 227−251.
(23) Ren, X. M.; Chen, C. L.; Nagatsu, M.; Wang, X. K. Carbon
nanotubes as adsorbents in environmental pollution management: A
review. Chem. Eng. J. 2011, 170 (2−3), 395−410.
(24) Lin, D. H.; Xing, B. S. Adsorption of phenolic compounds by
carbon nanotubes: Role of aromaticity and substitution of hydroxyl
groups. Environ. Sci. Technol. 2008, 42 (19), 7254−7259.
(25) Zhang, S. J.; Shao, T.; Kose, H. S.; Karanfil, T. Adsorption of
Aromatic Compounds by Carbonaceous Adsorbents: A Comparative
Study on Granular Activated Carbon, Activated Carbon Fiber, and
Carbon Nanotubes. Environ. Sci. Technol. 2010, 44 (16), 6377−6383.
(26) Rubey, W. A.; Grant, R. A. Design Aspects of a Modular
Instrumentation System for Thermal Diagnostic Studies. Rev. Sci.
Instrum. 1988, 59 (2), 265−269.

(27) Kibet, J.; Khachatryan, L.; Dellinger, B. Molecular Products and
Radicals from Pyrolysis of Lignin. Environ. Sci. Technol. 2012, 46 (23),
12994−13001.
(28) Nganai, S.; Lomnicki, S.; Dellinger, B. Ferric Oxide Mediated
Formation of PCDD/Fs from 2-Monochlorophenol. Environ. Sci.
Technol. 2009, 43 (2), 368−373.
(29) Polli, H.; Pontes, L. A. M.; Araujo, A. S.; Barros, J. M. F.;
Fernandes, V. J. Degradation behavior and kinetic study of ABS
polymer. J. Therm. Anal. Calorim. 2009, 95 (1), 131−134.
(30) Yang, S. Y.; Rafael Castilleja, J.; Barrera, E. V.; Lozano, K.
Thermal analysis of an acrylonitrile-butadiene-styrene/SWNT
composite. Polym. Degrad. Stab. 2004, 83 (3), 383−388.
(31) Morgan, D. L.; Mahler, J. F.; Kirkpatrick, D. T.; Price, H. C.;
O’Connor, R. W.; Wilson, R. E.; Moorman, M. P. Characterization of
inhaled alpha-methylstyrene vapor toxicity for B6C3F1 mice and
F344 rats. Toxicol. Sci. 1999, 47 (2), 187−194.
(32) Laham, S.; Broxup, B.; Robinet, M.; Potvin, M.; Schrader, K.
Subacute Inhalation Toxicity of Benzaldehyde in the Sprague-Dawley
Rat. Am. Ind. Hyg. Assoc. J. 1991, 52 (12), 503−510.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b00765
Environ. Sci. Technol. 2019, 53, 4364−4370

4370



                                                  

                            Table of Contents                                       
General_Authors_Publications..................................................2
LI−266786_Gwinn_et_al_AJPH2017303771..........................................12
CMP_Science_Committee__Thank_You!.............................................21
Gwinn_et_al_AJPH2017303771....................................................22
Record_of_Agreement_−_David_Bussard...........................................31
Record_of_Agreement_−_Kacee_Deener............................................32
Record_of_Agreement_−_Maureen_R_Gwinn.........................................35
Record_of_Agreement_−_Robert_J_Kavlock........................................37
Record_of_Agreement_−_Wayne_E_Cascio..........................................39
Greenberg_AJPH2017303844......................................................42
AJPH_−_STAA_justification_Clean_4292020_final_v3..............................45
Record_of_Agreement_−_Daniel_A_Axelrad........................................49
Record_of_Agreement_−_Thomas_A_Burke..........................................50
Record_of_Agreement_−_Tina_Bahadori...........................................52
Gwinn_AJPH_STAA_−_record_of_agreement_explanation.............................54
Record_of_Agreement_−_Russell_Thomas..........................................55



Page 1 of 10

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-138

Research Category Primary: Health Effects Research and Human Health Risk Assessment (HE)
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Justifications:

Justification
1:

EPA’s progress under Strategic Goal 1 of A Cleaner, Healthier Environment and Goal 3: Greater Certainty, Compliance, and Effectiveness often hinges on the Agency’s ability to produce
scientific assessments that inform decision making. This challenge has been amplified for chemical assessments that inform actions under every major statute in EPA’s jurisdiction, including
the Toxic Substances Control Act (TSCA), Clean Water Act (CWA), Safe Drinking Water Act (SDWA), and the Superfund-related laws. Controversies around data limitations and statistical
calculations have created significant uncertainties and have even brought some assessments to a grinding halt. The nominated publication presents a pragmatic and practical paradigm shift that
reframes chemical risk assessment to enable rather than hamper environmental and public health decision making. As EPA moves away from vertebrate animal testing, this paper provides a
platform for considering how new data streams can shape the future of chemical risk assessment. It proposes a path for using the full range of available data, including data mining approaches,
alternatives to animal testing, new approach methods, and innovative approaches to integrate different data streams. The publication shows how this full range of data can be used to shape,
enhance, and deliver chemical risk assessments for the thousands of chemicals and pollutants in the safety evaluation pipeline, including those under the new TSCA program. Several pilot
projects with EPA Program Offices have been developed where the viability of this proposed paradigm shift is being explored and examined under different environmental statutes. The framing
of this paper also emphasizes the importance of taking a public health approach in considering chemical and pollutant exposure. There are many disease states that are associated with numerous
risk factors, including genetic, behavioral and environmental. While EPA regulates through a traditional risk assessment lens and has responsibility for mitigating environmental exposures,
other federal and state agencies or health care professionals may be responsible for managing other risk factors of disease that have an environmental component. The approach articulated in
this paper provides a framework for EPA to partner with other public health organizations to more effectively target disease burden. EPA’s Office of Research and Development has been
collaborating with EPA’s Office of Air and Radiation to do this around the issue of pollutant exposures and cardiovascular disease risk. Cardiovascular disease risk is influenced by genetic and
behavioral factors, but also by certain environmental factors. By using the principles articulated in this paper, EPA has been able to form partnerships with federal and state agencies to begin to
address this disease. For example, the Department of Health and Human Services’ MillionHearts Initiative has incorporated increasing awareness for physicians of particle pollution’s adverse
effects as a criterion for success in its MillionHearts Hospital and Healthcare Recognition Program. Additionally, through partnerships with state and local public health agencies and healthcare
professional organizations, EPA has been able to deliver important public health information about the environmental contributors to cardiovascular disease risk to frontline public health and
healthcare professional practitioners.

Justification
2A:

Not Applicable

Justification
2B:

Not applicable

Justification
2C:

Not applicable

Justification
2D:
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Not applicable

Justification
2E:

Not applicable

Justification
3A:

News media coverage:

Although there is no known media coverage, this manuscript was included as the cover article for the journal in 2017 when published, with a special editorial on the article from the associate
editor, Dr. Michael R. Greenberg, distinguished professor at the Edward J. Bloustein School of Planning and Public Policy, Rutgers University. The journal also invited the lead author to
participate in a podcast discussion with the associate editor regarding the potential impact of this work. 

1.      Cover article (https://ajph.aphapublications.org/doi/10.2105/AJPH.2017.303771)

2.      Journal editorial (https://ajph.aphapublications.org/doi/10.2105/AJPH.2017.303844)

3.      Invited Podcast (https://soundcloud.com/alfredomorabia/ajph-podcast-of-the-july-2017-issue-english)

Invited presentations:

Based on this publication, there have been multiple invitations to present this work.

1.      Health Canada Chemical Management Plan Science Committee meeting, November 2018; (Thank you letter attached).

2.      2017 National Environmental Health Association invited session

a.      Gwinn MR, Bahadori T, Deener KC. Session on Risk Assessment at a Crossroads: A Portfolio Approach to Protect Public Health. 

Rapids, MI July 10-13, 2017.

3.      Society of Toxicology (SOT) 57th Annual Meeting and ToxExpo, a Contemporary Concepts in Toxicology workshop on the “Toxicological Concerns in Older Adults: A Neglected Majority”

a.      Cascio WE, “Aging and Increased Susceptibility to Environmental Toxicants”. San Antonio, TX, March 10, 2018

4.      National Institute of Environmental Health Sciences sponsored symposium “Understanding the Combined Effects of Environmental Chemical and Non-Chemical Stressors: Atherosclerosis

as a Model”

a.      Cascio WE, “Overview of the Atherosclerosis and Chemical Stressors”, Research Triangle Park, NC, April 3, 2018

https://ajph.aphapublications.org/doi/10.2105/AJPH.2017.303771
https://ajph.aphapublications.org/doi/10.2105/AJPH.2017.303844
https://soundcloud.com/alfredomorabia/ajph-podcast-of-the-july-2017-issue-english
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Other Evidence:

1.      Health Canada (HC) and Environment and Climate Change Canada (ECCC) through the Chemicals Management Plan (CMP) used this paper as the basis to explore the development of

a roadmap for implementing a public health/population health approach to support chemical risk assessment and management in Canada. 

https://www.canada.ca/en/health-canada/services/chemical-substances/chemicals-management-plan/science-committee/meeting-records-reports/committee-report-november-28-29-2018.html

2.      This paper is part of the curriculum in Risk Sciences at Johns Hopkins, specifically as a roadmap for the future of health risk. It has also been incorporated into lectures at multiple schools

of public health, and invited presentations at Johns Hopkins, invited Deans lectures at Drexel University, University of Colorado, Rutgers University, University of Wisconsin and the Annual

Sewell Lecture in Environmental Health at Columbia University Mailman School of Public Health.

3.      The manuscript has an Attention Score in the top 25% of all research outputs scored by Altmetric. It has had 19 citations in Scopus which corresponds to the 95

and has a field-weighted citation impact of 3.72. A value greater than 1.00 means that document is more cited than expected according to the average. It takes into account: The year of

publication; document type, and disciplines associated with its source. (https://apha.altmetric.com/details/20293499/citations). According to Google Scholar, this paper has been cited 26 times

since publication (https://scholar.google.com/scholar?um=1&ie=UTF-8&lr&cites=12958655616865832005) and there have been 285 reads of this paper on ResearchGate (

https://www.researchgate.net/publication/317016558_Chemical_Risk_Assessment_Traditional_vs_Public_Health_Perspectives).

Justification
3B:

The research was published in the peer reviewed journal American Journal of Public Health (AJPH), a key journal in the field of public health. The AJPH impact factor for 2018 is 5.381. AJPH

is ranked #4 of 156 titles in the Public, Environmental and Occupational Health category in the Social Sciences Citation Index and #16 of 179 titles for the same category in the Science

edition. AJPH rose among peer journals in the Science Citation Index to No. 12 in 2018, up from No. 16 in 2017. And in the Social Science Citation Index, the journal was ranked No. 6. (

https://www.apha.org/news-and-media/news-releases/ajph-news-releases/2019/impact-factor-2019). The peer review process at AJPH is a double-blind process. Authors do not know the

peer reviewers, and peer reviewers do not know the authors of the papers they are reviewing. Reviewed papers usually receive careful scrutiny by three reviewers and additional assessment

by the responsible associate editor, deputy editor, and editor-in-chief. Initial screening results in rejection of the majority of manuscripts within two weeks of submission. For those papers that

are selected for review, the time to first decision is about three months. Overall time from submission to acceptance, which includes revisions by the authors, is about six months. AJPH

aspires to select, through peer review, the highest quality science and public health practice–related manuscripts. To achieve this, the entire peer review and publication process of the AJPH

must be thorough, objective, and fair. Every aspect of this process involves important ethical principles and decisions. The reputation of AJPH depends on the trust of readers, authors,

researchers, reviewers, editors, public health practitioners, research subjects, funding agencies, and administrators of public health policy. This trust is enhanced by describing as explicitly as

possible AJPH policies to ensure the ethical treatment of all participants in the publication process.

https://www.canada.ca/en/health-canada/services/chemical-substances/chemicals-management-plan/science-committee/meeting-records-reports/committee-report-november-28-29-2018.html
https://apha.altmetric.com/details/20293499/citations
https://scholar.google.com/scholar?um=1&ie=UTF-8&lr&cites=12958655616865832005
https://www.researchgate.net/publication/317016558_Chemical_Risk_Assessment_Traditional_vs_Public_Health_Perspectives
https://www.apha.org/news-and-media/news-releases/ajph-news-releases/2019/impact-factor-2019
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Chemical Risk Assessment: Traditional vs Public
Health Perspectives

Preventing adverse health ef-

fects of environmental chemical

exposure is fundamental to pro-

tecting individual and public he-

alth. When done efficiently and

properly, chemical risk assess-

ment enables risk management

actions that minimize the in-

cidence and effects of environ-

mentally induced diseases related

to chemical exposure. However,

traditional chemical risk assess-

ment is faced with multiple chal-

lenges with respect to predicting

and preventing disease in human

populations, and epidemiological

studies increasingly report obser-

vations of adverse health effects

at exposure levels predicted

from animal studies to be safe

for humans. This discordance

reinforces concerns about the

adequacy of contemporary risk

assessment practices for pro-

tecting public health.

It is becoming clear that to

protect public health more effec-

tively, future risk assessments will

need to use the full range of

available data, draw on innovative

methods to integrate diverse data

streams, and consider health

endpoints that also reflect the

range of subtle effects and mor-

bidities observed in human pop-

ulations.

Considering these factors,

there is a need to reframe

chemical risk assessment to be

more clearly aligned with the

public health goal of minimizing

environmental exposures asso-

ciated with disease. (Am J Public

Health. 2017;107:1032–1039.

doi:10.2105/AJPH.2017.303771)

Maureen R. Gwinn, PhD, Daniel A. Axelrad, MPP, Tina Bahadori, ScD, David Bussard, BA, Wayne E.

Cascio, MD, Kacee Deener, MPH, David Dix, PhD, Russell S. Thomas, PhD, Robert J. Kavlock, PhD, and

Thomas A. Burke, PhD, MPH

See also Greenberg, p. 1020.

F
or the past several decades,

human health risk assessment

has been a pillar of environmental

health protection. In general,

the products of risk assessment

have been numerical risk values

derived from animal toxicology

studies of observable effects at

high doses of individual chem-

icals. Although this approach has

contributed to our understanding

of overt health outcomes from

chemical exposures, it does not

always match our understanding

from epidemiology studies of the

consequences of real-world ex-

posures in human populations,

which are characterized by expo-

sure to multiple pollutants, often

chronically, at concentrations that

can fluctuate over wide ranges;

susceptible populations and life

stages; potential interactions be-

tween chemicals and nonchemical

stressors and background disease

states; and lifestyle factors that

modify exposures (e.g., airtight

houses).1These andother issues are

particularly important when de-

termining risk of complex diseases,

such as cardiovascular disease.

Ten years ago, the National

Research Council offered a new

paradigm for evaluating the safety

of chemicals on the basis of

chemical characterization, testing

using a toxicity pathway ap-

proach, and modeling and ex-

trapolating the dose–response

relationship from in vitro testing,

all embedded in a risk context

and considering population-

based data and exposure.2 Efforts

such as the Tox21 Consortium3,4

and ToxCast program5 have

helped us better understand the

biological interactions of large

numbers of chemicals using

high-throughput assay systems,

and we are witnessing early

adoption of new technologies

and approaches for screening

chemicals for integrated testing.6

Several other factors are also

changing the way environmental

health professionals think about

chemical risks and how to most

effectively protect public health,

especially for complex diseases like

cardiovascular disease. It is esti-

mated that intrinsic factors (e.g.,

those that result in mutations

stemming from random errors in

DNA replication) account for

only 10% to 30% of many com-

mon cancers.7 Similarly, only 30%

to 40% of birth defects can be

attributed to known causes such as

genetics, fetal alcohol syndrome,

maternal smoking, and folate in-

sufficiency.8 Other studies have

concluded that nongenetic envi-

ronmental factors and gene by

environment interactions are the

primary causes of chronic dis-

eases.9 The ability to evaluate and

quantify the roleof environmental

factors on public health is a clear

opportunity, but it is limited by

the lack of readily availablemodels

for prominent clinical outcomes.

CURRENT
CHALLENGES

Understanding public health

risk from environmental chem-

ical exposures is complicated by

many factors, such as population

variability and susceptibility,

long latencies between critical

exposures and disease manifesta-

tions, and background environ-

mental exposures. Issues of

population variability and sus-

ceptibility are poorly understood

and difficult to characterize and

incorporate into risk assessments.

For example, a person’s unique

microbiomemaymodulate his or

her response to environmental

exposures.10,11 Although studies

are limited in this emerging area,

knowledge about the

ABOUT THE AUTHORS
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microbiome may inform inter-

individual variability and un-

explained susceptibility observed

in populations. Scientists have

begun to appreciate the role of

the microbiome in the lack of

reproducibility and in-

terpretability of animal studies.12

Another example is the effects

of early life environmental

exposures on health outcomes

later in life. Advances in the field

of epigenetics have revealed that

developmental exposure to

endocrine disrupting chemicals

can alter epigenetic program-

ming of gene regulation and thus

may play a role in the risk of

obesity later in life.13 Similar to

microbiome research, studies in

this area are limited, and a better

understanding of the link

between chemical exposure,

epigenetic gene regulation, and

health outcomes through epide-

miological research can help us

better address factors that are

currently difficult to account for

in traditional risk assessment.

Finally, there are also methodo-

logical challenges in determining

attributable risks in populations

with background environmental

exposures, as these background

exposures may change the

populationhealth baselines or affect

the response of the target chemical.

Other examples of important fac-

tors to incorporate in risk assess-

ments can be found in Table 1.

OPPORTUNITIES FOR
USING MULTIPLE
DATA TYPES

Concurrent with these chal-

lenges, science and technology

are advancing rapidly and in ways

that create opportunities for risk

assessment. Public health

disciplines help us understand

how baseline health status can

influence the effect of

population-level chemical ex-

posures.We also need to consider

how environmental pollutants

may contribute to overall disease

burden for endpoints not tradi-

tionally considered in chemical

risk assessment (e.g., metabolic

disorders, autism). New

methods in epidemiological re-

search help us evaluate complex

interactions among multifacto-

rial causes of disease ranging

from macro (societal, neigh-

borhood) to micro (molecular)

factors, relevance of exposures

during sensitive life stages, and

a better understanding of in-

terrelatedness of disease across

the life span.14

Advances in high-throughput

technologies and computational

modeling (e.g., ToxCast, Tox21,

and ExpoCast efforts) are

providing data on hazard and

exposure potential for a large

number of data-poor chemicals.

The increased generation of data

for both hazard and exposure

from these advances can be used

to better understand the bi-

ological pathways that lead to

adverse health effects in ways that

were not possible in the past. But

linking these observations to

specific disease endpoints is

challenging because the trans-

lation of effects across levels of

biological organization is notwell

understood. One approach with

the potential to advance our

understanding of how chemical

exposures can affect health is the

use of adverse outcome path-

ways, which integrate various

types of biological information to

link molecular initiating events

to downstream key events and

ultimately unwanted health

outcomes.15,16

TABLE 1—Examples of Current Risk Assessment Challenges and Opportunities

Risk Assessment Challenge Description Impact on Risk Assessment Public Health Opportunity

Molecular initiating events and subsequent

key events in adverse outcome pathways

Early biological changes or precursor effects

in response to chemical exposures may be

identified by in vitro, animal, or

epidemiological studies

Useful for qualitative and quantitative

understanding of ultimate health effect of

early biological changes

Improved public health protection without

need for long-term toxicology or

epidemiology studies

Background exposures Population exposures to a myriad of

environmental chemicals at low

concentrations

Exposures to background chemicals may

affect response to target chemical

exposures and may change population

health baselines

Increased public health protection if

baseline exposures are taken into account

when determining prevention strategies

Nonchemical stressors Physical and psychosocial stressors,

including noise, temperature,

socioeconomic status, social stress, and

limited resources

Impact on baseline susceptibility and

potential effect modification

Potential role in cumulative assessment,

improved identification of vulnerable

populations, potential target for public

health interventions (e.g., stress

management)

Early life determinants of health Biological characteristics and exposures

that can determine chronic and lifelong

health outcomes

Effect of exposures during early life may

play a role in later disease states (e.g.,

endocrine disruptors, epigenetic changes)

Potential for early life interventions for

prevention and management of later

disease

Baseline health status Individual health status, with a focus on

potential health susceptibilities

Baseline health status may affect response

to additional environmental chemical

exposures

Increased public health protection if

baseline health status is taken into

account

Microbiome Microorganisms that reside within and on

our bodies and interact with the

environment

Exposure modification, susceptibility and

resilience to environmental pollutants,

important as an early life determinant of

health

Potential targets for prevention and

intervention, management of allergic

responses, and precision risk management

AJPH RISK ASSESSMENT
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To fully realize the potential

of adverse outcome pathway–

based approaches and to in-

tegrate biological findings across

disciplines, we must strengthen

our ability to detect precursor

events in human populations

and to identify biologically rel-

evant exposure metrics, ideally

measurable in individuals. An-

other advancement that has

a great potential to advance our

understanding of data-poor che-

micals is the use of nontesting

approaches (e.g., quantitative

structure–activity relationship)

that allow us to predict toxicity

when adequate testing data are

absent—especially when we

combine knowledge of chemical

structural features and in vitro

bioactivity determinations. Ad-

vances in the development

of chemical libraries,

cheminformatics, and

read-across predictions and in-

tegration with molecular data

and adverse outcome pathways

have significantly improved

their application and predictive

capacity, which will allow more

comprehensive assessment of the

health effects of exposures.17,18

Effectively predicting

population risk by integrating

a variety of data streams (e.g.,

epidemiology, toxicology,

high-throughput testing) and

considering multiple sources and

pathways of exposure can better

inform environmental public

health decisions. Advances in

technology and computational

capabilities have fostered new

opportunities for generating and

analyzing molecular, animal, and

human data on effects and ex-

posures, which can be integrated

TABLE 2—Data Streams and Opportunities and Challenges for Informing Risk Assessment

Data Type Description Opportunity Challenge

Nontesting

data

Nontesting approaches, such as quantitative structure–

activity relationship models and read-across allow us

to predict toxicity when adequate testing data are

absent

Advances in the field have significantly improved

their application and predictive capacity

Developing principles for acceptance, for

characterizing and incorporating uncertainties into

predictions, and for developing objective metrics of

performance

Molecular Biochemical and cell-based bioactivity data and “omics-

based” data on thousands of chemicals

Can help inform our understanding of the health

outcomes of environmental exposures, using data

that are potentially more human relevant

Lack of scientific consensus on inferring hazard from

bioactivity in vitro assay and omics-based data and

providing quantitative dose–response information

on exposure metrics

Animal Traditional animal testing provides a hazard based

point of departure for risk assessments

Targeted animal testing can be performed on the

basis of the results of bioactivity data to focus on

key health outcomes

Potential uncertainties with using traditional animal

testing to estimate human risk (e.g., extrapolating

from animal to human or high to low doses and

accounting for human population variability and

life stage susceptibility)

Human Epidemiological and other human data support holistic

assessment of the effects of chemical exposures on

public health

Newer exposure science and statistical techniques

advance the understanding of human variability

that can be obtained from epidemiology and

individual sequencing; understanding effect

modification by nonchemical stressors and baseline

health status

Often limited mechanistic and dose–response data,

and exposure misclassification can bias results to

the null; possibility of unmeasured confounders

often undermines confidence in observed

associations, and it may require multiple studies

and many years to rule out chance, bias, and

confounding as possible explanations for observed

associations

Exposure Exposure characterization that captured the variability

in time, space, and within and across populations;

better toxicokinetic data link external to internal

dosimetry and relevant environmental exposure

concentrations with biological significance

Targeted and nontargeted biomonitoring,

application of sensors, and other new technologies

are greatly advancing population exposure

characterization; high-throughput exposure

models allow exposure predictions on thousands of

chemicals with associated uncertainty

Estimating and incorporating the inter- and

intraindividual variability in exposures into current

designs of toxicity testing and risk assessments;

extrapolating relevant target tissue and organ dose

information from external exposures and in vitro

assays; accounting for multiple exposures; sample

collection, data management, and analysis; and

covering or extrapolating to a broader chemical

space

Digital data The ongoing revolution in social media use and

communication has provided a new source of data

used in exposure science and environmental

epidemiology for local and timely information about

disease and health dynamics

A significant source of untapped data The collection and application of these data have

significant ethical implications that need to be

understood and managed, particularly taking

into account personal identifiable information;

methods to evaluate the quality of the data and

build confidence in the applications are needed
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into chemical risk assessments.

At the same time, probabilistic

and high-throughput ap-

proaches for risk assessment have

been advancing. Table 2 high-

lights various data types available

and challenges in applying these

data types to inform risk

assessment.

A PUBLIC HEALTH
PERSPECTIVE

A public health perspective for

chemical risk assessment would

approach risk assessment from

a new lens. It would address

population health with a focus on

the health and societal burden of

disease; use and integrate all

available types of data—including

traditional toxicology, human

epidemiological findings, and

newer and emerging data

streams and information, such as

digital epidemiology,19 high-

throughput and high-content

data, and adverse outcome path-

ways; and draw on public health

approaches, such as attributable

risk or relative risk. This new

perspective may be especially

important for some historically

challenging aspects of risk assess-

ment, such as understanding

cumulative risks of exposures to

multiple chemical and non-

chemical stressors. Internationally,

scientists have raised concerns

about the large number of ubiq-

uitous chemicals people are

exposed to and called for re-

thinking approaches to evalu-

ating the health effects of

chemicals.16 Figure 1 presents

a conceptual model for a public

health perspective for risk

assessment.

Although approaching assess-

ments from the perspective of

health outcomes may be chal-

lenging, it provides the oppor-

tunity to evaluate exposures and

effects across the life span that are

relevant to population health.

Advances in science and tech-

nology, such as adverse outcome

pathway development, the

broader availability of chemical

and biological data, and the

applications of statistical and

bioinformatics tools, bring this

previously aspirational approach

well within reach.20

EXAMPLE:
CARDIOVASCULAR
DISEASE

A public health approach

may inform the challenge of

cardiovascular disease. Cardio-

vascular disease is the number 1

cause of mortality worldwide and

is a major US public health

burden.21,22 Annual costs of

cardiovascular disease in the

United States were estimated to

be $317 billion in 2011 and 2012,

considering direct medical costs

and lost productivity because of

premature mortality.22 This es-

timate is likely to substantially

underestimate the social cost

of cardiovascular disease

because of limitations in the es-

timation of indirect costs associ-

ated with morbidity and

premature mortality.23

Although much is known

about the biochemical and be-

havioral risk factors associated

with cardiovascular disease, par-

ticularly compared with other

diseases and health conditions,

the traditional risk factors fail to

account for 10% to 25% of its

prevalence.24 Environmental

factors, including air pollution25

and chemical exposures26 are

thought to contribute to the

unexplained fraction. Although

mortality stemming from car-

diovascular disease has decreased

over the past few decades in the

developed world as a result of

reductions in behavioral risk

factors, the rising prevalence of

obesity and diabetes might ac-

count for the deceleration in the

rate of improvement in annual

cardiovascular mortality in the

United States over the past

few years.27

There is an urgent need to

better understand the biological

pathways through which envi-

ronmental exposures to chemical

and nonchemical stressors act to

stimulate and accelerate athero-

sclerosis and promote adverse

cardiovascular health effects.

Applying the adverse outcome

pathway framework,28 the initial

molecular response to a chemical

exposure will often be receptor

Improved

public

health

Starting Point

• Adverse health outcome of

concern 

Data Sources (along with those

used in traditional assessment)  

• Clinical data on baseline

population health status 

• Molecular epidemiology

• Exposure information in the

population 

• Behavioral data

Synthesis

• Chemical/nonchemical

stressors contributing to the

adverse outcome  

• Prevention strategies

Public Health Perspective

Starting Point

In context of a statutory authority

• Chemical or class of concern

• Route(s) of exposure

Data Sources

• Epidemiology studies

• Laboratory animal studies

• Mechanistic data

Synthesis

• Multiple health outcomes of

concern 

• Toxicity values for speci�c

chemical/endpoint 

• Output/risk metric:  absolute

estimate of risk in population, or

safety assessment (e.g., hazard

index)  

Traditional Risk Assessment

Note. This conceptual model illustrates how the starting point in a public health–focused risk assessment would differ from

that of traditional risk assessment. In traditional risk assessment, the starting point is focused on specific chemicals or

classes of chemicals of concern, with multiple data streams saying what the critical effects from that chemical are. A

public health perspective would focus on the adverse health outcome of concern with multiple data streams, informing

our understanding of hazard and exposure in the context of public health decisions related to that outcome and not

necessarily focused on just 1 chemical or class of chemicals.

FIGURE 1—Conceptual Model for a Public Health Perspective for Chemical Risk Assessment
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activation and changes in meta-

bolism and, ultimately, changes

in tissue and organ function. Such

changes can be modified by

both intrinsic (e.g., gender, age,

genetic, and epigenetic back-

ground) and extrinsic factors

(e.g., coexposures to other

chemical and nonchemical

stressors; Figure 2). Over time,

these changes produce subclinical

effects, such as changes in elec-

trical and mechanical cardiac

function, vascular function, and

nonobstructive atherosclerotic

vascular changes. With the per-

sistence of metabolic changes

that stimulate the progression of

vascular disease, clinical cardio-

vascular events such as heart at-

tacks, strokes, heart failure, and

abnormal heart rhythms follow.

To date, the most compre-

hensive application of this ap-

proach has been in the study of

population-level health effects

of air pollution exposure.28

Epidemiological data at the

population level has provided

support that air pollutant

exposure (e.g., ambient particular

matter and NO2) accelerates the

development and progression

of coronary atherosclerosis.25

Xenobiotic metals such as arse-

nic, cadmium, lead, and mer-

cury are also associated with

atherosclerosis.29 Gene–

environment interaction alters

the risk of vascular disease30; for

example, the residential proximity

to highways (representing ex-

posure to a mixture of traffic-

related air pollutants) is associated

with peripheral vascular disease,

which is modified by the gene

encoding bone morphogenic

protein.7,31

Because of the complexity of

the drivers of atherosclerosis,

a medical model treating blood

pressure and high cholesterol and

advising dietary modification and

exercise will be inadequate to

fully address this disease. Like-

wise, identifying the chemicals

that increase risk on an individual

basis will be inadequate to pre-

vent vascular disease. Instead an

integrated systems approach is

Atherosclerosis
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Clinical

Events (AO)

Biochemical

and Physiologic

Responses (IKE)

Cellular

Response (IKE)

Environmental

Exposure

Subclinical

and

Clinical Responses

(IKE) 

Molecular

Initiating Event

Public Health

Burden Mortality – Morbidity – Disability – Frailty 

As  PFOS

PCBs PM2.5

Individual Health

Burden

Source. Action of specific chemicals and metals adapted from Kirkley and Sargis.26

Note. As =Arsenic; AO=adverse outcome; BaP = benzo[a]pyrene; BPA =bisphenol A; Cd =Cadmium; DEHP=di(2-ethylhexyl) phthlate; DES = diethylstilbestrol; HDL = high-

density lipoprotein; IKE = intermediate key event; LDL = low-density lipoprotein; PCB =polychlorinated biphenyl; PFOS =perfluorooctane sulfonic acid; PM2.5=particulate

matter £ 2.5 mm; TCDD= tetrachlorodibenzo-p-dioxin. This figure illustrates the biological pathway leading from exposure to adverse cardiovascular outcomes for a variety

of chemicals. On the left-hand side of the figure these pathways are linked to the adverse outcome pathway, and on the right-hand side of the figure we see the traditional

risk factors for adverse cardiovascular outcomes.

FIGURE 2—Adverse Outcome Pathway for Cardiovascular Outcomes
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needed to fully account for all

known risk factors and formulate

the problem to define the most

effective strategy to decrease in-

dividual risk and societal burden.

Accomplishing this will require

clinical data that fully reflect

a population under consideration

as well as exposures to traditional

risk factors, biomonitoring data

documenting exposures to mul-

tiple chemicals, and molecular

responses from in vitro and

in vivo studies indicative of

the activation of biochemical

pathways that accelerate

atherosclerosis.

Although this approach might

not be practical currently, it is not

unrealistic to think about future

states where it could become

standard practice. Our proposed

innovative approach to chemical

risk assessment is occurring

contemporaneously during the

formative stages of the National

Institutes of Health–sponsored

Precision Medicine Initiative,

which will drive integration of

genomics, data sciences, and

bioinformatics as the basis for

improved individual health care,

disease prevention, and public

health. The Affordable Care

Act has accelerated electronic

medical record adoption in

health care practices and hospital

systems, potentially offering

a valuable source of information

for population-level health

monitoring. Recent research has

used big data to study the early

stages of disease and better classify

and predict disease progression

and could be used to inform

personalized medicine to

optimize wellness in healthy

populations.32–34

Moreover, the anticipated

integration and development of

technologies and analytical tools

have the potential to improve

public health and increase the

spatial and temporal resolution of

environmental health

surveillance. The establishment

of a long-term representative

precision medicine cohort, if

integrated with the proposed

National Biomonitoring Net-

work,35 could have enormous

benefit in helping us understand

the relationship between chem-

ical exposures and disease and

in managing some of the most

challenging clinical problems

more effectively.

Applying this framework

would potentially expand our

understanding of the origins of

vascular disease and its progres-

sion, helping define strategies

for primary prevention to thwart

the initiation of the process we

ultimately call atherosclerosis.

Thus, such a framework would

provide new and ongoing

insights into the associations

between environmental expo-

sures that contribute the greatest

burden to public health. This

approach would facilitate ac-

counting for sensitive pop-

ulations and could inform

suggested individual health or

behavioral measures in which

there have been past exposures

or in which current exposure

cannot be reduced enough to

protect those most at risk.

CONCLUSIONS
The proposed conceptual

model is grounded in public

health principles and focused on

identifying the greatest oppor-

tunity to reduce environmental

exposures to improve health

outcomes. Along with traditional

risk assessment, this perspective

can better inform public health

decision-making. Although

there are clear benefits to

operating within a public health–

focused framework and moving

away from individual chemicals

and apical endpoints, there are

also challenges.

Informing Decision-
Making

Since the 1980s, the Envi-

ronmental Protection Agency’s

decision-making has been

grounded on traditional risk as-

sessments that are conducted

within the constraints of the

Environmental Protection

Agency’s statutes and programs.

Although program-targeted risk

assessments will remain an im-

portant component, the disease-

based approach draws on

information in a holistic fashion

that cuts across organizational and

legal boundaries, integrating

traditional inputs and newer data

streams. These assessments will

provide decision-makers with

critical information to inform

exposure-reduction efforts to

affect the selected health out-

comes and, ultimately, improve

public health. Because those

exposure-reduction efforts

would take place within the

existing statutory construct, an

important implementation step

would be to move from findings

of disease-based risk assessments

to assessments of specific risk

management actions under the

relevant statutory authorities.

Priorities for Screening
and Testing

A health outcome–focused

framework can inform priorities

for screening and testing the

toxicity of chemicals. Efforts to

develop and synthesize ap-

proaches for screening large

numbers of chemicals using

high-throughput toxicity testing

and exposure prediction should

continue to provide data for

data-poor chemicals. For

example, in the recently an-

nounced Cancer Moonshot,36

high-throughput approaches

could screen a large set of

chemicals for potential carcino-

genicity and identify a suite of

chemicals for additional animal

toxicity testing.

Examining noncancer end-

points will also be challenging,

which is why developing adverse

outcome pathways and networks

to contextualize and interpret

nonapical hazard data in relation

to population health is of in-

creasing value. Epidemiology

studies can be designed to inform

and validate high-throughput

testing approaches by identifying

both chemical stressors and

nonchemical stressors that mod-

ify responses to chemical expo-

sures; they can also be designed to

test relationships between disease

and early markers of exposure

and biological response (e.g.,

epigenetic changes).

The Impact of
Cumulative Exposures

Although cumulative risk

assessment has been of high in-

terest for the past few decades,

putting cumulative assessment

approaches into practice has been

challenging. This framework

provides a new construct for

considering cumulative risk. By

focusing on a health endpoint of

concern, one could consider the

multiple exposures that may

contribute to a health outcome.

Past National Research Council

recommendations have encour-

aged assessors to evaluate the

combined effects of exposures

to all chemicals that affect

a common adverse outcome,

for example, male reproductive

development.37 Challenges

include gaining adequate un-

derstanding of individual

chemical effects to group

chemicals by health outcome.

Increased research into the

biological pathways by which

chemicals affect health status

can help inform approaches

for estimating the joint

effect of chemicals without
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testing all permutations or

combinations.

One example of an alternative

approach is health impact assess-

ment, which uses a systems ap-

proach to array data sources and

analytic methods and considers

input from stakeholders to de-

termine potential effects of

a proposed action or decision

on the health of a population and

the distribution of those effects in

the population.38 Using health

impact assessment approaches for

chemical risk assessments made

through this framework can offer

amethod to organize various data

streams that can influence our

understanding of a health effect,

inform potential multiple con-

tributors to adverse health

outcomes, and provide recom-

mendations to decision-makers

for monitoring and managing

these outcomes.

Consider Public Health
Concepts

This new approach takes

a systematic view of collective

factors that contribute to a health

outcome or disease state, in-

cluding those that are not reg-

ulated by a single federal entity.

Any single health outcome may

be influenced bymultiple factors

beyond chemical exposures,

such as nutrition, genetics, and

social stressors. Because those

factors are not regulated, it is

important for environmental

regulatory agencies to un-

derstand what fraction of the

disease burden is influenced by

the regulated environmental

exposure.

Public health approaches,

such as attributable risk, can

help inform this understanding.

Challenges may include in-

corporating these approaches,

which are typically used in epi-

demiology, to animal and ad-

vanced toxicity testing data;

ensuring adequate training with

the approaches; and communi-

cating risk in a way that ac-

knowledges the influence of

nonregulated factors.

Public Health
Implications

Understanding the health

effects of chemicals has real im-

plications for public health. This

proposed approach for chemical

risk assessment starts at the health

endpoint and incorporates mul-

tiple data streams, including data

developed using newer tech-

nologies such as high-throughput

screening. In parallel with more

traditional risk assessment ap-

proaches, this will lead to a better

understanding of mechanisms of

single chemicals as well as cu-

mulative exposures that lead to

specific disease endpoints.

This new lens will need to be

applied to the complete risk as-

sessment process—problem for-

mulation, data considerations,

and data synthesis through mul-

tipathway methods, including

cumulative assessment and health

impact assessment—with an eye

to the prevention of adverse ef-

fects. This approach draws on the

best available science to improve

our understanding of the health

effects of environmental chem-

icals and informs decision-

making to prevent, reduce, or

mitigate exposure and ultimately

improve public health.
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Dεαρ Καχεε,

 

Ον βεηαλφ οφ Ηεαλτη Χαναδα ανδ Ενϖιρονmεντ ανδ Χλιmατε Χηανγε Χαναδα, Ι ωουλδ λικε το εξτενδ ουρ

αππρεχιατιον ανδ γρατιτυδε φορ τακινγ τιmε ουτ οφ ψουρ βυσψ σχηεδυλε το παρτιχιπατε ιν τηε φαχε−το−

φαχε ΧΜΠ Σχιενχε Χοmmιττεε mεετινγ λαστ ωεεκ.

 

Ψουρ πρεσεντατιον ανδ χοντριβυτιον το τηε δελιβερατιονσ ωερε βοτη ρελεϖαντ, ανδ ηιγηλψ ρεσπεχτεδ βψ

τηε χοmmιττεε. Ψου πλαψεδ α σιγνιφιχαντ ρολε ιν τηε ρεαλισατιον οφ ουρ mεετινγ οβϕεχτιϖεσ, βψ προϖιδινγ

ινπυτ φορ εαχη οφ τηε χηαργε θυεστιονσ ανδ χοντριβυτινγ το τηε δεϖελοπmεντ οφ τηε Χοmmιττεε

Ρεπορτ.

 

Ονχε αγαιν, τηανκ ψου φορ ψουρ ϖαλυαβλε τιmε, χοντριβυτιον ανδ εξπερτισε τοωαρδσ τηισ φορωαρδ

τηινκινγ τοπιχ.

 

Κινδ ρεγαρδσ,

 

Χηριστινε Νορmαν

Dιρεχτορ � Dιρεχτριχε

Εξισιτινγ Συβστανχεσ Ρισκ Ασσεσσmεντ Βυρεαυ − Βυρεαυ δε λ�ϖαλυατιον δεσ ρισθυεσ πουρ λεσ συβστανχεσ

εξισταντεσ

Ηεαλτηψ Ενϖιρονmεντσ ανδ Χονσυmερ Σαφετψ Βρανχη − Dιρεχτιον γνραλε δε λα σαντ

ενϖιροννεmενταλε ετ δε λα σχυριτ δεσ χονσοmmατευρσ

Ηεαλτη Χαναδα − Σαντ Χαναδα

Τελ: (613) 948−7451 / Τλ: (613) 948−7451

Εmαιλ / Χουρριελ: χηριστινε.νορmαν≅χαναδα.χα

 



Chemical Risk Assessment: Traditional vs Public
Health Perspectives

Preventing adverse health ef-

fects of environmental chemical

exposure is fundamental to pro-

tecting individual and public he-

alth. When done efficiently and

properly, chemical risk assess-

ment enables risk management

actions that minimize the in-

cidence and effects of environ-

mentally induced diseases related

to chemical exposure. However,

traditional chemical risk assess-

ment is faced with multiple chal-

lenges with respect to predicting

and preventing disease in human

populations, and epidemiological

studies increasingly report obser-

vations of adverse health effects

at exposure levels predicted

from animal studies to be safe

for humans. This discordance

reinforces concerns about the

adequacy of contemporary risk

assessment practices for pro-

tecting public health.

It is becoming clear that to

protect public health more effec-

tively, future risk assessments will

need to use the full range of

available data, draw on innovative

methods to integrate diverse data

streams, and consider health

endpoints that also reflect the

range of subtle effects and mor-

bidities observed in human pop-

ulations.

Considering these factors,

there is a need to reframe

chemical risk assessment to be

more clearly aligned with the

public health goal of minimizing

environmental exposures asso-

ciated with disease. (Am J Public

Health. 2017;107:1032–1039.

doi:10.2105/AJPH.2017.303771)

Maureen R. Gwinn, PhD, Daniel A. Axelrad, MPP, Tina Bahadori, ScD, David Bussard, BA, Wayne E.

Cascio, MD, Kacee Deener, MPH, David Dix, PhD, Russell S. Thomas, PhD, Robert J. Kavlock, PhD, and

Thomas A. Burke, PhD, MPH

See also Greenberg, p. 1020.

F
or the past several decades,

human health risk assessment

has been a pillar of environmental

health protection. In general,

the products of risk assessment

have been numerical risk values

derived from animal toxicology

studies of observable effects at

high doses of individual chem-

icals. Although this approach has

contributed to our understanding

of overt health outcomes from

chemical exposures, it does not

always match our understanding

from epidemiology studies of the

consequences of real-world ex-

posures in human populations,

which are characterized by expo-

sure to multiple pollutants, often

chronically, at concentrations that

can fluctuate over wide ranges;

susceptible populations and life

stages; potential interactions be-

tween chemicals and nonchemical

stressors and background disease

states; and lifestyle factors that

modify exposures (e.g., airtight

houses).1These andother issues are

particularly important when de-

termining risk of complex diseases,

such as cardiovascular disease.

Ten years ago, the National

Research Council offered a new

paradigm for evaluating the safety

of chemicals on the basis of

chemical characterization, testing

using a toxicity pathway ap-

proach, and modeling and ex-

trapolating the dose–response

relationship from in vitro testing,

all embedded in a risk context

and considering population-

based data and exposure.2 Efforts

such as the Tox21 Consortium3,4

and ToxCast program5 have

helped us better understand the

biological interactions of large

numbers of chemicals using

high-throughput assay systems,

and we are witnessing early

adoption of new technologies

and approaches for screening

chemicals for integrated testing.6

Several other factors are also

changing the way environmental

health professionals think about

chemical risks and how to most

effectively protect public health,

especially for complex diseases like

cardiovascular disease. It is esti-

mated that intrinsic factors (e.g.,

those that result in mutations

stemming from random errors in

DNA replication) account for

only 10% to 30% of many com-

mon cancers.7 Similarly, only 30%

to 40% of birth defects can be

attributed to known causes such as

genetics, fetal alcohol syndrome,

maternal smoking, and folate in-

sufficiency.8 Other studies have

concluded that nongenetic envi-

ronmental factors and gene by

environment interactions are the

primary causes of chronic dis-

eases.9 The ability to evaluate and

quantify the roleof environmental

factors on public health is a clear

opportunity, but it is limited by

the lack of readily availablemodels

for prominent clinical outcomes.

CURRENT
CHALLENGES

Understanding public health

risk from environmental chem-

ical exposures is complicated by

many factors, such as population

variability and susceptibility,

long latencies between critical

exposures and disease manifesta-

tions, and background environ-

mental exposures. Issues of

population variability and sus-

ceptibility are poorly understood

and difficult to characterize and

incorporate into risk assessments.

For example, a person’s unique

microbiomemaymodulate his or

her response to environmental

exposures.10,11 Although studies

are limited in this emerging area,

knowledge about the
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microbiome may inform inter-

individual variability and un-

explained susceptibility observed

in populations. Scientists have

begun to appreciate the role of

the microbiome in the lack of

reproducibility and in-

terpretability of animal studies.12

Another example is the effects

of early life environmental

exposures on health outcomes

later in life. Advances in the field

of epigenetics have revealed that

developmental exposure to

endocrine disrupting chemicals

can alter epigenetic program-

ming of gene regulation and thus

may play a role in the risk of

obesity later in life.13 Similar to

microbiome research, studies in

this area are limited, and a better

understanding of the link

between chemical exposure,

epigenetic gene regulation, and

health outcomes through epide-

miological research can help us

better address factors that are

currently difficult to account for

in traditional risk assessment.

Finally, there are also methodo-

logical challenges in determining

attributable risks in populations

with background environmental

exposures, as these background

exposures may change the

populationhealth baselines or affect

the response of the target chemical.

Other examples of important fac-

tors to incorporate in risk assess-

ments can be found in Table 1.

OPPORTUNITIES FOR
USING MULTIPLE
DATA TYPES

Concurrent with these chal-

lenges, science and technology

are advancing rapidly and in ways

that create opportunities for risk

assessment. Public health

disciplines help us understand

how baseline health status can

influence the effect of

population-level chemical ex-

posures.We also need to consider

how environmental pollutants

may contribute to overall disease

burden for endpoints not tradi-

tionally considered in chemical

risk assessment (e.g., metabolic

disorders, autism). New

methods in epidemiological re-

search help us evaluate complex

interactions among multifacto-

rial causes of disease ranging

from macro (societal, neigh-

borhood) to micro (molecular)

factors, relevance of exposures

during sensitive life stages, and

a better understanding of in-

terrelatedness of disease across

the life span.14

Advances in high-throughput

technologies and computational

modeling (e.g., ToxCast, Tox21,

and ExpoCast efforts) are

providing data on hazard and

exposure potential for a large

number of data-poor chemicals.

The increased generation of data

for both hazard and exposure

from these advances can be used

to better understand the bi-

ological pathways that lead to

adverse health effects in ways that

were not possible in the past. But

linking these observations to

specific disease endpoints is

challenging because the trans-

lation of effects across levels of

biological organization is notwell

understood. One approach with

the potential to advance our

understanding of how chemical

exposures can affect health is the

use of adverse outcome path-

ways, which integrate various

types of biological information to

link molecular initiating events

to downstream key events and

ultimately unwanted health

outcomes.15,16

TABLE 1—Examples of Current Risk Assessment Challenges and Opportunities

Risk Assessment Challenge Description Impact on Risk Assessment Public Health Opportunity

Molecular initiating events and subsequent

key events in adverse outcome pathways

Early biological changes or precursor effects

in response to chemical exposures may be

identified by in vitro, animal, or

epidemiological studies

Useful for qualitative and quantitative

understanding of ultimate health effect of

early biological changes

Improved public health protection without

need for long-term toxicology or

epidemiology studies

Background exposures Population exposures to a myriad of

environmental chemicals at low

concentrations

Exposures to background chemicals may

affect response to target chemical

exposures and may change population

health baselines

Increased public health protection if

baseline exposures are taken into account

when determining prevention strategies

Nonchemical stressors Physical and psychosocial stressors,

including noise, temperature,

socioeconomic status, social stress, and

limited resources

Impact on baseline susceptibility and

potential effect modification

Potential role in cumulative assessment,

improved identification of vulnerable

populations, potential target for public

health interventions (e.g., stress

management)

Early life determinants of health Biological characteristics and exposures

that can determine chronic and lifelong

health outcomes

Effect of exposures during early life may

play a role in later disease states (e.g.,

endocrine disruptors, epigenetic changes)

Potential for early life interventions for

prevention and management of later

disease

Baseline health status Individual health status, with a focus on

potential health susceptibilities

Baseline health status may affect response

to additional environmental chemical

exposures

Increased public health protection if

baseline health status is taken into

account

Microbiome Microorganisms that reside within and on

our bodies and interact with the

environment

Exposure modification, susceptibility and

resilience to environmental pollutants,

important as an early life determinant of

health

Potential targets for prevention and

intervention, management of allergic

responses, and precision risk management

AJPH RISK ASSESSMENT

July 2017, Vol 107, No. 7 AJPH Gwinn et al. Peer Reviewed Analytic Essay 1033



To fully realize the potential

of adverse outcome pathway–

based approaches and to in-

tegrate biological findings across

disciplines, we must strengthen

our ability to detect precursor

events in human populations

and to identify biologically rel-

evant exposure metrics, ideally

measurable in individuals. An-

other advancement that has

a great potential to advance our

understanding of data-poor che-

micals is the use of nontesting

approaches (e.g., quantitative

structure–activity relationship)

that allow us to predict toxicity

when adequate testing data are

absent—especially when we

combine knowledge of chemical

structural features and in vitro

bioactivity determinations. Ad-

vances in the development

of chemical libraries,

cheminformatics, and

read-across predictions and in-

tegration with molecular data

and adverse outcome pathways

have significantly improved

their application and predictive

capacity, which will allow more

comprehensive assessment of the

health effects of exposures.17,18

Effectively predicting

population risk by integrating

a variety of data streams (e.g.,

epidemiology, toxicology,

high-throughput testing) and

considering multiple sources and

pathways of exposure can better

inform environmental public

health decisions. Advances in

technology and computational

capabilities have fostered new

opportunities for generating and

analyzing molecular, animal, and

human data on effects and ex-

posures, which can be integrated

TABLE 2—Data Streams and Opportunities and Challenges for Informing Risk Assessment

Data Type Description Opportunity Challenge

Nontesting

data

Nontesting approaches, such as quantitative structure–

activity relationship models and read-across allow us

to predict toxicity when adequate testing data are

absent

Advances in the field have significantly improved

their application and predictive capacity

Developing principles for acceptance, for

characterizing and incorporating uncertainties into

predictions, and for developing objective metrics of

performance

Molecular Biochemical and cell-based bioactivity data and “omics-

based” data on thousands of chemicals

Can help inform our understanding of the health

outcomes of environmental exposures, using data

that are potentially more human relevant

Lack of scientific consensus on inferring hazard from

bioactivity in vitro assay and omics-based data and

providing quantitative dose–response information

on exposure metrics

Animal Traditional animal testing provides a hazard based

point of departure for risk assessments

Targeted animal testing can be performed on the

basis of the results of bioactivity data to focus on

key health outcomes

Potential uncertainties with using traditional animal

testing to estimate human risk (e.g., extrapolating

from animal to human or high to low doses and

accounting for human population variability and

life stage susceptibility)

Human Epidemiological and other human data support holistic

assessment of the effects of chemical exposures on

public health

Newer exposure science and statistical techniques

advance the understanding of human variability

that can be obtained from epidemiology and

individual sequencing; understanding effect

modification by nonchemical stressors and baseline

health status

Often limited mechanistic and dose–response data,

and exposure misclassification can bias results to

the null; possibility of unmeasured confounders

often undermines confidence in observed

associations, and it may require multiple studies

and many years to rule out chance, bias, and

confounding as possible explanations for observed

associations

Exposure Exposure characterization that captured the variability

in time, space, and within and across populations;

better toxicokinetic data link external to internal

dosimetry and relevant environmental exposure

concentrations with biological significance

Targeted and nontargeted biomonitoring,

application of sensors, and other new technologies

are greatly advancing population exposure

characterization; high-throughput exposure

models allow exposure predictions on thousands of

chemicals with associated uncertainty

Estimating and incorporating the inter- and

intraindividual variability in exposures into current

designs of toxicity testing and risk assessments;

extrapolating relevant target tissue and organ dose

information from external exposures and in vitro

assays; accounting for multiple exposures; sample

collection, data management, and analysis; and

covering or extrapolating to a broader chemical

space

Digital data The ongoing revolution in social media use and

communication has provided a new source of data

used in exposure science and environmental

epidemiology for local and timely information about

disease and health dynamics

A significant source of untapped data The collection and application of these data have

significant ethical implications that need to be

understood and managed, particularly taking

into account personal identifiable information;

methods to evaluate the quality of the data and

build confidence in the applications are needed
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into chemical risk assessments.

At the same time, probabilistic

and high-throughput ap-

proaches for risk assessment have

been advancing. Table 2 high-

lights various data types available

and challenges in applying these

data types to inform risk

assessment.

A PUBLIC HEALTH
PERSPECTIVE

A public health perspective for

chemical risk assessment would

approach risk assessment from

a new lens. It would address

population health with a focus on

the health and societal burden of

disease; use and integrate all

available types of data—including

traditional toxicology, human

epidemiological findings, and

newer and emerging data

streams and information, such as

digital epidemiology,19 high-

throughput and high-content

data, and adverse outcome path-

ways; and draw on public health

approaches, such as attributable

risk or relative risk. This new

perspective may be especially

important for some historically

challenging aspects of risk assess-

ment, such as understanding

cumulative risks of exposures to

multiple chemical and non-

chemical stressors. Internationally,

scientists have raised concerns

about the large number of ubiq-

uitous chemicals people are

exposed to and called for re-

thinking approaches to evalu-

ating the health effects of

chemicals.16 Figure 1 presents

a conceptual model for a public

health perspective for risk

assessment.

Although approaching assess-

ments from the perspective of

health outcomes may be chal-

lenging, it provides the oppor-

tunity to evaluate exposures and

effects across the life span that are

relevant to population health.

Advances in science and tech-

nology, such as adverse outcome

pathway development, the

broader availability of chemical

and biological data, and the

applications of statistical and

bioinformatics tools, bring this

previously aspirational approach

well within reach.20

EXAMPLE:
CARDIOVASCULAR
DISEASE

A public health approach

may inform the challenge of

cardiovascular disease. Cardio-

vascular disease is the number 1

cause of mortality worldwide and

is a major US public health

burden.21,22 Annual costs of

cardiovascular disease in the

United States were estimated to

be $317 billion in 2011 and 2012,

considering direct medical costs

and lost productivity because of

premature mortality.22 This es-

timate is likely to substantially

underestimate the social cost

of cardiovascular disease

because of limitations in the es-

timation of indirect costs associ-

ated with morbidity and

premature mortality.23

Although much is known

about the biochemical and be-

havioral risk factors associated

with cardiovascular disease, par-

ticularly compared with other

diseases and health conditions,

the traditional risk factors fail to

account for 10% to 25% of its

prevalence.24 Environmental

factors, including air pollution25

and chemical exposures26 are

thought to contribute to the

unexplained fraction. Although

mortality stemming from car-

diovascular disease has decreased

over the past few decades in the

developed world as a result of

reductions in behavioral risk

factors, the rising prevalence of

obesity and diabetes might ac-

count for the deceleration in the

rate of improvement in annual

cardiovascular mortality in the

United States over the past

few years.27

There is an urgent need to

better understand the biological

pathways through which envi-

ronmental exposures to chemical

and nonchemical stressors act to

stimulate and accelerate athero-

sclerosis and promote adverse

cardiovascular health effects.

Applying the adverse outcome

pathway framework,28 the initial

molecular response to a chemical

exposure will often be receptor

Improved

public

health

Starting Point

• Adverse health outcome of

concern 

Data Sources (along with those

used in traditional assessment)  

• Clinical data on baseline

population health status 

• Molecular epidemiology

• Exposure information in the

population 

• Behavioral data

Synthesis

• Chemical/nonchemical

stressors contributing to the

adverse outcome  

• Prevention strategies

Public Health Perspective

Starting Point

In context of a statutory authority

• Chemical or class of concern

• Route(s) of exposure

Data Sources

• Epidemiology studies

• Laboratory animal studies

• Mechanistic data

Synthesis

• Multiple health outcomes of

concern 

• Toxicity values for speci�c

chemical/endpoint 

• Output/risk metric:  absolute

estimate of risk in population, or

safety assessment (e.g., hazard

index)  

Traditional Risk Assessment

Note. This conceptual model illustrates how the starting point in a public health–focused risk assessment would differ from

that of traditional risk assessment. In traditional risk assessment, the starting point is focused on specific chemicals or

classes of chemicals of concern, with multiple data streams saying what the critical effects from that chemical are. A

public health perspective would focus on the adverse health outcome of concern with multiple data streams, informing

our understanding of hazard and exposure in the context of public health decisions related to that outcome and not

necessarily focused on just 1 chemical or class of chemicals.

FIGURE 1—Conceptual Model for a Public Health Perspective for Chemical Risk Assessment
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activation and changes in meta-

bolism and, ultimately, changes

in tissue and organ function. Such

changes can be modified by

both intrinsic (e.g., gender, age,

genetic, and epigenetic back-

ground) and extrinsic factors

(e.g., coexposures to other

chemical and nonchemical

stressors; Figure 2). Over time,

these changes produce subclinical

effects, such as changes in elec-

trical and mechanical cardiac

function, vascular function, and

nonobstructive atherosclerotic

vascular changes. With the per-

sistence of metabolic changes

that stimulate the progression of

vascular disease, clinical cardio-

vascular events such as heart at-

tacks, strokes, heart failure, and

abnormal heart rhythms follow.

To date, the most compre-

hensive application of this ap-

proach has been in the study of

population-level health effects

of air pollution exposure.28

Epidemiological data at the

population level has provided

support that air pollutant

exposure (e.g., ambient particular

matter and NO2) accelerates the

development and progression

of coronary atherosclerosis.25

Xenobiotic metals such as arse-

nic, cadmium, lead, and mer-

cury are also associated with

atherosclerosis.29 Gene–

environment interaction alters

the risk of vascular disease30; for

example, the residential proximity

to highways (representing ex-

posure to a mixture of traffic-

related air pollutants) is associated

with peripheral vascular disease,

which is modified by the gene

encoding bone morphogenic

protein.7,31

Because of the complexity of

the drivers of atherosclerosis,

a medical model treating blood

pressure and high cholesterol and

advising dietary modification and

exercise will be inadequate to

fully address this disease. Like-

wise, identifying the chemicals

that increase risk on an individual

basis will be inadequate to pre-

vent vascular disease. Instead an

integrated systems approach is

Atherosclerosis
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BaP  Phthalate

PCB  PM2.5

Cd

PCBs
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Clinical

Events (AO)

Biochemical

and Physiologic

Responses (IKE)

Cellular

Response (IKE)

Environmental

Exposure

Subclinical

and

Clinical Responses

(IKE) 

Molecular

Initiating Event

Public Health

Burden Mortality – Morbidity – Disability – Frailty 

As  PFOS

PCBs PM2.5

Individual Health

Burden

Source. Action of specific chemicals and metals adapted from Kirkley and Sargis.26

Note. As =Arsenic; AO=adverse outcome; BaP = benzo[a]pyrene; BPA =bisphenol A; Cd =Cadmium; DEHP=di(2-ethylhexyl) phthlate; DES = diethylstilbestrol; HDL = high-

density lipoprotein; IKE = intermediate key event; LDL = low-density lipoprotein; PCB =polychlorinated biphenyl; PFOS =perfluorooctane sulfonic acid; PM2.5=particulate

matter £ 2.5 mm; TCDD= tetrachlorodibenzo-p-dioxin. This figure illustrates the biological pathway leading from exposure to adverse cardiovascular outcomes for a variety

of chemicals. On the left-hand side of the figure these pathways are linked to the adverse outcome pathway, and on the right-hand side of the figure we see the traditional

risk factors for adverse cardiovascular outcomes.

FIGURE 2—Adverse Outcome Pathway for Cardiovascular Outcomes
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needed to fully account for all

known risk factors and formulate

the problem to define the most

effective strategy to decrease in-

dividual risk and societal burden.

Accomplishing this will require

clinical data that fully reflect

a population under consideration

as well as exposures to traditional

risk factors, biomonitoring data

documenting exposures to mul-

tiple chemicals, and molecular

responses from in vitro and

in vivo studies indicative of

the activation of biochemical

pathways that accelerate

atherosclerosis.

Although this approach might

not be practical currently, it is not

unrealistic to think about future

states where it could become

standard practice. Our proposed

innovative approach to chemical

risk assessment is occurring

contemporaneously during the

formative stages of the National

Institutes of Health–sponsored

Precision Medicine Initiative,

which will drive integration of

genomics, data sciences, and

bioinformatics as the basis for

improved individual health care,

disease prevention, and public

health. The Affordable Care

Act has accelerated electronic

medical record adoption in

health care practices and hospital

systems, potentially offering

a valuable source of information

for population-level health

monitoring. Recent research has

used big data to study the early

stages of disease and better classify

and predict disease progression

and could be used to inform

personalized medicine to

optimize wellness in healthy

populations.32–34

Moreover, the anticipated

integration and development of

technologies and analytical tools

have the potential to improve

public health and increase the

spatial and temporal resolution of

environmental health

surveillance. The establishment

of a long-term representative

precision medicine cohort, if

integrated with the proposed

National Biomonitoring Net-

work,35 could have enormous

benefit in helping us understand

the relationship between chem-

ical exposures and disease and

in managing some of the most

challenging clinical problems

more effectively.

Applying this framework

would potentially expand our

understanding of the origins of

vascular disease and its progres-

sion, helping define strategies

for primary prevention to thwart

the initiation of the process we

ultimately call atherosclerosis.

Thus, such a framework would

provide new and ongoing

insights into the associations

between environmental expo-

sures that contribute the greatest

burden to public health. This

approach would facilitate ac-

counting for sensitive pop-

ulations and could inform

suggested individual health or

behavioral measures in which

there have been past exposures

or in which current exposure

cannot be reduced enough to

protect those most at risk.

CONCLUSIONS
The proposed conceptual

model is grounded in public

health principles and focused on

identifying the greatest oppor-

tunity to reduce environmental

exposures to improve health

outcomes. Along with traditional

risk assessment, this perspective

can better inform public health

decision-making. Although

there are clear benefits to

operating within a public health–

focused framework and moving

away from individual chemicals

and apical endpoints, there are

also challenges.

Informing Decision-
Making

Since the 1980s, the Envi-

ronmental Protection Agency’s

decision-making has been

grounded on traditional risk as-

sessments that are conducted

within the constraints of the

Environmental Protection

Agency’s statutes and programs.

Although program-targeted risk

assessments will remain an im-

portant component, the disease-

based approach draws on

information in a holistic fashion

that cuts across organizational and

legal boundaries, integrating

traditional inputs and newer data

streams. These assessments will

provide decision-makers with

critical information to inform

exposure-reduction efforts to

affect the selected health out-

comes and, ultimately, improve

public health. Because those

exposure-reduction efforts

would take place within the

existing statutory construct, an

important implementation step

would be to move from findings

of disease-based risk assessments

to assessments of specific risk

management actions under the

relevant statutory authorities.

Priorities for Screening
and Testing

A health outcome–focused

framework can inform priorities

for screening and testing the

toxicity of chemicals. Efforts to

develop and synthesize ap-

proaches for screening large

numbers of chemicals using

high-throughput toxicity testing

and exposure prediction should

continue to provide data for

data-poor chemicals. For

example, in the recently an-

nounced Cancer Moonshot,36

high-throughput approaches

could screen a large set of

chemicals for potential carcino-

genicity and identify a suite of

chemicals for additional animal

toxicity testing.

Examining noncancer end-

points will also be challenging,

which is why developing adverse

outcome pathways and networks

to contextualize and interpret

nonapical hazard data in relation

to population health is of in-

creasing value. Epidemiology

studies can be designed to inform

and validate high-throughput

testing approaches by identifying

both chemical stressors and

nonchemical stressors that mod-

ify responses to chemical expo-

sures; they can also be designed to

test relationships between disease

and early markers of exposure

and biological response (e.g.,

epigenetic changes).

The Impact of
Cumulative Exposures

Although cumulative risk

assessment has been of high in-

terest for the past few decades,

putting cumulative assessment

approaches into practice has been

challenging. This framework

provides a new construct for

considering cumulative risk. By

focusing on a health endpoint of

concern, one could consider the

multiple exposures that may

contribute to a health outcome.

Past National Research Council

recommendations have encour-

aged assessors to evaluate the

combined effects of exposures

to all chemicals that affect

a common adverse outcome,

for example, male reproductive

development.37 Challenges

include gaining adequate un-

derstanding of individual

chemical effects to group

chemicals by health outcome.

Increased research into the

biological pathways by which

chemicals affect health status

can help inform approaches

for estimating the joint

effect of chemicals without
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testing all permutations or

combinations.

One example of an alternative

approach is health impact assess-

ment, which uses a systems ap-

proach to array data sources and

analytic methods and considers

input from stakeholders to de-

termine potential effects of

a proposed action or decision

on the health of a population and

the distribution of those effects in

the population.38 Using health

impact assessment approaches for

chemical risk assessments made

through this framework can offer

amethod to organize various data

streams that can influence our

understanding of a health effect,

inform potential multiple con-

tributors to adverse health

outcomes, and provide recom-

mendations to decision-makers

for monitoring and managing

these outcomes.

Consider Public Health
Concepts

This new approach takes

a systematic view of collective

factors that contribute to a health

outcome or disease state, in-

cluding those that are not reg-

ulated by a single federal entity.

Any single health outcome may

be influenced bymultiple factors

beyond chemical exposures,

such as nutrition, genetics, and

social stressors. Because those

factors are not regulated, it is

important for environmental

regulatory agencies to un-

derstand what fraction of the

disease burden is influenced by

the regulated environmental

exposure.

Public health approaches,

such as attributable risk, can

help inform this understanding.

Challenges may include in-

corporating these approaches,

which are typically used in epi-

demiology, to animal and ad-

vanced toxicity testing data;

ensuring adequate training with

the approaches; and communi-

cating risk in a way that ac-

knowledges the influence of

nonregulated factors.

Public Health
Implications

Understanding the health

effects of chemicals has real im-

plications for public health. This

proposed approach for chemical

risk assessment starts at the health

endpoint and incorporates mul-

tiple data streams, including data

developed using newer tech-

nologies such as high-throughput

screening. In parallel with more

traditional risk assessment ap-

proaches, this will lead to a better

understanding of mechanisms of

single chemicals as well as cu-

mulative exposures that lead to

specific disease endpoints.

This new lens will need to be

applied to the complete risk as-

sessment process—problem for-

mulation, data considerations,

and data synthesis through mul-

tipathway methods, including

cumulative assessment and health

impact assessment—with an eye

to the prevention of adverse ef-

fects. This approach draws on the

best available science to improve

our understanding of the health

effects of environmental chem-

icals and informs decision-

making to prevent, reduce, or

mitigate exposure and ultimately

improve public health.
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Φροm: Dεενερ, Κατηλεεν

Το: Γωινν, Μαυρεεν

Συβϕεχτ: ΡΕ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Dατε: Τηυρσδαψ, Απριλ 30, 2020 11:02:39 ΑΜ

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Καχεε Dεενερ

ΟΡD−ΟΣΑΠΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

 

Καχεε Dεενερ, ΜΠΗ

Dεπυτψ Dιρεχτορ, Οφφιχε οφ Σχιενχε Αδϖισορ, Πολιχψ ανδ Ενγαγεmεντ

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

(πη) 202.564.1990 | (mοβιλε) 202.510.1490

δεενερ.κατηλεεν≅επα.γοϖ

 

Φροm: Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:56 ΑΜ

Το: Αξελραδ, Dανιελ <Αξελραδ.Dανιελ≅επα.γοϖ>; Χασχιο, Wαψνε <Χασχιο.Wαψνε≅επα.γοϖ>; Dεενερ,

Κατηλεεν <Dεενερ.Κατηλεεν≅επα.γοϖ>; Βαηαδορι, Τινα <Βαηαδορι.Τινα≅επα.γοϖ>; Βυσσαρδ, Dαϖιδ

<Βυσσαρδ.Dαϖιδ≅επα.γοϖ>; Τηοmασ, Ρυσσελλ <Τηοmασ.Ρυσσελλ≅επα.γοϖ>; τβυρκε1≅ϕηυ.εδυ; Ροβερτ

Καϖλοχκ <ρκαϖλοχκ≅ιχλουδ.χοm>

Συβϕεχτ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Ιmπορτανχε: Ηιγη

 

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε συβmισσιον.  Χαν ψου

πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm

νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ

ψου ηαϖε ανψ πρεφερενχε ον ηοω ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?,

ινχλυδε mιδδλε ινιτιαλ?, σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)



 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

�       Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε
Αγρεεmεντ δοχυmεντ φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε
συβmιττεδ ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ ωιτη
τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε νοmινατιον φορm. Τηε
δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν τηε συβϕεχτ λινε, φολλοωεδ βψ τηε
χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε
ανδ οργανιζατιον, τηε νοmινεε�σ ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ
στατεmεντ τηατ τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε: 
Α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 

 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794



Χελλ:  703−434−9093

 



Φροm: Γωινν, Μαυρεεν

Το: Αξελραδ, Dανιελ; Χασχιο, Wαψνε; Dεενερ, Κατηλεεν; Βαηαδορι, Τινα; Βυσσαρδ, Dαϖιδ; Τηοmασ, Ρυσσελλ;
τβυρκε1≅ϕηυ.εδυ; Ροβερτ Καϖλοχκ

Συβϕεχτ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Dατε: Τηυρσδαψ, Απριλ 30, 2020 10:55:00 ΑΜ

Ατταχηmεντσ: ΑϑΠΗ − ΣΤΑΑ ϕυστιφιχατιον_Χλεαν_4.29.2020 φιναλ ϖ2.δοχξ

Ιmπορτανχε: Ηιγη

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε συβmισσιον.  Χαν ψου

πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm

νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ

ψου ηαϖε ανψ πρεφερενχε ον ηοω ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?,

ινχλυδε mιδδλε ινιτιαλ?, σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

�       Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε
Αγρεεmεντ δοχυmεντ φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε
συβmιττεδ ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ ωιτη



τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε νοmινατιον φορm. Τηε
δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν τηε συβϕεχτ λινε, φολλοωεδ βψ τηε
χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε
ανδ οργανιζατιον, τηε νοmινεε�σ ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ
στατεmεντ τηατ τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε: 
Α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 

 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794

Χελλ:  703−434−9093

 



Φροm: Ροβερτ Καϖλοχκ

Το: Γωινν, Μαυρεεν

Συβϕεχτ: Ρε: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Dατε: Τηυρσδαψ, Απριλ 30, 2020 11:29:06 ΑΜ

Ι χονφιρm τηε περχενταγε εφφορτ.

Σεντ φροm mψ ιΠαδ

Ον Απρ 30, 2020, ατ 10:56 ΑΜ, Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ>
ωροτε:

|

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε

συβmισσιον.  Χαν ψου πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ

ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο

χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ ψου ηαϖε ανψ πρεφερενχε ον ηοω

ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?, ινχλυδε mιδδλε ινιτιαλ?,

σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ:

Αδαπτινγ το Νεω Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη

Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ

βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%



Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

<!−−[ιφ !συππορτΛιστσ]−−>�       <!−−[ενδιφ]−−>Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε
νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ
φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε συβmιττεδ
ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ
ωιτη τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε
νοmινατιον φορm. Τηε δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν
τηε συβϕεχτ λινε, φολλοωεδ βψ τηε χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε
δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε ανδ οργανιζατιον, τηε νοmινεε�σ
ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ στατεmεντ τηατ τηε
αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε:  Α
Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ
νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 

 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794

Χελλ:  703−434−9093

 

<ΑϑΠΗ − ΣΤΑΑ ϕυστιφιχατιον_Χλεαν_4.29.2020 φιναλ ϖ2.δοχξ>



Φροm: Χασχιο, Wαψνε

Το: Γωινν, Μαυρεεν

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Wαψνε Ε. Χασχιο)

Dατε: Τηυρσδαψ, Απριλ 30, 2020 11:10:21 ΑΜ

Ηι Μαυρεεν �  Ηερε ισ τηε ινφορmατιον ρεθυεστεδ το χοmπλετε ουρ αππλιχατιον.

 

              Wαψνε Ε. Χασχιο

              ΟΡD−ΧΠΗΕΑ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Μανψ τηανκσ, Wαψνε

 

Wαψνε Ε. Χασχιο, ΜD, ΦΑΧΧ | Dιρεχτορ | Χεντερ φορ Πυβλιχ Ηεαλτη ανδ Ενϖιρονmενταλ Ασσεσσmεντ |

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ | Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ | Ρεσεαρχη Τριανγλε

Παρκ, ΝΧ 27711 | Πηονε: 919.541.2508 | Χελλ: 919.627.3762|

 

Φροm: Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:56 ΑΜ

Το: Αξελραδ, Dανιελ <Αξελραδ.Dανιελ≅επα.γοϖ>; Χασχιο, Wαψνε <Χασχιο.Wαψνε≅επα.γοϖ>; Dεενερ,

Κατηλεεν <Dεενερ.Κατηλεεν≅επα.γοϖ>; Βαηαδορι, Τινα <Βαηαδορι.Τινα≅επα.γοϖ>; Βυσσαρδ, Dαϖιδ

<Βυσσαρδ.Dαϖιδ≅επα.γοϖ>; Τηοmασ, Ρυσσελλ <Τηοmασ.Ρυσσελλ≅επα.γοϖ>; τβυρκε1≅ϕηυ.εδυ; Ροβερτ

Καϖλοχκ <ρκαϖλοχκ≅ιχλουδ.χοm>

Συβϕεχτ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Ιmπορτανχε: Ηιγη

 

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε συβmισσιον.  Χαν ψου



πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm

νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ

ψου ηαϖε ανψ πρεφερενχε ον ηοω ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?,

ινχλυδε mιδδλε ινιτιαλ?, σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

�       Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε
Αγρεεmεντ δοχυmεντ φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε
συβmιττεδ ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ ωιτη
τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε νοmινατιον φορm. Τηε
δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν τηε συβϕεχτ λινε, φολλοωεδ βψ τηε
χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε
ανδ οργανιζατιον, τηε νοmινεε�σ ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ
στατεmεντ τηατ τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε: 
Α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 



 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794

Χελλ:  703−434−9093

 



AJPH EDITORIALS

Risk Analysis in the 21st Century:
Adapting to New Challenges
and Opportunities

See also Gwinn et al., p. 1032.

During the late 1970s, there

waswidespread concern thatmany

chemicals in commerce caused

cancer or promoted it. In addition,

the US government was con-

cerned about operations of com-

mercial nuclear power plants,

which at that time seemeddestined

to increase from approximately

100plants to 10 times that number.

Hazardous waste disposal was

a third widely publicized national

human health and environmental

issue. In response to these con-

cerns, theUS government charged

the newly created Environmental

Protection Agency (EPA) and

the Nuclear Regulatory Com-

mission (NRC) with developing

a scientific basis for assessing and

managing associated risks.1,2

In response, a group of pri-

marily scientists and engineers

developed the Society for Risk

Analysis (SRA). The SRA

quickly expanded to include

members from Europe, Asia, and

selected other nations. The fol-

lowing 6 questions are a conve-

nient way of presenting how risk

analysts study a possible threat;

the first 3 cover risk assessment,

and the last 3 cover risk

management1:

1. What can go wrong?

2. What are the chances that

something with important

consequences will go wrong?

3. What are the consequences if

something does go wrong?

4. How can consequences be

prevented or reduced?

5. Howcan recovery be enhanced

if the event occurs?

6. How can key local officials,

expert staff, and the public

organize and be informed to

reduce risk and concern, and

increase trust and confidence?

These six questions represent

the systematic approach of risk

analysis, covering ecological

health, and the social, political,

legal, and economic conse-

quences of risks and their man-

agement. They became core

elements of risk analysis as the

field matured, with epidemiolo-

gists, toxicologists, and engineers,

as well as sociologists, anthro-

pologists, ethicists, economists,

and psychologists broadening

SRA membership.

The aerospace, medical, mil-

itary, oil, and rail industries have

become heavily vested in risk

analysis. Recently, the fields of

oral health and criminal justice

have begun to apply the tools of

risk analysis. Despite having some

limitations, the field has carved

out an important niche, pro-

viding scientifically based in-

formation about human health

and environmental risk to

decision-makers.

BIG DATA
APPLICATIONS TO
CUMULATIVE RISK

I have worked on many risk

analyses, and the frustration I face

is not having enough high-

quality data. Sometimes, no data

are available for analysis, and best

estimates rely on professional

judgement. Other times, data

might be available, but it might

not be representative of the

problem being studied. This issue

is addressed in this issue of AJPH

by Gwinn et al.3 (p. 1032)

and nine other current or former

EPA employees. Their article

describes how risk assessment will

be expanded in the 21st century

by increased monitoring in

multiple environments, storing

the data in formats that are

compatible with other data sets,

and widely circulating these data.

The data can then be used to

investigate complex multifactor

hypotheses about the contribu-

tion of chemical risks to disease.

The Gwinn et al.3 approach

allows for the formulation of

models that simulate multi-

exposure environments rather

than the current set of analytical

tools that examine one chemical

at a time. The authors assert

that using big data to explore

cumulative risk may lead to the

reduction of environmental ex-

posures from multiple chemical

agents and nonchemical stressors.

They provide the example of

heart disease, and identify specific

organ targets and genetic ex-

pressions that need further ex-

ploration. Their approach is

clearly applicable to the explo-

ration of other complex health

outcomes (e.g., children’s be-

havioral disorders or obesity).

The big data approach faces

challenges, particularly in re-

moving traditional turf and

legal barriers that exist between

agencies and their subunits that

maintain data sets. We must

overcome these issues if we are

to adopt a new paradigm that

presents a holistic view of health

and disease. I firmly believe

this can be done, because it al-

ready has already been done in

other branches of science.

SYSTEMS MODELING
AND CUMULATIVE
RISK

Understanding relationships

among behavioral, environmen-

tal, and social risk factors requires

sophisticated systems modeling
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that link these factors with health

outcomes and each other. Risk

analysts have a long history of such

efforts in regard to asbestos, mer-

cury, radiation, and many others

toxins.1,2What is exciting today is

that the promise of big data will

allow us to build stronger models

based on many more factors that

influence outcomes than were

available in the past.

CUMULATIVE RISK
AND ENVIRONMENTAL
JUSTICE

Neither cumulative risk nor

systems thinking are new to this

Journal. I found more than two

dozen articles about cumulative

risk and systems in the Journal,

many of which are recent. What

is different about the article by

Gwinn et al. is that it lays out

a plan for using big data to make

progress in our understanding

of multiple risks. Having served

on an EPA Environmental Jus-

tice Science Advisory Board

committee and having studied

cumulative risk and environ-

mental justice for many years, I

believe that the ideas in this article

are implementable at this time,

not across the entire nation, but

in selected neighborhoods. The

place to try out database devel-

opment, intersection, and mod-

eling of human health impacts

is in neighborhoods with con-

centrations of industry, ware-

housing, and transportation.

For instance, Newark, New

Jersey, has neighborhoods with

populations that are more than

80% African American and La-

tino American, and who are

disproportionately poor.Newark

passed the first environmental

justice ordinance that we are

aware of in the United States.

The ordinance requires appli-

cants for a new site to provide

data about their proposals for

local review.4 However, for the

ordinance to work, this city and

many others like it across the

United States need technical

support that logically should

come from federal and state en-

vironmental protection agencies.

Will they get it? I am doubtful

because of proposed budget cuts

and other constraints placed on

the EPA.5,6 From the perspective

of environmental and social

justice, to postpone or even

repudiate these important

potentially path-breaking

opportunities would be a seri-

ous miscarriage of social

justice.

Michael R. Greenberg, PhD
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Educational Disparities in Adult
Disability: Person, Place, Policies,
and Family

See also Montez et al., p. 1101.

Declines in functioning, both

mental and physical, and subsequent

inability to live independently are

key concerns of older people as they

age. Over the past few decades, the

United States and the United

Kingdom have seen increases in the

prevalence of mild disability,

especially among women, lead-

ing to reductions in years spent

disability-free.1,2 In addition to

this overall worsening situation,

socioeconomic disparities in

disability remain large in both

countries.

At a national level, the United

Kingdom has tended to use

occupation- or neighborhood-

based measures to explore dif-

ferences in health and disability

between socioeconomic groups;

however, education, which

generally changes little after early

adulthood, suffers less from

reverse causation. Nevertheless,

there is a strong correlation

between education and both

middle- and later-life socioeco-

nomic status measures given that

increased education leads to

greater job opportunities and

higher incomes, as well as

healthier lifestyles and better

health outcomes.

Over the past two decades in

England, the change in the com-

pulsory school-leaving age from14

years to 15 years and greater op-

portunities for university education

have resulted in decreases in the

prevalence and incidence of

dementia3 and a real reduction of

years with cognitive impairment

among women2 in more older,

recent cohorts. Furthermore,

education was the sole socioeco-

nomic measure differentiating

disability pathways among in-

dividuals aged 85 to 90 years in the

Newcastle 85+ Study.4

PLACE
If there is evidence for the

far-reaching effects of education

through to very old age, it seems

obvious that we have to maxi-

mize educational opportunities

for all individuals. However,

education is not only executed

at an individual level. In this

issue of AJPH, Montez et al.
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Φροm: Αξελραδ, Dανιελ

Το: Γωινν, Μαυρεεν

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Dανιελ Α. Αξελραδ)

Dατε: Τηυρσδαψ, Απριλ 30, 2020 12:54:05 ΠΜ

Dανιελ Α. Αξελραδ

ΟΠ−ΝΧΕΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω Χηαλλενγεσ

ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 



Φροm: Dρ. Τηοmασ Α. Βυρκε

Το: Γωινν, Μαυρεεν

Χχ: Αξελραδ, Dανιελ; Χασχιο, Wαψνε; Dεενερ, Κατηλεεν; Βαηαδορι, Τινα; Βυσσαρδ, Dαϖιδ; Τηοmασ, Ρυσσελλ; Ροβερτ
Καϖλοχκ

Συβϕεχτ: Ρε: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Dατε: Τηυρσδαψ, Απριλ 30, 2020 1:10:01 ΠΜ

Λοοκσ γοοδ το mε. Ιτ ωασ ρεαλλψ α γρεατ τεαm εφφορτ. 

Σεντ φροm mψ ιΠηονε

Ον Απρ 30, 2020, ατ 10:58 ΑΜ, Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ>
ωροτε:

|

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε

συβmισσιον.  Χαν ψου πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ

ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο

χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ ψου ηαϖε ανψ πρεφερενχε ον ηοω

ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?, ινχλυδε mιδδλε ινιτιαλ?,

σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ:

Αδαπτινγ το Νεω Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη

Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ

βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%



W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

<!−−[ιφ !συππορτΛιστσ]−−>�       <!−−[ενδιφ]−−>Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε
νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ
φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε συβmιττεδ
ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ
ωιτη τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε
νοmινατιον φορm. Τηε δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν
τηε συβϕεχτ λινε, φολλοωεδ βψ τηε χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε
δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε ανδ οργανιζατιον, τηε νοmινεε�σ
ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ στατεmεντ τηατ τηε
αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε:  Α
Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ
νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 

 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794

Χελλ:  703−434−9093

 

<ΑϑΠΗ − ΣΤΑΑ ϕυστιφιχατιον_Χλεαν_4.29.2020 φιναλ ϖ2.δοχξ>



Φροm: Βαηαδορι, Τινα

Το: Γωινν, Μαυρεεν

Συβϕεχτ: Τρψινγ αγαιν: ΣΤΑΑ ινφορmατιον

Dατε: Τηυρσδαψ, Απριλ 30, 2020 1:15:30 ΠΜ

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Τινα Βαηαδορι)

 

Τινα Βαηαδορι

ΟΡD−ΟΣΑΠΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

 

Φροm: Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:56 ΑΜ

Το: Αξελραδ, Dανιελ <Αξελραδ.Dανιελ≅επα.γοϖ>; Χασχιο, Wαψνε <Χασχιο.Wαψνε≅επα.γοϖ>; Dεενερ,

Κατηλεεν <Dεενερ.Κατηλεεν≅επα.γοϖ>; Βαηαδορι, Τινα <Βαηαδορι.Τινα≅επα.γοϖ>; Βυσσαρδ, Dαϖιδ

<Βυσσαρδ.Dαϖιδ≅επα.γοϖ>; Τηοmασ, Ρυσσελλ <Τηοmασ.Ρυσσελλ≅επα.γοϖ>; τβυρκε1≅ϕηυ.εδυ; Ροβερτ

Καϖλοχκ <ρκαϖλοχκ≅ιχλουδ.χοm>

Συβϕεχτ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Ιmπορτανχε: Ηιγη

 

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε συβmισσιον.  Χαν ψου

πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm

νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ

ψου ηαϖε ανψ πρεφερενχε ον ηοω ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?,

ινχλυδε mιδδλε ινιτιαλ?, σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 

Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.



 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

�       Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε
Αγρεεmεντ δοχυmεντ φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε
συβmιττεδ ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ ωιτη
τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε νοmινατιον φορm. Τηε
δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν τηε συβϕεχτ λινε, φολλοωεδ βψ τηε
χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε
ανδ οργανιζατιον, τηε νοmινεε�σ ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ
στατεmεντ τηατ τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε: 
Α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν

 

 

Μαυρεεν Ρ. Γωινν, ΠηD DΑΒΤ ΑΤΣ

Dιϖισιον Dιρεχτορ

Βιοmολεχυλαρ ανδ Χοmπυτατιοναλ Τοξιχολογψ Dιϖισιον

Χεντερ φορ Χοmπυτατιοναλ Τοξιχολογψ ανδ Εξποσυρε

Οφφιχε οφ Ρεσεαρχη ανδ Dεϖελοπmεντ

ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ

109 ΤW Αλεξανδερ Dριϖε ΜΧ D−143−02

Dυρηαm, ΝΧ 27711

 

Οφφιχε:  919−541−3794

Χελλ:  703−434−9093
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Φροm: Τηοmασ, Ρυσσελλ

Το: Γωινν, Μαυρεεν

Συβϕεχτ: ΡΕ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Ρυσσελλ Τηοmασ)

Dατε: Τηυρσδαψ, Απριλ 30, 2020 1:27:52 ΠΜ

Ιm φινε ωιτη ιτ

 

Φροm: Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 1:27 ΠΜ

Το: Τηοmασ, Ρυσσελλ <Τηοmασ.Ρυσσελλ≅επα.γοϖ>

Συβϕεχτ: Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Ρυσσελλ Τηοmασ)

 

Ρυστψ � χαν ψου σενδ τηε βελοω βαχκ το mε ιφ ψου αρε ιν αγρεεmεντ?  Τηεν Ι χαν συβmιτ ανδ mοϖε

τηισ ον.  Τηανκσ. Μαυρεεν

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Ρυσσελλ Τηοmασ)

 

Ρυσσελλ Τηοmασ

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

 

Φροm: Γωινν, Μαυρεεν <γωινν.mαυρεεν≅επα.γοϖ> 

Σεντ: Τηυρσδαψ, Απριλ 30, 2020 10:56 ΑΜ

Το: Αξελραδ, Dανιελ <Αξελραδ.Dανιελ≅επα.γοϖ>; Χασχιο, Wαψνε <Χασχιο.Wαψνε≅επα.γοϖ>; Dεενερ,

Κατηλεεν <Dεενερ.Κατηλεεν≅επα.γοϖ>; Βαηαδορι, Τινα <Βαηαδορι.Τινα≅επα.γοϖ>; Βυσσαρδ, Dαϖιδ

<Βυσσαρδ.Dαϖιδ≅επα.γοϖ>; Τηοmασ, Ρυσσελλ <Τηοmασ.Ρυσσελλ≅επα.γοϖ>; τβυρκε1≅ϕηυ.εδυ; Ροβερτ

Καϖλοχκ <ρκαϖλοχκ≅ιχλουδ.χοm>

Συβϕεχτ: ΣΤΑΑ θυεστιονσ − πλεασε χονφιρm ϖια εmαιλ ον περχενταγε οφ εφφορτ

Ιmπορτανχε: Ηιγη

 

Ηι τεαm �

Wορκινγ ον τηε ΣΤΑΑ Συβmισσιον, ανδ διδν�τ ρεαλιζε ωε νεεδεδ τηισ φορ τηε συβmισσιον.  Χαν ψου

πλεασε χονφιρm ψουρ αγρεεmεντ ωιτη τηε περχενταγε οφ εφφορτ φορ ψουρ ρολε ιν τηισ πυβλιχατιον?  Ι αm

νοτ συρε ωηατ το δο αβουτ Dαϖιδ Dιξ ασ Ι ηαϖε νο χονταχτ ινφορmατιον, βυτ ωε�λλ δο ουρ βεστ.  Αλσο, ιφ

ψου ηαϖε ανψ πρεφερενχε ον ηοω ψουρ ναmε σηουλδ βε ον τηε χιτατιον (ε.γ., Κατηλεεν ϖ Καχεε?,

ινχλυδε mιδδλε ινιτιαλ?, σπεχιφιχ σαλυτατιον?) πλεασε λετ mε κνοω. 

Σορρψ φορ τηε λαστ mινυτε! 

 



Τηε φορm οφ ψουρ ρεσπονσε σηουλδ λοοκ ασ φολλοωσ (υσινγ mψσελφ ασ αν εξαmπλε):

 

Συβϕεχτ:  Ρεχορδ οφ Περχενταγε Αγρεεmεντ (Μαυρεεν Ρ. Γωινν)

 

Μαυρεεν Ρ. Γωινν

ΟΡD−ΧΧΤΕ

ΣΤΑΑ Νοmινατιον βψ Μαυρεεν Γωινν: Ρισκ Αναλψσισ ιν τηε 21στ Χεντυρψ: Αδαπτινγ το Νεω

Χηαλλενγεσ ανδ Οππορτυνιτιεσ

Νοmινατεδ Πυβλιχατιον:  Χηεmιχαλ Ρισκ Ασσεσσmεντ:  Τραδιτιοναλ ϖσ Πυβλιχ Ηεαλτη Περσπεχτιϖεσ

 

Ι αγρεε ωιτη mψ δεσιγνατεδ περχενταγε οφ χοντριβυτιον το τηισ προϕεχτ ασ λιστεδ βελοω.

 

Προποσεδ ρεχορδ οφ αγρεεmεντ (τρυλψ α τεαm εφφορτ!):

 

Μ. Γωινν � 12%

Κ. Dεενερ � 12%

Τ. Βυρκε � 12%

Ρ. Καϖλοχκ −12%

W. Χασχιο � 10%

Τ. Βαηαδορι � 10%

Ρ. Τηοmασ � 10%

D. Βυσσαρδ � 10%

D. Αξελραδ � 10%

D. Dιξ − 2%

 

Dεταιλσ φροm τηε ΣΤΑΑ γυιδανχε ισ αλσο βελοω.

 

�      Ρεχορδ οφ Περχενταγε Αγρεεmεντ: Τηε νοmινατιον παχκαγε mυστ ινχλυδε α Ρεχορδ οφ Περχενταγε
Αγρεεmεντ δοχυmεντ φροm εαχη αυτηορ λιστεδ ον τηε νοmινατιον φορm. Τηισ δοχυmεντ mαψ βε
συβmιττεδ ιν τηε φορm οφ αν ε−mαιλ ορ σιγνεδ λεττερ, ωηιχη στατεσ τηατ τηε χο−αυτηορ αγρεεσ ωιτη
τηε τοταλ περχενταγε οφ εφφορτ λιστεδ βεσιδε ηισ ορ ηερ ναmε εντερεδ ιν τηε νοmινατιον φορm. Τηε
δοχυmεντ σηουλδ λιστ �Ρεχορδ οφ Περχενταγε Αγρεεmεντ� ιν τηε συβϕεχτ λινε, φολλοωεδ βψ τηε
χοαυτηορ�σ φιρστ ανδ λαστ ναmε. Τηε βοδψ οφ τηε δοχυmεντ σηουλδ χονταιν τηε χο−αυτηορ�σ ναmε
ανδ οργανιζατιον, τηε νοmινεε�σ ναmε, τηε τιτλε(σ) οφ τηε νοmινατεδ πυβλιχατιον(σ), ανδ α βριεφ
στατεmεντ τηατ τηε αυτηορ αγρεεσ ωιτη ηισ ορ ηερ δεσιγνατεδ περχενταγε οφ χοντριβυτιον. (Νοτε: 
Α Ρεχορδ οφ Περχενταγε Αγρεεmεντ δοχυmεντ ισ ρεθυιρεδ φορ σινγλε−αυτηορ νοmινατιονσ.)  

Τηανκσ!

 

Μαυρεεν
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Dιϖισιον Dιρεχτορ
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-139

Research Category Primary: Ecological Research (ER)

Research Category Secondary: Monitoring and Measurement Methods (MM)

Laboratory/Office Name: ORD/CEMM/ACESD

Nomination Entered By: Autumn Oczkowski

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Wayne Munns

Nominating Official Title: SUPERVISORY ECOLOGIST

Nominating OfficialEmail: munns.wayne@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

The nominated work was developed in response to the Agency’s mission to provide
for clean and safe water (currently objective 1.2 of the FY18-FY22 strategic plan).
The United States has long had a nutrient pollution problem, where excess nutrient
loads from human sources like sewage and fertilizers have had a host of negative
impacts on coastal ecosystems, including harmful algal blooms and anoxic and
hypoxic waters. The Safe and Sustainable Waters Resources (SSWR) National
Research Program was developed, in part, to protect and restore aquatic ecosystems
to adhere to the congressional mandates found in the Clean Water Act and other
legislation. Recent restoration efforts have been increasingly successful, with more
waterbodies switching into a ‘recovery’ mode. There is now a pressing need to
understand what recovery looks like, how long it takes, and how best to measure it.
The research done in this nomination was developed as part of the SSWR research
program, where we sought to critically assess the fundamental underpinnings of
how aquatic ecosystem response trajectories to nutrient reductions are measured. In
order to improve and refine our management actions, we must learn how coastal
waterbodies respond to and recover from efforts to reduce human nutrient loads.
The nominated work provides some of the fundamental baseline necessary to assess
response and recovery work. The two manuscripts are the product of the synthesis
of a wide number of studies and many thousands of individual measurements taken
across decades. They provide new information about which ecological parameters
are appropriate to use and what they are (and are not) able to tell us.

Over the past decade, nutrient inputs to Narragansett Bay have decreased by more
than half. Sewage treatment plants (STPs) discharging into the bay were upgraded
to tertiary treatment with the goal of improving estuarine water quality and reducing
the duration and extent of low-oxygen zones associated with sewage
nutrient-supported production. Little is known about how phytoplankton production
responds to major nutrient reductions and a team at our division has been actively
monitoring the ecosystem recovery. As we began to document production responses
in Narragansett Bay, we found a critical, fundamental knowledge gap in how we
measure production. There is no feasible way to directly measure ecosystem
production, so ecologists rely on indirect measurements. Oczkowski et al. (2016)
takes a critical look at these measurements and uses both  data and those fromin situ

large mesocosm nutrient enrichment experiments conducted in the early 1980s to
compare the efficacy of chlorophyll concentrations, nutrient concentrations, cell
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counts, rates of C productivity, dissolved oxygen, and pH in representing net14

ecosystem production. Dissolved oxygen and pH were able to reliably track net

ecosystem production and, contrary to paradigm, C productivity and chlorophyll14

concentrations were not. These results should fundamentally change how we view,
and measure, estuarine response and recovery to water quality improvements in all
estuaries.

In Oczkowski et al. (2018), we build on the work presented in Oczkowski et al.
(2016) by combining nutrient concentration and Secchi depth data with
measurements of naturally occuring nitrogen (N) and carbon (C) stable isotopes in
particulate matter, seaweeds, and hard clams from Narragansett Bay. Stable isotopes
can add an additional level of insight into N sources and bay productivity (the rate
of production). We synthesized data from 22 datasets collected over 44 years, from
1972 to 2016, spanning the range of before, during, and after the water quality
improvements. While the impacts of the sewage treatment plant upgrades were not
detectible in either the dissolved N concentrations or water clarity (Secchi) data, the
stable isotope results clearly reflected the upgrades. The more recent N isotope
measurements in the plants and animals reflected the advanced treatment and the C
isotopes indicated that productivity may have declined in Narragansett Bay. Stable
isotopes allowed us to see changes that would otherwise not be detectable. To our
knowledge, isotopes have only been used in this context in the Baltic and in
Moreton Bay, Australia. While these other studies observed an increased
incorporation of offshore ‘natural’ N after N-reductions, Oczkowski et al (2018)
made it clear that Narragansett Bay production is still predominantly supported by
sewage N. 

Justification 2A:

Two publications are submitted as part of this nomination. Both manuscripts seek to identify

the best ways to assess coastal ecosystem response to major management efforts to

reduce anthropogenic nitrogen loads to estuaries. The first publication (Oczkowski et al.

2016) synthesizes data from experimental mesocosms and more recent field collections to

determine which common ecological measurements best reflect ecosystem changes. The

second paper builds on this effort by demonstrating how stable isotope measurements

provide additional, critical insight into how estuaries recover from nutrient pollution. 

Justification 2B:
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n/a

Justification 2C:

n/a

Justification 2D:

n/a

Justification 2E:

Lead author Autumn Oczkowski is also a coauthor on another nomination entitled: 
Linking ecosystem services to vector-borne disease in San Juan Bay Estuary,

Puerto Rico. This work, which includes two manuscripts (given at the end of this

justification), sought to link wetland ecosystem services to mosquito-vectored

diseases in the San Juan Bay Estuary in San Juan, Puerto Rico. The two

nominations are quite different. One looks to improve understanding of the

relationships between vector borne illnesses, environmental quality, and ecosystem

services in a tropical wetland. The other is addressing the impact of nitrogen

reductions associated with sewage treatment plant upgrades on temperate

estuarine water quality.

Manuscripts associated with the concurrent nomination:

Yee, S. H., D. A. Yee, R. de Jesús Crespo, A. Oczkowski, F. Bai, and S. Friedman
(2019). Linking Water Quality to  and Zika in Flood-ProneAedes aegypti

Neighborhoods. EcoHealth 16:191-209 https://doi.org/10.1007/s10393-019-01406-6

De Jesús Crespo, R., P. Méndez Lázaro, and S.H. Yee (2018) Linking wetland
ecosystem services to vector borne disease: Dengue fever in San Juan Bay Estuary,
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Puerto Rico. Wetlands 39: 1281-1293.
https://doi.org/10.1007%2Fs13157-017-0990-5

Justification 3A:

The work conducted as part of this nomination has been of great interest to the
broader academic community. Many researchers were surprised to see how poorly
some of the most commonly used ecological measurements seemed to reflect
estuarine ecosystem processes. As a result, the lead author was asked to present on
this at six different academic institutions over a period of four years. The
manuscripts have been downloaded a total of almost 1200 times (601 times for
Oczkowski et al. 2016 and 596 times for Oczkowski et al. 2018) from the journal
Estuaries and Coasts, which is widely read by the coastal ecology and management
communities. They have also been cited nine times. Dr. Oczkowski was invited to
give the plenary talk, and present this work, at a meeting hosted by the Narragansett
Bay Estuary Program on “The State of Narragansett Bay and its Watershed” in
October 2017. While the EPA ultimately canceled the presentation, the invitation to
give the keynote presentation at such a large event does demonstrate the influence
and importance of the nominated research.

INVITED PRESENTATIONS RELATED TO STAA NOMINATION:

A. Oczkowski. 2014. Human impacts on coastal environments—exploring at the
boundaries of disciplines. Boston University in Boston, MA.

A. Oczkowski, C. Oviatt, S. Nixon. 2014. Monitoring the productivity of coastal
ecosystems: when simpler is better. EPA Seminar at the Atlantic Ecology Division.
Narragansett, RI.

A. Oczkowski. 2014. Human impacts on coastal environments—exploring at the
boundaries of disciplines. The University of Kentucky in Lexington, KY (Voted
top-ranked speaker for the semester by the students).



Page 6 of 16

A. Oczkowski. 2015. Monitoring the productivity of our changing coastal
ecosystems, and the case of Narragansett Bay. The Ecosystems Center at the Marine
Biological Laboratory in Woods Hole, MA.

A. Oczkowski. 2016. Monitoring the productivity of our changing coastal
ecosystems and the case of Narragansett Bay. The Chesapeake Biological
Laboratory, University of Maryland, Solomons, MD.

A. Oczkowski, C. Schmidt, S. Robinson, A. Hanson, D. Cobb, J. Krumholz, R.
McKinney. 2018. How major reductions in nitrogen loads have impacted the
Narragansett Bay Ecosystem. University of Massachusetts Dartmouth School for
Marine Science and Technology. New Bedford, MA

A. Oczkowski, C. Schmidt, A. Hanson, D. Cobb, J. Krumholz, S. Robinson, C.
McManus, J. Grear, R. Pruell, B. Taplin, A. Pimenta, R. McKinney. 2018. How
major reductions in nitrogen loads have impacted the Narragansett Bay Ecosystem.
University of Rhode Island Graduate School of Oceanography. Narragansett, RI

ADDITIONAL PRESENTATIONS RELATED TO STAA NOMINATION:

A. Oczkowski, C. Oviatt, S. Nixon. 2013. Monitoring the productivity of coastal
ecosystems: when simpler is better. SWN Symposium.
http://www.gso.uri.edu/swn-symposium. Narragansett, RI.
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A. Oczkowski, C. Oviatt, S. Nixon. 2013. Monitoring the productivity of coastal
ecosystems: when simpler is better. The 6th International Nitrogen Conference,
Kampala, Uganda.

A. Oczkowski, C. Oviatt, S. Nixon. 2014. Monitoring the productivity of coastal
ecosystems using pH: when simpler is better. New England Estuarine Research
Society. Salem, MA.

Justification 3B:

Both manuscripts were submitted to, and ultimately accepted by, Estuaries and
Coasts. They followed EPA management clearance processes as well as the
journal's peer-review and editorial processes.

AUTHORS

Contributing Author

Author Name: Jason Krumholz

Professional Title: Salutation: Dr.

Email: jkrumholz@gmail.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 2
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Principal Author

Author Name: Autumn J. Oczkowski

Professional Title: Salutation: Dr.

Email: oczkowski.autumn@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 60

Contributing Author

Author Name: Kenneth Miller

Professional Title: Salutation:

Email: kenneth.m.miller@gdit.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 5



Page 9 of 16

Contributing Author

Author Name: Donald Cobb

Professional Title: Salutation:

Email: cobb.donald@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2

Contributing Author

Author Name: Christopher Hunt

Professional Title: Salutation:

Email: chunt@unh.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 7
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Contributing Author

Author Name: Courtney Schmidt

Professional Title: Salutation: Dr.

Email: courtney.schmidt@nbep.org Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Adam Pimenta

Professional Title: Salutation:

Email: pimenta.adam@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 2
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Contributing Author

Author Name: Scott Nixon

Professional Title: Salutation: Dr.

Email: swn@uri.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 1

Contributing Author

Author Name: Emily Santos

Professional Title: Salutation:

Email: emily.santos@humboldt.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 3
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Contributing Author

Author Name: Alana Hanson

Professional Title: Salutation:

Email: hanson.alana@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 3

Contributing Author

Author Name: Leslie Smith

Professional Title: Salutation: Dr.

Email: leslie.smith@youroceanconsulting.com Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 1
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Contributing Author

Author Name: Rick McKinney

Professional Title: Salutation: Dr.

Email: mckinney.rick@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: EPA Employee

Separation Date:

% of Effort: 3

Contributing Author

Author Name: Candace Oviatt

Professional Title: Salutation: Dr.

Email: coviatt@uri.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 3
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Contributing Author

Author Name: Leanna Heffner

Professional Title: Salutation: Dr.

Email: leanna@nwblcc.org Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 1

Contributing Author

Author Name: Sandra Robinson

Professional Title: Salutation:

Email: robinson.sandra@epa.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:
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Abstract Anthropogenic nutrient enrichments and concerted
efforts at nutrient reductions, compounded with the influences
of climate change, are likely changing the net ecosystem pro-
duction (NEP) of our coastal systems. To quantify these chang-
es, scientists monitor a range of physical, chemical, and biolog-
ical parameters sampled at various frequencies. Water column
chlorophyll concentrations are arguably the most commonly
used indicator of net phytoplankton production, as well as a
coarse indicator of NEP.We compared parameters that estimate
production, including chlorophyll, across an experimental nu-
trient gradient and in situ in both well-mixed and stratified
estuarine environments. Data from an experiment conducted
in the early 1980s in mesocosms designed to replicate a well-
mixed mid-Narragansett Bay (Rhode Island) water column
were used to correlate changes in chlorophyll concentrations,
pH, dissolved oxygen (O2), dissolved inorganic nitrogen, phos-
phate, and silicate concentrations, cell counts, and 14C carbon

uptake measurements across a range of nutrient enrichments.
The pH, O2, nutrient, and cell count measurements reflected
seasonal cycles of spring blooms followed by late summer/
early fall respiration periods across nutrient enrichments.
Chlorophyll concentrations were more variable and rates of
14C productivity were inconsistent with observed trends in nu-
trient concentrations, pH, and O2 concentrations. Similar com-
parisons were made using data from a well-mixed lower
Narragansett Bay station and a more stratified upper
Narragansett Bay station in 2007 and 2008. Trends among
pH, O2, and nutrient concentration parameters were similar to
those observed in the mesocosm dataset, suggesting that con-
tinuous free water measurements of pH and O2 seem to reliably
reflect ecosystem metabolism and, while not perfect measures,
may be underused indicators of NEP.

Keywords pH . Dissolved oxygen . Production . Estuary .

Eutrophication . Nutrients . Ecosystem

Introduction

Humans have had an indelible influence on coastal ecosystems,
with actions often resulting in eutrophication, which is the en-
hancement of gross primary productivity associated with an
increased supply of nutrients (Nixon 1995). Productivity is
the rate of production of a constituent (i.e., the amount of car-
bon or organic matter generated over a certain period of time),
while production is the stock of that constituent (e.g., the total
carbon or organic matter present at a given time, Cloern et al.
2014). As regulators andmanagers work to mitigate the flow of
nutrients to the coast, there are more and more examples of
ecosystems undergoing oligotrophication, where reductions in
nutrient supplies impact gross and net ecosystem production,
often in unexpected ways (e.g., Duarte et al. 2009; Nixon
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2009). For example, in Narragansett Bay, Rhode Island, where
nutrient inputs are dominated by point sources, all of the major
sewage treatment plants discharging to the estuary and associ-
ated tributaries have upgraded, or are in the process of
upgrading, to tertiary treatment (Krumholz 2012). Tertiary
treatment will reduce inputs of nitrogen (N), the primary limit-
ing nutrient in the estuary, from 16-20 to ≤8 mg l−1 (Krumholz
2012). As there is little historical context within which to eval-
uate the response of an ecosystem to nutrient reductions of this
magnitude, this is an opportunity to assess how nutrient reduc-
tions will impact food webs and water quality (e.g., Borja et al.
2010; Duarte et al. 2009; Kemp et al. 2009; Nixon et al. 2009).

Overprinted on the ecosystem response to changing nutrient
loads are the impacts of climate change, including rising sea
levels and warming waters (e.g., Sallenger et al. 2012; Yin et al.
2009) as well as other more subtle changes such as the increas-
ing frequency of large storms (Kunkel et al. 2013; Redmond
and Abatzoglou 2014) and ocean acidification (Zeebe 2012).
As researchers struggle to gauge the impacts of these changes
during an era of ever-tightening budgets, there is a need to
reassess how we measure and monitor changes in estuarine
production and determine which tools may yield reliable obser-
vations of future changes.

To understand the impacts of changing nutrient inputs and
climate on coastal ecosystems and food webs, scientists have
traditionally sought to characterize the amount and type (e.g.,
phytoplankton, macroalgae, seagrass, kelp) of primary produc-
tion in the ecosystem (e.g., Glibert et al. 2014; Greening et al.
2014). The abundance of primary producers is controlled by a
complex interplay of abiotic factors such as nutrient supply,
light, and temperature as well as by top-down grazing. It has
been generally demonstrated that increasing nutrient supplies
result in higher primary production, subsequently resulting in
higher secondary production (Nixon 1982; Nixon and Buckley
2002), at least up to a point (Breitburg et al. 2009a, b;
Oczkowski andNixon 2008). Coastal ecologists and ecosystem
managers, concerned with the response of ecosystem processes
to human influences, want to quantify and monitor these im-
pacts, typically by quantifying the base of the food chain: the
primary producers. Because food chains are dynamic, the phy-
toplankton present in the water column at any given time are
not the total population produced, rather those left after con-
sumption by higher trophic levels. Abundance measures do not
account for energy consumed via maintenance respiration. We
frame our subsequent discussions of water column productivity
using the following operational definitions:

NEP ¼ NPP–Rhetero ð1Þ

NPP ¼ GPP–Rauto ð2Þ

Where NEP is net ecosystem production, Rhetero is hetero-
trophic respiration, NPP is net primary production, GPP is

gross primary production, and Rauto is autotrophic respiration.
Specifically, this work compares and contrasts different
methods for estimating NEP. We acknowledge that there is
no direct or Bcorrect^ way of measuring NEP, NPP, or GPP;
thus there is no Bright answer^ against which to compare other
measures. The goal of this work is to identify the method best
suited to addressing the question: How do we monitor the net
ecosystem production of an estuary or coastal system in re-
sponse to large perturbations like major nutrient reductions?

There is a long history of developing methods and tech-
niques to measure primary production and respiration well-
documented elsewhere (for example, Williams et al. 2002).
In particular, work has focused on determining whether sys-
tems were net heterotrophic (consumption > production) or
autotrophic (production > consumption). The first efforts at
quantifying net ecosystem productivity (the rate of produc-
tion), were based on measures of dissolved oxygen (O2) made
via discrete water collection and subsequent Winkler titration
(Clesceri et al. 1990; Winkler 1888). By quantifying O2 con-
centration changes between dawn and dusk measurements,
the net amount of productivity could be estimated, with the
difference between dusk and dawn yielding an estimate of
respiration. The advent of Steeman Nielsen’s 14C method, in
which radioactive carbon uptake by phytoplankton was direct-
ly measured, was widely considered a major breakthrough as
the high sensitivity of the method allowed for the quantifica-
tion of production in oligotrophic (low productivity) systems.
However, the question of whether net (productivity–respira-
tion) or gross productivity (total productivity) was measured
has been a source of some discussion (Cloern et al. 2014;
Marra 2009; Peterson 1980). The 14C method for quantifying
productivity rates is still widely used, with data feeding into
ecological models such as the light·biomass (BZI) models
(e.g., Brush and Brawley 2009; Cole and Cloern 1984).

Primary production is also estimated using measures of
chlorophyll concentrations via two methods; discrete mea-
surement using a fluorometer (DOE 1994) and via probes,
which measure in situ water column fluorescence (e.g.,
Stoffel and Kiernan 2009). When using total chlorophyll con-
tent in a unit of water as a means to assess NPP, a representa-
tive chlorophyll/carbon ratio is assumed (i.e., Eppley 1968;
Ryther and Yentsch 1958; Williams and Murdoch 1966).
Neither fluorescence-based measurements nor the 14Cmethod
account for phytoplankton consumed by zooplankton nor the
contributions from other primary producers including
macroalgae, seagrass, and kelp. Finally, some scientists have
adapted H.T. Odum’s open water method for measuring net
production using data-logging oxygen probes (e.g., Caffrey
2004; Caffrey et al. 2014; Howarth et al. 2014; Mortazavi
et al. 2012).

With researchers using different measures of production
and productivity—often interchangeably—across a wide
range of coastal systems and under increasing pressure to
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monitor, model, and characterize these systems, it is important
to periodically reassess these measures and what they tell us.
While there has already been some thoughtful comparison
among measures of NEP, such comparisons focus on some,
but not all, of the measures discussed here (e.g., Alvarez-
Fernandez and Riegman 2014; Bender et al. 1987; Howarth
and Michaels 2000). Given an increasing need to use pre-
existing data to support models and decision support tools
designed to predict future production, we believe that a re-
evaluation of commonly used production measures is impor-
tant. While conducted more than 30 years ago, data from the
Marine Ecosystems Research Laboratory (MERL) experi-
ments provide the opportunity for such a comparison across
a wide range of nutrient enrichment. Observations from
MERL were consistent with available water quality data col-
lected in 2007 and 2008 in nearby Narragansett Bay, Rhode
Island. We suggest that free water pH and O2 methods should
be employed more frequently in assessments of coastal pro-
duction and respiration, whether as high-frequency measures
of net production or as baseline information from which to
compare different aspects of production, such as chlorophyll
concentrations, cell counts, or 14C incubations.

Methods

MERL Mesocosm Experiment (1981–1983)

The MERL nutrient enrichment experiment was carried out
from 1 June 1981 to 26 September 1983 in a series of fiber-
glass mesocosms designed to replicate the mid-Narragansett
Bay water column. This experiment is described in detail in
Frithsen et al. (1985a, b) and Nixon et al. (2015). The
mesocosms were 1.83 m in diameter and contained a 5-m
water column and 0.37m of intact benthic sediments collected
from the nearby bay. Estuarine water was pumped into each
tank at a rate designed to mimic the long-term mean residence
time of the adjacent bay (27 days; Pilson 1985). Three
mesocosms served as controls while the remaining six were
treated with incrementally increasing amounts of inorganic
nitrogen (N), phosphorous (P), and silica (Si) in a ratio of
12.80 N:1.00 P:0.91 Si; the ratio was based on measured sew-
age effluent (Nixon 1981). The lowest level of nutrient enrich-
ment (1X mesocosm) was meant to approximate the daily,
areal-weighted input of nutrients into the entire Narragansett
Bay from sewage and runoff (Frithsen et al. 1985a). In the 1X
mesocosm 7.57 mmol of N, 0.591 mmol of P, and 0.54 mmol
of Si were added daily. The 2X mesocosm received double
this amount and the 4X mesocosm, quadruple. While there
were some additional mesocosms that underwent even more
extreme enrichment as part of this experiment, they are not
included in this manuscript as only the control (C), 1X, 2X,

and 4X mesocosms spanned the feasible range of nutrient
inputs to this ecosystem (as based on Nixon et al. 2008).

Measurements of water column nitrate + nitrite (NO3 +
NO2), ammonia (NH3), phosphate (PO4), and dissolved silica
(DSi) were made weekly, during a mixing cycle, with a
Technicon Autoanalyzer and following the methods of
Solorzano (1969), Wood et al. (1967), Hager et al. (1972) and
Brewer and Riley (1965) (Table 1). Samples for chlorophyll-a
(subsequently referred to as chlorophyll) were also collected on
the same day as water samples for nutrient analysis and ana-
lyzed using the method outlined in Yentsch andMenzel (1963),
as modified by Lorenzen (1966). Diel measures of oxygen and
pH were made weekly following a dawn-dusk-dawn cycle.
Oxygen was measured via the Winkler method (Carritt and
Carpenter 1966) and estimates of daily system production were
made from the oxygen measurements and were corrected for
diffusive flux (Frithsen et al. 1985a). To compare dawn-dusk-
dawn measures of productivity and respiration to 14C-based
rate measures, they were converted to carbon units
(g C m−2 day−1) using a photosynthetic quotient of 1.2 and
respiratory quotient of 1.1. These values were based on com-
parisons from this dataset (Oviatt et al. 1986b).

The pH values were measured using an Orion Ross com-
bination electrode and a Beckman Model 71 m. All of the pH
data presented in this manuscript are given in the National
Bureau of Standards scale (or pHNBS). Working buffers (pH
4, 7, and 9, all ±0.02) for standardization were made monthly
and placed in a water bath set at the temperature of the
mesocosms. A check of the electrode was done before each
measurement in a pH 7 buffer. To quantify the potential influ-
ence of water temperature on pH values, alkalinity, ambient
pH, salinity, and in situ temperature data were input to the
CO2SYS program (Lewis and Wallace 1998) to calculate dis-
solved inorganic carbon (DIC) concentrations. These DIC
concentrations, together with the original alkalinity and salin-
ity values, were re-input to CO2SYS in order to derive the pH
at 12 °C for all mesocosm treatments.

The 14C incubations were conducted on alternate weeks to
O2 and pH sampling and methods were based on Steemann-
Nielsen (1952). Water samples were collected, zooplankton
filtered out using a 200-μm mesh, and samples were treated
with radioactive carbon (14C). Bottles were suspended at five
depths (0.1, 0.5, 1, 2.5, and 4.5 m) in each mesocosm from
10:00 hours to 16:00 hours (Keller 1986). Hourly production
per square meter of surface water was calculated by following
Strickland and Parsons (1972) (Table 1) where hourlymeasures
of 14C uptake were converted to daily estimates using parame-
ters derived from a photosynthesis-light (P-I) curve (Keller
1986). Light data available in Frithsen et al. (1985b) indicated
that the mean 1 % light level ranged from 4.17±0.70 m in the
control mesocosm to 2.98±0.60 m in the 4X treatment. Given
that the water column was 5 m, growth from benthic primary
producers was not considered.
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Weekly water samples were collected to determine phyto-
plankton species composition. Equal volumes of water were
drawn from surface, mid, and bottom depths and combined.
Samples were size fractionated into cell sizes greater and less
than 10 μm. The <10 μm portion was counted live using a
Fuchs-Rosenthal hemocytometer (Oviatt et al. 1989).

Narragansett Bay Data (2007–2008)

High-frequency pH, dissolved oxygen, and chlorophyll data
were available from the University of Rhode Island’s Graduate
School of Oceanography (GSO at 41° 29.535′ N, 71° 25.137′
W) for 2007 and 2008 (Table 1). The quality assurance plan
describing the sensors used is available online (QAPP
NBFSMN 2014). During these years, some 14C and discrete
chlorophyll concentration data were also available (NBFSMN
2014; Smith 2011). Fifteen-minute measurements of pH, dis-
solved oxygen, and chlorophyll were used to create daily aver-
age values (measurement details are available at NBFSMN

2014). Water samples were collected 1 m below the surface
and at the depth of the chlorophyll maximum for chlorophyll
and 14C analysis. Details of the 14C uptake measurements are
described in Smith (2011). For chlorophyll analysis, water was
filtered through glass fiber filters and the filters were subsequent-
ly extracted in a 90 % acetone solution for 24 h and analyzed on
a Turner 10-AU fluorometer.Weekly nutrient concentration (dis-
solved inorganic nitrogen (DIN), PO4, DSi) data were collected
at the surface (MERL 2015).

To assess a more stratified water column, high-frequency
pH, O2, and chlorophyll (as fluorescence) data from the sum-
mers of 2007 (May 24 to Dec 5) and 2008 (May 8 to Nov 9)
from the Providence-Seekonk River Estuary (Bullock Reach
buoy at 41° 44.434′ N, 71° 22.480′ W) were examined
(NBFSMN 2014) (Table 1). As described earlier, 15-min mea-
surements were used to create daily averages. Surface and bot-
tom data (~7-m deep and 1 m above the sediment) were avail-
able and presented separately. Nutrient concentrations were
measured twice a month at the Bullock Reach buoy by the

Table 1 A list of parameters measured as part of theMarine Ecosystem
Research Laboratory (MERL) nutrient enrichment experiment as well as
those measured at two locations in Narragansett Bay in 2007 and 2008.
Sampling frequency and sampling location within the water column are
also given. Nutrient measurements include dissolved inorganic nitrogen

(DIN), phosphate (PO4), and dissolved silica (DSi). The final column
represents our best estimate of what these different parameters are actu-
ally measuring, albeit net ecosystem production (NEP), net primary pro-
duction (NPP), or gross primary production (GPP)

Measurement Frequency Water column position Production measurea

MERL nutrient enrichment experiment (1981–1983)

nutrients weekly surface NEP

chlorophyll weekly surface NEPb

oxygen weekly surface NEPc

pHNBS weekly surface NEP
14C alternate weeks bottles suspended at 5 depths NPP, GPPd

cell counts weekly mix of surface, mid, and bottom NEPb

Lower Narragansett Bay station (2007–2008)

pHNBS 15 min surface NEP

oxygen 15 min surface NEP

fluorescence (chlorophyll) 15 min surface NEPb

chlorophyll monthlye 1 m below surface and at chlorophyll maximum NEPb

14C monthlye 1 m below surface and at chlorophyll maximum NPP, GPPd

nutrients weekly surface NEP

Providence-Seekonk River estuary station (May–Dec. 2007 & May–Nov. 2008)

pHNBS 15 min surface, bottom NEP

oxygen 15 min surface, bottom NEP

fluorescence (chlorophyll) 15 min surface, bottom NEPb

nutrients ∼twice monthly surface, bottom NEP

a Samples were not necessarily collected for this purpose
b For phytoplankton component of production only
cWhile oxygen concentration data were measured, they were used to calculate rates of productivity, both are presented in this study
dThese measures represent productivity, not production
eTwice monthly from May through August. Sampling ended in August 2008
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Narragansett Bay Commission (NBC 2016). In this dataset,
multiple DIN and PO4 results were censored due to the original
result falling below the detection limit.

Statistics

Statistical correlation analyses were performed using SAS 9.2
and NCSS9 software. For the analyses, only MERL
mesocosm O2 and pH results from the first dawn measure-
ments were used. All other MERL and Narragansett Bay re-
sults were used as reported in the analyses, with the exception
of one MERL 2X mesocosm chlorophyll data point and one
Narragansett Bay silica data point. In these two cases, the
results deviated strongly from the neighboring results, even
in the context of seasonality and appear to be transcription
errors. While no explanation could be identified for the un-
usual results, a sensitivity analysis indicated that removing
these two results did not affect the statistical significance of
any correlations.

Associations between nutrients and production parame-
ters in the MERL and GSO data were assessed using
Pearson product moment correlations, with statistical sig-
nificance assessed at the 95 % confidence level. The dis-
tributions of the results were tested for normality using
both statistical and graphical methodologies. In order to
meet the assumption of normality for the Pearson product
moment correlation, fluorescence, chlorophyll, DIN, and
14C results from the Narragansett Bay dataset, and the chlo-
rophyll and phytoplankton counts from the MERL dataset,
were log (base 10) transformed prior to performing any
analyses. For the Narragansett Bay Bullock Reach data,
due to a higher frequency of non-detects among the DIN
and orthophosphate measurements, the non-parametric
Spearman Rank correlation was used instead of the para-
metric Person correlations.

To assess whether any associations between nutrients
and production parameters occurred after a time lag, cross-
correlation analyses were performed for the MERL and
Narragansett Bay data (GSO and Bullock Reach; Fig. 1).
Analyses were based on calculated weekly mean concentra-
tions to enable evaluating all parameters using a consistent
time interval despite the differing sample collection/
analysis frequencies. As 14C and cell counts were measured
less frequently, these data were included and analyzed as
monthly means. To minimize the effect of seasonality on
the non-zero lags, data were modeled using seasonal
AR(1) time series models, with first differencing (Box and
Jenkins 1976), in which a model was fit to each variable that
described the seasonal variation of the data, but not any
other increasing, decreasing, or other non-seasonal trends.
Therefore, model residuals correspond to the results after
the seasonal component has been removed, but still includ-
ed any other patterns found in the original results, including

interrelationships across variables. As a result, the correla-
tions at non-zero lags would not be biased by the concur-
rence of the seasonal cycles of the two variables.

In addition to evaluating the nutrients and physical parame-
ters individually, multiple regression models were fit to com-
pare the overall association between chlorophyll concentrations
for MERL (fluorescence for GSO) and nutrients, pH, and O2.
For each data set, a full regression model was fit with
chlorophyll/fluorescence as the dependent variable and individ-
ual nutrients (including all possible two-way and three-way
interactions) as independent variables. A second model was
fit using O2, pH, and its interaction term as independent vari-
ables. The adjusted R-squared value was determined in each
case as it estimates the total variability of the productivity pa-
rameter explained by the independent variables. The adjusted
R-squared value does not automatically increase with each ad-
ditional independent variable added to the model, allowing for
more direct comparisons. An adjusted R-squared value gener-
ated using the O2/pH model that was comparable to the R-
squared value generated using the nutrient model would indi-
cate that a similar amount of predictive information could be
obtained using O2/pH. To avoid bias, only sampling events for
which results were obtained for all nutrients and physical pa-
rameters were included in this assessment. All transformations
used for the regression models were the same as those used for
the correlation analyses. However, because only 16 days from
the Bullock’s Reach sampling included all parameters, which
would likely result in model over-fitting when including all
nutrients and interaction terms were included, these data were
excluded from the analysis.

Results

MERL Mesocosms

Inorganic Measurements

Across the range of nutrient enrichment (C to 4X), seasonal
variations in pH and O2 were consistent with the well-
established seasonal patterns of phytoplankton biomass in the
bay (e.g., Oviatt et al. 1986a), which were largely based on
observations of cell abundances and chlorophyll concentrations
and supported by inverse relationships with nutrient concentra-
tions. Narragansett Bay was characterized by a spring bloom of
diatoms that, at least up until the early 1980s when these ex-
periments were conducted (e.g., Nixon et al. 2009), occurred in
late February/early March (Keller and Riebesell 1989; Pratt
1965). The pH and O2 measurements closely correlated with
one another (p< 0.0001 and correlations factors >0.9;
Table S1, Figs. 2 and 3), indicating that the inhaling
and exhaling of the mesocosms were linked. Highest
pH values and O2 concentrations occurred in February
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and March in both 1982 and 1983 (Fig. 2). The reverse
was true during periods of presumed low production
and/or respiration in the late summer and fall.

When the pH and O2 values were greatest, concentrations of
DIN, PO4, and DSi were low (Fig. 2). There was a significant
negative correlation between nutrient levels, particularly DSi,
and both pH and O2 and, in general, the strength of this corre-
lation increased with level of enrichment (Table S1). The sea-
sonality that characterized the pH and O2 data was also
reflected in the nutrient data, in which nutrient concentrations
were drawn down to values close to zero in the winter, starting
in January, and concentrations only rose again beginning in the
late summer and early fall, when respiration presumably
exceeded production. Nutrient concentrations remained high
until another spring bloom appeared (Oviatt et al. 1986a;
Pratt 1965).

Biotic Measurements

Chlorophyll concentrations reflected the mesocosm enrich-
ments, ranging from 0.9 to 22.4 mg l−1 in the control, 0.8 to
58.2 mg l−1 in the 1X, 0 to 80.3 mg l−1 in the 2X, and 1.7 to
112.8 mg l−1 in the 4X mesocosms. Chlorophyll concen-
trations were significantly (p< 0.0001) in phase with pH
and O2, and increases in chlorophyll concentrations were
associated with a decline in nutrient concentrations
(p< 0.0001, with the exception of chlorophyll and DSi in
the control tank, where p= 0.01) (Table S1, Fig. 4). While
the highest chlorophyll concentrations corresponded to
peaks in pH and O2, the chlorophyll data were more vari-
able during the bloom periods. Chlorophyll concentrations
greater than 15–20 mg l−1 were always associated with
periods of high production according to measurements of

Fig. 1 Map of Narragansett Bay
showing the locations of the
MERL Mesocosm experiments
(at the GSO Dock) and the mid
and upper Narragansett Bay
monitoring stations (GSO Dock
and Bullock Reach, respectively).
Darker shaded land areas

indicate developed landscapes
and lighter shaded areas indicate
undeveloped regions
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pH, O2, and nutrients, but the chlorophyll measurements
within those periods varied widely, for example ranging
>100 mg l−1 in the 4X tank during a bloom (Fig. 4).

In all of the mesocosms, cell counts ranged over four orders
of magnitude per 1 ml of water. The phytoplankton popula-
tions across all mesocosms, particularly during the winter-
spring blooms, were largely composed of diatoms, specifical-
ly Skeletonema spp. which was consistent with the adjacent
Narragansett Bay at that time (Frithsen et al. 1985b; Nixon

et al. 2009; Pratt 1965). There were statistically significant
correlations between cell counts and all other parameters in
the 2X and 4X mesocosms (Fig. 5, Table S1); however, cell
counts were often not significantly correlated to pH, O2, and
DSi in the C and 1X mesocosms. Overall, however, species
composition was similar across treatments, particularly during
bloom periods (Frithsen et al. 1985b; Oviatt et al. 1986a).

Measurements of 14C-based rates of carbon uptake did not
begin until July 1982, or roughly halfway through the MERL
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experiment. Because of this, we did not include those data in
our correlation analyses and discuss only our observations
(Fig. 5). We also considered them in the context of the estimat-
ed rates of daily system production and respiration that were
based on the dawn-dusk-dawn oxygen measurements (Fig. 6).

A Case Study of Narragansett Bay

The Well-Mixed Water Column

To determine whether our observations from the MERL
mesocosms were still relevant in a contemporary well-mixed
water column (mid-Narragansett Bay is either well mixed or
very weakly stratified and the lower bay is well mixed)
(Spaulding and Swanson 2008), we compiled a dataset for
2 years (2007 and 2008) from adjacent Narragansett Bay as
pH, O2, nutrients,

14C, and both discrete measurements of
chlorophyll and fluorescence data were available, albeit at
different sampling frequencies (Fig. 7). The weekly mean
pH and O2 were most closely correlated to one another
(p<0.0001, correlation factor = 0.776), and both were also
significantly and negatively correlated with nutrient concen-
trations (pH vs. fluorescence: p=0.001, pH vs. all other nutri-
ents: p<0.0001, O2 vs. PO4 and DSi: p<0.0001, and O2 vs.
DIN: p=0.002) (Table S2). In contrast, O2 and fluorescence
data were not significantly correlated over the 2 years. As the
discrete chlorophyll and 14C data were obtained less frequent-
ly, they were compared to the other parameters using monthly

bins (Table S3) because nutrient and discrete chlorophyll sam-
pling were intended to represent the conditions for the month
and not just the specific day that was sampled. Reassuringly,
discrete chlorophyll measurements were most closely corre-
lated with in situ fluorescence (correlation factor = 0.749,
p=0.0001). But the only other significant correlation was with
DIN (−0.527, p=0.0171) (Table S3).

While there were stronger correlations between the 14C
measurements and the other parameters, these correlations
were opposite of the expected direction. The 14C data were
negatively correlated with pH (correlation factor =−0.615,
p=0.0039) and O2 (−0.691, p=0.0008), but positively corre-
lated with PO4 (0.465, p=0.0389) and DSi (0.567, p=0.0092)
(Table S3). The amount of 14C uptake by phytoplankton
should be greatest when production is greatest, as there would
be more cells to take up the carbon. Productive periods, such
as a phytoplankton bloom, should result in more dissolved
inorganic carbon removal (and associated increases in partic-
ulate 14C retention and pH) and more water column O2. While
pH and O2 were consistent with the patterns observed in the
larger dataset, the 14C data were not.

Bullock Reach, a More Stratified Water Column

At Bullock Reach, in upper Narragansett Bay, both pH and O2

data were available for surface and bottom depths (~6.5 m from
bottom) for the 2007 and 2008 growing seasons (Fig. 8). In
both years, there was a clear decoupling of surface and bottom
data in the summer months (roughly June through September)
and a reconvergence of values later in the fall. When surface
and bottom O2 and pH data were plotted against one another,
there was a linear trend similar to those observed in the MERL
experiments and in the lower bay, but the stratification was
evident (Fig. 9). In general, the lowest pH and O2 values were
associated with summer bottom waters and highest pH and O2

with summer surface waters. The mid-range points that over-
lapped tended to be spring and fall data.

The pH, O2, and chlorophyll (as fluorescence) data were
highly correlated (p<0.0001, Table S4). While both the DIN
and PO4 were correlated to pH (p=0.017 and p=0.003), only
DIN was significantly correlated to chlorophyll concentrations
(p=0.008) and neither nutrient was correlated to O2. Of course,
the strength of these relationships (or lack thereof) may be
influenced, at least in part, by the much smaller number of
discretely collected nutrient samples compared to the buoy data
(n=17 vs. n≥300, respectively). However, there were enough
nutrient samples to observe that DIN concentrations were lower
in the summer than they were in the spring and early fall. The
highest DIN concentrations observed at this upper bay station
were akin to those from the 2X tank of the MERLmesocosms.
Like the 2X tank, concentrations dropped close to zero in the
summer, when the system is considered most productive, and
rose back up in the late fall (Oviatt et al. 1986a) (Fig. 8).
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Multiple Regression Models

The adjusted R-squared values obtained from the physical pa-
rameter and nutrient models ranged between 27.4 % (for the

GSO fluorescence) and 60.4 % (MERL 4X chlorophyll)
(Table S5). The adjusted R-squared values calculated using the
nutrient models ranged between 27.4 % (GSO fluorescence) and
66.4 % (MERL 2X chlorophyll). For chlorophyll, the nutrients
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explained a greater proportion of observed variability in the 1X
and 2X tanks, and a smaller proportion of the observed variability
in the control and 4X tanks. For the GSO data, both the nutrients
and physical parameters were relatively poor predictors of fluo-
rescence, with both yielding R-squared values less than 30 %.

Discussion

Observations from the MERL Mesocosms

The range in pH was quite wide across the mesocosm enrich-
ments, from about 7.5 to 9.2, which is similar to lower
Narragansett Bay, where pH typically ranges from about 7.6
to 8.6 over the course of a year (Hinga 1992). For perspective,
pH in the open ocean typically varies <0.1 (e.g., Duarte et al.
2013; Hoffman et al. 2011). In each of the experimental
mesocosms, the pH values covaried with O2 (Table S1,
Fig. 3), a relationship which has been well-documented else-
where (e.g., Wallace et al. 2014). Seawater pH is primarily
controlled by the components of the CO2 system (collectively
known as DIC) in seawater, although temperature and salinity
also influence pH (Pilson 1998). Photosynthesis reduces CO2,
increasing the pH of the water column in estuarine areas of
high NEP. Inputs of CO2, such as those released into the water
column during the consumption of organic matter through
respiration, and possibly via anthropogenic CO2 contributions
associated with climate change, cause a decline in pH. In
productive coastal systems, DIC concentrations are largely
driven by production and/or respiration of the ecosystem
(Duarte et al. 2009). Additionally, the pH is influenced by
changes in temperature and salinity. The impacts of all of these
factors are difficult to separate out, but appear to be less than
that of production and respiration (Nixon et al. 2015). While
the impacts of ocean acidification are difficult to discern, giv-
en the dynamic range of pH, the decline in pH in surface ocean
waters attributable to acidification is on the order of 0.1
(Hoffman et al. 2011). Salinity ranges in the mesocosms
(and Lower Narragansett Bay) are quite narrow, from 26 to
33, while seasonal water temperatures span a much broader
range, generally from 0 to 23 °C (Fulweiler et al. 2015;
NBFSMN 2014); however, this wide ranging temperature
has a fairly minor impact on pH values. To assess how much
of the observed pH variation could be attributable to seasonal
shifts in temperature, we calculated the pH at 12 °C for our
dataset (according to Nixon et al. 2015) and found that the
difference between the in situ pH and the pH at the constant
temperature was generally <0.15 (the maximum difference
was, for two data points, 0.17, calculated via Lewis and
Wallace 1998).

Despite having a faster rate of air-sea gas exchange, the O2

concentration data reflect the same metabolic trends.
Dissolved oxygen is released during production and con-
sumed as organic matter is broken down by microorganisms.
Of course, an estuary is not a closed system and pH and O2

values can be influenced by exchange with other water bodies
(advection) and the atmosphere (Hoffman et al. 2011; Kemp
and Testa 2011; Nixon et al. 2015) and, as recent work has
demonstrated, can vary substantially over the course of a day
(Howarth et al. 2014). These exchange rates vary with factors
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like temperature, wind speed, surface films, rain, bottom-
generated turbulence, surface turbulence, turbidity, and fetch.
The parameterization of exchange rates varies significantly in
the literature (e.g., Abril et al. 2009; Borges et al. 2004; Ho
et al. 2011; Raymond and Cole 2001; Zappa et al. 2007). In
the case of the MERL experiments, the lip of the mesocosms
further decreased air-sea gas exchange rates by protecting the
water surface from the full impact of the wind. The boundary
layer thickness in the mesocosms (560±90 μm) was more
than three times thicker than Narragansett Bay (60–180 μM
whenwinds were 1.8–3.3 m s−1; Bopp et al. 1981; Nixon et al.
1980). The air-sea fluxes of O2 and CO2 are also often depen-
dent on estuarine and landscape geomorphology, where the
rate of flux is influenced by water depth and exposure. For
example, in two shallow (<1.5 m depth) estuaries near
Waquoit Bay, MA, calculated air-sea fluxes accounted for
between 5 and 50 % of the apparent daytime production in
the summer (Kremer et al. 2003). Another study of 22 estuar-
ies estimated that fluxes were greater in shallow water, ac-
counting for about 25 % of the oxygen flux in waters 1-m
deep, but less than 5 % of the flux in 8-m deep waters
(Caffrey 2004). The water column in the MERL mesocosms
was 5-m deep (Frithsen et al. 1985a). Considering the much
slower exchange rate of CO2, the close agreement between pH
and O2 suggests that the effects of air-sea fluxes in and out of
the mesocosms were relatively minor.

Considering the internal consistency of the nutrient, O2, and
pH datasets, we found it surprising that the chlorophyll data
during periods of peak production were so variable, although
others have shown chlorophyll-a to be a weak indicator of
phytoplankton biomass (e.g., Alvarez-Fernandez and
Riegman 2014; Kruskopf and Flynn 2006). Overall, if we ac-
cept that nutrient concentrations, pH, and O2 values tracked
NEP in theMERLmesocosms, then chlorophyll measurements

made via discrete water sample collections were able to detect
periods of high production, but depending on sampling fre-
quency and timing, may have failed to capture or reflect the
full bloom period (Figs. 3 and 4). Cell counts were undertaken
to identify which species of phytoplankton were present and to
measure their relative abundances; these counts were not made
with the intent to assess net production, but rather to character-
ize the phytoplankton community. Counts were highly corre-
lated to all of the other parameters in the more enriched 2X and
4X mesocosms (Table S1). Correlations were not as strong in
the C and 1X mesocosms, suggesting that lower density popu-
lations were more difficult to characterize based on the weekly
sampling. However, at the higher levels of nutrient enrichment,
both chlorophyll concentrations and cell counts were highly
correlated to the other parameters.

The 14C measurements are much more challenging to in-
terpret, as determining exactly what the measurement repre-
sents is complicated in itself (Peterson 1980). Because the
zooplankton, or at least a portion of the zooplankton, is filtered
out of the samples, 14C uptake rates reflect a combination of
net and gross phytoplankton production (Cloern et al. 2014;
Peterson 1980; Oviatt et al. 1986b). For context, weekly mea-
surements of dawn-dusk-dawn oxygen concentrations were
used to calculate rates of daily productivity (dawn to dusk)
and respiration (dusk to dawn) (Frithsen et al. 1985a).
Established photosynthetic and respiratory quotients (1.2 and
1.1) were used to convert from oxygen to carbon, so values
could be compared to the 14C dataset (Oviatt et al. 1986b). The
oxygen-based measurements represent system apparent pro-
ductivity (SAP) or the net productivity of the whole
mesocosm (e.g., Nixon et al. 1986). While scrubbed frequent-
ly (approximately weekly), growth on the sides of the
mesocosms accounted for about 10 % of the total production
(Oviatt et al. 1986b). The 14C uptake rates reflect carbon up-
take by phytoplankton in the absence of grazers, the SAP
measurements, like the O2 concentrations, reflect the whole
mesocosm. This may explain why the ranges of rates for net
productivity and respiration are greater in the oxygen-based
measurements across all of the treatments (Fig. 6). These
ranges increased with nutrient enrichment, indicating that the
mesocosms had a high production efficiency (Cloern et al.
2014). Overall, a distinction should be made between daily
or seasonal differences in the amount of primary producers
present in the water column (stock) and the quantification of
the rate at which these changes occur. These measures provide
two different pieces of information.

Results from theMERL experiments suggest that, while 14C
may be a preferred method for estimating net daily productivity
by phytoplankton, periodic discrete 14C measurements do not
sensitively track shifts in whole system production over month-
ly or seasonal periods, particularly when compared to pH and
O2 concentration measurements (Figs. 2 and 5). In the case of
the MERL nutrient enrichment experiment, the highest rates of
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14C uptake did not coincide with the 1983 spring bloom, when
there were more phytoplankton in the water column (Fig. 5).
Rates of 14C uptake appeared greater during periods presumed
to have high respiration (and lower production) than they did
during periods with high pH, O2 concentrations, and chloro-
phyll. This apparent poor relationship may not be especially
surprising as 14C measures phytoplankton productivity and au-
totrophic respiration as the rate of radioactive carbon uptake by
a subsample of the phytoplankton population (in the absence of
larger zooplankton) over a specific interval of time (often a
day). Growth rates and associated carbon fixation vary with
nutrient availability, temperature, species composition, and
growth phase of the phytoplankton (e.g., Halsey et al. 2010;
López-Sandoval et al. 2014) and the accuracy could be influ-
enced by methodological factors (e.g., Cloern et al. 2014) We
further speculate that, during bloom periods, the growth of the
phytoplankton could have been nutrient limited in the non-
mixed bottles. This is in contrast to changes in pH, O2, and
nutrient concentrations, which respond to the overall net water
column processes, including the activities of all producers and
consumers (Fig. 5). Carbon uptake rates (as 14C) typically are
integrated throughout the water column, using dissipating light
curves, and the information resulting from this method is often
used to assess phytoplankton dynamics (e.g., Nixon et al. 2009;
Oviatt et al. 2002), including in the establishment of photosyn-
thetic quotients, which allows the conversion between units of
carbon and oxygen (e.g., Smith et al. 2012). This method was
never intended to monitor net ecosystem changes (or NEP) at
weekly to seasonal timescales, and it has been successfully
used to compare mean annual NEP both within (Oviatt et al.
2002) and across systems (Cloern et al. 2014). While phyto-
plankton growth and subsequent 14C uptake rates may be lim-
ited by nutrient availability during bloom periods, depending
on the method used, the impact of these underestimates could
be dampened when considering annual averages of 14C-based
productivity. Overall, we suggest that what is actually mea-
sured is production potential, i.e., the potential growth rate of
phytoplankton in idealized conditions (absence of predators,
physical forcing held constant), under fixed nutrient conditions.

Narragansett Bay, 2007–2008

To assess how representative the observations from theMERL
mesocosms were to a modern water column, we repeated our
analyses with data from the lower west passage of
Narragansett Bay, just offshore of the mesocosms location,
25 years after the nutrient enrichment experiment was con-
ducted. During the intervening decades, significant changes
in the Bay and its ecosystem have been documented as the
result of climate change and management practices (e.g.,
Fulweiler et al. 2015; Smith et al. 2010). Nixon et al. (2009
and references therein) synthesized the plankton dynamics in
the lower bay and associated phenological changes over the

past 50+ years, and observed changes in species composition
and abundance, particularly in the summer months. There has
been a shift from winter-spring Skeletonema spp. blooms, like
those observed in the MERL dataset, and smaller summer
flagellate blooms, to a smaller or absent winter-spring bloom
and much larger summer blooms of diatoms, including
Skeletonema spp. (Borkman 2002; Nixon et al. 2009). These
changes among and across years are important to document,
especially in the context of climate change and the recent
nutrient reductions to Narragansett Bay (Krumholz 2012;
Smith et al. 2010). The complexities of these co-occurring
impacts highlight the need for an assessment of not just
high-resolution net productivity fluxes or production esti-
mates, but other measures such as continued cell counts, phy-
toplankton species identification and rates of 14C uptake,
which could change with species composition or nutrient
availability.

Overall, the correlations observed among parameters in the
MERL mesocosms held for the more modern water column
(Fig. 7). pH and O2 trended similarly and were highly corre-
lated with one another. This was consistent with observations
for other northeast estuaries, including Narragansett Bay in the
summer of 2013 (Wallace et al. 2014). Both of these parame-
ters were also significantly inversely correlated with nutrients
(Table S2). In situ fluorescence-based chlorophyll measure-
ments were only weakly correlated to pH, were not signifi-
cantly correlated to O2, but were well correlated with discrete
chlorophyll measurements (Table S2). In 2008, the 14C carbon
uptake measurements were particularly inconsistent and diffi-
cult to interpret, where rates were lowest during the traditional
winter spring bloom period and greatest in the summer and
early fall, when all other parameters indicated low production
and high respiration (Fig. 7, Table S3).

An Example from a More Stratified Water Column

The MERL mesocosms were designed to be vertically well-
mixed in order to replicate the well-mixed lower and mid-
Narragansett Bay. However, it is useful to assess our observa-
tions (and generalizations) from a well-mixed water column in
the context of a more stratified system, to see how decoupled
production and respiration compare. The upper portion of the
bay, and in particular the Providence-Seekonk River Estuary,
has a more traditional density-driven estuarine circulation and
is stratified during the summer growing season (Spaulding
and Swanson 2008). This stratification is one of the many
factors contributing to low oxygen bottom waters in the sum-
mer (Bergondo et al. 2005; Codiga et al. 2009; Spaulding and
Swanson 2008). Seasonal hypoxia has been a cause for great
concern throughout the region, and provided the impetus to
upgrade all the major sewage treatment plants to tertiary treat-
ment (N removal; RIDEM 2005).
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The summer stratification is clearly reflected in both the pH
and O2 data, particularly in 2008, with the water column
appearing more well-mixed after about October in both years
as surface and bottom values overlap (Fig. 8). These data
support the well-documented observation of summer net pro-
duction in the surface waters and net respiration in the bottom
waters of this portion of the estuary (e.g., Deacutis 2008;
Wallace et al. 2014). In this dataset, DIN and PO4 were sig-
nificantly correlated with pH (but not O2), where high pH
values in the summer surface water were associated with
low nutrient concentrations (Table S4). These concentrations,
particularly of DIN, rose steadily into the fall (Fig. 8). Given
the correlation between pH and O2, we speculate that the lack
of significant correlation between O2 and nutrient concentra-
tions may be, at least in part, due to the paucity of nutrient
concentration data (n=17; Table S4). But, if we accept that pH
is an accurate reflection of NEP, then the DIN concentration
data can potentially be used in conjunction with the pH data to
assess how N-limited the system is and how changes to nutri-
ent sources over time impact overall production.

Monitoring NEP

Each of the parameters presented, either directly or indirectly,
measure some aspect of estuarine production and were de-
signed and developed to address a specific research need. As
the concept of ecosystems developed in ecology, scientists
were particularly interested in understanding whether different
types of ecosystems were net producers or consumers of or-
ganic matter, i.e., net autotrophic or net heterotrophic (e.g.,
Golley 1993). These first studies sought to measure the flow
of carbon through the systems and to compare the inputs to the
outputs. Discrete dawn-dusk type carbon and oxygen mea-
surements were not intended to monitor daily or episodic pro-
duction; rather, they provided information that was used to
make an assessment of net production over a discrete period
of time (e.g., Oviatt et al. 1986b). The measurements often
formed the basis of more complex calculations developed to
characterize whole water column or estuarine metabolism
(e.g., Oviatt et al. 1981, 1986b). To paraphrase Staehr et al.
(2012), these metabolism studies were intended to compare
rates across ecosystems, look at organic matter transfer within
and among adjacent systems, to look at ecosystem-level re-
sponses to perturbations, and aid in the development of bio-
geochemical and trophic models.

Later, the 14C method was developed to address questions
of net autotrophy or net heterotrophy in low-productivity wa-
ters, as it directly quantified carbon uptake by phytoplankton.
While this technique may be useful for assessing rates of C
uptake for specific water columns or calculating annual mea-
sures of C produced, the data from the MERL mesocosms
suggest that, while sensitive to daily rates of C uptake, 14C

rates are not appropriate for capturing shorter term fluctuations
in production in these dynamic systems (Table S3, Fig. 5).

Discrete chlorophyll measurements roughly track fluctua-
tions in production in the MERL mesocosms, as suggested by
the pH, O2, DIN, PO4, and DSi data, where the highest chlo-
rophyll values corresponded to bloom periods. But, the chlo-
rophyll time series were not as closely correlated to these other
variables as we had expected. Regression models found that
nutrients could only predict 29–66 % the variance in chloro-
phyll and pH/O2 models could similarly predict 27–60 %. By
assuming that chlorophyll concentrations would reflect phy-
toplankton production, we also assumed that all phytoplank-
ton have roughly the same amount of chlorophyll in their cells
over their life cycles. TheMERL and Narragansett Bay 2007–
2008 datasets, as well as the work of others, indicate that this
may be a precarious assumption. With the advent of in situ
sensor packages that measure water column fluorescence, we
have often relied on fluorescence and chlorophyll measure-
ments to monitor and assess ecosystem production and bound
periods characterized by high production or high respiration.
But, these sensor packages also commonly measure pH, O2,
temperature, and salinity.

We suggest that pH and dissolved oxygen concentration
measurements are efficient, cost-effective tools for high-
resolution continuous monitoring of net production and respi-
ration, particularly when data are collected from the surface
and bottom of the water column. They are also integrative and
easy to obtain. Although they do not directly characterize the
producers themselves, the data from the MERL mesocosm
experiments and Narragansett Bay suggest that they sensitive-
ly reflect phytoplankton blooms.

There is no perfect or correct production measure; even the
most direct methods fail to capture the entire system. For
example, the potential impacts of temperature, salinity, advec-
tion, and air-sea exchange must also be considered when
assessing pH and O2 measurements. Thus, we must deliber-
ately select the parameters that are best suited to address the
questions or challenges we face. If the goal is to monitor the
changes in production of a system within and across seasons
and across years, we suggest that the ability to easily generate
more frequent pH and O2 data more than compensates for the
uncertainties associatedwith each parameter. Also, these high-
resolution pH and O2 data could be used to inform when and
where to focus sampling efforts for measures of chlorophyll,
cell counts, nutrients, and 14C, each of which provide unique
and useful insights into the production dynamics of the
system. As Oviatt et al. (1986b) wrote, Bevery measure of
primary production has its own complexities^ and should be
considered in the context of other supporting information.
Carefully calibrated buoy pH and O2 data, often available
online, can provide an important context, or baseline, of the
net ecosystem production from which to consider the infor-
mation provided by other primary production measures.

Estuaries and Coasts (2016) 39:1827–1844 1841



Acknowledgments We would like to thank all of the scientists and
support staff who contributed to the MERL mesocosm experiments and
the development of such thorough datasets that are still used, even after
30 years. The manuscript was improved by feedback from Dr. Jason
Grear, Dr. Richard Pruell, Roxanne Johnson, and three anonymous re-
viewers. This is ORD Tracking Number ORD-013005 of the Atlantic
Ecology Division, National Health and Environmental Effects Research
Laboratory, Office of Research and Development, US Environmental
Protection Agency. Although the research described in this article has
been funded in part by the US Environmental Protection Agency, it has
not been subjected to Agency review. Therefore, it does not necessarily
reflect the views of the Agency. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use.

References

Abril, G., M.V. Commarieu, A. Sottolichio, P. Bretel, and F. Guerin. 2009.
Turbidity limits gas exchange in a large macrotidal estuary. Estuarine,
Coastal and Shelf Science 83: 342–348.

Alvarez-Fernandez, S., and R. Riegman. 2014. Chlorophyll in North Sea
coastal and offshore waters does not reflect long term trends of
phytoplankton biomass. Journal of Sea Research 91: 35–44.

Bender, M., K. Grande, K. Johnson, J. Marra, P.J.L. Williams, J. Sieburth,
M. Pilson, C. Langdon, G. Hitchcock, J. Orchardo, C. Hunt, and P.
Donaghay. 1987. A comparison of four methods for determining
planktonic community production. Limnology and Oceanography

32: 1085–1098.
Bergondo, D.L., D.R. Kester, H.E. Stoffel, and W.L. Woods. 2005. Time-

series observations during the low sub-surface oxygen events in
Narragansett Bay during summer 2001.Marine Chemistry 97: 90–103.

Bopp, R.F., P.H. Santschi, Y.-H. Li, and B.L. Deck. 1981. Biodegredation
and gas-exchange of gaseous alkanes in model estuarine ecosys-
tems. Organic Geochemistry 3: 9–14.

Borges, A.V., B. Delille, L.-S. Schiettecatte, F. Gazeau, G. Abril, and M.
Frankignoulle. 2004. Gas transfer velocities of CO2 in three
European estuaries (Randers Fjord, Scheldt, and Thames).
Limnology and Oceanography 49: 1630–1641.

Borja, Á., D.M. Dauer, M. Elliott, and C.A. Simenstand. 2010. Medium-
and long-term recovery of estuarine and coastal ecosystems: pat-
terns, rates, and restoration effectiveness. Estuaries and Coasts 33:
1249–1260.

Borkman, D. 2002. Analysis and simulation of skeletonema costatum
(Grev.) Clev Annual Abundance patterns in lower Narragansett Bay
1959 to 1996. Ph.D. thesis. Graduate School of Oceanography,
University of Rhode Island, Narragansett, RI, 395 pp.

Box, G.E.P., and G.M. Jenkins. 1976. Time series analysis—forecasting

and control. San Francisco: Holden Day.
Breitburg, D.L., J.K. Craig, R.S. Fulford, K.A. Rose, W.R. Boynton, D.

Brady, B.J. Ciotti, R.J. Diaz, K.D. Friedland, J.D. Hagy III, D.R. Hart,
A.H. Hines, E.D. Houde, S.E. Kolesar, S.W. Nixon, J.A. Rice, D.H.
Secor, and T.E. Targett. 2009a. Nutrient enrichment and fisheries
exploitation: interactive effects on estuarine living resources and their
management. Hydrobiologia 629: 31–47.

Breitburg, D.L., D.W. Hondorp, L.A. Davias, and R.J. Diaz. 2009b.
Hypoxia, nitrogen, and fisheries: integrating effects across local and
global landscapes. Annual Review of Marine Science 1: 329–349.

Brewer, P.G., and J.P. Riley. 1965. The automatic determination of nitrate
in seawater. Deep-Sea Research 12: 765–772.

Brush, M.J., and J.W. Brawley. 2009. Adapting the light · biomass (BZI)
models of phytoplankton primary production to shallowmarine eco-
systems. Journal of Marine Systems 75: 227–235.

Caffrey, J.M. 2004. Factors controlling net ecosystemmetabolism in U.S.
estuaries. Estuaries and Coasts 27: 90–101.

Caffrey, J.M.,M.C.Murrell, K.S. Amacker, J.W. Harper, S. Phipps, andM.S.
Woodrey. 2014. Seasonal and inter-annual patterns in primary produc-
tion, respiration, and net ecosystem metabolism in three estuaries in the
Northeast Gulf of Mexico. Estuaries and Coasts 37: S222–S241.

Carritt, D.E., and J.H. Carpenter. 1966. Comparison and evaluation of
currently employed modifications of the Winkler method for deter-
mining dissolved oxygen in sea water. Journal of Marine Research

24: 286–318.
Clesceri, L.S., A.E. Greenberg, and R.R. Trussell. 1990. Selected physical

and chemical standard methods for students, 17th ed. Washington
D.C.: American Public Health Association.

Cloern, J.E., S.Q. Foster, and A.E. Kleckner. 2014. Phytoplankton prima-
ry production in the world’s estuarine-coastal ecosystems.
Biogeosciences 11: 2477–2501.

Codiga, D.L., H.E. Stoffel, C.F. Deacutis, S. Kiernan, and C.A. Oviatt.
2009. Narragansett Bay hypoxic event characteristics based on
fixed-site monitoring network time series: intermittency, geographic
distribution, spatial synchronicity, and interannual variability.
Estuaries and Coasts 32: 621–641.

Cole, B.E., and J.E. Cloern. 1984. Significance of biomass and light
availability to phytoplankton productivity in San Francisco Bay.
Marine Ecology Progress Series 17: 15–24.

Deacutis, C.F. 2008. Evidence of ecological impacts from excess nutrients
in Upper Narragansett Bay. In Science for ecosystem-based manage-

ment Narragansett Bay in the 21st century, ed. A. Desbonnet and B.A.
Costa-Pierce, 349–381. New York: Springer.

DOE. 1994. Handbook of methods for the analysis of the various
parameters of the carbon dioxide system in sea water. In
Version 2. eds. A. G. Dickson and C. Goyet. ORNL/CDIAC-
74DOE. http://cdiac.ornl.gov/oceans/DOE_94.pdf. Accessed 7
May 2015.

Duarte, C.M., D.J. Conley, J. Carsensen, and M. Sánchez-Camacho.
2009. Return to Neverland: shifting baselines affect eutrophication
restoration targets. Estuaries and Coasts 32: 29–36.

Duarte, Carlos M., Iris E. Hendriks, Tommy S. Moore, Ylva S. Olsen,
Alexandra Steckbauer, Laura Ramajo, Jacob Carstensen, Julie A.
Trotter, and Malcolm McCulloch. 2013. Is ocean acidification an
open-ocean syndrome? Understanding anthropogenic impacts on
seawater pH. Estuaries and Coasts 36: 221–236.

Eppley, R.W. 1968. An incubation method for estimating the carbon
content of phytoplankton in natural waters. Limnology and

Oceanography 13: 574–582.
Frithsen, J.B., A.A. Keller, M.E.Q. Pilson. 1985a. Effects of inorganic

nutrient additions in coastal areas: a mesocosm experiment data
report. Volume 1. MERL Series, Report No. 3. University of
Rhode Island. Kingston, RI.

Frithsen, J.B., P.A. Lane, A.A. Keller, and M.E.Q. Pilson. 1985b. Effects
of inorganic nutrient additions in coastal areas: a mesocosm exper-
iment data report. Volume 2. MERL Series, Report. No. 4. The
University of Rhode Island, Kingston, RI.

Fulweiler, R.W., A.J. Oczkowski, K.M. Miller, C.A. Oviatt, and M.E.Q.
Pilson. 2015. Whole truths vs. half truths—and the search for clarity
in long-term water temperature records. Estuarine, Coastal and
Shelf Science 157: A1–A6.

Glibert, P.M., D.C. Hinkle, B. Sturgis, and R.V. Jesien. 2014. Eutrophication
of a Maryland/Virginia Coastal Lagoon: a tipping point, ecosystem
changes, and potential causes. Estuaries and Coasts 37: S128–S146.

Golley, F.B. 1993. A history of the ecosystem concept in ecology. New
Haven: Yale University Press.

Greening, H., A. Janicki, E.T. Sherwood, R. Pribble, and J.O.R. Johansson.
2014. Ecosystem responses to long-term nutrient management in an
urban estuary: Tampa Bay, Florida, USA. Estuarine, Coastal and
Shelf Science 151: A1–A16.

Hager, S.W., E.L. Atlas, L.I. Fordon, A.W. Mantyla, and P.K. Park. 1972.
A comparison at sea of manual and autoanalyzer analyses of

1842 Estuaries and Coasts (2016) 39:1827–1844



phosphate, nitrate, and silicate. Limnology and Oceanography 17:
931–937.

Halsey, K.H., A.J. Milligan, and M.J. Behrenfeld. 2010. Physiological
optimization underlies growth rate-independent chlorophyll-specific
gross and net primary production. Photosynthesis Research 103:
125–137.

Hinga, K.R. 1992. Co-occurrence of dinoflagellate blooms and high pH
in marine enclosures.Marine Ecology Progress Series 86: 181–187.

Ho, D.T., P. Schlosser, and P.M. Orton. 2011. On factors controlling
airwater gas exchange in a large tidal river. Estuaries and Coasts

34: 1103–1116.
Hoffman, G.E., J.S. Smith, K.S. Johnson, U. Send, L.A. Levin, F.

Micheli, A. Paytan, N.N. Price, B. Peterson, Y. Takeshita, P.G.
Matson, E.D. Crook, K.J. Kroeker, M.C. Gambi, E.B. Rivest, C.A.
Frieder, P.C. Yu, and T.R.Martz. 2011. High-frequency dynamics of
ocean pH: a multi-ecosystem comparison. PLoS ONE 6: e28983.

Howarth, R.W., and A.F. Michaels. 2000. The measurement of primary
production in aquatic ecosystems. InMethods in ecosystem science,
ed. O.E. Sala, 72–85. New York: Springer.

Howarth, Robert W., Melanie Hayn, Roxanne M. Marino, Neil Ganju,
Kenneth Foreman, Karen McGlathery, Anne E. Giblin, Peter Berg,
and Jeffrey D. Walker. 2014. Metabolism of a nitrogen-enriched
coastal marine lagoon during the summertime. Biogeochemistry
118: 1–20.

Keller, A.A. 1986. Modeling the productivity of natural phytoplankton
populations using mesocosm data along a nutrient gradient. Ph.D.
Dissertation. University of Rhode Island.

Keller, A.A., and U. Riebesell. 1989. Phytoplankton carbon dynamics
during a winter-spring diatom bloom in an enclosed marine ecosys-
tem: Primary production, biomass, and loss rates. Marine Biology

103: 131–142.
Kemp, W.M., and J.M. Testa. 2011. Metabolic balance between ecosys-

tem production and consumption. In Treatise on estuaries and coast-
al science, vol. 7, ed. E. Wolansky and D. McLusky, 83–118.
Oxford: Elsevier Ltd.

Kemp, W.M., J.M. Testa, D.J. Conley, D. Gilbert, and J.D. Hagy. 2009.
Temporal responses of coastal hypoxia to nutrient loading and phys-
ical controls. Biogeosciences 6: 2985–3008.

Kremer, J.N., A. Reischauer, and C. D’Avanzo. 2003. Estuary-specific
variation in the air-water gas exchange coefficient for oxygen.
Estuaries 26: 829–836.

Krumholz, J.S. 2012. Spatial and temporal patterns in nutrient standing
stock andmass-balance in response to load reductions in a temperate
estuary. Ph.D. Dissertation, University of Rhode Island.

Kruskopf, M., and K.J. Flynn. 2006. Chlorophyll content and fluorescence
responses cannot be used to gauge reliably phytoplankton biomass,
nutrient status or growth rate. New Phytologist 169: 525–536.

Kunkel K.E., and 24 others. 2013. Monitoring and understanding trends
in extreme storms. Bulletin of the American Meteorological Society

94: 499–514.
Lewis, E., and D. W.R. Wallace. 1998. Program developed for CO2 sys-

tem ORNL/CDIAC-105, Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory, US Department of
Energy, Oak Ridge, Tennessee.

López-Sandoval, D.C., T. Rodríguez-Ramos, P. Cermeño, C. Sobrino,
and E. Marañón. 2014. Photosynthesis and respiration in marine
phytoplankton: relationship with cell size, taxonomic affiliation,
and growth phase. Journal of Experimental Marine Biology and

Ecology 457: 151–159.
Lorenzen, C.J. 1966. A method for the continuous measurement of in

vivo chlorophyll concentrations. Deep Sea Research 13: 223–227.
Marra, J. 2009. Net and gross productivity: weighing in with 14C. Aquatic

Microbial Ecology 56: 123–131.
MERL. 2015. http://www.gso.uri.edu/merl/merl.html. Accessed 7 May

2015.

Mortazavi, B., A.A. Riggs, J.M. Caffrey, H. Genet, and S.W. Phipps.
2012. The contribution of benthic nutrient regeneration to primary
production in a shallow eutrophic estuary, Weeks Bay, Alabama.
Estuaries and Coasts 35: 862–877.

Narragansett Bay Fixed-Site Monitoring Network (NBFSMN) 2014.
Rhode Island Department of Environmental Management, Office
of Water Resources. Data available at www.dem.ri.gov/bart.

NBC 2016 . Na r r a g a n s e t t B ay Commi s s i o n nu t r i e n t
m o n i t o r i n g . h t t p : / / s n a p s h o t . n a r r a b a y . c om / a p p /
WaterQualityInitiatives/NutrientMonitoring. Accessed 24
May 2016.

Nixon, S.W. 1981. Remineralization and nutrient cycling in coastal ma-
rine ecosystems. In Estuaries and nutrients, ed. B.J. Neilson and
L.E. Cronin, 111–138. Clifton: Humana Press.

Nixon, S.W. 1982. Nutrient dynamics, primary production and fisheries
yields of lagoons. Oceanologica Acta, Special Issue: 357–371.

Nixon, S.W. 1995. Coastal marine eutrophication: a definition, social
causes, and future concerns. Ophelia 41: 199–219.

Nixon, S.W. 2009. Eutrophication and the macroscope. Hydrobiologia
629: 5–19.

Nixon, S.W., and B.A. Buckley. 2002. BA strikingly rich zone^—nutrient
enrichment and secondary production in coastal marine ecosystems.
Estuaries 25: 782–796.

Nixon, S.W., D. Alonso, M.E.Q. Pilson and B.A. Buckley. 1980.
Turbulent mixing in aquatic microcosms. InMicrocosms in ecolog-

ical research, ed. J. Giesy, 818–849. U.S. Department of Energy,
CONF-781101.

Nixon, S.W., C.A. Oviatt, J. Frithsen, and B. Sullivan. 1986. Nutrients
and the productivity of estuarine and coastal marine ecosystems.
Journal of the Limnological Society of South Africa 12: 43–71.

Nixon, S.W., B. Buckley, S. Granger, L. Harris, A. Oczkowski, R. Fulweiler,
and L. Cole. 2008. Nutrient (N and P) inputs to Narragansett Bay: Past,
present, and future. In Science for ecosystem-based management

Narragansett Bay in the 21st century, ed. A. Desbonnet and B.A.
Costa-Pierce, 101–176. New York: Springer.

Nixon, S.W., R.W. Fulweiler, B.A. Buckley, S.L. Granger, B.L. Nowicki,
and K.M. Henry. 2009. The impact of changing climate on phenol-
ogy, productivity, and benthic-pelagic coupling in Narragansett Bay.
Estuarine, Coastal and Shelf Science 82: 1–18.

Nixon, S.W., A.J. Oczkowski, M.E.Q. Pilson, L. Fields, C.A. Oviatt, and
C.W. Hunt. 2015. On the response of pH to inorganic nutrient en-
richment in well-mixed coastal marine waters. Estuaries and Coasts
38: 232–241.

Oczkowski, A., and S. Nixon. 2008. Increasing nutrient concentrations and
the rise and fall of a coastal fishery; a review of data from the Nile
Delta, Egypt. Estuarine, Coastal and Shelf Science 77: 309–319.

Oviatt, C., B. Buckley, and S. Nixon. 1981. Annual metabolism in
Narragansett Bay calculated from survey field measurements and
microcosm observations. Estuaries 4: 167–175.

Oviatt, C.A., A.A. Keller, P.A. Sampou, and L.L. Beatty. 1986a. Patterns
of productivity during eutrophication: a mesocosm experiment.
Marine Ecology Progress Series 28: 69–80.

Oviatt, C.A., D.T. Rudnick, A.A. Keller, P.A. Sampou, and G.T.
Almquist. 1986b. A comparison of system (O2 and CO2) and C-14
measurements of metabolism in estuarine mesocosms. Marine

Ecology Progress Series 28: 57–67.
Oviatt, C.A., P. Lane, F. French III, and P. Donaghay. 1989. Phytoplankton

species and abundance in response to eutrophication in coastal marine
mesocosms. Journal of Plankton Research 11: 1223–1244.

Oviatt, C.A., A.A. Keller, and L. Reed. 2002. Annual primary production
in Narragansett Bay with no bay-wide winter-spring phytoplankton
bloom. Estuarine, Coastal and Shelf Science 54: 1013–1026.

Peterson, B.J. 1980. Aquatic primary productivity and the 14C-CO2 meth-
od: A history of the productivity problem. Annual Review of Ecology

and Systematics 11: 359–385.

Estuaries and Coasts (2016) 39:1827–1844 1843



Pilson, M.E.Q. 1985. On the residence time of water in Narragansett Bay.
Estuaries 8: 2–14.

Pilson, M.E.Q. 1998. An introduction to the chemistry of the sea, 1st ed.
Cambridge: Cambridge University Press.

Pratt, D.M. 1965. The winter-spring diatom flowering in Narragansett
Bay. Limnology Oceanography 10: 173–184.

QAPP NBFSMN. 2014. Quality assurance project plan for the
Narragansett bay fixed site monitoring network. Available at: http://
www.dem.ri.gov/pubs/qapp/nbfsmn.pdf. Accessed 6 May 2015.

Raymond, P.A., and J.J. Cole. 2001. Gas exchange in rivers and estuaries:
choosing a gas transfer velocity. Estuaries 24: 312–317.

Redmond, K.T., and J.T. Abatzoglou. 2014. Current climate and recent
trends. In Climate change in North America, ed. G. Ohring, 53–94.
Switzerland: Springer International Publishing.

RIDEM. 2005. Plan for managing nutrient loadings to Rhode Island
Waters. RI General Law § 46-12-3(25).

Ryther, J.H., andC.S. Yentsch. 1958. Primary production of continental shelf
waters off New York. Limnology and Oceanography 3: 327–338.

Sallenger, A.H., K.S. Doran, and P.A. Howd. 2012. Hotspot of acceler-
ated sea-level rise on the Atlantic coast of North America. Nature
Climate Change 2: 884–888.

Smith, L.M. 2011. Impacts of spatial and temporal variation of water
column production and respiration on hypoxia in Narragansett
Bay. Ph.D. Dissertation, University of Rhode Island.

Smith, L.M., S. Whitehouse, and C.A. Oviatt. 2010. Impacts of climate
change on Narragansett Bay. Northeast Naturalist 17: 77–90.

Smith, L.M., C.M. Silver, and C.A. Oviatt. 2012. Quantifying variation in
water column photosynthetic quotient with changing field conditions in
Narragansett Bay,RI,USA. Journal of PlanktonResearch 34: 437–442.

Solorzano, L. 1969. Determination of ammonia in natural waters by the
phenol hypochlorite method. Limnology and Oceanography 14:
799–801.

Spaulding, M.L., and C. Swanson. 2008. Circulation and transport dy-
namics in Narragansett Bay. In Science for ecosystem-based man-

agement Narragansett Bay in the 21st century, ed. A. Desbonnet and
B.A. Costa-Pierce, 233–279. New York: Springer.

Staehr, P.A., J.M. Testa, W.M. Kemp, J.J. Cole, K. Sand-Jensen, and S.V.
Smith. 2012. The metabolism of aquatic ecosystems: history, appli-
cations, and future challenges. Aquatic Science 74: 15–29.

Steemann-Nielsen, E. 1952. The use of radioactive 14C for measuring
organic production in the sea. Journal du Conseil pour l’exploration
de la Mer 18: 117–140.

Stoffel, H., and S. Kiernan. 2009. Narragansett Bay fixed-site monitoring
network: final report on activities during 2005–2008. Available at:
http://www.dem.ri.gov/bart/pdf/nbfsmin.pdf, accessed 20 Feb 2015.

Strickland, J.D.H., and T.R. Parsons. 1972.A practical handbook of seawater
analysis. Fisheries Research Board of Canada, Bulletin No. 167.

Wallace, R.B., H. Baumann, J.S. Grear, R.C. Aller, and C.J. Gobler. 2014.
Coastal ocean acidification: the other eutrophication problem.
Estuarine, Coastal and Shelf Science 148: 1–13.

Williams, R.B., andM.B. Murdoch. 1966. Phytoplankton production and
chlorophyll concentration in the Beaufort Channel, North Carolina.
Limnology and Oceanography 11: 73–82.

Williams, P.J., B. Le, D.N. Thomas, and C.S. Reynolds. 2002.
Phytoplankton productivity carbon assimilation in marine and

freshwater ecosystems. Oxford: Blackwell Science Ltd.
Winkler, L.W. 1888. Die Bestimmung des inWasser gelösten Sauerstoffen.

Berichte der Deutschen Chemischen Gesellschaft 21: 2843–2855.
Wood, E.D., F.A.J. Armstrong, and F.A. Richards. 1967. Determination

of nitrate in sea water by cadmium-copper reduction to nitrite.
Journal of the Marine Biological Association of the United

Kingdom 47: 23–31.
Yentsch, C.S., and D.W. Menzel. 1963. A method for the determination

of phytoplankton chlorophyll and phaeophytin by fluorescence.
Deep Sea Research 10: 221–231.

Yin, J., M.E. Schlesinger, and R.J. Stouffer. 2009. Model projections of
rapid sea-level rise on the northeast coast of the United States.
Nature Geoscience 2: 262–266.

Zappa, C.J., W.R. McGillis, P.A. Raymond, J.B. Edson, E.J. Hintsa, H.J.
Zemmelink, J.W.H. Dacey, and D.T. Ho. 2007. Environmental tur-
bulent mixing controls on air-water gas exchange in marine and
aquatic systems. Geophysical Research Letters 34: L10601.

Zeebe, R. 2012. History of seawater carbonate chemistry, atmospheric CO2,
and ocean acidification. Annual Review of Earth and Planetary

Sciences 40: 141–165. doi:10.1146/annurev-earth-042711-105521.

1844 Estuaries and Coasts (2016) 39:1827–1844



How the Distribution of Anthropogenic Nitrogen Has Changed
in Narragansett Bay (RI, USA) Following Major Reductions
in Nutrient Loads

Autumn Oczkowski1 & Courtney Schmidt2 & Emily Santos3 & Kenneth Miller4 & Alana Hanson1
& Donald Cobb1

&

Jason Krumholz5 & Adam Pimenta1 & Leanna Heffner6 & Sandra Robinson1
& Joaquín Chaves7 & Rick McKinney1

Received: 21 December 2017 /Revised: 26 June 2018 /Accepted: 28 June 2018 /Published online: 12 July 2018
# This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2018

Abstract

Over the past decade, nitrogen (N) loads to Narragansett Bay have decreased by more than 50%. These reductions were, in large

part, the direct result of multiple wastewater treatment facility upgrades to tertiary treatment, a process which employs N removal.

Here, we document ecosystem response to the N reductions and assess how the distribution of sewage N in Narragansett Bay has

changed from before, during, and shortly after the upgrades. While others have observed clear responses when data were

considered annually, our seasonal and regional comparisons of pre- and post-tertiary treatment dissolved inorganic nitrogen

(DIN) concentrations and Secchi depth data, from bay-wide surveys conducted periodically from the early 1970s through 2016,

resulted in only a few subtle differences. Thus, we sought to use stable isotope data to assess how sewage N is incorporated into

the ecology of the Bay and how its distribution may have changed after the upgrades. The nitrogen (δ15N) and carbon (δ13C)

stable isotope measurements of particulate matter served as a proxy for phytoplankton, while macroalgae served as short-term

integrators of water column bio-available N, and hard clams (Mercenaria mercenaria) as integrators of water column production.

In contrast to other estuarine stable isotope studies that have observed an increased influence of isotopically lower marine Nwhen

sewage N is reduced, the opposite has occurred in Narragansett Bay. The tertiary treatment upgrades have increased the effluent

δ
15N values by at least 2‰. The plants and animals throughout Narragansett Bay have similarly increased by 1–2‰, on average.

In contrast, the δ13C values measured in particulate matter and hard clams have declined by about the same amount. The δ15N

results indicated that, even after the N reductions, sewage N still plays an important role in supporting primary and secondary

production throughout the bay. However, the δ13C suggests that overall net production in Narragansett Bay has decreased. In the

5 years after the major wastewater treatment facilities came on-line for nutrient removal, oligotrophication has begun but sewage

remains the dominant source of N to Narragansett Bay.
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Introduction

In what has been labeled as a BGrand Ecological Experiment^

(Nixon et al. 2008) for the improvement of water quality,

anthropogenic nitrogen loadings have been drastically re-

duced into Narragansett Bay (Rhode Island, USA) over the

past decade. Starting in 2006, all major wastewater treatment

facilities (WWTFs) began removing nitrogen (N) from efflu-

ent by upgrading from secondary to tertiary treatment (NBEP

2017). The initial target of 50% N reduction was met in 2012,

and between 2013 and 2015, additional facilities have

upgraded for a total reduction of 62% in sewage N loads from

rivers and a 47% reduction in direct WWTF discharges into

the bay since 2000. A recent, post-upgrade budget calculated

the total N load from rivers and sewage to this N-limited

system at 3570 × 103 kg year−1 (NBEP 2017), down from an

estimated 8131 × 103 kg year−1 for 1982 to 1983 (Nixon et al.

2008). Total phosphorous (P) loads have similarly declined

from 1053 × 103 kg year−1 in 1982–1983 to 332 ×

103 kg year−1 in 2013–2015 (NBEP 2017). Recent work by

Oviatt et al. (2017) has documented reductions inmean annual

nutrient concentrations along the length of Narragansett Bay

as well as decreases in the duration of hypoxia and in system

apparent production. Narragansett Bay has a long history of

human influence (Nixon et al. 2008), and the recent large-

scale reduction in N loading provides a unique opportunity

to continue to document recovery of the system.

Narragansett Bay (Fig. 1) is a fairly straightforward re-

search estuary. The bay has a narrow salinity gradient. From

Conimicut Point at the top of the Upper Bay to its mouth, it

ranges from about 29 to 32 and is generally considered to be

partially stratified to well mixed (Kremer and Nixon 1978;

Spaulding and Swanson 2008). The relatively small freshwa-

ter inputs primarily enter at the head of the bay via the

Providence River Estuary. Sewage remains the largest single

source of nutrients to Narragansett Bay, with 12 WWTFs

discharging directly to the bay and 25 others that discharge

to tributaries (NBEP 2017). The bulk of the sewage enters the

Providence-Seekonk River Estuary and Upper Bay because

the northern portion of the Bay watershed is more urban.

Between 2000 and 2010, the sewage N loads that discharged

directly to the Providence River Estuary and its tributaries

were about 60–70% of the total sewage loads to the bay

(NBEP 2017). Most geochemical and ecological parameters

that we measure reflect a gradient from the urban head of the

bay to the mouth. This includes chlorophyll and nutrient con-

centrations (e.g., Oviatt et al. 2002), metals (in sediment,

Wells et al. 2000), benthic community structure (Perez et al.

1999), and a suite of emerging contaminants (Cantwell et al.

2017).

There have been measurements of stable isotopes of nitro-

gen (δ15N) and carbon (δ13C) made periodically in

Narragansett Bay from the early 1980s (e.g., Garber 1982;

Gearing et al. 1991) to the present in both coastal salt marshes

(e.g., McKinney et al. 2001; Pruell et al. 2006) and open

estuarine waters (Chaves 2004; Oczkowski et al. 2008;

Schmidt 2014). Measurements of δ15N often reflect anthropo-

genic inputs, where higher values are indicative of human or

animal sources and lower values are associated with lower

impact (e.g., Fry 2006). Because of this, the highest δ15N

values in Narragansett Bay would be expected in the

Providence River—the area of the bay most closely associated

with direct and indirect sewage input (Fig. 1). However,

Chaves (2004) reported higher values in the Upper Bay, mea-

sured in particulate matter (PM), than in either the Providence

River Estuary or Lower Bay. The isotopically lighter values

measured in the Providence River Estuary could have been

reflecting preferential uptake of the lighter 14N over 15N in this

nutrient-rich environment. Lower δ
15N values in the

Providence River Estuary, relative to Upper Narragansett

Bay, were also measured in PM, macroalgae, fish, and shell-

fish prior to theWWTF upgrades (e.g., Oczkowski et al. 2008;

Pruell and Taplin 2015; Pruell et al. 2017). Chaves (2004) also

suggested that the lower δ15N valuesmeasured at the mouth of

Narragansett Bay were reflecting shelf N influences in this N-

limited environment. In contrast to the observed trends in

PM-δ15N, Oczkowski et al. (2008) did not observe a gradient

in the mainstem of Narragansett Bay in either δ15N or δ13C

values measured in the tissues of hard clams (Mercenaria

mercenaria), which are located in the sediment and filtering

food as it passes. They did, however, find a clear gradient in

macroalgae where δ15N values decreased down the bay. It was

hypothesized that the clams in Narragansett Bay were largely

consuming sewage-supported phytoplankton formed in the

Upper Bay. The macroalgae integrated δ15N values associated

with the in situ bio-available dissolved N, which reflected a

mixing gradient from isotopically high (δ15N) sewage-

enriched Upper Bay waters to isotopically lower shelf water

nitrogen. Pruell and Taplin (2015) also observed patterns sim-

ilar to those seen in the macroalgae in young-of-year winter

flounder (Pseudopleuronectes americanus) collected from

near-shore locations.

Stable isotopes are tools that, when considered in conjunc-

tion with other water quality and ecological data, allow one to

track how the anthropogenic N is distributed through an eco-

system and to quantify responses to major perturbations.

There are only a few studies that have used a stable isotope

approach to assess the ecological response to nutrient reduc-

tion. In a Baltic Sea embayment, a major WWTF was

upgraded to tertiary treatment by 1998 (Savage and Elmgren

2004). The δ15N in the macroalga Fucus vesiculosus declined

with distance from the sewage outfall, and there was a sub-

stantial decrease in δ15N values throughout the embayment

after a tertiary treatment upgrade reduced N loads by about

85% (Savage and Elmgren 2004). The post-reduction δ15N

values were roughly 4‰ lower than earlier measurements,
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reflecting proportionally more of a marine influence. Similar

observations occurred in Moreton Bay, Australia, after a 50%

reduction in N loads, for the red macroalga Catenella nipae

(Costanzo et al. 2005) and in the Moreton Bay estuarine

tributaries as measured in filamentous algae and shore crabs

(Pitt et al. 2009). While only a few studies have been com-

pleted, they provide insight into what might be expected in

Narragansett Bay in response to its N load reductions.

Fig. 1 Map showing the Providence River Estuary and the upper, middle, and lower regions of Narragansett Bay. Markers on the map depict the volume

of discharge (in millions of gallons per day or MGD) from wastewater treatment facilities (WWTF)
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Given the foundation of stable isotope studies in this region

and our ongoing research, we used these tools to understand

how the bay responded to the nutrient reductions in sewage

effluent in the first 5 years after the improvements. Prior to the

upgrades, secondary treated effluent had δ15N values of about

6.1 ± 0.8 and 11.2 ± 0.5‰ in nitrate and ammonium, respec-

tively (DiMilla 2011). While the dissolved inorganic N (DIN)

in the secondary effluent shifted back and forth from being

ammonia dominated to nitrate dominated, the DIN in the ter-

tiary effluent is predominantly nitrate with an average value of

13.4‰ (Schmidt et al. 2016). While the N load from the

WWTFs decreased by more than half, the δ15N of the DIN

load increased. Recent work has shown that δ15N values in

juvenile flounder in Upper Narragansett Bay increased signif-

icantly between 2002 and 2004 and 2012–2014 (Pruell et al.

2017).

We used stable isotopes of N and C to identify how the

distribution of sewage N has changed in Narragansett Bay

since the WWTF upgrades. In addition to nutrient concentra-

tions and measures of Secchi depth, we focused on water

column PM, which is a mix of phytoplankton and other water

column particulates, and macroalgae, which integrate water

column nutrients over longer time periods. We also used filter

feeding hard clams as a sentinel of the food web by measuring

δ15N and δ13C in their tissues. We hypothesized that the δ15N

values of primary and secondary producers in the Upper Bay

would increase to reflect the shift in source δ15N and that the

Middle and Lower Bay δ15N values in the plant and animal

tissues would decrease to reflect offshore N contributions. We

also expected to see declines in δ13C values in particulate

matter and hard clams in those samples collected after the N

reductions as they would reflect decreases in net production

associated with lower N inputs (e.g., Oczkowski et al. 2010;

Oczkowski et al. 2014). Our results were inconsistent with our

hypothesis that the δ15N in the estuary would look more ma-

rine following the sewage N reductions and support the ob-

servation that sewage is still the dominant N source to the

bay’s food web (NBEP 2017). But, the δ13C data from the

clams and particulate matter support observations of an over-

all decrease in production (e.g., Oviatt et al. 2017). Given how

different Narragansett Bay looks from other coastal ecosys-

tems that have experienced similar nutrient reductions, we

provide important context for how ecosystem responses to

large-scale source reductions should be considered.

Methods

Water Clarity Measurements

We compiled Secchi depth measurements (in m), as a proxy

for water clarity, from a number of different sources (Table 1).

All of the monthly values from 1997 to 1998 were converted

from light attenuation coefficient data (Kd; m
−1) to estimates

of Secchi depth, where Secchi depth was approximated as

1.7 ÷ Kd (Poole and Atkins 1929; Oviatt et al. 2002). About

10% of values from the Narragansett Bay Commission (NBC)

dataset for the Providence River Estuary were estimated from

Kd (NBEP 2017). As part of the Narragansett Bay Fixed Site

Monitoring Network (NBFSMN), the Graduate School of

Oceanography (GSO) at the University of Rhode Island also

recorded Kd values from nine stations in our sampling area

from 2006 to 2015, which were converted to measurements of

water column clarity (from m−1 to m). Given that we were

focused on the impacts during the growing season, we exclud-

ed winter Secchi data from our analyses.

Particulate Matter and Nutrients

Recent samples for particulate matter and nutrients were col-

lected as part of the Bay Ecosystem Time Series (BETS) ef-

forts led by the US EPA’s Atlantic Ecology Division.

Additional nitrate plus nitrite (NO3
− + NO2

−) and ammonium

(NH4
+) concentration data, collectively known as dissolved

inorganic N or DIN, were available from several additional

sources, where Narragansett Bay was sampled over a range of

locations and at different frequencies (see Table 1). Samples

were collected approximately monthly, although extensive ice

cover prevented sampling in some winter months, at eight

stations (Tables 1 and 2) from 17 January 2014 to 7

December 2016. Using a 5-L Niskin bottle, the surface, mid-

dle, and bottom of the water column were sampled.Water was

decanted into acid-washed 1-L bottles, which were then stored

in the dark, on ice, until they were transported back to the

laboratory. There, two replicates of approximately 400 mL

of sample water were filtered through pre-combusted glass

fiber filters. The exact volume of water filtered was noted as

it varied with water particulate content.

Some of the filtrate was decanted into acid-stripped scintil-

lation vials which were then frozen until samples could be

analyzed for inorganic nutrient concentrations. We used an

Astoria-Pacific Astoria 2 continuous-flow analyzer (Astoria-

Pacific, Clackamas, OR, USA) to measure nitrate plus nitrite

(NO3
− + NO2

−) and ammonium (NH4
+) concentrations. The

NO3
− + NO2

−was measured via cadmium reduction (US EPA

method 353.2), and the NH4
+ concentrations were measured

using EPA method 350.1. Samples were calibrated against a

five-point standard curve, check standards were run every 15

samples, and Milli-Q blanks were run every 10 samples.

To determine stable isotope values of the particulate matter,

filters were dried in a 60 °C oven for at least 24 h. Once dry,

they were pelletized and C and N isotope compositions were

determined using an Elementar VarioMicro elemental analyz-

er connected to a continuous flow Isoprime 100 isotope ratio

mass spectrometer (Elementar Americas, Mt. Laurel, NJ).

Replicate analyses of isotopic standard reference materials
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Table 1 The time spans in which data were collected are given for each parameter, as well as the source of each dataset

Time span Frequency No. of stations Water column position Source

Secchi

April 1997–April 1998 Twice monthly 15a Oviatt et al. (2002)

July 2007–November 2015 Variable, but roughly weekly 10b NBEP (2017)

August 2008–August 2009 &

July 2013–February 2016

Variable, but roughly twice monthly from

June to October

9c GSO/NBFSMN

January 2014–December 2016 Monthly 8 This study

Dissolved inorganic nitrogen

July 1972–August 1973 Twice monthly 13 Surface and bottom Kremer and Nixon (1978)

September 1979–September 1980 Twice monthly 6 Surface Oviatt and Pastore (1980)

June 2000–December 2002 Variablea Variabled Surface Chaves (2004)

November 2011–November 2012 Monthly 9 Surface and bottom Schmidt (2014)

March 2006–December 2012

& January 2013-June 2016

Monthly and twice monthly in June, July,

August, and September

12 Surface Krumholz (2012); Oviatt,

personal communication

January 2014–December 2016 Monthly 8 Surface, middle, and bottom This study

Particulate matter

June 2000–September 2001 Variablea Variabled Surface Chaves (2004)

August 2004–November 2005 Five sampling events Ranged from 1 to 10 Surface DiMilla (2006)

January 2014–December 2016 Monthly 8 Surface, middle, and bottom This study

Macroalgaee

September 2006 16 Oczkowski et al. (2008)

8 January 2007–8 January 2008 24 This study

July 2012 23 Schmidt (2014)

September 2015 21 This study

August 2016 12 This study

Hard clamse

June–September 2005 10 Oczkowski et al. (2008)

and DiMilla (2006)

August–October 2012 15 Schmidt (2014)

June 2015–December 2016 10 This study

a Sixteen stations were sampled. We included 15 in our analysis as we excluded a Greenwich Bay station
bAll stations are in the Providence River, with the exception of one station that was immediately to the south
cOmitting two Greenwich Bay stations and one station in Mt. Hope Bay. One station, included in the analysis, had only three data points
d Sampling frequencies across stations ranged from single events at some stations to four times per week at select stations
eDiscrete sampling events
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USGS 40 (δ13C = − 26.39‰, δ15N= − 4.52‰) and USGS 41

(δ13C = 37.63‰, δ15N = 47.57‰) were used to normalize iso-

topic values of working standards (blue mussel homogenate)

to the air (δ15N) and Vienna Pee Dee Belemnite (δ13C) scales

(Paul et al. 2007). Isotope values are expressed in δ notation

following the formula δX (‰) = [(Rsample / Rstandard) – 1] ×

103, where X is 13C or 15N and R is 13C/12C or 15N/14N

isotopic ratio, respectively. Working standards were analyzed

after every 24 samples to monitor instrument performance and

check data normalization. The precision of the laboratory stan-

dards was better than ± 0.3‰ for C and N.

Particulate δ15N values given in Chaves (2004) and

DiMilla (2006) were measured via the US EPA Atlantic

Ecology Division’s Carlo-Erba NA 1500 Series II elemental

analyzer interfaced with a Micromass Optima mass spectrom-

eter. Further, while particulate samples were also collected by

Schmidt (2014), the sampling methods and analyses were dif-

ferent enough that direct comparisons to the other data were

not appropriate; thus, theywere not included in these analyses.

Macroalgae

Samples were collected at low tide from rocky outcrops and

the bases of lighthouses positioned mid-channel throughout

Narragansett Bay. The goal was to collect samples from below

the water line and away from the coast, and any associated

seeps, so that the δ15N values of the macroalgae would be

representative of the water column δ15N. Collected samples

were stored in plastic bags, in the dark and on ice, until they

were processed in the lab. Samples were separated by genus

and, where possible, species, rinsed with deionized water, and

all visible epiphytes were removed. In some cases, when we

were unsure of the genus or species, subsamples were frozen

and later identified by macroalgal experts (Carol Thornber or

Lindsay Green, personal communication). Clean samples

were dried in a 60 °C oven for at least 24 h and then ground

to a fine powder using a mortar and pestle. Ground samples

were stored in acid-washed scintillation vials until analysis on

the Carlo-Erba NA 1500 Series II elemental analyzer

interfaced with a Micromass Optima mass spectrometer, as

described for particulate matter.

Analytical methods were also the same across all sampling

periods, except the 2015 and 2016 samples were analyzed on

an Isoprime 100 isotope ratio mass spectrometer interfaced

with a Micro Vario Elemental Analyzer. In some cases,

macroalgal samples were frozen until they could be processed.

Freezing macroalgae does not have an impact on δ15N values

(Oczkowski et al. 2015).

Hard Clams

Hard clams (M. mercenaria), known locally as quahogs, were

first collected subtidally in 2005 and 2006 from throughout

Narragansett Bay. Resultant data were presented in

Oczkowski et al. (2008) and DiMilla (2006). Briefly, the foot

muscle was removed from individual clams, rinsed with de-

ionized water, and dried in a 60 °C oven. Dried tissues were

ground to a fine powder using a mortar and pestle and stored

in acid-washed scintillation vials until analysis. These

methods were repeated again by Schmidt (2014) and in

2015 and 2016, as part of this study (Table 1). Note that the

hard clams collected in 2015 were collected manually from

shallow, subtidal near-shore waters. In contrast, the other

clams were collected via dredge by the Rhode Island

Department of Environmental Management and, in a few

cases in 2005, by scuba divers (DiMilla 2006; Oczkowski et

al. 2008; Schmidt 2014).

Hard clam samples collected prior to 2015 were analyzed

on the Carlo-Erba NA 1500 Series II elemental analyzer

interfaced with a Micromass Optima mass spectrometer, and

the more recent samples were measured on the Isoprime 100

isotope ratio mass spectrometer interfaced with a Micro Vario

Elemental Analyzer. Analytical techniques were the same as

those described in the BMacroalgae^ section.

Statistics

To explore the impact of theWWTF upgrades on the δ15N and

δ13C spatially, seasonally, and over time, we used a series of

linear regression models, with the exception of the compari-

son of our particulate matter data to those of Chaves (2004). In

this latter case, an analysis of variance (ANOVA) was used

because we did not include a continuous variable for latitude

in our analysis. The sewage plant upgrade effect was exam-

ined in the models by categorizing sampling events as pre-,

post-, and during upgrade, where the pre category included all

data from before 2012, before most of the WWTFs upgraded

to tertiary treatment, during included data from the transitional

period of 2012–2013, and post included any data from 2014 to

Table 2 Station locations for water samples collected from the top,

middle, and bottom of the water column at each of eight locations as

part of the ongoing Bay Ecosystem Time Series (BETS) research effort

Station no. Latitude Longitude Spatial category

1 41.76109 − 71.3783 Providence River Estuary

2 41.69886 − 71.3263 Upper Bay

3 41.65884 − 71.38687 Upper Bay

4 41.59823 − 71.38174 Middle Bay

5 41.49254 − 71.41158 Lower Bay

6 41.64164 − 71.31014 Upper Bay

7 41.56658 − 71.31102 Middle Bay

8 41.49481 − 71.35384 Lower Bay

Resultant water clarity and dissolved inorganic nitrogen concentration

data, as well as particulate stable isotope data, from these stations, are

presented in this manuscript
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the present.When supported by the model fit and data, a three-

level ordinal variable was used for the upgrade variable; oth-

erwise, two indicator (binary) variables were used, with pre-

upgrade used as a reference category. When sampling oc-

curred throughout the year, seasonality was included in the

models using multiple indicator variables. Because the head

and mouth of the Bay are oriented north to south, spatial

effects were first evaluated by including the latitude of the

sampling location in the models. This allowed spatial effects

to be quantified as a function of distance. For the Secchi and

DIN evaluations, we did not assume a linear effect with lati-

tude. Instead, locations were categorized as Providence

(PVD), Upper, Middle, and Lower Bay and fit as separate

indicator variables within the model. Additional explanatory

variables specific to a given sample type, such as the

macroalgal color and water column position of particulate

matter samples, were included as indicator variables in the

associated models. Interactions among explanatory variables

were included in all models; when interactions were statisti-

cally significant, pairwise comparisons were made between

combinations of the two interacting variables using the

Bonferroni correction. Data were evaluated for compliance

with the normal distribution assumption using the Shapiro-

Wilk statistical test and graphical evaluations such as histo-

grams and quantile-quantile plots. Based on these results, the

assumption of a normal distribution was determined to be

valid for stable isotope results for each of the measured ma-

trices. For Secchi and DIN, the assumption of a normal distri-

bution was not met; however, the assumption of a lognormal

distribution was, and therefore, these results were natural log-

transformed prior to performing the analyses for these param-

eters. Median and mean Secchi and DIN values of untrans-

formed data are presented for descriptive purposes (Table 3).

All analyses were performed at the 95% confidence level, and

all analyses were performed using SAS version 9.2 software.

Results

Water Clarity

We compared Secchi data from before 2012 to data after 2014.

The WWTF upgrades were ongoing over the course of a few

years, but two of the largest dischargers upgraded in 2012 and

2013, making 2013 the first full year of achievement (NBEP

2017). Given the skewedness of the dataset, we looked for

Table 3 Results of a comparison between Secchi depth (m) and DIN concentrations (μM) from before the upgrades (Bpre,^ before 2012) and after

(Bpost,^ 2014 and after)

Period Region Secchi DIN

Raw values LN-transformed Raw values LN-transformeda

n Median Mean SD Mean SD Signif. n Median Mean SD Mean SD Signif.

Region

Pre Lower 88 4.15 4.40 1.49 1.43 0.30 Pre > post 507 1.08 4.94 9.89 0.22 1.76

Post 69 3.50 3.60 1.15 1.23 0.32 195 1.87 2.90 2.81 0.59 1.04

Pre Mid 138 2.99 3.24 0.79 1.15 0.23 390 0.80 5.09 8.84 0.14 1.93 Post > pre

Post 102 2.89 3.12 1.42 1.05 0.42 169 2.44 3.63 3.76 0.67 1.23

Pre Upper 72 2.56 2.77 0.81 0.98 0.29 22 4.00 9.35 11.34 0.66 2.53

Post 53 2.60 2.92 1.44 0.96 0.49 22 4.27 5.76 4.23 1.52 0.69

Pre PVD 474 2.02 2.06 0.83 0.64 0.42 232 17.11 20.03 17.75 2.14 1.73 Pre > post

Post 500 1.77 1.96 0.86 0.58 0.44 101 8.36 10.25 9.15 1.54 1.63

Season

Pre Spring 287 2.60 2.74 1.27 0.90 0.48 Pre > post 385 0.53 5.82 12.53 − 0.21 2.02 Post > pre

Post 214 1.88 2.35 1.19 0.74 0.46 196 1.72 3.50 5.16 0.61 1.08

Pre Summer 288 2.11 2.20 0.98 0.69 0.47 Pre > post 522 1.12 4.91 9.56 0.27 1.71

Post 307 1.67 1.82 0.92 0.50 0.44 172 1.84 3.10 3.76 0.41 1.34

Pre Autumn 197 2.77 2.99 1.26 1.02 0.39 244 13.78 18.59 15.04 2.53 1.01 Pre > post

Post 203 3.00 3.15 1.12 1.08 0.38 119 7.69 9.42 6.90 1.92 0.93

The number of samples are given under the Bn^ column.We present the median, means, and standard deviations (SD) of the raw (untransformed) data as

well as the means and SD of the LN-transformed values. When differences in the LN-transformed means were significantly different, they were noted

under the column BSignif.^ Comparisons are presented for both regions (Lower Bay, Middle Bay, Upper Bay, Providence River Estuary) (Fig. 1) as well

as by season, where spring is April through June, summer is July through September, and fall is October through December. Winter data were excluded

from the Bonferroni correction pairwise comparisons
a Surface water concentrations only. Values in μM
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statistical differences only in the LN-transformed data. Based

on a three-factor ANOVAmodel with upgrade statues (pre vs.

post), region, and season (spring, summer, fall), all effects

were significant (p < 0.001), but differences in the LN-

transformed means were small (≤ 0.2), especially given the

standard deviations (~0.4). In the Lower Bay, Secchi depth

was significantly more shallow (lower values indicating a less

clear water column) than it was before the upgrades (Table 3)

and Secchi depth was also significantly shallower after the

upgrades in both the spring and summer.

Nutrients

We used the same statistical ANOVA model to evaluate the

nutrient data that was used to analyze the Secchi dataset. All

effects, including all two-factor interactions, of LN-

transformed data were significant (p < 0.001, based on the

model term F tests) in surface water DIN concentrations.

Only in the Providence River Estuary was there a significant

decline in DIN concentrations after the upgrades (Table 3). In

Mid-Narragansett Bay, DIN concentrations were significantly

higher after 2014. These differences may have been biased by

very different numbers of samples, where n = 390 in the

Middle Bay prior to and n = 169 after upgrades, which could

be influenced by inter-annual variability. Only in spring were

post-upgrade DIN concentrations throughout the bay signifi-

cantly higher than those measured before 2012. In the fall,

post-upgrade DIN concentrations were lower when compared

to before the nutrient reductions took place.

Particulate Matter

The δ15N values of the PM were homogenous throughout the

water column, with surface, middle, and bottom samples sim-

ilar for most of the sampling periods (e.g., Fig. 2). Our statis-

tical multiple linear regression model found an interaction

(p = 0.042 for the model interaction term significance test)

between latitude and depth, where the change in δ15N was

greater in the bottom waters, with increasing latitude.

Estimated differences among depths were less than 0.3‰.

While values throughout the water column generally ranged

from 5 to 15‰, there were some notable outliers. Samples

collected on 1 May 2015 had elevated δ15N values at the

Lower Bay stations 5, 7, and 8, where the highest values were

measured in the bottom waters. Also, on 28 June 2016, there

was one very high bottom water δ15N value observed at sta-

tion 8. We suggest that this last exceptionally high value may

have reflected some sort of contamination, but have included

it in our results (although not in our statistical analyses).

There were significant seasonal differences, where δ15N

values were greater in the summer and fall, compared to win-

ter, based on the above model’s season indicator variables’

significance tests (Fig. 3). To explore the magnitude of these

differences, we used the results of our regression analysis to

estimate mean δ15N above winter values for each season (in-

cluding spring) and for each region of the bay (Providence

River Estuary, Upper Bay, Middle Bay, and Lower Bay; Fig.

3). The magnitude of difference between spring and winter

and between summer and winter decreased down the bay,

while the difference between fall and winter showed the op-

posite trend. To explore whether this down bay increase in fall

δ15N values might be attributable to production or recycled

particulate N, we performed the same statistical analyses with

the δ13C data and observed trends that were consistent with

those seen for δ15N (Fig. 3).

When comparing the PM data collected in 2000–2002 to

those collected in 2014–2016, our statistical model identified

a number of interactions, namely, between the two time pe-

riods and season and between latitude and season. Positive

seasonal differences between the 2014–2016 dataset and the

2000–2002 dataset were clear, both in space and time (Fig. 4).

In general, the most pronounced differences were observed in

the fall. These differences were on the order of 2.2‰. Summer

and spring differences ranged from about 1.8 to 2.0‰, with a

subtle gradient from Upper to Lower Bay. Differences be-

tween datasets were < 0.3‰ in the winter.

High-resolution (approximately weekly) PM data collected

from 2000 to 2002 (Chaves 2004) at a station in the lower

west passage of Narragansett Bay were compared to data col-

lected between 2014 and 2016. When a separate statistical

two-factor ANOVA model was fit using data from this loca-

tion, a significant time period/season interaction was observed

(p = 0.0382 for the model interaction term F test). Bonferroni

pairwise comparisons of the period-specific seasonal differ-

ence indicated that there were no significant seasonal differ-

ences in the 2000–2002 dataset, but that fall δ15N values were

greater than spring and winter in the more recent dataset.

When comparing the two datasets on a seasonal basis, there

were significant increases in δ15N values in the spring, sum-

mer, and fall, but no significant differences in the winter.

Overall, while there were gaps in the datasets, they do illus-

trate the differences between δ15N values measured in partic-

ulate matter from two time series collected 15 years apart and

before and after major perturbations to the nutrient regime of

Narragansett Bay (Fig. 5).

Macroalgae

The δ15N values ranged from about 6 to 16‰ over the length

of Narragansett Bay (Fig. 6). Because we used attached

macroalgae as a passive sampler and integrator of bioavailable

water column N, we grouped the macroalgae, which were

identified to the genus or species level, by color: brown

(Phaeophyta), green (Chlorophyta), and red (Rhodophyta).

The brown algae consisted primarily of fucoids (e.g., Fucus

spiralis, Fucus vesiculosus), the green primarily of ulvoids,
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and the red primarily of Grateloupia turuturu and

Polysiphonia sp. The green macroalgae were the most readily

available throughout the bay and Providence River Estuary,

although all three groups were present at all sampling loca-

tions in the bay proper.When considering the overall means of

all macroalgae collected in the bay as a whole, there were clear

increases in δ15N values among the three time periods (Figs. 6

and 7).

As macroalgae were collected in the late summer and

early fall, no seasonal comparisons could be made.

However, based on a multiple linear regression model

including latitude and separate indicator variables for col-

or and time period, there were significant differences

among colors (red, green, brown), time periods (2005–

2007, 2012, 2015–2016), and with latitude (p < 0.001 for

all comparisons based on the regression parameter esti-

mate significance tests). Overall, the δ15N of the

macroalgae decreased significantly with latitude, with

the statistical model estimating a decrease of 0.7‰ per

0.1° latitude, or an overall 1.4‰ decrease down the bay.

Fig. 2 The δ15N values of

particulate matter (PM) from

January 2014 through November

2016 are given for eight stations

in Narragansett Bay. PM was

sampled from water collected at

the surface, middle, and bottom of

the water column at each location.

Station locations are given in the

inset map
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Values for δ15N increased over time. Between consecutive

time periods, there was an average increase of 1.4‰ for

brown macroalgae, 0.6‰ for green macroalgae, and 0.8‰

for red macroalgae from pre-2012 to 2012–2013 and

2012–2013 to post-2013. This translates to overall in-

creases of 2.8, 1.2, and 1.5‰ for brown, green, and red

macroalgae over the decade between the first and last

sampling periods (Fig. 7).

Hard Clams

Tissue δ15N values ranged from approximately 11 to

16‰, where the lowest measured values were from clams

collected in the Providence River Estuary in 2005–2006.

Conversely, the highest measured values were also from

clams collected in the Providence River Estuary in 2015–

2016. Throughout the rest of the bay, differences among

regional means were subtle, with mean values ranging

from 12.9‰ (Upper Bay, pre-2012) to 13.9‰ (Upper

Bay, post-2013) (Fig. 8). While the periods during and

after the upgrades were not significantly different, both

were different from pre-upgrade (pre-2012). The magni-

tudes of these differences varied significantly depending

on location in the bay, where the differences were the

most pronounced in the Providence River Estuary and

Upper Narragansett Bay (Fig. 9). Differences between

time periods were negligible in the Lower Bay. In contrast

to the increased δ15N values over time observed through-

out the rest of our datasets, the statistical model estimated

a slight decrease (0.3‰) in δ15N between the earliest (pre-

2102) and most recent (post-2013) clam datasets in the

Lower Bay (Fig. 9).

Carbon stable isotope data were available for some of the

2005–2006 clams as well as for the 2015–2016 clams.

Because δ13C data were only available for two of the time

periods, and due to the spatial patterns observed for δ15N,

separate two-sample t test comparisons of δ13C between the
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two periods were run for each subarea. There were clear

differences between periods for each region, where the more

recent data had significantly lower δ13C values than the

2005–2006 clams (p < 0.0001 for each region) (Fig. 8).

Overall, clams from 2015 to 2016 were at least 1‰ lower,

on average, than they were in 2005–2006 where mean dif-

ferences between the two time periods ranged from 1.2‰ in

the Upper Bay to 2.2‰ in the Providence River Estuary.

1
5

N
, 
b
ro

w
n
 m

a
c
ro

a
lg

a
e

4

6

8

10

12

14

16

2006-2008
2012
2015-2016

1
5

N
, 
g

re
e

n
 m

a
c
ro

a
lg

a
e

4

6

8

10

12

14

16

Latitude

41.441.541.641.741.8

1
5
N

, 
re

d
 m

a
c
ro

a
lg

a
e

4

6

8

10

12

14

16

Fig. 6 Macroalgal δ15N values from samples attached to rocky outcrops,

organized by latitude. The higher-latitude samples were collected from

the head of the bay, and lower-latitude samples are from the mouth.

Samples were organized by color, where brown macroalgae are shown

in the top panel, green in themiddle, and red in the bottom panel. Samples

were collected over three different sampling periods: before (2006–2008),

during (2012), and after (2015–2016) the WWTF upgrades. Details on

data sources are given in Table 1

1
5
N

 (
‰

)

11

12

13

14

15

2005 2012 2015

PVD Upper Mid Lower

Latitude

41.5041.5541.6041.6541.7041.75

1
3
C

 (
‰

)

-20

-19

-18

-17

-16

-15

Fig. 8 Hard clam (Mercenaria mercenaria) δ15N values, with distance

down Narragansett Bay expressed as latitude. Individual clam

measurements are given as circles, and horizontal bars represent

statistical model-estimated mean δ15N values for each region of the bay.

PVD is the Providence River Estuary and upper, middle, and lower refer

to the regions of the bay as defined in Fig. 1

Time Period

2006 2009 2012 2015

M
o

d
e

l 
e

s
ti
m

a
te

d
 m

e
a

n
1

5
N

 (
‰

)

10

11

12

13

Brown
Green
Red

Fig. 7 Statistical model based estimates of mean estimated macroalgal

δ15N values in tissues, by color, over time

2270 Estuaries and Coasts (2018) 41:2260–2276



Discussion

Narragansett Bay has been highly impacted by human activ-

ities for more than 200 years, with the bulk of the nutrient

loads entering at the head of the bay from sewage (Nixon

2008). Given the time span of fertilization, the recent

WWTF N reductions have been akin to turning off the tap,

reducing loads to the lowest ever measured in the system.

However, in the first 4 years following the reductions, the

impact of the WWTF reductions on nutrient concentrations

in the bay has been complex. Oviatt et al. (2017) observed

pronounced declines in annual concentrations of nitrogen, par-

ticularly in the Providence River Estuary, and our seasonal

analyses found significant, albeit small, declines in surface

water DIN concentrations in the Providence River Estuary,

coincident with the upgrades. But these water column reduc-

tions did not persist throughout the bay proper in our dataset.

In one region, mean concentrations significantly increased.

Overall, median DIN concentrations were very low south of

the Providence River Estuary (< 5 μM), both before and after

upgrades (Table 3). Nutrient concentrations in Narragansett

Bay have always been low during the growing season, even

when the bay was heavily fertilized by secondary treated

waste (Oviatt 2008; Krumholz 2012; Schmidt 2014). While

the water column DIN concentrations in our analyses did not

clearly reflect the source reductions, probably because they

have always been very low during the growing season, this

does not mean that the upgrades are not impacting the overall

net production of this N-limited ecosystem.

Comparisons of Secchi depth measurements from before

and after the upgrades also showed small differences, again

with counter-intuitive results, where in some locations and in

some seasons, Secchi depth was slightly shallower after the

upgrades. While these differences were statistically signifi-

cant, we suggest that they may not be ecologically significant,

especially given the regional scale of the analyses, the hetero-

geneity of sampling frequencies and sites among the different

data sources, and imprecise conversions of some of the data

from light attenuation coefficients to Secchi depths. However,

the results are consistent with the more detailed analyses pre-

sented in NBEP (2017). That report documents a steady im-

provement in water column clarity in the Lower Bay from

1972 to 1997, coincident with the decline in chlorophyll con-

centrations (e.g., Nixon et al. 2009). However, no improve-

ment was seen between 2004 and 2014 (the time spanning the

N reductions). In the northern part of the bay, there was a

strong inter-annual variability in water clarity, but with no

trends. In the summer months, variability in water column

clarity was attributed to rainfall, where wet summers were

associated with lower water clarity (NBEP 2017). Climate

and other variables may mask the influence of water quality

improvements associated with sewage upgrades, and as re-

sponses are ongoing, clear discernment of ecosystem response

to the nutrient reductions will likely occur over a longer time-

scale than we report here (e.g., Boesch 2002; Greening and

Janicki 2006).

Narragansett Bay is N-limited, particularly during the

growing season (e.g., Oviatt et al. 1995; Kremer and Nixon

1978; Pilson 1985a), and despite eutrophication in the Upper

Bay and Providence River Estuary, secondary production is

often food limited in the late summer and fall (e.g., Durbin and

Durbin 1981; Grassle and Grassle 1984; Rudnick et al. 1985;

Campbell 1993). Water column DIN concentrations are very

low during this time, frequently < 2μM, throughout the bay. If

bio-available N is quickly taken up by primary producers, then

measurements of remaining water column N concentrations

would not be the best indicator of anthropogenic N distribu-

tion in Narragansett Bay, particularly during the growing sea-

son. Further, while measurements of water clarity are useful

for monitoring bay changes, particulate matter can be stirred

up during storms, temporarily reducing water column visibil-

ity. Also, plankton (and particulate matter) at a station are not

necessarily formed at that location, as they drift with the tides.

While the residence time of water in Narragansett Bay is on

the order of a month (Pilson 1985b), near-surface residual

currents are ~5 cm s−1 (Kincaid et al. 2008). We calculate

transport times on the order of 7 days from Upper to Lower

Bay (distance ~30 km). Thus, it is possible, and even proba-

ble, that water clarity measurements at a Middle or Lower Bay

station are impacted by phytoplankton formed in the Upper

Bay, supported by sewage N (e.g., Melrose et al. 2014).

Changes in water clarity and production, or lack thereof,

may also be influenced by longer-term incremental drivers

associated with changes in climate. Surface water chlorophyll

concentrations in the bay have been declining for more than
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50 years (Borkman and Smayda 2009; Nixon et al. 2009;

Borkman and Smayda 2016; NBEP 2017). The decreases

have been attributed to increased water column stratification,

and subsequently reduced benthic-pelagic coupling due to

warmer waters, decreased winds, and warmer, cloudier win-

ters (Pilson 1991; Oviatt 2004; Nixon et al. 2009; Fulweiler et

al. 2015). While direct measurements of nutrient concentra-

tions and water clarity can indicate the net impact of these

factors, stable isotopes can tease out changing N sources from

more long-term stressors associated with climate change. The

δ15N values have changed as the source has changed (Schmidt

et al. 2016) while any changes in δ13C could reflect changes in

net production (Oczkowski et al. 2014; Oczkowski et al.

2018).

We propose that the stable isotope data provide the neces-

sary insight to assess changes as bioavailable N is quickly

incorporated into primary and secondary production. Spatial

trends in δ15N values in juvenile winter flounder

(Pseudopleuronectes americanus) are consistent with our hy-

pothesis that biota in the Providence River Estuary would

have elevated δ15N values after the treatment plant upgrades

(Pruell et al. 2017). Higher δ15N values in the Providence

River Estuary where DIN concentrations were also high (>

10μM)were likely due to both the elevated δ15N values of the

source (sewage) N and the decrease in the abundance of bio-

available N. In the latter case, less N available would reduce

the ability of the primary producers to preferentially select the

metabolically more favorable 14N over 15N (e.g., York et al.

2007; Oczkowski et al. 2008; Thornber et al. 2008; Pruell et

al. 2017). We also observed elevated macroalgal δ15N values

in the Providence River Estuary (e.g., Fig. 6).

In fact, macroalgal δ15N values increased throughout the

Bay across the three different sampling periods (2005–2007,

2012, 2015–2016). The macroalgae, which were fixed to

rocky outcrops, integrated in situ water column bio-available

N; they were autochthonous samplers of water column

DIN-δ15N. The clear down-bay gradients in macroalgae

δ15N values were consistent over our sampling period, even

though the overall values increased over time (Fig. 6). While

there were differences among color, they all reflected a mixing

gradient of high sewage δ15N values at the head of the bay to

lower δ15N values at the mouth. Most of the green macroalgae

(Ulva sp.) were annuals and integrated δ15N values in water

column DIN over a period of days. Some red species, as well

as all the brown species sampled, were perennial, with tissue

turnover times and N uptake rates that were slower than they

were for Ulva sp. (Pedersen and Borum 1996; Thornber et al.

2008; Raimonet et al. 2013), perhaps explaining differences

among divisions. While the magnitude of change in δ15N

values over time differed among the divisions, they presented

a consistent picture of N dynamics in Narragansett Bay, with

δ15N values indicative of tertiary treated sewage. A 2013–

2015 nutrient budget for Narragansett Bay calculated that

WWTFs are still the dominant source of N to the bay, account-

ing for 55% of the total N loading (NBEP 2017).

The PM dataset further supports these observations. Our

statistical model looked at differences among seasons and re-

gions of the bay (Providence River Estuary, Upper Bay,

Middle Bay, Lower Bay) and indicated that there were some

clear differences in the spring, summer, and fall PM δ15N

values among the different regions, across the whole dataset.

Winter PM δ15N values did not differ spatially, presumably

because low temperatures and shorter day lengths reduced

both primary production and WWTF N removal. The statisti-

cal model estimated differences between δ15N values in the

spring and winter, summer and winter, and fall and winter.

There were significant down-bay gradients in the spring and

summer data, where the difference between spring and winter

ranged from 0.9‰ in the Providence River Estuary to 0.2‰ in

the Lower Bay and the difference between summer and winter

ranged from 2.2 to 0.7‰ (Fig. 3). In contrast to these expected

down-bay gradients, differences between fall and winter

displayed the opposite trend, with the Providence River

Estuary being essentially 0‰ and increasing to 1.5‰ in the

Lower Bay. To better understand why the fall data trends were

so different, we performed the same analyses using available

δ13C measurements as they can reflect net ecosystem produc-

tion, where higher values are associated with high levels of

production (e.g., Oczkowski et al. 2014; Oczkowski et al.

2018). The δ13C data exhibited the same spatial trends as the

δ15N. We speculate that the fall gradient towards higher δ15N

and δ13C values in the Lower Bay may reflect resuspension of

recently deposited organic matter associated with rougher fall

weather which would likely show a down-bay gradient like

the down-bay gradient in vertical mixing (e.g., Spaulding and

Swanson 2008). Or they could be reflecting a seasonal shift as

tertiary treatment supported Upper Bay plankton were

transported down the bay during the same season that N re-

moval rates decreased in the WWTFs. The N removal in the

facilities is temperature dependent, with lower rates associated

with colder weather (NBEP 2017). The spring δ15N values

were closest to the winter values. In contrast, the summer

values, for both δ15N and δ13C, were much higher than winter

and occurred when Narragansett Bay was food limited and

DIN concentrations were near zero (Oviatt 2008; Schmidt

2014; Fig. 4). Overall, δ15N values have increased more than

1.5‰ throughout the bay during the spring, summer, and fall

between 2000 and 2002 and 2014–2016 (Figs. 4 and 5).

Based on their study of clam and macroalgal samples

collected in 2006, Oczkowski et al. (2008) suggested that

sewage-supported plankton, grown in the Upper Bay and

transported down-bay, were a significant food source for hard

clams (M. mercenaria) throughout Narragansett Bay. The

clam δ15N values were homogenous throughout the bay, and

the authors estimated that as much as half of the N in the clam

tissues could be of sewage origin. The clams collected as part
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of this study, as well as those collected in 2012, support this

hypothesis. Clams, like the macroalgae, showed substantial

increases in δ15N values in the Providence River Estuary.

The statistical model-estimated mean values for this system

were 12.7, 13.8, and 14.2‰, for the periods 2005, 2012, and

2015–2016, respectively (Fig. 8). Differences among sam-

pling periods, with higher values associated with more recent

years, narrowed down the bay (from Upper Bay to Middle

Bay to Lower Bay). The Lower Bay means ranged from

13.2‰ in 2015–2016 to 13.6‰ in 2005–2006. The slight

decrease in Lower Bay δ15N values could be reflecting in-

creased contributions of shelf N. If this is the case, then dif-

ferences could be more pronounced over time (Figs. 8 and 9).

While the δ15N values in clams, as well as in particulate

matter and macroalgae, suggest that sewage is still an impor-

tant source of N to Narragansett Bay, an observation support-

ed by current nutrient budgets (NBEP 2017), the δ13C values

in the clams indicate that the net production in the bay has

declined. There were substantial decreases in δ13C values be-

tween 2005 and 2006 and 2015–2016 (Fig. 8), on the order of

1–2‰, on average. Others have demonstrated that δ13C values

can reflect net ecosystem production, with higher δ13C values

indicating more productive systems and vice versa (e.g.,

Oczkowski et al. 2010; Oczkowski et al. 2018). As the de-

creases in δ13C values were also consistent with longer-term

observations of declining chlorophyll values in the bay (Nixon

et al. 2009; Fulweiler and Heiss 2014), we cannot specifically

identify theWWTF upgrades as the only driver of the changes

in δ13C values.

A Synthesis of Ecological Responses

While sewage N loads have been reduced by more than half,

the predominant source of N to Narragansett Bay is still from

WWTFs (NBEP 2017). Our analyses found that, when con-

sidered seasonally and regionally, water column DIN concen-

trations have decreased and water clarity appears to have

(slightly) improved in the Providence River Estuary. The sta-

ble isotope results illustrate how sewage N still plays an im-

portant role in supporting the plants and animals in the eco-

system. While we had expected that the 2015–2016 samples

collected in the Lower Bay to more closely reflect marine N

sources, the only evidence of this was in the hard clam data

where the decrease in δ15N values between the earliest and

most recent data was ~0.3‰. Except for the Lower Bay clams,

the δ15N values throughout Narragansett Bay have increased

over time. This is particularly pronounced in the Providence

River Estuary, where increases were typically > 1‰. Of

course, the upgrades were recent and it is too soon to fully

assess the legacy effects of more than a century of heavy

nutrient fertilization on the ecosystem. However, dramatic de-

clines occurred in nutrients, turbidity, and chlorophyll concen-

trations in the year after sewage diversion in Kaneohe Bay,

Hawaii (Smith et al. 1981), although the response of Tampa

Bay to nutrient reductions occurred over a longer time period

(years to decades) and response was also influenced by weath-

er conditions (Greening and Janicki 2006). Amesocosm study

by Oviatt et al. (1984) concluded that water column recovery

rates in the Bgrossly polluted^ Providence River Estuary could

occur on a short timescale (< 1 year). Mesocosms designed to

replicate Mid-Narragansett Bay conditions were outfitted with

intact, structurally undisturbed sediments from the Providence

River Estuary, a Middle Bay location, and offshore. After

5 months, the behavior of the Providence River treatments,

including seasonal dynamics of plankton and benthic fauna,

were more similar to the other treatments than they were to the

in situ Providence River Estuary conditions (Oviatt et al.

1984). A partially to well-mixed water column and fairly short

residence times surely contribute to more efficient recoveries.

Recycling of N and any associated isotope transformations

are impossible to tease out of our bulk analyses, but it is

unlikely that benthic N cycling is driving the observed isotope

changes. Surface water chlorophyll concentrations and the

amount of freshly deposited organic matter are the best pre-

dictors of sediment N cycling in Narragansett Bay (Fulweiler

and Heiss 2014). Chlorophyll concentrations have been de-

clining over the past 50 years, indicating long-term declines in

plankton production (Fulweiler and Heiss 2014), and further

declines in nutrient loads associated with theWWTF upgrades

also appear to be decreasing bay-wide production (e.g., Oviatt

et al. 2017), observations supported by our δ13C dataset.

Declines in chlorophyll and production are frequently ob-

served after major nutrient reductions (Boesch 2002), but the

challenge in this system is separating responses from long-

term trends. There are no apparent long-term temporal trends

in N2 fluxes or rates of sediment oxygen demand (the latter is a

good indicator of organic matter loading) at two stations in

Narragansett Bay (Fulweiler et al. 2016; Fulweiler, personal

communication). The work of Oviatt et al. (1984) suggests

that legacy nutrient regeneration is unlikely to be the primary

drivers of the observed stable isotope trends while the obser-

vations of Fulweiler and Heiss (2014) indicate that rates of N

cycling have not increased. Lower N loads could lead to more

tightly recycled bio-available N and associated elevated δ15N

values (e.g., Brandes and Devol 1997; Granger et al. 2004;

Granger et al. 2010). But, if this were the primary driver, we

would expect to see down-bay gradients in δ15N values lessen

or even reverse as N was continuously recycled as it moves

through the bay.

The results presented here are like the few other studies that

have used stable isotopes to document estuarine ecological

response to WWTF upgrades to tertiary treatment (and N re-

moval) in the sense that responses were swift (within years)

and distinct (e.g., Smith et al. 1981). But, this study also dif-

fers from those studies. For example, in Moreton Bay, re-

searchers observed that δ15N values decreased after the
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WWTF upgrades, reflecting more marine sources (Costanzo

et al. 2005; Pitt et al. 2009). Savage and Elmgren (2004) made

similar observations in the Himmerfjärden Bay of the Baltic

Sea. In both examples, declines in δ15N values were substan-

tial, about 4–6‰. In contrast, we saw δ15N values increase

throughout the Bay by 1‰ or more. While sewage N loads to

Narragansett Bay have decreased considerably, they remain

the largest source of N to the estuary. This, in conjunction with

the documented increases in sewage effluent δ15N values,

supports our suggestion that Narragansett Bay is still heavily

influenced by sewage N loads (Fig. 10; NBEP 2017). Our

study supports the hypothesis put forth in Oczkowski et al.

(2008) that sewage supported production in the Upper Bay is

an important food source to the middle and lower portions of

the bay.

The reduction in N loads was a relatively discrete (few

year) event that co-occurred during other long-term changes

in the ecology and phenology of Narragansett Bay. As Duarte

et al. (2009) cautioned, the results of this study should be

considered in the context of shifting baselines and concurrent

changes in other stressors. There is substantial documentation

of increased variability in seasonal plankton dynamics, includ-

ing shifts in the timing of some annual phytoplankton blooms,

from the late winter to the summer, as well as declines in the

magnitude of blooms since the 1960s and particularly after the

nutrient reductions (Nixon et al. 2009; Oviatt et al. 2017).

Zooplankton are better positioned to graze down these warmer

weather phytoplankton blooms, which decreases the amount

of organic matter reaching the benthos (Oviatt et al. 2002).

Others have documented declines in benthic nutrient fluxes

and speculate on the potentially important role of N fixation in

the future, particularly in the lower parts of the bay (see Nixon

et al. 2009). While N fixation could supply the Narragansett

Bay water column with a significant amount of Bnew^ N,

which would have δ15N values close to 0‰, we do not see

evidence of this in the stable isotope data, but recognize that

the system is ever-changing and the response to the reductions

is probably ongoing. Our current assessment could serve as a

recovery baseline from which to observe N dynamics as eco-

system oligotrophication continues. While the δ15N data do

not reflect the lower values associated with marine contribu-

tions or N fixation, the δ13C data, particularly for the clams,

are consistent with the observations of declining productivity

(e.g., Li and Smayda 2001; Nixon et al. 2009; Fulweiler and

Heiss 2014; Oviatt et al. 2017).

In the 5 years after the major WWTFs came on-line for

nutrient removal, and just over a decade since the process

began, net production may have decreased, and the process

of oligotrophication begun. But, current nutrient budgets

show that sewage remains the dominant source of N to

Narragansett Bay (NBEP 2017) and our stable isotope data

demonstrate that it still plays an important role in supporting

primary and secondary ecosystem production.
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Justifications:

Justification 1:

Concern regarding the economic impacts of environmental regulations has been part of the

public dialogue since the beginning of the U.S. EPA. Although environmental regulations

reduce emissions of harmful pollutants, thus generating health and other benefits for the

American public, they also raise industry production costs because they require changes in

production processes that would otherwise not be undertaken. A fundamental question

constantly faced by EPA is how to balance the improvements in environmental quality that

come with more stringent regulations against its costs, particularly when they are unevenly

distributed. Debate over this issue continues today.

 

The nominated article brings much needed evidence-based clarity and structure to the debate

over the economic impacts of environmental regulation. Often cited evidence on the effect of

environmental policies are based on inconsistent and incomplete measures of their impact to

individual households through the economy. For example, changes in gross domestic product

and productivity are commonly referenced as evidence of the impact of environmental

regulation on the U.S. economy, despite being only a partial measure of the impact on society’s

well-being and masking important distributional considerations. The nominated article places

the existing empirical evidence within a more expansive definition of economic impacts to bring

clarity to what is, and is not, known about the effect of environmental regulations overall and

how those impacts differ across households. In providing a comprehensive discussion of these

issues, the nominated article allows the EPA to reflect the latest evidence in its analyses,

including which types of economic impacts are possible to quantify along with a broad sense of

their direction and magnitude.

 The nominated article reviews and combines lessons from early studies to find measurable but

not severe effects on the national economy from environmental regulation. While price

increases due to regulatory requirements outweighed the stimulative effect of investments in

pollution abatement, they nearly offset one another. However, the synthesis finds evidence that

such offsetting effects mask serious impacts on local labor markets due to the regional and

industry concentration of plant closures. Establishing the connection between these seemingly

different national versus local impact characterizations is important for policymakers to have a
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robust understanding of how regulations have affected households through changes in the prices

and quantities of goods, plant openings and closures, barriers of entry for new firms, or impacts

on small businesses.

To understand what these earlier findings may mean for impacts of future regulations, the

nominated article synthesizes and connects a substantial body of recent work that has examined

industry-specific effects of environmental regulation on the productivity, plant location, and

employment decisions of pollution-intensive firms. Contrary to some of the early impacts of

environmental regulations, recent econometric-based studies found relatively small or no effect

on sector-specific productivity and employment on existing firms. However, this branch of

literature has found that firms were less likely to open plants in locations subject to more

stringent regulation compared to other U.S. locations. In contrast, studies that used

economy-wide models to explicitly account for sectoral linkages and intertemporal effects

found substantial sector-specific effects due to environmental regulation, including in sectors

that were not directly regulated. These connections established by the nominated article

highlight the importance of how seemingly hidden costs of regulations are key to understanding

how the impacts of regulation are distributed across the country.

The nominated article notes that it is useful to also think about the overall impacts of

environmental regulation on the economy through the lens of benefit-cost analysis. The net

change in social welfare that households experience is calculated by summing all of the benefits

from the regulation and subtracting all of the costs it imposes. The costs represent the total

burden that a regulation imposes on the economy, which include the value lost to society of

goods and services that will no longer be produced and consumed as resources are reallocated

toward pollution abatement. The benefits include changes in health and improvements in hard to

measure environmental benefits such as the functioning of an ecosystem. While this approach

does not speak to how the costs of regulation are distributed across sectors, it has the advantage

of explicitly weighing the benefits of environmental improvements against their costs.  If

benefits are greater than costs, then overall social welfare is improved.

 When conducting such exercises, the nominated article stresses that it is important to anticipate

the ways that environmental improvements may either directly improve the productivity of
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economic factors – such as through the increased productivity of outdoor workers – or change

the composition of the economy as firms and households change their behavior. If individuals

are healthier, for example, they may choose to reallocate their time between work and leisure.

While estimating the effects of pollution on production and household behavior can be

challenging, studies that have partially accounted for this interconnection have found substantial

impacts of improvements in environmental quality on the overall economy. For example, one

study estimated that the social cost of the Clean Air and Clean Water Acts was more than 50%

greater than the compliance cost estimate. While the greatest impacts of the regulation fell on

the directly regulated sectors, sectors that were not directly regulated but supplied key

intermediate goods experienced significant negative impacts on output and labor productivity.

The nominated article identifies several important issues regarding the impacts of environmental

regulation on the U.S. economy that remain unresolved. In particular, it identifies the need for a

unifying structural framework for understanding the economic impacts of environmental

regulation. However, quantifying the distribution of the costs and benefits of regulation raises

several methodological and empirical challenges. For instance, firms make many decisions

regarding whether to expand or reduce production at existing facilities or whether to open new

facilities. These decisions have implications for when and how many workers are hired, the

wages and benefits offered, and the number of hours worked, which are then linked to the

productivity of firms, sectors, and ultimately the overall economy. The lack of an overarching

structural framework that coherently links individual decisions to their macroeconomic

implications hinders the ability to follow these pathways of effects and to understand the net

effects on a sector, household, or the economy as a whole.

Another research gap discussed by the nominated article is the need to consider not only the

distribution of costs but also benefits. However, folding benefits into the evaluation of economic

impacts is complicated. An analyst needs to understand to what extent certain types of

households differentially benefit from reductions in emissions. Another important consideration

is whether workers enjoy health improvements that enhance their productivity and change their

consumption and investment behavior over time.

Justification 2A:
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n/a

Justification 2B:

2013 Cycle

Shadbegian R, Wolverton A. 2010. Location decisions of polluting plants: theory, empirical evidence, and

consequences. International Review of Environmental and Resource Economics 4(1):1-49. Award: Level II 

2015 Cycle

Marten, A., and Newbold, S. 2012. Estimating the Social Cost of Non-CO2 GHG Emissions: Methane and

Nitrous Oxide. Energy Policy 51: 957-972. Award: Level 3.

2016 Cycle

Greenstone M, Kopits E, Wolverton A. 2013. Estimating the social cost of carbon for use in U.S. federal

rulemakings: a methodology and interpretation. Review of Environmental Economics and Policy 7(1):23-46.

Award: Level 3.

Kopits E, Marten A, Wolverton A. 2013. Incorporating ‘catastrophic’ climate change into policy analysis. 

Climate Policy DOI 10.1080/14693062.2014.864947. Award: Honorable mention.
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Newbold S, Griffiths C, Moore C, Wolverton A, Kopits E. 2013. A rapid assessment model for understanding

the social cost of carbon. Climate Change Economics 4(1). DOI 10.1142/S2010007813500012 Award:

Honorable mention.

Marten, A., and Newbold, S. 2013. Temporal Resolution and DICE, Nature Climate Change. Nature Climate

Change 3: 526 – 527. Award: Honorable mention.

2017 Cycle

Marten, A., and Newbold, S. 2014. The value of information for integrated assessment models of climate

change. Journal of Environmental Economics and Management 68:111-123. Award: Level 3.

Marten, A. 2014. The Role of Scenario Uncertainty in Estimating the Benefits of Carbon Mitigation. Climate

Change Economics. Award: Level 3.

Kopits E, McGartland A, Morgan C, Pasurka C, Shadbegian R, Simon N, Simpson RD, Wolverton A. 2014.

Retrospective Cost Analysis of EPA Regulations: A Case Study Approach. Journal of Benefit-Cost Analysis,

5(2), (2014), 173-193. Award: Level 3.
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Wolverton A. 2014. Retrospective evaluation of costs associated with methyl bromide critical use exemptions

for open field strawberries in California. Journal of Benefit Cost Analysis 5 (2). Award: Level 3.

Marten A, Kopits E, Griffiths C, Newbold S, Wolverton A. 2014. Incremental CH4 and N2O Mitigation

Benefits Consistent with the US Government’s SC-CO2 Estimates. Climate Policy, 15(2), pp. 272-298. Award:

Level 3.

Ferris A, Shadbegian R, Wolverton A. 2014. The Effect of Environmental Regulation on Power Sector

Employment: Phase I of the Title IV SO2 Trading Program."  Journal of the Association of Environmental and

Resource Economists. 1(4) 521-553. Award: Level 3.

2018-2019 Cycle

Condon, N, Klemick, H., and Wolverton, A. 2015. Impacts of ethanol policy on corn prices: A review and

meta-analysis of recent evidence. Food Policy 51: 63-73. Award: Level 3.

Klemick, H, Kopits, E., and Wolverton, A. Potential Barriers to Improving Energy Efficiency in Commercial

Buildings: The Case of Supermarket Refrigeration. Journal of Benefit-Cost Analysis 8(1): 115-145. Award:

Honorable mention.

Klemick, H, Kopits, E., Sargent, K, and Wolverton, A. Heavy-Duty Trucking and the Energy Efficiency

Paradox: Evidence from Focus Groups and Interviews. Transportation Research Part A: Policy and Practice 

17: 154-166. Award: Honorable mention.
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Justification 2C:

The current package focuses on the economic impacts of U.S. environmental regulations. It is

distinct from past nominations by the authors, and there are no other current nominations by the

same authors. Previous nominations by the authors focused on evidence of the energy efficiency

paradox, measuring impacts of ethanol policy on corn prices, conducting retrospective analysis

of the cost of EPA regulations, estimating the employment impacts of the SO2 cap-and-trade

policy on electric utilities, valuing changes in greenhouse gas emissions, understanding

polluting plant location decisions, and quantifying catastrophic climate impacts.

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

The nominated paper, “The Impacts of Environmental Regulation on the U.S. Economy,” is

published in the Oxford Research Encyclopedia of Environmental Economics, which includes a

globally diverse set of articles on a wide range of topics related to how and why environmental

issues influence economic activity and the effects of economics on the environment. The

editorial board for the Oxford Research Encyclopedia of Environmental Economics consists of a

set of highly regarded economists: Dr. James R. Kahn, Washington and Lee University and the

Federal University of Amazonas; Dr. Dan Biller, World Bank; Dr. John Whitehead,

Appalachian State University; and Dr. Rawshan Ara Begum, Kumamoto University, Japan. The

Encyclopedia makes this knowledge available to a wide range of natural and social scientists, as
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well as educators, students, researchers and practitioners. Articles published in the Encyclopedia

are also available online as part of the Oxford Research Encyclopedia of Environmental Science,

which received over 1 million online views or visits between April 2018 and April 2020. 

The published and working versions of the nominated paper have attracted wide readership and

interest. According to the journal’s website, “The Impacts of Environmental Regulation on the

U.S. Economy” has been viewed or visited over 13,000 times since it was posted online.

Research Gate indicates that the published paper has 373 reads from its website. The paper has

been cited in three published research studies and two dissertations. In addition, the NCEE

Working Paper version of the study, “The Impacts of Environmental Regulation on the U.S.

Economy,” was downloaded from the EPA by non-EPA users 881 times between March 2019

and March 2020, and was the most downloaded working paper and the third most downloaded

document from the National Center for Environmental Economics (NCEE) website during this

time period. Research Gate reports 199 reads from its website. 

The nominated publication, “The Impacts of Environmental Regulation on the U.S. Economy,”

stems from efforts to inform a 2015-2017 Science Advisory Board (SAB) review about the role

of economy-wide models for examining the costs, benefits, and economic impacts of an EPA air

regulation. The authors presented to the SAB on these topics several times during the SAB

review process and received compliments from panelists for the care and expertise they

displayed on these topics. The nominated publication uses information that was assembled for

the SAB panel as a starting point for initiating a broader review and discussion of the literature.

Citations of the nominated article

Arbuckle, M., and M. Mercer 2020. Economic outlook and the gender gap in attitudes about

climate change. Population and the Environment. March.
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Golovanov, E., L. Mikhalina, and K. Ekimova. 2017. Role and Importance of Environmental

Pressure in the System of Regional Economic Security. December.

Gupta, V., and Y. Zheng. 2020. Investigando a gestão do desempenho Ambiental. Revista

Brasileira de Gestão de Negócios 22(1). Three essays on environment, economics and politics

Justification 3B:

The Oxford Research Encyclopedia of Environmental Economics uses a single-blind referee

process. All contributions are assessed by the editor and reviewed by independent expert

reviewers. The authors responded to the comments by incorporating changes into the

manuscript, which was then reevaluated prior to acceptance for publication.
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Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 2 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

ςWΞΓΛΗς�WΚDW�ΚDΨΗ�ΣDΥWΛDΟΟ∴�DΦΦΡΞΘWΗΓ�ΙΡΥ�WΚΛς�ΛΘWΗΥΦΡΘΘΗΦWΛΡΘ�ΚDΨΗ�ΙΡΞΘΓ�ςΞΕςWDΘWΛDΟ�ΛΠο

παχτσ οφ ιmπροϖεmεντσ ιν ενϖιρονmενταλ θυαλιτψ ον τηε οϖεραλλ εχονοmψ.

Κεψωορδσ: εχονοmιχ ιmπαχτσ, ενϖιρονmενταλ ρεγυλατιον, εχονοmιχ προδυχτιϖιτψ, εmπλοψmεντ, πλαντ λοχατιον, σοχιαλ 

ωελφαρε, ηεαλτη βενεφιτσ

,Θ�WΚΗ�����ς�ΛΘΦΥΗDςΗΓ�DΖDΥΗΘΗςς�DΘΓ�ΦΡΘΦΗΥΘ�DΕΡΞW�WΚΗ�ΘΗϑDWΛΨΗ�ΦΡΘςΗΤΞΗΘΦΗς�ΡΙ�ΗΘΨΛο

ΥΡΘΠΗΘWDΟ�ΣΡΟΟΞWΛΡΘ�ΡΘ�ΚΞΠDΘ�ΚΗDΟWΚ�DΘΓ�ΗΦΡς∴ςWΗΠς�ςΣΞΥΥΗΓ�D�ΘDWΛΡΘDΟ�DΣΣΥΡDΦΚ�WΡ�ΗΘο

ϖιρονmενταλ πολιχψ ανδ ρεγυλατιον ιν τηε Υνιτεδ Στατεσ (Γρισωαλδ, 2012). Τηε Υ.Σ. Χουνχιλ 

ον Ενϖιρονmενταλ Θυαλιτψ (Υ.Σ. ΧΕΘ) ωασ φορmεδ ιν 1970 το αδϖισε τηε πρεσιδεντ ον τηε 

ενϖιρονmεντ, ανδ τηε φιρστ Εαρτη Dαψ τοοκ πλαχε ιν Απριλ οφ τηατ σαmε ψεαρ, ωιτη οϖερ 20 

mιλλιον Αmεριχανσ παρτιχιπατινγ. Βοτη τηε Νατιοναλ Ενϖιρονmενταλ Πολιχψ Αχτ ανδ τηε 

Χλεαν Αιρ Αχτ ωερε αλσο σιγνεδ ιντο λαω ιν 1970, σιγνιφιχαντλψ εξπανδινγ τηε φεδεραλ 

ϑΡΨΗΥΘΠΗΘW�ς�ΥΡΟΗ�ΛΘ�ΦΡΘWΥΡΟΟΛΘϑ�DΛΥ�ΣΡΟΟΞWΛΡΘ��7ΚΗ�8�6��(ΘΨΛΥΡΘΠΗΘWDΟ�3ΥΡWΗΦWΛΡΘ�∃ϑΗΘΦ∴�

(Υ.Σ. ΕΠΑ) ωασ εσταβλισηεδ ον Dεχεmβερ 2, 1970, το ιmπλεmεντ τηε ρεθυιρεmεντσ οφ τηεσε 

τωο mαϕορ πιεχεσ οφ λεγισλατιον (Λεωισ, 1985). Τηε Χλεαν Wατερ Αχτ φολλοωεδ ιν 1972.1

∃ΟWΚΡΞϑΚ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΥΗΓΞΦΗ�ΗΠΛςςΛΡΘς�ΡΙ�ΚDΥΠΙΞΟ�ΣΡΟΟΞWDΘWς��WΚΞς�ϑΗΘΗΥDWο

ΛΘϑ�ΚΗDΟWΚ�DΘΓ�ΡWΚΗΥ�ΕΗΘΗΙΛWς�ΙΡΥ�WΚΗ�∃ΠΗΥΛΦDΘ�ΣΞΕΟΛΦ��WΚΗ∴�DΟςΡ�ΥDΛςΗ�D�ΣΟDΘW�ς�ΣΥΡΓΞΦWΛΡΘ�

χοστσ βεχαυσε τηεψ ρεθυιρε ινσταλλατιον ανδ οπερατιον οφ πολλυτιον χοντρολσ ορ χηανγεσ ιν 

προδυχτιον προχεσσεσ τηατ ωουλδ οτηερωισε νοτ βε υνδερτακεν. Αλmοστ ιmmεδιατελψ, τηε 

DΕΛΟΛW∴�WΡ�ΕDΟDΘΦΗ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΣΥΡWΗΦWΛΡΘ�DΘΓ�WΚΗ�ΦΡςWς�ΡΙ�ΣΡΟΟΞWΛΡΘ�ΦΡΘWΥΡΟ�ΥΗΤΞΛΥΗο

mεντσ ωασ τεστεδ. Ιν 1971, τηε Υ.Σ. ΕΠΑ Αδmινιστρατορ, Wιλλιαm D. Ρυχκελσηαυσ, ρεϕεχτεδ 

WΚΗ�WΛΠΗWDΕΟΗ�ςΞΕΠΛWWΗΓ�ΙΡΥ�ΕΥΛΘϑΛΘϑ�8ΘΛΡΘ�&DΥΕΛΓΗ�ς�0DΥΛΗWWD��2ΚΛΡ��ΣΟDΘW�ΛΘWΡ�ΦΡΠΣΟΛο

ανχε ωιτη Χλεαν Αιρ Αχτ ρεθυιρεmεντσ. Υνιον Χαρβιδε ρεσπονδεδ βψ τηρεατενινγ το λαψ οφφ 

α λαργε νυmβερ οφ ωορκερσ. Τηε Υ.Σ. ΕΠΑ νεγοτιατεδ ωιτη τηε χοmπανψ ον ιτσ εmισσιονσ 

ρεδυχτιον σχηεδυλε ωηιλε πρεσερϖινγ ωορκερσ∋ ϕοβσ. Τηισ ωασ δονε ωιτηουτ χοmπροmισινγ 

τηε ενϖιρονmενταλ γοαλ οφ ρεδυχινγ συλφυρ διοξιδε εmισσιονσ ατ τηε πλαντ, ωηιχη δεχλινεδ 

70% βψ Απριλ 1972 (Λεωισ, 1985).

Φροm τηε βεγιννινγ ιτ αλσο ηασ βεεν ρεχογνιζεδ τηατ τηε ποτεντιαλ νεγατιϖε εφφεχτσ ον 

οϖεραλλ εχονοmιχ γροωτη, προδυχτιϖιτψ, ανδ εmπλοψmεντ, ασ ωελλ ασ ον σπεχιφιχ ινδυστριεσ 

σηουλδ βε χονσιδερεδ αλονγσιδε τηε ποσιτιϖε χονσεθυενχεσ οφ ιmπροϖινγ ενϖιρονmενταλ 

θυαλιτψ. Ιν παρτ, τηισ βαλανχεδ αππροαχη ωασ λικελψ mοτιϖατεδ βψ τηε σιγνιφιχαντ σλοωδοων 

ΛΘ�8�6��ΣΥΡΓΞΦWΛΨΛW∴�ϑΥΡΖWΚ��ΞΣWΛΦΝ�ΛΘ�ΛΘΙΟDWΛΡΘ��DΘΓ��Ε∴�WΚΗ�ΠΛΓ�����ς��ΓΡΞΕΟΛΘϑ�ΡΙ�WΚΗ�ΞΘο

εmπλοψmεντ ρατε τηατ χοινχιδεδ ωιτη τηε εξπανσιον οφ φεδεραλ οϖερσιγητ ιντο αρεασ συχη ασ 

ενϖιρονmενταλ θυαλιτψ.2 7Ρ�ΕΗWWΗΥ�ΞΘΓΗΥςWDΘΓ�WΚΗ�ΣΡWΗΘWΛDΟ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞο

λατιον ον τηε εχονοmψ σεϖεραλ γοϖερνmεντ ρεπορτσ ωερε χοmmισσιονεδ το ινϖεστιγατε τηε 

ΣΡWΗΘWΛDΟ�ΛΠΣDΦWς�ΡΘ�D�ΖΛΓΗ�DΥΥD∴�ΡΙ�ΠΗDςΞΥΗς��ΛΘΦΟΞΓΛΘϑ�ΘDWΛΡΘDΟ�ΗΦΡΘΡΠΛΦ�ϑΥΡΖWΚ��ΛΘο

δυστριεσ ανδ φιρmσ, εmπλοψmεντ, ανδ χονσυmερσ (ε.γ., Υ.Σ. ΧΕΘ, 1971). Ασ δατα βεχαmε 

αϖαιλαβλε το στυδψ τηε ιmπαχτ οφ ρεγυλατιονσ ρετροσπεχτιϖελψ, τηε αχαδεmιχ χοmmυνιτψ αλσο 

ωειγηεδ ιν ωιτη στυδιεσ οφ ιτσ οων.

,Θ�WΚΗ�8ΘΛWΗΓ�6WDWΗς��ΦΞΥΥΗΘW�ΣΥDΦWΛΦΗ�ΛΘ�ΙΗΓΗΥDΟ�ϑΡΨΗΥΘΠΗΘW�ΗΦΡΘΡΠΛΦ�DΘDΟ∴ςΗς�ΡΙ�ΗΘΨΛο

ΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�Λς�WΡ�Η[ΣΟΛΦΛWΟ∴�ΖΗΛϑΚ�WΚΗ�ϑDΛΘς�WΡ�ςΡΦΛΗW∴�ΙΥΡΠ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΣΥΡο

τεχτιον αγαινστ τηε χοστσ, mεασυρεδ ιν τερmσ οφ χηανγεσ ιν νετ σοχιαλ ωελφαρε. Ατ τηε σαmε 
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τιmε, εχονοmιχ αναλψσεσ χοντινυε το εξαmινε ηοω τηοσε ωελφαρε χηανγεσ αρε διστριβυτεδ 

τηρουγηουτ τηε εχονοmψ. Αλτηουγη α παρτιχυλαρ ενϖιρονmενταλ ρεγυλατιον mαψ ρεσυλτ ιν αν 

ΡΨΗΥDΟΟ�ΘΗW�ϑDΛΘ�WΡ�ςΡΦΛΗW∴��WΚΛς�ΠD∴�ΘΡW�ΕΗ�WΥΞΗ�ΙΡΥ�ΣDΥWΛΦΞΟDΥ�ςΞΕςΗWς�ΡΙ�WΚΗ�ΗΦΡΘΡΠ∴��8Θο

δερστανδινγ ωηο ισ ποσιτιϖελψ ανδ νεγατιϖελψ ιmπαχτεδ βψ α παρτιχυλαρ πολιχψ ισ ιmπορταντ 

ωηεν χοντεmπλατινγ πολιχψ οπτιονσ.

7ΚΛς�DΥWΛΦΟΗ�Λς�ΡΥϑDΘΛ]ΗΓ�Dς�ΙΡΟΟΡΖς��6ΗΦWΛΡΘ�,�ςΞΠΠDΥΛ]Ης�ΥΗςΗDΥΦΚ�ΡΘ�WΚΗ�ΣDΥW�ΡΙ�WΚΗ�ΙΗΓο

εραλ γοϖερνmεντ ιντο τηε εχονοmιχ ιmπαχτσ οφ Υ.Σ. ενϖιρονmενταλ ρεγυλατιον. Βυιλδινγ ον 

WΚΛς�ΗDΥΟ∴�ΖΡΥΝ��6ΗΦWΛΡΘ���ΓΛςΦΞςςΗς�WΚΗ�DΦDΓΗΠΛΦ�ΟΛWΗΥDWΞΥΗ�ΡΘ�WΚΗ�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛΥΡΘο

ΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�ΡΘ�ΡΨΗΥDΟΟ�ΣΥΡΓΞΦWΛΨΛW∴�DΘΓ�ϑΥΡΖWΚ��DΘΓ�6ΗΦWΛΡΘ���ΥΗΨΛΗΖς�WΚΗ�ΟΛWΗΥDο

τυρε ον ιmπαχτσ το παρτιχυλαρ σεχτορσ οφ τηε εχονοmψ, ωιτη σπεχιφιχ εmπηασισ ον ινδυστρψ 

ΣΥΡΓΞΦWΛΨΛW∴��ΟDΕΡΥ�ΠDΥΝΗWς��DΘΓ�ΣΟDΘW�ΗΘWΥ∴�DΘΓ�Η[ΛW�ΓΗΦΛςΛΡΘς��6ΗΦWΛΡΘ���ΓΛςΦΞςςΗς�Η[ο

ΣDΘΓΛΘϑ�WΚΗ�ΘΡWΛΡΘ�ΡΙ�ΡΨΗΥDΟΟ�ΗΦΡΘΡΠΛΦ�ΛΠΣDΦWς�WΡ�WΚΛΘΝ�DΕΡΞW�ΖΗΟΙDΥΗ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘο

ΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ��6ΗΦWΛΡΘ���ΓΗςΦΥΛΕΗς�ΗΙΙΡΥWς�WΡ�Η[ΣΟΛΦΛWΟ∴�ΦΡΘςΛΓΗΥ�ΕΗΘΗΙΛWς�ΖΚΗΘ�ΠΡΓΗΟο

ινγ τηε εχονοmψ−ωιδε ωελφαρε εφφεχτσ οφ ενϖιρονmενταλ ρεγυλατιον. Σεχτιον 6 χονχλυδεσ βψ 

δισχυσσινγ σεϖεραλ αρεασ ριπε φορ αδδιτιοναλ ρεσεαρχη.

(DΥΟ∴�∗ΡΨΗΥΘΠΗΘW�6WΞΓΛΗς�ΡΘ�WΚΗ�(ΦΡΘΡΠΛΦ�,Πο

παχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον

Ιν τηε εαρλψ 1970σ, ασ τηε Υ.Σ. βεγαν το ιmπλεmεντ τηε Χλεαν Αιρ ανδ Χλεαν Wατερ Αχτσ, 

τηερε ωασ λιmιτεδ ινφορmατιον αϖαιλαβλε ον ηοω ενϖιρονmενταλ ρεγυλατιον mιγητ ιmπαχτ 

τηε εχονοmψ (Ηαϖεmαν & Σmιτη, 1978). Το ηελπ φιλλ τηισ γαπ, Πρεσιδεντ Νιξον διρεχτεδ τηε 

8�6��&(4��8�6��(3∃��DΘΓ�WΚΗ�8�6��∋ΗΣDΥWΠΗΘW�ΡΙ�&ΡΠΠΗΥΦΗ��ΖΛWΚ�ϑΞΛΓDΘΦΗ�ΙΥΡΠ�WΚΗ�&ΡΞΘο

χιλ οφ Εχονοmιχ Αδϖισερσ, το στυδψ τηε mαχροεχονοmιχ ανδ mιχροεχονοmιχ ιmπαχτσ οφ αιρ 

DΘΓ�ΖDWΗΥ�ΣΡΟΟΞWΛΡΘ�ΦΡΘWΥΡΟ�ΦΡςWς��7ΚΗ�ΙΛΥςW�ΥΗΣΡΥW��ΥΗΟΗDςΗΓ�ΛΘ�������ςΞΠΠDΥΛ]ΗΓ�D�ΠDΦΥΡο

εχονοmιχ στυδψ ανδ σεϖεραλ mιχροεχονοmιχ στυδιεσ ωιτη τηε γοαλ οφ δεϖελοπινγ α βεττερ 

υνδερστανδινγ οφ τηε νατυρε ανδ mαγνιτυδε οφ τηε ποτεντιαλ ιmπαχτσ οφ ενϖιρονmενταλ 

ρεγυλατιονσ ον τηε εχονοmψ ασ α ωηολε ανδ ον ινδιϖιδυαλ ινδυστριεσ ανδ ρεγιονσ (Υ.Σ. ΧΕΘ 

ετ αλ., 1972). Τηε υνδερλψινγ στυδιεσ συmmαριζεδ βψ τηε ρεπορτ ωερε δεσχριβεδ ασ ινιτιαλ 

DΘDΟ∴WΛΦ�ΗΙΙΡΥWς�WΚDW�ΚΗΟΣΗΓ�ςΚΗΓ�ΟΛϑΚW�ΡΘ�WΚΗ�ΣDΞΦΛW∴�ΡΙ�DΨDΛΟDΕΟΗ�ΓDWD�ΡΘ�ΣΡΟΟΞWΛΡΘ�DΕDWΗο

mεντ ατ τηατ τιmε (Ηαϖεmαν & Σmιτη, 1978; Πορτνεψ, 1981). Γιϖεν τηειρ γρουνδβρεακινγ 

νατυρε τηε υνδερλψινγ στυδιεσ ωερε συβσεθυεντλψ πυβλισηεδ ιν αν αχαδεmιχ ϕουρναλ (σεε 

Εϖανσ, 1973; Ρυσσελλ, 1973; Dορφmαν, 1973). Τηε γενεραλ χονχλυσιον φροm τηε ρεπορτ ωασ 

WΚDW�ΣΡΟΟΞWΛΡΘ�ΦΡΘWΥΡΟ�ΦΡςWς��ΖΡΞΟΓ�ΘΡW�ςΗΥΛΡΞςΟ∴�WΚΥΗDWΗΘ�WΚΗ�ΟΡΘϑ�ΥΞΘ�ΗΦΡΘΡΠΛΦ�ΨΛDΕΛΟΛW∴�

ΡΙ�WΚΗ�ΛΘΓΞςWΥΛDΟ�DΦWΛΨΛWΛΗς�Η[DΠΛΘΗΓ���WΚΡΞϑΚ�ΛW�DΟςΡ�ΘΡWΗΓ�WΚDW�ςΛΘΦΗ�ςΞΦΚ�ΛΠΣDΦWς�ΦDΘ�ΕΗ�

ΠΗDςΞΥΗΓ�WΚΗ∴�DΥΗ�ΘΡW��ΛΘΦΡΘςΗΤΞΗΘWΛDΟ���8�6��&(4�ΗW�DΟ�� 1972).

Τηε ρεσυλτσ οφ τηε mαχροεχονοmιχ στυδψ ινδιχατεδ τηατ τηε νατιοναλ εχονοmψ ωουλδ βε 

ςΛϑΘΛΙΛΦDΘWΟ∴��WΚΡΞϑΚ�ΘΡW��ςΗΨΗΥΗΟ∴��ΛΠΣDΦWΗΓ�Ε∴�ΣΡΟΟΞWΛΡΘ�DΕDWΗΠΗΘW�ΦΡςWς�WΡ�ΛΠΣΟΗΠΗΘW�

τηε Χλεαν Αιρ Αχτ. Πολλυτιον αβατεmεντ χοστσ ωερε ασσυmεδ το αφφεχτ τηε εχονοmψ τηρουγη 

ηιγηερ προδυχτ πριχεσ ανδ νεω δεmανδ φορ πολλυτιον αβατεmεντ εθυιπmεντ ανδ σερϖιχεσ. 

,Θ�WΚΗ�DΕςΗΘΦΗ�ΡΙ�DΓΜΞςWΠΗΘWς�ΛΘ�ΠDΦΥΡΗΦΡΘΡΠΛΦ�ΠΡΘΗWDΥ∴�ΡΥ�ΙΛςΦDΟ�ΣΡΟΛΦ∴��ΣΥΛΦΗ�ΛΘΦΥΗDςο

εσ ουτωειγηεδ τηε στιmυλατιϖε εφφεχτ οφ ινϖεστmεντσ ιν πολλυτιον αβατεmεντ, ρεδυχινγ τηε 



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 4 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

ϑΥΡΖWΚ�ΥDWΗ�ΡΙ�8�6��∗ΥΡςς�1DWΛΡΘDΟ�3ΥΡΓΞΦW��∗13��Ε∴�����ΣΗΥΦΗΘWDϑΗ�ΣΡΛΘWς�DΘΓ�ΛΘΦΥΗDςο

ινγ τηε υνεmπλοψmεντ ρατε βψ 0.1 το 0.2 περχενταγε ποιντσ οϖερ τηε 1972 το 1976 περιοδ. 

+ΡΖΗΨΗΥ��WΚΗ�ςWΞΓ∴�DΟςΡ�ςΚΡΖΗΓ�WΚDW�ΗΠΣΟΡ∴ΠΗΘW�ΓΗΦΟΛΘΗς�ΖΗΥΗ�ΘΗDΥΟ∴�ΡΙΙςΗW�Ε∴�ΛΘο

χρεασεδ εmπλοψmεντ χρεατεδ βψ πολλυτιον χοντρολ ινϖεστmεντσ. Wηεν mονεταρψ ανδ φισχαλ 

πολιχψ αδϕυστmεντσ ωερε ινχορπορατεδ, τηεψ οφφσετ τηε σλοωδοων ιν ΓΝΠ ανδ ινχρεασε ιν 

υνεmπλοψmεντ βυτ ατ τηε χοστ οφ mορε ραπιδ ινφλατιον ανδ α φυρτηερ δεχλινε ιν τηε βαλανχε 

οφ ιντερνατιοναλ τραδε (Υ.Σ. ΧΕΘ ετ αλ., 1972).3

7ΚΗ�ΠΛΦΥΡΗΦΡΘΡΠΛΦ�ςWΞΓΛΗς�ςΞΠΠDΥΛ]ΗΓ�ΛΘ�WΚΗ�ΥΗΣΡΥW�ΖΗΥΗ�ΕDςΗΓ�ΡΘ�DΘDΟ∴ςΗς�ΡΙ�WΚΗ�ΗΦΡο

ΘΡΠΛΦ�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΡΘ�ΗΟΗΨΗΘ�ςΣΗΦΛΙΛΦ�ΛΘΓΞςWΥΛΗς��Η�ϑ���DΞWΡ�ΠDΘο

υφαχτυρινγ, πυλπ ανδ παπερ, πετρολευm ρεφινινγ). Χονσιστεντ ωιτη τηε mαχροεχονοmιχ 

ςWΞΓ∴��WΚΗ�DΞWΚΡΥς�ΦΚDΥDΦWΗΥΛ]ΗΓ�WΚΗ�ΥΗςΞΟWς�Dς�ΛΘΓΛΦDWΛΘϑ�WΚDW�ΘΡΘΗ�ΡΙ�WΚΗ�ΛΘΓΞςWΥΛΗς�ςWΞΓο

ΛΗΓ�ΖΡΞΟΓ�ΕΗ��ςΗΨΗΥΗΟ∴�ΛΠΣDΦWΗΓ���Λ�Η���WΚΗ�ΟΡΘϑ�WΗΥΠ�ΨΛDΕΛΟΛW∴�ΡΙ�WΚΗςΗ�ΛΘΓΞςWΥΛΗς�ΖDς�ΘΡW�

σεριουσλψ τηρεατενεδ). Τηε ρεπορτ εστιmατεδ τηατ φορ σοmε ινδυστριεσ πριχεσ ωιλλ ινχρεασε 

(βψ αν αννυαλ αϖεραγε οφ βετωεεν ζερο ανδ 2% οϖερ τηε 1972 το 1976 περιοδ, δεπενδινγ 

ον τηε ινδυστρψ), ινδιχατινγ σοmε πασσ−τηρουγη οφ χοστσ. Ηοωεϖερ, ιτ αλσο χονχλυδεδ τηατ 

�ΣΥΡΙΛWς�ΖΛΟΟ�ΓΗΦΟΛΘΗ�ΙΡΥ�ςΡΠΗ�ΙΛΥΠς�ΛΘ�ΠΡςW�ΡΙ�WΚΗ�ΛΘΓΞςWΥΛΗς�ΕΗΦDΞςΗ�ΙΛΥΠς�ΖΛΟΟ�ΘΡW�ΕΗ�DΕΟΗ�

το πασσ ον τηε φυλλ χοστ οφ πολλυτιον αβατεmεντ το χονσυmερσ ιν τηε φορm οφ ηιγηερ 

ΣΥΛΦΗς���8�6��&(4�ΗW�DΟ�� 1972).

7ΚΗ�ΗDΥΟ∴�ΛΘWΗΥDΦWΛΡΘ�ΕΗWΖΗΗΘ�WΚΗ�ΘΗΖΟ∴�ΦΥΗDWΗΓ�8�6��(3∃�DΘΓ�8ΘΛΡΘ�&DΥΕΛΓΗ�DΟςΡ�ΚΛϑΚο

λιγητεδ α χονχερν τηατ ενϖιρονmενταλ ρεγυλατιονσ χουλδ ρεσυλτ ιν τηε λαψοφφ οφ ωορκερσ ατ 

παρτιχυλαρ πλαντσ ορ εϖεν πλαντ χλοσυρεσ. Ηοωεϖερ, ασ ωιτη οτηερ εχονοmιχ ιmπαχτσ, τηερε 

ωασ νο εmπιριχαλ λιτερατυρε αϖαιλαβλε τηατ χουλδ προϖιδε α βασισ φορ εστιmατεσ οφ νατιοναλ 

εmπλοψmεντ ιmπαχτσ ασσοχιατεδ ωιτη νεωλψ προmυλγατεδ ενϖιρονmενταλ ρεγυλατιονσ. Τηε 

1972 ρεπορτ συmmαριζεδ ρεσυλτσ φροm τηε mιχροεχονοmιχ στυδιεσ ρελατεδ το πλαντ χλοσυρεσ 

DΘΓ�ΗΠΣΟΡ∴ΠΗΘW�ΗΙΙΗΦWς��2Ι�WΚΗ�DΣΣΥΡ[ΛΠDWΗΟ∴��������ΣΟDΘWς�ΛΘ�WΚΗ�ΛΘΓΞςWΥΛΗς�ςWΞΓΛΗΓ��DΣο

ΣΥΡ[ΛΠDWΗΟ∴���������ΣΟDΘWς�ΖΡΞΟΓ�ΕΗ�ΟΛΝΗΟ∴�WΡ�ΦΟΡςΗ�ΕΗWΖΗΗΘ������DΘΓ������ΓΞΗ�WΡ�ΗΘΨΛο

ρονmενταλ ρεγυλατιονσ. Ηοωεϖερ, τηε ρεπορτ νοτεδ τηατ mανψ οφ τηεσε πλαντσ ωερε λικελψ το 

ηαϖε χλοσεδ ανψωαψ βεχαυσε τηεψ ωερε εχονοmιχαλλψ ϖυλνεραβλε φορ οτηερ ρεασονσ (Υ.Σ. 

ΧΕΘ ετ αλ., 1972���7ΚΗ�ΗΠΣΟΡ∴ΠΗΘW�ΛΠΣDΦW�ΙΥΡΠ�WΚΗ�ΣΥΡΜΗΦWΗΓ�ΣΟDΘW�ΦΟΡςΞΥΗς�ΖDς�ΗςWΛΠDWο

εδ το βε αππροξιmατελψ 50,000 το 125,000 ϕοβσ λοστ βετωεεν 1972 ανδ 1976 ορ αβουτ 1% 

WΡ����ΡΙ�WΡWDΟ�ΗΠΣΟΡ∴ΠΗΘW�ΛΘ�WΚΡςΗ�ΛΘΓΞςWΥΛΗς��7ΚΛς�ΖΡΞΟΓ�DΠΡΞΘW�WΡ�DΘ�ΛΘΦΥΗDςΗ�ΛΘ�ΘDο

τιοναλ υνεmπλοψmεντ οφ αππροξιmατελψ 0.05% (Υ.Σ. ΧΕΘ ετ αλ., 1972). Τηε ρεπορτ ωαρνεδ, 

ΚΡΖΗΨΗΥ��WΚDW�WΚΗ�ΛΠΣDΦW�ΦΡΞΟΓ�ΕΗ�ςΞΕςWDΘWΛDΟΟ∴�ΚΛϑΚΗΥ�ΛΙ�WΚΗ�ΗΦΡΘΡΠ∴�ΖDς�ΘΡW�DW�ΙΞΟΟ�ΗΠο

πλοψmεντ. Ιτ ισ ιmπορταντ το νοτε τηατ τηεσε εστιmατεσ ωερε νοτ α νετ ιmπαχτ, σινχε τηεψ 

διδ νοτ ινχλυδε τηε νυmβερ οφ πεοπλε ωηο φουνδ ωορκ ιν τηεσε ινδυστριεσ οϖερ τηε σαmε 

τιmε περιοδ.

Wηιλε τηε mιχροεχονοmιχ στυδιεσ ιν τηε 1972 ρεπορτ φοχυσεδ ονλψ ον ρεγυλατεδ ινδυστριεσ, 

τηε mαχροεχονοmιχ στυδψ αιmεδ το ινχλυδε αλλ σεχτορσ οφ τηε εχονοmψ, ινχλυδινγ πολλυτιον 

αβατεmεντ αχτιϖιτιεσ. Μαχροεχονοmιχ ιmπαχτ mοδελινγ χονδυχτεδ ασ παρτ οφ συβσεθυεντ 

γοϖερνmεντ ρεπορτσ φουνδ τηατ γροωτη ιν πολλυτιον αβατεmεντ αχτιϖιτιεσ ηαδ α στιmυλατιϖε 

ΛΠΣDΦW�ΡΘ�WΚΗ�8�6��ΗΦΡΘΡΠ∴�ΦΥΗDWΛΘϑ�DΓΓΛWΛΡΘDΟ�ΜΡΕς�DΘΓ�ΓΗΦΥΗDςΛΘϑ�WΚΗ�ΞΘΗΠΣΟΡ∴ΠΗΘW�

ΥDWΗ�ΥΗΟDWΛΨΗ�WΡ�ΖΚDW�ΖΡΞΟΓ�ΚDΨΗ�ΡΦΦΞΥΥΗΓ�DΕςΗΘW�ΥΗϑΞΟDWΛΡΘ��8�6��&(4� 1979; DΡΙ, 
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1981). Ανοτηερ Υ.Σ. ΧΕΘ ρεπορτ συγγεστεδ τηατ mορε εφφιχιεντ πλαντσ mαψ ηαϖε εξπανδεδ 

προδυχτιον το mακε υπ φορ πλαντσ τηατ χλοσεδ (Υ.Σ. ΧΕΘ, 1978).

,ΘΛWΛDΟ�ΦΡΘΦΗΥΘ�DΕΡΞW�ΖΛΓΗςΣΥΗDΓ�ΜΡΕ�ΟΡςς�ΛΘ�WΚΗ�ΗΦΡΘΡΠ∴�ΖDς��WΡ�D�ΟDΥϑΗ�ΓΗϑΥΗΗ��DΟΟΗΨΛDWο

εδ βψ εmπιριχαλ εϖιδενχε. Βασεδ ον σελφ−ρεπορτσ φροm αφφεχτεδ ινδυστριεσ, τηε Υ.Σ. ΕΠΑ 

φουνδ 118 πλαντ χλοσυρεσ βετωεεν 1971 ανδ 1977, αφφεχτινγ οϖερ 21,900 εmπλοψεεσ, ωερε 

ρεπορτεδλψ δυε το ενϖιρονmενταλ ρεγυλατιονσ.4 Τηισ εστιmατε ισ αβουτ ηαλφ τηε σιζε οφ τηε 

mινιmυm εστιmατε προϕεχτεδ ιν τηε 1972 ρεπορτ (Υ.Σ. ΧΕΘ, 1978; Ηαϖεmαν & Σmιτη, 

1978). Τηε Dεπαρτmεντ οφ Χοmmερχε αλσο συρϖεψεδ πλαντ χλοσινγσ δυε το πολλυτιον χοντρολ 

ΥΗΤΞΛΥΗΠΗΘWς�DΘΓ�ΙΡΞΘΓ�����ΡΙ�WΚΗΠ�ΕΗWΖΗΗΘ������DΘΓ�������ΘΡWΛΘϑ�WΚDW�����ΡΙ�ΣΗΥΠDο

νεντ χλοσινγσ ωερε νοτ σολελψ δυε το ενϖιρονmενταλ ρεγυλατιον. Ασ τηε εχονοmψ ιmπροϖεδ 

ΡΨΗΥ�WΚΛς�WΛΠΗ�ΣΗΥΛΡΓ��WΚΗ�ΘΞΠΕΗΥ�ΡΙ�ΣΟDΘW�ΦΟΡςΛΘϑς�ΥΗΣΡΥWΗΓ�ΗDΦΚ�∴ΗDΥ�DΟςΡ�ΓΗΦΟΛΘΗΓ��5ΞWο

λεδγε, Dριελινγ, & Dυνλαπ, 1978). Ανοτηερ Dεπαρτmεντ οφ Χοmmερχε συρϖεψ ινδιχατεδ τηατ 

ιν οϖερ 60% οφ πλαντ χλοσυρεσ, πλαντ αγε ορ φαχιλιτψ οβσολεσχενχε ωασ α χοντριβυτινγ φαχτορ 

(Σεγαλ & Dυνλαπ, 1977���7ΚΗ������8�6��&(4�ΥΗΣΡΥW�ΡΕςΗΥΨΗΓ�WΚDW�ΦΟΡςΞΥΗς�ΖΗΥΗ�ΠΡΥΗ�ΟΛΝΗο

Ο∴�WΡ�ΡΦΦΞΥ�DW�ΣΟDΘWς�WΚDW�ΖΗΥΗ�ΡΟΓΗΥ��ςΠDΟΟΗΥ��ΟΗςς�ΗΙΙΛΦΛΗΘW��DΘΓ�ΠDΥϑΛΘDΟΟ∴�ΣΥΡΙΛWDΕΟΗ�DΕο

σεντ πολλυτιον χοντρολ ρεθυιρεmεντσ (Υ.Σ. ΧΕΘ, 1978).

Αλτηουγη εφφεχτσ οφ ενϖιρονmενταλ ρεγυλατιον ον τηε οϖεραλλ Υ.Σ. λαβορ mαρκετ ωερε νοτ ασ 

ςΞΕςWDΘWΛDΟ�Dς�DΘWΛΦΛΣDWΗΓ��WΚΗςΗ�ΥΗΣΡΥWς�DΦΝΘΡΖΟΗΓϑΗΓ�WΚDW�ΛΘΓΛΨΛΓΞDΟ�ΣΟDΘW��ΦΟΡςΞΥΗς�ανδ 

τηε υνεmπλοψmεντ τηατ τηεψ χαυσε mαψ βε σιγνιφιχαντ φορ τηε χοmmυνιτιεσ τηατ τηεψ 

DΙΙΗΦW���8�6��&(4� 1978). Ιν παρτιχυλαρ, συβσταντιαλ ινδυστρψ− ανδ λοχατιον−σπεχιφιχ εφφεχτσ 

ΠD∴�ΡΦΦΞΥ�ΓΞΗ�WΡ�WΚΗ�ϑΗΡϑΥDΣΚΛΦ�ΦΡΘΦΗΘWΥDWΛΡΘ�ΡΙ�ΣΟDΘW�ΦΟΡςΞΥΗς�ΛΘ��ΡΟΓΗΥ�ΛΘΓΞςWΥΛDΟ�

WΡΖΘς�DΟΥΗDΓ∴�ςΞΙΙΗΥΛΘϑ�ΙΥΡΠ�ΥΗΟDWΛΨΗΟ∴�ΚΛϑΚ�ΞΘΗΠΣΟΡ∴ΠΗΘW�ΥDWΗς���8�6��&(4� 1978). Dατα 

χολλεχτεδ βψ τηε Υ.Σ. ΕΠΑ δεmονστρατε τηατ λαψοφφσ βετωεεν 1971 ανδ 1982 τηατ ωερε δυε, 

ατ λεαστ παρτιαλλψ, το ενϖιρονmενταλ ρεγυλατιον ωερε χονχεντρατεδ ιν τηε πριmαρψ mεταλσ, 

ΦΚΗΠΛΦDΟ��ΣΞΟΣ�DΘΓ�ΣDΣΗΥ��DΘΓ�ΙΡΡΓ�ΣΥΡΦΗςςΛΘϑ�ΛΘΓΞςWΥΛΗς��∃ΕΡΞW�����ΡΙ�WΚΗ�ΟD∴ΡΙΙς�ΡΦο

χυρρεδ ιν τηε υππερ Μιδωεστ, ανδ ανοτηερ 28% οχχυρρεδ ιν τηε Νορτηεαστ (Υ.Σ. ΕΠΑ, 

1982).

∃ΦDΓΗΠΛΦ�/ΛWΗΥDWΞΥΗ�ΡΘ�,ΠΣDΦW�ΡΙ�(ΘΨΛΥΡΘΠΗΘο

ταλ Ρεγυλατιον ον Οϖεραλλ Προδυχτιϖιτψ ανδ 

Γροωτη

Α κεψ χονχερν τηατ mοτιϖατεδ ρεσεαρχη ιντο τηε ιmπαχτσ οφ ενϖιρονmενταλ ρεγυλατιον ον 

τηε εχονοmψ ωασ τηε σιγνιφιχαντ σλοωδοων ιν προδυχτιϖιτψ γροωτη τηατ οχχυρρεδ ατ τηε 

σαmε τιmε ασ εξπανσιον οφ φεδεραλ οϖερσιγητ ιντο τηε ενϖιρονmενταλ αρενα (Γραψ, 2015).5 

Ινιτιαλ ιντερεστ βψ αχαδεmιχ εχονοmιστσ βυιλτ ον γοϖερνmεντ−σπονσορεδ στυδιεσ χονδυχτεδ 

ιν τηε εαρλψ 1970σ (ε.γ., Υ.Σ. ΧΕΘ ετ αλ., 1972). Υσινγ δατα ον τηε χοστσ οφ αιρ ανδ ωατερ 

πολλυτιον αβατεmεντ ανδ Σολοω γροωτη αχχουντινγ, Dενισον (1978, 1979��D�ΙΡΞΘΓΗΥ�ΡΙ�

ϑΥΡΖWΚ�DΦΦΡΞΘWΛΘϑ�DΘΓ�DΘ�ΗΦΡΘΡΠΛςW�DW�WΚΗ�%ΥΡΡΝΛΘϑς�,ΘςWΛWΞWΛΡΘ�DW�WΚΗ�WΛΠΗ�ΖDς�ΡΘΗ�ΡΙ�

τηε φιρστ το εmπιριχαλλψ ασσεσσ τηε ιmπαχτ οφ ενϖιρονmενταλ ρεγυλατιονσ ον προδυχτιϖιτψ 

γροωτη (ι.ε., τηε ρατε ατ ωηιχη ουτπυτ περ υνιτ οφ ινπυτ ινχρεασεσ οϖερ τιmε).6 ∋ΗΘΛςΡΘ�ΗςWΛο
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mατεδ τηατ χοmπαρεδ το τηε λονγ−ρυν γροωτη ρατε οφ ουτπυτ περ υνιτ οφ ινπυτ φροm 1948 το 

�����ΡΙ�ΜΞςW�ΞΘΓΗΥ�����ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΥΗςΞΟWΗΓ�ΛΘ�DΘ�DΘΘΞDΟ�ΓΗΦΟΛΘΗ�ΡΙ�ΕΗο

WΖΗΗΘ������DΘΓ�������ΣΗΥΦΗΘWDϑΗ�ΣΡΛΘWς�ΕΗWΖΗΗΘ������DΘΓ������

Χηρισταινσεν ανδ Ηαϖεmαν (1981Α, 1981Β) θυεστιονεδ σεϖεραλ ασπεχτσ οφ τηε δατα, 

ΠΗWΚΡΓΡΟΡϑ∴��DΘΓ�ΛΘWΗΥΣΥΗWDWΛΡΘ�ΛΘ�∋ΗΘΛςΡΘ�ς�ϑΥΡΖWΚ�DΦΦΡΞΘWΛΘϑ�ςWΞΓΛΗς��7ΚΗ∴�ΦΡΘςWΥΞΦWο

ΗΓ�ΛΘΓΛΦΗς�ΙΡΥ��ΥΗϑΞΟDWΡΥ∴�ΛΘWΗΘςΛW∴���ΕDςΗΓ�ΡΘ�WΚΗ�ΦΞΠΞΟDWΛΨΗ�ΘΞΠΕΗΥ�ΡΙ�ΠDΜΡΥ�ΣΛΗΦΗς�ΡΙ�

πυβλιχ ρεγυλατορψ λεγισλατιον, ινχλυδινγ, βυτ νοτ λιmιτεδ το ενϖιρονmεντ (Χηρισταινσεν & 

Ηαϖεmαν, 1981Α). Τηεψ υσεδ τηεσε ινδιχεσ το εχονοmετριχαλλψ εστιmατε τηε χοντριβυτιον 

οφ φεδεραλ ρεγυλατορψ ρεθυιρεmεντσ το τηε σλοωδοων ιν τηε γροωτη οφ λαβορ προδυχτιϖιτψ. 

Τηεψ χονχλυδεδ τηατ ρεγυλατιονσ ωερε ρεσπονσιβλε φορ βετωεεν 12% ανδ 21% οφ τηε 1.3 

ΣΗΥΦΗΘWDϑΗ�ΣΡΛΘW�ςΟΡΖΓΡΖΘ�ΛΘ�ΣΥΡΓΞΦWΛΨΛW∴�ΙΡΥ�ΠDΘΞΙDΦWΞΥΛΘϑ�ΓΞΥΛΘϑ������������ΥΗΟDWΛΨΗ�

WΡ�WΚΗ�����������ΣΗΥΛΡΓ��6ΗΣDΥDWΗΟ∴��ΕDςΗΓ�ΡΘ�WΚΗΛΥ�ΡΖΘ�ΖΡΥΝ�DΘΓ�D�ςΞΥΨΗ∴�ΡΙ�ΡWΚΗΥ�ςWΞΓο

ιεσ, Χηρισταινσεν ανδ Ηαϖεmαν (1981Β��ΗςWΛΠDWΗΓ�WΚDW�ΕΗWΖΗΗΘ���DΘΓ�����ΡΙ�WΚΗ�ΣΥΡΓΞΦο

WΛΨΛW∴�ςΟΡΖΓΡΖΘ�ΦΡΞΟΓ�ΕΗ�DWWΥΛΕΞWΗΓ�ςΣΗΦΛΙΛΦDΟΟ∴�WΡ�WΚΗ�ΦΡςW�ΡΙ�ΠΗΗWΛΘϑ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑο

υλατιονσ.

Αβουτ α δεχαδε λατερ, ϑοργενσον ανδ Wιλχοξεν (1990��ΞςΗΓ�D�ΦΡΠΣΞWDΕΟΗ�ϑΗΘΗΥDΟ�ΗΤΞΛΟΛΕο

ριυm (ΧΓΕ) mοδελ το εξαmινε τηε ιmπαχτ οφ ενϖιρονmενταλ ρεγυλατιονσ ον τηε λονγ−ρυν 

γροωτη οφ τηε Υ.Σ. εχονοmψ. ΧΓΕ mοδελσ σιmυλατε τηε ωορκινγσ οφ α mαρκετ εχονοmψ ανδ 

ΦDΘ�ΕΗ�ΞςΗΓ�WΡ�ΦDΣWΞΥΗ�ΚΡΖ�WΚΗ�ΛΠΣΡςΛWΛΡΘ�ΡΙ�D�ΥΗϑΞΟDWΛΡΘ�ΥΛΣΣΟΗς�WΚΥΡΞϑΚ�WΚΗ�ΗΘWΛΥΗ�ΗΦΡΘο

οmψ, αφφεχτινγ βοτη ινδιϖιδυαλ σεχτορσ ανδ εχονοmψ−ωιδε αγγρεγατεσ. ϑοργενσον ανδ 

:ΛΟΦΡ[ΗΘ�ς�Γ∴ΘDΠΛΦ�&∗(�ΠΡΓΗΟ�ΓΛΨΛΓΗΓ�WΚΗ�8�6��ΗΦΡΘΡΠ∴�ΛΘWΡ����ςΗΦWΡΥς��ΖΛWΚ�ΕΗΚDΨΛΡΥDΟ�

ΣDΥDΠΗWΗΥς�ΗςWΛΠDWΗΓ�ΙΥΡΠ�D�WΛΠΗ�ςΗΥΛΗς�ΓDWD�ςΗW��&ΡΠΣDΥΛΘϑ�ςWΗDΓ∴�ςWDWΗς�ΖΛWΚ�DΘΓ�ΖΛWΚο

ουτ ενϖιρονmενταλ ρεγυλατιον, τηεψ εστιmατεδ τηατ ρεγυλατιον ηαδ ρεδυχεδ τηε λεϖελ οφ ρεαλ 

∗13�Ε∴�������∋ΞΥΛΘϑ�WΚΗ�ΣΗΥΛΡΓ������������WΚΗ∴�ΗςWΛΠDWΗΓ�WΚDW�WΚΗ�ϑΥΡΖWΚ�ΥDWΗ�ΡΙ�∗13�

ηαδ βεεν ρεδυχεδ βψ 0.2%. Βψ σεχτορ, τηεψ φουνδ τηατ πολλυτιον χοντρολσ ηαδ τηε λαργεστ 

εφφεχτσ ον χηεmιχαλσ, χοαλ mινινγ, mοτορ ϖεηιχλεσ, πετρολευm ρεφινινγ, πριmαρψ mεταλσ, 

ανδ πυλπ ανδ παπερ. Υσινγ τηε σαmε mοδελ, ϑοργενσον ανδ Wιλχοξεν (1993) εστιmατεδ 

WΚDW�WΚΗ�&ΟΗDΘ�∃ΛΥ�∃ΦW�∃ΠΗΘΓΠΗΘWς�ΡΙ������ΖΡΞΟΓ�ΥΗΓΞΦΗ�WΚΗ�ΟΗΨΗΟ�ΡΙ�∗13�Ε∴�DΘ�DΓΓΛWΛΡΘο

αλ 0.6%.

Αχαδεmιχ Λιτερατυρε ον Εχονοmιχ Ιmπαχτσ οφ 

Ενϖιρονmενταλ Ρεγυλατιον ον Σπεχιφιχ Σεχτορσ

Wηιλε τηε οϖεραλλ εφφεχτ οφ ενϖιρονmενταλ ρεγυλατιον ον προδυχτιϖιτψ ανδ εχονοmιχ γροωτη 

χοντινυε το βε mετριχσ οφ ιντερεστ, εφφεχτσ ον διφφερεντ συβσετσ οφ τηε εχονοmψ αρε αλσο 

ηιγηλψ ρελεϖαντ ωηεν γαυγινγ τηε ιmπαχτσ οφ ρεγυλατιον. Φορ ινστανχε, ονε mιγητ ωιση το 

υνδερστανδ ηοω πριχεσ ανδ θυαντιτιεσ οφ γοοδσ ιν αφφεχτεδ σεχτορσ ρεσπονδ το ρεγυλατιον, 

ΡΥ�ΖΚΗWΚΗΥ�WΚΗ�ΦΡςWς�ΡΙ�ΠΗΗWΛΘϑ�WΚΗ�ΥΗΤΞΛΥΗΠΗΘWς�ΡΙ�D�ΥΗϑΞΟDWΛΡΘ�ΥΗςΞΟWς�ΛΘ�ΣΟDΘW�ΦΟΡο

συρεσ, αδδιτιοναλ βαρριερσ οφ εντρψ φορ νεω φιρmσ, ορ παρτιχυλαρλψ λαργε ιmπαχτσ ον σmαλλ 

ΕΞςΛΘΗςςΗς��/ΛΝΗΖΛςΗ��ΛW�ΠΛϑΚW�ΕΗ�ΛΠΣΡΥWDΘW�WΡ�ΞΘΓΗΥςWDΘΓ�ΚΡΖ�D�ΥΗϑΞΟDWΛΡΘ�DΙΙΗΦWς�ΗΘΗΥο
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γψ προδυχτιον ανδ πριχεσ, εmπλοψmεντ ιν παρτιχυλαρ σεχτορσ, ανδ τηε αβιλιτψ οφ χονσυmερσ 

το σωιτχη το αϖαιλαβλε συβστιτυτεσ ορ αβσορβ ινχρεασεδ πριχεσ φορ χερταιν προδυχτσ.

)ΗΓΗΥDΟ�DϑΗΘΦΛΗς�ΣΥΡΠΞΟϑDWΛΘϑ�ΘΗΖ�ΥΗϑΞΟDWΛΡΘς�DΥΗ�ΥΗΤΞΛΥΗΓ�Ε∴�ςWDWΞWΗ�ΡΥ�([ΗΦΞWΛΨΗ�2Υο

ΓΗΥ�WΡ�ΗςWΛΠDWΗ�ςΡΠΗ�ΡΙ�WΚΗςΗ�ΛΠΣDΦWς��)ΡΥ�ΛΘςWDΘΦΗ��([ΗΦΞWΛΨΗ�2ΥΓΗΥ�������ςWDWΗς���2ΞΥ�

ρεγυλατορψ σψστεm mυστ προτεχτ πυβλιχ ηεαλτη, ωελφαρε, σαφετψ, ανδ ουρ ενϖιρονmεντ ωηιλε 

προmοτινγ εχονοmιχ γροωτη, ιννοϖατιον, χοmπετιτιϖενεσσ, ανδ ϕοβ χρεατιον. Ιτ mυστ βε 

ΕDςΗΓ�ΡΘ�WΚΗ�ΕΗςW�DΨDΛΟDΕΟΗ�ςΦΛΗΘΦΗ���([ΗΦΞWΛΨΗ�2ΥΓΗΥ�������ΥΗΤΞΛΥΗς��WΡ�WΚΗ�Η[WΗΘW�ΣΗΥο

ΠΛWWΗΓ�Ε∴�ΟDΖ��WΚDW�DϑΗΘΦΛΗς�ΣΥΗΣDΥΗ�D�ςWDWΗΠΗΘW�ΡΙ�ΗΘΗΥϑ∴�ΗΙΙΗΦWς�ΖΚΗΘ�D�ΥΗϑΞΟDWΡΥ∴�DΦο

τιον ισ εξπεχτεδ το σιγνιφιχαντλψ αφφεχτ ενεργψ συππλψ, διστριβυτιον, ορ υσε. Τηε Ρεγυλατορψ 

Φλεξιβιλιτψ Αχτ διρεχτσ αγενχιεσ το παψ παρτιχυλαρλψ χλοσε αττεντιον το τηε εχονοmιχ ιmπαχτσ 

οφ ρεγυλατιον ον σmαλλ βυσινεσσεσ.

Αλτηουγη τηερε ισ α ωιδε ρανγε οφ εχονοmιχ ιmπαχτσ οφ ποτεντιαλ ιντερεστ το πολιχψmακερσ 

DΘΓ�WΚΗ�ΣΞΕΟΛΦ�ΖΚΗΘ�ΗΨDΟΞDWΛΘϑ�WΚΗ�ΗΙΙΗΦWς�ΡΙ�DΘ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ��WΚΛς�ΗΘWΥ∴�ΙΡο

ΦΞςΗς�ΡΘ�ΡΘΟ∴�D�ςΞΕςΗW�ΡΙ�WΚΗςΗ��6ΣΗΦΛΙΛΦDΟΟ∴��WΚΛς�DΥWΛΦΟΗ�ςΞΠΠDΥΛ]Ης�WΚΗ�ΗΠΣΛΥΛΦDΟ�ΟΛWΗΥDο

WΞΥΗ�ΡΘ�ΣΥΡΓΞΦWΛΨΛW∴�ΛΠΣDΦWς�ΛΘ�ΣΡΟΟΞWΛΡΘ�ΛΘWΗΘςΛΨΗ�ΛΘΓΞςWΥΛΗς��WΚΗ�ΣΡWΗΘWΛDΟ�ΗΙΙΗΦW�ΡΙ�ΗΘΨΛο

ρονmενταλ ρεγυλατιον ον πλαντ λοχατιον ανδ τηε Υ.Σ. λαβορ mαρκετ.

Προδυχτιϖιτψ Στυδιεσ

Wιτη λιττλε το συγγεστ ενϖιρονmενταλ ρεγυλατιονσ ωερε α λαργε δραγ ον οϖεραλλ προδυχτιϖιτψ 

γροωτη, ρεσεαρχηερσ βεγαν το ινϖεστιγατε ωηετηερ πολλυτιον−ιντενσιϖε ινδυστριεσ νεωλψ 

συβϕεχτ το ρεγυλατιον εξπεριενχεδ mορε σιγνιφιχαντ προδυχτιϖιτψ ιmπαχτσ. Ονε εαρλψ στυδψ 

βψ Γολλοπ ανδ Ροβερτσ (1983) εστιmατεδ τηε εφφεχτ οφ συλφυρ διοξιδε εmισσιονσ ρεγυλατιον 

ον προδυχτιϖιτψ γροωτη ιν τηε ελεχτριχ ποωερ ινδυστρψ φροm 1973 το 1979.7 Τηεψ εστιmατεδ 

WΚDW�WΚΗ�ΡΨΗΥDΟΟ�ΛΠΣDΦW�ΡΙ�WΚΗ�ΥΗϑΞΟDWΛΡΘς�ΡΘ�ΦΡΘςWΥDΛΘΗΓ�ΞWΛΟΛWΛΗς��ΖΚΛΦΚ�ΛΘΦΞΥΥΗΓ�ΕΡWΚ�ΛΘο

χρεασεδ φυελ ανδ χαπιταλ χοστσ, το βε αν αϖεραγε δεχλινε ιν αννυαλ προδυχτιϖιτψ γροωτη οφ 

αλmοστ 0.6 περχενταγε ποιντσ περ ψεαρ. Ασ τηε περιοδ οφ αναλψσισ αλσο χορρεσπονδεδ ωιτη α 

σηαρπ ρισε ιν φυελ χοστσ, α κεψ εmπιριχαλ χηαλλενγε ωασ το σεπαρατε φυελ σωιτχηινγ ινδυχεδ 

Ε∴�WΚΗ�ΥΗϑΞΟDWΛΡΘ�ΙΥΡΠ�ΚΛϑΚ��WΡ�ΟΡΖ�ςΞΟΙΞΥ�ΦΡDΟ�ΙΥΡΠ�WΚΗ�ϑΗΘΗΥDΟ�ΥΛςΗ�ΛΘ�ΙΞΗΟ�ΣΥΛΦΗς�

Γραψ (1987��ΥΗΣΥΗςΗΘWΗΓ�DΘΡWΚΗΥ�ΛΠΣΡΥWDΘW�ΗDΥΟ∴�ςWΞΓ∴�ΡΙ�WΚΗ�ΗΙΙΗΦW�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑο

υλατιον ον τηε προδυχτιϖιτψ γροωτη οφ πολλυτιον−ιντενσιϖε ινδυστριεσ. Ηε εχονοmετριχαλλψ 

ΗςWΛΠDWΗΓ�WΚΗ�ΛΠΣDΦW�ΡΙ�ΙΗΓΗΥDΟ�ΗΘΨΛΥΡΘΠΗΘWDΟ�DΘΓ�ΡΦΦΞΣDWΛΡΘDΟ�ςDΙΗW∴�DΘΓ�ΚΗDΟWΚ�ΥΗϑΞΟDο

WΛΡΘς�ΡΘ�WΡWDΟ�ΙDΦWΡΥ�ΣΥΡΓΞΦWΛΨΛW∴��7)3��ϑΥΡΖWΚ�ΙΡΥ�D�ΖΛΓΗ�DΥΥD∴�ΡΙ�ΠDΘΞΙDΦWΞΥΛΘϑ�ΛΘΓΞςο

τριεσ φορ τηε ψεαρσ 1958 το 1978.8 �7ΡWDΟ�ΙDΦWΡΥ�ΣΥΡΓΞΦWΛΨΛW∴�Λς�WΚΗ�DΠΡΞΘW�ΡΙ�ΡΞWΣΞW�ΣΥΡο

δυχεδ ασ α φυνχτιον οφ αλλ πλαντ ινπυτσ, ινχλυδινγ λαβορ, χαπιταλ, mατεριαλσ, ανδ ενεργψ.) Ηε 

φουνδ τηατ 30% οφ τηε σλοωδοων ιν ΤΦΠ γροωτη χουλδ βε αττριβυτεδ το τηε ιmποσιτιον οφ 

ϑΡΨΗΥΘΠΗΘW�ΥΗϑΞΟDWΛΡΘς��+ΡΖΗΨΗΥ��ΡΘΟ∴�DΕΡΞW�ΡΘΗ�WΚΛΥΓ�ΡΙ�WΚΗ�����ΖDς�ςΣΗΦΛΙΛΦDΟΟ∴�DWWΥΛΕο

υταβλε το ενϖιρονmενταλ ρεγυλατιονσ.

Σιmιλαρλψ, Βαρβερα ανδ ΜχΧοννελλ (1990��ΗςWΛΠDWΗΓ�WΚΗ�ΛΠΣDΦW�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDο

τιονσ ον ΤΦΠ φορ φιϖε οφ τηε mοστ πολλυτινγ ινδυστριεσ. Φορ τηε παπερ ινδυστρψ, τηεψ φουνδ 

WΚDW�ΣΡΟΟΞWΛΡΘ�DΕDWΗΠΗΘW�DΦΦΡΞΘWΗΓ�ΙΡΥ�����ΡΙ�WΚΗ�ΓΗΦΟΛΘΗ�ΛΘ�7)3�ΛΘ�����������ΦΡΠο

ΣDΥΗΓ�WΡ������������)ΡΥ�WΚΗ�ΦΚΗΠΛΦDΟ��ΛΥΡΘ�DΘΓ�ςWΗΗΟ��DΘΓ�ςWΡΘΗ��ΦΟD∴��DΘΓ�ϑΟDςς�ΛΘΓΞςο
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τριεσ εστιmατεσ ρανγεδ φροm α 10% το 12% δεχλινε, ωηιλε ΤΦΠ αχτυαλλψ ινχρεασεδ φορ νον− 

ΙΗΥΥΡΞς�ΠΗWDΟς�ΡΨΗΥ�WΚΛς�WΛΠΗ�ΣΗΥΛΡΓ��8ΘΟΛΝΗ�ΣΥΗΨΛΡΞς�ΖΡΥΝ��WΚΗ�DΞWΚΡΥς�ΖΗΥΗ�DΕΟΗ�WΡ�ΓΛΙο

φερεντιατε βετωεεν διρεχτ εφφεχτσ (ι.ε., τηε νεεδ το ινχρεασε τοταλ ινπυτσ φορ τηε σαmε λεϖελ 

οφ ουτπυτ ωηεν ινχρεασινγ αβατεmεντ) ανδ ινδιρεχτ εφφεχτσ (ι.ε., ποτεντιαλ χηανγεσ ιν τηε 

προδυχτιον φυνχτιον, ωηιχη mαψ βε ποσιτιϖε ορ νεγατιϖε).

Εχονοmιστσ ηαϖε χοντινυεδ το υσε δεταιλεδ ινδυστρψ− ανδ πλαντ−σπεχιφιχ δατα το ινϖεστιγατε 

WΚΗ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΡΘ�ΣΡΟΟΞWΛΡΘ�ΛΘWΗΘςΛΨΗ�ΛΘΓΞςWΥΛΗς��ΖΚΛΟΗ�ΛΠΣΥΡΨο

ΛΘϑ�ΡΘ�WΚΗ�ΗΠΣΛΥΛΦDΟ�WΗΦΚΘΛΤΞΗς�ΡΙ�ΗDΥΟ∴�ςWΞΓΛΗς��,Θ�ϑΗΘΗΥDΟ��WΚΗ∴�ΦΡΘWΛΘΞΗΓ�WΡ�ΙΛΘΓ�ΥΗΟDο

τιϖελψ σmαλλ ορ νο εφφεχτ οφ ενϖιρονmενταλ ρεγυλατιον ον φιρm− ορ πλαντ−λεϖελ προδυχτιϖιτψ. 

Φορ ινστανχε, Ρεπεττο, Ροτηmαν, Φαετη, ανδ Αυστιν (1997) ασσερτεδ τηατ τηερε ισ α βιασ ιν 

τραδιτιοναλ mεασυρεσ οφ προδυχτιϖιτψ βεχαυσε α ρεδυχτιον ιν βαδ ουτπυτσ (πολλυτιον) ισ νοτ 

αχχουντεδ φορ ιν τηοσε mεασυρεσ. Wηεν Dοmαζλιχκψ ανδ Wεβερ (2004��DΦΦΡΞΘWΗΓ�ΙΡΥ�ΣΡΟο

ΟΞWΛΘϑ�ΡΞWΣΞWς�WΚΗ∴�ΙΡΞΘΓ�WΚDW�ΖΚΛΟΗ�WΚΗΥΗ�ΖΗΥΗ�ΦΡςWς�DςςΡΦΛDWΗΓ�ΖΛWΚ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞο

ΟDWΛΡΘς�ΙΡΥ�WΚΗ�ςΛ[�ΦΚΗΠΛΦDΟ�ςΗΦWΡΥς�ΛΘΨΗςWΛϑDWΗΓ��WΚΗ∴�ΖΗΥΗ�ΘΡW�ΦΡΥΥΗΟDWΗΓ�ΖΛWΚ�D�ΥΗΓΞΦο

τιον ιν προδυχτιϖιτψ.

Βερmαν ανδ Βυι (2001Β) αλσο ποιντεδ ουτ α νυmβερ οφ ποτεντιαλ προβλεmσ ωιτη εαρλιερ 

στυδιεσ. Φιρστ, ηετερογενειτψ βιασ mαψ εξιστ ασ διρτιερ πλαντσ mαψ αλσο βε λεσσ προδυχτιϖε, 

mακινγ αβατεmεντ αππεαρ το ρεδυχε προδυχτιϖιτψ. (Τηε οπποσιτε εφφεχτ mαψ οχχυρ φορ 

χλεανερ πλαντσ.) Σεχονδ, αβατεmεντ εξπενδιτυρεσ mαψ βε διφφιχυλτ το χλασσιφψ ανδ mαψ 

οϖερστατε τηε τρυε εχονοmιχ χοστσ οφ ενϖιρονmενταλ ρεγυλατιον. Το αϖοιδ τηεσε προβλεmσ, 

τηε αυτηορσ χονστρυχτ α ΤΦΠ mεασυρε φορ Υ.Σ. ρεφινεριεσ ιν τηε Λοσ Ανγελεσ αιρ βασιν υσινγ 

ΣΚ∴ςΛΦDΟ�ΤΞDΘWΛWΛΗς��∃ΟWΚΡΞϑΚ�DΕDWΗΠΗΘW�ΦΡςWς�ΖΗΥΗ�ΚΛϑΚ�ΓΞΗ�WΡ�ςWΥΛΦW�DΛΥ�ΤΞDΟΛW∴�ΥΗϑΞΟDο

WΛΡΘς��WΚΗ∴�ΙΡΞΘΓ�WΚDW�ΥΗΙΛΘΗΥ∴�ΣΥΡΓΞΦWΛΨΛW∴�DΦWΞDΟΟ∴�ΥΡςΗ�ΓΞΥΛΘϑ�WΚΗ������WΡ������WΛΠΗ�ΣΗο

ΥΛΡΓ�ΛΘ�WΚΗ�/Ρς�∃ΘϑΗΟΗς�DΛΥ�ΕDςΛΘ��ΛΘ�ΦΡΘWΥDςW�WΡ�ΓΗΦΟΛΘΛΘϑ�ΣΥΡΓΞΦWΛΨΛW∴�ΙΡΥ�ΥΗΙΛΘΗΥΛΗς�ΛΘ�ΡWΚο

ερ παρτσ οφ τηε χουντρψ τηατ ωερε νοτ συβϕεχτ το τηε ρεγυλατιονσ.

Σεϖεραλ στυδιεσ αρε νοταβλε βεχαυσε οφ τηειρ υσε οφ σοπηιστιχατεδ εmπιριχαλ τεχηνιθυεσ 

ανδ δεταιλεδ Υ.Σ. πλαντ−λεϖελ δατα φροm τηε Υ.Σ. Χενσυσ οφ Μανυφαχτυρεσ ανδ τηε Πολλυτιον 

Αβατεmεντ ανδ Χοστ Εξπενδιτυρε (ΠΑΧΕ) συρϖεψ.9 Γραψ ανδ Σηαδβεγιαν (2003) εξαmινεδ 

ηοω τηε ιmπαχτ οφ πολλυτιον αβατεmεντ χοστσ ον προδυχτιϖιτψ ϖαριεσ βψ τψπε οφ πυλπ ανδ 

ΣDΣΗΥ�ΠΛΟΟ�ΡΨΗΥ�WΚΗ�����������ΣΗΥΛΡΓ��7ΚΗ∴�ΙΡΞΘΓ�ςΛϑΘΛΙΛΦDΘW�ΛΠΣDΦWς�ΡΘ�ΣΥΡΓΞΦWΛΨΛW∴�ΙΡΥ�

ΛΘWΗϑΥDWΗΓ�ΠΛΟΟς��WΚΡΞϑΚ�ΘΡW�ΙΡΥ�ΘΡΘ�ΛΘWΗϑΥDWΗΓ�ΠΛΟΟς��7ΚΗ∴�ΙΡΞΘΓ�ΘΡ�ςΛϑΘΛΙΛΦDΘW�ΓΛΙΙΗΥο

ενχεσ βετωεεν ολδερ ανδ νεωερ πλαντσ. Φορ τηε σαmε τιmε περιοδ, Σηαδβεγιαν ανδ Γραψ 

(2005��ΦΡΘςΛΓΗΥΗΓ�ΗΙΙΗΦWς�ΡΘ�ΣDΣΗΥ�ΠΛΟΟς��ΥΗΙΛΘΗΥΛΗς��DΘΓ�ςWΗΗΟ�ΠΛΟΟς�DΘΓ�ΙΡΞΘΓ�WΚDW�DΕDWΗο

ΠΗΘW�Η[ΣΗΘΓΛWΞΥΗς�ϑΗΘΗΥDΟΟ∴�ΚDΓ�ΘΡ�ςΛϑΘΛΙΛΦDΘW�ΗΙΙΗΦW�ΡΘ�WΚΗ�ΣΥΡΓΞΦWΛΨΛW∴�ΡΙ�ΘΡΘ�DΕDWΗο

mεντ ινπυτσ. Ασ ιν τηειρ πρεϖιουσ παπερ, τηεψ εξαmινεδ συβγρουπσ οφ πλαντσ, τηοσε ωιτη 

διρτιερ προδυχτιον τεχηνολογιεσ ανδ ωιτη mορε ενδ−οφ−λινε αβατεmεντ, βυτ τηεψ διδ νοτ φινδ 

σιγνιφιχαντ διφφερενχεσ. Βεχκερ (2011) ανδ Γρεενστονε, Λιστ, ανδ Σψϖερσον (2012) ρελιεδ 

ον διφφερενχεσ ιν ενϖιρονmενταλ στρινγενχψ αχροσσ χουντιεσ ιν ανδ ουτ οφ ατταινmεντ ωιτη 

WΚΗ�1DWΛΡΘDΟ�∃ΠΕΛΗΘW�∃ΛΥ�4ΞDΟΛW∴�6WDΘΓDΥΓς�WΡ�ΛΓΗΘWΛΙ∴�WΚΗ�ΛΠΣDΦW�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞο

λατιον ον τηε προδυχτιϖιτψ οφ mανυφαχτυρινγ πλαντσ. Βεχκερ (2011) φουνδ νο στατιστιχαλλψ 

σιγνιφιχαντ εφφεχτ ον προδυχτιϖιτψ φορ πλαντσ ιν χουντιεσ ωιτη ηιγηερ ενϖιρονmενταλ χοστσ. 

Γρεενστονε ετ αλ. (2012) εστιmατεδ τηατ φορ πλαντσ ιν ηεαϖιλψ πολλυτινγ ινδυστριεσ, τηε 
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νονατταινmεντ δεσιγνατιον ωασ ασσοχιατεδ ωιτη α 2.4% δεχλινε ιν ΤΦΠ αmονγ πλαντσ τηατ 

ΗΠΛWWΗΓ�WΚΗ�WDΥϑΗWΗΓ�ΣΡΟΟΞWDΘWς��(ςWΛΠDWΗΓ�ςΗΣDΥDWΗΟ∴��Ρ]ΡΘΗ�DΘΓ�ΦDΥΕΡΘ�ΠΡΘΡ[ΛΓΗ�ΗΠΛWο

τινγ πλαντσ ιν νονατταινmεντ χουντιεσ ηαδ προδυχτιϖιτψ λοσσεσ οφ αβουτ 2%. Συλφυρ διοξιδε 

εmιττερσ σαω νο σιγνιφιχαντ χηανγε ιν ΤΦΠ. ΤΣΠ εmιττινγ πλαντσ εξπεριενχεδ α προδυχτιϖιτψ 

ινχρεασε οφ αβουτ 1.0%.

Πλαντ Εντρψ ανδ Εξιτ Dεχισιονσ

Ανοτηερ κεψ θυεστιον τηατ ηασ αρισεν ιν τηε λιτερατυρε ισ ωηετηερ χοmπλιανχε χοστσ δυε το 

ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�DΙΙΗΦW�ΣΟDΘW�ΟΡΦDWΛΡΘ�ΓΗΦΛςΛΡΘς��6ΡΠΗ�8�6��ΦΡΞΘWΛΗς�ϑΗΡϑΥDΣΚο

ΛΦ�DΘΓ�ϑΡΨΗΥΘΠΗΘWDΟ�ΜΞΥΛςΓΛΦWΛΡΘς�ΖΛWΚΛΘ�ΗDΦΚ�ςWDWΗ�ΙDΦΗ�ΠΡΥΗ�ςWΥΛΘϑΗΘW�ΥΗϑΞΟDWΛΡΘς�

ωηεν τηεψ αρε ουτ οφ ατταινmεντ ωιτη τηε Νατιοναλ Αmβιεντ Αιρ Θυαλιτψ Στανδαρδσ 

(ΝΑΑΘΣ) φορ χριτερια αιρ πολλυταντσ (ε.γ., παρτιχυλατε mαττερ, οζονε). Ιν αδδιτιον, βεχαυσε 

στατεσ φρεθυεντλψ αρε ρεσπονσιβλε φορ ιmπλεmεντινγ ανδ ενφορχινγ φεδεραλ ρεγυλατιονσ ιτ ισ 

ΣΡςςΛΕΟΗ�WΚDW�ΓΛΙΙΗΥΗΘΦΗς�ΛΘ�ΠΡΘΛWΡΥΛΘϑ�DΘΓ�ΗΘΙΡΥΦΗΠΗΘW�ΠD∴�ΦDΞςΗ�WΚΗ�ΦΡςWς�ΡΙ�ΦΡΠΣΟΛο

ανχε το ϖαρψ αχροσσ στατεσ.

Βαρτικ (1985) ισ αν ιmπορταντ εαρλψ παπερ ιν τηε πλαντ λοχατιον λιτερατυρε βεχαυσε ιτ σετσ 

ουτ τηε αναλψτιχ φραmεωορκ φορ ηοω διφφερενχεσ ιν χοστσ αχροσσ λοχατιονσ ινφλυενχε σιτινγ 

δεχισιονσ. Λεϖινσον (1996��Η[WΗΘΓΗΓ�WΚΛς�ΙΥDΠΗΖΡΥΝ�WΡ�Η[ΣΟΛΦΛWΟ∴�ΦΡΘςΛΓΗΥ�WΚΗ�ΥΡΟΗ�ΡΙ�ΗΘΨΛο

ρονmενταλ ρεγυλατορψ χοστσ. Ιφ χοmπλιανχε χοστσ διφφερ αχροσσ λοχατιονσ ορ βψ τψπε οφ πλαντ, 

τηισ χαν ινφλυενχε φιρm−λεϖελ δεχισιονσ αβουτ ωηερε το λοχατε νεω πλαντσ ανδ ηοω το σηιφτ 

προδυχτιον αmονγ εξιστινγ πλαντσ. Ρελψινγ mαινλψ ον χροσσ−σεχτιοναλ δατα, εαρλψ εmπιριχαλ 

στυδιεσ διδ νοτ φινδ εϖιδενχε τηατ ενϖιρονmενταλ ρεγυλατιονσ αφφεχτεδ Υ.Σ. πλαντ λοχατιον 

δεχισιονσ (ε.γ., Χαρλτον, 1983; ΜχΧοννελλ & Σχηωαβ, 1990; Λεϖινσον, 1996���+ΡΖΗΨΗΥ��ΟDWο

ερ στυδιεσ τηατ ηαδ αχχεσσ το πανελ δατα ανδ mορε ρεφινεδ εmπιριχαλ τεχηνιθυεσ το βεττερ 

DΦΦΡΞΘW�ΙΡΥ�ςΣDWΛDΟ�ΦΡΥΥΗΟDWΛΡΘ�DΦΥΡςς�ΟΡΦDWΛΡΘς��ΡΠΛWWΗΓ�ΨDΥΛDΕΟΗ�ΕΛDς��DΘΓ�ΣΟDΘW��DΘΓ�ΟΡΦDο

τιον−σπεχιφιχ εφφεχτσ φουνδ τηατ ηιγηερ χοmπλιανχε χοστσ ηαδ α σιγνιφιχαντ, νεγατιϖε εφφεχτ 

ον πλαντ λοχατιον, παρτιχυλαρλψ ιν τηε mοστ πολλυτιον−ιντενσιϖε ινδυστριεσ (Σηαδβεγιαν & 

Wολϖερτον, 2010).10

Αmονγ τηε πανελ στυδιεσ, ιτ ισ ρελατιϖελψ χοmmον το υσε ατταινmεντ στατυσ ωιτη ονε ορ 

mορε ΝΑΑΘΣ ρεγυλατιονσ ασ α προξψ φορ ενϖιρονmενταλ ρεγυλατορψ στρινγενχψ. Ηενδερσον 

(1996) φουνδ εϖιδενχε τηατ mανυφαχτυρινγ πλαντσ τηατ ωερε ρελατιϖελψ ηιγη εmιττερσ οφ 

ϖολατιλε οργανιχ χοmπουνδσ ανδ νιτρογεν οξιδεσ ωερε λεσσ λικελψ το λοχατε ιν χουντιεσ ουτ 

οφ ατταινmεντ ωιτη τηε οζονε ΝΑΑΘΣ ανδ τηατ α χουντψ τηατ χαmε ιντο ατταινmεντ ωιτη 

τηε οζονε ΝΑΑΘΣ (ανδ τηερεφορε ωασ νο λονγερ συβϕεχτ το αδδιτιοναλ ρεγυλατορψ σχρυτινψ) 

αττραχτεδ αβουτ 8% mορε πλαντσ τηαν α χουντψ τηατ διδ νοτ χηανγε στατυσ. Καην (1997) 

φουνδ τηατ mανυφαχτυρινγ πλαντσ ωερε λεσσ λικελψ το χλοσε ιν χουντιεσ ουτ οφ ατταινmεντ φορ 

παρτιχυλατε mαττερ. Ηοωεϖερ, χονδιτιοναλ ον ρεmαινινγ οπεν, τηεσε πλαντσ γρεω mορε 

σλοωλψ οϖερ τηε 1982 το 1988 περιοδ.

Εξαmινινγ φουρ πολλυτινγ mανυφαχτυρινγ ινδυστριεσ, Βεχκερ ανδ Ηενδερσον (2000��ΗςWΛο

ΠDWΗΓ�WΚDW�ΦΡΞΘWΛΗς�ΡΞW�ΡΙ�DWWDΛΘΠΗΘW�ΖΛWΚ�WΚΗ�Ρ]ΡΘΗ�1∃∃46�DWWΥDΦWΗΓ���������ΙΗΖΗΥ�

πλαντσ τηαν χουντιεσ ιν ατταινmεντ βετωεεν 1967 ανδ 1992. Ιν αδδιτιον, τηεψ φουνδ τηατ 
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τηε φυρτηερ ουτ οφ ατταινmεντ α χουντψ, τηε λαργερ τηε εστιmατεδ λοσσ ιν νεω πλαντσ. Ιν α 

σιmιλαρ στυδψ, Μιλλιmετ ανδ Λιστ (2004) εξαmινεδ ηοω οζονε ατταινmεντ στατυσ αφφεχτεδ 

πλαντ εντρψ ανδ εξιτ ιν πολλυτιον−ιντενσιϖε ινδυστριεσ ιν Νεω Ψορκ φροm 1980 το 1990. Τηεψ 

ΙΡΞΘΓ�WΚDW�ΙDΦWΡΥς�ςΞΦΚ�Dς�D�ΚΛϑΚΗΥ�ΣΥΡΣΡΥWΛΡΘ�ΗΠΣΟΡ∴ΗΓ�ΛΘ�ΠDΘΞΙDΦWΞΥΛΘϑ��ςΠDΟΟΗΥ�ΣΡΣΞο

λατιονσ, ανδ ηιγηερ ωαγεσ ηελπ mιτιγατε τηε εφφεχτσ οφ νονατταινmεντ ον πλαντ εντρψ ανδ 

εξιτ. Χονδλιφφε ανδ Μοργαν (2009) φουνδ τηατ νονατταινmεντ ωιτη τηε οζονε ΝΑΑΘΣ ηαδ, 

ον αϖεραγε, α στατιστιχαλλψ νεγατιϖε εφφεχτ ον πλαντ εντρψ ιν Υ.Σ. χουντιεσ βετωεεν 1996 

ανδ 1998, βυτ τηατ τηισ εφφεχτ ωασ mαινλψ χονχεντρατεδ ιν τηε mορε πολλυτιον−ιντενσιϖε 

mανυφαχτυρινγ ινδυστριεσ.

Λιστ, ΜχΗονε, ανδ Μιλλιmετ (2003��Λς�ΡΘΗ�ΡΙ�WΚΗ�ΙΗΖ�ςWΞΓΛΗς�WΡ�Η[DΠΛΘΗ�WΚΗ�ΛΠΣDΦW�ΡΙ�DWο

ταινmεντ στατυσ ον τηε ρελοχατιον οφ εξιστινγ πλαντσ. Υσινγ δατα φροm Νεω Ψορκ, τηεψ 

ΙΡΞΘΓ�WΚDW�D�ΦΡΞΘW∴�WΚDW�ΦΚDΘϑΗΓ�Ρ]ΡΘΗ�DWWDΛΘΠΗΘW�ςWDWΞς�ΕΗWΖΗΗΘ������DΘΓ������Η[ΣΗΥΛο

ενχεδ οϖερ α 50% χηανγε ιν τηε φλοω οφ νεωλψ ρελοχατινγ πλαντσ. Ιν παρτιχυλαρ, χουντιεσ 

ΡΞW�ΡΙ�DWWDΛΘΠΗΘW�DΘΓ�WΚΗΥΗΙΡΥΗ�ςΞΕΜΗΦW�WΡ�ΠΡΥΗ�ςWΥΛΘϑΗΘW�ΗΘΨΛΥΡΘΠΗΘWDΟ�ςWDΘΓDΥΓς�DWο

τραχτεδ σιγνιφιχαντλψ φεωερ ρελοχατινγ πλαντσ τηαν χουντιεσ ιν ατταινmεντ.

Λαβορ Μαρκετ Ιmπαχτσ

Τηε ποτεντιαλ εmπλοψmεντ ιmπαχτσ οφ ενϖιρονmενταλ πολιχψ ηαϖε βεεν οφ χονχερν σινχε 

τηε Χλεαν Αιρ Αχτ φιρστ ωασ ιmπλεmεντεδ, ανδ ιντερεστ χοντινυεσ. Αναλψτιχαλλψ, τηε ιmπαχτσ 

οφ ενϖιρονmενταλ ρεγυλατιον ον εmπλοψmεντ αρε θυιτε διφφιχυλτ το δισεντανγλε φροm οτηερ 

ΗΦΡΘΡΠΛΦ�ΦΚDΘϑΗς�DΘΓ�ΦΡΘΓΛWΛΡΘς�WΚDW�DΙΙΗΦW�ΗΠΣΟΡ∴ΠΗΘW��%ΗΦDΞςΗ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDο

τιον σηιφτσ εχονοmιχ αχτιϖιτψ τοωαρδ λεσσ−πολλυτινγ αχτιϖιτιεσ, εmπλοψmεντ ιmπαχτσ αρε α 

mιξ οφ ποτεντιαλ δεχλινεσ ανδ γαινσ οϖερ τιmε, αχροσσ ρεγιονσ, ανδ αχροσσ ινδυστριεσ οφ τηε 

ΗΦΡΘΡΠ∴��,Θ�DΓΓΛWΛΡΘ�WΡ�ΛΠΣDΦWς�ΡΘ�WΚΗ�ΓΛΥΗΦWΟ∴�ΥΗϑΞΟDWΗΓ�ςΗΦWΡΥς��ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDο

WΛΡΘς�ΡΙWΗΘ�ΛΘΦΥΗDςΗ�ΓΗΠDΘΓ�ΙΡΥ�ΣΡΟΟΞWΛΡΘ�ΦΡΘWΥΡΟ�ΗΤΞΛΣΠΗΘW�DΘΓ�ςΗΥΨΛΦΗς�ΘΗΗΓΗΓ�ΙΡΥ�ΦΡΠο

ΣΟΛDΘΦΗ��0ΡΥΗΡΨΗΥ��D�ΥΗϑΞΟDWΛΡΘ�WΚDW�ΛΘΦΥΗDςΗς�WΚΗ�ΦΡςWς�ΡΙ�D�ΣΥΛΠDΥ∴�ΛΘΣΞW�ςΞΦΚ�Dς�ΗΟΗΦο

τριχιτψ mαψ χαυσε α δεχρεασε ιν τηε δεmανδ φορ λαβορ ιν ενεργψ−ιντενσιϖε ινδυστριεσ.

Μιχροεχονοmιχ τηεορψ οφ προδυχτιον ανδ φαχτορ δεmανδ δεσχριβεσ ηοω φιρmσ αδϕυστ τηειρ 

ΓΗΠDΘΓ�ΙΡΥ�ΛΘΣΞWς��ςΞΦΚ�Dς�ΟDΕΡΥ��ΛΘ�ΥΗςΣΡΘςΗ�WΡ�ΦΚDΘϑΗς�ΛΘ�ΗΦΡΘΡΠΛΦ�ΦΡΘΓΛWΛΡΘς��5Ηο

σεαρχηερσ ηαϖε υσεδ τηισ φραmεωορκ το ρεπρεσεντ πολλυτιον αβατεmεντ ρεθυιρεmεντσ ασ 

χηανγεσ ιν θυασι−φιξεδ φαχτορσ οφ προδυχτιον (Βερmαν & Βυι, 2001Α), αν ινχρεασε ιν τηε 

πριχε οφ πολλυτιον (Γρεενστονε, 2002���DΘ�ΛΘΦΥΗDςΗ�ΛΘ�ΣΡΟΟΞWΛΡΘ�DΕDWΗΠΗΘW�ΦΡςWς��0ΡΥϑΗΘο

στερν, Πιζερ, & Σηιη, 2002), αν εmισσιονσ ταξ (Ηολλανδ, 2012), αν ινχρεασε ιν τηε πριχε οφ 

χαπιταλ (Dεσχηνεσ, 2014), ορ αν ινχρεασε ιν ενεργψ πριχεσ (Dεσχηνεσ, 2012). Ιmπαχτσ ον 

ΙΛΥΠ�ΟΗΨΗΟ�ΟDΕΡΥ�ΓΗΠDΘΓ�ΦDΘ�ΕΗ�ΓΗΦΡΠΣΡςΗΓ�ΛΘWΡ�ςΞΕςWΛWΞWΛΡΘ�DΘΓ�ΡΞWΣΞW�ΗΙΙΗΦWς��7ΚΗ�ςΞΕο

ςWΛWΞWΛΡΘ�ΗΙΙΗΦW�ΠΗDςΞΥΗς�D�ΦΚDΘϑΗ�ΛΘ�ΗΠΣΟΡ∴ΠΗΘW�Dς�WΚΗ�ΙΛΥΠ�ΥΗςΣΡΘΓς�WΡ�D�ΦΚDΘϑΗ�ΛΘ�ΛΘο

πυτ πριχε, ηολδινγ ουτπυτ χονσταντ. Φορ εξαmπλε, ωιτη ονλψ χαπιταλ ανδ λαβορ ινπυτσ, ιφ τηε 

ΣΥΛΦΗ�ΡΙ�ΦDΣΛWDΟ�ΛΘΦΥΗDςΗς��WΚΗ�ΙΛΥΠ�ΖΛΟΟ�ςΞΕςWΛWΞWΗ�WΡΖDΥΓ�ΛΘΦΥΗDςΗΓ�ΞςΗ�ΡΙ�ΟDΕΡΥ�WΡ�ΣΥΡο

ΓΞΦΗ�WΚΗ�ςDΠΗ�ΟΗΨΗΟ�ΡΙ�ΡΞWΣΞW��:ΛWΚ�WΚΥΗΗ�ΡΥ�ΠΡΥΗ�ΣΥΡΓΞΦWΛΨΗ�ΙDΦWΡΥς��WΚΗ�ςΞΕςWΛWΞWΛΡΘ�ΗΙο

ΙΗΦW�ΓΗΣΗΘΓς�ΡΘ�WΚΗ�ΦΥΡςς�ΗΟDςWΛΦΛWΛΗς�ΡΙ�ΟDΕΡΥ�ΓΗΠDΘΓ��7ΚΗ�ΦΚDΘϑΗ�ΛΘ�ΛΘΣΞW�ΣΥΛΦΗ�ΠD∴�DΟο

ςΡ�ΦΚDΘϑΗ�WΚΗ�ΙΛΥΠ�ς�ΠDΥϑΛΘDΟ�ΦΡςW�ΡΙ�ΣΥΡΓΞΦWΛΡΘ��ΖΚΛΦΚ�WΚΗΘ�ΠD∴�DΙΙΗΦW�WΚΗ�ΙΛΥΠ�ς�ΣΥΡΙΛW� 

mαξιmιζινγ λεϖελ οφ ουτπυτ. Τηε ουτπυτ εφφεχτ mεασυρεσ ηοω εmπλοψmεντ χηανγεσ ασ τηε 
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φιρm αδϕυστσ ουτπυτ το mαξιmιζε προφιτσ, ωηιλε ηολδινγ ρελατιϖε ινπυτ σηαρεσ χονσταντ. Ασ 

τηε ουτπυτ ανδ συβστιτυτιον εφφεχτσ mαψ βε βοτη ποσιτιϖε, νεγατιϖε, ορ σοmε χοmβινατιον, 

τηεορψ αλονε χαννοτ πρεδιχτ τηε σιγν οφ τηε τοταλ ιmπαχτ οφ ρεγυλατιον ον λαβορ δεmανδ ατ 

ρεγυλατεδ φιρmσ.

Οϖεραλλ, τηε εχονοmιχσ λιτερατυρε φινδσ λιττλε εϖιδενχε τηατ ενϖιρονmενταλ ρεγυλατιονσ ηαϖε 

ηαδ α σιγνιφιχαντ ιmπαχτ ον εmπλοψmεντ ιν ρεγυλατεδ σεχτορσ ανδ γενεραλλψ δοεσ νοτ 

σπεακ το τηε σιγν ορ mαγνιτυδε οφ τηε οϖεραλλ εφφεχτ οφ ρεγυλατιον ον νατιοναλ 

εmπλοψmεντ.11
 Βερmαν ανδ Βυι (2001Α��Η[DΠΛΘΗΓ�WΚΗ�ΛΠΣDΦW�ΡΙ�ΟΡΦDΟ�DΛΥ�ΤΞDΟΛW∴�ΥΗϑΞΟDο

τιονσ ον εmπλοψmεντ ιν mανυφαχτυρινγ πλαντσ ρελατιϖε το σιmιλαρ πλαντσ τηατ διδ νοτ φαχε 

τηε σαmε ρεγυλατιονσ. Τηεψ φουνδ τηατ εϖεν τηουγη ρεγυλατιονσ ιmποσε λαργε χοστσ ον 

πλαντσ, τηεψ ηαδ α στατιστιχαλλψ ινσιγνιφιχαντ εφφεχτ ον εmπλοψmεντ. Φερρισ, Σηαδβεγιαν, 

ανδ Wολϖερτον (2014) αλσο υσεδ α θυασι−εξπεριmενταλ εmπιριχαλ αππροαχη, ανδ φουνδ τηατ 

ρελατιϖε το σιmιλαρ βυτ υνρεγυλατεδ πλαντσ, εmπλοψmεντ ιmπαχτσ φροm Πηασε Ι οφ τηε συλφυρ 

ΓΛΡ[ΛΓΗ�ΦDΣ�DΘΓ�WΥDΓΗ�ΣΥΡϑΥDΠ�ΖΗΥΗ�ΦΟΡςΗ�WΡ�]ΗΥΡ�ΙΡΥ�ΥΗϑΞΟDWΗΓ�ΞWΛΟΛWΛΗς��∗ΥD∴��6ΚDΓΕΗο

γιαν, Wανγ, ανδ Μεραλ (2014��ΙΡΞΘΓ�WΚDW�ΣΞΟΣ�ΠΛΟΟς�ςΞΕΜΗΦW�WΡ�ΦΗΥWDΛΘ�DΛΥ�DΘΓ�ΖDWΗΥ�ΥΗϑΞο

λατιονσ εξπεριενχεδ ρελατιϖελψ σmαλλ, ανδ νοτ αλωαψσ στατιστιχαλλψ σιγνιφιχαντ, δεχρεασεσ ιν 

εmπλοψmεντ. Χυρτισ (ΦΟΡΤΗΧΟΜΙΝΓ��ΙΡΞΘΓ�D�ςΠDΟΟ�ΘΗϑDWΛΨΗ�ΛΠΣDΦW�ΡΙ�WΚΗ�ΘΛWΥΡϑΗΘ�Ρ[ο

ΛΓΗς�ΦDΣ�DΘΓ�WΥDΓΗ�ΣΥΡϑΥDΠ�ΡΘ�ΠDΘΞΙDΦWΞΥΛΘϑ�ΗΠΣΟΡ∴ΠΗΘW��ΖΛWΚ�ΛΠΣDΦWς�ΣΥΛΠDΥΛΟ∴�ΡΦΦΞΥο

ΥΛΘϑ�WΚΥΡΞϑΚ�ΓΗΦΥΗDςΗΓ�ΚΛΥΛΘϑ�ΥDWΗς��ΥDWΚΗΥ�WΚDΘ�ΛΘΦΥΗDςΗΓ�ςΗΣDΥDWΛΡΘ�ΥDWΗς��6ΚΗΥΛΙΙ��)ΗΥο

ρισ, ανδ Σηαδβεγιαν (2016) φουνδ νεγατιϖε ιmπαχτσ οφ οζονε ρεγυλατιονσ ον εmπλοψmεντ 

DW�ΗΟΗΦWΥΛΦ�ΞWΛΟΛWΛΗς��ΖΛWΚ�ΘΡ�DΦΦΡΠΣDΘ∴ΛΘϑ�ΦΚDΘϑΗς�ΛΘ�ΗΟΗΦWΥΛΦΛW∴�ϑΗΘΗΥDWΛΡΘ��ΣΡςςΛΕΟ∴�ΛΘΓΛο

χατινγ λαβορ−σαϖινγ τεχηνιχαλ χηανγε.

Οτηερ ρεσεαρχη ον εmπλοψmεντ εφφεχτσ ιν ρεγυλατεδ σεχτορσ, συχη ασ Γρεενστονε (2002) 

ανδ Wαλκερ (2011, 2013), συγγεστ τηατ χουντιεσ συβϕεχτ το στριχτερ αιρ θυαλιτψ ρεγυλατιον 

mαψ γενερατε φεωερ mανυφαχτυρινγ ϕοβσ τηαν λεσσ ρεγυλατεδ ονεσ. Ηοωεϖερ, βεχαυσε τηεψ 

ιδεντιφιεδ εmπλοψmεντ ιmπαχτσ βψ χοmπαρινγ νονατταινmεντ το σιmιλαρ ατταινmεντ αρεασ, 

ΗΠΣΟΡ∴ΠΗΘW�ΛΠΣDΦWς�DΥΗ�ΟΛΝΗΟ∴�ΡΨΗΥςWDWΗΓ��WΚΗ∴�DΥΗ��ΓΡΞΕΟΗ�ΦΡΞΘWΗΓ��WΡ�WΚΗ�Η[WΗΘW�WΚDW�

ΥΗϑΞΟDWΛΡΘ�ΦDΞςΗΓ�ΣΟDΘWς�WΡ�ΟΡΦDWΗ�ΛΘ�ΡΘΗ�DΥΗD�ΡΙ�WΚΗ�ΦΡΞΘWΥ∴�ΥDWΚΗΥ�WΚDΘ�DΘΡWΚΗΥ��∗ΥΗΗΘο

στονε, 2002). Λιστ, Μιλλιmετ, Φρεδρικσσον, ανδ ΜχΗονε (2003) φουνδ σοmε εϖιδενχε τηατ 

τηισ τψπε οφ γεογραπηιχ ρελοχατιον mαψ βε οχχυρρινγ. Καην ανδ Μανσυρ (2013) εξαmινεδ 

mανυφαχτυρινγ εmπλοψmεντ ιmπαχτσ οφ αιρ ρεγυλατιονσ βψ παιρινγ α ρεγυλατεδ χουντψ ωιτη 

α νειγηβορινγ, λεσσ ρεγυλατεδ χουντψ, ωηιλε χοντρολλινγ φορ διφφερενχεσ ιν ελεχτριχιτψ πριχε 

DΘΓ�ΟDΕΡΥ�ΥΗϑΞΟDWΛΡΘ��7ΚΗ∴�ΙΡΞΘΓ�ΟΛΠΛWΗΓ�ΗΨΛΓΗΘΦΗ�WΚDW�DΛΥ�ΥΗϑΞΟDWΛΡΘς�ΦDΞςΗΓ�ΗΠΣΟΡ∴ο

mεντ το βε λοωερ ον νετ ωιτηιν α χουντψ−βορδερ−παιρ. Αλτηουγη ρεγυλατιον mαψ χαυσε λαβορ 

WΡ�ΥΗΟΡΦDWΗ�DΦΥΡςς�D�ΕΡΥΓΗΥ��ςΛΘΦΗ�ΡΘΗ�ΦΡΞΘW∴�ς�ΟΡςς�Λς�DΘΡWΚΗΥ�ς�ϑDΛΘ��ςΞΦΚ�ςΚΛΙWς�ΦDΘΘΡW�

βε τρανσφορmεδ ιντο αν εστιmατε οφ α νατιοναλ ιmπαχτ ον εmπλοψmεντ.

Ιφ εmπλοψmεντ ιmπαχτσ αρε αντιχιπατεδ ιν ρελατεδ βυτ νοτ διρεχτλψ ρεγυλατεδ σεχτορσ, τηεν 

D�ϑΗΘΗΥDΟ�ΗΤΞΛΟΛΕΥΛΞΠ�DΣΣΥΡDΦΚ�ΖΡΞΟΓ�ΟΛΝΗΟ∴�ΕΗWWΗΥ�ΦDΣWΞΥΗ�WΚΡςΗ�ΛΠΣDΦWς��+ΡΖΗΨΗΥ��Η[ΛςWο

ινγ ΧΓΕ mοδελσ υσεδ το αναλψζε τηε οϖεραλλ ιmπαχτσ οφ ενϖιρονmενταλ ρεγυλατιον αλmοστ 

αλωαψσ ασσυmε φυλλ εmπλοψmεντ. Ονε ωαψ το ινχορπορατε ινϖολυνταρψ υνεmπλοψmεντ ιντο 

&∗(�ΠΡΓΗΟς�Dς�DΘ�ΗΤΞΛΟΛΕΥΛΞΠ�ΦΡΘΓΛWΛΡΘ�ΚDς�ΕΗΗΘ�WΡ�ΞςΗ�D�ΥΗΓΞΦΗΓ�ΙΡΥΠ�DΣΣΥΡDΦΚ�ΦΡΘςΛςο

τεντ ωιτη τηε νοτιον τηατ φριχτιονσ ιν τηε mαρκετπλαχε πρεϖεντ ωαγεσ φροm αδϕυστινγ το 
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τηειρ mαρκετ−χλεαρινγ λεϖελ. Μοδελερσ οφτεν σπεχιφψ α ωαγε χυρϖε, βασεδ ον τηε εmπιριχαλ 

οβσερϖατιον οφ Βλανχηφλοωερ ανδ Οσωαλδ (1994���WΚDW�ΥΗDΟ�ΖDϑΗς�DΥΗ�D�ΓΗΦΥΗDςΛΘϑ�ΙΞΘΦο

WΛΡΘ�ΡΙ�WΚΗ�ΞΘΗΠΣΟΡ∴ΠΗΘW�ΥDWΗ��7ΚΛς�DΣΣΥΡDΦΚ�DΠΡΞΘWς�WΡ�DΘ�Η[ΡϑΗΘΡΞς�DςςΞΠΣWΛΡΘ�ΥΗο

γαρδινγ τηε αmουντ οφ υνεmπλοψmεντ ωιτηιν τηε λαβορ mαρκετ.

Dισσου ανδ Συν (2013) σπεχιφιεδ α ωαγε χυρϖε το εξαmινε τηε ωελφαρε ανδ εmπλοψmεντ 

ιmπλιχατιονσ οφ διφφερεντ ωαψσ οφ ρεχψχλινγ ρεϖενυεσ φροm α χαρβον χαπ−ανδ−τραδε σψστεm. 

Τηεψ φουνδ ρελατιϖελψ σmαλλ εφφεχτσ ον εmπλοψmεντ φορ λοω− ανδ ηιγη−σκιλλεδ ωορκερσ 

αχροσσ σχεναριοσ, νοτινγ τηατ τηισ ισ υνσυρπρισινγ γιϖεν τηατ χαρβον−ιντενσιϖε ινδυστριεσ 

τενδ το υσε ρελατιϖελψ mορε χαπιταλ τηαν λαβορ (ι.ε., ασ συχη, ονε ωουλδ εξπεχτ τηεm το 

σηεδ mορε χαπιταλ τηαν λαβορ ιν ρεσπονσε το τηε πολιχψ). Λικεωισε, Ριϖερσ (2013��ΛΘΦΡΥΣΡο

ρατεδ α ωαγε χυρϖε ιντο α ηιγηλψ στψλιζεδ τηρεε−σεχτορ στατιχ ΧΓΕ mοδελ το εξαmινε τηε 

ΗΠΣΟΡ∴ΠΗΘW�ΛΠΣΟΛΦDWΛΡΘς�ΡΙ�ΥΗΘΗΖDΕΟΗ�ΗΘΗΥϑ∴�ΣΡΟΛΦΛΗς��5ΛΨΗΥς�ΙΡΞΘΓ�WΚDW�ςΞΕςΛΓΛΗς�ΛΘο

χρεασε εθυιλιβριυm υνεmπλοψmεντ. Βηρινγερ, Ριϖερσ, Ρυτηερφορδ, ανδ Wιγλε (2012) υσεδ 

α ΧΓΕ mοδελ το ασσεσσ τηε λαβορ mαρκετ ιmπαχτσ οφ α φεεδ−ιν−ταριφφ πολιχψ ιν τηε ελεχτριχιτψ 

ΠDΥΝΗW�ΛΘ�2ΘWDΥΛΡ��7ΚΗ∴�ΙΡΞΘΓ�WΚDW�ΖΚΛΟΗ�ΛΘΦΥΗDςΛΘϑ�ΗΠΣΟΡ∴ΠΗΘW�ΛΘ��ϑΥΗΗΘ��ΠDΘΞΙDΦWΞΥο

ΛΘϑ��WΚΗ�ΣΡΟΛΦ∴�ΚDΓ�WΚΗ�ΡΣΣΡςΛWΗ�ΗΙΙΗΦW�ΡΘ�ΗΠΣΟΡ∴ΠΗΘW�ΛΘ�WΚΗ�ΥΗςW�ΡΙ�WΚΗ�ΗΦΡΘΡΠ∴�DΘΓ�ΛΘο

χρεασεδ τηε υνεmπλοψmεντ ρατε οϖεραλλ. Τηε αυτηορσ αχκνοωλεδγεδ τηατ εξτερναλ εφφεχτσ 

ανδ τεχηνιχαλ χηανγε αρε ιγνορεδ ιν τηε στατιχ mοδελ, ανδ ιν χερταιν χασεσ τηειρ ινχλυσιον 

mιγητ προδυχε α διφφερεντ ουτχοmε. Βηρινγερ, Κελλερ, ανδ ϖαν δερ Wερφ (2013) υσεδ α 

ΧΓΕ mοδελ οφ Γερmανψ το ινϖεστιγατε τηε ιmπαχτσ οφ ρενεωαβλε ενεργψ προmοτιον. Τηεψ 

ΙΡΞΘΓ�WΚDW�WΚΗ�ΣΡςςΛΕΛΟΛWΛΗς�ΙΡΥ�ΗΘΚDΘΦΛΘϑ�ΖΗΟΙDΥΗ�DΘΓ�ΗΠΣΟΡ∴ΠΗΘW�DΥΗ�ΤΞΛWΗ�ΟΛΠΛWΗΓ��ΚΛΘϑο

ινγ χρυχιαλλψ ον τηε συβσιδψ ρατε ανδ φινανχινγ mεχηανισm.

ΧΓΕ mοδελσ τηατ εξπλιχιτλψ mοδελ ωαγε−σεττινγ mεχηανισmσ οφτεν αδοπτ λαβορ mαρκετ 

ΠΡΓΗΟς�ΙΥΡΠ�WΚΗ�ΟDΕΡΥ�ΗΦΡΘΡΠΛΦς�ΟΛWΗΥDWΞΥΗ��7ΚΗΥΗ�DΥΗ�D�ΘΞΠΕΗΥ�ΡΙ�ΖDϑΗ�ςΗWWΛΘϑ�ΠΗΦΚDο

νισmσ, ινχλυδινγ εφφιχιενχψ ωαγεσ, χολλεχτιϖε ωαγε−βαργαινινγ, ϕοβ σεαρχη ανδ mατχηινγ 

mοδελσ, ασ ωελλ ασ εξπλιχιτ ινχορπορατιον οφ οτηερ τψπεσ οφ ωαγε ριγιδιτιεσ. Τηε εφφιχιενχψ 

ωαγε mοδελ ισ πρεδιχατεδ ον τηε ιδεα τηατ εmπλοψερσ χαν ινχρεασε ωορκερ προδυχτιϖιτψ βψ 

παψινγ αβοϖε−mαρκετ ωαγεσ. Ιν τηε χολλεχτιϖε ωαγε−βαργαινινγ mοδελ αβοϖε−mαρκετ 

ΖDϑΗς�ΥΗςΞΟW�ΙΥΡΠ�ΘΗϑΡWΛDWΛΡΘς�ΕΗWΖΗΗΘ�ΙΛΥΠς�DΘΓ�WΥDΓΗ�ΞΘΛΡΘς�ΖΛWΚ�ςΡΠΗ�ΓΗϑΥΗΗ�ΡΙ�ΠDΥο

κετ ποωερ. ϑοβ σεαρχη−ανδ−mατχηινγ mοδελσ ασσυmε τηατ φινδινγ α ϕοβ ρεθυιρεσ τιmε ανδ 

εφφορτ ανδ ισ ινηερεντλψ στοχηαστιχ. Τηε ηιγηερ τηε ρατιο οφ υνεmπλοψεδ το ϖαχανχιεσ, τηε 

λοωερ τηε προβαβιλιτψ οφ φινδινγ α ϕοβ.12

Βαλιστρερι (2002) λαιδ ουτ α mετηοδολογψ φορ ινχορπορατινγ τωο σαλιεντ φεατυρεσ οφ τηε ϕοβ 

ςΗDΥΦΚ�DΘΓ�ΠDWΦΚΛΘϑ�ΠΡΓΗΟ�ΛΘWΡ�D�&∗(�ΙΥDΠΗΖΡΥΝ�������ςΞΣΣΟ∴ΛΘϑ�ΟDΕΡΥ�ΙΡΥ�ΣΥΡΓΞΦWΛΡΘ�Λς�

ΦΡςWΟ∴�ΛΘ�WΗΥΠς�ΡΙ�WΚΗ�ΙΡΥΗϑΡΘΗ�ΥΗςΗΥΨDWΛΡΘ�ΖDϑΗ�DΘΓ�DΘ�ΛΘΓΛΨΛΓΞDΟ�ς�ΦΚDΘΦΗ�ΡΙ�ΘΡW�ΕΗΛΘϑ�

mατχηεδ το α ϕοβ (ι.ε., βεχοmινγ υνεmπλοψεδ); ανδ (2) τηερε ισ αν εξτερναλιτψ βψ ωηιχη τηε 

ρισκ οφ αν ινδιϖιδυαλ νοτ βεινγ mατχηεδ ισ αφφεχτεδ βψ τηε αγγρεγατε βεηαϖιορ οφ οτηερ 

DϑΗΘWς���+Η�WΚΗΘ�ΓΗΠΡΘςWΥDWΗΓ�ΚΡΖ�WΚΛς�ΙΡΥΠΞΟDWΛΡΘ�ΡΙ�WΚΗ�ΜΡΕ�ςΗDΥΦΚ�DΘΓ�ΠDWΦΚΛΘϑ�ΠΡΓο

ελ οπερατεσ ωιτηιν α δψναmιχ ΧΓΕ mοδελ οφ τηε Υνιτεδ Στατεσ ωηεν σιmυλατινγ α χαπ−ανδ− 

τραδε πολιχψ το ρεδυχε χαρβον εmισσιονσ.13
 Βαβικερ ανδ Εχκαυσ (2007) ιντροδυχεδ ωαγε 

ΥΛϑΛΓΛWΛΗς�Ε∴�ΟΛΠΛWΛΘϑ�ςΗΦWΡΥDΟ�ΟDΕΡΥ�ΠΡΕΛΟΛW∴�DΘΓ�ςΗΦWΡΥDΟ�ΖDϑΗ�DΓΜΞςWΠΗΘW�ΛΘ�D�ΠΞΟWΛ�ΥΗο

γιον γλοβαλ ΧΓΕ mοδελ. Dιξον, ϑοηνσον, ανδ Ριmmερ (2011��DΟΟΡΖΗΓ�ΙΡΥ�ΣΡWΗΘWΛDΟ�ΓΛςΗΤΞΛο
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δατε: 27 Απριλ 2020

λιβριυm ιν τηε Υ.Σ. λαβορ mαρκετ βψ σπεχιφψινγ τηρεε στατεσ: εmπλοψεδ, υνεmπλοψεδ, ανδ 

νοτ ιν τηε λαβορ φορχε ωηερε εmπλοψεδ λαβορ ισ διφφερεντιατεδ βψ ινδυστρψ, οχχυπατιον, ανδ 

ρεγιον. Τηε mοδελ αλσο ασσυmεδ α χοστ ασσοχιατεδ ωιτη χηανγινγ εmπλοψmεντ στατεσ 

(Dιξον & Ριmmερ, 2002).

([ΣDΘΓΛΘϑ�WΚΗ�1ΡWΛΡΘ�ΡΙ�2ΨΗΥDΟΟ�(ΦΡΘΡΠΛΦ�,Πο

παχτσ το Τηινκ αβουτ Σοχιαλ Wελφαρε

∃ΟWΚΡΞϑΚ�ΦΚDΘϑΗς�ΛΘ�ϑΥΡςς�ΓΡΠΗςWΛΦ�ΡΥ�ϑΥΡςς�ΘDWΛΡΘDΟ�ΣΥΡΓΞΦW��∗∋3�ΡΥ�∗13��DΘΓ�ΣΥΡΓΞΦο

WΛΨΛW∴�ΚDΨΗ�ΡΙWΗΘ�ΕΗΗΘ�ΥΗΣΡΥWΗΓ�Ε∴�ϑΡΨΗΥΘΠΗΘW�DΘΓ�DΦDΓΗΠΛΦς�Dς�D�ΠΗWΥΛΦ�ΙΡΥ�ΞΘΓΗΥςWDΘΓο

ινγ τηε οϖεραλλ ιmπαχτ οφ αν ενϖιρονmενταλ ρεγυλατιον ον τηε Υ.Σ. εχονοmψ, τηεψ αλσο ηαϖε 

λονγ ρεχογνιζεδ ιτσ σηορτχοmινγσ ασ α ωαψ το χαπτυρε τηε φυλλ εφφεχτσ οφ πολιχψ ον σοχιαλ 

ωελλ−βεινγ ορ ωελφαρε.

Εξεχυτιϖε ορδερσ σιγνεδ υνδερ Πρεσιδεντσ Νιξον ανδ Φορδ, διρεχτεδ φεδεραλ αγενχιεσ το 

εϖαλυατε τηε ποτεντιαλ εφφεχτσ οφ νεω ρεγυλατιον ον τηε εχονοmψ τηρουγη τηε χονδυχτ οφ 

�4ΞDΟΛW∴�ΡΙ�/ΛΙΗ�5ΗΨΛΗΖς��DΘΓ��,ΘΙΟDWΛΡΘ�,ΠΣDΦW�6WDWΗΠΗΘWς���0ΡΥϑΗΘςWΗΥΘ� 1997; ΟΜΒ, 

1997���7ΚΗ�ςWDWΗΓ�ΡΕΜΗΦWΛΨΗ�ΡΙ�D�4ΞDΟΛW∴�ΡΙ�/ΛΙΗ�5ΗΨΛΗΖ�ΖDς�WΡ�ΠΛΘΛΠΛ]Η�WΚΗ�ΕΞΥΓΗΘ�ΡΙ�ΗΘο

ϖιρονmενταλ ρεγυλατιονσ ον βυσινεσσεσ. Ινφλατιον Ιmπαχτ Στατεmεντσ ωερε βροαδερ; τηειρ 

πυρποσε ωασ το mονιτορ αγενχψ αχτιϖιτψ φορ ποτεντιαλλψ ινφλατιοναρψ αχτιονσ ανδ το χονδυχτ 

αν ινφλατιον ιmπαχτ αναλψσισ (ΟΜΒ, 1997). Εχονοmιστσ ηιρεδ το οϖερσεε τηεσε αναλψσεσ 

χονχλυδεδ, ηοωεϖερ, τηατ α ρεγυλατιον χουλδ νοτ βε ινφλατιοναρψ υνλεσσ ιτσ χοστσ το σοχιετψ 

εξχεεδεδ ιτσ βενεφιτσ. Ασ α ρεσυλτ, τηεψ βεγαν χονδυχτινγ βενεφιτ−χοστ αναλψσεσ (ΒΧΑσ) οφ 

νεω, mαϕορ ρεγυλατιονσ ασ α ωαψ το mεετ εξεχυτιϖε ορδερ ρεθυιρεmεντσ.14

Α ΒΧΑ τηατ θυαντιφιεσ τηε σοχιαλ βενεφιτσ ανδ χοστσ ασσοχιατεδ ωιτη α ρεγυλατιον σεεκσ το 

DΘςΖΗΥ�WΚΗ�ΤΞΗςWΛΡΘ��Λς�ΛW�WΚΗΡΥΗWΛΦDΟΟ∴�ΣΡςςΛΕΟΗ�ΙΡΥ�WΚΗ��ϑDΛΘΗΥς��ΙΥΡΠ�WΚΗ�ΣΡΟΛΦ∴�WΡ�ΙΞΟΟ∴�

ΦΡΠΣΗΘςDWΗ�WΚΗ��ΟΡςΗΥς��DΘΓ�ςWΛΟΟ�ΥΗΠDΛΘ�ΕΗWWΗΥ�ΡΙΙ��8�6��(3∃� 2010).15
 Ιν τηισ χοντεξτ, τηε 

ΠΗDςΞΥΗ�ΞςΗΓ�WΡ�ϑDΞϑΗ�D�ΥΗϑΞΟDWΛΡΘ�ς�ΗΙΙΗΦW�ΡΘ�WΚΗ�ΗΦΡΘΡΠ∴�Λς�WΚΗ�ΘΗW�ΦΚDΘϑΗ�ΛΘ�ςΡΦΛDΟ�

ΖΗΟΙDΥΗ�WΚDW�ΚΡΞςΗΚΡΟΓς�Η[ΣΗΥΛΗΘΦΗ��7ΚΗ�ΘΗW�ΦΚDΘϑΗ�ΛΘ�ΖΗΟΙDΥΗ�Λς�ΓΗΥΛΨΗΓ��Ε∴�ςΞΠΠΛΘϑ�DΟΟ�

οφ τηε βενεφιτσ τηατ αχχρυε ασ α ρεσυλτ οφ α πολιχψ χηανγε (ινχλυδινγ σπιλλοϖερ εφφεχτσ) λεσσ 

ΦΡςWς�ΛΠΣΡςΗΓ�Ε∴�WΚΗ�ΣΡΟΛΦ∴�ΡΘ�ςΡΦΛΗW∴��ΛΘΦΟΞΓΛΘϑ�Η[WΗΥΘDΟΛWΛΗς����8�6��(3∃� 2010). Σινχε 

σπιλλοϖερσ ανδ εξτερναλιτιεσ αρε νονmαρκετ τρανσαχτιονσ, θυαντιφψινγ πριϖατε χοστσ ανδ 

βενεφιτσ ισ νοτ α συφφιχιεντ προξψ φορ εστιmατινγ τηε χοστσ ανδ βενεφιτσ οφ α νεω ρεγυλατιον 

το σοχιετψ. Σοχιαλ χοστ ρεπρεσεντσ τηε τοταλ βυρδεν τηατ α ρεγυλατιον ωιλλ ιmποσε ον τηε 

ΗΦΡΘΡΠ∴��,W�Λς�ΓΗΙΛΘΗΓ�Dς�WΚΗ�ςΞΠ�ΡΙ�DΟΟ�ΡΣΣΡΥWΞΘΛW∴�ΦΡςWς�ΛΘΦΞΥΥΗΓ�Dς�D�ΥΗςΞΟW�ΡΙ�D�ΥΗϑΞΟDο

τιον, ωηερε αν οππορτυνιτψ χοστ ισ τηε ϖαλυε λοστ το σοχιετψ οφ αλλ γοοδσ ανδ σερϖιχεσ τηατ 

ΖΛΟΟ�ΘΡW�ΕΗ�ΣΥΡΓΞΦΗΓ�DΘΓ�ΦΡΘςΞΠΗΓ�ΛΘ�WΚΗ�ΣΥΗςΗΘΦΗ�ΡΙ�ΥΗϑΞΟDWΛΡΘ�Dς�ΥΗςΡΞΥΦΗς�DΥΗ�ΥΗDΟΟΡο

χατεδ αωαψ φροm χονσυmπτιον ανδ προδυχτιον αχτιϖιτιεσ τοωαρδ πολλυτιον αβατεmεντ (Υ.Σ. 

ΕΠΑ, 2010). Σοχιαλ βενεφιτσ αρε αλσο mεασυρεδ ιν τερmσ οφ οππορτυνιτψ χοστ (ΟΜΒ, 1997).16



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 14 οφ 40
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δατε: 27 Απριλ 2020

:Κ∴�0ΡΨΗ�%Η∴ΡΘΓ�,ΠΣDΦWς�ΡΘ�3ΥΡΓΞΦWΛΨΛW∴�DΘΓ�∗∋3�WΡ�&ΡΘςΛΓΗΥ�(Ιο

φεχτσ ον Εχονοmιχ Wελφαρε?

∗13�ΡΥ�∗∋3�ΚDς�ΕΗΗΘ�ΥΗΦΡϑΘΛ]ΗΓ�Dς��D�ΙΟDΖΗΓ�ΠΗDςΞΥΗ�ΡΙ�ΗΦΡΘΡΠΛΦ�ΖΗΟΙDΥΗ��ΕΗΦDΞςΗ�D�

ΘΞΠΕΗΥ�ΡΙ�ΙDΦWΡΥς�WΚDW�DΙΙΗΦW�ΡΘΗ�ς�ΤΞDΟΛW∴�ΡΙ�ΟΛΙΗ�DΥΗ�ΘΡW�ΛΘΦΟΞΓΗΓ��ςΞΦΚ�Dς�ΟΗΛςΞΥΗ��ΚΗDΟWΚ�

στατυσ, χριmε, ανδ τηε ενϖιρονmενταλ θυαλιτψ, αmονγ οτηερσ (ϑονεσ & Κλενοω, 2016).17
 Ιν 

DΓΓΛWΛΡΘ��WΚΗςΗ�ΠΗDςΞΥΗς�ΠD∴�ΕΗ�ΠΛςΟΗDΓΛΘϑ�ΓΞΗ�WΡ�ΓΡΞΕΟΗ�ΦΡΞΘWΛΘϑ��)ΡΥ�Η[DΠΣΟΗ��D�ΥΗϑΞο

ΟDWΛΡΘ�WΚDW�ΥΗΤΞΛΥΗς�ΙΛΥΠς�WΡ�ΛΘΨΗςW�ΛΘ�ΘΗΖ�ΦDΣΛWDΟ�ΛΘ�D�ϑΛΨΗΘ�∴ΗDΥ�ΖΛΟΟ�ΥΗςΞΟW�ΛΘ�D�ΟDΥϑΗ�ΛΘο

χρεασε ιν τηε ινϖεστmεντ χοmπονεντ οφ ΓDΠ. Ηοωεϖερ, χαπιταλ αλσο αφφεχτσ τηε αϖαιλαβιλιτψ 

ΡΙ�ϑΡΡΓς�DΘΓ�ςΗΥΨΛΦΗς�WΚDW�ΦDΘ�ΕΗ�ΦΡΘςΞΠΗΓ�ΡΨΗΥ�D�ΠΞΦΚ�ΟΡΘϑΗΥ�WΛΠΗ�ΣΗΥΛΡΓ��ΖΚΛΦΚ�Λς�DΟο

σο χαπτυρεδ ιν τηε χονσυmπτιον χοmπονεντ οφ ΓDΠ (Παλτσεϖ & Χαπροσ, 2013). Το αϖοιδ 

ΓΡΞΕΟΗ�ΦΡΞΘWΛΘϑ��ςWΞΓΛΗς�ςΡΠΗWΛΠΗς�ΥΗΣΡΥW�ΦΚDΘϑΗς�ΛΘ�ΚΡΞςΗΚΡΟΓ�ΦΡΘςΞΠΣWΛΡΘ�Dς�DΘ�ΛΘΓΛο

χατορ οφ σοχιαλ ωελφαρε. Ηοωεϖερ, ασ ωιτη ΓDΠ, τηισ mεασυρε εξχλυδεσ χονσιδερατιον οφ ηοω 

α νεω πολιχψ αφφεχτσ λεισυρε ανδ οτηερ θυαλιτψ οφ λιφε φαχτορσ συχη ασ ενϖιρονmενταλ 

θυαλιτψ.18
 ∃ΘΡWΚΗΥ�ΣΥΗΨΛΡΞςΟ∴�ΓΛςΦΞςςΗΓ�DΟWΗΥΘDWΛΨΗ��ΗΦΡΘΡΠΛΦ�ΣΥΡΓΞΦWΛΨΛW∴��Λς�ΘDΥΥΡΖΟ∴�ΙΡο

χυσεδ ον τηε δεγρεε το ωηιχη α πολιχψ αφφεχτσ τηε αmουντ οφ ουτπυτ τηατ χαν βε προδυχεδ 

υσινγ α γιϖεν αmουντ οφ ινπυτσ.

Εχονοmιστσ υσε τηε χονχεπτσ οφ εθυιϖαλεντ ϖαριατιον (Ες) ανδ χοmπενσατινγ ϖαριατιον 

�&9��WΡ�Η[ΣΟΡΥΗ�ΚΡΖ�D�ΣΡΟΛΦ∴�DΙΙΗΦWς�ςΡΦΛDΟ�ΖΗΟΟ�ΕΗΛΘϑ��%ΡWΚ�ΡΙ�WΚΗςΗ�DΥΗ�ΠΡΘΗWDΥ∴�ΠΗDο

ςΞΥΗς�ΡΙ�WΚΗ�ΦΚDΘϑΗ�ΛΘ�ΞWΛΟΛW∴�ΕΥΡΞϑΚW�DΕΡΞW�Ε∴�ΦΚDΘϑΗς�ΛΘ�ΣΥΛΦΗς�DΘΓ�ΛΘΦΡΠΗς��7ΚΗ�ΓΛΙΙΗΥο

ΗΘΦΗ�ΕΗWΖΗΗΘ�WΚΗΠ�ΓΗΣΗΘΓς�ΡΘ�ΖΚΗWΚΗΥ�ΡΘΗ�DςςΞΠΗς�WΚΗ�ΣΡΟΛΦ∴�ΦΚDΘϑΗ�ΚDς�DΟΥΗDΓ∴�ΡΦο

χυρρεδ (Ες), ορ ισ νοτ ψετ ιν πλαχε (Χς). Φορ ινστανχε, Ες mεασυρεσ ωηατ α χονσυmερ 

ωουλδ βε ωιλλινγ το παψ το αϖοιδ αν ινχρεασε ιν πριχεσ (ανδ τηυσ, α δεχλινε ιν ρεαλ ινχοmε) 

ΥΗςΞΟWΛΘϑ�ΙΥΡΠ�D�ΥΗϑΞΟDWΛΡΘ�ϑΡΛΘϑ�ΛΘWΡ�ΗΙΙΗΦW��,Θ�ΦΡΘWΥDςW��&9�ΠΗDςΞΥΗς�ΚΡΖ�ΠΞΦΚ�D�ΦΡΘο

συmερ ωουλδ νεεδ το βε χοmπενσατεδ το αχχεπτ χηανγεσ ιν πριχεσ ανδ ινχοmε συχη τηατ 

τηε χονσυmερ αχηιεϖεσ τηε σαmε λεϖελ οφ υτιλιτψ εξπεριενχεδ πριορ το τηε πολιχψ σηοχκ. Ιν 

DΓΓΛWΛΡΘ��ΦΚDΘϑΗς�ΛΘ�ΖΗΟΙDΥΗ�ΗΘΦΡΠΣDςς�ΠΡΥΗ�WΚDΘ�ΜΞςW�ΠDΥΝΗW�DΦWΛΨΛWΛΗς�ΙΡΥ�ΛΘςWDΘΦΗ��

τηερε ισ α mονεταρψ ϖαλυε το λεισυρε.

Λιτερατυρε ον τηε Σοχιαλ Χοστ οφ Υ.Σ. Ενϖιρονmενταλ Ρεγυλατιον

Ηαζιλλα ανδ Κοππ (1990) ισ αν εαρλψ εξαmπλε οφ α στυδψ τηατ εξαmινεδ τηε ωελφαρε ιmπαχτ 

ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΡΘ�WΚΗ�ΗΦΡΘΡΠ∴��5ΗΟ∴ΛΘϑ�ΡΘ�D����ςΗΦWΡΥ�Γ∴ΘDΠΛΦ�&∗(�ΠΡΓο

ελ, τηεψ εστιmατεδ τηε σοχιαλ χοστ οφ τηε Υ.Σ. Χλεαν Αιρ ανδ Χλεαν Wατερ Αχτσ φορ 1981 το 

1990 εξπρεσσεδ ιν τερmσ οφ χοmπενσατινγ ϖαριατιον.19
 Τηεψ φουνδ τηατ αλλ σεχτορσ οφ τηε 

ΗΦΡΘΡΠ∴�ΖΗΥΗ�DΙΙΗΦWΗΓ��ΖΛWΚ�WΚΗ�ϑΥΗDWΗςW�ΛΠΣDΦWς�ΡΙ�WΚΗ�ΥΗϑΞΟDWΛΡΘ�ΙDΟΟΛΘϑ�ΡΘ�ΗΟΗΦWΥΛΦ�ΞWΛΟο

ιτιεσ, mοτορ ϖεηιχλεσ, χρυδε οιλ ανδ νατυραλ γασ, πριmαρψ mεταλσ, ανδ χηεmιχαλσ. Σεχτορσ 

τηατ ωερε νοτ διρεχτλψ ρεγυλατεδ βυτ συππλιεδ κεψ ιντερmεδιατε γοοδσ αλσο εξπεριενχεδ 

σιγνιφιχαντ νεγατιϖε ιmπαχτσ ον ουτπυτ ανδ λαβορ προδυχτιϖιτψ. Τηειρ εστιmατε οφ τηε σοχιαλ 

χοστ οφ τηε ρεγυλατιονσ (αβουτ ∃980 βιλλιον) ωασ mορε τηαν 50% γρεατερ τηαν τηε Υ.Σ. 

(3∃�ς�ΗΤΞΛΨDΟΗΘW�ΗΘϑΛΘΗΗΥΛΘϑ�ΦΡςW�ΗςWΛΠDWΗ��+D]ΛΟΟD�DΘΓ�.ΡΣΣ��1990��ΘΡWΗΓ�WΚΗ�ΛΠΣΡΥο

WDΘΦΗ�ΡΙ�WΚΛς�ΥΗςΞΟW�ςΛΘΦΗ��ΨΗΥ∴�ΙΗΖ�ΣΡΟΛΦ∴ΠDΝΗΥς�ΚDΨΗ�ΥΗΦΡϑΘΛ]ΗΓ�WΚDW�ςΡΦΛDΟ�ΦΡςWς�ΦDΘ�Η[ο



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 15 οφ 40
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ΦΗΗΓ�ΣΥΛΨDWΗ�Η[ΣΗΘΓΛWΞΥΗς���7ΚΗ∴�ςWDWΗ�WΚDW�WΚΗ�ΓΛΙΙΗΥΗΘΦΗ�ΕΗWΖΗΗΘ�WΚΗ�WΖΡ�ΠΗDςΞΥΗς�Λς�

�D�ΓΛΥΗΦW�ΥΗςΞΟW�ΡΙ�ΚΡΞςΗΚΡΟΓ�ΕΗΚDΨΛΡΥ�ΛΘ�ΖΚΛΦΚ�ΟΗΛςΞΥΗ�Λς�ςΞΕςWΛWΞWΗΓ�ΙΡΥ�ΦΡΘςΞΠΣWΛΡΘ��

Τωο στυδιεσ βψ τηε Υ.Σ. ΕΠΑ ον τηε βενεφιτσ ανδ χοστσ οφ τηε Χλεαν Αιρ Αχτ δεmονστρατε 

ηοω ιmπαχτσ ον τηε εχονοmψ διφφερ ωηεν εξπρεσσεδ ιν τερmσ οφ εχονοmιχ ωελφαρε ρελατιϖε 

το ΓΝΠ. Τηε Υ.Σ. ΕΠΑ (1997) ρελιεδ ον τηε ΧΓΕ mοδελ υσεδ ιν ϑοργενσον ανδ Wιλχοξεν 

(1990) το ρετροσπεχτιϖελψ εξαmινε τηε σεχτοραλ ιmπαχτσ ανδ αγγρεγατε εφφεχτσ οφ τηε Χλεαν 

Αιρ Αχτ φροm 1970 το 1990. Ασ mεασυρεδ βψ χηανγεσ ιν πριχεσ ανδ ουτπυτ, τηε σεχτορσ 

mοστ ιmπαχτεδ ωερε mοτορ ϖεηιχλεσ, πετρολευm ρεφινινγ, ανδ ελεχτριχιτψ γενερατιον. Τηε 

αγγρεγατε εφφεχτ ον ΓΝΠ ωασ εστιmατεδ ασ α ρεδυχτιον ιν τηε λονγ−ρυν ρατε οφ ΓΝΠ γροωτη 

οφ 0.2%, ωιτη τηε 1990 λεϖελ οφ ΓΝΠ 1 περχεντ λοωερ τηαν ιν τηε νο−χοντρολ σχεναριο. Τηε 

ιmπαχτ ον σοχιαλ ωελφαρε, mεασυρεδ ιν τερmσ οφ εθυιϖαλεντ ϖαριατιον, ωασ χονσιδεραβλψ 

ςΠDΟΟΗΥ�WΚDΘ�WΚΗ�ΦΚDΘϑΗ�ΛΘ�∗13��ΗΨΗΘ�WΚΡΞϑΚ�ΕΗΘΗΙΛWς�ΡΙ�WΚΗ�&ΟΗDΘ�∃ΛΥ�∃ΦW�ΖΗΥΗ�ΘΡW�ΛΘο

χλυδεδ ιν τηε ΧΓΕ mοδελ.

Τηε Υ.Σ. ΕΠΑ (2011) στυδψ οφ τηε προσπεχτιϖε εφφεχτσ οφ τηε Χλεαν Αιρ Αχτ Αmενδmεντσ 

ΙΥΡΠ������WΡ������ΞςΗΓ�D�Γ∴ΘDΠΛΦ��ΙΡΥΖDΥΓ�ΟΡΡΝΛΘϑ����ςΗΦWΡΥ�&∗(�ΠΡΓΗΟ��,W�ΙΡΞΘΓ�ςΞΕο

σταντιαλ σεχονδαρψ εφφεχτσ οφ χοmπλιανχε χοστσ ον τηε οϖεραλλ εχονοmψ, α λαργε πορτιον οφ 

ωηιχη λικελψ ρεσυλτ φροm ενεργψ πριχε ινχρεασεσ ανδ τηε διϖερσιον οφ χαπιταλ φροm αχτιϖιτιεσ 

τηατ ενηανχε λονγ−τερm προδυχτιϖιτψ το ινϖεστmεντ ιν πολλυτιον χοντρολ εθυιπmεντ ιν τηε 

ινδυστριαλ σεχτορ. Ονχε αγαιν, ιτ φουνδ τηατ ΓDΠ ισ νοτ α παρτιχυλαρλψ γοοδ mεασυρε οφ τηε 

ωελφαρε ιmπαχτ οφ α πολιχψ. Ιν α χοστ−ονλψ σχεναριο (ι.ε., νο βενεφιτσ ινχλυδεδ), ΓDΠ ιν 2020 

ωασ ∃108 βιλλιον λοωερ τηαν ιν τηε νο−χοντρολ χασε, ωηιλε σοχιαλ ωελφαρε, mεασυρεδ ασ 

εθυιϖαλεντ ϖαριατιον, ωασ 25% σmαλλερ τηαν τηε εφφεχτ ον ΓDΠ (αβουτ ∃82 βιλλιον λοωερ 

WΚDΘ�ΛΘ�WΚΗ�ΘΡ�ΦΡΘWΥΡΟ�ΦDςΗ��ΓΞΗ�WΡ�WΚΗ�ΥΗDΟΟΡΦDWΛΡΘ�ΡΙ�ςΡΠΗ�ΡΙ�WΚΗ�ΚΡΞςΗΚΡΟΓ�ς�WΛΠΗ�WΡ�

ΟΗΛςΞΥΗ�ΛΘςWΗDΓ�ΡΙ�ΟDΕΡΥ��8ΘΟΛΝΗ�WΚΗ�8�6��(3∃�ς�ΥΗWΥΡςΣΗΦWΛΨΗ�DΘDΟ∴ςΛς��DΘ�DΓΓΛWΛΡΘDΟ�ςΦΗο

ναριο ινχλυδεδ σοmε οφ τηε ηεαλτη βενεφιτσ οφ τηε Χλεαν Αιρ Αχτ. Wε δισχυσσ τηεσε ιν τηε 

νεξτ σεχτιον.

Ινχορπορατινγ Βενεφιτσ ιντο Εχονοmψ−Wιδε 

0ΡΓΗΟΛΘϑ�ΡΙ�:ΗΟΙDΥΗ�(ΙΙΗΦWς�ΙΥΡΠ�(ΘΨΛΥΡΘΠΗΘο

ταλ Ρεγυλατιον

Dυε το τηε mανψ ωαψσ ιν ωηιχη εχονοmιχ αχτιϖιτψ ισ λινκεδ το ενϖιρονmενταλ θυαλιτψ ιτ ισ 

νοτ ποσσιβλε το προϖιδε α φυλλ αχχουντινγ οφ τηε εφφεχτ οφ ενϖιρονmενταλ πολιχψ ον εχονοmιχ 

προδυχτιϖιτψ ανδ σοχιαλ ωελλ−βεινγ ωιτηουτ αλσο τακινγ ιντο αχχουντ τηε βενεφιχιαλ εφφεχτσ 

DΘΓ�WΚΗΛΥ�ΛΠΣDΦW�ΡΘ�WΚΗ�ΗΦΡΘΡΠ∴��∃ς�ΣΡΟΛΦΛΗς�ΦΚDΘϑΗ�WΚΗ�ΗΘΨΛΥΡΘΠΗΘW�WΚΗ∴�ΠD∴�ΗΛWΚΗΥ�ΓΛο

ρεχτλψ ιmπροϖε τηε προδυχτιϖιτψ οφ εχονοmιχ φαχτορσ (ε.γ., ρεδυχεδ δεπρεχιατιον φροm 

αχιδιχ δεποσιτιον, ινχρεασεδ προδυχτιϖιτψ οφ ουτδοορ ωορκερσ) ορ χηανγε τηε χοmποσιτιον 

ΡΙ�WΚΗ�ΗΦΡΘΡΠ∴�Dς�ΙΛΥΠς�DΘΓ�ΚΡΞςΗΚΡΟΓς�ΦΚDΘϑΗ�WΚΗΛΥ�ΕΗΚDΨΛΡΥ��Η�ϑ���ΟDΕΡΥ�ΟΗΛςΞΥΗ�ΦΚΡΛΦο

εσ).
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Τηερε ηασ βεεν γροωινγ αωαρενεσσ τηατ τηεσε ιντερχοννεχτιονσ βετωεεν τηε ενϖιρονmεντ 

DΘΓ�WΚΗ�ΗΦΡΘΡΠ∴�DΥΗ�ΛΠΣΡΥWDΘW�ΙΡΥ�ΞΘΓΗΥςWDΘΓΛΘϑ�WΚΗ�ΘΗW�ΗΙΙΗΦW�ΡΙ�D�ΣΡΟΛΦ∴�ΡΘ�WΚΗ�ΗΦΡΘΡο

mψ ανδ οϖεραλλ σοχιαλ ωελλ−βεινγ (Χαρβονε & Σmιτη, 2013). Ηοωεϖερ, ιντροδυχινγ α ρολε 

φορ τηε ενϖιρονmεντ ιντο προδυχτιον ανδ ηουσεηολδ βεηαϖιορ ατ αν εχονοmψ−ωιδε σχαλε ισ 

αν αρεα οφ αππλιεδ αναλψσισ τηατ ισ στιλλ δεϖελοπινγ. Τηε συιτε οφ στυδιεσ τηατ ηαϖε παρτιαλλψ 

ινχορπορατεδ πολλυτιον ιντο τηεσε τψπεσ οφ φραmεωορκσ ηαϖε φουνδ συβσταντιαλ ιmπαχτσ ον 

τηε οϖεραλλ εχονοmψ οφ ιmπροϖεmεντσ ιν ενϖιρονmενταλ θυαλιτψ. Τηισ σεχτιον δισχυσσεσ τηε 

ωαψσ ιν ωηιχη ιmπροϖεmεντσ ιν ενϖιρονmενταλ θυαλιτψ χαν ηαϖε α σιγνιφιχαντ εφφεχτ ον 

ΗΦΡΘΡΠΛΦ�DΦWΛΨΛW∴�DΘΓ�ΟΛWΗΥDWΞΥΗ�WΚDW�Η[ΣΟΛΦΛWΟ∴�DΦΦΡΞΘWς�ΙΡΥ�WΚΗ�ΥΗΟDWΛΡΘςΚΛΣ�ΕΗWΖΗΗΘ�ΣΡΟο

λυτιον ανδ προδυχτιϖιτψ ωηεν εστιmατινγ τηε σοχιαλ ωελφαρε οφ αιρ ρεγυλατιονσ.

Ρελατιονσηιπ Βετωεεν Πολλυτιον ανδ Προδυχτιϖιτψ

∃ΟWΚΡΞϑΚ�ΠΞΦΚ�ΡΙ�WΚΗ�ΛΘΛWΛDΟ�ΟΛWΗΥDWΞΥΗ�ΙΡΦΞςΗΓ�ΡΘ�WΚΗ�ΦΡΘΘΗΦWΛΡΘ�ΕΗWΖΗΗΘ�ΗΦΡΘΡΠΛΦ�DΦWΛΨο

ΛW∴�DΘΓ�ΦΡΠΣΟΛDΘΦΗ�ΖΛWΚ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς��ΥΗΦΗΘW�ΖΡΥΝ�ΚDς�ςΚΡΖΘ�WΚDW�ΞΘΓΗΥο

στανδινγ τηε ωαψ βενεφιτσ φροm ιmπροϖινγ ενϖιρονmενταλ θυαλιτψ ιντεραχτ ωιτη εχονοmιχ 

αχτιϖιτψ ισ αλσο ιmπορταντ φορ υνδερστανδινγ τηε οϖεραλλ ιmπαχτσ οφ ρεγυλατιον. Ιν φαχτ, 

mανψ εστιmατεσ οφ τηε βενεφιτσ ασσοχιατεδ ωιτη ενϖιρονmενταλ πολιχιεσ λεϖεραγε χηανγεσ 

ΛΘ�ΠDΥΝΗW�DΦWΛΨΛW∴�WΚDW�ΦΡΠΣΟΗΠΗΘW�ΚΡΞςΗΚΡΟΓ�ΦΡΘςΞΠΣWΛΡΘ�ΡΙ�ΘΡΘΠDΥΝΗW�ϑΡΡΓς�DΘΓ�ςΗΥο

ΨΛΦΗς�Dς�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴�ΨDΥΛΗς��)ΡΥ�Η[DΠΣΟΗ��ΚΡΞςΗΚΡΟΓς��ΖΛΟΟΛΘϑΘΗςς�WΡ�ΣD∴�ΙΡΥ�ΗΘο

ΨΛΥΡΘΠΗΘWDΟ�ΛΠΣΥΡΨΗΠΗΘWς�DΥΗ�ΦΡΠΠΡΘΟ∴�ΗςWΛΠDWΗΓ�ΕDςΗΓ�ΡΘ�WΚΗ�ΖD∴�ςΣDWΛDΟ�DΘΓ�ΡΥ�WΗΠο

ποραλ ϖαριατιον ιν ενϖιρονmενταλ θυαλιτψ αφφεχτσ ηουσινγ πριχεσ δυε το ιτσ ινφλυενχε ον 

ηουσινγ δεmανδ (Παλmθυιστ, 2005). Σιmιλαρλψ, στυδιεσ λεϖεραγινγ οβσερϖεδ ηουσινγ mαρκετ 

ΕΗΚDΨΛΡΥ�ΛΘ�ΥΗςΣΡΘςΗ�WΡ�ΨDΥΛDWΛΡΘ�ΛΘ�ΗΘΨΛΥΡΘΠΗΘWDΟ�DΠΗΘΛWΛΗς��ΚDΨΗ�ΗςWΛΠDWΗΓ�ΚΡΞςΗΚΡΟΓς��

ωιλλινγνεσσ το παψ φορ ιmπροϖεmεντσ ιν ηεαλτη (Γαψερ, Ηαmιλτον, & ςισχυσι, 2002���%ΗΘΗο

ΙΛWς�ΙΥΡΠ�ΛΠΣΥΡΨΗΠΗΘWς�ΛΘ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴�DΥΗ�DΟςΡ�ΥΡΞWΛΘΗΟ∴�ΗςWΛΠDWΗΓ�ΙΥΡΠ�ΦΡΘο

ςΞΠΗΥς��ΖΛΟΟΛΘϑΘΗςς�WΡ�WΥDΓΗ�ΡΙΙ�ΡWΚΗΥ�ΦΡΘςΞΠΣWΛΡΘ�ΙΡΥ�ΛΠΣΥΡΨΗΓ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴�ΛΘ�

τηειρ ρεχρεατιον δεχισιονσ (Πηανευφ & Σmιτη, 2005).

Ηυmαν ηεαλτη ηασ αν ιmπορταντ ανδ διρεχτ χοννεχτιονσ ωιτη βοτη εχονοmιχ αχτιϖιτψ ανδ 

ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴��∋ΗϑΥΗΓDWΛΡΘ�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴��ςΞΦΚ�Dς�DΛΥ�ΣΡΟΟΞWΛΡΘ��ΦDΘ�ΛΘο

χρεασε τηε ινχιδενχε οφ πρεmατυρε mορταλιτψ (Λεϖψ, Βαξτερ, & Σχηωαρτζ, 2009; Φανν ετ αλ., 

2012; Ταγαρισ ετ αλ., 2009). Wηιλε ϖυλνεραβλε ποπυλατιονσ συχη ασ χηιλδρεν ανδ τηε ελδερλψ 

DΥΗ�ΣDΥWΛΦΞΟDΥΟ∴�ςΞςΦΗΣWΛΕΟΗ�WΡ�WΚΗ�ΗΙΙΗΦWς�ΡΙ�ΣΡΟΟΞWΛΡΘ��ΗΘΨΛΥΡΘΠΗΘWDΟ�ΓΗϑΥDΓDWΛΡΘ�DΟςΡ�ΛΠο

ΣDΦWς�WΚΗ�ΠΡΥWDΟΛW∴�ΥDWΗ�ΡΙ�ΖΡΥΝΛΘϑ�DϑΗ�ΛΘΓΛΨΛΓΞDΟς��WΚΗΥΗΕ∴�ΚDΨΛΘϑ�D�ΓΛΥΗΦW�ΗΙΙΗΦW�ΡΘ�ΟDο

βορ φορχε παρτιχιπατιον (Υ.Σ. ΕΠΑ, 2011). Σιmιλαρλψ, τηε mορβιδιτψ εφφεχτσ οφ πολλυτιον χαν 

ιmπαχτ λαβορ συππλψ δυε το εφφεχτ ον σιχκ δαψσ τακεν (ι.ε., τηε εξτενσιϖε mαργιν), ασ ωελλ 

ασ ωορκερ προδυχτιϖιτψ ωηιλε ον τηε ϕοβ (ι.ε., τηε ιντενσιϖε mαργιν) (ε.γ., ςεννεmο, 

1997).20
 5ΗςWΥΛΦWΛΡΘς�ΡΘ�DΘ�ΛΘΓΛΨΛΓΞDΟ�ς�WΛΠΗ�ΗΘΓΡΖΠΗΘW�DΟςΡ�DΙΙΗΦWς�WΚΗ�ΣΥΡΣΡΥWΛΡΘ�DΟΟΡο

χατεδ το ωορκ ϖερσυσ λεισυρε αχτιϖιτιεσ. Πολλυτιον−ρελατεδ mορβιδιτψ εφφεχτσ αλσο ινχρεασε 

δεmανδ φορ mεδιχαλ γοοδσ ανδ σερϖιχεσ, ωηιχη mεανσ τηοσε ρεσουρχεσ αρε νοτ αϖαιλαβλε 

φορ οτηερ προδυχτιϖε υσεσ ιν τηε εχονοmψ (Ματυσ, Ψανγ, Παλτσεϖ, Ρειλλψ, & Ναm, 2008���∃Οο

WΚΡΞϑΚ�WΚΗ�ςΛ]Η�ΡΙ�WΚΗςΗ�ΥΗςΡΞΥΦΗ�ςΚΛΙWς�ΠD∴�ΕΗ�ΥΗΟDWΛΨΗΟ∴�ςΠDΟΟ��ΦΡΘςΛΓΗΥDWΛΡΘ�ΡΙ�WΚΗΛΥ�ΗΙο
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φεχτ ον εχονοmιχ αχτιϖιτψ mαψ στιλλ βε ωαρραντεδ, παρτιχυλαρλψ γιϖεν τηε ηιγηλψ διστορτεδ 

στατε οφ ηεαλτη−χαρε mαρκετσ.

,Θ�DΓΓΛWΛΡΘ��ΗΘΨΛΥΡΘΠΗΘWDΟ�ΓΗϑΥDΓDWΛΡΘ�DΙΙΗΦWς�WΚΗ�ΚΗDΟWΚ�ΡΙ�ΦΚΛΟΓΥΗΘ�ΛΘ�ΖD∴ς�WΚDW�DΥΗ�ΣΡο

τεντιαλλψ διφφερεντ τηαν φορ αδυλτσ. Φιρστ, χηιλδρεν χαν βε mορε ϖυλνεραβλε το πολλυτιον δυε 

το νορmαλ χηιλδηοοδ αχτιϖιτιεσ ανδ βεηαϖιορ παττερνσ. Αχχορδινγ το Υ.Σ. ΕΠΑ (2013Α), 

�&ΚΛΟΓΥΗΘ�ϑΗΘΗΥDΟΟ∴�ΗDW�ΠΡΥΗ�ΙΡΡΓ��ΓΥΛΘΝ�ΠΡΥΗ�ΖDWΗΥ��DΘΓ�ΕΥΗDWΚΗ�ΠΡΥΗ�DΛΥ�ΥΗΟDWΛΨΗ�WΡ�

τηειρ σιζε τηαν αδυλτσ δο, ανδ χονσεθυεντλψ mαψ βε εξποσεδ το ρελατιϖελψ ηιγηερ αmουντσ 

ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΦΡΘWDΠΛΘDΘWς���6ΗΦΡΘΓ��ΦΚΛΟΓΥΗΘ�ΠD∴�ΕΗ�ΠΡΥΗ�ΨΞΟΘΗΥDΕΟΗ�WΡ�ΣΡΟΟΞWΛΡΘ�

βεχαυσε τηεψ αρε στιλλ δεϖελοπινγ πηψσιχαλλψ ανδ mαψ, τηερεφορε, βε mορε εασιλψ ηαρmεδ. 

7ΚΗ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴�ΡΘ�ΦΚΛΟΓΥΗΘ�ς�ΚΗDΟWΚ�ΛΠΣDΦWς�ΗΦΡΘΡΠΛΦ�DΦWΛΨΛW∴�

WΚΥΡΞϑΚ�ΠΞΟWΛΣΟΗ�ΦΚDΘΘΗΟς��,Θ�D�Γ∴ΘDΠΛΦ�ςΗWWΛΘϑ��ΦΚDΘϑΗς�ΛΘ�WΚΗ�ΚΗDΟWΚ�ΥΛςΝς�ΙDΦΗΓ�Ε∴�ΦΚΛΟο

δρεν, ιν τηε φορm οφ mορταλιτψ ανδ δεϖελοπmεντ, χαν ηαϖε λονγ−τερm ιmπλιχατιονσ φορ τηε 

εχονοmψ τηρουγη ιmπαχτσ ον φυτυρε λαβορ συππλψ ανδ ωορκερ προδυχτιϖιτψ. Φυρτηερmορε, 

πολλυτιον−ρελατεδ ιλλνεσσεσ ιν χηιλδρεν χαν αφφεχτ λαβορ συππλψ ωηεν παρεντσ ανδ γυαρδιανσ 

ηαϖε το τακε τιmε οφφ φροm ωορκ το προϖιδε χαρε (Σαλκεϖερ, 1982).

&ΚDΘϑΗς�ΛΘ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴�DΟςΡ�ΛΠΣDΦW�WΚΗ�DΨDΛΟDΕΛΟΛW∴�DΘΓ�ΣΥΡΓΞΦWΛΨΛW∴�ΡΙ�ΡWΚΗΥ�ΛΘο

πυτσ το προδυχτιον. Φορ εξαmπλε, ατmοσπηεριχ ανδ δεποσιτιον εφφεχτσ οφ αιρ πολλυτιον χαν 

λεαδ το mατεριαλσ δαmαγεσ, τηερεβψ ινχρεασινγ τηε δεπρεχιατιον ρατε οφ πηψσιχαλ χαπιταλ 

(Υ.Σ. ΕΠΑ, 1999; Σαηα & Εχκελmαν, 2014��DΘΓ�ΦDΞςΛΘϑ�ΓDΠDϑΗς�WΡ�ΕΞΛΟΓΛΘϑς�DΘΓ�ςWΥΞΦο

τυρεσ οφ χυλτυραλ ανδ ηιστοριχαλ σιγνιφιχανχε (Γροσχλαυδε & Σογυελ, 1994���ΖΚΛΦΚ�ΠD∴�ΛΠο

παχτ ρεγιοναλ τουρισm (Κλινγ, Ρεϖιερ, & Σαβλε, 2004���6ΛΠΛΟDΥΟ∴��DΛΥ�ΣΡΟΟΞWΛΡΘ�ΚDς�WΚΗ�ΣΡWΗΘο

τιαλ το αφφεχτ αγριχυλτυρε ανδ φορεστρψ τηρουγη ιτσ διρεχτ εφφεχτ ον ϖεγετατιον ϖια ινδυχεδ 

φολιαρ ινϕυρψ, ρεδυχεδ αννυαλ γροωτη ρατεσ, ανδ ινδυχεδ ροοτ λοσσ (Υ.Σ. ΕΠΑ, 2007). ςισιβλε 

ΙΡΟΛDΥ�ΛΘΜΞΥ∴�ΦDΘ�ΥΗΓΞΦΗ�WΚΗ�ΓΗςΛΥDΕΛΟΛW∴�ΡΙ�ΟΗDΙ∴�ΦΥΡΣς���Η�ϑ���ςΣΛΘDΦΚ��ΟΗWWΞΦΗ��DΘΓ�ΡΥΘDο

mενταλσ (ε.γ., πετυνιασ, γερανιυmσ, ποινσεττιασ). Dισχολορατιον ανδ εαρλψ σηεδδινγ οφ 

λεαϖεσ φροm αιρ πολλυτιον, χαν αλσο ηαϖε νοταβλε ωελφαρε εφφεχτσ ιν αρεασ ωηερε φολιαγε ισ 

ηιγηλψ ϖαλυεδ (ε.γ., σχενιχ ϖιστασ, φαλλ φολιαγε).

/ΛWΗΥDWΞΥΗ�,ΘΦΡΥΣΡΥDWΛΘϑ�%ΗΘΗΙΛWς�ΛΘWΡ�(ΦΡΘΡΠ∴�:ΛΓΗ�∃ΘDΟ∴ςΛς�ΡΙ�(Θο

ϖιρονmενταλ Ρεγυλατιον

,W�ΚDς�ΕΗΗΘ�ΗςWΛΠDWΗΓ�WΚDW�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΣΥΗΨΗΘW�ςΞΕςWDΘWΛDΟ�ΘΞΠΕΗΥς�ΡΙ�ΣΥΗο

mατυρε δεατησ εϖερ ψεαρ ανδ ηαϖε α σιγνιφιχαντ εφφεχτ ον ρατεσ οφ mορβιδιτψ (Υ.Σ. ΕΠΑ, 

2011). Α νυmβερ οφ ρεσεαρχηερσ ηαϖε mοδελεδ τηε ωαψ τηεσε ιmπροϖεmεντσ ιν ηυmαν 

ηεαλτη mαψ ιντεραχτ ωιτη τηε εχονοmψ υσινγ ΧΓΕ mοδελσ. Σεϖεραλ οφ τηε ινιτιαλ στυδιεσ 

ωερε χονδυχτεδ ιν Ευροπε. ςεννεmο (1997��ΖDς�ΡΘΗ�ΡΙ�WΚΗ�ΙΛΥςW�WΡ�ΛΘΦΡΥΣΡΥDWΗ�ΗΘΨΛΥΡΘο

ΠΗΘWDΟ�Η[WΗΥΘDΟΛWΛΗς�ΛΘWΡ�DΘ�DΣΣΟΛΗΓ�&∗(�ΠΡΓΗΟ�ΡΙ�WΚΗ�1ΡΥΖΗϑΛDΘ�ΗΦΡΘΡΠ∴��0ΡΥΕΛΓΛW∴�Dςο

σοχιατεδ ωιτη αιρ πολλυτιον ωασ ασσυmεδ το ιmπαχτ λαβορ συππλψ ατ βοτη τηε εξτενσιϖε ανδ 

ιντενσιϖε mαργινσ ανδ ωασ mοδελεδ ασ πολλυταντ σπεχιφιχ λαβορ σηοχκσ. Wηιλε τηε εαρλψ 

ΖΡΥΝ�ΡΙ�9ΗΘΘΗΠΡ�ΖDς�ΟΛΠΛWΗΓ�ΛΘ�ΛWς�DΕΛΟΛW∴�WΡ�ΦDΣWΞΥΗ�ςΡΠΗ�ΡΙ�WΚΗ�ΦΡΠΣΟΗ[�ΦΡΘΘΗΦWΛΡΘς�ΕΗο

WΖΗΗΘ�WΚΗ�ΗΦΡΘΡΠ∴�DΘΓ�WΚΗ�ΗΘΨΛΥΡΘΠΗΘW��ΛW�ΣΥΡΨΛΓΗΓ�ΛΘςΛϑΚWς�ΛΘWΡ�WΚΗΛΥ�ΣΡWΗΘWΛDΟ�ΛΠΣΡΥο
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τανχε. Ενϖιρονmενταλ φεεδβαχκσ σιγνιφιχαντλψ ρεδυχεδ χονσυmπτιον οφ γοοδσ ανδ σερϖιχεσ 

ασ ωελλ ασ οϖεραλλ σοχιαλ ωελφαρε.

Α δεχαδε λατερ, Μαψερεσ ανδ ϖαν Ρεγεmορτερ (2008) στυδιεδ τηε εφφεχτ οφ ηεαλτη ιmπαχτσ 

φροm αιρ πολλυτιον ον τηε Ευροπεαν εχονοmψ. Τηειρ στυδψ πυσηεδ τηε σχιενχε φορωαρδ βψ 

ΛΘΦΡΥΣΡΥDWΛΘϑ�ςΡΠΗ�DςΣΗΦWς�ΡΙ�ΠΡΥWDΟΛW∴��ΠΡΥΕΛΓΛW∴��DΘΓ�ΘΡΘ�ΚΗDΟWΚ�ΛΠΣDΦWς�ΡΙ�DΛΥ�ΣΡΟΟΞο

WΛΡΘ�ΙΥΡΠ�WΚΗ�ΗΘΗΥϑ∴�ςΗΦWΡΥ�Dς�ΘΡΘ�ςΗΣDΥDΕΟΗ�ΗΟΗΠΗΘWς�ΡΙ�ΚΡΞςΗΚΡΟΓς��ΞWΛΟΛW∴�ΙΞΘΦWΛΡΘς�ΛΘ�

α γενεραλ εθυιλιβριυm φραmεωορκ. Ιν οτηερ ωορδσ, τηε στυδψ αλλοωεδ φορ τηε βεηαϖιορ οφ 

ΚΡΞςΗΚΡΟΓς�WΡ�ΕΗ�DΙΙΗΦWΗΓ�Ε∴�ΦΚDΘϑΗς�ΛΘ�ΚΗDΟWΚ�ςWDWΞς�DΘΓ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΤΞDΟΛW∴��0ΡΥΕΛΓΛο

W∴�ΖDς�ΠΡΓΗΟΗΓ�Dς�ΕΡWΚ�ΥΗΓΞΦΛΘϑ�ΚΡΞςΗΚΡΟΓς��WΛΠΗ�ΗΘΓΡΖΠΗΘW�ΓΛΥΗΦWΟ∴�DΘΓ�Dς�D�ΟDΕΡΥ�

προδυχτιϖιτψ σηοχκ. Βψ mοδελινγ α πορτιον οφ τηε λαβορ mορβιδιτψ εφφεχτ ασ α σηοχκ το λαβορ 

προδυχτιϖιτψ, Μαψερεσ ανδ ϖαν Ρεγεmορτερ αττεmπτεδ το χαπτυρε τηε ρολε οφ παιδ σιχκ 

λεαϖε, ωηερεβψ σοmε ηουσεηολδσ ωιλλ ρεmαιν φινανχιαλλψ ωηολε ιν τηε φαχε οφ χηανγεσ ιν 

mορβιδιτψ, ωηιλε φιρmσ σεε α χηανγε ιν τηε προδυχτιϖιτψ οφ τηειρ λαβορ φορχε. Τηε στυδψ αλσο 

ΛΘΦΡΥΣΡΥDWΗΓ�WΚΗ�ΠΗΓΛΦDΟ�ΦΡςWς�ΡΙ�ΣΡΟΟΞWΛΡΘ�ΛΘΓΞΦΗΓ�ΠΡΥWDΟΛW∴�DΘΓ�ΠΡΥΕΛΓΛW∴�ΠΡΥΗ�ΙΞΟΟ∴�ΛΘο

το τηε mοδελ βψ χονσιδερινγ τηε εφφεχτ οφ αιρ πολλυτιον ον πριϖατε ανδ πυβλιχ σπενδινγ φορ 

ΠΗΓΛΦDΟ�ςΗΥΨΛΦΗς�DΘΓ�ΚΡΞςΗΚΡΟΓ�ς�WΛΠΗ�ΗΘΓΡΖΠΗΘWς�ΖΛWΚΛΘ�D�ΕΛ�ΓΛΥΗΦWΛΡΘDΟ�ΦΡΞΣΟΛΘϑ�ΡΙ�WΚΗ�

εχονοmψ ανδ τηε ενϖιρονmεντ.

5ΗςΗDΥΦΚΗΥς�ΛΘ�WΚΗ�8ΘΛWΗΓ�6WDWΗς�DΟςΡ�ΕΗϑDΘ�WΡ�ΛΘΦΡΥΣΡΥDWΗ�ΚΗDΟWΚ�ΛΠΣDΦWς�ΙΥΡΠ�DΛΥ�ΣΡΟΟΞο

τιον ιντο α προmινεντ mυλτιρεγιον, γλοβαλ ΧΓΕ mοδελ (ι.ε., τηε Εmισσιον Πρεδιχτιον ανδ 

Πολιχψ Αναλψσισ [ΕΠΠΑ] mοδελ). Το δατε, τηε ηεαλτη εφφεχτσ ϖερσιον οφ τηε mοδελ ηασ βεεν 

υσεδ το στυδψ τηε ιmπαχτ οφ ηιστοριχαλ οζονε ανδ παρτιχυλατε mαττερ αιρ πολλυτιον ιν τηε 

Υ.Σ. (Ματυσ ετ αλ., 2008), Ευροπε (Ναm, Σελιν, Ρειλλψ, & Παλτσεϖ, 2010), ανδ Χηινα (Ματυσ 

ετ αλ., 2012), ανδ φυτυρε οζονε πολλυτιον γλοβαλλψ (Σελιν ετ αλ., 2009���7Ρ�ΛΘΦΡΥΣΡΥDWΗ�ΣΥΗο

mατυρε mορταλιτψ, τηε mοδελ αχχουντεδ φορ τηε δαmαγεσ το ηουσεηολδσ ιν τερmσ οφ τοταλ 

φαχτορ χονσυmπτιον, ινχλυδινγ λεισυρε, ωηιλε αλσο αχχουντινγ φορ τηε χυmυλατιϖε εχονοmιχ 

ΗΙΙΗΦW�ΡΙ�ΥΗΓΞΦΗΓ�ΟDΕΡΥ��ΦΡΘςΞΠΣWΛΡΘ��DΘΓ�ΛΘΨΗςWΠΗΘW�DςςΡΦΛDWΗΓ�ΖΛWΚ�ΣΥΗΠDWΞΥΗ�ΠΡΥWDΟΛο

τψ. Το ινχορπορατε πολλυτιον−ινδυχεδ mορβιδιτψ, τηε mοδελ αχχουντεδ φορ τηε ρεδυχεδ τιmε 

DΨDΛΟDΕΟΗ�ΙΡΥ�ΟDΕΡΥ�DΘΓ�ΡΥ�ΟΗΛςΞΥΗ��WΚΗ�ΛΘΦΥΗDςΗΓ�ΓΗΠDΘΓ�ΙΡΥ�ΠΗΓΛΦDΟ�ςΗΥΨΛΦΗς��DΘΓ�ΦΞΠΞο

λατιϖε εχονοmιχ εφφεχτσ φροm τηοσε χηανγεσ.

Τωο στυδιεσ ηαϖε εστιmατεδ ηοω ινχλυδινγ τηε βενεφιτσ οφ αιρ πολλυτιον ρεγυλατιον αφφεχτσ 

σοχιαλ ωελφαρε. Ματυσ ετ αλ. (2008) εστιmατεδ τηατ βψ 2000 αιρ πολλυτιον ρεγυλατιονσ ιν τηε 

8ΘΛWΗΓ�6WDWΗς�ΣΥΡΨΛΓΗΓ�D�ΖΗΟΙDΥΗ�ΛΠΣΥΡΨΗΠΗΘW��ΠΗDςΞΥΗΓ�ΛΘ�WΗΥΠς�ΡΙ�ΗΤΞΛΨDΟΗΘW�ΨDΥΛDο

τιον) οφ νεαρλψ ∃400 βιλλιον [1997∃], ωιτη ηουσεηολδσ βεινγ ωιλλινγ το παψ ανοτηερ ∃250 

βιλλον [1997∃] το αϖοιδ τηε ρεmαινινγ δαmαγεσ φροm αιρ πολλυτιον.21
 Τηεψ αλσο εστιmατεδ 

WΚDW�ΦΡΘςΞΠΣWΛΡΘ�ΡΙ�ΙΛΘDΟ�ϑΡΡΓς�ΖDς������ΚΛϑΚΗΥ�ΛΘ������ΓΞΗ�WΡ�ΛΠΣΥΡΨΗΠΗΘWς�ΛΘ�DΛΥ�ΤΞDΟο

ΛW∴�WΚDΘ�ΛΘ�D�ΖΡΥΟΓ�ΖΛWΚΡΞW�WΚΡςΗ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΣΡΟΛΦΛΗς��7ΚΗ�8�6��(3∃�ΦΡΘΓΞΦWΗΓ�D�ςΛΠΛο

λαρ στυδψ λοοκινγ ατ τηε εξπεχτεδ εχονοmψ−ωιδε ιmπαχτσ οφ αλλ ρεγυλατιονσ προmυλγατεδ 

τηυσ φαρ υνδερ τηε Χλεαν Αιρ Αχτ Αmενδmεντσ (Υ.Σ. ΕΠΑ, 2011). Τηε στυδψ mοδελεδ τωο 

ςΦΗΘDΥΛΡς�ΛΘ�D�&∗(�ΙΥDΠΗΖΡΥΝ��D��ΦΡςW�ΡΘΟ∴��ςΦΗΘDΥΛΡ�WΚDW�ΛΘWΥΡΓΞΦΗΓ�WΚΗ�ΦΡΠΣΟΛDΘΦΗ�

ΦΡςWς�ΡΙ�WΚΗ�ΥΗϑΞΟDWΛΡΘς�ΛΘWΡ�WΚΗ�ΠΡΓΗΟ��DΘΓ�D��ΟDΕΡΥ�ΙΡΥΦΗ�DΓΜΞςWΗΓ��ςΦΗΘDΥΛΡ�WΚDW�ΠΡΓο

ελεδ βοτη τηε χοστσ ανδ σοmε ηυmαν ηεαλτη βενεφιτσ, σπεχιφιχαλλψ τηε mορταλιτψ ρισκ ανδ 

ΠΡΥΕΛΓΛW∴�ΥΗΓΞΦWΛΡΘς�Η[ΣΗΦWΗΓ�WΡ�DΦΦΥΞΗ�WΡ�WΚΗ�ΟDΕΡΥ�ΙΡΥΦΗ�Dς�DΘ�ΛΘΦΥΗDςΗ�ΛΘ�WΚΗΛΥ�DΨDΛΟο
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Φιγυρε 1.  Εχονοmψ−Wιδε Ιmπαχτσ οφ τηε Χλεαν Αιρ 

Αχτ Αmενδmεντσ.

Σουρχε: Υ.Σ. ΕΠΑ (2011).

αβλε τιmε ενδοωmεντ. Τηε σχεναριο αλσο ινχλυδεδ εξπεχτεδ ρεδυχτιονσ ιν τηε δεmανδ φορ 

mεδιχαλ σερϖιχεσ ασ α ρεσυλτ οφ ρεδυχεδ mορβιδιτψ.

7ΚΗ�8�6��(3∃�ς�DΘDΟ∴ςΛς�ΚΛϑΚΟΛϑΚWς�D�ΘΞΠΕΗΥ�ΡΙ�ΛΠΣΡΥWDΘW�ΛΘςΛϑΚWς��)ΛΥςW��ΛW�ςΚΡΖΗΓ�ΚΡΖ�

ιmπορταντ αχχουντινγ φορ τηε βενεφιχιαλ ιmπαχτσ οφ ενϖιρονmενταλ πολιχιεσ αρε ωηεν τρψινγ 

το ασσεσσ τηειρ εχονοmιχ ιmπαχτσ. Wηεν αχχουντινγ φορ τηε ηυmαν ηεαλτη ιmπαχτσ οφ τηε 

πολιχψ τηε εξπεχτεδ εφφεχτ ον ΓDΠ ωασ λεσσ τηαν ηαλφ οφ ωηατ ιτ ωασ ωηεν ονλψ χοmπλιανχε 

ΦΡςWς�ΖΗΥΗ�ΦΡΘςΛΓΗΥΗΓ��,ΘΦΟΞςΛΡΘ�ΡΙ�ΚΗDΟWΚ�ΕΗΘΗΙΛWς�ΛΘ�WΚΗ�ΦΡΘWΥΡΟ�ΦDςΗ�DΟςΡ�ΥΗΓΞΦΗΓ�ΘΗϑDο

WΛΨΗ�ΛΠΣDΦWς�ΡΘ�ςΗΦWΡΥς�ςΞΦΚ�Dς�ΗΟΗΦWΥΛΦΛW∴��ΠΛΘΛΘϑ��DΘΓ�ΠΛΘΗΥDΟς�DΘΓ�ΛΘΦΥΗDςΗΓ�WΚΗ�ΣΡςΛο

WΛΨΗ�ΛΠΣDΦWς�ΡΘ�ςΗΦWΡΥς�ςΞΦΚ�Dς�ΦΡΠΣΞWΗΥ�ΗΤΞΛΣΠΗΘW�ΠDΘΞΙDΦWΞΥΛΘϑ��6ΗΦΡΘΓ��Dς�ΣΥΗΨΛΡΞςο

λψ δισχυσσεδ, ιτ δεmονστρατεδ τηατ ΓDΠ ισ νοτ α παρτιχυλαρλψ γοοδ mεασυρε οφ τηε ωελφαρε 

ιmπαχτ οφ α πολιχψ. Ρεχαλλ τηατ, εϖεν ωηεν ονλψ χονσιδερινγ τηε χοστσ οφ τηε πολιχψ, τηε 

χηανγε ιν ΓDΠ ωασ σιγνιφιχαντλψ διφφερεντ τηαν τηε χηανγε ιν ωελφαρε. Φιγυρε 1 σηοωσ τηατ 

τηισ ισσυε ισ εξαχερβατεδ ονχε τηε ηυmαν ηεαλτη ιmπαχτσ οφ τηε πολιχψ αρε ινχλυδεδ. Ιν τηε 

ΛΘΛWΛDΟ�∴ΗDΥς�WΚΗ�ΛΠΣDΦW�ΡΙ�WΚΗ�ΣΡΟΛΦ∴�ΡΘ�∗∋3�ΖDς�ΘΗϑDWΛΨΗ�ΖΚΛΟΗ�WΚΗ�ΣΡΟΛΦ∴�ΖDς�ΛΠΠΗΓΛο

ατελψ ωελφαρε ιmπροϖινγ (ωιτη τηισ εφφεχτ γροωινγ οϖερ τιmε). Τηισ ισ πριmαριλψ δριϖεν βψ 

χηανγεσ ιν τηε τιmε ενδοωmεντ, ωηιχη αλλοωσ ηουσεηολδσ το ενγαγε ιν mορε λεισυρε ωηιλε 

αλσο συππλψινγ mορε λαβορ, ινχρεασινγ βοτη χονσυmπτιον ανδ ωελφαρε.

∃ς�DΟΥΗDΓ∴�ΠΗΘWΛΡΘΗΓ��ΡWΚΗΥ�ΘΡΘΠDΥΝΗW�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΣΡΟΛΦΛΗς�ΠD∴�DΟςΡ�ΕΗ�ΛΠο

πορταντ φορ δετερmινινγ εφφεχτσ ον σοχιαλ ωελφαρε. Φορ εξαmπλε, Φιννοφφ ανδ Τσχηιρηαρτ 

(2008��ΦΡΞΣΟΗΓ�ΗΦΡΟΡϑΛΦDΟ�DΘΓ�ΗΦΡΘΡΠΛΦ�ϑΗΘΗΥDΟ�ΗΤΞΛΟΛΕΥΛΞΠ�ΠΡΓΗΟς�ΡΙ�WΚΗ�∃ΟDςΝDΘ�ΗΦΡΘΡο

Π∴�ΖΛWΚ�D�ΙΡΡΓ�ΖΗΕ�ΠΡΓΗΟ�ΡΙ�∃ΟDςΝD�ς�ΠDΥΛΘΗ�ΗΦΡς∴ςWΗΠ�WΡ�ςWΞΓ∴�WΚΗ�ΗΦΡΘΡΠΛΦ�ΛΠΣDΦWς�ΡΙ�

ρεγυλατινγ χοmmερχιαλ φισηινγ. Τηεψ φουνδ ποτεντιαλλψ νοταβλε γενεραλ εθυιλιβριυm εφφεχτσ 

δυε το τηε διρεχτ εφφεχτσ ιν τηε ρεγυλατεδ σεχτορ ανδ ινδιρεχτ εφφεχτσ ον τηε τουρισm σεχτορ. 

Ιν αδδιτιον, ωηιλε mοστ οφ τηε πριmαρψ φαχτορσ (χαπιταλ ανδ λαβορ) υτιλιζεδ ιν τηε διρεχτλψ 

ρεγυλατεδ ινδυστρψ ρεσιδεδ ουτσιδε οφ Αλασκα, τηεψ φουνδ τηατ τηε δοmεστιχ λαβορ mαρκετ 

ωασ αφφεχτεδ δυε το ρεδυχτιονσ ιν ρεαλ ινχοmε ασ ωελλ ασ χηανγεσ ιν τηε τουρισm σεχτορ.22

Χαρβονε ανδ Σmιτη (2013��WΗςWΗΓ�WΚΗ�ΤΞDΘWΛWDWΛΨΗ�ΛΠΣΡΥWDΘΦΗ�ΡΙ�ϑΗΘΗΥDΟ�ΗΤΞΛΟΛΕΥΛΞΠ�ΖΗΟο

φαρε εφφεχτσ ωηεν τηερε αρε χηανγεσ ιν ηυmαν ηεαλτη, νονmαρκετ εχοσψστεm σερϖιχεσ, ανδ 

νον−υσε εξιστενχε σερϖιχεσ τηατ ρεσυλτ φροm ιmπροϖινγ ενϖιρονmενταλ θυαλιτψ. Σπεχιφιχαλλψ, 

τηεψ αδδεδ σεχτορ−σπεχιφιχ συλφυρ ανδ νιτρογεν οξιδε εmισσιονσ φαχτορσ τηατ ηαϖε εφφεχτσ 
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ον λακεσ ανδ φορεστσ τηρουγη αχιδιχ δεποσιτιον, αλονγ ωιτη νεγατιϖε ηυmαν ηεαλτη ιmπαχτσ 

το α ΧΓΕ mοδελ. Τηεψ αλσο ινχλυδεδ τωο νον−mαρκετ σερϖιχεσ ασσοχιατεδ ωιτη ρεχρεατιοναλ 

φισηεριεσ ανδ τρεε χοϖερ ανδ α νον−υσε εξιστενχε ϖαλυε ασσοχιατεδ ωιτη γενεραλ ηαβιτατ 

σερϖιχεσ. Τηε αυτηορσ χονδυχτεδ α σεριεσ οφ εξπεριmεντσ το χοmπαρε τηε ωελφαρε χηανγε 

ΖΛWΚ�DΘΓ�ΖΛWΚΡΞW�WΚΗ�ϑΗΘΗΥDΟ�ΗΤΞΛΟΛΕΥΛΞΠ�ΗΙΙΗΦWς�ΙΥΡΠ�ΦΚDΘϑΗς�ΛΘ�DΛΥ�ΤΞDΟΛW∴�ΛΠΣΥΡΨΗο

ΠΗΘWς��)ΡΥ�D�ΣΡΟΛΦ∴�ΥΗςΞΟWΛΘϑ�ΛΘ�D�����ΗΠΛςςΛΡΘς�ΥΗΓΞΦWΛΡΘ��ΥΡΞϑΚΟ∴�WΚΗ�ΠDϑΘΛWΞΓΗ�ΡΙ�ΥΗο

δυχτιονσ φροm τηε Χλεαν Αιρ Αχτ Αmενδmεντσ, ανδ φοχυσινγ ονλψ ον ιmπροϖεmεντσ το 

ρεχρεατιοναλ φισηεριεσ, τηεψ φουνδ τηατ ινχλυδινγ γενεραλ εθυιλιβριυm εφφεχτσ ινχρεασεσ τηε 

εστιmατε οφ τηε ωελφαρε ιmπροϖεmεντ βψ 12% το 55%.23
 Τηεσε ρεσυλτσ λεδ τηε αυτηορσ το 

ΦΡΘΦΟΞΓΗ�WΚDW�ΗΨΗΘ�ΖΚΗΘ�WΚΗ�ΨDΟΞΗ�ΡΙ�ΘΡΘΠDΥΝΗW�ςΗΥΨΛΦΗς�Λς�D�ςΠDΟΟ�ΙΥDΦWΛΡΘ�ΡΙ�WΚΗ�DϑϑΥΗο

γατε ϖαλυε οφ τηε εχονοmψ, τηε γενεραλ εθυιλιβριυm εφφεχτσ στεmmινγ φροm ηοω χηανγεσ ιν 

ενϖιρονmενταλ θυαλιτψ αφφεχτ ηουσεηολδ βεηαϖιορ mαψ βε νοταβλε.

Χασε Στυδψ: Ρεmοϖινγ Λεαδ φροm Γασολινε

Λεαδ ηαδ βεεν υσεδ βψ ρεφινερσ ασ αν αδδιτιϖε ιν γασολινε το ινχρεασε 

οχτανε λεϖελσ ανδ ιmπροϖε ενγινε περφορmανχε σινχε τηε 1920σ. Τηισ 

πραχτιχε λεδ το ηιγη λεϖελσ οφ λεαδ ιν τηε ατmοσπηερε ανδ σοιλ. Στυδιεσ 

ιν τηε εαρλψ 1980σ ινχρεασινγλψ τιεδ λεαδ εξποσυρε το νεγατιϖε ηεαλτη 

εφφεχτσ ιν χηιλδρεν (ε.γ., λεαρνινγ προβλεmσ, ηψπεραχτιϖιτψ, ανδ λοωερ 

ΙΘ) ανδ αδυλτσ (ε.γ., ινχρεασεδ βλοοδ πρεσσυρε ανδ ηψπερτενσιον). Ιν 

αδδιτιον, αυτοmοβιλε mανυφαχτυρερσ ωερε ρεθυιρεδ το ινσταλλ χαταλψτιχ 

ΦΡΘΨΗΥWΗΥς�ΛΘ�ΘΗΖ�ΦDΥς�ΕΗϑΛΘΘΛΘϑ�ΖΛWΚ�WΚΗ������ΠΡΓΗΟ�∴ΗDΥ�WΡ�ΥΗο

ΓΞΦΗ�ΗΠΛςςΛΡΘς�ΡΙ�Κ∴ΓΥΡΦDΥΕΡΘς��ΘΛWΥΡϑΗΘ�Ρ[ΛΓΗς��DΘΓ�ΦDΥΕΡΘ�ΠΡΘΡ[ο

ΛΓΗ��+ΡΖΗΨΗΥ��ΦDWDΟ∴WΛΦ�ΦΡΘΨΗΥWΗΥς�ΟΡςΗ�WΚΗΛΥ�ΗΙΙΗΦWΛΨΗΘΗςς�ΖΚΗΘ�Η[ο

ποσεδ το λεαδ.

Το προτεχτ πυβλιχ ηεαλτη, παρτιχυλαρλψ χηιλδρεν ιν υρβαν αρεασ, ανδ το 

αδδρεσσ χοmπλιχατιονσ φορ χαταλψτιχ χονϖερτερσ, τηε Υ.Σ. ΕΠΑ ρεθυιρεδ 

ρεταιλερσ το βεγιν σελλινγ σοmε αmουντ οφ υνλεαδεδ γασολινε ιν 1974. 

∃ς�DΖDΥΗΘΗςς�ΡΙ�WΚΗ�ΚΗDΟWΚ�ΛΠΣDΦWς�ΡΙ�ΟΗDΓ�Η[ΣΡςΞΥΗ�ϑΥΗΖ��ςΡ�ΓΛΓ�ΓΗο

mανδ φορ mορε ραπιδ ρεmοϖαλ οφ λεαδ φροm γασολινε. Ιν 1982 τηε Υ.Σ. 

ΕΠΑ προmυλγατεδ α τραδαβλε περφορmανχε στανδαρδ τηατ εσταβλισηεδ α 

ς∴ςWΗΠ�ΡΙ�ΣΥΡΣΗΥW∴�ΥΛϑΚWς�ΙΡΥ�ΟΗDΓ�ΞςΗ��ΖΚΛΦΚ�ΦΡΞΟΓ�ΕΗ�WΥDΓΗΓ�ΕΗο

WΖΗΗΘ�ΥΗΙΛΘΗΥς�ΛΘ�ΡΥΓΗΥ�WΡ�ΟΡΖΗΥ�ΦΡςWς��7ΚΗ�ςWDΘΓDΥΓ�ΖDς�ΠDΓΗ�WΥDΓο

αβλε ιν παρτ δυε το χονχερνσ τηατ σmαλλ ρεφινερσ mιγητ φινδ ιτ διφφιχυλτ 

WΡ�ΠΗΗW�WΚΗ�ΘΗΖ�ςWDΘΓDΥΓς�DΘΓ�ΖΡΞΟΓ�ΕΗΘΗΙΛW�ΙΥΡΠ�DΓΓΛWΛΡΘDΟ�ΙΟΗ[ΛΕΛΟο

ιτψ (Ηαην & Ηεστερ, 1989). Ιν 1985 τηε Υ.Σ. ΕΠΑ φυρτηερ τιγητενεδ τηε 

στανδαρδσ. Ιν αδδιτιον το τραδινγ, τηε Υ.Σ. ΕΠΑ αλλοωεδ ρεφινερσ το 

βανκ εmισσιονσ ρεδυχτιονσ αχροσσ θυαρτερσ ιν τηατ φιρστ ψεαρ οφ τηε 

mορε στρινγεντ προγραm. Λεαδ ιν γασολινε ωασ βαννεδ χοmπλετελψ ιν 

1996.
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([�ΣΡςW�DςςΗςςΠΗΘWς�ΙΡΞΘΓ�WΚDW�WΥDΓΛΘϑ�DΘΓ�ΕDΘΝΛΘϑ�ΖΗΥΗ�ΞςΗΓ�Η[ο

WΗΘςΛΨΗΟ∴��/DΥϑΗΥ�ΥΗΙΛΘΗΥς�WΗΘΓΗΓ�WΡ�ΥΗΓΞΦΗ�ΟΗDΓ�ΛΘ�WΚΗΛΥ�ΙΞΗΟ��ϑΗΘΗΥDWο

ινγ εξτρα περmιτσ, ανδ τηεν σολδ τηεσε ριγητσ το σmαλλερ ρεφινερσ ωιτη 

ΥΗΟDWΛΨΗΟ∴�ΚΛϑΚΗΥ�ΥΗΙΛΘΛΘϑ�ΦΡςWς��%DΘΝΛΘϑ�ΣΥΡΨΛςΛΡΘς�ΖΗΥΗ�ΠDΛΘΟ∴�ΞWΛο

λιζεδ βψ λαργε ρεφινερσ, τηουγη σmαλλερ ρεφινερσ αλσο βενεφιτεδ φροm 

WΚΛς�ΙΟΗ[ΛΕΛΟΛW∴�ςΛΘΦΗ�ΛW�ΛΘΦΥΗDςΗΓ�WΚΗ�ΣΡΡΟ�ΡΙ�ΣΗΥΠΛWς�DΨDΛΟDΕΟΗ�ΙΡΥ�ΣΞΥο

χηασε (Ηαην & Ηεστερ, 1989). Wηιλε ρεσεαρχηερσ διδ νοτ ρελψ ον τηε 

εχονοmετριχ ανδ γενεραλ εθυιλιβριυm mοδελινγ αππροαχηεσ δισχυσσεδ 

ιν οτηερ σεχτιονσ οφ τηισ αρτιχλε, τηε λιmιτεδ δατα αϖαιλαβλε ινδιχατε 

συβσταντιαλ χοστ σαϖινγσ (Νεωελλ & Ρογερσ, 2006). Ηαην ανδ Ηεστερ 

(1989��ςWDWΗΓ�WΚDW��ΛW�Λς�ΥΗDςΡΘDΕΟΗ�WΡ�ΗςWΛΠDWΗ�WΚDW�WΚΗ�ΦΡςW�ςDΨΛΘϑς�

WΡ�ΥΗΙΛΘΗΥς�ΙΥΡΠ�ΟΗDΓ�ΥΛϑΚWς�WΥDΓΛΘϑ�DΘΓ�ΕDΘΝΛΘϑ�DΠΡΞΘWΗΓ�WΡ�ΚΞΘο

ΓΥΗΓς�ΡΙ�ΠΛΟΟΛΡΘς�ΡΙ�ΓΡΟΟDΥς���.ΗΥΥ�DΘΓ�1ΗΖΗΟΟ��2003��DΟςΡ�ΙΡΞΘΓ�ΗΨΛο

δενχε τηατ περιοδσ ωηεν τηε τραδινγ ανδ βανκινγ προϖισιονσ ωερε 

υσεδ χορρεσπονδεδ ωιτη mορε ραπιδ αδοπτιον οφ οχτανε−ενηανχινγ 

τεχηνολογιεσ το ρεπλαχε τηε υσε οφ λεαδ.

Σψστεmατιχ εξ−αντε βενεφιτ−χοστ εστιmατεσ αρε νοτ αϖαιλαβλε φορ τηε 

ΗDΥΟ∴�ΟΗDΓ�ΣΚDςΗΓΡΖΘ�ΣΥΡϑΥDΠ��ΕΞW�WΚΗ�8�6��(3∃�ΦΡΘΓΞΦWΗΓ�Η[WΗΘο

σιϖε βενεφιτ−χοστ αναλψσισ φορ τηε 1985 ρεγυλατιον (Υ.Σ. ΕΠΑ, 1985). 

Φορ 1986 το 1988, βενεφιτσ οφ α τεν−φολδ ρεδυχτιον ιν λεαδ χοντεντ 

ΖΗΥΗ�ΗςWΛΠDWΗΓ�WΡ�ΡΞWΖΗΛϑΚ�ΦΡςWς�DΕΡΞW����WΡ����Η�ϑ���ΛΘ�������ΕΗΘΗο

φιτσ οφ ∃7.8 βιλλιον χοmπαρεδ το χοστσ οφ ∃600 mιλλιον ιν 1983 δολλαρσ). 

:ΚΗΘ�ΕΟΡΡΓ�ΣΥΗςςΞΥΗ�ΥΗΟDWΗΓ�ΕΗΘΗΙΛWς�WΡ�DΓΞΟWς��ΖΚΛΦΚ�ΖΗΥΗ�ΗςWΛΠDWο

εδ ωιτη λεσσ χερταιντψ, ωερε εξχλυδεδ φροm τηε αναλψσισ βενεφιτσ στιλλ 

εξχεεδεδ χοστσ 2 το 1 (Νιχηολσ, 1997���7ΚΗ�ΙΛΘΓΛΘϑ�ΡΙ�ςΛ]DΕΟΗ�ΘΗW�ΕΗΘο

εφιτσ ασσοχιατεδ ωιτη πηασινγ ουτ λεαδ ιν γασολινε ισ ρεmαρκαβλε γιϖεν 

WΚΗ�ΝΘΡΖΟΗΓϑΗ�ϑDΣς�DW�WΚΗ�WΛΠΗ��7ΚΗ�8�6��(3∃�ΖDς�ΡΘΟ∴�DΕΟΗ�WΡ�ΤΞDΘο

WΛΙ∴�DΨΡΛΓΗΓ�ΦΡςWς�ΡΙ�ΠΗΓΛΦDΟ�ΦDΥΗ�DΘΓ�ΥΗΠΗΓΛDΟ�ΗΓΞΦDWΛΡΘ�ΙΡΥ�ΦΚΛΟο

δρεν ωιτη βλοοδ λεϖελσ αβοϖε α χερταιν τηρεσηολδ. Τηε ωιλλινγνεσσ το 

ΣD∴�ΙΡΥ�DΨΡΛΓΗΓ�ΟDςWΛΘϑ�ΚΗDΟWΚ�DΘΓ�ΦΡϑΘΛWΛΨΗ�ΛΠΣDΦWς�ΖΗΥΗ�ΘΡW�ΛΘΦΟΞΓο

εδ ιν τηε αναλψσισ βυτ ωουλδ λικελψ ηαϖε βεεν οφ α λαργερ mαγνιτυδε 

τηαν τηε ινχλυδεδ βενεφιτσ (Κεοηανε & Ολmστεαδ, 2007). Ιν α ρεχεντ 

στυδψ, Wολφε ετ αλ. (2016��ΙΡΞΘΓ�WΚDW�ΗΦΡΘΡΠ∴�ΖΛΓΗ�ΙΗΗΓΕDΦΝς�ΡΙ�ΦΡϑο

νιτιϖε δαmαγεσ φροm λεαδεδ αϖιατιον φυελ, στιλλ ιν υσε ιν τηε Υνιτεδ 

Στατεσ, αρε αλσο σιγνιφιχαντ. Ιν παρτιχυλαρ, τηεψ φουνδ εχονοmψ−ωιδε 

ΖΗΟΙDΥΗ�ΟΡςςΗς�ΞςΛΘϑ�D�Γ∴ΘDΠΛΦ�&∗(�ΠΡΓΗΟ�ΖΗΥΗ�����ΟDΥϑΗΥ�WΚDΘ�ςWDο

τιχ παρτιαλ εθυιλιβριυm εστιmατεσ.

Σιγνιφιχαντ Ουτστανδινγ Ρεσεαρχη Θυεστιονσ

7ΚΗΥΗ�DΥΗ�D�ΘΞΠΕΗΥ�ΡΙ�ΛΠΣΡΥWDΘW�ΤΞΗςWΛΡΘς�ΥΗϑDΥΓΛΘϑ�WΚΗ�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞο

ΟDWΛΡΘ�ΡΘ�WΚΗ�8�6��ΗΦΡΘΡΠ∴�WΚDW�ΥΗΠDΛΘ�ΞΘΥΗςΡΟΨΗΓ��:Η�ΕΥΛΗΙΟ∴�ΓΛςΦΞςς�ςΗΨΗΥDΟ��ΗΠΣΚDςΛ]ο
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ΛΘϑ�WΚΗΛΥ�ςDΟΛΗΘΦ∴�WΡ�ΡΘϑΡΛΘϑ�ΣΞΕΟΛΦ�ΓΗΕDWΗ�DΘΓ�WΚΗ�ΘΗΗΓ�ΙΡΥ�ΥΗΘΗΖΗΓ�DWWΗΘWΛΡΘ�ΛΘ�WΚΗ�ΥΗο

σεαρχη αρενα.

Υνιφψινγ Στρυχτυραλ Φραmεωορκ φορ Υνδερστανδινγ Εχονοmιχ Ιmπαχτσ 

οφ Ενϖιρονmενταλ Ρεγυλατιον

∃ΘDΟ∴ςΗς�ΡΙ�ΠDΜΡΥ�ΥΗϑΞΟDWΛΡΘ�WΥDΓΛWΛΡΘDΟΟ∴�ΙΡΦΞς�ΡΘ�ΗςWΛΠDWΛΘϑ�WΚΗ�ΡΨΗΥDΟΟ�ΦΡςWς�DΘΓ�ΕΗΘΗο

ΙΛWς�ΡΙ�D�ΣΡΟΛΦ∴�WΡ�ςΡΦΛΗW∴��7ΚΗ�ΓΛςWΥΛΕΞWΛΡΘ�ΡΙ�WΚΡςΗ�ΦΡςWς�DΘΓ�ΕΗΘΗΙΛWς�Λς�DΟςΡ�ΡΙ�ϑΥΗDW�ΛΘWΗΥο

ΗςW�ΕΞW�ςΞΦΚ�DΘDΟ∴ςΗς�ΙDΦΗ�D�ΘΞΠΕΗΥ�ΡΙ�ΠΗWΚΡΓΡΟΡϑΛΦDΟ�DΘΓ�ΗΠΣΛΥΛΦDΟ�ΦΚDΟΟΗΘϑΗς��,ΓΗΘWΛΙ∴ο

ΛΘϑ�WΚΗ�ΣDΥWΛΦΞΟDΥ�ςΗΦWΡΥς�ΡΥ�ςΞΕςΗΦWΡΥς�DΙΙΗΦWΗΓ��ΚΡΖ�ΦΡςWς�DΥΗ�ΣDςςΗΓ�WΚΥΡΞϑΚ�WΡ�ΚΡΞςΗο

ΚΡΟΓς�DΘΓ�ΙΛΥΠς��DΘΓ�WΚΗ�ΖD∴ς�ΛΘ�ΖΚΛΦΚ�ΚΡΞςΗΚΡΟΓς�DΘΓ�ΙΛΥΠς�ΥΗςΣΡΘΓ�ΦDΘ�ΕΗ�ΤΞΛWΗ�ΓΛΙΙΛο

χυλτ το αναλψζε, ανδ σοmετιmεσ ρεσυλτσ ιν υνεξπεχτεδ εφφεχτσ (Κολσταδ, 1999, 2014���∋ΗΦΛο

σιονσ ρεγαρδινγ ωηετηερ το εξπανδ ορ ρεδυχε προδυχτιον ατ εξιστινγ φαχιλιτιεσ ορ ωηετηερ 

WΡ�ΡΣΗΘ�ΘΗΖ�ΙDΦΛΟΛWΛΗς�ΚDΨΗ�ΛΠΣΟΛΦDWΛΡΘς�ΙΡΥ�ΖΚΗΘ�DΘΓ�ΚΡΖ�ΠDΘ∴�ΖΡΥΝΗΥς�DΥΗ�ΚΛΥΗΓ��/ΛΝΗο

ωισε, λαβορ ινπυτ δεχισιονσ mαψ mανιφεστ ασ χηανγεσ ιν ηοω mανψ ωορκερσ αρε ηιρεδ ορ 

ΟDΛΓ�ΡΙΙ��WΚΗ�W∴ΣΗς�ΡΙ�ΖΡΥΝΗΥς�ΚΛΥΗΓ�ΡΥ�ΟDΛΓ�ΡΙΙ��WΚΗ�ΖDϑΗς�DΘΓ�ΕΗΘΗΙΛWς�ΡΙΙΗΥΗΓ��ΡΥ�WΚΗ�ΘΞΠο

ΕΗΥ�ΡΙ�ΚΡΞΥς�ΖΡΥΝΗΓ��7ΚΗςΗ�ΓΗΦΛςΛΡΘς��ΛΘ�WΞΥΘ��DΥΗ�ΟΛΘΝΗΓ�WΡ�WΚΗ�ΣΥΡΓΞΦWΛΨΛW∴�ΡΙ�ΙΛΥΠς��ςΗΦο

τορσ, ανδ υλτιmατελψ τηε οϖεραλλ εχονοmψ.

Βασεδ ον τηε εξιστινγ λιτερατυρε ανδ τηε ρελατιϖε mαγνιτυδε οφ ενϖιρονmενταλ ρεγυλατιονσ 

ΦΡΠΣDΥΗΓ�WΡ�WΚΗ�ςΛ]Η�ΡΙ�WΚΗ�8�6��ΗΦΡΘΡΠ∴��ΡΘΗ�ΖΡΞΟΓ�DΘWΛΦΛΣDWΗ�WΚDW�ΙΡΥ�ΠΡςW�ΗΘΨΛΥΡΘΠΗΘο

ταλ ρεγυλατιονσ, εχονοmιχ ιmπαχτσ λικελψ ηαϖε λιmιτεδ ορ νο mαχροεχονοmιχ ιmπλιχατιονσ 

(Αρροω ετ αλ., 1996; Φερρισ ετ αλ., 2014).24
 Ηοωεϖερ, λαχκ οφ αν οϖεραρχηινγ στρυχτυραλ 

φραmεωορκ τηατ χοηερεντλψ λινκσ ινδιϖιδυαλ δεχισιονσ το τηειρ mαχροεχονοmιχ ιmπλιχατιονσ 

DΟςΡ�ΚΛΘΓΗΥς�WΚΗ�DΕΛΟΛW∴�WΡ�DΘDΟ∴]Η�ΣΡWΗΘWΛDΟ�ΗΦΡΘΡΠ∴�ΖΛΓΗ�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞο

λατιον.

6ΗΣDΥDWΛΘϑ�ΡΞW�WΚΗ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�ΙΥΡΠ�WΚΗ�Π∴ΥΛDΓ�ΡΙ�ΡWΚΗΥ�ΣΚΗΘΡΠΗο

να αφφεχτινγ χονσυmπτιον ανδ προδυχτιον δεχισιονσ αλσο ισ αν ονγοινγ χηαλλενγε. Ιν τερmσ 

οφ εmπλοψmεντ ιmπαχτσ, ιτ ηασ λονγ βεεν οβσερϖεδ τηατ εϖεν α λαργε−σχαλε αιρ ρεγυλατιον ισ 

υνλικελψ το ηαϖε α νοτιχεαβλε ιmπαχτ ον αγγρεγατε νετ Υ.Σ. εmπλοψmεντ. Ινστεαδ, λαβορ ιν 

αφφεχτεδ σεχτορσ ωουλδ πριmαριλψ βε ρεαλλοχατεδ φροm ονε προδυχτιϖε υσε το ανοτηερ, ανδ 

ΘDWΛΡΘDΟ�ΗΠΣΟΡ∴ΠΗΘW�ΗΙΙΗΦWς�ΙΥΡΠ�ΥΗϑΞΟDWΛΡΘ�ΖΡΞΟΓ�ΕΗ�ςΠDΟΟ�DΘΓ�WΥDΘςΛWΡΥ∴��Η�ϑ���Dς�ΖΡΥΝο

ερσ mοϖε φροm ονε ϕοβ το ανοτηερ) (Αρροω ετ αλ., 1996). Γιϖεν τηε λιτερατυρε το−δατε, τηισ ισ 

DΟςΡ�ΟΛΝΗΟ∴�WΡ�ΕΗ�WΥΞΗ�ΖΚΗΘ�ΗΨDΟΞDWΛΘϑ�WΚΗ�ΗΙΙΗΦWς�ΡΙ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�ΡΘ�ΣΥΡΓΞΦο

τιϖιτψ ορ πλαντ εντρψ ανδ εξιτ δεχισιονσ.

,Ι�WΚΗ�ΗΦΡΘΡΠ∴�Λς�ΡΣΗΥDWΛΘϑ�DW�ΟΗςς�WΚDΘ�ΙΞΟΟ�ΗΠΣΟΡ∴ΠΗΘW��ΗΦΡΘΡΠΛΦ�WΚΗΡΥ∴�ΓΡΗς�ΘΡW�ΦΟΗDΥο

λψ ινδιχατε ειτηερ mαγνιτυδε ορ διρεχτιον οφ τηε τοταλ ιmπαχτ (Σχηmαλανσεε & Σταϖινσ, 

2011). Φορ εξαmπλε, αν εαρλψ γοϖερνmεντ σπονσορεδ mαχροεχονοmιχ στυδψ (Υ.Σ. ΧΕΘ ετ 

αλ., 1972) εστιmατεδ τηατ πολλυτιον αβατεmεντ σπενδινγ ωασ στιmυλατιϖε το εmπλοψmεντ ιν 

τηε Υ.Σ. ατ α τιmε οφ λεσσ τηαν φυλλ εmπλοψmεντ. Λικεωισε, τηε Χονγρεσσιοναλ Βυδγετ Οφφιχε 

ιδεντιφιεδ Υ.Σ. ΕΠΑ ρεγυλατιονσ τηατ ρεδυχε mερχυρψ φροm ποωερ πλαντσ ανδ ηαζαρδουσ αιρ 

πολλυταντσ φροm ινδυστριαλ βοιλερσ ανδ προχεσσ ηεατερσ ασ ποτεντιαλλψ λεαδινγ το σηορτ−ρυν 

ΘΗW�ΛΘΦΥΗDςΗς�ΛΘ�ΗΦΡΘΡΠΛΦ�ϑΥΡΖWΚ�DΘΓ�ΗΠΣΟΡ∴ΠΗΘW��ΓΥΛΨΗΘ�Ε∴�ΦDΣΛWDΟ�ΛΘΨΗςWΠΗΘWς�WΡ�ΦΡΠο
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πλψ ωιτη τηε ρεγυλατιονσ (ΧΒΟ, 2011). Αν ιmπορταντ φυνδαmενταλ ρεσεαρχη θυεστιον ισ ηοω 

WΡ�DΦΦΡΠΠΡΓDWΗ�ςΟDΦΝΘΗςς�ΛΘ�WΚΗ�ΗΦΡΘΡΠ∴�ΖΚΗΘ�ΟDΕΡΥ�DΘΓ�ΡWΚΗΥ�ΥΗςΡΞΥΦΗς�DΥΗ�ΘΡW�ΙΞΟΟ∴�

DΘΓ�ΗΙΙΛΦΛΗΘWΟ∴�ΗΠΣΟΡ∴ΗΓ�Dς�D�ςWΥΞΦWΞΥDΟ�ΙΗDWΞΥΗ�ΛΘ�ΗΦΡΘΡΠΛΦ�ΠΡΓΗΟς��7ΚΛς�ΙΗDWΞΥΗ�ΠD∴�

ΕΗ�ΛΠΣΡΥWDΘW�ΛΘ�ΗΨDΟΞDWΛΘϑ�WΚΗ�ΛΠΣDΦW�ΡΙ�ΟDΥϑΗ�ςΦDΟΗ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�ΡΘ�ΗΠΣΟΡ∴ο

mεντ (Σmιτη, 2012, 2015).25

Ινχορπορατινγ Βενεφιτσ ιντο Wελφαρε ανδ Εχονοmιχ Ιmπαχτ Αναλψσεσ

7Ρ�ΓΗςΦΥΛΕΗ�WΚΗ�ΦΡΠΣΟΗWΗ�ΛΘΦΛΓΗΘΦΗ�ΡΙ�D�ΥΗϑΞΟDWΛΡΘ��ΡΘΗ�ςΚΡΞΟΓ�ΦΡΘςΛΓΗΥ�ΘΡW�ΡΘΟ∴�WΚΗ�ΓΛςο

WΥΛΕΞWΛΡΘ�ΡΙ�ΦΡςWς�ΕΞW�DΟςΡ�ΕΗΘΗΙΛWς��+ΡΖΗΨΗΥ��ΙΡΟΓΛΘϑ�ΕΗΘΗΙΛWς�ΛΘWΡ�WΚΗ�ΗΨDΟΞDWΛΡΘ�ΡΙ�ΗΦΡο

ΘΡΠΛΦ�ΛΠΣDΦWς�Λς�ΦΡΠΣΟΛΦDWΗΓ��∃Θ�DΘDΟ∴ςW�ΖΡΞΟΓ�ΘΗΗΓ�WΡ�ΞΘΓΗΥςWDΘΓ�WΡ�ΖΚDW�Η[WΗΘW�ΦΗΥο

WDΛΘ�W∴ΣΗς�ΡΙ�ΚΡΞςΗΚΡΟΓς�ΓΛΙΙΗΥΗΘWΛDΟΟ∴�ΕΗΘΗΙΛW�ΙΥΡΠ�ΥΗΓΞΦWΛΡΘς�ΛΘ�ΗΠΛςςΛΡΘς��∃ΘΡWΚΗΥ�ΛΠο

ΣΡΥWDΘW�ΦΡΘςΛΓΗΥDWΛΡΘ�ΖΡΞΟΓ�ΕΗ�ΖΚΗWΚΗΥ�ΖΡΥΝΗΥς�ΗΘΜΡ∴�ΚΗDΟWΚ�ΛΠΣΥΡΨΗΠΗΘWς�WΚDW�ΗΘο

ΚDΘΦΗ�WΚΗΛΥ�ΣΥΡΓΞΦWΛΨΛW∴��WΚΞς�ΥΗΓΞΦΛΘϑ�WΚΗ�ΟΡΘϑ�WΗΥΠ�ΛΠΣDΦW�ΡΙ�WΚΗ�ΥΗϑΞΟDWΛΡΘ�ΡΘ�ΣΥΡΓΞΦο

ερσ ανδ λαβορ. Ιν πραχτιχε, τηε εϖαλυατιον οφ ηοω χοστσ ανδ βενεφιτσ αρε διστριβυτεδ αχροσσ 

εχονοmιχ σεχτορσ αρε υσυαλλψ εϖαλυατεδ σεπαρατελψ.

Νοτε τηατ αβσεντ α χρεδιβλε ωαψ το ρεπρεσεντ ενϖιρονmενταλ εξτερναλιτιεσ ιν α γενεραλ 

ΗΤΞΛΟΛΕΥΛΞΠ�ΠΡΓΗΟ�ΡΥ�WΚΗ�ΕΗΘΗΙΛWς�WΚDW�DΦΦΥΞΗ�WΡ�ςΡΦΛΗW∴�ΙΥΡΠ�ΠΛWΛϑDWΛΘϑ�WΚΗΠ�DΘ�Dςο

ςΗςςΠΗΘW�ΡΙ�WΚΗ�ΖΗΟΙDΥΗ�DΘΓ�ΗΦΡΘΡΠΛΦ�ΛΠΣDΦWς�ΓΗΥΛΨΗΓ�ΙΥΡΠ�WΚΛς�DΣΣΥΡDΦΚ�DΥΗ�ΛΘΦΡΠο

πλετε. Τηε ρεσεαρχη στυδψινγ τηε ιmπορτανχε οφ ινχορπορατινγ τηε ενϖιρονmεντ ιν αναλψσεσ 

οφ τηε εχονοmιχ εφφεχτσ οφ ενϖιρονmενταλ πολιχιεσ ισ στιλλ δεϖελοπινγ, τηουγη τηε ρεσυλτσ 

ΚDΨΗ�WΚΞς�ΙDΥ�ΕΗΗΘ�ΥΡΕΞςW�ΛΘ�WΚΗ�ΦΡΘΦΟΞςΛΡΘ�WΚDW�ΗςWΛΠDWΗς�ΡΙ�WΚΗ�ΡΨΗΥDΟΟ�ΗΦΡΘΡΠΛΦ�ΛΠο

παχτσ οφ α πολιχψ ωιλλ βε σιγνιφιχαντλψ βιασεδ ιφ ονλψ τηε χοστσ οφ χοmπλιανχε αρε ινχλυδεδ.

Αλτηουγη τηε βενεφιχιαλ ιmπαχτσ οφ ενϖιρονmενταλ πολιχιεσ νεεδ το βε ινχορπορατεδ ιν αν 

DςςΗςςΠΗΘW�ΡΙ�WΚΗΛΥ�ΗΦΡΘΡΠ∴�ΖΛΓΗ�ΗΙΙΗΦWς�WΡ�DΦΚΛΗΨΗ�ΞΘΕΛDςΗΓ�ΥΗςΞΟWς��WΚΗΥΗ�DΥΗ�ΘΞΠΗΥο

ΡΞς�WΗΦΚΘΛΦDΟ�ΦΚDΟΟΗΘϑΗς�WΡ�ΓΗΨΗΟΡΣΛΘϑ�ΥΡΕΞςW�ΟΛΘΝDϑΗς�ΕΗWΖΗΗΘ�WΚΗ�ΗΦΡΘΡΠ∴�DΘΓ�WΚΗ�ΗΘο

ΨΛΥΡΘΠΗΘW��)ΡΥ�Η[DΠΣΟΗ��WΡ�ΓDWΗ�WΚΗ�ΣΥΛΠDΥ∴�DΣΣΥΡDΦΚ�WΡ�ΛΘΦΟΞΓΛΘϑ�ΠΡΥWDΟΛW∴�ΥΛςΝ�ΥΗΓΞΦο

τιονσ ιν ΧΓΕ mοδελσ ηασ βεεν το ινχρεασε τηε τιmε ενδοωmεντ βασεδ ον τηε εξπεχτεδ 

χηανγε ιν τηε ποπυλατιον. Βασεδ ον τηε τψπιχαλ ασσυmπτιον οφ ηοmοτηετιχ πρεφερενχεσ ιν 

WΚΗςΗ�ΠΡΓΗΟς�DΘΓ�WΚΗ�ΥΗΟDWΛΨΗΟ∴�ςΠDΟΟ�ςΛ]Η�ΡΙ�ςΞΦΚ�ςΚΡΦΝς�ΦΡΠΣDΥΗΓ�WΡ�WΚΗ�ςΛ]Η�ΡΙ�WΚΗ�ΟDο

ΕΡΥ�ΙΡΥΦΗ��WΚΛς�DΣΣΥΡDΦΚ�ΨDΟΞΗς�WΚΗ�ΦΚDΘϑΗ�ΛΘ�WΚΗ�ΠΡΥWDΟΛW∴�ΥΛςΝ�ΥΗΓΞΦWΛΡΘ�DW�DΣΣΥΡ[ΛΠDWΗο

Ο∴�WΚΗ�ΖDϑΗ�ΥDWΗ��:ΚΛΟΗ�DΘDΟ∴WΛΦDΟΟ∴�ΦΡΘΨΗΘΛΗΘW��WΚΛς�WΛΠΗ�ΗΘΓΡΖΠΗΘW�DΣΣΥΡDΦΚ�ΞΘΓΗΥΨDΟο

ΞΗς�ΚΡΞςΗΚΡΟΓς��ΖΛΟΟΛΘϑΘΗςς�WΡ�ΣD∴�ΙΡΥ�ΠΡΥWDΟΛW∴�ΥΛςΝ�ΥΗΓΞΦWΛΡΘς�Ε∴�DΘ�ΡΥΓΗΥ�ΡΙ�ΠDϑΘΛWΞΓΗ�

(Σmιτη, 2012���7ΚΗ�ΓΛςΦΥΗΣDΘΦ∴�ΛΘ�ΚΡΖ�ΚΡΞςΗΚΡΟΓς��ΣΥΗΙΗΥΗΘΦΗ�ΥΗϑDΥΓΛΘϑ�ΠΡΥWDΟΛW∴�ΥΛςΝ�

αρε χαπτυρεδ ραισεσ θυεστιονσ αβουτ ηοω τηισ διφφερενχε αφφεχτσ φορεχαστσ οφ βεηαϖιοραλ 

χηανγεσ ιν ρεσπονσε το χηανγεσ ιν mορταλιτψ ρισκ. Τηισ ισ αν αρεα οφ φυτυρε ρεσεαρχη τηατ 

ΖΛΟΟ�ΕΗ�ΛΠΣΡΥWDΘW�ΙΡΥ�ΛΠΣΥΡΨΛΘϑ�ΡΞΥ�ΞΘΓΗΥςWDΘΓΛΘϑ�ΡΙ�ΚΡΖ�ΚΞΠDΘ�ΚΗDΟWΚ�ΛΠΣDΦWς�ΡΙ�ΗΘΨΛο

ρονmενταλ πολιχιεσ φεεδβαχκ ιντο τηε εχονοmψ.

Ιν αδδιτιον, ασ νοτεδ βψ Αντοινε ετ αλ. (2008) ανδ Χαρβον ανδ Σmιτη (2013), τηερε αρε α 

ΘΞΠΕΗΥ�ΡΙ�ΓDWD�ΦΚDΟΟΗΘϑΗς�ΖΛWΚ�ΟΛΘΝΛΘϑ�WΚΗ�ΗΘΨΛΥΡΘΠΗΘW�DΘΓ�WΚΗ�ΗΦΡΘΡΠ∴�ΛΘ�DΣΣΟΛΗΓ�ϑΗΘο

εραλ εθυιλιβριυm mοδελσ. Τηε ΧΓΕ mοδελ ρεθυιρεσ βενχηmαρκ εστιmατεσ οφ τηε ϖαλυε φορ 

ΗDΦΚ�ΡΙ�WΚΗ�ΛΘΣΞWς�WΡ�DΦWΛΨΛWΛΗς��ΛΘΦΟΞΓΛΘϑ�WΚΗ�ΘΡΘΠDΥΝΗW�ΛΘΣΞWς�ςΞΣΣΟΛΗΓ�Ε∴�WΚΗ�ΗΘΨΛΥΡΘο



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 24 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

mεντ. Ηοωεϖερ, τηεσε ινπυτσ αρε οφτεν νοτ οβσερϖεδ, ορ ατ λεαστ νοτ ρεχορδεδ, ιν νατιοναλ 

εχονοmιχ αχχουντ στατιστιχσ. Εϖεν ιν τηε Υνιτεδ Στατεσ, νατιοναλ ορ ρεγιοναλ δατα φορ τηε 

WΛΠΗ�ςΣΗΘW�ΗΘϑDϑΗΓ�ΛΘ�WΚΗςΗ�DΦWΛΨΛWΛΗς�Λς�ΘΡW�ΦΡΠΣΟΗWΗ��∃ΟςΡ��WΚΗ�ΟΛWΗΥDWΞΥΗ�ΚDς�∴ΗW�WΡ�ΣΥΡο

ϖιδε ρεαδιλψ αϖαιλαβλε εστιmατεσ φορ ελαστιχιτιεσ τηατ ρελατε τηε αβιλιτψ φορ ηουσεηολδσ το 

συβστιτυτε βετωεεν λανδ ανδ οτηερ mαρκετ γοοδσ ωηεν προϖιδινγ αχτιϖιτιεσ ινϖολϖινγ τηε 

ενϖιρονmεντ, συχη ασ ρεχρεατιον σερϖιχεσ, ανδ τηειρ αβιλιτψ το συβστιτυτε βετωεεν τηεσε 

ανδ οτηερ αχτιϖιτιεσ ιν τηειρ υτιλιτψ φυνχτιον. Τηε φινε σπατιαλ ρεσολυτιον ατ ωηιχη πολιχιεσ 

ΛΠΣDΦW�WΚΗ�ΗΘΨΛΥΡΘΠΗΘW�DΟςΡ�ΣΥΗςΗΘWς�ΞΘΛΤΞΗ�ΓDWD�DΘΓ�ΠΗWΚΡΓΡΟΡϑΛΦDΟ�ΦΚDΟΟΗΘϑΗς�Dς�DΣο

πλιεδ γενεραλ εθυιλιβριυm mοδελσ αρε οφτεν ρεσολϖεδ ατ α φαιρλψ αγγρεγατε λεϖελ.

Υνδερστανδινγ Λαβορ Προδυχτιϖιτψ Εφφεχτσ

(ΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�ΠD∴�DΟςΡ�DΙΙΗΦW�ΟDΕΡΥ�ςΞΣΣΟ∴�DΘΓ�ΣΥΡΓΞΦWΛΨΛW∴�ΡΥ�ΗΠΣΟΡ∴ΗΗς��

DΕΛΟΛW∴�WΡ�ΖΡΥΝ��:ΚΛΟΗ�WΚΗ�WΚΗΡΥΗWΛΦDΟ�ΙΥDΠΗΖΡΥΝ�ΙΡΥ�DΘDΟ∴]ΛΘϑ�ΟDΕΡΥ�ςΞΣΣΟ∴�DΘΓ�ΣΥΡΓΞΦWΛΨο

ιτψ εφφεχτσ ισ αναλογουσ το τηατ φορ λαβορ δεmανδ (δεχοmποσινγ α ωαγε χηανγε φροm α 

ΦΡΘςΞΠΗΥ�ς�ΣΗΥςΣΗΦWΛΨΗ�ΛΘWΡ�ΛΘΦΡΠΗ�DΘΓ�ςΞΕςWΛWΞWΛΡΘ�ΗΙΙΗΦWς���ΛW�Λς�ΠΡΥΗ�ΓΛΙΙΛΦΞΟW�WΡ�ςWΞΓ∴�

εmπιριχαλλψ. Αλτηουγη τηισ λιτερατυρε φαχεσ εmπιριχαλ χηαλλενγεσ, παρτιχυλαρλψ ιν τερmσ οφ 

ΥΗΤΞΛΥΛΘϑ�ΓΗWDΛΟΗΓ�ΛΘΓΛΨΛΓΞDΟ�ΟΗΨΗΟ�ΟDΕΡΥ�ΓDWD�ΙΡΥ�WΚΗ�ςΗΣDΥDWΛΡΘ�ΡΙ�ΛΠΣDΦWς�ΡΙ�ΥΗΓΞΦΗΓ�Η[ο

ΣΡςΞΥΗ�WΡ�ΣΡΟΟΞWΛΡΘ�ΙΥΡΠ�ΡWΚΗΥ�ΙDΦWΡΥς�ΛΘΙΟΞΗΘΦΛΘϑ�ΟDΕΡΥ�ΣΥΡΓΞΦWΛΨΛW∴��ΗDΥΟ∴�ΖΡΥΝ�ςΞΣΣΡΥWο

εδ βψ τηε Υ.Σ. ΕΠΑ φουνδ τηατ αιρ θυαλιτψ ιmπροϖεmεντσ λεδ το ρεδυχτιονσ ιν λοστ ωορκ δαψσ 

(ε.γ., Οστρο, 1987) ανδ ινχρεασεδ λαβορ προδυχτιϖιτψ φορ ουτδοορ ωορκερσ (Χροχκερ & 

Ηορστ, 1981���0ΡΥΗ�ΥΗΦΗΘWΟ∴��WΚΗΥΗ�ΚDς�ΕΗΗΘ�ςΡΠΗ�ΟΛΠΛWΗΓ�ΗΨΛΓΗΘΦΗ�WΚDW�ΖΡΥΝΗΥ�ΣΥΡΓΞΦWΛΨο

ιτψ mαψ ιmπροϖε ωιτη βεττερ αmβιεντ αιρ θυαλιτψ ανδ ωορσεν ον δαψσ ωιτη ηιγηερ πολλυτιον 

(Γραφφ Ζιϖιν & Νειδελλ, 2012; Χηανγ, Γραφφ Ζιϖιν, Γροσσ, & Νειδελλ, 2016).

ςαλυινγ Εmπλοψmεντ Ιmπαχτσ ιν Βενεφιτ−Χοστ Αναλψσισ

7ΚΗ�ςWDΘΓDΥΓ�DΣΣΥΡDΦΚ�ΛΘ�ΥΗϑΞΟDWΡΥ∴�DΘDΟ∴ςΛς�ΚDς�ΕΗΗΘ�WΡ�DΘDΟ∴]Η�ΗΠΣΟΡ∴ΠΗΘW�Dς�DΘ�ΗΦΡο

ΘΡΠΛΦ�ΛΠΣDΦW��+ΡΖΗΨΗΥ��WΚΗ�ϑΥΗDW�ΥΗΦΗςςΛΡΘ�ΛΘ�WΚΗ�����ς�ςΣΞΥΥΗΓ�ΘΗΖ�ΛΘWΗΥΗςW�ΛΘ�ΦΡΘςΛΓο

ερινγ τηε θυεστιον οφ ωηετηερ εmπλοψmεντ ιmπαχτσ αλσο σηουλδ βε χονσιδερεδ ασ α σοχιαλ 

χοστ οφ ρεγυλατιον (Φερρισ & ΜχΓαρτλανδ, 2013). Ρογερσον (2015) νοτεσ τηατ αν εχονοmψ− 

ΖΛΓΗ�ΠΡΓΗΟ�WΚDW�Η[ΣΟΛΦΛWΟ∴�DΦΦΡΞΘWς�ΙΡΥ�WΚΗ�ΟDΕΡΥ�ΠDΥΝΗW�DΟΥΗDΓ∴�ΛΘΦΡΥΣΡΥDWΗς�ΗΠΣΟΡ∴ο

mεντ εφφεχτσ ιντο ιτσ ωελφαρε χαλχυλατιον τηρουγη χηανγεσ ιν ηοω τηε ηουσεηολδ ϖαλυεσ 

χονσυmπτιον ανδ λεισυρε ιν τηε υτιλιτψ φυνχτιον. Φορ ινστανχε, ιν τηε χασε ωηερε α πολιχψ 

λοωερσ εmπλοψmεντ, ιτ αλσο λικελψ λοωερσ ουτπυτ ανδ χονσυmπτιον βυτ ινχρεασεσ λεισυρε. 

Τηε ονλψ ωαψ το ωειγη τηε χοστ οφ λοωερ χονσυmπτιον αγαινστ τηε βενεφιτ οφ ηιγηερ λεισυρε 

ισ τηρουγη α υτιλιτψ φυνχτιον τηατ εξπλιχιτλψ ϖαλυεσ βοτη. Ρογερσον γοεσ ον το οβσερϖε τηατ 

τηισ νεεδ νοτ αππλψ ονλψ το α mοδελ ωιτη φυλλ εmπλοψmεντ ανδ νο πριχε ριγιδιτιεσ.

Wιτη λεσσ τηαν φυλλ εmπλοψmεντ δυε το α πρεεξιστινγ ωαγε ριγιδιτψ, τηε mοδελ ωιλλ ρεφλεχτ 

τηατ λεισυρε ισ ϖαλυεδ λεσσ τηαν εmπλοψmεντ βψ ηουσεηολδσ. Wηεν Ρογερσον (2015��Η[DΠο

ινεδ ωηετηερ ωελφαρε χαλχυλατιονσ ιν α ηιγηλψ στψλιζεδ mοδελ αρε αφφεχτεδ βψ ασσυmπτιονσ 

αβουτ ηοω θυιχκλψ τηε λαβορ mαρκετ ρεσπονδσ το α πολιχψ σηοχκ, ηε φινδσ τηατ τηε σιζε οφ 

τηε λαβορ ρεσπονσε ηασ λιττλε εφφεχτ. Τηισ ισ βεχαυσε οφ τηε οφφσεττινγ εφφεχτσ ον λεισυρε.
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Εϖεν ατ φυλλ εmπλοψmεντ αφφεχτεδ σεχτορσ mαψ εξπεριενχε τρανσιτορψ εφφεχτσ ασ ωορκερσ 

χηανγε ϕοβσ (Αρροω ετ αλ., 1996; Σmιτη, 2015; Κυmινοφφ, Σχηοελλmαν, & Τιmmινσ, 2015). 

)ΡΥ�Η[DΠΣΟΗ��ςΡΠΗ�ΖΡΥΝΗΥς�ΠD∴�ΘΗΗΓ�WΡ�ΥΗWΥDΛΘ�ΡΥ�ΥΗΟΡΦDWΗ�ΛΘ�DΘWΛΦΛΣDWΛΡΘ�ΡΙ�WΚΗ�ΘΗΖ�ΥΗο

ΤΞΛΥΗΠΗΘWς�ΡΥ�ΥΗΤΞΛΥΗ�WΛΠΗ�WΡ�ςΗDΥΦΚ�ΙΡΥ�ΘΗΖ�ΜΡΕς��ΖΚΛΟΗ�ςΚΡΥWDϑΗς�ΛΘ�ςΡΠΗ�ςΗΦWΡΥς�ΡΥ�ΥΗο

ϑΛΡΘς�ΦΡΞΟΓ�ΕΛΓ�ΞΣ�ΖDϑΗς�WΡ�DWWΥDΦW�ΖΡΥΝΗΥς��,W�Λς�ΛΠΣΡΥWDΘW�WΡ�ΥΗΦΡϑΘΛ]Η�WΚDW�WΚΗςΗ�DΓο

ϕυστmεντσ χαν ενταιλ λοχαλ λαβορ δισρυπτιονσ, ανδ αλτηουγη τηε αγγρεγατε ιmπαχτ ον τηε 

νατιοναλ ωορκφορχε ισ εξπεχτεδ το βε σmαλλ, λοχαλιζεδ χηανγεσ ιν εmπλοψmεντ χαν στιλλ 

ΚDΨΗ�ΘΗϑDWΛΨΗ�ΛΠΣDΦWς�ΡΘ�ςΡΠΗ�ΛΘΓΛΨΛΓΞDΟς�DΘΓ�ΦΡΠΠΞΘΛWΛΗς�DΘΓ�ΣΡςΛWΛΨΗ�ΛΠΣDΦWς�ΡΘ�ΡWΚο

ερσ. Ιφ τηεσε τψπεσ οφ αδϕυστmεντ χοστσ αρε συβσταντιαλ, εξχλυδινγ τηεm mαψ υνδερεστιmατε 

τηε σοχιαλ χοστ οφ ρεγυλατιον.26

Εmπιριχαλ Εϖιδενχε οφ τηε Πορτερ Ηψποτηεσισ

Βασεδ mαινλψ ον χασε στυδιεσ, Πορτερ (1991) ανδ Πορτερ ανδ ϖαν δερ Λινδε (1995) αργυεδ 

WΚDW�ΖΗΟΟ�ΓΗςΛϑΘΗΓ�ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘς�ΦΡΞΟΓ��WΥΛϑϑΗΥ�ΛΘΘΡΨDWΛΡΘ�WΚDW�ΠD∴�ΣDΥWΛDΟΟ∴�

ΡΥ�ΠΡΥΗ�WΚDΘ�ΙΞΟΟ∴�ΡΙΙςΗW�WΚΗ�ΦΡςWς�ΡΙ�ΦΡΠΣΟ∴ΛΘϑ�ΖΛWΚ�WΚΗΠ���:ΚΛΟΗ�DϑΥΗΗΛΘϑ�ΖΛWΚ�ςΡΠΗ�ΡΙ�

3ΡΥWΗΥ�DΘΓ�ΨDΘ�ΓΗΥ�/ΛΘΓΗ�ς��1995) αργυmεντσ, συχη ασ τηε δεσιραβιλιτψ οφ mαρκετ−βασεδ 

ρεγυλατιον, Παλmερ, Οατεσ, ανδ Πορτνεψ (1995��ΦΥΛWΛΦΛ]ΗΓ�WΚΗ��3ΡΥWΗΥ�Κ∴ΣΡWΚΗςΛς��Dς�ΘΡW�ΕΗο

ινγ βροαδλψ γενεραλιζαβλε ανδ αργυεδ τηατ mοστ ρεγυλατιονσ ηαϖε χοστσ το σοχιετψ ανδ 

σηουλδ βε συβϕεχτ το α βενεφιτ−χοστ τεστ.

ϑαφφε ανδ Παλmερ (1997��ΓΛςWΛΘϑΞΛςΚΗΓ��ΘDΥΥΡΖ����ΖΗDΝ���DΘΓ��ςWΥΡΘϑ��ΨΗΥςΛΡΘς�ΡΙ�WΚΗ�

3ΡΥWΗΥ�Κ∴ΣΡWΚΗςΛς��7ΚΗ�ΘDΥΥΡΖ�ΨΗΥςΛΡΘ�Λς�ςΛΠΣΟ∴�WΚΗ�DΥϑΞΠΗΘW�ΙΥΗΤΞΗΘWΟ∴�ΠDΓΗ�Ε∴�ΗΦΡΘΡο

mιστσ τηατ φλεξιβλε ρεγυλατορψ πολιχιεσ γιϖε φιρmσ γρεατερ ινχεντιϖεσ το ιννοϖατε ανδ τηυσ 

αρε βεττερ τηαν πρεσχριπτιϖε ρεγυλατιονσ. Τηε ωεακ ϖερσιον ισ τηε αργυmεντ τηατ προπερλψ 

δεσιγνεδ ενϖιρονmενταλ ρεγυλατιονσ mαψ στιmυλατε ιννοϖατιονσ τηατ mαψ νοτ ηαϖε εξιστεδ 

οτηερωισε. Ιν τηε στρονγ ϖερσιον, ιτ ισ αργυεδ τηατ ωελλ−δεσιγνεδ ρεγυλατιονσ χαν σπυρ 

φιρmσ ιντο ιννοϖατινγ το συχη αν εξτεντ τηατ τηεψ χαν βοτη χοmπλψ ωιτη τηε ρεγυλατιον ανδ 

ινχρεασε προφιτσ, χρεατινγ α ωιν−ωιν σιτυατιον. Αmβεχ, Χοηεν, Ελγιε, ανδ Λανοιε (2013��ΥΗο
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βετωεεν ενϖιρονmενταλ ρεγυλατιον ανδ ιννοϖατιον, αλτηουγη τηε στρενγτη οφ τηε λινκ 
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στυδιεσ ωερε νοτ συππορτιϖε.

Ιν σπιτε οφ τηειρ χονχλυσιονσ, Αmβεχ ετ αλ. (2013��ΘΡWΗΓ�WΚDW��ΖΗ�ΦΡΘWΛΘΞΗ�WΡ�ΙΛΘΓ�ΦΡΘΙΟΛΦWο

ινγ εϖιδενχε χονχερνινγ τηε Πορτερ Ηψποτηεσισ, αλτερνατιϖε τηεοριεσ τηατ mιγητ εξπλαιν ιτ, 

DΘΓ�ΡΙWΗΘWΛΠΗς�D�ΠΛςΞΘΓΗΥςWDΘΓΛΘϑ�ΡΙ�ΖΚDW�WΚΗ�3ΡΥWΗΥ�+∴ΣΡWΚΗςΛς�ΓΡΗς�DΘΓ�ΓΡΗς�ΘΡW�ςD∴���

Τηεψ ποιντ το τηε νεεδ φορ αδδιτιοναλ ρεσεαρχη τηατ ρελιεσ ον λονγιτυδιναλ δατα, τηε ϖαλυε 

ΡΙ�ΛΠΣΥΡΨΗΓ�ΓDWD�DΘΓ�ΠΗWΚΡΓΡΟΡϑΛΗς�WΚDW�ΕΗWWΗΥ�ΣΛΘΣΡΛΘW�WΚΗ�ΠΗΦΚDΘΛςΠς�Ε∴�ΖΚΛΦΚ�ΥΗϑΞο

λατιον χαν λεαδ το ιννοϖατιον, ωηιχη ιν τυρν mαψ ινχρεασε ορ δεχρεασε χοστσ, ανδ τηε νεεδ 

φορ α βεττερ υνδερστανδινγ οφ τηε ρολε οφ νον−ρεγυλατορψ αππροαχηεσ συχη ασ ρεπορτινγ ορ 

ϖολυνταρψ προγραmσ ιν σπυρρινγ ιννοϖατιον ιν αβατεmεντ τεχηνολογιεσ.
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ιν παρτ το ενϖιρονmενταλ ρεγυλατορψ ρεθυιρεmεντσ, αφφεχτινγ ανοτηερ 11,000 ϕοβσ (Υ.Σ. 

ΕΠΑ, 1982).

(5.) Οτηερ ηψποτηεσεσ ινχλυδεδ σηιφτσ ιν ινδυστριαλ χοmποσιτιον, χηανγεσ ιν λαβορ φορχε 

ΦΡΠΣΡςΛWΛΡΘ��D�ςΟΡΖΓΡΖΘ�ΛΘ�ΦDΣΛWDΟ�ΟDΕΡΥ�ΥDWΛΡ�ΛΠΣΥΡΨΗΠΗΘWς��DΘΓ�D�ΟΗΨΗΟΛΘϑ�ΡΙΙ�ΡΙ�ΥΗο

σεαρχη ανδ δεϖελοπmεντ εξπενδιτυρεσ.

(6.) Τηεσε στυδιεσ ωερε παρτ οφ α λαργερ ρεσεαρχη προϕεχτ βψ Εδωαρδ Dενισον ινϖεστιγατινγ 

WΚΗ�ΖΛΓΗ�ΥDΘϑΗ�ΡΙ�ΥΗDςΡΘς�ΙΡΥ�WΚΗ�ΣΥΡΓΞΦWΛΨΛW∴�ςΟΡΖΓΡΖΘ��ΣΞΕΟΛςΚΗΓ�Ε∴�%ΥΡΡΝΛΘϑς�,ΘςWΛWΞο

τιον ιν 1979 ασ α βοοκ, Αχχουντινγ φορ Σλοωερ Εχονοmιχ Γροωτη: Τηε Υνιτεδ Στατεσ ιν τηε 



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 38 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

1970σ��)ΡΥ�ΠΡΥΗ�ΛΘΙΡΥΠDWΛΡΘ�ΡΘ�∋ΗΘΛςΡΘ�ς�ΦΡΘWΥΛΕΞWΛΡΘς�WΡ�ΘDWΛΡΘDΟ�ϑΥΡΖWΚ�DΦΦΡΞΘWΛΘϑ��

σεε Κενδριχκ (1993).

(7.) Τηεψ χονστρυχτεδ αν ινδεξ οφ ρεγυλατορψ ιντενσιτψ ασ α φυνχτιον οφ τηε σεϖεριτψ οφ τηε 

ΗΠΛςςΛΡΘ�ςWDΘΓDΥΓ��WΚΗ�Η[WΗΘW�ΡΙ�ΗΘΙΡΥΦΗΠΗΘW��DΘΓ�WΚΗ�ΞΘΦΡΘςWΥDΛΘΗΓ�ΗΠΛςςΛΡΘ�ΥDWΗ�ΥΗΟΗο

ϖαντ το εαχη υτιλιτψ.

(8.) Γραψ (1987��ΞςΗΓ�DΘΘΞDΟ�ΣΡΟΟΞWΛΡΘ�ΦΡΘWΥΡΟ�ΡΣΗΥDWΛΘϑ�ΦΡςWς�Dς�D�ΠΗDςΞΥΗ�ΡΙ�ΗΘΨΛΥΡΘο

ΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�DΘΓ�ΟΗΨΗΟ�ΡΙ�ΗΘΙΡΥΦΗΠΗΘW�ΗΙΙΡΥW�ΓΛΥΗΦWΗΓ�WΡΖDΥΓ�ΗDΦΚ�ΛΘΓΞςWΥ∴�Dς�D�ΠΗDο

συρε οφ οχχυπατιοναλ σαφετψ ανδ ηεαλτη ρεγυλατιον.

(9.��7ΚΗ�3∃&(�ςΞΥΨΗ∴�ΦΡΟΟΗΦWΗΓ�ΣΟDΘW�ΟΗΨΗΟ�ΓDWD�ΡΘ�WΚΗ�ΦDΣΛWDΟ�DΘΓ�ΡΣΗΥDWΛΘϑ�ΦΡςWς�ΡΙ�ΠΗΗWο

ινγ mαϕορ ενϖιρονmενταλ ρεγυλατιονσ αννυαλλψ βετωεεν 1973 ανδ 1994, ανδ τηεν αγαιν ιν 

1999 ανδ 2005. Μανψ ρεσεαρχηερσ ηαϖε χαλλεδ φορ ιτσ ρεσυmπτιον το ασσιστ ιν τηε χονδυχτ 

οφ πλαντ−λεϖελ αναλψσισ το ινφορm πολιχψ δεβατεσ (ε.γ., Γραψ, 2015). Νο οτηερ χοmπαραβλε 

δατα σουρχε ον χοmπλιανχε χοστσ εξιστσ.

(10.��)ΡΥ�D�ΓΗWDΛΟΗΓ�ΥΗΨΛΗΖ�ΡΙ�WΚΗ�ΟΛWΗΥDWΞΥΗ�ΡΘ�8�6��ΗΘΨΛΥΡΘΠΗΘWDΟ�ΥΗϑΞΟDWΛΡΘ�DΘΓ�ΣΟDΘW�ΟΡο

χατιον δεχισιονσ, σεε Σηαδβεγιαν ανδ Wολϖερτον (2010���ΖΚΛΦΚ�ΛΘΦΟΞΓΗς�WΡΣΛΦς�ΘΡW�ΓΛςο

χυσσεδ ηερε συχη ασ τηε ποτεντιαλ εφφεχτσ οφ ενϖιρονmενταλ ρεγυλατιον ον ιντερνατιοναλ 

χοmπετιτιϖενεσσ ανδ ωηετηερ λοχατιον δεχισιονσ αρε ινφλυενχεδ βψ ενϖιρονmενταλ ϕυστιχε 

χονσιδερατιονσ. Αλσο σεε ϑαφφε, Πετερσον, Πορτνεψ, ανδ Σταϖινσ (1995), ανδ Γραψ (2015).

(11.) Σεε Χογλιανεσε, Φινκελ, ανδ Χαρριγαν (2013) φορ α mορε ιν−δεπτη συmmαρψ οφ ρεχεντ 

λιτερατυρε, ωηιχη συππορτσ τηε χονχλυσιον τηατ ενϖιρονmενταλ ρεγυλατιονσ ηαϖε ρεσυλτεδ ιν 

νο ορ ρελατιϖελψ mοδεστ εφφεχτσ ον εmπλοψmεντ.

(12.) Σεε Βοετερσ ανδ Σαϖαρδ (2013��ΙΡΥ�D�ΓΗWDΛΟΗΓ�ΓΛςΦΞςςΛΡΘ�ΡΙ�ΓΛΙΙΗΥΗΘW�ΠΡΓΗΟς�ΡΙ�ΞΘΗΠο

πλοψmεντ ανδ χαλιβρατιον ισσυεσ ενχουντερεδ ωηεν ινχορπορατινγ τηεm ιντο α ΧΓΕ mοδελ.

(13.) Βαλιστρερι (2002) σηοωεδ τηατ α ηιγηερ ελαστιχιτψ οφ συβστιτυτιον βετωεεν λαβορ ανδ 

λεισυρε λεδ το λαργερ ανδ mορε περσιστεντ ιmπαχτσ ον υνεmπλοψmεντ. Λικεωισε, τηε ηιγηερ 

τηε σηαρε οφ λεισυρε ρελατιϖε το λαβορ, τηε λαργερ τηε ιmπαχτ ον υνεmπλοψmεντ. Α λοωερ 

σηαρε οφ ωορκερσ τηατ ωερε αλρεαδψ mατχηεδ το α ϕοβ ανδ α ηιγηερ τυρνοϖερ ρατε ρεδυχεδ 

WΚΗ�ΛΠΣDΦWς�ΡΘ�ΞΘΗΠΣΟΡ∴ΠΗΘW��,Θ�DΓΓΛWΛΡΘ��ΚΛϑΚΗΥ�ΗΟDςWΛΦΛWΛΗς�ΡΙ�ςΦDΟΗ�ΡΘ�ΗΠΣΟΡ∴ΠΗΘW�ΥΗο

ςΞΟWΗΓ�ΛΘ�ΟDΥϑΗΥ�ΦΚDΘϑΗς�ΛΘ�ΞΘΗΠΣΟΡ∴ΠΗΘW��ΖΚΛΟΗ�ΚΛϑΚΗΥ�ΗΟDςWΛΦΛWΛΗς�ΡΙ�ςΦDΟΗ�ΡΘ�WΚΗ�ΞΘΗΠο

πλοψmεντ ρατε ρεδυχεδ τηε ρεσπονσε.

(14.) Τηε νοτιον τηατ ονε σηουλδ αττεmπτ το θυαντιφψ τηε σοχιεταλ χοστσ ανδ βενεφιτσ οφ α 

ΙΗΓΗΥDΟ�ΥΗϑΞΟDWΛΡΘ�ΚDς�ΠΞΦΚ�ΡΟΓΗΥ�ΡΥΛϑΛΘς��∃ς�ΗDΥΟ∴�Dς�������WΚΗ�%ΞΥΗDΞ�ΡΙ�/DΘΓ�5ΗΦΟDΠDο

τιον ανδ Υ.Σ. Αρmψ Χορπσ οφ Ενγινεερσ υσεδ βενεφιτ−χοστ αναλψσισ (Ηανλεψ & Σπαση, 1993).

(15.��∃ϑΗΘΦΛΗς�ΦΡΘΓΞΦWς�%&∃ς�ΙΡΥ�DΟΟ�ΥΞΟΗς�ΓΗΗΠΗΓ�ΗΦΡΘΡΠΛΦDΟΟ∴�ςΛϑΘΛΙΛΦDΘW�ΡΥ�ΣDΥWΛΦΞΟDΥο

λψ νοϖελ. Εχονοmιχαλλψ σιγνιφιχαντ ρυλεσ αρε δεφινεδ βψ Ε.Ο. 12866 ασ τηοσε ωιτη χοστσ ανδ 

βενεφιτσ οφ ατ λεαστ ∃100 mιλλιον (νοmιναλ) ιν α σινγλε ψεαρ. Τηε Ε.Ο. διρεχτσ αγενχιεσ το 

�ςΗΟΗΦW�WΚΡςΗ�DΣΣΥΡDΦΚΗς�WΚDW�ΠD[ΛΠΛ]Η�ΘΗW�ΕΗΘΗΙΛWς��ΛΘΦΟΞΓΛΘϑ�ΣΡWΗΘWΛDΟ�ΗΦΡΘΡΠΛΦ��ΗΘΨΛο

ΥΡΘΠΗΘWDΟ��ΣΞΕΟΛΦ�ΚΗDΟWΚ�DΘΓ�ςDΙΗW∴��DΘΓ�ΡWΚΗΥ�DΓΨDΘWDϑΗς��ΓΛςWΥΛΕΞWΛΨΗ�ΛΠΣDΦWς��DΘΓ�ΗΤΞΛο



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 39 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

W∴���ΞΘΟΗςς�D�ςWDWΞWΗ�ΥΗΤΞΛΥΗς�DΘΡWΚΗΥ�ΥΗϑΞΟDWΡΥ∴�DΣΣΥΡDΦΚ���7ΚΗ�:ΚΛWΗ�+ΡΞςΗ� 1993). Τηισ 

ΡΕΜΗΦWΛΨΗ��WΚDW�D�ΣΡΟΛΦ∴�ς�ΘΗW�ΕΗΘΗΙΛWς�ΕΗ�ΣΡςΛWΛΨΗ��Λς�ΥΗΙΗΥΥΗΓ�WΡ�Dς�WΚΗ�3ΡWΗΘWΛDΟ�3DΥΗWΡ�ΦΥΛο

τεριον (Υ.Σ. ΕΠΑ, 2010).

(16.) Βεγιννινγ ιν τηε 1960σ, ενϖιρονmενταλ εχονοmιχσ βεγαν το δεϖελοπ τεχηνιθυεσ φορ 

mεασυρινγ ωηατ ινδιϖιδυαλσ αρε ωιλλινγ το παψ φορ α παρτιχυλαρ νον−mαρκετ ενϖιρονmενταλ 

ορ ηεαλτη βενεφιτ (Ηανλεψ & Σπαση, 1993). Σεε ΕΠΑ (2010��ΙΡΥ�ΠΡΥΗ�ΛΘΙΡΥΠDWΛΡΘ�ΡΘ�ςΣΗΦΛΙο

ιχ τεχηνιθυεσ χοmmονλψ υσεδ φορ τηισ πυρποσε.

(17.) ΓDΠ ισ δεφινεδ ασ τηε συm οφ τηε ϖαλυε (πριχε τιmεσ θυαντιτψ) οφ αλλ mαρκετ γοοδσ ανδ 

ςΗΥΨΛΦΗς�ΣΥΡΓΞΦΗΓ�ΛΘ�WΚΗ�ΗΦΡΘΡΠ∴�DΘΓ�Λς�ΗΤΞDΟ�WΡ�&ΡΘςΞΠΣWΛΡΘ���,ΘΨΗςWΠΗΘW���∗ΡΨΗΥΘο

ΠΗΘW����([ΣΡΥWς�,ΠΣΡΥWς���%ΗΦDΞςΗ�∗∋3�Λς�ΨΛΗΖΗΓ�Dς�D�ΥΗΟDWΛΨΗΟ∴�ΣΡΡΥ�ΛΘΓΛΦDWΡΥ�ΡΙ�ςΡΦΛDΟ�

ωελφαρε, τηερε ισ αν αχτιϖε δισχυσσιον οφ ωαψσ το mοϖε νατιοναλ αχχουντ mετριχσ χλοσερ το α 

mεασυρε οφ ωελλ−βεινγ (ε.γ., Στιγλιτζ, Σεν, & Φιτουσσι, 2009; Φλευρβαεψ, 2009).

(18.) Παλτσεϖ ανδ Χαπροσ (2013) νοτεδ τηατ τηε διρεχτιον οφ τηε διφφερενχε βετωεεν εφφεχτσ 

οφ α πολιχψ ασ mεασυρεδ βψ ΓDΠ ϖερσυσ χονσυmπτιον ϖαριεσ ωιτη τιmε περιοδ ανδ σχεναριο 

ΛΘ�ςΡΠΗ�ΠΡΓΗΟς��7ΚΗ∴�DΟςΡ�ΘΡWΗ�WΚDW�WΚΗ�Η[WΗΘW�WΡ�ΖΚΛΦΚ�ΖΗΟΙDΥΗ�DΘΓ�ΦΡΘςΞΠΣWΛΡΘ�ΠΗDο

συρεσ διφφερ δεπενδσ ον ωηατ ισ ασσυmεδ αβουτ τηε ρεσπονσιϖενεσσ οφ λαβορ συππλψ το 

χηανγεσ ιν ωαγε ρατεσ.

(19.��&∗(�ΠΡΓΗΟς�DΥΗ�ΥΗΦΡϑΘΛ]ΗΓ�Dς�ΕΗΛΘϑ��ΕΗςW�ςΞΛWΗΓ�ΙΡΥ�ΗςWΛΠDWΛΘϑ�WΚΗ�ΦΡςW�ΡΙ�ΣΡΟΛΦΛΗς�

τηατ ηαϖε λαργε εχονοmψ−ωιδε ιmπαχτσ, εσπεχιαλλψ ωηεν ινδιρεχτ ανδ ιντεραχτιον εφφεχτσ 

DΥΗ�Η[ΣΗΦWΗΓ�WΡ�ΕΗ�ςΛϑΘΛΙΛΦDΘW���8�6��(3∃� 2010).

(20.) Ουτδοορ ωορκερσ mαψ βε παρτιχυλαρλψ ϖυλνεραβλε το ηεαλτη ιmπαχτσ ασσοχιατεδ ωιτη 

αιρ πολλυτιον δυε το ινχρεασεδ εξποσυρε (Υ.Σ. ΕΠΑ, 2013β; Βραυερ, Βλαιρ, & ςεδαλ, 1996; 

Ηοππε ετ αλ., 1995). Ιν αδδιτιον, στυδιεσ ηαϖε φουνδ εmπιριχαλ εϖιδενχε τηατ αιρ θυαλιτψ ισ α 

σιγνιφιχαντ δετερmιναντ οφ προδυχτιϖιτψ φορ α συβσετ οφ ωορκερσ (Χροχκερ & Ηορστ, 1981; 

Γραφφ Ζιϖιν & Νειδελλ, 2012).

(21.) Τηε ρεσυλτσ πρεσεντεδ βψ Ματυσ ετ αλ. (2008) αρε γροσσ εστιmατεσ ανδ δο νοτ ινχλυδε 

τηε χοστσ οφ χοmπλιανχε ωιτη τηε ενϖιρονmενταλ ρεγυλατιονσ τηατ προδυχε τηε ηυmαν 

ηεαλτη ιmπροϖεmεντσ.

(22.) Wηιλε Αντοινε, Γυργελ, ανδ Ρειλλψ (2008) διδ νοτ χονσιδερ βενεφιτσ, τηεψ εξαmινεδ 

τηε ιmπορτανχε οφ ινχλυδινγ νονmαρκετ γοοδσ ανδ σερϖιχεσ προϖιδεδ βψ τηε ενϖιρονmεντ 

ΖΚΗΘ�DΘDΟ∴]ΛΘϑ�WΚΗ�ΦΡςW�ΡΙ�ΕΛΡΙΞΗΟ�ΣΡΟΛΦΛΗς��7ΚΗ∴�ΓΛΥΗΦWΟ∴�ΛΘWΥΡΓΞΦΗΓ�ΘΡΘΠDΥΝΗW�ΥΗΦΥΗο

ατιον σερϖιχεσ ιντο α ΧΓΕ mοδελ ανδ φουνδ τηατ τηε ινχλυσιον οφ α χοmπετινγ δεmανδ φορ 

ΞΘΠDΘDϑΗΓ�ΙΡΥΗςWς��ΙΡΥ�ΡΞWΓΡΡΥ�ΥΗΦΥΗDWΛΡΘ��ΟΡΖΗΥΗΓ�WΚΗ�DΠΡΞΘW�ΡΙ�ΟDΘΓ�ΦΡΘΨΗΥWΗΓ�WΡ�ΕΛΡο

φυελ προδυχτιον. Τηε αυτηορσ φουνδ τηισ τραδε−οφφ ασσοχιατεδ ωιτη νονmαρκετ σερϖιχεσ το 

ΕΗ�D�ΣΡWΗΘWΛDΟΟ∴�ΛΠΣΡΥWDΘW�ΦΡΠΣΡΘΗΘW�ΙΡΥ�ΦΚDΥDΦWΗΥΛ]ΛΘϑ�WΚΗ�ςΡΦΛDΟ�ΦΡςW�ΡΙ�ΠΛWΛϑDWΛΡΘ�ΣΡΟΛο

χψ, ινχρεασινγ τηε ωελφαρε χοστσ βψ αρουνδ 20% ιν ψεαρσ ωηερε βιοφυελσ ωερε χονσιδερεδ α 

ρελατιϖελψ χοστ−εφφεχτιϖε mιτιγατιον στρατεγψ βψ τηε mοδελ.



Τηε Ιmπαχτσ οφ Ενϖιρονmενταλ Ρεγυλατιον ον τηε Υ.Σ. Εχονοmψ

Παγε 40 οφ 40

35,17(∋�)520�WΚΗ�2;)25∋�5(6(∃5&+�(1&<&/23(∋,∃��β(19,5210(17∃/�6&,(1&(β�Ρ[ΙΡΥΓΥΗ�ΦΡΠ�ΗΘΨΛΥΡΘΠΗΘο
WDΟςΦΛΗΘΦΗ���Φ��2[ΙΡΥΓ�8ΘΛΨΗΥςΛW∴�3ΥΗςς�86∃��������∃ΟΟ�5ΛϑΚWς�5ΗςΗΥΨΗΓ��3ΗΥςΡΘDΟ�ΞςΗ�ΡΘΟ∴��ΦΡΠΠΗΥΦΛDΟ�ΞςΗ�Λς�ςWΥΛΦWΟ∴�ΣΥΡΚΛΕΛWο
εδ (φορ δεταιλσ σεε Πριϖαχψ Πολιχψ ανδ Λεγαλ Νοτιχε).

δατε: 27 Απριλ 2020

(23.) Χαρβονε ανδ Σmιτη (2013��ΥΗΦDΟΛΕΥDWΗΓ�WΚΗ�ΠΡΓΗΟ�ΓΗΣΗΘΓΛΘϑ�ΡΘ�ΖΚΗWΚΗΥ�WΚΗ�ΖΗΟο

φαρε mεασυρε ινχλυδεσ γενεραλ εθυιλιβριυm εφφεχτσ ανδ φορ διφφερεντ σετσ οφ συβστιτυτιον 

ελαστιχιτιεσ σο τηατ τηε mαργιναλ WΤΠ ιmπλιχιτ ιν τηε mοδελ ρεmαινεδ ιν λινε ωιτη εmπιριχαλ 

ΗςWΛΠDWΗς��7ΚΗ�ΟΡΖΗΥ�ΗΘΓ�ΡΙ�WΚΗ�ΥDΘϑΗ�DςςΞΠΗΓ�ϑΥΗDWΗΥ�ςΞΕςWΛWΞWDΕΛΟΛW∴�ΥΗΟDWΛΨΗ�WΡ�WΚΗ�ΥΗΙο

ερενχε χασε; τηε ηιγηερ ενδ οφ τηε ρανγε ασσυmεδ στρονγερ χοmπλεmενταριτψ τηαν ιν τηε 

ρεφερενχε χασε.

(24.) Φερρισ ετ αλ. (2014��ΡΕςΗΥΨΗΓ�WΚDW��ςΣΗΘΓΛΘϑ�ΡΘ�ΣΡΟΟΞWΛΡΘ�DΕDWΗΠΗΘW�ΦDΣΛWDΟ�>ΛΘ�WΚΗ�

ελεχτριχιτψ σεχτορ] ρεπρεσεντεδ αβουτ 0.5% οφ ρεϖενυεσ φροm τοταλ ρεταιλ σαλεσ οφ ελεχτριχιτψ 

ιν 1999. Τηισ ισ ρουγηλψ χονσιστεντ ωιτη οτηερ ηεαϖιλψ ρεγυλατεδ ινδυστριεσ: πολλυτιον 

DΕDWΗΠΗΘW�ΦDΣΛWDΟ�ΦΡςWς�ΙΡΥ�86�ΠDΘΞΙDΦWΞΥΛΘϑ�ΣΟDΘWς�ΖΗΥΗ�ΥΡΞϑΚΟ∴������ΡΙ�WΡWDΟ�ςΚΛΣο

ΠΗΘWς��ΖΚΛΟΗ�WΚΗ∴�ΖΗΥΗ�DΕΡΞW����ΙΡΥ�ΣΞΟΣ�DΘΓ�ΣDΣΗΥ��ςWΗΗΟ��DΘΓ�ΡΛΟ�ΥΗΙΛΘΛΘϑ�ΛΘ�������

(25.��(3∃�ςΣΡΘςΡΥΗΓ�D�ΖΡΥΝςΚΡΣ�ΛΘ��������∃ΓΨDΘΦΛΘϑ�WΚΗ�7ΚΗΡΥ∴�DΘΓ�0ΗWΚΡΓς�ΙΡΥ�8ΘΓΗΥο

ςWDΘΓΛΘϑ�(ΠΣΟΡ∴ΠΗΘW�(ΙΙΗΦWς�ΡΙ�(ΘΨΛΥΡΘΠΗΘWDΟ�5ΗϑΞΟDWΛΡΘ���6ΗΨΗΥDΟ�ΣDΣΗΥς�ΖΗΥΗ�ςΞΕςΗο

θυεντλψ πυβλισηεδ ιν τηε πεερ−ρεϖιεωεδ λιτερατυρε, ινχλυδινγ Σmιτη (2015), Ρογερσον 

(2015), ανδ Κυmινοφφ ετ αλ. (2015).

(26.) Σεϖεραλ εmπιριχαλ στυδιεσ ηαϖε ινδιχατεδ τηατ τρανσιτιον χοστσ φορ δισπλαχεδ ωορκερσ 

mαψ βε λαργερ τηαν πρεϖιουσλψ τηουγητ (Dαϖισ & ϖον Wαχητερ, 2011; Σmιτη, 2015).

Ανν Ε. Φερρισ

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Ριχηαρδ Γαρβαχχιο

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Αλεξ Μαρτεν

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ

Ανν Wολϖερτον

Υ.Σ. Ενϖιρονmενταλ Προτεχτιον Αγενχψ
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-141

Research Category Primary: Industry and the Environment (IE)

Research Category Secondary: Energy and the Environment (EE);Sustainability and Innovation (SI)

Laboratory/Office Name: ORD

Nomination Entered By: John Johnston
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[Y] The nominated publication(s) has not been submitted to a previous STAA competition.
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[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Brian Schumacher

Nominating Official Title: CHEMIST

Nominating OfficialEmail: schumacher.brian@epa.gov
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STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

Rainwater harvesting has gained acceptance nationally and globally as both a viable solution to

address water scarcity and a climate change adaptation strategy. Rainwater harvesting is one

example of green infrastructure, which is an Agency priority as carried out by the Office of

Water and supported by the Office of Research and Development Safe and Sustainable Water

Resources (SSWR) Strategic Research Action Plan (2016-2019). The Water Infrastructure

Improvement Act states “The Administrator shall promote the use of green infrastructure in, and

coordinate the integration of green infrastructure into, permitting and enforcement under this

Act, planning efforts, research, technical assistance, and funding guidance of the Environmental

Protection Agency.” Signed into law in 2019, it mandates the “Administrator shall ensure that

the Office of Water coordinates efforts to increase the use of green infrastructure with… State,

tribal, and local governments and the private sector.” The Green Infrastructure Models and

Tools Program/Project 5.02 in the SSWR National Research Program was designed to address

the research and development needs of the Agency. According to the National Academies’ 2015

report Using Graywater and Stormwater to Enhance Local Water Supplies: An Assessment of

Risks, Costs, and Benefits, “Chronic and episodic water shortages are becoming common in

many regions of the United States, and urban population growth in water scarce regions further

compounds the challenges.” Rainwater harvesting can augment conventional water supply

systems to provide for non-potable uses such as toilet flushing and irrigation, and serve as a

sustainable, decentralized, and more cost-effective solution to water management challenges.

However, the human and ecological health impacts and life cycle costs of rainwater harvesting

are not well characterized for commercial buildings. The authors conducted life cycle analysis

of a commercial rainwater harvesting system and compared it to a municipal water supply

system adapted to Washington, D.C. Eleven life cycle impact assessment indicators were

assessed, with a functional unit of 1 m3 of rainwater and municipal water delivery system for

toilets and urinals in a four-story commercial building with 1000 employees. Their study

showed that the benchmark commercial rainwater harvesting system outperformed the

municipal system in all categories except Ozone Depletion. Sensitivity and performance

analyses revealed pump and pumping energy to be key contributors to most impact categories,

which further guides trade-off analysis with respect to energy intensities. Trade-off analysis

revealed that commercial rainwater harvesting performed better than the municipal system in

Ozone Depletion if rainwater harvesting energy intensity was less than the municipal supply by

at least 0.86 kWh/m3 (249% of the benchmark municipal energy usage at 0.35 kWh/m3). This

novel contribution provided a transparent set of publicly available life cycle inventory unit

processes as well as a comprehensive suite of life cycle impact assessment results relevant to

water resource decision making, with a methodology that can be extended to additional

locations.
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This nominated paper was the outcome of a successful collaboration with the nonprofit

American Rainwater Catchment Systems Association (ARCSA, www.arcsa.org) and was

delivered to the SSWR as Product 5.02A.3 in 2018. The results from the study, particularly the

impact of pumping energy on life cycle impacts and the need to "right-size" a system, were key

findings of interest to ARCSA. The EPA authors credited the success of the effort to the

engagement of a private sector stakeholder to help both in problem definition as well as in

guiding the potential solution, also providing design and material data to the analysis. Although

ARCSA initially contacted the EPA because of their interest in life cycle impact assessment

methodology, their goal in becoming a partner was to increase the relevance of the research to

their professional society by designing a case study that would be of greater interest generally

and viewed as more "realistic" to practitioners. The resulting collaboration and paper not only

furthered the EPA's mission but also the mission of ARCSA.

Justification 2A:

n/a

Justification 2B:

Ghimire, S.R., Johnston, J.M., Ingwersen, W.W. and Hawkins, T.R., 2014. Life cycle

assessment of domestic and agricultural rainwater harvesting systems. Environmental Science &

Technology, 48(7):4069-4077.

STAA Award Level Level II, 2016 

Justification 2C:

Ghimire et al. (2014) presented a life cycle impact assessment methodology for optimized,

domestic and agricultural rainwater harvesting systems, comparing conventional water supplies,

municipal water supplies and well water irrigation systems to serve as examples. The nominated

publication of Ghimire et al. (2017) addressed the life cycle impacts of a commercial rainwater

harvesting system design provided by the non-profit organization ARCSA for a typical

commercial building in a large U.S. city (compared to a municipal water supply system adapted

to Washington, D.C). The case study, system design, life cycle inventory material data and

http://www.arcsa.org/
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impact assessment are unique to the nominated publication. Although ARCSA reached out to

the EPA to express interest in the methodology of Ghimire et al. (2014), their goal in becoming

a partner was to increase the relevance of the research to their professional society by designing

a case study that would be of greater interest generally and viewed as more "realistic" to

practitioners.

Justification 2D:

n/a

Justification 2E:

n/a

Justification 3A:

According to Google Scholar, as of April 19, 2020, the nominated publication has been cited 36

times (excluding self citation). This is across 20 countries including the U.S.:

Concha Larrauri, P., Campos Gutierrez, J.P., Lall, U. and Ennenbach, M., 2020 A City Wide

Assessment of the Financial Benefits of Rainwater Harvesting in Mexico City. JAWRA Journal

of the American Water Resources Association. U.S.

Rahman, A., Snook, C., Haque, M.M. and Hajani, E., 2020. Use of design curves in the

implementation of a rainwater harvesting system. Journal of Cleaner Production, p.121292. 

Australia

Rodríguez, C.A.P., 2020. Comunidades sostenibles: construcción de canales de recolección de

agua lluvia con material PET. (Sustainable communities: channel construction rainwater

harvesting PET materials). Centro Sur, 4(1), pp.30-41. Ecuador

Semaan, M., 2020. A Novel Approach to Communal Rainwater Harvesting for Single-Family

Housing: A Study of Tank Size, Reliability, and Costs (Doctoral dissertation, Virginia Tech). 

U.S.
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Asadi, S., Nazari-Heris, M., Nasab, S.R., Torabi, H. and Sharifironizi, M., 2020. An Updated

Review on Net-Zero Energy and Water Buildings: Design and Operation. In

Food-Energy-Water Nexus Resilience and Sustainable Development (pp. 267-290). Springer,

Cham. U.S. and Iran

Nashait, A.F., Jasim, O.Z., Ismail, M.M. and Saad, F.H., 2020. Integrating various satellite

images for identification of the water bodies through using machine learning: A case study of

Salah Adin, Iraq. Iraq

Nnaji, C.C. and Aigbavboa, C., 2020. A Scenario-Driven Assessment of the Economic

Feasibility of Rainwater Harvesting Using Optimized Storage. Water Resources Management,

pp.1-16. Nigeria and South Africa

de Souza, T.D. and Ghisi, E., 2020. Harvesting rainwater from scaffolding platforms and walls

to reduce potable water consumption at buildings construction sites. Journal of Cleaner

Production, p.120909. Brazil

Sousa, V., Silva, C.M. and Meireles, I., 2019. Performance of water efficiency measures in

commercial buildings. Resources, Conservation and Recycling, 143, pp.251-259. Portugal

Husain, D., Garg, P. and Prakash, R., 2019. Ecological footprint assessment and its reduction

for industrial food products. International Journal of Sustainable Engineering, pp.1-13. India

Eränen, R., 2019. Vattenförsörjning i skärgården: Regnvatteninsamling och infiltration till

grundvattenmagasin. Independent thesis Advanced level (professional degree), Luleå University

of Technology, Department of Civil, Environmental and Natural Resources Engineering. 

Sweden

Severis, R.M., da Silva, F.A., Wahrlich, J., Skoronski, E. and Simioni, F.J., 2019. Economic

analysis and risk-based assessment of the financial losses of domestic rainwater harvesting

systems. Resources, Conservation and Recycling, 146, pp.206-217. Brazil

Yaqub, G., Hamid, A. and Asghar, S., 2019. Rain water quality assessment as air quality

indicator in Pakistan. Bangladesh Journal of Scientific and Industrial Research, 54(2),

pp.161-168. Pakistan

Zanni, S., Cipolla, S.S., di Fusco, E., Lenci, A., Altobelli, M., Currado, A., Maglionico, M. and

Bonoli, A., 2019. Modeling for sustainability: Life cycle assessment application to evaluate

environmental performance of water recycling solutions at the dwelling level. Sustainable

Production and Consumption, 17, pp.47-61. Italy
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Jia, X., Li, Z., Tan, R.R., Foo, D.C., Majozi, T. and Wang, F., 2019. Interdisciplinary

contributions to sustainable water management for industrial parks. China, South Africa, the

Philippines, Malaysia

Leong, J.Y.C., Balan, P., Chong, M.N. and Poh, P.E., 2019. Life-cycle assessment and

life-cycle cost analysis of decentralised rainwater harvesting, greywater recycling and hybrid

rainwater-greywater systems. Journal of Cleaner Production, 229, pp.1211-1224. Malaysia

Tavakol-Davani, H., Rahimi, R., Burian, S.J., Pomeroy, C.A., McPherson, B.J. and Apul, D.,

2019. Combining Hydrologic Analysis and Life Cycle Assessment Approaches to Evaluate

Sustainability of Water Infrastructure: Uncertainty Analysis. Water, 11(12), p.2592. U.S.

Faragò, M., Brudler, S., Godskesen, B. and Rygaard, M., 2019. An eco-efficiency evaluation of

community-scale rainwater and stormwater harvesting in Aarhus, Denmark. Journal of Cleaner

Production, 219, pp.601-612. Denmark

Marinoski, A.K. and Ghisi, E., 2019. Environmental performance of hybrid rainwater-greywater

systems in residential buildings. Resources, Conservation and Recycling, 144, pp.100-114. 

Brazil

Pavolová, H., Bakalár, T., Kudelas, D. and Puškárová, P., 2019. Environmental and economic

assessment of rainwater application in households. Journal of cleaner production, 209,

pp.1119-1125. Slovak Republic

Yan, X., Ward, S., Butler, D. and Daly, B., 2018. Performance assessment and life cycle

analysis of potable water production from harvested rainwater by a decentralized system.

Journal of Cleaner Production, 172, pp.2167-2173. UK and Republic of Ireland

Li, Y., Huang, Y., Ye, Q., Zhang, W., Meng, F. and Zhang, S., 2018. Multi-objective

optimization integrated with life cycle assessment for rainwater harvesting systems. Journal of

hydrology, 558, pp.659-666. China

Teston, A., Geraldi, M.S., Colasio, B.M. and Ghisi, E., 2018. Rainwater harvesting in buildings

in Brazil: A literature review. Water, 10(4), p.471. Brazil

Zhang, S., Zhang, J., Jing, X., Wang, Y., Wang, Y. and Yue, T., 2018. Water saving efficiency

and reliability of rainwater harvesting systems in the context of climate change. Journal of

Cleaner Production, 196, pp.1341-1355. China
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Lani, N.H.M., Syafiuddin, A., Yusop, Z. and bin Mat Amin, M.Z., 2018. Performance of small

and large scales rainwater harvesting systems in commercial buildings under different reliability

and future water tariff scenarios. Science of The Total Environment, 636, pp.1171-1179. 

Malaysia

Dijk, S., 2018. Performance assessment of citywide rainwater harvesting strategies in New York

City (Master's thesis, University of Twente). The Netherlands and the U.S.

Antunes, L.N., Ghisi, E. and Thives, L.P., 2018. Permeable pavements life cycle assessment: a

literature review. Water, 10(11), p.1575. Brazil

Tavakol-Davani, H., Burian, S.J., Butler, D., Sample, D., Devkota, J. and Apul, D., 2018.

Combining Hydrologic Analysis and Life Cycle Assessment Approaches to Evaluate

Sustainability of Water Infrastructure. Journal of Irrigation and Drainage Engineering, 144(11),

p.05018006. U.S. and U.K.

Moore, T.L., Rodak, C.M., Ahmed, F. and Vogel, J.R., 2018. Urban stormwater

characterization, control and treatment. Water Environment Research, 90(10), pp.1821-1871. 

U.S.

Zanni, S., Cipolla, S.S., di Fusco, E. and Lenci, A`, 2018. Modeling for sustainability: Life

cycle assessment application to evaluate environmental performance of water recycling

solutions at the dwelling level. Sustainable Production and Consumption 17 (2019) 47-61 Italy

Rose, H.S., Upshaw, C.R. and Webber, M.E., 2018. Evaluating Energy and Cost Requirements

for Different Configurations of Off-Grid Rainwater Harvesting Systems. Water, 10(8), p.1024. 

U.S.

Wasserstein, B., 2018. Water Utilities Objectives Evaluation of Single Family Residence

Greywater Systems (Doctoral dissertation, Duke University). U.S.

Bangale, M.C., Patil, M.C., Waghule, M.S., Kharat, M.A., Sabale, P.D. and Yadav, S.J., 2018.

Design of Rooftop Rainwater Harvesting in Nimgaon Village-A Case Study of Junnar Tahsil.

International Research Journal of Engineering and Technology,05 (05). India

Ghisi, E., Colasio, B.M., Geraldi, M. and Teston, A., 2017. Rainwater Harvesting in Buildings

in Brazil: A Literature Review. In Multidisciplinary Digital Publishing Institute Proceedings

(Vol. 2, No. 5, p. 186). Brazil
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a b s t r a c t

Building upon previously published life cycle assessment (LCA) methodologies, we conducted an LCA of a

commercial rainwater harvesting (RWH) system and compared it to a municipal water supply (MWS)

system adapted to Washington, D.C. Eleven life cycle impact assessment (LCIA) indicators were assessed,

with a functional unit of 1 m3 of rainwater and municipal water delivery system for toilets and urinals in

a four-story commercial building with 1000 employees. Our assessment shows that the benchmark

commercial RWH system outperforms the MWS system in all categories except Ozone Depletion.

Sensitivity and performance analyses revealed pump and pumping energy to be key components for

most categories, which further guides LCIA tradeoff analysis with respect to energy intensities. Tradeoff

analysis revealed that commercial RWH performed better than MWS in Ozone Depletion if RWH's energy

intensity was less than that of MWS by at least 0.86 kWh/m3 (249% of the benchmark MWS energy usage

at 0.35 kWh/m3). RWH also outperformed MWS in Metal Depletion and Freshwater Withdrawal,

regardless of energy intensities, up to 5.51 kWh/m3. An auxiliary commercial RWH system with 50%

MWS reduced Ozone Depletion by 19% but showed an increase in all other impacts, which were still

lower than benchmark MWS system impacts. Current models are transferrable to commercial RWH

installations at other locations.

Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Approximately 5e20% of the global population is predicted to

live under absolute water scarcity (<500 m3/person/year) up until

the point of a 2 �C increase in mean global temperature, and a

higher percentage as temperatures rise further (Schewe et al.,

2014). The climate change impact and the 21st century's mega-

droughts with longer duration may result in unprecedented water

scarcity from the southwestern to the southeastern U.S., and to

other parts of the world, which is driving the global search for

alternate water sources (USGCRP, 2012; Ault et al., 2016; USEPA,

2016a). Rainwater harvesting (RWH) is receiving renewed interest

as a green infrastructure practice in the face of necessary

adaptation to global climate change (USGCRP, 2012; Ghimire et al.,

2014). RWH has been used for drinking water and agricultural

irrigation since 11,500 BCE in North America and 4500 BCE in Asia

(Pandey et al., 2003; Mays et al., 2013; Ghimire and Johnston, 2015).

Other potential benefits of RWH include reduced impacts on the

environment and human health, reduced stormwater runoff and

combined sewer overflows, and economic viability (Ghimire et al.,

2012; Wang and Zimmerman, 2015). In practice the implementa-

tion of RWH has remained a challenge. This is due primarily to a

lack of understanding of its environmental and human health im-

pacts (criteria pollutants from material selection and energy use)

and partly due to the lack of regulations governing RWH practices.

Although state regulations and statutes continue to favor RWH

(ARCSA, 2016; Harvesth2o, 2016; NCSL, 2016), the U.S. Environ-

mental Protection Agency (EPA) reported “there are currently no

federal regulations governing rainwater harvesting for non-potable

use, and the policies and regulations enacted at the state and local

levels vary widely from one location to another” (USEPA, 2013a).
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Studies worldwide have explored RWH life cycle cost impacts

(Roebuck et al., 2011), water savings potential (Ghisi et al., 2009;

Domenech and Sauri, 2011; Ward et al., 2012), water quality and

health risks (Lye, 2002; Domenech et al., 2012), optimal designs

(Sample and Liu, 2014), energy intensity versus economic and CO2

emissions (Gurung and Sharma, 2014; Siems and Sahin, 2016),

hydrologic impacts (Ghimire and Johnston, 2013), and climate

change adaptation (Pandey et al., 2003). Of particular interest is the

life cycle environmental and human health criteria air pollutant

impacts of RWH. Life cycle assessment (LCA) has been widely used

since its inception in the late 1960s in diverse sectors to assess

environmental and human health impacts in a cradle-to-grave

approach that avoids or minimizes unintended consequences

(Hunt et al., 1996; ISO, 2006b, a; Meyer and Upadhyayula, 2013;

Ingwersen et al., 2016). Use of LCA to assess RWH systems is also

increasing. Previous studies focused on residential small and large

building systems that vary by region; however, findings varied by

design parameters and data sources, as demonstrated by the

following examples. Crettaz et al. (1999) performed an LCA on RWH

for clothes washing and toilet flushing in Switzerland and reported

RWH as energetically favorable if pumping energy intensity for

municipal drinking water was greater than 0.8 kWh/m3. Angrill

et al. (2012) reported life cycle impacts of RWH for laundry use in

compact urban densities were generally lower than in diffused

settings in Spain. Morales-Pinz�on et al. (2015) reported a lower life

cycle global warming potential of RWH than tap water for toilet

flushing and clothes washing in a single-family house if the average

storage tank was smaller than 2 m3.

In the U.S., interest in RWH is growing due to increased droughts

as well as its environmental benefits (Thomas et al., 2014; Sojka

et al., 2016). An energy and greenhouse gas (GHG) emission anal-

ysis of RWH in a university building in Ohio reported RWH as a

viable option with GHG emission payback periods higher than the

energy payback periods but contradicted the results of Anand and

Apul (2011) due to difference in data sources (process-based

versus Economic Input Output life cycle assessment data) (Devkota

et al., 2015). Wang and Zimmerman (2015) assessed life cycle

climate change, fossil fuel depletion, and eutrophication impacts of

RWH for office buildings in 14 large cities across the U.S., from

Boston, Massachusetts to Seattle, Washington, and reported that

reduced eutrophication and combined sewer flows varied with

location.

Ghimire et al. (2014) published an LCA of domestic and agri-

cultural RWH systems that compared conventional water supplies,

municipal water supplies and well water irrigation systems in the

southeastern U.S. The American Rainwater Catchment Systems

Association then contacted the authors about conducting a similar

study for a commercial RWH system. Comprehensive understand-

ing of the life cycle implications of commercial RWH systems is only

in its infancy but is important for informing urban water manage-

ment planning and decision making. Consequently, we conducted

an LCA of a typical commercial RWH system in an average size

commercial building sited in a large U.S. city (EIA, 2016) and

combined this with scenario and sensitivity analysis, with the

intention of providing more generalizable life cycle implications of

commercial RWH systems.

1.1. Objective, scope, and novelty

Our objective is to conduct an LCA of a commercial RWH system

and compare it to amunicipal water supply (MWS), hereafter called

benchmark commercial RWH and MWS systems. Eleven life cycle

impact assessment (LCIA) indicators were calculated per functional

unit of 1 m3 of rainwater and municipal water delivery for flushing

toilets and urinals in a four-story commercial building with 1000

employees. These included Acidification, Energy Demand, Eutro-

phication, Fossil Depletion, Freshwater Withdrawal, Global

Warming, Human Health Criteria, Metal Depletion, Ozone Deple-

tion, Smog, and Evaporative Water Consumption. LCIA sensitivity

was addressed for (i) storage tank materials and volume, (ii) energy

usage or energy intensity, (iii) water demand, (iv) water loss, (v)

system service life, and (vi) an auxiliary commercial RWH system

augmented with MWS. The LCA system boundary spans cradle-to-

grave, excluding the distribution of both systems' components from

final manufacture to point of use and disposal phases for lack of

comparable data (see Supplementary Material or SM 1 for addi-

tional details). This study provides a comprehensive LCA of com-

mercial RWH to inform RWH planning and decision making, with

standards and regulations at state and local levels governing urban

water management decisions (USEPA, 2013a). The life cycle in-

ventory (LCI) and LCA models are generally transferrable in recre-

ating LCA models of other commercial RWH and MWS systems by

obtaining appropriate LCI data. The following sections describe

methods, tools, databases and assumptions and results, with

concluding remarks on potential implications for commercial RWH

design and planning.

2. Methods and tools

2.1. Site selection

Washington, D.C. was selected as the study site primarily due to

readily available data on the MWS system, precipitation record and

commercial RWH design. While the commercial RWH system was

designed for local precipitation patterns, the analysis required

extensive data on an existing urban MWS system compatible with

existing life cycle data for MWS. The EPA conducted a study of the

Cincinnati MWS system that uses the Ohio River as a source with

chlorine disinfection (Cashman et al., 2014). Data were developed

in a modular and reusable fashion to be reconfigured and

customized for other regions. Study area selection criteria included

a large urban area with similar source water characteristics, treat-

ment processes and distribution architecture to Cincinnati, Ohio, as

well as publically available data on the water supply system and

sufficient precipitation record. Other U.S. cities considered included

Los Angeles, Phoenix, Austin, Chicago and Atlanta. Although water

demand for Washington, D.C. (benchmark MWS system) was

slightly higher z 1.1 times Cincinnati MWS system demand, it has

comparable treatment system and distribution pipe network

composition (Ductile Iron pipe >90%).

2.2. Definition of the benchmark commercial RWH and MWS

systems

The American Rainwater Catchment Systems Association pro-

vided the design for a commercial RWH system from one of its

member companies to be configured for a typical urban system.

This design was customized for flushing 40 toilets and 15 urinals in

a four-story commercial building with 1000 people, adapted to

Washington, D.C. (Fig. 1 and Table 1, see SM 1 and 2 for additional

details).

Key design parameters and assumptions used in the benchmark

commercial RWH system analysis were:

� Total water demand for flushing all urinals and toilets for the

building was estimated at 2653 m3/y (2685 gallons/day): high-

efficiency urinal demand at 0.47 L per flush (l/f) or 0.125 gallon/

flush (g/f), and high-efficiency toilet demand at 4.8 l/f or 1.28 g/f

(AWE, 2016);
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� Storage tank volume was designed at 76 m3 (20,000 gallons),

supplying 77% of total volumetric water demand (RMS, 2009)

(see SM 1 for additional details);

� The benchmark commercial RWH systemmet 77% of total toilet

and urinal water demand (77% of 2653 m3/y ¼ 2042.81 m3/y)

and an auxiliary commercial RWH system was operated with

support of MWS to meet additional demand;

� Pumping energy intensity was estimated at 0.19 kWh/m3 (see

SM 1 for additional details);

� Water loss throughout the system was 5%;

� Service life of the system was 50 years and components with

shorter service lives were replaced at the end of their service

lives;

� Distribution of system components from final manufacture to

point of use and disposal were excluded from LCA.

The benchmark MWS system was defined using available in-

formation from the District of ColumbiaWater and Sewer Authority

(DCWSA, 2015) and Baltimore District, U.S. Army Corps of Engineers

(USACE, 2016) (Fig. 2 and SM 2).

The District of Columbia Water and Sewer Authority (DC Water)

purchased 100% of drinking water from the Washington Aqueduct

operated by the Baltimore District, U.S. Army Corps of Engineers.

TheWashington Aqueduct collected, purified and pumped drinking

water to three jurisdictions, including DC Water, Arlington County,

Virginia, and Fairfax County Water Authority, Virginia (USACE,

2016). Washington Aqueduct owned and operated two treatment

plants, Dalecarlia and McMillan (source water: Potomac River), an

intake pumping facility, and three water storage facilities. Seventy-

two percent of total treated water from the two plants (i.e., 72% �

192,052,776 m3/y) was sold to DC Water in 2012. DC Water

consisted of 2092 km (1300 miles) of pipes, eight water storage

facilities, four pumping stations, and 36,000 valves. Thus, DCWater

(benchmark MWS system) was a combination of District of

Columbia Water and Sewer Authority-owned and Washington

Aqueduct-owned facilities. Key design parameters and assump-

tions pertaining to the benchmark MWS system were:

� The two water treatment plants of Washington Aqueduct pro-

duced 192,052,776 m3/y or 139 million gallons of water per day

and 72% of the treated water from the Aqueduct sold to DC

Water;

� Water loss throughout the system was 24%, based on sold to

pumped ratio of 76% in 2008 (DCWSA, 2008);

� Water treatment options were consistent with average U.S.

water treatment;

� MWS energy intensity was estimated at 0.35 kWh/m3

combining two energy uses: Washington Aqueduct energy use

(0.20 kWh/m3) included electricity required to pump source

water and energy throughout the water treatment plants and

DC Water services pumping energy use (0.15 kWh/m3) for

transporting the treated water (see SM 1 for additional details);

� All infrastructure had service lives of 100 years except the pump

with 15-y service life, replaced at the end of its service life;

� Distribution of the system components from final manufacture

to point of use and disposal were excluded from LCA.

2.2.1. Functional unit

To facilitate comparison of water supply from two different

sources, 1 m3 of water supply was defined as the functional unit for

annual water supply and service lives of system components.

Fig. 1. Schematic of commercial rainwater harvesting system (designed by Rainwater Management Solutions).
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Standardization by 1 m3 enabled comparison of LCIA scores

regardless of volumetric water supply, because material input is

linearly related to volumetric water supply. In addition, accounting

for service lives of system components addressed the issue of

product replacement.

2.3. Development of LCI and LCA models

Primary data collected on commercial RWH included design

components (Table 1, also see SM 2). Similarly, primary data were

collected on the benchmark MWS system for system components,

Table 1

Description of the major components of benchmark commercial rainwater harvesting system and life cycle inventory.

Main component Sub-component Material (unit) Amount Lifetime (y) LCI data source

Vortex Filter Housing polypropylene (kg) 47.7 40 Ecoinvent (2012)

Lid aluminum (kg) 3.6 40 Ecoinvent (2012)

Intermediate ring stainless steel (kg) 7.3 40 Ecoinvent (2012)

Filter insert stainless steel (kg) 4.1 40 Ecoinvent (2012)

Smoothing inlet Smoothing inlet stainless steel (kg) 3.2 40 Ecoinvent (2012)

Floating filter Filter assembly stainless steel (kg) 0.7 15 Ecoinvent (2012)

Hose food grade reinforced plastic hose (kg) 2.3 15 Ecoinvent (2012)

Floating ball polyethylene (kg) 0.2 15 Ecoinvent (2012)

Main pump, 1 hp Main pump primarily stainless steel (kg) 18.0 15 Ghimire et al. (2014)

Booster pump, 1 hp A booster pump primarily stainless steel (kg) 18.0 15 Ghimire et al. (2014)

Level switch Float switch and cable polypropylene (Housing) (kg) 0.9 12.5 Ecoinvent (2012)

Pressure tank Tank rolled steel (16 gauge), butyl rubber,

copolymer polypropylene (kg)

16.4 50 Ecoinvent (2012)

Bag filter Bag filter polypropylene (kg) 0.2 15 Ecoinvent (2012)

Filter housing polypropylene (kg) 4.6 15 Ecoinvent (2012)

Ultraviolet (UV) light chamber Housing 316L stainless steel (kg) 14.6 11 Ecoinvent (2012)

Bulbs quartz (kg) 0.9 11 Ecoinvent (2012)

Quartz sleeves fused silica (kg) 0.5 11 Ecoinvent (2012)

Solenoid Valve Valve brass (kg) 0.5 7.5 Ecoinvent (2012)

Day Tank high-density polyethylene (HDPE) PE pipe equivalent length 181 m (kg) 43.2 50 NIST (2013)

Ultrasonic level transmitter

(sensor)

Housing (LU20 Model) polypropylene (kg) 0.9 15 Ecoinvent (2012)

Pipe, collection 2 in Polyvinyl chloride (PVC) water supply 2 in 1 m - PVC cradle-to-

gate (m)

61.0 50 NIST (2013)

Pipe, supply 1.5 in chlorinated PVC HCWD 1.5 in 1 m- CPVC cradle-to-gate

(m)

152.0 50 NIST (2013)

Storage Tank Fiberglass (FG) Storage Tank glass fibre (kg) 2773.0 50 NIST (2013)

Two FG Access Riser (36 in diameter,

3 ft tall)

glass fibre (kg) 113.6 50 Ecoinvent (2012)

Two FG Access Collars (36 in) glass fibre (kg) 113.6 50 Ecoinvent (2012)

Two overflow pipe (8 in 2 ft) water supply 8 in 1 m - PE cradle-to-

gate (kg)

2.3 50 NIST (2013)

Energy usage Pumping energy electricity, at residential user (kWh/m3) 0.19 N/A Cashman et al. (2014)

Fig. 2. Washington, D.C. municipal water supply system. Number Key: (1) Source water (Potomac River); (2) Source water acquisition infrastructure; (3) Acquisition pump; (4)

Screening infrastructure; (5) Pre-sedimentation (natural settling in a pre-treatment storage); (6) Flocculation; (7) Sedimentation (coagulated particles); (8) Filtration (sand filter);

(9) Primary Disinfection (Gaseous Chlorine, Lime addition, Fluorination, Orthophosphate); (10) Secondary Disinfection: Chloramines; (11) Distribution Pump (four); (12) Storage

Tanks (eleven); (13) Water pipe network (based on District of Columbia Water and Sewer Authority (DCWSA, 2015) and Baltimore District, U.S. Army Corps of Engineers (USACE,

2016)).
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amount of material and energy use, and water demand from the

District of Columbia Water and Sewer Authority (DCWSA, 2015)

and Baltimore District, U.S. Army Corps of Engineers (USACE, 2016)

(see SM 2 for details on LCI). The LCI of the benchmark systems was

compiled using Building for Environmental and Economic Sus-

tainability (BEES) (NIST, 2013), Ecoinvent (2012) version 2.2, U.S. LCI

database (NREL, 2013), and Cincinnati drinking water treatment

and distribution systems collected from a previous study (Cashman

et al., 2014). There are limitations to using the Ecoinvent database, a

European LCI, in the U.S. because results would be sensitive to data

quality and material type. However, data availability is a major

consideration, such that the LCI and LCA utilized data and methods

from a domestic RWH study in the southeastern U.S (Ghimire et al.,

2014). as well as the LCI of the Cincinnati MWS system (Cashman

et al., 2014).

2.4. Life cycle impact assessment (LCIA)

LCIA methods included combining the Tool for the Reduction

and Assessment of Chemical and Other Environmental Impacts or,

TRACI 2.1 (USEPA, 2013b), with the ReCiPe's Metal Depletion and

Fossil Depletion (Goedkoop et al., 2012), Water Footprint's Evap-

orative Water Consumption and Freshwater Withdrawal (WFN,

2009), and the non-renewable Cumulative Energy Demand of

Ecoinvent (Hischier et al., 2010). TRACI 2.1 methods included were

Global Warming, Ozone Depletion, Smog, Human Health Criteria

(air pollutants), Eutrophication, and Acidification. Human health

(cancer) and ecotoxicity indicators were excluded due to lack of

high quality life cycle data for release to air and water, consistent

with Ingwersen et al. (2016). OpenLCA (2016) version 1.4.2, an

open source LCA software (GreenDelta © 2016) was used for all

LCIA calculations in conjunction with LCIA methods and LCI

databases.

LCIA percentage contributions of the benchmark systems and

their components were analyzed. LCIA sensitivity analysis was

conducted for various scenarios (Table 2) which further guided

LCIA tradeoff analysis with respect to energy intensities and the

auxiliary commercial RWH system. Sensitivity and tradeoff LCIA

results were normalized for each impact category by maximum

LCIA score (see SM 4 for the details on LCIA normalization).

LCIA tradeoff of the auxiliary commercial RWH system,

augmented with 10%e90% MWS, was assessed by summing the

Table 2

Sensitivity analysis scenarios.

Commercial RWH system MWS (Washington D.C. water) system

Storage tank material (Polyethylene and Fiberglass) e

Commercial RWH energy intensities (0.19e5.51 kWh/m3) MWS energy intensities (0.35e10.15 kWh/m3)

Storage tank volume (from 0.25 to 4.5 � benchmark volume) e

Commercial RWH demand (10%e100% of benchmark demand) e

Commercial RWH system water loss (0%e30%) DC Water system water loss (0%e30%)

System service life (50 years versus 75 years) System service life (100 years)

Auxiliary commercial RWH system (0%e90% MWS) e

Fig. 3. Comparison of life cycle impacts of the benchmark commercial rainwater harvesting system to the municipal water supply system adapted to Washington, D.C. (vertical

arrow indicates the threshold 50%).
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fractional impacts of both systems delivering 1 m3 of water supply

(Equation (1)):

Iaux ¼ pc � Ic þ pm � Im (1)

for each impact categoryIaux ¼ the auxiliary system's impact

(impact/m3 of water supply), .Ic ¼ the benchmark commercial

RWH system's impact (impact/m3 of water supply), .Im ¼ the

benchmarkMWS system's impact (impact/m3 of water supply), .pc
and pm are commercial RWH and MWS percentage (in decimal)

such that

pc þ pm ¼ 1 (2)

Equation (1) was applied to estimate the impacts of the auxiliary

commercial RWH system using the functional unit impacts of both

benchmark systems; e.g., if a commercial RWH system supplied

70% of total demand (i.e., pc ¼ 0.7), then the value of Iaux would be

0.7 � benchmark commercial RWH system impact,

Ic, þ 0.3 � municipal water supply impact, Im. Functional unit im-

pacts per 1 m3 water delivery were calculated, with inputs linearly

related to volumetric water supply.

3. Results and discussion

3.1. Performance analysis

LCIA percentage contribution analysis showed that the bench-

mark commercial RWH system performed better than (<40%) or

equivalent to (45%e55%) the MWS system in all impact categories

except Ozone Depletion at 62% (Fig. 3).

Commercial RWH was slightly better than or equivalent to (at

45%, assuming a margin of error) MWS for Energy Demand, Fossil

Depletion, Global warming, and Smog and better than MWS in 6

impact categories, ranging from 65% (Acidification) to 83%

(Eutrophication). Percentage comparison of component-specific

LCIA revealed energy usage to be the dominant contributor of

both systems (Figs. 4e5). Commercial RWH energy usage (pumping

energy) and storage tank collectively dominated (>50%) in all but

Metal Depletion, ranging from 74.8% (Freshwater Withdrawal),

89.6% (Global Warming), to 99.2% (Evaporative Water Consump-

tion). The commercial RWH storage tank (Fiberglass) dominated in

Ozone Depletion (78.5%) and Freshwater Withdrawal (67.6%). MWS

energy usage (treatment plant operation and water transport)

dominated (>50%) in five categories, ranging from 60.3% (Smog) to

99.7% (Evaporative Water Consumption). The pump dominated in

Metal Depletion impact of both systems, 63.5% in commercial RWH

and 84.8% in MWS. Source water acquisition contributed to total

MWS Freshwater Withdrawal impact at 64.8%, and primary and

secondary disinfection together contributed to Eutrophication and

Ozone Depletion impacts at 79.2% and 51.1%. All other commercial

RWH system components were below 15%, and the remaining

MWS system components were <10% (Figs. 4e5). Detailed values of

LCIA of benchmark systems and their components are included in

SM 2.

3.2. Sensitivity analysis

Normalized LCIA of energy usage revealed linear impact varia-

tion, confirming linearity in LCIA scores consistent with linear LCA

models (Fig. 6). For purposes of this analysis, impact variation were

grouped as Mild slope, e.g., Metal Depletion; Moderate slope, e.g.,

Freshwater Withdrawal; or High slope, e.g., Evaporative Water

Consumption (Fig. 6aeb).

The rate of change of impacts across LCIA categories was

consistent with the dominant components. For example, in the case

of commercial RWH energy usage, EvaporativeWater Consumption

and Fossil Depletion fell under High slope because pumping energy

dominated those impacts; Ozone Depletion and Freshwater

Fig. 4. Percentage comparison of life cycle impacts showing the performance of commercial rainwater harvesting (RWH) system components. Note: RWH energy usage includes

pumping energy at the commercial RWH storage tank (vertical arrow indicates the threshold 50%).
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Withdrawal fell underModerate slope because of storage tank. LCIA

scores, normalized with respect to maximum scores of the storage

tank, showed that fiberglass material dominated nine impact cat-

egories, while polyethylene (PE) tank dominated Energy Demand

and Fossil Depletion (see SM 4). The fiberglass storage tankmaterial

was deemed appropriate for underground placement as designed

by Rainwater Management Solutions. In practice, tank material is

selected to meet system requirements and impact focus. Linear

slopes were also observed in commercial RWH storage tank vol-

ume, water demand, water loss, and auxiliary commercial RWH

system sensitivity analyses (SM 4). Additional sensitivity analysis

results of storage tank materials and volume, water demand, water

loss, system service life and auxiliary commercial RWH system, as

well as a closer look at the LCIA release contributing processes of

commercial RWH storage tank, pumping energy and pump, are

provided in SM 3e4.

3.3. The LCIA tradeoffs of the systems

Energy usage or energy intensity sensitivity analysis revealed

conditional LCIA tradeoffs of commercial RWH and MWS systems

to energy requirements (Fig. 7aek). Using regression equations

(Fig. 7, Table 3), LCIA tradeoffs can be predicted for the two systems

when energy intensity is known.

For Ozone Depletion, commercial RWH outperformed MWS if

commercial RWH pumping energy intensity (Ec) was less than

MWS energy intensity (Em), Ec þ 0.86 � Em. For example, for

Ec ¼ 0.19 kWh/m3 and Em ¼ 1.05 kWh/m3, Ozone Depletion scores

of commercial RWH and MWS systems were estimated at

4.1 � 10�8 kgCFC11 eq/m3 and 4.2 � 10�8 kgCFC11 eq/m3. Com-

mercial RWH outperformed in Metal Depletion and Freshwater

Withdrawal impacts, regardless of energy intensities analyzed. In

Human Health Criteria and Eutrophication impacts, commercial

RWH outperformed MWS, depending on energy intensities, if

Ec � Em. Commercial RWH outperformed in all other impact

categories such as Energy Demand, if Ecþ 0.09� Em. Mean Absolute

Percentage Error (MAPE) of predicting LCIA impact scores using

commercial RWH Tradeoff equations ranged from 0.26% (Evapo-

rative Water Consumption) to 1.20% (Ozone Depletion) (Table 3;

also see SM 4 for additional details on MAPE). In the case of MWS

Tradeoff equations, MAPE ranged from 0.12% (Smog) to 2.40%

(Metal Depletion). MAPE was selected as an appropriate, trans-

parent statistic for comparing fit of the equations instead of another

statistic such as coefficient of determination (R2), thus avoiding any

potential model exaggeration as reported by Birnbaum (1973).

Auxiliary commercial RWH system sensitivity analysis provided

additional insights into LCIA tradeoffs. The impacts of the auxiliary

system increased linearly with the percentage increase of MWS, as

explained by Equation (1), except for Ozone Depletion with the

reverse relationship due to the greater Ozone Depletion impact of

benchmark commercial RWH system than MWS. An auxiliary

commercial RWH systemwith 50% MWS reduced Ozone Depletion

by 19%, but with an increase in all other impacts ranging from 10%

Smog, 11% Energy Demand, 35% Evaporative Water Consumption,

to 197% Eutrophication with respect to the benchmark commercial

RWH system (Table 4). All increases were below benchmark MWS

system impacts though, by as much as 8% Smog to 40%

Eutrophication.

The benchmark commercial RWH storage tank volume of 76 m3

(20,000 gallons) was estimated using a traditional behavioral and

mass balance model, a spreadsheet-based, time series modeling

approach (RMS, 2009). Two tank materials were evaluated by LCIA

score, PE versus fiberglass, utilizing BEES and Ecoinvent data

sources. Storage tank material and volume depends on the system

requirement, annual precipitation and impact focus. In addition,

infrastructure characteristics such as pump efficiencies, number of

stories in a building and system head, as well as geographic char-

acteristics such as location and water demand, water sources,

treatment processes and storage options influence pumping energy

intensities. Variations with sensitivity analyses of commercial RWH

Fig. 5. Percentage comparison of life cycle impacts showing the performance of municipal water supply (MWS) system components. Note: MWS energy usage includes electricity

required to pump in source water, energy throughout the water treatment plants, and pumping energy for transporting treated water (vertical arrow indicates the threshold 50%).
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energy intensities (0.19 kWh/m3 to a hypothetical value of 5.51

kWh/m3) and MWS energy intensities (0.35 kWh/m3 to a hypo-

thetical value of 10.15 kWh/m3) were addressed by capturing

theoretical and empirical commercial RWH pumping energy (0.20

kWh/m3 to 4.9 kWh/m3) (Retamal et al., 2009; Vieira et al., 2014)

and average national MWS pumping energy estimates (0.396 kWh/

m3 to high intensity water source desalination of 3.17 kWh/m3)

(Pabi et al., 2013; Wang and Zimmerman, 2015). Although alter-

native disinfection options were not the focus of current study, it is

important to note that primary and secondary disinfection

dominated Eutrophication and Ozone Depletion impacts of the

MWS system. Therefore, appropriate information on disinfection

technology is important in comparing impacts with a commercial

RWH system.

The benchmark MWS system used chlorination similar to a

majority of U.S. water systemsdeighty-five percent of the water

treatment plants in the U.S. were using chlorine by 1941, and today

all drinking water filtration in the U.S. is accompanied by chlori-

nation or other disinfection technologies such as ozonation and UV

light (Sedlak, 2014).

Fig. 6. Sensitivity analysis of energy usage to life cycle impacts of (a) benchmark commercial rainwater harvesting (RWH) system and (b) benchmark municipal water supply (MWS)

system.
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Fig. 7. LCIA tradeoff analysis for a range of energy intensities in commercial rainwater harvesting (RWH) and municipal water supply (MWS) systems: (a) Ozone Depletion, (b) Metal

Depletion, (c) Freshwater Withdrawal, and (d) Energy Demand categories. Legend: Triangles ¼ commercial RWH system and Circles ¼ MWS system, (e) Human Health Criteria, (f)

Eutrophication, (g) Acidification, and (h) Fossil Depletion. Legend: Triangles ¼ commercial RWH system and Circles ¼ MWS system, (i) Global warming, (j) Evaporative water

consumption and (k) Smog.
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4. Summary and study implications

In addition to assessing the comprehensive life cycle environ-

mental and human health impacts of a commercial RWH system

compared to a MWS system, we addressed sensitivity of LCIA

impact scores to storage tank material and volume, energy usage,

water demand, water loss, system service life and an auxiliary

commercial RWH system augmented with MWS. The LCA system

boundary spans cradle-to-grave, excluding distribution of both

systems' components from final manufacture to point of use and

disposal phases.

Our analyses revealed that the benchmark commercial RWH

performed better or equivalent (45e55%) to MWS in all impact

categories except Ozone Depletion. Sensitivity analyses of energy

usage, water demand, water loss, and storage tank volume

confirmed linearity trends in LCIA scores. Additional sensitivity

analyses showed that storage tank with fiberglass material domi-

nated in nine of the 11 impact categories, except in Energy Demand

and Fossil Depletion. Annual LCIA impacts for the commercial RWH

system with longer service life (75 y) were lower than that of the

system with shorter service life (50 y). An auxiliary commercial

RWH system augmented with 50% MWS reduced Ozone Depletion

impact by 19% showing increases in all other impacts. The LCIA

tradeoff equations with respect to energy usage revealed condi-

tional LCIA tradeoffs with energy requirements.

This study informs RWH planning and decision making through

a comprehensive LCA of a commercial RWH system, with standards

and regulations at the state and local level (USEPA, 2013a). LCA

models are transferrable to other commercial RWH installations

and study implications are summarized:

� A suite of 11 LCIA impact categories, as well as sensitivity ana-

lyses, provided insights into LCIA impact tradeoffs. The impor-

tance of LCIA impact categories and dominant components,

especially material selection and energy usage, should be

considered.

� Commercial RWH fiberglass storage tank material dominated

(>50%) in Ozone Depletion and Freshwater Withdrawal impact

categories. Selecting PE instead of fiberglass to reduce Ozone

Depletion impact may be an option, although a PE tank may not

be as appropriate for underground placement because it also

necessitates greater Energy Demand and Fossil Depletion than

fiberglass. Sensitivity of the data source was evaluated by per-

forming an example LCIA of commercial RWH storage tank

materials, fiberglass and PE with Ecoinvent (2012) and the BEES

database (NIST, 2013). A data quality assessment of LCI by

defining representativeness (including temporal, geographic,

technological aspects, and completeness of data) would provide

insight into variation in data (ISO, 2006b; USEPA, 2016b);

however, it was beyond the scope of this study.

� Commercial RWH pumping energy usage was the most domi-

nant component; therefore, eliminating or reducing pumping

energy is key to reducing commercial RWH impacts. An alter-

nate energy mix (e.g., solar) can minimize impacts of a domi-

nant release contributor.

� Regression equations are useful for estimating impact tradeoffs

of alternatives. Benchmark MWS treatment practices were

consistent with typical U.S. surface water treatment, thus

Fig. 7. (continued).
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applicable to other MWS systems that use surface water such as

New York City (York, 2016), Austin (Water, 2010), and Seattle

(2016). Accurate information on water treatment and energy

use is imperative, and caution must be exercised when esti-

mating the impacts of an energy-efficient MWS system because

these systems require significantly less energy than energy-

intensive ones (e.g., water source desalination and water

transportation).

� LCIA tradeoffs exist due to variations in system requirements

such as energy intensities and tank size for different rainfall and

water demands. While component performance findings can

help to improve the design of a specific component, slopes and

tradeoff results focus on target impacts of a commercial RWH

system.

� Appropriate storage tank volume, water demand, and energy

intensity may be determined by considering a threshold point to

minimize commercial RWH impacts using slope zone curves.

For example, a hypothetical threshold at 50%water demandmay

be as efficient, with a relatively small variation in slope beyond

the threshold. A dramatic increase in impacts was found below

50% of water demand due to input flow inefficiency.

� A threshold can also be devised for an auxiliary commercial

RWH system operation. A 50% auxiliary commercial RWH sys-

tem outperformed MWS in all LCIA categories except Ozone

Depletion. Different thresholds determined from the regression

equations can be set for different energy intensities.

� Regulatory requirements on water quality, water withdrawal

and plumbing codes can also influence impacts due to compo-

nent size, material, and treatment standards and should be

considered when designing a commercial RWH system. When

implemented at the watershed-scale, the potential impacts of

commercial RWH on freshwater balance, water quality, runoff

and sewer overflow, groundwater level (and economic viability)

need further attention. Human health (cancer) and ecotoxicity

impacts in addition to the cradle-to-cradle analysis are addi-

tional research needs.

Table 3

Life Cycle Impact Assessment (LCIA) tradeoff equations with respect to energy intensities (X, kWh/m3). Xc and Xm are commercial rainwater harvesting (RWH) and municipal

water supply (MWS) system energy intensities; Y ¼ LCIA impact score; MAPE ¼ Mean Absolute Percentage Error.

LCIA impact

category

Tradeoff condition Commercial RWH LCIA

tradeoff equation

MAPE (%)

(commercial RWH

equation)

MWS LCIA tradeoff

equation

MAPE (%)

(MWS equation)

Acidification Xc þ 0.05 � Xm Y ¼ 4.1 � 10�3

X þ 8.4 � 10�4
0.60 Y ¼ 3.8 � 10�3 X þ 1.6 � 10�3 0.82

Energy Demand Xc þ 0.09 � Xm Y ¼ 2.0 � 101

X þ 3.0 � 100
0.52 Y ¼ 1.8 � 101 X þ 1.9 � 100 2.20

Eutrophication Xc � Xm Y ¼ 7.8 � 10�5

X þ 2.8 � 10�5

0.35 Y ¼ 7.3 � 10�5 X þ 1.9 � 10�4 1.10

Fossil Depletion Xc þ 0.07 � Xm Y ¼ 3.5 � 10�1

X þ 5.6 � 10�2

0.45 Y ¼ 3.3 � 10�1 X þ 3.5 � 10�2 1.22

Freshwater Withdrawal Regardless of X Y ¼ 2.4 � 10�1

X þ 5.9 � 10�1
0.32 Y ¼ 2.2 � 10�1 X þ 1.8 � 100 2.15

Global Warming Xc þ 0.05 � Xm Y ¼ 9.0 � 10�1

X þ 1.5 � 10�1

0.48 Y ¼ 8.4 � 10�1 X þ 1.1 � 10�1 0.38

Human Health Criteria Xc � Xm Y ¼ 3.4 � 10�4

X þ 8.2 � 10�5
0.38 Y ¼ 3.2 � 10�4 X þ 1.7 � 10�4 0.66

Metal Depletion Regardless of X Y ¼ 6.6 � 10�3

X þ 4.2 � 10�2

0.15 Y ¼ 6.1 � 10�3 X þ 1.4 � 10�1 2.40

Ozone Depletion Xc þ 0.86 � Xm Y ¼ 2.5 � 10�8

X þ 3.6 � 10�8

1.20 Y ¼ 2.4 � 10�8 X þ 1.7 � 10�8 1.38

Smog Xc þ 0.05 � Xm Y ¼ 3.9 � 10�2

X þ 1.0 � 10�2

0.52 Y ¼ 3.6 � 10�2 X þ 8.3 � 10�3 0.12

Evaporative Water

Consumption

Xc þ 0.05 � Xm Y ¼ 2.7 � 10�3

X þ 4.3 � 10�6
0.26 Y ¼ 2.5 � 10�3 X þ 2.6 � 10�6 0.13

Table 4

Life Cycle Impact Assessment (LCIA) tradeoff scores of auxiliary commercial rainwater harvesting (RWH) system, augmented with municipal water supply (MWS) from 10% to

90%. Ic and Im refer to the LCIA impact score per cubic meter water supply of benchmark commercial RWH and MWS systems; % differences are reported for a 50% auxiliary

commercial RWH system with respect to Ic given by: [(Ic dImpact value @ 0.5)/Ic] x 100.

Impact category Unit Benchmark LCIA values MWS fraction and LCIA scores of the auxiliary commercial RWH system % Difference

@ 50% MWS
MWS (Im) Commercial

RWH (Ic)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Acidification kg SO2 eq 3.0E-03 1.6E-03 1.8E-03 1.9E-03 2.0E-03 2.2E-03 2.3E-03 2.4E-03 2.6E-03 2.7E-03 2.8E-03 �41

Energy Demand MJ 8.4Eþ00 6.8Eþ00 7.0Eþ00 7.1Eþ00 7.3Eþ00 7.4Eþ00 7.6Eþ00 7.7Eþ00 7.9Eþ00 8.1Eþ00 8.2Eþ00 �11

Eutrophication kg N eq 2.1E-04 4.3E-05 6.0E-05 7.7E-05 9.4E-05 1.1E-04 1.3E-04 1.4E-04 1.6E-04 1.8E-04 2.0E-04 �197

Fossil Depletion kg oil eq 1.5E-01 1.2E-01 1.3E-01 1.3E-01 1.3E-01 1.3E-01 1.4E-01 1.4E-01 1.4E-01 1.4E-01 1.5E-01 �11

Freshwater Withdrawal m3 1.9Eþ00 6.4E-01 7.6E-01 8.9E-01 1.0Eþ00 1.2Eþ00 1.3Eþ00 1.4Eþ00 1.5Eþ00 1.7Eþ00 1.8Eþ00 �101

Global Warming kg CO2 eq 4.0E-01 3.3E-01 3.3E-01 3.4E-01 3.5E-01 3.6E-01 3.6E-01 3.7E-01 3.8E-01 3.9E-01 4.0E-01 �12

Human Health Criteria kg PM2.5 eq 2.9E-04 1.5E-04 1.6E-04 1.7E-04 1.9E-04 2.0E-04 2.2E-04 2.3E-04 2.4E-04 2.6E-04 2.7E-04 �47

Metal Depletion kg Fe eq 1.4E-01 4.3E-02 5.3E-02 6.2E-02 7.2E-02 8.1E-02 9.1E-02 1.0E-01 1.1E-01 1.2E-01 1.3E-01 �109

Ozone Depletion kg CFC11 eq 2.5E-08 4.1E-08 3.9E-08 3.8E-08 3.6E-08 3.5E-08 3.3E-08 3.2E-08 3.0E-08 2.8E-08 2.7E-08 19

Smog kg O3 eq 2.1E-02 1.7E-02 1.8E-02 1.8E-02 1.8E-02 1.9E-02 1.9E-02 1.9E-02 2.0E-02 2.0E-02 2.1E-02 �10

Evaporative Water

Consumption

m3 H2O eq 8.8E-04 5.2E-04 5.5E-04 5.9E-04 6.2E-04 6.6E-04 7.0E-04 7.3E-04 7.7E-04 8.0E-04 8.4E-04 �35
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a b s t r a c t

Building upon previously published life cycle assessment (LCA) methodologies, we conducted an LCA of a

commercial rainwater harvesting (RWH) system and compared it to a municipal water supply (MWS)

system adapted to Washington, D.C. Eleven life cycle impact assessment (LCIA) indicators were assessed,

with a functional unit of 1 m3 of rainwater and municipal water delivery system for toilets and urinals in

a four-story commercial building with 1000 employees. Our assessment shows that the benchmark

commercial RWH system outperforms the MWS system in all categories except Ozone Depletion.

Sensitivity and performance analyses revealed pump and pumping energy to be key components for

most categories, which further guides LCIA tradeoff analysis with respect to energy intensities. Tradeoff

analysis revealed that commercial RWH performed better than MWS in Ozone Depletion if RWH's energy

intensity was less than that of MWS by at least 0.86 kWh/m3 (249% of the benchmark MWS energy usage

at 0.35 kWh/m3). RWH also outperformed MWS in Metal Depletion and Freshwater Withdrawal,

regardless of energy intensities, up to 5.51 kWh/m3. An auxiliary commercial RWH system with 50%

MWS reduced Ozone Depletion by 19% but showed an increase in all other impacts, which were still

lower than benchmark MWS system impacts. Current models are transferrable to commercial RWH

installations at other locations.

Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Approximately 5e20% of the global population is predicted to

live under absolute water scarcity (<500 m3/person/year) up until

the point of a 2 �C increase in mean global temperature, and a

higher percentage as temperatures rise further (Schewe et al.,

2014). The climate change impact and the 21st century's mega-

droughts with longer duration may result in unprecedented water

scarcity from the southwestern to the southeastern U.S., and to

other parts of the world, which is driving the global search for

alternate water sources (USGCRP, 2012; Ault et al., 2016; USEPA,

2016a). Rainwater harvesting (RWH) is receiving renewed interest

as a green infrastructure practice in the face of necessary

adaptation to global climate change (USGCRP, 2012; Ghimire et al.,

2014). RWH has been used for drinking water and agricultural

irrigation since 11,500 BCE in North America and 4500 BCE in Asia

(Pandey et al., 2003; Mays et al., 2013; Ghimire and Johnston, 2015).

Other potential benefits of RWH include reduced impacts on the

environment and human health, reduced stormwater runoff and

combined sewer overflows, and economic viability (Ghimire et al.,

2012; Wang and Zimmerman, 2015). In practice the implementa-

tion of RWH has remained a challenge. This is due primarily to a

lack of understanding of its environmental and human health im-

pacts (criteria pollutants from material selection and energy use)

and partly due to the lack of regulations governing RWH practices.

Although state regulations and statutes continue to favor RWH

(ARCSA, 2016; Harvesth2o, 2016; NCSL, 2016), the U.S. Environ-

mental Protection Agency (EPA) reported “there are currently no

federal regulations governing rainwater harvesting for non-potable

use, and the policies and regulations enacted at the state and local

levels vary widely from one location to another” (USEPA, 2013a).
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Studies worldwide have explored RWH life cycle cost impacts

(Roebuck et al., 2011), water savings potential (Ghisi et al., 2009;

Domenech and Sauri, 2011; Ward et al., 2012), water quality and

health risks (Lye, 2002; Domenech et al., 2012), optimal designs

(Sample and Liu, 2014), energy intensity versus economic and CO2

emissions (Gurung and Sharma, 2014; Siems and Sahin, 2016),

hydrologic impacts (Ghimire and Johnston, 2013), and climate

change adaptation (Pandey et al., 2003). Of particular interest is the

life cycle environmental and human health criteria air pollutant

impacts of RWH. Life cycle assessment (LCA) has been widely used

since its inception in the late 1960s in diverse sectors to assess

environmental and human health impacts in a cradle-to-grave

approach that avoids or minimizes unintended consequences

(Hunt et al., 1996; ISO, 2006b, a; Meyer and Upadhyayula, 2013;

Ingwersen et al., 2016). Use of LCA to assess RWH systems is also

increasing. Previous studies focused on residential small and large

building systems that vary by region; however, findings varied by

design parameters and data sources, as demonstrated by the

following examples. Crettaz et al. (1999) performed an LCA on RWH

for clothes washing and toilet flushing in Switzerland and reported

RWH as energetically favorable if pumping energy intensity for

municipal drinking water was greater than 0.8 kWh/m3. Angrill

et al. (2012) reported life cycle impacts of RWH for laundry use in

compact urban densities were generally lower than in diffused

settings in Spain. Morales-Pinz�on et al. (2015) reported a lower life

cycle global warming potential of RWH than tap water for toilet

flushing and clothes washing in a single-family house if the average

storage tank was smaller than 2 m3.

In the U.S., interest in RWH is growing due to increased droughts

as well as its environmental benefits (Thomas et al., 2014; Sojka

et al., 2016). An energy and greenhouse gas (GHG) emission anal-

ysis of RWH in a university building in Ohio reported RWH as a

viable option with GHG emission payback periods higher than the

energy payback periods but contradicted the results of Anand and

Apul (2011) due to difference in data sources (process-based

versus Economic Input Output life cycle assessment data) (Devkota

et al., 2015). Wang and Zimmerman (2015) assessed life cycle

climate change, fossil fuel depletion, and eutrophication impacts of

RWH for office buildings in 14 large cities across the U.S., from

Boston, Massachusetts to Seattle, Washington, and reported that

reduced eutrophication and combined sewer flows varied with

location.

Ghimire et al. (2014) published an LCA of domestic and agri-

cultural RWH systems that compared conventional water supplies,

municipal water supplies and well water irrigation systems in the

southeastern U.S. The American Rainwater Catchment Systems

Association then contacted the authors about conducting a similar

study for a commercial RWH system. Comprehensive understand-

ing of the life cycle implications of commercial RWH systems is only

in its infancy but is important for informing urban water manage-

ment planning and decision making. Consequently, we conducted

an LCA of a typical commercial RWH system in an average size

commercial building sited in a large U.S. city (EIA, 2016) and

combined this with scenario and sensitivity analysis, with the

intention of providing more generalizable life cycle implications of

commercial RWH systems.

1.1. Objective, scope, and novelty

Our objective is to conduct an LCA of a commercial RWH system

and compare it to amunicipal water supply (MWS), hereafter called

benchmark commercial RWH and MWS systems. Eleven life cycle

impact assessment (LCIA) indicators were calculated per functional

unit of 1 m3 of rainwater and municipal water delivery for flushing

toilets and urinals in a four-story commercial building with 1000

employees. These included Acidification, Energy Demand, Eutro-

phication, Fossil Depletion, Freshwater Withdrawal, Global

Warming, Human Health Criteria, Metal Depletion, Ozone Deple-

tion, Smog, and Evaporative Water Consumption. LCIA sensitivity

was addressed for (i) storage tank materials and volume, (ii) energy

usage or energy intensity, (iii) water demand, (iv) water loss, (v)

system service life, and (vi) an auxiliary commercial RWH system

augmented with MWS. The LCA system boundary spans cradle-to-

grave, excluding the distribution of both systems' components from

final manufacture to point of use and disposal phases for lack of

comparable data (see Supplementary Material or SM 1 for addi-

tional details). This study provides a comprehensive LCA of com-

mercial RWH to inform RWH planning and decision making, with

standards and regulations at state and local levels governing urban

water management decisions (USEPA, 2013a). The life cycle in-

ventory (LCI) and LCA models are generally transferrable in recre-

ating LCA models of other commercial RWH and MWS systems by

obtaining appropriate LCI data. The following sections describe

methods, tools, databases and assumptions and results, with

concluding remarks on potential implications for commercial RWH

design and planning.

2. Methods and tools

2.1. Site selection

Washington, D.C. was selected as the study site primarily due to

readily available data on the MWS system, precipitation record and

commercial RWH design. While the commercial RWH system was

designed for local precipitation patterns, the analysis required

extensive data on an existing urban MWS system compatible with

existing life cycle data for MWS. The EPA conducted a study of the

Cincinnati MWS system that uses the Ohio River as a source with

chlorine disinfection (Cashman et al., 2014). Data were developed

in a modular and reusable fashion to be reconfigured and

customized for other regions. Study area selection criteria included

a large urban area with similar source water characteristics, treat-

ment processes and distribution architecture to Cincinnati, Ohio, as

well as publically available data on the water supply system and

sufficient precipitation record. Other U.S. cities considered included

Los Angeles, Phoenix, Austin, Chicago and Atlanta. Although water

demand for Washington, D.C. (benchmark MWS system) was

slightly higher z 1.1 times Cincinnati MWS system demand, it has

comparable treatment system and distribution pipe network

composition (Ductile Iron pipe >90%).

2.2. Definition of the benchmark commercial RWH and MWS

systems

The American Rainwater Catchment Systems Association pro-

vided the design for a commercial RWH system from one of its

member companies to be configured for a typical urban system.

This design was customized for flushing 40 toilets and 15 urinals in

a four-story commercial building with 1000 people, adapted to

Washington, D.C. (Fig. 1 and Table 1, see SM 1 and 2 for additional

details).

Key design parameters and assumptions used in the benchmark

commercial RWH system analysis were:

� Total water demand for flushing all urinals and toilets for the

building was estimated at 2653 m3/y (2685 gallons/day): high-

efficiency urinal demand at 0.47 L per flush (l/f) or 0.125 gallon/

flush (g/f), and high-efficiency toilet demand at 4.8 l/f or 1.28 g/f

(AWE, 2016);
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� Storage tank volume was designed at 76 m3 (20,000 gallons),

supplying 77% of total volumetric water demand (RMS, 2009)

(see SM 1 for additional details);

� The benchmark commercial RWH systemmet 77% of total toilet

and urinal water demand (77% of 2653 m3/y ¼ 2042.81 m3/y)

and an auxiliary commercial RWH system was operated with

support of MWS to meet additional demand;

� Pumping energy intensity was estimated at 0.19 kWh/m3 (see

SM 1 for additional details);

� Water loss throughout the system was 5%;

� Service life of the system was 50 years and components with

shorter service lives were replaced at the end of their service

lives;

� Distribution of system components from final manufacture to

point of use and disposal were excluded from LCA.

The benchmark MWS system was defined using available in-

formation from the District of ColumbiaWater and Sewer Authority

(DCWSA, 2015) and Baltimore District, U.S. Army Corps of Engineers

(USACE, 2016) (Fig. 2 and SM 2).

The District of Columbia Water and Sewer Authority (DC Water)

purchased 100% of drinking water from the Washington Aqueduct

operated by the Baltimore District, U.S. Army Corps of Engineers.

TheWashington Aqueduct collected, purified and pumped drinking

water to three jurisdictions, including DC Water, Arlington County,

Virginia, and Fairfax County Water Authority, Virginia (USACE,

2016). Washington Aqueduct owned and operated two treatment

plants, Dalecarlia and McMillan (source water: Potomac River), an

intake pumping facility, and three water storage facilities. Seventy-

two percent of total treated water from the two plants (i.e., 72% �

192,052,776 m3/y) was sold to DC Water in 2012. DC Water

consisted of 2092 km (1300 miles) of pipes, eight water storage

facilities, four pumping stations, and 36,000 valves. Thus, DCWater

(benchmark MWS system) was a combination of District of

Columbia Water and Sewer Authority-owned and Washington

Aqueduct-owned facilities. Key design parameters and assump-

tions pertaining to the benchmark MWS system were:

� The two water treatment plants of Washington Aqueduct pro-

duced 192,052,776 m3/y or 139 million gallons of water per day

and 72% of the treated water from the Aqueduct sold to DC

Water;

� Water loss throughout the system was 24%, based on sold to

pumped ratio of 76% in 2008 (DCWSA, 2008);

� Water treatment options were consistent with average U.S.

water treatment;

� MWS energy intensity was estimated at 0.35 kWh/m3

combining two energy uses: Washington Aqueduct energy use

(0.20 kWh/m3) included electricity required to pump source

water and energy throughout the water treatment plants and

DC Water services pumping energy use (0.15 kWh/m3) for

transporting the treated water (see SM 1 for additional details);

� All infrastructure had service lives of 100 years except the pump

with 15-y service life, replaced at the end of its service life;

� Distribution of the system components from final manufacture

to point of use and disposal were excluded from LCA.

2.2.1. Functional unit

To facilitate comparison of water supply from two different

sources, 1 m3 of water supply was defined as the functional unit for

annual water supply and service lives of system components.

Fig. 1. Schematic of commercial rainwater harvesting system (designed by Rainwater Management Solutions).
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Standardization by 1 m3 enabled comparison of LCIA scores

regardless of volumetric water supply, because material input is

linearly related to volumetric water supply. In addition, accounting

for service lives of system components addressed the issue of

product replacement.

2.3. Development of LCI and LCA models

Primary data collected on commercial RWH included design

components (Table 1, also see SM 2). Similarly, primary data were

collected on the benchmark MWS system for system components,

Table 1

Description of the major components of benchmark commercial rainwater harvesting system and life cycle inventory.

Main component Sub-component Material (unit) Amount Lifetime (y) LCI data source

Vortex Filter Housing polypropylene (kg) 47.7 40 Ecoinvent (2012)

Lid aluminum (kg) 3.6 40 Ecoinvent (2012)

Intermediate ring stainless steel (kg) 7.3 40 Ecoinvent (2012)

Filter insert stainless steel (kg) 4.1 40 Ecoinvent (2012)

Smoothing inlet Smoothing inlet stainless steel (kg) 3.2 40 Ecoinvent (2012)

Floating filter Filter assembly stainless steel (kg) 0.7 15 Ecoinvent (2012)

Hose food grade reinforced plastic hose (kg) 2.3 15 Ecoinvent (2012)

Floating ball polyethylene (kg) 0.2 15 Ecoinvent (2012)

Main pump, 1 hp Main pump primarily stainless steel (kg) 18.0 15 Ghimire et al. (2014)

Booster pump, 1 hp A booster pump primarily stainless steel (kg) 18.0 15 Ghimire et al. (2014)

Level switch Float switch and cable polypropylene (Housing) (kg) 0.9 12.5 Ecoinvent (2012)

Pressure tank Tank rolled steel (16 gauge), butyl rubber,

copolymer polypropylene (kg)

16.4 50 Ecoinvent (2012)

Bag filter Bag filter polypropylene (kg) 0.2 15 Ecoinvent (2012)

Filter housing polypropylene (kg) 4.6 15 Ecoinvent (2012)

Ultraviolet (UV) light chamber Housing 316L stainless steel (kg) 14.6 11 Ecoinvent (2012)

Bulbs quartz (kg) 0.9 11 Ecoinvent (2012)

Quartz sleeves fused silica (kg) 0.5 11 Ecoinvent (2012)

Solenoid Valve Valve brass (kg) 0.5 7.5 Ecoinvent (2012)

Day Tank high-density polyethylene (HDPE) PE pipe equivalent length 181 m (kg) 43.2 50 NIST (2013)

Ultrasonic level transmitter

(sensor)

Housing (LU20 Model) polypropylene (kg) 0.9 15 Ecoinvent (2012)

Pipe, collection 2 in Polyvinyl chloride (PVC) water supply 2 in 1 m - PVC cradle-to-

gate (m)

61.0 50 NIST (2013)

Pipe, supply 1.5 in chlorinated PVC HCWD 1.5 in 1 m- CPVC cradle-to-gate

(m)

152.0 50 NIST (2013)

Storage Tank Fiberglass (FG) Storage Tank glass fibre (kg) 2773.0 50 NIST (2013)

Two FG Access Riser (36 in diameter,

3 ft tall)

glass fibre (kg) 113.6 50 Ecoinvent (2012)

Two FG Access Collars (36 in) glass fibre (kg) 113.6 50 Ecoinvent (2012)

Two overflow pipe (8 in 2 ft) water supply 8 in 1 m - PE cradle-to-

gate (kg)

2.3 50 NIST (2013)

Energy usage Pumping energy electricity, at residential user (kWh/m3) 0.19 N/A Cashman et al. (2014)

Fig. 2. Washington, D.C. municipal water supply system. Number Key: (1) Source water (Potomac River); (2) Source water acquisition infrastructure; (3) Acquisition pump; (4)

Screening infrastructure; (5) Pre-sedimentation (natural settling in a pre-treatment storage); (6) Flocculation; (7) Sedimentation (coagulated particles); (8) Filtration (sand filter);

(9) Primary Disinfection (Gaseous Chlorine, Lime addition, Fluorination, Orthophosphate); (10) Secondary Disinfection: Chloramines; (11) Distribution Pump (four); (12) Storage

Tanks (eleven); (13) Water pipe network (based on District of Columbia Water and Sewer Authority (DCWSA, 2015) and Baltimore District, U.S. Army Corps of Engineers (USACE,

2016)).
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amount of material and energy use, and water demand from the

District of Columbia Water and Sewer Authority (DCWSA, 2015)

and Baltimore District, U.S. Army Corps of Engineers (USACE, 2016)

(see SM 2 for details on LCI). The LCI of the benchmark systems was

compiled using Building for Environmental and Economic Sus-

tainability (BEES) (NIST, 2013), Ecoinvent (2012) version 2.2, U.S. LCI

database (NREL, 2013), and Cincinnati drinking water treatment

and distribution systems collected from a previous study (Cashman

et al., 2014). There are limitations to using the Ecoinvent database, a

European LCI, in the U.S. because results would be sensitive to data

quality and material type. However, data availability is a major

consideration, such that the LCI and LCA utilized data and methods

from a domestic RWH study in the southeastern U.S (Ghimire et al.,

2014). as well as the LCI of the Cincinnati MWS system (Cashman

et al., 2014).

2.4. Life cycle impact assessment (LCIA)

LCIA methods included combining the Tool for the Reduction

and Assessment of Chemical and Other Environmental Impacts or,

TRACI 2.1 (USEPA, 2013b), with the ReCiPe's Metal Depletion and

Fossil Depletion (Goedkoop et al., 2012), Water Footprint's Evap-

orative Water Consumption and Freshwater Withdrawal (WFN,

2009), and the non-renewable Cumulative Energy Demand of

Ecoinvent (Hischier et al., 2010). TRACI 2.1 methods included were

Global Warming, Ozone Depletion, Smog, Human Health Criteria

(air pollutants), Eutrophication, and Acidification. Human health

(cancer) and ecotoxicity indicators were excluded due to lack of

high quality life cycle data for release to air and water, consistent

with Ingwersen et al. (2016). OpenLCA (2016) version 1.4.2, an

open source LCA software (GreenDelta © 2016) was used for all

LCIA calculations in conjunction with LCIA methods and LCI

databases.

LCIA percentage contributions of the benchmark systems and

their components were analyzed. LCIA sensitivity analysis was

conducted for various scenarios (Table 2) which further guided

LCIA tradeoff analysis with respect to energy intensities and the

auxiliary commercial RWH system. Sensitivity and tradeoff LCIA

results were normalized for each impact category by maximum

LCIA score (see SM 4 for the details on LCIA normalization).

LCIA tradeoff of the auxiliary commercial RWH system,

augmented with 10%e90% MWS, was assessed by summing the

Table 2

Sensitivity analysis scenarios.

Commercial RWH system MWS (Washington D.C. water) system

Storage tank material (Polyethylene and Fiberglass) e

Commercial RWH energy intensities (0.19e5.51 kWh/m3) MWS energy intensities (0.35e10.15 kWh/m3)

Storage tank volume (from 0.25 to 4.5 � benchmark volume) e

Commercial RWH demand (10%e100% of benchmark demand) e

Commercial RWH system water loss (0%e30%) DC Water system water loss (0%e30%)

System service life (50 years versus 75 years) System service life (100 years)

Auxiliary commercial RWH system (0%e90% MWS) e

Fig. 3. Comparison of life cycle impacts of the benchmark commercial rainwater harvesting system to the municipal water supply system adapted to Washington, D.C. (vertical

arrow indicates the threshold 50%).
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fractional impacts of both systems delivering 1 m3 of water supply

(Equation (1)):

Iaux ¼ pc � Ic þ pm � Im (1)

for each impact categoryIaux ¼ the auxiliary system's impact

(impact/m3 of water supply), .Ic ¼ the benchmark commercial

RWH system's impact (impact/m3 of water supply), .Im ¼ the

benchmarkMWS system's impact (impact/m3 of water supply), .pc
and pm are commercial RWH and MWS percentage (in decimal)

such that

pc þ pm ¼ 1 (2)

Equation (1) was applied to estimate the impacts of the auxiliary

commercial RWH system using the functional unit impacts of both

benchmark systems; e.g., if a commercial RWH system supplied

70% of total demand (i.e., pc ¼ 0.7), then the value of Iaux would be

0.7 � benchmark commercial RWH system impact,

Ic, þ 0.3 � municipal water supply impact, Im. Functional unit im-

pacts per 1 m3 water delivery were calculated, with inputs linearly

related to volumetric water supply.

3. Results and discussion

3.1. Performance analysis

LCIA percentage contribution analysis showed that the bench-

mark commercial RWH system performed better than (<40%) or

equivalent to (45%e55%) the MWS system in all impact categories

except Ozone Depletion at 62% (Fig. 3).

Commercial RWH was slightly better than or equivalent to (at

45%, assuming a margin of error) MWS for Energy Demand, Fossil

Depletion, Global warming, and Smog and better than MWS in 6

impact categories, ranging from 65% (Acidification) to 83%

(Eutrophication). Percentage comparison of component-specific

LCIA revealed energy usage to be the dominant contributor of

both systems (Figs. 4e5). Commercial RWH energy usage (pumping

energy) and storage tank collectively dominated (>50%) in all but

Metal Depletion, ranging from 74.8% (Freshwater Withdrawal),

89.6% (Global Warming), to 99.2% (Evaporative Water Consump-

tion). The commercial RWH storage tank (Fiberglass) dominated in

Ozone Depletion (78.5%) and Freshwater Withdrawal (67.6%). MWS

energy usage (treatment plant operation and water transport)

dominated (>50%) in five categories, ranging from 60.3% (Smog) to

99.7% (Evaporative Water Consumption). The pump dominated in

Metal Depletion impact of both systems, 63.5% in commercial RWH

and 84.8% in MWS. Source water acquisition contributed to total

MWS Freshwater Withdrawal impact at 64.8%, and primary and

secondary disinfection together contributed to Eutrophication and

Ozone Depletion impacts at 79.2% and 51.1%. All other commercial

RWH system components were below 15%, and the remaining

MWS system components were <10% (Figs. 4e5). Detailed values of

LCIA of benchmark systems and their components are included in

SM 2.

3.2. Sensitivity analysis

Normalized LCIA of energy usage revealed linear impact varia-

tion, confirming linearity in LCIA scores consistent with linear LCA

models (Fig. 6). For purposes of this analysis, impact variation were

grouped as Mild slope, e.g., Metal Depletion; Moderate slope, e.g.,

Freshwater Withdrawal; or High slope, e.g., Evaporative Water

Consumption (Fig. 6aeb).

The rate of change of impacts across LCIA categories was

consistent with the dominant components. For example, in the case

of commercial RWH energy usage, EvaporativeWater Consumption

and Fossil Depletion fell under High slope because pumping energy

dominated those impacts; Ozone Depletion and Freshwater

Fig. 4. Percentage comparison of life cycle impacts showing the performance of commercial rainwater harvesting (RWH) system components. Note: RWH energy usage includes

pumping energy at the commercial RWH storage tank (vertical arrow indicates the threshold 50%).
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Withdrawal fell underModerate slope because of storage tank. LCIA

scores, normalized with respect to maximum scores of the storage

tank, showed that fiberglass material dominated nine impact cat-

egories, while polyethylene (PE) tank dominated Energy Demand

and Fossil Depletion (see SM 4). The fiberglass storage tankmaterial

was deemed appropriate for underground placement as designed

by Rainwater Management Solutions. In practice, tank material is

selected to meet system requirements and impact focus. Linear

slopes were also observed in commercial RWH storage tank vol-

ume, water demand, water loss, and auxiliary commercial RWH

system sensitivity analyses (SM 4). Additional sensitivity analysis

results of storage tank materials and volume, water demand, water

loss, system service life and auxiliary commercial RWH system, as

well as a closer look at the LCIA release contributing processes of

commercial RWH storage tank, pumping energy and pump, are

provided in SM 3e4.

3.3. The LCIA tradeoffs of the systems

Energy usage or energy intensity sensitivity analysis revealed

conditional LCIA tradeoffs of commercial RWH and MWS systems

to energy requirements (Fig. 7aek). Using regression equations

(Fig. 7, Table 3), LCIA tradeoffs can be predicted for the two systems

when energy intensity is known.

For Ozone Depletion, commercial RWH outperformed MWS if

commercial RWH pumping energy intensity (Ec) was less than

MWS energy intensity (Em), Ec þ 0.86 � Em. For example, for

Ec ¼ 0.19 kWh/m3 and Em ¼ 1.05 kWh/m3, Ozone Depletion scores

of commercial RWH and MWS systems were estimated at

4.1 � 10�8 kgCFC11 eq/m3 and 4.2 � 10�8 kgCFC11 eq/m3. Com-

mercial RWH outperformed in Metal Depletion and Freshwater

Withdrawal impacts, regardless of energy intensities analyzed. In

Human Health Criteria and Eutrophication impacts, commercial

RWH outperformed MWS, depending on energy intensities, if

Ec � Em. Commercial RWH outperformed in all other impact

categories such as Energy Demand, if Ecþ 0.09� Em. Mean Absolute

Percentage Error (MAPE) of predicting LCIA impact scores using

commercial RWH Tradeoff equations ranged from 0.26% (Evapo-

rative Water Consumption) to 1.20% (Ozone Depletion) (Table 3;

also see SM 4 for additional details on MAPE). In the case of MWS

Tradeoff equations, MAPE ranged from 0.12% (Smog) to 2.40%

(Metal Depletion). MAPE was selected as an appropriate, trans-

parent statistic for comparing fit of the equations instead of another

statistic such as coefficient of determination (R2), thus avoiding any

potential model exaggeration as reported by Birnbaum (1973).

Auxiliary commercial RWH system sensitivity analysis provided

additional insights into LCIA tradeoffs. The impacts of the auxiliary

system increased linearly with the percentage increase of MWS, as

explained by Equation (1), except for Ozone Depletion with the

reverse relationship due to the greater Ozone Depletion impact of

benchmark commercial RWH system than MWS. An auxiliary

commercial RWH systemwith 50% MWS reduced Ozone Depletion

by 19%, but with an increase in all other impacts ranging from 10%

Smog, 11% Energy Demand, 35% Evaporative Water Consumption,

to 197% Eutrophication with respect to the benchmark commercial

RWH system (Table 4). All increases were below benchmark MWS

system impacts though, by as much as 8% Smog to 40%

Eutrophication.

The benchmark commercial RWH storage tank volume of 76 m3

(20,000 gallons) was estimated using a traditional behavioral and

mass balance model, a spreadsheet-based, time series modeling

approach (RMS, 2009). Two tank materials were evaluated by LCIA

score, PE versus fiberglass, utilizing BEES and Ecoinvent data

sources. Storage tank material and volume depends on the system

requirement, annual precipitation and impact focus. In addition,

infrastructure characteristics such as pump efficiencies, number of

stories in a building and system head, as well as geographic char-

acteristics such as location and water demand, water sources,

treatment processes and storage options influence pumping energy

intensities. Variations with sensitivity analyses of commercial RWH

Fig. 5. Percentage comparison of life cycle impacts showing the performance of municipal water supply (MWS) system components. Note: MWS energy usage includes electricity

required to pump in source water, energy throughout the water treatment plants, and pumping energy for transporting treated water (vertical arrow indicates the threshold 50%).
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energy intensities (0.19 kWh/m3 to a hypothetical value of 5.51

kWh/m3) and MWS energy intensities (0.35 kWh/m3 to a hypo-

thetical value of 10.15 kWh/m3) were addressed by capturing

theoretical and empirical commercial RWH pumping energy (0.20

kWh/m3 to 4.9 kWh/m3) (Retamal et al., 2009; Vieira et al., 2014)

and average national MWS pumping energy estimates (0.396 kWh/

m3 to high intensity water source desalination of 3.17 kWh/m3)

(Pabi et al., 2013; Wang and Zimmerman, 2015). Although alter-

native disinfection options were not the focus of current study, it is

important to note that primary and secondary disinfection

dominated Eutrophication and Ozone Depletion impacts of the

MWS system. Therefore, appropriate information on disinfection

technology is important in comparing impacts with a commercial

RWH system.

The benchmark MWS system used chlorination similar to a

majority of U.S. water systemsdeighty-five percent of the water

treatment plants in the U.S. were using chlorine by 1941, and today

all drinking water filtration in the U.S. is accompanied by chlori-

nation or other disinfection technologies such as ozonation and UV

light (Sedlak, 2014).

Fig. 6. Sensitivity analysis of energy usage to life cycle impacts of (a) benchmark commercial rainwater harvesting (RWH) system and (b) benchmark municipal water supply (MWS)

system.
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Fig. 7. LCIA tradeoff analysis for a range of energy intensities in commercial rainwater harvesting (RWH) and municipal water supply (MWS) systems: (a) Ozone Depletion, (b) Metal

Depletion, (c) Freshwater Withdrawal, and (d) Energy Demand categories. Legend: Triangles ¼ commercial RWH system and Circles ¼ MWS system, (e) Human Health Criteria, (f)

Eutrophication, (g) Acidification, and (h) Fossil Depletion. Legend: Triangles ¼ commercial RWH system and Circles ¼ MWS system, (i) Global warming, (j) Evaporative water

consumption and (k) Smog.
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4. Summary and study implications

In addition to assessing the comprehensive life cycle environ-

mental and human health impacts of a commercial RWH system

compared to a MWS system, we addressed sensitivity of LCIA

impact scores to storage tank material and volume, energy usage,

water demand, water loss, system service life and an auxiliary

commercial RWH system augmented with MWS. The LCA system

boundary spans cradle-to-grave, excluding distribution of both

systems' components from final manufacture to point of use and

disposal phases.

Our analyses revealed that the benchmark commercial RWH

performed better or equivalent (45e55%) to MWS in all impact

categories except Ozone Depletion. Sensitivity analyses of energy

usage, water demand, water loss, and storage tank volume

confirmed linearity trends in LCIA scores. Additional sensitivity

analyses showed that storage tank with fiberglass material domi-

nated in nine of the 11 impact categories, except in Energy Demand

and Fossil Depletion. Annual LCIA impacts for the commercial RWH

system with longer service life (75 y) were lower than that of the

system with shorter service life (50 y). An auxiliary commercial

RWH system augmented with 50% MWS reduced Ozone Depletion

impact by 19% showing increases in all other impacts. The LCIA

tradeoff equations with respect to energy usage revealed condi-

tional LCIA tradeoffs with energy requirements.

This study informs RWH planning and decision making through

a comprehensive LCA of a commercial RWH system, with standards

and regulations at the state and local level (USEPA, 2013a). LCA

models are transferrable to other commercial RWH installations

and study implications are summarized:

� A suite of 11 LCIA impact categories, as well as sensitivity ana-

lyses, provided insights into LCIA impact tradeoffs. The impor-

tance of LCIA impact categories and dominant components,

especially material selection and energy usage, should be

considered.

� Commercial RWH fiberglass storage tank material dominated

(>50%) in Ozone Depletion and Freshwater Withdrawal impact

categories. Selecting PE instead of fiberglass to reduce Ozone

Depletion impact may be an option, although a PE tank may not

be as appropriate for underground placement because it also

necessitates greater Energy Demand and Fossil Depletion than

fiberglass. Sensitivity of the data source was evaluated by per-

forming an example LCIA of commercial RWH storage tank

materials, fiberglass and PE with Ecoinvent (2012) and the BEES

database (NIST, 2013). A data quality assessment of LCI by

defining representativeness (including temporal, geographic,

technological aspects, and completeness of data) would provide

insight into variation in data (ISO, 2006b; USEPA, 2016b);

however, it was beyond the scope of this study.

� Commercial RWH pumping energy usage was the most domi-

nant component; therefore, eliminating or reducing pumping

energy is key to reducing commercial RWH impacts. An alter-

nate energy mix (e.g., solar) can minimize impacts of a domi-

nant release contributor.

� Regression equations are useful for estimating impact tradeoffs

of alternatives. Benchmark MWS treatment practices were

consistent with typical U.S. surface water treatment, thus

Fig. 7. (continued).
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applicable to other MWS systems that use surface water such as

New York City (York, 2016), Austin (Water, 2010), and Seattle

(2016). Accurate information on water treatment and energy

use is imperative, and caution must be exercised when esti-

mating the impacts of an energy-efficient MWS system because

these systems require significantly less energy than energy-

intensive ones (e.g., water source desalination and water

transportation).

� LCIA tradeoffs exist due to variations in system requirements

such as energy intensities and tank size for different rainfall and

water demands. While component performance findings can

help to improve the design of a specific component, slopes and

tradeoff results focus on target impacts of a commercial RWH

system.

� Appropriate storage tank volume, water demand, and energy

intensity may be determined by considering a threshold point to

minimize commercial RWH impacts using slope zone curves.

For example, a hypothetical threshold at 50%water demandmay

be as efficient, with a relatively small variation in slope beyond

the threshold. A dramatic increase in impacts was found below

50% of water demand due to input flow inefficiency.

� A threshold can also be devised for an auxiliary commercial

RWH system operation. A 50% auxiliary commercial RWH sys-

tem outperformed MWS in all LCIA categories except Ozone

Depletion. Different thresholds determined from the regression

equations can be set for different energy intensities.

� Regulatory requirements on water quality, water withdrawal

and plumbing codes can also influence impacts due to compo-

nent size, material, and treatment standards and should be

considered when designing a commercial RWH system. When

implemented at the watershed-scale, the potential impacts of

commercial RWH on freshwater balance, water quality, runoff

and sewer overflow, groundwater level (and economic viability)

need further attention. Human health (cancer) and ecotoxicity

impacts in addition to the cradle-to-cradle analysis are addi-

tional research needs.

Table 3

Life Cycle Impact Assessment (LCIA) tradeoff equations with respect to energy intensities (X, kWh/m3). Xc and Xm are commercial rainwater harvesting (RWH) and municipal

water supply (MWS) system energy intensities; Y ¼ LCIA impact score; MAPE ¼ Mean Absolute Percentage Error.

LCIA impact

category

Tradeoff condition Commercial RWH LCIA

tradeoff equation

MAPE (%)

(commercial RWH

equation)

MWS LCIA tradeoff

equation

MAPE (%)

(MWS equation)

Acidification Xc þ 0.05 � Xm Y ¼ 4.1 � 10�3

X þ 8.4 � 10�4
0.60 Y ¼ 3.8 � 10�3 X þ 1.6 � 10�3 0.82

Energy Demand Xc þ 0.09 � Xm Y ¼ 2.0 � 101

X þ 3.0 � 100
0.52 Y ¼ 1.8 � 101 X þ 1.9 � 100 2.20

Eutrophication Xc � Xm Y ¼ 7.8 � 10�5

X þ 2.8 � 10�5

0.35 Y ¼ 7.3 � 10�5 X þ 1.9 � 10�4 1.10

Fossil Depletion Xc þ 0.07 � Xm Y ¼ 3.5 � 10�1

X þ 5.6 � 10�2

0.45 Y ¼ 3.3 � 10�1 X þ 3.5 � 10�2 1.22

Freshwater Withdrawal Regardless of X Y ¼ 2.4 � 10�1

X þ 5.9 � 10�1
0.32 Y ¼ 2.2 � 10�1 X þ 1.8 � 100 2.15

Global Warming Xc þ 0.05 � Xm Y ¼ 9.0 � 10�1

X þ 1.5 � 10�1

0.48 Y ¼ 8.4 � 10�1 X þ 1.1 � 10�1 0.38

Human Health Criteria Xc � Xm Y ¼ 3.4 � 10�4

X þ 8.2 � 10�5
0.38 Y ¼ 3.2 � 10�4 X þ 1.7 � 10�4 0.66

Metal Depletion Regardless of X Y ¼ 6.6 � 10�3

X þ 4.2 � 10�2

0.15 Y ¼ 6.1 � 10�3 X þ 1.4 � 10�1 2.40

Ozone Depletion Xc þ 0.86 � Xm Y ¼ 2.5 � 10�8

X þ 3.6 � 10�8

1.20 Y ¼ 2.4 � 10�8 X þ 1.7 � 10�8 1.38

Smog Xc þ 0.05 � Xm Y ¼ 3.9 � 10�2

X þ 1.0 � 10�2

0.52 Y ¼ 3.6 � 10�2 X þ 8.3 � 10�3 0.12

Evaporative Water

Consumption

Xc þ 0.05 � Xm Y ¼ 2.7 � 10�3

X þ 4.3 � 10�6
0.26 Y ¼ 2.5 � 10�3 X þ 2.6 � 10�6 0.13

Table 4

Life Cycle Impact Assessment (LCIA) tradeoff scores of auxiliary commercial rainwater harvesting (RWH) system, augmented with municipal water supply (MWS) from 10% to

90%. Ic and Im refer to the LCIA impact score per cubic meter water supply of benchmark commercial RWH and MWS systems; % differences are reported for a 50% auxiliary

commercial RWH system with respect to Ic given by: [(Ic dImpact value @ 0.5)/Ic] x 100.

Impact category Unit Benchmark LCIA values MWS fraction and LCIA scores of the auxiliary commercial RWH system % Difference

@ 50% MWS
MWS (Im) Commercial

RWH (Ic)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Acidification kg SO2 eq 3.0E-03 1.6E-03 1.8E-03 1.9E-03 2.0E-03 2.2E-03 2.3E-03 2.4E-03 2.6E-03 2.7E-03 2.8E-03 �41

Energy Demand MJ 8.4Eþ00 6.8Eþ00 7.0Eþ00 7.1Eþ00 7.3Eþ00 7.4Eþ00 7.6Eþ00 7.7Eþ00 7.9Eþ00 8.1Eþ00 8.2Eþ00 �11

Eutrophication kg N eq 2.1E-04 4.3E-05 6.0E-05 7.7E-05 9.4E-05 1.1E-04 1.3E-04 1.4E-04 1.6E-04 1.8E-04 2.0E-04 �197

Fossil Depletion kg oil eq 1.5E-01 1.2E-01 1.3E-01 1.3E-01 1.3E-01 1.3E-01 1.4E-01 1.4E-01 1.4E-01 1.4E-01 1.5E-01 �11

Freshwater Withdrawal m3 1.9Eþ00 6.4E-01 7.6E-01 8.9E-01 1.0Eþ00 1.2Eþ00 1.3Eþ00 1.4Eþ00 1.5Eþ00 1.7Eþ00 1.8Eþ00 �101

Global Warming kg CO2 eq 4.0E-01 3.3E-01 3.3E-01 3.4E-01 3.5E-01 3.6E-01 3.6E-01 3.7E-01 3.8E-01 3.9E-01 4.0E-01 �12

Human Health Criteria kg PM2.5 eq 2.9E-04 1.5E-04 1.6E-04 1.7E-04 1.9E-04 2.0E-04 2.2E-04 2.3E-04 2.4E-04 2.6E-04 2.7E-04 �47

Metal Depletion kg Fe eq 1.4E-01 4.3E-02 5.3E-02 6.2E-02 7.2E-02 8.1E-02 9.1E-02 1.0E-01 1.1E-01 1.2E-01 1.3E-01 �109

Ozone Depletion kg CFC11 eq 2.5E-08 4.1E-08 3.9E-08 3.8E-08 3.6E-08 3.5E-08 3.3E-08 3.2E-08 3.0E-08 2.8E-08 2.7E-08 19

Smog kg O3 eq 2.1E-02 1.7E-02 1.8E-02 1.8E-02 1.8E-02 1.9E-02 1.9E-02 1.9E-02 2.0E-02 2.0E-02 2.1E-02 �10

Evaporative Water

Consumption

m3 H2O eq 8.8E-04 5.2E-04 5.5E-04 5.9E-04 6.2E-04 6.6E-04 7.0E-04 7.3E-04 7.7E-04 8.0E-04 8.4E-04 �35
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Φροm: Ινγωερσεν, Wεσλεψ

Το: ϑοηνστον, ϑοηνΜ; Dρ. Σαντοση Ρ. Γηιmιρε; σσοϕκα≅ρανδολπηχολλεγε.εδυ

Συβϕεχτ: ΡΕ: ϑΧΠ mυνιχιπαλ ΡWΗ πυβλιχατιον αωαρδ νοmινατιον

Dατε: Τυεσδαψ, Απριλ 28, 2020 12:41:08 ΠΜ

Ατταχηmεντσ: ιmαγε006.πνγ
ιmαγε007.πνγ

Γρεετινγσ το αλλ. Τηανκσ ϑοην φορ τηισ νοmινατιον. Ι αγρεε ωιτη τηε %. Ι ωουλδ βε ϖερψ χυριουσ το κνοω

ιφ ΑΡΧΣΑ ορ ανψονε ελσε ωορκινγ ιν ΡΗW (πραχτιχαλλψ ορ πολιχψ ωισε ανδ νοτ ϕυστ ρεσεαρχη στυδιεσ) ηασ

βυιλτ ον ουρ φινδινγσ.

 

Βεστ,

Wεσ

 

 

 

Φροm: ϑοηνστον, ϑοηνΜ <ϑοηνστον.ϑοηνΜ≅επα.γοϖ> 

Σεντ: Τυεσδαψ, Απριλ 28, 2020 12:18 ΠΜ

Το: Dρ. Σαντοση Ρ. Γηιmιρε <σγηιmιρε02≅γmαιλ.χοm>; Ινγωερσεν, Wεσλεψ

<ινγωερσεν.ωεσλεψ≅επα.γοϖ>; σσοϕκα≅ρανδολπηχολλεγε.εδυ

Συβϕεχτ: ϑΧΠ mυνιχιπαλ ΡWΗ πυβλιχατιον αωαρδ νοmινατιον

 
Ηελλο Σαντοση, Wεσ ανδ Σαραη � Ηοπε ψου αρε αλλ σταψινγ σαφε ανδ ηεαλτηψ
ιν τηεσε χηαλλενγινγ τιmεσ. Ιν πρεπαρατιον φορ α ποσσιβλε ΕΠΑ ΣΤΑΑ
(Σχιεντιφιχ ανδ Τεχηνιχαλ Αχηιεϖεmεντ Αωαρδ) παπερ νοmινατιον, πλεασε
ρεπλψ το τηισ εmαιλ τηατ ψου αγρεε ωιτη περχενταγε χοντριβυτιον:
 
Σ. Γηιmιρε 40%
ϑ. ϑοηνστον 30%
W. Ινγωερσεν 20%
Σ. Σοϕκα 10%
 
Τηε δεαδλινε φορ συβmισσιον ισ τηισ ωεεκ. Ι�λλ σενδ α δραφτ οφ τηε νοmινατιον
ναρρατιϖε φορ ρεϖιεω. Τηε 2014 ΕΣ&Τ παπερ τηισ ωορκ ωασ ινσπιρεδ βψ
ρεχειϖεδ α Λεϖελ ΙΙ αωαρδ ιν τηε 2016 ρουνδ. Βεχαυσε οφ τηε ΑΡΧΣΑ
χολλαβορατιον ον τηισ εφφορτ ωε ηοπε ιτ δοεσ σιmιλαρλψ. Ιτ αλρεαδψ ηασ 40
χιτατιονσ αχχορδινγ το Γοογλε Σχηολαρ (ινχλ. σελφ χιτεσ). Wε λοστ τουχη ωιτη
Ηεατηερ Κινχαδε αφτερ ιτ ωασ πυβλισηεδ, σο ωουλδ βε γρεατ το φινδ ουτ ωηατ
ιφ ανψτηινγ ηαππενεδ ωιτηιν ΑΡΧΣΑ, βεχαυσε τηεψ ινιτιατεδ τηε στυδψ.
 
Τηανκσ,
ϑοην
 
ϑοην Μ. ϑοηνστον ΠηD | Χηιεφ, Λανδσχαπε ανδ Αθυατιχ Σψστεmσ Μοδελινγ Βρανχη | Ενϖιρονmενταλ Προχεσσεσ

Dιϖισιον | Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ ανδ Μοδελινγ | ΥΣ Ενϖιρονmενταλ Προτεχτιον Αγενχψ | Ατηενσ,

ΓΑ | Οφφιχε: +01 706.355.8300 | Χελλ: +01 706.206.1485 |  

 

mailto:ingwersen.wesley@epa.gov
mailto:Johnston.JohnM@epa.gov
mailto:sghimire02@gmail.com
mailto:ssojka@randolphcollege.edu
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DezC8j88AAAAJ%26hl%3Den&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C30189d3e932a4b39a42d08d7eb92f2e4%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236888674590601&sdata=9oeMu0uislOjIyJ6XTsHGrIGy8gwIkx6cQcrVO6rZfc%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0002-5886-7876&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C30189d3e932a4b39a42d08d7eb92f2e4%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236888674600555&sdata=QeNy3JyTSO3ilWgAx7pcDWw7ivUQhJN4U5MfvgGpBQE%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.researchgate.net%2Fprofile%2FJohn_Johnston&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C30189d3e932a4b39a42d08d7eb92f2e4%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236888674600555&sdata=SNb83vO2hBWSX6uYnf24Mi8Ftwu9WBzzwA6KBjswcUM%3D&reserved=0


Φροm: Σαραη Σοϕκα

Το: Σαντοση Γηιmιρε

Χχ: ϑοηνστον, ϑοηνΜ; Ινγωερσεν, Wεσλεψ

Συβϕεχτ: Ρε: ϑΧΠ mυνιχιπαλ ΡWΗ πυβλιχατιον αωαρδ νοmινατιον

Dατε: Τυεσδαψ, Απριλ 28, 2020 1:59:55 ΠΜ

Ατταχηmεντσ: ΑΤΤ00001.τξτ

Ηελλο αλλ−

Τηε περχενταγεσ λοοκ γοοδ. Ι αm ον τηε βοαρδ οφ διρεχτορσ ον τηε ΑΡΧΣΑ Φουνδατιον. Α φεω
ψεαρσ αγο, ΑΡΧΣΑ mεργεδ ωιτη τηε Τεξασ Ραινωατερ Χατχηmεντ Σψστεmσ Ασσοχιατιον ανδ
ρεοργανιζεδ ιντο α 501(χ)3 οργανιζατιον (τηε Φουνδατιον) ανδ α 501(χ) 6 οργανιζατιον
(ΑΡΧΣΑ). Ι δο νοτ κνοω ιφ ανψονε ηασ δονε φολλοωυπ ρεσεαρχη, βυτ Ι κνοω τηατ τηε φινδινγσ
φροm τηε στυδψ, παρτιχυλαρλψ τηε ιmπαχτ οφ πυmπινγ ενεργψ ον λιφεχψχλε ιmπαχτσ ανδ τηε νεεδ το
∀ριγητ−σιζε∀ α σψστεm, ηαϖε βεεν ιmπορταντ φορ mανψ mεmβερσ οφ τηε οργανιζατιον. Ιφ α
στατεmεντ οφ τηε ϖαλυε οφ τηε ρεσεαρχη φορ ΑΡΧΣΑ ισ ιmπορταντ/υσεφυλ, Ι χαν δεφινιτελψ ωορκ ον
τηατ.

Τηανκσ,
Σαραη

Σαραη Λ. Σοϕκα

Ασσοχιατε Προφεσσορ

Χοορδινατορ οφ Ονλινε Προγραmσ

Dεπαρτmεντ οφ Ενϖιρονmενταλ Στυδιεσ ανδ Σχιενχε

Dεπαρτmεντ οφ Πηψσιχσ ανδ Ενγινεερινγ

Χ: 434.242.0298

 

Ον Τυε, Απρ 28, 2020 ατ 1:20 ΠΜ Σαντοση Γηιmιρε <σγηιmιρε02≅γmαιλ.χοm> ωροτε:
Ηι ϑοην, 
Ι αγρεε ωιτη τηε περχενταγεσ.

Τηανκ ψου,
Σινχερελψ,
−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Σαντοση Ρ. Γηιmιρε, Πη.D., Μ. ΑΣΧΕ
140 Χαρολινε Χτ

mailto:ssojka@randolphcollege.edu
mailto:sghimire02@gmail.com
mailto:Johnston.JohnM@epa.gov
mailto:ingwersen.wesley@epa.gov
mailto:sghimire02@gmail.com


Χιρχλεϖιλλε, ΟΗ 43113

Μοβιλε: (706) 207−0323
ΓοογλεΣχηολαρ: ηττπ://σχηολαρ.γοογλε.χοm/χιτατιονσ?υσερ=ΟΦΒσχΕΕΑΑΑΑϑ&ηλ=εν&οι=αο

(Σεντ φροm mψ ιΠηονε)

Ον Απρ 28, 2020, ατ 12:18 ΠΜ, ϑοηνστον, ϑοηνΜ <ϑοηνστον.ϑοηνΜ≅επα.γοϖ>
ωροτε:

綻
<ιmαγε001.γιφ>

Ηελλο Σαντοση, Wεσ ανδ Σαραη � Ηοπε ψου αρε αλλ σταψινγ σαφε ανδ ηεαλτηψ ιν
τηεσε χηαλλενγινγ τιmεσ. Ιν πρεπαρατιον φορ α ποσσιβλε ΕΠΑ ΣΤΑΑ (Σχιεντιφιχ
ανδ Τεχηνιχαλ Αχηιεϖεmεντ Αωαρδ) παπερ νοmινατιον, πλεασε ρεπλψ το τηισ
εmαιλ τηατ ψου αγρεε ωιτη περχενταγε χοντριβυτιον:

 

Σ. Γηιmιρε 40%

ϑ. ϑοηνστον 30%

W. Ινγωερσεν 20%

Σ. Σοϕκα 10%

 

Τηε δεαδλινε φορ συβmισσιον ισ τηισ ωεεκ. Ι�λλ σενδ α δραφτ οφ τηε νοmινατιον
ναρρατιϖε φορ ρεϖιεω. Τηε 2014 ΕΣ&Τ παπερ τηισ ωορκ ωασ ινσπιρεδ βψ ρεχειϖεδ
α Λεϖελ ΙΙ αωαρδ ιν τηε 2016 ρουνδ. Βεχαυσε οφ τηε ΑΡΧΣΑ χολλαβορατιον ον
τηισ εφφορτ ωε ηοπε ιτ δοεσ σιmιλαρλψ. Ιτ αλρεαδψ ηασ 40 χιτατιονσ αχχορδινγ το
Γοογλε Σχηολαρ (ινχλ. σελφ χιτεσ). Wε λοστ τουχη ωιτη Ηεατηερ Κινχαδε αφτερ ιτ
ωασ πυβλισηεδ, σο ωουλδ βε γρεατ το φινδ ουτ ωηατ ιφ ανψτηινγ ηαππενεδ ωιτηιν
ΑΡΧΣΑ, βεχαυσε τηεψ ινιτιατεδ τηε στυδψ.

 

Τηανκσ,

ϑοην

 

ϑοην Μ. ϑοηνστον ΠηD | Χηιεφ, Λανδσχαπε ανδ Αθυατιχ Σψστεmσ Μοδελινγ Βρανχη | Ενϖιρονmενταλ

Προχεσσεσ Dιϖισιον | Χεντερ φορ Ενϖιρονmενταλ Μεασυρεmεντ ανδ Μοδελινγ | ΥΣ Ενϖιρονmενταλ

Προτεχτιον Αγενχψ | Ατηενσ, ΓΑ | Οφφιχε: +01 706.355.8300 | Χελλ: +01 706.206.1485 |

tel:(706)%20207-0323
https://gcc01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DOFBscEEAAAAJ%26hl%3Den%26oi%3Dao&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C200359ab573d456cbc9208d7eb9df423%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236935947319816&sdata=IokC54T2fSL5RckMtLLaKpU4cZGebhKYZQRQ19xguoE%3D&reserved=0
mailto:Johnston.JohnM@epa.gov


<ιmαγε002.πνγ>
<ιmαγε003.πνγ>

<ιmαγε004.ϕπγ>

 

 

https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fscholar.google.com%2Fcitations%3Fuser%3DezC8j88AAAAJ%26hl%3Den&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C200359ab573d456cbc9208d7eb9df423%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236935947329796&sdata=nKy4%2Fb3%2BzuqaUZwZXI9rkmU2VM3vGMjtkXKgyFMlok4%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Forcid.org%2F0000-0002-5886-7876&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C200359ab573d456cbc9208d7eb9df423%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236935947329796&sdata=ctnsAMmVRUXpe4D9kbAHFZdfeCyMY0%2FKZFuKKaz%2Fhuk%3D&reserved=0
https://gcc01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.researchgate.net%2Fprofile%2FJohn_Johnston&data=02%7C01%7CJohnston.JohnM%40epa.gov%7C200359ab573d456cbc9208d7eb9df423%7C88b378b367484867acf976aacbeca6a7%7C0%7C0%7C637236935947334784&sdata=N%2FNtZyK7bu82hqXMqxO1I4fFSlDhmqp4wokrlzihB7o%3D&reserved=0
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United States Environmental Protection Agency

Washington, DC 20460

STAA REPORT FOR THE SCIENTIST NOMINATIONS

General Information:

Nomination ID/App ID: 20-142

Research Category Primary: Ecological Research (ER)

Research Category Secondary: Monitoring and Measurement Methods (MM)

Laboratory/Office Name: ORD

Nomination Entered By: Joel Hoffman

Eligibility Checklist:

[Y] The nominated publication(s) has not been submitted to a previous STAA competition.

[Y] The nominated publication(s) was published on or before January 1, 2017 and on or after January 1,2012

[Y] The principal author was an EPA employee or a PHS employee assigned to EPA when the research was performed

[Y] The EPA authors (includes PHS employees assigned to EPA) contributed collectively a minimum of 50% toward the publication(s)

Nominating Official Name: Joel Hoffman

Nominating Official Title: SUPERVISORY BIOLOGIST

Nominating OfficialEmail: hoffman.joel@epa.gov

STAA Coordinator Name: Kathleen Wiser

STAA Coordinator Email: wiser.kathi@epa.gov
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Justifications:

Justification 1:

Ecosystem services accounting allows actual or potential environmental changes to
be evaluated in terms of their likely effects on humans. Fishery support is a
prominent ecosystem service attributed to aquatic systems and refers to providing
spawning, foraging, and refuge habitat to species that are exploited for recreational
fishing or commercial harvest. While this concept is broadly accepted, it remains a
scientific challenge to quantify this ecosystem service in coastal zones where fish
production is related to a mosaic of wetland, river, and open-water habitats; and
human utilization of that production, while extensive, is distributed widely over user
groups and over a spatial extent far larger than any specific habitat element. Coastal
wetlands in the Laurentian Great Lakes exemplify a complex fishery support
situation, with a variety of commercially and recreationally valuable fish species
using them for nursery, rearing, foraging, and spawning habitat but also spending
substantial time out in the open lake. Further, human user groups value diverse
aspects of the fishery, including dockside value (commercial harvesters), trophy size
and catchability (sport anglers), and eating quality (family and subsistence
fishers). Addressing this challenge requires improved association of coastal wetland
species with available commercial and recreational fisheries data, as well as
improved methods for associating coastal wetland habitat use with specific life
stages (larvae, juvenile, adult) and habitat function. The pair of nominated papers
showcase the EPA/ORD effort to address coastal-zone fishery support from two
distinct but complimentary angles – one paper conceptually links harvested fish
species with coastal wetland usage to assess the magnitude of fishery support, while
the other empirically links harvestable fish species to multiple potential habitats to
determine which hydrogeomorphic settings most strongly foster cross-habitat
support.

The Trebitz and Hoffman (2015) paper focuses on establishing associations between
fisheries data and coastal wetland habitat use. The approach was to combine
recreational and commercial harvest data with coastal wetland survey data to
identify fishery-relevant, wetland-using species; then to examine their exploitation
and life history patterns to determine how multispecies fishery support can be
decomposed into more homogeneous and measurable components; and finally to
examine relationships of those components to coastal wetland condition to identify
ecosystem service changes associated with habitat degradation and restoration. The
key findings of this paper are that at least 21 Great Lakes fish species that are
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directly harvested or that serve as prey for harvested species are regular users of
coastal wetlands, that >50% of the commercial fishery (ca. 11,000 metric tons
annually) and >80% of the recreational fishery (ca. 4.3 million fish annually) in the
Great Lakes is accounted for by wetland-using species, and that wetland
degradation is associated with a shift from dominance by commercially and
recreationally high-values species in high quality wetlands to dominance by
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low-value rough species in impacted wetlands, implying that restoring coastal
wetlands can improve both commercial and recreational fisheries in the Great
Lakes.

The Sierszen et al. (2019) paper focuses on quantifying fish production across a
gradient of hydrogeomorphic settings to determine for which species and which
ecological settings cross-habitat fishery-support is most likely to occur. The
approach relied on an improved ecological tracer method (described in the Schoen
et al. (2016) supporting article) to dissect habitat use for multiple fishery-relevant
species caught in both coastal wetland and nearshore areas. The author list includes
collaborators who helped to collect specimens and environmental data in some of
the wetlands; EPA ORD authors Michael Sierszen (retired) and Joel Hoffman led
the design and analysis of the data as well as the drafting of the manuscript. The key
findings are that use of resources from multiple habitats by high-value fish species
was widespread, particularly in morphologically open and hydrologically connected
coastal settings, and that outwelling nutrition from coastal wetlands is important to
support fish production but so is nearshore energy imported into wetlands either by
water movements or fish movements. The findings support the need to protect or
restore lost inter-habitat connections in the Great Lakes coastal zone in order to
maintain and improve Great Lakes fisheries.

The work represents a substantial scientific advancement in our understanding of
how coastal wetlands provide ecosystem services in the Great Lakes, and thereby
aids bi-national resource management, including recreational fisheries and
commercial harvest. For example, Hoffman and Trebitz (2015) was recently cited in
an Interagency Ecological Restoration Quality Committee seminar addressing
coastal wetland restoration success. The presenter was a Canadian resource manager
from the Central Lake Ontario Conservation Authority. 

Supplemental Items:
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Schoen, L.S., J.J. Student, J.C. Hoffman, M. Sierszen, and D.G. Uzarski. 2016.
Reconstructing fish movements between coastal wetland and nearshore habitats of
the Great Lakes. Limnology and Oceanography 61 (5):1800-1813.

This supplemental article is foundational to the Sierszen et al. (2019) nominated
article, demonstrating how various chemical tracers in fish bones and tissues can be
used to reconstruct movements of fish between open nearshore waters and Great
Lakes coastal wetlands. We made this article supplementary simply because the
author composition excludes it from STAA eligibility. The non-EPA authors on this
supplementary nomination are supported under the Great Lakes Restoration
Initiative to conduct Great Lakes-wide coastal wetland monitoring.

Justification 2A:

The pair of nominated papers showcase the EPA/ORD effort to address
coastal-zone fishery support from two distinct but complimentary angles – one
paper conceptually links harvested fish species with coastal wetland usage to assess
the magnitude of fishery support (Trebitz and Hoffman 2015), while the other
empirically links harvestable fish species to multiple potential habitats to determine
which hydrogeomorphic settings most strongly foster cross-habitat support (Siersen
et al. 2019). Specifically, Trebitz and Hoffman (2015) conclude that a key
information need to advance the quantification of fisheries support in coastal
habitats is "better data on fish origins and movements" to pair with the fisheries
data. The Sierszen et al. (2019) was designed to meet this need.

Justification 2B:

Joel Hoffman

Hoffman, J.C., J.R. Kelly, G.S. Peterson, and A.M. Cotter. 2015. Landscape-scale
food webs of fish nursery habitat along a river-coast mixing zone. Estuaries and

Coasts 38 (4):1335–1349. STAA Honorable Mention 2015, Approach to

.Understand and Classify Nutrient and Energy Sources to Coastal Ecosystems
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Bellinger, B.J., J.C. Hoffman, T.R. Angradi, D.W. Bolgrien, M. Starry, C. Elonen,
T. Jicha, L. Lehto, L. Monson, M.S. Pearson, L. Anderson, and B.H. Hill. 2016.
Water quality in the St. Louis River Area of Concern, Lake Superior: historical and
current conditions and delisting implications. Journal of Great Lakes Research

42(1):28-38. STAA Honorable Mention 2016, Supporting AOC

.Decision-Making

Hoffman, J.C., J. Schloesser, A.S. Trebitz, G. Peterson, M. Gutsch, H. Quinlan, and
J.R. Kelly. 2016. Sampling design for early detection of aquatic invasive species in

Great Lakes ports. Fisheries 41(1):26-37. STAA Level 3 Award 2019,

.On-the-ground implementation of early detection monitoring

Trebitz, A.S., J.C. Hoffman, G. Grant, T. Billehus, and E.M. Pilgrim. 2015.
Potential for DNA-based identification of Great Lakes aquatic fauna: match and
mismatch between organism inventories and DNA barcode libraries. Scientific

Reports 5:12162. , STAA Level 3 Award 2019 , On-the-ground implementation

.of early detection monitoring

Trebitz, A.S., J.C. Hoffman, J.A. Darling, E.M. Pilgrim, J.R. Kelly, E.A. Brown,
W.L. Chadderton, S.P. Egan, E.K. Grey, S.A. Hashsham, K.E. Klymus, A.R.
Mahon, J.L. Ram, M. Schultz, C.A. Stepien and J.C. Schardt. 2017. Early detection
monitoring for aquatic non-indigenous species: Optimizing surveillance,
incorporating advanced technologies, and identifying research needs. Journal of

Environmental Management 202 (Part 1):299-310. STAA Level 3 Award 2019,

.On-the-ground implementation of early detection monitoring

Michael Sierszen
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N/A

Anett Trebitz

Hoffman, J.C., J. Schloesser, A.S. Trebitz, G. Peterson, M. Gutsch, H. Quinlan, and
J.R. Kelly. 2016. Sampling design for early detection of aquatic invasive species in

Great Lakes ports. Fisheries 41(1):26-37. STAA Level 3 Award 2019,

.On-the-ground implementation of early detection monitoring

Trebitz, A.S., J.C. Hoffman, G. Grant, T. Billehus, and E.M. Pilgrim. 2015.
Potential for DNA-based identification of Great Lakes aquatic fauna: match and
mismatch between organism inventories and DNA barcode libraries. Scientific

Reports 5:12162. , STAA Level 3 Award 2019 , On-the-ground implementation

.of early detection monitoring

Trebitz, A.S., J.C. Hoffman, J.A. Darling, E.M. Pilgrim, J.R. Kelly, E.A. Brown,
W.L. Chadderton, S.P. Egan, E.K. Grey, S.A. Hashsham, K.E. Klymus, A.R.
Mahon, J.L. Ram, M. Schultz, C.A. Stepien and J.C. Schardt. 2017. Early detection
monitoring for aquatic non-indigenous species: Optimizing surveillance,
incorporating advanced technologies, and identifying research needs. Journal of

Environmental Management 202 (Part 1):299-310. STAA Level 3 Award 2019,

.On-the-ground implementation of early detection monitoring

Justification 2C:

STAA Honorable Mention 2015, Approach to Understand and Classify

Nutrient and Energy Sources to Coastal Ecosystems. This earlier award
demonstrates the approach using stable isotope tracers in fish tissue to assign
production of fish to either wetland or nearshore habitat.
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STAA Honorable Mention 2016, Supporting AOC Decision-Making. This
nomination highlighted ecological research supporting impairment assessment
needs for the EPA Area of Concern program.

STAA Level 3 Award 2019, On-the-ground implementation of early detection

monitoring. This award addressed ORD research to develop an aquatic invasive
species early detection monitoring program in the Great Lakes.

Justification 2D:

N/A

Justification 2E:

N/A

Justification 3A:

1.    Citations for each publication nominated

Trebitz, A.S. and J.C. Hoffman. 2015. Coastal wetland support of Great Lakes
fisheries: Progress from concept to quantification. Transactions of the American
Fisheries Society 144 (2):352-372.

Impact factor: 2-year factor is 1.563, 5-year factor is 1.781

Citation ½ life: 15.8

Immediacy Index: 0.344
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Sierszen, M.E., L.S. Schoen, J.M. Kosiara, J.C. Hoffman, M.J. Cooper, and D.G.
Uzarski. 2019. Relative contributions of nearshore and wetland habitats to coastal
food webs in the Great Lakes. Journal of Great Lakes Research 45(1):129-137.

Impact factor: 2-year factor is 2.175, 5-year factor is 2.464

Citation ½ life: 8.0

Immediacy Index: 0.771

 

2.    If research has been invited for presentation at national/international societies

Joel Hoffman and Michael Sierszen were both invited to give numerous seminars
and presentations at international conferences based on this work:

Hoffman, J.C. 2016. Fringe benefit: Value of restoring coastal wetlands

for Great Lakes fisheries. Department of Fisheries, Wildlife and Conservation
Biology Seminar, University of Minnesota, St. Paul, March 31.

Hoffman, J.C. 2015. Coastal migrations of Great Lakes fishes and implications for
resource management. Water Resource Science Seminar, University of Minnesota,
Duluth, November 30.

Hoffman, J.C., A.S. Trebitz, G.S. Peterson, A.M. Cotter, and J.R. Kelly. 2014.
Progress towards understanding the importance of coastal wetland nursery habitat to
Great Lakes fisheries support. 144th Annual Meeting of the American Fisheries
Society, Quebec City, Quebec, Canada, August 17-21.
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Sierszen, M.E. 2017. Food web analysis using stable isotope mixing models.
Institute for Great Lakes Research, Central Michigan University, Mt. Pleasant,
Michigan, October.

Sierszen, M.E. 2018. Food web analysis using stable isotope mixing models.
Cornell Biological Field Station, Cornell University, Bridgeport, New York, June.

 

3.    Unique source of funding for research

ORD research was funded through the Research Action Plan. The non-EPA
co-authors on this nomination were supported by the Great Lakes Research
Initiative and EPA as part of the Great Lakes Coastal Wetland Monitoring Program
( ).https://www.greatlakeswetlands.org/

 

4.    Any awards Internal/External to EPA that were received for the research

None

 

5.    Number of times the publication has been downloaded/viewed

Based on ResearchGate, the Trebitz and Hoffman (2015) article has been
downloaded 266 times, and the Sierszen et al. (2019) article has been downloaded
112 times.

 

6.    How many times it has been cited (Google Scholar)

According to Google Scholar, the Trebitz and Hoffman (2015) article has been cited
17 times, and the Sierszen et al. article, which was published in 2019, has yet to be
cited.

https://www.greatlakeswetlands.org/
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The supplemental Schoen et al. (2016) article has been cited 18 times.

 

 

7.    Letters of Recommendation

None.

Justification 3B:

Both articles underwent EPA/ORD’s internal peer review process, followed by full
external peer review at their respective journals.

AUTHORS

Principal Author

Author Name: Joel C. Hoffman

Professional Title: Salutation: Dr.

Email: hoffman.joel@epa.gov Organization:

Mailing Address:

Street Line 1: 6201 Congdon Blvd

City: Duluth

Zip Code: 55804 State: Minnesota

At time of research was: EPA Employee
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Separation Date:

% of Effort: 25

Contributing Author

Author Name: Anett Trebitz

Professional Title: Salutation: Dr.

Email: trebitz.anett@epa.gov Organization:

Mailing Address:

Street Line 1: 6201 Congdon Boulevard

City: Duluth

Zip Code: 55804 State: MN

At time of research was: EPA Employee

Separation Date:

% of Effort: 25

Contributing Author

Author Name: Michael Sierszen

Professional Title: Salutation: Dr.
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At time of research was: EPA Employee
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Separation Date: Fri Jun 08 00:00:00 GMT 2018

% of Effort: 25

Contributing Author

Author Name: Matthew Cooper

Professional Title: Salutation: Dr.

Email: mcooper@northland.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Donald Uzarski

Professional Title: Salutation: Dr.

Email: uzars1dg@cmich.edu Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel



Page 14 of 16

Separation Date:

% of Effort: 5

Contributing Author

Author Name: Lee Schoen

Professional Title: Salutation: Mr.

Email: schoenl1@michigan.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel

Separation Date:

% of Effort: 10

Contributing Author

Author Name: Jessica Kosiara

Professional Title: Salutation: Ms.

Email: jessica_kosiara@fws.gov Organization:

Mailing Address:

Street Line 1:

City:

Zip Code: State:

At time of research was: Non EPA Personnel
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Separation Date:

% of Effort: 5

PUBLICATIONS

Publication 1:

Publication Title:
Coastal wetland support of Great Lakes fisheries: Progress from concept to
quantification

Publication Date: Wed Mar 04 00:00:00 GMT 2015

Journal/Publication
Method:

Transactions of the American Fisheries Society

All Author(s):

Volume: 144 Number: 2

Pages: 352-372
Immediately
Index:

Immediately
Index:

Citation ½ Life: 15.8 Impact Factor: 1.563

Publication 2:

Publication Title:
Relative contributions of nearshore and wetland habitats to coastal food webs in
the Great Lakes

Publication Date: Mon Nov 19 00:00:00 GMT 2018

Journal/Publication
Method:

Journal of Great Lakes Research

All Author(s):
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ARTICLE

Coastal Wetland Support of Great Lakes Fisheries: Progress
from Concept to Quantification

Anett S. Trebitz* and Joel C. Hoffman
U.S. Environmental Protection Agency, Mid-Continent Ecology Division, 6201 Congdon Boulevard,

Duluth, Minnesota 55804, USA

Abstract

Fishery support is recognized as a valuable ecosystem service provided by aquatic systems, but it is harder to
quantify than to describe conceptually. In this paper, we combine data on fish inhabiting Great Lakes coastal
wetlands (GLCWs) with information on commercial and recreational harvest and the piscivore forage base to
develop quantitative understanding of the multiple species involved in direct and indirect fishery support of this
complex fishery. We then examine patterns of species co-occurrence and life history and relationships to GLCW
conditions in order to identify fishery support metrics useful in aggregating species patterns and evaluating
management outcomes. Our criteria for wetland prevalence (�10% occurrence) and fishery importance (�1% of
recreational or commercial harvest in one or more of the Great Lakes or having a major forage fish role) yielded 21
wetland-using, fishery-relevant species representing multiple taxonomic groups and life history attributes. Wetland-
using species are estimated to make up half the biomass and 60% of the dollar value of the fish landed commercially
and »80% of the fish numbers harvested recreationally. All of the GLCWs studied supported species of interest to
recreational and commercial fishers but with widely varying composition. A few key habitat characteristics (e.g.,
vegetation structure) are broadly predictive of the types of sport and panfish present, with more degraded GLCWs
generally supporting abundant but lower-value taxa (rough-fish species) and less degraded GLCWs supporting
fewer but higher-value taxa (sport and panfish species). No single taxonomic or functional metric seems adequate to
capture the diversity of fishery-relevant species supported by GLCWs; fishery support needs to be understood and
managed in a multimetric context.

Ecosystem services accounting allows actual or potential

environmental changes to be evaluated in terms of their likely

effects on humans (National Research Council 2005; Farber

et al. 2006; Palmer and Filoso 2009). Fishery support is a

prominent ecosystem service attributed to aquatic systems and

refers to providing spawning, foraging, and refuge habitat to

species that are exploited for recreational fishing or commer-

cial harvest (Holmlund and Hammer 1999; Barbier et al.

2011). Unfortunately, while fishery support is readily under-

stood as a concept, how best to actually measure complex

cases of fishery support is far from established. The sources of

complexity in fishery support can arise from a number of fac-

tors, including the diversity of fish species and human user

groups involved and the spatial extent and connectivity of the

ecosystem (Barbier et al. 2011; Engle 2011; Tallis et al.

2012).

Coastal wetlands in the Laurentian Great Lakes exemplify a

complex fishery support situation. Great Lakes coastal wet-

lands (GLCWs) are used by a large suite of fish species,

including many with recognized sport and commercial impor-

tance (Jaworski and Raphael 1978; Jude and Pappas 1992;

Sierszen et al. 2012b), whose high biological productivity and

diversity contribute to food webs extending across a much

broader nearshore zone (Wetzel 1992; Brazner et al. 2000;

Vadeboncoeur et al. 2011). Human user groups in the Great

Lakes value diverse aspects of the fishery, including biomass

and dockside value (commercial harvesters), trophy size (sport

anglers), and catchability and eating quality (family and
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subsistence fishers). As with coastal habitats elsewhere (Able

2005; Manson et al. 2005; Jordan et al. 2012), the spatial scale

over which GLCW fishery support plays out is complicated

because the various fish species can move among GLCWs and

other habitats on a seasonal, ontogenetic, or facultative basis

and because fishing activities often take place outside the

GLCWs themselves and are assessed and managed over broad

spatial scales (e.g., Brazner et al. 2001; Murphy et al. 2012).

Among the questions that need to be addressed to develop

fishery support metrics for such complex situations are which

species to include, what kinds of measurement endpoints are

informative, and how to establish the linkage between specific

ecosystems and the broader spatial scales over which ecologi-

cal services are realized. There is also the question of how fish-

ery support metrics relate to ecosystem conditions and

potential management actions. This is a subject of consider-

able current interest for Great Lakes coastal habitats, since the

ongoing Great Lakes Restoration Initiative (GLRI 2010) is

supporting expanded efforts to remediate environmental

impacts and improve ecological condition. Many GLRI proj-

ects are directed at the coastal margin, which is most directly

affected by shoreline development (e.g., urbanization and

hydrologic alteration) and watershed-derived stressors such as

sedimentation and nutrient loading (Vadeboncoeur et al.

2011; Niemi et al. 2007; Allan et al. 2013). Developing quan-

tifiable metrics of fishery support would provide a basis for

prioritizing management actions and tracking the benefits of

such restoration projects (Wainger and Mazzotta 2011).

Ideally, fishery support accounting would work with end-

points that can be quantified as a standing stock or a rate

(growth or production) per unit area (Bell 1997; Wainger and

Boyd 2009; Engle 2011) as a basis for evaluating changes in

fishable biomass or size. However, growth or production data

are time-consuming to collect and thus rarely obtained in syn-

optic surveys. Rather, the typical fish survey produces count

and occurrence data from a standardized sampling effort

meant to index assemblage composition and the relative abun-

dance of species. Establishing endpoints of value to human

users (e.g., the presence of a target species) can be sufficient to

link an ecosystem condition with an ecological outcome (e.g.,

improved habitat for that species) for which human preferen-

ces can be measured (Wainger and Mazzotta 2011). Index

data may therefore be useful for fishery service accounting

and can offer a robust avenue for evaluating fish–habitat rela-

tionships because of their ability to smooth over some of the

variability due to sampling gear, location, and time (Steen

et al. 2008). Community-level analyses of such index data

have shown that GLCW fish composition is substantially

affected by habitat and watershed conditions (e.g., Brazner

and Beals 1997; Seilheimer and Chow-Fraser 2007; Arend and

Bain 2008; Trebitz et al. 2009a). However, species composi-

tion data must be translated into metrics of fishery support to

predict the ecosystem services implications of proposed man-

agement actions affecting GLCWs. To date, analyses focusing

on fishery-relevant species and endpoints are lacking for

GLCWs.

Our goals in this paper are to add quantitative detail toward

understanding which Great Lakes species are both fishery rele-

vant and wetland users and to ascertain their patterns of co-

occurrence and life history in order to identify multispecies

fishery support metrics that are useful in differentiating among

GLCW types and conditions. We speak of GLCWs as provid-

ing “direct” fishery support when they harbor species that are

sought, caught, and harvested by commercial harvesters or

recreational anglers (whether the fish are captured in the wet-

land or elsewhere) and as providing “indirect” fishery support

when they harbor forage fish available for consumption by

other fishes inhabiting the broader nearshore zone. Our

approach was to combine recreational and commercial harvest

data with GLCW survey data to identify fishery-relevant, wet-

land-using species; to examine their exploitation and life his-

tory patterns to determine how multispecies fishery support

can be decomposed into more homogeneous and measurable

components; and finally to examine relationships to GLCW

condition in order to identify metrics that are useful in tracking

ecosystem service changes associated with habitat degradation

and restoration.

We acknowledge that our approach does not address some

of the recalcitrant questions related to fish habitat, such the

extent to which GLCWs are essential and what portion of the

harvested biomass or production can be attributed to them

(Rose 2000; Able 2005; Levin and Stunz 2005; Rosenfield and

Hatfield 2011). Also, we focus exclusively on the supply side

of fishery support ecosystem services and do not address the

equally complex problem of assigning values to the benefits

that humans derive from a fishery (e.g., Whitehead et al. 2005;

Brander et al. 2006; Spangenberg and Settele 2010). Never-

theless, our analysis constitutes substantial progress in refining

our understanding of the associations between GLCWs and

the multiple fishery-relevant species that inhabit them, thereby

moving fishery support from a purely conceptual basis toward

operationally applicability. The issues discussed in the context

of GLCWs are equally relevant to complex cases of fishery

support in other aquatic ecosystem types and locations (e.g.,

salt marshes, seagrass beds, and mangroves: Manson et al.

2005; Sheaves 2009; Engle 2011; Vasconcelos et al. 2011).

METHODS

Our analyses of patterns for fishery-relevant, wetland-using

fish species relies primarily on data from 58 GLCWs surveyed

via electrofishing over the summers of 2002–2004 (details in

Trebitz et al. 2009a). This data set included lacustrine, river-

ine, and protected-type GLCWs on all five Great Lakes, with

sites being chosen to span a gradient of agricultural use and

urbanization in the watershed (Danz et al. 2005). Our sam-

pling was conducted from mid to late summer, as is typical of

GLCW fish surveys. Fish were sampled at five to seven
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separate locations per wetland (standardized 10-min electro-

fishing effort per station, or 50–70 min of effort per wetland).

The sampling effort was distributed proportionally to the

available vegetated and open-water habitat. Catches were enu-

merated by species and by age-class (young-of-year, yearling,

or adult) based on size distributions. Supporting water quality

and habitat data were also collected.

Establishing wetland use and fishery importance.—We

operationally defined species that are both wetland using and

fishery relevant as those that we found in at least 10% of the

GLCWs surveyed that also met certain recreational and com-

mercial harvest thresholds. The 10% occurrence criterion was

to ensure that we only included species with sufficient data

that their distribution and prevalence patterns could be

assessed. For additional perspective, we compiled published

species data from ichthyoplankton surveys of GLCWs. Such

data demonstrate spawning and nursery use of GLCWs and

are especially relevant for fish species not detected in adult

and juvenile summer surveys owing to sampling gear (typi-

cally fyke nets or electrofishing) or temporal biases. Because

we found larval fish data for relatively few GLCWs and

mostly reported in general terms (e.g., presence only, spatially

aggregated), we did not set a criterion for occurrence fre-

quency in listing species (but applied the same harvest

thresholds).

We identified wetland-using species having direct fishery

importance using recent recreational and commercial fishing

data compiled by various management agencies (Table 1). We

classified the harvest level for each species in each lake into

four tiers: “dominant” for species making up a larger percent-

age of the harvest than any other species; “major” for those

comprising �10% of the total; “minor” for those comprising

1.0–10% of the total; and “trace” for those comprising <1.0%

of the total, based on the number harvested in recreational fish-

ing and the biomass landed in commercial fishing. We used

tiers rather than actual quantities because of the large range in

productivity across the lakes and the variation in assessment

methods and spatial and temporal coverage among data sour-

ces (Table 1). A species had to attain at least minor recrea-

tional or commercial harvest in at least one lake to be retained

in our analyses. When fishery data were aggregated across taxa

(e.g., “sunfish” rather than individual species), we applied the

harvest level to all potential species meeting the criteria of

�10% occurrence in GLCWs. For the commercial fishing

data, we also computed the average price and percent of the

total biomass and dollar value attributable to each species. To

do so, we summed U.S. and Canadian data without regard to

year, assuming that among-year differences were unimportant.

No currency conversion was applied, since the exchange rate

lay between US$0.95 and $1.05 per Canadian dollar for all of

2011 and 2012. We did not attempt to assign a dollar value to

species of recreational importance given the much greater

complexity of evaluating recreational enjoyment as opposed

to commercial values and landings (e.g., Gordon et al. 1973;

Provencher and Bishop 1997).

We identified fish species having indirect fishery impor-

tance in the Great Lakes (i.e., as forage for sport fish) as those

wetland-using species that are significant components of

coastal predator diets or pelagic prey fish surveys, based on

the scientific literature. We excluded sedentary, demersal spe-

cies (e.g., sculpins) because they are unlikely to move (and

thus transfer energy) between GLCWs and nearshore environ-

ments even if prevalent in both habitats.

Evaluating wetland associations.—We characterized

GLCW associations for the wetland-using, fishery-relevant

species using our own survey data and life history information

from the literature. First, general distribution and prevalence

patterns were evaluated to determine which fishery-relevant

species are most commonly encountered, how many such spe-

cies typically occur, and how their composition varies across

GLCWs. Then, to address the extent to which GLCW condi-

tion affects fishery support, relationships between the species

and wetland environmental characteristics were examined at

two spatial scales: the wetland scale and the scale of sampling

locations within wetlands (hereafter, station scale). Finally, we

examined the patterns in various potential summary metrics of

fishery support suggested by the taxonomic and life history

patterns for the fishery-relevant species.

At the wetland scale, the relationships of species to categor-

ical environmental variables were analyzed by means of box

plots and analysis of variance (ANOVA) and relationships to

numerical environmental variables were analyzed by linear

regression. We also computed the richness of the fishery-rele-

vant species in four categories: sport fish, panfish, rough fish,

and forage fish. Patterns in the assemblage of fishery-relevant

species were examined using nonmetric multidimensional

scaling (NMDS) ordination, with Bray–Curtis similarity as the

distance metric. To facilitate graphical depiction of fish com-

position patterns, we focused on results from a two-dimen-

sional ordination (a three-dimensional ordination explained

only 7% more variability). The ordinations combined all age-

classes, since trial ordinations that examined young-of-year

and juvenile–adult fish separately were qualitatively similar.

Overlay vectors to the ordination were generated for the indi-

vidual species, for richness for the four species categories, and

for the environmental variables by computing the Pearson cor-

relation between each of these variables and the first and sec-

ond ordination axis scores and using the resulting values as x-

and y-coordinates for the endpoints of the vectors radiating

from the origin. Encounter probability (the percent of sam-

pling locations within each GLCW at which a species was cap-

tured) was used as the species-level variable for all of the

wetland-scale analyses because encounter probability is inter-

pretable in terms of fishing opportunity and presents a useful

compromise between high-variability abundance data and

low-information occurrence data (Sheaves et al. 2012).
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At the station scale, the relationships of species to categori-

cal environmental variables were analyzed graphically and by

cross-tabulation, while the relationships to numerical environ-

mental variables were analyzed via logistic regression. Sta-

tion-scale analyses were pursued only for species with enough

data for this to be meaningful, operationally defined as species

found in �25% of the GLCWs, in all five Great Lakes, and for

which we caught �100 individuals. Station-scale analyses

used presence/absence as the data format and only included

GLCWs in which the species was found, so that absences

reflected station characteristics rather than broader distribution

patterns. We did not use abundance data (e.g., catch per effort)

for these analyses because they often fail to meet distributional

assumptions (Francis et al. 2005; Valavanis et al. 2008) and

lead to a more complicated hierarchical data structure for sta-

tions nested within wetlands (Wagner et al. 2006). For species

with enough data (at least five presences per predictor vari-

able), station-scale analyses were conducted separately for

young-of-year and for older fish (juveniles and adults com-

bined), so that differences across life stages could be

examined.

Wetland-scale and station-scale analyses focused on a small

set of the available environmental variables chosen a priori to

have relevance to fish, minimal collinearity, and potential for

manipulation by GLCW restoration or management. The

numerical variables (measured at the station scale, averaged to

the wetland scale) were turbidity (nephelometric turbidity

units; an index of water clarity), fetch (m [log10 transformed];

an index of wind-and-wave exposure), sediment density

(g/cm3; higher densities are sandier), and a submerged- and

floating-leaf vegetation structure index (higher levels indicate

denser cover and more growth forms; Brazner and Beals

1997); see Trebitz et al. (2009a) for computation details on all

these variables. We also considered one categorical descriptor

at the wetland scale (protected, riverine, or lacustrine wetland;

Albert et al. 2005) and one at the station scale (channelized,

lake-like, or backbay station; Trebitz et al. 2009a). For the

ordination analyses only, we included additional environmen-

tal variables (as overlay vectors) to provide a more compre-

hensive picture of GLCW conditions. These were plankton

chlorophyll a (an index of water clarity and productivity),

three anthropogenic disturbance metrics (percent natural land

cover in the watershed, percent natural land cover in the 100-

m buffer around the GLCW, and an agricultural intensity

index calculated from county and 8-digit HUC data; Danz

et al. 2005), and two additional vegetation structure metrics

(the maximum depth of submerged plant growth and a nui-

sance plant density index based primarily on the emergent

taxa Phragmites (common reeds), Typha (cattails), and purple

loosestrife Lythrum salicaria; Trebitz and Taylor 2007). Two

potentially fish-relevant environmental variables that we did

not include were dissolved oxygen (since earlier work had

shown that it explains GLCW fish composition only at very

small spatial scales, e.g., among vegetation beds; Trebitz et al.

TABLE 1. Sources and details for fishery harvest data. The commercial data are comprehensive, whereas the recreational data are from surveys with varying

focal species, user groups, and temporal and spatial coverage. The recreational data are on a number basis unless stated otherwise.

Source Lake (area) Year Details

Commercial

OMNR 2013a Erie (Canada) 2012 All landings, biomass and dollar value

OMNR 2013b Huron (Canada) 2012 All landings, biomass and dollar value

OMNR 2013c Ontario (Canada) 2012 All landings, biomass and dollar value

OMNR 2013d Superior (Canada) 2011 All landings, biomass and dollar value

NMFS databasea Five lakes (U.S.) 2011 All landings, biomass and dollar value

Recreational

OMNR 2013a Erie (Canada) 2012 Angler diaries

Ohio DNR 2012 Erie (Ohio) 2011 Creel: boat fishing only, selected species

MDNR databaseb Huron (Saginaw Bay) 2011 Creel and charter reporting: ice, boat, shore fishing

Breidert 2011 Michigan (U.S.) 2010 Biomass basis

Hanson 2012 Michigan: (U.S.) 2011 Creel: recreational anglers, selected species

Masterson and Eggold 2012 Michigan (Wisconsin) 2011 Creel, charter reporting, mail survey: boat and shore

fishing, selected species

Lantry and Eckert 2012 Ontario (New York) 2011 Creel: boat fishing only

Zunker 2013 Superior (Wisconsin) 2012 Creel and charter reporting; ice and boat fishing

DFO 2008c Four lakes (Canada) 2005 Mail survey

aAvailable: www.st.nmfs.noaa.gov/commercial-fisheries/commercial-landings/other-specialized-programs/great-lakes-landings/index.
bAvailable: www.dnr.state.mi.us/CharterCreel/Default.aspx.
cIncluded despite data age because it was most recent Canada-side data available for three of the lakes.
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2009b); and water temperature. Water temperature is con-

founded with a latitudinal anthropogenic disturbance gradient

across the Great Lakes basin (population density and agricul-

tural intensity both increase to the south; Trebitz et al. 2009a),

and the basinwide distribution of the fish species considered

here suggests that water temperature is not the primary driver

of their abundance patterns.

Finally, we examined potential guild-level fishery support

metrics (e.g., groupings based on species composition or traits

such as sport fish or warmwater species), with the goal of iden-

tifying metrics that usefully aggregate species-specific infor-

mation while preserving patterns relevant to different human

user groups and GLCW conditions. We depict the results with

radar plots (polar coordinate plots in which points are specified

by angle and distance from the origin rather than the usual x-

and y-values), with the level of the fishery support metric

given by the distance from the origin and the angle matching

that of the GLCW in the earlier NMDS ordination. The guild

metrics were constructed by summing encounter probabilities

across the relevant species using adults only for taxonomic

combinations (to focus on harvestable fish) but all life stages

for life history combinations (the usual procedure in comput-

ing fish guild metrics for biotic integrity analyses; Fausch

et al. 1990). We obtained a macrohabitat classification from

an analysis of Great Lakes fish species done by Jude and Pap-

pas (1992), with the groupings that we used being “coastal”

(their rankings of 32–66), “weak wetland” (their rankings of

67–90), and “strong wetland” (their rankings of 90–113). We

compiled life history information relevant to wetland affinity

(i.e., littoral tendency, substrate preference, vegetation use,

and thermal preference) from Becker (1983), Coker et al.

(2001), and Lane et al. (1996a, 1996b). We classified fish as

obligate wetland users if they rely on aquatic vegetation to

spawn or for nursery habitat and as facultative wetland users

otherwise.

RESULTS

Wetland-Using Species of Direct Fishery Importance

We identified 18 fish species (Table 2) that had at least a

10% frequency of occurrence in GLCWs (our criteria for wet-

land using) and that made up at least 1% of the recreational or

commercial harvest in one or more Great Lakes (our criteria

for direct fishery importance). Collectively, these species

made up 48% of the landed biomass and accounted for 63% of

the dollar value of all species harvested commercially across

the Great Lakes in 2011 or 2012 (Table 3), as estimated from

TABLE 2. Great Lakes coastal wetland–using fishes with direct importance to recreational or commercial fishing, organized by general fishing category. Impor-

tance by lake (E D Erie, H D Huron, M DMichigan, O D Ontario, and S D Superior) is coded as follows: dominant (largest percentage of the harvest of any spe-

cies) D bold with asterisks; major (>10% of the harvest) D bold and underlined; minor (1–10% of the harvest) D ordinary type; and trace (<1% of the harvest)

D in parentheses. The basis is biomass for commercial harvests but numbers for recreational harvests.

Species Commercial importance Recreational importance

Sport fish

Channel Catfish E H (M) (E) H O (S)

Largemouth Bass E H O S

Northern Pike (H) O (S) (E) H (M) (O) S

Smallmouth Bass (E) (H) E H M O S

Yellow Perch *E* H (M) *O* (S) *E* *H* *M* *O* S

Walleyea E H (M) O (S) E H M O *S*

White Bass E (H) (M) (O) E (H)

White Perch E (H) (M) O (E) (H) (M)

Panfish

Black Crappieb (H) O (E) H (M) O (S)

Rock Bass (E) (H) O (E) H O

Sunfish (3 species)c (E) O E H (M) O

Rough fish

Black/Brown Bullheadd (E) (H) O

Common Carp E (H) (M) (O)

Freshwater Drum E (H) O (E) (H)

Gizzard Shad (E)

White Sucker (E) (H) O (H)

aWalleyes dominate the Canadian side of Lake Superior harvest only.
bBlack Crappies meet our GLCW prevalence criteria but White Crappies do not; the fishery harvest data do not differentiate between the two species.
cSunfish meeting the GLCW prevalence criteria and of interest to anglers are Pumpkinseeds, Bluegills, and Green Sunfish; some fishery harvest sources differentiate among the

species but others do not.
dBlack and Brown Bullheads are difficult to differentiate (Rutkayov�a et al. 2013) and thus are combined in our data.
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NOAA and OMNR databases and reports (Table 1). The total

biomass of wetland-using species landed commercially

exceeded 11,000 metric tons, with the vast majority coming

from Lake Erie. The total number of fish from wetland-using

species harvested recreationally in just Canadian waters in

2005 exceeded 4 million, with roughly half of those coming

from Lake Erie (Table 4). The percentage of the commercial

harvest accounted for by wetland-using species varied widely

among lakes (>70% in Lakes Erie and Ontario, »10% in

Lake Huron, �1.0% in Lakes Michigan and Superior), but the

majority of the recreational harvest was due to wetland-using

species in all the lakes (Table 4).

Yellow Perch Perca flavescens is the most important wet-

land-using species for Great Lakes fisheries. The species is

ubiquitous in GLCWs, occurring more frequently than any

other fishery-relevant species (Brazner and Beals 1997; Seil-

heimer and Chow-Fraser 2007; Arend and Bain 2008; Trebitz

et al. 2009a). Yellow Perch comprised 32% of the total fish

harvested recreationally across Canadian Great Lakes waters

in 2005 (DFO 2008)—a rate three times higher than that of

any other species. Yellow Perch also comprised 36% of the

dollar value and 18% of the biomass landed in commercial

fisheries across all five Great Lakes in 2010–2011 (Table 3)—

a dollar value higher than that of any other species and a

landed biomass second only to that of Lake Whitefish Corego-

nus clupeaformis. Yellow Perch are particularly important to

commercial fishing in Lakes Erie and Ontario (>25% of the

harvested biomass) and to recreational fishing in Lakes Erie

and Huron (>75% of the harvest; DFO 2008; Ohio DNR

2012; OMNR 2013a), but they also make up at least 25% of

TABLE 3. Percentages of Great Lakes–wide total commercially landed biomass and dollar value and average prices for wetland-using species. Numbers reflect

combined NMFS and OMNR data for 2011 or 2012 across all five Great Lakes. Species are listed in order of decreasing percent biomass or price.

Species % Biomass % Dollar value Price ($/kg)

Sport fish

Yellow Perch 18.2 36.0 5.16

Walleye 10.6 18.5 4.55

White Bass 8.0 4.3 1.40

White Perch 6.0 2.8 1.21

Channel Catfish 1.7 0.5 0.76

Northern Pike 0.1 <0.1 0.58

Panfish

Black Crappie <0.1 <0.1 7.20

Sunfish (3 species) 0.1 0.1 2.79

Rock Bass <0.1 <0.1 1.17

Rough fish

Freshwater Drum 1.7 0.3 0.41

Common Carp 1.3 0.3 0.56

Black/Brown Bullhead 0.2 0.1 0.74

White Sucker <0.1 <0.1 0.20

Gizzard Shad 0.1 <0.1 0.07

All of above species 48.0 62.9

TABLE 4. Estimated percentages of the total recreational and commercial harvest across the Great Lakes comprised of the wetland-using fish species from

Table 2. Commercial harvests reflect combined NMFS and OMNR data for 2011 and 2012; recreational harvest data are from a Canada-side 2005 survey (DFO

2008) that does not cover Lake Michigan (cross-lake comparisons for more recent recreational fishing data are difficult because of variations in methodology).

Commercial harvest Recreational harvest

Lake Biomass (metric tons) Percent Number (thousands) Percent

Erie 10,313 72.2 2,248,469 95

Huron 407 11.1 1,022,878 71

Michigan 28 1.0

Ontario 184 84.0 803,739 76

Superior 1.6 <0.1 237,861 61

All 5 lakes 10,933 48.0 4,312,947 82
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the recreational harvest in portions of Lakes Michigan,

Ontario, and Superior (Lantry and Eckert 2012; Hanson 2012;

Masterson and Eggold 2012; Zunker 2013).

Seventeen other wetland-using species are important fish-

ery targets in the Great Lakes. Walleye Sander vitreus have

major recreational importance in three of the lakes (Table 2)

and comprised 11% of the commercial biomass and 19% of

the dollar value in 2010–2011 (Table 3). White Bass Morone

chrysops and White Perch Morone americana each exceeded

5% of the landed biomass and 2% of the dollar value, with

commercial landings coming from four lakes and recreational

harvests in three lakes (Tables 2, 3). Channel Catfish Ictalurus

punctatus are commercially landed in three lakes and recrea-

tionally harvested in four of them (Table 2). Smallmouth Bass

Micropterus dolomieu and Northern Pike Esox lucius have rec-

reational importance in all five lakes as well as some commer-

cial harvest (Table 2). The Largemouth Bass Micropterus

salmoides is the only wetland-using sport fish lacking com-

mercial importance, but it is harvested recreationally in four

lakes (Table 2). Rock Bass Ambloplites rupestris, Black Crap-

pie Pomoxis nigromaculatus, and sunfish Lepomis spp. each

attain major recreational or commercial importance in at least

one lake and are harvested in several more (Table 2). The sun-

fish species of most interest to recreational anglers are Pump-

kinseed L. gibbosus and Bluegill L. macrochirus, but large

Green Sunfish L. cyanellus are also fished (Becker 1983). Four

wetland-using rough-fish species attain at least minor commer-

cial importance in Lakes Erie or Ontario, although rough-fish

harvests only reach trace levels in Lakes Huron and Michigan

(Table 2). Some Freshwater Drum Aplodinotus grunniens and

White Sucker Catostomus commersonii are also recreationally

harvested, while bullheads (Ameiurus spp.) and Common Carp

Cyprinus carpio are commercially harvested only. Gizzard

Shad Dorosoma cepedianum are commercially harvested only

in Lake Erie and only at trace levels (i.e., below our 1.0% cri-

terion); however, we include this species in Table 2 because

of its numerical dominance in the GLCWs of Lake Erie and its

role in indirect fishery support.

Wetland-Using Species of Indirect Fishery Importance

We identified five wetland-using, mobile, small-bodied fish

species capable of providing indirect fishery support as forage

for nearshore piscivores. These are Yellow Perch and Gizzard

Shad (already in Table 2), plus Spottail Shiner Notropis hud-

sonius, Emerald Shiner Notropis atherinoides, and Alewife

Alosa pseudoharengus, which have 40, 32, and 28% frequen-

cies of occurrence, respectively, in our GLCW data set. Ale-

wife, Emerald Shiner, Spottail Shiner, and young-of-year

Yellow Perch are considered important pelagic forage species

in multiple Great Lakes, while young-of-year Gizzard Shad

are important in Lake Erie (Jude and Tesar 1985; Knight and

Vondracek 1993; Rand and Stewart 1998; Zhao et al. 2013; J.

S. Schaeffer, T. P. O’Brien, and S. Lenart [paper presented at

the Great Lakes Fish Commission, Lake Huron Committee

meeting, 2012]). Yellow Perch and Gizzard Shad thus provide

both indirect fishery support (as young of year) and direct fish-

ery support (as adults).

Larval Surveys as Additional Evidence for Wetland Use

All of the species classified as wetland using based on regu-

lar occurrence in adult and juvenile fish surveys were also

found in GLCWs as larvae. Importantly, additional species

were found as larvae that rarely or never appear in adult and

juvenile surveys. Most notable among these from a fishery per-

spective are Coregonus species and Rainbow Smelt Osmerus

mordax. Rainbow Smelt ranks third (after Yellow Perch) in

commercially landed biomass across the Great Lakes accord-

ing to NMFS and OMNR data, with harvests being particularly

important in Lake Erie (24%), and attains major recreational

harvest in Lake Superior (DFO 2008; Zunker 2013). Identifi-

cation of larval Coregonus to species is difficult (Auer 1982),

but those from GLCWs likely include Lake Whitefish and

Cisco C. artedi, since these are the most widespread and shal-

low-water oriented of the coregonines (Scott and Crossman

1973; Gamble et al. 2011). Lake Whitefish represent the larg-

est portion (biomass) of the species harvested commercially

from Lakes Michigan, Huron, and Superior and experience

some recreational harvest, whereas Ciscoes dominate the com-

mercial harvest in Lake Ontario and are a close second to

Lake Whitefish in Lake Superior (NMFS and OMNR data;

DFO 2008; Zunker 2013). The other fishery-relevant species

caught as larvae (Table 5) but not reported in Table 2 are

rough fishes with only trace commercial importance (Bowfin

Amia calva, Quillback Carpiodes cyprinus, Bigmouth Buffalo

Ictiobus cyprinellus, and Burbot Lota lota).

Wetland Prevalence and Life History Patterns for Fishery-
Relevant Species

Among the 21 species caught in our survey and identified as

providing direct or indirect fishery support, the highest GLCW

occurrence rates are for Yellow Perch (>90%), followed by

Pumpkinseed, White Sucker, and Common Carp (each >70%)

and Largemouth Bass, Northern Pike, Bullheads, Rock Bass, and

Bluegill (each �60%; Table 6). Twenty of the twenty-one spe-

cies were found in GLCWs in all five Great Lakes. Gizzard Shad

were not found in Lake Superior but nevertheless were more

numerous across all 58 GLCWs combined that any other species

(due to extremely high catches in Lake Erie); Yellow Perch were

the next most numerically abundant species across the data set.

We caught at least one of the eight sport fish species in every

GLCW, with some wetlands yielding as many as six (Table 7).

The average richness of sport fish exceeded three in the GLCWs

of all lakes except Lake Huron, where the average was only 2.3.

All GLCWs harbored at least one of the five panfish species, with

the average between two and three in all lakes. All GLCWs also
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harbored at least one of the five rough-fish species, with the aver-

age richness being substantially higher in Lake Erie than in the

other lakes (Table 7). The average richness of forage species was

lowest in Lake Huron GLCWs (Table 7). The richnesses of sport,

pan-, rough-, and forage fish were essentially uncorrelated (all

r< 0.3).

The 21 fish species vary considerably in the life history

traits relevant to understanding their use of GLCWs and in the

potential for developing guild metrics relevant to fishery sup-

port. Eleven are classified as having a warm thermal prefer-

ence, but there are also 9 having cool thermal preference and

one each having cold–cool and cold preferences (Table 6). All

of the species are somewhat or predominantly littoral, but 11

are coastal associated and only 10 weakly or strongly wetland

associated. Only four of the species are obligate wetland users

(requiring vegetation for spawning or nurseries), although

most have vegetation affinity (Table 6). Among the nine spe-

cies with �50% occurrence in the GLCWs, the one consistent

trait is that all are littoral with moderate or high vegetation

affinity (Table 6). None of the pelagic forage species exhibits

a warm thermal preference or obligate wetland use, which is

to be expected. There was little congruence among the various

dimensions along which life history can be classified

(Table 6). For example, the thermal guild categories did not

align consistently with the habitat association categories, nor

did wetland dependency align with the life history categories;

and obligate vegetation spawners like Northern Pike and Com-

mon Carp were classified as coastal associated rather than wet-

land associated based on their macrohabitat use patterns.

Environmental Associations for Fishery-Relevant Species

Ordinations of encounter probability data produced species

vectors radiating throughout the ordination space (Figure 1),

reflecting considerable variation in the makeup of fishery-rele-

vant species across GLCWs. The two-dimensional ordination

depicted had a stress of 0.20 and explained 79% of the among-

wetland variability. The GLCWs from Lakes Superior,

TABLE 5. Fishery-relevant species for which larvae have been documented in GLCWs within various lakes. The taxonomic resolution is to the least common

denominator across studies. All studies commenced sampling in April or May, continued for at least 2 months, and used fine-mesh pushed or towed nets (except

Cooper et al. 2012, which used light traps).

Species Eriea Huronb Michiganc Ontariod Superiore

Found regularly as adults or juveniles:

Black/Brown Bullhead xx xx xx xx

Channel Catfish xx xx

Alewife/Gizzard Shad xx xx xx xx

Black Crappie xx xx xx xx xx

Common Carp/Goldfish xx xx xx xx xx

Freshwater Drum xx xx xx xx

Largemouth Bass xx xx

Northern Pike xx xx xx xx

Rainbow Smelt xx xx xx xx

Rock Bass xx xx xx xx

Smallmouth Bass xx xx xx xx

Sunfish xx xx xx xx xx

Yellow Perch xx xx xx xx xx

Walleye xx xx

White/Longnose Suckerf xx xx xx xx xx

White Perch/White Bass xx xx xx

Not found regularly as adults or juveniles:

Bigmouth Buffalo xx

Bowfin xx

Burbot xx xx xx

Cisco/Lake Whitefish xx xx xx xx

Quillback xx

Rainbow Smelt xx xx xx xx

aOhio shore GLCWs: Cooper et al. (1981); Mizera et al. (1981); Johnson (1989); Krupa (2003).
bLes Cheneaux Islands and Saginaw Bay area GLCWs: O’Gorman (1983); H€o€ok et al. (2001); Cooper et al. (2012).
cTwo Michigan shore GLCWs: Jude et al. (1981); Chubb and Liston (1986).
dNew York shore and Toronto area GLCWs: Lewis and Patch (1982); Klumb et al. (2003).
eWisconsin shore GLCWs: Tanner et al. (2004); Hoffman et al. (2012); Hoffman, unpublished.
f Longnose Suckers Catostomus catostomus are not fishery relevant. They are listed here only because they cannot be differntiated from White Suckers as larvae.
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Ontario, and Erie each form a cluster, whereas those from

Lakes Michigan and Huron span much more ordination space,

indicating more diverse composition (Figure 1). All species

ordinated were found in at least four of the five Great Lakes,

so the ordination reflects prevalence patterns rather than sim-

ply extent of range. Overlay vectors suggest a primary axis of

variation related to eutrophication and anthropogenic

disturbance (highest values in the lower left quadrant) and a

secondary axis related to substrate type and vegetation struc-

ture (highest values in the upper left and right quadrants; Fig-

ure 1). Rough-fish richness and three of the five rough-fish

species were oriented toward eutrophication–disturbance. For-

age-fish richness and two of the five forage species also

aligned with the eutrophication–disturbance axis, while one

TABLE 6. Summary of life history traits for 24 coastal wetland–using species of direct or indirect fishery relevance, in order of percent occurrence in our

GLCW survey. See text for categorization details.

Species

Occurrence

(%)

Thermal

guild

Macrohabitat

association Wetland use Wetland-related life history

Sport fish

Yellow Perch 93 Cool Coastal Facultative Often littoral, moderate veg affinity

Largemouth Bass 67 Warm Weak wet Obligate Littoral, high veg affinity

Northern Pike 67 Cool Coastal Obligate Littoral, high veg affinity

Smallmouth Bass 38 Warm Coastal Facultative Often littoral, but only sparse veg

Walleye 28 Cool Coastal Facultative Often littoral, but low veg affinity

White Perch 14 Warm Weak wet Facultative Somewhat littoral

White Bass 10 Warm Strong wet Facultative Somewhat littoral, age-0 veg affinity

Channel Catfish 10 Warm Coastal Facultative Somewhat littoral, low veg affinity

Panfish

Pumpkinseed 79 Warm Weak wet Obligate Littoral, high veg affinity

Rock Bass 64 Cool Weak wet Facultative Littoral, age-0 veg affinity

Bluegill 60 Warm Weak wet Facultative Littoral, high veg affinity

Black Crappie 33 Cool Coastal Facultative Littoral, high veg affinity

Green Sunfish 16 Warm Strong wet Facultative Littoral, high veg affinity

Rough fish

White Sucker 72 Cool Coastal Facultative Littoral, age-0 veg affinity

Common Carp 71 Warm Coastal Obligate Littoral, high veg affinity

Black/Brown Bullhead 67 Warm Strong wet Facultative Littoral, high veg affinity

Gizzard Shad 33 Cool Weak wet Facultative Littoral, high veg affinity

Freshwater Drum 22 Warm Weak wet Facultative Somewhat littoral, age-0 veg affinity

Forage fish

Yellow Percha 93 Cool Coastal Facultative Often littoral, moderate veg affinity

Spottail Shiner 40 Cold–cool Coastal Facultative Age-0 veg affinity, adults pelagic/littoral

Gizzard Shada 33 Cool Weak wet Facultative Littoral, high veg affinity

Emerald Shiner 32 Cool Coastal Facultative Age-0 veg affinity, adults pelagic/littoral

Alewife 28 Cold Coastal Facultative Littoral, low veg affinity

aThe entries for Yellow Perch and Gizzard Shad are repeated under forage fish due to the dual roles of these species.

TABLE 7. Mean wetland-scale richness (ranges in parentheses) of groups of fishery-relevant species, summarized by lake. Table 6 lists the species contributing

to each group.

Lake Number of wetlands Sport fish Panfish Rough fish Forage fish

Erie 6 3.3 (2–5) 2.8 (2–4) 4.3 (3–6) 3.5 (2–5)

Huron 6 2.3 (1–3) 2.5 (1–4) 2.5 (1–4) 1.5 (0–3)

Michigan 17 3.2 (1–6) 2.4 (1–4) 3.2 (1–6) 2.1 (0–4)

Ontario 12 3.2 (2–4) 2.8 (2–4) 3.0 (2–4) 2.0 (1–3)

Superior 17 3.2 (2–5) 2.2 (1–4) 2.0 (1–3) 2.2 (1–4)

All 5 lakes 58 3.1 (1–6) 2.5 (1–4) 2.8 (1–6) 2.2 (0–5)
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species (Alewife) was uncorrelated with the ordination. Pan-

fish richness and three of the five panfish species aligned with

increasing vegetation structure. Sport fish richness had little

correlation with the ordination because of the disparate orien-

tations of the component species.

The results of analyses relating individual species to envi-

ronmental variables broadly reflected the patterns in the ordi-

nation but revealed further details relevant to how GLCW

condition affects fishery support. Species ordinating in the

upper left quadrant consistently had positive responses to veg-

etation structure at both wetland and station scales (Table 8),

highlighting this as an influential environmental variable.

Despite a strong association between turbidity and the overall

eutrophication–disturbance gradient, negative associations to

turbidity were few (Table 8), which is consistent with a gen-

eral tolerance for turbidity by GLCW fish species (Trebitz

et al. 2007). Fetch and sediment density (“sandiness”) were

rarely predictors at the wetland scale but were at the station

scale for several species (Table 8). There were few differences

among GLCW types (lacustrine, protected, or riverine) in spe-

cies encounter probabilities, but more species had presence/

absence patterns related to station type (lakelike, backbay, or

channel; Table 8). Several species showed contrasting station-

scale response patterns between life stages, with young-of-

year tending to be more open-area oriented than older fish

based on station type and fetch relationships (e.g., Largemouth

Bass, Yellow Perch, Rock Bass, White Sucker, and Common

Carp; Table 8).

Potential Guild Metrics of Fishery Support

Radar plots suggest that fishing-related groupings have

some potential for organizing GLCW fishery support patterns.

Encounter rates for adult sport fish were highest in GLCWs in

the upper, well-vegetated radar plot quadrants (Figure 2a),

and those for adults of the three panfish species of most inter-

est to anglers (Black Crappie, Bluegill, and Pumpkinseed)

were highest in GLCWs in the upper left quadrants

(Figure 2b). Encounter rates for adult rough fish (mostly of

interest to commercial fishing) were highest in GLCWs in the

lower left, eutrophic–disturbed quadrant (Figure 2c). Only

some of the potential taxonomic aggregations usefully distin-

guished among GLCWs. Encounter rates for adult Smallmouth

Bass and Largemouth Bass were highest in upper left quadrant

GLCWs (Figure 2d), but those for percids (Walleye and Yel-

low Perch) were distributed more or less evenly across the

radar-plot space while those for adult Morone spp. (White

Bass and White Perch) were nonzero in only a few GLCWs

(not shown).

Groupings based on life history traits do not have much

potential to organize fishery-support differences among

GLCWs. The GLCW points were more or less uniformly

distributed across the radar plots for the groupings of direct

fishery-support species illustrated (wetland-associated spe-

cies, obligate wetland spawners, species with a warm ther-

mal preference, and vegetation-associated sport and

panfish; Figure 3) as well as for other trait-based

FIGURE 1. NMDS ordination of wetland-scale encounter probability for 24

fishery-relevant species. The top panel shows the positions of GLCWs coded

by lake (E D Erie, H D Huron, M D Michigan, O D Ontario, and S D Supe-

rior) overlain with vectors showing the correlation with environmental varia-

bles. The bottom panel shows overlay vectors for all species (thin lines) except

Alewifes (for which the vector is too short to depict) as well as group richness

(thick lines), with the names of sport fish and panfish in bold, those of rough

fish in ordinary type, and those of forage fish in italics. In both panels the wide

gray arrows summarize the two general axes of environmental variation, the

one oriented to the lower left being related to eutrophication and anthropo-

genic disturbance and the other being related to vegetation structure.
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combinations examined (not illustrated), and trial plots

summing just adults rather than all life stages were no

clearer. For forage species, there was a pattern of higher

encounters with vegetation-associated species in lower left

quadrant GLCWs driven largely by Gizzard Shad (not

shown), but other useful life history trait–related patterns

were not evident.

DISCUSSION

Our goals were to refine our understanding of which Great

Lakes species are both fishery relevant and wetland using, to

examine their patterns of co-occurrence and life history with

an eye toward developing useful metrics for multispecies fish-

ery support, and to examine the relationships between GLCW

condition and fishery support in the context of potential man-

agement actions. We discuss our progress toward each of these

goals below.

Prominent Fishery-Relevant, Wetland-Using Species

We identified eight sport fish, five panfish, and five rough-

fish species meeting the criteria of having at least 10% occur-

rence across GLCWs and representing at least 1% of the

TABLE 8. Wetland- and station-scale environmental associations, presented clockwise by species position within the ordination. The up and down arrows indi-

cate positive and negative responses, respectively, with arrow thickness indicating significance (thin: P < 0.05; thick: P < 0.005) for the numerical predictors

(Turb D turbidity, Veg D vegetation structure, fetch, and Sand D sediment density). Station-scale analyses are presented by age-group: 0 (young of year), older

(juveniles and adults), all, or na (insufficient data). Three species—Alewife, Walleye, and White Perch—are not listed because there were no significant predic-

tors for them.

Wetland-scale predictors Station-scale predictors

Species GLCW type Turb Veg Fetch Sand Age Station type Turb Veg Fetch Sand

Upper left quadrant

Bluegill " Older Backbay" "

Largemouth Bass 0 Channel#

Older

Pumpkinseed Older Lakelike" " " #

Age-0 sunfisha 0 Lakelike"

Upper right quadrant

Black Crappie All Backbay#

Northern Pike Lacustrine# " 0

Older

Black/Brown Bullhead 0 #

Older Channel#

Yellow Perch # " 0 Lakelike" " "

Older

Rock Bass # 0

Older Lakelike# "

Lower right quadrant

White Sucker 0

Older Lakelike#

Smallmouth Bass Protected# # # 0 #

Older # #

Spottail Shiner # # # All Backbay# # "

Lower left quadrant

Green Sunfish # na

Channel Catfish Riverine" na

White Bass na

Gizzard Shad " na

Freshwater Drum " na

Common Carp 0 Backbay# # "

Older Lakelike# "

Emerald Shiner All Backbay# #

a Bluegill and Pumpkinseed combined.
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recreational or commercial harvest in at least one lake, thereby

adding quantitative detail to the long-recognized importance

of GLCWs in supporting fishery-relevant species (Jaworski

and Raphael 1978; Herdendorf et al. 1981; Jude and Pappas

1992). While Yellow Perch is the most prominent wetland-

using species in terms of sport and commercial importance,

other wetland-using species popular with recreational anglers

include Largemouth Bass, Smallmouth Bass, Walleye, North-

ern Pike, Channel Catfish, Black Crappie, Bluegill, and

Pumpkinseed, while almost all of the rough-fish species landed

commercially in the Great Lakes are users of GLCWs.

Estimates that »50% of the commercial harvest (biomass)

and >80% of the recreational harvest (numbers) across the

Great Lakes are comprised of species that use wetlands sug-

gest that the GLCW role in direct fishery support is large. Sim-

ply combining fishery harvest data with information on

wetland use is obviously insufficient to quantify the portion

deriving from wetland-driven recruitment or productivity,

FIGURE 2. Radar plots showing the summed probabilities of encountering an adult fish in various taxonomic or fishing-relevance categories. Panel (a) shows

any of eight sport fish species, panel (b) Black Crappies, Bluegills, and Pumpkinseeds, panel (c) any of five rough-fish species, and panel (d) Largemouth and

Smallmouth Bass. The GLCWs (letter symbols) are plotted at the same angles from the origin as in the ordination but with the radial distance reflecting the

encounter probability (further from the origin D higher probability). The rings show the distance scale, the polygons enclose the extent of the data points, and the

wide gray arrows indicate the two general axes of environmental variation from the ordination.
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especially since the harvested species also use other coastal

habitats. However, the GLCW contribution is likely substan-

tial based on the high areal productivity of wetlands.

Shallow-water habitat in the Great Lakes is a small portion of

the total lake area (»3%), and an even smaller portion is litto-

ral (i.e., vegetated; Wetzel 1992); yet littoral habitat is esti-

mated to represent 14–37% of the basinwide primary

productivity, with areal productivity in areas with mixed sub-

merged, floating, and emergent vegetation (i.e., wetlands)

more than five times that of littoral habitats having only sub-

merged vegetation (Brazner et al. 2000). Furthermore, a posi-

tive correlation between lakewide wetland area and Great

Lakes commercial fish harvest has been reported (Brazner

et al. 2000).

The GLCWs also provide indirect fishery support for sport

fish species that may not use them directly. Wetland-using for-

age species, notably Emerald Shiner, Spottail Shiner, Gizzard

Shad, and Alewife, are important diet items for nearshore

FIGURE 3. Radar plots showing the summed probabilities of encountering any life stage of a species with direct fishery importance in various life history cate-

gories derived from Table 5. Panel (a) shows species having a weak or strong wetland association, panel (b) species that are obligate wetland spawners, panel (c)

species having a warm thermal preference, and panel (d) sport fish or panfish with high or young-of-year vegetation affinity. See Figure 2 for additional details.
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pelagic predators such as salmonids (e.g., Brandt 1986; Jude

et al. 1987). Also, the harvest data compiled in this paper do

not include fish caught for sale as live bait, another indirect

contribution to Great Lakes fisheries (baitfish species include

White Sucker, Emerald Shiner, and Spottail Shiner; Kerr

2012).

Almost all of the species commercially harvested from the

Great Lakes are destined for human consumption (T. Goniea,

Michigan Department of Natural Resources, T. Johnson,

Ontario Ministry of Natural Resources, and R. Kinnunen,

Michigan Sea Grant, personal communications). Sport and

panfish sold as restaurant and retail-counter fare bring higher

prices and make up more of the harvest on a dollar basis than a

biomass basis, whereas rough fish sold in ethnic food markets

bring lower prices and make up more of the harvest on a bio-

mass basis than a dollar basis (Table 3). Gizzard Shad is the

exception (it is sold primarily as crab bait), explaining the

lower price for it than all the other commercial species. Har-

vest data, however, have limitations for representing fish

value, particularly for recreational fishing. For example, angler

interest in fishing for Largemouth and Smallmouth Bass and

Northern Pike is higher than the harvest suggests (because of

catch-and-release regulations and anglers’ persisting even

when their success is low; Bence and Smith 1999; DFO 2008;

USFWS and USCB 2012), whereas the harvest of White Perch

and White Bass is more opportunistic than targeted (Ohio

DNR 2012). Great Lakes recreational fishery data probably

underestimate the importance of sunfish and crappie species

because assessments tend to emphasize the ice-free season and

large-boat access points. Shore-based anglers report a greater

tendency to seek sunfish than do boat-based anglers (Palla

2011), and at least in Lake Superior crappie tend to be targets

in ice-fishing rather than summer angling (J. Lindgren, Minne-

sota Department of Natural Resources, personal communica-

tion). A national-scale angler preference survey (USFWS and

USCB 2012) found that sunfish and crappie were broadly pop-

ular fishing targets even though the largest fishing-related

expenditures (e.g., guide services and multiday trips) were

directed at sport fish.

Our list of wetland-using species providing fishery support

is conservative. For example, the recreationally important

Muskellunge Esox masquinongy and the commercially har-

vested Bigmouth Buffalo are obligate vegetation spawners

and thus wetland dependent, but they were omitted because of

their low occurrence in our survey (»5%). Goldfish Carassius

auratus and some redhorse sucker species (Moxostoma spp.)

meet our wetland prevalence criterion but were not included

because their commercial harvest is low. Quillback have com-

mercial importance in Lake Erie but their occurrence was only

6% in our cross-lake survey. Surveys targeting distribution

patterns on a lake-specific scale might include these species

(e.g., Bigmouth Buffalo and Quillback occur frequently in

Lake Erie GLCWs). Our compilation of larval fish data sug-

gests that additional species might meet the criteria for being

wetland-using if GLCW fish surveys were better timed to

detect species for which the adults are present only briefly

(e.g., in spring) to breed. Given their large commercial impor-

tance, finding Coregonus species and Rainbow Smelt in

GLCWs as larvae but not at older life stages points to a poten-

tially very important but poorly documented fishery support.

With respect to indirect fishery support, we only included

species that are prominent in pelagic forage fish surveys or

predator diet studies. We suspect these forage fish surveys

underestimate the contribution of species that stay in very

shallow waters, as this is an environment not easily sampled.

Yellow Perch, for example, are not reported as being present

in recent nearshore forage fish assessments for Lake Superior

(e.g., Johnson et al. 2004; Gamble et al. 2011) despite being

numerically dominant in a study of exchange between a Lake

Superior GLCW and the adjacent nearshore area (Brazner

et al. 2001). Brazner et al. (2001) also found frequent wet-

land–nearshore exchange for forage-sized Golden Shiner

Notemigonus crysoleucas and Blacknose Shiner Notropis het-

erolepis, additional common GLCW species that likely pro-

vide some indirect fishery support. Stable isotope and otolith

microelement analyses offer tools for getting at exchanges and

habitat use patterns (Brazner et al. 2004; Hoffman et al., in

press), but studies relevant to addressing fishery support in the

Great Lakes are just beginning.

Useful Summary Metrics of GLCW Fishery Support?

The wetland-using, fishery-relevant species vary consider-

ably in life history traits and environmental associations.

While this means that GLCWs across a broad geographic and

condition gradient are capable of providing meaningful fishery

support, it also raises the problem of how to best quantify that

support across species and fishery categories in order to ascer-

tain the important patterns. We are not aware of good solutions

to this problem in the fishery support literature; studies typi-

cally focus on a single fishery segment and either look at spe-

cies (sometimes genera or families) one at a time or at very

broad aggregations of catch (e.g., Manson et al. 2005; Vascon-

celos et al. 2011; Sheaves et al. 2012; Blandon and zu Erm-

gassen 2014; Seitz et al. 2014). We saw the problem of

quantifying multispecies, multi–user group fishery support as

analogous to that of translating the concept of biological integ-

rity into measurable indicators (e.g., Karr and Chu 1999),

which led us to explore metrics based on taxonomic and func-

tional groupings similar to those that have proven to be of

value in biological integrity assessment.

Metrics that combine species that are related taxonomically

or that are defined in terms of fishery user groups have some

potential for organizing GLCW fishery support patterns. Radar

plots depicting among-wetland patterns in encounter probabil-

ity (i.e., the percentage of sampling locations where a species

occurred) show some clear spatial patterns, especially for sport

and rough-fish species; however, efforts to aggregate fishery-
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relevant species via encounter probability summation had vari-

able success. Combining the three panfish species of most

interest to anglers (Bluegill, Pumpkinseed, and Black Crappie)

conveniently also combined species with similar orientations

in the ordination while excluding the opposing Rock Bass and

Green Sunfish and produced a strong signal in the radar plots.

However, Yellow Perch and Walleye (i.e., the Percidae) were

not nearly as useful in the radar plots when combined despite

their having similar orientations in the ordination and poten-

tially similar appeal to anglers. Quantification based on rich-

ness was generally not helpful because combining enough

species to obtain adequate range resulted in species with

opposing occurrence patterns trading off in the calculations.

For example, the orientation of the vectors for sport fish spe-

cies was so diverse that overall sport fish richness had no

meaningful pattern.

Functional metrics of the type generally included in fish-

based biotic integrity indices (Fausch et al. 1990; Simon

1998) were generally not useful in organizing patterns of

fishery support. Tolerance metrics did not discern among

GLCWs because all of the fishery-relevant species are at

least moderately tolerant of turbidity (Trebitz et al. 2007)

and otherwise adapted to a wide variety of water quality

conditions (Jude and Pappas 1992). Dietary categories

essentially duplicated categorizing by fishing type, since the

sport fish are piscivores, the panfish feed primarily on mac-

roinvertebrates, and the rough fish are largely omnivores.

Spawning guild metrics also did little to move classification

beyond taxonomic and fishery groupings; for example, nest

guarding is characteristic of both bass and sunfish. Even

summarizing species encounter probabilities within life his-

tory traits related directly to the use of GLCWs (e.g., ther-

mal preference, vegetation association, and wetland

dependence; Table 6) did little to organize the patterns of

fishery support, as evidenced by point clouds with no obvi-

ous spatial bias in the radar plots (Figure 3).

Are “Wetland Dependence” and “Poster-Child Species”
Useful?

The presence of charismatic species may serve as public-

friendly endpoints that people can readily value. For this rea-

son and because single-species fisheries are more tractable to

quantify, studies of fishery support have tended to focus on

individual taxa for which both exploitation and habitat associ-

ations are well understood (e.g., penaeid shrimp in estuaries

and mangroves; salmon Oncorhynchus spp. in Pacific North-

west coastal zone, blue crabs Callinectes sapidus in seagrass

beds; Manson et al. 2005; Engle 2011; Jordan et al. 2012).

Were we to nominate a representative fishery-support species

for GLCWs, Yellow Perch is an obvious candidate given its

high abundance and frequency of occurrence, its prominence

in commercial and sport harvests, and its role as a forage spe-

cies. However, Yellow Perch are not restricted to wetland

environments either by life history or prevalence (they are

equally abundant in nearshore/beach and GLCW habitats;

Brazner and Beals 1997), and recent studies suggest that the

species separates into primarily wetland-resident and primarily

lake-resident populations having only weak connectivity

(Janetski et al. 2013; Schoen 2013). Thus, while GLCW-

derived Yellow Perch are known to play an ecological role in

the Great Lakes, the species does not demonstrate that GLCWs

are necessary to support Great Lakes fisheries.

In fact, the concept of wetland dependence among Great

Lakes fish species is not a good match with GLCW use (as

Table 6 illustrates). Fish have ontogeny and plasticity in habi-

tat use that make essential fish habitat difficult to quantify

(e.g., Levin and Stunz 2005; Kimirei et al. 2011), and even for

species for which certain habitats are crucial those habitats

may be neither limiting nor ones in which much time is spent

(Minns et al. 1996; Rosenfield 2003). Thus, there is a need to

characterize the interactions between GLCWs and other near-

shore habitats analogous to that recognized for other coastal

habitats (e.g., mangroves and salt marshes) in the context of

the coastal ecosystem mosaic (Manson et al. 2005; Sheaves

2009). Furthermore, there is geographic variability in the

Great Lakes with respect to how strongly fish species are

wetland associated, as discrete GLCWs provide the only lit-

toral habitat in some areas (e.g., Lake Superior) whereas

entire coastal regions are littoral in character elsewhere

(e.g., western Lake Erie and Green Bay). Nevertheless, the

evidence of the spawning of multiple fishery-relevant spe-

cies in GLCWs demonstrates that these habitats do contrib-

ute to overall fish populations and the use of multiple

habitats (including GLCWs) for spawning–rearing can be a

valuable risk-hedging strategy. Acknowledging that the spa-

tial scale over which fishery-relevant species and their fish-

eries operate extends well beyond the GLCWs is not at

odds with valuing GLCWs for fishery support. Increased

attention to quantifying the spatial distribution of fishing

effort and harvest would help establish the link between

GLCW availability/condition and fishery support.

Focusing on “poster child” species or life history traits

thought to coincide with wetland dependence (e.g., an affinity

for quiescent or warm water, vegetated habitat, and organic

substrates) sells short the diversity of fishery-relevant species

that GLCWs support. The alternative is to embrace this diver-

sity by evaluating entire suites of species despite the complex-

ity this entails and by continuing to work toward useful

multimetric characterization of fishery support. Species-spe-

cific assessments should be chosen for their value in under-

standing wetland–lake connectivity and the effects of

ecological conditions. For example, despite the lack of clear

wetland dependence or a requirement for vegetation on the

part of Yellow Perch, the within-wetland encounter rates for

this species were strongly and negatively correlated with the

anthropogenic disturbance gradient in our ordination, making

it a potentially useful indicator species.
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GLCW Fishery Support in Relation to Wetland
Characteristics and Condition

Great Lakes coastal wetlands are naturally heterogeneous,

with differences in hydromorphology, substrate type, and veg-

etation structure leading to broad differences in the fish com-

munities supported. The natural variability in GLCWs can

generally be described as a continuum ranging from those in

sheltered settings that tend to be deep and morphologically

complex with organic sediments and vegetation that is abun-

dant and diverse in form to those in exposed settings that tend

to be shallower and morphologically simpler with sandier sub-

strates and vegetation that is sparser and more monotypic.

Like coastal ecosystems worldwide, GLCWs are also subject

to stressors stemming from shoreline and watershed land-use

practices (nutrient and sediment inputs, shoreline hardening,

hydrologic alteration, recreational overuse, and the prolifera-

tion of nuisance species) that affect their physical and biologi-

cal structures. Changes particularly relevant to fish

assemblages include declining water clarity, degraded vegeta-

tion, and altered trophic pathways (Whillans 1996; Deegan

2002; Jude et al. 2005; Seitz et al. 2014).

Evans et al. (1987) characterize the overall productivity of

lakes as depending on nutrient and energy inputs but the distri-

bution of that production as driven by habitat conditions and

biotic interactions. The same can be said of support for fish in

GLCWs, as is readily apparent in our ordination of fishery-rel-

evant species. As the most eutrophic and most littoral of the

Great Lakes, Lake Erie would be expected to support the larg-

est number and biomass of littoral fish. However, the fish com-

position in that lake is strongly biased toward rough-fish

species of lesser commercial value and limited recreational

interest. The GLCWs in other eutrophic settings (e.g., Green

Bay and Saginaw Bay) are similar to those of Lake Erie with

respect to species composition. In less eutrophic, less dis-

turbed areas of the Great Lakes, yields of wetland-using, fish-

ery-relevant species are lower but distributed more toward the

sport and panfish species that bring high dockside prices and

recreational interest. Depending on the characteristics of the

individual GLCWs (and the broader biogeography), the fish-

ery-relevant species supported are likely to divide into a

warmer-water, phytophilic group (e.g., sunfish, Largemouth

Bass, Black Crappie, and Northern Pike) and a cooler-water,

lithophilic group (e.g., Smallmouth Bass, Walleye, and Rock

Bass), although some species like Yellow Perch are prevalent

in both.
These patterns suggest some ability to manage the nature of

fishery support in GLCWs through protection and restoration.

In a broad sense, anything that ameliorates degraded vegeta-

tion structure in GLCWs is likely to enhance conditions for

the more desirable panfish and sport fish species. Poor water

clarity resulting from nutrient and sediment loading is strongly

implicated in the loss of the structurally diverse vegetation

(Lougheed et al. 2001; Albert and Minc 2004) that is impor-

tant to many sport and pan fish species (Randall et al. 1996;

Smokorowski and Pratt 2007) and in shifting energy flow from

benthic pathways and visual feeders (often sport and panfish)

toward planktonic pathways and tactile/filter feeders (often

rough fish; Sierszen et al. 2012a). As is evident from the

“dense emergent vegetation” vector in our ordination

(Figure 1), the proliferation of invasive plant species such as

Typha and Phragmites is associated with nutrient loading and

hydrologic alteration (Frieswyk and Zedler 2007; Tulbure and

Johnston 2010) and can negatively affect the habitat for

ambush piscivores such as Northern Pike and Largemouth

Bass. Shoreline clearing and hardening are also associated

with degraded vegetation structure in GLCWs (e.g., Trebitz

et al. 2009b; Uzarski et al. 2009) and tend to reduce spawning

habitat (Reed and Pereira 2009). Disruption of the normal con-

nectivity between GLCWs and the adjacent lakes is another

condition that is detrimental to support for fishery-relevant

species (Johnson et al. 1997; Jude et al. 2005). Restoring

hydrologic connectivity is a major thrust of restoration on

marine coasts (e.g., Montalto and Steenhuis 2004) and is

expected to enhance the number and size of fishery-relevant

species in GLCWs (Bouvier et al. 2009). Nutrient and sedi-

ment control, invasive plant removal, and the reversal of

shoreline hardening and hydrologic alterations are all part of

the suite of restoration efforts currently proposed in the Great

Lakes coastal areas (GLRI 2010), some with the express pur-

pose of improving fisheries.

As a tangible example of potential restoration outcomes,

consider the differences in fishery-relevant species encounter

rates between the GLCWs within Lake Michigan that ordi-

nated in a quadrant associated with high anthropogenic distur-

bance (lower left) and those associated with well-developed

vegetation structure (upper left and right). While the among-

GLCW variability is considerable, restoration actions that alter

the vegetation structure from that typical of disturbed wetlands

to that typical of well-vegetated wetlands could lead to an

approximate doubling of the encounter rate for fishable-size

(adult) bass, crappie, and sunfish but a halving of that for

rough fish (Figure 4). This would clearly benefit recreational

anglers, who value bass and panfish but have little interest in

rough fish; for commercial fishing the shift away from rough

fish and toward panfish would bring reduced landed biomass

but higher dockside values. There was no difference in Yellow

Perch encounter rates between the above GLCW groups, but

other studies suggest that water quality improvements (espe-

cially in lacustrine coastal wetlands) would also roughly dou-

ble the abundance of Yellow Perch (Leach et al. 1977; Parker

et al. 2012). We chose Lake Michigan deliberately for the

above example because its coastline spans the broadest distur-

bance gradient within the Great Lakes (Niemi et al. 2007) and

the GLCW groups being compared are geographically and

morphologically similar enough that shifts in ordination posi-

tion between them are plausible. Predictions of restoration out-

comes within some of the other Great Lakes are more difficult

due to their less-prominent disturbance gradients (less “signal”
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relative to “noise”). Ultimately, developing a framework for

assessing the responses of fishery-relevant species on a

regional scale is desirable because the cumulative effect of

small-scale habitat degradation can be substantial impact over

broader coastal regions (Jordan et al. 2009) and because habi-

tat protection and restoration maintain fish communities and

the diversity of fishing opportunities across broader scales

than just individual ecosystems (Rahel 2002; Sheaves 2009).

Summary and Conclusions

Great Lakes coastal wetlands exemplify a complex fishery

support situation. At least 21 fish species that are directly har-

vested or that serve as prey for other harvested species are reg-

ular users of GLCWs; they represent diverse taxonomic

groups and life history traits; and they are fished for by multi-

ple human user groups well beyond the GLCWs themselves.

Our criteria of a minimum level of GLCW use and fishery

importance make this list of species conservative; including

species with more biogeographically restricted distributions or

temporal use patterns not picked up by summer adult/juvenile

fish surveys (e.g., larvae) would reveal additional fishery-rele-

vant species supported by GLCWs. We have shown that syn-

optic survey data reveal patterns in fishery-relevant species

associated with differences in the physical environments and

ecological conditions of GLCWs that can be interpreted in

terms of differences in fishing opportunity. For example, we

can predict that management actions that lead to improved

vegetation structure by controlling nutrient loading and other

anthropogenic stressors will increase the rates of encounter

with wetland-associated pan- and sport fish while lowering

those with rough fish. Quantifying fishery support for GLCWs

and other complex situations (such as those found in marine

coastal ecosystems) is usefully viewed as a multispecies, mul-

timetric problem that synoptic survey data can help solve. Our

estimates that »50% of the commercial and »80% of the rec-

reational fishery harvest in the Great Lakes is accounted for by

wetland-using species would benefit from additional studies

linking roving fish and spatially distributed fisheries back to

GLCWs. The key information needs closely parallel those

expressed for understanding fishery support in other coastal

habitats (e.g., Able et al. 2005; Manson et al. 2005) and

include fishery harvest data with higher spatial and temporal

resolutions in order to match the ecologically relevant scales

of habitat use; better data on fish origins and movements; and

data documenting differential growth, mortality, and recruit-

ment among alternative habitats.
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Hydrologic linkages among coastal wetland and nearshore areas allow coastal fish to move among the habitats,
which has led to a variety of habitat use patterns. We determined nutritional support of coastal fishes from 12
wetland-nearshore habitat pairs using stable isotope analyses, which revealed differences among species and
systems in multi-habitat use. Substantial (proportions N 0.30) nutrition often came from the habitat other than
that in which fish were captured. Nearshore subsidies to coastal wetlands indicate wetlands are not exclusively
exporters of energy and materials; rather, there is reciprocity in the mutual energetic support of nearshore and
wetland foodwebs. Coastal wetland hydrogeomorphology influenced the amount ofmulti-habitat use by coastal
fishes. Fishes from systems with relatively open interfaces between wetland and nearshore habitats exhibited
less nutritional reliance on the habitat in which they were captured, and higher use of resources from the adja-
cent habitat. Comparisons of stable isotope analyses of nutritionwith otolith analyses of occupancy indicated nu-
tritional sources often corresponded with habitat occupancy; however, disparities among place of capture,
otolith analyses, and nutritional analyses indicated differences in the types of support those analyses inform. Dis-
parities between occupancy information and nutritional information can stem from movements for support
functions other than foraging. Together, occupancy information from otolith microchemistry and nutritional in-
formation from stable isotope analyses provide complementary measures of the use of multiple habitats by mo-
bile consumers. This work underscores the importance of protecting or restoring a diversity of coastal habitats
and the hydrologic linkages among them.

Published by Elsevier B.V. on behalf of International Association for Great Lakes Research. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Identifying the habitats and resources that support production in
aquatic ecosystems is essential to understand system dynamics and to
identify priorities for ecosystem protection. Lacustrine food webs have
been shown to rely on resources from a combination of benthic, pelagic,
and littoral habitats (Hecky and Hesslein, 1995; Schindler and
Scheuerell, 2002; Vander Zanden and Vadeboncoeur, 2002). Although
coupling among habitats has been emphasized for smaller lakes
(e.g., Schindler and Scheuerell, 2002), multihabitat interactions have
been shown to be integral to even the world's largest lakes
(Eshenroder et al., 1999; Sierszen et al., 2014; Stockwell et al., 2014).
In large lakes, adjacent habitats can be linked by energy flux (i.e., a

physical exchange, such as carbon export from a coastal wetland to
the nearshore; Bouchard, 2007), animal movements (i.e., a biological
exchange, such as nearshore fish larvae settling in coastal wetlands;
Hoffman et al., 2015a), or both.

Coastal wetlands are especially valuable systems; they are highly
productive habitats that are coupled with less-productive nearshore
waters (Uzarski et al., 2005) and produce awide array of ecosystem ser-
vices, which include the support of Great Lakes fisheries (Sierszen et al.,
2012b; Trebitz and Hoffman, 2015). Hydrologic linkages among Great
Lakes nearshore and coastal wetland habitats allow coastal fish to
move among the habitats for various life-support functions such as
feeding, spawning, and thermal and oxygen refuge (e.g., Parker et al.,
2012), which has led to a variety of habitat use patterns (Jude and
Pappas, 1992). Fine-scale microchemical analyses of yellow perch oto-
liths revealed life-history strategies that rely upon using those habitat
linkages, including annualmigrations between nearshore andwetlands,
wetland residence, nearshore residence, and combinations thereof
(Schoen et al., 2016).
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A variety of approaches have been applied to examine the ways var-
ious lake habitats support aquatic food webs. Significant contributions
of benthic habitats to whole-lake food webs have been demonstrated
using fish diets (Schindler and Scheuerell, 2002), measures of primary,
bacterial, and secondary productivity (Vadeboncoeur et al., 2002), sta-
ble isotope analyses (Hecky and Hesslein, 1995), and combinations of
diet and stable isotope methods (Vander Zanden and Vadeboncoeur,
2002). To quantify the importance of benthic, pelagic, and littoral habi-
tats to support higher consumers in large lakes, stable isotope analyses
(Sierszen et al., 2014) and a combination of bioenergeticsmodeling and
stable isotope analyses (Stockwell et al., 2014) have been brought to
bear.

In the Laurentian Great Lakes, movement of fishes among habitats
has been tracked using mark-recapture methods, radio telemetry, and
bioacoustics (reviewed by Landsman et al., 2011). The roles of coastal
wetland andnearshore habitats in the nutrition and life-history offishes
have been explored using fish sampling (Jude and Pappas, 1992;
Brazner et al., 2001; Meixler et al., 2005), stable isotope analyses
(Sierszen et al., 2012a; Hoffman et al., 2015a), and otolith
microchemical analyses (Brazner et al., 2004; Pangle et al., 2010;
Schoen et al., 2016). We focus on the latter three techniques, as each
provides useful and potentially different types of information on the
ways aquatic habitats support fishes. Location of capture provides a
basic level of information on habitat occupancy, but the duration of hab-
itat use and the life functions supported by the habitat may not be ap-
parent based on those measures alone (Cunjak et al., 2005). Otolith
analyses also provide occupancy information, at time scales ranging
from days to lifetimes, but also without revealing the type of support
provided by the habitats (Hogan et al., 2007). Stable isotope analyses
provide information on nutritional support at seasonal or annual time
scales depending on growth rate (Vander Zanden et al., 2015), but
with less information on occupancy.

We recognized that the degree to which exchanges occur between
coastal wetland and nearshore habitats can be influenced by the hydrol-
ogy and morphology of their interface (Polis et al., 1997; Keough et al.,
1999; Morrice et al., 2011). We therefore designed this study to include
siteswith a range of hydrogeomorphology in selected coastal systems of
lakes Huron and Michigan. Our primary objectives were therefore to
quantify the nutritional support of coastal fishes by coastal wetland
and nearshore habitats; to contrast nutritional support with occupancy
measures of habitat use; and to examine the influence of coastal
hydrogeomorphology on multi-habitat nutrition.

Methods

We collected fish and primary consumer (zooplankton and benthic
invertebrate) samples from 12 wetland-nearshore pairings in Lake
Michigan, northern Lake Huron, and Saginaw Bay (Fig. 1). Each site
consisted of a nearshore area (3–5 m depth) adjacent to a coastal wet-
land (1–2m depth). The sites were selected to represent themost com-
mon hydrogeomorphic wetland types of lakes Michigan and Huron as
described in Albert et al. (2005). Hydrogeomorphic categories used in
this study include barred drowned rivermouthwetland, protected (em-
bayment) lacustrine wetland, and open (non-embayment) lacustrine
wetland, in order of increasing wave exposure and potential mixing
with nearshore water. We selected sites based upon the distribution
of hydrogeomorphic types in the basin and chose three drowned river
mouth systems in Lake Michigan, three protected (embayment) lacus-
trine wetlands in Les Cheneaux of northern Lake Huron, and six open
(non-embayment) lacustrine wetlands distributed among Thunder
Bay and Saginaw Bay on Lake Huron (Table 1). To further characterize
the degree towhich the systemswere exposed towaves and susceptible
to exchange with the lakes, we calculated modified effective fetch and
maximum fetch according to Howes et al. (1999). All samples were col-
lected between 15 June and 15 August 2012; fish and invertebrate sam-
ples were collected concurrently at each site. We collected wetland and

nearshore zooplankton using triplicate 100 m subsurface horizontal
towswith a 40 cmdiameter, 80 μmmesh plankton net. In thewetlands,
care was taken not to include benthic biota and detritus by avoiding
sediments and macrophytes. Plankton tows were taken before fish
and benthos sampling that might have suspended sediments and epi-
phytes. In the few cases when benthic or epiphytic materials were en-
countered, the sample was discarded, the net rinsed, and the tow was
retaken. Nearshore tows were taken in at least 3 m depth to avoid ben-
thicmaterials, and outside river plumes (where present) and far enough
offshore to avoidwetland influence. Plankton samples were sieved onto
50 μmmeshNitex filters, rinsedwith deionizedwater, and frozen pend-
ing analysis.We collectedmacroinvertebrates using 500 μmmeshD-net
sweepswithin all vegetation zones (cf. Uzarski et al., 2004; Uzarski et al.,
2017) in eachwetland.Nearshore benthicmacroinvertebrateswere col-
lected using PONAR grabs taken along three transects parallel to shore.
Macroinvertebrateswere sorted by taxon and then frozen pending anal-
ysis. To ensure that primary consumers were used to establish the food
web baselines, we omitted predatory taxa (e.g., odonates) as well as
those whose δ15N indicated they occupied higher trophic positions.

The Michigan Department of Natural Resources sampled nearshore
fish using experimental gill-nets set in nearshore habitats adjacent to
wetlandhabitats. However, nofishwere collected fromPentwater near-
shore. We sampled wetland fish with a combination of modified fyke-
nets and boat electrofishing. After collection, fish were placed on ice
and frozen within 24 h. In the lab, muscle tissue samples were taken
from anterior dorsal portions of individual fish. For smaller specimens,
we analyzed whole fillets. Fish and invertebrate tissue samples were
rinsed in deionized water, dried at 55 °C, ground, and 0.5 mg packed
into a tin capsule for stable isotope analysis. Samples were analyzed
for δ13C and δ15N values using a Costech 4010 EA (Costech analytical
Technologies Inc., Valencia, CA, U.S.A.) and Thermo Delta Plus XP iso-
tope ratio mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, U.S.A.).We analyzed 68 zooplankton samples, 277 benthic inverte-
brate samples, and 448 fish samples. The analytical error, expressed as
the standard deviation of the stable isotope values of replicate analyses
of reference materials, was 0.18 for δ13C and 0.21 for δ15N. Reference
materials included walleye Sander vitreus muscle tissue used through-
out the project to determine instrument precision and drift, as well as
a commercially-obtained sulfanilamide standard (Sigma-Aldrich; δ13C
= −28.58; δ15N = −3.1), which yielded the same estimates of preci-
sion as the walleye standard.

We quantified the nutritional contributions of wetland and near-
shore food-web pathways to the common species of fishes collected
usingmean isotope values of zooplankton, benthos, and fishes in amul-
tisource dual-isotopemixingmodel (IsoSource 1.3.1; Phillips andGregg,
2003; Phillips et al., 2005). IsoSource is an iterative probabilistic model
that calculates source contributions to a stable isotope mixture when
the number of sources is too large to permit a unique solution
(i.e., number of sources N number of isotope systems + 1). All possible
combinations of each source are examined in small increments, and
combinations that sum to the observedmixturewithin a small tolerance
(ca. 0.1‰) are considered feasible solutions. Each multivariate solution
(i.e., each combination of source contributions that satisfies the model
tolerance) is equally valid. However, each source has a univariate distri-
bution of possible contributions, and the frequency of occurrence of a
particular contribution in that distribution reflects the likelihood of
that proportional contribution (Semmens et al., 2013). Correct
reporting of model results requires that the distribution of feasible solu-
tions be described (Phillips and Gregg, 2003). When a distribution of
source contributions is well constrained (i.e., it has a relatively narrow
range of possible contributions) and symmetrical, the mean (i.e., the
most frequent contribution of that source) describes the most likely
contribution, and the standard deviationmay be used to express disper-
sion about the mean. Distribution characteristics determine whether
the mean, median or mode reflects the most likely value, and whether
standard deviations, confidence intervals and quartiles are best used
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to express dispersion. Because source distributions are often skewed,
we used medians and quartiles to describe source contributions,
expressed as nutrition obtained through nearshore food-web pathways
by summing contributions of nearshore zooplankton and benthos
sources.

Calculating isotope mixing across trophic levels requires knowledge
of trophic fractionation of isotopes (i.e., the 15N and 13C enrichment of a
consumer relative to its food).We used a nitrogen isotope fractionation
factor of 3.4‰ (Cabana and Rasmussen, 1994) and carbon isotope frac-
tionation of 1.0‰ (Vander Zanden and Rasmussen, 2001). Those factors
were used to adjust fish isotope values according to the trophic position
of each fish sample, as calculated from the difference in δ15N between

the food web base (mean of nearshore and wetland benthos and plank-
ton sources) and the fish. To verify that those calculationswere realistic,
we compared our calculated trophic positions with those from FishBase
(www.fishbase.org) and those calculated using both diet and stable iso-
tope techniques (Vander Zanden et al., 1997).

Wemodelled the diets of fish species that were common in thewet-
land and nearshore habitats, which resulted in a total of 114 species-
habitat combinations. We used several approaches to evaluate the de-
gree to which fish were nutritionally supported by wetland and near-
shore habitats during recent (seasonal or annual) life history. First, if
the proportion of nearshore nutrition obtained from the mixing model
was in the vicinity of 0.5, it would mean that the consumer obtained

Fig. 1. Location of sampling sites on lakes Michigan and Huron.
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equivalent support from the two habitats. Therefore, mid-range
(e.g., 0.4–0.6) values suggest high degrees of multihabitat support,
whereas high (primarily nearshore nutrition) and low (primarily wet-
land nutrition) values indicate predominantly single-habitat support.
Second, if fish from the two adjacent habitats had similar distributions
of nearshore nutrition, it would suggest common foraging histories, ei-
ther by traveling between the habitats or by an interaction of the habi-
tats through hydrologic mixing or movement of prey. We tested for
differences between wetland-caught and nearshore-caught fish using
two-sample t-tests of arcsine-transformed data. Finally, if fish with
high proportions of nutrition from one of the habitats were captured
in the other habitat, it was an obvious (though not quantitative) indica-
tion of multihabitat use. These measures were compared among wet-
land sites that differed in hydrogeomorphic type and fetch exposure
to the nearshore. We examined the influence of wetland type on
sources of nutrition to wetland- and nearshore-caught fish by testing
for differences in nearshore nutrition amongfish from systems differing
in hydrogeomorphic type, modified effective fetch (MEF), and maxi-
mum fetch (MaxF). We pooled fish species within each habitat and
arcsine-transformed proportions of nearshore nutrition for their use in
ANOVA.

We examined the influence of fish species on multiple-habitat use
by comparing the intraspecific range of nearshore nutrition across sys-
tems. If fish species determined the degree to which they obtained nu-
trition frommultiple habitats - for example, if species A fedmostly from
wetland habitat and species B consistently fed from both habitats - we
would expect each species to have a relatively narrow range in their
proportions of nearshore nutrition when compared among all sites.
Also, those ranges would differ in their magnitudes, with species A hav-
ing low proportions of nearshore nutrition and species B having values
near 0.5. Conversely, if fish species did not determine amount of
multihabitat feeding, and foraging behavior varied with location, we
would expect a relatively broad range in proportion of nearshore nutri-
tion when compared among sites. We compared the range of median
values for each species across sites and expressed the overall variability
at each habitat as the difference between the 1st quartile associated
with the minimum median value and the 3rd quartile associated with
the maximum median value. We limited this analysis to species that
were collected in four or more systems.

In an earlier study (Schoen et al., 2016), we used otolith
microchemical analyses to trace movement patterns between wetland
and nearshore habitats by yellow perch collected from the same sites
as in this study. Otolith analyses revealed several life-history patterns
in habitat use, including exclusivewetland residence,wetland use as ju-
veniles followed by nearshore residence as adults, annual migrations
between habitats, and combinations thereof. We have now enhanced
that analysis by discriminating annual migrants that primarily used
wetland habitats from those that primarily used lake habitats, according
to amount of intra-annual growth accumulated in each habitat based on

otolith ring analysis. We compared the estimates of wetland and near-
shore habitat use according to time spent in those habitats (based on
otolith analyses) with habitat use according to nutritional support
(based on stable isotope mixing model results) by comparing the two
measures for the same individual yellow perch. We also included fish
for which we had stable isotope data but no microchemistry data, to a
total of 124 individual yellow perch. We used the output of the isotope
mixing model from individual yellow perch to address four objectives:
1) to determine whether life-history category predicted nutrition;
2) to test whether wetland-caught and nearshore-caught fish had sim-
ilar nutritional sources (as above); 3) to test for discrepancies between
habitat of capture andhabitat of dominant nutritional support; and 4) to
test for the influence of wetland hydrogeomorphology on the contribu-
tions of multiple habitats to fish nutrition.

Results

Wetland primary consumers analyzed for stable isotope ratios to
characterizewetland benthic sources included amphipods, isopods, chi-
ronomids, mayflies, and snails. Richness of primary consumers in near-
shore habitats was lower, but amphipods, oligochaetes, and
chironomids were the most abundant taxa and plentiful enough to
characterize nearshore benthic sources. Zooplankton were collected
from each habitat but were not characterized taxonomically. Bulk zoo-
plankton samples could therefore have contained taxa that varied in
trophic position, which could add uncertainty to our calculations of
the trophic positions of higher consumers; however, our trophic posi-
tion estimates were in agreement with other published estimates (see
below).

Fish species commonly collected in wetland habitats for stable iso-
tope analysis included yellow perch Perca flavescens, rock bass
Ambloplites rupestris, bluegill Lepomis macrochirus, pumpkinseed
Lepomis gibbosus, largemouth bass Micropterus salmoides, smallmouth
bass Micropterus dolomieu, northern pike Esox lucius, walleye Sander

vitreus, bowfin Amia calva, black bullhead Ameiurus melas, brown bull-
head Ameiurus nebulosus, bluntnose minnow Pimephales notatus, and
round gobyNeogobius melanostomus. Fishes captured in nearshore hab-
itats included those species as well as lean lake trout Salvelinus

namaycush, lake whitefish Coregonus clupeaformis, and freshwater
drum Aplodinotus grunniens. Although ours was not a comprehensive
collection, it includes major common species typical of Great Lakes
coastal habitats (Jude and Pappas, 1992; Keough et al., 1996; Brazner,
1997).

We did not adjust δ13C values for lipid content prior to use in the
mixing model. The ratio of carbon:nitrogen in our fish samples were
generally b3.5 and in rare instances exceeded 4.0. At low C:N values
such as these, normalization of δ13C for lipid content is not recom-
mended (e.g., Hoffman et al., 2015b) and would not influence isotope
mixing results. Further, use of lipid-corrected fish values in the mixing
model would have required arithmetic correction of invertebrate
values, which has been shown to be unreliable (Logan et al., 2008;
Kiljunen et al., 2006).

Stable isotope analyses

Across sites, we found a consistent difference between wetland and
nearshore habitats in the δ13C values of their respective biota. At Lake
Michigan drowned river mouth wetlands and Les Cheneaux protected
lacustrine wetland sites, nearshore primary consumers were generally
13C-enriched relative to wetland primary consumers (Fig. 2a, b, Elec-
tronic Supplementary Material (ESM) Table S1). However, at four
open lacustrine wetlands (Alpena, Pinconning, Wildfowl Bay, and Fish
Point) nearshore primary consumers were 13C-depleted relative to
those of wetland habitats (Fig. 2c, ESM Table S1). Fish caught in the
nearshore and wetland habitats at the Lake Michigan drowned river
mouth systems often had δ13C values that corresponded with those of

Table 1

Study sites, locations (cf. Fig. 1), wetland hydrogeomorphic type, and estimates of expo-
sure to lake waves (modified effective fetch and maximum fetch, km).

Site Location HGM type Mod. eff.
fetch

Max
fetch

Grand River Lake Michigan Drowned River Mouth 0.0099 1.4
Kalamazoo River Lake Michigan Drowned River Mouth 0.0072 0.61
Pentwater River Lake Michigan Drowned River Mouth 0.0310 2.2
Government Bay Les Cheneaux Protected Lacustrine 1.87 3.78
Duck Bay Les Cheneaux Protected Lacustrine 0.42 2.4
Mismer Bay Les Cheneaux Protected Lacustrine 0.1105 6.27
Wildfowl Bay Saginaw Bay Open Lacustrine 20.53 29.3
Au Gres Saginaw Bay Open Lacustrine 37.03 43
Pinconning Saginaw Bay Open Lacustrine 12.22 22
Quanicassee Saginaw Bay Open Lacustrine 38.09 255.8
Fish Point Saginaw Bay Open Lacustrine 21.45 40.65
Alpena Thunder Bay Open Lacustrine 167.32 176
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primary consumers from the habitat of capture. In contrast, at many
open and protected lacustrine wetland sites, the δ13C values of
nearshore- and wetland-caught fish were interspersed (e.g., Fig. 2b).
At every site except the Grand River, and in 51 of 128 species-habitat
combinations (40%), the range in fish δ13C was outside that of the pri-
mary consumers in the habitat of capture (ESM Table S1), indicating
thefishmight have obtained substantial nutritional support from a hab-
itat other than that of capture.

At one open and two protected lacustrine wetland sites (Au Gres,
Mismer Bay, and Government Bay), nearshore and wetland zooplank-
ton samples had nearly identical stable isotope ratios. In contrast, wet-
land benthic invertebrates were 13C-depleted relative to nearshore
benthos. This suggests there may have been strong hydrologic mixing
between wetland and nearshore waters at these sites. In those cases,
three sources were used in the mixing model (nearshore benthos, wet-
land benthos, zooplankton) and half of the zooplankton contribution to
fish nutrition from the mixing model was attributed to nearshore
habitats.

Comparisons of our calculated fish trophic positions to previously
published estimates showed them to be in good agreement (Table 2).
This is important, as trophic position was used along with trophic frac-
tionation factors to standardize fish δ13C and δ15N values prior to use in
the mixing model. Inclusion of juveniles resulted in lower trophic posi-
tion estimates for some species.

Isotope mixing

Frequently, the habitat inwhichfishwere captured supplied thema-
jority of their nutrition as estimated through isotope mixing; however,
substantial support (proportions N 0.30) often came from the adjacent
habitat. Of the 113 species-habitat pairs, 37 (33%) had less than half of
their nutrition originating from their habitat of capture, based on me-
dian values (Table S2).

Wetland-caught fish species at the drowned river mouth wetland
sites on Lake Michigan had significantly lower amounts of nearshore-
based nutrition than did nearshore-caught fish. There were significant
differences in the amount of nearshore nutrition between wetland-
caught and nearshore-caught fish (all fish species pooled) at the
Grand River site (p = 0.039) and the Kalamazoo River site (p b

0.001), indicating differences in foraging patterns between nearshore
and wetland fish and relatively little food-web exchange between hab-
itats. Wetland-caught fish tended to have proportions of nearshore
nutrition ≤ 0.4, and nearshore fish tended to have proportions of near-
shore nutrition ≥ 0.6 (e.g., Fig. 3a; Table S2). At Pentwater, wetland-
caught fish had low proportions (≤0.4) of nearshore nutrition. No near-
shore fish were collected at Pentwater.

At the open and protected lacustrine wetland sites of Saginaw Bay,
Alpena, and Les Cheneaux, proportions of nutrition from the nearshore
for most fish species were near the middle of the range, with no statis-
tical difference between fish caught in nearshore and conspecifics
caught in wetland habitats (Fig. 3b, c; ESM Table S2). Only two of the
nine lacustrine wetlands (the open lacustrine site at Wildfowl Bay, p
= 0.003, and the protected lacustrine site at Mismer Bay, p = 0.018;
two-sample t-tests; all fish species pooled within habitats) showed sig-
nificant differences between the nutritional sources of wetland- and
nearshore-caughtfish, indicating differences in foraging habits between
fish from the two habitats.

Estimates of wetland exposure to lakewaves differed among hydro-
geomorphic types. The drowned river mouth systems had the lowest
MEF and MaxF values among all study sites, protected lacustrine sites
were intermediate, and open lacustrine sites had the highest MEF and
MaxF values (Table 1). Proportions of nearshore nutrition in wetland-
caught fish (all species pooled within hydrogeomorphic types) differed
significantly among types (ANOVA, p b 0.001; F = 10.897; r2 = 0.230),
with fish from drowned rivermouth systems having significantly lower
nearshore nutrition than those from protected or open lacustrine sites.

Nearshore nutrition did not differ significantly between wetland fish
from protected and open lacustrine sites. Nearshore nutrition in
wetland-caught fish increased significantly with MEF (p b 0.001; F =
6.034; r2 = 0.509) and MaxF (p b 0.001; F = 6.034; r2 = 0.509). Near-
shore nutrition in nearshore-caught fish differed significantly among all
hydrogeomorphic types, with highest nearshore nutrition in drowned

Fig. 2. δ13C and δ15N values of biota from three representative wetland-nearshore sites:
a) at the Grand River drowned river mouth site on Lake Michigan; b) at the Duck Bay
protected lacustrine wetland site on northern Lake Huron's Les Cheneaux region; c) at
the Wildfowl Bay lacustrine wetland site on Lake Huron's Saginaw Bay. Black dots:
wetland primary consumers (zooplankton and benthos); black triangles: wetland fishes;
open circles: nearshore primary consumers; open triangles: nearshore fishes.
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river mouth systems and lowest nearshore nutrition in open lacustrine
sites (p b 0.001; F = 15.512; r2 = 0.478). Nearshore nutrition in
nearshore-caught fish decreased significantly with MEF (p b 0.001; F
= 6.642; r2 = 0.719) and MaxF (p b 0.001; F = 6.642; r2 = 0.719).

Comparing the influence of fish species on sources of nutrition
across sites, yellow perch and rock bass caught in wetland habitats
tended to have lower median values of nearshore nutrition than did
nearshore-caught conspecifics, whereas northern pike median values
were similar in wetland and nearshore habitats (Table 3). The medians
for wetland-caught yellow perch (and largemouth bass and bluegill,
whichwere caught only in wetlands) indicated predominantly wetland
nutrition (overall proportions 0.05–0.61); whereas, nearshore-caught
yellow perch and rock bass tended toward nearshore nutrition (propor-
tions 0.43–0.98); northern pike from both habitats and nearshore wall-
eye had median values that bracketed 0.5, indicating a strong mix of
nutrition from both habitats. The range of values for each species varied
from0.49 forwetland northern pike to 0.69 forwetland rock bass. These
broad ranges suggest variable habitat support across systems, i.e., that
site had a relatively strong effect on the amount of multi-habitat sup-
port of species. For a more comprehensive view of the variability in
these data, see ESM Table S2.

Otolith-isotope comparison

Yellow perch individuals classified as wetland residents via otolith
microchemistry (n= 6) hadmedian proportions of nearshore nutrition
ranging from 0.005 to 0.44 based on isotope mixing; those classified as
nearshore residents (n= 12) had nearshore nutrition from 0.42 to 0.96
(ESM Table S3). Overall, 5/6 (83%) of the individuals classified as wet-
land residents had most (proportions N 0.50) of their nutrition from
wetland habitats and 10/12 (83%) of individual yellow perch classified
as nearshore residents had most of their nutrition from the nearshore.
Annual migrants classified as primarily using nearshore habitats (n =
16) obtained from 0.05 to 0.995 nearshore nutrition, and 81% of them
had N0.50 of their nutrition from nearshore habitats; annual migrants
classified as primarily using wetland habitats (n = 20) had from 0 to
0.96 nearshore nutrition, and 70% of those individuals had N0.50 of
their nutrition from wetland habitats. Young-of-year (n = 38), which
we were unable to classify reliably from otolith microchemistry, had
median estimates of nearshore nutrition that ranged from zero to
0.995. Of those fish, 18% were captured in wetland habitats but had
high proportions of nearshore nutrition based on the stable isotope
mixing model, indicating that young-of-year routinely move between
habitats.

Individual yellow perch at drowned river mouth sites obtained high
proportions of their nutrition from their habitat of capture (Fig. 4a; ESM
Table S3). As observed in the species-level analyses, individual yellow
perch at protected and open lacustrine wetland sites had variable
amounts of nearshore nutrition, oftenmid-range, indicating substantial
inputs from both habitats (Fig. 4b, c). There were significant differences

in the proportion of nearshore nutrition between nearshore-caught and
wetland-caught individual yellow perch at the Grand River (p b 0.001)
and Kalamazoo River (p = 0.006) drowned river mouth sites, but no
significant differences at any of the lacustrinewetland sites. At drowned
river mouth sites, 30 of 32 (94%) had more than half of their nutrition
matching the habitat in which they were captured. At lacustrine

Table 2

Comparison of trophic position (TP) calculated in this studywith those from the literature:
diet-based estimates in FishBase (www.fishbase.org), and diet- and stable isotope (SI)-
based estimates from Vander Zanden et al. (1997); VZ).

Fish species TP this study TP FishBase (diet) TP VZ (diet) TP VZ (SI)

Walleye 3.6–4.7 4.5 ± 0.0 3.9–4.5 4.1–4.9
Largemouth bass 3.2–5.3 3.8 ± 0.4 3.6–4.5 3.9–4.4
Yellow perch 2.6–4.6 3.7 ± 0.2 3.5–4.5 3.0–4.3
Bluegill 3.1–4.6 3.2 ± 0.2
Northern pike 3.6–4.0 4.1 ± 0.4 4.2–4.5 3.4–4.5
Smallmouth bass 2.9–4.5 3.6 ± 0.2 3.5–4.5 3.6–4.7
Rock bass 3.4–4.8 3.4 ± 0.2 3.5–4.1 3.5–4.4
Pumpkinseed 3.0–3.5 3.3 ± 0.1 3.0–3.5 2.8–4.2
Black bullhead 2.9–4.1 3.8 ± 0.4
Bowfin 3.6–4.8 3.8 ± 0.7
Round goby 3.0–3.9 3.3 ± 0.1

Fig. 3. Mixing model results expressed as proportion nearshore-derived nutrition for fish
species sampled from nearshore habitats (upper panels) and wetland habitats (lower
panels) at the same three representative sites as in Fig. 1. Species abbreviations as in
Table 1. Boxes span 1st to 3rd quartiles, with vertical line at median; whiskers indicate
10th and 90th percentiles; dots indicate 5th and 95th percentiles.
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wetland sites, 58 of 92 (63%) of individuals captured had over half of
their nutrition matching the habitat in which they were captured.

Occupancy based on habitat of capture and life-history patterns
identified from otolith analyses often predicted the major habitat
supporting fish nutrition, but there were notable exceptions. For nu-
merous individual yellow perch, the habitat providingmost of their nu-
tritionwas not the habitat inwhich theywere captured or inwhich they
spent most of their time based upon otolith microchemical analyses
(Table 4). For example, we captured yellow perch in the nearshore
that were classified as migrants primarily using the nearshore, but
which had very little nearshore diet contributions (e.g., at Duck Bay).
We also captured fish in the nearshore that were classified as migrants
that primarily used wetlands, but which had high nutritional support
from the nearshore (e.g., at Pinconning). We captured one fish in the
Quanicassee wetland that was classified as a nearshore resident but
which had almost no nearshore diet contribution. This suggests the
fish was targeting prey that were exported to the nearshore, or there
was an error in either the otolith classification or the isotope mixing
model.

Discussion

Our analyses shed light on the contributions coastal wetland and
lake habitatsmake to the nutrition of coastal fishes and advance our un-
derstanding of factors that influence multi-habitat use by coastal fishes
in large lakes. Among theplaces andfish specieswe examined, use of re-
sources frommultiple habitats waswidespread. It was also reciprocal in
that fish caught in both wetland and nearshore often obtained substan-
tial amounts of nutrition from the alternative habitat. Our quantification
of food web subsidies from coastal wetlands to the nearshore is consis-
tent with the characterization of coastal wetlands as energy-rich sys-
tems that export resources to adjacent zones (Odom, 1968; Wetzel,
1992; Brazner et al., 2000). Further, our results go beyond the
“outwelling” perspective of wetlands as sources of energy andmaterials
(Odom, 1968; see also Polis et al., 1997) because there is reciprocity in
the mutual energetic support of nearshore and wetland habitats. Our
measures of nearshore contributions to wetland biota concur with ear-
lier estimates from coastal habitats in the other Laurentian Great Lakes
(Sierszen et al., 2012a; Hoffman et al., 2015a) and enhance our recogni-
tion of interacting organisms and resources among intact Great Lakes
habitats.

Discrepancies between results of different measures of habitat re-
source use are particularly informative to our understanding of how
fishes use habitat. Capture of fish in habitats that did not provide the
majority of their nutrition may reflect relatively short-term (e.g., diel)
occupancy, emigration from nursery habitats by young-of-year

(e.g., Brazner et al., 2001), or feeding on prey resources that were
exported from adjacent areas. Similarly, when otolith analyses indicate
patterns inmovement or occupancy that are not reflected in nutrition, it
can relate to movement for life functions other than feeding, such as
spawning migration (when little feeding is done) or to access thermal
or other physiological refugia.Movements of Atlantic salmon into tribu-
tary waters for thermal refuge were tracked through telemetry, but
were not reflected in stable isotope values (Cunjak et al., 2005). Also,
seasonal movements among different habitats may sometimes not be
reflected in otolith profiles due to seasonal depression of otolith accre-
tion (Clement et al., 2014).

Themajority of variability wemeasured in coastal fish stable isotope
values was in δ13C, which was often outside the measured range of pri-
mary consumers in the habitat of capture. Differences between the δ13C
of coastal wetland and nearshore biota can be traced to differences in
the δ13C of dissolved inorganic carbon in those habitats (Keough et al.,
1996, 1998). Higher trophic-level consumers with δ13C values outside
those of their capture habitat have been described in other coastal sys-
tems of lakes Superior, Michigan, Erie, and Ontario (Keough et al., 1996;
Hoffman et al., 2010; Sierszen et al., 2012a), andmay be expected given
accounts of movements among coastal habitats by Great Lakes fishes
(Jude and Pappas, 1992; Brazner et al., 2001; Landsman et al., 2011;
Midwood and Chow-Fraser, 2015). These conditions necessitated our
use of all wetland and nearshore sources in the isotope mixing model.

Wetland hydrogeomorphology influenced the use of multiple habi-
tats by coastal fishes. Analyses of variance among wetland classes and
acrossmeasures ofwetland exposure to nearshorewaters revealed con-
sistent patterns in the use of resources from nearshore and wetland. As
the interface betweenwetland and nearshore becamemore open to ex-
change (i.e., from drowned river mouth to protected lacustrine to open
lacustrine wetland, and at higher measures of modified effective fetch
and maximum fetch) fish from both habitats exhibited less nutritional
reliance on the habitat in which they were captured, and higher use of
resources from the adjacent habitat. Boundary conditions can influence
their accessibility and the amount of habitat coupling by mobile con-
sumers (Dolson et al., 2009). In earlier analyses, a Great Lakes coastal
wetland separated from the lake by a large barrier spit had a food web
isotopically dissimilar to that of the adjacent nearshore (Keough et al.,
1996), whereas there was complete isotopic overlap between the food
webs of a morphologically open coastal wetland and nearshore waters
(Brazner et al., 2000).

Fish species appeared to differ somewhat in their support frommul-
tiple habitats. Yellow perch and rock bass (and largemouth bass and
bluegill, whichwere only captured in wetlands) tended toward support
from their site of capture, whereas northern pike andwalleye had stron-
ger tendencies toward multi-habitat support. Nonetheless, all species

Table 3

Excerpt fromTable S2.Median proportions of nearshore nutrition offish species (YP=yellowperch;NP=northern pike; RKB= rock bass; LMB= largemouth bass; BLG=bluegill;WAE
=walleye) fromwetland (WL) and nearshore (NS) habitats. Quartile range indicates the span between the first quartile associatedwith theminimummedian value and the third quartile
associated with the maximummedian value, and reflect relative variability in nutritional support among sites.

Site WL YP NS YP WL NP NS NP WL RKB NS RKB WL LMB WL BLG NS WAE

Grand R. 0.05 0.98 0.18 0.13 0.18
Kalamazoo R. 0.39 0.88 0.13 0.39 0.14
Pentwater R. 0.27 0.29 0.52 0.27
Duck Bay 0.53 0.81 0.80 0.87 0.72 0.90 0.28 0.78
Mismer Bay 0.41 0.90 0.69 0.63 0.75 0.67
Government Bay 0.61 0.44 0.41 0.39 0.39 0.45 0.37
Pinconning 0.41 0.83 0.63 0.34 0.82
Wildfowl 0.54 0.36 0.21 0.63
Quanicassee 0.60 0.68 0.63 0.61 0.51 0.66
Au Gres 0.05 0.47 0.41 0.31 0.41
Fish Point 0.77 0.56 0.55 0.32 0.57
Alpena 0.43 0.53 0.65 0.45
Min–max 0.05–0.61 0.43–0.98 0.41–0.80 0.39–0.87 0.13–0.72 0.45–0.90 0.13–0.61 0.14–0.51 0.37–0.82
Quartile range 0.63 0.65 0.49 0.59 0.69 0.55 0.64 0.53 0.54
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we examined had wide ranges in their nutrition across sites, indicating
that site had a relatively strong effect on foraging patterns.

At the Lake Michigan and Les Cheneaux sites, nearshore primary
consumers and most nearshore fish were 13C-enriched relative to wet-
land biota, a pattern commonly observed in other Great Lakes coastal
wetlands attributable to respiration and remineralization of carbon in
wetland habitats (Keough et al., 1996, 1998; Sierszen et al., 2012a). In
wetlands situated on SaginawBay and Thunder Bay (Alpena), nearshore
biota were 13C-depleted relative to those of wetland habitats. This sug-
gests that the nearshore food webs in those bays were influenced by
13C-depleted inputs from the Saginaw River and Thunder Bay River, re-
spectively, which probably carried strong heterotrophic signals. Alter-
natively, high productivity in those wetlands may have resulted in
decreased C isotope fractionation during C uptake and photosynthesis,
and led to 13C enrichment of wetland biota.

Understanding the use of aquatic habitats in the Great Lakes is valu-
able to fishery management and to identify critical habitats for protec-
tion and restoration (Landsman et al., 2011). Our findings enhance our
understanding of the ways multiple habitats support food webs in
large lakes. They also indicate that complementary types of information
are provided by these different measures of habitat use. The reciprocity
we found in the support of coastal fishes by adjacent habitats, revealed
by nutritional and occupancy information, and the role of
hydrogeomorphology in regulating those interactions, are valuable ad-
vancements. Coastalfishes in the Great Lakes use amosaic of interacting
habitats, and hydrologic linkages among those habitats maintain diver-
sity of fishes, which act as metacommunities (Bouvier et al., 2009;
Sierszen et al., 2012a; Midwood and Chow-Fraser, 2015). The use of re-
stored access to spawning and nursery habitats by coastal fish (e.g., Oele
et al., 2015) makes a compelling argument for restoration of lost inter-
habitat connections. Our results substantiate the value of protecting
coastal habitats and restoring coastal wetlands that are hydrologically
connected to the Great Lakes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jglr.2018.11.006.

Fig. 4. Mixing model results for individual yellow perch sampled from nearshore and
wetland habitats at the three representative sites; box dimensions as in Fig. 3. Life-
history habitat categories determined from otolith microchemical analyses indicated
next to the boxes: WL (wetland resident); NR (nearshore resident); M/N (annual
migrant between habitats using mostly nearshore); M/W (annual migrant using mostly
wetland); YOY (young-of-year). When no life-history type is indicated, otoliths were
not analyzed.

Table 4

Excerpt from Table S3. Individual yellow perch for which the habitat of occupancy, based
on place of capture (Capt. Hab.) or life history classification from otolith microchemical
analyses (LH), did not providemost of the nutrition based on stable isotopemixingmodel
results. Capture habitat was wetland (W) or nearshore (N); life history classifications are
wetland resident (WR), nearshore resident (NR), annual migrants (M/W for primarily
wetland use; M/N for primarily nearshore use) and young of year (Y). Proportion near-
shore nutrition given as median (1st quartile, 3rd quartile).

Site Capt. hab. LH Prop. nearshore

Duck N M/N 0.28 (0.25, 0.31)
N M/N 0.19 (0.17, 0.21)

Mismer W Y 0.65 (0.62, 0.66)
Government W 0.71 (0.65, 0.77)

N NR 0.42 (0.32, 0.53)
N 0.31 (0.30, 0.32)

Pinconning W Y 0.65 (0.53, 0.76)
W Y 0.83 (0.77, 0.90)
W Y 0.59 (0.48, 0.70)
W 0.87 (0.82, 0.92)
W 0.71 (0.59, 0.82)
W 0.77 (0.69, 0.87)
N M/W 0.85 (0.78, 0.91)
N M/W 0.93 (0.90, 0.96)

Quanicassee W Y 0.995 (0.99, 1.00)
W Y 0.72 (0.65, 0.81)
W Y 0.995 (0.99, 1.00)
W 0.63 (0.50, 0.76)
W M/N 0.05 (0.03, 0.07)

Au Gres N 0.43 (0.40, 0.46)
Fish Point W 0.68 (0.56, 0.79)

W Y 0.55 (0.39, 0.70)
W 0.61 (0.47, 0.74)
W Y 0.66 (0.53, 0.78)
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Abstract

The use of resources from multiple habitats has been shown to be important to the production of aquatic

consumers. To quantify the support of Great Lakes coastal wetland (WL) and nearshore (NS) habitats to yel-

low perch, we used otolith microchemistry to trace movements between the habitats. WL and NS water and

fish samples were collected from lakes Huron and Michigan for water and otolith trace element analysis.

Recently deposited otolith-edge Sr : Ca and Ba : Ca from otoliths were strongly correlated with the chemistry

of the water in which fish were caught. In general, Sr : Ca and Ba : Ca in otoliths were significantly greater

for individuals collected from WL areas. Because of these observed chemical differences between WL and NS

habitats, quadratic discriminant function analysis (QDFA) was used to classify individuals with high accuracy

to the habitat from which they were collected. We then combined the predictive abilities of QDFA with the

otolith chemistry transect data that represents an individuals’ entire life, to classify habitat use through each

fish’s life. Our results suggest larval use of WL habitats as well as three life histories for adult yellow perch.

These strategies include (1) fish utilizing WL once annually (2) WL residents (3) WL residence as juveniles fol-

lowed by movement to nearshore as adults. This application represents a novel use of transect otolith micro-

chemistry to reconstruct fish movements between freshwater environments across entire life spans at fine

scales. These results suggest that regular movements of fish may facilitate the production of coastal fishes in

the Great Lakes.

Introduction

Our understanding of the production dynamics of aquatic

systems has been substantially advanced through the per-

spective of multi-habitat support of consumers. Across a

wide range of lake sizes, fish have been found to use resour-

ces from a combination of benthic, pelagic, and littoral habi-

tats (Schindler and Scheuerell 2002; Vander Zanden and

Vadeboncoeur 2002). In large lakes around the world, native

macroinvertebrate and fish species such as opossum shrimp

(Mysis diluviana), kiyi (Coregonus kiyi) and lake trout (Salveli-

nus namaycush) have evolved to feed in a combination of

benthic and pelagic habitats through diel vertical migration

(Ahrenstorff et al. 2011; Sierszen et al. 2014).

Similarly, littoral (e.g., coastal wetland) and nearshore

food webs can be strongly coupled. This idea can be traced

back to the work of Lindeman (1942) and the marine coastal

wetland carbon “outwelling” hypothesis originally proposed

by Odum (1968) which suggested that coastal marsh produc-

tion exceeds the metabolic needs of local wetland (WL) con-

sumers and is exported to nearshore (NS) food webs. Great

Lakes coastal wetland habitats are analogous to coastal

marine systems in that they are extremely productive habi-

tats with direct hydrologic connections to less productive

offshore waters (Uzarski et al. 2005). This connectivity facili-

tates the use of resources from multiple habitats by coastal

consumers; however, measures of multi-habitat support have

ranged widely, both among systems and within species (e.g.,

Schindler and Scheuerell 2002; Sierszen et al. 2012).

In general, the use of the resources from numerous

aquatic habitats is accomplished by movements of fish

among the habitats (Schindler and Scheuerell 2002; Vander

Zanden and Vadeboncoeur 2002; Ahrenstorff et al. 2011). In
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the Great Lakes, coastal wetlands support more than 80 spe-

cies of fish, including 30 species of nearshore game fish

(Jude and Pappas 1992). This likely represents an ecologically

important, understudied linkage between wetland and near-

shore environments. For example, Brazner et al. (2001) docu-

mented emigration of thousands of young-of-year yellow

perch (Perca flavescens), northern pike (Esox luscious) and

emerald shiner (Notropis atherinoides) from a Lake Superior

coastal wetland, subsidizing predators of the nearshore food

web with energy and nutrients from the wetland nursery

habitat. Similarly, adult predatory fish movements represent

a potentially strong mechanism behind multiple-habitat use

due to their highly mobile and flexible foraging tactics

(Schindler and Scheuerell 2002; McCann et al. 2005). How-

ever, very little is known about the frequency and duration

of wetland habitat use by Great Lakes fishes (Jude and Pap-

pas 1992). Therefore, to fully understand the support of fish

by wetland and nearshore habitats, it is critical to assess

movements of juvenile and adult fish between coastal

habitats.

Several methods have evolved to track fish movements

including net surveys, mark-recapture and radio frequency

tagging (Pangle et al. 2010). While these methods are partic-

ularly effective in tracking short-term, fine-scale movements,

they have logistical limits in studies exploring spatially and

temporally large-scale movements. A more comprehensive

approach for understanding such movements involves the

use of trace element microchemistry in fish otoliths. Otoliths

or “ear stones” are internal structures used by fish for hear-

ing and balance and grow in daily increments or rings which

are visible using a variety of optical methods (Campana and

Thorrold 2001). Although they are composed mainly of cal-

cium carbonate (CaCO3), various trace elements can substi-

tute to replace Ca, of which several (i.e., Sr and Ba) are

incorporated relative to their availability in the water at the

time of otolith growth (Pangle et al. 2010; Zeigler and Whit-

ledge 2010). Therefore, if sufficient gradients in these trace

elements exist between two or more habitats of interest, the

chronological order and frequency of time spent in different

habitats can be revealed by analyzing for trace elements

across the entire growth history of the otolith. For instance,

studies have commonly used laser ablation inductively

coupled plasma mass spectrometry (LA-ICP-MS) to recon-

struct where a fish resided by analyzing the chemical constit-

uents of its otolith from its core (formed during embryonic

development) to its edge (formed just prior to capture and

death).

In this study, we employ LA-ICP-MS otolith microchemis-

try as a tool for tracking movements of fish between Great

Lakes nearshore and coastal wetland habitats to examine

habitat use and variation in life history strategies. This study

represents a novel application of transect-based otolith

microchemistry, and to our knowledge this is one of the first

comprehensive studies to reconstruct movements of fish

between coastal wetland and nearshore habitats of the Great

Lakes across entire lifespans.

Methods

Habitat reconstruction focused on yellow perch because

of its economic and ecological importance as a forage fish

and recreational game fish. Its mobile behavior and abun-

dance in Great Lakes WL and NS habitats was also a major

reason for its selection (Beletsky et al. 2007; Blackwell and

Kaufman 2012).

Fish and water samples were collected from 12 WL-NS

pairings in Lake Michigan, northern Lake Huron and Sagi-

naw Bay (Fig. 1). Each site consisted of a NS area (3–5 m

depth) adjacent to a WL area (<1 m depth). The sites were

selected to represent the most common hydrogeomorphic

WL types of Lakes Michigan and Huron as described in

Albert et al. (2005). Hydrogeomorphic categories used in this

study include riverine WL, protected (embayment) lacustrine

WL and open (non-embayment) lacustrine WL, in order of

increasing wave exposure and Great Lakes mixing. Sites were

chosen based upon the distribution of hydrogeomorphic

types in the basin and included three riverine systems

in Lake Michigan (Grand River, Kalamazoo River, and

Pentwater River), four lacustrine WL in northern Lake Huron

(Duck Bay, Mismer Bay, Government Bay, and Alpena) and

five lacustrine WL in Saginaw Bay (AuGres, Pinconning Park,

Quanicassee River, Fish Point, and Wildfowl Bay).

Water samples were collected at each of the 12 sites 15

June 2012–15 August 2012. Wetland and nearshore water

samples were collected to evaluate relationships between

water and otolith chemistry and to examine variation in

trace element chemistries between WL and NS habitats. At

each site, two WL samples were taken from within dominant

vegetation types and two additional NS samples were taken

beyond the boundary of WL vegetation, or outside of the

visible river plume in Lake Michigan drowned river mouth

sites. Distances between WL and NS water stations were

dependent upon river discharge, shoreline slope and the

expanse of wetland vegetation. In general, distances ranged

from 1 to 2 miles in Lake Michigan drowned river mouth

complexes to 0.5–4.0 miles in Lake Huron fringing wetlands.

Water sampling was limited to a single event and elements

of interest included strontium (Sr), barium (Ba), sodium

(Na), magnesium (Mg), potassium (K), manganese (Mn), lead

(Pb), and Calcium (Ca) (Pangle et al. 2010). Water samples

were collected and processed using a modified protocol

described in Shiller (2003). Briefly, samples were collected

using acid washed equipment, filtered through 0.45 lm acid

washed filters and preserved in a 2.0% solution of nitric

acid. Samples were refrigerated until analysis.

Elemental analysis of water samples was conducted at the

Center for Elemental and Isotopic Analysis (CELISA) at Cen-

tral Michigan University utilizing sector field inductively
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coupled plasma mass spectrometer (SF-ICP-MS). See Support-

ing Information Table S2 for operating parameters. Water

samples were analyzed within 6 months of collection. Before

analysis, 9.9 mL of each preserved water sample was spiked

with 100 mL of an internal standard of Indium115 to correct

for instrumental drift during analysis and calibrations. Mini-

mum detection limits of 0.003ppb (Pb), 0.012ppb (Mn),

0.013ppb (Cu), 0.016ppb (Ba), 0.099ppb (Sr), 14.6ppb (Mg),

16.6ppb (K), 22.6ppb (Na), and 32.5ppb (Ca) were calculated

based on 33 the cps of the average laboratory blanks.

All yellow perch were collected 15 June 2012–15 August

2012. A minimum of three yellow perch were sought from

each habitat (i.e., six per site) regardless of size. However, no

yellow perch were collected from the Alpena WL or

Fig. 1. Location of sampling sites from Lakes Michigan and Huron, including Saginaw Bay. WL and NS site pairs marked by black dots. Northern

Lake Huron sites enlarged separately to show sampling locations.
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Pentwater NS. WL fish were collected with a combination of

modified fyke nets and boat electrofishing. NS fish were col-

lected by the Michigan DNR using experimental gill nets set

in NS habitats adjacent to WL habitats. After collection, fish

were placed on ice and frozen within 24 h of collection. In

the lab, sagittal otoliths were removed, cleaned of any tissue

in ultrapure water and stored in clean polypropylene micro

centrifuge tubes. Otolith sections were then prepared by

mounting otoliths in Epo-fixV
R

epoxy resin and sectioning

them through the transverse plane with a low-speed wafer-

ing saw to a thickness of 400 lm. After sectioning, otoliths

were polished to the plane of the core with 600 and 1200

grit SiC paper and 1 lm Alumina polishing film. Sections

were then mounted to analysis slides, sonicated for 10 min

in ultrapure water, and dried in a laminar flow hood until

analysis.

Otolith sections were analyzed at Central Michigan Univer-

sity at CELISA using LA-ICP-MS. See Supporting Information

Table S3 for specific instrument types and their operating

parameters. According to previous studies, we analyzed oto-

liths for strontium (Sr), barium (Ba), magnesium (Mg), manga-

nese (Mn), copper (Cu), Zinc (Zn), and lead (Pb) (Pangle et al.

2010; Zeigler and Whitledge 2010). Otoliths were either ana-

lyzed on a line passing through the core or in select cases the

transect line angle was changed to avoid obvious fractures.

Laser ablation transects were always selected perpendicular to

growth annuli. Prior to each otolith analysis, an 80 lm-wide

pre-cleaning ablation raster was conducted using two laser

pulses along each transect segment.

The analysis of 5–6 otoliths (depending on transect

lengths) were bracketed by 3 NIST 612 glass standard analy-

ses used for determining trace element concentrations. Meas-

ured trace element concentrations were processed using the

Iolite software Trace Element Internal Standardization Rou-

tine (Hellstrom et al. 2008). For every sample and standard

analysis, 40–50 s of carrier gas blank was measured prior to

laser ablation for background corrections. Ca was used as a

pseudo-internal standard at 40 wt.% as in stoichiometric cal-

cium carbonate relative to NIST 612 glass concentration val-

ues reported by Pearce et al. (1997). The Iolite software

calculates limits of detection for each analysis. For simplic-

ity, the mean limits of detection for all analyzed otoliths for

Mg, Mn, Cu, Zn, Sr, Ba, and Pb were 0.364, 0.253, 0.080,

0.139, 0.061, 0.059, and 0.008 lg 3 g21, respectively. After

ablation, all otoliths were imaged using a Nikon SMZ 1000

dissecting microscope equipped with a Digital Sight (DS-Fi2)

103 digital camera and NIS-Elements Viewer sofware to mea-

sure positions of the core and annuli along the laser transect

to label these regions on the resulting trace element transect

data.

Prior to all statistical analyses, elemental concentrations

in water and otoliths were converted into molar equivalents

and normalized to lmolX 3 molCa21 where “X” is the ele-

ment of interest. These data are represented as X : Ca

throughout the remainder of the text. Elements were

excluded from statistical analysis if they fell below detection

limits in over half of our water or otolith samples. We ana-

lyzed data by region (i.e., Lake Michigan, northern Lake

Huron and Saginaw Bay) in all of our analyses to account for

differences among underlying geology, land use and hydro-

geomorphic types of WLs (i.e., riverine, open embayment,

protected embayment). We also assumed that fish would be

able to travel within each of our sampling regions and

wanted to identify within-region variation. All statistical

analyses were performed in R 2.15.1. An a of 0.05 was used

for all statistical tests.

To identify a suite of trace elements to be used for habitat

use reconstruction, it was necessary to identify elements (1)

whose chemistry in the otolith was positively correlated

with water chemistry and (2) whose chemistry in the outer

otolith was significantly different in fish collected from WL

as opposed to NS habitats, while being relatively consistent

among WLs within each region. Relationships between dis-

solved trace element and otolith trace element chemistry

were determined using least-squares regressions between

average outer otolith chemistry from each sampling location

and elemental chemistry of the water from which the fish

were caught. The mean outer 10 lm of data from each oto-

lith was used in the regressions since this portion had stable

signal and should reflect the most recent several weeks of

environmental chemistry (Zeigler and Whitledge 2010).

The otolith-edge chemistry of elements that showed sig-

nificant, positive relationships with local water chemistry

were compared for WL and NS-caught fish. These compari-

sons were made, by region, using one way analyses of var-

iance (ANOVAs), followed by Tukey’s HSD tests for multiple

comparisons. We also tested for differences in combined ele-

mental signatures using multivariate analyses of variance

(MANOVAs). We treated individual fish as replicates, since

their otolith-edge chemistry reflects the previous several

weeks of movement within the habitat from which they

were collected. WL fish and water samples were pooled by

site within each region, whereas nearshore fish and water

samples were pooled within each region because of a limited

sample size of nearshore fish and because we assumed the

nearshore water samples were well mixed. In all tests, we

assumed distributions were normal because sample sizes

were too small to test for significance, while ANOVA and

MANOVA are robust to departures from normality.

To distinguish between WL and NS habitat use in otolith

trace element transects it was necessary to determine an ele-

mental threshold or “fingerprint” for WL and NS habitats

within each region. It is not possible to do this with the ele-

mental water chemistry, since otolith chemistry does not

exactly follow that of the surrounding water due to physio-

logical processes (Dorval et al. 2007). As a result, traditional

interpretation of fish movements through spectra has been

qualitative (i.e., peaks or valleys in elemental concentrations
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or oscillations are interpreted as movements). Instead, we

developed a suite of habitat reconstruction elements as out-

lined above, and used the chemistry of these elements in the

otolith-edge of WL and NS-caught fish to develop elemental

signatures for WL and NS habitat within Lake Michigan,

northern Lake Huron, and Saginaw Bay. We then verified the

classification accuracy of each regional model using a leave-

one-out jackknifing procedure to determine how accurate

each models was for each habitat type. After using this jack-

knifing procedure, we used a binomial distribution to assess

whether jackknife classification accuracies were significantly

better than random (i.e., 50% wetland, 50% nearshore)

assignment, within each region. The resulting regional models

were then applied to individual points along each otolith

transect using the predict function to classify regions along

laser transects as representing WL or NS habitat use.

Results

Lead and Manganese were below detection limit in several

waters samples and most otoliths, and were excluded from

our analysis. After normalizing each element to molar equiv-

alents of Ca, mean Sr : Ca and Ba : Ca in water and otoliths

showed positive linear relationships (Figs. 2A,B; p<0.001,

R2
50.607 and p<0.001, R2

50.768 respectively). No rela-

tionships were found for Mg : Ca, Cu : Ca or Zn : Ca and

these elements were not included in subsequent analyses.

We detected differences in Sr : Ca and/or Ba : Ca between

WL and NS habitats within all regions (Fig. 3; ANOVA,

p<0.001). Otolith Sr : Ca was significantly higher in otoliths

from WL fish than from NS fish from Lake Michigan (Fig.

3A), northern Lake Huron (Fig. 3C) and Saginaw Bay (Fig.

3E), with the exception of Wildfowl Bay WL (Saginaw Bay),

Government Bay WL (northern Lake Huron), and the Kala-

mazoo River WL (Lake Michigan). In general, mean Ba : Ca

in otoliths of WL fish was also higher than NS fish. Otolith

Ba : Ca was statistically higher than NS otoliths from the

Quanicassee River (Saginaw Bay; Fig. 3B), Duck Bay (north-

ern Lake Huron; Fig. 3D) and the Kalamazoo River and

Grand Rivers (Lake Michigan; Fig. 3F).

Sr : Ca and Ba : Ca from otoliths were used for multivari-

ate and discriminant analyses based upon these ANOVA

results. After combining Sr : Ca and Ba : Ca as elemental fin-

gerprints for wetland and nearshore habitats, wetland habi-

tats were significantly different than nearshore habitats in

Saginaw Bay (MANOVA; df51, F521.456, p<0.001), north-

ern Lake Huron (MANOVA; df51, F54.2486, p50.02105)

and Lake Michigan (MANOVA; df51, F518.76, p<0.001).

The inclusion of Sr : Ca and Ba : Ca in the QDFA models of

WL and NS otolith chemistry in Lake Michigan, northern

Lake Huron and Saginaw Bay also increased the classification

accuracy within those regions based upon the jackknifing

model verification. Therefore, otolith-edge Sr : Ca and Ba :

Ca were combined in a QDFA to develop predictive models

of WL and NS otolith chemistry, by region. Otolith chemis-

try of WL and NS fish were classified with 8–100% accuracy

based upon jackknifing results (Table 1). Compared with a

binomial distribution, these WL an dNS classification accura-

cies were significantly better than random assignment for

Saginaw Bay, northern Lake Huron and Lake Michigan

(p<0.001, p50.0497, p<0.001, respectively).

Fig. 2. Least squares regression between water and otolith-edge Sr : Ca (left) and Ba : Ca (right). Data points are sample means61 S.E. No fish

were collected from Alpena WL or Pentwater River WL and these sites are excluded from the regressions.
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Fig. 3. Mean otolith Sr : Ca and Ba : Ca values (6 1 S.E.) for habitats in Saginaw Bay in (top; A, B), northern Lake Huron (middle; C, D) and Lake

Michigan (bottom; E, F). Means marked with the same letter are not significantly different (ANOVA followed by Tukey’s HSD test, p<0.05). Near-

shore samples were pooled within each region for the analysis. From left to right, sites include the Quanicassee River mouth, Fish Point, Wildfowl Bay,

AuGres and nearshore (Saginaw Bay), Government Bay, Mismer Bay, Duck Bay and nearshore (Northern Lake Huron) and the Pentwater River, Grand

River, Kalamazoo River and nearshore (Lake Michigan). Nearshore samples were combined in the analyses for comparisons.
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Nearly all yellow perch otoliths analyzed in this study

produced a common pattern in early-life otolith chemistry

before the first annulus, including a core area with elevated

Ba and a spike in Sr : Ca and Ba : Ca between the core and

annulus one (Fig. 4A). When applying the QDFA models to

these transect data, the core and intermediate peak between

the core and annulus one were typically classified as WL use

(Fig. 4B). All estimation of WL and NS habitat use were cre-

ated by (1) plotting Sr : Ca along laser transects and (2)

applying the QDFA model to transect data to estimate

whether otolith growth regions represented WL or NS chem-

istry as shown in Fig. 3B, combining Sr : Ca and Ba : Ca as

predictors of habitat use.

Any fish greater than 2 yr of age (i.e., with two annuli) was

classified as adult and these otoliths were used in life history

analysis of Great Lakes yellow perch. Consequently, 61 yellow

perch were included in the adult habitat use reconstruction

analysis. After applying the QDFA model to these adult trans-

ects, adult yellow perch subjectively grouped into three dis-

tinct patterns outside of the first annulus (Fig. 5A–C). In life

history 1, elemental chemistries demonstrated WL use once

per year (Fig. 5A, n536). In scenario 2, otolith chemistry

transects indicated WL habitat use year-round or a movement

of fish between WL and NS habitats twice per year (Fig. 5B,

n513). In scenario 3, otolith transects demonstrated a WL

use as an adult between annuli 1 and 3 and predominantly

NS use beyond this stage (Fig. 5C, n513).

Dissolved WL and NS trace element comparisons of Sr :

Ca and Ba : Ca from water samples are shown in Fig. 6.

While otolith Sr : Ca, and Ba : Ca were consistently higher

within WL habitats, dissolved Sr : Ca and Ba : Ca were more

variable among WL and NS sites. Within Saginaw Bay, Sr :

Ca was significantly higher than the NS within Pinconning

and Fish Point WL (Fig. 6A). Dissolved Sr : Ca within north-

ern Lake Huron WL was not statistically greater than the NS

at any site (Fig. 6C). Within Lake Michigan, WL Sr : Ca was

higher than the NS within the Grand River only (Fig. 6E).

Within Lake Michigan, Kalamazoo River WL Sr : Ca was sig-

nificantly lower than NS Sr : Ca (Fig. 6E). Within Saginaw

Bay, dissolved Ba : Ca was statistically higher than the NS in

the Quanicassee River WL only (Fig. 6B). Within northern

Lake Huron, dissolved NS Ba : Ca was equal to WL Ba : Ca

with the exception of Government Bay WL, where it was

statistically lower than the NS (Fig. 6D). In Lake Michigan,

dissolved Ba : Ca was significantly greater than the NS in the

Kalamazoo River WL and Grand River WL (Fig. 6F).

Discussion

Otolith chemistry is a rapidly evolving tool used to recon-

struct environmental histories and fish movements across

areas with different chemical signatures. This technology is

commonly applied to explore fish movements across coarse

spatial boundaries with distinct chemical differences such as

freshwater-saltwater movements of pacific salmon (Zimmer-

man and Reeves 2000). Key advances in the application of

otolith microchemistry in freshwater systems have included

work by Bronte et al. (1996) and Brazner et al. (2004a) which

documented site-specific otolith signatures for wetland and

nearshore spawning locations utilizing micro-milling or

whole-otolith based methods of otolith sampling. In contrast

Table 1. Results of Linear Discriminant Function Analysis
(QDFA) classification accuracy of fish to habitat of capture (i.e.,
wetland (WL) or nearshore (NS)) by region, using a leave-one-
out jackknife procedure. Predictive models were constructed
using otolith-edge Sr : Ca and Ba : Ca.

Source Location

Assigned

location

% fish

classified

correctly

Saginaw Bay

NS WL

NS

AuGres 4 0 100

Pinconning 3 0 100

Quanicassee 5 0 100

Fish Point 3 0 100

Wildfowl Bay 5 0 100

WL

AuGres 1 5 83

Pinconning 0 7 100

Quanicassee 0 4 100

Fish Point 0 3 100

Wildfowl Bay 1 2 67

Northern Lake Huron

NS WL

NS

Duck Bay 5 0 100

Mismer Bay 2 0 100

Government Bay 3 0 100

Alpena 4 0 100

WL

Duck Bay 0 8 100

Mismer Bay 4 5 56

Government Bay 12 1 8

Alpena — — N/A

Lake Michigan

NS WL

NS

Grand River 13 1 93

Kalamazoo River 5 0 100

Pentwater River — — N/A

WL

Grand River 1 8 89

Kalamazoo River 0 3 100

Pentwater River 3 5 63
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to these studies, the goal of the current research was to

develop “general” wetland and nearshore fingerprints to

quantify movements between these habitats. In addition, by

using LA-ICM-MS to sample otoliths, the current research

was able to analyze material from discrete zones (i.e., across

annuli) in order to quantify changes in habitat use over

across entire lifecycles. Future studies may be able to build

upon our research by identifying the use of specific wetlands

as described in (Brazner et al. 2004a; Brazner et al. 2004b);

however, this technique remains largely untested within the

Great Lakes.

Positive relationships between otolith-edge Sr : Ca and Ba

: Ca and water chemistry are consistent with previous Great

Lakes research (Zeigler and Whitledge 2010). However, we

found no evidence suggesting that water chemistry of Mn :

Ca or Mg : Ca influence the levels of Mn : Ca or Mg : Ca in

yellow perch otoliths of the Great Lakes and these elements.

This may be because Ba : Ca and Sr : Ca are primarily influ-

enced by water chemistry whereas other elements may be

influenced by factors such as physiological regulation and/or

diet (Dorval et al. 2007; Gibson-Reinemer et al. 2009).

In our analysis of Great Lakes water chemistry, it was

apparent that dissolved Sr : Ca and Ba : Ca were not always

higher in wetland habitats of Lake Michigan, northern Lake

Huron and Saginaw Bay - even at wetland sites where otolith

Sr : Ca and/or Ba : Ca was elevated. In addition to influence

of water chemistry, previous studies have associated changes

in otolith chemistry to changes in temperature, salinity and

growth rate and interactions among trace elements (Dorval

et al. 2007; Gibson-Reinemer et al. 2009; Collingsworth et al.

2010). Other studies have suggested a link between ontoge-

netic changes and the inclusion of trace elements in marine

otoliths (i.e., Brophy et al. 2004; Walther et al. 2010). There-

fore, elevated Sr : Ca and Ba : Ca in otoliths of fish occupy-

ing wetland habitats may be driven by the combined effects

of local trace element chemistry, interactions with other ele-

ments, temperature and individual growth rates. To our

knowledge, research on the effects of these conditions on

otolith chemistry is extremely limited in freshwater fishes

(i.e., Collingsworth et al. 2010); therefore, additional experi-

ments are necessary before we can determine how these con-

ditions influence freshwater otolith chemistry.

The predictive QDFA models of wetland and nearshore

otolith chemistry had a high level of accuracy in predicting

wetland and nearshore otolith chemistries within each

region using Sr : Ca and Ba : Ca. However, based upon the

jackknifing results, we found that there may be coastal wet-

land habitats whose otolith chemistry cannot be reliably dis-

tinguished from the nearshore with a high degree of

accuracy (i.e., AuGres WL, Wildfowl Bay WL and Govern-

ment Bay WL). Our results suggest that the dissolved trace

element chemistries of these wetlands are characterized by

low Sr : Ca and Ba : Ca, similar to that of the nearshore. We

speculate that otolith microchemistry may not be able to

reliably detect fish movements between Great Lakes near-

shore habitats and open embayment wetland habitats, which

are known to have high wave exposure and mixing with

pelagic water (Albert et al. 2005).

Fig. 4. (A) Sr : Ca and Ba : Ca for an age 11 yellow perch. Raw data plotted, without WL and NS classifications by QDFA. (B) Classification of pre-

dicted WL and NS habitat use from otolith in Fig. 3A based upon linear discriminant function analysis (QDFA). Data points represent Sr : Ca across

otolith transect. WL habitat use is indicated by dark circles, NS habitat use indicated by light circles. Core and annuli indicated by vertical bars.

Schoen et al. Reconstructing fish movements

1807



Elevated Ba : Ca in the core region along each transect

was classified as wetland use based upon the QDFA models.

However, this does not necessarily indicate wetland habitat

use in the primordial otolith region. It is possible that ele-

vated barium a relic of initial otolith calcification wherein

higher levels of minor trace elements are incorporated for

this protein-demanding process (Zhang and Runham 1992).

Spikes in Ba, Mn and other elements in this zone may also

be a general characteristic of otoliths created by maternal

signatures as described in Ruttenberg et al. (2005) and Roy

et al. (2013). In addition, we found elevated Sr : Ca and Ba :

Ca outside of the core region in the area between the core

and annulus one. Great Lakes yellow perch have a pelagic

larval stage which may last 80 d, after which larvae return to

littoral vegetation (Beletsky et al. 2007). We suspect that this

return to wetland habitat is documented in yellow perch

otoliths by a spike in Sr : Ca and Ba : Ca between the core

the first annulus. This portion of the otolith likely corre-

sponds to the time when fish are moving back offshore dur-

ing winter, possibly for thermal refugia.

Adult yellow perch subjectively grouped into at least three

life histories based upon our analysis. The most common

history was single, annual use of wetland habitats, most

likely for spawning. The position of wetland signatures along

transects often coincided with the annuli, which are typi-

cally formed in June or July each year in the northern hemi-

sphere (Blackwell and Kaufman 2012). This is consistent

with previous research which suggests that yellow perch

spawn among wetland vegetation each spring, before travel-

ing offshore to form schools as adults (Robillard and

Marsden 2001; Roberge et al. 2002).

Individuals exhibiting the second life-history of bi-annual

or year-round use of wetland habitats may be staying in

them, particularly as juveniles, to forage and/or to avoid

predators. Many prey of yellow perch use wetlands as a pre-

dation refuge because prey species have lower aerobic

demands than predators and wetland habitats tend to have

lower oxygen (Robb and Abrahams 2002). Although diet

analyses were not included in this study, it is also possible

that individuals are occupying coastal wetlands to forage on

insects, which are highly abundant in structurally complex

wetland habitats (Uzarski et al. 2005; Cooper et al. 2014).

However, it should be noted that none of the fish classified

into this category were greater than 4 yr of age; therefore, it

is possible that we are overestimating the abundance of this

Fig. 5. Results of QDFA-estimated WL and NS habitat use in three rep-

resentative yellow perch based upon concentrations of Sr: Ca and Ba:

Ca. Data points represent Sr: Ca across otolith transect; WL habitat use

is indicated by dark circles, NS habitat use is indicated by light circles.

Core and annuli indicated by vertical bars. Axes within each panel use

different scales. (A) Fish utilizing WLs once per year; (B) WL resident;

(C) WL use followed by movement nearshore as adult.
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Fig. 6. Mean dissolved Sr : Ca and Ba : Ca values (6 1 S.E.) for habitats in Saginaw Bay (top; A, B), northern Lake Huron (middle; C, D) and Lake

Michigan (bottom; E, F) habitats. Means marked with the same letter are not significantly different (ANOVA followed by Tukey’s HSD test, p<0.05).

From left to right, sites include the Quanicassee River mouth, Fish Point, Wildfowl Bay, AuGres and nearshore (Saginaw Bay), Government Bay, Duck

Bay, Mismer Bay, Alpena and nearshore (Northern Lake Huron) and the Pentwater River, Grand River, Kalamazoo River and nearshore (Lake Michigan).

Nearshore samples were pooled in the analyses.

Schoen et al. Reconstructing fish movements

1809



life history because some of these fish may have eventually

moved to nearshore habitats as adults.

The third life history of nearshore residence was a combi-

nation of wetland use as juveniles (age 1–2) and movement

to the nearshore as adults. Although yellow perch typically

spawn in vegetated wetland habitats, they have been

observed to spawn in nearshore waters of Lake Michigan

with cobble substrate (Robillard and Marsden 2001). Parker

et al. (2009) found genetic, morphological and dietary differ-

ences between yellow perch inhabiting deep nearshore habi-

tats and those using shallow wetland areas of the Great

Lakes. Similarly, Janetski et al. (2013) found irregular rela-

tionships between wetland and nearshore yellow perch

recruitment in Lake Michigan, suggesting that connectivity

between these habitats may be limited. Our data are consist-

ent with a nearshore contingent of Great Lakes yellow perch,

confirming the existence of such as life history. Similarly,

this pattern may also suggest that young yellow perch may

be moving nearshore later in life as adults when physical

conditions in the wetland are no longer favorable for

growth, which may be analogous to partial migration in salt-

water fishes (Kerr et al. 2009).

We also observed small spikes in Sr : Ca and Ba : Ca

within otolith transects, below the wetland- nearshore

threshold value established by the QDFA. These peaks may

hold information regarding short-term wetland visits (<20 d)

that may go unnoticed in our analysis due to spatial resolu-

tion limitations related to laser ablation parameters. Higher

temporal resolution in LA-SF-ICP-MS transects may be

achieved in future studies if higher-concentration elements

such as Sr, Ba, and Ca were the only elements of interest,

while utilizing smaller laser beam diameters and faster scan

rates. Alternatively, these peaks could indicate changes in

environmental conditions such as annual Great Lakes tem-

perature fluctuations or changes diet (Elsdon and Gillanders

2004; Collingsworth et al. 2010).

One limitation to the current study is that we did not

include additional habitat types in our analysis of wetland

and nearshore habitat use. Although it is possible that yel-

low perch are moving into habitats that were not included

in the analysis (i.e., offshore habitats), it has been suggested

that yellow perch are an intermediate Great Lakes species,

using nearshore areas as adults and wetland habitat for

spawning and nursery purposes (Wei et al. 2004). Previous

studies of yellow perch have shown that yellow perch typi-

cally occupy nearshore, open water habitats (Roberge et al.

2002; Hoffman and Trebitz 2015) and move to shallow water

each spring to spawn in cobble reefs or wetland vegetation

before moving back to deeper water (Robillard and Marsden

2001; Roberge et al. 2002). Therefore, it is unlikely that the

fish in this analysis are frequenting offshore habitats of the

Great Lakes.

In addition, our analyses were based upon a limited set of

water and fish samples collected during a single summer sea-

son. Although Pangle et al. (2010) showed stable inter-

annual trace element signatures within Lake Erie tributaries,

previous research has demonstrated seasonal and annual var-

iability in dissolved trace elements based upon factors such

as precipitation (Shiller 1997; Negrel and Pauwels 2004).

Therefore, we acknowledge that variability in Great Lakes

trace element chemistry and otolith microchemistry may

warrant further investigation. If water and fish samples were

collected over a long enough period of time, site-specific ele-

mental “libraries” could be developed to correct for any

interannual and intraannual variability in these signatures as

suggested in Pangle et al. (2010).

Conclusions

Coastal fish surveys have suggested that Great Lakes fish

communities use coastal wetlands disproportionate to their

availability (Jude and Pappas 1992; Wei et al. 2004). How-

ever, few studies have attempted to quantify movements of

fish between these habitat types (i.e., Brazner et al. 2001).

Our methods quantify the frequency and duration of this

habitat use across entire life spans and suggest complex life

histories for yellow perch including (1) individuals that

visit wetlands temporarily each spring (2) prolonged

wetland-residence; and (3) individuals that utilize coastal

wetlands as juveniles before moving to the nearshore as

adults.

The results of this study have important implications for

the successful management of the Great Lakes ecosystem,

including yellow perch stocks. Application of this technique

may be useful for other ecologically important species. With

respect to yellow perch, our data suggest a variety of life his-

tory strategies within the Great Lakes that may be driven by

factors associated with wetland and nearshore habitat use,

such as predation risk or food (Robb and Abrahams 2002).

The importance of predation, food availability, physiological

costs and growth potential have been found to influence sal-

monid movements (Metcalfe 1998; Mangel and Stamps

2001) although the importance of these factors in driving

life histories in Great Lakes fish populations has not been

explored.

To our knowledge this is the most comprehensive evalua-

tion of life history strategies in Great Lakes yellow perch.

Our results illustrate the importance of coastal wetland and

nearshore habitats for larval fish, juveniles and adults.

Together, these analyses suggest that wetland and nearshore

food webs of the Great Lakes support fish through frequent

movements between habitats. These movements may be

related to processes such as egg deposition (Stockwell et al.

2014), cross-habitat foraging as adults (McCann et al. 2005)

or emigration as larvae or juveniles from wetlands, subsidiz-

ing wetland and nearshore food webs with energy from adja-

cent habitats.

Schoen et al. Reconstructing fish movements

1810



References

Ahrenstorff, T. D., T. R. Hrabik, J. D. Stockwell, D. L. Yule,

and G. G. Sass. 2011. Seasonally dynamic diel vertical

migrations of Mysis diluviana, coregonine fishes, and sis-

cowet lake trout in the pelagia of western Lake Superior.

Trans. Am. Fish. Soc. 140: 1504–1520. doi:10.1080/

00028487.2011.637004

Albert, D. A., D. A. Wilcox, J. Ingram, and T. A. Thompson.

2005. Hydrogeomorphic classification for Great Lakes

coastal wetlands. J. Great Lakes Res. 31: 129–146. doi:

10.1016/S0380-1330(05)70294-X

Beletsky, D., D. M. Mason, D. J. Schwab, E. S. Rutherford, J.

Janssen, D. F. Clapp, and J. M. Dettmers. Biophysical

model of larval yellow perch advection and settlement

in Lake Michigan. 2007. J. Great Lakes Res. 33: 842–

866. doi:10.3394/0380-1330(2007)33[842:BMOLYP]2.0.

CO;2

Blackwell, B. G., and T. M. Kaufman. 2012. Timing of yellow

perch annulus formation and relationship between fish

and otolith lengths. N. Am. J. Fish. Manag. 32: 239–248.

doi:10.1080/02755947.2012.672364

Brazner, J. C., D. K. Tanner, and J. A. Morrice. 2001. Fish-

mediated nutrient and energy exchange between a

Lake Superior coastal wetland and its adjacent bay. J.

Great Lakes Res. 27: 98–111. doi:10.1016/S0380-1330(01)

70625-9

Brazner, J. C., S. E. Campana, and D. K. Tanner. 2004a. Habi-

tat fingerprints for Lake Superior coastal wetlands derived

from elemental analysis of yellow perch otoliths. Trans.

Am. Fish. Soc. 133: 692–704. doi:10.1577/T03-091.1

Brazner, J. C., S. E. Campana, D. K. Tanner, and S. T.

Schram. 2004b. Reconstructing habitat use and wetland

nursery origin of yellow perch from Lake Superior using

otolith elemental analysis. J. Great Lakes Res. 30: 492–

507. doi:10.1016/S0380-1330(04)70365-2

Bronte, C. R., R. J. Hesselberg, J. A. Showsmith, and M. H.

Hoff. 1996. Discrimination among spawning concentra-

tions of Lake Superior lake herring based on trace element

profiles in sagittae. Trans. Am. Fish. Soc. 125: 852–859.

doi:10.1577/1548-8659(1996)125<0852:DASCOL>2.3.

CO;2

Brophy, D., T. E. Jeffries, and B. S. Danilowicz. 2004. Ele-

vated manganese concentrations at the cores of the clu-

peid otoliths : Possible environmental, physiological, or

structural origins. Mar. Biol. 144: 779–786. doi:10.1007/

s00227-003-1240-3

Campana, S. E., and S. R. Thorrold. 2001. Otoliths, incre-

ments and elements : Keys to a comprehensive under-

standing of fish populations. Can. J. Fish. Aquat. Sci. 58:

30–38. doi:10.1139/f00-177

Collingsworth, P. D., J. J. Van Tassell, J. W. Olesk, and E. A.

Marschall. 2010. Effects of temperature and elemental

concentration on the chemical composition of juvenile

yellow perch (Perca flavescens) otoliths. Can. J. Fish.

Aquat. Sci. 67: 1187–1196. doi:10.1139/F10-050

Cooper, M. J., G. A. Lamberti, and D. G. Uzarski. 2014. Spa-

tial and temporal trends in invertebrate communities of

Great Lakes coastal wetlands, with emphasis on Saginaw

Bay of Lake Huron. J. Great Lakes Res. 40: 168–182. doi:

10.1016/j.jglr.2013.12.003

Dorval, E., C. M. Jones, R. Hannigan, and J. van Monfrans.

2007. Relating otolith chemistry to surface water chemis-

try in a coastal plain estuary. Can. J. Fish. Aquat. Sci. 64:

411–424. doi:10.1139/F07-015

Elsdon, T. S., and B. M. Gillanders. 2004. Fish otolith chem-

istry influenced by exposure to multiple environmental

variables. J. Exp. Mar. Biol. Ecol. 313: 269–284. doi:

10.1016/j.jembe.2004.08.010

Friedrich, L. A., and N. M. Halden. 2010. Determining

exposure history of northern pike and walleye to tail-

ings effluence using trace metal uptake in otoliths.

Environ. Sci. Technol. 44: 1551–1558. doi:10.1021/

es903261q

Gibson-Reinemer, D. K., B. M. Johnson, P. J. Martinez, D. L.

Winkelman, A. E. Koenig, and J. D. Woodhead. 2009. Ele-

mental signatures in otoliths of hatchery Rainbow Trout

(Oncorhynchus mykiss) : Distinctiveness and utility for

detecting origins and movement. Can. J. Fish. Aquat. Sci.

66: 513–524. doi:10.1139/F09-015

Hellstrom, J., C. Paton, J. D. Woodhead, and J. M. Hergt.

2008. Iolite : Software for spatially resolved LA-(quad and

MC) ICPMS analysis. Short Course Ser. - Mineral. Assoc.

Can. 40: 343–348.

Hoffman, J. C., and A. S. Trebitz. 2015. Coastal wetland sup-

port of great lakes fisheries : Progress from concept to

quantification. Trans. Am. Fish. Soc. 144: 352–372. doi:

10.1080/00028487.2014.982257

Janetski, D. J., C. R. Ruetz, and Y. Bhagat. 2013. Recruitment

dynamics of age-0 yellow perch in a drowned River

Mouth Lake : Assessing synchrony with nearshore Lake

Michigan. Trans. Am. Fish. Soc. 142: 505–515. doi:

10.1080/00028487.2012.756432

Jude, D. J., and J. Pappas. 1992. Fish utilization of Great

Lakes coastal wetlands. J. Great Lakes Res. 18: 651–672.

doi:10.1016/S0380-1330(92)71328-8

Kerr, L. A, H. S. David, and M. P. Philip. 2009. Partial Migra-

tion of Fishes as Exemplified by the Estuarine-Dependent

White Perch. Fisheries 34: 114–123. doi:10.1577/1548-

8446-34.3.114

Lindeman, R.L. 1942. The trophic dynamic aspect of ecol-

ogy. Ecology 23: 399–418. doi:10.1007/BF02464428

Mangel, M., and J. Stamps. 2001. Tradeoffs between growth

and mortality and the maintenance of individual varia-

tion in growth. Evol. Ecol. Res. 3: 583–593.

McCann, K. S., J. B. Rasmussen, and J. Umbanhowar. 2005.

The dynamics of spatially coupled food webs. Ecol. Lett.

8: 513–523. doi:10.1111/j.1461-0248.2005.00742.x

Schoen et al. Reconstructing fish movements

1811



Metcalfe, N. B. 1998. The interaction between behavior and

physiology in determining life history patterns in Atlantic

salmon (Salmo salar). Can. J. Fish. Aquat. Sci. 55: 93–103.

doi:10.1139/d98-005

Negrel, P., and H. Pauwels. 2004. Interactions between

different groundwaters in Brittany catchments (France):

Characterizing multiple sources through strontium

and sulphur isotope tracing. Water Air Soil Pollut. 151:

261–285. doi:10.1023/B:WATE.0000009912.04798.b7

Odum, E. P. 1968. A research challenge : Evaluating the pro-

ductivity of coastal and estuarine water. Proceedings of

the Second Sea Grant Conference. Univ. of Rhode Island,

pp. 63–64.

Pangle, K. L, S. A. Ludsin, and B. J. Fryer. 2010. Otolith

microchemistry as a stock identification tool for fresh-

water fishes : Testing its limits in Lake Erie. Can. J. Fish.

Aquat. Sci. 67: 1475–1489. doi:10.1139/F10-076

Parker, A. D., C. A. Stepian, O. J. Sepulveda-Villet, C. B.

Ruehl, and D. G. Uzarski. 2009. The interplay of morphol-

ogy, habitat, resource use, and genetic relationships in

young yellow perch. Trans. Am. Fish. Soc. 138: 899–914.

doi:10.1577/T08-093.1

Pearce, N. J. G., W. T. Perkins, J. A. Westgate, M. P. Gorton,

and S. E. Jackson. 1997. A compilation of new and pub-

lished major and trace element data for NIST SRM 610

and NIST SRM 612 glass reference materials. Geostand.

Newsl. 21: 115–144. doi:10.1111/j.1751-908X.1997.tb00

538.x

Robb, T., and M. V. Abrahams. 2002. The influence of

hypoxia on risk of predation and habitat choice by the

fathead minnow, Pimephales promelas. Behav. Ecol. Socio-

biol. 52: 25–30. doi:10.1126/science.288.5467.854

Roberge, M., T. Slaney, and C. K. Minns. 2002. Life

history characteristics of freshwater fishes occurring in

British Columbia, with major emphasis on lake habitat

characteristics. Can. Man. Rep. Fish. Aquat. Sci. 2611:

107–108f.

Robillard, S. R., and E. Marsden. 2001. Spawning substrate

preferences of yellow perch along a sand–cobble shoreline

in southwestern Lake Michigan. N. Am. J. Fish. Manag.

21: 208–215. doi:10.1577/1548 8675(2001)021<0208:

SSPOYP>2.0.CO;2

Roy, A., A. J. Frisch, C. Syms, S. R. Thorrold, and G. P. Jones.

2013. Retention of a transgenerational marker (137Bar-

ium) in tissues of adult female anemonefish and assess-

ment of physiological stress. Environ. Biol. Fish. 94: 459–

466. doi:10.1007/s10641-012-0029-y

Ruttenberg, B. I., and others. 2005. Elevated levels of trace

elements in cores of otoliths and their potential for use as

natural tags. Mar. Ecol. Prog. Ser. 297: 273–281. doi:

10.3354/meps297273

Schindler, D. E., and M. D. Scheuerell. 2002. Habitat cou-

pling in lake ecosystems. Oikos 98: 177–189. doi:10.1034/

j.1600-0706.2002.980201.x

Shiller, A. M. 1997. Dissolved trace elements in the

Mississippi River : Seasonal, interannual, and decadal vari-

ability. Geochim. Cosmochim. Acta. 61: 4321–4330. doi:

10.1016/S0016-7037(97)00245-7

Shiller, A. M. 2003. Syringe filtration methods for examining

dissolved and colloidal trace elemental distributions in

remote field locations. Environ. Sci. Technol. 37: 3953–

3957. doi:10.1021/es0341182

Sierszen, M. E., J. C. Brazner, A. M. Cotter, J. A. Morrice, G.

S. Peterson, and A. S. Trebitz. 2012. Watershed and lake

influences on the energetic base of coastal wetland food

webs across the Great Lakes Basin. J. Great Lakes Res. 38:

418–428. doi:10.1016/j.jglr.2012.04.005

Sierszen, M. E., T. R. Hrabik, J. D. Stockwell, A. M. Cotter, J.

C. Hoffman, and D. L. Yule. 2014. Depth gradients in

food-web processes linking habitats in large lakes : Lake

Superior as an exemplar ecosystem. Freshwat. Biol. 59:

2122–2136. doi:10.1111/fwb.12415

Stockwell, J. D., D. L. Yule, T. R. Hrabik, M. E. Sierszen,

and E. J. Isaac. 2014. Habitat coupling in a large

lake system : Delivery of an energy subsidy by an off-

shore planktivore to the nearshore zone of Lake Supe-

rior. Freshw. Biol. 59: 1197–1212. doi:10.1111/

fwb.12340

Uzarski, D. G., T. M. Burton, M. J. Cooper, J. W. Ingram, and

S. T. A. Timmermans. 2005. Fish habitat use within and

across wetland classes in coastal wetlands of the five Great

Lakes : Development of a fish-based index of biotic integ-

rity. J. Great Lakes Res. 31: 171–187. doi:10.1016/S0380-

1330(05)70297-5

Vander Zanden, M. J., and Y. Vadeboncoeur. 2002. Fishes as

integrators of benthic and pelagic food webs in lakes.

Ecology 83: 2152–2161. doi:10.1890/0012-9658(2002)083

[2152:FAIOBA]2.0.CO;2

Walther, B. D., M. J. Kingsford, M. D. O’Callaghan, and M.

T. McCulloch. 2010. Interactive effects of ontogeny, food

ration and temperature on elemental incorporation in

otoliths of a coral reef fish. Environ. Biol. Fish. 89: 441–

451. doi:10.1007/s10641-010-9661-6

Wei, A., P. Chow-Fraser, and D. Albert. 2004. Influence of

shoreline features on fish distribution in the Laurentian

Great Lakes. Can J. Fish. Aquat. Sci. 61: 1113–1123. doi:

10.1139/f04-061

Zeigler, J. M., and G. W. Whitledge. 2010. Assessment of oto-

liths chemistry for identifying source environment of

fishes in the lower Illinois River, Illinois. Hyrobiologia

638: 109–119. doi:10.1080/19425120.2012.675967

Zhang, Z., and N. W. Runham. 1992. Initial development of

Oregochromis niloticus (Teleostei, Cichlidae) otoliths. J.

Zool. (London) 227: 465–478. doi:10.1111/j.1469-

7998.1992.tb04407.x

Zimmerman, C. E., and G. H. Reeves. 2000. Population struc-

ture of sympatric anadromous and nonanadromous Onco-

rhynchus mykiss : Evidence from spawning surveys and

Schoen et al. Reconstructing fish movements

1812



otoliths microchemistry. Can. J. Fish. Aquat. Sci. 57:

2152–2162. doi:10.1139/f00-192

Acknowledgments

We thank David Clapp, Dave Fielder, Bill Wellenkamp and the Michi-

gan Department of Natural Resources Fisheries Division for assisting in

fish collections as well as Ryan Wheeler, Tom Langer, Bridget Ziola, Lind-

sey Adams and Kaley Genther for assisting in the collection and prepara-

tion of samples for analysis. We also thank Jonathon Launspach for his

help creating maps. The research described in this article has been

funded in part by the U.S. Environmental Protection Agency as part of

the Great Lakes Restoration Initiative under proposal EPA GLNPO-2010-

H-3-984-758 titled GLIC : Implementing Great Lakes Coastal Wetland

Monitoring. The research was also supported by the Garden Club of

America Coastal Wetlands Award Selection Committee, Center for

Coastal Resources Management at the Virginia Institute of Marine Sci-

ence, College of William and Mary. The views expressed in this article

are those of the authors and do not necessarily reflect the views or poli-

cies of the Michigan DNR, DEQ or the U.S. EPA. This paper is Contribu-

tion Number 73 of the Central Michigan University Institute for Great

Lakes Research.

Submitted 29 June 2015

Revised 8 February 2016

Accepted 20 April 2016

Associate editor : Stephanie Hampton

Schoen et al. Reconstructing fish movements

1813
















	Nomination_EPA-CF-0000000068
	General_Authors_Publications
	LI-263682_Permeable_pavement-Water_Environment_Research
	Microorganism_Removal_in_Permeable_Pavement_Parking_Lots_in_Edison_Environmental_Center_New_Je_May_2017
	Permeable_pavement-Water_Environment_Research
	Record_of_Percentage-Selvakumar
	RecordofPercentage-OConnor
	WEF_letter_-_one_of_the_top_cited

	Nomination_EPA-CF-0000000070
	General_Authors_Publications
	LI-264488_jam13284-sup-0001-supinfo
	LI-264488_Wood_et_al-2016-Journal_of_Applied_Microbiology_(1)
	Re__[EXTERNAL]_Record_of_Percentage_Agreement__Abderrahmane_(Dahman)_Touati_-_for_STAA_award
	Re__[Non-DoD_Source]_Record_of_Percentage_Agreement__Vipin_Rastogi_-_for_STAA_award
	Re__Record_of_Percentage_Agreement_Leroy_Mickelsen_-_for_STAA_award
	RE__Record_of_Percentage_Agreement_Lisa_Smith_-_for_STAA_award
	RE__Record_of_Percentage_Agreement_M_Worth_Calfee_-_for_STAA_award
	Re__Record_of_Percentage_Agreement_Matt_Clayton_-_for_STAA_award
	Re__Record_of_Percentage_Agreement_Nicole_Griffin-Gatchalian_-_for_STAA_award
	Re__Record_of_Percentage_Agreement_Shawn_Ryan-_for_STAA_award
	Supp_Item_1_EPA_Strategic_Plan
	Supp_Item_2_HS_StRap
	Supp_Item_3_National-Biodefense-Strategy
	Supp_Item_4_Mickelsen_et_al-2019-Remediation
	Supp_Item_5_EPA_report_R18-215_anthracis_high_low_concs_HPV
	Supp_Item_6_acsest9b06034_EBOV
	Supp_Item_7_LCHPV_vehicle_EPA_Conf_2019_Final
	Supp_Item_8_LCHPV_chem_agents
	Supp_Item_9_Mickelsen_Lab_decon_LCHP
	Supp_Item_10_Singapore_presentation_LCHP_lab_tests

	Nomination_EPA-CF-0000000071
	General_Authors_Publications
	LI-264291_LI-264291
	LI-264296_LI-264296
	LI-264298_LI-264298
	Record_of_Agreement

	Nomination_EPA-CF-0000000072
	General_Authors_Publications
	LI-264101_GriffithMB2017-EnvironToxicolChem-final
	LI-264101_GriffithMB2017-EnvironToxicolChem-SupplTablesS1-S9
	LI-264101_MEMO-RecordPercentAgreement_mbgriffith
	Papers_that_Cite_GriffithMB2017-EnvironToxicolChem
	GriffithMB2014-FreshwSci

	Nomination_EPA-CF-0000000074
	General_Authors_Publications
	LI-266371_Rappold_et_al_2017
	LI-266372_Fann_et_al_2017
	Fann_et_al_2017
	Rappold_et_al_2017
	Rappold2017_AIR
	Fann2018_AIR
	Fann_2018_News
	Concur_emails

	Nomination_EPA-CF-0000000081
	General_Authors_Publications
	LI-265069_Blackwell_et_al2019_EST_USGS_streams
	LI-265088_Blackwell_et_al2017EAR_Great_Lakes
	LI-265088_Supporting_document_Corsi_et_al_2019_Prioritizing_chemicals
	LI-265088_Supporting_documentation_DeCicco_et_al_2018_ToxEval_R_package
	Supporting_document_Corsi_et_al_2019_Prioritizing_chemicals
	Supporting_documentation_DeCicco_et_al_2018_ToxEval_R_package

	Nomination_EPA-CF-0000000083
	General_Authors_Publications
	LI-265105_Haselman_et_al_2016a_JAT
	LI-265105_Haselman_et_al_2016a_JAT_Supplementary_data
	LI-265105_InCites_Journal_Citation_Reports_JAT
	LI-265106_Haselman_et_al_2018_AqTox
	LI-265106_Haselman_et_al_2018_AqTox_Supplementary_data
	LI-265106_InCites_Journal_Citation_Reports_AqTox
	Record_of_Percentage_Agreement_Allen_Olmstead
	Record_of_Percentage_Agreement_Joseph_Korte
	Record_of_Percentage_Agreement_Patricia_Kosian
	Record_of_Percentage_Agreement_Rodney_Johnson
	Record_of_Percentage_Agreement_Sigmund_Degitz
	Record_of_Percentage_Agreement_Taisen_Iguchi
	Supporting_Automated_dilution_system
	Supporting_Exposure_unit
	Supporting_Haselman_et_al_2015_G&CE
	Supporting_Haselman_et_al_2015_G&CE_Supplementary_data1
	Supporting_Haselman_et_al_2015_G&CE_Supplementary_data2
	Supporting_Haselman_et_al_2016b_JAT
	Supporting_Haselman_et_al_2016b_JAT_Supplementary_data
	Supporting_OCSPP_890-2300_(LAGDA)
	20-084_Complete_citations

	Nomination_EPA-CF-0000000084
	General_Authors_Publications
	LI-265143_Melnyk_etal_2019_Sr_paper
	RPA_Donohue_J
	RPA_Donohue_M
	RPA_Pham

	Nomination_EPA-CF-0000000085
	General_Authors_Publications
	LI-266007_Ma_et_al_2015
	Alejandra_Gonz?lez-Mej?a
	Record_of_Percentage_Agreement_COT_xx_jc_xm_signed
	Record_of_Percentage_Agreement_COT_xx_jg_signed

	Nomination_EPA-CF-0000000086
	General_Authors_Publications
	LI-266151_BMC_genomics_2016
	LI-266152_Toxicology2018
	RecordOfAgreementRLW2020

	Nomination_EPA-CF-0000000089
	General_Authors_Publications
	LI-266322_Wambaugh-2015-TKTriage
	Wambaugh-2015-TKTriage
	Triage-2020-Thomas-STAA
	Triage-2020-Tropsha-STAA
	Triage-2020-Bosgra-STAA
	Triage-2020-Wetmore-STAA
	Triage-2020-Setzer-STAA
	Triage-2020-Shah-STAA
	Triage-2020-Strope-STAA
	Triage-2020-Pearce-STAA
	Triage-2020-Goldsmith-STAA
	Triage-2020-Judson-STAA
	Triage-2020-Sluka-STAA
	Triage-2020-Sedykh-STAA
	Triage-2020-Wambaugh-STAA

	Nomination_EPA-CF-0000000093
	General_Authors_Publications
	LI-266759_Radke_et_al_2018_Phthalates_male_repro_epi_SR
	LI-266760_Yost_et_al_2019_DIBP_animal_tox_SR
	LI-266761_Blessinger_et_al_2020_Ordinal_dose_response_modeling
	Radke_et_al_2019_Development_of_outcome_specific_criteria_for_epi_study_evaluation
	Radke_et_al_2019_Phthalates_female_repro_epi_SR
	Radke_et_al_2019_Phthalates_metabolic_effects_epi_SR
	Radke_et_al_2020_Phthalates_neurodevelopment_epi_SR
	Record_of_agreement_Arzuaga
	Record_of_agreement_Beverly
	Record_of_agreement_Cai
	Record_of_agreement_Dishaw
	Record_of_agreement_Euling
	Record_of_agreement_Hogan
	Record_of_agreement_Hotchkiss
	Record_of_agreement_Keshava
	Record_of_agreement_Klinefelter
	Record_of_agreement_Makris
	Record_of_agreement_Mudipalli
	Record_of_agreement_Radke_Cooper_Meeker_Braun
	Record_of_agreement_Saillenfait
	Record_of_agreement_Wang
	Record_of_agreement_Weaver
	Record_of_agreement_Blessinger
	Letter_of_support_for_STAA_award_Burke
	Letter_of_support_for_STAA_award_Chiu
	Letter_of_support_for_STAA_award_Whaley

	Nomination_EPA-CF-0000000094
	General_Authors_Publications
	LI-266684_The_geographic_distribution_and_economic_value_of_climate_change_related_ozone_health_impacts_in_the_United_States_in_2030
	LI-266684_uawm_a_996270_sm8196
	Amanda_Curry
	Chris_Nolte
	Neal_Fann
	Sharon_Phillips
	Susan_Anenberg
	Tanya_Spero

	Nomination_EPA-CF-0000000095
	General_Authors_Publications
	LI-266504_A_national_statistical_survey_assessment_of_mercury_concentrations_in_fillets_of_fish_collected_in_the_US_EPA_NRSA
	LI-266562_Statistical_Survey_of_Persistent_Organic_Pollutants_Risk_Estimations_to_human_and_wildlife
	A_national_statistical_survey_assessment_of_mercury_concentrations_in_fillets_of_fish_collected_in_the_US_EPA_NRSA
	Statistical_Survey_of_Persistent_Organic_Pollutants_Risk_Estimations_to_human_and_wildlife
	Perfluorinated_compounds_infish_from_US_urban_rivers_and_the_Great_Lakes
	Presence_of_pharmaceuticals_in_fish_collected_from_urban_rivers_in_the_US_EPA_2008?2009_National_Rivers_and_Streams_Assessment
	Percentage_Agreement
	STAArecommend-WathenBatt_4-28-20
	EPA_STAA_Nomination_review_Muir

	Nomination_EPA-CF-0000000096
	General_Authors_Publications
	LI-265828_Journal_Article_aws21131
	LI-265828_Journal_Article_Supplementary_Information_aws21131-sup-0001-supinfo
	ScienceMatters+WaterOnlineNewsStory
	RecordOfPercentageEmails

	Nomination_EPA-CF-0000000097
	General_Authors_Publications
	LI-265947_Price_Heberling_EcolEcon
	LI-265947_Price_Heberling_EcolEconSupplemental
	LI-265952_Price_et_al-2018-Journal_-_American_Water_Works_Association
	Record_of_Percentage_Agreement_James_Price
	Record_of_Percentage_Agreement__Christopher_Nietch
	Record_of_Percentage_Agreement__Matt_Heberling

	Nomination_EPA-CF-0000000098
	General_Authors_Publications
	LI-266206_Email_approvals_of_the_co-authors_on_their_contributions_to_the_article_for_STAA_application
	The_published_PDF_version_of_the_article_on_proteomic_responses_of_BEAS-2b_cells_to__chromium_treatments
	Email_approvals_of_the_co-authors_on_their_contributions_to_the_article_for_STAA_application

	Nomination_EPA-CF-0000000099
	General_Authors_Publications
	LI-266117_Part_2_Paper_1
	LI-266118_Part_2_Paper_2
	STAA_Part_2_Sustainable_Hydrogen_Production-Revised
	Contribution_to_submitted_papers_for_STAA_award-from_Rajender_Varma
	e-mail-Nadagouda
	E-mail-Nasir
	Part_2_Paper_1
	Part_2_Paper_2
	Sanny_Verma_Part_01_Confirmation

	Nomination_EPA-CF-0000000100
	General_Authors_Publications
	LI-266120_Xue_et_al_2015
	Record_of_Percentage_Agreement_Critical_Insight_paper_xx_jg_signed
	Record_of_Percentage_Agreement_Critical_Insight_paper_xx_ms_trh_jc_signed
	Record_of_Percentage_Agreement_Critical_Insight_paper_xx_ms_na_xm_signed

	Nomination_EPA-CF-0000000101
	General_Authors_Publications
	LI-266121_Part_3_Paper_1
	LI-266122_Part_3_Paper_2
	e-mail_Nasir
	e-mail-Nadagouda
	My_contribution_to_papers_submitted_for_STAA_award-from_Rajender_Varma
	Part_3_Paper_1
	Part_3_Paper_2
	Sanny_Verma_Part_02_Confirmation
	STAA_Part_3_Environmental_upgrading_of_biomass_and_sustainable_development_in_organic_transformation-Revised

	Nomination_EPA-CF-0000000102
	General_Authors_Publications
	LI-266150_Maxwell_2018_Environ_Res_Lett_13_083002-2
	Maxwell_2018_Environ_Res_Lett_13_083002-2
	RPA_Maxwell
	RPA_Kiessling
	RPA_Buckley
	EPA_Award_Letter_-_Kiessling_and_Maxwell_2020

	Nomination_EPA-CF-0000000103
	General_Authors_Publications
	LI-266167_STAA_combined_%_memos
	STAA_combined_%_memos
	Regli_et_al_2015
	Regli_SI
	A.Stig%STAA
	B.Jimmy_%
	C.Messner%
	D.mse%memo
	E.FL%STAA
	F.STAA%memo.pegram
	G.TJP_signed%STAA
	H.Susan Richardson-signature for STAA Award nomination-4-27-20
	I.Percent Agreement_Wright
	A.Stig%STAA
	B.Jimmy_%
	C.Messner%
	D.mse%memo
	E.FL%STAA
	F.STAA%memo.pegram
	G.TJP_signed%STAA
	H.Susan Richardson-signature for STAA Award nomination-4-27-20
	I.Percent Agreement_Wright

	Nomination_EPA-CF-0000000104
	General_Authors_Publications
	LI-266168_DonohueBMCinfetDis
	LI-266168_DonohueannalATS
	LI-266169_DonohueBMCinfetDis
	Wymer_%_Agreement
	Donohue_%_Agreement

	Nomination_EPA-CF-0000000105
	General_Authors_Publications
	LI-266296_Sarwar_et_al_2015_article
	LI-266297_Gantt_et_al_2017
	LI-266299_Sarwar_et_al_2019
	SI_Gantt_et_al_2017
	SI_Sarwar_et_al_2019
	SI_Sarwar_et_al_2015
	Muniz-Unamunzaga_et_al_2018
	Li_et_al__2019
	Record_of_percent_agreement_contribution

	Nomination_EPA-CF-0000000106
	General_Authors_Publications
	LI-266212_Barron_et_al_2015_-_Barron-MOA-STAA-2020
	LI-266213_Carriger_et_al_2016_-_Barron-MOA-STAA-2020
	LI-266214_Martin_et_al_2015_-_Barron-MOA-STAA-2020
	Barron-MOA-STAA-2020-percent_contribution_agreements
	Barron_et_al_2015_-_Barron-MOA-STAA-2020
	Carriger_et_al_2016_-_Barron-MOA-STAA-2020
	Martin_et_al_2015_-_Barron-MOA-STAA-2020

	Nomination_EPA-CF-0000000107
	General_Authors_Publications
	LI-266232_Published_Manuscript_for_LI-266232_(ES&T_2019)
	LI-266233_Published_Manuscript_for_LI-266233_(J_Chrom_A)
	LI-266234_Published_Manuscript_for_LI-266234_(ES&T_2015)
	Published_Manuscript_for_LI-266234_(ES&T_2015)
	Supplemental_materials_provided_to_Journal_for_LI-266234_(ES&T_2015)
	Supplemental_materials_provided_to_Journal_for_LI-266233_(J_Chrom_A)
	Published_Manuscript_for_LI-266233_(J_Chrom_A)
	Published_Manuscript_for_LI-266232_(ES&T_2019)

	Nomination_EPA-CF-0000000108
	General_Authors_Publications
	LI-266273_Summers_et_al_NaHRSI
	LI-266274_Summers_et_al_ResilienceToNaturalHazards-2018
	LI-266275_Buck_-_PRISM_2019_Publication
	Summers_STAA_2020_Bundle_-_percent_contribution_concurrence
	Summers_STAA_2020_Bundle_-_Journal_Statistics_Supplemental_Information
	Summers_et_al_NaHRSI
	Summers_et_al_ResilienceToNaturalHazards-2018
	Buck_-_PRISM_2019_Publication

	Nomination_EPA-CF-0000000109
	General_Authors_Publications
	LI-266824_Farraj_et_al_2015_Cardiac_effects_Seasonal_CAPs&O3
	LI-266830_Hazari_et_al_2018_Comparative_effects_of_Smog
	LI-266831_Thompson_et_al_2019-CAPs_Acrolein_Trpa1
	Cascio_agreement_letter_STAA2020
	Davies_agreement_letter_STAA2020
	Duvall_agreement_letter_STAA2020
	Gilmour_agreement_letter_STAA2020
	Haykal-Coates_agreement_letter_STAA2020
	Hazari_agreement_letter_STAA2020
	Higuchi_agreement_letter_STAA2020
	King_agreement_letter_STAA2020
	Kovalcik_agreement_letter_STAA2020
	Krantz_agreement_letter_STAA2020
	Krug_agreement_letter_STAA2020
	Ledbetter_agreement_letter_STAA2020
	Malik_agreement_letter_STAA2020
	Martin_agreement_letter_STAA2020
	McGee_agreement_letter_STAA2020
	Pancras_agreement_letter_STAA2020
	Stratford_agreement_letter_STAA2020
	Thompson_agreement_letter_STAA2020
	Walsh_agreement_letter_STAA2020
	Wood_agreement_letter_STAA2020
	Farraj_et_al_2015_Cardiac_effects_Seasonal_CAPs&O3
	Hazari_et_al_2018_Comparative_effects_of_Smog
	Thompson_et_al_2019-CAPs_Acrolein_Trpa1

	Nomination_EPA-CF-0000000111
	Nomination_EPA-CF-0000000112
	General_Authors_Publications
	LI-266340_A_Yee2019_Article_LinkingWaterQualityToAedesAegy
	LI-266342_B_DeJes?sCrespo2019_Article_LinkingWetlandEcosystemService
	SupplementA1_CMP_Naled_Letter
	SupplementA2_Maria_Call
	SupplementA3_NEP_Support
	SupplementA4_RevealNews
	SupplementA5_2017_ord_honor_award_recipients
	A_Yee2019_Article_LinkingWaterQualityToAedesAegy
	B_DeJes?sCrespo2019_Article_LinkingWetlandEcosystemService
	B_Wetlands_Journal_SupplementaryMaterial
	SupplementB1_Dengue_Distribution
	SupplementB2_Keynote_Odum
	SupplementB3_LSUNewsArticles
	SupplementB5_Benefits_Ch2
	SupplementB4_EarlyCareerResearchFellows
	Yee_Mosquito_2020_RecordPercentageAgreement

	Nomination_EPA-CF-0000000113
	General_Authors_Publications
	LI-266406_Hughes_and_Edwards_in_vivo_pyrethroids
	LI-266409_Xenobiotica_bifenpk_2016
	LI-266410_Toxicology_Vol_359_2016_pyrethroid_dose_response
	Crofton_Level_of_Effort_STAA_2020
	Devito_Level_of_Effort_STAA_2020
	Edwards_Level_of_Effort_STAA_2020
	Hughes_Level_of_Effort_STAA_2020
	Scollon_Level_of_Effort_STAA_2020
	Starr_Level_of_Effort_STAA_2020
	Wolansky_Level_of_Effort_STAA_2020
	Ross_level_of_Effort_STAA_2020
	In_vitro_dermal_absorption_of_pyethroids

	Nomination_EPA-CF-0000000114
	General_Authors_Publications
	LI-266379_Sobus2016_AIR
	LI-266379_Rager_etal_2016_Supplemental_Figures
	LI-266380_Sobus2018_AIR
	Author_Contributions

	Nomination_EPA-CF-0000000115
	General_Authors_Publications
	LI-266382_Boyes_et_al_2017__A_comprehensive_framework_for_evaluating
	LI-266382_2020_STAA_Nomination_reviews
	LI-266382_Re__STAA_award_Nomination_Paul_R
	LI-266382_RE__STAA_nomination_for_review_article_andersen
	LI-266382_RE__STAA_nomination_for_review_article_Burgess
	LI-266382_RE__STAA_nomination_for_review_article_Hughes
	LI-266382_RE__STAA_nomination_for_review_article_rogers
	LI-266382_RE__STAA_nomination_for_review_article_Zucker
	LI-266382_Re__STAA_nomination_for_review_article_Thornton
	LI-266382_Boyes_et_al_2017__A_comprehensive_framework_for_evaluating
	LI-266382_FW__STAA_nomination_for_review_article_boyes
	LI-266382_RE__STAA_nomination_for_review_article_ho
	LI-266382_RE__STAA_nomination_for_review_article_Scheckel
	LI-266382_STAA_nomination_for_review_article_non-responders
	LI-266382_Submission_of_review_for_STAA_award_Zepp
	LI-266382_Record_of_Percentage_Agreement_?_Souhail_Al-Abed
	Re__STAA_award_Nomination_Paul_R
	RE__STAA_nomination_for_review_article_andersen
	RE__STAA_nomination_for_review_article_Burgess
	RE__STAA_nomination_for_review_article_Hughes
	RE__STAA_nomination_for_review_article_rogers
	RE__STAA_nomination_for_review_article_Zucker
	Re__STAA_nomination_for_review_article_Thornton
	FW__STAA_nomination_for_review_article_boyes
	Record_of_Percentage_Agreement_?_Souhail_Al-Abed
	STAA_nomination_for_review_article_non-responders
	RE__STAA_nomination_for_review_article_Scheckel
	Submission_of_review_for_STAA_award_Zepp
	RE__STAA_nomination_for_review_article_ho
	2020_STAA_Nomination_reviews

	Nomination_EPA-CF-0000000116
	General_Authors_Publications
	LI-266469_berberich_et_al_2019
	LI-266473_Beaulieu_et_al_Ecosystems_2017
	LI-266476_Beaulieu-2016-Estimates_of_reservo
	LI-266477_Beaulieu_et_al_2014__ES&T__CH4_emissions
	Percent_Agreement

	Nomination_EPA-CF-0000000117
	General_Authors_Publications
	LI-266403_Oliver_etal_2018EMAS_AssessingLandUse
	LI-266404_Oliver_etal_2016Developing-a-Multi-Stressor-Gradient-Model
	LI-266405_Santavy_etal_2016TheBiologicalConditionGradient
	Oliver_etal_2018EMAS_AssessingLandUse
	Oliver_etal_2016Developing-a-Multi-Stressor-Gradient-Model
	Santavy_etal_2016TheBiologicalConditionGradient
	Oliver_STAA_2020_Bundle_-_Journal_Statistics_Supplemental_Information
	Oliver_STAA_2020_Bundle_-_percent_contribution_concurrence

	Nomination_EPA-CF-0000000120
	General_Authors_Publications
	JS__STAA_award_nomination_for_the_uranium_paper
	MG__STAA_award_nomination_for_the_uranium_paper
	Arzuaga_et_al_2010

	Nomination_EPA-CF-0000000121
	General_Authors_Publications
	LI-266492_PLOS_1_Zucker_comparison_nanoparticles
	LI-266518_Final__Ortenzio_et_al_2019
	LI-266520_Zucker_et_al-Cytometry_Part_A
	Jana_No_response
	aliceno_response
	Boyes_approval
	jayna_ortinszio_no_repsonse
	kim_approval
	Laura_approval
	lerner_no_repsonse
	McGEE_no_reponse

	Nomination_EPA-CF-0000000122
	General_Authors_Publications
	LI-266498_Kotchenruther_2017
	Record_of_Percentage_Agreement_Robert_A_Kotchenruther
	Robert_Kotchenruther:_supporting_document
	Robert_Kotchenruther:_supporting_document_2
	Kotchenruther_2017_AE_supplemental_material

	Nomination_EPA-CF-0000000123
	General_Authors_Publications
	LI-266528_Hines_Rappazzo_Coffman_Systematic_Review_PFAS_Child_Health
	LI-266610_Supplemental_material_Systematic_review_child_health_PFAS_ijerph-14-00691-s001
	STAA_Recognition_Hines_Rappazzo_Coffman
	Record_of_Agreement

	Nomination_EPA-CF-0000000124
	General_Authors_Publications
	LI-266696_Burgess_et_al_2015
	Fernandez_et_al_2012
	Fernandez_et_al_2014
	Joyce_et_al_2016
	Record_of_Agreement

	Nomination_EPA-CF-0000000125
	General_Authors_Publications
	LI-266645_Publication_1
	LI-266645_Supplemental_along_with_publication_1
	LI-266670_Publication_2
	LI-266670_Supplemental_along_with_publication_2
	Record_of_Percentage_Agreement_(Darren_Lytle)
	Record_of_Percentage_Agreement_(Ian_Struewing)
	Record_of_Percentage_Agreement_(Jorge_Santo_Domingo)
	Record_of_Percentage_Agreement_(Ke_Qin)
	Record_of_Percentage_Agreement_(Nick_Ashbolt)
	Record_of_Percentage_Agreement_(Sharon_Yelton)
	Publication_1
	Publication_2
	Supplemental_along_with_publication_1
	Supplemental_along_with_publication_2
	Article_request_for_publication_1
	Invitation_for_publication_in_AWWA
	Invitation_for_publication_in_Biotechnology

	Nomination_EPA-CF-0000000126
	General_Authors_Publications
	LI-266688_Paper_#1_Henriquez_2019-Sci_Reports_-CLENDEX
	LI-266691_Paper_#2_Henriquez_et_al_Tox_Sci_Suppl_Materials_2019
	LI-266693_Paper_#3_Kodavanti_2019_Tox_Path_Review
	Paper_#2_Henriquez_et_al_Tox_Sci_Suppl_Materials_2019
	STAA2020-AH-SS-UK_-_Justification
	STAA2020-AH-SS-UK_-Justification_2B_and_2C
	STAA2020-AH-SS-UK_-_email_confirmation

	Nomination_EPA-CF-0000000127
	General_Authors_Publications
	LI-266745_Flotemersch_et_al_2016_IWI__RRA
	Flotemersch_-_Statement_of_Authorship_Contribution
	HIll_-_Statement_of_Authorship_Contribution
	Leibowitz_-_Record_of_Percentage_Agreement_for_STAA_Award
	Stoddard_-_Statement_of_Authorship_Contribution
	Tharme_-_Statement_of_Authorship_Contribution
	Thoms_-_Record_of_Percentage_Agreement

	Nomination_EPA-CF-0000000129
	Nomination_EPA-CF-0000000130
	General_Authors_Publications
	LI-266746_Wright-Disinfection_By-Product_Exposures_and_the_Risk_of_Specific_Cardiac_Birth_Defects-EHP2017
	LI-266746_Wright-Disinfection_By-Product_Exposures_and_the_Risk_of_Specific_Cardiac_Birth_Defects-EHP2017_Supplemental_Files
	Ohanian-2020_STAA_LOR_Wright
	Wright-Disinfection_By-Product_Exposures_and_the_Risk_of_Specific_Cardiac_Birth_Defects-EHP2017
	Wright-Disinfection_By-Product_Exposures_and_the_Risk_of_Specific_Cardiac_Birth_Defects-EHP2017_Supplemental_Files

	Nomination_EPA-CF-0000000131
	General_Authors_Publications
	LI-266749_Manuscript_SOCArXiv_f
	Manuscript_SOCArXiv_f

	Nomination_EPA-CF-0000000132
	General_Authors_Publications
	LI-266758_Arzuaga_et_al_2015
	JS__STAA_award_nomination_for_the_uranium_paper
	MG__STAA_award_nomination_for_the_uranium_paper
	Arzuaga_et_al_2010

	Nomination_EPA-CF-0000000133
	General_Authors_Publications
	LI-266913_Makris_et_al_2016
	Record_of_agreement_-_Abbott
	Record_of_agreement_-_Arzuaga
	Record_of_agreement_-_Euling
	Record_of_agreement_-_Hogan
	Record_of_Agreement_-_Hotchkiss
	Record_of_agreement_-_Hunter
	Record_of_agreement_-_Jinot
	Record_of_agreement_-_John_Fox
	Record_of_agreement_-_Knudsen
	Record_of_agreement_-_Makris
	Record_of_agreement_-_Narotsky
	Record_of_agreement_-_Powers_(Parsons)
	Record_of_agreement_(in_lieu)-_Scott
	Region_7_Meramec_Caverns_TCE_2016

	Nomination_EPA-CF-0000000134
	General_Authors_Publications
	LI-266872_final_Hsieh_Zepp_2019
	LI-266872_Hsieh_and_Zepp_Supporting_Information
	LI-266872_Record_of_Agreement_Hsieh
	LI-266872_Record_of_Agreement_Zepp
	LI-266872_Justification_for_Principal_Author
	Justification_for_Principal_Author
	Record_of_Agreement_Zepp
	Resignees_Report

	Nomination_EPA-CF-0000000136
	General_Authors_Publications
	LI-266785_Publication_3D_2019_final
	Record_of_Percentage_Agreement_?_Dean_Lay
	Record_of_Percentage_Agreement_-_Phillip_Potter
	Record_of_Percentage_Agreement_?_Slawomir_Lomnicki
	Record_of_Percentage_Agreement-Al-Abed
	Publication_3D_2019_final

	Nomination_EPA-CF-0000000137
	General_Authors_Publications
	LI-266786_Gwinn_et_al_AJPH2017303771
	CMP_Science_Committee__Thank_You!
	Gwinn_et_al_AJPH2017303771
	Record_of_Agreement_-_David_Bussard
	Record_of_Agreement_-_Kacee_Deener
	Record_of_Agreement_-_Maureen_R_Gwinn
	Record_of_Agreement_-_Robert_J_Kavlock
	Record_of_Agreement_-_Wayne_E_Cascio
	Greenberg_AJPH2017303844
	AJPH_-_STAA_justification_Clean_4292020_final_v3
	Record_of_Agreement_-_Daniel_A_Axelrad
	Record_of_Agreement_-_Thomas_A_Burke
	Record_of_Agreement_-_Tina_Bahadori
	Gwinn_AJPH_STAA_-_record_of_agreement_explanation
	Record_of_Agreement_-_Russell_Thomas

	Nomination_EPA-CF-0000000138
	General_Authors_Publications
	LI-266819_OczkowskiEtAl_16_productivity_comparison
	LI-266822_OczkowskiEtAl_18_Nbay_isotopes
	Record_of_Agreement_coauthors

	Nomination_EPA-CF-0000000139
	General_Authors_Publications
	LI-266902_economic_impacts_of_env_regulation
	STAA2020_Ferris_RPA
	STAA2020_Marten_RPA
	STAA2020_Garbaccio_RPA
	STAA2020_Wolverton_RPA

	Nomination_EPA-CF-0000000140
	General_Authors_Publications
	LI-266939_Ghimire_et_al_2017
	Ghimire_et_al_2017
	Ghimire_et_al_2017_JCP_Record_of_%_contribution
	Ghimire_et_al_2017_SI
	RE__JCP_municipal_RWH_publication_award_nomination_Ingwersen
	ARCSA_letter_of_support
	ARCSA

	Nomination_EPA-CF-0000000141
	General_Authors_Publications
	LI-267138_Trebitz_Hoffman_TAFS2015
	LI-267139_Sierszen_et_al_JGLR_2019
	LI-267141_Schoen_etal_LimnolOceanogr_2016
	Record_of_Percentage_Agreement_Cooper
	Record_of_Percentage_Agreement_Hoffman
	Record_of_Percentage_Agreement_Kosiara
	Record_of_Percentage_Agreement_Schoen
	Record_of_Percentage_Agreement_Sierszen
	Record_of_Percentage_Agreement_Trebitz
	Record_of_Percentage_Agreement_Uzarski


